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Several layered double hydroxides (LDHs) containing metals of different nature intercalated with benzoate
anions have been synthesised in order to study the O-alkylation reaction of the interlayered species with alkyl
halide in dry media conditions. In all the cases, the expected ester was obtained with good yield (> 60%). The
presence of anionic benzoate in the structure was prefered to obtain high selectivity and yield, in comparison
with the use of sodium benzoate supported as a salt. The use of MW irradiation to promote these reactions has
permitted the reaction time to be reduced considerably. The influence of water present in the LDH on the ester
formation has also been investigated. Characterisation of the LDH support before and after reaction is also
presented, showing the influence of the nature of the cations located in the octahedral sheets. The support can

be regenerated, with no effect on the reactivity.

Introduction

Nowadays, the chemistry community is under increasing
pressure to change current working practices in order to find
greener alternatives in chemical production. In this way, the
application of inorganic reagents in solvent-free media, which
involves milder conditions, easier work up and higher
selectivity, has rapidly increased. The use of environment-
friendly solid acid or base catalysts in dry media conditions, i.e.
without any solvent, appears as one promising solution to
reduce the amount of toxic wastes and by-products arising
from chemical processes.

The thermal energy source provided by microwave (MW)
irradiation is more and more used in organic synthesis because
of the following main advantages: high reaction rates, excellent
yields with minimisation of by-products and ease of utilisa-
tion.! We have reported” the interest in combining both solvent
free media and MW activation for different type of reactions
(e.g. alkylation reactions) using inorganic solids, such as
alumina, as the support. This was extended to a great variety of
reactions involving the use of different inorganic solids.> More
recently, we have shown the application of this methodology to
the synthesis of herbicides, consisting of the esterification of
2,4-dichlorophenoxyacetic acid (2,4-D) using microparticu-
lated solids such as clays, silica and other oxides as reaction
supports.*

The special topology of certain solids (2D) allows intracrys-
talline reactions in which the control of the diffusion
mechanism of the reactants imposed by the structural nature
of the solids could strongly determine both the yield and
selectivity of the reaction.’ So nucleophilic substitution
reaction and alkylcyanide synthesis have been described
involving interlayered anions of layered double hydroxides
(LDHs).*” The LDHs are lamellar compounds with a structure
derived from the brucite type M'™(OH),, where trivalent
metallic cations such as Al, Cr, Fe, Ga, V, etc.5 10 replace
some of the divalent ones (Mg, Zn, Cu, Ni, Co, Mn, efc.)
creating a net positive charge on the layers [M™,_ M -
(OH),J*". Overall electroneutrality is obtained by the inter-
calation of inorganic or organic anions into the interlamellar
space [A”" - nH,O]" . According to the fields of application,
a wide range of derivatives containing various combinations of
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MY, M™ and A (henceforth abbreviated M'-M™-A) can be
synthesised either directly or by anionic exchange, the main
property of these materials being their anionic exchange ability.
Catalysis is the predominant field of application for these
materials,'"*!? which are principally used as precursors of finely
divided mixed metallic oxides. In a preliminary study, we have
recently reported' that carboxylates intercalated into a ZnCr
matrix [Zn,Cr(OH)s]* (CcHsCO, ") are alkylated in dry media
with good yields, activating the reaction by heating either in a
conventional furnace or in a domestic MW oven.

This paper reports the synthesis of alkylbenzoates using
benzoate intercalated into LDHs with different compositions
(eqn. 1) in order to investigate the influence of the nature of the
cations located in the octahedral sheets as well as to enlarge the
potential uses of this class of layered matrices (Scheme 1).

[LDH]-benzoate + C¢Hs-CH,-X
—>[LDH]-X+C6H5C02-CH2-C6H5 (1)

Some reactions were also carried out using LDH chlorides as
reaction supports impregnated with sodium benzoate, in order
to compare the behaviour of these systems with the similar
reactions using the confined benzoate (as exchangeable anion).
We have also studied the influence of different parameters on
the esterification such as the hydration degree of the matrix and
the alteration of the support after the thermal decomposition
during the synthesis.

