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Abstract: Lamellar double hydroxides (LDH) with double divalent cations were synthesized by the
co-precipitation method and studied in the multicomponent synthesis of 4H-pyrans. The solids
obtained were characterized by X-ray diffraction (XRD), infrared spectroscopy (FTIR), N, adsorption
isotherms, and thermogravimetric analysis (TGA). The XRD patterns confirmed the formation of
LDHs in which the incorporation of Ni** or Co?" improves their crystalline and textural properties.
The results of catalytic activity showed that the synthesis of 4H-pyrans is favored in solvent-free
conditions with the LDH-NIi catalyst, avoiding calcination processes. In addition, it was found
that hydrotalcite with double divalent cations can conduct this reaction through multicomponent
synthesis or by the Michael addition reaction, which can be performed by different types of basicity
that depend on the composition of another divalent cation in the brucite layer or a calcination process.

Keywords: hydrotalcites; 4H-pyrans; solvent-free; multicomponent reaction

1. Introduction

Hydrotalcites are materials known as lamellar double hydroxides (LDH) that have divalent (Me?")
and trivalent cations (Me>"), which are generally described as [Me?* (1-x) Me?* (OH)? " (A™)y/nenH,O.
Their structure presents brucite-type Mg(OH), layers, where the isomorphic substitution of Mg?*
by AI** or by cations with similar ionic radius results in positive net charge compensated by
interlaminar anions (A"") and crystallization water [1]. These materials have high adsorption capacity,
functionalization, and great chemical and thermal stability, and due to their acid—base properties, they
have been widely used in chemical synthesis.

The adjustment of the acidic or basic properties of LDHs or mixed oxides that are generated by
calcination at high temperatures has recently been studied. However, it is known that the properties of
LDHs can be adjusted through the modification of the ratio of metal cations [2] by calcination and
reconstruction processes (memory effect) [3] or by the incorporation of another di- or trivalent cation in
the brucite layer [4]. The possibility of modifying the cations or their ratio and the interlaminar anion
makes these materials a very versatile system with desirable catalytic properties. Therefore, they are
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promising precursors of various processes with wide applications, such as hydrogenation reactions,
oxidation, addition, dehydration, condensation, and multicomponent reactions, among others.

A new approach in organic chemistry is the use of multicomponent reactions (MCRs). These
reactions combine at least three reagents to generate a compound that contains most of the atoms of the
starting materials, which usually result in heterocyclic compounds with high biological activity [5,6].
MCRs have proven to be a tool for the formation of strong and efficient bonds in organic, medical
chemistry and in the context of green chemistry. Several investigations using hydrotalcites as
heterogeneous catalysts have been reported in the field of MCRs [4,7-9]. It has been found that the
ratio and type of metal cations, as well as the formation of mixed oxides (LDO) by calcination processes,
are useful parameters for obtaining highly selective products. In this way, Kshirsagar et al. found that
the catalytic activity of LDO is greater than that of LDH with an Mg/Al ratio = 5, for the single-step
synthesis of functionalized cyclohexenes [7]. In other investigations, it was found that a ratio of Mg/Al
= 3 leads to the formation of 2-aminochromenos [8], while a ratio of Mg/Al = 2 favors the synthesis of
dihydropyridines. In addition, the incorporation of V2* and Zn?** improves the catalytic performance,
but when Co?* or Ni?* is incorporated, it decreases [4]. The synthesis of dihydropyran-chromenes is
favored by the replacement of Cu?* in the brucite layer [9].

2-amino-4H-pyran compounds have a structure of significant importance since they are found
in several natural products, have pharmacological activity, and exhibit anticancer [10], antifungal,
antimicrobial, and anti-inflammatory properties [11-13]. Given this broad spectrum of biological
activity, several methodologies have been studied for their synthesis. The synthesis to obtain 4H-pyrans
involves an MCR that includes a Knoevenagel condensation between the aldehyde group and the active
methylene compound. The formed intermediate reacts by Michael addition with the 3-dicarbonyl
compound, and finally with the closure of the ring, the 4H-pyran compound is obtained (Scheme 1),
this reaction generally involves the use of conventional basic catalysts that hinder the extraction and
purification processes [13].

@)

Scheme 1. Multicomponent reaction of 4H-pyrans. Benzaldehyde (1), malononitrile (2), and ethyl
acetoacetate (3).

