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ABSTRACT: In this study, we simulate the reductive coupling
(Barbier−Grignard-type) reaction of organohalides with aldehydes
using a new reusable catalyst. In this regard, bimetallic alloys of
NiCo encapsulated in melamine-based dendrimers (MBD)
immobilized on magnetic nanoparticles symbolized as γ-Fe2O3-
MBD/NiCo were designed and synthesized. The structure and
properties of the catalyst were studied by a variety of techniques
such as Fourier transform infrared (FT-IR) spectroscopy, X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), thermogravimetric
analysis (TGA), vibrating sample magnetometry (VSM), energy-
dispersive spectrometry (EDS) mapping, and inductively coupled
plasma (ICP). The presence of NiCo nanoalloys was confirmed by
XRD and XPS analysis, TEM images, and EDS mapping. Various secondary alcohols were produced in good to high yields by
reductive coupling of different types of aldehydes and organohalides in the presence of HCO2K as a nonmetallic reducing agent in
aqueous media catalyzed by γ-Fe2O3-MBD/NiCo. In these reactions, the high catalytic performance of γ-Fe2O3-MBD/NiCo was
achieved in comparison to monometallic counterparts due to the synergistic cooperative effect of Co and Ni in the NiCo nanoalloys.
Magnetic and hydrophilic properties of the catalyst facilitate the catalyst recyclability for seven runs. The reusability of γ-Fe2O3-
MBD/NiCo, use of water as an environmentally friendly solvent, ease of processing, and absence of metal additives make this
process an excellent choice for the reductive coupling reaction to produce secondary alcohols from aldehydes. This is the first report
on these kinds of reactions using a reusable catalyst.

1. INTRODUCTION
The Grignard reaction, nucleophilic addition of organo-
magnesium reagents to aldehydes for producing secondary
alcohols, is an important technique for the C−C bond
formation.1 This method requires (1) stoichiometric amounts
of organometallic reagents, for which their synthesis is not easy
to manage, (2) temperature control to overcome the exothermic
nature of the Grignard reaction, and (3) strict control of
anhydrous conditions. Moreover, Grignard reactions suffer from
low functional group compatibility due to the basic and
nucleophilic properties of organomagnesium reagents. In the
Barbier−Grignard-type reaction, as a modified procedure for
C−C bond formation, organometallic reagents have been
produced by the in situ reaction of aryl halides with metals.2

Although, this method solved the problem of handling and
storage of air-sensitive organometallic reagents by their in situ
formation, it still requires stoichiometric amounts of organo-
metallic reagents (Scheme 1a).3 Catalytic strategies are
appealing alternatives.4 For instance, the Nozaki−Hiyama−
Kishi (NHK) reaction is a chromium-mediated protocol for the
preparation of secondary alcohols via catalytic carbonyl
reductive couplings of organohalides and aldehydes.5 This
method is generally catalyzed by nickel catalysts. Ni catalysts

promote organohalides to produce nucleophilic organochro-
mium species through trans-metalation with Cr(III).6 However,
these reactions have a significant disadvantage of the necessity of
using a large amount of toxic chromium compounds. Some
chromium-free methods using Zn (with stoichiometric
amounts), BEt3, ZnEt2, AlMe3 (pyrophoric compounds), and
R3SiH (expensive/mass-intensive) have been developed.6,7

Further improvement was achieved by using nonmetallic
reductants (H2, iso-propanol) and hydrogen autotransfer
reactions.8 Aside from these reducing agents, sodium formate,
which is known as a benign inexpensive low-molecular-weight
reductant, has been reported by Kirische for the first time for Rh-
catalyzed carbonyl reductive couplings.4c However, this method
suffers from using an expensive and unreusable catalyst, a toxic
organic solvent, and phosphorus ligands, requiring basic

Received: May 16, 2023
Accepted: September 18, 2023
Published: September 29, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

36801
https://doi.org/10.1021/acsomega.3c03414

ACS Omega 2023, 8, 36801−36814

This article is licensed under CC-BY-NC-ND 4.0

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
 A

L
IC

A
N

T
E

 o
n 

O
ct

ob
er

 1
1,

 2
02

3 
at

 0
8:

16
:4

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hamed+Zarei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sara+Sobhani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+Miguel+Sansano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c03414&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03414?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03414?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03414?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03414?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03414?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/40?ref=pdf
https://pubs.acs.org/toc/acsodf/8/40?ref=pdf
https://pubs.acs.org/toc/acsodf/8/40?ref=pdf
https://pubs.acs.org/toc/acsodf/8/40?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c03414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


conditions, high temperature (130 °C) and long reaction time
(16 h) (Scheme 1b). In this report, we introduce the first
reusable catalyst for these kinds of reactions (Scheme 1c).
Using bimetallic nanoalloys as catalysts in organic trans-

formations have been documented as a fascinating approach to
improve the catalytic activity of metal-based catalysts.9 In the
bimetallic catalysts, each single metal can exhibit both inherent
and new chemical properties.10 Moreover, synergistic metal
interactions in bimetallic catalysts could alter the surface
properties of individual metals, stabilize the active species,
improve the resistance to poisoning, and reduce the cost.11

