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ABSTRACT 

 
The research work embodied in this thesis entitled “Studies on Solid-Phase Organic 

Reactions & Catalysis: Greener Approaches” was initiated in February 2009 as a CSIR‒NET‒JRF 

and became successful with the kind support of UGC for Teacher Fellowship under the scheme of 

„Faculty Development Program‟. The research work is primarily motivated to develop new 

approaches for conducting organic reactions under greener conditions by following solid-phase 

techniques as well as catalysis. The entire work was emphasized on different types of solid supports 

mainly silica, graphene-based carbon materials and poly-ionic resins to promote various organic 

reactions. The thesis has been divided into five chapters. 

 

At the beginning, the CHAPTER I is started with a brief review mainly focusing on solid-

phase organic reactions and catalysis promoted by different types of inorganic and organic solid-

supports. „Silica gel‟ which is generally used as an adsorbent in chromatography is also known as an 

efficient inorganic solid support to promote diverse organic reactions. Recently, graphene and 

graphene-based materials have attracted synthetic organic chemists due to their unusual behavior 

towards sustainable organic synthesis. Among various organic polymer supports, poly-ionic resins 

have a major role for developing diverse polymer-supported reagents and catalysts as well as metal 

nanoparticles which are efficient to promote solid-phase organic reactions. 

 

CHAPTER II demonstrates the tuning surface behavior of silica gel under pre-calcined and 

moistened states to promote regioselective addition of excess thiol with allyl bromide to produce 1,2- 

or 1,3-dithioethers respectively. The presence of physically adsorbed water on the silica surface 

influenced for the anti-Markonikov addition of thiols to inactivated allylic double bond to produce 

1,3-dithioether. On the hand, HBr which is produced in the first step of the reaction activate the allylic 

double bond and assist the sulfur atom of excess thiol to couple with the more stable secondary 

carbocation resulting in the Markonikov addition to form exclusively 1,2-dithioether. 

 
[This work entitled “Silica: An efficient catalyst for one-pot regioselective synthesis of dithioethers” 

has been published on Beilstein J. Org. Chem., 2014, 10, 26-33] 

 

CHAPTER III is divided into two sections: Section A & Section B. Section A represents an 

efficient and greener method for the synthesis of open chain, cyclic and unsymmetrical dithioacetals 

from aryl/hetero-aryl/aliphatic aldehydes catalyzed by graphene oxide (GO). The reaction conditions 

are mild, solvent-free and aerobic. Notable features of this methodology are operational simplicity, nil 

or negligible formation of disulfide, chemoselectivity, recyclability and environmental compatibility. 
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[The work entitled “Graphene Oxide (GO)–catalyzed chemoselective thioacetalization of aldehydes 

under solvent-free conditions” has been published on Tetrahedron Lett., 2014, 55, 6596–6600] 

 

Section B demonstrates a straightforward and green synthesis of bio-active scaffold 

quinoxalines directly from 2-nitronilines via one-pot reduction-condensation reactions using 

hydrazine hydrate as the reductant and GO/rGO as the catalysts under complete metal free 

conditions. The catalyst has been recovered, characterized and recycled for four consecutive runs. 

 
[This work entitled “Graphene oxide (GO) or reduced graphene oxide (rGO): efficient catalysts for 

one-pot metal-free synthesis of quinoxalines from 2-nitroaniline” has been published on Tetrahedron 

Lett., 2015, 56, 6762‒6767] 

 

CHAPTER IV portrays about the comparative evaluation of diverse properties of chemically 

and biologically reduced graphene oxides (rGOs). Reduced graphene oxides (rGOs) can be prepared 

from graphene oxide (GO) by several methods and reducing sources including some phyto‒ and 

fungi‒extracts. However, rGOs obtained by different methods might exhibit different properties 

depending on the extent of residual oxygen‒containing functional groups, though textural aspects of 

rGOs seem to be rather similar. The present study has been aimed at making a comparative evaluation 

of various properties of reduced graphene oxides (rGOs), prepared by using chemical and biological 

reducing sources, and to establish specific reducing agent, in particular from greener sources, which 

might be more effective in exhibiting catalytic activity. Four different plants extracts viz. Adathoda 

Vasika (Malabar nut), Azadirachta Indica (Neem), Camellia Sinensis (Tea), Moringa Oleifera 

(Drumstick), and a fungi Volvereilla Volvacea (Mushroom), all are edible to human beings, and one 

chemical reductant (hydrazine hydrate) were used to obtain rGOs from GO. Each rGO was 

characterized by UV‒Vis, FT‒IR, Raman spectroscopic techniques, and surface morphological 

aspects were obtained by powder XRD, Scanning and Transmission electron microscopic images. The 

acidic nature (pH) of rGOs in aqueous suspension was measured with a pH meter and their 

https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=Ix5I08QAAAAJ&citation_for_view=Ix5I08QAAAAJ:L1USKYWJimsC
https://scholar.google.co.in/citations?view_op=view_citation&hl=en&user=Ix5I08QAAAAJ&citation_for_view=Ix5I08QAAAAJ:L1USKYWJimsC
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cation‒exchange capacity was calculated by potentiometric titration in the presence of an electrolyte. 

Further, the catalytic activity of rGOs was measured in a model reduction of nitrobenzene to aniline at 

room temperature and monitoring the progress by UV‒Vis spectroscopy. While textural aspects of 

various rGOs are fairly similar, various physicochemical properties like pH, cation‒exchange ability 

etc. are found to be different for rGOs obtained by using different reductants. Moreover, there is 

significant variation observed in their catalytic activity in the reduction of nitrobenzene. By 

comparison, it was found that rGOs obtained by using plant leaf extract of Adathoda Vasika, 

(brGO‒AV) and Volvereilla Volvacea, (brGO‒VV) exhibit significantly better catalytic efficiency 

than others. 

 

[This work titled “Reduced Graphene Oxides (rGOs): Source–dependent Properties and Catalytic 

Activity” has been communicated.] 

 

CHAPTER V depicts about the catalytic applications of poly-ionic resins embedded with 

Pd/Cu bimetallic NPs in two most important C‒C bond forming reactions, Suzuki-Miyaura and 

Mizoroki-Heck coupling reactions. A comparative study between monometallic Pd‒ARF and 

bimetallic Pd/Cu-ARF towards Suzuki and Heck coupling reactions demonstrates the more catalytic 

efficiency of bimetallic NPs compared to monometallic Pd NPs as catalysts. The Pd/Cu‒ARF 

bimetallic NPs have been found to be recyclable for seven consecutive runs without loss of any 

catalytic activity as well as without any leaching of metals. 

 

[This work titled “Bimetallic Pd/Cu NPs embedded on macroporous ion-exchange resins: Application 

to Suzuki‒Miyaura and Mizoroki‒Heck reactions” manuscript under preparation] 
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PREFACE 

 
The ever increasing demand for efficient syntheses of novel organic compounds remains the 

major driving force for the development of new and efficient solid-supported technologies. Solid-

phase organic synthesis has emerged as a powerful tool for the generation of compound library. 

Polymer-supported reagents/substrates and polymer-supported catalysts have been widely employed 

in various fields of chemistry such as drug discovery, material sciences and asymmetric catalyses. 

Such process offers several advantages, which include possibility to use excess reagents to drive the 

reactions to completion, simplification of product work-up, separation and isolation as well as reuse 

of the catalysts, thereby providing an environmentally benign technique for green and cleaner 

reactions. The current emphasis for organic transformations requires high selectivity, easy separation 

and production of minimum waste. Immobilized reagents/substrates and immobilized catalysts can 

afford to greener organic transformations for laboratory to large-scale operations. As pointed out by 

Steven V. Ley, “the face of organic synthesis is changing rapidly as it should if it is to stay a healthy, 

vibrant subject. I feel, therefore, I should end with a vision of where we see the potential use of these 

immobilised systems in the future.”  

 

The development of new approaches for conducting organic reactions under greener reaction 

conditions constitutes an attractive area of synthetic organic chemistry. Solid-phase organic reactions 

and solid-phase immobilized catalysts have played a significant role in combinatorial synthesis small 

molecules of pharmaceutical interest. Over the last two decades, there has been insurgency in 

developing green chemistry and catalysis for sustainable organic synthesis.  

 

In the recent years, graphene and graphene-based materials; such as graphene oxide (GO) and 

reduced graphene oxide (rGO) have been found to be extremely useful as alternative metal-free 

heterogeneous reusable catalysts for diverse organic transformations.  

 

The present research work represents the development of some new approaches towards 

selective organic reactions promoted by inexpensive solid-surface like silica gel as well as catalyzed 

by GO and rGO. The present dissertation also includes the development of new polymer-immobilized 

metal catalysts for their applications in C–C bond-forming reactions.  

 

The present works begin with CHAPTER I describing a brief introduction on solid-phase 

organic reactions mediated by heterogeneous solid supports such as silica, graphene-based materials 

and poly-ionic resins. CHAPTER II demonstrated about the silica gel promoted one-pot 

regioselective synthesis of dithioethers. CHAPTER III divided into two sections; Section A and 

Section B. Section A deals with “carbocatalysis” where graphene oxide (GO) has been exploited as a 

solid “carbocatalyst” for the chemoselective dithioacetalization of aldehydes. Section B demonstrates 

further utilization of GO or reduced graphene oxide (rGO) as efficient catalysts for one-pot metal-free 

synthesis of quinoxalines directly from 2-nitroaniline. In CHAPTER IV a comparative evaluation of 

diverse properties of chemically and biologically reduced graphene oxide along with their catalytic 

activity towards reduction of nitrobenzene has been described. Finally, CHAPTER V focused on the 

application of poly-ionic resins embedded with Pd/Cu bimetallic nanoparticles in Suzuki–Miyaura 

and Mizoroki–Heck reactions. 
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 CHAPTER I 

A brief review on solid-phase organic reactions & catalysis by 

heterogeneous solid supports: Silica, Graphene-based materials and 
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I.1. General Introduction 

The concept of green chemistry and sustainable development towards ―meeting the 

needs of the present generation without compromising the ability of future generations‖ is 

now acknowledged universally. ―Green Chemistry‖ is a philosophy towards invention, 

design, development and application of chemical products or processes to reduce or eliminate 

the use or generation of substances hazardous to human health as well as environment which 

was coined by the US Environmental Protection Agency (EPA) during the early 1990s. After 

that, green chemistry has become a common practice in industry, education and research to 

achieve sustainability.
1
 Our modern society is unimaginable without the industrial products of 

chemicals and pharmaceuticals.
2
 But the ever increasing demands of our overcrowded world 

for the production of various synthetic chemical products and pharmaceutical needs; waste 

prevention and environmental protection have become major requirements in the field of 

synthetic organic chemistry. Therefore, due to growing concern towards protection of 

environment by human society, the development of eco-friendly methodologies has become a 

foremost criterion in organic synthesis among which solid-phase synthesis draws upon 

emphasis. 

Solid-phase synthesis is a methodology which relates to the chemical reactions carried 

out either on the surface of various solid supports (inorganic or organic polymers ) or by 

attaching one of reactant molecules to solid support.
3
 Solid-phase organic reactions involve 

adsorption of reactants molecules on the surface of solid supports which either may be 

physisorption or chemisorptions followed by desorption.  

After the revolutionary work on solid-phase peptide synthesis by R. B. Merrifield,
4 

in 

1963, the concept of organic synthesis has been drastically changing from conventional 

liquid-phase to solid-phase synthesis due to diverse advantages like ease of work up, 

separation and isolation of the product as well as solid supported reagents and catalysts, 

accessibility to use  excess reagents, recyclability of the recovered catalyst, ease of handling 

and non toxic nature of solid supports.
3 

For a long time, carbon materials such as charcoal, carbon nanotube (CNT), fullerene 

etc. have been widely used as solid supports for metal catalysts. After the breakthrough 

synthesis of monolayer graphene by A. Geim and K. Novoselov,
5
 graphene and graphene-

based materials have taken a major attraction in materials science as well as in catalysis due 

to their unique physical and chemical properties. Graphene oxide (GO) and its derivatives
5 

have now become one of the most accepted graphene-based materials used in various organic 
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transformations
 
either as a catalyst or a metal support due to their high surface area, abundant 

active sites such as acidic and basic sites, low-cost preparation and overall their 

sustainability.
6
 As carbocatalysts, these are also well recognized as a convenient alternatives 

for reducing transition metal dependence on organic reactions.
6a,c 

Owing to extensive 

applications of such carbon materials in multidisciplinary fields of science,it won‘t be much 

of a surprise if the future is termed Carbon age.  

The present chapter represents a brief review on the catalytic applications of inorganic 

solid supports such as silica and graphene-based materials comprising graphene oxide (GO) 

and reduced graphene oxide (rGO) and organic solid supports like poly-ionic resins. 

I.2. Catalysis 

―Catalysis‖ is  one of the most fundamental and important principle among twelve 

principles of green chemistry where an external entity called ―catalyst‖ accelerates the rate of 

a chemical reaction without being consumed or produced in the process. When a major 

source of waste in the (fine) chemicals industry is derived from the stoichiometric use of 

various inorganic salts for organic synthesis, the catalysts play an important role by 

accelerating industrially important reactions under practically attainable conditions.  In 

addition, catalytic process can be designed in such a way that raw materials can be used more 

efficiently to minimize the waste production. Consequently, the chemical industry is largely 

based upon catalysis and it is reported that approximately 85–90% of industrial process is 

driven by catalysis.
 

 
Catalysis is mainly divided into two types, homogeneous and heterogeneous. The main 

difference between two is the phase; when catalysts and reactants are in same phase (mainly 

liquid), it is called homogeneous catalysis. However, when reactants and catalysts remain in 

different phases (usually catalysts are in solid state); the catalysis is called heterogeneous.  

I.2.1. Homogeneous Catalysis 

Homogeneous catalysis occurs on the same phase, most likely in liquid phase where the 

catalysts are dissolved in the reaction media. A large number of homogeneous catalysts 

ranging from Bronsted and Lewis acids, metal complexes, metal ions, organometallic 

complexes, organic molecules up to biocatalysts (enzymes, artificial enzymes etc.) are known 

to be widely used in various organic syntheses.
7
 Aromatic substitution reactions like, 

nitration, Friedel-Crafts alkylation and acylation using homogeneous Lewis acid catalysts 

have widely been used in chemical industry.
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I.2.2. Heterogeneous Catalysis 

Heterogeneous catalysis involves a solid catalyst that is brought into contact with a gas 

phase or liquid phase reactant medium in which it remains insoluble. In heterogeneous 

catalysis, the distinct phase of catalysts with respect to the reaction media leads to major 

advantages like easy separation, re-utilization compared to homogeneous catalysis.
8
 

The major advantages of heterogeneous catalysis over homogeneous catalysis are- 

 The catalyst recovery is very easy and economical while it is very difficult and 

expensive in case of homogeneous catalysis. 

 Much better thermal stability of catalyst is obtained in heterogeneous catalysis. 

 Surface modifications of the catalysts can be achieved easily by approaches like 

nanotechnology and nanoscience or controlling the pore structure. 

The major disadvantage is the poor selectivity with respect to homogeneous catalysts, due to 

multiple active sites of heterogeneous catalysts such as oxides or supported metal particles. In 

homogeneous catalysts, every single entity can act as a single active site which makes them 

more active and selective. 

The mechanism of such heterogeneous catalysis can be described by the sequence of 

elementary reaction steps of the catalytic cycle including adsorption, diffusion, chemical 

transformation of the adsorbed species and desorption. This is the basis for the kinetics of the 

catalytic chemical reaction. Necessary first step in a heterogeneous catalytic reaction involves 

activation of a reactant molecule by adsorption onto catalyst surface. Therefore, various 

essential physical properties of heterogeneous catalysts like surface area (often very large 

measured in hundreds of square metres per gram), pore volume, pore size distribution, the 

size and shape of the particles and their strength are vital requirements for heterogeneous 

catalysis. The solid catalyst provides a surface, usually internal, for the substrates to adsorb 

and facilitate the reaction. Thus the surface characteristics like roughness, functional groups, 

organophilicity, hydrophobicity etc. of the surface are also very vital for performance in the 

catalytic cycle.  

The two most important characteristics of a catalyst are its activity, expressed in terms 

of turnover number (TON) or turnover frequency (TOF) and selectivity. The turnover number 

is the number of product molecules produced per molecule of the catalyst. The turnover 

frequency is the turnover number per unit time. In general, homogeneous and heterogeneous 

catalysts do not differ by an order of magnitude in their activities when either type of catalyst 

can catalyze a given reaction.   
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1.3. Heterogeneous solid supports and their catalytic applications 

In heterogeneous catalysis, both inorganic and organic solid supports are used as  solid 

catalysts as well as catalyst supports. Inorganic supports are mainly inorganic metals, metal 

oxides, sulphides metal complexes and metal salts.
3,8

 A plenty of inorganic oxides such as 

alumina, silica, modified silica, zeolites, sand clays or layered silicates (e.g. montmorillonite, 

saponite) have been employed to promote various organic reactions.
4
 They are not only well 

known for their activity as solid support for metal ions but their own active role towards 

chemical reactions have profound impact on heterogeneous catalysis also. Carbon materials 

such as charcoal, graphite, graphene oxide, carbon nanotube (CNT), fullerene etc. have also 

been used as inorganic solid supports as well as heterogeneous catalysts.
9
 On the other hand, 

organic solid supports are generally polymers, ion-exchange resins, cellulose etc.
3
 As organic 

supports, organic polymers such as polystyrene (PS) or that partially cross-linked (~1 to 2%) 

with divinylbenzene (DVB) remain the major choices except the uses of some other 

dendrimers.
3,1

 Since, both adsorption and diffusion take place on the heterogeneous catalysis, 

the nature of solid surface like surface area as well as pore size distribution is one of the most 

important factors for determining the overall rate of catalysis. Most of the inorganic solid 

supports have surface area in the range of 100 to 1000 >m
2
/g. 

Porous materials have been classified according to the pore size by IUPAC 

nomenclature in three types: microporous having a diameter <2 nm, mesoporous having a 

diameter between 2 and 50 nm and macroporous with a diameter >50 nm.
11

 Silica has been 

widely employed as main building block of mesoporous materials because it is inexpensive, 

thermally stable, chemically inert, harmless and abundant.
12

 Due to such diverse nature, 

mesoporous silica,
13

 have taken a major place in catalysis in comparison to other mesoporous 

materials like alumina,
14

 carbon,
15 

and transition metal oxides.
16

 MCM-41, MCM-48, MCM-

50 and SBA-15 are examples of ordered mesoporus silica widely used in heterogeneous 

catalysis. All these mesoporous silica  materials are highly ordered, featuring large specific 

surface area, hexagonal array and uniform mesoporous channel.
17,18 

1.3.1. Amorphous silica
 

Silica is the major component of the earth's crust, made of two most abundant elements 

silicon and oxygen. Silica appears commonly in two forms; crystalline and amorphous. The 

most commonly used silica in catalysis is amorphous silica. The building blocks of silica are 

linked by SiO4 tetrahedra, with each O atom bridging two Si atoms. Silica gel is a porous, 
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granular form of silica, synthetically manufactured from sodium silicate or silicon 

tetrachloride or substituted chlorosilane/orthosilicate solution. Silica gel is usually 

synthesized by the condensation polymerization of silicic acid [Si(OH)4], joined by siloxane 

bridges (Si‒O‒Si) in its interior and it is amorphous in character with high porosity and 

mechanical strength. The commercial type silica have a specific surface area (300 to 800 

m
2
/g) with pore diameter of 20 to 150 Å containing impurities such as sodium, calcium, 

aluminium, Fe (III), and Ti (IV) in the order of 0.01‒005%.
19 

 Surface chemistry of silica  

Silica surface contains various active groups such as siloxane, several forms of silanol 

and absorbed water which was confirmed by several studies like FT‒IR spectroscopy, atomic 

force microscopy (AFM), chemical analysis etc. Silanol groups are formed on the surface of 

silica in two ways; firstly, during the synthesis of silica by the condensation ploymerization 

of Si(OH)4 and secondly, upon rehydroxylation of dehydrated silica with water or aqeous 

solution as shown in Figure I.1. In the polymerization of silicic acid, the polymeric form of 

silicic acid changes into spherical colloidal particles containing Si‒OH groups on the surface. 

Subsequently, upon dehydrating this type of hydrogel is converted to the final product 

xerogel which retains some or all of silanol groups on its surface.  

Si

O

O

OO

H

H

HH Si

O

O

O O Si

O

O

O

H H

H

HH

H

Si

O

O

O

Si

O

O SiO

O

O

Si

O

OO

O

H H

HH

H

H H

H

Codensation ploymerization

Dehydroxylation

Xerogel

Si
O

Si

Si
O

Si

Si
O

Si
H2O

Si

O

Si

O

H H

Si

SiO

OH

H

Si

Si

O

O

H

H

Si
O

Si

O

Si

O

Si O
O

H

H

H H

H

Rehydroxylation

 
Figure I.1. The formation of silanol groups on the silica surface: (a) Condensation 

polymerization; (b) Rehydroxylation. 

 

Hence, the presence of such silanol groups on the surface influences the excellent 

adsorbent property of silica. The presence of excess silanol groups make silica hydrophilic in 

nature, however after drying it becomes hydrophobic. Three types of silanol groups are 

present on the surface of silica; isolated (free silanols)≡SiOH, geminal (silane diols), 

‒Si(OH)2 and vicinal or bridged where ‒OH groups are bound through hydrogen bond. In 
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addition, siloxane groups or (≡Si‒O‒Si≡) bridges are also present on the surface as well as 

internal silanol groups do exist inside the silica (Figure I.2). 

Si
O

O
H

H

Si O
H

Si O HSiO
H

SiOH

Si

O
H

Si
Si Si

Si

O
OO

 Si-OH
internal 
silanols

 
Figure I.2. Various types of silanol groups and siloxane bridges present on the surface of 

amorphous silica along with internal silanol groups. 

Zuravlev‘s physico-chemical model for amorphous silica surface can give a very clear 

idea about the concentration and the distribution of different types of silanol and siloxane 

groups and make easier to characterize the energetic heterogeneity of the silica surface as a 

function of pre-treatment of temperature on SiO2 samples.
20 

The whole process involves 

dehydration (the removal of physically adsorbed water), dehydroxylation (the removal of 

silanol groups from the silica surface) and rehydroxylation (the resotoration of hydroxyl 

covering). This model represents the surface chemistry of amorphous silica and also makes it 

possible to determine the kind of chemisorptions of water (rapid, weakly activated or slow, 

strongly activated) under the restoration of the hydroxyl coverage and also to consider the 

‒OH groups present inside the skeleton of silica and is found to be very useful in the field of 

adsorption, catalysis, chromatography, chemical modification, etc.
 

 Modification of silica surface 

Chemical modification of the surface of silica has garnered huge interest to material 

chemists since this process allows researchers to regulate and change the adsorption 

properties and to alter the chemical properties of silica gel as well. This modification can be 

done either by ‗physical treatment‘ (thermal or hydrothermal) that leads to change in ratio of 

silanol and siloxane concentration of the silica surface or by ‗chemical treatment‘ that leads 

to change in chemical characteristics of silica surface. The most convenient way to develop a 

chemically modified surface is simple immobilization (or fixing) of the group on the surface 

by adsorption or electrostatic interaction or H‒bond formation or other type of interaction.
21
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Silica gel surface can be modified by two distinct processes: organofunctionalization, 

where the modifying agent is an organic group and inorganofunctionalization, in which the 

group anchored on the surface can be an organometallic composite or a metallic oxide. 

 Application of amorphous silica in diverse organic reactions 

Silica gel which is non-toxic, non-flammable and stable, generally used as an effective 

adsorbent in chromatography for the separation of organic compounds. Owing to its very 

high surface area (~ 500m
2
/g), high porosity and high mechanical strength also act as an 

effective catalyst support.
22 

Again; silica gel can also act as a mild acid catalyst, an 

accelerator, or a reaction media along with its easy separation from the products after the 

reaction.
23 

Chemical reactions catalyzed or promoted by silica gel are not only simple in 

work-up and isolation procedure than corresponding homogeneous reactions but also proceed 

under mild conditions with high chemo-, regio-, and stereoselectivity.  

Accordingly, silica gel has taken an important part in solid-phase organic synthesis and 

a plenty of diverse organic transformation are promoted by unsupported silica gel exploiting 

its mild acidic behaviour as well as well as its high adsorption efficiency (Scheme I.1).
22
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Scheme I.1. Silica gel promoted various organic transformations. 

 

The Bronsted or Lewis acidic nature of silica gel has been also utilized for the synthesis 

of 2-bromobenzoates (Scheme I.1) via Diels-Alder reaction of furans with methy-3-

bromopropiolate followed by a ring-opening aromatization in one pot.
23 
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Scheme I.2. Synthesis of 2-bromobenzoate in the one-pot method catalyzed by silica gel. 

 

I.3.2. Ordered mesoporous silica 

MCM-41  

In 1992, a new family of highly ordered mesoporous silica was synthesized by Mobil 

Corporation Laboratories,
24

 and designated as M41S (Mobil Crystalline of Materials) 

depending on their pore size. The synthesis of such mesoporous materials is based on the 

combination of two major sciences, sol-gel science and surfactant (templating) science. Three 

different mesoporous silica materials, MCM-41, MCM-48 and MCM-50 are the most well-

known mesoporous silica in M41S family.
25 

They have different techniques of synthesis and 

applications, which are based on instability and limitation of mesoporous structure.
26,27  

Structurally, MCM-41 is hexagonal packed rod-shaped micelle whereas MCM-48 is cubic 

and MCM-50 is lamellar in shape.
25

 MCM-41 has attracted the major attention of scientists 

compared to other two mesoporus silica materials due to its elevated specific surface area, 

hydrophobic and acidic nature, possibility of controlling its pore size, high thermal as well as 

hydrothermal stability. The diameter of hexagonal channels of MCM-41 varies from 15 to100 

Å. Due to such exceptional characteristics, MCM-41 plays a dual role, both as a catalyst or a 

catalyst support,
27 

and is found to be very useful in industrial processes such as adsorption,
28

 

ion- exchange,
29

 and environmental control.
30

 

SBA-15 

In 1998, Stucky and his co-workers have discovered an another type of mesoporous 

silica, Santa Barbara Amorphous no. 15 (SBA-15) to overcome the weak hydrothermal 

stability encountered by M41S materials. SBA-15 is made of thermally stable thick walls and 

hexagonal mesopores (4-10nm).
31 

The main difference between the M41S family and SBA-

15 is that former is synthesized under basic conditions,
32 

while SBA-15 is obtained in acidic 

media.
33

 The synthesis of SBA-15 requires the use of triblock copolymer (typically non-ionic 

triblock copolymer) as a structure directing agent and various orthosilicates like tetramethyl 
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orthosilicate (TMOS), tetraethyl orthosilicate (TEOS) and tetrapropyl orthosilicate (TPOS) as 

one of the silica sources.
33a,34-37 

Zhao et al. have synthesized the first synthetic mesoporous 

silica materials of SBA-type by using various non-ionic triblock polymers as templating 

agent.
33a,35,36 

SBA-15 and SBA-16 were synthesized by using triblock copolymer surfactants 

Pluronic P123 (PEO20PPO70PEO20),
33a

 and Pluronic F127 (PEO106PPO70PEO106),
33b

 

respectively in acidic media. Owing to large surface area, well-defined pore structure, inert 

framework, non-toxicity, high biocompatibility,
38

 thermal and hydrothermal stability,
35 

SBA-

15 has attracted intense interests of material scientists. This type of mesoporus silica 

materials are found to be extensively used in catalysis,
39,40 

adsorption,
41-43 

chemical sensing,
44     

immobilization,
45

 drug delivery systems
46,47 

and separation by chromatographic techniques 

such as high performance liquid chromatography (HPLC).
48–50 

I.3.3. Carbon materials  

For the sake of sustainability as well as to reduce the metal dependency in catalysis, 

carbon materials have become more convenient alternatives due to their renewable resources 

and economic consideration. From ancient times, carbon materials with large surface area 

such as activated carbons, charcoal, carbon blacks, carbon powders have been considered as 

solid supports to deposit transition metals for their catalytic use. ―Carbcatalysis‖ is based on 

the metal-free catalysis where catalysts are predominantly made of carbons. After the 

successful application of graphene-based materials as carbocatalysts in various organic 

transformations by Bielawski et al.,
51

 the way of thinking to conventional metal-based 

catalysis has been drastically changed towards metal-free ―carbocatalysis‖. In recent years, 

graphene-based materials like graphene oxide (GO) and reduced graphene oxide (rGO) have 

been explored as excellent carbocatalysts almost in every field of science because of their 

sustainabilty and low-cost preparation. 

1.3.3.1. Graphene-based materials and their catalytic applications in diverse organic 

reactions 

Graphene 

Graphite is the most common allotropic form of carbon. It is made of sp
2
 hybridised 

carbon layers, which are stacked together by weak Vander Waals forces. The flat single layer 

of carbon atoms of graphite is known as graphene. It is the most ―thinnest‖ material having  

2D honeycomb-like crystalline lattice structure. The name ‗graphene‘ was first given by 

Boehm, Setton and Stumpp in 1994.
52 
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Graphene is also known as the basic building unit of all other carbon allotropes such as 

zero-dimensional (0D) fullerene, one-dimensional (1D) carbon nanotubes, or three-

dimensional (3D) graphite (Figure I.3).
53

  

 
Figure I.3. Graphene, (2D) building material wrapped up into (0D) buckyballs, rolled into 

(1D) nanotubes or stacked into (3D) graphite. 

 

Due to extraordinary electronic, thermal, optical, chemical and mechanical properties 

graphene has great potential for the use in energy-storage materials, nano-electronics, 

calatysis, biomedical and other fields.
54 

The exciting properties of graphene are high electron 

charge mobility (230,000 cm
2
/Vs),

53
 high thermal conductivity (3000 W/mK),

55
 high strength 

(130 GPa),
56

 and high theoretical specific surface area (2600 m
2
/g).

57
 Moreover, graphene 

exhibits a half-integer quantum hall effect (QHE) even at ambient temperature (minimum hall 

conductivity 4 e
2
/h, even at zero carrier concentration).

53 

 Preparation methods 

It was impossible to think about the thermodynamic stability of two-dimensional 

crystals before the successful synthesis of monolayer graphene. In 2004, Geim and 

Novoselov first reported that monolyer graphene can be isolated by means of peeling the 

graphite through micromechanical cleavage (scotch tape method) on silicon oxide.
53a

 As a 

result in 2010, they have awarded with the Nobel Prize in physics for their groundbreaking 

experiment regarding the two-dimensional material graphene. After that numerous number of 

methods have been developed to produce graphene, which are divided into different 

categories depending on the chemical or physical routes. The highest quality graphene is 

obtained by physical methods such as mechanical exfoliation of graphite,
58

 chemical vapour 

deposition (CVD) on metal surface,
59

 and 
 
arc discharge,

60
 but the main drawback of all these 

methods is the low scale production of graphene. The most general procedure for the 
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preparation of graphene in large scale is the chemical oxidation of graphite to graphite oxide 

and subsequent reduction by chemical or thermal process (Scheme I.3).
61
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Scheme I.3. A schematic presentation for the preparation of suspended graphene sheets 

through consecutive graphite oxidation, exfoliation to GO and its eventual reduction to 

graphene. 

 

The reduction of graphite oxide using chemical reagents has been considered as an 

effective route to synthesize graphene sheets due to its simplicity, reliability, ability for large-

scale production and economic consideration.
62

 A vast number of reagents like hydrazine 

hydrate, dimethylhydrazine, hydroquinone,
 
aluminum powder, sodium borohydride, sulfur 

containing compounds, hexamethylenetetramine, polyelectrolyte,
 
ethylenediamine (EDA), 

sodium citrate, carbon monoxide etc. have been employed for the reduction of GO.
63 
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Scheme I.4. Chemical reduction of GO to rGO by means H2, NaBH4 or N2H4. 

 

In recent years, various bio-sources like biomolecules, proteins, amino acids, plant 

extracts, microbes etc. are employing as green reducing sources for the reduction of GO to 

avoid the hazardous nature of chemical reagents.
64

 Chemically converted graphene  (CCG) or 
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reduced graphene oxide (rGO) has been found to contain some residual oxygen groups and 

some defects on the surface.  

 Catalytic applications 

Due to the high surface area and presence of different active sites on graphene and 

graphene-based materials such as GO, rGO have been widely used both as catalysts or 

catalyst supports in various organic transformations.   

Mesoporous graphene (meso-G) which was obtained by chemical vapour deposition 

(CVD) of methane using MgO as a template has been used as an efficient catalyst for the 

selective oxidation of cyclohexane to cyclohexanol and cyclohexanone (Scheme I.5) via 

radical pathway where cylohexyl hydro peroxide (CyOOH) is used as an initiator.
65 
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Scheme I.5. Graphene‒catalyzed oxidation of cyclohexane. 

 

Doping heteroatom‘s on the surface of graphene can effectively modulate the electrical 

properties and surface physico-chemical features of graphene and facilitate their catalytic 

activity towards the aerobic oxidation of hydrocarbons. N-doped graphene nanosheets (N)-

rGO-T (T = 800 to 1000
o
C) prepared by the high temperature nitridation with NH3 gas can  

catalyze the oxidation of benzyl alcohol (Scheme I.6).
66 
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Scheme I.6. N-Doped graphene‒catalyzed oxidation of alcohols. 

 

The chemically converted graphene (CCG) prepared by the reduction of GO using 

hydrazine hydrate has been found to be used as an efficient catalyst for the direct, one-step 

hydroxylation of benzene to phenol (Scheme I.7) using H2O2 as oxidant.
67
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Scheme I.7. CCG‒catalyzed oxidation of benzene to phenol. 

 

Graphene supported KOH composite has been reported as an efficient and reusable 

catalyst for the synthesis of 9-fluorenone derivatives in high yield by aerobic oxidation of 

9H-fluorenes at room temperature in DMF (Scheme I.8).
68

 

O

KOH-G

DMF, RT, Air  
Scheme I.8. KOH‒G catalyzed aerobic oxidation of 9H-fluorene to 9-fluorenone. 

 

Bai et al.
69

 have reported that the rGO obtained by using hydrazine hydrate can act as 

an efficient and reusable carbocatalyst for the aerobic oxidative dehydrogenation of various 

hydrazo compounds to their corresponding azo compounds (Scheme I.9). According to them, 

electrons present in the holes and the edges are the main sources to activate O2 to O2
·
 radical 

resulting in the oxidation of hydrazo compounds to azo compounds.  
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Scheme I.9. Reduced graphene oxide(rGO)‒catalyzed dehydrogenation of various hydrazo 

compounds. 

 

Sulfonated reduced graphene oxide (rGO-SO3H) has been found to be used as solid 

acid catalyst to synthesize furfural from biomass (Scheme I.10).
70
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Scheme I.10. Conversion of hemicellulosic materials to xylose and then furfural. 
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The rGO is also found to be used as catalyst for the preparation of 

bis(aminothiocarbonyl)disulfides from various secondary amines and CS2 under mild 

conditions (Scheme I.11).
71
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Scheme I.11. Reduced graphene oxide (rGO)‒catalyzed disulfiram formation from 

dibenzylamine and CS2. 

 

The rGO grafted with polystyrene sulfonic acid (rGO-PSSA) has also been used as 

solid acid catalyst for the synthesis of isoamyl benzoate (Scheme I.12).
72 
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Scheme I.12. Preparation of isoamyl benzoate using rGO-PSSA. 

Tan et al.
73

 reported that both GO and rGO can be used as carbocatalysts for the 

electrochemical polymerization of 3-amino-phenylboronic acid (ABA) (Scheme I.13).  

H2N

B(OH)2
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Scheme I.13. Polymerization of 3-amino-phenylbpronic acid catalyzed by GO or rGO.  

It is also reported the zigzag edges and defects present on the surface of rGO are 

responsible for its catalytic acitivity towards reduction of nitrobenzene (Scheme I.14).
74
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Scheme I.14. Reduction of nitrobenzene catalyzed by rGO. 

Graphene oxide 

Graphene oxide (GO) is one of the most imortant graphene-based materials and also 

known as the primary precursor of graphene. For the preparation of GO, there are five 

methods which were reported by Brodie,
74 

Staudenmaier,
76 

Hoffman,
77

 Hummers,
78

and 

Tour.
89

 From the comparison between these five methods as in Table I.1, it is found that the 

first method given by Brodie has been actually modified with time by others.
80
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Table I.1. Comparison of various synthetic methods for the preparation of GO
 

Method Reagents for 

Oxidation 

Carbon-to- 

oxygen 

ratio
a 

Raman 

spectral 

ID/IG 

ratio
a 

Charge-

transfer 

resistance 

(Rct)
a
(kΩ) 

Notes 

Brodie KClO3,Fuming 

HNO3 and 

Conc. H2SO4 

‒ ‒ ‒ Addition of 

KClO3 was 

stepwise rather 

than at once 

Staudenmaier
 

KClO3, Fuming 

HNO3 

1.17 0.89 1.74 ‒ 

Hoffman
 

KClO3, Non-

fuming HNO3 

1.15 0.87 1.68 ‒ 

Hummers‘
 

KMnO4, 

NaNO3 and 

Conc. H2SO4 

0.84 0.87 1.98 The method 

can be 

modified by 

eliminating the 

use of NaNO3
a 

Tour
 

KMnO4,Conc. 

H2SO4 and 

Conc. H3PO4 

0.74 0.85 2.15 ‒ 

a 
Data‘s are taken from reference no. 82.  

 

Among the five methods, Hummers‘ method is the most widely used method which is 

modified through several modification to reach the higher extent of oxidation.
80

 The latest 

modified Hummers‘ method was reported by Tour et al.
79 

After the oxidation of graphite, 

graphene layers become highly decorated with various oxygenated functional groups like 

hydroxyl (‒OH), carboxylic (‒COOH), epoxy (C‒O‒C) or ether and carbonyl (‒C=O) etc. 

Due to the presence of such functional groups GO shows very high acidic nature (pH = 4.5 

for 0.1mg/ml).
81 

The characterization and analysis of chemical functionalization of GO 

surface can be performed by UV-Vis, Raman, FT‒IR-spectroscopy, X‒ray photoelectron 

spectroscopy (XPS), thermo gravimetric analysis (TGA), powder XRD and the 

morphological behaviour of the surface can be performed by TEM and SEM studies.
82

 The 

number of oxygenated functional groups present on the surface of GO depends on degree of 

oxidation concluding, higher the oxidation higher will be the percentage of O than C in GO. 

 Structure of graphene oxide 

 The chemical structure of GO contains a variety of oxygenated functional groups 

depending on the degree of oxidation. According to the presence of such functional groups 

several structural models (Figure I.4) for GO were prescribed by Dekany,
83

 Scholz-Bohem,
84 

Hoffman,
85 

Nakajima-Matsuo,
86

 Ruess,
87 

Lerf and Klinowski.
88

 The most accepted model was 
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given by Lerf and Klinowski,
88

 which contains hydroxyl and epoxide groups on the basal 

planes and carboxylic groups edges of GO. 
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Figure I.4. Various structural models of graphene oxide. 

 Catalytic applications  

Graphene oxide has been found to be act as an efficient oxidant for a broad range of 

organic reactions, including the oxidation of olefins to their respective diones, methyl 

benzenes to their respective aldehydes, diarylmethanes to their respective ketones and various 

dehydrogenations (Scheme I.15).
89 
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Scheme I.15. GO as an efficient oxidant for various organic transformations.  

Additionaly, the high acidic nature of GO (pH 4.5 at 0.1 mg mL
-1

),
83 

make it as an 

effective solid acid catalyst to facilitate the Friedel-Craft addition of -unsaturated ketones 

to indoles,
90 

the conversion of polysaccharides (e.g., fructose, sucrose and inulin) to 5-

ethoxymethylfurfural,
91

 and various dehydrative or cationic addition polymerizations 

(Scheme I.16).
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Scheme I.16. GO‒catalyzed various organic transformations. 

I.4. Organic polymers 

After the pioneering work on solid-phase peptide synthesis (SPPS) by Merrifield, 

considerable research have been done on the use of polymers as solid supports, reagents and 

catalysts in worldwide laboratories.
93 

The polymeric supports are mainly cross-linked 

polystyrene resin which are divided into two types according to their degree of cross-linking: 

gel-type microporus resin and macroporous resin. The gel-type microporous resins are lightly 

cross-linked (1-2%) polystyrene resin and the most commonly used resins for solid-phase 
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organic synthesis. On the other hand, macroporous resins are highly cross-linked (>5%) 

porous polystyrene which allow reagent diffusion through pore network within the beads, 

rather than through the spaces between beads in a swollen polymer gel. 

I.4.1. Microporous gel-type resins 

In solid-phase synthesis three types of commercially available microporous gel-type 

resins are mostly used: polystyrene resin (PS), poly (ethylene glycol)-polystyrene resins 

(PEG‒PS), hydrophilic PEG-based resins. 

I.4.1.1. Polystyrene (PS) resins 

 Polystyrene resins are the most widely used organic polymers employed as solid 

supports for the synthesis of peptides and small molecules. Polystyrene resins are obtained by 

the suspension polymerization of styrene and divinybenzene (DVB).
94 

The first synthetic PS 

was prepared by Merrifield (Scheme I.17). Various physical characteristics, such as solvent 

swelling, chemical stability of PS depends on the degree of cross-linking and hence on the 

proportion of DVB. Generally, microporous PS resins containing 1-2% DVB cross-linking, 

have greater swelling capacity than the higher cross-linked macroreticular resins (> 5% 

DVB). The improvement of properties of such polystyrene resins for their use in organic 

synthesis can be possible by several strategies as following: 

 Using heterogeneous cross-linked polystyrene in different polymers or preparing the 

polymer in such a way that the functional groups are concentrated toward the surface 

of the resins.  

  Using cross-linker other than divinylbenzene to heterogenize polystyrene in order to 

modulate the physical and chemical properties of resins.  

 Adding functional groups to polystyrene backbone that provide desired properties.  

 Grafting polystyrene onto a heterogeneous support and the use of graft as point of 

substrate/reagent/catalyst attachment in order to reduce the importance of resins 

swelling. 



 

20 

 

X

Ph Ph

X

PhPh

Styrene
monomer

Divinylbenzene Functionlized
monomer

Radical
Intiator

cross-linking

polystyrene chain

Ph

Ph

Reaction 
site

X= Cl, Br

 

Scheme I.17. The formation of Merrifield‘s polystyrene resin. 

 

I.4.1.2. Poly (ethylene glycol)-polystyrene resins (PEG‒PS)  

PEG-grafted polystyrene is an another class of microporous polystyrene resin uesd in 

soild-phase organic synthesis (SPOS). Such PS can be synthesized either by the reaction of 

preformed oligooxyethylenes with aminomethylated polystyrene beads (PEG‒PS) or by graft 

polymerization on polystyrene beads. The first PEG‒PS resin was developed with the idea of 

combining a hydrophobic PS core with hydrophilic PEG chains on the same support. In 

addition, the PEG unit might act as a spacer, separating the starting point of the solid-phase 

synthesis from the PS core in some of the aforementioned PEG-PS resins.
132

 Due to unique 

conformational flexibility of PEG chains, PEG‒PS resins are compatible with both polar and 

nonpolar solvents.
95 

The high degree of swelling provides the beads with a firmer and flow-

stable character and makes these resins physically stable in flow systems. The content of PEG 

varies significantly between distinct resins and therefore their swelling properties can differ 

markedly. But the drawback of using such resins is in the treatment with trifluoro acetic acid 

(TFA) which causes several lose of PEG. TentaGel, ArgoGel and NovaGel are the most 

widely used PEG-grafted polymers. 

