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Abstract 

Within the broad area of nanoscience, catalysis plays an important role in 

academic scientific research as well as industrial production. Traditional 

homogeneous catalytic systems are highly efficient because the catalytic activity 

can be defined on a molecular level and the catalysts as well as the reactants are 

in sufficient contact in the reaction medium. However, removing them from the 

reaction medium without contamination of the target products requires tedious 

purification procedure. With the ecological and economical demands towards 

sustainable chemical methods, the recovery and reuse of catalysts is an important 

factor. With this motivation, various heterogeneous catalytic systems including 

mesoporous materials, metal-organic frameworks, metal oxides/sulphides, noble-

metal nanoparticles etc. have been developed for photochemical and 

electrochemical catalysis, environmental remediation as well as catalyst for 

important organic transformations.  

 As one of the most abundant elements on the earth, carbon is very 

attractive for catalytic applications. Several polytypes of carbon which include 

fullerenes, nanotubes, graphene, nanodimonds and amorphous porous carbon 

represent a rich class of solid carbonaceous materials with environmental 

acceptability and reusability. Their excellent thermal and chemical stability and 

adjustable surface functionality make them suitable for many applications 

ranging from catalysis, electrochemistry and adsorption to separation. In 

heterogeneous catalytic processes carbon materials are predominantly being used 

as support for other active catalysts. However, the recent developments involving 

various carbonaceous materials as efficient metal-free catalysts for several 

organic reactions has generated a new area of research broadly known as 

carbocatalysis. The catalytic activities of carbon materials are proportionately 

related to their defects, structure and surface chemistry. The unparallel flexibility 

in tailoring their physical (surface area and porosity) and chemical (surface 

functional groups) properties and their role in enhancing catalytic activity have 

generated a great interest in the scientific community. 

 In this thesis, we explored the intrinsic catalytic activity of two important 

carbonaceous nanomaterials namely carbon dots and graphene oxide for various 
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important organic transformations. Further their composite with noble-metal 

nanoparticles and iron oxide nanoparticles have been explored for different 

oxidation reactions. The thesis is divided into the following chapters. 

Chapter 1: Introduction 

In this chapter, a general discussion and literature survey of homogeneous and 

heterogeneous catalysis including carbonanceous nanomaterials, their synthesis 

and application in organic reactions have been inscribed. 

Chapter 2: Graphene oxide as metal-free catalyst in oxidative 

dehydrogenative C−N coupling leading to α‑ketoamides and importance of 

dual catalytic activity 

In this chapter, we have shown graphene oxide (GO) as a heterogeneous, 

inexpensive and environmentally friendly carbocatalyst that enables the 

formation of α-ketoamides from activated aldehydes and amines through a cross-

dehydrogenative coupling pathway. 

Several controlled experiments and spectroscopic investigation revealed 

formation of hemiaminal as the intermediate. The dual catalytic activity of 

graphene oxide towards the C-N coupling reaction was established where the 

acidic charcter catalyzed the initial formation of hemiaminal intermediate and the 

oxidizing character catalyzed the oxidation of hemiaminal to α-ketoamide. 

Mechanistic studies by different experimental evidence proved that it was the 

carboxylic acid group that was only responsible for the observed catalytic activity 

of graphene oxide. 

Chapter 3: Probing carbocatalytic activity of carbon nanodots for the 

synthesis of biologically active dihydro/spiro/glyco quinazolinones and aza-

Michael adducts 

In this chapter, we have shown carbon nanodots (CNDs) as an effective and 

recyclable carbocatalyst for the generation of carbon-hetero atom bond leading to 

quinazolinone derivatives and aza-Michael adducts under mild reaction 

conditions. The mild acidity imparted by the surface CO2H groups of this 

nanoscale form of carbon could act as an alternative carbocatalyst to several 
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traditional acid catalysts for important acid catalyzed organic transformations. 

We choose ȕ-carotene as the carbon source for the synthesis of CNDs. The main 

motive of using ȕ-carotene as the carbon source was that unlike other carbon 

sources used to make CNDs, ȕ-carotene does not have any oxygen functionality 

in it. The catalytic activity is driven only by the surface CO2H group generated 

during the carbonization of ȕ-carotene. The catalyst showed excellent activity 

towards the synthesis of variety of dihydro/spiro/glyco quinazolinones with 

structurally perplexing substituent. The mild acidic behaviour of CNDs could 

also be extended towards the synthesis of aza-Michael adducts at room 

temperature. 

Chapter 4: Au nanoparticle-polydopamine-reduced graphene oxide ternary 

nanocomposite as efficient catalyst for selective oxidation of benzylic C(sp
3
)-

H bonds under mild conditions 

In this chapter, we have shown the excellent catalytic activity of a ternary 

nanocomposite comprising of Au nanoparticles (NPs), polydopamine and 

reduced graphene oxide towards oxidation of C-H bond in benzylic hydrocarbons 

under mild conditions in presence of N-hydroxyphthalimide (NHPI). The 

composite was synthesized by modifying the surface of graphene oxide by 

polydopamine followed by immobilization of Au nanoparticles. The composite 

was characterized by several spectroscopic and microscopic techniques. 

The nanocomposite could be used towards C-H oxidation in wide range of 

compounds with high activity and selectivity. All the components in the 

nanocomposite played important role in the effectiveness of the catalyst. 

Sufficient electron transfer from polydopamine/reduced graphene oxide to Au 

NPs made the nanoparticle surface more negatively charged favourable for 

molecular oxygen activation leading to C-H bond oxidation. The reaction 

followed a free-radical pathway as evidenced by detailed mechanistic studies. 

Further, easy separation and excellent reusability without significant loss in 

activity over several iterations fortify the ternary nanocomposite as excellent 

heterogeneous catalyst for C-H oxidation reactions. 
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Chapter 5: One-pot magnetic iron oxide carbon nanodots composite 

catalyzed cyclooxidative aqueous tandem synthesis of quinazolinones in 

presence of tert-butyl hydroperoxide 

In this chapter, we have shown carbon nanodots stabilized iron oxide 

nanoparticles (Fe3O4-CNDs) as effective magnetically recoverable heterogeneous 

catalyst for the one-pot synthesis of quinazolinones using tert-butyl 

hydroperoxide (TBHP) as the principal oxidant in aqueous medium. Controlled 

experiments showed involvement of benzaldehyde and dihydroquinazolinone as 

the intermediates. The reaction followed a free radical pathway as evident from 

the experiment using radical scavenger. The catalyst can be recovered easily from 

the reaction mixture by using a simple magnet and reused for multiple cycles 

without significant loss in catalytic activity. The stability of the reactive oxygen 

species derived from tert-butylhydroperoxide bound to iron oxide surface may be 

the driving force for the exceptional activity of the catalyst. 

Chapter 6: Conclusion and Future Outlook 

This chapter summarizes the works described in the thesis. Further, the relevance 

and future prospects of the works have been discussed. 
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1.1 Introduction 

In recent years, there has been tremendous focus towards developing greener 

synthetic methods for the industrial production of fine and commodity chemicals. 

Towards the development of economical and environmentally friendly pathway 

for the large scale synthesis at the industrial level, the ideal protocols are 

characterized by four parameters: catalytic activity, selectivity, atom-economy 

and step-selectivity. Among them, development of catalytic systems with high 

activity and selectivity plays the most important role. A catalyst provides an 

alternative pathway with a lower activation energy barrier for the rate-

determining step in an organic reaction without being transformed itself.
[1] 

If 

there are several products and several reaction barriers, a catalyst can drive the 

reaction selectivity with a particular product. The efficiency of a catalyst lies on 

the formation of the desired product with high yield and selectivity at relatively 

milder reaction conditions. Hence, the search for suitable catalytic systems to 

achieve green and sustainable production of chemicals is growing continuously, 

that promotes reduction of toxic and hazardous chemicals, stoichiometric amount 

of promoter, less consumption of energy, fewer side products and less number of 

steps involved. 

In the past, the main objective of catalysis was to enhance the activity and 

selectivity of a catalyst, the recovery and reusability of a catalyst was rarely a 

major concern. Traditional homogeneous organocatalysts, transition metal 

catalysts as well as bio-catalytic systems are highly efficient because the catalytic 

activity can be defined on a molecular level. These single site catalysts are highly 

accessible to reactant molecules, readily soluble in reaction medium and often 

give rise to high catalytic activity and selectivity even under mild conditions.
[2-3]

 

However, often use of expensive metal salts, expensive ligands, expensive and 

tedious purification steps as well as recovery of the catalyst is the major issue. A 

variety of homogeneous and heterogeneous catalysts have been developed, 

however there is still a vast scope for development of suitable catalysts that not 

only offers high activity and selectivity, but also greenly acceptable. Fabricating 

single step synthetic methods using heterogeneous catalysts is a challenging goal 

as it aims at decreasing the energy and time consumption by operation of multi-
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steps at a time which eliminates the need of separation of products from the 

reaction mixture again and again.
[4-13]

 

1.2 Nanocatalysis 

In the area of heterogeneous catalysis, the primary focus is towards development 

of materials with high surface area as the reactions involve surface initiated 

pathway. As high surface area to volume ratio is achieved as the sizes go down 

from bulk to nanometer level, hence research activities involving nanoparticles 

(NPs) as catalysts have grown rapidly in a variety of areas such as 

pharmaceuticals, fine chemicals, renewable energy and biotransformations. The 

key objective of nanocatalysis research is to produce catalysts with 100% 

selectivity with extremely high activity, low energy consumption, and long 

lifetime. This can be achieved only by precisely controlling the size, shape, 

spatial distribution, surface composition and electronic structure, and thermal and 

chemical stability of the individual nanocomponents. In addition, surface atoms 

which are at the edges or in the corners are more active than those in planes, and 

their number also increases with decreasing particle size. Thus nanoparticles have 

shown tremendous applicability at the interface between homogeneous and 

heterogeneous catalysis.
[14-30]

 Homogeneous nanocatalysts are used in the same 

medium as the reactants. The main concern with homogeneous nanocatalysts is 

their recovery from the solution for repeated cycles as nanoparticles are 

extremely difficult to be removed from a solution and the extra steps needed to 

do so could completely negate the process simplification. If the nanoparticles 

cannot be recovered, they pose an environmental risk, as well as threatening the 

profitability of the process. For easy recovery and recyclability, the active 

nanocatalysts are often immobilized on a solid inert matrix, which is in a 

different phase to the reactants. The solid catalysts can in most cases simply be 

filtered out and used for the next cycle of reactions, making the process 

economical and greener. Due to the complex physico-chemical properties at the 

nanometer level and possibility of multiple surface initiated reactions at the active 

site, synthesis-structure-catalysis performance relationships are poorly 

understood in many catalytic systems. A variety of heterogeneous catalytic 

systems based on metal nanoparticles, semiconductors, oxides/sulphides, 
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mesoporous materials, metal-organic framework etc. and their combinations have 

been developed for photochemical and electrochemical catalysis, environmental 

remediation as well as catalysis for important chemical conversions. Other metal-

free nanomaterials such as fullerene, graphite, graphene oxide (GO), carbon 

nanotube (CNT) and carbon nanodots (CNDs) have also been studied either as 

effective carbocatalyst or as support for metal/oxide for various catalytic 

applications. 

1.2.1 Role of support 

 In heterogeneous catalysis, the modus operandi is through surface 

mediated reactions. Therefore, availability of large surface area is a prerequisite 

for high catalytic conversions.
[29-47]

 Although, unsupported nanoparticles with 

well-defined surface structure and clean exposed facets are predicted to be highly 

active for catalysis as shown by several theoretical studies, their applicability in 

real catalysis is a challenge. Due to high surface energy resulting from the large 

fraction of atoms present on the surface of NPs, they tend to reduce the surface 

energy and stabilize themselves through agglomeration and coagulation, resulting 

in decreased active surface area.
[31-36]

 This leads to an exponential decrease in the 

surface area for effective catalysis and the prime objective of using nanoparticles 

for repeated cycles with high activity is practically lost. For example, in case of 

Au nanoparticles, size plays a critical role during oxidation reactions, as 

nanoparticles with the diameter 1-5 nm are highly active, whereas larger 

nanoparticles becomes inactive. The protection of nanoparticle surface from 

agglomeration can be achieved by using a surface stabilizing agent or 

immobilizing the NPs into a solid matrix with high surface areas.
[37-47]

Soft 

organic materials such as polymers,
[48-50]

 surfactants,
[51-53]

 dendrimers,
[54-60] 

and 

ionic liquids have been used as effective capping agents.
[61-62]

 These systems 

often show high catalytic performances
[63-64] 

e.g. reduction of nitrobenzene,
[65]

 

olefin hydrogenation and CO oxidation at low temperatures by Au 

nanoparticles,
[66]

 C-C coupling
[67-68]

 or hydrosilylation reactions of olefins by Pd 

nanoparticles.
[69]

 However, these polymeric supports suffer certain disadvantages 

such as providing low surface area which limits the interface between the catalyst 

and the reaction substrate. Moreover, soft nature of the materials and low 
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mechanical stability often leads to separation of the support from the NPs surface 

after repeated reaction cycles which eventually results in agglomeration of the 

particles and decrease in catalytic activity. Alternatively, nanoparticles have been 

immobilized or grafted onto solid supports to improve their stabilization and 

recycling ability.
[37-42] “Inert” porous solid materials such as zeolites, charcoals, 

metal-organic frameworks, layered-double hydroxides etc. have been used for 

immobilization of active metal catalysts. Being inert and hard, these materials are 

highly stable even under harsh reaction conditions and can be easily recovered 

from the reaction mixture for further applications. Porous materials also allow 

control over the nanoparticle growth in the porous matrix, prevents 

agglomeration and enhances active site exposure.
[70]

 The host support materials 

stabilizes the nanoparticles, however they have no role in manipulating the 

activity of the nanoparticles for catalysis. In the last few years, there has been 

tremendous focus on the development of “active” supports, which along with 

stabilizing the nanoparticles also contribute towards overall catalytic activity in 

synergy with the nanoparticles.
[71-72]

 For example, the charge state of the Au 

nanoparticles is known to influence their reactivity, in the case of the negatively 

charged Au nanoparticles, an extra electron from the gold readily transfers to the 

anti-bonding 2π ∗ orbital of the adsorbed O2 , which weakens the O–O bond and 

activates oxygen molecule for further catalytic reaction. On the other hand, the 

positive charge accumulated on the gold can promote adsorption of some 

reactants, such as CO and hydrocarbons. An active support can transfer charges 

to/from the active catalytic surface, hence influencing the activity of the reaction. 

For example, Au nanoparticles anchored on rutile TiO2 (110) surface shows high 

activity for the oxidation of CO to CO2. Along with providing significant exposed 

catalytic active sites for the reaction, TiO2 also involves in charge transfer 

process with the Au NPs making the NPs surface highly negative for dioxygen 

activation leading to oxidation of CO to CO2.
[73]

 Recently, research works 

involving GO as a support for immobilizing active metal nanoparticles have 

gained attention. GO, not only provides a large surface area with high exposure 

of active catalysts, but also can influence the catalytic activity.
[74-75]

 Possible 

surface to metal electron transfer from GO to nanoparticles activating dioxygen 

molecule over NPs surface for several oxidation reactions has been reported.
[75]
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Hence, choice of a suitable support for NPs stabilization with possible 

cooperativity might play an important role in controlling the reaction yield and 

selectivity of products. 

1.2.2 Carbocatalysis 

Carbon is one of the most abundant elements on earth and is central to life. 

Hence, catalytic application of carbon is very attractive and both organic and 

inorganic carbons play a key role in catalysis. A huge amount of organic 

compounds act as highly efficient homogeneous catalysts, forming a dedicated 

branch of chemistry “organocatalysis”. Carbon is often the main constituent of 

the organic ligands surrounding the metallic center in organometallics. In 

enzymatic catalysis it constitutes the backbone of the active species. In 

heterogeneous catalysis, carbon materials act as unique catalyst supports by 

anchoring different active species through its active site and can also act as 

catalysts by themselves. The physical and chemical properties of carbon 

materials, such as their tunable porosity and surface chemistry, make them 

suitable for application in many catalytic processes.  

Among the carbon catalysts developed, activated carbon (AC) and carbon 

black (CB) are the most commonly used carbon supports. The typically large 

surface area and high porosity of activated carbon catalysts favor the dispersion 

of the active phase over the support and increase its resistance to sintering at high 

metal loadings. The pore size distribution can be tuned to suit the requirements of 

active supports and substrates. The activated carbon shows several advantages 

owing to their several outstanding properties, such as low cost, resistance to acids 

and bases, high stability even at elevated temperature, high surface area (> 1000 

m
2
/gm) and easy removal etc. Moreover, metal salts can be reduced to active 

metallic forms in these mesoporous materials, making them highly competent as 

metal supports. 

Carbocatalysis is the study of chemical reactions using carbonaceous 

materials as catalysts. These catalytic materials are prepared and used in powder 

or monolith form, and the reactions are therefore heterogeneous. Carbocatalysis 

has been known for decades since the first discovery of catalytic activities of 
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carbon materials
 [76] 

when Wright et al. (1925) discovered the charcoal catalyzed 

oxidation of oxalic acid, which was among the first reports of carbocatalysis.
[77] 

Moreover, 45 years earlier also, carbon materials were found to be able to 

catalyze the conversion of halogenated hydrocarbon.
[76] 

Some relevant reactions 

catalyzed by activated carbon materials are summarized in Table 1.1.
[78]

 

 

Table 1.1. Few reactions catalyzed by carbon catalysts 

General Classification Examples 

 

Oxidation–reduction 

 

 

Hydrogenation-dehydrogenation 

 

 

Combination with halogens 

 

 

Decomposition 

 

Dehydration, isomerization and 

polymerization 

 

 

Emerging applications Oxygen reduction reactions 

 

With the development of fullerenes, the research activities for the growth of 

nanocarbon materials have gained momentum. Several polytypes of carbon 

which include fullerenes, nanotubes, graphene, nanodimonds and amorphous 

porous carbon and their derivatives represent a rich class of solid carbonaceous 

materials with environmental acceptability and reusability and all are found to be 

catalytically active in certain reactions. However, most of these carbon materials 

are highly hydrophobic without any functional groups on their surface.  

Fullerene black is an efficient catalyst for dehydrogenation, cracking, 

methylation, and demethylation reactions.C60 and C70 were found to be suitable 

catalysts for the reduction of nitrobenzene, using hydrogen gas under UV light.
 

[79]
 Further, several organometallic compounds involving fullerene as a ligand 
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have been developed that showed efficient catalytic activity for several organic 

transformations.
 [80-82]

 

 

Figure 1.1. Different forms of carbon nanomaterials  

The 1D and 2D carbon materials such as carbon nanotubes and graphene 

offered high surface area and continuous efforts are focused on surface 

functionalization of these materials, both through covalent and non-covalent 

approach. Oxidation in presence of strong acids and oxidants could introduce 

oxyfunctionalized groups on the surfaces of these carbon materials, making them 

hydrophilic and suitable for anchoring several active catalytic groups on their 

surfaces. The work on the oxidative dehydrogenation reaction by Schlögl
 [83]

 and 

Su
[84] 

et al. opened a new window in carbocatalysis. Carbon nanotubes, in its 

oxygenated forms, showed efficient catalysis for oxidative dehydrogenations e.g. 

conversion of n-butane to 1-butene.
[84]

 In the catalytic hydrogenation of 

ethylbenzene to styrene, a process of high industrial relevance, CNTs performed 

better than activated carbon and graphite as catalysts. It was reasoned that the 

reactant molecules were first adsorbed on the CNT surface via π-interactions next 

C60 Carbon nanotube

Graphene Oxide Carbon nanodots
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to basic oxygen moieties, which facilitated dehydrogenation with concomitant 

formation of surface hydroxy groups.
[83] 

Taking advantage of surface 

modification techniques, various nanoparticle as well as molecular catalysts 

could be anchored on carbon nanotubes.
 [85-87] 

1.2.3 Graphene Oxide as a carbocatalyst 

Graphene and other two-dimensional sp
2
 -hybridized carbon scaffolds are 

expected to have large impacts in the area of catalysis, mainly because of their 

unique electronic properties and high surface area in comparison to other carbon 

materials.
 [88]

 Although graphene was known to exist within graphite materials, it 

was assumed to be thermodynamically unstable in distinct 2D structures at finite 

temperatures.
 [89]

 Geim et al. (2004) mechanically exfoliated single sheets from 

the π-stack layers in graphite for the first time.
[90]

The unique electron transfer 

properties of graphene, such as a half-integer quantum Hall effect, the massless 

Dirac fermion behavior of its charge carriers, and quantum capacitance, have 

been extensively studied making them one of the most important materials in 

opto-electronics utility.
[91]

The use of graphene-based nanomaterials as catalyst 

support was hampered by the high price associated with the laborious synthesis 

and processing (e.g., sublimation of silicon from silicon carbide wafers,
[92]

 

chemical vapor deposition,
[93]

 oxidation/reduction protocols
 [94]

 etc. However, the 

process for liquid phase exfoliation through oxidation of graphite in presence of 

strong oxidizing agents generating the graphene analogue with oxygenated 

functionalities on their surface (popularly known as Hummer’s method) has 

brought tremendous excitement in the nanocatalyst research community. These 

materials termed as “graphene oxide” can be obtained in sufficient quantities 

from commercially available graphite through reliable, now well-established 

preparation procedures. Further potential chemical modifications of the graphene 

surface introduces different newer catalytically active site important for specific 

catalytic reactions (Fig. 1.2).
 [95] 
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Figure 1.2. Possibilities of covalent functionalization of GO (Adapted from reference 95) 

Oxidation of graphite leads to the decoration of the graphene surface with oxygen 

functionalities that increases the inter-layer separation, thus helping in exfoliation 

into single or a few layer two-dimensional surfaces. During this process, several 

sites are induced those are important from catalytic or surface modification point 

of view. The extensive π-Conjugated domains provide interactions between 

aromatic compounds with the graphene surfaces and greatly facilitates the 

adsorption/activation of aromatic compounds on graphene based carbon.
 [96] 

There are at least five types of oxygen functional groups dangling on graphene 

sheets, namely carboxyl (−COOH), carbonyl (−C=O), hydroxyl (−OH), ketone (−

C=O), and epoxy (−C−O−C−) groups. These oxygen functional groups bring at 

least four categories of catalytic capabilities to carbon materials: (1) as acidic 

groups to promote acid-catalyzed reactions.
[97] 

(2) as intermediates to react with 

oxidants and transfer oxygenatoms to substrates;
[98]

 (3) as nucleophilies to 

promote some coupling reactions; and (4) as defects/holes on graphene sheets by 

impairing the perfect π-conjugated structure so as to promote the catalytic 
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reactions.
[99] 

Further, reduction of graphene oxides can be performed using 

common reducing agents such as hydrogen, metal ion borohydride and hydrazine. 

Moreover, the graphene oxide surfaces can be reduced by heating at elevated 

temperature. Various heteroatoms such as N, B, P, Se, S, F, and Cl
[100-101]

can be 

incorporated into the lattice of graphene sheets. Functional groups such as −SO3H 

groups can also be grafted onto graphene sheets by organic reactions.
[102]

 Based 

on the various functionalities of catalytic importance, a pictorial representation of 

graphitic surface is represented in Fig. 1.3. 

 

 

Figure 1.3. Schematic diagram of active sites of graphene-based nanomaterials (Adapted from 

reference 103) 

GO and their chemically converted forms have shown broad spectrum of 

catalytic activity ranging from oxidation reactions and thermal decomposition 

reactions. Bielawski et al., first demonstrated catalytic activity of graphene oxide 

for liquid phase organic transformations.
[98]

 Since then, a variety of organic 

transformations have been explored taking advantage of the functional groups 

present on the graphitic surface. Table 1.2 summarizes a variety of reported 

reactions catalyzed by GO and chemically converted GO.
[82]
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Table 1.2. Catalytic reactions by GO and chemically converted GO (Adapted from reference 82). 

Graphene (G), X-doped G (X denotes B, N and Si), (B, N)- doped holy G [(BN)HolG], carbon-

nitride (g-C3N4), reduced graphene oxide (rGO), N-doped rGO [(N)rGO], triethylamine modified 

rGO (rGO-NEt3), rGO/GO functionalized with − SO3H (rGO-SO3H/GO-SO3H), 

poly(amidoamine)-modified rGO (rGO-PAMAM), amino-functionalized GO with 3-[2-(2-

aminoethylamino)ethylamino] propyl-trimethoxysilane(AEPTMS) and aryl −SO3H groups (GO-

AEPTMS/SO3H) 

catalyst reactions active sites 

 Oxidation reactions (promoted 

by molecular O2) 

 

(N)rGO Aerobic oxidation of benzylic 

alcohols 

Doped N atoms are active sites 

(B,N)G Aerobic oxidation of benzylic 

hydrocarbons 

Synergism of doped B and N 

atoms 

G/g-C3N4 Hydrocarbon oxidation Synergism between G and C3N4 

(BN)HolG Aerobic oxidation of amines Doped N and B are active sites 

GO Aerobic oxidation of benzylic 

alcohols 

Oxygen functional groups 

GO Dehydrogenation of propane to 

propene 

Epoxy and hydroxyl functional 

groups 

 Oxidation reactions (promoted 

by other oxidants) 

 

HG Fenton-like reactions (H2O2) Reduction site on HG surface 

(N)G Oxidation of benzylic positions 

(TBHP) 

Doped N atoms are active sites 

rGO Oxidation of pollutants (H2O2) Electron rich oxygen groups 

GO/rGO Polymerization of 3-

aminophenylboronic acid 

((NH4)2S2O8) 

Electronic interaction between 

rGO and 3-aminophenylboronic 

acid favors the catalytic activity 

 Reduction reactions  

B, N or O doped 

G ribbon edges 

H2 dissociative adsorption 

chemisorption on G ribbon edge 

 

Beneficial B doping 

(Si)G NOx reduction Enhanced adsorption /reduction 

rGO or (N)rGO 4-nitrophenol reduction 

(NaBH4) 

 

 Acid reactions  
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rGO Synthesis of dipyrromethane 

/calix[4]pyrrole/1-H tetrazoles 

Acidic sites are active sites 

rGO-SO3H Dehydration of xylose to 

furfural 

-SO3H are active sites 

GO Hydration of alkynes  

GO Ring opening of epoxides -SO3H functional groups 

GO Michael/aza-Michael addition Oxygen functional groups 

GO-SO3H Glucose/fructose to levulinic 

acid  

 

 Base reactions  

rGO-NEt3 Hydrolysis of ethyl acetate Amino groups are active sites 

rGO-PAMAM Knoevenagel condensation Basic sites of the catalyst  

GO-

AEPTMS/SO3H 

Deacetalization-nitroaldol 

reaction 

Acid/basic groups 

 Thermal decomposition 

reaction 

 

rGO Thermal dehydrogenation and 

rehydrogenation of LiBH4 

 

GO-AB Dehydrogenation of ammonia 

borane 

 

 

 Further, the two-dimensional surface of graphene based materials can be 

used to anchor other active catalysts as well as biocatalysts. For example, the 

catalytic activity of several enzymes including cytochromes, peroxidases, 

myoglobins, and hemoglobins supported on graphene surface enhances several 

folds compared to the unsupported enzymes towards the oxidation reaction of 

pyrogallol.
[104] 

The importance of oxygen functional groups on GO surface has 

been exploited towards C-H activation reaction in biaryl construction as well as 

friedel-crafts alkylation reactions.
[105-106] 

On the other hand graphene surface can 

also be used as support for immobilization of several metal/metal oxide 

nanoparticles and used for several electrocatalysis, photocatalysis and organic 

transformations.
[107-113]

 For example, Pd nanoparticle immobilized on grphene 

oxide gave remarkable turnover frequencies (TOF > 39 000h −
1
) in Suzuki−

Miyaura cross-coupling reactions.
[114] 

Microwave assisted reduction of well-
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dispersed GO and palladium salt to form Pd/rGO
[115]

 demonstrated outstanding 

catalytic activity for the Suzuki−Miyaura coupling reaction (TOF up to 108 000 h

−1) under ligand-free conditions, which was attributed to the high concentration of 

well dispersed Pd-NPs. 

1.2.4 Carbon nanodots 

 Carbon nanodots (CNDs), a recently discovered fluorescent form of 

carbon nanomaterials with dimension less than 10 nm have attracted tremendous 

research activities in recent years. “CNDs” is a comprehensive term for various 

nanosized fluorescent carbogenic materials with an outer shell composed of 

oxygen or other heteroatom rich functional groups and an inner core rich in sp
2 

hybridized carbon atoms.
[116]

 In general, CNDs have a high content of sp
2
 

hybridized carbon atoms along with some sp
3
 carbon atoms and are rich in 

oxygen (up to 40%) due to presence of carbonyl, carboxyl and epoxy groups at 

the surface.
[117]

 Further, the surface functionality of CNDs can be modified, 

simply by varying precursor molecules for carbonization. For example, carbon 

dots can be doped with N, S, B, P etc. by varying precursors and controlling the 

carbonization temperature.
[118-119]

 The opto-electronic properties of the CNDs 

largely depend on the surface functionality. 

 Depending on the method of synthesis, fluorescent carbon nanodots are 

subdivided into graphene quantum dots (GQDs) and carbon nanodots (CNDs). 

GQDs are obtained by top-down approach through acid hydrolysis of graphene. 

They retain the crystallinity of graphene, consist of one or a few layers of 

graphene and their lateral dimensions are substantially larger than their height. 

CNDs are quasi-spherical in shape with typical size under 10 nm and are obtained 

through a bottom up approach through carbonization of carbon-rich small 

molecules. Depending on the synthetic techniques CNDs can be obtained both in 

amorphous or crystalline form.
[116] 

 Carbon materials such as fullerene, carbon black or graphene are water 

insoluble and exhibit weak fluorescence properties.
[120]

 On the other hand, due to 

surface functionality, CNDs are highly water-soluble and show tunable 

photoluminescence (PL) properties due to which they are often referred to as 
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carbon nanolights.
[121] 

The origin of excitation dependent emission properties of 

CNDs are mechanistically not clear and both the carbon core and the surface 

functionality are assumed to contribute towards emissive behavior of these tiny 

dots. However, their ease of synthesis from inexpensive carbon precursors, easy  

 

 

 

 

Figure 1.4. Schematic illustration of the two broad categories of C-dots (Adapted from reference 

116) 

functionalization, resistance to photo bleaching, biocompatibility and lower 

toxicity have made CNDs an attractive nanomaterial with application potential in 

diverse areas.
[122] 

Significant progress in the field of CNDs synthesis, properties 

and application has been achieved in the past few years.
[120, 122] 

Many synthetic 

methods that involve tuning of the optical properties of CNDs by controlling their 

core size, crystallinity and surface chemistry have been developed.
[123-124] 

The 

inherent fluorescence property of CNDs has found wide applications in energy 

and catalysis.
[125-126] 

High biocompatibility as well as low toxicity of CNDs 

compared to other traditional semiconductor quantum dots has generated 

potential in biosensing and biomedical applications.
[127] 

The photoluminescence 
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of CNDs is affected upon interaction with electron donor or acceptor molecules 

which has formed the basis of development of a huge number of optical sensors 

for metal ions, biomolecules, drugs, pollutants, etc.
[128]

 Furthermore, CNDs 

demonstrate enzyme-mimetic activity, that can be used for several biological 

applications. 

1.2.4.1 Synthesis of Carbon nanodots 

 The synthetic pathway and precursors of CNDs determine their 

physicochemical properties such as the size, crystallinity, oxygen/nitrogen 

content, emission characteristics including quantum yield (QY), colloidal 

stability and compatibility with a particular solvent.
[129]

 

 Synthesis of CNDs includes “top-down” or bottom-up approaches. A top-

down approach is essentially the breaking of larger carbon materials such as 

graphite, coal, CNTs, etc. to smaller nanoparticles through techniques such as 

laser abalation, oxidative cutting, plasma treatment, etc.
[130-132]

 On the other hand, 

bottom-up method relies on the use of molecular precursors which upon 

carbonization lead to formation of CNDs.
[133-134] 

Bottom-up approaches include 

solvothermal treatment, alkali/acid-assisted ultrasonic treatment, pyrolytic 

thermal oxidation and nitric acid reflux oxidation.
[135] 

The resulting CNDs are 

purified by centrifugation, dialysis, electrophoresis or other separation 

techniques. These approaches typically yield CNDs with abundant doping states 

and surface functional groups, and utilize molecular carbon precursors such as 

glucose, citric acid, and amino acids. Xu et al. (2004) first discovered CNDs 

during the purification of single-wall carbon nanotubes by gel electrophoresis.
[136] 

 Top-down approach involves the fragmentation of carbon sources such as 

graphite, carbon fibres, CNTs or even candle soot. The frequently used method to 

synthesis luminescent CNDs are oxidizing agents like HNO3 and H2SO4.
[137]

 

Hens et al. demonstrated that the time of oxidation of various graphite structures 

in the mixture of H2SO4 and HNO3 (3:1) determines the emission maxima of 

resultant CNDs.
[138]

 Wei et al. showed that even the same-size CNDs with 

different surface charge can exhibit PL from blue to orange.
[139] 

CNDs have also 

been obtained by laser irradiation of carbon powders dispersed in various  
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Figure 1.5. Schematic illustration of synthesis of CNDs via top-down and bottom-up approaches 

and further modification including functionalization, doping and nanohybrid formation (Adapted 

from reference 120) 

 solvents which were further oxidized and surface passivated to increase 

the quantum yield.
[140]

 

 In bottom-up approach, carbonization of organic biomolecules/polymers 

results in formation of CNDs. High temperature treatment of organic precursors 

may give rise to CNDs which has been widely reported.
[141-142] 

CNDs have been 

found to be present in food caramels and instant coffee where the preparation 

involves heating of carbohydrates and other carbon rich biomolecules.
[143-144] 

CNDs are also found to be present in materials available in nature, such as honey 

and humic acid. Thermal oxidation is the most convenient synthetic route for 

CNDs which involve oxidation of organic precursors such as amino acids, 

polyethylene glycol, sugars, citric acid, ethylene diamine, etc.
[145-146]

 Thermal 

oxidation can be carried out in presence of air, inert atmosphere, by heating in 

microwave or autoclaving solutions of the organic precursors. Controlling the 

carbonization conditions through selection of precursors, properties of resulting 

CNDs can also be tuned. For example, Wei et al. reported that CNDs resulted 

from microwave treatment of a solution of glucose and amino acids show varying 

physicochemical properties with varying side-chain of amino acid.
[147]
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1.2.4.2 Applications of Carbon nanodots 

CNDs have attracted enormous attention in bio imaging,
[148]

 drug 

delivery,
[149] 

and sensors
[150]

 due to their unique properties such as intense 

photoluminescence (PL), excellent photo stability, and high biocompatibility. 