Several heterogeneous catalysts have been studied in the synthesis of 4H-pyrans. It has been
reported that the reaction is favored by the modification of basic properties by calcination processes,
so LDHs with Mg/Al ratios = 2, 3, and 5 were calcined at 773 K. The number of basic sites gradually
increases with the Mg/Al ratio, obtaining yields of 80% when ethanol is used as the reaction solvent [14].
Dabholkar et al. also found similar results with Mg/Fe calcined at 773 K, where the elimination of
hydration water molecules leads to the formation of metal oxides such as MgFe,O, and MgO that
favor the reaction with yields of 85% [15]. Mg/La LDH presented a strong basic character due to the
formation of LayOs3, reaching yields of 92%. Although high yields toward 4H-pyran are obtained,
hydrotalcite requires high calcination temperatures, since the formation of mixed oxides favors the
basicity required in the reaction, and the process leads to greater energy consumption [15]. However,
as mentioned above, the properties of LDHs can also be changed with the incorporation of another
divalent cation in the brucite layer.

Metals such as Cu?*, Ni?*, Fe?*, Ca?*, Co?*, and Zn?*, among others, can be incorporated into
the laminar structure, which allows obtaining a great variety of materials with the catalytic properties



Catalysts 2020, 10, 70 30f17

that are characteristic of each metal. However, it has been shown that Ni and Co favor the breakdown
of C-C and O-H bonds and allow the generation of C-O bonds [16]. Therefore, catalytic systems that
present double divalent cations in the brucite layer have been extensively studied in processes involving
carbon desulfurization [17] in methane reforming reactions from CO,; [18], the partial oxidation of
methane or light paraffins [19], and the oxidative dehydrogenation of hydrocarbons, among others,
but they have not been studied in multicomponent reactions. Due to their broad spectrum in terms
of composition, they are very promising materials to carry out a one-pot synthesis. In this work, we
studied the synthesis of hydrotalcites with double divalent cations in the multicomponent reaction of
4H-pyrans to avoid the calcination processes. We found that hydrotalcite with double divalent cations
can conduct the reaction via multicomponent synthesis or directly by Michael addition reaction.

2. Results and Discussion

2.1. Catalyst Characterization

XRD patterns of the synthesized solids are presented in Figure 1. All samples exhibit
diffraction patterns that are characteristic of hydrotalcite-type multilayer materials (JCPDS 00-014-0191).
Furthermore, it is observed that LDH-Ni and LDH—-Co present better crystallinity, which indicates that
the incorporation of another divalent cation in the brucite layer gives greater crystallinity to LDH-Mg.
In general, hydrotalcites consist of two-dimensional sheets of Mg(OH),.type brucite, so the divalent
cation is sixfold coordinated to the OH- groups forming octahedrons that share their edges with other
cations, creating sheets that are ordered one over another and are connected together via hydrogen
bridge-type interactions. Thus, when a partial or total replacement of Mg?* with another divalent
cation of similar ionic radius occurs, the composition of the hydrotalcite can be described as [MgM;_
AIM(OH), ** [20,21].

LDH-Ni

LDH-Co

Intensity (a.u)

003

20
Figure 1. XRD patterns of the lamellar double hydroxides (LDHs).

In this case, reflections at low 26 angles corresponding to (003) and (006) planes indicate the
isomorphic substitution of Mg?* for Ni?* or Co?* in the brucite layer [22,23]. However, other crystalline
phases are observed in LDH-Co, which could indicate that small amounts of cobalt hydroxide (JCPDS
01-074-1057) were formed during the precipitation process. These results were also found by Qianhe
Liu et al. for the ZnAlZr hydrotalcite [24].
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On the other hand, the reflections at high 20 angles with (110) and (113) planes indicate an
adequate distribution of the anions in the intermediate layer and of the cations in the sheet layer [25].
The unitary cell parameters a and ¢ calculated from the XRD results in Table 1 show that there is
no significant change in the LDH-Mg with the incorporation of another divalent cation, and the
hydrotalcite structure is maintained. Thus, the parameter a, which indicates the distance between the
cations, is kept constant in the three materials. However, the parameter c, which is indicative of the
layer size and the distance between layers, presents a slight change with the incorporation of nickel
or cobalt.

Table 1. Lattice parameters of synthesized hydrotalcites.

