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Abstract Unsupported nanoparticles are often less stable,
and usually coagulation is unavoidable during the cata-
lytic reactions. To generate stable nanoparticles with good
activity, stabilizing the surface is required. Protection has
been performed by the addition of polymers or long-chain
alkyl surfactants with polar functional groups that attached
to the nanoparticle surface via covalent or electrostatic
interactions. Alternatively, nanoparticles have been immo-
bilized or grafted onto inorganic supports to improve their
stabilization and recycling ability. In this article, the green
catalytic processes and recent advances in organic transfor-
mations catalyzed by magnetically retrievable catalysts are
reviewed. Prior to this, methods for the synthesis of cata-
lysts immobilized on magnetic nanoparticles are addressed
briefly.
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Introduction

Nanosized architecture chemistry is an exponentially
growing research field in modern science that involves
the synthesis and application of nanoparticles of differ-
ent sizes and shapes [1]. Nanochemistry offers a possi-
bility to enhance the electrical, optical, magnetic, ther-
mal and mechanical properties of material by controlling
its size, shape, porosity and surface functional group
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[2]. Furthermore, enhancing the percentages of exposed
highly reactive facets, at nanoscale, does improve the
efficiency of materials in various applications such as
photocatalysis and dye-sensitized solar cells [3]. By pre-
senting individual properties, nanoparticles can become a
kind of structure unit, in other words, “artificial atoms”
to conduct a new type of materials which have difficult in
estimating collective properties [4]. Through green nano-
technology, we can get contrivable nanomaterial that con-
tains unique characters which bulk materials never have
[5]. This means that we are creating materials with good
catalytic activity, stability and more selectivity via chang-
ing their forms, sizes and morphologies [6]. Applications
of nanoparticles in catalytic reactions are because as size
decreases, the surface area-to-volume ratio increases,
which enhanced interaction between the reactant and the
catalyst, which are needed for high catalytic efficien-
cies [7]. Unsupported nanoparticles are often less stable,
and usually coagulation is inevitable during the catalytic
reactions [8]. To generate stable nanoparticles with good
activity, stabilizing the surface is required. Protection
has been performed by the addition of polymers or long-
chain alkyl surfactants with polar functional groups that
attached to the nanoparticle surface via covalent or elec-
trostatic interactions [9, 10]. Alternatively, nanoparticles
have been immobilized or grafted onto inorganic supports
to improve their stabilization and recycling ability [12].
Progress in the discovery of new support materials for the
heterogenization of homogeneous catalysts has been peri-
odically reviewed [13]. In this article, the green catalytic
processes and recent advances in organic transformations
catalyzed by magnetically retrievable catalysts (MRCs)
are highlighted. Prior to this, methods for the synthesis of
catalysts immobilized on magnetic nanoparticles will be
addressed briefly.
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Magnetic nanoparticles

Materials have different behavior in the presence of an
external magnetic field. Their behavior is dependent on a
number of parameters, such as the atomic and molecular
structure of the material, and the net magnetic field shared
with the atoms. The attractive or repulsive forces between
magnetic materials can be explained in terms of magnetic
dipoles—tiny bar magnets with opposite poles. Thus,
materials can be categorized into diamagnetic, paramag-
netic, ferromagnetic, ferrimagnetic, and antiferro-magnetic
according to the arrangement of their magnetic dipoles in
the absence and presence of an external magnetic field [14].
For a ferromagnetic material, the magnetic dipoles at all
times exist in the absence and presence of an external field
and exhibit long-range order. This material shows a perma-
nent magnetic moment. Magnetic nanoparticles are used in
various applications, such as in biomedical to data storage
systems. One of the main applications of magnetic particles
is in magnetic separation. In this method, it is possible to
separate a specific matter from a mixture of different other
materials. The separation time is one of the major factors in
the magnetic separation. High magnetic gradient separation
(HGMS) is now widely utilized in the fields of medicine,
diagnostics and catalysis. In this case, a liquid phase con-
taining magnetic particles is passed by a matrix of wires
that are magnetized by applying a magnetic field [15].
Nanoparticles have recently emerged as efficient alterna-
tives for the immobilization of homogeneous catalysts
and as catalysts themselves [16]. The high specific surface
area of nanoparticles increased catalyst active sites which
are required for high catalytic performance. For example,
spherical nanoparticles with a diameter of about 10 nm
have a calculated surface area of 600 m? cm™>, which is
comparable to many porous supports applied for the stabi-
lization of homogeneous catalysts [17]. So, there is a lot
of room on the surface of these materials for the hetero-
genization of various homogeneous catalysts. In contrast
to bulk materials, nanoparticles with diameters of less than
100 nm can be easily dispersed in a liquid medium to form
stable suspensions. However, these particles are difficult to
separate by filtration. In such cases, ultracentrifugation is
usually the only way to separate the product and catalyst.
This problem can be solved by using magnetic nanoparti-
cles (MNPs), which can be easily removed from the reac-
tion mixture by magnetic decantation [18].