Among the catalytic metals (Ni,4ab12 Rh,4c Ru,13 Co,4f and
Pd,14 etc.) employed for the reductive reactions, Ni-based
catalysts are the most extensively used due to their
comparatively high hydrogenation activity.15 To increase the
selectivity and reactivity of Ni-based catalysts, bimetallic
nanoalloys are commonly formed by combining Ni with
cobalt.15f16 However, the produced nanoalloys are sensitive to
air oxidation. To improve the stability of alloy materials several
capping/protecting agents including long chain acids, amines,
carbon, phosphine oxides, polymers, dendrimers, and surfac-
tants are often used in their synthetic process.17

Dendrimers are highly branched symmetrical polymers,
which spread over three dimensions.18 Their uniform structure
makes them as templates for the synthesis of nanoparticles
(NPs). The stability of the produced NPs is increased by their
encapsulation within the cavities of the dendrimers. Further-
more, the encapsulation of the NPs prevents their agglomeration
and makes it possible to synthesize well-dispersed and small size
nanoparticles.19

In our ongoing attempt to improve a benign catalyzed
reaction,20 recently we have introduced magnetically recyclable
Pd−Co bimetallic alloys encapsulated in melamine-based
dendrimers (MBD) as a catalyst in the C−C coupling reactions
in aqueous media.17d Our efforts with this catalyst to produce
secondary alcohols from the reductive coupling of aryl halides
with aldehydes were unsuccessful. Such reductive couplings
overwhelmed side reactions such as reductive homocoupling or
a dehalogenation reaction of aryl halides (Scheme 2). Avoiding
this side product formation, we sought for a new bimetallic alloy
with more selectivity that might be capable of catalyzing the
formation of secondary alcohols from the reductive coupling of
organohalides with aldehydes. Since nickel is a general and the
cheapest catalyst for these kinds of reactions, herein, a bimetallic
alloy of NiCo encapsulated in a melamine-based dendrimer
immobilized on magnetic nanoparticles (γ-Fe2O3@MBD/
NiCo) has been synthesized, and its catalytic activity as a
nanomagnetically reusable catalyst has been studied in the
reductive coupling reaction of organohalides with aldehydes.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization of γ-Fe2O3-MBD/

NiCo. Scheme 3 shows the approach used to prepare the
bimetallic NiCo catalyst (γ-Fe2O3@MBD/NiCo). In the first
step, γ-Fe2O3 was functionalized by reacting with 3-chloro-
trimethoxypropylsilane, followed by treatment with melamine
to yield γ-Fe2O3-melamine [Scheme 3, half-generation (G0.5)].
The reaction of γ-Fe2O3-melamine with epichlorohydrin (ECH)
as a bifunctional molecule for growing dendritic branches
[Scheme 3, first generation (G1)] and then the ring opening
reaction of the terminal epoxide in γ-Fe2O3-melamine-ECH

Scheme 1. Utilizing Aryl Halides to Access Secondary Alcohols via Barbier−Grignard-Type Arylation of Aldehydes

Scheme 2. Reductive Coupling Reaction Using γ-Fe2O3@MBD/PdCo as a Catalyst
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with melamine led to the 1.5 generation of dendrimer−
magnetite nanoparticles (γ-Fe2O3@MBD, G1.5). The final
step was the cross-linking of metal complexes in the inner cavity
of γ-Fe2O3@MBD, followed by reduction with NaBH4 as a
reducing agent. Three types of γ-Fe2O3@MBD/NiCo as
catalysts were synthesized by initial mixing of different
proportions of nickel and cobalt metals (1:1, 1:2, and 2:1)
(Table 1, entries 3−5), and two catalysts were prepared with
single metals (Table 1, entries 1 and 2). Nickel and cobalt
contents of produced γ-Fe2O3-MBD/NiCo were measured by
inductively coupled plasma (ICP) analysis (Table 1).
Fourier transform infrared (FT-IR) spectra of chlorofunction-

alized γ-Fe2O3, γ-Fe2O3-melamine, γ-Fe2O3-melamine-ECH, γ-
Fe2O3@MBD, and γ-Fe2O3@MBD/NiCo1.73 are shown in

Figure 1. They displayed typical bands at about 564−637,
1035, and 3436 cm−1 ascribed to Fe−O, Si−O, andO−Hbonds,
respectively. Peaks at 1652, 1551, and 813 cm−1 in the FT-IR
spectra of γ-Fe2O3-melamine, γ-Fe2O3-melamine-ECH, and γ-
Fe2O3@MBD were related to the C�N stretching and N−H
bending vibrations of melamine.21 Distinctive bands at around
3470 and 3414 cm−1 in the FT-IR spectra of γ-Fe2O3-melamine
(Figure 1b), γ-Fe2O3@MBD (Figure 1d), and γ-Fe2O3@MBD/
NiCo1.73 (Figure 1e) were ascribed to the N−H stretching
vibration. In the FT-IR spectrum of γ-Fe2O3-melamine-ECH
(Figure 1c), the stretching vibration band of N−H of primary
amine disappeared and new broad peaks at 3472 and 3375 cm−1

appeared, which were related to the vibration of N−H andO−H
functional groups. These observations evidenced the effective
reaction of melamine with epichlorohydrin. A minor shift and
differences in the intensity of the stretching vibration bands of
N−H and C�N in triazine in the FT-IR spectrum of γ-Fe2O3@
MBD/NiCo1.73 (Figure 1e) can indicate the metallic element
and nitrogen atom interactions.
The X-ray diffraction (XRD) patterns of γ-Fe2O3, γ-Fe2O3@