Experimental
Starting materials

All chemicals were purchased from Aldrich. LDHs containing
chloride ions were prepared using well established methods.®'°
[Zn,Al(OH)gl-,  [Zn,Cr(OH)g)-, [Mg,Al(OH)g]-,  and
[Co,Al(OH)e)-LDHs, denoted as ZnAl, ZnCr, MgAl and
CoAl, with an M"/M™ ratio close to 2 were prepared by
coprecipitation at controlled pH. In this way, 50 ml of a mixed
metal chloride solution having total cation concentrations of
1 M with the expected M"/M™ molar ratio were used and the
pH was maintained during coprecipitation by the simultaneous
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Scheme 1 Schematic representation of the intercrystalline alkylation reaction.

addition of an aqueous solution of NaOH (1 M). Values of pH
of coprecipitation are imposed by the nature of the LDH
matrices: pH 8.0 for ZnAl, 4.5 for ZnCr, 11.0 for CoAl, and
pH 9.5 for MgAl. The synthesis was performed under nitrogen
to prevent contamination by carbonate from atmospheric CO,.
The reaction mixtures were aged for 36 h and the resulting
precipitates were recovered after three dispersion and centri-
fugation consecutive cycles. Finally, the solids were air dried.

[Cu,Cr(OH)g]-LDH, denoted as CuCr-Cl, was prepared by
reacting solid CuO in a 5% aqueous suspension with a 1 M
solution of CrCl3-6H,O under vigorous stirring at room
temperature.® The addition of chromium chloride was carried
out very slowly (2 pl min~"). The precipitate was allowed to
stand during one week, the pH remaining constant at 4.5. After
such time, the solid was recovered by centrifugation, water
washed and air dried.

Intercalation of benzoate (BC) ions

About 1 g of LDH was dispersed in 75 ml of an aqueous
solution containing a ten fold molar excess of sodium benzoate
per M™ and was allowed to react during 24 h under continuous
stirring and nitrogen flow. The pH of the solutions was
adjusted in a similar way to that described for the coprecipita-
tion of the precursor.

Recycled matrix: the compound collected after reaction was
submitted to exchange reaction as described above. The
intercalated compound was water washed and air dried,
being used again in further alkylation reactions.

Direct coprecipitation

The method of coprecipitation at constant pH was used to
obtain the CoAl-BC compound. 20 ml of a mixed Co/Al
chloride solution containing 0.02 mole of total metal and with a
Co/Al ratio of 2 were added dropwise to 75ml of a 0.5 M
benzoate solution. The pH was maintained during the reaction
at a value of 11.0 by slow addition of 1 M NaOH (aq). The
reaction mixture was aged at room temperature for 36 h under
nitrogen. The resulting slurry was centrifuged, repeatedly
washed with deionised water and air dried at room tempera-
ture.

Alkylation reactions

For the LDH-BC intercalated solids, 0.1 g of the compound
was impregnated with stoichiometric amounts of the selected
alkyl halide, and placed in a Teflon reactor. For LDHs that
were used only as a reaction support, sodium benzoate and
0.1 g of the LDH chloride precursors were intimately mixed in
stoichiometric proportions and impregnated with the alkyl
halide as described above.

The reaction mixture was heated over variable periods of
time (30 min to 12 h) in an oven at 100 °C. Alternatively the
heating was carried out by MW irradiation (160-900 W, 1-
20 min). In all the cases, the resulting products that remained

impregnated on the solid support were extracted with
methanol, filtered and analysed by GC-MS.

The experiments using MW irradiation (2450 MHz) were
carried out in a domestic Moulinex FM 460 oven. Under the
adopted conditions, the temperature never exceeded
150 °C. Characterisation of the extracted phases after reaction
was carried out by GC-MS using a Hewlett Packard 5890 series
II chromatograph coupled to a selective mass detector series
5971 equipped with a capillary column (25 m length and
0.20 mm internal diameter), with a stationary phase (methyl-
silicone) of 0.33 mm thickness.

