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AuNi/LaMg-FDU-12 bimetallic catalyst exhibits excellent performance for

oxidative coupling of aldehydes with methanol to directly produce methyl esters.
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Herein, we report for the first time that La-Mg composite
oxide modified extra-large mesoporous FDU-12 supported
Au-Ni bimetallic catalyst exhibits excellent performance for
oxidative coupling of aldehydes (including benzyl and
aliphatic aldehydes) with methanol to directly produce
methyl esters.

Oxidative reactions are of academic and industrial importance for
producing valuable chemicals and intermediates.! Among them,
oxidative coupling of aldehydes with methanol is a highly
efficient route to directly synthesize methyl esters without the
participation of carboxylic acids or carboxylic acid derivatives.”
One of the most representative examples is the oxidative coupling
of methylacrolein (MAL) with methanol to produce methyl
methacrylate (MMA), an important monomer for polymers.
Traditionally, oxidative coupling of aldehydes with alcohols was
conducted with stoichiometric amounts of toxic heavy metal salts
such as KMnQO,, CrO;, V,0s or peroxovanadium,3 which is an
environmentally unfriendly process. Catalytic oxidative coupling
of aldehydes with methanol using molecular oxygen as the
oxidant remains an urgent and challenging task.

Gold nanoparticle catalysts have attracted increasing interest
due to their high efficiency in a wide range of oxidative
reactions.* However, just a few examples provide catalytic
performance of supported gold catalysts for oxidative coupling of
aldehydes with alcohols. Au/TiO, showed high efficiency for the
oxidative coupling of benzaldehyde with methanol but low
activity for the transformation of aliphatic acrolein.’ Au-Ni
bimetals supported on Al-Mg composite oxide modified silica
provided high selectivity for the oxidative coupling of MAL with
methanol, but the MAL conversion was merely 62%.5

Since Fan and co-workers found that FDU-12 supported gold
nanoparticles exhibited high stability in aerobic oxidation of CO
and benzaldehyde,” ordered mesoporous FDU-12 has been
identified as a promising support for oxidative reactions due to its
unique structures such as extra-large entrance size and high pore
volume. Herein, we describe for the first time that after
modifying with La-Mg composite oxide, FDU-12 supported Au-
Ni bimetallic catalyst exhibits high activity and stability for
oxidative coupling of aldehydes (including benzyl and aliphatic
aldehydes) with methanol to directly produce methyl esters.

Ordered extra-large mesoporous FDU-12 was synthesized
according to the literature method.® Then, FDU-12 was
impregnated with a mixture solution of La(NOs); and Mg(NO3),.
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Fig. 1 SAXS patterns (a) and N,-sorption isomers (b) of FDU-12, LaMg-

so FDU-12 and AuNi/LaMg-FDU-12; (c) STEM image of AuNi/LaMg-

FDU-12 viewed along (111) direction; (d) EDX scanning profile of the
labeled spot in Fig. lc.

After calcination in air at 823 K, La-Mg composite oxide
modified FDU-12 (LaMg-FDU-12) was prepared. Au and Ni
precursors were introduced onto LaMg-FDU-12 simultaneously.
After calcination in air at 723 K, AuNi/LaMg-FDU-12 catalyst
was obtained. Small-angle X-ray scattering (SAXS) pattern of
FDU-12 showed two peaks at g-values of 0.26 and 0.49 nm'
assigned to (111) and (311) reflections of an ordered face-
centered cubic mesostructure (Fm3m) with a unit cell of 42.66
nm (Fig. la). LaMg-FDU-12 provided three scattering peaks in
the SAXS pattern at g-values of 0.27, 0.50 and 0.60 nm™ (Fig.
la). The shift of g-values to higher positions could be attributed
to the interaction between La-Mg composite oxides and FDU-12
pore walls, which resulted in a little shrinkage of FDU-12
framework. As a result, the d-spacing of (111) lattice decreased
from 24.2 to 23.3 nm. No further shrinkage was observed during
the following course of loading Au-Ni bimetals. SAXS pattern of
AuNi/LaMg-FDU-12 resembles that of its mother LaMg-FDU-12,
indicating that the FDU-12 framework was stable and the ordered
extra-large mesopores of FDU-12 were preserved. Typical type-
IV isomers with large H, hysteresis loops could be seen for bare,
modified and Au-Ni supported FDU-12 (Fig. 1b). The pore size
of AuNi/LaMg-FDU-12 was 18.0 nm (Fig. S1, ESIf), which is

