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A highly efficient Pd2Pb8/Alumina catalyst was prepared, 

which provided the highest turnover number (TON) of 302 

for aerobic oxidative coupling of methylacrolein with 

methanol. The enhanced catalytic efficiency could be 

attributed to multi-scale (micron, nano and atom-scales) 10 

promoting effects of pre-loaded Pb species. 

Oxidative coupling of aldehydes with methanol provides a highly 

efficient approach to directly produce methyl esters without the 

participation of carboxylic acids or carboxylic acid derivatives.1 

Among them, aerobic oxidative coupling of methylacrolein with 15 

methanol offers a sustainable and environmentally benign 

alternative to the traditional acetone cyanohydrin (ACH) method 

in the production of methyl methacrylate (MMA), an important 

monomer for polymers with a production capacity of 3 millions 

of tons in 2010.2 The aerobic oxidative coupling reaction starts 20 

from methylacrolein, methanol and oxygen, avoids the utilization 

of toxic and corrosive HCN and H2SO4, and generates water as 

the only by-product (Scheme 1). Hence, much effort has been 

devoted to the novel process.3 Up to now, Pd, Au and Co-based 

catalysts have been developed and identified as effective catalysts 25 

for aerobic oxidative coupling reactions.4 

Scheme 1 Synthetic methods for MMA: (a) ACH method and (b) aerobic 

oxidative coupling of methylacrolein with methanol. 

 For Au and Co-based catalysts, long reaction time and much 

excessive methanol are needed to maintain high aldehyde 30 

conversion and product selectivity. Methylacrolein is an active 

substrate and prone to polymerization, decarbonylation and 

hydrogenation. Long reaction time may result in the generation of 

by-products and excessive methanol consumes much energy in 

subsequent product separation process. These problems could be 35 

solved by using Pd-based catalysts. Diao and co-workers reported 

a Pd-Pb bimetallic catalyst, over which aerobic oxidative 

coupling of methylacrolein with methanol could be completed in 

2 h with a methanol/aldehye molar ratio of 8/1.5  However, 

monometallic Pd catalysts could not meet the requirements due to 40 

low product selectivity.6a After doping Pb, prepared Pd-Pb 

bimetallic catalysts offered enhanced catalytic performance and a 

turnover number (TON), defined as the total number of product 

moles formed per mole of Pd catalyst, of 61 could be obtained.6b 

To date, the exact reason for the amazingly promoting effects of 45 

Pb remains unclear and the catalytic efficiency of Pd should be 

further improved due to its high cost and limited availability. 

Herein, we report a highly efficient Pd-Pb bimetallic catalyst, 

which provides a TON of 302, the highest efficiency reported, for 

the aerobic oxidative coupling of methylacrolein with methanol. 50 

The enhanced catalytic efficiency could be attributed to multi-

scale promoting effects of pre-loaded Pb species. 

 PdmPbn/Alumina catalysts (m and n represent the theoretical 

Pd and Pb loadings) were prepared by a stepwise method. Pb 

species were firstly deposited onto alumina by the wet 55 

impregnation method using Pb(NO3)2 as the precursor. After 

drying and calcination, Pbn/Alumina composite supporters with 

variety of Pb loadings were obtained. Then, Pd was introduced by 

immersing Pbn/Alumina into a Na2PdCl4 solution. After reduction 

with hydrazine at 90 ℃ , PdmPbn/Alumina bimetallic catalysts 60 

were acquired. Compositions of prepared Pd-Pb catalysts were 

listed in Table 1. It could be seen that actual ratios of Pb to Pd 

measured by the inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES) are very close to the theoretical values. 

 Catalytic performance of prepared PdmPbn/Alumina catalysts 65 

for aerobic oxidative coupling of methylacrolein with methanol 

was screened and the results were summarized in Table 1. 

Consistent with the reported work,6a monometallic Pd catalyst 

showed poor performance for the oxidative coupling reaction and 

the MMA selectivity was only 47% (Table 1, entry 1). By-70 

products mainly include isobutyraldehyde (a), methyl isobutyrate 

(b), propylene (c), 1,1-dimethoxy-2-methylpropylene (d), 

methally alcohol (e), methacrylic acid (f), methacrylic anhydride 

(g) and isobutenyl methacrylate (h) (Scheme S1, ESI†). After 

doping Pb, catalytic performance was greatly improved. When Pb 75 

content increased to 8 wt%, Pd2Pb8/Alumina provided the best 

performance with a methylacrolein conversion of 82% and a 

MMA selectivity of 84% (Table 1, entry 5). Meanwhile, main by-

product yields of c, g and h dropped from 2.5, 1.2 and 18.9% to 

0.1, 0.5 and 3.4%, respectively. The calculated TON for  80 
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Pd2Pb8/Alumina was as high as 302, the highest number reported. 

