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ARTICLE INFO ABSTRACT

Keywords: In this study, a novel dual Brgnsted acidic-basic nano-scale porous organic polymer catalyst,
Mes?pore PC4RA@SiPr-Pip-BuSO3H, was synthesized through various steps: preparation of a 3D network of
Cavity polycalix, modification with (3-chloropropyl)-trimethoxysilane, then functionalization of poly-
E;’:;:;es{ mer with piperazine and n-butyl sulfonic acid under the provided conditions. The catalyst

characterization was performed by FT-IR, TGA, EDS, elemental mapping, PXRD, TEM, and FE-
SEM analyses, confirming high chemical stability, activity, recoverability, and excellent cova-
lent anchoring of functional groups. So, the designed catalyst was utilized for preparing spiro-
acenaphthylene and amino-spiroindene heterocycles, providing good performance with a high
yield of the corresponding products. Accordingly, this catalyst can be used in different organic
transformations. Necessary experiments were conducted for the recyclability test of the polymeric
catalyst, and the results showed the PC4RA@SiPr-Pip-BuSO3H catalyst can be reused 10 times
without any decrease in its activity or quality with excellent stability. The structure of resultant
spiro heterocycles was confirmed using 1H NMR, 13C NMR, and FT-IR.

Polymeric catalyst

1. Introduction

One important category of polymer networks is porous organic polymers (POPs). They are made by linking organic monomers
together through covalent bonds [1,2]. Their utilization in various fields such as heterogeneous catalysis [3,4], photocatalysis [5,6],
separation [7,8], sensing, energy-related applications [9], and adsorption [10] is due to their unique features, including low density,
high surface area (>6000 m?/g), good designability, high thermal stability, tunable porosity, stable physical and chemical properties,
and abundance of active sites [11-22]. The POPs divide into two categories: amorphous and crystalline [6,16,17,19,23,24]. These
categories themselves consist of two groups with mesoporous and microporous structures [25]. Unlike amorphous pops with flexible
and uncomplicated scaffolds that usually require easy synthetic conditions and simple production methods, crystalline covalent
organic frameworks (COFs) require specific organic reactions to form their regular porous structures [12,26].

Exclusively microporous polymeric catalysts might hinder the diffusion of reactants due to their small pore size. A possible solution
to this problem is using meso/macroporous hierarchical networks [27-29]. POPs have been composed of chemical elements such as C,
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H, O, N, etc [25]. Usually, a two- or three-dimensional network must be formed to create a polymer with permanent porosity and
vacant space. This purpose is achievable if one of the monomers has two or more functional groups. Porosity facilitates the penetration
of organic materials into the active sites of catalysts. Therefore, it seems that only a few polymers, such as inherently porous polymers,
have porosity, while most linear polymers lack pores [30-35]. Improved accessibility to catalytic properties is possible due to the easy
modification of POPs (post-synthesis modification) before and after synthesis. As a result, they are suitable solid supports for the
production of heterogeneous catalysts [36-41].

Calixarenes, produced through the reaction between phenols and aldehydes, are classified as macrocyclic compounds. They have
empty spaces that introduce them as new hosts for use in supramolecular chemistry [42-48]. In supramolecular chemistry, these pores
are used as absorption and retention sites of small and large molecules, which is beneficial for forming complex and novel structures.
Calixarenes can interact with guest molecules through electrostatic interactions and non-covalent forces such as hydrogen bonding
[49,50]. Calixarene modification was achieved through stable covalent bonding and resulted in a macrocycle with high thermal
stability and hardness. This modification can create a well-organized network of porosity and allow for greater accessibility to
functional groups, which are responsible for confinement or attachment to the analyte [51,52]. Modified calixarenes cause various
interactions with diverse guest molecules due to their structural shape. The most stable conformation of Cis-calix [4]a renes (C4A) is
cup-like with the lowest energy [53]. Modified calixarenes can be used for diverse applications such as ionophores, alkali
metal-complexing agents, heavy metal chelators, and chemical sensors [54,55]. Also, their aromatic nature and insolubility in water
make them suitable as phase transfer catalysts [43].

