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Abstract

In this study, a novel heterogeneous catalyst with the selected formula of RHA/TiO,-[bip]-
NH,*NOj3; was successfully synthesized and characterized, using of various techniques,
including FT-IR, *H NMR, 13C NMR, TEM, XRD, XPS, TGA, EDX, and SEM mapping. The
catalytic performance of this material was then evaluated in the synthesis of 1,8-dioxo-
decahydroacridine and 2,3-dihydroquinazolin-4(1/)-one derivatives. The products were
formed in very short reaction times under solvent-free conditions with excellent yields. In
addition, the reusability of the catalyst was investigated, confirming its stability for at least

five consecutive runs and also its ability to use in green and sustainable synthetic processes.
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Introduction

Multi-component reactions (MCR) are an effective and novel strategy towards the
construction of organic compounds by the assembly of three or more reactants
simultaneously in a one-pot step. The reaction permits the construction of compounds that
embody the essential building blocks of the reactants. MCRs are also aligned with principles
of green chemistry due to their higher efficiency, favorable atom economy, minimization of
the steps of the reactions and number of the intermediates, as well as minimizing solvent
consumption with conservation of time and energy, and minimization of unwanted wastes.
Moreover, the potential of the procedure to implement simultaneously the construction of
carbon-carbon as well as carbon-heteroatom linkages within an integrated step has made
the procedure an effective tool towards the assembly of rapidly complex and bioactive
compounds. Use of no solvent in some of these types of reactions can also bring higher

efficiency as well as stability to the procedure 1-7.

Nitrogen heterocycles are of paramount importance for organic chemistry and
pharmacology by virtue of their structural diversity and extremely wide range of biological
activity. Derivatives of such compounds are employed globally for synthesizing anticancer,
anti-inflammatory, antibacterial, and antiviral medicines. These compounds are very
important in agriculture and materials science 812, The importance of these compounds be
more clear when we notice that more than 75% of Food and Drug Administration (FDA)
approved small-molecule drugs incorporate nitrogen heteroatoms !3. Based on their
considerable characteristics, Synthesis of nitrogen heterocyclic compounds, especially
aromatic and polycyclic variants, has therefore been at the core of the scientific enterprise

over the past decades.



Among the nitrogen-containing heterocycles, 1,8-dioxo-decahydroacridine and 2,3-
dihydroquinazolin-4(1 A)-one derivatives hold significant importance in the fields of organic
and medicinal chemistry due to their extensive range of biological activities. The synthesis
of 1,8-dioxo-decahydroacridine is typically achieved through the Hansch reaction, an
efficient multi-component reaction involving an aldehyde, a pB-ketoester, and a nitrogen
source, facilitating the production of various derivatives with therapeutic applications such
as vasodilators, bronchodilators, antiplatelet agents, and chemosensitizers!4-17, Similarly,
2,3-dihydroquinazolin-4(1 A)-ones, as valuable bicyclic heterocycles, are usually synthesized
by the ternary reaction of isatoic anhydride, ammonium acetate, and an aldehyde, affording
extensive pharmacological properties such as antitumor, antibacterial, antifungal,

antihypertensive, and antioxidant activities!8-22,

In recent years, the use of environmentally friendly catalysts, especially acidic ionic
liquids (ILs), has been recognized as a suitable substitute for conventional inorganic acid
catalysts due to such virtues as thermal stebility, negligible vapor pressure,
nonflammability, and structural designability of these 2324, These compounds, which are
composed of various anions and are liquid at temperatures below 100 °C, can act as solvents
and also catalysts 2526, However, challenges such as high viscosity, high consumption,
difficulty in recovery, and limited stability in the presence of air and moisture have limited
their application, especially at an industrial scale 2728, One effective solution to overcome
these limitations is the immobilization of ionic liquids on natural or synthetic solid supports,
which, while maintaining the advantages of ILs, allows the preparation of heterogeneous
catalysts with easy separation, reuse, and reduced catalyst consumption and cost 29-32, This
approach, especially using natural or inorganic solid supports such as rice husk ash (RHA)
and metal oxides such as TiO2, improves the catalytic properties, increases the specific
surface area, and facilitates the catalyst recyclability 3334, RHA, which can be obtained from
the combustion of rice husk, is a high surface natural substrate that has varying

immobilisation capabilities of ionic liquids 3536, TiO2 nanoparticles are another suitable



