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ABSTRACT 

 

The fields of catalysis and nanoscience have been inextricably linked to each other for quite 

some time. Several inorganic or organic materials like mesoporous silica, zeolites, charcoal, 

graphene oxides as well as organic polymers have been used either to promote surface-

mediated reactions or to immobilize metal nanoparticles for catalytic performance. Both 

mono- and bi-metallic nanoparticles (NPs) embedded with heterogeneous supports exhibit 

improved catalytic activity and find applications in several industrial processes. Development 

of more active, versatile and recyclable catalysts has remained the contemporary challenges 

in this field of chemistry and catalysis. The present thesis entitled “PREPARATION, 

CHARACTERIZATION OF BIMETALLIC NANOPARTICLES SOAKED ON POLY-

IONIC RESINS AND THEIR CATALYTIC APPLICATIONS” has made some efforts to 

demonstrate new heterogeneous surface-promoted reactions as well as to develop mono- and 

bi-metallic nanocomposites mainly based on poly-ionic resins and graphene-based 

carbonaceous materials. These two different heterogeneous supports, either free or embedded 

with metals, have been utilized in diverse C−C, C−S and S−S bond-forming reactions. The 

thesis is divided into eight chapters. 

Chapter I summarizes a brief review on heterogeneous catalysis, nanocomposites and their 

catalytic applications. 

Chapter II describes the use poly-ionic resin hydroxide (Amberlyst® A-26(OH)), as an 

efficient heterogeneous base for the preparation of organic disulfides from alkyl and acyl 

methyl thiocyanates. Further extension of this protocol has been tested using two different 

organyl thiocyanates to prepare unsymmetrical disulfides. The present protocol shows the 

advantage of using the heterogeneous base Amberlyst A-26(OH) over some existing 

homogeneous bases (NaOH, NH3, K2CO3). The recyclability was also checked. 

Chapter III delineates a simple procedure for the preparation of poly-ionic amberlite resins 

embedded with CuO NPs (referred to as CuO@ARF). The as synthesized heterogeneous 

catalyst CuO@ARF was characterized and successfully applied in C−S cross–coupling 

reaction under ligand–free and 'on–water' conditions. Low loading of the catalyst, 

recyclability without leaching and chemoselectivity between aromatic halides are notable 

features. Further application of the chemoselectivity has been demonstrated in the synthesis 

of bioactive heterocyclic scaffold phenothiazine. 
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Chapter IV deals with the bi-metallic nanocomposite material. Cationic and macroporous 

amberlite resins with formate (HCOO¯) as the counter anion (ARF) have been used to prepare 

a new class of heterogeneous Pd/Cu bimetallic composite nanoparticles (NPs) (Pd/Cu–ARF). 

The physicochemical characteristics of Pd/Cu−ARF revealed fairly uniform distributions of 

composite NPs of average size~4.9 nm. The nanocomposite material (Pd/Cu ARF) exhibited 

high catalytic activity in the Sonogashira cross‒coupling reaction between aryl iodide and 

terminal alkynes. Heterogeneity of the catalytic activity was evidenced from different tests 

(hot-filtration and catalyst-poisoning) and the recycling ability of the catalyst was examined 

for five consecutive runs without any significant loss of activity. 

Chapter V describes further use of the Pd/Cu bimetallic composite nanoparticles (Pd/Cu 

ARF) in other cross‒coupling reactions like Suzuki–Miyaura and Mizoroki–Heck reactions. 

The bi-metallic nanocomposite material was much effective as compared to monometallic 

Pd–ARF catalyst, as prepared in this laboratory previously. The catalyst was also recyclable 

for seven consecutive runs with excellent conversions. 

Chapter VI depicts successful application of graphene oxide (GO) as the metal-free 

carbocatalysts for (i) sequential dehydration–hydrothiolation reaction from a mixture of 

secondary aryl alcohols and thiols in toluene and (ii) chemoselective thioacetalization of 

aldehyde under mild, solvent-free and aerobic conditions. 

Chapter VII demonstrates the catalytic activity of Ni(0) nanoparticles supported with 

reduced graphene oxide (Ni/RGO) in Kumada‒Corriu cross‒coupling reaction. A detail study 

of the catalysis was performed by varying the haloarenes and Grignard reagents. 

Interestingly, this catalyst was found to be equally active for the oxidative addition to the sp2 

C−F bond. The recyclability of the catalyst was examined for six consecutive runs without 

significant loss of activity. Finally the recovered Ni/RGO was characterized by X-ray 

diffraction (XRD) and Raman spectroscopy and found to be unaltered. 

Chapter VIII describes the use of Ni/RGO nanocomposite in C−S cross‒coupling reaction. 

The catalyst was found to be recyclable for six consecutive runs, as examined. 
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PREFACE 

 

Ion-exchange materials are insoluble substances containing loosely held ions which are able 

to be exchanged with other ions in solutions which come in contact with them and normally 

obtained as beads of 1-2 mm diameter. The most typical ion-exchange resins are based on 

cross-linked polystyrene. Ion-exchange resins are widely used in different separation, 

purification and decontamination process. This heterogeneous material has been utilized in 

different organic transformations too. On the other hand, graphene belongs to a new class of 

carbon nanomaterials, and graphene oxide (GO) possessses a range of reactive oxygen 

functional groups that render it to be a good candidate for use in the several organic 

transformations. 

The present research work represents the multidisciplinary branches of material chemistry, 

nanocatalysis and green chemistry. This dissertation begins with a brief review on 

heterogeneous catalysis by metal nanocomposites followed by the application of poly-ionic 

resin hydroxide in disulfide bond-forming reactions. The next chapters of the thesis deal with 

poly-ionic resin-supported mono- and bi-metallic nanocatalysts preparation, characterization 

and catalytic applications in diverse cross‒coupling reactions. The last three chapters describe 

applications of graphene oxide (GO) as the ‘carbocatalyst’ in different organic 

transformations, and finally a Ni/RGO nanocomposite has been shown to be a highly efficient 

heterogeneous catalyst for the Kumada‒Corriu and C−S cross‒coupling reactions. 
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I.1. Catalysis 

Catalysis represents a new way to meet the challenges of energy and sustainability which are 

becoming the main concerns of the universal vision on societal challenges and world 

economy. Catalysis occupies an important place in chemistry; it lies at the heart of numerous 

chemical protocols, from research laboratories to the chemical industry. A variety of 

products, such as medicines, fine chemicals, polymers, fibers, fuels, paints, lubricants, and 

many other value-added products, would not be feasible in the absence of catalysts. Catalysis 

can be broadly divided into two branches, homogeneous and heterogeneous. 

I.1.1. Homogeneous Catalysis 

In a homogeneous catalysis, the catalyst is in the same phase as the reactants.1 Homogeneous 

catalysts have several advantages such as high selectivity, better yield, and easy optimization 

of catalytic systems by modification of ligand and metals. In spite of their several advantages 

and applications, many homogeneous catalytic systems have not been commercialized 

because of the difficulty encountered in extrication the catalyst from the ultimate reaction 

product. Even when it is possible to separate the catalyst from the reaction mixture, trace 

amounts of catalyst are likely to remain in the final product. 

I.1.2. Heterogeneous Catalysis 

To overcome the problems of isolation and separation in homogeneous catalysis, chemists 

and engineers have investigated a wide range of strategies and the use of heterogeneous 

catalyst systems appears to be the superlative logical solution.2 A vast majority of the 

industrial heterogeneous catalysts are high-surface area solids onto which an active 

component is dispersed or attached. Grafting can be achieved by covalent binding or by 

simple adsorption of the active catalytic molecules. The performance of heterogeneous 

catalysts is determined by exposed surface area. 

I.1.3. Nanocatalysis 

Most of heterogeneous catalytic processes take place at the active surface sites of the bulk 

catalyst. Therefore, it is apparent that the smaller the size the higher the surface area and 

activity. Since the end of the 1990s, and with the development of nanosciences, nanocatalysis 

has clearly emerged as a domain at the interface between homogeneous and heterogeneous 

catalysis, which offer unique solutions to answer the demanding conditions for catalyst 

improvement.3 

Nanoparticles refer to materials with their extensions in all three dimensions smaller than 100 
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nm. Metal nanoparticles display unique properties on optical, electronic and chemical 

behavior which is quite different from bulk metal materials due to quantum size effect, 

surface effect and others effects.4 

Transition metal nanoparticles as good catalysts for organic synthesis have attracted much 

attention over the past decade.5 Metal nanoparticles (M-NPs) considered for catalytic process 

can be generated by (i) chemical reduction of a metal salt, (ii) thermal, photochemical, or 

sonochemical decomposition of a metal(0) complex, (iii) hydrogenation of a coordinating 

olefinic moiety, and (iv) vapour phase deposition. 

Metal NPs without any solid support has rarely been applied in cross‒coupling reactions. In 

such cases NPs becomes much larger in size because of aggregation and precipitation of the 

catalysts was observed.6 The separation of the products and the recycling of the catalyst are 

not straightforward. Therefore to prevent nanocatalysts from aggregating, NPs are widely 

supported on some supporting materials and recycled by simple filtration. Transition metal 

nanoparticles can be either adsorbed on inorganic support or chemically bonded to polymeric 

support. 

I.2. Heterogeneous Supports, Metal Nanocomposites and Catalytic Applications 

The support usually has an impact on the activity of the catalytic system. Particle size, 

surface area, pore structure, and acid-base properties are important parameters of the support. 

The use of the appropriate support is therefore critical to obtain NPs of a suitable size to form 

highly active catalysts but also to stabilise the surface, so leaching is minimized. Popular 

supporting materials include mesoporous silica, alumina, zeolite, metal oxides, metal 

hydroxides, poly-ionic resins, carbon nanotube, graphene oxide and organic polymers.7 

According to IUPAC notation, porous materials can be classified into microporous materials, 

mesoporous materials and macroporous materials according to their size. Microporous 

materials have pore diameters less than 2 nm; the mesoporous materials have pore diameters 

within the range of 2 – 50 nm and the macroporous materials have pore diameter greater than 

50 nm. 

I.2.1 Ordered Mesoporous Silica 

MCM-41 and SBA-15 are two most representative example of ordered mesoporous material, 

extensively used in heterogeneous catalysis. 

MCM-41 

MCM-41, the simplest mesoporous molecular sieve, has been extensively studied.8 

Hexagonally packed mesoporous molecular sieves (designated MCM-41) are of great interest 



4 

 

to catalysis because their large and uniform pore sizes (20-100 Å) allow sterically hindered 

molecules facile diffusion to their internal active sites. Direct amidation of fatty acids with 

long-chain amines was successfully performed by using MCM-41.9 

Since palladium-grafted mesoporous MCM-41 material designated as Pd-TMS11 was 

synthesized by Ying et al. in 1998.10a This heterogeneous material exequtes excellent activity 

for Heck reaction. 

In 2005 Molnar et. al. have synthesized Pd–MCM–41 composite material by doing slight 

modification over MCM-41.10b The as synthesized catalyst was used in ligand-free Heck 

coupling reaction and also be recycled for 20 times without any activation treatment (Scheme 

I.1). 

XR1

R2

Pd-MCM-40

NMP, base

150 oC

R1

R2

X = I, Br
R1 = H, Cl, Br, OMe, Ac
R2 = Ph, COOMe  

Scheme I.1. Heck coupling using Pd-MCM-40. 

SBA-15 

SBA-15 is the most important hexagonal mesoporous material after MCM-41, which was 

first reported by Zhao et. al. at the university of California, Santa Barbara.11 

Mesoporous SBA-15 was used as the heterogeneous support since its well-defined, large pore 

opening provided easy access for large substrate molecules. Shi and co-workers reported the 

use of a thin Pd NP layer on the pore channel surface of a mesoporous silica SBA-15, 

obtained through impregnation with a solution of [Pd(OAc)2] in THF followed by ‘‘in situ’’ 

reduction. The heterogeneous material was highly efficient for Heck coupling.12 

After that in 2007 Gao and co-workers have reported a simple one-step method to synthesise 

palladium nanoparticles in highly ordered mesoporous channels of SBA-15, which has a pore 

size in the range of 5–10 nm with a large specific surface area and a highly ordered pore 

structure.13 The authors have indicated that the loading amount of palladium nanoparticles in 

SBA-15 can be adjusted using different amounts of palladium salts and can also be controlled 

easily. The resulting nanocomposites exhibit a highly catalytic activity and reused ability at 

least after five recycles without ligand for both the Suzuki and Heck coupling reactions 

(Scheme I.2). 
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R1 Br B(OH)2
EtOH/H2O (1:3)

K2CO3, 85 oC

R1

R1
t (h) yield  (%)

4-MeCO 5 99

H 10 88

4-MeO 10 85

XR2 R3

Pd/SBA-15

Pd/SBA-15

Pd (mol%)

0.2

0.2

0.2

NMP, Et3N

140 oC

R2

R3

R2 t (h) yield  (%)

1 99

CH3CO 4 95

3 99
(trans:cis = 84:16)

Pd (mol%)

0.04

0.04

0.2

R3

COOMe

X

H I

H I Ph

Br COOMe

CH3CO 8 900.2Br Ph

Heck coupling reaction

Suzuki coupling reaction

 

Scheme I.2. Suzuki cross–coupling reactions catalysed by Pd/SBA-15 nanoparticles. 

Amorphous Silica 

In 2004, silica-stabilised Pd nanoclusters (2–5 nm) were prepared by Park and co-workers 

from a mixture of [Pd(PPh3)4] in tetraethylene glycol and tetramethoxysilane through 

hydrolysis.14 The resulting material exhibited good activity in the Heck, Suzuki, Sonogashira 

and Stille reactions at 0.75 mol% catalyst loading (Scheme I.3). 

Ph B(OH)2
(1.5 mmol)

SiO2/TEG/Pd

K3PO4 

Toluene 

110 oC

5 h

R Ph

X = I, R = COOMe (100%)
X = Br, R = H (86% after 12 h)
X = Br, R = CHO (98%)
X = Cl, R = COOMe (<5%)

R Ph

X = I
R = COOMe (87%)

R

Ph

X = I
R = COOMe (80%)

R

X = I
R = COOMe (68%)

Et3N/DMF

110 oC, 20 h

CuI

NaOAc

DMF, 120 oC 

17 h

Ph

(1.5 mmol)
Ph

(1.5 mmol)

(Bu)3Sn

(1.5 mmol)

CaF 

Dioxane 

120 oC, 40 h

XR

 

Scheme I.3. Silica supported Pd catalyst in Suzuki, Sonogashira, Heck, and Stille reaction. 

In past years an improved and eco-friendly procedure has been developed to generate meso- 

porous silica (particle size 325 mesh) supported palladium nanoparticles (Pd@SiO2) from our 

laboratory.15 This sustainable heterogeneous Pd catalyst was used for phosphine-free Suzuki–
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Miyaura and Heck coupling reactions with excellent turnover number and turnover frequency 

(Scheme I.4). Pd@SiO2 was recyclable for four consecutive run in Suzuki–Miyaura cross–

coupling reaction between 4-iodotoluene and phenylboronic acid. 

I/Br

R1

B(OH)2

R2

Pd@SiO2

water:Acetone (1:1)

75-100 oC/5-28 h
R2

R1

Suzuki-Miyaura Reaction

I

R3

CO2R4

Pd@SiO2

DMF, Et3N

75 oC/5-20 h

CO2R4

R3

Heck reaction

78-92%

72-92%
 

Scheme I.4. Pd@SiO2 catalyzed Suzuki–Miyaura and Heck reaction. 

Bimetallic nanoparticles also been investigated in many fields of science. Very recently Tang 

group was synthesized Au-Pd bimetallic nanocrystals in silica nanorattles.16 Suzuki cross–

coupling reactions are chosen as model reactions to evaluate the catalytic ability of these 

nanocatalysts (Scheme I.5). Notably, the alloy Au–Pd@SiO2 with the lowest Pd content 

shows the highest catalytic activity and selectivity both for iodobenzene and bromobenzene. 

X B(OH)2
Au-Pd@SiO2

EtOH

K2CO3, 80 oC
 

Scheme I.5. Scheme illustrating the Suzuki cross–coupling reaction using Au–Pd@SiO2 as a 

catalyst. 

I.2.2. Zeolites 

Zeolites have a crystal structure which is constructed from TO4 tetrahedra, where T is either 

Si or Al. Each structure type is given a unique framework code as shown in Table I.1. 

Zeolites are well-defined porous materials can be used as supports for Pd as such or in a 

modified manner. Pd(II) on basic zeolites was reported in the Suzuki–Miyaura coupling of 

bromobenzene with phenylboronic acid in toluene.17a No leaching was observed, and the 

solid catalyst could be reused after washing with water. Only a minor decrease in the catalytic 

activity was observed. Pd(II)-NaY zeolite or Pd(0)-NaY zeolite performed very well in 

Suzuki reactions of aryl bromides without the addition of a ligand.17b,c The catalysts exhibited 

excellent activity with K2CO3 or Na2CO3 as base at room temperature allowing high yields to 

be achieved after short reaction times. However, they were less useful for aryl chlorides. 

I.2.3. Metal Oxides 

Different metal oxides have been used in nanocatalysis. 
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Table I.1.  Zeolite ring sizes and codes. 

Zeolite Number of tetrahedral in ring Framework Code 

Sodalite 4 SOD 

Zeolite-A 8 LTA 

Erionite-A 8 ERI 

ZSM-5 10 MFI 

Fauzasite 12 FAU 

Mordenite 12 and 8 MOR 

Zeolite-L 12 LTL 

 

I.2.3.1. MgO 

Highly basic nanocrystalline magnesium oxide (MgO)-stabilised palladium NPs were 

prepared by counter ion stabilisation of PdCl4
2˗ with nanocrystalline MgO followed by 

reduction.18 This catalyst was found to be very active in the Suzuki cross‒coupling of aryl 

bromides and iodides with several arylboronic acids in pure water at room temperature 

(Scheme I.6). 

Cl
R1

B(OH)2
R2

3 mol% Pd/MgO

K3PO4, TBAB

DMA, 130 oC, 2-6 h
R1 R2

R1 = H, OMe, Me, COMe, NO2

R2 = H, 2-Me, 4-OMe, 4-F, 3-NO2,  

Scheme I.6. Suzuki cross–coupling reactions catalysed by PdNPs/MgO. 

I.2.3.2. ZnO 

ZnO-supported Pd, Pd-Ag, Pd-Cu, and Pd-Ni catalysts (Pd-M/ZnO) were prepared in 

MeOH/H2O mixture (4/1, v/v-%) by γ- irradiation at room temperature.19 The catalytic 

efficiency of Pd and Pd-M/ZnO species was studied in Suzuki reaction (Scheme I.7). The 

catalytic activity was decreased in the order Pd-Ag/ZnO > Pd-Cu/ZnO > Pd-Ni/ZnO > 

Pd/ZnO. The Pd-Ag/ZnO was recycled successfully up to five consecutives but gradual 

decrease in catalytic activity was monitored. 

I.2.3.3. CeO2 

Recently, cerium oxide (CeO2) has been extensively used as heterogeneous catalysts for 

organic reactions.20 One recent publication has exhibits Pd/CeO2 system behaves as an effici- 
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I B(OH)2
Pd or Pd-M/ZnO

EtOH, 78 oC

3 h

Pd-Ag/ZnO>Pd-Cu/ZnO>Pd-Ni>ZnO>Pd/ZnO
 

Scheme I.7. ZnO supported bimetallic catalyst in Suzuki reaction. 

ent percatalyst for Suzuki–Miyaura reaction at room temperature. Author has demonstrated 

that a homo generous mechanism takes place most probably through a release/re-deposition 

process. 

I.2.3.4. TiO2
 

Zhong and their group have described a novel route to load palladium NPs on the surface of 

hydroxyl-group-rich titania precursor. Pd nanoparticles are formed by in-situ reduction of 

Pd(II) by Sn(II); the latter is linked to the surface of TiO2 precursors through inorganic 

grafting (Figure I.1).21 TiO2 precursor-Pd exhibits high catalytic activity for Suzuki cross–

coupling reaction (Scheme I.8). 

Ti

OH

TiTi

Ti

TiTi

Ti Ti

OHHO

HO

HO

OH

OH

OH

Ti

O

TiTi

Ti

TiTi

Ti Ti

OO

O

O

O

O

O

Sn2+

Sn2+

Sn2+

2+Sn

SnCl2

pretreatment

PdCl2 seeding

HCO3Na

growth

TiO2 

precursor
TiO2 

precursor

TiO2 

precursor
TiO2 

precursor

Pd seed

Pd nanoparticle

 

Figure I.1. Schematic process for loading Pd nanoparticles onto the surface of TiO2 

precursor. 

I B(OH)2 TiO2 precursor-
Pd  catalyst

 

Scheme I.8. Suzuki reaction catalyzed by TiO2 precursor-Pd catalyst. 

I.2.3.5. ZrO2 

Cioffi and co-workers have been used Nanostructured zirconium oxide (ZrO2) for supporting 

palladium NPs by an electrochemical technique.22 The Pd/ZrO2 nanocatalyst was very 
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efficient in C−C coupling reactions such as Heck, Ullmann and Suzuki cross–coupling 

(Scheme I.9). 

XR1

Pd-NPs/Zirconia (0.3%)

water, TBAOH

90 oC
X = I, Br

R = H, CH3, OCH3, CF3, NO2

Heck Reaction

R1

 

X

R2

Pd-NPs/Zirconia (0.5%)

TBAOH/glucose

water, 90 oC, 14 h

R2

R2

X = I, Br
R = H, CH3, OCH3, CF3

Ullmann-type homocoupling

X
R3

B(OH)2
R4

Pd-NPs/Zirconia (0.1%)

water, TBAOH

90 oC

R3 R4

Suzuki reaction

X = I, Br
R = H, CH3, OCH3  

Scheme I.9. Pd/ZrO2 nanocatalyst in Heck, Ullmann and Suzuki reaction. 

Bhaumik and their group have synthesized self-assembled NiO-ZrO2 nanocatalyst via 

evaporation induced self-assembly method.23 The calcined material was highly crystalline 

with a cubic crystal structure. This nanocatalyst exhibits good catalytic activity in the C−S 

cross–coupling reaction in aqueous medium under aerobic conditions (Scheme I.10). Since 

this methodology was limited for certain diaryl sulphides. 

IR SHCl
NiO-ZrO2

K2CO3, water
RT, 24-36 h

S

R Cl

R = H, OCH3, CH3 89-16 %
 

Scheme I.10. NiO-ZrO2 catalyzed C−S cross–coupling reaction. 

I.2.3.6. Al2O3 

Alumina is probably the most common inorganic oxide that is used as the solid surface to 

catalyze or mediate a large variety of organic reactions. Alumina can act as a base, as an acid, 

or as a polar medium to cause molecular reorganizations in many types of organic 

compounds. Recently different composite materials were synthesized using alumina e.g. 

Cu/alumina,24a Ni-alumina,24b Pd/alumina24c and successively applied in C−S, C−N, C−O 
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 and C‒C cross‒coupling reaction. 

I.2.3.7. KF/Al2O3 

Alumina doped with potassium fluoride (KF/alumina) has been extensively used as solid 

basic surface in vast range of organic transformation,25 since it was introduced by Ando and 

Clark.26  

Palladium-doped KF/Al2O3 was used in solvent‒free Suzuki couplings under microwave 

irradiation (Scheme I.11).27 

Pd on KF/Al2O3

MW-irradiation, neat
Ar X Ar' B(OH)2 Ar Ar'

Ar X Ar' condition yield (%)

4-Me-Ph 2 min, 100 W 82

PhBr

PhI

PhCl

4-Me-Ph

4-Me-Ph

2 min, 100 W

2 min, 100 W

52

4
 

Scheme I.11. Palladium on KF/Al2O3, a heterogeneous catalyst for solvent-free Suzuki 

coupling. 

I.2.4. Layered double hydroxide 

In recent years layered double hydroxides of Mg and Al (LDHs) has been receiving 

considerable attention due to its cation exchange capacity of the brucite layer, anion exchange 

by inter layer, adjustable surface basicity and adsorption capacity.28 In addition the ability to 

hold metal particles in the defect sites make LDHs good support in heterogeneous catalysis 

and by exploiting these properties of LDHs nanorhodium was incorporated and applies in 

Heck, Suzuki and Stille cross–coupling of haloarenes (Scheme I.12).29 

I.2.5. Magnetic-materials 

Catalyst recovery is a crucial feature of most of these processes. However, the use of 

magnetic nanoparticles as a support seems to be a promising option to overcome this 

separation problem. Because of the paramagnetic character of this support, the synthesised 

catalysts could also be recovered simply by using an external magnet without a filtration or 

centrifugation step. Recently, there has been an increasing trend towards the use of 

magnetically recoverable nanomaterials to develop more efficient and green chemical 

synthetic processes.30 

Rana and co-workers have described a new methodology to immobilize metallic Pd on 

surface-functionalized ferrite nanoparticles leading to a magnetically separable catalyst,31 wh- 

ich exhibits efficient catalytic activity in Suzuki–Miyaura coupling reactions (Scheme I.13). 
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Ar X

EWG

LDH-Rh0 (5 mol%)

KOAc, DMF, 140 oC
EWG

Ar

X = Br, I
Ar = Ph, 4-OMe-C6H4, 4-NO2-C6H4

EWG = COOEt, COOBu, COOMe, Ph

Heck reaction

Ar1 X
LDH-Rh0 (3 mol%)

NaOAc, DMF-H2O(1:1)

100 oC

X = Br, I

Ar1 = Ph, 4-OMe-C6H4,4-Me-C6H4, 4-NO2-C6H4

Ar2 = Ph, 4-OMe-C6H4,4-Me-C6H4

Ar2 B(OH)2 Ar1 Ar2

Suzuki reaction

Ar X
LDH-Rh0 (3 mol%)

NaOAc, NMP

80-100 oC

Ar PhPh Sn(Bu)3

Stille reaction

 

Scheme I.12. LDH-Rh0 in Heck, Suzuki and Stille coupling. 

The amine groups of branched polyethylenimine on the ferrite surface allow entrapping Pd 

nanoparticles and prevent metal leaching during the reaction. In addition, the environment 

provided by these groups leads to a structurally stable catalytic site, which makes them 

recyclable without any loss in activity. 

B(OH)2X

R

Pd@Fe3O4

K3PO4, MeOH

12-24 h, 45-65 oC

R

X = Cl, Br, I
R = CH3, OCH3, COCH3, NO2, H  

Scheme I.13. Magnetically separable catalyst (Pd@Fe3O4), for Suzuki–Miyaura cross–

coupling reaction. 

I.2.6. Charcoal 

Palladium on charcoal (activated carbon) (Pd/C) is the most frequently used catalyst in 

heterogeneous Pd-catalyzed cross-coupling reactions. It can be purchased from various 

laboratory suppliers, such as Acros, Aldrich, or from the manufacturers Degussa or Johnson 

Matthey in various qualities with a Pd content ranging from 1% to 20%. The materials can 

contain water up to 50%. Different procedures for the preparation of Pd/C were reported.32 

The first example of Pd/C catalyzed Suzuki reaction was reported by Marck and co-workers 

in 1994.33 After that several methodologies have been invented using Pd/C catalyst for aryl 
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bromide, chloride, iodide, or triflate. Pd/C was used with or without additional phosphine 

ligands, and often the application of aqueous solvents is advantageous.34 

Lipshutz and their group synthesized Ni/C by different techniques and applying that catalyst 

for several cross-coupling reactions like Suzuki-, Kumada and aromatic aminations in 

presence suitable ligand (Scheme I.14).35 

 Ni/C
H
NCl

H3C

NH2

LiOtBu, DPPF

dioxane, 18 h

130 oC

H3C

 Ni/CCl B(OH)2

PPh3, K3PO4

 LiBr, dioxane,

16 h, 135 oC

CN

CN

Cl MgCl
Ni/C

PPh3, THF

75 oC

H3C

H3C

Suzuki reaction

Kumada reaction

Aromatic Amination

Negishi reaction

Cl

CN

H3C ZnCl

CN

CH3

Ni/C

PPh3, THF

60 oC, 16 h

 

Scheme I.14. Ni/C catalyzed Suzuki, Kumada, Negishi and Aromatic amination reaction. 

Impregnation of activated wood charcoal with Cu(NO3)2 in water using an ultrasonic bath 

leads to nanoparticle-sized Cu/C.36 This heterogeneous material was an active catalyst for 

C−O cross coupling reaction (Scheme I.15).37 

Cu/C
1, 10 phenanthrolin

Cs2CO3, dioxane

200 oC, µW

O

R1 R2

Br

R1

OH

R2

R1 = NO2, CF3, COCH3, CHO
R2 = H, CH3, OCH3, C(CH3)3  

Scheme I.15. C−O cross–coupling using Cu/C. 

A new heterogeneous catalyst composed of copper and nickel oxide particles supported with 

charcoal has been developed. It catalyzes cross–couplings that traditionally use palladium, 

nickel, or copper, including Suzuki–Miyaura reactions, Buchwald-Hartwig aminations, 

vinylalane alkylations, etherifications of aryl halides (Scheme I.16).38
 

Cu(NO3)2 Ni(NO3)2 Charcoal

1. Mix in water
2. Ultrasound
3. Distill H2O
4. Dry / heat

Cu-Ni/C
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X B(OH)2
Cu-Ni/C

PPh3, KF,LiOH

dioxane, µW

180-200 oC, 66-75 min
X = Br, Cl
R1 = 4-CN, 4-COCH3, 4-CF3

78-92%

Cl O NH
Cu-Ni/C

DPPF, Li-t-O

dioxane, 200 oC

µw, 40-45 min

R3

86-90%R3 = 4-CN, 3-CF3, 4-Ph

Br OH
Cu-Ni/C

phenanthroline

Cs2CO3, dioxane, 

µW, 200 oC, 30-60 min
R1 = 4-SCH3, 4-COPh
R2 = 4-t-Bu

78-95%

N O

O

R5R4

R2
R1

R4 R5

R3

R1 R2

Suzuki-Miyaura Reaction

Amination Reaction

Etherification Reaction

 

Scheme I.16. Use of Cu-Ni/C bimetallic catalyst in Suzuki‒Miyaura, aromatic amination and 

etherification reaction. 

I.2.7. Carbon nanotubes 

Carbon nanotubes provide a new type of support for catalytic nanoparticles. Because of their 

small size, carbon nanotubes can be uniformly dispersed in solution, thus increasing contact 

between the reactants and the catalyst.39 

Preparation of Pd and carbon nanotubes composites (Pd/CNTP) involves reduction of sodium 

tetrachloropalladate to Pd(0) on the surface of CNTs in presence SDS and ethylene glycol.40 

Ethylene glycol acts as a solvent as well as reducing agent. SDS self-assembled onto the 

surface of carbon nanotubes by the hydrophobic interaction between alkyl chains and 

graphitic surface. During the reduction process, the interaction between SDS and Pd 

nanoparticles resulted in the attachment of Pd nanoparticles onto the surface of carbon 

nanotubes. Thus, these well-dispersed spherical Pd nanoparticles were anchored tightly onto 

the external walls of MWNTs by the interaction between Pd nanoparitcles and SDS. The 

catalytic activities of these Pd/CNTP composites for Suzuki coupling reactions were 

investigated (Scheme I.17). 

IH3COC B(OH)2
Pd/CNT

K3PO4, EtOH
reflux

H3COC

 

Scheme I.17. Pd/CNT catalyzed Suzuki reaction. 

I.2.8. Graphene oxide 

Graphene belongs to a new class of carbon nanomaterials – 2-D materials made up entirely of 
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conjugated sp2 carbons arranged in a honeycomb structure. The main reason behind the fast 

paced enlargement of graphene research is due to the unique properties of graphene. Several 

experimentally measured properties have already surpassed those observed in other types of 

materials. With enhanced electrical conductivity, high mechanical strength, high thermal 

conductivity, high impermeability to gases and optical transparency, graphene holds great 

promise as the next wonder material.41 

Graphene oxide was discovered much earlier than graphene. The most widely accepted 

structural model of GO is the Lerf–Klinowski model (Figure I.2) and is defined by two 

distinct regions in the GO structure: one of lightly functionalized, predominately sp2-

hybridized carbon (graphene-like) atoms and a second of highly oxygenated predominately 

sp3-hybridized carbon atoms. In this model, hydroxyl and epoxide functional groups are 

proposed to decorate the basal plane which are segregated into islands among the lightly 

oxidized, graphene-like regions, while carboxylic acids or carboxylates, depending on the pH 

of the solution, are present on the edges of the sheets.42 

OH

OH

OH

OH

OH

OH

OH

OH

O

O O

O

O

OO

O

O O

O

COOH

COOH

HOOC

COOH

HOOC

 

Figure I.2. Graphene oxide. 

I.2.8.1. Chemical reactivity of GO 

The catalytic efficiency of graphene oxide (GO) and other chemically modified graphenes 

(CMGs) as the carbocatalysts has raised enormous interest since the seminal papers from 

Bielawski and co-workers.43 In current years GO was included in diverse organic reactions 

(Figure I.3).44 

I.2.8.2. Metal on graphene 

Graphene oxides (GO) and other chemically modified GOs have attracted much attention as 

potential carbonaceous materials to embed various metal/metal oxide resulting new 

nanocomposite materials.45 

Immobilization of Pd2+ on graphite oxide (GO) via cation exchange and successive chemical 

reduction afforded Pd0 nanoparticles and chemically derived graphenes (CDG).46 The (GO)-
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Pd and the (CDG)-Pd catalysts were effectively applied to the Suzuki–Miyaura coupling 

reaction (Scheme I.18). These novel heterogeneous catalysts were readily available and easy 

to handle as they are stable in air. Extraordinary high activities with turnover frequencies 

(TOF) of up to 39 000 h-1 and very low leaching make them an attractive alternative to 

commercially available Pd catalysts such as Pd on charcoal. However, recovery of the noble 

metal is possible because of very low leaching. 
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Figure I.3. Graphene oxide catalyzed organic transformations. 

 

I B(OH)2
Na2CO3

H2O/EtOH, 80 oC
R1

0.25 mol% Pd-GO

R1

R2R2

R1 = OH, OCH3, COOH, COOEt
R2 = OCH3, H  

Scheme I.18. Pd-GO in Suzuki‒Miyaura cross‒coupling. 