Calix [4]resorcinarene (C4RA) is one of the derivatives of C4A, made up of four resorcinol units connected by methylene bridges
[56,57]. The substituent groups at the methylene bridges determine the conformers of C4RA, resulting in five stable isomers [56,
58-62]. Modifying C4RA through various functional groups onto the eight hydroxyphenyl groups and aromatic rings provides a
versatile platform for their multi-purpose use. The porosity resulting from the presence of hydrophilic and hydrophobic layers in their
structure creates unique characteristics, paving the way for further development and transformation into three-dimensional network
polymers [63-65]. In recent years, reports have been published on a new generation of porous organic polymers that exhibit
exceptional properties so that these properties are not readily available in other porous materials [66,67]. The use of C4RA as versatile
host molecules has attracted attention in various fields, including materials science [68-70], supramolecular chemistry [71,72], and
life sciences [73-75].

Piperazine (1,4-diazacyclohexane) is one of the most well-known organic bases with high catalytic activity for preparing organic
heterocycles. However, separating piperazine from a homogeneous crud mixture is difficult since neutralization must be performed
under acidic conditions, leading to useless ammonium salts. Stabilizing piperazine on a solid support (silica, polymer, etc.) to create a
heterogeneous catalyst is the preferred method to remove the destructive effects of acidic workup [76-79].

The immobilization of sulfonic acid in the solid supports is a viable option for taking advantage of the unique properties of het-
erogeneous catalysts, such as easy separation, high selectivity, and good activity. On the other hand, by immobilizing n-butyl sulfonic
acid onto solid supports, it is possible to utilize sulfonic acid as mobile active sites for the catalytic system. Additionally, this approach
allows us to benefit from flexibility and mobility similar to homogeneous catalysts. The ring-opening of 1,4-Butane-sultone is a
common way to produce mobile arms of n-butyl-SOsH connected to the supports [80-84].

Recently, there has been significant progress in developing spiro compounds for creating highly active pharmaceutical molecules.
These compounds, with their complex and inflexible three-dimensional structures, exhibit unique biological and pharmacological
activities. Spiro compounds, such as spiroacenaphthylene and amino-spiroindene heterocycles, belong to the 4H-pyran family and are
found in many bioactive natural alkaloids [85,86]. These compounds have been introduced as anti-HIV, anti-tuberculosis, antifungal,
anticonvulsant, anticancer, MDM2 inhibitors, and progesterone receptor modulators. They also show outstanding activity as anti-
hypertensive agents and have gained attention as new analgesic agents [87-91]. Also, the 4H-pyran products bearing a —-CN functional
group are worthy intermediates in the synthesis of a broad spectrum of compounds, e.g., amino pyrimidines, lactones, pyranopyr-
azoles, pyridones, 1,4-dihydropyridines, and imido esters [92-97].

More recently, different heterogeneous catalysts such as Fe304@SiO2/ECH/IG (based on collagen protein) [98], Fe304@CS-SOsH
NPs, Bmim(OH)/chitosan/CyHs0H (based on chitosan) [99,100], PANI/Fe304/CNT (based on polyaniline) [101], helical polymer
(single-handed helical polyisocyanides) [102], nano-cellulose-SbCls [103], CusO@MCC (based on cellulose) [104], PS@GO-Fe304
(based on polystyrene) [105], PEG-Ni NPs and PEG-OSOsH (based on polyethyleneglycols) [106,107] have reported for the synthesis
of various spiro-compounds.

As a part of our previous research on heterogeneous polymeric support, current work has presented a bifunctional Brgnsted acidic-
basic catalyst composed of a hybrid of n-butyl sulfonic acid and piperazine, stabilized on a cavity-containing polymer based on C4RA.
PC4RA@SiPr-Pip-BuSO3sH catalyst was synthesized, characterized, and used in preparing spiro-acenaphthylene and amino-
spiroindene heterocycles, which showed satisfactory catalytic performance. These results confirmed the high power of catalyst ac-
tivity in organic transformations to be further employed.

2. Experimental
2.1. General information
Materials from Merck, Fluka, and Aldric companies were available in all steps. The Japanese instrument (Rigaku Ultima IV)

recorded X-ray powder diffraction (PXRD) analysis. Particle placement and morphology were determined using the Philips trans-
mission electron microscope (TEM) and the field emission scanning electron microscope (FE-SEM) using SIGMA VP apparatus from
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Zeiss Company of Germany. The FT-IR spectrum was recorded and presented on KBr disks using the JASCO FT-IR/680 plus Fourier
transform infrared spectrometer. The electrothermal device (KSB1N) was employed to determine the melting point of synthesized
compounds and compare them with previous reports. Reaction progress was controlled by using SIL G/UV254 TLC plates. The Thermal
Gravimetric Analysis (TGA) device was applied to evaluate the thermal stability using PerkinElmer STA6000 manufactured by the
United States. 'HNMR and 'CNMR analyses were taken by a Bruker Avance instrument, 300 and 75 MHz, respectively. TMS and
DMSO-dg were applied as an internal standard and the solvent in all spectra, respectively.

