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a b s t r a c t 

Magnetically separable Pd/MnFe 2 O 4 nanocomposite has been synthesized by coupling palladium with 

MnFe 2 O 4 via citrate gel auto combustion and deposition precipitation method. The physicochemical and 

microscopic study of Pd/MnFe 2 O 4 was investigated using various characterization techniques. The zeta 

potential of the prepared nanocomposite Pd/MnFe 2 O 4 was found to be highly negative value of -36.7 mV, 

which stabilizes the particle in its dispersed state and also helps to polarize the aryl-halide bond. The 

catalytic activity of Pd/MnFe 2 O 4 was explored for Suzuki cross-coupling of aryl boronic acids and aryl 

halides (I, Cl, Br) in an aqueous medium. Interestingly, the rate of the slow oxidative addition step of the 

reaction is enhanced due to the high negative surface charge of the catalyst. It is worth mentioning that 

high turnover number (TON) and turnover frequency (TOF), thermal stability, ease of handling, nontoxic, 

magnetically separable, and recyclable are the remarkable properties of the present catalyst. Moreover, 

the protocol was found to be significant with respect to reaction time, substrate scope, the yield of prod- 

ucts, and solvent used for the reaction. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Palladium-catalyzed Suzuki cross-coupling for the construction 

f biaryl units via carbon-carbon (C 

–C) bond formation is a ver- 

atile route in organic synthesis [1] . Although homogeneous palla- 

ium catalysts have been widely utilized, they suffer shortcomings 

uch as expensiveness, difficulty in separation from the products, 

nd less efficient cyclization, making them unsuitable for indus- 

rial applications [2] . On the other hand, the use of catalysts in the

eterogeneous form helps to reduce some of the above-mentioned 

rawbacks and even leads to remarkable properties. Solid materi- 

ls [3] such as carbon structures, [4] polymers, [5] and mesoporous 

ilica [6] have been employed as support for palladium catalyst 

n the synthesis of substituted biaryls from different aryl halides 
∗ Corresponding authors. 
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nd phenylboronic acids [7] . Further, owing to the importance of 

uzuki cross-coupling effort s are being made for the development 

f green methodologies with reduced reaction time, higher yield, 

etter substrate scope, and catalyst sustainability. 

Nanohybrids, a mixed metal oxide material, are preferably used 

n catalysis due to their attractive photocatalytic [8–10] , electronic 

11] , and magnetic properties [12] . They are more efficient in solar 

nergy applications [13–17] as a result of increased surface area, 

tability, reusability, and better dispersion [18] . The advantage of 

errite-supported catalysts is their separation by an external mag- 

et from the reaction mixture avoiding tedious cross-flow filtration 

nd centrifugation [19] . 

Metal-ferrites MFe 2 O 4 ( M = Mn, Co, Zn, Mg, Ni, etc.) are em- 

nent cubic spinel materials where oxygen forms a face-centered 

ubic close packing, and metals occupy either tetrahedral or oc- 

ahedral interstitial sites [20] . Among the ferrites, manganese fer- 

ites (MnFe 2 O 4 ) are a group of soft spinel ferrite materials with 

igh magnetization, more chemical stability, and special opti- 

https://doi.org/10.1016/j.jorganchem.2022.122541
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jorganchem
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jorganchem.2022.122541&domain=pdf
mailto:sunil.zende018@gmail.com
mailto:gsg_chem@unishivaji.ac.in
https://doi.org/10.1016/j.jorganchem.2022.122541
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Fig. 1. X-ray diffraction patterns of (a) MnFe 2 O 4 NSs. (b) Reused Pd/MnFe 2 O 4 
nanocomposite (c) Fresh Pd/MnFe 2 O 4 nanocomposite. 
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al property [21] due to which they are used for high-density 

agnetic recording, ferrofluid technology, electronic devices, mag- 

etic resonance imaging (MRI), microwave adsorption and envi- 

onmental analysis [ 22 , 23 ]. They also find applications as cata- 

yst support in regio- and stereoselective synthesis of oxazolidin-2- 

nes [24] , tetrahydrobenzo[ b ]pyran & indazolo[2,1-b] phthalazine- 

riones [25] , oxidation of organic pollutants [26] , photocatalytic 

ater-splitting [27] and degradation of organic dyes [28] . 

