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ABSTRACT: An operationally simple approach for the pre-
paration of a new class of bifunctional Au nanoparticle—acid
catalysts has been developed. In situ reduction of Au>" with HS-
functionalized periodic mesoporous organosilicas (PMOs) cre-
ates robust, fine Au nanoparticles and concomitantly produces a
sulfonic acid moiety strongly bonded to PMOs. Characteriza-
tions of the nanostructures reveal that Au nanoparticles are
formed with uniformed, narrow size distribution around
1—2 nm, which is very critical for essential catalytic activities.
Moreover, the Au nanoparticles are mainly attached onto the
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pore surface rather than onto the outer surface with ordered mesoporous channels, allowing for maximal exposure to reaction
substrates while minimizing Au nanoparticle leaching. Their higher Sggr, Vp, and Dp than either the Au-HS-PMO(Et) or the Au/
SO;H-PMO(Et) render the catalyst with comparably even higher catalytic efficiency than its homogeneous counterparts.
Furthermore, the unique amphiphilic compartment of the Au-HS/SO;H-PMO(Et) nanostructures enables organic reactions to
proceed efficiently in a pure aqueous solution without using any organic solvents or even without water. As demonstrated
experimentally, remarkably, the unique bifunctional Au-HS/SO;H-PMO(Et) catalyst displays higher efficiencies in promoting
water-medium alkyne hydration, intramolecular hydroamination, styrene oxidation, and three-component coupling reactions and
even the solvent-free alkyne hydration process than its homogeneous catalysts. The robust catalyst can be easily recycled and used
repetitively at least 10 times without loss of catalytic efficiency. These features render the catalyst particularly attractive in the
practice of organic synthesis in an environmentally friendly manner.

B INTRODUCTION

One of the central goals in organic synthesis is to discover and
identify reactions enabling processes to proceed in an environ-
mentally friendly and sustainable way. Transition metals have
enjoyed great success as the most widely catalytic systems in
promoting organic reactions.” However, increasing concerns
associated with toxicity, cost, and sustainability have prompted
chemists to discover strategies to recover and reuse them.
Moreover, pursuing organic reactions in a water medium is also
an indispensible aim in contemporary organic synthesis because
the use of water as a solvent has tremendous benefits including
certainly obvious nontoxic, nonflammable, cheap, and widely
available features.” While the merits of water are clear from a
green chemistry perspective, the intrinsic limitations of perform-
ing organometallic-catalyzed reactions in water are also realized.
One of the greatest limitations is the generation of an aqueous-
based, metal-contaminated water stream and reduced catalytic
efficiency.®

In the recent past, gold organometallic catalysts have been
intensively explored in organic reactions with great success. A
typical example is the Au(I)-catalyzed alkyne hydration reactions,
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which have been the subject of intense investigations due to the
broad utilities of the resulting carbonyl derivatives from the wide
availability of alkynyl substrates.” This reaction is generally con-
ducted in organic solvents, and in most cases, a Bronsted acid is
required as a cocatalyst for effective transformation. Although they
have high activity and selectivity, like other organometallic cata-
lysts, homogeneous gold catalysts usually raise concerns of cost
and environmental pollution; therefore, their recovery and reuse
becomes essential in modern organic synthesis.

An important development in the field of gold catalysis is the
discovery of gold nanoparticles with distinct catalytic properties
in the past decade.’ These Au nanoparticle catalysts are mainly
employed in gas-phase oxidation reactions, and recently, they
have also been expanded to liquid-phase organic reactions
including cross-coupling7 and oxidation reactions,® etc. Both
the experimental findings and theoretical predictions demon-
strate that Au particle size plays a crucial role in governing the
catalytic activity, and the Au clusters must be smaller than 5 nm
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for essentially high catalytic activity.” To date, several methods
have been developed to prepare nanosized Au particles. How-
ever, the bare Au nanoparticles are difficultly separated from the
reactlon system and are also easily aggregated due to high surface
energy ©To address these inherent limitations, significant efforts
have been devoted to designing supported Au catalysts, but the
control of Au particle size during reduction of Au ions and the
stabilization of Au particles against leaching are quite a challeng-
ing and unmet goal.

Mesoporous silica supports allow for the high dispersion of
metal nanoparticles owing to the ordered mesoporous pore
channels and the high surface area. Functionalization with
organic groups could enhance surface hydrophobility, which
may facilitate the adsorption of organic molecules, especially in
aqueous medium. Nevertheless, the organic groups terminally
bonded to the pore surface might block the pore channel and
even damage the ordered mesoporous structure. Periodic meso-
porous organosilica (PMO) with organic fragments embedded in
silica walls could greatly overcome these problems.'' More
importantly, the chemical and physical properties of PMO can
be easily tuned by changing the organic functionalities inside the
framework, which may offer diversified opportunities for their
applications. Recently, Vinu et al. reported the Au nanoparticles
immobilized onto a mesoporous carbon nitride support, which
could control the Au particle size by the pore channel diameter.'*
However, the direct reduction of Au>* by KBH, alkaline solution
resulted in relatively large Au nanoparticles with average size
around 7 nm, which were unfavorable for catalysis and also easily
leached off from the support.

