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Catalytic isomerization of estragole to anethole over hydrotalcites and
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Abstract

The liquid phase isomerization of estragole to anethole, an industrially important reaction, was carried out over catalysts belonging to the
family of hydrotalcites (HTs) of general formula M(II)M(III)-xHT, where M(II) = Mg, Ni, Co, Zn and Cu, and M(III) = Al, Fe and Cr with
varying M(II)/M(III) atomic compositions (here represented as ‘x’). Among various binary hydrotalcites investigated Mg and Ni offered maximum
activity wherein MgAl-4HT showed 99% conversion and NiAl–4HT showed 87% conversion with acis:trans ratio close to 15:85 at 200◦C at a
substrate:catalyst mass ratio of 5:1. The other binary systems, ZnAl-4HT, CoAl-4HT and CuAl-4HT showed no conversion under similar reaction
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onditions. Among the trivalent metal ions studied, Al offered maximum activity followed by Fe and Cr and the activity trend was in l
he crystallinity of the samples. End members of the series, namely Mg(OH)2 and Al(OH)3, yielded no conversion, while materials crystallized
ydrotalcite (containing Mg and Al) showed pronounced activity, however varied with Mg/Al atomic ratio. Among the synthesis metho
tudied for MgAl-4HT, co-precipitation under low supersaturation offered maximum activity and solvent variation studies indicated t
olar solvents favored the reaction. The catalyst, MgAl-4HT, was reusable without significant loss in the activity up to three cycles. Va
o-bivalent metal ions in MgM(II)′Al-yz (where yz is Mg:M(II)′ atomic ratio and M(II)′ = Ni, Co, Zn, Cu, Mn and Fe) ternary hydrotalcites show
hat the inclusion of Ni and Co in the HT framework resulted in synergism wherein MgNiAl-31 showed 98% conversion and MgCoAl-31
8% conversion withcis:trans ratio close to 15:85 at 200◦C with a substrate:catalyst mass ratio of 10:1. In contrast, a sharp drop in the a
<10%) was observed with other co-bivalent metal ions. A reaction mechanism involving hydroxyl groups of HT-like lattice is propose
eaction.

2005 Elsevier B.V. All rights reserved.

eywords: Isomerization of estragole;cis/trans-Anethole; Binary and ternary hydrotalcites; Crystallinity; Influence of co-bivalent metal ions; Solvent po
tructural hydroxyl groups

. Introduction

Isomerization of estragole (methyl chavicol) to the corre-
ponding thermodynamically stable anethole (Scheme 1) is an

mportant olefin isomerization reaction wherein the product
nds application in alcoholic beverage industry and in oral
ygiene products. Anethole occurs in nature as bothcis andtrans

orms, whereintrans-isomer being more abundant.t-Anethole
s a major component of several essential oils, including anise
eed oil (80–90%), star anise oil (>90%) and sweet fennel oil
80%). Industrial sources of anethole have changed to address
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S. Kannan).

an increasing demand. When demand was low, isolation
essential oils played a significant role as a commercial so
Increased demand led to isolation from crude sulfate ter
tine (CST) or synthetic sources such as anisole[1,2]. Thach
and Strauss[3] have carried out the isomerization of met
chavicol in a microwave batch reactor under aqueous c
tions using 0.2 M NaOH and obtained a conversion of 8
at 230◦C. Kameda and Yoneda[4] have reported homog
neous isomerization of estragole over [RhH2(Ph2N3)(PPh3)2]
in dimethyl sulfoxide (DMSO) under hydrogen atmosph
(1 atm) at 30◦C. They found that the isomerization rate un
hydrogen atmosphere was faster than that under nitrogen
proposed that the active species was formed through the
tion of dihydridorhodium complex with hydrogen. Howev
most of these reactions involve a multi-step synthesis,
ried out using stoichiometric or superstoichiometric reag

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Scheme 1. Isomerization of estragole to anethole.

