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Synthesis of active, robust and cationic Au,s cluster catalysts on
double metal hydroxide by long-term oxidative aging of Au,s(SR)1s

Shinya Masuda?, Shinjiro Takano?, Seiji Yamazoe ¥ ¢, and Tatsuya Tsukuda*® ¢

Synthesis of an atomically precise Auzs cluster catalyst was attempted by long-term, low-temperature pretreatment of
Auas(BaET)1s (BaET-H = 2-(Boc-amino)ethanethiol) on various double metal hydroxide (DMH) supports. X-ray absorption fine
structure analysis revealed that bare Auas clusters with high loading (1 wt%) were successfully generated on the DMH
containing Co and Ce (CosCe) by oxidative aging in air at 150 °C for >12 h. X-ray absorption near-edge structure and X-ray
photoelectron spectroscopies showed that the Auas clusters on CosCe were positively charged. The Auas/CosCe catalyst thus
synthesized exhibited superior catalytic performance (TOF = 1097 h* with >97% selectivity to benzoic acid) in the aerobic
oxidation of benzyl alcohol under ambient conditions and high durability owing to a strong anchoring effect. Based on kinetic
experiments, we propose that abstraction of hydride from a-carbon of benzyl alkoxide by Auzs is the rate-determining step

of benzyl alcohol oxidation by Aus/CosCe.

Introduction

Since Haruta’s discovery of catalysis by small gold nanoparticles
(AuNPs) for CO oxidation,! the origin of the size-specific
catalysis by AuNPs has been one of the central issues in
nanoscience.?® Previous extensive studies have revealed that the
catalytic activity of AuNPs was enhanced by reducing the
diameter® and by using reducible metal oxides or basic
supports.’10 After decades of controversy, the research
community has reached a consensus that the perimeter region
between the AUNP and the support provides an active site for CO
oxidation.” 8 11 12 |t is proposed that O atoms formed by
dissociative adsorption of O: at the interface react with CO
adsorbed on AUNP to generate CO..8 Thus, the AuNP is not
directly involved in activation of CO and O3, but provides an
activation site for Oz at the interface with the support.

In contrast, Au clusters smaller than ~2 nm in diameter are
expected to directly activate small molecules owing to
nonmetallic, quantized electronic structures.*17 It was
demonstrated that free Aun~ anions isolated in the gas phase and
Aun (n > 8) clusters soft-landed on TiO2 exhibited size-specific
and size-dependent catalysis for CO oxidation via reductive
activation of 02.1820 Thus, heterogeneous Au cluster catalysts
(AuCCs) with atomically precise sizes may exhibit novel and
superior catalysis as well as provide ideal platforms for
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investigating the origin of the catalysis.?* However, atomically
precise synthesis of heterogeneous AuCCs cannot be achieved
by the conventional methods, such as co-precipitation and
impregnation. One of the promising approaches is to adsorb
atomically-defined Au clusters fully protected by ligands onto a
solid support and to pretreat these precursors for catalytic
application (Scheme 1).22 The most conventional pretreatment is
removal of the ligands by calcination in vacuum.?3* For
example, thiolates (RS™) are desorbed from Aux(SR)y by heating
them at a temperature (>250 °C) higher than that required for the
powder form of Aux(SR)y (200 °C).2-3* The desorption
processes and the structures of the resulting clusters have been
studied intensively using a variety of methods including
thermogravimetric analysis, mass spectrometry, transmission
electron microscopy (TEM), theoretical calculation, and X-ray
absorption spectroscopy (XAS). One of the limitations of this
approach is that the density of supported clusters has to be
suppressed (<0.2 wt% loading and/or use of supports with high
surface area) to avoid thermal-induced aggregation/dissociation
of the clusters (Scheme 1).3% 36 Such low loading hampers
detailed structural characterization of the AuCCs using X-ray
photoelectron spectroscopy (XPS), for example. Another
pretreatment method of Aux(SR)y reported so far includes aging
at a low temperature (=150 °C) in the presence of oxygen.% 25
This oxidative aging is expected to overcome the problems
encountered in high-temperature calcination: the loading can be
enhanced without aggregation since a majority of the thiolates
still remain on the cluster surface. However, much less is known
about the structural change of the clusters during oxidative aging
than in the case of calcination (Scheme 1).
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Scheme 1 Pretreatment of thiolate-protected Au clusters for catalytic application.

