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Abstract Reduction and oxidation reactions (redox reactions) are fundamental and
important transformation of chemicals in both laboratory and industrial chemistries.
With regard to atom economy and the environmental demands, an ultimate goal of
these reactions is to employ molecular hydrogen (H2) or molecular oxygen (O2).
High-performance heterogeneous catalysts with high activity, selectivity, recover-
ability, and reusability are ideal for the development of green sustainable processes
using H2 or O2. Moreover, the heterogeneous catalyst systems are the promising
approach to solve the disadvantage of homogeneous ones, such as short lifetimes
(low stability), risk of contaminating products with metals (low recoverability),
tedious workups for reuse (low reusability), and so on. For the design of high-
performance heterogeneous catalysts under liquid-phase redox reactions, metal
nanoparticles (NPs) is the most promising strategy because of their unusual proper-
ties compared to bulk metal. This review provides an overview of metal NP
heterogeneous catalysts developed for redox reactions using H2 or O2. The state-
of-the-art metal NP catalysts show higher activity and selectivity for the
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chemoselective hydrogenations of carbonyl, nitro, and alkynyl compounds while
retaining C¼C bonds, and the aerobic oxidation of alcohols and the Wacker type
oxidation of alkenes, which overcome the limitations of the conventional catalyst
systems. This improved catalytic performance is due to significant advances in the
precise fabrication of nanoscale metals, which has made it possible to explore novel
catalysis and design metal active centers.

Keywords Catalyst · Hydrogenation · Metal · Nanoparticle · Oxidation

1 Introduction

Reduction and oxidation reactions (redox reactions) are fundamental and important
transformations in both laboratory and industrial chemistries. In conventional redox
reaction systems, metal hydrides, such as NaBH4 and LiAlH4, or heavy metal salts,
such as permanganate and dichromate, have been employed as reducing or oxidizing
agents. As these stoichiometric reagents have serious drawbacks, including high
costs, toxicity, and producing large amounts of waste, the development of promising
catalytic systems to replace these stoichiometric reactions has attracted much atten-
tion. With regard to atom economy and the environmental demands of chemical
reactions, an ultimate goal of redox reactions is to employ molecular hydrogen (H2)
or molecular oxygen (O2) [1–6]. These inexpensive reagents are abundant and can
avoid the use of harmful reagents. In this context, transition metal complexes have
traditionally been employed as catalysts, because they are dissolved in reaction
media, which makes all active sites accessible to substrates, leading to exhibit high
catalytic activities. Despite these advantages, homogeneous catalyst systems have
fundamental problems, including short lifetimes (low stability), risk of contaminat-
ing products with metals (low recoverability), and tedious workups for reuse (low
reusability). Although heterogeneous catalysts are the most promising approach to
solving the above issues, they generally show low activity and require harsh reaction
conditions and have mainly been applied in gas-phase reactions. Therefore, high-
performance heterogeneous catalysts with high activity, selectivity, recoverability,
and reusability would be ideal, leading to the development of green sustainable
redox reaction processes using H2 or O2.

Using metal nanoparticles (NPs) is among the most promising strategies for the
design of high-performance heterogeneous catalysts because of their unusual prop-
erties compared to bulk metal. To date, metal NP catalysts have been employed to
refine petroleum, manufacture petrochemicals, clean exhaust gas, and produce
renewable clean energy, especially in gas-phase reactions [7–9]. Recently, the
advance of nanoengineering has enabled the precise construction of metal NP
catalysts. Sophisticated metal NP catalysts, obtained by controlling particle sizes
and shapes, tuning metal electronic states, and modulating metal–support
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interactions [10–14], have achieved high activity and selectivity in fine chemical
synthesis under mild conditions. Accordingly, this review provides an overview of
metal NP heterogeneous catalysts developed for redox reactions using H2 or O2

under liquid-phase conditions. As many reviews and reports on heterogeneous
catalysts for hydrogenation [15–17] and aerobic oxidation [18–21] have been
published, herein we have focused on state-of-the-art metal NP catalysts, which
overcome the limitations of conventional catalysts in selective redox reactions.

2 Metal NP-Catalyzed Selective Reductions Using H2

Selective hydrogenations are important methods in fine chemical synthesis. How-
ever, the chemoselective hydrogenation of targeted functional groups in the presence
of other reducible groups is difficult. In particular, chemoselective hydrogenation in
the presence of easily reducible alkene groups represents a significant challenging.
To date, various approaches using metal NP catalysts to achieve high
chemoselectivity have been proposed through the design of metal size, surface,
shape, and components. In this section, rationally designed and developed novel
metal NP catalysts for the chemoselective hydrogenation of nitro, carbonyl, and
alkyne moieties while retaining easily reducible alkene groups are discussed.

2.1 Design of Core–Shell NPs

The hydrogenation of aromatic nitro compounds bearing other reducible groups is
important for the direct synthesis of functionalized aniline derivatives, which are
useful feedstocks in the chemical industry. In 2005, Corma et al. discovered that a
Au/TiO2 catalyst promoted the chemoselective hydrogenation of 3-nitrostyrene to
give 3-aminostyrene with 98.5% conversion and 95.9% selectivity [22]. Since this
pioneering report, many catalysts have been developed for the chemoselective
hydrogenation of functionalized aromatic nitro compounds [23]. However, these
catalysts suffer from overhydrogenation of aminostyrene to ethylaniline at high
conversion levels. This is due to the chemoselectivity often being derived from
preferential adsorption of the nitro moiety over the alkene moiety, resulting in alkene
hydrogenation occurring prior to nitro hydrogenation at low nitro compound con-
centrations. Therefore, a new catalyst design strategy for the chemoselective hydro-
genation of nitro compounds is needed as an alternative to the preferential adsorption
method.