and sometimes results in mixture of products. This leads to
problems related to environmental damage, corrosion, recycling
and separation. Replacement of conventional alkali based cat-
alysts by solid base catalysts is a topic of recent interest, in
view of providing a cleaner environment[5–8]. Hydrotalcite-
like (HT-like) compounds are promising heterogeneous solid
base catalysts and have been exploited for various base catalyzed
transformations such as aldol condensation[9,10], double bond
isomerization of allylic substrates such as eugenol and safrole
[11–13]and dehydrogenation of 2-propanol[14]. The structure
of HT consists of brucite [Mg(OH)2] type octahedral layers in
which a part of the M(II) cations are isomorphously substituted
by M(III) cations. The excess positive charge of the octahe-
dral layers resulting from this substitution is compensated by
interstitial layers built of anions, such as carbonate and water
molecules. These materials are represented by the general for-
mula [M(II)1−xM(III) x(OH)2] [A x/n

n−]·mH2O, where M(II) is
the bivalent metal ion, M(III) the trivalent metal ion, A the inter-
layer anion andx can generally have the values between 0.1
and 0.33[15]. Very recently, alkali exchanged zeolites, basic
aluminas and hydrotalcites were explored as solid base alterna-
tives for the isomerization of methyl chavicol and concluded
that cesium cation exchanged zeolite X, KOH impregnated
alumina and hydrotalcite showed more than 90% conversion
[16]. The present paper discloses a detailed and systematic
study on isomerization of estragole over various M(II)M(III)
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liquids) and dried in an air oven at 110◦C for 12 h. In most of
the cases, the atomic ratio between the divalent and trivalent
cations was maintained around 4.0, while in ternary systems
the bivalent:co-bivalent atomic ratio was varied between 1:0
and 0:1. Consequently, the samples here are named either as
M(II)M(III)- xHT, wherex stands for M(II)/M(III) atomic ratio
for binary systems or as MgM(II)′Al-yz, where yz stands for the
nominal M(II)/M(II) ′ atomic ratio for ternary systems.

2.2. Techniques

Elemental chemical analysis of these samples was carried out
by both conventional wet chemical methods and atomic absorp-
tion.

Powder X-ray diffraction (PXRD) (both ex situ and in situ)
was carried out on a Philips X’Pert MPD system connected
to an Anton-Paar high temperature XRK assembly using Cu
K� radiation. In situ measurements were carried out by mount-
ing the sample in a high temperature cell, which was heated at
2.5◦C/min in steps of 25◦C and stabilized for 10 min before
measurements. The operating voltage and current were 40 kV
and 40 mA, respectively. The step size was 0.05◦ with a step
time of 1 s. Identification of the crystalline phases was made by
comparison with the JCPDS files[17].

FT-IR spectra were recorded in a Perkin-Elmer FT1730
instrument, using KBr pellets; 64 spectra (recorded with a nom-
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ydrotalcite-like compounds, where M(II) = Mg, Ni, Co, Cu a
n, and M(III) = Al, Fe and Cr with carbonate as interlayer an
nd varying M(II)/M(III) atomic compositions. Activity stud

es were also done for ternary MgM(II)′Al hydrotalcites, wher
(II) ′ = Ni, Co, Zn, Cu, Mn and Fe and an attempt was mad

orrelate the activity with physicochemical properties.

. Experimental

.1. Sample preparation

The samples, unless specifically mentioned, were largely
ared by co-precipitation under low supersaturation. In
ethod, two solutions, namely, solution (A) containing
esired amount of metal nitrates and solution (B) having
ipitating agents (i.e. NaOH and Na2CO3) were added slowl
1 ml/min) and simultaneously in a four-necked round-botto
ask fitted with a pH electrode for maintaining the pH aro
–10 during addition under vigorous stirring at room temp

ure. The addition took ca. 90 min and the final pH was adju
o 10 by adding a few drops of precipitant solution. The s
les were aged in the mother liquor at 65◦C for 18 h, filtered
ashed (until total absence of nitrates and sodium in the wa
-

g

nal resolution of 4 cm−1) were accumulated and averaged
mprove the signal-to-noise ratio.

Thermogravimetric (TG) analysis was carried out in a M
ler TGA/SDTA 851e and the data were processed using Se

oftware, in flowing nitrogen or argon (flow rate, 50 ml/min)
heating rate of 10◦C/min.
Specific surface area and pore size analysis of the

les were measured by nitrogen adsorption at−196◦C using
sorptometer (ASAP-2010, Micromeritics). The samples w
egassed at 120◦C for 4 h prior to measurements and the d
ere analyzed using built-in published software[18].
Scanning electron microscopy of the samples were mea

n a microscope (Leo Series VP1430) equipped with EDX f
ty (Oxford instruments). The samples were coated with
sing sputter coating to avoid charging. Analyses were ca
ut at an accelerating voltage of 20 kV and probe curre
02 pA.

