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Gold-catalyzed thioetherification of C(sp3)—O bonds is described. The reaction of allyl phosphates and thiosilanes in the

presence of gold nanoparticles supported on ZrO: proceeded efficiently under mild reaction conditions to give the
corresponding allyl sulfides in excellent yields. ZrOz-supported gold nanoparticles showed excellent catalytic turnover and
reusability. In addition, the C—O bonds of benzyl and propargyl phosphates underwent thioetherification to afford benzyl
and propargyl sulfides. The reaction of an optically active benzyl phosphate proceeded with excellent chirality transfer to
give a benzyl sulfide with high enantiomeric purity. Control experiments corroborated that soluble gold species were
responsible for the efficient thioetherification of C—O bonds of phosphates, and characterization of the catalysts revealed
that cationic gold species at the surface of gold nanoparticles supported on ZrO: served as a source for highly active catalytic

species.

Introduction

Organo sulfur compounds are important in organic synthesis,
chemical biology and materials science.! Thus, tremendous
effort has been devoted to the development of efficient method
of C-S bond formation.27 Particularly, allyl, benzyl and
propargyl sulfides are often used as substrates for synthesizing
value-added organic molecules.8-10 Treatment of carbon
electrophiles, such as allyl halides, with thiols as sulfur
nucleophiles under basic conditions is one of the most
convenient approaches for the formation of C-S bonds.11.12
However, this method is limited to thioetherification at primary
carbons. In contrast, transition-metal catalysts make it possible
for thioetherification to occur at secondary and tertiary
carbons. Furthermore, they allow alcohols and their ester
derivatives to participate in thioetherification. Activation of
C(sp3)—0 bonds by Lewis acid catalysts has been reported to be
one of the most effective methods for the efficient
thioetherification of C(sp3)-0 bonds. In this regard, Fe,13.14 Nij,15
Ru,16-20 pd,21-30 |n 31,32 |r 3335 Ay,36 gand lanthanoides3” have all
been reported to be efficient catalysts for thioetherification of
C(sp3)-O bonds. On the other hand, supported metal
nanoparticle (NP) have attracted considerable
attention since they facilitate the recycling of precious metals

catalysts

and reduce contamination of products from metallic loads. Au
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NP catalysts have been reported to promote various organic
reactions as a result of

their Lewis acidic character.38 In the course of our studies on the
catalytic effects of Au NPs toward carbon—heteroatom bond
formation,3® we developed an efficient borylation of C(sp3)-O
bonds of allyl, benzyl and propargyl esters in the presence of
supported Au catalysts.40 This result inspired us to develop
further applications of Au NP catalysts to the nucleophilic
substitution of carbon electrophiles. Herein, we report the
thioetherification of C(sp3)—0 bonds by supported Au catalysts.
Au NPs supported on ZrO, efficiently catalyzed the
thioetherification of allyl-, benzyl- and propargyl phosphates to
give the corresponding sulfides. Detailed control experiments
and characterization of catalysts revealed that soluble Au
species are responsible for the efficient C—S bond formation,
and cationic gold species at the surface of gold nanoparticles
supported on ZrO; served as a source for highly active catalytic
species.

Results and discussion

First, we investigated the thioetherification of allylic
electrophiles in the presence of ZrO,-supported Au catalyst
(Scheme 1). The reaction of cinnamyl phosphate (1a) and
phenyl(trimethylsilyl)sulfane (2a) in 1,4-dioxane gave the
corresponding cinnamylsulfanylbenzene (3a) in 92% yield. The
use of phosphate as a leaving group is crucial, and no C-S

Au/ZrO,
P N + R-SPh (2 mol%) PN
Ph LG 1,4-Dioxane (1 mL) Ph SPh
1a 2a 60 °C, 15 min, Ar 3a
(0.30 mmol) (0.60 mmol) LG R Yield
(LG = leaving group)
OPO(OEt), SiMe; 92%
OAc, OCO,Me .
SiMe; 0%

OCORL OH I

Scheme 1. Au/ZrO;-catalyzed allylic thioetherification.
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coupling took place in the reaction of cinnamyl acetate,
carbonate, alcohol and chloride with Au/ZrO, catalyst.
Furthermore, in sharp contrast to the high reactivity of
thiosilane for the present Au-catalyzed C-S coupling, thiol was
not suitable as a sulfur nucleophile.