Au or Ag NPs and basic metal oxide support are known to cooperatively
dissociate H2 into polar hydrogen species H

δ+ and Hδ-, which straddle the interfacial
perimeter sites [24, 25]. These polar hydrogen species show favorable reactivity with
nitro groups compared to that with alkene groups [26]. Mitsudome et al. developed a
novel core–shell nanostructured catalyst, Ag@CeO2, for the chemoselective
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hydrogenation of nitrostyrene [27]. Ag@CeO2 comprised a core of Ag NPs with a
mean diameter of 10 nm and a shell assembled from CeO2 NPs with diameters of
3–5 nm. The shell had nanopores among the CeO2 NPs that enabled the reactants to
access AgNPs in the core (Fig. 1).

The core–shell Ag@CeO2 catalyst structurally maximizes the interface area
between the AgNPs and basic metal oxide CeO2 while simultaneously minimizing
the area of bare AgNPs. Therefore, Ag@CeO2 is expected to enable the selective
formation of polar hydrogen species at the interface between AgNPs and the basic
sites of CeO2 through heterolytic dissociation of H2 while suppressing the unfavor-
able formation of nonpolar hydrogen species on bare AgNPs through homolytic
dissociation of H2, which react with alkene groups. This precise design strategy for
NP catalysts enabled the selective generation of polar hydrogen species that promote
complete chemoselective hydrogenation of nitro groups while retaining C¼C bonds
(Fig. 2). Ag@CeO2 catalyst exhibited excellent selectivity toward the nitro hydro-
genation of 3-nitrostyrene, affording 3-aminostyrene in 98% yield with >99%

Fig. 1 Electron micrographs of Ag@CeO2: (a) SEM image of Ag@CeO2; (b) HRTEM image of
single Ag@CeO2 particle

Fig. 2 Time course of 3-nitrostyrene reduction with H2 using (a) Ag@CeO2 and (b) Ag/CeO2.
Reprinted with permission from [27]. Copyright 2012 Wiley-VCH
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selectivity without alkene hydrogenation occurring. Interestingly, the C¼C bond of
3-aminostyrene showed no hydrogenation when the reaction time was prolonged.

The efficiency of the Ag@CeO2 core–shell structure was also demonstrated in the
hydrogenation of styrene. Styrene was not hydrogenated using this catalyst but was
hydrogenated using CeO2-supported Ag NPs without a core–shell structure
(Ag/CeO2) (Fig. 3). Furthermore, the Ag@CeO2 catalyst could be recovered through
simple filtration from the reaction mixture after the reaction and reused without any
loss of activity or selectivity [28].

Ag@CeO2 also promoted the unique deoxygenation reaction of epoxides to give
the corresponding alkenes. Various epoxides, including aromatic, aliphatic, and
alicyclic epoxides, were smoothly converted into the corresponding alkenes with
>99% selectivity (Fig. 4). This represented the first reported Ag-catalyzed
chemoselective deoxygenation of epoxides to alkenes using H2.

The design strategy of Ag@CeO2 for the exclusive hydrogenation of a polar
functional group while retaining alkene groups was further demonstrated by the
selective hydrogenation of unsaturated aldehydes to give the corresponding unsat-
urated alcohols, which are important intermediates in fragrances and pharmaceuti-
cals. Highly dispersed Ag@CeO2 on a CeO2 support (Ag@CeO2-D), which
represents a modified version of Ag@CeO2, efficiently converted a wide range of
aldehydes, including not only terpenes and aliphatic and aromatic α,β-unsaturated
aldehydes but also unconjugated aldehydes, to the corresponding allylic alcohols
with high selectivity at high conversion levels (Fig. 5). Ag@CeO2 also operated well
under gram-scale reaction conditions to produce unsaturated alcohols in high yields.

The semihydrogenation of alkynes is among the most important and fundamental
reactions for the synthesis of (Z )-alkenes, which are important building blocks of
fine chemicals, including bioactive molecules, flavors, and natural products

Fig. 4 Ag@CeO2-catalyzed deoxygenation of epoxides to give alkenes using H2

Fig. 3 Activities of
Au@CeO2 and Ag/CeO2

toward styrene
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[29, 30]. Although Lindlar catalyst (Pb(OAc)2-treated Pd/CaCO3 with large amounts
of quinoline) has been widely used in these reactions [31], this method has serious
drawbacks, including requiring a toxic Pb salt and large amounts of quinoline to
suppress overhydrogenation of alkenes. Furthermore, when applied to terminal
alkynes, Lindlar catalyst causes rapid overhydrogenation of the terminal alkene
products. To establish more environmentally benign catalyst systems, a number of
Pb-free catalysts involving Pd [32, 33], Fe [34, 35], Ni [36–38], Cu [39], and Ru [40]
metals have been reported. Among the reported Pd NP catalysts, the addition of
dimethylsulfoxide (DMSO) is a simple and effective approach alternative to Lindlar
catalyst, in which DMSO drastically suppresses the overhydrogenation and isomer-
ization of the alkene products [41]. This is caused by the suitable coordination ability
of DMSO with Pd NPs, where DMSO adsorbed on the Pd NP surface inhibits the
coordination of alkenes to Pd NPs, while alkynes can adsorb onto the Pd NP surfaces
due to their higher coordination ability compared with that of DMSO.