In this account, we wish to report an alternative operationally
simple approach to preparing a novel supported Au catalyst by
in situ reduction of Au®>* with HS (HS = HS—CH,—CH,—CH,
group) incorporated into the ethyl (Et)-bridged PMO. This
design strategy kills three birds with one stone: (1) forming very
tiny Au nanoparticles with average size around 1—2 nm; (2)
stabilizing the Au nanoparticles against aggregation and/or
leaching via coordination with the unreacted HS ligand; and
(3) oxidizing HS to produce SO3H as a Bronsted acid covalently
bonded to the PMO(Et) support. As a result, notably, the as-
prepared Au-HS/SO3;H-PMO(Et) acts as a bifunctional catalyst
in solvent-free and water-medium hydration of alkynes and
intramolecular hydroamination, styrene oxidation, and three-
component coupling reactions with high efficiency. More im-
portantly, it can be easily recycled and used repetitively for more
than 10 times without loss of catalytic efficiency.

B RESULTS AND DISCUSSION

1. Preparation of Bifunctional Covalently Bonded Au Nano-
particles and HS/SOzH Periodic Mesoporous Organosilicas
and Structural Characterizations. Preparation. Scheme 1 briefly
illustrated preparation of Au-HS/SO;H-PMO(Et). First, the HS-
PMO(Et) with HS/Si and Et/Si molar ratios of 5.0% and 47% was
prepared by P123 surfactant-directed co-condensation between
(3-mercaptopropyl) trimethoxysilane (MPTMS) and bis(trieth-
oxysilyl)ethane (BTEE). Then, the HS-PMO(Et) was added into
HAuCl, ethanol solution and kept stirring at room temperature for
24h. This initiated three sequential processes: reduction of Au®*

Au nanoparticles, oxidation of HS to SO3H, and coordination of
the Au nanoparticles with the unreacted HS ligand. For compar-
ison, the Au-HS/SO3;H-SBA-15 was also synthesized by in situ
reduction of HAuCl, with the HS-SBA-15 prepared by P123

Scheme 1. Illustration of the Preparation of the Au-SH/
SO,H-PMO(Et)*
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“Pink box = SO3H, black box = SH, orange circle = Au.

surfactant-directed co-condensation between (3-mercaptopropyl)
trimethoxysilane and tetraethoxysilane. Meanwhile, the Au/HS-
PMO(Et) catalyst was also prepared by direct depositing Au
nanoparticles onto the HS-PMO(Et) support. The bare Au
nanoparticles w1th 1 average size around 3 nm were prepared by
reduction of Au’* with tert-butylamine-borane in oleylamine/
tetralin solution. Finally, the Au/SO;H-PMO(Et) catalyst was
synthesized by depositing Au nanoparticles onto the SO;H-PMO-
(Et) obtained by oxidizing the HS-PMO(Et) with H,O, (see the
Experimental Section for details).

Structure Characterizations. As shown in Figure 1, the XPS
spectra revealed that all the Au species in the Au-HS/SO;H-
PMO(Et) were present in the metallic state, correspondmg to
the binding energy (BE) of 84.7 eV in the Auyg/, level,"* which
could be further confirmed by reduction with NaBH, solution
(Figure S1, Supporting Information). The S species were present
in —2 and +6 oxidation states, corresponding to HS and SO;H
groups with the BE around 164.4 and 168.8 eV in the S5, level,
respectively. According to the calculation from peak areas, the
HS/SO3H molar ratio was determined as 15:1, suggesting only a
little portion of HS was oxidized into SO3H. The Au BE in Au-
HS/SO;H-PMO(Et) shifted negatively by 0.3 eV compared to
that of the bare Au nanoparticles. Meanwhile, the S BE in the
HS groups in the Au-HS/SO;H-PMO(Et) shifted positively by
0.4 eV compared to that in HS-PMO(Et). These results clearly
demonstrated the in situ reduction of HAuCl, by HS groups to
produce Au nanoparticles and SO3H groups, followed by co-
ordinating the Au nanoparticles with the unreacted HS-ligands,
in which the S donated partial electrons to Au through d—p
feedback, making the Au electron enriched and the S electron
deficient. No significant S BE shift in the SO;H groups in the Au-
HS/SO3;H-PMO(Et) was found in comparison with that in the
SO;H-PMO(Et), implying no coordination bonding formed
between SO3;H and Au nanoparticles. The Au-HS/SO3;H-SBA-
15 displayed XPS spectra similar to the Au-HS/SO;H-PMO(Et).
However, no significant BE shift of either Au or S was observed in
the Au/HS-PMO(Et) sample (see the XPS spectra in Figure S2,
Supporting Information), indicating the absence of coordination
between the Au and HS-ligand, possibly due to the large Au
particle size.

The TG/DTA analysis (Figure S3, Supporting Information)
demonstrated the complete removal of surfactant template since
no 51gn1ﬁcant signal around 250 °C indicative of P123 was
observed.'* Besides an endothermic peak around 80 °C with
weight loss of about 3% due to the desorption of physisorbed
water, solvent, or other organic residues, the Au-HS/SO;H-PMO-
(Et) displayed three exothermic peaks at 340, 425, and 631 °C
with total weight loss around 23%, corresponding to the combus-
tion of HS—CH,—CH,—CH, and SO;H—CH,—CH,—CH,
groups covalently bonded to the PMO(Et) and the ethyl groups
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Figure 1. XPS spectra of different samples at Auy¢and S,;, levels.
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Figure 2. FT-IR spectra of (a) HS-PMO(Et) and (b) Au-HS/SO;H-
PMO(Et).

embedded in the silica walls. The FT-IR spectra of HS-PMO(Et)
and Au-HS/SO;H-PMO(Et) (Figure 2) displayed absorbance
peaks around 2907 cm ™! indicative of the stretch vibration of the
C—H bond in either the HS—CH,—CH,—CH,— group or the
—CH,—CH,— group. Meanwhile, the absorbance bands at 1024
and 1107 cm™ ~ could be assigned to the Vg o and vg ¢
vibrations, respectively.'” The weak absorbance band at
2572 cm™ ' could be attributed to the vibration of the HS
group.'® In comparison with the HS-PMO(Et), the Au-HS/
SO;H-PMO(Et) displayed a much weaker peak due to the
oxidation of partial HS groups to the SO3H groups and/or the
coordination of the HS-ligand with the Au nanoparticles.