substrate for this purpose because of their low cost, ease of synthesis, and favorable thermal
stability 37. Merging such substrates with ionic liquids resulted in the synthesis of
nanocatalysts that improve high mechanical stability, reusability, and remarkable efficiency
in multicomponent organic reactions. Moreover, Traditional homogeneous Brgnsted acids,
including H2SOs and p-toluenesulfonic acid, are widely used in condensation and
multicomponent reactions; however, their strong acidity often leads to corrosive reaction
conditions, limited selectivity, and difficulties in catalyst recovery. In contrast, acidic ionic
liquids provide Brgnsted acidic sites with comparatively milder acidity, which is sufficient
to promote proton-assisted transformations while minimizing side reactions and improving

selectivity 3839,

Because of the above mentioned subjects, in this study we have investigated the
preparation and application of a novel nanocatalyst based on TiO, and RHA which is
formulated a RHA/TiO,-[bip]-NH,*NOs-, efficient in the synthesis of 1,8-dioxo-decahydro

acridine and 2,3-dihydroquinazolin-4(1 /)-one derivatives.

Experimental

Materials and methods

All chemicals were used as received, without further purification. The RHA sample was
prepared according to the procedures described in the literature 40. 'H NMR and !3C NMR
spectra were recorded at 400 MHz and 100 MHz, respectively, on a Bruker Avance HD
apparatus in DMSO-dg (Bruker, Germany). The Fourier-transform infrared spectra (FT-IR)
were recorded with a VERTEX 70 (Brucker, Germany). The crystallographic studies were
carried out using an X-ray diffractometer (Bruker D8 Advance, Bruker AXS GmbH,
Karlsruhe, Germany) equipped with Cu Ka radiation (A = 1.5406 A). The physical
morphologies were investigated by transmission electron microscopy (TEM, JEOL JEM-

2010, JEOL Ltd., Tokyo, Japan) and field emission scanning electron microscopy (FE-SEM,



JEOL ]JSM-840, JEOL Ltd., Tokyo, Japan). X-ray photoelectron spectroscopy (XPS)
measurements were carried out using a VG Microtech Multilab 3000 spectrometer (VG
Microtech Ltd., East Grinstead, UK) equipped with an Al Ka anode .The elemental mapping
was performed using a scanning electron microscope (SEM, Hitachi S-3000N, Hitachi High-

Technologies Corporation, Tokyo, Japan).
Preparation of nanoporous RHA/TiO>

Rice husk ash (1.0 g) was suspended in absolute ethanol (6 mL) and stirred at room
temperature for 30 minutes. Titanium tetraisopropoxide (TTIP) was then dropped into this
suspension under continuous stirring for 2 hours with a TTIP-to-ethanol volume ratio of 1:4.
Deionized water (16 mL) was further added to the solution stepwise, following a TTIP-to-
water ratio of 1:10, and stirring was maintained further for 2 hours to complete the
hydrolysis of all TTIP. The product material was separated through filtration, washed with
water, and dried in an oven temperature of 80 °C. Last ofi all, the solid so prepared was

calcined at a temperature of 500 °C for 3 hours to prepare the RHA/TiO; nanocomposite.
Preparation of RHA/TiO,-[bip|-NH,* NO;3-

To a suspension of 5 g of RHA/TiO; in 25 mL of ethanol, bis-3-(trimethoxysilylpropyl)-
amine (5 mmol) was added, and the resulting suspension was stirred under reflux conditions
for 3 days. It was filtered to room temperature upon precipitation collection and washed
subsequently with 10 mL of diethyl ether (Et,0) and vacuum dried. The reaction product
(6.5 g) so prepared was suspended in 20 mL of anhydrous CH;,Cl,. While vigorously stirring
in an ice bath maintained at 0 °C, 5 mmol of concentrated HNO3 (60%) was added dropwise.
The mixture was then refluxed with stirring for 24 hours. After filtration, RHA/TiO,-[bip]-

NH,* NO3 was obtained as a white solid (Fig. 1).
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Fig. 1. Preparation of RHA/TiO»-[bip]-NH,* NO3.

General procedure for the synthesis of 2,3-dihydroquinazolin-4(1 H)-ones

A mixture of isatoic anhydride (1 mmol), aromatic aldehyde (1 mmol), ammonium acetate
(1.2 mmol), and the catalyst (20 mg) was stirred under solvent-free conditions at 100 °C.
TLC analysis by thin-layer chromatography (TLC) in n-hexane/EtOAc (7:3, v/v) as eluent
indicated the progress of the reaction. After its completion, it was treated with hot ethanol
(10 mL) and filtered to separate the catalyst through its insolubility. The end product so
formed was purified through chromatography by column and/or plate to give the requested

pure 2,3-dihydroquinazolin-4(1 A)-one derivatives.
General procedure for the synthesis of 1,8-dioxo-decahydroacridines

A mixture of dimedone or 1,3-cyclohexanedione (2 mmol), ammonium acetate (1.5 mmol),
aromatic aldehyde (1 mmol), and RHA/TiO,-[bip]-NH,* NOs3" (20 mg) was stirred at 110 °C

in the absence of solvent. The reaction progress was monitored by TLC (z-hexane/EtOAc,



4:1). After completion, hot ethanol (10 mL) was added; the catalyst was separated by

filtration, and the final product was purified using column or plate chromatography.