MBD, γ-Fe2O3@MBD/Co, γ-Fe2O3@MBD/Ni, Fe2O3@
MBD/NiCo0.39, Fe2O3@MBD/NiCo0.89, and γ-Fe2O3@MBD/
NiCo1.73 are presented in Figure S1. Peaks at 2θ = 30.2, 35.6,
43.2, 53.8, 57.1, and 62.9° are related to the (220), (311), (400),
(422), (440), and (511) reflections of the cubic maghemite.22

The presence of these peaks in the XRD patterns of the modified

Scheme 3. Synthesis of γ-Fe2O3@MBD/NiCo

Table 1. Amounts of Ni andCo Supported on γ-Fe2O3@MBD

entry catalyst
amount of Ni
(mmol·g‑1)d

amount of Co
(mmol·g‑1)d

Co/
Ni

1 γ-Fe2O3@MBD/Ni 6.15 0
2 γ-Fe2O3@MBD/Co 0 6.86
3a γ-Fe2O3@MBD/NiCo0.86 3.23 2.77 0.86
4b γ-Fe2O3@MBD/NiCo1.73 1.88 3.26 1.73
5c γ-Fe2O3@MBD/NiCo0.39 4.01 1.57 0.39

aInitial Ni/Co ratio = 1:1. bInitial Ni/Co ratio = 1:2. cInitial Ni/Co
ratio = 2:1. dDetermined by ICP.
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γ-Fe2O3 showed that the magnetite structure remained
unaffected after coating. Peaks appeared at 11.7 and 25.7° can
be ascribed to the successful modification of the γ-Fe2O3 surface
(Figure S1b−g).23 In the XRD patterns of γ-Fe2O3@MBD/Co
and γ-Fe2O3@MBD/Ni (Figure S1c,d), the peaks at 47.4 (111),
50.9 (200), and 76.7 (220) are attributed to Co and the peaks at
45.5° (111), 52.0° (200), and 78.3° (220) are assigned to Ni,
respectively. The absence of the peaks related to the pure metals
(Co and Ni) in the X-ray pattern of Fe2O3@MBD/NiCo0.39,
Fe2O3@MBD/NiCo0.89, and γ-Fe2O3@MBD/NiCo1.73 (Figure
S1e−g), as well as the observation of peaks at around 40.2, 45.5,
50.5, and 74.5° can be attributed to the production of cobalt−
nickel nanoalloys.24 The intensity of the assigned peaks
increased by growing the amount of Co to Ni content, which

is an indication of the formation of the NiCo nanoalloy with a
more crystalline structure.
Thermogravimetric analysis (TGA) and differential thermal

gravity (DTG) of γ-Fe2O3@MBD are plotted in Figure 2.
Weight loss of 1.18% at∼50−130 °C corresponded to the loss of
physically adsorbed water. The second weight loss was
corresponded to the structural decomposition of the linkers in
γ-Fe2O3@MBD. It was mainly occurred at 229 and 295 °C. At
around 345 °C, melamine condensed with the elimination of
ammonia, led to the formation of melam, melem, and melon.25

The temperature range of 384−446 °C can be assigned to the
complete decomposition of the melamine residue. The possible
phase transformation of γ-Fe2O3 occurred at 740 °C.26 These
results justified the immobilization of the melamine-based
dendrimers on the magnetic nanoparticles.

Figure 1. FT-IR spectra of (a) chlorofunctionalized γ-Fe2O3, (b) γ-Fe2O3-melamine, (c) γ-Fe2O3-melamine-ECH, (d) γ-Fe2O3@MBD, and (e) γ-
Fe2O3@MBD/NiCo1.73.

Figure 2. TG-DTG analysis of γ-Fe2O3@MBD.
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Magnetic properties of γ-Fe2O3@MBD/NiCo1.73 and γ-
Fe2O3 were studied using a vibrating sample magnetometer
(VSM) at room temperature (Figure S2). Figure S2 shows that
the saturation magnetization value of γ-Fe2O3@MBD/NiCo1.73
is about 67.79 emu·g−1, which is less than that of γ-Fe2O3 (80.64
emu·g−1). This drop in the saturation magnetization of γ-

Fe2O3@MBD/NiCo1.73 can be assigned to the melamine-based
dendrimer loading on the surface of γ-Fe2O3. Hysteresis loop
was not observed in the magnetization curves, which indicated
the superparamagnetic nature of γ-Fe2O3@MBD/NiCo1.73.
X-ray photoelectron spectroscopy (XPS) was performed to