The presence of SH, SO;H, and Et groups in the Au-HS/SO;H-
PMO(Et) could be further confirmed by solid NMR spectra. As
shown in Figure 3, the *’Si CP-MAS NMR spectrum display two
peaks downfield corresponding to T (& = —66 ppm) and T* (6 =
—59 ppm), where T" = RSi(0Si),,(OH);_,, (m = 1~3). The
absence of Q" peaks (Q” = Si(OSi),,(OH),_,, n = 2~4) suggested
that all Si species were covalently bonded with C atoms.'” According
to the "*C CP-MAS NMR spectrum, the Au-HS/SO;H-PMO(Et)
displayed a strong peak around 2.7 ppm indicative of the C atoms in
the ethyl group in the framework."® The other three peaks around 9,
15, and S5 ppm could be assigned to three carbon atoms in
the HO;S—CH,—CH,—CH, group.19 A weak peak around
25 ppm could be attributed to the C atom connecting with the S
in the HS—CH,—CH,—CH, group.20

The above XPS, TG/DTA, FT-IR, and NMR characteriza-
tions demonstrated the presence of both HS—CH,—CH,—CH,
and HO3S—CH,—CH,—CH, groups in the Au-HS/SO;H-
PMO(Et) catalyst. To determine the location positions of these
HS and SO;H functional groups, two kinds of HS-PMO(Et)
samples with HS content of 5% were prepared via different
methods (see Scheme S1, Supporting Information). The HS-
PMO(Et)-A was prepared according to the method used in the
present work (Method A), but the P123 template was not
extracted. The HS-PMO(Et)-B was prepared using Method B,
as follows. First, the PMO(Et) containing the P123 template was
synthesized by coassembly of P123 and bis(triethoxysilyl)ethane.
Then, the HS-PMO(Et)-B was obtained by grafting (3-merca-
ptopropyl) trimethoxysilane onto the above PMO(Et). Since the
mesoporous channels in the PMO(Et) were occupied by P123
template molecules, the HS groups in the HS-PMO(Et)-B were
mainly positioned on the outer surface. The content of HS
groups in either HS-PMO(Et)-A or HS-PMO(Et)-B samples
was then determined by Pt** aclsorption.léa’21 Since the meso-
porous channels were occupied by P123 template molecules,
only the HS groups on the outer surface could coordinate with
the Pt*". In each run of experiments, 50 mg of sample was added
into 10 mL of an aqueous solution containing 50 ppm of Pt*".
After being stirred for 2 h at room temperature, the Pt*" content
left in the solution was measured by ICP analysis. In the presence
of HS-PMO(Et)-A, the Pt** content in the solution decreased by
only 1.0 ppm, while in the presence of HS-PMO(Et)-B, the Pt**
content decreased by 9.5 ppm. These results clearly demon-
strated that most of the HS groups in the as-prepared Au-SH/
SO3;H-PMO(Et) were located on the pore surface rather than the
outer surface of PMO(Et). Accordingly, the SO3H groups were
also mainly planted onto the pore surface of PMO(Et), taking
into account that the SO;H groups were generated from the
oxidation of HS groups.

As shown in Figure 4, both the Au-HS/SO;H-PMO(Et) and
the HS-PMO(Et) displayed typical IV type N, adsorption—
desorption isotherms with an H;-type hysteresis loop indicative
of the mesoporous structure.”” The low-angle XRD patterns
demonstrated that these two samples were comprised of ordered
2D P6mm hexagonal mesoporous channels.”” In comparison
with the HS-PMO(Et), the Au-HS/SO;H-PMO(Et) showed a
positive shift in peak position, corresponding to the enhanced
wall thickness, which suggested that the Au nanoparticles were
mainly fixed onto the pore surface rather than onto the outer
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Figure 3. Solid *Si and *C NMR spectra of the Au-HS/SO;H-PMO(Et).
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Figure 4. (A) N, adsorption—desorption isotherms and (B) low-angle
XRD patterns of (a) HS-PMO(Et) and (b) Au-HS/SO;H-PMO(Et).
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Figure 5. (a and b) HRTEM images of Au-HS/SO;H-PMO(Et) and
(c) the HRTEM image of Au-HS/SO;H-PMO(Et) dissolved in HF
solution. (d) The corresponding Au particle size distribution diagram.

surface, in good accordance with the location positions of HS and
SO;H functional groups.