75 very close to STEM observation results considering the thickness
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Table 1 Catalytic performance of screened catalysts for the oxidative

coupling of MAL with methanol.”
O
}v/o + CHyOH — 2> %(0\ +H,0

Catalyst
(0]

Catalyst T(C) Conversion Selectivity

(%) (%)
None 60 38 0
None 60 6 0
FDU-12 60 4 0
LaMg-FDU-12 60 14 0
AuNi/FDU-12 60 6 0
AuNi/FDU-12(IWI)* 60 7 0
AuNi/LaMg-FDU-12 60 61 94
AuNi/LaMg-SiO, 60 36 61
AuNi/AlMg-FDU-12 60 42 70
AuNi/La-FDU-12 60 36 82
AuNi/Mg-FDU-12 60 50 85
AuNi/LaMg-FDU-12" 60 56 94
Au/LaMg-FDU-12 60 53 89
Ni/LaMg-FDU-12 60 5.2 0
AuNi/LaMg-FDU-12 70 74 94
AuNi/LaMg-FDU-12 80 85 95
AuNi/LaMg-FDU-12 90 97 96

“ Reaction conditions: catalyst 0.75 g, MAL 0.04 mol, methanol 0.64
mol, Mg(OH), as the base, oxygen 0.3 MPa, 30 mL min" of the
oxygen flow rate, 2 h. * Without addition of Mg(OH),. ¢ Au and Ni
precursors were supported onto bare FDU-12 with the incipient
wetness impregnation method at room temperature.

s of pore walls (Fig. 1c). EDX profile clearly manifested the
existence of Au and Ni in AuNi/LaMg-FDU-12 (Fig. 1d).
Textural parameters of typical samples were summarized in Table
S1 (ESIt). SAXS, Nj-sorption, STEM and EDX experiments
confirm the conclusion that Au-Ni bimetals have been
successfully supported on the La-Mg composite oxide modified
extra-large mesoporous FDU-12.

Oxidative coupling of MAL with methanol was firstly selected
to evaluate the performance of AuNi/LaMg-FDU-12 catalyst and
the results were listed in Table 1. Blank experiments showed that
15 a MAL conversion of 38% was obtained in the absence of both
catalysts and bases, while the MMA selectivity was negligible
and the main by-product was 1,1-dimethoxy-2-methylpropylene.
Adding Mg(OH), into the reaction system greatly inhibited the
formation of 1,1-dimethoxy-2-methylpropylene, but the MAL
conversion decreased to 6%. Both bare FDU-12 and LaMg-
FDU-12 were inactive for the oxidative coupling of MAL with
methanol. After loading Au-Ni bimetals, the prepared
AuNi/LaMg-FDU-12 catalyst exhibited a high selectivity for
MMA with a MAL conversion of 61%. As a comparison,
unmodified AuNi/FDU-12 was ineffective for the reaction,
because it is difficult for bare FDU-12 to adsorb Au and Ni
precursors to form the so-called AuNi/FDU-12 catalyst. The
loading amounts of Au and Ni on bare FDU-12 was negligible.
We then tried to prepare AuNi/FDU-12 catalyst with the incipient
wetness impregnation method to maintain the complete loading
of Au and Ni precursors. However, the prepared AuNi/FDU-
12(IWI) catalyst also showed poor performance. In XRD patterns,
characteristic Au diffraction peaks appeared at 38.2, 44.3, 64.6,
77.4 and 81.8° for AuNi/FDU-12(IWI), indicating an average Au
35 nanoparticle size of 55 nm (Fig. S2, ESIt). It is well known that
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Fig. 2 (a) TEM image of AuNi/LaMg-FDU-12; (b) CO,-TPD profiles of
FDU-12, LaMg-FDU-12 and AuNi/LaMg-FDU-12; (c) XPS of Au 4f in
AuNi/LaMg-FDU-12; (d) XPS of Ni 2ps3,in AuNi/LaMg-FDU-12.