The special advantages of magnetic nanoparticles in
catalysis can be summarized as follows:

e The particles possess high specific surface areas. The
catalytically active sites can be distributed on the outer
surface of the support; thus, pore diffusion limitations
are avoided.
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e The particles are highly dispersible in solvents; thus, the
external active sites are easily accessible to the incom-
ing reactants.

e Catalyst recovery and reusability are the most important
features for many catalytic processes; most heterogene-
ous catalysts require a filtration or centrifugation step or
a tedious workup of the final reaction mixture to recover
the catalyst. However, catalysts immobilized on mag-
netic nanoparticles can be recovered by magnet attrac-
tion (Fig. 1) [19].

Developments of magnetic nanoparticles (MNPs) for
use as supports and explorations of their applications in
aqueous catalysis indicate an important branch of green
nanotechnology as they enable environmentally friendly
and sustainable catalytic processes. By simple recover-
able magnetic nanoparticles from reaction media, different
protocols through surface modification, binding and self-
assembly offer a broad scope of approaches for preparing
magnetically retrievable catalysts.

Surface modification of MNPs by organic and inorganic
coating

Iron oxides are themselves well known to act as catalysts
in some organic reactions [20-22]. However, it is essential
to build up a strong barrier between the magnetic core and
the catalysts to circumvent unfavorable interactions with
molecular catalysts immobilized to the surface of the nano-
particle. Protection of MNPs with silica avoids unwanted
contacts with the core and prevents particle aggregation. In
addition, the presence of silanol groups allows simple sur-
face functionalization with different functional groups. The

Fig. 1 Catalytic separations by magnetic attraction
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MNPs protected with silica is more hydrophilic and more
biocompatible than those stabilized by oleic acid. Protec-
tion of iron oxides with silica to form core—shell structures
due to the presence of surface FeOH groups is quite simple.
So, it is needed to apply processes which make the metal
surface vitreophilic before starting the coating process [23].
The sol-gel process is the main method for the protec-
tion of MNPs with silica [24, 25]. This method basically
relies on the well-known Stober process in which silica is
formed over the nanoparticles by the hydrolysis and fol-
lowing condensation of silicon alkoxides (usually, tetra-
ethyl orthosilicate, TEOS) in alcohol/water mixtures under
basic conditions. Interestingly, the thickness of the silica
shell can easily be manipulated by the reaction conditions.
Philipse et al. [26] illustrated that Fe;0,@SiO, MNPs with
a average diameter of 60—120 nm could be achieved by the
Stober process when the bare Fe;O, MNPs were pretreated
with a layer of silicate in aqueous solution. In another
research, Deng et al. [27] developed the effect of alco-
hols (methanol, ethanol, 2-propanol, n-propanol), the ratio
of alcohol to water and the amount of aqueous ammonia
added through the synthesis on the formation of silica-sup-
ported magnetic nanoparticles. It was represented that a pH
value between 8 and 10 is ideal for the protection reaction,
as it decreases the solubility of the silicate species in solu-
tion and also results in a homogeneous coating on the nan-
oparticle surface without the formation of new silica nuclei.
In addition, low concentrations of MNPs and suitable treat-
ment with sonication to separate individual magnetic par-
ticles before the protection steps are preferred to achieve
typical core—shell nanostructures; otherwise, multi-nuclei
iron oxide cores introduced inside silica shells will be pro-
duced (Fig. 2) [28]. The presence of multi-nuclei iron oxide
cores entered in different shells also allows easy separation
of the particles (Fig. 2). An alternative way to increase the
magnetism is to produce composite particles by coating of

Fig. 2 Different morphologies (a) (b)
of MNPs/nanocomposites: a
spherical MNPs, b bimetallic

MNPs, ¢ typical core—shell ~
MNPs, d multi-nuclei MNPs L N

embedded in core-shell parti- . ‘ . ‘
cles, e MNP-silica nanocom- . ' ‘

posites, f MNP-decorated silica
spheres, g MNP encapsulated in
mesoporous materials [11] (e) Y 4

L J

magnetic colloids on a nonmagnetic particle [29]. This will
also assist easy and rapid separation because of the high
number of superparamagnetic particles. Two methods have
generally been applied for the preparation of such compos-
ites: the superparamagnetic particles can be embedded on
the surface of a preformed nonmagnetic support (typically,
a polymer or silica beads) or the superparamagnetic parti-
cles can be encapsulated inside a nonmagnetic matrix such
as mesoporous silica (Fig. 2). The fabrication of magnetic
porous-structured particles has attracted special attention
due to their arranged pore channels. They are available in a
tunable size range (2-50 nm) for hosting a lot of bio-/cata-
lytic compounds. The silica sites (Si—-OH) inside the pores
can easily be changed by common reactions of silicon.

Such materials are typically obtained by introducing
magnetic particles into the as-synthesized porous matrix or
by the synthesis of a porous layer on the surface of pre-
made magnetic nanoparticles [30, 31]. Besides mesoporous
silica, porous carbonaceous materials such as mesoporous
carbon or carbon nanotubes have been modified with mag-
netic nanoparticles for applications in catalysis [32, 33].
Although there are more applications for the magnetic core
and nonmagnetic shell NPs in the coming future, in this
section, the author will focus on applications of the mag-
netic nanoparticles (MNPs) as a catalyst support in organic
synthesis.

