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ABSTRACT

We have prepared a series of mesoporous silica nanoparticle (MSN) supported Pd-Au bimetallic catalysts
using a newly developed sequential impregnation method. These catalysts were fully characterized by
various techniques including nitrogen sorption, powder X-ray diffraction, inductively coupled plasma
mass spectrometry (ICP-MS), transmission electron microscopy (TEM) and high angle annular dark-
field scanning transmission electron microscopy (HADDF-STEM). By using this synthetic approach, we
observed metal nanoparticles (NP) with diameters of 1-2 nm homogeneously supported on the MSN. The
catalytic performance of these MSN supported metal NPs was tested by aerobic oxidative esterification
in a tandem reaction where primary alcohols are oxidized to their corresponding aldehydes and to esters
in a subsequent reaction. We determined that Pd NPs are very efficient in the first step of oxidation;
however, stagnant in the subsequent oxidation. On the contrary, Au NPs show slow reactivity in con-
verting alcohols to aldehydes, but extraordinarily efficient in the oxidation of aldehydes to esters. By fine
tuning the metal ratio, the bimetallic catalyst exhibits better reactivity and selectivity toward a variety
of primary alcohols than the corresponding monometallic catalysts. In addition, we also found that the

bimetallic Pd-Au@MSN catalysts can be recycled three times without a significant loss in activity.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Selective oxidation of alcohols to the corresponding carbonyl
compounds is a primary topic of interest in organic synthesis
[1-6]. The resulting aldehyde, ketone, ester and acid products are
valuable intermediates to fine chemical, pharmaceutical and agro-
chemical industries [5,7,8]. Typically, this type of reaction is carried
out in high yield using stoichiometric amounts of strong reagents
such as transition metal oxidants or halo-oxoacids [9]. However,
with emerging environmental and economic concerns, increased
effort has been focused on the development of new types of cat-
alysts to enhance catalytic reactivity and reduce chemical waste.
Using molecular oxygen as an oxidant, aerobic oxidation of alcohols
catalyzed by transition-metal catalysts including organometallic
complexes and metal nanoparticles has attracted the attention
of researchers worldwide [10-13]. Among these catalysts, sup-
ported metal nanoparticle catalysts show very interesting features
and promising catalytic activities [1,10,14-16]. Not only can these
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heterogeneous catalysts be easily separated and recycled several
times, but they also exhibit extremely high reactivity and selec-
tivity even under mild reaction conditions. For example, Clark and
coworkers have reported the synthesis of palladium nanoparticles
supported on SBA-15 type materials that demonstrate very effi-
cient and selective aerobic oxidation of various alcohols [14,17]. A
quantitative yield can be reached even with a relatively-inert alkyl
substrate under ambient conditions. In addition, Hutchings et al.
developed a TiO, supported Au-Pd catalyst which shows extremely
high catalytic activity in aerobic oxidation of alcohols to aldehy-
des [3]. Later they demonstrated that this bimetallic catalyst can
also efficiently oxidize toluene under 10 bar of oxygen to yield ben-
zyl benzoate [18]. More recently, Wang et al. reported a graphene
supported Au-Pd catalyst which exhibits high catalytic activity in
methanol selective oxidation to methyl formate [19]. Qiu et al. put
forward an amphiphilic hollow mesoporous shell and an Au@Pd
bimetal nanoparticle core which shows excellent catalytic activity
and stability in aerobic oxidation of alcohols in water [20].
Functionalized mesoporous silica materials represent ideal
inorganic supports for immobilizing catalysts due to their high
surface area (>700m2g-1), defined pore structure, tunable pore
diameter (2-10 nm) and narrow pore size distribution. It has been
reported that the confined mesochannels can effectively control
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the agglomeration of metal nanoparticles [15,21-28]. Furthermore,
surface-bound ligands/functionalities can be used to stabilize the
metal NPs, whose high surface energy frequently leads to the aggre-
gation of nanoparticles [17,29-33]. Several studies involved in
supporting metal nanoparticles on the mesoporous silica materials,
such as Pd, Pt, Au, Rh, Ir and Ru on MCM/SBA-type materials, have
revealed superior catalytic performances on many types of chem-
ical transformations [15,16,34-38]. The synergistic effect has also
been observed in some bimetallic systems [1,17,39]. For example,
Chen and coworkers reported a Pd/Au bimetallic catalyst system
exhibiting enhanced reactivity and selectivity toward the solvent-
free aerobic oxidation of alcohols, where the Pd and Au complexes
were coordinated onto the amine-functionalized SBA-16 silica sup-
port prior to their reduction to nanoparticles [33]. In another
example, Yang et al. reported a high performance Pd/Au bimetallic
catalytic system demonstrating hydrogenation of cinnamaldehyde
[40].