Characterization techniques

Powder X-ray diffraction (PXRD) data were obtained using a
Philips PW 1710 diffractometer with Cu-Ko radiation with a
Ni filter. An FTIR Nicolet 20SXC spectrophotometer was used
to obtain the corresponding IR spectra from the samples
dispersed in KBr (pellets). Thermogravimetric analysis (TGA)
were carried out using a Setaram TG-DTA92 thermogravi-
metric analyzer, from room temperature to 1050 °C in air

atmosphere with a temperature ramp rate of 5°C min .
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Fig. 1 PXRD patterns of the precursor LDHs (a) and benzoate
intercalated LDHs (b) used for the O-alkylation of benzoate.
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Fig. 2 FTIR spectra of the benzoate intercalated into the LDHs used
for the O-alkylation reactions.

Chemical analyses were performed at the Vernaison Analysis
center of CNRS (France). Scanning electron micrographs were
recorded with a Cambridge Stereoscan at the Laboratoire des
Materiaux Inorganiques of Techinauv S.A., France.

Results and discussion
LDH benzoate (LDH-BC) starting materials

Newman and Jones' reviewed recently the different methods
for preparing organo-LDHs. In our case, the direct anion
exchange procedures described in the experimental section were
successfully applied in most of the LDH-BC samples here
prepared. In the case of the CoAl matrix, the standard anion
exchange conditions did not give rise to the expected
intercalated compound. This one was finally obtained by the
direct coprecipitation method reported in the experimental
section.

Powder X-ray diffraction PXRD patterns of chloride
precursors and LDH-BC compounds are presented in Fig. 1.
All the diagrams display the characteristic diffraction peaks
assigned to the matrix LDH structures in agreement with a
complete intercalation of benzoate ions between the LDH
layers. Similar basal spacing values (1.59+0.02 nm) are
obtained for all the LDH-BC phases after benzoate intercala-
tion, corresponding to single layer arrangements of benzoate
ions, in the LDH interlayer spaces as already described.!>!¢

The effective intercalation of benzoate in the LDHs has been
confirmed by infrared spectroscopy (Fig. 2). So, the character-
istic bands of the carboxylate function, ie. the v,ycoo) and
Vs(coo-) Dands, in the 1600-1300 cm”! region and the phenyl
group vibration bands at 717 cm™ !, 844 cm ™! and 1605 cm ™!
are clearly observed.

Reactions of LDH-BC with alkyl halides

In a preliminary set of experiments, the O-alkylation of ZnCr-
BC was attempted using benzyl compounds such as benzyl
chloride, benzyl bromide and benzyl alcohol. Under 15 min of
MW irradiation at 600 W, only the benzyl bromide acts as an
efficient reagent allowing the formation of the expected ester
with a significant reaction yield (93%). Conventional thermal
activation permits also a high conversion rate using the alkyl
bromide with approximately the same yield (92%). In an
opposite way, the esterification process was not observed when
benzyl chloride was used in place of benzyl bromide. Only a
small amount of such reagent (23%) reacts to give benzoic acid
when the reaction mixture is MW irradiated. Nevertheless the
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Fig. 3 Evolution of the benzoate O-alkylation reaction using ZnCr-BC
matrix: a) under conventional thermal treatment for 15 min at different
microwave powers, b) under microwave activation at 620 W and c)
using conventional heating at 100 °C. Legend: Square for conversion,
cross for expected ester benzylbenzoate and open circle for the by-
product, 1,1’-[oxybis(methylene)]bisbenzene.

selective formation of benzylbenzoate with a yield of 76% is
obtained for experiments carried out under conventional
heating. It is well known that in organic synthesis, chloride
alkylating agents are usually less reactive than their corre-
sponding bromides,” and this result points out that the use of
MW activation increases this difference in their reactivity. This
high reactivity of benzyl bromide compared to the chloride
induces also the formation of a condensation by-product: 1,1'-
[oxybis(methylene)]bisbenzene, not observed in the case of
benzyl chloride.

Any O-alkylation reaction occurs in the presence of benzyl
alcohol, indicating that the mechanism of ester formation in the
presence of benzyl halides does not involve such a hydroxy
compound as intermediate. Note that LDH solids exhibit a
marked basic character associated with the reactive OH
groups, which could tentatively be involved in halide substitu-
tion reactions.

