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α,β-不饱和酸多相不对称氢化反应中的钯粒径和载体酸性效应 
陈春辉    展恩胜    李勇    申文杰* 

(中国科学院大连化学物理研究所  催化基础国家重点实验室  大连 116023) 

摘要  使用胶体沉积法制备了具有不同钯粒径、不同氧化物载体的负载型钯催化剂, 系统地研究了 α,β-不饱和酸的多

相不对称氢化反应中的钯粒径和载体效应. 结果表明钯粒径仅影响反应的活性而与对映体选择性无关. 这是由于在较

小的钯粒子上存在较多的边, 角等区域, 而这些区域具有较高的双键加氢活性, 因而在较小的粒子上具有较高的氢化

反应速率但是粒径的变化并没有改变手性修饰剂与反应中间体的吸附模式. 载体的酸性对反应的活性和对映体选择性

都有促进作用, 说明酸性载体有利于反应中间体的吸附.   
关键词  α,β-不饱和酸; 不对称氢化; 钯粒径; 载体效应 

 

Enantioselective Hydrogenation of α,β-Unsaturated Carboxylic Acids:  
Effects of Palladium Particle Size and Support Acidic Property 

Chen, Chunhui    Zhan, Ensheng    Li, Yong    Shen, Wenjie* 
(State Key Laboratory of Catalysis, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023) 

Abstract  Effects of Pd particle size and support acidity on enantioselective hydrogenation of α,β-unsaturated carboxylic 
acids were systematically studied using Pd nanoparticles with different size immobilized on various oxides. Small Pd parti-
cles showed higher activity in the hydrogenation of (E)-2-methyl-2-pentenoic acid due to the larger fraction of edge sites 
which were more active in olefin hydrogenation; but they did not change the reaction mechanism and/or the adsorption mode 
of reaction intermediates. Similar correlations in the hydrogenation of (E)-2-methyl-2-butenoic acid and 2-acetamidoacrylic 
acid further confirmed that the size of Pd particles only mediated the activity but did not alter the enantioselectivity. On the 
other hand, the activity and the enantioselectivity were strongly dependent on the acidity of the support. The TOF and the ee 
value followed the order TiO2＞γ-Al2O3＞SiO2＞CeO2, suggesting that the acidic support favored the adsorption of the reac-
tion intermediates. 
Keywords  α,β-unsaturated carboxylic acid; enantioselective hydrogenation; Pd particle size; oxide support; acidity 

   
1  Introduction 

Enantioselective hydrogenation of unsaturated organic 
compounds, commonly catalyzed by homogeneous metal 
complexes bearing chiral ligands, is the most efficient 
route for the synthesis of optical product.[1-4] However, for 
practical utilization heterogeneous catalysts are preferred 
due to the advantages in catalyst easy handling, separation 
and reuse.[5] The highly efficient enantioselective hydro-
genation of ketones to optical alcohols over chirally modi-
fied metal catalysts has been well established in indus-
try.[6-11] However, the equally important enantioselective 
hydrogenation of α,β-unsaturated carboxylic acids was less 
studied.[12,13] Chirally modified palladium catalysts, which 
were used in various enantioselective reactions,[14-17] were 
shown to be effective for enantioselective hydrogenation of 
aryl-substituted α,β-unsaturated carboxylic acids with the 
ee values of more than 90%.[18-20] Aryl substituent in the 
β-position of the substrate stabilized the reaction interme-

diates on Pd surface by preventing their isomerization.[10] 
For normal α,β-unsaturated acids, however, the enantiose-
lectivities are still much low, varying in the 20%～67% 
range.[21-25] The main reason was that the isomerization of 
the alkenoic acids through double-bond migration occurred 
easily and rapidly on Pd surface; the hydrogenation of 
these isomers produced opposite enantiomers, drastically 
lowering the enantioselectivity.[26,27] 

For most Pd catalysts, the size of the metal particles and 
the acidic or basic features of the oxide support remarkably 
affected the enantioselectivity, but the mechanism was less 
understood. The typical techniques for preparing oxide- 
supported Pd catalysts, mainly impregnation and deposi-
tion-precipitation, often resulted in non-uniform distribu-
tions of metal particles;[28] this significant variation in Pd 
particle size sometimes caused controversial reaction per-
formance.[29-31] For example, a enantioselectivity of 65% in 
enantioselective hydrogenation of (E)-α-phenylcinnamic 
acid was obtained on a cinchonidine modified Pd/TiO2     
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Figure 1  TEM images of the Pd nanoparticles (a～c) and the Pd/Al2O3 catalysts (a'～c'). The size distributions (a''～c'') were determined by counting 
approximately 500 particles 

catalyst with Pd particle size of 2～3 nm; further increase 
in the particle size up to ＞6 nm sharply decreased the 
enantioselectivity (15%～40%).[29,30] However, an enanti-
oselectivity of 90% was achieved under the same reaction 
conditions but using another Pd/TiO2 catalyst which con-
tained large Pd particles (＞25 nm).[31] 