Further increasing Pb loadings inhibited the catalytic efficiency 

(Table 1, entries 6 and 7). Hence, the optimal Pb content of 8 wt% 

was selected for further investigations. 5 

 Monometallic Pb catalyst was inactive and poorly selective for 

the oxidative coupling of methylacrolein with methanol (Table 1, 

entry 8). With the increment of Pd loadings, methylacrolein 

conversion and MMA selectivity improved dramatically (Table 1, 

entries 5 and 9-11), revealing that Pd provides active sites for the 10 

oxidative coupling reaction. When Pd content increased to 2%, 

the catalytic efficiency of Pd2Pb8/Alumina matched that of 

Pd5Pb5Mg2/Alumina prepared with the reported method.5 

Considering Pd loadings, the catalytic efficiency of 

Pd2Pb8/Alumina was approximately 3-fold that of 15 

Pd5Pb5Mg2/Alumina. Compared with the reported method, in 

which Pd precursors were firstly loaded onto the carriers, 

modifications made in the present work mainly include: (1) the 

Pb promoter was firstly loaded onto the carriers; (2) the content 

of Pb was elevated to 8 wt%. Therefore, we speculate that the 20 

amazingly improved catalytic efficiency of Pd2Pb8/Alumina 

might originate from promoting effects of preloaded Pb species. 

Fig. 1 X-ray microprobe mapping of Pd at the cross section of (a) 

Pd2/Alumina, (b) Pd2Pb8/Alumina and (c) Pd5Pb5Mg2/Alumina. The scale 

bars represent 20 m. 25 

 First of all, X-ray microprobe technique was used to analyze 

the distribution of Pd in three typical catalysts. As shown in 

Fig. 1, uniform Pd distribution was obtained on monometallic 

Pd2/Alumina and bimetallic Pd5Pb5Mg2/Alumina (Fig. 1, a 

and c), both of which were prepared with the reported method, 30 

while an egg-shell structured Pd distribution with a depth of 

20 μm was observed on Pd2Pb8/Alumina (Fig. 1, b), 

suggesting that pre-loaded Pb species facilitate the 

confinement of Pd precursor in the egg-shell region. Pre-

loaded Pb species might be PbO originated from the 35 

decomposition of Pb(NO3)2 at 550 ℃,7 though no diffraction 

peaks ascribed to PbO was detected in XRD measurements 

(Fig. S1, ESI†). CO2 chemisorption experiments manifested 

that after loading 8 wt% of Pb onto alumina, CO2 desorption 

temperatures increased by 50℃  with the CO2 desorption 40 

amount increased from 7.13 to 16.65 μmol g-1 (Fig. S2 and 

Table S1, ESI † ), revealing that pre-loaded Pb species 

enhanced the basic strength and increased basic site amounts 

of alumina carriers. Improved alkalinity of Pb8/Alumina 

promotes the hydrolysis of [PdCl4]
2- precursors and 45 

strengthens the interaction of [PdClx(OH)4-x]
2- species with 

the positively charged alumina surface.8 As a result, Pd 

precursors were confined in a region near the outer surface of 

alumina microspheres and an egg-shell structured Pd 

distribution formed. Pd provides active sites for the oxidative 50 

coupling reaction. However, on the uniformly dispersed 

catalysts such as Pd2/Alumina and Pd5Pb5Mg2/Alumina, 

active sites located in the inner micropores could not be used 

effectively due to steric hindrance and transfer resistance, which 

decreased the catalytic efficiency of the precious metal Pd. This 55 

problem was solved by confining active sites in the egg-shell 

region by pre-loading Pb. Therefore, from the micron-scale 

viewpoint, pre-loaded Pb species promote the confinement of Pd 

in the egg-shell region and improve the formation of more 

accessible active sites. 60 

 Fig. 2 shows TEM and HRTEM images of three representative 

catalysts. For monometallic Pd2/Alumina, the d-spacing of 0.22 

nm corresponded to the Pd (111) lattice (Fig. 2, d). After doping 

Pb, the d-spacing increased to 0.23 nm (Fig. 2, e and f), 

corresponding to the bimetallic Pd3Pb (111) lattice.5 In XRD 65 

patterns, the diffraction peak of Pd (111) lattice shifted from 40.2° 

to 38.6° after doping Pb (Fig. S3, ESI†), indicating the expansion 

Fig. 2 TEM images of (a) Pd2/Alumina, (b) Pd2Pb8/Alumina and (c) 

Pd5Pb5Mg2/Alumina; HRTEM images of (d) Pd2/Alumina, (e) 

Pd2Pb8/Alumina and (f) Pd5Pb5Mg2/Alumina. 70 

Table 1 Aerobic oxidative coupling of aldehydes with methanol over different 

catalystsa 

Entry Catalyst 
Composition (%) Conv. 