Fabrication of catalysts immobilized on magnetic
nanoparticles and its applications in organic synthesis

Catalysis is among the most important applications within
the field of nanoscience [34]. Catalysts can be involved
in some strategies for the fabrication of several nano-
structures like quantum dots, nanotubes. Furthermore,
some nanostructures themselves can serve as catalysts for
certain chemical reactions [35, 36]. Contrary to classic
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Fig. 3 Catalysis with a metal nanoparticles, b metal nanoparticles
capped with a protective shell, ¢ metal nanoparticles capped with
ligands contributing to the catalytic activity and d metal nanoparticles
with catalysts supported on the protective shell [39]

heterogeneous catalysts, [37] nanoparticles (NPs) are syn-
thesized in a bottom-up approach from molecular precur-
sors such as a metal salt, a stabilizer and a reducing agent.
When catalytic applications of NPs are discussed, four gen-
eral strategies can be considered in distinct form as well as
in combinations thereof. The first three strategies involve
the use of systems where the nanoparticle metal exerts the
dominating effect on the catalytic activity (Fig. 3a—c). In
all these cases, the catalytic reactions occur on the sur-
face of the nanoparticles, influenced just in one structure
by ligands/protecting agents that transmit effect to metal-
coordinated substrates in their vicinity (Fig. 3c). Also,
nanomaterials can act only as carriers for soluble catalysts
(Fig. 3d), a strategy which has been rarely discussed [38].
Herein, the clusters act as a structuring element for an
assembly of ligands, which are attached to the core mate-
rial via an additional function, different from the chelating
functional groups defining the catalytic center. The activ-
ity arises from a metal different to the core material. Only
in the latter case, the core material does not promote the
reaction.

Organic catalysts immobilized on magnetic
nanoparticles

Organocatalysis is an emerging area of research [40],
wherein metal-free approaches accomplish an array of
important reactions in an environmentally benign man-
ner [41]. Recently, this approach has been made even
greener by grafting the organocatalysts onto solid sup-
ports [42]. Organocatalysts functionalized on magnetic

@ Springer

supports have a broad range of applications in vari-
ous organic transformations. Significant advantages of
magnetic organocatalysts are their simple recovery and
reuse, which results in an environmentally benign cata-
lytic process. Major methods in synthesis of organic
molecule-immobilized magnetically retrievable cata-
lysts (MRCs) focus on traditional strategies, in which
organic catalysts or ligands are bonded onto the surface
of magnetic nanoparticles (MNPs) or SiO,-supported
MNPs. Earlier research in supporting of organic mol-
ecule onto Fe,O; MNPs was reported by Gao group [43]
at 2006. As shown in Scheme 1, they used dopamine as
a linker for immobilization of two amino acid residues
(Asp and His residues, which have a carboxylate group
and an imidazole molecule on side chains, respectively).
They also supported a mixture of two amino acid deriva-
tives of dopamine (1:1 molar ratio of N-Ac-dopamine-
Asp and N-Ac-dopamine-His) onto Fe,O; MNPs (aver-
age size of 12 nm), forming the Asp—His-functionalized
MNPs. This magnetically retrievable catalyst (MRC) is a
magnetic biomimetic nanocatalyst that represented high
activity in the hydrolysis of paraoxon (phosphoester) and
4-nitrophenyl acetate (carboxylic ester) in milli-Q water
(pH 7.0) at 37 °C. The hydrolyzed amount of paraoxon
could be converted to 77 % after 48 h and enhanced to
92 % after 96 h, which is considerably higher than the
amount achieved by using the corresponding pair without
a nanoparticle support. The increased activity is assigned
to synergic effect of the carboxylate—imidazole coopera-
tives on the surface of the nanoparticle. Moreover, Asp—
His-functionalized MNPs could be recovered easily and
reused for at least four times without apparent decrease
in conversion.

Developments in organic molecule-functionalized
MRCs were furthered by Polshettiwar and Varma group
[44]. Through a sonochemical strategy, they used glu-
tathione as organocatalyst and anchored it onto the surface
of Fe;0, MNPs via coupling its thiol group with the free
hydroxyl groups of Fe;O, surfaces. The resulting mag-
netic  glutathione-functionalized organocatalyst (nano-
FGT) exhibited high efficiency in the Paal-Knorr pyrrole
synthesis in water under microwave radiation (Scheme 2).
The nano-FGT showed that it could be separated easily
and reused at least five times without significant catalytic
activity. It also indicated high catalytic performance in aza-
Michael reactions and in synthesis of pyrazole. In another
study, Leque et al. [45] developed the use of nano-FGT to
catalyze homocoupling of several arylboronic acids. In this
case, electron-donating or withdrawing substituents at the
ortho or para position of aryl groups could be easily con-
verted to products with good yields. Furthermore, the recy-
cled catalyst could be utilized in a repeat reaction without
any considerable loss of activity.
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Scheme 2 Structure of nano-FGT and the catalytic reactions

Nemati group [46] prepared SiO,-coated sulfonic acid-
functionalized MNPs (Fe;0,@SiO,—SO;H). This catalyst
was used in the synthesis of pyrimido[4,5-b]quinolines
and indeno-fused pyrido[2,3-d]pyrimidines in water under
mild conditions (Scheme 3). Results indicate that Fe;0,@
Si0,-SO;H possessed good catalytic performance, produc-
ing yields of 81-95 %. It could be recovered completely,
and its catalytic efficiency remained unaltered after three

cycles, giving the one-pot method potential use in large-
scale synthesis.

