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In this communication, four materials (CeO2, CeO2(Cu), MnOx, andMnOx(Cu)) were prepared, characterized and
tested as catalysts, in solvent-free conditions, for the multicomponent Hantzsch reactions to obtain alternatively
the 1,4-dihydropyridine or 2-phenylpyridine depending on the reaction conditions. 1,4-Dihydropyridine 4 was
the main product formed at 80 °C (76%), and 2-phenylpyridine 7 was the main product at 40 °C (91%), in
oxidant-free conditions, using CeO2 catalyst. It is the first report that shows that, not only the temperature but
also the nature of the catalyst may change the product selectivity in Hantzsch reactions.

© 2014 Published by Elsevier B.V.
1. Introduction

Amulticomponent reaction (MCR) is defined as three ormore differ-
ent startingmaterials that react to form a product, where most, if not all
of the atoms, are incorporated in the final product. From an environ-
mental perspective, the traditional methods of performing chemical
synthesis are unsustainable, and MCRs provide an important solution
since they are more cost-effective, effective and less wasteful. As one
of the known MCRs, Hantzsch reaction has attracted much attention
on the synthesis of 1,4-dihydropyridines due to their relevant biological
activities and pharmacological uses [1–3].

In this regard, metal oxides represent one of the most important
categories of solid catalysts, either as active phases or as supports.
Metal oxides are utilized for their acid–base and redox properties and
represent an important family of materials used in heterogeneous
catalysis [4].

Manganese oxides, including MnO, MnO2, and Mn3O4, are intriguing
composites used in organic synthesis as catalyst in several transforma-
tions, for example, oxidation of alcohols andhydroxy compounds, benzyl-
ic acid-type rearrangement, dehydrogenation, oxidative aromatization,
and oxidation of amines [5].

Meanwhile, cerium (IV) oxide has been extensively used as a cata-
lyst in different transformations, for example, methane oxidation [6],
N-formylation of amines [7], and 1H-benzo [g] pyrazolo [3,4-b]
quinoline-5,10-dione [8]. Our research group has studied the use of
elli).
manganese oxides (MnOx) and cerium IV oxides in VOC (volatile organ-
ic compounds) abatement [9] andwater–gas shift reaction, respectively
[10].

Moreover, in recent years, much attention has been paid to the syn-
thesis of 1,4-dihydropyridines (1,4-DHPs) due to their relevant biologi-
cal activity [11–13]. The classical methods for the synthesis of 1,4-DHPs
is the Hantzsch multicomponent synthesis between an aldehyde, a 1,3-
dicarbonyl compound and a source of ammonia, for example, ammoni-
um acetate or an amine in the presence of different acid–basic catalysts
[14].

Recently the Cao groups reported the asymmetric synthesis of 2-
arylpyridines. These compounds could be obtained as a major product
in the Hantzsch reaction, by the one-pot multicomponent reaction of
benzaldehyde, ethyl acetoacetate and ammoniumacetate, at room tem-
perature and long time periods, under solvent, heat, catalysis and
oxidant-free conditions [15].

In this communication, we present a study of the multicomponent
reaction between benzaldehyde, ethyl acetoacetate, and ammoniumac-
etate in the selective synthesis of 1,4-dihydropyridine or 2-
phenylpyridine (Scheme 1).
2. Experimental

2.1. Catalyst preparation

MnOx and CeO2 were synthesized by the co-precipitation technique
according to D'Alessandro et al. [16]. MnOx(Cu) and CeO2(Cu)were pre-
pared via the wet impregnation method according to Tang [17].
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Scheme 1.Model reaction for the synthesis of 1,4-dihydropyridine or 2-phenylpyridine. Catalysts = CeO2, CeO2(Cu), MnOx, MnOx(Cu). Oxidant = air atmosphere.
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2.2. Catalyst characterization

FTIR spectra were measured on Bruker Vertex 70 accumulating 32
scans at a resolution of 4 cm−1. The XPS study was carried out in
Multitechnique System equipment (SPECS) with a source of dual X-
rays of Mg/Al and a hemispheric analyzer PHOIBOS 150 operating in
FAT (fixed analyzer transmission) mode. A qualitative determination
of the strongest base sites was determined by Hammett indicators;
25 mg of sample was shaken with 1 mL of a solution of Hammett indi-
cator diluted in 10 mL methanol and left to equilibrate for 2 h, after
which no further color changes were observed [18].
2.3. Catalytic test

The Hantzsch reaction was carried out by stirring a mixture of
1 mmol of benzaldehyde, 2 mmol of methyl acetoacetate, 1.3 mmol of
ammonium acetate, and 50 mg of the corresponding catalyst, without
solvent, at 25, 40, 60, 80 and 100 °C, respectively. The sample was col-
lected from the reaction mixture during the reaction at time intervals.
The analysis was performed on a gas chromatography Shimadzu 2014
instrument fitted with a 30 mm × 0.32 mm SPB-1 capillary column.
3. Results and discussion