I.4.1.3. Hydrophilic PEG-based resins  

In 1980, another type of PEG-based resins was introduced having polyacrylamide resin 

as their roots and used in solid-phase peptide synthesis using fluorenylmethoxycarbonyl 

(Fmoc)-tert-butyl(tBu) strategy.
96 

They were developed following the concept that the 

insoluble support and peptide backbone should have comparable polarities. Polyacrylamides 

cross-linked with PEG (PEGA),
97

 PEG cross-linked ethoxylate acrylate resin
 
(CLEAR),

 98
 

and cross-linked PEG
 
(ChemMatrix),

99 
are the most widely used hydrophilic PEG-based 

resins in SPOS.
 
PEGA resin is obtained by inverse suspension radical polymerization of 
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various sizes of linear bis- and branched tris-2-aminopropyl-PEG samples with acryloyl 

chloride. The uniform beads swelled in all solvents, ranging from toluene to aqueous buffers.  
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Figure.I.5. Structures of some common polymeric resins. 

 

The ChemMatrix resin, developed by Côté,
99 

consists of primary ether bonds. Because of its 

highly cross-linked matrix, ChemMatrix has greater mechanical stability than other PEG 

resins. Due to high swelling behaviour of such resins in almost every common solvents, they 

have broad utility on solid-phase organic synthesis. ChemMatrix resin performs extremely 

well compared to PS resins for the solid-phase synthesis of hydrophobic, highly structured, 

poly-arg peptide, - amyloid, (1-42) RANTES-a complex aggregated chemokine and HIV 

protease.
99-102

 The CLEAR family, developed by Kempe and Barany,
98

 based on the co-

polymerization of branched PEG-containing cross-linkers such as trimethylolpropane 

ethoxylate triacrylate and contains various ethylene oxide units with amino-functionalized 

monomers such as allylamine or 2-aminoethylmethacrylate. 

I.4.2. Macroporous resins  

Macroporous resins are highly cross-linked (>8% DVB cross-linker) organic polymers 

having permanent porous structure and functionalization on the surface of a bead.
103

 Because 

of the rigid open pore structure, these resins facilitate the fast diffusion of reagents to reaction 

sites. In addition, the choice of solvent is less critical for functionality of the support due to 
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non-swelling behaviour of such resins. Similarly, fast removal of excess reagents, solvents 

and by-products from resin in washing steps make them efficient support for the large scle 

automated SPOS.
104 

They have been  applied especially as ion-exchange resins,
105-106

 and 

other applications include solid-phase extraction, scavenger resins, and heterogeneous 

catalysis.
107 

I.4.2.1. Ion-exchange resins 

Ion exchange resins are usually insoluble polymeric materials manufactured by a 

suspension polymerisation using styrene and divinylbenzene (DVB) that carry ion 

exchangeable functional groups. The ion-exchange resins are mainly prepared as spherical 

(beads) either as conventional resin with a polydispersed particle size distribution from ~0.3 

mm to ~1.2 mm (50‒16 mesh) or as uniform particle sized (UPS) resin with all beads in a 

narrow particle size range. The first synthetic ion-exchange resins were prepared by the 

condensation of phenol and formaldehyde.
108 

The basic requirements of ion-exchange resin 

beads are insolubility, bead size and resistance to fracture. The relative strength and also the 

porosity of bead depends on the amount of used cross-linking DVB polymer. Porosity and 

particle size can be controlled by the conditions of polymerization and uniform particle size 

manufacturing technology. 

 Types of ion-exchange resins 

Ion-exchange resins are divided into four types based on the charge on the 

exchangeable counterion (cation exchanger or anion exchanger) and the ionic strength of the 

bound ion (strong exchanger or weak exchanger).  

These  ion-exchange resins are: 

i. Strong cation exchange resins, containing sulfonic acid (‒SO3H) groups or the 

corresponding salts. 

ii. Weak cation exchange resins, containing carboxylic acid (‒COOH) groups or the 

corresponding salts. 

iii. Strong anion exchange resins, containing quarternary ammonium groups. Strong 

base anion exchange resins can be categorized as Type I or Type II depending on 

the nature of the functional groups/type of amine used during the chemical 

activation process. Type I resins contain trialkyl ammonium chloride or 

hydroxide and Type II resins contain dialkyl 2-hydroxyethyl ammonium chloride 

or hydroxide. 
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iv. Weak anion exchange resins, containing tertiary amine functional groups. 

 Applications of ion-exchange resins in various fields 

The selectivity or affinity of ion-exchange resins is influenced by properties of the 

bead, the exchangeable ions and the solution in which the ions are present. Water is an 

essential component of ion-exchange resins. Based on the desired quantity of water required, 

the resins are selected for the application in industry. The broad applications of ion-exhange 

resins are water softening, dealkalisation, demineralization, water purification, nuclear power 

plants, precious metal recovery and pharmaceuticals etc. 

 Application of ion-exchange resins in diverse organic reactions 

Organic polymers have not only used as catalyst support but also as a catalyst itself. As 

rule of solid-phase organic synthesis substrates, reagents and catalysts are generally 

immobilized onto the polymer surface through covalent bonding, entrapment and ion-pairing 

where cations or anions are bound to complementary resin sites.
108 

Microencapsulation is an another method for the immobilization of catalysts onto the 

surface of polymers using physical involvement by polymer backbones and interaction 

between electrons of benzene rings of the polystyrenes and vacant orbitals of the catalysts. 

Kobayashi et al.
109

 have first prepared microencapsulated Sc, Os, Pd and Ru catalysts 

successfully and applied in various organic transformations (Scheme I.18). 
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Scheme I.18. Microencapsulated PS-RuCl2 (PPh3) catalyzed organic transformations. 

According to our laboratory report, Amberlyst A-26(OH) can efficiently promote the 

smooth conversion of disulfides from alkyl and acyl methyl thiocyanates in good to excellent 

yields (Scheme I.19).
110
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Scheme I.19. Amberlyst A-26 catalyzed disulfide formation. 

Amberlyst-15, have been widely used as heterogeneous acid catalyst in various organic 

transformation as shown in Scheme I.20.
111 
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Scheme I.20. Amberlyst-15 catalyzed various organic transformations.  

In heterogeneous catalytic hydrogenation, several molecules such as hydrocarbons, 

primary, secondary alcohols, formic acid and its salts have been employed as hydrogen 

source. Amberlite IRA‒420 anion (chloride form) which has exchangeable chloride anion can 

easily be exchanged with formate anion (HCOO
‒
). This poly-ionic resin was designated as 



 

25 

 

amberlite resin formate (ARF) by our laboratory and applied as an excellent hydrogen source 

in Pd‒catalyzed catalytic transfer hydrogenation (CTH) for several alkenes, imines and 

nitroarenes also. (Scheme I.21).
112

 The advantages of using ARF are the stability in the open 

air and also the recyclability. A number of works for the formation of monometallic as well 

as bilmetallic nanocomposites of different transition metals such as Pd, Cu using ARF  as a 

solid support have been reported from our laboratory which have broad application towards 

C‒C bond forming reactions.
113
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Scheme I.21. Synthesis of ARF and Pd‒catalyzed catalytic transfer hydrogenation of alkenes, 

imines and nitroarenes. 

ARF‒Pd catalyst has been applied excellently for the C‒C cross coupling reactions like 

Heck‒Mizoroki, Suzuki‒Miyaura and Sonogashira reactions (Scheme I.22).
113a 

The high 

catalytic efficiency, selectivity and reusability of ARF‒Pd make it a viable heterogeneous 

catalyst for these C‒C bond forming reactions. 
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Scheme I.22. ARF‒Pd catalyzed various C‒C cross coupling reactions.  

According to our previous laboratory report poly-ionic resin supported CuO NPs 

(CuO@ARF) have excellent catalytic effect for C−S coupling reaction under ligand-free and 

'on-water' conditions. It is also applied for the chemoselective synthesis of bioactive 

heterocyclic scaffold phenothiazine (Scheme I.23).
114
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Scheme I.23. Synthesis of phenothiazine using poly-ionic resin supported CuO NPs. 

Further application of poly-ionic resin bound reagents and/or catalysts has been 

established when an ion-exchange resin-supported organoborate species is derived as a 

heterogeneous phenylating agent. Amberlite ion-exchange resins (chloride form) have 

exchanged with tetraphenylborate anion (Ph4B
−
) by continuous rinsing with an aqueous 

solution of NaBPh4 and have been used directly for the Suzuki coupling reaction in the 

presence of  2 mol% Pd(OAc)2 affording unsymmetrical biphenyl in 90 % yield (Scheme 

I.24).
115 
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Scheme I.24. Amberlite supported tetraphenylborate as a phenylating agent for Suzuki 

reaction.  

I.5. References 

 References are given in BIBLIOGRAPHY under CHAPTER I. (pp. 163−170). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

28 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 

Silica: An efficient inorganic solid support to promote one-pot 

regioselective synthesis of dithioethers 
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II.1. Introduction  

Over the last decade, organic synthesis has taken a major turn towards developing 

reaction conditions that are environment-friendly, sustainable and amenable to industries.
1
 In 

this respect, solid-phase organic reactions mediated by various solid supports as well as solid 

supported catalysts have played a significant role in combinatorial synthesis of small 

molecules of pharmaceutical interest.
2
 Mesoporous inorganic oxides like silica, alumina, 

zeolite etc. are not only considered as suitable solid surfaces to facilitate various organic 

reactions but also to promote eco-friendly chemical processes.
3
 On the other hand, organic 

reactions with a high selectivity under eco-friendly and sustainable conditions have attractive 

features in terms of the concept of green chemistry. Due to the high surface area (5‒800 m
2
 g

-

1
) and high porosity of silica gel, which is generally used in chromatography plays an 

important role in catalysis not only as a solid support but also as an active catalyst.
4
 The high 

chemo-, regio- and stereoselectivity, simplification of product work-up, separation and 

isolation under mild conditions are the major advantages of silica gel promoted chemical 

reactions over conventional homogeneous reactions. A huge number of works have been 

already reported in literature based on chemical reactions catalyzed by silica gel.
5
 

Diorganyl sulfides or thioethers are essential building blocks of various biologically 

active organosulfur compounds,
6
 which play important role in both biological and chemical 

processes such  as pharmaceutical, polymer, pesticide and food-processing industries.
7
 In 

addition, dithioethers have employed as bridging ligands in the construction of metal-organic 

coordination complexes.
8 

The flexibility and spacer length of these organic bridging ligands 

play fundamental role in determining the structure types of final assemblies and the 

luminescence properties of metal-organic framework (MOF). Figure II.1 represents few 

examples of flexible dithioether bridging ligands which are mainly used for the formation of 

coordination complexes with various metals like Ag, Cu, Pd, Rh, Ir, Pt etc. 
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Figure II.1. Some flexible dithioether ligands involved in the formation of metal-organic 

coordination complexes. 
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The involvement of thioether ligands in bio-inorganic systems like copper containing 

metalloenzymes makes huge interests to the development of copper complexes containing 

thioether ligands to explore the role of sulphur-based donors in both biological process,
9 

like 

blue copper proteins.
10 

Recently, thioether ligands have been recognized as copper 

traffickers.
11 

Moreover, the presence of sulfur donors around copper centres can modulate the 

redox potential of the Cu
2+

/Cu
+
 couple, resulting in high redox potentials for sulfur-rich 

coordination complexes. Thioether-based copper complexes like [{Cu(μ2-I)2Cu}{μ-

PhS(CH2)3SPh}2]n, [Cu4I4{μ-PhS(CH2)3Ph}2]n, [{Cu(μ2-Br)2Cu}{μ-PhS(CH2)3SPh}2]n, 

[Cu4I4{μ-PhS(CH2)5Ph}2]n,  [Cu4I4{μ-p-TolS(CH2)5STol-p}2]n, have structural diversities like 

1D, 2D and 3D as in Figure II.2 which have potential applications in catalysis. It has been 

also postulated that the spacer length and also the nature of the thioether ligands have crucial 

role on composition as well as on topology of the co-ordination polymers. Hence, such 

structural variation of thioether ligands affect the mean distance of Cu···Cu resulting in the 

influence on their luminescence properties.
8c
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Figure II.2. Structural variation of thioether-based copper complexes. 

 

Vicinal dithioethers are also used as bridging ligands which have diverse applications 

e.g. vicinal dithioether-based zirconium and titanium complexes have been used in the 

polymerization and hydroamination of alkenes.
12-15 

Iridium-complexes prepared using chiral 

dithioethers also have been employed in asymmetric hydrogenation.
16

 Because of their 

versatile applications, a great number of procedures have been developed to synthesize bis-

thioethers with varying success and limitations.
7a,17 

But in literature, synthesis of dithioethers 

mostly involved the metal-catalyzed addition of disulfides to alkenes,
17c,18

 and conventional 

nucleophilic substitution of 1,2-dihalides with thiols/thiolate.
7a,19

 Therefore, the synthesis of 

dithioethers in green and straightforward way still need to be explored. 

Here, we have demonstrated a distinct protocol to synthesize either 1,2 or 1,3- 

dithioether via one-pot, solvent-free substitution and regioselective addition of allyl halides 



 

31 

 

with thiols using commercially available, inexpensive and no-corrosive silica gel as catalyst 

by following both Maronikov and Anit-Markonikov pathways.  

 

II.2. Present Work: Background and objectives  

The traditional method for the formation of thioethers is the addition of thiols to C=C 

double bonds via an electrophilic addition either protic,
20

 or Lewis acids,
21

 or a free-radical 

chain pathway.
19

 On the other hand, vicinal dithioethers are generally synthesized either by 

metal-catalyzed addition of disulfides to alkenes,
17c,18

 or by traditional nucleophilic 

substitution of 1,2-dihalides with suitable thiols/thiolate.
7a,19

 They are also prepared via 

consecutive hydrothiolation of alkynes, both under nucleophilic or radical-induced 

conditions.
7a,19

 In addition, 1,3-dithioethers can be prepared by nucleophilic substitution of 

compounds bearing suitable leaving groups at 1,3-positions of alkyl chain.
18

 Several number 

of synthetic procedures have been already reported for the synthesis of bis-thioethers.  

S. Poulain et al. have synthesized vicinal dithioethers by the sulfuration of norbornene 

derivatives with elemental sulphur using a catalytic amount of a nickel complex 

[Ni(NH3)6]Cl2 in two step; first sulfuration by S8 to double bond to afford selectively 

trithiolanes followed by further reduction and alkylation of the isolated trithiolanes to 

produce the desired 1,2-dithioethers (Scheme II.1).
13a
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Scheme II.1. [Ni(NH3)6]Cl2‒catalyzed vicinal dithioethers of norbornene derivatives via S8 

activation. 

 

Disubstitution of either 1,2-dibromoethylene or 1,1-dibromoethylenic compounds in an 

aprotic solvent such as 1,2-dimethoxyethane and toluene regioselectively produce 

corresponding ketene thioacetals (Scheme II.2) in good yields by using of o-phenylene-

bis(diphenylphosphino) nickel(II) bromide complex as a catalyst.
22
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Scheme II.2. Bis(bipyridine)nickel(II) bromide complex catalyzed synthesis of alkenyl 

sulfides and ketene thioaetals. 

 

Kondo et al.
23

 have reported that the addition of disulfides to 2-norbornene can easily 

provide corresponding vicinal dithioethers in high yields using Cp*RuCl(cod) complex as a 

catalyst (Scheme II.3). The overall reaction involves stereoselective cis-thioruthenation of 

alkenes, followed by reductive elimination with retention of the stereochemistry to give the 

products. Ethylene and a variety of terminal alkenes bearing functional groups have been 

used to synthesize their corresponding dithioethers.  
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100 oC, 8-20h

SPh

SPh
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S S PhPhor

R

SPh

PhS

or 95% (exo 100%)

75%  
Scheme II.3. Cp*RuCl(cod)‒catalyzed stereoselective synthesis of vicinal dithioethers. 

   

K. Oshima and his co-workers have demonstrated the use of gallium trichloride for the 

highly selective disulfidation of terminal alkynes with to give (E)-1,2-dithio-1-alkenes (E/Z > 

20/1) (Scheme II.4). They have also used alkenes to form their trans adducts under this 

reaction condition.
24
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Scheme II.4. GaCl3‒catalyzed disufidation of alkynes and alkenes. 

 

The stereoselective addition of aromatic disulfides to terminal alkynes is also possible 

by using a palladium complex resulting in excellent yield (100%) of Z-isomer, (Z)-1,2-

bis(arylthio)-1-alkenes are formed (Scheme II.5).
25
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Scheme II.5. Pd(PPh3)4‒catalyzed stereoselective addition of aromatic disulfides to terminal 

alkynes. 

 

In such addition, the presence of carbon monoxide can undergo one-pot 

multicomponent carbonylative addition of disulfides to alkynes (Scheme II.6).
25 
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Scheme II. 6. Pd(PPh3)4‒catalyzed one-pot carbonylative addition of disulfides to alkynes. 

 

Moreover, the syn-addition of bis(triisopropylsilyl)disulfide to terminal alkynes in 

benzene (Scheme II.7) can afford good to excellent yield of their corresponding insertion 

products by using a catalytic amount of  Pd(PPh3)4.
26
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Scheme II.7. Pd(PPh3)4‒catalyzed syn-addition of bis(triisopropylsilyl)disulfide to alkynes in 

benzene at 80 °C. 

 

Very recently, a new method is developed for the formation of S-styryl/ S-aryl 

dithioethers by the tandem elimination/ring-opening of 2-benzyl-1,3-dithianes with 

subsequent cross coupling of the pendent thiol with various aryl bromides using a 

Pd(OAc)2/xantphos catalytic system (Scheme II.8).
27
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Scheme II.8. Synthesis of disubstituted dithioethers by Pd(OAc)2/Xantphos promoted 

tandem elimination/ring opening/C−S cross coupling of 1,3-dithianes.  

 

N. Yamagiwa et al.
28

 have utilized very common Lewis acids like FeCl3/AlCl3 for 

catalytic disulfenylation reaction of alkenes to their corresponding vicinal dithioethers 

(Scheme II.9). In this method, the transformations were much faster and provide excellent 

yields by using AlCl3 compared to FeCl3. 

FeCl3/AlCl3 (5 mol%)

toluene, rt
PhS SPh

SPh

SPh

9098%  
Scheme II.9. FeCl3/ AlCl3 catalyzed disulfenylation of cylohexene with aromatic sulphide. 

   

A green and atom-economical ―on water‖ synthesis of vicinal dithioethers from alkynes 

and thiols in metal-free condition (Scheme II.10) has been developed by Hammond et al. 

This method is not only applicable for terminal alkynes but can be also used for non-terminal 

propargyl alcohols to produce highly regio- and stereoselective monohydrothiolation product 

(E)-alkenyl thioether.
29 
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Scheme II.10.  ―On water‖ synthesis of vicinal dithioethers from alkynes and thiols and regio 

and stereoselective monohydrothiolation of propargyl alcohols. 

 

Mesoporous inorganic oxide like silica having high surface area (>800 m
2
/g) as well as 

high porosity has taken a widespread attention towards its application in chemical reactions. 

Banerjee and his co-workers have utilized silica nanoparticles (NPs) as a reusable catalyst for 

the synthesis of thioethers via the 1,2 addition of thiols  to alkenes and 1,4 addition to 

conjugated alkenes at room temperature (Scheme II.11).
30
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S

 
Scheme II.11. Silica NPs catalyzed anti-Markonikov addition of thiols to alkenes/allyl 

halides and also the synthesis of 1,3-dithioether. 

They have also reported one example for the synthesis of 1,3-dithioether by anti-

Markonikov addition reaction of allyl bromide and excess benzenethiol using silica NPs 

(Scheme II. 11). 

Previous report from our laboratory depicts that commercially available silica gel can 

act as an efficient heterogeneous surface for promoting various organic transformations like 

Aza-Michael addition of amines to electron deficient alkenes,
31 

and also in selective N and S-

alkylation/acylation from amines or thiols respectively (Scheme II.12).
32,33 

We have also 

utilized silica gel as an excellent solid support for the synthesis of Pd NPs and applied 

successfully in Suzuki and Heck coupling (Scheme II.12).
34 
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Scheme II.12. Silica gel promoted various organic transformations. 
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We observed that an equimolar mixture of a benzenethiol and allyl bromide on 

treatment with silica can produce allyl(phenyl)sulfane in excellent yield (Scheme II.13).
33 

SH
Br

500 mg Silica Gel

r.t., 5 h

S

85% yield  
Scheme II.13. S-allylation of thiohenols promted by silica gel surface at room temperature. 

Since, alkenes are known to undergo ‗click‘ addition with thiols,
35

 excess use of thiols could 

effectively produce dithioethers and based on a regioselective addition one could achieve 

either vicinal or 1,3-dithioethers in one-pot consecutive substitution hydrothiolation processes 

as represented in Scheme.II.14.  

X R SH2
SR SR

SR
Markovnikov

Anti-Markovnikov

SRRS

1
2

1
2

3
H

H

 
Scheme II.14. Sequential substitution-addition reactions of thiols with allyl halides leading to 

the formation of 1,2- or 1,3-dithioethers. 

Although both reactions are well known, a critical search in the literature surprisingly 

revealed no general one-pot protocols for the preparation of dithioethers from allylic 

substrates. Banerjee et al. have only reported one example for the synthesis of 1,3-dithioether 

by anti-Markonikov addition reaction of allyl bromide and excess benzenethiol using silica 

NPs (Scheme II. 11).
30 

The reaction was carried out in the presence of  silica NPs under 

solvent free condition and found that silica NPs  have significant influence in directing anti-

Markonikov addition of thiols to different alkenes.  

However, there is no report on the metal-free hydrothiolation of allylic substrates in a 

Markonikov way to produce 1,2-dithioethers in  one-pot reactions. In addition, according to 

Banerjee et al. silica NPs can afford selectively anti-Markonikov product (100%) under 

solvent free condition without the formation of any Markonikov product.  

 Here, we have demonstrated that silica surface can have tuning behaviour depending 

on the physically adsorbed water and the presence of various silanol groups on its surface. 

Hence, using such tuning behaviour of silica gel surface under pre-calcined and moistened 

state we become successful to produce 1,2- or 1,3-dithioethers regioselectively in one-pot 

way.  
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II.3. Present work: Results and discussion 

II.3.1. Optimization of reaction conditions 

To begin our study, we have first activated silica gel (directly from the container, 

commercially available) by heating under vacuum at 150
 o

C until bubbling ceased, and then 

cooled to room temperature under vacuum following our previous laboratory method.
32,33

 

Then following the same method we first attempted the magnetic stirring of a mixture of allyl 

bromide and benzenethiol in a 1:2.5 ratio by using pre-calcined silica gel at room temperature 

that indeed led to the formation of 1,2-dithioether in 91% yield (Table II.1, entry 2).  

Table II.1. Optimization of one-pot sequential substitution-hydrothiolation of allylic 

substrate with excess benzenethiol over silica at room temperature 

X
Ph SH

2.5 mmol
SPh

SPh

MarkovnikovAnti-Markovnikov

SPhPhS

1
21

2

3

Condition [A]Condition [B]

1 mmol

 
Entry CH2=CH-CH2-X Conditions

a
 Time (h) Product

b
 / Yield (%)

c
 

1 X = Br [A] 6 1,2-Dithioether / 77 

2 X = Br [A] 11 1,2-Dithioether / 91 

3 X = Br [B] 20 1,3-Dithioether / 83 

4 X = I [A] 12 1,2-Dithioether  / 89 

5 X = I [B] 20 1,3-Dithioether / 85 

6 X = Cl [A] 15 1,2-Dithioether  / 57 

7 X = Cl [B] 30 Diphenyldisulfide / 83 

8 X = OAc [A] 24 Diphenyldisulfide / 90 

9 X = OTs [A] 8 1,2-Dithioether / 75 

10 X = OTs [B] 22 1,3-Dithioether / 68 

11
d
 X = SPh [A] 5 1,3-Dithioether / 83 

12
d 

X = SPh [B] 12 1,3-Dithioether / 80 

13
d 

X = OPh [A] 6 3-Phenoxythioether/89 

14
d 

X = OPh [B] 14 3-Phenoxythioether/82 

15 X = Br Neat 20 No dithioether is formed 
a
Conditions: [A] allylic compound and PhSH (1:2.5 mmol) over pre-calcined dry silica gel 

(0.5g); [B] allylic compound and PhSH (1:2.5 mmol) over moist silica gel (0.5g). 
b
In each 

case 5-10% diphenyldisulfide was formed except Entries 6, 7 and 8. 
c
Yield refers to isolated 

pure product and no other constitutional isomer was detected. 
d
Thiol (1.2 mmol) was used for 

Entries 11-13. [Entries no 2-6, 10, 13, 14, 15 were performed by the present author and others 

were performed by one of my co-author S. Kundu]. 

On the other hand, when we moistened silica gel with a few drops of water for the same 

reaction, then surprisingly we obtained regioselective anti-Markovnikov addition product, i.e. 

1,3-dithioether, [1-(3-(phenylthio)propylthio)benzene] in 83% yield. In both cases, a minimal 
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amount of diphenyldisulfide (5–10%) was formed,
36

 which was easily separable from the 

reaction mixture by column chromatography. Since the choice of silica led to the production 

of highly regioselective products, we wanted to optimize both conditions to establish them as 

general protocols. Table II.1 represents the optimization of the reactions of different allylic 

substrates with benzenethiol. Pre-calcined silica gel was used for the conditions A or moist 

with water (0.1 mL water for 0.5 g of silica) for use under conditions B. It was observed that 

allyl bromide or allyl iodide underwent sequential substitution-addition reactions entirely 

regioselectively with comparable yields (Table II.1, entries 1–5), whereas allyl chloride 

showed varying results under conditions A or B, and allyl acetate did not undergo any desired 

reaction, but merely produced the disulfide from oxidative dimerization of the thiol (Table 

II.1, entries 6–8). Allyl tosylate, however, produced the desired thioethers in a regioselective 

manner, but with relatively low yields (Table II.1, entries 9 and 10). Interestingly, 

allylphenylsulfane or allyl phenyl ether entirely followed an anti-Markovnikov addition, 

under both conditions, A and B (Table II.1, entries 11–14).  

II.3.2. Applications of our optimized reaction conditions in one-pot tandem reactions of 

allyl bromide with a variety of thiols 

By taking these two distinct conditions in our hand, we examined the scope of these 

one-pot tandem reactions of allyl bromide with a variety of thiols under both conditions. The 

results are presented in Table II.2. Arylthiols bearing different functional groups like CH3, 

OCH3, Cl or F were reacted with allyl bromide in the presence of pre-calcined and dry silica 

affording good to excellent yields of the corresponding 1,2-dithioethers (Table II.2, entries 1, 

3, 5, 7, 9, 11 and 17). 2-Naphthylthiol also underwent a similar regioselective Markovnikov 

addition, resulting in the corresponding 1,2-dithioether in 82% yield (Table II.2, entry 18). 

Extending the protocol to aliphatic thiols, such as n-pentylthiol and cyclohexylthiol also 

afforded regioselective dithioether in good yields (Table II.2, entries 13 and 15). In all the 

cases, we observed 100% Markovnikov addition products and no anti- Markovnikov products 

were detected. We now turned our attention to the other conditions [B] – the use of moist 

silica gel. Again, a variety of aromatic thiols, including those that were used for the 

conditions [A], were employed to react with allyl bromide in the presence of silica moist with 

a few drops of water, and we isolated entirely regioselective 1,3-dithioethers (Table II.2, 

entries 2, 4. 6, 8, 10 and 12). The same selectivity was observed in the reaction of aliphatic 

thiols (acyclic or alicyclic) viz. N-pentane-1-thiol and cyclohexanethiol, with allyl bromide to 
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afford the corresponding 1,3-dithioethers in 71% and 67% yield, respectively (Table II.2, 

entries 14 and 16). In these cases, we did not detect any Markovnikov addition products. 

Thus, moistened silica gel turns out to be effective for sequential substitution reactions, and 

entirely anti-Markovnikov addition, while pre-calcined dry silica gel could efficiently give 

rise to only Markovnikov addition products. Interestingly, it was found that the reactions over 

dry silica gel appear to be faster than the procedure using moist silica. Moreover, the 1,2-

dithioethers are formed in slightly better yields than the corresponding 1,3-analogues. We 

also experienced that aromatic thiols, under both conditions [A] and [B], give better yields 

than aliphatic thiols. 

 

Table II.2. Regioselective one-pot synthesis of 1,2- and 1,3-dithioethers using dry (pre-

calcined) or moist silica gel at room temperature 

X R SH2 SR

SR

MarkovnikovAnti-Markovnikov

SRRS

1
21

2

3

Pre-calcined Silica gelMoist silica gel

 

Entry Thiol Conditionsa Time (h) Product Yieldb(%)

1

SH

SH

H3C

SH

H3C

S

CH3

S

S S

S

CH3

S

H3C

CH3

S S

CH3H3C

2

3

4

[A] 10 91

[B] 22 81

[A] 6 87

[B] 20 78

SH

SH

H3CO

SH

H3CO

SH

Cl

S

CH3

S

OCH3

H3CO

S S

OCH3H3CO

S

CH3

S

Cl

Cl

5

6

7

[A] 6.5 78

[B] 18 76

[A] 6 83
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SH

Cl

S S

ClCl
8 [B] 15 87

SH

F

SH

CH3

H3C

S

CH3

S

F

F

S S

FF

S

CH3

S

CH3

CH3

CH3

H3C

9

11

[A] 8 80

[A] 8 74

SH

F

10 [B] 16 84

SH

CH3

H3C

SH

SH

SH

SH

SH

OCH3

S S

CH3

H3C

H3C

CH3

S

CH3

S

S S

S

CH3

S

S S

S

CH3

S

OCH3
OCH3

12

13

14

15

16

17

[B] 20 77

[A] 9 67

[B] 16 71

[A] 10 65

[B] 18 67

[A] 7 71

SH S

CH3

S

S S

S S
D

&

S S

18

19c

20

[A] 9 82

[B] 22 -

[A]d 8215

SH

SH

a
Conditions: [A] allylic compound and PhSH (1:2.5 mmol) over pre-calcined dry silica gel 

(0.5g); [B] allylic compound and PhSH (1:2.5 mmol) over moist silica gel (0.5g). 
b
Yield 
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refers to isolated pure product; in each case 5-10% dipheneyldisulfide was formed and 

isolated. 
c
D2O (0.5 mL for 0.5 g silica gel) was used instead of H2O. 

d
Mixture of silica and 

sodium silicate (1:1 w/w; 0.5 g for 1 mmol of allyl bromide) was used after drying under 

vacuum. [Entries 1, 3, 5, 7, 9-10, 1, 12, 17, 18 were performed by the present author and 

other by my co-author  and every examples were checked carefully by both authors] 

 

II.3.3. Mechanism 

Mechanistically, we presume that the nature of the silica surface and its possible 

interactions with thiols is responsible for the notable regioselectivity in the hydrothiolation of 

allylsulfane. It is well known that amorphous or mesoporous silica consists of silanol groups 

and siloxane bridges that determine its surface properties, and the concentration of these ‒OH 

groups depends mostly on the actual process of calcinations.
37‒39
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Scheme II.15. Plausible mechanisms for the regioselective formation of vicinal and 1,3- 

dithioethers in the presence of dry or moist silica gel. 

 

Based on Zhuravlev‘s physicochemical model of silica surface,
37

 it may be presumed that the 

moistened silica surface is covered with a single layer or multilayer of adsorbed water, which 

might disappear during the calcination process. Since, allylphenylsulfane on hydrothiolation 

affords the anti-Markovnikov product under both conditions [A] and [B] (Table II.1, entries 

11 and 12), we presume that there might be an influence of the generated acid in the first step 

under dry conditions [A]. In the absence of water, the generated HBr in the first step might 
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activate the double bond and subsequent assistance by the neighbouring sulfur atom coupled 

with the stability of the secondary carbocation lead to the Markovnikov addition resulting in 

the exclusive formation of 1,2-dithioether (Scheme II.11, conditions [A]).  

On the other hand, the moist silica consisting of a single layer or multilayered adsorbed 

water promotes thiols to bind with allylsulfane, and the subsequent addition takes place in an 

anti-Markovnikov approach (Scheme II.15, conditions [B]). The influence of water was also 

reported by Ranu et al.
40 

for the regioselective anti-Markonikov addition of thiols to 

unactivated alkenes where water promotes the reaction through H‒bond formation with 

sulfhydryl hydrogen of thiol which increases the nucleophilicity of the thiolate ion. Then, the 

addition of thiolate anion to the C=C bond takes place in a concerted manner with steric 

factors controlling the regioselectivity leading to anti-Markonikov product. 

When the reason behind the anti-Markonikov addition was well understood we further 

went through few experiments to diagonise the exact role of in situ produced HBr as well as 

physically adsorbed water for the formation of 1,2-dithioether and 1,3-dithioether 

respectively. In order to find evidence for the role of silica adsorbed water, we conducted the 

following experiments: 

(i) First the reaction was carried out under conditions [A] using allylphenylsulfane as 

starting substrate in the presence of an exogenous base (sodium silicate; see Experimental 

section), which leads to the formation of anti-Markovnikov product only (1,3-dithioether) 

(Table II.2, entry 20). 

Sodium silicate (Na2SiO3)

S

+

Pre-calcined silica

SH
S S

1,3-dithioether

Condition [A]

rt
 

Scheme II.16. Addition of thiophenol to allylphenylsulfane with thiophenol in the presence 

of an exogenous base. 

(ii) Secondly, two reactions were carried out using moistened silica gel under 

conditions [B] with varying quantities of H2O (0.5 mL and 1.0 mL) but did not observed any 

significant changes producing only 1,3-dithioethers in quantities. 

(iii) To confirm the role of HBr produced in first step of the reaction, we have 

performed another experiment. We passed dry HCl gas through pre-calcined silica and then 

performed hydrothiolation of allylphenylsulfane, exclusively yielding an Markovnikov 

addition product (1,2-dithioether). 
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S

+
Dry HCl

Pre-calcined silica

SH
S

S

1,2-dithioether

Pre-calcined silicaS S

1,3-dithioether

 

Scheme II.17. Reaction of allylphenylsulfane with thiophenol in the presence of dry HCl gas. 

 

(iv) Last experiment was carried out with silica moistened with D2O (Table II.2, entry 

19), which afforded a mixture of 1,3-bis(phenylthio)propane and [2-D]1,3-dithioether as seen 

from the 1H NMR spectrum of the mixture and calculated to be in the ratio of 1:3.9. In the 

13
C NMR spectrum, the deuterated carbon appeared as a triplet at δ 27.96, J = 20 Hz (see the 

experimental section, Figure II.2).This observation supports our proposed mechanism for 

conditions [B] which might occur through an initial thiol proton exchange with D2O (PhS–H 

→ PhS–D) as following Scheme II.18. 

Ph SH
Br

Silica

SPh

(1,3-Dithioether)

S
Ph

S
Ph

H

H



Silica (Moist with D2O)

R
S D S Ph

Si O

H O

H



H 



Ph S D
S Ph

Si O

H O

H



HCondition [B]

H

H

PhS H
D2O

PhS D

DH

 
Scheme II.18. Plausible mechanism for the formation of 2-D-1,3-dithioether following 

condition [B]. [All experiments were performed by both the present author and my co-author 

as well as reproduced 2 times by both of us]. 

 

II.3.4. Recyclability of the catalyst 

We have also checked the recyclability of the silica gel for both conditions [A] and [B]. 

We first performed the reaction between allyl bromide and thiophenol (1:2.5 ratio) under both 
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condition [A] and [B] and then the catalyst silica (0.5g) was separated by simple filtration 

using a filter paper and after washing with water followed by acetone, dried under vacuum 

for half an hour and then re-used for the next cycle. After 7
th

 consecutive runs no catalytic 

loss of silica gel was found and so it might be possible to use it for the next cycles. The 

results are summarised in Figure II.3.  

 
Figure II.3. Recyclability of silica gel for the one-pot regioselective addition of thiophenols 

to allyl bromide under pre-calcined silica (Condition [A]) and moistened silica (condition 

[B]). [Recylability of the catalyst was observed by the present author] 

 

II.4. Conclusion  

Based on the above discussions, we can conclude that the choice of commercially 

available silica gel, either dry or moistened, could lead to highly selective pathways for the 

preparation of different dithioethers.  Interestingly, no such modification of silica gel surface 

was needed to promote the reaction rather its recyclability can influence its use in broaden 

way. In addition, the sequential reactions in one-pot protocols are robust, neutral, metal-free 

and notably selective with a broad range of substrates. The diverse reactivity of silica gel in 

the formation of vicinal or 1,3-dithioethers might not only spur the adaptation of existing 

procedures for selective dithioether preparation but also attract novel applications. Finally, 

such an alternative ‘green’ reaction methodology can make us more beneficial for further 

utilizations of the diverse reactivity of inexpensive and non-corrosive silica gel in solid-phase 

organic synthesis. 

II.5. Experimental Section 

II.5.1. General Information 

All chemicals were purchased from commercial suppliers and used without further 

purification. IR spectra were recorded on an FTIR spectrophotometer (8300 Shimadzu) using 
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Nujol mulling for liquid compounds and KBr pellets for solid compounds. NMR spectra were 

recorded on a Varian AV‒300 spectrometer with CDCl3 as a solvent. Chemical shifts (δ) are 

reported in ppm and referenced to TMS for 
1
H NMR spectra and residual solvent signals for 

13
C NMR spectra as internal standards. Coupling constants (J) are reported in Hertz (Hz). 

Standard abbreviations indicating multiplicity were used as follows: s = singlet, d = doublet, t 

= triplet, q = quartet, qnt = quintet, m = multiplet. Melting points were determined by heating 

in an open capillary tube. High resolution mass spectra (HRMS) were performed in a 

Micromass Q-TOF Spectrometer under ESI (positive mode) by the services at the Indian 

Association for the Cultivation of Science, Kolkata. 

Calcination: Commercially available silica gel (Merck, India; Grade: TLC; HF254) was 

heated under vacuum at 150 °C for 1 h, cooled, and then be used for the reaction or stored in 

a glass-stoppered flask for at least two weeks. 

Moistened silica: Commercially available silica gel (Merck, India; Grade: TLC; HF254) was 

mixed with water and used for the reactions. For column chromatography: silica (60–120 μm) 

(Thomas Baker, India), and for TLC, Merck plates coated with silica gel 60, F254 were used. 

II.5.2. General procedure for the preparation of 1,2- and 1,3-dithioethers ( Table II.2, 

Route A & B) 

Route [A]: A mixture of allyl bromide (1 mmol) and thiol (2.5 mmol) was intimately 

mixed with pre-calcined dry silica gel  (Table II.2, for Entries 1, 3, 5, 7, 9, 11, 13, 15, 17 and 

18) and stirred magnetically using a spin bar for several hours as listed in Table II.2. 

Route [B]: A mixture of allyl bromide (1 mmol) and thiol (2.5 mmol) was intimately 

mixed with silica gel (0.5 g) moist with two-drops of water, (Table II. 2, for Entries 2, 4, 6, 8, 

10, 12, 14 and 16) and stirred similarly as route [A] using a spin bar for hours as listed in 

Table II.2.  

Both the reactions were monitored by tlc, and after completion, the silica gel was 

separated by simple filtration for both route and the products were isolated using diethyl 

ether/DCM as solvent and purified by column chromatography over silica gel. Elution with 

light petroleum furnished the desired dithioether. All products were characterized by IR, 
1
H-, 

13
C-NMR and HRMS data. 
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II.5.3. Procedure for the reaction using a mixture of silica and sodium silicate under 

condition [A] (Table II.2, Entry 20) 

Equal quantities of silica gel and sodium silicate (1 g each) were intimately mixed, 

dried under vacuum at 100 
o
C for 1 h, then cooled and used for the reaction. The mixture 

(500 mg) was stirred in water (10 mL) and its pH was measured to be 12.7. A mixture of allyl 

bromide (1 mmol) and benzene thiol (2.5 mmol) was thoroughly mixed with the mixture of 

dry silica gel and sodium silicate (500 mg) and stirred the solid reaction mixture for 10 h at 

room temperature. After the reaction, the product was purified by column chromatography 

and characterized as 1-(1-(phenylthio)propan-2-ylthio)benzene (1,3-dithioether) in 82% 

yield. 

II.5.4. Physical properties and spectral data of compounds (Table II.2, Entries 1-19) 

Entry 1  

1-(1-(phenylthio)propan-2-ylthio)benzene  

The compound was obtained as a pale yellow liquid. 

 

S
S

 
 

IR (Nujol) 1581.5, 740.6, 690.5 cm
-1

; 
1
H NMR (CDCl3, 300 MHz):  1.40 (d, J = 6.2 Hz, 

3H, CH3), 2.72-2.80 (m, 1H, CH), 3.19-3.29 (m, 2H, CH2), 7.11-7.33 (m, 10H, ArH). 
13

C NMR (CDCl3, 75 MHz):  19.2, 40.4, 42.3, 126.1, 127.2, 128.8, 129.5, 132.5, 133.9, 

135.6. 

HRMS (ESI) calcd for C15H16KS2 299.0330; found 299.0331. 

 

Entry 2 

1-(3-(phenylthio)propylthio)benzene  

The compound  was obtained as a colourless liquid. 

 

S S

 
 

IRNujol) 690.5, 736.8 cm
-1

. 
1
H NMR (CDCl3, 300 MHz): 1.93 (quintet, J = 6.9 Hz, 2H, CH2), 3.02 (t, J = 6.9 Hz, 4H, 

2CH2), 7.12-7.17 (m, 2H, ArH), 7.21-7.31 (m, 8H, ArH). 
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13
C NMR (CDCl3, 75 MHz):  28.2, 32.3, 126.0, 128.8, 129.2, 135.9. 

HRMS (ESI): calcd for C15H16KS2 299.0330; found 299.0331. 

 

Entry 3 

1-(2-(p-tolylthio)propylthio)-4-methylbenzene 

The compound was obtained  as a pale yellow liquid. 

 

S
S

 

IR (Nujol): 1492.8, 802.3, 721.3 cm
-1

. 
1
H NMR (CDCl3, 300 MHz):  1.36 (d, J = 6.9 Hz, 3H, CH3), 2.27 (s, 3H, ArCH3), 2.30 (s, 

3H, ArCH3), 2.70-2.74 (m, 1H, CH), 3.17-3.24 (m, 2H, CH2), 6.98-7.22 (m, 6H, ArH), 7.21 

(d, J = 8.1 Hz, 2H, ArH).  
13

C NMR (CDCl3, 75 MHz): 19.2, 20.9, 21.0, 41.0, 42.5, 129.5, 130.0, 130.1, 132.0, 133.0, 

136.1, 137.2.  

HRMS (ESI) calcd for C17H20KS2 327.0643; found 327.0645.

 

Entry 4 

1-(3-(p-tolylthio)propylthio)-4-methylbenzene  

The compound was obtained as a colourless liquid. 

