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1. Methods

1.1 Chemicals

Hydrogen tetrachloroaurate tetrahydrate (HAuCls-4H20) was purchased from Tanaka Precious
Metals. All solvents (except THF), silica for column chromatography, sodium borohydride (NaBHa4),
Mg(NOs3)2:6H20, Co(NOs3)2:6H20, Al(NO3)3-9H20, Ce(NOs3)3-6H20, sodium hydroxide (NaOH), and
sodium carbonate (Na:C03) were purchased from FUJIFILM Wako Pure Chemical Industries.
Tetrahydrofuran (dehydrated) and Ni(NOs)2:6H20 were purchased from Kanto Chemicals. 2-
Phenylethanethiol (PET), captopril (Capt) and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB) were purchased from Tokyo Chemical Industry.
Tetraoctylammonium bromide (TOAB), 2-(Boc-amino)ethanethiol (BaET), Sephadex® LH-20 (for
gel permeation column chromatography), deuterated benzyl alcohol (CsHsCD20H) and boron nitride
(BN) were purchased from Sigma-Aldrich. CeOz support (JRC-CEO-2) was kindly supplied by the
Catalysis Society of Japan. The water used was Milli-Q grade (>18 MQ).

1.2 Preparation of various double metal hydroxide (DMH) supports

Various DMH supports were prepared by a typical co-precipitation method in basic aqueous
solution.5! 15 mmol of M2+(NOs)2 (M2+ = Mg?*, Ni2*, and Co?*) salt and 5 mmol of M3+(NOs)2 (M3* =
Al3+ and Ce3+) salt (ratio of M2+:M3+ = 3:1) were dissolved in 20 mL of water (solution A). 20 mL of
basic aqueous solution containing NaOH and Na2CO3 with molar ratio of CO32-/M3* = 2 and OH-
/(MZz++M3+) = 1.6 (solution B) was stirred at 60 °C (around 1000 rpm). Then, solution A was added
dropwise (0.5 mL/min) into solution B under stirring. After aging for 12 h at 60 °C without stirring,
the sample was washed with water using centrifugation until the pH reached around 7-8. Finally, the
slurry was dried at 80 °C for 24 h and the obtained solid was thoroughly grinded for further use.

1.3 Synthesis of Auzs5(PET)1s~ and Auzs(PET)1s°

PET-protected Auzs clusters (Auzs(PET)1s) were synthesized by previously reported procedures
with slight modifications.s2 HAuCls4:4H20 (2.54 mmol, 1.06 g) and TOAB (2.85 mmol, 1.56 g) were
dissolved in 70 mL of THF and stirred for 15 min (the color of the solution turned from yellow to
orange). 1.8 mL of PET was added dropwise into the solution and stirred for an additional 3 h to
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make a clear solution. Then, freshly-prepared ice-cold aqueous NaBH4 solution (25.5 mmol in 24 mL
of water) was added at once. The suspension was continuously stirred for 2 days. Then, the THF layer
was collected by passing the suspension through a filter and evaporating to obtain crude product.
The crude product was added to MeOH solution and washed at least six times using centrifugation.
The precipitate was extracted with DCM to remove insoluble Au-thiolate oligomers and evaporated
to dryness. Finally, the product was recrystallized in toluene by layering hexane (toluene:hexane =
1:10, concentration: 20 mg/mL in toluene) and collected after 2 days as Auzs(PET)1s".

Auzs(PET)180 was prepared by silica-gel column chromatography of the Auzs(PET)1s-
(hexane:DCM = 2:1 as eluent). After column chromatography, the product was recrystallized in
toluene by layering EtOH (toluene:EtOH = 1:10, concentration: 20 mg/mL in toluene) and collected
after 2 days.