Motivated by these reports, we focused on the structural
change of Auy(SR), during long-term oxidative aging at low
temperature and the catalytic properties of the resulting
structures. As the precursor, we chose the representative
Auss(SR)1s, which has an icosahedral Auis core protected by six
Au(SR)s bidentate oligomers.37 As supports, we chose (layered)
double metal hydroxides (DMHs) composed of Al3* or Ce3* as a
trivalent metal cation and Mg?2*, Ni2* or Co2* as a divalent metal
cation due to the following reasons: (i) they show unique basic
and redox properties;31 32 38-40 (ji) small AuNPs supported on
layered double hydroxides (LDHs) exhibited high activity in
alcohol oxidation;38 32 and (iii) Aux/LDH prepared by calcination
of 0.2 wt% Aux(Capt), (Capt-H = captopril) at high temperature
(~300 °C) exhibited high activity in the base-free alcohol
oxidation.3% 32 |n this work, various Aus(SR):1s supported on
LDH/DMH were aged under an oxidative atmosphere (Scheme
2) for as long as 30 h. The structures were thoroughly
characterized by Au Ls-edge X-ray absorption fine structure
(XAFS) analysis. We found that the RS ligands were completely
removed by aging of Auzs(SR)is on CosCe for = 12 h at a
surprisingly low temperature (150 °C). Au Ls-edge X-ray
absorption near-edge structure (XANES) analysis and XPS
revealed that cationic bare Au;s clusters were formed on CosCe
through the formation of Au—0 bonds even at the loading of as
high as 1 wt%. The Au,s/CosCe catalyst thus prepared exhibited
significantly high catalytic activity in the aqueous phase
oxidation of benzyl alcohol under ambient conditions. Based on
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kinetic experiments, we propose that abstraction of hydride
from a-carbon of benzyl alkoxide by Auss corresponds to the
rate-determining step (RDS) of benzyl alcohol oxidation by
Auys/CosCe. This work provides a new avenue for the
development of atomically precise heterogeneous AuCCs for
various types of reactions.

Results and discussion

Synthesis and characterization of Au,s/DMH catalysts

The Aujs clusters supported on DMHs were synthesized in three
steps: (1) synthesis of Auzs(SR)1s; (2) synthesis of DMHs; and (3)
oxidative aging of Auys(SR)1s on DMHs (Scheme 2). Details of
each step are described in the following (see Supplementary
Information for details).

FirstIy, AUzs(PET)lg_/O (PET-H
Auys(Capt)i1s~ were synthesized according to the reported
method.?> 42 Auys(BaET)is™ (BaET-H 2-(Boc-
amino)ethanethiol) was synthesized by the ligand exchange of
Auys(PET)1s~ (Scheme 2). Electrospray ionization (ESI) mass
spectra (Fig. 1A) showed that Auys(PET)1s~ and Auys(BaET)is”
were obtained in a pure form. The matrix-assisted laser
desorption/ionization (MALDI) mass spectrum of Auzs(PET)1s°
suggested the formation of the desired product (Fig. 1B). The
UV-vis absorption spectra of the toluene solutions of
Auzs(PET)18°, Auzs(PET)1s~ and Auys(BaET)is™, and the methanol
(MeOH) solution of Auys(Capt)is~ (Fig. 1C) agreed well with
those reported in the literature. The Auzs(BaET)1s™ sample was

= 2-phenylethanethiol) and

further characterized by thermogravimetric (TG) analysis (Fig.
1D). The ligand desorption started at ~175 °C and the weight
loss after complete desorption was 39.7 wt%, which agreed well
with the theoretical calculated value (39.2 wt%). These results
confirmed that desired clusters were successfully obtained in a
molecularly pure form.