The O-alkylation of the intercalated benzoate by benzyl
bromide was tested for different times under conventional
thermal activation or MW irradiation, as well as for different
powers of irradiation (between 170 W and 900 W) (Fig. 3).
When the MW powder was greater than 400 W total
conversion was obtained for 15 min of irradiation (Fig. 3a).
Thus, we fixed the MW oven power at 620 W. After only 1 min
of irradiation 60% of benzyl bromide had reacted and total



conversion occurred after 15 min of irradiation (Fig. 3b). As
usually takes place in MW assisted reactions using solid
supports, we observed that the use of MW irradiation
considerably reduces the reaction time in comparison with
conventional heating at 100 °C." In these last conditions, two
hours were necessary in order to observe total conversion
(Fig. 3c). It is interesting to note that the yield of benzoate ester
is slightly reduced with the use of higher power (900 W) or
overheating, with a concomitant increase of the condensation
by-product.

It is noteworthy that the use of LDH chloride precursors, in
comparison with LDH nitrate precursors, induces better
selectivity, preventing the formation of benzyl alcohol or
benzaldehyde as was observed in a preliminary study.!’
Moreover, in any case we observed the formation of benzyl
chloride, that could be hypothetically formed by reaction
between residual interlamellar chloride anions and the
bromoalkyl compound, in agreement with the observed total
exchange of chloride by benzoate.

From the results of the kinetics further experimental
conditions adopted for the reactions were: 15 min for MW
irradiation at 620 W and 3 h for conventional heating at
100 °C. The esterification reaction of intercalated benzoate was
tested with different matrices: [Zn,Al(OH)g]-, [CuyCr(OH)g]-,
[Mg,Al(OH)g]-, [Co,Al(OH)4]-LDH, denoted as ZnAl, CuCr,
MgAl, CoAl. Total conversions of benzoate and ester yields are
presented in Fig. 4. The results obtained from the MgAIl-BC
and CuCr-BC compounds show a 100% selective synthesis of
benzyl benzoate. The conversion is slightly improved when the
CuCr matrix is used (100%) compared to MgAl (96%) under
MW activation, whereas for the former a yield of 92% is
obtained after 3 h in a conventional oven compared to §9%
when MgAIl-BC was used. Similar results are observed for both
ZnCr-BC and CoAl-BC matrices: they display reaction
selectivities lower than 100%, but the yields of the ester
remain almost at the same values. The lowest yield is observed
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Fig. 4 Conversion (grey) and yield (black) of ester with different

benzoate LDHs, top under conventional thermal treatment (3 h at
100 °C), bottom under microwave activation (15 min at 620 W).

using ZnAl-BC, in this case the selectivity also strongly
decreases.

The fact that similar results observed for MgAl- are also
observed for CuCr-LDH matrices, which display different
acid-base and redox properties, evidences that the develop-
ment of the reaction does not depend on the chemical
properties of the LDH sheets. It appears that there is rather
a dependence on the diffusion of both interlayer benzoate and
organic reagent, as well as on their accessibility to the external
surface imposed by the topology of the solids.

The reaction has also been carried out using LDH-chloride
like a support in place of a true reagent with the intercalated
benzoate ions. In this case, the ZnCr-Cl matrix was used. Total
conversion of benzoate was always achieved but the yield of
ester decreased to 70% and 61% for activation in a conven-
tional oven and under MW irradiation respectively. It could be
assumed that the reaction needs water to promote the
dissociation attack of the benzoate salt and to produce
partially hydrated and rather active anions on the surface of
the LDH. In this way, reduced rate of formation of the ester in
comparison with the rate of condensation of the by-product is
observed. Also, the reaction can only occur using LDH either
as reagent or as support. It is interesting to underline that the
yields obtained with LDHs are better than the ones obtained
when the esterification reactions of benzoate are supported on
alumina. They did not go beyond 65% whatever bromoalkyl
was used.!”18