Various ligands for palladium have been utilized to increase 

he catalytic efficiency of the Suzuki-Miyaura coupling reaction. 

he phosphine ligands coordinated to the Pd(0) are electron rich 

hus facilitating all the three steps involved in Suzuki Miyaura cou- 

ling reactions [29] . Since the phosphorous-containing ligands are 

ir and moisture sensitive more recently nitrogen-containing lig- 

nds like N-heterocyclic carbenes were replaced by phosphorus- 

ontaining ligands [30] . In both, the ligands used it has been no- 

iced that the electron-rich nature of the ligand plays an important 

ole in the catalysis. In the case of solid and magnetically sepa- 

able nanocatalysts, the surface charge is also helpful in increas- 

ng the catalytic efficiency which can be understood by measuring 

he zeta potential of the catalyst. Further, the dispersion stability 

f nanoparticles depends upon their surface charge [31–33] which 

revents the particles to aggregate. The more the surface charge 

reater will be the dispersion stability. Therefore, we explored 

he synthesis of palladium coated on MnFe 2 O 4 supported com- 

osite via citrate gel auto combustion and deposition precipitation 

ethod and its catalytic application for Suzuki cross-coupling in 

n aqueous medium. 

. Materials and methods 

.1. Materials and characterization 

Aryl halides, and Phenyl boronic acids (Sigma-Aldrich), were 

tilized as received. Reagent grade iron (III) citrate [C 6 H 5 FeO 7 ], 

anganese nitrate [Mn(NO 3 ) 2 ·4H 2 O], citric acid anhydrous 

C 6 H 8 O 7 ], polyvinyl pyrrolidone (PVP), ammonia (NH 3 ) and 

 2 CO 3 were used as received. The melting points of synthesized 

erivatives were recorded by an open capillary method and are 

ncorrected. NMR spectra were recorded on Bruker 400 MHz 

pectrometer (Irradiation frequency: 400 MHz for 1 H NMR and 

00 MHz for 13 C NMR) in CDCl 3 using TMS as an internal standard 

hile δ values are expressed in ppm. The crystallographic phase 

nd structural evidence were confirmed by employing an X-ray 

iffraction technique (D/max-2200 pc, Rigaku, Japan) using Cu K β
ource of radiation, Hitachi S-4700 SEM instrument was used to 

nvestigate the surface morphology of samples. The S-Twin AP 

ech., G2mF30, 200 kV Tecnai, USA, was used to perform TEM. The 

urface area of synthesized nanocomposite and its zeta potential 

as determined by using BET (Quanta chrome NOVA 10 0 0e, USA) 

nd Particle size analyzer and Zeta potential (Malvern-UK, Nano 

S90). 

.2. Synthesis of nano crystalline MnFe 2 O 4 

The crystalline MnFe 2 O 4 support has been synthesized by the 

itrate-gel auto combustion method [34] . The stoichiometric quan- 

ities of iron citrate and manganese nitrate were dissolved sepa- 

ately in a minimum amount of deionized water and mixed to- 

ether with constant stirring. The equimolar amount of citric acid 

as added to the above mixture to get a metal-citrate precursor 

ollowed by addition of polyvinyl pyrrolidine (PVP) as a capping 

gent with constant stirring. The pH of the solution was adjusted 

o 9–9.5 by dropwise addition of ammonia solution. The resultant 

ol was heated at 80 ̊c for 3 h to obtain brown agglomerates of 
2 
nFe 2 O 4 nanoparticles. The MnFe 2 O 4 nanoparticles were crushed 

nd sintered at 300 ̊ c for 2 h. 