Increasingly, CNDs are finding application in photo catalytic solar-to-energy 

conversion due to their ease of synthesis, low cost, excellent performance, and 

non-toxicity.
[151] 

The presence of –COOH functionality on the CND surface can 

also be exploited for the acid catalyzed organic transformations to achieve an 

efficient and sustainable synthesis of organic feedstock following green 

protocols.
[152] 

The photo catalytic activity of CNDs has been explored for H2 

production, environmental remediation, anticancer drug delivery, CO2 reduction 

and organic synthesis.
[143, 153-156]

 CNDs have also been investigated as surface 

stabilizing agents for nanoparticles for effective catalytic activities.
 [157-158]

 

1.2.5 Magnetic nanoparticles 

 Homogeneous catalysts are quiet efficient in catalyzing organic reactions. 

However, their recyclability remains an important issue in the sustainable and 

large-scale production of fine chemicals. The catalyst can be recycled under 

liquid–liquid interface of two immiscible solvents in a process called phase 

separation. However, the process is limited to solubility of the reactants in 

catalyst medium (usually water) and mass transfer through the interface.
[159]

 

Solid–liquid techniques are based on the immobilization of catalytically active 

metal particles or compounds on solid supports. In the case of solid particles 

suspended in a liquid, the rate of transfer of reactants within the liquid to the 

catalyst is inversely proportional to the particle diameter. Thus, the activity (and 

the selectivity) of the suspended catalyst will benefit from decreasing the particle 

size.
[160]

 It is worth mentioning that due to large particle size the dispersion of 

most conventional heterogeneous catalysts in liquid media is poor and in most 

cases distinct solid–liquid separation occurs, even after vigorous stirring. One 

way to overcome this drawback is to keep the size of the particles as small as 

possible.
[37-42]

 Nanoparticles have recently emerged as efficient alternatives for 

the immobilization of homogeneous catalysts and as catalysts themselves.
[10, 36]

 

Unlike conventional micrometer-sized particles, nanoparticles can be easily 
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dispersed in a liquid medium to form stable suspensions. However, particles with 

diameters of less than 100 nm are difficult to separate by filtration techniques. In 

such cases, expensive ultracentrifugation is often the only way to separate the 

product and catalyst. This drawback can be overcome by using magnetic 

nanoparticles (MNPs), which can be easily removed from the reaction mixture by 

magnetic separation. 

 Most of the magnetic nanoparticles include colloidal metals (Fe, Co and 

Ni), alloys (FePt and FePt3), metal oxides (FeO, Fe2O3 and Fe3O4) or ferrites 

(CoFe2O4 and MnFe2O4). Iron chloride, acetate, sulphate, acetylacetonate and 

carbonyls are commonly used precursors for the synthesis of iron oxide 

nanoparticles.
[161]

 Iron pentacarbonyl ([Fe(CO)5]) is a widely used precursor for 

the synthesis of Fe nanoparticles.
[162] 

The synthesis of pure metal nanoparticles is 

considered to be a difficult task, since metals such as iron are readily oxidized 

under ambient conditions. This means that at least the surface of such particles is 

covered by various native oxides. Among the iron oxides, δ-Fe2O3 (maghemite) 

and Fe3O4 (magnetite) have received more attention than FeO since smaller FeO 

nanoparticles are again quite sensitive towards oxygen.
[163]

 In maghemite, the 

iron ions are distributed in the octahedral (Oh) and tetrahedral (Td) sites of the 

spinel structure, with cationic vacancies within the octahedral sites.
[164]

 

1.2.5.1 Synthesis of magnetic nanoparticles  

Although the synthesis of magnetic nanoparticles include a wide variety of 

methods such as co-precipitation, thermal decomposition, synthesis in 

microemulsions or under hydrothermal conditions, and laser pyrolysis 

techniques,
[43-45] 

co-precipitation and hydrothermal synthesis are considered to be 

the most facile way to synthesis iron oxides in water. Co-precipitation synthesis 

is typically carried out with an aqueous solution containing Fe
2+

/Fe
3+

 salts and 

added base under inert conditions at ambient temperatures. However, the 

nanoparticles tend to aggregate when treated without any protection agents, thus 

nullifying their unique properties derived from their small size.
[165]

 Organic 

coatings such as long-chain fatty acids, diols, or alkyl amines are commonly used 

to prevent aggregation of the particles. The surfactants used as stabilizing agents 

play a vital role in determining the nucleation, growth, size, shape, magnetic and 
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other chemical properties of the developing nanoparticles in the solution. 

Although most studies have focused on the development of polymer or silica 

protective coatings, carbon-based materials protected magnetic nanoparticles are 

receiving huge attention, due to much higher chemical and thermal stability as 

well as biocompatibility of carbon materials over silica or other polymers.
[43]

 

1.2.5.2 Application of magnetic nanoparticles 

A stabilizing agent not only serves to protect the magnetic nanoparticles against 

degradation, but can also be used for further functionalization with specific 

components, such as catalytically active species, various drugs, specific binding 

sites, or other functional groups. Magnetic iron oxide nanoparticles have widely 

been used in variety of biomedical applications such as early detection of 

inflammatory cancer and diabetes, magnetic resonance imaging (MRI), 

hyperthermia, gene therapy etc.
[43, 166] 

Moreover, the easy separation and 

controlled placement of these functionalized magnetic nanoparticles by means of 

an external magnetic field enables their application as catalyst and catalyst 

supports in several organic reactions such as C-C bond formation,
[167-168]

 

hydrogenation,
[169]

 hydroformylation,
[170]

 oxidation and epoxidation,
[171-172]

 

organocatalysis,
[173-174]

 enantioselective catalysis
[175-176]

 and acid-base 

reactions.
[177-178]
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1.3 Organization of the Thesis 

In this thesis, we explored the intrinsic catalytic activity of two important 

carbonaceous nanomaterials namely carbon dots and graphene oxide for various 

important organic transformations. Further their composite with noble-metal 

nanoparticles and iron oxide nanoparticles have been explored for different 

oxidation reactions.  

Chapter 2 describes carbocatalytic activity of metal-free, inexpensive, 

heterogeneous graphene oxide towards cross-dehydrogenative C-N coupling of 

activated aldehydes and amines leading to the formation of α-ketoamides. The 

oxygenated functionalities on the surface of graphene oxide impart acidic as well 

as oxidizing properties to the material. Both these properties of graphene oxide 

were instrumental in the formation of α-ketoamides. Carboxylic acid groups and 

π-π basal plane were found to be responsible for the catalytic activity evident 

from different control experiments.  

Chapter 3 describes inherent catalytic property of carbon nanodots in organic 

synthesis. The surface carboxylic group on carbon nanodots surface acted as 

active catalytic site towards acid catalyzed formation of dihydroquinazolinones 

and aza-Michael adducts. The mild surface acidity of carbon nanodots was the 

driving force to synthesize diverge range of quinazolinones/spiroquinazolinone 

and glycoquinazolinone with structurally perplexing substrates. 

Chapter 4 describes the catalytic activity of polydopamine-reduced graphene 

oxide stabilized Au nanoparticle, a ternary nanocomposite toward selective C-H 

oxidation in benzylic hydrocarbons in presence of N-hydroxyphthalimide and 

oxygen. Electron transfer from support to nanoparticle surface followed by 

dioxygen activation was the preliminary steps of the oxidation reaction. A radical 

mechanism was found to be involved as evidenced by several mechanistic 

studies. 

Chapter 5 describes synthesis of inexpensive, magnetically recoverable carbon 

dots stabilized iron oxide nanoparticles and its catalytic activity towards 

oxidative synthesis of quinazolinones from benzyl alcohols and 2-

aminobenzamides in presence of tert-butylhydroperoxide under aqueous medium. 
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Control experiments showed involvement of radical process and formation of 

bezaldehyde and 2, 3-dihydroquinazolinones as the reaction intermediates. 

Chapter 6 discusses the relevance of the works done by us as well as their future 

scope for future application. 
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2.1 Introduction 

 Exploration of cost-effective, recyclable and environmental friendly 

metal-free catalysts for organic transformations is important in the green 

chemistry milieu. C-C and C-X (X= heteroatom) coupling reactions through 

cross-dehydrogenative coupling (CDC) pathway is an effective method towards 

construction of bio-molecules with a variety of pharmaceutical activity.[1-16] α-

ketoamides and their derivatives represent one of the important class of 

compounds with high biological and pharmacological activity viz. anti-viral, anti-

HIV, anti-tumor, anti-inflammatory, anti-IBD, anti-bacterial, drugs and drug 

candidates (Scheme 2.1).[17-20] 

 

 

 

 

 

 

 

 

Scheme 2.1. Biologically active α-Ketoamides 

They are also versatile and valuable intermediates and synthons in a variety of 

functional group transformations and total synthesis.[21-25] Several approaches 

based on transition metal catalysts have been adopted towards the synthesis of the 

α-ketoamides. Although, these transition metal catalysts show excellent 

efficiency, a large number of them suffer from a variety of limitations: (1) N-

unsubstituted anilines are required in the reaction of amidation diketonization of 

terminal alkynes;[26] (2) aliphatic amines do not work in the reaction of aryl 

acetaldehydes with anilines[27] and (3) only aliphatic secondary amines work in 

the coupling reaction of aryl methyl ketones with amines.[28]  Recently, DMSO 
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mediated synthesis of α-ketoamides has been achieved, however the method is 

limited only up to secondary amines.[29]  A homogeneous copper catalyst could 

afford α-ketoamides with wide substrate scope through oxidative CDC reaction 

(Scheme 2.2).[30] However, the separation and recycling of catalyst in these 

homogeneous catalytic systems remains a challenge. Therefore, there is a huge 

scope for the development of heterogeneous and metal-free pathway towards 

direct C-N coupling with the emphasis on the reduction in production cost and 

eliminating metal contamination. 

 

Scheme 2.2. Synthetic methods for α-ketoamides  

 Recently, carbonaceous nanomaterials have received considerable 

impetus as non-metal alternatives for clean energy conversion as well as 

important organic transformations (carbocatalysis), [31-34b] owing to their 

sustainability and affordability. Graphene oxide (GO), a two-dimensional 

nanomaterial with various oxyfunctionalized groups has shown very good 

activity as catalysts in organic transformations such as oxidation, hydration, 

alkylation reaction etc.[35-43] Recently, the catalytic activity of GO was 

successfully harnessed for aryl-aryl coupling through C-H bond activation.[44]  

Efficient catalytic activity of the base and acid treated graphene oxide in 

oxidative C-N coupling reaction was pioneered by Loh et. al.[45]  Although 

effective surface modification such as hole generation on the basal plane or 

heteroatom substitution on the carbon sites might be influential in high catalytic 
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activity,[45-47] the presence of specific oxyfunctionalized groups in GO can also 

function as active sites for catalytic transformations.[48-51] Herein, we show that 

GO can be employed as an effective heterogeneous catalyst for the CDC reaction 

of α-ketoaldehyde and amines leading to the formation of  α-ketoamides with a 

large substrate scope under mild reaction conditions. The oxygen functionalities 

on the GO surface showed dual activity as both acid and oxidizing catalyst that 

was crucial in the formation of α-ketoamides. Further, we demonstrate that the 

amount of oxygenated groups connected to the carbon skeleton had a major 

impact on the catalytic reaction. 

2.2 Results and Discussion 

2.2.1 Synthesis and characterization of graphene oxide 

We evaluated the catalytic activity of GO with high oxygen content as a metal-

free heterogeneous carbocatalyst for C-N coupling through CDC pathway. 

Oxygen rich GO was synthesized by the modified Hummer’s method and was 

extensively purified to remove any metal impurity. The transmission electron 

microscopy (TEM) indicated a layered structure of GO which was further 

supported by AFM studies revealing that the GO sample consist of two to three 

layers of graphene sheets (Fig. 2.1a and 2.1b). The X-ray diffraction (XRD) 

pattern showed a characteristic peak at 2 value of 10.2o with d spacing of 0.865 

nm (Fig. 2.1c). X-ray photoelectron spectroscopy (XPS) analysis showed C1s 

core level spectrum of GO (Fig. 2.1d), fitted into four components with binding 

energies (BEs) at about 284.5, 286.4, 287.6 and 288.9 eV which corresponds to 

C-C, C-O, C=O and O-C=O species respectively. UV-visible study showed 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 (Fig. 2.1e). FTIR spectrum of the synthesized GO showed the 

presence of various oxygen containing functional groups (Fig. 2.1f). In general, 

the surface of GO consists of four different oxy-functionalized groups on 

graphene sheets, namely hydroxyl (-OH), epoxide (C-O-C), carbonyl (C=O), and 

carboxylic acid (-C(O)OH) moieties. The majority of the oxygenated groups 

come from hydroxyl and epoxy moieties which are distributed over the 
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Figure 2.1. a) TEM image; scale bar 500 nm, b) AFM image (inset height profile of GO), c) 

Powder X-ray diffraction pattern, d) C1s core level XPS spectrum e) UV-visible spectrum and f) 

FTIR spectrum of GO 

basal plane of the graphene surface and are electrophilic in nature. On the other 

hand, carbonyl and carboxylic acid groups are located at the edges of the 

graphene sheets and are nucleophilic in nature. [44, 53] The vibrational modes in 

GO include contributions from ketonic groups such as anhydrides, lactones and 

pyrones (between 1,550–1,850 cm-1), hydroxyls namely phenols and lactols 

(between 3,050–3,800 and 1,000–1,150 cm-1), carboxyls at 1650–1750 cm-1, C-

OH vibrations (between 3,000–3,600 and 1,080 cm-1), epoxides (C–O–C at 850 

and 1,230–1,330 cm-1), ethers (C–O at 800–1,200 cm-1) and sp2-hybridized C=C 

(sp2-C, in-plane vibrations between 1,500-1600 cm-1).[45, 54] 

2.2.2 Optimization studies and substrate scope  

 For the C-N coupling, initially we choose phenylglyoxal monohydrate 

and pyrrolidine as the model substrates (Table 2.1). No product formation was 

observed when the reaction was conducted at 100 °C in absence of catalyst (entry 

1, Table 2.1). However, the coupling product α-ketoamide (3aa) was formed in 

38% yield when a small amount (10 mg) of GO was added to the reaction at 

room temperature (entry 2, Table 2.1), indicating that oxygen functionalities on 

GO surface could function as potential active sites for the coupling reaction. 
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Table 2.1. Oxidative coupling of 1a with 2a under various conditionsa 

 

     

Entry Catalyst Solvent  Yield (%)
b
 

1
c
 none acetonitrile trace 

2
d
 GO (10 wt%) acetonitrile 38 

3 GO (10 wt %) acetonitrile 92 

4
e
 GO (10 wt%) acetonitrile 85 

5 Graphite (10 wt %) acetonitrile trace 

6 Activated carbon (10 wt %) acetonitrile trace 

7 CNT (10 wt %) acetonitrile trace 

8 rGO (10 wt%) acetonitrile 20% 

a Reaction conditions: 1a (0.25 mmol), 2a (0.375 mmol), cat. 10 wt%, 3.0 mL acetonitrile, Ar 

atmosphere, 50 °C, 4 h. b Yields of isolated product. cReaction at 100 °C for 12 h. d, e Reaction 

was carried out at room temperature and 90 °C respectively. CNT= Carbon nanotube 

 The complete conversion of phenyl glyoxal and the formation of 3aa (92%) was 

achieved when the reaction temperature was increased to 50 °C (entry 3, Table 

2.1). Further increase in reaction temperature proved to be unfavorable for yield 

of the desired product due to formation of other by-products (entry 4, Table 2.1). 

Variable catalyst loading as well as solvents was scrutinized in order to achieve 

optimal reaction conditions (Table 2.2). Interestingly, presence of air was found 

to be detrimental as several by-products were formed lowering the overall yield 

of the desired product (entry 10, Table 2.2). Other carbonaceous materials, such 

as graphite, activated carbon and CNT showed very less activity (entry 5-7, Table 

2.1). Reduced GO obtained by reduction of GO with hydrazine hydrate afforded 

very less yield (20%) (entry 8, Table 2.1). The results clearly indicated that 

oxygen functionalities on GO surface were instrumental in catalyzing the 

formation of α-ketoamide. 

Having achieved the optimized reaction conditions, we evaluated the substrate 

scope with a range of α-carbonyl aldehyde and secondary amines (Table 2.3). In 

general, both electronically activating and deactivating α-carbonyl aldehydes 
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Table 2.2. Optimization studies of coupling reaction of 1a and 2aa 

Entry Catalyst (wt %) Solvent  Yield (%)b 

1 GO (10 wt %) Water 65 

2 GO (10 wt %) Acetonitrile 92 

3 GO (10 wt%) Ethanol 45 

4 GO (10 wt%) THF trace 

5 GO (10 wt%) DMF trace 

6 GO (5 wt%) Acetonitrile 65 

7 GO (15 wt%) Acetonitrile 90 

8c Benzene filtrate Acetonitrile trace 

9 MnSO4 (10 wt%) Acetonitrile trace 

10d GO (10 wt%) Acetonitrile 72 
a Reaction conditions: 1a (0.25 mmol), 2a (0.375 mmol), 3.0 mL solvent, Ar atmoshphere, 50 °C, 

4 h. bYields of isolated product. cGO catalyst was boiled in benzene and GO was filtered. The 

resultant benzene filtrate was taken as the catalyst. dReaction was carried out in presence of air 

could be transformed into α-ketoamides with high yield. Moreover, substituents 

at different positions of the phenyl ring and their electronic nature did not affect 

the yield of the desired α-ketoamides. Various aliphatic secondary amines such as 

pyrrolidine, piperidine, morpholine, N-methylpiperazine and N, N-diethylamine 

afforded moderate to high yield of the desired product. Aliphatic primary amines 

also could be coupled under present reaction conditions, albeit with moderate 

yield (entry 3dc, Table 2.3). 

 On the other hand, when the coupling reaction was carried out using 

aromatic secondary amine N-methylaniline under the optimized conditions, it 

resulted in very poor yield. Moreover, very low yield of the desired product was 

obtained when aromatic primary amines were coupled with α-carbonyl 

aldehydes. This can be attributed to the participation of the nitrogen lone pair in 

aromaticity, thereby lowering the nucleophilic tendency of the amine group 

towards the aldehyde. To overcome this, we postulated that the presence of an 

external base can help in retaining the nucleophilic character of the amine group 

and thus favoring the reaction towards the desired coupling products. Therefore, 

the coupling between phenylglyoxal monohydrate and 4-aminobenzonitrile was 
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Table 2.3. GO catalyzed oxidative coupling of variety of α-keto aldehydes and aliphatic 

secondary/primary amines.a 

 

 

 

 

 

 

 

 

a Reaction conditions: 1 (0.25 mmol), 2 (0.375 mmol), GO catalyst 10 wt%, acetonitrile 3.0 mL, 

Ar atmosphere, 50 °C for 4 h.  b Yields of isolated product 

studied in order to achieve the optimized condition suitable for primary amines 

(Table 2.4). It was observed that higher GO catalyst loading was required at 

elevated reaction temperature for effective coupling of primary amines as 

compared to secondary aliphatic amines. Although yield of ketoamide formed 

was low only in presence of GO (25%, entry 1, Table 2.4), the product formation 

was significantly enhanced in presence of an external base. Among various 

organic bases screened, DABCO was found to be most suitable, as the model 

coupling reaction resulted in excellent yield (65%, entry 2, Table 2.4). Inorganic 

bases such as K2CO3 and NaOH were found to be ineffective. Among the 

solvents toluene was found to be most suitable (entry 7-9, Table 2.4). From the 

optimization data, the best yield (75%) for the primary amine coupling was 

achieved when the reaction was performed using GO (50 wt %) at 90 °C under 

Ar environment (entry 15, Table 2.4). 
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Table 2.4. Oxidative coupling of 1a and 4a under various reaction conditionsa 

 

 

 

Entry Catalyst Solvent Base (equiv) Yield (%)
b
 

1 GO (50 wt %) Toluene None 25 

2 GO (50 wt%) Toluene DABCO (2.0) 65 

3 GO (50 wt%) Toluene Pyridine (2.0) 57 

4 GO (50 wt%) Toluene DIPEA (2.0) trace 

5 GO (50 wt%) Toluene K2CO3 (2.0) trace 

6 GO (50 wt%) Toluene NaOH (2.0) trace 

7 GO (50 wt%) CH3CN DABCO (2.0) 45 

8 GO (50 wt%) DMF DABCO (2.0) 52 

9 GO (50 wt%) H2O DABCO (2.0) 31 

10 GO (100 wt%) Toluene DABCO (2.0) 67 

11
c
 GO (50 wt %) Toluene DABCO (2.0) 42 

12 GO (50 wt%) Toluene DABCO (3.0) 63 

13 GO (10 wt%) Toluene DABCO (3.0) 38 

14 GO (30 wt%) Toluene DABCO (3.0) 55 

15
d
 GO (50 wt%) Toluene DABCO (3.0) 75 

a Reaction conditions: 1a (0.375 mmol), 4a (0.25 mmol), GO catalyst, solvent 3.0 mL, Ar 

atmosphere, 90 °C, 12 h. b Yields of isolated product. c Reaction was carried out 60 °C. d Reaction 

was carried out in presence of molecular sieves (4 Å) (100 mg). DABCO = 1,4-

Diazabicyclo[2.2.2]octane. DIPEA = N-diisopropylethylamine 

 

 Under these conditions, scope of the reaction with respect to various 

anilines was investigated. Both electron rich and electron deficient aniline could 

be inserted into the α-ketoamide skeleton (Table 2.5). Furthermore, substituents 

at different positions of the phenyl ring did not affect the yield of the product. 

Halo substituted α-carbonyl aldehydes were also well tolerated and  
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 Table 2.5. GO catalyzed oxidative coupling of different α-carbonyl aldehydes with variety of 

primary amines a 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Reaction conditions: 1 (0.375 mmol), 4a (0.25 mmol), GO catalyst 50 wt%, DABCO 2.0 equiv., 

100 mg molecular sieves (4 Å), toulene 3.0 mL, Ar atmosphere, 90 °C, 12 h. b Yields of isolated 

product 

corresponding α-ketoamides could be obtained with significant yield that can be 

used for further transformations. In addition, the coupling of aromatic secondary 

amine N- methylaniline with phenyl glyoxal monohydrate resulted in significant 

yield (53%, entry 4ai, Table 2.5) in presence of DABCO. 

2.2.3 Conservation of mass and formation of byproducts 

 CO2 formation is a readily observed phenomenon in oxidative coupling 

reactions, either due to over-oxidation of the reaction mass or volatile nature of 
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the reaction components.[55, 56] In the present case, no CO2 formation was 

observed during the reaction, as 100% carbon mass balance was obtained. GC 

analysis showed the formation of mainly phenylglyoxylic acid, the oxidized form 

of phenylglyoxal as a by product along with amides during the reactions.[57, 58]  

2.2.4 Large scale synthesis 

The present methodology using GO as a carbocatalyst could be applied 

for large scale synthesis, as we could obtained high yield of the ketoamide 

product for the model coupling reaction of phenylglyoxal and pyrrolidine (85%, 

Scheme 2.3).  

 

Scheme 2.3. Gram scale synthesis for the coupling reaction of phenylglyoxal and pyrrolidine 

2.2.5 Recovery and recyclability 

 The GO catalyst could be easily separated from the reaction mixture by 

simple filtration and it maintained 80% of its original activity, even after five 

 

Figure 2.2. a) Product yield after different cycle of catalytic reactions using recovered GO after 

subsequent reactions as catalyst and b) XPS O1s core level spectrum of GO and GO recovered 

after 5th catalytic cycle for the model coupling reaction 
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cycles (Fig. 2.2a). This reduced activity may be attributed to decrease in 

nucleophilic oxygen groups in GO upon repeated catalytic run (Fig. 2.2b). The 

original activity could be regenerated by re-oxidation of the catalyst. 

2.2.6 Synthesis of bioactive compound 

 Since α-ketoamides are ubiquitous structural motifs in many biologically 

active compounds such as drugs and precursors for other important compounds, 

the use of GO as an effective carbocatalyst gives a green and easily practical 

heterogenic protocol to construct bioactive compounds from readily available 

starting materials. We investigated the potential of GO towards the synthesis of 

orexin receptor anatagonist (I), that could be easily synthesized from 

phenylglyoxal monohydrate and 6 to give I in 65% yield (Scheme 2.4). 

 

 

 

 

 

Scheme 2.4. Synthesis of orexin receptor anatagonist (I) 

2.2.7 Mechanistic Investigation 

 In order to have an insight into the reaction pathway for the GO catalyzed 

C-N coupling reaction, we performed a time-dependent HPLC-MS study of the 

model reaction between phenyl glyoxal and pyrrolidine which clearly 

demonstrated the initial formation of the hemiaminal intermediate and its 

subsequent conversion to ketoamide (Fig. 2.3). The hemiaminal intermediate 

initially formed could be isolated and characterized by NMR and mass 

spectroscopy (Experimental Section). This suggested the dual activity of GO as 

both acid and oxidation catalyst. The formation of hemiaminal intermediate was 

governed by the acid catalytic activity of oxyfunctionalized groups on GO 

surface. The conversion of the hemiaminal intermediate to the corresponding 
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ketoamide took place through an oxidative pathway. Even under Ar atmosphere 

the yield of the product did not suffer, thus ruling out the involvement of aerial 

oxidation in the second step. 

 

Figure 2.3. Time-dependent HPLC-MS analysis of the coupling reaction of phenyl glyoxal 

monohydrate and pyrrolidine with its corresponding ESI-MS 

A few control experiments (Scheme 2.5) were carried out using benzoic acid and 

p-TSA as catalysts for the model coupling reaction. The use of these acid 

catalysts led to the formation of the hemiaminal form as the major product with a 

trace amount of ketoamide formation. As these catalysts do not possess oxidative 

catalytic capability, the formation of ketoamides was not favorable. On the other 

hand, formation of ketoamide using GO could take place efficiently due to the 

intrinsic acidic as well as oxidizing capability of GO, where the conversion from 

hemiaminal to ketoamide took place through oxidation pathway.  
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 Scheme 2.5. Formation of hemiaminal intermediate followed by α-ketoamide 

It is worth mentioning that only benzaldehyde could not be coupled with amines 

using GO as a catalyst (Scheme 2.6). When phenylglyoxal monohydrate was 

reacted with pyrrolidine in presence of benzaldehyde, 3aa was obtained in 90% 

yield whereas 95% of benzaldehyde was recovered. 

 

 

 

 

 

Scheme 2.6. Comparision of benzaldehyde and phenylglyoxal towards α-ketoamide formation 

 To explore the involvement of oxy-functionalized groups on the catalytic 

activity leading to the formation of α-ketoamides, we evaluated the performance 

of GO for the model reaction using samples annealed at different temperature. It 

is well known that GO contains various oxygen containing groups such as 

hydroxyl (-OH), epoxide (C-O-C), carbonyl (C=O) and carboxylic acid (-CO2H) 

moieties on the basal plane and edges. Four different GO catalysts with different 

oxygen content were prepared by controlling the annealing temperature (200 °C, 

400 °C, 600 °C and 800 °C). As shown in Fig. 2.4, the catalytic activity of GO 

decreased significantly with catalysts annealed at elevated temperature (Fig. 

2.4a), which could be correlated to decreased oxygen content (Fig. 2.4a, inset).  A 

decrease in relative oxygen content at various annealing temperature could be 
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confirmed from XPS studies (Fig. 2.4b).[44, 59] O1s core level XPS spectrum 

showed relative decrease in nucleophilic oxygen groups over the surface of GO 

upon annealing treatment which again confirmed the change in electronic nature 

in the GO surface (Fig. 2.4c).    

 

Figure 2.4. a) Catalytic activity (inset, relative C/O ratio with increasing temperature), GO-5th 

denotes the catalyst after 5th cycle, b) XPS survey spectra, c) O1s core level XPS spectra d) 

Raman spectra of GO annealed at different temperature 

 A gradual decrease in amount of oxygen containing functional groups and 

their relative distribution upon annealing treatment was obtained from the 

transmission infrared differential spectra (Fig. 2.5).[45, 54] Zeta potential 

measurements also revealed the decrease in acidic functionality on GO surface at 

elevated temperature (Fig. 2.6). From Raman Spectra (Fig. 2.4d) and SEM 

images (Fig. 2.7) it was observed that in spite of removal of oxygen species, the 

annealing treatment did not have significant affect on structural aspects of GO. 

Surface area measurements showed that there were no significant changes in the 

surface area of pristine GO and its annealed analogues (Table 2.6).  
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Figure 2.5. Transmission infrared differential spectra of GO showing relative amounts and 

distribution of oxygenated functional groups at different annealing temperature regime. It 

presents the changes in functional groups at various elevated temperature 

 

 

 

 

 

 

 

 

Figure 2.6. Zeta potential measurement of GO samples annealed at different temperature 
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e)

a) b)

c) d)

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. (a, b, c, d and e) SEM images of GO annealed at different temperature (pristine GO, 

200, 400, 600 and 800 °C respectively) showing no apparent changes in surface morphology 

Table 2.6. Surface area of Graphene Oxide annealed at different temperature 

GO Annealing Temperature (°C) Surface area (m2/g) 

              Pristine GO 534 

                      200 589 

                      400 601 

                      600 518 

                      800 542 

 

 In order to verify the role of variable functional groups on GO surface 

responsible for the remarkable catalytic activity during the cross-dehydrogenative 
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C-N coupling reactions, the surface of GO was modified under various conditions 

following a reported procedure.[45] GO surface consists of several acidic and 

basic oxygenated groups solvated by water molecules. Due to this amphiphilic 

nature, the surface property of GO can be tuned by base-acid treatments. The 

synthesized GO was first refluxed in presence of NaOH pellets to get the base 

treated GO (bGO).[60, 61] Compared to GO, the FTIR intensity of hydroxyl band at 

~3000-3600 cm-1 in bGO decreased significantly (Fig. 2.8a). The intensity of –

COOH groups also decreased due to deprotonation of the COOH group (1725 

cm-1) while that of sp2 C=C (1560 cm-1) increased. This signifies that the carbon 

backbone now consist of extended π-π* network following the base treatment.  

The reduction of oxygen functionalities could be attributed to dehydration 

reaction driven by base mediated reflux.[62] To further examine whether the 

affected functional groups in bGO can be retained, bGO was treated with a 0.1 M 

HCl solution (baGO). Interestingly, the peak intensity of the carboxyl group at 

1725 cm-1 could be regenerated which may be attributed to reprotonation of the 

carboxyl group in presence of HCl. However, the peak intensity of hydroxyl and 

epoxy groups could not be recovered. Thus, after subsequent base and acid 

treatments of GO, the residual oxygen groups present in baGO mainly consisted 

of ketones, highly reduced epoxides and carboxylic acids.  When the model 

reaction of phenyl glyoxal and pyrrolidine was carried out using  

 

Figure 2.8. Transmission infrared absorption spectra for (a) GO (black), bGO (blue), baGO 

(magenta) and (b) baGO (purple), R-baGO(magenta) and R-baGO* (navy) 

these modified GO (bGO and baGO), we observed decreased activity in case of 

bGO (20% yield), while baGO showed significant recovery in catalytic activity 

with 85% yield (entry 1 and 2, Table 2.7). This regeneration in catalytic activity 

800 1200 1600 2000 2400 2800 3200 3600

 

C=O

C=C, COO-

COOH, C=O

  

GO

COOH loss

COOH, C

 

 

A
bs

or
ba

nc
e 

(a
.u

.)

bGO
base treatment

  

Wavenumber (cm-1)

baGO

C-O-C loss

acid treatment
COOH recovery

800 1200 1600 2000 2400 2800 3200

  
 

baGO

 

 

A
bs

or
ba

nc
e 

(a
.u

.)

Wavenumber (cm-1)

C=C, COO

COOH, C=O

C=O

NaBH4

HCl

COOH loss

COO- appears 

COO- disappears

C-O-C

 

 

 

R-baGO*

R-baGO

COOH recovery

(a) (b)



Chapter 2 

 

64 

 

may be originated either from ketone, carboxyls or epoxide functionality present 

on GO. Further evaluations were carried out with baGO reduced with NaBH4 

(RbaGO), during which ketones and epoxides are reduced along with 

deprotonation of carboxylic acid groups as observed by FTIR studies (Fig. 2.8b). 

Catalytic activity studies of RbaGO showed significantly reduced activity with 

15% yield (entry 3, Table 2.7). Finally, a neutralization step using HCl resulted in 

recovery of the carboxylic acid group on GO surface that showed significant 

enhancement in catalytic activity with 81% yield (entry 4, Table 2.7).  

Table 2.7. Catalytic activity of modified GO 

Entry Catalyst (10 wt%) GC Yield (%) 

1 bGO 20 

2 baGO 85 

3 RbaGO 15 

4 RbaGO* 81 

5 1-Pyrene-carboxylic acid 72 

6 Pyrene 10 

 

Reaction conditions: Phenyl glyoxal (0.25 mmol), pyrrolidine (0.375 mmol), 3.0 mL solvent, Ar 

atmoshphere, 50 °C, 4 h. bGO= GO treated with NaOH, baGO= bGO neutralized with HCl, 

RbaGO= baGO reduced by NaBH4, RbaGO*= RbaGO neutralized by HCl 

During this neutralization step, neither ketone/epoxide could be reoxidized nor 

new oxygenated functionalities could be introduced. From these studies, it could 

be concluded that the catalytic activity of GO for the C-N coupling reaction was 

mainly due to the presence of COOH functionality on its surface. 