There are several routes available in literature for the synthesis of CuO NPs supported on 

graphene oxide but not for cross–coupling reactions.47 One recent publication showed the 

preparation of copper oxide nanoparticles that are supported on graphene oxide be an active 

catalyst for ligand-free and solvent-free C–S cross-coupling reactions with weak bases such 

as triethylamine (Scheme I.19).48 This nanocomposite was true heterogeneous and recycled 

up to six consecutive runs. 

In 2013 Shaabani and their group designed a simple protocol to synthesized third generation  
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HS R2

CuO@GO

Et3N, neat

90 oC

S
R2

R1

X

R1

X = I, Br, Cl
R1 = H, p-CF3, p-Me, p-OMe, t-Bu, p-F

R2 = aryl/alkyl, aryl, heterocyclic and aliphatic halides
 

Scheme I.19. CuO@GO catalyzed C−S cross–coupling reaction. 

polypropylenimine (PPI) dendrimers were grown on the surface of functionalized graphene. 

The PPI-grafed graphene hybrid material was effectively employed as substrate for in situ 

generation of palladium cobalt alloy nanoparticles.49 The as synthesized heterogeneous 

catalyst used for Sonogashira cross-coupling reactions under environmentally benign, aerobic 

and solvent free conditions at room temperature (Scheme I.20). The new hybrid material, 

under optimal reaction conditions, was used as an efficient heterogeneous catalyst for 

couplings between a wide range of terminal alkynes and aryl halides in high yield. 

X

R )))))
X = Cl, Br, I
R = Me, OMe, NO2

K2CO3, 25 oC

PdCo ANs-PPI-g-graghene R

91-99 % yield

 

Scheme I.20. Sonogashira cross‒coupling with PdCo ANP–PPI-g-graphene hybrid material. 

Graphene (G) supported Pd-Co bimetallic nanoparticles (NPs) as a highly active catalyst was 

prepared by a chemical reduction method and used for Sonogashira and Suzuki–Miyaura 

cross–coupling reactions (Scheme I.21).50 With the characterization of X-ray diffraction, X-

ray photoelectron spectroscopy, transmission electron microscopy, and Raman spectrum, the 

composition of resulting Pd-Co material was identified to be alloy structural. The 

recyclability also checked for Suzuki–Miyaura cross–coupling. 

X
R1

Pd-Co/Graphene

PPh3, CuI Et3N 

water/THF (1:1)

80 oC, 12 h

R1

X = I, Br
R1 = H, 2-NO2, 4-NO2, 4-CH3

99-37%

Sonogashira reaction

Suzuki-Miyaura reaction

B(OH)2

Pd-Co/Graphene

Na2CO3

ethanol/water (1:1)

80 oC, 2-4 h
X = I, Br
R2 = H, 4-NO2, 4-CH3, 4-OCH3

X
R2 R2

97-76%

 

Scheme I.21. Pd-Co/G catalyzed Sonogashira and Suzuki‒Miyaura coupling reactions. 
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I.2.9. Organic polymers and related molecules 

Over the last few decades, palladium nanoparticles have been mostly supported on inorganic 

materials, such as silica, other oxide-hydroxides and carbon nanotubes.51 More recently, 

functionalised polymers have been used as supports in coupling reactions, and a variety of, 

polymers have proven to be versatile supports due to their potential to combine the easy reu 

se of heterogeneous catalysts and the high efficiency of homogeneous catalysts.52 

I.2.9.1. PVP 

A study by Sayed et al., detailing Suzuki cross-couplings using polymer supports, reported a 

series of PVP stabilised Pd nanoparticles with different Pd particle sizes, prepared using the 

stepwise growth technique reported by Teranishi et al.53 Using this method, the authors 

succeeded in preparing different PVP-Pd composites with a narrow particle size distribution 

and average particle sizes of 3.0, 3.9, 5.2 and 6.6 nm. Most of the Pd nanoparticles prepared 

by this method showed a roughly spherical morphology. The turnover frequency (TOF) for 

the Suzuki reaction between phenylboronic acid and iodobenzene in aqueous solutions was 

found to depend on the Pd particle size and to exhibit a maximum size of ca. 3.9 nm.54 

The immobilisation of Pd nanoparticles with functional ionic liquid grafted onto cross-linked 

polymer was also reported by Han and their group (Scheme I.22).55 The nanocatalysts 

immobilized on the copolymers showed high catalytic activity in the Heck reaction for 

various substrates (Scheme I.23). The catalyst was very stable and could be easily separated 

from the products and reused because of the insoluble nature of the cross-linked copolymer 

and the coordination force between the amine group and the palladium nanoparticles. 

N

N
Br

NH2.HBr

reflux
NN

NH2.HBr

Br
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DVB
N

N NH2

*
*

*
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NH2 NH2NH2 NH2 NH
2
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Scheme I.22. Immobilisation of Pd nanoparticles with functional ionic liquid grafted onto 

cross-linked polymer. 
I

R1

COOR2
Et3N, catalyst

120 oC

CO2R2

R1

R1 = H, 4-F, 4-Cl, 4-OH, 4-Me, 4-OMe
R2 = Me, Et, Bu

 

Scheme I.23. Polymer supported Pd NPs in Heck reaction. 

In recent years Kobayashi developed Copolymer-Incarcerated Nickel Nanoparticles with N-

Heterocyclic Carbene Precursors.56 These NHCs embedded in the polymer matrix were 
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characterized by FGSR-MAS NMR analysis. This heterogeneous catalyst was successfully 

applied to Corriu− Kumada−Tamao (CKT) reactions with quite wide substrate generality in 

high yields including functional group tolerance (Scheme I.24). 

R1 X R2 MgX R1 R2

X = I, Br, Cl, F
R1 = Aryl, alkyl, heteroaryl
R2 = Aryl, Alkyl

Ni(0) catalyst
(0.25-2.5 mol%)

THF, RT-100 oC

under N2

 

Scheme I.24. Nickel nanoparticles with N-heterocyclic carbene precursors as heterogeneous 

composite in CKT reaction. 

I.2.9.2. Polystyrene Resin 

The polymeric supports used by Merrifield for his early work in solid-phase peptide synthesis 

were based on 2% divinylbenzene (DVB) cross- linked polystyrenes (PS). Polytyrenes has 

been found to be one of the most accepted polymeric material used in various synthesis 

because it is inexpensive, readily available, mechanically robust, chemically inert, and 

smoothly functionalizable.57 Cross-linking imparts mechanical stability, improved diffusion 

and swelling properties to the resin. Various percentages and types of cross- linking agents 

have been incorporated into the PS resins, the most common being DVB, but other examples 

include ethylene glycol dimethylacrylate (EGDMA) and tetraethylene glycol diacrylate 

(TEGDA) to give different solvation properties.58 A schematic representation of 

polymerization of styrene with functionalized monomers is shown in Figure I.4. 

X

Ph Ph Ph

Ph PhPh

X

Styrene
monomer

Divinylbenzene
Crosslinking element

Functionlized
monomer

X = CH2N(CH3)2

Radical
Intiator

crosslink
polystyrene chain

add functional group

 

Figure I.4. Polystyrene resin formation. 

TentaGel59 and ArgoGel60 are two commercially available examples, where the incorporation 

of the PEG chains dramatically increases resin compatibility with polar solvents. 

Bradley and their group showed that soluble Pd(OAc)2 can enter swollen resins and that ami- 

no groups on the resin can be “tied and tangled” by cross-linking, allowing permanent 

capture of the palladium on the resin without the assistance of any resin-bound ligand or 

stabilizer prior to conversion to stable palladium “nanoparticles”.61 The prepared catalyst 

designated as XL-RC Pd. Aminomethylated TentaGel resin was used for this immobilization 
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process. The as prepared catalyst has been used in Suzuki reaction (Scheme I.25). These 

supported catalysts are predominantly heterogeneous in nature and could be recycled without 

loss of activity. 

Br
R1

B(OH)2R2

XL-RC Pd

K2CO3, water

80 oC, 4-16 h

R2
R1

X = Br, Cl
R1 = 4-CH3CO, 4-CH3, 2-NO2, 2-CH3, 4-OCH3

R2 = H, OCH3
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2
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Scheme I.25. Aminomethylated TentaGel resin supported Pd NPs in Suzuki reaction. 

I.2.9.3. Ion-Exchange resins 

Ion-exchange materials are insoluble substances containing loosely held ions which are able 

to be exchanged with other ions in solutions which come in contact with them and normally 

obtained as beads of 1-2 mm diameter. These exchanges take place without any physical 

alteration to the ion exchange material. Ion exchangers are insoluble acids or bases which 

have salts which are also insoluble, and this enables them to exchange either positively 

charged ions (cation exchangers) or negatively charged ones (anion exchangers). Synthetic 

ion exchange materials based on coal and phenolic resins were first introduced for industrial 

use during the 1930s. A few years’ later resins consisting of polystyrene with sulphonate 

groups to form cation exchangers or amine groups to form anion exchangers were developed. 

The most typical ion exchange resins are based on cross linked polystyrene and the required 

active groups can be introduced after polymerization, or substituted monomers can be used. 

For example, the cross linking is often achieved by adding 0.5-25% of divinylbenzene to 

polystyrene at the polymerization process. Non-cross linked polymers are used only rarely 

because they are less stable.  

Types Ion-Exchange resin 

There are four types of ion exchange resins: 

� Strong cation-exchange resins, containing sulphonic acid group or the corresponding  

salts. 

� Weak cation-exchange resins, containing carboxylic acid groups or the corresponding 

salts. 

� Strong anion-exchange resins, containing quaternary ammonium groups. 
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� Weak anion-exchange resins, containing primary, secondary, and/or ternary amino 

groups, e.g. polyethyelene amine. 

Ion exchange resins are widely used in different separation, purification and decontamination 

process examples are: Water softening, Water purification, Uranium recoveries from 

seawater, inversion of sucrose. 

Catalytic activity of ion-exchange resin in organic reactions: 

Amberlyst-15 is routinely used in organic synthesis as heterogeneous reusable acid catalysts 

for various selective transformations of simple and complex molecules (Figure I.5).62 
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Figure I.5. Amberlyst-15 catalyzed organic transformation.   

The selective reduction of functional groups is a common need in organic synthesis. 

Borohydride exchange resin,63 (BER) was introduced in the 1970s and has since proven to be 

of considerable value in the reduction of organic compounds. This reagent reduces both 

ketones and aldehydes readily to corresponding alcohol (Scheme I.26) 

R1 R2

O

R1 R2

OHNMe3 BH4

MeOH

R1 = H, alkyl group
 

Scheme I.26. Reduction of carbonyl compounds using Borohydride Borohydride exchange 

resin. 



21 

 

It was observed that Amberlite IRA-420 anion (chloride form) exchange resins, commercially 

available and inexpensive poly- ionic resin, could exchange the anion with formate anion 

(HCOO¯) easily and quantitatively. The resulting Amberlite Resin Formate (anion), 

designated as ARF, could be utilized as a solid-phase version of the H-donor in Pd-catalyzed 

catalytic transfer hydrogenation. The ARF was air stable, can be stored for several weeks and 

also can be recovered from a reaction and reused. Several alkenes, imine and nitroarenes 

were thus hydrogenated using the ARF and catalytic amount of palladium acetate under mild 

conditions (Scheme I.27).64 
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Scheme I.27. Amberlite resin formate in catalytic hydrogenation reactions.  

The combination of formic acid and palladium acetate is known to undergo anionic ligand 

exchange to form a palladium diformate complex, eventually producing Pd(0) through 

decroxylation and loss of molecular hydrogen.65 By applying this technique a new catalyst 

was invented from our laboratory. This heterogeneous catalyst was successfully applied in 

catalytic reduction and C‒C cross‒coupling reactions (Scheme I.28).66 
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 Scheme I.28. ARF supported Pd in catalytic reduction and C−C cross‒coupling. 

I.3. References 

References are given in BIBLIOGRAPHY under Chapter I (pp. 141−145). 
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CHAPTER II 

Synthesis of organic disulfides from thiocyanates promoted by poly-

ionic resins hydroxide  
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II.1. Introduction 

Organic disulfides bearing the −S−S− bond occur ubiquitously in proteins,1 variety of natural 

products of pharmacological importance,2 industrially find wide applications as vulcanizing 

agents for rubbers and elastomers,3 and are useful intermediates in synthesis.4 Over the last 

decades, alkyl disulfides are widely used for the preparation of highly ordered self-assembled 

monolayers (SAMs) on metal surface that find promising applications in the fields of 

biomaterials,5 fluorochromogenic sensors6 protective coatings,7 etc. 

Disulfide bonds constitute an important structural element in the folding of proteins and 

peptides. Many biologically active peptides and peptide mimetics possess unsymmetrical 

disulfide bonds. Figure II.1 represents three highly potent cyclic peptides such as 

somatostatin, octreotide and urotensin II. 
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Figure II.1. Disulfide bond in biologically active peptides. 

To prepare organic disulfides, thiols are used as the starting materials in most cases. 

Numerous reagents and metal catalysts have been developed to oxidize thiols to disulfides 

under controlled conditions.8 Disulfides can also be prepared by electrochemical approach via 
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a sulfenium cation under conditions of constant current.9 Apart from thiols, organic 

thiocyantes are known to undergo reductive dimerization producing organic disulfides 

promoted by several catalysts leaving cyanide ion (Scheme II.1). 

R SH S S
R

R

Cat. Cat.
R SCN

- CN

Oxidative
coupling

Reductive
dimerization  

Scheme II.1. Disulfide formation from oxidative coupling and reductive dimerization. 

II.2. Present Work: Background and Objective 

The treatment of a base (e.g. NaOH, NH3) with organyl thiocyanates is known to produce 

symmetrical disulfides in moderate to good yields.10 The reaction is supposed to occur via a 

simple nucleophilic displacement of the cyanide anion and subsequent attack of the thiolate 

anion to another thiocyanate molecule resulting in the formation of S−S bond (Scheme II.2). 

S S

NC

CN

Nu-

S S

Nu- = OH-, NH3 etc.
 

Scheme II.2. Formation of disulfides from thiocyanates. 

Since the use of bases could be harmful to the thiocyanates bearing base-sensitive 

functionality (for example, ester or ketomethyl), Burns et al.11 developed a method where 

organyl thiocyanates undergo disulfide formation in the presence of excess of 

tetrabutylammonium fluoride (TBAF) (Scheme II.3). The conditions do not however give 

good yields for cyclic disulfide formation, though intermolecular S‒S bond formation is 

afforded in high yield. 

NCS SCN S S
TBAF

THF, RT

C12H25 SCN C12H25 S S C12H25  

Scheme II.3. Preparation of disulfides from thiocyanates by treatment with TBAF. 

Samarium diiodide (SmI2) mediated reduction of thiocyanates was reported by Zhang et al.12 

The thiocyanates reacted with an equivalent amount of SmI2 in THF for 10–15 min. The 

desired disulfides were obtained in 76–85% yields (Scheme II.4). It is observed that SmI2  

might convey one electron to thiocyanate to form the radical anion (R-S-CN)•‒, which was di- 

ssociate into RS• and CN‒. The coupling of the thiyl radical (RS•) gives the disulfide. 
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R SCN RS SR

R = n-C3H11, n-C6H13, n-C10H21, n-C6H33

SmI2

76-85%
 

Scheme II.4. Disulfide synthesis from long-chain alkyl thiocyanates promoted by SmI2. 

In 1995 Chandrasekaran have described an interesting reductive dimerization of organic 

thiocyanates assisted by benzyltriethylammonium tetrathiomolybdate, 

[(PhCH2NEt3)2MoS4],
13 leads to the formation of the corresponding disulfides in high yields 

(Scheme II.5). A large number of alkyl and aryl thiocyanates afford corresponding disulfides 

at room temperature. The tetrathiomolybdate anion is not involved in the S-transfer, instead it 

mediates the reductive dimerization of the thiocyanates. 
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Scheme II.5. Synthesis of disulfide from thiocyanate using tetrathiomolybdate salt. 

Zhang et al.14 studied the oxidative dimerization of organyl thiocyanates using a combination 

of TiCl4/Sm systems, the method is functional for both alkyl and aryl thiocyanates (Scheme 

II.6). 

R SCN RS SR

R = n-alkyl, allyl, benzyl, 4-Cl-benzyl

TiCl4 / Sm

THF, 0 oC

 

Scheme II.6. Disulfide from thiocyanate using a combination of TiCl4 / Sm. 

Use of polymeric reagents offers two-fold advantage: first, the reaction can be driven to 

completion using excess amounts of reagents and secondly, the reagent can be removed 

quantitatively after the reaction by simple filtration. In conjunction with our interest in solid-

phase hetero bond-forming reactions,15a-b and use of poly-ionic resins in organic reactions and 

catalysis,15c-d we report herein a mild, efficient and metal-free aqueous protocol for the 

preparation of organic disulfides from alkyl (or acyl methyl) thiocyanates in the presence of 

ion-exchange resins, Amberlyst® A-26(OH). 

II.3. Present Work: Result and Discussion 

Initially, the organic thiocyanates were prepared from alkyl (or acyl methyl) halides by 

reaction of NH4SCN in the presence polyethylene glycol (PEG 400) following a reported 

procedure with minor modifications.16 

Optimization of the conversion of organic thiocyanate to symmetrical disulfide was 

performed using benzyl thiocyanate as the model compound (Table II.1). In a typical 
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experiment, benzyl thiocyanate (2 mmol) was stirred in water at room temperature in the 

presence of commercially available Amberlyst® A-26 (OH) (particle size: 0.35 mm, pH = 9.4, 

300 mg) (entry 1). Since the conversion was not complete even after 10 h, we increased the 

temperature to 60 oC and now a complete conversion was achieved within 3h affording 

dibenzyl disulfide in 91% yield (entry 2). As the enzymatic (rhodanese) conversion of 

cyanide to thiocyanate is occurred in the presence of a sulfur donors,17 we tested the same 

reaction in the presence of equimolar quantity of Na2S2O3, cystine or cysteine (entries 3−5). It 

is observed that while the presence of Na2S2O3 could have an effect in lowering the rate of 

the conversion, the amino acid bearing −SH group (cysteine) did show appreciable change in 

the rate of the conversion (rt / 2 h). However, there was no significant change by using 

cystine (–S–S– linkage) as the additive. The same reaction was also tested in the presence of 

other anion exchange amberlite resins, like commercially available Amberlite® IRA(Cl) or 

our laboratory derived Amberlite resin formate (ARF),15c with varying results (entries 6−7). 

Table II.1. Optimization of disulfide formation from organic thiocyanates in water.a 

Entry Reagentb Additivec Temp  (oC)/ 
Time (h) 

Yield (%)d 

1 Amberlyst® A-26(OH) Nil RT / 12 52e 

2 Amberlyst® A-26(OH) Nil 60 / 3 91 

3 Amberlyst® A-26(OH) Na2S2O3.5H2O 60 / 20 76 

4 Amberlyst® A-26(OH) L-Cysteine RT / 2 90 

5 Amberlyst® A-26(OH) L-Cystine 60 / 2.5 87 

6 Amberlite® IRA-900(Cl) Nil 60 / 12 Nil 

7 Amberlite IRA-900(HCOO) Nil 60 / 6 81 

a Reactions were performed in 2 mmol scale in water (2 mL). b Different resins were used 

150 mg mmol–1. c Additives were used in stoichiometric quantities. d Yield refers to isolated 

product after column chromatography. e Starting thiocyanate still remains in the reaction 

mixture, as indicated on tlc. 

We had chosen the optimized condition as in entry 2 for the easy formation of the dibenzyl 

disulfide from benzyl thiocyanate. We were interested to establish this mild, efficient and 

aqueous metal-free condition as a general protocol. Accordingly, several substituted benzyl 

thiocyanates were subjected to similar reaction. The results are presented in Table II.2. It is 

gratifying that different halo-substituted benzyl thiocyanates and naphthyl methyl thiocyanate 

underwent smooth conversion to the corresponding disulfides (entries 2‒7). However, the 

nitro benzyl thiocyanate remained unchanged under the reaction conditions (entry 8). This 

could possibly be attributed to the strong electron-withdrawing nature of the nitro group that 

reduces nucleophilic character of the benzyl carbon and electron density on the sulfur atom.18 
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Purely aliphatic thiocyanates, n-octyl thiocyanate or other compounds such as 3-phenyl 

propyl thiocyanate or allyl thiocyantate derivative (3-phenyl-2-propenyl thiocyanate) also 

undergo disulfide formation in good to excellent yields (entries 9‒11). In order to further 

generalize the reaction, acyl methyl thiocyanates were subjected to similar reaction.  Organic 

disulfides flanked by two carbonyl groups at C-2 position would be the S-analogue of 1,6-

diketones. Such bis(benzoylmethyl) disulfides could be easily prepared if benzoyl methyl 

thiocyanate undergoes similar dimerization. We had prepared different benzoyl methyl 

thiocyanates and carried out similar reactions using the resin hydroxide in water. As shown in 

Table II.2 (entries 12‒16), the corresponding disulfides were formed efficiently and isolated 

in excellent yields except the nitro-bearing benzoyl methyl thiocyanate (entry 15), possibly 

due to the same reason as mentioned in the case of entry 8 of this Table. 

Table II.2. Synthesis of various organic disulfides using Amberlyst® A-26(OH) in water.a  

Entry Substrate Temp 

(oC) / 

Time (h) 

Productb Yi

eld 

(%)c 

1 C6H5 SCN  
60 / 3 

C6H5 S
S C6H5

 
91 

2 o-Cl-C6H4 SCN  
60 / 5 

o-Cl-C6H4 S
S C6H4-Cl-o

 
92 

3 m-Cl-C6H4 SCN  
60 / 5 

m-Cl-C6H4 S
S C6H4-Cl-m

 
81 

4 p-Cl-C6H4 SCN  
60 / 6 

p-Cl-C6H4 S
S C6H4-Cl-p

 
88 

5 m-Br-C6H4 SCN  
60 / 2 

m-Br-C6H4 S
S C6H4-Br-m

 
82 

6 m-I-C6H4 SCN  
60 / 3 

m-I-C6H4 S
S C6H4-I-m

 
85 

7 SCN

 

60 / 8 S S

 

78 

8 p-O2N-C6H4 SCN  
60 / 10 No reaction  

9 SC

 

70 / 5 S

S
 

74 
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10 C6H5 SCN  
60 / 8 C6H5 S

SC6H5  

80 

11 C6H5 SCN  
60 / 24 C6H5 S

SC6H5
 

88 

12 

C6H5

O

SCN

 

80 / 16 

C6H5

O

S
S

C6H5

O  

78 

13 

p-Cl-C6H4

O

SCN

 

60 / 12 

p-Cl-C6H4

O

S
S

O

C6H4-Cl-p

 

76 

14 

m-Br-C6H4

O

SCN

 

60 / 5 

m-Br-C6H4

O

S
S

O

C6H4-Br-m

 

74 

15 

m-O2N-C6H4

O

SCN

 

60 / 16 No reaction  

16 

p-MeO-C6H4

O

SCN

 

60 / 12 

p-MeO-C6H4

O

S
S

O

C6H4-OMe-p

 

81 

a All reactions were carried out in 2 mmol scale using 300 mg of Amberlyst® A-26(OH). b 

Products were characterized by NMR, HRMS and mp. c Yield refers to the pure product, 

isolated by column chromatography. 

In order to verify any advantage of using poly-ionic resins hydroxide base, a comparison 

between the heterogeneous base Amberlyst® A-26(OH) and other homogeneous bases 

(NaOH, NH3, K2CO3) was performed. Thus, the conversion of benzyl thiocyanate to dibenzyl 

disulfide was carried out using homogeneous bases NaOH, NH3 and K2CO3 that respectively 

afford 83, 46 and 25% yield, while Amberlyst® A-26(OH) can give rise to 91% yield (Table 

II.3) under similar conditions. The variation of reactivity is even more prominent in the case 

of acyl methyl thiocyanates (Table II.4). 

Comparative studies using p-methoxy benzoyl methyl thiocyanate as a model case revealed 

that the Amberlyst® A-26(OH) can lead to the formation of the corresponding disulfide in 

81% yield with trace amount of p-methoxy acetophenone, while the base NaOH affords only 

 p-methoxy acetophenone in 69% yield and no disulfide (Table II.4, entries 1-2). On the other 

hand, use of K2CO3 afforded a mixture of compounds as seen on tlc (no separation was att- 
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Table II.3. Comparative study of different bases for conversion of benzyl thiocyanate to 

dibenzyl disulfide in water.a 
Entry Base Amount of baseb Time (h) / 

Temp (oC) 

Yield 

(%)c 

1 Amberlyst® A 26(OH) 150 mg 3 / 60 91 

2 NaOH 40 mg 3 / 60 83 

3 K2CO3 138 mg 3 / 60 46 

4 NH3 solution 0.6 mLd 3 / 60 25 

a Reactions were performed in 1 mmol scale in water (2 mL). b Quantity of bases used mmol–

1. c Yield refers to isolated product after column chromatography. d Ammonia solution (about 

30%) (LR grade) obtained from Thomas Baker, India. 

empted), while NH3 solution gave a mixture of the corresponding disulfide and acetophenone 

in 21 and 18% yield respectively, the remaining was the starting material (60%), as analyzed 

by HPLC (Table II.4, entries 3 and 4). These results clearly establish the advantage of the 

heterogeneous base Amberlyst® A-26(OH) over the existing homogeneous bases. 

Table II.4. Comparative study of different bases for conversion of p-methoxy benzoyl 

methyl thiocyanate to p-methoxy dibenzoyl disulfide and p-methoxy acetophenone in water.a  
Entry Base Amount of 

baseb 

Time (h) / 

Temp (oC) 

Yield (%) 

Disulfide          Ketone 

1 Amberlyst® A 

26(OH) 

150 mg 12 / 60 81c trace 

2 NaOH 40 mg 12 / 60 Nil 69c 

3 K2CO3 138 mg 12 / 60 Mixture of compoundsd 

4 NH3 solution 0.6 mLe 12 / 60 21f 18f 

a Reactions were performed in 1 mmol scale in water (2 mL). b Quantity of bases used mmol–

1. cYield refers to isolated product after column chromatography. d As seen on tlc. e Ammonia 

solution (about 30%) (LR grade) obtained from Thomas Baker, India. f Analyzed by HPLC 

[Column ZORBAX Rx-SIL (4.6 x 150 mm, 5µm); Mobile phase: hexane-ethyl acetate (9:1); 

flow rate = 0.5 mL/min]. 

We then focused our attention to explore whether this mild and eco-friendly protocol could 

be employed for the preparation of unsymmetrical disulfides. In order to get an 

unsymmetrical disulfide, it is required to perform the reaction taking a mixture of two 

different organyl thiocyanates. This might also help us to propose a possible pathway of the 

reaction. Firstly, we performed one reaction using two different benzyl thiocyanates. For 

example, carrying out the reaction using equimolar mixture of benzyl thiocyanate and m-
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chlorobenzyl thiocyanate indeed afforded all three possible disulfides in varying amounts 

(two homo-coupled products and one cross-coupled product) (Table II.5, entry 1). After the 

reaction and work-up, HPLC analysis of the crude mixture showed three peaks of which two 

are from homo-coupled products (confirmed by co-injection), leaving the third peak assigned 

for the cross over product i.e. the unsymmetrical disulfide. Similar results are observed when 

a mixture of other alkyl thiocyanates is subjected to undergo the reaction (Table II.5, entries 

2, 3). In all the three examples, the prominent similarity is in the formation of the 

unsymmetrical disulfide in larger quantity than homo-coupled disulfides. In the case of using 

acyl methyl thiocyanate as one of the partners, the cross product could not be distinctly 

analyzed by HPLC and appeared as two overlapping peaks of the total area about 26% only, 

which is in contrast to the observations in other cases (entry 4). 

Table II.5. Synthesis of unsymmetrical disulfides and result analysis by HPLC.a,b 

Entry Substrate A Substrate B Product A-A  

(%) / RT (min) c 

Product B-B 

(%) / RT (min) 

Product A-B  

(%) / RT (min) 

1 C6H5-CH2-SCN
 

m-ClC6H4-CH2-SCN
 

C6H5-CH2-S

C6H5-CH2-S

(38) / 4.37  

m-ClC6H4-CH2-S

m-ClC6H4-CH2-S

(15) / 3.41  

m-ClC6H4-CH2-S

SC6H5H2C

(47) / 3.71
 

2 C6H5-CH2-SCN
 

C6H5-(CH2)3-SCN
 

C6H5-CH2-S

C6H5-CH2-S

(37.4) / 3.36  

C6H5-(CH2)3-S

C6H5-(CH2)3-S

(15.5) / 3.92  

C6H5-(CH2)3-S

C6H5-CH2-S

(47.1) / 3.55  
3 SCN

 

p-ClC6H4-CH2-SCN
 

S S

(22.0) / 9.54  

p-ClC6H4-CH2-S

Sp-ClC6H4-H2C

(25.4) / 3.63  

S S

CH2

(52.6) / 5.29

C6H4Cl-p

 
4 C6H5-CH2-SCN

 

p-MeOC6H4

O

SCN
 

C6H5-CH2-S

C6H5-CH2-S

(27.8) / 1.79d

 

p-MeOC6H4

O

S

S

p-MeOC6H4

O

(45.7) / 8.35  

p-MeOC6H4

O

S

S

C6H5

2.6 & 2.9 / 

16.7 & 9.8e

 

a Column: ZORBAX Rx-SIL (4.6 x 150 mm, 5µm); Temperature: Ambient (25 oC); Mobile 

phase: hexane for entries (1-3), and 1% i-PrOH in hexane for entry 4; flow rate = 2 mL/min 

for all entries. b Peaks were confirmed by co-injection with homo-coupled disulfides. c tR in 

minute for the peaks indicated by RI Detector, d tR in minute for the peaks indicated by UV 

detector at λ = 380 nm. e Unsymmetrical disulfide showed overlapping of two peaks, as 

indicated with tR (min) and area respectively. 

As regard to the mechanism of the reaction, formation of the cross-over product suggests that 

the S–S linkage is made in a step-wise manner and not through a concerted process. In the 

presence of heterogeneous base, presumably the nucleophilic thiolate anion is formed 

initially, which could displace the cyanide ion of another organyl thiocyanate resulting in the 
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formation of the disulfide and the ion-exchange resins possibly could scavenge the cyanide 

ion (Scheme II.7). 

R S R S R S CN
R S

S R

HOMe3N NCMe3N

CN

NCMe3N

 

Scheme II.7. Probable mechanism of the reaction. 

We also checked the reusability of the poly-ionic resins hydroxide taking the model reaction 

with benzyl thiocyanate. It is observed that the resins can be reused after filtration from the 

reaction mixture, washed with water followed by acetone and then dried under vacuum. 

Although, disulfide is obtained up to the fourth run requiring longer reaction time, the yield 

of the product showed a gradual decreasing trend (from 90 % to 75%) (Table II.6). 

Table II.6. Recycling of Amberlyst® A-26(OH) in the dimerization of benzyl thiocyanates.a 

Run pH Time (h) Yield (%) 

1 9.4 3 90 

2 8.2 6 78 

3 8.0 8 75 

4 7.9 10 75 

a Reactions were carried out using Amberlyst® A-26(OH) for 2 mmol of the substrate in 

water. b pH of the resin-suspended water was measured before each run. 

II.4. Conclusion 

We have developed an efficient and eco-friendly protocol to form disulfide bond (S−S 

linkage) from alkyl and acyl methyl thiocyanates producing corresponding disulfides in good 

to excellent yields by using Amberlyst® A-26(OH) in aqueous medium. The present protocol 

further establishes the advantage of using the heterogeneous base Amberlyst® A-26(OH) over 

some existing homogeneous bases (NaOH, NH3, K2CO3). Other notable features are: (i) 

reaction can be carried out in water and simple filtration and removal of the water could 

afford the organic disulfide; (ii) the resins can be reused for three more runs tested with 

appreciable conversions; (iii) cross-over experiments revealed that the procedure is somewhat 

effective for the preparation of unsymmetrical disulfides. 

II.5. Experimental section 

II.5.1. General information 

All the reactions were carried out in open vessel under aerobic conditions. Amberlyst® A-26 ( 
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 OH) was purchased from Sigma-Aldrich, India. For column chromatography: silica (60-120 

mesh) (SRL, India), and for tlc, Merck plates coated with silica gel 60, F254 were used. NMR 

spectra of the disulfide were recorded in CDCl3 on Bruker AV 300 spectrometer using TMS 

as the internal standard. HRMS data were obtained in Micromass Q-Tof micro Mass 

Spectrometer under ESI (positive mode). HPLC analyses were carried out in Agilent 1260 

Series (Quaternary Pump) using ZORBAX Rx-SIL (4.6 x 150 mm, 5µm). 

II.5.2. General procedure for the preparation of disulfide 

To a mixture of alkyl/acyl methyl thiocyanate (2 mmol) in water (2 mL) was added 

Amberlyst® A-26(OH) (300 mg) (Source: Sigma-Aldrich) and the reaction mixture was 

stirred with a magnetic bar gently at 60-80 oC. The progress of the reaction was monitored by 

tlc. After the reaction continued for specific time, as mentioned in Table II.2, the resin beads 

were separated by filtration over a piece of cotton. The reaction mixture was washed 

repeatedly with diethyl ether and combined ethereal layer was dried over anhydrous Na2SO4 

and concentrated. The crude product (almost pure) was further purified by column 

chromatography over silica gel. The products were identified on the basis of 1H, 13C NMR 

and HRMS data, and/or by comparison with the data reported in the literature. 

II.5.3. Physical properties and spectral data of compounds 

Table II.2, entry 1 

1,2-Dibenzyldisulfane
8b 

White crystalline solid, mp 70-71 oC (Lit. mp 67 oC) 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.66 (s, 4H), 7.28-7.50 (m, 10H); 13C NMR (CDCl3, 75 

MHz): δ/ppm 43.2, 127.4, 128.4, 129.4, 137.3; ESI-HRMS: m/z[M+Na]+ for C14H14S2, 

calculated 269.0434; observed 269.0412.  

