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A B S T R A C T

In continues efforts to the synthesis of polyoxometalate (POM) as catalysts, two lacunary POM-based heteroge-
neous catalysts (TBA)9[BW11O39]·11H2O ((TBA)9BW11) and (TBA)6[Zr(OH)BW11O39]·8H2O ((TBA)6BZrW11)
(TBA+: tetrabutylammonium) were synthesized and fully characterized using different techniques. The role of
the cationic alkyl chains (TBA+) not only leads to the formation of hydrophobic POM catalyst, but also reactants
can be trapped near the POM center, which leads to higher catalytic efficiencies. Both catalysts can act as Lewis
base due to their terminal oxygen atoms, while (TBA)6BZrW11 have accessible Lewis acid sites (due to substitut-
ing zirconium site). Consequently, the catalytic utilities of these samples were investigated in the multicompo-
nent synthesis of pyrazolopyranopyrimidine derivatives, which were attained in short times with high yields.
These results established the efficiency of this protocol in terms of being environmentally friendly, high product
yields, and being completed in short reaction times. Meanwhile, the synergetic effect between the catalysts com-
ponents also played an essential role during the catalytic process.

1. Introduction

Multi-Component Reactions (MCRs), as a fascinating and hot topic
of organic transformations, are effective, atom economical, and time-
saving styles, which are often suitable alternatives to the consecutive
multistep synthesis of small heterocyclic compounds and in the drug
delivery and discovery processes [1-6]. Pyrazolopyranopyrimidine
skeletons containing two active compounds, pyranopyrimidine, and
pyranopyrazole, have been given particular attention due to their es-
sential pharmacological and biological activities [7,8]. Pyrazolopyra-
nopyrimidine can also be applied as a critical intermediate to the syn-
thesis of biological and pharmaceutical compounds [9,10]. So far,
many reports have been devoted to the synthesis of pyrazolopyranopy-
rimidines, some of which have disadvantages such as the use of large
amounts of catalysts, toxic organic reagent and solvents, long process
times and low yields [11-15]. Thus, the development of efficient ap-
proaches and exploitation of suitable and heterogeneous catalysts to
rapidly build this compound is imperative.

Polyoxometalates (POMs) are discrete anionic metal–oxide clusters
that can be formed by some transition metals in their highest oxidation
state, including Mo(VI), W(VI), and V(V) (known as addenda atom)
[16-18]. Due to the specific chemical and physical properties of POMs,
they can be applied in the wide and diverse areas of research such as
catalysts [19-21], sensors [22], magnetism [23], medicine [24], batter-
ies [25] and so on. Up to now, POMs have been extensively used the
catalysts as due to their interesting features such as: i) large negative
charges which can act as Lewis bases in base-catalyzed reactions, ii)
protons which can use as Brönsted acids in the promotion of acid-
catalyzed reactions such as esterification, hydrolysis, and so on, iii)
Lewis acidity of POMs that can be caused by the presence of metal ions
with unoccupied orbitals such as substituted POMs with zirconium (IV),
hafnium (IV), aluminum (III) or lanthanoid (III) ions [26]. In addition,
the reversible multi-electron redox nature of POMs under the reaction
conditions makes them proper catalysts for oxidation of alkanes, alco-
hols, olefins, and so on [27,28]. Notably, lacunary derivatives of POMs
(LPOM) are known as species that have vacant site(s) on their struc-
tures and can be easily formed by the removal of some metal-oxide

⁎ Corresponding authors.
E-mail addresses: mmheravi@alzahra.ac.ir (M.M. Heravi), mirzaeesh@um.ac.ir (M. Mirzaei).

https://doi.org/10.1016/j.inoche.2022.109456
Received 4 January 2022; Received in revised form 27 March 2022; Accepted 5 April 2022
1387-7003/© 20XX

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.

https://doi.org/10.1016/j.inoche.2022.109456
https://doi.org/10.1016/j.inoche.2022.109456
https://doi.org/10.1016/j.inoche.2022.109456
https://doi.org/10.1016/j.inoche.2022.109456
https://doi.org/10.1016/j.inoche.2022.109456
https://doi.org/10.1016/j.inoche.2022.109456
https://doi.org/10.1016/j.inoche.2022.109456
https://doi.org/10.1016/j.inoche.2022.109456
https://www.sciencedirect.com/science/journal/13877003
https://www.elsevier.com/locate/inoche
mailto:mmheravi@alzahra.ac.ir
mailto:mirzaeesh@um.ac.ir
https://doi.org/10.1016/j.inoche.2022.109456
https://doi.org/10.1016/j.inoche.2022.109456


