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Abstract: Phytoremediation has been considered a sustainable environmental technology for heavy
metals decontamination. In this work, we evaluated the metal contents by inductively coupled
plasma optical emission spectrometry (ICP-OES) of three plant species collected in a mine in the
Brazilian Amazonia area. Based on this analysis, Pluchea sagitallis leaves were selected to prepare
metallic ecocatalysts. The leaf ashes and the obtained ecocatalysts were characterized by ICP-OES,
X-ray diffraction (XRD), scanning electron microscopy (SEM) and Nj-physisorption measurements.
Moreover, they were evaluated in the Biginelli and Hantzsch multicomponent reactions, furnishing
the corresponding 3,4-dihydropyrimidin-2-(1H)-ones and 1,4-dihydropyridines with good to excellent
yields. The best ecocatalyst was easily recovered and recycled in up to six reactions without a
significant decrease in its performance.

Keywords: heavy metal decontamination; Pluchea sagitallis; ecocatalysts; Biginelli and Hantzsch
multicomponent reactions

1. Introduction

The development of more sustainable products and processes is one of the most
important challenges of the present society [1] and, in this sense, in the last 30 years,
green chemistry has played an increasingly significant role in various sectors, including
academia, industry, regulatory agencies as well as other governmental organizations around
the world.

Catalytic processes have unquestionably become a cornerstone within the green chem-
istry perspective, and their continuous advances have enabled the discontinuation of
outdated stoichiometric methodologies to give place to more sustainable ones [2]. The
immobilization of catalysts on solid supports is one of the best methods to improve the effi-
ciency, stability, catalytic activity, and recovery of catalysts [3]. The most common catalysts
are based on supported transition metals that are widely used in the manufacturing of fine
and specialty chemicals [4-6]. However, despite the efficiency of these methods, the growth
in metal use in the past few decades raises concern that supplies may be insufficient to
meet demands in the future [7]. In this perspective, ecocatalysis is an emerging technology
exploring the use of metal species originating from plants used in phytoremediation [8,9].
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Soil contamination through toxic heavy metals may pose a great risk to human health
as well as to the ecosystem. Natural contamination mainly results from volcanic eruption,
and wind erosion, whereas anthropogenic sources emerge from the burning of fossil
fuels, thermal power plants, smelters, industrial effluents, and mines. According to the
United States Environmental Protection Agency (US-EPA), Cd, Pb, Hg, As, Cu, Ni, Co
and Cr are the eight heavy metals most widespread in the environment [10]. Among
several accessible technologies, plant-based phytoremediation is an eco-friendly, cost-
effective, and ecologically viable technique. This bioremediation technique consists of
the use of plants and their microbiota in the remediation of contaminated soils [11]. The
hyperaccumulating plants absorb the contaminants, mainly the metals, through their roots,
and later translocate them to their aerial parts [12]. Several plant species, including those
developed by genetic engineering [13] or natural colonizer plants, have been described as
metal-hyperaccumulating. For example, Olatunji et al. evaluated the potential of Panicum
maximum (guinea grass) for selected heavy metal (Pb%*, Cr¥* and Cd?**) removal from
contaminated soils [14].

Concerning the use of metal hyperaccumulator plants as an efficient renewable feed-
stock to the synthesis of Lewis acid catalysts, the group of Grison [15] developed new
ecocatalysts by using numerous plant species, e.g., Noccaea caerulescens, Anthyllis vulner-
aria, and Grevillea spp. [16]. Liu et al. reported the synthesis of nanomaterials, including
multi-walled carbon nanotubes (MWCNTs), nanoparticles and nanocomposites, using the
shoots of Sedum alfredii Hance and Brassica juncea L., collected from a Cu—Zn mine area [17].
Furthermore, Harumain et al. demonstrated that Arabidopsis tissues contain palladium
nanoparticles. The authors determined the Pd concentrations in the biomass that would
be sufficient to obtain catalytically active material comparable to commercially available
3% Pd/C and carry out the Heck reaction of iodobenzene with methyl acrylate to yield
trans-methyl cinnamate [18].

The multicomponent reactions (MCRs) comprise a set of chemical transformations
that allow obtaining compounds containing three or more units of different reactants or
reaction centers in a one-pot fashion, without isolation and purification of intermediates [19].
Aligned with green chemistry principles, these reactions have demonstrated a remarkable
impact on the synthesis of complex products, with high atom economy and molecular
diversity. In addition, the MCRs are straightforward for the synthesis of compounds with
biological or pharmacological properties which is highly attractive for the pharmaceutical
and agrochemical industries, among other applications [20]. Constanzo et al. reviewed the
mechanisms of the Biginelli and Hantzsch MCRs which are useful tools for enhancing the
chemical space in medicinal chemistry [21]. They focused on studies exploiting similarity
and competition as an opportunity to switch from one reaction to another, thus opening
the possibility of obtaining libraries of both 3,4-dihydropyrimidin-2-(1H)-ones (DHPMs)
and 1,4-dihydropyridines (1,4-DHPs) scaffolds.

Few examples of MCRs promoted by ecocatalysts have been described in the litera-
ture [22-24], including the Biginelli reaction [25-27]. However, to the best of our knowledge,
only one example of the Hantzsch reaction has been explored, in which a tandem 1,4-DHP
synthesis-oxidation into pyridine was catalyzed by Mn?* from hyperaccumulating plants
of New Caledonia [28]. Thus, continuing our efforts in the development of sustainable
synthetic methods, in this work new heterogeneous ecocatalysts were obtained from metal-
hyperaccumulating plants collected in a mining area of the Brazilian Amazonia and applied
in the synthesis of DHPMs and 1,4-DHPs.

2. Materials and Methods
2.1. General Information

Commercially available reagents were purchased from Merck, Darmstadt, Germany
and, when necessary, treated according to the procedures described in the literature. The
purification of the products was performed using a flash chromatographic column, using
silica gel 60 A, 70-230 or 230-400 mesh. The thin layer chromatography (TLC) analyses
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were carried out on silica gel 60 F254 plates supported on aluminum sheets and developed
under ultraviolet light and /or stained in acid vanillin. The solvent excess was evaporated in
a Buchi Rotavapor R-114 with a Buchi Watherbath B-490 bath Flawil, Switzerland. Nuclear
Magnetic Resonance spectra (‘H and '*C NMR) were recorded on a Bruker ARX 400 MHz
spectrometer, Germany. The chemical shifts () are expressed in ppm and the coupling
constants (]) in Hertz (Hz). To indicate the multiplicity of signs, the following abbreviations
were used: s (singlet), d (doublet), dd (double doublet), t (triplet), m (multiplet). Melting
points (m.p.) were obtained on a Buchi M-560. Reactions using microwaves were performed
using a CEM Discovery equipment, Matthews, NC, USA, coupled with a cooling system.

The plant species were collected in November 2017, in a mining area of the company
Vale in the Sossego Mine, Canaa dos Carajas, Para State, northern Brazil, and identi-
fied as Cecropia pachystachya (6°27'41.6" S, 50°05'27.6" W), Pluchea sagittalis (6°27'15.0" S,
50°04'48.2" W) and Typha domingensis (6°27'29.5"” S, 50°0510.4” W). The species were dried
at room temperature in a circulation oven at 27 °C for 24 h, and then ground in a knife mill
(NL-226/02).

The plants were digested in a microwave cavity oven Berghof Speedwave and the
analytical measurements were carried out using an Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES) with axial and radial views iCAP 6000 Series Duo,
Thermo Scientific, Waltham, MA, USA, equipped with a peristaltic pump, a concentric
nebulizer, a cyclonic spray chamber and a quartz torch fitted with a quartz injector tube
with 2.0 mm internal diameter. This instrument has a charge injection device (CID) detector
and can operate in both radial and axial torch configurations.

Sample preparation for ICP-OES analyses in triplicate: the plant samples (500 mg)
were accurately weighed directly in the Teflon-perfluoroalkoxy alkanes (PFA) digestion
vessels and microwave-assisted digested using the Bergh of microwave cavity oven above
described, using a HNOj solution (7 mol L™}, 6.0 mL) and H,O, (30% ©v/v, 2.0 mL) in
each bottle. The following microwave heating program was applied: (1) 10 min to reach
170 °C, (2) 15 min hold at 200 °C. Subsequently, digests were diluted up to 30.0 mL with
deionized water.

For catalyst analysis, a microwave-assisted digestion in a CEM MarsXpress, Matthews,
NC, USA, at 180 °C, 600 psi for 25 min was employed. For Cat B it was used HNO;3; + H,O,
and the ICP-OES analysis was performed in an Agilent 5800 apparatus. For Cat C it was
used HNOj; + H,O, + HF and ICP-OES analysis was performed in the Thermo Scientific
iCAP 6000, Waltham, MA, USA above mentioned.