Using alternative methods, Kefayati et al. [47] reported
sulfonic acid-functionalized MCM-48 coated on mag-
netite nanoparticles as a recyclable core—shell solid acid
catalyst for three-component condensation of B-naphthol,
aldehydes and barbituric acid. The obtained nanomagnetic
catalyst was used in the synthesis of 5-aryl-1H-benzolf]
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Scheme 4 Fe;0,@MCM-48-SO;H-catalyzed synthesis of benzochromenopyrimidines

chromeno [2,3-d]pyrimidine-2,4(3H,5H)-diones in good
yields under mild reaction conditions. The unique feature
of the reaction was the ease of workup and catalyst recov-
ery. The recovered catalyst maintained catalytic activity for
five successive runs (Scheme 4).

Recently, Firouzabadi et al. [48] prepared a modi-
fied sulfonic acid-functionalized magnetic nanoparticle
composite (Fe;0,@vy-Fe,0;—SO;H) using of ultrasonic
irradiation. By this method, the size of the nanoparticles
was decreased and the magnetization of the material was
highly improved. This improvement drastically affected
the efficiency and magnetic separation of the material as a
catalyst. This new modified nanomagnetic compound was
used as a highly efficient and recyclable catalyst for func-
tionalization of indole derivatives via Michael addition and
bis indolyl methane synthesis in entirely environmentally
friendly media at room temperature. This modified mag-
netic material can be easily applied for large-scale opera-
tions producing the desired products in excellent yields in
highly pure states (Scheme 5).

Also, Alizadeh and coworkers developed SiO,-coated
metformin-functionalized MNPs (Fe;0,@Si0,-Met) [49]
which was used for one-pot synthesis of pyran deriva-
tives in aqueous ethanol. As shown in Scheme 6, the cat-
alytic performance of Fe;0,@SiO,-Met was evaluated

@ Springer

by preparation of 2-amino-4-aryl-3-cyano-5-oxo-4H,5H-
pyrano[3,2-c]Jchromene and tetrahydro-benzo[b]pyran
derivatives. Synthesis was done by condensing 4-hydrox-
ycoumarin or dimedone, aldehydes, malononitrile in
EtOH-H,O mixture (1:1, v/v) under reflux conditions.
The Fe;0,@Si0,-Met could be recovered with an external
magnet and reused at least six times without obvious loss of
activity in a three-component model reaction of 4-nitroben-
zaldehyde, malononitrile and 4-hydroxycoumarin.

In another research, Sadeghzadeh formed quinuclidine
stabilized on FeNi; nanoparticles as catalyst for efficient,
green and one-pot synthesis of triazolo[1,2-a]indazole-
triones at room temperature [50]. The catalyst is readily
recovered by simple magnetic decantation and can be recy-
cled at least five times with no significant loss of catalytic
activity (Scheme 7).

Interestingly, a TEMPO-functionalized MNPs (TEMPO:
1-hydroxy-4-ox0-2,2,6,6,-tetra-methylpiperidine) was reported
by Karimi group [51]. As shown in Scheme 8, the Fe;0,@
SiO,~TEMPO catalyst indicated high sufficiency in the
aerial oxidation of acid-sensitive, sterically hindered alco-
hols. A major benefit of this method was that the products
could obtain >99 % purity without any chromatographic
purification, which is not usually achievable with most
halogen-based TEMPO-catalyzed processes. In addition,
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this catalytic protocol connects the advantages of heteroge-
neous strategies, which enable simple separation and high
reusability (up to 20 runs), and also homogeneous TEMPO-
based processes, which impart good activity and reproduc-
ibility. These benefits give potential use of the method in
large-scale applications.

Proline is one of the organic compounds widely utilized
in catalysis reactions, particularly in asymmetric aldol reac-
tions. Tan et al. [52] synthesized two chiral proline-immo-
bilized MRC-1 and MRC-2 (Scheme 9), which was applied
in the asymmetric aldol reaction in water. Unlike MRC-
2, MRC-1 could be dispersed more uniformly in water to
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Scheme 8 Catalytic oxidation of alcohols by Fe;0,@SiO,~TEMPO

Scheme 9 Structures of
MRC-1 and MRC-2 for the
asymmetric aldol reaction

0 (0]
H
+
NO,

form a stable suspension. This ability is attributed to the
nanoscale size of the supports and the high solubility of
imidazolium ion. Moreover, MRC-1 showed high catalytic
activity in the aldol reaction of a wide range of ketones and
aromatic aldehydes in water.

In another study, Safari and Gandomi-Ravandi [53] have
reported that CNTs could be immobilized on Fe;0, nano-
particles. This catalyst showed good activity in the synthe-
sis of diarylpyrimidinones using grindstone chemistry. The
method is efficient, high-yielding, time-saving and envi-
ronmentally friendly and has simplicity in the experimental
procedure (Scheme 10).