Result and discussion

Catalyst characterization

The FT-IR spectra of RHA/TiO,, RHA/TiO,-[bip]-NH, and RHA/TiO,-[bip]-NH,* NOj3" are
given in Fig. 2. For RHA/TiO,, absorption bands at 1096, 797, and 467 cm'! are due to the
asymmetric, symmetric, and bending modes of Si-O-Si, respectively. An absorption band
appearing at 1671 cm™ corresponds to the vibrational mode of Ti-O-Ti. Furthermore,
absorption bands appearing at 3424 and 1633 cm! are due to the stretching and bending
vibrations of Si-OH and/or Ti-OH hydroxyl groups and adsorbed water, respectively. For
RHA/TiO,-[bip]-NH, a peak appearing at 1102 cm! is due to the C-C-C bending vibration,
and a peak appearing at 2928 cm™ is due to the stretching vibration of the C-H group 333441~
45 In the case of the final catalyst, in addition to the other vibrations related to the named
functional groups in RHA/TiO, and RHA/TiO,-[bip]-NH, a peak appearing due to the
stretching vibration of NOj" ions is found to appear at 1384 cm! 46, Spectral data confirm
the formation of a Brgnsted acidic ionic liquid on the RHA/TiO:2 surface. the preserved Si-
0O-Si and Ti-O-Ti bands indicate that the structural integrity of the support remains intact,

which is crucial for catalyst stability.
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Fig. 2. FT-IR spectra of RHA/TiO,, RHA/TiO,-[bip]-NH and RHA/TiO,-[bip]-NH,* NO3".

The X-ray diffraction (XRD) patterns of RHA/TiO,, RHA/TiO,-[bip]-NH, and RHA/TiO,-
[bip]-NH;*NOj3 reveal a broad peak at 26 = 21.3, which corresponds to the presence of
amorphous silica in RHA 33, The peaks observed at 20 = 25.3, 37.8, 48.15, 54.2, and 62.5 in
the RHA/TiO; nanocomposite are associated with the reflections (101), (004), (200), (105),
and (211), respectively, indicating that the anatase phase is the sole phase present in all the
synthesized materials 4°. The intensities of the peaks for RHA/TiO,-[bip]-NH and RHA/TiO,-
[bip]-NH,*NO3 remain largely unchanged compared to the RHA/TiO, pattern, suggesting
the stabilization of the ionic liquid on the RHA/TiO, substrate and that the substrate remains
unaltered during the catalyst preparation process. Moreover, the absence of additional
crystalline peaks related to the ionic liquid suggests its successful and homogeneous
dispersion on the support surface rather than the formation of separate crystalline domains

(Fig. 3).
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Fig. 3. XRD patterns of RHA/TiO;, RHA/TiO,-[bip]-NH and RHA/TiO,-[bip]-NH,* NO3".

The thermogravimetric analysis (TGA) curves of RHA/TiO, and RHA/TiO,-[bip]-NH,*
NOs- are presented in Fig. 4. The RHA/TiO; sample shows only about 4% weight loss,
indicating its high thermal stability. The weight decrease below 100 °C is attributed to the
removal of physically adsorbed water, while the gradual loss up to 600 °C can be related to
the elimination of termiral groups such as surface -OHs 47. In contrast, the TGA curve of
RHA/TiO,-[bip]-NH,* NOs- exhibits a completely different behavior. The weight below 100
°C corresponds to the release of the adsorbed water. The decreases observed after 100 °C
can be ascribed to the thermal decomposition of the ionic parts and complete decomposition
of the organic groups attached to the RHA/TiO; surface 48. This enhanced thermal stability
can be attributed to strong interactions between the ionic liquid moieties and the solid
surface, which restrict molecular mobility and delay thermal degradation. Such improved
thermal robustness is particularly advantageous for catalytic applications conducted under

elevated temperatures.
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Fig. 4. TGA curve of RHA/TiO; and RHA/TiO,-[bip]-NH,* NOs5-.