.3. Isomerization of estragole

Isomerization of estragole was conducted in a batch
or (50 ml), wherein the substrate, solvent and catalyst
harged all at once and raised to the reaction temperature
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products were withdrawn using a syringe at definite time inter-
vals and analyzed (using authentic samples) by gas chromatog-
raphy (Shimadzu-14B, SE-30) using FID. Quantification of the
products was done using 2-propanol as external standard. Iden-
tification of the products was also further verified using GC–MS
(HP-5890-II GC connected to HP-5971 mass selective detector)
as well as1H NMR (Bruker, Avance-200).

3. Results and discussion

3.1. Physicochemical studies

The chemical composition, lattice parameters and textural
parameters of as-synthesized binary hydrotalcites have been
already reported[12]. PXRD of these samples showed sharp
and symmetric reflections at lower diffraction angles and broad
asymmetric reflections at higher angles, characteristic of HT-like
materials. Further evidence on the phase purity was ascertained
from FT-IR whose spectra are given inFig. 1. For all sam-
ples, infrared spectra are quite similar though some differences
can be noticed in the intensity and the broadness of the bands.
All spectra exhibited an intense broad band between 3800 and
3000 cm−1 which comprises the vibrations of physisorbed water
[19,20], vibrations of structural OH− groups[20], characteristic
valency vibrations of OH···OH and/or characteristic stretching
v 2− −
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Fig. 2. BJH pore size distribution (desorption) traces of: (a) MgAl-4HT; (b)
NiAl-4HT; (c) CoAl-4HT; (d) ZnAl-4HT; (e) MgFe-4HT; (f) MgCr-4HT.

temperature (−196◦C) showed pattern typical of type IV
isotherm according to IUPAC classification[26]. This represents
a mesoporous adsorbent with no or a small amount of micropores
and strong adsorbent–adsorbate interaction. Hysteresis loops
were noted and are caused by the physical phenomenon of capil-
lary condensation in mesopores. In most cases, the loop starts at
a high relative pressure, which augments the mesoporous nature
of these samples. The hysteresis loops are almost vertical and
parallel over an appreciable range ofp/p0 and such shape of the
loops suggests the presence of plate-like particles giving rise to
slit-shaped pores[26]. The pore size distribution of the sam-
ples calculated according to Barrett et al.[27] from the results
of the N2-desorption measurements, given inFig. 2, pointed
out significant variations in the distributions depending on the
nature of metal ions in the HT-like lattice. For example, NiAl-
4HT showed an intense and unimodal distribution with a peak
maximum around 41̊A, while distribution traces of MgAl-4HT,
MgFe-4HT and CoAl-4HT showed broad, bi-modal distribution
of pores suggesting altered textural characteristics. Further, the
contribution of pores in the lower mesoporous region (20–50Å)
significantly varied with the nature of metal ions present the
HT-like lattice. This is indeed reflected in specific surface areas
and pore volumes of these samples[12]. To complement, scan-
ning electron microscopic (SEM) studies were carried out for
these materials in order to understand their morphological fea-
tures. SEM micrographs of some of the samples are given in
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ibrations of CO3 ···OH in hydrotalcite[21]. A rather weak
bsorption at 1650–1620 cm−1 should be due to the deform

ion mode of interlayer water molecules[22]. An intense, shar
bsorption band at 1360–1390 cm−1 is due to mode�3 anti-
ymmetric stretching of interlayer carbonate, shifted from
osition in free CO32− because of strong hydrogen bond
ith hydroxyl sheets and H2O molecules in the interlayer[21].
he presence of the band at 1504–1537 cm−1, more clearly see

or MgCr-4HT (Fig. 1f), can be ascribed to a lowered carb
te symmetry (fromD3h) that activated the vibration mode�1
f CO3

