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A supramolecular magnetic and multifunctional
Titriplex V-grafted chitosan organocatalyst for the
synthesis of acridine-1,8-diones and 2-amino-3-
cyano-4H-pyran derivativest

Najmeh Hassanzadeh, Mohammad G. Dekamin ‘2 * and Ehsan Valiey

In this research, a new supramolecular magnetic modified chitosan, namely, FesO,@CS-TDI-Titriplex V,
was designed and prepared conveniently by grafting diethylenetriaminepentaacetic acid (Titriplex V) onto
a biopolymeric chitosan backbone having urethane, urea, ester and amide functional groups. The
obtained magnetic biopolymeric nanomaterial was properly characterized by different spectroscopic,
microscopic or analytical methods including FTIR spectroscopy, EDX spectroscopy, XRD, FESEM, TG-
DTA and VSM. The application of the supramolecular Fes:O,@CS-TDI-Titriplex V nanocomposite as
a heterogeneous solid acidic organocatalyst was investigated to promote the three-component
both
pharmaceutical scaffolds under green conditions. The obtained nanomaterial exhibited proper catalytic

synthesis  of acridinediones and 2-amino-3-cyano-4H-pyran derivatives as important
activity in the above mentioned transformations through multicomponent reaction (MCR) strategies. The
reactions proceeded very well in the presence of the Fes0,@CS-TDI-Titriplex V solid acid nanomaterial
in EtOH to afford the corresponding acridinediones and 2-amino-3-cyano-4H-pyran derivatives in high
to excellent yields. The key advantages of the present protocol include the use of a renewable,
biopolymeric and biodegradable solid acid as well as a simple procedure for the preparation of the

hybrid material. Furthermore, the FesO,@CS-TDI-Titriplex V nanomaterial was used four times with

rsc.li/nanoscale-advances

Introduction

Nanotechnology is defined as the area of science and engi-
neering in which phenomena that occur under specific condi-
tions can be utilized for the design, manufacture,
characterisation, and application of materials, devices, struc-
tures, and systems at nanoscale dimensions."* The importance
of nanotechnology in both academia and industry has demon-
strated the possibility of its use in different fields of science,
including chemistry, biomedicine and pharmaceuticals,
mechanics, materials science, sensors, safety, adsorbents, and
various aspects of technology.*™"”

Green chemistry and sustainable chemistry, while distinct,
are interconnected fields. According to the US Environmental
Protection Agency's definition, “green chemistry is the design of
chemical products and processes that reduce or eliminate the
generation of hazardous substances.” The term “sustainable
chemistry” has been introduced more recently and
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a slight decrease in its catalytic activity.

encompasses a multitude of definitions. For example, the
Organization for Economic Co-operation and Development
defines sustainable chemistry as “a scientific concept that seeks
to improve the efficiency with which natural resources are used
to meet human needs for chemical products and services.” On
the other hand, both Anastas and Zimmerman emphasized that
green chemistry is a crucial element of sustainable chemistry.
Both sustainable and green chemistry have established a steady
ground, providing vital design principles for the development of
efficient chemical synthesis of complex and high-value
molecules.’®?' Multi-component reaction (MCR) strategies
based on sustainable and green chemistry principles have
emerged as an attractive and powerful strategy for organic
transformations compared to multistep reactions. The MCR
strategy allows the formation of several new bonds via a one-pot
reaction, thereby diminishing the number of reaction and
purification stages. This strategy also ensures high selectivity,
synthetic convergence, atom economy, simplicity, and synthetic
efficiency.”** Different MCRs comprising Strecker, Hantzsch,
Biginelli, Mannich, and others are significant transformations
for the synthesis of pharmaceutical and biologically active
compounds such as acridinediones and 4H-pyrans.*»***’
Therefore, MCRs are recently considered a pivotal theme in the
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synthesis of numerous libraries of different acyclic and cyclic
structures, in particular heterocyclic derivatives.>”**> However,
MCRs often require appropriate mono-, bi- or multi-functional
catalytic systems to activate electrophilic, nucleophilic or both
of them to afford corresponding products under mild condi-
tions in higher yields and short reaction times.