Based on the above DMSO effect, Mitsudome et al. designed core–shell
nanocomposites of SiO2-supported Pd NPs covered with a DMSO-like matrix of
methyl-3-trimethoxysilylpropylsulfoxide (MPSO) (Pd@MPSO/SiO2)
[42]. Pd@MPSO/SiO2 had Pd NPs with a mean diameter of 17 nm covered by a
MPSO matrix shell with a thickness of 4 nm (Pd@MPSO/SiO2-1) or 19 nm

Fig. 5 Chemoselective hydrogenations of unsaturated aldehydes using Ag@CeO2-D
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(Pd@MPSO/SiO2-2), which was controlled by the amount of MPSO. Energy-
dispersive X-ray spectroscopy (EDX) of Pd@MPSO/SiO2 proved the existence of
sulfur and Si atoms in the shell matrix (Fig. 6). The Pd@MPSO/SiO2 shell consisted
of an alkyl sulfoxide network that allowed the exclusive coordination of alkynes to
the Pd NP active center, promoting the selective semihydrogenation of various
terminal and internal alkynes (Fig. 7).

The design of bimetallic catalysts comprising a core of Pd NPs and a Ag
nanolayer shell provides another strategy for core–shell metal NP arrangement for
the selective semihydrogenation of alkynes. Unmodified Pd NP catalysts have
intrinsically high activity for alkyne hydrogenation but low selectivity for alkene
products owing to the overhydrogenation of alkenes to alkanes. Ag NP catalysts, in
contrast, exhibit low activity for hydrogenation despite having inherent high alkene
selectivity [43–45]. Mitsudome et al. envisioned that the design of core-Pd/shell-Ag
nanocomposite catalysts (Pd@Ag) could avoid the trade-off between activity and
selectivity for Pd and Ag NPs in semihydrogenation [46]. The construction of a

Fig. 7 Semihydrogenation of internal and terminal alkynes using Pd@MPSO/SiO2. Reaction
conditions: (a) Pd@MPSO/SiO2-1 (Pd, 0.2 mol%), H2 (1 atm); (b) Pd@MPSO/SiO2-2 (Pd,
0.2 mol%), H2 (1 atm)

Fig. 6 TEM images of (a, b) Pd@MPSO/SiO2-1 and (c) illustration of the core–shell structured
Pd@MPSO/SiO2
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core–shell nanocomposite would significantly improve the low activity of Ag NPs
owing to a ready supply of hydrogen from the core of Pd NPs to Ag nanolayer shell
in a synergistic manner. Meanwhile, coating the core Pd NPs with a Ag nanolayer
would suppress overhydrogenation of alkenes at the Pd surface (Fig. 8). This
cooperative catalysis between the Pd core and Ag shell was expected to lead to the
selective semihydrogenation of alkynes under mild reaction conditions.

According to the above catalyst design concept, Pd@Ag comprising of Pd NPs
with a mean diameter of 26.2 nm in the core and a Ag nanolayer with a thickness of
approx. 1 nm as the shell was synthesized (Fig. 9) and demonstrated excellent alkene

Fig. 8 Design concept of
complementary bimetallic
core-Pd/shell-Ag catalyst
for selective
semihydrogenation of
alkynes

Fig. 9 Compositional and structural analysis of Pd@Ag. (a) TEM image; (b, c) HAADF-STEM
images; (d, e) elemental mapping images of (d) Pd and (e) Ag; and (f) composite overlay image
formed from (d) and (e). Reprinted with permission from [46]. Copyright 2016 American Chemical
Society
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selectivity for a wide range of alkynes under mild reaction conditions (room
temperature and 1 atm of H2) (Fig. 10). Notably, Pd@Ag successfully inhibited
the overhydrogenation of alkenes even after the full conversion of alkynes. This
result was quite different from those obtained using other previously reported
catalysts, in which rapid overhydrogenation of alkenes occurred at a high alkyne
conversion level (Fig. 11). Furthermore, Pd@Ag was separable from the reaction
mixture and reusable without a loss of catalytic activity or selectivity. Furthermore,
Pd@Ag was also suitable for use in a column flow reactor, demonstrating its
practical utility.

Fig. 10 Pd@Ag-catalyzed semihydrogenation of alkenes under ambient conditions

Fig. 11 Time profile of
semihydrogenation of
1-octyne using Pd@Ag
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2.2 Nitrogen or Sulfur Modification of Metal NP Surface

Although heterogeneous metal NP catalysts have many advantages over homoge-
neous catalysts, such as high stability and easy separation and reuse, fine-tuning the
active metal center remains difficult. Beller et al. reported the heterogenization of
well-defined organometallic complex catalysts via immobilization and pyrolysis on
activated carbon [47]. The synthetic scheme for novel cobalt oxide NPs is shown in
Fig. 12. The deposition of cobalt(II) acetate–phenanthroline complex onto commer-
cially available carbon followed by pyrolysis under inert conditions provided cobalt
oxide NPs coated with N-doped graphene (Co oxide–N/C).

The synthesized novel N-ligated Co oxide NPs showed high chemoselectivity for
nitroarenes bearing easily reducible moieties including alkenes, alkynes, aldehydes,
and ketones (Fig. 13). Furthermore, this heterogeneous Co catalyst was reusable
without a significant decrease in activity during the recycling experiments, although
an initial loss of activity was observed.