The energy-dispersive X-ray spectroscopy (EDX) of the prepared catalyst shows the
presence of oxygen (O), silicon (Si), titanium (Ti), carbon (C), nitrogen (N), potassium (K),
phosphorus (P), magnesium (Mg), and iron (Fe) atoms in the pure catalyst’s composition
(Fig. 5), It should be mentioned that K, P, Mg and Fe are the elements are present in RHA.

with the quantitative resuits from EDX detailed in Table 1.
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Fig. 5. The EDX profiles of RHA/TiO,-[bip]-NH>* NO3".

Table 1

Weight percentage of various elements cbhtained from EDX.

Element Line Mass% Atom%
K 22.24 34.89
N K 1.87 2.51
O K 35.19 41.44
Mg K 0.15 0.12
Si K 18.12 12.16
P K 0.23 0.14
K K 0.99 0.48
Ti K 19.79 7.79
Fe K 1.42 0.48
Total 100.00 100.00

The XPS survey for RHA/TiO,-[bip]-NH,* NOjs-identified species such as Ti 2p, Si 2p, N 1s,

and C 1s (Fig. 6a). The Ti 2p spectrum showed peaks at 458.38 and 463.98 €V,



corresponding to Tit* 2p3,; and 2p;,, (Fig. 6b) 49.50, Additionally, peaks related to Si-OH/Si-
O-Ti/Si-C, Si-O-Si, and SiO, appeared at 102.18, 102.28, and 102.88 €V, respectively (Fig.
6¢) 5152, The N 1s spectra displayed peaks for C-N, NH;*, and NOj3, with C-N and NH,*
peaks at 399.08 and 401.58 eV, while the NO3 peak was at 406.58 eV (Fig. 6d) 5354, Peaks
at 284.58, 285.68, and 286.48 eV were assigned to C-C, C-N, and C-Si-O forms of C 1s (Fig.

6e) 55,56
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Fig. 6. XPS analysis of RHA/TiO,-[bip]-NH,* NO3" corresponding to: a) Survay, b) Ti 2p,
c) Si2p,d) N 1s, and e) C 1s.

The samples of RHA/TiO,, RHA/TiO,-[bip]-NH, and RHA/TiO,-[bip]-NH,;* NOj3; were
examined using field emission scanning electron microscopy (SEM), (Figs. 7a-7c), and
transmission electron microscopy (TEM), (Figs. 7d-7f), to determine the size distribution,

particle shape, and surface morphology. SEM images reveal that RHA exhibits a porous and



irregular structure, while TiO2 particles appear spherical and are well-dispersed within the
RHA matrix. SEM and TEM images also show that the initial morphology of RHA/TiO,
changes after modification with the ionic liquid. In fact, comparing the shapes clearly shows
that the particles aggregate after modification. In TEM, dark particles indicate RHA/TiO,

nanoparticles, and the gray background indicates organic compounds.

Fig. 7. SEM images of : a) RHA/TiO; ,b) RHA/TiO,-[bip]-NH, and ¢) RHA/TiO,-[bip]-NH,* NO3 and
TEM images of: d) RHA/TiO; ,e) RiHHA/TiO,-[bip]-NH, and f) RHA/TiO,-[bip]-NH,* NOs.

Elemental mapping (Fig. 8), confirmed the presence of Si, Ti, C, and N elements in the

structure of the RHA/TiO,-[bip]-NH;,* NO3- catalyst.




Fig. 8. Corresponding elemental mapping images of the RHA/TiO,-[bip]-NH,* NO3" catalyst.

pH analysis of the catalyst

The acidity of the catalyst was evaluated by monitoring the pH change of an
aqueous solution. Briefly, 0.5 g of RHA/TiO,-[bip]-NH,*NO3;~ was added to 25 mL of
1 M NaCl solution with an initial pH of 5.3. The mixture was stirred at room
temperature for 2 h, resulting in a pH decrease to 3.9. From this change, the catalyst
acidity was calculated to be 0.006 mmol H* g-! 44, Although the measured acidity
(0.006 mmol H* g-') is moderate, it is sufficient to efficiently activate carbonyl
substrates under solvent-free conditions. Recent studies have shown that
excessively strong acidity is not required for multicomponent condensations and
may even lead to side reactions or catalyst deactivation °7.58, In this context, the
balanced Brgnsted acidity of RHA/TiO2-[bip]-NH2*NOs~ contributes to its high

selectivity and rapid reaction rates.

Catalytic activity

Following the synthesis and characterization of the RHA/TiO,-[bip]-NH,*NO3~ catalyst,
its catalytic activity in the synthesis of 2,3-dihydroquinazolin-4(1 A)-ones and 1,8-dioxo-
decahydroacridine derivatives was studied. To this end, the reaction of 4-
chlorobenzaldehyde, isatoic anhydride, and ammonium acetate as a representative reaction
of 2,3-dihydroquinazolin-4(1 A)-ones synthesis, has been selected as a model one (Fig. 9),
and the influence of different parameters, including the catalyst amounts, solvent type,
temperature, and the reaction time, was studied on it (Table 2). the molar percentage of the

catalyst relative to the substrate was calculated based on the acid loading of the catalyst.