The effects of metal nanoparticles and the type of support on
the reactions of 1a and 2a are shown in Table 1. In addition to
Au catalyst (entry 1), Ag and Cu catalysts showed moderate
activity (entries 2 and 3). On the other hand, the reaction with
Pd, Rh and Pt catalysts resulted in a low yield of 3a (entries 4—
6). The type of support remarkably affected the performance of
Au catalysts, and CeO,-supported Au catalyst showed
comparable activity to Au/ZrO, (entry 7). In contrast, TiO», Al,O3
and SiO, were found to be unsuitable supports for the reaction
(entries 8-10). Although primary allylic electrophiles have been
reported to undergo thioetherification under basic conditions,
the surface basicity of ZrO, was not sufficient to promote the
reaction efficiently (entry 11), indicating that Au species are an
essential catalytic component for the present C-S coupling. On
the other hand, cationic Au complex exhibited high catalytic
activity to give 3a in 88% yield (entry 12). Furthermore, Au/ZrO,
catalyst that had been calcined in air at 500 °C before the
reaction showed no activity for C-S coupling (entry 13). Since

Table 1. Effect of catalysts®

Au/ZrO,
Ph" X" OPO(OEt), * TMS-SPh ﬁ?&giﬁl Ph" X" sph
1a 2a 60 °C, 15min 3a
Entry Catalyst Yield (%)
1 Au/ZrO, 92
2 Ag/ZrO, 71
3 Cu/ZrO, 27
4 Pd/zrO;
5 Rh/ZrO, 5
6 Pt/ZrO;
7 Au/CeO, 86
8 Au/TiO, 22
9 Au/Al,03 16
10 Au/SiO; 0
11 Zr0, 4
12 Me,SAuCI 88
13 Au/ZrO,¢ 1
14 Au/ZrO, 87
(0.01 mol%, 20 h) (TON = 8700)
15 Me,SAuCl 26
(0.02 mol%, 20 h) (TON = 1300)
16 Au/ZrO, (75)4

(1.03 g isolated)
aReaction conditions: 1a (0.30 mmol), 2a (0.6 mmol), catalyst
(2.0 mol% as metal), 1,4-dioxane (1.0 mL), at 60 °Cfor 15 min.
bYijelds were determined by GC analysis by using biphenyl as
internal standard. ¢ Calcined in air at 500 °C. 9 Isolated yield.

(1a: 6 mmol)
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oxidative treatment at high temperature promotes the
reduction of Au species, cationic gold species should be
responsible for efficient catalytic C—S bond formation. The high
catalytic activity of Au/ZrO, was reflected in the reaction with a
quite low catalyst loading, and the catalytic turnover number
(TON) reached 8700 in the reaction with 0.01 mol% Au/ZrO;
(entry 14). This TON value was much higher than that recorded
with Me,SAuCl catalyst (entry 15), which proving superior
catalytic activity of Au/ZrO,. Moreover, Au/ZrO, could be used
for the gram-scale synthesis of 3a under mild reaction
conditions (entry 16). Unfortunately, simple alkyl phosphates,
such as diethyl octyl phosphate and diethyl phenethyl
phosphate did not undergo thioetherification under the present
Au catalysis.

With the optimized catalyst in hand, the scope of allyl
phosphates in the supported Au-catalyzed thioetherification
was investigated (Table 2). The reactions of primary allyl
phosphates provided the corresponding allyl sulfides (3b—3e) in
high yields. Note that the £/Z configuration at the alkene moiety
of terpene-based compounds was completely maintained
during the catalytic reactions. The Au-catalyst also efficiently
catalyzed double-thioetherification of bisphosphate 1f to give

Table 2. Scope of allyl phosphates for thioetherification over
Au/ZrOy®

Entry  Substrate Product Yield [%]

1 " "0po©EY, 1b

2 )\/\OPO(OEt)z lc
g
3 = " 0PO(0EY),

/K/j\/\
le
4 N-"0oPO(OE)

2

AN"gpn 3b 99

/K/\Sph 3¢ 4
3d
M/\Sph 94

*\ﬁw
3e
N gph 94

(Et0),0PO

5 W\A i
" 0PO(OEt),
OPO(OEY),
o O

OPO(OE), Ph Z

7 Ph 7 1h

3h-a
gy, 3h-y (AY=36:64)

SPh

OPO(OEt), Ph Z 3i-a
8 Phw 1i SPh 93_ A
Ph/\/\)\ 3i-y (a:y=51:49)
SPh
S P 74
9 7 1j SPh . .
Ph Ph . (a:y=54:46)
PhWPh Sy

aReaction condition: 1 (0.3 mmol), 2a (0.6 mmol), Au/ZrO, (2
mol%), 1,4-dioxane (1.0 mL), 60 °C, 30 min, under Ar. Isolated
yields are shown.