large Au particles are inactive to catalyze reactions. No
diffraction peaks belonging to Au or Ni were detected for
AuNi/LaMg-FDU-12 catalyst due to small Au-Ni nanoparticle
size (Fig. S3, ESI{). TEM images showed that Au-Ni
nanoparticles uniformly dispersed on the La-Mg composite oxide
modified FDU-12 with a particle size of 2.3 nm (Fig. 2a). CO,-
TPD profiles manifested that no obvious CO, desorption peaks
were observed on bare FDU-12, while LaMg-FDU-12 provided
two desorption peaks at 97 and 263 ‘C (Fig. 2b), indicating that
modification of FDU-12 with La-Mg composite oxides enhanced
the basic strength and amounts of basic sites, which promoted the
dispersion of Au-Ni nanoparticles and greatly improved catalytic
efficiency.

We found that both MAL conversion and MMA selectivity
decreased after substituting FDU-12 with silica. The reason could
be attributed to the ordered extra-large mesopore structures of
FDU-12, which could facilitate the diffusion of substrates and
products. Meanwhile, AuNi/LaMg-FDU-12 showed much better
performance than that of AuNi/AIMg-FDU-12. The latter
provided a MAL conversion of 42% with a MMA selectivity of
70%.

Au-Ni bimetallic catalysts modified with La-Mg composite
oxides showed superior performance to Au-Ni catalysts merely
modified with La or Mg oxides. In the same way, Au-Ni
bimetallic catalysts were more efficient than monometallic Au or
Ni catalysts. XPS spectrum of Au 4f showed that after calcination
Au™ precursors were mainly reduced to Au® (83.7 and 87.6 eV)
associated with partially reduced Au' species (84.5 and 88.7 eV)
(Fig. 2¢).” The metallic Au’ was identified to be active for
oxidative coupling of aldehydes with methanol.? Correspondingly,
in the Ni 2p,), region, besides Ni’ (852.0 eV), NiO (853.1 eV)
and Ni(OH), (856.9 eV), a fraction of Ni" precursors were
oxidized to high-valence Ni,O3 (855.7 ¢V) (Fig. 2d)."° Suzuki
and co-workers reported that high-valence nickel oxides were
also effective for oxidative coupling of aldehydes with methanol.®
Therefore, the synergetic effect between Au and Ni made the

75 bimetallic AuNi/LaMg-FDU-12 catalyst more efficient than

monometallic counterparts. To our delight, AuNi/LaMg-FDU-12
catalyst offered a MAL conversion of 56% with the MMA
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Table 2 Catalytic performance of AuNi/LaMg-FDU-12 for the oxidative
coupling of various aldehydes with methanol.”

Conversion  Selectivity
Entry Substrate Product %) %)
, H O\
1 100 90
O O
2 )ﬁfH )}(O\ 100 94
O O
3 )H(H )H(O\ 97 96
O (@]
(0] (e}
~
O
4 @AH @A 100 94
o o
, H o~
5¢ 96 93
Cl cl
o} o
-
o o
/@)g /@AO/
7 “ % 100 99
(0] (0]
/
Cl Cl
(o} o]
-
O LT e
[e] (0]
~
10° &H @fko 100 99
o/ O/
(0] (0]
e
11° &H &O 74 89
Br Br
(0] O
~
12¢ &H yo 97 87
| |

C C

“ Reaction conditions: catalyst 0.75 g, substrate 0.04 mol, methanol 0.64
mol, 0.3 MPa of oxygen, 30 mL min" of the oxygen flow rate.
Reaction time 2 h, Mg(OH), as the base, 0.05 g.  Reaction time 8 h,
K,CO; as the base, 0.1 g. ¢ Reaction time 16 h, K,CO; as the base, 0.1 g.
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selectivity of 94% even in the absence of bases.

