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Abstract: 

Herein we report the biogenic synthesis of Pd/CuFe2O4 magnetic nanocatalyst for the Sonogashira cross-

coupling reaction. The as-prepared magnetic nanoparticles have been extensively characterized by 

powder X-ray diffraction (PXRD), SEM, EDX, TEM, HRTEM, ICP and BET surface area measurement 

techniques. The activity of different catalyst such as CuFe2O4, Pd/NiFe2O4 and Pd/Fe3O4 were 

investigated for Sonogashira cross-coupling reaction and it was found that Pd/CuFe2O4 showed superior 

catalytic activity. The use of non-toxic commercially available solvents, mild reaction conditions, easy 

preparation of the catalyst, high yield of the products and less reaction time are the advantages of the 

present protocol. The catalyst showed higher selectivity towards coupling of aryl halides with alkynes 

resulting in moderate to excellent isolated yields. The catalyst was easily separated and reused upto 5th 

cycle without any significant loss in the catalytic activity and product yield. 

 

Keywords: Pd/CuFe2O4 magnetic nanocatalyst; Sonogashira reaction; ligand free; high yield products; 

easy recyclability. 
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Introduction  

Carbon-carbon bond forming reactions have served as a powerful synthetic role in various 

organic transformations and have been intensively studied for the synthesis of various natural 

products, drugs and fine chemicals [1,2]. The palladium catalyzed Sonogashira reactions are 

versatile and favorable method for forming carbon-carbon bonds and have found widespread 

applications in the synthesis of natural products [3], pharmaceutical complex molecules [4], 

heterocycles [5], polymeric and optical materials [6] etc. However, the industrial application of 

this coupling reaction is limited due to (i) stability of the catalyst, (ii) the application of 

environmentally unfriendly reagents, (iii) high cost factor of Pd-catalyst precursors, (iv) 

Palladium contamination with the final product, (v) expensive and air sensitive phosphine 

ligands resulting in significant limits on their synthetic applications [7], (vi) homocoupling 

products of terminal alkynes (Hay coupling or Glaser coupling) [8] along with the main reaction 

in considerable yields owing to the addition of CuI, and these undesirable by-products are 

generally difficult to separate from the desired products due to very similar chromatographic 

mobility [9]. 

The presence of homogeneous Pd complex catalyst makes the recovery of the metal tedious and 

might lead to high Pd contamination in the products. 

Thus, efforts were made to substitute the harmful organic solvents by eco-friendly solvents like 

water, making the up-scaling procedure viable and economical for industrial scale. A large 

number of modifications have thus been reported in literature to solve the above problems such 

as the use of amine- and copper-free systems [10-14], nickel systems [15, 16], hydrogen 

atmosphere conditions [17], phase transfer reaction conditions [18], copper-free catalyst systems 

[19-22], palladium powder systems [23] but none of them can solve all of the above problems. 

Hence, the development of a more practical, simpler, economic and efficient catalyst is still an 

important topic in this area. 

Thus owing to the importance of Sonogashira reaction we report herein an efficient magnetically 

seperable Pd/CuFe2O4 nanocatalyst for Sonogashira cross-coupling reaction under mild reaction 

conditions using green and ecofriendly solvents. MNPs have drawn utmost importance in the last 

decade due to their versatile properties like large surface area, high mechanical and thermal 

stability and ease of separation using an external bar magnet [24, 25].  
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Experimental 

Preparation of Pd/CuFe2O4 MNPs 

It was prepared in a similar manner as reported by us earlier [26], wherein a two-step process 

was adopted. In the first step CuFe2O4 MNPs were prepared using Lantana camara flowers as 

reducing agent [27] and then in the second step 100 mg of the prepared CuFe2O4 were dispersed 

in ethanol (EtOH) and 100 mg of Pd(OAc)2 was quickly added under ultrasonication; to this 

solution finally 80% hydrazine hydrate was added. After about 30 mins solid products of 

heterogeneous Pd/CuFe2O4 was obtained which was washed with EtOH and water several times. 

 General procedure for Sonogashira coupling reaction 

The Sonogashira cross-coupling reaction was investigated with Pd/CuFe2O4 MNPs as catalyst. In 

this method, 1 mmol of aryl halide and 1 mmol of acetylene are subjected to aerobic stirring with 

the addition of 3 mol % of the catalyst and 4 mmol of K2CO3. This was then refluxed with 4 ml 

of EtOH and stirred at 70ºC for appropriate time. The progress of the reaction was monitored by 

TLC and was extracted with EtOAc and deionized water, washed with brine and dried over 

anhydrous Na2SO4 and evaporated in a rotary evaporator. The purification of the products was 

done by column chromatography on silica gel using hexane as an eluent. The used catalyst was 

separated from the reaction mixture with the help of an external magnet, dried and used for the 

next series of reaction. 

Results and discussion 

 Catalyst Characterization 

The synthesized Pd/CuFe2O4 MNPs are characterized by various techniques. 

