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Abstract Cag sMg 5(PO4)5.5(Si04)0.5F1.5 was used as a nano cooperative catalyst
for the synthesis of dihydropyrano[2,3-c]pyrazoles derivatives via a one-pot four
component reaction of aldehyde, ethyl acetoacetate, malononitrile and hydrazine
hydrate. The reactions were carried out at 70 °C under mild and heterogeneous
conditions. The catalyst was easily synthesized by high energy ball milling and the
effect of some parameters such as specific surface area, pore volume, particle size,
pH and crystallinity degree of the catalyst was studied on the yield and reaction
time. The used catalyst showed both Brgnsted base and Lewis acid properties. The
acidic sites were determined by FT-IR spectroscopy of pyridine adsorption tech-
nique at different temperature. Using a new cooperative catalyst and an environ-
mentally benign procedure, good to high yield of the products and relatively short
reaction time were the advantages of the present method.
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Introduction

Although mono-functional catalysts are used for many types of chemical
transformations, a large number of them are not proficient enough especially for
the multiple-step reactions in terms of various fundamental aspects such as catalytic
activity, substrate scope, selectivity and cost efficiency [1]. One of the most
important routes to overcome these limitations is the use of cooperative catalysts
that is the encouraging strategy to increase the reactivity and selectivity in chemical
transformations [2]. It should be mentioned that unlike the traditional mono-
functional catalysts, cooperative catalysts act as two or even more functional groups
existing in a catalytic system, which simultaneously work to accelerate and control a
chemical reaction at the same time. Among the bifunctional catalytic materials, the
catalysts including the Lewis acid and the Brgnsted base sites are the most
important cooperative catalysts used in advanced organic and biosyntheses [2].
These types of Lewis acid-Brgnsted base catalysts are commonly synthesized by
using a transition metal cation coordinated with some appropriate organic ligands
[2]. In these structures, the transition metal cations act as the Lewis acid and the
lone pair electrons of the corresponding ligands act as the Brgnsted base. These
catalysts have good selectivity and reactivity in various organic reactions. However,
most of them are introduced as the homogenous catalysts that can restrict their
applications especially in industry. Moreover, because of using organic ligands in
the structure of these catalysts, they have low thermostability. It should be
mentioned that most of the organic ligands used for the synthesis of these
bifunctional catalytic materials are expensive. Moreover, the preparation of these
kinds of cooperative catalysts is time-consuming [2]. Therefore, the synthesis of
new heterogeneous cooperative catalyst with an easy and inexpensive procedure can
be desired in this area of research.

Hydroxyapatite (Ca;o(PO4)s(OH),, HA) is widely used for biomedical applica-
tions because of its biocompatible, bioactive and osteoconductive properties [3—5].
However, the applications of synthetic HA as a catalyst, are limited due to its low
thermostability, high solubility, poor mechanical properties and sensitivity in acidic
conditions [6-8]. One of the important methods to enhance the desirable properties
of HA is the addition of special elements to the structure of hydroxyapatite by ionic
substitutions [9, 10]. Mg, F and Si are the most important elements for this purpose.
Fluorine-substituted HA (Ca;o(PO4)s(OH),_«F,, FHA) and fluorapatite (Ca;q
(PO4)6F2, FA) are formed by substitution of F~ instead of OH™ [11-13]. By
incorporation of fluoride to HA, the solubility decreases but thermal and chemical
stability increase [11, 12]. Magnesium can be substituted instead of calcium in the
structure of HA to form MgHA (Ca,o_xMgx(PO4)s(OH),) [14, 15]. By substitution
of Mg in the hydroxyapatite structure, the porosity of this bioceramic increases
[16—-19]. Si-substitution hydroxyapatite (Ca;g(POy4)s_x(Si04)x(OH),_, SiHA) can
be synthesized by substitution of silicate instead of phosphate ions in the structure of
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HA [20-22]. It is notable that by incorporation of Si to HA, the mechanical
properties and the surface area of hydroxyapatite improve [20, 23]. Recently, by
simultaneously incorporation of F, Mg and Si into HA structure (Si-Mg-FA), the
great biological, mechanical, physical and chemical properties have been observed
[24]. Hydrothermal synthesis, hydrolysis, precipitation method, mechanochemical
activation and sol-gel technique are the common methods for the preparation of
synthetic hydroxyapatite derivatives [11, 23, 25, 26]. Among these systems,
mechanochemical activation by high energy ball milling is one of the most
effective, convenient and economical methods for the synthesis of these advanced
materials [24].