Due to the drawbacks of previous homogeneous and bulk
heterogeneous catalytic systems, including the use of expensive
and toxic reagents and solvents for their preparation or opera-
tion, as well as the harsh conditions for the recycling and
reusability of the catalysts, it is necessary to develop simple
methods that employ more efficient and recoverable nano-
ordered catalysts under green conditions for the synthesis of
desired products of MCRs. Nano-ordered catalysts have several
advantages including high turnover number (TON) and turn-
over frequency (TOF), and long lifetime as well as low toxicity.
Hence, effortless optimization of the catalytic activity by simply
tuning the catalyst components is underway in both academia
and industry.*"¢

Various supports or additives are used to improve the cata-
lytic performance of nanocatalytic systems, and one of the most
important substrates is magnetite (Fe304).>**** Magnetic
nanoparticles (MNPs) have been considered as an outstanding
type of catalyst components because of their good stability, easy
synthesis and functionalization, proper surface area and facile
separation by a magnetic field as well as low toxicity and
price.’®** Fe;O, MNPs are an important class of magnetic
materials that have been broadly considered for their applica-
tions in magnetic resonance imaging (MRI), drug targeting, and
hyperthermia treatment as well as pristine catalysts and catalyst
supports.*»** To improve the biocompatibility and chemical
stability of Fe;O, MNPs, they are modified with different
materials such as carbon, precious metals, silica, and biopoly-
mers.* The basic and applied features of biopolymers address
several complex problems related to welfare and well-being as
well as sustainable chemistry.?®****® The positive influence of
these biopolymers has been intensified by their integration with
nanotechnology, which has shown an important development
in recent decades.

The application of natural biopolymers as proper supports in
the design of new nano-ordered catalytic systems currently
attracts considerable attention to produce numerous types of
heterogeneous nanomaterials. Biopolymers such as chitosan,
cellulose and alginate have been applied as supports in many
nano-ordered catalytic systems due to their notable advantages
including high natural abundance, biocompatibility, non-
toxicity, and biodegradability.® In fact, their reactive functional
groups including OH, NH, and carboxylate make them suitable
supports for the preparation of nano-ordered catalysts via the
grafting of different building blocks containing appropriate
functional groups in their structures.>>¢¢-%

Biopolymer-based catalytic systems having MNPs in their
structures have also been prominent in the field of heterocyclic
synthesis via an MCR strategy because of their mild reaction
conditions, cost-effectiveness, simple workup, easy recycla-
bility, and modifiable surface properties.*> Heterocyclic
compounds have gained enormous interest and are mainly
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prepared due to their wide range of biological activities.®® These
compounds including acridine-1,8-dione and 4H-pyran deriva-
tives are used as key scaffolds for the development of many
therapeutic agents and play a prominent role in the medicinal
chemistry.®®

Acridine-1,8-dione compounds are a class of heterocyclic
compounds with exclusive properties including anticancer,
anti-inflammatory, antidiabetic, antimicrobial and antibacte-
rial, and fluorescence activities, which are used in various fields
of science such as pharmaceutical, biological, selective fluoride
ion chemosensors, and laser dyes (Fig. 1).7

4H-Pyrans are also abundantly found in the skeleton of
natural alkaloids, tocopherols, flavones, and anthocyanins, and
they are an important moiety for the discovery of new drug
candidates. Furthermore, 4H-pyran derivatives have shown

several pharmacological activities such as antiviral,
anticancer,””® anti-inflammatory, antitumor, antimicrobial,””
antiproliferative, anticholinesterase,”® EPR-1 (effector cell

protease receptor-1) antagonists, and MAO (mono-amine
oxidase) inhibitors.” Among the various structures containing
4H-pyran scaffolds, 2-amino-3-cyano-4H-pyrans have been re-
ported to exhibit highly useful proapoptotic properties for the
treatment of a wide range of caner disorders. Several useful
examples in this field are shown in (Fig. 2), which are useful for
the inhibition of tumor-associated Bcl-2 proteins, inducing
apoptosis (programmed cell death), and the ability in the
enhancement of mental functions, respectively.®