 

S S

 
 

IR (Nujol): 1492.8, 1091.6, 1018.3, 802.3, 721.3, 505.3 cm
-1

. 
1
H NMR (CDCl3, 300 MHz): qnt, J = 6.9 Hz, 2H, CH2), 2.26 (s, 6H, 2ArCH3), 2.92 

(t, J = 6.9 Hz, 4H, 2CH2), 7.02 (d, J = 7.8 Hz, 4H, ArH), 7.17 (d, J = 8.4 Hz, 4H, ArH). 
13

C NMR (CDCl3, 75 MHz):  21.0, 28.4, 33.1, 129.6, 130.2, 132.1, 136.2. 

HRMS (ESI) calcd for C17H20KS2 327.0643; found 327.0644. 

 

Entry 5 

1-(1-(4-methoxyphenylthio)propan-2-ylthio)-4-methoxybenzene 

The obtained was  compound appeared as a colourless liquid. 
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S
S

H3CO

OCH3

 
 

IR (Nujol): 1593.1, 1492.8, 1284.5, 1245.9, 1176.5, 1099.3, 1033.8, 1006.8, 825.5, 640.0, 

524.6 cm
-1

. 
1
H NMR (CDCl3, 300 MHz): 1.35 (d, J = 6.6 Hz, 3H, CH3), 2.63-2.71 (m, 1H, CH), 3.00-

3.16 (m, 2H, CH2), 3.78 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 6.75-6.82 (m, 4H, ArH), 7.17-

7.22 (m, 2H, ArH), 7.25-7.30 (m, 2H, ArH). 
13

C NMR (CDCl3, 75 MHz): 19.2, 42.2, 43.2, 55.2, 114.3, 114.5, 123.9, 125.9, 132.9, 

135.6, 158.8, 159.5. 

HRMS (ESI): calcd for C17H20O2KS2 359.0542; found 359.0543. 

  

Entry 6 

1-(3-(4-methoxyphenylthio)propylthio)-4-methoxybenzene 

The compound was obtained  as colourless liquid. 

 

S S

H3CO OCH3

 
 

IR (Nujol): 1593.1, 1492.8, 1284.5, 1242.1, 1176.5, 1033.8, 825.5, 620.0, 525.0 cm
-1

. 

1H NMR (CDCl3, 300 MHz):  1.80 (qnt, J = 6.9 Hz, 2H,CH2), 2.90 (t, J= 6.9 Hz, 4H, 

2CH2), 3.78 (s, 6H, 2OCH3), 6.78-6.83 (m, 4H, ArH), 7.25-7.32 (m, 4H,ArH). 
13

C NMR (CDCl3, 75 MHz):  28.5, 34.4, 55.2, 114.5, 125.9, 133.4, 158.9. 

HRMS (ESI): calcd for C17H20O2KS2 359.0542; found 359.0540. 

 

Entry 7 

1-(2-(4-chlorophenylthio)propylthio)-4-chlorobenzene 

The compound was obtained as a pale yellow liquid. 

 

Cl

S
S

Cl

 
 

IR (Nujol): 1176.5, 1095.5, 1010.6, 817.8, 744.5, 550.0, 493.7 cm
-1

. 
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1
H NMR (CDCl3, 300 MHz): 1.37 (d, J = 6.6 Hz, 3H, CH3), 2.71-2.79 (m, 1H, CH), 3.12-

3.19 (m, 2H, CH2), 7.10 (d, J = 8.4 Hz, 2H, ArH), 7.17 (d, J = 8.4 Hz, 2H, ArH), 7.21 (s, 4H, 

ArH). 
13

C NMR (CDCl3, 75 MHz): 19.2, 40.8, 42.7, 128.9, 129.0, 131.0, 132.3, 133.5, 133.8, 

134.0. 

HRMS (ESI): calcd for C15H14Cl2KS2 366.9551; found 366.9557. 

 

Entry 8 

1-(3-(4-chlorophenylthio)propylthio)-4-chlorobenzene 

The compound was obtained as a  no-viscous colourless liquid. 

       

S S

Cl Cl

 
 

IR (Nujol): 1249.8, 1095.5, 1010.6, 813.9, 744.5, 540.0, 489.9 cm
-1

. 
1
H NMR (CDCl3, 300 MHz): 1.89 (quintet, J = 6.9 Hz, 2H, CH2), 2.99 (t, J = 6.9 Hz, 4H,   

2CH2), 7.22 (s, 8H, ArH). 
13

C NMR (CDCl3, 75 MHz):  28.0, 32.5, 129.0, 130.7, 132.1, 134.3. 

 HRMS (ESI): calcd for C15H14Cl2KS2 366.9551; found 366.9549. 

 

Entry 9 

1-(1-(4-fluorophenylthio)propan-2-ylthio)-4-fluorobenzene 

The compound was obtained as a pale yellow liquid. 

 

S
S

F

F

 
 

IR (Nujol) 1589.2, 1488.9, 1230.5, 1157.2, 1091.6, 1006.0, 980.0, 825.5, 620.0, 513.0 cm
-1

. 
1
H NMR (CDCl3, 300 MHz): 1.37 (d, J = 6.6 Hz, 3H, CH3), 2.73-2.78 (m, 1H, CH), 3.06-

3.15 (m, 2H, CH2), 6.90-7.00 (m, 4H, ArH), 7.18-7.29 (m, 4H, ArH),. 
13

C NMR (CDCl3, 75 MHz):  19.2, 41.7, 41.8, 43.1, 115.8, 115.82, 116.09, 116.1, 128.7, 

128.8, 130.5, 130.54, 132.5, 132.6, 135.3, 135.4, 160.2, 160.8, 163.4, 164.1. 

HRMS (ESI): calcd for C15H14F2KS2 335.0142; found 335.0144. 

 

Entry 10 

1-(3-(4-fluorophenylthio)propylthio)-4-fluorobenzene  

The isolated liquid compound was pale yellow in colour. 
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S S

F F

 
 

IR (Nujol) 1589.2, 1488.9, 1226.6, 1157.2, 1091.6, 1014.5, 825.5, 628.8, 513.0 cm
-1

. 
1
H NMR (CDCl3, 300 MHz):  1.85 (quintet, J = 6.9 Hz, 2H, CH2), 2.96 (t, J = 6.9 Hz, 4H, 

2CH2), 6.94-7.00 (m, 4H, ArH), 7.28-7.33 (m, 4H, ArH).  
13

C NMR (CDCl3, 75 MHz):  28.3, 33.7, 115.8, 116.1, 130.6, 130.7, 132.5, 132.6, 160.2, 

163.4. HRMS (ESI) calcd for C15H14F2KS2 335.0142; found 335.0143. 

Entry 11 

2-(1-(2,5-dimethylphenylthio)propan-2-ylthio)-1,3-dimethylbenzene  

The compound was obtained as a  colourless liquid. 

 

CH3

CH3

S
S

H3C

H3C

 
 

IR (Nujol): 1600.8, 1558.4, 1485.1, 1176.5, 1064.6, 1041.5, 1006.8, 879.5, 810.0, 690.0, 

550.0, 451.3 cm
-1

. 
1
H NMR (CDCl3, 300 MHz): 1.45 (d, J = 6.6 Hz, 3H, CH3), 2.20 (s, 3H, ArCH3), 2.23 (s, 

3H, ArCH3), 2.29 (s, 3H,ArCH3), 2.35 (s, 3H, ArCH3), 2.71-2.80 (m, 1H, CH), 3.21-3.26 (m, 

2H, CH2), 6.88-7.09 (m, 6H, ArH). 
13

C NMR (CDCl3, 75 MHz): 19.4, 19.9, 20.3, 20.77, 20.8, 39.9, 41.6, 126.9, 128.2, 129.5, 

130.1, 130.3, 133.1, 133.3, 134.4, 135.0, 135.9, 137.0. 

 

Entry 12 

2-(3-(2,5-dimethylphenylthio)propylthio)-1,3-dimethylbenzene 

The compound was obtained as a colourless liquid. 

 

CH3

CH3

S S

CH3

H3C

 
 

IR (Nujol) 1600.8, 1060.8, 806.2 cm
-1

. 
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1
H NMR (CDCl3, 300 MHz):  1.99 (quintet, J = 6.9 Hz, 2H, CH2), 2.28-2.32 (s, 12H, 

4CH3), 3.03 (t, J = 6.9 Hz, 4H, 2CH2), 6.89 (d, J = 6.9 Hz, 2H, ArH), 7.03-7.07 (m, 4H, 

ArH).  
13

C NMR (CDCl3, 75 MHz): 19.9, 21.0, 28.2, 31.9, 126.6, 128.7, 130.0, 134.5, 135.0, 

135.9. 

 HRMS (ESI) calcd for C19H24K2S2 394.0594; found 394.0597. 

 

Entry 13 

1-(2-(pentylthio)propylthio)pentane  

The compound was obtained as a pale yellow liquid. 

 

C5H11

S
S

C5H11

 
 

IR (Nujol): 1168.8 cm
-1

.  
1
H NMR (CDCl3, 300 MHz): 0.88-0.92 (m, 6H, 2CH3), 1.29-1.39 (m, 8H, 4CH2), 1.35 (d, 

J = 6.9 Hz, 3H, CH3), 1.54-1.61 (m, 4H, 2CH2), 2.50-2.58 (m, 5H, CH & 2 S-CH2), 2.82-2.88 

(m, 2H, S-CH2-CH). 
13

C NMR (CDCl3, 75 MHz): 13.9, 20.2, 22.2, 29.3, 29.4, 30.6, 30.9, 31.1, 33.9, 39.6, 39.8;  

HRMS (ESI): calcd for C13H28KS2 287.1269; found 287.1271. 

 

Entry 14 

1-(3-(pentylthio)propylthio)pentane  

The compound was obtained as a colourless liquid. 

 

C5H11

S S
C5H11

 
 

IR (Nujol): 1253.6 cm
-1

; 
1
H NMR (CDCl3, 300 MHz): 0.90 (t, J = 6.9 Hz, 6H, 2CH3), 

1.29-1.41 (m, 8H, 4CH2), 1.56-1.61 (m, 4H, 2CH2), 1.86 (quintet, J = 6.9 Hz, 2H, CH2), 2.51 

(t, J = 7.2 Hz, 4H, 2CH2), 2.59-2.62 (m, 4H, 2CH2). 
13

C NMR (CDCl3, 75 MHz):  14.0, 22.3, 29.3, 29.4, 31.0, 31.1, 32.1. 

HRMS (ESI): calcd for C13H28KS2 287.1269; found 287.1270

 

Entry 15 

(1-(cyclohexylthio)propan-2-ylthio)cyclohexane  

The compound obtained as a pale yellow liquid. 
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S
S

 
 

IR (Nujol) 1265.2, 995.2, 887.2, 817.8, 721.3 cm
-1

. 
1
H NMR (CDCl3, 300 MHz): 1.29-1.32 (m, 10H, CyH), 1.34 (d, J = 6.6 Hz, 3H, CH3), 

1.62 (s, 2H, CyH), 1.76 (s, 4H, CyH), 1.95 (s, 4H, CyH), 2.49-2.75 (m, 3H, 2CyH, CH), 

2.84-2.97 (m, 2H, CH2). 
13

C NMR (CDCl3, 75 MHz): 20.7, 25.6, 25.9, 25.94, 33.5, 33.6, 33.7, 33.9, 37.8, 38.2, 

42.4, 44.2. 

HRMS (ESI): calcd for C15H28KS2 311.1269; found 311.1271. 

 

Entry 16 

(3-(cyclohexylthio)propylthio)cyclohexane  

The compound obtained as a colourless liquid. 

 

S S

 
 

IR (Nujol): 1203.5, 999.1, 883.3, 817.8, 717.5 cm
-1

. 
1
H NMR (CDCl3, 300 MHz): 1.24-1.41 (m, 11H, Cy-H), 1.60-1.99 (m, 12H, Cy-H & 

CH2), 2.63 (t, J = 7.2 Hz, 4H, 2 S-CH2), 2.97-2.99 (m, 2H, 2 S-CH). 
 13

C NMR (CDCl3, 75 MHz):  25.7, 25.8, 25.9, 26.1, 29.0, 30.1, 33.66, 33.7, 37.8, 33.9, 

43.4, 43.5, 44.7, 49.3. 

HRMS (ESI): calcd for C15H28KS2 311.1269; found 311.1270. 

 

Entry17 

1-(1-(2-methoxyphenylthio)propan-2-ylthio)-2-methoxybenzene 

The compound obtained as a pale yellow liquid. 

 

S
S

H3CO

OCH3

 
 

IR (Nujol):1577.7, 1296.1, 1272.9, 1242.1, 1180.4, 1130.2, 1072.3, 1026.1, 833.2, 794.6, 

748.3, 721.3, 675.0, 525.0 cm
-1

. 
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1
H NMR (CDCl3, 300 MHz): 1.42 (d, J = 6.9 Hz, 3H, CH3), 2.64-2.72 (m, 1H, CH), 3.24-

3.37 (m, 2H, CH2), 3.70 (s, 3H, OCH3), 3.71 (s, 3H, OCH3), 6.74-6.84 (m, 4H, ArH), 7.07-

7.23 (m, 4H, ArH). 
13

C NMR (CDCl3, 75 MHz): 38.7, 39.8, 55.2, 110.2, 110.4, 120.49, 120.5, 121.8, 

123.1, 127.3, 128.4, 130.3, 133.2, 157.4, 158.4. 

HRMS (ESI): calculated for C17H20O2NaS2 343.0802; found 343.0801. 

 

Entry 18 

2-(1-(naphthalene-6-ylthio)propan-2-ylthio)naphthalene  

The compound obtained as a white crystalline solid  with melting point 91‒93 
o
C. 

 

S
S

 
 

IR (KBr): 817.8, 740.6, 478.3 cm
-1

. 
1
H NMR (CDCl3, 300 MHz): 1.47 (d, J = 6.9 Hz, 3H, CH3), 2.82-2.90 (m, 1H, CH), 3.37-

3.44 (m, 2H, CH2), 7.23 (d, J = 8.4 Hz, 1H, ArH), 7.33-7.44 (m, 6H, ArH), 7.48-7.55 (m, 3H, 

ArH), 7.61 (d, J = 8.4 Hz, 1H, ArH), 7.67-7.74 (m, 3H, ArH). 
13

C NMR (CDCl3, 75 MHz):  19.2, 40.5, 42.4, 125.7, 126.1, 126.4, 126.43, 127.0, 127.3, 

127.5, 127.57, 127.6, 128.38, 128.4, 129.7, 130.9, 131.5, 131.7, 132.2, 132.9, 133.5, 133.55. 

HRMS (ESI): calculated for C23H20KS2 399.0643; found 399.0645. 

 

Entry 19 

1-(3-(phenylthio)propylthio)benzene and its 2-Deuterated product 

The mixture containing both isomer was obtained as a colourless liquid mixture. 

 

S S
DH

+

 
 

1
H NMR (CDCl3, 300 MHz):  1.90-1.99 (m, CHD & CH2), 3.03-3.07 (m, 2CH2, each from 

the mixture), 7.14-7.33 (m, 10 ArH, each from the mixture). 

 
13

C NMR (CDCl3, 75 MHz):  27.9 (t, J = 20 Hz, CHD), 28.3, 32.3, 32.4, 126.1, 128.9, 

129.4, 136.0. 
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1
H NMR  and 

13 
C NMR spectra of the mixture of Entry 19 (Table II.2) in  CDCl3 
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II.6. References 

References for chapter II are given in BIBLIOGRAPHY under CHAPTER II (page 170–

173). 



 

56 

 

 
 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 

Section A 

Graphene oxide (GO): A convenient metal-free “Carbocatalyst” for 

diverse organic reactions  
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III.A.1. Introduction  

After the remarkable synthesis of monolayer graphene,
1 

graphene-based materials have 

became most focused arena of research in material science because of their involvement in 

multidisciplinary field like physics, chemistry, biology, applied science and engineering. 

Owing to high surface area, conductivity, presence of different active sites, such 

carbonaceous materials are considered as a new class of catalysts called “carbocatalysts”.
2
 

Recently, graphene-based materials have widely explored as metal-free catalysts or as 

supports,
3 

for immobilizing active species to facilitate a number of useful synthetic 

transformations and are now considered as a greener alternative for metal-based catalysts.
2
 

After the first synthetic application of graphene-based materials such as graphene oxide (GO) 

as heterogeneous carbocatalysts by Bielawski and his co-workers,
4
 the concept of 

“carbocatalysis” is considered as an fascinating new direction in chemistry and materials 

science. Furthermore, due to large surface area, conjugated domains, rich active sites like 

acidic and basic sites, -electron domain of carbon, oxygen debris, holes, defects, armchair 

and zigzag edges as in Figure III.A.1, graphene oxide and its derivatives have been widely 

accepted as excellent carbocatalysts for various organic transformations.
2
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Figure III.A.1. Various active sites present in the graphene-based materials like GO and 

rGO. 

 

Among other derivatives of graphene-based materials, GO has been most extensively 

cultivated in carbocatalysis due to its highly acidic nature (pH 4.5 at 0.1mg/ml),
5
 as well as 
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highly decorated surface with myriad of different oxygen functionalities. GO mostly utilized 

as an oxidant in various organic reactions6 and a very few number of synthetic application are 

there exploiting its acidic behaviour.7 

The present chapter represents a brief review on carbocatalysis by GO along with its 

catalytic application towards thioacetalization of carbonyl compounds.   

III.A.2. Present Work: Background and Objectives  

GO has been widely explored as an efficient heterogeneous carbocatalyst for the 

various well known organic transformations (Scheme III.A.1) and is considered as an 

excellent alternative for old traditional non-carbonaceous metal-based catalysts. 2,3,5,8  

Graphene oxide
 catalyzed reactions

R
S

R'

O

R

O

R'
R N R

NH2

R

R

n
R

R

OH
R'

R'
R

R R'

OH

R
S

R'

N
H

R'
R

N
H

R

R'

R

O

R

O

O

O

O
n

+

OH

O

+

Scheme III.A.1. GO‒catalyzed various organic transformations. 
 

 Lee et. al.9 has reported that GO having high  surface area containing various 

oxygenated functional groups can hold metal cations of any size by forming a metal-centered 

intercalated structure like GO-metal-GO layers and can act as an efficient recyclable phase 

transfer catalyst (GO-PTC). They have employed this GO-PTC for the Michael addition 

between trans--nitrostyrene and 2,4-pentanedione at room temperature (Scheme III.A.2).  

 

NO2 O O
NO2

O O

 
KOH

water + DCM
RT

GO

 
Scheme III.A.2. Michael addition reaction of trans--nitrostyrene and 2,4-pentanedione. 
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Using GO as an acid catalyst, the Aza-Michael addition of various amines to electron 

deficient olefins forming various amino-substituted compounds is found to proceed under 

mild conditions with excellent product yield and with shorter time (Scheme III.A.3).
10

 

R1

NH
R2

X
R+

R= H, CH3

R1= Et, n-Bu, n-Pr, Bz

R2= Et, n-Bu, n-Pr, Bz

X= CN, CONH2, COOCH3

R1

N

R2

H

X

GO

RT

 
Scheme III.A.3. GO-catalyzed Aza-Michael addition reaction. 

 

GO has been used as solid catalyst for the synthesis of dipyrromethanes and 

calix[4]pyrroles both  in organic  and aqueous solvent at room temperature (Scheme 

III.A.4).
11

 In this context, it has been reported that GO materials give better yield in 

comparison to Zeolite-HY, H-ZSM and Amberlyst
TM 

–15 under the same reaction condition. 

N
H O

RR

NH

NH HN

HN

NH

NH HN

HN

R

R

RR

R

R

NH HN

RR

+
GO

Dichloromethane/water

   GO
Acetone

         GO
Cyclohexanone

RT

Scheme III.A.4. GO‒catalyzed synthesis of dipyrromethane and calix[4]pyrrole.  

 

From our laboratory, it is reported that GO can act as an efficient and a mild 

carbocatalyst for the one-pot sequential dehydration-hydrothiolation reaction to give 

unsymmetrical thioethers from a mixture of secondary aryl alcohols and thiols under metal- 

free condition (Scheme III.5).
12 
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OH
SH

Cl

S
+

GO

   Toluene

65o C, under N2  
Scheme III.A.5. One-pot sequential dehydration-hydrothiolation catalyzed by graphene 

oxide. 

 

GO has been found to act as an oxidising agent for the oxidation of additive NaI to 

liberate I2 and also as a recoverable and reusable catalyst for the synthesis of biologically 

important motifs imidazo[1,2-a]pyridines and 3-sulfenylimidazo[1,2-a]pyridines (Scheme 

III.A.6) via one-pot multi-component reactions (MCR).
13 

N NH2

CH3

O

R2 SH N

N

S
R2

R1 / X

R1/ X

R1= aryl/ naphthyl

X= Cl, Br, I

R2= Aryl/alkyl

+ +

 GO (50 mg)
NaI (10 mol%)

Toluene, 80oC

         Air

 
Scheme III.A.6. GO‒catalyzed one-pot multi-component synthesis of 3-sulfenylimidazo[1,2-

a]pyridines. 

 

The excellent catalytic behaviour of graphene oxide as carbocatalyst has been utilized 

in the aerobic oxidation of 5-hydroxymethylfulfural (HMF) to 2,5-diformylfuran (DFF) using 

TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl) as co-catalyst (Scheme III.A.7).
14 

O
O

HO

N

O

80 wt% GO, Air, 2-3 hr O
OO

 
Scheme III.A.7. GO/TEMPO‒catalyzed aerobic oxidation of 5-hydroxymethylfulfural to 

2,5-diformylfuran. 

 

Primarily, it was believed that various carboxylic groups or other oxygenated functional 

groups present on the surface of GO are mainly responsible for GO‘s acidity.
15a

 But, in 2013, 

Eigler and his co-workers,
16

 reported that during the oxidation of graphite by Hummers‘ 

method results in the formation of cyclic organosulfates on the surface of GO, which are 

susceptible to hydrolysis during the aqueous workup (Scheme III.A.8). These sulfate groups 

(estimated to be present at approximately one sulfate per twenty carbon atoms)  are now also 

supposed to be the source of GO‘s acidity (pKa 3–4 in water). 
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Scheme III.A.8. Organosulfates present in GO prepared via the Hummers‘ method; 

susceptible to hydrolysis, leading to the formation of acidic sulfate species in the final 

product. 

 

Garcia et al.
17

 reported that minor hydrogen sulfate groups introduced on the surface of 

GO during its preparation by Hummers
‘
 method renders this material as a highly efficient, 

recyclable acid catalyst for the ring opening of epoxides with methanol and other primary 

alcohols as nucleophile (Scheme III.A.9). In their method, only 5 mg of GO has been used to 

catalyse the ring opening of styrene oxide in methanol via SN1 mechanism to form 2-

methoxy-2-phenyl ethanol.  

O

GO (5 mg)

CH3OH

RT, 60 min

OCH3

OCH3

+

OCH3

OH

 
Scheme III.A.9. GO‒catalyzed ring opening of styrene oxide in methanol. 

 

Dakshinamoorthy et al.
18

 also reported GO can act as a metal free and highly efficient 

heterogeneous catalyst for the acetalalization of various aromatic and aliphatic aldehydes in 

methanol (Scheme III.A.10). They have shown that sulfate groups introduced on GO 

spontaneously during Hummers are responsible for catalysis. 

R H

O
GO

CH3OH

RT

R= alky/aryl/heteroaryl

R O

O CH3

CH3

 
Scheme III.A.10. Acetalization of aldehydes at room temperature using GO as a solid acid 

catalyst. 

 

This work of Garcia et al. motivated us to exploit the acidic nature of GO for the 

thioacetalization of carbonyl compounds. 

On the other hand, in the multistep synthesis of natural and non-natural products, 

protection of carbonyl compounds is a basic need for such synthetic steps.
19
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Dithioacetalization is one of the most useful way to protect carbonyl compounds forming 

their dithioacetals due to their inherent stability under both acidic and basic conditions.
20 

In 

addition, dithioacetals can also be used as nucleophilic acylating agents, masked methylene 

functions in the C-C bond.
20,21

 Generally, thioacetals are formed as the results of Brønsted 

and Lewis acid catalyzed condensation reactions of aldehydes and ketones with thiols or 

dithiols and a vast number of methods are available in the literature.
22

 Due to various 

advantages of heterogeneous catalysts over homogeneous catalyst like ease of separation, 

simple work-up procedure and also reusability a myriad of  heterogeneous acid catalysts,
23 

have been employed for the preparation of thioacetals forming reactions over the past decade.  

As a heterogeneous solid acid catalyst Preyssler-type heteropoly acid 

(H14NaP5W30O110) has been used as a new, mild and efficient catalyst for protection of a 

variety of carbonyl compounds with 1,3-propane dithiol (Scheme III.A.11).
24

  

O

R'R
HS SH S S

R R'

Preyssler-type heteropoly acid

CHCl3, RT

+

 
Scheme III.A.11. Hetero poly acid catalyzed dithioacetalization. 

 

A catalytic amount of p-toluenesulfonic acid and silica gel has been utilized for the 

protection of carbonyl compounds (Scheme III.A.12).
25 

O

R2R1
HSCH2CH2SH

p-TsOH/Silica Gel

DCM, heat

S S

R2R1

H2O

R1 = Alkyl, aryl

R2 = H, Alkyl, Aryl  
Scheme III.A.12. Dithioacetalization of carbonyl compounds using p-toluenesulfonic acid 

and silica gel. 

 

Montmorillonite K-10 clay has been found to be a mild and efficient solid catalyst for 

the protection of a variety of carbonyl compounds, such as oxathiolanes, with 2-

mercaptoethanol in good to excellent yields (Scheme III.A.13).
26

   

O

R2R1

HOCH2CH2SH

Montmorillonite K-10
        DCM, RT

O S

R1 R2

R1 = Alkyl, aryl, allyl, heterecyclic

R 2= H, alkyl  
Scheme III.A.13. Montmorillonite K-10 clay catalyzed oxathioacetalization of carbonyl 

compounds. 
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Silica sulphuric acid (SSA) has been found to act an efficient and reusable  catalyst for 

chemoselective dithioacetalization of aldehydes over ketones in excellent yields (Scheme 

III.A.14).
27

 

O

R2R1

HSCH2(CH2)nSH, SSA

Acetonitrile

S S

R1 R2

R 1= alkyl, aryl or cycloalkyl

R2 = H  
Scheme III.A.14. Silica sulphuric acid catalyzed dithioacetalization of aldehydes. 

A solid supported, odourless reagent prepared by the combination of dimercaptoalkane 

equivalents and acid immobilized as dithianylium or dithiolanylium tetrafluoroborate salt on 

solid supports allows the conversion of aldehydes into dithianes or dithiolanes with high 

yields and purities often without the need for purification (Scheme III.A.15).
28 

O

R1R

S

SR

N
H

O

S

S
BF4

n

MeCN

80 oC, 8h

3

n

R1 = H, Alkyl

R1

 
Scheme III.A.15. Dithioacetalization of aldehydes and ketones by resin-bound reagents. 

 

However, moisture sensitivity and reactivity of thioacetals towards acidic sources for 

reversible reactions cause a great limitation for their preparation in high yield. Again, most of 

the methods are very often unsuitable for use in large-scale applications. Moreover, while in 

most cases the catalyst is not recoverable, heterogeneous acid catalysts often do not find wide 

applicability to various substrates.  

We herein report an efficient and practical method for the preparation of dithioacetals 

from aryl/alkyl aldehydes with the aid of catalytic amount graphene oxide (GO). The reaction 

is highly selective to aldehydes and can be carried out under solvent-free and mild conditions. 

In addition, the reaction is also applicable to a variety of aryl and alkyl aldehydes including 

hetero-aryl aldehydes with diverse aromatic/aliphatic thiols. Further extension of this reaction 

using GO has been continued for the preparation of unsymmetrical dithioacetals resulting in 

excellent yields by using two different aliphatic thiols (Scheme III.A.16).  
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R1
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R1

R2
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S
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S

S
(CH2)n
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HS SH
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R3 SH

SHR4

R3 SH

R3

R3

R3

R4

RT - 60 oC

R1 = Aryl, alkyl

R2 = H
R3 = Alkyl, aryl

R4 = Alkyl

 
Scheme III.A.16. GO‒catalyzed diverse dithioacetals formation. 

 

Although GO is commonly used as an oxidation catalyst
5 

and thiols can produce 

disulfides via oxidative coupling in the presence of GO,
5a 

we demonstrate here that the 

catalytic role of GO can be varied and tuned by changing its loading and reaction conditions.  

III.A.3. Present Work: Results and Discussion 

III.A.3.1. Preparation and characterization of graphene oxide  

We have started our investigation by preparing GO from graphite powder following 

modified Hummers‘ method.
29b 

To an ice-cold concentrated sulfuric acid (46 mL) was slowly 

added sodium nitrate (0.1 g) and then graphite powder (2 g) with vigorous magnetic stirring. 

After the complete addition of graphite powder, potassium permanganate (6 g) was added to 

the reaction mixture very slowly, keeping the temperature within 0–5 
o
C to avoid any 

possible explosion. The mixture was allowed to stir at room temperature for 6 h forming a 

thick paste. It was diluted with distilled water (92 mL) under stirred condition. The 

temperature of the solution was raised to about 90 
o
C and the mixture was allowed to stir for 

30 min. Finally, 280 mL water was added followed by slow addition of 3 mL H2O2 (30%). 

The colour of the solution changes from dark brown to yellowish brown. The overall solution 

was exfoliated under sonication followed by centrifuged at 5000 rpm to collect the solid mass 

at the bottom. This process was continued for several times until the pH of the supernatant 

aqueous part becomes neutral (using pH paper). Finally, the brown mass was collected and 

dried at 60 
o
C under vacuum to obtain solid graphene oxide. 

The characterization of GO was done by FT‒IR spectroscopy and compared with 

reported FT‒IR spectrum. GO exhibits a broad peak around 3360 cm
−1

, which was assigned 

1

2
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to O−H stretching vibrations. The other stretching vibration bands at 1719, 1618, 1412 and 

1218 cm
−1

 are assigned respectively for COOH, C=C, O−H, and C−O (epoxy) groups, 

respectively.
30 

The peak at 1052 cm
−1 

was assigned to SO3−H stretching vibration bands.
18,30 

 

 

 

 

 

 

 

 

 

Figure III.A.2. FT‒IR spectra of GO. 

 

We investigated our optimization of the GO-catalyzed thioacetalization by taking p-

anisaldehyde and n-pentanethiol (1: 2.2 ratios) as the model case and the results are shown in 

Table III.A.1. Initially, a mixture of the aldehyde and mercaptan (in 1:2.2 ratios) was gently 

stirred in neat at room temperature in the presence of GO (10 mg mmol
1 

of the aldehyde) 

under aerobic condition. Monitoring the reaction by tlc at intervals showed the presence of 

the starting aldehyde along with the desired dithioacetal even after 24h. The reaction was 

stopped and the desired dithioacetal obtained in 51% yield (entry 1). Increasing the quantity 

of GO (50 mg mmol
1 

of the aldehyde) revealed that nearly complete conversion of the 

aldehyde to dithioacetal could be achieved at room temperature within 3h under aerobic 

condition (entry 3). Significantly, there was no detectable amount of disulfide formed under 

the aerobic condition. A control experiment was performed in the absence of the GO under 

similar reaction condition, which did not produce any dithioacetal even after 24h (entry 4). In 

order to see any faster conversion, the reaction was also carried out at 60 
o
C. This however 

resulted in partial conversion of the mercaptan into the corresponding disulfide along with the 

desired dithioacetal in relatively lower yield (entry 5). Moreover, the same reaction at 60 
o
C 

and under a blanket of N2 did not stop the formation of disulfide (entry 6). Conducting the 

experiments in a solvent (THF, toluene or water) showed rather a negative effect affording 

the desired dithioacetal in relatively lower yields (entries 7−9). To scale up the reaction, one 

set of reaction was performed (in 5 mmol) using the same quantity of catalyst (GO = 50 mg). 
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Excellent yield of the dithioacetal was realized in this case as well signifying that the 

minimum quantity of the catalyst can promote the reaction in a longer time (entry 10). 

Table III.A.1. Optimization of dithioacetal formation from p-anisaldehyde and n-pentane 

thiol.
a
 

CHO

H3CO

SH GO

H3CO

S

S
n-C5H11

n-C5H11 S

S

 
Entry GO (in mg 

mmol
-1

) 

Reaction 

medium 

Time (h) / Temp(
o`

C) Dithioacetal 

(%)
b 

Disulfide 

(%)
b 

1 10 Neat 24 / RT 51 Not observed 

2 25 Neat 24 / RT 65 Not observed 

3 50 Neat 3 / RT 95 Not observed 

4 Nil Neat 24 / RT Not observed Not observed 

5 50 Neat 3 / 60 61 10 

6
c 

50 Neat 3 / 60 57
 

8 

7 50 THF 20 / RT 35
 

trace
d
 

8 50 PhMe 12 / RT 68 Not observed 

9 50 H2O 12 / RT 55
 

trace
d
 

10
e
 50 Neat 16 / RT 91 trace

d
 

a
p-Anisaldehyde (1 mmol), n-pentanethiol (2.2 mmol),

 b
Isolated yield. 

c
Reaction carried out 

under N2. 
d
Detected only on tlc, not isolated. 

e
p-Anisaldehyde (5 mmol), pentanethiol (11 

mmol). [ All optimisation experiments were performed by both the present author as well as 

one of my co-author] 

 

With this mild and solvent-free optimized condition at our hand, we became interested 

to explore the general applicability of the reaction. A variety of aryl aldehydes were subjected 

to the reaction in the presence of thiols, are presented in Table III.A.2. It can be seen that aryl 

aldehydes bearing different functional groups react easily with aliphatic thiols in the presence 

of catalytic amount of GO under solvent-free aerobic condition. The reactions were 

completed in 3‒8 h and the products were realized in excellent yields (Table III.A.2, entries 

1‒5). Higher temperature was required for -naphthaldehyde and p-chlorobenzaldehyde, 

which caused partial formation of disulfide (~5‒8%) (entries 6, 7). However, the reaction 

with p-nitrobenzaldehyde needed much longer time and higher temperature, and gave the 

dithioacetal in relatively lower yield along with disulfide (Table III.A.2, entry 8). Trying the 

reaction with aromatic thiols afforded the desired dithioacetal in 80‒85% yields but achieved 
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only at higher temperature (60 
o
C) and was associated with the formation of diaryl disulfides 

in 5‒12% isolated yields (entries 9–11). In the case of using 1,2- and 1,3-dithiol, 

corresponding cyclic thioacetals were obtained in excellent yields (95-98%) and the reaction 

was also successful with aliphatic cyclohexyl aldehyde (entries 12–15). However, there was 

no such formation of dithioketals from a ketone under the GO-catalyzed reaction condition 

(entry 16). So, there is excellent chemoselectivity observed between the aldehyde and keto- 

carbonyl groups. 

Table III.A.2. GO‒catalyzed thioacetalization of aldehydes with different thiols.
a 

CHO

H3CO

S-n-C5H11

S-n-C5H11

CHO
S-n-C5H11

S-n-C5H11

H3CO

3

5 91

95

Entry Aldehyde Thiol Time (h) Product Yieldb (%)

1

2

n-C5H11 SH

n-C5H11 SH

Temp

RT

RT

HO

CHO

But SH S-tBu

S-tBu

HO

H3COH3CO
935

CHO

3

n-C7H15-S S-n-C7H15

87

Cl

CHO

Cl

SCy

SCy

5 90

CHO

OH

10 80

5

6c

7c

9c

n-C7H15 SH

CySH

C6H5 SH

OH

S

S

C6H5

C6H5

S-n-C7H15

S-n-C7H15

HO

H3CO
5 953 n-C7H15 SH

HO

CHOH3CO

4
CHO

OH

8

OH

S-n-C5H11

S-n-C5H11 89n-C5H11 SH

CHO

O2N

n-C5H11 SH

O2N

S-n-C5H11

S-n-C5H11
14 688c

RT

RT

RT

60oC

60oC

60oC

60oC
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CHO

H3CO

10 8510c

H3CO

S

S

C6H5

C6H5

C6H5 SH 60oC

12d

13d

CHO

H3CO H3CO

5 98

5 98

HS SH

HS SHCHO

HO

H3CO

HO

H3CO
S

S

S

S

RT

RT

CHO

HO

H3CO

10 82

HO

H3CO

S

S

C6H4(4-CH3)

C6H4(4-CH3)
11c (H3C-4)C6H4 SH 60oC

SH SH

OH

98514d CHO

OH

RT S

S

H

O

5 9515d SH SH S

S

n-C5H11 SHCH3

O

S-n-C5H11

CH3
n-C5H11-S

2416

RT

RT/ 60oC
Not 

observed

a
Aldehyde : thiol : GO (1 mmol : 2.2 mmol : 50 mg) and reactions were performed at room 

temperature. 
b
Isolated yield. 

c
Corresponding disulfides (5-12%) were formed. 

d
Aldehyde : 

thiol : GO (1 mmol : 1.1 mmol : 50 mg). [Entries 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 & 

15 were isolated by the present author and others by one of my co-author] 

 

Heteroaryl compounds often exhibit promising pharmacological activities and open 

chain dithioacetals of heteroaryl aldehydes such as thiophene-based dithioacetals are 

important scaffolds for design and discovery of new medicines.
31 

Since, the reaction 

conditions are mild and solvent-free, we were interested to extend the GO‒catalyzed 

dithioacetalization to thiophene aldehydes and also of other heteroaryl aldehydes. Indeed, 5-

bromothiophene-2-carbaldehyde and furfural result in the formation of corresponding 

dithioacetals with variety of aliphatic and benzenethiol without any difficulty (Table III.A.3, 

entries 1–5). Other heteroaryl aldehyde indole-3-carbaldehyde also produces corresponding 

dithioacetals with long chain aliphatic thiols without any difficulty and in excellent yields 

(Table III.A.3, entry 6). Cyclic dithioacetals of furfural and indole-3-carbaldehyde were 

obtained in excellent yields under mild conditions (entries 7, 8). 
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Table III.A.3. GO-catalyzed thioacetalization of heteroaryl aldehydes.
a
 

Entry Aldehyde Thiol Time(h) Product Yield (%)b

1

2c

8 89

10 81

3

SBr

S-tBu

S-tBu

SBr S

S C6H5

SBr

CHO

SBr

CHO

SBr

CHO

SBr

S-n-C7H15

S-n-C7H15

O

CHO

O

S-n-C5H11

S-n-C5H11

O

CHO

92

CySH

O

S-Cy

S-Cy

n-C5H11 SH

n-C7H15 SH

C6H5 SH

C6H5

But SH

3

3

4

8 89

885

 

8 85
n-C7H15 SH6

O

CHO
SH SH

O S

S

5 938d

7d 3 90

N
H

CHO

N
H

S
S

N
H

CHO

N
H

n-C7H15-S
S-n-C7H15

HS SH

 
a
Aldehyde : thiol : GO (1 mmol : 2.2 mmol : 50 mg) and reactions were performed at room 

temperature. 
b
Isolated yield.

 c
Isolated yield of disulfide was ~ 5%. 

d
Aldehyde : thiol : GO (1 

mmol : 1.1mmol : 50 mg). [Entries 1, 2, 3, 4, 6, 7 & 8, were isolated by the present author 

and others by one of my co-author] 

 

In order to further broaden the scope of the reaction, we attempted synthesis of 

unsymmetrical dithioacetal using two different thiols. Gratifyingly, the reactions of p-

anisaldehyde or vanillin with two different aliphatic thiols (n-pentyl- and n-heptyl thiols) 

resulted in the formation of unsymmetrical dithioacetals as the only product in 85-88% 
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isolated yields (Table III.A.4, entries 1, 2). HPLC analysis of the crude product (before 

column chromatographic purification) showed the unsymmetrical thioether as the sole 

product. On the other hand, use of one aliphatic and one aromatic thiol gave rise to a mixture 

of all three possible products in varying proportions, as seen from the analysis of the crude 

product mixture by HPLC (Table III.A.4, entry 3). This might be attributable to the difference 

in reactivity between aliphatic or aromatic thiols as the thioacetal from benzenethiol was 

formed in highest quantity amongst the three products. 

Table III.A.4. Unsymmetrical thioacetals from aryl aldehydes using two different thiols.
a 

CHO

H3CO

n-C5H11-SH n-C7H15-SH

H3CO

S-n-C7H15

S-n-C5H11
88b

CHO

HO

OCH3

n-C5H11-SH n-C7H15-SH

HO

OCH3

S-n-C7H15

S-n-C5H11

85b

1

2

ProductEntry Aldehyde Thiol (A) Thiol (B) Time

5

5

Yield (%)

H3CO

S-n-C5H11

S-n-C5H11

H3CO

S

S-n-C5H11

C6H5

H3CO

S

S C6H5

C6H5

13d

39d

48d

CHO

H3CO

n-C5H11-SH 10SHC6H5
3c

a
Thiol (A):thiol (B):GO (1.1 mmol:1.1 mmol:50 mg) for 1 mmol of aldehyde and the reaction 

was done at RT for entries 1 and 2; 
b
Isolated yield; 

c
Reaction performed at 60 

o
C; 

d
Product 

ratios are from HPLC analysis. [Entries 1 & 2 were isolated by the present author and the 

other one was analysed by both the present author and one of my-co author] 

 

As regard to the plausible mechanism for the reaction, we wanted to probe the nature of 

active sites present in GO. In the recent years, the acidic nature of GO has been attributed 

mostly to the organosulfate group being originated during the oxidation of graphite using 

Hummers method in the presence of sulphuric acid,
16,18, 32 

though previous measurements of 

acidic pH were attributable to the presence of surface attached carboxylic functions.
4 

The 

FT‒IR spectrum of GO showed the presence of carboxyl (1719 cm
–1

; COOH stretching) and 
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sulphate functional groups (1052 cm
–1

; SO3–H stretching), which are comparable with that 

reported in the literature.
18,30 

In this case we measured the pH of the GO in aqueous 

suspension (pH = 3.9; 50 mg in 50 ml 0.5M aqueous NaCl solution), and found it in fair 

agreement with previous observations.
4
 The pH of GO remains fairly similar when measured 

after the reaction and also of a mixture of n-pentane thiol and GO in water. On the other 

hand, thioacetal formation is greatly retarded when the reaction is carried out in water or in 

other organic solvents (Table III.A.1, entries 7, 8 and 9). GO also gave positive Carius test 

and Lassaigne's test signifying qualitatively the presence of S-containing functional groups. 

The above results suggest that GO is an acid catalyst and we tend to believe that the 

acidity of GO might be originating from a combination of both carboxyl and organosulfate 

groups, which is more pronounced in neat. Mechanistically, surface active acidic functional 

groups of GO facilitate activation of the aldehyde carbonyl group, more effectively in neat 

condition, and subsequent nucleophilic attack by the thiol results in the eventual formation of 

thioacetal. 

The reusability of the GO as heterogeneous acid catalyst was examined with the 

combination of reactants: p-anisaldehyde and n-pentanethiol in 1:2.2 ratios at room 

temperature. The GO was recovered from the first batch of reaction by centrifugation and 

washed with diethyl ether, dried and reused for subsequent four batches of reactions. In all 

recycling experiments carried out at room temperature, appreciable conversions were 

achieved (Figure III.A.3).  

 
Figure III.A.3. Recyclability of GO in the thioacetalization of p-anisaldehyde and n-

pentanethiol.  
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A comparison of the FT‒IR spectra of the GO before and after use does not indicate any 

changes of the absorption bands, signifying that the catalyst remain same after the reaction 

(Figure III.A.4). 