Table II.2, entry 2 

1,2-Bis(2-chlorobenzyl)disulfane
18 

White crystalline solid, mp 89-90 oC (Lit. mp 89-90 oC) 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.79 (s, 4H), 7.20-7.28 (m, 6H), 7.35-7.39 (m, 2H); 13C 

NMR (CDCl3, 75 MHz): δ/ppm 41.1, 126.7, 128.9, 129.7, 131.6, 134.1, 135.0. 

Table II.2, entry 3 

1,2-Bis(3-chlorobenzyl)disulfane
19 

Colourless oil 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.49 (s, 4H), 7.02-7.06 (m, 2H), 7.15-7.20 (m, 6H); 13C 
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NMR (CDCl3, 75 MHz): δ/ppm 42.6, 127.5, 127.7, 129.5, 129.8, 134.3, 139.3. 

Table II.2, entry 4 

1,2-Bis(4-chlorobenzyl)disulfane
8b 

Crystalline solid, mp 58-60 oC (Lit. mp 62 oC) 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.57 (s, 4H), 7.14 (d, J = 6.3 Hz, 4H), 7.29 (d, J = 6.3 

Hz, 4H); 13C NMR (CDCl3, 75 MHz): δ/ppm 42.5, 128.7, 130.7, 133.4, 135.8. 

Table II.2, entry 5 

1,2-Bis(3-bromobenzyl)disulfane 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.53 (s, 4H), 7.13-7.25 (m, 4H), 7.37-7.43 (m, 4H); 13C 

NMR (CDCl3, 75 MHz): δ/ppm 42.5, 122.4, 128.0, 130.1, 130.6, 132.3, 139.5; ESI-HRMS: 

m/z[M+Na]+for C14H12Br2S2Na, calculated 424.8645; observed 424.8674. 

Table II.2, entry 6 

1,2-Bis(3-iodobenzyl)disulfane 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.51 (s, 4H), 7.05-7.10 (m, 2H), 7.19-7.21 (m, 2H), 

7.58-7.63 (m, 4H); 13C NMR (CDCl3, 75 MHz): δ/ppm 42.4, 94.3, 128.7, 130.3, 136.5, 138.3, 

139.6; ESI-HRMS: m/z[M+Na]+for C14H12I2S2Na, calculated 520.8367; observed 520.8411. 

Table II.2, entry 7 

1-((Naphthalene-1-yl)methyl)-2-((naphthalene-5-yl)methyl)disulfane
20 

 White crystalline solid, mp 106-108 oC (Lit. mp 108-109 oC) 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.95 (s, 4H), 7.10-7.12 (m, 2H), 7.32-7.37 (m, 2H), 

7.48-7.53(m, 4H), 7.76-7.79 (m, 2H), 7.83-7.86 (m, 2H), 7.95-7.99 (m, 2H); 13C NMR 

(CDCl3, 75 MHz): δ/ppm 41.3, 124.1, 125.2, 125.9, 126.2, 128.2, 128.5, 128.8, 131.3, 132.7, 

133.9; ESI-HRMS: m/z[M+Na]+for C22H18S2Na, calculated 369.0746; observed 369.0749. 

Table II.2, entry 9 

1,2-Dioctyldisulfane
21 

Colourless Oil 

1H NMR (CDCl3, 300 MHz) δ/ppm 0.88 (t, J = 6.6 Hz, 6H), 1.26-1.41 (m, 20H), 1.58-1.72 

(m, 4H), 2.68 (t, J = 7.2 Hz, 4H); 13C NMR (CDCl3, 75 MHz) δ/ppm 14.1, 22.7, 28.6, 29.20, 

29.23, 29.7, 31.8, 39.2. 

Table II.2, entry 10 

1,2-Bis(3-phenylpropyl)disulfane
22 
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Liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 1.95-2.05 (m, 4H), 2.64-2.72 (m, 8H), 7.15-7.20 (m, 

6H), 7.24-7.30 (m, 4H); 13C NMR (CDCl3, 75 MHz): δ/ppm 30.4, 33.9, 38.2, 125.6, 128.46, 

128.5, 141.4. 

Table II.2, entry 11 

1,2-Dicinnamyldisulfane
23 

White crystalline solid, mp 89-90 oC (Lit. mp 90-91 oC) 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.47 (dd, J = 7.8 and 1.2 Hz, 4H), 6.11-6.21 (m, 2H), 

6.45 (d, J = 15.6 Hz, 2H), 7.19-7.35 (m, 10H); 13C NMR (CDCl3, 75 MHz): δ/ppm 42.5, 

124.5, 126.4, 127.7, 128.6, 133.6, 136.7. 

Table II.2, entry 12 

2,2'-Disulfanediylbis[1-(phenyl)ethanone]
24  

White crystalline solid, mp 81-82 oC (Lit. mp 79-81 oC) 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.99 (s, 4H), 7.45-7.50 (m, 4H), 7.57-7.59 (m, 2H), 

7.96-7.99 (m, 4H); 13C NMR (CDCl3, 75 MHz): δ/ppm 37.6, 128.6, 128.7, 133.6, 135.3, 

194.2. 

Table II.2, entry 13 

2,2'-Disulfanediylbis[1-(4-chlorophenyl)ethanone]
25

 

White crystalline solid, mp 124 oC (Lit. mp 123-124 0C) 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.95 (s, 4H), 7.46 (d, J = 8.4 Hz 4H), 7.92 (d, J = 8.7 Hz 

4H); 13C NMR (CDCl3, 75 MHz): δ/ppm 37.5, 129.1, 130.1, 133.6, 140.2, 192.9. 

Table II.2, entry 14 

2,2'-Disulfanediylbis[1-(3-bromophenyl)ethanone] 

Yellow semi-solid, not crystalline 

1H NMR (CDCl3, 300 MHz): δ/ppm 4.15 (s, 4H), 7.33-7.38 (m, 2H), 7.69-7.73 (m, 2H), 

7.83-7.87 (m, 2H), 8.06-8.07 (m, 2H); 13C NMR (CDCl3): δ/ppm 37.5, 123.1, 127.2, 130.3, 

131.6, 136.5, 136.9, 192.6; ESI-HRMS: m/z[M+Na]+for C16H12Br2O2S2Na, calculated 

480.8543; observed 480.8732. 

Table II.2, entry 16 

2,2'-Disulfanediylbis[1-(4-methyoxyphenyl)ethanone]
25b 

White solid, mp 92-93 oC 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.88 (s, 6H), 3.95 (s, 4H), 6.95 (d, J = 9 Hz, 4H), 7.97 

(d, J = 9 Hz, 4H); 13C NMR (CDCl3, 75 MHz): δ/ppm 37.4, 55.5, 113.9, 128.3, 131.0, 163.8, 
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193.0; ESI-HRMS: m/z[M+Na]+ for C18H18S2O4Na, calculated 385.0546; observed 385.0545. 

II.6. References 

References are given in BIBLIOGRAPHY under Chapter II (pp. 145−146). 
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CHAPTER III 

Copper oxide nanoparticles embedded on macroporous poly–ionic 

resins (CuO@ARF): Applications to on–water C–S cross‒coupling 

and synthesis of heterocyclic scaffold phenothiazine 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



38 

 

III.1. Introduction 

The carbon–sulfur bonds are present in numerous medicinally important natural products.1 

Indeed a number of drugs in various therapeutic uses such as HIV, cancer, diabetes, 

inflammatory, Alzheimer’s and Parkinson’s diseases contain the aryl sulphide functional 

group.2 A few biologically active compounds possessing C−S bond are represented in Figure 

III.1. For example, phenothiazines are important class of organic compounds finding wide 

applications as drugs, insecticides, inhibitors of polymerization, antioxidants, paints, 

spectroscopic probes etc.3 

S

O

N

N

ONO2
SS

N
N
H

O OH

Cl

Cl

N

S

NMe2

S S

O

Me

Me

OH

AZD4407
5-lipoxygenase inhibitor

R

R = H, promazine
R = Cl, chloropromazine
R = CF3, triflupromazine
Used for Psychotropic medication

Cathepsin-D inhibitorLFA-1/ICAM-1 Antagonists

 

Figure III.1. Some biologically active compounds bearing C−S bond. 

The conventional methods for the C−S bond formation involve reduction of aryl sulfones or 

aryl sulfoxides using strong reducing agents like DIBAL-H or LiAlH4.
4 In 1980, Migita et al. 

first showed the Pd-catalyzed thiation of aryl bromides using Pd(PPh3)4.
5 Subsequently, other 

metals like nickel,6 copper,6a,7 cobalt,8 iron,9 rhodium,10 manganese11 and indium12 have also 

been employed, though in much less extent, as compared to other C−X (X = C, O, N, P) 

coupling reactions. Amongst various transition metals, copper has been considered as the 

most useful for the C−S coupling reactions due to its special redox properties and cost–

effectiveness. Many strategies have been successful by using homogeneous copper salts in 

the presence of suitable electron–rich and precious ligands for the C−S coupling reactions.13 

Two major aspects of green and sustainable processes includes: (i) catalytic transformations, 

more specifically through heterogeneous catalysis, and (ii) the eco-friendly reaction media, in 

particular reactions being performed in water. While heterogeneous catalysis offers easy 

separation of the product from the catalytic system and the possibility of further recycling of 



39 

 

the catalyst, on/in-water reactions are not only environmentally friendly but also 

economically more viable. Therefore, it is not surprising to see the significant growth for new 

catalytic transformations in aqueous medium.14 

III.2. Present work: Background and Objectives 

In previous years CuO nanoparticles are a good choice and indeed useful catalyst for C−S 

coupling reaction between aryl halide and thiols.15 Since direct use of CuO in the C−S 

coupling reaction in water gave relatively poor yield as compared to other metal salts. Some 

literature reports for on water C−S coupling reactions have been discussed here. 

Tellitu and co-workers have developed an environmentally friendly protocol to synthesized 

diaryl sulphides in water. The reactions were catalysed by a combination of a cuprous 

chloride and a 1,2-diamine derivative, (acting both as the ligand and as the base) at 120 oC 

(Scheme III.1).16  The aqueous medium containing the active catalyst was recovered and 

reuse up to four catalytic cycles. 

X

R1
G

SH

R2

NH2

NH2
CuCl,

H2O, 120 oC

S

R2R1

X = I, Br

R1 = 4-NO2, 4-OCH3, 4-Cl, 2-COCH3, 4-NH2 
R2 = 4-OCH3, 4-CH3, 2-NH2

G = C, N
 

Scheme III.1. S-arylation of thiophenol derivatives catalyzed by CuCl and 1,2-diamine in 

water. 

Punniyamurthy et al. have described an efficient CuI- catalyzed C−S cross–coupling of thiols 

with aryl halides in the presence of tetrabutylammonium bromide in water (Scheme III.2).17 

X

R1 R2

SH 1 mol% CuI

1 eqv TBAB, 1.5 eqv KOH

water, 80 oC

S

R1 R2

X = I, Br, Cl
R1 = 4-NO2, 4-OCH3

R2 = 2-CH3, 4-CH3, 4-NO2, 4-OCH3, 4-Cl
 

Scheme III.2. Cross–coupling of thiophenol with aryl halides using CuI, TBAB in water. 

In 2009 Tsai and their group have reported, FeCl3·6H2O/cationic 2,2'-bipyridyl system as a 

catalyst in the coupling of aryl iodides with thiols to form an aryl–sulfur bond in refluxed 

water under aerobic conditions (Scheme III.3).18 This catalytic system was applicable for aryl 

iodide only. After extraction of product, remaining aqueous solution was recycled for six 

times. 
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R2 SH

N N

Me3N NMe3 BrBr

FeCl3.6H2O/L (10 mol%)

KOH, refluxed H2O, 24h, in air

R1 = 4-NO2, 4-Cl, 4-CH3, 4-CN, 4-COOEt
R2 = C6H5, 4-CH3C6H4 4-ClC6H4, C6H5CH2

I
R1

S

R2

R1

L
 

Scheme III.3. Iron-catalyzed S-arylation in water. 

Tsai and their group reported another work where CoCl2.6H2O/cationic 2,2'-bipyridyl system 

was used for cross‒coupling of aryl halides with thiols in water.19 Aryl iodides and bromides 

could couple with a variety of thiols giving the analogous thioethers using 3 mol% catalyst 

loading in the presence of KOH and Zn at 100 oC (Scheme III.4). For aryl chlorides, reaction 

at 140 oC and prolongation of the reaction time was required. 

R2 SH

N N

Me3N NMe3 BrBr

CoCl2.6H2O/L (3 mol%)

KOH, Zn, H2O, 100-140 oC, in air

X = I, Br, Cl
R1 = H, 4-OCH3, 4-COCH3, 4-CH3, 
       4-OH, 2-OCH3

R2 = H, C6H5, 4-CH3C6H4 4-ClC6H4, C6H5CH2

X
R1

S

R2

R1

L

 

Scheme III.4. Cobalt-catalyzed S-arylation in water. 

Chakraborty et al. showed a simple and efficient procedure for C−S cross‒coupling of 

thiophenols with aryl bromides and iodides by using a combination of Bi2O3 and N,N-

dimethylethane- 1,2-diamine in water (Scheme III.5).20 Only aromatic thiols are used during 

reaction. They did not isolate the Bi2O3 from the aqueous suspension but the aqueous phase 

containing the catalyst could be recycled repeatedly without much loss in activity of the 

reaction or yield. 

Ar1 X Ar2 SH

Bi2O3 (10 mol%)

N,N-dimethylethane-1,2-diamine (10 mol%)

KOH, water, 100 oC

Ar1
S

Ar2

X = I, Br
Ar1 = aryl
Ar2 = aryl

 

Scheme III.5. Bi2O3 catalyzed C−S cross‒coupling reaction of thiophenols with aryl halides. 

Based on the above observation and considering our experience in the field of developing 

polymer–supported metal NPs as the heterogeneous catalyst in various coupling reactions,21 

we were interested to develop Amberlite resin–supported CuO NPs and to use it as the 

catalyst in ‘on–water’ C−S coupling reaction between aryl halide and thiols. 
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III.3. Present work: Result and Discussion 

III.3.1. Preparation of the heterogeneous CuO (CuO@ARF) 

The Amberlite resin formate (ARF) was prepared from commercially available Amberlite 

IRA 900 (chloride form) by rising with 10% aqueous formic acid solution until free from 

chloride ion.22 A mixture of ARF resin beads and Cu(OAc)2
.H2O in DMF (50 mg g–1 of ARF) 

was heated at 110 oC in Teflon capped sealed tube for 30 min with occasional gentle shaking. 

White ARF beads turned brownish in colour during the process. Finally these resin beads 

were filtered off, washed with water and acetone, dried and characterized by FT–IR, XRD 

and TEM analysis and the copper content of the composite was estimated by AAS. Since 

XRD and TEM analyses suggest the presence of CuO nanoclusters distributed on the surface 

of ARF, we refer to the as–synthesised nanocomposite material as CuO@ARF. 

III.3.2. Characterization of CuO@ARF 

At first, the presence of copper in the resin composite was measured by the AAS study. For 

this purpose, the sample (100 mg) was digested with concentrated HNO3 (1 mL) and Cu 

content was estimated to be 0.145 mmol g−1 of the resin–copper nanocomposite. The FT–IR 

spectra of CuO@ARF was recorded and compared with that of ARF (Figure III.2). In the 

case of similar heterogeneous Pd nanocomposite, as developed from this laboratory, 

significant increase in the stretching frequency of the carboxylate anion (HCOO¯) was 

observed.21 Here, apparently no change of symmetric and anti–symmetric stretching 

vibrations (for the HCOO¯) was observed and appeared respectively at about 1345 and 1593 

cm−1 for both ARF and CuO@ARF species (Figure III.2). However, it may be mentioned that 

CuO absorptions at 606, 525 cm−1 might be overlapped with similar absorptions by ARF.23 

 

Figure III.2. FT–IR spectra of the ARF and CuO@ARF. 

We therefore examined the powder XRD patterns of ARF and that of CuO@ARF, as shown 

in Figure III.3. The ARF resins are amorphous in nature and the Bragg diffraction patterns of 
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CuO@ARF indicate the presence of cupric oxide (CuO). The JCPDS peak positions of the 

CuO@ARF nanocomposite with relative intensities are in good agreement (Figure III.3b). 

The presence of XRD peaks at 2θ of 35.39, 38.29, 38.99, 57.91 and 61.64o suggested the 

presence of CuO (1̄11), (111), (200), (202) and (1̄13) planes, respectively (JCPDS#01–089–

2531). Further examination of high resolution TEM (HR–TEM) images of the CuO@ARF at 

different magnifications (Figure III.4a & III.4b) suggests that the CuO NPs are embedded on 

the resin polymeric matrices with average size around 2.6 nm (Figure III.4c). 

 

Figure III.3. XRD patterns of (a) ARF, (b) CuO embedded on the surface of Amberlite resin 

formate (CuO@ARF). 

 

Figure III.4. TEM images of CuO@ARF: (a) scale bar 50 nm; (b) scale bar 20 nm; (c) 

average particle size distribution evaluated from (b). 

III.3.3. Catalytic activity of CuO@ARF 

In order to evaluate the catalytic activity of this newly developed nanocomposite 

(CuO@ARF) in C−S cross–coupling reaction between aryl halide and thiol, we performed a 

model study by taking a mixture of 4–iodoanisole and benzenethiol (in 1:1.2 ratios) and the 

catalyst (200 mg mmol–1 of aryl iodide) in water (Table III.1). First reaction in the presence 
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of a base (K2CO3) at 100 oC did afford the desired unsymmetrical sulfane but with a modest 

yield (62%) (Table III.1, entry 1). Considering that the modest conversion might be due to the 

poor solubility of aryl iodide in water, we used an additive – tetrabutylammonium bromide 

(TBAB), in equimolar quantity. This afforded the corresponding thioether in fairly good yield 

(83%; entry 2). Further improvement was achieved by using the catalytic amount of sodium 

dodecyl sulphate (SDS; 10 mol%),24 which furnished the desired product in 90% isolated 

yield (entry 3). While there was no cross–coupling observed at room temperature, reaction 

carried out at 60 oC or in the absence of the base produced the sulfane in 56–68% isolated 

yields (entries 4–6). We also tried the reaction in DMF at 100 oC, which did not produce the 

desired sulfane in very good yield (entry 7). In each case, small quantity of the 

diphenylsulfide (≤ 5%) as the side product was also formed. 

Table III.1. Optimization of reaction condition for the C−S cross–coupling using 

CuO@ARF.a 
I

MeO

SH S

MeO

CuO@ARF

solvent, base
temp.  

Entry Solvent Base Additive Temp./Time Yield (%)b,c 

1 Water K2CO3 - 100 oC/24 h 62 

2d Water K2CO3 TBAB 100 oC/8 h 83 

3
e 

Water K2CO3 SDS 100 
o
C/8 h 90 

4e Water K2CO3 SDS RT/24 h 00 

5e Water K2CO3 SDS 60 oC/24 h 68 

6e Water - SDS 100 oC/24 h 56 

7 DMF K2CO3 - 100 oC/24 h 67 

 

a4–Iodoanisole (1 mmol), benzenethiol (1.2 mmol), CuO@ARF (200 mg), K2CO3 (1.1 

mmol), and solvent (3 mL). bIsolated yield. cSmall quantity of diphenyl disulfide was formed 

(≤ 5%). dTBAB (1 eqv) was used. eSDS (10 mol%) was used. 

After optimizing the reaction conditions, we examined the minimum amount of the catalyst 

loading that is required to obtain effective conversion to the sulfane. Experiments were 

performed with 4–iodoanisole (1 mmol) in the presence of varying quantities of CuO@ARF 
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(from 50 mg to 250 mg; i.e. 0.46 mg to 2.30 mg of copper mmol–1 of iodoarene) and the 

results are shown in Figure III.5. Conversions to the thioether at different time intervals were 

measured by HPLC and the plot of %conversion (± 2%) versus time (h) revealed that 

minimum 200 mg of the catalyst (~1.8 mg of copper) mmol–1 of iodoarene can give rise to 

the best result. In each case, reaction was continued up to 24 h and HPLC analysis showed no 

appreciable changes in the conversion (Figure III.5 was plotted up to 12h). 

 

Figure III.5. Time conversion plots for the C−S cross–coupling between 4–iodoanisole and 

thiophenol under on–water condition at 100 oC in the presence of varied amounts of 

CuO@ARF. Conversions (± 2%) at different time intervals for each plot were measured by 

HPLC. 

The optimized reaction conditions were then employed with different iodoarenes and other 

aromatic halides to couple with variety of aryl thiols to examine the scope and limitations of 

our catalyst for on–water C−S cross–coupling reaction. In general, it was observed that the 

cross-coupling reaction was successful producing corresponding diaryl sulphide in good to 

excellent yields. The results are presented in Table III.2. Iodoarenes with both activated 

(methoxy, methyl) and deactivated functional groups (nitro or acetyl) effectively underwent 

C−S cross–coupling with different aryl thiols (entries 1–5). On the other hand, similar 

coupling reactions with bromo– and chlorobenzenes, including p–chloroacetophenone were 

not successful (entries 6, 7). Increasing the catalyst loading and changing the base did not 

facilitate the C−S cross-coupling of p-bromotoluene (entry 8). The selectivity might be useful 

for substrates bearing different halides. Thus, iodobromoarenes and iodochloroarene were 

subjected to coupling with aryl thiols in the presence of this heterogeneous catalyst 

(CuO@ARF) affording highly chemoselective iodo–coupled product only (entries 9–11). 

Substituted thiophenol like 2,5–dimethylbenzenethiol also underwent smooth reactions (entry 

12). Aliphatic thiols also gave cross–coupling products without any difficulty, but relatively 
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in lower yields as compared to aromatic thiols (entries 13–15). This finding might be 

attributable to the fact that aliphatic thiols are less reactive than aromatic thiols.25 Bis–

couplings were performed equally efficiently starting from 1,3–diiodobenzene and p–

tolylthiol and affording the desired 1,3–bis(p–tolylthio)benzene as the only product in 79% 

isolated yield (entry 16). It may be mentioned that only benzenethiol and 4–tolylthiol gave a 

minor quantity of corresponding disulfides during the reaction (≤ 5%), while in other cases, 

no disulfide was detected on tlc or by HPLC analysis. 

Table III.2. CuO@ARF–catalyzed C−S cross–coupling reactions between haloarenes and 

thiol.a 

Entr

y 

Aryl halide Thiol Time 

(h) 

Product Yield 

(%)b 

1 (4-H3CO)C6H4I  
C6H5SH

 8 S C6H5(4-H3CO)H4C6  
90 

2 (3-H3CO)C6H4I  (4-Cl)C6H4SH  12 S C6H4(4-Cl)(3-H3CO)H4C6  
85 

3 (2-H3CO)C6H4I  (4-CH3)C6H4SH  18 S C6H4(4-CH3)(2-H3CO)H4C6  
75 

4 (3-NO2)C6H4I  (4-CH3)C6H4SH  11 S C6H4(4-CH3)(3-NO2)H4C6  
78 

5 (4-H3CO)C6H4I  (4-CH3)C6H4SH  10 S C6H4(4'-CH3)(4-H3CO)H4C6  
75 

6 (4-H3C)C6H4Br  C6H5SH  24 No reaction - 

7 (4-CH3CO)C6H4Cl  C6H5SH  24 No reaction - 

8c 
(4-H3C)C6H4Br  C6H5SH  24 No reaction - 

9 (5-Br)(2-H3CO)C6H3I  C6H5SH  8 S C6H5(5-Br)(2-H3CO)H3C6  
90 

10 (3-Br)C6H4I  (4-CH3)C6H4SH  16 S C6H4(4-CH3)(3-Br)H4C6  
79 

11 (3-Cl)C6H4I  (4-CH3)C6H4SH  16 S C6H4(4-CH3)(3-Cl)H4C6  
79 

12 (4-H3CO)C6H4I  (2,5-CH3)2C6H3SH

 

7 S C6H3(2,5-CH3)2(4-H3CO)H4C6  
89 

13 (4-H3CO)C6H4I  
CySH  16 S Cy(4-H3CO)H4C6  

70 

14 (4-H3CO)C6H4I  n-C5H11SH  16 S C5H11-n(4-H3CO)H4C6  
73 

15 (3-H3CO)C6H4I  n-C7H15SH  16 S C7H15-n(3-H3CO)H4C6  
76 
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16d 
1,3-C6H4I2  (4-CH3)C6H4SH  14 1,3-((4-CH3)C6H4S)2 C6H4  79 

17 (2-Br)C6H4I  (2-NH2)C6H4SH  8 S C6H4(2-NH2)(2-Br)H4C6  
82 

 
aAryl halide: thiol: catalyst (1 mmol: 1.2 mmol: 200 mg), SDS (10 mol%) and K2CO3 (1.1 

mmol) was taken in water (3 mL), heated at 100 oC. bYield refers to pure isolated products 

characterized by spectroscopic (1H and 13C NMR) data. cAryl bromide: thiol: catalyst (1 

mmol: 1.2 mmol: 300 mg), SDS (10 mol%) and Cs2CO3 (1.1 mmol) was taken in water (3 

mL), heated at 100 oC. daryl halide: thiol: catalyst (0.5 mmol: 1.2 mmol: 200 mg), SDS (10 

mol%) and K2CO3 (1.1 mmol) was taken in water (3 mL). 

The mechanism of the resin embedded CuO–catalyzed C−S coupling reaction is believed to 

proceed through the oxidative addition followed by reaction with thiol and then reductive 

elimination steps (CuII → CuIII → CuII).15 The role of the additive SDS is presumably to 

solubilise the organic substrates in aqueous medium.26 

III.3.4. Hot filtration test 

Leaching of any metallic species from the amberlite resin polymeric matrices during or after 

the reaction was tested following the literature procedure.27 Accordingly, the reaction mixture 

of the C−S cross–coupling between 4–iodoanisole and thiophenol is filtered off to separate 

out the solid catalysts after 2 h in hot condition, and the filtrate was analyzed by HPLC 

(~43% conversion). The AAS analysis of the filtrate solution did not show the presence of 

any copper species. Moreover, further continuing the reaction by heating the liquid phase at 

100 oC for another 6 h in the absence of any added catalyst (CuO@ARF) did not afford any 

appreciable conversion (HPLC analysis). These observations signify that any copper species 

might not be leached out from the heterogeneous support during initial two hours of the 

reaction (Figure III.6). 

III.3.5. Recycling experiments 

One of the important factors for a heterogeneous catalyst lies in its efficiency for recycling. 

We investigated the reusability of CuO@ARF in the reaction between 4–iodoanisole and 

thiophenol again as the model case. After completion of the reaction, resin beads were 

filtered off from the reaction mixture, washed thoroughly with water followed by acetone 

(two times), and then dried under vacuum. The catalyst was reused in five consecutive runs 

including the first run. Gratifyingly, there was no considerable loss of the catalytic efficiency 

 observed (Figure III.7). 
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Figure III.6. Comparison of normal time 

profile with that of hot filtration test. 

Conversions (±2%) at different time 

intervals for each plot were measured by 

HPLC. 

Figure III.7. Recycling experiments using 

CuO@ARF in the C−S cross–coupling 

reaction between 4–iodoanisole and 

thiophenol.

III.3.6. Further application 

Since the present catalytic system is highly selective to aryl iodides only (i. e. the first 

oxidative addition to the sp2 C−I bond), we decided to utilize this chemoselectivity between 

iodo– and bromo–substitutents attached to the aryl moiety. Thus, a reaction of 1,2–

bromoiodobenzene with 2–aminothiophenol in the presence of the catalyst CuO@ARF under 

similar conditions in water was performed. The C−S coupling occurred selectively at sp2 C−I 

bond and we obtained 2–(2–bromophenylthio)benzene in 82% yield (Scheme III.6). Further 

intramolecular Buchwald–Hartwig type coupling between amino– and bromo– substituents 

attached with two aromatic rings under Pd–BINAP catalyzed condition was carried out to 

afford phenothiazine in 84% isolated yield. The C−N coupling can also be accomplished by 

using the new catalyst (CuO@ARF) in the presence of L-proline as the ligand (Scheme 

III.6).28 The 1H–NMR spectra run in DMSO–D6 and DMSO–D6–D2O confirmed formation 

of phenothiazine with the labile NH proton appeared at δ 8.5 ppm (Figure III.8). We also 

performed the intramolecular Buchwald coupling in water medium using both catalytic 

systems. Although the reactions works well with comparative yield of the phenothiazine in 

the case of using Pd2(dba)3, the use of CuO@ARF as the catalyst however does not give 

satisfactory yield of the desired cyclic product. 

III.4. Conclusion 

Our studies established that poly–ionic resin–supported CuO NPs (CuO@ARF) are efficient 
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Scheme III.6. Synthesis of Phenothiazine. 
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Figure III.8. 13C–NMR spectra of phenothiazine in DMSO–D6 (blue) and DMSO–D6–D2O 

(red). 

catalyst in the C−S coupling reaction under ligand–free 'on–water' conditions. Low loading of 

the catalyst, recyclability without leaching and chemoselectivity amongst aromatic halides 

are notable features. Further application of the chemoselectivity has been demonstrated in the 

synthesis of bioactive heterocyclic scaffold phenothiazine. Considering the inexpensive 

catalytic system along with application to the synthesis of medicinally important structural 

scaffold, this heterogeneous catalyst and greener method can find wider applications in 

organic synthesis. 

III.5. Experimental section 

III.5.1. General information 

Amberlite IRA 900 (chloride form) was purchased from Across Organics, Belgium and used 

S

N
H
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after washing with water and acetone followed by drying under vacuum. Cupric acetate was 

purchased from S.D. Fine Chem. Limited and other chemicals were purchased and used 

directly. For column chromatography: silica (60–120 mesh) (SRL, India), and for tlc, Merck 

plates coated with silica gel 60, F254 were used. FTIR spectra were recorded in FT–IR–8300 

Shimadzu spectrophotometer. NMR spectra were taken in CDCl3 using Bruker Avance AV–

300 spectrometer operating for 1H at 300 MHz and for 13C at 75 MHz. The spectral data were 

measured using TMS as the internal standard (for 1H) and CDCl3 (for 13C). AAS 

measurements were made using Varian SpectrAA 50B instrument. Progress of the reaction 

was monitored by HPLC (Agilent Technologies, 1260 Infinity), Column: ZORBAX Rx–SIL 

(4.6 x 150 mm, 5 µm), eluent: n–hexane (flow rate 2 mL min–1). The X–ray diffraction 

(XRD) studies of the powder samples were done using the Rigaku SmartLab (9 kW) 

diffractometer using CuKα radiation. High Resolution Transmission Electron Microscopy 

(HRTEM) of the samples was recorded with JEOL JEM–2100F (FEG) operating at 200 kV. 

The amberlite resin formate (ARF) was prepared from commercially available Amberlite 

IRA 900 (chloride form) (Source: Acros Organics, Belgium) by rinsing with 10% aqueous 

formic acid solution until free from chloride ions. The resin beads were then washed with 

water followed by acetone, dried under vacuum, and used for the preparation of CuO@ARF 

heterogeneous nanomaterial. 

III.5.2. Preparation of CuO@ARF 

To a solution of Cu(OAc)2
.H2O (50 mg, 0.25 mmol) in DMF (5 mL) was added ARF (1 g) 

and the mixture taken in teflon capped sealed tube was heated at 110 oC for 30 min with 

occasional gentle shaking. The supernatant liquid became completely colourless by this time 

and the greyish beads of ARF visibly turned brownish. The mixture was cooled to room 

temperature and the resin beads were filtered off and washed repeatedly with water (3 x 5 

mL) and acetone (2 x 5 mL). Resulting brown beads were dried under vacuum and used for 

analyses and evaluation of catalytic activity. 

III.5.3. General procedure for C−S cross–coupling reaction 

To a suspension of CuO@ARF (200 mg) in water (3 mL) were added aryl halide (1 mmol), 

thiol (1.2 mmol), K2CO3 (1.1 mmol) and SDS (10 mol%), and the reaction mixture was 

heated in a screw-capped sealed tube at 100 oC for several hours as mention in Table III.2. 

Proceeding of the reaction was monitored by tlc at time intervals. After completion, the 

mixture was cooled, diluted with water (5 mL) and then filtered through a cotton bed to 
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separate out the resin beads. The resin beads were washed with ethyl acetate (2 mL) and the 

filtrate was extracted with ethyl acetate (3 x 10 mL). The combined organic layer was dried 

over anhydrous Na2SO4 and concentrated under vacuum. The residue obtained was purified 

by column chromatography using light petroleum as the eluent. All products were identified 

on the basis of spectral data (1H and 13C NMR), and also compared with reported melting 

point (for solid compounds and as available). 

The resin beads separated out from the reaction mixture were successively washed with water 

(3 x 5 mL), acetone (2 x 5 mL) and then dried under vacuum for use in the next batch of 

recycle run. 

III.5.4. Preparation of phenothiazine from selective iodo-coupled product (Table III.2, 

entry 17) using Pd-BINAP catalyst 

To a mixture of 2–(2–bromophenylthio)benzeneamine (1 mmol, 280 mg) in toluene were 

added tBuOK (1.5 mmol, 168 mg), Pd2(dba)3 (2 mol%) and BINAP (4 mol%). The reaction 

mixture taken in a screw-capped sealed tube was heated at 100 oC for 4 h. After cooling, the 

reaction mixture was diluted with water (5 mL) and extracted with ethyl acetate (3 x 10 mL). 

The combined extracts were washed with brine, dried (Na2SO4) and evaporated. The residue 

was purified over silica gel column to obtain white crystals of phenothiazine (167 mg, 84 %), 

characterized by 1H and 13C NMR and compared with literature data. 

III.5.5. Preparation of phenothiazine from selective iodo-coupled product (Table III.2, 

entry 17) using CuO@ARF catalyst 

To a mixture of 2–(2–bromophenylthio)benzeneamine (1 mmol, 280 mg) in dimethyl 

sulfoxide were added tBuOK (1.5 mmol, 168 mg), CuO@ARF (200 mg, 1.8 mg of copper, 

2.83 mol% Cu) and L-proline (5.66 mol%). The reaction mixture taken in a screw-capped 

sealed tube was heated at 100 oC for 48 h. After cooling, the reaction mixture was diluted 

with water (5 mL) and extracted with ethyl acetate (3 x 10 mL). The combined extracts were 

washed with brine, dried (Na2SO4) and evaporated. The residue was purified over silica gel 

column to obtain white crystals of phenothiazine (143 mg, 72 %), characterized by 1H and 
13C NMR and compared with literature data. 