Secondly, various DMH supports were prepared by the
conventional co-precipitation method in basic aqueous
solutions (Scheme 2).32 Fig. 1E and 1F show PXRD patterns of
DMHs containing Al3* and Ce3*, respectively. The Al3*-containing
DMHs showed similar PXRD patterns with that of reference
MgsAl-LDH, although CosAl has lower crystallinity than MgsAl
and NisAl (Fig. 1E). Two Ce3*-containing DMHs, NizCe and CosCe,
had higher crystallinity than MgsCe (Fig. 1F). The CosCe
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Scheme 2 Schematic illustration of procedure of synthesizing Au,s/DMH.
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Fig. 1

(A) Negative-ion ESI mass spectra of Au,s(BaET)is™ and Auys(PET)s™. (B) Negative-ion MALDI mass spectra of Au,s(PET) 1. (C) UV-vis absorption spectra of Auys(SR);s7/°.

(D) Thermogravimetric analysis of Au,s(BaET)1s™. PXRD patterns of (E) AI** or (F) Ce3*-containing DMH. (a) MgsAl, (b) NisAl, (c) CosAl, (d) MgsCe, (e) NisCe, and (f) CosCe.

exhibited the patterns assigned to Co(OH),, Ce(OH)COs, and
Co,(0OH)COs, indicating the formation of double metal
hydroxide structures.*® The NizCe showed similar PXRD patterns
with those of CosCe. Therefore, we concluded that the double
hydroxide structures were also obtained in the Ce3*-containing
supports. Fig. S1 shows nitrogen absorption—desorption
isotherms of the DMHs. Specific surface areas and pore volumes
calculated using the Brunauer—Emmett—Teller (BET) theory are
summarized in Table S1. All supports have moderate specific
surface areas (~150 m2/g), which depend on the divalent metal
cations and decrease in the order of Ni > Mg > Co. The results
also suggest that similar structures were formed in the DMHs
regardless of the trivalent metal cations. Scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX) show that the CosCe support had assembled sheet-like
structures with the size of ~1 um, similarly to the conventional
DMH, and that Co, Ce and O elements were distributed
throughout the support (Fig. S2).

Finally, Auys(BaET)i1s™ and Au,s(Capt)is~ were loaded onto
various DMHs suspended in toluene and MeOH, respectively
(Scheme 2). Successful loading of 1 wt% of the clusters was
confirmed by UV-vis absorption spectra of the cluster solution
before and after loading (Fig. S3 and S4). Au,s(PET):° was
loaded by the impregnation-evaporation method because of
low adsorption efficiency in toluene. The obtained composites
Au,s(SR)1s/DMH were aged at T °C for t h. The resulting catalysts
are hereafter denoted as Au,s5(SR)1s/DMH-T-t.

The degree of ligand removal as a function of aging
conditions and the supports was qualitatively evaluated by
catalytic activity for aerobic oxidation of benzyl alcohol
(PhCH,OH, 1) in toluene. Benzaldehyde (PhCHO, 2) was
obtained as the sole product as reported previously in non-polar
solvents.3, 4 No catalysis of untreated composite
Au,s(BaET)1s/CosCe (entry 1) indicates that two components

This journal is © The Royal Society of Chemistry 20xx

Au,s(BaET)1s and CosCe are not catalytically active. Entries 2—7
in Table 1 show that the activity of Au,s(BaET)1s/CosCe-150-t
increased with the aging period t from 2 to 12 h and remained

Table1 Catalytic oxidation of benzyl alcohol in toluene?