Herein, we report the synthesis and catalytic properties for
a tandem aerobic oxidative esterification reaction of a series of
mono- and bimetallic Pd/Au catalysts supported on mesoporous
silica nanoparticles (MSNs) through a sequential impregnation
method (Scheme 1). This synthetic approach has shown to be effec-
tive in producing homogeneously distributed metal NPs on the
MSN support and good control of the incorporated metal ratio. We
compared the catalytic performance of our MSN catalysts with sev-
eral commercially available Au and Pd catalysts, such as Au@TiO5,
Au@Al,03 and Pd/C, in the aerobic oxidative esterification of ben-
zyl alcohol with methanol. Several primary alcohols were also
selected for oxidation to demonstrate the generality of this bimetal-
lic catalyst. Interestingly, monometallic PdA@MSN catalyst exhibited
high reaction conversion but poor selectivity, leading to benzalde-
hyde as the major product. On the contrary, catalysts containing
monometallic Au showed superior selectivity to ester product but
suffered from sluggish reactivity. Compared to their monometal-
lic counterparts, the bimetallic Pd-Au@MSN catalyst was more
efficient in both reactivity and selectivity. An in-depth study of dif-
ferent substrates was also performed with the most efficient Pd-Au
bimetallic MSN catalyst. Finally, we tested the recyclability of the
bimetallic Pd-Au@MSN catalyst in the same reaction conditions.

2. Materials and methods
2.1. Reagents and materials

All chemicals were used as received without further purifica-
tion. Tetraethoxysilane (TEOS) was purchased from Gelest, Inc.
Au@TiO, (1wt% Au) and Au@Al,05 (1wt% Au) were purchased
from Strem Chemicals, Inc. Other chemical reagents were pur-
chased from Sigma-Aldrich, Inc.

2.2. Synthesis of mesoporous silica nanoparticle (MSN)

The MSN material was synthesized via a previously reported
co-condensation method [41,42]. Typically, a mixture of
cetyltrimethylammonium bromide (CTAB, 2.0g, 5.5 mmol) and
2.0M of NaOH(,q) (7.0 ml, 14 mmol) in 480 ml of deionized water
was heated at 80°C for 30 min. To this solution, tetraethoxysilane
(TEOS, 10.0 ml, 44.8 mmol) was injected rapidly. A milky solution
formed within 2 min post injection. The resulting reaction mix-
tures were stirred at 80°C for 2h. The solid product was then
filtered, washed with copious amounts of deionized water and
methanol and dried overnight under high vacuum. A hydrothermal
treatment of the as-made MSN material was performed by soaking
MSN material (3.0g) in 20ml of DI water. The reaction mixture
was incubated at 100°C for 6h. The solid product was filtered

and dried under high vacuum for 24 h. To remove the surfactant
molecules, a solution of MSN materials (2.0g) and 2.0 ml of con-
centrated HCl in 200 ml of methanol was stirred at 60°C for 6 h.
The resulting surfactant-free MSNs were filtered, washed with
water and methanol, and dried under vacuum for 24 h.