2.2. The prepration of Cis-calix [4]resorcinarene (I)

At first, the monomer, namely Cis-calix [4]resorcinarene, was acquired through a condensation reaction between acetaldehyde (4
mmol, 0.18 g) and resorcinol (4 mmol, 0.44 g) in the presence of HoO:EtOH:HCI with the ratio of 2:2:1 (10:10:5 mL) at room tem-
perature under constant stirring for seven days. The reaction progress was monitored by using TLC. After completing the reaction and
appearing white crystals, the raw mixture was filtered and washed during the tree sequences stage with cold HyO and H,O/EtOH (1:1).
Then, the obtained solid was recrystallized from hot EtOH to get a pure product, leading to the Cis-C4RA. Our previous reports have
confirmed the accuracy of this synthesis through FT-IR, '3C NMR, 'H NMR, and PXRD analyses [95,108].

2.3. The synthesis of polycalix [4]resorcinarene (II)

To prepare polycalix [4]resorcinarene, 21 mmol (11.20 g) of produced Cis-calix [4]resorcinarene in the first stage was mixed with
55 mL of aqueous NaOH solution (10%). Initially, while maintaining the reaction at room temperature, 63 mmol (1.89 g) of form-
aldehyde was slowly and uniformly added to the above mixture. Then, the temperature gradually increased to 90 °C (24 h). The excess
alkali was deleted with distilled HoO, and the remaining was kept in an oven at 95 °C for 1 h. Stirring the obtained solid in the solution
of 0.1 M HCl generated the acidic form. Finally, the obtained brown-colored material was dried at 90 °C in the oven for an appropriate

HO OH HO OH
HO, = OH  CH,0
H,O:EtOH:HCI NaOH (10%)
o @21y S
90 °C, 24 h
1 Ll < i
HsC™ "H HO OH
C4RA (1) PC4RA (Il)
Cl CPTMS
Cl H,O/EtOH
B P b0 _ 90 °C,
H,C *Si-OH 24 h
(o)
piperazine
toluene, 90 °C,
24 h
Cl
o b
NH H
PC4RA@SiPr-Pip (IV} PC4RA@SIPr (Ill)

Scheme 1. An outline of the step-by-step synthesis of PC4RA@SiPr-Pip (IV).
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time [95,108].
2.4. 2.4synthesis of PC4RA-SiPrCl (1II)

The formed polycalix (0.75 g) was placed in a round bottom flask at ambient temperature. The flask contained dissolved (3-
chloropropyl)-trimethoxysilane (CPTMS, 12 mmol equal to 2.4 g) in 15 mL of solvent (HO/EtOH, 1:1). The obtained mixture was then
warmed to 90 °C and stirred for 24 h. After, PC4RA-SiPrCl was extracted and consecutively washed with HoO/EtOH. It was kept at

SOzH
100°C,12 h
toluene
N

/,

N ()
e
NH H

SOzH
HO3S
PC4RA@SiPr-Pip (IV) PC4RA@SiPr-Pip-BuSO;H (V)

@ : PC4RA

§ :SiPr-Pip-BuSOzH

Scheme 2. An outline of final step of PC4RA@SiPr-Pip-BuSO3H synthesis.
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90 °C for 6 h to dry.
2.5. Synthesis of PC4RA-SiPr-Pip (IV)

In this stage, for preparation of the functionalized polymer, piperazine (24 mmol, 2.06 g) and PCRA@SiPrCl (0.75 g) were added to
20 mL of dehydrated toluene into a balloon and stirred for 24 h at a temperature of 90 °C. PC4R@SiPr-Pip was extracted from the
reaction mixture and washed several times with the H,O/EtOH mixture. Finally, it was dried using an oven at 90 °C for 4 h.

2.6. Synthesis PC4RA@SiPr-Pip-BuSOsH (V)

In the final stage of the preparation of PC4RA@SiPr-Pip-BuSOsH, PC4RA@SiPr-Pip and 1,4-butane sultone with an equal ratio of
5.5 mmol (0.75 g) were added into a balloon containing 25 mL of anhydrous toluene. The delivered mixture was stirred at 100 °C for
12 h. The acquired catalyst was separated using a filter and rinsed with ethanol and diethyl ether. Finally, the obtained solid was
collected and dried for 4 h at 90 °C in an oven. Synthetic processes of PC4RA@SiPr-Pip-BuSOsH are depicted by Schemes 1 and 2.

