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         Investigations embodied in this dissertation entitled “Development of Eco-compatible 

Catalysts and Reagents for Important Organic Reactions”, submitted for the degree of Ph. D. 

(Science) of Jadavpur University, were initiated in November 2015 under the supervision of 

Professor Sanjay Bhar, Department of Chemistry, Organic Chemistry Section, Jadavpur 

University, Kolkata-700032.  

 
          The objective of the present study delineated in the aforesaid thesis was to develop eco-

compatible catalysts and reagents for synthetically important organic transformations having 

greater merit and wider applicability compared to the conventional ones in terms of operational 

simplicity, improved selectivity and excellent yield, redundant side reactions as well as 

utilization of inexpensive reagents and catalysts having low toxicity in order to proceed for a 

‘sustainable future’. The entire investigations in this thesis have been divided into four Chapters. 

Chapter-I deals with the catalytic efficiency of β-cyclodextrin hydrate towards the eco-

compatible synthesis of bis-(indolyl)methanes in an aqueous medium by the chemoselective 

reaction of indoles with differently substituted aryl and alkyl aldehydes under mild reaction 

conditions. Furthermore, the catalytic attributes of β-cyclodextrin hydrate were demonstrated 

through molecular docking and DFT studies. Chapter-II demonstrates an economically efficient 

and operationally simple ligand-free protocol for the chemoselective oxidation of benzylic 

alcohols to carbonyl compounds using alumina-supported mesoporous nickel nanoparticles as a 

stable recyclable heterogeneous catalyst along with potassium tert-butoxide as a base in the 

presence of aerial oxygen as an eco-friendly oxidant without affecting aliphatic alcoholic 

moieties.  Investigations described in Chapter-III initiate with an eco-friendly synthesis of 

natural resource mediated magnetite (Fe3O4) nanoparticle and its catalytic application has been 

extended towards an eco-friendly chemoselective reduction of nitroarenes under an ambient 

atmosphere in an aqueous medium in the presence of hydrazine hydrate as the hydrogen source 

with the tolerance of various sensitive moieties. The direct oxidative transformation of aldehydes 

to nitriles using commercially available non-toxic copper acetate as an inexpensive catalyst and 

ammonium acetate as the source of nitrogen in the presence of aerial oxygen as an eco-friendly 

oxidant under ligand-free condition includes in Chapter-IV.   
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CHAPTER I 

Catalytic Efficiency of β-cyclodextrin 

Hydrate-Chemoselective Reaction of 

Indoles with Aldehydes in Aqueous 

Medium 
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                                                                                          CHAPTER-I 

I. Catalytic Efficiency of β-cyclodextrin Hydrate-Chemoselective Reaction 

of Indoles with Aldehydes in Aqueous Medium  

I.1. Introduction 

       Alkylation of indoles is one of the most powerful, straightforward, and convenient 

methods for fundamental carbon-carbon (C-C) bond formation reaction and has been proven 

to be the construction of important classes of building blocks.1 Indole derivatives constitute 

an important structural scaffold due to their widespread occurrence in biologically active 

natural products.2 Among them, bis-(indolyl)methanes (BIMs) analogues are present in  a 

wide range of biologically and pharmacologically active compounds,3 such as antibiotics, 

anticancer, antitumor, antifungal, antibacterial, and HIV-1 integrase inhibitor. In addition, 

structurally diverse bis-indole moieties are very attractive compounds for chemosensing.4 

Owing to their relevant biological and pharmacological properties, the development of 

efficient synthetic protocols for the construction of bis-indolylmethane framework has 

received immense attention at all times. A brief account surveying the recent developments 

for the synthesis of bis-indolylmethanes is being described in the following review.  

 

I.2. Construction of Bis-indolylmethanes Framework: A Review 

        Late transition metal complex catalyzed Friedel-Crafts alkylation reaction of indoles 

with aldehydes was developed by Mohapatra et al.
5a where PdCl2(MeCN)2 catalyst activated 

the carbonyl group and promoted the synthesis of bis-indolylmethanes at room temperature in 

dichloroethane solvent with the survival of various functional groups (Scheme 1). Notably, 

electron-withdrawing substituents provided the desired products in good yields within a 

shorter reaction time, whereas electron-rich arenes took a longer reaction time for full 

conversion, and yields of desired products were moderate. Besides, this catalytic system was 

also effective for the reaction indoles with enones. 

N DCE, RT, 2-24 hrs
N N

O H

R3

R3

PdCl2(MeCN)2

R2

R1

R2
R2

R1
R123 examples

Yield: 50-97%
 

Scheme 1 Palladium-catalyzed synthesis of bis-indolylmethane derivatives 
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        An efficient oxidative approach was introduced5b for the synthesis of 

bis(indolyl)methanes by the reaction of indoles with benzylamines in the presence of 

Fe(OTf)2 as a catalyst and molecular oxygen as an eco-friendly oxidant in chlorobenzene 

solvent at 110oC (Scheme 2). Aromatic, aliphatic as well as heterocyclic amines were well 

tolerated under this protocol and produced the corresponding functionalized 

bis(indolyl)methanes with moderate to excellent yields. Moreover, this protocol promised 

versatility, cost-effectiveness, efficiency and allows for gram-scale production. 

26 examples

Yield: 48-97%

N
H

Chlorobenzene

110oC, 6-24 hrs N
H

NH

R1

R1

R2

R2
R2H2N

Fe(OTf)2

O2 ballon

 

Scheme 2 Iron-catalyzed oxidative coupling of benzylamines and indoles 

 
        Lenardao and co-workers5c have reported ammonium niobium oxalate 

(NH4[NbO(C2O4)2(H2O)x].nH2O) catalyzed synthesis of bis-indolylmethanes by the 

electrophilic substitution of indoles with carbonyl compounds using water or glycerol as the 

reaction medium under conventional heating in water (at 50°C) or under sonication in 

glycerol (at 110°C) (Scheme 3). Here, glycerol solvent under ultrasonic irradiation 

accelerates the reaction from several hours to few minutes. In addition, simplicity of the 

procedure, short reaction time, easy product separation, and reusability of the catalyst were 

the attractive features of this protocol.  

11 examples

Yield: 60-99%

N
H

          Water (50oC) or 

Glycerol (100oC, ultrasound)
N
H

NH

O R

R1

R1

NH4[NbO(C2O4)2(H2O)x].nH2O

R

 

Scheme 3 Ammonium niobium oxalate catalyzed synthesis of bis(indolyl)methanes  

 
       An efficient enzymatic bio-catalytic route for the Friedel-Crafts alkylation reaction of 

indoles with aromatic aldehydes was described in an aqueous medium by Le and co-

workers.5d Several enzymes were tested to perform this reaction, but α-Chymotrypsin was 

found to be the efficient biocatalyst and a series of bis-indolylmethanes were obtained in 

moderate to excellent yields (from 65% to 97%) under green reaction conditions (Scheme 4). 
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Notably, electron-withdrawing arenes render a positive effect on the yield of the desired 

products, whereas electron-donating substituents decrease the yield of the reaction. 

10 examples

Yield: 65-97%

N
H H2O, 50oC, 24 hrs

N
H

NH

O H

R1

R1

-Chymotrypsin

 

Scheme 4 Synthesis of bis-indolylmethanes catalyzed by α-chymotrypsin 

 
        BF3.OEt2 catalyzed synthesis of bis-indolylmethanes by the electrophilic substitution 

reaction of indoles bearing various electron-donating and electron-withdrawing substituents 

with differently substituted aromatic, hetero-aromatic and aliphatic aldehydes was disclosed 

by A. Swetha et al.
5e in dichloromethane solvent at room temperature (Scheme 5). This 

procedure tolerates a broad range of functional groups and gave the desired products in good 

to excellent yields (from 71% to 95%).  

N
H

DCM, RT N
H

NH

R2

BF3.OEt2
R1

O

R2 H

R1
R1

26 examples

Yield: 71-95%  

Scheme 5 Reaction of indoles with aldehydes in the presence of BF3.OEt2 

 
       The organometallic Lewis acid-mediated Friedel-Crafts reaction of indoles with N-

sulfonyl aldimines was achieved by Wang et al.
6a using titanocene dichloride (Cp2TiCl2) as 

an organometallic Lewis acid precursor and acetonitrile (CH3CN) as the solvent at 25oC 

(Scheme 6). Several phenol derivatives were screened as an efficient ligand to establish the 

efficiency of the catalyst and it was observed that o-aminophenol enhanced the reactivity of 

titanocene catalyst and promoted the synthesis of bis-indolylmethanes with good to excellent 

yields with the tolerance of various functional groups.  

15 examples

Yield: 70-98%

N
o-aminophenol, 25oC

N N

N H

R4

R4

Cp2TiCl2 ,
R3

R2

R1

Ts

R1
R1

R2 R2

R3
R3

CH3CN

 

Scheme 6 Reaction of indoles with N-sulfonyl aldimines catalyzed by Cp2TiCl2 
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        Cu(I)Br nanocatalyst supported on graphene oxide (GO-CuBr) was developed by 

Srivastava et al.
6b and proven as an effective heterogeneous catalyst for the electrophilic 

activation of aldehydes to the synthesis of bis-indole derivatives under the solvent-free 

condition at 50oC (Scheme 7). Both electron-releasing, as well as electron-withdrawing 

substituents at the various positions of benzaldehydes, were found to exhibit a similar 

reactivity towards indole and produced the desired products with good to excellent yields. 

Moreover, the synthesized compounds have been screened for in-vitro anti-HIV-1 activity 

and a molecular modeling study was used to understand its binding mechanism to the active 

enzyme site. 

20 examples

Yield: 71-91%

N
Solvent-free, 50oC N N

R1

GO-CuBr
O

R1 H

R R R

 

Scheme 7 Synthesis of bis-indolylmethanes using GO-CuBr nanocatalyst 

 
        Non-metal@MOF composite catalytic host-guest system was introduced by Zhu et al.

6c 

for the Friedel-Crafts alkylation of indoles with substituted aromatic and aliphatic acetals 

using I2@Cu4I4-MOF as heterogeneous catalyst under solvent-free conditions at room 

temperature (Scheme 8). The tandem acetal deprotonation to aldehydes followed by 

nucleophilic addition of indoles is the major advantage of this protocol and the desired 

alkylated products were obtained with good yield.  

9 examples

Yield: 85-93%

N
H

Solvent-free, RT, 10 hrs N
H

NH

R

R

MeO OMe I2@Cu4I4-MOF

 

Scheme 8 Reaction of indoles with acetals for the synthesis of bis-indolylmethanes 

 
         An eco-compatible protocol for the synthesis of bis-indole derivatives via the Friedel-

Crafts alkylation of indoles with aldehydes was developed by J. Tong et al.
6d (Scheme 9). 

The reaction was found to be highly efficient, affording good to high yields of the desired 

alkylated products with a wide variety of substituents. The notable advantages of this 

protocol were simple reaction procedure, short reaction time, easy product separation, 

recovery, and reusability of acidic ionic liquid [DABCO-H][HSO4]. 
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14 examples

Yield: 61-98%

N
H

Solvent-free, 90oC
N
H

NH

R2

[DABCO-H][HSO4]
R1

O

R2 H

R1 R1

 

Scheme 9 Synthesis of bis-indole derivatives catalyzed by [DABCO-H][HSO4] 

 
        Isoskeletal tetranuclear 3d/4f coordination clusters6e was used as an efficient catalyst for 

the Friedel Crafts alkylation reaction of indoles with aldehydes under ethanol-water reaction 

medium at room temperature (Scheme 10). A variety of aldehydes were successfully reacted 

and obtained the bis-indolylmethanes with good to excellent yield by using this protocol. The 

reaction was only limited to aromatic aldehydes. But, ketones (aromatic as well as aliphatic) 

did not produce any products even at longer reaction time and higher temperature.  

N
H

EtOH:H2O (2:1)
N
H

NH

O H

R2

R2

R1

R1
R1

RT, 6-12 hrs

Zn

Y

Zn

Y

18 examples

Yield: 62-99%  

Scheme 10 Tetranuclear coordination clusters catalyzed synthesis of bis-indolylmethanes  

 
        An ultrasonic-assisted electrophilic substitution reaction of indoles with aldehydes was 

established by Gao et al.
7a for the preparation of bis(indolyl)methanes under mild reaction 

conditions using ethyl lactate-water (EL: H2O) mixture as the reaction medium (Scheme 11). 

Some other solvents (EtOAc, CH3CN, PEG 400, DCM, DMF, dioxane) were also examined 

under ultrasound condition, but ethyl lactate/water (3:2) was found to be the most efficient 

reaction medium. In this process, several aromatic, hetero-aromatic and aliphatic aldehydes 

underwent electrophilic substitution reaction to afford the corresponding products with good 

yields. In addition, isatin derivatives were also equally efficient under this protocol.  

27 examples

Yield: 80-95%

N
H

Ultrasound, r.t. N
H

NH

R2

Ethyl lactate:H2O (3:2)
R1

O

R2 H

R1
R1

 

Scheme 11 Ultrasound-assisted synthesis of bis(indolyl)methanes in EL/H2O medium 
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       Sulfonylbis(1,4-phenylene)bissulfamic acid (SPSA) catalyzed electrophilic substitution 

of indole derivatives with differently substituted aromatic aldehydes was disclosed by Zeydi 

et al.
7b under the solvent-free condition at 110oC (Scheme 12). Both electron-donating and 

electron-withdrawing substituents produce bis-indole derivatives with good to excellent 

yields. This protocol offers several advantages such as shorter reaction times, high yields of 

the desired products, simple work-up procedure, solvent-free conditions, and recyclability of 

the catalyst without much loss of its catalytic activity. 

14 examples

Yield: 88-97%

N
H Solvent free, 110oC

N
H

NH

O H

R2

R2

R1

R1 R1

S

HO3SHN NHSO3H

O O

 

Scheme 12 SPSA catalyzed synthesis of bis-indole derivatives under solvent-free condition 

 
      Photoredox catalyzed radical reaction of indoles with ethers followed by Friedel-Crafts 

alkylation of another indole substrate for the synthesis of bis-indolylmethanes was reported 

by Loh and co-workers7c using Ru(bpy)3(PF6)2 as photocatalyst and 2-

methoxybenzenediazonium tetrafluoroborate as a single-electron-transfer reagent in 

dicholoethane solvent under Ar atmosphere (Scheme 13). Both electron-donating and 

electron-withdrawing groups containing substrates worked well and produced the 

corresponding bis-indole derivatives with moderate to good yield. 

18 examples

Yield: 53-94%

N
DCE, Ar, RT, 12 hrs

N N

R3

R2

R1

R3

OR4H

Ru(bpy)3(PF6)2

2-MeOC6H4N2
+BF4

-

3 W white LEDs

R1R1

R2
R2

 

Scheme 13 Photoredox catalyzed radical reaction of indoles with ethers 

 
        Reduced graphene oxide (RGO) supported MoS2 nanocomposite7d was found to be an 

effective heterogeneous catalyst for the synthesis of functionalized bis-indoles by the 

electrophilic substitution of indoles with carbonyl compounds under aqueous condition 

(Scheme 14). Several electron-donating, as well as electron-withdrawing substituents 

attached at the various position of a benzene ring, were well tolerated and produce the 

corresponding bis-indolylmethanes with good to excellent yield.  
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N H2O, RT to 45oC

    4 to 24 hrs
N N

R3

MoS2-RGO
R1

O

R3 R4

R1
R1

R2 R2
R2

R4

38 examples

Yield: 79-99%  

Scheme 14 Synthesis of bis-indolylmethanes using MoS2@RGO nanocatalyst 

 
        Aza-crown ether ionic liquids supported on magnetic Fe3O4@SiO2 core-shell particles 

were synthesized by Jing and co-workers7e and employed as an efficient heterogeneous acidic 

catalyst for the Friedel-Crafts alkylation of indoles with carbonyl compounds under 

convenient reaction conditions (Scheme 15). Aromatic as well as aliphatic aldehydes and 

ketones responded under this protocol and the desired alkylated products were obtained with 

good yields. In addition, this magnetic catalyst was readily recovered by an external magnet 

and reused five times without significant loss of its catalytic activity.   

14 examples

Yield: 81-96%

N
H

MeOH, 30oC, 0.5-3 hrs N
H

NH

Fe3O4@SiO2 supported   
      aza-crown ether

O

R R1

R

R1

 

Scheme 15 Friedel-Crafts alkylation reaction of indoles with carbonyl compounds 

 
       Sami and co-workers7f reported a convenient approach for the three-component 

alkylation reaction of indoles with aromatic aldehydes using heteropoly-11-tungsto-1-

vanadophosphoric acid supported on natural clay (HPVAC-20) as the recyclable catalyst 

under solvent-free condition (Scheme 16). The reaction was found to be versatile, affording 

good yields with a wide variety of substituents consisting of both electron-donating and 

electron-withdrawing functional groups at 70°C. The notable advantages of this protocol 

were lower reaction times, high yields of the products, simple work-up procedure, solvent-

free conditions, and reusability of the catalyst. 

15 examples

Yield: 78-96%

N
H Solvent free, 70oC

N
H

NH

O H

R2

R2

R1

R1
R1

HPVAC-20

 

Scheme 16 HPVAC-20 catalyzed synthesis of bis-indole derivatives 
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          The organocatalyzed Lewis acid-mediated synthesis of bis-indole derivatives was 

achieved by Boekell et al.
7g using triarylmethyl cation as the tunable organocatalyst and 

dichloromethane as the solvent at 35oC (Scheme 17). Triarylmethyl cation tuning allows for 

the use of less reactive electrophiles by increasing the reactivity of the catalyst.  In addition, 

this organocatalyst tuning for the less electrophilic substrate gave the desired products in 

good yields with a broad range of functional groups and substitution patterns. They also 

observed that sterically hindered aldehydes and ketones were found to be very slow to react 

and bis-indolylmethanes bearing cyclohexanone derivative was obtained in only 61% yield 

after 4 days.  

24 examples

Yield: 87-99%

N
H

CH2Cl2, 35oC, 0.5 hrs-4 days N
H

NH

R

O

R R1 R1

R2

R2R2

X X

X

X =NMe2, H, OMe

 

Scheme 17 Organocatalyzed Lewis acid-mediated synthesis of bis-indolylmethanes 

 
        Utilization of flow methodology for the synthesis of structurally diverse bis-

indolylmethanes was described by Ley and co-workers7h using Sc(OTf)3 as the Lewis acid 

catalyst and tetrahydrofuran as the solvent in both plug and continuous flow modes (Scheme 

18). Excellent yields were achieved for a variety of substrates with a broad range of 

functional group tolerance. The reaction was highly regioselective for C-3 functionalization 

of indoles with aldehydes, occurring short reaction times allowing for the rapid formation of 

the desired products with a straightforward workup procedure.  

18 examples
Yield: 10-97%

N
H THF, RT, 1 hrs

N
H

NH

O H

R2

R2

R1

R1 R1Sc(OTf)3

Flow method

 

Scheme 18 Sc(OTf)3 catalyzed synthesis of bis-indolylmethanes using flow method 

 
       ZnO nanoparticles uniformly distributed on the surface of reduced graphene oxide 

(RGO)8a were utilized as an efficient and heterogeneous catalyst for the electrophilic 

substitution of indoles with differently substituted aromatic aldehydes under ambient reaction 
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conditions (Scheme 19). Both aromatic, as well as aliphatic aldehydes, were found to be 

equally compatible under this protocol and the corresponding bis-indolylmethanes were 

obtained with moderate to good yields. In addition, the reactions were carried out in a green 

reaction medium with ethanol and water as the solvent and the absence of by-products 

formed in the reaction makes the strategy green and sustainable. Furthermore, the nanohybrid 

catalyst was recovered several times without any significant loss in catalytic activity. 

N H2O, RT, 12-24 hrs
N N

R3

ZnO-RGO nanohybrid
O

R3 H

R1 R1
R1

R2

R2
R2

or EtOH:H2O, RT-60oC
25 examples

Yield: 63-93%
 

Scheme 19 Synthesis of bis-indolylmethanes using ZnO@RGO nanocatalyst 

 
       The electrochemical approach for the synthesis of bis-indolylmethanes from a broad 

range of indoles and ethers was described by Du et al.
8b (Scheme 20). The reactions were 

carried out at a constant current in an undivided cell equipped with a Pt foil cathode and a Pt 

wire anode under ambient conditions in the presence of 10 mol% LaCl3 and 0.2 M LiClO4 in 

THF/CH3CN (2:1) as the solvent mixture. Besides, no chemical oxidants as well as expensive 

reagents were required.  The reaction shows a wide range of substrate scope and good 

functional group compatibility. 

26 examples

Yield: 13-92%

N THF/CH3CN (2:1), 2-6.5 hrs, 
       RT, undivided cell N N

10 mol% LaCl3, 0.2 M LiClO4

R1

R1
R1

R3

R2

O

R4 5 mA, Pt wire (+)-Pt (-)

R2
R2

R3 R3

OH

R4

 

Scheme 20 Synthesis of bis-indolylmethanes through an electrochemical approach 

 

       Hyper-cross-linked polyaromatic spheres decorated with bromomethyl groups8c have 

been found as an efficient and recyclable heterogeneous catalyst for the electrophilic 

substitution reaction of indoles with aldehydes under the solvent-free condition at 60oC 

(Scheme 21). No remarkable reactivity differences were observed by the presence of 

electron-releasing as well as electron-withdrawing substituents in the aromatic ring. The 

notable features of this protocol were the easy way of catalyst synthesis, high yields of 
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product, environmental benignity, lower reaction time, wide substrate scope, and recyclability 

of the catalyst.  

35 examples

Yield: 83-96%

N
H Solvent free, 60oC

N
H

NH

O H

R2

R2

HCP@CH2BrR1

R1 R1

 

Scheme 21 HCP@CH2Br catalyzed synthesis of bis-indolylmethanes 

 
       The Lewis acid-promoted alkylation strategy has been developed by He and co-

workers.8d Here B(C6F5)3 acts as Lewis acid catalyst and triethylsilane (Et3SiH) as reductant 

was used for the direct functionalization of indoles at room temperature under neat condition 

(Scheme 22). This Friedel-Crafts alkylation reaction of indole with carboxylic acids proceeds 

with a broad range of substrate and good functional group tolerance. Moreover, this metal-

free protocol allows selective reduction of carboxylic acids to aldehydes followed by 

nucleophilic attack of substituted indole at the C3 position with aldehydes to produce the 

corresponding product with up to 98% yield of the desired product. 

30 examples

Yield: 23-98%

N Et3SiH, RT, Neat N N

R2

B(C6F5)3
O

R2 OH

R1 R1
R1

 

Scheme 22 Reductive coupling of indoles with carboxylic acids catalyzed by B(C6F5)3 

 

      Tetracationic acidic organic salts (TCAOS) based on DABCO containing both hydrogen 

sulfate and sulfonic acidic group in the structure has been found as the green catalyst for the 

synthesis of bis-indolylmethanes in an aqueous medium under the ambient condition at 40oC 

(Scheme 23).8e Various aromatic aldehydes bearing both electron-donating as well as 

electron-withdrawing substituents on the phenyl ring are suitable substrates in this protocol 

with the formation of products in good to excellent yields. Due to the strong acidic character, 

this protocol was also applied for the synthesis of xanthenes, benzoxanthenes in water with 

excellent turnover frequency.  
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12 examples

Yield: 72-85%

N
H2O, 40oC, 2 hrs

N N

O H

R3

R3

R1

R1 R1

R2

R2
R2

N

N N

N

( )n

(CH2)4

HO3S
(CH2)4

SO3H
HSO4

HSO4

HSO4

HSO4

 

Scheme 23 TCAOS mediated synthesis of bis(indolyl)methanes 

 
        Palladium-catalyzed reductive carbonylation of aryl iodides followed by nucleophilic 

addition of indoles for the synthesis of bis(indolyl)methanes has been established by Qi et 

al.
8f Here benzene-1,3,5-triyl triformate (TFBen) was used as the solid CO source and a 

series of aryl iodides were transformed to the corresponding aryl aldehydes in the presence of 

PdCl2(PPh3)2 as the catalyst and Et3N as the base in DMSO solvent (Scheme 24). Indoles 

were reacted with the in-situ generated aryl aldehydes to form the bis(indolyl)methane 

derivatives in moderate to excellent yields. In addition to the broad substrate scope of aryl 

iodides, both N-substituted and NH-free indoles were equally compatible under this protocol 

without any problem.  

20 examples

Yield: 45-95%

N

DMSO, 70oC, 24 hrs
N N

I

R3

R3

R2

R2
R2

R1

R1 R1
PdCl2(PPh3)2

P(o-tolyl)3 , Et3N

HCO2H, TFBen

 

Scheme 24 Palladium-catalyzed carbonylative synthesis of bis(indolyl)methanes  

 

       Zhang et al.
8g described visible-light-induced aerobic double Friedel-Craft alkylation 

reaction between glycine derivatives and indoles by merging photocatalysis with acid 

catalysis. Here, rhodamine 6G (Rh-6G) and citric acid were used as the photocatalyst and 

acid catalyst respectively in dichloroethane solvent under the irradiation of a 5W blue LED 

bulb (Scheme 25). The reaction exhibits good tolerance of functional groups and the 

corresponding bis(indolyl)methanes were obtained with moderate to good yields. 

Furthermore, the applicability of this protocol was fully demonstrated through the total 

syntheses of the alkaloid natural products streptindole and arsindoline B. 



12 

 

22 examples

Yield: 39-95%

N
H

5W blue LEDs

N
H

NH

R2

Rh-6G, Citric acid

DCE, air, RT, 12-36 hrs

O

R1

N
H

R2

O

 

Scheme 25 Visible-light induced Rh catalyzed reaction of indoles with glycine esters 

 

        Sulfonic acid‐substituted imidazolium‐based ionic liquid functionalized magnetic silica 

NPs and immobilization of Ni NPs (Ni@SIL-MN) onto these NPs were synthesized and 

employed as an efficient catalyst for the aerobic oxidation of primary benzylic alcohols 

followed by nucleophilic addition of indole in aqueous medium at 80oC (Scheme 26).8h A 

wide range of bis-indole derivatives were obtained with good to excellent yield using this 

protocol. The catalyst was recovered using an external magnet and reused several times 

without much obvious less of its activity. Besides, the catalytic system was designed for the 

tandem oxidative synthesis of alkylacrylonitriles in an aqueous medium.  

8 examples
Yield: 79-96%

N
H Air, H2O, 80oC, 2 hrs

N
H

NH

R1

R1HO

Ni@SIL-MN

 

Scheme 26 Ni@SIL-MN catalysed reaction of indoles with benzyl alcohols 
 

       PdCl2 catalyzed synthesis of bis-indole derivatives from the reaction of substituted 

indoles with a variety of aldehydes have reported by Guo and his group in toluene solvent 

under argon (Ar) atmosphere (Scheme 27).9a Indoles bearing electron-donating and electron-

withdrawing groups preferably at 5 or 6 positions reacted smoothly and transformed into the 

desired bis(indolyl)alkanes in moderate to high yields, but 5-F and 5-NO2 substituted indoles 

failed under this protocol. Several kinds of aldehydes were also efficiently performed and 

provided the desired products with good yields. They have also developed a CuBr catalyzed 

C-3 dicarbonyl indoles from the reaction of indoles with aldehydes using pyridine as the base 

in dioxane solvent under oxygen pressure.  

17 examples

Yield: 73-96%

N toluene,  100oC
N N

R3

PdCl2, Ar atmosphereR1

O

R3 H

R1
R1

R2
R2

R2

 

Scheme 27 PdCl2-Catalyzed synthesis of bis(indolyl)methanes under Ar atmosphere 
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        Direct cross-dehydrogenative coupling of indoles with methanol without the addition of 

any external additives has been developed by Qiang et al.
9b using Ir/Mg4AlO as the 

heterogeneous catalyst at 150oC under nitrogen atmosphere (Scheme 28). A variety of 

substituted indoles bearing reducible functional groups were selectively converted to their 

corresponding bis-indolylmethanes in moderate to good yields by using methanol as bridging 

methylene (−CH2−) donor. The operational simplicity, sustainability, chemoselectivity, and 

reusability of the catalyst made this approach a highly step-economical tool to construct C−C 

bond directly from methanol in the synthesis of 3,3-CH2-linked bis-indole derivatives. 

17 examples

Yield: 36-85%

N
H

150oC, N2, 6-35 hrs
N
H

NH

Ir/Mg4AlO
CH3OHR

R R

 

Scheme 28 Cross-dehydrogenative coupling of indoles and methanol catalyzed by Ir/Mg4AlO 

 
         Aminocatalytic nucleophilic addition of indoles to aryl aldehydes was reported by 

Basumatary et al. for the synthesis of bis-indole derivatives via aminocatalytic addition 

substitution reaction (Scheme 29).9c Here, L-prolinamide was used as the amino-catalyst and 

ethanol as the eco-friendly solvent under refluxing conditions. The substituent effect of 

electron-donating and electron-withdrawing groups on the phenyl ring was nominal and 

produced the corresponding desired products in good to excellent yield. DFT studies were 

carried out and confirmed the addition-substitution pathway in the formation of 

bis(indolyl)methanes through the reaction of indole and aldehydes.   

23 examples

Yield: 84-93%

N
EtOH, Reflux, 1 h N N

O H

R3

R3

R1

R2

NH

O

NHR

R1
R1

R2
R2

 

Scheme 29 Aminocatalytic nucleophilic addition of indoles to aryl aldehydes 

 
          Regioselective synthesis of symmetrical and unsymmetrical bis(heteroaryl)methane 

(BHM)-containing amino acids by the reaction of cyclic enecarbamate with heteroaromatics 

has been developed by Haq and co-workers9d in the presence of AlCl3 as the Lewis acid 

catalyst and dichloromethane as the solvent at 25-60oC (Scheme 30). The methodology 

worked well with substituted indoles as well as with other heteroaromatics like furan and 

pyrrole. Also, the desired BIM-amino acids produce a new series of homologated tryptophan 
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analogs. Moreover, the desired products were also achieved in moderate to good yields by 

using this protocol.  

9 examples

Yield: 30-91%

N CH2Cl2, 25-60oC 

        1-8 h
N N

R1

R1
R1

R2R3

N

Boc

O

OBn

AlCl3

R2R2

R3
R3

O

OBn

NH-Boc

 

Scheme 30 AlCl3 catalyzed regioselective synthesis of bis-indole derivatives  

 
        Meglumine (amino sugar sequestered from sorbitol‐possessing with chemical notation 

C7H17NO5) ‐catalyzed electrophilic substitution of indoles with carbonyl compounds has been 

developed by Nemallapudi et al.
9e (Scheme 31) at ambient temperature under aqueous 

conditions. Clean reaction, easily available reactant, eco-friendly reaction conditions, simple 

workup procedure, and easy product isolation/purification are the notable advantages of this 

green methodology. Moreover, the synthesized bis-indolylmethane derivatives were tested 

for antimicrobial activity, and the results indicated that the compound having nitro substituent 

on the aromatic ring, exhibited an excellent potent inhibitory activity against Pseudomonas 

aeruginosa and Penicillium chrysogenum.  

13 examples

Yield: 84-96%

N
H H2O:EtOH, RT, 1-2 hrs

N
H

NH

O H

R2

R2

Meglumine catalyst

 

Scheme 31 Electrophilic substitution of indoles with aldehydes catalyzed by Meglumine 

 

       Transition Metal-free alkylation strategy for the synthesis of 3,3'-bisindolylmethane 

derivatives with excellent regioselectivity has been developed using graphene oxide9f as an 

efficient Lewis acid catalyst in acetonitrile solvent at 25oC (Scheme 32). Dichotomous 

catalytic behavior of the graphene oxide catalyst in the C-C bond oxidative coupling and in 

C-O bond cleavage has been observed. Moderate to excellent yields of the desired products 

were obtained with a broad indole substrate scope and excellent regioselectivities under mild 

reaction conditions. 
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16 examples

Yield: 66-90%

N
CH3CN, RT, 6 hrs

N N

Graphene Oxide (GO)

R2

R1

O

R2
R2

R1R1

OH

 

Scheme 32 Graphene oxide catalyzed reaction of indoles with ethers  
 

        An in situ developed Lewis acid-surfactant-SiO2-combined (LASSC) nano catalytic 

system9g has been proven as a highly efficient and promoting medium for the electrophilic 

activation of aldehydes under microwave and grinding condition (Scheme 33). Apart from 

LASSC acting as a Lewis acid, it also demonstrates the surfactant activity to form stable 

colloidal dispersion systems with the organic molecules. The nucleophilic addition of indoles 

to the activated aldehydes produces a high yield of bis(indolyl)methanes. The notable 

advantages of using this nanocatalyst include avoiding the generation of wastewater 

containing sodium dodecyl sulfate, the use of expensive as well as toxic reagents, and 

excellent reusability of the nanocatalyst.   

8 examples

Yield: 89-99%

N
H

Microwave, griding

N
H

NH

O H

R1

R1

LASSC

 

Scheme 33 LASSC catalyzed synthesis of bis-indoles under microwave condition 
 

      Asymmetric Friedel-Crafts ring-opening reaction of 3-indolylsulfamidates with indoles 

has been established toward the synthesis of biologically important enantioenriched 

bisindolylarylmethane derivatives containing the phenylsulfamate group using chiral BINOL-

derived phosphoric acid as the Brønsted acidic catalyst and toluene as the solvent at room 

temperature (Scheme 34).9h A diverse range of sulfamate derivatives was achieved in good 

yields (up to 89%) and with moderate to high enantioselectivities (up to 94:6 er).   

18 examples

Yield: 44-89%

N

Toluene, RT, 24-130 hrs

R2

R1

O
S

HN

O O

R

R

O

O

OH

O

P

R = 2,4,6-Me3-C6H2

N
H

O

N
H

SO2NH2

N

R1R2

*

 

Scheme 34 Synthesis of enantioenriched bisindolylmethanes using an asymmetric catalyst 
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      Unsymmetrical bisindolylmethanes has been synthesized by Petrini and co-workers10a 

through the Friedel-Crafts reaction of sulfonyl indoles with an excess of indoles in the 

presence of excess methylmagnesium bromide in THF solvent at 20oC (Scheme 35). Initially, 

indolylmagnesium bromides were formed by the reaction of MeMgBr with indoles at low 

temperature which on subsequent reaction with sulfonyl indoles to afford the corresponding 

unsymmetrical bisindolylmethane in moderate to good yields.  

N
H

(2 eq.)

N
H

NH

R3R1

R2

Ts

R3 N
H

R5

MeMgBr (2 eq.)

THF, 20oCTs = SO2 p-Tolyl

R1

R2 R5

R4

R4

19 examples

Yield: 44-90%     

Scheme 35 MeMgBr catalyzed synthesis of unsymmetrical bisindolylmethanes 

 
         Acridine-derived air-stable Ru pincer complex catalyzed selective synthesis of bis-

indolylmethanes has been developed by Biswas et al.
10b in the presence of KOH at 135oC 

under Argon atmosphere in toluene solvent (Scheme 36). The in-situ generated aldehydes 

through the dehydrogenation of alcohols by Ru pincer complex reacted with differently 

substituted indoles to produce the desired products in moderate to good yield. Moreover, this 

protocol was also effective for the direct C-3 alkylation of indoles with various aliphatic 

primary and secondary alcohols including cyclic alcohols as well as benzylic alcohols under 

ace pressure tube conditions.  

15 examples
Yield: 60-92%

N
H

 KOH, Toluene, 135oC, 

18 hrs, Ar atmosphere

N
H

NH

R

RCH2OH

R3

R3R3

R1R2CHOH

   KOH, Toluene, 135oC, 

18 hrs, Ace pressure tube
N
H

R2

R1R3

Ru-pincer 
complex

N

S

S
Ru

Cl

Cl PPh3

Ru-pincer 
complex

28 examples
Yield: 40-95%  

Scheme 36 Ru pincer complex catalyzed selective synthesis of bis-indolylmethanes 

 
       Enzyme catalyzed eco-friendly and highly efficient methodology for the synthesis of 

bis(indolyl)methanes by the reaction of indoles with aldehydes in an aqueous medium within 

36-72 hours has been developed by Fu et al.
10c under mild reaction conditions (Scheme 37). 

Several enzymes were screened to get the best result, but Lipase from Thermomyces 

lanuginosus immobilized on particle silica gel (TLIM) was found to be the effective catalyst. 
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Various functional groups tolerance, excellent yields, procedural simplicity, and recyclability, 

as well as reusability of the catalyst, were the attractive features of this method.    

25 examples
Yield: 72-99%

N N N

R4

R3

R2

R1

R4 H

O
TLIM, H2O

55oC, 36-72 hrs

R1
R1

R2 R2
R3

R3

 

Scheme 37 TLIM catalyzed synthesis of bis-indolylmethanes in an aqueous medium 

 
       Thus the aforesaid comprehensive account provides a glimpse of different synthetic 

protocols for the construction of substituted bis(indolyl)methanes with a plethora of starting 

materials, catalysts, reagents as well as solvents and prompted to explore the urgency, 

essentiality, and timeliness of the recent developments going to be presented in the next 

section. 

 

I.3. Present Investigation  

I.3.1. Background of the Present Investigation 

       Bis-(indolyl)methanes (BIMs) represents one of the most abundant and important 

heterocycles in nature exhibiting wide-ranging biological activity. Due to their remarkable 

applicability in biological and medicinal sciences, the development of atom-economical and 

eco-friendly protocols for the synthesis of bis-(indolyl)methanes have continued to be of 

immense interest. Many of the previously reported protocols suffer from disadvantages such 

as high reaction temperature,5b,6d,7b,9a,9b,9h,10b harsh reaction condition,7c,9a,9b,10b prolonged 

reaction time,5a,5d,6c,6e,7c,7d,7g,8a,8f,8g,10c use of expensive catalysts,5a,6a,7h,8d,8f,9a,9b,10b,10c multistep 

synthesis of catalyst,6b-6e,7d,7e,8c,8e,8h,10b limitation in gram scale production,5c,5d,6e,7e,9a,9c 

recovery problem of the catalyst,5a,5b,5e,6a,7c,9a,9c,10b lack of chemoselectivity,5c,7a,7d,7e,7g disposal 

of waste,5a,5b,5e,6a,7c,8d,8f,8g,9a,9c,10b and use of organic solvents5a,5b,5e,6a,7c,7g,7h,8b,8f,8g,9a,9d,9f,10a 

having less scope to recover and recycle. Therefore, development of a new cost-effective and 

operationally simple method for the construction of BIM-framework through chemoselective 

transformation under mild and eco-compatible condition using easily accessible and 

recyclable catalyst is always of great demand and highly relevant from academic as well as 

applied perspectives. 

       The development of efficient and sustainable protocols for important organic 

transformations by identifying alternative reaction conditions and avoiding the use of toxic 
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organic solvents as reaction medium constitutes an essential target11 of the scientific 

community all over the globe. In recent times, organic synthesis in aqueous conditions using 

nonhazardous and inexpensive catalysts has drawn tremendous interest12 because water is 

considerably most abundant, safe, non-toxic, environmentally acceptable, and economically 

affordable reaction medium compared to other organic solvents. Macrocyclic 

oligosaccharides are commonly known as supramolecular catalysts possessing hydrophobic 

cavities which embrace the starting molecules selectively through inclusion complexes 

electronically as well as entropically and thus efficiently catalyze the organic reactions under 

milder reaction conditions compared to homogeneous counterparts, often with improved 

unique selectivity.13 Cyclodextrins (CDs) and crown ethers, apart from being widely used for 

pharmaceutical purposes,14a agriculture,14b and molecular recognition,14c often demonstrate 

the attributes of biomimetic catalysts towards various novel organic transformations due to 

their unique reactivity, better biocompatibility, and economic viability. The catalytic 

applications15 of CDs for the synthesis of biologically important heterocycles like thiazoles, 

quinazolines, quinoxalines, tryptanthrin, oxindoles, and azepins have been reported. But 

surprisingly the catalytic attributes of β-cyclodextrin hydrate, which behaves differently from 

β-cyclodextrin, have not been explored much after the maiden report from our group.16 

Inspired by the aforesaid literature precedence we initiated a detailed and systematic 

investigation on the catalytic efficiency of β-cyclodextrin hydrate towards the eco-friendly 

synthesis of bis-(indolyl)methanes through the chemoselective reaction of indoles with 

aldehydes in an aqueous medium where the assistive role of water molecules present inside 

the cavity of the β-CD hydrate was established. 

I.3.2. Results and Discussion:  

           At the outset, the reaction between 2-methylindole 1a (1 mmol) with 4-

methoxybenzaldehyde 2a (0.5 mmol) at 60oC in the presence of different catalysts with the 

variation of reaction time and catalyst loading was studied (Table 1) to obtain the product 3a.  

Table 1 Optimization of reaction conditionsa
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Entry Catalyst Mole (%) Time (h) Yield of 3a (%)b 

1 - - - - 10 - - 

2 β-CD 2 3 52 

3 β-CD 6 6 61 

4 β-CD 8 6 68 

5 β-CD hydrate 2c 6 80 

6 β-CD hydrate 4
c
 3 92 

7 β-CD hydrate 6c 5 92 

8 β-CD hydrate 8c 3 93 

9 α- CD 10 10 25 

10 γ-CD 10 10 20 

11 18-crown-6 6 8 Trace 

12 Starch 6 8 -- 
aReaction conditions: 1a (1.0 mmol), 2a (0.5 mmol), catalyst (as indicated), water (3mL) at 60oC. 
bIsolated yield. cBased on the molecular formula C42H70O35·11H2O

17  

 

        As shown in Table 1, the reaction did not occur at all in the absence of any catalyst 

(Entry 1), the unreacted substrates were isolated intact. The reaction was less responsive in 

the presence of α-CD (Entry 9), γ-CD (Entry 10), and 18-crown-6 (Entry 11). With β-CD, 3a 

was obtained with moderate yield (entries 2-4). Surprisingly, when β-CD hydrate was used as 

a catalyst in a lesser amount (2 mol %) the yield of the product was significantly increased to 

80% (entry 5) but no reaction took place in the absence of β-CD hydrate even at the higher 

temperature (80°C). Therefore, the necessity, efficacy, and applicability of β-CD hydrate for 

this organic transformation were firmly established.  Looking for an improvement in yield, 

the amount of catalyst was increased. The best result was obtained using 4 mol % of β-CD 

hydrate where the yield was increased to 92% in lesser time (entry 6). Excess catalyst beyond 

this proportion (4 mol %) did not afford better substrate conversion and increment of the 

yield (entries 7, 8). Hence the optimized condition for further studies has been chosen 

according to entry 6. Using starch as the catalyst in place of β-cyclodextrin hydrate, the 

reaction did not occur at all and the unreacted substrates were isolated intact (entry 12). The 

greater catalytic efficacy of β-CD hydrate in the present metal-free reaction in an aqueous 

medium (entries 5-8) compared to β-CD (entries 2-4) is at par with our previous experience.16 
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          To further establish the efficacy of β-CD hydrate, we next carried out a comparative 

study between β-CD and β-CD hydrate using 1a (1 mmol) and 2a (0.5 mmol) in presence of 

H2O and D2O at 60oC (Table 2). 

Table 2 Comparative study between β-CD and β-CD hydratea 

Entry Catalyst Solvent (3 mL) Mole (%) Time (h) Conversion(%)b 

1 β-CD H2O 4 3 67 

2 β-CD D2O 4 3 28 

3 β-CD hydrate H2O 4 3 100 

4 β-CD hydrate D2O 4 3 62 
 

aReaction conditions: 1a (1.0 mmol), 2a (0.5 mmol), temperature 60oC.  bMeasured by 1H NMR. 

 
         It was observed that the reactions were faster in the presence of β-CD hydrate in H2O as 

well as in D2O compared to β-CD. Furthermore, the progress of the reaction was monitored at 

different time intervals using β-CD and β-CD hydrate separately as catalysts under the 

optimized reaction condition using H2O as well as D2O as the reaction medium (Figure 1). It 

was evident from Figure 1 that the reactions in H2O were faster than in D2O and better 

conversion was achieved in the former case. Hence, the isotope effect rendered by the 

reaction medium has been observed. The extent of conversion using β-CD as a catalyst in 

H2O was moderate. Hence the essentiality of water molecules inside the cavity of the β-CD 

hydrate was conclusively proved.  

 

 

Figure 1 Plot of the percentage conversion of 3a with time using 1a (1.0 mmol), 2a (0.5 

mmol) and catalyst (4 mol %) at 600C in solvent (3 mL); (a) β-CD hydrate in H2O; (b) β-CD 

in H2O; (c) β-CD hydrate in D2O. 
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        β- CD hydrate bears negligible toxicity as evident from its MSDS.18 This is sparingly 

soluble in water under ambient conditions but becomes completely miscible in the aqueous 

reaction medium at the reaction temperature (60oC). Thus it offers the advantages of 

homogeneous catalysts during the reaction as well as the benefits of heterogeneous catalysts 

during isolation of the products and separation of the catalyst. After the completion of the 

reaction, the reaction mixture was cooled in ice-water and the crude product was dissolved in 

ethyl acetate. The precipitated catalyst was separated by filtration, washed with ethyl acetate, 

dried, and reused directly in a fresh reaction with a little variation of yield (Figure 2). 

 

Figure 2 Recycling of β-CD hydrate using 1a (1.0 mmol), 2a (0.5 mmol), and β–CD hydrate 

(4 mol %) as the catalyst at 600C for 3 hours in water (3 mL); % of yield was the yield of 

isolated product 3a. 

      The present metal-free reactions took place in an aqueous condition and did not require an 

inert environment and any organic co-solvent as the reaction medium. It utilizes ethyl acetate 

as an eco-friendly solvent for the isolation of the product. Moreover, the reactions are highly 

atom-efficient and generate water as the sole and innocuous side-product. Therefore, this 

novel β-CD hydrate catalyzed metal-free reaction in an aqueous medium seems to be eco-

compatible in terms of the reaction medium, operational simplicity, and recyclability of 

catalysts and solvents of insignificant toxicity. The green metrics calculated for the optimized 

reaction (between 1a and 2a) showed a high atom economy and small E-factor (Table 3). So 

this metal-free catalytic protocol in an aqueous medium is proved to be highly sustainable 

from the standpoints of efficacy, less toxicity, economical viability, recyclability of the 

catalyst as well as minimized waste formation.  
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Table 3 Green Metrics Calculation for “β-cyclodextin hydrate” Catalyzed Synthesis of bis-

(indol-3-yl)methanes (3a) 

N
H

-cyclodextrin hydrate  (4 mol%)

H2O (3 ml),  60oC, 3 hrs

1 mmol 0.5 mmol

3a, Yield = 92 %

HN NH

MeMe

OMe

Me

OMe

CHO



 

Entry         Input                                      Amount    Output                                   Amount 

1 2-methylindole (1a)                       131 mg      3a                                         175 mg 

2 4-methoxybenzaldehyde (2a)          68 mg  β-CD hydrate                             27 mg 

3 β-CD hydrate                                   27 mg   Water                                      3000 mg                 

4 Water                                           3000 mg               

 Total                                            3226 mg Total                                         3202 mg 

 

E- Factor = (3226-3202)/175 = 0.14 
 

Mass Intensity = (3226+27)/175 = 18.6 

 
Atom Economy = 380/ (262+136) × 100 = 95.5% 

Atom Efficiency = 100 % × 0.92% = 92% 

 

       The molecular docking study (Figure 3) revealed that the presence of water molecules 

inside the cavity of β-CD hydrate (β-CDH) might facilitate the inclusion of the benzaldehyde 

more effectively through hydrogen bonding than simple β-CD due to different interaction of 

benzaldehyde with β-CDH and β-CD with a preferred orientation of the ligands inside the 

cavity. The docked pose of benzaldehyde was more included within the cavity of β-CDH than 

β-CD. The –CHO group of benzaldehyde formed one hydrogen bond (1.78 Å) with the water 

molecules present within the cavity of β-CDH (Figure 3b) whereas the same formed two 

hydrogen bonds (2.17 Å and 2.86 Å) with the -CH2OH group of β-CD located near the wider 

side (secondary hydroxy rim) (Figure 3a). However, the binding modes of 2-methylindole 

with β-CD and β-CDH seem to be nearly similar (Figures 3c and 3d). The hydrogen bonding 

interaction of benzaldehyde with the water molecules inside the β-CDH cavity (which are 

also believed to possess more protic behavior due to flip-flop movement) might increase the 

electrophilicity of the formyl carbon; therefore the nucleophilic attack of 2-methylindole on 

benzaldehyde seems to be facilitated. The docked pose of corresponding bis-
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(indolyl)methane was more excluded through one hydrogen bonding interaction (2.86 Å) in 

the β-CDH whereas it was slightly included inside the cavity of β-CD (Figures 3e and 3f). 

