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reaction using anionic clays as intercalated support
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Abstract

A heterogeneous catalyst (L-Pro LDHs) was developed using intercalation of L-proline in Mg–Al LDH. An investigation of the thermal stability
and optical stability showed that the immobilization of the chiral catalytic centers in restricted galleries enhanced the enantiomeric stability against
thermal treatment and light irradiation. Asymmetric aldol reaction of benzaldehyde and acetone was carried out using L-Pro LDHs as catalyst,
resulting in a good yield (90%) and a high enantiomeric excess (94%). The enantiomeric selectivity of L-Pro LDHs was found to be more
stable to thermal pretreatment compared with the pristine L-proline. The possible reaction mechanism was proposed in light of the homogeneous
mechanism. The effects of chemical composition of L-Pro LDHs and reaction conditions on catalytic efficiency were also investigated.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Due to economic, environmental, and social factors, the ap-
plication of optically pure compounds is dramatically increas-
ing [1]. Among the various methods of selectively producing
single enantiomers, asymmetric catalysis is one of the most at-
tractive methods from an atom-economic standpoint. It is well
known that the asymmetric aldol reaction is one of the most im-
portant C–C bond-forming reactions in organic synthesis and
is of much importance in the pharmaceutical, agrochemical,
and fine chemical industries [2]. The design and preparation of
highly selective asymmetric catalysts for the aldol reaction has
hence attracted much attention [3–9].

Proline [10,11], an important useful chiral amino acid, has
been applied to catalyze the enantioselective asymmetric aldol
process due to its special structure and properties. Recently,
a renewed interest in its use for the biomimetic approach to
catalytic asymmetric C–C bond-forming reactions is increasing
[12–14]. Proline derivatives have also been synthesized in an
attempt to enhance enantioselectivity [15–17]. Due to the un-
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avoidable drawbacks of homogeneous catalytic processes (e.g.,
short lifetime, lower structural and thermal stability, and dif-
ficulties in catalyst separation and recovery), as well as con-
cerns about product purity [18], the immobilization of L-proline
has been widely investigated on inorganic supports, includ-
ing mesoporous materials [19,20], metals [21,22], and layered
compounds [23].

Layered double hydroxides (LDHs), also known as hydro-
talcite-like compounds, are a class of synthetic anionic lay-
ered clays that can be represented by the general formula
[MII

1−xMIII
x (OH)2]x+(An−)x/n·yH2O [24]. Their structure is

based on brucite-like layers, where a divalent metal cation is
located in the center of oxygen octahedra and two-dimensional
infinite layers are formed by edge-sharing of octahedra. The
partial isomorphous substitution of trivalent cations for divalent
ones results in a positive charge on the layers, and the interlayer
An− anions balance the charge. Several synthetical methods are
available [25–29] to introduce anions as guests into the interlay-
ers of LDHs, among which the reconstruction method, related
to its “memory effect,” has been extensively used for the prepa-
ration of organo-LDHs [30]. Calcination of LDHs at a certain
temperature [31] removes the interlayer water, interlayer an-
ions, and hydroxyl groups, resulting in a mixed metal oxide
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(LDO) that cannot be achieved by mechanical means. It is es-
pecially interesting that the calcined LDH is able to regenerate
the layered structure when exposed to water and anions. The in-
corporated anions do not necessarily need to be the same anion
as in the original LDH material; thus this represents an inter-
esting method for intercalating various inorganic and organic
anion forms within the LDHs layers, as well as pillared struc-
tures [32].

In recent years, the preparation of L-Pro LDHs through ion-
exchange method [23] and their application in asymmetric al-
dol reactions with relatively good yield have been studied, but
especially low enantiomeric excess (ee%) was achieved. The
immobilization of L-proline [33] on LDHs by the reconstruc-
tion method was also studied, but no catalytic performance
was presented. Herein we present a detailed investigation of
the preparation and characterization of L-proline intercalated
into LDHs (L-Pro LDHs) by the “memory effect,” along with
its application in a typical aldol reaction between acetone and
benzaldehyde. High yield and high ee are achieved. The cat-
alytic activities are also correlated in detail with the amount
of intercalated L-proline and the reaction conditions. More in-
terestingly and significantly, we found for the first time that
the L-proline immobilized in the interlayers of LDHs keeps its
optical activity and thus catalytic activity over thermal pretreat-
ment.