Several homogeneous or heterogeneous catalysts have been
reported for the synthesis of acridine-1,8-diones and 2-amino-3-
cyano-4H-pyrans.®»®  Some recent examples include
B-cyclodextrin monosulphonic acid,* WO; nanorods,** mono-
disperse platinum nanoparticles supported with reduced gra-
phene oxide,* ZrCl,;:Mg(ClO,4),,* Ru-doped hydrotalcite from
alcohols,*” dendritic mesoporous nanosilica functionalized by
hexamethylenetetramine,*® SiO,-1,** betainium lactate ionic
liquid,” SnCl,-functionalized nano-Fe;O -encapsulated-silica
particles,” Zn(u) doped and immobilized on functionalized
magnetic hydrotalcite,”> dendrons containing boric acid and
1,3,5-tris(2-hydroxyethyl)isocyanurate covalently attached to
silica-coated magnetite,”® trimesic acid-functionalized chito-
san,” Candida parapsilosis ATCC 7330 biocatalyst,** multinu-
clear [V'VO]/[V'0,] complexes having triaminoguanidine-based
ligands,” magnetic nanoparticles functionalized with copper
hydroxyproline complexes,®® copper(u) Schiff-base complex-

Anti-Microbial

Anti-Oxidant and
Anti-Hypertensive

DNA-Intercalating
Agent

Fig. 1 Selected examples of pharmacologically active compounds
based on acridine-1,8-diones.
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Fig. 2 Selected examples of pharmacologically active compounds
based on 4H-pyran scaffolds.

modified  UiO-66-NH,(Zr) metal-organic
magnetic reduced graphene oxide aerogel/HKUST-1 (MOF-
199),% chitosan-EDTA-cellulose network,?”>* triple
superphosphate/titanium tetrachloride,” silver nanoparticle-
decorated Preyssler-functionalized cellulose biocomposites,'*
redox active organodiselenides,* MgMnO;@ZrO,@Co00,'”*
Fe;0,@Si0,@NH,@Pd(0OAc),,'* cysteic acid grafted onto
magnetic  graphene  oxide,"  (PANI)/Fe;0,/Ag
composites,'® taurine (2-aminoethanesulfonic acid),’®® cyto-
chrome c-urea-functionalized dipeptide conjugates,'”” periodic
mesoporous organosilica isocyanurate frameworks (PMO-
ICS),"* potassium phthalimide under ball-milling conditions'*®
and potassium phthalimide-N-oxyl in water under reflux
conditions.” Although some of the reported methods are
practical synthetic procedures, most of them have some limi-
tations, including the use of expensive and hazardous organic

frameworks,?”

nano-
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reagents or solvents, extreme reaction conditions, prolonged
reaction times, undesirable yields, tedious workup procedures,
and high-cost catalyst preparation methods. Therefore, it is
necessary to develop simple methods that employ efficient and
recoverable catalysts under green conditions for the synthesis of
desired acridine-1,8-diones and 2-amino-3-cyano-4H-pyran
derivatives.*>**'°

In continuation of our ongoing efforts towards developing
efficient novel homogeneous or heterogenous organocatalytic
systems for different organic transformations, in particular
MCRs using natural polymers as green catalytic
supports,>*?426:37,55-57,63,111-114 we designed and prepared a novel
Fe;0,@CS-TDI-Titriplex V nanomaterial by grafting dieth-
ylenetriaminepentaacetic acid (Titriplex V) to a chitosan back-
bone using a toluene-2,4-diisocyanate (TDI) linker. The
Fe;0,@CS-TDI-Titriplex V nanocomposite (1) was used as an
efficient solid acid catalyst for the efficient synthesis of acridine-
1,8-diones 5 and 2-amino-3-cyano-4H-pyrans 7 (Scheme 1).