MRC-1 (10 mol%)
H,0, 12 h, 30 °C

yield: 92%

MRC-1

MRC-2

0. M0
O’Sl\/\/N N\/\/N\”\‘\\ N
H
8\5' N D
47 OZSI N\ NS

0 7l

dr: 88/12 (anti/syn)
ee: 85% (for anti-isomer)

Br o)

H
O

o) ¢}
H
+ HZNJ\NH2 + N
= 3

Fe304 -CNTs

Solvent less

Saar

Grinding

Scheme 10 Ketone instead of 1,3-dicarbonyl compounds employed in the Biginelli reaction under grindstone method
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Scheme 11 One-pot synthesis NH, S
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A .
‘—ONI@\/
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_CH3

Scheme 12 Synthesis of b-amidoalkylnaphthols catalyzed by SPION-ACI,

Ionic liquids immobilized on magnetic nanoparticles

Ionic liquids (ILs) are increasingly being explored for
targeted chemical tasks due to their unique chemical and
physical properties of nonvolatility, nonflammability, ther-
mal stability and controlled miscibility [54]. Although ILs
possessed several advantages, their widespread practical
application was still banned by some disadvantages such
as high viscosity, difficult separation and reusability and
consequently high cost for the use of ILs in large-scale
application [55]. So, in order to reduce these drawbacks,
supported IL catalyst as a novel heterogeneous catalyst
with the advantageous characteristics of ILs, inorganic
acids and solid acids had been designed for catalyzed
transformations [56]. Among various applications of ILs in
organic chemistry, imidazolium ionic liquid-type catalysts
represent one of the most prominent advancements [57].
Recent studies show that magnetic nanoparticles (MNPs)
are excellent supports for ILs due to their good stability,
simple preparation and functionalization, high surface
area, low toxicity and easy separation by magnetic attrac-
tions [58]. These attractive features have made MNPs a
favorable alternative to catalyst supports. Mokhtary and
Azgomi reported a magnetically supported ionic liquid on
Fe;0,@Si0, nanoparticles (MNPs@SiO,-IL) [59]. The

MNPs@SiO,-IL was evaluated as a retrievable catalyst
for the one-pot synthesis of 1,3-thiazolidin-4-ones in high
to excellent yield under solvent-free conditions. The cata-
lyst could be easily recovered by magnetic separation and
recycled for 10x without significant loss of its catalytic
activity (Scheme 11).

Also, Khosropour et al. [60] immobilized a unique
dicationic ionic liquid tethered to superparamagnetic iron
oxide nanoparticles (SPION-ACI,) as a green and power-
ful catalyst for the efficient synthesis of Betti bases in high
to excellent yields. The catalyst could then be recycled
and reused at least six times without any loss of activity
(Scheme 12).

A magnetic nanoparticle-supported polyoxometalate
was reported by Kooti et al. [61]. The supported phospho-
tungstic acid was indicated to be an effective heterogene-
ous catalyst for the preparation of «-aminophosphonates
under solvent-free conditions at ambient temperature. The
catalyst is easily recovered by simple magnetic separation
and can be recycled several times with no considerable loss
of catalytic activity (Scheme 13).

In another research, Khalafi-Nezhad and Mohammadi
[62] reported a magnetic-supported acidic ionic liquid-
catalyzed one-pot synthesis of spirooxindoles. Opera-
tional simplicity, low cost, high yields, wide applicability
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Scheme 13 PTA/Si-imid@
Si-MNPs-catalyzed synthesis of
a-aminophosphonates

R'= H, Br, NO,, F, OMe
R’= Me, Et

0
S
R// é/

R =H, 4-NO;, 4-MeO, 2-Br, 3-Me

B R
O=P(OR), 77 ]
NH, H

>Si/\/\ N NH H2[PW1204]

PTA/Si-imid @Si-MNPs

j)]\
PN .
0 7 NH,

MSAIL (1.5 mol %) | H,0, rt

O,

IL-PtMNPs, H,

W

CH3;0H, 90 °C

e o .P .
Pt IL-PtMNPs
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and reusability and easy recovery of the catalyst using an
external magnet are the key features of this methodology
(Scheme 14).

Also, Abu-Reziq et al. [63] found that the Pt nanopar-
ticles immobilized on MNPs modified with ionic liquids
(ILs) are very efficient and reusable catalyst for the che-
moselective hydrogenation of «,B-unsaturated aldehydes
and alkynes. The adsorption of Pt nanoparticles on the
IL-functionalized MNPs was obtained by ion exchange
with K,PtCl, followed by reduction with hydrazine. This



JIRAN CHEM SOC (2016) 13:1827-1845

1837

Scheme 16 Synthesis of 0 0)
B-keto enol ethers by AlL,Cl,-IL-
Si0,@vy-Fe,04
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R

Scheme 17 Fe;0,@8Si0,-Schiff base complex of metal ions-catalyzed enantioselective synthesis of 1,1-diacetals from aldehydes

Fe3;04@Si0,-Schiff base/Pd(IT)

Base, Solvent

RO%Ph

Scheme 18 Sonogashira coupling in the presence of Fe;0,@SiO,-Schiff base/Pd(Il) nanocatalyst

catalyst was used for the hydrogenation of diphenylacety-
lene in methanol at 90 °C under hydrogen pressure with the
selective formation of cis-alkenes (Scheme 15).