Au 0.5 molt § il

O/\o- 0, 1 8im O/\ . O)\N* m

Tohsne
1 5T 1n 2 3 4
Selechvty > 37 %

Entry Catalyst® C (%)° TON¢
1 Auzs(BaET)1s/CozCe 0.0 -
2 Auzs(BaET)1s/CosCe-150-2 2.4 5.0
3 Auzs(BaET)1s/CosCe-150-4 10.1 20.1
4 Auzs(BaET)1s/CosCe-150-8 71.8 144
5 Auzs(BaET)1s/CosCe-150-12 75.6 159
6 Auzs(BaET)18/CosCe-150-20 80.6 162
7 Auzs(BaET)18/CosCe-150-30 79.5 160
8 Auzs(BaET)1s/MgsAl-150-12 0.0 -
9 Auzs(BaET)1s/NizAl-150-12 345 72.5
10 Auzs(BaET)1s/CosAl-150-12 18.6 375
11 Auss(BaET)1s/MgsCe-150-12 3.0 6.2
12 Auzs(BaET)1s/NizCe-150-12 0.0 -
13 Aus(BaET)1s/CosCe-175-12 61.7 128
14 Auzs(PET)18/CosCe-150-12 76.1 152
15 Auzs(Capt)1s/CosCe-150-12 52.1 105
16 Auzs(Capt)1s/CosCe-150-20 74.6 150

Reaction conditions: 1 (102 pmol, 0.5 mol%), biphenyl (102 umol), catalyst 10 mg,
toluene 1 mL, 80 °C, 1 h, O, 1 atm (balloon). ®Au,s(SR);s/DMH-T-t obtained by aging of
Auys(SR)18/DMH at T (°C) for t (h). <Conversion of PhCH,0H. 9TON = [Mole of converted
PhCH,0H] / [Mole of gold (1 wt%)].

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




Nanoscale

similar by increasing t to 20 and 30 h. These results suggest that
the BaET ligands could be removed from Au,s(BaET)1s/CosCe by
oxidative aging at 150 °C and became absent after 12 h. The
removal of the BaET ligand at 150 °C was unexpected given that
no weight loss was observed at 150 °C in the TG analysis of the
Auys(BaET)1s powder (Fig. 1D). To confirm the desorption of
BaET from Auys(BaET)1s/CosCe at 150 °C, TG behaviour was
compared between Auys(BaET)1s/CosCe (5 wt%) and the CosCe
support (Fig. S5). The weight loss from Au,s(BaET)1s/CosCe was
larger than that from the CosCe reference (desorption of water
and carbonate) after aging at 150 °C for 12 h, and the difference
in the weight loss remained the same after heating at 500 °C.
This result indicates that the BaET ligands were absent in
Au,s(BaET)1s/CosCe-150-12. Secondly, the effects of the support
on the BaET desorption were investigated by comparing the
catalysis of Auys(BaET)1s/DMH-150-2. Entries 5 and 8—12 show
that the CosCe support gave the most active catalyst. These
results indicate that CosCe promotes desorption of thiolates
from Auys(BaET)ig at 150 °C more efficiently than the other
supports. Au,s(BaET)is/CosCe-150-30 (entry 7) exhibited
comparable catalysis with Au,s(BaET)1s/CosCe-150-12 (entry 5),
while Auys(BaET)1s/CosCe-175-12 (entry 13) was less active than
Auys(BaET)1s/CosCe-150-12 (entry 5). These results indicate that
Auys clusters are anchored strongly on CosCe and that
prolonged aging at 150 °C does not induce the aggregation of
clusters. Finally, thermal desorption behaviour of various

thiolates was compared. Aus(PET)18/CosCe-150-12 and
Auys(BaET)1s/CosCe-150-12 showed comparable activity
(entries 4 and 14 in Table 1). On the other hand,

Auys(Capt)1s/CosCe-150-12 exhibited lower activity than
Auys(BaET)1s/Co3Ce-150-12 (entries 4 and 15), while
Au,s(Capt)1s/CosCe-150-20 showed comparable activity of
Auys(BaET)1s/CosCe-150-12 (entries 4 and 16). These results
suggest that various Au,s(SR)1s can be used as starting materials
of the catalysts, although more hydrophilic thiolate ligands
require longer aging time. On the basis of the above results, we

focused on the Auys catalyst prepared by aging Auzs(BaET)1s on
CosCe at 150 °C in the following experiments.