Role of water and modification of the matrix

Ando and coworkers'® have reported that the O-alkylation
supported reactions on alumina were facilitated by the presence
of water at trace levels. The optimum water amount varies
depending on the nature of the alkaline metal cations involved
in such reactions. Fig. 5 represents the TG, DTG and DTA
curves for the starting ZnCr-BC solid. The decomposition goes
through four steps involving: desorption of physically adsorbed
water, desorption of interlamellar water, dehydroxylation of
the host lattice sheet and, finally, combustion of the organic
anion occurring between 315°C and 420°C. The ZnCr-BC
matrix was heated during 3 h at different temperatures: 100 °C,
150°C, 200°C and 300 °C just before the combustion of the
organic species. Fig. 6a displays the PXRD diagrams of ZnCr-
BC heated at 300 °C compared with the uncalcined phase. At
this temperature, the overall LDH structure has collapsed, but
the presence of the broad diffusion bands centred at 5° (001),
33°(012) and 58° (110), traduce the formation of a “‘sandwich
structure” in which mineral and organic domains alternate. As
such this structure is retained up to the decomposition of the
organic matter. The preservation of the lamellar habit is
confirmed by the SEM micrographs (Fig. 7), for both the
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Fig. 5 TGA, DTA and DTG of ZnCr-BC.
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starting ZnCr-BC matrix and the calcined (300 °C) phase. The
presence of the characteristic vibration bands of the carboxy-
late functions and the phenyl groups in the FTIR spectra of the
calcined phase (Fig. 6b), shows the entrapment of the organic
species into the inorganic solid. Note also the intensity decrease
of the large bands centred at 800 cm ! (M—OH vibration
bands) due to the dehydroxylation of the LDH sheet. Strong
modification of the lattice vibration indicates the formation of
mixed oxides from the LDH solids.

The O-alkylation results obtained from thermally treated
LDHs are displayed in Fig. 8. Whatever the thermal energy
source, conventional heating or MW irradiation, a preliminary
thermal treatment of the LDH-BC induces a decrease in the

5.00m

Fig. 7 SEM images for a) ZnCr-Bc uncalcined and b) ZnCr-BC
calcined at 300 °C during 3 h.
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Fig. 8 Percentage of conversion (grey) and of expected ester (black)
using ZnCr-BC matrix preliminary heated at different temperatures a)
under conventional thermal treatment, b) under microwave activation.

formation of the ester although the conversion rate remains
elevated. It seems for this reaction that the interlayer water
facilitates the migration of the benzoate anions to the external
edge of the solid and to the reactive surface sites. This ability
could explain the good yield obtained from the untreated
ZnCr-BC. Nevertheless, pre-treatment of ZnCr-BC at 150 °C
gives rise to a better ester yield than pre-treatment at 100 °C, so
the ester formation does not directly correlate to the water
content. In this case, the total removal of adsorbed water by
thermal treatment at 150 °C, which permits the enhancement of
the alkyl halide adsorption on the LDH surface,® appears to be
a compromise with the lack of water, and could explain the
observed reaction yield.

After dehydroxylation (300 °C), the conversion and the yield
of benzylbenzoate decreases to a considerable extent. The
benzoate appears to be less accessible or less mobile into this
“sandwich structure” described above. It could be assumed
that the mobility of the species inside such a structure is
strongly limited due to the total absence of water and to the
decrease of a large extent of the OH groups. In this situation
only the organic anions located on the crystal edges and on the
external surface of the solid could be able to react with the alkyl
halide species.

Reusability of the inorganic matrices

PXRD patterns of different matrices after reaction under MW
irradiation are collected in Fig. 9a. Similar diagrams were
obtained for the same solids activated by conventional thermal
treatment. In all the cases, these results confirm the preserva-
tion of the hydrotalcite-like structure. While the benzoate
intercalated phases display basal spacings around 1.59 nm,
after reaction the resulting compounds present a small basal
spacing of 0.78 +0.02 nm. We note an inversion of intensity of
the two first 001 diffraction lines. This has been observed for
LDHs containing heavy interlayer anions, in particular
bromide anions.?® So the diminution of the basal spacing can
be explained by the exchange of the benzoate anion by bromide
ions in the interlayer region of the solid during the reaction
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Fig. 9 Benzoate intercalated LDH compounds after alkylation reac-
tions: a) PXRD patterns and b) FTIR spectra.

