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A catalyst prepared by modifying the surface of Au nanoparticles
(NPs) on Al,0; with [NbgO19]®- clusters had specific base and
reduction abilities, and the reduction of p-nitrophenol to p-
aminophenol using H; as a reductant proceeded efficiently with the
dual functional catalyst. At the interface between Au NPs and basic
[NbgO19]%-, heterolytically cleaved hydrogen species are generated,
which can efficiently react with a nitrophenolate ion generated by
base catalysis. Moreover, this surface modification strategy was
applicable to the reduction of other nitro compounds.

Catalytic reduction using H, as a reductant is one of the most
promising techniques for synthesizing the desired chemical
compounds, and supported metal NP catalysts have been
developed up to now from the viewpoint of their low cost and
reusability.1® The catalytic-reduction activity and selectivity of
supported metal NPs can be controlled by the size, composition,
shape, and electronic states of the metal NPs, as well as the
choice of supports, since the activation of H, and substrates
take place on the metal NPs surface or at the interface between
the metal NPs and the support. Therefore, the design of the
surface and interface of supported metal NP catalysts is
crucially important for the development of efficient reduction
catalysts using H,.

Surface modification of metal NPs by organic ligands and/or
metal oxides has attracted much attention for developing highly
active and chemoselective catalysts.”? For example, selective
oxidation of benzyl alcohol to benzaldehyde can be achieved by
surface modification of supported Au clusters using thiolate
ligands, which suppresses the overoxidation to benzoic acid by
electron withdrawal from Au cluster and the undesired
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esterification by steric hindrance.? Mitsudome et al. reported
that an Ag NP core—CeO; shell nanocomposite catalyst exhibits
chemoselective reduction catalysis for various nitro compounds
and epoxides by heterolytic cleavage of H, at the interface
between Ag NP and base site of CeO,.” Similar chemoselective
reduction of nitro compounds have been achieved over ligand-
stabilized Ir NPs; a partially oxidized area on the Ir NPs
selectively adsorbs polar nitro group which is reduced by the
activated hydrogen species on the Ir NP surface.® However,
surface modification methods of supported metal NPs are
limited, and the development of more versatile methods is a
challenging issue.

Metal oxide clusters, called as polyoxometalates (POMs),
that are composed of dozens of metal atoms show unique
characters far from their bulk metal oxides and have been
applied to acid catalysts® 11 and photocatalysts.1? 13 Since the
discovery of basic POMs such as [HGeW;00s6]7-,14
[HaSiW11030]47,1> and [SiW10034(H20)2]4-,%6 the base catalytic
application of POMs has been much attention. Our group has
recently reported that group V metal oxide clusters, such as
[Tas015]8, [NbeO19]8~, and [Nb1002s]6~, exhibited efficient base
catalysis for Knoevenagel condensation and CO, fixation
reactions.17-20 Especially, [TagO19]®~ and [NbeO1g]®~ exhibited
strong Brgnsted base catalysis to abstract protons from nitriles
with a pK; value of 23.8. From the DFT calculation that those
clusters possess highly negatively-charged O sites, their highly
negatively-charged O sites would be acted as the basic sites.1?

The supported Au clusters and nanoparticles were active for
reduction reactions of nitro groups using H, molecule.2 21 The
surface modification of Au NPs by anionic metal oxide clusters
is expected to develop dual-functional catalysts having both
reduction and base catalytic properties. Herein, we  newly
designed a dual functional catalyst by modifying the surface of
Al,03-supported Au NPs with basic [NbgO15]3~ (Nb6-Au/Al;O3).
Weinstock group has reported that anionic metal oxide clusters,
such as [AIW11039]%, [SiW11030]8, [PW11030]7~, and [NbgO19]%",
can coordinate to the surface of Au NPs as protective ligands in
a homogeneous system. The negatively charged oxygen atoms
of metal oxide clusters afford the electronic donation to the Au
NPs surface and the counter cations neutralized the total charge
of the composites.?22? Nakagawa et al. reported that



ChemCEomm
— (A) /527 nm
2.7+2.0nm
-~ El
3 |(a) / L
8 517 nm _?.
E' 0
< [ g
1 Ir‘Jlr]l L) 1 1 1 E
2 4 6 8 10 12 14 1€
Particle size / nm
Fig.1 HAADF-STEM image and the size distribution of the
Observed NPS |n Nb6'AU/A|702. T T ' T v T v rrrrrTrrTrrrTTT T
300 400 500 600 90 88 86 84 82

[SiVW11040]5~ was coordinated on the surface of supported Rh
NPs during the reduction of Rh species in the presence of H,.28
In this study, we attempted to develop a simple synthesis
method by just mixing [NbgO15]8~ with Au/Al;O3 in an aqueous
solution and the following centrifugation; [NbgO15]8~ was easily
adsorbed on the surface of Au NPs on Al,03; without ligand-
exchange process. In addition, Nb6-Au/Al,O5; exhibited dual
functional catalysis having both base and reduction abilities,
acting as an efficient heterogeneous catalyst for selective
reduction of p-nitrophenol, nitrobenzene, and p-nitrostyrene
without extra-base addition.