Lattice Parameters

Catalyst - - d (A)
a (A) c(A)

LDH 3.07 23.23 7.69

LDH-Ni 3.07 23.36 7.72

LDH-Co 3.07 23.43 7.78

The parameter ¢ depends on the size of the cation, the charge density, and the nature of the anion
in terms of size, quantity, and orientation, and may also be indicative of the amount of water molecules
present in the interlaminar space [26]. The value of this parameter in the synthesized materials is
around 23-24 A, which is typical of carbonate anions, although NO®~ anions could also be present [22].
The slight change in the parameter ¢ can be associated with the results of the interplanar distance
calculated from the reflection (003) shown in Table 1. It can be observed that this value increases in
LDH-Ni and LDH—Co, and could be related to the incorporation of another divalent cation in the
laminar structure. So, the substitution of nickel or cobalt in brucite provides a larger number of CO32~
anions in the interlaminar layer in order to neutralize the excess positive charges. Consequently, the
distance between the layers and the parameter c increase [24]. It should be noted that the increase
of these parameters in LDH—-Co could also be related to small amounts of cobalt hydroxide in the
laminar structure.

Textural properties of the synthesized hydrotalcites are summarized in Table 2, which shows that
the incorporation of Ni* and Co?* in the structure of LDH-Mg increased the surface area value. So, it
is observed that LDH-NIi has the greatest surface area, which could indicate that nickel has greater
stability in the laminar structure than cobalt [22,27,28]. In addition, a change in the pore volume
is observed, being more predominant in LDH-Ni. On the other hand, the change in the textural
properties in LDH-Mg can also be related to the increase of the carbonates in the interlaminar space,
due to the addition of another divalent cation in the brucite layer, as described in the XRD results.

Table 2. Textural and basic properties determined by titration with 0.01 M benzoic acid.

SBET Pore Volume . Basicity 2
Catalyst (m2 g-1) (cm® g-1) Pore Size (nm) (mmol/g)
LDH-Mg 17 0.11 8 0.016
LDH-Ni 42 0.21 9 0.321
LDH-Co 28 0.13 8.5 0.163

2 0.05 g hydrotalcite suspended in 2 mL of phenolphthalein solution is titrated with 0.01 M benzoic acid.

The pore size distribution curves inserted in Figure 2, which were calculated according to the
Barrett, Joyner, and Halenda (BJH) method, show a unimodal distribution and are within the range of
mesoporous materials [29], with values between 8 and 9 nm for the three materials. Although there is
no significant change in the pore diameter value, it is observed that the modification of LDH-Mg with
cobalt and nickel causes an increase in the pore density. In general, the textural properties of LDH-Mg
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change with the introduction of another divalent cation. The change of the pore characteristics could
be related to the isomorphic substitution of two divalent cations within the laminar structure, which
causes an alteration of the microscopic morphology [30].
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Figure 2. Adsorption—desorption isotherms at 77 K and pore size distribution of synthesized LDH.

The adsorption—desorption isotherms of these materials are presented in Figure 2. It can be
seen the solids present type IV isotherms that are characteristic of mesoporous materials with an H3
hysteresis loop [31]. This type of loop indicates the formation of plate-like materials, where the pores
of the particles are slit-like, which is characteristic of hydrotalcite-type materials [29].

The infrared spectrum of the solids obtained is shown in Figure 3. All materials show characteristic
hydrotalcite-type bands. A predominant band between 3400 and 3700 cm~! corresponds to ~OH
stretching vibrations of the hydroxyl groups and water molecules found in the interlaminar region,
while a bending band at 1639 cm™~! is assigned to the water molecules present between the layers [25,32].
The band at 1384 cm™! is attributed to the antisymmetric stretching mode of carbonate anion in
the interlaminar layer, while other bands at 625 and 823 cm™!
CO52 [1,33]. This indicates that the carbonate ion is found as free anions that balance the positive charge
of the lamellar layers and confirms the formation of carbonate ions in the hydrotalcite structure [34].
In addition, it can be observed that the carbonate ion bands are more predominant in LDH-Ni and
LDH-Co. The band between 2500 and 3000 cm™~! is attributed to the hydrogen bond between H,O and
carbonates in the interlaminar layer [35]. This band, which is only observed for LDH-N], indicates that
the substitution of nickel in the brucite layer could increase the basic properties of this material.

are related to vibrational modes of
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Figure 3. The infrared spectrum of the LDH, (a) LDH-Mg, (b) LDH-Nj, and (¢) LDH—Co.