2.7. A general method for the synthesis of spiro-acenaphthylene heterocycles

Malononitrile (1 mmol, 0.06 g), acenaphthoquinone (1 mmol, 0.18 g), beta-carbonyls (1 mmol), and catalyst PC4RA@SiPr-Pip-
BuSO3H (0.009 g) were mixed by stirring inside a flask containing water (10 mL). The obtained mixture was warmed and left to reflux
at 50 °C, followed by TLC monitoring. After 10 min, while completing the reaction, hot EtOH/EtOAc (1:1) was added to the raw
mixture to solve the materials. Then, it was immediately filtered so that the catalyst remained over the filter and the crude mixture
under the filter. After removing the solvent, the resultant product was washed with H,O at the first stage and then with a mixture of
H20/EtOH. The product was recrystallized from hot ethanol and dried at 100 °C for 6 h. The formation of spiro derivatives was
confirmed using FT-IR, 'HNMR, '>*CNMR spectroscopy, and melting point (See ESI).

3. Results and discussion
3.1. Characterization of catalyst

In the context of designing a material that can be useful in catalytic and non-catalytic areas (such as capacitors and sensors) and
enhance the practical application of polycalix [4]resorcinarene, we decided to synthesize, identify, and evaluate newly functionalized
polycalix [4]resorcinarene as a bifunctional acidic-basic cavity-containing polymer in the synthesis of spiro-acenaphthylene and
amino-spiroindene heterocycles. The prepared bifunctional polymeric catalyst, PC4RA@SiPr-Pip-BuSOsH, was characterized using
FT-IR, EDX, TGA, FE-SEM, Elemental mapping, PXRD, and TEM analyses.

The FT-IR spectroscopy exhibited functional groups of the bare PC4RA and modification of the polymer surface at different stages
(Fig. 1). In all IR spectra from uncoated PC4RA to functionalized PC4RA, the broad signal around 3280-3550 cm ! is related to the
vibration of the OH group of the polymer (Fig. 1a-d). Two distinctive vibration bands at 1107 and 895 cm ™" are attributed to the Si-O
stretching modes of CPTMS, showing successful silylation of PC4RA (Fig. 1b).

Identical peaks witnessed at the same regions of 2050-3100 cm ! are related to the symmetric stretching vibration of C-H bands
for PC4RA, PC4RA@SiPrCl, PC4ARA@SiPr-Pip, and PC4RA@SiPr-Pip-BuSOsH (Fig. 1a-d). Also, the NH group shows the absorption
band overlapped with the OH group of the polymer (Fig. 1c). The occurred absorption peak at 1128 cm™? is related to the S=0
stretching vibrations, successfully confirming the covalent connection of n-BuSOsH on the polymer surface. In addition, due to the
overlapping of the OH peak of SOsH with OH of polycalix, they emerge in the same region (Fig. 1d). According to the resultant data,
FT-IR analyses demonstrate that Bu-SO3H as a Brgnsted acid active site and piperazine have well anchored on the surface of PC4RA
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Fig. 1. FT-IR spectrum (KBr pellet, sample: KBr 1:8) of PC4RA (a), PC4RA-SiPrCl (b), PC4RA-SiPr-Pip (c), PC4RA@SiPr-Pip-BuSOsH (d).
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support.

The EDX (Energy-dispersive X-ray) technique was studied in the context of approving the

chemical composition of the PC4RA@SiPr-Pip-BuSO3H catalyst (Fig. 2). This pattern well indicated that the desired elements
(namely, C, Si, O, S, and N) were present in the polymeric structure in excellent proportions and the starting materials were suc-
cessfully attached to the polymeric support.

In addition, the elemental mapping analysis was conducted to show elemental composition and the homogeneous distribution of
expected elements (Fig. 3). The uniform distribution and good immobilization of functional groups throughout the polymeric support
excellently approved the FT-IR and EDX findings.

The structural feature of PC4RA@SiPr-Pip-BuSOsH was analyzed using the WPXRD (wide-angle powder X-ray diffraction) tech-
nique (Fig. 4). The observed bread peak around 20 ~ 16-23° in the XRD patterns of catalyst indicated that the catalyst had an
amorphous structure. This analysis also demonstrated that the amorph nature of the polymer remained intact after adding the acidic
functional groups.