2.2. Preparation of the Catalysts

Cat A: P. sagittalis leaves (3 g) were ground and then dried in an oven at 105 °C for
72 h. The solid was placed in an Erlenmeyer flask containing an aqueous solution of H,SO4
(250 mL, 2.25 mol L™1) and the mixture was stirred at 85 °C for 6 h. Then it was filtered
under vacuum using a Biichner funnel with filter paper and washed with distilled water
(3 x 10 mL). The combined filtrates were heated at 90 °C for 10 min. Under vigorous
stirring, an aqueous solution of NH,OH (2.25 mol L~!) was added until pH 6. The obtained
black solid was centrifuged, washed with distilled water (3 x 10 mL) and dried at 120 °C
for 8 h. affording Cat A (1.1g).

Ashes: Dried and ground P. sagittalis leaves (19.0 g) were calcinated at 400 °C for 5 h
(heating flow: 10 °C min '), furnishing the ashes as a dark grey solid (5.3 g).

Cat B: An aqueous solution of HCI (1 mol L~1,20 mL) was added to a flask containing
the ashes (1.5 g) and the resulting mixture was stirred for 2 h at 60 °C, with a change in the
color from dark to green. The mixture was filtered under vacuum using a sintered glass
funnel containing celite. The resulting green solution was concentrated under vacuum.
This solid (250 mg) was diluted in distilled water (10 mL) and montmorillonite K 10
(500 mg) was added. This mixture was stirred at 90 °C for 8 h and then was filtered
under vacuum using a Biichner funnel with filter paper and washed with distilled water
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(5 x 10 mL). The resulting solid was dried in an oven at 120 °C for 3 h, furnishing Cat B as
a beige solid (700 mg).

Cat C: The ashes (2.0 g) were stirred with formic acid 85% (40 mL) at 90 °C for 18 h.
After reaching room temperature, the mixture was filtered under vacuum using a sintered
glass funnel containing celite and washed with formic acid 85% (5 mL). The acid solution
was discarded, and the solid residue (mixture of salts and celite) was transferred to a beaker
and hot water was added (10 mL). Then, this mixture was filtered under vacuum using a
Biichner funnel with filter paper and washed with distilled hot water (2 x 10 mL). This
resulting filtrate solution was concentrated in vacuum furnishing Cat C as a white solid
(900 mg).

The ashes and the cocatalysts were characterized by XRD, and to verify the textural
(porosity and specific surface area) and morphological properties, the most active ecocata-
lysts were also characterized by Np-physisorption measurements and Scanning Electron
Microscopy (SEM) analyses. Powder X-ray diffraction (XRD) patterns were recorded
between 5 and 80 (°20) on a Rigaku MiniFlex 600 diffractometer using CuK« radiation
(A = 1.542 A). The nitrogen adsorption/desorption isotherms were obtained at —196 °C
using a Micromeritics ASAP-2420 apparatus, Norcross, GA, USA. Prior to the analysis,
the sample was degassed for 4 h at 300 °C under a vacuum of 20 um Hg [29]. The spe-
cific surface area and the pore size distribution were determined, respectively, from the
Brunauer-Emmett-Teller (BET) equation [30] and Barrett-Joyner—-Halenda (BJH) method
applied to the adsorption branch [31,32]. The SEM analyses were carried out on a FEI
INSPECT F50 scanning electron microscope, Hillsboro, OR, USA.

2.3. General Procedure for the Synthesis of Dihydropyrimidinones 3 (DHPMs)

In a sealed tube, a mixture of benzaldehyde (0.081 mL; 1 mmol), urea (0.072 g;
1.4 mmol), ethyl acetoacetate (0.127 mL; 1 mmol), and the catalyst (50 mg) was stirred at
80 °C in an oil bath for 12 h. The reaction progress was followed by TLC analyses. The
mixture was diluted with ethanol (6 mL) and the catalyst was removed by filtration under
vacuum using a Biichner funnel and washing with ethanol (3 x 10 mL). The filtrate was
collected, the solvent was evaporated under vacuum and the crude was purified by a
chromatography column using hexane/ethyl acetate (7:3) as eluent. The DHPMs 3 were
analyzed by melting point and NMR and the obtained data were identical to those from
the literature.

Ethyl 6-methyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate (3a) [33]:
white solid (0.218 g, 84%); m.p. 204-206 °C. 'H NMR (DMSO-dg, 400 MHz) §: 9.21 (s, 1H),
7.75 (s, 1H), 7.35-7.30 (m, 2H), 7.24 (t, ] = 6.1 Hz, 3H), 5.14 (brs, 1H), 3.98 (q, ] = 7.0 Hz,
2H), 2.25 (s, 3H), 1.09 (t, ] = 7.0 Hz, 3H). {'H}!'3C NMR (DMSO-d¢, 100 MHz) &: 165.8; 152.6;
148.8; 145.3; 128.9; 127.7; 126.7; 99.7; 59.7; 54.4; 18.2; 14.5.

Ethyl-(4-chlorophenyl)-6-methyl-2-oxo0-1,2,3,4-tetrahydropyrimidine-5-carboxylate
(3b) [34]: white solid (0.239 g, 81%); m.p. 214-216 °C. 'H NMR (DMSO-dg, 400 MHz)
5: 9.32 (s, 1H), 7.84 (s, 1H), 7.45 (d, ] = 7.1 Hz, 2H), 7.30 (d, ] = 7.1 Hz, 2H), 5.20 (s, 1H),
4.08-4.00 (m, 2H), 2.31 (s, 6H), 1.15 (t, ] = 6.0 Hz, 3H). {!H}!3C NMR (DMSO-d¢, 100 MHz)
b: 165.6; 152.4; 149.2; 144.2; 132.2; 128.9; 128.7; 99.3; 59.7; 53.9; 18.3; 14.5.

Ethyl 4-(4-cyanophenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate
(3¢) [33]: white solid (0.197 g, 69%); m.p. 170-172 °C. '"H NMR (DMSO-d, 400 MHz) &:
9.34 (s, 1H), 7.87 (s, 1H), 7.82 (d, ] = 8.1 Hz, 2H), 7.42 (d, ] 8.1 Hz, 2H), 5.21 (brs, 1H), 3.98
(9, ] =7.0Hz, 2H), 2.25 (s, 3H), 1.08 (t, ] = 7.0 Hz, 3H).

Ethyl 6-methyl-4-phenyl-2-thioxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (3d) [33]:
yellow solid (0.218 g, 79%); m.p. 202-204 °C. 'H NMR (DMSO-dy, 400 MHz) &: 10.35 (s, 1H),
9.67 (s, 1H), 7.20-7.38 (m, 5H), 5.17 (brs, 1H), 2.29 (s, 3H), 1.10 (t, ] = 7.1 Hz, 3H). {{H}'3C
NMR (DMSO-dg, 100 MHz) &: 174.7; 165.6; 145.5; 144.0; 129.0; 128.2; 126.8; 101.1; 60.0; 54.5;
17.6; 14.5.
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5-Acetyl-6-methyl-4-phenyl-3,4-dihydropyrimidin-2(1H)-one (3e) [33]: light yellow
solid (0.193 g, 84%); m.p. 237-239 °C. 'H NMR (DMSO-dg, 400 MHz) § 9.20 (s, 1H), 7.84 (d,
J =3.0 Hz, 1H), 7.34-7.22 (m, 5H), 5.25 (brs, 1H), 2.29 (s, 3H), 2.10 (s, 3H).

5-Acetyl-4-(4-chlorophenyl)-6-methyl-3,4-dihydropyrimidin-2(1H)-one (3f) [34]: yel-
low solid (0.230 g, 88%); m.p. 227-229 °C. 'H NMR (DMSO-dg, 400 MHz) § 9.25 (s, 1H),
7.88 (s, 1H), 7.39 (d, ] = 8.5 Hz, 2H), 7.25 (d, ] = 8.5 Hz, 2H), 5.25 (brs, 1H), 2.28 (s, 3H), 2.12
(s, 3H).

2.4. General Procedure for the Synthesis of 1,4-Dihydropyridines 5 (DHPs)

In a sealed tube, a mixture of diketone or 3-ketoester (1.0 mol), aldehyde (0.5 mol),
ammonium acetate (1.25 mol), the catalyst (50 mg), and ethanol (0.5 mL) was stirred at
110 °C under microwave irradiation (300 W) for 20 min. The progress of the synthesis was
verified by TLC analyses. Then the catalyst was removed by filtration under vacuum using
a Biichner funnel and then washed with ethanol (3 x 10 mL). The filtrate was collected
and after concentration under vacuum, the crude was purified by column chromatography
using hexane/ethyl acetate 4:1 ratio as eluent. The 1,4-DHPs 5 were analyzed by melting
point and NMR and the obtained data were identical to those from the literature.

