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ABSTRACT: We report a facile synthesis of new core-
Au/shell-CeO, nanoparticles (Au@CeO,) using a redox-
coprecipitation method, where the Au nanoparticles and
the nanoporous shell of CeO, are simultaneously formed
in one step. The Au@CeO, catalyst enables the highly
selective semihydrogenation of various alkynes at ambient
temperature under additive-free conditions. The core—
shell structure plays a crucial role in providing the excellent
selectivity for alkenes through the selective dissociation of
H, in a heterolytic manner by maximizing interfacial sites
between the core-Au and the shell-CeO,.

M etal nanoparticle (NP) catalysts are inevitably employed
in refining petroleum, manufacturing petrochemicals and
fine chemicals, cleaning exhaust gas, and producing renewable
clean energy.' Toward more efficient catalysts, the design of
metal NPs has become quite sophisticated through controlling
the particle sizes and shapes, tuning of electronic states of metals,
and modulation of metal—support interactions.” With respect to
the metal—support interaction, the supports often play a crucial
role in determining the catalytic performance of metal NPs.
However, the active perimeter sites at the metal—support
interface are a small minority of all metal surface sites, which
renders the catalytic activity inadequate. Moreover, the metal—
support interaction often weakens during reactions, causing
problems of aggregation of active metal species.

The fabrication of core—shell (CS) metal NPs by
encapsulation of active metal NPs (core) with a support
(shell) is a promising protocol to solve the above metal—support
interface issues.”® The construction of CS NPs entails
maximizing the active interfacial area between the core-metal
and the shell-support, which would increase the catalytic
performance. CS NPs also have a clear advantage in the
protection of active metals in the core against aggregation by
shell coating. Over the last few decades, CS NP catalysts have
been extensively studied. However, the preparation of CS
catalysts has become considerably complicated as the design is
more precise, often requiring multiple steps’ and special
techniques.” These elaborate procedures restrict the wide
applicability of the CS NPs. Furthermore, core-metal sizes are
often relatively large (>10 nm), which is generally not suitable for
catalytic applications. A redox-coprecipitation method would be
one possibility for the facile synthesis of CS NPs,” where a redox
reaction between core and shell precursors allows for the
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spontaneous formation of the CS NPs in one step.
Advantageously, this straightforward method dispenses with
any additional reductants and also provides small NPs suitable
for catalytically active metals and the nanoporous shell
permitting the diffusion of reactants into the active core-metals.

Here, we report a facile synthesis of new core-Au/shell-CeO,
NPs (Au@CeO,) using a redox-coprecipitation method. Au@
CeO, is composed of Au NPs in the size of sub-10 nm and CeO,
NPs in a mean diameter of 2 nm, assembling to form the shell
structure.”” Moreover, Au@CeO, shows excellent selectivity
(near 99% sel.) and high durability for the semihydrogenation of
alkynes.

Au@CeO, was prepared as follows.” Briefly, the reverse
micelle solution containing Au(IIl) and Ce(III) was mixed with
NaOH reverse micelle solution under vigorous stirring. During
the stirring, the color of the solution became black, indicating the
occurrence of the redox reaction between Au(III) with Ce(III) to
Au(0) and Ce(IV). The black precipitate was collected by
centrifugation and calcined, yielding Au@CeO,.

A TEM image of Au@CeO, shows the formation of spherical
CS nanocomposites with diameters of 20 nm (Figure la). A
representative HAADF-STEM image of Au@CeO, revealed a
NP in an electron-dense core with an 8.6 nm diameter
surrounded by spherical NPs with 2 nm diameters assembling
to form the shell (Figure 1b). The lattice spacings of the core and
shell NPs were determined to be 2.4 and 3.1 A (Figure 1b, inset),
which were in agreement with the values of Au {111} and CeO,
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Figure 1. (a) TEM image of Au@CeO,. (b) HAADF-STEM image of
Au@CeO, (inset: HRTEM showing the lattice fringes). Elemental
mapping images of (c) Ce, (d) Au, and (e) their overlap for Au@CeO,.
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{111}, respectively. Energy-dispersive X-ray spectroscopy
elemental mapping images clearly demonstrated that the Au
NP was successfully encapsulated by CeO, NPs (Figure 1c—e).
The formation of Au(0) and CeO, NPs was also supported by
XAFS spectroscopy and XRD analyses (Figures S1—S3). The
strong interfacial interaction between the core-Au and shell-
CeO, in Au@CeO, derived from its CS structure was confirmed
by monitoring the surface plasmon resonance (SPR) absorption
of Au NPs (Figure S4).