3.1. Catalyst characterization

In previous work D'Alessandro et al. [16] have described some char-
acterization results. The results more relevant are summarized in
Table 1. They have demonstrated: (i) the formation of Mn oxides and
ceria and the presence of spinel of Cu by XRD; (ii) the BET surface area
of CeO2 and CeO2(Cu) is higher than that of MnOx and MnOx(Cu);
(iii) a positive effect in the reducibility of Mn species with Cu incorpora-
tion, and (iv) the formation of highly dispersed Cu species onMnOx and
CeO2 by TPR [16]. Full characterization by FTIR and XPS is presented in
the Supplementary materials.
Table 1
Some relevant characteristics of synthesized catalysts.

Catalyst XRD result Surface area (m2/g) Temp

MnOx Mn2O3

MnO2

Mn3O4

Mn5O8

22 338
464

CeO2 CeO2 137 794
CeO2 (Cu) CeO2 138 299a 3

429 (s
763

MnOx (Cu) Cu1.5Mn1.5O4

Mn2O3

MnO2

Mn3O4

Mn5O8

29 279 a

343a (
365

a Peaks assigned to dispersed Cu species.
3.2. Catalytic test

Initially, the condensation ofmethyl acetoacetate, benzaldehyde and
ammonium acetate as Hantzschmodel reactionwas examined compar-
atively at different temperatures, 25, 40, 60, 80 and 100 °C respectively,
and the reaction selectivity was evaluated using the prepared catalysts
(CeO2, CeO2(Cu), MnOx and MnOx(Cu)) in solvent-free conditions.

In general, and as reported by Ananthakrishnan and Gazi [19], the
Hantzsch reaction produces the corresponding 1,4-dihydropyridine 4
as themain product in the presence of the catalyst, solvent and heating.
This is because the reaction proceeds via 1,4-addition (Michael-type),
which is the thermodynamically favorable compound. Meanwhile, 2-
phenylpyridine 7 can be obtained as the main product at 20 °C, in an
open atmosphere, under solvent, oxidant and catalyst-free conditions,
in a long reaction time of 72 h. In this case, the reaction proceeds
through a 1,2-addition (kinetic control), and the reaction is a tandem re-
action involving the construction of heterocyclic 5 and the aromatiza-
tion to obtain 2-phenylpyridine 7 in the air presence as oxidant.

At first, we studied the reaction at 25 °C, and the optimum reaction
conditions were examined employing benzaldehyde (1 mmol), methyl
acetoacetate (2mmol), ammonium acetate (1.2 mmol) and the catalyst
(50 mg). The catalysts were tested and notable reductions of the reac-
tion time were observed in all cases, with respect to the blank experi-
ment (Table 2, entry 1). The result shows a 4/7 selectivity of 8/92%
and the benzaldehyde conversion was 100% in 6 h. Similar results
were obtainedwith the other three catalysts as shown in Table 2, entries
3–5. The experiments performed at 25 °C show that 2-phenylpyridine 7
can be obtained as the main product, in a short time period of 6 h, com-
paredwith the result obtainedwithout a catalyst at 60 h under the same
reaction conditions. In this case, the reaction proceeds through a 1,2-ad-
dition (kinetic control) and the selectivity is only dependent on the re-
action temperature, with no effect of the catalyst type tested being
observed. For this reason, 25 °C is an excellent temperature for
performing the selective synthesis of 2-phenylpyridine 7.

According to the literature, an increase in the reaction temperature
increases the formation of 1,4-dihydropyridine 4. For this reason, we
performed the next experiments at 40 and 60 ° C, respectively, to
erature of H2 consumption peaks (°C) Oα (%) Base strength

54.7 6–6.8

58.5 9,6–11,4
44a

houlder)
50.5 5,4–6

(shoulder)
shoulder)

59.5 5,4–6
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Table 2
Selectivity in the Hantzsch reaction at 25 °C using the four synthesized catalysts.

Entry Catalyst Time (h) Selectivity 4 (%) Selectivity 7 (%)

1 None 60 13 87
2 MnOx 6 8 92
3 CeO2 6 3 97
4 MnOx(Cu) 6 9 91
5 CeO2 (Cu) 6 12 88

Reaction conditions: Benzaldehyde, 1 mmol; methyl acetoacetate, 2 mmol; ammonium
acetate, 1.2 mmol; catalyst, 50 mg; solvent-free, 25 °C; stirring. The conversion of benzal-
dehyde was 100% (1 h). Conversion and selectivity were estimated by GC analysis. Selec-
tivities of 5 and 6 were 0%.