The HRTEM images in Figure S clearly showed the ordered
mesoporous channels in the Au-HS/SO;H-PMO(Et) catalyst.
Although the XPS analysis verified the presence of metallic Au, no
significant Au particles were observed due to the uniform disper-
sion and extremely tiny Au particle size, which was consistent with
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Figure 6. Wide-angle XRD pattern of the Au-HS/SO;H-PMO(Et).

the wide-angle XRD pattern (Figure 6) since no significant
diffractional peaks indicative of the metallic Au phase were
observed. Meanwhile, the UV—vis DRS spectrum (Figure $4,
Supporting Information) displayed a broad light absorbance band
centered at 508 nm, corresponding to the plasma effect, which
further confirmed the presence of tiny Au nanoparticles with
average size less than 5 nm. To observe the Au particles, the Au-
HS/SO;H-PMO(Et) was etched in HF solution to remove the
support. As shown in Figure S, the HRTEM clearly displayed
uniform Au nanoparticles with narrow size distribution around
1—2 nm. Meanwhile, the CO chemisorption and the EXAFS were
also employed to estimate the Au particle size. On one hand, the
Au active surface area (S,.) of the Au-SH/SO;H-PMO(Et)
catalyst was determined as 185 m*/g by CO chemisorption, from
which the average Au particle size was calculated as 1.6 nm
according to the following equation.**

d = 6000/(p X Suc)

where p refers to the density of Au metal (19.3 g/cm?). On the
other hand, the Au L;-edge XANES spectra (Figure 7) revealed
that the Au-SH/SO;H-PMO(Et) displayed a broadened peak at
11.95 keV in comparison with the Au foil, implying the tiny Au
particles.”® The Au coordination number, Au—Au bonding dis-
tance, and S/Au atomic ratio in the Au-SH/SO;H-PMO(Et) were
calculated as 3.5, 0.281 nm, and 2.6, respectively, while the Au foil
displayed a Au coordination number of 12 and a Au—Au bonding
distance of 0.287 nm. The shorter Au—Au bonding distance
implied a smaller Au particle size. According to the correlation
of the Au—Au bonding distance and Au particle size,” the Au
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Figure 7. Au L;-edge XANES spectra of the Au foil and the Au-SH/
SO;H-PMO(Et) catalyst.

particle size in the Au-SH/SO;H-PMO(Et) catalyst was roughly
estimated as 1.2 nm. The Au particle size estimated from either the
CO chemisorption or the EXAFS was consistent with that
observed from the HRTEM image. The TEM images (Figure
SS, Supporting Information) demonstrated that the Au-HS/
SO;H-SBA-15 displayed slightly bigger Au particle size than the
Au-HS/SO;H-PMO(Et), suggesting that the presence of Et
groups in the silica support could prevent the aggregation of Au
nanoparticles owing to the enhanced surface hydrophobicity.
Moreover, the Au-HS/SO;H-PMO(Et) exhibited much smaller
Au particles than either the bare Au nanoparticles obtained by
direct reduction of HAuCl, with tert-butylamine-borane or the
Au/HS-PMO(Et) obtained by depositing the Au nanoparticles
onto the HS-PMO(Et) (also see Figure SS, Supporting In-
formation), obviously owing to the in situ reduction of HAuCl,
and coordination of Au nanoparticles with the HS-ligand, which
effectively inhibited the particle aggregation.

Other structural parameters are summarized in Table 1. The
Au-HS/SO;H-PMO(Et) exhibited lower surface area (Sggr),
pore volume (Vp), and pore diameter (Dp) than the HS-PMO-
(Et) due to the occupation of Au nanoparticles in pore channels.

Nevertheless, it displayed higher Sggt, Vp, and Dp than the Au-
HS/SO3;H-SBA-15 owing to the incorporation of Et groups into
the silica walls, which might enlarge the pore channels. Further-
more, it showed higher Sgpt, Vp, and Dp than either the Au-HS-
PMO(Et) or the Au/SO;H-PMO(Et), obviously owing to the
smaller size of Au nanoparticles inside the mesopore channels.
Catalytic Performances. The catalytic performances were
mainly examined in solvent-free and water-medium alkyne
hydration reactions. Table 1 summarized the catalytic perfor-
mances of different catalysts in water-medium phenylacetylene
hydration. Besides the acetophenone, no other products were
identified, suggesting all these catalysts were exclusively selec-
tive. Both HS-PMO(Et) and SO;H-PMO(Et) were inactive,
implying that the Au active sites were essential for the present
reactions. Interestingly, the Au/HS-PMO(Et) was inactive, but
the Au/SO;H-PMO(Et) could catalyze the alkyne hydration in
the absence of H,SO, in aqueous solution. However, when
trace H,SO, was added into the reaction system, the Au/HS-
PMO(Et) displayed slightly higher activity than the Au/SO;H-
PMO(Et). These results clearly demonstrated that the alkyne
hydration should be cocatalyzed by the metallic Au and the
Bronsted acid synergistically. Therefore, the Au-HS/SO;H-
PMO(Et) acted as a bifunctional catalyst resulting from both
the Au nanoparticles and the SO3H groups covalently bonded
to the PMO(Et) support. Importantly, the distance between the
Au-deposited site and the SO;H acid site plays a key role in
governing their cooperative effect. The average distance be-
tween the SO3H acid site and Au deposited site can be
controlled by varying the content of SH functional groups in
the Au-HS/SO3H-PMO(Et) catalyst, taking into account that
the SO;H was generated from the oxidation of SH. With the
fixed Au loading, the average distance decreased gradually with
the increase of the HS content. Therefore, besides Au-HS/
SO;H-PMO(Et) with HS content of 5%, Au-HS/SO;H-PMO-
(Et)-1 and the Au-HS/SO;H-PMO(Et)-2 with respective HS
content of 3% and 10% were synthesized for comparison, and
their catalytic performances were examined. As shown in
Table 1, the activity first increased and then decreased with
the increase of the HS content. The Au-HS/SO;H-PMO(Et)-1

