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5.1.1. Introduction 
Nano sized metal particles are nowadays considered to be most effective catalysts for 

chemical transformations because of their large surface area [1] compared to their bulk 

counterparts. Also their insolubility in reaction media renders them easily separable from 

the reaction mixture and thus they behave as heterogeneous catalysts, which in turn make 

the product isolation easier. Metal NPs for catalytic applications are generally prepared 

by the evaporation/condensation of the metal or by chemical/ electrochemical reduction 

of a metal salt. Recently, Pd NPs have gained great importance to their application both 

in heterogeneous and homogeneous catalysis, due to the high surface-to-volume ratio 

and also due to their high surface energy [2]. Normally, the synthetic methods used for 

producing Pd NPs involve chemical reduction of Pd(II) by using reducing agents like 

NaBH4/ascorbic acid [3], N2H4 [4], PEG [5], CNCH2COOK [6], or sonochemical [7] and 

polyols reduction [8] processes. Though these types of synthetic processes are simple 

and provide high growth rate and high yield, however they are not environment friendly. 

Also, there are few reports available where plant extract or biomass was used for the 

production of Pd NPs, where the plant materials act both as a reducing agent and 

stabilizers [2,9]. 

The embedding of NPs into various porous supports offers potential for particle size 

control as well as protecting and stabilizing the NPs for use in different catalytic 

applications. In recent years, substantial affords have been given by researchers to 

immobilize and stabilize the Pd NPs in various heterogeneous supports such as organic 

matrix, organic–inorganic fluorinated hybrid materials, polymers, glass–polymer 

composites, and ionic liquids. Apart from these, Pd NPs are also synthesized in different 

inorganic supports such as carbon [10], carbon nanotubes [11], alumina [12], silica [13], 

zeolite [14], clays [15] and zinc ferrite [16]. Among this, biosilica or [diatomaceous earth 

(DE) or diatomite] a non-toxic, inorganic porous material draw special attention in the 

field of catalysis and can be used for the generation of supported Pd-NPs due to its high 

surface area. Biosilica [17] is a porous inorganic material with high surface area with 

hydroxyl groups on the surface. Its main constituents are 87-91% SiO2 with small 

quantities of iron oxide and alumina [18]. Due to its porous structure, high silica content, 

low density, low conductivity coefficient etc., [19] it has widely been applied as filter aid 

[20], adsorbent [21], insulating material [22], catalyst support or carrier [23] and natural 

insecticide or grain protectant [24]. It also has excellent absorption power. The present 
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work deals with the development of an ecofriendly method for the generation Pd NPs 

using biosilica as support. The synthesis has been carried out at room temperature using 

methanol as solvent without using any reducing agent. 

The palladium catalyzed Sonogashira coupling of terminal alkynes with aryl or vinyl 

halides is one of the most reliable methodologies for the construction of C(sp2)-C(sp) 

bonds [25]. The synthesized alkyne have found extensive applications in the field of 

pharmaceuticals [26], dyes [27], sensors [28], electronics [29], polymers [30], guest-host 

constructs [31], natural products [32] and heterocyclic synthesis [33]. The reaction is 

generally accelerated by the addition of Cu-salt as co-catalyst and an amine base in the 

presence of suitable phosphine based ligands [34]. However, the use of copper salt as co 

catalysts can leads to the formation of undesirable Glaser-type homocoupling product of 

the alkynes and thereby decreasing the product efficiency which impose the researchers 

to develop a ‘Cu free’ protocol for Sonogashira reaction [35]. As a result, several 

alternative protocols have been developed where other co-catalysts such as Ag2O [36], 

AuI [37], Zn [38], Sn [39] have been successfully employed as alternative to Cu co-

catalyst. Nowadays, efforts have been given by researchers to carry out co-catalyst free 

Sonogashira reaction by employing Pd-complexes with N-heterocyclic carbene ligands 

[40], oximepalladacycle [41], salen [42], urea [43] etc. Although the reaction 

proceeds smoothly with these Pd-complexes, the major drawbacks are availability, 

stability and cost of the palladium complexes and related ligands. Also, the 

reactions are generally carried out at elevated temperature [44] in toxic organic 

solvents like DMF [45], THF [46], and dioxane [47] which can be considered as 

demerits of the above protocol. 

In the work presented here, the author describes a method for the generation of biosilica 

supported Pd NPs catalyst at room temperature in methanol medium without using 

additional reducing agent. The prepared catalyst was characterized using various 

spectroscopic and microscopic tools. The Sonogashira coupling reaction between 

terminal alkynes with aryl or vinyl halides with different types of functional groups was 

assessed with the prepared catalyst, resulting good to high yield of the product. 
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5.1.2. Experimental 

5.1.2.1. General Information 

All the reactions were monitored employing TLC technique using aluminium 

coated TLC plates with silica gel 60F254 (Merck). Purifications of the products 

were done by Column chromatography technique using silica gel (60-120 mesh). 

1H and 13C NMR spectra of the synthesized compounds were recorded in a 400 

MHz NMR spectrophotometer (JEOL JNM-ECS) using tetramethylsilane (TMS) 

as the internal standard. Chemical shifts are expressed in ppm and the coupling 

constants are expressed in Hertz. Powder XRD pattern was recorded with Rigaku 

X-ray diffractometer over the range of 2θ=10-80° with a scanning rate of 2 °C 

min-1.The surface morphology and EDX analyses of the prepared catalyst were 

done using JEOL SEM (JEOL, model JSM-6390 LV operating at an accelerating 

voltage of 15 kV). Size and distribution of NPs were determined by using TEM 

(JEOL, JEM-2010) equipped with a slow-scan CCD camera at an operating 

voltage of 200kV. Specific surface area, pore volume, average pore diameter were 

measured with the NOVA-1000, version: 3.70 (Quantachrome, USA). The 

specific surface area of the samples was determined by adsorption of nitrogen gas 

at 77 K and using the Brunauer–Emmett–Teller (BET) calculation. Before 

adsorption, the samples were degassed at 250 °C for 3 h. Pore size distributions 

were measured from desorption isotherms using the Barrett–Joyner–Halenda 

(BJH) method. Melting points were recorded in a Büchi B450 melting point 

apparatus.  

 

5.1.2.2. Materials and chemical reagents 

All the chemicals were purchased from different commercials firms. Biosilica was 

purchased from Rankem, India, Sulfuric acid (AR grade) from Qualigens, India, 

Palladium acetate from SRL India, potassium carbonate from Qualigens, India, 

MeOH from Merck, India, Isopropanol from Merck, India, different aryl halides 

substrates from SRL, India, also acetylene substrates from Merck, India as well as 

from SRL, India and silica gel for TLC and column chromatography from Merck, 

India. All these chemicals were of analytical grade and used without purification. 

Solvents such as ethyl acetate and hexane were distilled prior to use. 
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5.1.2.3. Preparation of the catalyst 

At first 5 gm of biosilica was taken into a 250 mL round bottom flask and to it 100 mL 

of 4M H2SO4 was added. The dispersion was refluxed for 1 h. After cooling the 

supernatant liquid was discarded and the activated bio silica was repeatedly washed with 

deionized water and finely dried in an oven at 60 °C overnight to obtain the final solid 

product. This activated biosilica was used for the preparation of catalyst.  

In a 50 mL round bottom flask, 0.54 gm of activated biosilica and 0.054 gm (10 wt %) of 

Pd(OAc)2 were taken followed by addition of 15 mL of methanol. The mixture was 

mechanically stirred at room temperature for 4 days, until the color of the solution turns 

black and uniform. After completion, the solvent was evaporated using rotary evaporator 

and finally dried in a desiccator for 12 h. 

 

5.1.2.4. General experimental procedure for Pd-BioSiO catalyzed Sonogashira 

cross-coupling reaction 

A 50 mL round-bottom flask was charged with a mixture of phenylacetylene (0.75 

mmol), aryl halide (0.5 mmol) and 4 mL of iso-propanol. To this mixture, 12 wt% 

of the catalyst was added followed by the addition of 1.5 mmol of K2CO3. The 

whole reaction mixture was stirred for the required time. The monitoring of the 

reaction was done by TLC technique. After completion, the reaction mixture was 

first diluted with distilled water and then distilled ethyl acetate was used to extract 

the product from the reaction mixture (3 times). Thereafter it was washed with 

brine (3 times) and then anhydrous Na2SO4 was used for removal of traces 

quantities of water left. Finally, column chromatography technique (60-120 mesh 

silica gel and ethyl acetate-hexane solvent mixture) was used to purify the product 

and confirmed by 1H and 13C NMR spectroscopy. 

 
 

X + R2
R2

R1
R1

Pd-BioSiO (12 wt%)

K2CO3(1.5 mmol)

Iso-propanol(4 mL), rt

(0.5 mmol) (0.75 mmol)
 

Scheme 1: Model reaction for Sonogashira cross-coupling reaction. 



 

 

5.1.3. Results and discussion

5.1.3.1. Characterization of the catalyst, Pd

5.1.3.1.1. BET surface area analysis

In Fig. 1, below, the N2 adsorption

2) of biosilica and the prepared catalyst under study were

predict that the compounds are mesoporous material with highly uniform pore size 

distribution (Type IV isotherm).