 

Figure 3 Docking poses showing the interaction sites of a) benzaldehyde with β-CD, b) 

benzaldehyde with β-CD hydrate, c) 2-methylindole with β-CD, d) 2-methylindole with β-CD 

hydrate, e) bis-(indolyl)methane with β-CD, f)  bis-(indolyl)methane with β-CD hydrate. 

         We tried to get a deeper insight into the beneficiary effect of water molecules present 

inside the cavity of β-CD hydrate towards this aqueous reaction using density functional 

theory (DFT). The structures of 2-methylindole, as well as benzaldehyde with hydrogen 

bonded water at a distance of 1.78 Å (Figure 3b) and without hydrogen bonding (Figure 3a), 

were optimized (Figure 4). The result shows that the hydrogen bonding between the carbonyl 

oxygen and water increases the positive Mulliken charge on the carbonyl carbon (Figure 4a, 

ii). Thus, due to hydrogen bonding with the water molecule inside the cavity of β-CD 

hydrate, the electrophilicity of carbonyl carbon of benzaldehyde is increased accompanied by 

the greater stabilization of its HOMO and LUMO (Figure 4b). Under the hydrogen-bonded 

condition, HOMO and LUMO of benzaldehyde are stabilized by 0.24 eV and 0.29 eV 

respectively (Figure 4b). Therefore, the nucleophilic attack by 2-methylindole through its 

high energy HOMO to the low energy LUMO of hydrogen-bonded benzaldehyde is more 

facilitated with respect to benzaldehyde devoid of hydrogen bonding (Figure 4b, shown with 

the dotted line). Calculations also indicate that the orbital coefficients of frontier molecular 

orbitals are enhanced due to hydrogen bonding on the carbonyl carbon atom of (ii) over (i) 
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and its LUMO of the same symmetry with the HOMO of C2-C3 bond in 2-methylindole 

(Figure 4b). These observed results provide a supportive rationale towards the better catalytic 

attributes of β-CD hydrate compared to β-CD for the present reaction. 

 

Figure 4 (a) Optimized structures of benzaldehyde with and without hydrogen-bonded water 

and (b) The frontier orbital energy level of HOMO and LUMO of 2-methylindole and 

benzaldehyde with as well as without hydrogen-bonded water. 

        To explore the scope and limitations of this meal-free eco-friendly protocol, indoles 1 

were reacted with structurally varied aldehydes 2 in an aqueous medium in the presence of β-

CD hydrate as a catalyst (Table 4). As evident from Table 4, 2-methylindole (1a) reacted 

efficiently with the benzaldehyde as well as other aryl aldehydes bearing electron-donating 

substituents (2a-2e) and electron-withdrawing substituents (2f-2i) to give the corresponding 

bis-indolylmethanes with excellent yield (3a-3i). The reaction between 1a and less 

electrophilic aromatic aldehyde (2e) under the optimized condition is known as the Ehrlich 

test.19 Similarly, unsubstituted indole (1b) was found equally efficient to participate in the 

same protocol to yield the corresponding products (3n-3s). Phenolic-OH groups remained 

unaffected during this reaction and the reaction was very facile even with the –OH group at 

the ortho-position (3p-3r). Acid-sensitive heteroaryl moieties also survived during this 

reaction which paved the way towards the efficient construction of important molecular 

skeletons densely loaded with heterocycles (3j, 3k, and 3t) in good yields.  
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Table 4 β-CD hydrate catalyzed reactions of indoles with aldehydes 

  

Reaction conditions: 1 (1.0 mmol), 2 (0.5 mmol), β CD hydrate (4 mol%),  water (3 mL) at 60°C 

for indicated time. 

          Hydrolyzable group like methylenedioxy also remained unaffected in the aqueous reaction 

medium to produce 3l in good yield. It is extremely important to note the remarkable survival of 

another acid-sensitive hydrolyzable functional group -CN in this aqueous protocol, where the 

corresponding product 3h was obtained with 92% yield. The survival of -CN was confirmed by 

the signal at δ119.4 (specific for -CN) in the 13C-NMR spectrum of 3h. With terephthaldehyde 

(2i), the bis-(indolyl)methane (3i) was obtained in high yield (90%) where one –CHO 



26 

 

participated in the reaction and the other –CHO remained unaffected in spite of using a higher 

concentration of 1a. A sharp singlet at δ9.96 in 1H NMR spectrum, as well as a signal at δ197.0 

in 13C NMR spectrum, confirmed the presence of one formyl group in 3i. Such regioselectivity 

was also observed in 3r. This is an extremely important attribute of the present protocol in 

contrast to many reported methods where no such regioselectivity was observed.5d,5e,7e,7f,7h,8e 

Aliphatic aldehyde (2m) also reacted quite efficiently in the present protocol with 1a to produce 

3m in 86% yield. Highly vulnerable groups like O-benzyl and O-allyl were also tolerated under 

the optimized reaction condition to furnish the products 3u and 3v in 87% and 86% yields 

respectively. The bis-(indolyl)methane (3q), obtained in 89% yield through the reaction between  

3,4-dihydroxybenzaldehyde and 1b, has been reported to exhibit excellent biological activity 

such as HIV-1 integrase inhibition.5e 

      Interestingly, aryl alkyl ketone, diaryl ketone, and dialkyl ketone (acetophenone, 

benzophenone, and 2-butanone respectively), as well as ester (methyl benzoate), did not react 

with indole under this β-CD hydrate catalyzed aqueous protocol where the substrates were 

recovered unaffected (List 1). 

 

List 1 List of unreacted carbonyl compounds under the β-CD hydrate catalyzed protocol. 

 
        Encouraged by the above observations, we ventured to investigate the chemoselectivity of 

our newly developed aqueous protocol. Intermolecular competition reaction was carried out with 

a mixture of 2-methylindole (1a), benzaldehyde (2d), and acetophenone (2w) under the 

optimized reaction condition which produced 3d (derived from benzaldehyde) exclusively, and 

acetophenone (2w) was recovered unaffected (Scheme 1). 

 
Scheme 1 Intermolecular competition experiment to demonstrate chemoselectivity. 
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       The aforesaid protocol was further applied to the intramolecular competition experiment 

with 4-acetylbenzaldehyde (2x) where only the formyl group reacted selectively with 1a leading 

to the product 4 exclusively with 90% yield leaving the keto-methyl moiety intact (Scheme 2). 

This is a vital and additional attribute of the said protocol in contrast to many of the earlier 

reports5c,7a,7d,7e,7g  where no such chemoselectivity was observed. Survival of ketomethyl moiety 

in 4 was confirmed by a singlet at δ = 2.58 ppm (in the 1H NMR spectrum) as well as a signal at 

δ = 198.3 ppm (in the 13C NMR spectrum). 

 
Scheme 2 Intramolecular competition experiment to demonstrate chemoselectivity. 

 
        A plausible mechanism for this β-CD hydrate catalyzed aqueous reaction is depicted in 

Scheme 3. Based on the aforesaid investigations (Figures 3b and 4a, ii), it is presumed that 

nucleophilic attack from higher energy HOMO of 2-methylindole to lower energy LUMO of 

benzaldehyde (due to its hydrogen bonding with the water molecules inside the cavity of β-CD 

hydrate) is enhanced and the intermediate (A) was rapidly formed in the first step. Subsequent 

dehydration of the intermediate (A) forms the corresponding 3-arylidene-3H-indole (B), which 

on the further nucleophilic attack by another 2-methylindole affords the product.   

N
H

O

H

N

H Ph
O

N

N
H

NH

Ph

O

HPh

H

Ph

N
H

Me
Me

Me

Me

Me Me

Ph

-CD hydrate

A

B

H

O








H

 
Scheme 3 Plausible mechanism for the synthesis of bis-(indol-3-yl)-methane catalyzed by β-CD 
hydrate. 
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      To demonstrate the practical utility and scalability of our newly developed protocol, a gram 

scale reaction between 1a and 2a was carried out (Scheme 4). The reaction mixture was 

extracted with EtOAc and the crude product 3a was further purified by filtration chromatography 

on a short column of silica gel using ethyl acetate-hexane as eluent. 

 

Scheme 4 Gram-scale applicability of β-CD hydrate catalyzed protocol. 

The comparison of our present metal-free protocol with some of the earlier reports is 

summarized in Table 5. 

Table 5 Comparison of the catalytic efficiency of various catalyst reported in the literature for 

the synthesis of 3,3'-(p-tolylmethylene)bis(1H-indole) 

Entry Catalyst Solvent Time (h), Temp(oC) Yield (%) Ref. 

1 -- Ethyl lactate: H2O 0.5h, U.S., RT 91 7a 

2 [DABCO-H][HSO4] -- 2h, 90oC 79 6d 

3 α-chymotrypsin H2O 24h, 70oC 90 5d 

4 Lipase enzyme H2O 36h, 55oC 95 10c 

5 ZnO-RGO EtOH:H2O 12h, RT 86 8a 

6 TPPMS/CBr4 CH3CN 4h, RT 72 20 

7 β-CD hydrate H2O 3h, 60oC 89 This work 

 

       Some of the studies listed in Table 5 (entries 1-6) involved the use of costly catalyst, 

multistep synthesis of catalyst, long reaction time, lack of chemoselectivity, and the tedious 

product isolation procedure for the synthesis of BIMs. The present β-cyclodextrin hydrate-

catalyzed metal-free protocol in an aqueous medium mostly does away with these shortcomings 

(entry 7). Therefore, the present protocol seems to have enough potential to be a better, 

economically viable, eco-compatible, and sustainable alternative with greater merits and wider 
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applicability compared to many of the earlier methods reported for the construction of bis-

(indolyl)methane framework. 

I.4. Conclusion  

        In conclusion, the catalytic efficiency of β-cyclodextrin hydrate has been investigated 

towards the eco-friendly synthesis of bis-(indol-3-yl)-methanes through the reaction of indoles 

with aryl, heteroaryl as well as alkyl aldehydes under mild reaction condition. This newly 

developed atom-economical protocol shows good chemoselectivity which has been substantiated 

through intermolecular as well as intramolecular competition experiments. The practical 

synthetic utility was also demonstrated by gram scale applicability. The salient features of the 

present method are procedural simplicity, excellent chemoselectivity, tolerance of various 

sensitive moieties during the reaction, wide substrate scope as well as eco-compatibility in terms 

of using water as the most innocuous reaction medium, the ready accessibility and recyclability 

of the catalyst of lower toxicity compared to most of the existing ones, minimization of waste 

formation owing to high atom economy and small E-factor as well as generation of water as the 

sole and innocuous by-product. 

 

I.5. Experimental 

General Methods: 

        All organic solvents used for the synthesis were purchased from SRL, India, and were 

distilled before use. All reactants were purchased from SRL, AVRA Chemicals, Alfa-aesar, 

Spectrochem, and Sigma Aldrich and used as received without further purification. β-

Cyclodextrin hydrate was purchased from Sigma Aldrich. 1H and 13C NMR spectra were 

obtained on a Bruker spectrometer (300 MHz and 400 MHz) in CDCl3 and DMSO-d6 solutions 

with TMS as an internal reference. Mass spectra were recorded on HRMS (Qtof micro YA263). 

Melting points were determined in open capillary on electrical bath which is uncorrected. 

Column chromatography was performed on silica gel (60-120 mesh) from SRL, India. Thin layer 

chromatographic separations were performed on pre-coated silica gel plates using silica gel G for 

TLC (E. Merck). The molecular docking studies were carried out by using the Auto Dock 4.2.0 

software package. The DFT calculations were carried out by using GAUSSIAN 09 program 

package. All the calculations were done using Becke three parameters hybrid exchange and the 
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Lee-Yang-Parr correlation functional (B3LYP). 6-31G basis set was used to optimize the 

geometry of benzaldehyde.  

 

General experimental procedure for the β-CD hydrate catalyzed reactions of indoles with 

aldehydes:  

To a suspension of indole 1 (1.0 mmol), and aldehyde 2 (0.5 mmol) in water (3 mL), the β-CD 

hydrate (4 mol %) was added and the mixture was stirred at 60oC and the progress of the reaction 

was monitored with TLC. After completion of the reaction, the reaction mixture was cooled to 

5oC, ethyl acetate (15 mL) was added to the reaction mixture and the catalyst was separated by 

filtration for reuse. The residual catalyst was repeatedly washed with ethyl acetate (3×5 mL). The 

combined organic layer was separated and dried with anhydrous sodium sulfate. The solvent was 

removed under reduced pressure to furnish the crude product 3, which was further purified by 

column chromatography on a short column of silica gel using 5-15% ethyl acetate-hexane as 

eluent. 

 
Procedure for the gram-scale synthesis of bis-(indol-3-yl)-methane (3a): 
 
To a suspension of indole 1a (8.0 mmol, 1.048 g), and aldehyde 2a (4.0 mmol, 0.544 g) in water 

(24 mL), the β-CD hydrate (0.213 g, 4.0 mol %) was added and the mixture was stirred at 60oC 

and the progress of the reaction was monitored with TLC. After the reaction was complete, ethyl 

acetate (120 mL) was added after cooling the reaction mixture to 5oC. The catalyst was separated 

by filtration. The residual catalyst was repeatedly washed with ethyl acetate (3×40 mL). The 

combined organic layer was separated. After drying with anhydrous sodium sulfate, the solvent 

was removed under reduced pressure to furnish the crude product 3a, which was further purified 

by column chromatography on a short column of silica gel using ethyl acetate-hexane as eluent. 

(Yield: 90%, 1.37 g). 

 

Spectral and analytical data of the compounds:  

3, 3'-((4-methoxyphenyl)methylene)bis(2-methyl-1H-indole)(3a)
8c

: Yield: 92%; Red solid; 

Mp 191-193 0C (Lit.21e 193–194 0C); 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.70 (2H, br. s); 

7.24-7.16 (4H, m); 7.06-6.98 (4H, m); 6.88-6.78 (4H, m); 5.94 (1H, s); 3.79 (3H, s); 2.04 (6H, s). 
13C NMR (CDCl3, 75 MHz); δ (ppm): 157.8, 135.8, 135.0, 131.7, 129.9, 128.9, 120.5, 119.3, 

119.0, 113.7, 113.4, 109.9, 55.2, 38.4, 12.4. 
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3, 3'-((3, 4-dimethoxyphenyl)methylene)bis(2-methyl-1H-indole) (3b)
21a

: Yield: 91%; Red 

solid; Mp 251-253 0C; 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.73 (2H, br. s); 7.22 (1H, s); 7.05-

7.00 (5H, m); 6.90-6.83 (3H, m); 6.73 (2H, s); 5.94 (1H, s); 3.85 (3H, s); 3.69 (3H, s); 2.06 (6H, 

s). 13C NMR (CDCl3, 75 MHz); δ (ppm): 148.7, 147.3, 136.3, 135.0, 131.7, 128.9, 120.8, 120.5, 

119.3, 119.0, 113.5; 112.7, 110.7, 109.9, 55.8, 36.8, 12.4. 

4-(bis(2-methyl-1H-indol-3-yl)methyl)-2-methoxyphenol (3c)
21a

: Yield: 92%; Dark red solid; 

Mp 227-230 0C (Lit.21e 227-229 0C); 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.72 (2H, br. s); 

7.26-7.22 (3H, m); 7.03 (4H, t, J = 7.5 Hz); 6.88-6.83 (3H, m); 6.79 (1H, s); 5.93 (1H, s); 5.50 

(1H, s); 3.69 (3H, s); 2.06 (6H, s). 13C NMR (CDCl3, 75 MHz); δ (ppm): 146.4, 143.8, 135.6, 

135.0, 131.6, 128.9, 121.6, 120.6, 119.3, 119.0, 113.8, 113.6, 111.9, 109.8, 55.9, 38.9, 12.4. 

3, 3'-(phenylmethylene)bis(2-methyl-1H-indole) (3d)
8c

: Yield: 90%; Red solid; Mp 181-183 
0C; 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.73 (2H, br. s); 7.63 (2H, d, J = 9.0 Hz); 7.18-7.29 

(4H, m); 6.96-7.08 (5H, m); 6.82-6.87 (2H, m); 6.00 (1H, s); 2.06 (6H, s). 13C NMR (CDCl3, 75 

MHz); δ (ppm): 143.7, 135.0, 131.8, 129.1, 129.0, 128.1, 125.9, 120.6, 119.3, 119.1, 113.4, 

109.9, 39.3, 12.4. 

4-(bis(2-methyl-1H-indol-3-yl)methyl)-N,N-dimethylaniline (3e)
21a

: Yield: 91%; Dark red 

solid; Mp 213-216 0C; 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.69 (2H, br. s); 7.23 (3H, t, J = 

6.0 Hz); 7.12 (2H, d, J = 9.0 Hz); 7.04-6.99 (4H, m); 6.85 (2H, t, J = 7.5 Hz); 6.65 (2H, d, J = 

9.0 Hz); 5.92 (1H, s); 2.90 (6H, s); 2.06 (6H, s). 13C NMR (CDCl3, 75 MHz); δ (ppm): 149.0, 

135.0, 131.9, 131.6, 129.5, 129.1, 120.4, 119.4, 118.9, 114.1, 112.7, 109.8, 53.4, 40.9, 12.4.  

3, 3'-((4-nitrophenyl)methylene)bis(2-methyl-1H-indole) (3f)
8c

: Yield: 94%; Dark red solid; 

Mp 241-243 0C (Lit.8c 240-242 0C); 1H NMR (CDCl3, 300 MHz); δ (ppm): 10.3 (2H, s); 8.57 

(2H, d, J = 9.0 Hz); 7.93 (2H, d, J = 9.0 Hz); 7.78 (2H, d, J = 9.0 Hz);  7.48 (2H, t, J = 7.5 Hz); 

7.39 (2H, d, J = 6.0 Hz); 7.29 (2H, d, J = 6 Hz); 6.54 (1H, s); 2.62 (6H, s). 13C NMR (CDCl3, 75 

MHz); δ (ppm): 152.7, 145.9, 135.2, 132.6, 129.7, 128.2, 123.0, 120.1, 118.5, 111.0, 110.4, 39.8, 

12.2. 

3, 3'-((4-chlorophenyl)methylene)bis(2-methyl-1H-indole) (3g)
21b

: Yield: 90%; Red solid; Mp 

200-203 0C (Lit.21e  202-204 0C); 1H NMR (CDCl3, 300 MHz); δ (ppm): 10.3 (2H, s); 7.30 (6H, t, 

J = 9.0 Hz); 7.04-6.97 (4H, m); 6.83 (2H, d, J = 9.0 Hz); 5.99 (1H, s); 2.17 (6H, s). 13C NMR 
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(CDCl3, 75 MHz); δ (ppm): 143.7, 135.5, 132.6, 131.6, 130.9, 130.7, 129.5, 129.1, 128.5, 128.3, 

120.1, 118.7, 118.5, 112.1, 110.9, 39.3, 12.3. 

4-(bis(2-methyl-1H-indol-3-yl)methyl)benzonitrile (3h)
21b

: Yield: 92%; Dark red solid; Mp 

224-227 0C; 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.82 (2H, br. s); 7.53 (2H, d, J = 9.0 Hz); 

7.37 (2H, d, J = 9.0 Hz); 7.27 (2H, d, J = 6.0 Hz); 7.06 (2H, t, J = 7.5 Hz); 6.89 (4H, t, J = 7.5 

Hz); 6.01 (1H, s); 2.07 (6H, s). 13C NMR (CDCl3, 75 MHz); δ (ppm): 149.8, 135.0, 132.9, 132.0, 

129.8, 128.5, 120.9, 119.4, 119.3, 119.0, 111.9, 110.2, 109.7, 39.5, 12.4. 

 4-(bis(2-methyl-1H-indol-3-yl)methyl)benzaldehyde (3i)
21c

: Yield: 90%; Red semisolid; 1H 

NMR (CDCl3, 300 MHz); δ (ppm): 10.1 (2H, br. s); 9.96 (1H, s); 7.74 (2H, d, J = 6.0 Hz); 7.43 

(2H, d, J = 6.0 Hz); 7.26 (2H, d, J = 9.0 Hz); 6.97-6.87 (4H, m); 6.74 (2H, t, J = 7.5 Hz);  6.01 

(1H, s); 2.10 (6H, s). 13C NMR (CDCl3, 75 MHz); δ (ppm): 197.0, 157.0, 140.1, 139.1, 137.4, 

134.5, 134.3, 133.2, 124.8, 123.5, 123.2, 116.3, 115.3, 44.7, 17.1. 

 3, 3'-(furan-2-ylmethylene)bis(2-methyl-1H-indole) (3j)
21c

: Yield: 89%; Red solid; Mp 217-

219 0C; 1H NMR (CDCl3, 300 MHz); δ (ppm): 10.1 (2H, br. s); 7.86 (1H, s), 7.70 (2H, d, J = 9.0 

Hz); 7.51-7.41 (5H, m); 7.29 (2H, d, J = 9.0 Hz);  6.76 (1H, s); 6.33 (2H, s), 2.63 (6H, s). 13C 

NMR (CDCl3, 75 MHz); δ (ppm): 162.1, 145.5, 140.0, 136.8, 133.0, 124.7, 123.2, 123.2, 115.8, 

115.2, 115.1, 112.0, 38.0, 16.6. 

3, 3'-(thiophen-2-ylmethylene)bis(2-methyl-1H-indole) (3k)
21c

: Yield: 89%; White solid; Mp 

224-227 0C; 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.74 (2H, s); 7.22-6.29 (11H, m); 6.17 (1H, 

s); 2.13 (6H, s). 13C NMR (CDCl3, 75 MHz); δ (ppm): 148.9, 135.3, 128.6, 126.6, 125.7, 124.6, 

123.8, 120.8, 119.7, 118.5, 113.8, 110.1, 34.9, 12.5. 

3, 3'-(benzo[d][1,3]dioxol-5-ylmethylene)bis(2-methyl-1H-indole) (3l)
5c

: Yield: 90%; Dark 

red solid; Mp 94-97 0C; 1H NMR (CDCl3, 400 MHz); δ (ppm): 7.70 (2H, br. s); 7.23 (2H, t, J = 

8.0 Hz); 7.02 (4H, t, J = 8.0 Hz); 6.86 (2H, t, J = 8.0 Hz); 6.75-6.67 (3H, m); 5.90 (3H, s); 2.04 

(6H, s). 13C NMR (CDCl3, 75 MHz); δ (ppm): 147.5, 145.6, 137.8, 135.0, 131.7, 128.9, 121.9, 

120.6, 119.7, 119.3, 119.1, 113.4, 109.6, 107.8, 100.7, 38.9, 12.4.  

 3, 3'-(heptane-1,1-diyl)bis(2-methyl-1H-indole) (3m)
21b

: Yield: 86%; Green oil; 1H NMR 

(CDCl3, 300 MHz); δ (ppm): 7.65 (2H, d, J = 9.0 Hz); 7.54 (2H, br. s); 7.18 (2H, d, J = 6.0 Hz); 

7.08-6.97 (4H, m); 4.41 (1H, t); 2.28 (6H, s), 1.37-1.26 (9H, m), 0.90-0.84 (4H, m) . 13C NMR 
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(CDCl3, 75 MHz); δ (ppm): 134.6, 130.3, 127.5, 118.9, 118.3, 117.4, 113.7, 109.6, 39.3, 38.8, 

34.1, 31.1, 28.8, 28.5, 21.9, 13.4, 11.9. 

3, 3'-(p-tolylmethylene)bis(1H-indole) (3n)
8c

: Yield: 90%; Red solid; Mp 101-1030C (Lit.5c 

102-105 0C); 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.87 (2H, br. s); 7.43-7.03 (12H, m); 6.60 

(2H, s); 5.87 (1H, s); 2.35 (3H, s). 13C NMR (CDCl3, 75 MHz); δ (ppm): 141.0, 136.7, 135.5, 

128.9, 128.6, 127.1, 123.6, 121.9, 120.0, 119.8, 119.2, 111.1, 39.8, 21.1.                                   

3, 3'-((3-methoxyphenyl)methylene)bis(1H-indole) (3o)
5e

: Yield: 88%; Dark Red solid; Mp 

180-183 0C (Lit.5e 182-184 0C);  1H NMR (CDCl3, 300 MHz); δ (ppm): 7.91 (2H, br. s); 7.41-

7.33 (4H, m); 7.22-7.14 (4H, m); 7.02-6.92 (4H, m); 6.67 (2H, s); 5.86 (1H, s); 3.73 (3H, s). 13C 

NMR (CDCl3, 75 MHz); δ (ppm): 159.5, 145.7, 136.7, 129.1, 127.1, 123.5, 121.9, 121.3, 119.9, 

119.5, 119.2, 114.7, 111.2, 111.0, 55.1, 40.2. 

2-(di(1H-indol-3-yl)methyl)phenol (3p)
5e

: Yield: 90%; Dark red solid; Mp 187-189 0C (Lit.5e 

186-188 0C); 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.96 (2H, br. s); 7.41-7.34 (4H, m); 7.20 

(4H, t, J = 6.0 Hz); 7.03 (2H, t, J = 7.5 Hz); 6.87 (2H, t, J = 7.5 Hz); 6.74 (2H, s); 6.00 (1H, s); 

5.43 (1H, s). 13C NMR (CDCl3, 75 MHz); δ (ppm): 154.5, 136.9, 129.9, 129.0, 128.0, 126.8, 

123.6, 122.3, 120.8, 119.9, 119.6, 117.2, 116.6, 111.2, 35.9.  

 4-(di(1H-indol-3-yl)methyl)benzene-1,2-diol (3q)
21f

: Yield: 89%; Dark red solid; Mp 232-235 
0C; 1H NMR (CDCl3, 300 MHz); δ (ppm): 8.03 (2H, br. s); 7.70 (2H, d, J = 9.0 Hz); 7.60 (1H, 

s); 7.39 (3H, t, J = 7.5 Hz);  7.25-7.16 (5H, m); 6.46 (2H, s), 5.74 (1H, s), 5.30 (2H, s). 13C NMR 

(CDCl3, 75 MHz); δ (ppm): 143.0, 141.8, 137.2, 136.6, 135.8, 127.8, 124.2, 123.6, 121.9, 120.7, 

119.9, 119.6, 115.8, 111.2, 102.5, 39.4. 

3-(di(1H-indol-3-yl)methyl)-2-hydroxy-5-methylbenzaldehyde (3r): Yield: 88%; Red solid;  

Mp 172-174 0C; 1H NMR (DMSO-d6, 300 MHz); δ (ppm): 11.15 (1H, s); 10.83 (2H, br. s); 9.95 

(1H, s); 7.27-7.37 (6H, m); 7.03 (2H, t, J = 9 Hz); 6.82-6.89 (4H, m); 6.26 (1H, s); 2.28 (3H, s). 
13C NMR (DMSO-d6, 75 MHz); δ (ppm): 197.8, 156.2, 137.7, 137.1, 133.3, 131.8, 128.6, 127.1, 

124.2, 121.4, 121.0, 119.2, 118.7, 117.5, 112.0, 32.0, 20.5; HRMS (ESI-TOF, m/z) calculated for 

C25H20N2O2 [M + H+] 381.1605, found 381.2796. 

3, 3'-((4-chlorophenyl)methylene)bis(1H-indole) (3s)
5c

: Yield: 89%; Red solid; Mp 72-75 0C 

(Lit.5c 74–75 0C);  1H NMR (CDCl3, 300 MHz); δ (ppm): 7.74 (2H, br. s); 7.42-7.04 (12H, m); 
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6.55 (2H, s), 5.88 (1H, s). 13C NMR (CDCl3, 75 MHz); δ (ppm): 142.6, 136.7, 131.8, 130.1, 

128.4, 126.9, 123.7, 122.1, 119.8, 119.4, 119.1, 111.2, 39.6. 

3, 3'-(pyridin-2-ylmethylene)bis(1H-indole) (3t)
21d

: Yield: 87%; Dark red solid; Mp 135-137 
0C; 1H NMR (CDCl3, 300 MHz); δ (ppm): 8.54 (1H, d, J = 7.5 Hz); 8.16 (2H, br. s); 7.62 (1H, t, 

J = 7.5 Hz); 7.36 (5H, t, J = 9.0 Hz); 7.15 (4H, t, J = 7.5 Hz); 7.00 (2H, t, J = 9.0 Hz); 6.78 (2H, 

s), 6.09 (1H, s). 13C NMR (CDCl3, 75 MHz); δ (ppm): 163.4, 149.3, 136.6, 136.5, 127.0, 123.4, 

122.9, 121.9, 121.3, 119.8, 119.2, 118.2, 111.0, 43.1. 

3, 3'-((4-(benzyloxy)phenyl)methylene)bis(2-methyl-1H-indole) (3u)
21e

: Yield: 87%; Red 

solid; Mp 206-208 0C (Lit.21e  205-207 0C);  1H NMR (CDCl3, 300 MHz); δ (ppm): 7.63 (2H, br. 

s), 7.46-7.37 (5H, m), 7.20 (4H, t, J = 7.6 Hz); 7.07-7.01 (4H, m); 6.90-6.86 (4H, m); 5.96 (1H, 

s), 5.05 (2H, s), 2.02 (6H, s). 13C NMR (CDCl3, 75 MHz); δ (ppm): 157.1, 137.2, 136.2, 135.0, 

131.7, 129.9, 128.9, 128.5, 127.8, 127.5, 120.5, 119.4, 119.0, 114.5, 113.6, 109.9, 70.1, 38.4, 

12.3. 

3, 3'-((4-(allyloxy)-3-methoxyphenyl)methylene)bis(2-methyl-1H-indole) (3v): Yield: 86%; 

Dark red semisolid; 1H NMR (CDCl3, 400 MHz); δ (ppm): 7.71 (2H, br. s), 7.20 (2H, d, J = 8.4 

Hz); 7.05-7.02 (4H, m); 6.92 (1H, s); 6.89-6.85 (2H, m); 6.74 (2H, t, J = 8.0 Hz); 6.08 (1H, m); 

5.94 (1H, s); 5.39 (1H, dd, J1 = 16.0 Hz, J2 = 1.2 Hz); 5.26 (1H, dd, J1 = 10.2 Hz, J2 = 1.2 Hz); 

4.58 (2H, d, J = 5.2 Hz); 3.67 (3H, s); 2.01 (6H, s). 13C NMR (CDCl3, 100 MHz); δ (ppm): 

149.5, 146.4, 137.6, 137.0, 135.2, 133.7, 131.8, 129.0, 125.4, 121.3, 120.6, 119.8, 119.5, 119.1, 

117.8, 113.7, 113.4, 110.5, 70.1, 56.0, 38.9, 12.4. HRMS (ESI-TOF, m/z) calculated for 

C29H28N2O2 [M
+] 436.2151, found 436.2689. 

1-(4-(bis(2-methyl-1H-indol-3-yl)methyl)phenyl)ethanone (4): Yield: 90%; Red solid; Mp 

171-173 0C; 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.85 (2H, d, J = 6.0 Hz); 7.79 (2H, br s); 

7.36 (2H, d, J = 9.0 Hz); 7.25 (2H, d, J = 9.0 Hz); 7.02-7.08 (2H, m); 6.96 (2H, d, J = 6.0 Hz); 

6.83-6.89 (2H, m); 6.03 (1H, s); 2.58 (3H, s); 2.05 (6H, s). 13C NMR (CDCl3, 75 MHz); δ (ppm): 

198.3, 150.0, 135.2, 135.1, 132.1, 129.4, 128.8, 128.5, 120.9, 119.4, 119.3, 112.6, 110.2, 39.5, 

29.8, 12.5. HRMS (ESI-TOF, m/z) calculated for C27H24N2O [M+ + Na+] 415.1786, found 

415.3459. 
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1
H NMR and 

13
C NMR Spectra of Some Representative Compounds 

 

Figure 1: 1H NMR of 3,3'-((4-methoxyphenyl)methylene)bis(2-methyl-1H-indole)(3a). 

 

Figure 2: 13C NMR of 3,3'-((4-methoxyphenyl)methylene)bis(2-methyl-1H-indole)(3a). 
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Figure 3: 1H NMR of 4-(bis(2-methyl-1H-indol-3-yl)methyl)-2-methoxyphenol (3c). 

 

Figure 4: 13C NMR of 4-(bis(2-methyl-1H-indol-3-yl)methyl)-2-methoxyphenol (3c). 
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Figure 5: 1H NMR of 3, 3'-((4-chlorophenyl)methylene)bis(2-methyl-1H-indole) (3g). 

 

Figure 6: 13C NMR of 3, 3'-((4-chlorophenyl)methylene)bis(2-methyl-1H-indole) (3g). 
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Figure 7: 1H NMR of 4-(bis(2-methyl-1H-indol-3-yl)methyl)benzonitrile (3h). 

 

 

Figure 8: 13C NMR of 4-(bis(2-methyl-1H-indol-3-yl)methyl)benzonitrile (3h). 
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Figure 9: 1H NMR of 4-(bis(2-methyl-1H-indol-3-yl)methyl)benzaldehyde (3i). 

 

Figure 10: 13C NMR of 4-(bis(2-methyl-1H-indol-3-yl)methyl)benzaldehyde (3i). 
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Figure 11: 1H NMR of 3, 3'-(furan-2-ylmethylene)bis(2-methyl-1H-indole) (3j). 

 

 

Figure 12: 13C NMR of 3, 3'-(furan-2-ylmethylene)bis(2-methyl-1H-indole) (3j). 
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Figure 13: 

1H NMR of 3,3'-(benzo[d][1,3]dioxol-5-ylmethylene)bis(2-methyl-1H-indole) (3l). 

 
Figure 14: 13C NMR of 3,3'-(benzo[d][1,3]dioxol-5-ylmethylene)bis(2-methyl-1H-indole) (3l). 
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Figure 15: 1H NMR of 3, 3'-((3-methoxyphenyl)methylene)bis(1H-indole) (3o). 

 
 

 

Figure 16: 13C NMR of 3, 3'-((3-methoxyphenyl)methylene)bis(1H-indole) (3o). 
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Figure 17: 1H NMR of 4-(di(1H-indol-3-yl)methyl)benzene-1,2-diol (3q). 

 

 

Figure 18: 1H NMR of 4-(di(1H-indol-3-yl)methyl)benzene-1,2-diol (3q). 
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Figure 19: 1H NMR of 3-(di(1H-indol-3-yl)methyl)-2-hydroxy-5-methylbenzaldehyde (3r). 

   

 

Figure 20: 13C NMR of 3-(di(1H-indol-3-yl)methyl)-2-hydroxy-5-methylbenzaldehyde (3r). 



45 

 

 

Figure 21: 1H NMR of 3, 3'-((4-(benzyloxy)phenyl)methylene)bis(2-methyl-1H-indole) (3u). 

 

 

 

Figure 22: 1H NMR of 3, 3'-((4-(benzyloxy)phenyl)methylene)bis(2-methyl-1H-indole) (3u). 
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Figure 23: 1H NMR of 3,3'-((4-(allyloxy)-3-methoxyphenyl)methylene)bis(2-methyl-1H-indole) 
(3v). 

 

 

Figure 24: 13C NMR of 3,3'-((4-(allyloxy)-3-methoxyphenyl)methylene)bis(2-methyl-1H-
indole) (3v). 
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Figure 25: 1H NMR of 1-(4-(bis(2-methyl-1H-indol-3-yl)methyl)phenyl)ethanone (4). 
 
 

 

Figure 26: 13C NMR of 1-(4-(bis(2-methyl-1H-indol-3-yl)methyl)phenyl)ethanone (4). 
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                                                                                        CHAPTER-II 

II. Chemoselective and Ligand-free Aerobic Oxidation of Benzylic Alcohols 

to Carbonyl Compounds using Alumina-supported Mesoporous Nickel 

Nanoparticle as an Efficient Recyclable Heterogeneous Catalyst 

II.1. Introduction 

         Design and development of efficient and sustainable strategies for important organic 

transformations by identifying alternative reaction conditions avoiding hazardous and 

expensive reagents represent a great challenge in both academic research and the chemical 

industry. Transition metal nanoparticles present fascinating aspects to the scientific 

community because of their quantum size, electron confining ability, high surface-to-volume 

ratio, unique catalytic activity, and good selectivity compared to their corresponding bulk 

material.1 Owing to their intrinsic and well-established advantages, the development of a 

facile, economically viable, and environmentally feasible method for the synthesis of 

transition metal nanoparticles has gained substantial interest in the last decades. Notably, the 

advantages of transition metal nanocatalysts supported on chemically robust solid materials 

are due to mild reaction conditions applicable to wide range of substrates with good 

selectivity along with easy recovery and recyclability of the catalysts without detectable loss 

of their catalytic activity. A comprehensive account of the recent significant advances on the 

utilization of transition metal nanocatalysts during various important organic reactions 

followed by a concise account of different synthetic protocols for the oxidative 

transformation of benzylic alcohols to carbonyl compounds are going to be described in the 

following sections.  

 

II.2. Organic reactions using transition metal nanocatalyst: A review 

         Acharyya et al.
2a have synthesized cetyl alcohol mediated water-based Ag nanoparticles 

supported on Mn3O4 spinel in a one-pot method and the catalysts were characterized by 

FTIR, XRD, XPS, SEM, TEM, Raman, and ICP-AES. One dimensional whisker-like 

structure was observed through electron microscopy images. The catalyst was effectively 

oxidized styrene to styrene oxide in the presence of molecular O2 as an oxidant (Scheme 1). 

Several reaction parameters like the pressure of oxygen gas, reaction temperature, and time 

were screened and styrene conversion of 67% with a styrene oxide selectivity of 100% was 

observed. This catalyst could not show any leaching up to five runs which exhibited the 

heterogeneity of the catalyst. 
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O2 (10 bar), H2O

80oC, 25 hrs

OAg-Mn3O4

1 example

Yield: 65%
 

Scheme 1 Ag-Mn3O4 catalyzed aerobic oxidation of styrene 

 
          Heterogeneous Au nanoparticles supported on CeO2 (Au/CeO2) were prepared by 

Berrichi et al.2b and utilized as an efficient catalyst for the synthesis of structurally diverse 

propargyl amines via a three-component (A3) coupling reaction of secondary amines, 

dichloromethane, and terminal alkynes (Scheme 2). The C-Cl bond of dichloromethane and 

the C-H bond of terminal alkyne were activated by CeO2 supported Au nanoparticles. The 

nanocatalyst was characterized by TEM, XRD, and DR-UV visible spectroscopy. The 

supported nanocatalyst was recycled up to three times.  

4 example

Yield: 53-60%

CH2Cl2
 Au / CeO2

CH3CN, DABCO

65 oC, 24h

NR1R2

HNR1R2

 

Scheme 2 Synthesis of propargyl amines catalyzed by Au/CeO2 

 

        Borah et al.
2c have developed a green and efficient protocol for the synthesis of Pd 

nanoparticles using poly(ethylene glycol) (PEG) as the stabilizer and Colocasia esculenta 

Linn. (locally known as ‘kochu’) leaf extract as a reducing agent. The bio-synthesized 

nanoparticles were thoroughly characterized by UV-visible, FTIR, XRD, and SEM analysis 

and exhibited excellent catalytic efficiency towards Suzuki-Miyaura cross-coupling reaction 

between aryl halides and phenylboronic acids under mild reaction conditions (Scheme 3).  

Various functional groups were also compatible in the reaction conditions and produced the 

desired cross-coupling products with high yields.  The catalysts were recovered and recycled 

in subsequent runs without significant loss of their catalytic activity.  

13 example

Yield: 15-95%

PEG-Pd NPs

K2CO3, IP: H2O (1:1)

R1

B

R2

HO

HO

I R1

R2

 

Scheme 3 Suzuki-Miyaura cross-coupling reaction catalyzed by PEG-Pd NPs 
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          Martinez et al.2d prepared efficient, stable and solid palladium nanoparticles supported 

on synthetic clay (laponite) which was used as a heterogeneous catalyst in a Mizoroki-Heck 

reaction using iodobenzene and butyl acrylate under solvent-free conditions and with or 

without activated by microwave radiation (Scheme 4). Here, triethylamine (Et3N) was used as 

a mild base in this cross-coupling reaction. The catalysts were recovered by extracting the 

reaction products with an auxiliary solvent and recycled up to thirteen times with good 

results. 

1 example

Yield: 98%

I

CO2Bu

Pd @ laponite

mw, solventless

(with or without mw radiation)

CO2Bu
NEt3

 

Scheme 4 Mizoroki-Heck reaction catalyzed by Pd@laponite 

 

         Bhar and his group developed an economical protocol2e for the chemoselective 

reductive homocoupling of benzylic halides in an aqueous medium using alumina-supported 

nickel nanoparticles as a stable recyclable heterogeneous catalyst at room temperature under 

ambient atmosphere (Scheme 5).  Here hydrazine hydrate was used as the co-reductant and 

the reactions neither necessitate any other metal nor the requirement of high temperature. 

Chemically sensitive moieties like alkoxycarbonyl, methylenedioxy, benzyloxy, benzyl, 

methoxy, chloro, bromo, and nitro were well tolerated, and desired bibenzyl derivatives were 

obtained with excellent yields. Secondary and tertiary benzyl halides were also equally 

efficient and reacted to furnish the desired homocoupling products without any elimination. 

The catalyst was recovered and recycled without marginal loss of its efficiency. 

26 examples

Yield: 80-90%

N2H4.H2O, r.t., H2O

Ni-Alumina
R1

X

R2
R3

R1

R2
R3

R2 R3

R1

 

Scheme 5 Ni-Alumina catalyzed reductive homocoupling of benzylic halides 

 
         Copper-rhodanine derivative complex crafted onto Fe3O4@SiO2 nanoparticle was 

synthesized by Rezaei et al.
3a and employed their catalytic activity for the one-pot efficient 

synthesis of primary amides from differently substituted aldehydes and NH2OH.HCl in an 

aqueous medium (Scheme 6). The attractive features of the present protocol were the use of 

water as the green reaction medium rather than the employment of toxic, expensive, and 

harmful organic solvents, high yields of desired products, simple work-up procedure and 
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magnetic separation of the catalyst along with its reusability up to eight times without 

detectable loss of its catalytic efficiency.  

16 examples

Yield: 70-97%

Cs2CO3, H2O, 100oC

Fe3O4@SiO2-Ligand-Cu(II)H

O

NH2OH. HCl

NH2

O

R
R

 

Scheme 6 Synthesis of primary amides from aldehydes catalyzed by Fe3O4 nanoparticle 

 

         A polystyrene-anchored cryptand 22-copper (I) iodide complex catalyst was developed 

by Rezaei et al.
3b and this heterogeneous and recyclable catalyst was efficiently employed for 

the cross-coupling reaction of aryl halides and thiols in aqueous media under aerobic 

conditions (Scheme 7). The notable features of this methodology were the use of water as the 

eco-friendly reaction medium, low catalyst loading, easy separation, and reusability of the 

catalyst, high yield of cross products, and tolerance of a wide variety of substituted reactants. 

X HS

DMF/H2O, K2CO3, 90°C

S

R1

R2 R2

R1

PS-C22-CuI

27 examples

Yield: 31-97%  

Scheme 7 Cu catalyzed cross-coupling reaction of aryl halides and thiols in an aqueous 

medium  

 
        Veisi and his co-workers3c demonstrated that the sulfonic acid groups loaded on the 

surface of polydopamine (PDA)-encapsulated Fe3O4 (Fe3O4@PDA-SO3H) nanocatalyst could 

be efficiently utilized as a heterogeneous and recyclable nanocatalyst for the acetylation of 

alcohols, phenols, amines, and thiols with acetic anhydride at room temperature under 

solvent-free conditions (Scheme 8). The attractive features of the present method were simple 

preparation of the catalyst, solvent-free conditions, excellent yields, tolerance to various 

functional groups, easy separation of the catalyst by magnetic decantation, reusability of the 

catalyst up to 12 times without any noticeable loss in the activity.  

solvent-free, r.t.

Fe3O4@PDA-SO3H
RXH H3C O

O

CH3

O

X CH3

O

R

R = alkyl, aryl

X= NH, O, S

27 examples

Yield: 70-98%
 

Scheme 8 Acetylation reaction using Fe3O4@PDA-SO3H nanocatalyst 
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        The leaf extract of Euphorbia prolifera was used as a reducing and stabilizing agent for 

the green synthesis of Ag/zeolite nanocomposite by Hatamifard et al.
3d The phenolic acid and 

flavonoids present in the Euphorbia prolifera leaf extract was responsible for the reduction of 

the Ag(I) to Ag (0) as well as stabilization of Ag/zeolite nanocomposite (Scheme 9). The 

catalysts were characterized by FTIR, XRD, TEM, FESEM, and EDS analyses. The catalytic 

activity of the synthesized nanocatalyst was tested for the ligand and base-free hydroxylation 

of phenylboronic acid to phenol in presence of H2O2 and also reduction of 4-nitrophenol (4-

NP), congo red (CR), methyl orange (MO), methylene blue (MB), and rhodamine B (RhB) at 

room temperature. 

1 example

Yield: 97%

H2O2, r.t.

Ag/Zeolite nanocomposite
OH

B

OH

OH

 

Scheme 9 Ag/Zeolite NPs catalyzed hydroxylation of phenylboronic acid to phenol 

 
        Borah et al.

4a developed an environmentally benign protocol for the plant-mediated 

synthesis of Cu2O nanoparticles using Musa balbisiana colla fruit extracts as the reducing 

agent within a very short reaction time. The synthesized nanoparticles were successfully 

characterized by SEM, TEM, and XRD methods. This heterogeneous catalytic system was 

employed for the ipso-hydroxylation of aryl and heteroaryl boronic acids to phenols using 

aqueous H2O2 as an oxidant (Scheme 10). The advantages of this methodology were the easy 

preparation of catalyst without using an external reducing agent, base-free reaction condition, 

recyclable up to five runs, short reaction time, and excellent yields of products.  

H2O2, r.t.

Cu2O nanoparticles
OH

B

OH

OH
R

R

12 examples

Yield: 82-96%  

Scheme 10 Cu2O NPs catalyzed hydroxylation of phenylboronic acid to phenol 

 
        Clave et al.

4b developed a plant-derived eco-compatible synthesis of Pd nanoparticles 

(EcoPd) using the roots of Eichhornia crassipes (water hyacinth) as the reducing agent. The 

EcoPd NP was well characterized by FTIR, TEM, and XPS analysis and was found to be the 

highly efficient recyclable catalyst for ligands or additive-free Suzuki cross-coupling reaction 

in glycerol solvent by using K2CO3 as a weak base under Ar atmosphere at 120oC (Scheme 

11). Several heteroaryl bromides cross-coupled with phenylboronic acid under this eco-
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compatible condition and produced the coupling products in good to high yields. The catalyst 

was reused for up to four runs without decreasing its catalytic activity. 