Recently, a magnetically ionic liquid supported on
y-Fe,05 nanocatalyst (AL, Cl,-IL-Si0,@y-Fe,05) was syn-
thesized by Zhang et al. [64]. The catalyst was evaluated
for the synthesis of B-ketoenol ethers. The immobilized
catalyst proved to be effective and provided the products
in high to excellent yield at room temperature. Moreover,
the catalyst could be easily recovered by magnetic separa-
tion and recycled for six times without significant loss of its
catalytic activity (Scheme 16).

Metal complexes immobilized on magnetic
nanoparticles

Coating of MNPs with precious metals such as gold, plati-
num or palladium [65, 66] leads to very useful, bimetallic
magnetic nanoparticles. For example, magnetic nanoparti-
cles coated with Au have distinct advantages over its coun-
terpart based on a single-metal component [67]. Generally,
protection of magnetic core with relatively non-magnetic
inert shell such as silica improves the chemical stability of
magnetic nanoparticles. The silica shell can be easily func-
tionalized and good for grafting of several catalytic species
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Scheme 19 Synthesis of
azoxyarenes catalyzed by

R
Zn (II)-AcPy @ ASMNP N |

— o —
/R

Zn(1I)-AcPy @ ASMNP

R@- NH,

\ /7 VTN /

HzOz, MeCN

i0
0
~0=5i7 YNV ONT YN

Zn (II)-AcPy@ASMNP

I
7 —~N._ .z
AcO— 40

OAc

Scheme 20 Epoxidation of (0]
alkenes and hydroxylation of -
alkanes with NalO, catalyzed .
by Mn(TPyP)OAc/SiO,—Fe;0, [Mn(TPyP)/SiO,@Fe304] or
or .
| 2 CH;CN/H,0O/NalO4/Imidazole OH 0
R-CH,-R ! ”

[Mn(TPyP)/SiO,@Fe;04]

containing transition metal complexes. Sardarian et al. [68]
reported many different metal ion species of Schiff bases bind
on magnetic silica nanoparticles to produce a series of cata-
lysts which can be used for the synthesis of 1,1-diacetals from
aldehydes. They reported yields are in excess of 90 % for
reactions involving the chromium (IV) catalyst (Scheme 17).

In addition, the same researchers [69] synthesized a
Schiff base complex of Pd(II) supported on superparamag-
netic Fe;0,@Si0, nanoparticles as an efficient copper- and
phosphine ligand-free recyclable catalyst for Sonogashira
coupling reactions (Scheme 18).

Also, silica-encapsulated magnetic nanoparticles-sup-
ported Zn(I) nanocatalyst was prepared by Sharma and
Monga [70]. The obtained nanomagnetic catalyst was used
in the synthesis of azoxyarenes, combined with facile cata-
lyst recovery and recyclability with excellent reactivity and
selectivity (Scheme 19).

It was reported by Tangestaninejad et al. [71] that mag-
netic nanoparticles with a silica shell can act as a support
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for a manganese(III) tetrapyridylporphyrin which can act as
a catalyst for the epoxidation of alkenes and hydroxylation
of alkanes. This new heterogeneous catalyst is of high reus-
ability in the oxidation reactions, in which the catalyst was
reused several times without significant loss of its catalytic
activity (Scheme 20).

In another study, Wang et al. [72] synthesized a highly
efficient, simple, recoverable and reusable Fe;O, magnetic
nanoparticle-immobilized Cu(I) catalyst for the synthesis
of quinazolinones and bicyclic pyrimidinones. In this pro-
cedure, amidines reacted with substituted 2-halobenzoic
acids and 2-bromocycloalk-1-enecarboxylic acids in the
presence of catalyst (10 mol%), to generate the correspond-
ing N-heterocycle products in good to excellent yields at
ambient temperature in DMF. In addition, the supported
Cu(I) catalyst could be recovered at least 10x with little
loss of its catalytic activity (Scheme 21).

Recently, Tajbakhsh et al. [73] produced nanomagnetite-
functionalized 2,2’-biimidazole complex of metal ion Cu(I)
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Scheme 21 Synthesis of quinazolinones and bicyclic pyrimidinones by Fe;0,@SiO,—Cu(I)
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Scheme 22 Synthesis of propargylamines and 1,4-disubstituted 1,2,3-triazoles catalyzed by MNP@ BiimCu(I) nanoparticles
Scheme 23 Mizoroki—-Heck 0
cross-coupling reaction using X
Pd-DABCO-y-F ' '
d-DABCO-y-Fe,0, OR' " Pd-DABCO-y -Fe,0, = OR

EiN

Pd-DABCO-y -Fe,0,

OAc

as robust, efficient and recyclable catalysts for green syn-
thesis of propargylamines and 1,4-disubstituted 1,2,3-tria-
zoles in water. The prepared nanocatalyst can be easily
recovered and reused many times without a significant
decrease in activity and selectivity (Scheme 22).