.3. Synthesis of Pd/MnFe 2 O 4 nanocomposite 

The palladium immobilized MnFe 2 O 4 nanocomposite was pre- 

ared by the deposition-precipitation method [35] . All the proce- 

ures were carried out under sonication. Initially, MnFe 2 O 4 (1 g) 

as dispersed in ethanol (30 mL) for 30 min followed by the 

ddition of 150 mg of PdCl 2 upon continuing sonication for an- 

ther 30 min. Finally, 3 mL of NH 2 NH 2 .H 2 O was added dropwise

o the above mixture followed by sonication for 30 min. The pre- 

ared catalyst was simply separated by an external magnet and 

ashed with distilled water and ethanol. The resultant nanocom- 

osite was dried under a vacuum and 30 mg of the catalyst is used 

or the Suzuki cross-coupling reaction. The amount of Pd loaded on 

nFe 2 O 4 is 0.01483 mmol per 30 mg of MnFe 2 O 4 . This loading of

d can be varied by varying the amount of PdCl 2 added after dis- 

ersion of MnFe 2 O 4 in ethanol. The catalyst MnFe 2 O 4 is reported 

o be superparamagnetic as studied by VSM curves [36] . 

.4. General procedure for Suzuki cross-coupling 

A mixture of aryl halide (1 mmol), aryl boronic acid (1.2 mmol), 

 2 CO 3 (2 mmol), and 30 mg of Pd/MnFe 2 O 4 catalyst (1.5 mol% of 

d) was added to 25 mL round bottom flask containing 4 mL DMF: 

ater (1:1). The reaction mixture was refluxed and the progress 

f the reaction was analyzed by TLC (petroleum ether: ethyl ac- 

tate 9:1). Upon completion of the reaction, the catalyst was sep- 

rated by an external magnet and the reaction mixture was ex- 

racted with ethyl acetate (3 × 5 mL). The combined extract was 

ried over anhydrous Na 2 SO 4 and evaporated under reduced pres- 

ure. Finally, the crude product was purified by column chromatog- 

aphy (petroleum ether-ethyl acetate, 9:1). The final product was 

nalyzed by 1 H and 

13 C NMR spectroscopy. 

. Result and discussion 

.1. Characterization of the catalyst 

The crystal structure and phase purity of as-synthesized pris- 

ine MnFe 2 O 4 and Pd/MnFe 2 O 4 nanocomposite (before and after 

se) were confirmed by X-ray diffraction patterns ( Fig. 1 ). The 

RD pattern of MnFe 2 O 4 ( Fig. 1 a) exhibits peaks at 2 θ values

f 30.31 °, 35.30 °, 35.8 °, 43.03 °, 53.38 °, 56.94 °, 62.97 °, 73.89 ° cor-

esponding to the (111), (220), (311), (222), (400), (422), (511), 
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Fig. 2. SEM images of (a) MnFe 2 O 4 nanosheets, (b) Pd/MnFe 2 O 4 nanocomposite. 

Fig. 3. EDX spectrum of (a) MnFe 2 O 4 nanoparticles, (b) Pd/MnFe 2 O 4 nanocomposite (fresh), (c) Pd/MnFe 2 O 4 nanocomposite (after use). 
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Fig. 4. (a) and (b) TEM micrographs of Pd/MnFe 2 O 4 nanocomposite with different 

magnifications. 
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440), and (533) crystal planes, respectively. All diffraction peaks 

atched well with the cubic spinal structure of MnFe 2 O 4 (JCPDS 

ard no. 73–1964). Furthermore, no additional peaks due to im- 

urities or other phases appeared, suggesting the phase purity of 

he MnFe 2 O 4. In the XRD pattern of Pd/MnFe 2 O 4 nanocomposite 

 Fig. 1 c), the additional diffraction peaks originated at 2 θ values 

f 40.08 °, 46.64 °, and 68.09 ° assigned to (111), (200), (220) lattice 

lanes of face-centered cubic (fcc) crystal structure (JCPDS card no. 

