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Abstract
A highly efficient magnetic nanocomposite, Pd/MnFe2O4 has been prepared by citrate gel auto combustion and deposition 
precipitation method for reductive Ullmann homocoupling of aryl halides in an aqueous medium. The physical and chemi-
cal properties of the synthesized composite were characterized by XRD, TEM, SEM, EDAX, VSM, and BET analysis. 
The synthesis of symmetrical biaryls has been achieved at admirable reaction conditions with high yield in a short reaction 
time. The nanocomposite catalyst could be easily separated by magnetic separation and recycled up to six reaction cycles 
with appreciable yields of desired products. The synthesized nanocomposite was found to be a best alternative catalyst for 
carbon–carbon bond formation in Ullmann-type homocoupling.
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1  Introduction

Supported heterogeneous catalysts have gained much atten-
tion in the recent past due to the ease of product separa-
tion which enables its recycling, versatility of the supports 
leading to the adaptability, and variable surface area due to 

change in shape and composition thus increasing the overall 
efficiency to achieve maximum yield [1–3]. The magnetic 
support has the added advantage of separation of the catalyst 
by simple mechanical means [4]. Therefore, the recent focus 
is on the utilization of diverse nanocomposites for improved 
physical and mechanical properties as well as due to their 
economic and environmental considerations [5]. Mixed 
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metal oxide nanocomposites, especially metal-ferrites, are 
extensively applied in synthetic organic chemistry due to 
their high catalytic activity, high surface area and excellent 
magnetic properties [4, 6, 7].

Palladium is prominently employed in coupling reactions 
for the formation of C–C, C-N, and C-O types of bonds. 
The supported palladium catalysts are widely used for the 
homocoupling of aryl halide for the synthesis of biaryls 
[8–11]. Aryl-aryl cross or homo-coupling reaction is more 
convenient and straightforward method for the synthesis 
of highly functionalized biaryls [12, 13]. The symmetrical 
biaryl compounds have found wide applications in drug 
designing, advanced functional materials, agrochemicals, 
and pharmaceuticals [14, 15]. Over the decades, Ullmann 
reaction was employed in the direct synthesis of aryl-aryl 
bonds from aryl halides due to its effectiveness and mini-
mization of undesirable by-products [16, 17]. The synthesis 
of functionalized biaryls by Ullmann reaction requires rela-
tively harsh reaction conditions [18–25], long reaction time 
and the presence of an inert atmosphere [19]. In recent past 
various hybrid materials like hercynite [26], boehmite [27] 
and CoFe2O4 [28] have also been used as catalyst supports 
to the heterogenization of homogeneous catalysts.

Palladium-catalyzed reductive homocoupling of aromatic 
halides has been developed as a favourable alternative to 
the traditional copper-mediated Ullmann reaction [24]. In 
palladium-catalyzed reductive homocoupling of aryl halides, 
various reducing agents have been utilized such as a hydro-
gen doner and/or electron source to regenerate the Pd0 active 
species from the Pd2+ species to complete the catalytic redox 
cycle [29, 30]. Hydroquinone [31], alcohols [32], benzoin 
[33], poly (ethylene glycol) [34], glucose [35], ascorbic acid 
[36], molecular hydrogen [37], amines [38], formate salt 
[39, 40], zinc [41], and indium [42] have been used for this 
purpose. Recently, we have utilized Pd/MnFe2O4 nanocom-
posite as an efficient catalyst for Suzuki coupling under mild 
reaction conditions [4] which also can be used effectively 
for the synthesis of biaryls. Further, the reason for choosing 
MnFe2O4 as catalyst support is because it contains Mn2+ 
and Fe2O4

2− ions which remain inert during the oxidation 
and reduction steps of the Ullmann coupling. Therefore, in 
continuation with our recent work on coupling reactions, we 
extended its application for reductive Ullmann homocou-
pling of aryl halides in an aqueous medium.

The synthesis of Pd/MnFe2O4 nanocomposite involves 
the preparation of MnFe2O4 by citrate gel auto-combustion 
method. The Pd-coated MnFe2O4 nanocomposite was pre-
pared by deposition precipitation method. Large magnetic 
anisotropy, high thermal stability, and conspicuous chemi-
cal stability provoked us to use MnFe2O4 as support [43]. 
Herein, we demonstrate the catalytic application of a mag-
netically retrievable Pd/MnFe2O4 nanocomposite for reduc-
tive Ullmann homo-coupling reactions of aryl halides for 

the construction of biaryl compounds utilizing hydrazine 
hydrate as an effective reducing agent in aqueous media.

