
Journal of Catalysis 298 (2013) 70–76
Contents lists available at SciVerse ScienceDirect

Journal of Catalysis

journal homepage: www.elsevier .com/locate / jcat
Multilple host–guest interactions in heterogeneous vanadium catalysts: Inorganic
nanosheets modified alpha-amino acids as ligands

Hui Liu, Liwei Zhao, Jiuzhao Wang, Jing He ⇑
State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology, Beijing 100029, China

a r t i c l e i n f o
Article history:
Received 4 September 2012
Revised 16 November 2012
Accepted 17 November 2012

Keywords:
Host–guest interaction
Inorganic nanosheet
a-Amino acid
Supramolecular catalysts
0021-9517/$ - see front matter � 2012 Published by
http://dx.doi.org/10.1016/j.jcat.2012.11.022

⇑ Corresponding author. Address: Box 98, 15 B
100029, China. Fax: +86 10 64425385.

E-mail address: jinghe@263.net.cn (J. He).
a b s t r a c t

The catalysts using layered double hydroxide (LDH) nanosheet-modified a-amino acid anions as ligands
has been proved to be easily recycled in vanadium-catalyzed asymmetric epoxidation of cinnamyl alco-
hol with the enantioselectivity well preserved and the yield only slightly reduced. The a-amino acids
employed here include L-glutamate, L-alanine, and L-serine, which are anchored to LDH layers through
monodentate electrostatic interactions in the ascending intensity while coordinated with vanadium cen-
ter in the coordinating intensity of L-glutamate > L-serine > L-alanine. The stronger coordination with a-
amino acid anion caused the vanadium center to be leached independently in less percentage, while
the leaching of a-amino acid anion depends on the dual host–guest interactions. In nanosheet-modified
L-glutamate system, all of the vanadium centers leached together with L-glutamate, but in nanosheet-
modified L-alanine system, all of the vanadium centers leached independently. The electrostatic interac-
tion of brucite-like layer with L-serine is stronger than with L-alanine, yet the stronger coordination of
L-serine to vanadium caused more L-serine to be leached. The weakest electrostatic interactions between
intercalated L-glutamate and LDH layer result in the visible loss of L-glutamate in the vanadium/LDH
nanosheet-modified L-glutamate system, but the V-glutamate species leached into the solution was
catalytically active in the epoxidation, compensating for the activity loss in the recycling experiments
in spite of the higher L-glutamate leaching.

� 2012 Published by Elsevier Inc.
1. Introduction

Elaborate design of efficient and recoverable heterogeneous
asymmetric organo-metallic catalyst is of great importance to both
fine chemical and pharmaceutical industries with more and more
urgent requirement for green chemistry and life safety [1–4]. Typ-
ically, two strategies are often considered as effective to immobi-
lize homogeneous metal complexes on a non-soluble support
[5,6]. One is ‘‘ligand-exchange’’, in which the chiral ligand is pre-
immobilized on the support and then anchored with metal center
[7–9]. Another is direct ‘‘tethering’’ of chiral metal complexes to
the support [10–13]. In either of the two methods, the host–guest
interactions between the ligand and support are very important to
catalytic efficiency and catalyst stability. The ligand can be an-
chored by covalent linkages [14–16] or non-covalent interactions
[17–19]. The non-covalent interactions include electrostatic
adsorption, encapsulation within the micropores of a zeolite, and
entrapment into nanopores of a mesoporous material. Compared
with covalent linkages, non-covalent interactions avoid excess
Elsevier Inc.
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modifications of available chiral ligands, which not only preserve
the original asymmetric environment but also preclude any
inevitable supplementary costs [17]. Unfortunately, non-covalent
interactions are not always strong enough to prevent the dissocia-
tion of chiral ligands, which gives rise to leaching of metal com-
plexes in the successive catalytic runs. Fraile’s group described
clay-supported chiral Mn(salen) complexes, which exhibited
declined catalytic activity and enantioselectivity after each recov-
ery and mainly in the last recycle as a result of disengagement of
the salen ligand from the clay support [20]. Besides, the metal
center itself might be leached due to the disassociation of
ligand–metal linkage by competitive coordination of by-products,
substrate, or solvent molecules. Totviso’s group reported the chiral
azabis(oxazoline)–cooper complexes immobilized on a silica mod-
ified with tungstophosphate PW12O3�

40

� �
and observed a significant

drop in activity and enantioselectivity in continuing catalytic runs
because of the deactivation by by-products [13]. Therefore, how to
engineer a recoverable asymmetric organo-metallic catalyst by
modulating the host–guest interactions is still a great challenge.