 

                Fig. 1: N

 

Fig. 2: Pore size distribution curve of 

Chapter 5 

5 

s and discussion 

ation of the catalyst, Pd-BioSiO 

BET surface area analysis 

adsorption–desorption isotherm and pore size distribution

repared catalyst under study were shown. From 

predict that the compounds are mesoporous material with highly uniform pore size 

istribution (Type IV isotherm). 

 

Fig. 1: N2 adsorption-desorption isotherm. 

 

Fig. 2: Pore size distribution curve of Biosilica (a) and Pd-BioSiO 

 

 

 

 

desorption isotherm and pore size distribution (Fig. 

. From Fig. 1, we can 

predict that the compounds are mesoporous material with highly uniform pore size 

 

 

ioSiO (b). 



 

 

Table 1: Surface properties of biosilica and 

Sample 

Specific surface area(m

Biosilica 

Pd-BioSiO 

 

The appreciable decrease in the specific surface 

indicates the incorporation of the metal into biosilica support. This might be due to 

clogging of some pores by Pd NPs. However

to rupture of some smaller pores to generate bigger on

into the pores. 

 

5.1.3.1.2. EDX analysis 

The EDX analysis (Fig. 3) of the catalyst (Pd

in the catalyst (8.11 wt%). 

 

Fig. 3

 

5.1.3.1.3. Powder XRD analy

Powder XRD technique was used to determine the crystal domain size and the structure 

of the NPs formed. Powder XRD pattern of biosilica

taken and assembled in Fig. 4

planes at (100), (101), (110), (200), (201), (112) (211) and (203) which correspond 

their relative intensities at 2θ 

68.35° respectively. Biosilica is a hexagonal system having primitive lattice sites (JCPDS 

≠ 89-8949). The XRD pattern of Pd
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Table 1: Surface properties of biosilica and biosilica supported cat

Surface properties of surface/catalyst

Specific surface area(m2g-1) Average Pore diameter(Å)

14 29.6

4 33.8

ciable decrease in the specific surface area after supporting Pd NPs 

indicates the incorporation of the metal into biosilica support. This might be due to 

clogging of some pores by Pd NPs. However, the increase in pore diameter may be due 

ure of some smaller pores to generate bigger ones during the formation of Pd

of the catalyst (Pd- BioSiO) clearly shows the 

 

ig. 3: EDX analysis of Pd-BioSiO. 

ysis 

Powder XRD technique was used to determine the crystal domain size and the structure 

Powder XRD pattern of biosilica and the catalyst Pd

assembled in Fig. 4. The X-ray diffraction pattern of biosilica revealed the 

planes at (100), (101), (110), (200), (201), (112) (211) and (203) which correspond 

 = 20.95°, 26.75°, 34.75°, 42.50°, 45.75°, 50.15

respectively. Biosilica is a hexagonal system having primitive lattice sites (JCPDS 

The XRD pattern of Pd-BioSiO showed some significant changes. In 

biosilica supported catalyst. 

Surface properties of surface/catalyst 

Average Pore diameter(Å) 

29.6 

33.8 

supporting Pd NPs (Table 1) 

indicates the incorporation of the metal into biosilica support. This might be due to 

the increase in pore diameter may be due 

es during the formation of Pd NPs 

presence of Pd 

Powder XRD technique was used to determine the crystal domain size and the structure 

and the catalyst Pd-BioSiO were 

biosilica revealed the 

planes at (100), (101), (110), (200), (201), (112) (211) and (203) which correspond to 

, 50.15°, 60.05° and 

respectively. Biosilica is a hexagonal system having primitive lattice sites (JCPDS 

showed some significant changes. In 



 

 

addition to the above peaks

39.95°, 46.45° and 67.95

planes respectively that could be indexed to fcc phase of Pd

The broadening of the peak indicated that the palladium particles were of nano

intensities of the planes (111), (200) and (220) of Pd NPs diminishe

entrapped into the pores of biosilica

intensities of the planes corresponding to diatomaceous earth also decrease to some 

extent during this course of strong interaction. Thus

support for holding Pd NPs tightly in

 

Fig. 4: PXRD pat

5.1.3.1.4. TEM and particle size d

The particle size and surface morphology of the synthesized catalyst was studied by 

Transmission Electron Microscopy (TEM) and high resolution 

Microscopy (HR-TEM) as shown in Fig. 5

From the TEM image we can say that Pd NPs are 

biosilica and most of the particles are spherical in nature. The interplaner distance of 

0.20 nm as calculated from the HRTEM image Fig. 5

average size of the NPs as calculated from t

be about 9.4 nm [Fig. 5(f)]. 

in Fig. 5(a), proves the crystalline nature of the synthesized NPs formed.
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addition to the above peaks, the XRD pattern of Pd-BioSiO shows three peaks

and 67.95° corresponding to the reflection of (111), (200) and (220) 

planes respectively that could be indexed to fcc phase of Pd NPs (JCPDS 

The broadening of the peak indicated that the palladium particles were of nano

ties of the planes (111), (200) and (220) of Pd NPs diminishe

entrapped into the pores of biosilica that indicates strong interaction between them. The 

intensities of the planes corresponding to diatomaceous earth also decrease to some 

during this course of strong interaction. Thus, we can say that biosilica act

support for holding Pd NPs tightly into its pores. 

: PXRD pattern of the biosilica and Pd-BioSiO

 

TEM and particle size distribution analysis 

The particle size and surface morphology of the synthesized catalyst was studied by 

Transmission Electron Microscopy (TEM) and high resolution Transmission Electron 

TEM) as shown in Fig. 5.  

From the TEM image we can say that Pd NPs are uniformly dispersed on the surface of 

and most of the particles are spherical in nature. The interplaner distance of 

ated from the HRTEM image Fig. 5(e) corresponds to (200) plane

s as calculated from the particle size distribution plot was 

(f)]. The diffraction dots observed in the SAED images, as shown

(a), proves the crystalline nature of the synthesized NPs formed.

shows three peaks at 2θ= 

corresponding to the reflection of (111), (200) and (220) 

(JCPDS ≠ 88-2335). 

The broadening of the peak indicated that the palladium particles were of nano-size. The 

ties of the planes (111), (200) and (220) of Pd NPs diminished when they were 

strong interaction between them. The 

intensities of the planes corresponding to diatomaceous earth also decrease to some 

we can say that biosilica acts as a 

 

SiO. 

The particle size and surface morphology of the synthesized catalyst was studied by 

Transmission Electron 

uniformly dispersed on the surface of 

and most of the particles are spherical in nature. The interplaner distance of 

(e) corresponds to (200) plane. The 

he particle size distribution plot was found to 

The diffraction dots observed in the SAED images, as shown 

(a), proves the crystalline nature of the synthesized NPs formed. 



 

 

 

Fig. 5: TEM images of Pd-BioSiO: (a) SAED 

image along with particle size distribution

 

The Pd content in the catalyst, Pd

amount of Pd loaded in the catalyst is 0.0539 g (9.98 wt%). 

 

5.1.3.2. Optimization of the reaction condition for solvent and base

catalyst 

To explore the new catalytic system for 

reaction using phenyl acetylene and aryl halide was

different parameters such as amount of catalyst, base

suitable reaction condition for the coupling protocol. 

Pd-BioSiO as catalyst we started our work with 0.75

mmol of 4-iodonitrobenzene as model substrates. The reaction was carried out at room 

temperature. The results are summarized 

solvents using K2CO3 as ba

affording excellent yield (entr

base K2CO3. The catalytic activity decrease

(entry 2, Table 2), which may be due to insolubility of the substrates in H

optimized the reaction condition for the amount of catalyst in isopropanol as solvent and 
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BioSiO: (a) SAED pattern, (b-d) TEM images, (e) HR

image along with particle size distribution (f). 

The Pd content in the catalyst, Pd-BioSiO, as analyzed by ICP-AES, reveals that the 

amount of Pd loaded in the catalyst is 0.0539 g (9.98 wt%).  

of the reaction condition for solvent and base

To explore the new catalytic system for Sonogashira cross-coupling reaction, a model 

using phenyl acetylene and aryl halide was investigated in detail by varying 

as amount of catalyst, base and solvent in order to find out a 

suitable reaction condition for the coupling protocol. Initially, to ascertain the efficacy of 

we started our work with 0.75 mmol of phenylacetylene and 0.5

onitrobenzene as model substrates. The reaction was carried out at room 

summarized in table 2. An initial screening of 

ase showed that isopropanol was the most 

ry 5, Table 2) with 5 wt% of the catalyst and 1.5 mmol of 

The catalytic activity decreased significantly when H2O was used as solvent

which may be due to insolubility of the substrates in H

optimized the reaction condition for the amount of catalyst in isopropanol as solvent and 

 

d) TEM images, (e) HR-TEM 

AES, reveals that the 

of the reaction condition for solvent and base and 

coupling reaction, a model 

investigated in detail by varying 

and solvent in order to find out a 

ertain the efficacy of 

mmol of phenylacetylene and 0.5 

onitrobenzene as model substrates. The reaction was carried out at room 

of the effect of 

t effective one 

and 1.5 mmol of 

s used as solvent 

which may be due to insolubility of the substrates in H2O. Next, we 

optimized the reaction condition for the amount of catalyst in isopropanol as solvent and 
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found that 12 wt% of the catalyst was the optimum amount (entry 8, Table 2). Increasing 

the catalytic amount to 15 wt% did not significantly increase the yield (entry 9, Table 2). 