Table 1. Structural Parameters and Catalytic Efficiencies in Water-Medium Phenylacetylene Hydration”

sample loading (mmol/g) SH/SO5H molar ratio

HS-PMO(Et) 0 /
SO;H-PMO(Et) 0 0
Au-HS/SO;H-PMO(Et)-1° 0.10 4:3
Au-HS/SO;H-PMO(Et)" 0.10 15:1
Au-HS/SO,H-PMO(Et)-2" 0.10 31:1
Au-HS/SO;H-SBA-15 0.096 /
Au/SO;H-PMO(Et) 0.10 0
Au/HS-PMO(Et) 0.12 /
Au/HS-PMO(Et) 0.12 /
Au(PPh,)CI¢ / /
Au-HS/SO;H-PMO(Et)* 0.096

0]
Catalyst ©)K
Sger (m*/g) Vp (cm®/g) Dp (nm) H,S0, (mmol) yield (%)

712 0.64 8.0 0 0
699 0.63 7.8 0 0
683 0.59 7.5 0 87
591 0.55 7.2 0 99
508 0.47 6.8 0 93
475 0.43 7.0 0 90
486 0.47 6.5 0 29
472 0.58 6.5 0 0
472 0.58 6.5 0.25 36

/ / / 0.25 24
455 0.41 6.4 0 83

“ Unless specified, see reaction conditions in the Experimental Section. ” The Au-HS/SO;HPMO(Et)-1, Au-HS/SO;H-PMO(Et), and Au-HS/SO;H-
PMO(Et)-2 catalysts were prepared from the HS-PMO(Et) with the original HS-content of 3%, 5%, and 10%, respectively. “ Reaction temperature =

100 °C, reaction time = 7 h. ¢ After being reused 10 times.
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with low HS content (3%) exhibited poorer activity, possibly
due to the relatively longer distance between the acid site and
the Au-deposited site, which might reduce their synergetic
effect. Although the Au-HS/SO;H-PMO(Et)-2 with high HS
content (10%) displayed relatively shorter distance between the
acid site and the Au-deposited site, it also showed lower activity
which could mainly be attributed to partial blockage of meso-
pore channels and damage of ordered mesoporous structures,
corresponding to the abrupt decrease in surface area (Spgr),
pore volume (Vp), and pore diameter (Dp). The Au-HS/SO5H-
PMO(Et) with HS-content of 5% was thus determined as an
optimum catalyst. With the similar Au loading, the Au-HS/
SO;H-PMO(Et) had higher activity than the Au-HS/SO;H-
SBA-1S, possibly owing to the small Au nanoparticle size, high
surface area, large pore channels, and enhanced surface hydro-
phobility resulting from the ethyl functionalization, which

Table 2. Solvent-Free and Water-Medium Alkyne Hydrations
Over the Au-HS/SO;H-PMO(Et) Catalyst’

2

R 0
- & _Catalyst . L _re
entry R! R> H,0(mL) T(°C) t(h) vyield (%)
1 Ph H 4.0 80 LS 99
2 4MeOPh H 4.0 80 LS 98
3  4CFPh H 4.0 80 LS 84
4 4-MePh H 4.0 80 L5 94
5 4-BrPh H 4.0 80 L5 96
6  2-MePh H 4.0 80 3.0 93
7 2CFPh H 4.0 80 4.0 85
8 nCeH,;; H 4.0 80 L5 97
9 nCgH;, H 4.0 80 LS 95
10  Ph Ph 4.0 80 4.0 88
11 n-Pr n-Pr 4.0 80 1.5 94
12 Ph CH, 4.0 80 LS 95
13 Ph H 0 70 LS 100
14  4MeOPh H 0 70 LS 100
15 4CFPh H 0 70 L5 94

“ Unless specified, see reaction conditions in Experimental Section.

facilitated the diffusion and adsorption of organic reactants.”’”
The higher activity of the Au-HS/SO3H-PMO(Et) than that of
the Au/SO;H-PMO(Et) could be attributed to the smaller Au
particle size. Meanwhile, the Au nanoparticles were stabilized
by coordination with the HS ligand, which effectively inhibited
their leaching off during catalysis.

To demonstrate the generality of the bifunctional Au-HS/
SO;H-PMO(Et)-catalyzed alkyne hydration reactions, we
probed different substrates with significant structural variation
(Table 2). Table 2 further demonstrated that the Au-HS/SO5H-
PMO(Et) exhibited high activity either in water-medium or even
in solvent-free alkyne hydration under mild reaction conditions.
The presence of substitutes on the p-position of benzene had
very little influence on the catalytic efficiencies (entries 1—S5).
However, slightly lower yields (93% and 85%) and longer
reaction times (3 and 4 h, respectively) for more steric o-sub-
stituted substrates were observed (entries 6 and 7), implying that
the steric hindrance played a certain role in the reaction
efficiency. The process was also applicable to aliphatic alkynes
in excellent yields (96—97%, entries 8 and 9). Symmetrical
internal alkynes were also proved to be effective substrates for
the hydration processes (entries 10 and 11). Importantly, when
an unsymmetrical internal alkyne engaged in the reaction, one
exclusive regioisomer was obtained in very high yield (95%,
entry 12). Excellent yields were also achieved in solvent-free
alkyne hydration even at relatively lower temperature (70 °C).
On one hand, this may be attributed to the unique amphiphilic
nanostructures with high surface areas which could efficiently
adsorb moisture (as the water source) and hydrophobic organic
reactants onto the catalyst. On the other hand, the water
molecules coordinated with the acidic sites of the silica surface
were sufficiently nucleophilic to react with the electrophilic
species involved in the reaction.