As shown in Fig. 5, the low-angle powder X-ray diffraction (LPXRD) of the designed polymer, PC4RA@SiPr-Pip-BuSOsH, exhibits a
strong signal at 20 ~ 0.5°. Since the appearance of a reflection peak at 26 = 0-10° suggests the mesopore structure, the desired PC4RA,
bearing SiPr-Pip-BuSOsH, is mesopore.

The surface morphology and particle size were determined using FE-SEM images (Fig. 6). These images clearly show that nano-size
particles (<35 nm) have settled on the amorphous surface of the polymer. As seen, spherical particles with uniform size have covered
the amorphous structure.

Also, the presence of the acidic-basic functions, SiPr-Pip-BuSOsH group, on the surface of polycalix [4]resorsinarene was severely
approved using the TEM analysis. As revealed, it is straightforward to identify between the nanoparticles and PC4RA support due to
their different morphologies. The TEM image confirms SEM analysis in detail (Fig. 7).

The investigation of thermal stability was studied using the TGA technique (Fig. 8). Generally, three weight losses have appeared
between 90 and 600 °C. As it is apparent in the TG curve, a little weight loss below 100 °C is attributed to water removal, remaining in
the porosity of the polymer scaffold, which is a regular occurrence. Two sharp decompositions.

At 340 and 500 °C are related to the decomposition of the organic-inorganic hybrid and the organo-silane agent. In other words,
85% of weight loss observed at around 340-600 °C is associated with removing the organic group. Therefore, the TG curve reveals the
high thermal stability of the functionalized polymer since the first cleavage appeared at about 340 °C. TG analysis fully confirms the
stabilization of functional groups on the polymer surface and verifies FT-IR, EDS, and elemental mapping results.

After the characterization of the catalyst structure, the catalytic performance was evaluated using the green synthesis of spiro-
acenaphthylene and amino-spiroindene heterocycles. At the beginning of the spiro synthesis, malononitrile, acenaphthoquinone,
and barbituric acid were chosen as model reaction substrates. Then, the pattern reaction was investigated in several solvents (polar and
non-polar) and solvent-free situations to determine the optimal conditions, including temperature and catalyst loading (Table 1).
According to the investigations, the PC4RA@SiPr-Pip-BuSOsH catalyst showed exceptional performance and the highest yield in water
as a green, abundant, non-toxic, and environmentally friendly solvent. (Table 1, entries 1-7). Another study was conducted on the
effect of catalyst loading and the absence of the polymeric catalyst on the model reaction. The outputs delivered that 0.009 g of
PC4RA@SiPr-Pip-BuSOsH is the most suitable amount and can lead to the highest efficiency. Increasing the amount of bifunctional
polymer did not have any effect on improving efficiency and performance (Table 1, entries 7-11). After determining the optimal
solvent and catalyst amount, the reaction was monitored at varying temperatures to identify the most effective temperature. As
observed, the activation energy required for the model reaction was achievable at 50 °C. Deviating from this temperature reduced
reaction efficiency (Table 1, entries 12-15).

Concerning the concluded outputs, HyO as a green solvent, 0.009 g of catalyst, and 50 °C were picked as optimal conditions, bolded
in Table 1 (entry 7). Finally, to demonstrate the SO3H as the Brgnsted acidic active mobile centers of the bi-functional Brgnsted acidic-
basic catalyst, the pattern reaction was performed in the existence of bare polymer (PC4RA) and modified polymer (PC4RA@SiPrCl),
functionalized polymer.
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Fig. 2. Recorded EDAX pattern of PC4RA@SiPr-Pip-BuSO3H catalyst.
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-

Fig. 3. Recorded elemental mapping image of PC4RA@SiPr-Pip-BuSOsH catalyst.

(PC4RA@SiPr-Pip) that were resulted in lower yield compared with PC4RA@SiPr-Pip-BuSOsH, verifying SOsH behave as active
moieties (Table 1, entries 16-18). Also, the homogeneous phase was studied using Pip-BuSOsH moieties to reveal how the catalyst
affected the progress of the reaction. The yield of the related product was only 63%, which showed that SOsH was the active center.
Notably, the base portion (Piperazine) and cavity-containing polymeric support (PC4RA) have a synergistic effect, enhancing the
reactivity of the polymeric catalyst (Table 1, entry 19). Owing to encouraging results, PC4RA@SiPr-Pip-BuSOsH was applied to
catalyze more heterocycles from the spiro family (Table 2 and Scheme 3).