The structural change of Au,s(BaET)is on CosCe during the
aging was studied by Au Ls-edge XAFS measurement of the aged
samples at room temperature. Fig. 2A, 2B, and S6A show XANES
spectra, Fourier transform of extended XAFS (FT-EXAFS) and
EXAFS oscillations of the Auas(BaET)is/CosCe-150-t samples
with t=0, 2, 4, 8, 12, 20, and 30, respectively.*> XANES spectra
of the untreated composite Au,s(BaET)1s/CosCe have a nearly
featureless profile, whereas those of the aged samples
gradually evolve peaked structures that can be assigned to
metallic and oxidized Au at the white line region (Fig. 2A). The
coordination numbers (CNs) and r values of Au—Au, Au-S, and
Au—-O bonds were determined by curve-fitting analyses of
EXAFS and are summarized in Table S2. The time course of the
CNs of each of the bonds (Fig. 2C) shows several features.
Firstly, the CN value of the Au—S bond (CNay-s) monotonically
reduced during aging for <8 h and became ~0 after aging for 212
h, suggesting that the BaET ligands were completely removed
by oxidative aging for 212 h. This result is consistent with the
results of the catalytic test (Table 1). Secondly, the CN value of
the Au—Au bond (CNau-au) gradually increased from 0.7 to ~6
during aging for 0—-8 h and slightly reduced to 4-5 after 12 h.
This time evolution of CNay-au is explained as follows by the
structural change of the original Au,s(BaET)is (Fig. 2D). The
CNpy-au Vvalue before aging (0 h) was significantly
underestimated with reference to that calculated from the
crystal structure of Auys(PET)1s (3.3) because of the thermal
effect on the EXAFS data, as we reported previously.*® The CNay-
au Value at 8 h is comparable to those (6.0—6.5) estimated for
hemispherical Auss, suggesting the formation of Auys clusters
after complete removal of BaET. The CNay-au value after 12—-30
h was slightly reduced to 4-5, suggesting the deformation of
Auys from hemispheres to flattened structures. A possible
model structure is a monolayer of (111) plane of 25 Au atoms in
face-centred cubic (fcc) structure whose CNay-ay is estimated to
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Fig. 2

(A) XANES spectra and (B) Fourier transform of EXAFS together with fitting curves of (a) Au foil, (b) Au,s(BaET);s/CosCe-150-t with t = (c) 2, (d) 4, (e) 8, (f)

12, (g) 20, and (h) 30, respectively. Solid line: raw data, dashed line: fitting data. (C) Time course of coordination numbers (CNs) of Au-S, Au—0O, and Au—Au bonds
estimated from curve-fitting analysis of the samples (Table S2). (D) Schematic representation of the oxidative aging processes of Au,s(BaET);s/CosCe at 150 °C.

4| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 8



Page 5 of 8

be 4.6. Thirdly, the CNs of the Au—O bond (CNau-o0) exhibited
behaviour that was the reverse of that of CNay—s with the aging
time, suggesting that the Auys clusters are anchored on the
oxygen atoms of CosCe. We conclude from the time evolution
of the CN values that the thermal-induced ligand removal from
Auss(BaET)1s resulted in the formation of an Auss cluster with a
flattened structure anchored on CosCe through strong Au—O
bonds (Fig. 2D).

We examined the mechanistic insights of the
temperature (150 °C) desorption of BaET
Auys(BaET)is/CosCe. Firstly, the involvement of O, in the
desorption was studied by XAFS measurement on
Au,s(BaET)1s/CosCe after aging at 150 °C for 12 h in vacuo (Fig.
S7 and S8). The Au-S bond was clearly observed (Table S3),
indicating that O, in air played an essential role in promoting
desorption of BaET at 150 °C. Secondly, we tested the possibility
that the CeO, impurity contained in our CosCe promotes the
desorption of thiolates according to the reports by Jin’s and
Barrabés’s groups: Auzs(SR)1s/CeO, and Ausg(SR).4/CeO;
pretreated at 150 °C for >0.5 h catalyzed CO oxidation.2 32 XAFS
analysis of Auys(BaET)1s/CeO; after aging at 150 °C for 12 h (Fig.
S7 and S8) illustrated the presence of the Au—S bond (Table S3),
indicating that the CeO, impurity, if present, did not play an
important role in the desorption of thiolates. Based on these

low-
from

results, CosCe promotes the thermal-induced oxidative
desorption of thiolates in the presence of 0O, at low
temperature.