Some vibrations in the 400 to 1000 cm™! region could be related to oxygen-metal vibrations in
the brucite layer; the bands around 400 and 550 cm™! are assigned to vibrational modes SHO-M-OH
and 50-MO (M = metal) [36]. Furthermore, the band between 3400 and 3700 cm~! of the LDH-Mg
solid moves to higher frequencies in LDH-Ni and LDH-Co, which could indicate a change in the bond
strength of M—OH due to the presence of another metal in the hydrotalcite structure [37]. New bands
in the 700 to 1000 cm™! region are observed in the spectra of LDH-Ni and LDH-Co, possibly indicating
the formation of M—OH bonds [25].

The thermal decomposition of hydrotalcite-type materials generally has several stages of
decomposition, which is why three temperature ranges are distinguished in which processes
of dehydration, dehydroxylation, decarboxylation, and others occur [31]. The results of the
thermogravimetric analysis of the synthesized materials are shown in Figure 4. A mass loss between
323 and 523 K can be observed, which is attributed to water molecules physically adsorbed on the
surface and to water molecules adsorbed between the layers [3,38]. A mass loss of 10% is observed for
LDH-N;, 7% for LDH-Co, and 12% for LDH-Mg. However, in LDH-N], the first mass loss reaches
573 K, indicating that not only the loss of water molecules occurs but also the decomposition of the
hydroxyl groups that are coordinated to the metal cations [26,39].

The dehydroxylation process for LDH—Co is evidenced between 473 and 623 K with a mass loss
of 13%, although it could also be related to the small amounts of Co(OH), that could be formed in the
synthesis of this material, according to XRD results. For LDH-Mg, dehydroxylation extends up to 723
K with a mass loss of 12%, which indicates that the decomposition of OH groups and carbonate anions
in LDH-Mg occurs simultaneously. The initial stage of decarboxylation in LDH-Ni and LDH-Co
is observed between 573 and 673 K. The third mass loss is evidenced at temperatures above 673 K
at which the total decomposition of carbonate anions and the formation of mixed oxides occur [35].
However, a slight mass loss at 723 K in the cobalt materials and nickel is attributed to the decomposition
of possible nitrate anion species [40].

Although the three materials were synthesized under the same synthesis parameters, it is observed
that only with the incorporation of a second divalent cation, the properties of LDH-Mg are modified
and different thermal stabilities are generated. This stability depends mainly on the type of cation
incorporated, which could confer better properties in catalytic activity studies.
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Figure 4. Thermogravimetric analysis of LDH.

When Ni?* replaces the Mg?* sites, the Ni>* species are highly dispersed [28]. This dispersion
could improve the basic properties of this material. Although the temperature-programmed analysis of
CO, desorption is a method that allows measuring the basicity, in the case of hydrotalcite-type materials,
this analysis could destroy the structure of these materials since high temperatures are required to
perform it. So, in this work, the basic properties of the synthesized materials were determined by
titration with 0.01 M benzoic acid. The results in Table 2 show that the incorporation of a second
divalent cation in the hydrotalcite increases the number of basic sites, being more predominant in
LDH-Ni, which is possibly related to the increase of the carbonate anions in the interlaminar layer,
given that the basic sites in hydrotalcites are generated by the OH™ and HCO3™ species [20]. This
result indicates that the performance of the reaction is favored by the increase of basic sites in LDH-Ni.

2.2. Catalytic Activity

For the catalytic activity studies, a mixture of benzaldehyde (1), malononitrile (2), and ethyl
acetoacetate (3) (Scheme 1) was used as a test reaction. To optimize the reaction conditions, the effect of
the solvent was initially evaluated using LDH-Mg at room temperature. The results in Table 3 show
that the reaction is favored in solvent-free conditions with yields of 30% toward 4H-pyran. These
findings indicate that probably the absence of solvent allows a better interaction of the reagents with
the catalyst [41-43]. Although the synthesis of 4H-pyrans has been reported in solvents such as ethanol,
methanol, and water among others [44], solvent-free reactions are an alternative for the reduction of
residual solvents; they have low cost, simplicity in reactions, and high process selectivity. The reaction
was studied in different polar solvents, and although the final product is obtained, 48 h are required
for its formation, and only 30% conversions are achieved.
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Table 3. Effect of the solvent.

Yield to .
Solvent 4H-Pyran (%) Time (h)
Water 21 48
Ethanol 25 48
Ethyl acetate 27 48
Solvent-free 30 8

Reaction conditions: Benzaldehyde (1 mmol), ethyl acetoacetate (1 mmol), malononitrile (1 mmol), LDH-Mg catalyst
(30 mg), solvent: 30 mL, room temperature.

