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Abstract

This study aims to use a new medicinal porous plant having a high content of silica known as horsetail and horsetail ash
for the first time as novel, efficient, and environmentally friendly natural mild catalysts. The structure of these catalysts was
characterized by different techniques such as FT-IR, XRF, SEM-EDS, N, adsorption—desorption, XRD, and ICP analysis.
The results obtained from the analysis revealed that both horsetail and horsetail ash could act as a solid acid catalyst. In
addition, a further detailed analysis illustrated that they have a different surface area, porosity, and crystalline structure which
can affect their catalytic activities. The synthesis of 2-amino-4H-chromene derivatives was performed via a one-pot three-
component condensation of dimedone, malononitrile, and various aromatic aldehydes to compare their catalytic activities
under solvent-free conditions. Due to its high porosity and high surface area, horsetail ash yields better results compared to
the horsetail itself. FT-IR, mass, 'H-NMR, and '*C-NMR spectroscopies were used to identify the synthesized compounds in
this study. An important advantage of this method is the use of these effective natural catalytic systems with characteristics
such as low cost, mild reaction conditions, nontoxicity, and reusability which resulted in corresponding products in high to
excellent yields and proper reaction times.
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Introduction

A brief review of relevant studies has shown that green
chemistry has established a stable context providing
essential design criteria for the development of efficient
chemical syntheses of complex and high-added-value mol-
ecules. On the other hand, multicomponent reactions have
only recently been considered as major expansions of the
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synthetic chemist’s toolbox [1]. Academic and industrial
research groups have increasingly focused on multicom-
ponent reactions (MCRs), combining at least three simple
building blocks and providing the most powerful platform
to access many small organic compounds such as biologi-
cally active heterocyclic compounds in a limited number
of reaction steps in one pot [2]. One of the most common
MCRs producing an interesting class of oxygen heterocyclic
compounds is 2-amino-4H-chromene derivatives synthesis,
with attractive pharmacological and biological features, such
as antiallergic [3], antitumor [4], antimicrobial [5], antioxi-
dant [6], anticancer [7], and antifungal properties [8]. Due to
the prominence of 2-amino-4H-chromene derivatives, sev-
eral reagents [9—15] and various synthetic methods [16—19]
have been used for the synthesis of these types of hetero-
cyclic compounds. Although these procedures provide an
improvement in the synthesis of the mentioned compounds,
some of the applied methods have limitations such as harsh
reaction conditions, nongreen solvents, tedious steps for
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the preparation of catalyst, hazardous and expensive cata-
lysts, strongly acidic conditions, and the use of toxic metals.
Recently, chemists have been interested in the development
of clean and environmentally friendly approaches to substi-
tute hazardous catalysts with more relatively environmental
benign ones. The synthesis of 2-amino-4H-chromene has
become one of the most studied subjects to present new
catalysts with the weakest acids and bases. In addition to
our efforts to develop new and green chemistry methods, as
well as our interest in the application of eco-friendly hetero-
geneous catalysis of organic reactions, this study intends to
report the utilization of horsetail and horsetail ash as novel,
inexpensive, and available heterogeneous natural mild solid
acid catalysts for the first time to synthesize 2-amino-4H-
chromene derivatives via a one-pot three-component con-
densation of dimedone, malononitrile, and various aromatic
aldehydes in solvent-free conditions regarding the goals of
green chemistry.

In general, horsetail can be defined as a species of Equi-
setum arvense. It is a widely distributed plant in almost
all parts of the world; however, it mainly grows in tem-
perate Northern hemisphere areas of Asia, Europe, North
America, and North Africa [20] (Scheme 1). Horsetail is a
source of silica or silicon and it is one of the most densely
silicified plants in which silica is mostly deposited in the
amorphous form [21] (Fig. 5a). For decades, horsetail has
been extensively applied in medicine, and researchers have
believed that some of the medicinal properties of horsetail
are due to its high silica content [22]. Since it is rich in
silica and silicic acids, horsetail is known as a beneficial
system improving the body’s resistance to infections and
enhancing the elasticity and resistance of the skin and con-
nective tissue. An additional advantage of horsetail is its
interesting pharmacological activities such as pain-reliev-
ing agent [23], hepatoprotective activity [24], treatment

Scheme 1 Image of horsetail plant, a as reported in the literature, b
before its application in this research
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of anemia [25], antidiuretic activity [27], antimicrobial
activity [28], an herbal treatment for nail disorders, skin
and hair remedy, relieving rheumatism pain, beneficial for
cardiovascular problems as well as its usefulness to pro-
mote the growth and stability of the skeletal structure [26]
used and studied in Europe and China since ancient times.