2 � Experimental

2.1 � Materials and Characterization

Aryl halides (Sigma-Aldrich) were utilized as received. Rea-
gent grade iron (III) citrate [C6H5FeO7], manganese nitrate 
[Mn(NO3)2·4H2O], citric acid anhydrous [C6H8O7], poly-
vinyl pyrrolidone (PVP), ammonia (NH3) and K2CO3were 
used as received. The melting points of synthesized deriv-
atives were recorded by an open capillary method and 
are uncorrected. NMR spectra were recorded on Bruker 
400 MHz spectrometer (Irradiation frequency: 400 MHz for 
1H NMR and 100 MHz for 13C NMR) in CDCl3 using TMS 
as an internal standard while δ values are expressed in ppm. 
The crystallographic phase and structural evidence were 
confirmed by employing an X-ray diffraction technique (D/
max-2200 pc, Rigaku, Japan) using Cu Kβ source of radia-
tion, Hitachi S-4700 SEM instrument was used to investigate 
the surface morphology of samples. The S-Twin AP Tech., 
G2mF30, 200 kV Tecnai, USA, was used to perform TEM. 
The surface area of synthesized nanocomposite was deter-
mined by using BET (Quanta chrome NOVA 1000e, USA) 
and Particle size analyzer and Zeta potential (Malvern-UK, 
Nano ZS90). VSM analysis was used to study the magnetic 
feature of as-prepared Pd/MnFe2O4 at room temperature. 
The Pd/MnFe2O4 displayed a superparamagnetic feature. 
The saturation magnetization value of pure Pd/MnFe2O4 
nanocomposites was to be 35.04 emu/g(Fig. 1). The high 
saturation magnetization and high magnetic property of Pd/
MnFe2O4 nanocomposites are prominent features for mag-
netic separation and recovery.

2.2 � Synthesis and Characterization 
of Nanocrystalline MnFe2O4 and Pd/MnFe2O4 
Nanocomposite Catalyst

The crystalline MnFe2O4 support has been synthesized by the 
citrate-gel auto combustion method. The palladium immobi-
lized MnFe2O4 nanocomposite was prepared by the deposi-
tion–precipitation method [4]. The brief procedure for the syn-
thesis of the catalyst involves mixing stoichiometric quantities 
of iron citrate and manganese nitrate dissolved in a minimum 
amount of deionized water followed by the addition of an equi-
molar amount of citric acid and polyvinyl pyrrolidine (PVP) 
as a capping agent with constant stirring. The pH of the solu-
tion was adjusted to 9–9.5 by dropwise addition of ammonia 
solution. The resultant sol was heated at 80 ℃ for 3 h to obtain 
brown agglomerates of MnFe2O4 nanoparticles. The MnFe2O4 
nanoparticles were crushed and sintered at 300 ℃ for 2 h. Thus 
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prepared MnFe2O4 (1 g) was dispersed in ethanol (30 mL) 
for 30 min followed by the addition of 150 mg of PdCl2 upon 
continuing sonication for another 30 min. Finally, 3 mL of 
NH2NH2.H2O was added dropwise to the above mixture fol-
lowed by sonication for 30 min. The prepared catalyst was sim-
ply separated by an external magnet and washed with distilled 
water and ethanol. The resultant nanocomposite was dried 
under a vacuum and 50 mg of the catalyst is used for the reduc-
tive Ullmann-type homocoupling reaction of aryl halides. The 
amount of Pd loaded is 0.0247 mmol per 50 mg of MnFe2O4. 
The catalyst MnFe2O4 is found to be superparamagnetic as 
studied by VSM curves (Fig. 1). The catalyst was characterized 
(Fig. S1–Fig. S5) by XRD, EDS, SEM, TEM and BET analy-
sis [4]. The XRD pattern of the Pd/MnFe2O4 indicated cubic 
spinal structure decorated with face centred cubic Pd nano-
particles. The used catalyst also retained all the XRD patterns 
showing no change in the structure. The presence of Pd in the 
used and fresh Pd/MnFe2O4 nanocomposite was confirmed 
through EDS analysis. The spherical shaped Pd nanoparticles 
were found to be embedded on the 2D nanosheets of MnFe2O4 
as noticed in SEM and TEM micrographs. A surface area of 
44.79 m2 g−1 was obtained for Pd/MnFe2O4 nanocomposites 
from BET analysis.