2. Experimental

2.1. Preparation

All of the chemicals were of analytic grade and used as re-
ceived. The Mg/Al–CO3

2− LDHs precursors were synthesized
by a method involving separate nucleation and aging steps [28].
Mg (NO3)2·6H2O and Al (NO3)3·9H2O with Mg2+/Al3+ ra-
tios of 2.0, 3.0, and 4.0 were dissolved in deionized water
(225 mL) to give solutions with an Mg2+ concentration of
1.6 M. NaOH and Na2CO3 were dissolved in deionized water
(225 mL) to form the mixed base solution. The concentrations
of the base were related to the concentrations of metal ions:
[NaOH] = 1.6[Mg2+ + Al3+] and [CO3

2−] = 2.0 [Al3+]. The
two solutions were simultaneously added to a colloid mill rotat-
ing at 3000 rpm and mixed for 2 min. The resulting slurry was
removed from the colloid mill and aged at 373 K for 12 h. The
final precipitate was filtered, washed thoroughly with deionized
water, and dried at 373 K for 24 h.

The Mg/Al–CO3
2− LDHs was calcined at 773 K for 5 h with

a temperature-programmed rate of 5 K/min from room temper-
ature to 773 K, and then naturally cooled, producing LDO.

L-Pro LDHs was prepared by the reconstruction of LDO in
the solution of L-proline anion. The L-proline (0.756 g, 6 mmol)
was dissolved in a freshly prepared solution of NaOH (6 mmol
in 100 mL of deionized and decarbonated water), after which
0.5 g LDO (molar Mg/Al ratio = 3:1) was added. The resulting
suspension was stirred (800 rpm) at 298 K for 24 h. All pro-
cedures were performed in a nitrogen atmosphere. The molar
ratio of proline to Al was 2:1. The resulting precipitate was fil-
tered, washed with deionized and decarbonated water twice and
with ethanol once, and dried at 343 K for 10 h to obtain L-Pro
LDHs. Changing the concentration of proline anion to 0.03 and
0.15 mol/L, the L-proline content was altered in L-Pro LDHs.

2.2. Characterization

Powder XRD patterns were obtained on a Shimadzu XRD-
6000 instrument with Cu-Kα source, step size of 0.02◦, and
scan rate of 5◦/min. In situ HTXRD measurements were car-
ried out in a static air atmosphere between 298 and 873 K,
after 15 min equilibration at each temperature; the sequential
heating rate was 5 K/min. FTIR spectra were recorded in air
on a Bruker Vector 22 spectrometer (resolution 4 cm−1) in the
range of 4000–400 cm−1, the samples being pressed into disks
with KBr crystal powder. C, N, and H elemental analyses were
performed in an Elemental vario EL instrument, and metal ele-
mental analyses were performed by ICP emission spectroscopy
using solutions prepared by dissolving the samples in 10% di-
lute HNO3. According to these data, the calculated intercalated
yield is equal to [C5H8NO2]/[Al].

XPS spectra were obtained using a VG ESCALAB MK
II spectrograph with AlKα radiation (15 kV, 15 mA), using
284.8 eV of C 1s in the same sample as the standard for the
calculation of binding energy. The sensitivity factors used for
compositional calculation were 0.42 for N and 0.25 for C.

Thermogravimetric analysis and differential thermal analy-
sis (TG-DTA) were carried out on a custom-made PCT-1A
thermal analysis system. The low-temperature N2 adsorption–
desorption experiments were carried out using a Quantachrome
Autosorb-1 system. The sample was outgassed at 343 K for 2 h
before measurement. The surface area of the L-Pro LDHs, us-
ing the BET method, was about 40 m2/g, with a model pore
diameter of 3.8 nm calculated using the BJH method based on
the desorption isotherm.

