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1. Introduction

Nanochemistry is an exponentially growing research field
in modern science that involve the synthesis and application
of nanoparticles of different sizes and shapes.[1] Nanoparticles
are different from their bulk counterparts and exhibit unique
properties. A typical well-known example is the fluorescence
emission from semiconductor nanocrystals (quantum dots,
QDs) which is dependent on the particle size and covers the
entire visible spectrum.[2] Decreasing the size of a particle
results in a larger share of the atoms being located on the
surface, which can increase the influence of surface effects on
the material properties. It has, for example, been shown
theoretically and experimentally that decreasing the size of a
crystalline metal particle will confine the electron motion. In
parallel, the electronic bands of the crystal get gradually
quantized, thereby resulting in an increase in the band-gap
energy.[3] As described by El-Sayed, new properties, which are
possessed neither by the bulk solid nor by the molecules or
atoms forming the solid, are expected to be observed under
these size transitions. This makes nanochemistry interdisci-
plinary—integrating different areas of research from material
science to biomedicine.[4]

Colloidal metallic nanoparticles have widely been used
for catalytic transformations, and represent something like
the frontier between homogeneous and heterogeneous catal-
ysis— these system are often referred to as “quasihomoge-
neous” (or soluble heterogeneous) systems.[5–11] A series of
reduction techniques using molecular hydrogen,[12] alco-
hols,[13] or NaBH4

[14] have been reported for the synthesis of
colloidal metal nanoparticles. Since nanoparticles possess a
large fraction of their atoms on the external surface, they have
to be stabilized by capping agents such as polymers,[15]

surfactants,[16] dendrimers,[17] and ionic liquids.[18] Applications
in catalysis are clear as these systems offer high surface areas
and a high concentration of low-coordinated sites and surface
vacancies, which are required for high catalytic perform-
ances.[19] Besides the inherent size–activity relationship, the
particle shape also has to be taken into account.[20] For
example, hexagonal Pt(111) surfaces were reported to be
about 3–7 times more active for aromatization reactions than
cubic Pt(100) surfaces.[21] Thus, controlling the particle
morphology is widely utilized to tune their activity and
selectivity.[22]

Reaction time, temperature, and the concentration of
reactants added during particle synthesis allow control over
the particle size[23] as well as particle ripening.[24] Unprotected
nanoparticles are usually unstable and coagulation is unavoid-
able during the catalytic transformation.[25] To produce stable
nanoparticles and to retain their high activity it is necessary to
terminate the particle growth and to stabilize the surface.
Protection has been achieved through the addition of capping
agents or by immobilization in solid materials with high
specific surface areas.[23, 26,27] Capping agents used for this
purpose are mainly polymers or long-chain alkyl surfactants
with polar head groups that bind to the nanoparticle surface
through covalent or electrostatic interactions. The stabiliza-
tion itself is explained by electrostatic or steric effects or by a
combination of both (Figure 1). A wealth of catalytic appli-
cations of such nanosystems have been reported, the catalytic
reduction of nitrobenzene, for example.[28] Catalysis of olefin
hydrogenation and CO oxidation at low temperatures by Au
nanoparticles,[29] and the catalysis of C�C coupling[30] or
hydrosilylation reactions of olefins[31] by Pd nanoparticles are
further examples.

Alternatively, nanoparticles have been immobilized or
grafted onto inorganic supports to improve their stabilization
and recycling ability.[23, 32] Porous materials also allow control
over the particle growth according to the pore size and the
enhancement of the dispersion and concentration of the
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duction of magnetic nanoparticles in a variety of solid matrices
allows the combination of well-known procedures for catalyst
heterogenization with techniques for magnetic separation.
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active sites in the host matrix.[33] Progress in the discovery of
new support materials for the heterogenization of homoge-
neous catalysts has been periodically reviewed.[34]

In this Review, we highlight the application of magnetic
nanoparticles (MNPs) as catalysts and as catalyst supports.
The advantages of these systems over conventional non-
magnetic porous solids with high specific surface areas are
summarized. Prior to this, methods for the synthesis, stabili-
zation, and characterization of MNPs will be addressed
briefly.

2. Heterogenization of Homogeneous Catalysts:
Why Magnetic Nanoparticles?

The main focus of catalysis research in the past was to
enhance catalytic activity and selectivity. Recovery of the
catalyst was not really a serious concern. However, in “green
chemistry” approaches for catalytic reactions, the recovery
and reuse of catalysts becomes an important factor because of
stringent ecological and economical demands for sustainabil-
ity.[35, 36] Homogeneous catalysts have the advantage that they
are well defined on a molecular level and readily soluble in
the reaction medium. Such single-site catalysts are highly
accessible to the substrates and often show high catalytic
activity and selectivity, even under mild conditions. However,
removing them from the reaction mixture to avoid contam-
ination of the product requires expensive and tedious
purification steps.[36] Moreover, the catalyst often consists of
a high-priced noble metal and/or ligand. Thus, despite their
intrinsic advantages, homogeneous catalysts are used in less

than 20% of the industrially relevant processes.[37] On the
other hand, there are often different catalytically active sites
with differing activities and selectivities in the bulk material
of a heterogeneous catalyst, which are challenging to probe
on a molecular level.[38]

Recycling of homogeneous catalysts is thus an important
issue in the sustainable and large-scale production of fine
chemicals. It is of special importance for enantioselective
transformations, in which the cost of sophisticated ligands
often exceeds that of the noble metal employed.[39] The
catalyst can be recycled under liquid–liquid and solid–liquid
conditions. Liquid–liquid techniques rely on dissolving the
catalyst and the product in different nonmiscible solvents,
which allows recovery by simple phase separation. However,
the process is limited by the solubility of reactants in the
catalyst medium (usually water) and by the mass transfer
through the interface. The high interfacial tension between
water and nonpolar organic solvents results in the interface
area being small, which leads to the total activity of the system
being lower.[40] Solid–liquid techniques are based on the
immobilization of catalytically active metal particles or
compounds on solid supports (for example, organic poly-
mers/resins or inorganic oxides). In the case of solid particles
suspended in a liquid, the rate of transfer of reactants within
the liquid to the catalyst is inversely proportional to the
particle diameter. Thus, the activity (and the selectivity) of the
suspended catalyst will benefit from decreasing the particle
size.[41] It is worth mentioning at this point that the dispersion
of most conventional heterogeneous catalysts in liquid media
is poor and in most cases distinct solid–liquid separation
occurs, even after vigorous stirring.

One way to overcome this drawback is to keep the size of
the particles as small as possible.[23, 42] Nanoparticles have
recently emerged as efficient alternatives for the immobiliza-
tion of homogeneous catalysts and as catalysts them-
selves.[6, 32,43] The large specific surface area of nonporous
nanoparticles means that high loadings of catalytically active
sites are guaranteed and diffusion in the pores will no longer
limit the kinetics. For example, spherical nanoparticles with a
diameter of about 10 nm have a calculated surface area of
600 m2 cm�3, which is comparable to many porous supports
used for the immobilization of homogeneous catalysts.[44]

Thus, one could say that there is plenty of room on the
surface of these nanoparticles for the heterogenization of
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Figure 1. Methods for the stabilization of nanoparticles: a) electro-
static and b) steric stabilization.
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various homogeneous catalysts. Investigating such small-sized
particles will also assist in understanding the relationships
between homogeneous and heterogeneous catalysis, and
could efficiently bridge the gap between these two traditional
disciplines. Unlike conventional micrometer-sized particles,
nanoparticles can be easily dispersed in a liquid medium to
form stable suspensions. However, particles with diameters of
less than 100 nm are difficult to separate by filtration
techniques. In such cases, expensive ultracentrifugation is
often the only way to separate the product and catalyst. This
drawback can be overcome by using magnetic nanoparticles
(MNPs), which can be easily removed from the reaction
mixture by magnetic separation.

At this point, the unique magnetic features of ferromag-
netic materials of a certain size (10–20 nm) will be discussed.
They often exhibit a special form of magnetism called
superparamagnetism.[45] Magnetic solids possess magnetic
domains with well-defined magnetic sublattices which are
separated by domain walls. The magnetic moments of these
domains are oriented randomly if the solid has not been
magnetized by the application of an external magnetic field.
Below a critical size, an MNP possesses only a single magnetic
domain and has a net magnetic moment that results from the
sum of all uncompensated spins in the nanoparticle. Such
particles are named single-domain particles. Thermal excita-
tion enables the magnetization of the single-domain particles
to relax between the axes of easy magnetization. Such
magnetic behavior of small single-domain particles is called
superparamagnetism. In the simplest case of uniaxial relax-
ation, a relaxation process where the magnetization flips
around an angle of 1808, the relaxation rate of a single domain
particle with volume Vat a temperature T is given by the N�el
Equation [Eq. (1)].[46]

n ¼ n0 exp � KV
kBT

� �
ð1Þ

The energy barrier E = KV is called the anisotropy energy
and describes the strength of the “pinning” of the single-
domain particle magnetization; v0 is a pre-exponential factor
on the order of 109 to 1012 s�1. Every magnetic material has its
own characteristic anisotropy constant K, but in the case of
single-domain particles, K may be considerably increased by
almost one order of magnitude from the solid state value

because of surface and form anisotropy contributions.
Although superparamagnetic particles possess a a fluctuating
magnetic moment ~mm rather than a permanent one, they will
respond to an external magnetic field ~BB. However, it is
important to note that the resulting force ~FFm will be—just as
in the case of a paramagnetic material—proportional to the
magnetic field gradient, according to [Eq. (2)].[47]

~FFm ¼ ð~mmrÞ~BB ð2Þ

If the particle size increases above a critical size, multi-
domain magnetism predominates. In this case each magnetic
domain possesses independent directionality, which results in
a decrease in the magnetic coercivity (Figure 2).[48] For

example, when the diameter of cobalt nanoparticles increases
from 4 to 8 nm, the magnetic coercivity at 5 K increases from
370 to 1680 Oe, while a further increase to 13 nm decreases
the magnetic coercivity to 250 Oe.[49] Some of the interesting
magnetic features of superparamagnetic particles can be
summarized as follows:
* Superparamagnetic particles can be manipulated by exter-

nal magnetic field gradients.
* The field required to fully align all the particle moments is

generally high; therefore, saturation will not be observed
at lower Tesla values.

* When the field is removed, thermal energy allows reor-
ientation of the spins of the particles in a way that no
external energy is required to demagnetize the system.[45]

This peculiar nature has resulted in different methods
having recently been developed for the synthesis of super-
paramagnetic nanoparticles with a defined size and shape.
Such particles have found application, for example, in
contrast enhancement in magnetic resonance imaging
(MRI), in drug-delivery systems, in bioseparation, and in
catalysis.[26, 50] The specific advantages of magnetic nano-
materials in catalysis can be summarized as follows:
* The particles possess high external surfaces.
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Figure 2. Plot of magnetic coercivity versus particle size.[45]
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* The catalytically active sites can be distributed on the
outer surface of the support; thus pore diffusion con-
straints are avoided.

* The small size of the particles (typically < 50 nm) means
they are highly dispersable in solvents; thus the external
active sites are readily accessible to the incoming reactants.

* The application of an external magnetic field allows the
particles to be removed in a simple and efficient way
(typically > 99%).

However, MNPs tend to aggregate in clusters or clumps
when treated without any protection agents, thus canceling
out their unique properties derived from their small size.[51]

Protocols for coating such reactive nanoparticles with surfac-
tants were developed to circumvent this problem.[52] Alter-
natively, coating these particles with inorganic layers such as
silica is considered as an efficient approach. This treatment
not only stabilizes the MNPs, but also allows further
modification of the surface with other functional groups.

3. Synthesis of Superparamagnetic Nanoparticles

Intensive studies on the conditions—the use of different
precursors, solvents, and capping agents—for the synthesis of
colloidal particles recently led to the development of various
sized/shaped superparamagnetic nanoparticles.[26,53] Such
magnetic colloids can be metals (Fe, Co, Ni), alloys (FePt,
FePt3), metal oxides (FeO, Fe2O3, Fe3O4), or ferrites
(CoFe2O4, MnFe2O4). Iron chloride, acetate, acetylacetonate,
and carbonyls are commonly used precursors for the synthesis
of iron oxide nanoparticles.[54] Iron pentacarbonyl
([Fe(CO)5]) is a widely used precursor for the synthesis of
Fe nanoparticles.[55] The synthesis of pure metal nanoparticles
is considered a difficult task, since metals such as iron are
readily oxidized under ambient conditions. This means that at
least the surface of such particles is covered by various native
oxides. Among the iron oxides, g-Fe2O3 (maghemite) and
Fe3O4 (magnetite) have received more attention than FeO
since smaller FeO nanoparticles are again quite sensitive
towards oxygen.[56] In maghemite, the iron ions are distributed
in the octahedral (Oh) and tetrahedral (Td) sites of the spinel
structure, with cationic vacancies within the octahedral
sites.[57]

Ferrites of the spinel type with the general formula
MFe2O4 (M = Co, Mn, Ni) are probably the most widely used
and studied magnetic materials in heterogeneous catalysis.[58]

The magnetic moments of ferrite nanoparticles are intrinsi-
cally related to the composition of the ferrite particles.[59] For
example, the incorporation of Co2+ ions into an iron oxide
matrix to give CoFe2O4 enhances the magnetic anisotropy
relative to a pure Fe3O4 nanoparticle of similar size, whereas
the insertion of Mn2+ ions (MnFe2O4) decreases it.[60] Alter-
natively, the magnetic and chemical properties of monome-
tallic elements can be significantly altered by the develop-
ment of alloy particles.[61] A particularly successful example of
this class are the face-centered tetragonal (fct) alloys MPt
(M = Fe, Co). In their crystalline form they have the highest
magnetic anisotropy and they are particularly less sensitive

towards oxidation than pure iron or other platinum-free
magnetic metals. Sun et al. reported the first synthesis of
monodisperse FePt alloy nanoparticles by a simultaneous
reduction of platinum acetylacetonate ([Pt(acac)2]) and
thermal decomposition of [Fe(CO)5] in a mixture of oleic
acid and oleylamine. The composition of these particles was
adjusted by simply varying the molar ratio between the two
metal precursors.[62]

A wide variety of methods including co-precipitation,
thermal decomposition, synthesis in microemulsions or under
hydrothermal conditions, and laser pyrolysis techniques were
employed for the synthesis of magnetic materials.[26, 63] Among
these methods, co-precipitation is considered to be the most
facile way to generate iron oxides. It is typically carried out
with an aqueous solution containing Fe2+/Fe3+ salts and base
added under inert conditions at ambient temperatures. The
surfaces of the iron oxide nanocrystals formed are stabilized
by surfactants or associated ions. Notably, the phase purity as
well as the size and the shape of these particles will depend,
for example, on the nature of the iron precursor used, the
pH value of the reaction mixture, the reaction temperature,
and time. The advantages of this method lie in its simplicity,
the use of readily available metal precursors, the use of
aqueous solutions, and high overall yields. However, a major
limitation is the difficulty in controling the size of the
particles, in other words polydisperse products are obtained.
Therefore, size-selection procedures, such as the addition of
electrolytes, are applied to stabilize the colloid solution. This
will precipitate larger particles, thereby leaving smaller
monodisperse particles in the supernatant, which can be
isolated.[53, 64]

When a high degree of stability and accurate control over
the particle size is desired, nonhydrolytic thermal decom-
position methods are generally used. Monodisperse MNPs
can easily be developed through this approach by using
(organo)metallic precursors (mainly metal–cupferron com-
plexes, metal acetylacetonates, or metal carbonyls) in high-
boiling solvents containing surfactant stabilizers.[65] Alivisatos
and co-workers, for example, developed a thermal decom-
position method for producing monodispersed g-Fe2O3 nano-
crystals by pyrolyzing an iron–cupferron complex (cupfer-
ron = N-nitrosophenylhydroxylamine, C6H5N(NO)O�) in tri-
octylamine at 200–300 8C. Uniform g-Fe2O3 nanocrystals of
about 6–7 nm were obtained by a “hot-injection” method at
300 8C.[66] Hyeon et al. and Sun et al. later developed very
successful methods to produce monodisperse Fe3O4 nano-
particles, without a size-selection procedure, based on ther-
mal decomposition at high temperatures in the presence of
oleic acid and oleylamine as stabilizers.[67] This method not
only produces highly crystalline and monodispersed magnetic
particles it also assists in the fabrication of more complex
heterostructured nanoparticles.[45, 68]

MNPs have also been prepared by microemulsion meth-
ods. However, this process is difficult to control and thus the
particles were polydispersed;[69] furthermore, the yields are
low. Laser pyrolysis of carbonyl precursors was recently
shown to also be effective in the synthesis of uniform iron
nanoparticles with narrow particle size distributions, without
aggregation.[70] For example, passivated iron nanoparticles
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could be synthesized by laser pyrolysis of a mixture of iron
pentacarbonyl and ethylene followed by controlled oxidation.
The developed nanoparticles had an iron/iron oxide core–
shell structure, in which the thickness of the shell was
independent of the initial conditions.[71]