2.3. Synthesis of bis(ethylenediamine) gold (III) chloride —
Au(en),Cl3

The synthetic procedure of this Au complex precursor has been
reported in the literature [31]. Typically, ethylenediamine (0.45 ml,
6.7 mmol) was slowly added into 10ml of aqueous solution of
HAuCly-3H,0 (1.0g, 2.54 mmol) until the solution turned trans-
parent. This solution was stirred for 30 min at room temperature.
Anhydrous ethanol (70 ml) was then added into the solution and
a precipitate formed immediately. The solid product was filtered,
followed by washing with ethanol and drying overnight under high
vacuum.

2.4. Synthesis of monometallic PA@MSN

Surfactant-free MSN materials (500 mg) was pre-dried under
vacuum at 90°C for 6h to remove physisorbed water. To this
reaction, a solution of Pd(OAc), (28 mg, 0.125 mmol) in 15 ml dry
toluene was injected. The reaction was stirred at 35 °C for 3 h, fol-
lowed by filtration and wash with 300 ml of toluene and 100 ml of
methanol, and dried under vacuum for 24 h to obtain a brownish
solid product denoted as Pd-complex-MSN. The Pd-complex-MSN
materials were then reduced by flowing H, at a rate of 30 ml min~!
at 250°C for 3 h to yield a gray colored final product (Pd@MSN).

2.5. Synthesis of monometallic Au@MSN

Typically, Au(en),Cl3 (36 mg, 0.085mmol) was dissolved in
60 ml of DI water. The pH value of this solution was adjusted by
adding 1.0 M NaOH solution to reach a pH of 10.0. Subsequently,
500 mg of surfactant-free MSN materials were added. The pH value
of this solution dropped to around 6 immediately due to the intrin-
sic acidity of the high surface area silica material. By adding 1.0 M
NaOH solution, the final pH value of the reaction mixture was tuned
to 9.5. The mixture was stirred for an additional 2 h at room tem-
perature, followed by filtration and wash with 300 ml of water and
100 ml of methanol, and dried under vacuum for 24h to obtain
a yellow colored solid product denoted as Au-complex-MSN. The
reduction of the Au-complex-MSNs was carried out by flowing H,
at a rate of 30 mlmin~! at 250°C for 3 h to yield a purple colored
final product (Au@MSN).

2.6. Synthesis of bimetallic Pd-Au@MSNs

A sequential impregnation method was applied to synthesize
the bimetallic MSN materials. The pre-synthesized Au-complex-
MSN (500 mg) was dried at 90°C for 6h to remove physisorbed
water molecules. A solution of Pd(OAc), (17.7 mg, 0.079 mmol)
in dry toluene (25 ml) was then added. The solution was stirred
at 35°C for 3 h, followed by filtration and washing with copious
amounts of toluene and methanol, and dried under vacuum for 24 h.
The reduction procedure was the same as previously described. By
tuning the molar ratio of Pd and Au, three bimetallic Pd-Au@MSNs-
x (where x indicates Pd/Au molar ratio) catalysts were synthesized.

2.7. Aerobic oxidative esterification of benzyl alcohol for
comparison of catalysts

A mixture of benzyl alcohol (108 mg, 1 mmol), K;CO3 (138 mg,
1 mmol), and catalysts (0.005 mmol, 0.5mol% on the total metal
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Scheme 1. Schematic representation of Pd-Au bimetallic MSN catalyzed aerobic oxidative esterification of alcohols in methanol.

basis) in dry methanol (2 ml) was prepared in a reaction tube at
room temperature. The reactor was then purged and filled with
pure oxygen (filled balloon). The resulting mixture was then stirred
at 60°C under an oxygen atmosphere (balloon) for 1 h. After com-
pletion of the reaction, the solid catalyst was filtered off and washed
with methanol (2 ml x 3). The filtrate was combined and analyzed
by GC (Hewlett-Packard 5890 GC equipped with HP-5 column)
using anisole as the internal standard.

2.8. Aerobic oxidative esterification of alcohols catalyzed by
Pd-Au@MSN-1.8

The reaction procedure is the same as previously described
but with varied reaction time. The results were analyzed by GC
(Hewlett-Packard 5890 GC equipped with HP-5 column) and an
Agilent Technologies 7890A gas chromatograph equipped with a
HP-5 column in-line with a 5975C mass detector.