Pyrano[2,3-c]pyrazoles are one of the most important class of fused heterocyclic
compounds that exhibit a number of biological and medicinal activities. Many of these
compounds are known as antimicrobial [27], insecticidal [28], molluscicidal [29],
analgestic [30], anti-inflammatory [31] and anticancer [32]. Furthermore, these
compounds act as potential inhibitors of human Chk1 kinase [33]. More recently, a
number of dihydropyrano[2,3-c]pyrazoles have been found to be the potential inhibitors
of yeast a-glucosidase [34]. One of the most important and convenient procedure for the
synthesis of dihydropyrano[2,3-c]pyrazoles is the use of a four-component reaction of
aldehyde, ethyl acetoacetate, malononitrile and hydrazine hydrate promoted by some
catalysts such as triethylamine [35, 36], piperidine [37], L-proline [38], imidazole [39],
per-6-amino-f-cyclodextrin [40], y-alumina [41], TEAB [42], H4[SiW,040] [43],
amberlyst A21 [44], basic and acidic ionic liquids [45-47], meglumine [48],
cocamidopropyl betaine [49], Na,CaP,05 [50] and lipase enzyme [51]. Although some
of these methods have convenient protocols with good to high yields, the majority of
these methods are associated with some limitations such as the use of expensive catalyst,
using excess amount of hydrazine hydrate, high temperature, long reaction time, high
toxicity of the used catalyst and using non reusable catalyst.

Herein we report an efficient and environmentally benign method for the
synthesis of dihydropyrano[2,3-c]pyrazoles by using a four-component reaction of
aldehyde, ethyl acetoacetate, malononitrile and hydrazine hydrate in the presence of
Cag sMgg 5(POy4)5.5(Si04)0.sF15 (Si-Mg-FA) as a new cooperative catalyst under
mild and heterogeneous conditions (Scheme 1).

e
NH, .H,0
4 H,C R
CN CN
O + k Cag sMgj 5(PO4)5 5(S104)o 5F 1 5, 2mol% RS
N N H,0 : EtOH(1:1), 70 °C ™
0] O 3 N o) NH,
2 R
/K 5a-s
H (6]
1a-s

Scheme 1 The synthesis of dihydropyrano[2,3-c]pyrazoles in the presence of
Cag sMg 5(PO,)s5(Si0y4)05F; 5 as a new cooperative catalyst
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Experimental

All reagents were purchased from Merck and Aldrich and used without further
purification. All yields refer to isolated products after purification. The products
were characterized by comparison of physical data with those of known compounds
and by spectroscopic data (FTIR, '"HNMR and '*CNMR spectra). "HNMR spectra
were recorded with a Bruker Avance 400 (400 MHz) in DMSO-d as the solvent.
Apatite derivatives nanopowders were synthesized according to the previous works
[24] by a high energy planetary ball mill (Fretch Pulversette 5) with a 125 mL
zirconia vial and four 20 mm diameter zirconia balls at room temperature. The
morphology and particle size of the catalyst were measured by using transmission
electron microscopy (TEM, Philips CM-FG120) at 200 kV. The BET surface area
and pore volume were measured by using a KELVIN sorptometer 1042 with
nitrogen adsorption and desorption isotherms at 77 K. All samples were degassed at
100 °C for 130 min. pH of all samples were measured by using a suspension of
1.00 g of milled apatite derivative in 200 mL of distilled water with a magnetic
stirrer. Pyridine adsorption was studied by employing 0.2 g of catalyst (pre-
activated at 350 °C for 2 h) exposed to dry pyridine vapors in a vacuum desiccator
[52]. Phase structure analyses were determined by X-ray diffractometer (XRD,
Philips Xpert) using the Ni-filtered Cu K, (Acyke = 0.1542 nm, radiation at 40 kV
and 30 mA). The data were collected over the 26 range of 10°-70°, time per step
was 2.5 s and step size was 0.021°.