10 examples

Yield: 62-98%

K2CO3, glycerol, 120oC

      Ar atmosphere

Eco Pd NP
Ar

B

OH

OHAr X

 

Scheme 11 Pd NPs catalyzed ligands or additives-free Suzuki cross-coupling reaction 

 
        Visible-light-driven Sonogashira cross-coupling reaction of aryl halides with 

phenylacetylene was developed using silicon carbide supported Pd NPs (Pd/SiC) as the 

heterogeneous catalyst under copper and ligand-free conditions (Scheme 12).4c In the 

presence of visible light, the photo-excited electrons in SiC were transferred to Pd NPs. The 

cleavage of the carbon-halogen bond in aryl halide was facilitated by these high-energy 

electrons. The final cross-coupled products were achieved by the substitution and reductive 

elimination processes.  

14 examples

Yield:53-99%

Pd/SiC, h

 Cs2CO3, DMF, 120°C

X

R
R

 

Scheme 12 Pd/SiC catalyzed Sonogashira cross-coupling reaction  

 
         The biological procedure was reported for the synthesis of CuO NPs4d using the 

aqueous leaves extract of Thymbra spicata as the reducing and capping agent and the 

synthesized nanoparticles were characterized by UV-vis, FTIR, XRD, TEM, FESEM, and 

EDX analyses. The CuO NPs were found to be an efficient catalyst for the ligand-free N-

arylation of aniline and indole with aryl halides using K2CO3 as the week base (Scheme 13). 

Aryl halides bearing both electron-donating and withdrawing substituents were well tolerated 

and the N-arylated products were obtained in good yields. The heterogeneous catalyst was 

recycled in the seven consecutive cycles with almost consistent catalytic reactivity. 

CuO NPs

 K2CO3, DMF, 40°C

NH2

N
H

Ar X

H
N

N

Ar

Ar

16 examples

Yield: 60-98%  

Scheme 13 CuO NPs catalyzed ligand-free N-arylation of aniline and indole with aryl halides 
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         Aerobic oxidative cross-dehydrogenative coupling (CDC) of phenylglyoxals with 

secondary amines in an aqueous medium under ambient condition using water dispersed Au 

nanoparticles as an efficient and recyclable catalyst was reported by Thirukovela et al. 

(Scheme 14).5a The importance of aerial oxygen in this cross-dehydrogenative coupling 

(CDC) reaction was investigated by carrying out the reaction in an inert N2 atmosphere and 

there was no formation of the desired product. A series of biologically important α-keto 

amides were obtained with high yields. The catalyst was recycled up to five catalytic runs 

without decreasing the product yields. 

23 examples

Yield: 66-92%

Water dispersed Au NPs

 Open air, H2O, 60°CR

O

H

O

H
N

R2R1

R

O

N

O

R1

R2

 

Scheme 14 Au NPs catalyzed Cross-dehydrogenative coupling (CDC) reaction 

 
         BINAP-Cu complex supported by hydrotalcite ([Cu(binap)I]2@HT) has been prepared 

by Wang and his co-workers.5b This heterogeneous catalyst was proved to be an efficient 

recyclable catalyst for the borrowing hydrogen reaction of aniline with benzyl alcohol using 

KOH as the strong base under solvent-free conditions (Scheme 15). Various substituents like 

fluoro, chloro, bromo, methyl, methoxy, and ester were well tolerated and the desired N-

benzylated amines were obtained with good yields. The catalyst was also effective for the 

synthesis of 1H-benzo[d]imidazole using ortho-phenylenediamine and benzyl alcohol under 

the optimized reaction conditions. The catalyst was recycled and negligible leaching was 

observed through ICP experiment.  

24 examples

Yield: 72-92%

KOH, 80oC, solvent-free

[Cu(binap)I]2@HT

R R

NH2 HO
R2

H
N

R2

 

Scheme 15 Reaction of anilines with benzyl alcohols in the presence of Cu(binap)I]2@HT
  

         A microwave-assisted green protocol for the selective oxidative transformation of 

styrene to benzaldehyde under solvent-free conditions was reported by Martins et al.
5c in the 

presence of a series of transition-metal (Mn to Zn) ferrite NPs and t-BuOOH as an external 

oxidant (Scheme 16). The CoFe2O4 nanoparticles were found to be an efficient catalyst for 

this oxidation. After the completion of the reaction, the catalyst was separated by using an 

external magnet.  There was no significant loss of catalytic activity when the catalyst was  
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reused up to five consecutive runs. The low E-factor value indicated the sustainability of the 

present catalytic system. 

1 example

Yield: 92%

TBHP, solvent-free, 80oC

CoFe2O4 NPs O

 

Scheme 16 CoFe2O4 NPs catalyzed the oxidative transformation of styrene to benzaldehyde 

 
        Biogenic route was developed for the synthesis of CuFe2O4 magnetic nanoparticles5d 

using plant extract of Camellia sinensis var. Assamica (Tea) as the source of eco-friendly 

reducing agent and the nanoparticles were characterized by XRD, TEM, SEM, EDX, and 

VSM analyses. This was used as an effective eco-friendly catalyst for the acetylation of 

various amines, phenols, and alcohols under solvent-free conditions at room temperature 

(Scheme 17).  The reaction occurred within a very short reaction time and the desired 

acetylated products were obtained in good to excellent yields. The catalyst was recycled up to 

four times without decreasing the product yields. 

20 examples

Yield: 90-98%

solvent-free, r.t.

CuFe2O4 MNPs
RNH2

H3C O

O

CH3

O

N
H

CH3

O

R

R = alkyl, aryl

ROH
O CH3

O

R

 
Scheme 17 CuFe2O4 NPs catalyzed acetylation reaction under solvent-free condition 

 

        Patel et al.
6a developed a bi-functional heterogeneous catalyst consisting of nickel and 

supported 12-tungstophosphoric acid (Ni-TPA/ZrO2) which was investigated for one-pot 

oxidative esterification of benzaldehyde and benzyl alcohol with methanol into their 

corresponding esters in the presence of H2O2 as the oxidant without using any base (Scheme 

18). The bifunctionality of the catalyst was originated by combining their redox and acidic 

properties.  The catalytic activity of Ni-TPA/ZrO2 catalyst for the esterification of benzyl 

alcohol was lower than that of benzaldehyde because the former reaction involves the 

oxidation of benzyl alcohol to benzaldehyde. This catalyst was recovered and reused up to 

three runs without depleting its catalytic activity.   

1 example

Yield: 75%

O

H
Ni-TPA / ZrO2

H2O2, MeOH, 80oC, 6 h

O

OMe

 

Scheme 18 Oxidative esterification of benzaldehyde catalyzed by Ni-TPA/ZrO2 
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         Pd nanoparticles supported on N, O-dual doped hierarchical porous carbon (Pd/N, O 

carbon) was prepared6b and employed as an efficient heterogeneous catalyst for the 

chemoselective transfer hydrogenation reaction of α,β-unsaturated carbonyl compounds using 

HCOOH as the hydrogen source (Scheme 19). This catalytic system exhibited excellent 

catalytic activity with exclusive selectivity to C=C bond reduction in the presence of C=O 

bond and tolerance of various functional groups with good to excellent yields. The synergistic 

effect of Pd NPs with incorporated heteroatoms on carbon played a critical role in promoting 

the transfer hydrogenation reaction. The catalyst was recycled six times without significant 

loss of its activity as well as selectivity. 

23 examples

Yield: 57-97%

R1 R2

O

R1 R2

O

Pd/ N, O-Carbon

HCOOH, toluene,120oC,20 h

 

Scheme 19 Pd-catalyzed chemoselective reduction of α,β-unsaturated carbonyl compounds 

 
        Silver supported iron oxide nanoparticles (Ag/Fe2O3 NPs) were synthesized through 

surfactant-assisted hydrothermal process6c and were characterized by UV-vis, FTIR, SEM, 

TEM, XPS, BET, and ICP-AES analyses. The Ag/Fe2O3 NPs were found to be effective for 

catalytic one-pot oxidation of aniline to azoxybenzene in the presence of H2O2 as the oxidant 

(Scheme 20). The high catalytic activity of Ag/Fe2O3 NPs was observed through the 

synergistic effect between Fe2O3 nanospheres and surface Ag nanoparticles.  The 

investigation results showed that the 1.8% Ag loading was effective for 92% aniline 

conversion and 94% azoxybenzene selectivity. ICP-AES analysis confirmed the 

heterogeneous nature of the catalyst and the amount of Ag and Fe remained nearly the same 

even after five catalytic runs with a negligible amount of silver leaching (concentration of Ag 

and Fe were < 2 ppb).  

6 examples

Yield: 49-85%

H2O2, CH3CN, 50oC

Ag / Fe2O3 NPs

NH2

R N

N

O

R1

R1

 

Scheme 20 Ag/Fe2O3 catalysed oxidation of aniline to azoxybenzene 

 

        Leng and his group6d have prepared Au nanoparticle-immobilized on L-cysteine-paired 

porous ionic copolymer and employed as a heterogeneous catalyst in the oxidative coupling 

of a wide variety of benzylic and secondary alcohols with aliphatic as well as aromatic 
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primary amines to synthesize differently functionalized imines in presence of TBHP as an 

external oxidant under additive-free conditions (Scheme 21). The Au NPs with small particle 

sizes of 2-3 nm were narrowly distributed and highly dispersed on DVB-[MimLcy]3 

(Au/DVB-[MimLcy]3) which accounts for the excellent catalytic performance in these 

oxidative coupling reactions. The catalyst was recovered and reused several times without 

marginal loss of reactivity.   

15 examples

Selectivity: 34-97%

R1 OH

R2

H2N R3

Au / DVB-[MimLcy]3

TBHP, toluene, 120oC R1 N

R2

R3

 

Scheme 21 Au NPs catalyzed oxidative coupling of alcohols with anilines  

 
         Nagaoka and his co-workers6e have prepared a series of noble metal nanoparticles (such 

as Ru, Rh, Ir, Pd, and Pt) by microwave-assisted alcohol reduction and used for the 

hydrogenation of benzoic acid to cyclohexane carboxylic acid in the presence of H2 at 

atmospheric pressure (Scheme 22). Among the tested catalysts, polyvinylpyrrolidone 

stabilized Rh nanoparticles (Rh-PVP NPs) showed an excellent catalytic efficiency in the 

selective hydrogenation of aromatic ring in benzoic acid with the tolerance of different 

functional groups under solvent-free conditions and produced the desired hydrogenated 

products in good to excellent yields. This catalyst was found to be equally active for the 

hydrogenation of quinoline to 1,2,3,4-tetrahydroquinoline which made this methodology 

quite attractive. The catalyst can also be reused without a marginal decrease in its activity.    

13 examples

Yield: 50-99%

COOH

Rh-PVP NPs

H2, solvent-free, 150oCR1

COOH

R1

 

Scheme 22 Rh NPs catalyzed hydrogenation of benzoic acid to cyclohexane carboxylic acid 

 
        Chung and his group7a have prepared Rh-nanoparticles loaded on carbon fullerene-C60 

(Rh(0)NPs/Fullerene-C60) and the catalytic activity was tested towards Suzuki cross-

coupling reactions with the tolerance of a variety of functionalized substrates (Scheme 23). 

Occurrence of Rh-nanoparticles uniformly decorated on the surface of fullerene-C60 was 

confirmed by transmission electron microscopy (TEM) analysis. The crystalline properties of 

the synthesized Rh nanocatalyst were observed by X-ray diffraction (XRD) study. The 

oxidation state of Rh in the nanocatalyst was zero which was confirmed by X-ray 
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photoemission spectroscopy (XPS) analysis. The reusability of Rh(0)NPs/Fullerene-C60 was 

tested and found to be good without much deplement of its activity. 

7 examples

Yield: 61-87%

Rh(0)NPs/Fullerene-C60

KOH, solvent-free, 80oC, 24 hrs

B

OH

OH

R

X

R

 

Scheme 23 Rh NPs catalyzed Suzuki cross-coupling reaction under solvent-free condition 

 
        Baran et al.

7b have prepared Pd NPs using Fe3O4/chitosan/pumice hybrid beads as the 

stabilizing agent without adding any toxic reducing resource. These Pd 

NPs@Fe3O4/chitosan/pumice hybrid beads were used as the heterogeneous catalyst for the 

effective cyanation of aryl halides to the formation of aryl nitriles in the presence of 

K4[Fe(CN)6] as the cyanating agent and Na2CO3 as the mild base (Scheme 24). The 

efficiency of the catalyst was obvious from the yields of the benzonitriles formed. A 

maximum yield of 98% was reported and the catalyst displayed good recyclability. A broad 

range of haloarenes with various functional moieties was well tolerated and produced the 

desired aryl nitriles with good to excellent yields. The nanoparticles were recovered and 

reused several times without significant palladium leaching. 

18 examples

Yield: 80-97%

K4[Fe(CN)6], Na2CO3, DMF, 120oC

Pd NPs@Fe3O4/chitosan/pumice hybrid beads
I CN

R1
R1

 

Scheme 24 Pd NPs catalyzed cyanation of aryl halides using K4[Fe(CN)6] as cyanating agent 

 

         Gogoi and his group7c developed a green protocol for the synthesis of bimetallic Pd/Cu 

NPs supported on graphene oxide through the bio-reduction of Pd(NO3)2 and CuSO4.5H2O 

using the leaf extract of Tulsi (Ocimum sanctum) as the reducing as well as stabilizing agent 

(Scheme 25). The synthesized nanoparticles were characterized by FTIR, HRTEM, XRD, 

XPS, ICP-AES, and BET analysis. This bimetallic Pd/Cu@GO nanocatalyst was investigated 

for the Sonogashira cross-coupling reaction of aryl iodides with aromatic as well as aliphatic 

alkynes using Et3N as the base and resulted in moderate to the excellent yield of the desired 

coupling products. ICP-AES analysis of the filtrate was carried out and the result showed the 

Pd or Cu content below detection level (i.e. <0.01 ppm). This study further confirmed the 

heterogeneous nature and stability of the catalyst.   
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20 examples

Yield: 45-99%

Et3N, EtOH, 75oC

Pd/Cu NPs@GO
I

R1 R1R2

R2

 

Scheme 25 Pd/Cu NPs catalyzed Sonogashira cross-coupling reaction 
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II. 3. Oxidation of alcohols using transition metal nanocatalyst: A review 

           Cobalt Schiff base complex functionalized starch-coated maghemite nanoparticles 

(CoL2@SMNP) were synthesized by Jafarpour et al.
1a and investigated as the heterogeneous 

catalyst for the oxidation of a variety of benzylic alcohols to the related carbonyl compounds 

using molecular oxygen as the oxidant and n-hydroxyphthalimide (NHPI) as the radical 

generator (Scheme 1). Electron-donating substituents on the phenyl rings accelerated the 

reaction, whereas electron-withdrawing retarded it. The oxidation of 4-nitro- and 4-methoxy 

benzyl alcohols produced 35% and 72% yields of the corresponding aldehydes respectively at 

the same reaction time (16 h). Besides, this catalytic protocol remained inactive towards 

aliphatic alcohols. The aforesaid nanocatalyst was successfully recovered by an external 

magnet and reused efficiently. The protocol was also effective for the oxidation of 

alkylbenzenes to carbonyl compounds. 

O2, NHPI, CH3CN, 70oC, 16h

CoL2@SMNPOH O
R R

H

14 examples

Yield: 48-92%  

Scheme 1 CoL2@SMNP catalyzed oxidation of benzylic alcohols to aldehydes  

         Du et al.
1b have utilized a one-step hydrothermal method for the preparation of flower-

like hierarchical nickel aluminum-layered double hydroxide (NiAl-LDH) microstructures as 

the multifunctional support for the synthesis of Au nanocatalyst. The catalytic efficiency of 

the synthesized Au/NiAl-LDH nanoparticle was investigated through the oxidation of various 

alcohols in the presence of molecular O2 as the oxidant and benzyl alcohol was chosen as the 

model substrate to evaluate the structure-activity relationships (Scheme 2). Besides, the 

catalytic activity of flower-like Au/NiAl-LDH nanocatalyst was dramatically increased by 
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60% due to the confinement nature of the hierarchical pores which promoted the effective 

collisions between substrates and active sites. By identifying the oxidation states and the 

redox process, the synergistic effect between Au and Ni was also investigated.  

5 examples

Yield: 51-73%

R
O2, toluene, 140oC, 0.5 h

Au/NiAl-LDH
OH R H

O

 

Scheme 2 Oxidation of alcohols using Au/NiAl-LDH nanocatalyst 

 

          Copper nanoparticles supported on cellulose template1c were utilized as an efficient 

reusable heterogeneous nanocatalyst for the aerobic oxidation of a wide range of primary 

benzylic alcohols in a mixture of water (3.5 mL) and acetonitrile (1.5 mL) as the solvent 

using aerial oxygen as the eco-compatible oxidant under microwave irradiation (Scheme 3). 

Several electron-donating as well as electron-withdrawing groups were well survived and 

produced the corresponding carbonyl compounds in good yields.  This catalytic system was 

silent towards the oxidation of secondary benzylic alcohols even after longer reaction time as 

well as higher reaction temperature. Therefore, they studied the selectivity of this oxidative 

protocol using the equimolar mixture of benzyl alcohol and 1-phenylethanol and observed 

that only benzaldehyde was obtained as the only product keeping 1-phenylethanol intact.  

16 examples

Yield:74-94%

Air, H2O:CH3CN, 80-100oC,

Cellulose supported Cu NPs

OH O
R R

H

 Microwave irridation, 15 mins

 

Scheme 3 Cu NPs catalyzed oxidation of alcohols under microwave irradiation 

 
        Yang et al.

2a have prepared cobalt-oxide (Co3O4) nanoparticles supported on ordered 

mesoporous carbon CMK-3 (Co3O4/CMK-3) (CMK: carbon material from Korea) through 

the hydrothermal method. The synthesized nanoparticles were characterized by several 

spectroscopic techniques such as FESEM, TEM, XRD, XPS, FTIR, N2 adsorption-

desorption, Raman, and ICP-AES analysis. The particle size of cobalt oxide nanocatalyst was 

also characterized and found to be ~2 nm which were uniformly dispersed over the surface of 

CMK-3. The catalytic performance of Co3O4/CMK-3 was investigated towards the oxidation 

of benzyl alcohol to benzaldehyde using molecular oxygen as the oxidant and DMF as the 

solvent at 110oC (Scheme 4). 



66 

 

1 example

Selectivity: 97.7%

DMF, 110oC, 8h

Co3O4/CMK-3, O2OH

H

O

 

Scheme 4 Oxidation of benzyl alcohol to benzaldehyde catalyzed by Co3O4/CMK-3  

 
       Binuclear rhodium(II) complex2b was used as an efficient reusable catalyst for the 

aerobic oxidation of primary and secondary alcohols to produce carboxylic acids and ketones 

respectively in the presence of aerial oxygen as an oxidant and NaOH as the base in an 

aqueous medium (Scheme 5). It was observed that primary benzylic alcohols with electron-

donating groups were more reactive compared to the electron-withdrawing substituents. 

Primary benzylic alcohols with oxygen-, sulfur- and nitrogen-containing heterocycles 

afforded the corresponding carboxylic acids in moderate to good yields. Secondary cyclic as 

well as benzylic alcohols responded efficiently under this protocol and produced the desired 

ketones with moderate to good yields. The catalyst could be recycled several times without 

much loss its catalytic activity.  

R1  NaOH, H2O, 100oC, 8-20hR2

OH

R1 R2

O

R1 OH

O

if R2=H

Rh Rh ClCl

N

N

O

N

O

N
N

N

CH3

Rh2 (II) Complex, Air,

Binuclear Rh (II) Complex

23 examples

Yield: 25-99%
 

Scheme 5 Rh2 (II) complex catalyzed aerobic oxidation of alcohols  
 

        Kadam et al.
2c have used a low-temperature approach for the synthesis of manganese 

dioxide (MnO2) nanoparticles using MnSO4 as the metal precursor supported by the surface 

of graphene oxide (GO) through wet precipitation technique. The formation of γ-phase MnO2 

in MnO2/GO nanocomposites was confirmed by Raman spectroscopy and XRD analysis. 

Transmission electron microscopy (TEM) analyses showed that γ-MnO2 exists as needle and 

flower-like structures in graphene oxide (GO) with approximately 15 nm average particle 

size. The catalytic activity of γ-MnO2/GO nanocomposites was demonstrated through the 

aerobic oxidation of primary benzyl alcohols bearing electron-releasing and electron-

withdrawing groups to the corresponding carbonyl compounds under mild reaction conditions 

(Scheme 6). 
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9 examples

Yield: 62-93%

K2CO3, Toluene, 80oC, 5h

-MnO2/GO, AirOH
R1 R1

H

O

 

 Scheme 6 γ-MnO2/GO nanocomposites catalyzed aerobic oxidation of benzylic alcohols  

 
        An eco-friendly approach was reported for the synthesis of Pd nanoparticles using water 

extract of Oak fruit bark as a reducing, capping, and stabilizing agent.3a The synthesized Pd 

NPs were characterized by UV-Vis, FTIR, XRD, TEM, FESEM, and EDX techniques. This 

plant-mediated heterogeneous nanocatalyst was found to bear excellent catalytic efficiency in 

the aerobic oxidation of primary and secondary benzylic alcohols to the corresponding 

carbonyl compounds by using K2CO3 as a mild base under ambient conditions (Scheme 7). 

The catalyst was easily recoverable and recyclable up to six times maintaining its activity. 

 7 examples

Yield: 85-95%

 Pd NPs@Extract

K2CO3, Toluene, 80oC, 12h
OH

R1
R1

R
R

O

ambient atmosphere

 

Scheme 7 Aerobic oxidation of benzylic alcohols catalyzed by Pd NPs@Extract 

` 
      Shojaei et al.

3b have synthesized CuCr2O4 and CuCr2O4/TiO2 nanocomposites using the 

sol-gel method and the catalysts were characterized by transmission electron microscopy 

(TEM), scanning electron microscopy (SEM), and X-ray diffraction (XRD). The results 

displayed that Cu (+2) chromite has a cubic normal spinel structure with about 25-40 nm of 

particle sizes. The catalytic attributes of synthesized CuCr2O4 and CuCr2O4/TiO2 

nanocomposite were investigated for the oxidation of benzylic alcohols in moderate to good 

yields of the desired carbonyl compounds under reflux, photo-irradiation, and microwave 

irradiation using TBHP as the oxidant (Scheme 8). It was observed that the catalytic efficacy 

under reflux condition was much better than that of other conditions. Pure CuCr2O4 or TiO2 

showed poor catalytic activity, whereas CuCr2O4/TiO2 displayed significant catalytic 

efficiency due to improved electron-hole separation. 

CH3CN, Reflux, 0.5h-1.5h

CuCr2O4/TiO2 , TBHPOH
R1

R1

H

O

12 examples

Yield: 30-90%
 

Scheme 8 Oxidation of benzylic alcohols catalyzed by CuCr2O4/TiO2 
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       Silica-supported bimetallic copper/silver nanoparticles (Cu/Ag@SiO2 NPs) were 

synthesized under ultrasonic irradiation by Saha et al.
3c and also characterized by FESEM, 

HRTEM, and XRD studies. The results demonstrated that Cu/Ag NPs were uniformly 

distributed on silica (SiO2) surfaces with an average particle size of 79.47 nm. The catalytic 

application of the prepared nanoparticles was tested for the oxidation of primary as well as 

secondary benzylic alcohols to the related carbonyls using tert-butyl hydroperoxide (TBHP) 

as the oxidant (Scheme 9). The catalyst was heterogeneous, recovered simply by filtration 

and reused efficiently eight times without significant loss of its activity. Moreover, the 

catalyst was effective for the oxidation of benzoin to benzil without any by-product.  

16 examples

Yield: 72-99%

Toluene, 120oC, 4h

Cu/Ag@SiO2 , TBHPOH
R1

R1

R

O

R

 

Scheme 9 Cu/Ag@SiO2 catalyzed oxidation of benzylic alcohols using TBHP as an oxidant  

 
       Lee and his co-workers3d have disclosed magnetically recoverable and sustainable 

catalyst prepared by immobilization of an iron (III) amine bis(phenolate) complex on silica 

(SiO2) coated magnetic nanoparticles (Fe3O4@SiO2-APTES-FeLGDC). The synthesized 

nanoparticles were utilized as an efficient heterogeneous catalyst in the oxidation of aromatic 

as well as aliphatic alcohols to the corresponding ketone (or acid) in the presence of TBHP as 

an external oxidant (Scheme 10). It has been observed that the alcohols bearing electron-

withdrawing substituents (-Cl,-Br, and -NO2) were oxidized better than the alcohols with 

electron-donating substituents (-Me, -MeO, and -iPr) under the optimized reaction conditions. 

Moreover, this catalyst was efficiently utilized for the oxidation of sulfides to sulfoxides in 

the presence of H2O2 as the oxidant. 

23 examples

Yield: 60-99%

R1 TBHP, O2 ballon, CH3CN, 60oC, 6-20h

Fe3O4@SiO2-APTES-FeLGDC

R2

OH

R1 R2

O

R1 OH

O

if R2=H

 

Scheme 10 Fe3O4@SiO2-APTES-FeLGDC catalyzed oxidation of alcohols  

 
        R. S. Varma and his group3e have synthesized palladium nanoparticles over titanium 

cluster surface (Pd@TiC) and demonstrated its application towards the aerobic oxidation of 

primary as well as secondary benzylic alcohols to the corresponding carbonyl compounds 
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under visible light (20W domestic bulb) irradiation (Scheme 11). The notable features of this 

catalytic reaction were the use of aerial oxygen as an eco-friendly oxidant and utilization of 

light energy to accomplish the efficient oxidative transformation of alcohols to carbonyls 

without the formation of undesired side products. The Pd@TiC nanocatalyst was found to be 

highly stable and could be efficiently recycled several times without marginal loss in its 

catalytic activity. 

8 examples

Yield: 94-97%

20W domestic bulb, CH3CN, 8h

Pd@TiC, AirOH
R1

R1

RR

O

 

Scheme 11 Pd@TiC catalyzed visible light-mediated oxidation of benzylic alcohols  

 
        Hasanpour et al.

4a have synthesized nickel-riboflavin nano complex (Ni(II)Rf2) via the 

incorporation of Ni(OAc)2 with riboflavin under ultrasound irradiation and the catalyst was 

thoroughly characterized by various spectroscopic methods such as UV-vis, FTIR, TEM, 

EDX, TGA, and ICP-AES  analyses. The activity of the catalyst was tested in the aerobic 

oxidation of a wide range of benzylic alcohols to aldehydes in ethyl acetate as a safe solvent 

and NHPI (N-hydroxyphthalimide) as the additive (Scheme 12). Different primary and 

secondary benzyl alcohols showed good to excellent yields, except for those where the 

aromatic ring bearing nitro substituents. Moreover, oxidation of sulfides to the corresponding 

sulfoxides was successfully achieved in the presence of H2O2 as the oxidant under solvent-

free conditions using this catalytic protocol. The catalyst was recovered and recycled 

efficiently without decreasing its reactivity.  

NHPI, EtOAc, 70oC, 4h

Ni(II)Rf2 , AirOH
R1 R1

R

O

R

 13 examples

Yield: 59-89%
 

Scheme 12 Oxidation of benzylic alcohols catalyzed by Ni(II)Rf2 complex  

 
       Srivastava and his group4b have prepared RuO2-supported Mn3O4 nanocatalyst through 

the reaction of RuCl3 with MnO2 molecular sieves in aqueous formaldehyde solution. UV-vis, 

XRD, XPS, TEM, SEM, N2 adsorption techniques were used to characterize the synthesized 

nanocatalyst and the results showed the dispersion of RuO2 species on the highly crystalline 

surface of Mn3O4. The catalytic system was successfully applied for the oxidation of 
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aliphatic, aromatic, and hetero-aromatic benzylic alcohols using molecular oxygen or air 

(flow, 10 mL/min) as an oxidant (Scheme 13). Aliphatic alcohol, such as 1-octanol, was 

oxidized to 1-octanal as well as over-oxidized product 1-octanoic acid under the optimized 

reaction conditions. The catalyst was heterogeneous and recycled efficiently without 

appreciable loss in the catalytic activity even after five runs. 

8 examples

Yield: 44-99%

R1 O2, Toluene, 90oC, 12-18h

RuO2/Mn3O4

R2

OH

R1 R2

O

R1 OH

O

 

Scheme 13 RuO2/Mn3O4 catalyzed oxidation of alcohols to carbonyls  
 

       Boruah et al.
4c have developed Schiff base (SB) functionalized Merrifield resin (MR) 

supported molybdenum (VI) based heterogeneous catalyst (MR-SB-Mo) and characterized by 

different methods such as SEM, EDX, BET, elemental, thermal analysis. The synthesized 

MR-SB-Mo successfully served as an efficient catalyst for the oxidation of a wide range of 

alcohols such as primary and secondary benzylic as well as aliphatic alcohols to the 

corresponding aldehydes or ketones in the presence of 30% aqueous H2O2 as the green 

oxidant under solvent-free condition (Scheme 14). The catalyst was regenerated and reused 

efficiently for at least 5th cycles without loss in its catalytic efficiency and product selectivity.  

20 examples

Yield: 96-99%

R1 Solvent-free, 65oC, 1.5-5h

MR-SB-Mo, 30% H2O2,

R2

OH

R1 R2

O

 

Scheme 14 MR-SB-Mo catalyzed oxidation of alcohols to carbonyls  

 
        V2O5 rods decorated on graphene oxide (V2O5@GO)4d have been synthesized using the 

sonication method and structural features of the prepared nanocomposites were characterized 

by FTIR, XRD, TEM, SEM, AFM, Raman, and UV-Visible spectroscopy techniques. The 

catalytic activity of V2O5@GO was examined in the oxidation of primary and secondary 

benzylic alcohols using molecular oxygen as an oxidant (Scheme 15). Although electron-rich 

and electron-deficient benzylic alcohols showed better results, hetero-aromatic alcohols 

exhibited poor conversion under the optimized reaction conditions. Aliphatic alcohols 

remained unaffected even longer reaction time. The catalyst was recycled and reused for two 

catalytic runs with some gradual decay in its reactivity.  
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9 examples
Conversion: 50-100%

Et3N, Benzene, 80oC, 48h

V2O5@GO, O2OH
R1

R1

R

O

R

 

Scheme 15 Oxidation of benzylic alcohols to carbonyls catalyzed by V2O5@GO  

 
       Kashani et al.

4e have prepared nano-silica thiol-based dendrimer polymer (nSTDP) 

supported Au nanoparticles (Aunp-nSTDP). The catalyst was easily synthesized by the 

reduction of HAuCl4 with NaBH4 as the reducing agent in the presence of nSTDP. The 

resulting Aunp-nSTDP nanocatalysts were characterized by UV-vis, FTIR, SEM, TEM, XPS, 

TGA, and ICP techniques. The characterization result showed that Au nanoparticles with an 

average size of 2-6 nm which was homogeneously distributed on the nano-silica 

functionalized thiolated dendritic polymer. The synthesized Aunp-nSTDP nanocatalyst was 

utilized in the oxidation of various alcohols in the presence of tert-butyl hydroperoxide 

(TBHP) as oxidant and K2CO3 as a mild base in acetonitrile-water solvent (Scheme 16). It 

was observed that aliphatic alcohols such as (1-hexanol and cyclohexanol) produced the 

corresponding carbonyl compounds with lower yields. 

9 examples

Yield: 55-93%

R1 K2CO3, CH3CN:H2O, 80oC, 2h

Aunp-nSTDP, TBHP,

R2

OH

R1 R2

O

 

Scheme 16 Aunp-nSTDP catalyzed oxidation of alcohols to carbonyls  
 

       Copper nanoparticles immobilized on nano-cellulose (Cu@NC) were synthesized by 

Dutta et al.
5a and applied as an efficient catalyst for the oxidative transformation of benzylic, 

allylic, and aliphatic alcohols to the corresponding aldehydes using air as the green oxidant 

and TEMPO (2,2,6,6-tetramethylpiperidinyl-1-oxyl) as stable nitroxyl radicals in water- 

ethylene glycol (EG) medium at room temperature (Scheme 17). The benzylic and allylic 

alcohols reacted efficiently and produced the desired carbonyl compounds with excellent 

yields, whereas aliphatic alcohols showed feeble response even after longer period of reaction 

time. Besides, this catalytic protocol was also applied for the oxidation of sulfides to 

sulfoxides using H2O2 as the oxidant at room temperature. 

4 examples
Conversion: 73.8-87.9%

R1 TEMPO,H2O:EG, rt, 3-17h

Cu NPs@Nanocellulose, Air

R2

OH

R1 R2

O

 

Scheme 17 Cu NPs@ Nanocellulose catalyzed oxidation of alcohols to carbonyls  
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         Meher et al.
5b demonstrated an aerobic oxidative protocol for the oxidation of both 

aliphatic as well as aromatic alcohols in the presence of Pd-PdO nanoparticles supported by 

reduced graphene oxide (Pd-PdO@rGO) as the heterogeneous catalyst using molecular 

oxygen as the primary oxidant in an aqueous medium (Scheme 18). It was observed that the 

co-existence of both metallic Pd and PdO immobilized on rGO was effective for this 

oxidation reaction. Aromatic alcohols with electron releasing substituents showed better 

catalytic performance compared to the electron-withdrawing substituents. Heterocyclic 

alcohols also participated under the optimized reaction conditions, but lower yields of the 

desired carbonyl compounds were observed. The Pd-PdO@rGO catalyst was recovered and 

recycled without detectable loss in its activity. 

12 examples

Conversion: 41-83%

R1 K2CO3, H2O, 80oC, 4h

Pd-PdO@rGO, O2

R2

OH

R1 R2

O

 

Scheme 18 Oxidation of alcohols to carbonyls using Pd-PdO@rGO nanocatalyst  

 
       Goksu et al.

6a have synthesized bimetallic PtNi nanoparticles supported on Single-

Walled Carbon Nanotube (PtNi@SWCNT) using a simple single-step reduction method. The 

characterization of the synthesized nanocatalyst was performed by X-ray diffraction (XRD) 

study, transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), 

and elemental analysis through ICP-OES. This PtNi@SWCNT nanocatalyst was used as the 

promising material for the oxidation of a wide variety of benzylic alcohols to their 

corresponding carbonyl compounds using KOH as the base under a continuous stream of O2 

(Scheme 19). All the oxidation products were achieved with high selectivity up to 100% 

within 2 hours.   

17 examples

Yield: 37-99%

O2, KOH, toluene, 80oC, 2 h

 PtNi@SWCNT NPsOH O
R1

R1

H

 

Scheme 19 Oxidation of benzylic alcohols to carbonyls using PtNi@SWCNT  

 
         NiFe2O4 nanoparticles6b have been synthesized by the combination of co-precipitation 

method with hydrothermal aging in the absence of any additive and utilized as an efficient, 

heterogeneous catalyst in the oxidation of benzylic alcohols to their corresponding carbonyl 

compounds in the presence of t-butyl hydroperoxide (TBHP) as the oxidant (Scheme 20). 
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Different spectroscopic techniques such as electron microscopy, photoelectron spectroscopy, 

diffractometry were used to characterize the synthesized nanocatalyst. Benzylic alcohols 

bearing electron-donating group at p-position of the benzene ring showed inferior conversion 

in comparison with the electron-withdrawing group. Benzylic alcohols with para-substituted 

electron-withdrawing groups exhibited a higher yield of the product, whereas ortho- and 

meta-substituted benzylic alcohols showed a lower yield of the product. The catalyst was 

magnetically recoverable and reusable up to the 5th cycles without losing their catalytic 

activity. 

13 examples
Conversion: 30-88%

R
 CH3CN, 60oC, 2-24h

NiFe2O4, TBHP,

R O
OH

H

 

Scheme 20 NiFe2O4 catalyzed oxidation of alcohols to aldehydes  

 

        Oxidation of benzylic alcohols to their corresponding carbonyl derivatives have 

elaborated by Sen and his group6c using palladium nanoparticles supported by commercially 

available aluminum oxy-hydroxide (Pd/AlO(OH)) under ultrasonic irradiation and solvent-

free conditions with a continuous stream of O2 pressure in the presence of KOH as a strong 

base (Scheme 21). The synthesized nanoparticles were characterized by several analytical 

techniques including X-ray diffraction (XRD), transmission electron microscope (TEM), 

scanning electron microscope (SEM), and elemental analysis by ICP-OES. A series of 

electron-rich and electron-deficient aromatic alcohols were smoothly oxidized and produced 

the desired aldehydes with excellent yields within 3 hours.  

14 examples

Yield: 52-99%

  solvent-free, ultrasound, 40oC, 3h

 Pd/AlO(OH), O2, KOH,OH
O

R1
R1

H

 

Scheme 21 Pd/AlO(OH) catalyzed oxidation of benzylic alcohols to carbonyls  

 

        Au nanoparticles supported on periodic mesoporous organosilica with an imidazolium 

framework (Au@PMO-IL)6d were synthesized and found to be a highly active catalyst for the 

aerobic oxidation of aliphatic as well as aromatic benzylic alcohols under mild reaction 

conditions. The prepared catalyst was characterized by transmission electron microscopy 

(TEM), X-ray photoelectron spectroscopy (XPS), nitrogen adsorption-desorption 
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measurement, elemental analysis (EA), thermogravimetric analysis (TGA), diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFT) and inductively coupled plasma 

atomic emission spectroscopy (ICP-AES). The Au@PMO-IL nanocatalyst showed excellent 

catalytic activity in the oxidation of various types of alcohols in the presence of either K2CO3 

(60 °C) or Cs2CO3 (35 °C) as the reaction bases in toluene solvent (Scheme 22). The catalyst 

was successfully recovered and reused for at least seven runs with good reactivity.  

34 examples

Conversion: 20-99%

R1  K2CO3 (60oC) or Cs2CO3 (35oC), 4-30h

Au@PMO-IL, O2, Toluene,

R2

OH

R1 R2

O

 

Scheme 22 Au@PMO-IL catalyzed oxidation of alcohols to carbonyl compounds  

 
        Fe3O4 nanoparticles anchored on graphene oxide (GO) sheet supported Cu(BDC) (BDC: 

benzene dicarboxylate) composite (Fe3O4/Cu-BDC/GO) were synthesized by Alamgholiloo 

et al.
6e and its catalytic activity was tested for the oxidation of alcohols to their corresponding 

carbonyl compounds in the presence of molecular oxygen as the oxidant and TEMPO 

(2,2,6,6-tetramethylpiperidine-N-oxyl) as a stable nitroxide radical in acetonitrile solvent 

(Scheme 23). The characterization of the catalyst was investigated using FTIR, TEM, SEM, 

XPS, EDX, and AAS techniques. Primary benzylic alcohols with electron-donating or 

electron-withdrawing groups afforded good conversion and high yields, but, the oxidation of 

secondary aliphatic, aromatic, and hetero-aromatic alcohols gave moderate yields even with 

longer reaction time. The heterogeneity of Fe3O4/Cu-BDC/GO catalyst was well maintained 

even after seven catalytic cycles. 

12 examples

Yield: 82-98%

R1  TEMPO, CH3CN, 60oC, 8-20h

Fe3O4/CuBDC/GO, O2,

R2

OH

R1 R2

O

 

Scheme 23 Fe3O4/Cu-BDC/GO catalyzed oxidation of alcohols to carbonyl compounds 

 

       Thus the aforesaid comprehensive overview on the recent findings about the application 

of various transition metal nanocatalysts for important organic reactions including oxidation 

of alcohols with a plethora of catalysts, substrates, reagents as well as solvents has explored 

to substantiate the urgency, essentiality, and timeliness of the current investigation going to 

be elaborated in the next section. 

 



75 

 

II.4. Present Investigation  

II.4.1. Background of the Present Investigation 

          Compounds containing carbonyl moiety represent an interesting group of molecules 

due to their versatility as substrates for vital transformations in synthetic organic chemistry as 

well as important structural sub-units present in several pharmaceuticals, agrochemicals, 

perfumes, dyes, and flavoring agents7 along with their applicability towards the construction 

of a wide variety natural products and bioactive molecules.8 Therefore, oxidation reactions of 

alcohols to the carbonyl compounds are specially important for synthetic organic chemists.  

            Chemoselective oxidation of alcohols to their corresponding carbonyl compounds with 

minimum over-oxidation and other side reactions is one of the most industrially significant 

reactions in fine and industrial organic chemistry. Recently, oxidative transformations using 

aerial oxygen have attracted immense attention9 because it is the most abundant, inexpensive, 

safe, economically viable, and eco-friendly oxidant compared to other conventional 

analogues and produces water as the sole by-product. Organic transformations using 

heterogeneous catalysts have gained significant interest due to their operational simplicity, 

unique selectivity, cost-effectiveness as well as the easy recovery and efficient recyclability 

of the catalyst compared to the conventional homogeneous counterparts. Heterogeneous 

catalytic systems involving complexes of various transition metals1-6 have been also reported 

in the last few years. Serious drawbacks of the reported protocols are associated with the 

utilization of harmful and expensive metal catalysts,1b,2b,3a,3c,3e,4b,4c,4e,5b,6a,6c,6d requirement of 

high concentration of oxidants,3b,3c,3d,4e,6b employing high oxygen 

pressure,1a,1b,2a,3d,4b,4d,5b,6a,6c,6d,6e multistep synthesis of catalysts,1a,1b,2b,3d,4b,6d,6e lack of 

chemoselectivity,1b,2b,3d,4b,4c,5a,6d,6e generation of over oxidised product,2b,3d,4b  and relatively 

long reaction time.1a,2b,3d,4b,4d,5a,6b,6d,6e Therefore, the development of a cost-effective, 

operationally simple, economically viable, easily accessible, and efficient catalytic system for 

the chemoselective oxidation of alcohols using most abundant aerial oxygen as the source of 

an eco-friendly oxidant is of great demand in the present environmental scenario. In this 

connection, we enumerate our new findings on the excellent catalytic performance of 

alumina-supported nickel  nanoparticles (Ni-Alumina)10 for highly chemoselective and 

ligand-free oxidative transformation of benzylic alcohols to the corresponding carbonyl 

compounds in the presence of aerial oxygen as the source of an eco-friendly oxidant.  
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II.4.2. Results and Discussion 

 
II.4.2.1. Preparation of alumina supported Ni nanoparticles 

 
              To a solution of nickel chloride hexahydrate (4.75g, 20mmol) in distilled water 

(15mL), neutral alumina (20.0g) was added under the stirring condition to get the slurry of 

nickel chloride on neutral alumina. It was dried thoroughly in the air when nickel chloride 

adsorbed on neutral alumina was obtained as a greenish-white easy flowing powder. To the 

magnetically stirred suspension of this material in methanol (20mL), sodium borohydride 

(1.512g, 40mmol) was added in small portions and stirring was continued for another 1 hour 

under ambient atmosphere. By this time, the greenish-white mass turned grey. Then it was 

filtered, washed successively with methanol (3×5mL), water (3×10mL), and methanol 

(2×5mL). The residue was dried at 130oC for 2 hours to afford alumina-supported nickel 

nanoparticles (21.10g, referred to as Ni-Alumina) as a grey free-flowing powder. It can be 

stored under the ambient condition for months without appreciable deterioration of its 

catalytic activity.  

 

II.4.2.2. Characterization of alumina supported Ni nanoparticles 

 
       Although a few organic reactions were reported in the literature using alumina supported 

Ni nanoparticles but still, the catalyst was not thoroughly characterized. So, we characterized 

the catalyst with the help of X-ray diffraction (XRD), transmission electron microscopy 

(TEM), high-resolution transmission electron microscopy (HRTEM),       scanning electron 

microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDX), elemental mapping 

analyses, X-ray photoelectron spectroscopy (XPS), Dynamic light scattering (DLS), Zeta 

potential analysis, and N2 adsorption-desorption isotherm. 

 

X-ray diffraction (XRD) analysis: To determine the crystalline nature of the synthesized 

nanocatalyst, powder X-ray diffraction of the sample was recorded (Figure 1). The result 

indicates that the sample is composed of both metallic Ni and NiO supported on alumina. The 

diffraction peaks observed at 45.4o (111), 55.3o (200), 77.5o (220), and 95.6o (222) attributed 

to the metallic Ni phase and other characteristic peaks observed at 37.3o (111), 42.8o (200), 

60.9o (220), 72.3o (331), and 85.4o (222) were assigned to the presence of NiO phase.  The 

observed results are closely matched with the theoretical values from metallic Ni (cubic 

structure, JCPDS# 01-071-3740) and NiO (cubic structure, JCPDS# 01-089-3080).11 
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Figure 1 X-ray diffraction analysis of Ni nanoparticles supported on alumina. 

 
Transmission Electron Microscopy (TEM) and high-resolution transmission electron 

microscopy (HRTEM) analysis: To investigate the structural details of Ni nanocatalyst, 

transmission electron microscopy (TEM) and high-resolution transmission electron 

microscopy (HRTEM) were utilized for characterization of the samples. The results are in 

presented Figure 2. From the images, the crystalline nature of the synthesized nanocatalyst 

was observed with lattice fringe spacing of 0.203 nm and 0.240 nm corresponding to the d 

value for cubic Ni (111) and cubic NiO (111) respectively. The corresponding SAED pattern 

(selected area electron diffraction) also revealed the polycrystalline nature of the 

nanocatalyst. The results are in good agreement with the XRD analysis. 

 
Figure 2 TEM images of Ni nanoparticles@Al2O3: a) distribution of Ni catalysts, b) and c) 

HRTEM, d) selected area electron diffraction (SAED). 
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Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDX), 

and elemental mapping analysis:  Scanning electron microscopy (SEM) image is presented 

in Figure 3a. It has been observed that nickel nanoparticles have a nanocrystalline structure 

with an irregular spread on the supported alumina. EDX (Energy-dispersive X-ray 

spectroscopy) analysis was also performed to ensure the chemical composition of the 

synthesized nanocatalyst (Figure 3b). The result shows the strong elemental signal of Ni, Al, 

and O and their relative proportions in the nanoparticles. Additionally, the spatial distribution 

of each element was also investigated by a mapping experiment which demonstrated that the 

distributions of Ni, Al, and O elements are well arranged in the structure of nanocatalyst 

(Figure 3c). 

 

Figure 3 (a) SEM images, (b) EDX spectra, and (c) elemental mapping images of Ni 

nanoparticles supported on alumina. 

 
X-ray photoelectron spectroscopy (XPS) analysis: XPS  analysis has been carried out to 

investigate the oxidation state of the Ni species in the nanocatalyst (Figure 4). A high-

resolution spectrum of the Ni 2p core level region was recorded to identify the presence of Ni 

species. The Ni 2p3/2,1/2 binding energy peaks observed at 853.8 and 871.6 eV along with 

associated satellite peaks at 859.7 and 877.7 eV correspond to Ni metal. The peaks observed 

at 855.8 and 873.7 eV with satellite peaks at 864.2 and 881.5 eV are attributed to Ni oxide 

species present on the nanocatalyst surface. Binding energy peak values of Ni metal are on 

the higher side because of the nanoparticle nature of the Ni metal species. The peak positions 

are closely matched with the reported literature.12 However, the intensities of the core level 

peaks indicate the predominant presence of elemental Ni atoms over Ni oxide species on the 

surface of the nanocatalyst. The appearance of oxidized Ni is due to the probable chemical 

sorption of oxygen or it could be the surface oxidation during the preparation and storage of 
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nanocatalyst. According to the basic principle of XPS, the area ratio of 2p3/2 to 2p1/2 would be 

2 which can be observed in the present study. 

 

Figure 4 X-ray photoelectron spectroscopic analysis of alumina supported Ni nanoparticles. 
  