Structure and oxidation catalysis of Au,s/CosCe

In the following, we focus on further characterization of
structures and catalysis of Auys(BaET);s/CosCe-150-12, which
will be abbreviated as Au,s/CosCe. SEM images and aberration-
corrected transmission electron microscope (ACTEM) images of
Au,s/CosCe are shown in Fig. S9A and S9B, respectively. The
SEM images illustrate that the aged CosCe support also had
assembled sheet-like structures with the size of ~1 um. The
ACTEM images indicate the absence of large AuNPs although it
was difficult to distinguish small Au clusters from DMH in the
high-magnification images because of insufficient contrast.
Therefore, Auys/CosCe was characterized by aberration-
corrected high-angle annular dark field scanning transmission
electron microscopy (AC-HAADF-STEM). Fig. 3A and 3B
compare typical AC-HAADF-STEM images and size distributions
of untreated Auys(BaET)is/CosCe and aged Aujs/CosCe,
respectively. Aujs(BaET)i1s/CosCe and Auzs/CosCe exhibit
monodisperse Au clusters with the average diameter of 1.5 £
0.3 and 1.6 * 0.4 nm, respectively. The cluster size of
Auys(BaET)1s/CosCe is slightly larger than that expected from
the crystal structure of Au,s(PET)1s due probably to electron
beam induced damage.*” We actually observed diffusion and
fusion of the Au clusters during the imaging. Thus, it was
difficult to estimate the exact number of the constituent Au
atoms in Auys/CosCe. Nevertheless, nearly the same size
distribution before and after aging combined with XAFS results
leads us to conclude that atomically precise Auys clusters were
formed on CosCe.

This journal is © The Royal Society of Chemistry 20xx
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Fig.3 AC-HAADF-STEM images and size distributions of Au clusters of (A)
untreated Au,s(BaET);s/CosCe and (B) aged Au,s/CosCe. Some of the particles are
indicated by the arrows.

High Au loading (1 wt%) in Au,s/CosCe allowed us to probe
the electronic structure by Au 4f XPS. The XP spectrum (Fig. S10)
indicated that Au in Aus/CosCe was positively charged. XANES
spectra of Au,s/CosCe (Fig. 2A) showed a strong absorption
peak in the white line region, which can be assigned to Au(l).
Since almost all the constituent atoms in Auss/CosCe may
interact with oxygen atoms in CosCe as evidenced by XAFS
results, the Auys clusters are composed of positively charged Au
atoms as in the case of AuNPs at the interface between basic
supports.3 9 10,4850

The Auys/CosCe catalyst exhibited higher catalytic activity
for aerobic oxidation of PhCH,OH in basic water than in toluene.
Table 2 summarizes the catalytic performances of Au,s/CosCe
for oxidation of PhCH,OH in water under various conditions.
Auss/CosCe in basic (K,CO3) water at 30 °C in 0.5 h exhibited a
high conversion (entry 1) comparable with that achieved at 80
°C for 1 h in toluene (entry 5 in Table 1). The catalytic
performances of Auys/CosCe were further improved by using
NaOH or KOH instead of K,CO3 (entries 2 and 3): 90% conversion
with >99% selectivity to benzoic acid (PhCO3H, 3) was achieved.
This activity originated from Au,s because CosCe support itself
Then, the catalytic
performance was tested by reducing the amount of catalyst to

showed negligible activity (entry 4).