The proposed mechanism (Scheme 4) has illustrated different steps of spiro-acenaphthylene synthesis using PC4RA@SiPr-Pip-
BuSOsH. The initial interaction between acenaphthoquinone and malononitrile produces intermediate I. The nucleophilic attack on
intermediate I, through the Michael addition, leads to the formation of intermediate II. Finally, the intramolecular cyclization reaction
(III) results in the target product (IV). Notably, SO3H groups act as the active site with the most contribution to the activation of
compounds. Piperazine contains two tertiary amines, acting as Brgnsted base, and has a synergistic effect on the reaction rate. So, Pip
contributes to reaction progress (through deprotonation of compounds) but less than the acidic active site.

In the last investigation, a comparison was executed between the current work and some earlier issued catalysts to assess their
efficiency (Table 3). The comparison was based on factors including the amount of catalyst loading, reaction time, temperature, and
recovery times. While respecting the previous works, the present work has advantages over the former studies, especially in the
number of catalyst recoveries and the amount of used catalyst (entries 1-8). In conclusion, the prepared polymeric catalyst is com-
parable to all previous catalysts and sometimes even superior to them. The high recycling numbers demonstrate effortless workup,
high durability of the bifunctional catalyst, and the least leaching of the active sites of SOsH. As deduced, the synergistic incorporation
of Brgnsted base centers (Pip) and the host-guest attribute of the cavity-containing network with active moving arms (SOsH as a
Brgnsted acid) have made the high efficiency and short-time reaction. Furthermore, the presence of moving arms (Brgnsted SOsH)
improves the reactivity and selectivity of the polymeric catalyst and reaction rate, which is similar to a homogeneous catalyst. As
concluded from this comparison, this modified polymer with dual acidic-basic functional groups is a promising heterogeneous catalyst
to use in organic reactions other than spiro derivatives.

3.2. Recovery

The dual acid-base catalyst, PC4RA@SiPr-Pip-BuSOsH, delivered an excellent reusability, as confirmed by multiple consecutive
runs (Fig. 9). After the first run, the functionalized polymer was easily filtered from the crude mixture and washed with EtOH/H50. It
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Fig. 4. XRD analysis of fresh PC4RA@SiPr-Pip-BuSOsH (a) and recovered PC4RA@SiPr-Pip-BuSO3H
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Fig. 5. LPXRD analysis of PC4RA@SiPr-Pip-BuSO3H catalyst.

was then dried for 10 h using an oven at 80 °C and ready to be used again. In this stage, considering the same ratio of starting materials
and the polymeric catalyst as the first run, the recovered catalyst was reused in the model reaction (10 times) under the same initial
conditions. Mesoporous PC4RA@SiPr-Pip-BuSOsH catalyst in nearly all consecutive recovery runs had a high yield (91-98%) and
short time (10-25 min) for the corresponding product and a simple recovery method. These results revealed that the bi-functional
Brgnsted acidic-basic catalyst containing cavity, PC4RA@SiPr-Pip-BuSO3H, has a high stability with no leaching of active sites due
to the covalent bonding of functional groups. FT-IR, XRD, TEM, EDAX, and Elemental mapping analyses were used to show the
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Fig. 6. Recorded SEM images of synthesized PC4RA@SiPr-Pip-BuSO3H

Fig. 7. Recorded TEM image of PC4RA@SiPr-Pip-BuSOsH catalyst.
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Fig. 8. The TGA diagram of PC4RA@SiPr-Pip-BuSOsH catalyst.
chemical stability of the catalyst during the ten-run recovery.

3.2.1. Characterization of recovered catalyst

The FT-IR analysis of the recovered catalyst showed that the characteristic peaks related to the stretching vibrations of OH, S=O,
Si-O, and the bending vibration of N-H at 3280-3550, 1128, 1107, and 895, 1420 cm_l, respectively, were still present in the
recovered structure.

These observations demonstrated that the different components of the catalyst were covalently connected and remained intact even
after ten runs of recovery. No changes were observed in the recovered spectrum compared to the fresh ones, indicating the high
durability of the catalyst under the applied conditions, as shown in Fig. 10.