Dynamic light scattering (DLS) and Zeta potential analysis: The particle size distribution 

(Figure 5a) and zeta potential analysis (Figure 5b) of the synthesized alumina-supported 

nickel nanoparticle were investigated by a dynamic light scattering (DLS) experiment in an 

aqueous dispersion. The average particle size of Ni-Alumina is 36.5 nm. The stability of Ni-

Alumina was also evaluated via zeta potential analysis. Nanoparticles with zeta potential 

values greater than +30 mV or less than -30 mV are considered as high degrees of stability.13  

The synthesized Ni-Alumina revealed a zeta potential of -32.5 mV owing to their enhanced 

stability by preventing the agglomeration of the nanoparticles encapsulated in the pore of 

alumina.   

 

Figure 5 (a) DLS (dynamic light scattering) and (b) Zeta potential analysis of alumina 

supported Ni nanoparticles. 

 



80 

 

N2 adsorption-desorption isotherm: The specific surface area and porosity of the 

synthesized Ni-Alumina were evaluated by the Brunauer-Emmett-Teller (BET) method with 

N2 adsorption-desorption isotherms. The results were shown in Figure 6. The isotherm 

belonged to type III isotherm with a discrete hysteresis loop at a relative P/P0 range 0.4 to 1.0, 

disclosed a mixed H3 and H1 type (according to the IUPAC classification) which signified 

the mesoporous nature of the synthesized nanocatalyst (Figure 6a). The BET surface area was 

found to be 108 m2g-1. The corresponding pore size distribution was calculated from the 

desorption part of the isotherm which centered around 2.8 nm (Figure 6b) indicating also the 

mesoporous behavior of the nanocatalyst.   

 
  

Figure 6 (a) Nitrogen adsorption-desorption isotherm and (b) corresponding pore size 
distribution plot for Ni-alumina. 
   
       The nanocatalyst had considerable stability towards heat and moisture. Thus the 

encapsulation of Ni nanoparticles inside the pores of the alumina support was quite evident. 

When freshly prepared powdered Ni nanoparticles (without alumina support) were kept to 

ambient atmosphere, black nanoparticles (Ni0) turned to greenish powder (NiII) after one day. 

So the supported catalyst had greater stability towards heat and moisture compared to 

unsupported ones. 

II.4.2.3. Catalytic efficiency of Ni-Alumina  

         To check the efficacy of Ni-Alumina we initially investigated the reaction conditions 

for the aerobic oxidation of 4-methoxybenzyl alcohol 1a (1 mmol) in the presence of 

different bases in various solvents at different temperatures to obtain the corresponding 

aldehyde 2a. The reaction was also carried out varying the amounts of catalyst to obtain the 

optimum conditions (Table 1). 
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Table 1 Ni-Alumina catalyzed optimization of reaction conditions 

 

 
Entry Catalyst 

(mol%) 
Base Solvent (mL) Temperature 

(oC) 
Time (h) Yieldb 

(%) 
1 -- -- Toluene Reflux 12h -- 

2 -- KOH Toluene Reflux 12h -- 

3 -- KOtBu Toluene Reflux 12h -- 

4 2 -- Toluene Reflux 12h Trace 
5 3 KOtBu Toluene 80oC 10h 76 
6 4 KOtBu Toluene 80oC 10h 80 

7 4 NaOtBu Toluene 80oC 10h 73 

8 5 KO
t
Bu Toluene 80

o
C 7h 90

c
 

9 6 KOtBu Toluene 80oC 7h 90 

10 7 KOtBu Toluene 80oC 7h 91 

11 8 KOtBu Toluene 80oC 7h 91 
12d 5 KOtBu Toluene 80oC 7h -- 

13 5 K2CO3 Toluene 80oC 9h 42 

14 5 KOH Toluene 80oC 9h 63 
15 5 NaOH Toluene 80oC 10h 60 
16 5 KOtBu xylene 80oC 10h 78 
17 5 Et3N Toluene 80oC 12h 42 

18 5 Pyridine acetonitrile 80oC 12h 35 
aReaction conditions: 1a (1.0 mmol), base (1.2 mmol), catalyst and temperature (as 
indicated), solvent (3 mL) under ambient condition. bIsolated yield. cGC yield (>99%). dThe 
reaction was carried out under an inert (argon) atmosphere. 
 
        The reaction did not occur in the absence of Ni-Alumina both in the absence (entry 1) as 

well as in the presence of a base (entries 2, 3); the unreacted substrate 1a was isolated intact 

in all the cases. The trace amount of product was isolated after 12h when the reaction was 

carried out under reflux condition in toluene using 2 mol% of catalyst in the absence of base 

(entry 4). The extent of conversion was increased to 76% within 10h using 3 mol% of Ni-

Alumina as a catalyst and potassium tert-butoxide (1.2 mmol) as a base (entry 5) when the 

reaction was carried out at 80oC. Increasing the amount of catalyst to 4 mol%, the extent of 

conversion was slightly increased to 80% after 10h (entry 6). A less satisfactory result was 

obtained with NaOtBu instead of KOtBu (entry 7). Other bases such as K2CO3, KOH, NaOH, 

Et3N, and pyridine resulted in moderate yields (entries 13, 14, 15, 17, and 18). Hence 
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potassium tert-butoxide was found to be the most effective base in this reaction. These 

observations demonstrated the very necessity of the co-existence of both Ni-Alumina and 

base for effective oxidative transformation. A better result was obtained within 7h when the 

reaction was performed with Ni-alumina (5 mol%) and potassium tert-butoxide (1.2 mmol) 

(entry 8). The efficient conversion of the substrate 1a to the corresponding aldehyde 2a was 

achieved without the formation of any over-oxidized by-products as monitored by GC 

analysis (GC Yield: >99%) (entry 8). Moreover, when the crude reaction mixture was treated 

with diazomethane, no trace of methyl 4-methoxybenzoate (expected to be obtained from 4-

methoxybenzoic acid due to over-oxidation of 1a) was observed in the 1H NMR spectrum; 

occurrence of 2a as the exclusive reaction product was thus clearly evident. This observation 

suggested the inherent selectivity of this protocol. Excess catalyst beyond this proportion (5 

mol%) did not show further increase in the substrate conversion and the yield of the reaction 

remained more or less the same (entries 9-11). Therefore, the conditions, as delineated in 

entry 8, have been chosen as the optimized condition for further reactions to extend the 

substrate scope and establish the general applicability as well as the selectivity of the 

aforesaid protocol. The inferior performance was observed when the reaction was carried out 

in xylene and acetonitrile (entries 16 and 18). It is extremely important to note that no 

aldehyde was detected in the reaction mixture when the reaction was carried out under an 

inert (Ar) atmosphere in the absence of aerial oxygen (entry 12), the substrate 1a was 

recovered unaffected. Therefore, the essentiality of aerial oxygen along with both Ni-

Alumina and potassium tert-butoxide towards this oxidative transformation has been firmly 

substantiated. Interestingly, in contrast to most of the methods involving metal nanocatalysts, 

no inert atmosphere was required for the reaction described under Table 1, rather the inert 

atmosphere has been found detrimental (entry 12) for this reaction. The aforesaid oxidative 

protocol did neither occur with neutral alumina alone nor with nickel nanopowder without 

support nor with alumina-supported nickel chloride or with nickel oxide nanoparticles. The 

importance of alumina-supported nickel nanoparticles for this oxidative organic 

transformation in terms of its better stability and superior catalytic activity was thereby firmly 

established. 
 
          To demonstrate the generality and scope of this newly developed protocol, primary and 

secondary benzylic alcohols 1 bearing various electron-withdrawing and electron-donating 

substituents at different positions of the aromatic ring were reacted under the optimized 

condition where the corresponding carbonyl compounds 2 were obtained with good yield 

(Table 2). 
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Table 2 Ni-alumina catalyzed oxidative transformation of alcohols under ambient condition 

OCH3

CHO CHO

CH3

CHO

OCH3

CHO

OCH3

CHO

OH

CHO

OH

CHO

NMe2

CHO
CHO

Br

CHO

NO2

CHO

NO2

CHO
O

CHO

S

CHO

N

COCH3

CHO

O

CHO

O

OMe

O

O

CHO

2a (7h, 90%) 2c (7h, 89%)

2t (7h, 89%) 2u (7h, 87%)2s (5h, 87%)2r (6h, 86%) 2v (7h, 87%)

2p (7h, 78%)2o (8h, 89%)2n (6h, 90%)2m (5h, 91%)

2l (5h, 94%)2k (7h, 84%)2j (7h, 85%)2i (7h, 87%)2h (9h, 86%)2g (8h, 87%)

2e (7h, 88%)2d (6h, 82%)

OH

CHO

OMe

2f (7h, 87%)

CHO

OCH3

2b (7h, 89%)

COCH3

O O

F

2q (6h, 88%)

2z (8h, 86%)

2zb (7h, 88%) 2zd (8h, 87%)

2y (7h, 89%)2x (5h, 92%) 2za (7h, 87%)2w (8h, 88%)

CHO

CN

O

COCH3

COCH3

OCH3

COCH3

NO2

COCH3

OH

COCH3

Ph

2ze (7h, 87%)

OHR OR
Ni-Alumina (5 mol%)

KOtBu (1.2 molar eq)

Toluene, 80oC,
G G

1 2Ambient condition

Cl

O

H3C

2zc (7h, 90%)

O

 

Reaction conditions: 1 (1.0 mmol), KOtBu (1.2 molar eq), catalyst (5 mol%), toluene (3 mL) 

at 80oC for indicated time under ambient condition. Yield refers to that of the isolated pure 

product. 
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          As evident from Table 2, primary benzylic alcohols bearing electron-donating 

substituents produced the corresponding aldehydes in good yield (2a-2e). Phenolic-OH 

groups did not interfere during this reaction (2f-2h). Highly deactivated benzyl alcohol, such 

as 4-N,N-dimethylaminobenzyl alcohol (1i), also responded efficiently under the optimized 

condition with a shorter reaction time to furnish 2i in 87% yield. Halogenated alcohols were 

also compatible and desired products 2j and 2k were formed without any dehalogenation.  

Primary benzylic alcohols bearing electron-withdrawing substituents, which are generally 

less susceptible to oxidation, furnished the corresponding aldehydes under the present 

reaction condition in good yield. Nitro-substituted primary benzylic alcohols were oxidized 

smoothly to the corresponding aldehydes (2l and 2m) taking less time for completion and the 

yields (94% and 91% respectively) were comparable with the electron-rich analogues. The 

progress of the reaction of primary benzylic alcohols 1l and 1a (bearing 4-NO2 and 4-OMe 

substituents respectively) was monitored separately at different time intervals under the 

optimized reaction condition (Figure 7). It was observed that the reaction was faster in the 

case of 4-nitrobenzyl alcohol (1l) compared to 4-methoxybenzyl alcohol (1a) and better 

conversion was achieved in the former case. Therefore, the electronic effect of the 

substituents towards this Ni-alumina catalyzed oxidative protocol was conclusively 

established.  

 

Figure 7 Plot of the percentage conversion of (a) 4-nitrobenzyl alcohol (1l) and (b) 4-

methoxybenzyl alcohol (1a) using Ni Alumina (5 mol%), KOtBu (1.2 mmol), toluene (3mL) 

at 80oC under ambient condition. 

 
    Hydrolyzable functional groups, like -CN and methylenedioxy also survived under the 

aforesaid protocol to produce the corresponding aldehydes 2n (90%) and 2o (89%) 

respectively. One signal at δ 117.6 in the 13C NMR spectrum of 2n confirmed the survival of 
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the –CN group. This is not commonly observed in some literature reports.3a,4a,4c,5b  The 

oxidation of cinnamyl alcohol afforded the mixture of cinnamaldehyde (2p) and cinnamic 

acid in 82:18 ratio (determined by 400 MHz 1H NMR spectroscopy) under optimized reaction 

condition, wherefrom 2p was isolated with 78% yield. To extend the substrate scope, this 

study was further extended to more challenging substrates with vulnerable heterocyclic 

moieties. Acid-sensitive heteroaryl moieties along with the formyl group as well as 

ketomethyl group also survived during this reaction and the products were obtained in good 

yields (2q-2s). It is important to note that highly vulnerable groups like O-benzyl and O-allyl 

moieties were also tolerated under the optimized reaction condition to produce 2t and 2u with 

89% and 87% yields respectively. 

    This procedure was also effective for secondary benzylic alcohols. 1-Phenylethanol (1v) 

behaved similarly to produce the corresponding ketone (2v) with 87% yield. Substrates with a 

wide variety of substituents, including methoxy, nitro, hydroxyl, and phenyl also responded 

smoothly to yield the corresponding ketones (2w-2z). 2-Acetylnaphthalene (2za) was 

obtained in 87% yield under the optimized protocol. Diarylcarbinols afforded the diaryl 

ketones (2zb-2zd) in good yield. α-Hydroxyketone (1ze) also reacted efficiently to produce 

1,2-diketone  (2ze) in 87% yield. Interestingly, aliphatic primary and secondary alcohols did 

not respond to the present protocol where the substrates were recovered unchanged. 

    Encouraged by the above observations, we ventured to investigate the chemoselectivity 

of this Ni-alumina catalyzed oxidative protocol. Therefore, an intermolecular competition 

reaction was carried out with an equimolecular mixture of 4-methoxybenzyl alcohol (1a) and 

1-heptanol under the optimized condition which produced the 4-methoxybenzaldehyde (2a) 

exclusively, and 1-heptanol was recovered unaffected (Scheme 1). This is an immensely 

important and additional attribute of the said protocol in contrast to many earlier reports 

where no such chemoselectivity was observed.1b,2c,3d,4b,4c,5a,6d,6e 

OCH3

OH

OH

OCH3

O

OH

H

Ni-Alumina (5 mol%)

KOtBu (1.2 molar eq)

Toluene, 80oC, 7h

1a 2a  

Scheme 1 Intermolecular competition experiment to demonstrate chemoselectivity 

 
    The aforesaid protocol was further applied to the intramolecular competition experiments 

where the substrates 3a and 3b, under the optimized condition, produced 4a and 4b 
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respectively (Scheme 2). It was found that in both cases, benzylic alcohol was selectively 

oxidized to the corresponding carbonyl group and the primary aliphatic alcohol moiety 

remained intact. The occurrence of –CHO moiety in 4a and –COCH3 moiety in 4b was 

confirmed by the singlet at δ = 9.85 ppm in 4a and at δ = 2.52 ppm in 4b (in the 1H NMR 

spectrum) as well as a signal at δ = 191.1 ppm in 4a and at δ = 197.4 ppm in 4b (in the 13C 

NMR spectrum). Survival of primary alcohol moiety in 4a and 4b was further substantiated 

through acetylation of 4a and 4b to the mono acetates 5a and 5b respectively which was 

further confirmed by a singlet at δ = 2.06 ppm in 5a and at δ = 2.08 ppm in 5b (in the 1H 

NMR spectrum) as well as a signal at δ = 170.8 ppm in 5a and at δ = 170.9 ppm in 5b (in the 
13C NMR spectrum). 

CH3COCl, Pyridine

0oC to RT, 1 h

O

               4 
(4a: R=H,Yield = 87%)
(4b: R=Me, Yield = 85%)

 Ni-Alumina (5 mol%)

KOtBu (1.2 molar eq)

Toluene, 80oC, 8h
OH

OH

O
OH

OR

O
OCOCH3

OR

      3 
 (3a: R= H)

(3b: R= Me)

R

               5
(5a: R=H,Yield = 85%)
(5b: R=Me, Yield = 84%)  

Scheme 2 Chemoselective oxidation of 1o and 2o-benzylic alcohol 
 

        To gain insight into the mechanistic aspect of the present oxidative protocol, some 

control experiments were performed (Scheme 3). The aforesaid oxidative protocol did not 

work with neutral alumina as well as alumina-supported nickel chloride, nickel nanopowder 

without any support, and with nickel oxide nanoparticle in the absence of any support 

(Scheme 3a). This observation suggested that alumina acted as a support to the metallic 

nanoparticles in this reaction.  Notably, when the reaction was tested under a nitrogen 

atmosphere, the substrate 4-methoxybenzyl alcohol 1a was recovered unaffected (Scheme 

3b). Therefore, the essentiality of the oxygen atmosphere towards this oxidative 

transformation was conclusively proved. It was observed that when the reaction was carried 

out under O2 atmosphere in the presence as well as in the absence of NaOtBu, the yields of 

the reaction were 87 % and 21 % respectively within 7h (Schemes 3c and 3d). The reaction 

was better when the oxidation of 4-methoxybenzyl alcohol 1a was performed in the presence 

of KOtBu as the base under O2 atmosphere (yield 98% after time 3h, Scheme 3e) than in the 

presence of NaOtBu as well as in the absence of KOtBu or NaOtBu. These experiments 

revealed that both KOtBu and O2 atmosphere were required for the effective oxidative 

transformation. 



87 

 

CH2OH

OMe

CHO

OMe

1a (1 mmol)

2a, Yield = 87 %

Ambient condition

Catalyst, KOtBu

Toluene, 80oC, 10h
No Reaction

CH2OH

OMe

1a (1 mmol)

N2 atmosphere

Ni-Alumina (5 mol %),

KOtBu, Toluene, 80oC, 7h
No Reaction

CH2OH

OMe

1a (1 mmol)

O2 atmosphere

Ni-Alumina (5 mol %),

NaOtBu, Toluene, 80oC, 7h

CHO

OMe

2a, Yield = 21 %

CH2OH

OMe

1a (1 mmol)

O2 atmosphere

Ni-Alumina (5 mol %),

 Toluene, 80oC, 7h

CHO

OMe

2a, Yield = 98 %

CH2OH

OMe

1a (1 mmol)

O2 atmosphere

Ni-Alumina (5 mol %),

KOtBu, Toluene, 80oC, 3h

(a)

(e)

(d)

(c)

(b)

Catalyst : Neutral Al2O3, NiCl2-Al2O3, 
                Ni nanopowder, NiO

 

 

Scheme 3 Control experiments for the oxidative transformation of alcohols 

 
        Based on the aforesaid investigations and literature reports,14,15 the plausible mechanism 

for this Ni-Alumina catalyzed oxidative transformation is depicted in Scheme 4. The 

coupling of alcoholic oxygen to the metallic nickel and coordination of the aromatic ring with 

the catalyst surface seems to be the initiation step of this catalytic reaction. The 

corresponding carbonyl compounds (aldehydes or ketones) were subsequently obtained by 

the removal of a hydrogen atom from the benzylic position in the presence of KOtBu. Aerial 

oxygen acts as an environmentally benign oxidant regenerating Ni (0) with the generation of 

hydrogen peroxide which is subsequently decomposed into water and oxygen as an 
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innocuous by-product. The presence of hydrogen peroxide was detected by the development 

of dark blue color when the reaction mixture was added to a mixture of KI, starch, and acetic 

acid. The reluctance of aliphatic alcohols towards this oxidative protocol might be due to the 

lack of proper coordination of the alkyl moiety to the catalyst surface. Thus, the high 

chemoselectivity of the present oxidative protocol towards the benzylic alcohols in the 

presence of aliphatic alcohols along with the efficient recyclability (vide infra) of the catalyst 

(Ni-Alumina) can be justified. 

 
R O

H

G

R

G

Ni

O K

O

G

H

R

bonding

H

 O2

H2O2

HO

Al2O3

Ni

Al2O3O

Ni

Al2O3

H H

H2O + 1/2 O2

+2

+2

+
 

Scheme 4 Plausible mechanism for the Ni-alumina catalyzed oxidation of alcohols 

 
 

Gram scale applicability: 

   To evaluate the practical applicability of this catalytic system, a gram scale reaction with 

1a (1.104g, 8 mmol) was performed under the optimized reaction conditions and the desired 

product 2a was isolated in 88% yield (0.957g). An almost similar result was obtained as that 

of the small-scale reaction (Scheme 5). 

       Ni-Alumina ( 5 mol%)

KOtBu (1.075g, 9.6 molar eq)

 Toluene (24 mL), 7h, 80oC

        Ambient condition

CH2OH

OMe

CHO

OMe

1a 2a

1.104 g (8 mmol) Yield= 88% (0.957g)
 

 

Scheme 5 Gram scale reaction of 1a to demonstrate the practicability 
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Catalyst reusability: 

       The recovery and reusability of the catalytic system are extremely important in order to 

achieve a sustainable protocol.  In this pursuit, the recyclability of the catalyst was 

investigated using 4-methoxybenzyl alcohol 1a (1 mmol), KOtBu (1.2 mmol), Ni-Alumina (5 

mol%), toluene (3 mL) at 80oC under ambient condition. After the completion of the reaction, 

the catalyst was separated by filtration and the crude product was isolated from the filtrate 

through the extraction of ethyl acetate (an eco-compatible solvent). The residue was washed 

repeatedly with EtOAc followed by water, dried at 120oC for one hour, and used directly for 

the next reaction. The isolated catalyst was used for successive reactions with a little 

variation of yield (Figure 8).  
 

 
 

Figure 8 Recycling test of Ni-alumina catalyst using 1a (1 mmol), KOtBu (1.2 mmol), Ni- 

Alumina (5 mol%), toluene (3mL) at 80oC under ambient condition. 
  
        The recovered catalyst (after recycling for six times) was further analyzed by XRD, 

TEM, SEM, and EDX techniques (Figure 9) to confirm the recyclability and stability of the 

nanocatalyst. The XRD result showed the disappearance of the peak at about 55 degrees of 

the recovered nanocatalyst. It could be due to the oxidation of Ni(0) to Ni(II) as a result of 

atmospheric air exposure during the recycling process or sample analysis time. The TEM, 

SEM, and EDX results showed that the structural morphology of the recovered nanocatalyst 

did not change much during this investigation.  



90 

 

 

Figure 9 (a) XRD of Ni-alumina (after recycled six times), (b) TEM of Ni-alumina (after 

recycled six times), (c) SEM of Ni-alumina (after recycled six times), (d) EDX of Ni-alumina 

(after recycled six times). 

 
 “Hot filtration method (Sheldon’s test)” of the catalyst: 

         Furthermore, to observe the heterogeneity of Ni-alumina “hot filtration method 

(Sheldon’s test)”16 was performed using 1a as the substrate. When 27% conversion of the 

substrate was noted after 2h, the catalyst was separated by filtration under hot conditions. The 

“catalyst-free” filtrate was then kept under optimized reaction conditions. Further conversion 

of 1a was not observed at all even after 11h (Figure 10). This study indicated that practically 

no soluble catalytically active species was present in the filtrate. Hence, the heterogeneity of 

Ni-alumina was conclusively proved. 

 

Figure 10 Heterogeneity test of Ni-alumina catalyst using 1a (1 mmol), KOtBu (1.2 mmol), 

Ni-Alumina (5 mol%), toluene (3mL) at 80oC under ambient condition. 
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Comparison of the catalytic efficiency of Ni-alumina with the literature reports: 

       To establish further the catalytic eligibility and capability of Ni-Alumina in this oxidative 

transformation, a comparative study was carried out with the previously reported 

heterogeneous catalyst (Table 3). 

TABLE 3 Comparison of the efficiency of Ni-Alumina with reported heterogeneous catalysta 

aThe comparative studies were carried out using 4-methoxybenzylalcohol (1a) as the model 

substrate, bGC yield, cIsolated yield, dEG (Ethylene glycol).  

 
         Even though these reported oxidative protocols listed in Table 3 have their merits, but 

still the scope is limited due to the utilization of expensive and toxic metal catalysts, 

multistep synthesis of catalysts, involving the high concentration of oxidants as well as high 

oxygen pressure, lack of chemoselectivity, generation of over oxidized product and tedious 

product isolation procedure. Therefore, apart from being eco-compatible, the present Ni-

Alumina catalyzed oxidative protocol from catalyst preparation to product isolation is 

operationally very simple, economically more attractive, and utilizes environmentally benign 

aerial oxygen as an eco-friendly oxidant. Thus the present study has developed a novel, 

utilitarian and sustainable method for chemoselective oxidation of benzylic alcohols to 

carbonyl compounds under an ambient atmosphere with the tolerance of various sensitive 

moieties using easily accessible and economically viable supported metal nanoparticles as a 

stable and recyclable heterogeneous catalyst with greater merits and wider applicability in 

comparison to many earlier reports. 

 

Air KOtBu Toluene 7h, 80oC 90c 10 Ni-Alumina 
(This work) 

8 Cu NPs@NC23 Air TEMPO H2O:EGd 5h, r.t. 95c 

9 NiFe2O4 NPs24 TBHP -- CH3CN 3h, 60oC 79c 

7 Cu/Ag@SiO2
22 TBHP -- Toluene 4h, 120oC 98c 

2 Pd@TiC17 Air Visible light CH3CN 8h, 20W bulb 96c 

3 Au@PMO-IL18 O2 Cs2CO3 Toluene 3h, 35oC 99b 

4 Aunp-nSTDP19 TBHP K2CO3 CH3CN:H2O 2h, 80 °C 91b 

5 CoL2@SMNP20 O2 NHPI CH3CN 16h, 70oC 65c 

6 Fe3O4/CuBDC/GO21 O2 TEMPO CH3CN 14.5h, 60oC 95b 

(%) 
1 PtNi@SWCNT15 O2 KOH Toluene 2h, 80oC 98b 

Temp. (oC) 
Yield 

 
Entry Catalyst Oxidant Additive Solvent Time (h), 
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II.4.3. Conclusion  

            In conclusion, we have developed an efficient protocol for the chemoselective 

oxidation of benzylic alcohols to carbonyl compounds using economically affordable 

alumina-supported mesoporous nickel nanoparticles as a stable recyclable heterogeneous 

catalyst in the presence of aerial oxygen as an eco-friendly oxidant.  The aliphatic alcoholic 

moiety did not take part in this oxidative reaction. The present sustainable catalytic system 

shows excellent chemoselectivity which has been substantiated through intermolecular as 

well as intramolecular competition experiments. This oxidative protocol was also effective on 

a gram scale, which is of significant advantage in the light of large scale preparation  with the 

prospects of industrial application. The attractive features of the present study are procedural 

simplicity, appreciable stability and efficiency of the catalyst, excellent chemoselectivity, 

easy recovery, good recyclability, and tolerance of various sensitive moieties during the 

reaction.  

II.5. Experimental 

Materials and Instrumentation 

         All reactants were purchased from SRL, AVRA Chemicals, Alfa-aesar, Spectrochem, 

and Sigma Aldrich and used as received without further purification.  1H and 13C NMR 

spectra were obtained on a Bruker-300 spectrometer (300 MHz) and JEOL Spectrometer (400 

MHz) in CDCl3 and DMSO-d6 solutions with TMS as an internal reference. Field Emission 

Scanning Electron Microscopy (FE-SEM) images were recorded with a Zeiss (Zemini) 

scanning electron microscope. Energy-dispersive X-ray spectroscopy (EDX) experiment was 

carried out by using a Hitachi S3400N SEM-EDX instrument. Transmission electron 

microscopic images were collected on a JEOL 2010 TEM operated at 200 kV. XRD data of 

the powder sample were obtained in transmission mode using a Bruker D2 Phaser X-ray 

diffractometer (30 kV, 10 mA) using Cu-Kα (λ = 1.5406 Å) radiation. Chemical states of the 

heterogeneous material were determined by X-ray photoelectron spectroscopy (XPS) using a 

PHI 5000 (versa Probe II, FEI Inc). The particle size distribution and zeta potential were 

evaluated by the dynamic light scattering (DLS) system (Malvern Zetasizer Nano). The 

specific surface area and porosity of the catalyst were characterized by the Brunauer-Emmett-

Teller (BET) method with N2 adsorption-desorption isotherms, measured at 77 K using 

Quantachrome Autosorb® iQ-MP / iQ-XR. GC analysis was performed using Perkein Elmer 

Clarus 600 Gas Chromatograph. Column chromatography was performed on silica gel (60-
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120 mesh) from SRL, India. Thin layer chromatographic separations were performed on pre-

coated silica gel plates using silica gel G for TLC (E. Merck). 
 
Purification of reagent: 

Activated Alumina:- 

Neutral alumina was taken in a 100mL round-bottomed flask. It was heated slowly and then 

strongly around 180-190oC under reduced pressure through a CaCl2 drying tube for 3 hours 

and cooled and stored in a desiccator. 

 
General experimental procedure for the Ni-Alumina catalyzed oxidation of alcohols: 

       To a stirred suspension of appropriate alcohol 1 (1 mmol) in toluene (3 mL), Ni-Alumina 

(5 mol%) was added followed by KtOBu (1.2 mmol). The reaction mixture was stirred at 

80°C and the progress of the reaction was monitored by thin-layer chromatography (TLC). 

After completion of the reaction, the reaction mixture was cooled to room temperature, ethyl 

acetate (15 mL) was added to dissolve the product and the catalyst was separated simply by 

filtration. The residue (recovered catalyst) was thoroughly washed with EtOAc (3×5 mL) 

followed by water (3×5 mL). The aqueous washing was repeatedly extracted with ethyl 

acetate (4×5 mL). The combined organic extracts were washed with water (4×5 mL) and 

dried over anhydrous Na2SO4. The crude product 2 was obtained by removal of the solvent 

under reduced pressure which was further purified by column chromatography on a short 

column of silica gel using 5-15% ethyl acetate-hexane as eluent. 

 
Procedure for the Ni-alumina catalyzed gram scale oxidation of 4-methoxybenzyl 

alcohol (1a): 

       To a stirred suspension of 4-methoxybenzyl alcohol (1a) (1.104g, 8 mmol) in toluene (24 

mL), Ni-alumina (0.4g, 5 mol%) was added followed by KtOBu (1.075g, 9.6 molar eq). The 

reaction mixture was stirred at 80°C and the progress of the reaction was monitored by thin-

layer chromatography (TLC). After completion of the reaction, the reaction mixture was 

cooled to room temperature, ethyl acetate was added to dissolve the product and the catalyst 

was separated simply by filtration. The residue (recovered catalyst) was thoroughly washed 

with EtOAc followed by water. The aqueous reaction mixture was repeatedly extracted with 

ethyl acetate. The combined organic extracts were washed with water and dried over 

anhydrous Na2SO4. The crude product was obtained by removal of the solvent under reduced 

pressure which was further purified by column chromatography on a short column (Yield: 

88%, 0.957 g). 
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Spectral and analytical data of the compounds:  

 

4-methoxy-benzaldehyde (2a)
 5b

: Yield: 90%; 1H NMR (CDCl3, 300 MHz); δ (ppm): 3.85 

(3H, s); 6.96 (2H, d, J = 9.0 Hz); 7.79 (2H, d, J = 9.0 Hz); 9.84 (1H, s). 13C NMR (CDCl3, 75 

MHz); δ (ppm): 56.1, 114.3, 129.4, 130.2, 166.8, 190.2.  

 

3-methoxy-benzaldehyde (2b)
25a

: Yield: 89%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 3.85 

(3H, s); 7.15-7.17 (1H, m); 7.38-7.45 (3H, m); 9.96 (1H, s). 13C NMR (CDCl3, 100 MHz); δ 

(ppm): 55.5, 112.1, 121.1, 121.6, 123.6, 130.1, 137.8, 160.2, 192.2. 

 

4-methyl-benzaldehyde (2c)
25b

: Yield: 89%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 2.42 

(3H, s); 7.31 (2H, d, J = 8.0 Hz); 7.76 (2H, d, J = 8.0 Hz); 9.94 (1H, s). 13C NMR (CDCl3, 

100 MHz); δ (ppm): 21.9, 129.7, 129.9, 134.2, 145.6, 192.1. 

 

Benzaldehyde (2d)
25a

: Yield: 82%; 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.45-7.49 (2H, 

m); 7.57-7.62 (1H, m); 7.81-7.85 (2H, m); 9.92 (1H, s).  

 

3,4-dimethoxy-benzaldehyde (2e)
25c

: Yield: 88%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 

3.92 (3H, s); 3.95 (3H, s);  6.96 (1H, d, J = 8.0 Hz); 7.39 (1H, s); 7.43-7.46 (1H, m); 9.84 

(1H, s). 13C NMR (CDCl3, 100 MHz); δ (ppm): 56.0, 56.2, 108.9, 110.4, 126.9, 130.2, 149.7, 

154.6, 190.9. 

 

4-hydroxy-3-methoxy-benzaldehyde (2f)
25d

: Yield: 87%; 1H NMR (CDCl3, 300 MHz); δ 

(ppm): 3.94 (s, 3H); 6.45 (s, 1H); 7.01 (d, 1H, J = 9.0 Hz); 7.39 (t, 1H, 9.0 Hz); 9.80 (s, 1H). 
13C NMR (CDCl3, 75 MHz); δ (ppm): 56.1, 108.9, 114.4, 127.5, 129.9, 147.2, 151.8, 190.9. 

 

4-hydroxy-benzaldehyde (2g)
4c

: Yield: 87%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 6.96-

7.00 (2H, m); 7.79-7.83 (2H, m); 9.85 (1H, s). 13C NMR (CDCl3, 100 MHz); δ (ppm): 116.1, 

129.5, 132.7, 162.2, 191.7. 

 

2-hydroxy-benzaldehyde (2h)
25e

: Yield: 86%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 6.96-

7.02 (2H, m); 7.49-7.55 (2H, m); 9.89 (1H, s); 11.0 (1H, s). 13C NMR (CDCl3, 100 MHz); δ 

(ppm): 117.7, 119.9, 133.8, 137.1, 161.7, 196.7.  
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4-dimethylamino-benzaldehyde (2i)
25f

: Yield: 87%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 

3.06 (6H, s); 6.67 (2H, d, J = 9.0 Hz); 7.71 (2H, d, J = 8.0 Hz); 9.71 (1H, s). 13C NMR 

(CDCl3, 100 MHz); δ (ppm): 40.1, 111.0, 125.4, 132.0, 154.4, 190.3.  

 

2-chloro-benzaldehyde (2j)
25g

: Yield: 85%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 7.50 

(2H, d, J = 8.0 Hz); 7.81 (2H, t, J = 8.0 Hz); 9.97 (1H, s). 13C NMR (CDCl3, 100 MHz); δ 

(ppm): 129.5, 130.9, 134.7, 141.0, 190.9.  

 

4-bromo-benzaldehyde (2k)
4c

: Yield: 85%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 7.66-

7.68 (2H, m); 7.72-7.75 (2H, m); 9.67 (1H, s). 13C NMR (CDCl3, 100 MHz); δ (ppm): 129.9, 

131.0, 132.5, 135.1, 191.1.  

 

4-nitro-benzaldehyde (2l)
4c

: Yield: 94%; 1H NMR (CDCl3, 300 MHz); δ (ppm): 8.06 (2H, 

d, J = 6.0 Hz); 8.37 (2H, d, J = 6.0 Hz); 10.1 (1H, s). 13C NMR (CDCl3, 75 MHz); δ (ppm): 

124.5, 130.4, 140.1, 151.1, 190.1. 

 

3-nitro-benzaldehyde (2m)
25g

: Yield: 91%; 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.76 (1H, 

s); 8.22 (1H, d, J = 6.0 Hz); 8.47 (1H, d, J = 6.0 Hz); 10.2 (1H, s). 13C NMR (CDCl3, 75 

MHz); δ (ppm): 124.4, 128.6, 130.4, 134.6, 137.4, 148.8, 189.7. 

 

4-cyano-benzaldehyde (2n)
25h

: Yield: 90%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 7.80-

7.82 (2H, m); 7.95-7.97 (2H, m); 10.1 (1H, s). 13C NMR (CDCl3, 100 MHz); δ (ppm): 117.6, 

129.9, 132.3, 138.8, 190.5. 

 

Benzo[1,3]dioxole-5-carbaldehyde (2o)
25h

: Yield: 89%; 1H NMR (CDCl3, 400 MHz); δ 

(ppm): 6.02 (2H, s); 6.88 (1H, d, J = 6.0 Hz); 7.24-7.27 (1H, m); 7.35-7.37 (1H, m); 9.76 

(1H, s). 13C NMR (CDCl3, 100 MHz); δ (ppm): 102.2, 106.9, 108.4, 128.7, 131.9, 148.8, 

153.2, 190.3. 

 

3-phenyl-propenal (2p)
25b

: Yield: 82%; 1H NMR (CDCl3, 300 MHz); δ (ppm): 6.42 (1H, d, 

J = 6.0 Hz); 7.15-7.19 (3H, m); 7.31-7.35 (2H, m); 7.52 (1H, d, J = 6.0 Hz); 9.62 (1H, s).  

 

Furan-2-carbaldehyde (2q)
5b

: Yield: 88%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 6.55-6.57 

(1H, m); 7.21-7.25 (1H, m); 7.66 (1H, s); 9.61 (1H, s).  
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Thiophene-2-carbaldehyde (2r)
25a

: Yield: 86%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 

7.16-7.19 (1H, m); 7.71-7.75 (2H, m); 9.90 (1H, s). 13C NMR (CDCl3, 100 MHz); δ (ppm): 

128.4, 135.2, 136.4, 144.1, 183.0. 

 

1-pyridin-4-yl-ethanone (2s)
25h

: Yield: 87%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 2.61 

(3H, s); 7.69-7.71 (2H, m); 8.78 (2H, d, J = 6.0 Hz). 13C NMR (CDCl3, 100 MHz); δ (ppm): 

26.7, 121.3, 142.8, 151.0, 197.4. 

 

4-benzyloxy-benzaldehyde (2t)
25h

: Yield: 89%; 1H NMR (CDCl3, 300 MHz); δ (ppm): 5.34 

(2H, s); 6.88 (2H, d, J = 6.0 Hz); 7.72 (2H, d, J = 6.0 Hz); 7.19-7.25 (5H, m); 9.76 (1H, s). 

 

4-(allyloxy)-3-methoxybenzaldehyde (2u)
25i

: Yield: 87%; 1H NMR (CDCl3, 300 MHz); δ 

(ppm): 3.91 (3H, s); 4.68 (2H, d, J = 3.0 Hz); 5.30-5.39 (2H, m); 6.02-6.13 (1H, m); 6.96 

(1H, d, J = 9.0 Hz); 7.40 (2H, d, J = 6.0 Hz); 9.82 (1H, s). 13C NMR (CDCl3, 75 MHz); δ 

(ppm): 55.9, 69.7, 109.4, 110.2, 111.9, 112.9, 122.7, 126.5, 131.2, 132.3, 132.7, 149.9, 153.5, 

190.8. 

 

Acetophenone (2v)
5b

: Yield: 87%; 1H NMR (CDCl3, 300 MHz); δ (ppm): 2.57 (3H, s); 7.43 

(2H, t, J = 6.0 Hz); 7.52 (1H, d, J = 6.0 Hz); 7.93 (2H, d, J = 6.0 Hz). 13C NMR (CDCl3, 100 

MHz); δ (ppm): 26.5, 128.3, 128.5, 133.1, 137.2, 198.0.  

 

4-methoxy-acetophenone (2w)
25c

: Yield: 88%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 2.54 

(3H, s); 3.85 (3H, s); 6.90-6.93 (2H, m); 7.90-7.93 (2H, m). 13C NMR (CDCl3, 100 MHz); δ 

(ppm): 26.4, 55.5, 113.7, 130.4, 130.7, 163.5, 196.9.  

 

4-nitro-acetophenone (2x)
25j

: Yield: 92%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 2.67 (3H, 

s); 8.09 (2H, d, J = 8.0 Hz); 8.30 (2H, d, J = 8.0 Hz). 13C NMR (CDCl3, 100 MHz); δ (ppm): 

27.1, 123.9, 129.4, 141.4, 150.4, 196.4. 

 

4-hydroxy-acetophenone (2y)
25h

: Yield: 89%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 2.58 

(3H, s); 6.93-6.96 (2H, m); 7.89-7.93 (2H, m). 13C NMR (CDCl3, 100 MHz); δ (ppm): 26.3, 

115.5, 129.5, 131.2, 161.4, 198.7. 
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4-phenyl-acetophenone (2z)
25h

: Yield: 86%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 2.41 

(3H, s); 7.25 (2H, d, J = 8.0 Hz); 7.44 (2H, t, J = 8.0 Hz); 7.54 (1H, t, J = 8.0 Hz); 7.70 (2H, 

d, J = 8.0 Hz); 7.76 (2H, d, J = 8.0 Hz). 13C NMR (CDCl3, 100 MHz); δ (ppm): 21.7, 128.3, 

128.5, 129.1, 129.7, 130.4, 131.9, 132.2, 134.9, 138.1, 143.2, 196.5. 

 

1-(naphthalen-2-yl)ethanone (2za)
25c

: Yield: 87%; 1H NMR (CDCl3, 300 MHz); δ (ppm): 

2.73 (3H, s); 7.55-7.63 (2H, m); 7.86-7.90 (2H, m); 7.97 (1H, d, J = 6.0 Hz); 8.02-8.05 (1H, 

m); 8.46 (1H, s).  

 

Benzophenone (2zb)
25c

: Yield: 88%; 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.45-7.50 (4H, 

m); 7.56-7.61 (2H, m); 7.80 (4H, m). 

 

4-methyl-benzophenone (2zc)
25k

: Yield: 90%; 1H NMR (CDCl3, 300 MHz); δ (ppm): 2.38 

(3H, s); 7.29 (2H, d, J = 8.0 Hz); 7.54 (2H, t, J = 8.0 Hz); 7.62 (1H, t, J = 8.0 Hz); 7.70 (2H, 

d, J = 8.0 Hz); 7.78 (2H, d, J = 8.0 Hz). 

 

4-fluoro-benzophenone (2zd)
25k

: Yield: 87%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 7.10-

7.24 (2H, m); 7.42-7.58 (2H, m); 7.73-7.80 (2H, m); 7.82-7.85 (3H, m). 13C NMR (CDCl3, 

100 MHz); δ (ppm): 115.4, 115.6, 128.4, 129.9, 132.5, 132.7, 133.5, 133.9, 137.6, 164.1, 

166.7, 195.3. 

 

Benzil (2ze)
25j

: Yield: 87%; 1H NMR (CDCl3, 400 MHz); δ (ppm): 7.46-7.50 (4H, m); 7.60-

7.64 (4H, m); 7.95 (2H, d, J = 8.0 Hz). 13C NMR (CDCl3, 100 MHz); δ (ppm): 128.1, 129.1, 

129.3, 129.4, 129.6, 129.7, 129.9, 130.2, 130.0, 134.7, 134.9, 135.5, 194.6. 

 

4-(2-hydroxyethoxy)benzaldehyde (4a)
25l

: Yield: 87%; 1H NMR (CDCl3, 300 MHz); δ 

(ppm): 3.97 (2H, t, J = 4.5 Hz); 4.13 (2H, t, J = 4.5 Hz); 6.88 (2H, d, J = 6.0 Hz); 7.78 (2H, d, 

J = 6.0 Hz); 9.85 (1H, s).  13C NMR (CDCl3, 75 MHz); δ (ppm): 60.9, 69.6, 114.8, 129.9, 

132.0, 163.8, 191.1. 

 

1-(4-(2-hydroxyethoxy)phenyl)ethanone (4b)
25m

: Yield: 85%; 1H NMR (CDCl3, 300 

MHz); δ (ppm): 2.52 (3H, s); 3.87 (2H, s); 4.11 (2H, s); 6.90 (2H, d, J = 6.0 Hz); 7.88 (2H, d, 

J = 6.0 Hz).  13C NMR (CDCl3, 75 MHz); δ (ppm): 26.3, 60.9, 69.5, 114.2, 130.3, 130.9, 

162.8, 197.4. 
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2-(4-formylphenoxy)ethyl acetate (5a)
25n

: Yield: 85%; 1H NMR (CDCl3, 300 MHz); δ 

(ppm): 2.06 (3H, s); 4.25 (2H, t, J = 4.5 Hz); 4.44 (2H, t, J = 4.5 Hz); 7.01 (2H, d, J = 9.0 

Hz); 7.83 (2H, d, J = 9.0 Hz); 9.89 (1H, s).  13C NMR (CDCl3, 75 MHz); δ (ppm): 29.7, 62.4, 

66.1, 114.8, 130.4, 131.9, 163.4, 170.8, 190.7. 

 

2-(4-acetyl-phenoxy)ethyl acetate (5b)
25m

: Yield: 84%; 1H NMR (CDCl3, 300 MHz); δ 

(ppm): 2.08 (3H, s); 2.53 (3H, s); 4.21 (2H, t, J = 4.3 Hz); 4.40 (2H, t, J = 4.3 Hz), 6.92 (2H, 

d, J = 9.0 Hz), 7.91 (2H, d, J = 9.0 Hz). 13C NMR (75 MHz, CDCl3); δ (ppm): 20.8, 26.3, 

62.9, 66.0, 115.8, 129.9, 130.7, 162.3, 170.9, 196.8.  
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1
H NMR & 

13
C NMR Spectra of Some Representative Compounds 

 

Figure 1 1H NMR of 4-methoxy-benzaldehyde (2a). 

 

 

Figure 2 13C NMR of 4-methoxy-benzaldehyde (2a). 
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Figure 3 1H NMR of 4-hydroxy-3-methoxy-benzaldehyde (2f). 

 

 

Figure 4 13C NMR of 4-hydroxy-3-methoxy-benzaldehyde (2f). 
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Figure 5 1H NMR of 4-dimethylamino-benzaldehyde (2i). 

 

 

Figure 6 1H NMR of 4-nitro-benzaldehyde (2l). 
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Figure 7 13C NMR of 4-nitro-benzaldehyde (2l). 

 

 

Figure 8 1H NMR of 3-nitro-benzaldehyde (2m). 
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Figure 9 13C NMR of 3-nitro-benzaldehyde (2m). 

 

 

Figure 10 1H NMR of 3-phenyl-propenal (2p). 
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Figure 11 1H NMR of Furan-2-carbaldehyde (2q). 

 

Figure 12 1H NMR of 4-(allyloxy)-3-methoxybenzaldehyde (2u). 
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Figure 13 1H NMR of 4-(allyloxy)-3-methoxybenzaldehyde (2u). 

 

 

Figure 14 1H NMR of Acetophenone (2v). 
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Figure 15 13C NMR of Acetophenone (2v). 

 

 

Figure 16 1H NMR of 4-phenyl-acetophenone (2z). 
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Figure 17 1H NMR of 1-(naphthalen-2-yl)ethanone (2za). 

 

 

Figure 18 1H NMR of Benzophenone (2zb). 
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Figure 19 
1H NMR of 4-methyl-benzophenone (2zc). 

 

 

Figure 20 
1H NMR of Intermolecular competition experiment. 
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Figure 21 
1H NMR of 4-(2-hydroxyethoxy)benzaldehyde (4a). 

 

 

Figure 22 
13C NMR of 4-(2-hydroxyethoxy)benzaldehyde (4a). 
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Figure 23 
1H NMR of 1-(4-(2-hydroxyethoxy)phenyl)ethanone (4b). 

 

 

 

Figure 24 
13C NMR of 1-(4-(2-hydroxyethoxy)phenyl)ethanone (4b). 
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Figure 25 
1H NMR of 2-(4-formylphenoxy)ethyl acetate (5a). 

 

 

Figure 26 
13C NMR of 2-(4-formylphenoxy)ethyl acetate (5a). 
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Figure 27 
1H NMR of 2-(4-Acetyl-phenoxy) Ethyl Acetate (5b). 

 

 

Figure 28 
13H NMR of 2-(4-Acetyl-phenoxy) Ethyl Acetate (5b). 
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Figure 29 
1H NMR of 4-methoxybenzyl alcohol. 

 

 

Figure 30 
1H NMR of Reaction mixture. 
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Figure 31 
1H NMR of Reaction mixture with diazomethane treatment. 