In our previous work [21], a simple but vigorous strategy has
been proposed to design a valid heterogeneous asymmetric cata-
lyst, in which the pristine a-amino acids were first attached to
inorganic nanosheets of layered double hydroxides (LDHs) and
then coordinated to vanadium sites. The chiral a-amino acids act
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as the guest of inorganic nanosheets, while vanadium centers are
the guest of the chiral a-amino acids attached to nanosheets. The
resulting catalysts proved valid in vanadium-catalyzed asymmetric
epoxidation of allylic alcohols. The catalyst was then colloidized by
delamination in water. The colloidal catalyst was easily separated
from the reaction system by simple liquid/liquid separation after
catalytic runs and reused without visible loss of catalytic activity
and enantioselectivity. But for the heterogeneous catalysts, which
were used in solid and separated from the liquid by simple filtra-
tion or centrifugation, the recovery and recycle stability need fur-
ther investigation with respect to multiple non-covalent
interactions in their structures. So in this work, the multiple
host–guest interactions in the heterogeneous vanadium catalysts
using nanosheet-attached a-amino acid anions as chiral ligands
have been studied, aiming to explore vigorous and versatile strat-
egies for development of efficient and durable supra-molecular
and/or host–guest catalysts.
2. Experimental

2.1. General

All the reagents and chemicals were of analytical purity and
used as received from commercial suppliers. The powder X-ray dif-
fraction (XRD) patterns were taken on a Shimadzu XRD-6000 dif-
fractometer with Cu Ka radiation (40 kV and 30 mA) at a
scanning rate of 5�/min and step size of 0.02�. The content of Zn,
Al, and V was determined on inductively coupled plasma (ICP)
atomic emission spectrophotometry (Shimadzu ICPs-7500) by dis-
solving the samples in dilute HNO3. The C, H, and N element anal-
ysis was performed on an Elementar Co. Vario elemental analyzer.
The Fourier transform infrared (FT-IR) spectra were recorded on a
Bruker Vector 22 FT-IR spectrometer with a resolution of 4 cm�1

using the standard KBr pellet method. The 51V nuclear magnetic
resonance (NMR) spectra were obtained with a Bruker AV300
NMR spectrometer at a resonance frequency of 78.90 MHz. The
chemical shifts (d) are referenced to external neat VOCl3. The scan-
ning electron microscope (SEM) and energy dispersive X-ray (EDX)
images were taken on a Zeiss Supra 55 scanning electron micro-
scope equipped with an EDX spectroscope. The accelerating volt-
age applied was 20 kV. The final chemical compositions of the
catalysts were determined as [Zn0.60Al0.41(OH)2](L-glutamate)0.17

(CO3)0.03�0.78H2O, [Zn0.61Al0.39(OH)2](L-alanine)0.13(NO3)0.26�0.42H2O,
and [Zn0.63Al0.37(OH)2](L-serine)0.13(NO3)0.24�0.24H2O according to
the ICP and CHN elemental analysis results.
2.2. Modification of L-glutamate (Glu) with LDH nanosheet

In order to obtain high-quality nanosheets, the Zn=Al—NO�3 –LDHs
was synthesized via ion exchange from Zn=Al—CO2�

3 –LDHs instead
of direct synthesis. Highly crystallized ZnAl—CO2�

3 –LDHs was syn-
thesized through a modified urea hydrolysis method [22]. A mixed
solution containing Zn(NO3)2 (10 mM), Al(NO3)3 (5 mM), and urea
(35 mM) in 320 mL deionized water was agitated at refluxing tem-
perature (100 �C) for 24 h in a three-neck flask. The precipitate white
solid was filtered, washed with heated deionized water for six times
and anhydrous ethanol two times, and then dried at 50 �C for 12 h.
The Zn=Al—NO�3 –LDHs was prepared by ion-exchange reaction by
suspending the Zn=Al—CO2�

3 –LDHs crystals (0.4 g) in the solution
of HNO3 (0.062 mol) and NaNO3 (0.62 mol) in decarbonated deion-
ized water (400 mL) and stirred at ambient temperature for 24 h
under N2 atmosphere. The solid was filtered, washed with decarbon-
ated deionized water for six times and anhydrous ethanol two times,
and then vacuumed at 40 �C for 12 h. The Zn/Al-Glu-LDHs was pre-
pared through ion-exchange approach using Zn=Al—NO�3 –LDHs as
precursor. First, L-glutamate aqueous solution was adjusted with
1 M aqueous ammonia to pH = 10–10.5 by monitoring with a pH
meter and then stirred at ambient temperature for 0.5 h under N2

atmosphere. Then, Zn=Al—NO�3 –LDHs was suspended in 15 mL of
decarbonated deionized water and mixed with the L-glutamate
aqueous solution. The resultant suspension was stirred at ambient
temperature for 24 h under N2 atmosphere and then filtrated. The
solid was washed with decarbonated deionized water for six times
and anhydrous ethanol two times, and then vacuumed at ambient
temperature for 12 h.

2.3. Modification of L-alanine (Ala) and L-serine (Ser) with LDH
nanosheet

The Zn/Al-Ala-LDHs and Zn/Al-Ser-LDHs was accomplished
through the coprecipitation approach [23] by addition of a mixed
solution of 1 M Zn(NO3)2 and Al(NO3)3 dropwise to a stirred
50 mM a-amino acid solution (Zn2+/Al3+/a-amino acid molar ra-
tio = 2/1/1). The solution pH was maintained at 9 by dropwise
addition of 1 M NH3�H2O solution under stirring at 40 �C in N2

atmosphere for 6 h. The resulting suspension was filtrated, and
the solid was washed with decarbonated deionized water for six
times and anhydrous alcohol two times and dried in a vacuum
oven at room temperature.

2.4. General procedure for the catalytic asymmetric epoxidation of 2-
methyl cinnamyl alcohol

Typical experimental procedure for direct asymmetric 2-methyl
cinnamyl alcohol catalyzed by heterogeneous vanadium catalyst:
5.0 lL of VO(OiPr)3 (0.02 mmol) and heterogeneous vanadium cat-
alyst (equivalent to 0.02 mmol of a-amino acid) was dispersed in
CH2Cl2 (1 mL) and HCONH2 (21 mL). After the mixture was stirred
for 1 h at 20 �C, 0.6 mL of tert-butyl hydroperoxide (TBHP,
1.59 mmol) in CH2Cl2 and 110 lL of 2-methyl cinnamyl alcohol
(0.71 mmol) were added. The mixture was stirred at the same tem-
perature for another 24 h. Saturated aqueous Na2SO3 was used to
quench the reaction, and the mixture was stirred for 1 h at 20 �C
and then extracted with ether. The ether phase was dried over Na2-

SO4 and concentrated under reduced pressure.
The conversion of substrate as well as the enantiomer excess

(ee) of the epoxidation products transferred onto the epoxy alcohol
was evaluated by means of chiral high-performance liquid chroma-
tography (HPLC) analysis on a Varian 210 ProStar fitted with a chi-
ral column (Daciel AD-H) operating under isocratic conditions
(0.4 mL/min) using a mobile phase of n-hexane/i-propanol (95:5
vol).
3. Results and discussion