Nb6-Au/Al,03 was prepared via a very simple method of
adsorbing [NbeO15]8~ species on pre-prepared Au/Al,O3 (Au NP
size: 2.0 = 0.8 nm, Fig. S1) in an aqueous solution (see ESIt).
From inductively coupled plasma Auger electron spectroscopy
(ICP-AES) analysis of Nb6-Au/Al,O3, the loading amounts of Au
NPs and [NbeO19]3~ as metal oxide clusters were determined to
be respectively (Table S1). Fig. S2 shows the powder X-ray
diffraction (XRD) patterns of the Nb6-Au/Al,03, Au/Al,O3, and
Al,O3. In the XRD patterns of Au/Al,03; and Nb6-Au/Al,0O3, no
peaks attributed to bulk Au metal with a face-centered cubic
structure were observed. It was also confirmed that crystalline
KsNbeO19-nH>0 was not formed in Nb6-Au/Al,Os. This suggested
that the modification of Au NPs did not significantly increase the
size of the original Au NPs in Au/Al,Os and that [NbeO15]8~ was
dispersedly supported on the catalyst surface. Fig. 1 shows the
high-angle annular dark-field scanning transmission electron
microscope (HAADF-STEM) image and the particle size
distribution in Nb6-Au/Al;O3. The average diameter of the
observed nanoparticles was found to be 2.7 + 2.0 nm,
suggesting that only a small portion of Au aggregation occurred
in this modification method, or due to the adsorption of
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Fig. 2(A) Nb K-edge XANES spectra of (a) Nb6-Au/Al,03 and (b)
an aquaeous solution of KgNbgOis. (B) Nb K-edge EXAFS
oscillations of (c) Nb6-Au/Al,03, (d) the KgsNbeO1s solution, (e)
Kng6019'14H20, (f) Nb205-nH20, and (g) szos.
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Fig.3(A) DR-UV-vis spectra and (B) XPS spectra of (a) Nb6-

AU/A|203 and (b) AU/A|203.

[NbeO19]8~ on the Au NP surface. It was confirmed by the line
analysis of Nb6-Au/Al,03 using an energy dispersive X-ray (EDX)
microanalyzer that [NbgO15]%~ was mainly located on the Au NPs
(Fig. S3). From the above-mentioned characterization results,
we concluded that [NbgO15]8~ was coordinated to the surface of
Au NPs by the proposed very simple adsorption method.

The coordination of [NbgO15]3~ to the Au NPs surface was
further supported by X-ray absorption spectroscopy (XAS)
analysis (Fig. 2). The Nb K-edge X-ray absorption near-edge
structure (XANES) spectrum of Nb6-Au/Al,O3 was similar to that
of an aqueous solution of KgNbgO19; however, the pre-edge
peak intensity of Nb6-Au/Al,O; in the Nb K-edge XANES
spectrum slightly increased in comparison with that of the
KgNbgO1g solution. This increase indicates the distortion of the
{NbOg} octahedral structure in [NbgO19]8~ by its coordination to
the Au/Al,03.2° On the other hand, the [NbgO19]® structure
maintained even after the coordination to the Au NPs on Al,O3
because the Nb-K edge extended X-ray absorption fine
structure (EXAFS) spectrum of Nb6-Au/Al,Os (Fig. 2B and Fig. S4)
was in accordance with those of solid KgNbgO19:14H,0 and
KgNbgO19 solution, whose structures were confirmed by XRD
and FT-IR (Fig. S5).