3,3,6,6-Tetramethyl-9-phenyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione (5a) [35]:
light yellow solid (0.171 g, 98%); m.p. 276278 °C. 'H NMR (DMSO-d, 400 MHz) &: 9.35 (s,
1H),7.21 (d, ] = 4.3 Hz, 4H), 7.12-7.06 (m, 1H), 4.87 (s, 1H), 2.53 (s, 1H), 2.49 (s, 1H), 2.40
(s, 1H), 2.36 (s, 1H), 2.25 (s, 1H), 2.21 (s, 1H), 2.06 (s, 1H), 2.02 (s, 1H), 1.07 (s, 6H), 0.92 (s,
6H). {'H}!'3C NMR (DMSO-dg, 100 MHz) &: 194.8; 149.8; 147.6; 128.1; 128.0; 125.9; 111.9;
50.7; 33.3; 32.6; 29.6; 26.9.

(4-Chlorophenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione
(5b) [35]: light yellow solid (0.180 g, 94%); m.p. 296-298 °C. 'H NMR (CDCl3, 400 MHz) &
7.70 (bs, 1H), 7.27 (d, ] = 8.1 Hz, 3H), 7.15 (d, ] = 8.1 Hz, 2H), 5.04 (s, 1H), 2.33 (d, ] = 17.1 Hz,
2H), 2.28-2.21 (m, 4H), 2.15 (d, ] = 16.3 Hz, 2H), 1.07 (s, 6H), 0.95 (s, 6H).

4-(3,3,6,6-Tetramethyl-1,8-dioxo-1,2,3,4,5,6,7,8,9,10-decahy-droacridin-9-yl) benzoni-
trile (5¢) [36]: light yellow solid (0.148 g, 79%); m.p. 298-300 °C. 'H NMR (CDCl3, 400
MHz) é: 7.47 (dd, ] = 18.6, 8.0 Hz, 4H), 6.00 (bs, 1H), 5.03 (s, 1H), 2.40-2.16 (m, 8H), 1.03 (s,
6H), 0.89 (s, 6H).

3,3,6,6-Tetramethyl-9-(thiophen-2-yl)-3,4,6,7,9,10-hexahydroacridine-1,8 (2H,5H)-dione
(5d) [37]: light orange solid (0.163 g, 92%); m.p. 292-294 °C. 'H NMR (CDCl3, 400 MHz) &:
6.98 (d, ] =4.9 Hz, 1H), 6.92 (d, ] = 3.1 Hz, 1H), 6.83-6.80 (m, 1H), 6.12 (bs, 1H), 5.40 (s, 1H),
2.37-2.25 (m, 8H), 1.10 (s, 6H), 1.04 (s, 6H).

Diethyl-2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-dicarboxylate (5e) [38]: light
yellow solid (0.147g, 89%); m.p. 155-157 °C. 'H NMR (CDCl3, 400 MHz) &: 7.20 (d,
] =7.4Hz, 2H), 7.12 (t, ] = 7.5 Hz, 2H), 7.04 (t, ] = 7.2 Hz, 1H), 5.93 (s, 1H), 4.91 (s, 1H),
4.07-3.94 (m, 4H), 2.22 (s, 6H), 1.14 (t, ] = 7,1 Hz, 6H). {*H}'3C NMR (CDCl3, 100 MHz) 5:
167.8, 147.8,144.2,128.0, 127.8, 126.1, 104.0, 59.8, 39.6, 19.5, 14.3.

Diethyl 4-(4-chlorophenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (5f) [39]:
light yellow solid (0.160 g, 88%); m.p. 129-131 °C. '"H NMR (CDCl3) &: 7.19 (ABq, ] = 8.3 Hz,
4H), 5.68 (s, 1H), 4.95 (s, 1H), 4.12-4.04 (m, 4H), 2.32 (s, 6H), 1.21 (t, ] = 7.1 Hz, 6H).

2.5. Recycling of the Cat B

After the reagents were fully consumed, the reaction mixture was filtered under
vacuum using a Biichner funnel. The residue was washed with ethanol (15 x 1 mL), dried
at room temperature and then reused.

3. Results and Discussion

Rehabilitation of degraded areas by mining activities is required to safeguard the
environment, hence being indispensable to achieving the sustainability of mining opera-
tions. Some plant species are able to tolerate high metal concentrations from metalliferous
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ecosystems; therefore, they might do better in phytoremediation processes than species
from unsuitable ecosystems [40].

Santana et al. reported that Setaria parviflora and Paspalum urvillei tolerate and accu-
mulate high iron concentrations in their tissues, thus favoring the possible use of these
grasses in phytoextraction [41]. Batista et al. evaluated the Pb bioaccumulation potential
of four plant species including embatiba (Cecropia sp.); however, none of the evaluated
species met the hyperaccumulator criterion [42]. Rossato et al. evaluated the effects of
lead on the growth, lead accumulation and physiological responses of Pluchea sagittalis,
and concluded that this species is Pb-tolerant, being able to accumulate on average 6730
and 550 pg Pb g~! dry weight, respectively, in the roots and shoot, a physiological trait
which may be exploited for the phytoremediation of contaminated soils and waters [43].
Moreover, Typha domingensis has been studied in the phytoremediation of barium-affected
flooded soils [44].

In the search for hyperaccumulating plants, Cecropia pachystachya, Pluchea sagittalis and
Typha domingensis were collected from a mining area in Canaa dos Carajés, northern Brazil,
which is an iron oxide-copper-gold deposit. After drying and gridding, the aerial parts
of these three plant species were digested and analyzed by inductively coupled plasma
optical emission spectrometry (ICP-OES). Concentrations of Ba, Ca, Cd, Cr, Cu, Fe, K, Mg,
Na, Ni, Pb and S were determined (see Supplementary Materials), and the most abundant
transition metals were Fe, Cu and Ni (Table 1). Among the plant species, P. sagittalis (leaves
and flowers) and C. pachystachya (branches) showed the highest concentration of these
metals, thus P. sagittalis leaves were selected for the synthesis of ecocatalysts.

Table 1. Metal concentrations ! in plants collected in a mining area in northern Brazil.

Sample Cu (mg kg—1) Ni (mg kg—1) Fe (mg kg—1)
Cecropia pachystachya leaves 83.04+5.2 36+£07 350 =2
Cecropia pachystachya branches 374+ 8 525+3 3900 + 0.05
Pluchea sagittalis leaves 567 £ 16 314+ 14 10,000 + 0.1
Pluchea sagittalis flowers 1741+73 498 £3.2 3900 + 0.02
Typha domingensis leaves 56.8 £4.1 23.7 £0.6 510+1

1 ICP-OES analyses carried out in triplicate.

In our first attempt, we followed the procedure described by Liu et al. [17] to obtain
an ecocatalyst. Thus, HySO4 was used to dissolve and remove the metals as well as to
hydrolyze the cellulose from the P. sagittalis leaves. The formed precipitate was centrifuged,
washed with deionized water, and dried at 120 °C for 8 h, and then subjected to acid
digestion to be analyzed by ICP-OES. The analysis showed the presence of 17.7 mg kg !
of Cu, 998.5 mg kg~ ! of Fe and 0.7 mg kg~! of Ni in this material (Cat A). Figure 1 shows
the diffractogram of Cat A, where the diffraction peaks, as a result of the preparation
procedure, correspond to mascagnite (NH4),SO;,. Diffraction peaks corresponding to
crystalline phases containing Cu, Fe or Ni are not evident due to their low content in
the ecocatalyst.

We then evaluated another procedure to prepare the ecocatalyst using ashes from the P.
sagittalis leaves, which were obtained after calcination at 400 °C for 5 h (see Supplementary
Materials). ICP-OES analysis showed the presence of Cu (1877 + 17.4 mg kg~'), Ni
(118 + 7.76 mg kg ') and Fe (34,491 + 1234 mg kg~ !). The X-ray diffractogram of the ashes
(Figure 2) shows a solid composed of highly crystalline materials and corroborates the
presence of the oxides corresponding to the more abundant metals determined by ICP-OES
in the P. sagittalis leaves. In Figure 2 (by vertical lines), the 20 angles of the more intense
peak related to Fe, O3 (33.15°) [45], CaO (37.35°) [46], CuO (39.79°) [47], KoO (39.61°) [48],
and MgO (42.96°) [49] are indicated, which, respectively, correspond to 104, 200, 111, 220
and 200 atomic plane of the considered metallic oxide. The other not-highlighted peaks in
the diffractogram shown in Figure 2 are diffraction peaks corresponding to the different
mentioned metallic phases. Furthermore, the diffractogram also shows the presence of
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phosphorous oxide (P,Os) and silicon oxide (SiO;) [50], whose more intense diffraction
peak is located, respectively, at 26 angles of 26.25° [51] and 28.54° [52]. Further details are
shown in the Supplementary Materials.

| (NH,),SO,
— CatA

Intensity (a.u.)