6–1043) of palladium, respectively, confirming the successful fab- 

ication of palladium coated on MnFe 2 O 4. From X-ray diffraction 

eaks, the average crystallite size was calculated using Scherrer’s 

ormula, L = 0.9 λ / β cos θ , where, symbols have their usual 

eaning. The average crystallite sizes of MnFe 2 O 4 and Pd/MnFe 2 O 4 

ere found to be around 6.9 nm and 14.5 nm respectively. The 

RD pattern of the used Pd/MnFe 2 O 4 catalyst ( Fig. 1 b) exhibited 

dentical diffraction peaks to those of a fresh catalyst, indicating 

hat its crystallinity was unchanged even after several cycles. This 

esult confirms the structural integrity of recycled Pd/MnFe 2 O 4 cat- 

lyst, suggesting its practical application. 

The surface morphology of bare MnFe 2 O 4 , and Pd/MnFe 2 O 4 

anocomposite was investigated by scanning electron microscope 

echnique ( Fig. 2 ). The SEM image of MnFe 2 O 4 confirms the forma-

ion of nanosheets (NSs) like morphology, which providing abun- 

ant active sites for the growth of palladium NPs ( Fig. 2 a). The

d/MnFe 2 O 4 nanocomposite also possessed nanosheets like mor- 

hology with evenly embedded palladium NPs ( Fig. 2 b). Thus, SEM 

mages manifested successfully fabrication of Pd NPs embedded 

ith 2D nanosheets of MnFe 2 O 4 . 

The elemental composition and purity of as-prepared cata- 

ysts were confirmed by EDS analysis. EDS spectrum of MnFe 2 O 4 

Ss, fresh and reused Pd/MnFe 2 O 4 nanocomposite are depicted in 

 Fig. 3 ). The presence of Mn (22.40%), Fe (35.43%), and O (42.17%)

onfirm the formation of MnFe 2 O 4 with high purity. The EDS spec- 

rum of Pd/MnFe 2 O 4 indicates the presence of Pd with 5.24 weight 

ercent, which revealed the uniform dispersion of Pd over the sur- 
3

ace of the MnFe 2 O 4 nanocomposite. The elemental composition 

f reused Pd/MnFe 2 O 4 catalyst was found to be nearly the same 

ompared to that of the fresh catalyst. Although the reduction in 

he amount of Pd confirms leaching, the efficiency of the catalyst 

s not altered significantly. 

The detailed insight into the morphology of synthesized 

d/MnFe 2 O 4 composites was further examined by TEM analysis 

ith different magnifications. The resulting micrographs were de- 

icted in Fig. 4 . The TEM images clearly reveal that the roughly 

pherical morphology of Pd NPs embedded in 2D nanosheets of 

nFe 2 O 4 . The deposition of palladium (depicted by dark) on the 

urface of MnFe 2 O 4 nanosheets can be clearly seen in the TEM im- 

ge, which is in good agreement with SEM. Thus, the fabrication 

f Pd/MnFe 2 O 4 nanocomposites was confirmed by XRD, SEM, TEM, 

nd EDS analysis. 

It is fact that the surface area of the catalyst play a significant 

ole in its catalytic efficiency. The BET study was performed to in- 

estigate the surface area of synthesized Pd/MnFe 2 O 4 nanocom- 

osite. Nitrogen adsorption-desorption curves for Pd/MnFe O cat- 
2 4 
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Fig. 5. Nitrogen adsorption-desorption isotherm of Pd/MnFe 2 O 4 nanocomposite. 

Fig. 6. Magnetic property of nanocomposite (a) dispersed in the reaction mixture, 

and (b) Magnetic separation of the catalysts from the reaction medium. 
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Table 1 

Optimization of solvent for Suzuki cross coupling a . 

Entry Solvent Time (min) Yield b (%) 

1 H 2 O 300 44 

2 Toluene 140 70 

3 Ethanol 120 76 

4 DMSO 120 60 

5 DMF 120 80 

6 Ethanol/H 2 O (1:1) 60 78 

7 DMF/H 2 O (1:1) 10 98 

8 DMF/H 2 O (3:2) 30 82 

9 DMF/H 2 O (7:3) 30 78 

a Reaction conditions: Iodobenzene (1.0 mmol), phenyl- 

boronic acid (1.2 mmol), K 2 CO 3 (2.0 mmol), solvent (4 mL) 

and catalyst (1.5 mol% of Pd), reflux. b Isolated yield. 