2.3 � General Procedure for Reductive Ullmann 
Homocoupling

A mixture of Pd/MnFe2O4 catalyst (50  mg), aryl hal-
ide (2 mmol), Hydrazine hydrate (2 mmol), and K2CO3 

(2 mmol) was added to 25 ml round bottom flask contain-
ing 4 ml solvent DMF: Water (1:1). The reaction mixture 
was then refluxed at the relevant temperature and time. The 
progress of the reaction was analyzed by TLC (petroleum 
ether-ethyl acetate 9:1). Upon the completion of the reaction, 
the mixture was cooled at room temperature. The amount 
of catalyst used was 50 mg which contains 2.62 mg of Pd 
corresponding to 0.0247 mmol. Therefore, the Pd catalyst 
utilized in the present study amounts to 2.47 mol% of the 
reactants. The catalyst was separated by an external magnet 
and washed several times with EtOH and water. The reaction 
mixture was extracted with ethyl acetate (3 × 5 ml) and the 
combined extract was dried over anhydrous Na2SO4. The 
crude product was obtained after evaporation of the solvent 
under reduced pressure which was purified by column chro-
matography (petroleum ether-ethyl acetate, 9:1). The puri-
fied product was analyzed by IR and NMR spectroscopy.

3 � Results and Discussion

In order to explore the catalytic activity of synthesized Pd/
MnFe2O4 for reductive Ullmann homocoupling of aryl 
Iodides and bromides, we initially attempted optimization 
of reaction conditions (Scheme 1). The model reaction of 
homocoupling of iodobenzene has been selected for the 
screening of different reductants solvents, bases as well as 
reaction temperature.

Fig. 1   Magnetization curve of 
Pd/MnFe2O4 nanocomposite



	 D. J. Sutar et al.

1 3

3.1 � Effect of Reductant

The reductive Ullmann coupling is influenced by a reducing 
agent. The role of the reducing agent is to regenerate the 
active transition metal by reducing its oxidized form during 
the coupling reaction. Initially, we examined the feasibil-
ity of the homo-coupling reaction with several reductants 
as shown in Table 1. In absence of a reducing agent, the 
reaction fails to yield the desired product (Table 1, entry 
1). Several other reducing agents such as glucose, sodium 
borohydride, ascorbic acid, hydrazine hydrate, glycerol, and 
hydroquinone have also been screened (Table 1, entries 2–7). 
Amongst the above reductants, only water-soluble hydrazine 
hydrate was capable of providing a good yield of the product 
only in 1 h. Hydrazine hydrate has a high negative redox 
potential capable of reducing the high valent metal ions like 
PdII and it also acts as a very good ligand [44] thus making 
the coupling reaction more efficient.

3.2 � Effect of Solvent

The effect of solvent for the model reaction of Ullmann 
homocoupling has been investigated (Table 2). Initially, 
no significant yields were observed in water, ethanol, ace-
tone, DCM, THF, toluene, and DMSO. A higher yield in 
DMF (78%) incited to the use of the mixed solvent system 
(Table 2, entries 8). The mixture of DMF and H2O (v/v, 1:1) 

gave a high yield of the desired product in a short reaction 
time which was found chosen as the solvent in the present 
study (Table 2, entry 9).

3.3 � Screening of Base

Various organic and inorganic bases were screened to select 
a suitable one. In absence of a base very low yield of desired 
product was obtained (Table 3, entry 1). Strong bases such 
as NaOH and KOH gave moderate yields (Table 3, entries 
2–3). Amongst the different bases, K2CO3 was found to be 
an efficient base for the synthesis of the desired product with 
a high yield (Table 3, entry 8).

R

Pd/MnFe2O4

Solvent, Base
Reflux R R

Scheme 1   Reductive Ullmann-type homocoupling for biaryl synthe-
sis

Table 1   Screening of Reductant for Ullmann-type homocoupling

2 mmol of aryl halide, 50  mg of Pd/MnFe2O4, 2  mmol of a base, 
2 mmol reductant and 4 mL solvent
a Isolated yields

Sr. no Reductant Yield (%)a

1 – No reaction
2 Glucose 70
3 NaBH4 54
4 Ascorbic acid 78
5 Hydrazine hydrate 92
6 Glycerol 25
7 Hydroquinone 45

Table 2   Effect of Solvent for Ullmann-type homocoupling of Iodo-
benzene

2 mmol of aryl halide, 50  mg of Pd/MnFe2O4, 2  mmol of a base, 
2 mmol reductant, 4 mL solvent
a Isolated yields

Sr. no Solvent Yield (%)a

1 H2O 52
2 Ethanol 48
3 Acetone 40
4 DCM 56
5 THF 63
6 Toluene 48
7 DMSO 50
8 DMF 78
9 DMF: H2O (1:1) 94
10 DMF:H2O (8:2) 80