0.1 mol%: 54.8% conversion with >97% selectivity was achieved

J. Name., 2013, 00, 1-3 | 5
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even at 30 min, and TOF reached 1097 h-1 at 30 °C (entry 5 and
Fig. 4A). To the best of our knowledge, this obtained TOF value
is among the highest reported for Au catalysts under similar
conditions (Table S4).27. 29, 31, 51-58 The catalytic conversion was
completely stopped upon removing the catalyst by filtration
(Fig. 4A), indicating that Aujs/CosCe acted as a truly
heterogeneous catalyst. The Auys/CosCe catalyst showed
activity even under ambient air (entry 6). Moreover, the
Auys/CosCe catalyst showed high durability in a recycling test
while retaining activity and selectivity to PhCO2H till at least the
third run (Fig. 4B).

Table 2 Catalytic oxidation of PhCH,0OH in water

O eg= O O 00

1

30 °C, 30 min
Selectivity (%)
Entry Base C (%)° TON'  TOF (h%)¢
3 4

12 K2CO3 79.2 2.4 62.5 35.1 159 318

22 NaOH 90.8 1.8 98.2 0.0 181 363

32 KOH 90.1 0.4 99.6 0.0 181 362
4.0 KOH 25 48.9 51.1 0.0 — —

5¢ KOH 54.8 2.2 97.8 0.0 549 1097

64 KOH 12.2 10.6 89.5 0.0 122 244

Au,s/CosCe was used. 2Reaction conditions: 1 (51 umol, 0.5 mol%), catalyst 5 mg,
base 300 mol%, water 1 mL, 30 °C, 30 min, O, 1 atm (balloon). ®CosCe 5 mg was used
instead of Au,s/CosCe. “Reaction conditions: 1 (761 umol, 0.1 mol%), catalyst 15 mg,
base 300 mol%, water 15 mL, 30 °C, 30 min, O, 1 atm (balloon). 9Reaction
conditions: 1 (761 pmol, 0.1 mol%), catalyst 15 mg, base 300 mol%, water 15 mL,
30 °C, 30 min, ambient air. eConversion of PhCH,0H. fTON = [Mole of converted
PhCH,0H] / [Mole of gold (1 wt%)]. 8TOF = [TON] / [Reaction time (h)].

Mechanistic insights into oxidation catalysis

The mechanism of catalytic activity of Auys/CosCe was
examined by kinetic studies. First, a large kinetic isotope effect
of ku/kp = 12 was observed, where ky (= 1.6 h™1) and kp (0.13 h-1)
are the rate constants of the oxidation of PhCH,OH and
PhCD,0H, respectively (Fig. 5A). This result suggests that the
RDS is a C—D bond cleavage, that is, a hydride elimination step

(A)wo (B) @ Convarsion B Sesctivity 1o 3
F £100
a4 )
p 0 €
s 3®
3. 5
g 40 -§ 40
20
3 g 2
1] 3 s )
S 0
120 15t ord 3rd
The number of reusage

Fig. 4 (A) Time course of the conversion and yield for oxidation of PhCH,0OH
catalyzed by Au,s/CosCe. Black dots represent the conversion after removing the
catalyst by filtration. (B) Conversion and selectivity in recycling. Reaction
conditions: (A) Au 0.1 mol%, KOH 300 mol%, water, 30 °C, O, 1 atm or air; (B) Au
0.5 mol%, KOH 300 mol%, water, 30 °C, O, 1 atm.
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Fig.5 (A) Kinetic experiments, and (B) Arrhenius plots over Au,s/CosCe pretreated
at 150 °C for 12 h. Reaction conditions: Au 0.1 mol% (A, C, and D) or 0.5 mol% (B), KOH
300 mol%, water, 30 °C, O, 1 atm or ambient air.

from the a-carbon. The apparent activation energy (E.) of the
reaction was estimated to be 48 + 3 kiJ/mol from the Arrhenius
plot (Fig. 5B and Fig. S11). Next, we investigated the effect of O,
pressure on the oxidation rates of PhCH,OH by comparing the
activities under 1 atm of O, and ambient air. The oxidation rates
were significantly different: koa/kair = 5.4, where kair = 0.31 h?
(Fig. 5A). Moreover, the conversion in ambient air linearly
increased even at a low concentration of PhCH,OH (Fig. $12),
indicating that the reaction rate is zeroth order with respect to
PhCH,OH. This result implies that the diffusion or activation of
0, becomes the RDS at low O, partial pressure.