This journal is © The Royal Society of Chemistry 20xx
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3f in 91% vyield. Furthermore, Au/ZrO; catalyst made it possible
to insert thiophenyl groups at secondary carbons. Cyclohexenyl
phosphate underwent thioetherification to afford 3g in 86%
yield. On the other hand, thioetherification of secondary allyl
phosphate 1h took place not only at an a-position but also at a
y-position to form a mixture of regioisomers 3h-a and 3h-y,
where thioetherification occured preferentially at a terminal
position. While equivalent amounts of regioisomers were
obtained, the substituent introduced at an alkene moiety did
not reduce the yield of the product (3i and 3j).

The Au/ZrO, catalyst was also effective for benzylic
thioetherification (Scheme 2). The reaction of benzyl phosphate
(4a) with 2a afforded benzyl sulfide 5a in 79% vyield. The
electronic effect of methyl and chloro groups at the para
position of the phenyl ring were not significant, and the
corresponding benzyl sulfides (5b and 5c) were obtained in
respective yields of 90% and 92%. Furthermore, Au/ZrO,
catalyst was also effective for the thioetherification of
secondary benzyl phosphates, and both alkyl and aryl groups
were compatible as second substituents at the benzylic position
to give benzyl sulfides (5d and 5e) in excellent yields. In addition,
an electrophilic cyano group was tolerated during Au-catalyzed
C-S bond formation to give cyano sulfide (5f) in 73% vyield.

R R
Au/ZrO,
OPO(OEt), + TMS-SPh SPh
R 4 2a R 5
©/\8Ph /©/\8Ph /©/\8Ph
Me Cl
5a:79% 5b ; 90% 5¢:92%
Ph CN
@J\SPh @SPh @2\3%
5d:93% 5e:91% 5f ; 73%7

Reaction conditions: 4 (0.30 mmol), 2a (0.60 mmol), Au/ZrO; (2 mol%), 1,4-
dioxane (1 mL). Isolated yields are shown. 2Au/ZrO, (5 mol%), for 24 h, at 100 ‘C

Scheme 2. Thioetherification of benzyl phosphates over Au/ZrO,®

Next, we examined the chirality transfer of optically enriched
benzyl phosphates. To our delight, the reaction of (R)-4d and 2a
proceeded stereospecifically to afford benzyl sulfide (S)-5d in
94% vyield and 89% ee (Scheme 3). This result allows us to
deduce that the thioetherification of C—O bonds by Au catalysts
proceeds via Sy2-type mechanism.

+ Au/ZrO,
OPO(OEt), TMS-SPh 1,4-Dioxane SPh
40°C,1h
(R)-4d 2 (S)-5d

94% (89% ee)

Scheme 3. Chirality transfer in the thioetherification of
secondary benzyl phosphate ((R)-4d) over Au/ZrO, Catalyst.

Furthermore, propargyl sulfides could be synthesized by Au-
catalyzed thioetherification (Scheme 4). Primary and secondary
propargyl phosphates participated in the present C-S coupling
to give the corresponding propargyl sulfides 7a and 7b in

This journal is © The Royal Society of Chemistry 20xx
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respective yields of 60% and 79%. Furthermore, Au/ZrO,
catalyst was effective for the synthesis of tertiary propargyl
sulfides 7c and 7d. We previously reported that Au/TiO, catalyst
showed high activity for the borylation of propargyl carbonates
to give allenyl boronates.®® In contrast, the present
thioetherification took place exclusively at C-O bonds, and no
allenyl sulfides were formed.