4. Stabilization/Surface Modification of MNPs

As mentioned above, pristine iron oxide MNPs will
aggregate rapidly into large clusters and thus will lose their
unique properties associated with the presence of single
domains. The nanoparticles have to be coated with organic
surfactants to prevent irreversible aggregation, and so retain
their nanoscale properties. It is well known from catalysis that
metal nanoparticles of high surface energy will aggregate into
large particles in the absence of stabilizing agents. This in turn
results in a loss of active reaction sites and specific surface
areas, and thus enhances deactivation.[9, 10] Since most of the
MNPs derived from metals or metal alloys are susceptible to
easy oxidation upon exposure to air, or even solvated oxygen
species, core–shell structures have usually been employed to
protect these materials and retain their nanoscale proper-
ties.[72] The term “particle engineering” is used to describe the
synthesis of core–shell particles with defined morphology.
This strategy is of broad interest since it also allows the
integration of multiple functionalities to a single nanoparticle
system.[73]

4.1. Stabilization by Organic Coatings

Coating the surface with amphiphilic capping molecules
such as long-chain fatty acids, diols, or alkyl amines is the
common way to prevent aggregation of individual particles,
and also to regulate the size and the size distribution of
MNPs.[74] The surfactants used as stabilizing agents play a vital
role in the nucleation and growth of the developing nano-
particles in the solution. This means that, according to the
nature of the stabilization agent, the size, shape, magnetic,
and chemical properties of the nanoparticle can be controlled
by the dynamic adsorption and desorption properties of the
surfactant molecules.[75] However, the exchange properties of
these ligands during further modification of the nanoparticle
depend on the strength and nature of the bond between the
ligands and the nanoparticles. For example, oleic acid (CH3-
(CH2)7CH=CH(CH2)7COOH), which possesses a double
bond at the 9,10-position, is a widely used compound for
passivating iron oxides because of its ability to produce highly
uniform and nearly monodisperse nanocrystals.[76] O�Brien
and co-workers studied the properties of oleic acid as a
surfactant in detail, and noted that the degradation of oleic
acid during the thermal decomposition used for the synthesis
of iron oxide nanocrystals promoted the formation of high-
quality g-Fe2O3 nanocrystals.[77] The authors postulated that
the mixture of organic species formed under these high-
temperature conditions has the unique ability to form g-Fe2O3

nanocrystals of high uniformity. Surfactants with shorter alkyl
chains can also assist surface modifications, but alkyl chains

with at least six carbon atoms are in general necessary to
provide sufficient stabilization by steric repulsion.

Coating the surface of nanoparticles with polymers is an
alternative approach to stabilizing the surface.[78] The syn-
thetic routes employed to generate polymer coatings on
nanoparticles are generally classified in to two major groups:
direct polymerization on the particle surface or adsorption on
the nanoparticles.[73,79] Among all the methods reported in this
context, atom-transfer radical polymerization (ATRP) is
widely used to generate highly monodispersed particles
without the need to apply challenging conditions to form
the desired core (Fe, Fe2O3) and shell (polymer) structures.[80]

Furthermore, a variety of polymeric materials such as
polypyrrole, poly(N-vinyl-2-pyrrolidone), poly(vinyl alcohol),
and poly(glycerol monoacrylate) as well as di- and triblock
copolymers containing carboxylate, phosphate, or sulfate
groups were used for the formation of stable polymeric shells
on iron oxide nanoparticle cores.[53,79, 81] Since the polymer
coatings are relatively thin, they can not prevent oxidation of
highly reactive metal nanoparticles. Often the coatings are
not stable at high temperatures, unless the polymer possesses
a functional group that binds strongly to the particle.[82] These
properties are critical for metal nanoparticles because of their
highly reactive nature as well as their intrinsic catalytic
behavior.

4.2. Stabilization by Inorganic Coatings

Compared to MNPs stabilized or protected by organic
surfactants, inorganic oxide coatings such as silica offer
unique advantages for applications, paticularly in biomede-
cine and catalysis. The presence of a large amount of
surfactant on the surface of the nanoparticle will interfere
with applications in biomedicine, and the inherent reactivity
of pristine iron oxide nanoparticles leads to degradation of
the bioactive components.[83] Iron oxides are themselves well
known to act as catalysts. It is necessary to build up a strong
barrier between the magnetic core and the molecular catalysts
to circumvent unwanted interactions with molecular catalysts
bound to the surface of the nanoparticle. Coating MNPs with
silica avoids unfavorable contacts with the core and prevents
particle aggregation. Furthermore, the presence of surface
silanol groups allows simple surface derivatization with a
variety of functional groups. The silica coating makes the
MNPs more hydrophilic and thus more biocompatible than
those stabilized by oleic acid.

Coating iron oxides with silica to form core–shell struc-
tures is quite simple because of the presence of surface FeOH
groups. The deposition of silica on pure metals is more
complicated because of the lack of hydroxy groups. It is,
therefore, necessary to apply processes which make the metal
surface vitreophilic before starting the coating process.[84] The
sol–gel process is the preferred method for the coating of
MNPs with silica.[85, 86] This process basically relies on the well-
known St�ber method in which silica is formed over the
nanoparticles through the hydrolysis and subsequent con-
densation of silicon alkoxides (typically, tetraethyl orthosili-
cate, TEOS) in alcohol/water mixtures under basic reaction
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conditions. Interestingly, the thickness of the silica shell can
easily be manipulated by the reaction conditions. Xia and co-
workers elegantly showed that the thickness of the silica shell
can simply be tuned by varying the concentration of TEOS
added to a mixture of commercially available ferrofluids
(magnetic fluids) in water, 2-propanol, and 30% aqueous
ammonia.[87] Thus, good control over the thickness of the silica
shell (2–100 nm) could be achieved without homogeneous
nucleation of silica. High-resolution transmission electron
microscopy (HR-TEM) images demonstrate the efficiency of
this approach and also prove the crystalline nature of the iron
oxide core and the amorphous nature of the silica shell, with
uniform particle size and shape.

Philipse et al. illustrated that Fe3O4@SiO2 MNPs with a
mean diameter of 60–120 nm could be obtained by the St�ber
method when the bare Fe3O4 MNPs were pretreated with a
layer of silicate in aqueous solution.[88] Without this primary
silica coating process, coating with TEOS in ethanol/ammonia
mixtures yielded magnetic clusters embedded in large silica
aggregates. The authors proposed that the primary thin silica
layer on the Fe3O4 MNP surface reduces the isoelectric point
(IEP) of the magnetite and maintains its colloidal stability
during the second coating step.

In another study, Deng et al. reported in detail the affect
of alcohols (methanol, ethanol, 2-propanol, n-propanol), the
ratio of alcohol to water, and the amount of aqueous
ammonia added during the synthesis on the formation of
silica-coated magnetic nanoparticles.[89] It was shown that a
pH value between 8–10 is ideal for the coating reaction, as it
reduces the solubility of the silicate species in solution and
also results in a homogeneous coating on the nanoparticle
surface without the formation of new silica nuclei. Further-
more, low concentrations of MNPs and appropriate treatment
with sonication to separate individual magnetic particles
before the coating steps is preferred to obtain typical core–
shell nanostructures, otherwise multinuclei iron oxide cores
embedded inside silica shells will be produced (Figure 3).[87,90]

Coating magnetic nanoparticles with precious metals such
as gold is another approach. The presence of gold assists
further functionalization reactions with various sulfur-con-
taining ligands.[91] However, this approach is difficult due to

the different natures of the core and shell. A particularly
successful example is the synthesis of platinum-coated cobalt
by mixing cobalt nanoparticles (ca. 6 nm) and [Pt(hfac)2]
(hfac = hexafluroacetylacetonate) in a nonane solution con-
taining C12H25NC as the stabilizer. The formation of bimet-
allic core–shell CoPt nanoparticles is proposed to arise by a
redox transmetalation reaction between Co0 and Pt2+ because
of the presence of [Co(hfac)2] as a by-product after the
reaction.[92] Such bimetallic nanoparticles are especially
interesting for catalysis since magnetic and catalytically
active components are integrated in the same system, and
the precious noble metal can be conserved by replacing the
interior of the nanoparticles with inexpensive core metals.
Recently, carbon-coated magnetic nanoparticles also gained
attention as catalyst supports because of their high chemical
and thermal stability.[93] Stark and co-workers reported the
synthesis of carbon-coated magnetic nanobeads with a rate of
more than 30 gh�1 by the addition of acetylene to a nano-
particle-forming flame (reducing flame synthesis). The beads
consisting of a carbon shell and a cobalt core exhibited
excellent magnetic properties and high stabilities in air at
temperatures up to 190 8C and are viable for functionalization
by diazonium chemistry to yield Cl-, NO2-, and NH2-
functionalized magnetic nanobeads for applications in
organic synthesis.[94]

At this juncture, it is worth pointing out that the formation
of typical core–shell architectures was generally observed in
small batch experiments. It turned out to be difficult to
reproduce the architecture on a large scale. However, a
stringent core–shell architecture is not a prerequisite for
applications in catalysis. The presence of multinuclei iron
oxide cores embedded in various shells (Figure 3) also allows
simple separation of the particles. An alternative way to
enhance the magnetism is to produce composite particles by
immobilization of magnetic colloids in or on a nonmagnetic
support.[95] This will also assist in the simple and rapid
separation because of the high number of superparamagnetic
particles. Two strategies have in general been applied for the
synthesis of such composites: the superparamagnetic particles
can be introduced on the surface of a preformed nonmagnetic
support (for example, a polymer or silica beads) or the
superparamagnetic particles can be encapsulated inside a
nonmagnetic matrix such as mesoporous silica (Figure 3).

The synthesis of magnetic porous-structured materials has
attracted particular attention because of their ordered pore
channels. They are available in a tuneable size range (2–
50 nm) for hosting a variety of bio/catalytic compounds.
Reactive silica sites (Si-OH) inside the pores can easily be
modified by well-known 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 premade magnetic nano-
particles.[96–100] Weisner and co-workers reported a self-
assembly approach based on a block copolymer for the
synthesis of thermally stable, mesoporous alumosilicates with
a large number of superparamagnetic nanoparticles embed-
ded in their pore walls. This occurred without blockage of the
pores—an important requirement for catalytic applications.[97]

A sol prepared from (3-glycidoxypropyl)trimethoxysilane

Figure 3. Different morphologies of MNPs/nanocomposites: a) spher-
ical MNPs, b) bimetallic MNPs, c) typical core–shell MNPs, d) multi-
nuclei MNPs embeded in core–shell particles, e) MNP-silica nano-
composites, f) MNP-decorated silica spheres, g) MNP encapsulated in
mesoporous materials.
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and aluminum sec-butanoxide was mixed with a solution of
the amphiphilic diblock copolymer poly(isoprene-block-eth-
ylene oxide) and iron(III) ethoxide to form a polymer–
inorganic nanocomposite with 25 mol% iron. Mesoporous
silicas containing bimetallic PtCo nanoparticles were recently
generated by a liquid-crystal templating method by using
neutral surfactants. Superparamagnetic CoO-MCM-41 mes-
oporous nanocomposites with variable amounts of cobalt
were developed by a one-step procedure by co-hydrolysis and
co-condensation of inorganic precursors in a water/triethanol-
amine medium.[98, 99] A further example of this approach
includes the synthesis of a mesoporous silica shell on a
magnetic core by sol–gel polymerization of a mixture of
TEOS and n-octadecyltrimethoxysilane (C18-TMS), as
reported by Zhao et al.[100]

Besides mesoporous silica, porous carbonaceous materi-
als such as mesoporous carbon or carbon nanotubes have
been modified with magnetic nanoparticles for applications in
catalysis.[93, 101–103] Li et al. reported, for example, the synthesis
of magnetic iron nanoparticles with a diameter of about 1 nm
inside single-walled carbon nanotubes (SWCNT) by using
ferrocene as the starting material. TEM imaging showed the
decoration of the inner channels with dotlike iron particles,
while magnetic data proved that the encapsulated iron
nanoparticles are present in the metallic phase and exhibit
superparamagnetic behavior.[102] Stoffelbach et al. functional-
ized the surface of multiwalled carbon nanotubes (MWCNTs)
by chemically grafting carboxylic acid groups through radical
polymerization of azo compounds.[103] The MWCNTs were
then decorated with magnetic nanoparticles by the addition of
positively charged Fe3O4 nanoparticles to the negatively
charged MWCNTs.

5. Characterization of Superparamagnetic Nanopar-
ticles/Nanocomposites

Various physicochemical characterization techniques can
be employed to probe the crystalline nature, the phase purity,
the magnetic behavior, and the morphology of magnetic
nanoparticles/nanocomposites. Common characterization
techniques, such as X-ray diffraction (XRD), are used to
prove the crystalline structure and the phase purity of the
particles.

5.1. X-ray Diffraction and Small-Angle Scattering

The diffraction pattern can be used to quantify the
proportion of iron oxide formed in a mixture by comparing
the peak intensities in the experimental and reference
diffractograms. This method was used to show that iron
oxide–silica nanocomposites prepared from iron(II) tert-
butoxide and tetraethyl orthosilicate (TEOS) have magnetite
cores if the silica concentration is low, but exhibit maghemite
cores when the silica content is high (for example,
30 mol%).[104] In addition, XRD can be used to calculate
the crystal sizes d through evaluation of the line broadening b

(in units of radians) and the corresponding Bragg angle q, by

using the Scherrer Equation [Eq. (3)].[105,106] K is the shape

d ¼ Kl

b cos q
: ð3Þ

factor which depends on the particle shape, and is approx-
imately 0.9, and l is the wavelength of the X-rays.

Analysis of the line broadening of the (311) peak
according to Eq. (3) yields a mean particle size of 230–
270 nm for the average size of the magnetite phases in Fe-Co/
magnetite nanocomposites.[107] Below a particle size of about
3 nm, other scattering techniques such as small-angle X-ray
scattering (SAXS) or small-angle neutron scattering (SANS)
can be used to obtain mean particle sizes as well as size
distributions.[108] Small-angle scattering is scattering which
occurs for small values of the scattering vector ~ss, the
magnitude of which is defined by Equation (4). The scattering
of radial symmetric objects with electron density 1(r) can be
described in terms of the radius of gyration Rg, which is
defined by Equation (5). The scattered intensity I(s) of an
ensemble of diluted objects i (for example, nanoparticles)
with homogeneous electron density, and the corresponding
radii of gyration Rgi can be written as Equation (6),[109] where
Ii(0) is the scattering intensity in the direction of the incoming
X-ray beam.[110] These equations were first derived by
Guinier, by assuming s Rg� 2.[109] If one assumes homoge-
neous spherelike particles, their diameter d and the radius of
gyration are related through Equation (7).

s ¼ 4p sin q

l
: ð4Þ

R2
g ¼

R
r41ðrÞdrR
r21ðrÞdr

: ð5Þ

IðsÞ ¼
X

i

Iið0Þ exp �ðRgisÞ2
3

� �
ð6Þ

d ¼ 2

ffiffiffi
5
3

r
Rg

ð7Þ

More sophisticated data analysis has also been used to
identify particle shapes.[111] Determination of the mean
coordination number by X-ray absorption techniques such
as EXAFS also provides information about systems with
particles greater than 2 nm and a corresponding large surface
contribution.[112]

5.2. Electron Microscopy

Transmission electron microscopy images correlated with
energy-dispersive X-ray analysis (EDX) are used to measure
the size uniformity, the shape of the nanoparticles, as well as
the elemental composition of the core–shell structures.
Alternatively, high-resolution TEM (HR-TEM) images pro-
vide electron diffraction patterns from single nanoparticles
and thereby allow the crystal lattice to be probed with atomic
resolution. This method is also used to analyze the thickness
of the core and shell.[113] Conventional TEM also provides the
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opportunity to measure the electron diffraction from single
particles, which allows identification of local particle phases.
However, sample preparation is a crucial step in TEM
characterizations, as it can effect aggregation of colloids.
The data may consequently not reflect the actual size and
distribution present in solution.

5.3. Light Scattering

The measurement of dynamic light scattering (DLS) is
another technique for obtaining information about the size of
the particle. The determination of the diffusion coefficient of
the nanoparticles in solution gives access to the hydrodynamic
radius of a corresponding sphere and to the polydispersity of
the colloidal solution. This technique is especially suited to
follow aggregation processes, and has recently been used to
study the long-term stability of MNPs with an iron oxide core
and a gold shell, with particle distributions ranging from 10 to
200 nm.[114] However the method is not reliable if the nano-
particles are fluorescent.