We next investigated the catalytic potential of Au@CeO, in
the semihydrogenation of alkynes, which is one of the most
important and fundamental reactions in the manufacturing
processes of bulk and fine chemicals."" To date, lead-free
environmentally benign semihydrogenation catalyst systems
involving Pd,"* Fe,"* Ni,"* Cu,"® and Ru'® metals have been
developed as alternatives to the Lindlar catalyst [Pb(OAc),-
treated Pd/CaCO, with large amounts of quinoline].'” In this
context, Au NPs have recently attracted increasing attention due
to their high selectivity for alkenes.''” However, the Au catalyst
systems still suffer from limited substrate scope'®'*" and the
requirements for high temperature,'® additives,'”*" toxic CO
reagent,'” and low-atom efficient hydride reagents.'****

Figure 2a shows the time profile for the hydrogenation of
phenylacetylene (1a) using Au@CeO, at room temperature (rt)
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Figure 2. Time course of the hydrogenation of 1a using (a) Au@CeO,
and (b) Au/CeO,.

under 30 atm of H,. Interestingly, Au@CeO, gave styrene (2a)
in 98% yield with >99% selectivity in 12 h. It is notable that Au@
CeO, could strictly prevent the overhydrogenation of 2a and the
>99% selectivity for 2a was maintained even when prolonging
the reaction time after full consumption of la. This excellent
selectivity is unique and valuable because many conventional
catalysts including the Lindlar catalyst cause the rapid over-
hydrogenation of terminal alkenes into alkanes at a high
conversion level, rendering a delicate monitoring of hydrogen-
uptake unavoidable. The unique catalysis of Au@CeO, was also
demonstrated in the hydrogenation of 2a as a starting material, in
which 2a was not hydrogenated at all and quantitatively
recoverable (Scheme 1). In a control experiment, CeO,-
supported Au NPs (Au/CeO,) having Au NPs similar in size
to Au@CeO, but without the CS structure were prepared and
tested in the hydrogenation of 1a (Figure 2b). However, Au/
CeO, resulted in a lower yield of 2a (84% yield at maximum),
which gradually decreased by the overhydrogenation of 2a to

Scheme 1. Hydrogenation of 2a Using Au@CeO, vs Lindlar

Catalyst”
AN Catalyst
©/\ r.t,3h, H, ©/\
2a 3a
1) Au@CeO, >99% recovery <1% yield
2) Lindlar catalyst  >99% conv. >99% yield

“Reaction conditions: (1) Au@CeO, (Au: 10 mol %), 2a (0.4 mmol),
toluene (S mL), H, (30 atm); (2) Lindlar catalyst (Pd: 0.25 mol %),
2a (4 mmol), hexane (3 mL), quinoline (0.2 mL), H, (1 atm).

ethylbenzene (3a). These sharply differing results of Au@CeO,
vs Au/CeO, clearly demonstrate a high catalytic potential of
Au@CeO, for the semihydrogenation of alkynes derived from its
CS structure. This is the first example of Au catalyst for the
selective semihydrogenation of alkynes at ambient temperature
under additive-free conditions.

Substrate applicability of Au@CeO, in the semihydrogenation
of alkynes is summarized in Table 1. Aromatic and aliphatic
terminal alkynes were transformed into the corresponding
alkenes with >99% selectivities at high conversions (Table 1,
entries 1, 3—13). Various internal alkynes also gave the alkenes
selectively (Table 1, entries 14—17). Reducible moieties
including halogeno, methoxy, benzyl, cyano, hydroxyl, and
ester groups were not affected in the reaction (Table 1, entries
3-5, 8, and 12—17).

The power of Au@CeO, is further demonstrated in the
hydrogenation of alkynes with an alkene moiety as shown in
Scheme 2. The selective semihydrogenation of terminal and
internal alkyne underwent, whereas alkene moieties in the parent
and product molecules were completely intact. Furthermore,
Au@CeO, was easily recovered after the hydrogenation and
reusable without loss of its high efficiency (Table 1, entry 2). Au
species in the filtrate were not detected by ICP analysis and no
aggregation of Au NPs in the used Au@CeO, was observed by
TEM images, proving the high durability of Au@CeO, (Figure
SS).

In order to gain more insight into the origins of the high
selectivity of Au@CeO, for alkenes, the following experiments
were carried out. The investigation of the dependency of the
reaction rate on the H, pressure in the semihydrogenation of 1a
revealed that the reaction order was first order (Figure 3a),
indicating the participation of active polar hydrogen species
generated by the dissociation of H,.”" In a separate experiment
using 1m with an electron-withdrawing substituent (—CF;) for
the hydrogenation, a strong inductive effect on the increase of the
reaction rate was observed in the presence of Au@CeO, (Figure
3b).”! This phenomenon was quite different from the results
obtained by Lindlar catalyst, which favored the hydrogenation of
1-phenyl-1-propyne (1t) over 1m.