Table 2 

Effect of temperature on Suzuki cross-coupling a . 

Entry Temperature ( °c) Time (min) Yield b (%) 

1 RT 120 52 

2 50 90 84 

3 60 60 82 

4 70 30 88 

5 80 30 92 

6 90 10 98 

7 100 10 98 

a Reaction conditions: Iodobenzene (1.0 mmol), phenyl- 

boronic acid (1.2 mmol), K 2 CO 3 (2.0 mmol), solvent (4 mL) 

and 30 mg of catalyst (1.5 mol% of Pd), reflux. b Isolated 

yield. 
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lyst are depicted in Fig. 5 . The Pd/MnFe 2 O 4 catalyst exhibited type 

II isotherm, suggesting its mesoporous nature. The surface area of 

ynthesized nanocomposite was found to be 44.79 m 

2 g −1 , which 

onfirms the presence of a large active site for efficient catalytic 

ctivity. 

The superparamagnetic [36] character of the synthesized 

d/MnFe 2 O 4 was verified by placing a horse-shoe magnet near 

he reaction mixture. The Pd/MnFe 2 O 4 nanocomposite is separated 

ompletely and accumulates near the magnet [ 37 , 38 ] and the cor-

esponding photograph is shown in Fig. 6 . 

.2. Catalytic activity 

After a detailed analysis of the Pd/MnFe 2 O 4 nanocomposite, 

e employed it for Suzuki cross-coupling of aryl halide and aryl 

oronic acid to furnish substituted biaryls ( Scheme 1 ). Initially, we 

ocused on the optimization of reaction conditions with respect to 

olvent, base, reaction time, and amount of catalyst. 

A model reaction of Iodobenzene, phenylboronic acid and 

 2 CO 3 base at reflux condition has been selected for the screen- 

ng of solvents. Initially, the model reaction was performed in wa- 

er which furnished a 44% yield of the desired product ( Table 1 ,

ntry 1). The solvents like toluene, ethanol, and DMSO were also 

mployed resulting in moderate yields ( Table 1 , Entries 2–4). DMF 

rovided a sufficient yield of biphenyl in two hours ( Table 1 , Entry

). Considering the improved yield in DMF, a mixed solvent sys- 

em (ethanol: water and DMF: water) has been employed for the 

odel reaction ( Table 1 , Entries 6–9). Interestingly 98% of an ad- 

irable yield of desired product was obtained for DMF: water (1:1) 

 Table 1 , Entry 7). 
4 
.2.1. Effect of various bases and temperature 

Considering DMF: H 2 O (1:1) as a suitable solvent, a screening 

f various bases has been carried out for the same model reac- 

ion. The result for the optimization study of the base is depicted 

n Fig. 7 . Different organic and inorganic bases viz. K 2 CO 3 , NaOH,

EA, Na 2 CO 3 , and NaHCO 3 were tested for Suzuki cross-coupling. 

mong these, K 2 CO 3 as a base resulted in a high yield of the de-

ired product (98%) in 10 min only. The other bases gave low to 

oderate yield for one hour. 