5.4. DC and AC Susceptibility

Measurements of magnetization can also be used to
obtain information about particle sizes and particle distribu-
tions within a sample. SQUID magnetometry and vibrating
sample magnetometry (VSM) are the techniques commonly
used to determine the net magnetization of magnetic nano-
particles. In general, a plot of the magnetization curve
(magnetization M against the magnetic field strength H)
enables the saturation magnetization Ms, the residual magnet-
ization at H = 0 (remanence magnetization, Mr), and the
coercivity (Hc)—the external field required to reduce the
magnetization back to zero—to be determined.[115]

The magnetization of a sample of non-interacting super-
paramagnetic particles with magnetic moments m as a
function of temperature T and external field B can be
described by the Langevin function L(x) = coth (x)�1/x with
x = mB/kB T. Thus, the magnetization of a distribution of non-
interacting particles with magnetic moments mi and relative
volume contributions ui can be written as Equation (8).[116]

MðT;BÞ ¼Ms

X
i

viL
miB
kBT

� �
ð8Þ

Determination of the particle moments mi is possible by
fitting temperature- and/or field-dependent DC susceptibility
measurements obtained, for example, from SQUID data to
Equation (8) by assuming a given particle size distribution vi.
If the saturation magnetization Ms and the particle phase are
known, it is possible to calculate the number of atoms within a
particle and also the size of the particles by assuming a certain
particle shape. For example, the diameter d (in nm) of
spherical a-Fe particles with bcc structure is related to the
number of atoms within the particle L by d = 0.282L

1=3 .[117]

The superparamagnetic blocking temperature is usually
defined as the temperature at which half of the particles have

relaxation times that are larger than the window of the
spectroscopic method used for their characterization. Block-
ing temperatures within a typical time window of some
minutes can be obtained by comparing field-cooled and zero-
field-cooled DC susceptibility measurements. Another possi-
bility for measuring the relaxation rates of the superpara-
magnetic particle moments within time windows of seconds to
microseconds is AC susceptibility.[118] A small magnetic field
ĤHðtÞ, which oscillates with frequency w, induces magnet-
ization M̂MðtÞ in a sample according to the complex description
given in Equation (9).

M̂MðtÞ ¼ cACĤHðtÞ with

cAC ¼ c0ðw;TÞ � ic00ðw;TÞ
ð9Þ

cAC is termed the alternating field or the AC susceptibility.
Relaxation times can be determined from Cole–Cole plots
obtained from frequency-dependent AC-susceptibility meas-
urements. Alternatively, if one assumes the validity of the
Curie law, by fitting the real part of the temperature and
frequency-dependent susceptibility, the relaxation times can
be determined according to Equation (10).

c0ðw;TÞ � 1
Tð1þw2t2Þ ð10Þ

Fitting Equation (10) to temperature-dependent AC-sus-
ceptibility data allows determination of the relaxation times
t(T), and through the Neel Equation the determination of the
anisotropy energies K V.[111] Another straightforward method
for the determination of relaxation rates, irrespective of
superparamagnetic blocking temperatures TB(w), is the
determination of the maximum of c0ðw;TÞ.[119] This method
has also been applied very recently to nickel/zinc ferrite
nanoparticles generated from a reverse micelle process.[120]

5.5. M�ssbauer Spectroscopy

A typical problem associated with the characterization of
magnetite and maghemite iron oxide nanoparticles is that
both systems possess an inverse spinel structure and are thus
difficult to distinguish by X-ray diffraction techniques.
Nuclear resonance absorption of g rays, better known as
M�ssbauer spectroscopy, can be used to identify iron (oxide)
phases of iron-containing MNPs.[104, 115a,120, 121] If the relaxation
of a superparamagnetic MNP is shorter than the lifetime of
the excited state of the 57Fe nucleus (ca. 10�7 s), the nucleus
“sees” on average no magnetic field, and only a quadrupole
doublet is observed. This is often the case if small nano-
particles of metallic iron or iron oxides are measured at room
temperature. Measurements at cryogenic temperatures are
needed to identify unambiguously the magnetic phase of
these systems. Lowering the temperature results in the
relaxation rate of the superparamagnetic particles being
slowed down and the observation of a magnetically split
pattern.[122] This technique can be applied to identify and
distinguish metallic iron from iron carbide phases, even in
particle systems with diameters as small as about 1 nm, on the
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basis of their different hyperfine fields (Bhf =�34 versus
�28 T at 4.2 K). This is especially interesting if the MNPs to
be characterized have been prepared by thermal decompo-
sition of iron carbonyl compounds. M�ssbauer measurements
in high external fields are needed to differentiate between
magnetite and maghemite iron oxide nanoparticles by
identifying the corresponding magnetic sublattices of the
particles.

A simple approach to determining the superparamagnetic
blocking temperature TB of the particles within the character-
istic time window of M�ssbauer spectroscopy (10�7 s) is to
measure the temperature at which half of the spectral area of
the M�ssbauer spectrum shows magnetic splitting and the
other half of the spectrum shows a doublet or a single line
depending on the size of the quadrupole splitting. For this
temperature, one assumes kB TB�K V. Thus, by taking the
anisotropy constant K from the literature, it is possible to
estimate the mean particle volume V.

Another very elegant method to determine the magnetic
moment m of superparamagnetic particles is M�ssbauer
spectroscopic measurements at temperatures above TB in
various external magnetic fields.[123] In this case, the energy of
the particles in a magnetic field m B is much larger than the
anisotropy energy, so mB @ K V holds. The observed magnetic
hyperfine field Bobs is calculated from Equation (11), where
B0 is the saturation hyperfine field, L the Langevin function,
and kB the Boltzmann constant. If the condition m B/kB T @ 1 is
fulfilled, for example, for particles having particle magnet-
izations of 1000–10000mB and external fields B on the order of
1 T as well as temperatures around 80 K Equation (11)
simplifies to Equation (12).

Bobs ¼ B0L
mB

kBT

� �
þ B ð11Þ

Bobs �B0j j ¼ B0 1� kBT
mB

� �
ð12Þ

This method was first used to determine the size of 6 nm
Fe3O4 particles[122] and later to measure 2.5 nm a-Fe particles
on carbon black.[124] It has also been used to determine a-Fe
particles with sizes of (1–2 nm) in zeolite NaX[125] and recently
to 1–2 nm sized Fe grains in silver films.[126]

5.6. Ferromagnetic Resonance

Ferromagnetic resonance (FMR) can be conveniently
performed on X-Band EPR spectrometers, and has been used
to determine very low concentrations of magnetite particles
(ca. 4 � 10�12 cm�3) in mammalian blood vessels.[127] It can also
be used to determine the magnetization of superparamagnetic
particles through double integration of the experimental data.
As this method may be inaccurate, an alternative is the
analysis of the FMR line width dHpp(T), which is related to
the effective anisotropy field Heff(T) through the equation
Heff(T) = 1=2 dHpp(T).[128] For the case of non-interacting par-
ticles, the anisotropy field Ha is calculated at the super-
paramagnetic blocking temperature TB within the FMR time

window (ca. 10�10 s) by using Equation (13).[129, 130] Here, K
denotes the anisotropy constant, as given in Equation (1);
Equation (13) also holds if the anisotropy field Heff shows no
temperature dependence.

HeffðTBÞ ¼ Ha ¼
2K
Ms

ð13Þ

For the case of uniaxial relaxing particles with volume V
and moment m, the temperature dependence of the effective
anisotropy field is given by the Langevin function [see
Eq. (8)] according to Equation (14). Thus, the particle
moments m can also be determined by fitting the temperature
dependence of the FMR line width to Equation (14). For the
case of interacting particles, Equation (14) has to be slightly
modified and a mean-field approach can be used.[131]

Heff ¼
2K
Ms

L
mB

kBT

� �
: ð14Þ

5.7. Miscellaneous Methods

Other physicochemical techniques, such as atomic force
microscopy (AFM), thermogravimetric analysis (TGA), dif-
ferential scanning calorimetry (DSC), X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, Fourier-transform
infrared spectroscopy (FT-IR), time of flight/secondary ion
mass spectrometry (TOF-SIMS), and potentiometric tech-
niques are also used to investigate the surface properties of
functionalized iron oxide nanoparticles. In most cases, a
combination of the above-mentioned characterization tech-
niques is required for an exact determination of the nano-
particle composition. A critical evaluation of the particle
features is of particular importance for magnetic resonance
imaging (MRI) applications. However, one should not forget
that the characterization of, for example, organic functional
groups on the support surfaces generally provides informa-
tion on the nature of these functional groups. Most techniques
are unable to provide information on the accessibility or the
chemical environment of the organic groups.

Wet chemical analysis methods (ATR-IR, UV/Vis, NMR,
conductometric titrations, etc) have attracted much attention
for the characterization of organic–inorganic hybrid materi-
als. Such techniques can provide a quantitative analysis of the
organic functional groups. They also assist in elucidating the
reactivity of the functional sites.[132] For example, Moon et al.
utilized optical ellipsometry and UV/Vis spectroscopy to
analyze the relative surface density of aminosilane layers
grafted on fused silica and silicon wafers.[132a] For a quantita-
tive analysis, the primary amines on the surface were treated
with 4-nitrobenzaldehyde followed by hydrolysis, and the
amount of generated 4-nitrobenzaldehyde determined. In
another approach, Polito et al. reported the first application
of high-resolution magic-angle spinning (HR-MAS) for the
spectroscopic analysis of complex organic molecules bound to
paramagnetic iron oxide nanoparticles.[132d] NMR spectro-
scopic measurements on ligands immobilized on MNPs is
difficult due to pronounced line broadening caused by the
absence of ligand mobility and the paramagnetic support. The
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authors also showed that combining HR-MAS NMR with
MALDI-TOF MS provides a useful platform for an accurate,
detailed characterization of organic molecules bound to
magnetic nanomaterials, and thus gives access to structural
information on grafted organic functional groups in suspen-
sion.

Very recently, Baiker and co-workers were able to show
that in situ ATR-IR (ATR = attenuated total reflection)
spectroscopy can be used for the quantification of organic
functional groups present on MNP surfaces. It can also be
used to follow the transformation of immobilized organic
groups for an accurate comparison between homogeneous
and heterogeneous reactions.[132e] The formation of a new
bond directly at the functional group of interest as well as the
disappearance of the reactant in solution could be easily
monitored at the same time. All these examples suggest that a
combination of classical solid-state analytical methods and
wet analysis techniques can enhance the understanding about
the reactivity and accessibility of organic functional groups on
hybrid nanomaterials, specifically for applications related to
catalysis and biomedicine.

6. Applications in Catalysis

In this section, we will discuss the advantages of using
superparamagnetic nanoparticles/nanocomposites as cata-
lysts and catalyst supports.

Colloidal nanoparticles with a diameter of less than 50 nm
are efficient catalysts for a wide range of industrially relevant
organic transformations. For example, palladium and plati-
num nanoparticles have attracted attention as catalysts for
olefin hydrogenation, carbon–carbon coupling reactions, and
a series of other reactions. Conventional catalyst separation
methods such as filtration and centrifugation become tedious
for such small nanoparticles, which hampers the complete
separation of the catalyst after the transformation. Magnetic
nanoparticles or nanocomposites are considered as ideal
supports for the heterogenization of homogeneous catalysts
since they efficiently disperse catalytic active sites in the
reaction medium. Furthermore, magnetic separation is a
“green” process since it avoids the complications of filtration
(such as loss of catalyst, oxidation of sensitive metal
complexes, and usage of additional solvents for precipitation
steps). Thus, waste and costs can be greatly reduced. Figure 4
shows a laboratory scale example, where a simple clamp

magnet is used to separate the catalyst. For the purpose of
discussion, the following topics are classified according to the
reaction type.

6.1. C�C Bond Formation

Palladium-catalyzed Heck, Suzuki, and Sonogashira cou-
pling reactions are well-studied reactions for the formation of
C�C bonds. The resulting products have found numerous
applications as intermediates in the synthesis of natural
products and bioactive compounds. The difficulties in recy-
cling and reuse of soluble palladium-based catalysts was
widely overcome in the past by heterogenization of homoge-
neous palladium nanoparticles on various solid supports.[133]

As an alternative, Gao and co-workers immobilized palla-
dium complexes with N-heterocyclic carbene ligands (NHC-
Pd complexes) on the surface of MNPs to generate iron oxide
supported palladium complexes for Suzuki, Heck, and
Sonogashira cross-coupling reactions.[134] 1-Methylimidazole
was first tethered to the surface of iron oxide nanoparticles,
and a subsequent deprotonation of the imidazolium group
with Pd(OAc)2 in the presence of Na2CO3 gave the desired
NHC-stabilized palladium complexes (Scheme 1).

These supported NHC-Pd catalysts showed high conver-
sions in the cross-coupling reactions mentioned above
(Scheme 2). They also retained similar activity over five
consecutive reactions. For example, 35% of the Suzuki
coupling product was formed after 60 minutes from the
reaction of 4-iodoacetophenone in the presence of 7.3 mol%
NHC-Pd/iron oxide, while no product formation was
observed under identical conditions with Pd/PS (PS = poly-
styrene), even after 180 minutes. The enhanced catalytic
activity of the NHC-Pd/iron oxide compound was attributed
to the easy access of the reactants to the active sites. This
avoids problems of conventional heterogeneous supports,
where a high proportion of the active sites are buried deep
inside the materials. The catalysts can simply be recovered by
magnetofiltration. The same authors also described on an
emulsion polymerization technique for the formation of
superparamagnetic core–shell nanoparticles consisting of g-
Fe2O3 cores and polymer shells with a diameter of about 2 nm
that were used as soluble supports for immobilizing NHC-Pd
catalysts for Suzuki coupling reactions. These heterogenized
palladium catalysts exhibited superior activity (> 80 %) in the

Figure 4. Magnetic separation of finely dispersed superparamagnetic
catalytically active nanoparticles (left: shortly after the application of
the magnet; right: 2 min later).

Scheme 1. Synthesis of NHC-Pd complexes on iron oxide
nanoparticles.[123]
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Suzuki cross-coupling of aryl halides and aryl boronic acids,
and could be recycled five times without any loss in
activity.[135]

Gao and co-workers also reported that MNPs could be
used as novel matrices for supported solid-phase organic
synthesis on polymeric resins.[136] This is a synthetic challenge,
since most of the catalytically active sites attached to solid-
phase resins are not situated on the surface, but are buried in
the interior of the polymer beads. Thus, a chemical reagent
and its carrier (orthogonal support) need to penetrate inside
the polymer bead, which is swollen in an organic medium, for
further reaction. The authors used the above-mentioned
NHC-Pd/iron oxide catalyst for solid-phase Suzuki cross-
coupling reactions. As a consequence of their small size,
magnetic nanoparticles are able to penetrate the resin pores
and bring the attached catalytically active groups in proximity
to the immobilized reagent inside the beads. The authors also
evaluated the relationship between the core size of the
particles and the reaction yields by using iron oxide cores of 4,
12, and 22 nm functionalized with similar molar amount of
palladium. They noted that the reaction yield depends
strongly on the size of the iron oxide cores: Pd/4 nm iron
oxide produces the maximum yield (87 %), followed by the
12 nm and 22 nm species. However, more than six days were
required to complete the reaction because of the slow
diffusion of the particles in and out of the resin pores.
Furthermore, catalyst separation is difficult: It required
repeated magnetic separation to completely remove the
catalyst from the resin.

Surface modification of MNPs with appropriate ligands
will assist the stabilization of colloidal metal nanoparticles
(Pd, Rh, Ru). Wang et al. used Fe3O4 MNPs functionalized
with (3-aminopropyl)trimethoxysilane for binding Pd0 nano-
particles.[137] HR-TEM data proved that the Pd0 produced
during the first reduction of the PdII precursers binds to the
amine-coated Fe3O4 MNPs and grows into bigger clusters
during the course of the reaction. The catalytic activity of the
Pd/Fe3O4 nanoparticles was investigated for the Heck cou-
pling of acrylic acid with iodobenzene. The product yield
decreased from 81 % in the first run to 53% in the fifth run.

This decrease was related to an aggregation of magnetic
catalyst bodies, which resulted in a reduced active surface
area and difficulties in redispersing the catalyst for reuse. This
finding again highlights the need for more efficient stabiliza-
tion or protecting agents.

Palladium nanoparticles with diameters of about 1 nm
supported on phosphate-functionalized MNPs were reported
to be stable, recyclable, and efficient catalysts for Suzuki and
Heck reactions.[138] They were active in the Suzuki cross-
coupling of bromobenzene with phenylboronic acid in a
three-phase system and gave a yield of 83% in the Heck
coupling of bromobenzene and styrene (56 %). The authors
noted that the MNP-supported Pd0 catalyst was more active
than a MNP-supported NHC-Pd complex in the Suzuki cross-
coupling reaction, and also more active than Pd0 heterogen-
ized on different supports (MgO, TiO2, and ZrO2) in the Heck
reactions. Recently, Lu et al. reported the immobilization of
dipyridylpalladium complexes on MNPs through a click
reaction (Scheme 3). This catalyst showed high conversions
of 82–99% in Suzuki cross-coupling reactions, with better
recyclability when DMF was used as the solvent and K2CO3 as
the base.[139]

Dopamine (DA) has turned out to be a robust anchor to
graft Pd nanoparticles on ferrites (Pd/DA-NiFe2O4). This
catalyst system can again be separated magnetically from
Suzuki and Heck coupling reactions of aromatic halides.[140]

The heterogenized ligand is rapidly accessible from inex-
pensive precursors in a one-step reaction, and the catalyst
gives high yields even for aryl chlorides. Furthermore, the
catalyst is completely recoverable, and the catalytic activity
remains unaltered after three reactions in DMF when K3PO4

(Suzuki reactions) or K2CO3 (Heck reactions) is used as the
base (Scheme 4). The authors postulated that the high degree
of dispersion of the materials in DMF, and thus the presence
many active Pd particles, is responsible for the high activity.