2.3. Measurement

2.3.1. Thermal treatment on L-Pro LDHs
L-proline and L-Pro LDHs were heated for 2 h at 333, 373,

413, and 453 K and then subsequently dissolved in aqueous HCl
(v/v = 1:1) with the volume made up to 20 mL with deionized
water. The optical rotation was measured at room temperature
using a 10-cm sample tube on a WZZ-IS automatic polarimeter
at 589.3 nm (Na D-line).

2.3.2. UV irradiation on L-Pro LDHs
L-proline and L-Pro LDHs were exposed to UV light (200–

380 nm, 250 W) for different periods. Then the samples were
subsequently dissolved in aqueous HCl (v/v = 1:1) with the
volume made up to 20 mL with deionized water. The optical
rotation was measured as described above.

2.3.3. Catalytic testing
Aldol condensation reactions were performed in a closed

100-mL round-bottomed flask equipped with a mechanical stir-
rer. For a typical reaction (Scheme 1), benzaldehyde (1 mmol)
and a certain amount of L-Pro LDHs catalyst (amounting to
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Scheme 1. The schematic representation of aldol reaction between benzaldehyde and acetone.
Fig. 1. XRD patterns for (a) Mg/Al–CO3
2− LDH as precursor; (b) LDO;

(c) L-Pro LDHs (molar ratio of Mg/Al = 3:1, intercalated yield = 59%).

0.35 mmol L-proline in each case) were stirred in 1:4 ace-
tone/solvent (acetone, dimethyl sulfoxide (DMSO), or heptane)
at 313 K. Liquids were taken at regular intervals, and the prod-
uct yield (%) was analyzed off-line on a Shimadzu GCMS-
QP2010 instrument. At the same time, the ee (%) was de-
termined by HPLC analysis using a chiralcel OB-H column
(hexane/isopropanol = 90/10) with 254 nm UV light after va-
porizing all of the acetone in the mixture solution and redissolv-
ing the product in 90/10 (v/v) hexane/isopropanol.

3. Results and discussion

3.1. Structural characterization

The XRD pattern of L-Pro LDHs prepared by the reconstruc-
tion method (molar ratio of Mg/Al = 3:1, intercalated yield =
59%) is shown in Fig. 1. For comparison, the XRD patterns
of the Mg/Al–CO3

2− LDHs and LDO as precursors are also
shown in the figure. The main intense diffraction peaks of L-
Pro LDHs appear at 11.27◦ (003), 22.82◦ (006), 34.45◦ (009),
and 60.40◦ (110) with d003 = 0.78 nm, in accordance with a
previous report on the intercalation of amino acids [33]. The
appearance of these essential diffractions of LDHs expresses
the successful reconstruction of the LDH structure. Subtracting
the thickness of the LDHs layer (0.21 nm) and the hydrogen-
bonding space (0.27 nm) [34], the interlayer gallery of L-Pro
LDHs is estimated as 0.30 nm, equal to the thickness of L-
proline (0.29 nm, calculated by ChemOffice 2004), suggesting
an approximately horizontal orientation of interlayer L-proline
anions with respect to the hydroxide layers. In comparison with
the Mg/Al–CO3

2− LDHs as precursor, however, the (hkl) re-
Fig. 2. FT-IR spectra for samples of (a) L-proline; (b) L-Pro LDHs (molar ratio
of Mg/Al = 3:1, intercalated yield = 59%); (c) LDO; (d) Mg/Al–CO3

2− LDH.

flections shift slightly to a lower degree and the interlayer space
of the (003) plane increases by only 0.02 nm. Therefore, the in-
tercalation of proline requires further confirmation by FTIR and
elemental analysis.

The FTIR spectra for the Mg/Al–CO3
2− LDHs as precur-

sor, LDO, L-Pro LDHs (molar ratio of Mg/Al = 3:1, inter-
calated yield = 59%), and pristine L-proline are illustrated in
Fig. 2. The bands (Fig. 2a) at 3070–2350 cm−1 correspond
to the asymmetric stretching vibration and the bending vibra-
tion of the N–H groups in L-proline. The bands at 1621, 1550,
and 1380 cm−1 are assigned to the –COOH group. The ab-
sorption bands of the C–N and C–C bonds appear at 1295
and 1252 cm−1, respectively. The bands at 850–600 cm−1