 To confirm the role of carboxylic acids in the catalytic reaction, 1-pyrene-

carboxylic acid was used a model catalyst to mimic the graphene based material. 

Surprisingly, 1-pyrene-carboxylic acid also resulted in significant yield of the 

catalytic reaction (entry 5, Table 2.7). On the other hand, only the π conjugated 

system, such as pyrene could not afford appreciable yield during the reaction 

(entry 6, Table 2.7). Moreover only trace amount of product could be obtained 

when benzoic acid was used as the catalyst (Scheme 2.4). From these 

observations it can be concluded that both the carboxylic acid and the π-π* 
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backbone in GO was influential in catalyzing the coupling reaction.  Whereas the 

π carbon backbone helped in bringing the reactant molecules to the surface of 

GO, CO2H participated in catalyzing the coupling reaction. 

2.2.8 Leaching Test 

 Further, to ensure the degree of heterogeneity of GO, we performed a 

leaching test. No active species from the GO surface were found to be leached as 

we could observe no reaction by stopping the catalytic reaction after 2 hrs and 

continuing the reaction by removing the catalyst (Fig. 2.9). 

 

 

 

 

 

 

Figure 2.9. Formation of  α-ketoamide as a function of time under standard conditions (red line) 

and removal of GO catalyst after 2 hour (blue line) 

 Thus, the oxygen functionality on GO surface acted as both acidic as well 

as oxidizing active sites for the coupling reaction. Low catalytic activity 

demonstrated by reduced GO also supported these results. Further, a control 

experiment was carried out to assess the role of trace Mn2+ ion that could be 

formed during oxidation of graphite to graphene oxide. The addition of MnSO4 to 

the model coupling reaction of phenylglyoxal monohydrate and pyrrolidine did 

not have any influence on the reaction kinetics (entry 9, Table 2.2).[63] Further, 

extraction of any metal impurity in GO through boiling in benzene and 

performing the model coupling reaction of phenylglyoxal monohydrate and 

pyrrolidine in the resultant benzene did not yield any product (entry 8, Table 

2.2).[44] 
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2.3 Conclusion 

In conclusion, graphene oxide has been demonstrated as an efficient and 

heterogeneous carbocatalyst for the synthesis of α-ketoamides in high yields. The 

dual acidic and oxidizing catalytic activity of graphene oxide was instrumental in 

the C-N coupling reaction through a hemiaminal intermediate. Both primary and 

secondary amines were suitable for this transformation and could provide an 

attractive approach for the synthesis of biologically active compounds. A detailed 

mechanistic investigation, using graphene oxide modified under various 

conditions, such as base, acid and reducing agent treatment as well as annealing 

at variable temperature demonstrated the involvement of carboxylic acid 

functionality on the surface in catalyzing the cross-dehydrogenative C-N 

coupling reactions. The correlation between oxyfunctionalized groups on the 

layered two dimensional nanocarbon surface and activity could provide insights 

towards the development of carbonaceous catalytic systems for important 

coupling reactions. 

2.4 Experimental Section 

2.4.1 General Information 

The powder XRD measurements were carried out by using a Bruker D8 Advance 

X-ray diffractometer with CuKα source (wavelength= 0.154 nm). TEM images 

were obtained by using a JEOL JEM- 2100 microscope operated at 200 kV. 

Atomic force microscopy was carried out by using an AIST-NT instrument 

(model SMART SPM 10000, Tapping mode), the samples were prepared by drop 

casting a water dispersion on mica. FTIR spectra were recorded with KBr pellets 

by using a Bruker Tensor 27 instrument. The zeta potential studies were done on 

a Micromeritics Nanoplus 3 instrument. XPS spectra were recorded by using an 

ESCA instrument, VSW of UK make. 1H and 13C NMR spectra were recorded 

with Bruker Advance (III) 400 MHz or 100 MHz spectrometers, respectively. 

Data for 1H NMR spectra are reported as chemical shift (δ ppm), multiplicity 

(s=singlet, d = doublet, t = triplet, m = multiplet), coupling constant (J Hz) and 

integration and assignment data for 13C NMR spectra are reported as a chemical 
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shift. High resolutions mass spectral analyses (HRMS) were carried out using 

ESI- TOF-MS. 

2.4.2 Materials 

Graphene oxide was synthesized from natural graphite by the modified hummer’s 

method.52 

2.4.3 Reaction procedure for the synthesis of α-ketoamide 

In a 10 mL Teflon sealed glass tube, 0.25 mmol α-carbonyl aldehyde, 0.375 

mmol amine, 3.0 ml acetonitrile and 10 mg GO was taken and the mixture was 

heated at 50 °C for the specified time. After cooling, the catalyst was filtered, the 

crude reaction mixture was extracted with ethyl acetate and washed with 0.5 N 

HCL and NaHCO3. The crude reaction mixture was further evaporated in reduced 

vaccum and purified by column chromatography using 5-10% ethyl 

acetate/hexane solvent system. For primary amines, 0.25 mmol of amine, 0.375 

mmol α-carbonyl aldehyde, 2.0 equiv. DABCO, 30 mg GO, 100 mg molecular 

seives (4 Å) and 3.0 mL toluene were mixed and heated in Teflon sealed glass 

tube at 90 °C. 

2.4.4 Isolation of hemiaminal intermediate 

2-hydroxy-1-phenyl-2-(pyrrolidin-1-yl)ethanone (x). 30 mg GO, 1.0 mmol of 

phenylglyoxal monohydrate (152 mg) and 1.0 mmol pyrrolidine were mixed in 

CH3CN solvent and stirred at 60 °C. The reaction was stopped after 0.5 hr and the 

organic compounds were extracted using ethyl acetate and water. The crude 

reaction mixture was dried over anhydrous Na2SO4 and the solvent was 

evaporated under reduced pressure. Finally, the hemiaminal intermediate was 

purified by column chromatography using 5-10% ethyl acetate/hexane solvent 

system in silica to give colourless solid. 
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2.4.5 Synthesis of starting materials 

 

3.0 mmol (618 mg) of 4 (Trifluoromethyl)phenylacetic acid was dissolved in 10.0 

mL dichloromethane and kept at 0 °C (ice bath). 5 eq. (10.0 mmol) of DCC (N, 

N/-Dicyclohexylcarbodiimide) was added to the reaction mixture at 0 °C and 

stirred for ½ hr. 3.0 mmol (363 mg) of 3,4-dimethylaniline was then added to the 

mixture at 0 °C and the ice bath was removed. The stirring was continued 

overnight. The solvent was then evaporated and ethyl acetate was added. The 

precipitate DCU (N, N/-Dicyclohexylurea) was then removed by filtration 

followed by evaporation of the solvent to get the crude reaction mixture 

containing A. (A) was then purified by column chromatography using 5-10% 

ethylacetate/hexane mixture in silica. 

 

500 mg (A) was taken in a 50 mL r.b flask and dissolved in 10.0 ml dry THF. In 

another 50 mL r.b flask 10.0 ml of dry THF is taken and 7.0 ml LiAlH4 is added 

to it at 0 °C (ice bath) under N2 atmosphere. The reaction mixture containing (A) 

was then slowly added to the solution of LiAlH4 at 0 °C under stirring. The ice 

bath was then removed and stirring was continued overnight. Further, THF was 

evaporated and ethyl acetate was added to the reaction mixture. The crude 

reaction mixture was then extracted using ethyl acetate/water and the pure 

product was obtained after column chromatography using 5% ethyl 

acetate/hexane solvent system. 
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2.4.6 HPLC analysis 

A Dionex HPLC-Ultimate 3000 (High Performance Liquid Chromatography) 

pump was used to analyse products. 20 μL of sample was injected onto a Dionex 

Acclaim ® 120 C18 column of 250 mm length with an internal diameter of 4.6 

mm and 5 μm fused silica particles at a flow rate of 1 mL min-1 (linear gradient of 

40 % v/v acetonitrile in water for 35 min, gradually rising to 100 % (v/v) 

acetonitrile in water at 35 min). This concentration was kept constant until 40 

min when the gradient was decreased to 40 % (v/v) acetonitrile in water at 42 

min. The sample preparation involved mixing of 100 μL reaction mixture in 900 

μL acetonitrile-water (50: 50 mixture) solution containing 0.1 % trifluroacetic 

acid. The samples were then filtered through a 0.45 μm syringe filter (Whatman, 

150 units, 13 mm diameter, 2.7 mm pore size) prior to injection. The products 

were identified by using Ultimate 3000 RS Variable Wavelength Detector at 280 

nm. 

2.4.7 Preparation of arylglyoxal 

All arylglyoxal substrates were prepared by a reported procedure.[64] 

 

 

2.4.8 Characterisation data 

2.4.8.1 Characterization data for hemiaminal intermediate 

2-hydroxy-1-phenyl-2-(pyrrolidin-1-yl)ethanone (x): 
1H NMR (CDCl3, 400 

MHz): δ = 8.02 (d, J = 7.28 Hz, 1H), 7.86 (d, J = 7.28 Hz, 1H), 7.55-7.33 (m, 3H, 

OH), 5.91 (s, 1H), 3.55-3.05 (m, 4H), 2.07-1.80(m, 4H); 13C NMR (CDCl3, 100 

MHz): δ = 186.4, 135.1, 133.2, 131.2, 128.9, 128.2, 128.0, 127.6, 93.0, 48.9, 
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29.6, 25.6, 24.5. Mass: 205.2530, HRMS (ESI): calcd for [C12H15NO2
++ Na+] 

228.0995, found 228.1017. 

2.4.8.2 Characterization data for α-ketoamides 

1-Phenyl-2-(pyrrolidin-1-yl)ethane-1,2-dione (3aa):
29

 Yellow wax, 1H NMR 

(CDCl3, 400 MHz): δ = 7.99 (d, J = 7.24 Hz, 2H), 7.64-7.60 (t, J = 7.28 Hz, 1H), 

7.51-7.47 (t, J = 7.76 Hz, 2H), 3.66-3.63 (t, J = 6.52 Hz, 2H), 3.43-3.40 (t, J = 

6.52 Hz, 2H), 1.97-1.91 (m, 4H); 13C NMR (CDCl3, 100 MHz): δ = 191.5, 164.9, 

134.5, 132.9, 129.8, 128.9, 46.6, 45.2, 25.9, 24.0. Mass: 203.2371, HRMS (ESI): 

calcd for [C12H13NO2
++ Na+] 226.0838, found 226.0849. 

1-(4-bromophenyl)-2-(pyrrolidin-1-yl)ethane-1,2-dione (3ba):
30

 Yellow 

gummy solid, 1H NMR (CDCl3, 400 MHz): δ = 7.88 (d, J = 8.8 Hz, 2H), 7.63 (d, 

J = 8.4 Hz, 2H), 3.64 (t, J = 5.52 Hz, 2H), 3.42 (t, J = 5.28 Hz, 2H), 1.95 (m, 

4H); 13C NMR (CDCl3, 100 MHz): δ = 190.2, 164.1, 132.2, 131.7, 131.3, 130.0, 

128.0, 127.6, 46.7, 45.3, 25.9, 23.9. Mass: 282.1332, HRMS (ESI): calcd for 

[C12H12BrNO2
++ Na+] 303.9944, found 303.9959. 

1-phenyl-2-(piperidin-1-yl)ethane-1,2-dione (3ab):
65

 Light yellow solid, m.p. 

106-109 °C; 1H NMR (CDCl3, 400 MHz): δ = 7.95 (d, J = 7.76 Hz, 2H), 7.62 (t, 

J = 7.24 Hz, 1H), 7.50 (t, J = 7.52 Hz, 2H), 3.69 (br, 2H), 3.28 (t, J = 5.28 Hz, 

2H), 1.69 (br, 4H), 1.54 (br, 2H); 13C NMR (CDCl3, 100 MHz): δ = 191.0, 165.1, 

132.6, 132.3, 131.2, 130.4, 47.3, 42.5, 26.5, 25.7, 24.6. Mass: 217.2637, HRMS 

(ESI): calcd for [C13H15NO2
++ Na+] 240.0995, found 240.1006. 

1-(4-bromophenyl)-2-(piperidin-1-yl)ethane-1,2-dione (3bb):
66

 Yellow oil, 1H 

NMR (CDCl3, 400 MHz): δ = 7.81 (d, J = 8.52 Hz, 2H), 7.65 (d, J = 8.52 Hz, 

2H), 3.68 (t, J = 4.24 Hz, 2H), 3.27 (t, J = 5.76 Hz, 2H), 1.69-1.66 (m, 4H), 1.57-

1.51 (m, 2H); 13C NMR (CDcl3100 MHz): δ = 190.6, 164.8, 132.3, 132.0, 130.9, 

130.1, 47.0, 42.2, 26.2, 25.4, 24.3. Mass: 296.1598, HRMS (ESI): calcd for 

[C13H14BrNO2
++ Na+] 318.0100, found 318.0122. 

1-(4-methoxyphenyl)-2-(piperidin-1-yl)ethane-1,2-dione (3cb):
66

 Yellow wax, 
1H NMR (CDCl3, 400 MHz): δ = 7.91 (d, J = 8.8 Hz, 2H), 6.97 (d, J = 8.76 Hz, 

2H), 3.87 (s, 3H), 3.69-3.67 (m, 2H), 3.29-3.26 (m, 2H), 1.68-1.67 (m, 4H), 1.55-
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1.51 (m, 2H); 13C NMR (CDCl3, 100 MHz): δ = 190.6, 165.7, 164.7, 131.9, 

126.3, 114.2, 55.5, 47.0, 42.0, 26.1, 25.4, 24.3. Mass: 247.2897, HRMS (ESI): 

calcd for [C14H17NO3
++ Na+] 270.1101, found 270.1115. 

1-morpholino-2-phenylethane-1,2-dione (3ac):
30

 Yellow liquid, 1H NMR 

(CDCl3, 400 MHz): δ = 7.96 (d, J = 7.0 Hz, 2H), 7.65 (t, J = 7.56 Hz, 1H), 7.51 

(t, J = 7.52 Hz, 2H), 3.78 (s, 4H), 3.65 (t, J = 4.8 Hz, 2H), 3.37 (t, J = 4.52 Hz, 

2H); 13C NMR (CDCl3, 100 MHz): δ = 191.1, 165.4, 134.9, 133.0, 129.6, 129.0, 

66.7, 66.6, 46.2, 41.6. Mass: 219.2365, HRMS (ESI): calcd for [C12H13NO3
++ 

Na+] 242.0788, found 242.0799. 

1-(4-bromophenyl)-2-morpholinoethane-1,2-dione (3bc):
65

 Yellow gummy 

solid, 1H NMR (CDCl3, 400 MHz): δ = 7.83 (d, J = 8.52 Hz, 2H), 7.67 (d, J = 

8.52 Hz, 2H), 3.80-3.75 (br, 4H), 3.65 (t, J = 5.00 Hz, 2H), 3.37 (t, J = 4.52 Hz, 

2H); 13C NMR (CDCl3, 100 MHz): δ = 189.8, 164.8, 132.4, 131.8, 131.0, 130.4, 

66.7, 66.6, 46.2, 41.7. Mass: 298.1326, HRMS (ESI): calcd for [C12H12BrNO3
++ 

Na+] 319.9893, found 319.9910. 

1-(4-methoxyphenyl)-2-morpholinoethane-1,2-dione (3cc):
65

 Yellow oil, 1H 

NMR (CDCl3, 400 MHz): δ = 7.93 (d, J = 8.76 Hz, 2H), 6.98 (d, J = 9.04 Hz, 

2H), 3.88 (s, 3H), 3.77 (br, 4H), 3.64 (t, J = 5.0 Hz, 2H), 3.37 (t, J = 4.76 Hz, 

2H); 13C NMR (CDCl3, 100 MHz): δ = 190.6, 165.7, 164.7, 132.0, 126.3, 114.2, 

55.6, 47.0, 42.0. Mass: 249.2625, HRMS (ESI): calcd for [C13H15NO4
++ Na+] 

272.0893, found 272.0899. 

1-(4-methylpiperazin-1-yl)-2-phenylethane-1,2-dione (3ad):
30

 Yellow gummy 

solid, 1H NMR (CDCl3, 400 MHz): δ = 7.95 (d, J = 8.04 Hz, 2H), 7.64 (t, J = 

7.28 Hz, 1H), 7.52 (d, J = 7.0 Hz, 2H), 3.82-3.76 (m, 2H), 3.39-3.34 (m, 2H), 

2.54-2.49 (m, 2H), 2.40-2.35 (m, 2H), 2.31 (s, 3H); 13C NMR (CDCl3, 100 

MHz): δ = 191.4, 165.3, 134.7, 133.0, 129.6, 128.9, 54.8, 54.3, 45.8, 45.6, 41.0. 

Mass: 232.2783, HRMS (ESI): calcd for [C13H16N2O2
++ Na+] 255.1104, found 

255.1126 

1-(4-bromophenyl)-2-(4-methylpiperazin-1-yl)ethane-1,2-dione (3bd):
65 

Yellow gummy solid, 1H NMR (CDCl3, 400 MHz): δ = 7.82 (d, J = 7.76 Hz, 2H), 

7.66 (d, J = 8.04 Hz, 2H), 3.80-3.75 (m, 2H), 3.39-3.34 (m, 2H), 2.53-2.47 (m, 
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2H), 2.40-2.35 (m, 2H), 2.31 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ = 190.1, 

164.7, 132.4, 131.9, 131.0, 130.3, 128.0, 127.6, 54.8, 54.3, 45.9, 45.7, 41.1. 

Mass: 311.1744, HRMS (ESI): calcd for [C13H15BrN2O2
++ Na+] 333.0209, found 

333.0230. 

2-(2-chlorophenyl)-N, N-diethyl-2-oxoacetamide (3ae):
68

 Colourless gummy 

solid,1H NMR (CDCl3, 400 MHz): δ = 7.88 (d, J = 7.28 Hz, 1H), 7.48 (t, J = 8.0 

Hz, 1H), 7.43-7.36 (m, 2H), 3.53-3.48 (q, 2H), 3.37-3.32 (q, 2H), 1.53 (br, 6H). 

Mass: 239.6981, HRMS (ESI): calcd for [C12H14ClNO2
++ Na+] 262.0605, found 

262.0627. 

1-(2-chlorophenyl)-2-(pyrroldin-1-yl)ethane-1,2-dione (3da):
69

 Yellow 

gummy solid, 1H NMR (CDCl3, 400 MHz): δ = 7.83 (d, J = 8.04 Hz, 1H), 7.48 (t, 

J = 7.04 Hz, 1H), 7.42-7.36 (m, 2H), 3.59 (br, 4H), 1.97 (br, 4H); 13C NMR 

(CDCl3, 100 MHz): δ = 190.7, 164.4, 133.9, 132.0, 130.5, 127.2, 46.8, 45.7, 25.8, 

23.9. Mass: 237.6822, HRMS (ESI): calcd for [C12H12ClNO2
++ Na+] 260.0449, 

found 260.0467. 

1-(2-chlorophenyl)-2-(piperidin-1-yl)ethane-1,2-dione (3db):
70

 Yellow gummy 

solid, 1H NMR (CDCl3, 400 MHz): δ = 7.88 (d, J = 7.52 Hz, 1H), 7.48 (t, J = 

7.28 Hz, 1H), 7.43-7.36 (m, 2H), 3.64 (br, 2H), 3.41 (br, 2H), 1.68-1.58 (br, 6H); 
13C NMR (CDCl3, 100 MHz): δ = 190.0, 165.3, 134.2, 133.8, 133.2, 132.3, 

130.8, 127.2, 46.9, 42.4, 25.5, 25.0, 24.4. Mass: 251.0713, HRMS (ESI): calcd 

for [C13H14ClNO2
++ Na+] 274.0605, found 274.0628. 

N-butyl-2-(2-chlorophenyl)-2-oxoacetamide (3dc):
67

 Yellow liquid, 1H NMR 

(CDCl3, 400 MHz): δ = 7.67 (d, J = 7.04 Hz, 1H), 7.44-7.33 (m, 3H), 6.94 (br, 

1H), 3.41-3.36 (m, 2H), 1.63-1.58 (m, 2H), 1.45-1.36 (m, 2H), 0.97-0.93 (m, 3H). 

Mass: 239.6981, HRMS (ESI): calcd for [C12H14ClNO2
++ Na+] 262.0605, found 

262.0618. 

N-(4-cyanophenyl)-2-oxo-2-phenylacetamide (4aa):
29

 Colourless solid, 1H 

NMR (CDCl3, 400 MHz): δ = 9.14 (br, 1H), 8.42 (d, J = 8.0 Hz, 2H), 7.85 (d, J = 

8.8 Hz, 2H), 7.70-7.66 (m, 3H), 7.52 (t, J = 8.0 Hz, 2H); 13C NMR (CDCl3, 100 

MHz): δ = 186.3, 158.8, 140.5, 135.0, 133.4, 132.6, 131.5, 128.7, 119.9, 118.5, 
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108.4. Mass: 250.2521, HRMS (ESI): calcd for [C15H10N2O2
++ Na+] 273.0634, 

found 273.0651.  

N-(2-cyanophenyl)-2-oxo-2-phenylacetamide (4ab):
29

 Yellow solid,1H NMR 

(CDCl3, 400 MHz): δ = 9.53 (br, 1H), 8.52 (d, J = 8.04 Hz, 1H), 8.43 (d, J = 7.28 

Hz, 2H), 7.69-7.65 (m, 3H), 7.52 (t, J = 8.04 Hz, 2H), 7.27 (t, J = 7.52 Hz, 1H); 
13C NMR (CDCl3, 100 MHz): δ = 185.8, 158.9, 139.0, 134.9, 134.1, 132.7, 

132.6, 131.5, 128.6, 125.2, 120.9, 115.7, 103.3. Mass: 250.2521, HRMS (ESI): 

calcd for [ C15H10N2O2
++ Na+] 273.0634, found 273.0655. 

N-(4-nitrophenyl)-2-oxo-2-phenylacetamide (4ac):
29

 Yellow solid, m.p. 202-

205 °C; 1H NMR (CDCl3, 400 MHz): δ = 9.25 (br, 1H), 8.43 (d, J = 7.8 Hz, 2H), 

8.30 (d, J = 9.04 Hz, 2H), 7.90 (d, J = 8.52 Hz, 2H), 7.69 (t, J = 7.28 Hz, 1H), 

7.53 (t, J = 7.28 Hz, 2H); 13C NMR (CDCl3, 100 MHz): δ = 186.2, 158.8, 144.3, 

142.2, 135.1, 132.5, 131.5, 128.7, 125.2, 119.5. Mass: 270.2402, HRMS (ESI): 

calcd for [C14H10N2O4
++ Na+] 293.0533, found 293.0545. 

N-(2-nitrophenyl)-2-oxo-2-phenylacetamide (4ad): Yellow solid,1H NMR 

(CDCl3, 400 MHz): δ = 11.86 (br, 1H), 8.90 (d, J = 8.52 Hz, 1H), 8.41 (d, J = 7.8 

Hz, 2H), 8.31 (d, J = 8.52 Hz, 1H), 7.73 (t, J = 7.24 Hz, 1H), 7.67 (t, J = 7.52 Hz, 

1H), 7.52 (t, J = 7.76 Hz, 2H), 7.29 (t, J = 7.52 Hz, 1H); 13C NMR (CDCl3, 100 

MHz): δ = 186.0, 159.8, 137.2, 135.8, 134.8, 133.3, 132.7, 131.4, 128.6, 126.1, 

124.4, 121.9. Mass: 270.2402, HRMS (ESI): calcd for [C14H10N2O4
++ Na+] 

293.0533, found 293.0542. 

N-(4-chloro-2-cyanophenyl)-2-oxo-2-phenylacetamide (4ae): Colourless solid, 
1H NMR (CDCl3, 400 MHz): δ = 9.56 (br, 1H), 8.52 (t, J = 8.04 Hz, 1H), 8.42 (t, 

J = 8.28 Hz, 2H), 7.72-7.62 (m, 3H), 7.57-7.51 (m, 2H), 13C NMR (CDCl3, 100 

MHz): δ = 185.5, 158.8, 137.7, 135.1, 134.4, 132.4, 132.0, 131.5, 130.4, 128.7, 

122.1, 104.6. Mass: 284.6972, HRMS (ESI): calcd for [C15H9ClN2O2
++ Na+] 

307.0245, found 307.0258. 

N-(4-chlorophenyl)-2-oxo-2-phenylacetamide (4af):
29

 Yellow solid, 1H NMR 

(CDCl3, 400 MHz): δ = 8.95 (br, 1H), 8.42 (d, J = 8.04 Hz, 2H), 7.68-7.64 (m, 

3H), 7.51 (t, J = 7.52 Hz, 2H), 7.37 (d, J = 8.76 Hz, 2H); 13C NMR (CDCl3, 100 

MHz): δ = 187.0, 158.7, 135.2, 134.7, 132.9, 131.4, 130.4, 129.3, 128.6, 121.1. 
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Mass: 259.6877, HRMS (ESI): calcd for [C14H10ClNO2
++ Na+] 282.0292, found 

282.0299. 

N-(4-bromophenyl)-2-oxo-2-phenylacetamide (4ag):
29

 Yellow solid,1H NMR 

(CDCl3, 400 MHz): δ = 8.95 (br, 1H), 8.41 (d, J = 7.8 Hz, 2H), 7.66 (t, J = 7.24 

Hz, 1H), 7.61 (d, J = 8.52 Hz, 2H), 7.53-7.49 (m, 4H); 13C NMR (CDCl3, 100 

MHz): δ = 186.9, 158.7, 135.6, 134.7, 132.9, 132.2, 131.4, 128.6, 121.4, 118.0. 

Mass: 304.1387, HRMS (ESI): calcd for [C14H10BrNO2
++ Na+] 325.9787, found 

325.9799. 

N-(3-(benzyloxy)phenyl)-2-oxo-2-phenylacetamide (4ah): Yellow gummy 

solid, 1H NMR (CDCl3, 400 MHz): δ = 8.91 (br, 1H), 8.41 (d, J = 7.8 Hz, 2H), 

7.65 (t, J = 7.24 Hz, 1H), 7.55 (s, 1H), 7.51 (t, J = 7.76 Hz, 2H), 7.46 (d, J = 7.28 

Hz, 1H), 7.38 (t, J = 7.52 Hz, 2H), 7.34 (d, J = 6.76 Hz, 1H), 7.28 (t, J = 8.04 Hz, 

2H), 7.17 (d, J = 7.52 Hz, 1H), 6.82 (d, J = 6.04 Hz, 1H), 5.10 (s, 2H); 13C NMR 

(CDCl3, 100 MHz): δ = 187.3, 159.4, 158.8, 137.7, 136.7, 134.6, 134.4, 133.6, 

133.0, 131.4, 129.9, 128.7, 128.5, 128.1, 128.0, 127.6, 127.5, 112.4, 112.1, 106.4, 

70.0. Mass: 331.3646, HRMS (ESI): calcd for [C21H17NO3
++ Na+] 354.1101, 

found 354.1115. 

N-methyl-2-oxo-N, 2-diphenylacetamide (4ai):
27

 Yellow wax, 1H NMR 

(CDCl3, 400 MHz): δ = 7.85 (d, J = 7.76 Hz, 2H), 7.56 (t, J = 7.52 Hz, 1H), 7.42 

(t, J = 7.8 Hz, 2H), 7.23-7.19 (m, 3H), 7.13 (d, J = 7.28 Hz, 2H), 3.48 (s, 3H); 13C 

NMR (CDCl3, 100 MHz): δ = 190.7, 167.0, 141.1, 134.2, 133.5, 129.5, 129.3, 

128.7, 128.0, 126.7, 36.2. Mass: 239.2692, HRMS (ESI): calcd for [C15H13NO2
++ 

Na+] 262.0838, found 262.0845. 

2-(4-bromophenyl)-N-(4-cyanophenyl)-2-oxoacetamide (4ba):
27

 Yellow 

solid,1H NMR (DMSO-d6, 400 MHz): δ = 11.36 (br, 1H), 8.03 (d, J = 8.52 Hz, 

2H), 7.97 (d, J = 8.8 Hz, 2H), 7.88 (d, J = 8.56 Hz, 2H), 7.85 (d, J = 8.56 Hz, 

2H); 13C NMR (DMSO-d6, 100 MHz): δ = 187.5, 166.9, 162.7, 141.8, 133.3, 

132.1, 132.0, 131.5, 131.4, 129.2, 128.1, 127.3, 125.7, 120.3, 106.5. Mass: 

329.1482, HRMS (ESI): calcd for [C15H9BrN2O2
++ Na+] 350.9740, found 

350.9758. 
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2-(4-bromophenyl)-N-(4-nitrophenyl)-2-oxoacetamide (4bc): Yellow liquid, 
1H NMR (CDCl3, 400 MHz): δ = 9.24 (br, 1H), 8.34 (d, J = 8.28 Hz, 2H), 8.30 

(d, J = 9.04 Hz, 2H), 7.89 (d, J = 9.04 Hz, 2H), 7.69 (d, J = 8.76 Hz, 2H); 13C 

NMR (CDCl3, 100 MHz): δ = 187.3, 162.7, 143.6, 143.2, 132.1, 132.0, 131.4, 

129.2, 124.9, 120.1. Mass: 349.1363, HRMS (ESI): calcd for [C14H9BrN2O4
++ 

Na+] 370.9638, found 370.9657. 

2-(4-bromophenyl)-N-(2-nitrophenyl)-2-oxoacetamide (4bd): Yellow 

liquid,1H NMR (CDCl3, 400 MHz): δ = 11.88 (br, 1H), 8.88 (d, J = 8.28 Hz, 1H), 

8.32 (d, J = 8.52 Hz, 3H), 7.73 (t, J = 8.52 Hz, 1H), 7.68 (d, J = 8.52 Hz, 2H), 

7.30 (t, J = 8.28 Hz, 1H); 13C NMR (CDCl3, 100 MHz): δ = 185.0, 159.5, 135.8, 

133.2, 132.8, 132.0, 131.5, 130.7, 126.1, 124.6, 121.9. Mass: 349.1363, HRMS 

(ESI): calcd for [C14H9BrN2O4
++ Na+] 370.9638, found 370.9653.  

2-(4-bromophenyl)-N-(4-chloro-2-cyanophenyl)-2-oxoacetamide (4be): 

Yellow solid,1H NMR (CDCl3, 400 MHz): δ = 9.55 (br, 1H), 8.49 (d, J = 7.56 

Hz, 1H), 8.33 (d, J = 8.8 Hz, 2H), 7.68-7.60 (m, 4H). Mass: 363.5932, HRMS 

(ESI): calcd for [C15H8BrClN2O2
++ Na+] 384.9350, found 384.9361. 

N-(4-cyanophenyl)-2-(4-methoxyphenyl)-2-oxoacetamide (4ca):
29

 Yellow 

solid,1H NMR (CDCl3, 400 MHz): δ = 9.22 (br, 1H), 8.50 (d, J = 9.00 Hz, 2H), 

7.83 (d, J = 8.76 Hz, 2H), 7.69 (d, J = 8.56 Hz, 2H), 6.99 (d, J = 9.04 Hz, 2H), 

3.91 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ = 187.1, 164.6, 163.9, 141.9, 133.3, 

132.6, 125.0, 120.2, 118.8, 114.5, 106.3, 55.8. Mass: 380.2781, HRMS (ESI): 

calcd for [C16H12N2O3
++ Na+] 303.0740, found 303.0762. 

2-(3-bromophenyl)-N-(4-cyanophenyl)-2-oxoacetamide (4da): Yellow solid, 

1H NMR (CDCl3, 400 MHz): δ = 9.12 (br, 1H), 8.54 (s, 1H), 8.39 (d, J = 7.8 Hz, 

1H), 7.84-7.79 (m, 3H), 7.70 (d, J = 8.8 Hz, 2H), 7.41 (t, J = 8.0 Hz, 1H); 13C 

NMR (CDCl3, 100 MHz): δ = 185.1, 158.3, 140.2, 137.8, 134.2, 133.4, 130.2, 

130.1, 122.8, 119.9, 118.4, 108.6; Mass: 329.1482, HRMS (ESI): calcd for 

[C15H9BrN2O2
++ Na+] 350.9740, found 350.9749. 

N-(3,4-dimethylphenyl-2-oxo-2-phenyl-N-(4 

(trifluoromethyl)phenethyl)acetamide (I):
27 Yellow wax, 1H NMR (CDCl3, 

400 MHz): δ = 7.63 (s, 1H), 7.53 (d, J = 7.04 Hz, 2H), 7.36 (d, J = 7.28 Hz, 2H), 
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7.22-7.15 (m, 4H), 7.08 (m, 2H), 6.50 (s, 1H), 4.44 (s, 1H), 3.70-3.63 (m, 1H), 

3.23 (s, 1H), 3.04 (s, 1H), 2.19 (s, 3H), 2.12 (s, 3H); 13C NMR (CDCl3, 100 

MHz): δ = 188.3, 167.4, 138.28, 138.27, 136.9, 134.7, 132.8, 129.6, 129.4, 

125.65,  125.61, 125.57, 125.54, 125.0, 121.0, 117.1,  44.0, 33.6, 19.4, 18.8. 

Mass: 425.4429, HRMS (ESI): calcd for [C25H22F3NO2
++ Na+] 448.1495, found 

448.151. 

N-(3,4-dimethylphenyl)-2-(4-(trifluoromethyl)phenyl)acetamide (A):
27

 Brown 

solid,1H NMR (CDCl3, 400 MHz): δ = 7.64 (d, J = 7.76 Hz, 2H), 7.47 (d, J = 7.8 

Hz, 2H), 7.21 (s, 1H), 7.15 (d, J = 7.52 Hz, 1H), 7.04 (d, J = 7.56 Hz, 1H), 6.93 

(br, 1H), 3.75 (s, 2H), 2.20 (s, 3H), 2.19 (s, 3H); 13C NMR (CDCl3, 100 MHz): δ 

= 167.7, 138.5, 137.2, 135.0, 133.1, 129.9, 129.7, 125.9, 125.8, 121.3, 117.4, 

44.3, 19.8, 19.1. Mass: 307.3102, HRMS (ESI): calcd for [C17H16F3NO++ Na+] 

330.1076, found 330.1082. 