Varma and co-workers reported the synthesis of nano-
structured metal oxides (Fe, Co, Mn, Cr, Mo) under micro-
wave irradiation in aqueous solution without any reducing or
capping agents.[141] Various 3D architectures such as octahe-
drons, spheres, rods, needles, and hexagonal “snowflakes”
were obtained when hexacyano complexes were used as the

Scheme 2. Catalytic activity of NHC-Pd/iron oxide catalysts in
a) Suzuki, b) Heck, and c) Sonogashira coupling reactions.[134]

Scheme 3. Dipyridylpalladium complexes heterogenized on MNPs.[139]

Scheme 4. Suzuki cross-coupling reactions with palladium supported
on nanoferrites.[140]
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precursors. Among these morphologies, needle-structured
nano iron oxides were studied as novel supports for catalysis.
The needle tips of the nanoferrite support were functionalized
with dopamine to anchor the palladium. The resulting
palladium catalysts displayed excellent activity for Suzuki,
Heck, and Sonogashira coupling reactions, and could be
recycled five times, with consistent yields (Scheme 5).

More recently, a magnetically separable Pd/Fe3O4 catalyst
obtained by a wet impregnation method was found to be a
highly efficient catalyst for the carbonylative Sonogashira
coupling reaction of aryl iodides and terminal alkynes under
phosphine-free conditions.[142] Catalyst screening showed that
the best yields were obtained with Et3N as the base, toluene as
the solvent, and a CO pressure of 2 MPa at 130 8C. A series of
aryl iodides and terminal alkynes were tested to explore the
generality and scope of the reaction. Aryl iodides bearing
electron-withdrawing or electron-donating groups in the para,
meta, and ortho positions afforded the corresponding a,b-
alkynyl ketones in good yields (Scheme 6). However, the
authors noted that palladium leaches out from the iron oxide
support during the reactions and becomes redeposited on the
support at the end of the reaction. The support thereby assists
in recycling the palladium: The catalyst could be used seven
times without any significant decrease in activity.

Hyeon and co-workers reported a generalized procedure
for the assembly of multifunctional nanoparticles on silica
nanospheres.[143] Uniform silica spheres (ca. 500 nm) synthe-
sized by the St�ber method were first functionalized with
amino groups by reaction with 3-aminopropyltrimethoxysi-
lane. To assemble the magnetic nanoparticles on the silica
spheres, Fe3O4 nanoparticles were treated with 2-bromo-2-
methylpropionic acid and coupled with the amino groups. The
subsequent functionalization of the remaining amino groups
with Au, CdSe/ZnS, and Pd afforded multifunctionalized
silica spheres. Among them, the Pd/SiO2-Fe3O4 combination
showed high catalytic activity in the Sonogashira coupling of
aryl iodides and bromides (Scheme 7). However, the catalyst
showed a constant decrease in activity (98!17% conversion)
over four recycling processes because of the loss of Pd
nanoparticles from the silica nanospheres.

Recently, interest arose in using carbon nanotubes as
catalyst supports. However, the introduction of functional
groups usually deteriorate their mechanic and electronic
properties, and the functional group may be unstable under
the conditions of a certain catalytic transformation.[93,144]

Hence, doping the carbon nanotubes with heteroatoms,
especially nitrogenated sites, was used as a method to provide
strong interactions between the catalyst and the support
without further functionalization. By using this concept, Yoon
et al. demonstrated that nitrogen-doped magnetic carbon
nanoparticles, prepared by using iron-doped polypyrole
precursors at a carbonization temperature of 800 8C, can be
used for the efficient deposition of Pd nanoparticles with a
high degree of dispersion and high stability.[145] A unique
feature of these materials is that the Pd nanoparticles do not
agglomerate even at high loadings (40 %), and the synthesis
does not require the presence of expensive ligands for the
stabilization of the MNPs. The palladium-containing nitro-
gen-doped magnetic carbon nanoparticles (Pd/N-MCNPs)
showed high catalytic activity (> 90% yield) in Heck, Suzuki,
and Sonogoshira reactions. This was attributed to a good
dispersion of Pd over the nitrogenated sites as well to the
porous structure of the carbon particles (Scheme 8).

Similarly, Ko and Jang reported that palladium nano-
particles grafted on magnetic polymer nanotubes, prepared
by vapor-deposition polymerization (VDP), were highly
efficient catalysts for coupling reactions.[146] Carboxylated
pyrrole monomers were chemically polymerized in the
presence of iron(III) chloride as the oxidizing agent. The
magnetic phases were introduced into the carbon nanotubes
by precipitation of residual iron complexes. The magnetic,
carboxylated polypyrrole nanotubes provide stable anchoring
sites for metal salts and thereby assist in generating palladium
nanocatalysts. The activity of the Pd catalysts was examined in

Scheme 5. Coupling reactions carried out with microneedle-palladium
catalysts. MW = microwaves.[141]

Scheme 6. Carbonylative Sonogashira coupling of aryl iodides and
alkynes in the presence of a magnetic Pd/Fe3O4 catalyst. Naph=
naphthyl.[142]

Scheme 7. Sonogashira couping reactions with magnetic Pd/SiO2-
Fe3O4 catalysts.[132]
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the olefination of activated/non-activated aryl halides and
butyl acrylate. The yields were greater than 97%, whereas a
conventional carbon-supported Pd catalyst gave distinctly
lower yields. The remarkable high yields are attributed to the
high specific surface area of the palladium nanoparticles
having abundant edge and vertex sites.

Quinuclidine heterogenized on MNPs protected with
polyvinylpyrrolidone (PVP) was reported to be an efficient,
recoverable catalyst for the Morita–Baylis–Hillman (MBH)
reaction. This system showed no loss of catalytic activity even
after seven recycles.[147] The MBH reaction occurs without any
catalytically active metal, with high atom economy, and under
mild reaction conditions.[148] The quinuclidine-supported
MNPs exhibited activity comparable to 1,4-diazabicyclo-
[2.2.2]octane (DABCO), a classical catalyst for the MBH
reaction, and showed better activity than a silica-bound
quinuclidine. This again highlights the importance of nano-
sized supports for catalysis. The catalyst showed enhanced
activity towards a wide range of Michael donors and
aldehydes, and the reaction proceded equally well in the
absence of methanol, and is thus the most effective hetero-
geneous MBH catalyst reported to date (Scheme 9).

In 2007 Chouhan et al. reported the grafting of proline on
MNPs and its use for a CuI-catalyzed Ullmann coupling
reactions of aryl or heteroaryl bromides with different

nitrogen-containing heterocycles to give the corresponding
N-aryl compounds.[149] High catalytic activities were observed
with N heterocycles such as pyrazole, indole, and benzimida-
zole (Scheme 10). The catalyst could be reused after magnetic

separation, with yields only reducing slightly (from 98% in
the first to 93% in the fourth run). Bedford et al. reported
that iron MNPs stabilized with poly(ethylene glycol) (PEG),
and either preformed or formed in situ, are excellent catalysts
for the cross-coupling of (aryl)MgX with primary and
secondary alkyl halides with a b-hydrogen atom. These iron
nanoparticles were also used for the first time in a tandem
ring-closing/cross-coupling sequence.[150] Table 1 summarizes
some material aspects of these MNP catalysts for C�C
coupling reactions.

6.2. Hydrogenation

Transition-metal-catalyzed hydrogenation of alkynes or
alkenes and transfer hydrogenation of ketones are highly
relevant organic transformations because of their immense
applications in the synthesis of fine chemicals. Noble metals

Scheme 8. a) Heck, b) Suzuki, and c) Sonogashira reactions catalyzed
by palladium-containing nitrogen-doped magnetic carbon nanoparti-
cles. DAN= dimethylacrylonitrile.[145]

Scheme 9. Morita–Baylis–Hillman reaction with a quinuclidine catalyst
supported on MNPs.[147]

Scheme 10. Ullmann coupling with CuI coordinated to proline-func-
tionalized MNPs.[149]

Table 1: C�C coupling reactions catalyzed by magnetic nanosupports.

Reaction studied Morphology and
particle composi-
tion

Magn.
nature[a]

Reusability
no. of
cycles

Ref.

Suzuki NHC-Pd/polymer
coated g-Fe2O3,
core–shell

sp 5 [120]

Heck Pd/NH2-Fe3O4,
core–shell

sp 8 [122]

Suzuki, Heck Pd/DA-NiFe2O4,
spherical

sp 3 [125]

Suzuki, Heck,
Sonogashira

Pd/DA-a-Fe2O3,
needlelike

n.m. 5 [126]

carbonylative
Sonogashira

Pd/Fe3O4,
spherical

n.m. 7 [127]

Sonogashira Pd/SiO2-Fe3O4,
spherical

sp 4 [128]

Suzuki, Heck,
Sonogashira

Pd/N-MCNPs,
spherical

sp 3 [130]

Heck Pd/polypyrrole
nanotubes

fm 5 [131]

MBH g-Fe2O3, spherical n.m. 7 [132]

[a] sp = superparamagnetic, n.m.= not mentioned, fm = ferromagnetic.
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generally catalyze these reactions with high turnover numbers
(TON). Nanoparticles of these metals were immobilized on
porous solid supports with high specific surface areas so that
the nobel metals could be recycled and reused.[151]

However, coating noble metals on the surface of metal
nanoparticles is quite difficult. Thus, transmetalation reac-
tions were recently used for the generation of bimetallic core–
shell nanoparticles. Jun et al. demonstrated this approach
with the synthesis of core–shell Co@Pt nanoparticles
obtained by a redox transmetalation reaction between [Pt-
(hfac)2] and cobalt nanoparticles, and investigated the cata-
lytic activity of the platinum shells in different hydrogenation
reactions.[92,152] This catalyst has advantages over single
platinum-based catalysts since a large number of noble
metal atoms are located on the surface of the particles and
thus are accessible to the reactants, while the magnetic core
assists in the separation and recycling. The authors demon-
strated that the hydrogenation of 1-decene is complete within
4 h at room temperature and that the catalysts can be recycled
seven times without any loss of activity. In comparison, a
classical Pt/C catalyst showed a decrease in activity from
100 % to 76 % after only two cycles. Furthermore, the Co@Pt
catalyst resulted in 100 % hydrogenation of different sub-
strates, such as styrene, nitrobenzene, and cinnamaldehyde,
under mild conditions. The structure of the olefin had no
effect on the reactivity. TEM data confirm that the high
activity and stability of the Co@Pt catalysts arise from their
unchanged composition—without aggregation—because of
the presence of dodecyl isocyanide.

Amine- or thiol-stabilized MNPs were also used for the
stabilization of Pd, Ru, and Ni nanoparticles. Ying et al.
described palladium supported on magnetic silica nanopar-
ticles for the catalytic hydrogenation of nitrobenzene.[153]

Monodisperse silica-coated Fe2O3 particles obtained from
water in cyclohexane reverse microemulsions were function-
alized with thiols or amines for interaction with the palladium.
TEM investigations showed that amine-based silylating
agents such as N-(2-aminoethyl)-3-aminopropyltrimethoxysi-
lane produce smaller Pd nanoclusters (2.2� 1.7 nm) and more
narrow cluster size distributions than mercaptopropyl-func-
tionalized samples (2.9� 1.7 nm). The Pd/NH2-SiO2-Fe2O3

catalyst displayed a higher rate of conversion (0.39 mmols�1)
for the hydrogenation of nitrobenzene to aniline than did Pd/
SH-SiO2-Fe2O3 and a commercial Pd/C catalyst (0.12 and
0.08 mmols�1, respectively). Recycling by magnetic separation
indicated that amines are stronger ligands for Pd nano-
particles than thiols and thereby lead to less aggregation and
growth of Pd nanoclusters during the hydrogenation reac-
tions.

Similarly, the immobilization of palladium on the dop-
amine-terminated surface of Fe3O4 and NiFe2O4 nanoparti-
cles was reported. These systems were used for the hydro-
genation of aromatic nitro and azide derivatives to their
respective amines, as well as in the hydrogenation of other
unsaturated compounds.[154] The activity of this catalyst was
higher in ethanol than in ethyl acetate, which was explained
by a better dispersion of the catalyst in ethanol. The catalysts
were also completely recoverable and the activity remained
unaltered even after ten successive cycles.

In a similar approach, Varma and co-workers grafted
nickel nanoparticles on to dopamine-functionalized MNPs
and examined the activities of these catalysts in hydrogena-
tion reactions.[155] Here, a solvent effect was also noticed: the
hydrogenation of alkynes to alkanes in methanol occurred in
greater than 90 % yield, while in dichloromethane the
formation of alkenes predominated. The reduction of car-
bonyl derivatives to alcohols also proceeded smoothly with
these systems (Scheme 11). A variety of ketones could be
reduced within 30 minutes in high yields and high chemo-
selectivity; the reduction of nitro groups to amines is
dominant for nitro-functionalized ketones.

Ruthenium supported on dopamine-modified MNPs
(Ru(OH)x/DA-NiFe2O4) were used as recyclable catalysts
for the hydrogenation of alkynes (yield: > 95%) under
microwave irradiation.[156] These systems were also active in
the transfer hydrogenation of carbonyl compounds. Sub-
strates such as acetophenone or bromoacetophenone were
converted into the corresponding alcohols in 30 minutes with
greater than 98 % selectivity. The high activity and selectivity
remained even after five reaction cycles. These conversions
could also be carried out under conventional heating con-
ditions by using longer reaction times.

In 2007, a magnetically separable palladium catalyst for
olefin hydrogenation under solvent-free conditions was
reported by Rossi et al.[157] Silica-coated superparamagnetic
iron oxide nanoparticles were first modified with thiol groups.
A thermal curing step produced a stable cross-linked silica
layer. Palladium nanoparticles were then grafted on to the
thiol groups. The catalytic activity of the samples in the
hydrogenation of cyclohexene (p(H2) = 6 bar; T= 75 8C)
under solvent-free conditions was high (turnover frequency
(TOF) = 11 500 h�1) and comparable to a commercially
available Pd/C catalyst. The catalyst could be reused
20 times without loss of activity. Recently, these authors
reported the immobilization of Rh and Ru nanoparticles on
amine-functionalized silica-coated MNPs (NH2-SiO2-Fe3O4)
for hydrogenation reactions.[158,159] The hydrogenation of
cyclohexene under mild reaction conditions in the presence
of a Ru/NH2-SiO2-Fe3O4 catalyst occurred with more than
99% of the cyclohexene converted after 5 h (TOF = 420 h�1).

Scheme 11. Hydrogenation and transfer hydrogenation reactions with
Ni/nanoferrite catalysts.[155]
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Similar supported Rh systems even showed a 18 times higher
TOF.

Palladium nanoparticles supported in multilayered poly-
electrolyte films formed by layer-by-layer (LbL) self-assem-
bly of poly(acrylic acid) and a polyethylenimine–palladi-
um(II) complex on CoFe2O4 MNPs were examined in the
hydrogenation of olefinic alcohols.[160] Notably, the hydro-
genation was catalyzed by palladium(0) generated in the
outermost layer of the hybrid nanocomposite. The reason for
this is the restricted diffusion of alcohols into the ionically
cross-linked multilayered films. This finding indeed highlights
that formation of a multilayer in such systems is not really
necessary for applications in catalysis. Olefinic alcohols with
different substituents at the carbon atom in the a position to
the double bond, for example, allylic alcohol (TOF = 854 h�1),
3-buten-2-ol (TOF = 328 h�1), and 1-penten-3-ol (TOF =

126 h�1), were hydrogenated in the presence of the nano-
composite catalyst. The size-dependant activities observed in
these hydrogenations imply that the polyelectrolyte film
restricts access of bulky substrates to the active palladium
nanoparticles. The catalysts could be recycled ten times by
magnetic separation without any decrease in the catalytic
activity.

Platinum nanoparticles supported on MNPs modified
with ionic liquids (ILs) were found to be efficient and
reusable catalysts for the chemoselective hydrogenation of
a,b-unsaturated aldehydes and alkynes.[161] The adsorption of
Pt nanoparticles on the IL-functionalized MNPs was achieved
by ion exchange with K2PtCl4 followed by reduction with
hydrazine (Scheme 12). These catalysts were used for the

hydrogenation of diphenylacetylene, 1-ethynyl-4-methylben-
zene, 3-phenylprop-2-yn-1-ol, and methyl-3-phenylpropiolate
in methanol at 90 8C and under 14 bar H2. cis-Alkenes were
formed selectively; allylic alcohols were formed exclusively in
the hydrogenation of a,b-unsaturated aldehydes. Zhang et al.
recently reported a Pt/g-Fe2O3 magnetic nanocomposite
which showed high activity and selectivity in the catalytic
hydrogenation of o-chloronitrobenzene.[162] Interestingly, the
catalytic dehydrochlorination usually observed with this
substrate was not evident, even after complete conversion.