To evaluate the effect of the metal on the reaction, LDH-Ni and LDH-Co were tested. Initially, the
reaction temperature was studied under solvent-free conditions for 8 h of reaction. In Table 4, it can be
seen that the reaction shows better yields with LDH-Ni at 353 K. This result can be related to the basic,
textural, and structural properties of LDH-Ni. As mentioned above, the isomorphic substitution of
another divalent cation in the brucite layer can modify the hydrotalcite properties; so, the substitution
of Mg?* for Ni?* gives it greater surface area, greater basicity, and better thermal stability. This is
related mainly to the increase of the interlaminar anion, the HCO3;™ and OH™ species being the ones
that provide the basic sites and those that possibly lead to the formation of 4H-pyran.

Table 4. Effect of the metal.

Yleld (o/o)
Room Temperature 353 K
Catalyst
Intermediate 4H-Pyran Intermediate 4H-Pyran
LDH-Mg 40 23 43 34
LDH-Ni 28 39 20 58
LDH-Co 25 28 18 40

Reaction conditions: benzaldehyde (1 mmol), ethyl acetoacetate (1 mmol), malononitrile (1 mmol), catalyst (30 mg);
8 h, solvent-free, and 300 rpm agitation.

As the reaction presented the best results with LDH-Ni, we decided to optimize the reaction
conditions with this catalyst. The first parameter to be evaluated was the optimal amount of catalyst
for the reaction. The results at 8 h of reaction are shown in Figure 5 and indicate that with less than 40
mg, the reaction is not selective to 4H-pyran, favoring the formation of the Knoevenagel intermediate
and other unidentified products. However, it is observed that with amounts greater than 40 mg, the
reaction is selective to 4H-pyran and yields greater than 80% are reached. These results reveal that
the reaction is conducted through the product of Knoevenagel condensation between benzaldehyde
and malononitrile. Therefore, greater amounts of catalyst or another type of basic force are required
to convert this product into the 4H-pyran compound, taking into account that the determination of
basicity was carried out with phenolphthalein, which is an indicator of strong basic sites. In addition,
the titration was also carried out with bromothymol blue (an indicator of weak sites) but there was
no change in the materials, so it could be affirmed that the reaction is carried out by the strong basic
sites [45].
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Figure 5. Effect of catalyst amount. Reaction conditions: benzaldehyde (1 mmol), ethyl acetoacetate (1
mmol), malononitrile (1 mmol), solvent-free, 8 h, 353 K.

Taking into account the possible mechanism of the reaction in which, after the Knoevenagel
condensation, Michael 1,4-addition occurs, followed by the opening of the intramolecular ring
(Scheme 2) [46], it could be affirmed that it is at this stage where the catalyst presents the greatest
activity. Furthermore, the reaction without catalyst leads to the formation of the intermediate only, so
that in the reaction, the basic character of the catalyst is necessary for the formation of 4H-pyran.
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Scheme 2. 4H-pyrans reaction mechanism.
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The effect of temperature on the reaction was evaluated using 45 mg of LDH-Ni. The results from
Table 5 pointed to an increase in temperature favoring the selectivity toward 4H-pyran, with higher
yields reached at temperatures above 333 K, 353 K being the optimum reaction temperature. This
behavior could be related to the stage of Michael addition, since it has been shown that a change in
the temperature of this reaction leads to the formation of other products. Thus, for example, it has
been reported that in the Hantzsch reaction in the stage corresponding to the Michael 1,4 addition, the
selectivity changes depending on the reaction temperature [47].

Table 5. Effect of temperature on the 4H-pyran reaction.

LDH-Ni Selectivity (%)
Temperature 293 K 333K 353K 393K
Intermediate 30 7 2 6
4H-pyran 59 89 90 89

Reaction conditions: benzaldehyde (1 mmol), ethyl acetoacetate (1 mmol), malononitrile (1 mmol), catalyst (45 mg),
8 h, solvent-free, and 300 rpm agitation.