2.9. Test of recyclability of Pd-Au@MSN-1.8 and PdA@MSN

A mixture of benzyl alcohol (324 mg, 3 mmol), K;CO3 (414 mg,
3 mmol), and Pd-Au@MSN-1.8 catalyst (66 mg, 0.5 mol% on the
total metal basis) in dry methanol (6 ml) was prepared in a reac-
tion vessel at room temperature. The reaction mixture was purged
and filled with pure oxygen (filled balloon). The resulting mixture
was stirred at 60 °C under an oxygen atmosphere (balloon) for 1 h.
After completion of reaction, the solid catalyst was filtered off and
washed with methanol (2 ml x 3). The filtrate was combined and
analyzed by GC using anisole as the internal standard. The cat-
alyst was then recovered by washing with water (10 ml x 3) and
methanol (10 ml x 3), and dried under vacuum for 24 h. The recov-
ered catalyst was then used for subsequent runs. The recyclability
of PA@MSN was measured by following the same procedures as
described above, using a 0.5 mol% metal ratio of benzyl alcohol.

2.10. Characterization methods

Surface analysis of these MSN catalysts was performed by nitro-
gen sorption isotherms at 77 K with a Micromeritics ASAP 2020
surface area and porosity analyzer. The surface area and median
pore diameter were evaluated by the Brunauer-Emmett-Teller
(BET) and Barrett-Joyner-Halenda (BJH) methods, respectively. The
powder diffraction patterns of these catalysts were measured by
a Rigaku Ultima IV X-Ray Diffractometer using a Cu Ko radiation
source. Low angle diffraction with a 26 range of 1.5-10° was used
to investigate the long-range order of the materials. High angle
diffraction with a 20 range from 10 to 90° was used to determine
the degree of crystallinity of metals inside the mesopores of MSN
catalysts. Tecnai G2 F20 transmission electron microscopy (TEM)
operated at 200 kV was used to examine the mesostructure of mate-

rials. The metal content of these MSN catalysts was quantified by
Hewlett-Packard 4500 ICP-OES after acid digestion of the materials.

3. Results and discussion
3.1. Material synthesis

As illustrated in Scheme 2, the Pd-Au bimetallic MSN catalysts
(Pd-Au@MSNs) were synthesized via a sequential impregnation
method. Gold was introduced into the MSN support in an aque-
ous solution through a deposition-precipitation method developed
by Dai et al., where Au(en),Cl;3 was used as the precursor [31].
By fine tuning the pH of the MSN suspension, positively charged
Au complexes can be well-distributed over the negatively charged
silica surface due to strong electrostatic interactions. Subse-
quently, Pd(OAc), was impregnated into the gold-containing MSN
(Au-complex-MSN) in toluene, followed by moderate hydrogen
reduction to form metal nanoparticles on the surface of MSN sup-
port. With this method, metal precursors are efficiently loaded
onto the MSN surface without the assistance of chelating ligands,
such as amine groups, resulting in a homogeneous distribution
of metal nanoparticles. Several studies have disclosed that using
strong ligands to bind the metal complexes could efficiently control
the distribution and the size of metal nanoparticles [17,22-26,29].
However, it has also been reported that the ligand-assisted strat-
egy would sometimes lead to inferior catalytic performance due
to strong interactions between chelating ligands and the metal
surface [29]. In addition, it is also plausible that some organic
ligands would participate in the reaction resulting in compli-
cated systems, e.g. amine groups may be oxidized to imine or
enamine under metal nanoparticles catalyzed oxidation reaction
[43]. In general, the silanol groups on the silica surface are not
strong ligands for coordinating Pd metal. Thus, the efficiency of Pd
impregnation on pure silica surface was usually low [43-45]. How-
ever, after base-treatment the deprotonated silanol groups would
become electron-rich and be able to effectively coordinate with the
electron-deficient Pd metal center. As a result, we found that the
molar ratio of Pd and Au elements can be easily controlled by using
our synthetic method due to the fact that the measured loading
of metals is very close to the amount of metal precursors we ini-
tially introduced. Monometallic Pd- and Au@MSN catalysts were
also synthesized via the same procedure for comparison of catalytic
reactivity.