2− observed around 1080 cm−1 [23]. Bands observe
etween 800 and 400 cm−1 are attributed to the hydrotalcite la

ice vibrations[24,25].
The adsorption–desorption isotherms of the sam

Fig. 1S, supplementary information) recorded at liquid nitroge

ig. 1. FT-IR spectra of: (a) MgAl-4HT; (b) NiAl-4HT; (c) CoAl-4HT; (d) ZnA
HT; (e) MgFe-4HT; (f) MgCr-4HT.
ig. 3. A first look at the micrographs would indicate that all
amples possess platelet structures, however, with overla
f such platelets occurs, thereby exhibiting a kind of spo
tructure. However, extent of overlapping significantly va
ith nature of metal ions thereby exhibiting varied sizes
gglomerated particles (MgAl-4HT: 1.5–3.5�m; MgFe-4HT:
.2–0.7�m). Such variations in orderliness of lattice, text
nd morphology are expected to play a critical role in alte

he reactivity of these materials for a catalytic reaction.

.2. Isomerization of estragole

.2.1. Influence of M(II)/M(III) atomic composition
Table 1 summarizes the isomerization of estragole o

gAl binary hydrotalcites with varying Mg/Al atomic com
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Fig. 3. Scanning electron micrographs of: (a) MgAl-4HT; (b) NiAl-4HT; (c) CoAl-4HT; (d) ZnAl-4HT; (e) MgFe-4HT; (f) MgCr-4HT (scale: 1 cm = 1�m).

positions. End members, namely Mg(OH)2 and Al(OH)3, are
also included for comparison. Both end members yielded no
conversion, while MgAl hydroxycarbonate crystallizing in HT-
like network showed higher activity, however, the activity varied
with Mg/Al atomic ratio. Activity variations indicated that the
conversion increased with an increase in the ratio of Mg/Al up
to 4.0 and a further increase in the ratio lowered the conversion.
This could possibly be due to the variation in the basicity of
the catalysts with varying Mg/Al atomic ratio. Among the cata-
lysts studied, MgAl-4HT showed maximum conversion of 99%
with acis:trans ratio of around 14:86.trans-Isomer was formed

predominantly over all catalysts due to its better thermodynamic
stability.

3.2.2. Influence of synthesis methodology
In literature, different methods have been reported for the

synthesis of hydrotalcite-like materials[15]. Recently, hybrid
syntheses wherein precipitation coupled with post-treatment
employing microwave or ultrasound are attempted in an antici-
pation of obtaining varied physicochemical properties[28,29].
In our study, we have synthesized MgAl binary hydrotalcite with
Mg/Al atomic ratio 4.0 (MgAl-4HT) by five different methods,
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Table 1
Isomerization of estragole over MgAl hydrotalcites with different Mg/Al atomic
compositionsa

Catalyst Conversion (%) Product distribution (%)

cis trans

MgAl-2HT 31 13 87
MgAl-3HT 64 20 80
MgAl-4HT 99 14 86
MgAl-6HT 52 17 83
MgAl-8HT 29 14 86
MgAl-10HT 7 14 86
Mg(OH)2 n.c.b – –
Al(OH)3 n.c. – –
Blank n.c. – –

a Substrate: 0.5 g, solvent: DMF (20 ml), catalyst weight: 100 mg, reaction
temperature/time: 200◦C/6 h.

b No conversion.

namely sequential precipitation, co-precipitation, reversal addi-
tion, instantaneous addition and ultrasonication and their iso-
merization activity for estragole was compared. Experimental
details of these synthesis methods are disclosed elsewhere[30].
The results are summarized inTable 2. It is clear from the table
that among the methods studied, sample synthesized through
co-precipitation showed maximum activity. The activity trend
could be correlated with crystallinity of these materials, as
evidenced from PXRD of these samples[12], wherein well
crystalline sample, like that obtained through co-precipitation,
showed maximum activity while samples with lesser long range
ordering showed lower activity. These results are similar to
that observed for isomerization of eugenol over these materi-
als[12]. The higher crystallinity of the sample prepared through
co-precipitation can be attributed to a facile particle growth.
However, no regular correlation could be established between
the activity and specific surface areas (Table 2) of these sam-
ples. Subsequently, all samples disclosed in this study mentioned
below were synthesized by co-precipitation.

3.2.3. Influence of solvent
Table 3summarizes the estragole isomerization activity in

various solvents over MgAl-4HT. Although a direct correla-
tion between the polarity of the solvent (as evidenced from
their dielectric constants given inTable 3) with the activity
c erein
s or

Table 3
Influence of solvent for isomerization of estragole over MgAl-4HTa

Solvent Dielectric
constant

Conversion
(%)

Product distribution (%)

cis trans

DMF 38.2 97 12 88
DMSO 47.2 79 14 86
Acetonitrile 36.6 19 11 89
THF 7.5 10 10 90

a Substrate: 0.5 g, solvent volume: 20 ml, catalyst weight: 100 mg, reaction
temperature/time: 200◦C/6 h.