3,4-dimethyl-N-(4-(trifluoromethyl)phenethyl)aniline (6):
27

 Yellow liquid, 1H 

NMR (CDCl3, 400 MHz): δ = 7.56 (d, J = 7.8 Hz, 2H), 7.32 (d, J = 7.76 Hz, 2H), 

6.95 (d, J = 7.8 Hz, 1H), 6.45 (s, 1H), 6.42 (d, J = 7.8 Hz, 1H), 3.39 (t, J = 7.0 

Hz, 2H), 2.95 (t, J = 6.76 Hz, 2H), 2.18 (s, 3H), 2.15 (s, 3H); 13C NMR (CDCl3, 

100 MHz): δ = 145.6, 143.6, 137.4, 130.3, 129.1, 125.9, 125.50, 125.46, 125.42, 

125.38, 115.0, 110.6, 45.2, 35.4, 20.0, 18.6. Mass: 293.3267, HRMS (ESI): calcd 

for [C17H18F3N + H+] 294.1464, found 294.1480. 
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Appendix-Chapter 2 

1H and 13C NMR Spectra of Hemiaminal 

Intermediate and α-Ketoamides 
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Chapter 3 

Probing Carbocatalytic Activity of Carbon 

Nanodots for the Synthesis of Biologically 

Active Dihydro/Spiro/Glyco Quinazolinones 

and Aza-Michael Adducts 
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3.1 Introduction 

 Acid catalyzed processes play a key role in modern organic synthesis.[1-2] 

Traditional acid catalysts including mineral acids such as sulphuric acid and 

organic acids such as p-toluenesulphonic acid give rise to serious disadvantages 

like corrosion, toxicity, separation of catalysts from homogeneous reaction 

mixtures and necessity of neutralization of waste streams which impedes their 

commercialization.[3-4]  Development of solid acid catalysts with a possibility to 

tune the surface properties including acidic functionalities might be important in 

controlling the yield and selectivity of the products. Carbonaceous materials such 

as carbon nanotube and graphene oxide have been extensively used as 

carbocatalysts or as supports for immobilization of catalytically active species.[5-

7] With the emphasis on catalytic materials with extensive environmental 

footprint towards green and sustainable chemistry, the exploitation of the inherent 

catalytic activity induced by the surface functionality of the carbonaceous 

materials is of continuous quest to afford a highly benign and affordable 

synthesis.[8-11] For example, the carboxylic acid and epoxide functionalities on 

graphene oxide (GO) have been exploited as catalytic sites for important organic 

transformations such as oxidation and hydration reactions,[12] aza-Michael 

addition reaction,[13] ring-opening reactions,[14-15] Friedel-Crafts reaction,[16] 

multi-component coupling reactions[17] etc. However, harsh reaction conditions 

involving use of strong oxidizing agents such as conc. H2SO4 and KMnO4 in the 

synthesis of GO and possible involvement of trace metals on GO surfaces during 

catalytic reactions demands designing more environmentally benign alternative 

carbocatalysts.[18] Carbon nanodots (CND), a fluorescent form of carbon, have 

attracted tremendous research activities in recent years owing to their ease of 

synthesis through a metal-free pathway, tunable emission properties, 

biocompatibility, water-solubility and easy surface functionalization.[19-20] 

Depending on the carbon source used for the synthesis of CNDs, tailored surface 

functionality can be achieved.[21] The presence of –CO2H functionality on the 

CND surface can be exploited for the acid catalyzed organic transformations in a 

recyclable pathway to achieve an efficient and sustainable synthesis of organic 

feedstocks following green protocols. The photocatalytic activity of CNDs has 

been exploited for environmental remediation, H2 production, CO2 reduction and 
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organic synthesis.[22-25] CNDs have also been used as surface stabilizing agents 

for nanoparticles for effective catalytic activities.[26] However, few studies have 

focussed on exploring the surface functionality on CNDs as catalytic sites for 

important organic transformations.[27] 

 2,3-Dihydroquinazolinones and aza-Michael adducts are important classes 

of organic compounds  as potent building blocks for important natural products 

and as probes in biological applications.[28-33] These compounds display wide 

range of biological activities as antitumor, antidefibrillatory, antidepressant, 

analgesic, diuretic, antihistamine, vasodilating agent, antihypertensive, CNS 

stimulant, tranquilizer and antianxietic.[28-31] Several acid catalysts such as β-

cyclodextrin,[34-35] ionic liquids,[36] quaternary ammonium salts,[37] silica sulfuric 

acid,[38] montmorillonite K-10,[39] cyanuric chloride,[28] β-cyclodextrin-SO3H,[40] 

Cu-CNTs[41] etc. have been developed for generating carbon-heteroatom bonds in 

aza-Michael adducts and quinazolinones.  Although, these catalysts have shown 

efficacy with respect to yield of the products but several of these catalytic 

systems suffer from certain disadvantages such as tedious catalyst preparation 

involving laborious surface modifications, high reaction temperature, prolonged 

reaction time and extensive work-up procedures. In some cases, catalysts had to 

be surface passivated using strong acids such as conc. H2SO4 to obtain milder 

reaction conditions.  Although carbonaceous nanomaterials such as GO have 

shown high activity towards acid-catalyzed organic transformations, the catalytic 

activity of their zero-dimensional counterpart CNDs has not been explored yet. 

This prompted us to investigate the inherent catalytic ability of –COOH surface 

functionalized CNDs towards carbon-heteroatom bond formation. β-carotene was 

employed as the carbon source to generate CNDs. The prime motive to use β-

carotene was that unlike most of the carbon sources used to make CNDs,[42] β-

carotene doesn’t have any oxygen functionality present in it. The catalytic 

activity of the CNDs is driven only by the surface –COOH groups generated 

during the carbonization of β-carotene. The ease of synthesis of CNDs from 

easily available carbon sources through simple microwave or hydrothermal 

treatment and with their non-toxic and biocompatible properties, CNDs can 

overcome numerous intricacies associated with other catalytic systems towards 

the synthesis of 2, 3-Dihydroquinazolinones and aza-Michael adducts through a 
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mild reaction pathway. Recently, Li et al. have shown the photocatalytic activity 

of sulphated graphene quantum dots in visible light induced ring opening 

reactions.[43] The efficient catalytic activity of carboxylic acid functionalized 

CNDs, as reported herein, towards the synthesis of biologically active 

dihydro/spiroquinazolinones and quinazolinone-glyco- conjugates along with 

aza-Michael adducts demonstrate the potential of this carbonaceous nanodots as a 

non-toxic, biocompatible and recyclable acid catalyst for organic transformations 

of biological relevance. 

3.2 Results and Discussion 

3.2.1 Synthesis and characterization of CNDs 

 The CNDs were synthesized by a hydrothermal treatment of β-carotene in 

water (details in experimental section). It is worth mentioning that β-carotene is 

totally insoluble in water. However, upon hydrothermal treatment, it resulted in a 

yellow dispersion of carbon dots. The solution exhibited strong fluorescence 

 

Figure 3.1. a) Digital images of (1) β-carotene dispersed in water, (2) CNDs hydrothermally 

obtained in daylight and (3) C-dot solution showing blue fluorescence under UV light (λex= 365 

nm), b) UV-visible spectrum and c) Excitation dependent emission spectrum of CNDs  

under UV light (λex = 365 nm) (Fig. 3.1a). The absorption spectrum of C-dots 

(Fig. 3.1b) showed a narrow peak at 280 nm assigned to the π→π* transition of 

nanocarbon. The as synthesized CNDs exhibited maximum emission at 468 nm 

when excited at 370 nm and photoluminescence shifted to longer wavelengths 

with increasing excitation wavelengths, a typical behaviour of CNDs (Fig. 3.1c). 

Transmission electron microscopy (TEM) images showed the formation of well- 
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Figure 3.2. a) TEM image of CNDs (scale bar 10 nm), particle size distribution histogram (inset 

a) and b) High resolution transmission electron microscopy image of CNDs 

dispersed spherical nanoparticles with average particle diameter of 3.5 ± 0.8 nm 

(Fig.3.2a). High resolution TEM image showed the formation of highly 

crystalline CNDs as evidenced by the appearance of lattice fringes signifying the 

(102) lattice plane of graphitic (sp2) carbon (Fig. 3.2b). AFM studies validated 

the formation of CNDs with particle sizes in the range of 3.5-5.5 nm and their 

contour heights between 1 and 2 nm (Fig. 3.3a). Powder X-ray diffraction spectra 

of CNDs showed a broad peak at 2θ = 23°, corresponding to a d-spacing of 3.8 Å 

(Fig. 3.3b). Further, X-ray photoelectron spectroscopy (XPS) measurements 

revealed the structural features of CNDs. The C1s core level spectrum of CNDs 

was fitted into four components with binding energies (BEs) at about 285.1, 

286.8, 287.8 and 289.0 eV, which correspond to C-C, C-OH, C=O and O-C=O 

respectively (Fig. 3.4a). The presence of hydroxyl and carboxylic acid 

functionality on CND surface was further confirmed by FTIR studies (Fig. 3.4b)  
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Figure 3.3. a) AFM image and b) powder X-ray diffraction pattern of CNDs 

To quantify the hydroxyl and carboxyl groups present on the surface of CNDs, 

base titrations were performed (details in experimental section). 

 

Figure 3.4. a) C1s XPS and b) FTIR spectrum of CNDs 

3.2.2 Catalytic activity of carbon nanodots towards 

cyclocondensation reaction 

 The activity of –CO2H functionalized CNDs in acid catalyzed organic 

transformations was studied for the cyclocondensation reaction between 2-

aminobenzamide and aldehydes leading to the formation of 2,3-

dihydroquinazolinon-4(1H)-one (Scheme 3.1). The model reaction of 

condensation between 2-aminobenzamide and benzaldehyde was studied with 

respect to temperature, catalyst loading and solvent variation in order to achieve 
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Scheme 3.1. Model cyclocondensation reaction leading to the formation of 2,3-

dihydroquinazolinon-4(1H)-one 

the optimized reaction condition (Table 3.1 and Table 3.2). The reaction was 

highly dependent on catalyst loading, as higher conversion was observed with 

increasing concentration of CNDs. 

3.2.2.1 Optimization with respect to catalyst loading, 

temperature, co-solvents and various acid catalysts 

Table 3.1. Optimization with respect to catalyst loading and temperature
a 

a
All the reactions were carried out using 2-aminobenzamide 1 (1.0 mmol), benzaldehyde 2a (1.0 

mmol), in water-acetonitrile (9:1) mixture as solvent (11 ml). The amount of CND in the reaction 

medium was varied by using a parent solution of 0.6 mgmL
-1

 concentration in water. 
b
Isolated 

yields. 
c
The reaction was carried out by using 5 mg rCNDs. 

d
The reaction was performed under 

dark environment 

Although the conversion was moderate at room temperature, increasing the 

reaction temperature to 40 °C resulted in high yield of the desired product. 

Further increase in temperature was detrimental for the reaction as several by- 

Entry Catalyst loading (mg) Temp. (°C) Time (min) Yield (%)b 

1 0 25 150 45 

2 1.0 25 120 62 

3 3.0 25 90 65 

4 5.0 25 70 76 

5 5.0 40 55 97 

6 7.0 40 50 97 

7 5.0 40 40 79 

8 5.0 40 120 c55 

9 5.0 40 55 d95 
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 Table 3.2. Optimization with respect to co-solvents
a 

 

 

 

 

 

 

a
All the reactions were carried out using 10 mL of carbon dot solution in water (0.5 mgmL

-1
) with 

co-solvent (1 mL), 2-aminobenzamide 1 (1.0 mmol), benzaldehyde 2a (1.0 mmol) at 40 °C. 

b
Isolated yields. 

c
Reaction was performed in aqueous carbon dot solution 

products were observed. Although the reaction preceded well using water as the 

solvent, longer reaction time was required. This can be attributed to the low 

solubility of the substrates in water. Addition of a small amount of an organic 

solvent enhanced the yield minimizing the reaction time. Among different co-

solvents screened, acetonitrile was found to be most suitable (Table 3.2). From 

these optimization studies, the best condition for this condensation reaction was 

found to be 10 mL of CND solution with 0.5 mgmL-1 concentration at 40 °C 

using acetonitrile as a co-solvent. Reduced CNDs resulted in less yield of the 

desired product even after prolonged reaction time, suggesting the role of –CO2H 

functionality on CNDs in catalyzing the reaction (Table 3.1, entry 8). Further, the 

model reaction was performed under a dark environment to ensure that the 

catalytic activity is due to the surface acidity of the CNDs and not induced by 

exposed daylight. Indeed, we found excellent result even when the reaction was 

carried out in dark (Table 3.1, entry 9). A comparative study was carried out 

using other carbonaceous materials such as graphene oxide, graphite, multiwall 

carbon nanotubes and β-cycoldextrin (Table 3.3) under the optimized reaction 

condition. The results clearly demonstrated the comparable catalytic activity of 

CNDs with GO, whereas the others gave moderate yield.  For further comparison 

the model reaction was performed with some common acid catalysts such as 

conc. H2SO4, pTSA, benzoic acid and glacial acetic acid (Table 3.3) where conc. 

Entry Co-solvent (mL) Time (min) Yield (%)b 

1      - 75 68c 

2 Ethanol 85 90 

3 Methanol 90 88 

4 Acetonitrile 55 97 

5 Toluene 120 65 

6 THF 60 85 

7 DCM 80 81 
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H2SO4 and pTSA were found to give excellent yields. Although from this 

comparative study we found GO, conc. H2SO4 and pTSA to be effective with 

respect to the product yield, the disadvantages associated with these catalysts as 

discussed earlier make CNDs a viable alternative for acid-catalyzed reactions. 

Table 3.3. Catalytic activity of different carbon based catalysts and acid catalysts
a 

Entry Catalysts Yield (%)b 

1 Graphene Oxide 98 

2 Graphite  64 

3 MWCNT 55 

4 β-Cyclodextrin 66 

5 CNDs 97 

6 Conc. H2SO4 92 

7 p-CH3-C6H4-SO3H 91 

8 C6H5-COOH 59 

9 CH3COOH 57 
a
All the reactions were carried out using 2-aminobenzamide 1 (1.0 mmol), benzaldehyde 2a (1.0 

mmol), 5 mg catalyst in water-acetonitrile solvent (11 ml) at 40 °C. 
b
Isolated yields 

3.2.2.2 Substrate scope for the cyclocondensation reaction 

 After the initial assessment of the optimal reaction conditions, we 

investigated the scope of the reaction by condensing 2-aminobenzamide with 

various commercially available aromatic aldehydes having different 

electronically activating or deactivating substituents to form a series of 

dihydroquinazolines (Table 3.4). It was found that aldehydes with electron 

withdrawing substituents resulted in better yields compared to the ones with 

electron donating substituents. This can be attributed to the increased 

electrophilicity of the carbonyl moiety in the aldehydes with electron-

withdrawing substituents. It was observed that heterocyclic aldehydes having 

pyridine, furan, thiophene and indole moiety (entry 3q-3t, Table 3.4) were 

equally compatible with the catalytic system and were easily introduced to the 

dihydroquinazolinone skeleton with excellent yields. The feasibility of the 

reaction was also investigated with aliphatic aldehydes that resulted in 

considerable formation of the dihydroquinazoline derivative (entry 3v, Table 
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3.4). Aldehydes with fused ring systems were also found to be active under the 

set of reaction conditions and resulted in adequate yield (entry 3w, Table 3.4). To 

further expand the scope of the reaction, we performed the condensation reaction 

of aldehydes with 2-amino-5-chlorobenzamide and the yield of the 

dihydroquinazoline product was found to be excellent showing the efficient 

activity of CNDs with substituted 2-aminobenzamide as well. 

Table 3.4. Substrate scope of the cyclocondensation reaction with various 

aromatic/heteroaromatic/aliphatic aldehydes
a 

 

a
All the reactions were carried out using 1 (1.0 mmol), aldehyde 2a-2u (1.0 mmol), CND 

dispersion in water (10 ml)(0.5 mgmL
-1

) and acetonitrile (1 mL) at 40 °C. 
b
 Isolated yields. 

c,d
2nd 

and 3
rd

 cycle respectively performed for 1 hr 

 After the successful exploration of CND catalysis for the condensation 

reaction with aromatic, aliphatic and heteroaromatic aldehydes, the methodology 

was further extended for cyclic ketones and cyclic hetrocyclic ketones. It was 

observed that cyclohexanone and heterocyclic ketones 1, 3-dimethylbarbituric 

acid and 2, 2-dimethyl-1,3-dioxane-4,5-dione (Meldrum’s acid) were easily 

introduced in the spirocyclized product with considerable yields (Scheme 3.2). It 



Chapter 3 

 

114 

 

is worth mentioning that 1, 3-dimethylbarbituric acid and meldrum’s acid are 

highly unstable under acidic or basic environment as they are prone to hydrolysis. 

However, due to mild acidic behavior of CNDs, the hydrolysis did not take place 

and we could obtain high yield of the spirocyclized product without any 

noticeable formation of hydrolysed by-products. Thus, the mild acidic behavior  

 

Scheme 3.2. Synthesis of spirocyclized quinazolinones 

of CND surface could be used as an effective catalyst for structurally perplexing 

substrates such as spirocyclized products under mild reaction conditions. 

 Further, we explored the possibility of using CNDs as catalysts for 

glycosidic bond formation. It is well known that due to high chemical sensitivity 

of the O-glycocydic linkages, synthesis of O-aryl glycosides is a challenging task. 

When 2-aminobenzamide was condensed with the glycoconjugate 10 (4-

Formylphenyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside) using CNDs as a 

catalyst, the desired dihydroquinazolinone derivative with glycoside moiety was 

obtained with a significant isolated yield (Scheme 3.3).The glycosidic aldehyde 

10 synthesized by a reported protocol (experimental section) and glycosidic 

dihydroquinazolinone 11 were characterised by NMR and Mass spectroscopy. 
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Scheme 3.3. Synthesis of Glycosidic bond 

 The catalytic applicability of the carboxylic acid functionalized CNDs for 

condensation reactions were further evaluated for the aza-Michael addition 

reaction between benzylamine and acrylonitrile at room temperature. In absence 

of any catalyst, the reaction required almost an hour to get completed in aqueous 

medium, as also reported by S. Verma et al.
[13] However, in presence of a 

catalytic amount of CNDs, the rate of this reaction enhanced tremendously as the 

reaction was completed within a short time (7 min). We extended the substrate 

scope using a wide range of amines with various α, β-unsaturated electron 

deficient systems including ethyl acrylate, acrylamide, tert-butylacrylate (Table 

3.5).  

3.2.3 Activity of CNDs towards aza-Michael addition reaction 

Table 3.5. Aza-Michael addition of Amines and α, β-unsaturated compounds using CNDs
a 
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aAll reactions were carried out using 1.0 mmol of amine and 1.2 mmol of α, β-unsaturated 

compound, catalyst: 10 mL CNDs in water (0.5 mgmL
-1

). 
b
Isolated yields. 

c
the reaction was 

carried out for 55 min in water without any catalyst.
d,e

2
nd

 and 3
rd

 cycle of reaction respectively 

carried out for 7 min  

A variety of amines including secondary amines, aromatic amines both with 

electronically activating and deactivating groups as well as aliphatic amines were 

compatible with the catalytic system and afforded the aza-Michael adducts in 

excellent yields. As reported in Table 3.5, most of the reactions got completed in 

a short reaction time (5-20 min), except for ethylenediamine (entry 6q, Table 

3.5), where the reaction took prolonged time (70 min) for completion. 

3.2.4 Recovery and recyclability 

 For industrial applications through a green chemistry approach, 

recyclability of the catalysts is highly desirable. We evaluated the reusability of 

the CNDs for both of the model reactions of 2, 3-dihydroquinazolinone and aza-

Michael adducts. The CNDs could be readily recovered and reused for at least 

three runs without any significant impact on the yield of the products. Most 

important of all, the catalyst in the aqueous layer could be reused directly after 

the products were extracted in organic phase without any treatment. The 

recovered CNDs after the third cycle of reaction did not show any significant 

morphological or structural changes as observed by TEM (Fig. 3.5a) and other 

spectroscopic studies. C1s core level spectra of the recovered CNDs showed 

similar features of functional groups as that of the pristine catalyst showing no 

appreciable surface modification (Fig. 3.5b). The surface functional groups 

present on CNDs have been reported to influence the luminescence as they act as 

surface energy traps.[44] In our case, we did not observe any shift in the emission 

peak in the fluorescence spectra of CNDs suggesting that the surface functional 

groups did not get modified during catalysis (Fig. 3.5c). This was further 

confirmed by zeta potential measurements, as the zeta potential value of CNDs 

before and after reaction did not change significantly (Fig. 3.5d). This further 

validates the activity of CNDs as a mere acid catalyst without undergoing any 

chemical modifications themselves.[15] 



Chapter 3 

 

117 

 

 

Figure 3.5. a) Transmission electron microscopy image and b) X-ray photoelectron spectroscopy 

study of C1s core level of CNDs recovered after 3
rd

 cycle of reaction, c) Normalized fluorescence 

spectra and d) Zeta potential values of CNDs before and after reaction 

3.2.5 Mechanism 

 

Scheme 3.4. Plausible mechanism for CNDs catalyzed cyclocondesation reaction of carbonyl 

compound and 2-aminobenzamide 
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 A plausible mechanism for the formation of 2, 3-dihydroquinazolinone 

derivatives is shown below (Scheme 3.4). The inherent surface acidity of CNDs 

first activates the carbonyl carbon making the carbon centre highly electrophilic 

for nucleophilic addition of 2-aminobenzamide. Hydrogen transfer resulted in 

protonated N, O-hemiketal followed by anchimeric assistance by the –NH2 group 

to give an imine which further undergoes intramolecular cyclization and 

deprotonation to give the desired quinazolinone product. 

3.3 Conclusion 

 In conclusion, carboxylic acid functionalized carbon nanodots can 

effectively catalyze condensation between 2-aminobenzamide and 

aldehydes/cyclic ketones leading to biologically relevant 

dihydro/spiroquinazolinones under mild reaction conditions. The mildly acidic 

surface behaviour of these dots could be extended towards the catalytic formation 

of aza-Michael adducts. The proficient catalytic activity of the nanodots for 

condensation reactions will definitely add up to the already established versatile 

applicability of these water-soluble, non-toxic and biocompatible fluorescent 

nanodots in biological, photocatalysis and opto-electronic device applications. 

Mild reaction conditions, easy work up and good recyclability may fortify carbon 

nanodots as effective acid catalyst for important organic transformations in a 

metal-free and green pathway. 

3.4 Experimental Section 

3.4.1 General Information 

 The powder XRD measurements were carried out by using a Bruker D8 

Advance X-ray diffractometer with CuKα source (wavelength= 0.154 nm). TEM 

images were obtained by using a JEOL JEM- 2100 microscope operated at 200 

kV. Atomic force microscopy was carried out by using an AIST-NT instrument 

(model SMART SPM 10000, Tapping mode), the samples were prepared by drop 

casting a water dispersion on mica. UV/Visible measurements were performed by 

using a Varian Cary 100 Bio Spectrophotometer. FTIR spectra were recorded 

with KBr pellets by using a Bruker Tensor 27 instrument. Emission spectra were 

recorded using a fluoromax-4p fluorometer from Horiba (Model: FM-100). The 
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time resolved fluorescence studies were performed on Horiba Yvon (model: 

Fluorocube-01-NL), a nanosecond time correlated single photon counting 

(TCSPC) system. The zeta potential studies were done on a Micromeritics 

Nanoplus 3 instrument. XPS spectra were recorded by using an ESCA 

instrument, VSW of UK make. 1H and 13C NMR spectra were recorded with 

Bruker Advance (III) 400 MHz or 100 MHz spectrometers, respectively. Data for 
1H NMR spectra are reported as chemical shift (δ ppm), multiplicity (s=singlet, d 

= doublet, t = triplet, m = multiplet), coupling constant (J Hz) and integration and 

assignment data for 13C NMR spectra are reported as a chemical shift. High 

resolutions mass spectral analyses (HRMS) were carried out using ESI- TOF-MS. 

3.4.2 Materials and Methods 

 The naturally occurring carbon source β-Carotene was purchased from 

Sisco Research Laboratory (SRL), India. Starting materials for organic reactions 

were purchased from Alfa Aesar and Sigma Aldrich. Acetobromo-α-D-galactose 

was purchased from Sigma Aldrich. All these chemicals were used without 

further purification. Milli-Q water was used throughout the experiments. 

3.4.3 Synthesis of carbon nanodots (CNDs) 

 30 mg of natural carbon source β-carotene was dispersed in 30 mL Mili-Q 

water by sonication for 5 minutes and then the mixture was transferred to a 50 

mL teflon coated autoclave. The heterogeneous mixture was then subjected to 

hydrothermal treatment at 180 °C for 3 hrs. This resulted in a pale-yellow 

dispersion of luminescent carbon nanodots after filtration. The concentration of 

CNDs in this dispersion was found to be 0.6 mgmL-1. For the reduction of the 

CNDs (rCNDs), a similar procedure was followed which has been reported for 

reduction of grapheme oxide.[45] Briefly, a 20 mL CND dispersion (0.6 mgmL-1 ) 

was taken in a round bottom flask. Hydrazine hydrate (0.5 mL, 10 mmol) was 

then added and the mixture was heated under reflux conditions in an oil bath at 

100 °C for 4 hours. The resultant solution was dialyzed against Milli-Q water for 

48 hours to remove excess of reducing agent. 
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3.4.4 Quantum yield of CNDs 

 Quantum yield of CNDs at an excitation wavelength of 350 nm was 

calculated using the following equation 

Φ = ΦR× I/IR × ODR/OD × ƞ2/ ƞR
2                                                            (1) 

Where Φ and I are the quantum yield and measured integrated emission intensity, 

ƞ refractive index and OD the optical density. The subscript R refers to the 

reference fluorophore (Quinine sulphate, ΦR = 0.54) of known quantum yield. 

The quinine sulphate was dissolved in 0.1 M H2SO4 and CNDs was dispersed in 

Millipore water (ƞ = 1.33). 

Table 3.6. Quantum yield of quinine sulphate and CNDs 

Substance Absorbance at 350 nm Area Refractive 
Index 

Quantum 
yield 

Quinine 
sulphate 

0.0769 2.26x108 1.33 0.54 

CNDs 0.0809 8.91x106 1.33 0.02 

 

3.4.5 The measurement of quantity of total functional groups (-

OH and –CO2H groups) 

 The quantitative assessment of –OH and –CO2H functional groups on 

CND surface was carried out following a literature procedure.[46] A CND 

dispersion (5 mL, 0.5 mg/mL) was first purged with argon for 30 minutes. Then it 

was titrated with aliquots of sodium hydroxide aqueous solution (0.05 mol/L). 

The mixture was stirred continuously and the pH was monitored using a pH 

meter. The titration was carried out until a pH of 10.41 was obtained. The total 

number of functional groups was calculated from the inflection point of the 

titration curve which was determined by plotting the ratio ΔpH/ΔV against the 

volume of NaOH added. The experiment was repeated thrice to get precise 

values. The concentration of functional groups calculated using the equation 

N1V1 = N2V2 was found to be 1.96 x 10-3 mol/L. 
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3.4.6 The measurement of quantity of –CO2H functional groups 

 A CND dispersion (5 mL, 0.5 mg/mL) was first purged with Ar for 30 

minutes. Titration was carried out with aliquots of sodium bicarbonate aqueous 

solution (0.05 mol/L). The mixture was stirred continuously and the pH was 

monitored using a pH meter. The titration was carried out until a pH of 8.10 was 

reached. The acidity was calculated from the inflection point of the titration curve 

which was determined by plotting the ratio ΔpH/ΔV against the volume of 

NaHCO3 added. The experiment was repeated thrice to get precise values. The 

concentration of –CO2H functional groups calculated to be 1.45 x 10-4 mol/L. 

3.4.7 General method of synthesis of 2, 3-dihydroquinazolinones 

 In a typical reaction, 1.0 mmol of 2-aminobenzamide/5-chloro-2-

aminobenzamide and 1.0 mmol of aldehydes/cyclic ketones were taken in a 15 

mL of reaction vial with 10 mL of CNDs and 1 mL of acetonitrile. The mixture 

was stirred (900 rpm) at 40 °C for a period of time as mentioned in Table 3.4. 

The progress of the reactions was monitored by TLC using 25% ethyl acetate and 

hexane as eluent. After completion of the reaction, the reaction mixture was 

brought to room temperature where crystallized products were obtained. The 

crystallized products were filtered and further washed by hexane, dried and 

evaluated by spectral analysis. Any remaining products in the reaction mixture 

were further extracted using a hexane/ethyl acetate solvent mixture and 

subsequent evaporation under reduced pressure. 

3.4.8 General method of synthesis of aza-Michael adducts 

 In a typical reaction, 1.0 mmol of amine and 1.2 mmol of α, β-unsaturated 

compound were mixed with 5 mg CND solution in water (10 mL) and stirred at 

room temperature for specified time as mentioned in Table 3.5. The progress of 

the reaction was monitored by TLC using 2% methanol-dichloromethane mixture 

as eluent. After completion of the reaction, the resulting products were extracted 

using hexane/ethyl acetate solvent mixture. The organic layer was dried over 

anhydrous sodium sulphate and evaporation of the solvent under reduced 

pressure gave the final product. The product was further dried under high vacuum 

and submitted for spectral analysis. 
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3.4.9 Reusability of the catalyst 

 After removing the crystallized organic products from the reaction 

mixture by filtration, the filtrate was further extracted with hexane/ethyl acetate 

solvent mixture (3 times) to remove any organic products present. The aqueous 

layer containing the carbon nanodots was further used for the next cycles of 

reaction. 

3.4.10 Synthesis of 4-formylphenyl 2,3,4,6-tetra-O-acetyl-β-D-

galactopyranoside 

 Acetobromo-α-D-galactose (0.5 g) and 4-hydroxybenzaldehyde (0.25g) 

were dissolved in 2.5 mL chloroform. An aqueous solution (2 mL) of sodium 

carbonate (0.3 g) and TBAB (tetrabutylammoniumbromide) (0.1 g) were added 

to the mixture.[47] The mixture was heated to reflux under vigorous stirring 

overnight. The mixture was cooled, ethyl acetate was added and the organic layer 

was washed with 1 N NaOH solution to remove remaining phenol. Further, the 

organic layer was dried over sodium sulphate and evaporation of the solvent 

under reduced pressure. Repeated washing with ethanol and hexane gave the 

purified target product in 65% yield (0.38 g). 

3.4.11 Characterisation data 

2-phenyl-2,3-dihydroquinazolin-4(1H)-one (3a):40  Colorless crystal (217 mg, 97%), 

m.p. 217-220 °C; 1H NMR (400 MHz, CDCl3): δ 7.94 (d, J = 7.76 Hz, 1H), 7.60 (m, 

2H), 7.44 (m, 3H), 7.33 (t, J = 7.52 Hz, 1H), 6.90 (t, J = 7.76 Hz, 1H), 6.67 (d, J = 8.04 

Hz, 1H), 5.90 (s, 1H), 5.88 (br, 1H, NH), 4.35 (br, 1H, NH), 13C NMR (100 MHz, 

DMSO-d6): δ 164.0, 148.3, 142.1, 133.8, 128.9, 128.8, 127.8, 127.3, 117.6, 115.4, 114.8, 

67.0. Mass: 224.00. HRMS (ESI): calcd for [C14H12N2O + Na+] 247.0842, found 

247.0864.  

2-(4-fluorophenyl)-2,3-dihydroquinazolin-4(1H)-one (3b):41 Colorless crystal (212 

mg, 88%), m.p. 199-202 °C;  1H NMR (400 MHz, DMSO-d6): δ 8.19 (br, 1H, NH), 7.67 

(d, J = 7.56 Hz, 1H), 7.58 (m, 2H), 7.46-7.50 (m, 1H), 7.38 (s, 1H), 7.16 (t,  J = 8.52 Hz, 

1H), 6.97 (t, J = 8.8 Hz, 1H ), 6.65 (d, J = 8.0 Hz, 2H), 5.74 (s, 1H, NH),  13C NMR (100 

MHz, CDCl3 + DMSO-d6): δ 164.6, 148.0, 133.6, 129.3, 129.2, 127.8, 118.0, 115.5, 
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115.28, 115.20, 114.8, 67.3. Mass: 242.2483, HRMS (ESI): calcd for [C14H11FN2O + 

Na+] 265.0748, found 265.0771. 

2-(p-tolyl)-2,3-dihydroquinazolin-4(1H)-one (3c):28 Colorless crystal (202 mg, 85%), 

m.p. 232-235 °C;  1H NMR (400 MHz, DMSO-d6): δ 8.20 (br, 1H, NH), 7.57(d, J = 7.8 

Hz, 1H), 7.34 (d, J = 7.76 Hz, 2H), 7.22 (t,  J = 7.52 Hz, 1H), 7.16 (d, J = 7.8 Hz, 2H), 

7.03 (s, 1H), 6.71 (d, J = 8.28 Hz, 1H), 6.65 (t, J = 7.52 Hz, 1H), 5.69 (s, 1H, NH), 2.28 

(s, 3H), 13C NMR (100 MHz, DMSO-d6): δ 164.1, 148.4, 139.1, 138.2, 133.7, 129.7, 

129.3, 128.1, 127.8, 127.2, 117.5, 115.4, 114.8.   Mass: 238.2845, HRMS (ESI): calcd 

for [C15H14N2O + Na+] 261.0998, found 261.1016.  