Fig. 3A shows the diffuse reflectance (DR)-UV-vis spectra of
Nb6-Au/Al,03 and Au/Al;Os. In the spectrum of Au/Al,Os, an
absorption peak at 517 nm assignable to localized surface
plasmon resonance (LSPR) of Au NPs on the supports was clearly
observed. The LSPR peak was shifted to higher energy by the
coordination of [NbeO15]®~. The anionic metal oxide clusters,
[SiW11030]8" [NbeO19]®~, were reported to
coordinate and form self-assembly monolayer on the surface of
Au NPs, leading to the higher-energy shift of the LSPR band of
Au NPs.22. 23, 2527 Thuys, the LSPR energy shift in Fig. 3(A)
indicated that the surface of supported Au NPs interacted with
the [NbgOi19]®~. X-ray photoelectron spectroscopy (XPS)
suggested the electron donation from [NbgO19]8~ to Au NPs; the
Au 4f7/, and 4fs), signals of Au/Al,O3 assignable to the metallic
Au? species were shifted to lower energy by the coordination of
[NbsO19]8~ (Fig. 3B). Thus, we concluded that the [NbgO19]3"
modification on the surface of Au NPs results in the charge

such as and

transfer from negatively charged oxygen atoms of metal oxide
clusters to the Au NPs surface.

Next, the reduction of p-nitrophenol was carried out using
various catalysts under the conditions described in Fig. 4 (H2: 1 MPa,
reaction temperature: 353 K, reaction time: 2 h). Among the catalysts

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Conversion of p-nitrophenol over (a) Al,O3, (b) Nb6/Al,03,

(c) Au/Al,0s, (d) Nb6-Au/Al,Os, (e) Ta6-Au/Al,0s, (f) SiW1l-

Au/Al,03, and Au/Al,O3 with (g) K2CO3 and (h) KgsNbgO19 addition

as a base. Catalyst, 5 mg; substrate, 62.1 umol; methanol, 1 mL;

H>. 1 MPa; reaction temperature, 353 K; reaction time, 2 h.
examined, Nb6-Au/Al,O3 exhibited the highest catalytic activity and
afforded the desired p-aminophenol in 86% substrate conversion
with >99% selectivity. The conversion reached >99% at 353 K for 18
h (Table S2). It should be noted that the catalytic activity of Nb6-
Au/Al,03 was much superior to that of unmodified Au/Al,0s. Nb6-
Au/Al,03 was reused several times though its catalytic performance
gradually declined (Fig. S6). The reaction hardly proceeded when
using Al,0; or [NbgOig)®-adsorbed AlLOs (Nb6/AlL0Os). In the
Au/Al,0s-catalyzed reaction, the reaction rate increased when a base
such as K,CO3 was added to the reaction solution, indicating that
bases play an important role in the reduction of p-nitrophenol.
[NbgO19]® is also known to function as a base catalyst; however,
simply using Au/Al,03 and KgNbgO1g as a physical mixture did not
promote the reaction. Therefore, it is suggested that the catalyst
design that lays out the basic [NbgO19]8~ species on or near Au NPs is
crucially important for the reaction to proceed effectively.

In our catalyst design strategy reported herein, we believe
that the catalytic activity can be fine-tuned by selecting the
types of metal oxide clusters. We prepared several catalysts via
the same method with different types of metal oxide clusters to
investigate the generality of this approach. [TagO15]8"-modified
Au/Al,03 (Ta6-Au/Al;0s3) also showed higher activity than the
pristine Au/Al,Os; because [TagO19]®~ also has strong base
catalysis.’® However, Ta6-Au/Al,O3 was less active than Nb6-
Au/Al,03 although [TagO19]8~ was higher basic strength than
[NbgO1]8-. This is due to the prohibition of active sites on Au
NPs by [TasO15]%~ because [TagO19]8-, which has more negatively
charged oxygens than [NbgO19]8-,1° adsorbed on Au NPs more
than [NbeO19]8~ (Table S1). The modification of [SiW11030]%",
which also acts as a base catalyst but has weaker basicity and
lower negatively-charged oxygens than [NbgOi19]®~ and
[Tag019]%7,3% with Au/Al,O3 (SiW11-Au/Al,O3) resulted in lower
catalytic activity than Nb6-Au/Al>Os. From the XPS analysis, the
Au 4f;/; and 4fsj; signals of Ta6-Au/Al,05 and SiW11-Au/Al,03
were located at lower energy than those of unmodified
Au/Al,0O5 (Fig. S7). Those lower-energy shifts indicated that
[Tag019]8 and [SiW11039]8~ species were successfully modified
on the surface of Au NPs. Therefore, the difference in the
activities between the metal oxide clusters came from their
base catalysis.