As mentioned above, the synthesis of 4H-pyran involves a multicomponent reaction in which
two reactions are generated. First, there is a Knoevenagel condensation between benzaldehyde and
malononitrile, forming an intermediate that then reacts with ethyl acetoacetate through a Michael
1,4 addition, which leads to the product 4H-pyran. In order to determine the reaction rate (k) and
subsequently the activation energy (Ea) between 293 and 393 K and taking into account the results
reported by Haas and Tallarek [48], in this reaction, we assume two orders of reaction, a pseudo
first-order reaction for the reaction between benzaldehyde and malononitrile, where the formation
of the intermediate occurs instantaneously even without a catalyst, and a second-order reaction for
Michael addition, which is probably the predominant stage in the formation of 4H-pyran. In this way,
the determination of the speed constants (k) was performed by plotting 1/[I] versus t, where [I] is
the concentration of the intermediate formed in the reaction over time (t). It was observed that at
room temperature, Michael addition is slower, and the reaction rate increases significantly at high
temperatures. Therefore, the temperature favors this step. On the other hand, the apparent activation
energy was calculated with the Arrhenius equation by means of a linear adjustment, which was
determined by the graph of Ln (K) versus 1/T (T = temperature in Kelvin) obtaining a value of 22
KJ/mol for this step.

The hydrotalcites may have a bifunctional acid-base behavior, with the addition of different
divalent cations or by calcination processes. To deduce whether the basic properties of this material
are affected by calcination processes or by the incorporation of another divalent cation, the LDH-Ni
material was calcined at 773 K (LDO-Ni) for 3 h using a heating rate of 273 K/min, and the reaction
was monitored in order to study the time necessary to reach 100% conversion to the product of the
reaction at 353 K.

The reaction was monitored using 45 mg of LDH-Ni and LDO-Ni under solvent-free conditions.
Figure 6 clearly shows that the reaction proceeds via formation of the Knoevenagel intermediate,
which is consumed to form 4H-pyran product (12 h reaction, 97% yield using LDH-Ni). In the case of
LDO-N;, no significant changes could be observed in yields toward 4H-pyran. So, this behavior can be
related to the type of basicity present in hydrotalcites [15,49]. It is known that hydrotalcites have Lewis
basic sites and Bronsted basic sites [50,51]. Nevertheless, when hydrotalcites undergo a calcination
process, Lewis basic sites increase and Bronsted basic sites decrease. The reaction with LDH-Ni is
mediated by basic Bronsted sites, and the reaction with LDO-Ni is mediated by Lewis basic sites [8].



Catalysts 2020, 10, 70

11 0f 17

1004 . 4H-pyran 100 4H-pyran
' ° °
[
./. / T ° [ ] . /.\.\ /
80 — 804 °
o \.
< |/ <
E’\./ 60|e é 60 |@
o .
S LDH-Ni = LDO-Ni
ol 1PN 2 404 [\
\ g
204 n
—_ 20
A \ ./ \
ob B [
Intermediate 0 Intermediate
T T T T T T
0 > 10 15 20 25 (I) g 1I0 1I5 2IO 2I5

Time (h) Time (h)

Figure 6. Reaction of 4H-pyrans with LDH-Ni and LDO-Ni.

In order to determine the basic character of LDH-Ni and LDO-Ni and to be able to assume the type
of basicity that possibly leads the reaction, the temperature-programmed analysis of CO, desorption
was carried out. Generally, hydrotalcite-type materials show three desorption peaks between 373 and
773 K that are associated with basic sites of weak, moderate, and strong character [52]. In Figure 7, it
can be seen that the desorption profile for LDH-Ni shows three peaks that are associated with weak
basic sites at 403 K, strong basic sites at temperatures >723 K, and a desorption peak above 973 K, which
could be associated with the final stage of decarboxylation. This desorption peak is also observed in
LDO-Ni. On the other hand, the moderate basic sites that occur in LDH-NI are eliminated with the
calcination process, and a desorption peak is observed at low temperatures, which could indicate a
small contribution of weak basic sites. Peaks at low temperatures are attributed to basic Bronsted-type
sites that are related to surface OH groups, and peaks at high temperatures can be attributed to basic
Lewis-type sites due to the low coordination of oxygen atoms [53].

LDO-Ni

................

T
400 500 600 700 800 900 1000 1100

LDH-Ni

CO, desorption (u.a)

T T T
600 700 800 900 1000 1100

Temperature K

400 500

Figure 7. Analysis of CO, desorption of LDH-Ni and LDO-Ni.