To further demonstrate the utility of the unique Au-HS/SO;H-
PMO(Et) catalyst, we also tested the water-medium intramolecular
hydroamination,™® styrene oxidation® (Table 3), and even three-
component A>-coupling® (Table 4) reactions. To our surprise, the
Au-HS/SO3;H-PMO(Et) exhibited much higher activity than the
Au(PPh;)Cl homogeneous catalyst in these reactions (Table 3),
showing that the Au nanoparticles were extremely active owing to
the unique quantum size effect and cooperative effects between the

Table 3. Catalytic Efficiencies in Water-Medium Intramolecular Hydroamination and Styrene Oxidation Reactions”

Catalyst Reaction Conv. (%) Yield (%)
Au-HS/SO3H-PMO(EY) " /Q g7 87
Catalyst
//N . @
Au(PPh;)Cl a 23(37° 2335
Au-HS/SO3H-PMO(EY) ©A\ S é" 35 29
atalys
Au(PPh3)CI 2133 17(24)

“ Unless specified, see reaction conditions in Experimental Section. * The values in the parentheses were obtained on the Au(PPh;)Cl catalyst in the

presence of 0.25 mmol of H,SO,.
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Table 4. Catalytic Efficiencies in Water-Medium “One-Pot”
A>-Coupling Reactions”

H N
O . @—R . — Catalyst
oo & S
R Ph

catalyst R conv. (%) yield (%)
Au-HS/SO;H-PMO(Et) H 98 98
Au-HS/SO;H-PMO(Et) CH; 81 81
Au-HS/SO3H-PMO(Et) cl >99 >99
Au(PPh;)Cl H 12 (20)° 12 (21)°

“Unless specified, see reaction conditions in Experimental Section.
" The values in the parentheses were obtained on the Au(PPh;)Cl
catalyst in the presence of 0.25 mmol of H,SO,.

100 L " .
\.\
80| "
_60F
S
=
T o40f
e
'\ —m— Au-HS/SO H-PMO(EY)
20 . —e— Au/SO,H-PMO(Et)
\.
0 1 1 1 1 1
2 4 6 8 10

Recycling number

Figure 8. Recycling test of the Au-SH/SO;H-PMO(Et) and Au/
SO;H-PMO(Et) catalysts in water-medium hydration of phenylacety-
lene. Reaction conditions are given in Table 1.

Au active phase and the SO3H acid active site. The acid effect on the
Au catalytic efficiency could be confirmed by the fact that addition
of a catalytic amount of H,SO, could enhance the catalytic activity
of Au(PPh;)Cl in homogeneous systems (see the values in the
parentheses in Tables 3 and 4). Nevertheless, the cooperative effect
between the Au active phase and the acid active site is more
pronounced due to the proximity in the reaction compartments.
Moreover, the Au-HS/SO;H-PMO(Et) displayed much higher
activity in water-medium A’-coupling reactions than the corre-
sponding Au(PPh;)Cl homogeneous catalyst (Table 4).*° The
presence of the CHj substitute on the benzaldehyde greatly
decreased the catalytic activity, obviously due to the electron-
donating effect. A plausible reaction mechanism based on the
related precedent studies is proposed (see Scheme S2, Supporting
Information).*' The C—H bond of alkyne is activated by Au active
phases to form a nucleophilic gold acetylide. At the same time, the
aldehyde is activated by a close SO3H acid moiety in the Au-HS/
SO;H-PMO(Et) catalyst to facilely generate a requisite iminium
ion, which is subjected to nucleophilic addition of the gold
acetylide to lead to the effective one-pot A>-coupling reaction.
Catalyst Recycling. The impressive results obtained led us to
investigate the important issue of recyclability of the Au-SH/
SO;H-PMO(Et) catalyst. As shown Figure 8, the Au-SH/

SO;H-PMO(Et) catalyst could be easily recycled and subse-
quently reused up to 10 times in water-medium hydration of
phenylacetylene, but the Au/SO;H-PMO(Et) exhibited a rapid
decrease in the catalytic efficiency in parallel studies. The ICP
analysis revealed that the Au loading in the Au-SH/SO;H-
PMO(Et) decreased only by 4.0% after being reused 10 times
(see Table 1), while the Au loading in the Au/SO;H-PMO(Et)
decreased by 16% after being reused 3 times, obviously due to
the absence of coordination interaction between Au and SO;H
groups. Meanwhile, the TEM image (Figure S6, Supporting
Information) revealed that the Au nanoparticles still kept high
dispersion with average diameter less than S nm after being
reused 10 times. Obviously, the coordination between Au
nanoparticles and HS ligands could effectively inhibit both
the leaching of Au from the support and the aggregation of Au
nanoparticles. Furthermore, the N, adsorption—desorption
isotherms (Figure S7, Supporting Information) and XRD
patterns (Figure S8, Supporting Information) demonstrated
that the Au-SH/SO;H-PMO(Et) still remained an ordered
mesoporous structure, corresponding to the high Sgpr, Vp,
and Dp (see Table 1), showing the excellent hydrothermal
stability due to Et groups incorporated into the silica walls
which could prevent the mesoporous structure from water-
erosion. The slight decrease in the activity from 99% to 83%
could be possibly attributed to the increase of Au nanoparticle
size from 1—2 nm to 4—5 nm.