The overall rate of the consecutive oxidation reaction in
water (PhCH,OH > PhCHO -> PhCOH) is determined by the
first step since the yield of PhCHO remained low throughout the
reaction (Fig. 4A). It has been reported that positively charged
AuNPs can abstract hydride (H-) from benzyl alcohol, followed
by removal of H- by 0,%96! and that hydrogen atoms
preadsorbed on positively charged Au clusters can activate O,
to form hydroperoxide (HOO-).62 These reports led us to
propose the following mechanism for the oxidation of PhCH,OH
to PhCHO catalyzed by Au,s/CosCe in water (Scheme 3). Firstly,
the alkoxide (PhCH,0") formed by the deprotonation of
PhCH,0OH with base adsorbs onto positively charged Auzs (step

Base* (H,0)

3
?H step Iv 5p i
o :

l T 3:_ =

H
lc.‘clﬁﬂ

step il

step | and step i

Scheme 3 Proposed pathway of the first oxidation step of PhCH,OH to
PhCHO on Au,s/CosCe in water. Steps ii and iii are rate determining steps under
1 atm and low partial pressure of O,, respectively.
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i). Then, the H- is abstracted from the a-carbon of the adsorbed
alkoxide by positively charged Auss, to produce PhCHO (step ii).
Finally, the Auys catalyst is regenerated by desorbing H- by
dissolved O; in the form HOO- (step iii) which subsequently
reacted with H-to form OH- (step iv). Steps ii and iii correspond
to the RDSs under 1 atm of O, and ambient air, respectively.
PhCHO thus produced is swiftly oxidized to PhCO;H according
to the pathway shown in Scheme S1. Since this oxidation step
did not proceed in toluene (Table 1) but in water (Table 2), we
propose that PhCO;H is formed by nucleophilic attack of water
to the a-carbon of PhCHO adsorbed on Auss. The role of O3 in
this oxidation step is similar to that in Scheme 3.

Recently, we reported that H- abstraction from the a-
carbon of PhCH;OH also corresponds to the RDS of the
oxidation by negatively charged Auy, clusters stabilized by PVP
(ku/kp=4.1, E;=56 + 3 kJ/mol) under 1 atm of 0,.63 On the other
hand, the dependence of O, partial pressure on the reaction
rates by Auz4:PVP (koa2/kair = 1.4) and Auzs/CosCe (koa/kair = 5.4)
suggests that the H- elimination by gold followed by removal of
H- on gold by O, or the abstraction of H- from a-carbon of
PhCH,OH by adsorbed O, are involved in the alcohol oxidation
by Auys/CosCe or Au4:PVP, respectively, under ambient air.

Conclusions

In this study, atomically precise bare Aujs clusters were
successfully immobilized on the CosCe support by oxidative
aging of Au,s(BaET)s at a low temperature (150 °C) for a long
time (12 h). This finding indicates that the CosCe support
promotes the RS desorption with the help of O,. The Auys
clusters retained their original size even after aging at 150 °C for
30 h, but took flattened structures due to strong interaction
with the CosCe support through the Au—O bonds. The
Auys/CosCe catalyst oxidized benzyl alcohol efficiently and
selectively to benzoic acid (selectivity >97%) in water under
ambient conditions: the TOF value (1097 h-1) is among the
highest reported for Au catalysts under similar conditions. The
abstraction of hydride from the a-carbon of the adsorbed
alkoxide by Auys is the rate-determining step. The low-
temperature aging of predefined Aux(SR), on CosCe paves the
way for the synthesis of atomically precise, heterogeneous Auy
clusters catalysts, which may exhibit novel catalysis in a variety
of reactions.

Experimental

All methods are summarized in the Supplementary Information
file.
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