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In supported metal-nanoparticle (NP) catalysts, a strong
metal–support interaction (SMSI) is one of the most impor-
tant factors that influence the catalytic performance. Sup-
ports that affect the catalytic properties of metal NPs can be
considered to be “macroligands” for the active metal NPs,
and the ligand effect can be tuned by screening the supports,
altering their compositions, and controlling various parame-
ters during their preparation. However, metal NPs are often
located on the surface of the supports, and the ligand effect
can only take place at the interface between the bottom of
the metal NPs and the surface of the supports. This implies
that many sites remain on the metal NP surface with the po-
tential to yield the ligand effect through interaction with the
support. Thus, increasing such ligand interactions between
metal NPs and supports will lead to superior catalytic per-
formances over conventionally supported metal NPs.

As a new strategy for increasing the number of metal–
support interaction sites, an attractive conceptual design is
core–shell nanocomposite catalysts consisting active metal
NPs in the core and supports in the shell.[1] The core–shell
structure would be ideal for exploiting the ligand effect due
to its maximized metal NP–support interface area. However,
covering active core species with a shell makes it difficult
for reactants to diffuse into the core, and thus the applica-
tions of core–shell catalysts to organic transformations
under liquid-phase conditions are limited.[2]

We have recently reported a successful synthesis of a
core–shell AgNP–CeO2 nanocomposite (AgNP@CeO2) con-
sisting of AgNPs with a 10 nm diameter in the core and self-
assembled, spherical CeO2 NPs with a 3 nm diameter in the
shell.[3] AgNP@CeO2 could catalyze highly chemoselective
reductions of both nitrostyrenes to aminostyrenes and epox-
ides to alkenes, while maintaining the C=C bonds. The

nanogaps among adjacent CeO2 NPs in the shell enabled
the reactants to access the active Ag species in the core.
Maximizing the interaction between AgNPs and basic sites
of the CeO2 efficiently induced the heterolytic cleavage of
H2. The resulting Ag–hydride and proton species at the in-
terface preferred polar functional groups over C=C bonds
(Scheme 1).

In our continued development of unique core–shell nano-
composite catalysts, we report herein that AgNP@CeO2

showed excellent selectivities for the chemoselective reduc-
tion of unsaturated aldehydes with H2 to the corresponding
unsaturated alcohols, which often serve as important inter-
mediates in fragrances and pharmaceuticals.[4] Furthermore,
AgNP@CeO2 was successfully dispersed on CeO2 (AgNP@
CeO2-D), while maintaining its core-shell structure, which
led to a significant enhancement in the catalytic activity of
AgNP@CeO2. The developed AgNP@CeO2-D catalyst af-
forded superior selectivity to various conventional support-
ed metal NPs in chemoselective reductions. AgNP@CeO2-D
was also separable from the reaction mixture and reusable
with the retention of its activity and selectivity.

AgNP@CeO2 was synthesized according to our previous
report.[3] The initial mole ratio of Ag to Ce (Ag/Ce) in the
preparation was 1.5. The catalytic activity of AgNP@CeO2

was examined in the hydrogenation of citral (1) as a model
reaction in tetrahydrofuran (THF) under a pressurized H2

atmosphere at 150 8C. The reaction proceeded efficiently to
afford a mixture of the allylic alcohols geraniol and nerol
(2) in 96 % selectivity at complete conversion, accompanied
by small amounts of citronellal (3) and citronellol (4)
(Table 1, entry 1).[5] Neither unsupported AgNPs nor CeO2

alone showed any catalytic activity (entries 12 and 13), con-
firming the necessity of CeO2 as a macro ACHTUNGTRENNUNGli ACHTUNGTRENNUNGgand for AgNPs.
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Scheme 1. Chemoselective reductions using AgNP@CeO2.
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Interestingly, the ratio of Ag to Ce during the preparation
of AgNP@CeO2 was found to greatly affect the catalytic ac-
tivity. AgNP@CeO2 (Ag/Ce=0.5) also exhibited high selec-
tivity for 2, but much lower activity than AgNP@CeO2 (Ag/
Ce=1.5) (entry 2). On the other hand, the use of AgNP@-
CeO2 (Ag/Ce=2.5) gave a high conversion of 1, but with
lower selectivity for 2 than AgNP@CeO2 (Ag/Ce=1.5)
(entry 3). Next, other CeO2-supported metal NPs without a
core–shell structure (metal NPs/CeO2) were synthesized and
tested in the reduction reaction under similar reaction con-
ditions. The use of CeO2-supported metal NPs such as Pt,
Pd, Rh, and Ru resulted in undesired C=C bond hydrogena-
tion and 3,7-dimethyloctanol (5) was largely formed (en-
tries 8–11).[6] In contrast, the use of AuNPs/CeO2 and IrNPs/
CeO2 afforded good yields of 2 (entries 6 and 7), and
AgNPs/CeO2 (entry 5) showed the best selectivity among
these metal NPs/CeO2. However, AgNPs/CeO2 still provided
a lower selectivity for 2 than AgNP@CeO2 (entry 5 vs. 1).
These results indicated that the combination of CeO2 with
AgNPs was effective and that the core–shell structure was
superior to the supported one for the highly chemoselective
reduction of 1 to 2. The significant influence of the ratio of
Ag to Ce in AgNP@CeO2 on the catalysis can be explained
by their geometric features. The lower activity for 1 when
using AgNP@CeO2 (Ag/Ce=0.5) compared with AgNP@-
CeO2 (Ag/Ce= 1.5) was due to the encapsulation of the
core by a rich CeO2 shell that hindered the access of 1 to
the AgNPs. In the case of AgNP@CeO2 (Ag/Ce=2.5), scan-
ning electron microscopy analysis (SEM) confirmed the for-
mation of some nonencapsulated AgNPs that were active
for C=C bonds, which resulted in the lower selectivity for
2.[7]