These results clearly demonstrate that the unique and highly
chemoselective catalysis of Au@CeO, in the semihydrogenation
can arise from in situ formation of a polar hydrogen species
through the heterolytic dissociation of H,. This idea is well
supgorted by the use of 2-propanol as a reductant instead of
H,;™> Au@CeO, also showed excellent selectivity toward 2a in
the hydrogenation of 1a (Scheme 3). In our previous reports, Au
or Ag NPs and basic metal oxides can cooperatively dissociate H,
into polar hydrogen species H*" and H’~ that straddle the
interfacial perimeter sites.”**** It is also reported that polar
hydrogen species are favorably reactive to alkynes compared with

DOI: 10.1021/jacs.5b07521
J. Am. Chem. Soc. 2015, 137, 1345213455


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07521/suppl_file/ja5b07521_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07521/suppl_file/ja5b07521_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07521/suppl_file/ja5b07521_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07521/suppl_file/ja5b07521_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b07521

Journal of the American Chemical Society

Communication

Table 1. Selective Semihydrogenation of Various Alkynes to
Alkenes Using Au@CeO,”

RI=R 0002 A\
toluene (5 mL), r. t., Ho
1 2
Time  Conv. Yield
E
ntry Substrate [h] [%]° [%]°
1 Q': 12 99 98
2° 1a 12 98 97
3 c <> = 10 % %
1b
d _
4 Br O = 33 >99 99

1c
5 MeO < > = 27 9 89
6 HaN < > = 24 >99 >99
1e
S
” ©/\\ 45 >99 99

1f
8 ©4°T__
— 24 95 95
1g
9 g u—
N\ / 24 >99 99
1h

11°

\/\/\/\///
100 ) 24 9% 95
1

24 72 72

=
12° NC~AZ 20 98 97

RN 7 >99 >99
147 < >7: CFy 18 >99 >99

1m (>99/<1)
15¢ Q%coza 24 >99 >99
n (99/1)
16° P:cozEt 20 >09 >09
10 (>99/<1)
o HO,
17 = 15 93 93
1p (93/<1)

“Reaction conditions: Au@CeO, (Au: 10 mol %), substrate (0.4
mmol), toluene (5 mL), rt, H, (30 atm). “Determined by GC using
internal standard technique. Values in parentheses are Z/E ratios.
“Reuse. “Au: 8 mol %, H, (25 atm). *Au: 16 mol % H, (50 atm). Au:
24 mol %, H, (50 atm).

alkenes due to the electrophilicity of alkynes.”* These facts
indicate that the excellent selectivity of Au@CeO, for alkenes is
derived from the selective formation of polar hydrogen species
from the heterolytic dissociation of H, at the interface between
Au and a basic site of CeO,. The superior selectivity of Au@
CeO, for alkenes compared with Au/CeO, can lie in the CS

Scheme 2. Hydrogenation of Alkynes with Alkene Moieties
Using Au@CeO,. Reaction conditions: 1) Au@CeO, (Au: 16
mol %), substrate (0.25 mmol), toluene (5 mL), rt, H, (30
atm), 1A) 10 h, 1B) Au: 10 mol %, 30 h, 2) 32 h
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Figure 3. (a) Dependency of the reaction rate on the pressure of H,. (b)
Hydrogenation of 1m and 1t using (1) Au@CeO, or (2) Lindlar
catalyst. Reaction conditions: (1) Au@CeO, (Au: 16 mol %), substrate
(0.25 mmol), toluene (S mL), rt, H, (50 atm), 18 h; (2) Lindlar catalyst
(Pd: 0.25 mol %), substrate (4 mmol), hexane (3 mL), quinoline (0.2
mL), rt, H, (1 atm), 6 h.

Scheme 3. Semihydrogenation of 1a Using 2-Propanol as a

Reductant
=
©/ Au@CeO, (Au: 8 mol%) ©/\ ©/\
+
90 °C, 10 h, Ar (1 atm),
1a toluene (5 mL), 2a 3a

2-PrOH (0.3 mL)

100 % conv. >99% sel. <1% sel.

structure, which maximizes the Au-CeO, interfacial active sites.
Concurrently, the CS structure minimizes the exposed surface
Aussites. These exposed sites induce the homolytic cleavage of H,
into nonpolar hydrogen species, resulting in the overhydroge-
nation of alkenes. Therefore, both maximizing the CS interfacial
sites and minimizing exposed surface sites of Au NPs lead to the
selective dissociation of H, into polar hydrogen species which
favor alkynes, thus achieving the highly selective semihydroge-
nation of alkynes.

In conclusion, we demonstrated a facile synthesis of CS
nanocomposite Au@CeO, through the spontaneous redox
reaction between Au and Ce. Au@CeO, acts as an efficient
and reusable heterogeneous catalyst for the highly selective
semihydrogenation of various alkynes with H, at ambient
temperature. The CS structure of Au@CeO, can effectively
exploit the interfacial cooperative catalysis between Au and CeO,
for the selective dissociation of H, in a heterolytic manner by
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maximizing interfacial sites between the core-Au and the shell-
CeO,, which provides an excellent selectivity for alkenes. This
report demonstrates for the first time a key role of the heterolytic
dissociation of H, in the Au NP-catalyzed selective semi-
hydrogenation.
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