Results and discussion

The as-prepared magnetic Fe;O0,@CS-TDI-Titriplex V nano-
material (1) was properly characterized using various suitable
techniques including Fourier-transform infrared (FTIR) and
energy-dispersive X-ray (EDX) spectroscopy, powder X-ray
diffraction (XRD), field emission scanning electron micros-
copy (FESEM), thermogravimetric and differential thermal
analysis (TG-DTA), and vibrating-sample magnetometery (VSM).

o o o
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oHOo NH
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O "N~
o

oY
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H

-TDI-Titriplex V (1)

Scheme 1 Synthesis of acridine-1,8-diones and 2-amino-3-cyano-4H-pyran derivatives catalyzed by the FezO0,@CS-TDI-Titriplex V nano-

material (1).
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The process for the preparation of the nano-ordered Fe;0,@CS-
TDI-Titriplex V organocatalyst (1) is illustrated in Scheme 2. It is
well known that when a carboxylic acid functional group reacts
with an isocyanate group, the initial product is a mixed acid
anhydride, which subsequently undergoes decarboxylation by
losing the sp carbon atom of the isocyanate to afford the cor-
responding N-substituted amide. Thus, these two sequential
reactions graft Triplex V moiety onto the TDI diisocyanate linker
(path A, Scheme 2). In particular, with aromatic isocyanates
carrying electron-withdrawing groups (such as the second

View Article Online
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isocyanate functional group in TDI), this pathway is preferred,
leading to the formation of the corresponding amide."* Alter-
natively, it has been approved that another reaction pathway is
in competition with the first pathway, which includes the
reaction of second acid functional group with the formed mixed
acid anhydride before its decarboxylation, producing the
anhydride of the used carboxylic acid and the corresponding
carbamic acid of the isocyanate (path B, Scheme 2). This path-
way's dominance depends on the degree of substitution of the
a-carbon of the aliphatic carboxylic acid. For higher substituted
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Scheme 2 Schematic preparation and proposed structure for the novel magnetic bio-based FezO,@CS-TDI-Titriplex V nanomaterial (1).
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carboxylic acids such as the used Titriplex V, the second
pathway can occur in parallel.’*® The tendency to from acid
anhydride is enhanced due to the intermolecular nature of the
reaction for Triplex V. As a result, both the first and second
pathways generate reactive intermediates that facilitate the
smooth grafting of Triplex V onto the chitosan biopolymeric
backbone via urethane and urea linkages (path A) as well as
ester and amide functional groups (path B). These later func-
tional groups can also be formed even through trans-amidation
or acyl transfer of mono- and possible di-amide produced in
path A or di-anhydride in path B.'3?7»%6112114117.118 Indeed, both
di-amide and di-anhydride intermediates may cause cross-
linking of the modified chitosan backbone. Hence, the struc-
ture proposed in Scheme 2 or its cross-linked form for the
magnetic Fe;0,@CS-TDI-Titriplex V nanocatalyst 1, which
incorporates both pathways and all of their products, can be
obtained.

The FTIR spectra of Fe;0,@CS and Fe;0,@CS-TDI-
Titriplex V organocatalyst (1) are illustrated in Fig. 3a-c,
respectively. According to Fig. 3, the absorption bands at 529
and 562 cm ™, which are related to the Fe-O vibration can be
seen in both spectra of Fe;0,@CS (b) and Fe;0,@CS-TDI-
Titriplex V organocatalyst (1, ¢). Moreover, the observed bands
at about 1340 cm ™', 1585 cm™ " and 1419 cm™ ' in the spectrum
3b are attributed to the NH,, CO-H, and C-NH bending vibra-
tions of chitosan, respectively. Additionally, three absorption
bands at 1645, 1679, 1735, and 1777 cm™* can be seen in the
spectrum of Fe;0,@CS-TDI-Titriplex V, which are assigned to
the corresponding carbonyl functional groups of urea, amide,
carbamate, ester and carboxylic acid, respectively. The bands at

View Article Online
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of aliphatic C-H bonds. The broad band centered at 3250 cm ™"
is assigned to the stretching vibrations of different O-H and NH
bonds of the components existing in the structure of the
Fe;0,@CS-TDI-Titriplex V organocatalyst (1). These results
demonstrate the successful grafting of the Titriplex V organo-
catalyst on the Fe;0,@CS backbone support.