I N T
30 40 50 60 70 80
26 (°)

Figure 1. XRD diffractogram corresponding to Cat A. The vertical violet lines indicate the pattern
diffraction peaks corresponding to (NH4)2SOy4.

Intensity (a.u.)

26 (°)

Figure 2. X-ray diffractogram of the ashes, highlighting (vertical lines) the more intense diffraction
peak of the oxides corresponding to the most abundant elements determined by ICP-OES analysis in
the P. sagittalis leaves.
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Continuing our efforts, we evaluated a different procedure to obtain the ecocatalyst
using ashes from the P. sagittalis leaves. Thus, after calcination at 400 °C for 5 h, the resulting
ashes were treated with aqueous HCl for 2 h at 60 °C. The mixture was filtered over celite,
and the solution was concentrated under vacuum. The resulting solid was diluted in water
and mixed with montmorillonite K 10 (MK10) at 90 °C for 8 h [53]. This mixture was then
filtrated, the solid was washed with water, and oven dried at 120 °C for 3 h, furnishing
Cat B. ICP-OES analysis showed the presence of Cu (35.21 + 2.75 mg kg~ !), however, the
amount of Ni was below the limit of quantification.

Consistent with this quantitative chemical analysis, the X-ray diffractogram of Cat B
(Figure 3) shows diffraction peaks only corresponding to the MK10 clay [54,55] and does
not show any diffraction peak corresponding to the crystalline phases of CuO, NiO or
Fe,O3, although iron was present in a significative high content in the ashes of P. sagittalis
leaves. Except for SiO,, a component of the MK10 [55], no diffraction peaks are observed
related to CaO, K;O, MgO and P,0s, the oxides corresponding to the other more abundant
elements in the ashes. Here, it is important to point out that the non-evidence of CuO
diffraction peaks in Cat B means that copper is highly dispersed over the MK10 clay.

| MK 10
—— CatB
S
=
N
z
k=
LTI
10 20 30 40 50 60 70 80

20 ()

Figure 3. XRD diffractogram of Cat B showing solely peaks corresponding to the MK10 clay (vertical
red lines indicating the MK10 pattern diffraction peaks).

With the aim of improving the ecocatalyst, the P. sagitallis leaves ashes were heated
with formic acid at 90 °C for 18 h, then were filtered over celite and the solid was washed
with formic acid and hot water [56]. The resulting solution was concentrated under vacuum
furnishing a white solid (Cat C). Interestingly, ICP-OES analysis showed the presence of
both Cu (961 + 8.72 mg kg 1) and Ni (32.2 £ 0.347 mg kg~ !). The XRD diffractogram of Cat
C (not shown), showed the same main diffraction peaks of the ashes (Figure 2), evidencing
that after the above-described procedure, the resultant solid practically maintained the
ashes composition.

To explore the efficiency of these novel ecocatalysts, we tested them in the Biginelli
reaction [57,58]. This MCR is considered one of the most well-designed methodologies for
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the synthesis of dihydropyrimidinones 3 (DHPMs), a very important family of compounds,
mostly known for their diverse pharmacological properties, acting as antibacterial, antiviral,
calcium channel modulators, anti-cancer, or anti-hypertensive agents [59-61].

Thus, the Biginelli reaction was carried out using benzaldehyde (1), ethyl acetoacetate
(2) and urea (Table 2). In order to compare our catalysts with previous reports in the
literature, initially, we tested CuCl,.2H,O at r.t., with a 4 M solution of HCI in dioxane
and 2-MeTHEF as solvent (entries 1-3), as described by Pawtowski et al. [62]. By using
1 mol% of the catalyst for 24 h, only 20% yield of compound 3a was obtained, whereas, with
5 mol% (for 12 or 24 h), a large increase in yield (62 or 96%) was observed. When the
reaction was carried out in the absence of Cu(II), only a 21% yield was obtained (entry 4).
We then tested Cat A in the same conditions (entry 5) and compound 3a was obtained in
60% yield. Looking for a more sustainable condition, we tested Cat B, Cat C, the ashes
and MK10 (entries 5-9) in a solvent-free reaction at 80 °C and the desired product 3a
was obtained with moderate to good yields (61 to 84%). The reaction was also evaluated
under microwave irradiation using Cat B or ashes; however, only traces of the product and
decomposition of the starting materials were observed probably due to the high energy
(entries 10 and 11).

Table 2. Synthesis of DHPM 3a using different catalysts.

0
Q 0O 0 J

H,N~ “NH

H 4 )J\/U\OEt i ’

. N catalyst
Entry 2 Catalyst Time (h) 3a, Yield (%) P MSMA f
1¢ CuCl,.2H50 (1 mol%) 24 20
2¢ CuCl,.2H,0 (5 mol%) 12 62
3¢ CuCly.2H,0 (5 mol%) 24 9%
4c - 24 21
5¢ Cat A 24 60 0.66
64 CatB 12 84 28.7
7d CatC 12 69 0.91
gd Ashes 12 61 0.02
gd MK10 12 66
10¢ CatB 15 Traces —
11°¢ Ashes 1.5 Traces -—-

@ unless otherwise noted, all reactions were carried out using benzaldehyde (1) (1 mmol), ethyl acetoacetate (2) (1
mmol), urea (1.4 mmol) and catalyst (50 mg). © isolated yield after column chromatography. ¢ HCl 4M in dioxane
(2.0 mL) and 2-MeTHF (0.5 mL) at r.t. 4 solvent-free at 80 °C under conventional heating for 12 h. € solvent-free
under microwave irradiation at 300 W for 20 min. f MSMA: mean specific metallic activity.

To better understand the catalytic metallic effect on the reaction described in Table 2
and considering the chemical metallic composition determined by ICP shown above, we
calculated a mean specific metallic activity (MSMA), defined as the ratio of the produced
mol number of the 3a compound to the sum of the pmols number of Cu, Fe and Ni present
in the Cat A, Cat B, Cat C and ashes. As can be seen in Table 2, the MSMA of Cat B is
much higher than Cat A, Cat C and ashes, behavior that clearly shows the best catalytic
performance of Cat B, which indicates an important synergetic effect between the supported
metallic species and the MK10 support.

The condition described in Table 2, entry 6, i.e., solvent-free reaction using Cat B at
80 °C, has been chosen to evaluate the scope and limitation of this protocol (Figure 4). In
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this regard, the shown six DHPM compounds, containing electron donor or withdrawing
groups at the aldehyde, ethyl acetoacetate or pentane-2,4-dione, urea or thiourea were
obtained in good yields (69-88%). However, to successfully achieve compounds 3b, 3¢
and 3f, a minimum amount of ethanol (0.5 mL) was necessary to solubilize the starting
materials.

cl CN cl
0 0
0 ) Q o
O™ }E EtO NH  EtO ST | NH

j : NH
N7 LA LA NS o LA
H N"So N"Yo H N N0

H H H

3a, 84% 3b, 81% 3¢, 69% 3d, 79% 3e, 84% 31 88%
Figure 4. Yield (%) of DHPMs 3a-f synthesized via Biginelli reaction using Cat B at 80 °C for 12 h.

The ecocatalysts were then evaluated in the Hantzsch reaction [63] for the synthesis
of 1,4-dihydropyridine 5a (1,4-DHP) using benzaldehyde (1), dimedone (4), ammonium
acetate and ethanol as solvent under microwave irradiation [3] (Table 3). This class of
compounds has been extensively studied due to their potent biological activities, including
commercially available drugs [52-64].

Table 3. Ecocatalysts obtained from P. sagitallis leaves in the synthesis of 1,4-DHP 5a.

o O Ph O
NH,OAc
0 cat

5 > |
Ph~ H ethanol, MW, N
1 4 S 20 min H
S5a

Entry 2 Catalyst 5a, Yield (%) P

1 Ashes (200 mg) 25

2 Ashes (100 mg) 75

3 Ashes (50 mg) 86

4 CatB 98

5 Cat C 88

6 MK10 84

2 unless otherwise noted, reactions were performed using benzaldehyde (1) (0.5 mmol), dimedone (4) (1.0 mmol),
ammonium acetate (1.25 mmol), catalyst (50 mg) and ethanol (0.5 mL) under microwave irradiation at 110 °C and
300 W for 20 min. ? isolated yield after column chromatography.

Initially, we tested the ashes in different loadings (Table 3, entries 1-3) and observed
that lower yields were obtained with high amounts of the catalyst, which could be acting
as an adsorbent instead [65,66]. Thus, we defined 50 mg as the best catalyst amount and
then tested Cat B and Cat C (entries 4-5) and observed that all of them were efficient in
promoting the MCR, Cat B being outstanding, furnishing the 1,4-DHP 5a in 98% yield.
As this catalyst is supported over the MK10 clay, we also tested only the clay (entry 6)
and observed a significant yield decrease, evidencing that the copper incorporation was
essential for the ecocatalyst performance. We then evaluated the recyclability of Cat B by
filtering the solid during the workup, washing with ethanol and drying under vacuum at
room temperature. To our delight, the catalyst could be reused in up to six reaction cycles
without a significant loss in yield (Figure 5).
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Figure 5. Yields (%) of compound 5a for each reaction cycle using recycled Cat B.