1.4 Synthesis of Auzs(BaET)1s-

Auzs(BaET)1s~ was synthesized by ligand exchange reaction from Auzs(PET)is~. 70 mg of
Auzs(PET)1s™ clusters was dissolved in 4 mL of DCM and stirred. 0.712 mL of BaET (25 equiv. to PET)
was added dropwise and stirred for 8 h. After stirring, the mixture was evaporated to obtain a crude
product which was then precipitated by adding to 90 mL of hexane. After centrifugation (3500 rpm,
0 °C, 30 min), the precipitate was extracted with DCM and evaporated. Again, the clusters were
dissolved in 4 mL of DCM and 0.712 mL of BaET was added dropwise under stirring. After 12 h of
stirring, the mixture was evaporated and the crude product was precipitated by adding to 90 mL of
hexane. After centrifugation (3500 rpm, 0 °C, 30 min), the precipitate was extracted with DCM and
evaporated. Finally, the product was purified using gel permeation column chromatography (GPC,
Sephadex® LH-20) in the MeOH solution (50.5 mg, yield: 65.9 %). (Note that ligand exchange was
conducted twice because even if 50 equiv. of BaET ligand was used, ligand exchange was not
completed at once: one or two PET ligands still remained.)

1.5 Synthesis of Auzs(Capt)is-

Captopril-protected Auzs clusters (Auzs(Capt)is~) were synthesized by the previously reported
procedure with modifications.s3 HAuCls-4H20 (1.0 mmol, 411.5 mg) and TOAB (1.15 mmol, 628 mg)
were dissolved in 40 mL of MeOH and stirred for 20 min (the color of the solution turned from yellow
to orange). 20 mL of MeOH solution containing Captopril (5 mmol, 1086 mg) was rapidly added to
the above solution. After 30 min of stirring, freshly-prepared ice-cold aqueous NaBH4 solution (10
mmol in 20 mL of water) was added at once and continuously stirred for 48 h. The suspension was
centrifuged to remove insoluble impurities, and the supernatant was evaporated. The obtained solid
was extracted with a slight amount of MeOH and precipitated in EtOH solution (80 mL). The
precipitate was collected by centrifugation and extracted with MeOH solution. The solution was
filtered to remove the remaining insoluble impurities, and evaporated. Then, the solid was extracted
with a slight amount of MeOH and re-precipitated in EtOH solution (80 mL). This washing process
was repeated three times. Finally, the product was purified using GPC in the MeOH solution.

1.6 Loading of Auz5(BaET)1s- on various DMH supports or CeO:

0.5 g of DMH support or CeOz was dissolved in 100 mL of toluene and sonicated for 30 min to
make a homogeneous suspension. The resulting solution was stirred at 0 °C at least for 30 min to
reach equilibrium. Auzs(BaET)1s~ (8.30 mg, 1 wt% on the basis of gold weight) was dissolved in
toluene using a volumetric flask (100 mL) and the UV-vis absorption spectrum of the solution was
measured to calculate the accurate amount of cluster loading. The cluster solution was added
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dropwise into the above solution containing support using a syringe pump (pumping rate: 1
mL/min). After stirring for 30 min at 0 °C, the suspension was filtered with a membrane filter and
washed with toluene and hexane. The residue was dried in vacuo. and grinded for further use. The
filtrate was evaporated and the residue was dissolved in toluene using a volumetric flask (10 mL) for
measuring the UV-vis absorption spectrum. The loading amount was estimated from the difference
of absorption intensity of the cluster solution at 698 nm before and after loading. The calculated
amount of Auzs(BaET)1s~ was successfully loaded on each DMH support as shown in Fig. S3.

1.7 Loading of Auzs(Capt)1s- on CosCe support

Loading of Auzs(Capt)1s~ on the CosCe support was conducted using a similar procedure as that
of Auzs(BaET)1s~. The only difference was the use of MeOH as solvent instead of toluene. Successful
loading of Auzs(Capt)1s~ was confirmed by UV-vis absorption spectra as shown in Fig. S4.

1.8 Loading of Auzs(PET)1s? on CosCe support

Loading of Auzs(PET)18% on the Co3Ce support was conducted using a similar procedure as that
of Auzs(BaET)1s™. Because Auzs(PET)18° clusters are not adsorbed on the CosCe support, the mixture
of clusters and support was evaporated after 30 min of stirring at 0 °C instead of filtration.