Bl CONCLUSION

In conclusion, we have developed a novel Au-SH/SOzH-
PMO(Et) nanostructure with tiny Au nanoparticles and SO;H
acid groups terminally bonded to the ethyl-bridged PMO sup-
port, which acted as a bifunctional catalyst for alkyne hydration
reactions in a cooperative manner. These reactions proceeded
efficiently in aqueous media without using any organic solvents
and even under solvent-free conditions. Such catalyst also
exhibited high activity and selectivity in water-medium intramo-
lecular hydroamination, styrene oxidation, and three-component
coupling reactions. Moreover and importantly, the catalyst could
be conveniently recycled and reused at least 10 times. These
studies demonstrate the significant potential of its practical
applications in organic synthesis. The strategy can be extended
to immobilize other organometallics for catalysis.

B EXPERIMENTAL SECTION

1. Catalyst Preparation. (a). Au-HS/SOsH-PMO(Et). Thiol(HS)-
functionalized ethyl-bridged PMO, denoted as HS-PMO(Et), was
synthesized by self-assembly assisted co-condensation of bis-
(triethoxysilyl)ethane (BTEE) and (3-mercaptopropyl) trimethoxysi-
lane (MPTMS). First, triblockcopolymer P123 (1.0 g, [EO,0-PO,-
EO50] M,y = 5800) and KCI (3.0 g) were dissolved in 31 mL of 0.50 M
HCl aqueous solution and stirred at 40 °C for 3 h. Then, 1.8 mL of BTEE
was added and stirred for 1.5 h at 40 °C. Finally, MPTMS (0.13 mL) was
added, and the reaction mixture was stirred for 24 h at 40 °C. The
mixture was hydrothermally treated at 100 °C for 24 h. The solid was
recovered by filtration and washed thoroughly with distilled water,
followed by drying at 80 °C for 10 h under vacuum and extracting by
refluxing the sample in 500 mL of ethanol solution at 80 °C for 24 h to
remove surfactant and other organic residues.

A certain amount of HS-PMO(Et) was added into 7.0 mL of 0.017 M
HAuCl, ethanol solution at room temperature for 24 h. After thoroughly
washing with distilled water and ethanol, the powder was dried at 80 °C
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under vacuum overnight. According to the ICP analysis, the Au loading
in the Au-HS/SO;H-PMO(Et) sample was determined as 0.10 mmol/g.

(b). Au-HS/SO3H-SBA-15. P123 (1.0 g), KC1 (3.0 g), and tetraethoxy-
silane (2.1 mL, TEOS) were mixed in 7.6 mL of H,O and 15 mL of
2.0 M HCI aqueous solution. After being prehydrolyzed for 1.5 h at
40 °C, 0.13 mL of MPTMS was added into the solution, followed by
stirring at 40 °C for 24 h and aging at 100 °C for 24 h. The precipitate
was filtrated and dried at vacuum overnight. Then, the surfactants and
other organic substances were extracted and washed away by refluxing
the sample in ethanol solution at 80 °C for 24 h, followed by drying at
80 °C under vacuum overnight. The as-prepared SH-SBA-15 was then
dispersed in 7.0 mL of 0.017 M HAuCl, ethanol solution at room
temperature, followed by stirring for 24 h. After being thoroughly
washed with distilled water and ethanol, the sample was dried at
80 °C under vacuum overnight. The ICP analysis showed that the Au
loading in the as-prepared Au-HS/SO;H-SBA-15 was 0.092 mmol/g.

(c). Preparation of Au/HS-PMO(EY). First, the Au nanoparticles were
prepared according the following procedures. In a typical run of
synthesis, 10 mL of tetralin, 10 mL of oleylamine, and HAuCl,-3H,0O
(0.10 g) were mixed at 40 °C and stirred under N, flow for 10 min,
followed by adding a solution containing fert-butylamine-borane com-
plex (0.50 mmol), 1.0 mL of tetralin, and 1.0 mL of oleylamine. After
reaction at 40 °C for 1 h, 60 mL of acetone was added to settle down the
precipitate, which was followed by washing thoroughly with acetone,
leading to the Au nanoparticles with the average size around 3.0 nm.
Then, the as-received Au nanoparticles were dispersed in hexane,
followed by adding HS-PMO(Et) and stirring at 40 °C under N, flow
for 4 h. The solid product was washed thoroughly with hexane and
ethanol, followed by drying at 80 °C under vacuum overnight. The
Au loading in the as-prepared Au-HS-PMO(Et) was determined as
0.12 mmol/g by ICP analysis.

(d). Au/SOsH-PMO(Et). First, the SOsH-PMO was synthesized by
oxidizing the HS-PMO(Et) with H,0, according to the following
procedures. HS-PMO(Et) (0.30 g) was suspended in 10 g of aqueous
solution containing 30 wt % H,O,. After being stirred at 40 °C for 24 h,
the solid was filtered, washed with water and ethanol, and treated with
1.0 M H,SOy solution for 2 h. The solid product was washed again with
water and ethanol, followed by drying at 60 °C under vacuum overnight.
Then, the Au/SO;H-PMO(Et) was prepared according to the similar
procedure used for preparing Au-HS-PMO(Et). The Au loading was
determined as 0.10 mmol/g by ICP analysis.