Beller et al. also showed that the convenient pyrolysis heterogenization method of
well-defined organometallic complex catalysts could be applied to the most earth-
abundant metal, iron [48], because the development of efficient and cost-effective
catalyst systems is greatly needed in current chemical research. The pyrolysis of
iron–phenanthroline complexes adsorbed on carbon at 800�C provided stable Fe2O3

NPs surrounded by a nitrogen-doped carbon layer (Fe-phen/C-800). The Fe-phen/C-
800 catalyst promoted more than 80 examples of structurally diverse nitroarenes,
giving the corresponding functionalized anilines in good to excellent yields under
industrially acceptable conditions (Fig. 14).

One rational design approach toward metal NP catalysts involves metal modifi-
cation with self-assembled monolayers (SAMs) to create a favorable surface envi-
ronment for selective formation of the desired products [49, 50]. SAMs are organic
assemblies of molecules containing a headgroup that noncovalently bind to the
metal, producing ordered and stable monolayer films on the metal surface. A unique
property of SAMmodification is the formation of highly ordered assembly structures
on metal surfaces, where modifiers with different tail structures can finely tune the
metal surface environment to facilitate specific interactions between reactants and
metal NPs.

Medlin et al. showed that SAMs on metal NP surfaces can act as “molecular
recognition monolayers” to give the reactant a desirable orientation, which greatly
improves the catalytic performance for hydrogenation reactions [51]. For example,
in the hydrogenation of cinnamaldehyde, modification of a Pt NP catalyst with
3-phenylpropanethiol significantly improved the selectivity for cinnamyl alcohol
to over 95% compared with 25% selectivity using uncoated Pt catalysts [52]. This
high chemoselectivity was attributed to the favorable orientation of cinnamaldehyde
in the vertical configuration through aromatic stacking interactions between the
modifier and reactant. The proposed adsorption mechanism on SAMs is shown in
Fig. 15. This represents the first successful demonstration of using specific
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noncovalent interactions to orient the reactant to promote aldehyde-selective
hydrogenation.

Pt catalysts are not chemoselective for the hydrogenation of nitro groups in nitro
aromatic compounds bearing other reducible groups. However, the thiol-
modification approach transforms nonchemoselective Pt catalysts into highly
chemoselective Pt catalysts for the hydrogenation of 4-nitrostyrene to
4-aminostyrene [53]. The TiO2-supported Pt NPs with a mean diameter of 1.4 nm
treated with some thiols, such as thioglycerol, 1,6-hexanedithiol, and α-lipoic acid,
gave 100% selectivity for aminostyrene at conversion levels close to 100%. In
contrast, an unmodified Pt/TiO2 catalyst provided C¼C bond-hydrogenated prod-
ucts, 4-ethylnitrobenzene, and 4-ethylaniline. Therefore, thiol modification pro-
duced a 100% switch in selectivity to 4-aminostyrene.

As shown above, surface modification through SAMs construction on the metal
NP surface is a powerful method to improve the selectivity of hydrogenations.
However, the modifiers often suppressed diffusion and the adsorption of reactants
and protected active sites, unavoidably resulting in the low activity of metal NPs.

Fig. 13 Chemoselective hydrogenation of substituted nitroarenes using Co oxide–N/C

Fig. 14 Fe-phen/C-800-catalyzed selective hydrogenation of substituted nitroarenes
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Therefore, high selectivity is usually achieved at the expense of activity, resulting in
a trade-off relationship between the activity and selectivity. Therefore, the develop-
ment of surface-modified metal NPs with both high selectivity and activity is a great
challenge in chemoselective hydrogenation.

Recently, Zou et al. succeeded in breaking the trade-off between activity and
selectivity in chemoselective hydrogenations using Ni NPs modified by p-
fluorothiophenol (SPhF) [54]. SPhF-chelated dinickel phosphide nanosheets
(SPh-Ni2P) with activity nearly 12-fold higher than that of unmodified Ni2P in the
hydrogenations of 3-nitrostyrene and cinnamaldehyde selectively gave
3-aminostyrene and cinnamyl alcohol, respectively. Furthermore, the selectivity
for desired products significantly improved from 38.1% and 21.3% to nearly
100%. Importantly, the effect of SPhF modification has broad applicability to
other metal catalysts, such as Pt, Pd, and commercially available metal catalysts.
For example, commercial catalysts like Raney Ni modified with SPhF exhibit twice
higher activity with enhanced selectivity from 21–23% to nearly 100% in the above
hydrogenations (Fig. 16). Experimental results and density functional theory calcu-
lations showed that both the steric and electronic effects of SPhF modification can
provide superior catalytic performance. Namely, the confined flat adsorption of
ordered SPhF-arrays onto the metal surface and downshifted d-band center of the

Fig. 16 Performance-
boosting effect of SPhF
modification on
chemoselective
hydrogenation

Fig. 15 Proposed
adsorption model depicting
favorable orientation of
cinnamaldehyde induced by
3-phenylpropanethiol SAM
modifiers. Reprinted with
permission from
[58]. Copyright 2014
American Chemical Society
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catalysts lead to prohibited undesired hydrogenation of the alkene group and accel-
erative H2 activation, respectively.