Preparation of Cag sMg( s(PO4)s5(Si04)¢.5F1 5

A mixture of calcium hydroxide (2.594 g, 35 mmol), diphosphorous pentoxide
(1.562 g, 11 mmol), calcium fluoride (0.234 g, 3 mmol), magnesium hydroxide
(0.117 g, 2 mmol) and silicon dioxide (0.120 g, 2 mmol) was mechanochemically
activated by using a high energy planetary ball mill (Fretch Pulverisette 5) with a
125 mL zirconia vial and four 20 mm diameter zirconia balls. The rotation speed
was 250 rpm and the ball milling process was carried out at ambient temperature for
12 h. The catalyst synthesis reaction is proposed according to the following
equation:

35Ca(OH),+11P,0s 4 3CaF, + 2Mg(OH), + 2Si0,
— 4Cag,5Mg0'5 (PO4)5A5 (Si04)0‘5F1,5 + 37H20

General procedure for the synthesis of dihydropyrano[2,3-c]pyrazoles

An aldehyde (2 mmol), malononitrile (2 mmol) and Cag sMgg 5(PO4)s5.5(Si04)0 5F 5
(0.04 g, 2 mol%) were added to a stirred mixture of ethyl acetoacetate (2 mmol)
and hydrazine hydrate (2 mmol) in 8 mL of EtOH/H,0 (1:1). The resulting mixture
was heated at 70 °C for the specified time. After the completion of the reaction,
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monitored by TLC, ethanol (2 x 20 mL) was added to the reaction mixture and
heated to dissolve the product. Then, the reaction mixture was filtered to separate
the catalyst. The collected EtOH was evaporated under reduced pressure to give the
crude product. The further purification was sought by recrystallization in EtOH/H,O
(9:1).

Results and discussion

As it was cited, the applications of synthetic HA as a catalyst are restricted because
of its high solubility, poor mechanical properties and high sensitivity to acidic
conditions. Also, the surface area and the porosity of HA are less than those of the
common catalysts. These limitations can be decreased by incorporation of an
appropriate molar ratio of F, Mg and Si into HA structure. In the previous work, the
synthesis and characterization of nanosized silicon and magnesium co-doped
fluorapatite (Cag sMgo5(POy4)s.5(S104)0sF15, Si-Mg-FA) were studied by high
energy ball milling [24]. With regard to these molar ratios, this advanced material is
formed in biological apatite structure with 24 nm average size [24] (Fig. 1).
Moreover, the results of EDX analysis and elemental maps show homogenous
distribution of elements in the structure of Si—-Mg-FA (Fig. 2). In the present work,
the surface area of this material and its catalytic activity were studied for the
synthesis of dihydropyrano[2,3-c]pyrazoles by a four-component reaction of
aldehyde, ethyl acetoacetate, malononitrile and hydrazine hydrate.

At first, to optimize the reaction conditions, a one-pot reaction of 4-chloroben-
zldehye, ethyl acetoacetate, malononitrile and hydrazine hydrate was studied in the
presence of the catalytic amount of Si-Mg-FA under different conditions (Table 1).
When the reaction was carried out in the absence of the catalyst, the corresponding
product was obtained in low yield after prolonged reaction time (Table 1, entry 1).
The reaction carried out in absence of solvent gave lower yield comparing to solvent

3 { 0 Enperipental data
/ === Lorentzian fit of data

Frequency (%)

Particle Size¢ (nm)

Fig. 1 a TEM images of CagsMgy5(PO4)s5(SiO4)9sF1s. b Particle size distribution histogram of
Cag sMgo 5(PO4)5.5(S104)0.5F1 5
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Fig. 2 EDX analysis and elemental mapping of Si—-Mg-FA