Table 4
Selectivity in the Hantzsch reaction at 60 °C using the four synthesized catalysts.

Entry Catalyst Time (h) Selectivity 4 (%) Selectivity 7 (%)

1 None 16 32 68
2 MnOx 1 24 76
3 CeO2 1 42 58
4 Cu/MnOx 1 28 72
5 Cu/CeO2 1 35 65

Reaction conditions: Benzaldehyde, 1 mmol; methyl acetoacetate, 2 mmol; ammonium
acetate, 1.2 mmol; catalyst, 50 mg; solvent-free, 60 °C; stirring. The conversion of benzal-
dehyde was 100% (1 h). Conversion and selectivity were estimated by GC analysis. Selec-
tivities of 5 and 6 were 0%.

67O. D'Alessandro et al. / Catalysis Communications 60 (2015) 65–69
compare the conversion and selectivity of the synthesized catalysts.
Table 3 shows the results obtained at 40 °C and Table 4 the ones corre-
sponding to 60 °C.

Table 3, entry 3, shows that the 4/7 product selectivity of the reac-
tion using 50mg CeO2was excellent (ratio 4/7 4/96%). Similar to the re-
sult obtained at 25 °C, the selectivity is slightly dependent on the
catalyst type tested. The more selective catalyst was CeO2, which pre-
sents a 2-phenylpyridine 7 selectivity of 96% (Table 3, entry 3). In all
cases, the reaction is complete in 2 h; therefore the CeO2 catalyst and
this condition represent an excellent alternative for the selective syn-
thesis of 2-phenylpyridine 7.

Table 4 lists the obtained results, using the initial reaction conditions
at a temperature of 60 °C. Also, an increase in 1,4-dihydropyridine 4
selectivity, with respect to the results obtained at 25 and 40 °C, was
observed. In this case, the reaction proceeds via 1,4-addition (Michael-
type), and 1,4-dihydropyrimidine 4 is the most thermodynamically
favorable compound.

Another notable difference at 60 °C is that the reaction selectivity in
product 4 or 7 changes and begins to be dependent on the catalyst used.
For example, when we used the CeO2 catalyst, the selectivity of 1,4-
dihydropyridine 4was 42% (Table 4, entry 3) and usingMnOx the selec-
tivity of 4 was only 24% and the selectivity of 2-phenylpyridine 7 76%
(Table 4, entry 2). It is remarkable that CeO2 starts to favor the forma-
tion of 1,4-dihydropyridine 4.

Table 5 lists the obtained results, using the initial reaction conditions
at a temperature of 80 °C. The catalystswere tested, and in all cases 1 h is
the time required to obtain an aldehyde conversion of 100%. Also, an in-
crease in 1,4-dihydropyridine 4 selectivity with respect to the results
obtained at 25, 40 °C, and 60 °C was observed. For example, when
the CeO2 catalyst was used, a very good selectivity of 75% of 1,4-
dihydropyridine 4 was obtained (Table 5, entry 3). For this reason, 80
° C is an excellent temperature for performing the selective synthesis
of 1,4-dihydropyridine 4.

The change of reaction selectivity observed at 80 °C using the differ-
ent synthesized catalysts could be interpreted comparing the acid–base
properties. It is well known from the literature that an increase in the
acidity or basicity of the catalyst and the reaction temperature improve
the efficiency of the Hantzsch reaction for 1,4-dihydropyridine 4
Table 3
Selectivity in the Hantzsch reaction at 40 °C using the four synthesized catalysts.

Entry Catalyst Time (h) Selectivity 4 (%) Selectivity 7 (%)

1 None 30 23 77
2 MnOx 2 16 84
3 CeO2 2 4 96
4 MnOx(Cu) 2 7 93
5 CeO2 (Cu) 2 5 95

Reaction conditions: Benzaldehyde, 1 mmol; methyl acetoacetate, 2 mmol; ammonium
acetate, 1.2 mmol; catalyst, 50 mg; solvent-free, 40 °C; stirring. The conversion of benzal-
dehyde was 100% (2 h). Conversion and selectivity were estimated by GC analysis. Selec-
tivities of 5 and 6 were 0%.
production. In this case, an increase of the catalyst basicity could im-
prove 1,4-dihydropyridine selectivity.