 

 

Figure 32 
1H NMR of methyl-4-methoxy benzoate.  
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GC spectrum 

 

 

Figure 33 GC spectrum of 4-methoxybenzaldehyde 
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Figure 34 GC spectrum of reaction mixture 
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                                                                                           CHAPTER-III 

III. Synthesis of Magnetite (Fe3O4) Nanoparticles using Natural Resource: 

Recyclable Catalyst for Eco-friendly Chemoselective Reduction of Nitroarenes 

in Aqueous Medium  

 
III.1. Introduction 
 

         Suitably designed amines are widely documented as recurrent pharmacophores such as 

antibiotic linezolid  (Zyvox),1 HIV  protease inhibitor amprenavir (Agenerase),2 and sildenafil  

(Viagra).3 Besides, functionalized aromatic amines represent one of the most important 

feedstock’s for the synthesis of pharmaceuticals, agrochemicals, dyes, pigments, polymers, 

pesticides, rubber materials, and chelating agents.4 Aromatic amines are conventionally 

synthesized by the reduction of corresponding nitroaromatics employing the stoichiometric 

amount of reducing agents which generate a significant amount of waste into the environment.5  

From the standpoint of green and sustainable perspective, catalytic transfer hydrogenation using 

transition metal nano-catalysts for the reduction of nitroarenes has fascinated the scientific 

community because of its eco-friendliness. A concise survey of the current developments for the 

reduction of nitroarenes using transition metal nano-catalysts is being presented in the following 

review. 

 
III.2. Reduction of nitroarenes using transition metal nano-catalysts: A review 

 
        M. Beller and his group6a have demonstrated the synthesis of Co3O4 nano-particles through 

the pyrolysis (at 800°C for 2h under an argon atmosphere) of cobalt(II)-phenanthroline 

complexes on carbon surface surrounded by a modified nitrogen-doped graphene layer (NGr) 

(Co3O4-NGr/C). The synthesized nano-catalysts were shown to exhibit high catalytic activity for 

the hydrogenation of nitroarenes to the corresponding anilines using formic acid as the hydrogen 

source in the presence of Et3N as a base and THF as a solvent at 100oC (Scheme 1). Various 

functional groups were well tolerated with good to excellent yields of the desired products. The 

catalyst was readily recycled up to six catalytic runs without noticeable loss of its catalytic 

activity.  
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Et3N, THF, 100oC, 11-17h

Co3O4NGr/C, HCOOH,
NO2 NH2

R1 R1

46 examples

Yield: 89-97%  

Scheme 1 Co3O4-NGr/C catalyzed hydrogenation of nitroarenes to anilines 
 

       Modified palladium magnetic nanoparticles (Fe@Pd NPs)6b were prepared by embedding in 

mesoporous carbon (MC) (Fe@Pd-MC) and exhibited good catalytic performance towards the 

hydrogenation of nitroarenes under an atmosphere of hydrogen as the hydrogen source at room 

temperature (Scheme 2). It has been observed that several reducible functional groups, such as -

OH, -COCH3, -CN, and -COOH remained intact under the optimized reaction conditions. The 

efficient catalytic activity of Fe@Pd-MC in the hydrogenation of nitroarenes was probably due 

to the larger pore size of Fe@Pd-MC which significantly enhanced the efficient contact between 

active sites (Fe@Pd NPs) and reactants for the rapid commencement and formation of desired 

products in excellent yields.  

13 examples

Yield: 94-99%

H2 (1 atm), EtOH, r.t, 1h

Fe@Pd–MC,
NO2 NH2

R1
R1

 

Scheme 2 Hydrogenation of nitroarenes catalyzed by Fe@Pd-MC 
 

        Aluminium oxy-hydroxide-supported Pd nanoparticles6c (Pd/AlO(OH)) was utilized as an 

efficient catalyst for the reduction of aromatic as well as aliphatic nitro compounds to their 

corresponding primary amines with good to high yields in the presence of  NaBH4 as the 

hydrogen donor using water/methanol (v/v = 7/3) as the solvent mixture at room temperature 

(Scheme 3). Various nitro compounds were successfully reduced by performing the Pd/AlO(OH) 

catalyzed reduction reaction and produced the desired amines in short reaction times with 

maximum yields up to 99%. The catalyst could be easily recovered and reused several times with 

negligible leaching of palladium. 

24 examples

Yield: 98-99%

H2O:MeOH (7:3), r.t, 0.75-13 min

Pd/AlO(OH), NaBH4,
R NH2R NO2

 

Scheme 3 Pd/AlO(OH) catalyzed reduction of nitro compounds 
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        Patil et al.
6d have developed Pd nanoparticles stabilized by PEG-6000 and well-

characterized by using various spectroscopic techniques such as SEM, TEM, XRD, XPS, and 

EDAX. The developed catalytic system was tested for the hydrogenation of nitroarenes using 

dimethylamine borane (Me2NHBH3) as the hydrogen source at room temperature (Scheme 4). 

Various structurally varied amines were synthesized from the corresponding nitroarenes with 

good to excellent yields. The catalyst was successfully reused up to the 4th catalytic runs without 

detectable loss in its reactivity. 

14 examples

Yield: 10-99%

H2O:MeOH (2:1), r.t, 10-60 min

Pd NPs, (CH3)2NHBH3
NO2 NH2

R1
R1

 

Scheme 4 Pd NPs catalyzed reduction of nitroarenes using Me2NHBH3 
 

         γ-Fe2O3@porous carbon nanocatalyst7a was synthesized via facile pyrolysis of a Fe-based 

MOF, Fe3O(FA)3(H2O)2(NO3) (called Fe-MIL-88A, FA=fumaric acid) at 500°C. The resultant 

nanocatalyst showed good catalytic activity for the hydrogenation of aliphatic as well as 

aromatic nitro compounds to their related amines in the presence of hydrazine hydrate 

(N2H4.H2O) as the co-reductant in EtOH solvent under refluxing at 85oC (Scheme 5). Several 

functionalized nitro compounds were successfully reduced to the corresponding substituted 

anilines with high conversion and good selectivity. The γ-Fe2O3 based nanocatalyst was easily 

recovered with an external magnet and reused efficiently several times without any detectable 

loss of catalytic activity.  

22 examples

Conversion: 62-100%

EtOH, 85oC, Reflux, 0.75-12 h

-Fe2O3 NPs, N2H4.H2O,
R NH2

R NO2

 

Scheme 5 Reduction of nitro compounds using γ-Fe2O3 nanoparticles  
 

       Huang et al.
7b have prepared palladium nanoclusters supported on N-doped ordered 

mesoporous CMK-3 carbon (Pd/N-CMK-3) via a facile impregnation approach with aqueous 

solutions of H2PdCl4 and 1,10-phenanthroline in two steps. Various substituted nitroarenes were 

successfully hydrogenated to the corresponding aromatic amines with H2 as the hydrogen donor 

under pressure using Pd/N-CMK-3 as the efficient heterogeneous catalyst under the solvent-free 

condition with good conversion and high selectivity (Scheme 6). It has been observed that 
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halogenated nitroaromatics produced small amounts of dechlorinated anilines with increasing 

reaction time. The Pd/N-CMK-3 catalyst was easily recovered for multiple recycling with no 

obvious loss of its catalytic performance.  

30 examples

Conversion: 22-100%

Solvent-free, 45-145oC, 1-11h

Pd/N-CMK-3, H2 gas
NO2 NH2

R1 R1

 

Scheme 6 Pd/N-CMK-3 catalyzed hydrogenation of nitroarenes to aromatic amines 
 

       Binaphthyl-stabilized Pt nanoparticles (Pt-BNP)7c were used as a heterogeneous catalytic 

system for the reduction of nitroaromatics under H2 atmosphere in an aqueous medium at room 

temperature (Scheme 7). Various sensitive moieties like ketone, ester, amide, acid, nitrile, and 

halides were survived well in this protocol and produced the desired hydrogenated products in 

good yields. The Pt-BNP catalyst was quantitatively recovered and then efficiently recycled up 

to five times with good catalytic activity. TEM images of fresh and recovered nanocatalyst were 

compared and it was observed that there was no significant change in the particle size.  

24 examples

Yield: 84-96%

H2 (ballon), H2O, r.t, 4-32h

Pt-BNP NPs,
NO2 NH2

R1
R1

 

Scheme 7  Pt-BNP catalyzed hydrogenation of nitroarenes to aromatic amines 
 

        Palladium incorporated cyclohexane diamine (DACH) functionalized -cyclodextrin 

catalytic system (DACH-Pd--CD) has been developed by Guo et al.
7d The catalyst was 

characterized through NMR, TEM, XRD, and EDS analytical techniques. The catalytic 

efficiency was demonstrated by the reduction of nitroarenes using NaBH4 as the reducing agent 

in an aqueous medium at room temperature (Scheme 8). Nitroaromatics bearing both electron-

donating and electron-withdrawing substituents were well survived and yielded the desired 

amines with good to excellent yields. Furthermore, the catalyst could be easily recovered with 

maintenance of high catalytic activity even after five catalytic reactions, and no leaching of Pd 

was detected.   
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17 examples

Yield: 93-99%

NaBH4, H2O, r.t, 3h

DACH-Pd--CD
NO2

NH2

R1
R1

 

Scheme 8 DACH-Pd--CD catalyzed hydrogenation of nitroarenes to aromatic amines 
 

       Yang et al.
8a reported a well-shaped magnetic metal-organic framework (MOF) composite 

namely Cu-BTC@Fe3O4 (BTC =1,3,5-benzenetricarboxylate) and exhibited high catalytic 

activity in the reduction of nitro substrates to the related primary amines. Here, NaBH4 was used 

as the reducing agent and EtOH: H2O (2:1) as the solvent mixture under mild reaction conditions 

(Scheme 9). The reaction proceeded smoothly to afford the corresponding reduced products in 

good to high yields. The reaction was also extended to aliphatic nitro compounds such as 1-

nitrohexane and nitrocyclohexane which were successfully reduced to the corresponding amines 

with good yields. The catalyst was easily separated with an external magnet and reused without 

marginal loss in its reactivity for six consecutive cycles.  

18 examples

Yield: 91-99%

NaBH4, EtOH:H2O, 45oC, 3h

Cu-BTC@Fe3O4
R NO2 R NH2

 

Scheme 9 Reduction of nitroarenes to aromatic amines catalyzed by Cu-BTC@Fe3O4 
 

        Tamura et al.
8b have designed MoOx-modified silica-supported ruthenium nanoparticles 

(Ru-MoOx/SiO2) as an efficient heterogeneous catalyst for the reduction of the nitro group in 

functionalized nitroarenes with H2 gas under solvent-free condition (Scheme 10). Incorporation 

of MoOx to the Ru/SiO2 species provided the active site between MoOx and Ru metal. Therefore, 

the substrates were strongly adsorbed on MoOx, and hydride species were formed on Ru metal. 

Various structurally varied nitroarenes were smoothly reduced and provided the corresponding 

substituted aminoarenes with excellent conversion.  

7 examples

Conversion: 95-99%

 Solvent-free, 30oC, 4-36h

Ru-MoOx/SiO2, H2 gas,
NO2 NH2

R1 R1

 

Scheme 10 Ru-MoOx/SiO2 catalyzed reduction of nitroarenes to aminoarenes  
 



125 

 

        Metal-organic framework (MOF) derived nickel nanoparticles embedding within porous 

graphitic carbon layers composites (Ni@C)8c have been prepared via facile pyrolysis of Ni 

containing MOF and characterized by transmission electron microscopy (TEM), X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and N2 adsorption-desorption 

techniques. The resulting nanocomposites served as an effective catalyst for the hydrogenation of 

substituted aromatic and aliphatic nitro compounds to their corresponding amines under H2 

pressure (Scheme 11). The hot-filtration experiment and recycling test revealed the heterogeneity 

and catalytic stability of Ni@C catalysts during the liquid phase hydrogenation process. 

21 examples

Conversion: 61-99%

EtOH, 100oC, 0.5-1.5h

Ni@C, H2 pressure
R NO2 R NH2

 

Scheme 11 Reduction of nitro compounds catalyzed by Ni@C under H2 pressure 

 
      Gold nanoparticles8d (Au NPs) supported on magnetic polyionic liquid (PIL), namely 

MNP@PIL@Au have been synthesized by chemical reduction of HAuCl4 with sodium 

borohydride (NaBH4) and well-characterized using  XRD, TEM, FTIR, TGA, EDS, and AAS 

analytic techniques. The catalytic application of MNP@PIL@Au was tested for the efficient 

reduction of various nitroarenes to aminoarenes using NaBH4 as the reducing agent under green 

and mild conditions and provided the desired amines with good yields (Scheme 12). This 

catalytic protocol selectivity reduced the nitro group in the halonitroarenes as well as alkyne-

substituted nitroarenes without affecting the halo and alkyne moieties. The catalyst was 

magnetically separated and readily reused (up to 8 runs) without much loss of its activity. 

18 examples

Yield: 80-95%

 NaBH4, H2O, r.t, 10-100 min

MNP@PIL@Au,
NO2 NH2

R1 R1

 

Scheme 12 MNP@PIL@Au catalyzed reduction of nitroarenes to aminoarenes  
  
       Zhou et al.

8e have prepared carbon-wrapped magnetic nanosphere (Fe3O4@C) via simple 

hydrothermal conditions and then rhodium nanoparticles (Rh NPs) were successfully loaded onto 

it through a direct reduction of Rh(III). The synthesized Fe3O4@C-Rh nanocatalyst was 

characterized by using various spectroscopic techniques, including Fourier transform infrared 

spectrometer (FT-IR), transmission electron microscopy (TEM), X-Ray Diffraction (XRD), and 
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X-ray photoelectron spectroscopy (XPS). The Fe3O4@C-Rh nanocatalyst exhibited high catalytic 

efficiency for the catalytic transfer hydrogenation of a variety of nitroarenes to aminoarenes 

using hydrazine hydrate (N2H4.H2O) as the hydrogen source in an aqueous medium (Scheme 13). 

The catalyst was easily recovered using an external magnet and reused efficiently in the next 

successive catalytic cycles without decreasing its efficiency. 

16 examples

Conversion: 97-99%

  N2H4.H2O, H2O,100oC, 10 min

Fe3O4@C-Rh,
NO2 NH2

R1 R1

 

Scheme 13 Fe3O4@C-Rh catalyzed reduction of nitroarenes to aminoarenes 
   

        Hosseini et al.
9a have synthesized Au nanoparticles decorated on SBA-15 functionalized 

symmetrical tridentate NNN-pincer ligand (SBA@Pincer@AuNPs) which was efficiently 

employed as the heterogeneous catalyst for selective reduction of various nitroaromatics to 

substituted aminoarenes in aqueous medium using NaBH4 as a reducing agent at room 

temperature (Scheme 14). The SBA-15 functionalized symmetrical tridentate NNN-pincer ligand 

stabilized the Au nanoparticles effectively and prevented the agglomeration of nanoparticles due 

to strong ligation of the pincer ligand. The catalyst was successfully recovered and recycled with 

negligible leaching. 

15 examples

Conversion: 71-99%

  NaBH4, H2O,r.t, 3-20 min

SBA@Pincer@AuNPs
NO2 NH2

R1 R1

 

Scheme 14 SBA@Pincer@AuNPs catalyzed reduction of nitroarenes to aminoarenes 
 

      Covalent-triazine framework (CTF) supported Pd nanoparticles (Pd@CTF) was successfully 

prepared by Li et al.
9b and employed as an effective catalyst for the catalytic transfer 

hydrogenation of various substituted aromatic and aliphatic nitro compounds to the 

corresponding amines at room temperature using formic acid (FA) and ammonium formate 

(HCOONH4) as the hydrogen donor (Scheme 15). The synergistic effect between the covalent-

triazine framework (CTF) and Pd NPs led to the outstanding catalytic efficiency of the catalyst. 

The Pd@CTF catalyst could be readily reused for 5th consecutive runs without significant loss of 

its catalytic reactivity. 
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15 examples

Conversion: 91-99%

EtOH:H2O, r.t, 0.5-2.5h

Pd@CTF, FA, NH4COOH
R NO2 R NH2

  

Scheme 15 Pd@CTF catalyzed reduction of nitro compounds  
      

        Palladium (Pd) nanoparticles immobilized on halloysite (Hal) composed cyclodextrin 

modified melamine-based polymer (Pd@HTMC)9c have been synthesized and applied as an 

efficient heterogeneous catalyst for the hydrogenation of various nitro-aromatics to the 

corresponding arylamines under H2 pressure in an aqueous medium (Scheme 16). The addition 

of melamine-based polymer effectively anchored the Pd metal through electrostatic interactions. 

The presence of cyclodextrin (CD) in the structure of Pd@HTMC catalyst could provide the 

generation of inclusion complex with the hydrophobic substrate. Furthermore, CD acted as the 

capping agent as well as effectively stabilized the Pd nanoparticles. The recycling experiments 

revealed good recyclability (up to six reaction runs) of Pd@HTMC with a slight loss in its 

reactivity and leaching of Pd.  

3 examples

Yield: 100%

  H2 flow, H2O, 50oC, 1-2 h

Pd@HTMC,
NO2 NH2

R1 R1

 

Scheme 16 Pd@HTMC catalyzed reduction of nitroarenes to aminoarenes 
 

       Kureshy and his group9d have synthesized nitrogen-rich graphitic-carbon stabilized cobalt 

nanoparticles (Co@g-C/N-800) by simple chelation of Co(OAc)2 with cucurbit[6]uril (CB[6]) 

and calcination under controlled temperature (800oC) and argon (Ar) atmosphere. The 

synthesized Co@g-C/N-800 nano-catalyst was characterized by HR-TEM, PXRD, and other 

physicochemical techniques and the results showed high dispersion of Co NPs on the solid 

matrix. The applicability of Co@g-C/N-800 was tested for selective hydrogenation of nitro 

group in the substituted nitroarenes with molecular hydrogen using water-tetrahydrofuran (1:1) 

as the solvent mixture (Scheme 17). Under optimized reaction conditions, a broad range of 

functionalized nitroarenes was reduced with high selectivity at 50°C in good to excellent 

conversions without producing any dehalogenation products. 
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19 examples

Conversion: 100%

   H2O:THF, 50oC, 6-15h

Co@g-C/N-800, H2 flow,
NO2 NH2

R1 R1

 

Scheme 17 Co@g-C/N-800 catalyzed reduction of nitroarenes to aminoarenes 
 

        AgPd nanoparticles supported on reduced graphene oxide (AgPd/RGO) has been 

synthesized by Liu et al.
9e and applied as an effective recyclable catalyst for the reduction of 

nitro groups in aromatic as well as aliphatic nitro compounds in the presence of formic acid (FA) 

and ammonium formate (HCOONH4) as the reducing agent under ambient reaction condition 

(Scheme 18). Variously substituted nitro compounds were smoothly converted to their 

corresponding primary amines with high conversion as well as good selectivity. The synergetic 

interaction between reduced grapheme oxide support and AgPd nanoparticles was highly 

responsible for the impressive catalytic attributes of AgPd/RGO catalyst.  

15 examples

Conversion: 96-99%

MeOH:H2O (1:1), r.t, 20-180 min

AgPd/RGO, FA, NH4COOH
R NO2 R NH2

 

Scheme 18 AgPd/RGO catalyzed reduction of nitro compounds to primary amines 

 
 
        Nickel nanoparticle embedded on ordered mesoporous carbon surface modified by nitrogen-

doped graphene (NGr) (Ni/NGr@OMC-800)9f has been synthesized and employed as the 

recyclable catalyst for the reduction of nitroarenes to the corresponding aminoarenes under H2 

atmosphere in an aqueous medium at 100oC (Scheme 19). The synthesized nanocatalyst 

exhibited good selectivity as well as higher conversion towards the reduction of diversely 

functionalized nitroaromatics with excellent yields of aromatic anilines. The Ni/NGr@OMC-800 

nano-catalyst was easily recovered for several recycling reactions without a change in its 

catalytic reactivity.   

20 examples

Conversion: >99%

H2 (ballon), H2O, 100oC, 2-12h

Ni/NGr@OMC-800,
NO2 NH2

R1 R1

 

Scheme 19 Heterogeneous Ni catalysed hydrogenation of nitroarenes  
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        Bimetallic nickel-cobalt porous material10a was developed through the pyrolysis of ZIF-67 

anchored with Ni ions. Here, Ni(NO3)2 was introduced as an etching agent and zeolite imidazole 

(ZIF-67) skeletons were transformed into hollow nanospheres. The synthesized NiCo bimetallic 

catalysts exhibited high catalytic activity towards hydrogen production by the hydrolysis of 

ammonia borane (NH3BH3) and thereby differently substituted nitroaromatics with reducible 

functional groups was successfully reduced with good selectivity to the corresponding 

aminoarenes with good to excellent conversions within 2 hours (Scheme 20). 

NH3BH3, H2O-EtOH, 25oC, 2h

NiCo bimetallic catalyst,
NO2 NH2

R1 R1

8 examples

Conversion: 85-99%
 

Scheme 20 Hydrogenation of functionalized nitrobenzene using NiCo bimetallic catalyst 
   
        Yuan et al.

10b designed a non-noble metal-based nanoreactor by the high-temperature 

(700oC) carbonization of a resin polymer on the ZIF-67 surface. The resultant Co@ZDC@mC-

700 nanocomposite comprised Co nanoparticles distributed on the ZIF-67-derived carbon 

framework (Co@ZDC) and shell comprised resin-derived mesoporous carbon (mc). The 

catalytic application of the synthesized material was tested to the reduction of nitroarenes in the 

presence of N2H4·H2O as the co-reductant (Scheme 21). Several functional groups were well 

tolerated with good to excellent conversions. In the case of m-nitroiodobenzene and p-

nitroiodobenzene, slight dehalogenation was observed under the optimized reaction conditions. 

The Co@ZDC@mC-700 catalyst was successfully recovered and reused 6th cycles with a slight 

decrease in its catalytic efficiency.  

23 examples
Conversion: 73-100%

N2H4.H2O, EtOH, 80oC, 7-30 min

Co@ZDC@mC-700 ,
NO2 NH2

R1 R1

 
Scheme 21 Co@ZDC@mC-700 catalysed reduction of substituted nitrobenzenes  

   
         Plant mediated one-pot synthesis of Pd nanoparticles (Pd NPs) was developed using a plant 

extract from Pulicaria odora L. and PdCl2 as the metal precursor under mild and green 

conditions by Enneiymy et al.
10c The Pd NPs embedded by phytochemical resins obtained from 

the roots of Pulicaria odora L. and showed excellent catalytic activity for the chemoselective 

reduction of nitroarenes at room temperature in EtOH medium under H2 pressure as the source of 
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hydrogen donor (Scheme 22). The catalyst was characterized by XRD, TEM, HRTEM, XPS, and 

BET techniques. The nanoparticles were easily recovered by filtration and reused seven times 

with marginal loss of its catalytic reactivity. 

10 examples

Yield: 92-99%

H2, EtOH, r.t., 1.5-4.0 h

Pd NPs@Plant Extract,
NO2 NH2

R1 R1

 

Scheme 22 Reduction of substituted nitrobenzenes using Pd NPs@Plant Extract 
 

       Mesoporous natural phosphate-supported palladium nanoparticles (Pd@NP)10d were 

synthesized by using the wetness impregnation method and characterized by various 

spectroscopic techniques.  The crystalline size of the synthesized nanoparticles was 10.88 nm 

(based on the Scherrer equation). The prepared Pd@NP catalyst was successfully employed in 

the hydrogenation of 4-nitrophenol as a model substrate to the corresponding 4-aminophenol in 

the presence of NaBH4 as a hydrogen source at room temperature (Scheme 23). Moreover, 

catalytic hydrogenation of various substituted nitroarenes was studied and monitored using gas 

chromatography as well as UV-visible spectroscopy. The synthesized catalyst exhibited a high 

catalytic activity upto the 4th runs with the extension of reaction time due to the agglomeration of 

Pd nanoparticles. 

11 examples

Conversion: 99%

NaBH4, H2O-EtOH, r.t., 0.7-12 h

Pd@NP,
NO2 NH2

R1 R1

 
Scheme 23 Reduction of functionalized nitrobenzenes using Pd@NP 

 
       Wang et al.

10e synthesized well‐dispersed palladium nanoparticles (Pd NPs) stabilized on 

nanocrystalline Polyaniline (Pd@PANI) via a method that combined self‐stabilized dispersion 

polymerization (SSDP) with camphor sulfonic acid ((+)‐CSA) as a dopant. Fourier transform 

infrared (FTIR) spectroscopy, X‐ray diffraction (XRD), Transmission electron microscopy 

(TEM), and X‐ray photoelectron spectroscopy (XPS) techniques were used to characterize the 

nanoparticles. The catalytic activity of the Pd@PANI catalyst was evaluated through the 

reduction of various substituted nitroarenes to the related aminoarenes using NaBH4 as a 

hydrogen source (Scheme 24).  Polyaniline was not only a supporting reagent for palladium 

metal but also served as a nitrogen‐containing ligand which synergistically enhanced the activity 
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of the catalyst. The catalyst was recycled and reused up to eight repeated cycles without 

deactivation.  

31 examples

Yield: 34-97%

NaBH4, H2O, r.t., 0.5-5.0 h

Pd@PANI,
NO2

NH2

R1
R1

 

Scheme 24 Pd@PANI catalyzed reduction of functionalized nitrobenzenes 
 

        Sheng et al.
10f developed highly dispersed Pt nanoparticles supported on ordered 

mesoporous carbon (CMK-3) modified with aqueous solutions of H2PtCl6 and 8-

hydroxyquinoline (8-HQ) (Pt/CMK-3-HQ). The Pt/CMK-3-HQ was employed in the reduction 

of various substituted halogenated nitroarenes to the corresponding substituted haloanilines using 

hydrazine hydrate (N2H4·H2O) as the co-reductant and exhibited high stability up to 20 catalytic 

cycles without loss in its catalytic efficiency (Scheme 25). The cooperation effect between Pt 

atoms and N species (from 8-HQ) in the structure of Pt/CMK-3-HQ promoted the heterolytic 

cleavage of N2H4·H2O to Pt-H− / N-H+ pairs and reduced the interaction between Pt atoms and 

halogen groups for activation of C-halogen bonds which attributed to the high catalytic activity 

as well as good chemoselectivity. Moreover, the Pt/CMK-3-HQ catalyst was readily recovered 

and reused without much loss in the catalytic efficiency. 

26 examples

Conversion: 100%

N2H4.H2O, EtOH, 80oC, 5-300 min

Pt/CMK-3-HQ,
NO2 NH2

R1
R1

 
Scheme 25 Reduction of various halogenated nitroarenes using Pt/CMK-3-HQ catalyst 

 

       Graphitic carbon nitride nanosheets (CNNS/rGO20) with nanostructured architectures were 

fabricated successfully by hydrothermal coassembly of carbon nitride nanosheets (CNNS) and 

graphene oxide (GO) followed by immobilization of Pd nanoparticles on CNNS/rGO hybrid by 

an impregnation method.11a The heterostructure (CNNS/rGO20) provided higher dispersity of 

palladium as well as high surface area and thus providing much more active catalytic sites in the 

reduction of differently substituted aromatic as well as aliphatic nitro-compounds with high 

conversion and good selectivity in the presence of formic acid (FA) as the hydrogen donor 
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(Scheme 26). The excellent catalytic attribute of Pd-CNNS/rGO20 could be ascribed to the 3D 

architectures and synergetic interaction between CNNS and rGO. 

15 examples

Conversion: 87-100%

EtOH:H2O (1:1), r.t, 0.5-6.0 h

Pd-CNNS/rGO20, HCOOH (FA)
R NO2 R NH2

 
 

Scheme 26 Reduction of nitro-compounds using Pd-CNNS/rGO20 catalyst 
 

       Palladium nanoparticles (Pd NPs) supported by phosphine-functionalized hyper-cross-linked 

porous ionic copolymer (Pd@P(QP-TVP)) were developed through the free-radical 

copolymerization of quaternary phosphonium salt (QP) and tris(4-vinylphenyl) phosphine (TVP) 

followed by anion-exchange and chemical reduction method. The synthesized nanocatalyst 

featured a hierarchically porous structure, large surface area, amphiphilic surface wettability, 

high electron-donation effect of phosphine ligand, and strong interaction between Pd NPs and 

polymer scaffold. The catalytic applicability of Pd@P(QP-TVP) was demonstrated through the 

hydrogenation of various substituted nitroaromatics with H2 as a hydrogen source in an aqueous 

medium (Scheme 27).11b
 The catalyst was highly stable and could be reused at least five runs 

without any loss of its efficiency.  

7 examples

Conversion: 96.5-99.4%

H2 gas, H2O, 60oC, 1-2 h

Pd@P(QP-TVP),
NO2

NH2

R1
R1

 

Scheme 27 Pd@P(QP-TVP) catalyzed hydrogenation of nitroaromatics using H2 gas 
 

       Ruthenium-based nanocatalyst distributed on a carrier of glucose and melamine prepared by 

a simple in situ calcination method was successfully used for the hydrogenation of halogenated 

nitro-aromatics in the presence of H2 gas as the hydrogen source in ethanolic medium (Scheme 

28).11c Synthesized Ru nanoparticles were suitably dispersed on the nitrogen-doped carbon 

matrix (Ru/CN). Various halogenated functionalized nitroarenes were smoothly converted into 

the corresponding haloanilines with high conversion and good selectivity. The synergistic 

interaction between the active Ru metal and mixed N accelerated the dissociation of H2 on Ru 

and enhanced the rate of the reaction. The catalyst was heterogeneous and successfully reused in 

the successive catalytic reactions without much depletion of its reactivity.  
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17 examples

Conversion: 100%

H2 gas, EtOH, 80oC, 1.5-7.0 h

Ru/CN,
NO2

NH2

R1
R1

 

Scheme 28 Hydrogenation of nitroaromatics catalyzed by Ru/CN using H2 gas 
 

        Thus the aforesaid concise account of the recent developments on the catalytic performance 

of various transition metal nanocatalysts for the reduction of nitroarenes with a plethora of 

catalysts, substrates, hydrogen sources as well as solvents has been presented to substantiate the 

urgency, necessity, and timeliness of the present investigation going to be described in the next 

section. 

 
III. 3. Present investigation 

III. 3.1. Background of the present investigation  

 

            Chemoselective reduction of nitroarenes bearing other reducible sensitive groups in the 

same molecule is one of the most challenging tasks to the researchers. To achieve this objective, 

several transition-metal based approaches including 

noble6b,6c,6d,7b,7c,7d,8b,8d,8e,9a,9b,9c,9e,10c,10d,10e,10f,11a,11b,11c and non-noble metals6a,7a,8a,8c,9d,9f,10a,10b 

employing H2
6b,7b,7c,8b,9c,9d,9f,11b,11c or other reducing agents6a,6c,6d,7a,7d,8a,8e,9a,9b,9e,10a,10b,10e,10f,11a 

were reported for the similar transformations during the last few years. Although the reported 

protocols have their merits but most of them also suffer from certain drawbacks such as use of 

expensive metal catalysts,6b,6c,6d,7b,7c,7d,8b,8d,8e,9a,9b,9c,9e,10c,10d,10e,10f,11a,11b,11c laborious methods for 

catalyst preparation,6a,6b,7a,7b,7c,7d,8a,8c,8e,9a,9b,9c,9d,9e,9f,10a,10b,10f,11a,11b pressurized hydrogen 

gas,6b,7b,7c,8b,9c,9d,9f,11b,11c  poor selectivity,6c,7a,8a,8c,9b,9e,11a harsh reaction condition, 

6b,7b,7c,8b,9c,9d,9f,11b,11c  high temperature,6a,7b,8c,8e,9f and prolonged reaction time.6a,7a,7b,7c,8b,9d,9f,11a,11c 

Therefore, to ensure the integrity for economic and environmental sustainability, organic  

transformations12  using very simple and inexpensive catalytic system  are  extremely  important  

to develop  eco-friendly chemical processes  due  to  cost-effectiveness,  high atom efficiency, 

simplified isolation of product, easy recovery and recyclability of the catalysts.  
 
         Acacia Catechu (commonly known as “Khair”) is an economically accessible as well as 

medicinally active plant that belongs to the Fabaceae family and is widely cultivated in Southern 

Asia, Malaysia, China, and India. Acacia Catechu consists of antioxidants such as catechin, 
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epicatechin, tannins, alkaloids, sugars, and other reducing molecules, which play a vital role due 

to its capping as well as stabilizing attributes for the production of NPs.13 Therefore, water 

extract of the Acacia Catechu plant makes an alternative efficient platform for the synthesis of 

metallic nanoparticles from the viewpoint of eco-compatibility. Currently, iron-based catalysts 

have been attracted considerable interest because of their high abundance, cheapness, less 

toxicity, eco-friendliness and preferential alternative to the precious metal catalysts.14 Inspired by 

these facts, we synthesized Acacia Catechu-assisted iron oxide nanoparticles (to be called as 

Fe3O4@Catechu hereafter) under the green condition without the involvement of any external 

reducing agents, pH treatment, toxic and hazardous reagents, organic solvents, high-temperature 

calcination, and rigorous experimental setup. The performance of the synthesized nanoparticles 

as an efficient and recyclable catalyst was explored towards the eco-friendly chemoselective 

reduction of nitroarenes under an ambient atmosphere in an aqueous medium in the presence of 

hydrazine hydrate as the source of hydrogen with the tolerance of various sensitive moieties. 

 

III.3.2. Results and Discussion  

 
III.3.2.1. Preparation of Fe3O4 NPs using natural resource: 

 
           The iron oxide NPs was synthesized via complete utilization of the natural resources, 

instead of chemical reagents to avoid wasteful dumping (Figure 1). Acacia Catechu (commonly 

known as “khair”) was collected from the local market nearby Jadavpur University. The iron 

oxide nanoparticles were synthesized by direct mixing of FeSO4.7H2O with the aqueous plant 

extract of Acacia Catechu at room temperature under ambient conditions. 2.0 g of Acacia 

Catechu was added into 100 mL of distilled water in a 250 ml Erlenmeyer flask and boiled for 30 

minutes to obtain the aqueous extract. The color of the plant extract was red and filtered through 

a Whatman filter paper. In a 250 mL Erlenmeyer flask, 80 mL of the aqueous Acacia Catechu 

plant extract was mixed with 2.0g ferrous sulfate heptahydrate (FeSO4.7H2O) at room 

temperature under ambient atmosphere. The immediate appearance of the black color of the 

solution indicated the formation of iron oxide nanoparticles.  The resulting iron oxide NPs were 

separated by centrifugation and the obtained black product was washed with MeOH and dried 

under vacuum.  
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Figure 1 Schematic diagram for the biosynthesis of Fe3O4 NPs using plant extract of Acacia Catechu 

 

III.3.2.2. Catalyst characterization: 

Fourier transform infrared spectroscopy (FTIR) study: The active components of the plant 

extract responsible for the production of NPs were studied by the comparison of Fourier 

transform infrared spectroscopy (FTIR) of Acacia Catechu plant and Fe3O4@Catechu and 

presented in Figure 2. Acacia catechu showed the characteristic IR bands at 3321, 2929, 1634, 

1435, and 1011 cm-1. The intense broadband appeared at 3321 cm-1 due to the presence of 

phenolic –OH group and the absorption peak observed around 2929 cm-1 was related to the 

aliphatic –CH stretching. The peaks at 1634, 1435, and 1011 cm-1 in the FTIR spectrum of 

Acacia Catechu corresponded to vibrational stretching modes of carbonyl bond, C=C bond in the 

aromatic ring, and tensile vibration of the C-O-C bond respectively. It has been observed that the 

broadband at 3321 cm-1 in Acacia Catechu was found to be narrowed and appeared at a lower 

frequency around 3204 cm-1 in the FTIR spectrum of Fe3O4@Catechu. The appearance of a new 

signal at 615 cm-1 in Fe3O4@Catechu was assigned to the Fe-O bond which was absent in the IR 

spectrum of Acacia Catechu.15 On the other hand, the IR bands at 3026, 1656, 1428, and 1069 in 

the Fe3O4@Catechu confirmed the presence of similar phytoconstituents in iron oxide 

nanoparticles. This observation suggested a good indication for the encapsulation as well as 
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stabilization of iron oxide nanoparticles by the biomolecules present in plant extract of Acacia 

Catechu.   

 

Figure 2 FTIR spectrum of Acacia Catechu and Fe3O4@Catechu 

 
X-ray diffraction (XRD) analysis: XRD analysis of the biosynthesized Fe3O4 nanoparticles 

were recorded and presented in Figure 3. The XRD diffraction peaks of the Acacia Catechu 

assisted Fe3O4 nanoparticles observed at 2θ = 30.2o (2 2 0), 35.3o (3 1 1), 42.8o (4 0 0), 56.8o (5 1 

1), and 62.1o (4 4 0) attributed to the crystalline nature of Fe3O4 NPs and the diffraction patterns 

were well matched with reported literature16 as well as consistent with JCPDS Card No. 19-0629. 

The occurrence of extra peaks in the XRD spectra might be due to the crystallization of other 

phyto-constituents on the surfaces of the Fe3O4 NPs which concurred with the earlier literature 

reports for the synthesis of Fe3O4 NPs@Tridax procumbens leaf extract,17 Ag NPs@Areca 

catechu leaf extract,18 and Zn NPs@Ziziphora clinopodioides leaf extract.19  

 

Figure 3 XRD analysis of Fe3O4@Catechu 
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Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDX), and 

elemental mapping analysis: To establish the shape and morphological features of 

Fe3O4@Catechu nanocatalyst, scanning electron microscopic images were recorded and 

presented in Figure 4a. It has been observed that the morphology of the nanocatalyst is near to be 

spherical. EDX (Energy Dispersive X-ray Spectroscopy) analysis provides additional 

information on the elementary composition of the synthesized Fe3O4@Catechu nanocatalyst 

(Figure 4b). The synthesized nanocatalyst contains elements of carbon (45.5%), oxygen (36.9%), 

sulfur (5.0%), and iron (12.7%). The EDX spectra also disclosed signals at around 0.8, 6.4, and 

7.1 keV, which were attributed to the binding energies of the iron20 and confirmed the formation 

of Fe3O4@Catechu nanocatalyst. The presence of other elements (C, O, and S) further supported 

the effective formation of the Fe3O4 NPs through the capping by the phyto-constituents present 

in the Acacia Catechu plant extract. Moreover, the elemental mapping experiment showed the 

spatial distribution of each element which demonstrated that the distributions of C, O, S, and Fe 

elements are well arranged in the structure of synthesized nanocatalyst (Figure 4c). 
 

 
 

Figure 4 (a) SEM images, (b) EDX spectra, and (c) elemental mapping images of 
Fe3O4@Catechu. 
 
  
Transmission Electron Microscopy (TEM) analysis: The morphology (Figure 5a) and particle 

size distribution histogram (Figure 5b) of the synthesized Fe3O4@Catechu was further evaluated 
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by Transmission Electron Microscopic (TEM) images. The TEM micrographs confirmed that the 

average particle size of the catechu-assisted iron oxide nanoparticles was 16.4 nm with a 

spherical shape inside the plant extract and they exhibited good catalytic efficiency as well as 

remarkable stability without further aggregation. 
 

 
 

Figure 5 (a) TEM images and (b) particle size distribution histogram of Fe3O4@Catechu. 
 
 

X-ray photoelectron spectroscopy (XPS) analysis: Fe3O4@Catechu nanocatalyst was further 

characterized by XPS analysis to ensure the oxidation state of iron (Figure 6). It is well known 

that iron in Fe3O4 comprises two oxidation states, namely Fe2+ which is octahedrally 

coordinated, and Fe3+ which is also distributed over both tetrahedral, as well as octahedral sites, 

and the ideal ratio of Fe2+/Fe3+ is 1:2. It is also well known that with increasing the valence state, 

the binding energy of the metallic species increases. The wide scan spectra of Fe 2p level 

showed the binding energy at 708.6 eV and 721.9 eV is attributed for Fe(II)2p3/2 and Fe(II)2p1/2
 

for octahedral species respectively, whereas Fe(III)2p3/2 and Fe(III)2p1/2
 for tetrahedral species is 

also found with a binding energy of 711.4 eV and 726.8 eV respectively. The absorption peak 

with the binding energy of 711.7 eV and 727.1 eV is assigned for Fe(III)2p3/2 and Fe(III)2p1/2
 

with octahedral coordination respectively. These results are comparable with the reported 

literature.21 It has been observed that the ratio of Fe2+, Oh/(Fe3+, Td + Fe3+, Oh) was 0.497 and 

0.496 for 2p3/2 and 2p1/2 transition respectively, which is very close to the ideal value of 0.5 

expected from the stoichiometry of Fe3O4.
22 
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Figure 6 XPS analysis of Fe3O4@Catechu 

 

N2 adsorption-desorption isotherm: To get an idea about the specific surface area and porosity 

of the synthesized Fe3O4@Catechu nanocatalyst, Brunauer-Emmett-Teller (BET) method with 

N2 adsorption-desorption isotherms studies were carried out. The results were presented in 

Figure 7. The isotherm displayed type IV characteristics (according to the IUPAC classification) 

with a small hysteresis loop starting from at a relative P/P0 0.5 to 1.0, which demonstrated the 

synthesized nanocatalyst was mesoporous in nature (Figure 7a). The specific surface area was 

calculated using the BET equation and it was found to be 55 m2g-1. The corresponding pore size 

distribution (Figure 7b) was centered around 15.2 nm (calculated from the desorption part) which 

also confirmed the mesoporous behavior of the nanocatalyst.  

 

Figure 7 (a) N2 adsorption-desorption isotherm and (b) pore size distribution of Fe3O4@Catechu. 
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III.3.2.3. Catalytic activity of Fe3O4@Catechu:  

 
             The catalytic efficiency of Fe3O4@Catechu was examined using p-nitrotoluene 1a as a 

model substrate in the presence of N2H4.H2O as the source of hydrogen at different temperatures 

as well as solvents under ambient atmosphere to obtain the optimum condition. The results are 

presented in Table 1.  

  
Table 1 Optimization of Fe3O4@Catechu catalyzed reductive organic transformationa 

 

    

Entry 
Solvent 

(mL) 
Catalyst 
(mol %) 

Hydrogen 
Source (mmol) 

Temperature 
(oC) 

Time 
(hrs) 

Yieldb 
(%) 

1 H2O - - 60oC 5.0 - 

2 H2O - N2H4.H2O 60oC 5.0 - 

3 H2O 2 - 60oC 5.0 - 

4 H2O 4 N2H4.H2O  RT 4.0 69 

5 H2O 4 N2H4.H2O 60oC 1.5 92 

6 H2O 6 N2H4.H2O 60oC 1.5 93 

7 EtOH 4 N2H4.H2O 60oC 2.0 80 

8 CH3CN 4 N2H4.H2O 60oC 4.0 67 

9 DMSO 4 N2H4.H2O 60oC 4.0 64 

10 DMF 4 N2H4.H2O 60oC 4.0 58 

11 DCM 4 N2H4.H2O Reflux 4.0 37 

12 Toluene 4 N2H4.H2O 80oC 4.0 42 
 
aReaction conditions: 1a (1 mmol), hydrogen source (3 mmol), catalyst and temperature (as 

indicated), solvent (2 mL) under ambient condition. bIsolated yield. 

 
        Before the process of optimization, the efficacy of Fe3O4@Catechu was compared in the 

presence of different types of solvents. Organic transformations in aqueous medium using 

nonhazardous and inexpensive catalysts have drawn considerable interest because water is the 

most abundant, non-toxic, environmentally acceptable, and economically affordable reaction 
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medium compared to other organic solvents.23 Therefore, the reduction reaction was initially 

carried out in an aqueous medium in the absence of both Fe3O4@Catechu and hydrogen source, 

the unreacted substrate was isolated intact (entry 1). Similarly, the reaction neither took place in 

the presence of N2H4.H2O alone (entry 2) nor with Fe3O4@Catechu alone (entry 3). Interestingly, 

a moderate amount of p-toluidine 2a was obtained when the reaction was carried out in presence 

of both Fe3O4@Catechu (2 mol%) as a catalyst and N2H4.H2O as the hydrogen source at room 

temperature (entry 4). Surprisingly, when Fe3O4@Catechu (4 mol%) as a catalyst and  N2H4.H2O 

as the co-reductant were used in an aqueous medium, the yield of the reaction was significantly 

increased to 92% within 1.5h at 60oC (entry 5). Excess catalyst beyond this proportion did not 

show further increase in the substrate conversion and the yield of the reaction remained more or 

less the same (entry 6). The aforesaid reductive transformation did neither occur with catechu 

extract alone nor with iron salt without support. Thus the importance of the co-existence of both 

catalyst and co-reductant for this reductive organic transformation was conclusively established. 

Next, the investigations for the performance of different solvents such as EtOH, CH3CN, DMSO, 

DMF, DCM, and toluene were also tested. Among them, EtOH (entry 7), CH3CN (entry 8), and 

DMSO (entry 9) afforded moderate yield of the desired product, but the reaction was less 

responsive in DMF, DCM, and toluene solvent even under reflux and a longer period of reaction 

time (entries 10-12). It is noteworthy that the universally green, environmentally benign, 

economically affordable solvent, namely, water, has come out as the best choice as a reaction 

medium for this reaction.  
 
        Next, different kinds of hydrogen sources such as NaBH4, HCOOH, HCOONH4, C6H12O6 

(glucose), and CH4N2S (thiourea) were also examined to further improving the catalytic 

performance of Fe3O4@Catechu (Figure 8).  In this comparative study, N2H4.H2O was found to 

be the most potent hydrogen source in this reductive transformation. It is important to note that 

N2H4.H2O acts as a hydrogen donor which produces only N2 as a by-product and is easily 

available, inexpensive, and easy to handle.24 Therefore, the condition, as delineated in entry 5, 

has been chosen as the optimized condition for further studies. Importantly, no inert atmosphere 

was required for the reaction described in Table 1 in contrast to most of the methods involving 

metal nanocatalysts.  
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Figure 8 Effect of hydrogen sources using 1a (1 mmol), Fe3O4@Catechu (4 mol%), hydrogen 

source (3 mmol), water (2 mL) at 60oC under ambient condition; % of yield was the isolated 

yield of 2a.  

       To investigate the scope of the reduction process, various structurally functionalized 

nitroaromatics were subjected to the reduction in the presence of N2H4.H2O as a hydrogen source 

and Fe3O4@Catechu as the eco-friendly catalyst (Scheme 1). The outcomes are presented in 

Table 2.   

 

Scheme 1 Reduction of nitroarenes (1) in aqueous medium using Fe3O4@Catechu as an eco-

friendly catalyst 

 
        As noted in Table 2, a variety of diverse nitroarenes with different electronic and steric 

features were smoothly converted into the corresponding amines in good to excellent yield. 