 

Figure III.A.4. Comparative FT‒IR spectra of GO before and after 1
st
 use in the reaction 

between p-anisaldehyde and n-pentanethiol under neat condition. 

 

III.A.4. Conclusion 

In summary, GO was found to catalyze the formation of thioacetal from a neat mixture 

of aldehyde and thiol under mild, solvent-free and aerobic conditions. Notable features of the 

methodology described herein are: operational simplicity, nil or negligible quantity of 

disulfide formation, applicability to a large variety of aryl/heteroaryl aldehydes, 

chemoselectivity, recyclability and environmental compatibility. Moreover, low-cost facial 

preparation and sustainability of GO make it a convenient metal-free carbocatalyst for such 

dithioacetalization. Thus it provides a practical approach for the preparation of open chain, 

cyclic and unsymmetrical dithioacetals. The present method also demonstrates that controlled 

loading of GO in combination with reaction conditions could lead to the diversity in reaction 

types as well as the formation of the products, and is likely to spur more catalytic 

applications.  

III.A.5. Experimental Section 

III.A.5.1. General Information                       

All chemicals were purchased and used directly and futher details are same as in 

chapter II (see, chapter II.5. General Information). HPLC analyses were carried out using 

HPLC (Agilent Technologies, 1260 Infinity), Column: ZORBAX Rx–SIL (4.6 x 150 mm, 5 
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m), eluent: n–hexane (flow rate 3 mL min
–1

). High resolution Mass Spectra (HRMS) were 

performed in Micromass Q-TOF Spectrometer under ESI (positive mode), by the services at 

the Indian Association for the Cultivation of Science, Kolkata. 

III.A.5.2. General procedure for the preparation of dithioacetals 

To a mixture of aldehyde (1 mmol) and thiol (2.2 mmol), 50 mg of graphene oxide was 

added  and stirred  the reaction mixture at room temperature for hours as mentioned in the 

Tables (2-4). After completion of reaction, diethyl ether (5 mL) was added, stirred gently and 

then allowed to stand. The supernatant liquid was carefully collected in another flask and this 

process was repeated three times more. The liquid part was concentrated and the residue was 

purified through column chromatography over silica gel. Elution with light petroleum or  

ethyl acetate-light petroleum (2:98) affords the pure dithioacetal (% Yield as mentioned in 

the Tables). All products were characterized by 
1
H, 

13
C NMR data and compared with the 

reported melting points for known solid compounds. 

III.A.5.3. HPLC analysis  

After completion of reaction the mixture was allowed to cool at room temperature and 

5 mL methanol was added, filtered and HPLC analysis was done. HPLC analysis of this 

crude mixture revealed that the area percentage of product (sum of three peaks) and that of 

starting aldehyde is in the ratio 59:41, i.e. about 59% conversion was occurred. Among these 

three (product) peaks two corresponds to symmetrical dithioacetals, confirmed from their 

respective retention times (Figure III.A.5) and the rest one could be the unsymmetrical 

dithioacetal. Area parentages of all three components (products) are shown in Figure III.A.6. 
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Figure III.A.5.  HPLC analysis showing retention times of two different symmetrical 

dithioacetals (Table III.A.2, entry 1 and  entry 10) 

 

 
Figure III.A.6. HPLC analysis showing area percentage of three possible dithioacetals 

obtained from p-anisaldehyde, n-pentanethiol and benzenethiol (Table III.A.4, entry 3). 
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III.A.5.4. Physical properties and spectral data of dithioacetals 

All products were characterized by 
1
H and 

13
C NMR spectra and compared with those 

reported melting points for known solid compounds. The HRMS data supported the 

structures for the unsymmetrical dithioacetals. 

Table III.A.2; Entry 1 

1-(bis(pentylthio)methyl)-4-methoxy benzene  

The compound was obtained as a colourless oil. 

      

S

S

MeO

 
 

1
H NMR (CDCl3, 300 MHz):  0.86 (t, J = 6.9 Hz, 6H, CH3), 1.36-1.23 (m, 8H, CH2), 1.58-

1.49 (m, 4H, CH2), 2.58-2.43 (m, 4H, CH2), 3.74 (s, 3H, OCH3), 4.86 (s, 1H, CH), 6.84-6.80 

(m, 2H, ArH), 7.37-7.33 (m, 2H, ArH). 
13

C NMR (CDCl3, 75 MHz):  14.0, 22.3, 28.9, 31.1, 32.2, 52.6, 55.1, 113.7, 128.8, 

132.6,159.

Table III.A.2; Entry 2 

1-(bis(pentylthio)methyl)benzene  

The compound was obtained as a colourless oil. 

 

S

S

 
 

1
H NMR (CDCl3, 300 MHz): 0.86 t, J = 6.9 Hz, 6H, CH3), 1.34-1.23 (m, 8H, CH2), 1.57-

1.49 (m, 4H, CH2), 2.59-2.44 (m, 4H, CH2), 4.88 (s, 1H, CH), 7.32-7.22 (m, 3H, ArH), 7.45-

7.32 (m , 2H, ArH). 
13

C NMR (CDCl3, 75 MHz): 14.0, 22.3, 28.9, 31.1, 32.2, 53.2, 127.7, 128.4, 140.7. 

Table III.A.2; Entry 3 

4-(bis(heptylthio)methyl)-2-methoxyphenol  

The compound was obtained as a colourless oil. 
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OMe

HO

S

S

 
 

1
H NMR (CDCl3, 300 MHz):  0.89-0.84 (m, 6H, CH3), 1.36-1.21 (m, 16H, CH2 ), 1.57-

1.49 (m, 4H, CH2 ), 2.56-2.47 (m, 4H, CH2 ), 3.94 (s, 3H, OCH3), 4.82 (s, 1H, CH), 6.83 (dd, 

J = 2.1 and 12.9 Hz, 2H, ArH), 7.04 (d, J = 1.8 Hz, 1H, ArH). 
13

C NMR (CDCl3, 75 MHz):  13.9, 22.5, 28.7, 29.1, 31.6, 32.3, 53.0, 55.8, 109.8, 113.6, 

120.7, 132.4, 145.2, 146.6. 

 

Table III.A.2; Entry 4 

2-(bis(pentylthio)methyl)phenol  

The compound was obtained as a colourless oil. 

 

OH

S

S

 
 

1
H NMR (CDCl3, 300 MHz): 0.88-0.84 (m, 6H, CH3), 1.34-1.24 (m, 8H, CH2), 1.58-1.51 

(m, 4H, CH2), 2.57-2.51 (m, 4H, CH2), 5.08 (s, 1H, CH), 6.90-6.83 (m, 2H, ArH), 7.03 (s, 

1H, OH), 7.22-7.17 (m, 2H, ArH).
  

13
C NMR (CDCl3, 75MHz):  13.8, 22.1, 28.7, 30.8, 32.4, 50.0, 117.6, 120.2, 123.5, 129.4, 

129.6, 154.9. 

 

Table III.A.2; Entry 5 

4-(bis(tert-butylthio)methyl)-2-methoxyphenol 

The compound was obtained as a white solid and its melting point was in the range of 78-80 
o
C.

HO

OCH3

S

S

 
 

1
H NMR (CDCl3, 300 MHz):  1.31 (s, 18H, CH3), 3.90 (s, 3H, OCH3), 5.00 (s, 1H, CH), 

5.60 (s, 1H, OH), 6.80 (d, J = 8.1 Hz, 1H, ArH), 6.86 (dd, J = 2.1 and 8.1 Hz, 1H, ArH), 7.08 

(d, J = 1.8 Hz, 1H, ArH). 
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13
C NMR (CDCl3, 75 MHz):  31.2, 45.6, 48.8, 56.0, 110.4, 113.8, 120.0, 135.7, 

145.0,146.8.

Table III.A.2; Entry 6 

1-(bis(heptylthio)methyl)naphthalene 

The compound appeared as a colourless oil. 

  

S S

 
 

1
H NMR (CDCl3, 300 MHz):  0.87-0.83 (m, 6H, CH3), 1.60-1.21 (m, 20H, CH2), 2.69-2.47 

(m, 4H, CH2), 5.66 (s, 1H, CH), 7.57-7.48 (m, 3H, ArH), 7.87-7.75 (m, 3H, ArH), 8.24 (d, J 

= 7.8 Hz, 1H, ArH). 
13

C NMR (CDCl3, 75 MHz):  14.0, 22.5, 28.8, 29.1 31.6, 32.3, 32.5, 123.3, 125.0, 125.6, 

125.8, 126.0, 126.2, 128.5, 128.9, 130.4, 134.0, 135.2. 

 

Table III.A.2; Entry 7 

1-(bis(cyclohexylthio)methyl)-4-chlorobenzene 

The compound was isolated as a colourless oil. 

 

S

S

Cl

 
 

1
H NMR (CDCl3, 300 MHz):  1.35-1.17 (m, 10H, CyH), 1.55 (d, J = 4.5 Hz, 2H, CyH), 

1.74-1.70 (m, 4H, CyH), 1.92-1.85 (m, 4H, CyH), 2.74-2.67 (m, 2H, CyH), 4.96 (s, 1H, CH), 

7.30-7.26 (m, 2H, ArH), 7.42-7.38 (m, 2H, ArH). 
13

C NMR (CDCl3, 75MHz): 25.6, 25.7, 33.2, 33.2 44.2, 48.9, 128.5, 129.0, 133.0, 139.9.

Table III.A.2; Entry 8 

1-(bis(pentylthio)methyl)-4-nitrobenzene 

The compound was obtained as a pale yellow oil. 
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S

O2N

S

 
 

1
H NMR (CDCl3, 300 MHz): m, 6H, CH3), 1.36-1.25 (m, 8H, CH2), 1.59-1.51 (m, 

4H, CH2), 2.62-2.49 (m, 4H, CH2), 4.93 (s, 1H, CH), 7.64-7.61 (m, 2H, ArH), 8.20-8.17 (m, 

2H, ArH), 
13

C NMR (CDCl3, 75 MHz): 13.8, 22.2, 28.7, 30.9, 32.3, 52.5, 123.7, 128.6, 147.2, 148.4. 

 

Table III.A.2; Entry 9 

2-(bis(phenylthio)methyl)phenol  

The compound was obtained as a colourless oil. 

 

OH

S

S

 
 

1
H NMR (CDCl3, 300 MHz): 5.73 (s, 1H, CH), 6.39 (s, 1H, OH), 6.83-6.73 (m, 2H, ArH), 

7.25-7.09 (m, 8H, ArH), 7.39-7.35 (m, 4H, ArH).
  

13
C NMR (CDCl3, 75 MHz):  56.4, 117.0, 120.7, 128.0, 128.8, 129.5, 129.6, 132.5, 133.6. 

 

Table III.A.2; Entry 10 

1-((4-methoxyphenyl)(phenylthio)methylthio)benzene
33

 

The compound was obtained as a white solid, mp 71-73 
o
C. 

 

MeO

S

S

 
 

1
H NMR (CDCl3, 300 MHz):  3.73 (s, 3H, OCH3), 5.42 (s, 1H, CH), 6.77 (d, J =8.7 Hz, 

2H, ArH), 7.34-7.20 (m, 12H, ArH). 
13

C NMR (CDCl3, 75 MHz):  55.1, 59.6, 113.7, 127.5, 128.7, 129.0, 131.5, 132.2, 134.6, 

159.1. 
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Table III.A.2; Entry 11 

4-(bis(p-tolylthio)methyl)-2-methoxyphenol 

The compound was obtained as a white solid, mp 70-72 
o
C. 

 

OMe

HO

S

S

 
 

1
H NMR (CDCl3, 300 MHz):  2.29 (s, 3H, CH3), 3.79 (s, 3H, OCH3), 5.28 (s, 1H, CH), 

5.60 (s, 1H, OH), 6.76 (d, J = 0.9 Hz, 2H, ArH), 6.86 (s, 1H, ArH), 7.04 (d, J = 8.1 Hz, 4H, 

ArH), 7.24-7.22 (m, 4H, ArH). 
13

C NMR (CDCl3, 75 MHz):  21.1, 55.8, 60.9, 110.2, 113.9, 121.0, 129.5, 130.9, 131.7, 

133.0, 137.9, 145.2, 146.3. 

 

Table III.A.2; Entry 12 

2-(4-methoxyphenyl)-1, 3-dithiolane
23g 

 

 The compound was obtained as a white solid, mp 58-60 
o
C. 

 

MeO

S

S

 
 

1
H NMR (CDCl3, 300 MHz): 3.37-3.29 (m, 2H, CH2), 3.52-3.44 (m, 2H, CH2), 3.78 (s, 

3H, OCH3), 5.63 (s, 1H, CH), 6.83 (dd, J = 2.1 and 6.6 Hz, 2H, ArH), 7.44 (dd, J = 2.1 and 

6.6 Hz, 2H, ArH). 
13

C NMR (CDCl3, 75 MHz):  40.1, 55.2, 55.9, 113.7, 129.0, 131.7, 159.3. 

 

Table III.A.2; Entry 13 

4-(1, 3-dithiolan-2-yl)-2-methoxyphenol 

The compound was isolated as white solid, mp 81-83 
o
C. 

 

OMe

HO

S

S
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1
H NMR (CDCl3, 300 MHz): 3.35-3.27 (m, 2H, CH2), 3.50-3.41 (m, 2H, CH2), 3.85 (s, 

1H, OCH3), 5.61 (s, 1H, CH), 6.81 (d, J = 8.1 Hz, 1H, ArH), 6.98 (dd, J = 2.1 and 8.1 Hz, 

1H, ArH), 7.08 (d, J = 2.1 Hz, 1H, ArH). 
13

C NMR (CDCl3, 75 MHz):  39.9, 55.8, 56.5, 110.2, 113.9, 120.9, 131.1, 145.4, 146.3. 

 

Table III.A.2; Entry 14 

2-(1,3-dithian-2-yl)phenol
34

 

The compound was obtained as a white crystalline solid, mp 131-133 
o
C. 

 

OH

S

S

 
 

1
H NMR (CDCl3, 300 MHz) :  1.96-1.92 (m, 1H, CH2), 2.18-2.11 (m, 1H, CH2), 2.92-2.84 

(m,  2H, CH2), 3.09-2.99 (m, 2H, CH2), 5.44 (s, 1H, CH), 6.55 (s, 1H, OH), 6.90-6.84 (m, 

2H, ArH), 7.33-7.15 (m, 2H, ArH). 
13

C NMR (CDCl3, 75 MHz):  24.9, 31.7, 47.0, 117.1, 120.8, 123.9, 129.1, 130.0, 154.2.

 

Table III.A.2; Entry 15 

2-cyclohexyl-1, 3-dithiane
35

 

The compound was obtained as a white solid, mp 49-51 
o
C. 

 

S

S

 
 

1
H NMR (CDCl3, 300 MHz): 2.12-1.21 (m, 13H, CyH), 2.88-2.82 (m, 4H, CH2), 4.04-

3.99 (m, 1H, CH). 
13

C NMR (CDCl3, 75 MHz):26.1, 26.1, 26.3, 30.3, 30.8, 43.0, 55.2. 

 

Table III.A.; Entry 1 

2-(bis(tert-butylthio)methyl)-5-bromothiophene 

The compound was obtained as a white crystalline solid, mp 68-70 
o
C. 
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S
S

S
Br

 
 

1
H NMR (CDCl3, 300 MHz): m, 18H, CH3), 5.17 (s, 1H, CH), 6.82 (s, 2H, ArH). 

13
C NMR (CDCl3, 75 MHz):  31.0, 43.4, 46.2, 111.8, 124.5, 129.0, 151.1. 

 

Table III.A.3; Entry 2 

2-(bis(phenylthio)methyl)-5-bromothiophene. 

The compound was obtained as a pale yellow oil. 

 

S
S

S
Br

 
 

1
H NMR (CDCl3, 300 MHz): 5.55 s, 1H, CH), 6.66 (d, J = 3.6 Hz, 1H, ArH), 6.76 (d, J = 

3.9 Hz, 1H, ArH), 7.29-7.21 (m, 6H, ArH), 7.41-7.35 (m, 4H, ArH). 
13

C NMR (CDCl3, 75MHz):  55.7, 112.8, 126.8, 128.3, 129.0, 129.3, 129.4, 

132.8,133.7,145.5. 

 

Table III.A.3; Entry 3 

2-(bis(heptylthio)methyl)-5-bromothiophene  

The compound was obtained as a colourless oil. 

 

S
S

S
Br

 
 

1
H NMR (CDCl3, 300 MHz):  0.89-0.84 (m, 6H, CH3), 1.37-1.24 (m, 16H, CH2), 1.59-1.51 

(m, 4H, CH2), 2.67-2.54 (m, 4H, CH2), 5.04 (s, 1H, CH), 6.85-6.81 (m, 2H, ArH). 
13

C NMR (CDCl3, 75 MHz):  14.0, 22.5, 28.8, 28.8, 29.0, 31.6, 32.1, 48.6, 112.3, 125.9, 

129.1, 147.1. 
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Table III.A.3; Entry 4 

2-(bis(pentylthio)methyl)furan 

The compound was obtained as a pale yellow liquid. 

 

O

S

S

 
 

1
H NMR (CDCl3 300 MHz): 0.90-0.85 (m, 6H, CH3), 1.37-1.26 (m, 8H. CH2), 1.60-1.50 

(m, 4H, CH2), 2.70-2.50 (m, 4H, CH2), 4.99 (s, 1H, CH), 6.31 (d, J = 1.5 Hz, 2H, ArH), 7.36 

(t, J = 1.5 Hz, 1H, ArH). 
13

C NMR (CDCl3, 75 MHz):  13.8, 22.1, 28.7, 31.0, 31.4, 45.8, 107.5, 110.3, 142.0, 152.3.

 

Table III.A.3; Entry 5 

2-(1, 3-dicyclohexylpropan-2-yl) furan 

The compound was obtained as a colourless oil. 

 

O

S

S

 
 

1
H NMR (CDCl3, 300 MHz): 1.37-1.22 (m, 10H, CyH), 1.93-1.55 (m, 10H, CyH), 2.82-

2.80 (m, 2H, CyH), 5.09 (m, 1H, CH), 6.34-6.29 (m, 2H, ArH), 7.35-7.34 (m, 1H, ArH). 
13

C NMR (CDCl3, 75 MHz):  25.6, 25.7, 25.7, 33.2, 33.3, 42.7, 43.9, 107.1, 110.2, 141.7, 

153.1. 

 

Table III.A.3; Entry 6 

3-(bis(heptylthio)methyl)-1H-indole  

The compound was obtained as a colourless oil. 

 

N
H

S
S
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1
H NMR (CDCl3, 300 MHz): 0.88-0.83 (m, 6H, CH3), 1.35-1.22 (m, 16H, CH2), 1.65-1.51 

(m, 4H, CH2), 2.69-2.48 (m, 4H, CH2), 5.28 (s, 1H, CH), 7.26-7.11 (m, 4H, ArH), 7.84-7.80 

(m, 1H, ArH), 8.00 (s, 1H, NH).  
13

C NMR (CDCl3, 75 MHz): 13.9, 22.5, 28.7, 28.8, 29.1, 31.6, 31.9, 45.7, 111.2, 114.9, 

119.5, 119.6, 122.3, 123.0, 125.5, 136.4. 

 

Table III.3; Entry 7 

2-(1, 3-dithian-2-yl)furan
36 

The compound was obtained as a colourless oil. 

 

O
S

S

 
 

1
H NMR (CDCl3, 300 MHz):  2.02 -1.96 (m, 1H, CH2), 2.16-2.10 (m, 1H, CH2), 3.00-2.93 

(m, 4H, 2CH2), 5.22 (s, 1H, CH), 6.40-6.33 (m, 2H, ArH), 7.37-7.26 (m, 1H, ArH). 
13

C NMR (CDCl3, 75 MHz):  25.2, 30.2, 42.0, 107.8, 110.5, 142.2, 151.7. 

 

Table III.A.3; Entry 8 

3-(1, 3-dithiolan-2-yl)-1H-indole 

The compound was obtained as a pale yellow solid, mp 121-123 
o
C. 

 

N
H

S

S

 
 

1
H NMR (CDCl3, 300 MHz): 3.50-3.31 (m, 4H, CH2), 6.03 (s, 1H, CH), 7.32 - 7.11 (m, 

4H, ArH), 7.81 (d, J = 7.2 Hz, 1H, ArH), 8.00 (s, 1H, NH).
  

13
C NMR (CDCl3, 75 MHz): 39.4, 48.9, 111.4, 114.9, 119.7, 122.5, 123.1, 125.8, 136.8. 

 

Table III.A.4; Entry 1 

1-(bis(pentylthio)methyl)-4-methoxybenzene  

The compound was obtained as a colourless oil. 

 

MeO

S

S
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1
H NMR (CDCl3, 300 MHz):0.89-0.84 (m, 6H, CH3), 1.35-1.24 (m, 12H, CH2), 1.56-

1.51 (m, 4H, CH2), 2.58-2.46 (m, 4H, CH2), 3.78 (s, 3H, OCH3), 4.85 ( s, 1H, CH), 6.84 ( dd, 

J = 2.1 and 6.6 Hz, 2H, ArH), 7.36 ( dd, J = 2.1 and 6.6 Hz, 2H, ArH). 
13

C NMR (CDCl3, 75 MHz): 13.8, 13.9, 22.1, 22.5, 28.7, 28.7, 29.0, 30.9, 31.6, 32.1, 52.5, 

55.1, 113.6, 128.7, 132.5, 158.9. 

ESI-HRMS: for C20H34KOS2, calculated 393.1688; observed 393.1676. 

 

Table III.A.4; Entry 2 

4-(bis(pentylthio)methyl)-2-methoxyphenol 

The compound was obtained as a pale yellow oil. 

OMe

HO

S

S

 
 

1
H NMR (CDCl3 300 MHz):0.89 0.84 (m, 6H, CH3), 1.35-1.24 (m, 12H,  CH2), 1.57-

1.50 (m, 4H, CH2), 2.58-2.48 (m, 4H, CH2), 3.89 (s, 3H, OCH3), 4.82 (s, 1H, CH), 5.70 (s, 

1H, OH), 7.04 (d, J = 2.1 Hz, 1H, ArH). 
13

C NMR (CDCl3, 75 MHz):  13.8, 13.9, 22.1, 22.5, 28.7, 28.8, 29.1, 30.9, 31.6, 32.3, 32.3, 

53.0, 55.8, 109.8, 113.7, 120.7, 132.4, 145.2, 146.6. 

ESI-HRMS: for C20H34O2S2Na, calculated 393.1898; observed 393.1898.
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1
H NMR spectra of the mixture of of Table III.A.4; Entry 1 in  CDCl3 

 
13

C NMR spectra of the mixture of of Table III.A.4; Entry 1 in  CDCl3 
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1
H NMR spectra of oTable III.A.4; Entry 2 in  CDCl3 

 
13

C NMR spectra of oTable III.A.4; Entry 2 in  CDCl3 

 



 

87 

 

III.A.6. References 

References are given in BIBLIOGRAPHY under CHAPTER III, Section A. (page 173–

186). 
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CHAPTER III 

Section B 

Graphene oxide (GO) or reduced graphene oxide (rGO): 

Efficient catalysts for one-pot metal-free synthesis of  

quinoxalines from 2-nitroaniline 
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III.B.1. Introduction 

Heterocyclic compounds are ubiquitous in nature.
1
 Among different N-heterocyclic 

compounds, quinoxaline and its congeners have broad spectrum of biological activities such 

as antiviral, anti-inflammatory, antitumour, antibacterial, anthelmintic, kinase inhibitory, anti-

HIV and anticancer activities.
2
 Some important quinoxaline moieties which have been widely 

used as drug are shown in Figure III.B.1. Quinoxalines are also widely applied to other 

technical such as in the preparation of dyes,
3
 metal complexes,

4 
organic semiconductors,

5 

cavitands,
6 

luminescent materials
7
and chemically controllable switches.

8
 

Figure III.B.1. Some important drugs containing quionxaline moieties. 

 

Due to diverse therapeutic and technical interests, the incorporation of quinoxline 

moieties has become a field of intensive research. Myriads of designs and synthetic strategies 

have been developed for the creation of these ―privileged structures‖.
 9

 To address the ever-

increasing ecological hazards and economic demands, chemists have been driven towards 

developing synthetic processes by following the demands of green chemistry. In this regard, 

solid-phase synthesis of small organic molecules has emerged as an important tool in drug 

discovery.
10 

The solid-phase synthetic method has helped in both expediting the preparation 

and increasing the diversity of the molecules.
11

 

In recent years, the utilization of sustainable carbonaceous materials as metal-free 

catalysts or catalyst supports for diverse organic transformations has taken a major attraction 

towards chemical community.
12,13

 Among graphene-based materials, graphene oxide (GO) 

and reduced graphene oxide (rGO) have been widely explored as carbocatalysts for a 

numerous number of useful synthetic transformations.
13 

Previously, we have utilized GO as a 

N
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metal-free carbocatalyst for a several number of important organic reactions.
14

 In 

continuation of our interests towards the utilization of GO as convenient metal-free 

carbocatalyst for diverse organic reactions, we demonstrated herein an alternative and viable 

one-pot metal-free procedure for the synthesis of quinoxalines directly from 2-nitroaniline.  

III.B.2. Present Work: Background and Objectives 

Owing to vast and outstanding applications, several synthetic strategies have been 

developed for the synthesis of quinoxalines over the years.
15

 The most common method 

involves the condensation of an aryl 1,2-diamine with 1,2-dicarbonyl compound.
16

 In view of 

green chemistry, solid phase synthesis of such heterocyclic compounds using various solid 

supported reagents and catalysts have some advantages over their traditional synthesis like 

simple work up, simple isolation procedure and recyclability of catalysts.
17 

The first solid-phase synthesis of quinoxalines on SynPhase™ Lanterns has been 

reported by Wu et al.
18

 in which a Synphase
TM

 Lanterns bound o-pheneyldiamine was reacted 

with a-bromoketones in DMF at 60
 o

C to give quinoxaline in good purity and yield after the 

cleavage of solid support using trifluoro acetic acid (TFA) (Scheme III.B.1).  

N
H

O

= Rink

NH2

NH2

O

Br

R

1. DMF, 60 oC, 4h

2. 20% TFA/DCM
N

N
H2N

O
R

N

N
H2N

O

R
R = H, OCH3, CH3, Ph, F, Et2N

 
Scheme III.B.1. Solid-phase synthesis of quinoxaline on SynPhase™ Lanterns. 

 

Another one-pot biomimetic approach to the quinoxaline synthesis has been developed 

by Kakulapati et al.
19 

using recyclable ruthenium on charcoal (Ru/C) as a catalyst and 

randomly methyalted -cyclodextrin in water under neutral condition (Scheme III.B.2). 

NH2

R NH2 ArO

HO Ar Ru/C
Ra-Me-b-CD

H2O (2 ml), O2 N

N Ar

ArR

R = H, Me, Cl, NO2
55-95%

 
Scheme III.B.2. Ru/C‒catalyzed one-pot synthesis of quinoxalines.  
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A remarkable use of heterogeneous basic surface of KF/alumina for the synthesis of a 

library of quinoxalines via tandem oxidation-condensation reaction has been developed in our 

laboratory (Scheme III.B.3).
20

  

NH2
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O

Br
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R
R
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O

R
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K
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R
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R

R

O
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N

NR R

R

R1 = H, Me, COPh

R2 = H, Me, Et, Ph, p- Me Ph, p-MeOPh, Furan

R3 = H, Me, Et, n-Pr, Ph, p- Me Ph, p-MeOPh, Furan

R1= H, Me

R2 = H, Me, Et, OMe, Br, Cl, I, NO2, OH

R1 = H, Me, COPh

R2 = H, Me, Et, Ph, p- Me Ph, p-MeOPh, Furan

Yield = 83-91%

Yield = 83-94%

Yield = 70-94%

 
Scheme III.B.3. Quinoxaline synthesis on heterogeneous KF/Alumina basic surface. 

 

Graphite has been also used as a cheap, benign and recyclable catalyst for the synthesis 

of quinoxalines derivatives starting from diketones (substituted benzils, phenanthrene-9,10-

dione) and also benzoins and aromatic diamines in 71-93% yields at room temperature in 

ethanol (Scheme III.B.3).
21 

Graphite

EtOH, rt

R1 O

R1 O

H2N

H2N

R2+

N

NR1

R1

R2

R1 = Ph, 4-OMeC6H4, 4-OMeC6H4, furyl

R2 = H, 4-MeC6H4, 4-COPh, NO2

72-93% yield

 
Scheme III.B.4. Graphite‒catalyzed quinoxalie synthesis. 

It is worth to mention that 1, 2-diamines are most common substrates generally used for 

the quinoxaline synthesis but practically it is reported that aryl 1,2-diamines are carcinogenic 

and relatively unstable than its precursor nitro compounds.
22 

Therefore, there becomes a need 

to develop more efficient methodologies for such heterocyclic compounds quinoxalines using 

nitro-compounds. But a very few number of methods are reported for the quinoxline 

synthesis directly from 2-nitroaniline.
22, 23 
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R2 = H, 5-Me

R3 = H, Me, Ph

upto 87% yield

 
Scheme III.B.5. Ruthenium catalyzed quinoxaline synthesis from various nitroanilines and 

symmetrical vicinal diols. 

Xie et al.
22

 reported a one-pot method for efficient synthesis of quinoxalines (Scheme 

III.B.5) from 2-nitroanilines and biomass-derived vicinal diols using ruthenium-catalyzed 

hydrogen transfer strategy.  

Go et al.
23a

 have utilized indium with an appropriate acid such as acetic acid or 

indium(III) chloride for the synthesis of a variety of quinoxaline derivatives in moderate to 

excellent yield by the one-pot reduction-cyclization of 2-nitroanilines and 1,2-diketones 

(Scheme III.B.6). 
 

NH2

NO2

R

 In(5 equiv)/ InCl3 (1.2 equiv)

MeOH (5 ml), Reflux

N

N

R

R = H, Me, OMe, F

80-96%

Method-A

In (5 mmol)/AcOH (5 mmol)

Toluene (5 ml), 80oC or MeOH (Reflux)

Method-B

N

N

R

75-86%

Butane-2,3-dione

Benzil

 
Scheme III.B.6. Synthesis of 2,3-dimethylquinoxalines and 2,3-diphenylquinoxaline in the 

presence of indium and InCl3 in different condition. 

A catalytic amount of iron sulfide generated in situ from nontoxic FeCl3•6H2O and 

elemental sulfur was found to act as an efficient catalyst for the redox condensation reaction 

between o-nitroanilines and 2-arylethylamines under solvent free conditions which 

constitutes a new atom-, step-, and redox-economical route to 2-arylquinoxalines (Scheme 

III.B.7).
23b
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H2N

ArH

H

H

FeCl3  6H2O (5 mol%)

S (20 mol%)

124 oC , 24 h

-2H2O, -NH3

R

N

N

Upto 91% yield6e transfer

Fe/S catalyst R = H, Me, Cl, Br  
Scheme III.B.7. Fe/S‒catalyzed redox condensation reaction of 2-arylethylamines with 

various o-nitroanilines. 

Gold nanoparticles supported on nanoparticulated ceria (Au/CeO2) or hydrotalcite 

(Au/HT) have been reported as efficient catalysts for the one-pot three-step synthesis of 2-

methylquinoxaline starting from 1,2-dinitrobenzene and 1,2-propanediol (Scheme III.B.8).
23c 

 

NO2

NO2

Au/CeO2 catalyst NH2

NH2

Au/CeO2 catalyst

HO

HO

N

N

 
Scheme III.B.8. Au/CeO2 catalyzed one-pot three-step synthesis of quinoxaline derivatives. 

D.-Q. Shi et al.
23d

 reported the role of stannous chloride as both reductive agent and 

catalyst for the synthesis of various quinoxaline derivatives by the reaction of 1,2-diketones 

and 2-nitroaniline. This method has the advantages of accessible starting materials, 

convenient manipulation, short reaction time and high yields (Scheme III.B.9). 

NH2

NO2X

O

RO

R SnCl2 2H2O

95 % EtOH, Reflux, 20 min N

N

X

R

R

X = H, Me, F, Br, OMe
R = Aryl, Heteroaryl

upto 99%

 
Scheme III.B.9. The synthesis of quinoxalines by the reaction of 2-nitroanilines and 1,2-

dicarbonyl compounds mediated by SnCl2·2H2O.  

Although all these methods have enough efficiency for the synthesis of quinoxaline 

derivatives but the problem is in the involvement of expensive metals to carry out the 

reduction of nitro compounds to amine. On the other hand, the primary demands of green 

synthesis include minimization of steps, that is, one-pot tandem reactions as well as catalytic 

processes under metal-free conditions.
24 

Since, there is no method developed for the one-pot 

and metal-free tandem synthesis of quinoxalines from nitroaniline or dinitrobenzene, we were 

interested to develop an alternative metal-free greener process for the synthesis of 

quinoxalines directly from 2-nitroaniline. The biomass derived carbon materials has been 

considered as potential catalyst for diverse organic reactions.
25 

Since the seminal report by 
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Bielawski et al.
26e

 in 2010, the use of graphene oxide (GO) as the ‗carbocatalyst‘ in organic 

reactions has evolved enormous interests among the synthetic organic chemists.
25,26

 While 

searching the literature, we find that reduced graphene oxide (rGO) in combination with large 

excess of hydrazine hydrate can perform the reduction of nitrobenzene to aniline, which is as 

good as commonly used noble metal catalyst like Pt/SiO2.
27

  

In connection with our interest to harness the utilization of sustainable carbonaceous 

materials in catalyzing diverse organic reactions,
28

 we envisioned that GO or rGO could serve 

as an eco-friendly alternative catalyst for the synthesis of quinoxaline through the metal-free 

tandem reduction-condensation in one-pot protocol. Although the reported procedure using 

rGO for the reduction of nitroaniline is quite useful, further one-pot condensation with 1,2-

dicarbonyl compound might lead to multifarious results due to the presence of excess 

hydrazine in the reaction mixture. In our strategy, it was therefore necessary to find out an 

optimized condition that could avoid the excess use of the reducing source hydrazine. 

We report herein our findings that finally established a practical and clean procedure 

for the synthesis of quinoxalines directly from 2-nitroaniline via one-pot reduction-

condensation reactions under metal-free condition. There was no other by-product detected 

by analysis of the crude product, the conversion was high (observed through HPLC) and the 

isolation of the desired quinoxaline was achieved in excellent yield. A large variation of 

functional groups attached with the aromatic rings of either of the condensing partners was 

observed with excellent conversions to quinoxalines (Scheme III.B.10). 
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NH2
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R1 = H, Me, OMe, F

X

O

R3

R2

X = O, or  X = H & OH

N

N

R

R3

R2

R2/R3 = H,alkyl,aryl,heteroaryl

100 oC, 3h

GO or rGO/N2H4.H2O

 
Scheme III.B.10. One-pot reduction of nitro compounds and subsequent condensation 

resulting quinoxalines. 

 

III.B.3. Present Work: Results and Discussion  

III.B.3.1. Preparation and characterization of graphene oxide  

Initially, we have prepared GO according to the modified Hummer‘s method,
29

 as 

following: 

1
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To an ice-cold concentrated sulfuric acid (46 mL) sodium nitrate (0.1 g) and then 

graphite powder (2 g) were slowly added with vigorous magnetic stirring. After the complete 

addition of graphite powder, potassium permanganate (6 g) was added to the reaction mixture 

very slowly, keeping the temperature within 0-5 
o
C to avoid any possible explosion. The 

mixture was allowed to stir at room temperature for 6 h forming a thick paste. It was diluted 

with double distilled water (92 mL) under stirred condition. The temperature of the solution 

was raised to about 90 
o
C and the mixture was allowed to stir for 30 min. Finally, 280 mL 

water was added followed by slow addition of 3 mL H2O2 (30%). The colour of the solution 

changes from dark brown to yellowish brown. The overall solution was washed using 

deionized and distilled water repeatedly via ultrasonication and centrifugation at 5000 rpm 

until the pH of the solution become 7 (using pH paper) to make it free from acid. Finally, the 

product was filtered off and the brown mass was collected and dried at 60 
o
C under vacuum 

to obtain solid graphene oxide prepared GO by using modern Hummers‘ method,
29

 and 

properly characterized by FT‒IR spectroscopy (Figure III.B.2). 

GO was characterized by FT‒IR spectroscopy in KBr, which was comparable with literature 

data.
30, 31   
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Figure III.B.2. The FT‒IR Spectra of   GO. 

 

II.B.3.2. DLS study of GO 

To know the particle size we have performed the dynamic light scattering (DLS) 

analysis of graphene oxide. For this we have prepared 50 mL GO dispersion (0.1mg/mL) in 

DI water which was sonicated for one hour. Then we go through the DLS study of the 

dispersion of GO. The average size of GO particles in the dispersion of water was found to be 

544 ± 37 nm which is comparable with the literature report (Figure III.B.3).
32

 

Sl. 

No. 

Functional 

groups of GO 

Wave number (cm
-1

) 

  Observed Literature
3
 

1 ‒OH 3394 3368 

2 ‒COOH 1718.4 1719 

3 ‒CC‒ 1622 1624 

4 ‒C‒OH 1410 1373 

5 C‒O‒C (epoxy) 1223 1228 

6 C‒O‒C (alkoxy) 1051.3 1050 
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Figure III.B.3. Particle size distribution plot of graphene oxide obtained from dynamic light 

scattering (DLS). 

 

III.B.3.3. AAS study of GO  

Since, a large quantity of KMnO4 was used for the preparation of GO, we presumed 

that few ions of manganese can exist as metal impurities. To confirm the presence of 

manganese in graphene oxide we performed atomic absorption spectroscopy (AAS) study. 

For this purpose, 50 mg of GO was first digested with 25 mL concentrated HNO3 on a hot 

plate. Then GO was separated through filtration and the remaining acid extract was diluted to 

100 ml to performe AAS. The amount of manganese estimated was 0.16 mg per 100 mg of 

GO.  

III.B.3.4. Optimization of reaction conditions 

After that our studies began with the reaction of 2-nitroaniline and benzil in the 

presence of GO and hydrazine hydrate. Since benzil can also react with hydrazine to form 

hydrazone,
33 

we set up the reaction by adding the reacting components in a step-wise manner 

and not in the multi-component reaction approach.
34 

Thus a neat mixture of 2-nitroaniline (1 

mmol), graphene oxide (5 mg), and hydrazine hydrate (6 mmol) was heated at 100 
o
C for 3 h 

(tlc monitoring showed complete disappearance of the nitroaniline), and then benzil (1 mmol) 

was added to the reaction mixture. After stirring for another 3h at 100 
o
C, tlc showed 

complete disappearance of benzil on tlc plate. Ethyl acetate was added to the reaction mixture 

and the catalyst GO was separated out by centrifugation. HPLC analysis of the crude mixture 

showed the ratios of quinoxaline and dihydrazone derivative of benzil (prepared separately 

for comparison) in 70:30 mixtures. Separation of the crude mixture by column 

chromatography over silica gel afforded the quinoxaline (68%). The observation is presented 

in Table III.B.1 (entry 1). Further optimization of the reaction conditions by changing the 
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quantity of GO and/or hydrazine hydrate led us to achieve only quinoxaline as the sole 

product in 92% isolated yield (entries 2–7). However, as in entry 7, there was un-reacted 

benzil (6%) observed by HPLC analysis of the crude reaction mixture. Decreasing the 

temperature of the reaction furnished the hydrazone again (entry 8). Use of solvents like 

water, methanol or ethyl acetate however resulted in significant quantity of the hydrazone 

(entries 9–11). Further examination of the second step, that is, the condensation reaction 

carried out at room temperature was not favorable but the same at 60 
o
C afforded the 

quinoxaline in isolated yield (93%) (entries 12 and 13).  

 

Table III.B.1. Optimization of reaction conditions for GO‒catalyzed one-pot reduction and 

heterocyclization of 2-nitroaniline (1 mmol) and benzil (1 mmol) 

NO2

NH2 O

O

C6H5

C6H5

N

N

C6H5

C6H5GO or rGO cat.

Hydrazine Hydrate  
Entry  

no. 

GO 

(mg) 

Temp 

(
o
C) 

Solvent Hydrazine 

hydrate 

(N2H4.H2O) 

(mmol) 

Time (h) 

(Reduction & 

Condensation) 

Conversion (%)
a
 

Quinoxaline 

(% Yield) 

Hydrazone
a
 

1 5 100 No 6 (3 & 2) 70 (68) 30 

2 10 100 No 4 (3 & 2) 78 (76) 22 

3 15 100 No 4 (3 & 2) 80 (78) 20 

4 15 100 No 3 (3 & 2) 87 (85) 13 

5 15 100 No 2.5 (3 & 2) 90 (88) 10 

6 15 100 No 2.2 (3 & 2) 91 (89) 09 

7
b
 20 100 No 2.2 (3 & 2) 94 (92) No 

8 20 80 No 2.2 (3 & 2) 87 (81) 13 

9 20 100 Water 2.2 (4 & 2) 75 (71) 25 

10 20 100 MeOH 2.2 (4 & 2) 71 (68) 29 

11 20 100 EtOAc 2.2 (4 & 2) 75 (68) 25 

12
c
 20 100 No 2.2 (3 & 12) 83 (81) 17 

13
d
 20 100 No 2.2 (3 & 3) 95 (93) No 

14
e
 20 100 No 2.2 (3 & 3) 93 (91) 07 

15
f
 No 100 No 2.2 (6 & 3) 09 65 

16
g
 50 100 No 11 (4 & 3) 88 No 

 aConversion was checked by HPLC and yield of quinoxaline (in the parenthesis) represents 

the isolated product after column   chromatography. 
b
Un-reacted benzil (6%). 

c
Condensation 

with benzil was performed at room temperature. 
d
Condensation with benzil was performed at 

60 
o
C and un-reacted benzil.

 e
rGO was used instead of GO and condensation with benzil was 

performed at 60
 o

C.
 f

Un-reacted benzil (26%). 
g
Reaction carried out with 2-nitroaniline (5 

mmol). [Entries 1-5, 9-11, 13, 16 were performed by the present author and the remaining 
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optimization experiments were performed by one of my co-author  S. Ghosh and entries 13 

and 6,7, 14, 15 were repeated by both of author for 2 times]  

 

Since hydrazine can also reduce the GO to reduced GO (rGO), we had separately 

prepared rGO using hydrazine,
30

 and used it for the same one-pot reaction. It was observed 

that the rGO is also an equally effective catalyst for the reduction of 2-nitroaniline and 

subsequent condensation with benzil (entry 14). The control experiment without using GO 

did provide only trace amount of quinoxaline (≤10%) signifying the catalytic role of the 

graphene oxide (entry 15). In another experiment, the reaction was scaled up using 2-

nitroaniline (5 mmol) and the catalyst GO (50 mg), which afforded finally the quinoxaline in 

88% isolated yield (entry 16). Thus the optimized condition was found to be the reaction of 

2-nitroaniline (1 mmol), hydrazine hydrate (2.2 mmol) and GO (20 mg), stirring the mixture 

in neat at 100 
o
C for 3h, then benzil (1 mmol) was added and further stirring at 60 

o
C for 3h. 