Therefore, these results reveal that the reaction not only depends on the basicity, but also on the
type of basic sites present in the catalyst. In this way, the reaction with LDO-Ni could be driven by
the Lewis-type basicity that is generated at high temperatures. Although LDH-Ni presents weak and
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moderate basic sites, it cannot be assured that these signals are related to the basicity of this material.
As previously mentioned, they can be related to a possible decomposition of this material. However,
there is a significant change with the calcination process, and possibly the basicity that drives the
reaction is Bronsted type.

On the other hand, as we found that the catalyst LDH-Ni has greater activity in the Michael
addition stage and that the reaction is conducted from the Knoevenagel intermediate, these results
indicate that the reaction does not show a significant change in the yield toward 4H-pyran. Several
investigations have demonstrated that the Michael addition reaction can be driven by different types
of basicity. Thus, Choudary et al. [39] found that the hydrotalcite of rehydrated MgAl presents better
yields compared to calcined and uncalcined hydrotalcite, since Bronsted-type basicity increases with
the rehydration process. Hillary Prescott et al. [40] found an acid-base effect in calcined Mg/Al
and similar yields in the addition of 2-methylcyclohexane-1,3-dione, 2-acetylcyclopentanone, and
2-acetylcyclohexanone to methyl vinyl ketone with calcined or uncalcined hydrotalcite. This behavior
was also observed by Mohamed et al. [41] for MgAl hydrotalcite, calcined, and rehydrated, in the
Michael addition reaction of enaminones with aminopyrazoles. These authors claimed that the Michael
addition reaction depends on the acid and basic nature of the hydrotalcite, and that the location of
the AI3* cation in the cationic sheet is affected by calcination and rehydration processes. So, in the
hydrotalcite, A13* cations play different roles, which together with the basic Bronsted sites act on
the reaction.

We decided to study the synthesis of 4H-pyrans from the intermediate of the reaction, so we
took 1 mmol of intermediate (previously synthesized and identified by NMR) and 1 mmol of ethyl
acetoacetate using 45 mg of LDH-Ni at 353 K. The reaction was monitored for 24 h. In Figure 8, it can be
seen that there is no significant change between the multicomponent reaction and the reaction from the
Knoevenagel intermediate; only MCR shows better stability and similar performances are observed.

100
|
[ ) /l
/-><o>'
[ ]
|}
0 g
32 60~ /_
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v g —=—MCR
= 404 /
-~ — o — Intermediate
20 -
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Figure 8. 4H-pyran synthesis via MCR and Michael addition with LDH-Ni.

In this way, the synthesis of 4H-pyran compounds can be conducted by different types of basicity
that depend mainly on the composition of the divalent cations and the calcination processes. In this
case, LDH-Ni allows obtaining the 4H-pyran compound, demonstrating that the reaction is conducted
by Bronsted-type basicity. However, when it is calcined at 773 K, the reaction is favored by Lewis-type
basicity. Thus, this catalyst is efficient in multicomponent and Michael addition reactions.

2.3. Reusability

Hydrotalcites are heterogeneous catalysts and can easily be recovered from the reaction mixture.
In this case, the catalyst was separated by filtration; then, it was washed with hot acetone (3 X 3 mL)
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and dried at 353 K in order to evaluate its reuse in various reaction cycles. In Table 6, It can be seen
that the yield toward 4H-pyran is maintained up to two reaction cycles and decreases by 10% with
the third reaction cycle. This possibly relates to some type of poisoning by the product. Nevertheless,
LDH-NIi can be applied in other multicomponent reactions and Michael addition reactions.

Table 6. Reusability study.

Reaction Cycle 1 Cycle 2 Cycle 3
Yield of 4H-pyran (%) 97 94 92 87
Yield of intermediate 3 6 8 13

3. Materials and Methods

3.1. Synthesis of Hydrotalcites

Hydrotalcite-type materials were synthesized by the co-precipitation method [54]. The salts of
Mg(NOy)3 6H,0 and Al(NOs3)3-9H,O were mixed with a molar ratio of Mngr/Al?’Jr = 3; then, an amount
of urea (2.61 mol) was added to the aqueous solution under constant stirring at 333 K for 12 h, and the
samples were hydrolyzed at 373 K for 10 h. Finally, a 2 M alkaline solution of NaOH and Na,CO3 was
added slowly maintaining a pH = 10, and the mixture was kept in an aging process for 24 h at 413 K
with constant agitation. The precipitate obtained was washed with deionized water and dried at 353 K
for 12 h. The solid obtained is called LDH-Mg.