Besides, horsetail plant is reported to contain active
components such as phenolic acids (ascorbic acid, ferulic
acid, salicylic acid, malic acid, caffeic acid, gallic acid,
pectic acid, and tannic acid) [29, 30], saponins [31], fla-
vonoids [30, 32], alkaloids [26], enzymes (mainly Thia-
minase) [33], styrylpyrone glucosides [34], and branched
long-chain dicarboxylic acid [35]. It also contains miner-
als such as silicon and silicates [30], potassium, calcium,
aluminum, sulfur, magnesium, manganese, zinc, chrome,
and cobalt [21].

It is reported that the exposure of horsetail plant to high
temperature would result in the production of the horsetail
ash considered to contain better properties and interest-
ingly including higher content of silica, higher surface
area, and porosity compared to horsetail plant [20]. These
facts have been investigated using some analysis which
their results are further discussed.

The relevant studies in green chemistry, in which the
application of a novel, eco-friendly, nontoxic, inexpen-
sive, stable, and recyclable catalysts is considered very
significant as well as the above-mentioned subjects about
the unique properties of horsetail and horsetail ash (e.g.,
the active compounds and some metals), encouraged us
to apply horsetail and horsetail ash as an abundant, green,
and natural Lewis acid catalysts in organic reactions for
the synthesis of 2-amino-4H-chromene derivatives via
a mild reaction of dimedone (1), malononitrile (2), and
various aromatic aldehydes (3) and consequently make a
comparison between the catalytic activities of horsetail
and horsetail ash (Scheme 2).

Horsetail (0.05 g)
Solvent-free, 80 °C
25-50 min

(0] Ar

+ oN | |
O NH,
o CN .
Horsetail ash (0.01 g)

Solvent-free, r.t.
10-30 min

Scheme 2 Synthesis of 2-amino-4H-chromene derivatives catalyzed
by horsetail and horsetail ash
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Experimental section
Materials and analytical methods

All the starting materials used for the synthesis in this
study were purchased from Merck and Sigma-Aldrich
companies and applied without further purification. The
purity determination of the substrate and reaction moni-
toring was performed by TLC on silica gel polygram STL
G/UV 254 plates. The melting points of products were
determined by Electrothermal Type 9100 melting point
apparatus. The "H NMR and '*C NMR spectra were run on
a Bruker Avance, at 300 and 75 MHz, respectively, using
TMS as an internal standard and DMSO-dj as the solvent.
Mass analysis was performed by Agilent Technology (HP)
5973, mass spectrometer operating at an ionization poten-
tial of 70 eV. The FT-IR spectra were recorded from KBr
disk within the range of 400-4000 cm™~! using an AVA-
TAR 370 FT-IR Therma Nicolet spectrometer. Chemical
compositions of horsetail and horsetail ash were analyzed
using X-ray fluorescence spectroscopy (XRF) (model
PW1410, Philips). Elemental compositions were deter-
mined with a Leo 1450 VP scanning electron microscope
equipped with an SC7620 energy-dispersive spectrometer
(SEM-EDS) presenting a 133 eV resolution at 20 kV.
The surface area, pore volume, and average pore diam-
eter were measured by BELSORP MINI (Quantachrome,
USA). Surface areas of the samples were measured by
adsorption of nitrogen gas at 77 K and the application of
Brunauer—-Emmett—Teller (BET) calculation, whereas pore
size and pore size distribution were determined using the
methods proposed by Barrett, Joyner, and Halenda (BJH)
and by Dollimore and Heal (DH). The crystal phases of the
catalyst were examined by X-ray diffraction (XRD) using
a D8 ADVANCE Bruker diffractometer operated at 40 kV
and 30 mA, using CuKa radiation (k=0.154 A), in the 20
range from 10° to 80°. Inductively coupled plasma (ICP)
was studied on a SPECTRO ARCOS ICP-OES analyzer
instrument (model 76004555).

Scheme 3 Preparation of horse-
tail and horsetail ash

!
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All yields refer to isolated products. Furthermore, the
known products were identified through comparing their
spectral and physical data with those of the previously
reported data or with the authentic samples.