Base plays a significant role in Sonogashira reaction. The reaction was also screened 

using different inorganic bases (entries 10 and 11, Table 2). Among the bases used, 

considering the cost, efficiency and reliability factors, K2CO3 was found to be most 

effective. However, a comparably similar result was also found for Cs2CO3 (entry 11, 

Table 2). For optimizing the amount of base, we carried out the same reaction with 1 

mmol amount of the base K2CO3 (entry 12, Table 2) and we found that the yield 

decreased to 86%. Thus, from the above discussion we found that the best reaction 

condition was with 12 wt% of the catalyst in isopropanol solvent and in the presence of 

base K2CO3 (1.5 mmol) at room temperature (entry 8, Table 2). 

 

Table 2 : Optimization of reaction condition for catalyst, solvent and base:a 

+
Pd-BioSiO

No2I

Solvent, base, rt

NO2

 

Entry Catalyst 

(wt%) 

Solvent 

(4 mL) 

Base 

(1.5 mmol) 

Time 

(h) 

Yield 

(%)b 

1 5 H2O No base 24 Trace 

2 5 H2O K2CO3 24 38 

3 5 Ethanol K2CO3 12 76 

4 5 Methanol K2CO3 10 80 

5 5 Isopropanol K2CO3 3 85 

5 5 Isopropanol:H2O K2CO3 12 72 

7 10 Isopropanol K2CO3 3 89 

8 12 Isopropanol K2CO3 3 94 

9 15 Isopropanol K2CO3 8 95 

10 12 Isopropanol Na2CO3 5 90 

11 12 Isopropanol Cs2CO3 3 93 

12C 12 Isopropanol K2CO3 5 86 

aReaction condition: phenylacetylene (0.75 mmol), 4-iodonitrobenzene (0.5 mmol), rt. 

bIsolated yield, c1 mmol of K2CO3 used. 
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5.1.3.3. Substrate study 

To study the scope and limitation of the reaction procedure, wide varieties of 

electronically diverse halides and substituted terminal acetylenes were investigated 

with the optimized reaction conditions. The results are summarized in Table 3. 

 

Table 3. Pd-BioSiO catalyzed Sonogashira reaction:a 

X + R2
R2

R1
R1

Pd-BioSiO (12 wt%)

K2CO3(1.5 mmol)

Iso-propanol(4 mL), rt
 

Entry R1 R2 X Time (h) Yield (%)b 

1 4-NO2 C6H5 I 3 94 

2 4-Me C6H5 I 4 96 

3 3-Me C6H5 I 3 92 

4 4-OMe C6H5 I 5 86 

5 3-NO2 C6H5 I 4 90 

6 H C6H5 I 3 96 

7 4-Me 4-MeC6H4 I 3 95 

8 4-OMe 4-MeC6H4 I 4 93 

9 4-NO2 4-MeC6H4 I 3 94 

10 H C6H11 I 5 90 

11 4-NO2 C6H5 Br 8 50 

12 4-OMe C6H5 Br 8 55 

aReaction conditions: aryl halide (0.5 mmol), acetylene (0.75 mmol) 

bIsolated yield. 

 

From the above results we can conclude that the reaction was equally effective for 

both electron donating and electron withdrawing groups at para position in aryl 

iodides and afforded good to excellent yield of the products (entries 1, 2 and 4, 

Table 3). In case of electron donating and electron withdrawing groups present in 

meta position of aryl iodides, excellent yields of the products were also obtained 

(entries 3 and 5, Table 3). The reaction also proceeds smoothly with substituted 

phenylacetylenes and affords good yield of the isolated cross-coupled product 

(entries 7-9, Table 3). To check the feasibility of the Sonogashira reaction with 



 

 

aliphatic alkynes, we tried the reaction with cyclohexyl substituent 

appreciably good yield of the cross

extend the scope and limitation of the above protocol, aryl bromides were 

investigated, but the results that we found were not satisfactory

only 50% and 55% (entries 11 and

 

5.1.3.4. Reusability study

From the green chemistry point of view, the reusabilit

is a very important and vital 

the reusability of our prepared catalyst. 

(Scheme 1) as the model reaction. Initially

and 1 mmol of 4-bromonitrobenzene in 8

mixture 24 wt% of the catalyst and 3 mmol of the base K

Considering the recovery issue, the

folds. 

 

From Fig. 6 it is obvious that the catalyst was reusable up to 3

significant loss of its catal

. 
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aliphatic alkynes, we tried the reaction with cyclohexyl substituent 

appreciably good yield of the cross-coupled product (entry 10, Table 3

extend the scope and limitation of the above protocol, aryl bromides were 

the results that we found were not satisfactory

entries 11 and 12, Table 3). 

Reusability study 

From the green chemistry point of view, the reusability/recyclibility of the catalyst 

and vital parameter to be considered. Here, we also investigate

the reusability of our prepared catalyst. For that, we chose the initial reaction 

(Scheme 1) as the model reaction. Initially, we took 1.5 mmol of phenylacetylene 

bromonitrobenzene in 8-10 mL of iso-propanol. To this reaction 

wt% of the catalyst and 3 mmol of the base K2CO

recovery issue, the scale of the model reaction was increased two

Fig. 6: Reusability of the catalyst. 

 

bvious that the catalyst was reusable up to 3rd run

catalytic activity. 

aliphatic alkynes, we tried the reaction with cyclohexyl substituent and obtained 

, Table 3). Finally, to 

extend the scope and limitation of the above protocol, aryl bromides were 

the results that we found were not satisfactory and which was 

y/recyclibility of the catalyst 

we also investigated 

the initial reaction 

we took 1.5 mmol of phenylacetylene 

propanol. To this reaction 

CO3 were added. 

del reaction was increased two 

 

run without any 



 

 

5.1.3.5. Hot filtration technique

To check the heterogeneity of the catalyst, 

from the catalyst, a hot filtration experiment

was again performed under the optimized reaction condition.

stopped after 1.5 h and approximately 60

recorded. After removal of the catalyst through 

to proceed for another 10 h

coupled product was observed which proves the heterogeneous nature of the 

catalyst and also proves that Pd doesn’t leached out from the support

 

Fig. 7: 

 

5.1.4. Conclusions 

In conclusion, a simple and highly efficie

been developed which exhibit excellent catalytic activity 

Sonogashira cross-coupling reaction at room 

reaction to a wide range of electronically diverse aryl iodides

found good result. Also the catalytic system has potential to couple with aromatic 

and aliphatic alkynes. The reusability of the

was reusable up to 3rd runs without any significant loss of catalytic activity.

 

Characterization data of the products

NO2
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Hot filtration technique 

To check the heterogeneity of the catalyst, and also for testing the leaching of Pd 

from the catalyst, a hot filtration experiment was done. For this the model reaction 

was again performed under the optimized reaction condition. The reaction was 

and approximately 60 % isolated yield of the product w

removal of the catalyst through filtration, the filtrate was 

to proceed for another 10 h but no significant increase in the yield of the cross

coupled product was observed which proves the heterogeneous nature of the 

and also proves that Pd doesn’t leached out from the support (Fig. 7

 

: Hot filtration test of the catalyst. 

a simple and highly efficient heterogeneous catalyst Pd

been developed which exhibit excellent catalytic activity for amine and copper free 

coupling reaction at room temperature. The compatibility of the

to a wide range of electronically diverse aryl iodides has been tested and 

the catalytic system has potential to couple with aromatic 

he reusability of the catalyst was assessed and found that it 

runs without any significant loss of catalytic activity.

terization data of the products 

 

and also for testing the leaching of Pd 

this the model reaction 

he reaction was 

% isolated yield of the product was 

filtration, the filtrate was allowed 

but no significant increase in the yield of the cross-

coupled product was observed which proves the heterogeneous nature of the 

(Fig. 7). 

nt heterogeneous catalyst Pd-BioSiO has 

amine and copper free 

compatibility of the 

has been tested and 

the catalytic system has potential to couple with aromatic 

was assessed and found that it 

runs without any significant loss of catalytic activity. 
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1-nitro-4-(2-phenylethynyl)benzene (entry 1, Table 3): 1H NMR (400 MHz, CDCl3): δ 

8.22 (d, 2H, J=8.7Hz), 7.65 (d, 2H, J=8.7Hz), 7.56-7.53 (m, 2H), 7.39-7.36 (m, 3H) 

ppm. 13C NMR (100 MHz, CDCl3): δ 146.9, 132.2, 131.8, 130.2, 129.2, 128.5, 123.6, 

122.0, 94.7, 87.5. 