III.5.6. Physical properties and spectral data of compounds: 

Table III.2, entry 1 

(4–Methoxyphenyl)(phenyl)sulfane
29 

Colourless liquid 
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1H NMR (CDCl3, 300 MHz): δ/ppm 3.81 (s, 3H, OCH3), 6.89 (dd, J = 2.1 and 6.9 Hz, 2H, 

ArH), 7.13–7.25 (m, 5H, ArH), 7.41 (dd, J = 2.1, 6.6 Hz, 2H, ArH); 13C NMR (CDCl3, 75 

MHz): δ/ppm 55.3, 114.9, 124.1, 125.7, 128.1, 128.9, 135.3, 138.6, 159.7. 

Table III.2, entry 2 

(4–Chlorophenyl)(3–methoxylphenyl)sulfane
30 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.75 (s, 3H, OCH3), 6.80–6.81(m, 1H, ArH), 6.85–

6.91(m, 2H, ArH), 7.20 (d, J = 8.1 Hz, 1H, ArH), 7.24–7.26 (m, 4H, ArH); 13C NMR (CDCl3, 

75 MHz): δ/ppm 55.2, 113.1, 116.2, 123.2, 129.3, 130.1, 132.3, 133.1, 134.1, 136.4, 160.1. 

Table III.2, entry 3 

(2–Methoxyphenyl)(p–tolyl)sulfane
29 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.35 (s, 3H, CH3), 3.88 (s, 3H, OCH3), 6.80–6.88 (m, 

2H, ArH), 6.94 (dd, J = 1.5 and 7.8 Hz, 1H ArH), 7.13–7.20 (m, 3H, ArH), 7.31 (d, J = 8.1 

Hz, 2H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 21.1, 55.8, 110.6, 121.2, 125.7, 127.4, 

129.7, 129.8, 130.1, 132.9, 137.7, 156.5. 

Table III.2, entry 4 

(3–Nitrophenyl)(p–tolyl)sulfane
18 

Pale yellow solid, mp 57–58 oC (Lit. mp 60–61 oC) 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.39 (s, 3H, CH3), 7.22 (d, J = 9.0 Hz, 2H, ArH), 7.37–

7.45 (m, 4H, ArH), 7.94–7.96 (m, 2H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 21.2, 120.4, 

122.2, 127.8, 129.5, 130.7, 133.3, 134.1, 139.5, 141.6, 148.6. 

Table III.2, entry 5 

(4–Methoxyphenyl)(p–tolyl)sulfane
31 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.29 (s, 3H, CH3), 3.79 (s, 3H, OCH3), 6.86 (d, J = 9.0 

Hz, 2H, ArH), 7.05 (d, J = 8.1 Hz, 2H, ArH), 7.13 (d, J = 8.1 Hz, 2H, ArH), 7.35 (d, J = 9.0 

Hz, 2H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 20.9, 55.3, 114.8, 125.6, 129.3, 129.7, 

134.3, 136.1, 159.4. 

Table III.2, entry 9 

(5–Bromo–2–methoxyphenyl)(phenyl)sulfane29 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.84 (s, 3H, OCH3), 6.73 (d, J = 8.4 Hz, 1H, ArH), 7.03 



52 

 

 (d, J = 2.4 Hz, 1H, ArH), 7.26 (dd, J = 2.4 and 8.7 Hz, 1H, ArH), 7.31–7.40 (m, 5H, ArH); 

13C NMR (CDCl3, 75 MHz): δ/ppm 56.1, 112.1, 113.2, 127.7, 128.0, 129.4, 130.1, 132.1, 

132.5, 132.7, 155.7. 

Table III.2, entry 10 

(3–Bromophenyl)(p–tolyl)sulfane
32  

Colourless liquid. 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.36 (s, 3H, CH3), 7.10–7.18 (m, 4H, ArH), 7.24–7.28 

(m, 1H, ArH), 7.32–7.35 (m, 3H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 21.2, 122.9, 

127.2, 129.0, 129.4, 130.2, 130.3, 131.1, 133.2, 138.5, 140.3. 

Table III.2, entry 11 

(3–Chlorophenyl)(p–tolyl)sulfane 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.36 (s, 3H, CH3), 7.07–7.19 (m, 6H, ArH), 7.34 (dd, J = 

1.8 and 6.3 Hz, 2H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 21.2, 126.1, 126.7, 128.3, 

129.4, 129.9, 130.3, 133.3, 134.8, 138.6, 140.0. 

Table III.2, entry 12 

(4–Methoxyphenyl)(2,5–dimethylphenyl)sulfane
33 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.20 (s, 3H, CH3), 2.32 (s, 3H, CH3), 3.80 (s, 3H, 

OCH3), 6.85–6.92 (m, 4H, ArH), 7.06 (d, J = 7.5 Hz, 1H, ArH), 7.29 (dd, J = 2.1 and 6.6 Hz, 

2H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 19.8, 20.9, 55.3, 114.9, 124.9, 127.2, 130.1, 

130.2, 133.9, 134.3, 136.0, 136.1, 159.2. 

Table III.2, entry 13 

Cyclohexyl(4–methoxyphenyl)sulfane
34 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 1.21–1.94 (m, 10H, CH2), 2.89 (m, 1H, S–CH), 3.80 (s, 

3H, OCH3), 6.83 (dd, J = 2.1 and 6.6 Hz, 2H, ArH), 7.36–7.40 (m, 2H, ArH); 13C NMR 

(CDCl3, 75 MHz): δ/ppm 25.8, 26.1, 33.4, 47.9, 55.3, 114.3, 125.1, 135.5, 159.3. 

Table III.2, entry 14 

(4–Methoxyphenyl)(pentyl)sulfane
35 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 0.88 (t, J = 7.2 Hz, 3H), 1.26–1.40 (m, 4H, CH2–CH2), 

1.56–1.61 (m, 2H, CH2), 2.81 (m, 2H, S–CH2), 3.79 (s, 3H, OCH3), 6.83 (dd, J = 2.1 and 6.6 
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Hz, 2H, ArH), 7.33 (dd, J = 2.1 and 6.6 Hz, 2H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 

13.9, 22.2, 29.0, 30.8, 35.7, 55.3, 114.4, 126.9, 132.9, 158.6. 

Table III.2, entry 15 

Heptyl(3–methoxyphenyl)sulfane 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 0.85–0.90 (m, 3H, CH3 and CH2), 1.26–1.68 (m, 10H, 

CH2), 2.91 (t, J = 7.2 Hz, 2H, S–CH2), 3.79 (s, 3H, OCH3), 6.696 (ddd, J = 0.9, 2.4 and 8.1 

Hz, 1H, ArH), 6.85–6.91(m, 2H, ArH), 7.16–7.25 (m, 1H, ArH); 13C NMR (CDCl3, 75 MHz): 

δ/ppm 14.0, 22.6, 28.8, 29.1, 31.3, 31.7, 33.3, 55.2, 111.2, 114.0, 120.8, 129.6, 138.5, 159.8. 

Table III.2, entry 16 

1,3–Bis(p–tolylthio)benzene
29

 

White solid, mp 84–85 oC 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.34 (s, 6H, CH3), 6.98–7.01 (m, 2H, ArH), 7.06–7.13 

(m, 6H, ArH), 7.27 (dd, J = 1.5 and 6.3 Hz, 4H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 

21.1, 126.6, 129.0, 129.3, 130.1, 132.9, 138.0, 138.7. 

Table III.2, entry 17 

2–(2–Bromophenylthio)benzenamine
28  

Brownish solid, mp 63–64 oC (Lit. mp 62–63 oC)  

1H NMR (CDCl3, 300 MHz): δ/ppm 4.13 (s, 2H, NH2), 6.60 (dd, J = 1.5 and 7.8 Hz, 1H, 

ArH), 6.75–6.83 (m, 2H, ArH), 6.92–6.98 (m, 1H, ArH), 7.05–7.10 (m, 1H, ArH), 7.23–7.30 

(m, 1H, ArH), 7.43–7.52 (m, 2H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 113.0, 115.5, 

119.0, 120.6, 126.1, 126.2, 127.7, 131.7, 132.7, 137.79, 137.8, 148.9. 

NMR spectral data for Phenothiazine 

10H–Phenothiazine
28  

White solid, mp 185–186 oC (Lit. mp 186–187 oC) 

1H NMR (DMSO–d6, 300 MHz): δ/ppm 6.72–6.77 (m, 4H, ArH), 6.89–7.01 (m, 4H, ArH), 

8.58 (s, 1H, NH); 13C NMR (DMSO–d6, 75 MHz): δ/ppm 114.4, 116.4, 121.8, 126.3, 127.5, 

142.1. 

III.6. References 

References are given in BIBLIOGRAPHY under Chapter III (pp. 146−148). 
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CHAPTER IV 

Pd/Cu bimetallic nanoparticles embedded in macroporous ion-

exchange resins: An excellent heterogeneous catalyst for the 

Sonogashira reaction  
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IV.1. Introduction 

Bronze is an alloy of copper and tin was the oldest record of a man-made bimetallic material, 

aimed to improving the performance of each of its two components. The bimetallic age of 

catalysis has taken a bit longer to come out, but it is now here pursuing the same purpose: 

better performance and new applications. 

The field of heterogeneous catalysis, with particular emphasis on catalysis involving 

bimetallic nanomaterials (BNMs) that contain two different materials in the same 

nanoparticle, has seen many advances over the past few years. Significant progress has been 

made with regard to the preparation and characterization of a variety of different BNMs with 

well defined size, shape, and composition properties.1 

Bimetallic nanoparticles (NPs), with two different metals, often show improved catalytic 

performances and find applications in several industrial processes, primarily in fuel industries 

or environmental catalytic processes, and more recently in C−C cross‒coupling reactions.2 

Bimetallic catalysts represent an interesting class of catalysts because one metal can tune 

and/or modify the catalytic properties of the other due to the electronic and structural 

interactions.3 They are also of importance because of the modification in their surface 

electrons relative to that of the individual metals.4 There has been considerable interest in the 

formation, structure and further exploitation of the catalytic activity of bimetallic particles.5 It 

has been often seen that metals interacting with either another metal or metal oxide at the 

nano level can form nanocomposites with superior activities not seen in bulk alloys.6 From 

the standpoint of the reduction of environmental burdens and cost effectiveness, nanometal 

catalysts embedded in/on insoluble supports with ligand-free and minimal or no leaching are 

highly desirable. However, procedural simplicity, uniform dispersion, cheaper and robust 

polymeric surface, higher efficiency and life-cycle remain the major challenges for a 

heterogeneous catalyst. 

Since several metal-catalyzed cross‒coupling reactions require the presence of another metal 

either as a cocatalyst or to help control the overall process. Representative examples include: 

(i) Pd-catalyzed Heck coupling reaction in the presence of Ag salts, that is believed to occur 

via cationic mechanism and often has a profound effect in controlling the regio- and 

stereochemistry of the coupled product,7 (ii) Sonogashira reaction between an aryl halide and 

terminal alkynes requires a combination of Pd and Cu as the catalysts, where Cu+ plays a 

catalytic role in transferring the alkynyl group to Pd,8 (iii) in the Stille coupling reaction, the 

accelerating effect of CuI on the Pd-catalyzed coupling of aryl iodide and organostannane 

derivative has been quantitatively evaluated.9 
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Since in early 1990s, bimetallic Pd nanoparticles have received widespread attention because 

of their extensive use in hydrogenation reactions, C−H bond activation, C−C coupling 

reactions and environmental catalytic processes. In 1996 Reetz et al. observed that the 

presence of tetraalkylammonium salts can lead to nanostructured R4N
+X−-stabilized 

bimetallic cluster Pd/Ni, having better catalytic activity than corresponding Pd clusters. The 

excellent redox properties of the Pd/Cu system and the pronounced “Cu-effect” in the Pd-

catalyzed cross‒coupling reaction stimulate the development of several heterogeneous 

bimetallic composites.10 

IV.2. Present work: Background and Objective 

Palladium-copper bimetallic catalysts have excellent properties both for oxidation reaction 

reactions and for catalysis in reducing atmospheres. They in fact are of interest as catalyst for 

the oxidation of CO11a and for the oxygen-assisted water gas shift reaction,11b and the 

selective hydrogenation of dienes to olefins.11c Several previous studies have been devoted to 

the characterization of similar materials by different techniques.12 Copper enrichment has 

been reported in the case of Pd-Cu/SiO2 catalyst used for dehydrochlorination of 1,2-

dichloroethane12h and in optical materials.12i 

Recent report shows monodisperse bimetallic Pd‒Cu nanoparticles with controlled size and 

composition were synthesized by a one-step multiphase ethylene glycol (EG) method.13 The 

as prepared nanoparticles were loaded onto a Vulcan XC-72 carbon support. Supported 

Pd‒Cu nanomaterials showed enhanced electrocatalytic activity towards methanol oxidation 

compared with supported Pd nanoparticles. The solid–solution alloy structures in the 

bimetallic catalyst played a key role in improving the electrochemical activity. 

After that Chang and their group have demonstrated a facile approach for the preparation of 

PdCu bimetallic NPs with various morphologies through a surfactant-assisted growth at 95 
oC.14 This material was successfully applied in methanol oxidation reaction (MOR) in 

alkaline media. Upon increasing the copper content, the catalytic activity toward the MOR 

increases, mainly due to the advantages of the electroactive surface area. 

Müslehiddinoglu et al.15 developed a Pd‐Cu/C catalyst as an alternative to Raney Ni for the 

highly diastereoselective hydrogenation of imines prepared from prochiral ketones and 

α‐phenylethylamines (Scheme IV.1). These results revealed that chiral amines could be 

obtained with a diastereomeric excess (de) up to 94% using Pd‐Cu/C, whereas conventional 

Pd/C catalysts only afforded a de of 72%. Further investigation revealed that a Pd:Cu ratio of 

4:1 was required for a robust process. 
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Scheme IV.1. Catalytic hydrogenation by Pd-Cu/C. 

Palladium and copper exchanged montmorillonite K10 clay has been found to catalyse very 

efficiently the reaction between aryl halides (X = Br, I) and acrylates, and styrenes producing 

alkyl (E)-cinnamates and (E)-stilbenes respectively in high yields (Scheme IV.2).16 The 

catalyst was recovered by simple filtration and reused up to three times without losing its 

activity. 

X

R1
R2O

O
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K2CO3, DMF 
reflux, 2 h

X = I, Br
R1 = H, 4-OCH3, 4-CH3, 2-OCH3, 2-CH3

R2 = CH3, Et

OR2

O

R1

X
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Pd–Cu–Mont.K10 
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reflux, 2-3 h
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R3 = H, Cl, OCH3

51-93%

32-88%
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Scheme IV.2. Heck reaction using Pd–Cu–Mont.K10. 

Another carbon-supported bimetallic Pd‐M (M = Ag, Ni, and Cu) composites have been 

synthesized by Choi et al.17 through γ‐irradiation at room temperature, and the resulting 

Pd‐Cu/C nanoparticles exhibited high catalytic efficiency in the Suzuki‐ and Heck‐type 

coupling reactions. 

Heshmatpour and their group have synthesized spherical metal NPs (Pd, Ag, Pd/Ag, Pd/Ni, 

and Pd/Cu) using a water-in-oil microemulsion system of water/dioctyl sulfosuccinate 

sodium salt (aerosol-OT, AOT)/isooctane at 25 oC based on the reverse micelle technique.18 

Among different combinations Pd/Cu (4:1) exhibits highest activity in the Heck reaction 

compare to other (Scheme IV.3). This catalyst was separated by centrifugation and used for 

recycling experiments. The activity of Pd catalyst was gradually decreased but the catalytic 

activity of Pd/Cu remains constant up to six consecutive runs. 
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Scheme IV.3. Heck reaction of aryl halides with olefins catalyzed by Pd/Cu (4:1). 

Very recently Gao et al.19 have synthesized montmorillonite supported Pd-Cu nanoparticles 

(MMT@Pd/Cu), exhibits catalytic activity towards the Sonogashira coupling reaction using 

triphenylphosphine (PPh3) as a ligand (Scheme IV.4). These catalysts were prepared on the 

basis of the unique metal ion adsorption capacity of montmorillonite and sequential reductive 

carbonylation via the thermolysis of N,N-dimethylformide. Kinetic studies revealed that the 

water-promoted swelling of the montmorillonite as well as the Pd-Cu bimetallic synergistic 

effect played a critical role in the high activity of the catalyst. 

I
MMT@Pd/Cu

K2CO3, PPh3

H2O/DME (1:4)

60 oC
 

Scheme IV.4. MMT@Pd/Cu catalyzed Sonogashira coupling reaction. 

Our previous lab report depicts the successful immobilization of Pd NPs on macroporous 

polystyrene-trimethylammonium anion-exchange resins and finds its application in various 

catalytic reduction and C−C coupling‒coupling reactions.20 However, to the best of our 

knowledge, there is no report available in the literature for the synthesis of bimetallic NPs 

impregnated on insoluble poly-ionic resins and to explore its heterogeneous catalytic activity 

in cross–coupling reactions. Here we report the synthesis and characterization of new class of 

heterogeneous Pd/Cu bimetallic composite NPs embedded on poly-ionic amberlite resins, 

which have shown efficient catalytic activity in the Sonogashira cross–coupling reaction 

under phosphine-ligand-free conditions with high recyclability. 

IV.3. Present work: Results and Discussion 

IV.3.1. Preparation of Heterogeneous Pd/Cu composite 

Amberlite resin formate (ARF) was prepared from commercially available inexpensive Amb- 

erlite resin chloride by ion–exchange process as reported from this 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 
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acetate and cupric acetate in dimethylformamide (DMF) at different concentrations. Initial 

experiment using low concentration of each salt (0.033 mmol) afforded the composite 

material, which was denoted as Pd/Cu−ARF(I) and similar experiment using higher 

concentration of salts (0.25 mmol each) that furnished a new entity, denoted as 

Pd/Cu−ARF(II). 

IV.3.2. Characterizations of Pd/Cu−ARF 

The morphology and microstructure of the samples were examined by FTIR spectroscopy, 

TEM equipped with EDS, powder XRD and AAS. 

Initially we have focused on Pd/Cu−ARF(I). The AAS analysis shows nearly 90% of the 

added copper was present in it. The surface topopraphy and dispersion of active components 

over the ARF were examined by scanning electron microscopy (SEM) (Figure IV.1).  

   

ARF       Pd/Cu−ARF(I) 

   

ARF       Pd/Cu−ARF(I) 

Figure IV.1. Scanning electron micrographs of ARF (a, b), Pd/Cu−ARF(I) (c, d) at different 

magnifications. 

The powder XRD patterns of ARF and Pd/Cu−ARF(I) are presented in Figure IV.2. It is 

evident that the support (ARF) and supported bimetal at low concentration [Pd/Cu−ARF(I)] 

appeared almost identical and however showed no signature of NPs. 

To understand the actual structural morphology of the composite material, Pd/Cu−ARF(II) 

was prepared and characterized in details. 

a 

b 

c 

d 
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Figure IV.2. Powder XRD of ARF and the 

corresponding Pd-Cu incorporated resin 

(Pd/Cu−ARF(I)). 

The FTIR spectra of bimetallic species 

were recorded in the range 4000–400 cm‾1 

and compared with that of ARF. Figure 

IV.3 show the FTIR spectra in the range of 

2000–400 cm‾1. While the carboxylate 

anion (HCOO¯) of the ARF exhibits both 

symmetric and anti-symmetric stretching 

vibrations respectively at 1346 and 1593 

cm‾1, the composites Pd/Cu−ARF(I) and Pd/Cu−ARF(II) absorb at 1412 and 1655 cm‾1 for 

these vibrations. A clear shifting of the bands in the range of 60-65 cm‾1 was observed 

conforming to our previous studies with the monometallic Pd−ARF (Figure IV.3),20 and 

suggesting possible electrostatic binding of the metallic species with the poly-ionic resins. It 

can also be noted from Figure IV.3 that an intense FTIR peak around 1575 cm‾1 is appeared 

in the case of Pd/Cu−ARF(II), which is almost absent in Pd/Cu−ARF(I). This may be 

assigned as a peak of COO¯, bonded with the metal in amberlite resin,22 and appeared 

sharply in Pd/Cu−ARF(II) possibly due to the larger amount of metal doping. 

The XRD patterns of amberlite resins formate, (ARF) and that of the corresponding Pd/Cu 

incorporated resins (Pd/Cu−ARF(II)) are shown in Figure IV.4. Here, we did not observe any 

signals related to the Pd- and Cu-acetate, indicating complete decomposition of the salts in 

the case of Pd/Cu−ARF(II). The impregnated resins Pd/Cu−ARF(II) (dried at 60 °C) 

exhibited Bragg diffractions corresponding to the cupric oxide (CuO), palladium oxide (PdO) 

and palladium (Pd), while the pure ARF showed amorphous characteristics. The peak 

positions are labelled in Figure IV.4. The corresponding JCPDS peak positions with relative 

intensities are also shown as green (PdO), blue (CuO) and pink (Pd) lines. The broad XRD 

pattern of Pd/Cu−ARF(II) suggested poor crystalline nature of the embedded materials. 

Nevertheless the existence of XRD peaks at 34.48, 46.16, 55.89 and 61.75° 2θ clearly 

suggested the PdO (002), (102), (112) and (103) planes, respectively (JCPDS#01-075-0200). 

The appearance of peaks at 40, ~46.5 and 67.91° 2θ indicated the presence of (111), (200) 

and (220) planes, respectively of fcc Pd (JCPDS#01-088-2335). Further, we found peaks near 

35.39, 46.25, 57.91, 61.64° 2θ, which could be indexed as (1̄11), (1̄12), (202) and (1̄13) of 

CuO, respectively (JCPDS#01-089-2531). 

The TEM analysis of Pd/Cu−ARF(II) is presented in Figure IV.5. Low resolution TEM 

images showing nanoparticles embedded in resin matrix are shown in Figure IV.5a,b. The
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Figure IV.3. FTIR spectra of the ARF and 

bimetallic composites [Pd/Cu−ARF(I) and 

Pd/Cu−ARF(II)]. 

Figure IV.4. High angle XRD patterens of 

ARF and bimetallic composite 

Pd/Cu−ARF(II).

 

presence of diffused ring as well as spots corresponding to the Pd(111), PdO (002) and CuO 

(1̄11) in the SAED (inset of Figure IV.5a) indicate existence of crystalline NPs, which is also 

supported by the XRD pattern (Figure IV.4). We magnified a small portion of Figure IV.5a 

for clarification and presented it as Figure IV.5b. It shows homogeneous distribution of NPs 

throughout the matrix. Figure IV.5c shows the particle size distribution, estimated from 

Figure IV.5b, and the mean diameter of the particle was found to be ~4.9 nm. Energy 

dispersive X-ray scattering (EDX) analysis of Pd/Cu-ARF(II) (Figure IV.5d) confirmed the 

presence of Pd, Cu and O and C in the sample. To understand the structure of the NPs, high 

resolution TEM (HRTEM) studies were undertaken using field emission gun (FEG) 

transmission electron microscope and results are presented in Figure IV.5e-f. Figure IV.5e 

shows NPs with clear crystalline fringe patterns. Magnified view of a representative NP 

(marked by ‘A’ in Figure IV.5e) is shown in Figure IV.5f with labelling of characteristic 

fringes. The Fourier diffractogram (FFT) obtained from (IV.5e) is shown in Figure IV.5g.  

The co-existence of Pd (111) and PdO/CuO lattice spacings are clearly observed in the NPs 

(Figure IV.5f,g). Thus, HRTEM studies as well as SAED revealed the composite nature of 

NPs. 

From XRD and TEM analysis, we can thus say that composite NPs, made of Pd/PdO/CuO, 

have been embedded in the poly-ionic amberlite resins. The CuO might be formed by the ox- 
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idation of initially formed Cu(0) NPs, as also observed previously in the preparation of other 

 

 

Figure IV.5. (a) Bright field low resolution TEM images of Pd/Cu−ARF(II); the inset shows 

the selected area electron diffraction (SAED) pattern; (b) representation of the magnified 

view of a small portion of (a); (c) particle size distribution evaluated from (b); (d) EDX 

pattern of the sample showing the existence of elemental C (very strong), O, Pd and Cu; a 

part of C and very strong Mo signals are from the carbon coated Mo grid used for the TEM 

study; (e) high resolution TEM image showing crystalline NPs; (f) magnified view of the NP 

marked by ‘A’ in (e); (g) Fourier diffractogram taken from (e). 
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heterogeneous bimetallic Cu-M nanocomposites.23 Total copper present in the heterogeneous 

nanocomposite material, Pd/Cu−ARF(II) has been estimated by the AAS. For this purpose 50 

mg of the sample was digested with concentrated HNO3 (1 mL) and analysed. From such 

analysis Cu content has been estimated to be 0.205 mmol g−1 of the Pd/Cu−ARF(II). 

IV.3.3. Catalytic Activity of Pd/Cu−ARF(II) 

The metal-catalyzed sp2–sp coupling reaction between aryl or alkenyl halides and terminal 

alkynes, known as the Sonogashira reaction,24 is one of the most important reactions for the 

formation of C−C bonds in organic synthesis.25 Combination of Pd and Cu salts along with 

suitable phosphine ligands as the catalytic system for such cross–coupling reactions of sp2-C 

halides with terminal acetylenes requires careful choice of substrates and skilful tailoring of 

the reaction conditions.26 Competing homo-coupling of terminal alkynes in the presence of 

Pd/Cu catalysts remain one of the major side reactions, which is often avoided or minimized 

by conducting the Sonogashira reaction under a blanket of N2 or a mixture of N2 and H2.
27 On 

the other hand, few successful examples of copper-free Sonogashira coupling require 

expensive aminophosphine ligands.28 We optimized the reaction conditions with 4-

iodotoluene and propargyl acetate using the newly developed heterogeneous combination of 

Pd/CuO nanocomposites, and the best conversion was achieved in the presence of K2CO3 as 

the base in CH3CN solvent at 80 °C under N2 for 12h. As regard to the amount of the 

catalysts, it was observed that 100 mg mmol‾1 was sufficed to catalyze the process. To 

explore the scope and limitations of the catalyst, a range of substituted iodoarenes was tested 

and found to undergo Sonogashira coupling with different aliphatic and aromatic alkynes 

(Scheme IV.5). The results are presented in Table IV.1. The cross–coupling with electron-

rich aryl bromides was not successful, though hetero-aromatic bromide such as 3-

bromoquinoline or electron-deficient bromoarenes gave the corresponding coupled product in 

excellent yield. 

R1

X R2

Pd/Cu-ARF(II)

80 oC / CH3CN

K2CO3/under N2

R2

R1

 

Scheme IV.5. Sonogashira cross–coupling in the presence of Pd/Cu−ARF(II).  

Poor catalytic activity with deactivated aryl bromide in Sonogashira coupling has been 

exploited with a suitable example. 1-Bromo-3-iodobenzene showed excellent 

chemoselectivity when the Sonogashira coupling with 4-tolyl acetylene was carried out in the 

presence of Pd/Cu−ARF(II) to obtain selectively 1-(2-(3-bromophenyl) ethynyl)-4 
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methylbenzene in 92% yield (Table IV.1, entry 12A). Subsequently, the same catalytic 

system was used for Suzuki–Miyaura coupling with phenylboronic acid to obtain 1-(2-(3 

biphenyl)ethynyl)-4-methylbenzene in 81% yield (Table IV.1, entry 12B). This reaction 

established that the catalytic system, Pd/Cu−ARF(II), is effective for the Suzuki–Miyaura 

cross–coupling reaction as well. 

Table IV.1. Sonogashira coupling reactions of haloarenes with terminal alkynes in the 

presence of catalytic Pd/Cu−ARF(II).a 

Sl. No. Alkyne Time (h) Product Yieldb (%)

6 85

12 90

10 87

6 84

3 95

16

12 77

12 78

12 77

16

No Reaction

1

2

3

4

5

6

7

8c

9

11

No Reaction

10 93

10

C6H5 C6H5

CH2OCOCH3 CH2OCOCH3

CH2OCOCH2CH3 CH2OCOCH2CH3

CH2CH2C6H5 CH2CH2C6H5

C6H5
C6H5

CH2OCOCH2CH3
CH2OCOCH2CH3

CH2OCOCH2CH3 CH2OCOCH2CH3

C6H5

4- H3CCOC6H4Cl CH2CH2C6H5

C6H5 C6H5

C6H5 C6H5

4- H3COC6H4I 4- H3COH4C6

4- H3CC6H4I 4- H3CH4C6

2- H3CC6H4I 2- H3CH4C6

3- H3COC6H4I 3- H3COH4C6

3- NO2C6H4I 3- NO2H4C6

3- BrC6H4I

3- ClC6H4I

3- BrH4C6

3- ClH4C6

3- H3CC6H4Br

3- C9H6NBr

3- NO2C6H4Br

3- C9H6N

3- NO2H4C6

Ar-X

1-Br-3-IC6H4 1-Br-3-C6H4 C6H5(4-CH3)C6H4(4-CH3) 6 92

1-Br-3-C6H4 C6H5(4-CH3) C6H5B(OH)2 1-C6H5-3-C6H4 C6H5(4-CH3)6 81

12A

12Bd

-

-

 
aPd/Cu−ARF(II) (100 mg), ArX (1 mmol), alkyl acetylene (1.1 mmol)/aryl acetylene (1.5 

mmol), K2CO3 (1.5 mmol), MeCN (3 mL), heating the reaction at 80 oC under N2. 
bYields are 

for isolated pure compounds, characterized by mp, IR and NMR spectral data. cHomo-

coupled diyne was isolated in 62% yield. dSuzuki–Miyaura cross–coupling reaction using 

same catalytic system, [Pd/Cu−ARF(II)], (see experimental). 

Although the exact mechanism for the Sonogashira cross–coupling reaction is not known,26a 

the catalytic process may be considered to involve two parts: (i) Pd0 undergoes oxidative 

addition to aryl halide, and (ii) Cu+2 is in situ reduced to Cu+1, which forms transient copper 

acetylide species. The process is then completed via transmetalation followed by reductive 

elimination to finally afford the cross–coupled product. We also examined Sonogashira 

coupling reaction in the presence of Pd/Cu−ARF(I), which is much less efficient as compared 

to Pd/Cu−ARF(II), producing the Sonogashira coupled product in 25-40% isolated yield. 
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IV.3.4. Heterogeneity Test 

IV.3.4.1. Hg(0) and CS2 poisoning tests 

The heterogeneity of the catalyst is often checked by catalyst-poisoning experiments, and 

addition of Hg(0) in the reaction medium to see any poisoning of the catalytic activity has 

been suggested by Whitesides,29 and Crabtree,30 followed by other groups.31 Similar 

experiment was performed in Sonogashira coupling between 3-iodonitrobenzene and phenyl  

acetylene (1:1.5 mmol) in acetonitrile in the presence of Pd/Cu−ARF(II) (100 mg) and Hg(0) 

(250 mg) with gentle magnetic stirring at 80 °C. After heating the reaction mixture for 1h, it 

was analyzed by HPLC that showed the ratio of iodoarene and the coupled product in 67:33. 

The reaction was then continued for another 2h and now HPLC analysis showed complete 

conversion to the coupled product. Further experiment using excess Hg(0) (1.5 g, 340 

equivalents per palladium) and stirring the reaction vigorously did not show suppression of 

catalytic activity, and complete conversion was observed after 3h. Although poisoning by 

elemental mercury is often used as a test for heterogeneous catalysis, this is not definitive 

probably in the context of metal-catalyzed coupling chemistries.32 Poisoning experiment 

using ligand like CS2 can also be powerful if performed quantitatively.33 We therefore 

conducted catalyst poisoning tests in Sonogashira coupling between 3-iodonitrobenzene and 

phenyl acetylene by adding varying quantities of CS2 to the reaction mixture. After about 

15% conversion of the product (by HPLC), CS2 was added and the reaction was continued for 

3h to check the amount of conversion. Figure IV.6 shows the results of five independent 

experiments as a plot of % conversion (± 2−3%) to the cross coupled product as a function of 

amounts of CS2 added. Near complete cessation of the Sonogashira coupling was observed 

with 1 mg of CS2 (0.013 mmol) as against 0.022 mmol of the palladium (<1.0 eq), suggesting 

that the Pd/Cu−ARF(II) nanocomposites are indeed heterogeneous catalyst. 

IV.3.4.2. Hot filtration test 

Leaching of any metal from the resin-soaked heterogeneous surface was tested following the 

literature procedure.30,34 Accordingly, the Sonogashira reaction mixture is filtered off to 

separate the solid catalysts after 1h in hot condition, and the filtrate was analyzed by HPLC 

(~33% conversion). The AAS analysis of the filtrate showed absence of any copper. The 

liquid phase was heated under reflux for another 3h in the absence of any added catalyst and 

subsequent HPLC analysis did not show further conversion, signifying that the metals are not 

leached out from the polymeric support during the first hour of the reaction. 
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Figure IV.6. Plot of % conversions (± 

2−3%) to the cross coupled product versus 

quantities of CS2 (in mmol) used as the 

catalyst poisoning in Sonogashira reaction. 

1 2 3 4 5

0

10

20

30

40

50

60

70

80

 

 

Is
o

la
te

d
 y

ie
ld

 (
%

)

No. of runs  

Figure IV.7. Recycling experiments using 

Pd/Cu−ARF(II) in the cross–coupling 

reaction between 4-iodotoluene and 

propargyl acetate.

IV.3.5: Test for Recyclability 

We also checked the reusability of Pd/Cu−ARF(II) in the reaction between 4-iodotoluene and 

propargyl acetate. After the reaction, resin beads were recovered from the reaction mixture by 

simple filtration, washed thoroughly with water followed by acetone, and then dried under 

vacuum. The recovered catalyst was reused four times without losing its activity (Figure 

IV.7). 