The obtained results from these studies revealed that the use of 40 mg of the catalyst
without solvent resulted in a separation efficiency higher than 99% in 5 min (Table 2, Entry
1). Reducing the catalyst amounts to 20 mg did not affect the yield, while further reduction
to 12 mg caused a drop in the yield to 85% (Table 2, Entries 2 and 3). In addition, the
reaction proceeded well in the absence of solvent and at 100 °C in the presence of 20 mg of
the catalyst. To investigate the effect of the solvent, the model reaction was studied in the
presence of water, ethanol, dichloromethane, acetone, and water/ethanol using 20 mg of
the catalyst. The results (Table 2, Entries 6-11) showed that the reaction was carried out
with higher efficiency and more favourable performance in the absence of solvent. The
superior performance under solvent-free conditions can be attributed to the higher effective
concentration of reactants and enhanced interaction between substrates and the acidic sites
of the catalyst. In polar solvents, partial solvation of the active sites and dilution of reactants
likely reduce catalytic efficiency. Comparison of the catalytic activity of different compounds
showed that the synergistic effect between the structural components of the catalyst plays
a decisive role; so that RHA/TiO2-[bip]-NH:>*NOs~ showed the highest catalytic activity
compared to other compounds (Table 2, Entries 12-15). Also, in the absence of the catalyst,
the reaction yield was only 5%, indicating the essential role of the catalyst (Table 2, Entry

16).
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Fig. 9. General reaction for the synthesis of 2,3-dihydroquinazolin-4(1 A)-ones catalyzed by
RHA/TiO2-[bip]-NH2+*NOs~.

Table 2

Optimization of the reaction conditions in the synthesis of 2,3-dihydroquinazolin-4(1 /A)-ones
catalyzed by RHA/TiO;-[bip]-NH,* NO3- a.



Entr

mg of

y Catalyst catalyst t (min.) T(CC) Solvent  Yield (%)?
(mol%)
1 RHA/TiO,-[bip]-NH,*+ 49 5 120 No >99
(0.024)
NOj3- solvent
2 RHA/TiO-[bip]-NH,* 20 No
NO3 (0.012) 5 120 solvent >99
RHA/TiO-[bip]-NH,*+ 12 No
3 NO3 (0.007) 60 1200 solvent 85
RHA/TiO,-[bip]-NH,* 20 No
4 NO3- (0.012) 5 100 ¢oivent >99
RHA/TiO,-[bip]-NH,* 20 No
5 NOy (0.012) 60 80 solvent 90
RHA/TiOz-[bip]-NH2+ 20
6 NO5- (0.012) 180 Reflux H,O 43
RHA/TiO-[bip]-NH,*+ 20 )
7 MO 0.012) 40  Reflux  EtOH 85
RHA/TiO-[bip]-NH,*+
8 MO PN 0018 180  Reflux  CH3CN 15
RHA/TiO-[bip]-NH,*+ '
9 o PINH: € 012) 180  Reflux  CH,Cl, 11
RHA/TiO,-[bip]-NH, *
10 R 002 180  Reflux (CHy),CO 78
RHA/TiO;-[bip]-NH,* 20 H,O/
11 NOz (0.012) 180 70 EtOH 75
12 RHA A 120 100 No 60
solvent
13 RHA/TiO; 20 85 100 No 78
) solvent
14 RHA/TiO,-[bip]-NH 20 50 100 No 90
(0.012)
solvent
15 HNO; 60 100 No 42
20
) solvent
16 i : 60 100 No 5

solvent




@ Reaction conditions: 4-chlorobenzaldehyde (1 mmol), isatoic anhydride (1 mmol) and ammonium

acetate (1.2 mmol).
b Yields are isolated.

With the optimized reaction conditions established, we investigated the reaction between
various benzaldehydes, isatoic anhydride, and ammonium acetate (Fig. 10). The results
indicated that both types of benzaldehydes containing electron-withdrawing groups and/or
electron-donating groups reacted effectively, leading to the formation of the desired
products in good to excellent yields (Table 3, Entries 1-14). The turnover number (TON) and
turnover frequency (TOF) of the catalyst for the synthesis of 2,3-dihydroquinazolin-4(1H)-
one derivatives have been calculated, demonstrating the high efficiency and catalytic

activity of the RHA/TiO2-[bip]-NH2"NOs~ catalyst under the reaction conditions.
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Fig. 10. Model three-compoinent reaction for the synthesis of 2,3-dihydroquinazolin-4(1 /A)-one

derivatives.