One of the effective Mizoroki-Heck cross-coupling
heterogeneous catalysts was reported by Sobhani and

Pakdin-Parizi [74]. In this method, palladium-DABCO
complex immobilized on y-Fe,O; magnetic nanoparti-
cles (Pd-DABCO-y-Fe,0;) was prepared as an efficient
and recoverable catalyst in Mizoroki—-Heck cross-coupling
reaction of aryl halides with olefins under solvent-free con-
ditions which was active even after reused five times under
solvent-free conditions (Scheme 23).
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Scheme 24 Reduction reaction
of rhodamine B to their leuco

Fe;0,@Si0,-Ag + NaBH, (very fast)

form Dye (Dye)R
Only NaBH, (Very slow)
Reduced form of dye
+ Cl
Et,N 0] NEt, Et,N (0] NEt,
Z ‘ Reduction
H
CO,H CO,H
Rhodamine B (RhB) Leuco RhB

® = Fe,0, @ Si0, @ TiO,

Fig. 4 Proposed waste-to-wealth aquaponic concept. From residual
nitrogen to plant growth via photoassisted conversion. Reproduced
with permission from [76]

Dyes are among the most common organic industrial
pollutants. Methods applied to dye textiles, paper, plastic,
leather, food, and cosmetics are major sources of toxic spe-
cies in the form of colored wastewater. Nakagaki et al. [75]
used recyclable Fe;0,@SiO,—Ag nanospheres as a catalyst
for the rapid decolorizing of dye pollutants. The catalytic
reaction rate is powerfully dependent on both reaction tem-
perature and Fe;0,@Si0,—Ag amount. Ag nanoparticles
immobilized on Fe;0,@Si0, surfaces serve as an electron
relay system and play major role during electron transfor-
mation. The catalyst indicates high efficiency for the treat-
ment of some industrial dye pollutants (Scheme 24).

An easy and innovative concept for a micro-aquaponic
system (MAS) to valorize residual nitrogen via photocata-
lytic conversion was also developed by Khakyzadeh et al.
[76]. Results confirmed that over 70 % of ammonia could
be oxidized to nitrates within 1.5 h under UV irradiation
and the remaining taken up by plants which experienced a
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significantly superior plant growth (with results showing
1.8-1.6x improved petiole growth) with respect to stand-
ard grown samples. The proposed strategy may smooth the
way to a new eco-farming model aimed to maximize the
value of residues to valuable end-products with multidisci-
plinary efforts and low environmental impact technologies
(Fig. 4).

Synthesis and applications of dendrimer and polymer
immobilized on magnetic nanoparticles

By immobilization of a dendrimers or polymers to the
surface of the nanoparticles, the loading with functional
groups can be significantly enhanced. By earlier research of
Tomalia [77] and Newkome [78], dendrimers have gained
remarkable attention as well-defined highly branched struc-
tures giving rise to applications in catalysis, sensing, molec-
ular electronics and nanomedicine [79]. One of the interest-
ing properties of the starburst dendritic architecture is the
high number of functional end groups contrasting linear
polymers. There are generally three methods for modifying
solid supports with dendrimers: the divergent preparation of
dendrimers on the surface of the support after introducing a
linker, the binding of presynthesized dendrimers of various
generations and the fabrication of nanoparticles within the
boundaries of preformed dendrimers (Fig. 5).

While the solution phase synthesis of dendrimers and
following binding might be more easily controlled allow-
ing routine analytics, their generation on the magnetic sup-
port can lead to a higher density of functional groups and
enables a more suitable workup after each coupling step.
Dendrimers are usually immobilized onto magnetic nano-
particles to improve the dispersion of the latter in organic
solvents and to multiply functional groups on the surface.
For example, poly(amidoamine) (PAMAM) dendrimers
on the surface of silica-coated magnetite nanoparticles
were reported by Alper et al. [81]. In this procedure, first,
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Fig. 5 Synthesis of dendrimer-
coated magnetic nanoparticles (a)

via stepwise divergent synthesis
(a), grafting of complete @ X — @ U X = @ o X
dendrons (b) or synthesis of

magnetic nanoparticles (MNPs)
inside globular dendrimers (c)
[80]

(b)

(©)
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Scheme 25 Growing PAMAM dendrimers on the surface of silica-coated magnetite beads

=\ / [Rh(COD)CLIG() — CHO — CHO
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X = H, Me, F, Cl, CH,Cl,, 50 °C
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Scheme 26 Rhodium-catalyzed hydroformylation with dendronic magnetic silica nanoparticles

@ Springer



1842 JIRAN CHEM SOC (2016) 13:1827-1845
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tion method. Reproduced with NH3 1) 95 °C %
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magnetic core—shell particles with an approximate size of
60 nm were functionalized with (3-aminopropyl)triethox-
ysilane (APTMS) to provide an amino group as a initiat-
ing point. Then, PAMAM dendrons were synthesized by
Michael-type addition of methyl acrylate followed by
amide formation with ethylenediamine (Scheme 25).

Rh complex-immobilized magnetic dendrimer could be
formed, and the resulting magnetic catalyst was used in
hydroformylations of styrene derivatives leading to high
selectivities and reactivities for five runs (Scheme 26) [81].