are bending C–H vibration bands. The broad band at around
3448 cm−1 (Fig. 2b) is due to hydrogen bonding of interlayer
water and interlayer anions with the hydroxyl groups on the
layers, which are found at lower frequency compared with the
O–H bond stretch at around 3600 cm−1 in pure water. The
bands around 2974 cm−1 correspond to the asymmetric stretch-
ing vibration of the N–H and C–H groups. The bands at 1600
and 1389 cm−1 are related to the asymmetric stretching mood
of the –COO− groups, proving the existence of L-proline as
interlayer anions in the sample, and supporting the XRD re-
sults. However, the vibration absorption band of carbonates at
1365 cm−1 (Fig. 2d) is possibly overlapped by the asymmetric
stretching mode of the –COO− group at 1389 cm−1. The bands
centered at 822 and 629 cm−1 (Fig. 2b) are due mainly to the
crystal lattice vibration of Mg–O and Al–O bonds, as well as
the stretching and bending deformation M–O–M and O–M–O
vibrations.
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Table 1
Chemical composition of different Mg/Al L-Pro LDHs

Molar ratio
of Mg/Ala

Molecular formula N content
(g/g)

Proline contentb

(mmol/g)
Intercalated
yieldc

2:1 Mg4.18Al2.00(OH)12(C5H8NO2)1.05(CO3)0.47·3.90H2O 2.6% 1.8 53%d

3:1 Mg6.33Al2.00(OH)16(C5H8NO2)0.59(CO3)0.71·4.07H2O 1.2% 0.9 30%
3:1 Mg6.33Al2.00(OH)16(C5H8NO2)1.02(CO3)0.49·4.07H2O 2.0% 1.5 51%
3:1 Mg6.33Al2.00(OH)16(C5H8NO2)1.18(CO3)0.41·4.07H2O 2.3% 1.7 59%d

4:1 Mg8.24Al2.00(OH)20(C5H8NO2)1.32(CO3)0.34·4.02H2O 2.2% 1.6 66%d

a Millimolar L-proline anion in per gram of different Mg/Al L-Pro LDHs.
b Intercalated yield = [C5H8NO2]/[Al].
c Mg/Al molar ratio in the synthesis mixture.
d The maximum content of intercalated L-proline anions.
Fig. 3. The schematic model of L-Pro LDHs (molar ratio of Mg/Al = 3:1, in-
tercalated yield = 59%).

The chemical composition based on ICP and C, H, and N el-
emental analysis of the L-Pro LDHs with different contents of
the interlayer L-proline anions is given in Table 1. The L-proline
content shown in Table 1 is much higher than the 0.225 mmol/g
for L-Pro LDHs prepared using the ion-exchange method [23],
indicating that the L-proline anions have been incorporated into
the interlayer galleries rather than being located at the edges
observed by Choudary et al. [23]. The XPS analysis for L-Pro
LDHs (molar ratio of Mg/Al = 3:1, intercalated yield = 59%)
shows a surface N content of 2.3%, approaching the content of
2.3% in the bulk shown in Table 1, confirming the intercala-
tion of the L-proline anions into the LDH interlayer galleries as
opposed to simple absorption on the external surface.

In addition to the L-proline anions, some carbonate anions
are also co-intercalated within the interlayer gallery. The co-
intercalation of carbonate is required by balancing the positive
charge of the LDH layers, because monovalent L-proline an-
ions in only a horizontal orientation cannot balance the charges
due to spatial restrictions. It can also be seen from Table 1 that
the L-proline content in L-Pro LDHs samples was successfully
altered by one of two approaches: changing the concentration
of L-proline as guest or changing the Mg/Al molar ratio of the
mixed oxide as host.

Based on the above results and discussions, the structural
model for L-Pro LDHs (molar ratio of Mg/Al = 3:1, inter-
calated yield = 59%) is given in Fig. 3. The model shows
the L-proline anions in an approximately horizontal orienta-
tion with respect to the hydroxide layers, with the carboxylate
groups attaching directly to hydroxide layers [35] containing
four water molecules and one carbonate. The interlayer water
molecules alternately with the L-proline anions promote hydro-
Fig. 4. In situ HTXRD patterns of L-Pro LDHs (molar ratio of Mg/Al = 3:1,
intercalated yield = 59%) from 298 to 873 K.

gen bonding with the hydroxide layers [36], which may have a
significant effect on the catalytic activity of the L-Pro LDHs.