The size and morphology of the Fe;0,@CS-TDI-Titriplex V
nanomaterial (1) were investigated by FESEM. The FESEM
images showed the changes in the morphology in the pristine
chitosan sheets after the grafting of Titriplex V using the
toluene-2,4-diisocyanate linker onto a cauliflower-like spherical
shape (Fig. 4).2737:52566263,112113119 The djameter of the nano-
particles was estimated at about 32-95 nm.

The thermal stability of the Fe;0,@CS-TDI-Titriplex V (1)
organocatalyst was also investigated by the TG-DTA technique.
The results are presented in Fig. 5. The thermal stability of the
prepared nanomaterial 1 was examined in the temperature
range of 50-510 °C. As can be seen, there are three distinct
stages of weight loss observed between 220 and 510 °C. The first
weight loss occurs between 220 and 280 °C, which can be
attributed to the elimination of any physically or chemically
sorbed water or organic solvent during the preparation of the
sample. The second weight loss (about 13%) was observed
between 220 and 370 °C and can be assigned mainly to the
decarboxylation of Titriplex V units as well as its complete
degradation. The final weight loss occurs at 370-510 °C, which
can be correlated with the decomposition of inner moieties
including amide, ester, urea or urethane moieties as well as
almost volatilization of decomposed chitosan at early stages.
According to our previous observations, about 40% degradation

about 2850-2950 cm™ " are ascribed to the stretching vibrations of the used commercial chitosan occurs at 200-220 °C.
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Fig. 3 FTIR spectra of the chitosan (a), Fe304@CS (b), and Fez0,@CS-TDI-Titriplex V organocatalyst (c).
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Fig. 4 FESEM images of the Fes0,@CS-TDI-Titriplex V hanomaterial (1).
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Fig. 5 TGA and DTA curves of the Fez0,@CS-TDI-Titriplex V nanomaterial (1).
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Fig. 6 Energy-dispersive X-ray (EDX) spectrum of the Fes0,@CS—TDI-Titriplex V nanomaterial (1).

Therefore, the lower total weight loss (30%), as well as the
increase in the thermal stability at a higher temperature in the
range of 220-510 °C, demonstrates that the TDI units have been
linked on the surface of the chitosan backbone to graft
Titriplex V units onto its surface successfully.’>****3

The EDX analysis was also used to confirm the presence of
elements in the Fe;0,@CS-TDI-Titriplex V nanomaterial (1,
Fig. 6). It can be implied that the prepared nanomaterial (1)
contains expected elements including Fe, N, O, and C with mass
percentages of 20.76, 16.53, 27.33, and 35.36%, respectively.

Fig. 7 shows the X-ray diffraction (XRD) pattern of the
Fe;0,@CS-TDI-Titriplex V (1) nanocomposite. There are
several symmetrical reflections at 26, as shown in Fig. 7, which
are characteristic of the Fe;0,@CS-TDI-Titriplex V (1) struc-
ture. The matching of the obtained XRD pattern with those of
chitosan (JCPDS Card no. 00-039-1894) and Fe;0, (JCPDS Card
no. 96-153-2801) confirms the successful preparation of the
nanomaterial 1.