3.2. Characterization of MSN catalysts

These mono- and bi-metallic MSN catalysts were fully charac-
terized by various techniques. As shown in Fig. 1, the high angle
annular dark-field scanning transmission electron microscopy
(HADDF-STEM) images clearly show that Pd and Au nanoclusters
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Scheme 2. Schematic representation of the synthesis of bimetallic Pd-Au@MSN catalyst.

Fig. 1. TEM images of bimetallic MSN catalysts. Bright field (left) and dark field (right). A). PdA@MSN; B). Au@MSN; C). Pd-Au@MSN-1.8; D). Pd-Au@MSN-1.0; E). Pd-Au@MSN-

0.55.

are well-distributed on the surfaces of the MSN catalysts. The diam-
eter of metal particles was estimated around 2 nm by visual analysis
of these images. In addition, there are no apparent aggregates of
metals observed in any of these samples. Energy-dispersive X-ray
spectroscopy (EDX) was also applied to determine the elemental
composition of Pd-Au@MSN catalyst, as shown in Fig. S1. Both metal

elements are clearly detected in the case of bimetallic Pd-Au@MSN
catalysts; however, it is still difficult to confirm if a Pd-Au alloy,
core shell or well-separated metal clusters were formed inside the
Pd-Au@MSN catalyst due to the limits on resolution. Figs. 2 and 3
show the powder X-ray diffraction patterns of these MSN catalysts.
As illustrated in Fig. 2, at low angle range (20 =1.5-10°) three dis-
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Fig. 2. Low angle powder X-ray diffraction of MSN catalysts. A). MSN; B). PdA@MSN;
C). Au@MSN; D). Pd-Au@MSN-1.8; E). Pd-Au@MSN-1; F). Pd-Au@MSN-0.55.
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Fig. 3. High angle powder X-ray diffraction of MSN catalysts. A). MSN; B). PdA@MSN;
C). Au@MSN; D). Pd-Au@MSN-1.8; E). Pd-Au@MSN-1; F). Pd-Au@MSN-0.55.

tinct peaks are observed that correspond to 2D-hexagonal patterns
in all samples, indicating that the mesoporous structure of these
MSN catalysts remained intact after the impregnation and reduc-
tion processes. On the other hand, at high angle range there is only
one small peak at around 26 =40° which is diffracted from Au[111]
and/or Pd[111] phase along with the characteristic broad peak of
pure amorphous silica at around 26 = 22° (Fig. 3) [46,47]. This result
implies that the sizes of the metal clusters are relatively small and
no large crystalline domain exist, which is in full agreement with
TEM images.

Complemented to XRD results, nitrogen sorption isotherm anal-
yses provided the bulk-average information of the mesoporous
materials. As shown in Fig. S2, the plots obtained are typical type IV
isotherms without hysteresis loops for all MSN catalysts. In addi-
tion, as summarized in Table 1 the synthesized catalysts exhibited
an approximate BET surface area of 900m? g1, and a narrow size
distribution at around 2.7 nm (Fig. S3), which are slightly reduced
when compared to MSN (Table 1, Entry 1).

These results also suggest that the formed Pd and Au nanopar-
ticles do not block the mesoporous channel of MSN catalysts,
assuring the accessibility of the catalytic metal nanoparticles inside
the mesopores. The actual loading of metal content of these MSN
catalysts was determined by ICP-OES analysis and the results were
summarized in Table 1. The measured loading is very close to
the amount introduced, indicating this sequential impregnation
method is very efficient and easy to control the molar ratio of
bimetals.