1.9 Aging of catalysts

The cluster-supported materials were aged in air or vacuum (<100 Pa) at various temperatures.
The heating rate was fixed to 5 °C/min and then the temperature was kept at the desired level for 2-
30 h.

1.10 Characterization

Powder X-ray diffraction (PXRD) patterns were recorded at room temperature using a
diffractometer and D/teX Ultra 250 detector (SmartLab 3, Rigaku), with Cu Ko characteristic
radiation (A = 1.5405 A). Measurements were conducted in the 26 range of 10-80 degrees. SmartLab
Studio II (Rigaku) was used for measurement and analysis. Nitrogen adsorption-desorption
isotherms were measured at —196 °C using a BELSORP-mini Il system (MicrotracBEL Corp.). Samples
were degassed at 150 °C for 12 h under vacuum to vaporize the physisorbed water using BEL-PREP-
vacll. Specific surface area was calculated by the BET (Brunauer-Emmett-Teller) method using
nitrogen adsorption data ranging from p/po = 0.05 to 0.35. The negative-mode ESI-MS spectrum of
the product was recorded using a JEOL JMS-T100LC time-of-flight mass spectrometer. Sample
solutions were prepared by dissolving the clusters in DCM/CH3CN (1/1) solution (0.5 mg/mL). The
sample solution was directly infused at a flow rate of 3.0 mL/h via a syringe pump. MALDI mass
spectrum was recorded using a time-of-flight mass spectrometer (AXIMA-CFR, Shimadzu); DCTB was
used as a matrix. The specimen for MALDI-MS was prepared by drop-casting a toluene dispersion of
Auzs(PET)18° and DCTB ([Auzs(PET)18°]:[DCTB] = 1:200) onto a sample plate. Optical absorption
spectra were recorded by using a spectrophotometer (V-670 or V-630, JASCO). Thermogravimetry-
differential thermal analysis (TG-DTA) was conducted using a SII TG-DTA 7200 (Hitachi High-Tech
Science) instrument. Auzs(BaET)1s cluster was put in an aluminum pan and heated to 300 °C at a
heating rate of 5 °C/min. CosCe support and Auzs(BaET)1s/Co3Ce were also put in an aluminum pan
and heated to 150 °C at a heating rate of 5 °C/min and kept for 12 h. After that, the samples were
heated to 500 °C at a heating rate of 5 °C/min and kept for 1 h. Scanning electron microscopy (SEM)
was performed on a FEI Magellan 400L. Aberration-corrected transmission electron microscope
(ACTEM) images were collected using a JEM-ARM200F microscope operated at an acceleration
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voltage of 80 kV, under 1 x 1075 Pa at 298 K in the specimen column. The ACTEM sample was
prepared by dropcasting the EtOH dispersion of the catalysts onto copper grids (SHR-C075,
Okenshoji). Aberration-corrected high-angle annular dark field scanning transmission electron
microscope (AC-HAADF-STEM) images were collected using a JEM-ARM200F microscope operated
at an acceleration voltage of 120 kV, under 1 x 10-5 Pa at 298 K in the specimen column. AC-HAADF-
STEM samples were prepared by dropcasting the hexane and MeOH dispersion of
Auzs(BaET)1s/CosCe and Auzs(BaET)1s/Co3Ce-150-12 catalysts, respectively, onto lacey carbon film
coated copper grids (Cu200LC, ALLIANCE Biosystems, Inc.). X-ray photoelectron spectroscopy (XPS)
was performed using a PHI 5000 VersaProbe (ULVAC-PHI) instrument with the Al-Ko. X-rays (1486.6
eV) at an energy resolution of 0.2 eV. The sample pellets were mounted on carbon tape for the
measurement. Calibration of energy was conducted by combining the Au 4f7,2 of Au foil and C 1s of
carbon tape. Firstly, the peak of Au 4f7,2 of Au foil was adjusted to 84.0 eV and the energy shift was
applied to C 1s as well. The C 1s of the Auzs/Co3Ce sample was adjusted to the same value as that of
Au foil and the energy shift was applied to the Au 4f spectrum. Au Ls-edge X-ray absorption
spectroscopy (XAS) was conducted in the fluorescence mode using an ion chamber for the /o and 19
solid state detector (SSD) for I detector in the BLO1B1 beamline at SPring-8 of the Japan Synchrotron
Radiation Research Institute (proposal number: 2020A0672 and 2021A1200). The incident X-ray
beam was monochromatized by a Si (111) double-crystal monochromator. X-ray energy was
calibrated using Au foil for Au L3-edge. XAFS data were analyzed by software (xTunes).5* The k3-
weighted y spectra in the k range of 3-14 A-! were Fourier-transformed into the r space. The curve-
fitting analysis was conducted over the r range of 1.4-3.1 A.