The XRD technique was employed to demonstrate the structural stability of the reused catalyst. After 10-time recycling, the XRD
analysis revealed a broad signal at around 26 = 16-23°, identical to the XRD pattern of the fresh ones. This result confirmed that the
functionalized polymer maintained its amorphous nature throughout the recovery process and possessed a durable scaffold, as shown
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Table 1
Investigation of different reaction conditions for the preparation of spiro-acenaphthylene heterocycles in the presence of PC4RA@SiPr-Pip-BuSO3H as
an acidic catalyst.

(@) (0]

CN PC4RA@SiPr-Pip-BuSO3H
< + + . > HN—\ o

- OO NC
Entry Catalyst (g) Solvent T (°C) Time (min) Yield” (%)
1 0.009 - 50 60 15
2 0.009 Toluene 50 60 -
3 0.009 CH,Cl, 50 60 -
4 0.009 MeOH 50 60 35
5 0.009 ETOH 50 60 48
6 0.009 ETOH/H,0 50 60 66
7¢ 0.009 H,0 50 10 98
8 0.007 H,0 50 10 78
9 0.005 H,0 50 10 69
10 - H,0 50 45 Trace
11 0.012 H,0 50 10 96
12 0.009 H>0 r.t 35 31
13 0.009 H>0 65 25 95
14 0.009 H,0 75 25 90
15 0.009 H>0 95 35 90
16 PC4RA (0.009 g) H>0 50 10 21
17 PC4RA@SiPrCl (0.009 g) H,0 50 10 Trace
18 PC4RA@SiPr-Pip (0.009 g) H,0 50 10 72
19 Pip-BuSO3H (0.009 g) H,0 50 10 63

@ Conditions: malononitrile, acenaphthoquinone, and barbituric acid (1 mmol), reflux in organic solvents.
b Isolated yields.
¢ Optimal conditions.

in Fig. 4b.

To show possible changes in the distribution of catalyst elements and confirm their successful stabilization on the polymer surface
after reusing, EDS (energy-dispersive spectroscopy) analysis and Elemental mapping were conducted (Figs. 11 and 12).

The investigation of elemental mapping outcomes showed that the expected elements of the catalyst (C, Si, N, S, and O) were
uniformly distributed throughout the catalyst structure with an approximately close ratio compared to the fresh ones. This observation
approved elemental composition. The same pattern as the fresh ones in EDS and Elemental mapping deeply affirms the findings of the
recovered FT-IR in Fig. 10.

As concluded, based on the image provided in Fig. 13, the amorphous polymer has an outstanding ability in the permanence of
acidic-basic moieties on its surface. Also, the TEM image confirms that the polymer has high power in recoverability under optimal
conditions during several sequential reactions. This pattern is the same as the fresh parents, highlighting the reliability and consistency
of the polymer.

3.3. Experimental procedure for heterogeneity determination (split test)

We arranged an experiment without starting materials (malononitrile, acenaphthoquinone, and barbituric acid) to demonstrate
whether the catalyst acts heterogeneously or not. Initially, 0.009 g of PC4RA@SiPr-Pip-BuSO3H was added to a flask containing 10 mL
of water under constant stirring at 50 °C. After 10 min (optimal time), the coffee-colored catalyst was removed from the reaction
media. Next, the reactants (1 mmol of malononitrile, acenaphthoquinone, and barbituric acid) were added to the remaining solution
and stirred at 50 °C. As observed, no progress was observed in the reaction even after a long time (about 2 h). On the other hand, by
adding the catalyst separated in the first step to the reaction mixture under optimal conditions after 10 min, the reaction proceeded
with a yield of 98%. These results indicated that the PC4RA@SiPr-Pip-BuSOsH catalyst acts heterogeneously.

3.4. Determination of catalyst acidity

An aqueous solution of NaCl (25 mL, 1 M) was initially regulated up to pH = 6.5, and then, 0.05 g of the designed catalyst was
added to the prepared solution and stirred at room temperature for 24 h. After that, the pH was investigated and found to be 2.1,
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Table 2
One-pot preparation of spiro-acenaphthylene and -oxindole derivatives in the presence of PC4RA@SiPr-Pip-BuSO3H?? ¢
Optimized conditions: H,0, catalyst (0.009 g), T = 50, °C, substrates (1 mmol). b Melting points [109-115].