Table 3

Preparation of 2,3-dihydroquinazolin-4(1 A)-one derivatives via the selected three-component

reaction.?

Melting Point
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cl (8250) (591
(9.9%x10%)
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228

208-
210

265-
267

217-
219

224-
225

178-
180
[64]

216-
218
[65]

226-
227
[66]

210-
211
[67]

265-
267
[68]

218-
219
[69]

222-
224
[70]



(7583) 168 167
(2.3x10%) [71]

Cl 0]
o OHC NH ClI
20 91 166- 166-
Cl H

Cl

(7333) 205 206
(7.3x10%) [72]

CHO 0

14 O NH
N 60 88 202- 202-
N

@ Reaction conditions: aldehyde (1 mmol), isatoic anhydride (1 mmol), and ammonium acetate (1.2
mmol).

b Yields are isolated.
€ TON units (mol of product/mol of catalyst (active sites)).
d TOF units (TON/Time(h))

We have proposed in Figure 11 a possible mechanism for the synthesis of 2,3-
dihydroquinazolin-4(1 A)-one derivatives in the presence of the RHA/TiO,-[bip]-NH>*NO3~
catalyst. According to this mechanism, firstly, the catalyst activates the carbonyl group of
isatoic anhydride to facilitate the nucleophilic attack of ammonia on the anhydride group,
leading to the formation oif 2-aminobenzamide (I) wvia decarboxylation. The activated
aldehyde then reacts with 2-aminobenzamide in the presence of the catalyst, eliminating
water and forming an imine intermediate (II). The product is then produced via

intramolecular nucleophilic attack of the amide nitrogen on the imine group.
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Fig. 11. Plausible mechanism for the synthesis of 2,3-dihydroquinazoline-4-(1 A)-ones.

The Hammett study for 2,3-dihydroquinazolin-4(1H)-one derivatives was performed to
evaluate the electronic effect of substituents on the reaction rate. Only substrates affording
high and comparable conversions (=95% yield) were considered to ensure meaningful
comparison. The analysis was restricted to para- and meta-substituted benzaldehydes, while
ortho-substituted derivatives were exciuded due to steric effects that may deviate from
classical Hammett behavior’3 (Table S1). The Hammett plot exhibits a positive slope (p =
0.50), indicating a moderate electronic influence, where electron-withdrawing substituents
slightly accelerate the reaction (Fig S1). The observed data dispersion suggests that
electronic effects are not the sole rate-controlling factor, which is reasonable considering
the multistep nature of the reaction and the possible contribution of steric and other non-

electronic effects.

A comparison was carried out on the synthesis of 2-(4-chlorophenyl)-2,3-
dihydroquinazolin-4(1 A)-one using the RHA/TiO,-[bip]-NH,*NO3;~ catalyst and several
previously reported catalytic systems. The results, which are tabulated in Table 4,

demonstrated that the prepared catalyst exhibits superior or at least comparable



performance relative to earlier methods, particularly in terms of reaction time, yield, and

overall reaction conditions, thereby highlighting its efficiency.

Table 4

Comparison between the efficiency of some of the catalysts reported in the literature and
RHA/TiO»-[bip]-NH,* NOj3" in the preparation of 2-(4-chlorophenyl)-2,3-dihydroquinazolin-4(1 H)-
one.

. . Yield
Reaction Time
Entry Catalyst(mg) Condition (min.) (%) Product

[Ref.]
CICH,CO,H (20) EtOH: H,0

1 (1:4)/60°C 480 47[74]

2 InCls (10mol%) Solvent- 120  89[75]
free/70 C

3 [{SiO,-(acac)}sFe (III)] Cl3 H,0/80°C 60 98[76]

(20)

4 CoFe,04@Si0,@BIMA@Cu H,O/Reflux

20) 30 95[77] dNH
FeCly/neutral ALO; (100)  ‘ertButanol/ 210 88[78] m
cl

5 Reflux
. . Solvent-
6 Lactic acid (18) free/70°C 30 90[79]
7 RHA/TiO;-[bip]-NH,* NO3- Solvent- 5 >99
(20) free/100°C This
work

After the successful application of RHA/TiO,-[bip]-NH,*NO3~ as an efficient catalyst in
the synthesis of 2,3-dihydroquinazolin-4(1/)-one derivatives, we extended its catalytic
utility to the synthesis of 1,8-dioxo-decahydroacridine derivatives. The results showed that
the synthesis of 1,8-dioxo-decahydroacridine using the previous conditions could be carried
out over a long reaction time. To overcome this limitation, the reaction parameters were
optimized by increasing both the catalyst loading and the reaction temperature. The most
favorable outcome was achieved using 40 mg (0.024 mol%) of RHA/TiO,-[bip]-NH,*NO;3~ at
110 °C (Fig. 12). Under these optimized conditions, a wide range of 1,8-dioxo-
decahydroacridine derivatives were synthesized in good to excellent yields, as indicated in

Table 5, demonstrating the high catalytic activity and versatility of this system.
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Fig. 12. Synthesis of 1,8-dioxo-decahydroacridine catalysed by RHA/TiO,-[bip]-NH;*NO3~.