3.1. Ligand modification and catalyst reusability

In this work, the nanosheets of LDHs are used to modify chiral
a-amino acids, including L-glutamate (Glu), L-alanine (Ala), and
L-serine (Ser), by intercalating the a-amino acid anions into the
interlayer regions of LDHs. The LDH nanosheet employed here con-
sists of zinc and aluminum hydroxides (Zn/Al-LDHs). The arrange-
ment of interlayer a-amino acid anions has been investigated by
XRD patterns. As shown in Fig. 1, a set of 00l diffractions character-
istic of hydrotalcite-like structure (Fig. 1, left) are observed for not
only nitrate-intercalated Zn/Al-LDHs (Zn=Al� NO�3 -LDHs) as pre-
cursor but also all a-amino acid anion intercalated LDHs. The
003 reflection shifts from 10.11� (Fig. 1a) for Zn=Al�NO�3 -LDHs
to 7.18� (Fig. 1b) for L-glutamate-intercalated Zn/Al-LDHs
(Zn/Al-Glu-LDHs), with the basal spacing increasing from 0.88 to



Fig. 1. The XRD patterns (left) and schematic structures (right) of LDHs intercalated
with (a) nitrate, (b) L-glutamate, (c) L-alanine, and (d) L-serine anions. Inset:
magnification of selected zooms. ( Zn Al N C O H).
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1.23 nm. The 003 reflection at 9.80� (Fig. 1c and d) for either
L-alanine-intercalated Zn/Al-LDHs (Zn/Al-Ala-LDHs) or L-serine-
intercalated Zn/Al-LDHs (Zn/Al-Ser-LDHs) gives a basal spacing of
0.90 nm. Subtracting the brucite-like layer thickness (0.48 nm),
the interlayer spacing is estimated as 0.75 nm for Zn/Al-Glu-LDHs,
0.42 nm for either Zn/Al-Ala-LDHs or Zn/Al-Ser-LDHs. This refers to
a monolayer arrangement of interlayer L-glutamate, L-alanine, and
L-serine anions (Fig. 1, right).

The nanosheet-modified a-amino acid anions are then applied
as ligands for vanadium centers using VO(OiPr)3 as the precursor
of catalytic site. The catalyst recovery and recycling were investi-
gated in vanadium-catalyzed epoxidation of 2-methyl cinnamyl
alcohol. In the study, the catalyst was separated by simple
filtration and subsequently used without further purification or
any treatment. The results are shown in Fig. 2. In either of the
ligand-to-V molar ratio of 1/1 (Fig. 2A) or 2/1 (Fig. 2B), the enanti-
oselectivity of major isomer (trans-configured epoxide) has been
well preserved in the recycle runs for all the systems using
nanosheet-modified L-glutamate, L-alanine and L-serine anion as
ligands, and only a slight decreases in the yield were observed in
each case. With a ligand-to-V molar ratio of 1 (Fig. 2A), the yield
decreased in three catalytic runs from 83 to 80% with nanosheet-
Fig. 2. The yield and ee in the catalytic runs of heterogeneous vanadium catalyst in the e
L-serine intercalated Zn/Al-LDHs as chiral ligands with ligand-to-V molar ratio of (A) 1/
modified L-glutamate as ligand (Fig. 2A, a), from 71 to 69% with
nanosheet-modified L-alanine as ligand (Fig. 2A, b), and from 81
to 70% with nanosheet-modified L-serine anion as ligand (Fig. 2A,
c). With a ligand-to-V molar ratio of 2/1 (Fig. 2B), the yield reduced
in the sequence of the heterogeneous vanadium catalysts
mentioned above from 18% to 9%, 26% to 23%, and 27% to 22%.