3.2. Stability of the l-Pro LDHs

3.2.1. Thermal stability
3.2.1.1. In situ HTXRD The in situ HTXRD patterns of L-Pro
LDHs (molar ratio of Mg/Al = 3:1, intercalated yield = 59%)
in ambient atmosphere are given in Fig. 4 through some repet-
itive treatments consisting of calcinations at increasing tem-
peratures. Three steps are observed in the thermal decompo-
sition process in the temperature ranges 298 � T � 473 K,
473 � T � 623 K and 623 � T � 873 K. In the first step,
the basal spacing d003 decreases from 0.768 nm at 298 K to
0.695 nm at 573 K (Fig. 5), related to the destruction of hy-
drogen bonding as a result of the desorption of the surface ad-
sorbed water and deintercalation of interlayer water molecules.
This provides supporting evidence for the structural model of
L-Pro LDHs discussed above. However, there is an abnormal
rise in the basal spacing d003 around 423 K. We suggest that
along with the loss of the interlayer water molecules and the
dielectric coefficient of water, a strengthening of the electro-
static force between the L-proline anions and the hydroxide
layers occurs, resulting in a transformation in the arrangement
gradient of interlayer proline anions. In the second step, a fur-
ther decrease in the value of d003 is observed with continuous
heating, which can be attributed to the decomposition of inter-
layer carbonate anions and the dehydroxylation of the brucite
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Fig. 5. The relationship between d003 basal spacing of L-Pro LDHs (molar ratio
of Mg/Al = 3:1, intercalated yield = 59%) and temperature.

Fig. 6. The TG-DTA curves for L-Pro LDHs (molar ratio of Mg/Al = 3:1, in-
tercalated yield = 59%).

layers, as well as the bond-breaking of L-proline anions. The
layered structure collapses completely at 623 K with the ap-
pearance of the reflection characteristic of LDO at 42.91◦ and
62.32◦ after the dehydroxylation of the host layers from 573 to
623 K. In the final step above 623 K, along with the continu-
ous dehydroxylation of the host layers, the intensity of the LDO
diffractions becomes stronger due to the change in the chemical
environment of the Al from the exclusively octahedral coordi-
nation.

3.2.1.2. TG-DTA The TG-DTA curves of the L-Pro LDHs
(molar ratio of Mg/Al = 3:1, intercalated yield = 59%) show
three steps of thermal decomposition (Fig. 6), similar to the in
situ HTXRD patterns. The first one, from room temperature to
473 K (weight loss = 10.0%), corresponds to removal of the
surface-adsorbed water and interlayer water molecules, which
is in good agreement with the first step of in situ HTXRD pat-
terns. The weight loss approximates the water content of 10.3%
calculated from the elemental analysis. The second step, in the
temperature range of 473–673 K, involves the decomposition
of interlayer carbonate anions and the dehydroxylation of the
brucite layers, as well as the bond-breaking of L-proline anions,
Fig. 7. The TG-DTA curves for L-proline.

which is actually consistent with the results of in situ HTXRD.
The exothermic peaks are located at 540 and 621 K, respec-
tively, and the weight loss (26.5%) in this period is close to
the total mass percentage (23.7%) of interlayer carbonate an-
ions and the hydroxyl groups released in form of carbon dioxide
and water molecules. The final process is assigned to the deep
combustion of the interlayer proline anions corresponding to
the exothermic peak at 728 K, with the weight loss of 18.2%
approaching the residues of L-proline anions (19.3%) until for-
mation of the LDO. Compared with the TG-DTA curves of pris-
tine L-proline (Fig. 7), which show the complete decomposition
of L-proline below 537 K, the thermal stability of L-proline has
been largely promoted via the immobilization by LDHs.