2-(2-nitrophenyl)-2,3-dihydroquinazolin-4(1H)-one (3d):50 Orange crystal (228 mg, 

85%), m.p. 193-196 °C; 1H NMR (400 MHz, DMSO-d6): δ 8.82 (1H, NH), 8.13-8.16 (m, 

2H), 7.88-7.92 (m, 2H), 7.78-7.82 (m, 2H), 7.53-7.57 (m, 2H), 7.36 (t, J = 7.28 Hz, 1H), 

7.17 (d, J = 7.76 Hz, 1H), 13C NMR (100 MHz, DMSO-d6): δ 168.0, 158.7, 149.7, 149.2, 

134.4, 132.8, 132.2, 130.3, 130.2, 129.9, 129.7, 127.0, 125.1, 119.7, , Mass: 269.2554, 

HRMS (ESI): calcd for [C14H11N3O3 + Na+] 292.0693, found 292.0715. 

2-(4-chlorophenyl)-2,3-dihydroquinazolin-4(1H)-one (3e):40 Colorless crystal (203 

mg, 79%), m.p. 203-206 °C; 1H NMR (400 MHz, DMSO-d6): δ 8.33 (s, 1H, NH), 7.61 

(d, J = 6.76 Hz, 1H ), 7.45-7.52 (m, 4H), 7.26 (t, J = 8.28 Hz, 1H), 7.14 (s, 1H), 6.74 (d, 

J = 8.04 Hz, 1H), 6.69 (t, J = 7.24 Hz, 1H), 5.78 (s, 1H, NH), 13C NMR (100 MHz, 

DMSO-d6): δ 163.9, 148.1, 141.1, 133.9, 133.4, 129.2, 128.7, 127.8, 117.7, 115.4, 114.9, 

66.2.  

2-(4-bromophenyl)-2,3-dihydroquinazolin-4(1H)-one (3f):48 Colorless crystal (241 

mg, 80%), m.p. 196-200 °C; 1H NMR (400 MHz, DMSO-d6): δ 8.26 (br, s, 1H, NH), 

7.60 (d, J = 7.52 Hz, 1H), 7.52 (d, J = 8.52 Hz, 2H), 7.41 (d, J = 8.28 Hz, 2H), 7.20 (t, J 

= 7.0 Hz, 1H), 7.06 (s, 1H), 6.7 (d, J = 8.0 Hz, 1H), 6.63 (t, J = 7.28 Hz, 1H), 5.72 (s, 

1H),  13C NMR (100 MHz, CDCl3 +DMSO-d6): δ 163.9, 148.0, 141.4, 133.7, 131.6, 

129.4, 127.8, 122.0, 117.6, 115.3, 114.9, 66.4,  Mass: 303.1539, HRMS (ESI): calcd for 

[C14H11BrN2O + Na+] 324.9947 & 326.9927, found 324.9965 & 326.9951. 

2-(2-hydroxyphenyl)-2,3-dihydroquinazolin-4(1H)-one (3g):48 Colorless solid (187 

mg, 78%),  m.p. 222-225 °C; 1H NMR (400 MHz, DMSO-d6): δ 9.83 (s, 1H), 7.90 (s, 

1H, NH), 7.59 (d, J = 7.76 Hz, 1H), 7.31 (d, J = 7.8 Hz, 1H), 7.20 (t, J = 7.04 Hz, 1H), 

7.13 (t, J = 6.76 Hz, 1H), 6.83 (d, J = 8.04 Hz, 1H), 6.78 (d, J = 7.52 Hz, 1H), 6.75 (t, J 

= 8.28 Hz, 1H), 6.71 (s, 1H), 6.64 (t, J = 7.52 Hz, 1H), 5.98 (s, 1H), 13C NMR (100 

MHz, DMSO-d6): δ 164.4, 155.0, 148.5, 133.6, 129.7, 127.7, 127.68, 127.63, 119.2, 
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117.4, 115.8, 115.2, 115.0, 61.6. Mass: 240.2573, HRMS (ESI): calcd for [C14H12N2O2 + 

Na+] 263.0791, found 263.0803. 

2-(2,6-dichlorophenyl)-2,3-dihydroquinazolin-4(1H)-one (3h):57 Pale-yellow crystal 

(221 mg, 76%), m.p. 166-168 °C; 1H NMR (400 MHz, DMSO-d6): δ 8.81 (s, 1H), 8.14 

(br, 1H, NH), 7.91 (d, J = 7.24 Hz, 1H), 7.52-7.64 (m, 5H), 7.41 (t, J = 7.28 Hz, 1H), 

7.24 (d, J = 7.76 Hz, 1H), 13C NMR (100 MHz, DMSO-d6): δ 167.2, 158.8, 134.7, 133.0, 

132.6, 131.6, 130.4, 130.0, 128.7, 127.5, 119.6, 97.9. . Mass: 293.1480, HRMS (ESI): 

calcd for [C14H10cl2N2O + Na+] 315.0062, found 315.0080. 

4-(4-oxo-1,2,3,4-tetrahydroquinazolin-2yl)benzonitrile (3i):28 Pale-yellow crystal (179 

mg, 72%), m.p. 249-252 °C; 1H NMR (400 MHz, DMSO-d6): δ 8.45 (br, s, 1H, NH), 

7.84 (d, J = 8.28 Hz, 2H), 7.63 (d, J = 8.04 Hz, 2H), 7.58 (d, J = 7.52 Hz, 1H), 7.26 (s, 

1H), 7.23 (t, J = 7.28 Hz, 1H), 6.73 (d, J = 8.04 Hz, 1H), 6.67 (t, J = 7.28 Hz, 1H), 5.83 

(s, 1H, NH), 13C NMR (100 MHz, DMSO-d6): δ 163.8, 147.8, 147.7, 134.0, 132.8, 

128.1, 127.8, 117.9, 115.3, 114.9, 111.5, 65.9 . Mass: 249.2673, HRMS (ESI): calcd for 

[C15H11N3O + Na+] 272.0794, found 272.0811. 

2-(3-bromophenyl)-2,3-dihydroquinazolin-4(1H)-one (3j):28 Colorless crystal (223 

mg, 74%), m.p. 173-176 °C; 1H NMR (400 MHz, DMSO-d6): δ 8.36 (br, s, 1H, NH), 

7.65 (s, 1H), 7.58 (d, J = 7.0 Hz, 1H), 7.51 (d, J = 8.04 Hz, 1H), 7.45 (d, J = 7.76 Hz, 

1H), 7.33 (t, J = 8.00 Hz, 1H), 7.24 (t, J = 8.56 Hz, 1H), 7.19 (s, 1H), 6.73 (d, J = 8.04 

Hz, 1H), 6.67 (t, J = 7.52 Hz, 1H), 5.75 (1H, NH), 13C NMR (100 MHz, DMSO-d6): δ 

163.8, 147.9, 145.1, 133.9, 131.6, 131.0, 130.1, 127.8, 126.2, 122.0, 117.8, 115.3, 114.9, 

65.9. Mass: 303.1539, HRMS (ESI): calcd for [C14H11BrN2O + Na+] 324.9947, found 

324.9961. 

2-(4-methoxyphenyl)-2,3-dihydroquinazolin-4(1H)-one (3k):28 Colorless crystal (180 

mg, 71%), m.p. 191-194 °C; 1H NMR (400 MHz, DMSO-d6): δ 8.16 (s, 1H, NH), 7.58 

(d, J = 6.76 Hz, 1H), 7.38 (d, J = 8.72 Hz, 2H), 7.22 (t, J = 7.04 Hz, 1H), 6.98 (s, 1H), 

6.92 (d, J = 8.8 Hz, 2H), 6.71 (d, J = 8.04 Hz, 1H), 6.65 (t, J = 7.24 Hz, 1H), 5.68 (s, 1H, 

NH), 3.73 (s, 3H), 13C NMR (100 MHz, DMSO-d6): δ 164.1, 159.9, 148.4, 133.9, 133.7, 

128.6, 127.8, 117.5, 115.4, 114.8, 114.1, 66.7, 55.6.  Mass: 254.2839, HRMS (ESI): 

calcd for [C15H14N2O2 + Na+] 277.0947, found 277.0974. 

2-(4-hydroxyphenyl)-2,3-dihydroquinazolin-4(1H)-one (3l):48 Brown solid (196 mg, 

82%), m.p. 278-281 °C; 1H NMR (400 MHz, DMSO-d6): δ 9.49 (s, 1H, -OH), 8.06 (s, 

1H, NH), 7.58 (d, J = 7.0 Hz, 1H), 7.27 (d, J = 8.52 Hz, 2H), 7.21 (t, J = 6.76 Hz, 1H), 

6.91 (s, 1H), 6.73 (d, J = 8.52 Hz, 2H), 6.70 (d, J = 8.28 Hz, 1H), 6.65 (t, J = 7.52 Hz, 
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1H), 5.63 (s, 1H, NH), 13C NMR (100 MHz, DMSO-d6): δ 164.2, 158.1, 148.6, 133.6, 

132.0, 128.7, 127.8, 117.5, 115.42, 115.40, 114.8, 67.1. Mass: 240.2573, HRMS (ESI): 

calcd for [C14H12N2O2 + Na+] 263.0791, found 263.0813.  

6-chloro-2-(2,5-dimethoxyphenyl)-2,3-dihydroquinazolin-4(1H)-one (3m): Colorless 

solid (213 mg, 67%),  1H NMR (400 MHz, DMSO-d6): δ 8.19 (br, 1H, NH), 7.53 (d, 

1H), 7.23-7.26 (dd, 1H), 7.01 (s, 1H), 6.96 (m, 1H), 6.89 (s, 1H), 6.86-6.90 (m, 1H), 6.77 

(d, 1H), 5.97 (s, 1H), 3.76 (s, 3H), 3.65 (s, 3H), 13C NMR (100 MHz, DMSO-d6): δ 

163.1, 153.3, 150.9, 147.1, 133.5, 129.9, 126.8, 121.1, 116.9, 116.2, 114.1, 113.8, 112.7, 

61.4, 56.5, 55.8. Mass: 318.7549, HRMS (ESI): calcd for [C16H15ClN2O3 + Na+] 

341.0663, found 341.0678. 

2-(4-bromophenyl)-6-chloro-2,3-dihydroquinazoli-4(1H)-one (3n):51 Pale-yellow 

solid (241 mg, 72%), m.p. 203-206 °C; 1H NMR (400 MHz, DMSO-d6): δ 8.59 (s, 1H), 

8.11 (br, 1H, NH), 7.87 (d, J = 8.52 Hz, 2H), 7.79 (d, 1H), 7.75 (d, J = 8.28 Hz, 2H), 

7.73 (br, 1H, NH), 7.58 (dd, J = 8.52, 1H), 7.27-7.29 (d, 1H), 13C NMR (100 MHz, 

DMSO-d6): δ 166.6, 162.4, 148.3, 135.0, 132.5, 131.8, 131.3, 130.89, 130.8, 129.5, 

126.4,  121.9. Mass: 337.5990, HRMS (ESI): calcd for [C14H10BrClN2O + Na+] 

358.9557, found 358.9568. 

6-chloro-2-(4-chlorophenyl)-2,3-dihydroquinazolin-4(1H)-one (3o):58 Colorless 

crystal (227 mg, 78%), m.p. 202-205 °C; 1H NMR (400 MHz, DMSO-d6): δ 8.49 (br, 

1H, NH), 7.43-7.51(m, 5H), 7.34 (s, 1H), 7.26-7.28 (d, 1H), 6.75 (d, J = 8.76 Hz, 1H), 

5.78 (br, 1H, NH),  13C NMR (100 MHz, DMSO-d6): δ 162.8, 146.8, 140.7, 133.63, 

133.6, 129.1, 128.8, 126.8, 121.4, 116.9, 116.4, 66.0.    Mass: 293.1480, HRMS (ESI): 

calcd for [C14H10Cl2N2O + Na+] 315.0062, found 315.0084. 

6-chloro-2-(3-nitrophenyl)-2,3-dihydroquinazolin-4(1H)-one (3p): Pale-yellow solid 

(242 mg, 80%), 1H NMR (400 MHz, DMSO-d6): δ 8.76 (s, 1H), 8.73 (s,1H), 8.36-8.42 

(m,2H), 8.00 (br, 1H, NH), 7.85 (t, J = 7.76 Hz, 1H), 7.75 (d, 1H), 7.72 (br, 1H, NH), 

7.59-7.63 (m, 1H), 7.30-7.32 (d, J = 8.52 Hz, 1H),  13C NMR (100 MHz, DMSO-d6): δ 

166.8, 161.5, 148.7, 147.8, 137.5, 135.3, 131.7, 131.6, 131.15, 131.12,  129.2, 126.7, 

123.8, 121.9, Mass: 303.7005, HRMS (ESI): calcd for [C14H10ClN3O3 + Na+] 326.0303, 

found 316.0322. 

6-chloro-2-(pyridin-2-yl)-2,3-dihydroquinazolin-4(1H)-one (3q): Colorless crystal 

(196 mg, 76%),  1H NMR (400 MHz, CDCl3): δ 11 (br, 1H, NH), 8.68 (d, 1H), 8.55 (d, 

1H), 8.31 (d, 1H), 7.93 (t, J = 7.8 Hz, 1H), 7.71-7.78 (m, 2H), 7.41-7.52 (m, 1H), 7.26 (s, 

1H),   13C NMR (100 MHz, CDCl3): δ 160.3, 149.1, 148.8, 148.2, 148.1, 147.6, 137.6, 
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135.0, 129.6, 126.4, 126.2, 123.5, 122.0, 77.2. Mass: 259.6910, HRMS (ESI): calcd for 

[C13H10ClN3O + Na+] 282.0405, found 282.0420. 

2-(furan-2-yl)-2,3-dihydroquinazolin-4(1H)-one (3r):38 Light orange crystal (154 mg, 

72%), m.p. 165-167 °C; 1H NMR (400 MHz, CDCl3): δ 7.90 (d, J = 6.52 Hz, 1H), 7.04 

(d, 1H),  7.32 (t, J = 8.76 Hz, 1H), 6.88 (t, J = 7.24 Hz, 1H), 6.68 (d, J = 8.00 Hz, 1H), 

6.43 (d, 1H), 6.34-6.35 (m, 1H), 6.32 (br, 1H, NH), 5.92 (t, 1H), 4.65 (br, 1H, NH), 13C 

NMR (100 MHz, CDCl3): δ 164.4, 152.0, 146.1, 143.2, 134.0, 128.6, 119.9, 115.8, 

115.0, 110.6, 108.3, 62.0.  Mass: 214.2200, HRMS (ESI): calcd for [C12H10N2O2 + Na+] 

237.0634, found 237.0651. 

2-(thiophen-2-yl)-2,3-dihydroquinazolin-4(1H)-one (3s):48 Light-brown solid (195 mg, 

85%), m.p. 214-217 °C; 1H NMR (400 MHz, DMSO-d6): δ 8.42 (br, s, 1H, NH), 7.59 (d, 

J = 7.76 Hz, 1H), 7.43 (d, J = 5.04 Hz, 1H), 7.24 (t, J = 8.04 Hz, 1H), 7.23 (s, 1H), 7.10 

(d, J = 3.00 Hz, 1H), 6.96 (t, J = 4.04 Hz, 1H), 6.73 (d, J = 8.28 Hz, 1H), 6.68 (t, J = 

7.52 Hz, 1H), 6.0 (s, 1H, NH), 13C NMR (100 MHz, DMSO-d6): δ 163.5, 147.7, 146.9, 

133.8, 127.7, 126.9, 126.3, 126.1, 117.9, 115.5, 115.1, 63.0. Mass: 230.2856, HRMS 

(ESI): calcd for [C12H10N2OS + Na+] 253.0406, found 253.0430.  

2-(1-methyl-1H-indol-3-yl)-2,3-dihydroquinazolin-4(1H)-one (3t): Colorless crystal 

(180 mg, 65%),  1H NMR (400 MHz, CDCl3): δ 7.99 (d, J = 9.04 Hz, 1H), 7.88 (d, J = 

7.76 Hz, 1H), 7.30-7.37 (m, 3H), 7.17 (t, J = 8.0 Hz, 1H), 6.91 (t, J = 8.04 Hz, 1H), 6.65 

(d, J = 8.04 Hz, 1H), 6.19 (s, 1H), 5.88 (br, 1H, NH), 4.47 (br, 1H, NH), 3.81 (s, 3H), 

3.48 (s, 1H),  13C NMR (100 MHz, CDCl3): δ 147.9, 137.4, 133.8, 128.8, 128.4, 122.7, 

120.17, 120.12, 119.5, 116.0, 114.6, 111.9, 109.7, 62.8, 33.0. Mass: 274.2753, HRMS 

(ESI): calcd for [C17H15N3O + Na+] 300.1107, found 300.1121. 

2-phenethyl-2,3-dihydroquinazolin-4(1H)-one (3u):35 Pale-yellow crystal (191 mg, 

76%), m.p. 170-173 °C; 1H NMR (400 MHz, DMSO-d6): δ 8.01 (br, s, 1H, NH), 7.57 (d, 

J = 7.56 Hz, 1H), 7.21-7.29 (m, 5H), 7.16 (t, J = 7.0 Hz, 1H), 6.72 (d, J = 8.04 Hz, 1H), 

6.66 (t, J = 7.28 Hz, 2H), 4.72 (t, J = 5.04 Hz, 1H), 2.72-2.76 (q, J = 8.04 Hz, 2H), 1.88-

1.94 (m, 2H), 13C NMR (100 MHz, CDCl3): δ 164.5, 149.0, 142.1, 133.6, 128.8, 128.7, 

127.9, 126.2, 117.5, 115.5, 114.9, 64.4, 37.1, 31.1. Mass: 252.3110, HRMS (ESI): calcd 

for [C16H16N2O + Na+] 275.1155, found 275.1172. 

2-isopropyl-2,3-dihydroquinazolin-4(1H)-one (3v):49 Colorless crystal (138 mg, 73%), 

m.p. 158-161 °C; 1H NMR (400 MHz, CDCl3): δ 7.85 (d, J = 9.32 Hz, 1H), 7.28 (t, J = 

8.28 Hz, 1H), 6.82 (t, J = 7.04 Hz, 1H), 6.63 (d, J = 8.04 Hz, 1H), 6.0 (br, 1H, NH), 4.68 

(d, J = 4.76 Hz, 1H), 4.17 (br, 1H, NH), 1.91-1.99 (m, 1H), 1.02-1.05 (m, 6H). 13C NMR 
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(100 MHz, CDCl3): δ 165.2, 147. 4, 133.8, 128.5, 119.1, 115.5, 114.5, 70.2, 32.8, 17.0, 

16.8. Mass: 190.2417, HRMS (ESI): calcd for [C11H14N2O + Na+] 213.0998, found 

213.1013. 

2-(2-hydroxynaphthalene-1-yl)-2,3-dihydroquinazolin-4(1H)-one (3w):59 Orange 

solid (240 mg, 83%), 1H NMR (400 MHz, CD3OD): δ 9.35 (s, 1H), 8.18 (d, J = 8.56 Hz, 

1H), 7.75 (d, J = 9.28 Hz, 1H), 7.66 (d, J = 8.28 Hz, 1H), 7.61 (d, J = 7.76 Hz, 2H), 7.56 

(t, J = 8.04 Hz, 1H), 7.45 (t, J = 8.28 Hz, 1H), 7.22-7.30 (m, 2H), 6.82 (d, J = 9.28 Hz, 

1H), 13C NMR (100 MHz, DMSO-d6): δ 172.6, 169.6, 154.2, 142.4, 137.8, 134.0, 131.6, 

129.5, 129.4, 128.8, 128.6, 127.0, 126.0, 123.9, 123.5, 120.7, 119.5, 109.2. Mass: 

274.2753, HRMS (ESI): calcd for [C18H14N2O2 + Na+] 313.0947, found 313.0961. 

1’H-spiro[cyclohexane-1,2’-quinazolin]-4’(3’H)-one (5):40 Colorless crystal (205 mg, 

95%), m.p. 222-224 °C; 1H NMR (400 MHz, CDCl3): δ 7.85 (d, J = 7.8 Hz, 1H ), 7.29 (t, 

J = 7.04 Hz, 1H), 6.81 (t, J = 7.8 Hz, 1H), 6.62 (d, J = 8.04 Hz, 1H), 5.93 (br, 1H, NH), 

4.29 (br, 1H, NH), 1.83 (br, 4H), 1.43-1.61 (m, 6H), 13C NMR (100 MHz, CDCl3 + 

DMSO-d6): δ 168.9, 151.3, 138.2, 132.4, 122.2, 119.6, 73.0, 42.3, 29.5, 26.3. Mass: 

216.2789, HRMS (ESI): calcd for [C13H16N2O + Na+] 239.1155, found 239.1166. 

1,3-dimethyl-1H, 1’H-spiro[pyrimidine-4,2’-quinazoline]-2,4’,6(3H,3’H,5H)-trione 

(7): Light orange solid (213 mg, 78%),  1H NMR (400 MHz, DMSO-d6): δ 7.68 (br, 1H, 

NH), 7.49 (d, J = 8.04 Hz, 1H), 7.10 (t, J = 8.04 Hz, 1H), 7.01 (br, 1H, NH), 6.64 (d, J = 

8.28 Hz, 1H), 6.45 (t, J = 7.28 Hz, 1H), 3.68 (s, 2H), 3.09 (s, 6H), 13C NMR (100 MHz, 

DMSO-d6): δ 207.0, 171.7, 166.4, 152.8, 150.6, 132.3, 129.2, 116.8, 114.8, 114.1, 31.1, 

28.2. Mass: 274.2753, HRMS (ESI): calcd for [C13H14N4O3 + Na+] 297.0958, found 

297.0980. 

2,2-dimethyl-1’H-spiro[[1,3]dioxane-4,2’-quinazoline]-4’,6(3’H)-dione (9): Orange 

crystal (195 mg, 79%), 1H NMR (400 MHz, CDCl3): δ 7.84 (d, J = 7.76 Hz, 1H), 7.29 (t, 

J = 8.8 Hz, 1H),  6.81 (t, J = 8.0 Hz, 1H), 6.66 (br, 1H, NH), 6.59 (d, J = 8.04 Hz, 1H), 

3.44-3.52 (m, 1H), 2.15 (s, 1H), 1.54 (s, 6H), 13C NMR (100 MHz, CDCl3): δ 171.1, 

164.8, 145.9, 134.1, 128.4, 118.9, 114.7, 114.3, 67.6, 30.9, 29.6. Mass: 248.1916, HRMS 

(ESI): calcd for [C11H8N2O5 + Na+] 271.0325, found 271.0348. 

4-Formylphenyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside (10):47 Orange liquid 

(293 mg, 65%), m.p. 143-145 °C; 1H NMR (400 MHz, CDCl3): δ 9.92 (s, 1H), 7.83 (d, J 

= 8.52 Hz, 2H), 7.09 (d, J = 8.76 Hz, 2H), 5.46-5.53 (m, 2H), 5.10-5.16 (m, 2H), 4.10-

4.22 (m, 3H), 2.18 (s, 3H), 2.15 (s, 6H), 2.01 (s, 3H), 13C NMR (100 MHz, CDCl3): δ 

190.7, 170.3, 170.1, 170.0, 169.3, 161.3, 131.8, 116.7, 98.6, 71.3, 70.6, 68.4, 66.7, 61.3, 
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20.7, 20.66, 20.64, 20.57. Mass: 452.4087, HRMS (ESI): calcd for [C21H24O11 + Na+] 

475.1211, found 475.1222. 

2-(acetoxymethyl)-6-(4-(4-oxo-1,2,3,4-tetrahydroquinazolin-2 

yl)phenoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (11):28 Colorless solid (376 

mg, 66%), 1H NMR (400 MHz, CDCl3): δ 7.91 (d, J = 7.52 Hz, 1H), 7.51 (d, J = 8.76 

Hz, 2H), 7.32 (t, J = 7.0 Hz, 1H), 7.03 (d, J = 8.76 Hz, 2H), 6.89 (t, J = 7.52 Hz, 1H), 

6.64 (d, J = 8.04 Hz, 1H), 5.86 (s, 1H), 5.72 (br, 1H, NH), 5.45-5.51 (m, 2H), 5.10 (dd, J 

= 7.04 Hz, 1H), 5.06 (d, J = 7.76 Hz, 1H), 4.32 (br, 1H, NH), 4.13-4.24 (m, 2H), 4.07 (t, 

J = 6.52 Hz, 1H), 2.17 (s, 3H), 2.01-2.06 (m, 9H), 13C NMR (100 MHz, CDCl3): δ 170.3, 

170.2, 170.1, 169.3, 164.7, 158.08, 158.06, 147.1, 134.1, 133.47, 133.46, 128.9, 128.7, 

119.8, 117.3, 115.6, 114.6, 99.38, 99.36, 71.2, 70.7, 68.56, 68.55, 66.8, 61.3, 20.75, 

20.71, 20.67, 20.6. Mass: 570.5446, HRMS (ESI): calcd for [C28H30N2O11 + Na+] 

593.1791, found 593.1810. 

3-(benzylamino)propanenitrile (6a):34 Yellow liquid (147 mg, 92%), 1H NMR (400 

MHz, CDCl3): δ 7.19-7.29 (m, 5H), 3.76 (s, 2H), 2.86 (t, J = 6.52 Hz, 2H), 2.45 (t, J = 

6.76 Hz, 2H), 2.18 (br, 1H, NH), 13C NMR (100 MHz, CDCl3): δ 139.35, 128.64, 

128.55, 128.06, 127.47, 127.26, 118.67, 53.14, 44.29, 18.72. 

Ethyl 3-(benzylamino)propanoate (6b):52 Yellow liquid (186 mg, 90%), 1H NMR (400 

MHz, CDCl3): δ 7.26-7.35 (m, 5H), 4.10-4.18(q, 2H), 3.83 (s, 2H), 2.92(t, J = 6.52 Hz, 

2H), 2.56 (t, J = 6.52 Hz, 2H), 1.99 (br, 1H, NH), 1.27 (t, J = 7.0 Hz, 3H), 13C NMR 

(100 MHz, CDCl3): δ 172.81, 139.98, 128.71, 128.45, 128.23, 128.14, 127.03, 60.49, 

53.76, 44.47, 34.72, 14.25. 

3-((4-methylbenzyl)amino)propanenitrile (6c):56 Yellow liquid (163 mg, 94%), 1H 

NMR (400 MHz, CDCl3): δ 7.18-7.20 (d, J = 8 Hz, 2H), 7.12-7.14 (d, J = 8 Hz, 2H), 

3.78 (s, 2H), 2.91 (t, J = 6.52 Hz, 2H), 2.50 (t, J = 6.52 Hz, 2H), 2.33 (s, 3H), 1.84 (br, 

1H, NH), 13C NMR (100 MHz, CDCl3): δ 136.98, 136.39, 129.28, 128.08, 118.67, 52.86, 

44.34, 21.08, 18.77. 

tert-butyl 3-((4-methylbenzyl)amino)propanoate (6d): Yellow liquid (219 mg, 88%), 
1H NMR (400 MHz, CDCl3): δ 7.19-7.21 (d, J = 8 Hz, 2H), 7.11 (d, J = 8 Hz, 2H), 3.75 

(s, 2H), 2.84 (t, J = 6.52 Hz, 2H), 2.45 (t, J = 6.52 Hz, 2H), 2.31 (s, 3H), 2.0 (br, 1H, 

NH), 1.42 (s, 9H), 13C NMR (100 MHz, CDCl3): δ 172.12, 136.80, 129.14, 128.19, 

80.58, 53.47, 44.63, 44.58, 35.76, 28.17, 21.11. Mass: 249.3486, HRMS (ESI): calcd for 

[C15H23NO2 + Na+] 272.1621, found 272.1649. 
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3-((2-methylbenzyl)amino)propanenitrile (6e): Yellow liquid (156 mg, 90%), 1H 

NMR (400 MHz, CDCl3): δ 7.10-7.19 (m, 4H), 3.74 (s, 2H), 2.90 (t, J = 6.52 Hz,  2H), 

2.46 (t, J = 6.52 Hz, 2H), 2.29 (s, 3H), 1.56 (br, 1H, NH), 13C NMR (100 MHz, CDCl3): 

δ 137.37, 136.52, 130.49, 128.49, 127.37, 126.01, 118.77, 51.08, 44.77, 18.98, 18.83. 

Mass: 174.2423, HRMS (ESI): calcd for [C11H14N2 + Na+] 197.1049, found 197.1065. 

tert-butyl 3-((2-methylbenzyl)amino)propanoate (6f): Yellow liquid (211 mg, 85%), 
1H NMR (400 MHz, CDCl3): δ 7.28 (m, 1H), 7.15-7.18 (m, 3H), 3.76 (s, 2H), 2.89 (t, J = 

6.28 Hz, 2H), 2.46 (t, J = 6.24 Hz, 2H), 2.34 (s, 3H), 1.80 (br, 1H, NH), 1.44 (s, 9H), 13C 

NMR (100 MHz, CDCl3): δ 172.07, 137.82, 136.37, 130.28, 128.52, 127.07, 125.93, 

80.51, 51.41, 45.11, 35.84, 28.14, 18.93. Mass: 249.3486, HRMS (ESI): calcd for 

[C15H23NO2 + Na+] 272.1621, found 272.1641. 

3-((4-chlorobenzyl)amino)propanenitrile (6g):56 Yellow liquid (161 mg, 83%), 1H 

NMR (400 MHz, CDCl3): δ 7.27-7.33 (m, 4H), 3.82 (s, 2H), 2.94 (t, J = 6.52 Hz, 2H), 

2.52 (t, J = 6.52 Hz, 2H), 1.63 (br, 1H, NH), 13C NMR (100 MHz, CDCl3): δ 138.02, 

132.96, 129.41, 128.67, 118.69, 52.43, 44.30, 18.84. 

3-((2-chlorobenzyl)amino)propanenitrile (6h): Yellow liquid (165 mg, 85%), 1H NMR 

(400 MHz, CDCl3): δ 7.38-7.43 (m, 2H), 7.24-7.30 (m, 2H), 3.96 (s, 2H), 2.96 (t, J = 

6.52 Hz, 2H), 2.56 (t, J = 6.76 Hz, 2H), 2.23 (br, 1H, NH), 13C NMR (100 MHz, CDCl3): 

δ 136.80, 133.74, 130.10, 129.67, 128.69, 127.0, 118.60, 50.57, 44.36, 18.82. Mass: 

194.6607, HRMS (ESI): calcd for [C10H11ClN2 + Na+] 217.0503, found 217.0520. 

tert-butyl 3-((2-chlorobenzyl)amino)propanoate (6i): Yellow liquid (220 mg, 82%), 
1H NMR (400 MHz, CDCl3): δ 7.36-7.45 (m, 2H), 7.20-7.28 (m, 2H), 3.93 (s, 2H), 2.91 

(t, J = 6.52 Hz, 2H), 2.50 (t, J = 6.52 Hz, 2H), 2.30 (br, 1H, NH), 1.46 (s, 9H), 13C NMR 

(100 MHz, CDCl3): δ 172.00, 137.17, 133.76, 130.15, 129.50, 128.41, 126.87, 80.64, 

51.05, 44.65, 35.79, 28.13. Mass: 269.7671, HRMS (ESI): calcd for [C11H8N2O5 + Na+] 

292.1075, found 292.1102. 

tert-butyl 3-((3-methylbenzyl)amino)propanoate (6j): Yellow liquid (204 mg, 82%), 
1H NMR (400 MHz, CDCl3): δ 7.19 (t, J = 7.52 Hz, 1H), 7.12 (s, 1H), 7.09-7.11 (d, J = 

7.52 Hz, 1H), 7.03-7.05 (d, J = 8.04 Hz, 1H) 3.74 (s, 2H), 2.84 (t, J = 6.52 Hz, 2H), 2.44 

(t, J = 6.52 Hz, 2H), 2.32 (s, 3H), 1.88 (br, 1H, NH), 1.43 (s, 9H), 13C NMR (100 MHz, 

CDCl3): δ 172.21, 140.04, 138.05, 128.96, 128.33, 127.73, 125.21, 80.56, 53.86, 44.80, 

35.85, 28.16, 21.41. Mass: 249.3486, HRMS (ESI): calcd for [C15H23NO2 + Na+] 

272.1621, found 272.1639. 
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3-((2-methoxybenzyl)amino)propanenitrile (6k): Yellow liquid (161 mg, 85%), 1H 

NMR (400 MHz, CDCl3): δ 7.23-7.31 (m, 2H), 6.90-6.97 (m, 2H), 3.87 (s, 3H), 3.85 (s, 

2H), 2.91 (t, J = 6.52 Hz, 2H), 2.54 (t, J = 6.76 Hz, 2H), 1.93 (br, 1H, NH), 13C NMR 

(100 MHz, CDCl3): δ 157.65, 129.94, 128.72, 127.31, 120.54, 118.79, 110.39, 55.31, 

48.75, 44.29, 18.66. Mass: 190.2417, HRMS (ESI): calcd for [C11H14N2O + Na+] 

213.0998, found 213.1019. 

tert-butyl 3-((2-methoxybenzyl)amino)propanoate (6l): Yellow liquid (212 mg, 80%), 
1H NMR (400 MHz, CDCl3): δ 7.20-7.24 (m, 2H), 6.83-6.91 (m, 2H), 3.82 (s, 3H), 3.78 

(s, 2H), 2.82 (t, J = 6.52 Hz, 2H), 2.44 (t, J = 6.76 Hz 2H), 1.95 (br, 1H, NH), 1.42 (s, 

9H), 13C NMR (100 MHz, CDCl3): δ 172.15, 157.62, 129.81, 128.28, 128.05, 120.43, 

110.25, 80.43, 55.26, 49.12, 44.73, 35.99, 28.14. Mass: 265.3480, HRMS (ESI): calcd 

for [C15H23NO3 + Na+] 288.1570, found 288.1589. 