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Reaction results for reduction of nitro groups over metal-
oxide-cluster-modified Au/Al,032.

o NO: o ANH:
Reaction (a) | -

P P
HO” HO N

p-nitrophenol: 1a

ﬂ/‘\\ -NO,
\{j

nitrobenzene: 1b

N0z o AHy
Reaction (c) | I - H )
~ N

p-nitrostyrene: 1c

p-aminophenol: 2a

-

aminobenzene: 2b

NH;
Reaction (b)

g NHe o NO;
o [ « T
e P
W "

pethylaniline: 2¢  p-vinylaniline: 3¢ p-ethylnitrobenzene: 4c

Entry Reaction Catalyst Con\(/;;smn Se(l:szt;\::tzcg%)
1 (@) Nb6-Au/Al,03 86 -
2 Au/Al,03 40 -
3 (b) Nb6-Au/Al;03 43 -
4 Au/Al;03 24 -
5 () Nb6-Au/Al,03 96 92:4:4
6 Au/Al,03 21 3:97:<1

2 Catalyst, 5 mg; substrate, 62.1 umol; methanol, 1 mL; Hz, 1 MPa; reaction
temperature, 353 K; reaction time, 2 h.

Several supported Au catalysts have known to be active in
the reduction of aromatic nitro group compounds at 373—393 K
using H; as a reductant.? 2 31 32 |n the present case, Au/Al>O3
also showed catalytic activity for the reduction of p-nitrophenol
in Fig. 4. In addition, we found that the addition of K,COs
enhanced the reduction activity of Au/Al,Os. It was reported
that the reduction of p-nitrophenol proceeds over Au NPs even
at room temperature using NaBH4 as a reductant.32:35> NaBH,4
also acts as a base to promote the formation of nitrophenolate
ion, followed by the reaction with cleaved hydrogen species
formed on Au NPs to produce the desired p-aminophenol.
K,CO3 would promote the formation of the nitrophenolate ion,
resulting in accelerating the reduction. Previously, we reported
that anionic Nb-based metal oxide clusters, such as [NbgO19]3~
and [Tac019]8, acted as efficient base catalysts for Knoevenagel
condensation and CO; fixation reactions.17-20 Thus, [NbeO19]3~
on Au/AlLO3 likely acts as a base catalyst to promote the
formation of active nitrophenolate ions in the reaction. In
addition, the interface between Au NPs and base [NbgO19]®~
contributes to the generation of active hydrogen species.
Mitsudome et al. reported that the heterolytic cleavage of H; at
the interface between metal and basic site produces polar
hydrogen species, which selectively reduce the polar functional
groups such as nitro groups.” Shimizu et al. reported that the
reduction of p-nitrostyrene on Au/Al,O3; proceeded at the
interface between Au NPs and Al,O3 by heterolytically cleaved
hydrogen species and that the electron-enriched small Au NPs
increased reactivity to H,.36 In the present catalyst, UV-Vis and
XPS spectra revealed that negatively-charged Au NPs were
formed by the electron donation from the coordinated
[NbsO19]8 to Au NPs in Nb6-Au/Al,O3 (Fig. 3A and B). Thus, the
electron-rich Au surface or high density of [NbsO19]8™—Au NPs

Nitrophenolate ions
[NbgO,]* NO,
P o /©/ He
0 He-
Au NPs surface ~
Heterotically cleavage of H,

Fig. 5 Mechanism of p-nitrophenol reduction over Nb6-Au/Al,Os.
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interface would effectively produce heterolytically cleaved
hydrogen species that reacted with the nitrophenolate ions
generated by the base catalysis (Fig. 5).

Finally, we applied Nb6-Au/Al,05 catalyst to the reduction
of several aromatic nitro compounds including p-nitrophenol
(Table 1). The modification with [NbgO19]3~ improved the
reduction conversions for not only p-nitrophenol but also
nitrobenzene and p-nitrostyrene. In the reduction of p-
nitrostyrene, Nb6-Au/Al,Os selectively gave p-ethylaniline with
byproducts of p-vinylaniline and p-ethylnitrobenzene after 2 h,
whereas p-vinylaniline was mainly produced over Au/Al,Os. At
lower conversion, Nb6-Au/Al,05 showed high selectivity toward
p-vinylaniline, and the p-ethylaniline selectivity increased with
increasing the reaction time (Table S3, entries 1-3). In the case
of Au/Al,O3, the p-ethylaniline selectivity also increased with
time (Table S2, entries 1-3), consistent with the reported
trend.36 This suggests that the interface between Au NPs and
basic [NbeO19]8- efficiently produced the heterolytic cleaved
hydrogen species, which promoted the reduction activities for
both nitro and C=C groups.
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