Nitrobenzene as well as nitroarenes bearing electron-donating substituents was successfully 

converted to the amines (2a-2d) in excellent yield (entries 1-4).  Interestingly, halogenated 

nitroaromatics (1e-1h) were also efficiently reduced to halogenated anilines (entries 5-8), which 

are commonly used as precursors for agrochemicals, with no discernible dehalogenation and 

formation of biphenyl compounds through the sp2-sp2 coupling, which was previously reported in 

several hydrogenation procedures. Importantly, the reduction of amino-functionalized 

nitroarenes (1i-1k) smoothly produced the corresponding phenylenediamines (2i-2k) in excellent 

yield without the occurrence of any side product (entries 9-11).  
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Table 2 Fe3O4@Catechu catalyzed reduction of diversely functionalized nitroarenesa 

Entry Substrate Product Time (hrs) Yield (%)
a 

 
Reduction of nitroarenes bearing electron-donating substituents 

 

1 

NO2

Me
1a  

NH2

Me

2a  

 

1.5 

 

92 

 

2 

NO2

Me

1b  

NH2

Me

2b  

 

1.5 

 

90 

 

3 

NO2

MeO
1c  

NH2

MeO
2c  

 

1.5 

 

91 

 

4 

NO2

1d  

NH2

2d  

 

1.5 

 

90 

 
Reduction of halogenated nitroarenes 

 
 

5 

NO2

Cl
1e  

NH2

Cl

2e  

 

1.0 

 

88 

 

6 

NO2

Cl
1f

 

NH2

Cl
2f

 

 

1.5 

 

86 

 

7 

NO2

Br
1g  

NH2

Br
2g  

 

1.0 

 

89 

 

8 

NO2

I
1h  

NH2

I
2h  

 

1.0 

 

87 
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Synthesis of multi-aminoarenes 

 
 

9 

NO2

NH2
1i  

NH2

NH2
2i  

 

1.0 

 

92 

 

10 

NO2

NH2

1j

 

NH2

NH2

2j

 

 

1.0 

 

90 

 

11 

NO2

H2N
1k  

NH2

H2N
2k  

 

1.0 

 

91 

 

12 

NO2

NO2

1l  

NH2

NH2
2l  

 

1.0 

 

94 

 

13 
NO2

NO2

CH3

1m

 

NH2

NH2

CH3

2m

 

 

1.5 

 

93 

 

14 

NO2

NO2

1n

 

NH2

NH2

2n

 

 

1.0 

 

93 

 
Reduction of nitrophenols 

 

15 

NO2

OH
1o  

NH2

OH
2o  

 

1.5 

 

86 

 

16 

NO2

OH

1p

 

NH2

OH

2p

 

 

1.5 

 

88 



145 

 

 

17 

NO2

HO
1q  

NH2

HO
2q  

 

1.5 

 

89 

 
Reduction of nitroarenes with non-reducible groups 
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Chemoselective nitro reductions with reducible and hydrolysable groups 
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Reductions of nitroarenes with highly vulnerable moieties 
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Reduction of polynuclear aromatic and heterocyclic nitroarenes 
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aReaction conditions: 1a (1.0 mmol), Fe3O4@Catechu (4 mol%), N2H4.H2O (3.0 mmol), water (2 

mL) at 60oC for indicated time under ambient condition. The yield of the isolated pure product is 

fully characterized spectroscopically. 

 
        Similar multi-amino arenes (2l-2n) were obtained by the reduction of corresponding 

nitroaromatics in excellent yield (entries 12-14), which are important intermediates in the dyes 

industries. Notably, phenolic –OH group present at ortho-/meta-/para-position of the aromatic 

ring was not affected and produced the corresponding aminophenol (2o-2q) with high yield 

without much aerial oxidation of the reduced product (entries 15-17). Nitrophenols belong to the 
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group of major organic pollutants found in wastewater from industrial and agricultural origins. 

Hence, the present sustainable protocol bears the promise of being a potential method for 

wastewater treatment. Nitroaromatics with non-reducible groups such as benzylic primary 1r as 

well as secondary alcohols 1s were also compatible and desired products were formed in 87% 

and 88% yield respectively (entries 18, 19). 

        Next, we investigated the chemoselectivity of the present protocol for the reduction of 

nitroarenes in the presence of other reducible functional groups. Remarkable survival of the 

formyl group, which is highly susceptible to aerial oxidation as well as highly responsive 

towards reductive transformations, was noted in this aqueous protocol (entry 20). The 

ketomethyl moiety in nitroarene 1u was also unaffected during the present reaction where the 

aminoketone 2u was obtained as the product in good yield without any self-condensation leading 

to Schiff’s base (entry 21). p-Nitrobenzoic acid 1v was reduced to p-aminobenzoic acid 2v in 

87% yield (entry 22) without affecting the carboxylic acid group. Notably, methoxycarbonyl 

moiety also remained intact during the present reductive transformation where the corresponding 

aminoester 2w was obtained in excellent yield (entry 23). The remarkable survival of acid-

sensitive hydrolyzable as well as reducible functional group –CN was noted in this aqueous 

protocol, where the corresponding product 2x was obtained with 89% yield (entry 24). The 

survival of -CN was confirmed by the signal at δ 119.2 (specific for –CN) in the 13C-NMR 

spectrum of the reduced product 2x. This is an immensely important and additional attribute of 

the said protocol in contrast to several earlier literature reports8a,8c,9a,9b,9e,10c,10d where no such 

chemoselectivity was observed. Interestingly, highly vulnerable moieties like O-benzyl and O-

silyl were also remained unaffected under the aforesaid optimized reaction condition and 

produced the reduction products 2y and 2z with 87% and 85% yield respectively (entries 25, 

26). It is extremely surprising to note that this is not commonly observed in the recent 

literatures.6a-6c, 7a-7c,8a-8d,9a,9b,9d,10a-10c,11a  

        The nitro groups in the polynuclear aromatic, such as 1-nitronaphthalene (1za)  as well as 

heterocyclic systems, such as 4-nitropyridine (1zb) and 8-nitroquinoline (1zc), were also 

efficiently reduced to their corresponding amines in good yields (entries 27-29). Notably, 

heterocyclic moiety remained unaffected in this protocol, hence 2zb and 2zc was obtained in 

higher yield which is not observed in many of the reported protocols.6b,6d,7d,8a,8b,8d,9a,9b,9d,9e,10d 
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 Gram Scale Applicability:  
   
To further explore the synthetic scalability as well as the practical utility of our newly developed 

biogenic-approach based eco-friendly catalytic system, a gram scale reaction of nitroaromatics 

decorated with the most challenging reducible and hydrolyzable functional groups was 

performed (Scheme 2). The outcomes were almost similar to those of the small scale reactions.  

 

Scheme 2 Gram scale reaction of sensitive nitroarenes to demonstrate the practicability as   well 

as chemoselectivity 

 
             
Reusability of Fe3O4@Catechu: 

 
        The recovery, as well as recyclability of the catalyst, is very essential to meet the criteria of 

“Green and Sustainable Chemistry”. Therefore, the recycling experiment was performed using p-

nitrotoluene 1a (1 mmol), N2H4.H2O (3 mmol), Fe3O4@Catechu (4 mol%), water (2 mL) at 60oC 

under ambient condition. After the completion of the reaction, the crude product was simply 

extracted with ethyl acetate (an eco-compatible solvent) and the catalyst was separated by 

centrifugation and it was washed repeatedly with MeOH and dried before reuse. The study 

revealed that the catalytic activity of Fe3O4@Catechu remained mostly unaltered throughout five 

successive reactions and a little variation of yield was observed (Figure 9a). Moreover, the 

stability of the recycled catalyst was also established by using FTIR (Figure 9b), SEM (Figure 

9c)  and TEM (Figure 9d)  analysis, and no significant changes were observed.  
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Figure 9 (a) Recycling study of Fe3O4@Catechu, (b) FTIR of Fe3O4@Catechu (after recycled 

five times), (c) SEM image of Fe3O4@Catechu (after recycled five times), (d) TEM image of 

Fe3O4@Catechu (after recycled five times). 

 
“Heterogeneity (Sheldon’s test)”of Fe3O4@Catechu:  

       Furthermore, Sheldon’s test25 of Fe3O4@Catechu was carried out to evaluate the 

heterogeneity of the catalyst in this reductive transformation using p-nitrotoluene (1a) as the 

substrate (Figure 10). After 45 minutes of the reaction when 58% conversion of the substrate was 

noted, the catalyst was separated by centrifugation and the “catalyst-free” filtrate was then kept 

under identical reaction conditions. It was observed that there was no further formation of 2a and 

the extent of conversion of 1a remained constant throughout the process. This study indicated 

that practically no soluble catalytically active species was present in the filtrate and the leaching 

of the catalyst during the reaction was extremely minimized. Hence, the heterogeneity of 

Fe3O4@Catechu was conclusively proved. 
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Figure 10 Heterogeneity test of Fe3O4@Catechu nanocatalyst using 1a (1 mmol), 

Fe3O4@Catechu (4 mol%), N2H4.H2O (3 mmol), water (2 mL) at 60oC under ambient condition. 

  
III. 4. Conclusion: 

          An eco-friendly method for the synthesis of highly stable non-noble magnetite (Fe3O4) 

nanoparticles under ambient conditions using natural feedstock as a capping as well as a 

stabilizing agent without conventional treatments fulfilling the special requirement of pH, high-

temperature calcination, and rigorous experimental setup has been developed. This newly 

developed sustainable catalytic system was suitable for the chemoselective reduction of 

nitroaromatics under an ambient atmosphere in an aqueous medium. Chemically susceptible 

motifs like benzyloxy, t-butyldimethylsilyloxy, alkoxycarbonyl, formyl, oxo, keto, carboxylic 

acid, chloro, bromo, iodo and cyano were well tolerated during the reaction. Therefore, the 

present study has come out with greater merits and wider applicability compared to many earlier 

reports. Thus, a sustainable catalytic system has been developed with specific features including 

low preparation cost, high stability, unique reactivity, efficient recovery, and good recyclability 

and tolerance of various sensitive moieties during the reaction.  

 

III.5. Experimental Section: 

 
Materials and Instrumentation: 

    
       All reactants were purchased from Sigma Aldrich, SRL, AVRA Chemicals, Alfa-aesar, 

Spectrochem, and SDFCL and used as received without further purification. Melting points were 

determined in open capillary on electrical bath which is uncorrected. 1H and 13C NMR spectra 



151 

 

were obtained on a Bruker-300 spectrometer (300 MHz) and JEOL Spectrometer (400 MHz) in 

CDCl3 and DMSO-d6 solutions with TMS as an internal reference. FTIR spectrums were done in 

Perkin-Elmer Spectrum Version 10.4.1. XRD data of the powder sample were obtained in 

transmission mode using a Bruker D2 Phaser X-ray diffractometer (30 kV, 10 mA) using Cu-Kα 

(λ = 1.5406 Å) radiation. Field Emission Scanning Electron Microscopy (FE-SEM) images were 

recorded with a Zeiss (Zemini) scanning electron microscope. Transmission electron 

microscopic images were collected on a JEOL 2010 TEM operated at 200 kV. Chemical states of 

the heterogeneous material were determined by X-ray photoelectron spectroscopy (XPS) using a 

PHI 5000 (versa Probe II, FEI Inc). The specific surface area and porosity of the catalyst were 

characterized by the Brunauer-Emmett-Teller (BET) method with N2 adsorption-desorption 

isotherms, measured at 77 K using Quantachrome Autosorb® iQ-MP / iQ-XR. Column 

chromatography was performed on silica gel (60–120 mesh) from SRL, India. Thin layer 

chromatographic separations were performed on pre-coated silica gel plates using silica gel G for 

TLC (E. Merck). 

 
 
General procedure for the reduction of nitroaromatics in aqueous medium using 

Fe3O4@Catechu as an eco-friendly catalyst: 

 
    To a stirred suspension of appropriate nitroaromatics 1 (1.0 mmol) in 2 mL water, 

Fe3O4@Catechu (4 mol%) was added followed by hydrazine hydrate (3.0 mmol). The reaction 

mixture was stirred for the required period at 60oC. The progress of the reaction was monitored 

by thin-layer chromatography (TLC).  After completion of the reaction, the reaction mixture was 

cooled to room temperature, ethyl acetate (15 mL) was added to dissolve the product and the 

catalyst was separated simply by centrifugation. The catalyst was washed with MeOH (3×5 mL) 

and dried for reuse. The aqueous reaction mixture was repeatedly extracted with ethyl acetate 

(3×5 mL). The combined organic extracts were washed with water (3× 10 mL) and dried over 

anhydrous Na2SO4. The crude product 2 was obtained by removal of the solvent under reduced 

pressure which was further purified by column chromatography on a short column of silica gel 

(60-120 mesh) using 2-10% ethyl acetate-hexane as eluent. 
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Spectral and analytical data of the compounds: 

 
4-toluidine (2a)

6c
: Yield: 92%; Brown solid; Mp 44-45oC (Lit.26 44-46oC); 1H NMR (CDCl3, 

300MHz); δ (ppm): 7.01 (2H, d, J = 9.0 Hz); 6.64 (2H, d, J = 9.0 Hz); 3.53 (2H, br.s); 2.29 (3H, 

s); 13C NMR (CDCl3, 75 MHz); δ (ppm): 143.9, 129.8, 127.8, 115.4, 20.5.   

2-toluidine (2b)
7b

: Yield: 90%; Yellow liquid; 1H NMR (CDCl3, 300MHz); δ (ppm): 7.15-7.19 

(2H, m); 6.85 (1H, t, J = 6.0 Hz); 6.76 (1H, d, J = 9.0 Hz); 3.65 (2H, br.s); 2.27 (3H, s); 13C 

NMR (CDCl3, 75 MHz); δ (ppm): 144.7, 130.6, 127.1, 122.4, 118.7, 115.1, 17.4.   

4-aminoanisole (2c)
7a

: Yield: 91%; White solid; Mp 55-57oC (Lit.26 57-58oC); 1H NMR (CDCl3, 

300MHz); δ (ppm): 7.18 (2H, d, J = 8.3 Hz); 6.60 (2H, d, J = 8.3 Hz); 3.79 (3H, s); 3.34 (2H, 

br.s); 3.75 (3H, s); 13C NMR (CDCl3, 75 MHz); δ (ppm): 150.3, 141.3, 116.9, 114.2, 55.3.  

Aniline (2d)
6c

: Yield: 90%; Yellow liquid; 1H NMR (CDCl3, 300MHz); δ (ppm): 7.15 (2H, t, J = 

7.8 Hz); 6.75 (1H, t, J = 7.3 Hz); 6.67 (2H, d, J = 7.6 Hz); 3.79 (2H, br.s); 13C NMR (CDCl3, 75 

MHz); δ (ppm): 146.4, 129.4, 118.6, 115.2.  

4-chloroaniline (2e)
7a

: Yield: 88%; Grey solid; Mp 72-73oC (Lit.26 70-71oC);  1H NMR (CDCl3, 

300MHz); δ (ppm): 7.03 (2H, d, J = 8.6 Hz); 6.48 (2H, d, J = 8.6 Hz);  4.37 (2H, br.s); 13C NMR 

(CDCl3, 75 MHz); δ (ppm):  144.7, 128.8, 122.9, 115.2.  

3-chloroaniline (2f)
7a

: Yield: 86%; colourless liquid;  1H NMR (CDCl3, 300MHz); δ (ppm): 7.05 

(1H, t, J = 7.5 Hz); 6.80 (1H, s); 6.71 (1H, d, J = 8.1 Hz); 6.51-6.65 (1H, m); 3.79 (2H, br.s); 13C 

NMR (CDCl3, 75 MHz); δ (ppm): 147.7, 134.8, 130.4, 118.5, 114.9, 113.3. 

4-bromoaniline (2g)
7a

: Yield: 89%; Off-white solid; Mp 65-67oC (Lit.26 66-67oC); 1H NMR 

(CDCl3, 300MHz); δ (ppm): 7.21 (2H, d, J = 8.5 Hz); 6.49 (2H, d, J = 8.5 Hz); 3.41 (2H, br.s); 
13C NMR (CDCl3, 75 MHz); δ (ppm): 146.1, 131.5, 115.9, 119.1.  

4-iodoaniline (2h)
7c

: Yield: 87%; White solid; Mp 60-63oC; 1H NMR (CDCl3, 300MHz); δ 

(ppm): 7.40 (2H, d, J = 8.7 Hz); 6.47 (2H, d, J = 8.7 Hz); 13C NMR (CDCl3, 75 MHz); δ (ppm): 

146.0, 137.9, 117.2, 79.4. 

Benzene-1,2-diamine (2i)
6c

:  Yield: 92%; Brown solid; Mp 101-103oC (Lit.26 103-104oC);  1H 

NMR (CDCl3, 300MHz); δ (ppm): 6.75 (2H, d, J = 8.4 Hz); 6.70 (2H, d, J = 8.4 Hz);  3.31 (4H, 

br.s); 13C NMR (CDCl3, 75 MHz); δ (ppm): 135.3, 118.0, 115.3.  
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Benzene-1,3-diamine (2j)
6c

:  Yield: 90%; Brown solid; Mp 65-66oC (Lit.26 63-65oC); 1H NMR 

(CDCl3, 300MHz); δ (ppm):  6.94 (1H, t, J = 7.8 Hz); 6.11-6.14 (2H, m); 6.03 (1H, s); 3.50 (4H, 

br.s); 13C NMR (CDCl3, 75 MHz); δ (ppm): 147.5, 130.2, 106.0, 101.9. 

Benzene-1,4-diamine (2k)
6c

:  Yield: 91%; Brown solid; Mp 142-144oC (Lit.26 143-144oC);  1H 

NMR (CDCl3, 300MHz); δ (ppm): 6.72 (4H, s); 2.77 (4H, br.s); 13C NMR (CDCl3, 75 MHz); δ 

(ppm): 138.7, 115.0. 

Benzene-1,2-diamine (2l)
6c

:  Yield: 94%; Brown solid; Mp 101-103oC (Lit.26 103-104oC); 1H 

NMR (CDCl3, 300MHz); δ (ppm): 6.73 (2H, d, J = 8.3 Hz); 6.68 (2H, d, J = 8.3 Hz);  3.30 (4H, 

br.s); 13C NMR (CDCl3, 75 MHz); δ (ppm): 135.1, 118.3, 115.1.  

4-methylbenzene-1,3-diamine (2m)
8d

: Yield: 93%; Yellow solid; Mp 103-105oC; 1H NMR 

(CDCl3, 300MHz); δ (ppm): 6.82 (2H, d, J = 8.1 Hz); 6.00 (2H, d, J = 8.1 Hz); 3.25 (4H, br.s); 

2.07 (3H, s); 13C NMR (CDCl3, 75 MHz); δ (ppm): 145.5, 145.3, 131.1, 112.9, 106.0, 102.2, 

16.4. 

Benzene-1,3-diamine (2n)
6c

:  Yield: 93%; Brown solid; Mp 65-66oC (Lit.26 63-65oC); 1H NMR 

(CDCl3, 300MHz); δ (ppm):  6.91 (1H, t, J = 7.8 Hz); 6.10-6.15 (2H, m); 6.01 (1H, s); 3.52 (4H, 

br.s); 13C NMR (CDCl3, 75 MHz); δ (ppm): 147.7, 130.4, 106.1, 101.6.  

2-aminophenol (2o)
7c

: Yield: 86%; Yellow solid; Mp 173-175oC (Lit.26 173-174oC); 1H NMR 

(CDCl3, 300MHz); δ (ppm): 6.54 (1H, d, J = 7.2 Hz); 6.45 (2H, s); 6.35 (1H, d, J = 7.2 Hz); 3.12 

(2H, br.s); 13C NMR (CDCl3, 75 MHz); δ (ppm): 144.5, 135.2, 119.8, 118.2, 115.4, 114.9.  

3-aminophenol (2p)
6c

: Yield: 88%; Yellow solid; Mp 119-121oC (Lit.26 120-123oC); 1H NMR 

(DMSO-d6, 300MHz); δ (ppm): 6.84 (1H, s); 6.01-6.09 (3H, m), 4.79 (2H, br.s); 13C NMR 

(DMSO-d6, 75 MHz); δ (ppm): 147.3, 136.4, 118.7, 117.1, 115.1, 110.5.  

4-aminophenol (2q)
6c

: Yield: 89%; Yellow solid; Mp 282-284oC (Lit.26 281-283oC); 1H NMR 

(CDCl3, 300MHz); δ (ppm): 6.68 (2H, d, J = 8.4 Hz); 6.47 (2H, d, J = 8.4 Hz); 2.49 (2H, br.s); 
13C NMR (CDCl3, 75 MHz); δ (ppm): 149.8, 138.8, 116.5, 116.0. 

4-aminobenzyl alcohol (2r)
6b

: Yield: 87%; Brown solid; Mp 60-65oC; 1H NMR (CDCl3, 

300MHz); δ (ppm): 7.14 (2H, d, J = 8.1 Hz); 6.65 (2H, d, J = 8.1 Hz); 4.53 (2H, s); 2.88 (2H, 

br.s); 13C NMR (CDCl3, 75 MHz); δ (ppm): 146.0, 131.1, 128.7, 115.1, 65.2. 
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1-(4-aminophenyl)ethanol
 
(2s)

9b
: Yield: 88%; Brown solid; Mp 60-65oC; 1H NMR (CDCl3, 

300MHz); δ (ppm): 7.06 (2H, d, J = 8.1 Hz); 6.55 (2H, d, J = 8.1 Hz); 4.64-4.71 (1H, q); 3.52 

(2H, br.s); 1.38 (3H, d, J = 6.3 Hz); 13C NMR (CDCl3, 75 MHz); δ (ppm): 145.6, 136.2, 126.6, 

115.3, 69.8, 24.9. 

4-aminobenzaldehyde (2t)
7a

: Yield: 85%; Yellow solid; Mp 70-72oC (Lit.26 72-73oC); 1H NMR 

(CDCl3, 300MHz); δ (ppm): 9.69 (1H, s); 7.83 (2H, d, J = 8.7 Hz); 6.71 (2H, d, J = 8.7 Hz); 3.13 

(2H, br.s); 13C NMR (CDCl3, 75 MHz); δ (ppm): 190.4, 153.8, 130.8, 126.5, 110.7.  

1-(4-aminophenyl)ethanone (2u)
6b

: Yield: 84%; Orange solid; Mp 104-105oC;   1H NMR 

(CDCl3, 300MHz); δ (ppm): 7.81 (2H, d, J = 8.1 Hz); 6.66 (2H, d, J = 8.1 Hz); 4.20 (2H, br.s); 

2.51 (3H, s); 13C NMR (CDCl3, 75 MHz); δ (ppm): 196.5, 151.2, 130.8, 127.8, 113.7, 26.0. 

4-aminobenzoic acid (2v)
7c

: Yield: 82%; Yellow solid; Mp 186-187oC (Lit.26 186-189oC);  1H 

NMR (DMSO-d6, 300MHz); δ (ppm): 7.61 (2H, d, J = 8.4 Hz); 6.55 (2H, d, J = 8.4 Hz); 5.81 

(2H, br.s); 13C NMR (DMSO-d6, 75 MHz); δ (ppm): 168.1, 153.5, 131.7, 117.4, 113.1. 

Methyl-3-aminobenzoate (2w)
10e

: Yield: 87%; White solid; Mp 51-53oC;  1H NMR (CDCl3, 

300MHz); δ (ppm): 7.40 (1H, d, J = 7.6 Hz); 7.31 (1H, s); 7.14 (1H, t, J = 7.6 Hz); 6.78-6.83 

(1H, m); 3.83 (3H, s); 3.55 (2H, br.s); 13C NMR (CDCl3, 75 MHz); δ (ppm): 166.8, 146.5, 131.2, 

128.9, 119.2, 114.5, 53.1.  

3-aminobenzonitrile (2x)
9d

: Yield: 89%; Yellow solid; Mp 52-54oC;  1H NMR (CDCl3, 

300MHz); δ (ppm): 7.18-7.25 (1H, m); 7.00 (1H, d, J = 7.5 Hz); 6.87 (2H, t, J = 6.7 Hz); 3.89 

(2H, br.s); 13C NMR (CDCl3, 75 MHz); δ (ppm):  147.0, 130.1, 121.9, 119.2, 117.4, 112.8. 

4-benzyloxyaniline (2y)
8b

: Yield: 87%; Brown solid; Mp 44-46oC; 1H NMR (CDCl3, 300MHz); 

δ (ppm): 7.30-7.43 (5H, m); 6.82 (2H, d, J = 8.7 Hz); 6.64 (2H, d, J = 8.7 Hz); 4.99 (2H, s); 13C 

NMR (CDCl3, 75 MHz); δ (ppm): 152.0, 140.3, 137.6, 128.8, 128.5, 127.8, 127.5, 125.9, 116.4, 

116.1, 114.9, 70.8. 

(2-aminophenoxy)(tert-butyl)dimethylsilane (2z)
9b

: Yield: 85%; Yellow liquid; 1H NMR 

(CDCl3, 300MHz); δ (ppm): 6.70-6.76 (4H, m); 2.39 (2H, br.s); 0.86 (9H, s); 0.02 (6H, s); 13C 

NMR (CDCl3, 75 MHz); δ (ppm): 144.2, 134.4, 121.5, 119.6, 117.2, 115.3, 29.3, 14.1, -0.01. 

Naphthalen-1-amine (2za)
6c

: Yield: 88%; Yellow solid; Mp 46-47oC;  1H NMR (CDCl3, 300 

MHz); δ (ppm): 7.81-7.89 (2H, m); 7.47-7.56 (2H, m); 7.33-7.39 (2H, m); 6.80 (1H, d, J = 6.8 
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Hz), 3.99 (2H, br.s); 13C NMR (CDCl3, 75 MHz); δ (ppm): 147.7, 144.5, 138.1, 135.8, 128.4, 

127.2, 121.0, 115.8, 111.2.  

4-aminopyridine (2zb)
7c

: Yield: 90%; White solid; Mp 153-155oC;  1H NMR (DMSO-d6, 

300MHz); δ (ppm): 7.61 (2H, d, J = 8.4 Hz); 6.55 (2H, d, J = 8.4 Hz); 5.81 (2H, br.s); 13C NMR 

(DMSO-d6, 75 MHz); δ (ppm): 154.7, 149.9, 109.3.  

Quinolin-8-amine (2zc)
7b

: Yield: 92%; Yellow solid; Mp 66-67oC; 1H NMR (CDCl3, 300 

MHz); δ (ppm): 8.73 (1H, d, J = 7.8 Hz); 8.01 (1H, d, J = 8.1 Hz), 7.31-7.36 (2H, m), 7.11 (1H, 

d, J = 7.6 Hz), 6.91 (1H, d, J = 7.6 Hz), 4.71 (2H, br.s); 13C NMR (CDCl3, 75 MHz); δ (ppm): 

147.3, 144.5, 138.7, 135.9, 130.1, 127.4, 121.5, 116.0, 110.3.  
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1
H NMR & 

13
C NMR Spectra of Some Representative Compounds 

 

Figure 1 1H NMR of 4-toluidine (2a) 

 

Figure 2 13C NMR of 4-toluidine (2a) 
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Figure 3 1H NMR of 2-toluidine (2b) 

 

Figure 4 13C NMR of 2-toluidine (2b) 
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Figure 5 1H NMR of aniline (2d) 

 

Figure 6 13C NMR of aniline (2d) 
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Figure 7 1H NMR of 3-chloroaniline (2f) 

 

Figure 8 13C NMR of 3-chloroaniline (2f) 
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Figure 9 1H NMR of 4-iodoaniline (2h) 

 

Figure 10 13C NMR of 4-iodoaniline (2h) 
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Figure 11 1H NMR of Benzene-1, 3-diamine (2j) 

 

Figure 12 13C NMR of Benzene-1, 3-diamine (2j) 

NH2

NH2
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NH2

NH2

2j
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Figure 13 1H NMR of Benzene-1, 4-diamine (2k) 

 

Figure 14 13C NMR of Benzene-1, 4-diamine (2k) 
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NH2
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Figure 15 1H NMR of 4-methylbenzene-1, 3-diamine (2m) 

 

Figure 16 13C NMR of 4-methylbenzene-1, 3-diamine (2m) 
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Figure 17 1H NMR of 2-aminophenol (2o) 

 

Figure 18 13C NMR of 2-aminophenol (2o) 
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NH2

OH
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Figure 19 1H NMR of 4-aminophenol (2q) 

 

Figure 20 13C NMR of 4-aminophenol (2q) 

NH2

HO
2q

NH2

HO
2q
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Figure 21 1H NMR of 4-aminobenzyl alcohol (2r) 

 

Figure 22 13C NMR of 4-aminobenzyl alcohol (2r) 
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NH2
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Figure 23 
1H NMR of 1-(4-aminophenyl)ethanol (2s) 

 

Figure 24 
13C NMR of 1-(4-aminophenyl)ethanol (2s) 
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Figure 25 1H NMR of 1-(4-aminophenyl)ethanone (2u) 

 

Figure 26 13C NMR of 1-(4-aminophenyl)ethanone (2u) 
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Figure 27 1H NMR of 4-aminobenzoic acid (2v) 

 

Figure 28 
13C NMR of 4-aminobenzoic acid (2v) 
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Figure 29 1H NMR of 3-aminobenzonitrile (2x) 

 

Figure 30 13C NMR of 3-aminobenzonitrile (2x) 
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Figure 31 1H NMR of 4-benzyloxyaniline (2y) 

 

Figure 32 13C NMR of 4-benzyloxyaniline (2y) 
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                                                                                       CHAPTER-IV 

IV. Cu(OAc)2 Catalysed Aerobic Oxidative Transformation of Aldehydes 

to Nitriles under Ligand-Free Condition 

IV.1. Introduction 

             Nitrile is an important functional group that has been used for various organic 

transformations towards the synthesis of dyes, pigments, materials, polymers, natural 

products, agrochemicals, and pharmaceuticals.1 Moreover, nitriles also serve as a recurrent 

pharmacophore in many commercially available drugs, such as Bicalutamide® (prostate 

cancer and breast cancer therapies), Citalopram® (antidepressant drug), Etravirine® (anti-

HIV), Fadrozole® (oncolytic drug), Letrozole® (breast cancer therapy), Periciazine® (anti-

psychotic drug) and 5-lipoxygenase inhibitors have been recognized (Figure 1).2 In view of 

their multifarious applications in a multitude of fields, development of new and improved 

synthetic strategies towards the construction of substituted nitrile derivatives remains 

attractive attention to the synthetic chemists of all times. This review summarizes the recent 

findings on the oxidative transformation of aldehydes to nitriles using different catalysts as 

well as various nitrogen sources in the field of synthetically useful organic transformations.   

 

Figure 1 Some potent biologically active organonitrile drugs 

  
IV.2. Oxidative transformation of aldehydes to nitriles: A review 

         J. Kim and his group3a have developed a transition-metal-free protocol for the oxidative 

transformation of aldehydes to nitriles in the presence of the catalytic amount of 4-acetamido-

2,2,6,6-tetramethylpiperidine-N-oxyl (4-AcNH-TEMPO), NaNO2, and HNO3 under O2 

atmosphere using a balloon (Scheme 1). Aromatic aldehydes bearing several functional 

groups smoothly condensed with NH4OAc as the nitrogen source and produced nitriles 



176 

 

selectively with moderate to good yields. Moreover, this protocol also effective for the 

aerobic oxidative conversion of primary alcohol instead of aldehyde by a one-pot sequential 

strategy. 

 NH4OAc, AcOH, O2, 50oC, 12h

4-AcNH-TEMPO, NaNO2, HNO3,
CHO CN

R1 R1

16 examples

Yield: 40-99%
 

Scheme 1 4-AcNH-TEMPO catalyzed oxidative conversion of aldehydes to nitriles 
 

         Oxoammonium salt mediated another transition-metal-free protocol for the synthesis of 

nitriles directly from aldehydes was reported by Leadbeater and his group.3b They used 4-

acetylamino-2,2,6,6-tetramethylpiperidine-1-oxoammonium tetrafluoroborate as an 

oxoammonium salt and hexamethyldisilazane (HMDS) as an ammonia surrogate in the 

presence of pyridine as the base in dichloromethane solvent (Scheme 2). Various structurally 

varied nitriles were synthesized from the corresponding aldehydes with good to excellent 

yields.  

24 examples

Yield: 51-96%

CH2Cl2, r.t, 1-36 hrs

HMDS, Pyridine,
R CHO R CN

N

O

NHAc

BF4
 

Scheme 2 Oxoammonium salt mediated synthesis of nitriles from aldehydes 
 

        Nimnual et al.
3c described the synthesis of diversely functionalized nitriles starting from 

aldehydes in the presence of ZrCl4 as the catalyst and TMSN3 as the nitrogen source (Scheme 

3). Aromatic aldehydes bearing both electron-donating and electron-withdrawing substituents 

were successfully participated and yielded the desired nitriles with moderate to good yields. It 

was observed that the reaction of salicylaldehyde provided the o-hydroxybenzonitrile with 

43% yield and benzisoxazole with 29% yield in an almost 1.5:1 ratio.  

 CH3CN, r.t., 20 min.-12h

ZrCl4, TMSN3,
CHO CN

R1 R1

23 examples

Yield: 43-97%
 

Scheme 3 ZrCl4 catalyzed synthesis of nitriles from aldehydes using TMSN3 
 

         Copper nanoparticles supported on sulfonic acid functionalized silica/carbon 

composites (Cu(0)-SilCcell-SO3H)4a were successfully synthesized and utilized as an efficient 
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heterogeneous catalyst for the direct conversion of aldehydes to nitriles using aqueous NH3 as 

the nitrogen source and H2O2 as the oxidant (Scheme 4). Various oxidants such as molecular 

oxygen O2, TBHP, and hydrogen peroxide (H2O2) were examined in the presence of aqueous 

ammonia at temperatures ranging from room temperature to 120oC. Hydrogen peroxide 

(H2O2) was found to be the best oxidant in this process. This protocol accommodated a broad 

range of various electron releasing as well as electron withdrawing substituents with good to 

excellent yields.  

10 examples

Yield: 82-94%

 NH3, H2O2, 100oC, 3-4.5h

Cu(0)-SilCcell-SO3H,
CHO CN

R1 R1

 

Scheme 4 Synthesis of nitriles from aldehydes using Cu(0)-SilCcell-SO3H nanocatalyst 
 

         Fang et al.
4b described an efficient one-pot oxidative methodology for the preparation of 

nitriles from aldehydes using TEMPO (2,2,6,6-tetramethylpiperidine l-oxyl) as the catalyst, 

KPF6/NaNO2 or TBN (tert-butyl nitrite) as the co-catalyst, HMDS (hexamethyldisilazane) as 

the nitrogen source, molecular O2 as the terminal oxidant under mild reaction conditions 

(Scheme 5). Various kinds of aldehydes including aromatic, aliphatic, and allylic aldehydes 

were well tolerated and converted into their corresponding nitriles with moderate to excellent 

yields.  

29 examples

Yield: 56-97%

TEMPO/ KPF6/ NaNO2, O2,

R CHO R CNHMDS
AcOH, CH3CN, 30oC, 3-16 h

or TEMPO/ KPF6/ TBN, O2,

 CH3CN, 30oC, 3-16 h
 

Scheme 5 Oxidative conversion of aldehydes to nitriles using HMDS 
        

        Aloe vera mediated silver nanoparticles (AgNPs-Av)4c using AgNO3 as the metal 

precursor have been synthesized and well-characterized by Das et al. The catalytic efficacy of 

the prepared AgNPs-Av was tested for the one-pot conversion of aldehydes into nitriles using 

K4[Fe(CN)6] as a cyanation agent under ambient conditions in an aqueous medium (Scheme 

6). The oxidative conversion of benzaldehyde derivatives carrying different electron releasing 

and withdrawing moieties into their corresponding nitriles proceeded smoothly with good to 

excellent yields. The AgNPs-Av catalyst recycled up to the 3rd consecutive catalytic runs 

without significant loss in its reactivity. 
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12 examples

Yield: 84-96%

 K4[Fe(CN)6], H2O, 50oC, 0.5-1 h

AgNPs-Av
CHO CN

R1
R1

 

Scheme 6 Ag NPs catalyzed oxidative conversion of aldehydes to nitriles  
 

        CTAB stabilized Fe3O4 nanoparticles (Fe3O4-CTAB NPs)4d have been synthesized and 

characterized by SEM, TEM, and XRD analysis. The synthesized Fe3O4-CTAB NPs have 

been utilized as a competent catalyst for the direct synthesis of nitriles from aldehydes using 

hydroxylamine hydrochloride (NH2OH.HCl) as the nitrogen source in DMF medium under 

reflux condition (Scheme 7). The reaction furnished only oxime and nitrile derivatives when 

the reaction was investigated at the temperature range between 50-70oC and reflux condition 

in DMF medium respectively. This methodology described the one-pot conversion of 

aromatic, heterocyclic, and aliphatic aldehydes to a variety of nitriles with moderate to good 

yields. The advantages of this protocol include the utilization of inexpensive and relatively 

less toxic nanocatalyst, good yields of the products, easy reaction setup as well as work-up 

process. 

15 examples

Yield: 76-97%

R CHO R CN
Fe3O4-CTAB NPs

 NH2OH. HCl, DMF, Reflux, 1-2 h

 

Scheme 7 Fe3O4-CTAB NPs catalyzed synthesis nitriles of aldehydes  
 

        Aerobic oxidative one-pot transformation of aromatic aldehydes into their corresponding 

aromatic nitriles was achieved by using a copper catalyst (Cu@C), which was produced by 

the pyrolysis of HKUST-1 (Cu3(BTC)2, BTC=1,3,5-benzenetricarboxylate).4e A series of 

aromatic aldehydes bearing various substituents underwent a smooth condensation with 

aqueous NH3 and the subsequent oxidation to furnish the desired nitriles with moderate to 

good yields in the presence of Cu@C and TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) in 

DMF medium (Scheme 8). The synthesized Cu@C catalyst was heterogeneous and reusable 

without the much loss of its reactivity. 

19 examples

Yield: 63-99%

 TEMPO, O2 balloon, 70oC, 12 h

Cu@C, Aqueous NH3

CHO CN

R1 R1

 

Scheme 8 Heterogeneous Cu catalyzed direct synthesis nitriles of aldehydes  
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       An electrochemical approach5a was developed for the synthesis of nitriles from the 

corresponding aldehydes in an undivided cell using 4-acetamido- 2,2,6,6-tetramethylpiper- 

idinyl-l-oxy (4-AcNH-TEMPO) as the catalyst and ammonium acetate as the nitrogen source 

in acetonitrile medium (Scheme 9). The electrocatalytic activity of 4-AcNH-TEMPO for the 

one-pot conversion of aryl aldehydes to aryl nitriles was investigated by cyclic voltammetry 

measurements. This electrochemical methodology was applicable for a variety of aromatic 

aldehydes and afforded moderate to good yields of nitriles at room temperature. The present 

transition metal-free protocol showed significant advantages as it was performed without 

stoichiometric amounts of reactive oxidants.  

16 examples

Yield: 58-95%

 NH4OAC, NaClO4, r.t., 7-20 h

4-AcNH-TEMPO
CHO CN

R1
R1

undivided cell, constant potential (1.5 V)

 

Scheme 9 Electrochemical synthesis of nitriles from aldehydes 
 

            Kim et al.
5b have developed a 4-acetamido-2,2,6,6-tetramethylpiperidine-1-

oxoammonium tetrafluoroborate (4-AcNH-TEMPO+BF4
-) mediated oxidative protocol for 

the one-pot conversion of aldehydes to nitriles using readily accessible NH4OAc as the 

nitrogen source in an acetic acid medium under N2 atmosphere (Scheme 10). A variety of 

aliphatic as well as aromatic aldehydes was successfully converted into the corresponding 

nitriles in good yields. Moreover, the present metal-free protocol was also effective on large 

scale. The oxoammonium salt (4-AcNH-TEMPO+BF4
-) was recovered by simple acid-base 

extraction and followed by oxidation with NaOCl, HBF4, and NaBF4.  

28 examples

Yield: 50-92%

R CHO R CN
4-AcNH-TEMPO+BF4

-, NH4OAc,

  AcOH, 70oC, N2 atmosphere, 12 h

 

Scheme 10 4-AcNH-TEMPO+BF4
- mediated one-pot conversion of aldehydes to nitriles 

 

         Shen and his group5c have described an efficient methodology for the oxidative 

synthesis of nitriles directly from aldehydes using iodine (I2) as the catalyst, tert-butyl 

hydroperoxide (TBHP) as an external oxidant, ammonium acetate (NH4OAc) as the nitrogen 

source, and sodium carbonate (Na2CO3) as the weak base under mild reaction conditions 

(Scheme 11). The present I2/TBHP catalytic system was highly effective to convert a wide 

range of aromatic, heteroaromatic, allylic, and aliphatic aldehydes into their corresponding 

nitriles with good to excellent yields. Aromatic aldehydes carrying electron-withdrawing 
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substituents were smoothly converted into the desired nitriles within 5 h, whereas aromatic 

aldehydes carrying electron-donating substituents required prolonged time to complete their 

transformation.  

29 examples

Yield: 51-97%

R CHO R CN
I2, TBHP, NH4OAc,

  Na2CO3, EtOH, 50oC, 3-24 h

 

Scheme 11 I2-TBHP catalyzed direct synthesis of nitriles from aldehydes 
 

         Visible light-mediated dual catalytic system for the oxidation of aromatic aldehydes to 

aromatic nitriles was described by Leadbeater and his co-workers6a using Ru(bpy)3(PF6)2 as 

the photoredox catalyst and 4-acetamido-TEMPO as the pro-oxidants (Scheme 12). Here, 

(NH4)2S2O8 (ammonium perdisulfate) was employed as an efficient and inexpensive nitrogen 

source as well as acted as the terminal oxidant for this oxidative transformation. This protocol 

was employed for the generation of a wide range of aryl nitrile products with moderate to 

good yields.  

12 examples

Yield: 13-74%

 (NH4)2S2O8, CH3CN, M.S. (3 Ao), 50oC, 24 h, blue LEDs

Ru(bpy)3(PF6)2 , 4-AcNH-TEMPO, Pyridine,
CHO CN

R1 R1

 

Scheme 12 Visible light-mediated photooxidation of aldehydes to nitriles 
 

         Nanoscale Fe2O3-based catalyst has been prepared by Murugesan et al.
6b using the 

impregnation method of an in situ generated Fe(II)(1,10-phen)3(OAc)2 complex on 

commercial carbon and subsequent pyrolysis at 800°C for 2h under an argon atmosphere (Fe-

phen/C-800; phen=1,10-phenanthroline). The catalytic activity of Fe-phen/C-800 has been 

tested during the oxidative synthesis of nitriles starting from aldehydes in the presence of 

aqueous ammonia as the nitrogen source under the O2 atmosphere (Scheme 13).  Various 

functionalized and structurally diverse aldehydes bearing aromatic, heterocyclic, and 

aliphatic moieties well responded and produced the nitrile derivatives with moderate to good 

yields. This methodology was also applicable for the synthesis of amide derivatives from 

aldehydes in an aqueous medium.  

23 examples

Yield: 86-96%

R CHO R CN
Fe2O3-N/C, Aqueous NH3,

  O2, t-Amyl alcohol, 40oC, 24 h

 

Scheme 13 Fe2O3-N/C-catalyzed synthesis of nitriles from aldehydes 
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       The continuous-flow methodology was applied for the direct synthesis of nitriles from 

aldehydes via the classical Schmidt reaction in the presence of triflic acid (TfOH) as the 

catalyst and trimethylsilyl azide (TMSN3) as the nitrogen source in acetonitrile medium using 

micro-reactor technology (Scheme 14).7a Substituted benzaldehydes bearing electron-

donating and electron-withdrawing substituents reacted well in this protocol and the desired 

nitriles were achieved with good to excellent yields.  

21 examples

Yield: 85-99%

  Flow rate aldehyde:TMSN3 = 54 mL/min:65 mL/min, 

               residence time t = 5 s, T = 25oC

TfOH , TMSN3, CH3CN,
CHO CN

R1 R1

 

Scheme 14 Continuous-flow synthesis of nitriles from aldehydes 
 

        Chen et al.
7b disclosed the direct oxidative conversion of aldehydes to nitriles mediated 

by FeCl2 as an efficient catalyst in the presence of aqueous NH3 as the nitrogen source, NaI 

as the iodine source, and Na2S2O8 as the oxidant (Scheme 15). Both alkyl and aryl aldehydes 

successfully participated and produced the corresponding nitriles in good to excellent yields. 

Several electron-donating and electron-withdrawing groups, such as methyl, methoxy, 

dimethylamino, fluoro, chloro, bromo, nitro, cyano and alkoxycarbonyl were well tolerated. 

Moreover, the present catalytic system was also effective for the preparation of febuxostat 

and its intermediate (ethyl 2-[3-cyano-4-(2-methylpropoxy)phenyl]-4-methyl-5-

thiazolecarboxylate). 

23 examples

Yield: 28-99%

R CHO R CN
FeCl2, NaI, Na2S2O8,

  Aqueous NH3, 1,2-dichloroethane, 50oC, 16 h

 

Scheme 15 Direct conversion of aldehydes to nitriles using FeCl2/NaI/Na2S2O8/Aq. NH3 

 

       Visible light-driven oxidative transformation of aldehydes to nitriles was reported by 

Verma et al.
7c using Co@g-C3N4 (g-C3N4 = graphitic carbon nitride ) as the photocatalyst and 

NH2OH.HCl as the nitrogen source in an aqueous methanolic medium at room temperature 

(Scheme 16). Aromatic aldehydes bearing both electron-donating substituents (such as Me, 

OMe, OH, NHAc, tBu) and electron-withdrawing substituents (such as F, Cl, Br, CF3, CN, 

NO2, Ac) at various positions of the phenyl ring were smoothly converted to the 

corresponding nitriles with good to excellent yield. Moreover, the reusability of Co@g-C3N4 

was investigated up to five catalytic runs and it was found that the catalytic efficiency of the 

catalyst remained more or less the same.  
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24 examples

Yield: 87-94%

MeOH/H2O, hr.t., 14-20 h

Co@g-C3N4, NH2OH.HCl,
CHO CN

R1 R1

 

Scheme 16 Visible light-driven oxidative conversion of aldehydes to nitriles  
 

        Nandi et al.
7d reported an oxidative catalytic strategy for the direct conversion of 

aldehydes to nitriles by the combination of photoredox catalysis with oxoammonium cations 

under visible light irradiation. The reaction was investigated using Ru(bpy)3(PF6)2 as the 

photocatalyst, NH4CO2NH2 (ammonium carbamate) as the nitrogen source, 4-acetamido-

TEMPO (ACT) as the primary oxidant, and (NH4)2S2O8 (ammonium persulfate) as the 

secondary oxidant (Scheme 17). Several aromatic aldehydes bearing both electron releasing 

and electron-withdrawing groups successfully produced the corresponding nitriles with 

moderate to good yields.   

20 examples

Yield: 30-92%

 NH4CO2NH2, CH3CN: H2O, blue LEDs, r.t., 24 h

Ru(bpy)3(PF6)2 , ACT, (NH4)2S2O8, Pyridine,
CHO CN

R1 R1

 

Scheme 17 Photooxidation of aldehydes to nitriles catalyzed by Ru(bpy)3(PF6)2 

 

       Thus in the aforementioned brief account, the metal-free as well as metal-mediated 

oxidative transformation of aldehydes to nitriles with a plethora of substrates, catalysts, 

nitrogen sources and solvents has been explored to validate the necessity, inevitability, and 

suitability of the present exploration going to be described in the next section. 

 

IV.3. Present investigation 

IV.3.1. Background of the present investigation 

         The classical methods for preparing aryl nitriles involve Sandmeyer reaction8a-8d of 

aromatic diazonium salts and Rosenmund-von Braun reaction8e of aryl halides, which require 

the stoichiometric amount of highly toxic CuCN and harsh reaction conditions. Other 

alternative approaches for nitrile synthesis such as hydrocyanation of alkenes,9 Kolbe nitrile 

synthesis,10 methyl arenes,11  oxidative rearrangement of alkene,12a benzyl or allyl halides,12b, 

and cyanation of aryl halides13 were reported in the last few years, but many of these methods 

suffer limitations such as high temperature (>100oC), use of toxic and corrosive reagents, the 

requirement of capricious ligands, inert atmosphere, lower atom economy and poor 

functional group tolerance. Recently, the direct oxidative transformation of aldehyde to nitrile 
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has received substantial interest due to their operational simplicity, better atom efficiency, 

cost-effectiveness as well as obviation of the isolation of intermediates compare to traditional 

ones. Therefore, several synthetic strategies using different nitrogen sources viz., 

NH4OAc,3a,5a,5b,5c TMSN3,
3c,7a NH4CO2NH2,

7d NH2OH.HCl,4d,7c NH3,
4a,4e,6b,7b 

hexamethyldisilazane (HMDS)3b,4b in the presence of various catalysts has been developed in 

the last few years. However, despite the potential utility of the reported protocols, the use of 

hazardous reagents, expensive ligands, toxic solvents as well as additives, and laborious 

catalyst preparation along with the production of large amounts of waste into the environment 

and tedious work-up procedures limits their application from the green and sustainable 

perspective.  