3-(pyrrolidin-1-yl)propanamide (6m):13 Yellow liquid (126 mg, 89%), 1H NMR (400 

MHz, CDCl3): δ 8.18 (br, 1H, NH), 5.73 (br, 1H, NH), 2.71 (t, J = 5.76 Hz, 2H), 2.52-

2.55 (m, 4H), 2.38 (t, J = 6.28 Hz, 2H), 1.74-1.80 (m, 4H), 13C NMR (100 MHz, CDCl3): 

δ 175.49, 53.43, 51.63, 34.12, 23.52. 

tert-butyl 3-(pyrrolidin-1-yl)propanoate (6n): Yellow liquid (173 mg, 87%), 1H NMR 

(400 MHz, CDCl3): δ 2.71 (t, J = 7.52 Hz, 2H), 2.49 (t, J = 6.56 Hz, 4H), 2.42 (t, J = 

7.76 Hz, 2H), 1.75 (m, 4H), 1.41 (s, 9H), 13C NMR (100 MHz, CDCl3): δ 171.8, 80.3, 

54.0, 51.4, 35.3, 28.1, 23.5. Mass: 199.2899, HRMS (ESI): calcd for [C11H21NO2 + Na+] 

222.1465, found 222.1483. 

3-(piperidin-1-yl)propanenitrile (6o):34 Yellow liquid (124 mg, 90%), 1H NMR (400 

MHz, CDCl3): δ 2.67 (t, J = 6.76 Hz, 2H), 2.51 (t, J = 7.24 Hz, 2H), 2.43 (t, J = 5.00 Hz, 

4H), 1.56-1.61 (m, 4H), 1.39-1.45 (m, 2H), 13C NMR (100 MHz, CDCl3): δ 118.97, 

54.12, 54.01, 25.70, 24.0, 15.59. 

tert-butyl 3-(piperidin-1-yl)propanoate (6p):53 Yellow liquid (181 mg, 85%), 1H NMR 

(400 MHz, CDCl3): δ 2.64 (t, J = 7.76 Hz, 2H), 2.42-2.45 (m, 6H), 1.55-1.61 (m, 6H), 

1.42 (s, 9H), 13C NMR (100 MHz, CDCl3): δ 171.99, 80.42, 54.31, 54.19, 33.27, 28.11, 

25.73, 24.15. 

3,3
′
-(ethane-1,2-diylbis(azanediyl))dipropanenitrile (6q):54 Yellow liquid (131 mg, 

79%), 1H NMR (400 MHz, CDCl3): δ 2.90 (t, J = 6.52 Hz, 4H), 2.72 (s, 4H), 2.48 (t, J = 

6.52 Hz, 4H), 1.67 (br, 2H, NH), 13C NMR (100 MHz, CDCl3): δ 118.81, 48.41, 44.98, 

18.87. 
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3-((furan-2-ylmethyl)amino)propanenitrile (6r):55 Yellow liquid (117 mg, 78%), 1H 

NMR (400 MHz, CDCl3): δ 7.35-7.36 (m, 1H), 6.29-6.31 (m, 1H), 6.19 (m, 1H), 3.81 (s, 

2H), 2.90 (t, J = 6.76 Hz, 2H), 2.49 (t, J = 6.76 Hz, 2H), 1.74 (br, 1H, NH), 13C NMR 

(100 MHz, CDCl3): δ 152.91, 142.20, 118.60, 110.27, 107.48, 45.49, 44.12, 18.70. 

tert-butyl 3-((furan-2-ylmethyl)amino)propanoate (6s): Yellow liquid (169 mg, 75%), 
1H NMR (400 MHz, CDCl3): δ 7.33 (m, 1H), 6.28-6.29 (m, 1H), 6.16-6.17 (m, 1H), 3.77 

(s, 2H), 2.82 (t, J = 6.52 Hz, 2H), 2.42 (t, J = 6.28 Hz, 2H), 1.91 (br, 1H, NH), 1.42 (s, 

9H) 13C NMR (100 MHz, CDCl3): δ 172.10, 153.62, 141.88, 110.13, 107.01, 80.66, 

46.13, 44.47, 35.70, 28.13. Mass: 225.2842, HRMS (ESI): calcd for [C12H19NO3 + Na+] 

248.1257, found 248.1283. 

3-((benzo[d][1,3]dioxol-5-ylmethyl)amino)propanenitrile (6t): Yellow liquid (147 mg, 

72%), 1H NMR (400 MHz, CDCl3): δ 6.83 (s, 1H), 6.75 (s, 2H), 5.94 (s, 2H), 3.73 (s, 

2H), 2.90 (t, J = 6.52 Hz, 2H), 2.51 (t, J = 6.52 Hz, 2H), 1.73 (br, 1H, NH), 13C NMR 

(100 MHz, CDCl3): δ 147.87, 146.78, 133.37, 121.23, 118.75, 108.57, 108.19, 101.02, 

52.98, 44.16, 18.81. Mass: 204.2252, HRMS (ESI): calcd for [C11H12N2O2 + Na+] 

227.0791, found 227.0812. 

3-(diethylamino)propanamide (6u):13 Yellow liquid (131 mg, 91%), 1H NMR (400 

MHz, CDCl3): δ 8.32 (br, 1H, NH), 2.64 (t, J = 7.52 Hz, 2H), 2.49-2.52 (q, 4H), 2.32(t, J 

= 7.84 Hz, 2H), 0.99 (t, 6H), 13C NMR (100 MHz, CDCl3): δ 175.9, 48.7, 46.0, 32.5, 

11.3. 

tert-butyl 3-(diethylamino)propanoate (6v):53 Yellow liquid (175 mg, 87%), 1H NMR 

(400 MHz, CDCl3): δ 2.77 (t, J = 7.76 Hz, 2H), 2.50-2.55 (q, 4H), 2.37 (t, J = 7.8 Hz, 

2H), 1.42 (s, 9H), 1.03 (t, 6H). 

tert-butyl 3-((benzo[d][1,3]dioxol-5-ylmethyl)amino)propanoate (6w): Yellow liquid 

(195 mg, 70%), 1H NMR (400 MHz, CDCl3): δ 6.83 (s, 1H), 6.75 (s, 2H), 5.92 (s, 2H), 

3.69 (s, 2H), 2.82 (t, J = 6.56 Hz, 2H), 2.43 (t, J = 6.52 Hz, 2H), 1.97 (br, 1H, NH), 1.43 

(s, 9H),  13C NMR (100 MHz, CDCl3): δ 172.21, 147.71, 146.53, 134.03, 121.27, 108.72, 

108.11, 100.90, 80.61, 53.61, 44.52, 35.77, 28.16. Mass: 279.3315, HRMS (ESI): calcd 

for [C15H21NO4 + Na+] 302.1363, found 302.1384. 
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Chapter 4 

Au Nanoparticle-Polydopamine-Reduced 

Graphene Oxide Ternary Nanocomposite 

as Efficient Catalyst for Selective Oxidation 

of Benzylic C(sp3)-H Bonds Under Mild 

Conditions 
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4.1 Introduction 

 Heterogeneous catalysis is at the heart of green chemical pathways as it 

addresses most of the requirements of green protocols necessary in the 

manufacturing of diverse range of chemicals. Selective oxidation of primary sp
3
 

C–H bonds using molecular oxygen into useful functionalized chemicals is an 

important class of chemical transformations.
[1-9]

 This challenging transformation 

is significant not only in efficient and sustainable exploitation of organic feed-

stocks, but also in understanding the intrinsic features of the broadly existing C-H 

bonds in organic molecules in terms of their accessibility, activity and selectivity. 

Several protocols for highly efficient C-H transformation catalyzed by transition 

metal complexes such as those of Pd, Pt, Ru, Rh, Re, Fe, Au etc. have been 

developed.
[10-15]

 On the other hand, development of noble metal nanoparticle 

based heterogeneous catalytic systems for important organic transformations has 

taken centre stage due to several advantages such as availability of large surface 

area, the possibility of easy separation from the reaction mixture and further 

reusability.
[16-24]

 Following the seminal work of Hutching’s group on oxidation of 

C–H bonds in toluene leading to several oxygenates using alloyed AuPd 

nanoparticles supported on carbon or TiO2,
[25]

 there has been a significant focus 

on the development of nanoparticle based heterogeneous thermocatalytic 

systems. However development of Au based heterogeneous catalysts for selective 

oxidation of C-H bonds under milder reaction conditions is crucial for effective 

applications.
[26-27]

 It has been demonstrated that in presence of an oxygen donor 

such as tert-butyl hydroperoxide (TBHP), AuPd nanoparticles facilitate the 

oxidation of hydrocarbons at relatively milder conditions (80 °C).
[28]

 The 

capability of nanoparticle surfaces in stabilizing free radicals that have longer 

half-life than the free radicals in solution induces oxygen activation leading to 

efficient oxidation of hydrocarbons at milder reaction conditions. Whereas, focus 

has been on the structural morphology of the bimetallic nanoparticles and their 

interaction with support materials, we envisioned that even monometallic Au NPs 

embedded on conducive supports could function effectively as catalysts for 

challenging organic transformation such as oxyfunctionalization of inert C-H 

bonds under mild conditions in presence of a free radical promoter. Qualitative 

explorations for the role of supports on catalysis have been carried out 



Chapter 4 

 

180 

 

extensively; however applying these modifications in selective oxidation of 

hydrocarbons is still a challenge. Graphene oxide (GO), the two dimensional 

aromatic scaffold with both hydrophilic oxygenated functionalities and 

hydrophobic nanographene domain on the basal plane has been demonstrated as 

excellent support for metal
[29-32]

, metal oxide
[33-35]

 and bimolecules like hemin
[36 

]
etc. for effective catalysis. The inherent catalytic properties of GO has been 

demonstrated for several organic transformations such as alcohol oxidation, 

hydration reaction, Aza-Michael additions, ring-opening polymerization and 

Friedel-Crafts reactions etc.
[37-40]

 However, for the oxidation of inert C-H bonds 

the activity of only GO was found to be sluggish. GO can function as an electron 

shuttle across its surface as well as transfer electrons to NPs embedded on it.
[41]

 

This capability of GO has propelled GO or rGO to be used as an attractive 

platform for nanoparticle immobilization and catalytic studies.
[42]

Among the free-

radical promoters, N-hydroxyphthalimide (NHPI) has shown excellent activity 

towards C-H oxygenation of hydrocarbons when it is combined with a co-catalyst 

in presence of oxygen.
[43-47] 

It is believed that highly electrophilic phthalimide N-

oxyl (PINO) radical, which is an in situ formed one electron oxidised form of 

NHPI initiates the radical propagation of autoxidation, thus efficiently promoting 

hydrocarbon oxyfunctionalization with reactive O2 present. Ishii and co-workers 

showed that a combination of NHPI with transition metals notably cobalt (known 

as the Ishii system) or with polyoxometalates gives an excellent catalytic system 

for the autoxidation of broad range of organic substrates.
[48-53]  

 Even non-metallic compounds such as alkyl hydroperoxides,
[54-55]

 α,α/
-

azobisisobutyronitrile,
[56]

 aldehyde
[57-58]

 and NO2 
[59-60] 

have been used as 

mediators for NHPI based oxidation. The biomimetic catalytic system involving 

anthraquinone derivatives, zeolites and NHPI has also shown superior activity 

towards C-H oxygenation of hydrocarbons.
[61-62]

 However, use of expensive 

radical mediators and harsh reaction conditions like higher temperature, 

halogenated solvents etc. limits the industrial application of such systems. 

Moreover, one of the major issues associated with these catalytic systems is that 

the radical mediators are either consumed during the oxidation reaction or exhibit 

difficulties during the recovery process. So, development of catalytic system with 
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extensive heterogeneous hallmark and environmentally benign reaction 

conditions is highly appealing for this NHPI based oxidation reaction.  

 Herein, we report the catalytic activity of Au NPs anchored on 

polydopamine (pDA) and rGO for benzylic C-H oxidation reactions. The 

catalytic system involves a simple and facile strategy for the generation of Au 

nanoparticles (NPs) on the surface of GO using dopamine hydrochloride (DA) as 

a reducing agent and nucleation site for the growth of nanocrystals (Scheme 4.1).  

 

Scheme 4.1. Schematic of the ternary nanocomposite consisting of Au nanoparticles supported on 

polydopamine and reduced graphene oxide as catalysts for benzylic C-H bond oxidation 

In combination with N-hydroxyphthalimide (NHPI) as radical initiator, the 

resulting Au-pDA-rGO nanocomposite exhibited excellent catalytic activity and 

selectivity towards the oxidation of benzylic sp
3
 C-H bonds in hydrocarbons. 

High efficiency of the nanocatalytic system resulted in 80-90% conversion of the 

substrates under mild reaction conditions in a pathway that involved free radicals. 

Moreover, the recycling effectiveness of the nanocomposite was demonstrated 

without significant loss in catalytic activity over several cycles making the 

nanocatalytic system highly sustainable. 

4.2 Results and Discussion 

4.2.1 Synthesis and characterization of nanocomposite 

  

Dopamine Hydrochloride 

100 oC

GO
pDA-rGO

HAuCl4

NHPI, CH3CN

60 oC

Au Nanoparticle=

= pDA

Au-pDA-rGO
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Figure 4.1. A pictorial depiction for the formation of Au NPs supported on pDA-rGO nanosheets 

The mussel inspired synthetic method 
[63-64] 

for the growth of supported Au 

nanoparticle composite has been described in details in the ESI. Briefly, GO 

nanosheets synthesized by the modified Hummer’s method were first 

functionalized with polydopamine (pDA) by polymerization of dopamine at 

elevated temperature (Fig. 4.1).
[65]

 During the process, GO was reduced by DA. 

The pDA layer (formed by polymerization of dopamine) on the surface of rGO 

was used as a nucleating site and reducing agent for the synthesis of uniform Au 

nanoparticles well dispersed on the rGO surface. Transmission electron 

microscopy (TEM) studies showed sheet like structure of GO (Fig. 4.2a) and 

successful formation of the uniform Au NPs decorated on these graphene sheets 

(Fig. 4.2b). The high resolution TEM image (HRTEM) showed a lattice 

separation of 0.23 nm corresponding to (111) plane of Au (Fig. 4.2c). The 

selected area electron diffraction pattern of the Au-pDA-rGO showed 

crystallinity (Fig. 4.2d). The formation of the Au NPs on the reduced graphene 

surface was further confirmed by atomic force microscopy (AFM) (Fig. 4.3). The 

UV-visible spectrum of the Au-pDA-rGO composite showed a broad plasmon 

resonance band at around 530 nm confirming the formation of Au NPs. 

Moreover, the peak at 230 nm in GO corresponding to the 𝝅 → 𝝅∗ transitions of 

GO

GO rGO

pDA-rGO

pDA =

Refluxed at 100  C

Dopamine

Au-pDA-rGO
= Au NPs
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Figure 4.2. Transmission electron micrograph of a) graphene oxide; scale bar 500 nm, b) Au-

pDA-rGO composite; scale bar 100 nm, c) High Resolution (HR-TEM)TEM image of Au-pDA-

rGO composite, scale bar 2 nm and  d) selected area electron diffraction (SAED) pattern of Au-

pDA-rGO composite 

aromatic C-C bonds was significantly red shifted (~15 nm) in case of Au-pDA-

rGO composite, indicating the restoration of electronic conjugation within the 

graphene sheets (Fig. 4.4a).
[66-67]

 The powder XRD spectrum of Au-pDA-rGO 

composite consisted of peaks at 2θ values of 38.2, 44.4, 64.6 and 77.7 degrees, 

corresponding to the (111), (200), (220) and (311) facets of the fcc structure of 

Au respectively. In addition, a broad peak at 2θ value of 22.6  attributed to 

reduced graphene oxide (rGO)
[68] 

was also observed (Fig. 4.4b). The effects of 

the growth of Au NPs on the electronic structure of rGOs were also investigated  

 

100 nm

5 1/nm

a b

c d

0.23 nm

c

2 nm
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Figure 4.3. Atomic force microscopy studies of GO and Au-pDA-rGO; a) low resolution image of 

GO; (b, c) high resolution image and corresponding height profile of GO; d) AFM image of Au-

pDA-rGO; (e)  corresponding height profile 

by Raman spectroscopy (Fig. 4.4c). As shown, the characteristic D and G bands 

at ca. 1328 and 1594 cm
-1

 respectively in case of GO were shifted to 1325 and 

1572 cm
-1

respectively in case of Au-pDA-rGO.
[69-70]

 Further, the ratio of 

intensities of D band to that of G band (ID/IG) decreased from approximately 1.14 

for GO to about 0.92 for the Au-pDA-rGO composite. This signifies the 

formation of more extended networks of conjugated sp
2
 carbons towards a more 

locally ordered graphene lattice. Further investigation of molecular structural 

changes associated with the formation of Au-pDA-rGO was carried out using 

FTIR spectroscopy (Fig. 4.4d). The characteristic vibration peak owing to C=O in 

GO at 1720 cm
-1

 decreased dramatically in Au-pDA-rGO composite signifying 

the conversion of GO to rGO. Further, the appearance of a new peak at 1570 cm
-1

 

corresponding to N-H bending vibration confirmed the presence of polydopamine 

in the composite matrix. 

a b c

d e
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Figure 4.4. a) UV-Visible spectra (inset: enlarged view of Au surface Plasmon resonance band); 

b) powder X-ray diffraction pattern, c) Raman spectra and d) FTIR spectra of GO (black line) 

and Au-pDA-rGO (red line) 

The reduction of GO to rGO and modification with pDA layer was further 

verified by X-ray photoelectron spectroscopy (XPS). Fig. 4.5 shows XPS analysis 

of GO, pDA-rGO and Au-pDA-rGO. The XPS survey spectra (Fig. 4.5a) shows 

the generation of N1s peak in the spectra of pDA-rGO and Au4f peak in Au-

pDA-rGO respectively. The C1s core level spectrum of GO (Fig. 4.5b) was fitted 

into four components with binding energies (BEs) at about 284.5, 286.4, 287.6 

and 288.9 eV which corresponds to C-C, C-O, C=O and O-C=O species 

respectively. The PDA-rGO C1s core-level spectrum (Fig. 4.5c) was fitted into 

five peak components with BEs at about 284.4, 285.5, 286.4, 287.8 and 288.9 eV 

attributed to the C-C, C-N, C-O, C=O, O-C=O species respectively. Compared to 

GO, a significant decrease of C-O peak component in pDA-rGO was observed 

which clearly indicated the reduction of GO by dopamine. The appearance of the 

C-N peak component at the BE of 285.5 eV in the C1s core-level spectrum of  
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Figure 4.5. a) XPS survey spectra of (i) GO, (ii) pDA-rGO and (iii) Au-pDA-rGO. b) and c) XPS 

C1s core-level spectrum of GO and pDA-rGO respectively and d) Au4f core-level spectrum 

level spectrum of pDA-rGO and an N1s core-level spectrum at the BE of ~400 

eV (inset of Fig. 4.5c) are consistent with the presence of a surface modified pDA 

layer.
[71]

 Fig. 4.5d shows high-resolution Au4f core-level spectrum. The binding 

energies at 83.6 and 87.3 eV are ascribed to Au4f7/2 and Au4f5/2 of metallic Au 

respectively. 

4.2.2 Catalytic Performance of Au-pDA-rGO composite at 

variable Au loading 

 We evaluated the catalytic efficiency of the heterogeneous Au-pDA-rGO 

nanocomposite for the oxidation of benzylic C-H bonds. Until now, development 

of Au based heterogeneous nanocatalysts for C-H oxidations were focused on 

bimetallic nanostructures, either in alloy or core-shell form, where the structure 

and synergy between metallic constituents played a critical role.
[25,  28, 72-73]

 To our 

surprise, even the monometallic Au NPs embedded on pDA-rGO layer could 
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function as an effective catalyst in combination with NHPI and molecular oxygen 

under mild reaction conditions. For evaluating the optimization conditions, we 

selected diphenylmethane as a model substrate and evaluated its oxidation to 

diphenylketone under various optimized conditions such as catalytic loading, 

temperature, solvents, supports, oxidants, catalyst amount etc. First we evaluated 

the variation in catalytic activity with respect to Au loading on pDA-rGO 

surfaces. A series of nanocatalysts were prepared by varying the concentration of 

the metal precursor (HAuCl4) keeping the concentration of pDA-rGO constant.  

The amount of Au in the composites was evaluated using inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) (Table 4.1). While increasing 

the Au loading from 0.5wt% to 6wt%, we observed that average diameter of Au  

Table 4.1. ICP-AES analysis and TON of Au catalysts with varying Au loading
a 

Entry %Auloading   

(Calculated) 

%Au loading 

(Experimental) 

Mean Diameter 

(nm) 

TON 

1 0.5 0.491 4.5± 0.5 108 

2 1 1.010 5.9 ± 0.6 89 

3 2 1.928 6.8 ± 0.7 78 

4 4 3.792 7.9 ± 0.7 73 

5 6 5.509 9.6 ± 1.0 63 

 

a
Reaction conditions: 1 mmol diphenylmethane, catalyst mass varied between 0.01 to 0.12g to 

give a substrate to metal molar ratio = 1000, T= 60 
o
C, stirring rate= 1000 rpm; O2 pressure 10 

bar, CH3CN 5 mL, NHPI (10 mol%) TON= Moles of substrate transformed per mole of active 

catalyst. TONs were calculated on the basis of total loading of metals and 4 h of reaction 

NPs increased congruently. From the TEM image and corresponding particle size 

distribution histogram (Fig. 4.6), the average  diameter of Au NPs in 0.5wt%, 

2wt%, 4wt% and 6wt% Au loaded nanocatalysts were calculated to be 4.5 ± 0.5 

nm, 6.8 ± 0.7 nm, 7.9 ± 0.7 nm and 9.6 ± 1.0 nm respectively. With different 
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Figure 4.6. TEM images and corresponding particle size distribution histogram (below) of Au-

pDA-rGO nanocomposite with different Au loading (a) 0.5 wt%, (b) 2 wt%, (c) 4 wt% and (d) 6 

wt% 

Au loaded Au-pDA-rGO composites, we performed the aerobic oxidation of 

diphenylmethane using acetonitrile as solvent in presence of NHPI (Table 4.2), 

under the best optimized conditions (as discussed in Table 4.4). For all the Au-

pDA-rGO composites with variable Au loading, diphenylketone was formed as 

Table 4.2. Effect of Au loading on the aerobic oxidation of diphenylmethane
a
 

Entry  Au loading (%) Time (h) Conv. (%) Sel. (%) 

1 0.5 14 44 98 

2 1 13 62 96 

3 2 12 92 97 

4 4 12 93 95 

5 6 11 90 92 

6
b
 2 8 91 87 

a
Reaction conditions: 1.0 mmol diphenylmethane, catalyst mass 0.02 g, reaction temperature 60 

o
C, stirring rate 1000 rpm; O2 pressure 10 bar, CH3CN 5 mL, NHPI (10 mol%),

b
reaction 

performed at 100 
o
C 

the major product along with a small amount of diphenylmethanol as a side 

product. It was observed that Au-pDA-rGO nanocomposites with 0.5 wt% Au 

loading showed the highest Turn-over number (TON) (Table 4.1) when the  
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catalytic reactions were performed keeping the substrate to metal ratio constant. 

This was expected considering the smallest particle size of Au NPs formed in 

case of 0.5 wt% Au loading among all the NPs synthesized at various rGO-

pDA:Au
3+

 ratio. Increasing the Au loading resulted in decrease in TON 

suggesting that the catalytic performance of the NPs was dependent on particle 

size of Au NPs. However, when we evaluated the catalytic conversion of our 

model reaction with respect to the weight of the catalytic mass of the composite, 

Au-pDA-rGO with 2 wt% Au loading offered the best catalytic conversion with 

high selectivity under standard reaction conditions (Table 4.2). The 

nanocomposite with 0.5 wt% Au loading afforded moderate catalytic conversion, 

on the other hand with decreasing rGO:Au ratio (upto 2 wt% Au loading) the 

conversion improved significantly. The results suggest that higher rGO:Au ratio 

might have a detrimental effect on the oxidation reaction. Further decrease in 

rGO:Au ratio (for 4 wt% and 6 wt% Au loading) did not result in any 

improvement. Although increasing temperature resulted in higher conversion at 

relatively lower time, selective formation of diphenylketone suffered (Table 4.2, 

entry 6). Based on these studies, we found that the nanocomposite with 2wt% Au 

loading offered the best catalytic conversion and high selectivity with respect to 

catalyst weight of the composite under the present reaction conditions. From 

these results, it can be concluded that rGO:Au ratio had a significant effect on the 

catalytic activity of the nanocomposite (Table 4.3). 

Table 4.3. Effect of rGO:Au ratio in the catalytic conversion of diphenylmethane oxidation 

Entry Au loading (%) rGO: Au ratio Conv. (%) 

1 0.5 100 44 

2 2 25 92 

3 4 12 93 

4 6 8 90 

Reaction conditions: 1.0 mmol diphenylmethane, catalyst mass 0.02 g, reaction temperature 60 

o
C, stirring rate 1000 rpm; O2 pressure 10 bar, CH3CN 5 mL, NHPI (10 mol%) 

4.2.3 Optimization and scope of reaction 

 In order to optimize the reaction conditions for obtaining high conversion 

and selectivity for the C-H oxidations, we performed several controlled 
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experiments using diphenylmethane as a model substrate (Table 4.4). The Au-

pDA-rGO nanocomposite could not afford high conversion in presence of 

molecular oxygen as the single oxidant even at elevated temperature. Therefore, 

it was necessary to look for a secondary oxidant in order to facilitate higher 

conversion. Addition of commonly available oxidants such as H2O2 or tert-

butylhydroperoxide (TBHP) to the reaction mixture afforded moderate yield of 

the desired product diphenylketone along with the formation of several by-

products. However, in combination with NHPI, Au-pDA-rGO afforded high 

conversion and selectivity under mild reaction conditions (60 °C). 10 mol% of 

NHPI was found to be optimum for our catalytic reaction (Table 4.4, entry 8-10). 

Among the solvents, CH3CN was found to be most suitable for the reaction, as 

other solvents like water, acetone and DMSO afforded low yield. Further, 

increasing the reaction temperature from 25 
o
C to 60 

o
C resulted in tremendous 

enhancement in conversion (Table 4.4, entry 8 and 11). Further increment in 

temperature, however, led to decrease in conversion and selectivity (Table 4.4, 

entry 12). In order to evaluate the role of individual constituents in the ternary 

composite, several controlled experiments were performed under the standard 

reaction conditions. Only NHPI, GO, pDA or combination of them was 

inefficient for the reaction and gave unfruitful results. Au NPs synthesized using 

only pDA as a reducing and stabilizing agent in absence of GO (Au-pDA) 

showed much lower catalytic activity compared to Au-pDA-rGO (Table 4.4, 

entry 20). TEM image of the Au-pDA composite showed the formation of 

agglomerated nanoparticles with average particle size of ~ 20 nm (Fig. 4.7a).  

 

Figure 4.7. a) TEM image of Polydopamine stabilized Au nanoparticle (Au-pDA), b) TEM 

micrograph of Au-rGO
b
 composite synthesized by simultaneous reduction of Au

3+
 and GO using 

NaBH4; scale bar 20 nm and c) corresponding SAED pattern. The particles showed an average 

size of 7.6 ± 1.6 nm 

50 nm

a b c
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Table 4.4. Optimization of reaction conditions
# 

 

Entry Catalyst Additive 

(mol%) 

Reaction Conditions Conv. (%) Sel.  

(%) 

1 Au-rGO
b
 NHPI (10) CH3CN, 60 °C, 12 h 38 96 

2 Cat A        - CH3CN, 60 °C, 24 h 22 98 

3 Cat A K2CO3 (10) Water, 70 °C, 24 h 24 100 

4 Cat A H2O2 (10) CH3CN, 60 °C, 12 h 38 82 

5 Cat A H2O2 (15) CH3CN, 60 °C, 12 h 41 81 

6 Cat A TBHP (10) CH3CN, 60 °C, 12 h 61 79 

7 Cat A TBHP (5) CH3CN, 60 °C, 12 h 52 80 

8 Cat A NHPI (10) CH3CN, 25 °C, 12 h 49 98 

9 Cat A NHPI (5) CH3CN, 60 °C, 12 h 74 98 

10 Cat A NHPI (15) CH3CN, 60 °C, 12 h 92 97 

11 Cat A NHPI (10) CH3CN, 60°C, 12 h 92, 
c
52, 

d
65, 

e
93 

97 

12 Cat A NHPI (10) CH3CN, 80 °C, 12 h 90 89 

13 Cat A NHPI (10) Water, 80 °C, 12 h 25 87 

14 Cat A NHPI (10) Acetone, 60 °C, 12 h 45 96 

15 Cat A NHPI (10) DMSO, 60 °C, 24 h <1 99 

16 Au-PVP NHPI (10) CH3CN, 60 °C, 12 h 34 87 

17 Au-C NHPI (10) CH3CN, 60 °C, 12 h 22 100 

18 Au-TiO2 NHPI (10) CH3CN, 60 °C, 15 h 48 97 

19 Au-CeO2 NHPI (10) CH3CN, 60 °C, 14 h 43 95 

20 Au-pDA NHPI (10) CH3CN, 60 °C, 12 h 12 96 

 

#
Reaction conditions: Unless otherwise specified all the reactions were carried out with substrate 

diphenylmethane (1.0 mmol), catalyst 0.02 g (Au loading 2 wt%), additive (5-15 mol%) under 

magnetic stirring; Solvent 5 mL; O2 pressure 10 bar; stirring rate 1000 rpm. Au-rGO
b
:GO and 

Au
3+

 reduced by NaBH4,  Cat A: Au-pDA-rGO, .
c,d,e

Au-pDA-rGO catalyst amount 0.01, 0.015 and 

0.03 g respectively 

Hence the deposition of pDA on GO was crucial in controlling the size of the Au 

NPs in the composite. On the other hand, Au-rGO
b
 composite without pDA 
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(synthesized using NaBH4 as reducing agent) afforded only 38% yield of the 

desired product under optimized reaction conditions. TEM image and 

corresponding SAED pattern showed formation of nanocrystaline Au  particles of 

average diameter 7.6 ± 1.6 nm for Au-rGO
b
 composite synthesized by 

simultaneous reduction of GO and Au
3+

 by NaBH4. (Fig. 4.7b and 4.7c). It is well 

known that several other supports such as polyvinyl pyrrolidone (PVP), activated 

carbon and metal oxides such as TiO2 and CeO2 are used for anchoring 

nanoparticles. In order to have a better insight into the catalytic efficacy of Au-

pDA-rGO nanocomposites, we performed the catalytic studies of Au-PVP, Au-C, 

Au-TiO2 and Au-CeO2 nanocomposites in presence of NHPI. Using Au-PVP as a 

catalyst under the standard reaction conditions, the conversion was moderate and 

the selectivity was poor as several other by-products such as diphenylmethanol 

and benzoic acid were observed. Further the nanoparticles were agglomerated 

even after one cycle of reaction. Au NPs stabilized with activated carbon (Au-C) 

could not afford higher yield of the oxidized product. In case of Au-TiO2 or Au-

CeO2 as a catalyst in presence of NHPI, the oxidized products were obtained with 

moderate yield at 60 °C (Table 4.4, entry 18, 19), however, better conversion was 

observed at elevated temperature (Table 4.5). From these studies, it was apparent 

that Au-pDA-rGO  

Table 4.5. Comparison of catalytic activity of different Au catalysts at elevated temperature 

Catalysts Temperature (°C) Conversion (%) Selectivity (%) 

 Au-PVP 80 48 85 

 Au-C 90 35 97 

 Au-TiO2 90 75 92 

 Au-CeO2 100 64 90 

Reaction conditions: 1.0 mmol diphenylmethane, Au catalysts 20 mg (2 wt% Au loading), NHPI 

(10 mol%),CH3CN 5ml,stirring rate 1000 rpm, O2 pressure 10 bar 

exhibited the best catalytic activity when coupled with NHPI resulting in 

successful oxidation of diphenylmethane with 92% conversion and 97% 

selectivity to diphenylketone in 12 h under mild conditions. 

The scope of the oxidation reactions was surveyed using Au-pDA-rGO as a 

catalyst in presence of NHPI to catalyze oxygenations of various hydrocarbons  
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Table 4.6. The Oxidation of benzylic hydrocarbons catalysed by Au-pDA-rGO nanocomposite 
a 

Entry Substrate Product Time (h) Conv. (%) Sel. (%) TOF(h
-1

) 

1   12 92.3 97.4 117 

2   10 80.1 94.3 80 

3   12 85.1 98.7 100 

4   15 89.4 97.6 87 

5   16 95.4 98.4 105 

6   14 87.5 93.4 112 

7   14 94.2 96.8 122 

8    

4 

 

99.5 

80 

 

 

20 

928 

 

 

232 

9   10 90.5 98.8 137 

10   24 60.1 99.6 30 

11   24 4.8 99.3 17.8 

a
Reaction conditions: Substrate (1.0 mmol); Au-pDA-rGO catalyst 0.02 g (2 wt% Au loading); 

NHPI (10 mol%), CH3CN (5 mL); Reaction temperature 60 
o
C; O2 pressure 10 bar; Stirring rate 

= 1000 rpm. TOF (h
-1

) was calculated after 4 h of reaction.
b
 TOF (h

-1
) was calculated after 0.5 h 

of reaction 

under the same conditions except for the reaction time (Table 4.6). In general, the  

C-H bond oxidation of benzylic compounds occurred smoothly under mild 

conditions to give ketone products. For example, Tetralin was oxygenated with 

high conversion and selectivity to tetralone with 85% yield. Indan, fluorene and 

xanthene were oxidized at good conversions (80-90%, Table 4.6 Entry 2, 4, 9). 

Exception was observed in case of 9, 10 dihydroanthracene, where the 

dehydrogenation product was favoured over the oxidation product (Table 4.6, 

entry 8). In case of toluene, the major oxidation product was benzoic acid, 

probably because aldehydes are known to be a radical-initiator for NHPI based 
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oxygenation and is not stable in such radical reactions (Table 4.6, entry 10).
[61-62]

 

The oxidation of cyclohexane was found to be sluggish, resulting in very low 

conversion under similar reaction conditions (Table 4.6, entry 11). 

4.2.4 Conservation of mass and large scale synthesis 

 CO2 formation is a frequently observed phenomenon in aerobic oxidation 

reactions either due to over-oxidation of the reaction mass caused by higher 

temperature or volatile nature of the oxidizable compounds.
[25, 74-78] 

Some of the 

compounds like toluene and cyclohexane due to their volatile nature, give rise to 

difficulties associated with quantification. In such cases determination of 

conservation of mass before and after thereaction is very important.
[76-77, 79]

 

Therefore we evaluated mass balances for the oxidation reaction of toluene and 

cyclohexane.The mass balances were calculated from the weights of reaction 

mixture before and after the reaction based on their conversions and selectivity. 