IV.4. Conclusion 

In conclusion, a new class of poly-ionic resin-supported Pd/Cu based bimetallic 

nanocomposite has been synthesized, characterized and applied as the catalyst in Sonogashira 

cross‒coupling reaction. The bimetallic nanoparticles composed of metallic Pd/PdO/CuO has 

found to be distributed very homogeneously throughout the polymeric matrix. The 

heterogeneous catalytic activity was examined by hot-filtration and metal-scavenger 

experiments and found to be highly efficient and recyclable at least for five consecutive runs. 

This Pd/Cu based nanocomposite catalytic system has been applied for the first time in 

Sonogashira cross‒coupling reactions under ligand free conditions. 

IV.5. Experimental section 

IV.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. FTIR spectra were recorded with a Nicolet 380 FTIR 
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spectrometer using KBr pellet method. NMR spectra were taken in CDCl3 using Bruker 

Avance AV-300 spectrometer operating for 1H at 300 MHz and for 13C at 75 MHz. The 

spectral data were measured using TMS as the internal standard. AAS measurements were 

made using Varian SpectrAA 50B instrument. The X-ray diffraction (XRD) studies of the 

powder samples were done using the Rigaku SmartLab (9 kW) diffractometer using CuKα 

radiation. Transmission electron microscopy (TEM) of the samples were recorded with 

Tecnai G2 30ST (FEI Company) operating at 300 kV and JEOL JEM–2100F (FEG) 

operating at 200 kV. To prepare the TEM sample, a small amount of ground sample was first 

dispersed in acetone. Then one small drop of this dispersion was applied on a carbon-coated 

molybdenum grid. 

The amberlite resin formate (ARF) was prepared from commercially available Amberlite 

IRA 900 (chloride form) (Source: Acros Organics, Belgium) by rinsing with 10% aqueous 

formic acid solution until free from chloride ions. The resin beads were then washed with 

water followed by acetone, dried under vacuum, and used for the preparation of 

heterogeneous bimetallic nanocomposites.  

IV.5.2. Preparation of Pd/Cu−AFR(I) & Pd/Cu−AFR(II) 

Pd/Cu−AFR(I) 

To a solution of Pd(OAc)2 (7.5 mg, 0.033 mmol) and Cu(OAc)2 (6.6 mg, 0.033 mmol) in 

DMF (3 mL) was added ARF (1 g) and the mixture taken in screw-capped sealed tube was 

heated at 60 oC for 1 h 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. 

Pd/Cu−AFR(II) 

Similar procedure was followed using a solution of Pd(OAc)2 (56 mg, 0.25 mmol) and 

Cu(OAc)2 (50 mg, 0.25 mmol) in DMF (10 mL) for the ARF (1 g). 

IV.5.3. Sonogashira cross‒coupling reaction using Pd/Cu−ARF(II) 

To a suspension of Pd/Cu−ARF(II) (100 mg) in acetonitrile (3 mL) were added aryl halide (1 

mmol), acetylene (1.1 mmol for aliphatic alkynes and 1.5 mmol for aromatic alkynes) and 

K2CO3 (1.5 mmol). The reaction mixture was then heated under N2 with gentle magnetic 

stirring for hours, as mentioned in the Table IV.1 and monitored by tlc. After cooling, the 

mixture was diluted with water (5 mL), and filtered through a cotton bed. The filtrate was 
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extracted with diethyl ether (3 x 10 mL) and the combined organic extracts were washed with 

brine (5 mL), dried over sodium sulphate and concentrated under vacuum. 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 1H, 13C NMR and FTIR 

spectral data, and also compared with reported melting point (for known solid compounds). 

IV.5.4. Suzuki‒Miyaura cross‒coupling reaction using Pd/Cu−ARF(II) (Table IV.1, 

entry 12B) 

A mixture of 1-(2-(3-bromophenyl)ethyl)-4-methylbenzene (271 mg, 1 mmol), phenylboronic 

acid (134 mg, 1.1 mmol), K2CO3 (152 mg, 1.1 mmol) and the Pd/Cu−ARF(II) (150 mg) in 

DMF (3 mL) was heated at 90 oC with occasional magnetic stirring. The reaction was 

monitored by tlc and after 6h, the mixture was cooled, diluted with water (5 mL) and 

extracted with diethyl ether (3 x 10 mL). The combined ethereal extracts was dried (Na2SO4) 

and evaporated to afford an oily residue. Column chromatography over silica gel and elution 

with light petroleum furnished the desired product, 1-(2-(3-biphenyl)ethynyl)-4-

methylbenzene (217 mg, 81%). The product was characterized by NMR spectral data. 

IV.5.5. Physical properties and spectral data of compounds 

Table IV.1, entry 1 

1-Methoxy-4-(2-phenylethynyl)benzene
35

  

White crystalline solid, mp 56-58 oC (Lit. mp 58-60 oC) 

IR (in KBr): νmax 2216 cm-1 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.82 (s, 3H, OCH3), 6.86-6.89 (m, 2H, ArH), 7.31-7.33 

(m, 3H, ArH), 7.45-7.53 (m, 4H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 55.3, 88.0, 89.3, 

114.0, 115.4, 123.6, 127.9, 128.3, 131.4, 133.0, 159.6. 

Table IV.2, entry 2 

3-p-Tolylprop-2-ynyl acetate 

Colourless liquid 

IR (neat) νmax 2237, 1747 cm-1 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.13 (s, 3H, CH3CO), 2.35 (s, 3H, ArCH3), 4.90 (s, 2H, 

CH2), 7.12 (d, J = 8.1 Hz, 2H, ArH), 7.34 (d, J = 8.1 Hz, 2H, ArH); 13C NMR (CDCl3, 75 

MHz): δ/ppm 20.8, 21.5, 52.9, 82.1, 86.6, 119.0, 129.0,131.8, 139.0, 170.4. 

Table IV.1, entry 3 

3-o-Tolylprop-2-ynyl propionate  

Colourless liquid 
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IR (neat): νmax 2229, 1743 cm-1 

1H NMR (CDCl3, 300 MHz): δ/ppm 1.19 (t, J = 7.5 Hz, 3H, CH3), 2.38-2.45 (m, 5H, ArCH3, 

CH2), 4.95 (s, 2H, O-CH2), 7.10-7.26 (m, 3H, ArH), 7.41 (d, J = 7.5 Hz, 1H, ArH); 13C NMR 

(CDCl3, 75 MHz): δ/ppm 9.0, 20.6, 27.4, 52.8, 85.3, 86.8, 121.9, 125.5, 128.7, 129.4, 132.2, 

140.5, 173.8. 

Table IV.1, entry 4 

1-Methoxy-3-(4-phenylbut-1-ynyl)benzene
20 

Colourless liquid 

IR (neat): νmax 2227 cm-1 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.69 (t, J = 7.5 Hz, 2H, CH2), 2.92 (t, J = 7.5 Hz, 2H, 

CH2-Ar), 3.78 (s, 3H, O-CH3), 6.82-6.85 (m, 1H, ArH), 6.90-6.91 (m, 1H, ArH), 6.95-6.98 

(m, 1H, ArH), 7.16-7.32 (m, 6H, ArH); 13C NMR (CDCl3, 75 MHz): 21.7, 35.1, 55.2, 81.2, 

89.4, 114.2, 116.4, 124.0, 124.8, 126.3, 128.4, 128.5, 129.2, 140.7, 159.2. 

Table IV.1, entry 5 

1-(2-(3-nitrophenyl)ethynyl)benzene
33 

Yellow solid, 69-71 oC (Lit. mp 67-69 oC) 

IR (in KBr): νmax 2207 cm-1 

1H NMR (CDCl3, 300 MHz): δ/ppm 7.38-7.39 (m, 3H, ArH), 7.50-7.57 (m, 3H, ArH), 7.80-

7.84 (m, 1H, ArH), 8.15-8.19 (m, 1H, ArH), 8.37-8.38 (m, 1H, ArH); 13C NMR (CDCl3, 75 

MHz): δ/ppm 86.7, 91.9, 122.2, 122.9, 125.2, 126.4, 128.5, 129.0, 129.3, 131.8, 137.2, 148.2. 

Table IV.1, entry 6 

3-(3-Bromophenyl)prop-2-ynyl propionate 

Colourless liquid 

IR (neat): νmax 2229, 1743 cm-1 

1H NMR (CDCl3, 300 MHz): δ/ppm 1.18 (t, J = 7.5 Hz, 3H, CH3), 2.41 (q, J = 7.5 Hz, 2H, 

CH2-CH3), 4.90 (s, 2H, O-CH2), 7.15-7.21 (m, 1H, ArH), 7.36-7.39 (m, 1H, ArH), 7.45-7.48 

(m, 1H, ArH), 7.60-7.61 (m, 1H, ArH); 13C NMR (CDCl3, 75 MHz): 8.9, 27.3, 52.4, 84.4, 

84.7, 122.1, 124.1, 129.7, 130.4, 131.9, 134.6, 173.7. 

Table IV.1, entry 7 

3-(3-Chlorophenyl)prop-2-ynyl propionate 

Colourless liquid 

IR (neat): νmax 2229, 1743 cm-1 

1H NMR (CDCl3, 300 MHz): δ/ppm 1.18 (t, J = 7.2 Hz, 3H, CH3), 2.40 (q, J = 7.5 Hz, 2H, 
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CH2-CH3), 4.90 (s, 2H, O-CH2), 7.21-7.34 (m, 3H, ArH), 7.44 (s, 1H, ArH); 13C NMR 

(CDCl3, 75 MHz): 8.9, 27.3, 52.4, 84.3, 84.8, 123.8, 128.9, 129.5, 129.9, 131.7, 134.1, 173.6. 

Table IV.1, entry 10 

3-(2-Phenylethynyl)quinoline
36

 

Yellow solid, 65-68 oC (Lit. mp 67-70 oC) 

IR (in KBr): νmax 2218 cm-1 
1H NMR (CDCl3, 300 MHz): 7.38-7.41 (m, 3H, ArH), 7.55-7.61 (m, 3H, ArH), 7.70-7.76 (m, 

1H, ArH), 7.79-7.82 (m, 1H, ArH), 8.12 (d, J =  8.4 Hz, 1H, ArH), 8.32 (d, J = 1.8 Hz, 1H, 

ArH), 9.00 (d, J = 1.8 Hz, 1H, ArH); 13C NMR (CDCl3, 75 MHz): 86.4, 92.7, 117.5, 122.5, 

127.3, 127.4, 127.6, 128.5, 128.8, 129.1, 130.2, 131.7, 138.5, 146.4, 151.9. 

Table IV.1, entry 12A 

1-(2-(3-Bromophenyl)ethynyl)-4-methylbenzene
37 

White crystalline solid, mp 91-93 oC (Lit. mp 89-91 oC) 

IR (in KBr): νmax 2222 cm-1 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.37 (s, 3H, OCH3), 7.14-7.25 (m, 3H, ArH), 7.40-7.46 

(m, 4H, ArH), 7.67 (t, J = 1.8 Hz, 1H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 21.5, 87.1, 

90.9, 119.6, 122.1, 125.5, 129.1, 129.7, 130.0, 131.1, 131.5, 134.2, 138.8. 

Table IV.1, entry 12B 

1-(2-(3-Biphenyl)ethynyl)-4-methylbenzene 

White Solid, mp 69-71 oC 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.37 (s, 3H, OCH3), 7.16 (d, J = 8.1 Hz, 2H, ArH), 7.36-

7.53 (m, 8H, ArH), 7.59-7.62 (m, 2H, ArH), 7.76-7.77 (m, 1H, ArH); 13C NMR (CDCl3, 75 

MHz): δ/ppm 21.5, 88.7, 89.7, 120.2, 124.0, 126.9, 127.1, 127.6, 128.7, 128.8, 129.1, 130.3, 

131.5, 138.4, 140.4, 141.4. 

IV.6. References 

References are given in BIBLIOGRAPHY under Chapter IV (pp. 148−151). 
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V.1. Introduction 

Palladium catalysed C−C bond formations, such as the Mizoroki–Heck reaction and the 

Suzuki–Miyaura reaction, had its origin in the seventies of the previous century (Scheme 

V.1).1 Since carbon–carbon bonds have huge applicability in the field of liquid crystals, 

pharmaceuticals, conducting polymers and also in multiple organic transformations,2 

academic and industrial significance of these reactions have improved and researchers 

develops newer cross–coupling methodologies over the years. In 1990s pioneering studies by 

Bonneman and Reetz have revealed that PdNPs generated by the reduction of different 

palladium salts, be actual catalysts for Suzuki–Miyaura and Mizoroki–Heck reactions.3 

X

Z
Palladium catalyst

Base

Z
Mizoroki-
Heck

B(OH)2

R1

X

R2

Palladium catalyst

Base R1 R2

Suzuki-
Miyaura

 

Scheme V.1. Palladium catalyzed C−C bond formation. 

In recent years different carbene complexes of palladium or palladium with different bulky 

tertiary phosphine ligands, are well known for such C−C coupling reactions,4 but these 

soluble palladium reagents are so expensive and difficult to recover. To overpower these 

limitations, researchers have made active palladium catalyst, where palladium was 

encapsulated or embedded some solid supports.5 These heterogeneous Pd-catalysts are more 

promising because they can be easily separated from the reaction mixture and reused for a 

number of cycles. 

Other transition metals like nickel, copper, gold have been effectively used in Suzuki and/or 

Heck reaction.6 So ongoing research put forwards to reduce the cost of Pd species and 

increases their effectiveness by inducing a second metal.7 

V.2. Present Work: Background and Objective 

In 1996 Reetz et al. have been used tetraalkylammonium salts (R4N
+X-)-stabilized Pd and 

Pd/Ni bimetallic clusters as an effective catalyst for Suzuki and Heck reaction.8 They found 

that Pd/Ni bimetallic clusters appear to be somewhat more efficient than the pure Pd clusters 

in Suzuki reaction. 

After that different bimetallic combinations like Pd/Rh,9a Pd/Cu,9b-d Cu/Ni,9e Pd/Ni,9b,c,f 

Pd/Ag,9b,c Pd/Au9g and Pd/Co9h have been made in liquid phase or in solid support, and 

successively employed in Suzuki‒Miyaura and/or Mizoroki‒Heck reactions.  

Since recently we have synthesized Pd/Cu bimetallic composite nanoparticles embedded in  
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macroporous ion-exchange resins and find its application in Sonogashira reaction. Herein we 

report the potential of our heterogeneous bimetallic composite Pd/Cu−ARE(II) in other 

coupling reactions, Suzuki‒Miyaura and Mizoroki‒Heck. 

V.3. Present Work: Result and Discussion 

To begin our study, we prepared Pd/Cu−ARF(II) according to our standard procedure, stated 

in previous chapter.10 Then Pd/Cu−ARF(II) heterogeneous composite was applied in the 

following reactions separately. 

V.3.1. Pd/Cu−ARF(II) catalyzed Suzuki–Miyaura reaction 

In Suzuki–Miyaura cross–coupling reaction 4-iodoanisole and phenylboronic acid was 

consider as a model substrate and 100 mg of catalyst was used. In order to optimize solvent, 

various solvents, including water, water-ethanol mixture, toluene and DMF were tried as 

indicated in Table V.1, DMF to be the best solvent in terms of yield. The influence of base 

also studied, K2CO3 was the best and 65 oC was the optimized reaction temperature (Table 

V.1, entry 3). 

Table V.1. Optimization of Suzuki‒Miyaura reaction using Pd/Cu-ARF(II).a 

I

MeO

B(OH)2

MeO
Pd/Cu-ARF(II)

Entry Solvent Base Temperature (oC) Yieldb (%)

1

Water K2CO3 65 55

2

Water:Ethanol
       (1:1)

K2CO3 65 66

3

5

DMF K2CO3 50 88

6

DMF K2CO3 52

Time (h)

DMF K2CO3 65 91

7 Toluene K2CO3 65 80

RT 12

10

4

12

12

12

8 Methanol K2CO3 65 5812

4 DMF KF 65 7112

Solvent / Base
Temp.

 
a 4-Iodoanisole (1 mmol), phenylboronic acid (1.2 mmol), base (1.1 mmol) Pd/Cu−ARF(II), 

(100 mg) and solvent (3 mL). bIsolated yield. 

To find out the limitation of our methodology, variety of aryl halides and boronic acids were 

tested and the results are shown in Table V.2. Different substituted iodo arenes undergo 

smooth reactions (entries 1−4). Aryl bromide efficiently reacts with boronic acid and 

produced corresponding cross–coupling product in extremely high yield (entry 5). On the 

other hand aryl chloride remains unaltered under this reaction condition. Heterocyclic aryl 
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bromide (3-bromoquinoline) reacts nicely and yielded 89% of cross–coupled product (entry 

6). Different poly aromatic compounds easily be synthesized using this methodology. 

Phenylboronic acid reacts with different di iodo, bromo iodo and di bromo compounds and 

produces corresponding terphenyl compounds with excellent yield (entries 8−10). 

Table V.2. Suzuki–Miyaura cross–coupling using Pd/Cu−ARF(II).a 

(4-H3CO)C6H4I C6H5B(OH)2

(3-H3CO)C6H4I

(2-H3CO)C6H4I C6H5B(OH)2

(2-F3C)C6H4I (4-H3CO)C6H4B(OH)2

(4-H3CO)H4C6 C6H5

(2-H3CO)H4C6 C6H5

(2-F3C)H4C6 C6H4(4'-OCH3)

(3-H3CO)C6H4B(OH)2

(4-H3C)C6H4Br (4-H3CO)C6H4B(OH)2

(3-H3C)H4C6 C6H4(3'-OCH3)

1,2-C6H4I2

(3-Br)C6H4I

C9H6NBr C6H5B(OH)2 C9H6N C6H5

1

2

3

4

5

6

7

8c

9c

10c

Entry Aryl halide Boronic acid Time (h)

4

3.5

5

2

2

3

24

4

91

92

90

93

94

89

-

89

Product Yield (%)b

1,2-(C6H5)2 C6H4

1,3-(C6H5)2 C6H4

1,4-(C6H5)2 C6H4

(4-H3C)H4C6 C6H4(4'-OCH3)

(4-H3CO)C6H4Cl C6H5B(OH)2 No reaction

C6H5B(OH)2 4 90

C6H5B(OH)2 4 91

1,4-C6H4Br2 C6H5B(OH)2
 

aReaction 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 oC. bIsolated 

yield. cArX2 (1.0 mmol), boronic acid (2.4 mmol), K2CO3 (2.2 mmol), Pd/Cu−ARF(II) (100 

mg), DMF (3 mL),  heating the reaction mixture at 65 oC. 

V.3.2. Pd/Cu−ARE(II) catalyzed Mizoroki–Heck reaction 

After successfull completion of Suzuki–Miyaura cross–coupling, the catalytic efficiency of 

bimetallic Pd/Cu−ARF(II) catalyst was explored in Mizoroki–Heck reaction. Considering the 

coupling partner 4-iodoanisole and n-butyl acrylate, best result was achieved using 

triethylamine as base and DMF as a solvent at 70 oC within 2h, (Table V.3). Triethylamine 

was suitable over other inorganic bases like K2CO3 and NaOAc. 

Initial entries of Table V.4, exhibite the results for Heck reaction between aryl iodides and 

acrylates (Table V.4, entries 1−4). Aryl bromides and chlorides are reluctant towards the 

reaction under this condition. Bis coupled products are obtained in good yield when diiodo 

compounds react with ethyl acrylate. We have synthesized different substituted trans 

stilbenes following the optimized condition (entries 8−10). It may be noted that trans 

selectivity in the coupled product was observed in each case. 

We have extended this Mizoroki–Heck cross‒coupling methodology for the preparation of 
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Table V.3. Optimization of Mizoroki–Heck reaction using Pd/Cu−ARF(II).a 

I

H3CO

On-Bu

O

Pd/Cu-ARF(II) On-Bu

O

H3CO

Entry Solvent Base Temperature (oC) Yieldb (%)

1

NaOAc 70 88

2

3

4

DMF Et3N 55 69

DMF Et3N 12

Time (h)

DMF Et3N 70 94

RT 10

10

2

6DMF

K2CO3 70 765 6DMF

KF 70 826 10DMF

Solvent / Base
Temp.

 
a 4-Iodoanisole (1 mmol), n-butyl acrylate (1.2 mmol), base (1.1 mmol), Pd/Cu−ARF(II) (100 

mg) and solvent (3 mL).b Isolated yield.  

Table V.4. Mizoroki–Heck cross–coupling using Pd/Cu−ARF(II).a 

(4-H3CO)C6H4I

(4-H3C)C6H4I

(3-Br)C6H4I

(2-NH2)C6H4I

(4-H3CO)H4C6

(4-H3C)C6H4Br

1,3-C6H4I2

1

2

3

4

5

6

7c

8

9

10

Entry Aryl halide Olefine 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
COOn-Bu

COOEt
(4-H3C)H4C6 COOEt

COOEt
(3-Br)H4C6 COOEt

COOEt
(2-NH2)H4C6 COOEt

COOEt
No reaction

(4-H3C)C6H4Cl
COOEt

12 -

COOEt
1,2-H4C6 COOEt

2

(4-H3C)C6H4I
C6H5 (4-H3C)H4C6 C6H5

(3-H3CO)C6H4I
C6H5 (3-H3CO)H4C6 C6H5

(4-Br)C6H4I
C6H5 (4-Br)H4C6 C6H5

 

aReaction condition: ArX (1 mmol), olefine (1.2 mmol), Et3N (1.1 mmol), Pd/Cu−ARF(II) 

(100 mg), DMF (3 mL),  heating the reaction mixture at 70 oC. bIsolated yield. c ArI2 (1.0 

mmol), ethylacrylate (2.4 mmol), Et3N (2.2 mmol), Pd/Cu−ARF(II) (100 mg), DMF (3 mL),  

heating the reaction mixture at 70 oC. 

substituted heteocyclic compound like indole. Reaction of 2-iodoaniline with allyl bromide 

over silica surface generates a mono N-allylatd product,11 when this material was used   as  a     
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starting substance for Heck reaction we get 3-methylindole (Scheme V.2) as the sole product. 

I

NH2

Br Silica

RT

I

N
H

Pd/Cu-ARF(II)

N
H

Me

1 : 1.1

Et3N, DMF

80 oC
 

Scheme V.2. Synthesis of 3-methylindole via Mizoroki–Heack coupling with 

Pd/Cu−ARF(II) catalyst. 

V.3.3. Comparative study 

The catalytic efficiecy of the bimetallic Pd/Cu−ARF(II) composite was then compared with 

that of monometallic Pd−ARF catalyst. We immobilized Pd on ARF surface according to our 

reported procedure and maintain the molar proportion of palladium same as that of bimetallic 

catalyst Pd/Cu−ARF(II).12 Considering Suzuki–Miyaura coupling, both Pd‒ARF and Pd/Cu-

ARF(II) shows almost similar activity for entry 1, listed in Table V.2 (see Figure V.1a) but 

when we concerned about Mizoroki–Heck reaction (entry 1, Table V.4), bimetallic catalyst 

(Pd/Cu−ARF(II)) shows much higher activity compared to mono metallic catalyst (Figure 

V.1b). For Mizoroki–Heck coupling Pd/Cu−ARF(II) serve 97% conversion within 2h while 

using Pd‒ARF only 83% conversion was achieved within this period and reaches maximum 

up to 94% after 3.5h. 

  

   (a)      (b) 

Figure V.1. Time conversion plot for (a) Suzuki–Miyaura and (b) Mizoroki–Heck coupling 

reaction using Pd/Cu−ARF(II) and ARF Pd. 

V.3.4. Recycling experiments 

The recyclability of the catalyst Pd/Cu−ARF(II) was also checked for both Suzuki–Miyaura 

and Mizoroki–Heck reactions. After completion of reaction, catalysts were collected through 

simple filtration, 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.2. The catalyst can be 
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 reused at least seven times for both Suzuki–Miyaura and Mizoroki–Heck reactions 

separately without decrease in catalytic activity. 

 

 
 

Figure V.2. Recycling experiments using Pd/Cu−ARF(II); series1: Suzuki–Miyaura cross–

coupling between 4-bromotoluene and 4-methoxyphenylboronic acid; series2: Mizoroki–

Heck cross–coupling between 4-iodotoluene and ethyl acrylate. 

V.3.5. Characterization of recovered catalyst 

After 7th catalytic cycles the bimetallic Pd/Cu−ARF(II) composite material was characterized 

by XRD (Figure V.3). Peaks related to PdO was disappeared but surprisingly peak 

corresponds to Pd(0) becomes more sharper compare to initial catalyst i.e. during catalysis 

(Mizoroki–Heck) Pd NPs become more crystalline in nature. However, CuO was found to be 

unaltered.  

 

Figure V.3. XRD analysis of Pd/Cu−ARF(II) catalyst after 7th consecutive runs in Mizoroki–

Heck reaction. 

V.4. Conclusion 

In summary, we have demonstrated Pd/Cu−ARF(II) bi-metallic composite nanoparticles as 

an efficient heterogeneous catalyst for Suzuki–Miyaura and Mizoroki–Heck coupling 

reactions under ligand-free and mild conditions. The bi-metallic nanocomposite material 
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Pd/Cu−ARF(II) was much effective as compare 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. The 

catalyst can be recycled up to seven runs without significant loss of catalytic activity. 

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 CuKα radiation. 

NMR spectra were taken in CDCl3 using Bruker Avance AV-300 spectrometer 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(II) 

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) was added ARF (1 g) and the mixture taken in screw-capped sealed tube was heated 

at 60 oC 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.5.3. Preparation of Pd‒ARF 

Pd(OAc)2 (56 mg, 0.25 mmol) in DMF (10 mL) was added ARF (1 g) and the mixture taken 

in screw-capped sealed tube was heated at 60 oC 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(II) 

Aryl halide (1 mmol), arylboronic acid (1.2 mmol), potassium carbonate (1.1 mmol), 

Pd/Cu−ARF(II) (100 mg) and DMF (3 mL) were charged in a 15 mL sealed tube and heated 
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the reaction mixture at 65 oC 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 passes 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 
1H, 13C NMR spectral data, and also compared with reported melting point (for known solid 

compounds). 

V.5.5. General procedure for Mizoroki–Heck coupling using Pd/Cu−ARF(II) 

Aryl halide (1 mmol), activated alkene (1.2 mmol), triethylamine (1.1 mmol), 

Pd/Cu−ARF(II) (100 mg) and DMF (3 mL) were charged in a 15 mL sealed tube and heated 

the reaction mixture at 70 oC 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 passes 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 1H, 13C NMR spectral data, and also compared with 

reported melting point (for known solid compounds). 

V.5.6. Preparation of 3-Methylindole 

Step I: An equimolar mixture of 2-iodoaniline and allyl bromide was mixed with pre-

activated silica (Grade: TLC; HF254) in a mortar pestle and the solid mixture was transferred 

into a 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 Pd/Cu-ARF(II) in DMF was taken in a sealed tube and heated at 80 oC for 3h. 

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 than purified by passing through a silica gel column 
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and elution with light 5% ethyl acetate-light petroleum. The product was characterized by 

NMR.  

V.5.7. Physical properties and spectral data of compounds 

Table V.2, entry 1 

4-Methoxybiphenyl
13

 

White solid, mp 91-92 oC (Lit. mp 90-91 oC) 
1H 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); 13C 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
13 

Colourless liquid 
1H 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); 13C 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
13

 

Colourless liquid 
1H 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); 13C 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. 

Table V.2, entry 4 

4-Methoxy-2'-trifluoromethylbiphenyl
14 

Colourless liquid 
1H 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); 13C 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
13 

White solid, mp 111-112 oC (Lit. mp 112-113 oC) 
1H 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); 13C NMR (CDCl3, 75 
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 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
15 

Colourless liquid 
1H 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); 
13C 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. 

Table V.2, entry 8 

o-Terphenyl
13 

Solid, mp 54-55 oC (Lit. mp 54-55 oC) 
1H NMR (CDCl3, 300 MHz): δ/ppm 7.13-7.26 (m, 10H), 7.40-7.44 (m, 4H); 13C 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
13 

White solid, m.p. 84-85 oC (Lit. mp 83-85 oC) 
1H 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); 13C 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
12 

White solid, mp 211-212 oC (Lit. mp 212-214 oC) 
1H NMR (CDCl3, 300 MHz): δ/ppm 7.35-7.38 (m, 2H), 7.43-7.48 (m, 4H), 7.63-7.67 (m, 

8H); 13C 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
16 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/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); 13C NMR (CDCl3, 300 MHz): 

δ/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
17 
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Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/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); 13C NMR (CDCl3, 300 MHz): δ/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
12 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/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); 13C NMR (CDCl3, 300 MHz): δ/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  

(E)-Ethyl 3-(2-aminophenyl)acrylate
12 

Yellow solid, mp 75-76 oC (Lit. mp 76-78 oC) 

1H NMR (CDCl3, 300 MHz): δ/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); 13C NMR (CDCl3, 300 MHz): δ/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
12 

White solid, mp 50-51 oC (Lit. mp 50-52 oC) 

1H NMR (CDCl3, 300 MHz): δ/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); 13C NMR (CDCl3, 300 

MHz): δ/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
18a-c 

White solid, 120-121 oC (Lit mp 121.7-122.3 oC) 

1H NMR (CDCl3, 300 MHz): δ/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); 13C NMR (CDCl3, 300 

MHz): δ/ppm 21.2, 126.4, 126.41, 127.4, 127.7, 128.6, 129.4, 134.5, 137.5.  

Table V.4, entry 9 

(E)-3-Methoxylstilbene
19 
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1H NMR (CDCl3, 300 MHz): δ/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); 13C NMR (CDCl3, 300 MHz): 

δ/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
18c,d 

White Solid, mp 139-140 oC (Lit mp 136.5-139 oC) 
1H NMR (CDCl3, 300 MHz): 7.06 (d, J = 7.5 Hz, 2H), 7.26-7.52 (m, 9H); 13C NMR (CDCl3, 

300 MHz): δ/ppm 121.3, 126.5, 127.4, 127.9, 128.0, 128.7, 129.4, 131.8, 136.3, 137.0. 

Scheme 1, step II 

3-Methyl-1H-indole
20 

Off white solid, mp 92-93 oC (Lit. mp 91-92 oC) 
1H 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); 13C NMR (CDCl3, 300 MHz): δ/ppm 9.6, 110.9, 

111.7, 118.8, 119.1, 121.5, 121.8, 128.3, 136.3. 

V.6. References 

References are given in BIBLIOGRAPHY under Chapter V (pp. 151−152). 
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CHAPTER VI 

Graphene oxide as “carbocatalyst” for one-pot sequential 

dehydration–hydrothiolation of secondary aryl alcohols and 

chemoselective thioacetalization of aldehydes  
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VI.1. Introduction 

The efficiency of graphene oxide (GO) and other chemically modified graphenes (CMGs) as 

the carbocatalysts has raised enormous interest since the seminal papers from Bielawski and 

co-workers.1 GO possesses rich chemical functionality, is slightly acidic (pH 4.5 at 0.1 mg 

mL-1)2, and has long been recognized as having strong oxidizing properties.3 Accordingly, 

GO has been mostly employed in oxidation of different functional groups.4 For example, 

oxidation of benzyl alcohol to benzaldehyde,4a,b oxidation of thiol to disulfide,4c or amine to 

imine etc.4d 

Additional advantages of graphene-based materials as catalysts are sustainability and absence 

of transition metals in their composition. Because graphene oxide (GO) is prepared by the 

oxidation of graphite5 and contains only carbon, it can be considered as renewable and can be 

obtained from natural carbon sources. Thus, carbon and oxygen are the main elements 

present in GO, and because of the absence of extra transition metals in GO, the contamination 

of the products can be avoided easily. 

Sulfated graphene (G−SO3H) obtained by hydrothermal sulfation of reduced graphene oxide 

with fuming sulfuric acid at 180 oC was tested as catalyst for different acid catalyzed 

reactions like esterification of acetic acid, the Pechmann condensation and hydration of 

propylene oxide.6 Some recent literature reports have revealed that GO obtained from 

conventional Hummers method acts as solid heterogeneous acid catalyst without any 

subsequent post treatment.7 

VI.2. Persent work: Background and Objective 

In 2011 Chauhan co-workers have been execute Graphite oxide as solid acid catalysts for the 

room temperature preparation of dipyrromethanes and calix[4]pyrroles under ambient 

conditions in both organic and aqueous solutions (Scheme VI.1).8 

H
N

O

H3C CH3

HNNH

CH3H3C

NH

NH HN

HN

CH3H3C

H3C

H3C

CH3

CH3

GO

DCM or H2O

GO

Acetone

CH3H3C  

Scheme VI.1. GO catalyzed condensation of pyrrole and ketones into dipyrromethanes and 

calix[4]pyrroles. 

Jain et al. showed graphene oxide as a simple and efficient catalyst for the synthesis of 

various amino-substituted compounds via aza-Michael addition of amines and electron 
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deficient olefins (Scheme VI.2).9 These reactions were found to proceed under relatively mild 

conditions and afforded excellent product yields within shorter reaction times. Moreover, the 

catalyst was found to be easily recoverable and recyclable with the consistent catalytic 

activity. However, the exact mechanism of the reaction was not clear. 

N
H

R2R1

X
R GO

rt
N

X

R

R1

R2
R = H, CH3

R1 = Et, n-Bu, n-Pr, Bz
R2 = Et, n-Bu, n-Pr, Bz
X = CN, CONH2, COOCH3  

Scheme VI.2. GO catalyzed Aza-Michael addition of amines. 

In the similar direction Garcia co-workers used GO as an acid catalyst for the ring opening of 

styrene oxide in methanol under ambient conditions. In the presence of GO, almost >99% 

conversion with 93% selectivity toward 2-methoxy-2-phenylethanol was achieved within 1h 

(Scheme VI.3).10 Nevertheless, the yield of secondary product, increased significantly with 

increasing reaction time. The protocol was successfully extended for a variety of epoxide 

substrates with different nucleophiles. In most of the cases, the regioselectivity was high and 

expected from an acid-catalyzed SN1 ring opening mechanism. 

O

GO (5 mg)

CH3OH, rt

OCH3

OH

OCH3

OCH3

 

Scheme VI.3. GO catalyzed RO of styrene oxide. 