Table 1 Optimization of the reaction conditions for the synthesis of 6-amino-4-(4-chlorophenyl)-3-
methyl-2,4-dihydropyrano[2,3-c]pyrazole-5-carbonitrile

Entry Solvent Amount of Time (min) Temp. (°C) Yield (%)*
catalyst (mol%)
1 H,O/EtOH (1:1) - 180 70 35
2 EtOH 2 120 70 66
3 H,O 2 120 70 50
4 - 2 120 70 20
5 H,O/EtOH (1:1) 2 120 r.t. 45
6 H,O/EtOH (1:1) 2 120 50 82
7 H,O/EtOH (1:1) 1 120 70 78
8 H,O/EtOH (1:1) 2 60 70 90
9 H,O/EtOH (1:1) 3 60 70 90

Reaction conditions: 4-chlorobenzaldehyde (2 mmol), ethyl acetoacetate (2 mmol), malononitrile

(2 mmol), hydrazine hydrate (2 mmol), solvent [H,O/EtOH:4 mL/4 mL]

% The yields refer to the isolated pure products

mediated reactions. It may be due to the lower homogeneity of the reaction under
solvent-free conditions (Table 1, entry 4). The results displayed that the best yield
of the product was obtained when the reaction was carried out in H,O/EtOH (1:1,
V/V) at 70 °C by using 2 mol% of the catalyst (Table 1, entry 8). It should be
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mentioned that an increase of the amount of the catalyst did not improve the yield of
the reaction (Table 1, entry 9).

After optimizing the reaction conditions, to show the generality of the present
work, a number of four-component reactions of various aldehydes with ethyl
acetoacetate, malononitrile and hydrazine hydrate were studied under the optimized
conditions (Table 2). Using the present cooperative catalyst, a variety of aromatic
and heteroaromatic aldehydes were easily converted to their corresponding
dihydropyrano[2,3-c]pyrazole derivatives in good to high yields. Aromatic aldehy-
des with different functional groups were subjected to the condensation reaction and
the resulting products were synthesized in good to high yields and relatively short
reaction time. It should be mentioned that the steric effects of ortho substitutions on
the aromatic aldehydes not only decreased the reaction yields but also increased the
reaction time (Table 2, entries 2, 3, 7). It was notable that the methoxycarbonyl
group on the aromatic aldehyde was intact during the course of the reaction
(Table 2, entry 12). It may be due to employing mild reaction conditions and

Table 2 The synthesis of dihydropyrano[2,3-c]pyrazoles from various aromatic aldehydes, malononi-
trile, ethyl acetoacetate and hydrazine hydrate catalyzed by Cag sMgo 5(PO4)s.5(Si04)0.5F 5

Entry Aldehyde Product Time Yield M.P. (°C) M.P (°C) reported
(min) (%)* found

1 4-Cl-C4H,~CHO 4a 60 90 236-237  234-235 [48]
2 2-Cl-C¢H,~CHO 40 120 76 246247  245-246 [48]
3 2,6-(Cl),~CeH;-CHO 4c 150 73 246-248  249-250 [36]
4 4-F-C¢H,~CHO 4d 75 88 243245  244-245 [48]
5 4-Br-C¢H,~CHO de 90 83 180181 178-180 [41]
6 C¢Hs—CHO 4f 90 81 242244  243-244 [48]
7 2-NO,-C¢H,~CHO 4g 120 79 242243 243-244 [48]
8 3-NO,~C¢H,~CHO 4h 60 82 234-236  232-234 [45]
9 4-NO,-C¢H,~CHO 4 70 88 245-247  248-249 [48]
10 4-CH;0-C¢H,~CHO 4] 40 87 211-213  210-212 [48]
11 3,4-(CH;0),-C¢H;~CHO 4k 60 78 194-195 192-194 [41]
12 4-CH;00C-C4H,~CHO 41 60 74 242-244  240-242 [36]
13 3-HO-C¢H,~CHO 4m 120 76 222224 220-222 [51]
14 4-CN-C¢H,~CHO 4n 75 84 215-216  212-214 [47]
15 2-Furyl-CHO 40 70 81 234236 232-234 [45]
16 2-Thienyl-CHO 4p 70 83 223225  224-226 [48]
17 3-Pyridyl-CHO 4q 90 84 216-218  215-216 [51]
18 CH;(CH,),~CHO 4r 150 - - -