CO
RR

EC
TE

D
PR

OO
F

Z. Yekke-Ghasemi et al. Inorganic Chemistry Communications xxx (xxxx) 109456

Fig. 1. Synthetic route of catalysts with representation of anionic structures of (TBA)6BZrW11 and (TBA)9BW11 heterogeneous catalysts, and cationic structure of
TBA+ (ball and mill and polyhedral representation).

[MOx]n+ unites and often will bind to a new addenda atom or certain
metals and form substitute POMs with accessible Lewis acid sites. For
example, Keggin-type POMs with total formula [XM12O40]n– (X = het-
ero atom, M = addenda atom) can form mono-, di- or tri-lacunary
species [29]. The structure of mono-lacunary Keggins are more stable
than other lacunary forms and have great protentional to bond with
new metal ions [30] and also, depending on the metal inserted in cer-
tain application such as redox and acid/base properties can be tuned.
For example, Lewis acidity of ZrIV center in the Zr-containing POMs
demonstrated a pronounced catalytic activity in many reactions such as
oxidation reactions due to the available coordination sites on the Zr
center [31-34].

Although POMs benefit from structural robustness, oxidative and
thermal stability, the highly soluble nature of POMs (as homogeneous
catalysts) makes them difficult for separation, so they cannot reuse
again. Therefore, the heterogeneous approaches widely employed by
researchers such as immobilization of POMs on solid supports with the
high surface area like graphene, carbon nanotubes or metal–organic
frameworks to create hybrid or composite materials [35-37] and encap-
sulation of POMs with specific cations [38]. In the latter case, POMs are
usually covered by organic cations such as tetrabutylammonium
(TBA+) salts, dimethyldioctadecylammoum (DODA+) salts, and so on
to form heterogeneous systems which provide easier catalyst recovery,
with simple filtration.

Following our attempt to investigate the synthesis and utility of
novel lacunary POM-based catalysts for promoting organic transforma-
tions [39-42], and our interest in heterocyclic chemistry [43-50] and in
novel pyrazolopyranopyrimidines [20,51-53] herein, we wish to pre-

sent two heterogeneous acidic catalytic systems based on the mono-
lacunary borotungstate Keggin; (TBA)9[BW11O39]·11H2O
((TBA)9BW11) and (TBA)6[Zr(OH)BW11O39]·8H2O ((TBA)6BZrW11) as
proficient catalysts to promote the synthesis of pyrazolopyranopyrimi-
dine from the reaction of hydrazine hydrate/phenylhydrazine, mal-
ononitrile/barbituric acid, 1,3-dicarbonyl derivatives and aromatic
aldehydes. As we expected, these catalysts would simultaneously be
acted as Lewis acid/base, and by a combination of Zr4+ Lewis acid into
the vacant binding site of lacunary Keggin, the catalytic activity of the
resulted catalyst should be increased (Fig. 1). Moreover, to disclose the
nature and stability of the catalyst, the recyclability of the
(TBA)6BZrW11 is also studied.

2. Methods

2.1. Chemicals and materials

The chemical compounds were purchased from Merck (Darmstadt,
Germany) and Sigma-Aldrich (St. Louis, MO, USA) and used with no
crystallization or purification. To conduct MCRs, aromatic aldehydes,
hydrazine hydrate, phenylhydrazine, ethylacetoacetate, malononitrile,
barbituric acid, toluene, ethanol, methanol, acetonitrile, and deionized
water were used.

2.2. Instrumentation

Electrothermal 9200 apparatus was employed to determine the
melting point of products. Bruker Tensor 27 FT-IR spectrometer
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Fig. 2. FTIR spectra of (TBA)9BW11 and (TBA)6BZrW11 heterogeneous catalysts.