 

III.B.3.5. Applications of our optimized condition in a variety of 2-nitroanilines and 

benzil derivatives 

With the optimized condition at our hand (as in Table III.B.1, entry 13), we examined 

its practical applications with a variety of nitroanilines and benzil derivatives. The results are 

presented in Table III.B.2. It can be seen that different nitroanilines undergo one-pot 

reduction and condensation with benzils gave rise to the formation of corresponding 

quinoxalines in excellent yields (Table III.B.2, entries 1–8). Since the present reducing 

condition is metal-free, it was interesting to examine whether halogen substituents could 

survive the overall reaction conditions. We employed 4,4
́
-dibromobenzil as the condensing 

partner and indeed the corresponding bromosubstituted quinoxalines were isolated in 90–95% 

yields (entries 9–11). Heteroaromatic benzils like a-furil also yielded corresponding furyl-

containing quinoxaline derivatives in isolated yield (>90%) (entries 12–14). Further studies 

with glyoxal, aliphatic 1,2-diketones, and phenylpropane-1,2-dione also resulted in the 

formation of quinoxaline in good to excellent yields (entries 15–19). Thus, functional groups 

like methyl, methoxyl, furyl, or bromide being present with either nitroaniline or dicarbonyl 

compounds as well as the ketone or aldehyde functions worked without any difficulty 

yielding the final quinoxalines in excellent yields. We then examined similar reactions using 

2-nitroaniline bearing an electron-withdrawing group such as F or –COPh (entries 20 and 21) 

as well as with 1,2-dinitrobenzene (entry 22). While 4-fluoro-2-nitroaniline resulted in the 

formation of the desired quinoxaline in excellent yield, 4-benzoyl-2-nitroaniline gave rise to a 
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mixture of four spots on tlc and one of those was matched with the authentic sample 

[(phenyl(2,3-diphenylquinoxalin-6-yl) methanone)].
16b

 However, the desired quinoxaline 

could not be separated and its actual yield was not obtained. Possibly, the benzoyl group 

suffers from reaction with hydrazine causing an inseparable mixture of products. In the case 

of 1,2-dinitrobenzene, similar reaction was sluggish and the desired quinoxaline was isolated 

in 48% yield. Since GO is known by its intriguing properties as an oxidizing agent, dual role 

of GO might be expected if -hydroxy ketone is used as the condensing partner instead of 

1,2-diketone. Acyloins are often considered as the precursor of diketo equivalent compounds. 

The reaction with benzoin indeed resulted in the formation of quinoxaline in isolated yield 

(91%) (entry 23). Substituted nitroanilines and other variety of acyloin such as furoin also 

gave rise to the formation of quinoxaline in 86–92% yields (entries 24–28). 

 

Table III.B.2. GO-catalyzed reduction of various 2-nitroanilines and subsequent 

heterocyclization with 1,2-dicarbonyl compounds or with hydroxy ketones
a 

 

Entry 1,2-Dicarbonyl compound/ a-
Hydroxy ketone

Temp (oC)

(Reduction & Codensation)
Product Yield (%)b

1

2

N

N

C6H4-p-Me

C6H4-p-Me

3

4

5

6

N

N

C6H4-p-Me

C6H4-p-MeMe

7

N

N

C6H5

C6H5

8

N

N

C6H4-p-OMe

C6H4-p-OMe

9

N

N

C6H4-p-Me

C6H4-p-Me

N

N

C6H5

C6H5

100 & 60

100 & 60

93

91

92

89

91

90

88

O

O

C6H5-p-OMe

C6H4-p-OMe

O

O

C6H4-p-Me

C6H4-p-Me

O

O

C6H4-p-OMe

C6H4-p-OMe

O

O

C6H4-p-Me

C6H4-p-Me

O

O

C6H5

C6H5

O

O

C6H4-p-Me

C6H4-p-Me

NO2

NH2

NO2

NH2

NO2

NH2

Me

NO2

NH2

Me

NO2

NH2

MeO

NO2

NH2

NO2

NH2

2-Nitro aryl amine

O

O

C6H5

C6H5

N

N

C6H4-p-OMe

C6H4-p-OMeMe

MeO

Time (h)
(Reduction & Codensation)

3 & 3

3 & 3

3 & 3

4 & 3

4 & 3

4 & 3

4 & 3

100 & 60

100 & 60

100 & 60

100 & 60

100 & 60

Me Me

N

N

C6H5

C6H5

90

O

O

C6H5

C6H5NO2

NH2

MeO MeO

4 & 3100 & 60

N

N

C6H4-p-Br

C6H4-p-Br

100 & 60 95

O

O

C6H4-p-Br

C6H4-p-BrNO2

NH2

3 & 3.5

 

 



 

100 

 

N

N

C6H4-p-Br

C6H4-p-Br

10

90

O

O

C6H4-p-Br

C6H4-p-BrNO2

NH2

MeO

11

12

NO2

NH2

Me Me

N

N
O

O

9013

NO2

NH2

MeO MeO

N

N
O

O

89

MeO

O

O

O

O

O

O

O

O

NO2

NH2

H

H

O

O N

N

4 & 3

4 & 3

4 & 3

3 & 2 85

100 & 60

100 & 60

100 & 60

100 & 60

14

15

16

NO2

NH2 N

N Ph

Me

PhO

MeO

84
100 & 60 3 & 3

NO2

NH2 O

O

O

O

100 & 60 3 & 3

N

N
O

O

91

N

N

C6H4-p-Br

C6H4-p-BrMe

92

O

O

C6H4-p-Br

C6H4-p-BrNO2

NH2

Me
4 & 3.5100 & 60

17

NO2

NH2

MeO H

H

O

O N

NMeO

4 & 2 87100 & 60

NO2

NH2
C6H5

O

C6H5

OH

N

N C6H5

C6H5

NO2

NH2

Me

C6H5

O

C6H5

OH
N

N C6H5

C6H5

Me

3 & 1.5

4 & 2

19

22d

23

24

91

90

100 & 80

100 & 80

18

NO2

NH2

Me PhO

MeO

N

N

N

N

C6H5

Me

Me

C6H5

Me

Me
or100 & 60 4 & 3 88

n-Pr

Me

O

O

NO2

NH2 N

N n-Pr

Me

3 & 2.5 83100 & 60

NO2

NH2

C6H5

O

O

O

C6H5

C6H5
100 & 60 5 & 4 Inseparable mixtures of 

different products

NO2

NH2

F

O

O

C6H5

C6H5

100 & 60 4 & 4
N

N C6H5

C6H5

F

8720

21c

NO2

NO2 O

O

C6H5

C6H5

100 & 60 4 & 3
N

N C6H5

C6H5

48
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O

OH

O

N

N

N

NMeO

MeNO2

NH2

Me

NO2

NH2

MeO
O

OH

O

4 & 2

4 & 2

O

O

O

O

O

O

25

88

86

100 & 80

100 & 80

27

28

NO2

NH2

MeO

C6H5

O

C6H5

OH

N

N C6H5

C6H5

MeO

4 & 2 92100 & 80

NO2

NH2

O

OH N

N

O

3 & 2

O

OO

87100 & 8026

 

a
 Reaction conditions: a mixture of 2-nitro aryl amine (1 mmol), hydrazine monohydrate (2.2 

mmol) and GO (20 mg) was heated in a sealed tube with magnetic stirring for hours and then 

1,2-dicarbonyl compound or a-hydroxy ketone (1 mmol) was added to the reaction mixture 

and stirred. 
b
Isolated yield after column chromatography. 

c
The reaction furnished a non-

separable mixture of compounds.
d 

The reaction was carried out using 4.4 mmol of hydrazine 

hydrate. [Entries 1‒4, 8‒13, 18‒19, 22, 27‒28 were performed by the present author] 

 

III.B.3.6. Recyclability of the catalyst 

We have also tested the reusability of the catalyst GO. The catalyst was recovered from 

the reaction mixture as follows: The reaction mixture was taken in water (2 mL), subjected to 

the centrifugation (5000 rpm) and removed the supernatant liquid. The residue was washed 

with ethyl acetate followed by acetone. Drying under vacuum furnished the free-flowing 

powder, which is visibly blackish as compared to the first-time used GO.  

After the first run, the recovered catalyst by weight was low, which could possibly be 

attributed to the removal of several oxygenated functional groups. It was then used in the 

second run with nearly equal catalytic efficiency in the reduction and subsequent 

condensation producing the quinoxaline product in 91% isolated yield. In the third and fourth 

runs, the quantity of the recovered catalyst by weight was nearly equal (from the second run) 

and indeed found to be significantly active with appreciable conversions. The results are 

presented in the Table III.B.3. 
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Table III.B.3. Recycling of the catalyst tested with 2-nitroaniline and benzil in one-pot 

reactions 

 

Entry
a
 Recovered 

Catalyst (mg) 

Catalyst 

used (mg) 

Time (h) 

(Reduction & 

Condensation) 

Yield 

(%)
b
 

1st run  40 3 & 3 93 

2nd run 28 20 3 & 3 91 

3rd run 16 15 4 & 3 85 

4th run 14 10 5 & 3 84 

 aFirst experiment was performed with 2-nitroaniline (2 mmol), hydrazine hydrate (4.4 

mmol), benzil (2 mmol) and GO (40 mg), and subsequently in 1, 0.75 and 0.5 mmol scales. 
b
Isolated product after column chromatography. 

III.B.3.7. Characterization of the recovered catalyst after 1
st
 run of the reaction and also 

the hydrazine reduced GO 

Owing to the colour change from brownish to totally blackish of the recoverd catalyst 

as well as the weight loss of the catalyst after the 1
st
 run of the reaction, we assume that the 

recovered catalyst may be the reduced graphene oxide (rGO), which was confirmed by 

comparison of the FT-IR spectroscopic characteristic absorption peaks as in Figure III.B.3. 
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Figure III.B.4. The comparison between the FT-IR spectra of GO before and after 1

st
 use in 

the one-pot reduction and heterocyclization reaction between 2-nitroaniline and benzil with 

hydrazine reduced GO (HrGO). 

 

III.B.3.8. Mechanism 

Mechanistically, carbon-catalyzed reduction of nitrobenzene to aniline by hydrazine is 

believed to involve four-electron process occurring through the formation of 
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phenylhydroxylamine.
35 

While hydrazine is a two-electron reducing agent, the role of carbon 

materials such as graphite, GO or rGO might be to serve as an adsorbent as well as the 

conductor of electrons.
27, 35 

In order to find out the possible involvement of GO or rGO in the 

second step of condensation, we performed few reactions starting from o-phenylenediamine, 

it was postulated that the attack of amine N-lone pair to the carbonyl group is facilitated by 

the presence of graphite.
21

 At our hand, the condensation of o-phenylenediamine with benzil 

in neat in the absence of GO afforded only 30% conversion to quinoxaline after 3h at 60 
o
C, 

while the same reaction carried out in ethyl acetate resulted in >90% conversion to 

quinoxaline. Similarly, heating the neat reaction mixture of o-phenylenediamine, benzoin, 

and rGO at 80 
o
C gave nearly complete conversions after 2h (analyzed by HPLC).  

The above observations suggest that the catalyst GO or rGO plays a positive role in 

promoting the second step of condensation as well as the oxidation of benzoin to benzil. 

Although the exact function of GO or rGO is not clearly understood, we tend to believe that 

GO is at first reduced to rGO and its electron-rich large surface area might act favourably as 

the conductor of electrons thereby facilitating release of hydrogen source from hydrazine that 

is finally responsible for the reduction of nitro group,
27,36

 as well as assisting to promote the 

condensation between the diamine and diketone to form quinoxaline. Plausible mechanism is 

presented in Scheme III.B.11 indicating the role of GO or rGO. 

NO2

NH2

  GO

  +

  N2H4 H2O

Overall  6e transfer of 

N2H4.H2O (ref. 41a), promoted 

by zigzag edge and defects of 

rGO (ref.33)

R

NH2

NH2

R

R

N

N R'

R'

HO R'

R'O

O R'

R'O

GO or
 rGO

ref 32

Condensation 
promoted by 
electron rich 
surface of rGO

rGO

ref 38

N2H4 H2O

 
Scheme III.B.11. Plausible mechanism for the quinoxaline synthesis. [This mechanism was 

developed by present author as well as my co-author] 
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III.B.4. Conclusion  

In summary, the present work demonstrates synthesis of bio-active scaffold 

quinoxalines directly from 2-nitroaniline via one-pot reduction-condensation reactions using 

hydrazine as the reductant and GO/rGO as the catalysts under complete metal free conditions. 

The conditions are straightforward, mild and no other side-products are obtained. Green 

process of preparation of quinoxalines from 2-nitroaniline is developed that could override 

existing metal-catalyzed reaction conditions. Finally, GO/rGO can have broad utility in 

various organic reactions under metal-free condition which will be attractive for further 

research. 

III.B.5. Experimental Section 

III.B.5.1. General Information  

All the reagents were purchased from Sigma-Aldrich and used directly without further 

purification. Hydrazine monohydrate (80%) was purchased from SDFCL. The solvents were 

purchased from commercial suppliers and used after distillation. The other information 

related to column chromatography and FT‒IR spectroscopy are same as described in the 

Chapter II ( please, see the Chapter II.5. General Information). HPLC analyses were carried 

out using HPLC (Agilent Technologies, 1260 Infinity), Column: Poroshell 120 EC-C18 (4.6 

x 50 mm, 2.7 m), eluent: MeOH (flow rate 0.25 mL min
–1

). Centrifugation was done in 

REMI R-8C DX (RPM 5250) centrifuge. AAS was measured by Varian SpectrAA 50B 

Atomic Absorption Spectrometer. DLS analysis was done by Malvern Zetasizer Nano-ZS90 

instrument. 

III.B.5.2. Preparation of reduced graphene oxide (rGO) 

Reduced graphene oxide (rGO) was prepared according to Ruoff‘s method.
30

 For the 

preparation of hydrazine hydrate reduced graphene oxide (HrGO), 100 mg of GO prepared by 

Hummers‘ method,
29 

was taken in a 250 ml round bottom flask and 100 ml deionized water 

was added to make a dispersion of GO. This dispersion was then sonicated for 1 h to make a 

homogenous dispersion of graphene oxide. Then, 1 ml of hydrazine hydrate (80% in water) 

was added to this yellowish brown dispersion and heated in an oil bath at 100 
o
C under reflux 

for 24 h. When the overall dispersion would become black indicates the reduction have taken 

place. This product was then separated through centrifugation at 5000 rpm and washed for 
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three times using de-ionized (DI) water and finally with acetone. The solid black product was 

dried over vacuum pump. 

III.B.5.3. General procedure for the preparation of quinoxaline derivatives 

A mixture of 2-nitro aniline (1 mmol), hydrazine monohydrate (2.2 mmol) and GO (20 

mg) was taken in a screw-capped glass tube and stirred the reaction mixture for 3-4 h at 100 

o
C temperature. After the complete reduction (as monitored by tlc and by the colour change 

of the reaction mixture from yellow to total black), 1,2-dicarbonyl compound (or α-hydroxy 

ketone) (1 mmol) was added to the reaction mixture and stirred for few hours at 60 
o
C (80 

o
C 

for α-hydroxy ketone), as mentioned in the Table 2. After completion of the reaction 

(checked by tlc), the reaction mixture was cooled to room temperature. Water and ethyl 

acetate were added to the reaction mixture and centrifuge (5000 rpm) the whole reaction 

mixture to separate the GO (which is now converted to rGO). This process was repeated for 

three times. The combined organic-aqueous part was then taken in a separating funnel and the 

organic layer was separated from aqueous layer, and finally dried over anhydrous Na2SO4. 

Evaporation of the solvent afforded the desired quinoxaline (satisfactorily pure), which was 

further purified by passing through a short column of silica gel and using the light petroleum 

ether:ethyl acetate (97:3) as the eluent. All products were characterized by 
1
H, 

13
C NMR data 

and compared with the reported melting points for known solid compounds. 

III.B.5.4. HPLC analysis  

After completion of the reaction the crude mixture was allowed to cool at room 

temperature, then a little of this crude reaction mixture was taken in a vial and then 5 ml of 

MeOH (HPLC grade) was added to it. Finally it was filtered and then HPLC analysis was 

performed. Fig. 3 signifies there was no formation of any hydrazone in our optimized 

condition.  
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Figure III.B.5. HPLC of crude reaction mixture (Table III.B.1, Entry 13 reaction), the area 

percentage of quinoxaline product and starting benzil is in the ratio of 95:5. 

 

Figure III.B.6. HPLC analysis of a pure mixture of two regioisomer (Table III.B.2,             

Entry 19). 
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III.B.5.5. Spectral data and melting points of quinoxaline compounds 

Table III.B.2; Entry 1, 21 & 22  

2,3-Diphenyl quinoxaline
37 

The product obtained as a white needles crystal, mp: 126‒127 
o
C (lit. 125‒127

 o
C) 

 

N

N

 

1
H NMR (CDCl3, 300 MHz): δ 7.35-7.42 (m, 6H), 7.52-7.58 (m, 4H), 7.76-7.83 (m, 2H), 

8.19-8.26 (m, 2H). 
13

C NMR (CDCl3, 75 MHz): δ 128.6, 128.8, 129.2, 129.89, 129.98, 139.1, 141.3, 153.5.  

 

Table III.B.2; Entry 2 

2,3-Di-p-tolyl quinoxaline
38

 

The product obtained as a white crystalline solid, mp: 146-148 
o
C (lit. 148.5‒149.7

 o
C). 

  

      

N

N

Me

Me

 
 

1
H NMR (CDCl3, 300 MHz): δ 2.27 (s, 6H), 7.04 (dd, J = 2.1 & 6 Hz, 4H), 7.31-7.35 (m, 

4H), 7.60-7.65 (m, 2H), 8.02-8.07 (m, 2H). 
13

C NMR (CDCl3, 75 MHz): δ 21.4, 129.0, 129.1, 129.7, 129.8, 136.4, 138.8, 141.2, 153.5. 

 

Table III.B.2; Entry 3 

2,3-Bis(4-methoxyphenyl) quinoxaline
39

 

The product was obtained as pale yellow crystals, mp: 148-150 
o
C (lit. 148‒150

 o
C)  

 

      

N

N

OMe

OMe
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1
H NMR (CDCl3, 300 MHz): 3.83 (s, 6H), 6.87 (d, J = 8.4 Hz, 4H), 7.49 (d, J = 8.7 Hz, 4H), 

7.71 (dd, J = 3.6 & 6.3 Hz, 2H), 8.12 (dd, J = 3.6 & 6.3 Hz, 2H). 
13

C NMR (CDCl3, 75 MHz): δ 55.3, 113.8, 129.0, 129.6, 131.3, 131.8, 141.1, 153.0, 160.2. 

 

Table III.B.2; Entry 4 & 23 

 6-Methyl-2,3-diphenyl quinoxaline
38 

The product was obtained as a white crystalline solid, mp: 116-118 
o
C (lit. 115.7‒116.9 

o
C)  

 

N

NMe

 
 

1
H NMR (CDCl3, 300 MHz): δ 2.53 (s, 3H), 7.25-7.53 (m, 11H), 7.87 (s, 1H), 7.98 (d, J = 

8.4 Hz, 1H). 
13

C NMR (CDCl3, 75 MHz): δ 21.9, 128.1, 128.2, 128.6, 128.7, 129.9, 132.3, 139.3, 139.7, 

140.5,141.3,152.6,153.3.

 

Table III.B.2; Entry 5 

6-Methyl-2,3-di-p-tolyl quinoxaline
40

  

The product was obtained as a pale yellow solid, mp: 136-138 
o
C (lit. 137 

o
C)  

 

   

N

NMe

Me

Me

 
 

1
H NMR (CDCl3, 300 MHz): δ 2.23 (s, 6H), 2.46 (s, 3H), 7.02-7.46 (m, 9H), 7.80 (s, 1H), 

7.9-7.95 (m, 1H). 
13

C NMR (CDCl3, 75 MHz): δ 21.4, 21.9, 128.0, 128.7, 129.0, 129.8, 132.0, 136.6, 138.5, 

138.6, 139.7, 140.1, 141.3, 152.6, 153.4. 

Table III.B.2;Entry 6 

2,3-Bis(4-methoxyphenyl)-6-methyl quinoxaline
41 

The product was obtained as a white crystalline solid, mp: 123-125 
o
C (lit. 125‒127 

o
C)  

 



 

109 

 

  

N

NMe

OMe

OMe

 
 

1
H NMR (CDCl3, 300 MHz): δ 2.45 (s, 3H), 3.67 (s, 6H), 6.73 (d, J = 8.7 Hz, 4H), 7.34-

7.41 (m, 5H), 7.77 (s, 1H), 7.88 (d, J = 8.4 Hz, 1H). 
13

C NMR (CDCl3, 75 MHz): δ 21.7, 55.1, 113.6, 127.7, 128.4, 131.0, 131.1, 131.7, 131.8, 

139.4, 139.8, 141.0, 152.0, 152.7, 159.89, 159.94. 

Table III.B.2; Entry 7 & 24 

2,3-Diphenyl-6-methoxy quinoxaline
23d 

The product was obtained as a white solid, mp: 152-154 
o
C (lit. 154‒156 

o
C)  

 

N

NMeO

 
 

1
H NMR (CDCl3, 300 MHz): δ 3.89 (s, 3H), 7.17-7.35 (m, 6H), 7.39-7.43 (m, 6H), 7.97 (d, 

J = 9 Hz, 1H). 
13

C NMR (CDCl3, 75 MHz): δ 55.9, 106.5, 123.4, 128.2, 128.3, 128.5, 128.7, 129.8, 130.2, 

137.4, 139.2, 139.3, 142.8, 151.0, 153.4, 160.9. 

Table III.B.2; Entry 8 

6-Methoxy-2,3-di-p-tolyl quinoxaline  

The product was obtained as a pale yellow solid, mp: 73-75 
o
C 

 

N

NMeO

Me

Me

 
 

1
H NMR (CDCl3, 300 MHz): δ 2.27 (s, 3H), 3.87 (s, 6H), 7.03-7.06 (m, 4H), 7.27-7.35 (m, 

6H), 7.93 (dd, J = 3 & 9 Hz, 1H). 
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13
C NMR (CDCl3, 75 MHz): δ 55.8, 106.5, 123.0, 129.0, 129.7, 129.72, 130.1, 136.5, 136.6, 

137.3, 138.3, 138.6, 142.7, 151.0, 153.4, 160.7. 

Table III.B.2; Entry 9 

2,3-Bis(4-bromophenyl) quinoxaline  

The product was obtained as a white crystalline solid, mp: 192‒194 
o
C.  

 

N

N

Br

Br

 
 

1
H NMR (CDCl3, 300 MHz): δ 7.38 (d, J = 8.1 Hz, 4H), 7.48 (d, J = 8.4 Hz, 4H), 7.76 (dd, J 

= 3.3 & 6.3 Hz, 2H), 8.13 (dd, J = 3.3 & 6.3 Hz, 2H). 
13

C NMR (CDCl3, 75 MHz): δ 123.7, 129.1, 130.4, 131.4, 131.6, 137.6, 141.1, 151.8. 

Table III.B.2; Entry 10 

 2,3-Bis(4-bromophenyl)-6-methyl quinoxaline
42,43

  

The product was obtained as a white solid, mp: 174-176 
o
C (lit. 175‒177 

o
C).  

 

N

NMe

Br

Br

 
 

1
H NMR (CDCl3, 300 MHz): 2.50 (s, 3H), 7.27 (d, J = 6.6 Hz, 4H), 7.37 (d, J = 6.3 Hz, 

4H), 7.48-7.51 (m, 1H), 7.80 (s, 1H), 7.91 (d, J = 6.6 Hz, 1H). 
13

C NMR (CDCl3, 75 MHz): 22.0, 123.5, 123.6, 128.0, 128.7, 131.4, 131.6, 132.8, 137.8, 

139.7, 141.1, 141.3, 151.0, 151.7. 

Table III.B.2; Entry 11 

2,3-Bis(4-bromophenyl)-6-methoxy quinoxaline  

The product was obtained as a yellowish white solid, mp: 154‒156 
o
C.  
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N

N

Br

Br

MeO

 
 

1
H NMR (CDCl3, 300 MHz): 3.9 (s, 3H), 7.26-7.42 (m, 10H), 7.93 (d, J = 9.9 Hz, 1H). 

13
C NMR (CDCl3, 75 MHz): 55.9, 106.3, 123.3, 123.6, 124.0, 130.2, 131.4, 131.6, 131.7, 

137.5, 137.8, 137.9, 142.9, 149.3, 151.8, 161.2. 

Table III.B.2; Entry 12 & 25;  

2,3-Di(furan-2-yl)-quinoxaline
38 

The product was obtained as a dark brown solid, mp 128‒130 
o
C (lit. 131.3‒131.6).  

 

N

N

O

O

 
 

1
H NMR (CDCl3, 300 MHz): 6.48-6.50 (m, 2H), 6.59 (d, J = 2.7 Hz, 2H), 7.55-7.57 (m, 

2H), 7.65-7.70 (m, 2H) 8.04-8.09 (m, 2H). 
13

C NMR (CDCl3, 75 MHz): 111.9, 113.0, 129.1, 130.4, 140.7, 142.7, 144.2, 150.8. 

Table III.B.2; Entry 13 & 26 

2,3-Di(furan-2-yl)-6-methyl quinoxaline
44 

The product was obtained as a dark brown solid, mp: 116‒118 
o
C (lit. 116‒118

 o
C). 

 

N

N

Me
O

O

 
 

1
H NMR (CDCl3, 300 MHz):  .49 (s, 3H), 6.48-6.58 (m, 4H), 7.45-7.55 (m, 3H), 7.83-

7.95 (m, 2H). 
13

C NMR (CDCl3, 75 MHz):  21.8, 111.81, 111.83, 112.5, 112.8, 127.9, 128.5, 132.7, 

139.0, 140.6, 140.9, 141.7, 142.5, 143.9, 144.0, 150.9.  
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Table III.B.2; Entry 14 & 27 

2,3-Di(furan-2-yl)-6-methoxy quinoxaline
45 

The product was obtained as a dark brown solid, mp: 93‒95 
o
C. 

  

N

N

MeO
O

O

 
 

1
H NMR (CDCl3, 300 MHz): 3.90 (s, 3H), 6.46-6.50 (m, 3H), 6.58-6.59 (m, 1H), 7.30-

7.38 (m, 2H), 7.53-7.56 (m, 2H), 7.94 (d, J = 9 Hz, 1H). 
13

C NMR (CDCl3, 75 MHz): 55.9, 106.5, 111.78, 111.87, 111.94, 113.0, 123.9, 130.1, 

136.7, 140.2, 142.4, 142.7, 143.6, 144.3, 150.8, 151.0, 161.4. 

Table III.B. 2; Entry 15 

Quinoxaline  

The product was obtained as a brown liquid. 

 

N

N

 
 

1
H NMR (CDCl3, 300 MHz):  7.70-7.74 (m, 2H), 8.07-8.11 (m, 2H), 8.81-8.84 (m, 2H). 

13
C NMR (CDCl3, 75 MHz):  129.4, 130.0, 142.9, 144.9. 

 

Table III.B.2; Entry 16 

2-Methyl-3-phenyl quinoxaline
40 

The product was obtained as an orange solid, mp 54‒56 
o
C (lit. 56 

o
C)  

N

N Me

 
 

1
H NMR (CDCl3, 300 MHz): 2.7 (s, 3H), 7.39-7.46 (m, 3H), 7.55-7.65 (m, 4H), 7.95-8.04 

(m, 2H). 
13

C NMR (CDCl3, 75 MHz): 24.4, 128.3, 128.6, 128.9, 129.0, 129.2, 129.4, 139.0, 141.0, 

141.2, 152.5, 154.9. 
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Table III.B.2; Entry 17 

6-Methoxy quinoxaline
22 

The product was obtained as a brown solid, mp 56‒58 
o
C (lit. 57‒58 

o
C)  

 

N

NH3CO

 
 

1
H NMR (CDCl3, 300 MHz): 3.86 (s, 3H), 7.22-7.34 (m, 2H), 7.88 (d, J = 9.3 Hz, 1H), 

8.59-8.66 (m, 2H). 
13

C NMR (CDCl3, 75 MHz): 55.7, 106.6, 123.4, 130.4, 139.2, 142.4, 144.6, 144.9, 160.7.

Table III.B.2; Entry 18 

2-Methyl-3-propyl quinoxaline
46 

The product was obtained as pale yellow flakes, mp 62‒64 
o
C (lit. 63‒64

 o
C). 

  

N

N

 
 

1
H NMR (CDCl3, 300 MHz):  1.09 (t, J = 7.2 Hz, 3H), 1.81-1.91 (sext, J = 7.5 Hz, 2H), 

2.77 (s, 3H), 2.98 (t, J = 7.5 Hz, 2H), 7.64-7.68 (m, 2H), 7.97-8.03 (m, 2H). 
13

C NMR (CDCl3, 75 MHz):  14.2, 21.5, 22.8, 37.8, 128.2, 128.5, 128.8, 128.9, 140.8, 

141.1, 153.2, 156.7. 

Table III.B.2; Entry 19 

2,6-Dimethyl-3-phenyl quinoxaline & 2,7-Dimethyl-3-phenyl quinoxaline 

A mixture of two regioisomers, not separable by column chromatography, was obtained 

as an yellow viscous oil.
10 

The mixture was identified by both the NMR spectra as well as in 

HPLC in which separate product peak was not observed (see Figure III.B.6 & Figure III.B.7). 

 

N

N Me

Me

2,6-Dimethyl-3-phenyl quinoxaline

N

N MeMe

2,7-Dimethyl-3-phenyl quinoxaline

 
 
1
H NMR (CDCl3, 300 MHz): 2.48 (s, 3H), 2.5 (s, 3H), 2.66 (s, 3H), 2.68 (s, 3H), 7.38-

7.48 (m, 8H), 7.54-7.56 (m, 4H), 7.73-7.91 (m, 4H). 



 

114 

 

13
C NMR (CDCl3, 75 MHz): 21.7, 21.8, 24.2, 24.3, 127.2, 127.8, 128.1, 128.5, 128.7, 

128.83, 128.87, 128.96, 131.5, 132.0, 139.2, 139.5, 139.6, 139.7, 140.2, 141.1, 141.3, 151.5, 

152.3, 154.0, 154.8. 

 
1
H NMR spectra of the mixture of Entry 19 (Table III.B.2) in CDCl3 

 
 

13
C NMR spectra of the mixture of Entry 19 (Table III.B.2) in CDCl3 
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References are given in BIBLIOGRAPHY under CHAPTER III, Section B (pp. 177‒186). 

 



 

116 

 

 

 
 

 

 

 

 

 

 

  

 

 

CHAPTER IV 

Chemically and Biologically Reduced Graphene Oxides: Comparative 

Evaluation of Diverse Properties and Catalytic Activity 
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IV.1. Introduction  

The remarkable synthesis of two‒dimensional (2D) carbon nanomaterial graphene, 

made up of sp
2
 hybridized carbon atoms intimately packed in a honeycomb crystal lattice,

1
 

has driven the scientific community towards developing new and practical applications of 

graphene and graphene-based materials.
2-3 

The most common chemical method to obtain 

graphene in large quantity involves oxidation of graphite powder to graphite oxide, 

exfoliation and subsequent reduction by using hydrazine hydrate or sodium borohydride .
4‒6

 

Beside broad applications of graphene nanosheets in diverse fields, graphene oxide (GO) and 

partially reduced graphene oxides (rGOs) have also attracted enormous interests to organic 

chemistry and material sciences.
7‒9

 This is basically due to the fact that GO, which is 

obtained commonly through the Hummers‘ method of oxidation of graphite powder, consists 

of diverse oxygen functionalities that in turn account for its high acidic and oxidizing 

properties.
10‒12

 Since the first report from Bielawaski et al. in 2010,
13 

GO has been widely 

used as a ―carbocatalyst‖ for different organic reactions.
13‒20

 GO has also been used to 

prepare more efficient and smart materials,
21‒23 

either through chemical modifications or via 

blending with polymers,
24‒25 

that find vast applications in material sciences.
26‒27 

On the other 

hand, rGO is known to be used as potential electron-rich surface for the immobilization of 

metal nanoparticles and subsequent uses as recyclable heterogeneous catalysts in variety of 

organic and inorganic reactions.
7,28

 While several chemical reagents are used for the 

reduction of GO, 
4‒5,29‒30

 there is recent trend towards greener reducing sources from active 

components of biomolecules, microorganisms and plant extracts.
31‒32

 
 

The chemical reduction of GO to rGO is straightforward, however, the use of bio-

sources for such reduction has two distinct advantages: (i) can eliminate toxic chemicals 

resulting in a greener process; and (ii) can resist irreversible aggregation of rGO possibly due 

to the presence of biomolecules.
33

 Few studies have revealed that the rGO obtained by direct 

chemical reducing sources like hydrazine hydrate, (i.e. chemically reduced graphene oxide, 

crGO), and rGO obtained by using bio-available reducing sources (brGO) often provide or 

exhibit different quality and property. This might be due to the fact that the reduction or 

removal of the carbon‒oxygen moieties in GO occurs differently based on the reducing 

source. However, there is no specific study, which can establish a greener process of 

obtaining rGO possessing various properties and catalytic activity as good as of crGO. In 

connection with our interests in making and finding catalytic applications of GO and rGO, we 

undertook a detail investigation on the preparation of rGOs from different reducing sources 
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and comparative evaluation of various properties as well as catalytic efficiency in organic 

reaction.  

We report herein preparation of rGOs by using four different plant leave extracts viz. 

Adathoda Vasika (Malabar nut), Azadirachta Indica (Neem), Camellia Sinensis (Tea), 

Moringa Oleifera (Drumstick), and one fungi Volvereilla Volvacea (Edible Mushroom), all 

are edible to human beings, as well as rGO by hydrazine hydrate, characterize them through 

physiochemical and morphological studies, and finally compare their catalytic efficiency in 

the reduction of nitrobenzene to aniline. Our studies clearly revealed that diverse activity of 

rGO largely depend on the preparative procedure, nature of reducing sources and studies on 

textural aspects might not be enough to ensure its application in a specific area.  

 

IV.2. Present Work: Background and Objectives 

Owing to the exceptional electrical, thermal, optical and mechanical properties 

graphene has emerged as a most exciting material of the 21
st
 century. Such high versatility of 

properties and diverse applications in every field of science and technology encouraged 

recent scientific community to develop efficient methods for graphene synthesis. Various 

attempts were made to synthesize graphene which are divided into two: the top-down and the 

bottom-up approaches. The bottom up approach was first applied by A. Geim and K. 

Novoselov in 2010 and termed as scotch tape method.
1 

The top-down approaches include 

micromechanical cleavage,
34 

chemical vapour deposition (CVD),
35 

and mechanical 

exfoliation in solution.
36 

Although all these methods produce high quality graphene but the 

major drawback is their limitations towards mass production. However, in terms of high yield 

and low cost, the top-down method via chemical oxidation of graphite followed by reduction 

has been considered as most effective route for the large-scale production of graphene. The 

graphene obtained by this method has been termed as reduced graphene oxide (rGO) due to 

the presence of some residual oxygenated functional groups on the surface of graphene. In 

the chemical oxidation of graphite, intermediate product graphene oxide (GO) acts as the 

main precursor of rGO or graphene nano sheet. Several approaches,
37‒41

 have been employed 

for the synthesis of GO but the most commonly used methods are Hummers‘,
40 

and modified 

Hummers‘ method.
41

 GO consists of several oxygenated functional groups such as hydroxyl 

groups (–OH), carboxyl groups (‒COOH) and epoxy groups (C‒O‒C) and the reduction of 

GO mainly signifies the removal of all these functional groups from the surface of GO layers.  

For the chemical reduction of GO, myriads of reducing agents have been reported in 

literature such as hydrazine hydrate, dimethylhydrazine hydroquinone pyrrole, aluminum 
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powder, Lithium aluminium hydride (LiAlH4), sodium borohydride, sulfur containing 

compounds, hexamethylenetetramine, polyelectrolyte, ethylenediamine (EDA) etc.
29,42

 under 

various conditions such as acid or base treatment, thermal treatment and others treatments 

such as laser, microwave, sonochemical, electrochemical, two-step reduction, and so on.
43

 

Although there are several advantages of chemical reduction method but few negative aspects 

such as tendency towards irreversible aggregation of rGO due to strong Vander Waals 

attractive forces among planes of GNS and high toxic nature of reducing agents like 

hydrazine hydrate, dimethylhydrazine, sodium borohydride, hydroquinone etc. make them 

not suitable for various applications.  In addition, the existence of trace amounts of such toxic 

reagents in rGO could have detrimental effect particularly in bio-related application like in 

medicinal field and also in catalysis. In case of metal/acid or metal/alkali mediated reduction, 

there is a definite possibility for the presence of trace amounts of metals as impurities which 

might interfere in catalysis. To overcome all these inconvenience related to chemical 

reduction, biological approaches for the reduction of GO have taken a major attraction 

towards recent graphene scientific community because of their renewable resources, 

sustainability and biocompatibility compared to chemical reduction. Biomolecules such as 

proteins, amino acids, polysaccharides, hormones, alkaloids, polyphenolic compounds, 

enzymes and vitamins, microbes and plant extracts have been found to be highly effective for 

reduction of GO.
44

  

Recently, different phyto extracts have been utilized as effective reducing sources for 

the reduction of GO.
44 

It has been reported that extracts of different parts of plants such as 

leaf, root, peel etc. can play dual role both as reducing and capping agents in nanoparticle 

synthesis and received huge attention as a cost effective alternative for avoiding hazardous 

chemical synthesis of metal nanopartcles. Such reducing properties of various plant extracts 

make huge interests towards bio-reduction of graphene oxide among recent scientific 

community. 

Thakur and Karak have been utilized aqueous leaf extracts of Colocasia esculenta and 

Mesua Ferrea Linn. and an aqueous peel extract of citrus sinensis (Orange) for the reduction 

of graphene oxide.
45

 They have reported that leaves of C. Esculenta, M. Ferrea Linn. and 

orange peel extract mainly contain phytochemicals such as pectins, flavonoids, ascorbic acid, 

apigenin, luteolin and various other flavones which have high tendency to get oxidized to 

their corresponding quinone. To characterize their prepared GO and also rGO they have used 

UV-Vis spectroscopy, Raman spectroscopy and FT-IR Spectra and powder XRD analysis.  
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Firdouse and Lalitha,
46

 have reported an eco-friendly process for the reduction of graphene 

oxide using an aqueous extract of Amaranthus dubias and well analysed by UV-Visible 

spectroscopy, X-ray diffraction (XRD) analysis, Raman spectroscopy,  FT-IR analysis and 

SEM-EDAX analysis. They claimed that phytoconstituents present in the plant extract have 

essential role for the reduction of GO. 

The reduction of aromatic and aliphatic aldehydes, ketones and esters using natural 

fluid derived from C. nucifera (Cocos nucifera L.) which is well known as coconut water has 

been reported by Lemos et al.
47 

By taking motivation from this work, Katrick et al.
48 

have 

developed a green protocol for the reduction of GO using coconut water (Cocos nucifera L.). 

Haghighi and Tabrizi have used rose water as a green reducing and stabilizing agent for 

the preparation of reduced garphene oxide nanosheets (rGONs).
49 

They proposed that the 

presence of natural antioxidants in rose water could have potential for the reduction. 

Gurunathan et al.
50

 have utilized Ginkgo biloba leaf extract as an efficient reducing and 

stabilizing agent for the reduction of graphene oxide and also evaluated the biocompatibility 

effect of as-prepared graphene in human breast cancer cells. They have presumed that 

flavanoids, glycosides and terpenoids present in G. biloba leaves are responsible for such 

reduction. 

Various phytochemicals present in different plant leaves have vital role for the 

reduction of GO which is reported by Lee and Kim.
51

They have analysed and compared the 

reducing properties of seven plant leaf extracts (Cherry, Magnolia, Platanus, Persimmon, 

Pine, Maple, and Ginkgo) towards graphene oxide reduction. The highest reducing capacity 

was found for Cherry leaf extract (Prunus serrulata). 

Ogale et al.
52

 have demonstrated the deoxygenation of GO into graphene nanosheets 

using aqueous extract of four naturally occurring aquatic macrophytes of Nile Delta, namely,  

Potamogeton pectinatus L., (Po) Ceratophyllum demersum L. (Cer) Lemna gibba, (Le) and 

Cyperus difformis (Cy). They proposed that biomolecules already present in plant extract 

have major role for the reduction of GO as well as stabilizing the plant extract converted 

graphene nanosheets (PCGN). 

Khan et al.
53

 have reported that aqueous root extract of Salvadora persica (SP) L. 

(miswak) which contains various classes of phytochemicals such as alkaloids, flavanoids, 

saponins, terpenoids.
54 

can act both as bio-reductant and stabilizer in reduction of graphene 

oxide and applied for the large-scale production of graphene nanosheets.
 

All these reported methods for the green reduction of GO to rGO are not only efficient 

but also noticeable that the textural aspects of all rGOs obtained by using different bio-



 

121 

 

sources are more or less similar. Again, a very few of them have been utilized for their 

application in specific area like biomedical application as well as bio-sensor application. 

Owing to chemical reactivity of different rGOs, there is no specific study in literature which 

can specify the different catalytic activities of different rGOs. 

In the present study, we have been aimed at making a comparative evaluation of diverse 

properties of reduced graphene oxides (rGOs), prepared by using chemical and biological 

reducing sources, and to establish specific reducing agent, in particular from greener sources, 

which might be more effective in exhibiting catalytic activity.  We have used four different 

plants extracts viz. Adathoda Vasika (Malabar nut), Azadirachta Indica (Neem), Camellia 

Sinensis (Tea), Moringa Oleifera (Drumstick), and a fungi Volvereilla Volvacea 

(Mushroom), all are edible to human beings, and one chemical reductant (hydrazine hydrate) 

to obtain rGOs from GO. 

Adathoda Vasika (Malabar nut), Azadirachta Indica (Neem), Camellia Sinensis (Tea), 

Moringa Oleifera (Drumstick) are well known traditional medicinal plants widely used by 

Asian  people. They are indigenous in Sub-Himalayan countries like in India and Burma. 