19 CH;(CH,),~CHO 45 150 - - -

The reaction was carried out at 70 °C by using aldehyde (2 mmol), ethyl acetoacetate (2 mmol),
malononitrile (2 mmol), hydrazine hydrate (2 mmol) and 2 mol% of the catalyst in 8 mL of H,O/EtOH
(1:1)

% The yields refer to the isolated pure products
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catalyst. Heterocyclic aldehydes such as furan-2-carbaldehyde, thiophen-2-car-
baldehyde and 3-pyridine carbaldehyde were converted to the corresponding
products in good yields (Table 2, entries 15-17). It should be declared that the
present procedure was not suitable for the conversion of aliphatic aldehydes to the
corresponding dihydropyrano[2,3-c]pyrazole derivatives (Table 2, entries 18—19).
Based on the obtained results and the literature survey, we suggest a mechanism
for these reactions by using catalytic amount of Si-Mg-FA (Scheme 2). First,
pyrazolone (I) is easily formed by the condensation of hydrazine and ethyl
acetoacetate. Then fluoride ion in Si—-Mg-FA catalyzes the Knoevenagel conden-
sation of malononitrile and an aldehyde (activated by Mg>" of the catalyst) to form
arylidenemalononitrile as the intermediate (II). Next, the Michael addition of

0) 0

7
NH,-NH, . H,0 + — N )
OCH,CHj

Mg 2" ﬁ

0]

F/\HV H SlMgFA \_/)4]\ CN

. (I
NC” eN /\
CN
F )
H F
N/ ) SiMgFA N/ /
HN HN
07\ oMg?*
Mg 2+
N — N [ (111
HN ). CN HNTN, |(|3|
OMg N)
HRy R
a CN CN
(-/ =
\N/ N
0" \(H N™ ~0" “NH,

Scheme 2 Suggested mechanism for the synthesis of dihydropyrano[2,3-c]pyrazoles using Si-Mg-FA
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enolized pyrazolone (promoted by Mg®™ and F~ of the catalyst) to arylidene-
malononitrile is carried out to produce the intermediate (III). Finally, the
corresponding product is formed by intramolecular cyclization and tautomerization
of the intermediate (III).

As shown in Scheme 2, in the structure of the catalyst, F~ can be used as a
Brgnsted base and Mg®" as a Lewis acid. Mg®*" as a hard acid can be
coordinated by oxygen lone pair electrons of aldehyde or pyrazolone as the hard
bases [53]. We think that these hard—hard O:Mg2+ interactions can increase the
rate and the yield of the reaction. To study this hypothesis, the reaction of
4-chlorobenzaldehyde, ethyl acetatoacetate, malononitrile and hydrazine hydrate
was studied in the presence of various apatites under the same conditions
(Table 3). The apatite derivatives used as the catalysts were synthesized by high
energy ball milling technique according to the previous works [13, 24]. It should
be mentioned that the effect of some parameters such as specific surface area,
pore volume, particle size, pH and crystallinity degree of these apatites was
studied on the yield and reaction time. As already mentioned, the synthesis of
dihydropyrano[2,3-c]pyrazoles using a four-component reaction of an aldehyde,
ethyl acetatoacetate, malononitrile and hydrazine hydrate is commonly catalyzed
by basic catalysts. Therefore, the basic strength of the catalyst can be an
important factor to increase the reaction rate. Among the present apatite
derivatives, HA has the highest basicity. However, Si-Mg-FA with the lowest
basicity produced the maximum yield in the shortest reaction time (Table 3,
entry 4). We also studied the surface area (Sggr) and pore volume (Vore) Of
these apatites. The findings demonstrated that by incorporation of magnesium
and silicon into the structure of apatite, the surface area and pore volume of the
catalyst increased (Table 3). By comparison of the obtained results, it was found
that the effect of silicon on the surface parameters was more than that of
magnesium. It is known that by improving the surface factors, the efficiency of
the catalyst increases. Although Si-Mg-FA has the highest surface area and pore
volume among these apatite derivatives, we think that they cannot be the
sufficient reasons for the most increase of the reaction rate and yield. Another
parameter studied was the particle sizes of the present catalysts. Because the
particle sizes of these apatite derivatives are almost the same. It seems that this
factor cannot obviously affect the reaction rate (Table 3).