2. Characterization. Fourier transform infrared (FT-IR) spectra
were collected on a Nicolet Magna 550 spectrometer. X-ray powder
diffraction (XRD) data were acquired on a SCINTAG PADX diffract-
ometer using Cu Ka radiation. N, adsorption—desorption isotherms
were measured at —196 °C on a Quantachrome NOVA 4000e analyzer,
from which the specific surface area (Sggr), the pore volume (Vp), and
the average pore diameter (Dp) were calculated by applying multiple-
point Brunauer—Emmett—Teller (BET) and Barrett—Joyner—
Halenda (BJH) models on adsorption branches, respectively. Surface
morphology, porous structure, and Au particle size were observed
through a transmission electron microscope (TEM, JEOL JEM2011).
Solid NMR spectra were recorded on a Bruker DRX-400 NMR
spectrometer. The UV —visible diffuse reflectance spectra (DRS) were
performed on a MC-2530. Thermogravimetric analysis and differential
thermal analysis (TG/DTA) were conducted on a DT-60. The surface
electronic states were analyzed by X-ray photoelectron spectroscopy
(XPS, Perkin-Elmer PHI S000C ESCA). All the binding energy values
are calibrated by using C;5 = 284.6 €V as a reference. The Au loading
was determined by an inductively coupled plasma optical emission
spectrometer (ICP-OES, Varian VISTA-MPX). Carbon monoxide
chemisorption was conducted on a Micromeritics Autochem II instru-
ment at ambient temperature (He/CO mixture with 10% of CO). X-ray
absorption spectra at the Au L3 edge of samples were collected in the

fluorescence mode on the BL14W1 beamline of the Shanghai Synchro-
tron Radiation Facility (SSRF). A positron beam energy of 2.5 GeV and
an average stored current of 250 mA were used. The photon energy
range was 4000—12 500 eV with 1 x 1010 photons/s photon flux. A
cryogenically cooled double-crystal Si(111) monochromator was used
to minimize the presence of harmonics. The reference Au foil was used
to calibrate the X-ray energy during each scan. The EXAFS spectra were
analyzed by the NSRLXAFS 3.0 package according to standard
procedures.*?

3. Activity Test. (a). Solvent-Free and Water-Medium Alkyne
Hydration Reactions (Tables 1 and 2). The solvent-free and water-
medium alkyne hydrations were carried out in a 10 mL round-bottomed
flask at a given temperature for a specified time. For solvent-free alkyne
hydration, the reaction was carried out at 70 °C with a catalyst containing
Au (0.010 mmol) and alkyne (0.25 mmol). For water-medium alkyne
hydration, the reaction was carried out at 80 °C with a catalyst containing
Au (0.010 mmol) and alkyne (0.25 mmol) and 4.0 mL of H,O. After
reaction for a desired time, the products were extracted by ethyl acetate,
followed by analysis on a GC-17A gas chromatograph (SHIMADZU)
equipped with a JWDB-5, 95% dimethyl-1-(5%)-diphenylpolysiloxane
column and an FID detector. The column temperature was programmed
from 80 to 250 °C at a speed of 10 °C/min. N, was used as the carrier
gas, and n-decane was used as an internal standard.

(b). Water-Medium Intramolecular Hydroamination Reactions
(Table 3). Water-medium intramolecular hydroamination reactions
were conducted in a 10 mL round-bottomed flask in the presence of a
catalyst containing Au (0.010 mmol), 1,5-hexadiyne (0.7S mmol),
aniline (0.25 mmol), and 4.0 mL of H,O at 80 °C for 24 h. The
products were extracted with ethyl acetate and analyzed on a GC-17A
gas chromatograph (SHIMADZU) equipped with a JWDB-5, 95%
dimethyl 1-(5%)-diphenylpolysiloxane column and an FID detector.
The column temperature was programmed from 80 to 250 °C at a speed
of 10 °C/min. N, was used as carrier gas, and n-decane was used as an
internal standard. The reaction conversion was calculated by aniline
since 1,5-hexadiyne was in great excess.

(c). Water-Medium Styrene Oxidation (Table 3). Water-medium
oxidation reactions were conducted in a similar way as described in the
intramolecular hydroamination reaction: A mixture of a catalyst contain-
ing Au (0.020 mmol), styrene (1.0 mmol), anhydrous t-butyl hydro-
peroxide (1.5 mmol), and 4.0 mL of H,O was heated at 82 °C for 24 h.
The product analysis was also performed in the same procedure by using
n-decane as an internal standard, as described for the intramolecular
hydroamination reaction.

(d). Water-Medium A*-Coupling Reactions (Table 4). Water-med-
ium A-coupling reactions were conducted in a similar way as described in
the intramolecular hydroamination reaction: A mixture of Au (0.015 mmol),
benzaldehyde (0.25 mmol), phenylacetylene (0.30 mmol), piperidine
(0.38 mmol), and 5.0 mL of water was heated at 70 °C for 12 h. The
product analysis was also performed in the same procedure by using
n-decane as an internal standard, and the reaction conversion was cal-
culated based on the benzaldehyde.

4. Recycling Test. To determine the catalyst durability, the catalyst
was allowed to centrifuge after each run of reactions, and the clear
supernatant liquid was decanted slowly. The catalyst was washed
thoroughly with distilled water and ethanol, followed by drying at
80 °C for 8 h under vacuum conditions. Then, the catalyst was reused
with fresh charge of reactants for subsequent recycle under the identical
reaction conditions.

B ASSOCIATED CONTENT

© Supporting Information.  Schemes for the preparation of
HS-PMO(Et) containing P123 templates and an A’-coupling
reaction mechanism and characterization spectra of the materials.
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