5a) Mp: 265-267 °C,
94%, 20 min

5b) Mp: 243-246 °C,
92%, 15 min

5¢) Mp: 194-197 °C,
89%, 20 min

5e) Mp: 204-207 °C,
93%, 17 min

5f) Mp >300 °C,

5d) Mp: 294-296 °C,
98%, 10 min

94%, 15 min

CHj

O™ >ocH,
HaC
6g) Mp >300 °C, 6h) Mp >300 °C, 6i) Mp: 239-242 °C,
96%, 12 min 96%, 15 min 89%, 25 min

O NC  NH,
0

o) N—CH,

O N

H,C O

6j) Mp >300 °C,

93%, 17 min

indicating that SOsH protons and sodium ions had undergone the ion exchange. The value of 2.1 is the SO3H (H") loading on the
polymer surface, calculated to be approximately 1.9 mmol g~ . This consequence was further confirmed using a back-titration, which
showed a similar result.

11
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Scheme 3. Schematic presentation of the synthesis of the spiro-acenaphthylene and amino-spiro indene. Conditions: equal molar ratio of substrates
(1 mmol) in aqueous media, 50 °C, and 0.009 g of PC4RA@SiPr-Pip-BuSO3H

4. Conclusion

Polymer-supported Brgnsted acidic-basic catalyst, PC4RA@SiPr-Pip-Buactive, was briefly synthesized by immobilizing piperazine
and n-butyl sulfonic acid on the lower edge of 3D amorphous polycalix [4]resorcinarene and then efficiently used as a functionalized
polymer for the preparation of the spiro-acenaphthylene and amino-spiroindene heterocycles. The FT-IR, EDX, and TGA techniques
approved covalent stabilization of the organic-inorganic hybrid on the surface of the polycalix. The XRD, TEM, and FE-SEM analyses
showed the amorphous morphology, particle size, and the presence of piperazine and n-butyl sulfonic acid on the polymeric support.
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HO,S

s 0]
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Scheme 4. Proposed mechanism for the preparation of spiro-acenaphthylene in the presence of the PC4RA@SiPr-Pip-BuSO3;H

Table 3
Review and comparison of the different catalysts presented in previous reports with PC4RA@SiPr-Pip-BuSOsH in the synthesis of spiro-
acenaphthylene heterocycles®.

Entry Catalyst Conditions Recovery times Yield (%) Ref

1 [HAuCl4.Hx0] Cat. 5 mol%, 30 min, 70 °C - 96 [116]
2 [EtzN] Cat. 0.1 g, 10 min, 100 °C - 85 [113]
3 [PCAgNPs] Cat. 0.025 mmol, 20 min, reflux 4 94 [92]
4 [Fe203] Cat. 20 mmol, 5 h, 90 °C - 79 [117]
5 [DBU] Cat. 10 mol%, 5 min, reflux - 90 [118]
6 [Nayeosin Y] Cat. 1.5 mol%, 4 h, rt - 93 [119]
7 [NiFe,@SiO,@Melamine] Cat. 0.025 g, 15 min, reflux 6 94 [120]
8 [Na,EDTA] Cat. 5 mol%, 10 min, 80 °C 5 95 [112]
9 [PCARA@SiPr-Pip-BuSO3H (This wok)] Cat. 0.009 g, 15 min, 50 °C 10 98 -

& PC: Preyssler functionalized cellulose, DBU: 1,8-diazabicyclo[5.4.0Jundec-7-ene, EDTA: Ethylenediaminetetraacetic acid.

The LPXRD technique was applied to show the mesoporous structure. The catalytic efficiency was assessed by the spiro formation
under optimal conditions, i.e., 50 °C, 0.009 g catalyst loading, and HyO. The PC4RA@SiPr-Pip-BuSOsH could successfully catalyze the
regarded products with a high yield (89-98%). The results obtained from the synthesis of spiro-acenaphthylene and amino-spiroindene
derivatives were confirmed using 'HNMR, '*CNMR, and FT-IR. High catalyst recoverability (10 times) was confirmed using FT-IR,
EDX, elemental mapping, TEM, and PXRD analysis. The recovery results exhibited an identical mode to the parent/new catalyst,
verifying remarkable durability. Facil filtration from the reaction mixture, synergistic contribution between the cavity (the guest-host

13
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Fig. 9. Reusability of the designed catalyst during 10 runs of successive recycling.
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Fig. 10. FT-IR spectrum of the recycled PC4RA@SiPr-Pip-BuSO3zH
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Fig. 11. Recorded EDAX pattern of the recovered PC4RA@SiPr-Pip-BuSOsH
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role) and active pendant sites, minimal leaching in active centers over the reaction, and low amount of catalyst in the reactions are

other advantages of this work.
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Fig. 13. TEM image of recovered PC4RA@SiPr-Pip-BuSO3H catalyst.
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