To understand the activity change observed in the recycling
runs, the leaching of vanadium and amino acid anions is
monitored. With nanosheet-modified L-glutamate, L-alanine and
L-serine anion as ligands, 6.6%, 4.2%, and 2.0% of the total vanadium
dosage and 25.7%, 0%, and 1.4% of the total a-amino acid anions
were leached from the solids in three catalytic runs for the catalyst
with a ligand-to-V ratio of 1. The leaching of the vanadium centers
into solution and the a-amino acid anions from solids in each
catalytic run was also determined and given in Table 1. As shown
in Table 1, 2.2%, 1.7%, and 1.4% vanadium centers loss was detected
for nanosheet-modified L-glutamate in each catalytic run, 1.1%,
1.7%, and 0.6% loss was detected for nanosheet-modified L-alanine,
and 0.3%, 0.8%, and 0.1% loss was detected for nanosheet-modified
L-serine. The total vanadium leaching in solution was 5.3%, 3.4%,
and 1.2%, respectively, after three catalytic runs. The case was
different when it comes to the loss of a-amino acid anions. For
nanosheet-modified L-glutamate, 9.6%, 4.1%, and 12.0% loss was
observed in each catalytic run. Yet only 1.1% L-serine loss in the
first and 0.3% in the second run were detected for nanosheet-
modified L-serine, and no L-alanine loss observed in each run for
nanosheet-modified L-alanine. Based on the ligand-to-V molar
ratio of 1/1, the vanadium leaching with nanosheet-modified
L-glutamate as ligand was estimated to all result from the disen-
gagement of a-amino acid anion from LDH nanosheets, and the
vanadium leaching with nanosheet-modified L-alanine anion was
estimated to all result from the disengagement of vanadium site
independently. With nanosheet-modified L-serine anion as ligand,
0.8% vanadium leaching resulted from the disengagement of
a-amino acid anion from LDH nanosheets, and 0.4% vanadium
was leached independently. As shown in Fig. 3, with nanosheet-
modified L-glutamate as ligand, 5.3% vanadium leaching gave rise
to a 3% decrease in yield, while with nanosheet-modified L-serine
anion as ligand, 1.2% vanadium leaching caused an 11% decrease
in yield. The 3.4% vanadium leaching caused a 2% yield reduction
with nanosheet-modified L-alanine anion as ligand. It seems that
it is the coinstantaneous leaching of vanadium-amino acids species
and vanadium center independently that mainly accounts for
the yield decrease. For the catalyst with nanosheet-modified L-
glutamate as ligand, all the leached vanadium was into the solu-
tion together with L-glutamate anions. The vanadium/pristine
L-glutamate system was found in our previous work [21] to give
excellent yield (99%) in the asymmetric epoxidation of 2-methyl
poxidation of 2-methyl cinnamyl alcohol using (a) L-glutamate, (b) L-alanine, and (c)
1 and (B) 2/1 ( : yield and : eetrans value).



Table 1
The leaching of vanadium and a-amino acid anions in three catalytic runs.

Ligands Nanosheet-
modified

L-glutamate
(%)

Nanosheet-
modified

L-alanine
(%)

Nanosheet-
modified

L-serine (%)

Total vanadium leaching from solids
after three catalytic runs

6.6 4.2 2.0

Vanadium leaching in solution
in the catalytic runs

1st 2.2 1.1 0.3
2nd 1.7 1.7 0.8
3rd 1.4 0.6 0.1

Total vanadium leaching in solution 5.3 3.4 1.2
a-Amino acid anions loss in

the catalytic runs
1st 9.6 0 1.1
2nd 4.1 0 0.3
3rd 12.0 0 0

Total loss of a-amino acid anions 25.7 0 1.4
Vanadium amount leached with

a-amino acid anions
5.3 0 0.8

Vanadium amount leached
independently

0 3.4 0.4

Fig. 3. The relationship between the total V leaching and the yield decrease on the
heterogeneous vanadium catalysts using L-glutamate, L-alanine, and L-serine
intercalated Zn/Al-LDHs as chiral ligands.
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cinnamyl alcohol. That hints, the vanadium centers or L-glutamate
anions leached into the solution in V-glutamate species were cata-
lytically active in the epoxidation and could compensate for the
activity loss in the recycling experiments in spite of the occurrence
of higher L-glutamate leaching. Either the vanadium leaching or
the loss of a-amino acid anions is supposed to be associated with
the destruction of the interactions between LDH nanosheet and
a-amino acid anions and/or the destruction of vanadium–ligand
interactions.
3.2. Host–guest interactions between LDH nanosheets and a-amino
acid anions