3 Metal NP-Catalyzed Selective Oxidations Using O2

The selective oxidation of organic compounds is a fundamental challenge in syn-
thetic chemistry. Although the economic and environmental advantages of molecu-
lar oxygen as a chemical oxidant are apparent, few reports on the selective
introduction of oxygen functions into organic compounds exist because oxygenation
often involves radical reactions that are difficult to control. The oxidation reactivity
of organic compounds greatly varies depending on their structures. For example, in
the oxidation of ethylene using silver catalyst, ethylene oxide is produced using
molecular oxygen through a silver-superoxo intermediate. In contrast, when the
substrate is changed from ethylene to propylene, propylene is not converted to
propylene oxide but completely oxidized to CO2 and H2O. This is attributed to the
low bond dissociation energy of the allylic C–H bond. Preferential dissociation of
the allylic C–H bond in organic compounds generally induces unselective reactions
or combustion. Therefore, only limited compounds with tertiary or benzylic C–H
bonds can undergo selective oxygenation reactions.

The Wacker oxidation of alkenes is an important oxygenation reaction. The
Wacker oxidation is conducted under an oxygen atmosphere, but the carbonyl
oxygen introduced into the product is derived from water, not molecular oxygen.
Molecular oxygen reoxidizes the metal and is not added into the substrate. An
oxygen nucleophile from water attacks the positively charged C¼C double bond
through coordination to the metal center to form methyl ketones. Alternatively, the
resulting metal–hydrogen species generated from the substrate through dehydroge-
nation is oxidized by molecular oxygen, completing the catalytic cycle. In this
reaction, high selectivity for methyl ketone products can be achieved because the
radical character of oxygen is not involved.

Some oxidation reactions that use molecular oxygen as an oxidant give low
selectivity for oxygenated compounds, while oxidations involving dehydrogenation
give high selectivity. In this section, we describe metal NP-catalyzed selective
oxidation reactions involving dehydrogenation, in which molecular oxygen acts as
an oxidant but is not incorporated into the substrate.

3.1 Aerobic Oxidation of Alcohols Using Pd NPs

There have been numerous reports on the catalytic oxidation of alcohols under an
oxygen atmosphere [55]. In particular, Pd had been used as a metal center both in
homogeneous and heterogeneous systems [56]. PdHAP, in which a mononuclear Pd
species is adsorbed to hydroxyapatite (HAP), was reduced to a Pd NP (~5 nm)
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during alcohol oxidation (Fig. 17), catalyzing the aerobic oxidation of a wide range
of alcohols without any need for additives [57, 58]. The use of HAP as catalyst
supports has the following advantages: (1) well-defined monomeric active species
can be immobilized on their surface owing to its high ion-exchange ability and
adsorption capacity; (2) the nonporous structure can help overcome the problems
regarding mass transfer limitations; and (3) weak acid–base properties prohibit side
reactions induced by the support itself.

Typically, PdHAP promoted well in the aerobic oxidation of 1-phenylethanol
under solvent-free conditions, showing a remarkably high TON of up to 236,000
with an excellent TOF of approximately 9,800 h�1 (Fig. 18).

A possible reaction pathway is shown in Fig. 19. Initially, oxidative addition of an
alcohol O–H bond to the coordinately unsaturated Pd0 species at the edge of the NP
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Fig. 18 PdHAP-catalyzed
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1-phenylethanol under
solvent-free conditions
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Fig. 19 Proposed reaction
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catalyzed aerobic oxidation
of alcohols. Reprinted with
permission from
[58]. Copyright 2004
American Chemical Society
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affords a Pd-alcoholate species, which undergoes β-hydride elimination to produce
the corresponding carbonyl compounds and Pd-hydride species. The hydride species
mediated on the Pd NPs was oxidized by O2 along with the formation of O2 and H2O
through H2O2 as an intermediate. The kinetic isotope effect for the intramolecular
competitive oxidation of α-deuterio-p-methylbenzyl alcohol gave a kH/kD value of
2.0, indicating that the elimination of β-hydride from the Pd-alcoholate species
might be the rate-determining step.

Interestingly, the PdHAP catalyst also promoted dehydrogenation of various
indolines to indole, which serves as an important and versatile intermediate for the
synthesis of pharmaceuticals and agrochemicals [59]. The applicability of PdHAP
was demonstrated in a 20-mmol scale reaction of indole, as shown in Fig. 20.
Dehydrogenation was completed within 6 h to afford 2 in 99% yield, in which the
TON based on Pd approached up to 20,000 with an excellent TOF of approximately
2,800 h�1. These TON and TOF values were significantly higher than those reported
for other catalytic systems.

Pd NPs supported on inorganic materials often give undergo leaching from the
support or aggregate to generate inactive larger NPs during the reaction. Park et al.
found that small Pd NPs with a diameter of 2–3 nm entrapped into an aluminum
hydroxide matrix showed high catalytic activity and durability in the oxidation of
alcohols [60]. The oxidation of 1-phenylethanol under solvent-free conditions
proceeded smoothly in the presence of 0.005 mol% aluminum hydroxide-entrapped
Pd NPs at 150�C, giving acetophenone in 98% yield. This highly dispersed Pd NP
catalyst was also reusable at least ten times without activity loss.

Kantam et al. reported the aerobic oxidation of alcohols at room temperature
under aerobic conditions using nanocrystalline magnesium oxide-supported Pd NPs
(NAP-Mg-Pd(0)) [61]. Although most Pd NP catalysts require high temperatures
(65–150�C) for alcohol oxidation, these Pd NPs with a diameter of 5–7 nm highly
dispersed on the surface of NAP-Mg showed a wide substrate scope for alcohols
under mild conditions through a cooperative effect between the basic support and
active metal NPs. Benzylic, allylic, aliphatic, and alicyclic alcohols were oxidized at
room temperature under air, giving the corresponding carbonyl compounds from
good to excellent yields. This NAP-Mg-Pd(0) catalyst was able to be recycled four
times without loss of catalytic efficiency.