XRD: Figure 1 depicts the X-ray difractograms of Pd/CuFe2O4 and CuFe2O4. The Bragg’s 

reflections related to Pd/CuFe2O4 nanoparticles are 2θ = 23.8, 27.2, 29.92, 32.72, 35.3, 40.1 (Pd), 

43, 46.06 (Pd), 49.06, 53.64, 56.96, 58.48, 62.28, 63.7, 68.34 (Pd) and 82.260 (Pd) are consistent 

with the planes (111), (202), (220), (113), (311), (111), (400), (200), (331), (422), (333), (511), 

(404), (440), (220), (311) respectively. These values match with the XRD information in the 

JCPDS card numbers 034-0425 (of t-CuFe2O4) and 89-4897(of Pd) [28, 29]. Therefore, it was 

confirmed that Pd was doped in the lattice of tetragonal CuFe2O4 and formed solid Pd-CuFe2O4 
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MNPs. The presence of some additional extra peaks indicates the presence of CuO in the 

nanoparticle (JCPDS card No. 48-1548). The sharp peaks from XRD analysis reveal the highly 

crystalline nature of the nanoparticle. By using the Scherrer equation [30] the average crystallite 

size of CuFe2O4 MNPs was calculated as 16.35 nm and Pd/CuFe2O4 MNPs as 5.29 nm.  

 

 

 

 

 

 

 

 

Figure 1. Powder- XRD pattern of (a) Pd/CuFe2O4 and (b) CuFe2O4 

SEM and EDX: The SEM image obtained [Figure 2(a)] depicts the agglomerated nature of the 

Pd/CuFe2O4 resulting due to the magnetic property. In addition, EDX [Figure 2 (b)] image shows 

clearly the presence of Cu, Fe and Pd metal in the species. Thus, it was confirmed that no 

impurity was present in the nanoparticle. 

 

 

Figure 2. (a) SEM image; (b) EDX analysis showing the presence of O, Cu, Fe and Pd in the       

synthesized Pd/CuFe2O4 MNPs 
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TEM: From the Low-resolution TEM data it was found that the nanoparticle was spherical in 

shape [Figure 3 (a, b)]. The SAED pattern [Figure 3 (c)] depicted bright fringes which also 

confirmed the crystalline nature of the nanoparticles as depicted from the XRD analysis. The 

crystallographic planes (111), (202), (220), (113), (311) were clearly indexed in the SAED image 

which indicated tetragonal CuFe2O4 along with (111) plane of palladium. Figure 3 (d) shows the 

HR-TEM image of the nanoparticle, with the fringe separation of 0.202 nm which is in good 

agreement with (400) plane of CuFe2O4, and the second fringe separation of 0.193 nm in good 

agreement with the (200) plane of Pd. The observance of the fringes in different directions 

indicated that the nanoparticles were polycrystalline in nature.  

 

 

 

 

 

 

 

 

 

Figure 3. (a) and (b) Low resolution TEM images; (c) SAED pattern showing the different 

crystallographic planes; (d) HRTEM image of Pd/CuFe2O4 MNPs 

VSM: The VSM studies were carried out at room temperature to confirm the magnetic nature of 

the sample (Figure 4). From the obtained results we found that the saturation magnetization (Ms) 

values for both the Pd-loaded and base ferrites were quite close. The saturation magnetization of 

26.842 emu/g proved the magnetic nature of the sample. Moreover the coercivity (Hci) of the 

nanoparticle was 37.66 Oe and retentivity (Mr) 0.72004 emu/g. From the VSM analysis it was 

confirmed that the nanoparticle was ferromagnetic in nature. 
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Figure 4. VSM plot of both CuFe2O4 and Pd/CuFe2O4 

BET: The BET data shows that when Pd is incorporated on CuFe2O4, the surface area of 

CuFe2O4 increases from 20 m²/g to 39 m²/g, and the total pore volume also increases. However, 

pore diameter decreases. (Table S1). This indicates that CuFe2O4 is wrapped by Pd nanoparticles. 

The higher surface area of Pd/CuFe2O4 NPs can be attributed to the decrease in size of the 

crystallite. A plausible reason for the decreasing trend of crystallite size is that the doping of Pd 

reduces the grain growth probably due to segregation on or near the grain boundaries which 

hampers its movement.   

ICP: The ICP-AES analysis of the synthesized compound was done to reveal the exact amount 

of metal in the compound. It showed that our catalyst Pd/CuFe2O4 contains only 0.015 wt% of 

Pd, 0.631 wt% of Cu and 0.88 wt% of Fe respectively. 