3.3. Catalytic results

To compare catalytic performance of the mono- and bi-metallic
MSN catalysts with commercially available solid supported gold

and palladium catalysts, the aerobic oxidative esterification of ben-
zyl alcohol was carried out in methanol at 60°C with 0.5 mol%
catalyst and one equivalent amount of K;COs3. As shown in Table 2,
the bimetallic Pd-Au@MSN-1.8 catalyst exhibits the highest cat-
alytic reactivity among all catalysts tested here, which results in a
full conversion of benzyl alcohol to yield the ester product quan-
titatively in 1h. It is interesting to note that all Pd-containing
catalysts (Table 2, Entry 1-2, 4-6) show higher benzyl alcohol con-
version than monometallic Au catalysts (Table 2, Entry 3, 7-8).
However, monometallic Pd catalysts (Entry 1-2) suffer from poor
selectivity with a yield of only 50% methyl benzoate. On the con-
trary, reactions catalyzed by Au-containing catalysts exhibit better
selectivity to the ester product. The major byproduct is benzalde-
hyde, which is the intermediate of this tandem oxidative reaction.
These results directly suggest that Pd catalysts can effectively cat-
alyze the oxidation of benzyl alcohol to form benzaldehyde but
they are retarded in converting benzaldehyde to methyl benzoate.
Compared to palladium, supported Au catalysts are very selective
toward this reaction. The high selectivity of Au catalyst can be
attributed to its high catalytic efficiency on the oxidative esterifica-
tion of aldehyde, while the in situ generated benzaldehyde would
be rapidly converted to methyl benzoate [48-50]. The rate deter-
mining step (RDS) of gold catalyzed aerobic oxidation reaction of
alcohol has been reported to be the dehydrogenation of the alcohol
to form its corresponding aldehyde [48]. Therefore, the slow RDS
at the first step of the oxidation reaction limits the overall catalytic
performance of monometallic supported Au catalysts. Comparing
the catalytic performance of three bimetallic MSN catalysts, we can
clearly observe a trend that catalysts with higher Pd to Auratio lead
to higherreactivity. In addition, the bimetallic Pd-Au@MSN-1.8 cat-
alyst appears to be more efficient than monometallic Pd catalysts in
terms of benzyl alcohol conversion, suggesting a synergistic effect
which supports previous reports [1,17,39,51-53].

It is also interesting to note that AU@MSN shows compara-
ble reactivity with Au@Al,03; and Au@TiO, since SiO, has been
reported to be poorer support than Al,03 and TiO, in the case
of oxidation of benzyl alcohol [54-57]. This may be attributed
to the large surface area of MSN, around 4 and 10 times higher
than Al,O3 and TiO,, respectively; providing better diffusion of
substrates and accessibility to the catalyst. Based on the above men-
tioned results, we have demonstrated the bimetallic Pd-Au@MSN
catalytic system can significantly enhance the reactivity of the aer-
obic oxidative esterification of benzyl alcohol. Further interests
on metal-metal interaction, metal-support interaction and metal
size effect in determining the catalytic performance are still under
investigation.

Several examples of aerobic oxidative esterification catalyzed
by Pd-Au@MSN-1.8 are summarized in Table 3. Most aromatic alco-
hols containing both electron-donating and electron-withdrawing
groups in the para-position were converted to the corresponding
methyl esters in high yields (entry 1-3, 5 and 7). Heteroaromatic 2-
pyridyl methanol and cinnamyl alcohol (entry 6 and 11) were also
oxidized to the corresponding methyl ester in decent yields. On
the contrary, the oxidation of aliphatic alcohols needed extended
reaction time to achieve moderate yields (entry 8-9). The poor reac-
tivity of aliphatic alcohols could be due to slow oxidation of the first
step of the reaction since we did not observe the formation of the
intermediate aldehyde after the reaction. It is noteworthy that p-
chlorobenzyl alcohol was not oxidized to its corresponding ester or
aldehyde (entry 4). Instead, the major product was methyl benzoate
(63% yield). This result implies that an oxidative insertion reaction
followed by a reductive elimination occurred along with the aero-
bic oxidative esterification reaction of the alcohol. It has been well
documented that Pd nanoparticle catalysts can efficiently catalyze
Suzuki coupling reactions [58-60]. However, this phenomenon is
not usually seen in most aerobic oxidation reaction conditions.
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Entry Catalyst Pd (wt%)? Au (Wt%)? Mole ratio Sger (m2g~1)P Whey (nm)° Pore volume (cm3g=1)P
1 MSN - - - 1038 3.1 1.01