Preparation of horsetail and horsetail ash
as catalysts

Horsetail plant was purchased from the market, Mashhad,
Iran, washed several times with distilled water to remove any
adhering and cleaving materials, and dried at room tempera-
ture for 24 h. Then the dried plant was smashed and sieved
(80-mesh size), again washed with distilled water, and dried
at 110 °C for 5 h. After thermal processing of the horsetail at
400 °C for 12 h, the horsetail ash was obtained (Scheme 3).
The removal of the organic matrix (e.g., cellulose, hemi-
cellulose, pectin) by calcination at 400 °C resulted in an
open porosity with a high surface area of about 162 m?/g
for horsetail ash compared to horsetail (Table 3). However,
as the calcination temperature increased, the surface area
decreased continuously to a value close to zero at 750 °C
[20]. Therefore, the optimum calcination temperature
appears to be around 400 °C.

General procedure for the synthesis
of 2-amino-4H-chromene derivatives (4a-r) using
horsetail and horsetail ash as catalysts

In a typical procedure, a mixture of dimedone (1 mmol),
aromatic aldehydes (1 mmol), and malononitrile (1.5 mmol)
was stirred thoroughly in the presence of a catalytic amount
of powdered horsetail (0.05 g) at 80 °C in solvent-free con-
ditions for an appropriate period of time as mentioned in
Table 7. After the reaction was completed (monitored by
TLC: n-hexane/ethyl acetate 4:1 as eluent), hot ethanol
(5 ml) was added, and the catalyst (horsetail) was separated
by filtration, washed two times with ethanol, and dried in
vacuum oven to be reused in subsequent reactions. The fil-
trate was concentrated in vacuum, and upon cooling, a solid
product was obtained. The pure products were obtained in
their crystalline forms by recrystallization from ethanol, and

400C

Horsetail plant powder

Horsetail plant ash
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Fig. 1 FT-IR spectrum of a horsetail and b horsetail ash

no more purification was required. All the products were
known compounds which were identified by the charac-
terization of their melting points (as indicated in Table 7)
in comparison with those authentic literature samples and
also in some cases by their FT-IR, mass, '"H NMR, and *C
NMR spectral data. Also, owing to the catalytic properties
of horsetail ash, it was decided to carry out the reaction
again in the presence of horsetail ash as the catalyst. After-
ward, the results obtained from horsetail and horsetail ash
as two different catalytic systems were compared to under-
stand which of them could act as a better catalytic system for
catalyzing this reaction. The obtained results revealed that in
comparison with horsetail, only a small amount of horsetail
ash was needed as a catalyst (0.01 g), and the reaction could
also be carried out at room temperature. These results could
be due to the high surface area and high porosity of horsetail
ash considered as its main characteristics rather than the
horsetail plant that provides a good reaction condition. The
results were compared with each other and then are sum-
marized in Table 7.

Results and discussion
Characterization of catalysts
FT-IR analysis of the catalysts

Figure 1 shows the FT-IR spectra of horsetail and horse-
tail ash. As illustrated in Fig. 1a, the broadband at around
3500-3400 cm™! is assigned to the stretching vibration of
Si—O-H band and the H-O-H vibration of water molecule
adsorbed on the silica surface [36]. The doublet bands at
about 2923 and 2851 cm™! are related to the C—H stretch-
ing from aliphatic saturated compounds [37]. A weak peak
around 1734 cm™! was proposed to be attributed to the C=0
stretching of the related organic compounds [38]. Further-
more, the band detected at about 1640—-1620 cm™! comes
from the bending vibration of water molecules. The strong
peaks between 1100 and 1025 cm™! are due to the asym-
metric stretching vibration of the structural siloxane band,
Si—O-Si. The bands at 805-800 and 475-460 cm™"' in all
spectra are assigned to the Si—~O-Si symmetric stretching
vibration and Si—O-Si bending vibration, respectively [39].
As shown in Fig. 1b, the exposure of horsetail plant to high
temperature resulted in the removal of all organic group
peaks forming the horsetail ash.

XRF analysis of the catalysts

XRF technology provides one of the simplest and most accu-
rate procedures for the determination of chemical composi-
tions of many types of materials.