It seems that Mg”" in the structure of Si-Mg-FA can act as a Lewis acid and can
be coordinated by oxygen lone pair electrons of aldehydes to promote the
Knoevenagel reaction rate. Furthermore, the dehydration process of the Knoeve-
nagel condensation can also be accelerated by magnesium cation. As it was cited in
the suggested mechanism, the enolization of pyrazolone can be promoted by Mg "
of the catalyst [54]. To exhibit the Lewis acid sites of Mg”" in the structure of the
catalyst, the FT-IR spectroscopy of pyridine adsorption technique was used at
different temperature. Before studying this technique, it should be stated that in the
FT-IR spectroscopy of FA, Mg-FA and Si—-Mg-FA, a broad peak around 3400 cm™'
is corresponding to the stretching vibrations of hydroxyl groups of adsorbed water.
A peak at 1640 cm™' indicates the bending vibrations of hydroxyl groups of

adsorbed water. The appearance of a doublet peak at 1425 and 1474 cm™' is
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attributed to symmetric and asymmetric stretching vibrations of the trace amount of
CO5*~ (Fig. 3) [24]. The stretching vibrations of PO,>~ are located in the range of
1000-1300 cm™'. A doublet peak located at 574 and 603 cm™' is attributed to
symmetric and asymmetric bending vibrations of PO,>~ [24]. In Si—-Mg-FA, the
stretching vibrations of SiO,*™ are overlapped by the stretching vibrations of PO,>~
[24].

The spectrum of pyridine adsorbed Si—-Mg-FA at room temperature shows a peak
at 1457 cm™', which is characteristic for Lewis acid sites (Fig. 4) [52]. It should be
mentioned that this peak overlaps with the bands of carbonate ion. The absence of
the bands at 1540 and 1640 cm ™' demonstrates that there is no Brgnsted acid site in
this material [52]. After heating the catalyst at 50 °C, pyridine was obviously
desorbed from the Lewis acid sites indicated by the decrease in intensity of the
corresponding peak. As shown in Fig. 4, pyridine was completely desorbed by
further heating at 100 °C. These results confirm the presence of Lewis acid sites in
the structure of this nano catalyst attributed to magnesium cations. The decrease
in the intensity of the band at 50 °C and its disappearance at 100 °C demonstrate a
weak interaction of pyridine with Si-Mg-FA. This is justifiable because Mg is not
introduced as a strong Lewis acid [53].

To extend this scope, we also studied the FT-IR spectroscopy of pyridine
adsorption of Mg-FA (CagsMgg 5(PO4)s(F),). At first, the FT-IR spectroscopy of
Mg-FA was studied and the presence of a weak peak around 1432 cm™' was
attributed to the trace amount of CO5>~ (Fig. 5). Although there are magnesium
cations in the structure of Mg-FA, the spectrum of pyridine adsorbed Mg-FA at
room temperature shows no peak around 1455 cm™' to exhibit the existence of
Lewis acid sites in the structure of CagsMgg 5(PO4)g(F),.

Si-Mg-FA

Trancmittance (a. u.)