Sulfonated triphenylphosphines were used to support
rhodium on iron oxide MNPs. These catalysts were used in the
hydrogenation of alkenes and for the 1,4-addition of aryl
boronic acids to dimethyl itaconate (ItMe2). They could be
reused in water up to ten times. The immobilization proce-
dure is quite simple, since no modification of either the MNP
support or the organometallic rhodium precursur is
required.[163] Two different methods were used for the
immobilization: first [RhCl(tppts)3] (tppts = trisodium triphe-
nylphosphine-3,3’,3’’-trisulfonate) was used directly without

any ligand modification. In a second approach, [{RhCl(cod)}2]
(cod = 1,5-cyclooctadiene) was treated with sodium triphe-
nylphosphino-3-monosulfonate to produce [RhCl(cod)-
(tppms)], which was then attached to the magnetic nano-
particles. The activity of the catalysts was investigated under
single-phase (1,4-addition of boronic acid) and two-phase
(hydrogenation) conditions in water, with ItMe2 as the
substrate. The nanoparticle-supported [RhCl(TPPTS)3] cata-
lyst resulted in complete conversion of the substrate (4 h,
p(H2) = 3.5 bar, T= 50 8C). This catalyst was also active
(conversion > 99%) in the hydrogenation of n-hexene and
n-dodecene, without isomerization of the C=C bonds.

Magnetic nanoalloys encapsulated in quasispherical
carbon shells were prepared in large amounts by sequential
spraying, chemical precipitation, and controlled pyrolysis.[164]

As discussed earlier, graphite shells are ideal coatings for the
isolation of MNPs and prevention of particle aggregation,
since the closely packed graphitic networks are chemically
inert and impermeable. Various crystalline nanoalloys, such as
FeNi, FeCu, and FeCo, were synthesized and coated with a
layer of graphite. Pyrolysis of the iron precursor
Na2[Fe(CN)5NO]·2 H2O results in nitrogen atoms in the
graphitic carbon, which makes these particles structurally
different from those obtained by traditional carbon deposi-
tion, where the carbon shells are composed only of carbon
atoms. Palladium nanoparticles were deposited on the carbon
support by impregnation with [Pd(acac)2] (acac = acetylacet-
onate) in acetone. These systems exhibited higher initial rates
(1.529 mmols�1) than a commercial Pd/C catalyst
(0.835 mmols�1) in the hydrogenation of nitrobenzene.

Lu et al. developed a magnetically recoverable mesopo-
rous catalyst based on carbon-coated cobalt MNPs.[165]

Ordered mesoporous SBA-15 was impregnated with furfuryl
alcohol, which was subsequently polymerized to block the
pores of the silica template. The external surface of the
mesoporous silica/polymer nanocomposite was then covered
with cobalt nanoparticles, which were protected with a thin
layer (ca. 1 nm) of graphitic carbon. The polyfurfural residue
inside the pores was subsequently converted into carbon, and
the silica template was removed with HF to develop a
superparamagnetic carbon material with an open pore
system. Even though a multistep synthesis procedure is
required for these materials, these magnetic, mesoporous
carbon materials are interesting for applications related to
catalysis since the cobalt nanoparticles do not block the pores
of the material. Functionalization of the inner pores of the
mesoporous carbon with Pd gave a catalyst with high activity
and stability, as well as excellent reusability for the hydro-
genation of octene.

6.3. Hydroformylation

Yoon et al. used the strong interaction between carboxylic
acids and ferrite-type MNPs to graft the cationic complex
[Rh(h6-benzoicacid)(cod)]BF4 onto CoFe2O4 MNPs and used
this system for olefin hydroformylation.[166] The rhodium-
functionalized CoFe2O4 MNPs showed, similar to the homo-
geneous catalyst, high catalytic activity in combination with

Scheme 12. Synthesis of platinum nanoparticles on ionic liquid
modified MNPs.[161]
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excellent regioselectivity in the hydroformylation of 4-vinyl-
anisole (Scheme 13). The authors assigned the high activity to
the “quasihomogeneous” nature of the material.

Dendrimers can be used to support nanoparticles so as to
enhance the solubility in organic solvents.[167] Based on this
concept, in 2006 Abu-Reziq et al. used an interesting
approach for the heterogenization of a homogeneous rho-
dium catalyst:[168] Polyaminoamido (PAMAM) dendrons of
up to the third generation were generated on amino-
functionalized silica-coated MNPs by Michael addition of
methylacrylate to give aminopropionate ester groups which
were subsequently converted into aminoamides with ethyl-
enediamine. The teminal amino groups on the dendrons
covalently tethered on the MNPs were finally converted into
phosphine groups by tratment with diphenylphosphinome-
thanol. Treatment with [{Rh(cod)Cl}2] gave the catalytically
active dendronic MNPs. The catalysts were tested in the
hydroformylation of different olefin substrates (50 8C,
p(CO) = 34.5 bar, p(H2) = 34.5 bar). Nonpolar solvents led
to a higher selectivity for the branched aldehydes. No
significant electronic influence could be noted with substi-
tuted styrenes. Among the catalysts tested, the first gener-
ation samples (G1) showed the best activity (Scheme 14).
However, the catalysts were not selective in the hydroformy-
lation of linear aliphatic olefins: for example, 1-octene gave
the isomeric aldehydes in a 2.2:1 ratio (linear/branched).

6.4. Oxidation and Epoxidation

The oxidation of alcohols and olefins is synthetically
useful because the reaction products are important materials
in the production of fine chemicals. Beller and co-workers

examined the catalytic performance of magnetically recycla-
ble “unfunctionalized”� nano-Fe2O3 catalysts in oxidation
reactions under mild conditions, with hydrogen peroxide used
as the oxidizing agent.[169] The liquid-phase oxidation of
benzyl alcohol to benzaldehyde proceeded with excellent
activity (85% conversion) and a selectivity of 35 % in the
presence of nano-g-Fe2O3 particles with diameters of 3–5 nm.
Increasing the size of the particles to 20–50 nm decreased the
conversion to 33%, with a benzaldehyde selectivity of 97 %,
whereas Fe2O3 particles with a diameter of more than 100 nm
showed very low catalytic activities. Aromatic olefins were
also oxidized to the corresponding aldehydes under similar
conditions (Scheme 15). The high activity of the nano-g-Fe2O3

was attributed to the high surface area of the particles, which
have coordinatively unsaturated iron sites and vacancies for
substrate activation. These results highlight that catalytic
activity close to that of homogeneous Fe3+ catalysts can be
attained by reducing the size of the heterogeneous Fe2O3

catalysts.
The TONs observed in the oxidation reactions with the

simple nano-g-Fe2O3 catalysts were not very high. Polshetti-
war and Varma elegantly overcame this drawback by
supporting palladium nanoparticles on dopamine-modified
nanoferrites.[170] The oxidation of benzyl alcohol proceeded
with a TON of 720 and greater than 99% selectivity.
Furthermore, the catalyst exhibited excellent activity for a
variety of other aromatic, aliphatic, and heterocyclic alcohols,
and was also found equally active in the oxidation of a series
of substituted aromatic olefins (TON = 600–680; Scheme 16).

Catalytic oxidation with molecular oxygen instead of
(organic) peroxides is attractive for environmental and
economic reasons. Mizuno and co-workers investigated the
aerobic oxidation of alcohols and amines by using ruthenium
hydroxide supported on magnetite (Ru(OH)x/Fe3O4).[171]

Primary and secondary benzylic alcohols were converted
into the corresponding aldehydes and ketones in high yields.
Primary alcohols, however, reacted significantly faster, which
was attributed to the formation of ruthenium alkoxides. The
catalysts were also active in the oxidation of sulfur-containing
alcohols and of primary benzylic, aliphatic, and heterocyclic
amines. The reactions with amines resulted in the formation
of the corresponding nitriles in high yields (Scheme 17).

Scheme 13. Hydroformylation catalyzed by rhodium supported on
MNPs.[166]

Scheme 14. Rhodium-catalyzed hydroformylation with dendronic
magnetic silica nanoparticles.[168]

Scheme 15. Nano-Fe2O3-catalyzed oxidation of olefins to aldehydes.[169]

Scheme 16. Pd/Nano-Fe3O4-catalyzed oxidation of alcohols.[170]
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Aerobic oxidation of cyclohexane gives a mixture of
cyclohexanone and cyclohexanol (K/A oil), which are starting
compounds for the synthesis of adipic acid and caprolac-
tame—precursors for nylon6 and nylon66 polymers.[172] Tong
et al. used magnetic CoFe2O4 nanocrystals prepared by a sol–
gel autocombustion method as efficient and recyclable
heterogeneous catalysts for the aerobic oxidation of cyclo-
hexane in the absence of solvents and reducing agents.[173]

Catalyst screening studies showed that the pure stoichiomet-
ric CoFe2O4 nanocrystals showed excellent catalytic activity
(16.2 % conversion, p(O2) = 16 bar, 145 8C) and greater than
90% selectivity for the cyclohexanone and cyclohexanol
products. These results are significantly better than those of
homogeneous cobalt acetate, nanosized cobalt and iron
oxides, or their mixtures. Additionally, the CoFe2O4 nano-
crystals showed moderate activity (3–9% conversion) in the
oxidation of linear olefins.

In 2009, Rossi et al. reported magnetically recoverable
RuIII-functionalized NH2-SiO2-Fe3O4 supports for the oxida-
tion of aryl and alkyl alcohols under 3 bar of molecular
oxygen at 100 8C.[159] The oxidation of non-activated alcohols
(such as octanol) as well as the oxidation of diols to diketones
proceeds smoothly with high rates of conversion and selec-
tivities (no carboxylic acids formed). Very recently, Baiker
and co-workers investigated gold nanoparticles deposited on
superparamagnetic iron oxide–ceria nanocomposites (Au/
CeO2-Fe2O3) by the addition of Au(OAc)3 to the preformed
mixed oxide. These systems are active in the aerobic oxidation
of amines.[174] A series of amines, including benzylamine,
dibenzylamine, N-tert-butylbenzylamine, and indoline, were
oxidized to the corresponding imines with good conversions
and excellent selectivities (87–100%). Compared to the
recycling properties of several supported gold catalysts, the
Au/CeO2-Fe2O3 catalyst iron oxide–ceria nanocomposite
showed just a minimum loss of activity.

Hydroxyapatite (HAP, Ca10(PO4)6(OH)2) is a useful
support for high-performance heterogeneous catalysts
because of its structural stability, its ability to undergo ionic
substitution, and its adsorption capacity,.[175] Kaneda et al.
reported the synthesis of MNPs with encapsulated hydrox-
yapatite nanocomposites by the simultaneous crystallization
of HAP and g-Fe2O3 under basic conditions. The ion-
exchange ability of the external hydroxyapatite surface was
used to substitute calcium with ruthenium. The resulting
RuHAP-g-Fe2O3 is a recyclable catalyst for the aerobic

oxidation of alcohols.[176] It allows the oxidation of different
benzylic, allylic, aliphatic, and heterocyclic alcohols at room
temperature and under atmospheric pressure (Scheme 18).
Remarkably, the catalyst does not require any additive or co-
catalyst, even works under mild reaction conditions, and is
compatible with the oxidation of sterically bulky alcohols. For
example, 3,5-dibenzyloxybenzyl alcohol and cholestanol were
successfully converted quantitatively into the corresponding
carbonyl compounds.

In a recent publication, Arai et al. described the formation
of an organic–inorganic hybrid polymer on the surface of
magnetic beads derived from iron oxide by employing an
in situ self-assembly process.[177] The hybrid polymer consists
of [{[Cu(bpy)(BF4)2](bpy)}n] (bpy = 4,4’-bipyridine) and
forms directly on the surface of amino-functionalized mag-
netic beads from Cu(BF4)2 and 4,4’-bipyridine. The material
Cu(bpy)/HPMB (HPMB = hybrid polymer encapsulated
magnetic beads) was used as a catalyst for the oxidation of
silyl enolates to give the corresponding a-hydroxylcarbonyl
compounds. It showed a catalytic activity that was even higher
than the activity of a homogeneous [{[Cu(bpy)(BF4)2(H2O)2]-
(bpy)}n] catalyst under identical reaction conditions
(Scheme 19). More interestingly, the use of commercially
available aminomethylated polystyrene as the support led to
the catalytic activity of the hybrid polymer decreasing sharply.

Scheme 17. Aerobic oxidation of alcohols and amines catalyzed by
Ru(OH)x/Fe3O4.

[171]

Scheme 18. Substrate scope for the aerobic oxidation of alcohols with
the Ru/HAP-g-Fe2O3 catalyst.[176]

Scheme 19. Synthesis of a-hydroxy ketones by using the Cu(bpy)/
HPMB catalyst.[177]
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Graphene-coated cobalt nanobeads, which were function-
alized with propargyl ether–TEMPO (TEMPO = 2,2,6,6-
tetramethylpiperidine-1-oxyl) by a copper-catalyzed click
reaction, were recently used for the chemoselective oxidation
of benzylic and aliphatic alcohols. In this case, hypochlorite
was used as the oxidant (Scheme 20). No overoxidation to the
corresponding carboxylic acid was observed, and the catalysts
could be recycled by magnetic separation six times without
any loss of activity. Similar to other TEMPO-mediated
oxidation reactions, secondary alcohols are oxidized signifi-
cantly slower than primary alcohols.[178]

A magnetically recoverable epoxidation catalyst based on
molybdenum dioxide nanoparticles incorporated in a meso-
porous silica shell on silica-coated MNPs was recently
reported by Hyeon and co-workers.[179] Haematite (a-Fe2O3)
particles of about 400 nm in diameter obtained from a
hydrothermal reaction were first protected with a dense
silica coating (d = 50 nm). An additional mesoporous silica
shell was then generated on the surface of these particles by
condensation of TEOS and n-octadecyltrimethoxysilane (C18-
TMS). MoO2 was then introduced into the mesoporous silica
shell by impregnation with ammonium molybdate followed
by reduction with H2 (catalyst: MoO2/SiO2-Fe2O3).

The activity of this catalyst depends on the solvent and the
oxidant (best combination: CCl4/tBuOOH). High yields of
epoxides (> 80 %) were found for substrates such as cyclo-
dodecene, cycloheptene, cyclohexene, and indene
(Scheme 21). The catalyst could be recycled six times without
major loss in activity (1st run: 99% conversion, 6th run: 94%
conversion). Remarkably, nonporous silica MNPs impreg-
nated with molybdenum dioxide nanoparticles showed poorer
conversions (37 % conversion) than MNPs covered with
mesoporous silica (99 % conversion), which reveals the
importance of high specific surface areas.

Organic–inorganic hybrid nanocatalysts obtained by
covalently anchoring [(L-L)MoO(O2)2] (L-L = (3-triethoxy-
silylpropyl)[3-(2-pyridyl)-1-pyrazolyl]acetamide) on silica
MNPs were reported by Thiel and co-workers to be robust
magnetically separable epoxidation catalysts (Scheme 22).[180]

In this case, the combination of CHCl3 as solvent and
tBuOOH as oxidant gave the best results for a series of
substrates (for example, cyclooctene, cycloheptene, cyclo-
hexene, styrene, and 1-octene). This catalyst showed a
significantly enhanced catalytic activity and recyclability (six
times) compared to similar molybdenum catalysts supported
on neat mesoporous MCM-41 or silica nanospheres. The
authors attributed this finding to the better isolation and a
uniform dispersion of the catalytically active sites on the
surface. The relatively strong interaction between the chelat-
ing ligand and the molybdenum center as well as the covalent
grafting between the organic ligand and the magnetic silica
support prevent leaching of the active sites.

Recently, Tang et al. investigated titanium-functionalized
SiO2-FePt MNPs, developed by a layer-by-layer bottom-up
approach, for diverse oxidation reactions.[181, 182] Different
amounts of tetrabutyl orthotitanate (TBOT) were used to
cover the outer shell of silica-coated FePt MNPs. The authors
postulated a substitution of Si sites by Ti, since TBOT diffuses
into the silica layer. Among all the catalysts investigated,
materials with 18.9 wt % TiO2 showed the best catalytic
performance for the epoxidation of trans-stilbene in the
presence of tBuOOH (15% conversion, > 90% selectivity).
A further increase in the titanium concentration in the outer
shell decreased the catalytic activity, which was related to the
formation of unreactive Ti-O-Ti units instead of catalytically
active Ti-O-Si units.