The chemical composition of horsetail ash that was deter-
mined by XRF showed a high value of silica content for
the sample (up to 85%). Horsetail ash also includes other
compositions such as Al,O;, Fe,05, SO;, P,05, K,0, Na,0,
and CaO as a very small proportion of metallic elements
(Table 1). Also, the main components of horsetail were
also determined and are listed in Table 2. As it is shown in
Table 2, the amount of silica is higher than other elements.
According to the results presented in Tables 1 and 2, it can

Table 1 Chemical composition of horsetail ash obtained from X-ray fluorescence analysis (Wt%)

SiO, Al,O4 Na,O MgO K,0 TiO, MnO CaO P,0; Fe,04 SO,
85.39 0.07 0.09 432 0.43 0.03 0.04 6.24 0.90 0.75 1.62
Table2 Chemical composition ;5 ALO, Na,0 MgO K,0 TiO, MnO CaO P,0; Fe,0, SO, Cl  LOP
of horsetail obtained from X-ray : - :

fluorescence analysis (wt%) 15 004 012 082 58 001 002 492 042 051 4 085 68

“Loss on ignition
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Fig.2 EDS spectrum of a horsetail and b horsetail ash
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be concluded that the amount of silica in horsetail ash is
higher than that of horsetail. The result also illustrated that
the presence of such elements in both horsetail and horsetail
ash results in their function as Lewis acid catalytic system.

EDS analysis of the catalysts

The energy-dispersive spectrum (EDS) of horsetail (Fig. 2a)
indicated that it included significantly high concentrations
of carbon related to its organic compounds (e.g., cellulose,
hemicellulose, pectin) and alkali and alkaline earth metals,
for instance, Si, Ca, K, Mg, S, Al, as the main components
[40]; however, the concentration of silica was revealed to be
higher than that of other metals. In EDS analysis of horsetail
ash (Fig. 2b), achieved at a high temperature (400 °C), the
peak related to organic parts has not been observed, indicat-
ing that all organic compounds have been removed. Also, a
high concentration of Si was detected which is consistent
with the XRF results.
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SEM analysis of the catalysts

In further analyses of this research, the scanning electron
microscope (SEM) was considered as a useful tool to ana-
lyze the surface morphology of the horsetail compared to
horsetail ash (Fig. 3).

As illustrated, silicon was found at its highest amount
in the outer edge of both horsetail and horsetail ash [40].
Moreover, it seemed as if the horsetail ash (Fig. 3b) perfectly
retained the original structure of the horsetail plant (Fig. 3a).
Also, as indicated in Fig. 3b, it can be estimated that the

Adsorption [ desorption isotherm

Vofem¥{sTP)g !

-

Vofem'{sTR)g?
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removal of organic compounds resulted in the development
of a higher surface area and porosity for horsetail ash in
which it could provide a larger contact area for catalyzing
the reaction in better conditions rather than that of horsetail.

N2 adsorption-desorption studies

The nitrogen adsorption—desorption isotherms and pore
size distribution curves of horsetail and its ash are shown
in Fig. 4a—d. As indicated in Fig. 4a, horsetail showed

BIH-Plot

AV, fdr,

av,fdr,

Fig.4 N2 adsorption—desorption isotherms and pore size distributions of horsetail plant (a, b) and horsetail ash (c, d)
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Table 3 Specific surface area (Sggr), pore volume, and mean pore
diameter of horsetail and horsetail ash

Sample Sppr (m? g™ Pore volume Mean pore
(cm?® g_l) diameter
(nm)
Horsetail 2.025 0.0094 7.633
Horsetail ash 162.98 0.311 18.574

the characteristics of type II isotherm with H3-type hys-
teresis loops which confirm the existence of porous struc-
ture (mesoporous or macroporous structure) according
to the classification presented by IUPAC [41]. Further-
more, the pore size distribution curves (based on the Bar-
rett—Joyner—Halenda (BJH) method) displayed that the pore
size distribution is rather broad compared to that of its ash
having considerable irregular pore size distribution (Fig. 4b).
Also, as shown in Fig. 4c, a typical type IV isotherm with an
H1 hysteresis loop was present for horsetail ash, indicating
the characteristic of mesoporous silica network [42]. Also,
the BJH pore size calculations demonstrated a uniform pore
size distribution with a high-intensity peak, which proves
the high regularity of the mesostructure (Fig. 4d). The spe-
cific surface area, pore volume, and mean pore diameter for
both horsetail and horsetail ash are shown in Table 3. A

close examination of the data listed in Table 3 determined
the higher surface area of the horsetail ash compared to the
horsetail due to its exposure to high temperature, resulting in
the successful removal of all organic compounds. Also, it is
shown that pore volume and mean pore diameter of horsetail
ash both increased after burning the horsetail plant [20].
Therefore, all obtained data determined that the presence
of horsetail ash in the reaction resulted in the formation of
better reaction conditions due to its high surface area and
porosity, confirming the SEM analyses results.