study the composition and valence states of the elements on the

Figure 3.XPS analysis of (a) γ-Fe2O3@MBD/NiCo1.73, (b) γ-Fe2O3@MBD/Ni, (c) γ-Fe2O3@MBD/Co, (d) C 1s of γ-Fe2O3@MBD/NiCo1.73, (e) C
1s of γ-Fe2O3@MBD/Ni, (f) C 1s of γ-Fe2O3@MBD/Co, (g)N 1s of γ-Fe2O3@MBD/NiCo1.73, (h)N 1s of γ-Fe2O3@MBD/Ni, (i) N 1s of γ-Fe2O3@
MBD/Co, (j) Co 2p of γ-Fe2O3@MBD/NiCo1.73, (k) Co 2p of γ-Fe2O3@MBD/Co, (l) Ni 2p of γ-Fe2O3@MBD/NiCo1.73, and (m) Ni 2p of γ-
Fe2O3@MBD/Ni.
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surface of γ-Fe2O3@MBD/NiCo1.73, γ-Fe2O3@MBD/Ni, and γ-
Fe2O3@MBD/Co (Figure 3). The XPS spectra revealed the

existence of O, C, N, Fe, Ni, and Co in γ-Fe2O3@MBD/
NiCo1.73; O, C, N, Fe, and Ni in γ-Fe2O3@MBD/Ni; and Co, C,

Figure 4. (a−d) TEM images of γ-Fe2O3@MBD/NiCo1.73. Particle size distribution of (e) γ-Fe2O3@MBD and (f) NiCo nanoparticles on the γ-
Fe2O3@MBD surface.
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N, Fe, and O in γ-Fe2O3@MBD/Co (Figure 3a−c). In the C1s
XPS spectra (Figure 3d−f), the peaks at around 284.5, 285.8,
287.4, and 288.6 eV corresponded to Csp2−N, C�N, Csp3−N,
and Csp3−O bonds, respectively. In the N1s XPS spectra of
Fe2O3@MBD/NiCo1.73 (Figure 3g), the peaks at 398.2 and
399.6 eV can be assigned to Co−N and Ni−N, respectively.24c27
The intensity of these two peaks correlated with the molar ratio
of Co and Ni but with a small shift in the binding energies
compared with those of γ-Fe2O3@MBD/Co (Figure 3i) and γ-
Fe2O3@MBD/Ni (Figure 3h). In the Co2p XPS spectra of γ-
Fe2O3@MBD/Co (Figure 3k), the binding energies at around
780.3 and 796.1 eV were corresponded to 2p3/2 and 2p1/2 of
Co(0) species and peaks at around 782.3 and 797.6 eV were
related to 2p3/2 and 2p1/2 of Co(II) species. In the Ni2p XPS
spectra of γ-Fe2O3@MBD/Ni (Figure 3m), peaks of Ni(0)
species were located at 855.3 and 873.0 eV and the peaks at
861.0 and 874.6 eV were corresponded to Ni(II) species.28

However, the binding energies of Co(0) andNi(0) in γ-Fe2O3@
MBD/NiCo1.73 were centered at 780.2 and 795.9 eV and at
855.2 and 872.7 eV, respectively. These shifts can be ascribed to

the alloying effect between metallic Co(0) and Ni(0).
Furthermore, the XPS analysis revealed that the total ratio of
cobalt to nickel is 1.83. The results of the ICP analysis were in
line with this and indicate that the surface of NiCo nanoalloys
contained more cobalt.
Ni2p and Co2p XPS spectra of γ-Fe2O3@MBD/NiCo0.39 and γ-

Fe2O3@MBD/NiCo0.86 were compared with those of γ-Fe2O3@
MBD/NiCo1.73, γ-Fe2O3@MBD/Ni, and γ-Fe2O3@MBD/Co
(Figures S3 and S4), and some shifts in the binding energies
related to the 2p1/2 and 2p3/2 of Co and Ni were observed, which
showed the formation of nanoalloys in γ-Fe2O3@MBD/
NiCo0.39 and γ-Fe2O3@MBD/NiCo0.86. Based on XPS analysis,
Co(0)/Co(II) and Ni(0)/Ni(II) ratios in γ-Fe2O3@MBD/
NiCo1.73 are more than those in γ-Fe2O3@MBD/NiCo0.39 and γ-
Fe2O3@MBD/NiCo0.86 (Table S1).
The surface morphology and size of synthesized γ-Fe2O3@

MBD/NiCo1.73 were investigated by transmission electron
microscopy (TEM) analysis (Figure 4). Figure 4a shows that
even though these nanoparticles aremagnetic, they are dispersed
well. This can be due to the presence of a dendrimer with a

Figure 5. (a) SEM image; EDSmapping images of (b) C, O, Fe, Co, and Ni; (c) C, (d) O, (e) Fe, (f) Co, and (g) Ni in γ-Fe2O3@MBD/NiCo1.73; and
elemental mapping images of (h) Ni and (i) Co with a magnification of 1 nm.
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lattice fringe of 0.345 nm (Figure 4b) as a suitable coating on the
surface of magnetic nanoparticles, which effectively prevents
them from agglomeration. The particle size distribution of the
magnetic nanoparticles with lattice fringes of 0.28 nm related to
the 220-plane29 is perfectly consistent (Figure 4c,d). The
particle sizes of γ-Fe2O3 were estimated to be approximately 18
nm (Figure 4e). Spherical NPs with a size of about 4.8 nm were
supported on the surface of the magnetic nanoparticles of γ-
Fe2O3@MBD with uniform size and shape (Figure 4c,f). The
existence of nitrogen and oxygen heteroatoms on the surface of
γ-Fe2O3@MBD can be the cause of this favorable dispersion.
The lattice fringe of 0.197 nm (111-plane)30 in Figure 4d is
related to nickel−cobalt nanoparticles with a size of 4.8 nm. The
particle size and lattice fringe of the NiCo alloy were
considerably smaller than those of Ni (0.621 nm) and Co
(0.528 nm) (Figure S5), and this was a proof of the formation of
nickel−cobalt nanoalloys (Table S2).
As shown in Figure 5, elemental mapping images of C, O, Fe,