Catalytic Activity 

The catalytic activity of Pd/CuFe2O4 MNPs was studied for Sonogashira coupling reactions.  For 

the investigation we performed the reaction between iodobenzene and phenylacetylene. It was 

optimized in the presence of different bases (Table S2). K2CO3 and CsCO3 showed excellent 

catalytic activity (Table S2, Entries 3 and 4; ESI). But owing to the greater availability and low 

cost of K2CO3 it was selected for this coupling reaction. After obtaining the proper base for the 

Sonogashira reaction, correct solvent was searched [Table S3 (ESI)]. EtOH performed superior 

catalytic in the reaction medium. The catalytic activity decreases with the use of water in the 

coupling reaction (Table S3, Entry 1; ESI). It might be because of the insolubility of low polar 
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reactant in the reaction medium resulting in weaker interaction with the catalytic species. Thus, 

considering the economic viability, environmentally safe and easy accessibility of EtOH, it 

served as an appropriate reaction medium for the present catalytic system.  

The cross-coupling reaction was then examined for a wide range of electronically diverse aryl 

halides and terminal acetylenes using the optimized reaction conditions to evaluate the scope and 

limitations of the catalyst system for the Sonogashira reaction (Table 1).  

Table 1. Substrate scope of Sonogashira cross-coupling reaction of different terminal acetylenes with aryl 

halides [a] 

 

aReaction conditions: aryl halide (1 mmol), acetylene (1 mmol), Pd/CuFe
2

O
4
 MNPs (3 mol%), K

2
CO

3
 (4 mmol), EtOH (4 mL), 

70ºC. b Isolated yield. 

Recyclability test 

The catalyst was easily recycled with the help of an external magnet and reused for a fresh batch 

of reactions. 

Mechanism of Suzuki and Sonogashira reaction 

The plausible mechanism for Sonogashira reaction [31, 32] is depicted in Figure 5. Initially, in 

the first cycle, the oxidative addition of aryl halide with the active Pd species of Pd/CuFe2O4 

takes place to generate the species “B”.  In the second cycle the Cu(II) is in situ reduced to Cu(I) 

 

Entry X R Time (h) Yield (%)b 

1 I H 3 90 

2 I 3-Me 3 91 

3 I 4-Me 3 90 

4 I 4-MeO 3.5 85 

5 I 2-MeO 4 80 

6 I 3-NH
2

 4 63 

7 I 4-NO
2

 3 84 

8 I 4-Br 3 83 

9 I (2-propynyl)cyclohexane 5 62 

10 Br H 4 70 

11 Br 4-Me 4 81 

12 Br 4-MeO 3.5 80 

X +
Pd/CuFe2O4 MNPs (3 mol %)

EtOH (4 ml), K2CO3 (4 mmol)

70°C
R R
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in presence of the reducing solvent (ethanol) and reducing components of plant extract. Cu(I) 

activates the terminal alkyne by generating transient alkynyl copper intermediate which 

facilitates the transmetalation with the previously formed species “B” to give “C”. The desired 

coupled product is obtained by isomerization of “C” followed by reductive elimination of “D”. 

Comparison Efficiency for Sonogashira reaction 

The comparison efficiency was checked for the Sonogashira reaction. We observed the 

efficiency between iodobenzene and phenyl acetylene as the model substrates (Table 2). 

Compared to the other catalyst and reaction conditions for Sonogashira reactions, our catalyst 

synthesis process was simple and cost efficient without using any toxic reagents. Moreover, 

ligand free conditions, less reaction time were also the advantages of the present protocol. 

 

 

 

 

 

 

 

Figure 5. Proposed mechanism for the Sonogashira cross-coupling reaction 

 

Table 2. Comparison efficiency for Sonogashira coupling of iodobenzene with phenylacetylene 

 

Catalyst Reaction condition Temp (°C) Time (h) Yield 

(%) 

Ref 

PNP-SSS (1.2 mol%) K2CO3 (2 mmol), H2O,  reflux 3 95 [33] 

Pd(OAc)2 (2.3 mol ppm) K2CO3 (3 eq), EtOH 80 24 97 [34] 

CuI (8 mol%) Dimethyl sulfone, K3PO4 (1.3 

mmol), N2 

110 9 92 [35] 

Pd(PPh3)2Cl2 (2 mol%), 

CuI (4 mol%) 

Et3N (1.1 equiv), DMI (0.5 M)  25 1 92 [36] 

Pd/CuFe2O4 (3 mol%) K2CO3 (4 mmol), EtOH 70 3 90 This 

work 

 

[Pd0L2] Oxidative addition

transmetalation

Reductive 
Elimination

Pd

L

L

R1X

Pd

L
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Conclusion 

In summary, we have presented a sustainable, green approach to synthesize Pd/CuFe2O4 MNPs 

and investigated its catalytic potential for Sonogashira cross-coupling reaction. The as-

synthesized MNPs were well characterized for structural purity and morphology study. The 

superiority of the process included the use of benign reaction conditions, use of bio-reducing 

agents and its easy availability, easy separation of the catalyst from the reaction mixture after its 

completion and easy recyclability with high activity and stability. Only 0.015 wt% of Pd was 

sufficient to produce excellent isolated yield of the desired products within short reaction time. 

Additionally, the catalytic cycle does not release any toxic by-product into the environment, no 

additional co-catalyst required; completely ligand free conditions were the advantages of the 

present protocol. 
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