From both a practical and economic standpoint, using water in organic reactions
has significant advantages, including the low cost, abundance, safety (nonexplosive,
non-flammable, and nontoxic), easily controlled reaction temperatures owing to the
high heat capacity of water, and ease of phase separation [62–65]. Uozumi et al.
synthesized polymer-supported Pd NPs with a mean diameter of 9 nm (ARP-Pd) via

N
H

N
H

PdHAP-0 (Pd: 0.01 mol%)

toluene, 110 oC, Ar, 7 h

(20 mmol)

>99 % yield
TON = 20,000

(TOF = 2,800 h-1)

Fig. 20 PdHAP-catalyzed dehydrogenation of indoline
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the reduction of a polystyrene-polyethylene glycol (PS-PEG) resin-supported
bipyridyl palladium(II) complex, which efficiently promoted the aerobic oxidation
of alcohols in aqueous media (Fig. 21) [66]. ARP-Pd was used in aqueous media to
show that that alcohols as substrates would diffuse into the hydrophobic ARP-Pd
matrix to give a highly concentrated reaction field, where the active Pd NPs in the
polymer matrix would efficiently oxidize the trapped alcohols.

Pd NP catalysts generally show low chemoselectivity for the oxidation of allylic
alcohols to α,β-unsaturated carbonyl compounds compared with Au NPs, which was
due to the formation of other byproducts arising from the isomerization and hydro-
genation of C¼C bonds and/or polymerization (Fig. 22) [67]. The different stabil-
ities and steady-state concentrations of the metal hydrides (Au–H and Pd–H) are
probably the cause of such a result. The Au–H species generated during oxidation is
much more reactive with O2 than the Pd–H species, preventing C¼C bond hydro-
genation or isomerization.

3.2 Bimetallic NP-Catalyzed Alcohol Oxidation

A combined system composed of plural metal species exhibit interesting catalytic
activity compared with single metal species. Au–Pd/TiO2 showed a wide substrate

Fig. 22 Differences in
product distribution for the
aerobic oxidation of allylic
alcohols catalyzed by Au
and Pd catalysts
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scope with high TOFs in the aerobic oxidation, in which the choice of metal oxide
support significantly influenced the product distribution in the oxidation of benzyl
alcohol [68]. The side reaction, involving disproportionation of two molecules of
benzyl alcohol to produce benzaldehyde and toluene, occurred when using TiO2-,
Nb2O5-, and activated carbon-supported Au–Pd NPs. In contrast, MgO- and
ZnO-supported Au–Pd NPs were superior to the above catalysts for the selective
oxidation of benzyl alcohol, giving benzaldehyde in more than 99% selectivity.
Similarly, Kobayashi et al. reported that polymer-incarcerated Au–Pt alloyed bime-
tallic NPs (PI Pt/Au) exhibited higher catalytic activity than single metal Au or Pt
NPs in the aerobic oxidation of alcohols [69]. PI Pt/Au worked well without
additional base in water at room temperature, although PI Au, as a single metal
species, required a large amount of K2CO3 to promote oxidation, in which water
acted as a hydrogen transporter in the hydrophobic polystyrene surroundings,
therefore aiding α-hydrogen abstraction.

The same group also developed carbon black-stabilized polymer-incarcerated
bimetallic catalysts (PI-CB catalysts) [70]. Notably, PI-CB containing Au and Pt
NP catalysts (PI-CB/Au–Pt) showed high catalytic activity and selectivity in the
oxidation of primary aliphatic alcohols to the corresponding aldehydes under mild
reaction conditions. This high catalytic activity could not be obtained using mono-
metallic PI-CB catalysts, such as PI-CB/Au and PI-CB/Pt. The reactivity and
selectivity were strongly dependent on the combination of metals and solvent
system, with the overoxidation of 1-octanol to octanoic acid suppressed under
neutral conditions. Furthermore, PI-CB/Au–Pd showed completely different activity
and selectivity compared with PI-CB/Au–Pt, with direct oxidative methyl ester
formation catalyzed by PI-CB/Au–Pd proceeding in methanol/H2O in the presence
of K2CO3. The oxidation to carboxylic acids or esters is dependent on hydration of,
or hemiacetal formation from, the aldehyde (Fig. 23).

Au@NiOx NP catalyst with a core–shell structure was developed for the oxida-
tive esterification of aldehydes with alcohols [71]. The Au@NiOx NP catalyst, in
which 20 mol% Au in the core was covered by nickel oxide (NiOx) supported on
silica-alumina-magnesia, provided an environmentally benign method for ester
synthesis, because the side product was water and molecular oxygen is the ideal
oxidant. In this method, the reaction with various aldehydes and primary alcohols
gave the corresponding esters with good selectivity. Typically, this catalyst can
promote aerobic esterification of acrolein with methanol, providing methyl methac-
rylate as an important raw material for polymer chemistry.