X-ray diffraction (XRD) analysis of the catalysts

The XRD patterns of the horsetail and horsetail ash are
shown in Fig. 5. In horsetail pattern (Fig. 5a), a broad peak
appeared around 26 equal to 22°, indicating that the silica
of the horsetail was mainly in the form of amorphous [43].
This area is also overlapped by broad reflections from cel-
lulose compounds. As observed in Fig. 5b, when horsetail
was exposed to heat intervention, the broad region attributed
to amorphous silica in Fig. 5a disappeared, and some minor
and new sharp reflections form of the silica started to appear
revealing the fact that most amorphous silica has been trans-
formed into a-quartz (Si0,). Also, no cellulose reflections

Intensity

50 4

""%W
100 "‘"MMM

T T T T T L]
10,00 15.00 2000 2500 3000 3500 4000
Cua (1 541874 4)

Fig.5 XRD patterns of a horsetail and b horsetail ash
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Table 4 Elemental analysis for both horsetail and horsetail ash

Table 6 Optimization of the amount of catalyst, solvent, and tempera-
ture in a one-pot synthesis of the model reaction

Element Elemental content of horse- Elemental content of
tail plant (ppm) horsetail plant ash Entry Amount of Solvent Temperature Time (min) Yield® (%)
(ppm) catalyst (g)
Ca 40,121.5 39,551.0 1 - - r.t. 70 30
Al 28,979.8 23,672.7 2 - - 110 °C 70 45
K 26,814.1 9936.2 3 0.01 - r.t. 70 60
Mg 18,375.3 28,767.1 4 0.01 - 110 °C 60 70
Na 1098.65 8295.2 5 0.03 - 110 °C 45 78
P 9771.83 13,273.3 6 0.05 - 110 °C 25 90
Ba 9659.63 8585.5 7 0.05 - 80 °C 25 90
S 2962.2 2433.6 8 0.05 - 60 °C 35 85
Fe 1487.6 2640.2 9 0.07 - 80 °C 25 90
Zn 767.271 701.8 10 0.05 H,0 Reflux 30 85
Cu 111.149 68.4 11 0.05 EtOH  Reflux 30 87
Sr 279.427 487.5 12 0.05 CH,Cl, Reflux 35 85
Sb 19.239 27.6 . . . .
Reaction condition: 4-nitrobenzaldehyde (1 mmol), malononitrile
Mn 280.3 288.1 (1.5 mmol), dimedone (1 mmol) when horsetail was used as a catalyst
Si 60,979.1 303,456.6

Table 5 Optimization of the amount of catalyst, solvent, and tempera-
ture in a one-pot synthesis of the model reaction

Entry Amount of Solvent Temperature Time (min) Yield® (%)

catalyst (g)
1 - - r.t. 70 30
2 - - 110 °C 70 45
3 0.01 - r.t. 10 99
4 0.01 - 60 °C 10 99
5 0.01 - 110 °C 10 99
6 0.03 - r.t. 10 98
7 0.005 - r.t. 25 80
8 0.01 H,0 Reflux 20 80
9 0.01 EtOH  Reflux 15 90
10 0.01 CH,Cl, Reflux 30 83

Reaction condition: 4-nitrobenzaldehyde (1 mmol), malononitrile
(1.5 mmol), dimedone (I mmol) when horsetail ash was used as a
catalyst

Tsolated yield

were detected in horsetail ash pattern, illustrating that all
organic substances were successfully removed after heating.

These results confirmed the ones obtained from FT-IR,
EDS, and XRF analyses.

Elemental analysis of the catalysts
The elemental contents of both horsetail and horsetail ash
(0.1 g) were determined and characterized using inductively

coupled plasma (ICP) technique presenting the following
output (Table 4).