The magnetic properties of the Fe;0,@CS-TDI-Titriplex V
nanomaterial (1) and Fe;0,@CS were determined by VSM
analysis at room temperature by applying a magnetic field from
10000 to +10000 oersted. The results are shown in Fig. 8.
According to the obtained curve, the phenomenon of hysteresis
was not observed since there is no residual loop in the curve,
and this characteristic demonstrates that no accumulation
occurs in the presence of a magnetic field. Furthermore, the S-
shaped curve for the Fe;0,@CS-TDI-Titriplex V nanomaterial
(1) and Fe;0,@CS exhibits excellent paramagnetic behaviors
without any hindrance or reluctance. The saturation magnetic
moments of the Fe;0,@CS-TDI-Titriplex V nanomaterial (1)
and Fe;0,@CS were 50.334743 and 36.300318 emu g,
respectively, which are lower than the magnetization of Fe;0,.
This can be explained by the fact that by coating Fe;O, nano-
particles with diamagnetic chitosan, TDI linkers and Titriplex V

© 2025 The Author(s). Published by the Royal Society of Chemistry

units, their magnetization was reduced, but the grafting process
of Titriplex V did not affect the magnetization very much and
allows its convenient separation by implying an external
magnetic field.

Finally, the acidity of the Fe;0,@CS-TDI-Titriplex V nano-
material (1) was calculated by a back titration method.>”*>
According to the obtained results, the concentration of proton,
[H'], on the surface of the Fe;0,@CS-TDI-Titriplex V nano-
material was calculated to be about 1.47 mmol g~ .

Optimization of the catalytic activity of Fe;0,@CS-TDI-
Titriplex V nanomaterial (1) for the Hantzsch synthesis of
acridine-1,8-diones 5a-j

In this section, the efficacy of the Fe;0,@CS-TDI-Titriplex V
nanomaterial (1) was examined in the model reaction for the
synthesis of acridine-1,8-dione derivatives. The pseudo-four-
component condensation of dimedone (2, 2.0 mmol), 4-chlor-
obenzaldehyde (3a, 1.0 mmol), and ammonium acetate (4, 1.2
mmol) in the presence of the Fe;0,@CS-TDI-Titriplex V
nanomaterial (1) was investigated as a model reaction. The
results are summarized in Table 1. The effects of several key
factors such as catalyst loading, reaction temperature, solvent
and reaction time on the yield of desired product 9-(4-chlor-
ophenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-

1,8(2H,5H)-dione (5a) were systemically investigated. In the
absence of catalyst 1, the reaction did not proceed even after
120 min in EtOH (entry 1, Table 1). The reaction yield was found
to be only 50% when 20 mg of the Fe;0,@CS-TDI-Titriplex V
nanomaterial (1) was used under solvent-free conditions at
120 °C after 80 min (entry 2, Table 1). The model reaction was
further investigated in several solvents including EtOH, H,O,
MeOH, THF, CH;CN, and EtOAc under the same catalyst
loading (entries 3-8, Table 1), but the best result was obtained
in EtOH under reflux conditions after 30 min (entry 4, Table 1).
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Fig. 7 Powder X-ray diffraction (XRD) pattern of the Fes0,@CS-TDI-Titriplex V nanomaterial (1) in the wide angle region and its comparison

with the X'pert high-score data.

Moreover, moderate yields of the desired product 5a were ob-
tained at room temperature for the model reaction in both
water and EtOH (entries 9, 10, Table 1). Furthermore, 15 and
10 mg catalyst 1 loadings in EtOH under reflux conditions
afforded 82% and 67% of the desired product 5a after 30 min,
respectively (entries 11, 12, Table 1). In our hands, commercial
CS with medium MW, Titriplex V and Fe;0,@CS with 20 mg
loading in EtOH under reflux conditions afforded 39, 78 and
63% of the desired product 5a after 30 min compared to the
Fe;0,@CS-TDI-Titriplex V nanomaterial (1) (entries 4, 13-15,
Table 1). The obtained data clearly show the synergistic effects
of the Fe;0,@CS-TDI-Titriplex V component on its catalytic
activity. Therefore, the optimized conditions for the model
reaction in the synthesis of acridine-1,8-dione derivatives were
20 mg catalyst loading in EtOH under reflux conditions. These
optimized conditions were developed for other aromatic alde-
hydes 3b-j for the synthesis of the desired products 5a-j. The
results are summarized in Table 2.