In an alternative approach, Mori et al. described a two-
step coating process including a ligand-exchange step with (3-
mercaptopropyl)triethoxysilane and a sol–gel process using
tetraethyl orthosilicate and tetrapropyl orthotitanate for the
preparation of TiO2/SiO2-FePt catalysts. Various character-
ization methods proved that isolated and tetrahedrally
coordinated titanium species are located in the external
layer of the nanocomposite. This catalyst was used four times
with consistent activity (TON = 48) for the epoxidation of
cyclooctene. 30% H2O2 was used as the oxidant.[183]

Scheme 20. Synthesis of TEMPO-functionalized MNPs; substrates for
TEMPO-catalyzed oxidations.[178]

Scheme 21. Olefin epoxidation catalyzed by MoO2/Fe2O3-SiO2.

Scheme 22. Heterogenized molybdenumperoxo catalyst for olefin
epoxidation on silica-coated MNPs.[180]
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Zhang et al. reported a magnetically recoverable Ag/
Fe3O4 nanocomposite for the catalytic epoxidation of styrene,
with tert-butylhydroperoxide (TBHP) used as the oxidant.[184]

The synthesis takes place by the addition of AgNO3 and FeCl3

to a solution of ethylene glycol and polyvinylpyrolidine (PVP)
to form a suspension of AgCl with adsorbed FeIII ions. The
Ag+ ions are then reduced to Ag by ethylene glycol; PVP-
assisted aggregation causes crystallization of the Fe3O4 and
the generation of the Ag/Fe3O4 nanocomposite. HR-TEM
images show the coexistence of both Ag and Fe3O4 in the
composite. When the reaction is performed in the absence of
PVP, Ag particles become separated from the Fe3O4. The
catalytic properties of this catalyst were evaluated in the
epoxidation of styrene: styrene oxide was formed in 84%
yield after 13 h with a TOF of 1473 h�1, and the activity
remained almost constant over five cycles. The high catalytic
activity compared to other systems was explained by a
synergetic interaction between the Fe3O4 nanoparticles and
the Ag nanocrystals (Scheme 23). Table 2 summarizes some
material aspects of the MNP catalysts in hydrogenation and
oxidation reactions.

6.5. Organocatalysis

Metal-free catalysts for the synthesis of organic molecules
have recently attracted widespread attention.[185] Polshettiwar
et al. reported the synthesis of glutathione-functionalized
MNPs for a catalytic Paal–Knorr reaction.[186] The glutathione
(GT) molecules were anchored on magnetic nanoferrite
through their thiol groups. The catalyst (nano-FGT) displayed
high activity for a wide variety of alkyl, aryl, and heterocyclic
amines (Scheme 24). Remarkably, functionalized amines
were selectively converted into the corresponding pyrroles,
while preserving their functional groups (esters, ketones,
alcohols, C=C bonds, etc.). Chiral (R)-a- and (S)-a-methyl-
benzylamine yielded the corresponding pyrroles without
racemezation. The catalysts could be recycled by magnetic
separation five times without loss of catalytic activity.

The use of phase-transfer catalysts (PTC) is an environ-
mentally benign alternative to homogeneous reactions.[187]

However, a major drawback associated with PTCs is their
separation at the end of the reaction. To exploit the properties
of MNP-supported PTCs compared to conventional solid
supports (such as polystyrene resins), Kawamura and Sato
immobilized a series of quaternary ammonium and phospho-
nium salts on the surface of MNPs and evaluated their activity
in the O-alkylation of PhONa with nBuBr. The authors noted
that the immobilization of quaternary salts on MNPs did not
affect the activity of the PTC, while systems anchored to

polystyrene resins are less efficient.[188] The MNP catalysts can
be easily recovered after the reaction and can be reused four
times with only a minimal loss of activity (1st run 94% yield,
4th run 89 % yield).

In an identical approach, Kawamura and Sato immobi-
lized crown ethers on MNPs and evaluated their activity as
catalysts in solid–liquid phase-transfer reactions.[189] Crown
ethers are versatile PTCs in a series of organic syntheses, but
they are highly toxic, expensive, and difficult to reuse.[190] The
catalytic activity of crown ethers supported on MNPs (MNP-
crown) was evaluated in the halogen exchange of 1-bromooc-

Scheme 23. Epoxidation of styrene catalyzed by a Ag/Fe3O4 nanocom-
posite and a series of other nanocatalysts.[184]

Table 2: Hydrogenation and oxidation reactions catalyzed by magnetic
nanosupports.

Reaction studied Morphology and
particle composi-
tion

Magn.
nature[a]

Reusability
no. of
cycles

Ref.

hydrogenation of 1-
decene

Co@Pt, core–
shell

sp 7 [137]

hydrogenation of
nitrobenzene

Pd/SH-SiO2-Fe2O3

and Pd/NH2-SiO2-
Fe2O3

n.m. 14 [138]

transfer hydrogena-
tion of carbonyl com-
pounds

Ru(OH)x/DA-
NiFe2O4, spherical

sp 5 [141]

hydrogenation of
cyclohexene

Pd/SH-SiO2-
Fe3O4, core–shell

sp 20 [142]

hydrogenation of
alkynes/a,b-unsatu-
rated aldehydes

Pt/IL-MNP,
spherical

n.m. 4 [146]

hydrogenation of
nitrobenzene

Pd/carbon
encapsulated
nanoalloys

n.m. n.m. [149]

hydrogenation of
octene

Pd/magnetic
mesoporous
carbon

n.m. 2 [150]

oxidation of alcohols
and olefins

g-Fe2O3, spherical fm 5 [154]

oxidation of amines Au/CeO2-FeOx sp 2 [159]
oxidation of alcohols Ru/HAP-g-Fe2O3 sp n.m. [161]
epoxidation of alkenes MoO2/mesopo-

rous coated
MNPs

fm 6 [164]

oxidation of trans-stil-
bene

TiO2/SiO2-FePt sp n.m. [166]

[a] sp = superparamagnetic, n.m.= not mentioned, fm = ferromagnetic.

Scheme 24. Nano-FGT-catalyzed Paal–Knorr reactions.[186]
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tane with KI under solid–liquid PTC conditions. The catalytic
activity of the MNP-crown was almost identical to that of free
crown ethers (Scheme 25), and still depends strongly on the
ring size. Furthermore, the catalysts can be reused eight times
without any loss in activity.

6.6. Enantioselective Catalysis

Asymmetric catalysis is one of the most powerful methods
to produce enantiomerically pure compounds.[191] Despite
huge efforts devoted to this subject, the contribution of
asymmetric catalysis in the overall production of chiral
chemicals is lower than originally expected. There are
severe problems arising from the typical drawbacks of
homogeneous catalysis, including catalyst recycling. This
fact is of special importance since the price of sophisticated
chiral ligands often exceeds that of the noble metal
employed.[192] Heterogenization of chiral catalysts on high
surface area, solid organic–inorganic hybrid mesoporous
supports was employed as an approach to aid catalyst
recovery. However, chiral catalysts immobilized on porous
supports were often found to be less efficient than their
homogeneous counterparts.[34h]

As an alternative approach, Lin and co-workers demon-
strated an elegant way to immobilize chiral [Ru(binap-
PO3H2)Cl2(dpen)] (binap = 2,2’-bis(diphenylphosphino)-1,1’-
binaphthyl, dpen = 1,2-diphenylethylenediamine) on MNPs
through phosphate groups. They reported two different
methods: a thermal decomposition method (MNP1) and a
co-precipitation method (MNP2).[44] These MNP-supported
chiral catalysts were used for the enantioselective asymmetric
hydrogenation of aromatic ketones and showed high activity
and ee values of up to 98% (Scheme 26). For example, 1-
acetonaphthone was hydrogenated with 100 % conversion by
using 0.1 mol % of the chiral catalyst on MNP1 and MNP2 in 2-
propanol to yield a-(1-naphthyl)ethanol with 98.0% and
97.6% ee, respectively. The immobilized catalysts could be
recycled by magnetic separation (MNP1: 5 times, MNP2:
14 times) without any loss of activity or enantioselectivity.
Thus, the heterogenization of chiral metal complexes is a
promising alternative to classical homogeneous catalysis.

The functionalization of MNPs with chiral primary/
tertiary diamines (loading: 0.39 mmolg�1) leads to a catalyst
for the aldol reaction of acetone or cyclohexanone with a
series of aldehydes.[193] The catalyst (MNP-amine*) shows
similar activity and stereoselectivity as the amine in a
homogeneous phase (Scheme 27). Aromatic aldehydes gen-
erally give better results than aliphatic aldehydes.

The first chiral 4-N,N’-dimethylaminopyridine (DMAP)
derivatives supported on MNPs used for enantioselective
acylations were recently reported by Gleeson et al.[194] The
catalyst was prepared by anchoring N-methyldopamine
hydrochloride onto MNPs, followed by a SNAr reaction with
a chiral chloropyridine in toluene. The catalysts were
evaluated as promotors in the acylative kinetic resolution of
monoprotected cis-diols. The use of 5 mol% of catalyst
enabled the sec-alcohols to be resolved with 99% ee (for the
resolved alcohols) at 72% conversions. The catalysts were
also able to promote the kinetic resolution of a range of sec-
alcohols with various steric and electronic features by using
acetic anhydride as the acylating agent. They could be
recycled up to a remarkable 20 times with consistent activity
and enantioselectivity (Scheme 28).

The modification of a surface with chiral pockets by the
adsorption of chiral ligands is an interesting approach to
generate chiral heterogeneous catalysts. Parvalescu and co-
workers reported the synthesis of Fe3O4 colloids modified
with cinchonidine embedded in silica,[195] and used these
MNPs for the hydrogenolysis of bicyclo[2.2.2.]oct-7-enes
(Scheme 29). The modification process had no influence on
the catalytic properties of the materials, while the nature of
substituents on the substrate severely influenced the activity.
Small substituents such as hydrogen, for example, favor
interaction with the catalytically active sites (ca. 84% con-
version), whereas bulky substituents such as phenyl groups

Scheme 25. Crown ethers supported on MNPs for halogen exchange
and substitution reactions.[189]

Scheme 26. Hydrogenation of aromatic ketones with chiral Ru
complexes supported on MNPs.[44]

Scheme 27. Asymmetric aldol reaction of acetone catalyzed by amine
catalysts supported on MNPs. TFA = trifluoroacetic acid, TfOH = tri-
fluoromethanesulfonic acid.[193]
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lead to a drastic decrease in the activity (ca. 10 %). However,
no enantioselectivity was found for this reaction, irrespective
of the substrate. Embedding the cinchonidine-modified Fe3O4

colloids directly in silica resulted in a decrease in the activity
(about 40 % conversion). The authors attributed this effect to
the mass-transfer limitations of large substrates in the solid
matrix as well as to the inaccessibility of colloids that were
buried deep inside the silica matrix.

In a similar strategy, cinchonidine (CD) modified Pt was
immobilized on silica MNPs (CD-Pt/SiO2-Fe3O4) for the
enantioselective hydrogenation of activated ketones.[196] The
cinchonidine-modified catalyst showed a catalytic perfor-
mance (in terms of activity, enantioselectivity) that was the
same as that of the best known commercial Pt/Al2O3 catalyst
for the enantioselective hydrogenation of a-ketoesters and
a,a,a,-trifluoroacetophenone (Scheme 30). The catalysts
could be recycled up to eight times with just a minimum
decrease in the enantioselectivity (1st run: 57% ee, 8th run:
52% ee).

Very recently, Reiser and co-workers reported two differ-
ent azide-functionalized magnetic silica nanoparticles for the

immobilization of azabis(oxazoline)copper(II) complexes
(Scheme 31).[197] Azabis(oxazoline) ligands are particularly
attractive candidates for heterogenization since they are
known to bind strongly to metal sites.[198] These heterogenized
catalysts showed high yields and selectivities in the asym-
metric benzoylation of 1,2-diols.

Lee et al. developed a magnetic mesocellular mesoporous
silica support with a 3D open-pore structure for the filtration-
free recycling of chiral ligands for catalytic asymmetric
dihydroxylation (AD).[199] The inner pore walls of a meso-
cellular silica (MCF) were grafted with MNPs by thermal
decomposition of iron propionate. A cinchona alkaloid was
then functionalized inside the pore channels. The MCF
catalyst exhibited similar reaction rates and enantioselectivity
as those reported for the homogeneous ligand (Scheme 32).

The results were comparable to those of a high surface area,
nonmagnetic SBA-15 support for a series of olefin substrates.
The high ee values obtained with these catalysts were
attributed to the 3D pore structure and to the small particle
sizes, which make all the active sites highly dispersed and
accessible. The catalysts could be recycled eight times;
however, a new batch of toxic OsO4 had to be added for
every recycle to obtain reasonable reaction rates. The

Scheme 28. Synthesis of chiral DMAP derivatives supported on MNPs
and their evaluation as asymmetric acylation catalysts.[194]

Scheme 29. Bicyclo[2.2.2]oct-7-enes evaluated in asymmetric hydroge-
nolysis.[195]

Scheme 30. Substrate scope for the enantioselective hydrogenation
using a cinchonidine-modified CD-Pt/Fe3O4-SiO2 catalyst.[196]

Scheme 31. Asymmetric benzoylation with azabis(oxazoline)copper(II)
catalysts heterogenized on MNPs. Bn= benzyl, dipea = diisopropyl-
ethylarginine.[197]

Scheme 32. Evaluation of the substrate spectrum for the asymmetric
dihydroxylation with a cinchona alkaloid modified magnetic MCF
catalyst.[199]
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leaching of osmium seems to be a general drawback for
heterogeneous AD reactions.[200]

In 2009, Li and co-workers immobilized Ru-TsDPEN
(TsDPEN = N-(p-toluenesulfonyl)-1,2-diphenylethylenedia-
mine) on a magnetic siliceous mesocellular foam material.[201]

The authors noted that the heterogenized system gave high
catalytic activities and ee values as well as excellent reus-
ability (nine times) in the asymmetric transfer hydrogenation
of imines with HCOOH/NEt3 and aromatic ketones with
aqueous HCOONa (Scheme 33).

6.7. Acid–Base Reactions

Jones and co-workers reported the first synthesis of acid-
and base-functionalized MNPs, which they applied in differ-
ent catalytic transformations. Sulfonic acids with increasing
acidity (alkyl sulfonic acids, phenylsulfonic acid, perfluoroal-
kylsulfonic acids, perfluoroarylsulfonic acids) were immobi-
lized on silica-coated cobalt ferrite (CoFe2O4) MNPs by
employing appropriate thiol precursors to produce magneti-
cally recyclable acid catalysts.[202] The authors noted that the
silica coating is required to avoid unwanted decomposition of
the peroxide during the oxidation of alkyl thiols to alkyl
sulfonic acids. The magnetic, solid acid catalysts exhibited
similar or enhanced activity in the deprotection of benzalde-
hyde dimethylacetal compared to the corresponding homo-
geneous systems. The authors subsequently noted that the
perfluoroalkylsulfonic acid catalyst is leached out during the
reactions and that the activity is due to leached sulfonic acid
groups. Furthermore, a comparison between MNP- and SBA-
15-supported sulfonic acids proved that the latter exhibit
higher activities because of their high surface area and a
better dispersion of the acid species inside the pore channels.

The hydrolysis of nitriles is a very efficient method for the
synthesis of amides and especially useful for various chemical
and pharmaceutical applications.[203] Conventional homoge-
neous acids/bases are used in stoichiometric amounts in this
reaction. Polshettiwar and Varma used ruthenium hydroxide
(Ru(OH)x) supported on MNP as an efficient recyclable
catalyst for the hydrolysis of nitriles under microwave heating
in aqueous solution.[204] The reaction proceeded smoothly
with activated, non-activated, and heterocyclic nitriles

(Scheme 34). The hydrolysis of 3-/4-nitrobenzonitrile and of
3-/4-cyanopyridine proceed almost as fast, thus indicating that
the steric bulk of the substrate only has a minor impact on the
reaction rate.

D�laigh et al. investigated the catalytic activity of the
“hypernucleophilic” acylation catalyst DMAP supported on
MNPs for a series of acylations at ambient temperatures and
at very low catalyst loadings. These systems can be recycled an
unprecedented 30 times without any discernable loss in
catalytic activity.[205] Treatment of silica-coated MNPs with
an excess of trimethoxysilane derivatives of DMAP resulted
in an organocatalyst loading of 0.20 mmol g�1. The remaining
acidic surface Si-OH groups were protected with n-propyl-
trimethoxysilane. The supported DMAP catalyst promoted a
further series of synthetically useful reactions which were not
possible with the conventional homogeneous catalyst sys-
tems.[206] For example, the MNP-supported DMAP showed
high activity (> 98% conversion) in the acetylation of 1-
phenylethanol with acetic anhydride (Scheme 35), in the
peracetylation of d-glucose at room temperature, in the
protection of indole with tert-butoxycarbonyl (Boc), and in
the rearrangement of a quaternary O-acyl enolate to form an
azlactone with a stereogenic center.