Fig. 4. Variation of substrate:catalyst mass ratio for isomerization of estragole
over MgAl-4HT (substrate: 0.5 g; solvent: DMF (20 ml); reaction tempera-
ture/time: 200◦C/6 h).

N,N-dimethyl formamide (DMF) showed higher activity than
the solvents with lower polarity such as THF. Highest con-
version was noted for DMF and thus selected for further
studies.

3.2.4. Influence of substrate:catalyst mass ratio
Fig. 4 shows the effect of substrate:catalyst mass ratio over

MgAl-4HT. Conversion increased with an increase in catalyst
mass. Thecis:trans ratio also decreased (i.e. a decrease in
cis-isomer) with an increase in conversion (i.e. at higher cat-
alyst:substrate ratio). A maximum conversion of 99% in 6 h
was observed with a substrate:catalyst mass ratio of 5:1 with a
cis:trans ratio of 14:86 at 200◦C. To check the reusability of this
catalyst, a fresh portion of estragole (0.5 g) along with solvent
(DMF; 20 ml) was added to this reaction mixture and the reac-
tion was continued. A conversion of around 85% was noted after

T
I tragolea

M Conversion (%) Product distribution (%) Surface areab

cis trans

C 99 14 86 83
U 83 15 85 109
S 80 15 85 78
I 80 15 85 9
R 66

ion te
ould not be made, a general trend could be deduced wh
olvents with higher polarity such as dimethyl sulfoxide

able 2
nfluence of synthesis methodology for MgAl-4HT on isomerization of es

ethodology Mg/Al atomic ratio

Solution Solid

o-precipitation 4.0 3.5
ltrasonication 4.0 3.9
equential precipitation 4.0 3.8

nstantaneous addition 4.0 4.6
eversal addition 4.0 4.0

a Substrate: 0.5 g, solvent: DMF (20 ml), catalyst weight: 100 mg, react
b Specific surface area in m2/g.
15 85 26

mperature/time: 200◦C/6 h.
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Fig. 5. Influence of reaction temperature on the conversion and selectivities of
cis- andtrans-anethole over MgAl-4HT (substrate: 0.5 g; solvent: DMF (20 ml);
catalyst weight: 100 mg; reaction time: 6 h).

12 h of the reaction corroborating its potency to reuse. The slight
decrease in the conversion could be due to decrease in catalyst
concentration per unit volume of the reaction mixture. Further,
when the catalyst was filtered after the reaction, washed (with
water and finally with acetone to completely remove organics)
and tested for isomerization, no significant drop in the conver-
sion (∼90% up to three cycles) was noted suggesting its promise
for practical applications.

3.2.5. Influence of reaction temperature and time
Fig. 5 shows the isomerization activity of estragole over

MgAl-4HT with substrate:catalyst mass ratio 5:1 in the temper-
ature range 140–200◦C. The results showed that the catalytic
activity increased with an increase in the reaction temperature.
A gradual increase in the conversion was observed when the
temperature was raised and a maximum conversion of 99% with
cis:trans ratio 14:86 was observed at 200◦C. Hence, this tem-
perature was selected for further studies. A progressive growth
in the conversion of estragole was observed with reaction time
wherein nearly 75% of the reaction occurred in 1 h and reached
a maximum at 6 h as evidenced fromFig. 6. Observation of dual
kinetic regimes for this reaction over these catalysts is a subject
of further investigation.

F gAl-
4 ction
t

Table 4
Isomerization activity of estragole over MgAl-4HT calcined at different tem-
peratures in air for 5 ha

Calcination
temperature (◦C)

Conversion (%) Product distribution (%)

cis trans

As-synthesized 97 12 88
200 27 20 80
400 0.3 – 100
600 0.2 – 100
800 0.1 – 100

a Substrate: 0.5 g, solvent: DMF (20 ml), catalyst weight: 100 mg, reaction
temperature/time: 200◦C/6 h.