Adhatoda vasica has been extensively used in Ayurvedic medicine, for the treatment of 

various diseases like bronchitis, leprosy, blood disorders, heart troubles, thirst, asthma, fever, 

vomiting, loss of memory, leucoderma, jaundice, tumors, mouth troubles, sore-eye, fever, and 

gonorrhea. Every part of A. Vasika plant such as leaves, bark, the root bark, the fruit and 

flowers are useful in the treatment of intestinal parasites. It is reported that major chemical 

constituent present in A. Vasika is vasicine derived mainly from leaves has various 

pharmacological activities including; antioxidant, anti-inflammatory and bronchodilatory 

activity. Other chemical constituents mainly alkaloids are vasicinone (from leaves, stem and 

also roots), vasicinol (stem and root), and deoxyvasicinone etc. are expected to be responsible 

for high pharmacological behaviour of A. Vasaka.
55

 

A. Vasika has been also reported to be highly active reducing source for the synthesis of 

silver nanopartcles without using any capping agent.
56 

Moringa Oleifera leaves contain several phytochemicals; flavonoid pigments, such as 

kaempferol, rhamnetin, isoquercitrin and kaempferitrin, a group of the glycoside compounds 

such as glucosinolates and isothiocyanates as well as beta-sitosterol, glycerol-1-(9-

octadecanoate),3-O-(6'-O-oleoyl-beta-D-glucopyranosyl),beta-sitosteroland betasitosterol- 3-

O-beta-D-glucopyranoside, most of which have highly medicinal properties.
57 

Moringa 

Oleifera leaf extracts have been also used both as reducing and stabilizing agent for the 

synthesis of silver nanopartcles.
58 
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Azadirachta Indica (Neem), another important medicinal plant containing various 

phytochemicals such as isomeldenin, nimbin, nimbinene, 6-desacetylnimbinene, nimbandiol, 

nimocinol, quercetin, and beta-sitosterol has been widely used as reducing agent for the 

synthesis of Ag nanoparticles (AgNPs).
59

 

On the other hand, green tea leaves contain mainly polyphenols which are responsible 

for their reducing properties. Such reducing properties of green tea leaf extracts have been 

widely exploited for the synthesis of metal nanoparticles such Pd, Ag, Au etc.
60

 Green tea 

leaf extract also have been found to be highly efficient reducing source for the reduction of 

graphene oxide.
61 

It is well known that edible mushrooms are rich in proteins, amino acids and vitamins 

which have pharmacological activities like anti-inflammatory, antitumor, anti-oxidant and 

anti-cancer activities.
62 

The aqueous extract of edible mushroom containing antioxidant and 

antitumor compounds have been also utilized as reducing and protecting agent for the 

synthesis of gold, silver and Au–Ag alloy nanoparticles.
63 

Following the reducing properties 

of such plant extracts and also fungi like edible mushroom, we get motivated to exploit their 

reducing properties for the reduction of graphene oxide. For this purpose we collected all 

these bio-sources from the University of North Bengal region and applied in the reduction of 

graphene oxide.  

However, rGOs obtained by different methods using different sources might exhibit 

different properties depending on the extent of residual oxygen‒containing functional groups, 

though textural aspects of rGOs seem to be rather similar. But there is no such clear study in 

literature which can establish that rGOs obtained by different sources might have different 

properties. The present study has been aimed at making a comparative evaluation of various 

properties of reduced graphene oxides (rGOs), prepared by using chemical and biological 

reducing sources, and to establish specific reducing agent, in particular from greener sources, 

which might be more effective in exhibiting catalytic activity. 

Each rGO was characterized by UV‒Vis, FT‒IR, Raman spectroscopic techniques, and 

surface morphological aspects were obtained by powder XRD, Scanning and Transmission 

electron microscopic images. The acidic nature (pH) of rGOs in aqueous suspension was 

measured with a pH meter and their cation-exchange capacity was calculated by 

potentiometric titration in the presence of an electrolyte. Further, the catalytic activity of 

rGOs was measured in a model reduction of nitrobenzene to aniline at room temperature and 

monitoring the progress by UV‒Vis spectroscopy. While textural aspects of various rGOs are 

fairly similar, various physicochemical properties like pH, cation-exchange ability etc. are 
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found to be different for rGOs obtained by using different reductants. Moreover, there is 

significant variation observed in their catalytic activity in the reduction of nitrobenzene. By 

comparison, it was found that rGOs obtained by using plant leaf extract of Adathoda Vasika, 

(brGO‒AV) and Volvereilla Volvacea, (brGO‒VV) exhibit significantly better catalytic 

efficiency than others. 

 

IV.3. Present Work: Results and Discussion 

IV.3.1. Experimental 

IV.3.1.1. Materials  

For the preparation of graphene oxide, graphite powder (LobaChemie Pvt. Ltd., 

Mumbai, India) and other reagents NaNO3, KMnO4, H2SO4 and H2O2 (30%) were purchased 

from Merck and used directly. 

IV.3.1.2. Preparation of plants and fungi extracts 

Four different plants leaf extracts viz. Adathoda Vasika (Malabar nut), Azadirachta 

Indica (Neem), Camellia Sinensis (Tea), Moringa Oleifera (Drumstick), and a fungi extract 

of Volvereilla Volvacea (Mushroom) were chosen primarily from the local sub‒Himalayan 

region, all are edible to human beings as well as have long been used as traditional medicines 

to combat with various diseases. The plant leaves were washed carefully with distilled water, 

kept in air oven at 80 
o
C for two days, and then the dry leaves were crushed to fine powder. 

The plant leaf‒extracts were obtained by stirring a suspension of each type of finely grinded 

leaf powder (500 mg in 80 mL of DI water) overnight at room temperature. In the case of 

Volvereilla Volvacea, however, the water extract was obtained by stirring it in boiling water 

for 1h and then filtering the extract. 

IV.3.1.3. Preparation of graphene oxide (GO) 

In order to obtain GO, the finely grinded graphite powder was oxidized by using 

modified Hummers‘ method,
24,40 

[For detail please see the Chapter III (Section A & B)]. In 

brief, after oxidation, the bright yellow suspension of graphite oxide in water was centrifuged 

several times and separated out. The dark brown dusty material was then washed with 5% 

aqueous HCl and then with distilled water repeatedly until the washing was neutral to pH 

paper. Again, the solution was tested for the presence of Cl
─
 and SO4

═
 ions using AgNO3 and 

BaCl2 aqueous solutions respectively.  
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IV.3.1.4. General procedure for the preparation of different biologically reduced 

graphene oxides (brGOs) 

The as prepared GO was then suspended in distilled water (50 mg in 100 mL) and 

sonicated in an ultrasonic bath for 1h. The resulting yellow‒brown GO dispersion in water 

was then added to the plant extract and refluxed at 80 
o
C for 24 hours. Same procedure was 

followed for each type of plant extracts. During this period, the colour of the overall solution 

changes from brown to black and the aqueous suspension was centrifuged (10000 rpm) for 10 

min and separated out the black mass. The process of centrifugation was repeated three times 

more (10 min each) and the combined black mass was washed with methanol (AR grade; 2 x 

10 mL). Finally, the black mass was dried at 60 
o
C for 1 hr under vacuum to obtain 

free‒flowing powder of different brGOs.  

IV.3.1.5. Preparation of chemically reduced GO (crGO) 

The crGO was prepared following the reported procedure from graphite powder and 

hydrazine hydrate (100 mg GO in 100 ml water and 1 ml hydrazine hydrate) at 100 
o
C under 

boiling conditions.
63 

(For details, please see the Chapter III, Section B; content III.B.5.2.) 

IV.3.2. Characterizations 

Each brGO was denoted as brGO‒AV, brGO‒AI, brGO‒CS, brGO‒MO and 

brGO‒VV, based on the abbreviation of sources, each material was characterized and 

compared with crGO in respect of various properties as well as the catalytic ability in the 

reduction of nitrobenzene to aniline. 

The as-prepared GO, all five brGOs and crGO samples were characterized by various 

techniques such as UV‒Visible spectroscopy (JASCO V‒530 spectrophotometer), FT‒IR 

spectroscopy (FT‒IR‒8300 Shimadzu spectrophotometer, Kyoto, Japan), X‒ray diffraction 

patterns (Rigaku SmartLab, Shibuya‒ku, Japan, 9kW diffractometer using CuKα radiation), 

Raman spectroscopy (Rigaku SmartLab, Renishaw In Via micro Raman spectrometer), Field 

emission scanning electron microscopy (FESEM) (Hitachi S‒4800, Japan) and High- 

resolution transmission electron microscopy (HRTEM) (JEM‒2100F microscope, JEOL, 

Japan). The pH of the all samples (aqueous suspension) was measured by using digital pH 

meter, Systronics, India. For centrifugation, REMI C‒24 cooling centrifuge, India, was used 

at 10,000 rpm. 

Each reduced graphene oxide (rGO) was characterized by UV‒Vis, FT‒IR, Raman 

spectroscopic techniques, and surface morphological aspects were studied by powder XRD, 
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Scanning and Transmission electron microscopic images (SEM and TEM). The acidic nature 

(pH) of each rGO in aqueous suspension as well as cation-exchange capacity was measured 

by potentiometric titration in the absence and presence of an electrolyte respectively. Finally, 

the catalytic ability was evaluated in a model reduction of nitrobenzene to aniline at room 

temperature monitored by UV‒Vis spectrophotometer. 

 

IV.3.2.1. UV‒Vis spectroscopy 

To investigate the reduction of GO in the presence of plant leaf extracts, we have taken 

UV‒Vis spectra of water dispersion of GO and another bio-reduced rGOs (Fig. 1). The 

aqueous dispersion of GO shows an absorption peak at 231 nm, and a shoulder peak at 303 

nm, which are attributed to the →transitions of C=C bond and n→transitions for C=O 

bond respectively. After the reduction, bio-reduced GOs (brGOs) display →transitions at 

269‒273 nm (Figure. IV.1), clearly indicating greater conjugation of C=C bonds and removal 

of carbon‒oxygen functions, which is in agreement with the literature report as 

well.
45,50‒51,64‒65 
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Figure IV.1. UV‒Vis spectra of GO, brGO‒CS, brGO‒MO, brGO‒AV, brGO‒VV, 

brGO‒AI, crGO (0.5 mg/ml in water). 

 

Similarly, chemically reduced GO (crGO) obtained by using hydrazine hydrate and following 

Ruoff‘s method,
63 

also showed UV absorption maxima at 273 nm, signifying that GO has 

been successfully reduced. Table IV.1 shows the UV‒Vis absorption maxima at a glance and 

suggests for the changes attributable to restoration of ‒electron networks in rGOs, not seen 

in the case of GO. 
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Table IV.1. UV‒Vis spectra of GO, crGO and different brGOs 

 

IV.3.2.2. FT‒IR spectroscopy 

The FT‒IR spectra were recorded for GO, crGO and brGOs on KBr pellets and shown 

in Figure 2. The GO displays functional groups like hydroxyl (O−H), carbonyl (C=O of 

carboxylic group), tertiary (O−H),
 
epoxy (C−O−C) and alkoxy (R−O), as seen by their 

stretching vibrations at 3370, 1719, 1412, 1224, and 1051 cm
−1 

respectively.
24,45, 50‒51 64‒70

 On 

the other hand, FT‒IR spectra of each brGOs and crGO did show absorption peaks for epoxy 

(C−O−C) and alkoxy (R−O) with lower intensity in addition to broader absorption peak in 

the range 1550–1560 cm
−1

, attributed to skeletal vibration of graphene nanosheets.
67‒71 

However, absorptions for carbonyl (C=O of carboxylic group) and O−H stretching vibrations 

(tert‒alcohol) did not appear suggesting restoration of ‒electron networks in rGOs. A 

comparative chart of the absorption peaks for each type of functional groups for all samples 

are shown in Table IV.2, while Figure IV.2 represents the FT‒IR spectra of all samples. The 

overall observations are however in agreement with the literature reports, 
45, 50‒51 64‒70

 and no 

major differences are observed in rGOs irrespective of the source of reducing agents.  

 

Table IV.2. Comparative chart for FT‒IR data of GO and various rGOs 

Materials O−H 

stretching 

vibrations 

(cm
−1

) 

C=O 

stretching 

of  

COOH 

(cm
−1

) 

C=C 

stretching  

(cm
−1

) 

O−H 

stretching 

(tert‒OH) 

(cm
−1

) 

C−O−C 

(epoxy) 

stretching  

(cm
−1

) 

C−O 

(alkoxy) 

stretching  

(cm
−1

) 

GO 3370 1719 1622 1412 1224 1051 

brGO‒CS ‒  ‒ 1560 ‒ 1200 1038 

brGO‒ MO ‒  ‒ 1560 ‒ 1213 1053 

brGO‒AV ‒  ‒ 1550 ‒ 1208 1044 

brGO‒VV ‒  ‒ 1555 ‒ 1218 1043 

brGO‒AI ‒ ‒ 1550 ‒ 1199 1051 

crGO ‒ ‒ 1552 ‒ 1118 1051 

 

Materials Wavelength (nm) 

GO 231 

  brGO‒CS 269 

brGO‒MO 273 

brGO‒AV 272 

brGO‒VV 272 

brGO‒AI 271 

crGO 273 
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Figure IV.2. FT‒IR spectra of GO, brGOs and crGO.   

 

IV.3.2.3. Raman spectroscopy 

The Raman spectroscopy is another fundamental approach for the determination of 

electron dispersion on the surface of graphene and graphene-based materials and also to 

ascertain their electronic properties.
71‒72 

Raman spectrum of monolayer graphene is 

characterized mainly by two characteristic peaks ‒ the G band arising due to first order 

scattering of the E2g phonon of sp
2 

carbon atoms at ~1580 cm
−1 

and the 2D band at 2700 cm
‒1

. 

Another peak at around 1350 cm
−1

 assigned to the breathing mode of K point phonons of A1g 

symmetry becomes visible in case of a disordered graphene which is called disorder‒induced 

D‒band.
71‒73 

We recorded Raman spectra of as-synthesized GO and different rGOs and their 

respective characteristic spectral bands are shown in Figure IV.3. Since the reduction of GO 

to rGO brings about restoration of sp
2
 hybridized carbon atoms with  electron networks, it is 

expected that both characteristic bands should resemble primarily to that of graphene surface.              

However, while crGO and some brGOs (viz. brGO‒VV & brGO‒AI) exhibit the D band 

close to that of graphene (monolayer), other three brGOs rather display the D band close to 

that of GO. On the other hand, among the G bands appeared for different rGOs only in one 

case (i.e. brGO‒CS), it is nearly similar to that of graphene (monolayer). The decrease in the 

intensity ratios (ID/IG) ratio is indicative of the defects or disorder of graphene materials. We 

did observe increase in ID/IG for different brGOs except in one case (i.e., brGO‒AV) with 

respect to that of GO, while the same is found to be increased for crGO (Table 3). The 

observation suggests lesser defects on the surface of most of the brGOs than crGO, 
50‒51, 71‒74 
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and is in agreement with previously reported reduction of GO using some other plant 

extracts,
51

 or with Fe‒based reduction,
64

 as well as under solvo-thermal reduction.
73

 The 2D 

band observed on graphite powder at 2700 cm
−1

,
 71‒72

 is an important Raman scattering band 

to differentiate between mono- or multi-layered graphene, and becomes broadened and 

shifted to the range of ~27122723 cm
−1 

for GO and all rGOs. This suggests that both GO 

and all different rGOs have multi-layer sheets. In fact, there are no significant changes 

observed among crGO and different brGOs. 

 

Table IV.3. Raman peak position of D and G band and their intensity ratio 

Carbon 

materials 

D band (cm
−1

) G band (cm
−1

) ID/IG  ratio 2D band (cm
−1

) 

Graphite  ~1332 ~1585 ‒ ~2700 

Graphene  ~1350 ~1580 ‒ ~2700 

GO ~1364 ~1613.4 1.00 ~2720 

brGO‒CS ~1359.6 ~1583.4 0.91 ~2718 

brGO‒MO ~1362.6 ~1598.3 0.95 ~2712 

brGO‒AV ~1359.6 ~1587.9 1.00 ~2722 

brGO‒VV ~1351.9 ~1595.3 0.95 ~2723 

brGO‒AI ~1353.4 ~1593.9 0.90 ~2715 

crGO ~1354.7 ~1598.1 1.26 ~2717 

   

 
Figure IV.3. Raman spectra of GO and different rGOs 
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IV.3.2.4. Powder X‒Ray diffraction patterns 

The powder XRD patterns of GO and different rGOs are shown in Figure 4 and 

23.6
o
‒25.36

o
 with d‒spacing 0.37‒0.35 nm thereby resembling mostly with the graphitic 

materials. In the case of GO, the d‒spacing (0.84 nm) is attributed to the fact that the 

formation of various oxygenated functional groups and intercalation of water molecules 

between the graphite layers.
51

 Broadening and shifting of XRD peaks both for crGO and 

brGOs and comparison with that of GO revealed that reduction can be carried out by 

chemically as well as by using biomolecules of different extracts, as also reported previously 

by some other groups.
33,

 
50‒51, 64‒65

 

 

Figure IV.4. XRD patterns of GO and different rGOs 

 

Table IV.4. XRD value of GO and different rGO‘s 

Materials 2θ value (diffraction peak) d‒spacing 

Graphite 2θ =26.50
o
 0.34 nm 

GO 2θ =10.50
o
 0.84 nm 

crGO 2θ =24.26
o
 0.36 nm 

brGO‒CS 2θ =25.28
o
 0.35 nm 

brGO‒MO 2θ =23.98
o
 0.37 nm 

brGO‒AV 2θ =25.36
o
 0.35 nm 

brGO‒VV 2θ =23.60
o
 0.37 nm 

brGO‒AI 2θ =23.60
o
 0.37 nm 
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comparative data are presented in Table 4. Graphite powder gives X‒ray diffraction peak 

(2)at 26.5
o
 with d‒spacing 0.34 nm, while that for GO appeared at 10.5

o
 with d‒spacing 

0.84 nm. On the other hand, XRD patterns of different rGOs appeared in the range of (2) 
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IV.3.2.5. FESEM & HRTEM studies 

The successful reduction using various plant leaf extracts can further be confirmed by 

the FESEM and HRTEM images of GO and different brGOs. Comparison of FESEM images 

of GO and brGOs suggests restacking of graphene sheets in brGOs, further curled and 

randomly aggregated than exfoliated GO (Figure IV.5). 
75‒77

 
 

   

   

Figure IV.5. FESEM images of GO and different brGOs 

 
Figure IV.6. HRTEM images of GO, brGO‒CS, brGO‒MO, brGO‒AV, brGO‒VV, 

brGO‒AI respectively. 
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In the case of HRTEM images of exfoliated GO, it looks like ultrathin layer sheet, 

while there are discontinued fringes observed across the sheet of different brGOs with 

corrugation and scrolling (Figure IV.6).
 
The fringes are indicative of the re‒stacking of 

graphene layers after the reduction.
45, 50. 

 

IV.3.2.6. The pH measurements 

GO possesses several carboxylic functions primarily present on the edges of the basal 

plane and its acidic nature has been measured in aqueous suspension (pH ~ 4.5; 0.1 g/L).
78

We 

prepared GO by following Hummers‘ method and measured the pH in aqueous suspension 

(pH ~ 3.51; 1 mg/mL). Since the reduction of GO to rGO involves removal of the carboxyl 

functions, the pH measurements of different brGOs and crGO indeed showed decreasing 

acidity in the range of pH 6.40‒6.85 (Table IV.5). The change of pH from acidic to neutral 

range ensured that the reduction had occurred successfully in all cases. The use of 

background electrolytes in the aqueous suspension of graphitic oxidized materials through 

intercalation of cationic species could alter the pH of the aqueous suspension.
78

Therefore, 

further pH measurements were performed taking each rGOs (50 mg) in 0.5 (M) aqueous 

NaCl solution (50 mL) and after sonication for 1h. The change of pH after adding the 

electrolyte (NaCl) is given in Table 5, which showed an increase of acidity of the aqueous 

suspension in the range of 5.35‒6.35 signifying the exchange of intercalated acidic protons 

with cationic species. However, the increase in acidity of different rGOs varies from pH 0.30 

(for crGO) to pH 1.32 (for brGO‒AI) indicating that the reduction ability of different 

reducing sources for conversion of GO to rGO is not similar. Thus, the plant leaf extract from 

Azadirachta Indica (Neem) has presumably least reducing capacity, whereas extracts of 

Adathoda Vasika (Malabar nut), and Camellia Sinensis (Tea) show better reducing ability but 

not as good as hydrazine hydrate. In order to confirm further, we performed acid‒base 

titration potentiometrically for the GO and rGOs in the presence of Na
+
 ion and 

corresponding curves are given in Figure 6. From the inflection point of these curves, we 

measured the cation-exchange capacity (CEC) of GO and all rGOs. It is reported that GO is a 

very weak acidic cation exchanger and its CEC largely depends on the pH and salt 

concentration of the aqueous suspension.
78‒79

Titration of each aqueous suspension of GO and 

rGOs (50 mg in 0.5 (M) aqueous solution of NaCl) with 0.1(M) NaOH solution revealed 

noticeable changes in the CEC values for GO and other rGOs, as presented in Table 5. While 

GO has highest CEC (1.92 mmol/g), which might be due to the presence of more 

exchangeable protons with Na
+
 ions, rGOs display considerable decrease in CEC and in the 
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range of 0.36‒0.84 mmol/g. This experiments again confirm that the reduction of GO had 

occurred in different extents and residual presence of acidic functional groups varies mainly 

with respect to the reducing source. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.7. Titration curves for GO and different brGO in aqueous NaCl with (0.1 M) 

NaOH solution. 

 

Table IV.5. pH variation of GO and different brGO and their cation exchange capacity 

Materials Strength of 

NaOH aq. 

solution 

Cation‒ 

exchange 

capacity 

mmol/gm 

pH 

(50 mg carbon 

materials in 50 

ml water) 

pH of the solution 

after adding NaCl 

electrolyte (0.5M) 

GO 0.1 M 1.92 3.51 3.10 

brGO‒CS 0.1 M 0.36 6.55 5.90 

brGO‒MO 0.1M 0.84 6.40 5.50 

brGO‒AV 0.1M 0.56 6.75 6.11 

brGO‒VV 0.1M 0.48 6.85 5.85 

brGO‒AI 0.1 M 0.72 6.67 5.35 

crGO 0.1M 0.60 6.65 6.35 

 

IV.4. Catalytic applications 

Apart from studies on textural aspects and chemical behaviours (pH measurements 

before and after cation exchange), we also explored the catalytic ability of different rGOs in 

the reduction of nitrobenzene to aniline at room temperature in the presence of hydrazine 

hydrate (Scheme IV.1).
80

 For this study, we used nitrobenzene (1 mmol), 2 ml hydrazine 
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hydrate (2 mL) and the brGOs (10 wt %) in 1:1 MeOH and water. The progress of the 

reaction was monitored by UV‒Vis spectroscopy.
81‒82

 The standard UV spectral data for 

nitrobenzene and aniline are shown in Figure IV.8 and spectral decay along with their plot of 

ln(Ct/C0) vs. reduction time are given in Figures IV.10‒15. Since the reduction of 

nitrobenzene follows the first-order law, we considered the apparent rate constants (k) from 

the slope of the straight lines for all brGO samples, which however are not sharp in all cases 

because of very slow conversion rate. It was observed that the catalytic efficiency of different 

brGOs and crGO differ considerably, and found that brGO‒AV and brGO‒VV exhibit better 

catalytic performance as compared to other brGOs. Further comparison revealed that the 

order of catalytic efficiency is in the order of brGO‒AV>brGO‒VV>crGO. Table 6 

represents the rate constants for the reduction of nitrobenzene to aniline in the presence of 

different rGO samples under identical conditions clearly establishing the difference in their 

catalytic ability. 

NO2 NH2

10 wt % Catalyst 

 NH2NH2. H2O

RT
48-60 hrs

 
Scheme IV.1. Reduction of nitrobenzene using brGO as a catalyst. 
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Figure IV.8. UV‒Vis absorption spectra of pure nitrobenzene and aniline (I) and of the 

reduction of nitrobenzene without catalyst (II). 
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Figure IV.9. Spectral decay at different time intervals using brGO‒AV (III) and plot of ln 

(Ct/C0) vs. reduction time (IV). 

 

                                                               

 

Figure IV.10. Spectral decay at different time intervals using brGO‒VV (V) and  plot of ln 

(Ct/C0) vs. reduction time (VI). 
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Figure IV.11. Spectral decay at different time intervals using brGO‒CS (VII) and  plot of ln 

(Ct/C0) vs. reduction time (VIII). 
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Figure IV.12. Spectral decay at different time intervals using brGO‒AI (IX) and  plot of ln 

(Ct/C0) vs. reduction time (X). 
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Figure IV.13. Spectral decay at different time intervals using brGO‒MO (XI) and plot of ln 

(Ct/C0) vs. reduction time (XII). 

 

         

Figure IV.14. Spectral decay at different time intervals using crGO (XIII) and plot of ln 

(Ct/C0) vs. reduction time (XIV). 
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Table IV.6. Rate constants of different rGO samples for the reduction of nitrobenzene to 

aniline. 

NO2 NH2

10 wt % Catalyst 

 NH2NH2. H2O

RT
48-60 hrs  

Entry rGO samples Rate constants Figures 

1 brGO‒AV 3.45×10
‒2

 9 

2 brGO‒VV 1.91×10
‒2

 10 

3 brGO‒CS 5.2×10
‒3 

11 

4 brGO‒AI 3.06×10
‒3 

12 

5 brGO‒MO 2.22×10
‒3 

13 

6 crGO 1.42×10
‒2 

14 

 

 

IV.5. Conclusion  

In summary, we prepared rGOs from GO by using different plant leaf/fungi extracts as 

well as a common chemical reductant hydrazine hydrate and then characterized morphologies 

of each graphitic species by spectroscopic and microscopic tools. A comparison of textural 

data of each species revealed in general fairly similar observations. However, comparison of 

the acidity of aqueous suspensions of GO and different rGOs in the absence or presence an 

electrolyte, measured with the aid of pH meter as well as by potentiometric titrations, 

revealed that all rGOs are not rather alike. The difference is even more prominent in their 

catalytic performance in the reduction of nitrobenzene to aniline, which is systematically 

studied for the first time. Major facets from the above studies are: (i) some plant leaf extracts 

are equally efficient for the reduction of graphene oxide (GO) to rGO so as to avoid the use 

of toxic and hazardous chemical reagents, (ii) some properties and catalytic ability of reduced 

graphene oxide (rGO) could reasonably vary depending on the reducing sources and 

preparative procedures; and (iii) the textural features of rGOs obtained by spectroscopic and 

microscopic tools might not be enough about their purity and characteristic properties. 

 

IV.6. References  

References are given in BIBLIOGRAPHY under CHAPTER IV (pp. 181−186). 
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CHAPTER V 

Poly-ionic resins embedded with Pd/Cu bimetallic NPs: Applications in 

Suzuki‒Miyaura and Mizoroki‒Heck Coupling reactions 
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V.1. Introduction  

The use of transition-metal nanoparticles (NPs) in catalysis has attracted huge interest 

because of their excellent selectivity, efficiency and recyclability, which are regarded as most 

important requirements in ―green chemistry‖. Metal nanoparticles are generally stabilized by 

immobilizing or grafting onto inorganic or organic polymer supports,
1
 depending on the 

steric bulk of their framework and also on their weak binding to the NP surface by the 

heteroatom which make them able to play the role of ligands. 

On the other hand, among noble metal catalysts Pd‒based catalysts have taken major 

attention in organic synthesis because of its ability to selectively carry out the C‒C and 

C‒heteroatom bond formation reactions.
2 

Moreover, palladium-catalyzed reactions have 

taken a central part in organic synthesis as one of the most powerful and versatile tool for the 

preparation of fine chemicals, pharmaceutical intermediates, active pharmaceutical 

ingredients, and also bioactive drugs.
3
 

Owing to high catalytic activity and selectivity, monometallic Pd nanoparticles have 

become most widely used catalysts in modern synthetic chemistry. These NPs have been 

extensively used in various coupling reactions such as Stille, Heck, Suzuki, Sonogashira, 

Kumada, Negishi, Nozaki–Hiyama, Buchwald–Hartwig, and Tsuji–Trost
 
employed for the 

formation of C‒C or C‒heteroatom bonds.
4-5 

But the growing concern towards limited 

resource and also the high cost of noble metals take attention of materials scientists towards 

developing alternative catalyst to replace monometallic NPs. Bimetallic nanoparticles, which 

are prepared by mixing of two metal-components, recently, have taken more attention than 

monometallic nanoparticles because of their multiple functionalities and prominent catalytic 

activity, selectivity, and stability over monometallic nanomaterials. In material science, 

introduction of a second metal in the precious metal to generate intermetallic compounds has 

proven to improve the catalytic activity as well as the durability of bimetallic nanoparticle 

catalysts.
6 

This improvement of catalytic activity occurs due to the electronic exchange 

(cooperative/synergic interaction) between two metal atoms which modify the surface 

electronic properties leading to the interaction of reactants, stabilization of intermediates, and 

the product release.
7
 Moreover, the catalyst stability in adverse conditions such as in high or 

low pH, water or oxygen environment can be enhanced by the presence of a second metal and 

therefore enhance the catalyst recyclability and recovery which is an important criteria for 

industrially important catalysts.
8 
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Palladium‒catalyzed Suzuki‒Miyaura and Mizoroki‒Heck cross-coupling reactions are 

most fundamental synthetic tools for C‒C bond formation reactions in both industry and 

academia.
9
 In last few decades, a large number of bimetallic alloy nanoparticles such as 

Au/Pd,
10

 Ru/Pd,
11

 Pd/Rh,
12

Pd/Cu,
13 

Cu/Ni,
14

Pd/Ni,
15

 Pd/Ag,
16 

Pd/Co
17 

and Fe/Pd
18 

have been 

employed for C‒C bond forming reactions like Suzuki‒Miyaura and Mizoroki‒Heck 

reactions. The noble metal gold has been most extensively utilized for preparation of 

bimetallic nanoparticles with Pd due to the excellent intermetallic atomic level mixing of Au 

and Pd. In addition, the high electronegative nature of Au causes the flow of electronic 

charge transfer from Pd to Au resulting in negatively populated Au centre which enhances the 

catalytic effect of Pd‒Au bimetallic form.  

Khashab et al. have synthesised four different Au‒Pd core-shell NPs with the help of 

emulsion phase surrounding the Au core NPs at room temperature and investigated these 

catalysts for the Suzuki reaction (Scheme V.1) with 4-carboxyphenylboronic acid, several 

aryl iodides and K2CO3 in aqueous medium at 65 °C.
10a

 For Heck reaction, styrene 

iodobenzene, NaHCO3 and cetyl trimethylammonium bromide (CTAB) were used in water at 

80 °C. They observed good yields to the corresponding coupled product for Suzuki and Heck 

reactions with both Core-shell Au‒Pd and alloy Au‒Pd nanoparticle catalyst with lowest 

loading of the catalyst of 0.25 mol%. 

COOH

B(OH)2 I

R1

AuPd cat.

K2CO3, water, 65oC

R1= H, Me, 4-COOH

I

R2

RAuPd Cat.

NaHCO3, CTAB,

Water, 80oC

R2 = CO2Me, CO2(CH2)3CH3, C6H5

HOOC

R1

Suzuki coupling

Heck coupling

 
Scheme V.1. Suzuki–Miyaura and Heck reactions catalyzed by Au‒Pd bimetallic 

nanoparticles. 

 

Tang et al.
10b

 have also synthesised Au‒Pd alloy and Core-shell nanoparticle catalyst 

and stabilised it on SiO2 to enhance the catalytic activity of catalyst for Suzuki reaction 

(Scheme V.2). They have synthesised Au/Pd alloy using the various molar ratio of alloy and 

Core-shell nanoparticles and investigated their catalytic activities for Suzuki reaction. For 

Suzuki reaction, the order of reactivity of bimetallic alloys is found to be 

2
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Au3Pd1>Au1Pd1>Au1Pd3> Core-shell Au‒Pd>Pd >Au. Interestingly, the alloy Au‒Pd/SiO2 

with lower Pd content shows the highest catalytic activity and selectivity to the coupled 

products for both the iodobenzene and bromobenzene, indicating that isolated Pd atoms or 

small ensembles of Pd on Au are favourable for the Suzuki cross-coupling reaction. The 

stability of the bimetallic nanocrystals is enhanced and the leaching of Pd is inhibited by the 

protection of the mesoporous shell. The alloy Au–Pd@SiO2 also shows a higher selectivity 

and stability than a commercial Pd–C catalyst. 

X B(OH)2

 AuPd@SiO2

EtOH, K2CO3, 80oC

X = I, Br

Yield(%)a
Yield (%)b Catalyst

Alloy Au3Pd1@SiO2 99.8

Alloy Au1Pd1@SiO2

Alloy Au1Pd3@SiO2

Core-shell Au-Pd

Pd@SiO2

Au@SiO2

Pd-C

98.7

95.3

92.1

88.6

N.A.

99.6

84.9

76.3

69.5

57.1

48.6

N.A.

99.1

aYield of products with iodobenzene.
     bYield of products with bromobenzene.  

Scheme V.2. Suzuki cross-coupling reaction using Au‒Pd/SiO2 as a catalyst. 

 

Gao et al. have prepared ultrafine Ag‒Pd nanoparticles homogeneously distributed on 

reduced graphene oxide (rGO) by redox reaction between Pd
2+

, Ag
+
 and GO and explored 

their catalytic effect for Suzuki and Sonogashira reactions (Scheme V.3).
16b 

The use of rGO 

as solid support facilitated separation and also the recyclability of the Ag‒Pd@rGO catalyst. 

Br

R

(HO)2B AgPd@rGO catalyst

K2CO3, H2O

85oC, 12 h
R

R = H, Me, OMe, NO2, NH2 ,Cl, I
91-99% yield

 
Scheme V.3. Ag‒Pd@rGO bimetallic nanoparticles catalyzed Suzuki reaction. 

 

Graphene supported Pd‒Co bimetallic nanoparticles prepared by chemical reduction 

method of GO have employed as efficient catalysts for  Suzuki coupling reaction (Scheme 

V.4).
17 

The high stability, dispersibility in liquid-phase solution and also ease of recycling by 

a magnet make these nanospheres highly efficient catalysts in liquid-phase reaction. 

B(OH)2 (PdCo(1:1)/G), Na2CO3 (2 mmol),

ethanol (1 mL),

water (1 mL), 80oC.
R1= Ph, NO2, Me, OMe, 

X = I, Br

X

R1

R1

76-97%
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Scheme V.4. Graphene supported Pd‒Co bimetallic nanoparticles catalyzed Suzuki-Miyaura 

coupling.  

 

Reetz et al. have synthesised Pd-Ni nanoclusters stabilized by tetra alkyl ammonium 

salts or poly (vinylpyrrolidone) and observed their catalytic activities towards Suzuki and 

Heck reactions involving iodo-, bromo- and activated chloroaromatics (Scheme V.5).
15a

 

B(OH)2 R

X

R

Pd/Ni  clusters

K2CO3/Bu4NBr

DMF/100-120oC, 14h

CO2Bu
I

Pd/Ni  clusters

NaHCO3/Bu4NBr

DMF/80oC, 14h

R = H, NO2, OMe, Me, CF3, CN

CO2Bu

 
Scheme V.5. Suzuki and Heck coupling reactions catalyzed by bimetallic Pd‒Ni 

nanoclusters. 

 

A simple and efficient solution-based method for the synthesis of Pd–Ni bimetallic 

nanoparticles (NPs) has been developed by Li et al. (Scheme V.6).
15b

 They have synthesised 

a series of Pd–Ni bimetallic NPs by reduction of PdCl2 and Ni(acac)2 in the presence of 

oleylamine (OAm), oleic acid (OA) and benzyl alcohol. The as-prepared Pd–Ni bimetallic 

NPs have core–shell structures with a Pd-rich core and a Ni-rich shell. In addition, as-

obtained Pd–Ni bimetallic NPs with varying compositions show excellent catalytic activities 

in the Suzuki-Miyaura reaction.  

B(OH)2

Br
Pd0Ni1  core shell 

bimetallic nanoparticles

NaOH, DMF, 100oC

91% yield  
Scheme V.6. Pd‒Ni core-shell nanoparticles catalyzed Suzuki coupling reaction. 

   

The bimetallic nanoparticles of Pd/Cu have also been synthesized and explored 

extensively for Sonogashira reaction.
19

 In such bimetallic system copper plays dual role; both 

as a support for the palladium nanoparticles as well as a co-catalyst. Although, a myriad of 

Sonogashira reactions have been reported to be catalyzed by Pd/Cu nanoparticles, but a 

limited number of Suzuki and Heck reactions have been explored which are catalyzed by 

Pd/Cu bimetallic NPs. 
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Heshmatpour et al.
13e

 have synthesized various bimetallic nanoparticles (Pd, Ag, 

Pd/Ag, Pd/Ni and Pd/Cu) using a water-in-oil micro emulsion system of water/dioctyl 

sulfosuccinate sodium salt (aerosol-OT, AOT)/isooctane at 25 
o
C and investigated their 

catalytic effect in Heck reaction (Scheme V.7).
 
They have observed that Pd/Cu(4:1) NPs act 

as superior catalysts among other NPs with high activity and selectivity for Heck reaction 

with aryl halides having both electron donating and withdrawing groups and methyl acrylate 

in DMF at 100 °C to achieve high yields of coupled products. In Heck reaction, the order of 

the catalytic acitivity of as-prepared bimetallic NPs is Pd/Cu (4:1)>Pd>>Pd/Ni (1:1)>Pd/Ag 

(1:1)>Ag. 

Et3N, DMF

100 oC, 18 h

Pd/Cu (4:1)
R1 X

R2

R1

R2

R1 =Aryl, Vinyl

R2 = Aryl, -CN, COCH3

X = Cl, Br, I

Yield = 73-100%

 
Scheme V.7. Pd/Cu (4:1)-catalyzed Heck‒Mizoroki coupling reaction. 

 

Choi et al. have synthesized the carbon supported bimetallic Pd‒M (M=Ag, Ni, Cu)/C 

nanoparticles by γ-irradiation technique at room temperature without using any reducing 

agent.
13g

 They investigated catalytic activities of these bimetallic nanoparticles for Suzuki 

and Heck reactions in ethanol and acetonitrile at 78 °C and 82 °C respectively in inert 

atmosphere to achieve the high yields of the coupled products (Scheme V.8). The Pd- Cu/C 

showed high catalytic efficiency in the Suzuki- and Heck-type reaction and for Suzuki 

reaction the catalytic efficiency e has been found to decrease in the order of Pd‒Cu/C> 

Pd/C>Pd‒Ag/C> Pd‒Ni/C. 

S I
B(OH)2

S I

S

S

Pd-M/C, K3PO4

Pd-M/C, Et3N

Acetonitrile, 82 oC

EtOH, 78 oC

 
Scheme V.8. Suzuki and Heck reactions catalyzed by Pd-M/C. 

 

Our previous laboratory report depicts about the excellent catalytic effect of 

monometallic Pd NPs for Suzuki, Heck and Songashira reactions (Please see the Scheme I.22 

of Chapter I).
20

 Recently, we become interested towards developing bimetallic NPs and also 

their catalytic application for C‒C bond forming reactions. 
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V.2. Present Work: Background and Objectives  

Polystyrene-trimethylammonium anion-exchange resins have been exploited both as a 

scavenger as well as a solid support to carry out various organic transformations in our 

laboratory.
20

 Amberlite resin formate (ARF) anions obtained by exchanging chloride anion of 

commercially available Amberlite IRA-420 (chloride form) with formate (HCOO
-
) ion, have 

been utilized as scavengers for immobilizing  noble (Pd),
20a

 and non-noble (Cu),
21

 metals 

(Scheme V.8) and applied in C‒C and C‒S bond forming reactions in our laboratory (Chapter 

I, Scheme I.22 & I.23).
20a,21 

ARF-Pd

NR3

HCOO

Pd(OAc)2

Na2PdCl4

Stirring at RT

NR3

HCOO Pd (0)

or

DMF, 110oC

Cu(OAc)2

DMF

NR3

HCOO CuO

CuO@ARF

 

Scheme V.9. Preparation of monometallic Pd NPs and CuO NP embedded on Amberlite 

Resin Formate (ARF). 

 

Recently, a new heterogeneous Pd/Cu bimetallic nanocomposite embedded on 

amberlite resin formate (ARF) has been prepared in our laboratory and characterized properly 

with the help of FT‒IR spectroscopy,  X-ray powder diffraction (XRD), transmission electron 

microscopy (TEM) and atomic absorption spectroscopy (AAS).
22 

The existence of metallic 

Pd, PdO and CuO NPs in this nanocomposite has been found by XRD analysis and crystalline 

nature of the composite has been also observed by TEM analysis. This Pd/Cu‒ARF(II) 

bimetallic nanocomposite exhibited high catalytic activity in the Sonogashira cross-coupling 

reaction between aryl iodide and terminal alkynes without use of phosphine-ligand (Scheme 

V.9).
22 

R

X R2

Pd/CuARF(II)

80 oC / CH3CN

K2CO3/under N2

R2

R

R1 = -CH3, -OCH3, -NO2, -Br, -COCH3, -C9H6

R2 = Ph, CH2OCOCH3, CH2OCOCH2CH3, -CH2CH2C6H5, C6H4(4-CH3)

X = Cl, Br, I

77-95% Yield

 
Scheme V.10. Sonogashira cross-coupling reaction catalyzed by Pd/Cu‒ARF(II). 

 

In continuation with our previous work, herein we have prepared Pd/Cu bimetallic 

nanocomposite Pd/Cu‒ARF following our previous method and applied in Suzuki‒Miyaura 

and Mizoroki‒Heck reactions under completely ligand-free conditions. We have also 

11
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compared the catalytic activity of these bimetallic NPs with the monometallic Pd NPs 

embedded on ARF. 

 

V.3. Present Work: Results and Discussion 

To investigate our observation we have prepared bimetallic NPs, Pd/Cu−ARF by 

following our previous lab method and taking the same molar ratio of both metal salts Pd 

(OAc)2 and Cu (OAc)2.
22 

 

V.3.1. Preparation of heterogeneous Pd/Cu‒ARF nanocomposite 

Amberlite resin formate (ARF) was prepared from commercially available inexpensive 

amberlite resin chloride by ion-exchange process as reported from our laboratory.
20,21 

The 

resin beads were then washed with water followed by acetone, dried under vacuum and used 

for the preparation of heterogeneous bimetallic nanocomposites. Impregnation of bimetallic 

Pd/Cu on the ARF was performed by heating an equimolar mixture of solutions of palladium 

acetate and cupric acetate in dimethylformamide (DMF) using 0.25 mmol of each salts to 

prepare bimetallic NPs of Pd/Cu−ARF as presented in Scheme V.10. 

NR3

HCOO

Pd(OAc)2 

&

Cu(OAc)2

DMF, 60 oC

NR3

HCOO

Pd (0)

CuO

Pd/CuARFARF

0.25 mmol

0.25 mmol

 
Scheme.V.11. Preparation of bimetallic Pd/Cu‒ARF NPs. 

 

 Characterizations of Pd/Cu−ARF 

Characterization of this bimetallic nanocomposite has been already reported in our 

previous work (reference 23) which was designated as Pd/Cu‒ARF (II).  

V.3.2. Suzuki–Miyaura reaction catalyzed by Pd/Cu−ARF 

For Suzuki–Miyaura cross-coupling reaction, we have taken 4‒iodoanisole and 

phenylboronic acid as model substrates and 100 mg of catalyst to carry out the reaction. At 

first we have started the reaction at room temperature and found only 48% yield of 

corresponding cross-coupling product 4‒methoxy biphenyl (Table V.1, entry 1). The yield of 

product increases with the increase of temperature (Table V.1, entries 2‒3). In order to 

optimize the effect of solvent, different solvents including water, water-ethanol mixture, 
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toluene and DMF were employed for the reaction and found no such increase of yield of the 

product (Table V.1, entries 7‒10). Finally, we found DMF is the best solvent for Suzuki 

coupling reaction in our condition (table V.1, entry 3). We have also optimised the influence 

of base using KF, NaOH and NaOAc and found no such increase in the yield of product as 

compared to K2CO3 (Table V.1, entries 4‒6) respectively. 

 

Table V.1. Optimization of Suzuki‒Miyaura reaction using Pd/Cu‒ARF.
a 

I

MeO

B(OH)2

MeO
Pd/CuARF

Solvent / Base
Temp.  