3.2.2. Optical stability on thermal treatment and UV radiation
Generally, the chiral amino acids are sensitive to heat, light

radiation, strong acidic or basic media, and aldehyde media
[37,38]. As a consequence, the optical activity of chiral amino
compounds is usually lost during their immobilization, stor-
age, delivery, and application processes [39]. However, in our
experiments, the specific optical rotation of L-proline anions
(−50.5◦) after releasing the interlayer L-proline anions was
quite close to that of the pristine L-proline (−52.5◦), indicat-
ing that the optical activity of L-proline was maintained during
the intercalated process.

The optical stability of L-Pro LDHs (molar ratio of Mg/Al =
3:1; intercalated yield = 59%) was also studied in detail under
the conditions of thermal treatments and UV irradiation. The in-
fluence of thermal treatment on the optical activity is illustrated
in Fig. 8. Pristine L-proline was also investigated for compari-
son. It is clear that the specific optical rotation of L-proline itself
decreases drastically from −51.50◦ to −39.00◦ with increasing
temperature (Fig. 8a), while that of the L-Pro LDHs decreases
by only −1.00◦ (Fig. 8b) under the same conditions. Accord-
ing to the TG-DTA curves (Figs. 6 and 7), L-proline is stable
below 453 K, proving that the loss of optical activity in this ex-
periment is due to racemization rather than to decomposition.
The optical changes in L-proline and L-Pro LDHs (molar ratio
of Mg/Al = 3:1, intercalated yield = 59%) under UV radiation
are shown in Fig. 9, indicating results similar to those for ther-
mal treatment.
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Fig. 8. The relationship between specific optical rotation and thermal treatment
temperature of (a) L-proline; (b) L-Pro LDHs (molar ratio of Mg/Al = 3:1, in-
tercalated yield = 59%).

Fig. 9. The relationship between specific optical rotation and exposure time un-
der UV radiation of (a) L-proline; (b) L-Pro LDHs (molar ratio of Mg/Al = 3:1,
intercalated yield = 59%).

The stabilization of optical activity for L-Pro LDHs might
be attributed to the restriction or confinement of the host gal-
leries to the transformation of stereo configuration of the chiral
guest [40]. The obstruction of light penetration by the LDH
slabs can also account for this improvement under UV irra-
diation. Therefore, the immobilization of L-proline on LDHs
significantly inhibits the racemization of L-proline anions, ef-
fectively enhancing the optical stability.

3.3. Catalytic performance

3.3.1. The catalytic mechanism
The possible catalytic mechanism of the direct aldol reaction

between acetone and benzaldehyde, in which the L-Pro LDHs
functions as the heterogeneous catalyst, based on the homoge-
neous enamine mechanism, is illustrated in Scheme 2 [41]. In
the homogeneous system, List et al. [42] and Houk et al. [43]
investigated the enamine mechanism involving single proline
molecule and found it to be more convincing than the pre-
Scheme 2. The schematic representation of the mechanism of aldol reaction
between benzaldehyde and acetone.

vious one [44]. The proline was considered to function as a
“micro-aldolase” that provided both the nucleophilic amino
group and an acid/base co-catalyst in the form of the carboxy-
late [42,45]. A later investigation by Rankin et al. [46] appended
the effect of solvent. According to the homogeneous mecha-
nism described above, we propose a heterogeneous mechanism
(Scheme 2). First, the acetone and benzaldehyde molecules
diffuse into the interlayer space to contact the interlayer L-
proline anions (step 1). Moreover, the interlayer species, i.e.
the water molecules, carbonate, and L-proline anions, hop-
pingly diffuse within the galleries [47,48], further facilitat-
ing the contact between the reactants and L-proline anions.
Subsequently, the whole catalytic process occurs mainly in-
side the interlayer space. The initial nucleophilic attack of the
amino groups to the acetone and the subsequent dehydration
process generate a carbinol amine intermediate a, which bal-
ances the positive charges on the layers (step 2). For the refa-
cial attack of benzaldehyde to the intermediate a [49] on the
way to the transition state b, two oxygen atoms are attached
to the hydroxide layer (step 3). The transition state b under-
goes a hydrolysis process to yield the aldol product c [(4R)-
hydroxy-4-phenyl-butan-2-one], releasing the L-proline anions
(step 4). Finally, the product c diffuses out of the interlayers,
achieving one catalytic cycle (step 4). The enantioselectivity
can be explained by a metal-free version of a Zimmerman–
Traxler-type transition state [50]. It is proposed that on the
one hand, confinement of the galleries leads to the slowed al-
dol reaction due to the addition of the diffusion process, and
on the other hand, the participation of the hydroxide layers
in the catalytic process not only accelerates the formation of
the enamine intermediate, but also promotes the enantioselec-
tivity due to the oriented attack. However, the concrete roles
of the LDHs on L-proline in the aldol reaction require more
evidence, and investigations are currently underway in our
lab.
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Fig. 10. The relationship between the yield/ee and reaction time catalyzed
by L-Pro LDHs (molar ratio of Mg/Al = 3:1, intercalated yield = 59%) and
L-proline.