Table 1
Representation of important absorption bands (cm−1) for (TBA)9BW11 and
(TBA)6BZrW11 heterogeneous catalysts.
Compound νas(B–Oa) νs(B–Oa) νas(W–Ot) νas(W–Ob) and νas(W–Oc)

(TBA)9BW11 991 518 948 891, 837
(TBA)6BZrW11 991 530 947 899, 824

(400–4000 cm−1 region) was used to detect absorbance bands of KBr
disk containing the compounds. Also, the infrared spectra of catalysts
were recorded in the range of 4000–400 cm−1 on a Thermo Nicolet/
AVATAR 370 Fourier transform spectrophotometer using the KBr discs.
Elemental analysis (CHN) was performed using a Thermo Finnigan
Flash EA 1112 microanalyzer. Metal content was measured by the Spec-
tro Arcos ICP-OES spectrometer model 76004555 using in the range of
130–770 nm, and an ICP-AES analyzer (Varian, Vista-pro) was used for
metal leaching of the sample in the course of recycling. The NMR mea-
surements were recorded on a Bruker FUM-300 spectrometer using
DMSO‑d6 as the solvent and residual solvent signal as an internal refer-
ence. The instruments used for performing FTIR spectroscopy by apply-
ing PERKIN/ELMER Spectrum 65 apparatus. Melting points were mea-
sured by Electrothermal 9100. To monitor of the MCR process, TLC on
profitable aluminum-backed plates of silica gel 60 was applied and then
visualized by UV–Vis light.

2.3. Preparation of catalysts

The mono-lacunary Keggin H2K7[BW11O39]·13H2O (BW11) was syn-
thesized according to a literature method and identified by FT-IR and
elemental analysis [54]. Then, heterogeneous catalysts were synthe-
sized from BW11.

2.3.1. Synthesis of (TBA)9[BW11O39]·11H2O
An aqueous solution of BW11 (1 mmol, 10 ml) was added to the

chloroform solution of TBABr (9 mmol, 10 ml). Then, the reaction mix-
ture was stirred (2 h). After that, BW11 was transferred into chloroform
solution, so organic phase was separated and white precipitation of the

product was collected by evaporation of the solvent and washed with
deionized water two times. (Yield: 4.05 g, 30 % based on W). Anal.
Calcd. for C144H346N9BW11O50: C, 34.33; W, 40.14; N, 2.50; B, 0.21; H,
6.92 %. Found: C, 33.56; W, 39.75; N, 2.78; B, 0.29; H, 7.15 %. FT-IR
(KBr pellet, cm−1): 3411, 2961, 2929, 2876, 1627, 1484, 1384, 1231,
991, 948, 910, 891, 837, 754, 637, 518, 477. 1H NMR (d6-DMSO,
300 MHz, RT) [δ, ppm] 0.91–0.96 (t, TBA-CH3), 1.27–1.39 (h, TBA-
CH2), 1.53–1.63 (dq, TBA-CH2), 3.15–3.21 (m, TBA-CH2). 13C NMR (d6-
DMSO, 300 MHz, RT) [δ, ppm] 14.04, 19.70, 23.58, 57.99 (all singlets).

2.3.2. Synthesis of (TBA)6[Zr(OH)BW11O39]·8H2O
An aqueous solution of ZrCl4 (0.73 mmol, 1 ml) added dropwise to

the hot aqueous solution of BW11 (0.67 mmol, 8 ml) and stirred
(15 min). Then, a hot water solution of TBABr (6 mmol, 7 ml) added to
the above mixture and stirred for further 30 min. The withe precipita-
tion of the product collected by filtration and washed twice with water.
(Yield: 5.5 g, 20 % based on W). Anal. Calcd. for C96H233N6BZrW11O48:
C, 26.42; W, 47.69; Zr, 2.09; N, 1.93; B, 0.25; H, 5.38 %. Found: C,
27.15; W, 48.21; Zr, 2.86; N, 2.47; B, 0.37; H, 5.91 % FT-IR (KBr pellet,
cm−1): 3445, 2960, 2933, 2872, 1631, 1438, 1381, 1152, 1111, 991,
947, 899, 824, 530, 506, 423. 1H NMR (d6-DMSO, 300 MHz, RT) [δ,
ppm] 0.91–0.95 (t, TBA-CH3), 1.27–1.40 (h, TBA-CH2), 1.52–1.63 (m,
TBA-CH2), 3.15–3.21 (m, TBA-CH2). 13C NMR (d6-DMSO, 300 MHz, RT)
[δ, ppm] 13.99, 19.61, 23.54, 57.95 (all singlets).