The catalysts synthesized in the present article have Lewis acid sites
M+n, Bronsted acid hydroxyl groups, and Lewis basic sites O−2 and O−.
The principal difference between cerium and manganese catalysts is
that the cerium catalyst presents basic sites of greater strength than
the manganese catalyst. This characteristic was confirmed by a qualita-
tive determination of the strongest basic sites by Hammett indicators
and XPS techniques. The pH range obtained for the four catalysts
were: CeO2, 9.6 b pH b 11.4; MnOx, 6 b pH b 6.8; CeO2(Cu), 6 b

pH b 6.8; and MnOx(Cu), 5.4 b pH b 6, respectively. Thus, CeO2 is the
most basic catalyst of the series, and it showed high selectivity to 1,4-
dihydropyridine 4.

Finally, to increase 1,4-dihydropyridine 4 selectivity, we performed
the next experiment at 100 °C. In all experiments, and using the four
catalysts, the selectivity of 1,4-dihydropyridine 4 was less than 70%,
and some unidentified side products were detected by TLC. Particularly,
in the catalyst CeO2(Cu), where Cuwas used as dopant agent, a second-
ary product 6was detected, with a selectivity of 9%. Product 6 is the re-
sult of the subsequent oxidation of 1,4-dihydropyridine 4 in the
corresponding pyridine 6. In this case Cu incorporation in the CeO2 cat-
alyst improves its oxidant capacity. Several papers have reported that
Cu-doped CeO2 improves the oxidant capacity. The increased catalytic
activity of Cu-doped CeO2 is explained by the enhanced concentration
and mobility of oxygen vacancies and the enhanced redox pair Cu+/
Cu2+ in the CeO2: Cu system [20]. In addition, Prasad and Rattan report-
ed that the high activity of CuO–CeO2 is attributed to the quick revers-
ible Cu2+/Cu+ redox couples assisted by Ce4+/Ce3+ cycles [21].

In all the experiments, the CeO2 catalyst showed to be the most
selective for obtaining 2-phenylpyridine 7 and 1,4-dihydropyridine
4. For this reason, it was used in two additional experiments for per-
forming the preparative synthesis of both compounds using the opti-
mized reaction conditions. When an appropriate mixture of three
substrates and the catalyst was stirred at 40 °C under solvent-free con-
ditions, the corresponding 2-phenylpyridine 7 was formed with 91%
yield, in a reaction time of 6 h. Under the same condition and at a tem-
perature of 80 °C, the corresponding 1,4-dihydropyridine 4was obtain-
ed with 74% yield in 1 h, indicating that the CeO2 catalyst is effective to
Table 5
Conversion and selectivity in the Hantzsch reaction at 80 °C using the four synthesized
catalysts.

Entry Catalyst Time (h) Selectivity 4 (%) Selectivity 7 (%)

1 None 12 30 70
2 MnOx 1 44 56
3 CeO2 1 75 25
4 MnOx(Cu) 1 48 52
5 CeO2(Cu) 1 66 34

Reaction conditions: Benzaldehyde, 1 mmol; methyl acetoacetate, 2 mmol; ammonium
acetate, 1.2 mmol; catalyst, 50 mg; solvent-free, 80 °C; stirring. The conversion of benzal-
dehyde was 100% (1 h). Conversion and selectivity were estimated by GC analysis. Selec-
tivities of 5 and 6 were 0%.
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activate the formation of both productswith the only change of reaction
conditions.

The reusability of the CeO2 catalyst was investigated in the sequen-
tial reaction. The results, showed that the catalyst was reused four con-
secutive runs and no appreciate loss of its catalytic activity was
observed (74, 73, 73 and 71% for 4, and 91, 91, 88 and 87% for 7).

A plausible mechanism, similar to that reported in the literature
using nano-sized MgO particles as catalyst, is presented in Fig. 1. The
acid–base bifunctional sites of the catalyst facilitate the reaction,
which can be visualized as proceeding through a Knoevenagel conden-
sation product as a key intermediate (intermediate 1), a second key in-
termediate is an ester enamine (intermediate 2), which is produced by
condensation of the second equivalent of the β-ketoester with ammo-
nia, with further condensation between these two fragments giving
the final product 4.
4. Conclusions

The preparedmaterials were used as reusable catalysts, in a solvent-
free condition, for the multicomponent Hantzsch reaction between
benzaldehyde, methyl acetoacetate, and ammonium acetate. A detailed
study of the reaction temperature was performed in order to increase
the selectivity of the two products, 1,4-dihydropyridine 4 and 2-
phenylpyridine 7. In both cases, the more selective catalyst was CeO2.
1,4-Dihydropyridine 4 was the main product formed at 80 °C and 2-
phenylpyridine 7 was the main product at 25 °C. In both processes,
the catalyst was reused four consecutive runs and no appreciable loss
of its catalytic activity was observed. The use of a solid acid catalyst in-
stead of the usual soluble acid catalyst contributes to a reduction in
Fig. 1. Plausible mechanism for the formation of 1
waste generation by allowing an easy separation and recovery without
any loss of its catalytic activity.
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