Table 2
The yield and ee of different reaction conditions in aldol reaction catalyzed by
L-Pro LDHs

Catalysts Reaction conditions Yield
(%)

ee
(%)Solvent Temperature (K)

L-Pro LDHs
(Mg/Al = 3:1,
intercalated
yield = 59%)

Acetone 293 80 93
Acetone 313 88 94
Acetone Boiling point 89 94
Heptane 313 22 62
DMSO 313 63 87

3.3.2. Effect of reaction conditions on catalytic activity
The relationship between the yield/ee and reaction time cat-

alyzed by L-Pro LDHs (molar ratio of Mg/Al = 3:1; interca-
lated yield = 59%) and L-proline demonstrates that the aldol
reaction catalyzed by L-Pro LDHs attains a steady yield of 88%
and an ee of 94% at 8 h (Fig. 10). Therefore, in further studies,
8 h was selected as a sufficiently short reaction period for termi-
nation of the catalytic process. Commonly, immobilization of
the homogeneous catalyst causes a marked decrease in the cat-
alytic activity. However, the yield and ee for the L-Pro LDHs
are just a little lower than those in the homogeneous system
(yield of 95% and ee of 96%, close to those reported by Gröger
and Wilken [49]). That means that the immobilization on LDH
has no adverse effect on the catalytic activity of L-proline in
the asymmetric aldol reaction. Moreover, the reaction rate cat-
alyzed by L-Pro LDHs is much faster (Fig. 10). This can be
related to the easier formation of the carbinol amine intermedi-
ate (see Scheme 2) on L-Pro LDHs, because the proline anions
are more nucleophilic than nonionized L-proline in attacking
the acetone. It can also be deduced that the controlling reaction
step is probably the nucleophilic attack of the amino group to
the reactants.

Both product yield and ee are affected by the reaction tem-
perature (Table 2). At 293 K, the product yield is 90% and the
ee is 94%. At higher temperatures, such as the boiling point, the
product yield and ee are both 90%. The higher reaction temper-
ature can on the one hand promote conversion of the reactants
Fig. 11. The relationship between the yield (a) and ee (b) in aldol reaction and
the intercalated yield of L-proline in L-Pro LDHs.

and on the other hand lead to the racemization of the product so
as to cause a small decrease in ee.

The role of the solvent was also found to be important, as
shown in Table 2. When the reaction was performed with 1:4
acetone/solvent (DMSO or heptane) at 313 K, a higher yield
was observed in DMSO (63%) than in heptane (22%). The hy-
drophilic LDHs show a stronger affinity to the polar solvents.
Therefore, the stronger polarity of DMSO makes it possible
to accelerate the diffusion process of the reactants, giving rise
to a higher reaction yield. In the case of acetone, besides the
strong polarity of the acetone as solvent, the excess of acetone
as reactant makes it easy for the aldol reaction to proceed at
completion, attaining a yield of 88% and an ee of 94% at 313 K.

3.3.3. Effect of chemical composition on catalytic activity
The L-proline content in the L-Pro LDHs catalysts was suc-

cessfully tailored (as illustrated in Table 1) to investigate the
effect of active site content on the catalytic reactions. Fig. 11
shows the effect of L-proline content on the product yield and
ee catalyzed by L-Pro LDHs. The more guests intercalated, the
higher the yield and ee achieved. The yield and ee reach 89 and
94%, respectively, for L-Pro LDHs with intercalated yields of
66%.