OPO(OEt),

TMS-SPh AulZr0 4\
R = + - R S
"R, Ry "R, Ry
6 2 7
SPh SPh
SPh
PhS XN
N"Bu Ph/\)\ N O\
Bu Ph By
7a:60% 7b : 79% 7c:41% 7d : 29%
(60 °C, 2 h)? (80°C, 2 h) (100°C,2h) (60 °C, 0.5 h)

Reaction conditions: 6 (0.30 mmol), 2a (0.60 mmol), Au/ZrO, (2 mol%), 1,4-dioxane (1
mL). Isolated yields are shown. 2Au/ZrO, (5 mol%).

Scheme 4. Thioetherification of propargyl phosphates over
Au/ZrO, Catalyst

The scope of thiosilanes was also investigated (Scheme 5). The
reaction of aryl(trimethylsilyl)sulfanes proceeded efficiently to
give 3b and 3c in respective yields of 90% and 82%. In contrast,
thiosilane with an alkyl group did not participate in the Au-
catalyzed C-S coupling, which implies that an aryl group would
play an important role in the catalytic cycle.
Au/ZrO,

P X" OPO(OEt); + TMS-SRT ————=— pp X" sR'
1a 2 3
OMe Cl
L5 T i
P X5 Ph "5
3j:90% 3k : 82% 31 : trace

Reaction conditions: 1la (0.30 mmol), 2 (0.60 mmol), Au/ZrO, (2 mol%), 1,4-
dioxane (1 mL), 60 °C, 30 min. Isolated yields are shown.

Scheme 5. Scope of thiosilane

The reusability of Au/ZrO; catalyst for the thioetherification of
both primary and secondary allylic phosphates (1a and 1f) was
examined. As shown in Fig. 1, the solid Au/ZrO, catalyst could

Fresh
1st reuse
2nd reuse
3rd reuse
4th reuse

5th reuse

Yield of 3a (%)

m Yield of 3f (%)

Reaction conditions : 1a or 1f (0.6 mmol), 2a (1.2 mmol), Aw/ZrO, (2.0 mol%),1,4-
doxane (2 mL), 60 °C, 15 min, Yields were determined by GC.

Fig. 1. Reusability of Au/ZrO, catalyst for allylic thioetherification.

J. Name., 2013, 00, 1-3 | 3
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be used repeatedly for the thioetherification of both primary
and secondary allyl phosphates (1a and 1f) at least five times
without a significant reduction in the yields of 3a and 3f. Since
Au/ZrO; shows high catalytic turnover and enables gram-scale
synthesis in the title reaction (Table 1, entries 15 and 17), the
present catalytic system should be suitable requirement for the
practical synthesis of thioethers.

To gain further information about the nature of the catalytically
active species, the effect of the removal of solid catalyst by hot
filtration through a PTFE filter (pore size 0.45 pm) was
investigated. Figure. 2 shows the time course of the reaction
with and without removal of the solid catalyst. Although hot
filtration of the solid catalyst slowed the reaction rate, the yield
of the product continuously increased. Atomic absorption
spectroscopy estimated that 6.7% of total Au species was
contained in the filtrate. This result suggests that soluble gold
species mainly functioned as an active catalyst for the present
thioetherification and that the support might dominate the
degree of leaching of Au species from nanoparticles.

Au/ZrO,
0.2 mol% tal
Ph" X" OPO(OEt), + TMS-SPh M Ph" X" sPh
1,4-Dioxane,
1a 2a 35°C Ar 3a
(0.3 mmol) (0.6 mmol) ’
100
80 ~
X
> 60 A m No filtration
NG A Filtration
o - el e e e e e e ==
<40 - I
= 1
1
1
20~ :4— Filtered after 15 min
1
1
0 T ! T
0 50 100

Time / min
Fig. 2. Hot filtration of Au/ZrO; catalysts.

As shown in Table 1, the effect of the support on the
performance of supported Au catalyst was remarkable. TEM
images of supported Au catalysts and their average particle size
are summarized in Fig. 3. Partial aggregation and poor size-
regulation of Au NPs were seen in SiO;- and Al,Os-supported Au
catalysts (Fig. 3-b and d), which suggests that the high dispersity
of Au NPs is important for high catalytic performance toward C-
S coupling. On the other hand, although Au/TiO, catalysts
showed much lower activity than Au/ZrO, for the reaction, the
size and regulation of Au NPs on TiO; were similar to those on
ZrO; (Fig. 3-a and c). Although a clear image of Au NPs on CeO,
could not be obtained due to poor contrast of Ce and Au, the
absence of peaks that could be attributed to crystalline Au NPs
in the XRD pattern of Au/CeO; indicates the presence of highly

4| J. Name., 2012, 00, 1-3
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Diameter/ nm
Fig. 3. HAADF-STEM images of supported Au catalysts (al)
Au/ZrO,, (b1) Au/SiO,, (c1) Au/TiO,, (d1) Au/Al,O,, and (a2—d2)
their particle size distribution histograms.