3.2.6. Influence of calcination temperature
In an anticipation of finding better catalysts, MgAl-4HT was

calcined at different temperatures (200, 400, 600 and 800◦C) in
air for 6 h and tested for estragole isomerization. The tempera-
tures were chosen based on thermoanalytical results. Although
recent interest is in exploring the basic and/or redox properties
of as-synthesized hydrotalcites for various catalytic transforma-
tions, larger reports are available on the utilization of calcined
hydrotalcites as solid base catalysts for different base-catalyzed
organic reactions such as condensation, dehydrogenation and
isomerization[31,32]. Our studies indicated a sharp drop in the
conversion of estragole for the calcined samples compared to as-
synthesized samples irrespective of the calcination temperature
(Table 4). The reason for such a drastic drop in the conversion is
due to structural change wherein the destruction of layered struc-
ture occurs at higher temperatures forming mixed metal oxide.
Significant difference in the activity between MgAl-4HT (97%)
and the corresponding sample calcined externally at 200◦C
for 6 h (27%) suggests the superiority of basic sites generated
“in situ” for the former under our reaction conditions. This is
evidenced by FT-IR measurements, given inFig. 7, for MgAl-
4HT calcined at different temperatures. The absorptions around
3450 cm−1 of the OH group and 1380 cm−1 of CO3

2− group
in the interlayer are reduced with an increase in the tempera-
ture of calcination along with variations in the spectra below
1000 cm−1 corroborates the transformation of HT-like lattice
t ined

F h in
a

ig. 6. Influence of reaction time on the conversion of estragole over M
HT (substrate: 0.5 g; solvent: DMF (20 ml); catalyst weight: 100 mg; rea

emperature: 200◦C).
o mixed metal oxide. The presence of water in the calc

ig. 7. FT-IR spectra of MgAl-4HT calcined at different temperatures for 5
ir: (a) 200◦C; (b) 400◦C; (c) 600◦C; (d) 800◦C.
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Scheme 2. Reaction pathway for isomerization of estragole over MgAl hydrotalcite.

samples (deformation mode at 1640 cm−1) can be due to adsorp-
tion of water while handling the sample before measurements.
Further, such inference is earlier substantiated by us using in
situ PXRD measurements and TG-DTA studies[33]. In other
words, one can say that strong Lewis basic sites (O2−) derived
from the calcination of hydrotalcites, may not be appropriate for
enabling estragole isomerization while Bronsted basic hydrox-
yls (hydroxylated layered network) are the active centers, which
abstract proton of methylene carbon in facilitating the isomer-
ization. A probable mechanistic pathway for isomerization of
estragole over MgAl binary hydrotalcite is depicted inScheme 2.

3.2.7. Influence of bivalent metal ions
Various binary hydrotalcites of the general formula M(II)Al-

4HT, where M(II) = Mg, Ni, Co, Cu and Zn were screened
for isomerization and the results are summarized inTable 5.
Among the samples studied, magnesium and nickel offered
high conversions (99 and 87%, respectively) at 200◦C with
a substrate:catalyst mass ratio of 5:1. Further, irrespective of
metal ions thetrans-isomer of anethole is the preferred product
(around 85%) due for its thermodynamic stability. All the other
bivalent metal ions showed no activity under similar reaction

Table 5
Influence of bivalent metal ions in M(II)Al-4HT for estragole isomerizationa

C

M
N
Z
C
C

ction
t

conditions. This clearly suggests that the presence of appropri-
ate basic sites in Mg and Ni systems, which assist in mediating
the reaction. The observed high activity of nickel and magne-
sium systems can be attributed to the higher thermal stability
of Ni and Mg systems, as deduced from second transformation
temperatureT2 (334◦C for NiAl-4HT and 403◦C for MgAl-
4HT) deduced from thermogravimetric profiles while rest of
the binary samples structurally decomposed well below 250◦C.
In other words, prevalence of hydroxylated layered network is
essential for facilitating estragole isomerization. Further, larger
contribution of uniform pores in these samples (MgAl-4HT
and NiAl-4HT) in 20–50Å region (Fig. 2) probably facilitates
appropriate diffusion of molecules (reactant/products through
intra/inter crystalline spaces) and in turn influences on the activ-
ity. We believe that the structural hydroxyl groups participate
as Bronsted basic sites, preferably those present at the edges
and surfaces of crystallites, which are accessible for the reactant
molecules in enabling this reaction.