@ Springer
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The obtained results confirmed the presence of some ele-
ments in both horsetail and horsetail ash, creating an acidic
property for both of them. The results also confirm that the
amount of silica in horsetail ash is higher than that of horse-
tail. These results are in good agreement with those obtained
from XRF and EDS analyses.

Catalytic test

Based on the data obtained from the present study on horse-
tail and horsetail ash, and according to their unique proper-
ties, we estimated that they might be used as efficient green
natural herbal heterogeneous mild solid acid catalysts. To
follow our interest and evaluate their catalytic performances,
we intended to employ them for the first time as natural
mild solid acid catalysts to catalyze a mild and simple reac-
tion for the synthesis of 2-amino-4H-chromene derivatives
(Scheme 2).

To this end, we aimed to identify the best reaction condi-
tions for the synthesis of these compounds. Following this,
4-nitrobenzaldehyde (1 mmol), malononitrile (1.5 mmol),
and dimedone (1 mmol) were chosen as a model reaction,
and parameters such as the effect of catalysts, type of solvent
system as well as temperature were systematically exam-
ined. Initially, different amounts of catalysts at the range of
25-110 °C under solvent-free conditions were investigated.
The obtained results showed that in the absence of catalysts,
only a trace amount of products was detected (Entries 1 and
2, Tables 5 and 6).

Also, as can be seen, the optimum amounts of the
horsetail and horsetail ash for completing the reac-
tion were 0.05 and 0.01 g, respectively. Notably, lower
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amounts of catalysts resulted in lower yields (Entry 7,
Table 5 and Entries 4 and 5, Table 6); however, higher
amounts did not affect the reaction times and yields
(Entry 6, Table 5 and Entry 9, Table 6). Concerning the
solvent system, to compare the results of the solution
with that of solvent-free conditions, the model reaction
was examined using 0.01 g of horsetail ash and 0.05 g of
horsetail with H,O, EtOH, and CH,Cl, under reflux con-
ditions. As shown in Tables 5 and 6, the best results were
achieved under solvent-free conditions. Consequently, as
indicated in Tables 5 and 6, the best results were obtained
through the use of 0.01 g horsetail ash at room tempera-
ture (Entry 3, Table 5) and 0.05 g of horsetail at 80 °C
(Entry 7, Table 6) under solvent-free conditions.

After identifying the optimized reaction conditions, we
aimed to study the application of these catalysts and compare
their activity, efficiency, and scope by extending our study
under these optimized conditions using horsetail (0.05 g at

80 °C) and horsetail ash (0.01 g at room temperature) with
various aromatic aldehydes, dimedone, and malononitrile to
give a series of 2-amino-4H-chromene derivatives under sol-
vent-free conditions (Table 7). As shown in Table 7, various
aromatic aldehydes containing both electron-withdrawing
and electron-releasing substituents on their aromatic rings
were utilized well in this reaction and successfully converted
to a wide range of substituted 2-amino-4H-chromenes with
good to excellent yields. The data in Table 7 indicate that
horsetail ash is not only very effective in minimizing the
reaction time, but also highly efficient in terms of catalyst
amount and product yields. These advantages can be attrib-
uted to its high level of activity due to its high porosity and
high surface area. The formation and purity of the prod-
ucts were confirmed by their melting points determination,
which were in good accordance with the literature values.
Moreover, the structures of some of the products were well

Table 7 Synthesis of 2-amino-4H-chromene derivatives catalyzed by horsetail and horsetail ash

0]
Ar IH Horsetail (0.05 g) O Ar

o 3 Solvent-free, 80 °C M e

I 25-50 min . et | H'

N + CN . il Y. 1

| ] Horsetail ash (0.01 g) /"0 NH,
— ,.J_- X Solvent-free, r.t.

il i 10-30 min 4

1 2
Entry Ar Product Horsetail Horsetail ash Melting point (°C)

Time¥/yield® Timeyield® Found Reported (ref.)