20 nm

dispersed Au NPs on CeO; (See Supplementary Information).
These observations imply that some factor other than size and
the regulation of Au NPs could be crucial for determining the
catalytic performance toward the C-S bond formation.

XPS analysis of supported Au catalysts was carried out to
evaluate the electronic state of Au species (Fig. 4). Metallic gold
has been reported to be thermodynamically more stable than
gold cations at high temperatures. Thus, spontaneous
decomposition of gold cation to metallic gold can occur at high

This journal is © The Royal Society of Chemistry 20xx
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Au(l)
4y

Au(l) Au(0) Au(ll) - Au(l) Au(0)
My, Ay Afyn  4Afyp 4fyp

©

st LT =
i .
! |
1 .
—

Intensity / cps

. ) J\"(.e')—
PR, Y
—
82 80
Binding energy / eV

Original spectra (——), Au(Q) (- ), Au(l) (——"-), Au(lll) (—-—)

Fig. 4. XP spectra around the Au 4f states of (a) Au/ZrO; calcined
at 300 °C, (b) Au/ZrO; calcined at 500 °C, (c) Au/CeO,, (d)
Au/TiO,, and (e) Au/SiO,.

temperatures.#1-44 Curve-fitting analysis of XP spectra revealed
that both Au(0) and Au(l) species were present at the surface of
Au/ZrO, catalyst calcined at 300 °C (Table 3). In contrast,
cationic Au species were almost completely absent from the XP
spectrum of Au/ZrO, catalyst calcined at 500 °C which showed

R™""OPO(OEt);

hf‘s’ MesSi-SPh ]
Wty
AL ) %
AUZrO; R
»
-~ ‘--_--——_
R™ “SPh

R

no activity

This journal is © The Royal Society of Chemistry 20xx
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Table 3. Fraction of Au species at the surface of supported Au
catalysts estimated by XPS curve-fitting analysis.

Catalyst '°‘(‘;/$’) AE(I,J/E)I) Atjog )||)
Au/ZrO,2 57 43 0
Au/ZrO,° 95 5 0
Au/CeO, 44 4 50
AuU/TiO, 87 13 0
AU/SiO, 80 20 0

aCalcined at 300 °C. PCalcined at 500 °C.

for the title reaction (Table 1, entry 14). This remarkable change
in the activity of Au catalyst suggests that the electronic state of
Au is the most dominant factor for Au-catalyzed
thioetherification. As for Au/CeO,, which showed high catalytic
performance for C-S coupling, Au(lll) species remained even
after calcination in air at 300 °C. On the other hand, XP spectra
of Au/TiO, and Au/SiO; indicated a low content of cationic Au
species, suggesting that calcination in air at 300 °C was sufficient
to reduce Au species on TiO; and SiO; to form metallic species.
Given these XPS results as well as the fact that cationic Au
complex showed high catalytic activity (Table 1, entry 12), we
can surmise that supported Au catalysts which contain cationic
Au species before the catalytic run functioned as an appropriate
source for generating soluble and highly active cationic Au
species.

Based on these considerations, we propose a possible reaction
mechanism for the thioetherification of phosphates by Au
catalysts. Initially, the treatment of allyl phosphates and

Me3Si-SPh

~ - OPO(OE),

Scheme 6. Possible reaction mechanism for thioetherification by Au/ZrO,.