Co, and Ni in γ-Fe2O3@MBD/NiCo1.73 showed the homoge-
neous distribution of these elements on the surface of the
sample. Moreover, energy-dispersive spectrometry (EDS)
mapping images of Co and Ni indicated similar distributions
(Figure 5f−i), which showed the incorporation of nickel and
cobalt into the NiCo nanoalloys. The electronic properties of
NiCo nanoparticles were influenced by the incorporation of the
individual elements, and so the catalytic performance of the
catalyst was increased.
2.2. Reductive Coupling Reaction of Organohalides

with Aldehydes Catalyzed by γ-Fe2O3@MBD/NiCo1.73. At
first, to find the optimum reaction conditions, the reaction of
benzaldehyde (1 mmol) with bromobenzene (2 mmol) in water
catalyzed by γ-Fe2O3@MBD/NiCo1.73 was selected as the
model reaction, and influence of the reductant, temperature, and
catalyst amount on the reaction progress was studied (Table 2).
The best results were achieved using HCO2K as the reductant
and 0.014 g of γ-Fe2O3@MBD/NiCo1.73 at 80 °C (Table 2,
entry 8).
To evaluate the scope of the reductive coupling reaction,

optimal reaction conditions obtained for the formation of
secondary alcohol in the model reaction were applied to various
aldehydes and organohalides (iodide, bromide, and chloride,

Scheme 4). Both aromatic aldehydes containing diverse
functional groups and aliphatic aldehydes underwent efficient
reductive coupling reactions with organohalides to produce the
corresponding secondary alcohols (1−18, Scheme 4). In all
reactions, aryl iodides and bromides showed more activity than
aryl chlorides. Aldehyde reduction/dimerization, dehydrohalo-
genation, or reductive dimerization of aryl halides, the C−N
coupling reaction, as well as ketone formation are the most
common side products in the reductive coupling reactions.
Notably, the formation of the products containing amine groups
(13 and 14, Scheme 4) demonstrates that aldehydes containing
NH functional groups can tolerate the reaction conditions
without any C−N coupling formation.
The recyclability of heterogeneous catalysts is a significant

subject from an environmental and practical standpoint. This
issue was studied in the model reaction. In an initial experiment,
we have found that γ-Fe2O3@MBD/NiCo1.73 was dispersed in
the aqueous layer without any affinity for the organic layer
because of the existence of amine and hydroxyl groups in γ-
Fe2O3@MBD/NiCo1.73 (Figure S6a,b). The hydrophilic prop-
erty of the catalyst helped us to isolate the product completely
from the aqueous phase by simple extraction with ethyl acetate
(Figure S6b). The catalyst remained in the aqueous phase,
separated by an external magnetic field (Figure S6c), and reused
successfully for seven consecutive runs (Figure S7). An
insignificant decrease in the catalytic activity could be related
to the KBr formation during the reaction, which remains in the
aqueous phase and might cause the catalyst deactivation. To
detect KBr as a side product of the reaction, a solution of AgNO3
was added to the remaining aqueous phase. AgBr as a yellow
solid was produced from the reaction of KBr with AgNO3 and
was precipitated (Figure S6d). The XRD pattern, FT-IR
spectrum, and TEM images of the catalyst recovered after the
seventh run indicated that the catalyst remained unaltered
(Figure S8). The XPS survey of recycled γ-Fe2O3@MBD/
NiCo1.73 indicated no significant alteration (Figure S9).
The heterogeneity of γ-Fe2O3@MBD/NiCo1.73 was tested by

hot filtration and poisoning tests in the model reaction under the
optimized reaction conditions. In order to investigate the hot
filtration test, after about 60% of the progress of the reductive
coupling reaction of bromobenzene with benzaldehyde, the
solid was isolated at 80 °C by a magnetic field and the remaining
mixture was stirred for 8 h. Any detection of more trans-
formation indicated that γ-Fe2O3@MBD/NiCo1.73 acted as a
heterogeneous catalyst (Figure S10). In the poisoning test, S8
(0.05 g) was used as a metal scavenger. As a result, no significant
changes were observed during the reaction (Figure S10).
To understand the role of γ-Fe2O3@MBD/NiCo1.73 in the

reductive coupling reaction, the catalytic efficiency of mono-
metallic counterparts, including γ-Fe2O3@MBD/Ni and γ-
Fe2O3@MBD/Co, bimetallic catalyst with different ratios of
cobalt and nickel, and a physical mixture of γ-Fe2O3@MBD/Ni
and γ-Fe2O3@MBD/Co were examined in the model reaction
using bromobenzene with benzaldehyde and HCO2K under the
optimized reaction conditions (Figure S11). Any byproduct was
not formed in the presence of different bimetallic alloys and also
γ-Fe2O3@MBD/Co. Diphenyl is the only byproduct, which was
detected when the reaction was performed in the presence of γ-
Fe2O3@MBD/Ni and a physical mixture of γ-Fe2O3@MBD/Ni
and γ-Fe2O3@MBD/Co due to more activity of Ni compared
with cobalt. However, the catalytic activity of Ni was optimized
in the bimetallic nanoalloys, and any byproduct was not formed.
The enhanced catalytic activities of bimetallic catalysts with