2 Pd@MSN 1.32 NA - 938 2.8 0.79

3 Au@MSN NA 1.63 - 878 2.7 0.76

4 Pd-Au@MSN (1.8:1) 1.57 1.59 1.82 865 2.7 1.77

5 Pd-Au@MSN (1:1) 1.15 2.17 0.97 873 2.7 0.81

6 Pd-Au@MSN (1:1.8) 0.84 2.89 0.54 883 2.7 0.80

7 Au@TiO,¢ NA 1 - 40-50 NA -

8 Au@Al,05°¢ NA 1 - 200-260 NA -

9 Pd on activated charcoal® 5 NA - 868 NA 0.54

2 The metal content was determined by ICP-OES analysis.

b Specific surface area (Sger) and mean pore diameter (Wgy) were obtained from nitrogen sorption analysis. The specific surface area was calculated by BET method and

the mean pore diameter was calculated by BJH method.
¢ Information acquired from manufacturers’ websites.

Table 2
Comparison of catalytic performance of catalysts on aerobic oxidative esterification of benzyl alcohol.
o
@OH [catalyst]2 ! [catalyst]? o~
—_—
0O, CH4OH Op, CHOH
K,CO,4 K2CO3
Entry Catalyst Conversion (%)° Yield (%, ester) Selectivity!
1 Pd/C 88 49 55.7
2 Pd@MSN 89 43 48.3
3 Au@MSN 38 37 97.3
4 Pd-Au@MSN-1.8 >99 >99 >99
5 Pd-Au@MSN-1 85 83 97.6
6 Pd-Au@MSN-0.55 61 60 98.4
7 Au@TiO, 31 30 96.7
8 Au@Al,03 39 39 >99

2 Reaction condition is detailed in the experimental section. Reactivity results were determined by GC using anisole as the internal standard.

b Percent conversion of benzyl alcohol.
¢ Percent yield of benzyl benzoate.
d Yield/conversion x 100%.

Therefore, this result suggests that our Pd-Au@MSN catalyst may
have potential in catalyzing oxidative coupling reactions. In most
cases, the major byproducts are the corresponding aldehydes. How-
ever, in the case of methyl 4-(hydroxymethyl)benzoate (Entry
7) the only byproduct observed was methyl 4-methylbenzoate
instead of the aldehyde intermediate, which may result from a
dehydroxylation reaction. This observation supports the reaction
mechanism proposed by Hutchings et al., in which hydrides were
generated in situ on the metal surface even under reaction condition
with oxygen atmosphere [61].

The fidelity of heterogeneous catalysis in the case of Pd NPs
catalyzed reaction is still in debate. It has been suggested that pal-
ladium nanoparticles would serve as reservoirs which release the
Pd atoms to the solution and catalyze the reaction homogeneously
[62]. In addition, catalyst leaching has always been a concern of
supported metal catalysts. To rule out the contribution of homoge-
neous catalysis, the reaction with benzyl alcohol was conducted in
the presence of Pd-Au@MSN-1.8 for 30 min to obtain a conversion
of 78% and a yield of 63%. The solid catalyst was then hot-filtered
and the reaction solution was transferred to another reaction ves-
sel containing K,COs. The catalyst-free solution was then stirred
at 60°C under O, atmosphere for additional 24 h, but no further
reaction took place. In addition, the reaction solution was subse-
quently analyzed by ICP-OES and no metal (Pd and Au) species were
detected within the detection limit. Hence, these results suggested
that the supported Pd and Au nanoparticles were indeed securely
confined inside the mesopores of MSN material and would not leach
to the solution during the course of the reaction.

o
Pd-Au@MSN-1.8 i /lko/

M Yield of benzaldehyde

o

lConversion of benzyl alcohol

Pd-Au@MSN-1.
on Pd-Au@VSN-18
0,, CH;0H

K,CO;4

0,, CH30H
K,CO;3

100
90
80
J
X 70
8
w60
t
S 50
o
5 40
Q.
30
20
10 P
o L
1 2 3 4
Cycles

Fig. 4. Recyclability test of Pd-Au@MSN-1.8. Reactions were carried out under 60 °C
for 1 h with 0.5 mol% Pd-Au@MSN-1.8.