2.4. Typical method for synthesis of pyrazolopyranopyrimidines

A mixture of aromatic aldehydes (1.0 mmol), hydrazine hydrate/
phenylhydrazine (1.0 mmol), barbituric acid/ malononitrile
(1.0 mmol), ethyl acetoacetate (1.0 mmol), and catalyst (30 mg) in wa-
ter (5 ml) was prepared and heated at 90 °C for the appropriate length
of time. At the end of this reaction (checked by TLC), the reaction
stopped and cooled to ambient temperature, and then the solid catalyst
was filtrated, washed with H2O/EtOH (1:1), and dried under air for
reusing in consecutive reaction runs. Finally, for dissolving solid prod-
uct, hot EtOH was added, and the white solution was recrystallized to
obtain related product.
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Table 2
Effects of catalyst's amount, temperature, and solvent on the yield of pyrazolopyranopyrimidine via model reaction.a

Entry Catalyst (mg) Condition Solvent/ Temperature (oC) Time (min) Yield (%)b

1 None H2O/ 80 120 Trace
2 10 H2O/ 80 30 50
3 20 H2O/ 80 30 95
4 30 H2O/ 80 30 95
5 20 H2O/ r.t. 30 Trace
6 20 H2O/ 50 30 50
7 20 H2O/ 100 30 75
8 20 H2O:EtOH (1:1)/ 80 30 80
9 20 EtOH/ Reflux 30 75
10 20 CH3CN/ Reflux 30 35
11 20 Toluene/ Reflux 30 Trace
12 20 Solvent free/ 80 30 40
a Reaction condition: a mixture of hydrazine hydrate (1 mmol), ethyl acetoacetate (1 mmol), malononitrile (1 mmol), benzaldehyde (1 mmol), solvent (3 ml) and

(TBA)6BZrW11 as a catalyst was reacted.
b Isolated yield.

3. Result and discussion

3.1. Synthesis and characterization of catalysts

Two heterogeneous catalysts (TBA)9BW11 and (TBA)6BZrW11 of
this study were obtained by reaction of mono-lacunary Keggin
[BW11O39]9− under optimum conditions (Fig. 1). According to similar
examples, POMs can be surrounded by alkyl chains (like TBA+) [55,
56], and 1H NMR and 13C NMR spectra provide clear and direct evi-
dence for the presence TBA+ in the above catalysts. For example, in the
1H NMR, three peaks located separately around 1.33, 1.57, and
3.18 ppm can be assigned to the CH2 of TBA+ and the CH3 group lo-
cated at 0.94 ppm (Figures S1-S4). Powder XRD of mono-lacunary Keg-
gin appears at around 9-10° for 2θ value [57]. This characteristic peak
is also present in powder XRD of (TBA)9BW11 (8.9°) and (TBA)6BZrW11
(8.6°) (Figure S5) with the minor shifts. Other characteristic peaks pre-
sent in powder XRD of (TBA)9BW11 were also present in the
(TBA)6BZrW11 along in the same plane with the minor shifts. These mi-
nor shifts may be due to the lattice strain produced by the attachment of
zirconium to the BW11 unit. It is important to note that POMs mainly act
as Lewis base catalysts due to their terminal oxygen atoms, while sub-
stitute POMs with zirconium have accessible Lewis acid sites, which can
improve the performance of the related catalyst [31,33,58].

Infrared spectroscopy is a frequently employed technique for the
characterization of POMs due to their characteristic metal–oxygen
stretching vibrations that occur in the region between 400 and
1000 cm−1, which is known as the fingerprint region for the POMs (Fig.
2 and Table 1). The absorption bands at around 1630 and 3400 cm−1 at-
tributed to the water molecules. Also, the characteristic strong bands
for B–O, W–Ot, W–Ob, and W–Oc stretching vibrations of BW11 are at
around 991, 948, 891(899), and 824(837) cm−1, respectively. More-
over, absorptions in the range 2872–2960 cm−1 correspond to the C–H
stretching vibrations of TBA.