Cobalt ferrite nanoparticles synthesized by the micro-
emulsion method were functionalized with N-[3-(trimethoxy-
silyl)propyl]ethylenediamine to create basic sites. These
systems were used for the Knoevenagel condensation of
aromatic and heteroaromatic aldehydes with malonic acid
dinitrile.[207] Complete conversion was achieved for benzalde-
hyde within 5 minutes in the presence of 2.5 mol % catalyst in
refluxing benzene. Aromatic aldehydes with electron-with-

Scheme 33. Asymmetric transfer hydrogenation of imines and ketones
with TsDPEN-Ru supported on a magnetic mesocellular foam.[201]

Scheme 34. Nitrile hydrolysis catalyzed by Ru(OH)x/nanoferrite.[204]

Scheme 35. Acetylation of 1-phenylethanol with a DMAP derivative
supported on MNPs.[205]
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drawing groups (for example, -NO2, -Cl) and electron-
donating groups (for example, -OH, -Me, -OMe) resulted in
quantitative conversion in different solvents such as benzene,
THF, and ethyl acetate (Scheme 36). However, a sharp
decrease in activity was noted when the acidic Si-OH

groups residing on the external surface of the catalyst were
removed by methylation. This finding is similar to other
reports on hydrophobic amine-functionalized silica cata-
lysts.[208] The activity of MNP-anchored basic catalysts was
comparable to that of a large-pore, amine-functionalized
SBA-15 (pore diameter ca. 101 �) and higher than that of a
MCM-48 material (pore diameter ca. 22 �), which was
attributed to mass-transfer problems.

Ionic liquids recently emerged as promising media for
homogeneous catalysis and even as catalysts themselves.[209]

Imidazole-based ILs with various alkyl-chain lengths grafted
on MNPs encapsulated in a hydroxyapatite (HAP) support
were recently reported as efficient and recyclable heteroge-
neous catalysts for the Knoevenagel condensation between
aldehydes and malonic acid dinitrile under mild conditions in
an aqueous environment.[210] The presence of 1-3 nm g-Fe2O3

particles in the HAP matrix was confirmed by XRD, XPS, and
TEM images. The successful functionalization of the material
with ionic liquids was confirmed by typical absorptions of the
imidazolium groups in the IR spectrum. Supported basic ILs
(SBIL) showed higher catalytic activity than the carrier HAP-
g-Fe2O3 and the homogeneous basic IL [Bmim]OH (Bmim =

1-n-butyl-3-methylimidazolium). The authors attributed this
effect to a cooperative activation by the support and the basic
ILs. Furthermore, SBILs with different alkyl chains attached
to the imidazolium moiety showed a size-dependent activity
(CH3>C4H9>C8H17>C16H33), which arose from the lower
accessibility of the cation with increasing steric hindrance as
well as a lower loading of basic centers. Various aromatic,
aliphatic, and heteroaromatic aldehydes could be converted
into the corresponding products in high yields with these
SBIL catalysts (Scheme 37).

6.8. Micellaneous Reactions

The degradation of halogenated organic pollutants is a
serious environmental concern. Conventional thermal or
chemical oxidation processes are often inefficient and do
not result in complete decomposition of such compounds,

which may result in the formation of even more toxic
halogenated compounds. An alternative approach is catalytic
dechlorination with molecular hydrogen.[211] Kaneda and co-
workers, for example, reported the dechlorination of organo-
halogenides with molecular hydrogen in the presence of a Pd
nanocluster catalyst supported on magnetically separable
hydroxyapatite (Pd/HAP-g-Fe2O3).[212] A variety of aromatic
chlorides and bromides could be dehalogenated to their
corresponding arenes in high yields (> 99%, Scheme 38). The

dechlorination of chlorobenzene produces benzene with an
excellent TOF of 2500 h�1 in the presence of only 1 bar H2.
Catalyst screening studies further revealed that the most
promising results were obtained with 2-propanol as the
solvent and NaOH as the base. The catalytic activity of Pd/
HAP-g-Fe2O3 was found to be significantly higher than that of
HAP-Pd and Pd/g-Fe2O3 because of the presence of very
small Pd nanoclusters on the surface of the HAP-g-Fe2O3

support.
Kwon et al. investigated a magnetically separable palla-

dium catalyst that was synthesized by a sol–gel process.
Palladium nanoparticles and superparamagnetic iron oxide
nanoparticles were incorporated in an aluminum oxyhydr-
oxide matrix.[213] The catalyst showed high activity and
regioselectivity for the hydrogenolysis of epoxides at room
temperature under an H2 pressure of 1 bar, and could be
reused 25 times without loss of activity. For example, quanti-
tative conversion and complete regioselectivity could be
found for the hydrodechlorination of epichlorohydrin, which
makes this catalyst outstanding with respect to commercial
catalysts such as Pd/C, Pd/Al2O3, Pd/CaCO3, Pd/BaCO3, and
PdEnCat. Furthermore, this catalyst accepts a broad spec-
trum of substrates (Scheme 39). It transforms trans-stilbene
oxide exclusively into 1,2-diphenylethanol, while a commer-
cially available Pd/C catalyst (5 mol%) produces a mixture of
1,2-diphenylethanol and dibenzyl (85:15) under similar reac-
tion conditions. Furthermore, the configuration is retained in

Scheme 36. Knoevenagel condensation catalyzed by diamino-function-
alized SiO2-CoFe2O4.

[207]

Scheme 37. Knoevenagel condensation catalyzed by basic ionic liquids
grafted on a magnetic HAP support.[210]

Scheme 38. Dehalogenation catalyzed by Pd nanoclusters immobilized
on a magnetically separable hydroxyapatite.[212]
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the hydrogenolytic ring opening of (R,R)-2-methyl-3-phenyl-
oxirane, with only (R)-1-phenyl-2-propanol (99 % ee) formed.

In 2009, an ionic liquid immobilized on MNPs was used as
a recyclable catalyst (up to 11 times) for the cycloaddition of
CO2 and epoxides to produce cyclic carbonates under a low
CO2 pressure (10 bar).[214] The ionic liquid precursors were
synthesized by quarternization of N-alkyl imidazoles with 3-
chloropropyltrimethoxysilane, and could be grafted on silica-
coated MNPs with a loading of 0.60 mmol g�1. MNP-sup-
ported ionic liquids (MNP-ILs) with longer alkyl side chains
(MNP-2, MNP-3) showed poorer catalytic activities, while the
short-chain MNP-1 gave activities comparable to the unsup-
ported [Bmim]Br. Different substrates such as styrene oxide,
epichlorohydrin, propyleneoxide, glycidyl phenyl ether, and
cyclohexeneoxide were converted quantitatively into the
cyclic carbonates at 140 8C and 10 bar CO2 in the presence
of 1 mol% catalyst (Scheme 40).

Ding et al. reported that MNPs can be used to support
catalysts for the atom-transfer radical polymerization
(ATRP) of methyl methacrylate (MMA).[215] In this approach,
Fe3O4 MNPs were first functionalized with 3-aminopropyl-
trimethoxysilane to anchor the amine groups on the surface of
the MNPs. The generation of acrylamides by reaction of the
amine groups with acryloyl chloride was followed by addition
of tetraethyldiethylenetriamine (TEDETA) and subsequent
complexation with CuBr (Scheme 41). In contrast to catalysts
supported on micrometer-sized particles, which gave poly-

mers with high polydispersity, the catalyst supported on MNP
resulted in ATRP similar to homogeneous systems. The
recycled catalyst maintained a similar activity and also gave
the same excellent control over the polymerization. This
finding again proves the advantages of those quasihomoge-
neous catalytic systems for specific reactions.

The separation of different catalysts in an essentially pure
form after one-pot multistep reaction cascades, and thus
allowing the reuse of the recovered catalysts in various other
catalytic reactions, is a synthetic challenge. Jones and co-
workers elegantly demonstrated that the combination of
functionalized MNPs with traditional catalysts that could be
recovered by gravimetric techniques allows the promotion of
one-pot multistep catalytic reactions with complete recovery
of the catalysts in their pure form.[216] Superparamagnetic iron
oxide MNPs functionalized with N-[3-(trimethoxysilyl)pro-
pyl]ethylenediamine as basic sites were used with a sulfonic
acid polymer resin in a tandem deacetalization/Knoevenagel
reaction. Complete conversion was noted, with TOFs of 3 h�1

for the acid resin catalyst and 75 h�1 for the basic catalyst
(Scheme 42). The basic MNP catalyst could be simply

recovered after the reactions by magnetic separation, while
the nonmagnetic resin catalyst was recovered by gravimetric
separation. The reaction sequence was further extended to a
subsequent hydrogenation by combination of the MNP-
supported basic catalyst and the sulfonic acid polymer resin
together with a new solid catalyst (Pt/Al2O3) enclosed in a
membrane. The reaction proceeds smoothly with an overall
yield of 78 %.

In an almost identical approach, Abu-Reziq et al. used a
one-pot multistep reaction catalyzed by a magnetically
separable solid, wherein a palladium catalyst is encapsulated
in a silica–polyethylenimine (SG-PEI) composite in the

Scheme 39. Hydrogenolysis of epoxides catalyzed by Pd nanoparticles
immobilized on a superparamagnetic iron oxide/aluminum
oxyhydroxide matrix.[213]

Scheme 40. Ionic liquid catalysts immobilized on MNPs for the
synthesis of cyclic carbonates.[203]

Scheme 41. Molecular structure of a tedta-Cu ATRP catalyst supported
on MNPs.[215]

Scheme 42. Reaction cascades catalyzed by the combination of three
different catalyst systems.[216]
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presence of MNP grafted ionic liquids (Pd/SG-MNP-PEI).[217]

The authors applied this catalyst together with polystyrene
sulfonic acid to the one-pot dehydration/hydrogenation of
benzylic alcohols. The PS-SO3H catalyst promotes the
dehydration of benzyl alcohols, whereas the Pd/SG-MNP-
PEI nanocomposite catalyzes the hydrogenation of the
double bond formed during the first step to give alkylated
arenes as the final products (Scheme 43). The Pd catalyst
could be easily recovered by magnetic separation after the
reactions and could be reused for other catalytic reactions,
such as the carbonylation of iodoarenes or Heck and Suzuki
cross-coupling reactions.

The photocatalytic activity of nanostructured TiO2 is well
documented. The combination with MNPs allows a simple
removal of such finely dispersed TiO2 particles.[218] Immobi-
lization of nanostructured TiO2 in different magnetic supports
(such as magnetite, ferrites, Fe3O4-SiO2, or g-Fe2O3-SiO2) was
recently used for a series of photodegradation reactions.[219]

Wang et al. reported the synthesis of TiO2/g-Fe2O3-SiO2 for
the photodegradation of methylene blue under UV irradi-
ation.[220] The silica coating acts as a barrier between the
magnetic cores and the titania shells. Xuan et al. very recently
investigated a hollow spherical TiO2/Fe3O4 hybrid photo-
catalyst, developed through a poly(styrene-acrylic acid)
(PSA) template method, for the photocatalytic degradation
of rhodamine B.[221]

At the end of this Review it should be noted that small
functionalized superparamagnetic iron oxide particles possess
weak magnetic responses, which sometimes makes it difficult
to separate them efficiently from solutions by moderate
magnetic field strengths. Embedding large numbers of iron
oxide cores can tackle this problem. However, Yin and co-
workers put forward another method: they synthesized a
composite nanostructure with two different functional sub-
structures, which combines a high specific surface area with
simple magnetic separation.[222] For this purpose, silica-
encapsulated multinuclei Fe2O3 MNPs were first grafted
with a thick layer of poly(N-isopropylacrylamide). The
composite particles were then formed by the assembly of
sterically confined small silica spheres (satellites) on the
polymer network. The satellite silica particles provide high
surface areas for the efficient loading of other nanocatalysts
through silylation reactions. For example, the surfaces of the
satellite silica spheres were functionalized with 3-aminopro-
pyltrimethoxysilane and then gold immobilized at the amine
groups for the reduction of 4-nitrophenol with NaBH4. A
complete conversion of 4-nitrophenol was noted within 1 h,
and the catalysts could be recycled eight times with identical
reaction rates. In contrast, Au nanoparticles loaded on

supports without any silica colloids displayed a continuous
decrease in activity after each cycle.

The same authors also immobilized gold on core–shell
silica magnetic nanoparticles for the catalytic reduction of 4-
nitrophenol to 4-aminophenol, with NaBH4 used as the
reducing agent. They noted a 14 % decrease in activity after
the second cycle because of the detachment of Au particles
from the support and their subsequent aggregation. By
employing an “encapsulation and etching strategy” they
were able to overcome this drawback by protecting the gold
particles with another silica shell and making the external
silica shell mesoporous by controlled etching with NaOH.[223]

By this approach, the nanoparticles were isolated and
protected in porous silica shells, thereby avoiding mass-
transfer problems and preventing coagulation of the nano-
particles during reactions. Hence, the nanocomposite main-
tains its high catalytic activity over six successive reaction
cycles.

7. Summary and Outlook

A whole series of MNP-functionalized catalysts have been
synthesized during the last few years which give identical or
even higher reactivity than the corresponding homogeneous
catalysts. Simple modification of the MNP surface with
organic ligands enhances the adsorption of catalytically
active colloidal metal nanoparticles, as highlighted with
palladium-mediated C�C coupling as well as Ru-, Rh-, and
Pd-catalyzed hydrogenation reactions. The excellent disper-
sity of the MNPs in different solvents is an additional
advantage, since it exposes the surface-bound active reaction
sites for the reactants in an optimal way. This allows diffusion
limitation to be overcome, which is often found for systems
heterogenized in microporous or mesoporous solids. Remark-
ably, MNP heterogenized catalysts can be recycled many
times by simple magnetic filtration without any loss of activity
thanks to the unique magnetic properties of the superpar-
amagnetic particles.

Moreno-Ma�as and Pleixats stated that the reproducibil-
ity in the properties of nanoparticles such as size, dispersion,
catalytic performance, recoverability, and reuse without loss
of activity are of paramount importance for application.[133d]

The majority of these problems have been overcome during
the last few years. Future directions of research should focus
on enhancing the stability of colloidal metal nanoparticles
supported on MNPs and the critical evaluation of the
presence of homogeneous active metal species during the
catalytic reactions. Moreover, for reactions catalyzed by
metal nanoparticles or supported nanoparticles, detailed
examination of morphological changes of nanoparticles
during the catalytic transformations have to be carried out.
Since metal nanoparticles are highly reactive and possess high
surface to volume ratios and high surface energies, the
stabilization of such materials during or after catalytic
reactions is without doubt an important issue. A detailed
examination of such issues assists a detailed understanding of
the mechanism of nanocatalysis and also provides valuable
hints for the generation of stable nanoparticles to enhance or

Scheme 43. One-pot reaction cascade catalyzed by a polystyrene
supported sulfonic acid and a magnetically recyclable palladium
system.[217]
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retain their catalytic activity. The sustainable synthesis of
(magnetic) metal nanoparticles or nanocomposites using less
toxic and readily available precursors as well as environ-
mentally benign solvents or supports under ambient con-
ditions will also make this field of chemical research more
“green”. We foresee that the existing methods of catalyst
heterogenization will be extended to magnetic nanoparticles
and nanocomposites, especially when an expensive chiral
ligand or a noble metal is involved.
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2007, 19, 5023 – 5034; c) S. Čampelj, D. Makovec, M. Drofenik,
J. Magn. Mater. 2009, 321, 1346 – 1350; d) L. Polito, M.
Colombo, D. Monti, S. Melato, E. Caneva, D. Prosperi, J.
Am. Chem. Soc. 2008, 130, 12712 – 12724; e) B. Panella, A.
Vargas, D. Ferri, A. Baiker, Chem. Mater. 2009, 21, 4316 – 4322.

[133] a) J. Tsuji, Palladium Reagents and Catalysts, Wiley-VCH,
Weinheim, 2004 ; b) H.-U. Blaser, A. Indolese, A. Schnyder, H.
Steiner, M. Studer, J. Mol. Catal. A 2001, 173, 3 – 18; c) V.
Polshettiwar, A. Molnar, Tetrahedron 2007, 63, 6949 – 6976;
d) M. Moreno-Ma�as, R. Pleixats, Acc. Chem. Res. 2003, 36,
638 – 643.

[134] P. D. Stevens, G. Li, J. Fan, M. Yen, Y. Gao, Chem. Commun.
2005, 4435 – 4437.

[135] P. D. Stevens, J. Fan, H. M. R. Gardimalla, M. Yen, Y. Gao, Org.
Lett. 2005, 7, 2085 – 2088.

[136] Y. Zheng, P. D. Stevens, Y. Gao, J. Org. Chem. 2006, 71, 537 –
542.

[137] Z. Wang, B. Shen, Z. Aihua, N. He, Chem. Eng. J. 2005, 113, 27 –
34.

[138] Z. Yinghuai, S. C. Peng, A. Emi, S. Zhenshun, Monalisa, R. A.
Remp, Adv. Synth. Catal. 2007, 349, 1917 – 1922.