In their next work Gracia group showed GO obtained through the standard Hummers 

oxidation of graphite is a highly efficient reusable heterogeneous catalyst for the acetalization 

of aldehydes (Scheme VI.4).11 Analytical and spectroscopic evidence suggests that sulfate 

groups introduced spontaneously during Hummers oxidation are the sites responsible for 

catalysis. 

R CHO
CH3OH, rt

GO
R

O

O CH3

CH3

R = aryl, alkyi, heteroaryl
 

Scheme VI.4. Acetalization of various aldehydes with methanol catalyzed by GO. 

GO was found to be an active catalyst for etherification of benzyl alcohol to dibenzyl ether in 

the absence of added solvent (Scheme VI.5).12 The dehydrative etherification of alcohols is a 

reaction that typically is performed by strong Brönsted acids, and the catalytic results suggest 
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that adsorption of benzyl alcohol on the GO sheet can increase the reaction rate in a 

comparable way as alternative use of strong acids. 

OH GO O

 

Scheme VI.5. Dehydrative etherification of benzyl alcohol over graphene oxide. 

GO was found to be an efficient and a recyclable acid catalyst for conversion of fructose-

based biopolymers into 5-ethoxymethylfurfural (Scheme VI.6).13 Under optimal catalyst 

loading (20 mg), a 92% yield of 5-ethoxymethylfurfural was achieved with 96% conversion 

of 5-hydroxymethylfurfural. On the other hand, natural flake graphite or the rGO showed no 

reaction under the same reaction conditions. 

sucrose or inuline
GO

hydrolysis
fructose

dehydration

OOHC

OH

5-hydroxymethylfurfural

OOHC

O

5-etoxymethylfurfural

GO

GO
ethanol

etherification

 

Scheme VI.6. GO-Catalyzed Conversion of Carbohydrates to 5-Ethoxymethylfurfural and 

Ethyl Levulinate. 

In other works, synthesis of xanthenes and benzoxanthenes have been reported using GO or 

sulfated rGO microsheets as Bronsted acid catalysts (Scheme VI.7).14 GO was obtained 

through a modified Hummers method, and rGO-Ar-SO3H was obtained using an 

arylsulfonate diazonium salt as intermediate to anchor covalently aryl sulfonic groups on the 

GO sheet. Importantly, only 20 mg of rGO-Ar-SO3H or 30 mg of GO is needed to condense 1 

mmol of reactant. Both rGO-Ar-SO3H and GO can be reused for at least five cycles with a 

slight decrease of the yield from 94% to 81% and from 91% to 74%, respectively. 

In 2013, Eigler and co-worker shows, GO obtained from Hummers method possess sulphur 

functionality (scheme VI.8), which influences the structural, bonding, and physicochemical 

properties of GO.15 These sulfate groups (estimated to be present at approximately one sulfate 

per twenty carbon atoms15) are believed to be the source of GO’s acidity (pKa 3–4 in water), 

which is appreciably lower than what would be expected for carboxylates or other simple 

carbon–oxygen acidic species.16 

So there is a scope to explore this particular property of GO i.e. the acidic property in other 

organic transformations. Herein we report GO as carbocatalyst in two separate reactions. In 

our initial studies we describe a new sequential dehydration–hydrothiolation reaction of 

mixtures of secondary aryl alcohols and thiols catalyzed by graphene oxide for the preparati- 



88 

 

O

R H

OO

R1R1

OH

O

OR

R1

R1

OO

R1R1

O

OR

R1

R1

O

R1

R1

OH

O

OR

R1

R1

R1 = H, CH3

GO or G-SO3H80 oC, H2O

 

Scheme VI.7. Preparation of xanthene and benzoxanthene derivatives using GO or G-SO3H. 
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Scheme VI.8. Organosulfates present in GO prepared via the Hummers method. 

on of unsymmetrical thioethers (Scheme VI.9). 

 

R1

R
SH GO (10 mg)

PhCH3 / 65oC

under N2

R1
CH3

OH

CH3

S R

R1 = H, OCH3, CH3

R = Aryl, alkyl
 

Scheme VI.9. Graphene oxide (GO)-catalyzed one-pot sequential dehydration-

hydrothiolation. 

In our second experement we report an efficient method for the preparation of dithioacetal 

(symmetrical, unsymmetrical and cyclic) from aryl/alkyl aldehydes with the aid of catalytic 

amount of graphene oxide (Scheme VI.10). 
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Scheme VI.10. General scheme illustrating GO-catalyzed diverse dithioacetals formation. 

VI.3. Present work: Result and Discussion 

VI.3.1. Graphene oxide preparation and characterization 

To begin our study, we prepared GO from graphite powder according to the modified 

Hummers method.17 The FT-IR spectrum of the resulting GO was compared with that of the 

reported absorption bands,10,11,18 and found fairly similar absorption bands for the functional 

groups. 

Figure VI.1 shows the FT-IR spectra of prepared GO. GO exhibits a broad peak around 3360 

cm−1, which was assigned 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.18 The SO3−H stretching vibration bands appear at 1052 

cm−1.10,11 

 

Figure VI.1. FT-IR spectra of graphene oxide. 

VI.3.2.  Sequential dehydration–hydrothiolation reaction 

Bielawski and co-workers have reported the GO-facilitated oxidation of benzylic alcohols to 

the corresponding aldehydes or ketones with varying yields.4a From their observations, it was 
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noted that diphenylmethanol afforded a >98% conversion to the corresponding ketone, while 

1-phenylethanol gave only 26% acetophenone. They also observed minimal oxidation of 

benzyl alcohol to benzaldehyde with low catalyst loadings or reaction temperatures. 

Interestingly, the oxidation reactions of alcohols did not proceed under a N2 atmosphere. 

Considering that sec. aryl alcohols are also prone towards dehydration, we envisaged that the 

course of the reaction might be altered and driven towards dehydration depending upon some 

variations such as, lower loading of GO (w%) and carrying out the reaction under milder 

conditions and N2-atmosphere. Preliminary studies with 1-(2-naphthyl)ethanol revealed that 

the dehydration is indeed possible by heating its solution of toluene (N2- bubbled) at 80−100 
oC in the presence of GO (5−20 w%), but not to the extent that is well acceptable (40−45%). 

We reasoned that the dehydration may perhaps be driven, if the resulting alkene is reacted 

immediately with some other reactant. While a combination of alkene and thiol represents an 

atom-economic ‘click’ reaction,19 Bielawski and coworkers,4c,20 reported the GO-catalyzed 

thiol oxidation to disulfide and also the polymerization of styrene under solvent-free 

conditions. Based on this background, we designed the experiments starting from a mixture 

of a secondary aryl alcohol and a thiol.  

To optimize the reaction condition, an equimolar mixture of 1-(2-naphthyl)ethanol and 4-

chlorobenzenethiol in toluene was heated at different temperatures in the presence of varying 

amounts of GO (summarized in Table VI.1). Initial stirring at up to 50 oC yielded no desired 

product except a certain amount of disulfide, formed by the oxidative dimerization of the 

thiol (entries 1 and 2). Increasing the reaction temperature and quantity of thiol however, 

gave the expected thiol-addition product (67–79%), characterized as [(4-chlorophenyl)(1-

phenylethyl)sulfane], obtained through the sequential dehydration–hydrothiolation reaction in 

an entirely Markovnikov fashion (entries 3 and 4), with minimal amounts of 

diphenyldisulfide (8%). Further heating (80 oC) did not show significant improvement except 

slightly more disulfide formation (entry 5). Increasing or decreasing the amount of GO 

(wt%), or changing the solvent was not effective either (entries 6–10). The reactions carried 

out in DMF or without GO did not produce traces of the desired thioether (entries 11 and 12). 

Since these findings are new and thioethers are important building blocks for the synthesis of 

biologically active compounds,21 we became interested in extending the reaction protocol, as 

in entry 4, with a variety of secondary aryl alcohols and thiols to finally create a general and 

practical method for the preparation of unsymmetrical thioethers via a one-pot GO-facilitated 

metal-free sequential dehydration–hydrothiolation reaction. The preparation of thioethers 

from secondary aryl alcohols has been previously reported via Pd-catalyzed SN1 reactions.22 
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Table VI.1. Optimization of sequential dehydration-hydrothiolation reaction conditions.a 

OH
SH

Cl

GO S Cl

Entry GO (mg / w%) Temp (oC) Time (h)Solvent

Product yield (%)b

3         Disulfide           2-Vinylnaphthalene

1 2 3

1 10 / 6 Toluene rt 24 Nil

1,4-dioxane

2

3

4

5

6

7

8

9

10

10 / 6

10 / 6

10 / 6

10 / 6

10 / 6

10 / 6

10 / 6

10 / 6

Toluene

Toluene

Toluene

50

65

65

80

65

65

65

65

24

2

2

1.5

3.5

3

2

2411

Toluene

Toluene

14 Nil

Nil 22 Nil

67 8 12

79 8 Nil

65 16 Nil

20 / 12 1.5 47 23 Nil

5 / 3 Toluene 6 49 17 Nil

51 20 Nil

MeCN

48 22 Nil

65

65

65 58 15 Nil

NilNil 31

12 Nil Toluene 24 Nil Nil10

THF

DMF

 
a Reactions were performed in 1 (1 mmol), 2 (1 mmol) for entries 1-3 and 1 (1 mmol), 2 (1.2 

mmol) for entries 4−11 in solvents (2 mL). b Isolated yield. 

The first few examples in Table VI.2 represent the reaction of a mixture of 1-(2-

naphthyl)ethanol and different aromatic thiols bearing Cl, Me, F and NH2 groups (Table VI.2, 

entries 1–5). The reaction protocol was found to be successful, except in entry 5 with the NH2 

group, yielding the corresponding thioether in 67–79% yield along with 8–10% 

diaryldisulfide. A similar reaction sequence was also observed with 1-(1-naphthyl) ethanol 

and different arylthiols (entries 6 and 7). In the series of 1-phenylethanol, the variation of the 

functional groups in either the aryl moiety was also successful and the corresponding 

unsymmetrical thioethers were obtained in good yields (entries 8–10 and 12). However, the 

reaction with the aryl alcohol bearing a NO2 group was unsuccessful, even after leaving the 

reaction for 24h (entry 11). The disulfide was isolated along with the starting alcohol, 1-(3-

nitrophenyl)ethanol. To broaden the scope of the reaction, we attempted a similar reaction 

sequence with aliphatic thiols. The reactions with both long chain and alicyclic thiols worked 

without any difficulty. Entries 13–17 demonstrate that the reactions did occured quite well 

giving the desired unsymmetrical thioethers in fairly good yields (68–81%), along with a 

minimal formation of the thiol corresponding disulfides. It was observed that the presence of 
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electron-donating groups in the aryl ring of the alcohol favoured the dehydration–

hydrothiolation sequence. 

Table VI.2. Graphene oxide (GO) - catalyzed reaction of sec. aryl alcohols with different 

aromatic thiols.a 

2 3

R SH
Ar OH

CH3 GO, toluene / 65oC

Ar S

CH3

R

1

Entry           Ar                              R                      Time (h)          Yield (%) 3b

1

2

3

4

5

6

7

8

9

10

11

12

13

14

2-C10H7 4-ClC6H4

2-C10H7

2-C10H7

2-C10H7

2-C10H7

4-CH3C6H4

2,6-(CH3)2C6H3

4-FC6H4

4-NH2C6H4

1-C10H7

1-C10H7

4-ClC6H4

4-FC6H4

C6H5

C6H5

3,4-(OCH3)2C6H3

3-NO2C6H4

2-C10H7

2-C10H7

4-CH3C6H4

4-CH3C6H4

C6H5

4-FC6H4

C6H5

Cy

CH3(CH2)4

CH3(CH2)4

2

1.5

2

2

3

2.5

2.5

1.5

1.5

2

24

1

2.5

3

79

67

70

77

72

74

69

73

78

71

68

69

nil

nil

4-ClC6H4
2 78

1-C10H7 CH3(CH2)615

16

17

81

3,4-(OCH3)2C6H3

CH3(CH2)4

803

2

3,4-(OCH3)2C6H3

18c
4-CH3C6H4 2

Phenethyl(p-tolyl)sulfane 
                  82C6H5

19d
4-CH3C6H4 4 74C6H5

20e
4-CH3C6H4 4 77C6H5

 

a Reaction conditions: 1 (1 mmol), 2 (1.2 mmol), GO (10 mg) in toluene (2 mL), was heated 

at 65 oC under gentle magnetic stirring in a screw-capped vial under N2. 
b Isolated yield. c In 

the absence of GO. d In the presence of GO. e In the presence of graphite. 

In order to suggest a plausible mechanism and to test whether GO also catalyzes the 

hydrothiolation providing entirely the Markovnikov addition product, we performed 

experiments taking a solution of styrene and 4-tolylthiol in toluene under similar reaction 

conditions, both in the absence and presence of GO. It was interesting to observe that the 

resulting thioether was then obtained completely in an anti-Markovnikov fashion (Table VI.2, 



93 

 

entries 18 and 19). Further reaction using graphite also gave by the anti-Markovnikov 

addition (entry 20). We initially observed the partial conversion of the aryl alcohol to styrene, 

when stirred with GO in the absence of any thiol, and stirring the mixture of styrene and GO 

in toluene showed a partial decomposition after 12h. Carrying out the experiments under an 

atmosphere of N2 might suppress the possibility of polymerization,20 as well as the further 

oxidation of the disulfide to thione. Since we obtained the reverse addition product in other 

cases (i.e. the Markovnikov addition product), we presume that GO participates in the overall 

process, i.e. the one-pot dehydration–hydrothiolation reaction, via an acid-catalyzed 

Markovnikov addition.21e 

The reusability of the GO as an heterogeneous carbocatalyst was also investigated with the 

same combination of reactants used for the optimization of the reaction conditions. The 

recovered GO from the first batch was washed with diethyl ether, dried and reused 

subsequently in four batches with appreciable conversions and without any loss of catalytic 

activity. In each run, a minimal formation of disulfide (8–10%) was noticed (Table VI.3). The 

FT-IR spectrum of the recovered GO (after the first run) was measured and displayed 

essentially the same absorptions, indicating no apparent changes in the functional groups of 

GO (Figure VI.2). 

Table VI.3. Recyclability test of GO in carbocatalysis of one-pot sequential dehydration-

hydrothiolation of 1-(2- naphthyl)ethnol and 4-chlorobenzenethiol.a 

Entry                    Yield (%)b                Yield(%)c

1st run

2nd run

3rd run

4th run

5th run

79 8

79 8

78 10

76

76

8

10
 

a Reaction conditions: alcohol (1 mmol) and thiol (1.2 mmol) in toluene (2 mL) at 65 oC. b 

Isolated yield of thioether (3a). c Isolated yield of disulfide. 
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Figure VI.2. Comparative FT-IR spectra of GO before and after 1st use in the reaction 1-(2- 

naphthyl)ethnol and 4-chlorobenzenethiol in toluene at 65 oC. 

VI.3.3.Thioacetalization of Aldehydes 

Thioacetals are 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.23 Over the past decade, several heterogeneous acid catalysts such as p-

TsOH/silicagel,24a H3PW12O40/SiO2,
24b Montmorillonite K-10 Clay,24c Amberlyst- 15,24d 

PPA/SiO2,
24e Melamine trisulfonic acid (MTSA),24f silicasulfuric acid (SSA),24g solid-

supported dithiolanylium or dithianylium tetrafluoroborate salts,24h and also ionic liquids,24i,j 

have been employed for the preparation of thioacetals. 

Moreover, while in most cases the catalyst is not recoverable, heterogeneous 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 and 

report an efficient and practical method for the preparation of dithioacetal from aryl/alkyl 

aldehydes with the aid of catalytic amount graphene oxide (GO). 

Optimization of the GO-catalyzed thioacetalization was examined with p-anisaldehyde and n-

pentanethiol (1: 2.2 ratios) as the model case and the results are shown in Table VI.4. 

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 oC. 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 oC 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 
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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). 

Table VI.4. 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 
6c 50 Neat 3 / 60 57 8 
7 50 THF 20 / RT 35 traced 
8 50 PhMe 12 / RT 68 Not observed 
9 50 H2O 12 / RT 55 traced 

10e 50 Neat 16 / RT 91 traced 
a
p-Anisaldehyde (1 mmol), n-pentanethiol (2.2 mmol), bIsolated yield. cReaction carried out 

under N2. 
dDetected only on tlc, not isolated.ep-Anisaldehyde (5 mmol), pentanethiol (11 

mmol). 

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 VI.5. 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 VI.5, entries 1-

5). Higher temperature was required for α-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 VI.5, entry 8). Trying the 

reaction with aromatic thiols afforded the desired dithioacetal in 80-85% yields but achieved 

only at higher temperature (60oC) 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 
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(entry 16). So, there is excellent chemoselectivity observed between the aldehyde and keto- 

carbonyl groups. 

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.25 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 VI.6, 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 VI.6, entry 6). 

Cyclic dithioacetals of furfural and indole-3-carbaldehyde were obtained in excellent yields 

under mild conditions (entries 7, 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 unsymmetrical dithioacetals as the only product in 85-88% 

isolated yields (Table VI.7, 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 VI.7, 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 VI.5. 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
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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

CHO

H3CO

10 85

5

6c

7c

9c

10c

n-C7H15 SH

CySH

C6H5 SH

H3CO

S

S

C6H5

C6H5

OH

S

S

C6H5

C6H5

C6H5 SH

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

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
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aAldehyde : thiol : GO (1 mmol : 2.2 mmol : 50 mg) and reactions were performed at room 

temperature. bIsolated yield. cCorresponding disulfides (5-12%) were formed. dAldehyde : 

thiol : GO (1 mmol : 1.1 mmol : 50 mg). 

Table VI.6. 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

 

aAldehyde : thiol : GO (1 mmol : 2.2 mmol : 50 mg) and reactions were performed at room 

temperature. bIsolated yield. cIsolated yield of disulfide was ~ 5%. dAldehyde : thiol : GO (1 

mmol : 1.1mmol : 50 mg). 
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Table VI.7. 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

 

aThiol (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; bIsolated yield; cReaction performed at 60 oC; dProduct 

ratios are from HPLC analysis. 

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,11,26 though previous measurements of 

acidic pH were attributable to the presence of surface attached carboxylic functions.2 The FT-

IR spectrum of GO showed the presence of carboxyl (1719 cm–1; COOH stretching) and 

sulphate functional groups (1052 cm–1; SO3–H stretching), which are comparable with that 

reported in the literature.10,11,18 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.2 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 VI.4, entries 7, 8 and 9). GO also gave positive Carius test and 

Lassaigne's test signifying qualitatively the presence of S-containing functional groups. 
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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 VI.3). 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 VI.4). 

 

 

Figure VI.3. Recyclability of GO in the thioacetalization of p-anisaldehyde and n-

pentanethiol.a 

 

Figure VI.4. Comparative FT-IR spectra of GO before and after 1st use in the reaction 

between p- anisaldehyde and n-pentanethiol under neat condition. 
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VI.4. Conclusion 

Herein, we have demonstrated that the GO, obtained by oxidation of graphite powder 

following Hummers method, is a highly efficient heterogeneous catalyst for (i) sequential 

dehydration–hydrothiolation reaction of mixtures of secondary aryl alcohols and thiols in 

toluene and (ii) chemoselective thioacetalization of aldehyde under mild, solvent-free and 

aerobic conditions. Both the reactions are useful for a large variety of substrates molecules 

showing tolerance with diverse functional groups. The reaction conditions are mild, easy 

separation and isolation of the product with high yields. Finally, the GO can be recovered and 

reused without having any changes of the surface morphology and catalytic performance. 

VI.5. Experimental Section 

VI.5.1. General Information 

All chemicals were purchased and used directly. For the column chromatography, silica (60–

120 mesh) (SRL, India) was used, and for tlc, Merck plates coated with silica gel 60, F254 

were used. FT-IR spectra were recorded in a FT-IR-8300 SHIMADZU spectrophotometer. 

The NMR spectral data (1H and 13C NMR) were recorded in CDCl3 on a Bruker AV 300, 

operating respectively at 300 MHz and 75 MHz. 1H chemical shifs are reported in ppm 

relative to tetramethylsilane serving as the internal standard (δ = 0 ppm). 13C NMR spectra 

were recorded with complete proton decoupling. Chemical shifts are reported in ppm with the 

solvent resonance as the internal standard (CDCl3: δ 77.0 ppm). HPLC analyses were carried 

out using HPLC (Agilent Technologies, 1260 Infinity), Column: ZORBAX Rx–SIL (4.6 x 

150 mm, 5 µm), 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. 

VI.5.2. Preparation of Graphene Oxide 

GO was prepared according to the modified Hummers method.17  

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 oC 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 oC 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 
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dark brown to yellowish brown. The overall solution was exfoliated under sonication 

followed by centrifuged at 15000 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 oC under vacuum to 

obtain solid graphene oxide. 

VI.5.3. General procedure for one-pot sequential dehydration-hydrothiolation 

To a solution of alcohol (1) (1 mmol) and thiol (2) (1.2 mmol) in toluene (2 mL) was added 

graphene oxide (10 mg), and the mixture was bubbled with N2 gas for 2-3 min and 

immediately screw-capped to ensure the reaction mixture under nitrogen atmosphere. The 

sealed tube was stirred with a magnetic spin bar at 65 oC for hours as mentioned in Table 

VI.2. After the reaction, the catalyst was filtered off, washed with diethyl ether (3 x 5 mL) 

and the combined filtrate was concentrated to afford a mixture of thioether and disulfide. The 

crude mixture was separated by column chromatography over silica gel and elution with pet 

ether afforded the desired thioether in pure form. 

VI.5.4. Physical properties and spectral data of compounds 

Table VI.2, entry 1 

(4-Chlorophenyl)(1-(naphthalene-6-yl)ethyl)Sulfane  

White crystalline solid, mp 72-74 oC 

1H NMR (300 MHz, CDCl3) δ 1.69 (d, J = 7.2 Hz, 3H, CH3), 4.43 (q, J = 6.9 Hz, 1H, CH), 

7.10-7.19 (m, 4H, ArH), 7.40-7.51 (m, 3H ArH), 7.58 (s, 1H ArH), 7.71-7.79 (m, 3H 

ArH); 13C NMR (CDCl3, 75 MHz): δ 22.1, 48.4, 125.4, 125.7, 125.8, 126.1, 127.6, 127.7, 

128.3, 128.8, 132.6, 133.1, 133.3, 133.9, 140.2.  

Table VI.2, entry 2 

(1-(Naphtyalen-6-yl)ethyl)(p-tolyl)sulfane 

White solid, mp 69-71 oC 

1H NMR (CDCl3, 300 MHz): δ 1.69 (d, J = 6.9 Hz, 3H, CH3), 2.27 (s, 3H, ArCH3), 4.42 (q, J 

= 6.9 Hz, 1H, CH), 6.99 (d, J = 8.1 Hz, 2H, ArH), 7.16-7.21 (m, 2H, ArH), 7.40-7.46 (m, 2H, 

ArH), 7.52 (dd, J = 8.4 and 1.8 Hz, 1H, ArH), 7.59 (s, 1H, ArH), 7.71-7.81 (m, 3H, ArH); 13C 

NMR (CDCl3, 75 MHz): δ 21.1, 22.2, 48.6, 125.6, 125.69, 125.7, 126.0, 127.6, 127.8, 128.1, 

129.4, 131.1, 132.6, 133.2, 137.4, 140.7. 

Table VI.2, entry 3 

(2,6-Dimethylphenyl)(1-(naphthalene-6-yl)sulfane 

Pale yellow liquid 
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1H NMR (CDCl3, 300 MHz): δ 1.69 (d, J = 7.2 Hz, 3H, CH3), 2.14 (s, 3H, ArCH3), 2.27 (s, 

3H, ArCH3), 4.41 (q, J = 6.9 Hz, 1H, CH), 6.86 (dd, J = 7.5 and 1.2 Hz, 1H, ArH), 6.98 (d, J 

= 7.8 Hz, 1H, ArH), 7.09 (s, 1H, ArH), 7.37-7.42 (m, 2H, ArH), 7.48-7.51 (dd, J = 8.4 and 

1.8 Hz, 1H, ArH), 7.58 (s, 1H, ArH), 7.67- 7.76 (m, 3H, ArH); 13C ΝΜR (CDCl3, 75 MHz): 

δ 20.2, 20.7, 22.1, 47.6, 125.5, 125.61, 125.64, 125.9, 127.5, 127.7, 128.0, 128.1, 129.9, 

132.6, 133.2, 133.6, 133.9, 135.6, 136.9, 140.6. 

Table VI.2, entry 4 

(4-Fluorophenyl)(1-(naphthalene-6-yl)ethyl)sulfane 

White solid, mp 73-75 oC 

1H NMR (CDCl3, 300 MHz): δ 1.69 (d, J = 6.9 Hz, 3H, CH3), 4.38 (q, J = 6.9 Hz, 1H, CH), 

6.82-6.90 (m, 2H, ArH), 7.19-7.25 (m, 2H, ArH), 7.39-7.47 (m, 3H, ArH), 7.50-7.51 (m, 1H, 

ArH), 7.69-7.74 (m, 1H, ArH), 7.77-7.81 (m, 2H, ArH); 13C NMR (CDCl3, 75 MHz): δ 21.9, 

49.1, 115.6, 115.8, 125.5, 125.8, 126.1, 127.6, 127.7, 128.2, 132.6, 133.1, 135.6, 135.8, 

140.3, 160.9, 164.2. 

Table VI.2, entry 6 

(4-Chlorophenyl)(1-(naphthalene-8-yl)ethyl)sulfane,27
  

White crystalline solid, mp 96-98 oC      

1H NMR (CDCl3, 300 MHz): δ 1.73 (d, J = 6.9 Hz, 3H, CH3), 5.10 (q, J = 6.9 Hz, 1H, CH), 

7.10-7.18 (m, 4H, ArH), 7.36 (t, J = 7.5 Hz 1H, ArH), 7.44-7.55 (m, 3H, ArH), 7.72 (d, J = 

8.1 Hz, 1H, ArH), 7.82-7.85 (m, 1H, ArH), 8.16 (d, J = 8.4 Hz, 1H, ArH); 13C NMR (CDCl3, 

75 MHz): δ 21.9, 43.0, 122.9, 124.2, 125.3, 125.6, 126.1, 128.0, 128.8, 129.0, 130.7, 133.2, 

133.4, 133.6, 133.9, 137.7. 

Table VI.2, entry 7                                                               

(4-Fluorophenyl)(1-(naphthalene-8-yl)ethyl)sulfane 

White solid, mp 83-85 oC 

1H NMR (CDCl3, 300 MHz): δ 1.70 (d, J = 6.9 Hz, 3H, CH3), 5.02 (q, J = 6.9 Hz, 1H, CH), 

6.80-6.86 (m, 2H, ArH), 7.15-7.21 (m, 2H, ArH), 7.31-7.52 (m, 4H, ArH), 7.69 (d, J = 8.1 

Hz, 1H, ArH), 7.79-7.82 (m, 1H, ArH), 8.16 (d, J = 8.4 Hz, 1H, ArH); 13C NMR (CDCl3, 75 

MHz): δ 21.7, 43.4, 115.5, 115.8, 123.0, 124.2, 125.2, 125.5, 126.0, 127.8, 128.9, 129.49, 

129.5, 130.7, 133.8, 135.5, 135.6, 137.9, 160.8, 164.1. 

Table VI.2, entry 8 

(1-Phenylethyl)(p-tolyl)sulfane, 27  

Colourless liquid 
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1H NMR (CDCl3, 300 MHz) δ 1.60 (d, J = 7.2 Hz, 3H, CH3), 2.29 (s, 3H, ArCH3), 4.26 (q, J 

= 6.9 Hz, 1H, CH), 7.02 (d, J = 8.1 Hz 2H, ArH), 7.17-7.27 (m, 7H, ArH); 13C NMR (CDCl3, 

75 MHz): δ 21.1, 22.1, 48.3, 127.0, 127.3, 128.3, 129.4, 131.2, 133.2, 137.3, 143.3. 

Table VI.2, entry 9 

Phenyl(1-phenylethyl)sulfane, 27  

Pale yellow liquid 

1
H NMR (CDCl3, 300 MHz): δ 1.63 (d, J = 6.9 Hz, 3H, CH3), 4.34 (q, J = 6.9 Hz, 1H, CH), 

7.19-7.31 (m, 10H, ArH); 13C NMR (CDCl3, 75 MHz): δ 22.3, 48.0, 127.1, 127.2, 128.4, 

128.6, 132.5, 135.1, 143.2. 

Table VI.2, entry 10 

(1-(3,4-Dimethoxyphenyl)ethyl)(phenyl)sulfane  

Pale yellow solid, mp 53-55 oC 

1H NMR (CDCl3, 300 MHz): δ 1.61 (d, J = 6.9 Hz, 3H, CH3), 3.81 (s, 3H, OCH3), 3.83 (s, 

3H, OCH3), 4.30 (q, J = 6.9 Hz, 1H, CH), 6.72-6.75 (m, 1H, ArH), 6.79-6.82 (m, 2H, ArH), 

7.17-7.31 (m, 5H, ArH); 13C NMR (CDCl3, 75 MHz): δ 22.2, 47.7, 55.6, 55.7, 110.3, 110.7, 

119.1, 127.0, 128.5, 132.5, 135.0, 135.6, 147.9, 148.6. 

Table VI.2, entry 12 

(4-Chloro phenyl)(1-(3,4-dimethoxyphenyl)ethyl)sulfane  

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ 1.60 (d, J = 6.9 Hz, 3H, CH3), 3.84 (s, 3H, OCH3), 3.85 (s, 

3H, OCH3), 4.26 (q, J = 6.9 Hz, 1H, CH), 6.73-6.80 (m, 3H, ArH), 7.18 (s, 4H, ArH); 13C 

NMR (CDCl3, 75 MHz): δ 22.2, 48.1, 55.7, 55.8, 110.3, 110.7, 119.3, 128.7, 133.3, 133.5, 

134.0, 135.3, 148.1, 148.7. 

Table VI.2, entry 13 

(1-(Naphthalen-6-yl)ethyl)(pentyl)sulfane 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ 0.82 (t, J = 6.9 Hz, 3H, CH3), 1.19-1.28 (m, 4H, -CH2-CH2-), 

1.45-1.52 (m, 2H, CH2), 1.64 (d, J = 7.2 Hz, 3H, CH3), 2.23-2.33 (m, 2H, S-CH2), 4.11 (q, J 

= 6.9 Hz, 1H, S-CH-Ar), 7.42-7.49 (m, 2H, ArH), 7.53-7.57 (dd, J = 8.4 and 1.8 Hz, 1H, 

ArH), 7.68 (s, 1H, ArH), 7.78-7.83 (m, 3H, ArH); 13C NMR (CDCl3, 75 MHz): δ 13.9, 22.2, 

22.5, 29.0, 31.1, 31.2, 44.3, 125.4, 125.6, 125.7, 126.1, 127.6, 127.7, 128.4, 132.6, 133.2, 

141.5. 

Table VI.2, entry 14 
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Cyclohexyl(1-(naphthalene-6-yl)ethyl)sulfane 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ 1.43-1.73 (m, 9H, Cy-H ), 1.61 (d, J = 6.9 Hz, 3H, CH3), 1.99 

(m, 1H, CyH), 2.35-2.39 (m, 1H, S-CyH), 4.21 (q, J = 7.2 Hz, 1H, S-CH-Ar), 7.42-7.49 (m, 

2H, ArH), 7.56 (dd, J = 8.7 and 1.8 Hz ,1H, ArH), 7.70 (s, 1H, ArH), 7.79-7.83 (m, 3H, 

ArH); 13C NMR (CDCl3, 75 MHz): δ 23.1, 25.7, 25.8, 25.9, 33.3, 33.9, 42.7, 42.75, 125.4, 

125.6, 126.0, 127.6, 127.7, 128.3, 132.6, 133.3, 142.1.  

Table VI.2, entry 15 

Heptyl(1-(naphthalene-5-yl)ethyl)sulfane 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ 0.84 (t, J = 6.6 Hz, 3H, CH3), 1.17-1.27 (m, 8H, C4H8), 1.43-

1.52 (m, 2H, CH2), 1.72 (d, J = 7.2 Hz, 3H, CH3), 2.35-2.41 (m, 2H, S-CH2), 4.80 (q, J = 6.9 

Hz, 1H, S-CH-Ar), 7.41-7.53 (m, 3H, ArH), 7.67-7.73 (m, 2H, ArH), 7.81-7.85 (m, 1H, 

ArH), 8.19 (d, J = 8.4 Hz, 1H, ArH); 13C NMR (CDCl3, 75 MHz): δ 14.0, 22.5, 28.76, 28.8, 

29.4, 31.3, 31.6, 39.4, 123.0, 124.3, 125.4, 125.8, 127.4, 128.9, 131.0, 133.9, 139.3. 

Table VI.2, entry 16 

Pentyl(1-p-tolyiethyl)sulfane 

Colourless liquid  

1H NMR (CDCl3, 300 MHz): δ 0.85 (t, J = 6.9 Hz, 3H, CH3), 1.21-1.29 (m, 4H, CH2-CH2), 

1.45-150 (m, 2H, CH2), 1.54 (d, J = 6.9 Hz, 3H, CH-CH3), 2.24-2.34 (m, 5H, CH2 & ArCH3), 

3.91 (q, J = 7.2 Hz, 1H, CH), 7.11 (d, J = 7.8 Hz, 2H, ArH), 7.21-7.24 (m, 2H, ArH); 13C 

NMR (CDCl3, 75 MHz): δ 13.9, 21.0, 22.2, 22.6, 29.0, 31.1, 31.2, 43.7, 127.1, 129.0, 136.5, 

141.1. 

Table VI.2, entry 17 

(1-(3,4-dimethoxyphenyl)ethyl)(pentyl)sulfane 

Colourless liquid 

1H NMR (CDCl3, 300 MHz):  δ 0.83-0.88 (m, 3H, CH3), 1.25-1.30 (m, 4H, CH2-CH2), 1.47-

1.52 (m, 2H, CH2), 1.54 (d, J = 7.2 Hz, 3H, CH3), 2.26-2.34 (m, 2H, S-CH2), 3.86 (s, 3H, 

OCH3), 3.89 (s, 3H, OCH3), 3.92 (q, J = 7.2 Hz, 1H, CH-CH3), 6.77-6.92 (m, 2H, ArH), 6.93 

(d, J = 1.8 Hz, 1H, ArH); 13C NMR (CDCl3, 75 MHz): δ 13.8, 22.1, 22.7, 28.9, 31.0, 31.1, 

43.8, 55.69, 55.7, 110.0, 110.6, 119.2, 136.6, 147.8, 148.9. 