3.2.8. Influence of trivalent metal ion
In an endeavor to study the influence of trivalent cations, a

series of hydrotalcites of general formula MgM(III)-4HT, where
M(III) = Al, Fe and Cr with Mg/M(III) atomic ratio of 4.0 were
tested for isomerization of estragole. Among the catalysts stud-
ied, MgAl-4HT offered maximum conversion of 99% followed
by Fe and Cr, which showed 37 and 8% conversion, respec-
t tion
w ed
a
T
S uced
s 4HT
a the
H stal-
l HT
a

atalyst Conversion (%) Product distribution (%)

cis trans

gAl-4HT 99 14 86
iAl-4HT 87 15 85
nAl-4HT n.c.b – –
uAl-4HT n.c. – –
oAl-4HT n.c. – –

a Substrate: 0.5 g, solvent: DMF (20 ml), catalyst weight: 100 mg, rea
emperature/time: 200◦C/6 h.
b No conversion.
ively. A look at the conversion trend suggested a correla
ith the crystallinity of the compounds wherein PXRD show
maximum crystallinity for Al followed by Fe and Cr[12].

hese results are further corroborated by FT-IR (Fig. 1) and
EM (Fig. 3) measurements wherein the former showed red
ymmetry of carbonate anions in the interlayers of MgFe-
nd MgCr-4HT (and in turn on the long range ordering of
T-like lattice) while the latter showed a larger average cry

ite size of the particles for MgAl-4HT compared to MgFe-4
nd MgCr-4HT.



90 D. Kishore, S. Kannan / Journal of Molecular Catalysis A: Chemical 244 (2006) 83–92

Table 6
Isomerization of estragole over MgNiAl ternary hydrotalcitesa

Catalyst M(II)/Alb Mg/Nib Conversion (%) Product distribution (%)

Solution Solid Solution Solid cis trans

MgNiAl-15 4.0 3.9 0.2 0.2 59 15 85
MgNiAl-13 4.0 4.5 0.3 0.3 73 14 86
MgNiAl-11 4.0 4.3 1.0 1.1 79 16 84
MgNiAl-31 4.0 4.3 3.0 2.9 98 15 85
MgNiAl-51 4.0 4.8 5.0 5.8 98 13 87
MgAl-4HT 4.0 3.5 – – 83 16 84
NiAl-4HT 4.0 4.5 – – 73 15 85

a Substrate: 0.5 g, solvent: DMF (20 ml), catalyst weight: 50 mg, reaction temperature/time: 200◦C/6 h.
b Atomic ratio.

3.2.9. Influence of co-bivalent metal ions
In order to understand the influence of co-cation on the

physicochemical and catalytic properties of hydrotalcites, we
have partially substituted Mg by various bivalent metal ions in
MgAl system. The selection of Mg and Al as bi- and trivalent
cations in HT-like lattice were based on our results mentioned
above, which showed high activity for estragole isomeriza-
tion among various bivalent and trivalent metal ions screened.
Table 6 summarizes the activity of MgNiAl ternary hydro-
talcites with varying Mg/Ni atomic compositions studied for
estragole isomerization. For comparison, activities of MgAl-
4HT and NiAl-4HT are also included in the table. Elemental
analysis of these samples are also included in this table suggests
a reasonable correspondence between the starting solutions and
resulting solids substantiating the completion of precipitation.
Phase purity was ascertained through powder X-ray diffraction
(Fig. 2S) wherein pure HT-like phase was found in the entire
composition range studied without co-crystallization of any dis-
crete impurity phases. On all the catalysts anethole formed
as a mixture ofcis- and trans-isomers. Among the catalysts
studied, MgNiAl-51 and MgNiAl-31 showed maximum con-
version and MgNiAl-15 showed minimum conversion, clearly
suggesting the influence of nickel concentration on the activ-
ity. A regular variation in the activity was noted with Mg/Ni
composition, wherein conversion decreased with an increase
in nickel content. A maximum conversion of 98% was noted
f a
s st th