1 CeHs 4a 30/83 15/95 227-228 232-234 [44]
2 4-Cl-C¢H, 4b 35/85 10/98 205-207 206-208 [45]
3 4-NO,-C¢H, 4c 25/90 10/99 174-175 178-179 [46]
4 3-NO,-C¢H, 4d 30/89 15/97 210-212 209-211 [47]
5 4-Br-C¢H, 4e 25/91 10/98 206-208 207-209 [48]
6 3-Br-C¢H, 4f 25/89 12/97 226-228 229-230 [49]
7 4-Me-C¢H, 4g 35/86 15/95 214-215 216-218 [50]
8 3-Me-C¢H, 4h 30/88 15/93 220-222 224-225 [49]
9 4-OH-C¢H, 4 30/85 10/96 207-209 210-212 [50]
10 3-OH-C¢H, 4j 35/87 20/95 229-231 226-228 [45]
11 2-OH-CH, 4k 30/85 15/94 244-245 247-249 [50]
12 4-MeO-C¢H, 41 30/90 15/96 199-201 201-202 [51]
13 4-Me,N-C¢H, 4m 35/80 25/93 214-215 213-215 [52]
14 3, 4-di-OH-C¢H; 4n 25/91 15/100 240-241 241-243 [45]
15 2-Furyl 40 50/83 30/91 222-224 226-228 [52]
16 2-Thienyl 4p 45/85 20/93 215217 216-218 [53]
17 1-Naphthyl 4q 40/86 25/95 214-216 216-218 [54]
18 5-Br-20H-C¢H; 4r 35/91 25/94 192-194 190-193 [55]

*The reaction completion time

®The yields refer to pure isolated products
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Table 8 Comparison of results

; - - : Entry Catalyst
obtained in this research with

Reaction condition Time (min) Yield® (%) References

some of those reported in the 1 PhB(OH), (5 mol%) EtOH/H,0, reflux 30 88 (56]
B(t):lzt;rlig"icthe synthesis of 2 SiO,NPs (5 mg) EtOH, r.t. 30 97 (57)

3 Piperazine (15 mol%) Ball milling at r.t. 27 92 [51]

4 TMU-17-NH, * (6 mol%) EtOH, reflux 240 96 [58]

5 SILC® (0.05 g) 80 °C 15 95 [53]

6 20Ca-Zr-0, (50 mg) Water +ethanol (1:1,3 ml) 60 90.2 [59]

7 OPSF (5 mg) EtOH, r.t. 12 93 [60]

8 MSNs! (10 mg) EtOH/60 °C 10 95 [61]

9 [DiEG(mim),][OH]5 (10 mol%) H,O0, r.t., K,CO4 15 90 [62]

10 SB-DABCO f (0.06 g) EtOH, r.t. 20 90 [63]

11 S04>~@MCM-41 (25 mg) EtOH, reflux 30 85 [64]

12 I, (10 mmol%) DMSO, 120 °C 240 85 [65]

13 NH,H,PO,~Al,05 (0.03 g) Solvent free 30 92 [66]

14 TSAZ2 (10 mg) EtOH, reflux 10 94 [67]

15 K,COj; (20 mol%) Grinding, r.t. 16 87 [68]

16 NH,AI1(SO,),.12H,0 (0.2 g) EtOH, reflux 130 93 [69]

17 Pure SiO, (0.05 g) Solvent free, 80 °C 35 75 -

18 Pure SiO, (0.01 g) Solvent free, r.t. 55 65 -

19 Horsetail (0.05 g) Solvent free, 80 °C 25 90 This work

20 Horsetail ash (0.01 g) Solvent free, r.t. 10 99 This work

Reaction condition: 4-nitrobenzaldehyde, malononitrile, and dimedone

Isolated yield, h(Zn(NHz-BDC)(ét-bpdb))-ZDMF (TMU-17-NH,, TMU corresponds to Tarbiat Modares
University), “supported ionic liquid catalyst, dWi;:ll—ordered mesoporous silica nanoparticles, °diethylene
glycol-bis(3-methylimidazolium) dihydroxide, ‘silica-bonded n-propyl-4-aza-1-azoniabicyclo[2.2.2]octane

chloride, énano-titania sulfuric acid

characterized using FT-IR, mass, 'H NMR, and '*C NMR
spectral data.

Finally, a comparison was made between the protocol
reported in previous studies and that of the current study
for the synthesis of 4c, as a model compound. The results
summarized in Table 8 revealed that the protocol introduced
in this research, which uses horsetail ash, could also be the
best protocol of choice for the synthesis of these compounds.
Besides, we decided to use pure silica under the exact condi-
tion in which horsetail and horsetail ash were applied, and
the results are given in Table 8 (Entries 17 and 18). Interest-
ingly, the consequence of using pure silica as catalyst was
not satisfying, indicating that horsetail and horsetail ash are
good acidic catalysts since not only they contain silica, but
also they contain some metallic elements (e.g., Ca, K, Mg,
etc.) making them better acidic catalysts compared to the
pure silica, itself.