          Therefore, development of highly efficient protocol by avoiding the use of toxic and 

expensive metal catalysts and utilizing the less hazardous and inexpensive reagents for the 

synthesis of nitriles is of great demand in the perspective of the present environmental 

scenario. In continuation of our efforts toward the development of novel eco-compatible 

methodologies, we report herein a mild and efficient oxidative protocol for the direct 

transformation of aldehydes to nitriles using non-toxic copper acetate as an inexpensive 

catalyst and ammonium acetate as the source of nitrogen in the presence of environmentally 

benign aerial oxygen as an eco-friendly oxidant under ligand and base free condition with a 

broad substrate scope and tolerance of various sensitive moieties during the reaction.   

 

IV.3.2. Results and Discussion 

 
IV.3.2.1. Catalytic efficiency of Cu(OAc)2 

              Firstly, we conducted a series of experiments to optimize the reaction conditions for 

the oxidative transformation of 4-methoxybenzaldehyde 1a to the corresponding nitrile 2a in 

the presence of different copper salts as well as various nitrogen sources, and the results are 

presented in Table 1.  The reaction did neither occur at all in the absence of any copper salt 

(Entry 1) as well as CuSO4 with (NH4)2SO4 in EtOH solvent (Entry 5), the unreacted 

substrates were isolated intact. Moreover, the reaction could not proceed well to improve the 

yield when the reaction was performed in presence of CuSO4 with aqueous NH3 in DMSO 

medium (Entry 2), CuSO4 with (NH4)2SO4 in DMSO and CH3CN medium (Entries 3, 4), 

CuCl2 with NH4Cl in DMSO and DMF solvent (Entries 6, 7) and Cu(NO3)2 with NH4NO3 in 

DMSO and CH3CN medium (Entries 8, 9).   
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Table 1 Optimization of reaction conditionsa 
 

  
Entry Cu salt 

(mol %) 
Nitrogen source 

(mmol) 
Solvent 

(mL) 
Temp. 
(oC) 

Time 
(hrs) 

Yieldb 

(%) 
1 -- NH4OAc DMSO 60oC 12h -- 

2 CuSO4 Aq. NH3 DMSO 60oC 12h 28 

3 CuSO4 (NH4)2SO4 DMSO 60oC 12h 47 

4 CuSO4 (NH4)2SO4 CH3CN 60oC 12h 35 

5 CuSO4 (NH4)2SO4 EtOH 60oC 12h -- 

6 CuCl2 NH4Cl DMSO 60oC 12h 45 

7 CuCl2 NH4Cl DMF 60oC 12h 49 

8 Cu(NO3)2 NH4NO3 DMSO 60oC 12h 53 

9 Cu(NO3)2 NH4NO3 CH3CN 60oC 12h 42 

10 Cu(OAc)2 NH4OAc CH3CN 60oC 12h 73 

11 Cu(OAc)2 NH4OAc DMSO 60
o
C 10h 90 

12c Cu(OAc)2 NH4OAc DMSO 60oC 10h -- 

13 Cu(OAc)2 NH4OAc H2O 60oC 10h 36 

14 Cu(OAc)2 NH4OAc EtOH Reflux 14h 54 

15 Cu(OAc)2 NH4OAc DCM Reflux 14h 49 

16 Cu(OAc)2 HCOONH4 DMSO 60oC 8h -- 

17 Cu(OAc)2 Aq. NH3 DMSO 60oC 10h 23 

18 CuO NH4OAc DMSO 60oC 8h -- 

19 CuCl NH4OAc DMSO 60oC 8h -- 
aReaction conditions: 1a (1.0 mmol), Cu salt (10 mol%), nitrogen source (1.5 mmol), solvent 
(3 mL), temperature (as indicated), under ambient condition. bIsolated yield. cThe reaction 
was carried out under an inert (argon) atmosphere. 

          Interestingly the extent of conversion was increased to 73% when the reaction was 

studied in the presence of Cu(OAc)2 along with NH4OAc at 60oC in CH3CN medium (Entry 

10). Surprisingly when the reaction was performed using Cu(OAc)2 along with NH4OAc in 

DMSO medium under ambient atmosphere, the extent of conversion was increased to 90% 

within a shorter reaction time (Entry 11).  But, when the reaction was performed under an 
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inert (Ar) atmosphere in the absence of aerial oxygen, no trace of nitrile 2a was detected in 

the reaction mixture, the substrate 1a remained intact. This observation indicated the 

importance of atmospheric oxygen as the eco-friendly oxidant during the aforementioned 

transformation (Entry 12). No significant improvement of yield was found in the presence of 

Cu(OAc)2 with NH4OAc in H2O medium (Entry 13). This reaction was less responsive in 

ethanol (EtOH) and dichloromethane (DCM) as the solvent even under reflux and a longer 

period of reaction time (entries 14, 15). Interestingly, no reaction took place when ammonium 

formate (HCOONH4) was used as the nitrogen source instead of ammonium acetate 

(CH3COONH4) in the presence of copper acetate (Entry 16). However, a lower yield was 

obtained in the presence of aqueous NH3 (Entry 17). The inferior performance was observed 

in the case of CuO and CuCl (entries 18, 19). Among the screened copper salts and nitrogen 

sources, Cu(OAc)2 was the most effective catalyst and NH4OAc was the best option as the 

nitrogen source. Less toxicity, good stability and cheaper price of ammonium acetate 

(NH4OAc) were found to be good attributes to be a better alternative nitrogen source of NH3. 

Therefore, the conditions, as delineated in entry 11, have been chosen as the optimized 

reaction condition for further studies.  

       To explore the substrate scope and limitation of this oxidative protocol, a systematic 

investigation on all kinds of aromatic, heterocyclic, naphthyl, and aliphatic aldehydes 1 was 

carried out under the optimized reaction conditions to obtain the corresponding nitriles 2 

(Scheme 1). The results are summarized in Table 2.  

R

O

H

Cu(OAc)2 (10 mol%)

60oC, 3-12  hrs

DMSO (3 mL)

R = Aryl, Hetero-arene, 
       Naphthyl, Alkyl

Yield = 78 - 95%

1

2

NH4OAc (1.5 mmol)

Ambient condition

R-CN

 

Scheme 1 Cu(OAc)2 catalyzed direct oxidative transformations of aldehydes to nitriles 
 
         As evident from Table 2, benzaldehyde as well as other aryl aldehydes bearing electron-

donating substituents showed an excellent reactivity and furnished the products (2a-2e) in 

high yields. Aryl aldehydes bearing phenolic -OH group were also equally efficient under the 

optimized reaction condition to produce the products 2f-2i in good yield. Deactivated 

aromatic aldehydes such as N, N-dimethylaminobenzaldehyde, and 2-aminobenzaldehyde 

afforded the corresponding nitriles 2j and 2k under the present reaction condition in excellent 

yield. This protocol was also effective for the substrates bearing halogen which produced the 

nitriles 2l and 2m in good yield within a shorter reaction time without any dehalogenated 

product.   
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Table 2 Cu(OAc)2 catalyzed direct oxidative transformations of aldehydes to nitriles 
 

Entry Substrate Product Time (hrs) Yield (%)
a 

 
Synthesis of benzonitriles bearing electron-donating substituents 

 
 

1 

CHO

MeO
1a  

CN

MeO
2a  

 

10 

 

90 

 

2 

CHO

Me
1b  

CN

Me
2b  

 

10 

 

91 

 

3 

CHO

1c

Me

 

CN

2c

Me

 

 

10 

 

89 

 

4 

CHO

1d  

CN

2d  

 

7.5 

 

90 

 

5 

CHO

1e

MeO

OMe

 

CN

2e

MeO

OMe

 

 

10 

 

90 

 
Synthesis of hydroxy functionalized benzonitriles 

 
 

6 

CHO

1f

HO

OMe

 

CN

2f

HO

OMe

 

 

10 

 

89 

 

7 

CHO

1g

HO

 

CN

2g

HO

 

 

10 

 

87 

 

8 

CHO

1h

HO

 

CN

2h

HO

 

 

10 

 

89 

 

9 

CHO

1i

OH

 

CN

2i

OH

 

 

10 

 

88 
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Synthesis of amino functionalized benzonitriles 

 
 

10 

CHO

1j
Me2N

 

CN

2j
Me2N

 

 

9.0 

 

88 

 

11 

CHO

1k
NH2

 

CN

2k
NH2

 

 

9.0 

 

89 

 
Synthesis of halogenated benzonitriles 

 
 

12 

CHO

1l
Cl

 

CN

2l
Cl

 

 

6.0 

 

93 

 

13 

CHO

1m
Br

 

CN

2m
Br

 

 

6.0 

 

91 

 
Synthesis of nitro functionalized benzonitriles 

 
 

14 

CHO

1n
O2N

 

CN

2n
O2N

 

 

3.0 

 

95 

 

15 

CHO

1o

O2N

 

CN

2o

O2N

 

 

3.0 

 

94 

 
Selectivity towards the synthesis of nitriles 

 
 

16a 

CHO

1p
OHC

 

CN

2p
OHC

 

 

6.0 

 

88 

 

17b 

CHO

1q
OHC

 

CN

2q
NC

 

 

6.0 

 

87 

 

18 

CHO

1r
H3COC

 

CN

2r
H3COC

 

 

6.0 

 

88 
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Synthesis of nitriles bearing naphthyl, methylenedioxy and alkenyl moiety 

 

19 

1s

CHO

 2s

CN

 

 

11 

 

86 

 

20 
1t

O

O

CHO

 2t

O

O

CN

 

 

10 

 

88 

 

21 1u

CHO

 
2u

CN

 

 

10 

 

83 

 
Synthesis of acid sensitive heterocyclic nitriles 

 
 

22 
1v

O

CHO

 2v

O

CN

 

 

10 

 

79 

 

23 
1w

S

CHO

 2w

S

CN

 

 

10 

 

81 

 

24 N

1x

CHO

 

N

2x

CN

 

 

10 

 

83 

 

25 
N

1y

CHO

 

N

2y

CN

 

 

10 

 

80 

 
Synthesis of highly vulnerable nitriles 

 
 

26 
1z

CHO

OPh

 2z

CN

OPh

 

 

10 

 

86 

 

27 

1za

CHO

O

OMe

 2za

CN

O

OMe

 

 

10 

 

84 
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28 
1zb

CHO

OSi

Me

MeMe

Me

Me

 2zb

CN

OSi

Me

MeMe

Me

Me

 

 

10 

 

85 

 
Synthesis of aliphatic nitrile 

 
29 

1zc

H3C CHO

 2zc

H3C CN

 

12 78 

 
Reaction conditions: 1a (1.0 mmol), Cu(OAc)2 (10 mol%), NH4OAc (1.5 mmol), DMSO (3 

mL), 60oC, under ambient condition. aNH4OAc (1.5 mmol) and bNH4OAc (3.0 mmol) were 

used for 1 mmol of substrate. 

        Aldehydes carrying with electron-withdrawing groups (-NO2) at m- and p- positions 

underwent efficient transformation to the corresponding nitriles 2n and 2o with excellent 

yields within 3 hours. Quite interestingly, terephthaldehyde was converted to the 4-

formylbenzonitrile (2p) and terephthalonitrile (2q) in excellent yield with 1.5 mmol and 3.0 

mmol of ammonium acetate respectively as the source of nitrogen with respect to 1 mmol of 

substrate. The structure of 2p was substantiated by the singlet at δ 10.10 (due to –CHO) along 

with two doublets at δ 7.98 (due to aromatic protons ortho to –CHO) and at δ 7.84 (due to 

aromatic protons ortho to –CN). In the 13C NMR spectrum of 2p, simultaneous occurrence of 

two signals at δ 190.6 and δ 117.6 proves the co-existence of –CHO and –CN groups 

respectively. 4-Formylbenzonitrile (2p) furnished terephthalonitrile 2q in good yield using 

1.5 mmol of ammonium acetate. The formation of 2q was confirmed by the presence of only 

one singlet due to chemically equivalent aromatic hydrogens at δ 7.52 in its 1H NMR 

spectrum as well as from the signal (at δ 118.2) specific for CN in the 13C NMR spectrum. 

This regioselectivity is an extremely important attribute of the present protocol in contrast to 

many reported methods where no such selectivity was observed.3b,3c,7a,7d 4-

Acetylbenzaldehyde reacted smoothly to furnished 4-acetylbenzonitrile 2r with 88% yield 

within 6 hours. Therefore, it can be concluded that the reaction was highly selective for 

aldehyde. The method was also successful for 2s containing naphthyl moiety with 

satisfactory yield within 11 hours. Hydrolyzable groups like methylenedioxy in 2t also 

survived under the aforesaid protocol. This is not commonly observed in some literature 

reports.3c,4d,7a,7c The present method was extended to the synthesis of cinnaminonitrile 2u. 

         Acid-sensitive electron-rich as well as electron-deficient heteroaromatic moieties also 

survived during this reaction (2v-2y) which paved the way towards the construction of 
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important molecular skeletons densely loaded with heterocycles in good yields. It is 

extremely surprising to note the fact that highly vulnerable groups like O-benzyl, O-allyl, and 

O-t-butylsilyl were also tolerated under the optimized reaction condition to furnish to 2z, 2za, 

and 2zb respectively with satisfactory yields. This is not commonly observed in some 

literature reports.3a,3c,4d,5a,5b,5c,7a,7c,7d Furthermore, aliphatic nitrile 2zc was also produced quite 

efficiently during a longer period under the aforesaid protocol.  

 

IV.3.2.2. Kinetic Investigations 

 
             We next performed the kinetic experiments of the aforesaid protocol in order to 

determine the order of the reaction. Therefore, two identical experiments were carried out 

following the general procedure varying only the concentration of 4-methoxybenzaldehyde 

1a (Table 3).  

 
Table 3 Experimental details to determine the reaction order 

  
Run 1a NH4OAc Cu(OAc)2 DMSO 

Run 1 1 mmol 1.5 mmol 10 mol% 3 mL 

Run 2 2 mmol 1.5 mmol 10 mol% 3 mL 

 
 

 

Figure 2 Dependence of the initial rate of the reaction on [4-methoxybenzaldehyde] using 

Cu(OAc)2 (10 mol%), NH4OAc (1.5 mmol), DMSO (3 mL), 60oC, under ambient condition. 
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           The initial rate of the reaction for the different runs was calculated to determine the 

order with respect to aldehyde 1a. The kinetic studies showed that the reaction rate was 

dependent on the concentration of 4-methoxybenzaldehyde 1a only (Figure 2). Therefore, the 

aforesaid atom-economical oxidative protocol follows first-order kinetics.   

Initial slope for Run 1 at 60 minutes = 0.0135 = 13.5×10-3 (mM)/min 

Initial slope for Run 2 at 60 minutes = 0.0269 = 26.9×10-3 (mM)/min 

Simplified rate equation for this system 

(r) = k [4-methoxybenzaldehyde]a [NH4OAc]b [Cu(OAc)2]
c [DMSO]d 

(all terms have their usual significance) 

Now for Run 1, r1=13.5×10-3(mM)/min= k[1]a [NH4OAc]b [Cu(OAc)2]
c [DMSO]d .............(1)  

Now for Run 2, r2=26.9×10-3(mM)/min=k [2]a [NH4OAc]b [Cu(OAc)2]
c [DMSO]d .............(2)  

Comparing the initial rate,  

r1/r2 = (13.5/26.9) = (1/2)a 

or, 0.502 = 0.5a 

or, log 0.502 = a log 0.5 

or, a = log 0.502 / log 0.5 

or, a = -0.299 / -0.301 

or, a = 0.99 ˷ 1 

So, Rate = k [4-methoxybenzaldehyde]1 

          Table 2 demonstrated that both electron-donating as well as electron-withdrawing 

substituents showed an excellent reactivity and produced the desired products in excellent 

yield with different time intervals and an electronic effect was observed in this direct 

oxidative transformation of aldehydes to nitriles.  Therefore, kinetic experiments were carried 

out using several electronically disparate benzaldehydes following the general procedure 

(Figure 3).  
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Figure 3 Determination of rate constant for the electronically disparate aldehydes during the 

synthesis of nitriles (a-e). 

        It was evident from Figure 3 that the reactions with electron-withdrawing substituent 

were faster than with electron-donating substituent and better conversion was achieved within 

a shorter reaction time in the former case. It was also evident that the reaction with 4-

nitrobenzaldehyde was nine times faster than with 4-methoxybenzaldehyde. Therefore, 



193 

 

Hammett analysis (Table 4) was carried out using various substituted benzaldehydes under 

the optimized reaction conditions. A very good linear relationship was observed when 

relative rates [log(kX/kH)] with these substituted benzaldehydes were plotted against the 

substituent constant (σ) (Figure 4). It was also observed that a positive ρ value of +0.95 and 

the reactivity sequence: p-NO2 >p-Cl >p-H >p-Me >p-OMe for this oxidative protocol. This 

observation further suggested that the electron-withdrawing substituent should enhance the 

reaction and the results were consistent with the reactivity of the substrates reported in Table 

2. 

 

Figure 4 Hammett analysis of electronically disparate aldehydes for the direct synthesis of 

nitriles from aldehydes using standard reaction conditions. 

 

 

4-nitrobenzaldehyde 366.7 4.606 0.663 0.780 

4-chlorobenzaldehyde 136.4 1.713 0.234 0.230 

benzaldehyde 79.6 1 0 0 

4-methylbenzaldehyde 47.1 0.591 -0.228 -0.170 

+ 0.95 

 

4-methoxybenzaldehyde 36.4 0.457 -0.340 -0.268  

Substrate k×10-4 (min-1) kX/kH log (kX/kH) σP ρ 

Table 4 Hammett Analysis with the para-substitution Constant (σP) 
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IV.3.2.3. Mechanistic pathway 

        Based on the aforesaid investigations and literature precedence,3a,14a,14b,14c a plausible 

mechanistic pathway for this oxidative transformation is depicted in Scheme 1. First of all, 

Cu(OAc)2 activates the carbonyl carbon to react with NH4OAc to form aldimine intermediate 

(A). Then the unstable aldimine intermediate (A) reacts with Cu(OAc)2 to form the 

iminylcuprate intermediate  (B), which on subsequent oxidation forms the corresponding 

nitrile 2 with the liberation of CuOAc which further oxidized to Cu(OAc)2 in the presence of 

aerial oxygen. Here, Cu(OAc)2 serving as a Lewis acid and aerial oxygen acts as an eco-

friendly oxidant towards this oxidative transformation. 

 

NH4OAc AcOH, H2O

R H

O

R H

NH

R H

N
AcOCu

Cu(OAc)2

1 (A)

(B)

2

AcOH,

1/2 O2

H2O

R-CN

Cu(OAc)2

AcOH

CuOAc

 

Scheme 2 Plausible mechanism for the oxidative transformation of aldehydes to nitriles. 

 
IV.3.2.4. Scale-up Experiment 

          To ensure the synthetic scalability and practical applicability of our newly developed 

oxidative protocol, a gram scale reaction of 4-methoxybenzaldehyde 1a was performed 

(Scheme 3) which was almost the same as that in the small scale reaction. The reaction 

mixture was extracted with EtOAc and the crude was further purified by column 

chromatography on a short column of silica gel using 1-5% ethyl acetate-hexane as eluent to 

obtain 2a. Therefore, Cu(OAc)2 / NH4OAc catalyzed oxidative protocol can be readily scaled 

up to gram-scale, which bears a significant prospect for industrial production. 
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Scheme 3 Gram scale applicability of Cu(OAc)2/NH4OAc catalyzed oxidative protocol. 

 
 

IV.4. Conclusion 

            We have developed an oxidative protocol for the direct conversion of aldehydes to 

nitriles using commercially available non-toxic copper acetate as an inexpensive catalyst and 

ammonium acetate as the source of nitrogen in the presence of environmentally benign aerial 

oxygen as an eco-friendly oxidant under ligand-free and base-free condition. The kinetic 

experiments showed the first-order dependency on the aldehyde substrate in the reaction rate. 

Moreover, Hammett's analysis confirmed that the reaction was faster with the electron-

deficient aldehydes. Notably, the synthetic utility and practical applicability of this newly 

developed protocol were demonstrated through a scale-up experiment. The salient features of 

the present protocol are procedural simplicity, ready accessibility and lower toxicity of the 

copper catalyst as well as the nitrogen source, sustainability in terms of using aerial oxygen 

as an eco-friendly oxidant, and tolerance of various sensitive moieties during the reaction. 

 

IV.5. Experimental 

 
Materials and methods 

       All reactants were purchased from SRL, AVRA Chemicals, Alfa-aesar, Spectrochem, 

and Sigma Aldrich and used as received without further purification. 1H and 13C NMR 

spectra were obtained on a Bruker spectrometer (300 MHz and 400 MHz) in CDCl3 and 

DMSO-d6 solutions with TMS as an internal reference. Melting points were determined in 

open capillary on electrical bath which is uncorrected. Column chromatography was 

performed on silica gel (60-120 mesh) from SRL, India. Thin layer chromatographic 

separations were performed on pre-coated silica gel plates using silica gel G for TLC (E. 

Merck). 
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General experimental procedure for the Cu(OAc)2 catalyzed oxidative transformation 

of aldehydes to nitriles:  

      To a stirred suspension of aldehyde 1 (1.0 mmol) and ammonium acetate (1.5 mmol) in 

DMSO (3 mL), Cu(OAc)2 (10 mol %) was added. The reaction mixture was stirred for an 

appropriate time at 60°C under ambient atmosphere. The progress of the reaction was 

monitored with TLC. Then the reaction mixture was cooled to room temperature, ethyl 

acetate (15 mL) was added to dissolve the product. The reaction mixture was repeatedly 

extracted with ethyl acetate (3×5 mL). The combined organic extracts were washed with 

water (3× 5 mL) and dried over anhydrous Na2SO4. The crude product 2 was obtained by 

removal of the solvent under reduced pressure which was further purified by column 

chromatography on a short column of silica gel using 1-10% ethyl acetate-hexane as eluent.  

Procedure for the Cu(OAc)2 catalyzed gram-scale synthesis of nitrile (2a): 

         To a stirred suspension of 4-methoxybenzaldehyde 1a (20.0 mmol, 2.723 g) and 

ammonium acetate (30.0 mmol, 2.310 g) in DMSO (60 mL), Cu(OAc)2 (0.336 g, 10 mol %) 

was added and the reaction mixture was stirred for the appropriate time at 60°C under 

ambient atmosphere. The progress of the reaction was monitored with TLC. Then the 

reaction mixture was cooled to room temperature, ethyl acetate (300 mL) was added to 

dissolve the product. The reaction mixture was repeatedly extracted with ethyl acetate (3×100 

mL). The combined organic extracts were washed with water (3× 100 mL). After drying with 

anhydrous sodium sulfate, the solvent was removed under reduced pressure to furnish the 

crude product 2a, which was further purified by column chromatography on a short column 

of silica gel using ethyl acetate-hexane as eluent. (Yield: 89%, 2.370 g). 

 (iv) Spectral and analytical data of the compounds:  

4-methoxybenzonitrile (2a)
3a

: Yield: 90%; White solid; Mp 57-59 0C (Lit.17b 58-60 0C); 1H 

NMR (CDCl3, 300 MHz); δ (ppm): 7.57 (2H, d, J = 8.4 Hz); 6.93 (2H, d, J = 8.4 Hz); 3.84 

(3H, s).  13C NMR (CDCl3, 75 MHz); δ (ppm): 159.3, 131.5, 119.6, 117.1, 114.0, 56.1. 

 

4-tolunitrile (2b)
3a

: Yield: 91%; Colorless liquid; 1H NMR (CDCl3, 300 MHz); δ (ppm): 

7.50 (2H, d, J = 7.8 Hz); 7.24 (2H, d, J = 7.8 Hz); 2.38 (3H, s).  13C NMR (CDCl3, 75 MHz); 

δ (ppm): 145.1, 132.6, 128.9, 119.8, 111.6, 22.5.  
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2-tolunitrile (2c)
3a

: Yield: 89%; Colorless liquid; 1H NMR (CDCl3, 300 MHz); δ (ppm): 

7.44-7.59 (2H, m); 7.23-7.31 (2H, m); 2.53 (3H, s).  13C NMR (CDCl3, 75 MHz); δ (ppm): 

141.9, 132.6, 132.4, 130.2, 126.2, 118.1, 112.7, 20.4.  

 

Benzonitrile (2d)
3c

: Yield: 90%; Colorless liquid; 1H NMR (CDCl3, 300 MHz); δ (ppm): 

7.57-7.64 (3H, m); 7.43-7.48 (2H, m).  13C NMR (CDCl3, 75 MHz); δ (ppm): 133.9, 133.1, 

129.6, 119.5, 113.4. 

  

3, 4-dimethoxybenzonitrile (2e)
3c

: Yield: 90%; White solid; Mp 70-72 0C (Lit.17b 69-71 0C); 
1H NMR (CDCl3, 300 MHz); δ (ppm): 7.24 (1H, d, J = 1.5 Hz); 7.04 (1H, s); 6.87 (1H, d, J = 

8.1 Hz); 3.94 (3H, s); 3.90 (3H, s).  13C NMR (CDCl3, 75 MHz); δ (ppm): 152.8, 149.4, 

126.5, 119.1, 113.8, 111.2, 103.6, 56.0, 55.8.  

 

4-hydroxy-3-methoxybenzonitrile (2f)
16a

: Yield: 89%; White solid; Mp 88-90 0C (Lit.17b 

87-89 0C); 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.19 (1H, d, J = 7.5 Hz); 7.06 (1H, s); 6.92 

(1H, d, J = 7.8 Hz); 3.89 (3H, s).  13C NMR (CDCl3, 75 MHz); δ (ppm): 150.1, 146.8, 127.5, 

119.3, 113.9, 109.0, 103.1, 56.2. 

 

4-hydroxybenzonitrile (2g)
16a

: Yield: 87%; White solid; Mp 110-112 0C (Lit.17b 111-112 
0C); 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.54 (2H, d, J = 8.4 Hz); 6.94 (2H, d, J = 8.4 Hz).  
13C NMR (CDCl3, 75 MHz); δ (ppm): 160.5, 134.3, 119.3, 116.5, 102.7. 

 

3-hydroxybenzonitrile (2h)
16b

: Yield: 89%; White solid; Mp 79-81 0C; 1H NMR (DMSO-d6, 

300 MHz); δ (ppm): 7.28-7.33 (2H, m); 7.19 (1H, s); 7.09-7.17 (1H, m).  13C NMR (DMSO-

d6, 75 MHz); δ (ppm): 156.5, 131.2, 124.7, 121.2, 119.5, 117.8, 110.4. 

 

2-hydroxybenzonitrile (2i)
16a

: Yield: 88%; White solid; Mp 97-99 0C (Lit.4c 96-98 0C); 1H 

NMR (CDCl3, 300 MHz); δ (ppm): 7.48-7.51 (2H, m); 6.95-6.98 (2H, m); 4.89 (1H, br s).  
13C NMR (CDCl3, 75 MHz); δ (ppm): 158.8, 134.7, 132.9, 120.7, 119.1, 116.7, 102.8.  

 

4-(dimethylamino)benzonitrile (2j)
16a

: Yield: 88%; White solid; Mp 70-72 0C (Lit.17a 71-73 
0C); 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.45 (2H, d, J = 8.7 Hz); 6.63 (2H, d, J = 8.7 Hz).  
13C NMR (CDCl3, 75 MHz); δ (ppm): 152.5, 133.6, 120.6, 111.8, 97.4, 39.8. 
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2-aminobenzonitrile (2k)
16c

: Yield: 89%; Yellow solid; Mp 48-50 0C (Lit.17a 49-51 0C);  1H 

NMR (CDCl3, 300 MHz); δ (ppm): 7.29-7.38 (2H, m); 6.70-6.75 (2H, m); 4.41 (2H, br s).  
13C NMR (CDCl3, 75 MHz); δ (ppm): 149.7, 134.0, 132.4, 117.9, 117.6, 115.2, 95.9. 

 

4-chlorobenzonitrile (2l)
3a

: Yield: 93%; White solid; Mp 92-94 0C (Lit.17a 91-93 0C); 1H 

NMR (CDCl3, 300 MHz); δ (ppm): 7.60 (2H, d, J = 8.4 Hz); 7.46 (2H, d, J = 8.4 Hz).  13C 

NMR (CDCl3, 75 MHz); δ (ppm): 139.3, 132.8, 129.2, 118.8, 110.3. 

 

4-bromobenzonitrile (2m)
3a

: Yield: 91%; White solid; Mp 108-110 0C (Lit.17a 109-111 0C); 
1H NMR (CDCl3, 300 MHz); δ (ppm): 7.62 (2H, d, J = 8.4 Hz); 7.51 (2H, d, J = 8.4 Hz).  13C 

NMR (CDCl3, 75 MHz); δ (ppm): 133.4, 132.6, 127.9, 118.0, 111.3.  

 

4-nitrobenzonitrile (2n)
3a

: Yield: 95%; Yellow solid; Mp 147-150 0C (Lit.17a 146-148 0C); 
1H NMR (CDCl3, 300 MHz); δ (ppm): 8.36 (2H, d, J = 8.7 Hz); 7.88 (2H, d, J = 8.7 Hz).  13C 

NMR (CDCl3, 75 MHz); δ (ppm): 150.1, 133.5, 124.2, 118.3, 116.8. 

 

3-nitrobenzonitrile (2o)
16a

: Yield: 94%; White solid; Mp 114-116 0C (Lit.4c 115-116 0C); 1H 

NMR (CDCl3, 300 MHz); δ (ppm): 7.18-7.25 (1H, m); 7.00 (1H, d, J = 7.5 Hz); 6.84-6.89 

(2H, m).  13C NMR (CDCl3, 75 MHz); δ (ppm): 147.0, 130.1, 121.9, 119.2, 117.4, 112.8. 

 

4-formylbenzonitrile (2p)
16c

: Yield: 88%; White solid; Mp 98-100 0C (Lit.17a 100-101 0C); 
1H NMR (CDCl3, 300 MHz); δ (ppm): 10.1 (1H, s); 7.98 (2H, d, J = 8.1 Hz); 7.84 (2H, d, J = 

8.1 Hz).  13C NMR (CDCl3, 75 MHz); δ (ppm): 190.6, 138.7, 132.9, 130.6, 129.9, 117.6. 

 

Terephthalonitrile (2q)
16c

: Yield: 87%; White solid; Mp 225-227 0C (Lit.17a 224-226 0C); 1H 

NMR (CDCl3, 300 MHz); δ (ppm): 7.52 (s, 4H). 13C NMR (CDCl3, 75 MHz); δ (ppm): 

132.7, 118.2, 116.6. 

 

4-acetylbenzonitrile (2r)
16c

: Yield: 88%; Light yellow solid; Mp 56-58 0C (Lit.17a 55-57 0C); 
1H NMR (CDCl3, 300 MHz); δ (ppm): 8.03 (2H, d, J = 8.1 Hz); 7.77 (2H, d, J = 8.1 Hz); 

2.64 (3H, s).  13C NMR (CDCl3, 75 MHz); δ (ppm): 196.6, 139.9, 132.5, 128.7, 117.9, 116.3, 

26.7. 
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1-naphthonitrile (2s)
15

: Yield: 86%; White solid; Mp 33-35 0C (Lit.17a 35-37 0C); 1H NMR 

(CDCl3, 300 MHz); δ (ppm): 8.21 (1H, d, J = 8.4 Hz,), 8.02 (1H, d, J = 8.6 Hz), 7.76–7.83 

(4H, m), 7.48 (1H, t, J = 7.8 Hz). 13C NMR (75 MHz, CDCl3); δ (ppm): 133.5, 132.9, 132.1, 

131.8, 128.7, 128.1, 127.0, 125.6, 124.7, 118.1, 110.2.  

 

Benzo[d][1,3]dioxole-5-carbonitrile (2t)
3a

: Yield: 88%; White solid; Mp 92-94 0C; 1H 

NMR (CDCl3, 300 MHz); δ (ppm): 7.41 (1H, s); 7.14-7.20 (1H, m), 6.98 (1H, d, J = 8.2 Hz), 

6.01 (2H, s). 13C NMR (75 MHz, CDCl3); δ (ppm): 150.6, 148.2, 127.9, 119.0, 111.1, 108.8, 

105.7, 101.3. 

   

Cinnamonitrile (2u)
3c

: Yield: 83%; Colorless oil; 1H NMR (CDCl3, 400 MHz); δ (ppm): 

7.37-7.49 (6H, m), 5.83 (1H, d, J = 16.3 Hz). 13C NMR (100 MHz, CDCl3); δ (ppm): 150.1, 

132.9, 131.4, 129.3, 127.5, 118.8, 95.8.  

 

Furan-2-carbonitrile (2v)
3a

: Yield: 79%; Viscous oil; 
 

1H NMR (CDCl3, 400 MHz); δ 

(ppm): 7.58 (1H, d, J = 1.5 Hz), 6.96-7.02 (2H, m). 13C NMR (100 MHz, CDCl3); δ (ppm): 

147.5, 132.2, 125.3, 119.8, 111.6.   

 

Thiophene-2-carbonitrile (2w)
3a

: Yield: 81%; Colorless liquid; 
 

1H NMR (CDCl3, 400 

MHz); δ (ppm): 7.60 (2H, d, J = 4.3 Hz), 7.01-7.06 (1H, m). 13C NMR (100 MHz, CDCl3); δ 

(ppm): 138.2, 131.4, 126.5, 118.1, 109.2.   

 

Picolinonitrile (2x)
15

: Yield: 83%; Colorless liquid;  1H NMR (CDCl3, 300 MHz); δ (ppm): 

8.72 (1H, d, J = 4.5Hz), 7.62-7.71 (3H, m). 13C NMR (75 MHz, CDCl3); δ (ppm): 151.3, 

135.7, 133.3, 127.6, 124.9, 117.6.   

 

Isonicotinonitrile (2y)
16d

: Yield: 80%; White solid; Mp 78-79 0C (Lit.17b 77-78 0C); 1H NMR 

(CDCl3, 300 MHz); δ (ppm): 8.82 (2H, d, J = 13.5 Hz); 7.55 (2H, d, J = 13.5 Hz).  13C NMR 

(CDCl3, 75 MHz); δ (ppm): 152.3, 126.8, 120.7, 117.3. 

 

4-(benzyloxy)benzonitrile (2z)
15

: Yield: 86%; White solid; Mp 95-98 0C; 1H NMR (CDCl3, 

300 MHz); δ (ppm): 7.58 (2H, d, J = 8.4 Hz); 7.25-7.40 (5H, m); 7.01 (2H, d, J = 8.4 Hz); 

5.11 (2H, s).  13C NMR (CDCl3, 75 MHz); δ (ppm): 161.9, 134.0, 131.7, 128.5, 128.2, 127.4, 

119.1, 115.6, 14.5, 104.2, 70.3. 
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4-(allyloxy)-3-methoxybenzonitrile (2za)
16e

: Yield: 84%; Light yellow liquid; 1H NMR 

(CDCl3, 300 MHz); δ (ppm): 7.24 (1H, d, J = 9.0 Hz); 7.08 (1H, s); 6.88 (1H, d, J = 8.4 Hz); 

6.00-6.11 (1H, m); 5.31-5.45 (2H, m); 4.65 (2H, d, J = 4.8 Hz); 3.88 (3H, s).  13C NMR 

(CDCl3, 75 MHz); δ (ppm): 151.9, 149.5, 132.1, 126.2, 119.2, 118.8, 114.3, 112.9, 104.0, 

69.7, 56.2. 

 

4-((tert-butyldimethylsilyl)oxy)-3-methoxybenzonitrile (2zb)
16f

: Yield: 85%; Colorless 

liquid; 1H NMR (CDCl3, 300 MHz); δ (ppm):  7.05 (1H, s); 6.94 (2H, m); 3.89 (3H, s); 0.88 

(9H, s); 0.06 (6H, s).  13C NMR (CDCl3, 75 MHz); δ (ppm): 150.2, 146.9, 126.9, 119.2, 

115.4, 113.9, 103.1, 56.2, 25.6, 17.9, -3.64. 

 

Heptanenitrile (2zc)
16a

: Yield: 78%; Colorless liquid; 1H NMR (CDCl3, 300 MHz); δ (ppm): 

1.56 (3H, t); 1.24-1.30 (7H, m); 0.88 (3H, t).  13C NMR (CDCl3, 75 MHz); δ (ppm): 119.2, 

31.9, 30.5, 29.3, 28.8, 22.6, 14.0. 
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1
H NMR & 

13
C NMR Spectra of Some Representative Compounds 

 

Figure 1 1H NMR of 4-tolunitrile (2b) 

 

 

Figure 2 13C NMR of 4-tolunitrile (2b) 
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Figure 3 1H NMR of 2-tolunitrile (2c) 

 

 

 

Figure 4 13C NMR of 2-tolunitrile (2c) 
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Figure 5 1H NMR of Benzonitrile (2d) 

 

 

 

Figure 6 13C NMR of Benzonitrile (2d) 
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Figure 7 1H NMR of 3, 4-dimethoxybenzonitrile (2e) 

 

 

 

Figure 8 13C NMR of 3, 4-dimethoxybenzonitrile (2e) 
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Figure 9 1H NMR of 4-hydroxy-3-methoxybenzonitrile (2f) 

 

 

 

Figure 10 13C NMR of 4-hydroxy-3-methoxybenzonitrile (2f) 
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Figure 11 1H NMR of 4-hydroxybenzonitrile (2g) 

 

 

 

Figure 12 13C NMR of 4-hydroxybenzonitrile (2g) 
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Figure 13 1H NMR of 2-hydroxybenzonitrile (2i) 

 

 

 

Figure 14 13C NMR of 2-hydroxybenzonitrile (2i) 
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Figure 15 1H NMR of 4-(dimethylamino)benzonitrile (2j) 

 

 

 

Figure 16 13C NMR of 4-(dimethylamino)benzonitrile (2j) 
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Figure 17 1H NMR of 2-aminobenzonitrile (2k) 

 

 

 

Figure 18 13C NMR of 2-aminobenzonitrile (2k) 
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Figure 19 1H NMR of 4-chlorobenzonitrile (2l) 

 

 

 

Figure 20 13C NMR of 4-chlorobenzonitrile (2l) 
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Figure 21 1H NMR of 4-bromobenzonitrile (2m) 

 

 

 

Figure 22 13C NMR of 4-bromobenzonitrile (2m) 
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Figure 23 1H NMR of 4-nitrobenzonitrile (2n) 

 

 

 

Figure 24 13C NMR of 4-nitrobenzonitrile (2n) 
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Figure 25 1H NMR of 4-formylbenzonitrile (2p) 

 

 

 

Figure 26 13C NMR of 4-formylbenzonitrile (2p) 
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Figure 27 1H NMR of Terephthalonitrile (2q) 

 

 

 

Figure 28 13C NMR of Terephthalonitrile (2q) 
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Figure 29 1H NMR of Cinnamonitrile (2u) 

 

 

 

Figure 30 13C NMR of Cinnamonitrile (2u) 
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Figure 31 1H NMR of 4-(benzyloxy)benzonitrile (2z) 

 

 

 

 Figure 32 13C NMR of 4-(benzyloxy)benzonitrile (2z) 
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Figure 33 1H NMR of 4-(allyloxy)-3-methoxybenzonitrile (2za) 

 

 

 

Figure 34 13C NMR of 4-(allyloxy)-3-methoxybenzonitrile (2za) 
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Figure 35 1H NMR of 4-((tert-butyldimethylsilyl)oxy)-3-methoxybenzonitrile (2zb) 

 

 

 

Figure 36 
13C NMR of 4-((tert-butyldimethylsilyl)oxy)-3-methoxybenzonitrile (2zb) 
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a b s t r a c t

The catalytic efficiency of b-cyclodextrin hydrate has been investigated towards the eco-compatible syn-
thesis of bis-(indolyl)methanes in aqueous medium by the chemoselective reaction of indoles with dif-
ferently substituted aryl and alkyl aldehydes under mild reaction conditions. The catalytic attributes of
b-cyclodextrin hydrate were also demonstrated through molecular docking and DFT studies. Reactions
were slower in D2O than in H2O. Aryl and alkyl ketones remained unaffected under the present condition.
Excellent chemoselectivity has been established through intermolecular as well as intramolecular com-
petition experiments. Calculation of Green Chemistry Metrices showed high atom economy and small E-
factor for the reaction.

� 2020 Elsevier Ltd. All rights reserved.

Introduction

Cyclodextrins (CDs) are a family of macrocyclic oligosaccharides
linked together by a-1,4 glucopyranose subunits and produced
enzymatically from starch. b-Cyclodextrin (b-CD) consists of seven

D-glucopyranose units forming a cyclic, hollow cone-shaped cavity
and possessing hydrophilic exterior due to upper and lower rims
decorated with hydroxyl groups as well as hydrophobic internal
pocket that embrace substrates selectively [1] through inclusion
complexes. But, b-Cyclodextrin hydrate (b-CDH) contains
exchangeable hydrogen atoms [2] associated with protonic con-
ductivity which is similar to that of hydrated proteins. The water
molecules are present inside and outside of b-CD hydrate (b-
CDH) provides an efficient path for the extended movement of pro-
tons which is also responsible for the protonic conductivity via a
concerted and co-operative translocation of protons through the
so-called flip-flop hydrogen bond [3]. The catalytic applications
[4] of CDs for the synthesis of biologically important compounds
have been reported. But surprisingly the catalytic attributes of b-
cyclodextrin hydrate, which behaves differently from b-cyclodex-
trin, have not been explored much after the maiden report from
our group [5].

Friedel-Crafts reaction is one of the cornerstone reactions for
fundamental carbon–carbon (CAC) bond formation and construc-

tion of important classes of building blocks [6]. Bis-(indolyl)
methanes (BIMs) are prominent and privileged structural motif
in bioactive metabolites as well as compounds of both terrestrial
and marine origin [7]. A broad range of biologically and pharmaco-
logically active compounds, such as anticancer [8a], antitumor
[8b], antifungal [8c], and HIV-1 integrase inhibitor [8d] also carry
this structural unit. Therefore, various synthetic strategies such
as solid acids [9a,9b], Lewis acids [9c–9f], hetero-polyacids [9g],
ionic liquids [9h,9i], and many other transition metal-free
protocols [9j–9q] have been developed during the last few years.
Several homogeneous and heterogeneous systems, such as Fe
[10a], Cu [10b], Zn [10c], Ag [10d], Sc [10e], Mo [10f], Pd [10g],
Nb [10h], Ni-Dy complex [10i], and Dy(OTf)3-ILs [10j], were also
reported for the similar transformations. Even though these
reported protocols are satisfactory, but they also suffer from
certain disadvantages such as high temperature [9a,10g], long
reaction time [9p,9q,10c,10g,10i,10j], harsh reaction condition
[10g], use of expensive metal catalysts [10e–10j], limitation in
gram scale production [9a,10a,10d,10h,10i,10j], insufficient
recovery of catalyst [10b,10d,10e,10g,10i], lack of chemos-
electivity [9a,9h,9m,9n,10a,10d,10f,10j,10k], and involvement of
organic solvents [9e,9g,10b,10d,10e,10g,10k] having poor scope
to recover and recycle. Therefore, an operationally simple,
catalytically efficient, and eco-compatible protocol for the
chemoselective synthesis of bis-(indolyl)methanes through the
three component reaction [11] involving indoles [12] is of
great demand from the standpoint of sustainability. The use of
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b-cyclodextrin hydrate (b- CD hydrate) as a mildly acidic, efficient
and recyclable catalyst during an organic reaction in aqueous med-
ium has been reported [5] for the first time from our group. In con-
tinuation of our investigations in this direction we report herein
the synthesis of bis-(indolyl)methanes using b-CD hydrate as an
eco-friendly catalyst through chemoselective Friedel-Crafts alkyla-
tion of substituted indoles with differently substituted aromatic
and aliphatic aldehydes in aqueous medium where the assistive
role of water molecules present inside the cavity of b-CD hydrate
was established.

Results and discussion

We initiated our experiments by investigating the Friedel-Crafts
alkylation reaction between 2-methylindole 1a (1 mmol) with 4-
methoxybenzaldehyde 2a (0.5 mmol) in water at 60 �C in the pres-
ence of different catalysts with the variation of reaction time and
catalyst loading to obtain the corresponding bis-(indolyl)methanes
3a (Table 1).

Table 1
Optimization of reaction conditionsa.

Entry Catalyst Mole (%) Time (h) Yield of 3a (%)b

1 – – 10 –
2 b-CD 2 3 52
3 b-CD 6 6 61
4 b-CD 8 6 68
5 b-CD hydrate 2c 6 80
6 b-CD hydrate 4c 3 92
7 b-CD hydrate 6c 5 92
8 b-CD hydrate 8c 3 93
9 a- CD 10 10 25
10 c-CD 10 10 20
11 18-crown-6 6 8 Trace
12 Starch 6 8 –

a Reaction conditions: 1a (1.0 mmol), 2a (0.5 mmol), catalyst (as indicated), water (3 mL) at 60 �C. bIsolated yield. cBased on the molecular formula C42H70O35�11H2O. [13]

Table 2
Comparative study between b-CD and b-CD hydrate.a

Entry Catalyst Solvent (3 mL) Mole (%) Time (h) Conversion(%)b

1 b-CD H2O 4 3 67
2 b-CD D2O 4 3 28
3 b-CD hydrate H2O 4 3 100
4 b-CD hydrate D2O 4 3 62

a Reaction conditions: 1a (1.0 mmol), 2a (0.5 mmol), temperature 60 �C. bMeasured by 1H NMR.

Fig. 1. Plot of the percentage conversion of 3a with time using 1a (1.0 mmol), 2a
(0.5 mmol) and catalyst (4 mol %) at 60 �C in solvent (3 mL); (a) b-CD hydrate in
H2O; (b) b-CD in H2O; (c) b-CD hydrate in D2O.

Fig. 2. Recycling of b-CD hydrate using 1a (1.0 mmol), 2a (0.5 mmol) and b–CD
hydrate (4 mol %) as catalyst at 60 �C for 3 h in water (3 mL); % of yield was the
isolated yield of 3a.
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As shown in Table 1, the reaction did not occur at all in the
absence of any catalyst (Entry 1), the unreacted substrates were
isolated intact. The reaction was less responsive in presence a-
CD (Entry 9), c-CD (Entry 10) and 18-crown-6 (Entry 11). With
b-CD, 3a was obtained with moderate yield (entries 2–4). Surpris-
ingly, when b-CD hydrate was used as a catalyst in lesser amount
(2 mol %) the yield of the reaction was significantly increased to
80% (entry 5) but no reaction took place in the absence of b-CD
hydrate even at higher temperature (80 �C). Therefore, the neces-
sity, efficacy and applicability of b-CD hydrate for this organic
transformation were firmly established. Looking for an improve-
ment in yield, the amount of catalyst was increased. Best result
was obtained using 4 mol % of b-CD hydrate where the yield was
increased to 92% in lesser time (entry 6). Excess catalyst beyond
this proportion (4 mol %) did not afford to better substrate conver-
sion and increment of the yield (entries 7, 8). Hence the optimized
condition for further studies has been chosen according to entry 6.
Using starch as the catalyst in place of b-cyclodextrin hydrate, the
reaction did not occur at all and the unreacted substrates were iso-
lated intact (entry 12). The greater catalytic efficacy of b-CD
hydrate in the present metal-free reaction in aqueous medium (en-
tries 5–8) compared to b-CD (entries 2–4) is at par with our previ-
ous experience [5]. To further establish the efficacy of b-CD
hydrate, we next carried out a comparative study between b-CD
and b-CD hydrate using 1a (1 mmol) and 2a (0.5 mmol) in presence
of H2O and D2O at 60 �C (Table 2).