 

CH3

 

1-methyl-4-(2-phenylethynyl)benzene (entry 2, Table 3): 1H NMR (400 MHz, CDCl3): 

δ 7.52-7.50 (m, 2H), 7.42 (d, 2H, J=7.7Hz), 7.34-7.31 (m, 3H), 7.14 (d, 2H, J=7.7Hz), 

2.36 (s, 3H) ppm. 13C NMR (100 MHz, CDCl3): δ 138.4, 132.5, 131.6, 131.5, 129.1, 

128.5, 128.3, 128.1 123, 89.6, 88.7, 21.5. 

 

 

1-methyl-3-(2-phenylethynyl) benzene (entry 3, Table 3): 1H NMR (400 MHz, CDCl3): 

δ 7.52-7.50 (m, 2H), 7.42 (d, 2H, J=7.7Hz), 7.35-7.31 (m, 3H), 7.14 (d, 2Hz, J=7.7), 

2.36 (s, 3H) ppm. 13C NMR (100 MHz, CDCl3): δ 138.4, 132.5, 131.6, 129.2, 128.5, 

128.4, 128.3, 128.1, 123.5, 120.2, 89.6, 88.7, 21.6. 

 

OMe

 

1-(2-(4-methoxyphenyl)ethynyl)benzene (entry 4, Table 3): 1H NMR (400 MHz, 

CDCl3): δ7.53-7.51 (m, 2H), 7.48 (d, J=8.2Hz 2H), 7.36-7.30 (m, 3H), 6.88 (d, 2H, 

J=8.2Hz), 3.82 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3): δ 159.7, 133.1, 131.5, 128.4, 

128.0, 123.6, 115.4, 114.1, 89.4, 88.1, 55.3. 

 

NO2
 

1-nitro-3-(2-phenylethynyl)benzene (entry 5, Table 3): 1H NMR (400 MHz, CDCl3): δ 

8.37 (s, 1H), 8.18-8.15 (m, 1H), 7.81 (d, 1H, J=7.7Hz), 7.56-7.52 (m, 3H), 7.38-7.36 (m, 

CH3
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3H) ppm. 13C NMR (100 MHz, CDCl3): δ 148.2, 137.2, 131.8, 129.4, 129.1, 128.6, 

126.4, 125.2, 122.9, 122.2, 92.0, 86.9. 

 

 

 

1,2-diphenylethyne (entry 6, Table 3): 1H NMR(400 MHz, CDCl3): δ 7.58-7.55 (m, 

4H), 7.37-7.34 (m, 6H) ppm. 13C NMR (100 MHz, CDCl3): δ 131.6, 128.2, 127.4, 124.1, 

94.5. 

 

H3C CH3

 

1,2-di-p-tolylethyne (entry 7, Table 3): 1H NMR (400 MHz, CDCl3): δ 7.41 (d, 

J=8Hz, 4H), 7.14 (d, J=8Hz, 4H) ppm. 13C NMR (100 MHz, CDCl3): δ 138.2, 

131.5, 129.2, 120.4, 88.9, 21.6 ppm. 

 

CH3H3CO

 

1-methoxy-4-(2-p-tolylethynyl)benzene (entry 8, Table 3): 1H NMR (400 MHz, 

CDCl3): δ7.45 (d, J=8Hz, 2H), 7.39 (d, J=8Hz, 2H), 7.13 (d, J=8Hz, 2H), 6.86 (d, 

J=8Hz, 2H), 3.82 (s, 3H), 2.35 (s, 3H) ppm, 13C NMR (100 MHz, CDCl3): δ 

133.0, 131.4, 129.1, 114.0, 55.3, 21.5 ppm. 

 

 

1-(2-cyclohexylethynyl)benzene (entry 10, Table 3): 1H NMR (400 MHz, 

CDCl3): δ 7.40-7.38 (m, 2H), 7.25-7.24 (m, 3H), 2.60-2.54 (m, 1H), 1.62-1.51 (m, 

7H), 0.94-0.92 (m, 3H) ppm. 13C NMR (100 MHz, CDCl3): δ131.6, 128.2, 127.4, 

124.1, 90.5, 32.8, 29.7, 26.0, 24.9. 

 

 

 



 

 

1H NMR spectrum of 1

13C NMR spectrum of1
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H NMR spectrum of 1-(2-(4-methoxyphenyl)ethynyl)benzene

C NMR spectrum of1-(2-(4-methoxyphenyl)ethynyl)benzene

methoxyphenyl)ethynyl)benzene 

 

methoxyphenyl)ethynyl)benzene 

 



Chapter 5 
 

16 
 

References 

[1] Fedlheim, D. L. and Foss, C. A. Metal nanoparticles: synthesis, characterization, 

and applications. CRC press, Taylor & Francis Group, 1st edition, 2001. 

[2] Borah, R. K., Saikia, H. J., Das, V. K., and Thakur, A. J. Biosynthesis of 

poly(ethyleneglycol)-supported palladium nanoparticles using Colocasia esculenta leaf 

extract and their catalytic activity for Suzuki–Miyaura cross-coupling reactions. RSC 

Advances, 5(89):72453-72457, 2015. 

[3] Jana, N. R., Wang, Z. L., and Pal, T. Redox catalytic properties of palladium 

nanoparticles: surfactant and electron donor-acceptor effects. Langmuir, 16(6):2457-

2463, 2000. 

[4] Yonezawa, T., Imamura, K., and Kimizuka, N. Direct preparation and size control of 

palladium nanoparticle hydrosols by water-soluble isocyanide ligands. Langmuir, 

17(16):4701-4703, 2001. 

[5] Luo, C., Zhang, Y., and Wang, Y Palladium nanoparticles in poly(ethyleneglycol): 

the efficient and recyclable catalyst for Heck reaction. Journal of Molecular Catalysis A: 

Chemical, 229(1-2):7-12, 2005. 

[6] Wang, Z., Shen, B., and He, N. The synthesis of Pd nanoparticles by combination of 

the stabilizer of CNCH2COOK with its reduction. Materials Letters, 58(27-28):3652-

3655, 2004. 

[7] Nemamcha, A., Rehspringer, J. L., and Khatmi, D. Synthesis of palladium 

nanoparticles by sonochemical reduction of palladium (II) nitrate in aqueous solution. 

The Journal of Physical Chemistry B, 110(1):383-387, 2006. 

[8] Xiong, Y., Chen, J., Wiley, B., Xia, Y., Aloni, S., and Yin, Y. Understanding the role 

of oxidative etching in the polyol synthesis of Pd nanoparticles with uniform shape and 

size. Journal of the American Chemical Society, 127(20):7332-7333, 2005. 

[9] (a) Borah, R. K., Mahanta, A., Dutta, A., Bora, U., and Thakur, A. J. A green 

synthesis of palladium nanoparticles by Sapindus mukorossi seed extract and use in 

efficient room temperature Suzuki–Miyaura cross‐coupling reaction. Applied 

Organometallic Chemistry, 2017, DOI: https://doi.org/10.1002/aoc.3784. (b) Roopan, S. 

M., Bharathi, A., Kumar, R., Khanna, V. G., and Prabhakarn, A. Acaricidal, insecticidal, 

https://doi.org/10.1002/aoc.3784


Chapter 5 
 

17 
 

and larvicidal efficacy of aqueous extract of Annona squamosa L peel as biomaterial for 

the reduction of palladium salts into nanoparticles. Colloids and Surfaces B: 

Biointerfaces, 92:209-212, 2012. (c) Sheny, D. S., Philip, D., and Mathew, J. Rapid 

green synthesis of palladium nanoparticles using the dried leaf of Anacardium 

occidentale. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 

91:35-38, 2012. (d) Bankar, A., Joshi, B., Kumar, A. R., and Zinjarde, S. Banana peel 

extract mediated novel route for the synthesis of palladium nanoparticles. Materials 

Letters, 64(18):1951-1953, 2010. 

[10] (a) Sakurai, H., Tsukuda, T., and Hirao, T. Pd/C as a reusable catalyst for the 

coupling reaction of halophenols and arylboronic acids in aqueous media. The Journal of 

Organic Chemistry, 67(8):2721-2722, 2002. (b) Zhao, F., Bhanage, B. M., Shirai, M., 

and Arai, M. Heck reactions of iodobenzene and methyl acrylate with conventional 

supported palladium catalysts in the presence of organic and/and inorganic bases without 

ligands. Chemistry–A European Journal, 6(5):843-848, 2000. 

[11] Chen, X., Hou, Y., Wang, H., Cao, Y., and He, J. Facile deposition of Pd 

nanoparticles on carbon nanotube microparticles and their catalytic activity for Suzuki 

coupling reactions. The Journal of Physical Chemistry C, 112(22):8172-8176, 2008. 

[12] Biffis, A., Zecca, M., and Basato, M. Palladium metal catalysts in Heck C-C 

coupling reactions. Journal of Molecular Catalysis A: Chemical, 173(1-2):249-274, 

2001. 

[13] (a) Bedford, R. B., Singh, U. G., Walton, R. I., Williams, R. T., and Davis, S. A. 