To reveal the reasons for the vanadium leaching and the loss of
a-amino acid anions, the nature of the multiple interactions in the
vanadium/LDH nanosheet-modified a-amino acid anion systems
has been explored by FT-IR spectroscopic characterization and
DFT calculations (Fig. 4). In the FT-IR spectrum of Zn/Al-Glu-LDHs,
the bands attributed to the asymmetric and symmetric vibrations
of carboxylate group in L-glutamate appear at 1593 and
1403 cm�1 (Fig. 4A, a), with a DtCOO (Dt = tas � ts) of 190 cm�1.
For Zn/Al-Ala-LDHs, the carboxylate is represented by the absorp-
tions at 1581 and 1354 cm�1 (Fig. 4A, b) with a DtCOO of 227 cm�1

and at 1583 and 1352 cm�1 (Fig. 4A, c) for Zn/Al-Ser-LDHs with a
DtCOO of 231 cm�1. Comparing the DtCOO (Dt1) for nanosheet-
modified a-amino acid anion with the value of corresponding so-
dium salt (Dt2) can identify the electrostatic interaction intensity
between the brucite-like layer and a-amino acid anions. A larger
difference between Dt1 and Dt2 reveals a more diminished sym-
metry due to a monodentate interaction between carboxylate
and brucite-like layer [24,25]. The Dt2 is 156, 213, and 207 cm�1

for the sodium salts of L-glutamate, L-alanine, and L-serine [26–
28]. Thus, the DDtCOO(Dt1 � Dt2) is in the ascending order of 14,
24, and 34 cm�1 for nanosheet-modified L-serine, L-alanine, and
L-glutamate anions. This indicates that all of the three a-amino
acid anions are anchored to LDH layers through monodentate
modes and particularly absolute monodentate for L-glutamate. It
also means that the electrostatic interaction between L-serine
and brucite-like layer is stronger than that between L-alanine and
LDH layer, while that between L-glutamate and LDH layer is the
weakest. The weakest monodentate electrostatic interactions be-
tween LDH layer and intercalated L-glutamate well account for
the visible loss (Table 1) of L-glutamate in the catalytic runs. Be-
sides, the H-bonds between the amino acid anions and the LDH
layers, a general interaction in hydrotalcite-like structures [29]
can be easily formed because of abundant hydroxyl groups on
the layer surface. The intense broad absorption band at about
3446 cm�1 is due to the H-bond of both the interlayer water mol-
ecules and a-amino acid anions with the hydroxyl groups of bru-
cite-like layer. So the molecular modeling combined with DFT
calculations has been performed in this work, which is expected
to give detailed information on the potential chemical microenvi-
ronment between brucite-like layer and a-amino acid anions
(Fig. 4B). According to the computational optimization, the lengths
of the H-bonds between the two oxygen atoms of carboxylate
group in L-glutamate (Fig. 4B, a) and layer hydroxyl are estimated
as 0.167 and 0.181 nm. Taking the covalent radius of O2� (0.14 nm)
into consideration, the bonding angles between the H-bonds and
LDH layers are approximately 57.0� and 50.7�. The intercalated L-
alanine shows stronger H-bonding interaction with LDH layers,
with bonding lengths of 0.168 and 0.172 nm (Fig. 4B, b) and bond-
ing angles of about 56.4� and 54.5�. The H-bonds between interca-
lated L-serine and LDH layers are modeled as in the lengths of
0.163 and 0.172 nm, with bonding angles of 59.2� and 54.5�
(Fig. 4B, c). It is obvious that stronger electrostatic interactions be-
tween brucite-like layer and a-amino acid anions facilitate the for-
mation of stronger H-bonding interactions. The intensities of the
H-bonding interactions with brucite-like layers change in a down-
side trend of L-serine, L-alanine, and L-glutamate.