The mass balances were found to be 100% and no CO2 formation was observed 

in any of the reactions. In order to eliminate any doubt regarding any desiccation 

or mineralization of cyclohexane to CO2 during the aerobic reaction, we 

performed a gram scale oxidation reaction of cyclohexane (Fig. 4.8). With  

 

 

 

 

Figure 4.8. Gram scale oxidation reaction of cyclohexane 

the rest of the compounds also (Table 4.6) we found 100% mass balances and no 

CO2 formation was detected. Moreover, the stability of the pDA layer on the GO 

surface was evaluated by performing a blank reaction with the catalyst only. No 

evolution of CO2 was detected during the reaction as 100% mass balance was 

found from the weight of the reaction before and after the reaction indicating high 

stability of the catalyst under the performed reaction conditions. 
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4.2.5 Initial activity studies 

 For any heterogeneous catalysts, the primary emphasis goes on to its 

stability under the set of conditions of a reaction. Even though we found no 

significant decrement in activity in the catalytic reaction from the yield at final 

stage, we performed the studies regarding the initial activity of the catalyst.
[80] 

A 

temporal profile comparing the extent of deactivation of Au-pDA-rGO and Au-

pDA over four consecutive catalytic cycle is shown (Fig. 4.9). The Au-pDA-rGO 

catalyst was shown to be catalytically stable with minimal deactivation over the 

four catalytic cycles indicating that the catalyst was highly stable under reaction 

conditions whereas Au-pDA underwent severe deactivation upon consecutive 

reaction cycles. Further the possibility of recovering NHPI by column 

chromatography after cycles of reaction make the catalytic system highly 

effective. 

 

 

 

 

 

 

 

Figure 4.9. Percentage deactivation showing the initial activity of catalyst upon reuse; Au-pDA-

rGO (black line) and Au-pDA (dashed line) over three diphenylmethane oxidation recycle test. 

Each reaction was performed under the standard conditions of diphenylmethane oxidation; 

substrate/metal molar ratio 1000; O2 pressure 10 bar; stirring rate 1000 rpm; Reaction 

temperature 60 
o
C; NHPI 10 mol%; Reaction time 4 h 

4.2.6 Recovery and reusability studies  

The Au-pDA-rGO nanocomposite can be easily recovered by simple 

centrifugation followed by repeated washing and drying and then can be reused 

for several cycles without significant loss in activity or selectivity (Fig. 4.10). 
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Without supplementing any fresh catalyst, the reused nanocatalyst afforded high 

conversion of the oxidation reaction with insignificant loss in activity. TEM 

studies of the nanocatalysts recovered after 3rd and 5th cycle of the catalytic  

 

 

 

 

 

 

 

 

 

Figure 4.10. Reusability studies of Au-pDA-rGO nanocomposite on the oxidation of 

diphenylmethane 

reaction showed minor changes in the average particle diameter as well as slight 

agglomeration of the Au NPs (Fig. 4.11). Wrinkling of the rGO was also 

observed on which Au NPs were embedded.  

4.2.7 Leaching test  

In order to have an insight into the nature of active species involved in the 

catalytic reaction, we performed leaching experiment to verify the heterogeneity 

of our catalytic system. No significant metal leaching was observed using Au-

pDA-rGO nanocatalyst during the oxidation reaction of diphenylmethane under 

the optimized reaction conditions. The reaction was stopped after 4 h followed by 

removing the catalyst by centrifugation and then the reaction was continued with 

the supernatant. We observed no further reaction in absence of the catalyst which 

imply that no active metal species were leached during the course of the catalytic 

reaction (Fig. 4.12).
[25]

 To further determine any leaching metal particle during 
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the oxidation reaction, a fraction of the supernatant liquid was analysed by ICP-

AES and the leaching metal was found to be 76 ppb (parts per billion) indicating 

that the leaching was negligible. In the regime of deactivation of the  

 

Figure 4.11. TEM image and corresponding particle size distribution of Au-pDA-rGO a) after 

3rd cycle (scale bar 50 nm) and b) after 5th cycle (scale bar 50 nm) 

nanocomposite upon reuse, possible adsorption of oxidised product on the surface 

of Au NPs blocking the active sites cannot be discounted. 

 

 

 

 

 

 

Figure 4.12. Formation of diphenylketone as a function of time under standard condition (red 

line) and removal of Au-pDA-rGO catalyst after 4 hour (blue line). Standard reaction conditions 
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of diphenylmethane oxidation (Substrate to metal molar ratio 1000; stirring rate 1000rpm, O2 

pressure 10 bar; 60 
o
C, NHPI 10 mol%) were employed in both the cases 

4.2.8 Mechanistic Studies 

 The mechanistic insights into the activation of O2 by Au NPs for 

oxidation reactions have been demonstrated by experimental as well as density 

functional calculations.
[81-86] 

O2 activation takes place on the negatively charged 

Au NP surface through electron transfer from the anionic Au centre to the LUMO 

(π⃰) of O2, generating a superoxide species (•O2‾).[87]
 We believe that a similar 

mechanism takes place in the present catalytic reaction, where electron transfer 

from polydopamine anchored on rGO make Au NP surfaces more negatively 

charged, promoting the formation of superoxide species (Fig. 4.13). 

 

Figure 4.13. O2 activation by pDA-rGO supported Au NPs forming the superoxo species 

 Although the superoxide is capable of reacting directly with the benzylic 

positions of the substrate, the conversion was very low in presence of O2 as the 

single oxidant, possibly due to inertness of the C-H bond. It is well known that 

highly electrophilic radicals such as phthalimide N-oxyl radical (PINO) can 

easily abstract hydrogen atoms.
[61]

 When NHPI was added along with O2, the 

superoxide species abstracts the hydrogen atom from NHPI to form PINO 

radical. PINO then abstracts a hydrogen from the hydrocarbon initiating the 

oxygenation process. NHPI alone cannot afford C-H oxidation as the bond 

dissociation energy of the O-H bond in NHPI is quite high (~88 Kcalmol
-1

).
[88]

 

Thus, the initiation involves a two-step process in which oxygen activation first 

takes place on the surface of Au NPs resulting in superoxo-Au species and then 

subsequent hydrogen abstraction from NHPI resulting in the radical chain 

promoter PINO. Once PINO is formed the autoxidation can proceed further by 

the chain propagating steps (Fig. 4.14). In order to ascertain the role of 

polydopamine in the catalytic process, we performed the oxidation reaction under  
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Figure 4.14. Plausible mechanistic cycle for oxidation of benzylic hydrocarbons by the Au-pDA-

rGO/NHPI system 

similar reaction conditions using another Au-rGO composite devoid of 

polydopamine (Au-rGO
b
), which was formed by simultaneous reduction of 

HAuCl4 and GO using NaBH4 as reducing agent. We obtained substantially 

lesser conversion using the Au-rGO
b
 composite (Table 4.4, entry 1). Again, Au-

pDA nanocomposite without rGO afforded much lesser conversion (Table 4.4, 

entry 20), showing that all the constituents in the nanocomposite, i.e. Au NPs, 

pDA and rGO induced cooperativity in enhancing the catalytic activity. 

 In contemplation of having a proper understanding of the electronic 

structure of the Au NPs in the composite, we performed X-ray photoelectron 

spectroscopy (XPS) measurements of Au-rGO
b
, Au-pDA and Au-pDA-rGO 

nanocomposites. Fig. 4.15 shows XPS signature of the Au4f doublet (Au4f7/2 and 

Au4f5/2) for the supported Au NP systems. For Au-rGO
b
, Au peaks appeared at 

83.9 eV and 87.5 eV, shifted to lower B.Es compared to the corresponding peaks 

for metallic Au
o
 at 84.0 eV and 87.7 eV.

[89-94] 
In case of Au-pDA composites, the 

Au4f7/2 and Au4f5/2 peaks further shifted to lower B. E.s (83.6 and 87.3 eV 

respectively). Approximately similar binding energy for Au4f doublets were 

obtained for Au-pDA-rGO composite. The results suggest definite electron 

transfer from the support to Au NP, making the NP surface more negatively 

charged and favorable for oxygen activation. The higher catalytic activity of the  
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Figure 4.15. Comparative Au4f core-level XPS study of a) Au-rGO
b
;  b) Au-pDA and c) Au-pDA-

rGO 

Au-pDA-rGO composite compared to polymer coated Au NPs such as Au-PVP 

or Au-pDA could be due to the improved surface exposure of Au NPs embedded 

on 2-dimensional exfoliated rGO sheets. This ensures more accessibility of 

reactant molecules to the catalytically active site compared to 3-dimensional 

surface coating of Au NPs by polymer layers. Further high π-electron density on 

rGO surfaces might influence the approach of the reactant molecules to the active 

Au NP catalysts through hydrophobic interactions. Hence, a complex scenario 

involving different effects might contribute to the enhanced activity and 

selectivity of Au-pDA-rGO nanocomposites for C-H oxidation reactions. 

 Performing the oxidation reaction in dimethylsulphoxide (DMSO), a well-

known free-radical scavenger, we found no intriguing oxidation proving the 

radical nature of the reaction pathway (Table 4.4, entry 15). Further evidences for 

free radicals were obtained by performing the reaction in presence of TEMPO 

(2,2,6,6-tetramethyl-1-piperidinyloxy) where no product formation was 

observed,
[95] 

rather the complex [Tempo-hydrocarbon] was detected by the mass 

spectrometry (Fig. 4.16). To further validate that the reaction mechanism 

involves free radicals, a control experiment was carried out with 2,2-diphenyl-1-

picrylhydrazyl (DPPH). DPPH has strong absorption band centered at 520 nm for 

which it shows deep violet color in solution. DPPH is used as an indicator for the 

presence of free radicals as its violet color changes to pale yellow.  In our case, 
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an aliquot of the reaction in presence of Au-pDA-rGO was taken and decrement 

of absorbance of 2,2-diphenyl-1-picrylhydrazyl (DPPH) was measured. It was 

observed that the violet colour of DPPH completely disappeared suggesting the 

generation of free radicals during the reaction which formed an adduct with  

 

Figure 4.16. High resolution mass spectra of the Diphenylmethyl-TEMPO adduct 

DPPH (Fig. 4.17).
[96-98] 

In a negative control experiment, no change in DPPH 

absorbance was observed when a small amount of reaction mixture without Au-

pDA-rGO was added. 

 

Figure 4.17. UV-Visible spectrum of DPPH and DPPH-radical adduct (inset digital images of 

the two solutions respectively) 
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 In order to confirm the involvement of free radicals in the mechanism, we 

employed a spin trapping electron paramagnetic resonance technique using 5,5-

dimethyl-1-pyrroline N-oxide (DMPO) as the spin trapping probe to detect the 

superoxide (•O2‾) radical formed over Au surface during the reaction. We found 

that in presence of catalyst, EPR signal shows characteristic fingerprint of spin 

adducts due to superoxide radical (•O2‾). In a controlled study without any 

catalyst, spin signal due to oxygen radical showed very low intensity (Fig. 

4.18).
[99-101] 

 

 

 

 

 

 

 

Figure 4.18. DMPO trapped EPR spectra with or without Au-pDA-rGO. DMPO binds with 

superoxide radicals (•O2‾) formed on Au NP surface 

4.3 Conclusion 

 In conclusion, a smart nanocomposite comprising of Au nanoparticles 

anchored on polydopamine coated graphene oxide surface could function as a 

catalyst for the benzylic C-H oxidation with high efficiency and selectivity in 

presence of N-hydroxyphthalimide under mild reaction conditions. The 

monometallic Au nanocomposite along with NHPI could lead to the desired 

oxidation products under mild and neutral reaction conditions through a free 

radical mechanism involving diacylnitroxyl radicals such as PINO. 

Polydopamine and graphene surface not only played a crucial role in the 

generation and stabilization of active nanoparticle catalysts, but also was 

influential in activating the reaction by promoting generation of superoxo species 

on the nanoparticle surface. The high activity of the nanocomposites could be 
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attributed to the high access of reactants to the catalytically active nanoparticle 

surface decorated on the two-dimensional nanosheets. Furthermore, easy 

separation and excellent reusability without significant loss of activity over 

several iterations could propel Au-pDA-rGO composite as excellent 

heterogeneous catalyst for important organic transformations involving direct C-

H functionalization. 

4.4 Experimental Section 

4.4.1 Materials 

 Graphite powder, dopamine hydrochloride, N-hydroxyphthalimide and 

hydrogen tetrachloroaurate (III) hydrate were purchased from Sigma Aldrich. 

NaNO3, H2O2, KMnO4 and concentrated H2SO4 were from Merck India. All 

other chemicals were purchased from Sigma Aldrich or Alfa Aesar and used 

without further purification. We used Millipore water (ultrapure level) throughout 

the experiments. 

4.4.2 Instrumentation and characterization 

 The powder XRD measurements were carried out using a Bruker D8 

Advance X-ray diffractometer with Cu Kα source (wavelength of X-ray was 

0.154 nm). TEM images were obtained using JEOL-JEM-2100 microscope 

operated at 200 kV. Atomic force microscopy was carried out using a AIST-NT 

instrument (model SMART SPM 10000, Tapping mode), the samples were 

prepared by drop casting a DMF suspension on mica. UV-visible measurements 

were performed using a Varian Cary 100 Bio Spectrophotometer. FTIR spectra 

were recorded in KBr pellet using a Bruker Tensor 27 instrument. Raman spectra 

were recorded on an Integrated Raman system from Jobin Yvon Horiba 

LABRAM-HR visible with a 632.8 nm He–Ne laser beam. XPS spectra were 

recorded using an ESCA instrument: VSW of UK make. EPR measurements 

were done using JEOL spectrometer (Model: JES-FA200).
1
H and 

13
C NMR 

spectra were recorded on a Bruker Advance (III) 400 MHz and 100 MHZ 

spectrometerrespectively. Data for 
1H NMR are reported as a chemical shift (δ 

ppm),multiplicity (s = singlet. d = doublet, t = triplet, m = multiplet), coupling 

constant J (Hz), integration, and assignment, data for 
13

C are reported as a 
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chemical shift. ICP-AES measurements were performed using a Spectro 

analytical simultaneous ICP spectrometer (model ARCOS). 

4.4.3 Synthesis of graphene oxide 

 Graphite powder was converted into graphite oxide by the modified 

Hummer’s procedure.  In a typical synthesis, graphite powder (3.0 g) was added 

to 70 mL concentrated H2SO4 in presence of 1.5 g of NaNO3. The mixture was 

stirred for 1 h at ambient temperature. The container was cooled in an ice-bath 

and 9.0 g KMnO4 was added slowly while stirring vigorously in a magnetic 

stirrer. The mixture was allowed to warm up naturally to ambient temperature. 

Double-distilled water (140 mL) was added slowly and carefully. This is a highly 

exothermic reaction and precautions are desirable. After the reaction temperature 

subsided to ambient conditions, another aliquot of 400 mL of distilled water was 

added to the mixture. Subsequently, 5.0 mL of 30% H2O2 was added and the 

color of the suspension changed from light yellow to brown, indicating oxidation 

of graphite to graphite oxide. The product was separated by centrifugation, 

washed with warm water and ethanol several times and vacuum dried. The 

graphite oxide was transferred into double-distilled water and sonicated for 3 h, 

during which graphite oxide was exfoliated to graphene oxide (GO). 

4.4.4 Synthesis of Au-pDA-rGO nanocomposite 

 100 mg of graphene oxide was added to 320 mL of water and the 

suspension was dispersed by sonication for 1 h. The color of the mixture turns 

brown on sonication. 100 mg of dopamine hydrochloride was added to the 

mixture and stirred for another 2 h. Then, the mixture was refluxed vigorously at 

100 
o
C for 12 h. The brown colored solution turns into black, signifying the 

formation of reduced graphene oxide. The mixture was centrifuged and washed 

with water for several times. Finally the precipitate was dispersed in water and 

dialyzed against water for 12 h to remove unreacted dopamine. Then the purified 

solution was transferred to a 500 mL round bottom flask and mixed with 1 mL of 

0.023 M HAuCl4 solution. The mixture was stirred at room temperature for 2 h. 

After reaction, the resulting Au NPs-deposited on polydopamine coated reduced 
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graphene oxide surfaces was separated from the suspension by centrifugation and 

washed with water for 3 times. 

4.4.5 Synthesis of Au-rGO composite (Au-rGO
b
) 

 Au-rGO composites were prepared by simultaneous reduction of HAuCl4 

and GO using NaBH4. 0.077 g AuCl3 was dissolved in 100 mL double-distilled 

water and 50 mg GO was added. The contents were sonicated for 15 min, and 

then 20 mL Na2CO3 solution (5 wt%) was added drop wise while stirring the 

contents. 0.6 g NaBH4 was added to reduce both GO and Au
3+

 simultaneously 

while stirring the contents by a magnetic stirrer. The contents were kept at 80 °C 

and stirred for 1 h. The product of Au decorated RGO was separated by 

centrifugation, washed with double distilled water and ethanol, and dried at 60 °C 

for 12 h. Au loading in the composite was found to be 2.2wt% as measured by 

ICP-AES spectroscopy. 

4.4.6 Synthesis of other Au catalysts 

 All the nanocatalysts Au-PVP, Au-CeO2, Au-TiO2 and Au-C were 

synthesized following reported procedures.
[102-103]

 Au loading in all these 

nanocatalysts were calculated by ICP-AES analysis. 

4.4.6.1 Synthesis of Au-TiO2 and Au-CeO2 

 Au-TiO2 and Au-CeO2 were synthesized by a deposition-precipitation 

method. Typically, an aqueous solution of HAuCl4.3H2O (1.4 ml of 30 of mM 

solution) was adjusted to pH 10 with 1 M NaOH solution. Subsequently, 300 mg 

of the support (TiO2 or CeO2) was dispersed into the Au solution with rigorous 

stirring for 6h and the resulting powder was recovered by filtration, washed with 

water and dried at 40 °C under vacuum. Reduction of the Au ions was carried out 

by suspending the powder in 5 ml of ethanol followed by dropwise addition of 1 

ml of 0.3 M NaBH4 solution. The catalysts were then washed with water and 

ethanol and dried under vacuum. ICP-AES analysis of the catalysts showed 1.96 

wt% and 1.82 wt% Au loading for Au-TiO2 and Au-CeO2 respectively. 
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4.4.6.2 Synthesis of Au-C 

 Activated carbon(300 mg) was stirred in deionised water (300 ml) for 15 

min.To it an aqueous solution of 1.4 ml of 30 mM HAuCl4 was added slowly 

over a period of 30 min. The slurry was then refluxed for 30 min, cooled and 

reduced with formaldehyde over a period of 30 min. Again, the slurry was 

refluxed for 30 min. Then, the mixture was cooled and the catalyst was recovered 

by filtration and washed with water untill the washings contained no chloride. 

The catalyst was dried for 16 h at 106 °C. (Au loading = 2.1 wt%). 

4.4.6.3 Synthesis of Au-PVP 

 333 mg PVP was dissolved in 20 ml deionised water with stirring at room 

temperature. 1 ml 30 mM HAuCl4 was added to the aqueous solution. Then a 

freshly prepared NaBH4 solution (5ml, 100 mM) was added to get the PVP 

stabilized Au nanoparticles. The nanoparticles were then dialyzed for 

purification. 

4.4.7 Aerobic sp
3
 C-H bond oxidation 

  

 

 In a typical oxidation reaction, 1.0 mmol of substrate, 10mol% NHPI and 

Au-pDA-rGO nanocatalysts with 2 wt% Au loading were used in a round bottom 

flask containing 5ml acetonitrile. The reaction was performed at 60 
o
C in an oil 

bath under magnetic stirring in presence of oxygen atmosphere. The progress of 

the reaction was monitored by TLC. After completion of the reaction, the 

resulting mixture was extracted with ethyl acetate (3x 20 ml) and successively 

washed with water (1x 15 ml). The organic solution was dried over anhydrous 

sodium sulphate and evaporation of the solvent on a rotary evaporator gave a 

residue that was purified on silica gel column chromatography (100-200 mesh) 

using hexane and ethyl acetate as eluent. 
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4.4.8 Characterization data 

 

Benzophenone:
105

 White solid; m.p. 47-50 °C; 
1
H NMR (400 MHz, CDCl3) δ 

7.82(m, 4H), 7.59(m,2H), 7.49(m, 4H);
13

C NMR (100 MHz, CDCl3) δ 196.7, 

137.6, 132.4, 130.0, 128.2. 

 

Indan-1-one:
62

 Light Yellow Oil; m.p. 37-41 °C;
 1

H NMR (400 MHz, CDCl3) δ 

7.77(d, J = 8 Hz, 1H), 7.59 (t, J = 2 Hz, 1H), 7.48 (d, J = 8 Hz, 1H), 7.37 (t, J = 8 

Hz, 1H), 3.15(t, J = 6 Hz, 2H), 2.70 (t, J = 6 Hz, 2H); 
13

C NMR (100 MHz, 

CDCl3) δ 207.14, 155.19, 137.12, 134.63, 127.32,126.73, 123.77, 36.26, 25.84. 

 

3,4-Dihydro-2H-naphthalen-1-one:
62

 Light yellow oil;
1
H NMR (400 MHz, 

CDCl3) δ 8.03(dd, J = 7.9, 1.2 Hz, 1H), 7.46 (dt, J = 7.53, 1.49 Hz, 1H), 7.31-

7.23 (m, 2H), 2.96 (t, J = 6 Hz, 2H ), 2.65 (t, J = 6 Hz, 2H), 2.13 (quintet, J = 6 

Hz, 2H) ; 
13

C NMR (100 MHz, CDCl3) δ 198.4, 144.5, 133.4, 132.6, 128.7, 

127.1, 126.6, 39.2, 29.7, 23.3. 

 



Chapter 4 

 

208 

 

9H- flouren-9-one:
104

 white solid; m.p. 82-84 °C;
 1

H NMR (400 MHz, CDCl3) δ 

7.66 (d, J = 7 Hz, 1H), 7.52 (d, J = 7 Hz, 1H), 7.47 (dt, J = 1.24 Hz, 1H) 7.29 (dt, 

J =  7 ,1.5 Hz, 1H );  
13

C NMR (100 MHz, CDCl3) δ 193.9, 144.4, 134.7, 134.1, 

129.1, 124.3, 120.3. 

 

1,1
/
-(1,4-phenylene)diethanone:

105
 White solid; m.p. 111-114 °C;

 1
H NMR (400 

MHz, CDCl3) δ 8.03(s, 4H), 2.65 (s, 6H), 13
C NMR (100 MHz, CDCl3) δ 197.5, 

140.1, 128.5, 26.9. 

 

1-(naphthalene-2-yl)ethanone:
104

 Yellow solid; m.p. 50-54 °C;
 1

H NMR (400 

MHz, CDCl3) δ 8.47(s, 1H), 8.03 (dd, J = 8.6,1.8 Hz, 1H), 7.97(d, J = 8 Hz, 1H), 

7.87-7.91(m, 2H), 7.54-7.63(m, 2H);  
13

C NMR (100 MHz, CDCl3) δ 198.1, 

135.6, 134.5, 132.5, 130.2, 129.5, 128.5, 128.4, 126.8, 123.9, 26.7. 

 

1-(4-methoxyphenyl)ethanone:
104

 Pale yellow solid; m.p. 38-40 °C;
 1

H NMR 

(400 MHz, CDCl3) δ 7.94(d, J = 8 Hz, 2H), 6.93(d, J = 8 Hz, 2H), 3.87(s, 3H), 

2.55(s, 3H); 
13

C NMR (100 MHz, CDCl3) δ 196.8, 163.5, 130.6, 130.3, 113.7, 

55.4, 26.3. 
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Anthracene:
104

 White solid; m.p. 212-216 °C;
 1

H NMR (400 MHz, CDCl3) 

δ8.44(s, 2H), 8.02(dd, J = 6.5, 3.5 Hz, 4H), 7.46(dd, J = 6.5, 3.5 Hz, 4H); 
13

C 

NMR (100 MHz,CDCl3) δ 131.7, 128.1, 126.2, 125.3. 

 

Anthracene-9,10-dione:
104

 Yellow solid; m.p. 285-289 °C;
 1

H NMR(400 MHz, 

CDCl3) δ 8.32(dd, J = 5.8, 3.5 Hz, 4H), 7.8(dd, J = 5.8, 3.5 Hz, 4H); 
13

C NMR 

(100 MHz, CDCl3) δ 183.1, 134.1, 133.5, 127.2. 

 

9H-xanthen-9-one:
104

 White solid; m.p. 172-176 °C;
 1

H NMR (400 MHz, 

CDCl3) δ 8.35(dd, J = 8, 1.6 Hz, 2H), 7.73(dt, J = 8.5, 1.8 Hz, 2H), 7.5(d, J = 8.5 

Hz, 2H), 7.38(t, J = 8 Hz, 2H); 
13

C NMR (100 MHz, CDCl3) δ 177.2, 156.2, 

134.8, 126.7, 123.9, 121.9, 118.0. 

 

Benzoic acid: White solid; m.p. 120-123 °C;
 1

H NMR (400 MHz, CDCl3) δ 

8.13(m,2H), 7.63(m, 1H), 7.49(m, 2H);
13

C NMR(100 MHz, CDCl3) δ 172.3, 

134.1, 130.5, 129.6, 128.8. 
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5.1 Introduction 

Homogeneous catalysts involving transition metals such as Au, Ru, Pd, Fe etc. 

have gained tremendous interest owing to their ability to trigger excellent activity 

and selectivity of catalytic reactions.[1-7] However, most of the industrial 

processes prefer the use of heterogeneous catalysts due to their inbuilt simplicity 

of recovery and further reuse.[8] Amidation of C(sp3)-H bonds is very important 

in organic synthesis since the N containing compounds, primarily N-heterocycles, 

have potential importance in natural products, advanced materials, crop 

protecting agents, and pharmaceuticals. Among the N-heterocycles, 

quinazolinones are key units in a wide range of relevant pharmacophores with a 

broad spectrum of activities such as anticancer, antiviral, anti-inflammatory, as 

well as anti-microbial activity.[9-18] Due to its utmost prevalence, several synthetic 

methodologies have been developed towards quinazolinone derivatives making 

them more and more flippant. Some quinazolinones were synthesized by 

coupling halobenzoic acid with different ammonia sources including amides,[13] 

amino acids,[12] amidines,[10] benzylamines[11] etc. But the method suffered 

several disadvantages as it involved use of excessive amounts of bases and 

formation of salt wastes. The classical method of quinazolinones synthesis 

involves condensation of aldehydes and 2-aminobenzamides giving aminal 

intermediates followed by their oxidation to quinazolinones.[14-18] However use of 

hazardous oxidants such as KMnO4, CuCl, 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone (DDQ) and chemically unstable aldehydes limits the use of this 

method.[14-18] Recent advancement in catalytic methods involve use of alcohol as 

the starting material which happens to be more benign and readily available than 

aldehydes.[19] The reaction takes place through one pot two step oxidation 

pathway, where alcohols are first oxidised to aldehydes followed by coupling 

with 2-aminobenzamides forming the aminal derivatives and their oxidation to 

the final compound quinazolinone. Various heterogeneous and homogeneous 

systems including ZnI2,
[20] homogeneous Ru and Pd catalysts,[21-22] heterogeneous 

Pt nanoclusters,[23] [Cp*IrCl2]2
[24] catalyst have been developed for successful 

synthesis of quinazolinones. However, to avoid use of high catalysts loading, 

excessive ligand based catalyst, toxic additives and formation of hazardous 

reaction byproducts, there remains a scope for the development of easy, reusable, 
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low cost, environmental friendly catalytic system (Scheme 5.1) towards the 

formation of quinazolinones. 

 

Scheme 5.1. One-pot synthesis of quinazolinones with alcohols and 2-aminobenzamides as the 

starting materials 

 In recent years, focus has been shifted towards nanoparticle (NP) based 

heterogeneous catalytic systems as effective catalysts for various organic 

transformations following green chemistry protocols.[5-7, 25-28] Transition metal 

oxides have widely been used as catalysts for several important organic 

reactions.[6, 29-35] However, their wider applications have been impeded by two 

important parameters viz. recovery issue and maintaining the particle dimension 

after repeated use. Recently, nanocrystalline manganese oxides has been used as 

excellent catalyst towards the synthesis of quinazolinone in presence of tert-

butylhydroperoxide (TBHP).[36] However, the reactions were carried out using 

chlorobenzene as a solvent. Therefore, exploration of metal oxide nanocatalytic 

systems for the synthesis of this important class of materials in aqueous medium 

is of great significance for industrial applications. Iron oxide nanoparticles have 

been used as catalyst for organic transformations as well as a support for 

anchoring other active metal catalysts.[5-7, 25, 37-38] These quasi-homogeneous 

catalysts possess numerous benefits such as ease of isolation and separation from 

the desired reaction mixtures using an external magnet resulting in excellent 

recyclability and thus led to a dramatic expansion of their potential applications 

in environmentally-friendly and sustainable catalytic processes. Further, the 

stability of the nanocatalytic systems under the reaction conditions in an 

important parameter as agglomeration during the catalytic reactions might 
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significantly influence the catalytic activity due to decreased surface area. Further 

the cooperativity of the stabilizing ligands in enhancing the catalytic performance 

of the active catalytic sites for various organic transformations has been studied. 

 Carbon nanodots (CNDs) have emerged as an alternative to the 

semiconducting quantum dots due to their intrinsic emission properties that can 

be tuned by changing surface functionalities. Due to their natural abundance, 

nontoxicity, biocompatibility and photo stability, these tiny carbon nanomaterials 

have drawn immense attention in the area of biosensing, bio imaging and opto-

electronic applications.[39-47] The presence of surface functional groups such as 

carboxylic and hydroxyl groups not only confer CNDs excellent water solubility 

and biocompatibility, but also as a support for stabilizing metal and metal oxide 

nanoparticles through self-assembled monolayer principles.[45, 48-51] CNDs can 

also function as reducing agents for the synthesis of metal nanoparticles such as 

Pd, that showed high efficiency for C-C coupling reactions. [50] CNDs are known 

to demonstrate excellent peroxidase activities in presence of H2O2.
[52] Therefore, 

we envisioned that CND stabilized iron oxide NPs could efficiently catalyze the 

synthesis of quinazolinones from alcohols as starting materials in aqueous 

medium providing a green pathway for the development of these important class 

of materials. In our exploration using CND stabilized Fe3O4 nanoparticles 

(Fe3O4-CND) as catalyst and TBHP as oxidant, we observed that the catalyst can 

be used for the dehydrogenation of both C–H and N–H bond in a one-pot 

protocol, and thus realizing the direct oxidative cyclization of 2-

aminobenzamides with alcohols. A wide range of quinazolinones are synthesized 

with 69-94% yields. Further, easy recovery and good activity over repeated 

cycles make the Fe3O4-CND composite as efficient catalysts for one-pot tandem 

reactions. 

5.2 Results and Discussion 

5.2.1 Synthesis of CND and CND stabilized (Fe3O4) NPs (Fe3O4-

CNDs) 

The CNDs were synthesized by microwave treatment of polyethylene glycol -

200(PEG-200) according to a previously reported protocol.[53] 15 mL of PEG-200 
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was treated with microwave irradiation in a domestic microwave oven that 

resulted in a brown dispersion of CNDs. The dialyzed CNDs free from PEG were 

used directly as stabilizers for iron oxide nanoparticles. Iron oxide NPs were 

synthesized by the co-precipitation method using FeCl3 and FeSO4 salts. In a 

typical synthesis, two iron salts (Fe3+:Fe2+) were added in 2:1 ratio in an aqueous 

solution containing CNDs in a 3-neck flask. The reaction mixture was vigorously 

stirred at 60 °C under inert atmosphere and 10 mL 2.5 M NaOH solution was 

added. The in situ synthesized Fe3O4 NPs were stabilized by the CNDs present in 

the solution. The catalyst was purified by centrifugation with repeated washing 

using water and ethanol to remove unbound CNDs followed by drying under 

vacuum. Bare and citrate stabilized Fe3O4 nanoparticles were synthesized by 

following the co-precipitation method in presence of no stabilizer and Na-citrate 

respectively. The synthesized Fe3O4-CND nanocomposite was characterized by 

different spectroscopic and microscopic techniques. 

5.2.2 Characterization of Fe3O4-CND composite 

The powder X-ray diffraction (PXRD) patterns of the synthesized CNDs and 

Fe3O4-CNDs were measured (Fig. 5.1a). A broad peak at 2=23°, corresponding 

d spacing of 3.8 Å, signified the presence of CNDs in the nanocomposite. 

Further, peaks at 2= 30.17, 35.46, 43.38, 53.69, 57.23 and 62.77° correspond to 

(220), (311), (400), (422), (511) and (440) planes for Fe3O4 NPs.[51] 

To have a better understanding of the interaction between CNDs and Fe3O4 NPs, 

we studied photoluminescence (PL) properties of CNDs and Fe3O4-CNDs. 

Similar to the CNDs synthesized from β-carotene as described in chapter 3, 

CNDs synthesized from PEG-200 also showed excitation dependent emission 

properties with maximum emission at 490 nm when excited at 375 nm. However, 

upon interaction with the Fe3O4 NPs, the emission owing to CNDs quenched 

significantly, suggesting that CNDs acted as effective stabilizers for Fe3O4 NPs. 

It is well known that CNDs show high fluorescence detection selectivity for Fe3+ 

ions, due to fast electron transfer between Fe3+ and CNDs surface passivated with 

oxygen rich groups. The high binding affinity of Fe3+ groups towards the electron 

rich –CO2H and –OH groups results in transfer of excited electrons on CNDs to 

the unfilled orbital of Fe3+. The resulting non-radiative electron/hole  
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Figure 5.1. a) Powder X-ray diffraction pattern of Fe3O4-CND composite, b) and c) Emission 

spectra and FTIR spectra for CNDs and Fe3O4-CND respectively 

recombination directly leads to fluorescence quenching of CNDs.[54] In case of 

Fe3O4-CND composite also, the electron transfer from the CNDs to the surface 

Fe3+ groups results in effective quenching of the CND emission (Fig. 5.1b). 