Table 2. Optimization of the Reaction Conditions for
Reductive Coupling Reaction between Bromobenzene and
Benzaldehyde Catalyzed by γ-Fe2O3@MBD/NiCo1.73

a

entry reductant temperature (°C) time (h) yield (%)

1 HCO2Na 100 10 85
2 Zn 100 12 55
3 Mn 100 12 60
4 HCO2NH4 100 11 85
5 HCO2H 100 12 50
6 HCO2K 100 8 90
7 100 24 trace
8 HCO2K 80 10 95
9 HCO2K 70 12 85
10b HCO2K 70 12 80
11c HCO2K 70 12 85

aReaction conditions: γ-Fe2O3@MBD/NiCo1.73 [0.014 g, Co (4.56
mol %), Ni (2.63 mol %)], benzaldehyde (1 mmol), bromobenzene
(2 mmol), reductant (3 mmol), water (10 mL). bγ-Fe2O3@MBD/
NiCo1.73 [0.016 g, Co (5.21 mol %), Ni (3.00 mol %)].

cγ-Fe2O3@
MBD/NiCo1.73 [0.012 g, Co (3.90 mol %), Ni (2.30 mol %)].
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Scheme 4. Reductive Coupling Reaction of Various Aldehydes and Organohalides Catalyzed by Fe2O3@MBD/NiCo1.73 in
Aqueous Media to Produce Secondary Alcoholsa

aReaction conditions: aldehyde (1 mmol), organohalide (2 mmol), HCO2K (3 mmol), γ-Fe2O3@MBD/NiCo1.73 [0.014 g, Co (4.56 mol %), Ni
(2.63 mol %)], water (10 mL), 80 °C.
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different ratios of cobalt and nickel compared to monometallic
counterparts are due to the synergistic effect of both metals in
the nanoalloys. Among the bimetallic catalysts, γ-Fe2O3@MBD/
NiCo1.73 provided the corresponding product in higher yield.
The presence of Ni and Co in the NiCo nanoalloys in γ-Fe2O3@
MBD/NiCo1.73 with a higher ratio of zero to +2 oxidation state
(Table S1) can enhance the electronic effect of the nanoalloys
and thus the catalytic efficiency of γ-Fe2O3@MBD/NiCo1.73.

Moreover, as shown in Figure S11, a significant enhancement in
the catalytic activity of γ-Fe2O3@MBD/NiCo1.73 compared to a
physical mixture of monometallic counterparts was observed.
This observation showed that the synergetic effect needs the
presence of the alloy and is not happened just by the presence of
both metals in the reaction. Investigation of the model reaction
in the presence of γ-Fe2O3 or γ-Fe2O3@MBD and also in the

Table 3. Catalytic Activity of γ-Fe2O3@MBD/NiCo1.73 versus the Reported Ni Catalysts for the Reductive Coupling Reaction of
Aryl Halides with Aldehydes

entry catalyst (mol %) reaction conditions reductant X
yield
(%)

112a Ni(bpya)Cl2 (5) NaI (0.25 equiv), HNiPr2 (1 equiv), (PhO)2PO2H
(1.5 equiv), n-hexane, Ar, 95 °C, 7 h

Zn (3 equiv) I 24−91

231 Ni(acac)2 (5) toluene, 80 °C, 18 h 2,3,5,6-tetramethyl-1,4-bis(trimethylsilyl)-1,4-
diaza-2,5-cyclohexadiene (1.25 equiv)

Br 38−99

332 NiBr2(DME)/L
b (10) THF, 70 °C, 24 h Zn (1.15 equiv) Br 30−95

44a NiBr2(diglyme
c)/Ld (10) THF, 60 °C, 12−16 h Zn (1.50 equiv) I, Br,

Cle
29−96

533 NiBr2(dppe
f) (10) THF, 75 °C, 24−30 h Zn (1.3 equiv) Br 38−91

64b NiBr2 (diglyme) (5) [P(Cyg)N(ArCF3)]2 (12mol %), toluene, 75 °C, 16 h TMPh (2 equiv), 1-PhEtOH (3 equiv) I 18−83
734 NiBr2/L

i (1.5) ZnCl2, K3PO4, DMSO, photocatalyst
j (0.2 mol %)

34 W blue LEDs, r.t., 24 h
quinuclidine (30 mol %) Br 40−83

8this work γ-Fe2O3@MBD/NiCo1.73
(2.63)

H2O, 80 °C, 8−15 h HCO2K (3 equiv) I, Br,
Cl

25−95

aBipyridine. b(1E,2E)-N1,N2-Di-tert-pentylethane-1,2-diimine. cBis(2-methoxyethyl) ether. d5,5′-Dimethyl-2,2′-bipyridine and 4,4′-di-tert-butyl-
2,2′-bipyridine. e100 °C. f1,2-Bis(diphenylphosphaneyl)ethane. gC4H4CF3.

h2,2,6,6-Tetramethylpiperidine. i3,4,7,8-Tetramethyl-1,10-phenanthro-
line. jIr[2-(2-Fluoro-4-(trifluoromethyl)phenyl)-5-(trifluoromethyl)pyridine]2‑(4,4′-di-tert-butyl-2,2′-bipyridine)PF6, (C44H34F20IrN4P).