In this work, we synthesized uniform Pd nanoparticles in 
aqueous solution and immobilized them onto oxide sup-
ports using a colloid-deposition method. The catalytic per-
formance in enantioselective hydrogenation of α,β-unsatu- 
rated carboxylic acids was examined with respect to the 
size of Pd particles and the acidic properties of the oxide- 
supports. 

2  Results and Discussion 
2.1  Structural properties of the Pd catalysts 

Figure 1 shows the TEM images of the Pd nanoparti-
cles and the Pd/Al2O3 catalysts. The as-synthesized Pd 

nanoparticles had uniform size distributions and spherical 
shapes with the aid of PVP that had been frequently used 
to fabricate uniform metal nanoparticles.[32] The carbonyl 
groups of PVP coordinated to the surface Pd atoms of the 
growing crystals and effectively protected their aggrega-
tion.[33] The Pd particles of 2 nm in size were obtained 
through the fast reduction of Na2PdCl4 in aqueous solution 
by L-ascorbic acid. The Pd nanoparticles of 9 nm were 
achieved with the addition of Cl−, which mediated the re-
duction rate of Pd2 ＋  ions through the formation of 
[PdCl4]2– complex. The concentration of Pd2＋ ion in the 
synthetic solution can be calculated according to the fol-
lowing equation: 

PdCl
1

[Cl] /(1 [Cl]n

n

n i
i

c β β∑
＝

＝ ＋ ）× ×
 

Where c is the concentration of PdCln species, β is the sta-
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bility constant. For example, adding 2.64 mmol KCl to the 
synthetic solution lowered the concentration of Pd2＋ by 
1010 times. However, larger Pd particles cannot be obtained 
by simply increasing the concentration of Cl−. Chlorine 
anion, at higher concentrations, preferentially adsorbs on 
the (100) facets of Pd particles and ultimately generates 
irregular shapes.[34] Therefore, a seeded growth method, 
which was successfully in preparing large and uniform 
metal particles,[35] was adopted to prepare the large Pd 
nanoparticles (14 nm) by using the as-synthesized Pd par-
ticles of 9 nm as the seeds that greatly facilitated the 
growth of Pd particles. 

In the oxide-supported Pd catalysts, as shown in Figure 
2, the Pd nanoparticles were uniformly dispersed on the 
oxides and maintained their original sizes without apparent 
aggregation. Figure 3 shows the NH3-TPD profiles of the 
oxide-supports. An intense desorption of ammonia on 
TiO2, Al2O3 and SiO2 occurred at about 400 K, indicating 
the weak acidic sites. However, only traceable amounts of 
NH3 were detected on CeO2. Quantitative analyses identi-
fied that the acidity of the oxides followed the order TiO2
＞γ-Al2O3＞SiO2＞＞CeO2.  

 

Figure 2  TEM images of the Pd/Al2O3 (a), Pd/SiO2 (b), Pd/TiO2 (c) and 
Pd/CeO2 (d) catalysts containing Pd particles of 9 nm in size 

2.2  Pd particle size effect 
To examine the effect of the Pd particle size, Al2O3 was 

used as the support and the size of Pd particles varied in 
the range of 2～14 nm. The resulting Pd/Al2O3 catalysts 
were then tested for enantioselective hydrogenation of 
(E)-2-methyl-2-pentenoic acid. The conversion of MPA 
increased as decreasing the size of Pd particles, showing an 
apparent size-dependent phenomenon (Figure 4). The in-
trinsic activity of the catalyst, expressed in turnover fre-
quency (TOF) (Table 1), increased remarkably with de-
creasing the size of Pd particles. The TOF of the Pd parti-
cle of 2 nm (337 h−1) was more than 4 times greater than 
that of the Pd particles of 14 nm (73 h−1). Small particles 