[139] G. Lu, W. Mal, R. Jin, L. Gao, Synlett 2008, 1418 – 1420.
[140] B. Baruwati, D. Guin, S. V. Manorama, Org. Lett. 2007, 9, 5377 –

5380.
[141] a) V. Polshettiwar, B. Baruwati, R. S. Varma, ACS Nano 2009, 3,

728 – 736; b) V. Polshettiwar, M. N. Nadagouda, R. S. Varma,
Chem. Commun. 2008, 6318 – 6320.

[142] J. Liu, X. Peng, W. Sun, Y. Zhao, C. Xia, Org. Lett. 2008, 10,
3933 – 3936.

[143] J. Kim, J. E. Lee, J. Lee, Y. Jang, S.-W. Kim, K. An, J. H. Yu, T.
Hyeon, Angew. Chem. 2006, 118, 4907 – 4911; Angew. Chem.
Int. Ed. 2006, 45, 4789 – 4793.

[144] a) B. Yoon, C. M. Wai, J. Am. Chem. Soc. 2005, 127, 17174 –
17175; b) G. Korneva, H. Ye, Y. Gogotsi, D. Halverson, G.
Friedman, J.-C. Bradley, K. G. Kornev, Nano Lett. 2005, 5, 879 –
884; c) A. H. Lu, F. Sch	th, Adv. Mater. 2006, 18, 1793 – 1805;
d) F. L. Deepak, N. S. John, A. Govindraj, G. U. Kulkarni,
C. N. R. Rao, Chem. Phys. Lett. 2005, 411, 468 – 473.

[145] H. Yoon, S. Ko, J. Jang, Chem. Commun. 2007, 1468 – 1470.
[146] S. Ko, J. Jang, Angew. Chem. 2006, 118, 7726 – 7729; Angew.

Chem. Int. Ed. 2006, 45, 7564 – 7567.
[147] S. Luo, X. Zheng, H. Xu, X. Mi, L. Zhang, J.-P. Cheng, Adv.

Synth. Catal. 2007, 349, 2431 – 2434.
[148] a) D. Basavaiah, P. D. Rao, R. S. Hyma, Tetrahedron 1996, 52,

8001 – 8062; b) D. Basavaiah, A. J. Rao, T. Satyanarayana,
Chem. Rev. 2003, 103, 811 – 891.

[149] G. Chouhan, D. Wang, H. Alper, Chem. Commun. 2007, 4809 –
4811.

[150] R. B. Bedford, M. Betham, D. W. Bruce, S. A. Davis, R. M.
Frost, M. Hird, Chem. Commun. 2006, 1398 – 1400.

[151] a) M. Takasaki, Y. Motoyama, K. Higashi, S. H. Yoon, I.
Mochida, H. Nagashima, Org. Lett. 2008, 10, 1601 – 1604; b) E.
Moln�r, G. Tasi, Z. Konya, I. Kiricsi, Catal. Lett. 2005, 101, 159 –
167; c) S. Miao, Z. Liu, B. Han, J. Huang, Z. Sun, J. Zhang, T.
Jian, Angew. Chem. 2006, 118, 272 – 275; Angew. Chem. Int. Ed.
2006, 45, 266 – 269; d) I. S. Park, M. S. Kwon, K. Y. Kang, J. S.
Lee, J. Park, Adv. Synth. Catal. 2007, 349, 2039 – 2047; e) J. M.
Thomas, B. F. G. Johnson, R. Raja, G. Sankar, P. A. Midgley,
Acc. Chem. Res. 2003, 36, 20 – 30.

[152] C.-H. Jun, Y. J. Park, Y.-R. Yeon, J.-R. Choi, W.-R. Lee, S.-J.
Ko, J. Cheon, Chem. Commun. 2006, 1619 – 1621.

[153] D. K. Yi, S. S. Lee, J. Y. Ying, Chem. Mater. 2006, 18, 2459 –
2461.

[154] D. Guin, B. Baruwati, S. V. Manorama, Org. Lett. 2007, 9, 1419 –
1421.

[155] V. Polshettiwar, B. Baruwati, R. S. Varma, Green Chem. 2009,
11, 127 – 131.

[156] B. Baruwati, V. Polshettiwar, R. S. Varma, Tetrahedron Lett.
2009, 50, 1215 – 1218.

[157] L. M. Rossi, F. P. Silva, L. L. R. Vano, P. K. Kiyohara, E. L.
Duarte, R. Itri, R. Landers, G. Machado, Green Chem. 2007, 9,
379 – 385.

[158] M. J. Jacinto, P. K. Kiyohara, S. H. Masunaga, R. F. Jardim,
L. M. Rossi, Appl. Catal. A 2008, 338, 52 – 57.

[159] M. J. Jacinto, O. H. C. F. Santos, R. F. Jardim, R. Landers, L. M.
Rossi, Appl. Catal. A. 2009, 360, 177 – 182.

[160] Y. Wang, J.-K. Lee, J. Mol. Catal. A 2007, 263, 163 – 168.
[161] R. Abu-Reziq, D. Wang, M. Post, H. Alper, Adv. Synth. Catal.

2007, 349, 2145 – 2150.
[162] J. Zhang, Y. Wang, H. Ji, Y. Wei, N. Wu, B. Zuo, Q. Wang, J.

Catal. 2005, 229, 114 – 118.
[163] U. Laska, C. G. Frost, P. K. Plucinski, G. J. Price, Catal. Lett.

2008, 122, 68 – 75.
[164] S. C. Tsang, V. Caps, I. Paraskevas, D. Chadwick, D. Thompsett,

Angew. Chem. 2004, 116, 5763 – 5767; Angew. Chem. Int. Ed.
2004, 43, 5645 – 5649.

[165] A. H. Lu, W. Schmidt, N. Matoussevitch, H. Bonnemann, B.
Spliethoff, B. Tesche, E. Bill, W. Kiefer, F. Sch	th, Angew.
Chem. 2004, 116, 4403 – 4406; Angew. Chem. Int. Ed. 2004, 43,
4303 – 4306.

[166] T.-J. Yoon, W. Lee, Y-S. Oh, J.-K. Lee, New J. Chem. 2003, 27,
227 – 229.

[167] Y. Jiang, Q. Gao, J. Am. Chem. Soc. 2006, 128, 716 – 717.
[168] R. Abu-Reziq, H. Alper, D. Wang, M. L. Post, J. Am. Chem.

Soc. 2006, 128, 5279 – 5282.
[169] F. Shi, M. K. Tse, M. M. Pohl, A. Bruckner, S. Zhang, M. Beller,

Angew. Chem. 2007, 119, 9022 – 9024; Angew. Chem. Int. Ed.
2007, 46, 8866 – 8868.

[170] V. Polshettiwar, R. S. Varma, Org. Biomol. Chem. 2009, 7, 37 –
40.

[171] M. Kotani, T. Koike, K. Yamaguchi, N. Mizuno, Green Chem.
2006, 8, 735 – 741.

[172] U. Schuchardt, D. Cardoso, R. Sercheli, R. Pereira, R. S.
da Cruz, M. C. Guerreiro, D. Mandelli, E. V. Spinace, E. L.
Pires, Appl. Catal. A 2001, 211, 1 – 17.

[173] J. Tong, L. Bo, Z. Li, Z. Lei, C. Xia, J. Mol. Catal. A 2009, 307,
58 – 63.

[174] L. Aschwanden, B. Panella, P. Rossbach, B. Keller, A. Baiker,
ChemCatChem 2009, 1, 111 – 115.

[175] a) K. Kaneda, K. Ebitani, T. Mizugaki, K. Mori, Bull. Chem.
Soc. Jpn. 2006, 79, 981; b) K. Yamaguchi, K. Mori, T. Mizugaki,
K. Ebitani, K. Kaneda, J. Am. Chem. Soc. 2000, 122, 7144 –
7145; c) K. Mori, T. Hara, T. Mizugaki, K. Ebitani, K. Kaneda,
J. Am. Chem. Soc. 2004, 126, 10657 – 10666.

[176] K. Mori, S. Kanai, T. Hara, T. Mizugaki, K. Ebitani, K.
Jitsukawa, K. Kaneda, Chem. Mater. 2007, 19, 1249 – 1256.

S. Shylesh, W. R. Thiel, and V. Sch�nemannReviews

3458 www.angewandte.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2010, 49, 3428 – 3459

http://dx.doi.org/10.1103/PhysRevB.76.052408
http://dx.doi.org/10.1016/S0006-3495(01)76217-0
http://dx.doi.org/10.1016/0039-6028(81)90227-2
http://dx.doi.org/10.1021/la9604339
http://dx.doi.org/10.1021/la9604339
http://dx.doi.org/10.1021/cm071289n
http://dx.doi.org/10.1021/cm071289n
http://dx.doi.org/10.1021/ja802479n
http://dx.doi.org/10.1021/ja802479n
http://dx.doi.org/10.1021/cm901665f
http://dx.doi.org/10.1016/j.tet.2007.04.023
http://dx.doi.org/10.1039/b505424a
http://dx.doi.org/10.1039/b505424a
http://dx.doi.org/10.1021/ol050218w
http://dx.doi.org/10.1021/ol050218w
http://dx.doi.org/10.1021/jo051861z
http://dx.doi.org/10.1021/jo051861z
http://dx.doi.org/10.1016/j.cej.2005.08.003
http://dx.doi.org/10.1016/j.cej.2005.08.003
http://dx.doi.org/10.1002/adsc.200700021
http://dx.doi.org/10.1021/ol702064x
http://dx.doi.org/10.1021/ol702064x
http://dx.doi.org/10.1021/nn800903p
http://dx.doi.org/10.1021/nn800903p
http://dx.doi.org/10.1039/b814715a
http://dx.doi.org/10.1021/ol801478y
http://dx.doi.org/10.1021/ol801478y
http://dx.doi.org/10.1002/ange.200504107
http://dx.doi.org/10.1002/anie.200504107
http://dx.doi.org/10.1002/anie.200504107
http://dx.doi.org/10.1021/ja055530f
http://dx.doi.org/10.1021/ja055530f
http://dx.doi.org/10.1021/nl0502928
http://dx.doi.org/10.1021/nl0502928
http://dx.doi.org/10.1002/adma.200600148
http://dx.doi.org/10.1016/j.cplett.2005.06.076
http://dx.doi.org/10.1039/b616660a
http://dx.doi.org/10.1002/ange.200602456
http://dx.doi.org/10.1002/anie.200602456
http://dx.doi.org/10.1002/anie.200602456
http://dx.doi.org/10.1002/adsc.200700318
http://dx.doi.org/10.1002/adsc.200700318
http://dx.doi.org/10.1016/0040-4020(96)00154-8
http://dx.doi.org/10.1016/0040-4020(96)00154-8
http://dx.doi.org/10.1021/cr010043d
http://dx.doi.org/10.1039/b711298j
http://dx.doi.org/10.1039/b711298j
http://dx.doi.org/10.1039/b601014h
http://dx.doi.org/10.1021/ol800277a
http://dx.doi.org/10.1002/ange.200502632
http://dx.doi.org/10.1002/anie.200502632
http://dx.doi.org/10.1002/anie.200502632
http://dx.doi.org/10.1002/adsc.200600651
http://dx.doi.org/10.1021/ar990017q
http://dx.doi.org/10.1039/b600147e
http://dx.doi.org/10.1021/cm052885p
http://dx.doi.org/10.1021/cm052885p
http://dx.doi.org/10.1021/ol070290p
http://dx.doi.org/10.1021/ol070290p
http://dx.doi.org/10.1039/b815058c
http://dx.doi.org/10.1039/b815058c
http://dx.doi.org/10.1016/j.tetlet.2009.01.014
http://dx.doi.org/10.1016/j.tetlet.2009.01.014
http://dx.doi.org/10.1039/b612980c
http://dx.doi.org/10.1039/b612980c
http://dx.doi.org/10.1016/j.apcata.2007.12.018
http://dx.doi.org/10.1002/adsc.200700129
http://dx.doi.org/10.1002/adsc.200700129
http://dx.doi.org/10.1016/j.jcat.2004.09.029
http://dx.doi.org/10.1016/j.jcat.2004.09.029
http://dx.doi.org/10.1007/s10562-007-9339-7
http://dx.doi.org/10.1007/s10562-007-9339-7
http://dx.doi.org/10.1002/ange.200460552
http://dx.doi.org/10.1002/anie.200460552
http://dx.doi.org/10.1002/anie.200460552
http://dx.doi.org/10.1002/ange.200454222
http://dx.doi.org/10.1002/ange.200454222
http://dx.doi.org/10.1002/anie.200454222
http://dx.doi.org/10.1002/anie.200454222
http://dx.doi.org/10.1039/b209391j
http://dx.doi.org/10.1039/b209391j
http://dx.doi.org/10.1021/ja056424g
http://dx.doi.org/10.1021/ja060140u
http://dx.doi.org/10.1021/ja060140u
http://dx.doi.org/10.1002/ange.200703418
http://dx.doi.org/10.1002/anie.200703418
http://dx.doi.org/10.1002/anie.200703418
http://dx.doi.org/10.1039/b817669h
http://dx.doi.org/10.1039/b817669h
http://dx.doi.org/10.1039/b603204d
http://dx.doi.org/10.1039/b603204d
http://dx.doi.org/10.1016/S0926-860X(01)00472-0
http://dx.doi.org/10.1002/cctc.200900085
http://dx.doi.org/10.1246/bcsj.79.981
http://dx.doi.org/10.1246/bcsj.79.981
http://dx.doi.org/10.1021/ja001325i
http://dx.doi.org/10.1021/ja001325i
http://dx.doi.org/10.1021/ja0488683
http://dx.doi.org/10.1021/cm061388l
http://www.angewandte.org


[177] T. Arai, T. Sato, H. Kanoh, K. Kaneka, K. Oruma, A.
Yanagisawa, Chem. Eur. J. 2008, 14, 882 – 885.

[178] A. Sch
tz, R. N. Grass, W. J. Stark, O. Reiser, Chem. Eur. J.
2008, 14, 8262 – 8266.

[179] M. Shokouhimehr, Y. Piao, J. Kim, Y. Jang, T. Hyeon, Angew.
Chem. 2007, 119, 7169 – 7173; Angew. Chem. Int. Ed. 2007, 46,
7039 – 7043.

[180] S. Shylesh, J. Schweitzer, S. Demeshko, V. Sch	nemann, S.
Ernst, W. R. Thiel, Adv. Synth. Catal. 2009, 351, 1789 – 1795.

[181] H. Tang, C. H. Yu, W. Oduoro, H. He, S. C. Tsang, Langmuir
2008, 24, 1587 – 1590.

[182] A. Corma, H. Garcia, Chem. Rev. 2002, 102, 3837 – 3892.
[183] K. Mori, K. Sugihara, Y. Kondo, T. Takeuchi, S. Morimoto, H.

Yamashita, J. Phys. Chem. C 2008, 112, 16478 – 16483.
[184] d.-H. Zhang, G.-D. Li, J.-X. Li, J.-S. Chen, Chem. Commun.

2008, 3414 – 3416.
[185] a) J. Seayad, B. List, Org. Biomol. Chem. 2005, 3, 719 – 724;

b) D. Enders, O. Niemeier, A. Henseler, Chem. Rev. 2007, 107,
5606 – 5655.

[186] V. Polshettiwar, B. Baruwati, R. S. Varma, Chem. Commun.
2009, 1837 – 1839.

[187] B. Lygo, B. I. Andrews, Acc. Chem. Res. 2004, 37, 518 – 525.
[188] M. Kawamura, K. Sato, Chem. Commun. 2006, 4718 – 4719.
[189] M. Kawamura, K. Sato, Chem. Commun. 2007, 3404 – 3405.
[190] a) C. J. Pedersen, J. Am. Chem. Soc. 1967, 89, 2495 – 2496;

b) R. M. Izatt, K. Pawlak, J. S. Bradshaw, R. L. Bruening,
Chem. Rev. 1995, 95, 2529 – 2586; c) D. Alabenese, D. Landini,
A. Maia, M. Penso, J. Mol. Catal. A 1999, 150, 113 – 131.

[191] a) R. Noyori, Adv. Synth. Catal. 2003, 345, 15 – 32; b) M. Studer,
H. U. Blaser, C. Exner, Adv. Synth. Catal. 2003, 345, 45 – 65;
c) H. U. Blaser, C. Malan, B. Pugin, F. Spindler, H. Steiner, M.
Studer, Adv. Synth. Catal. 2003, 345, 103 – 151.

[192] D. J. Cole-Hamilton, Adv. Synth. Catal. 2006, 348, 1341 – 1351.
[193] S. Luo, X. Zheng, J.-P. Cheng, Chem. Commun. 2008, 5719 –

5721.
[194] O. Gleeson, R. Tekoriute, Y. K. Gun’ko, S. J. Connon, Chem.

Eur. J. 2009, 15, 5669 – 5673.
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