Entry Base Solvent Temperature (
o
C) Time (h) Yield

b
 (%) 

1 K2CO3 DMF RT 12 48 

2 K2CO3 DMF 50 12 88 

3 K2CO3 DMF 65 4 93 

4 KF DMF 65 12 68 

5 NaOH DMF 65 12 73 

6 NaOAc DMF 65 12 63 

7 K2CO3 H2O 65 12 54 

8 K2CO3 H2O:EtOH 65 12 65 

9 K2CO3 Toluene 65 12 81 

10 K2CO3 MeOH 65 12 58 
a
 4-Iodoanisole (1 mmol), phenylboronic acid (1.2 mmol), base (1.1 mmol) Pd/Cu−ARF, (100 

mg) and solvent (3 mL). 
b
Isolated yield. [All optimisation entries were performed and 

reproduced by the present author as well as one of my co-author D. Sengupta] 

 

By taking our optimized condition, we have go through for the further application of 

Pd/Cu−ARF nanocomposite to the Suzuki‒Miyaura cross-coupling between other aryl 

halides and different phenyl boronic acids and results are shown in Table V.2. Substituted 

aryl iodides undergo the reaction without any difficulties forming excellent yield (Table V.2, 

entries 1−4). The presence of electron donating or withdrawing groups have not found to any 

retarding effect on the yield of the product in such cases. When aryl bromides smoothly react 

with boronic acid forming corresponding cross-coupling product in excellent yield (Table 

V.2, entries 5‒6, 9 & 10), aryl chloride remains unaltered under the same condition. 

Moreover, we have also performed the cross-coupling reaction between a heterocyclic aryl 

bromide (3-bromoquinoline) with phenyl boronic acid and found 89% of the cross–coupled 

product 3-phenylquinoline (entry 6). We have further performed the cross-coupling reactions 

of different aryl di iodo, bromo iodo and di bromo compounds with phenyl boronic acids and 

obtained corresponding terphenyl compounds with excellent yield (entries 8−10). 
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Table V.2. Suzuki–Miyaura cross-coupling using Pd/Cu−ARF.
a
 

1

2

3

4

5

6

7

8c

Entry Aryl halide Boronic acid Time (h)

4

3.5

5

2

2

3

24

93

92

90

92

93

89

Product Yield (%)b

No reaction

4 90

I

H3CO

B(OH)2

H3CO

I

OCH3

B(OH)2

I

CF3

OCH3

B(OH)2

H3CO CF3

Br

H3C H3C

OCH3

B(OH)2

H3CO

N

Br B(OH)2

N

Cl

H3CO

B(OH)2

I

I

B(OH)2

-

H3C
O

CH3B(OH)2H3C

I

OCH3

 

9c

10c 4 89

4 91

B(OH)2

Br I

B(OH)2

Br Br

a
Reaction condition: ArX (1 mmol), boronic acid (1.2 mmol), K2CO3 (1.1 mmol), 

Pd/Cu−ARF(II) (100 mg), DMF (3 mL),  heating the reaction mixture at 65 
o
C. 

b
Isolated 

yield. 
c
ArX2 (1.0 mmol), boronic acid (2.4 mmol), K2CO3 (2.2 mmol), Pd/Cu−ARF (100 mg), 

DMF (3 mL), heating the reaction mixture at 65 
o
C. [Entries 1, 3, 5, 7, 10 were isolated by 

the present author and remaining entries were performed by my co-author]
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V.3.3. Mizoroki–Heck reaction catalyzed by Pd/Cu−ARF  

After the successful application of our bimetallic catalyst to Suzuki–Miyaura cross–

coupling, we have further explored the catalytic efficiency of bimetallic Pd/Cu−ARF catalyst 

in Mizoroki–Heck reaction. We have started our investigation by performing a reaction 

between 4-iodoanisole and n-butyl acrylate using triethylamine as a base and DMF as solvent 

at room temperature but only 12% of cross-coupled product (Table V.3, entry 1) was isolated 

after 12 hours. By increasing the temperature the product yield was also increased 

significantly (entries 2‒3) and the best result was achieved at 70 
o
C only within 2h, (Table 

V.3). To know the effect of base on Mizoroki‒Heck reation, we have used different bases like 

NaOAc, K2CO3 and KF but found only triethylamine to be most effective over other 

inorganic bases in our condition.  

 

Table V.3. Optimization of Mizoroki–Heck reaction using Pd/Cu−ARF(II).
a
 

I

H3CO

On-Bu

O

Pd/Cu-ARF On-Bu

O

H3CO
Solvent / Base

Temp.  

Entry Base Solvent Temperature (
o
C) Time (h) Yield

b
 (%) 

1 Et3N DMF RT 12 12 

2 Et3N DMF 55 12 69 

3 Et3N DMF 60 12 70 

4 Et3N DMF 70 2 95 

5 NaOAc DMF 70 6 88 

6 K2CO3 DMF 70 6 76 

7 KF DMF 70 12 81 
a
 4-Iodoanisole (1 mmol), n-butyl acrylate (1.2 mmol), base (1.1 mmol), Pd/Cu−ARF (100 

mg) and solvent (3 mL).
b
 Isolated yield. [All optimisation entries were performed and 

reproduced by the present author as well as by my co-author] 

 

With the optimized condition at our hand, we examined its practical with a variety of 

aryl halides and acrylates. It was observed that aryl iodides undergo Heck reaction with n-

butyl and ethyl acrylates with the excellent yield of the corresponding cross-coupling 

products (Table V.4, entries 1−4). Unfortunately, aryl bromides and chlorides are not 

efficient towards the reaction under the same condition. Di-iodo compound is also give rise to 

the formation of bis coupled product in good yield (entry 7). We also became successful to 

synthesize different substituted trans-stilbenes of different aryl iodides using styrene as olefin 
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substrate (entries 8−10). For all of the cases, it is noticed that trans selectivity in the coupled 

product was observed. 

 

Table V.4. Mizoroki–Heck cross-coupling using Pd/Cu−ARF.
a
 

1

2

3

4

5

6

7c

8

9

10

Entry Aryl halide Olefin Time (h)

1.5

2

4

4

12

3.5

2.5

95

91

78

89

-

79

83

Product Yield (%)b

No reaction

3 86

3 82

COOn-Bu

COOEt

COOEt

COOEt

COOEt

No reaction

COOEt
12 -

C6H5

I

H3CO

I

H3C

I

Br

I

NH2

Br

H3C

H3C

Cl

I

H3C

OCH3

I

I

Br

H3CO

COOn-Bu

H3C

COOEt

COOEt

NH2

Br

COOEt

Br

I I COOEt COOEtEtOOC

H3C

C6H5

OCH3

C6H5

a
Reaction condition: ArX (1 mmol), olefin (1.2 mmol), Et3N (1.1 mmol), Pd/Cu−ARF (100 

mg), DMF (3 mL),  heating the reaction mixture at 70 
o
C. 

b
Isolated yield. 

c
 ArI2 (1.0 mmol), 

ethylacrylate (2.4 mmol), Et3N (2.2 mmol), Pd/Cu−ARF (100 mg), DMF (3 mL),  heating the 

reaction mixture at 70 
o
C. [Entries 2, 3, 6, 8, 10 were isolated by the present author and 

remaining entries were performed by my co-author] 
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V.3.4. Application of Pd/Cu‒ARF bimetallic NPs for the preparation of 3-Methyl-1H-

indole 

To continue our optimization of the catalytic activity of Pd/Cu bimetallic 

nanocomposite we have extended this Mizoroki–Heck cross-coupling methodology for the 

preparation of substituted heterocyclic compound like indole. Primarily, we prepared a mono 

N-allylated product of 2-iodoaniline, by the reaction with allyl bromide over silica gel surface 

following our previous laboratory method.
23 

By taking this N-allylated product as starting 

substrate we performed  Heck reaction following our optimized condition and finally we get 

3-methylindole (Scheme V.11) as the sole product. 

I

NH2

Br Silica

RT

I

N
H

Pd/CuARF

N
H

Me

1 : 1.1

Et3N, DMF

80 oC

 
Scheme V.12. Synthesis of 3-methylindole via Mizoroki–Heack coupling with Pd/Cu−ARF 

catalyst. [This one was performed by the present author] 

 

V.3.5. Comparative study 

  In an attempt to compare the catalytic efficiency of the bimetallic Pd/Cu−ARF 

nanocomposite with our previously reported monometallic ARF‒Pd catalyst,
20a

 we performed 

both Suzuki‒Miyaura and Mizroki‒Heck coupling reaction using both of the catalysts and 

monitored the conversion by HPLC. Before the reaction we have also prepared monometallic 

ARF‒Pd following our laboratory method but maintain the molar proportion of palladium 

same as that of bimetallic catalyst Pd/Cu−ARF.
11

 Considering Suzuki–Miyaura coupling, 

both ARF‒Pd and Pd/Cu‒ARF shows almost similar activity for entry 1, listed in Table V.2 

(Figure V.1a) but when we concerned about Mizoroki–Heck reaction (entry 1, Table V.2), 

bimetallic catalyst Pd/Cu−ARF shows much higher activity compared to mono metallic 

catalyst (Figure V.1b). For Mizoroki–Heck coupling Pd/Cu−ARFserve 97% conversion 

within 2h while using ARF‒Pd only 83% conversion was achieved within this period and 

reaches maximum up to 94% after 3.5 h. 
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(a)                                                                        (b) 
 

Figure V.1. Time conversion plot for (a) Suzuki–Miyaura and (b) Mizoroki–Heck coupling 

reaction using Pd/Cu−ARF and ARF‒Pd.  
 

V.3.6. Hot filtration Test 

To determine leaching of any metallic species from the amberlite resin formate surface 

we have performed hot filtration test for both of Suzuki and Heck coupling following the 

literature procedure.
24 

We first performed the Suzuki–Miyaura reaction between 4-

iodoanisole and phenylboronic acid in DMF. After 10 min the reaction was stopped and the 

catalyst was recovered by filtration. Then the filtrate was analysed by HPLC (~38% 

conversion) and heated at 65 
o
C for another 3 hr without catalyst resulting in no further 

conversion (monitored by HPLC). Following the same procedure we have also performed hot 

filtration test for Mizoroki-Heck reaction between 4-iodoansole and ethyl acrylate at 70 
o
C 

and the result was shown in Figure V.2. 

 

 

 

 

 

 

 

 

 

 

                                  

(a)                                                                       (b) 

Figure V.2. Comparison of the reaction under normal condition and the reaction after hot 

filtration test for (a) Suzuki–Miyaura and (b) Mizoroki–Heck coupling reaction catalyzed by 

Pd/Cu−ARF.  
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V.3.7. Recyclability of the catalyst 

We have also tested the recyclability of the catalyst Pd/Cu−ARF for both Suzuki–

Miyaura and Mizoroki-Heck reactions. After the first run, catalysts were collected through 

simple filtration, and properly washed with water followed by acetone, dried under vacuumed 

for 30 min and used for next cycle. The results are summarised in Figure V.3. The catalyst 

can be reused at least seven times for both Suzuki-Miyaura and Mizoroki-Heck reactions 

separately without decrease in catalytic activity. 

 

Figure V.3. Recycling experiments using Pd/Cu−ARF for Suzuki–Miyaura cross-coupling 

between 4-iodoanisole and phenylboronic acid and Mizoroki–Heck cross-coupling between 

4-iodoanisoleand n-butyl acrylate. [Recycling for Suzuki reaction was performed by the 

present author and same for Heck was performed by one of my co-author] 

 

V.3.8. Characterization of the recovered catalyst 

 We have characterized the recovered Pd/Cu−ARF composite material after 7
th

 

consecutive run for Mizoroki-Heck reaction by XRD which is shown in the following Figure 

V.4.  
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Figure V.4. XRD analysis of Pd/Cu−ARF catalyst recovered after 7
th

 consecutive runs in 

Mizoroki–Heck reaction. 

 

V.4. Conclusion 

In summary, we have utilized amberilte resin formate (ARF) as an efficient polymeric 

support for the preparation of highly active Pd/Cu bimetallic nanocomposite. Furthermore, 

we have demonstrated Pd/Cu−ARF bi-metallic composite nanoparticles as an efficient 

heterogeneous catalyst for Suzuki–Miyaura and Mizoroki–Heck coupling reactions under 

ligand-free and mild conditions. The bimetallic nanocomposite material Pd/Cu−ARF has 

been found to be more effective as compared to monometallic Pd–ARF catalyst in Mizoroki–

Heck coupling. Further studies included a sequential N-allylation and Mizoroki–Heck 

cross‒coupling of 2-iodoaniline provides a heterocyclic moiety, 3-methylindole. Recycling of 

the catalyst up to seven runs without significant loss of catalytic activity can influence its use 

in a broaden way in industry. 

 

V.5. Experimental Section 

V.5.1. General Information   

Amberlite IRA 900 (chloride form) was purchased from Acros Organics, Belgium and 

used after washing with water and acetone followed by drying under vacuum. Other 

chemicals were purchased and used directly. The X-ray diffraction (XRD) studies of the 

powder samples were done using the Rigaku SmartLab (9 kW) diffractometer using CuK 

radiation. NMR spectra were taken in CDCl3 using Bruker Avance AV-300 spectrometer 
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operating for 1H at 300 MHz and for 13C at 75 MHz. The spectral data were measured using 

TMS as the internal standard. 

 

V.5.2. Preparation of Pd/Cu−ARF bimetallic nanocomposite 

To a solution of Pd(OAc)2 (56 mg, 0.25 mmol) and Cu(OAc)2 (50 mg, 0.25 mmol) in 

DMF (10 mL) ARF (1 g) was added in a screw-capped sealed tube and then heated at 60 
o
C 

for 1h with occasional shaking. The change of colour of supernatant liquid from bluish 

orange to completely colourless signifies the impregnation of metal NPs on ARF and the 

greyish beads of ARF turned shiny black. Then the mixture was cooled to room temperature 

and the resin beads were filtered off and washed with water (3 x 5 mL) and acetone (2 x 5 

mL). Resulting black resin beads were dried under vacuum and used for analyses and 

reactions. 

 

V.5.3. Preparation of monometallic ARF‒Pd 

In a mixture of Pd(OAc)2 (56 mg, 0.25 mmol) in DMF (10 mL), ARF (1 g) was added 

and in a screw-capped sealed tube and heated at 60 
o
C for 1h with occasional shaking. The 

supernatant liquid appeared completely colourless by this time and the greyish beads of ARF 

turned black. The mixture was cooled to room temperature and the resin beads were filtered 

off and washed with water (3 x 5 mL) and acetone (2 x 5 mL). Resulting black resin beads 

were dried under vacuum and used for analyses and reactions. 

 

V.5.4. General procedure for Suzuki–Miyaura cross-coupling using Pd/Cu−ARF 

In a mixture of aryl halide (1 mmol), arylboronic acid (1.2 mmol) and  potassium 

carbonate (1.1 mmol) in DMF (3 mL) 100 mg of Pd/Cu−ARF was added and charged in a 15 

mL sealed tube and heated the reaction mixture at 65 
o
C under gentle magnetic starring. The 

reaction progress was monitored by TLC. After completion of reaction the mixture was 

allowed to cool to room temperature and diluted with water (5 mL). Then, the mixture was 

passed through a cotton bed and the filtrate part was extracted with diethyl ether. The organic 

part was dried over sodium sulphate and concentrated under vacuumed. The residue was 

purified by passing through a short silica gel column and elution with light petroleum. All 

products were characterized by 
1
H, 

13
C NMR spectral data, and also compared with reported 

melting point (for known solid compounds). 
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VI.5.5. General procedure for Mizoroki–Heck coupling using Pd/Cu−ARF 

In a mixture of aryl halide (1 mmol), activated alkene (1.2 mmol) and  triethylamine 

(1.1 mmol) in  DMF (3 mL), 100 mg of Pd/Cu−ARF was added and charged in a 15 mL 

sealed tube and heated the reaction mixture at 70 
o
C under gentle magnetic starring. The 

reaction progress was monitored by TLC. After completion of reaction the mixture was 

allowed to cool to room temperature and diluted with water (5 mL). The mixture was passed 

through a cotton bed and the filtrate part was extracted with diethyl ether. The organic part 

was dried over sodium sulphate and concentrated under vacuumed. The residue was purified 

by passing through a short silica gel column and elution with light petroleum or 2% ethyl 

acetate-light petroleum. All products were characterized by 
1
H, 

13
C NMR spectral data, and 

also compared with reported melting point (for known solid compounds). 

 

V.5.6. Preparation of 3-Methylindole 

We have prepared 3-methylindole in two steps: first step was the formation of N-

allylated product of 2-iodoaniline followed by the second step of intramolecular 

Mizoroki‒Heck cross-coupling reaction resulting in the formation of final product.  

Step I: An equimolar mixture of 2-iodoaniline and allyl bromide was mixed with pre-

calcined silica (Grade: TLC; HF254) in a mortar pestle and the solid mixture was transferred 

into a round bottle flask. Gentle agitation was then provided by a magnetic spin bar at room 

temperature for 2h. After completion, the reaction mixture was washed repeatedly with 

diethyl ether and combined ethereal layer was dried over anhydrous Na2SO4 and 

concentrated. The crude product was then purified by column chromatography over silica gel 

and isolating the desired product N-allyl-2-iodobenzenamine (216 mg, 82%). 

Step II: A mixture of N-allyl-2-iodobenzenamine (1 mmol, 164 mg), triethyl amine (1.1 

mmol) and 100 mg of Pd/Cu‒ARF in DMF was taken in a sealed tube and heated at 80 
o
C for 

3 h. After completion of reaction the mixture was cool at room temperature and diluted with 

water (5 mL). The mixture was extracted with diethyl ether, dried over Na2SO4 and 

concentrated under vacuumed. The crude product was then purified by silica gel column 

chromatography with light 5% ethyl acetate-light petroleum. Finally, the product was 

characterized by 
1
H and 

13
C NMR.  
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V.5.7. Physical properties and spectral data of compounds 

Table V.2; Entry 1 

4-Methoxybiphenyl 
25

  

The product was obtained as a white solid, mp 91‒92 
o
C (Lit. mp 90‒91 

o
C). 

 

H3CO

 
 

1
H NMR (CDCl3, 300 MHz): δ/ppm 3.84 (s, 3H,), 6.97 (dd, J = 2.1 and 6.9 Hz, 2H), 7.29-

7.32 (m, 1H), 7.38-7.43 (m, 2H), 7.51-7.56 (m, 4H). 

 
13

C NMR (CDCl3, 75 MHz): δ/ppm 55.3, 114.2, 126.6, 126.7, 128.1, 128.7, 133.8, 140.8, 

159.2. 

 

Table V.2; Entry 2 

3-Methoxy-3'-methylbiphenyl
25

 

The product was obtained as a colourless liquid. 

 

H3C
O

CH3

 
 

1
H NMR (CDCl3, 300 MHz): δ/ppm 2.41 (s, 3H), 3.84 (s, 3H), 6.87-6.89 (m, 1H), 7.11-8.18 

(m, 3H), 7.28-7.39 (m, 4H). 
13

C NMR (CDCl3, 75 MHz): δ/ppm 21.5, 55.2, 112.6, 112.8, 119.6, 124.3, 127.9, 128.1, 

128.6, 129.6, 138.3, 141.0, 142.8, 159.8. 

 

Table V.2: entry 3; 2-Methoxybiphenyl.
25 

The product was obtained as a colourless liquid. 

 

OCH3

 
 

1
H NMR (CDCl3, 300 MHz): δ/ppm 3.81 (s, 3H), 6.97-7.06 (m, 2H), 7.29-7.43 (m, 5H), 

7.51-7.54 (m, 2H). 
13

C NMR (CDCl3, 75 MHz): δ/ppm 55.5, 111.2, 120.8, 126.9, 127.9, 128.6, 129.5, 130.7, 

130.9, 138.5, 156.4. 
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Table V.2; Entry 4 

4-Methoxy-2'-trifluoromethylbiphenyl 
26 

The product was obtained as a colourless liquid. 

 

CF3

 
 

1
H NMR (CDCl3, 300 MHz): δ/ppm 3.81 (s, 3H), 6.90-6.94 (m, 2H), 7.22-7.31 (m, 3H), 

7.37-7.42 (m, 1H), 7.48-7.53 (m, 1H), 7.71 (d, J = 7.8 Hz, 1H). 

 
13

C NMR (CDCl3, 75 MHz): δ/ppm 55.1, 113.2, 122.4, 126.0 (q, J = 5.4 Hz), 127.0, 128.5 

(q, J = 29.4 Hz), 130.1 (d, J = 1.3 Hz), 131.2, 132.2, 132.3, 141.2 (d, J = 1.9 Hz), 159.1. 

 

Table V.2: entry 5; 4-Methoxy-4'-methylbiphenyl.
25

 

The product was obtained as a white solid, mp 111‒112 
o
C (Lit. mp 112‒113 

o
C). 

 

H3C

OCH3

 
 

1
H NMR (CDCl3, 300 MHz): δ/ppm 2.38 (s, 3H), 3.84 (s, 3H), 6.96 (d, J = 8.7 Hz, 2H), 7.22 

(d, J = 8.4 Hz, 2H), 7.45 (d, J = 8.1 Hz, 2H), 7.51 (d, J = 8.7 Hz, 2H). 

 
13

C NMR (CDCl3, 75 MHz): δ/ppm 21.0, 55.3, 114.1, 126.5, 127.9, 129.4, 133.7, 136.3, 

137.9, 158.9. 

 

Table V.2; Entry 6 

 3-Phenylquinoline
27

 

The product was obtained as a colourless liquid. 

 

N

 
 

1
H NMR (CDCl3, 300 MHz): δ/ppm 7.38-7.56 (m, 4H), 7.65-7.72 (m, 3H), 7.83 (dd, J = 1.2 

and 7.8 Hz, 1H), 8.14 (d, J = 8.4 Hz, 1H), 8.25 (d, J = 2.4 Hz, 1H), 9.17 (d, J = 2.4 Hz, 1H). 

 
13

C NMR (CDCl3, 75 MHz): δ/ppm 126.9, 127.3, 127.9, 128.0, 129.0, 129.3, 133.1, 133.7, 

137.7, 147.1, 149.7. 
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Table V.2; entry 8 

o-Terphenyl
25

 

The product was obtained as a solid, mp 54‒55 
o
C (Lit. mp 54‒55 

o
C). 

 

 
 

1
H NMR (CDCl3, 300 MHz): δ/ppm 7.13-7.26 (m, 10H), 7.40-7.44 (m, 4H). 

13
C NMR (CDCl3, 75 MHz):δ/ppm 126.4, 127.4, 127.8, 129.9, 130.6, 140.6, 141.5. 

 

Table V.2; Entry 9 

m-Terphenyl
25

 

The product was obtained as a white solid, m.p. 84‒85 
o
C (Lit. mp 83‒85 

o
C). 

 

 
 

1
H NMR (CDCl3, 300 MHz): δ/ppm 7.33-7.38 (m, 2H), 7.43-7.59 (m, 7H), 7.63-7.66 (m, 

4H), 7.79-7.80 (m, 1H). 

 
13

C NMR (CDCl3, 75 MHz): δ/ppm 126.1, 126.2, 127.3, 127.4, 128.8, 129.2, 141.2, 141.8. 

 

Table V.2; Entry 10 

p-Terphenyl 
20a

 

The product was obtained as a white solid, mp 211‒212 
o
C (Lit. mp 212‒214 

o
C). 

 

 
 

1
H NMR (CDCl3, 300 MHz): δ/ppm 7.35-7.38 (m, 2H), 7.43-7.48 (m, 4H), 7.63-7.67 (m, 

8H). 

 
13

C NMR (CDCl3, 75 MHz): δ/ppm 127.0, 127.3, 127.5, 128.8, 140.1, 140.7.

 

Table V.4; Entry 1 

(E)-Butyl 3-(4-methoxyphenyl)acrylate
28

 

The product was obtained as a colourless liquid. 

 



 

158 

 

H3CO

COOn-Bu

 
 

1
H NMR (CDCl3, 300 MHz): /ppm 0.96 (t, J = 7.5 Hz, 3H), 1.42-1.71 (m, 4H,), 3.83 (s, 

3H), 4.20 (t, J = 6.6 Hz, 2H), 6.31 (d, J = 15.9 Hz, 1H), 6.90 (dd, J = 2.1 and 6.9 Hz, 2H), 

7.48 (dd, J = 2.1 and 6.9 Hz, 2H), 7.64 (d, J = 15.9 Hz, 1H). 

 
13

C NMR (CDCl3, 75 MHz): /ppm 13.7, 19.2, 30.7, 55.3, 64.2, 114.2, 115.7, 127.1, 129.6, 

144.2, 161.2, 167.4. 

 

Table V.4; Entry 2 

(E)-Ethyl 3-p-tolylacrylate
29

 

The product was obtained as a colourless liquid. 

 

H3C

COOEt

 
 

1
H NMR (CDCl3, 300 MHz): /ppm 1.32 (t, J = 7.2 Hz, 3H), 2.35 (s, 3H), 4.25 (q, J = 7.2 

Hz, 2H), 6.38 (d, J = 15.9 Hz, 1H), 7.17 (d, J = 7.8 Hz, 2H), 7.41 (d, J = 6.6 Hz, 2H), 7.66 (d, 

J = 15.9 Hz, 1H). 

 
13

C NMR (CDCl3,75 MHz): /ppm 14.2, 21.3, 60.3, 117.0, 127.9, 129.5, 131.6, 140.5, 

144.5, 167.1. 

 

Table V.4; Entry 3 

(E)-Ethyl 3-(3-bromophenyl)acrylate
20a

 

The product was obtained as a colourless liquid. 

 

COOEt

Br
 

 
1
H NMR (CDCl3, 300 MHz): /ppm 1.33 (t, J = 7.2 Hz, 3H), 4.26 (q, J = 7.2 Hz, 2H), 6.42 

(d, J = 15.9 Hz, 1H), 7.21-7.26 (m, 1H), 7.41-7.50 (m, 2H), 7.58 (d, J = 15.9 Hz, 1H), 7.64-

7.66 (m, 2H). 

 
13

C NMR (CDCl3, 75 MHz): /ppm 14.2, 60.6, 119.6, 122.9, 126.5, 130.2, 130.6, 132.8, 

136.4, 142.7, 166.4. 

 

Table V.4; Entry 4 
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(E)-Ethyl 3-(2-aminophenyl)acrylate 
20a

 

The product was obtained as a yellow solid, mp 75‒76 
o
C (Lit. mp 76‒78 

o
C). 

 

COOEt

NH2

 
 

1
H NMR (CDCl3, 300 MHz): /ppm 1.33 (t, J = 7.2 Hz, 3H), 3.89 (br s, 2H), 4.25 (q, J = 7.2 

Hz, 2H), 6.35 (d, J = 15.9 Hz, 1H), 6.68-6.78 (m, 2H), 7.13-7.19 (m, 1H), 7,37 (dd, J = 1.5 

and 7.5 Hz, 1H), 7.83 (d, J = 15.9 Hz, 1H). 

 
13

C NMR (CDCl3, 75 MHz): /ppm 14.2, 60.4, 116.7, 118.0, 118.9, 119.8, 127.9, 131.2, 

140.0, 145.4, 167.3. 

 

Table V.4; Entry 7 

Ethyl (E)-3-{3-[(E)-2-(Ethoxycarbonyl)vinyl]phenyl}acrylate
20a

 

The product was obtained as a white solid, mp 50-51 
o
C (Lit. mp 50-52 

o
C). 

 

COOEtEtOOC

 
 

1
H NMR (CDCl3, 300 MHz): /ppm 1.34 (t, J = 7.2 Hz, 3H), 4.23 (q, J = 7.2 Hz, 2H), 6.47 

(d, J = 15.9 Hz, 1H), 7.40-7.54 (m, 4H), 7.67 (d, J = 16.2 Hz, 1H). 

 
13

C NMR (CDCl3, 75 MHz): /ppm 14.2, 60.5, 119.1, 127.5, 129.3, 135.0, 143.5, 166.6. 

 

Table V.4; Entry 8 

(E)-4-Methylstilbene
30a-c

 

The product was obtained as a white solid, 120‒121 
o
C (Lit mp 121.7‒122.3 

o
C). 

 

H3C

 
 

1
H NMR (CDCl3, 300 MHz): /ppm 2.35 (s, 3H), 7.06 (d, J = 1.5 Hz, 2H), 7.16 (d, J = 8.4 

Hz, 2H), 7.23-7.26 (m, 1H), 7.31-7.42 (m, 4H), 7.48-7.51 (m, 1H). 

 
13

C NMR (CDCl3, 75MHz): /ppm 21.2, 126.4, 126.41, 127.4, 127.7, 128.6, 129.4, 134.5, 

137.5.  

 

Table V.4; Entry 9 
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(E)-3-Methoxylstilbene
31 

The product was obtained as a white solid. 

 

OCH3

 
 

1
H NMR (CDCl3, 300 MHz): /ppm 3.86 (s, 3H), 6.82 (ddd, J = 0.9, 2.7 and 8.1 Hz, 1H), 

7.05-7.13 (m, 4H), 7.24-7.38 (m, 4H), 7.50-7.53 (m, 2H). 

 
13

C NMR (CDCl3, 75 MHz): /ppm 55.2, 111.7, 113.3, 119.2, 126.5, 127.7, 128.6, 128.7, 

129.0, 129.6, 137.2, 138.8, 159.9. 

 

Table V.4; Entry 10 

(E)-4-Bromostilbene
30c,d

 

The product was obtained as a white solid, mp 139‒140 
o
C (Lit mp 136.5‒139 

o
C). 

 

Br

 
 

1
H NMR (CDCl3, 300 MHz): 7.06 (d, J = 7.5 Hz, 2H), 7.26-7.52 (m, 9H). 

 
13

C NMR (CDCl3, 75 MHz): /ppm 121.3, 126.5, 127.4, 127.9, 128.0, 128.7, 129.4, 131.8, 

136.3, 137.0. 

 

Scheme V.11, step II: 3-Methyl-1H-indole
32

 

The product was obtained as an off white solid, mp 92‒93 
o
C (Lit. mp 91‒92 

o
C). 

 

N
H

Me

 
 

1
H NMR (CDCl3, 300 MHz): 2.34 (d, J = 0.9 Hz, 3H), 6.96 (d, J = 0.9 Hz, 1H), 7.09-7.21 

(m, 2H), 7.32-7.36 (m, 1H), 7.86 (br s, 1H). 

 
13

C NMR (CDCl3, 75 MHz): /ppm 9.6, 110.9, 111.7, 118.8, 119.1, 121.5, 121.8, 128.3, 

136.3. 
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1
H NMR spectra of 3-Methyl-1H-indole in CDCl3 

 
 

13
C NMR spectra of 3-Methyl-1H-indole in CDCl3 
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V.6. References 

References are given in BIBLIOGRAPHY under CHAPTER V (pp. 186−190)
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Abstract
The development of a silica-promoted highly selective synthesis of 1,2 or 1,3-dithioethers via solvent-free one-pot tandem reac-

tions of an allyl bromide with excess thiol at room temperature is described. The choice of silica gel, either pre-calcined or moist-

ened with water, exhibited notable regioselectivity in the formation of dithioethers. Plausible mechanistic routes were explored and

postulated.
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Introduction
Organosulfur compounds are important building blocks for the

synthesis of various biologically active molecules [1-3]. Versa-

tile applications of organosulfur compounds are known in fields

such as the pharmaceutical, the polymer, the pesticide and the

food-processing industry [4-8]. For example, organosulfur com-

pounds in garlic are often used in food-processing industries as

flavouring and preservative agents and are also used as herbal

medicine [4]. Dithioethers are commonly employed as ligands

in preparing metal-coordination complexes and also as spacers

in metal-organic frameworks [9-14]. For example, vicinal

dithioether-based zirconium and titanium complexes have been

used for alkene polymerization and hydroamination [15-18].

Chiral dithioethers have been prepared and their iridium

complexes have been employed in asymmetric hydrogenation

[18]. Vicinal dithioethers are generally synthesised either by the

metal-catalyzed addition of disulfides to alkenes [19,20] or by

the traditional nucleophilic substitution of 1,2-dihalides with

suitable thiols/thiolates [21,22]. They are also prepared by

consecutive hydrothiolation of alkynes, both under nucleophilic

and radical-induced conditions [22,23]. On the other hand, 1,3-

dithioethers can be prepared by the nucleophilic substitution of

compounds bearing suitable leaving groups at 1,3-positions of

alkyl chains [21]. Because of their versatile applications, a great

number of procedures have been developed to synthesize

bis(thioethers) with varying degrees of success and a variety of

limitations [19-31].

Over the last decade, organic synthesis has taken a major turn

towards developing reaction conditions that are environmen-

tally friendly and sustainable [32-36]. Mesoporous inorganic

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 1: Sequential substitution-addition reactions of thiols with allyl halides leading to the formation of 1,2 or 1,3-dithioethers.

oxides, which often facilitate various organic reactions, are

considered suitable to promote eco-friendly chemical processes

[36]. Organic reactions with a high selectivity under eco-

friendly and sustainable conditions are attractive features in

terms of the concepts of Green chemistry. Previously, we have

developed silica-promoted facile and highly selective methods

for N and S-alkylations/acylation from amines or thiols,

respectively [37,38]. An equimolar mixture of a benzenethiol

and allyl bromide on treatment with silica afforded

allyl(phenyl)sulfane in excellent yield. Since alkenes are also

known to undergo ‘click’ addition with thiols [39,40], excess

use of thiols could effectively produce dithioethers, and based

on a regioselective addition one could achieve either vicinal or

1,3-dithioethers in one-pot consecutive substitution–hydrothio-

lation processes (Scheme 1). Although both reactions are well-

known, a search in the literature surprisingly revealed no

general one-pot protocols for the preparation of dithioethers

from allylic substrates. Recently, Banerjee and co-workers

reported on the simple synthesis of thioethers by silica NPs,

where a single example of a reaction of an allyl bromide and

excess benzenethiol was studied [41,42]. The reaction was

carried out in the presence of silica NPs and water, and they

isolated 1,3-dithioether by an anti-Markovnikov addition.

However, there is no report on the metal-free hydrothiolation of

allylic substrates in a Markovnikov fashion to afford 1,2-

dithioethers in one-pot reactions. In this paper, we wish to

report our investigations on the reaction of allyl halides with

excess thiols promoted by silica gel, which finally constitutes

distinct protocols for one-pot, solvent-free substitution and

regioselective additions to produce either 1,2 or 1,3-

dithioethers.

Results and Discussion
Following our previous experience [37,38], we first attempted

the magnetic stirring of a mixture of allyl bromide and

benzenethiol in a 1:2.5 ratio by using pre-calcined silica gel at

room temperature that indeed led to the formation of 1,2-

dithioether in 91% yield. On the other hand, if silica gel moist-

ened with a few drops of water was used for the same reaction,

the regioselective anti-Markovnikov addition product, i.e., 1,3-

dithioether, (1-(3-(phenylthio)propylthio)benzene) was obtained

in 83% yield. In both cases, a minimal amount of diphenyldisul-

fide (5–10%) was formed [43,44], which was easily separable

from the reaction mixture by column chromatography. Since the

choice of silica led to the production of highly regioselective

products, we wanted to optimize both conditions to establish

them as general protocols. Table 1 shows the optimization of

the reactions of different allylic substrates with benzenethiol.

Silica gel (directly from the container, commercially available)

was used either pre-activated by heating at 100 °C under

vacuum for 1 h and then cooled under vacuum for use under

conditions A or moist with water (0.1 mL water for 0.5 g of

silica) for use under conditions B. It was observed that allyl bro-

mide or allyl iodide underwent sequential substitution–addition

reactions entirely regioselectively with comparable yields

(Table 1, entries 1–5), whereas allyl chloride showed varying

results under conditions A or B, and allyl acetate did not

undergo any desired reaction, but merely produced the disul-

fide from oxidative dimerization of the thiol (Table 1, entries

6–8). Allyl tosylate, however, produced the desired thioethers in

a regioselective manner, but with relatively low yields (Table 1,

entries 9 and 10). Interestingly, allylphenylsulfane or allyl phe-

nyl ether entirely followed an anti-Markovnikov addition, under

both conditions, A and B (Table 1, entries 11–14).

With the two distinct conditions, we examined the scope of

these one-pot tandem reactions of allyl bromide with a variety

of thiols under both conditions. The results are presented in

Table 2. Arylthiols bearing different functional groups like

CH3, OCH3, Cl or F were reacted with allyl bromide in the

presence of pre-calcined and dry silica affording good to excel-

lent yields of the corresponding 1,2-dithioethers (Table 2,

entries 1, 3, 5, 7, 9, 11 and 17). 2-Naphthylthiol also underwent

a similar regioselective Markovnikov addition, resulting in the

corresponding 1,2-dithioether in 82% yield (Table 2, entry 18).

Extending the protocol to aliphatic thiols, such as n-pentylthiol

and cyclohexylthiol also afforded regioselective dithioether in

good yields (Table 2, entries 13 and 15). In all the cases, we

observed 100% Markovnikov addition products and no anti-

Markovnikov products were detected. We now turned our atten-

tion to the other conditions B – the use of moist silica gel.

Again, a variety of aromatic thiols, including those that were

used for the conditions A, were employed to react with allyl

bromide in the presence of silica moist with a few drops of



Beilstein J. Org. Chem. 2014, 10, 26–33.

28

Table 1: Optimization of one-pot sequential substitution–hydrothiolation of allylic substrate with excess benzenethiol over silica at room temperature.

Entry CH2=CH-CH2-X Conditionsa Time (h) Productb/Yieldc (%)

1 X = Br A 6 1,2-dithioether/77
2 X = Br A 11 1,2-dithioether/91
3 X = Br B 20 1,3-dithioether/83
4 X = I A 12 1,2-dithioether/89
5 X = I B 20 1,3-dithioether/85
6 X = Cl A 15 1,2-dithioether/57
7 X = Cl B 30 diphenyldisulfide/83
8 X = OAc A 24 diphenyldisulfide/90
9 X = OTs A 8 1,2-dithioether/75
10 X = OTs B 22 1,3-dithioether/68
11d X = SPh A 5 1,3-dithioether/83
12d X = SPh B 12 1,3-dithioether/80
13d X = OPh A 6 3-phenoxythioether/89
14d X = OPh B 14 3-phenoxythioether/82
15 X = Br Neat mixture 20 no dithioether is formed

aConditions A: allylic compound and PhSH (1:2.5 mmol) over pre-calcined dry silica gel (0.5 g); conditions B: allylic compound and PhSH
(1:2.5 mmol) over moistened silica gel (0.5 g). bIn each case 5–10% diphenyldisulfide was formed except in entries 6–8. cYield refers to isolated pure
product and no other constitutional isomer was detected. dThiol (1.2 mmol) was used for entries 11–13.

Table 2: Regioselective one-pot synthesis of 1,2 and 1,3-dithioethers using dry (pre-calcined) or moistened silica gel at room temperature.

Entry Thiol Conditionsa Time (h) Product Yieldb (%)

1 C6H5-SH A 10 91

2 C6H5-SH B 22 81

3 4-(H3C)C6H4-SH A 6 87

4 4-(H3C)C6H4-SH B 20 78

5 4-(H3CO)C6H4-SH A 6.5 78

6 4-(H3CO)C6H4-SH B 18 76

7 4-(Cl)C6H4-SH A 6 83
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Table 2: Regioselective one-pot synthesis of 1,2 and 1,3-dithioethers using dry (pre-calcined) or moistened silica gel at room temperature.
(continued)

8 4-(Cl)C6H4-SH B 15 87

9 4-(F)C6H4-SH A 8 80

10 4-(F)C6H4-SH B 16 84

11 2,6-(CH3)2)C6H3-SH A 8 74

12 2,6-(CH3)2)C6H3-SH B 20 77

13 n-C5H11-SH A 9 67

14 n-C5H11-SH B 16 71

15 Cy-SH A 10 65

16 Cy-SH B 18 67

17 2-(H3C)C6H4-SH A 7 71

18 2-C10H7-SH A 9 82

19c C6H5-SH B 22
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Table 2: Regioselective one-pot synthesis of 1,2 and 1,3-dithioethers using dry (pre-calcined) or moistened silica gel at room temperature.
(continued)

20 C6H5-SH Ad 15 82

aConditions A: allylic compound and PhSH (1:2.5 mmol) over pre-calcined dry silica gel (0.5 g); conditions B: allylic compound and PhSH
(1:2.5 mmol) over moist silica gel (0.5 g). bYield refers to isolated pure product; in each case 5–10% diphenyldisulfide was formed and isolated. cD2O
(0.5 mL for 0.5 g silica gel) was used instead of H2O. dMixture of silica and sodium silicate (1:1 w/w; 0.5 g for 1 mmol of allyl bromide) was used after
drying under vacuum.

water, and we isolated entirely regioselective 1,3-dithioethers

(Table 2, entries 2, 4. 6, 8, 10 and 12). The same selectivity was

observed in the reaction of aliphatic thiols (acyclic or alicyclic),

viz. n-pentane-1-thiol and cyclohexanethiol, with allyl bromide

to afford the corresponding 1,3-dithioethers in 71% and 67%

yield, respectively (Table 2, entries 14 and 16). In these cases,

we did not detect any Markovnikov addition products. Thus,

moistened silica gel turns out to be effective for sequential

substitution reactions, and entirely anti-Markovnikov addition,

while pre-calcined dry silica gel could efficiently give rise to

only Markovnikov addition products. The reactions over dry

silica gel appear to be faster than the procedure using moist

silica. Moreover, the 1,2-dithioethers are formed in slightly

better yields than the corresponding 1,3-analogues. We also

experienced that aromatic thiols, under both conditions A and

B, give better yields than aliphatic thiols.

We assume that the nature of the silica surface and its possible

interactions with thiols is responsible for the notable regioselec-

tivity in the hydrothiolation of allylsulfane. It is known that

amorphous or mesoporous silica consists of silanol groups and

siloxane bridges that determine its surface properties, and the

concentration of these OH groups depends mostly on the actual

process of calcinations [45-47]. Based on Zhuravlev’s physico-

chemical model of silica surface [45], it may be presumed that

the moistened silica surface is covered with a single layer or

multilayer of adsorbed water, which might disappear during the

calcination process. Since allylphenylsulfane on hydrothiola-

tion affords the anti-Markovnikov product under both condi-

tions A and B (Table 1, entries 11 and 12), we presume that

there might be an influence of the generated acid in the first step

under dry conditions A. In the absence of water, the generated

HBr in the first step might activate the double bond and subse-

quent assistance by the neighbouring sulfur atom coupled with

the stability of the secondary carbocation lead to the

Markovnikov addition resulting in the exclusive formation of

1,2-dithioether (Scheme 2, conditions A). On the other hand,

the moist silica consisting of a single layer or multilayered

adsorbed water promotes thiols to bind with allylsulfane, and

the subsequent addition takes place in an anti-Markovnikov ap-

proach (Scheme 2, conditions B).

In order to find evidence for the role of silica adsorbed water,

we conducted the following experiments: (i) the reaction was

carried out under conditions A in the presence of an exogenous

base (sodium silicate; see Experimental), which leads to the for-

mation of anti-Markovnikov product only (1,3-dithioether)

(Table 2, entry 20); (ii) reactions under conditions B with

varying quantities of H2O (0.5 mL and 1.0 mL) did not exhibit

any significant changes producing only 1,3-dithioethers in

quantities; (iii) dry HCl gas was passed through pre-calcined

silica and was used for the hydrothiolation of allylphenylsul-

fane, exclusively yielding an Markovnikov addition product

(1,2-dithioether); (iv) an experiment was carried out with silica

moistened with D2O (Table 2, entry 19), which afforded a mix-

ture of 1,3-bis(phenylthio)propane and [2-D]1,3-dithioether as

seen from the 1H NMR spectrum of the mixture and calculated

to be in the ratio of 1:3.9. In the 13C NMR spectrum, the deuter-

ated carbon appeared as a triplet at δ 27.96, J = 20 Hz (see

Supporting Information File 1). This observation supports that

conditions B might occur through an initial thiol proton

exchange with D2O (PhS–H → PhS–D).