 
Figure 3  NH3-TPD profiles of TiO2 (a), Al2O3 (b), SiO2 (c) and CeO2 
(d) 

contained larger fraction of edge and corner sites with low 
coordination numbers;[36,37] these more active sites had a 
higher adsorption strength of the substrates than that of the 
plane sites and therefore showed a higher hydrogenation 
activity.[38] To verify the possible influence of the remain-
ing surfactant on the Pd particles, a commercial Pd/Al2O3 
catalyst was comparatively tested. The commercial catalyst 
was only slightly more active than the current Pd/Al2O3 
catalyst with a similar Pd loading, indicating that the re-
sidual surfactant on the Pd surface only had a marginal 
effect in the hydrogenation activity. This observation may 
be related to the efficient competition at the solid/liquid 
interface among the colloid stabilizer, the reaction sub-
strate, the chiral modifier (cinchonidine) and possibly the 
cinchonidine-substrate intermediates. 

 

Figure 4  MPA conversions on the Pd/Al2O3 catalysts. Reaction condi-
tions: 16.5 μmol Pd, 66 μmol cinchonidine, 1 mmol MPA, 1 mmol ben-
zylamine and 10 mL ethanol at 303 K, 2 MPa H2 pressure 

Table 1  Enantioselective hydrogenation of MPA on the Pd/Al2O3 cata-
lystsa 

Catalyst Pd/wt% Size/nm TOFb/h−1 eec/%

Pd-2 4.61 2.2 337 33 

Pd-9 4.56 8.9 112 35 

Pd-14 4.67 14.2 73 34 

Pd/Al2O3
d 5.00 ≈3.0 ≈350 38 

a Reaction conditions: 16.5 μmol Pd, 66 μmol cinchonidine, 1 mmol MPA, 1 
mmol benzylamine and 10 mL ethanol at 303 K, 2 MPa H2 pressure; b The 
TOF values were based on the number of Pd atoms on the surface; c ee values 
were obtained at full conversion; d the reference commercial Al2O3 (5% Pd, 
Alfa Aesar, “11713”, d≈3 nm, determined by TEM). 
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Concerning the enantioselectivity, it is interestingly 
observed that the ee value was almost independent of the 
size of the Pd particles, being about 35%. This is some-
what inconsistent with previous reports where the enanti-
oselectivity varied significantly with the size of Pd parti-
cles.[29-31] This discrepancy might be due to the 
non-uniform of particle sizes and surface structures in the 
previous Pd catalysts that were typically prepared by im-
pregnation or deposition-precipitation. With such strate-
gies, the Pd particles tended to have random size distribu-
tions, and the average size of these particles was usually 
determined by CO chemisorption. Here, the Pd/Al2O3 
catalysts had very uniform Pd particles and therefore the 
variations in enantioselectivity can be straightforwardly 
associated with the size of Pd particle. 

Enantioselective hydrogenations of (E)-2-methyl-2- 
butenoic acid (MBA) and 2-acetamidoacrylic acid (AA) on 
the Pd/Al2O3 catalyst were comparatively tested to confirm 
this phenomenon. As illustrated in Figure 5, the enantio- 
selectivities were 30% and 27%, respectively, being irre-
spective of Pd particle size in both cases. The origin of this 
effect might be traced back to the adsorption mode of the 
bulky cinchonidine-substrate intermediates on Pd particles. 
Theoretical calculations have predicted that a flat active 
site ensemble of approximately 20～25 atoms is necessary 
to accommodate this large complex.[39] Small particles  
(≤2 nm) which have large fraction of edge and corner 
sites could not provide sufficient space to accommodate 
the bulky cinchonidine-substrate intermediates, leading to 
the formation of racemic products.[40] For the current 
Pd/Al2O3 catalysts, even the small Pd nanoparticles (2 nm) 
were large enough to supply a stable adsorption of the 
CD-substrate intermediate as the large particles (8～14 
nm), resulting in almost constant enantioselectivities.  

 

Figure 5 Enantioselective hydrogenations of (E)-2-methyl-2-butenoic 
acid (MBA) and 2-acetamidoacrylic acid (AA) on the Pd/Al2O3 catalysts. 
Reaction conditions: 16.5 μmol Pd, 66 μmol cinchonidine, 1 mmol sub-
strate, 1 mmol benzylamine and 10 mL ethanol at 303 K, 2 MPa H2 pres-
sure. 

To confirm the stability of the catalysts during the reac-
tion, the Pd-9 catalyst that was subjected to enantioselec-
tive hydrogenation of MPA for 12 h was examined by 
TEM analysis. As shown in Figure 6, Pd particles of about 
9 nm in size were still highly dispersed on alumina support 
without obvious change in size and shape. This suggests 
that the activity and the enantioselectivity are straightfor-
wardly associated with the Pd particles. 