Table 5
Synthesis of various 1,8-dioxo-decahydroacridine derivatives catalysed by RHA/TiO,-[bip]-
NH2+N03_a.

Melting Point

Time ) Reporte
1
Entry Substrate R (min. Product 3({01/5)1% Found d

) [Ref.]

1 99 294-296 295-297
[80]

314-316 314-316
2 97 [81]




OHC\©/F CH;

OHC I
\©/ CH;

CH;
OHC

NO,

CH;
OHC
OHCO NO, CHs

Br

OHC@ CH;

10

10

10

10

10

10

300-301 298-300
98 [82]

313-315 New
99

99 278-279 274-276
[83]

298-300 298-300
96 [84]

266-267 268-270
99 [85]

287-289 286-288
98 [86]



10

11

12

13

OHC@ OMe

Cl

OHC\©

OHC\@[ OMe
OMe

Cﬂﬂj—«<:::>——cfh

OHCQ OH

OMe

CH;

CH;

CH;

CH;

CH;

10 95
10 94
10 99
10 93
15

98

301-303 299-300
[87]

287-288 288-290
[88]

275-277 272-274
[89]

263-264 266-268
[90]

294-295 294-295
[91]



14 CH;

OHC OMe

OMe

16 CH;

OHC OMe

OH

OHC@ Cl
17 H

18 OHC@ Br H

245-247 248-250
[92]

232-234 228-230
(93]

299-301 300-304
[94]

292-294 292-294
[95]

313-314 311-312
[96]



94  233-235 New

a Reaction conditions: aldehyde (1 mmol), 1,3-diketones (dimedone or 1,3-
cyclohexanedione) (2 mmol), and ammonium acetate (1.5 mmol).
bYields are isolated.

To investigate further the effectiveness of the resulting catalytic system for the
preparation of 1,8-dioxodecahydroacridine derivatives, the current protocol was compared
with the literature-reported protocols (Table 6). Compared to previously reported catalytic
systems, the present catalyst offers a unique combination of mild acidity, heterogeneous
nature, and solvent-free operation, which collectively result in significantly reduced reaction
times while maintaining excellent yields. Unlike homogeneous acids or metal salts,
RHA/TiO2-[bip]-NH2*NO3~ can be easily recovered and reused without noticeable loss of

activity, highlighting its practical and sustainable advantages.

Table 6

Comparison between the efficiency some of the previously reported catalysts and RHA/TiO,-[bip]-
NH;* NOj3 in the preparation 9-(4-chlorophenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-
hexahydroacridine-1,8(2 H,5 H)-dione.

Reaction Time Yield (%)

Entry Catalyst(mg) Condition (min.) [Ref.] Product
Aluminized Polyborate Solvent-
1 o free/100°C 25 921971

2 Citric acid (384) EtOH / Reflux 160 87[98]




3 Fe3+ /4A (20) EtOH / Reflux 840 99[99]

CdS thin film NPs,

4 (1000) EtOH /80 C 110 87[100]
5 Sawdust (Ssué])?onlc acid EtOH/ Reflux 45 82[101]
Fe30,@CS-TDI-
3] Titriplex V (20) EtOH / Reflux 30 90[102]
7 RHA/TiO,-[bip]-NH,* Solvent- 10 99
NO3 (40) free/110°C This
work

The proposed reaction pathway for synthesizing 1,8-dioxodecahydroacridine derivatives
with RHA/TiO,-[bip]-NH;,* NOj" is outlined in Figure 13 103-107 According to this mechanism,
the catalyst functions as a Bregnsted acid is the activation of the aldehyde group toward
nucleophilic attack. A Knoevenagel condensation between the activated aldehyde and a
dimedone generates the intermediate (I). Meanwhile, the reaction of the dimedone with
ammonium acetate forms enamine (1). The Knoevenagel adduct (I) then couples with
enamine (II) through Michael addition, producing the intermediate (III) (method a).
Alternatively (method b), dimedone reacts directly with (I) to form (II), which condenses
with ammonium acetate to yield (III). Finally, (III) or its tautomer (III'’) undergoes
intramolecular attack by the amino group on the carbonyl, followed by dehydration, to afford

the target 1,8-dioxodecahydroacridine.
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Fig. 13. A Plausible mechanism for the formation of the Hantzsch products in the presence of
RHA/TiOz-[bip]-NHz"’ NO3'.