J. Name., 2013, 00, 1-3 | 5
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thiosilane with Au NPs having cationic species at their surface
generates soluble cationic Au species. The facts that Au cation
is reported to function as soft Lewis acids which can interact
with T—molecules, such as arenes and alkenes?*>46 and that aryl
groups were indispensable for an efficient reaction (Scheme 5)
suggest that the m-coordination of aryl group stabilizes the
cationic Au species. Subsequently, the phosphate and alkene
moieties in allyl phosphate coordinate to the Lewis acidic silyl
group and the cationic Au species, respectively. This Lewis acidic
activation of an allyl phosphate facilitates S—Si bond cleavage
and simultaneous nucleophilic attack of allylic carbon by sulfur
in an SN2 manner to give an allyl sulfide. The reaction orders for
allyl phosphate and thiosilane were estimated to be —0.5 and
1.2, respectively. These results also support the idea that the C—
S bond-forming reaction proceeds via an Sy2-type mechanism
(see Supplementary Information). In this reaction, interaction of
an alkene and the soft Lewis acidic nature of Au cation are key
factors in activating allylic substrates. The high leaving ability of
phosphate thanks to higher basicity of phosphate anion than
acetate, carbonate and chloro anions would promote Sy2-type
nucleophilic substitution.

Conclusions

In summary, an efficient synthesis of allyl, benzyl and propargyl
sulfides via the thioetherification of phosphates has been
achieved by using supported Au catalysts. The C-S coupling
reactions proceeded under mild reaction conditions and went
to completion within short reaction periods. Furthermore, the
present catalytic system provided a benzyl sulfide with high
enantiomeric purity via effective chirality transfer. Detailed
control experiments revealed that cationic Au species operated
as the true active catalyst in the solution phase, and the
characterization of supported Au catalysts suggested that Au
NPs with cationic species at their surface played a role in
generating catalytic active species. Au/ZrO, catalysts showed
excellent catalytic turnover and reusability, implying that the
use of Au NPs as a source of soluble gold species could be a
promising way of generating gold cations with high catalytic
activity. Further applications of supported Au catalysts in other
synthetic reactions are currently under investigation in our
laboratory.

Experimental

Materials

HAuCls-3H,0 and Me,AuCl were purchased from KOJIMA
CHEMICALS Co., Ltd and Sigma-Aldrich, respectively. Au(en),Cls
was synthesized as reported in the literature.47.48 ZrO, (JRC-
ZR0O-7), Ce0O; (JRC-CEO-2), TiO; (JRC-TIO-15), Al;03 (Sumitomo
Chemical Co., Ltd, AKP-G015; JRC-ALO-8), and SiO; (JRC-SIO-11)
were obtained from the Catalysis Society of Japan. Thiosilane
(2a) and other organic chemicals were of analytical grade and
used as received without further purification. Allyl, benzyl and
propargyl phosphates were synthesized the
corresponding alcohols as reported in the literature.49-52

from
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Thiosilane (2b—2d) was synthesized from the corresponding
thiols as reported in the literature.3!

Physical and Analytical Measurements

The products of the catalytic runs were analyzed by GC-MS
(Shimadzu GCMS-QP2010, CBP-1 capillary column, i.d. 0.25 mm,
length 30 m, 50—250 °C) and gas chromatography (Shimadzu
GC-2014, CBP-1 capillary column, i.d. 0.25 mm, length 30 m,
50—250 °C). NMR spectra were recorded on a JMN-ECS400 (FT,
400 MHz (*H), 100 MHz (13C)) instrument. Chemical shifts (8) of
1H and 13C{*H} NMR spectra are referenced to SiMe,. The
enantiomeric purity of organic compounds was determined by
HPLC analysis (JASCO EXTREMA, Daicel chiracel OJ-H chiral
column).

The physical properties of supported Au catalysts were analyzed
by atomic absorption spectroscopy (AAS), nitrogen gas
adsorption, TEM, XRD, and XPS. The actual contents of gold
species immobilized on the supports and leached into the
reaction mixture after the catalytic run were determined by AAS
analysis with a SHIMADZU AA-6200. The Brunauer-Emmett-
Teller (BET) specific surface area was estimated from N,
isotherms obtained using a BELSORP-mini Il (Microtrac MRB,
Japan) at 77 K. The analyzed samples were evacuated at 573 K
for 2 h prior to the measurement. HAADF-STEM images were
recorded using a JEOL JEM-3200FS transmission electron
microscope. The samples were prepared by depositing drops of
ethanol suspensions containing small amounts of the powders
onto carbon-coated copper grids (JEOL Ltd.) followed by
evaporation of the ethanol in air. X-ray powder diffraction
analyses were performed using Cu Ka radiation and a one-
dimensional X-ray detector (XRD: SmartLab, RIGAKU). The
samples were scanned from 29 =10° to 70° at a scanning rate of
10° s and a resolution of 0.01° or from 29 =35° to 40° at a
scanning rate of 3° s'1 and a resolution of 0.002°. XPS analysis of
the catalysts was performed using a JPS-9010 MX instrument.
The spectra were measured using Mg Ka radiation (15 kV, 400
W) in a chamber at a base pressure of <107 Pa. All spectra were
calibrated using C1s (284.5 eV) as a reference.