 
Figure 6  TEM images of the Pd-9 catalyst after reaction for 12 h. Reac-
tion conditions: 16.5 μmol Pd, 66 μmol cinchonidine, 1 mmol MPA, 1 
mmol benzylamine and 10 mL ethanol at 303 K, 2 MPa H2. 

2.3  Influence of the oxide support  
The effect of the oxide support was then examined by 

fixing the size of Pd particles of 9 nm. As shown in Table 
2, the reaction performance was closely associated with the 
acidic properties of the oxides. Both the activity (TOF) and 
the enantioselectivity followed the order: TiO2＞Al2O3＞
SiO2＞CeO2. TiO2 with large amounts of acidity offered 
the most promising reaction rate (144 h−1) and enantio- 
selectivity (39%) whereas CeO2 with the lowest acidity 
showed much less activity (82 h−1) and enantioselectivity 
(29%). 

Table 2  Enantioselective hydrogenation of MPA on the Pd catalystsa 

Catalyst Pd/wt% Size/nm SBET/ 

(m2•g－1) 

Surface  
acidity/ 

(μmol•g－1) 
TOFb/h－1 eec/%

Pd-9/Al2O3 1.95 8.9 120.9 156.4 117 35

Pd-9/SiO2 1.89 8.7 197.6 113.3 105 33

Pd-9/TiO2 1.91 8.6 54.0 213.5 144 39

Pd-9/CeO2 1.86 8.9 10.2 14.7 82 29
a Reaction conditions: 16.5 μmol Pd, 66 μmol cinchonidine, 1 mmol MPA, 1 
mmol benzylamine and 10 mL ethanol at 303 K, 2 MPa H2 pressure. b The 
TOF values were based on the number of Pd atoms on the surface and meas-
ured at low conversion (≈10%). c ee values were obtained at full conversion. 

This result is in consistence with previous reports on 
several commercial Pd catalysts;[23] but the Pd particle size 
effect was fully excluded. Here, the importance of the ox-
ide acidity can be convincingly rationalized by fixing the 
size of Pd particles. The acidity of the oxide support af-
fected the adsorption of the chiral modifier through an 
acid-base interaction. The chiral modifier (CD) is a typical 
organic base, and its quinoline ring interacted electroni-
cally not only with the Pd particle but also with the oxide 
support through an acid-base interaction during the reac-
tion process. The strong acidity of TiO2 favored a tight 
adsorption of cinchonidine, efficiently anchored the chiral 
modifier on the catalyst surface and consequently pro-
moted the overall reaction efficiency.  

3  Conclusions  
Uniform Pd nanoparticles of 2～14 nm in size were suc-

cessfully synthesized in aqueous solution. The resulting 
Pd/Al2O3 catalysts showed obvious size-dependent phe-
nomenon in the reaction rate of enantioselective hydro-
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genation of α,β-unsaturated carboxylic acids, but the enan-
tioselectivity was almost independent of the size of Pd par-
ticles. This result demonstrated that small Pd particles 
contained a larger fraction of the edge sites which were 
more active for the hydrogenation reaction, but they did 
not alter the reaction mechanism and/or the adsorption 
mode of the reaction intermediates. Moreover, Pd nanopar-
ticles supported on strong acidic support provided a higher 
TOF and ee value, indicating that strong acidic support 
favored the adsorption of the chiral modifier. This is an 
important supplement to the understanding of structural 
effect on enantioselective reactions on heterogeneous 
catalysts. 

4  Experimental 
4.1  Catalyst preparation  

The Pd nanoparticles of 2 nm were prepared by aque-
ous-phase reduction of Na2PdCl4. 16.0 mL aqueous solu-
tion containing 1 mmol PVP and 0.24 mmol L-ascorbic 
acid was heated to 353 K. After adding 4.0 mL aqueous 
solution containing 0.21 mmol Na2PdCl4, the mixture was 
kept at 353 K for 3 h under stirring. The obtained Pd col-
loid was denoted as Pd-2. For the synthesis of Pd particles 
of 9 nm, KCl was applied as the coordinating ligand. 8.0 
mL aqueous solution containing 1.0 mmol PVP, 0.36 
mmol L-ascorbic acid, and 2.64 mmol KCl were mixed 
with 4.0 mL aqueous solution containing 0.21 mmol 
Na2PdCl4 at 353 K. After reaction for 3 h, Pd colloids of 9 
nm (Pd-9) were produced. The Pd particles of 14 nm were 
synthesized via a seeded growth method. A aqueous solu-
tion (12 mL) containing 4.0 mL of the Pd-9 suspension, 
0.14 mmol Na2PdCl4, 0.66 mmol PVP, 0.24 mmol 
L-ascorbic acid, and 1.76 mmol KCl was reacted at 353 K 
for 3 h, yielding Pd colloids of 14 nm (Pd-14). These Pd 
particles were collected by centrifugation, washed with 
acetone and finally dispersed into ethanol.  