Table 3   Effect of Base on 
Ullmann-type homocoupling of 
Iodobenzene

2 mmol of aryl halide, 50 mg of 
Pd/MnFe2O4, 2 mmol of a base, 
2 mmol reductant, 4 mL solvent
a Isolated yields

Sr. no Base Yield (%)a

1 – 37
2 NaOH 60
3 KOH 64
4 Na3PO4 60
5 Et3N 54
6 (i-Pr)2NEt 48
7 NaHCO3 58
8 K2CO3 92
9 Cs2CO3 80
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3.4 � Optimization of Catalyst Amount

For the optimization of amount of catalyst, the reaction was 
performed using MnFe2O4, 20, 30, 40, 50 and 60 mg of Pd/
MnFe2O4. At optimized conditions Initially we performed 
the reaction only with MnFe2O4. It was found that while 
use of only MnFe2O4 without Pd, product was not formed. 
As indicated in Table 4, by increasing the quantity of cata-
lyst from 20 to 50 mg the yield was clearly improved along 
with the Pd mol %. Further increasing the amount of catalyst 
(60 mg) led to the constant % of yield (Table 4).

3.5 � Effect of Temperature

The effect of temperature was also investigated and a suit-
able temperature range has been elected for homocoupling. 
The model reaction was performed at a different temperature 
from 60 to 100 °C and the results are depicted in Fig. 2. The 
reaction furnished with increased yield as we increase the 
temperature from 60 to 90 ℃. Further, an increase in tem-
perature results in no change in the yield. The study revealed 
that 90 ℃ is a remarkable temperature that produced a high 
yield in a short reaction time.

After optimizing reaction conditions, we explored the 
scope of the Pd/MnFe2O4 nanocomposite catalyst. Various 
substituted aryl halides (I, Br) have been homocoupled under 
optimized reaction conditions to result in functional sym-
metrical biaryls (Scheme 2). The catalyst exhibited remark-
able activity for the aromatic halides bearing electron-donat-
ing (–Me, –OMe) as well as electron-withdrawing groups 
(–CHO, –CN, –F) (Table 5, entry 2a–2n). The reaction was 
smoothly furnished for highly functional aryl halides result-
ing formation of highly substituted biaryls (Table 5, entry 
2o). Alternatively, heterocyclic aryl halides like 2-iodopyri-
dine, 2-bromopyridine, and 5-iodothiophene-2-carbaldehyde 
provide a good yield of product within 1–1.5 h (Table 5, 
entry 2p–2r). Aromatic hydrocarbon halides like 1-halon-
aphthalenes (I & Br) gave admirable yield (84–88%) in short 

reaction time (Table 5, entry 2s–2t). All the biaryls results 
with high yield with high TON.

A plausible mechanism for reductive Ullmann homo-
coupling is depicted in Fig. 3 on basis of previous reports 
[20]. Initially, oxidative insertion of aryl halide to Pd0 of Pd/
MnFe2O4 nanocomposite catalyst (1), results in the forma-
tion of Ar-(PdII)-I (2) species. Nucleophilic substitution of 
(2) with NH2NH2 produces complex (3), oxidative addition 
of another molecule of aryl halide resulting complex (4) 
which by reductive elimination generates the desired biaryl 
product and species (5). Through β-H elimination and reduc-
tive elimination, Pd(0) is regenerated from (5) along with the 
formation of diazene (NH = NH) and HI. Finally, diazene 
will be removed as nitrogen gas.

A reusability study of synthesized Pd/MnFe2O4 nano-
composite has also been performed. The Pd/MnFe2O4 nano-
composite was separated from the reaction mixture by an 
external magnet after completion of the reaction and washed 
with water, ethanol, and ethyl acetate. The obtained catalyst 
was then employed for the next reaction cycles. Interest-
ingly, the recovered Pd/MnFe2O4 catalyst could preserve the 
catalytic activity without much degradation in six successive 
reaction runs as shown in Table 6. The efficacy of reusability 

Table 4   Optimization of amount of catalyst

a 2 mmol of Iodobenzene and 2 mmol of a K2CO3, 2 mmol hydrazine 
hydrate, 4 mL 1:1 DMF-H2O, 90 °C
b Isolated yields and cCalculated from EDAX

Sr. no Amount of catalysta Yieldb (%)