Fig. 23 Two reaction pathways for alcohol oxidation
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3.3 Base Metal NP-Catalyzed Alcohol Oxidation

From an economic efficiency standpoint, some non-noble transitional metals cata-
lysts, such as Co [72–75], Mn [76, 77], Fe [78–80], V [81], and Cu [82, 83], have
been explored in the aerobic oxidation of alcohols. Yingwei et al. reported that Co
NPs stabilized by N-doped carbon composite (Co/C–N) acted as highly efficient
heterogeneous catalysts for the synthesis of carbonyl compounds from the aerobic
oxidation of alcohols [84]. Co/C–N could be synthesized by the one-pot thermal
decomposition of Co-containing metal–organic frameworks (MOFs). Co NPs with a
particle size of 9.8� 2.6 nm were highly dispersed on N-doped carbon. Importantly,
N-doping into Co/C–N played a dual role, not only in enhancing the basic properties,
which is crucial for promoting the activity of the liquid-phase aerobic oxidation of
alcohols, but also in reducing the Co particle size. The Co/C–N catalyst showed a
broad substrate scope for both aryl and alkyl alcohols in water under an atmospheric
pressure of air and base-free conditions. Furthermore, the Co/C–N catalyst could be
separated from the reaction system using an external magnetic field and reused. The
Co NPs with surface-oxidized CoO species incorporated into N-doped carbon were
applicable to the esterification of primary alcohols under mild conditions with air or
1 bar of O2 [85, 86]. A broad substrate scope was observed for aromatic and aliphatic
alcohols, as well as diols, giving their corresponding esters in good to excellent
yields (Fig. 24).

Based on the above results, a possible reaction mechanism for the oxidative
esterification of alcohols over Co–CoO incorporated into N-doped carbon is illus-
trated in Fig. 25. Firstly, alcohols are oxidized to aldehydes by O2 through the
abstraction of β-hydride from alcohols. Secondly, aldehydes and methanol undergo a
condensation reaction to give hemiacetal species. Finally, the hemiacetal intermedi-
ate is oxidized by Co catalyst giving an ester product.

Although heterogeneous catalysts of inexpensive and reusable transition metals
are attractive alternatives to homogeneous catalysts, the relatively low activity of

Fig. 24 Lactonization of
various diols using Co NP
catalyst
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transition metal NPs represents a hurdle to their practical application. Li et al.
reported that a nitrogen-rich carbon-coated cobalt NPs (Co@NC) catalyst, synthe-
sized by direct polycondensation in the presence of g-C3N4 powder, exhibited a high
TOF of 8.12 for the direct base-free aerobic oxidation of benzyl alcohols to methyl
benzoate. This TOF was 30-fold higher than those of state-of-the-art transition
metal-based nanocatalysts previously reported [87].

Nitrogen-rich carbon, which has a higher band potential than that of metallic Co
materials, will accept electrons from Co NPs until their Fermi level reaches equilib-
rium, described as the Mott–Schottky effect. The resulting electron-poor Co NPs
sufficiently attract and activate O2 for proton removal from the Co–H intermediates
to accelerate the whole reaction process. N-doped carbon could also act as a
strengthened Lewis base to accelerate the deprotonation process of alcohols. Con-
clusively, the Co@NC-x-based Mott–Schottky catalysts not only boosted the oxi-
dative power of the Co NPs but also enabled the reaction to proceed in the absence of
bases, constituting an overall mild and additive-free catalytic system.

Continuous flow technology has attracted much attention because it can maxi-
mize catalyst efficiency in the simple workup procedure. Heterogeneous catalysts
also have a significant advantage in the application to the use in column flow reactor.
Kappe et al. found that iron oxide NPs stabilized on a mesoporous aluminosilicate
support acted as highly efficient catalysts for the selective aerobic oxidation of a
primary alcohol in continuous flow reactor [88]. In a single pass of the reactor,
benzyl alcohol as a model substrate was selectively converted to benzaldehyde. This
catalyst was highly stable and did not leach from support under the investigated
conditions, providing solid evidence for the participation of a heterogeneous iron
species in the catalytic cycle.

3.4 Wacker-Type Oxidation Using Pd NPs

Ethylene and palladium chloride react in the presence of water under atmospheric
conditions to produce a stoichiometric amount of acetaldehyde with simultaneous
formation of the precipitates of Pd (0) (Pd black) [89]. When copper dichloride
(CuCl2) is added to this system, in situ-formed Pd(0) species are reoxidized to Pd
(II) by Cu(II), and then O2 oxidizes the resulting Cu(I) back to Cu(II), thereby
allowing this catalytic cycle. This method is called the Wacker process, which is
limited to the synthesis of acetaldehydes through ethylene oxidation [90]. Using N,
N-dimethylformamide (DMF) as a solvent in this process allowed the substrates to

Fig. 25 Proposed reaction pathway for direct oxidative esterification of alcohols using Co NP
catalysts
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be extended to the terminal alkenes. This process, the Wacker–Tsuji reaction, is an
effective means of selective methyl ketone synthesis from a wide range of terminal
alkenes [91].

Recently, Mitsudome et al. found that colloidal Pd NPs in N,N-
dimethylacetamide (DMA) solution can be directly oxidized by O2 as sole oxidant
to homogeneous Pd(II) species in the presence of hydrochloric acid (Fig. 26). Pd
K-edge XAFS analysis proved that the peak attributed to the Pd–Pd bond in the
Fourier transforms (FT) of k3-weighted EXAFS disappeared and that a new peak
derived from the Pd–Cl bond appeared after treating Pd NPs with DMA in the
presence of two equivalents of HCl at 80�C under O2 at atmospheric pressure.