It was observed that the reactions were faster in the presence of
b-CD hydrate in H2O as well as in D2O compared to b-CD. Further-
more, the progress of the reaction was monitored at different time
intervals using b-CD and b-CD hydrate separately as catalyst under
the optimized reaction condition using H2O as well as D2O as the
reaction medium (Fig. 1). It was evident from Fig. 1 that the reac-
tions in H2O were faster than in D2O and better conversion was
achieved in the former case. Hence, the isotope effect rendered
by the reaction medium has been observed. The extent of conver-
sion using b-CD as catalyst in H2O was moderate. Hence the essen-
tiality of water molecules inside the cavity of b-CD hydrate was
conclusively proved.

b- CD hydrate bears negligible toxicity as evident from its MSDS
[14]. This is sparingly soluble in water under ambient condition
but becomes completely miscible in aqueous reaction medium at
the reaction temperature (60 �C). Thus it offers the advantages of

homogeneous catalysts during the reaction as well as the benefits
of heterogeneous catalysts during isolation of the products and
separation of the catalyst. After the completion of the reaction,
the reaction mixture was cooled in ice-water and crude product
was dissolved in ethyl acetate. The precipitated catalyst was sepa-
rated by filtration, washed with ethyl acetate, dried and reused
directly in a fresh reaction with a little variation of yield (Fig. 2).
The reactions took place in aqueous condition and did not require
inert environment and any organic co-solvent as the reaction
medium. It utilizes ethyl acetate as an eco-friendly solvent for
the isolation of the product. Moreover, the reactions are highly
atom-efficient and generate water as the sole and innocuous
side-product. Therefore, this novel b-CD hydrate catalyzed
metal-free Friedel-Crafts alkylation reaction in aqueous medium

Fig. 3. Docking poses showing the interaction sites of a) benzaldehyde with b-CD, b) benzaldehyde with b-CD hydrate, c) 2-methylindole with b-CD, d) 2-methylindole with
b-CD hydrate, e) bis-(indolyl)methane with b-CD, f) bis-(indolyl)methane with b-CD hydrate.

Fig. 4. (a) Optimized structures of benzaldehyde with and without hydrogen
bonded water and (b) The frontier orbital energy level of HOMO and LUMO of 2-
methylindole and benzaldehyde with as well as without hydrogen bonded water.
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seems to be eco-compatible in terms of reaction medium, opera-
tional simplicity, and recyclability of catalysts and solvents of
insignificant toxicity. The green metrics calculated for the opti-
mized reaction (between 1a and 2a) show high atom economy
and small E-factor (See the Supplementary Materials). So this
metal-free catalytic protocol in aqueous medium is proved to be
highly sustainable from the standpoints of efficacy, less toxicity,
economical viability, recyclability of the catalyst as well as mini-
mized waste formation.

The molecular docking study (Fig. 3) revealed that the presence
of water molecules inside the cavity of b-CD hydrate (b-CDH)
might facilitate the inclusion of the benzaldehyde more effectively
through hydrogen bonding than simple b-CD due to different inter-
action of benzaldehyde with b-CDH and b-CD with a preferred ori-
entation of the ligands inside the cavity. The docked pose of
benzaldehyde was more included within the cavity of b-CDH than
b-CD. The –CHO group of benzaldehyde formed one hydrogen bond
(1.78 Å) with the water molecules present within the cavity of b-
CDH (Fig. 3b) whereas the same formed two hydrogen bonds
(2.17 Å and 2.86 Å) with the –CH2OH group of b-CD located near
the wider side (secondary hydroxy rim) (Fig. 3a). However, the
binding modes of 2-methylindole with b-CD and b-CDH seem to

be nearly similar (Fig. 3c and 3d). The hydrogen bonding interac-
tion of benzaldehyde with the water molecules inside the b-CDH
cavity (which are also believed to possess more protic behavior
due to flip-flop movement) might increase the electrophilicity of
the formyl carbon; therefore the nucleophilic attack of 2-methylin-
dole on benzaldehyde seems to be facilitated. The docked pose of
corresponding bis-(indolyl)methane was more excluded through
one hydrogen bonding interaction (2.86 Å) in the b-CDH whereas
it was slightly included inside the cavity of b-CD (Fig. 3e and 3f).

We tried to get a deeper insight about the beneficiary effect of
water molecules present inside the cavity of b-CD hydrate towards
this aqueous reaction using density functional theory (DFT). The
structures of 2-methylindole as well as benzaldehyde with hydro-
gen bonded water at a distance of 1.78 Å (Fig. 3b) and without
hydrogen bonding (Fig. 3a) were optimized (Fig. 4). The result
shows that the hydrogen bonding between carbonyl oxygen and
water increases the positive Mulliken charge on the carbonyl car-
bon (Fig. 4a, ii). Thus, due to hydrogen bonding with the water
molecule inside the cavity of b-CD hydrate, the electrophilicity of
carbonyl carbon of benzaldehyde is increased accompanied with
the greater stabilization of its HOMO and LUMO (Fig. 4b). Under
hydrogen bonded condition, HOMO and LUMO of benzaldehyde

Table 3
b-CD hydrate catalysed reactions of indoles with aldehydes.

Reaction conditions: 1 (1.0 mmol), 2 (0.5 mmol), b CD hydrate (4 mol%), water (3 mL) at 60 �C for indicated time.
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are stabilized by 0.24 eV and 0.29 eV respectively (Fig. 4b). There-
fore, the nucleophilic attack by 2-methylindole through its high
energy HOMO to the low energy LUMO of hydrogen bonded ben-
zaldehyde is more facilitated with respect to benzaldehyde devoid
of hydrogen bonding (Fig. 4b, shown with the dotted line). Calcu-
lations also indicate that the orbital coefficients of frontier molec-
ular orbitals are enhanced due to hydrogen bonding on the
carbonyl carbon atom of (ii) over (i) and its LUMO of same symme-
try with the HOMO of C2-C3 bond in 2-methylindole (Fig. 4b). These
observed results provide a supportive rationale towards the better
catalytic attributes of b-CD hydrate compared to b-CD for the pre-
sent reaction.

In order to explore the scope and limitations of this meal-free
eco-friendly protocol, indoles 1 were reacted with structurally var-
ied aldehydes 2 in aqueous medium in the presence of b-CD
hydrate as a catalyst (Table 3). As evident from Table 3, 2-
methylindole (1a) reacted efficiently with benzaldehyde as well
as other aryl aldehydes bearing electron donating substituents
(2a-2e) and electron withdrawing substituents (2f-2i) to give the
corresponding bis-indolylmethanes with excellent yield (3a-3i).
Reaction between 1a and less electrophilic aromatic aldehyde
(2e) under the optimized condition is known as the Ehrlich test
[15].

Similarly, unsubstituted indole (1b) was found equally efficient
to participate in the same protocol to yield the corresponding
products (3n-3s). Phenolic-OH groups remained unaffected during
this reaction and the reaction was very facile even with the –OH
group at the ortho-position (3p,3r). Acid-sensitive heteroaryl moi-
eties also survived during this reaction which paved the way
towards the efficient construction of important molecular skele-
tons densely loaded with heterocycles (3j, 3k and 3t) in good
yields. Hydrolysable group like methylenedioxy also remained
unaffected in the aqueous reaction medium to produce 3l in good
yield. It is extremely important to note the remarkable survival of
another acid-sensitive hydrolysable functional group –CN in this
aqueous protocol, where the corresponding product 3h was
obtained with 92% yield. The survival of –CN was confirmed by
the signal at d119.4 (specific for –CN) in the 13C-NMR spectrum
of 3h. With terephthaldehyde (2i), the bis-(indolyl)methane (3i)
was obtained in high yield (90%) where one –CHO participated in
the reaction and the other –CHO remained unaffected in spite of
using higher concentration of 1a. A sharp singlet at d9.96 in 1H
NMR spectrum as well as a signal at d197.0 in 13C NMR spectrum
confirmed the presence of one formyl group in 3i. Such a regiose-
lectivity was also observed in 3r. This is an extremely important
attribute of the present protocol in contrast to many reported
methods where no such regioselectivity was observed [10d,e].
Aliphatic aldehyde (2m) also reacted quite efficiently in the
present protocol with 1a to produce 3m in 86% yield. Highly
vulnerable groups like O-benzyl and O-allyl were also tolerated
under the optimized reaction condition to furnish the products
3u and 3v in 87% and 86% yields respectively. The bis-(indolyl)
methane (3q), obtained in 89% yield through the reaction
between 3,4-dihydroxybenzaldehyde and 1b, has been reported
to exhibit excellent biological activity such as HIV-1 integrase
inhibition [9e].

Interestingly, aryl alkyl ketone, diaryl ketone and dialkyl ketone
(acetophenone, benzophenone and 2-butanone respectively) as
well as ester (methyl benzoate) did not react with indole under
this b-CD hydrate catalyzed aqueous protocol where the substrates
were recovered totally unaffected. Encouraged by the above obser-
vations, we ventured to investigate the chemoselectivity of our
newly developed aqueous protocol. Intermolecular competition
reaction was carried out with a mixture of 2-methylindole (1a),
benzaldehyde (2d) and acetophenone (2w) under the optimised
reaction condition which produced 3d (derived from benzalde-

hyde) exclusively and acetophenone (2w) was recovered totally
unaffected (Scheme 1).

The aforesaid protocol was further applied to the intramolecu-
lar competition experiment with 4-acetylbenzaldehyde (2x) where
only the formyl group reacted selectively with 1a leading to the
product 4 exclusively with 90% yield leaving the ketomethyl
moiety totally intact (Scheme 2). This is a vital and additional attri-
bute of the said protocol in contrast to many of the earlier reports
[9a,9h,9m,9n,10a,10d,10f,10j,10k] where no such chemoselectivity
was observed.

Scheme 1. Intermolecular competition experiment to demonstrate
chemoselectivity.

Scheme 2. Intramolecular competition experiment to demonstrate
chemoselectivity.

Scheme 3. Plausible mechanism for the synthesis of bis-(indol-3-yl)-methane
catalysed by b-CD hydrate.

Scheme 4. Gram-scale applicability of b-CD hydrate catalysed protocol.
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A plausible mechanism for this b-CD hydrate catalyzed aqueous
reaction is depicted in Scheme 3. Based on the aforsaid investiga-
tions (Figs. 3b and 4a, ii), it is presumed that nucleophilic attack
from higher energy HOMO of 2-methylindole to lower energy
LUMO of benzaldehyde (due to its hydrogen bonding with the
water molecules inside the cavity of b-CD hydrate) is enhanced
and the intermediate (A) was rapidly formed in the first step. Sub-
sequent dehydration of the intermediate (A) forms the correspond-
ing 3-arylidene-3H-indole (B), which on further nucleophilic attack
by another 2-methylindole affords the product.

To demonstrate the practical utility and scalability of our newly
developed protocol, a gram scale reaction between 1a and 2a was
carried out (Scheme 4). The reaction mixture was extracted with
EtOAc and the crude product 3a was further purified by filtration
chromatography on a short column of silica gel using ethyl acet-
ate-hexane as eluent.

The comparison of our present metal-free protocol with some of
the earlier reports is summarized in Table 4.

Some of the studies listed in Table 4 (entries 1–6) involved the
use of costly catalyst [9p,9q,10c,10k], multistep synthesis of
catalyst [9o,10c,10k], long reaction time [9p,9q,10c], lack of
chemoselectivity [9n,10k], and the tedious product isolation
procedure [9o] for the synthesis of BIMs. The present b-
cyclodextrin hydrate-catalyzed metal-free protocol in aqueous
medium mostly does away with these shortcomings (entry 7).
Therefore, the present protocol seems to have enough potential
to be a better, economically viable, eco-compatible and
sustainable alternative with greater merits and wider
applicability compared to many of the earlier methods reported
for the construction of bis-(indolyl)methane framework.

Conclusion

Catalytic efficiency of b-cyclodextrin hydrate has been investi-
gated towards the synthesis of bis-(indol-3-yl)-methanes through
the Friedel-Crafts alkylation reaction of indoleswith aryl, heteroaryl
aswell as alkyl aldehydes undermild reaction condition. This newly
developed atom-economical protocol shows good chemoselectivity
which has been substantiated through intermolecular as well as
intramolecular competition experiments. Practical synthetic utility
was also demonstrated by gram scale applicability. The salient fea-
tures of the present method are procedural simplicity, excellent
chemoselectivity, tolerance of various sensitive moieties during
the reaction, wide substrate scope as well as eco-compatibility in
terms of using water as the most innocuous reaction medium, the
ready accessibility and recyclability of the catalyst of lower toxicity
compared to most of the existing ones and minimization of waste
formation owing to high atom economy and small E-factor.
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3 a-chymotrypsin H2O 24 h, 70 �C 90 9p
4 Lipase enzyme H2O 36 h, 55 �C 95 9q
5 ZnO-RGO EtOH:H2O 12 h, RT 86 10c
6 TPPMS/CBr4 CH3CN 4 h, RT 72 10k
7 b-CD hydrate H2O 3 h, 60 �C 89 This work
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An economically efficient and operationally simple ligand-free protocol for the

chemoselective oxidation of benzylic alcohols to carbonyl compounds has been

developed using alumina-supported nickel nanoparticles as a stable recyclable

heterogeneous catalyst along with potassium tert-butoxide in the presence of

aerial oxygen as an eco-friendly oxidant. The aliphatic alcohols remained unaf-

fected under the present condition. Excellent chemoselectivity has also been

demonstrated through intermolecular and intramolecular competition experi-

ments. This protocol accommodates a diverse range of substituents with the

tolerance of various sensitive moieties during the reaction. The catalyst could

be recovered by filtration and reused consecutively without any significant loss

in the catalytic activity. Moreover, the heterogeneity of the catalyst has also

been established by the “hot filtration method (Sheldon's test)”.

KEYWORD S

aerial oxygen, chemoselectivity, oxidation, recyclable catalyst, sustainable chemistry

1 | INTRODUCTION

Compounds containing carbonyl moiety represent an
interesting group of molecules due to their versatility as
substrates for various fundamental synthetic transforma-
tions as well as important structural subunits present in
several pharmaceuticals, agrochemicals, perfumes, dyes,
and flavoring agents[1] as well as their applicability
towards the construction of a wide variety natural prod-
ucts and bioactive molecules.[2] The development of
efficient methods for selective oxidation of alcohols
to corresponding carbonyl compounds without over-
oxidation and other side reactions is a great challenge[3]

in academic research and the chemical industry. There-
fore, numerous methods including Corey oxidation with
pyridinium chlorochromate (PCC),[4] Dess–Martin oxida-
tion with periodinane (DMP),[5] Ley's oxidation with

perruthenate,[6] Swern oxidation with activated DMSO,[7]

and many others have been developed for this purpose.
However, these reactions involve stoichiometric quanti-
ties of oxidants, most of which are relatively expensive,
highly toxic, and cause serious environmental problems.

From the standpoint of sustainable chemistry, organic
transformations using aerial oxygen as the source of
an eco-friendly oxidant has attracted considerable
attention[8] because it is most abundant, inexpensive, safe,
economically viable, and environmentally benign com-
pared with other conventional oxidants. To achieve this
objective, several methods were developed during the
last few years for the oxidation of alcohols involving
transition-metal based homogeneous catalysis such as
Mn(S-PMB)(CF3SO3)2/H2O2,

[9] Fe (NO3)3/DDQ/aerial
oxygen,[10] [Ni (PtBu2NBn2)(CH3CN)2]

2+,[11] Schiff-Base
Cu (II) Complexes/TEMPO/air,[12] Pd (OAc)2/bis-triazole/
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O2,
[13] VOSO4/t-BuBpy/O2,

[14] Ru (II)-NNN complex/
KOtBu,[15] and K2OsO4.2H2O/K3[Fe (CN)6]

[16] with good
catalytic activity and selectivity. Major disadvantages asso-
ciated with homogeneous catalysts were their poor recycla-
bility, stability, and difficulty in handling, especially,
during industrial operations. Moreover, these processes
usually employed a large amount of environmentally ill-
disposed heavy-metal waste that is undesirable from the
standpoint of green and sustainable chemistry. Therefore,
organic reactions using heterogeneous catalysts[17,18] have
received substantial interest due to their operational
simplicity, better selectivity, cost-effectiveness as well as
recyclability compared with the traditional homogeneous
counterparts. Heterogeneous systems involving complexes
of various transition metals, like Fe3O4@SiO2-APTES-FeL/
TBHP/O2,

[19] Ni (II)riboflavin complex/H2O2,
[20] Pd-

PdO@rGO/O2,
[21] Pt@Ca-ZSM-5/aerial oxygen,[22] RuO2-

Supported Mn3O4/air,
[23] binuclear Rh (II)complex/O2,

[24]

Au@CeO2/O2,
[25] V2O5@GO/O2,

[26] and Mo (VI)@Merri-
field resin/H2O2,

[27] have been also documented in recent
years. Recently, Mahmoudi et al[28] developed an aerobic
oxidative protocol for the oxidation of benzylic
alcohols and alkylbenzenes to carbonyls using
Fe3O4@SiO2@(TEMPO)-co-(Chlorophyll-CoIII) as an effi-
cient magnetically recyclable nanocatalyst in an aqueous
medium under ambient conditions. Moreover, recent
developments[29] on the application of supported metal
nanoparticles for the oxidation of alcohols have been
reported. Serious shortcomings of the existing oxidative
protocols are associated with the involvement of harmful
and expensive metal catalysts, employing high oxygen
pressure, high concentration of oxidants, use of expensive
ligands, generation of over oxidized product, lack of
chemoselectivity, and relatively long reaction time. There-
fore, the development of a cost-effective, operationally sim-
ple, easily accessible, and efficient catalytic system for the
oxidation of alcohols using environmentally benign aerial
oxygen as an eco-friendly oxidant is of great demand in
the present environmental perspective. We report herein
our new findings on the excellent catalytic attributes of
alumina-supported Ni nanoparticles[30,31] for oxidative
transformation during the highly chemoselective and
ligand-free conversion of benzylic alcohols to the
corresponding carbonyl compounds in the presence of
aerial oxygen as an eco-friendly oxidant.

2 | EXPERIMENTAL

2.1 | Materials and instrumentation

All reactants were purchased from SRL, AVRA
Chemicals, Alfa-aesar, Spectrochem, and Sigma Aldrich

and used as received without further purification. 1H and
13C NMR spectra were obtained on a Bruker-300 spec-
trometer (300 MHz) and JEOL Spectrometer (400 MHz)
in CDCl3 and DMSO-d6 solutions with TMS as an
internal reference. Field emission scanning electron
microscopy (FE-SEM) images were recorded with a Zeiss
(Zemini) scanning electron microscope. Energy-
dispersive X-ray spectroscopy (EDX) experiment was
carried out by using a Hitachi S3400N SEM–EDX instru-
ment. Transmission electron microscopic images were
collected on a JEOL 2010 transmission electron micros-
copy (TEM) operated at 200 kV. XRD data of the powder
sample were obtained in transmission mode using a
Bruker D2 Phaser X-ray diffractometer (30 kV, 10 mA)
using Cu-Kα (λ = 1.5406 Å) radiation. Chemical states of
the heterogeneous material were determined by X-ray
photoelectron spectroscopy (XPS) using a PHI 5000 (versa
Probe II, FEI Inc). The particle size distribution and zeta
potential were evaluated by the dynamic light scattering
(DLS) system (Malvern Zetasizer Nano). The specific
surface area and porosity of the catalyst were character-
ized by the Brunauer–Emmett–Teller (BET) method with
N2 adsorption–desorption isotherms, measured at 77 K
using Quantachrome Autosorb® iQ-MP/iQ-XR. GC
analysis was performed using Perkein Elmer Clarus
600 Gas Chromatograph. Column chromatography was
performed on silica gel (60–120 mesh) from SRL, India.
Thin layer chromatographic separations were performed
on precoated silica gel plates using silica gel G for TLC
(E. Merck).

2.2 | Preparation of alumina supported
Ni nanoparticles

To a solution of nickel chloride hexahydrate (4.75 g,
20 mmol) in distilled water (15 ml), neutral alumina
(20.0 g) was added under the stirring condition to get the
slurry of nickel chloride on neutral alumina. It was dried
thoroughly in the air when nickel chloride adsorbed on
neutral alumina was obtained as a greenish-white easy
flowing powder. To the magnetically stirred suspension of
this material in methanol (20 ml), sodium borohydride
(1.512 g, 40 mmol) was added in small portions, and
stirring was continued for another 1 h under ambient
atmosphere. By this time, the greenish-white mass turned
grey. Then, it was filtered and washed successively with
methanol (3 � 5 ml), water (3 � 10 ml), and methanol
(2� 5 ml). The residue was dried at 130�C for 2 h to afford
alumina-supported nickel nanoparticles (21.10 g, referred
to as Ni-Alumina) as a grey free-flowing powder. It can be
stored under the ambient condition for months without
appreciable deterioration of its catalytic activity.
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2.3 | General experimental procedure for
the Ni-Alumina catalyzed oxidation of
alcohols

To a stirred suspension of appropriate alcohol 1 (1 mmol)
in toluene (3 ml), Ni-Alumina (5 mol%) was added
followed by KtOBu (1.2 mmol). The reaction mixture was
stirred at 80�C, and the progress of the reaction was mon-
itored by thin-layer chromatography (TLC). After com-
pletion of the reaction, the reaction mixture was cooled
to room temperature, ethyl acetate (15 ml) was added to
dissolve the product, and the catalyst was separated sim-
ply by filtration. The residue (recovered catalyst) was
thoroughly washed with EtOAc (3 � 5 ml) followed by
water (3 � 5 ml). The aqueous washing was repeatedly
extracted with ethyl acetate (4 � 5 ml). The combined
organic extracts were washed with water (4 � 5 ml) and
dried over anhydrous Na2SO4. The crude product 2 was
obtained by removal of the solvent under reduced
pressure, which was further purified by column chroma-
tography on a short column of silica gel using 5%–15%
ethyl acetate-hexane as eluent.

2.4 | Procedure for the Ni-Alumina
catalyzed gram scale oxidation of
4-methoxybenzyl alcohol (1a)

To a stirred suspension of 4-methoxybenzyl alcohol
(1a) (1.104 g, 8 mmol) in toluene (24 ml), Ni-Alumina
(0.4 g, 5 mol%) was added followed by KtOBu (1.075 g, 9.6
molar eq). The reaction mixture was stirred at 80�C, and
the progress of the reaction was monitored by TLC. After
completion of the reaction, the reaction mixture was cooled
to room temperature, ethyl acetate (120 ml) was added to
dissolve the product, and the catalyst was separated
simply by filtration. The residue (recovered catalyst) was
thoroughly washed with EtOAc (3 � 40 ml) followed by
water (3 � 40 ml). The aqueous reaction mixture was
repeatedly extracted with ethyl acetate (4 � 40 ml). The
combined organic extracts were washed with water
(4 � 40 ml) and dried over anhydrous Na2SO4. The crude
product was obtained by removal of the solvent under
reduced pressure, which was further purified by column
chromatography on a short column (Yield: 88%, 0.957 g).

3 | RESULTS AND DISCUSSION

3.1 | Catalyst characterization

To determine the crystalline nature of the synthesized
nanocatalyst, powder X-ray diffraction of the sample was

recorded (Figure 1). The result indicates that the sample
is composed of both metallic Ni and NiO supported on
alumina. The diffraction peaks observed at 45.4�(111),
55.3�(200), 77.5�(220), and 95.6�(222) attributed to the
metallic Ni phase, and other characteristic peaks
observed at 37.3�(111), 42.8�(200), 60.9�(220), 72.3�(331),
and 85.4�(222) were assigned to the presence of NiO
phase.[32] The observed results are closely matched with
the theoretical values from metallic Ni (cubic structure,
JCPDS# 01-071-3740) and NiO (cubic structure, JCPDS#
01-089-3080).

To investigate the structural details of Ni
nanocatalyst, TEM and high-resolution transmission
electron microscopy (HRTEM) characterization were car-
ried out on the samples (Figure 2). From the images, the
crystalline nature of the synthesized nanocatalyst was
observed with lattice fringe spacing of 0.203 and
0.240 nm corresponding to the d value for cubic Ni (111)
and cubic NiO (111) respectively. The corresponding
SAED pattern (selected area electron diffraction) also rev-
ealed the crystalline nature of the nanocatalyst.

Scanning electron microscopy (SEM) image is pres-
ented in Figure 3a. It has been observed that nickel
nanoparticles have a nanocrystalline structure with
an irregular spread on the supported alumina. EDX
spectroscopy analysis was also performed to ensure the
chemical composition of the synthesized nanocatalyst
(Figure 3b). The result shows the strong elemental signal
of Ni, Al, and O and their relative proportions in the
nanoparticles. Additionally, the spatial distribution of
each element was also investigated by a mapping experi-
ment which demonstrated that the distributions of Ni,
Al, and O elements are well arranged in the structure of
nanocatalyst (Figure 3c).

FIGURE 1 X-ray diffraction analysis of Ni nanoparticles

supported on alumina
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XPS analysis has been carried out to investigate the
oxidation state of the Ni species in the nanocatalyst
(Figure 4). A high-resolution spectrum of the Ni 2p core
level region was recorded to identify the presence of Ni
species. The Ni 2p3/2,1/2 binding energy peaks observed at
853.8 and 871.6 eV along with associated satellite peaks
at 859.7 and 877.7 eV correspond to Ni metal. The
peaks observed at 855.8 and 873.7 eV with satellite peaks
at 864.2 and 881.5 eV are attributed to Ni oxide species
present on the nanocatalyst surface. Binding energy peak
values of Ni metal are on the higher side because of the
nanoparticle nature of the Ni metal species. The peak
positions are closely matched with the reported litera-
ture.[33] However, the intensities of the core level peaks
indicate the predominant presence of elemental Ni atoms
over Ni oxide species on the surface of the nanocatalyst.
The appearance of oxidized Ni is due to the probable
chemical sorption of oxygen or it could be the surface

oxidation during the preparation and storage of
nanocatalyst. According to the basic principle of XPS, the
area ratio of 2p3/2 to 2p1/2 would be 2, which can be
observed in the present study.

The particle size distribution (Figure 5a) and zeta
potential analysis (Figure 5b) of the synthesized alumina-
supported nickel nanoparticle were investigated by a DLS
experiment in an aqueous dispersion. The average parti-
cle size of Ni-Alumina is 36.5 nm. The stability of
Ni-Alumina was also evaluated via zeta potential analy-
sis. Nanoparticles with zeta potential values greater than
+30 mV or less than �30 mV are considered as high
degrees of stability.[34] The synthesized Ni-Alumina
revealed a zeta potential of �32.5 mV owing to their
enhanced stability by preventing the agglomeration of
the nanoparticles encapsulated in the pore of alumina.

The specific surface area and porosity of the synthe-
sized Ni-Alumina were evaluated by the BET method

FIGURE 2 Transmission electron microscopy (TEM) images of Ni nanoparticles@Al2O3: distribution of Ni catalysts (a), transmission

electron microscopy (HRTEM) (b and c), selected area electron diffraction (SAED) (d)
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with N2 adsorption–desorption isotherms. The results
were shown in Figure 6. The isotherm belonged to type
III isotherm with a discrete hysteresis loop at a relative
P/P0 range 0.4 to 1.0, disclosed a mixed H3 and H1 type
(according to the IUPAC classification), which signified
the mesoporous nature of the synthesized nanocatalyst
(Figure 6a). The BET surface area was found to be
108 m2 g�1. The corresponding pore size distribution was
calculated from the desorption part of the isotherm
which centered around 2.8 nm (Figure 6b) indicating also
the mesoporous behavior of the nanocatalyst.

3.2 | Catalytic efficiency

To check the efficacy of Ni-Alumina, we initially investi-
gated the reaction conditions for the aerobic oxidation of
4-methoxybenzyl alcohol 1a (1 mmol) in the presence

FIGURE 3 (a) Scanning electron microscopy (SEM) images, (b) energy-dispersive X-ray (EDX) spectra, and (c) elemental mapping

images of Ni nanoparticles supported on alumina

FIGURE 4 X-ray photoelectron spectroscopy (XPS) analysis of

alumina supported Ni nanoparticles
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of different bases in various solvents at different tempera-
tures to obtain the corresponding aldehyde 2a. The
reaction was also carried out varying the amounts of
catalyst to obtain the optimum conditions (Table 1).

The reaction did not occur in the absence of
Ni-Alumina both in the absence (Entry 1) as well as in
the presence of a base (Entries 2 and 3); the unreacted
substrate 1a was isolated intact in all the cases. The trace
amount of product was isolated after 12 h when the reac-
tion was carried out under reflux condition in toluene
using 2 mol% of catalyst in absence of base (Entry 4). The
extent of conversion was increased to 76% within 10 h
using 3 mol% of Ni-Alumina as a catalyst and potassium
tert-butoxide (1.2 mmol) as a base (Entry 5) when the

reaction was carried out at 80�C. Increasing the amount
of catalyst to 4 mol%, the extent of conversion was
slightly increased to 80% after 10 h (entry 6). A less satis-
factory result was obtained with NaOtBu instead of
KOtBu (Entry 7). Other bases such as K2CO3, KOH,
NaOH, Et3N, and pyridine resulted in moderate yields
(Entries 13, 14, 15, 17, and 18). Hence, potassium
tert-butoxide was found to be the most effective base in
this reaction. These observations demonstrated the very
necessity of the co-existence of both Ni-Alumina and base
for effective oxidative transformation. A better result was
obtained within 7 h when the reaction was performed
with Ni-Alumina (5 mol%) and potassium tert-butoxide
(1.2 mmol) (Entry 8). The efficient conversion of the

FIGURE 5 (a) Dynamic light scattering (DLS) and (b) zeta potential analysis of alumina supported Ni nanoparticles

FIGURE 6 (a) Nitrogen adsorption–desorption isotherm and (b) corresponding pore size distribution plot for Ni–alumina
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substrate 1a to the corresponding aldehyde 2a was
achieved without the formation of any over-oxidized by-
products as monitored by GC analysis (GC Yield: >99%)
(entry 8). Moreover, when the crude reaction mixture
was treated with diazomethane, no trace of methyl
4-methoxybenzoate (expected to be obtained from
4-methoxybenzoic acid due to over-oxidation of 1a) was
observed in the 1H NMR spectrum; occurrence of 2a as
the exclusive reaction product was thus clearly evident.
This observation suggested the inherent selectivity of this
protocol. Excess catalyst beyond this proportion (5 mol%)
did not show further increase in the substrate conversion,
and the yield of the reaction remained more or less the
same (Entries 9–11). Therefore, the conditions, as delin-
eated in Entry 8, have been chosen as the optimized

condition for further reactions in order to extend the sub-
strate scope and establish the general applicability as well
as the selectivity of the aforesaid protocol. The inferior
performance was observed when the reaction was carried
out in xylene and acetonitrile (Entries 16 and 18). It is
extremely important to note that no aldehyde was
detected in the reaction mixture when the reaction
was carried out under an inert (Ar) atmosphere in the
absence of aerial oxygen (Entry 12), and the substrate 1a
was recovered unaffected. Therefore, the essentiality of
aerial oxygen along with both Ni-Alumina and potassium
tert-butoxide towards this oxidative transformation has
been firmly substantiated. Interestingly, in contrast to
most of the methods involving metal nanocatalysts, no
inert atmosphere is required for the reaction described

TABLE 1 Ni-Alumina catalyzed optimization of reaction conditionsa

Entry Catalyst (mol%) Base Solvent (mL) Temperature (�C) Time (h) Yieldb (%)

1 — — Toluene Reflux 12 —

2 — KOH Toluene Reflux 12 —

3 — KOtBu Toluene Reflux 12 —

4 2 — Toluene Reflux 12 Trace

5 3 KOtBu Toluene 80�C 10 76

6 4 KOtBu Toluene 80�C 10 80

7 4 NaOtBu Toluene 80�C 10 73

8 5 KOtBu Toluene 80�C 7 90c

9 6 KOtBu Toluene 80�C 7 90

10 7 KOtBu Toluene 80�C 7 91

11 8 KOtBu Toluene 80�C 7 91

12d 5 KOtBu Toluene 80�C 7 —

13 5 K2CO3 Toluene 80�C 9 42

14 5 KOH Toluene 80�C 9 63

15 5 NaOH Toluene 80�C 10 60

16 5 KOtBu Xylene 80�C 10 78

17 5 Et3N Toluene 80�C 12 42

18 5 Pyridine acetonitrile 80�C 12 35

aReaction conditions: 1a (1.0 mmol), base (1.2 mmol), catalyst and temperature (as indicated), solvent (3 ml) under ambient condition.
bIsolated yield.
cGC yield (>99%).
dThe reaction was carried out under an inert (argon) atmosphere.
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TABLE 2 Ni-Alumina catalyzed oxidative transformation of alcohols under ambient condition

Note: Reaction conditions: 1a (1.0 mmol), KOtBu (1.2 molar eq), catalyst (5 mol%), toluene (3 ml) at 80�C for indicated time under ambient condition. Yield
refers to that of the isolated pure product.

8 of 16 DAS ET AL.



under Table 1, rather the inert atmosphere has been
found detrimental (Entry 12) for this reaction. The afore-
said oxidative protocol did neither occur with neutral alu-
mina alone nor with nickel nanopowder without support
nor with alumina-supported nickel chloride or with
nickel oxide nanoparticle. The importance of alumina-
supported nickel nanoparticles for this oxidative organic
transformation in terms of its better stability and superior
catalytic activity was thereby firmly established.

To demonstrate the generality and scope of this proto-
col, primary and secondary benzylic alcohols 1 bearing
various electron-withdrawing and electron-donating sub-
stituents at different positions of the aromatic ring were
reacted under the optimized condition where the
corresponding carbonyl compounds 2 were obtained with
good to excellent yields (Table 2).

As evident from Table 2, primary benzylic alcohols
bearing electron-donating substituents produced the
corresponding aldehydes in good yield (2a–2e). Phenolic-
OH groups did not interfere during this reaction (2f–2h).
Highly deactivated benzyl alcohol, such as 4-N,N-
dimethylaminobenzyl alcohol (1i), also responded effi-
ciently under the optimized condition with a shorter
reaction time to furnish 2i in 87% yield. Halogenated
alcohols were also compatible and desired products 2j
and 2k were formed without any dehalogenation.
Primary benzylic alcohols bearing electron-withdrawing
substituents, which are generally less susceptible to
oxidation, furnished the corresponding aldehydes under
the present reaction condition in good yield. Nitro-
substituted primary benzylic alcohols were oxidized
smoothly to the corresponding aldehydes (2l and 2m)
taking less time for completion, and the yields were com-
parable with the electron-rich analogues. The progress of
the reaction of primary benzylic alcohols 1l and 1a
(bearing 4-NO2 and 4-OMe substituents, respectively)
was monitored separately at different time intervals
under the optimized reaction condition (Figure 7). It
was observed that the reaction was faster in the
case of 4-nitrobenzyl alcohol (1l) compared with
4-methoxybenzyl alcohol (1a) and better conversion was
achieved in the former case. Therefore, the electronic
effect of the substituents towards this Ni-Alumina cata-
lyzed oxidative protocol was conclusively established.

Hydrolyzable functional groups, like –CN and met-
hylenedioxy also survived under the aforesaid protocol
to produce the corresponding aldehydes 2n (90%) and
2o (89%), respectively. This is not commonly observed
in some literature reports.[21,23,24,27] The oxidation
of cinnamyl alcohol afforded the mixture of cin-
namaldehyde (2p) and cinnamic acid in 82:18 ratio
(determined by 400 MHz 1H NMR spectroscopy) under
optimized reaction condition, wherefrom 2p was isolated

with 78% yield. To extend the substrate scope, this study
was further extended to more challenging heterocyclic
moieties. Acid-sensitive heteroaryl moieties along with
the formyl group as well as ketomethyl group also sur-
vived during this reaction and the products were
obtained in good yields (2q–2s). It is important to note
that highly vulnerable groups like O-benzyl and O-allyl
moieties were also tolerated under the optimized reaction
condition to produce 2t and 2u with 89% and 87% yields,
respectively.

This procedure was also effective for secondary ben-
zylic alcohols. 1-phenylethanol (1v) behaved similarly to
produce the corresponding ketone (2v) with 87%
yield. Substrates with a wide variety of substituents,
including methoxy, nitro, hydroxyl, and phenyl also
responded smoothly to yield the corresponding ketones
(2w–2z). 2-Acetylnaphthalene (2za) was obtained in 87%
yield under the optimized protocol. Diarylcarbinols
afforded the diaryl ketones (2zb–2zd) in good yield.
α-Hydroxyketone (1ze) also reacted efficiently to produce
1,2-diketone (2ze) in 87% yield. Interestingly, aliphatic
primary and secondary alcohols did not respond to the
present protocol where the substrates were recovered
unchanged.

Encouraged by the above observations, we ventured
to investigate the chemoselectivity of this Ni-Alumina
catalyzed oxidative protocol. Therefore, an inter-
molecular competition reaction was carried out with an
equimolecular mixture of 4-methoxybenzyl alcohol (1a)
and 1-heptanol under the optimized condition which pro-
duced the 4-methoxybenzaldehyde (2a) exclusively, and

FIGURE 7 Plot of the percentage conversion of

(a) 4-nitrobenzyl alcohol (1l) and (b) 4-methoxybenzyl alcohol (1a)
using Ni Alumina (5 mol%), KOtBu (1.2 mmol), toluene (3 ml) at

80�C under ambient condition
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1-heptanol was recovered unaffected (Scheme 1). This is
an immensely important and additional attribute of the
said protocol in contrast to many earlier reports where
no such chemoselectivity was observed.[9,11,16,21,27,35,36]

The aforesaid protocol was further applied to the
intramolecular competition experiments where the
substrates 3a and 3b, under the optimized condition, pro-
duced 4a and 4b, respectively (Scheme 2). It was found
that in both cases, benzylic alcohol was selectively
oxidized to the corresponding carbonyl group and the pri-
mary aliphatic alcohol moiety remained intact. Survival
of primary alcohol moiety in 4a and 4b was further
substantiated through acetylation of 4a and 4b to the
mono acetates 5a and 5b respectively.

To gain insight into the mechanistic aspect of the pre-
sent oxidative protocol, some control experiments were
performed (Scheme 3). The aforesaid oxidative protocol
did not work with neutral alumina as well as alumina-
supported nickel chloride, nickel nanopowder without
any support, and with nickel oxide nanoparticle in the
absence of any support (Scheme 3a). This observation
suggested that alumina acted as a support to the metallic
nanoparticles in this reaction. Notably, when the reaction
was tested under a nitrogen atmosphere, the substrate
4-methoxybenzyl alcohol 1a was recovered unaffected
(Scheme 3b). Therefore, the essentiality of the oxygen
atmosphere towards this oxidative transformation was

conclusively proved. It was observed that when the reac-
tion was carried out under O2 atmosphere in the presence
as well as in the absence of NaOtBu, the yields of the
reaction were 87% and 21% respectively within 7 h
(Schemes 3c,d). The reaction was better when the oxida-
tion of 4-methoxybenzyl alcohol 1a was performed in the
presence of KOtBu as the base under O2 atmosphere
(yield 98% after time 3 h, Scheme 3e) than in the pres-
ence of NaOtBu as well as in the absence of KOtBu or
NaOtBu. These experiments revealed that both KOtBu
and O2 atmosphere were required for the effective
oxidative transformation.

Based on the aforesaid investigations and literature
reports,[37,38] the plausible mechanism for this Ni-Alumina
catalyzed oxidative transformation is depicted in Scheme 4.
The coupling of alcoholic oxygen to the metallic nickel
and coordination of the aromatic ring with the
catalyst surface seems to be the initiation step of this
catalytic reaction. The corresponding carbonyl compounds
(aldehydes or ketones) were subsequently obtained by the
removal of a hydrogen atom from the benzylic position in
the presence of KOtBu. Aerial oxygen acts as an environ-
mentally benign oxidant regenerating Ni (0) with the
generation of hydrogen peroxide that is subsequently
decomposed into water and oxygen as an innocuous by-
product. The presence of hydrogen peroxide was detected
by the development of dark blue color when the reaction

SCHEME 1 Intermolecular competition experiment to demonstrate chemoselectivity

SCHEME 2 Chemoselective oxidation of 1� and 2�-benzylic alcohol
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mixture was added to a mixture of KI, starch, and acetic
acid. The reluctance of aliphatic alcohols towards this
oxidative protocol might be due to the lack of proper coor-
dination of the alkyl moiety to the catalyst surface. Thus,
the high chemoselectivity of the present oxidative protocol
towards the benzylic alcohols in the presence of aliphatic
alcohols along with the efficient recyclability (vide infra)
of the catalyst (Ni-Alumina) can be justified.

3.3 | Gram-scale applicability

To evaluate the practical applicability of this catalytic
system, a gram-scale reaction with 1a (1.104 g, 8 mmol)
was performed under the optimized reaction conditions,
and the desired product 2a was isolated in 88% yield
(0.957 g). An almost similar result was obtained as that of
the small-scale reaction (Scheme 5).

SCHEME 3 Control experiments for the

oxidative transformation of alcohols
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3.4 | Catalyst reusability

The recovery and reusability of the catalytic system are
extremely important in order to achieve a sustainable
protocol. In this pursuit, the recyclability of the
catalyst was investigated using 4-methoxybenzyl
alcohol 1a (1 mmol), KOtBu (1.2 mmol), Ni-Alumina
(5 mol%), and toluene (3 ml) at 80�C under ambient
condition. After the completion of the reaction, the
catalyst was separated by filtration, and the crude
product was isolated from the filtrate through the
extraction of ethyl acetate (an eco-compatible solvent).
The residue was washed repeatedly with EtOAc
followed by water, dried at 120�C for 1 h, and used
directly for the next reaction. The isolated catalyst was
used for successive reactions with a little variation of
yield (Figure 8).

The recovered catalyst was further analyzed by XRD,
TEM, SEM, and EDX techniques (Figure 9) to confirm

SCHEME 4 Plausible mechanism

for the Ni-Alumina catalyzed oxidation

of alcohols

SCHEME 5 Gram scale reaction of 1a to

demonstrate the practicability

FIGURE 8 Recycling test of Ni-Alumina catalyst using 1a
(1 mmol), KOtBu (1.2 mmol), Ni-Alumina (5 mol%), toluene (3 ml)

at 80�C under ambient condition
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the recyclability and stability of the nanocatalyst. The
XRD result showed the disappearance of the peak at
about 55� of the recovered nanocatalyst. It could be due
to the oxidation of Ni (0) to Ni (II) as a result of
atmospheric air exposure during the recycling process or
sample analysis time. The TEM, SEM, and EDX results
showed that the structural morphology of the
recovered nanocatalyst did not change much during this
investigation.

3.5 | “Hot filtration method (Sheldon's
test)” of the catalyst

Furthermore, to observe the heterogeneity of Ni-
Alumina “hot filtration method (Sheldon's test)”[39]

was performed using 1a as the substrate. When 27%

FIGURE 9 (a) XRD of Ni-Alumina (after recycled six times), (b) TEM of Ni-Alumina (after recycled six times), (c) SEM of Ni-Alumina

(after recycled six times), (d) EDX of Ni-Alumina (after recycled six times)

FIGURE 10 Heterogeneity test of Ni-Alumina catalyst using

1a (1 mmol), KOtBu (1.2 mmol), Ni-Alumina (5 mol%), and toluene

(3 ml) at 80�C under ambient condition
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conversion of the substrate was noted after 2 h, the
catalyst was separated by filtration under hot condi-
tions. The “catalyst-free” filtrate was then kept under
optimized reaction conditions. Further conversion of
1a was not observed at all even after 11 h (Figure 10).
This study indicated that practically no soluble catalyti-
cally active species was present in the filtrate. Hence,
the heterogeneity of Ni-Alumina was conclusively
proved.

3.6 | Comparison of the catalytic
efficiency of Ni-Alumina with the
literature reports

To further establish the catalytic eligibility and capabil-
ity of Ni-Alumina as an efficient catalyst in this oxida-
tive transformation, a comparative study was carried
out with the previously reported heterogeneous catalyst
(Table 3).

Even though these reported oxidative protocols listed
in Table 3 have their merits, but still, the scope is limited
due to the utilization of expensive and toxic metal cata-
lysts, multistep synthesis of catalysts, involving the high
concentration of oxidants as well as high oxygen
pressure, lack of chemoselectivity, generation of over
oxidized product, and tedious product isolation proce-
dure. Therefore, apart from being eco-compatible, the
present Ni-Alumina catalyzed oxidative protocol from
catalyst preparation to product isolation is operationally
very simple, economically more attractive, and utilizes
environmentally benign aerial oxygen as an eco-friendly

oxidant. Thus, the present study has developed a novel,
utilitarian, and sustainable method for chemoselective
oxidation of benzylic alcohols to carbonyl compounds
under an ambient atmosphere with the tolerance of vari-
ous sensitive moieties using easily accessible and
economically viable supported metal nanoparticles as a
stable and recyclable heterogeneous catalyst with greater
merits and wider applicability in comparison to many
earlier reports.

4 | CONCLUSION

We have developed an efficient protocol for the
chemoselective oxidation of benzylic alcohols to
carbonyl compounds using economically affordable
alumina-supported mesoporous nickel nanoparticles as
a stable recyclable heterogeneous catalyst in the pres-
ence of aerial oxygen as an eco-friendly oxidant. The
aliphatic alcoholic moiety did not take part in this
oxidative reaction. The present sustainable catalytic
system shows excellent chemoselectivity that has been
substantiated through intermolecular as well as
intramolecular competition experiments. This oxidative
protocol was also effective on a gram scale, which is
of significant advantage in the light of large-scale prep-
aration with the prospects of industrial application.
The attractive features of the present study are proce-
dural simplicity, appreciable stability and efficiency of
the catalyst, excellent chemoselectivity, easy recovery,
good recyclability, and tolerance of various sensitive
moieties during the reaction.

TABLE 3 Comparison of the efficiency of Ni-Alumina with reported heterogeneous catalysta

Entry Catalyst Oxidant Additive Solvent Time (h), Temp. (�C) Yield (%)

1 PtNi@SWCNT[38] O2 KOH Toluene 2 h, 80�C 98b

2 Pd@TiC[40] Air Visible light CH3CN 8 h, 20 W bulb 96c

3 Au@PMO-IL[41] O2 Cs2CO3 Toluene 3 h, 35�C 99b

4 Aunp-nSTDP
[42] TBHP K2CO3 CH3CN:H2O 2 h, 80�C 91b

5 CoL2@SMNP[43] O2 NHPI CH3CN 16 h, 70�C 65c

6 Fe3O4/CuBDC/GO
[44] O2 TEMPO CH3CN 14.5 h, 60�C 95b

7 Cu/Ag@SiO2
[45] TBHP — Toluene 4 h, 120�C 98c

8 Cu NPs@NC[46] Air TEMPO H2O:EG
d 5 h, r.t. 95c

9 NiFe2O4 NPs
[47] TBHP — CH3CN 3 h, 60�C 79c

10 Ni-Alumina (This work) Air KOtBu Toluene 7 h, 80�C 90c

aThe comparative studies were carried out using 4-methoxybenzylalcohol (1a) as the model substrate.
bGC yield.
cIsolated yield.
dEG (Ethylene glycol).
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