Table VI.2, entry 18 

Phenethyl(p-toyl)sulfane 
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Colourless liquid 

1H NMR (CDCl3, 300 MHz):  δ 2.31 (s, 3H, CH3), 2.88 (t, J = 7.2 Hz, 2H, CH2-Ar), 3.08-

3.13 (m, 2H, S-CH2), 7.08-7.28 (m, 9H, ArH); 13C NMR (CDCl3, 75 MHz): δ 20.9, 35.67, 

35.7, 126.3, 128.4, 128.44, 129.6, 130.0, 132.4, 136.1, 140.2. 

VI.5.5. General procedure for the preparation of dithioacetal 

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 

(VI.5-VI.7). 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 1H, 13C NMR data and compared with the 

reported melting points for known solid compounds. 

VI.5.6. Physical properties and spectral data of dithioacetals 

Table VI.5, entry 1 

1-(bis(pentylthio)methyl)-4-methoxy benzene 

Colourless oil 

1H NMR (CDCl3): δ 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); 13C NMR (CDCl3): δ 14.0, 22.3, 28.9, 31.1, 32.2, 52.6, 55.1, 

113.7, 128.8, 132.6, 159.0. 

Table VI.5, entry 2 

1-(bis(pentylthio)methyl)benzene 

Colourless oil 

1H NMR (CDCl3): δ 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); 13C NMR (CDCl3): δ 14.0, 22.3, 28.9, 31.1, 32.2, 53.2, 127.7, 128.4, 140.7. 

Table VI.5, entry 3 

4-(bis(heptylthio)methyl)-2-methoxyphenol 

Colourless oil 

1H NMR (CDCl3): δ 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 
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12.9 Hz, 2H, ArH), 7.04 (d, J = 1.8 Hz, 1H, ArH); 13C NMR (CDCl3): δ 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 VI.5, entry 4 

2-(bis(pentylthio)methyl)phenol 

Colourless oil 

1H NMR (CDCl3): δ 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); 13C NMR (CDCl3): δ 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 VI.5, entry 5 

4-(bis(tert-butylthio)methyl)-2-methoxyphenol 

White solid, mp-78-80 oC 

1H NMR (CDCl3): δ 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); 13C NMR (CDCl3): δ 31.2, 45.6, 48.8, 56.0, 110.4, 113.8, 120.0, 135.7, 145.0, 

146.8. 

Table VI.5, entry 6 

1-(bis(heptylthio)methyl)naphthalene 

Colourless oil 

1H NMR (CDCl3): δ 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); 13C NMR (CDCl3): δ 14.0, 22.5, 28.8, 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 VI.5, entry 7 

1-(bis(cyclohexylthio)methyl)-4-chlorobenzene 

Colourless oil 

1H NMR (CDCl3): δ 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); 13C NMR (CDCl3): δ 25.6, 25.7,33.2, 33.2  44.2, 48.9, 

128.5, 129.0, 133.0, 139.9. 

Table VI.5, entry 8 

1-(bis(pentylthio)methyl)-4-nitrobenzene 

Pale yellow oil 
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1H NMR (CDCl3): δ 0.89 (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); 

13C NMR (CDCl3): δ 13.8, 22.2, 28.7, 30.9, 32.3, 52.5, 123.7, 128.6, 147.2, 148.4. 

Table VI.5, entry 9 

2-(bis(phenylthio)methyl)phenol 

Colourless oil 

1H NMR (CDCl3): δ 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); 13C NMR (CDCl3): δ 56.4, 117.0, 120.7, 128.0, 

128.8, 129.5, 129.6, 132.5, 133.6. 

Table VI.5, entry 10 

1-((4-methoxyphenyl)(phenylthio)methylthio)benzene,28  

White solid, mp 71-73 oC 

1H NMR (CDCl3): δ 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); 13C NMR (CDCl3): δ 55.1, 59.6, 113.7, 127.5, 128.7, 129.0, 131.5, 

132.2, 134.6, 159.1. 

Table VI.5, entry 11 

4-(bis(p-tolylthio)methyl)-2-methoxyphenol 

White solid, mp 70-72 oC 

1H NMR (CDCl3): δ 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); 13C NMR (CDCl3): δ 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 VI.5, entry 12 

2-(4-methoxyphenyl)-1, 3-dithiolane,29  

White solid, mp 58-60 oC 

1H NMR (CDCl3): δ 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); 13C NMR (CDCl3): δ 40.1, 55.2, 55.9, 113.7, 129.0, 131.7, 159.3. 

Table VI.5, entry 13 

4-(1, 3-dithiolan-2-yl)-2-methoxyphenol 

White solid, mp 81-83 oC 

1H NMR (CDCl3): δ 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 
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(d, J = 2.1 Hz, 1H, ArH); 13C NMR (CDCl3): δ 39.9, 55.8, 56.5, 110.2, 113.9, 120.9, 131.1, 

145.4, 146.3. 

Table VI.5, entry 14 

2-(1,3-dithian-2-yl)phenol,30  

White crystalline solid, mp 131-133 oC 

1H NMR (CDCl3) : δ 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) ; 13C NMR (CDCl3) : δ 24.9, 31.7, 47.0, 117.1, 120.8, 123.9, 129.1, 

130.0, 154.2. 

Table VI.5, entry 15 

2-cyclohexyl-1, 3-dithiane,31  

White solid, mp 49-51 oC 

1H NMR (CDCl3): δ 2.12-1.21 (m, 13H, CyH), 2.88-2.82 (m, 4H, CH2), 4.04-3.99 (m, 1H, 

CH); 13C NMR (CDCl3): δ 26.1, 26.1, 26.3, 30.3, 30.8, 43.0, 55.2. 

Table VI.6, entry 1 

2-(bis(tert-butylthio)methyl)-5-bromothiophene 

White crystalline solid, mp 68-70 oC 

1H NMR (CDCl3): δ 1.33 (m, 18H, CH3), 5.17 (s, 1H, CH), 6.82 (s, 2H, ArH); 13C NMR 

(CDCl3): δ 31.0, 43.4, 

46.2, 111.8, 124.5, 129.0, 151.1. 

Table VI.6, entry 2 

2-(bis(phenylthio)methyl)-5-bromothiophene 

Pale yellow oil 

1H NMR (CDCl3): δ 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); 13C NMR (CDCl3): δ 55.7, 112.8, 

126.8, 128.3, 129.0, 129.3, 129.4, 132.8, 133.7, 145.5. 

Table VI.6, entry 3 

2-(bis(heptylthio)methyl)-5-bromothiophene 

Colourless oil 

1H NMR (CDCl3): δ 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); 13C NMR (CDCl3): 

δ 14.0, 22.5, 28.8, 28.8, 29.0, 31.6, 32.1, 48.6, 112.3, 125.9, 129.1, 147.1. 

Table VI.6, entry 4 
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2-(bis(pentylthio)methyl)furan 

Pale yellow liquid 

1H NMR (CDCl3): δ 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); 13C NMR (CDCl3): δ 13.8, 22.1, 28.7, 31.0, 31.4, 45.8, 107.5, 110.3, 

142.0, 152.3. 

Table VI.6, entry 5 

2-(1, 3-dicyclohexylpropan-2-yl) furan 

Colourless oil 

1H NMR (CDCl3): δ 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); 13C NMR 

(CDCl3): δ 25.6, 25.7, 25.7, 33.2, 33.3, 42.7, 43.9, 107.1, 110.2, 141.7, 153.1. 

Table VI.6, entry 6 

3-(bis(heptylthio)methyl)-1H-indole 

Colourless oil 

1H NMR (CDCl3): δ 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); 13C NMR (CDCl3): δ 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 VI.6, entry 7 

2-(1, 3-dithian-2-yl)furan,32  

Colourless oil 

1H NMR (CDCl3): δ 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); 13C NMR 

(CDCl3): δ 25.2, 30.2, 42.0, 107.8, 110.5, 142.2, 151.7. 

Table VI.6, entry 8 

3-(1, 3-dithiolan-2-yl)-1H-indole 

Pale yellow solid, mp 121-123 oC 

1H NMR (CDCl3): δ 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); 13C NMR (CDCl3): δ 39.4, 48.9, 111.4, 

114.9, 119.7, 122.5, 123.1, 125.8, 136.8. 

Table VI.7, entry 1 

1-(bis(pentylthio)methyl)-4-methoxybenzene 
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Colourless oil 

1H NMR ( CDCl3):  δ 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); 13C NMR (CDCl3): δ 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 VI.7, entry 2 

4-(bis(pentylthio)methyl)-2-methoxyphenol 

Pale yellow oil 

1H NMR (CDCl3):  δ 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); 13C NMR (CDCl3): δ 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. 

VI.6. References 

References are given in BIBLIOGRAPHY under Chapter VI (pp. 152–155). 
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CHAPTER VII 

Ni(0) supported with reduced graphene oxide (RGO): Efficient 

heterogeneous catalyst for Kumada–Corriu cross–coupling reaction 
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VII.1. Introduction 

During the last few years, graphene oxide (GO)1 and reduced graphene oxide (RGO) based 

carbon nanomaterials have attracted immense research interest in the field of catalysis.2 The 

electronic properties3 and high surface area 4 of RGO opens up new opportunities for its use 

as a next-generation catalyst or catalyst support.5 The reduced graphene oxide has the more 

potential to behave as catalyst supports.6 Because, they can form stable dispersions in 

aqueous or organic media, and can be blended with other nanomaterials to form 

nanocomposites.7 Various metal nanoparticles (NP) have been incorporated in 2D catalyst 

support RGO to synthesize potential catalyst in different reactions. In recent literatures RGO 

supported Pd, Au and Pt have been used in organic reactions as catalyst.8 It was observed that 

in most of the papers RGO supported noble metals have been used as catalyst. Surprisingly 

there are very few reports on RGO supported low cost first row transition metals as potential 

catalyst in different organic reactions.9 

In the recent years, RGO as the catalyst support has shown some significant advantages in the 

area of cross‒coupling chemistry. Usually organic ligand-stabilized zero valent homogeneous 

complexes are used as catalysts in cross‒coupling reactions.10 The drawbacks regarding the 

recovery and reusability of a homogeneous catalyst was overcome by using RGO supported 

ligand-free heterogeneous catalysts. The C–C cross‒coupling reactions, such as Mizoroki–

Heck, Sonogashira and Suzuki–Miyaura, have been successfully catalysed by heterogeneous 

Pd/RGO composite materials. 

The Kumada–Corriu cross–coupling reaction is frequently used to synthesize functionalized 

biaryls.11 This reaction has the major advantage over Suzuki–Miyaura and Mizoroki–Heck 

reactions because all aromatic halides including sp2 C–F can undergo cross–coupling with 

Grignard reagent.12 In this reaction, the catalyst undergoes a fundamental catalytic cycle 

involving oxidative addition to a reactive substrate, transmetalation with a Grignard reagent, 

and reductive elimination to form a carbon–carbon bond. The Ni-catalyzed cross–coupling 

between aryl halide and Grignard reagent is notable for being among the first cross–coupling 

reaction reported concurrently by Kumada and Corriu in 1972. Several modifications 

including Pd-catalyzed conditions and variations in the use of ligands have been developed 

over the years,13 and the Kumada–Corriu cross–coupling continues to enjoy many synthetic 

applications both in the laboratory as well as in industries. The reaction can be carried out 

over a wide range of temperatures from -20 oC to refluxing solvents; however, for industrial 

competence a room temperature reaction is preferable. 
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VII.2. Present work: Background and Objective 

The majority of nickel catalyzed Kumada–Corriu reactions of aryl halides with Grignard 

reagents have been performed with homogeneous catalysts. Despite the high activities that 

can sometimes be achieved with homogeneous catalysts, the difficulties and high costs 

associated with recovery and reuse of homogeneous catalysts can hinder their commercial 

utilization. Thus, heterogeneous catalysts are often preferred in practical applications. An 

approach to develop such catalysts is to anchor coordination complexes to supports in the 

hope that they not only retain the desired catalytic properties of their homogeneous 

counterparts, but are also recoverable due to their attachment to an easily recovered solid. 

A nickel(II) co-ordination complex, covalently immobilised on a Merrifield resin, is an 

effective recyclable heterogeneous catalyst in a room temperature coupling reaction between 

a Grignard reagent and an organobromide (Scheme VII.1).14 Both aromatic and aliphatic 

Grignard reagents were successfully employed in the reaction. This catalyst was easily 

collected through filtration and recycles up to 10 consecutive runs. 

R2 MgBr

THF, r.t.

O

N

Me

Me

N

O

O

Ni

A

Br
R1

R1 = 4-OCH3, 4-I, 2,4-F2

R2 = aryl, alkyl

A
R2

R1

 

Scheme VII.1. Polymer-supported nickel(II) catalyst for room temperature Tamao–Kumada–

Corriu coupling reactions. 

Styring and their group have reported another similar type of work where unsymmetrical 

salen-type nickel(II) complex was readily immobilised onto functionalised silica.15 The 

supported complex was an effective recyclable heterogeneous catalyst in a room temperature 

cross–coupling reaction between 4-bromoanisole and phenylmagnesium chloride (Scheme 

VII.2). Several bi product was formed during this process, 4,4’- dimethoxybiphenyl, anisole 

and biphenyl. 

Tsai et al. observed that NS-MCM-41-Pd can catalyze the coupling of various aryl halides 

with arylmagnesium bromides to generate corresponding biaryls in good to excellent yields  

(Scheme VII.3).16 The loading of Pd in a single batch reaction can be reduced to as low as 
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Scheme VII.2. The Kumada reaction of 4-bromoanisole and a phenylmagnesium halide 

catalyzed by silica supported Ni (II) complex. 

0.02 mol %. The nanosized MCM-41 provides easy transport of the reactants and products 

such that no loss of activity was observed after prolonged use. The catalyst can be easily 

recovered and re-used several times without loss of activity. 

N N

NH NH

OO O O
O O

Nanosized MCM -41 wall

Pd
Cl Cl

ArX Ar'MgBr Ar Ar'
NS-MCM-41-Pd (0.2-0.02 mol%)

THF, heat
X = I, Br

 

Scheme VII.3. Kumada–Corriu reaction Using NS-MCM-41Pd. 

Ni(II) acetate was immobilized onto diamine ligands anchored to (i) a cross-linked 

poly(styrene) support and (ii) a mesoporous silica support, are successfully used to promote 

Kumada–Corriu reactions of 4-bromoanisole with phenylmagnesium chloride (Scheme 

VII.4).17 Activity from leached metal was demonstrated by both room temperature filtration 

tests during and after the reaction. It is not the presence of aryl halide that promotes leaching, 

but rather the presence of Grignard that pulls nickel into solution either by degradation of the 

ligand or reduction to Ni(0). Anchored nickel could be reused three times without significant 

loss in final yield and 46% loss of nickel after the third run was detected. 

Among the many contributions on Ni systems dedicated to C−C cross–coupling reactions, 

only a few have focused on the development of surface chemistry by using Ni NPs. One of  
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Scheme VII.4. Kumada–Corriu reaction Using nickel precatalysts PS-Dia-Ni and SBA-Dia-

Ni. 

the first such studies was developed by Lipshutz’s group to immobilized nickel on carbon, 

Ni/C, was rigorously examined for Kumada–Corriu reactions.18 

In 2013 Kobayashi et al. have synthesized heterogeneous polymer- incarcerated Ni-NPs. The 

matrix structure of these catalysts incorporates both N-heterocyclic carbenes (NHCs) as 

ligands and Ni-NPs. These NHCs embedded polymer matrix were characterized by FGSR-

MAS NMR analysis. The catalyst was successfully applied to Corriu–Kumada–Tamao 

reactions with a broad substrate scope including functional group tolerance, and the catalyst 

could be recovered and reused several times without loss of activity.19 

Recently, De group have developed20 an approach to stabilize high amount of metallic Ni NP 

in ambient condition by using RGO support (Ni/RGO), the composite material was 

characterized and used as a potential redox material to convert Cr(VI) to Cr(III) in a short 

period of time at room temperature. Considering our experience in the field of developing 

heterogeneous catalyst in various cross–coupling reactions, we were interested to utilise this 

well characterized Ni/RGO heterogeneous material in Kumada–Corriu cross–coupling 

reaction. 

VII.3. Present work: Result and Discussion 

VII.3.1. Ni/RGO catalyst in Kumada–Corriu cross–coupling reaction 

We have synthesized Ni/RGO catalyst following the same literature procedure.20 Detailed 

characterization revealed high surface area of the composite (125 m2 g˗1) and existence of 

highly concentrated but separated Ni NP (40 wt%) of average size ~11 nm on the RGO 

surface (designated as Ni/RGO-40). In general, bare Ni NP is very unstable and prone to 
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oxidation in air, but in the Ni/RGO-40 composite, Ni NP can be stabilized by RGO. The 

RGO surface contains many free electrons 21 and these free electrons help to stabilize the Ni 

in its zero-valent state. Because of this kind of electronic environment, the metallic Ni NP 

resides on the RGO surface in tightly bound condition and do not get oxidized. Also, the high 

surface area and planer structure of RGO prevent the Ni NP from agglomeration into larger 

particles. As a result, very high Ni loading (40 wt%) was possible without any agglomeration. 

It can be noted here that we also prepared Ni/RGO-60 and Ni/RGO-20 to compare the 

catalytic performance with Ni/RGO-40. 

 

Figure VII.1. XRD patterns: (a) Ni/RGO-

20 and (b) Ni/RGO-60 

Both the materials were characterized by 

XRD and the results are shown in Figure 

VII.1. Both samples show characteristic 

peaks of Ni(111), Ni(200) and RGO 

similar to those of Ni/RGO-40. However, 

as expected, the relative XRD peak 

intensities of metallic Ni and RGO are 

different due to the variation of 

compositions. The crystallite size of Ni in 

the three Ni/RGO samples was evaluated 

using the X-ray line broadening method 

(scherre’s equation) from Figure VII.1 and 

VII.3a. In case of Ni, the crystallite size 

was evaluated from both the (111) and 

(200) peaks. Following this method we 

found the average crystallite size of Ni as 

10, 12 and 17 nm in Ni/RGO-20, Ni/RGO-40 and Ni/RGO-60 samples, respectively. TEM of 

Ni/RGO-40 confirms existence of Ni NPs of average size ~11 nm.20  

Initially, we tested the cross–coupling between 4-iodoanisole and PhMgCl in the presence of 

catalytic amounts (0.05 and 0.1 mmol with respect to 1 mmol of 4-iodoanisole) of Ni/RGO-

40. The reaction was indeed successful as we obtained the desired biphenyl in 81–89% 

isolated yields (Table VII.1, entries 1–2). Further variations in temperature and changing 

solvent however did not produce any appreciable changes in terms of the isolated yield of the 

biphenyl. The optimization of reaction conditions has been presented in Table VII.1. 

To achieve the better performance from Ni/RGO, we are applying three different composites 

Ni/RGO-40, Ni/RGO-60 and Ni/RGO-20. The results are summarized in Table VII.2. It was 
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Table VII.1. Optimization of Kumada‒Corriu cross‒coupling reaction conditions using 

Ni/RGO-40 as the catalyst.a 

a4─Iodoanisole (1 mmol), PhMgCl (1 mL, 25 wt% in THF, 1.84 mmol), solvent (2 mL), 

under N2, 
bIsolated yield. 

Table VII.2. Control reactions to compare the catalytic activity of Ni/RGO-40.a 

Entry Solvent Catalyst Ni content 

[with respect to 

4-iodo-

anisole)(mmol)] 

Temperature 

(oC) 

Time (h) Yieldb 

(%) 

1 THF Ni/RGO-40 0.1 25 4 89 

2 THF Ni/RGO-60 0.1 25 4 67 

3 THF Ni/RGO-20 0.1 25 4 77 

4 THF Ni NPs 0.1 25 4 63 

5 THF Nil 00 25 4 08 

6 THF Nil 00 25 24 14 
a 4─Iodoanisole (1 mmol), PhMgCl (1 mL, 25 wt% in THF, 1.84 mmol), solvent (2 mL), 

under N2, 
b Isolated yield. 

found that Ni/RGO-40 showed the highest catalytic activity compair to others. 

The deterioration of catalytic activity of Ni/RGO-60 (Table VII.2; entry 2) can be understood 

because of larger size of Ni NPs (17 nm) with lower active surfaces. This is expected because 

chances of agglomeration of Ni would be higher due to high amount of Ni loading. Although 

we found little lowering of Ni NPs’ size (10 nm) in case of Ni/RGO-20, the yield of the 

reaction was found to be dropped in this case also (Table VII.2; entry 3) when compared with 

Ni/RGO-40 (Table VII.2; entry 1). In case of Ni/RGO-20, we believe that the exposed Ni 

surface got reduced due to the presence of more RGO. 

The bare Ni NPs22 of size around 10 nm was also tested as catalyst (Table VII.2 entry 4) 

under similar reaction conditions which produces only 63% yield. The control reaction 

without any catalyst showed 8% yield (Table VII.2; entry 5) and the yield can be increased to 

14% if the reaction continued up to 24h (Table VII.2; entry 6). Therefore from the above 

Entry Solvent Catalyst [Ni content 

(with respect to 

4-iodo-

anisole)(mmol)] 

Temperature (°C) Time (h) Yield (%)b 

1 THF 0.05 25 6 81 

2 THF 0.1 25 4 89 

3 THF 0.1 40 4 88 

4 THF 0.1 60 4 91 

5 Dioxane 0.1 25 6 84 
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results, it can be concluded that Ni/RGO-40 is an optimized composition for the 

Kumada‒Corriu cross‒coupling reactions. 

Following the optimized reaction condition we carried out similar cross–coupling reactions 

on varying the combination of aryl halide (ArX) and Grignard reagent. The results are 

presented in Table VII.3. The 3-iodoanisole (entry 2) and 2- iodoanisole (entry 3) 

successfully react with PhMgCl and produced the corresponding biphenyl derivatives in 85 

and 77% yields, respectively. The feasibility of the reaction between other iodoarenes and 

Grignard reagents (ArMgX) were also undertaken to obtain the corresponding biaryls. We 

observed that the p-methyliodobenzene (entry 4) and iodobenzene (entry 5) were successfully 

reacted with para and meta isomer of methoxyphenylmagnesium bromide, respectively to 

produce the corresponding biaryls with a high yield. Similar cross‒coupling were performed 

on different bromo- and chloro- arenes and resulting biaryls were isolated in 80−88% yields 

(entries 6−9). 

Multiple cross–couplings were experienced with diiodo-, bromoiodo-, chloroiodo- and 

fluoroiodo-benzenes using excess PhMgCl as the coupling partner in the presence of 

Ni/RGO-40 (amount of catalyst equivalent to 0.1 mmol Ni was used for 1 mmol haloarene). 

In each case, we obtained corresponding biscoupled products (terphenylenes) in good to 

excellent yields (entries 10–14). Thus the present catalytic system was found to be equally 

active for the oxidative addition to the sp2 C–F bond (entry 13). Further, application of the 

catalyst in Kumada–Corriu crossc‒oupling was examined with aliphatic Grignard reagent like 

isopropylmagnesium chloride (i-PrMgCl). Interestingly, the 4- iodoanisole did not couple 

with the isopropyl group, rather a homo-coupled biphenyl, 4,4'-dimethoxybiphenyl was 

obtained in appreciable yield (entry 15). On the other hand, 2-methyl-4-bromoanisole 

remained unreacted when treated with i-PrMgCl in THF in the presence of the catalyst (entry 

16). We presume that there is an exchange reaction between 4-iodoanisole and using i-

PrMgCl to generate 4-anisylmagnesium chloride, which then undergoes homo-coupling to 

produce the 4,4'-dimethoxybiphenyl in 76% yield. Such homo-coupling is however 

previously known with Fe-catalyzed reactions between aryl halide and Grignard reagent.23 

The scope of the catalytic application has been further broaden with successful 

cross−coupling with hetero-aryl bromide such as 2-bromopyridine resulting in the formation 

of 2-phenylpyridine in brilliant yield (entry 17). 

VII.3.2. Recovery and Reusability of the catalyst 

After the reaction of aryl halide (1 mmol) and Grignard reagent (1.8 mmol) in the presence of 
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Table VII.3. Kumada–Corriu cross‒coupling reaction of halo-arenes with Grignard reagents 

in the presence of catalyst (Ni/RGO-40).a 

(4-H3CO)C6H4I C6H5MgCl

(3-H3CO)C6H4I C6H5MgCl

(2-H3CO)C6H4I C6H5MgCl

(4-H3C)C6H4I (4-H3CO)C6H4MgBr

(4-H3CO)H4C6 C6H5

(3-H3CO)H4C6 C6H5

(2-H3CO)H4C6 C6H5

(4-H3C)H4C6 C6H4(4'-OCH3)

C6H5I (3-H3CO)C6H4MgBr H5C6 C6H4(3-OCH3)

(3-H3C)C6H4Br (3-H3CO)C6H4MgBr (3-H3C)H4C6 C6H4(3'-OCH3)

C6H5MgCl (4-H3CO-3-H3C)H3C6 C6H5

C6H5Br (4-H3CO)C6H4MgBr H5C6 C6H4(4-OCH3)

(4-H3CO)C6H4Cl C6H5MgCl (4-H3CO)H4C6 C6H5

1,3-C6H4I2 C6H5MgCl

(3-Br)C6H4I C6H5MgCl

(3-Cl)C6H4I C6H5MgCl

(2-F)C6H4I C6H5MgCl

(2-Br)C6H4I C6H5MgCl

(4-H3CO)C6H4I (CH3)2CHMgCl ((4-H3CO)H4C-)2

(4-H3CO-3-CH3)C6H3Br (CH3)2CHMgCl No Reaction

C5H4NBr C6H5MgCl C5H4N C6H5

1

2

3

4

5

6

7

8

9

10c

11c

12c

13c

14c

15

16

17

Entry Aryl halide Grignard reagent Time (h)

4

4

12

6

6

9

7

10

12

12

12

12

12

12

24

24

10

89

85

77

84

80

86

80

88

82

78

72

73

76

73

76

-

91

Product Yield (%)b

(4-H3CO-3-H3C)C6H3Br

1,3-(C6H5)2 C6H4

1,3-(C6H5)2 C6H4

1,3-(C6H5)2 C6H4

1,2-(C6H5)2 C6H4

1,2-(C6H5)2 C6H4

 

a ArX (1 mmol), PhMgCl (1 mL, 1.84 mmol)/ArMgBr (1.5 mmol), Ni/RGO-40 (0.1 mmol), 

THF (2 mL) stirring at room temperature (25 oC) under N2. 
b Isolated yield. c PhMgCl (2 mL, 

3.68 mmol per mmol of bis-aryl halides). 

catalytic Ni/RGO-40 for the time period as mentioned in Table VII.3, dry and distilled ethyl 

acetate (3 mL) was added to the reaction mixture and stirred at room temperature for 5 min. 

The reaction mixture was allowed to settle down and the supernatant liquid was decanted. 

The process was repeated three times and then water (1 mL) was added to the catalyst 

containing reaction mixture. The mixture was extracted with ethyl acetate (5 mL) and the 

aqueous part was separated out, evaporated to dryness using rotary evaporator and dried 

under vacuum to get free flowing powder. 

Reusability of a catalyst is an important aspect from the commercial point of view. 

Reusability increases the potentiality of the catalyst. In order to check the reusability, 

Ni/RGO-40 was recovered from the reaction mixture, as described above. It was used for the 
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next batch of reactions. The recycling experiments were carried out with 4-iodoanisole and 

PhMgCl and consecutive six runs were performed with appreciable conversion to the coupled  

 

 
Figure VII.2. Reusability of Ni/RGO-40 in consecutive six cycles of Kumada‒Corriu 

cross‒coupling reaction. 

product (Figure VII.2). In the first cycle, the yield was 89% whereas after six cycles the yield 

of the product was 77%. The results confirm that the heterogeneous catalyst Ni/RGO-40 is 

potentially recyclable. 

VII.3.3. Characterization of recovered catalyst 

XRD analysis 

After recovery from the reaction mixture the catalyst was characterized by XRD and Raman 

to confirm that after reaction the oxidation state of Ni remains unchanged. It is noteworthy 

here that although we tried to eliminate the bi-products (Mg salts formed during the 

decomposition of Grignard reagent and mixed with the catalyst) by washing, the weight of 

recovered catalyst after the first cycle was found to be higher (22 mg) than the initial weight 

(14.7 mg). The weight of the recovered catalyst is gradually increasing as the cycles are 

progressing. The XRD of the recovered Ni/RGO-40 after the first cycle shows clear peaks 

corresponding to the metallic Ni NPs at 44.49o (111), 51.8o (200) and RGO layers at 25.4o 2θ 

(Figure VII.3). It clearly indicates that the catalyst remains unchanged even after the reaction. 

However, as mentioned above the recovered catalyst also shows presence of other peaks 

originated from MgO/Mg(OH)2 species. The different peaks of Mg(OH)2 and MgO are 

marked by different symbols in the Figure VII.3b. The XRD pattern of recovered catalyst 

after sixth cycle showed that the intensity of the peaks related to Mg species got increased 

significantly, however, Ni remains in the metallic state (Figure VII.3c). It is to be noted here 
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that the presence of MgO/Mg(OH)2 in the recovered catalyst did not deteriorate the 

performance of the catalyst in the subsequent cycles. 

Raman analysis 

The Raman spectrum of the original Ni/RGO-40 catalyst shows the characteristic D (A1g 

vibrations of the six-membered sp2 carbon rings)24 and G (first-order scattering of the E2g 

mode of sp2 domains)25 bands at 1344 and 1580 cm−1, respectively (Figure VII.4a).20 The 

Raman spectrum of recovered Ni/RGO-40 after the first (Figure VII.4b) and sixth cycles 

(Figure VII.4c) did not show any peak related to the oxidized Ni (NiO), and the intensity ratio 

of D over G band remained same. Therefore it can be concluded that the characteristics of the 

Ni/RGO-40 in the recovered catalysts remained similar after recycling. 

 

 

 

 

Figure VII.3. XRD analysis of Ni/RGO-40: (a) before use as catalyst, (b) recovered catalyst 

after the first cycle of reaction and (c) recovered catalyst after sixth cycle. 

VII.4. Conclusion 

An excellent catalytic activity of Ni/RGO-40 in Kumada–Corriu cross‒coupling reaction has 

been established. The reactions on varying the haloarene and Grignard reagent produced the 

expected coupled product with good to excellent yields. Interestingly, this catalyst was found 

to be equally active for the oxidative addition to the sp2 C−F bond. Our results confirmed that 

Ni/RGO-40 is a promising catalyst as a replacement of Pd based and other ligand-stabilized 

homogeneous catalysts. Ni/RGO-40 has enough potential as an economic high performance 

reusable catalyst and can be of technological viability. 
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Figure VII.4. Raman analysis of Ni/RGO-40: (a) before use as catalyst, (b) recovered 

catalyst after the first cycle of reaction and (c) recovered catalyst after 6th cycle. 

VII.5. Experimental section 

VII.5.1. General information 

Chemicals were used as received. 1H and 13C NMR spectra were taken in CDCl3 using 

Bruker Avance AV-300 spectrometer operating at 300 MHz and 75 MHz respectively. 

Chemical shifts are reported relative to tetramethylsilane served as internal standard (δ 0 

ppm). 13C NMR spectra were recorded with complete proton decoupling and chemical shifts 

are reported in ppm with the solvent resonance as the internal standard (CDCl3: δ 77.00 

ppm). X-ray diffraction (XRD) and Raman studies of the powder samples were performed 

with Rigaku SmartLab X-ray diffractometer operating at 9 kW (200 mA; 45 kV) using Cu-Ka 

radiation and Renishaw In Via micro Raman spectrometer, respectively. 

VII.5.2. Synthesis of Ni/RGO composite materials 

Ni/RGO composites were synthesized and characterized by De et al20. A brief procedure is 

given below, though it was prepared in the research group of G. De. 

1.5 g of GO was ultrasonically dispersed in 350 mL of water. NiCl2·6H2O (3.5 mmol) and 

Hexamethylenetetramine (7.0 mmol) were dissolved in 250 and 100 mL of water, 

respectively, in two separate flasks. The molar ratio of HMT to NiCl2 was maintained at 2:1. 

All three solutions were mixed together in a round-bottomed flask, stirred for 10 min, and 
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finally sealed in a 2 L Teflon-lined stainless steel autoclave for hydrothermal reaction at 120 

°C for 4h to obtain a Ni(OH)2-embedded GO composite [Ni(OH)2-GO]. The black powder 

was washed several times with water to remove excess Ni salt and HMT and dried. The 

powder was then heated in air to 380 °C for 1h to obtain NiO NP-embedded RGO sheets. In 

situ reduction of NiO NP in the presence of RGO at 350 °C with a continuous flow of H2 gas 

(10% H2-balance N2) yielded Ni/RGO composite containing 40 wt% Ni NPs. 

For control experiments Ni/RGO-60 (60 wt% Ni) and Ni/RGO-20 (20 wt% Ni) were also 

prepared following the above method. Bare Ni NP was prepared following the method 

available in the literature.22 

VII.5.3. Representative procedure of Kumada–Corriu cross–coupling reaction using 

Ni/RGO-40 

A mixture of 4-iodoanisole (234 mg, 1 mmol) and Ni/RGO-40 catalyst (14.7 mg, Ni content: 

0.1 mmol) in freshly distilled THF (2 mL) under N2 atmosphere was prepared. Then a 

solution of PhMgCl (1 mL, 25 wt% in THF, 1.84 mmol) was added dropwise at room 

temperature (25 oC) with gentle magnetic stirring. The progress of the reaction was monitored 

by TLC. After completion of the reaction, dry and distilled ethyl acetate (3 mL) was added, 

stirred gently and then allowed to stand. The supernatant liquid was carefully decanted in 

another flask and this process was repeated three times more. The combined washings 

(organic part) were washed with water, dried over anhydrous Na2SO4, concentrated and the 

residue was purified by column chromatography over silica gel. Elution with light petroleum 

afforded 4-methoxybiphenyl (164 mg, 89%) as white crystalline solid. The product was 

characterized by 1H and 13C NMR spectral data, and also compared with reported melting 

point.  