I

: A o,
o o =
(-9 [-%

400 800 1200 1600 2000 2400 2800 3200 3600 4000
Wawenumber (cm'l)

Fig. 3 FT-IR spectra of FA, Mg-FA and Si-Mg-FA
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Fig. 4 a FT-IR spectrum of Si—
Mg-FA. b FT-IR spectrum of
Si—-Mg-FA after pyridine
adsorption at room temperature.
¢ FT-IR spectrum of pyridine
retention on Si-Mg-FA at

50 °C. d FT-IR spectrum of
pyridine retention on Si-Mg-FA
at 100 °C

Fig. 5 a FT-IR spectrum of
Mg-FA. b FT-IR spectrum of
Mg-FA after pyridine adsorption
at room temperature
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It seems that the crystallinity degree of these materials may act as the key role for
these observations. It is well known that crystallinity refers to the degree of
structural order in a solid. In a crystal, the atoms or molecules are arranged in a
regular and periodic manner. Moreover, the degree of crystallinity has a big
influence on hardness, density, transparency and diffusion. Many materials such as
ceramics can be prepared in such a way as to produce a mixture of crystalline and
amorphous regions. In such cases, crystallinity is usually specified as a percentage
of the volume of the material that is crystalline. It is known that the apatite
derivatives crystallize in the hexagonal crystal system so that most of cations (e.g.
Ca** or Mg ") are placed into the lattice and the exchangeable anions (e.g. OH™ or
F7) are located at the edges [24]. In the present work, the crystallinity degree of HA,
FA, Mg-FA and Si-Mg-FA was obtained from their XRD patterns according to the
previous works [13, 24]. It should be cited that the crystallinity degree of samples
(Xc) corresponding to the fraction of crystalline phase present in the examined
volume was evaluated by the following equation [24]: Xc = 1 — (V112/300/1300),
where I3 is the intensity of (300) reflection, and Vii5/300 is the intensity of the
hollow volume between (112) and (300) reflections (Fig. 6).

As shown in Table 3, among these apatite derivatives, HA has the most
crystallinity degree value (72%) and Si—-Mg-FA has the least one (39%). The
decrease of the crystallinity degree of Si—-Mg-FA is due to the change of the lattice
parameters formed by simultaneous incorporation of F, Mg and Si into the lattice of
apatite [24]. Because the ionic radii of Mg”, F~ and SiO447 are different from
those of Ca’>*, OH™ and PO437, the partial substitution of Ca** by Mg”, the
substitution of F~ instead of OH™ and the partial substitution of PO,*~ by SiO,*~
change the lattice parameters of the primitive apatite [24]. We think that by
decreasing the crystallinity degree of these apatite derivatives, the availability to the
cations placed into the lattice becomes easier. This is agreeable with the results of
FT-IR spectra of pyridine adsorbed Mg-FA and Si-Mg-FA. Although both

Intensity (a.u.)

Mg-FA
Si-Mg-FA

20 30 40 50 60

20 (degrees)

Fig. 6 XRD patterns of FA, Mg-FA and Si-Mg-FA
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Fig. 7 Reusability of the catalyst for the synthesis of 6-amino-4-(4-chlorophenyl)-3-methyl-2,4-
dihydropyrano[2,3-c]pyrazole-5-carbonitrile. The reaction was carried out with 4-chlorobenzaldehyde
(2 mmol), ethyl acetoacetate (2 mmol), malononitrile (2 mmol), hydrazine hydrate (2 mmol) and reused
catalyst (2 mol%) in 8 mL of H,O/EtOH (1:1) at 70 °C for 60 min

Cag sMgg s(PO4)s(F), and Cag sMgg 5(PO4)s.5(Si04)0.5F ;.5 have 0.5 mol of magne-
sium in their structures, the interaction between Mg>" and pyridine was only
observed for Si-Mg-FA. Because the crystallinity degree of Si—-Mg-FA is lower
than that of Mg-FA, magnesium cations in the structure of CagsMgy5(POy4)s.s
(8104) 5F; 5 are more available than those of Cag sMg( 5(PO4)(F),. It is noteworthy
that by the incorporation of Si to the structure of Mg-FA, the surface area increases
and the crystallinity degree value decreases which these factors lead to increase the
availability to magnesium cations. Therefore, Si-Mg-FA not only can be introduced
as a Brgnsted basic catalyst but also can act as a Lewis acid catalyst. Consequently,
Si-Mg-FA can be introduced as a cooperative catalyst. This may be the logical
reason why Si—-Mg-FA is the best catalyst among the present apatite derivatives for
the synthesis of dihydropyrano[2,3-c]pyrazoles.