Nanoparticulate palladium supported by covalently modified silicas: Synthesis, 

characterization, and application as catalysts for the Suzuki coupling of aryl halides. 

Chemistry of Materials, 17(4):701-707, 2005. (b) Jana, S., Dutta, B., Bera, R., and 

Koner, S. Immobilization of palladium in mesoporous silica matrix: Preparation, 

characterization, and its catalytic efficacy in carbon−carbon coupling reactions. 

Inorganic chemistry, 47(12):5512-5520, 2008. 

[14] (a) Djakovitch, L. and Koehler, K. Heterogeneously catalysed Heck reaction using 

palladium modified zeolites. Journal of Molecular Catalysis A: Chemical, 142(2):275-

284, 1999. (b) Djakovitch, L. and Koehler, K. Heck reaction catalyzed by Pd-modified 

zeolites. Journal of the American Chemical Society, 123(25):5990-5999, 2001. 



Chapter 5 
 

18 
 

[15] Ramchandani, R. K., Vinod, M. P., Wakharkar, R. D., Choudhary, V. R., and 

Sudalai, A. Pd–Cu–Exchanged montmorillonite K10 clay: an efficient and reusable 

heterogeneous catalyst for vinylation of aryl halides. Chemical Communications, 

21:2071-2072, 1997. 

[16] Singh, A. S., Patil, U. B., and Nagarkar, J. M. Palladium supported on zinc ferrite: A 

highly active, magnetically separable catalyst for ligand free Suzuki and Heck coupling. 

Catalysis Communications, 35:11-16, 2013. 

[17] Dang, T. D., Banerjee, A. N., Cheney, M. A., Qian, S., Joo, S. W., and Min, B. K. 

Bio-silica coated with amorphous manganese oxide as an efficient catalyst for rapid 

degradation of organic pollutant. Colloids and Surfaces B: Biointerfaces, 106:151-157, 

2013. 

[18] Singh, K. R. In Howe-Grant, M. editors, In Kirk-Othmer Encyclopaedia of 

Chemical Technology, volume 8, page 108, Wiley, New York, 1993. 

[19] Lemons, J. F. Annual minerals review. Diatomite. American Ceramic Society 

Bulletin, 76(6):92, 1997. 

[20] El-Shafey, E.I., Gameiro, M. L. F., Correia, P. F. M., deCarvalho, J. 

M. R. Dewatering of Brewer’s Spent Grain a Membrane Filter Press: A pilot plant 

study. Separation Science and Technology, 39:3237-3261, 2004. 

[21] Al-Ghouti, M. A., Khraisheh, M. A. M., Allen, S. J., and Ahmad, M. N. the removal 

of dyes from textile waste water: a study of the physical characteristics and adsorption 

mechanisms of diatomaceous earth. Journal of Environmental Management, 69(3):229-

238, 2003. 

[22] Christensen, A. N., Lundtoft, B., and Madsen, I. C. Investigation of the formation of 

cridtobalite from the Diatomaceous clay moler using powder X-ray diffractometer data 

and profile refinement methods. Journal of the American Ceramic Society, 84(4):878-

880, 2001. 

[23] Alvarez, E., Blanco, J., Avila, P., and Knapp, C. Activation of monolithic catalysts 

based on diatomaceous earth for sulfur dioxide oxidation. Catalysis Today, 53(4):557-

563, 1999. 

http://refhub.elsevier.com/S0926-860X(13)00656-X/sbref0145
http://refhub.elsevier.com/S0926-860X(13)00656-X/sbref0145
http://refhub.elsevier.com/S0926-860X(13)00656-X/sbref0145
http://refhub.elsevier.com/S0926-860X(13)00656-X/sbref0145
http://refhub.elsevier.com/S0926-860X(13)00656-X/sbref0145
http://refhub.elsevier.com/S0926-860X(13)00656-X/sbref0145
http://refhub.elsevier.com/S0926-860X(13)00656-X/sbref0145


Chapter 5 
 

19 
 

[24] Korunic, Z. Review Diatomaceous earths, a group of natural insecticides. Journal of 

Stored Products Research, 34(2-3):87-89, 1998. 

[25] Chinchilla, R. and Najera, C. The Sonogashira reaction: a booming methodology in 

synthetic organic chemistry. Chemical Reviews, 107(3):874-922, 2007. 

[26] (a) Negishi, I. E. and Meijere, A. Handbook of Organopalladium Chemistry for 

Organic synthesis. John Wiley & Sons, Germany, 2003. (b) Marsden, A. J.; Haley, M. 

M. In de Meijre, A. and Diederich, F., editor, Metal-Catalyzed Cross-Coupling 

Reactions, pages 317–394, Wiley-VCH: Weinheim, Germany, 2004. 

[27] (a) Shao, F., Weissleder, R., and Hilderbrand, S. A. Monofunctional carbocyanine 

dyes for bio-and bioorthogonal conjugation. Bioconjugate Chemistry, 19(12):2487-2491, 

2008. (b) Shieh, P., and Bertozzi, C. R. Design strategies for bioorthogonal smart probes. 

Organic & Biomolecular Chemistry, 12(46):9307-9320, 2014. 

[28] (a) Danilkina, N. A., Vlasov, P. S., Vodianik, S. M., Kruchinin, A. A., Vlasov, Y. 

G., and Balova, I. A. Synthesis and chemosensing properties of cinnoline-containing 

poly(aryleneethynylene)s. Beilstein Journal of Organic Chemistry, 11:373, 2015. (b) 

Dai, C., Cheng, Y., Cui, J., and Wang, B. Click reactions and boronic acids: applications, 

issues, and potential solutions. Molecules, 15(8):5768-5781, 2010. 

[29] (a) Wang, C., Batsanov, A. S., Bryce, M. R., Martin, S., Nichols, R. J., Higgins, S. 

J., and Lambert, C. J. Oligoyne single molecule wires. Journal of the American Chemical 

Society, 131(43):15647-15654, 2009. (b) Haiss, W., Wang, C., Grace, I., Batsanov, A. S., 

Schiffrin, D. J., Higgins, S. J., and Nichols, R. J. Precision control of single-molecule 

electrical junctions. Nature Materials, 5(12):995, 2006. (c) Kaliginedi, V., Moreno-

García, P., Valkenier, H., Hong, W., García-Suárez, V. M., Buiter, P., and Wandlowski, 

T. Correlations between molecular structure and single-junction conductance: a case 

study with oligo(phenylene-ethynylene)-type wires. Journal of the American Chemical 

Society, 134(11):5262-5275, 2012. (d) Marqués-González, S., Yufit, D. S., Howard, J. 

A., Martín, S., Osorio, H. M., Garcia-Suarez, V. M., and Low, P. J. Simplifying the 

conductance profiles of molecular junctions: the use of the trimethylsilylethynyl moiety 

as a molecule–gold contact. Dalton Transactions, 42(2):338-341, 2013. (e) Moreno-

García, P., Gulcur, M., Manrique, D. Z., Pope, T., Hong, W., Kaliginedi, V., and 

Wandlowski, T. Single-molecule conductance of functionalized oligoynes: Length 



Chapter 5 
 

20 
 

dependence and junction evolution. Journal of the American Chemical Society, 

135(33):12228-12240, 2013. (f) Rigaut, S. Metal complexes in molecular junctions. 

Dalton Transactions, 42(45):15859-15863, 2013. 

[30] Long, N. J. and Williams, C. K. Metal alkynyl σ complexes: Synthesis and 

materials. Angewandte Chemie International Edition, 42(23):2586-2617, 2003. 

[31] (a) Huan, X., Wang, D., Dong, R., Tu, C., Zhu, B., Yan, D., and Zhu, X. 

Supramolecular ABC miktoarm star terpolymer based on host–guest inclusion 

complexation. Macromolecules, 45(15):5941-5947, 2012. (b) Liu, H., Zhang, Y., Hu, J., 

Li, C., and Liu, S. Multi‐responsive supramolecular double hydrophilic diblock 

copolymer driven by host‐guest inclusion complexation between β‐cyclodextrin and 

adamantyl Moieties. Macromolecular Chemistry and Physics, 210(24):2125-2137, 2009. 

[32] (a) Reed, M. W. and Moore, H. W. Efficient synthesis of furochromone and 

furocoumarin natural products (khellin, pimpinellin, isophellopterin) by thermal 

rearrangement of 4-furyl-4-hydroxycyclobutenones. The Journal of Organic Chemistry, 

53(18):4166-4171, 1988. (b) Harmrolfs, K., Mancuso, L., Drung, B., Sasse, F., and 

Kirschning, A. Preparation of new alkyne-modified ansamitocins by mutasynthesis. 

Beilstein Journal of Organic Chemistry, 10:535, 2014. 

[33] (a) Khong, S. and Kwon, O. One-pot phosphine-catalyzed syntheses of quinolines. 

The Journal of Organic Chemistry, 77(18):8257-8267, 2012. (b) Patil, N. T. and Raut, V. 