Effect of temperature for model reaction in presence of K 2 CO 3 

nd DMF: H 2 O (1:1) solvent has been investigated ( Table 2 ). Ini-

ially, the reaction was performed at room temperature resulting 

n a 52% yield in 2 h. . The model reaction was performed at dif-

erent temperatures (50 to 100 °C) with 10 °C intervals. Moderate 

ields are obtained for the reaction at 50 °C to 80 °C. Interestingly 

8% yield was observed at 90 °C within 10 min only. Further in- 

rease in temperature did not alter the yield which confirmed that 

0 °C is the suitable temperature for the reaction. Stepwise analy- 

is of catalyst, optimization of reaction conditions, and screening 

f different factors revealed that 30 mg of Pd/MnFe 3 O 4 catalyst 

1.5 mol% Pd), K 2 CO 3 as a base, and DMF: H 2 O (1:1) solvent are the

ffective criteria for Suzuki cross-coupling of 1 mmol of aryl halide 

nd 1.2 mmol of aryl boronic acid. The generality of the catalyst for 

oupling diverse electronically substituted aryl halides and boronic 

cids 

( Table 3 ) was explored using optimized conditions. Reactions of 

ore reactive aryl iodides (Entries 1–6, Table 3 ) and aryl bromides 

Entries 7–13, Table 3 ) with substituted / phenyl boronic acids have 

een performed and high yield of required compounds were pro- 

uced in a shorter reaction time indicating that the catalyst is ef- 

ective. Considering the electronic effect of various substituents on 

ryl halides, it was found that electron-rich groups of aryl bro- 

ide furnished high yields in a short reaction time than that of 

he electron-deficient moieties (Entries 8–12, Table 3 ). Benzofuran- 

-ylboronic acid on coupling with 4–bromo anisole provided 86% 

ield of heterobiaryls were obtained (Entry 13, Table 3 ). The cou- 
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Scheme 1. Suzuki cross-coupling of aryl halides and phenyl boronic acids. 
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ling of deactivating aryl chlorides was also performed and suf- 

cient yields were obtained in 2–5 h (Entries 14–18, Table 3 ). 

he yield of the product of aryl chloride substituted with electron 

ithdrawing group (Entries 14–16, Table 3 ) is higher than that of 

he electron donating groups (Entries 17–18, Table 3 ). Overall, the 

atalyst was found to be superior for Suzuki cross-coupling of aryl 

alides (I, Br, Cl) with substituted boronic acids. 

.2.2. Plausible mechanism of Suzuki cross coupling 

The Suzuki cross coupling in presence of a catalyst occurs 

hrough oxidative addition, transmetallation and reductive elimi- 

ation. The rate of these Suzuki cross coupling reactions is con- 

rolled by the oxidative addition step [39] and the negative charge 

round the Pd(0) leads to increase in efficiency of the catalyst used. 

n case of homogeneous palladium catalysts, the electron rich lig- 

nds containing phosphorous or nitrogen are more efficient. The 

olid Pd(0) materials used for photocatalysis such as Au-Pd alloy 

r an electride [39] bearing palladium are also possess the neg- 

tive charge around the palladium metal leading to the enhance- 

ent in the rate. Since the oxidative addition of aryl halide (Ar- 

) is the rate determining step in Suzuki cross coupling, the in- 
able 3 

d/MnFe 2 O 4 catalyzed Suzuki cross-couplings for substituted biaryl synthesis a , b , c . 

5 
rease in negative charge surrounding the Pd(0) polarizes the Ar-X 

ond, enabling it to break and generate the transition state. The 

d/MnFe 2 O 4 nanocomposite catalyst utilized in this study has ex- 

remely negative zeta potential values ( Table 4 ), which favours po- 

arization of the Ar-X bond and thus rate of the oxidative addi- 

ion step. Such an increase in the rate of the slow step of Suzuki 

ross coupling reaction leads to the greater efficiency of the cat- 

lyst. The comparative study of some Suzuki cross coupling reac- 

ions reported earlier is also made and the results of the present 

tudy also indicate Pd/MnFe 2 O 4 nanocomposite is a better catalyst 

n support of the conclusion. 

The plausible mechanism for Suzuki cross coupling catalysed by 

d/MnFe 2 O 4 nanocomposite was depicted in Scheme 2 , involving 

hree steps viz. oxidative addition, transmetallation and reductive 

limination. The oxidative addition of aryl halide to Pd 

(0) /MnFe 2 O 4 

esults in breaking of C-X bond of aryl halide and formation of Pd- 

r and Pd-X bond (Complex 1 ). Complex 1 under the participating 

f base (K 2 CO 3 ) reacts with aryl boronic acid furnishes Complex 2 

ia transmetallation. Complex 2 on reductive elimination gives de- 

ired biaryl product and generates Pd 

(0) /MnFe 2 O 4 species for re- 

ycle. 
( continued on next page ) 
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Table 3 ( continued ) 

a Reaction conditions: aryl halide (1.0 mmol), arylboronic acid (1.2 mmol), K 2 CO 3 (2.0 mmol), DMF:H 2 O (1:1) (4 mL) and catalyst (1.5 mol% of Pd), reflux. 
b Isolated yield. 
c min −1 . 