The reaction temperature affected catalytic performance
greatly. When the reaction temperature was elevated to 90 C, a
MAL conversion of 97% with a MMA selectivity of 96% was
acquired.

Besides MAL, we also selected variety of benzyl and aliphatic
aldehydes as substrates to investigate the catalytic performance of
AuNi/LaMg-FDU-12 catalyst and the results were summarized in
Table 2. With Mg(OH), as a weak base, AuNi/LaMg-FDU-12
showed high activity and selectivity for oxidative coupling of
propionaldehyde, isobutyraldehyde and methylacrolein with
methanol. Compared with saturated aliphatic aldehydes, the
conversion of unsaturated aliphatic aldehyde, methylacrolein,
dropped from 100% to 97% with the selectivity increasing to
96%. Friend and co-workers demonstrated that oxidative
coupling of aldehydes with methanol started with deprotonation
of methanol, the formed methoxy then attacked the aldehydic
carbon atoms to form hemiacetal intermediates and finally further
B-H elimination of hemiacetal yielded methyl esters.” Based on
this finding, the conjugated effect between C=C and C=O of
unsaturated aldehydes passivated carbonyl groups, which made
the nucleophilic attack of methoxy difficult. Consequently, the
conversion of unsaturated aldehydes dropped.

Compared with aliphatic aldehydes, longer reaction time and
stronger base are needed for oxidative coupling of benzyl
aldehydes due to the conjugated effect between benzene ring and
C=0. In the presence of K,COs;, the conversion and the
selectivity of benzaldehyde were as high as 100% and 94%,
respectively. Complete conversion with selectivity over 90% was
achieved for benzyl aldehydes containing electron-donating
groups such as CH; and OCHj3;, no matter where the substituents
located. For benzyl aldehydes containing electron-withdrawing
groups such as Cl and Br, the position of substituents had an
important effect. With 4-chlorobenzaldehyde as the substrate, the
conversion and the selectivity of 96% and 93% were obtained,
which were very close to those of benzaldehyde. However, for 2-
chlorobenzaldehyde and 2-bromobenzaldehyde, conversions
dropped to 70% and 74%, respectively, which meant that
electron-withdrawing groups located at ortho-position passivated
the aldehyde groups more. By extending reaction time to 16 h,
the conversion of 2-chlorobenzaldehyde increased to 97% with a
methyl ester selectivity of 87%. In a word, AuNi/LaMg-FDU-12
showed high efficiency for oxidative coupling of aldehydes with
methanol.

Furthermore, AuNi/LaMg-FDU-12 showed high stability for
the oxidative coupling of methylacrolein with methanol. No
deactivation was observed after recycling for six times (Fig. S7,
ESIt). The yield of methyl methacrylate maintained at 94%.
Ordered extra-large mesopores of FDU-12 were persisted and no
diffraction peaks belonging to Au or Ni could be detected (Fig.
S8-S10, ESIY).

Conclusions

In conclusion, ordered extra-large mesopores of FDU-12,
enhanced alkalinity by La-Mg composite oxide and synergetic
effect between Au and Ni provided AuNi/LaMg-FDU-12
excellent performance for oxidative coupling of aldehydes with
methanol to directly produce methyl esters. The catalyst will be a

This journal is © The Royal Society of Chemistry [year]
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promising alternative to the conventional Pd-Pb catalysts which
cause serious Pb contamination to the environment.
This work was supported by the National Key Basic Research
Program of China (2015CB251401), the National Natural Science
s Foundation of China (21306203) and the National High-Tech
Research and Development Program of China (2012AA062903).
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