S. Cooperative catalysis with metal and secondary amine: synthesis of 2-substituted 

quinolines via addition/cycloisomerization cascade. The Journal of Organic Chemistry, 

75(20):6961-6964, 2010. (c) Sakai, N., Tamura, K., Shimamura, K., Ikeda, R., and 

Konakahara, T. Copper-catalyzed [5+1] annulation of 2-ethynylanilines with an N, O-

acetal leading to construction of quinoline derivatives. Organic Letters, 14(3):836-839, 

2012. (d) Liu, B., Gao, H., Yu, Y., Wu, W., and Jiang, H. Palladium-catalyzed 

intermolecular aerobic oxidative cyclization of 2-ethynylanilines with isocyanides: 

Regioselective synthesis of 4-halo-2-aminoquinolines. The Journal of Organic 

Chemistry, 78(20):10319-10328, 2013. 

[34] (a) Sonogashira, K., Tohda, Y., and Hagihara, N. A convenient synthesis of 

acetylenes: catalytic substitutions of acetylenic hydrogen with bromoalkenes, iodoarenes 

and bromopyridines. Tetrahedron Letters, 16(50):4467-4470, 1975. (b) Chinchilla, R., 

and Nájera, C. The Sonogashira reaction: a booming methodology in synthetic organic 

chemistry. Chemical Reviews, 107(3):874-922, 2007. (c) Plenio, H. Catalysts for the 



Chapter 5 
 

21 
 

Sonogashira Coupling—the crownless again shall be king. Angewandte Chemie 

International Edition, 47(37):6954-6956, 2008. (d) Thomas, A. M., Sujatha, A., and 

Kumar, A. G. Recent advances and perspectives in copper-catalyzed Sonogashira 

coupling reactions. RSC Advances, 4(42):21688-21698, 2014. (e) Yang, Y., Chew, X., 

Johannes, C. W., Robins, E. G., Jong, H., and Lim, Y. H. A Versatile and efficient 

palladium–meta‐terarylphosphine catalyst for the copper‐free Sonogashira coupling of 

(Hetero‐) aryl chlorides and alkynes. European Journal of Organic Chemistry, 

2014(32):7184-7192, 2014. 

[35] (a) Urgaonkar, S., and Verkade, J. G. Ligand-, copper- and amine-free Sonogashira 

reaction of aryl iodides and bromides with terminal alkynes. The Journal of Organic 

Chemistry, 69(17):5752-5755, 2004. (b) Lauterbach, T., Livendahl, M., Rosellón, A., 

Espinet, P., and Echavarren, A. M. Unlikeliness of Pd-free gold(I)-catalyzed Sonogashira 

coupling reactions. Organic Letters, 12(13):3006-3009, 2010. (c) Fleckenstein, C. A., 

and Plenio, H. Aqueous/organic cross coupling: Sustainable protocol for Sonogashira 

reactions of heterocycles. Green Chemistry, 10(5):563-570, 2008. (d) Liang, Y., Xie, Y. 

X., and Li, J. H. Modified palladium-catalyzed Sonogashira cross-coupling reactions 

under copper-, amine-, and solvent-free conditions. The Journal of Organic Chemistry, 

71(1):379-381, 2006. (e) Yi, C. and Hua, R. Efficient copper-free PdCl2 (PCy3)2-

catalyzed Sonogashira coupling of aryl chlorides with terminal alkynes. The Journal of 

Organic Chemistry, 71(6):2535-2537, 2006. (f) Neumann, K. T., Laursen, S. R., 

Lindhardt, A. T., Bang-Andersen, B., and Skrydstrup, T. Palladium-catalyzed 

carbonylative sonogashira coupling of aryl bromides using near stoichiometric carbon 

monoxide. Organic Letters, 16(8):2216-2219, 2014. 

[36] (a) Mori, A., Kawashima, J., Shimada, T., Suguro, M., Hirabayashi, K., and 

Nishihara, Y. Non-Sonogashira-type palladium-catalyzed coupling reactions of terminal 

alkynes assisted by silver (I) oxide or tetrabutylammonium fluoride. Organic Letters, 

2(19):2935-2937, 2000. (b) Yamamoto, Y. Silver-catalyzed Csp−H and Csp−Si bond 

transformations and related processes. Chemical Reviews, 108(8):3199-3222, 2008. 

[37] Lauterbach, T., Livendahl, M., Rosellón, A., Espinet, P., and Echavarren, A. M. 

Unlikeliness of Pd-free gold(I)-catalyzed Sonogashira coupling reactions. Organic 

Letters, 12(13):3006-3009, 2010. 

[38] Finke, A. D., Elleby, E. C., Boyd, M. J., Weissman, H., and Moore, J. S. Zinc 

chloride-promoted aryl bromide−alkyne cross-coupling reactions at room temperature. 

The Journal of Organic Chemistry, 74(22):8897-8900, 2009. 



Chapter 5 
 

22 
 

[39] Negishi, E. I. and Anastasia, L. Palladium-catalyzed alkynylation. Chemical 

Reviews, 103(5):1979-2018, 2003. 

[40] (a) John, A. and Ghosh, P. Fascinating frontiers of N/O-functionalized N-

heterocyclic carbene chemistry: from chemical catalysis to biomedical applications. 

Dalton Transactions, 39(31):7183-7206, 2010. (b) Organ, M. G., Chass, G. A., Fang, D. 

C., Hopkinson, A. C., and Valente, C. Pd-NHC (PEPPSI) complexes: Synthetic utility 

and computational studies into their reactivity. Synthesis, 2008(17):2776-2797, 2008. (c) 

Luo, F. T. and Lo, H. K. Short synthesis of bis-NHC-Pd catalyst derived from caffeine 

and its applications to Suzuki, Heck, and Sonogashira reactions in aqueous solution. 

Journal of Organometallic Chemistry, 696(6):1262-1265, 2011. 

[41] Dupont, J., Consorti, C. S., and Spencer, J. The potential of palladacycles: more 

than just precatalysts. Chemical Reviews, 105(6):2527-2572, 2005. 

[42] Gogoi, A., Dewan, A., Borah, G., and Bora, U. A palladium salen complex: an 

efficient catalyst for the Sonogashira reaction at room temperature. New Journal of 

Chemistry, 39(5):3341-3344, 2015. 

[43] Sarmah, M., Dewan, A., Thakur, A. J., and Bora, U. Urea as mild and efficient 

additive for palladium catalyzed Sonogashira cross coupling reaction. Tetrahedron 

Letters, 57(8):914-916, 2016. 

[44] Kawanami, H., Matsushima, K., Sato, M., and Ikushima, Y. Rapid and highly 

selective copper‐free Sonogashira coupling in high‐pressure, high‐temperature water in a 

microfluidic system. Angewandte Chemie International Edition, 119(27):5221-5224, 

2007. 

[45] Urgaonkar, S. and Verkade, J. G. Ligand-, copper-, and amine-free Sonogashira 

reaction of aryl iodides and bromides with terminal alkynes. The Journal of Organic 

Chemistry, 69(17):5752-5755, 2004. 

[46] Cheng, J., Sun, Y., Wang, F., Guo, M., Xu, J. H., Pan, Y., and Zhang, Z. A copper-

and amine-free Sonogashira reaction employing aminophosphines as ligands. The 

Journal of Organic Chemistry, 69(16):5428-5432, 2004. 

[47] Hundertmark, T., Littke, A. F., Buchwald, S. L., and Fu, G. C.Pd(PhCN)2Cl2/P(t-

Bu)3: a versatile catalyst for Sonogashira reactions of aryl bromides at room temperature. 

Organic Letters, 2(12):1729-1731, 2000. 

 



 

 

 

 

 

 

Section 5.2 

Reducing agent free, simple and facile synthesis of 

Pd NPs decorated on biosilica and its 

implementation in ligand free Suzuki-Miyaura 

cross-coupling reaction at room temperature. 

 

 

 

 

 



Chapter 5  
 

23 
 

5.2.1. Introduction 
As discussed earlier in the introduction part of Chapters 1 and 2, the Pd catalyzed 

Suzuki-Miyaura cross-coupling reaction is considered to be one of the most 

powerful and widely used method for the constructing C-C bond, as it found 

utmost applications in numerous fields like pharmaceuticals, natural products etc 

which is due to its associated mild reaction conditions and large substrate scope 

[1, 2]. So far as the catalyst, reaction condition and substrate scopes are concerned 

the reaction had undergone tremendous development. Traditionally, the catalytic 

system for Suzuki coupling reaction comprises of either Pd(0) or Pd(II) species, 

and also suitable phosphine or nitrogen based ligands are added [3]. Also, the 

reaction is performed under inert atmosphere and due to sensitivity of the catalytic 

system to oxygen and moisture the reaction was generally performed in hazardous 

organic solvents. As such the use of environmently favourable solvents such as 

water [4], ionic liquids [5], or supercritical carbondioxide [6] are considered to be 

more favourable alternatives which also fullfils dream of the green chemistry 

perspectives. 