co-presence of both Mg and Ni together in a HT-like lattice
exhibit a co-operative phenomenon for such systems, thereby
exhibiting enhanced activity compared to independent binary
systems. Recently, Rives et al.[34] demonstrated the operation
of such synergism for Co and Ni containing ternary hydrotalcites
for hydroxylation of phenol. In an extension, to see the influence
of other co-bivalent metal ions on MgAl system, we have synthe-
sized MgM(II)′Al ternary systems, where M(II)′ = Zn, Co, Cu,
Fe and Mn with Mg/M(II)′ atomic ratio of 3.0 (the ratio was cho-
sen based on MgNiAl ternary system). PXRD of these samples
showed (Fig. 3S) single phase diffraction pattern characteristic
of HT-like phase (JCPDS: 41-1428) with varying crystallinity
depending on the nature of co-bivalent metal ions present in the
lattice wherein nickel showed the maximum crystallinity based
on both basal andab plane reflections. All catalysts containing
other co-bivalent metal ions showed a sharp drop in the con-
version, except for MgCoAl-31 (which showed a conversion
of 88% with cis:trans ratio 16:84) under similar experimental
conditions (Table 7). Such a decrease in the activity even upon
minimal incorporation of inactive metal ions in MgAl layered
lattice would suggest a strong negative influence of these metal
ions in altering the basic characteristic of the hydroxyl groups,
and in turn on the activity.

3.2.10. Influence of alkali metal ions and ruthenium
l

n pro-
m lites

T
I

C

M
M
M
M
M
M

n tem
or MgNiAl31 with a cis:trans ratio of around 13:87 using
ubstrate:catalyst mass ratio of 10:1. These results sugge

able 7
somerization of estragole over MgM(II)′Al ternary hydrotalcitesa

atalyst (Mg + M(II)′)/Alb Mg/M(II) ′b

Solution Solid Solution

gNiAl-31 4.0 4.3 3.0
gCoAl-31 4.0 4.1 3.0
gZnAl-31 4.0 4.2 3.0
gCuAl-31 4.0 4.4 3.0
gMnAl-31 4.0 4.4 3.0
gFeAl-31 4.0 4.4 3.0

a Substrate: 0.5 g, solvent: DMF (20 ml), catalyst weight: 50 mg, reactio
b Atomic ratio.
at

oading
Many base-catalyzed organic transformations have bee

oted by impregnating alkali metal ions especially on zeo

Conversion (%) Product distribution (%)

Solid cis trans

2.9 98 15 85
2.7 88 16 84
2.7 8 16 84
2.5 3 33 67
3.6 4 25 75
3.6 2 30 70

perature/time: 200◦C/6 h.
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through ion-exchange[35]. Recently, Kaneda et al.[36] have
reported an increase in the activity for heterogeneous oxida-
tion of allylic and benzylic alcohols for MgAl hydrotalcite by
incorporating ruthenium. In an anticipation of complement-
ing these studies, we had taken an initiative of incorporat-
ing alkali metal ions (mainly Cs+ using cesium acetate) or
ruthenium (as Ru3+ using RuCl3·3H2O) over as-synthesized
MgAl-4HT through impregnation (at room temperature for
6 h, aged at 65◦C for 12 h and dried at 110◦C for 6 h). The
results evidenced that incorporation of ruthenium as well as
of alkali metal ions improved the conversion compared to as-
synthesized hydrotalcite. A conversion of 98% with acis:trans
ratio of 13:87 was noted for 2.5% Ru-incorporated hydrotal-
cite (ICP analysis showed a loading of 1.8% of Ru) against
83% conversion (cis:trans ratio of 16:84) for as-synthesized
MgAl-4HT with a substrate:catalyst mass ratio of 10:1 under
identical reaction conditions. In addition, samples with vary-
ing Ru content (1 and 0.5% Ru) were prepared and tested for
estragole isomerization. The activity studies concluded that the
amount of introduced ruthenium could be lowered to as low
as 0.5% with out a marked variation in the estragole conver-
sion and we propose that Ru3+ on the surface of hydrotalcite
play a role in augmenting the catalytic behavior. Similarly, con-
version also improved with alkali metal ion doping, wherein
5% Cs incorporated MgAl-4HT showed a conversion of 96%
(against 83% for MgAl-4HT) withcis:trans ratio of 16:84 at
2

4

ove
d I)-
x l,
F on-
c with
A tiv-
i tiv-
i lat-
t reac
t tiv-
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w ese
s tiv-
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a per
a s o
H Mg
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are proposed as active centers involved in this isomerization
reaction.
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