3.3. Coordination between nanosheet-modified a-amino acid anions
and vanadium center

The coordination of nanosheet-modified a-amino acid anions to
vanadium center is investigated by the 51V NMR and FT-IR spec-
troscopy. In the 51V NMR spectra (Fig. 5), the chemical shift in
the range of �500 to �600 ppm are assigned [30,31] to the coordi-
nation of O and N sites in pristine a-amino acids with vanadium
center. The resonance downfield shifts from �553 ppm for the V
center coordinated with pristine L-glutamate to �520 ppm for
the one coordinated with nanosheet-modified L-glutamate
(Fig. 5a) and from �540 to �522 ppm for the vanadium center
coordinated with nanosheet-modified L-alanine (Fig. 5b). This re-
sults from a greater de-shielding effect on the vanadium center
[32] when carboxylic-H was substituted with positively charged
LDH layer. But the signal upfield shift from �554 to �588 ppm
for the V center coordinated with nanosheet-modified L-serine
(Fig. 5c), which means an increasing shielding effect on the vana-
dium center. The fractional coordination of hydroxyl in L-serine
to vanadium center, which is indicated by the shoulder at
�523 ppm [33], could be responsible for the increasing shielding
effect of nanosheet-modified L-serine.



Fig. 4. The FT-IR spectra (A) and calculated H-bonds (B) for (a) Zn/Al-Glu-LDHs, b) Zn/Al-Ala-LDHs, and (c) Zn/Al-Ser-LDHs. The H atoms in a-amino acid anions not involved
in the interactions are omitted for clarity. Right part of A: enlarged FT-IR spectra of 1200–500 cm�1. ( Zn Al N C O H).

Fig. 5. The 51V NMR spectra for vanadium center from VO(OiPr)3 source, coordinated with intercalated (upper) and pristine (down) (a) L-glutamate, (b) L-alanine, and (c) L-
serine.
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In the FT-IR spectra (Fig. 6), the absorption bands assigned to
V@O stretching vibration and V–N vibration appear at 961 [34]
and 567 cm�1 for V-Zn/Al-Glu-LDHs (Fig. 6a), at 953 and
556 cm�1 for V-Zn/Al-Ala-LDHs (Fig. 6b), and at 959 and
558 cm�1 for V-Zn/Al-Ser-LDHs (Fig. 6c), compared with the
spectra of right part of Fig. 4A. The band around 556 cm�1 can be
attributed to the overlapping vibrations of M–O–H bending
deformation vibration in LDH nanosheets [35,36] and V–N
vibration. But it is not obvious for the nanosheet-modified a-amino
acid anion themselves while gets apparently intensive after the
coordination of a-amino acid anions to vanadium centers.
Meanwhile, the C–N stretching vibration shifts from 1120 to
1070 cm�1 (DtC-N = �50) and N–H out-of-plane vibration [37]
from 722 to 749 cm�1 for nanosheet-modified L-glutamate, from
1100 to 1059 cm�1 (DtC-N = �41) for V-Zn/Al-Ala-LDHs and from
1108 to 1065 cm�1 (DtC-N = �43) for V-Zn/Al-Ser-LDHs along with
the shift of the N–H out-of-plane vibration from 725 and 721 cm�1

to 760 and 751 cm�1, further verifying the coordination of the
amine-N of nanosheet-modified L-glutamate, L-alanine, and
L-serine to vanadium center, which has been observed in the 51V
NMR spectrum. But the introduction of VO(OiPr)3 preserved the
carboxylate absorptions of nanosheet-modified L-glutamate at
1593 and 1405 cm�1 with a DtCOO of 188 cm�1, the carboxylate
absorptions of nanosheet-modified L-alanine at 1589 and
1360 cm�1 with a DtCOO of 229 cm�1, and the carboxylate absorp-
tions of nanosheet-modified L-serine at 1582 and 1355 cm�1 with a
DtCOO of 227 cm�1, demonstrating that the coordination with
vanadium center has no disruption on the monodentate electro-
static interactions between a-amino acid anions and LDH layers.
Obviously, the N atom is the dominating coordination atom



Fig. 6. The FT-IR spectra after the introduction of VO(OiPr)3 as V source to the LDH
nanosheet-modified (a) L-glutamate (V-Zn/Al-Glu-LDHs), (b) L-alanine (V-Zn/Al-
Ala-LDHs), and (c) L-serine (V-Zn/Al-Ser-LDHs).