(%) 

Sel. 

(%) Pd Pb Pb/Pd 

1 Pd2/Alumina 1.60 0.00 0.00 79 47 

2 Pd2Pb1/Alumina 1.52 0.81 0.53 77 50 

3 Pd2Pb2/Alumina 1.39 1.44 1.04 70 62 
4 Pd2Pb5/Alumina 1.58 3.74 2.37 78 78 

5 Pd2Pb8/Alumina 1.78 6.29 3.53 82 84 

6 Pd2Pb10/Alumina 1.39 6.70 4.82 78 80 
7 Pd2Pb20/Alumina 1.33 9.78 7.35 30 50 

8 Pb8/Alumina 0.00 5.87  26 2 

9 Pd0.5Pb8/Alumina 0.39 5.99 15.36 19 47 
10 Pd1Pb8/Alumina 0.81 6.13 7.58 33 53 

11 Pd2.5Pb8/Alumina 1.98 6.30 3.18 85 88 

12b Pd5Pb5Mg2/Alumina 4.81 4.80 1.00 84 78 
13c Pd2Pb8/Alumina 1.78 6.29 3.53 96 95 

14d Pd2Pb8/Alumina 1.78 6.29 3.53 88 83 

15e Pd2Pb8/Alumina 1.78 6.29 3.53 71 92 
16f Pd2Pb8/Alumina 1.78 6.29 3.53 100 85 

17g Pd2Pb8/Alumina 1.78 6.29 3.53 100 95 

a Reaction conditions: catalyst (2.5 g), methylacrolein (0.18 mol), methanol 

(1.44 mol), Mg(OH)2 (0.15 g), 0.3 MPa O2, 80℃, 2 h. b The catalyst was 

prepared according to the traditional method.5 c Similar to entry a with 0.09 mol 
methylacrolein. d Reaction conditions: catalyst (0.75 g), isobutyraldehyde (0.04 

mol), methanol (0.64 mol), Mg(OH)2 (0.05 g), 0.3 MPa O2, 60℃, 7 h. e Similar 
to entry d with 0.04 mol benzaldehyde. f Reaction conditions: catalyst (0.2 g), 

4-chlorobenzaldehyde (0.0036 mol), methanol (0.64 mol), K2CO3 (0.1 g), 0.3 

MPa O2, 80℃, 8 h. g Similar to entry f with 0.0036 mol 4-

methoxybenzaldehyde. 
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Fig. 3 XPS of Pd 3d for (a) Pd2/Alumina and (b) Pd2Pb8/Alumina. 

of Pd lattice after doping larger Pb atoms. HRTEM observations 

matched well with XRD measurements, both of which indicated 

that Pd-Pb bimetallic nanoparticles prepared with the novel and 

reported methods possessed the same Pd3Pb structure. However, 5 

the particle size of Pd-Pb bimetallic nanoparticles is 4.4 nm for 

Pd5Pb5Mg2/Alumina larger than 3.0 nm for that of 

Pd2Pb8/Alumina (Fig. 2 and S4). Corresponding Pd dispersion 

increased from 26 to 39%.9 From the nano-scale viewpoint, pre-

loaded Pb species facilitate to decrease the Pd-Pb bimetallic 10 

nanoparticle size, elevate the Pd dispersion and increase active 

site number. Wang and co-workers found that the oxidative 

coupling of methylacrolein with methanol is a structure-sensitive 

reaction and the catalytic efficiency increased with decreasing 

mean size of active nanoparticles.4a Therefore, Pd2Pb8/Alumina 15 

showed much higher catalytic efficiency than 

Pd5Pb5Mg2/Alumina. 

 XPS was used to characterize the interaction of adjacent Pd 

and Pb atoms. The results were presented in Fig. 3. For 

Pd2/Alumina catalyst, peaks with binding energies of 334.9 and 20 

340.2 eV were assigned to Pd0. For Pd2Pb8/Alumina catalyst, 

binding energies of Pd0 3d5/2 and 3d3/2 appeared at 335.1 and 

340.4 eV, respectively. Compared with monometallic Pd, binding 

energies shifted to higher positions after forming Pd-Pb 

bimetallic nanoparticles,10 suggesting that Pb withdraw charge 25 

from adjacent palladium atoms and make the electrophilicity of 

palladium atoms increase.11 Friend and co-workers illustrated that 

aerobic oxidative coupling of aldehydes with methanol started 

with deprotonation of methanol, the formed methoxy then 

attacked the aldehydic carbon atoms to form hemiacetal 30 

intermediates and further -H elimination of hemiacetal released 

methyl esters.1 Based on this oxidative coupling mechanism, 

electron-deficient palladium atoms promote the activation of 

aldehydes and facilitate the formation of hemiacetal intermediates. 