1. Recycling of the Catalyst

The recyclability of the RHA/TiO,-[bip]-NH,* NOs3- catalyst was evaluated to investigate
its stability and potential for reuse in two model reactions. In the first reaction, the catalyst
was used in the synthesis of 2,3-dihydroquinazolin-4(1/4)-one derivatives from 4-
chlorobenzaldehyde, isatoic anhydride, and ammonium acetate under optimized conditions.
In the second reaction, the same catalyst was used to synthesize 1,8-
dioxodecahydroacridine derivatives using 4-chlorobenzaldehyde, ammonium acetate, and
dimedone under the same optimized conditions. After the reaction was completed, it was
dissolved in hot ethanol, and the insoluble catalyst remained, which was separated by

filtration, dried at room temperature, and used for the next steps. Then, the recycled



catalyst was reused in the next cycle under the same reaction conditions. Fig. 14 shows that
the catalyst could be used for up to five consecutive cycles without any noticeable loss in its
catalytic activity. This remarkable recyclability and stability demonstrate the robustness

and high efficiency of the catalyst, and demonstrate its compatibility with green chemistry

principles.

Yield (%)

. 2,3-dihydroquinazolin-4(1H)-on 9 1,8-dioxo-decahydroacridine

Fig. 14. Reusability of the catalyst.

Furthermore, the XRD pattern of the reused catalyst was almost identical to that of the

fresh one, confirming that no significant structural change occurred during the recycling

process (Fig. 15).
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Fig. 15. XRD patterns of the reused catalyst.

Also, the EDX spectrum of the reused catalyst showed the same elemental composition
as that of the fresh catalyst, further indicating its stability and retention of key elements

(Fig. 16), with the quantitative results from ZDX detailed in Table 7.
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Fig. 16. EDX spectrum of the reused catalyst.

Table 7

Weight percentage of various elements in the recycled catalyst obtained from EDX.

Element Line Mass% Atom%
C K 34.88 48.10

N K 2.02 2.39

@) K 33.64 34.83

F K 0.17 0.14

Si K 17.96 10.60

K K 0.28 0.12

Ti K 11.06 3.83
Total 100.00 100.00

In the XPS analysis, the reused catalyst exhibiied a spectral profile consistent with that
of the fresh catalyst, indicating its structural stability after multiple reaction cycles (Fig.

17).
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Fig. 17. XPS spectrum of the reused catalyst.

The SEM (Figs. 18a and 18b) and TEM (Figs. 18c and 18d) images of the recycled
catalyst were performed to check any change in morphology, and the results exhibited that

the catalyst is not significantly affected.



Fig. 18. (a, b) SEM and (c, d) TEM images of the reused catalyst.

After analyzing the elemental mapping (Fig. 192), it was confirmed that all the

components present in the fresh catalyst were also detected in the reused one.

Fig. 19. Corresponding elemental mapping images of the reused catalyst.



The preservation of catalytic activity over five consecutive cycles can be directly correlated
with the structural stability of the catalyst. The nearly identical XRD, XPS, SEM, and TEM
profiles of the fresh and reused catalysts confirm that no significant structural degradation
or leaching of active species occurs during the reaction process. This stability demonstrates
the strong immobilization of the ionic liquid moieties on the RHA/TiO2 surface and explains
the excellent recyclability of the catalyst. Such robustness is a key advantage over many

reported ionic-liquid-based systems that suffer from gradual deactivation upon reuse.

Conclusion

We thank the reviewer for this valuable suggestion. The conclusion section was rewritten.
The RHA/TiO2-[bip]-NH2*NOs~ catalyst efficiently promoted the solvent-free synthesis of
2,3-dihydroquinazolin-4(1H)-ones (5 min, >99% yield at 1060 °C) and 1,8-dioxo-
decahydroacridines (10 min, 99% yield at 110 °C). Compared to previous methods, this
system exhibited superior reaction times, high yields, greener conditions, and excellent
recyclability over five cycles without loss of activity. Comprehensive characterization (FT-
IR, XRD, XPS, TGA, SEM, and TEM) confirmed the catalyst’s structural stability and

effective active sites.

Future work may focus on scale-up applications in industrial multicomponent reactions,
deeper mechanistic investigations (e.g., DFT studies), evaluation of biological activities of
the products, and catalyst optimization through anion modification or alternative supports.
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