Fig. 8. The FT-IR spectra (A), 51V NMR spectra (B), and SEM (left) and EDX mapping
(right) images (C) of (a) fresh and (b) used catalyst with Zn/Al-Glu-LDHs as ligand
and VO(OiPr)3 as vanadium source.
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because C–N stretching vibrations changed while the asymmetric
and symmetric stretching vibrations of carboxylates were scarcely
disturbed, which well accords with the bonding distances reported
by our group earlier [38]. In light of the difference in the shift of
C–N stretching vibrations, the coordination intensity to vanadium
center presents an order of L-glutamate > L-serine > L-alanine,
which well accounts for the difference in the vanadium amount
leached together with a-amino acid anions or independently
(Table 1). Stronger coordination with a-amino acid anions caused
the vanadium center to be leached independently in less percent-
age and leached together with a-amino acid anions in more per-
centage. The higher coordination intensity with L-glutamate
provides vanadium center with higher electron density. The higher
electron density makes it much easier for the vanadium center to
be attacked by the allylic alcohol. This is supposed to contribute
to the superior catalytic activity of LDH-modified glutamate sys-
tem to other amino acid systems (Fig. 2A).
3.4. Relationship between the multiple host–guest interactions and
leaching

As shown in Fig. 7, the vanadium amount leached indepen-
dently due to the destruction of vanadium–ligand interactions
Fig. 7. (a) Leached vanadium independently versus the coordination interaction and (b)
and a-amino acid anions.
decreases gradually with the coordination intensity of vanadium
with nanosheet-modified a-amino acid anions (Fig. 7a). But the
leaching of a-amino acid anions depends on the dual host–guest
interactions. For example, although the electrostatic interaction
of brucite-like layer with L-serine is stronger than with L-alanine,
the stronger coordination of L-serine to vanadium caused more
L-serine to be leached (Fig. 7b).

Taking V-Zn/Al-Glu-LDHs catalyst as an example, the compari-
son of FT-IR spectra, 51V NMR spectra, and SEM images of the fresh
and recovered catalyst convincingly demonstrates that the princi-
pal structure remains unaltered after the catalytic runs. Comparing
the FT-IR spectrum of the used catalyst in three catalytic runs with
that of fresh one (Fig. 8A), it is found that the bands for the
asymmetric and symmetric vibrations of carboxylate group in
L-glutamate remain at 1593 and 1405 cm�1 with a Dt of
188 cm�1, showing no change in monodentate electrostatic inter-
action between the carboxylate of interlayer L-glutamate and bru-
cite-like layer. The shift of –NH2 out-of-plane vibration from 749 to
767 cm�1 and C–N stretching vibration from 1070 to 1048 cm�1

indicates a partial leaching of vanadium active center in the
catalytic reaction. Meanwhile, the 51V NMR resonance, preserved
at nearly the same position (Fig. 8B), indicates the structural
leached a-amino acid anions (AA) versus the interactions between LDH nanosheets
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integrity of catalyst after the catalytic runs. Furthermore, the EDX
mapping images (Fig. 8C) demonstrate an even distribution of
vanadium active center after three catalytic runs.

4. Conclusions

In summary, the investigation on the nature of the multiple
interactions in the vanadium/LDH nanosheet-modified a-amino
acid anion systems reveals that excellent reusability of heteroge-
neous supra-molecular catalysts depends on the subtle balance
between the multiple non-covalent interactions. The stronger is
the coordination with a-amino acid anion, the less is the vanadium
center leached independently. But the leaching of a-amino acid
anions depends on both of the electrostatic interactions between
a-amino acid anions and LDH nanosheets and the coordination
interactions between nanosheet-modified a-amino acid anions
and vanadium centers. The coordination intensity of nanosheet-
modified a-amino acid anions to vanadium center presents an
order of L-glutamate > L-serine > L-alanine. All of the vanadium
leached together with L-glutamate in nanosheet-modified L-gluta-
mate system while independently in nanosheet-modified L-alanine
system. The a-amino acid anions are anchored to LDH layers
through monodentate electrostatic interactions in the ascending
intensity of L-serine > L-alanine > L-glutamate. The weakest electro-
static interactions lead to the visible loss of L-glutamate in the
catalytic runs. The electrostatic interaction of brucite-like layer
with L-serine is stronger than with L-alanine, yet the stronger
coordination of L-serine to vanadium caused more L-serine to be
leached.
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