1 50 mg of MnFe2O4 No reaction
2 20 mg of Pd/MnFe2O4 (Pd 0.98 mol %)c 76
3 30 mg of Pd/MnFe2O4 (Pd 1.50 mol %)c 83
4 40 of Pd/MnFe2O4 (Pd 1.97 mol %)c 87
5 50 of Pd/MnFe2O4 (Pd 2.47 mol %)c 92
6 60 of Pd/MnFe2O4 (Pd 2.96 mol %)c 92

Fig. 2   Effect of Temperature on Ullmann-type homocoupling 
(2  mmol of aryl halide, 50  mg of Pd/MnFe2O4, 2  mmol of a base, 
2 mmol reductant, 4 mL solvent)

R

X

Pd/MnFe2O4

DMF:H2O (1:1)
K2CO3, 90 oC R R

1 2

Scheme 2   Ullmann-type reductive homocoupling of aryl halides
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of Pd/MnFe2O4 nanocomposite was further confirmed by 
XRD and EDX analysis of reused catalysts. XRD pattern 
of the reused catalyst indicates that the morphology and 
peak position were found very similar to that of the fresh 
catalyst (Fig. 4). The palladium content of reused catalyst 
after six runs was determined by EDX analysis which indi-
cates there is not much leaching of Pd (Fig. 4). The study 
revealed the high stability and reusability of the Pd/MnFe2O4 
nanocomposite.

The catalytic efficiency of synthesized Pd/MnFe2O4 nano-
composite catalyst has been examined by comparing it with 
other reported catalysts [20, 31, 33, 41–45] for reductive 
Ullmann homocoupling (Table 7). From the result obtained 
by comparison study, it is revealed that the Pd/MnFe2O4 
catalyst using NH2NH2 as reductant was found to be highly 

efficient with respect to reaction conditions, the yield of the 
product, and time for the reaction.

4 � Conclusion

Pd/MnFe2O4 nanocomposite has been successfully pre-
pared by citrate gel auto combustion and deposition–pre-
cipitation method. The Physicochemical study of the syn-
thesized nanocomposite was characterized by XRD, SEM, 
TEM, EDX, and BET. The magnetically separable and 
reusable Pd/MnFe2O4 nanocomposite is utilized as a 

Table 5   Pd/MnFe2O4 Catalyzed 
Ullmann homocoupling of aryl 
halidesa

2a, X = I, 94%, 1 h, 3805 2c, X = I, 79%, 2.5 h, 3198 2e, X = I, 93%, 1.5 h, 3765

2b, X = Br, 92%, 1 h, 3724 2d, X = Br, 78%, 3 h, 3157 2f, X =Br, 90%, 2 h, 3643

2g, X = I, 90%, 1 h, 3643 2i, X = I, 96%, 1 h, 3886 2k, X = I, 90%, 1.5 h, 3643

2h, X = Br, 89%, 1h, 3603 2j, X = Br, 96%, 1 h, 3886 2l, X = Br, 86%, 2 h, 3481

2m, X = I, 92%, 1.5 h, 3724 2p, X = I, 84%, 1 h, 3400

2n, X = Br, 92%, 1.5 h, 3724
2o, X = I, 86%, 1 h, 3481 2q, X =Br, 84 %, 1.5 h, 3400

2r, X = I, 91%, 1 h, 3684
2s, X = I, 80%, 1 h, 3238

  2t, X = Br, 80%, 1 h, 3238

a2 mmol of aryl halide, 50 mg of Pd/MnFe2O4 (Pd loading was calculated to be 2.47 mol.% 

based on EDX analysis), and 2 mmol of a base, 2 mmol hydrazine hydrate, 4 mL solvent. 
bIsolated yields, last number indicates TON.
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Fig. 3   Plausible mechanism for 
reductive Ullmann Homocou-
pling

Table 6   Reusability of Pd/MnFe2O4 nanocomposite for reductive Ullmann Homocoupling

2 mmol of aryl halide, 50 mg of Pd/MnFe2O4, 2 mmol of a base, 2 mmol reductant and 4 mL solvent
a Isolated yields

Reaction cycle 1 2 3 4 5 6

Yield (%)a 94 93 92 90 88 84

Fig. 4   X-ray diffraction patterns and EDX spectrum of reused Pd/MnFe2O4 nanocomposite
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heterogeneous catalyst in aqueous solutions. The devel-
oped nanocomposite exhibited excellent catalytic activity 
for the synthesis of symmetric biaryls via the Ullmann 
homocoupling using hydrazine hydrate as the reducing 
reagent. Additionally, the catalyst was chemically stable 
and could be recycled six times without significant loss 
in its activity.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10562-​023-​04378-z.
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