The β-H elimination of hemiacetal intermediates yields MMA. 35 

 Fig. 4 collects in situ FTIR spectra of adsorbed CO on 

Pd2/Alumina and Pd2Pb8/Alumina. For the monometallic 

Pd2/Alumina, CO was mainly adsorbed in the bridged mode at 

1950 cm-1 with a small amount of CO adsorbed in linear mode. 

On the contrary, CO was mainly adsorbed in the linear mode at 40 

2072 cm-1 on Pd2Pb8/Alumina. The reason could be attributed to 

the dilution effect of Pb to Pd, which inhibits the CO adsorption  

Fig. 4 In situ FTIR spectra of adsorbed CO on (a) Pd2/Alumina and (b) 

Pd2Pb8/Alumina. The profiles for each sample were collected from 2 to 82 

minutes (along the direction of arrow) with interval of 8 minutes. 45 

on two Pd atoms (Fig. S5, ESI†). In addition, the frequency of 

linear-adsorbed CO on Pd2/Alumina was blue shifted from 2072 

to 2084 cm-1 with the increase of adsorption amount due to the 

interaction between the adsorbed CO molecules,12 while almost 

no frequency shift was observed for linear-adsorbed CO on 50 

Pd2Pb8/Alumina, which further confirms the conclusion that Pb 

atoms dilute Pd clusters. There are similarities in the adsorbing 

mode between CO and aldehyde carbonyl groups (Fig. S5, ESI†). 

Hence, the dominant adsorbing mode of carbonyl alters from 

bridged to on-top mode after forming Pd-Pb bimetallic 55 

nanoparticles.13 On one hand, the weakly on-top mode adsorbed 

carbonyls make side reactions such as decarbonylation, oxidation 

and hydrogenation more difficult to occur. On the other hand, the 

weakly on-top mode adsorbed carbonyls preserve the sp2 

hybridization form of the aldehydic carbon atoms, which possess 60 

low steric hindrance and facilitate the nucleophilic attack of the 

adsorbed methoxy intermediates.14 Therefore, from the atom-

scale viewpoint, the electronic interaction and the dilution effect 

of Pb to Pd inhibit side reactions and increase MMA selectivity. 

 When the oxidative coupling of methylacrolein was conducted 65 

with a methanol/aldehydes molar ratio of 16/1, a methylacrolein 

conversion of 96% with a MMA selectivity of 95% were obtained 

over Pd2Pb8/Alumina catalyst (Table 1, entry 13). Good to 

excellent conversion and selectivity were also achieved over 

Pd2Pb8/Alumina using isobutyraldehyde, benzaldehyde and 70 
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substituted benzaldehydes containing electron-donating and 

electron-withdrawing groups as the substrates (Table 1, entries 

14-17), indicating that Pd2Pb8/Alumina catalyst showed a broad 

aldehyde range for the aerobic oxidative coupling reaction. We 

also found that after recycling for twenty times Pd2Pb8/Alumina 5 

catalyst still maintained high performance with the 

methylacrolein conversion of 70% and the MMA selectivity of 80% 

(Fig. S6, ESI†). The leaching of Pd was negligible after 22 

recycles. Additionally, Pd2Pb8/Alumina catalyst was very robust. 

The particle size distribution profiles of alumina microspheres 10 

were very similar for fresh and used catalysts (Fig. S7 and S8, 

ESI†), indicating no obvious abrasion of alumina supporters 

occurred. In TEM images, no aggregation of Pd-Pb bimetallic 

nanoparticles was observed after 22 recycles (Fig. S9, ESI†). 

However, the particle size of Pd-Pb nanoparticles increased from 15 

initial 3.0 nm to 4.1 nm (Fig. S9, ESI†). The reason could be 

attributed to the Ostwald ripening, which is inevitable for liquid-

participated reactions. 

Conclusions 

In conclusion, a highly efficient Pd2Pb8/Alumina catalyst for 20 

aerobic oxidative coupling of methylacrolein with methanol was 

prepared. The excellent performance of the novel catalyst was 

attributed to the multi-scale promoting effects of pre-loaded Pb 

species: (a) micron-scale, improving the formation of egg-shell 

structured active site distribution and providing more accessible 25 

active sites; (b) nano-scale, improving the dispersion of Pd 

precursors and increasing the active site number; (c) atom-scale, 

the electronic interaction and the dilution effect of Pb to Pd 

inhibited side reactions. As a result, the highest TON of 302 was 

achieved. 30 
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