Preparation of Au/ZrO,, Au/CeO,;, Au/TiO, and Au/Al,0s
catalysts by a deposition-precipitation method

76 mL of a 2 mM aqueous solution of HAuCl, (the gold
concentration in solution corresponds to a theoretical Au
loading of 3wt%) was heated at 70 °C. First, the pH was adjusted
to 4 by dropwise addition of ag. NaOH (0.1 M). Next, 0.97 g of
support (ZrO,, CeO, Al,Os, or TiO;) was dispersed in the
solution, and the pH was readjusted to 7 with ag. NaOH. After
vigorous stirring for 1 h at 70 °C, the resulting white precipitate
was separated from the suspension. Prior to their use in
catalytic reactions, the catalysts were calcined in air at 573 K for
1 h. The total loading amount of metal was set at 3wt%.

Preparation of Au/SiO; catalyst by a deposition-precipitation
method

An aqueous solution of Au(en);Cls (1 mM, 152 mL) was heated
at 70 °C. The pH of the solution was first adjusted to 10 by
dropwise addition of NaOH (1 M). Next, 0.97 g of support

This journal is © The Royal Society of Chemistry 20xx
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(Nb2Os or SiO;) was dispersed in the solution, and the pH was
readjusted to 10 with NaOH. After vigorous stirring for 2 h at 70
°C, the resulting purple precipitate was separated from the
suspension. Prior to their use in catalytic reactions, the catalysts
were calcined in air at 300 °C for 1 h. The total loading amount
of metal was set at 3wt%.

Preparation of ZrO,-supported metal NPs catalysts by an
impregnation method

ZrO,-supported metal (Ag, Cu, Pd, Rh or Pt) catalysts were
prepared by an impregnation method with the use of AgNOs3,
Cu(NOs),, PdCl,, RhCls, or H,PtClg as a metal precursor. ZrO; was
added to an aqueous solution of the metal precursor, and the
suspension was stirred at 80 °C for 2 h. After the evaporation of
water, the resulting powder was calcined in air at 400 °C for 3
h. The total loading amount of metal was set at 3wt%.

General procedure for the thioetherification of phosphate
over supported Au catalyst

A typical reaction procedure for the thioetherification of
phosphate is as follows: phosphate (0.3 mmol), thiosilane (0.6
mmol) and 1,4-dioxane (1.0 mL) were added to a Schlenk tube
containing the supported Au catalyst (2 mol % as Au relative to
phosphate) under an Ar atmosphere. The progress of the
reaction was monitored by GC analysis using biphenyl as an
internal standard. For isolation of the products, the solid
catalyst was removed by filtration. The remaining solution was
concentrated under reduced pressure and purified through
silica gel column chromatography (a mixture of hexane and
ethyl acetate) to give the product.

General procedure for reusing Au/ZrO, catalyst (Fig. 1).

After the reaction of 1a and 2a (Fig. 1), the solid was separated
from the reaction mixture by centrifugation and completely
washed three times with 10 mL of methanol. The resulting solid
was dried for 1 h at 80 °C under a reduced pressure (< 0.1 Torr)
to give the Au/ZrO; catalyst for reuse.

General procedure for hot filtration tests (Fig. 2).

A 20 mL Schlenk tube was charged with 1a and 2a, Au/ZrO,
catalyst, and 1,4-dioxane (1.0 mL) under an argon atmosphere.
After the reaction was allowed to proceed for 15 min at 35 °C,
through a 0.45 um syringe filter (Millipore Millex LH) into
another preheated Schlenk tube. The filtrate was stirred at
35 °C. The conversion and yields of the product after filtration
were followed by GC and GC-MS analyses. The results are
shown in Fig. 2.
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