Proposed the probable mechanism
The suggested mechanism for the synthesis of 2-amino-4H-
chromene derivatives which is shown in Scheme 4 includes

three major steps: Knoevenagel condensation, Michael addi-
tion, and finally intramolecular ring closure [70]. First, we

@ Springer

assumed that a Knoevenagel condensation between malon-
onitrile (2) with the carbonyl group of aldehyde (3) which
is activated via the solid acid catalysts led to the formation
of intermediate (5) followed by a dehydration step (6). After
that, dimedone (1) was converted to its enol form after tau-
tomerization and attacked the electrophilic center of (6) as
Michael acceptor to form intermediate (7). Finally, tautom-
erism and intramolecular cyclocondensation of (7) produced
(8), which was converted to the desired product (4). Herein,
all metallic ions existing in both horsetail and horsetail ash
are responsible for catalyzing the reaction effectively, but
in the case of horsetail ash due to its specific structural and
textural properties, it could provide larger interfacial surface
area for reaction and thus enhance its activity.

Recyclability of the catalysts

As the properties of an efficient heterogeneous catalyst, its
reusability is a principal advantage to be considered that
is very important for commercial and industrial applica-
tions. Hence, this study intended to investigate the reus-
ability of these catalytic systems (horsetail and horsetail
ash). For this purpose, as mentioned before, dimedone
(1 mmol), 4-nitrobenzaldehyde (1 mmol), and malononi-
trile (1.5 mmol) were used as a model reaction. When the
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= Horsetail and Horsetail ash as solid acid catalysts

N i
Cc
) + Ar H /
N/,/C \J:‘
2
O_ NH,
|

Ctalyst regenerate

©o

Scheme 4 Proposed mechanism for the synthesis of 2-amino-4H-chromene derivatives in the presence of horsetail and horsetail ash as catalysts

reaction finished, the mixture was diluted with hot EtOH,
and the catalysts were easily separated from the product by
simple filtration. These remaining catalysts were further
washed with ethanol to remove the residual products and
were dried at 50 °C overnight. Then, the reused catalysts
were exploited in another reaction indicating that horsetail
and horsetail ash were reusable catalysts; however, a slight

120
100

99 98 97 95
90 88 87 @ %4
82
40
2
0
1 2 3 4 5

Runs

0
o

Yield(%)
3

o

M Reused horsetail ash M Reused horsetail

Fig.6 Catalytic activity of reused horsetail ash versus horsetail in
five cycles for the synthesis of compound 4c

decrease in the yields of the products was observed after
five cycles (Fig. 6).

Conclusion

The present study offered an introduction of horsetail plant
with its unique properties. The aim of the study was to raise
awareness about this cheap, natural, and herbal green plant.
According to the results of the current study, the exposure
of horsetail to a high temperature resulted in the production
of the horsetail ash containing better properties and advan-
tages rather than the horsetail, itself. Furthermore, different
analytical techniques were employed to identify properties
and chemical compositions of each of which, specifically.
The results have shown that both horsetail and horsetail ash
could act as good solid acid catalytic systems. Therefore, to
make a comparison between their catalytic properties, both
of them were employed for the first time in the organic reac-
tion to synthesize the 2-amino-4H-chromene derivatives.
Consequently, it was found that in the presence of horsetail
ash, the reaction took place in better conditions due to its
high surface area and high porosity, providing a large contact
area for catalyzing the reaction. The promising points of this

@ Springer
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work are referred to as simple experimental procedures, total
removal of problems associated with organic solvents, and
the use of green, inexpensive, and nontoxic natural material
as catalysts, along with its ease of preparation presenting
it as a useful and attractive strategy in view of economic
and environmental advantages. It is recommended that the
horsetail ash could be used as a support for the preparation
of various types of catalysts due to its high surface area and
high silica content that could act as a natural silica resource
having mesoporous structure. As a result, studies on practi-
cal applications of horsetail ash as good support for further
modifications and production of various types of catalysts
and their applications in other organic reactions are currently
in progress in our laboratory.
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