Nano-catalysis is nowadays regarded as an emerging area in the field of synthetic 

organic chemistry. The peculiar size dependent properties of the NPs [7] 

compared to their bulky counterparts are the main factors responsible for their 

exceptional catalytic activity. Pd NPs of different various shapes and sizes are 

synthesized using different physical and chemical methods. In order to control the 

size and morphology of the NPs formed in wet chemical methods the reduction of 

Pd(II) species is generally done in presence of different types of stabilizing agents, 

capping agents or solid supports [8, 9]. Although these types of methods 

synthesized Pd NPs which shows good catalytic activity butthey are associated with 

drawbacks like requirement of high temperature, ultrasonication etc and also 

contamination from precursor chemicals, use of toxic solvents and formation of by-

products are additional demerits along with these methods. Consequently, there is a 

growing demand for the development of eco-friendly methods for the synthesis of 

NPs which minimises the losses of chemicalsand also to carry out in environmentally 

friendly solvents.  

Again as the synthesized NPs are thermodynamically not stable and leads to 

agglomeration, so different types of stabilizers such as surfactants, organic ligands 
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(viz. Sulphur, phosphine and nitrogen based ligands), polymers and dendrimers 

are used to stabilise the NPs from agglomerization [10]. 

As we already discussed in the previous section of this chapter significant affords 

has been given by the researchers to immobilize and stabilize the Pd NPs in 

various heterogeneous supports such as organic matrix, organic–inorganic 

fluorinated hybrid materials, polymers, glass–polymer composites, and ionic 

liquids. Bio-silica (diatomaceous earth (DE)) a non-toxic, inorganic porous 

material draw special attention in the field of catalysis and can be used for the 

generation of supported Pd-NPs due to its high surface area with hydroxyl groups 

on its surface. Its main constituents are 87-91% SiO2 with small quantities of iron 

oxide and alumina [11]. It is non-toxic and has excellent absorption power. In this 

section of this chapter, the Suzuki cross coupling reaction between different 

electronically substituted subtracts were examined with the same catalyst and 

found good to excellent yield of the product. The syntheses of the catalyst as well 

as its characterizations are already discussed in section 5.1, so these portions are 

not included here and only the catalysis part has been presented here. 

 

5.2.2. Experimental 

5.2.2.1. General Information 

All the reactions are monitored using TLC technique using aluminium coated TLC 

plates with silica gel 60 F254 (Merck). Purifications of the products are done by 

Column chromatography technique using silica gel (60-120 mesh). 1H and 13C 

NMR spectra of the synthesized compounds were recorded in a 400 MHz NMR 

spectrophotometer (JEOL JNM-ECS) using tetramethylsilane (TMS) as the 

internal standard. Chemical shifts are expressed in ppm and the coupling constants 

are expressed in Hertz. Powder XRD pattern was recorded with Rigaku X-ray 

diffractometer over the range of 2θ=10-80° with a scanning rate of 2 °C min-1. The 

surface morphology and EDX analysis of the prepared catalyst were done using 

JEOL SEM (JEOL, model JSM-6390 LV operating at an accelerating voltage of 

15 kV). Size and distribution of NPs were determined by using TEM (JEOL, 

JEM-2010) equipped with a slow-scan CCD camera at an operating voltage of 

200kV. Specific surface area, pore volume, average pore diameter were measured 

with the NOVA-1000, version: 3.70 (Quantachrome, USA). The specific surface 

area of the samples was determined by adsorption of nitrogen gas at 77 K and 
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using the Brunauer–Emmett–Teller (BET) calculation. Before adsorption, the 

samples were degassed at 250 °C for 3 h. Pore size distributions were measured 

from desorption isotherms using the Barrett–Joyner–Halenda (BJH) method. 

Melting points was recorded in Büchi B450 melting point apparatus.  

 

5.2.2.2. Materials and chemical reagents 

All the chemicals were purchases from different commercials firms. Biosilica was 

purchased from Rankem, India, Sulfuric acid (AR grade) from Qualigens, India, 

Palladium acetate from SRL India, potassium carbonate from Qualigens, India, 

MeOH from Merck, India, bromobenzene from G.S. Chemical Testing Labs, 

Bombay, India other chemicals were purchased from Sisco-Research-Laboratories 

Pvt. Ltd. India and silica gel for TLC and column chromatography from Merck, 

India. All these chemicals were of analytical grade and used without purification. 

Solvents such as ethyl acetate and hexane were distilled prior to use. 

 

5.2.2.3. General experimental procedure for Pd-BioSiO catalyzed Suzuki-Miyaura 

cross-coupling reaction 

The efficiency of the catalyst for Suzuki-Miyaura reaction was evaluated using 

phenylboronicacid and p-bromonitrobenzene as model substrates. To a 50 mL 

round-bottom flask a mixture of p-bromonitrobenzene (0.5 mmol), 

phenylboronicacid (0.55 mmol), K2CO3 (1.5 mmol), and 8 wt% of the 

nanocatalyst with respect to boronicacid were added and stirred at room 

temperature in iso-propanol:water (1:1) solvent system for the required time. The 

monitoring of the reaction was done by TLC technique. After completion, the 

reaction mixture was first diluted with distilled water and then distilled ethyl 

acetate was used to extract the product from the reaction mixture (3 times). 

Thereafter it was washed with brine (3 times) and then anhydrous Na2SO4 was 

used for removal of traces of water left. Finally, column chromatography 

technique (60-120 mesh silica gel and ethyl acetate-hexane solvent mixture) was 

used to purify the product and confirmed by 1H and 13C NMR spectroscopy. 
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B(OH)2 + NO2

Pd-BiOSiO(8 wt%), K2CO3(1.5 mmol)

iso-propanol: H2O (1:1)

(0.55 mmol) (0.50 mmol)

Br NO2

Scheme 1: Model reaction for Suzuki-Miyaura cross-coupling reaction. 

 

5.2.3. Results and discussion 

5.2.3.1. Optimization of the reaction condition for solvent and base and 

catalyst 

After characterization of the catalyst, our next endeavor was to find out a suitable 

reaction condition for the Suzuki-Miyaura coupling reaction. 4-Bromonitrobenzene and 

phenylboronic acids were chosen as the model substrates for the optimization purpose. 

The system shows significantly good catalytic activity in iso-propanol: water (1:1) as 

solvent at room temperature. The results are summarized in table 1. It was obvious from 

entry 1 of table 1 that in the absence of base the reaction did not proceed which suggests 

that presence of base was a very essential parameter for the reaction to occur. The effect 

of solvent on the reaction was screened using K2CO3 (1.5 mmol) as base. The result 

shows that iso-propanol:H2O (1:1) was the most effective one, affording highest yield 

(entry 6, Table 1). Other inorganic bases like Na2CO3, KOH etc. also have similar effect 

on the reaction and proceeds with comparable yield (entries 7 & 8, Table 1). Again 

optimizing the amount of the catalyst, we obtained that 8 wt% of the nanocatalyst with 

respect to phenyl boronic acid substrate was the optimized amount for best conversion 

(entry 6, Table 1). Again if we decreased the amount of base, K2CO3 to 1 mmol (entry 

12, Table 1) the yield was also found to decreased to 80%. Thus, from above discussion 

we come to the conclusion that 8 wt% of the catalyst in iso-propanol:water (1:1) solvent 

and in the presence of base, K2CO3 (1.5 mmol) at room temperature was the most 

favoured reaction condition for the formation of biaryl (entry 6, Table 1). 
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Table 1: Optimization of reaction condition for catalyst, solvent and base:a

B(OH)2 + NO2
Solvent, base, rt

Br NO2

Pd-BiOSiO

 

Entry Catalyst  

(wt %) 

Solvent  Base 

(1.5 mmol) 

Time 

(h) 

Yieldb 

(%) 

1 8 H2O No base 24 0 

2 8 No solvent K2CO3 10 12 

3 8 H2O K2CO3 24 65 

4 8 DMF K2CO3 24 70 

5 8 MeOH:H2O K2CO3 24 75 

6 8 Isopropanol:H2O K2CO3 1.5 92 

7 8 Isopropanol:H2O Na2CO3 1.5 90 

8 8 Isopropanol:H2O KOH 3 80 

9 5 Isopropanol:H2O K2CO3 5 82 

10 12 Isopropanol:H2O K2CO3 1.5 92 

11 15 Isopropanol:H2O K2CO3 1.5 93 

12c 8 Isopropanol:H2O K2CO3 0.5 80 

aReaction condition: Phenylboronic acid (0.55 mmol), 4-bromonitrobenzene (0.50 

mmol), rt. bIsolated yield. c1 mmol of base was used. 

 

5.2.3.2. Substrate study 

The scope and limitation of the optimized reaction procedure, has been tested with 

wide varieties of electronically diverse arylhalides with arylboronic acids. The results 

are summarized below (Table 2): 

Table 2: Suzuki-Miyaura cross-coupling reactions of various aryl halides and arylboronic 
acids catalyzed by Pd-BioSiO.a 

B(OH)2

R1 +

R2

X
Pd-BiOSiO(8 wt%), K2CO3(1.5 mmol)

iso-propanol: H2O (1:1) R1 R2

(0.55 mmol) 0.50 mmol)

 
Entry R1 R2 X Time (h) Yieldb (%) 

1 H H I 1.5 94 
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It was clear from the substrate study, that the reaction proceed smoothly with aryl halides 

and arylboronic acids bearing different electron-withdrawing and electron-donating 

groups by the synthesized nanocatalyst. However, from table 2 we can say that if the aryl 

boronic acid contains electron donating groups (entries 6-8, Table 2), the reaction 

proceeded smoothly requiring less reaction time as compared to aryl boronic acid 

containing electron withdrawing groups (entries 10-12, Table 2). 