Based on these results, Cat B was selected to continue our study; the scope and
limitations of the microwave-assisted Hantzsch reaction using ethanol as solvent were
explored. Once again, electron donor or withdrawing groups at the aldehyde 1, including
a heteroaromatic (5d), and ethyl acetoacetate or dimedone (4), were evaluated and the
desired products 5 obtained in good to excellent yields (79-98%) (Figure 6).

0
5d, 92% Sf, 88%
Figure 6. Yield (%) of 1,4-DHPs 5a—f synthesized via microwave-assisted Hantzsch reaction using
Cat B and ethanol at 110 °C for 20 min.

In Table 4 it is possible to compare our results in the synthesis of compounds 3a and
5a using Cat B with other heterogenous catalysts reported in the literature [67-75]. Most of
the catalysts were employed in the Biginelli reaction using ethanol (entries 3 and 4) or in a
solvent-free condition (entries 1, 2, 5 and 6) under conventional heating, furnishing DHPM
3a with good to high yields (72-97%). Concerning the Hantzsch reaction (entries 1, 2, 8
and 9), the 1,4-DHP 5a was obtained in good to excellent yields (79-97%). Cat B proved
to be more efficient, since 5a could be prepared in 98% yield under microwave irradiation
(entry 10).
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Table 4. Comparison of Cat B performance with earlier reported protocols.

Cat. Recycling

3a, Yield (%)  5a, Yield (%) Ref.

Entry Catalyst and Reaction Conditions (cycles)

BNPs@SiO,(CH,)3;NHSO3H, solvent-free, 80 °C,

1 30 min or EtOH, 70 °C, 35 min 5 97 %7 671
NiFe;04,@Si0,@KIT-6-SO3H, solvent-free, 100 °C,

2 10 min or EtOH, reflux, 80 °C, 55 min 5 % %3 [68]

3 Fe-C-O-Mo alloy, EtOH, reflux, 2.5 h 8 92 - [69]

4 bentonite/Hy[W1,SiOy4p], EtOH, 80 °C, 5 h - 86 - [70]

5 NH4H,PO4/MCM-41, solvent-free, 100 °C, 6 h 6 72 - [71]

6 H3PW1,049@MIL-101, solvent-free, 100 °C, 60 min 4 90 - [72]

7 Si0,-CuCly, MeCN, MW, 80 °C, 15 min 5 90 - [73]

8 [ImSi][PFg]@xanthan, EtOH, 80 °C, 37 min 5 - 93 [74]

H,SO4-activated montmorillonite, solvent-free,
? MW, 110 °C, 14 min 4 ) 79 (751
10 Cat B, solvent-free, 80 °C, 12 h or EtOH, MW, 6 84 98 this work

110 °C, 20 min

Adsorbed Volume (cm’ g™)

To find elements to understand the better catalytic performance of the prepared Cat
B, despite it accentuating the minor metallic content than that present in the ashes and
Cat C, we used textural and morphological additional data, respectively, determined from
N, physisorption measurements and SEM images. As can be seen from the physisorption
isotherms in Figure 7, Cat B presents a clear behavior of a mesoporous solid (Figure 7a,
Table 5), with a narrower mesopore size distribution (Figure 7b) than Cat C (Figure 7a,
Table 5) and the clearly non-porous ashes (Figure 7a, Table 5).

1.5 0.10

—@— Adsorption/Cat B (a ~ |-@—CatB (b) —0—CatC (c)
|—O— Desorption/Cat B
—@— Adsorption/Cat C 9
—O— Desorption/Cat C Y
8o Adsorption/Ashes 1.2 1 0.08 \'
~— o~ | %
'en ;00 :ﬁ ° e
6 € 09 £ 0.06 - 3 0 °
= = I ' \
~ A \ “‘ P
e 2 ° o “o
4 2 0.6 ® 2 0.04 ol o \
3 \ 3 [l @
> Y > \ |
o o | ?
J )
27 0.3 - ° 0.02 >y
/ o9
It
L
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e L m e m e 0.0 —r— 0.00 r—— T
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Figure 7. (a) N, adsorption isotherms of P. sagitallis leaves ashes, Cat B and Cat C; (b) and
(c) mesopore size distribution of Cat B and Cat C, respectively.

Table 5. Textural properties of Cat B, Cat C and ashes.

Catalyst BET Area (m? g—1) Total Pore Volume (cm? g~1)
CatB 232 0.286
CatC 33 0.061
Ashes 4 0.009

The porosity presented by Cat C mainly results from its interparticle porosity
(Figure 7c). Then, Cat B presents a substantially higher specific surface area (Table 5)
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that is a consequence of the presence of the MK10 clay, a well-known and catalytically
applied layered aluminosilicate [76,77], which was added during the synthesis of Cat B
and possesses a superficial area close to 250 m? g~! [78]. Consequently, over the specific
surface area of the MK10 clay, the lower amount of the supported catalytically active metal-
lic species is highly dispersed, a behavior that was confirmed by its XRD diffractogram
(Figure 3), which does not show metallic oxide diffraction peaks. Consistent with their
structural and textural properties, the SEM images of Figure 8 show that Cat B (Figure 8a,c)
is formed by agglomerates of considerably smaller particles than Cat C (Figure 8b,d).

File Name = b_004 tif Signal A
13.28 nm Date :11 Jan

Time :15:02:43

Signal A =
Date :1
Time :15:0:

200 nm

Figure 8. SEM images: (a,c) Cat B; (b,d) Cat C.
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The superior textural properties of Cat B than Cat C can support its better catalytic
performance as a consequence of the higher dispersion of their metallic active species,
despite the enormous difference between their contents, which were determined by ICP-
OES chemical analyses. For example, the Cu content in Cat B was 35.21 mg kg~ !, which
was lower when compared with the Cu content in Cat C (961 mg kg~!). Because of its
lower specific surface area (Table 5) and presence of CuO agglomerates of less dispersed
particles, as was evidenced by N, physisorption and XRD data, respectively, the ashes
presented lower catalytic activity than Cat B and Cat C (Tables 2 and 3).

4. Conclusions

In summary, we evaluated the metal contents of three plant species collected on a
mine in the Brazilian Amazonia by ICP-OES and selected the P. sagitallis leaves to prepare
ecocatalysts. The P. sagitallis leaves ashes, Cat B and Cat C were analyzed by ICP-OES
and characterized by XRD, Np-physisorption measurements and SEM analyses. These
catalysts were then successfully employed in the Biginelli and Hantzsch MCRs, furnishing
the corresponding 3,4-dihydropyrimidin-2-(1H)-ones and 1,4-dihydropyridines with good
to excellent yields. The best catalyst (Cat B) could be easily recovered and reused in the
Hantzsch reaction in up to six runs without a significant decrease in its performance, demon-
strating the feasibility of the use of hyperaccumulating plants as a source of heterogeneous
catalysts.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/reactions4040033/s1, Figure S1: Pluchea sagittalis leaves (a)
dried and ground. (b) ashes after calcination.; Figure S2: Enlarged ashes diffractogram between 25
and 45° 20. Figures S3-S19: 'H and '3C NMR spectra of compounds 3a—f and 5a—f. Table S1: Metal
concentrations (ICP-OES) in plants collected at a mining area on northern Brazil.

Author Contributions: L.H.R.A.: organic synthesis work. S.Y.S.S., S.C.S. and M.N.d.O.: plants
identification, collection, drying and gridding. C.S.d.S. and ].V.: ICP-EOS analyses. M.F.d.G.F.d.S.:
contributions to manuscript writing. M.P.: ashes and catalysts characterization. E.A.U.-G.: analysis,
manuscript writing and revision. A.G.C.: coordination of organic synthesis work, manuscript writing
and revision. All authors have read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge FAPESP (grants 2013/07600-3, 2014 /50249-8, 2014/
50918-7, 2018/12367-0 and 2021/12394-0), FAP’s (ICAAF n. 037/2011), GlaxoSmithKline, CAPES
(Finance Code 001), and CNPq (grant 429748 /2018-3 and 302140/2019-0) for funding and fellowships.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article and its Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cui, Z; Beach, E.S; Anastas, P.T. Green chemistry in China. Pure Appl. Chem. 2011, 83, 1379-1390. [CrossRef]

2. Sheldon, R.A. Engineering a more sustainable world through catalysis and green chemistry. J. R. Soc. Interface 2016, 13, 20160087 .
[CrossRef]

3.  Alponti, L.H.R,; Picinini, M.; Urquieta-Gonzales, E.A.; Corréa, A.G. USY-zeolite catalyzed synthesis of 1,4-dihydropyridines
under microwave irradiation: Structure and recycling of the catalyst. J. Mol. Struct. 2021, 1227, 129430. [CrossRef]

4. Sheldon, R.A.; Arends, LW.C.E.; Hanefeld, U. Introduction: Green Chemistry and Catalysis. In Green Chemistry and Catalysis;
Wiley-VCH Verlag: Weinheim, Germany, 2007; Chapter 1.