1.11 Catalytic oxidation of benzyl alcohol

Catalytic oxidation of benzyl alcohol was conducted by controlling the temperature using
Chemistation equipment (PPS-1510 and PPS-2510, EYELA). As for the conditions in Table 1, the tube
was charged with 10 mg of samples, biphenyl (102 pmol) as internal standard and stirrer bar, and
then 1 mL toluene solution containing benzyl alcohol (102 mM) was added into the tube, followed by
stirring at 80 °C. The gas phase was immediately replaced with pure Oz using a balloon. After 1 h, the
solution was immediately put in an ice bath and the catalyst was separated using a syringe filter to
quench the reaction. The substrate and products were analyzed by gas chromatograph (GC, GC-2025,
Shimadzu) with a flame ionization detector.

As for the conditions in Table 2, the tube was charged with 5 or 15 mg of samples together with
stirrer bar, and 1 mL or 15 mL of aqueous benzyl alcohol solution (51 mM) was added into the tube
in the case of Au 0.5 mol% or Au 0.1 mol%, respectively. The tube was immediately stirred at 30 °C
and the gas phase was replaced with pure 02 using a balloon. 21.05 mg of K2CO3 (300 mol% to
substrate) was initially added into the tube, while 50 pL or 750 uL of aqueous NaOH or KOH solution
(3.05 mM) was added just before the replacement of gas. After 30 min, an excess amount of HCI (35%,
200 pL) was added to quench the reaction. The substrate and products were extracted with toluene
(1-2 mL) four times. Excess NaCl was added to the solution to increase the extraction efficiency. The
extract was dried over MgSOs+ and diluted to 10 mL using a volumetric flask to adjust the
concentration. Obtained extracts were analyzed by the aforementioned GC. To investigate the time-
course reactivity, 1 mL of aliquot was sampled at the given time and extracted by the same procedure
in the case of Au 0.1 mol%.

1.12 Recycling test of Auzs/CosCe catalyst in benzyl alcohol oxidation
A test tube was charged with 5 mg of samples together with stirrer bar, and 1 mL of aqueous
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benzyl alcohol solution (51 mM) was added into the tube. The tube was immediately stirred at 30 °C
and 50 pL of aqueous KOH solution (3.05 mM) was added, then the gas phase was replaced with pure
02 using a balloon. After 30 min, the suspension was immediately centrifuged (14000 rpm, 1 min)
and the supernatant was quenched with an excess amount of HCl (35%, 200 pL). The residue was
washed twice with 1 mL of water and the supernatant was also collected for extraction. Finally, the
residue was immediately dissolved in the new reaction solution and used for the next reaction by
adding KOH and replacing the gas. After the second cycle, the same procedure was used to wash the
catalyst and to collect the reaction product and used for the next reaction. After the reaction, the
catalyst was washed twice and the supernatant was quenched. The substrate and products were
extracted with toluene (2 mL) four times. Excess NaCl was added to the solution to increase the
extraction efficiency. The extract was dried over MgSO4 and diluted to 10 mL using a volumetric flask
to adjust the concentration. The obtained extract was analyzed by GC (GC-2025, Shimadzu) with a
flame ionization detector.

2. Results
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Fig.S1  N:adsorption desorption isotherm of various DMH supports.

Table S1 Specific surface area and pore volume of various DMH supports calculated by BET method

DMH support specific surface area (m?-g1) pore volume (cm3+g1)
MgsAl 89.9 0.32
NizAl 112 0.47
CosAl 68.9 0.46
MgsCe 93.8 0.77
NizCe 140 0.42
CosCe 58.5 0.084
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Fig. S2 SEM image of CosCe support together with EDX spectrum and maps of O, Co and Ce.