The reusability of the catalyst was studied for the reaction of 4-chlorobenzldehye,
ethyl acetoacetate, malononitrile and hydrazine hydrate under optimized conditions.
For this purpose, after the completion of each reaction, the hot ethanol was added to
the reaction mixture to dissolve the product. After that, the catalyst was separated by
filtration and dried in an oven at 120 °C for 2 h to use for the next reaction. The
findings showed that the catalyst could be used four times with losing its activity
gradually. As shown in Fig. 7, the product of 6-amino-4-(4-chlorophenyl)-3-methyl-
2,4-dihydropyrano[2,3-c]pyrazole-5-carbonitrile was obtained in 77% yield by
using 2 mol% of the reused catalyst in the fourth time use. It should be noted
that the reusability study of the present catalyst was followed by increasing the
amount of the reused catalyst under optimized conditions. The experimental results
exhibited that the corresponding product was obtained in 79% yield by using
3 mol% of the reused catalyst in the fourth time use. These findings displayed that a
significant improvement was not observed in the product yield by an increase of the
reused catalyst to 3 mol%.
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Table 4 Comparison of Si-Mg-FA with different catalysts for the synthesis of 6-amino-4-(4-chlor-
ophenyl)-3-methyl-2,4-dihydropyrano[2,3-c]pyrazole-5-carbonitrile

Entry  Catalyst Conditions Time (min)  Yield (%) Ref.

1 J-Alumina (30 mol%) H,O0, reflux 35 90 41

2 Na,CaP,07 (20 mol%) H,O0, reflux 15 86 50

3 Imidazole (50 mol%) H,0, 80 °C 20 90 39

4 Amberlyst A21 (30 mg) EtOH, r.t. 15 98 44

5 L-proline (10 mol%) H,O0, reflux 10 94 38

6 [Hmim]HSO, (10 mol%)  Ethanol 50%, 50 °C 25 92 47

7 Meglumine (10 mol%) EtOH:H,O (9:1), r.t. 15 90 48

8 KF/AL,O3 (30 mol%) H,0, reflux 35 88 41

9 Si-Mg-FA (2 mol %) H,O:EtOH (1:1), 70 °C 60 90 This work

Finally, to show the merit of this method, the efficacy of the present catalyst was
compared with some reported catalysts for the synthesis of 6-amino-4-(4-
chlorophenyl)-3-methyl-2,4-dihydropyrano[2,3-c]pyrazole-5-carbonitrile. As shown
in Table 4, Si-Mg—FA is comparable with the most of the reported catalysts in
viewpoints of yield and reaction time. Moreover, the present catalyst is superior in
terms of using low amount of the catalyst. The use of green and reusable catalyst,
non-toxic solvent, mild reaction conditions and simple procedure are the other
advantages of the present work.

Conclusion

In summary, we introduced CagsMgg 5(PO4)s.5(Si04)0sF;5 as a nano cooperative
catalyst to promote the one-pot synthesis of dihydropyrano[2,3-c]pyrazoles. The
reactions were carried out in aqueous ethanol under mild conditions. The catalytic
activity of this catalyst was compared with those of the other hydroxyapatite
derivatives in the synthesis of dihydropyrano[2,3-c]pyrazoles. The existence of
Brgnsted base and Lewis acid sites in the structure of CagsMgg 5(POy)s5.5(Si04)0.5
F, s made it the best catalyst among the other hydroxyapatite derivatives. Using a
cooperative catalyst and an environmentally benign procedure with good to high
yield of the products were the other advantages of the present method.
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