To test the recyclability of this bimetallic MSN catalyst, an aer-
obic oxidative esterification with benzyl alcohol was performed in
the presence of Pd-Au@MSN-1.8 catalyst. Fig. 4 shows the recycla-
bility of the MSN catalyst for four cycles. Both conversion and yield
were maintained as >99% in the first two cycles. They started drop-
ping during the third run and declined significantly for the next
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Table 3
Catalytic performance of Pd-Au@MSN-1.8 on the oxidation of various alcohols.?

o)
Pd-AU@MSN-1.8 ]| Pd-Au@MSN-1.8 o

N
R™ "OH R H R)J\O/
0,, CH;0H 0,, CH30H
KzCO3 KZCOS

Entry Substrate Conversion (%)° Yield (%, ester)" Selectivityd
=

1 e on >99 >99 100

2 \QOH >99 >99 100
MeO.

3 \©yOH >99 >99 100
Cl

4¢ \©\/0H 81 11 13.5
O,N

5 @VOH 93 65 70

6 ©\/\/OH >99 76 76

o

7t o~ >99 86 86
HO.

8¢ @WOH 72 72 100

ot CH3(CH3)1,OH 56 56 100

OH

10" 98 92 93.8
"N

110 S | OH >99 >99 100

2 Reactions were carried out at 60 °C for 4 h with 0.5 mol% Pd-Au@MSN-1.8 and 0.5 M substrate concentration in methanol. Reactivity results were determined by GC-MS

using anisole as an internal standard.
b Percent conversion of benzyl alcohol.
¢ Percent yield of benzyl benzoate.
d yield/conversion x 100%.
¢ Methyl benzoate is the major product.
f Methyl 4-methylbenzoate is the major byproduct.
& 20h reaction time.
h Reactivity determined by NMR with p-xylene as internal standard.

cycle. As a comparison, in the recyclability test of PdA@MSN shown
in Fig. S5, the conversion and yield decreased dramatically immedi-
ately following the first run. To investigate the catalyst deactivation,
Pd-Au@MSN-1.8 catalyst was examined by TEM after the third
cycle. As shown in Fig. S3, the mesostructure of MSN is less defined
and its original 2d-hexagonal mesopores has been converted to a
wormlike structure. This deformation of MSN support would likely
reduce the accessibility of catalytic sites inside the MSN, causing
the decline in reactivity. Another STEM mode image, also shown
in Fig. S3, shows that the metal nanoparticles are mostly confined
within the mesopores after three runs of reactions even though
some small agglomerates are sporadically observed. It is also evi-
dent that mesoporous silica is a good solid support, preventing the
supported metal clusters from agglomeration due to its confined
mesoporosity.

Future investigations in this area will involve measuring the
effects that pore size has on the diffusion of reactants into and prod-
ucts out of the mesopores. Another focus will be to modify the pore
surface with organic functional groups to control the molecular dif-

fusion as was shown for MSN tethered molecular catalyst systems
[41].

4. Conclusions

A series of MSN supported Pd-Au bimetallic NPs as catalysts
for aerobic oxidative esterification has been synthesized through
a sequential impregnation method. We have shown that sam-
ples prepared by this approach exhibit homogeneously distributed
metal nanoparticles within the mesopores. The Pd-Au bimetallic
catalyst reveals superior catalytic reactivity and selectivity over
all monometallic catalysts including commercial available Pd/C,
Au@TiO, and Au@Al,0s3. The reaction kinetics and mechanism
were also discussed. In addition, a great scope of primary alco-
hols has been tested, and showed quantitative yields in most cases,
indicating a general application of our Pd-Au@MSN catalyst. For
recyclability, we have found that these MSN catalysts can be reused
three times without losing activity.
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