5. Imamoto, T. Asymmetric Hydrogenation. In Hydrogenation; Karamé, I., Ed.; IntechOpen: London, UK, 2012.

6. Devendar, P; Qu, R.-Y.;; Kang, W.-M.; He, B.; Yang, G.-F. Palladium-Catalyzed Cross-Coupling Reactions: A Powerful Tool for the
Synthesis of Agrochemicals. J. Agric. Food Chem. 2018, 66, 8914-8934. [CrossRef]

7. Elshkaki, A.; Graedel, T.E.; Ciacci, L.; Reck, B.K. Resource Demand Scenarios for the Major Metals. Environ. Sci. Technol. 2018, 52,
2491-2497. [CrossRef]

8. Patil, U.P; Patil, S.S. Natural Feedstock in Catalysis: A Sustainable Route Towards Organic Transformations. Top. Curr. Chem.

2021, 379, 36. [CrossRef]


https://www.mdpi.com/article/10.3390/reactions4040033/s1
https://doi.org/10.1351/PAC-CON-10-12-02
https://doi.org/10.1098/rsif.2016.0087
https://doi.org/10.1016/j.molstruc.2020.129430
https://doi.org/10.1021/acs.jafc.8b03792
https://doi.org/10.1021/acs.est.7b05154
https://doi.org/10.1007/s41061-021-00346-6

Reactions 2023, 4 566

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

Hechelski, M.; Ghinet, A.; Louvel, B.; Dufrénoy, P.; Rigo, B.; Daich, A.; Waterlot, C. From Conventional Lewis Acids to
Heterogeneous Montmorillonite K10: Eco-Friendly Plant-Based Catalysts Used as Green Lewis Acids. ChemSusChem 2018, 11,
1249-1277. [CrossRef]

Shikha, D.; Singh, PK. In situ phytoremediation of heavy metal-contaminated soil and groundwater: A green inventive approach.
Environ. Sci. Pollut. Res. 2021, 28, 4104-4124. [CrossRef]

Nedjimi, B. Phytoremediation: A sustainable environmental technology for heavy metals decontamination. SN Appl. Sci. 2021, 3,
286. [CrossRef]

Tangahu, B.V,; Abdullah, S.R.S; Basri, H.; Idris, M.; Anuar, N.; Mukhlisin, M. A Review on Heavy Metals (As, Pb, and Hg) Uptake
by Plants through Phytoremediation. Int. J. Chem. Eng. 2011, 2011, 939161. [CrossRef]

Fasani, E.; Manara, A.; Martini, F; Furini, A.; DalCorso, G. The potential of genetic engineering of plants for the remediation of
soils contaminated with heavy metals. Plant Cell Environ. 2018, 41, 1201-1232. [CrossRef]

Olatunji, O.S.; Ximba, B.J.; Fatoki, O.S.; Opeolu, B.O. Assessment of Phytoremediation Potential of Panicum maximum (Guinea
Grass) for Selected Heavy Metal Removal from Contaminated Soils. Afr. J. Biotechnol. 2014, 13, 1979-1984. [CrossRef]

Grison, C.; Escande, V.; Biton, J. Ecocatalysis: A New Integrated Approach to Scientific Ecology; Elsevier: Oxford, UK, 2015.

Grison, C.; Ki, Y.L.T. Ecocatalysis, a new vision of Green and Sustainable Chemistry. Curr. Opin. Green Sustain. Chem. 2021, 29,
100461. [CrossRef]

Liu, H.; Ren, M.; Qu, J.; Feng, Y.; Song, X.; Zhang, Q.; Cong, Q.; Yuan, X. A cost-effective method for recycling carbon and metals
in plants: Synthesizing nanomaterials. Environ. Sci. Nano 2017, 4, 461-469. [CrossRef]

Harumain, Z.A.S.; Parker, H.L.; Garcia, A.M.; Austin, M.].; McElroy, C.R.; Hunt, A.].; Clark, ].H.; Meech, J.A.; Anderson, CW.N;
Ciacci, L.; et al. Toward Financially Viable Phytoextraction and Production of Plant-Based Palladium Catalysts. Environ. Sci.
Technol. 2017, 51, 2992-3000. [CrossRef]

Ruijter, E.; Orru, R.V. Multicomponent reactions—Opportunities for the pharmaceutical industry. Drug Discov. Today Technol.
2013, 10, e15. [CrossRef]

Zarganes-Tzitzikas, T.; Domling, A. Modern multicomponent reactions for better drug syntheses. Org. Chem. Front. 2014, 1,
834-837. [CrossRef]

Costanzo, P.; Nardi, M.; Oliverio, M. Similarity and Competition between Biginelli and Hantzsch Reactions: An Opportunity for
Modern Medicinal Chemistry. Eur. J. Org. Chem. 2020, 2020, 3954-3964. [CrossRef]

Patil, U.P; Patil, R.C.; Patil, S.S. Biowaste-Derived Heterogeneous Catalyst for the One-Pot Multicomponent Synthesis of Diverse
and Densely Functionalized 2-Amino-4H-Chromenes. Org. Prep. Proc. Int. 2021, 53, 190-199. [CrossRef]

Jadhav, G.D.; Mujawar, T.A.P; Tekale, S.U.; Pawar, R.P; More, Y.W. Lemon Peel Powder: A Natural Catalyst for Multicomponent
Synthesis of Coumarin Derivatives. Curr. Organocatal. 2020, 7, 140-148. [CrossRef]

Patil, U.P; Patil, R.C.; Patil, S.S. An Eco-friendly Catalytic System for One-pot Multicomponent Synthesis of Diverse and Densely
Functionalized Pyranopyrazole and Benzochromene Derivatives. J. Heterocycl. Chem. 2019, 56, 1898-1913. [CrossRef]

Grison, C.; Escande, V.; Petit, E.; Garoux, L.; Boulanger, C.; Grison, C. Psychotriadouarrei and Geissois pruinosa, novel resources
for the plant-based catalytic chemistry. RSC Adv. 2013, 3, 22340-22345. [CrossRef]

Escande, V.; Garoux, L.; Grison, C.M.; Thillier, Y.; Debart, F.; Vasseur, ].J.; Boulanger, C.; Grison, C. Ecological catalysis and
phytoextraction: Symbiosis for future. Appl. Catal. B Environ. 2014, 146, 279-288. [CrossRef]

Losfeld, G.; L'Huillier, L.; Fogliani, B.; Jaffré, T.; Grison, C. Mining in New Caledonia: Environmental stakes and restoration
opportunities. Environ. Sci. Poll. Res. 2015, 22, 5592-5607. [CrossRef] [PubMed]

Escande, V.; Renard, B.L.; Grison, C. Lewis acid catalysis and Green oxidations: Sequential tandem oxidation processes induced
by Mn-hyperaccumulating plants. Environ. Sci. Poll. Res. 2015, 22, 5633-5652. [CrossRef] [PubMed]

Thommes, M.; Kaneko, K.; Neimark, A.V.; Olivier, J.P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S.W. Physisorption of Gases,
with Special Reference to the Evaluation of Surface Area and Pore Size Distribution. Pure Appl. Chem. 2015, 87, 1051-1069.
[CrossRef]

Brunauer, S.; Emmett, PH.; Teller, E. Adsorption of Gases in Multimolecular Layers. J. Am. Chem. Soc. 1938, 60, 309-319.
[CrossRef]

Barrett, E.P,; Joyner, L.G.; Halenda, P.P. The Determination of Pore Volume and Area Distributions in Porous Substances. I.
Computations from Nitrogen Isotherms. J. Am. Chem. Soc. 1951, 73, 373-380. [CrossRef]

Groen, J.C.; Peffer, L.A.A.; Pérez-Ramirez, J. Pore Size Determination in Modified Micro- and Mesoporous Materials. Pitfalls and
Limitations in Gas Adsorption Data Analysis. Microporous Mesoporous Mater. 2003, 60, 1-17. [CrossRef]

Chakraborti, A.; Roy, S.; Jadhavar, P.; Seth, K.; Sharma, K. Organocatalytic Application of Ionic Liquids: [bmim][MeSO4] as a
Recyclable Organocatalyst in the Multicomponent Reaction for the Preparation of Dihydropyrimidinones and -thiones. Synthesis
2011, 24, 2261-2267. [CrossRef]