Although dendrimers can efficiently increase functional
groups on the surface of magnetic nanoparticles, polymers
present other advantages: They often need less synthetic
attempt to achieve at high molecular weight analogues,
which accelerate dispersion stabilities of the particles
through enhanced steric repulsion. However, polymer coat-
ings deal with an inherent restriction: within dense polymer
diffusion, and as a consequence thereof, access to active
sites can be hindered. While this is also the case for less
common dendrimers with intradendritic active sites, gen-
erally they are produced to show well-exposed active sites
on their surface. At higher generations, however, steric
hindering might also limit the availability to active sites
in such cases. Coating of MNPs with polymers is another
approach to stabilize MNPs. The typical method of surface-
initiated atom transfer radical polymerization has been
widely applied in coating of MNPs [82]. As compared
to the other shell materials, a polymer shell can serve as
a surfactant or stabilizer to prohibit the agglomeration of
NPs. Also, it can be applied to prepare the nanocapsula-
tion via the layer-by-layer procedure, and it can be func-
tionalized with other materials by selectively choosing the
shell materials such as branched poly(ethylenimine) shell
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magnetic core

around the poly(methylmethacrylate) (PMMA) core [83].
The preparation of polymer-coated nanoparticles, out-
lined in Fig. 6, was an adaptation of the method used by
Nakatani et al. [84] to prepare polyisobutylene-coated iron
nitride nanoparticles. In their work, iron pentacarbonyl was
thermally decomposed in the presence of a polymeric dis-
persant, ammonia and kerosene. Ammonia was provided
as the source of nitrogen required for the formation of iron
nitride.

Emulsion polymerization was examined by Gao and
coworkers as an effective route to core—shell polymer-
coated iron oxide nanoparticles [86]. y-Fe,O; nanocrys-
tals coated with a layer of oleate were trapped in micelles
by vigorously stirring with an amphiphilic surfactant in
an aqueous medium. 4-Vinylbenzene chloride (VBC) and
1,4-divinylbenzene (DVB) were entered into the hydro-
phobic micellar cores and polymerized upon addition of a
radical initiator forming very thin (about 2 nm) polymer
shells around the magnetic nanoparticles. N-heterocyclic
carbene ligands (NHC) were afterward introduced subse-
quently by the formation of Pd-complexes, which were uti-
lized in Suzuki, Heck and Sonogashira coupling reactions
(Scheme 27).

Another interesting development is the immobiliza-
tion of polydentate ligands on magnetic nanoparticles that
enable effective removal of toxic transition metal. Recently,
Lakouraj et al. [87] reported a magnetic chitosan grafted
thiacalix [4] arene (Fe;O,-contained CS-g-TC4A) super-
paramagnetic nanocomposites via click reaction of freshly
prepared magnetic chitosan azide with monopropargyl
thiacalix [4] arene. The Fe;0,-contained CS-g-TC4A was
evaluated for adsorption of many different metal ion spe-
cies. The maximal adsorption capacities of Pb(Il), Cd(Il),
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Scheme 27 Catalytic activity NHC-Pd@Fe,O,/PS in Suzuki, Heck and Sonogashira cross-coupling reactions
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M = Metal ions

o = Fe;0,-contained CS

Fig. 7 Proposed ion complexation of Fe;O,-contained CS-g-TC4A
super-paramagnetic nanocomposite [87]

Co(II), Ni(I), Cu(Il) and Cr(Ill) by Fe;O,-contained CS-
g-TC4A superparamagnetic nanocomposite, as calculated
from the Langmuir model, were 23.28, 20.08, 15.89, 16.12,
17.85 and 14.92 mg/g, respectively (Fig. 7).

Summary and outlook

According to this article, there are some fascinating new
developments in catalysts immobilized on magnetic nano-
particles. There is a clear approach involving silica coat-
ing of magnetic iron oxide core followed by functionali-
zation using convenient alkoxysilane derivatives. Simple
modification of the magnetic nanoparticles surface with
organic ligands enhances the adsorption of catalytically

active metal nanoparticles, as highlighted with palladium-
mediated C-C coupling and Pd-catalyzed hydrogenation
reactions. The high dispersity of the MNPs in various sol-
vents is another advantage, since it exposes the surface-
bound active reaction sites for the reactants in an optimal
way. This lets diffusion limitation to be dominated, which
is usually found in microporous or mesoporous hetero-
genized solids. Obviously, catalysts immobilized on mag-
netic nanoparticles can be recycled many times by simple
magnetic attraction without significant loss in their cata-
lytic activity due to the unique magnetic properties of the
superparamagnetic particles. Because metal nanoparticles
are highly reactive and possess high specific surface area,
the stabilization of such materials during or after catalytic
reactions is undoubtedly an important issue. A detailed
examination of such issues assists understanding of the
mechanism of nanocatalysis and also provides valuable
suggestion for the preparation of stable nanoparticles to
increase or keep their catalytic activity. The sustainable
synthesis of magnetically retrievable catalysts using less
toxic and readily available reactants as well as environ-
mentally benign solvents or supports will also make this
field of research green. Further interesting development
is the stabilization of polymer, dendrimer or polydentate
ligands on magnetic nanoparticles that enable effective
removal of toxic transition metal ion species. This tech-
nique provides appropriate industrial applications in phar-
maceutical products, food additives and other sectors [88].
Finally, future endeavors for more efficient protocols will
still focus on the stability, sustainability, environmental
impact and significant cost and energy savings because of
the growing needs of industry. These efforts enable a wide
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variety of industrial applications for magnetic catalysts in
the future.
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