S6



Au25(BaET)1s O Au

(1) Measurement of
Cluster solution

Filtration T

(2) Measurement of

f‘%; =" Adsorption Filtrate Au25(BaET)13/ DMH

in Toluene (10-times concentrated)

(B) (E)

- (1)

Absorbance (a.u.)
Absorbance (a.u.)

(2)

400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm)

©

-~

b
M

~

(1)

(1)
\\\ 2)
\(2) .

400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm)
(D) (G

(1)
e\
400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm)

Absorbance (a.u.)
Absorbance (a.u.)

~

(1)

Absorbance (a.u.)

Absorbance (a.u.)

Iy
(l\)
i ~

Fig.S3 (A) Schematic illustration of adsorption of Auzs(BaET)1s- onto various DMH supports. UV-
vis absorption spectra of (1) cluster solution and (2) the filtrate after adsorption onto (B) MgzAl, (C)
NizAl, (D) CosAl, (E) MgsCe, (F) NisCe and (G) CosCe.
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Fig. S4 (A) Schematic illustration of adsorption of Auzs(Capt)is~ onto CosCe. (B) UV-vis
absorption spectra of (1) cluster solution and (2) the filtrate after adsorption onto CosCe.
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Fig. S5 TG analyses of raw CosCe and Auzs(BaET)1s/CosCe. The heating rate was fixed to 5 °C/min
and kept at 150 °C for 12 h.
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Fig. S6 (A) EXAFS oscillations and (B) fitting curves of EXAFS in k-space over the r range of 1.4-
3.1 A of (a) Au foil, (b) Auzs(BaET)1s/CosCe, and Auzs(BaET)1s/CosCe-150-t with t = (c) 2, (d) 4, () 8,
(f) 12, (g) 20, and (h) 30, respectively.

Table S2 Structural parameters of Auzs(BaET)/CosCe-150-t obtained by curve-fitting analysis of
EXAFS in Fig. S6A

sample bond CNa r (A)p o (A2)e R (%)¢
Au foil Au-Au  12.0(3) 2.85(2) 0.0085(2) 9.3
Au-S  1.8(2)  233(4)  0.0066(10)
Auzs(BaET)18/CosCe 14.5

Au-Au 0.7(2) 2.72(3) 0.0058(20)
Au-S 0.7(1) 2.30(4) 0.0022(17)

Auzs(BaET)1s/Co3Ce-150-2 12.2
Au-Au 2.8(3) 2.87(4) 0.0079(9)
Au-S 0.8(2) 2.27(7) 0.0114(33)

Auzs(BaET)1s/CosCe-150-4 9.6
Au-Au 4.7(3) 2.84(4) 0.0096(6)
Au-S 0.4(2) 2.29(6) 0.0041(31)

Auzs(BaET)1s/CosCe-150-8 Au-0 1.2(2) 2.02(5) 0.0029(20) 14.9
Au-Au 5.8(4) 2.81(4) 0.0108(6)
Au-0 1.2(2) 2.02(5) 0.0045(22)

Auzs(BaET)1s/Co3Ce-150-12 10.9
Au-Au 4.7(4) 2.83(5) 0.0128(12)
Au-0 1.7(3) 2.01(5) 0.0077(21)

Auzs(BaET)1s/Co3Ce-150-20 Au-Au 3.1(2) 2.78(3) 0.0061(5) 14.9
Au-Au 1.1(2) 2.91(4) 0.0038(12)
Au-0 1.1(2) 2.00(4) 0.0026(25)