In order to achieve a much higher catalytic performance,
we next devised a highly dispersed arrangement of the

AgNP@CeO2 particles (Ag/Ce=1.5) on inorganic supports
to prevent their agglomeration. When various inorganic sup-
ports, such as Al2O3, TiO2, SiO2, hydroxyapatite, and CeO2,
were added to ethanol in the presence of AgNP@CeO2, in-
terestingly, AgNP@CeO2 only adsorbed on CeO2. Scanning
transmission electron microscope (STEM) images with ele-
mental mapping of AgNP@CeO2 adsorbed on CeO2 are de-
picted in Figure 1. Figure 1 a–c demonstrate that the Ag spe-
cies were highly dispersed on CeO2 throughout the image
area. A representative high-angle annular dark-field

(HAADF) image and elemental mapping of the AgNP@
CeO2 on the surface of CeO2 (denoted as AgNP@CeO2-D)
are shown in Figure 1 d–h. These images revealed that the
original core–shell structure of AgNPs@CeO2 was main-
tained.

As expected, the high dispersion led to a great enhance-
ment in the catalytic activity of AgNP@CeO2. Notably,
AgNP@CeO2-D showed a six times higher turnover fre-
quency than AgNP@CeO2 in the chemoselective reduction
of 1 to 2, while maintaining a similarly excellent selectivity
to that of AgNP@CeO2 (entry 4 vs. 1). The 98 % selectivity
for 2 at full conversion of 1 is higher than those of previous-
ly reported heterogeneous catalysts.[8]

With AgNP@CeO2-D in hand, unsaturated aldehydes
were extensively surveyed. AgNP@CeO2-D was applicable
for wide range of substrates (Table 2). Various aldehydes,
such as terpenes (entries 1 and 5) and aliphatic (entries 6–
12) and aromatic a,b-unsaturated aldehydes (entries 13–16),
were efficiently converted to allylic alcohols with high selec-
tivities. AgNP@CeO2-D can also be applied to the hydroge-

Table 1. Reduction of citral using various catalysts.[a]

Catalyst t Conv. Sel. [%][b]

[h] of 1 [%][b] 2 3 4 5

1 AgNP@CeO2 (Ag/Ce=1.5) 72 >99 96 1 3 0
2 AgNP@CeO2 (Ag/Ce=0.5) 72 21 >99 <1 <1 0
3 AgNP@CeO2 (Ag/Ce=2.5) 72 92 88 2 10 0
4 AgNP@CeO2-D 12 >99 98 <1 1 0
5 AgNPs/CeO2 72 97 86 3 11 0
6 AuNPs/CeO2 3 86 80 2 18 0
7 IrNPs/CeO2 3 98 75 4 16 5
8 PtNPs/CeO2 3 100 0 0 0 100
9 PdNPs/CeO2 3 100 0 0 0 100
10 RhNPs/CeO2 3 100 0 0 0 88
11 RuNPs/CeO2 3 100 0 0 0 100
12 AgNPs 12 4 0 0 0 0
13 CeO2 12 3 0 0 0 0

[a] Reaction conditions: Catalyst (metal: 0.008 mmol), substrate
(0.25 mmol), THF (5 mL), 150 8C, H2 (15 atm). [b] Determined by GC
using an internal standard.

Figure 1. a) STEM images of AgNP@CeO2-D. Elemental mapping of b)
Ce and c) Ag for AgNP@CeO2-D. d) HAADF-STEM image of AgNP@-
CeO2-D. Elemental mapping of e) O, f) Ag, g) Ce, and h) their overlap
for AgNP@CeO2-D.
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nation of unconjugated aldehydes. For example, 3-vinylben-
zaldehyde, 5-hexenal, citronellal, and 3-cyclohexene-1-car-
boxaldehyde were chemoselectively hydrogenated to the
corresponding alcohols (entries 17–20). Furthermore,
AgNP@CeO2-D worked well under gram-scale reaction con-
ditions, and unsaturated alcohols were obtained in high
yields (entries 1, 4, 6, 12, 15, and 18). After the reaction,
AgNP@CeO2-D was easily recovered by simple filtration
and was reusable without any loss of its high efficiency (en-
tries 2 and 3). No leaching of Ag species from AgNP@-
CeO2-D was found by inductively coupled plasma (ICP)
analysis. These results strongly supported the high durability
of AgNP@CeO2-D in the recycling experiments.

In conclusion, we have reported that the core–shell nano-
composite of AgNP@CeO2 acted as an effective catalyst for
the chemoselective reductions of unsaturated aldehydes to
the corresponding unsaturated alcohols with H2. The nano-
gaps among adjacent CeO2 nanoparticles in the shell permit-
ted the access of reactants to the active Ag sites in the core.

Maximizing the interaction between AgNPs and the basic
sites of CeO2 successfully induced the heterolytic cleavage
of H2 to Ag–hydride and proton species, allowing the highly
chemoselective reduction of unsaturated aldehydes to the
corresponding allylic alcohols. Furthermore, AgNP@CeO2

could be highly dispersed on CeO2, exhibiting six times
higher catalytic activity than the original AgNP@CeO2 as
well as a wide applicability for various substrates in the che-
moselective reductions of unsaturated aldehydes. The highly
dispersed AgNP@CeO2 was also easily separable, reusable,
with retention of its high catalytic performance.
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