3.2. Catalytic activity

In the following and to elucidate the catalytic activity of
(TBA)9BW11 and (TBA)6BZrW11, the four-component one-pot synthesis
of pyrazolopyranopyrimidines was investigated. In this context, the re-
action of ethyl acetoacetate, benzaldehyde, NH2-NH2·H2O, and mal-
ononitrile was elected as a model reaction, and the catalytic perfor-
mance of two catalysts were investigated and compared (Table 2). The
results demonstrated that both samples exhibited excellent catalytic ac-
tivity but (TBA)6BZrW11 was much better in isolation. In detail,
(TBA)6BZrW11 is insoluble in hot water and can be separated by simple
filtration, while (TBA)9BW11 is partly soluble and has a difficult separa-
tion from the reaction mixture. For this purpose, (TBA)6BZrW11 was se-
lected to continue catalytic research, and subsequently, the reaction pa-
rameters, including catalyst's loading, temperature, and solvent were
optimized. Hence, the model reaction was performed without any cata-
lyst and additive (Table 2, entry 1). It was found that this reaction prof-
its very slowly (2 h) and a low amount of the product was achieved.
Hence, the low amount of (TBA)6BZrW11 was studied on a model reac-
tion, and desired product was achieved in 50% yield (Table 2, entry 2).
While, the higher amount of (TBA)6BZrW11 did not significantly affect
the reaction (Table 2, entry 4), which could be due to the rapid interac-
tion of the reagents with each other in the presence of a large amount of
catalyst, which subsequently led to the formation of a by-product and
incomplete reaction. Moreover, the optimum catalyst amount was
found to be 20 mg (Table 2, entry 3). Next, the solvent was optimized
by using several solvents, and water was selected as a green and suit-
able reaction solvent (Table 2, entries 8–12). Generally, a comparison
of the yield of the corresponding product in water as a solvent was su-
perior to aprotic and non-protic solvents such as toluene or acetonitrile,
which could be due to the homogenization of the reaction medium and
the creation of a suitable substrate for effective interaction between the
reactants. As can be seen from the results of Table 2, polar solvents, es-
pecially water, accelerate the reaction due to the close bonds and effec-
tive interactions between the reactants, while non-polar solvents such
as toluene and acetonitrile do not allow this. Finally, the efficacy of
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Table 3
Synthesis of pyrazolopyranopyrimidine derivatives via a four-component reaction catalyzed by (TBA)6BZrW11.a

Entry R1 R2 Product Time (h:min) Yieldsb

(%)

1 H H 6a (0:30) (95)
2 H 4-Cl 6b (1:15) (95)
3 H 4-NO2 6c (0:45) (85)
4 H 4-MeO 6d (0:50) (80)
5 H 2-MeO 6e (0:55) (75)
6 H 4-C3H5 6f (1:30) (50)
7 H 2-OH 6g (1:40) (75)
8 Ph 4-Cl 6h (2:30) (70)
9 Ph 4-NO2 6i (0:55) (80)
10 Ph 4-MeO 6j (1:05) (75)
11 Ph 2-MeO 6k (1:20) (65)
12 Ph 4-C3H5 6l (2:00) (55)
13 Ph 2-OH 6m (3:00) (60)
14 H H 7a (1:15) (85)
15 H 4-MeO 7b (2:30) (70)
16 H 4-Me 7c (5:00) (30)
17 H 4-NO2 7d (2:00) (80)
18 Ph 4-MeO 7e (3:30) (40)
19 Ph 4-Me 7f (4:00) (55)
20 Ph 4-NO2 7g (2:30) (75)

a Reaction conditions: Hydrazine hydrate or phenyl hydrazine (1 mmol), ethyl acetoacetate (1 mmol), malononitrile (1 mmol), aromatic aldehyde (1 mmol),
(TBA)6BZrW11 (20 mg) and H2O (3 ml) at 80 °C.

b Isolated yield.

temperature on the product's yield was studied. The productivity of the
catalysts on this reaction is noticeably dependent on the temperature.
When it was set to room temperature, related product was attained in
low yield (Table 2, Entry 5). Noteworthy, increasing temperature to
50 °C, the product's yield dramatically enhanced (Table 2, Entry 6).
However, a further increase to 80 °C had a positive effect, and the
higher temperature was not suitable at all (Table 2, entries 3 and 7).
The results established that using 20 mg of the (TBA)6BZrW11 in water
as s solvent at 80 °C are ideal reaction parameters.