6 
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Table 4 

Values of zeta potential and particle size of the Pd/MnFe 2 O 4 nanocomposite. 

Sample Average Size (nm) Intensity (%) Zeta Potential(mV) 

Pd/MnFe 2 O 4 350.6 100 −36.7 

Pd/MnFe 2 O 4 after use 315.8 100 −35.6 

Table 5 

Catalytic performance of different magnetically Pd based nanocomposites in the coupling reaction of iodobenzene and phenyl boronic 

acid. 

Entry Catalyst Reaction Conditions Time (min) Yield (%) Ref. 

1 Pd@Fe 3 O 4 @PC H 2 O, K 2 CO 3 60 0 C 120 67 40 

2 C nanocomposite Pd DMF-H 2 O (2:1), K 2 CO 3 , 100 0 C 90 97 41 

3 Pd-Fe 3 O 4 @Alginate anionic polysaccharide Ethanol, H 2 O, K 2 CO 3 , 80 0 C 90 94 42 

4 Pd@ Agarose- Fe 3 O 4 PEG-200, K 2 CO 3 , 80–130 0 C 30 97 43 

5 Pd-AcAcAm-Fe 3 O 4 @ SiO 2 DMF- H 2 O (8:1), K 2 CO 3 , 80 0 C 120 98 44 

6 Maghemite-Pd DMF-H 2 O, K 2 CO 3 , 110 0 C 60 90 45 

7 Fe 3 O 4 @EDTA-Pd H 2 O-TBAB, K 2 CO 3 , 80 0 C 180 94 46 

8 Im–Phos–SiO2@Fe 3 O 4 /Pd EtOH:H 2 O (1:1), K 2 CO 3 , 30 0 C 5 hrs. 90 47 

9 Pd-CoFe 2 O 4 Ethanol, Na 2 CO 3 , Reflux 12 hrs. 81 48 

10 Pd/MnFe 2 O 4 DMF:H 2 O (1:1), K 2 CO 3 , 90 0 C 10 98 This work 

Fig. 7. Optimization of bases for Suzuki cross-coupling. 
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Scheme 2. Plausible mechanism of Suzuki cross-coupling. 

Fig. 8. Reusability of Pd/MnFe 2 O 4 in model reaction. 

4

i

p

c

.2.3. Reusability of Pd/MnFe 2 O 4 catalyst 

Reusability is one of the emphasized features of green catalysts. 

fter completion of reaction the catalyst was magnetically sepa- 

ated, washed with water and ethanol several times and dried for 

wo hours in an oven. The resulting catalyst was employed for next 

eaction cycle of phenyl boronic acid and Bromobenzene. The cat- 

lyst recovered by same way and reused up to six reaction cycles. 

he results are summarized in Fig. 8 . From the result it reveals 

hat the catalytic activity of Pd/MnFe 2 O 4 is admirable even after 

ix runs. The structural stability of the catalyst after six runs have 

een also examined by XRD and EDS analysis, which is in good 

greement with the results. 

.2.4. Comparative study 

The efficacy of synthesized Pd/MnFe 2 O 4 catalyst was verified by 

omparing with reported palladium catalysts for the model reac- 

ion of phenyl boronic acid and Iodobenzene ( Table 5 ). The com- 

arative study revealed that the testified methods travail with fac- 

ors like requirement of high temperature and low yield of prod- 

ct. However, Pd/MnFe 2 O 4 catalyst was found to be superior with 

espect to time, yield, and reaction conditions [40–48] . 
7 
. Conclusion 

In conclusion, a green and efficient Pd/MnFe 2 O 4 nanocompos- 

te was developed by citrate-gel auto combustion and deposition- 

recipitation method. The catalyst employed for the Suzuki cross 

oupling of aryl halides with boronic acid in aqueous medium. The 
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atalyst was well characterized by XRD, SEM, EDS, TEM, BET, and 

LS analysis, which confirmed the coupling of Pd with MnFe 2 O 4 

anosheets. Notably, the reaction required short time for formation 

f desired coupling product. The remarkable features of present 

ethod are short reaction time, high yield, use of aqueous sol- 

ent, high TON/TOF, easy magnetic separation and reusability of 

d/MnFe 2 O 4 catalyst. The efficiency of catalyst was sustained even 

fter six reaction cycles, which was confirmed by EDS and XRD 

nalysis. 