Scheme 5. Sensible Mechanism for the Reductive Coupling Reaction of Aldehydes with Aryl Halides Catalyzed by γ-Fe2O3@
MBD/NiCo1.73

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03414
ACS Omega 2023, 8, 36801−36814

36810

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03414/suppl_file/ao3c03414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03414/suppl_file/ao3c03414_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03414?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03414?fig=sch5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


absence of the catalyst indicated that the reactions did not
proceed at all even after 24 h.
Finally, the catalytic efficiency of γ-Fe2O3@MBD/NiCo1.73

was compared with that of the reported catalysts containing Ni
for the reductive coupling reaction of aryl halides with aldehydes
(Table 3). As represented in Table 3, γ-Fe2O3@MBD/NiCo1.73
exhibited the most effective catalytic activity. The reported
methods suffer from drawbacks such as using toxic solvents, high
temperature, requiring light irradiation, prolong reaction time,
high catalyst loading, and being amenable to limited aryl halides.
More importantly, there is no information about the reusability
of these reported catalysts in the literature.
Based on the obtained results and previous reports in the

literature,4c an explanatory mechanism for the reductive
coupling reaction of aldehydes with aryl halides was proposed
(Scheme 5). In the first step, oxidative addition of aryl halides to
the catalyst occurred, and intermediate I is formed on the surface
of NiCo nanoalloys. Absorption of the aldehyde on the catalyst
led to the formation of intermediate II. Intermediate III was
formed in the presence of HCO2K as a suitable reducing agent.
During this process, carbon dioxide was released in the reaction
vessel and detected by wet litmus paper (Figure S12). In this
process, KBr was also produced, which was detected by the
AgNO3 test (Figure S6d). The main problem of reductive
coupling reactions is the homocoupling reaction. However,
negative shifts in the cobalt and nickel peaks in the XPS spectra
of γ-Fe2O3@MBD/NiCo1.73 (Figure 3j,l) led to reduce the
electronic density of NiCo nanoalloys and thus decreased the
rate of the oxidative addition step to the catalyst.35 Therefore, in
the next step, the possibility of aldehyde adsorption on the
surface of the catalyst was increased. As a result, aldehyde could
be added to intermediate I rapidly, and the homocoupling
product could be avoided.

3. CONCLUSIONS
In this article, bimetallic alloys of NiCo encapsulated in
melamine-based dendrimers immobilized on MNPs (γ-Fe2O3-
MBD@NiCo1.73) have been synthesized. The properties and
structure of γ-Fe2O3-MBD@NiCo1.73 were investigated by FT-
IR spectroscopy, XRD, XPS, TEM, TGA, VSM, EDS mapping,
and ICP analysis. The presence of NiCo nanoalloys was
confirmed by XRD and XPS analysis, TEM images, and EDS
mapping. Surface coating of magnetic iron oxide nanoparticles
with dendrimers brought two practical advantages. First, the
surface of the iron oxide nanoparticles was enhanced with
nitrogen, which stabilized bimetallic NiCo nanoalloys, and
second, the iron oxide nanoparticles were prevented from
accumulation and agglomeration, making them stable. TEM
analysis showed that these magnetic nanoparticles were well
dispersed. We used γ-Fe2O3-MBD@NiCo1.73 containing NiCo
nanoalloys as the first reusable catalyst in the reductive coupling
(Barbier−Grignard-type) reaction of organohalides with
aldehydes. Using this protocol, various secondary alcohols
were obtained in good to high yields without any formation of
byproducts such as biaryls as the result of homocoupling
reactions, aldehyde reduction/dimerization, or C−N coupling
reactions. The synergistic effect of Ni and Co in γ-Fe2O3-
MBD@NiCo1.73 caused high catalytic efficiencies in reductive
coupling reactions and selective product formation. Magnetic
and hydrophilic properties of the catalyst facilitated the catalyst
recyclability for seven consecutive cycles. The reusability of the
catalyst, use of water as an environmentally friendly solvent,
HCO2K as a nonmetallic reducing agent, the ease of processing,

and the absence of metal additives make this process an excellent
choice for the reductive coupling reaction to produce secondary
alcohols from aldehydes.

4. EXPERIMENTAL SECTION
4.1. Materials and Methods. Chemicals were acquired

from the Merck Chemical Company. The purity of the products
and the progress of the reactions were accomplished by thin-
layer chromatography (TLC) on silica-gel polygram SILG/
UV254 plates. TEM analysis was performed using a TEM
microscope (Philips EM 208S). Energy-dispersive spectrometry
(EDS) mapping was found using a TSCAN MIRA3. FT-IR
spectra were recorded on a Shimadzu Fourier Transform
infrared spectrophotometer (FT-IR-8300). Thermal gravimet-
ric analysis (TGA) was performed using a Shimadzu
thermogravimetric analyzer (TG-50). XPS analyses were
performed using a VG-Microtech Multilab 3000 spectrometer
equipped with an Al anode. The deconvolution of the spectra
was carried out by using Gaussian−Lorentzian curves. The Ni
and Co content on the catalyst was determined by an OPTIMA
7300DV ICP analyzer. Qualitative elemental analysis was
determined and analyzed by a CHN elemental analyzer
(Thermo Finnigan, FLASH EA 1112 series, Italy).
4.2. Synthesis of γ-Fe2O3-Melamine.17d A mixture of γ-