VII.5.4. Physical properties and spectral data of compounds 

Table 2, entry 1, 8, 9 

4-Methoxybiphenyl
26 

White solid, m.p. 90-91 oC (Lit. 91-92 oC) 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.84 (s, 3H, OCH3), 6.97 (dd, J = 6.9 and 2.1 Hz, 2H, 

ArH), 7.29-7.32 (m, 1H, ArH), 7.38-7.43 (m, 2H, ArH), 7.51-7.56 (m, 4H, ArH); 13C 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 VII.2, entry 2, 5 

3-Methoxybiphenyl
27 

Colorless liquid 
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1H NMR (CDCl3, 300 MHz): δ/ppm 3.86 (s, 3H, OCH3), 6.90 (ddd, J = 8.1 Hz, 2.4 Hz and 

0.9 Hz, 1H, ArH), 7.12-7.13 (m, 1H, ArH), 7.16-7.20 (m, 1H, ArH), 7.33-7.38 (m, 2H, ArH), 

7.41-7.46 (m, 2H, ArH), 7.57-7.60 (m, 2H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 55.3, 

112.7, 112.9, 119.7, 127.2, 127.4, 128.7, 129.7, 141.1, 142.8, 159.9. 

Table VII.2, entry 3 

2-Methoxybiphenyl
27 

Colorless liquid 
1H NMR (CDCl3, 300 MHz): δ/ppm 3.81 (s, 3H, OCH3), 6.97-7.06 (m, 2H, ArH), 7.29-7.43 

(m, 5H, ArH), 7.51-7.54 (m, 2H, ArH); 13C 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. 

Table VII.2, entry 4  

4-Methoxy-4'-methylbiphenyl
28 

White solid, m.p. 112-113 oC (Lit. 111-112 oC) 
1H NMR (CDCl3, 300 MHz): δ/ppm 2.38 (s, 3H, CH3), 3.84 (s, 3H, OCH3), 6.96 (d, J = 8.7 

Hz, 2H, ArH), 7.22 (d, J = 8.4 Hz, 2H, ArH), 7.45 (d, J = 8.1 Hz, 2H, ArH), 7.51 (d, J = 8.7 

Hz, 2H, ArH); 13C 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 VII.2 entry 6  

3-Methoxy-3'-methylbiphenyl
27 

Colourless liquid 
1H NMR (CDCl3, 300 MHz): δ/ppm 2.41 (s, 3H, CH3), 3.84 (s, 3H, OCH3), 6.87-6.89 (m, 

1H, ArH), 7.11-8.18 (m, 3H, ArH), 7.28-7.39 (m, 4H, ArH); 13C 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 VII.2, entry 7 

4-Methoxy-3'-methylbiphenyl
29 

White solid, m.p. 75-76 oC (Lit. 74-75 oC) 
1H NMR (CDCl3, 300 MHz): δ/ppm 2.28 (s, 3H, CH3), 3.87 (s, 3H, OCH3), 6.89 (d, J = 9.3 

Hz, 1H, ArH), 7.25-7.31 (m, 1H, ArH), 7.38-7.43 (m, 4H, ArH), 7.53-7.56 (m, 2H, ArH); 13C 

NMR (CDCl3, 75 MHz): δ/ppm 16.4, 55.4, 110.1, 125.3, 126.5, 126.7, 126.9, 128.6, 129.5, 

133.3, 141.0, 157.3. 

Table VII.2, entry 10, 11, 12 

m-Terphenyl
30 

White solid, m.p. 83-85 oC (Lit. 84-85 oC) 
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1H NMR (CDCl3, 300 MHz): δ/ppm 7.33-7.38 (m, 2H, ArH), 7.43-7.59 (m, 7H, ArH), 7.63-

7.66 (m, 4H, ArH), 7.79-7.80 (m, 1H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 126.1, 

126.2, 127.3, 127.4, 128.8, 129.2, 141.2, 141.8. 

Table VII.2, entry 13, 14 

o-Terphenyl
29 

White Solid, m.p. 54-55 oC (Lit. 54-56 oC) 
1H NMR (CDCl3, 300 MHz): δ/ppm 7.13-7.26 (m, 10H, ArH), 7.40-7.44 (m, 4H, ArH); 13C 

NMR (CDCl3, 75 MHz): δ/ppm 126.4, 127.4, 127.8, 129.9, 130.6, 140.6, 141.5. 

Table VII.2, entry 15 

4,4′-Dimethoxybiphenyl
23 

White crystalline solid, m.p. 179-180 oC (Lit. 178-179 oC) 
1H NMR (CDCl3, 300 MHz): δ/ppm 3.84 (s, 6H, OCH3), 6.96 (d, J = 9 Hz, 4H, ArH), 7.48 

(d, J = 8.7 Hz, 4H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 55.3, 114.1, 127.7, 133.4, 

158.6. 

Table VII.2, entry 17  

2-Phenylpyridine
31 

Colorless liquid 
1H NMR (CDCl3, 300 MHz): δ/ppm 7.18-7.26 (m, 1H, ArH), 7.39-7.51 (m, 3H, ArH), 7.72-

7.80 (m, 2H, ArH), 7.96-8.00 (m, 2H, ArH), 8.70 (d, J = 4.5 Hz, 1H, ArH); 13C NMR 

(CDCl3, 75 MHz): δ/ppm 115.4, 120.7, 122.1, 127.0, 128.7, 129.0, 129.6, 136.8, 139.3, 149.6, 

157.5. 

VII.6. References 

References are given in BIBLIOGRAPHY under Chapter VII (pp. 155−157). 
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CHAPTER VIII 

Ni(0) supported with reduced graphene oxide (RGO): Efficient 

heterogeneous catalyst for C−S cross‒coupling reaction 
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VIII.1. Introduction 

In recent years graphene and composite material has becomes much popular among 

researcher because of its unique physical, mechanical and chemical properties.1 Graphene, 

consists of a single atomic layer of conjugated sp2 carbon atoms with large contact area can 

adopt several guest particles.2 Reduced graphene oxide (RGO) with high surface area form 

stable dispersion in aqueous or non aqueous medium, can easily blended with nanomaterials 

to produce stable nanocamposites.3 To date various metal, metal oxide, magnetic and 

semiconducting NPs have been hosted on the surface of GO and studied their photocatalytic 

and electrochemical properties.4 However, few papers which execute the utilization of the 

graphene metal nanocomposite towards organic cross‒coupling reaction.5 

The transition metal catalyzed C‒S cross‒coupling is an essential step for the synthesis of 

various biologically active entities, which have been used in several therapeutic areas such as 

HIV, cancer, diabetes, inflammatory, Alzheimer’s and Parkinson’s diseases etc.6 In 1980 the 

first palladium-catalyzed arylation of thiols has been reported by Migita and co-workers.7 

Soon after Cristau and co-workers have reported a nickel-catalyzed route to synthesize the 

same.8 Increasing interest in this field people have continuing their studies with different 

metal like Cu, Co, Fe, Bi and In with a variety of ligands either in homogeneous or 

heterogeneous condition.9 

VIII.2. Present work: Background and Objective 

Ni catalyzed C−S cross‒coupling reactions are generally studied by using Ni-salts, Ni(II) 

phosphine complexes or by generating the Ni‒NHCs.  

Takeda co-woeker reported nickel(0) triethyl phosphite complex as an effective catalyst  for 

stereoselective transformation of (E)-alkenyl halides into sulphides. Aryl halides were also 

transformed into aryl sulphides using the same reagent system (Scheme VIII.1).10 But (Z)-

alkenyl halides gave alkynes under the same reaction conditions. 

X

R1 SH
Ni[P(OEt)3]4

Base, Temp.

S
R1

X = Br, I
R1 = Aryl, Alkyl, benzyl

X S
R1

 

Scheme VIII.1. Stereoselective transformation of (E)-alkenyl and aryl halides into sulphides 

using nickel(0) triethyl phosphite complex. 

Zhang and their group have developed Ni-NHC catalysts, showed good to excellent activities 



129 

 

toward various aryl halides in C−S coupling reactions (Scheme VIII.2). The new catalysts 

were inexpensive, easy to synthesize, and environmentally friendly. It was also found that the 

electronic and steric characteristics of NHC ligand greatly affected the catalytic activities.11 

N N

Ni

N N

X

R1

R2 SH
1-4 mol % Ni-NHC

Ni-NHC

KOtBu, DMF

100-110 oC

X = I, Br, Cl
R1 = H, 4-OMe, 4-Me, 2-Me, 4-NMe2, 4-F, 3-CF3

R2 = C6H5

S
R2

R1

 

Scheme VIII.2. Ni-NHC catalyze arylation of thiol. 

Cao and their group have developed a convenient and efficient method for preparing aryl 

sulfides by the reaction of aryl bromides with thiols catalyzed by PEG400, nickel bromide, 

and zinc without solvent (Scheme VIII.3). However, zinc was added as the reductive reagent, 

converted Ni(II) to Ni(0) which actually catalyzed the ultimate reaction. Both aromatic and 

aliphatic thiols are undergo smooth reaction and produces corresponding thioethers.12 

Br

R1 R2 SH
PEG400, NiBr2/Zn

NaOH, 120 oC

S
R2

R1

R1 = 4-Me, 4-OMe, 2-OMe, 2-Me, 4-Br
R2 = Aryl, Alkyl

 

Scheme VIII.3. Preparation of aryl sulphide using nickel bromide and zinc catalyst. 

Punniyamurthy et al. have described a simple and efficient procedure for the C−S 

cross‒coupling of aromatic and benzyl thiols with aryl iodides using NiCl2
.6H2O in TBAB 

under air (Scheme VIII.4). It is ligand-free and the NiLn/TBAB can be recovered and 

recycled without the loss of activity.13 

Guan et al. have developed an efficient nickel pincer system for the catalytic cross‒coupling 

of aryl iodides and thiols in the presence of KOH (Scheme VIII.5). The cross‒coupling 

reactions are more likely to be catalyzed by secondary phosphine oxide ligated Ni(0) species, 

which can be available from catalyst degradation. During catalysis the nickel pincer 
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complexes are converted to less reactive catalytic mixtures, preventing the catalysts from 

being reused.14 

I

R1
R2 SH

5 mol % NiLn

1.5 equiv Base

2 equiv TBAB

110 oC

S
R2R1

R1 = H, 4-Me, 4-OMe, 
        4-NO2, 3-NO2

R2 = Aryl, alkyl, benzyl
 

Scheme VIII.4. C−S cross–coupling using NiCl2.6H2O in TBAB under ligand-free 

condition. 
 

O O

NiR2P PR2

Cl

a R = Ph

b R = Me

c R = iPr

d R = tBu

I

R1

R2 SH

1 mol % a
2 equiv. KOH

DMF, 80 oC

S
R2

R1

R1 = 4-Me, 4-OMe, 4-CF3, 4-CN
R2 = C6H5, 4-MeC6H4, 4-OMeC6H4, naphthyl

 

Scheme VIII.5. Reaction of aryl iodide with thiophenol using nickel pincer complex. 

Cao et al. have demonstrated a simple and efficient protocol for the C−S coupling reaction of 

aromatic and aliphatic thiols with aryl halides (iodides, bromides and chlorides) using 

anhydrous Ni(OAc)2 with NHC under argon (Scheme VIII.6). This catalytic system showed 

good activities toward various aryl halides in C−S coupling reactions.15 

X

R1
R2 SH

10 mol % Ni(OAc)2
5 mol % IPr S

R2R1

X = I, Br, Cl
R1 = H, 4-Me, 4-OMe, 
        4-NO2, 4-CN, 4-CF3

R2 = Aryl, alkyl, benzyl

KOtBu,DMF, 70 oC

N N

Cl

IPr
 

Scheme VIII.6. Reaction of aryl halide with thiol using Ni(OAc)2 with NHC. 

NiO‒ZrO2 nanocrystal is a heterogeneous solid supported Ni catalyst that has been applied 

for C‒S cross‒coupling reaction. This methodology was limited to certain substrate with poor 

yield.16 

In general, bare Ni NPs are very unstable and readily oxidized in air. Surprisingly there are 

very few reports on solid supported Ni-NPs as potential catalyst in organic cros‒coupling re- 
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actions.17 Since the RGO surface contains many free electrons,18 the unstable bare Ni NPs get 

stabilized when embedded in the RGO sheets and form a stable composite.19 This composite 

material reduce Cr(VI) to Cr(III) in presence of formic acid at room temperature. Recently, 

we have utilized this material in organic catalysis and represents Ni/RGO as heterogeneous 

reusable catalyst for Kumada‒Corriu cross‒coupling reaction.20 Herein, we use this 

heterogeneous composite material as a potential recyclable catalyst for C−S cross‒coupling 

reaction under ligand-free condition with high yield 

VIII.3. Present work: Result and Discussion 

VIII.3.1. Ni/RGO catalyst in C−S cross‒coupling reaction 

Initially we have synthesized Ni/RGO having three different compositions such as Ni/RGO-

20 (20 wt% Ni), Ni/RGO-40 (40 wt% Ni) and Ni/RGO-60 (60 wt% Ni) following the 

standard method.19,20 These materials were well characterized by XRD. The crystallite size of 

Ni in the three Ni/RGO samples was calculated using the X-ray line broadening method 

based on (111) and (200) peaks.20 Following this method we found the average crystallite 

size of Ni as 10, 12 and 17 nm in Ni/RGO-20, Ni/RGO-40 and Ni/RGO-60 samples, 

respectively. 

In our preliminary studies Ni/RGO-40 was applied in the cross‒coupling of 3-iodoanisole and 

thiophenol using K2CO3 as base at 100 oC, under nitrogen. In this process various parameters 

such as temperature, base, solvent were varied and corresponding results were presented in 

Table VIII.1. 

Solvent optimization was started with water (entry 1) followed by toluene (entry 2) and 

isolating diaryl sulphide only 6-8% after 10h while in DMSO it raises up to 86% within 3h 

(entry 3). Further enhancement was achieved when DMSO was replaced by DMF and 

isolating 92% of diaryl sulphide (entry 4). However, drop in catalyst loading or temperature, 

suppresses the overall process and yield also goes down (entries 5, 6). Without base we got 

only 74% product and using KOH we have 83% of diaryl sulphide (entries 7, 8). At last we 

setup another reaction similar to that of entry 4 but excluding the nitrogen atmosphere (entry 

9). This gives only 61% of thioether along with 15% of diphenyl disulfide. Therefore entry 4, 

would be the ultimate optimized condition. 

After optimizing the reaction conditions, some control experiments were performed with 

three different composites i.e. Ni/RGO-20, Ni/RGO-40 and Ni/RGO-60. Table VIII.2 show 

the entire result. The NPs size of first two composites was lies in between 10−11 and   they 

showed nearly same activities and produce the corresponding thioether in 91−92% yield 
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Table VIII.1. Optimization of CS cross‒coupling reaction conditions using Ni/RGO-40.a 

IH3CO SH SH3CO
Ni-RGO

 

Entry Catalyst 

Ni content (mol%) 

Solvent Base Temperature 

(oC) 

Time (h) Yield (%)b 

1 15 Water K2CO3 100 10 8 

2 15 Toluene K2CO3 100 10 6 

3 15 DMSO K2CO3 100 3 86 

4 15 DMF K2CO3 100 3 92 

5 10 DMF K2CO3 100 3 81 

6 15 DMF K2CO3 80 10 61 

7 15 DMF Nil 100 10 74 

8 15 DMF KOH 100 3 83 

9c 15 DMF K2CO3 100 3 63 

 
a3-Iodoanisole (1 mmol), thiophenol (1.2 mmol), K2CO3 (1.2 mmol) and solvent (3 mL) 

heated at 100 oC under N2. 
b Isolated yield. c Reaction was performed without nitrogen, 15 % 

diphenyl disulfide was isolated. 

(entries 1 and 2). Whereas a drop of catalytic activity was observed with Ni/RGO-60 (entry 

3), may be due to larger size of Ni NPs (17 nm) with lower active surfaces. On the other hand 

bare Ni NPs of size around 10 nm yielded only 79% of corresponding cross‒couple product 

(entry 4), this may be due to agglomeration of NPs or may be oxidation of Ni NPs. 

Table VIII.2. Effect of particle size on catalysis.a 

Entry Catalyst Ni content (mol%) Temperature (oC) Time (h) Yieldb (%) 

1 Ni/RGO-20 15 100 3 91 

2 Ni/RGO-40 15 100 3 92 

3 Ni/RGO-60 15 100 3 84 

4 Ni NPs 15 100 3 79 

a 3-Iodoanisole (1 mmol), thiophenol (1.2 mmol), K2CO3 (1.2 mmol), Ni-RGO (15 mol%) 

and DMF (3 mL) heated at 100 oC under N2. 
b Isolated yield. 

To borden the scope of catalysis, a range of aryl halides/thiols combinations were tested and 

results are summarised in Table VIII.3. In general it was observed that activated iodoarenes 

with methoxy and methyl group underwent smooth reaction with different thiols to produces 

corresponding thioether in excellent yield (entries 1−6) within few hour. But thioethers 

obtained from iodoarenes containing electron withdrawing group (nitro and acetyl group) in 

relatively smaller amount (entries 7−9). On the other hand, reactions of iodobromoarenes or 
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iodochloroarenes with thiols produce only iodo coupled products (entries 10 and 11). Since 

bromoarenes remains unchanged under this condition but when we added an equivalent 

amount of another reducing metal like Zn in addition to Ni/RGO-40, cross–coupling was 

happened and obtaining corresponding thioethers in relatively good amount (entries 12, 13).12 

1,2-diiodobenzene and 1,3-diiodobenzene react smoothly with p-tolylthiol affords the bis-

coupled product exclusively (entries 14 and 15). Since the reactivity of aliphatic thiols are 

somewhat low compare to that of aromatic thiol.13 Here, also moderate amount of thioethers 

were obtained when n-pentanethiol and n-heptanethiol reacts with corresponding aryl iodides 

(entries 16,17). 

Table VIII.3. Ni/RGO-40 catalyzed C−S cross coupling between aryl halide and thiol.a 

Ent

ry 

Aryl halide Thiol Time 

(h) 

Product Yieldb

(%) 

1 I

H3CO  

SH

 

2 S

H3CO  

93 

2 IH3CO

 

SH

 

3 SH3CO

 

92 

3 

OCH3

I

 

SH

H3C  

5 S

OCH3 CH3  

90 

4 I

H3CO  

SH

F  

4 S

H3CO F  

91 

5 I

H3C  

SH

H3CO

 

3 S

H3C OCH3  

93 

6 I

H3CO  

SH

CH3

H3C

 

4 S

H3CO H3C

CH3

 

90 

7 I

H3C

O  

SH

 

8 S

H3C

O  

85 

8 IO2N

 

SH

 

8 SO2N

 

86 
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9 IO2N

 Cl

SH

 

8 SO2N

Cl  

88 

10 IBr

 

SH

H3C  

6 SBr

CH3  

86 

11 ICl

 

SH

H3C  

6 SCl

CH3  

85 

12c 
Br

H3CO

H3C

 

SH

 

10 S

H3CO

H3C

 

81 

13c 
Br

H3C  

SH

H3CO

 

10 S

H3C OCH3  

87 

14d 
I

I  

SH

H3C  

8 

S S
 

87 

15d 
II

 

SH

H3C  

8 

SS  

84 

16 I

H3CO  

n-C5H11 SH  10 S
n-C5H11

 

79 

17 IH3CO

 

n-C7H15 SH  10 S
n-C7H15

H3CO

 

72 

a ArX (1 mmol), thiol (1.2 mmol), K2CO3 (1.2 mmol), Ni/RGO-40 (40 wt%, 22 mg) and 

DMF (3 mL) heated at 100 oC under nitrogen. b Isolated yield. c Equivalent amount of Zn 

dust (1 mmol) was added. d ArX2, (1 mmol), thiol (2.4 mmol), K2CO3 (4.4 mmol), Ni/RGO-

40 (40 wt%, 22 mg) and DMF (3 mL) heated at 100 oC under nitrogen. 

Hot Filtration test 

Leaching of metallic NPs from RGO support during the reaction was tested following the 

literature procedure.21 The reaction mixture of the C−S cross–coupling between 4–

iodoanisole and thiophenol is filtered off to separate out the solid catalysts after 30 min in hot 

condition, and the filtrate was analyzed by HPLC (~54% conversion). Further continuing the 

reaction by heating the liquid phase at 100 oC for another 5h in the absence of any added 

catalyst (Ni/RGO-40) did not afford any appreciable conversion (HPLC analysis). These 
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observations signify that Ni NPs might not be leached out from the heterogeneous support 

during initial course of the reaction (Figure VIII.1). 

 

Figure VIII.1. Comparison of normal time profile with that of hot filtration test. Conversions 

(±2%) at different time intervals for each plot were measured by HPLC. 

VIII.3.2. Recovery and reusability of the catalyst 

We also checked the reusability of the Ni/RGO-40. After completion of reaction ethyl acetate 

was added into the reaction vessel, stirred for a few min and allowed to stand for 15 min. The 

supernatant liquid was carefully transferred into another vessel and this process was repeated 

three times more. Similarly remaining catalyst was properly washed with water (3 mL/3 

times) followed by acetone (3 mL/3 times) and dried under vacuume to obtain the free-

flowing black powder. This material was used for next catalytic cycle. The catalyst can be 

reused at least six times for C−S cross–coupling reaction separately without decrease in 

catalytic activity. The results are summarised in Figure VIII.2. 

VIII.3.3. Characterization of recovered catalyst 

The recovered catalyst was analyzed by Raman spectroscopy. It was observed that the 

catalyst Ni/RGO-40 shows characteristic D (A1g vibrations of the six-membered sp2 carbon 

rings) and G (first-order scattering of the E2g mode of sp2 domains) bands at 1344 and 1580 

cm─1 in Raman spectra respectively (Figure VIII.3). Due to significant electronic interaction 

between RGO and Ni the D and G band has been red shifted compared to bare RGO.19 The 

Raman spectrum of recovered Ni/RGO-40 after sixth cycles (Figure VIII.3) did not show any 

peak related to the oxidized Ni (NiO) and the intensity ratio of D over G band was found 1.03 

which is similar with the intensity ratio of catalyst before using in C‒S coupling. To reconfir- 
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Figure VIII.2. Recycling experiment of Ni-RGO catalyst in C−S cross‒coupling reaction.a 

m the oxidation state of Ni, XRD of Ni/RGO-40 recovered after sixth cycle was performed. 

The XRD (Figure VIII.4) clearly shows the peak of Ni(111) and Ni(200). Therefore it can be 

concluded that the characteristics of the Ni/RGO-40 in the recovered catalysts remained 

similar after 6th cycles. 

 

Figure VIII.3. Raman spectrum of 

Ni/RGO-40 recovered after sixth cycle of 

C−S coupling. 

 

Figure VIII.4. XRD of Ni/RGO-40 

recovered after sixth cycle of C−S 

coupling. The peaks other than Ni and 

RGO are due to presence of potassium 

carbonate as an impurity originated from 

reaction mixture. 

VIII.4. Conclusion 

An excellent catalytic activity of Ni/RGO-40 in C−S cross‒coupling reaction has been 

established. Several aryl iodides are efficiently react with thiols to give the desired products 

in high yields. Aryl bromides have been reacting with thiols in presence of Zn. The Ni/RGO-

40 catalyst can be reused for six times and no leaching was observed in a hot filtration test. 

The recovered Ni/RGO-40 was characterized by X-ray diffraction (XRD) and Raman 

spectroscopy and found to be unaffected. 
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VIII.5. Experimental section 

VIII.5.1. General information 

Chemicals were used as received. 1H and 13C NMR spectra were taken in CDCl3 using 

Bruker Avance AV-300 spectrometer operating at 300 MHz and 75 MHz respectively. 

Chemical shifts are reported relative to tetramethylsilane served as internal standard (δ 0 

ppm). 13C NMR spectra were recorded with complete proton decoupling and chemical shifts 

are reported in ppm with the solvent resonance as the internal standard (CDCl3: δ 77.00 

ppm). X-ray diffraction (XRD) and Raman studies of the powder samples were performed 

with Rigaku SmartLab X-ray diffractometer operating at 9 kW (200 mA; 45 kV) using Cu-Ka 

radiation and Renishaw In Via micro Raman spectrometer, respectively. 

VIII.5.2. General procedure for C−S cross−coupling using Ni/RGO-40 

Aryl halide (1 mmol), thiol (1.2 mmol), potassium carbonate (1.2 mmol), Ni−RGO catalyst 

(22 mg, Ni content (8.8 mg, 0.15 mmol, 15 mol %)) and DMF (3 mL) were taken in a 15 mL 

sealed tube and heated the reaction mixture at 100 oC under nitrogen atmosphere with gentle 

magnetic starring for several hours. The progress of the reaction was monitored by TLC. 

After completion of reaction the mixture was allowed to cool at room temperature and diluted 

with ethyl acetate (3 mL), stirred gently and then allowed to stand for 15 min. The 

supernatant liquid was carefully collected in another flask and this process was repeated three 

times more. The organic part was washed with water, dried over anhydrous Na2SO4, 

concentrated and the residue was purified by column chromatography over silica gel, elution 

with light petroleum. All products were characterized by spectroscopic data (1H, 13C NMR) 

and also compared with reported melting point (for known solid compounds). 

VIII.5.3. Physical properties and spectral data of compounds 

Table VIII.3, entry 1 

(4–Methoxyphenyl)(phenyl)sulfane
22 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.81 (s, 3H, OCH3), 6.89 (dd, J = 2.1 and 6.9 Hz, 2H, 

ArH), 7.13–7.25 (m, 5H, ArH), 7.41 (dd, J = 2.1, 6.6 Hz, 2H, ArH); 13C NMR (CDCl3, 75 

MHz): δ/ppm 55.3, 114.9, 124.1, 125.7, 128.1, 128.9, 135.3, 138.6, 159.7. 

Table VIII.3, entry 2 

(3-Methoxyphenyl)(phenyl)sulfane
23 

Colourless liquid 
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1H NMR (CDCl3, 300 MHz): δ/ppm 3.71 (s, 3H, ArH), 6.75 (ddd, J = 0.9, 2.7 and 8.4 Hz), 

6.85-6.91 (m, 2H, ArH), 7.15-7.37 (m, 6H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 55.1, 

112.7, 115.8, 122.9, 127.2, 129.1, 129.9, 131.3, 135.2, 137.1, 160.0. 

Table VIII.3, entry 3 

(2–Methoxyphenyl)(p–tolyl)sulfane
22 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.35 (s, 3H, CH3), 3.88 (s, 3H, OCH3), 6.80–6.88 (m, 

2H, ArH), 6.94 (dd, J = 1.5 and 7.8 Hz, 1H ArH), 7.13–7.20 (m, 3H, ArH), 7.31 (d, J = 8.1 

Hz, 2H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 21.1, 55.8, 110.6, 121.2, 125.7, 127.4, 

129.7, 129.8, 130.1, 132.9, 137.7, 156.5. 

Table VIII.3, entry 4 

(4-Fluorophenyl)(4-methoxyphenyl)sulfane
24 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 3.83 (s, 3H, ArH), 6.89-7.01 (m, 4H, ArH), 7.21-7.26 

(m, 2H, ArH), 7.38-7.41 (m, 2H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 55.2, 115.0, 

115.8, 116.1, 125.2, 131.0, 131.1, 133.06, 133.1, 134.4, 159.6, 159.9, 163.2. 

Table VIII.3, entry 5 

(4–Methoxyphenyl)(p–tolyl)sulfane
25 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.29 (s, 3H, CH3), 3.79 (s, 3H, OCH3), 6.86 (d, J = 9.0 

Hz, 2H, ArH), 7.05 (d, J = 8.1 Hz, 2H, ArH), 7.13 (d, J = 8.1 Hz, 2H, ArH), 7.35 (d, J = 9.0 

Hz, 2H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 20.9, 55.3, 114.8, 125.6, 129.3, 129.7, 

134.3, 136.1, 159.4. 

Table VIII.3, entry 6 

(4–Methoxyphenyl)(2,5–dimethylphenyl)sulfane
26 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.20 (s, 3H, CH3), 2.32 (s, 3H, CH3), 3.80 (s, 3H, 

OCH3), 6.85–6.92 (m, 4H, ArH), 7.06 (d, J = 7.5 Hz, 1H, ArH), 7.29 (dd, J = 2.1 and 6.6 Hz, 

2H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 19.8, 20.9, 55.3, 114.9, 124.9, 127.2, 130.1, 

130.2, 133.9, 134.3, 136.0, 136.1, 159.2. 

Table VIII.3, entry 7 

1-(4-(Phenylthio)phenyl)ethanone
23 

White solid, mp 62-63 (Lit. mp 63-64 oC) 
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1H NMR (CDCl3, 300 MHz): δ/ppm 2.52 (s, 3H, CH3), 7.20 (d, J = 8.7 Hz, 2H, ArH), 7.36-

7.49 (m, 5H, ArH), 7.78-7.81 (m, 2H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 26.3, 127.3, 

128.6, 128.7, 129.5, 131.9, 133.7, 134.3, 144.7, 196.9. 

Table VIII.3, entry 8 

(3-Nitrophenyl)(phenyl)sulfane
27 

Yellowish liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 7.40-7.53 (m, 7H, ArH), 8.00-8.05 (m, 2H, ArH); 13C 

NMR (CDCl3, 75 MHz): δ/ppm 120.9, 123.1, 128.9, 129.6, 129.8, 132.1, 133.4, 134.2, 140.6, 

148.7. 

Table VIII.3, entry 9 

(4-Chlorophenyl)(3-nitrophenyl)sulfane
27

 

Yellow solid, mp 72-73 (Lit. mp 70-71 oC) 

1H NMR (CDCl3, 300 MHz): δ/ppm 7.36-7.54 (m, 6H, ArH), 8.03-8.06 (m, 2H, ArH); 13C 

NMR (CDCl3, 75 MHz): δ/ppm 121.3, 123.4, 129.8, 130.0, 130.8, 134.4, 134.5, 135.1, 139.7, 

148.6. 

Table VIII.3, entry 10 

(3–Bromophenyl)(p–tolyl)sulfane28  

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.36 (s, 3H, CH3), 7.10–7.18 (m, 4H, ArH), 7.24–7.28 

 (m, 1H, ArH), 7.32–7.35 (m, 3H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 21.2, 122.9, 

127.2, 129.0, 129.4, 130.2, 130.3, 131.1, 133.2, 138.5, 140.3. 

Table VIII.3, entry 11 

(3–Chlorophenyl)(p–tolyl)sulfane 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.36 (s, 3H, CH3), 7.07–7.19 (m, 6H, ArH), 7.34 (dd, J = 

1.8 and 6.3 Hz, 2H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 21.2, 126.1, 126.7, 128.3, 

129.4, 129.9, 130.3, 133.3, 134.8, 138.6, 140.0. 

Table VIII.3, entry 12 

(4-Methoxy-3-methylphenyl)(phenyl)sulfane 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.22 (s, 3H, ArH), 3.87 (s, 3H, ArH), 6.83 (d, J = 8.4 

Hz, 1H, ArH), 7.14-7.35 (m, 7H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 16.1, 55.4, 110.8, 

123.6, 125.6, 128.1, 128.9, 132.9, 136.3, 138.9, 158.1. 
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Table VIII.3, entry 14 

1,2-Bis(p-tolylthio)benzene
29 

White solid, mp 76-77 oC (Lit mp. 75.5 oC) 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.34 (s, 6H, CH3), 7.04-7.05 (m, 4H, ArH), 7.13-7.17 

(m, 4H, ArH), 7.28-7.31 (m, 4H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 21.1, 127.0, 

130.1, 130.5, 132.5, 137.5, 137.8. 

Table VIII.3, entry 15 

1,3–Bis(p–tolylthio)benzene
22

 

White solid, mp 84–85 oC 

1H NMR (CDCl3, 300 MHz): δ/ppm 2.34 (s, 6H, CH3), 6.98–7.01 (m, 2H, ArH), 7.06–7.13 

(m, 6H, ArH), 7.27 (dd, J = 1.5 and 6.3 Hz, 4H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 

21.1, 126.6, 129.0, 129.3, 130.1, 132.9, 138.0, 138.7. 

Table VIII.3, entry 16 

(4–Methoxyphenyl)(pentyl)sulfane
30 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 0.88 (t, J = 7.2 Hz, 3H), 1.26–1.40 (m, 4H, CH2–CH2), 

1.56–1.61 (m, 2H, CH2), 2.81 (m, 2H, S–CH2), 3.79 (s, 3H, OCH3), 6.83 (dd, J = 2.1 and 6.6 

Hz, 2H, ArH), 7.33 (dd, J = 2.1 and 6.6 Hz, 2H, ArH); 13C NMR (CDCl3, 75 MHz): δ/ppm 

13.9, 22.2, 29.0, 30.8, 35.7, 55.3, 114.4, 126.9, 132.9, 158.6. 

Table VIII.3, entry 17 

Heptyl(3–methoxyphenyl)sulfane 

Colourless liquid 

1H NMR (CDCl3, 300 MHz): δ/ppm 0.85–0.90 (m, 3H, CH3 and CH2), 1.26–1.68 (m, 10H, 

CH2), 2.91 (t, J = 7.2 Hz, 2H, S–CH2), 3.79 (s, 3H, OCH3), 6.696 (ddd, J = 0.9, 2.4 and 8.1 

Hz, 1H, ArH), 6.85–6.91(m, 2H, ArH), 7.16–7.25 (m, 1H, ArH); 13C NMR (CDCl3, 75 MHz): 

δ/ppm 14.0, 22.6, 28.8, 29.1, 31.3, 31.7, 33.3, 55.2, 111.2, 114.0, 120.8, 129.6, 138.5, 159.8. 

VIII.6. References 

References are given in BIBLIOGRAPHY under Chapter VIII (pp. 157−159). 
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