 

5.2.4. Reusability study: 

From the green chemistry point of view, the reusability or recyclability of the 

catalyst is a very important parameter that needs to be addressed. Accordingly we 

also examine the reusability of our prepared catalyst for Suzuki-Miyaura cross-

coupling reaction. The initial reaction (Scheme 1) was choosen as the model 

reaction here. The reaction was started by taking 1.1 mmol of phenylboronic acid 

and 1 mmol of 4-bromonitrobenzene in 8 mL of solvent. To this 16 wt% of the 

catalyst and 3 mmol of base K2CO3 was added and stirred for the required time. 

The scale of the model reaction was increased by two folds, considering the 

recovery issue. 

2 H H Br 1.5 92 

3 -4-Cl -NO2 4-Br 2 92 

4 -4-F -OCH3 4-Br 3 88 

5 H NO2 4-Br 1.5 92 

6 -4-OCH3 H 4-Br 2 88 

7 -4-OCH3 -OCH3 4-I 1.5 92 

8 -4-Me -OCH3 4-Br 2 89 

9 -4-CHO -OCH3 4-Br 2.5 80 

10 -4-CHO H 4-Br 2.5 88 

11 -4-COCH3 H 4-Br 3 82 

12 -4-COCH3 -OCH3 4-I 2.5 85 

13 H -OCH3 4-I 1.5 90 

aReaction Conditions: arylbromide or iodide (0.5 mmol), aryl boronic acid (0.55 mmol), 
Pd-BioSiO (8 wt%), K2CO3 (1.5 mmol), rt, in air. bIsolated yield. 



 

 

From Fig. 1 it is obvious that the catalyst was reusable up to 5

loss of its catalytic activity which may be due to deactivation of the catalyst during 

the course of the reaction and recovery process.

 

5.2.5. Conclusions 

In conclusion a simple and highly efficie

been developed which exhibit excellent catalytic activity for 

Miyaura reaction at room temperature. 

range of electronically diverse 

and found good result. 

 

Characterization data of the products

 

 

Biphenyl (entries 1 & 2, T

CDCl3) δ (ppm): 7.61-7.59

(100 MHz, CDCl3) δ (ppm): 140.9, 128.9, 127.3

 

O2N C

4-Chloro-4′-nitrobiphenyl 

MHz, CDCl3), δ (ppm): 8.29
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Fig. 1: Reusability of the catalyst. 
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the course of the reaction and recovery process. 
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reaction at room temperature. The compatibility of the reaction to a wide 

tronically diverse arylhalides with arylboronic acids

terization data of the products 

& 2, Table 2): White crystal, m.p. 69.2 °C, 1H NMR

7.59 (m, 4H), 7.46-7.42 (m, 4H), 7.37-7.35 (m,

(ppm): 140.9, 128.9, 127.3. 

Cl

 

nitrobiphenyl (entry 3, Table 2): White crystal, m.p. 140

8.29 (d, J=8Hz, 2H), 7.69 (d, J=8Hz, 2H), 7.55
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7.46 (d, J=8Hz, 2H); 13C NMR (100 MHz, CDCl3), δ (ppm): 146.4, 137.2, 135.3, 129.4, 

128.6, 127.7, 124.3. 

 

F OMe

 

4-Fluro-4′-methoxybiphenyl (entry 4, Table 2): White crystal, m.p. 110 °C, 1H NMR 

(400 MHz, CDCl3) δ (ppm): 7.50-7.45 (m, 4H), 7.11-7.06 (m, 2H), 6.97-6.95 (m, 2H), 

3.82 (s, 3H); 13C NMR (100 MHz, CDCl3) δ (ppm): 163.3, 159.1, 137.0, 132.9, 128.2, 

128, 115.6, 115.4, 114.3, 55.4. 

 

O2N

 

4-Nitrobiphenyl (entry 5, Table 2): Yellow solid, m.p. 113 °C,1H NMR (400 MHz, 

CDCl3) δ (ppm): 8.33-8.30 (m, 2H), 7.76-7.73 (m, 2H), 7.64-7.62 (m, 2H), 7.52-7.45 (m, 

3H); 13C NMR (100MHz, CDCl3) δ (ppm):147.6, 138.8, 129.2, 128.9, 127.8, 127.4, 

124.1. 

 

MeO

 

4-Methoxybiphenyl (entries 6, & 13, Table 2): White crystal, m.p. 90 °C,1H NMR 

(400MHz, CDCl3) δ(ppm): 7.56-7.52 (m, 4H), 7.42 (t, J=8Hz, 2H), 7.30 (t, J=8Hz, 1H), 

6.98 (d, J=8Hz, 2H), 3.85 (s, 3H); 13C NMR (100MHz, CDCl3) δ(ppm): 159.2, 140.9, 

133.8, 128.8, 126.8, 126.7, 114.2, 55.1. 

 

OMeMeO

 

4,4′-dimethoxybiphenyl (entry 7, Table 2): White Crystalline solid, m.p. 175.5 °C, 1H 

NMR (400MHz, CDCl3) δ(ppm): 7.48(d, J=8Hz, 4H), 6.96(d, J=8Hz, 4H), 3.84(s, 6H); 

13C NMR (100MHz, CDCl3) δ(ppm): 159.0, 133.1, 127.7, 114.1, 55.5. 
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MeO

 

4-Methyl-4′-methoxybiphenyl (entry 8, Table 2): White crystal, m.p. 105 °C, 1H NMR 

(400MHz, CDCl3) δ (ppm): 7.52(d, J=8Hz, 2H), 7.45(d, J=8Hz, 2H), 7.23(d, J=8Hz, 

2H), 6.97(d, J=8Hz, 2H), 3.84(s, 3H), 2.39(s, 3H) ;13C NMR (100MHz, CDCl3) δ (ppm): 

158.6, 138.0, 135.5, 133.9, 129.4, 127.7, 126.5, 113.7, 54.7, 20.9. 

 

MeO CHO

 

4-Formyl-4′-methoxybiphenyl (entry 9, Table 2): White crystal, m.p. 98 °C,1H NMR 

(400MHz, CDCl3) δ(ppm): 10.04(s, 1H), 7.93(d, J=8Hz, 2H), 7.72(d, J=8Hz, 2H), 

7.60(d, J=8Hz, 2H), 7.01(d, J=8Hz, 2H), 3.85(s, 3H); 13C NMR (100MHz, CDCl3) 

δ(ppm): 191.6, 160.2, 146.6, 131.3, 129.7, 128.1, 126.8, 114.4, 55.7. 

 

OHC

 

4-Formylbiphenyl (entry 10, Table 2): Light yellow crystal, m.p. 58 °C,1H NMR 

(400MHz,CDCl3) δ(ppm): 10.07 (s, 1H), 7.96(d, J=8Hz 2H), 7.78-7.75(d, J=8Hz, 2H), 

7.66-7.64(m, 2H), 7.51-7.41(m, 3H); 13C NMR (100MHz, CDCl3) δ(ppm): 192.0, 147.2, 

139.7, 135.2, 130.3, 129.1, 127.7, 127.3. 

 

H3COC

 

4-Acetylbiphenyl (entry 11, Table 2): White crystal, m.p. 118 °C,1H NMR (400 MHz, 

CDCl3) δ (ppm): 8.04(d, J=12Hz, 2H), 7.70(d, J=8Hz, 2H), 7.64(d, J=8Hz, 2H), 7.50-

7.46(t, J=8Hz, 2H), 7.43-7.39(d, J=8Hz, 1H), 2.65(s, 3H); 13C NMR (100 MHz, CDCl3) 

δ (ppm): 197.8, 145.8, 139.9, 135.9, 129.6, 128.8, 128.2,127.2, 26.7. 

 

H3COC OMe
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4-Acetyl-4′-methoxybiphenyl (entry 12, Table 2): White crystal, m.p. 153 °C, 1H NMR 

(400 MHz, CDCl3) δ (ppm): 8.01(d, J=8Hz, 2H), 7.65(d, J=8Hz, 2H), 7.60-7.57(d, 

J=8Hz, 2H), 7.02-6.99(d, J=8Hz, 2H), 3.87(s, 3H), 2.63(s, 3H); 13C NMR (100 MHz, 

CDCl3) δ (ppm): 187.4, 145.3, 132.3, 129.0, 128.4, 126.7, 114.4, 98.4, 87.2, 55.4, 26.7. 
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NMR spectrum of 4,4′-dimethoxybiphenyl 

C NMR spectrum of 4,4′-dimethoxybiphenyl 
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