Fe2O3 modified by chlorotriethoxysilane (1.5 g), Et3N (10 mL),
and melamine (1.5 mmol, 0.18 g) was sonicated for 30 min and
then stirred under reflux conditions at 60 °C for 48 h. The light-
brown precipitate, which was named γ-Fe2O3-melamine, was
isolated from the mixture by a magnetic field, washed with water
(3 × 15 mL) and ethanol (3 × 15 mL), and dried in a vacuum
oven at 50 °C. The nitrogen content of the produced γ-Fe2O3-
melamine was measured by elemental analysis (9.88%). The
result indicated that 1.2 mmol of melamine was supported on 1 g
of γ-Fe2O3-melamine.
4.3. Synthesis of γ-Fe2O3-MBD.17d A mixture of as-

prepared γ-Fe2O3-melamine (1 g) and Et3N (10 mL) was
sonicated for 0.5 h at 25 °C. While the mixture was stirred,
epichlorohydrin (1mL)was added dropwise. It was heated to 60
°C and retained for 1 day. After melamine (5 mmol, 0.63 g) was
added, the mixture was stirred for 2 days. Then, γ-Fe2O3-MBD
was separated by a magnetic field, washed with water (3 × 15
mL) and ethanol (3 × 15 mL), and vacuum-dried at 50 °C. The
nitrogen content of the produced γ-Fe2O3-MBD was measured
by elemental analysis (17.5%). The result indicated that 2 mmol
of melamine was supported on 1 g of γ-Fe2O3-MBD.
4.4. Synthesis of γ-Fe2O3-MBD/Ni and γ-Fe2O3-MBD/

Co. The as-synthesized γ-Fe2O3-MBD (0.2 g) was sonicated in
H2O (10 mL) for 20 min. A solution of NiCl2·6H2O (0.47 g in
10 mL of H2O) was added, while it was sonicated and the pH
was controlled at 8−10 by adding NaOH solution (0.5 M).
Then, a fresh solution of NaBH4 (1.0 M, 10 mL) was added to
the resulting mixture and stirred for 24 h at 25 °C. The resulting
γ-Fe2O3-MBD/Ni was isolated from the mixture by a magnetic
field, washed with water (3 × 15 mL) and ethanol (3 × 15 mL),
and vacuum-dried at 60 °C for 12 h. All of these steps were also
done for the synthesis of γ-Fe2O3-MBD/Co using CoCl2·6H2O
(0.47 g in 10 mL H2O). Nickel and cobalt contents of produced
γ-Fe2O3-MBD/Ni and γ-Fe2O3-MBD/Co were measured by
ICP analysis. The results showed that 6.15 and 6.86 mmol of Ni
and Co were supported on 1 g of γ-Fe2O3-MBD/Ni and γ-
Fe2O3-MBD/Co, respectively (Table 1, entries 1 and 2).
4.5. Synthesis of γ-Fe2O3-MBD/NiCo. γ-Fe2O3-MBD (0.2

g) and distilled water (10 mL) were added to three flasks (50
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mL). Each flask was sonicated for 20 min. NiCl2·6H2O/CoCl2·
6H2O with molar ratios of 1:1, 2:1, and 1:2 were added to the
sonicated samples (Table 1, entries 3−5). The pH of sonicated
mixtures was controlled at 8−10 by a NaOH solution (0.5 M).
The fresh solutions of NaBH4 (1.0 M, 10 mL) were added to the
each reactionmixture and stirred for 24 h at 25 °C. The resulting
solids were isolated from the reaction mixtures by a magnetic
field, washed with water (3 × 15 mL) and ethanol (3 × 15 mL),
and vacuum-dried at 60 °C for 12 h. Nickel and cobalt contents
of produced γ-Fe2O3-MBD/Ni−Co were measured by ICP
analysis. The results are depicted in Table 1, entries 3−5.
4.6. General Procedure for the Reductive Coupling

Reaction of Aryl Halides with Aldehydes Catalyzed by γ-
Fe2O3@MBD/NiCo1.73 in Water. γ-Fe2O3@MBD/NiCo1.73
(0.014 g) was added to a mixture of aldehyde (1 mmol), aryl
halide (2 mmol), and HCO2K (3 mmol) in H2O (10 mL),
followed by increasing the temperature to 80 °C. The progress
of the reaction was monitored by TLC. After stirring for
appropriate times in accordance with Scheme 4, the reaction was
cooled down to room temperature. Ethyl acetate (10 mL) was
added, and the organic compound was extracted. MgSO4 was
used to dry the combined organic phases. A crude product was
obtained by evaporating the organic solvent under vacuum.
Purification of the crude product by column chromatography
(silica gel) using n-hexane/EtOAc (10:3) as the eluent produced
the pure product. All of the products were known, and their
characterization is reported in the Supporting Information. The
catalyst was isolated from aqueous media using an external
magnet, washed with water (2× 15 mL), and reused in the same
reaction.
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