To test the generality of this protocol, various aromatic aldehydes,
NH2-NH2·H2O or phenylhydrazine, malononitrile or barbituric acid,
and ethyl acetoacetate were examined under the optimized reaction
conditions (Table 3). The outcomes established that aromatic aldehydes
led to the formation of conforming products in moderate to excellent
yields. However, aromatic aldehydes with electron with drawing
groups resulted in higher yields in shorter reaction times. Comparison
of 2 and 4 positions in substituted-aldehydes shows that, not only the
nature of the substituent influences the yield, but so does its position.
Yields increased in this order: 2 < 4. The largest effect is found for the
methyl group at para position. Notably, the use of phenylhydrazine in-

stead of NH2-NH2·H2O led to the formation of products 6h-6m in longer
reaction time with moderate yields. Furthermore, compared to barbi-
turic acid, using malononitrile resulted in shorter times with higher
yields. Based on these results, the effect of the electron density of the
substrate on this reaction was confirmed. All organic products were
known, and for identification, and their physical properties and spectral
data were considered. Hence, some selected products were recognized
by FTIR spectroscopy (see Supplementary material, Figure S6-S12).

It is clear, these experimental results are in good agreement with the
reported reaction mechanism in Fig. 3. Initially, 3-methyl-1H-pyrazol-5
(4H)-one (I) was produced through the reaction of NH2-NH2 and ethyl
acetoacetate promoted by LPMO. Following, the Knoevenagle conden-
sation of barbituric acid and benzaldehyde leads to giving the interme-
diate (II). Then, intermediate (II) undergoes a Michael addition with in-
termediate (I) and generates a fresh intermediate (III) that endured ring
closure and dehydration process to afford the triheterocyclic product
(IV) and complete the catalytic cycle [20,59].

Next, to show the merits of the present protocol using the heteroge-
neous and inexpensive catalysts for the synthesis of pyrazolopyranopy-
rimidines, its catalytic activity on the model reaction was compared
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Fig. 3. The proposed mechanism of synthesis of pyrazolopyranopyrimidine.

Table 4
Comparison of the result using our reaction system with results obtained by
other published works for the synthesis of pyrano[2,3-c]pyrazoles.
Entry Catalysts (amount) Reaction conditions

Solvent/ Temperature (°C)
Time
(min)

Yieldsb

(%)
Ref

1 Fe3O4@SiO2@PTS-
DABA (10 mg)

EtOH/ 70 (23) (88) [60]

2 MIL-53(Fe) (5 mg) EtOH/ r.t. (20) (91) [61]
3 Borax (40 mg) H2O/ Reflux (50) (85) [62]
4 ACS-SO3H (5 mg) [CholineCl][Urea]2/ r.t. (67) (52) [62]
5 Sodium Citrate

(5 mol%)
EtOH/ Reflux (60) (80) [63]

6 (TBA)9BW11 H2O/ 80 (30) (75) This
work

7 (TBA)6BZrW11 H2O/ 80 (30) (95) This
work

aReaction condition: a mixture of hydrazine hydrate (1 mmol), ethyl acetoacetate
(1 mmol), malononitrile (1 mmol), benzaldehyde (1 mmol), solvent (3 ml) and
catalyst were reacted.

b Isolated yield.

with some of the earlier reported methodologies, Table 4. As tabulated,
this reaction was performed under different reaction conditions. Ac-
cording to Table 4, low catalyst amount, reusability of (TBA)6BZrW11,
and short reaction time are advantageous of the present protocol. No-
tably, in the case of using a homogeneous catalyst, the recyclability is
comparative.

3.3. Characterization data

6-amino-3-methyl-4-phenyl-2,4-dihydropyrano[2,3-c]
pyrazole-5-carbonitrile (6a) [64]. Yield: (95 %); White solid; M.p.
241–243 °C; FTIR (KBr): 3372, 3309, 3167, 2191, 1648, 1595, 1487,
1427, 1071, 552 cm−1.

6-amino-4-(4-chlorophenyl)-3-methyl-2,4-dihydropyrano[2,3-
c]pyrazole-5-carbonitrile (6b) [64]. Yield: (95 %); White solid; M.p.

234–236 °C; FTIR (KBr): 3444, 3047, 2939, 2213, 1623, 1591, 1486,
1399, 1087, 680, 497 cm−1.

6-amino-4-(4-nitrophenyl)-3-methyl-2,4-dihydropyrano[2,3-c]
pyrazole-5-carbonitrile (6c) [64]. Yield: (85 %); Yellow solid; M.p.
249–251 °C; FTIR (KBr): 3379, 3252, 2984, 2217, 1636, 1517, 1346,
1283, 1183, 855 cm−1.