The Pd/Al2O3 catalysts with palladium loading of 5 wt% 
were prepared using a colloid-deposition method. The 
as-prepared Pd colloids and Al2O3 powder were put into 
ethanol and immersed in an ultrasonic bath for 3 h. The 
resultant solids were collected by filtration, washed with 
ethanol and water, and dried at 323 K overnight in vac-
uum. For comparison, the Pd nanoparticles of 9 nm were 
also deposited on SiO2, TiO2 and CeO2. The loading of Pd 
on TiO2 and CeO2 was fixed at 2 wt% because of their low 
surface areas. The oxides are commercial available: Al2O3 
(99.99%, ca. 160 m2•g−1, Aladdin Chemistry), SiO2 
(99.8%, ca. 240 m2•g−1, Aladdin Chemistry), TiO2 (P25, 
80% anatase and 20% rutile, ca. 80 m2•g−1, Degussa AG), 
CeO2 (99.95%, ca. 30 m2•g−1, Aladdin Chemistry).  
4.2  Catalyst characterization 

TEM images were recorded on a Philips Tecnai G2 
Spirit microscope operated at 120 kV. The specimen was 
prepared by ultrasonically dispersing the solid powder into 
ethanol and drops of the suspension were deposited onto a 
clean carbon-enhanced copper grid and then dried in air.  

Pd content in the catalysts were determined by induc-
tively coupled plasma atomic emission spectroscopy 
(ICP-AES), using a Leeman Plasma Spec (I) spectrometer.  

N2 adsorption-desorption isotherms were recorded at 77 

K using a Nova 4200e instrument (Quantachrome). Before 
the measurement, the sample was degassed at 473 K for 6 
h. The specific surface area was calculated following the 
Brunauer-Emmett-Teller (BET) method. 

Temperature programmed desorption (TPD) of ammonia 
was conducted with a U-type quartz tubular reactor. 100 
mg sample was pretreated with a 10 vol.% O2/He mixture 
(40 mL/min ) at 673 K for 1 h. After cooling down to 323 
K, the sample was treated with a 10 vol.% NH3/He mixture 
(30 mL/min) for 0.5 h. After purging with He for 0.5 h at 
323 K, the sample was heated to 873 K at a rate of 5 K/min 
under He flow (30 mL/min). The desorbed NH3 was de-
tected by monitoring the signal at m/e＝16 with a mass 
spectrometer (Omni star GSD 320).  
4.3  Catalytic hydrogenation 

Enantioselective hydrogenation of α,β-unsaturated car-
boxylic acids were carried out in a stainless steel autoclave 
with a 50 mL quartz liner. The typical reaction mixture 
contained 16.5 μmol Pd, 66.0 μmol cinchonidine, 1.0 
mmol substrate, 1 mmol benzylamine and 10.0 mL ethanol 
at 303 K and 2.0 MPa of H2. Before the reaction, the mix-
ture was stirred for 15 min and flushed with hydrogen for 
five times. The stirring speed was fixed at 600 r/min. After 
reaction for a certain period, the solid catalyst was filtered 
off and 50.0 μL undecane was added to the solution as the 
external standard. The products of (E)-2-methyl-2- 
pentenoic acid (MPA) and (E)-2-methyl-2-butenoic acid 
(MBA) were directly analyzed using an off-line gas chro-
matography (Agilent  6890N) equipped with  a 
β-cyclodextrin capillary column (Chirasil-Dex CB, Varian) 
and a flame ionization detector. The product of 2-acetami- 
doacrylic acid (AA) was transformed into methyl ester 
using diazomethane ethereal solution. The enantiomeric 
excess was expressed as: ee/%＝(E1−E2)/(E1＋E2)×100, 
where E1 and E2 are the concentrations of the enantiomers. 
The reactions were repeated twice and the results were 
reproducible within ±1%. 
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