This unique phenomenon would be applicable to developing the Cu-free Wacker
oxidation system because in situ-generated Pd(0) species from the reaction of Pd
(II) with alkenes can be facilely reoxidized to Pd(II) by O2 without the necessity of
Cu [92]. In fact, the Cu-free Wacker oxidation of various terminal alkenes could
proceed using a PdCl2/DMA catalyst system, affording the corresponding methyl
ketones under O2 at atmospheric pressure without substrate isomerization (Fig. 27).

This PdCl2-DMA-O2 system can be used for the oxidation of not only terminal
alkenes but also internal alkenes, where various internal alkenes were efficiently
converted to the corresponding ketones with 99% selectivity (Fig. 28) [93]. Although
the conventional Wacker oxidation suffers from limited reactivity toward internal
alkenes, this catalyst system overcame this limitation and provided a new and
efficient methodology for catalyzing the oxidation of internal alkenes to carbonyl
compounds.

The regioselective introduction of ketone oxygen functions was also possible
using substrates containing functional groups [94]. Various nonenyl acetates were
tested in this system, as shown in Fig. 29, and the ketone oxygen atom was
selectively introduced into the carbon distal from the acetoxy group.

This breakthrough in the limitations of the conventional Wacker oxidation was
attributed to the development of a Cu-free catalyst system because Cu strongly

Fig. 26 Direct oxidation of
colloidal Pd NPs
coordinated by N,N-
dimethylacetamide (DMA)
by O2
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Fig. 27 O2-coupled Wacker oxidation system without copper

Fig. 28 Cu-free Wacker oxidation of internal alkenes

Fig. 29 Wacker-type oxidation of nonenyl acetates
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suppresses the oxidation of internal alkenes. As shown in Fig. 30, the reactivity of
the internal alkene for oxidation was strongly suppressed by adding CuCl2 to the
PdCl2-DMA-O2 system, while that of the terminal alkene was not suppressed. This
was probably due to the formation of a bulky Pd/Cu complex [95], which is difficult
to coordinate to internal alkenes.

In the previous Wacker reaction, molecular oxygen acted to reoxidize palladium
through the redox cycle of Cu(I) and Cu(II) and was not incorporated into the
substrate. In this PdCl2-DMA-O2 system, 18O2 was not incorporated into the product
ketones, and the oxygen atom introduced into the ketone was derived from water.
The selective oxygenation of alkenes to ketones was achieved using oxygen nucle-
ophiles derived from water. Interestingly, methanol can be used as a nucleophile
instead of water. In this case, using the PdCl2-DMA-O2-methanol system, the
oxidation of α,β-unsaturated carbonyl compounds gave β-methoxy-α,β-unsaturated
compounds that were easily hydrolyzed to the corresponding β-carbonyl com-
pounds, as shown in Fig. 31 [96].

The PdCl2-DMA-O2-methanol-TsOH-H2O system realized the simple oxidation
process of converting α,β-unsaturated carbonyl compounds to β-carbonyl com-
pounds (Fig. 32). As described above, this reinvestigation of the Wacker process
provides a new and highly selective oxygenation method for converting various
internal alkenes to ketones.
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Fig. 30 Effect of CuCl2 amounts on the oxidation of 4-octene. Reprinted with permission from
[93]. Copyright 2010 Wiley-VCH
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4 Summary

The selective transformation of organic compounds through reduction and/or oxi-
dation is a fundamental challenge in synthetic chemistry. This review focused on
recently developed high-performance metal NP catalysts for selective reduction and
oxidation under liquid-phase conditions using molecular hydrogen and molecular
oxygen, respectively. Traditional heterogeneous catalysts, including metal NP cat-
alysts, have significant intrinsic advantages of easy separation and robustness but
generally show lower catalytic performance (activity and selectivity) and require
harsh reaction conditions, such as high temperature, compared with homogeneous
catalysts. Compared with premodern heterogeneous catalysts, the state-of-the-art
metal NP catalysts introduced here have higher activity and selectivity for the
chemoselective hydrogenations of carbonyl, nitro, and alkynyl compounds while
retaining C¼C bonds and the aerobic oxidation of alcohols and the Wacker oxida-
tion of alkenes. This improved catalytic performance is due to significant advances
in the precise fabrication of nanoscale metals, which has made it possible to explore
novel catalysis and design metal active centers. The rapid expansion of characteri-
zation methods for the nanostructured catalysts has also greatly contributed to
catalytic improvement. Spectroscopic analysis, especially operand analysis, enabled
deep understanding of the role of supports and the relationship between structure and

Fig. 32 Wacker-type oxidation of α,β-unsaturated carbonyl compounds to β-carbonyl compounds
using PdCl2-DMA-O2-methanol-TsOH-H2O system

Fig. 31 Reaction pathway and reaction formulas of the PdCl2-DMA-MeOH-TsOH catalyst system
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activity, leading to the development of more sophisticated catalysts with high
performance. Although the catalytic performance of heterogeneous metal NP cata-
lysts has been greatly advanced in the last decade, research on heterogeneous
catalysts for fine chemistry is still in the development stage. The development of
more efficient metal NP catalysts that promote selective hydrogenation and aerobic
oxidation using lower amounts of active metals under milder reaction conditions
without any additives and solvents remains vital. We believe that advances in both
nanotechnology for the fine-tuning of metal NPs and a deep understanding of the
complicated structure of heterogeneous catalysts play key roles in the development
of next-generation metal NP catalysts for selective redox reactions in environmen-
tally friendly fine chemistry.
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