Further evidence for the CND binding to the iron oxide surface was obtained 

from FTIR studies. The peak intensity of the oxygenated functional groups of 

CNDs such as –C=O and C-O-C (~ 1703 cm-1 and 1101 cm-1) were decreased 

significantly in the Fe3O4-CND composite indicating the involvement of these 

groups in Fe3O4 surface stabilization. In addition, a new peak at ~ 594 cm-1 

corresponding to Fe-O stretching was also observed (Fig. 5.1c).[55]   

We further performed X-ray photoelectron spectroscopy (XPS) measurements of 

the synthesized nanocomposite. The wide scan XPS spectrum of Fe3O4-CND 

composite shows that the photoelectron lines at binding energies (BEs) of about 

284.6, 530.7 and 710.7-724.6 eV are attributed to C 1s, O 1s, and Fe 2p, 

respectively (Fig. 5.2a). XPS signals appeared at BEs 710.7 and 724.6 eV 

corresponding to Fe2p3/2 and Fe2p1/2 levels are characteristic peaks for Fe3O4  
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Figure 5.2. a) Wide scan XPS spectrum of Fe3O4-CND, b) Fe2p, c) C1s and d) O1s core level 

XPS spectrum of Fe3O4-CND 

nanoparticles (Fig. 5.2b). The C1s core level spectrum of Fe3O4-CND composite 

was fitted into four components with BEs at about 284.8, 286.2, 287.9 and 289.0 

eV which correspond to non-oxygenated carbon in C-C, epoxy carbon in C-O, 

carbonyl carbon in C=O and carboxyl carbon in O-C=O respectively (Fig. 

5.2c).[56-57] O1s core level spectrum of Fe3O4-CND composite was fitted into 

three components with BEs at about 530.7, 532.2 and 533.2 which correspond to 

anionic oxygen in Fe3O4, carbonyl oxygen in C=O and alkoxy oxygen in C-O 

(Fig. 5.2d).[58] 

Transmission electron microscope (TEM) image confirmed the formation of 

uniform spherical Fe3O4 NPs with average diameter of 7 nm (Fig. 5.3a). High 

resolution transmission electron microscope (HRTEM) image clearly showed the 

formation of a low-contrast CND layer ca. 2.5 nm surrounding Fe3O4 NP. The 

formation of a continuous layer of CNDs on the Fe3O4 NP surface showed the 

highly dense monolayer formation of CNDs. Selected area electron diffraction  

a) b)

c) d)

282 284 286 288 290 292

 

 

In
te

ns
ity

 (
a.

u.
)

Binding Energy (eV)

RawFitting

C-C

C-O
C=O

O-C=O

530 532 534 536

 

  

Binding energy (eV)

In
te

ns
ity

 (
a.

u.
)

Fe-O

C=O

C-OFi
tti

ng

Raw

200 400 600

 

 
In

te
ns

ity
 (

a.
u.

)

C 1S

O 1S
Fe 2p

Binding Energy (eV)
705 710 715 720 725 730 735 740

 

 

In
te

ns
ity

 (
a.

u.
)

Binding Energy (eV)

Fe2p3/2

Fe2p1/2



Chapter 5 

 

239 

 

 

 

Figure 5.3. a) TEM image of Fe3O4-CND with scale bar 20 nm (inset a: high resolution TEM 

image), b) SAED pattern, c) SEM image and d), e), f) elemental mapping of Fe3O4-CND 

representing Fe, O and C respectively (inset f: EDS spectrum)  

pattern showed high crystalinity of the composite (Fig. 5.3b). Scanning electron 

microscope (SEM) image of the Fe3O4-CND composite revealed the formation of 

spherical Fe3O4 NPs surrounded by CND layer on their surface (Fig. 5.3c). The 

energy-dispersive spectrum (EDS) obtained from SEM confirmed the presence of 

Fe, C and O species in the composite material (Fig. 5.3d, e, f). 

 

 

 

 

 

 

 

Figure 5.4. Magnetization curve for CND stabilized iron oxide nanoparticles 
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We further studied magnetic susceptibility measurement of Fe3O4-CND 

composite (Fig. 5.4). Interestingly we observed decrease in the magnetization 

value (48.6 emu/g) of Fe3O4 NPs in Fe3O4-CND composite compared to that of 

earlier reported bare Fe3O4 NPs (64 emu/g).[51] This indicated that the Fe3O4 NPs 

surface has been modified with CND layer. Moreover, zero coercivity remanence 

on the magnetization loop, and the absence of a hysteresis loop suggested the 

superparamagnetic behaviour of Fe3O4-CND composite. 

5.2.3 Catalytic activity of Fe3O4-CND composite towards the 

formation of quinazolinones 

The initial studies were carried out by performing the reaction of benzyl alcohol 

(1a) and 2-aminobenzamide (2a) in presence of Fe3O4-CND using molecular 

oxygen as the terminal oxidant in aqueous medium (Scheme 5.2) for 12 hours. 

We observed poor conversion of the reaction with dihydroquinazolinone as the 

major product. On the other hand, when we replaced molecular oxygen with an 

external oxidant TBHP, we observed quinazolinone as the major product with 

high conversion. Using only TBHP (in absence of catalyst) again resulted in 

quinazolinone as the major product, however, with lower conversion (25% yield). 

 

Scheme 5.2. C-H amidation leading to dihydroquinazolinone and quinazolinone 

These results prompted us to further explore the activity of Fe3O4-CND at 

varying reaction parameters toward one-pot synthesis of quinazolinone using 

alcohol as the starting material. Benzyl alcohol (1a) with 2-aminobenzamide (2a) 

was selected as the model substrate to test the tandem reaction (Table 5.1). In a 

controlled reaction, with only nanocatalyst at room temperature in aqueous 

medium, the reaction resulted only with the starting materials with no product 

formation (Table 5.1, entry 1). However, increasing the reaction temperature to 

90 °C using molecular oxygen as the terminal oxidant resulted in the  
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Table 5.1. Oxidative coupling of (1a) and (2a) under various conditions
a 

 

entry catalyst (wt%) solvent additive (eq.) temp. (°C) yieldb (%) 

1 Fe3O4-CND (10) H2O - r.t nr 

2 Fe3O4-CND (10) H2O - 50 trace 

3 Fe3O4-CND (10) H2O - 90 5 

4 Fe3O4-CND (10) H2O TBHP (1) 90 62 

5 Fe3O4-CND (10) H2O TBHP (2) 90 94 

6 Fe3O4-CND (10) CH3CN H2O2 (2) 90 trace 

7 Fe3O4-CND (5) H2O TBHP (2) 90 65 

8 Fe3O4-CND (15) H2O TBHP (2) 90 91 

9 - H2O TBHP (2) 90 25 

10 Fe3O4-CND (10) CH3CN TBHP (2) 90 46 

11 Fe3O4-CND (10) Toluene TBHP (2) 90 95 

12 Fe3O4-CND (10) Ethanol TBHP (2) 90 65 

13 Fe3O4-CND (10) H2O TBHP (4) 90 64 

14 Fe3O4 (10) H2O TBHP (4) 90 57 

15 Fe3O4-Citrate (10) H2O TBHP (2) 90 68 

16 Fe3O4-CND (10) H2O K2CO3 (2) 90 trace 
a
Reaction conditions: 1a (1.5 mmol), 2a (0.5 mmol), catalyst 5-15 wt%, additives 1-4 equiv. and 

solvent 2mL, 16 hr, 
b
 yields of isolated product 

quinazolinone product with 5% yield. Use of H2O2 as the oxidant resulted in trace 

amount of quinazolinone formation. On the other hand, using TBHP (2 equiv.) as 

the oxidant instead of molecular oxygen or H2O2 resulted in significant 

enhancement in the reaction rate and resulted in 94% of quinazolinone (Table 

5.1, entry 5). Reactions with variable catalyst loading showed that 10 wt% of 

Fe3O4-CND nanocatalyst to be optimal for the reaction. When the reaction was 

performed in absence of the catalyst using TBHP as the oxidant, 25% of the 

product was obtained indicating importance of both Fe3O4-CND and TBHP in the 

catalytic reaction (Table 5.1, entry 9). Among the solvents screened, using 
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toluene gave excellent yield of the desired product. However, we preferred water 

as the solvent for all our studies as it also resulted in 94% of the product. Increase 

in the amount of TBHP to 4 equivalents had detrimental effect on the reaction as 

lower yield of the product was obtained (Table 5.1, entry 13). Further use of bare 

Fe3O4 NPs as the catalyst resulted only in 54% yield of the product (Table 5.1, 

entry 14). This can be attributed to the stability of the NPs as they are expected to 

agglomerate without any stabilizing agents under thermal reaction conditions. 

Further, citrate stabilized Fe3O4 NPs resulted in 68% yield of quinazolinone 

under similar reaction conditions (Table 5.1, entry 15). Since inorganic bases 

play an important role in alcohol oxidation reactions, we also tested the reaction 

with inorganic base such as K2CO3. However, K2CO3 was found to be ineffective 

for the reaction and resulted only in trace formation of the product (Table 5.1, 

entry 16). After all these studies, the optimal reaction condition was found to be 

when the reaction was carried out using 10 wt% Fe3O4-CND catalyst in presence 

of TBHP as the oxidant at 90 °C for 16 hours in aqueous medium. 

Having the optimized reaction conditions in hand, we evaluated the substrate 

scope for the reaction. Various primary alcohols were used as substrates to react 

with 2-aminobenzamide (2a), and the results are summarized in table 5.2. A wide 

range of quinazolinones could be synthesized with good to excellent yields under 

the present reaction condition. Both electronically activating and deactivating 

substituents (-CH3, -OCH3 and –NO2) in the phenyl ring were found to have 

minor effect in the reaction and could be coupled easily with 2-aminobenzamide 

to give the corresponding quinazolinones in 76-82% yields (entry 3ea, 3ia and 

3ja, table 2). Halo-substituted benzyl alcohols were also found to be stable under 

the reaction conditions and could be introduced in the quinazolinone skeleton 

with excellent yields (entry 3ba, 3ha and 3kb, table 2). In case of cinnamyl 

alcohol, the olefinic C=C bond survived well under the reaction conditions and 

resulted corresponding quinazolinone with 90% yield (entry 3da, table 2). 5-

chloro-2-aminobenzamide was also found to be compatible under the present 

reaction conditions and yielded the desired products with excellent yields (entry 

3ab and 3kb, table 2). Heteroatoms are known to poison the metal oxide surface 

by strongly coordinating to the active catalytic site. However, in the present case, 

heterocyclic alcohols such as 2-pyridine carboxaldehyde, furfural, 2- 
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Table 5.2. Synthesis of quinazolinones catalyzed by Fe3O4-CND composite 

Reaction conditions: Alcohol (1.5 mmol), 2-aminobenzamide (0.5 mmol), Fe3O4-CND 10 wt%, 

TBHP 2.0 equiv. and H2O 2 mL, 900 rpm, 13-20 hr at 90 °C 

thiophenecarboxaldehyde could be efficiently transformed into the desired 

products with high yields (entry 3ca, 3la and 3ma, table 2). Furthermore, inactive 

aliphatic alcohols could also be coupled to give the desired product with 

reasonably good yields (entry 3fa and 3ga, table 2). 

5.2.4 Investigation of reaction mechanism 

To further investigate the mechanism of the reaction, we performed a few 

controlled experiments (Scheme 5.3). We choose benzaldehyde and 2-

aminobenzamide as the starting materials and allowed them to react to get the 

corresponding coupled products. We observed that in presence of the catalyst 

Fe3O4-CND and TBHP under the optimized conditions, the reaction of 

benzaldehyde and 2-aminobenzamide yielded quinazolinone as the exclusive 

product. On the other hand, when the reaction was performed in absence of the 

catalyst and TBHP keeping the other conditions constant, we obtained the 
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Scheme 5.3. Control experiments with benzaldehyde and 2-aminobenzamide as the starting 

materials 

dihydroquinazolinone product in the major amount.[59-60] These results indicate 

that benzaldehyde and dihydroquinazolinone should be the intermediates in our 

model coupling reaction of benzyl alcohol and 2-aminobenzamide. Further, the 

reaction was significantly inhibited when radical inhibitors such as (2, 2, 6, 6-

tetramethylpiperidin-1-yl) oxy (TEMPO) and butylated hydroxytoluene (BHT) 

was added to the reaction (Scheme 5.4 and Scheme 5.5). This result indicates that 

the reaction should follow a free radical pathway.[61-65] 

 

Scheme 5.4. Presence of radical inhibitor indicating free radical process 

Based on these results, we proposed a reaction sequence for the cyclooxidative 

tandem reaction of benzyl alcohol and 2-aminobenzamide (Scheme 5.5). In step 

1, benzyl alcohol oxidizes to give benzaldehyde. In step 2, benzaldehyde reacts 

with 2-aminobenzamide to generate dihydroquinazolinone and in step 3, 

dihydroquinazolinone oxidizes to give the final product quinazolinone. Among 

these 3 steps, step 1 i.e. oxidation of benzyl alcohol to benzaldehyde is the rate 

determining step as this step has the lowest reaction rate. Further this step also 

involves free radical process as presence of free radical scavengers such as BHT 

greatly reduced the reaction rate. On the other hand, step 3, i. e. oxidation of 

dihydroquinazolinone does not involve any radical process as the corresponding 

reaction rate was not affected by the presence of BHT. It is well reported that the 
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Rate (10-5 mol/s) No BHT BHT 

r1 2.7 0.6 

r2 8.3 8.3 

r3 11.1 11.1 

 

Scheme 5.5. All the reactions were carried out using 0.5 mmol substrate, 1.0 mmol TBHP, 0.5 

mmol BHT, 10 mg catalyst and 2 mL H2O at 90 °C 

solution based reactive oxygen species (ROS) derived from TBHP or other 

peroxides are short lived in solution and do not survive long enough to catalyze 

oxidation reactions. In most cases stoichiometric amount of TBHP is used to 

maintain the generated ROS concentration in solution for a long period.[66] 

However, on nanoparticle surfaces, these ROS can be stabilized and their life 

time can be extended to facilitate the oxidation reactions.[67] In our case the 

unprecedented catalytic activity of the Fe3O4-CND and TBHP system may be 

attributed to the rapid decomposition of TBHP to its radicals catalyzed by Fe3O4-

CND and their enhanced stability on the nanoparticle surface. Further, the 

enhanced activity of Fe3O4-CND nanocomposite compared to bare or citrate 

stabilized Fe3O4 NPs towards the formation of quinazolinones could be attributed 

to the cooperativity between CND and Fe3O4 NPs, as CNDs are known to have 

intrinsic peroxidase activities. 

5.2.5 Recovery and reusability 

The superparamagnetic nature of Fe3O4-CND permits easy recovery of the 

catalyst from the reaction mixture with the help of a simple magnet without loss 

of catalyst mass followed by washing and drying (Fig. 5.5a). Further the catalyst  
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Figure 5.5. a) Digital image showing dispersion of Fe3O4-CND nanoparticles in presence and 

absence of external magnet, b) reusability study of Fe3O4-CND for the model reaction and c) 

TEM image of Fe3O4-CND recovered after 3
rd

 cycles of reaction 

could be used for at least up to 4th cycle maintaining more than 90% of its 

original activity (Fig. 5.5b). However, modest decrease in catalytic activity was 

observed after 4th cycle of reaction. Morphological studies of Fe3O4-CND 

recovered after 3rd cycle of reaction showed no significant changes in the particle 

size or agglomeration (Fig. 5.5c). On the other hand, significant decrease in 

catalytic activity was observed for recovered bare Fe3O4 NPs (34%) or Fe3O4-

Citrate (43%), due to loss structural integrity only after 1st cycle. 

5.3 Conclusion 

In conclusion, a cost-effective, stable and heterogenic carbon dot stabilized 

magnetic iron oxide nanoparticle composite is demonstrated as an effective 

catalytic system for one-pot synthesis of quinazolinones from alcohols and 2-

aminobenzamides in a cyclooxidative pathway in presence of TBHP. The rapid 

decomposition of TBHP into its radicals (ROS) and their stability over the iron 

oxide surface accounts the driving force of the exceptional catalytic activity of 

the system. Further, inherent magnetic nature of the catalytic system renders easy 

recovery of the catalyst from the reaction mixture without contamination of the 

product as well as excellent reusability manifesting efficient catalytic activity of 

the system. 
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5.4 Experimental section 

5.4.1 Generation Information 

The powder XRD measurements were carried out by using a Bruker D8 Advance 

X-ray diffractometer with CuKα source (wavelength= 0.154 nm). TEM images 

were obtained by using a JEOL JEM- 2100 microscope operated at 200 kV. 

UV/Visible measurements were performed by using a Varian Cary 100 Bio 

Spectrophotometer. FTIR spectra were recorded with KBr pellets by using a 

Bruker Tensor 27 instrument. Emission spectra were recorded using a fluoromax-

4p fluorometer from Horiba (Model: FM-100). XPS spectra were recorded by 

using an ESCA instrument, VSW of UK make. Magnetic susceptibility 

measurement was done using EverCool 7 Tesla SQUID Magnetometer. 1H and 
13C NMR spectra were recorded with Bruker Advance (III) 400 MHz or 100 

MHz spectrometers, respectively. Data for 1H NMR spectra are reported as 

chemical shift (δ ppm), multiplicity (s=singlet, d = doublet, t = triplet, m = 

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

NMR spectra are reported as a chemical shift. High resolutions mass spectral 

analyses (HRMS) were carried out using ESI- TOF-MS. 

5.4.2 Materials and methods 

Polyethylene glycol (PEG-200) we used a the carbon source to synthesize carbon 

nanodots was purchased from Alfa Aesar. Iron sulphate,iron chloride and sodium 

hydroxide were purchased from merck India and rankem respectively. Tert-

butylhydroperoxide, hydrogen peroxide and all other chemical were purchased 

from Sigma aldrich and Merck India and used without further purification. We 

used Millipore water (ultrapure level) throughout the experiments. 

5.4.3 Cyclooxidative synthesis of quinazolinones 
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In a Teflon sealed glass tube, 1.5 mmol alcohol, 0.5 mmol 2-aminobenzamide, 

193 μL TBHP, 25 mg Fe3O4-CND and 2 mL H2O were taken and the mixture 

was heated at 90 oC in an oil bath under magnetic stirring for 13-20 hours. The 

progress of the reaction was monitored by TLC. After completion of the reaction, 

the reaction was cooled to room temperature and the catalyst was removed by 

using a magnet. The resulting mixture was extracted with ethyl acetate (3x 20 ml) 

and successively washed with water (1x 15 ml). The organic solution was dried 

over anhydrous sodium sulphate and the solvent was evaporated using a rotary 

evaporator to get the crude reaction mixture. Further, the pure product was 

obtained by purifying the mixture on silica gel column chromatography (100-200 

mesh) using hexane and ethyl acetate as the eluents. 

5.4.4 Characterization data of quinazolinones 

2-phenylquinazolin-4(3H)-one (3aa):
22

 Colourless solid, m.p. 231-233 °C; 1H 

NMR (CDCl3, 400 MHz): δ = 11.28 (br, s, 1H), 8.33-8.31 (m, 1H), 8.23-8.20 (m, 

2H), 7.84-7.78 (m, 2H), 7.60-7.56 (m, 3H), 7.52-7.48 (m, 1H); 13C NMR (CDCl3, 

100 MHz): δ = 163.6, 151.6, 149.4, 134.8, 132.8, 131.6, 129.0, 128.0, 127.2, 

126.8, 126.3, 120.8; HRMS (ESI): calcd for [C14H10N2O
++ Na+] 245.0685, found 

245.0691. 

2-(4-chlorophenyl)quinazolin-4(3H)-one (3ba):
68

 m.p. >300 °C; 1H NMR 

(DMSO-d6, 400 MHz): δ = 12.59 (br, s, 1H), 8.20-8.18 (d, J=8.56 Hz, 2H), 8.15-

8.14 (d, J=7.56 Hz, 1H), 7.84 (t, J=7.0 Hz, 1H), 7.74-7.72 (d, J=8.0 Hz, 1H), 

7.63-7.60 (d, J=8.8 Hz, 2H), 7.52 (t, J=7.0 Hz, 1H);13C NMR (DMSO-d6, 100 

MHz): δ = 181.0, 151.4, 148.2, 136.4, 134.7, 129.6, 128.7, 127.6, 126.9, 125.9, 

121.0; HRMS (ESI): calcd for [C14H9ClN2O
++ Na+] 279.0296, found 279.0303. 

2-(pyridin-2-yl)quinazolin-4(3H)-one (3ca):23 Yellow solid,1H NMR (DMSO-

d6, 400 MHz): δ = 11.79 (br, s, 1H),8.75-8.72 (m, 1H), 8.46-8.41 (m, 1H), 8.19-

8.15 (m, 1H), 8.09-8.02 (m, 1H), 7.89-7.76 (m, 2H), 7.66-7.61 (m, 1H), 7.58-7.52 

(m, 1H); 13C NMR (DMSO-d6, 100 MHz): δ = 160.7, 149.8, 148.9, 148.6, 148.4, 

137.9, 134.7, 127.7, 127.3, 126.5, 126.1, 122.1, 121.9; HRMS (ESI): calcd for 

[C13H9N3O
++ Na+] 223.0746, found 223.0752. 
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(E)-2-styrylquinazolin-4(3H)-one (3da):
68

 m.p. 224-227 °C; 1H NMR (DMSO-

d6, 400 MHz): δ = 12.31 (br, s, 1H), 8.11-8.09 (d, J= 7.8 Hz, 1H), 7.96-7.92 (d, J 

= 16.3 Hz, 1H), 7.81-7.77 (t, J = 7.04 Hz, 1H), 7.70-7.64 (m, 3H), 7.51-7.36 (m, 

4H), 7.01-6.98 (d, J = 15.2 Hz, 1H);13C NMR (DMSO-d6, 100 MHz): δ = 161.8, 

159.9, 151.4, 149.0, 138.3, 135.0, 129.8, 129.1, 127.7, 126.3, 125.9, 121.1; 

HRMS (ESI): calcd for [C16H12N2O
++ Na+] 271.0842, found 271.0853. 

6-chloro-2-phenylquinazolin-4(3H)-one (3ab):
24

 m.p. 294-296 °C; 1H NMR 

(DMSO-d6, 400 MHz): δ = 12.69 (br, s, 1H), 8.17-8.15 (m, 2H), 8.08 (s, 1H), 

7.87-7.85 (m, 1H), 7.78-7.76 (m, 1H), 7.64-7.51 (m, 3H); HRMS (ESI): calcd for 

[C14H9ClN2O
++ Na+] 279.0296, found 279.0302. 

2-(2-nitrophenyl)quinazolin-4(3H)-one (3ea): 
1H NMR (DMSO-d6, 400 MHz): 

δ = 12.81 (br, s, 1H), 8.21-8.19 (d, J = 8.28 Hz, 1H), 8.18-8.16 (d, J = 7.28 Hz, 

1H), 7.92-7.80 (m, 4H), 7.65-7.63 (d, J = 8.04 Hz, 1H), 7.58-7.55 (t, J = 7.2 Hz, 

1H);13C NMR (DMSO-d6, 100 MHz): δ = 161.5, 151.6, 148.5, 147.4, 134.7, 

133.9, 131.5, 129.1, 127.4, 127.1, 125.9, 124.5, 121.2; HRMS (ESI): calcd for 

[C14H9N3O3
++ Na+] 290.0536, found 290.0540. 

2-pentylquinazolin-4(3H)-one (3fa):
68

 m.p. 152-154 °C; 1H NMR (CDCl3, 400 

MHz): δ = 12.28 (br, s, 1H), 8.27 (d, J = 6.86 Hz, 1H), 7.77-7.75 (m, 1H), 7.68 

(d, J = 7.45 Hz, 1H), 7.45 (t,J = 7.62 Hz, 1H), 2.80 (t, J = 7.76 Hz, 2H), 1.92-

1.87 (m, 2H), 1.46-1.39 (m, 4H), 0.92 (t, J = 7.76 Hz, 3H); 13C NMR (CDCl3, 

100 MHz): δ = 165.5, 158.2, 150.6, 135.2, 128.3, 127.8, 127.2, 121.1, 36.6, 31.9, 

28.1, 22.8, 14.2; HRMS (ESI): calcd for [C13H16N2O
++ Na+] 239.1155, found 

239.1167. 

2-hexylquinazolin-4(3H)-one (3ga):
20

 
1H NMR (CDCl3, 400 MHz): δ 12.47 (br, 

s, 1H), 8.32 (d, J = 8.27 Hz, 1H), 7.78-7.75 (m, 1H), 7.75 (d, J = 8.32 Hz, 1H), 

7.46-7.47 (m, 1H), 2.80 (t, J = 7.62 Hz, 2H), 1.90-1.87 (m, 2H), 1.47-1.45 (m, 

2H), 1.37-1.30 (m, 4H), 0.88 (t, J = 6.90 Hz, 3H); 13C NMR (CDCl3, 100 MHz): 

δ165.3, 156.1, 149.3, 134.5, 127.4, 126.2, 126.7, 120.1, 35.8, 31.4, 28.6, 27.4, 

22.4,14.0; HRMS (ESI): calcd for [C14H18N2O
++ Na+] 253.1311, found 

253.1319. 



Chapter 5 

 

250 

 

2-(4-bromophenyl)quinazolin-4(3H)-one (3ha):
68

 m.p. 290-292 °C; 1H NMR 

(DMSO-d6, 400 MHz): δ = 12.59 (br, s, 1H), 8.15-8.10 (m, 3H), 7.85-7.82 (t, J = 

7.04 Hz, 1H), 7.76-7.72 (m, 3H), 7.54-7.51 (t, J = 7.04 Hz, 1H); 13C NMR 

(DMSO-d6, 100 MHz): δ = 159.7, 151.4, 148.2, 134.6, 131.6, 129.7, 127.5, 

126.7, 125.8, 125.2, 121.0; HRMS (ESI): calcd for [C14H9BrN2O
++ Na+] 

322.9790, found 322.9798. 

2-(p-tolyl)quinazolin-4(3H)-one (3ia):
22

 m.p. 230-232 °C; 1H NMR (CDCl3, 

400 MHz): δ = 11.40 (br, s, 1H), 8.32-8.30 (d, J = 7.52 Hz, 1H), 8.12-8.10 (d, J = 

8.28 Hz, 2H), 7.82-7.76 (m, 2H), 7.50-7.46 (t, J = 7.76 Hz, 1H), 7.37-7.35 (d, J = 

8.0 Hz, 2H);13C NMR (CDCl3, 100 MHz): δ = 164.1, 151.7, 149.6, 142.1, 134.8, 

130.1, 129.9, 129.7, 129.0, 127.8, 127.3, 126.5, 126.3, 120.6, 21.5; HRMS (ESI): 

calcd for [C15H12N2O
++ Na+] 259.0842, found 259.0848. 

2-(4-methoxyphenyl)quinazolin-4(3H)-one (3ja):
22

 m.p. 230-233 °C; 1H NMR 

(CDCl3, 400 MHz): δ = 10.80 (br, s, 1H), 8.30-8.28 (d, J = 7.52 Hz, 1H), 8.14-

8.12 (d, J = 8.0 Hz, 2H), 7.78(m, 2H), 7.46 (m, 1H), 7.07-7.05 (d, J = 8.04 Hz, 

2H), 3.90 (s, 3H); HRMS (ESI): calcd for [C15H12N2O2
++ Na+] 275.0791, found 

275.0798. 

2-(furan-2-yl)quinazolin-4(3H)-one (3la):
68

 m.p. 272-275 °C; 1H NMR 

(DMSO-d6, 400 MHz): δ = 12.48 (br, s, 1H), 8.12-8.10 (d, J = 8.04 Hz, 1H), 7.99 

(m, 1H), 7.82-7.78 (t, J = 8.52 Hz, 1H), 7.68-7.66 (d, J = 8.0 Hz, 1H), 7.62-7.61 

(d, J = 3.52 Hz, 1H), 7.50-7.46 (t, J = 7.04 Hz, 1H), 6.74-6.73 (m, 1H); 13C NMR 

(DMSO-d6, 100 MHz): δ = 161.5, 148.6, 146.5, 146.0, 144.0, 134.6, 127.2, 

126.4, 125.9, 121.1, 114.5, 112.5; HRMS (ESI): calcd for [C12H8N2O2
++ Na+] 

235.0478, found 235.0479. 

2-(thiophen-2-yl)quinazolin-4(3H)-one (3ma):
68

 m.p. 220-222 °C; 1H NMR 

(DMSO-d6, 400 MHz): δ = 12.63 (br, s, 1H), 8.22-8.21 (d, J = 4.76  Hz, 1H), 

8.12-8.10 (d, J = 7.8 Hz, 1H), 7.86-7.85 (d, J = 5.76 Hz, 1H), 7.81-7.77 (t, J = 

8.52 Hz, 1H), 7.65-7.63 (d, J = 8.0 Hz, 1H), 7.49-7.45 (t, J = 8.04 Hz, 1H), 7.23-

7.21 (m, 1H); 13C NMR (DMSO-d6, 100 MHz): δ = 161.8, 148.6, 147.8, 137.3, 

134.7, 132.1, 129.4, 128.5, 126.9, 126.3, 125.9, 120.8; HRMS (ESI): calcd for 

[C12H8N2OS++ Na+] 251.0250, found 251.0252. 
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2-phenyl-2,3-dihydroquinazolin-4(1H)-one (A): Colorless crystal (217 mg, 

97%), 1H NMR (400 MHz, CDCl3): δ 7.94 (d, J = 7.76 Hz, 1H), 7.60 (m, 2H), 

7.44 (m, 3H), 7.33 (t, J = 7.52 Hz, 1H), 6.90 (t, J = 7.76 Hz, 1H), 6.67 (d, J = 

8.04 Hz, 1H), 5.90 (s, 1H), 5.88 (br, 1H, NH), 4.35 (br, 1H, NH), 13C NMR (100 

MHz, DMSO-d6): δ 164.0, 148.3, 142.1, 133.8, 128.9, 128.8, 127.8, 127.3, 117.6, 

115.4, 114.8, 67.0; HRMS (ESI): calcd for [C14H12N2O + Na+] 247.0842, found 

247.0864. 
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6.1 Conclusion 

In this thesis, we have explored the inherent carbocatalytic activity of graphene 

oxide and carbon nanodots towards different organic transformations. The mild 

acidic behaviour rendered by carboxylic group present over the surface of carbon 

nanodots could catalyze the formation of quinazolinone derivatives with different 

structurally perplexing substituents. In case of graphene oxide, the π-π* network 

as well as oxygenated functional groups both contributed towards the enhanced 

catalytic activity. The presence of π-π* network on graphene surface helped the 

substrate molecules getting adsorbed over the catalyst surface and the oxygenated 

functional groups catalyzed the reaction. The carboxylic acid groups acted as the 

active site for the C-N coupling reaction leading to the α-ketoamide product 

where the function of both the acidic as well as oxidising character of carboxylic 

group was established. The presence of various functionalities on the surfaces of 

both carbon nanodots as well as graphene oxide could be used for anchoring 

other active catalysts such as metal and metal oxide nanoparticles. The reducing 

capability of these nanocarbons could also be envisaged for reduction of metal 

ions to nanoparticles. Herein, we demonstrated the efficiency of these 

nanocarbons in anchoring Au and Fe3O4 nanoparticles. The catalytic activity of 

the resulting nanocomposites was studied towards oxidation reactions such as 

selective C-H oxidation and cyclooxidative synthesis of quinazolinones. We 

showed that apart from acting as a support, a cooperativity effect between the 

active catalyst and the support were instrumental in enhancing the catalytic 

activity of the catalyst. 

6.2 Future Outlook 

The carbon based nanomaterials have already demonstrated their enormous 

potential either as catalysts or heterogeneous catalyst supports. Various forms of 

carbon including activated carbon, graphite, fullerenes, carbon nanotubes etc. 

showed superior surface characteristics that have been explored for the 

development of hybrid catalytic systems with high and selective activity in 

chemical-, electro- or photocatalysis. Graphene oxide and carbon nanodots with 

oxygenated functional groups on their surface could act as active sites for various 

acid catalyzed and oxidative catalytic reactions. Recent advancement of these 
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graphene based materials shows that the modification of graphene surface by 

different methods leads to generation of holes which acts as traps for reactive 

oxygen species for many challenging organic reactions. Further doping with 

foreign atoms such as N, P, S, B etc. changes their inherent physico-chemical 

properties to a large extent. Hence tremendous possibilities remain to explore 

these carbonaceous nanomaterials in various catalysis fields including chemical 

synthesis, energy storage (batteries and super capacitors), fuel-cells, 

environmental remediation and organism degradation. These outstanding benefits 

of carbon based materials have made them extremely important in various 

research areas. The continuous development of these carbonaceous nanomaterials 

and their composites might introduce new properties as well as new active sites 

for challenging applications. Carbon nanodots are the recent inclusion to the 

nanocarbon family. The excellent photoluminescence properties of carbon 

nanodots have directed their application in different fields including sensing, 

optoelectronics, bio imaging, nanomedicine, etc. Although they are widely 

explored in sensing as well as bio-medical application, their inherent 

photocatalytic capability towards organic synthesis has not been explored much. 

So, the development of carbon nanodots towards organic synthesis may result in 

an important alternative to the traditional transition metal based catalysts. There 

are still huge scope towards (i) high performance carbon catalyst specific for 

desired products, (ii) development of chiral carbon nanomaterials for 

enantioselective synthesis, (iii) affordable methods for large scale synthesis, 

industrial scalability and economic viability, (iv) detailed elucidation of catalytic 

mechanism that can bring further improvements in catalytic activity and (v) 

stability of the catalyst to maintain excellent catalytic activity during recycling. 

Overall, development of carbon related catalysts with broader applications is 

imminent towards green and sustainable chemistry. 
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