Auzs(BaET)1s/Co3Ce-150-30 Au-Au 1.4(2) 2.80(4) 0.0044(9) 14.7

Au-Au  32(6)  293(8)  0.0135(34)

aCoordination number. PBond length. <Debye-Waller factor. 4R = (Y (k3ydata(k) —
k3xfit(k))2)1/2 /(3 (k3xdata(k))2)1/2, Figures in parentheses show errors.
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Fig. S7 (A) XANES spectra and (B) Fourier transform of EXAFS of (a) Au foil, (b)
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Fig. S8 (A) EXAFS oscillations and (B) fitting curves of EXAFS in k-space over the r range of 1.4-
3.1 A of (a) Au foil, (b) Auzs(BaET)1s/Co3Ce-150-12 aged in vacuo. and (c) Auzs(BaET)1s/Ce02-150-
12 aged in air. Solid line: raw data, dashed line: fitting data.
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Table S3  Structural parameters of each sample obtained by curve-fitting analysis of EXAFS in Fig.
S8A

sample bond CNe r (A)d o (A2)e R (%)f

Au-S 09(2)  234(5) 0.0048(16)
Auzs(BaET)1s/Co3Ce-150-122 13.2
Au-Au  53(3)  2.85(4)  0.0100(6)

Au-S 05(2)  2.24(6) 0.0050(29)
Auzs(BaET)1s/Ce02-150-12P 13.8
Au-Au  64(3)  2.83(3)  0.0096(5)

aAged in vacuo. PAged in air. cCoordination number. 4Bond length. ¢Debye-Waller factor.
R=(} (k3xdata(k) — Kk3xfit(k))2)1/2/ (3. (k3xdata(k))2)1/2. Figures in parentheses show errors.

Fig. S9 (A) SEM and (B) ACTEM images of Auzs/CosCe.
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Fig. $10  Au 4f XPS spectra of Au foil and Auzs/CosCe.
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Table S4 Summary of previous studies on catalytic oxidation of benzyl alcohol

sample solvent temp. (2C) mol% time  conversion (%)  selectivity (%) TON TOF (h1) ref.
Auzs/CosCe water 30 0.1 2h >99 >99 (acid) 997 1097 This work
Au/Mesoporous Ca water 25 0.063 24 h >99 >99 (acid) 1600 478 (surface) S5
Au/Mesoporous CP water 60 0.056 5h >99 >99 (acid) 1800 1638 (surface) S5
Au/Mesoporous C¢ water 60 0.063 12h >99 >99 (acid) 1600 384 Sé6
Au:PVPd water 27 2.0 6h 85 100 (acid) 43 13.5 S7
Au/Ce0z_Ne water 40 2.36 2h 98 100 (acid) 41 — S8
Auzs/HPCSf water 30 2.20 6h 98 70 (acid) 45 — S9
Auzs/HPCSf water 30 2.20 10 min 77 47 (acid) 35 210 S9
Aui44/HPCF water 30 2.20 30 min ~82 — — ~200 (surface) S10
Ausg/NisAl-LDHs toluene 100 0.20 10 min 62.8 >99 (aldehyde) — 1884 S11
Au/Cr4-HTh toluene 100 0.079 30 min 72 >99 (aldehyde) 1830 1830 S12
Au/Cr4-HTi toluene 100 0.05 30 min 76 >99 (aldehyde) 3040 3040 S12
Au-SA/Ce0O2-NR/ toluene 100 0.2 30h 89 94 (aldehyde) 470 193 §13
Au-100Ce0:@SBA-15%  toluene 90 0.4 10 min 18 >99 (aldehyde) - 270 S14
Au/MgOi toluene 110 0.5 30 min 98 92 (aldehyde) — 752 S15

aKOH 400 mol%, 800 rpm, Oz, surface atom/total atom = 0.40. P(KOH 400 mol%, 800 rpm, Oz, surface atom/total atom = 0.17. <KOH 400 mol%, TOF is
calculated at 15 min. 4K2C03 300 mol%, air. eNaOH 100 mol%, 800 rpm, Oz. fK2CO3 63 mol%, O2. eBase free, air. "Base free, Au 0.31 wt%, O.. Base free, Au
0.13 wt%, O2.Base free, Oz, TOF is calculated at 20 min. kBase free, O2. Base free, O-.
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Fig.S12 Time course of the conversion for oxidation of PhCH20H catalyzed by Auzs/CosCe.
Reaction conditions: Au 0.1 mol%, KOH 300 mol%, water, 30 °C, ambient air.
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