Selected spectral data of Suzuki cross-coupling reaction 

Table 3 , Entry 1, 7, 14: 1–1 ′ biphenyl [C 12 H 10 ] 

White solid, mp 70–72 °C (lit. 69–70 °C); 1 H NMR (400 MHz, 

DCl 3 ), δ (ppm): 7.31–7.35 (m, 2H), 7.36- 7.44 (m, 4H), 7.45–7.60 

m, 4H); 13 C NMR (100 MHz, CDCl 3 ), δ (ppm): 127.41, 128.99, 

41.51 ppm. 

Table 3 , Entry 3: 4–methoxy-3 ′ -methyl-1–1 ′ biphenyl 

C 14 H 14 O] 

White solid, mp 52–54 °C (lit. 51–52 °C) 1 H NMR (400 MHz, 

DCl 3 ), δ (ppm): 2.41 (s, 3H), 3.85 (s, 3H), 6.96–6.98 (m, 2H), 

.12–7.13 (m, 1H), 7.29–7.37 (m, 3H), 7.51–7.53 (m, 2H); 13 C NMR 

100 MHz, CDCl 3 ), δ (ppm): 17.75, 21.68, 29.06, 33.30, 55.33, 114.12, 

23.83, 127.39, 127.55, 128.14, 128.60, 146.71, 168.39. 

Table 3 , Entry 8: 3–methoxy-1–1 ′ biphenyl [C 13 H 12 O] 

White solid, mp 82–84 °C (lit. 81–82 °C) 1 H NMR (400 MHz, 

DCl 3 ), δ (ppm): 3.85 (s, 3H), 6.87–6.90 (m, 1H), 7.11–7.12 (m, 1H), 

.16- 7.18 (m, 1H), 7.31–7.36 (m, 2H), 7.40–7.44 (m, 2H), 7.56–7.59 

m, 2H); 13 C NMR (100 MHz, CDCl 3 ), δ (ppm): 55.53, 112.94, 113.18, 

19.93, 127.44, 127.64, 128.96, 129.97, 141.37, 143.04, 160.22. 

Table 3 , Entry 10: 4 ′ –methoxy-[1–1 ′ biphenyl ] −4-carbaldehyde 

C 14 H 12 O 2 ] 

White solid, mp 102–104 °C (lit. 101–102 °C) 1 H NMR 

400 MHz, CDCl 3 ), δ (ppm): 3.87 (s, 3H), 6.99–7.03 (m, 2H), 7.58–

.61 (m, 2H), 7.71- 7.73 (m, 2H), 7.91–7.94 (m, 2H), 10.04 (s, 1H); 
3 C NMR (100 MHz, CDCl 3 ), δ (ppm): 55.40, 114.46, 127.06, 128.50, 

30.33, 132.05, 134.64, 146.79, 160.09, 191.94. 

Table 3 , Entry 12: 4–methoxy-4 ′ -methyl-1–1 ′ biphenyl 

C 14 H 14 O] 

White solid, mp 110–112 °C (lit. 112 °C) 1 H NMR (400 MHz, 

DCl 3 ), δ (ppm): 2.40 (s, 3H), 3.87 (s, 3H), 6.96–7.00 (m, 2H), 

.23–7.28 (m, 2H), 7.45- 7.48 (m, 2H), 7.51–7.54 (m, 2H); 13 C NMR 

100 MHz, CDCl 3 ), δ (ppm): 21.07, 55.34, 113.47, 114.14, 125.76, 

26.59, 126.97, 127.96, 129.44, 129.91, 130.25, 130.30, 133.73, 

36.36, 137.95, 141.53, 158.91. 
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