6-amino-4-(4-methoxyphenyl)-3-methyl-2,4-dihydropyrano
[2,3-c]pyrazole-5-carbonitrile (6d) [64]. Yield: (80 %); Cream
solid; m.p. 209–211 °C; FTIR (KBr): 3386, 2927, 2843, 2210, 1603,
1510, 1461, 1302, 1252, 1168, 1026, 833 cm−1.

6-amino-4-(4-chlorophenyl)-3-methyl-1-phenyl-1,4-
dihydropyrano[2,3-c]pyrazole-5-carbonitrile (6h) [64]. Yield: (70
%); Cream solid; m.p. 170–172 °C; FTIR (KBr): 3445, 2923, 2251,
1649, 1600, 1502, 1404, 1292, 1017, 809, 746 cm−1.

6-amino-4-(4-methoxyphenyl)-3-methyl-1-phenyl-1,4-
dihydropyrano[2,3-c]pyrazole-5-carbonitrile (6j) [64]. Yield: (75
%); White solid; m.p. 170–172 °C; IR (KBr): 3397, 3312, 2926, 2222,
1604, 1569, 1511, 1370, 1277, 1183, 1023, 833 cm−1.

3-Methyl-4-(4-methylphenyl)-1,4-dihydropyrazolo[40,3′:5,6]
pyrano[2,3-d]pyrimidine-5,7(6H,8H)-dione (7b) [20]. Yield: (70
%); White solid; m.p. 200–202 °C; IR (KBr): 3213, 3026, 2925, 1695,
1597, 1512, 1458, 1367, 1024, 810 cm−1.

3.4. Reusability of the catalyst

Along with the excellence catalytic activity of heterogeneous cata-
lysts, simple recovery and facile reusability are important requisites for
in sake of manufacturing use. Henceforth, the study on the ability of the
catalysts to reuse is imperative. To empirically investigate the reusabil-
ity of (TBA)9BW11 and (TBA)6BZrW11, the model reaction was per-
formed in their presence under optimal conditions. After finishing the
multicomponent reactions, (TBA)6BZrW11 was basically filtered,
washed, dried, and then applied for the next reaction runs. As displayed
in Figure S13, (TBA)6BZrW11 could be separated and successfully recy-
cled for three reaction cycles with loss of catalytic activity. However,
the (TBA)9BW11 catalyst was difficult to isolate from the reaction mix-
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Fig. 4. The comparison of FTIR analyses for fresh (TBA)6BZrW11 (a) and after three runs (b).

Fig. 5. The 1H NMR analyses of fresh and recycled (TBA)9BW11 and (TBA)6BZrW11.

ture, and it was not possible to study the recovery conditions. Preserv-
ing the catalytic performance of (TBA)6BZrW11 and slight loss of pro-
ductivity after the final reaction run, it can be inferred that the leaching
of lacunary POM is insignificant in solution.

To elucidate this reason, the FTIR spectrum of reused
(TBA)6BZrW11 was attained, and it was compared with that of the fresh
catalyst and demonstrated in Fig. 4. Remarkably, these results estab-
lished that both FTIR spectra were almost similar with some extra
bands in reused catalyst, indicating that the catalyst's structure was al-
most preserved in the progress of the reaction. This consequence can be
mainly attributed to the deposition of various organic species on the
surface of (TBA)6BZrW11 in the course of several reactions runs.

Moreover, 1H NMR analysis of fresh and recycled catalysts was per-
formed, to check the structural integrity of (TBA)9BW11 and
(TBA)6BZrW11, and no momentous changes in their patterns were de-
tected (Fig. 5).

4. Conclusion

In the present study, two heterogeneous catalysts based on polyox-
ometalates (TBA)9BW11 and (TBA)6BZrW11 were synthesized and char-
acterized using a suite of analytical techniques. Notably, alkylammo-
nium cations (TBA+) on the surface of POMs provide flexible structures
with hydrophobic and polar nature that promote catalytic performance
by trapping organic reactants on the catalyst surface. (TBA)6BZrW11 in-
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dicated to be a heterogeneous and useful catalyst for the preparation of
pyrazolopyranopyrimidines via two pathways to give the expected
products in significant yields compared to many other heterogeneous
catalysts. Also, further studies are underway in our laboratory to extend
the application of these family catalysts to other coupling reactions.
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