Li, N.; Wang, Y.; Liu, F;; Zhao, X,; Xu, X.; An, Q.; Yun, K. Air-stable zirconium (IV)-salophen perfluorooctanesulfonate as a highly
efficient and reusable catalyst for the synthesis of 3,4-dihydropyrimidin-2-(1H)-ones/thiones under solvent-free conditions. Appl.
Organomet. Chem. 2020, 34, e5454. [CrossRef]

Shen, Y.-B.; Wang, G.-W. Solvent-free synthesis of xanthenediones and acridinediones. Arkivoc 2008, 16, 1-8. [CrossRef]

Patil, M.; Karhale, S.; Kudale, A.; Kumbhar, A.; More, S.; Helavi, V. Green Protocol for the Synthesis of 1,8-Dioxo-
Decahydroacridines by Hantzsch Condensation Using Citric Acid as Organocatalyst. Curr. Sci. 2019, 6, 936-942. [CrossRef]


https://doi.org/10.1002/cssc.201702435
https://doi.org/10.1007/s11356-020-11600-7
https://doi.org/10.1007/s42452-021-04301-4
https://doi.org/10.1155/2011/939161
https://doi.org/10.1111/pce.12963
https://doi.org/10.5897/AJB2014.13635
https://doi.org/10.1016/j.cogsc.2021.100461
https://doi.org/10.1039/C6EN00287K
https://doi.org/10.1021/acs.est.6b04821
https://doi.org/10.1016/j.ddtec.2012.10.012
https://doi.org/10.1039/C4QO00088A
https://doi.org/10.1002/ejoc.201901923
https://doi.org/10.1080/00304948.2020.1871309
https://doi.org/10.2174/2213337207666200211093655
https://doi.org/10.1002/jhet.3564
https://doi.org/10.1039/c3ra43995j
https://doi.org/10.1016/j.apcatb.2013.04.011
https://doi.org/10.1007/s11356-014-3358-x
https://www.ncbi.nlm.nih.gov/pubmed/25065482
https://doi.org/10.1007/s11356-014-3631-z
https://www.ncbi.nlm.nih.gov/pubmed/25263417
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1021/ja01145a126
https://doi.org/10.1016/S1387-1811(03)00339-1
https://doi.org/10.1055/s-0030-1260067
https://doi.org/10.1002/aoc.5454
https://doi.org/10.3998/ark.5550190.0009.g01
https://doi.org/10.18520/cs/v116/i6/936-942

Reactions 2023, 4 567

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Navarro, C.A,; Sierra, C.A.; Ochoa-Puentes, C. Evaluation of sodium acetate trihydrate-urea DES as a benign reaction media for
the Biginelli reaction. Unexpected synthesis of methylenebis(3-hydroxy-5,5-dimethylcyclohex-2-enones), hexahydroxanthene-1,8-
diones and hexahydroacridine-1,8-diones. RSC Adv. 2016, 6, 65355—-65365. [CrossRef]

Chang, C.-C.; Cao, S.; Kang, S.; Kai, L.; Tian, X; Pandey, P; Silverman, R.B. Antagonism of 4-substituted 1,4-dihydropyridine-
3,5-dicarboxylates toward voltage-dependent L-type Ca®* channels Cay1.3 and Cay1.2. Bioorg. Med. Chem. 2010, 18, 3147-3158.
[CrossRef]

Teimouri, A.; Ghorbanian, L.; Moatari, A. A simple and efficient approach for synthesis of 1,4-dihydro-pyridines using nano-
crystalline solid acid catalyst. Bull. Chem. Soc. Ethiop. 2013, 27, 427-437. [CrossRef]

Carvalho, ].M.; Ramos, S.J.; Neto, A.E.; Gastauer, M.; Caldeira, C.F; Siqueira, ].O.; Silva, M.L.S. Influence of nutrient management
on growth and nutrient use efficiency of two plant species for mineland revegetation. Rest. Ecol. 2018, 26, 303-310. [CrossRef]
Santana, B.V.N.; de Aratjo, T.O.; Andrade, G.C.; de Freitas-Silva, L.; Kuki, K.N.; Pereira, E.G.; Azevedo, A.A.; da Silva, L.C. Leaf
morphoanatomy of species tolerant to excess iron and evaluation of their phytoextraction potential. Environ. Sci. Pollut. Res. 2014,
21, 2550-2562. [CrossRef]

Batista, A.A.; Santos, ].A.G.; Bomfim, M.R.; Moreira, EM.; Leal, E.F,; da Conceicao, ].N. Induced changes in the growth of four
plant species due to lead toxicity. Rev. Bras. Eng. Agric. Ambient. 2017, 21, 327-332. [CrossRef]

Rossato, L.V.; Nicoloso, F.T.; Farias, ].G.; Cargnelluti, D.; Tabaldi, L.A.; Antes, EG.; Dressler, V.L.; Morsch, V.M.; Schetinger, M.R.C.
Effects of lead on the growth, lead accumulation and physiological responses of Pluchea sagittalis. Ecotoxicology 2012, 21, 111-123.
de Carvalho, C.EM,; Viana, D.G.; Pires, ER,; Egreja, FB.; Bonomo, R.; Martins, L.E; Cruz, L.B.S.; Nascimento, M.C.P.; Cargnelutti,
A.; da Rocha, P.R. Phytoremediation of barium-affected flooded soils using single and intercropping cultivation of aquatic
macrophytes. Chemosphere 2019, 214, 10-16. [CrossRef] [PubMed]

Blake, R.L.; Hessevick, R.E.; Zoltai, T.; Finger, L.W. Refinement of the hematite structure. Am. Mineralog. 1966, 51, 123-129.
Fiquet, G.; Richet, P.; Montagnac, G. High-temperature thermal expansion of lime, periclase, corundum and spinel. Phys. Chem.
Miner. 1999, 27, 103-111. [CrossRef]

Asbrink, S.; Norrby, L.J. A refinement of the crystal structure of copper (II) oxide with a discussion of some exceptional esd’s.
Acta Cryst. 1970, B26, 8-15. [CrossRef]

Wyckoff, RW.G. Crystal Structures, 2nd ed.; Interscience Publishers: New York, NY, USA, 1963; pp. 239-444.

Hazen, R.M. Effects of temperature and pressure on the cell dimension and X-ray temperature factors of periclase. Am. Mineral.
1973, 61, 266-271.

Fiameni, L.; Assi, A.; Fahimi, A.; Valentim, B.; Moreira, K.; Predeanu, G.; Slavescu, V.; Vasile, B.S.; Nicoara, A.L; Borgese, L.;
et al. Simultaneous amorphous silica and phosphorus recovery from rice husk poultry litter ash. RSC Adv. 2021, 11, 8927-8939.
[CrossRef]

Stachel, D.; Svoboda, I.; Fuess, H. Phosphorus pentoxide at 233 K. Acta Cryst. 1995, C51, 1049-1050. [CrossRef]

Levien, L.; Prewitt, C.T.; Weidner, D.J. Structure and elastic properties of quartz at pressure. Am. Mineral. 1980, 65, 920-930.
Escande, V.; Petit, E.; Garoux, L.; Boulanger, C.; Grison, C. Switchable Alkene Epoxidation/Oxidative Cleavage with
H,0,/NaHCO;3: Efficient Heterogeneous Catalysis Derived from Biosourced Eco-Mn. ACS Sustain. Chem. Eng. 2015, 3,
2704-2715. [CrossRef]

Kalidhasan, S.; Dror, I.; Berkowitz, B. Atrazine degradation through PEI-copper nanoparticles deposited onto montmorillonite
and sand. Sci. Rep. 2017, 7, 1415. [CrossRef]

Marsh, A.; Heath, A.; Patureau, P.; Evernden, M.; Walker, P. Alkali activation behaviour of un-calcined montmorillonite and illite
clay minerals. Appl. Clay Sci. 2018, 166, 250-261. [CrossRef]

Escande, V.; Poullain, C.; Clavé, G.; Petit, E.; Masquelez, N.; Hesemann, P.; Grison, C. Bio-based and environmental input for
transfer hydrogenation using EcoNi(0) catalyst in isopropanol. Appl. Catal. B Environ. 2017, 210, 495-503. [CrossRef]

Tajbakhsh, M.; Mohajerani, B.; Heravi, M.M.; Ahmadi, A.N. Natural HEU type zeolite catalyzed Biginelli reaction for the synthesis
of 3,4-dihydropyrimidin-2(1H) one derivatives. J. Mol. Catal. A 2005, 236, 216-219. [CrossRef]

Lima, C.G.S;; Silva, SIL.R.M.; Gongalves, R.H.; Leite, E.R.; Schwab, R.S.; Corréa, A.G.; Paixao, M.W. Highly Efficient and
Magnetically Recoverable Niobium Nanocatalyst for the Multicomponent Biginelli Reaction. ChemCatChem 2014, 6, 3455-3463.
[CrossRef]