Conclusion
We have demonstrated that the choice of silica gel, either dry or

moistened, could lead to highly selective pathways for the

preparation of different dithioethers. The sequential reactions in

one-pot protocols are robust, neutral, metal-free and notably

selective with a broad range of substrates. The diverse reactiv-

ity of silica gel in the formation of vicinal or 1,3-dithioethers

might not only spur the adaptation of existing procedures for

selective dithioether preparation but also attract novel applica-

tions. Further utilizations of this diverse reactivity are currently

being explored in our laboratory.

Experimental
All chemicals were purchased from commercial suppliers and

used without further purification. IR spectra were recorded on
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Scheme 2: Plausible mechanisms for the regioselective formation of vicinal and 1,3-dithioethers by using dry or moistened silica gel.

an FTIR spectrophotometer (8300 Shimadzu) using Nujol

mulling for liquid compounds and KBr pellets for solid com-

pounds. NMR spectra were recorded on a Varian AV-300 spec-

trometer with CDCl3 as a solvent. Chemical shifts (δ) are

reported in ppm and referenced to TMS for 1H NMR spectra

and residual solvent signals for 13C NMR spectra as internal

standards. Coupling constants (J) are reported in Hertz (Hz).

Standard abbreviations indicating multiplicity were used as

follows: s = singlet, d = doublet, t = triplet, q = quartet, qnt =

quintet, m = multiplet. Melting points were determined by

heating in an open capillary tube. High resolution mass spectra

(HRMS) were performed in a Micromass Q-TOF Spectrometer

under ESI (positive mode) by the services at the Indian Associ-

ation for the Cultivation of Science, Kolkata.

Calcination: Commercially available silica gel (Merck, India;

Grade: TLC; HF254) was heated under vacuum at 100 °C for

1 h, cooled, and then be used for the reaction or stored in a

glass-stoppered flask for at least two weeks.

Moistened silica: Commercially available silica gel (Merck,

India; Grade: TLC; HF254) was mixed with water and used for

the reactions. For column chromatography: silica (60–120 µm)

(Thomas Baker, India), and for TLC, Merck plates coated with

silica gel 60, F254 were used.

General procedure for Table 2 (route A or B)
Route A: A mixture of allyl bromide (1 mmol) and thiol

(2.5 mmol) was mixed with pre-calcined dry silica gel (Table 2,

for entries 1, 3, 5, 7, 9, 11, 13, 15, 17 and 18)

Route B: A mixture of allyl bromide (1 mmol) and thiol

(2.5 mmol) was mixed with silica gel (0.5 g), moistened with

two drops of water, (Table 2, for entries 2, 4, 6, 8, 10, 12, 14

and 16), and stirred magnetically by using a spin bar for the

respective times listed in Table 2. The reaction was monitored

by TLC. After completion the product was purified by column

chromatography over silica gel. Elution with light petroleum or

mixtures of ethyl acetate/light petroleum (see Supporting Infor-

mation File 1) furnished the desired dithioether. All products

were characterized by IR, 1H NMR, 13C NMR and HRMS data.

Procedure for the reaction using a mixture of
silica and sodium silicate under conditions A
(Table 2, entry 20)
Equal quantities of silica gel and sodium silicate (1 g each)

were mixed, dried under vacuum at 100 °C for 1 h, cooled, and

used for the reaction. The mixture (500 mg) was stirred in water

(10 mL) and its pH was measured to be 12.7. A mixture of allyl

bromide (1 mmol) and benzene thiol (2.5 mmol) was thor-

oughly mixed with the mixture of dry silica gel and sodium sili-
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cate (500 mg), and the solid reaction mixture stirred for 15 h at

room temperature. After the reaction, the product was purified

by column chromatography (82% yield) and characterized as

1-(3-(phenylthio)propylthio)benzene (1,3-dithioether).

Supporting Information
Supporting information features FTIR, 1H NMR, 13C NMR

and HRMS data for 1,2 and 1,3-dithioethers (Table 2,

entries 1–19) and 1H NMR and 13C NMR spectra for

compounds listed in Table 2, entries 1–19.

Supporting Information File 1
Characterization data for compounds listed in Table 2,

entries 1–19.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-5-S1.pdf]

Supporting Information File 2
1H NMR and 13C NMR spectra for compounds listed in

Table 2, entries 1–19.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-5-S2.pdf]
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An efficient method for the synthesis of open chain, cyclic, and unsymmetrical dithioacetals from aryl/
hetero-aryl/aliphatic aldehydes is described. The reaction is performed using graphene oxide (GO) as
the catalyst under solvent-free and aerobic conditions. High chemoselectivity is observed in the reaction
as aryl/alkyl ketones do not give thioketals under the condition.
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The efficiency of graphene oxide (GO) and other chemically
modified graphenes (CMGs) as the carbocatalysts has raised enor-
mous interest since the seminal papers from Bielawski and co-
workers.1 Catalytic applications of carbonaceous sustainable and
easily accessible GO in diverse organic reactions are one of the
recent cherished goals.2 GO possesses rich chemical functionality,
is slightly acidic (pH 4.5 at 0.1 mg mL�1),3 and has long been recog-
nized as having strong oxidizing properties.4 Accordingly, GO has
been mostly employed in oxidation of different functional groups.5

For example, oxidation of benzyl alcohol to benzaldehyde,5a,b oxi-
dation of thiol to disulfide,5c or amine to imine etc.5d Because of
high efficiency and metal-free catalytic activity of GO or partially
reduced GO (rGO), efforts are on to develop variety of organic
transformations catalyzed by these carbonaceous materials.2

Although GO has been utilized as an oxidation catalyst in various
organic reactions, its use as an acid catalyst has remained relatively
unexplored.5

Generally, thioacetals are formed as the result of Brønsted and
Lewis acid catalyzed condensation reaction of aldehydes and
ketones with thiols or dithiols and a vast number of methods are
available in the literature.6 Over the past decade, several heteroge-
neous acid catalysts such as p-TsOH/silicagel,7a H3PW12O40/SiO2,7b

Montmorillonite K-10 Clay,7c Amberlyst-15,7d PPA/SiO2,7e Mela-
mine trisulfonic acid (MTSA),7f silica-sulfuric acid (SSA),7g solid-
supported dithiolanylium or dithianylium tetrafluoroborate
salts,7h and also ionic liquids,7i,j have been employed for the prep-
aration of thioacetals. However, moisture sensitivity and reactivity
of thioacetals toward acidic sources for reversible reactions pose a
great limitation for their preparation in high yield and most of the
methods are often unsuitable for use in large-scale applications.
Moreover, while in most cases the catalyst is not recoverable, het-
erogeneous acid catalysts often do not find wide applicability to
various substrates. We were interested to explore the feasibility
and catalytic efficiency of GO in thioacetalization of aldehydes
and ketones. GO has been used in the dimethylacetal formation
from aldehydes using methanol.8 But, use of thiols in place of
methanol poses the possibility of intermolecular disulfide forma-
tion.5c We recently showed that GO can be used as a catalyst under
controlled conditions so as to avoid the oxidation of secondary
benzyl alcohols as well as minimize that of thiols.9

We herein report an efficient and practical method for the prep-
aration of dithioacetal from aryl/alkyl aldehydes with the aid of
catalytic amount of graphene oxide (GO). The reaction is highly
selective to aldehyde carbonyl groups, can be carried out under
solvent-free and mild conditions, and applicable to variety of aryl
and alkyl aldehydes including hetero-aryl aldehydes as well as
with diverse aromatic/aliphatic thiols. As a further extension of
this reaction, unsymmetrical dithioacetals have been prepared in
excellent yields by using two different aliphatic thiols (Scheme 1).

Although GO is commonly used as an oxidation catalyst,4 and
thiols can produce disulfides via oxidative coupling in the presence
of GO,5c we demonstrate here that the catalytic role of GO can be
diverse and tuned by changing its loading and reaction conditions.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tetlet.2014.10.043&domain=pdf
http://dx.doi.org/10.1016/j.tetlet.2014.10.043
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To begin our study, we prepared GO from graphite powder
according to the modified Hummers method,10 followed by exfoli-
ation under sonication and isolation after centrifugation. The FT-IR
spectrum of the resulting GO was compared with that of the
reported absorption bands,8,11 and found fairly similar absorption
bands for the functional groups (See ESI S3.1). Optimization of
the GO-catalyzed thioacetalization was examined with p-anisalde-
hyde and n-pentanethiol (1:2.2 ratios) as the model case and the
results are shown in Table 1.

Initially, a mixture of the aldehyde and mercaptan (in 1:2.2
ratios) was gently stirred in neat at room temperature in the pres-
ence of GO (10 mg mmol�1 of the aldehyde) under aerobic condi-
tion. Monitoring the reaction by tlc at intervals showed the
presence of the starting aldehyde along with the desired dithioace-
tal even after 24 h. The reaction was stopped and after the separa-
tion of the catalyst, the residue was subjected to column
chromatography to isolate the desired dithioacetal in 51% yield
(entry 1). Increasing the quantity of GO (50 mg mmol�1 of the alde-
hyde) revealed that nearly complete conversion of the aldehyde to
dithioacetal could be achieved at room temperature within 3 h
under aerobic condition (entry 3). Significantly, there was no
detectable amount of disulfide formed in the reaction from the oxi-
dative dimerization of pentanethiol even under the aerobic condi-
tion. A control experiment was performed in the absence of the GO
under similar reaction condition, which did not produce any
dithioacetal even after 24 h (entry 4). In order to see any faster con-
version, the reaction was also carried out at 60 �C. This however
resulted in partial conversion of the mercaptan into the corre-
sponding disulfide along with the desired dithioacetal in a rela-
tively lower yield (entry 5). Moreover, the same reaction at 60 �C
and under a blanket of N2 did not stop the formation of disulfide
(entry 6). Conducting the experiments in a solvent (THF, toluene
Table 1
Optimization of dithioacetal formation from p-anisaldehyde and n-pentane thiola

Entry GO (in mg mmol�1) Reaction medium

1 10 Neat
2 25 Neat
3 50 Neat
4 Nil Neat
5 50 Neat
6c 50 Neat
7 50 THF
8 50 PhMe
9 50 H2O
10e 50 Neat

a p-Anisaldehyde (1 mmol), n-pentanethiol (2.2 mmol).
b Isolated yield.
c Reaction carried out under N2.
d Detected only on tlc, not isolated.
e p-Anisaldehyde (5 mmol), pentanethiol (11 mmol).
or water) showed rather a negative effect affording the desired
dithioacetal in relatively lower yields (entries 7–9). To scale up
the reaction, one set of reaction was performed (in 5 mmol) using
the same quantity of catalyst (GO = 50 mg). Excellent yield of the
dithioacetal was realized in this case as well signifying that the
minimum quantity of the catalyst can promote the reaction in a
longer time (entry 10).

With this mild and solvent-free optimized condition at our hand
(as in entry 3), we became interested to explore the general appli-
cability of the reaction. Accordingly, a variety of aryl aldehydes
were subjected to the reaction in the presence of thiols. The results
are presented in Table 2. It can be seen that aryl aldehydes bearing
different functional groups react easily with aliphatic thiols in the
presence of catalytic amount of GO under solvent-free aerobic con-
dition. The reactions were completed in 3–8 h and the products
were realized in excellent yields (Table 2, entries 1–5). Higher tem-
perature was required for a-naphthaldehyde and p-chlorobenzal-
dehyde, which caused partial formation of disulfide (�5–8%)
(entries 6 and 7). However, the reaction with p-nitrobenzaldehyde
needed much longer time and higher temperature, and gave the
dithioacetal in a relatively lower yield along with disulfide (Table 2,
entry 8). Trying the reaction with aromatic thiols afforded the
desired dithioacetal in 80–85% yields but achieved only at higher
temperature (60 �C) and was associated with the formation of dia-
ryl disulfides in 8–12% isolated yields (entries 9–11). The disulfides
however could be separated easily from dithioacetal by column
chromatography over silica gel. In the case of using 1,2- and 1,3-
dithiol, corresponding cyclic thioacetals were obtained in excellent
yields (95–98%) and the reaction was also successful with aliphatic
cyclohexyl aldehyde (entries 12–15). However, there was no such
formation of dithioketals from a ketone under the GO-catalyzed
reaction condition (entry 16). So, excellent chemoselectivity is
observed between the aldehyde and keto- carbonyl groups.

Heteroaryl compounds often exhibit promising pharmacologi-
cal activities and open chain dithioacetals of heteroaryl aldehydes
such as thiophene-based dithioacetals are important scaffolds for
design and discovery of new medicines.12 Since the reaction condi-
tions are mild and solvent-free, we were interested to extend the
GO-catalyzed dithioacetalization to thiophene aldehydes and also
of other heteroaryl aldehydes. Indeed, 5-bromothiophene-2-carb-
aldehyde and furfural result in the formation of corresponding
dithioacetals with variety of aliphatic and benzenethiol without
any difficulty (Table 3, entries 1–5). Other heteroaryl aldehyde
indole-3-carbaldehyde also produces corresponding dithioacetals
with long chain aliphatic thiols without any difficulty and in excel-
lent yields (Table 3, entry 6). Cyclic dithioacetals of furfural and
indole-3-carbaldehyde were obtained in excellent yields under
Time (h)/Temp (�C) Disulfideb (%) Dithioacetalb (%)

24/rt Not observed 51
24/rt Not observed 65
3/rt Not observed 95
24/rt Not observed Not observed
3/60 10 61
3/60 8 57
20/rt Traced 35
12/rt Not observed 68
12/rt Traced 55
16/rt Traced 91



Table 2
GO-catalyzed thioacetalization of aldehydes with different thiolsa

Entry Aldehyde Thiol Time (h) Temp. Product Yieldb (%)

1

CHO

H3CO n-C5H11–SH 3 rt S-n-C5H11

S-n-C5H11

H3CO

95

2

CHO

n-C5H11–SH 5 rt S-n-C5H11

S-n-C5H11

91

3 HO

CHOH3CO

n-C7H15–SH 5 rt S-n-C7H15

S-n-C7H15

HO

H3CO
95

4

CHO

OH n-C5H11–SH 8 rt

OH

S-n-C5H11

S-n-C5H11 89

5 HO

CHOH3CO

But–SH 5 rt S-tBu

S-tBu

HO

H3CO
93

6c

CHO

n-C7H15–SH 3 60 �C

n-C7H15-S S-n-C7H15

87

7c
Cl

CHO

CySH 5 60 �C

Cl

SCy

SCy

90

8c

CHO

O2N n-C5H11–SH 14 60 �C

O2N

S-n-C5H11

S-n-C5H11 68

9c

CHO

OH C6H5–SH 10 60 �C

OH

S

S

C6H5

C6H5 80

10c

CHO

H3CO C6H5–SH 10 60 �C

H3CO

S

S

C6H5

C6H5 85

11c

CHO

HO

H3CO

(H3C-4)C6H4–SH 10 60 �C S

S
C6H4(4-CH3)

C6H4(4-CH3)

H3CO

HO

82

12d

CHO

H3CO

HS SH

5 rt

H3CO

S

S

98

13d

CHO

HO

H3CO HS SH

5 rt

HO

H3CO S

S

98

14d

CHO

OH

SH SH

5 rt

OH

S

S

98

15d H

O SH SH

5 rt S

S

95

16 CH3

O

n-C5H11–SH 24 rt/60 �C S-n-C5H11

n-C5H11-S CH3
Not observed

a Aldehyde/thiol/GO (1 mmol:2.2 mmol:50 mg) and reactions were performed at room temperature.
b Isolated yield.
c Corresponding disulfides (5–12%) were formed.
d Aldehyde/thiol/GO (1 mmol:1.1 mmol:50 mg).
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mild conditions (entries 7 and 8). In order to further broaden the
scope of the reaction, we attempted synthesis of unsymmetrical
dithioacetal using two different thiols. Gratifyingly, the reactions
of p-anisaldehyde or vanillin with two different aliphatic thiols
(n-pentyl- and n-heptyl thiols) resulted in the formation of unsym-
metrical dithioacetals as the only product in 85–88% isolated yields



Table 3
GO-catalyzed thioacetalization of heteroaryl aldehydesa

Entry Aldehyde Thiol Time (h) Product Yieldb (%)

1 SBr
CHO

But–SH 8
SBr

S-tBu

S-tBu
89

2c
SBr

CHO
C6H5–SH 10

SBr S

S C6H5

C6H5
81

3 SBr
CHO

n-C7H15–SH 8
SBr

S-n-C7H15

S-n-C7H15
89

4 O
CHO

n-C5H11–SH 3
O

S-n-C5H11

S-n-C5H11
92

5 O
CHO

CySH 3
O

S-Cy

S-Cy
88

6
N
H

CHO

n-C7H15–SH 8

N
H

n-C7H15-S
S-n-C7H15

85

7d
O

CHO
SH SH 3

O S

S
90

8d

N
H

CHO
HS SH

5
HN S

S 93

a Aldehyde/thiol/GO (1 mmol:2.2 mmol:50 mg) and reactions were performed at room temperature.
b Isolated yield.
c Isolated yield of disulfide was �5%.
d Aldehyde/thiol/GO (1 mmol:1.1 mmol:50 mg).

Table 4
Unsymmetrical thioacetals from aryl aldehydes using two different thiolsa

Entry Aldehyde Thiol (A) Thiol (B) Time (h) Product Yieldb (%)

1

CHO

H3CO n-C5H11–SH n-C7H15–SH 5

H3CO

S-n-C7H15

S-n-C5H11

88b

2

CHO

HO

H3CO

n-C5H11–SH n-C7H15–SH 5 S-n-C7H15

S-n-C5H11

HO

H3CO
85b

3c

CHO

H3CO n-C5H11–SH C6H5–SH 10

H3CO

S-n-C5H11

S-n-C5H11

13d

H3CO

S

S-n-C5H11

C6H5 39d

H3CO

S

S C6H5

C6H5 48d

a Thiol (A)/thiol (B)/GO (1.1 mmol:1.1 mmol:50 mg) for 1 mmol of aldehyde and the reaction was done at RT for entries 1 and 2.
b Isolated yield.
c Reaction performed at 60 �C.
d Product ratios are from HPLC analysis of the crude reaction mixture (See ESI S2.3).
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(Table 4, entries 1 and 2). HPLC analysis of the crude product
(before column chromatographic purification) showed the unsym-
metrical thioether as the sole product. On the other hand, use of
one aliphatic and one aromatic thiol gave rise to a mixture of all
three possible products in varying proportions, as seen from the
analysis of the crude product mixture by HPLC (Table 4, entry 3).
Although the exact reason for this selectivity is not known, it might
be attributable to the difference in reactivity between the two thi-
ols. Using a mixture of aliphatic or aromatic thiols, formation of the
thioacetal from benzenethiol in highest quantity amongst the three
possible dithioacetals also supports this rationale. Since in entry 3,
all three products were obtained as a non-isolable mixture, we



Figure 1. Recyclability of GO in the thioacetalization of p-anisaldehyde and n-
pentanethiol.
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tried to analyze the mixture by HPLC and compared the peaks with
known products, leaving the third peak likely to be for the unsym-
metrical dithioacetal.

As regards the plausible mechanism for the reaction, we wanted
to probe the nature of active sites present in GO. In the recent
years, the acidic nature of GO has been attributed mostly to the
organosulfate group being originated during the oxidation of
graphite using Hummers method in the presence of sulfuric
acid,2b,8 though previous measurements of acidic pH were attribut-
able to the presence of surface attached carboxylic functions.3 The
FT-IR spectrum of GO showed the presence of carboxyl
(1719 cm�1; COOH stretching) and sulfate functional groups
(1052 cm�1; SO3–H stretching), which are comparable with those
reported in the literature (See ESI S3.1, Fig. 3).8,11 We measured
the pH of the GO in aqueous suspension (pH = 3.9; 50 mg in
50 ml 0.5 M aqueous NaCl solution), and found it in fair agreement
with previous observations.3 The pH of GO remains fairly similar
when measured after the reaction and also of a mixture of n-pen-
tane thiol and GO in water. On the other hand, thioacetal formation
is greatly retarded when the reaction is carried out in water or in
other organic solvents (Table 1, entries 7, 8 and 9). GO also gave
positive Carius test and Lassaigne’s test signifying qualitatively
the presence of S-containing functional groups. The above results
suggest that GO is an acid catalyst and we tend to believe that
the acidity of GO might be originating from a combination of both
carboxyl and organosulfate groups, which is more pronounced in
neat. Mechanistically, surface active acidic functional groups of
GO facilitate activation of the aldehyde carbonyl group, more effec-
tively in neat condition, and subsequent nucleophilic attack by the
thiol results in the eventual formation of thioacetal.

The reusability of the GO as heterogeneous acid catalyst was
examined with the combination of reactants: p-anisaldehyde and
n-pentanethiol in 1:2.2 ratios at room temperature. The GO was
recovered from the first batch of reaction by centrifugation and
washed with diethyl ether, dried, and reused for subsequent four
batches of reactions. In all recycling experiments carried out at
room temperature, appreciable conversions were achieved
(Fig. 1). A comparison of the FT-IR spectra of the GO before and
after use does not indicate any changes of the absorption bands,
signifying that the catalyst remains same after the reaction (See
ESI S3.1, Fig. 4)

In summary, GO was found to catalyze the formation of thioac-
etal from a neat mixture of aldehyde and thiol under mild, sol-
vent-free, and aerobic conditions. Notable features of the
methodology described herein are: operational simplicity, nil or
negligible quantity of disulfide formation, applicability to a large
variety of aryl/heteroaryl aldehydes, chemoselectivity, recyclability,
and environmental compatibility. Thus it provides a practical
approach for the preparation of open chain, cyclic, and unsymmet-
rical dithioacetals. The present method also demonstrates that con-
trolled loading of GO in combination with reaction conditions could
lead to the diversity in reaction types as well as the formation of the
products, and is likely to spur more catalytic applications.
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A straightforward one-pot preparation of library of quinoxalines from 2-nitroanilines under entirely
metal-free conditions is described. Initial reduction of nitroaniline with hydrazine hydrate is efficiently
catalyzed by graphene oxide (GO) or reduced graphene oxide (rGO), and further one-pot tandem reac-
tions with 1,2-dicarbonyl compounds or with a-hydroxy ketones afford quinoxalines in excellent yields.
The catalyst is recovered, characterized, and found to be recyclable for consecutive four runs examined
with appreciable conversions.
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Heterocyclic compounds are ubiquitous in nature.1 Among dif-
ferent N-heterocyclic compounds, quinoxaline, and its congeners
have broad spectrum of biological activities such as antiviral,
anti-inflammatory, antitumour, antibacterial, anthelmintic, kinase
inhibitory, anti-HIV, and anticancer activities.2 In addition, these
heterocycles are widely applied to other technical fields. For exam-
ple, in the preparation of dyes,3 metal complexes,4 organic semi-
conductors,5 cavitands,6 luminescent materials,7 chemically
controllable switches,8 etc. owing to vast and outstanding applica-
tions, several synthetic strategies have been developed for their
synthesis over the years.9 The most common method involves
the condensation of an aryl 1,2-diamine with 1,2-dicarbonyl com-
pound.10 Since aryl 1,2-diamines are carcinogenic and relatively
unstable than its precursor nitro compounds,11 a few methods
are also reported in the recent years via reduction of nitro
compounds to anilines and subsequent condensation reaction,
preferably in one-pot procedure, resulting in the formation of
quinoxaline (Scheme 1).11,12 The reduction of nitro to amine has
however been carried out in the presence of different metal
catalysts. For example, ruthenium-catalyzed hydrogen transfer
strategy,11 indium-acetic acid or indium(III) chloride,12a in situ
generated iron sulfide from elemental sulfur and ferric
chloride,12b gold NPs supported with cerium oxide,12c stannous
chloride in ethanol,12d etc have been employed for the reduction
of nitro group and subsequently, synthesis of quinoxaline was
achieved by the reaction with 1,2-dicarbonyl compounds or
analogues.

The primary demands of green synthesis include minimization
of steps, that is, one-pot tandem reactions as well as catalytic pro-
cesses under metal-free conditions.13 Since there is no method
developed for the one-pot and metal-free tandem synthesis of
quinoxalines from nitroaniline or dinitrobenzene, we were inter-
ested to develop an alternative metal-free greener process for the
synthesis of quinoxalines directly from 2-nitroaniline. The biomass
derived carbon materials has been considered as potential catalyst
for diverse organic reactions.14 Since the seminal report by
Bielawski in 2010, the use of graphene oxide (GO) as the ‘carbo-
catalyst’ in organic reactions has evolved enormous interests
among the synthetic organic chemists.14,15 While searching the
literature, we find that reduced graphene oxide (rGO) in combina-
tion with large excess of hydrazine hydrate can perform the reduc-
tion of nitrobenzene to aniline, which is as good as commonly used
noble metal catalyst like Pt/SiO2.16

In connection with our interest to harness the utilization of
sustainable carbonaceous materials in catalyzing diverse organic
reactions,17 we envisioned that GO or rGO could serve as an
eco-friendly alternative catalyst for the synthesis of quinoxaline
through the metal-free tandem reduction-condensation in
one-pot protocol. Although the reported procedure using rGO for
the reduction of nitroaniline is quite useful, further one-pot

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tetlet.2015.10.065&domain=pdf
http://dx.doi.org/10.1016/j.tetlet.2015.10.065
mailto:basu_nbu@hotmail.com
http://dx.doi.org/10.1016/j.tetlet.2015.10.065
http://www.sciencedirect.com/science/journal/00404039
http://www.elsevier.com/locate/tetlet
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.H2O
100 oC, 3h

(Our method)

(Reported methods) (Reported methods)
NH2

NH2
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N

N

R1

R2

R3

R2/ R3 = H, alkyl,
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(Our method)
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R1 = H, alkyl,
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X = NO2,
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1,2-dicarbonyl,
α-hydroxy ketone

Scheme 1. One-pot reduction of nitro compounds and subsequent condensation resulting quinoxalines.

B. Roy et al. / Tetrahedron Letters 56 (2015) 6762–6767 6763
condensation with 1,2-dicarbonyl compound might lead to multi-
farious results due to the presence of excess hydrazine in the reac-
tion mixture. In our strategy, it was therefore necessary to find out
an optimized condition that could avoid the excess use of the
reducing source hydrazine.

We report herein our findings that finally established a practical
and clean procedure for the synthesis of quinoxalines directly from
2-nitroaniline via one-pot reduction-condensation reactions under
metal-free condition. There was no other by-product detected by
analysis of the crude product, the conversion was high (HPLC)
and the isolation of the desired quinoxaline was achieved in excel-
lent yield. A large variation of functional groups attached with the
aromatic rings of either of the condensing partners was observed
with excellent conversions to quinoxalines (Scheme 1).

Our studies began with the reaction of 2-nitroaniline and benzil
in the presence of GO and hydrazine hydrate. Since benzil can also
react with hydrazine to form hydrazone,18 we set up the reaction
by adding the reacting components in a step-wise manner and
not in the multi-component reaction approach.19 Thus a neat mix-
ture of 2-nitroaniline (1 mmol), graphene oxide (5 mg), and hydra-
zine (6 mmol) was heated at 100 �C for 3 h (tlc monitoring showed
complete disappearance of the nitroaniline), and then benzil
(1 mmol) was added to the reaction mixture. After stirring for
another 3 h at 100 �C, tlc showed complete disappearance of
benzil on tlc plate. Ethyl acetate was added to the reaction mixture
and the catalyst GO was separated out by centrifugation. HPLC
analysis of the crude mixture showed the ratios of quinoxaline
Table 1
Optimization of reaction conditions for GO-catalyzed one-pot reduction and heterocycliza

Entry no. GO (mg) Temp (�C) Solvent Hydrazine hydra
(N2H4�H2O) (mm

1 5 100 No 6
2 10 100 No 4
3 15 100 No 4
4 15 100 No 3
5 15 100 No 2.5
6 15 100 No 2.2
7b 20 100 No 2.2
8 20 80 No 2.2
9 20 100 Water 2.2
10 20 100 MeOH 2.2
11 20 100 EtOAc 2.2
12c 20 100 No 2.2
13d 20 100 No 2.2
14e 20 100 No 2.2
15f No 100 No 2.2
16g 50 100 No 11

a Conversion was checked by HPLC and yield of quinoxaline (in the parenthesis) repr
b Un-reacted benzil (6%).
c Condensation with benzil was performed at room temperature.
d Condensation with benzil was performed at 60 �C and un-reacted benzil.
e rGO was used instead of GO and condensation with benzil was performed at 60 �C.
f Un-reacted benzil (26%).
g Reaction carried out with 2-nitroaniline (5 mmol).
and dihydrazone derivative of benzil (prepared separately for
comparison) in 70:30 mixtures. Separation of the crude mixture
by column chromatography over silica gel afforded the quinoxaline
(68%). The observation is presented in Table 1 (entry 1). Further
optimization of the reaction conditions by changing the quantity
of GO and/or hydrazine hydrate led us to achieve only quinoxaline
as the sole product in 92% isolated yield (entries 2–7). However, as
in entry 7, there was un-reacted benzil (6%) observed by HPLC
analysis of the crude reaction mixture. Decreasing the temperature
of the reaction furnished the hydrazone again (entry 8). Use of sol-
vents like water, methanol or ethyl acetate however resulted in
significant quantity of the hydrazone (entries 9–11). Further exam-
ination of the second step, that is, the condensation reaction
carried out at room temperature was not favorable but the same
at 60 �C afforded the quinoxaline in isolated yield (93%) (entries
12 and 13). Since hydrazine can also reduce the GO to reduced
GO (rGO), we had separately prepared rGO using hydrazine,20

and used it for the same one-pot reaction. It was observed that
the rGO is also an equally effective catalyst for the reduction of
2-nitroaniline and subsequent condensation with benzil (entry
14). The control experiment without using GO did provide only
trace amount of quinoxaline (610%) signifying the catalytic role
of the graphene oxide (entry 15). In another experiment, the reac-
tion was scaled up using 2-nitroaniline (5 mmol) and the catalyst
GO (50 mg), which afforded finally the quinoxaline in 88% isolated
yield (entry 16). Thus the optimized condition was found to be the
reaction of 2-nitroaniline (1 mmol) hydrazine hydrate (2.2 mmol),
tion of 2-nitroaniline (1 mmol) and benzil (1 mmol)

te
ol)

Time (h) (reduction
& condensation)

Conversiona (%)

Quinoxaline (% yield) Hydrazonea

(3 & 2) 70 (68) 30
(3 & 2) 78 (76) 22
(3 & 2) 80 (78) 20
(3 & 2) 87 (85) 13
(3 & 2) 90 (88) 10
(3 & 2) 91 (89) 09
(3 & 2) 94 (92) No
(3 & 2) 87 (81) 13
(4 & 2) 75 (71) 25
(4 & 2) 71 (68) 29
(4 & 2) 75 (68) 25
(3 & 12) 83 (81) 17
(3 & 3) 95 (93) No
(3 & 3) 93 (91) 07
(6 & 3) 09 65
(4 & 3) 88 No

esents the isolated product after column chromatography.



Table 2
GO-catalyzed reduction of various 2-nitroanilines and subsequent heterocyclization with 1,2-dicarbonyl compounds or with a-hydroxy ketonesa

Entry 2-Nitro aryl amine 1,2-Dicarbonyl compound/a-
hydroxy ketone

Temp (�C) (reduction &
condensation)

Time (h) (reduction &
condensation)

Product Yieldb

(%)

1

NO2

NH2 O

O

C6H5

C6H5

100 & 60 3 & 3
N

N

C6H5

C6H5

93

2

NO2

NH2 O

O

C6H4-p-Me

C6H4-p-Me

100 & 60 3 & 3
N

N

C6H4-p-Mee

C6H4-p-Me

91

3

NO2

NH2 O

O

C6H4-p-OMe

C6H4-p-OMe

100 & 60 3 & 3
N

N

C6H4-p-OMe

C6H4-p-OMe

92

4

NO2

NH2

Me

O

O

C6H5

C6H5

100 & 60 4 & 3
N

N

C6H5

C6H5Me

89

5

NO2

NH2

Me

O

O

C6H4-p-Me

C6H4-p-Me

100 & 60 4 & 3
N

N

C6H4-p-Me

C6H4-p-MeMe

91

6

NO2

NH2

Me

O

O

C6H4-p-OMe

C6H4-p-OMe

100 & 60 4 & 3
N

N

C6H4-p-OMe

C6H4-p-OMeMe

90

7

NO2

NH2

MeO

O

O

C6H5

C6H5

100 & 60 4 & 3
N

N

C6H5

C6H5MeO

90

8

NO2

NH2

MeO

O

O

C6H4-p-Me

C6H4-p-Me

100 & 60 4 & 3
N

N

C6H4-p-Me

C6H4-p-MeMeO

88

9

NO2

NH2 O

O

C6H4-p-Br

C6H4-p-Br

100 & 60 3 & 3.5
N

N

C6H4-p-Br

C6H4-p-Br

95

10

NO2

NH2

Me

O

O

C6H4-p-Br

C6H4-p-Br

100 & 60 4 & 3.5
N

N

C6H4-p-Br

C6H4-p-BrMe

92

11

NO2

NH2

MeO

O

O

C6H4-p-Br

C6H4-p-Br

100 & 60 4 & 3
N

N

C6H4-p-Br

C6H4-p-BrMeO

90

12

NO2

NH2

O

O

O

O

100 & 60 3 & 3
N

N O

O

91

13

NO2

NH2

Me

O

O

O

O

100 & 60 4 & 3

Me

N

N
O

O

90

14

NO2

NH2

MeO

O

O

O

O

100 & 60 4 & 3

MeO

N

N O

O

89

15

NO2

NH2

H

H

O

O
100 & 60 3 & 2

N

N

85

16

NO2

NH2

C6H5O

MeO
100 & 60 3 & 3

N

N C6H5

Me
84

17

NO2

NH2

MeO H

H

O

O
100 & 60 4 & 2

N

NMeO

87

18

NO2

NH2

n-Pr

Me

O

O
100 & 60 3 & 2.5

N

N n-Pr

Me
83
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Table 2 (continued)

Entry 2-Nitro aryl amine 1,2-Dicarbonyl compound/a-
hydroxy ketone

Temp (�C) (reduction &
condensation)

Time (h) (reduction &
condensation)

Product Yieldb

(%)

19

NO2

NH2

Me C6H5O

MeO
100 & 60 4 & 3

N

N

N

N

C6H5

Me

Me

C6H5

Me

Me
or 88

20

NO2

NH2

F

O

O

C6H5

C6H5

100 & 60 4 & 4
N

N

C6H5

C6H5F

87

21c
NO2

NH2

C6H5

O

O

O

C6H5

C6H5

100 & 60 5 & 4
Inseparable mixture of
different products

—

22d

NO2

NO2 O

O

C6H5

C6H5

100 & 60 4 & 3
N

N

C6H5

C6H5

48

23

NO2

NH2
C6H5

O

C6H5

OH
100 & 80 3 & 1.5

N

N

C6H5

C6H5

91

24

NO2

NH2

Me

C6H5

O

C6H5

OH
100 & 80 4 & 2

N

N C6H5

C6H5

Me

90

25

NO2

NH2

MeO

C6H5

O

C6H5

OH
100 & 80 4 & 2

N

N C6H5

C6H5

MeO

92

26

NO2

NH2

O

HO

O

O

100 & 80 3 & 2
N

N
O

O

87

27

NO2

NH2

Me

O

HO

O

O

100 & 80 4 & 2
N

NMe
O

O

88

28

NO2

NH2

MeO

O

HO

O

O

100 & 80 4 & 2
N

NMeO O

O

86

a Reaction conditions: a mixture of 2-nitro aryl amine (1 mmol), hydrazine monohydrate (2.2 mmol) and GO (20 mg) was heated in a sealed tube with magnetic stirring for
hours and then 1,2-dicarbonyl compound or a-hydroxy ketone (1 mmol) was added to the reaction mixture and stirred.

b Isolated yield after column chromatography.
c The reaction furnished a non-separable mixture of compounds.
d The reaction was carried out using 4.4 mmol of hydrazine hydrate.
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and GO (20 mg), stirring the mixture in neat at 100 �C for 3 h, then
benzil (1 mmol) was added and further stirring at 60 �C for 3 h.

With the optimized condition at our hand (as in Table 1, entry
13), we examined its practical applications with a variety of
nitroanilines and benzil derivatives. The results are presented in
Table 2. It can be seen that different nitroanilines undergo one-pot
reduction and condensation with benzils gave rise to the formation
of corresponding quinoxalines in excellent yields (Table 2, entries
1–8). Since the present reducing condition is metal-free, it was
interesting to examine whether halogen substituents could survive
the overall reaction conditions. We employed 4,40-dibromobenzil
as the condensing partner and indeed the corresponding bromo-
substituted quinoxalines were isolated in 90–95% yields (entries
9–11). Heteroaromatic benzils like a-furil also yielded correspond-
ing furyl-containing quinoxaline derivatives in isolated yield
(>90%) (entries 12–14). Further studies with glyoxal, aliphatic
1,2-diketones, and phenylpropane-1,2-dione also resulted in the
formation of quinoxaline in good to excellent yields (entries
15–19). Thus, functional groups like methyl, methoxyl, furyl, or
bromide being present with either nitroaniline or dicarbonyl
compounds as well as the ketone or aldehyde functions worked
without any difficulty yielding the final quinoxalines in excellent
yields. We then examined similar reactions using 2-nitroaniline
bearing an electron-withdrawing group such as F or –COPh (entries
20 and 21) as well as with 1,2-dinitrobenzene (entry 22). While
4-fluoro-2-nitroaniline resulted in the formation of the desired
quinoxaline in excellent yield, 4-benzoyl-2-nitroaniline gave rise
to a mixture of four spots on tlc and one of those was matched with
the authentic sample [(phenyl(2,3-diphenylquinoxalin-6-yl)
methanone)].10b However, the desired quinoxaline could not be
separated and its actual yield was not obtained. Possibly, the
benzoyl group suffers from reaction with hydrazine causing an



Table 3
Recycling of the catalyst tested with 2-nitroaniline and benzil in one-pot reactions

Entrya Recovered
catalyst (mg)

Catalyst
used (mg)

Time (h) (reduction &
condensation)

Yieldb (%)

1st run — 40 3 & 3 93
2nd run 28 20 3 & 3 91
3rd run 16 15 4 & 3 85
4th run 14 10 5 & 3 84

a First experiment was performed with 2-nitroaniline (2 mmol), hydrazine
hydrate (4.4 mmol), benzil (2 mmol) and GO (40 mg), and subsequently in 1, 0.75
and 0.5 mmol scales.

b Isolated product after column chromatography.

NH2

NH2

R

HO R'

R'O

GO or
rGO

O R'

R'O

ref. 15e

NO2

NH2

R

GO
+

N2H4 H2O

rGO
ref. 20 R

N

N R'

R'

Condensation
promoted by
electron rich

surface of rGOOverall 6e transfer
of N2H4 H2O (ref. 22a),

promoted by zigzag edge
and defects of rGO (ref. 16 )

+
N2H4 H2O

Scheme 2. Plausible mechanism.
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inseparable mixture of products. In the case of 1,2-dinitrobenzene,
similar reaction was sluggish and the desired quinoxaline was
isolated in 48% yield. Since GO is known by its intriguing
properties as an oxidizing agent, dual role of GO might be
expected if a-hydroxy ketone is used as the condensing partner
instead of 1,2-diketone. Acyloins are often considered as the
precursor of diketo equivalent compounds. The reaction with
benzoin indeed resulted in the formation of quinoxaline in
isolated yield (91%) (entry 23). Substituted nitroanilines and
other variety of acyloin such as furoin also gave rise to the
formation of quinoxaline in 86–92% yields (entries 24–28).

We also tested the reusability of the catalyst GO. The catalyst
was recovered from the reaction mixture as follows: The reaction
mixture was taken in water (2 mL), subjected to the centrifugation
(5000 rpm) and removed the supernatant liquid. The residue was
washed with ethyl acetate followed by acetone. Drying under vac-
uum furnished the free-flowing powder, which is visibly blackish
as compared to the first-time used GO. We can assume that the
recovered catalyst may be the reduced graphene oxide (rGO),
which was confirmed by comparison of the FT-IR spectroscopic
characteristic absorption peaks (see SI, S3). The average particle
size of GO was measured by DLS studies and found to be
544 ± 37 nm (0.1 mg/mL H2O), which is comparable with the
literature report (see SI, S6).21

After the first run, the recovered catalyst by weight was low,
which could possibly be attributed to the removal of several oxy-
genated functional groups. It was then used in the second run with
nearly equal catalytic efficiency in the reduction and subsequent
condensation producing the quinoxaline product in 91% isolated
yield. In the third and fourth runs, the quantity of the recovered
catalyst by weight was nearly equal (from the second run) and
indeed found to be significantly active with appreciable conver-
sions. The results are presented in the Table 3.

Mechanistically, carbon-catalyzed reduction of nitrobenzene to
aniline by hydrazine is believed to involve four-electron process
occurring through the formation of phenylhydroxylamine.22 While
hydrazine is a two-electron reducing agent, the role of carbon
materials such as graphite, GO or rGO might be to serve as an
adsorbent as well as the conductor of electrons.16,22 In order to find
out the possible involvement of GO or rGO in the second step of
condensation, we performed few reactions starting from
o-phenylenediamine. In the case of graphite-promoted quinoxaline
formation from o-phenylenediamine, it was postulated that the
attack of amine N-lone pair to the carbonyl group is facilitated
by the presence of graphite.23 At our hand, the condensation of
o-phenylenediamine with benzil in neat in the absence of GO
afforded only 30% conversion to quinoxaline after 3 h at 60 �C,
while the same reaction carried out in ethyl acetate resulted in
>90% conversion to quinoxaline. Similarly, heating the neat
reaction mixture of o-phenylenediamine, benzoin, and rGO at
80 �C gave nearly complete conversions after 2 h (analyzed by
HPLC). The above observations suggest that the catalyst GO or
rGO plays a positive role in promoting the second step of conden-
sation as well as the oxidation of benzoin to benzil. Although the
exact function of GO or rGO is not clearly understood, we tend to
believe that GO is at first reduced to rGO and its electron-rich large
surface area might act favorably as the conductor of electrons
thereby facilitating release of hydrogen source from hydrazine that
is finally responsible for the reduction of nitro group,16,24 as well as
assisting to promote the condensation between the diamine and
diketone to form quinoxaline. Plausible mechanism is presented
in Scheme 2 indicating the role of GO or rGO.

In summary, the present work demonstrates synthesis of
bio-active scaffold quinoxalines directly from 2-nitroaniline via
one-pot reduction-condensation reactions using hydrazine as the
reductant and GO/rGO as the catalysts under complete metal-
free conditions. The conditions are straightforward, mild and no
other side-products are obtained. Green process of preparation of
quinoxalines from 2-nitroaniline is developed that could override
existing metal-catalyzed reaction conditions.
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