process. Elemental chemical analyses (Table 1) of the ZnCr
matrix confirmed the presence of bromide anions in the
resulting compounds. The ratio Zn"/Cr'™, which was preserved
during the anionic exchange of the chloride precursors with the
benzoate anions, decreases after reaction with the bromoalkyl
compound. This slight change in composition could be related
to the observed changes in the XRD patterns indicating the
formation of the amorphous phase in the diagrams between 15°
and 35° (20) (Fig. 10). During the reaction due to the thermal
treatment, a little amount of amorphous ZnO is formed. In the
case of the ZnAl matrix only, the diagram after reaction
presents characteristic diffraction peaks of unreacted ZnAl-
benzoate. In this case, a part of the intercalated benzoate
anions has not reacted, thus explaining the relatively low yield
of ester (76%) obtained from this matrix (microwave activa-
tion). For all the other phases, PXRD patterns show
diffraction peaks of pure bromide-LDH phases. However,
the use of IR spectroscopy, which is a more sensitive technique,
always shows the presence of carboxylate vibration bands in
the 16001300 cm ™' region (Fig. 9b), as well as low intensity
absorption bands at 1272 and 1711 em ™, which correspond to
ve_o and ve_o vibrations of the resulting ester, that remains

Table 1 Chemical ratios in ZnCr-LDH solids

Matrix Zn/Cr BC/Cr Cl/Cr Br/Cr H,O0/Cr
ZnCr-Cl 2.0 — 1.08 — 2.2
ZnCr-BC 1.9 0.99 2.3
ZnCr-* 1.8 — — 0.89 2.5

“After reaction with benzyl bromide under MW irradiation.
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Fig. 10 PXRD patterns of ZnCr during three cycles of O-alkylation
reaction. 1) ZnCr-BC, 2) ZnCr-BC after first reaction with bromo-
benzyl, 3) phase 2 after anionic exchange with benzoate, 4) phase 3 after
reaction, 5) phase 4 after anion exchange with benzoate and 6) phase 5
after the third O-alkylation reaction.

Table 2 Results of successive O-alkylation reactions using ZnCr-BC

1st Cycle 2nd Cycle 3rd Cycle
Conversion (%) 100 93.6 94.2
Ester (%) 93.0 86.3 89.1
By-product” (%) 7.0 7.3 5.9

“1,1’-Oxybis(methylene)bisbenzene.

adsorbed on the LDH matrix. Such a technique confirmed the
retention of the lattice characteristic vibrations in the 800—
400cm™!' region too. Note that the thermal activation
necessary to carry out the reaction, whatever the source,
does not affect the structural arrangement of the starting host
lattice.

The reusability of the LDH compounds was tested on ZnCr-
BC. Fig. 10 presents the PXRD patterns of the recycled
supports. After three cycles, the LDH structure is always
preserved, the diagrams display characteristic diffraction peaks
of successive phases intercalated either as benzoate or as
bromide ions. Nevertheless, we note a decrease in the crystal-
linity of the compounds: the diffraction peaks become larger
and a loss of their intensity appears during successive cycles.
The corresponding yields obtained are reported in Table 2. It
can be assumed that their activity is little modified by the use of
recycled LDH matrices.

Conclusion

O-Alkylation reaction of benzoate is performed with both
benzoate intercalated ZnCr LDH and benzoate sodium salt
supported on an LDH matrix under MW irradiation or classic
thermal treatment. In either case, the formation of the expected
ester is always observed with yields higher than 60%. Never-
theless, the use of intercalated LDH-benzoate, where the
anions are located within the lamellar structure of the inorganic
host lattice, improved the yield. This behaviour is also observed
after pre-thermal treatment of this intercalated matrix at
150 °C. Selective reaction, without formation of condensation
by-products, is carried out when CuCr-BC and MgAl-BC are
selected as host lattices. After reaction, the collected com-
pounds correspond to bromide intercalated LDHs, which can
be used again without significant loss of their activity.
Successive reactions on the same recycled support give rise to
similar yields (around 80%). We assumed that the reaction
occurs on the external edge surface via migration of the
interlayer species. Nevertheless, the reaction of the total
amount of interlayered benzoate might suggest the accessibility
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of the interlayered space of LDH, which could then be
considered like a nanoreactor, opening the way to new
reactions involving anionic intercalated species.
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