The incorporation of nickel or cobalt in LDH-Mg, [Mg?*_,AI** (OH),]** (CO3%~)¥".nH,0,
where a part of Mg?* is substituted isomorphically by Ni?* or Co?* in the brucite layer, was
carried out by the co-precipitation method previously described [54]. For this, Ni(NO,)3-6H,O and
Co(NO,);3-6H,0 were used as precursor salts with a Me?*/AI3* = 3 ratio. This substitution can be
described as [(MgNi)2+1_X AR (OH), ¥+ and [(Mg(20)2+1_X A3t (OH), J**; the materials obtained are
called LDH-Ni and LDH—Co.

3.2. Characterization of Hydrotalcite

The X-ray diffraction patterns were recorded in PANalytical X'Pert Pro equipment using Cu
K radiation (L = 1.54056 A), in the 26 range of 10-90°, with a count time of 1 s and a step size of
0.05° s71. N, adsorption—desorption isotherms of the solids were measured at 77 K in Micromeritics
ASAP 2020 equipment. Samples were previously degassed at 373 K under vacuum for 18 h. The
Brunauer-Emmett-Teller (BET) isotherm and Barrett, Joyner, and Halenda (BJH) method were used to
calculate the specific surface area and pore volume. Fourier-transform infrared (FTIR) spectra were
recorded on a Nicolet iS50 spectrometer in the range of 4500600 cm™~! using pressed KBr pellets.
Thermogravimetric analysis (TGA) was carried out on a Setaram thermobalance. The samples were
placed in an alumina crucible and heated using a heating ramp of 278 K/min up to 1073 K under N,
flowing at 20 cm®/min. The CO, temperature programmed desorption (CO,~TPD) analyses were
performed in a Micromeritics Autochem II 2920. Prior to the adsorption of CO,, the samples were
preheated at 673 K in helium flow (25 mL/min) for 1 h. Then, they were saturated with pure CO, (30
mL/min) at 393 K for 30 min and purged with helium (25 mL/min) for 1 h to remove all physically
adsorbed molecules. Basicity was determined using volumetric titration with 0.01 M benzoic acid in
toluene and phenolphthalein as the pH indicator. So, 0.05 g of the catalyst was suspend in 2 mL of the
indicator solution [55]. The titration was conducted in triplicate.

3.3. Catalytic Studies

The catalytic activity of the obtained solids was evaluated in the synthesis of 4H-pyrans. Hence, a
mixture of benzaldehyde (1 mmol), malononitrile (1 mmol), ethyl acetoacetate (1 mmol), and catalyst (30
mg) under solvent-free conditions was heated and stirred. The reaction was monitored by TLC (EtOAc:
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petroleum ether = 1:3). The optimization parameters of the reaction were followed by high-performance
liquid chromatography, using a C-18 column and acetonitrile:water as the mobile phase.

The retention times (min) of the products were 6.7 for the Knoevenagel intermediate at a wavelength
of 284 nm and 7.5 for 4H-pyran at a wavelength of 254 nm. The calculation of the conversion (in
Equation (1)) of reactants and the selectivity (in Equation (2)) of the obtained products was performed
with the following equations. The yield was determined by multiplying the conversion by selectivity.

) initial concentration — final concentration
Conversion (%) = — . *+100 1)
initial concentracion

concentration of the desired product

Selectivity (%) 2)

Y. concentration of the products obtained )

4. Conclusions

Hydrotalcite-type materials were synthesized with the incorporation of two divalent cations, and
their catalytic activity was evaluated in the multicomponent synthesis of 4H-pyran compounds. The
incorporation of a second divalent cation in LDH-Mg modifies the textural properties, improves the
thermal stability, gives it greater crystallinity, and increases its basic properties. These modifications
predominate with the addition of nickel, so this material presents better catalytic activity, demonstrating
that the synthesis of 4H-pyran compounds using hydrotalcites with two different divalent cations
is mainly driven by the Michael addition step and thus, the reaction can be favored with basic
Bronsted-type sites or with basic Lewis-type sites when LDO-Ni is calcined at 773 K. In this way, the
synthesis of 4H-pyran compounds in solvent-free conditions can be conducted by different types of
basicity, which depend mainly on the composition of the divalent cations and the calcination processes.
Thus, LDH-Ni proves to be an efficient catalyst in multicomponent and Michael addition reactions, and
it can also be reused in three reaction cycles without significant loss of performance of the 4H-pyran
compound. Therefore, this catalyst allows highly efficient processes.
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