Khasimbi, S.; Ali, F; Manda, K.; Sharma, A.; Chauhan, G.; Wakode, S. Dihydropyrimidinones Scaffold as a Promising Nucleus for
Synthetic Profile and Various Therapeutic Targets: A Review. Curr. Org. Synth. 2021, 18, 270-293. [CrossRef] [PubMed]
Chopda, L.V.; Dave, N. Recent Advances in Homogeneous and Heterogeneous Catalyst in Biginelli Reaction from 2015-19: A
Concise Review. ChemistrySelect 2020, 5, 5552-5572. [CrossRef]

Kazemi, M. Magnetically reusable nanocatalysts in biginelli synthesis of dihydropyrimidinones (DHPMs). Synth. Commun. 2020,
50, 1409-1445. [CrossRef]

Pawlowski, R.; Zaorska, E.; Staszko, S.; Szadkowska, A. Copper(I)-catalyzed multicomponent reactions in sustainable media:
NHC copper complexes promote MCRs in sustainable solvents. Appl. Organomet. Chem. 2018, 32, e4256. [CrossRef]

Anantha, I.S.S.; Kerru, N.; Maddila, S.; Jonnalagadda, S.B. Recent Progresses in the Multicomponent Synthesis of Dihydropyridines
by Applying Sustainable Catalysts Under Green Conditions. Front. Chem. 2021, 9, 800236. [CrossRef]

Sepehri, S.; Sanchez, H.P; Fassihi, A. Hantzsch-Type Dihydropyridines and Biginelli-Type Tetra-hydropyrimidines: A Review of
their Chemotherapeutic Activities. J. Pharm. Pharmaceut. Sci. 2015, 18, 1-52. [CrossRef]


https://doi.org/10.1039/C6RA13848A
https://doi.org/10.1016/j.bmc.2010.03.038
https://doi.org/10.4314/bcse.v27i3.12
https://doi.org/10.1111/rec.12572
https://doi.org/10.1007/s11356-013-2160-5
https://doi.org/10.1590/1807-1929/agriambi.v21n5p327-332
https://doi.org/10.1016/j.chemosphere.2018.09.096
https://www.ncbi.nlm.nih.gov/pubmed/30248554
https://doi.org/10.1007/s002690050246
https://doi.org/10.1107/S0567740870001838
https://doi.org/10.1039/D0RA10120F
https://doi.org/10.1107/S0108270194012126
https://doi.org/10.1021/acssuschemeng.5b00561
https://doi.org/10.1038/s41598-017-01429-5
https://doi.org/10.1016/j.clay.2018.09.011
https://doi.org/10.1016/j.apcatb.2017.04.023
https://doi.org/10.1016/j.molcata.2005.04.033
https://doi.org/10.1002/cctc.201402689
https://doi.org/10.2174/1570179417666201207215710
https://www.ncbi.nlm.nih.gov/pubmed/33290199
https://doi.org/10.1002/slct.202000742
https://doi.org/10.1080/00397911.2020.1720740
https://doi.org/10.1002/aoc.4256
https://doi.org/10.3389/fchem.2021.800236
https://doi.org/10.18433/J3Q01V

Reactions 2023, 4 568

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Rodriguez-Diaz, ].M.; Garcia, J.O.P,; Sdnchez, L.R.B.; da Silva, M.G.C.; da Silva, V.L.; Arteaga-Pérez, L.E. Comprehensive
Characterization of Sugarcane Bagasse Ash for its Use as an Adsorbent. Bioenergy Res. 2015, 8, 1885-1895. [CrossRef]

Bentley, M.].; Summers, R.S. Ash pretreatment of pine and biosolids produces biochars with enhanced capacity for organic
micropollutant removal from surface water, wastewater, and stormwater. Environ. Sci. Water Res. Technol. 2020, 6, 635-644.
[CrossRef]

Khodamorady, M.; Sohrabnezhad, S.; Bahrami, K. Efficient One-Pot Synthetic Methods for the Preparation of 3,4-
Dihydropyrimidinones and 1,4-Dihydropyridine Derivatives using BNPs@SiO,(CH;);NHSO3sH as a Ligand and Metal
Free Acidic Heterogeneous Nano-catalyst. Polyhedron 2020, 178, 114340. [CrossRef]

Mardani, F.; Khorshidi, A.; Gholampoor, S. Sulfonated Caspian Sea Sand: A Promising Heterogeneous Solid Acid Catalyst in
Comparison with -SOsH Functionalized NiFe,O,@Si0,@KIT-6. ChemistrySelect 2019, 4, 8015-8020. [CrossRef]

Wu, P; Feng, L.; Liang, Y.; Zhang, X.; Mahmoudi, B.; Kazemnejadi, M. Magnetic Fe-C-O-Mo alloy nano-rods prepared from
chemical decomposition of a screw (a top-down approach): An efficient and cheap catalyst for the preparation of dihydropyridine
and dihydropyrimidone derivatives. Appl. Catal. Gen. A 2019, 590, 117301. [CrossRef]

Chopda, L.V.; Dave, P.N. 12-Tungstosilicic Acid H4[W1,5i049] Over Natural Bentonite as a Heterogeneous Catalyst for the
Synthesis of 3,4-dihydropyrimidin-2(1H)-ones. ChemistrySelect 2020, 5, 2395-2400. [CrossRef]

Tayebee, R.; Ghadamgahi, M. Solvent free one-pot multi-component synthesis of 3,4-dihydropyrimidin-2(1H)-ones catalyzed by
mesoporous NH;H,PO4/MCM-41 as an environmentally friendly, cheap, and effective catalyst. Arab. . Chem. 2017, 10, 757-764.
[CrossRef]

Saikia, M.; Bhuyan, D.; Saikia, L. Keggin type phosphotungstic acid encapsulated chromium (III) terephthalate metal organic
framework as active catalyst for Biginelli condensation. Appl. Catal. Gen. 2015, 505, 501-506. [CrossRef]

Kour, G.; Gupta, M.; Paul, S.; Rajnikant; Gupta, V.K. SiO,-CuCl,: An efficient and recyclable heterogeneous catalyst for one-pot
synthesis of 3,4-dihydropyrimidin-2(1H)-ones. . Mol. Catal. A 2014, 392, 260-269. [CrossRef]

Mustafa, A.; Siddiqui, Z.N. Silica-based ionic liquid supported on Xanthan [ImSi][PF6]@xanthan in the synthesis of acridine
derivatives by multicomponent reaction. Sustain. Chem. Pharm. 2022, 29, 100775. [CrossRef]

Pham, D.D.; Le, N.T.; Vo-Thanh, G. Fast and Efficient Hantzsch Synthesis Using Acid-Activated and Cation-Exchanged Montmo-
rillonite Catalysts under Solvent-Free Microwave Irradiation Conditions. ChemistrySelect 2017, 2, 12041-12045. [CrossRef]
Kumar, B.S.; Dhakshinamoorthy, A.; Pitchumani, K. K10 montmorillonite clays as environmentally benign catalysts for organic
reactions. Catal. Sci. Technol. 2014, 4, 2378-2396. [CrossRef]

Bonacci, S.; Iriti, G.; Mancuso, S.; Novelli, P.; Paonessa, R.; Tallarico, S.; Nardi, M. Montmorillonite K10: An Efficient Organo-
Heterogeneous Catalyst for Synthesis of Benzimidazole Derivatives. Catalysts 2020, 10, 845. [CrossRef]

Safari, J.; Sadeghi, M. Montmorillonite K10: An effective catalyst for synthesis of 2-aminothiazoles. Res. Chem. Intermed. 2016, 42,
8175-8183. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s12155-015-9646-6
https://doi.org/10.1039/C9EW00862D
https://doi.org/10.1016/j.poly.2019.114340
https://doi.org/10.1002/slct.201901694
https://doi.org/10.1016/j.apcata.2019.117301
https://doi.org/10.1002/slct.201904962
https://doi.org/10.1016/j.arabjc.2012.12.001
https://doi.org/10.1016/j.apcata.2015.05.021
https://doi.org/10.1016/j.molcata.2014.05.022
https://doi.org/10.1016/j.scp.2022.100775
https://doi.org/10.1002/slct.201702681
https://doi.org/10.1039/C4CY00112E
https://doi.org/10.3390/catal10080845
https://doi.org/10.1007/s11164-016-2587-7

	Introduction 
	Materials and Methods 
	General Information 
	Preparation of the Catalysts 
	General Procedure for the Synthesis of Dihydropyrimidinones 3 (DHPMs) 
	General Procedure for the Synthesis of 1,4-Dihydropyridines 5 (DHPs) 
	Recycling of the Cat B 

	Results and Discussion 
	Conclusions 
	References