We also studied the catalytic activity of L-Pro LDHs (molar
ratio of Mg/Al = 2:1; intercalated yield = 53%) with varying
water content. The water content was altered by vacuum pump-
ing. The yield and ee curves, shown in Fig. 12, both exhibit a
steep change at a water content of 1.5% and decrease sharply
with increased water content from 0.2 to 1.5%. The catalytic
activity of the L-Pro LDHs changes only slightly when the wa-
ter content is >1.5%. The XRD measurement indicates that,
as opposed to the high-temperature treatment, no decrease oc-
curs in the d003 basal spacing of L-Pro LDHs under vacuum
pumping. Thus, the loss of the interlayer water molecules re-
sults in a decrease in the spatial hindrance and thus an increase
in the void space between the L-proline anions, accounting for
the steep increment in the yield and ee at a water content of
�1.5%. The interlayer water content affects the catalytic activ-
ity and enantioselectivity of the L-Pro LDHs more significantly
than the absorbed water.
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Fig. 12. The relationship between the yield (a) and ee (b) and the water content.

Fig. 13. The relationship between ee and treatment temperature of (a) L-Pro
LDHs (molar ratio of Mg/Al = 3:1, intercalated yield = 59%) and (b) L-pro-
line.

Fig. 14. The relationship between yield and treatment temperature of (a) L-Pro
LDHs (molar ratio of Mg/Al = 3:1, intercalated yield = 59%) and (b) L-pro-
line.

3.3.4. Catalytic activity and optical stability
Section 3.2.2 compared the optical stability against thermal

treatment of L-Pro LDHs (molar ratio of Mg/Al = 3:1; inter-
calated yield = 59%) and pristine L-proline. Here the resulting
products were taken as the catalysts in the aldol reaction. As
shown in Figs. 13 and 14, along with the increasing pretreat-
ment temperature, the yield and ee change in different ways on
the L-Pro LDHs and L-proline. When the temperature increases
from 298 to 453 K, the ee decreases slightly (from 94 to 91%)
for L-Pro LDHs, but decreases sharply (from 96 to 75%) for
L-proline (Fig. 13a). This discrepancy is attributed to the dif-
ferent optical stability on thermal treatment of L-Pro LDHs and
L-proline. The immobilization markedly enhances the optical
stability of L-proline (Fig. 8), contributing to the stabilization
of enantioselectivity according to the catalytic mechanism dis-
cussed above. In contrast, the product yield catalyzed by L-Pro
LDHs decreases sharply (from 90 to 56%) with increasing pre-
treatment temperature, whereas the yield on L-proline remains
unchanged. There are two possible explanations for this result.
As observed from in situ HTXRD patterns (Fig. 6), the d003
basal spacing decreases with the increment in thermal treat-
ment temperature, obviously due to the loss of interlayer water
molecules. The decrease in the interlayer spacing intensifies
the spatial hindrance to the diffusion process, resulting in re-
duced catalytic activity (Scheme 2). On the other hand, with
the removal of the interlayer water molecules, the electrosta-
tic force between the L-proline anions and the hydroxide layers
is strengthened. Thus, the catalytic activity of the L-Pro LDHs
declines sharply due to the lower mobility of proline anions.
The stabilization of enantiomeric selectivity on thermal treat-
ment gives L-Pro LDHs advantages in storage, delivery, and
application processes.

4. Conclusion

In summary, the reconstruction method based on the “mem-
ory effect” of Mg–Al LDHs has proven to be an effective means
of achieving intercalation of L-proline anions. Moreover, the
proline content can be tailored in a certain range. Applying
L-Pro LDHs in the aldol reaction reveals that the immobiliza-
tion on LDHs has no adverse effect on the catalytic activity of
L-proline. In addition, immobilization by LDHs can effectively
prevent the racemization of L-proline under both thermal treat-
ment and UV irradiation. Thus L-Pro LDHs as a heterogeneous
asymmetric catalyst in aldol reactions exhibits high enantiose-
lectivity even when exposed to rigorous conditions. This novel
solid catalyst has several advantages, including high activity un-
der mild liquid-phase conditions, ready separability by simple
filtration, and lack of side products and thus eco-friendliness.
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