106 | Nanoscale Adv.,, 2025, 7, 99-123

Optimization of the catalytic activity of Fe;0,@CS-TDI-
Titriplex V nanomaterial (1) for the synthesis of 2-amino-3-
cyano-4H-pyrans 7a-j

The excellent catalytic activity of the Fe;0,@CS-TDI-Titriplex V
nanomaterial (1) in the synthesis of acridine-1,8-diones
encouraged us to explore this useful nano-ordered organo-
catalyst 1 for the synthesis of highly functionalized bioactive 2-
amino-3-cyano-4H-pyran derivatives 7. It was found that 2-
amino-4-(4-chlorophenyl)-7,7-dimethyl-5-oxo-5,6,7,8-tetrahy-

dro-4H-pyran-3-carbonitrile (7a) can also be prepared via one-
pot condensation of dimedone (1.0 mmol, 2), 4-hydrox-
ybenzaldehyde (1.0 mmol, 3a), and malononitrile (1.0 mmol, 6),
as a model reaction, in the presence of catalytic amounts of
Fe;0,@CS-TDI-Titriplex V nanomaterial (1). The optimization
results are summarized in Table 3. Initial experiments indicated
that in the absence of organocatalyst 1, the desired product 7a
was not obtained even after 120 min (entry 1, Table 3). The
isolated yield of the model reaction was a mere 60% when 20 mg

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table1 Optimization of the conditions in the reaction of dimedone (2), 4-chlorobenzaldehyde (3a), and ammonium acetate (4) under different
conditions”

o o
2 . /@)LH + NH,OAc (Fe;0,@CS-TDI-Titriplex V (1))
o CI
2) (3a) “4) (5a)

Entry Catalyst (mg) Solvent Temp. (°C) Time (min) Yield” (%)
1 — EtOH Reflux 120 Trace
2 20 Solvent-free 120 80 50

3 20 H,O Reflux 60 70

4 20 EtOH Reflux 30 90

5 20 EtOAc Reflux 60 80

6 20 CH;CN Reflux 60 60

7 20 THF Reflux 60 74

8 20 MeOH Reflux 30 80

9 20 H,0 Room temperature 80 65

10 20 EtOH Room temperature 50 70

11 15 EtOH Reflux 30 82

12 10 EtOH Reflux 30 67

13 20° EtOH Reflux 30 39

14 207 EtOH Reflux 30 78

15 20° EtOH Reflux 30 63

“ Reaction conditions: dimedone (2, 2.0 mmol), 4-chlorobenzaldehyde (3a, 1.0 mmol), ammonium acetate (4, 1.2 mmol), Fe;0,@CS-TDI-Titriplex V
(1) and solvent (2 mL) unless otherwise stated. ” Isolated yields. © Commercial CS with medium MW was used. ¢ Titriplex V was used. ¢ Fe;0,@CS
was used.
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Table 2 Scope of the synthesis of 9-(aryl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione derivatives 5a—j catalyzed by
the Fes0,4,@CS-TDI-Titriplex V organocatalyst (1) via a pseudo-four-component reaction strategy®

(o)
[Fe304@cs-TD|-Titrip|ex v (1)]
2 + X H + NH4OAc
R EtOH/ Reflux
o
H
2 (3a4) 4 (5a-j)
Entry Aldehyde 3 Product 5 Time (min) Yield” (%) M.P. (°C) observed M.P. (°C) (reported)
D/CHO
Cl

1 30 90 300< 243-245 (ref. 120)

3a

@CHO

2 cl 35 90 261-263 263-264 (ref. 121)

3b
3 40 80 300 302-304 (ref. 122)

CHO

4 NO, 40 82 293-295 294-296 (ref. 123)

3d
5 30 90 275-276 272 (ref. 27)
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Table 2 (Contd.)

R
P 0
[Fe304@cs-TD|-Titrip|ex v (1)]
2 + X H + NH4OAc
R EtOH/ Reflux
o
H
2 (3a4) 4 (5a9)
Entry Aldehyde 3 Product 5 Time (min) Yield” (%) M.P. (°C) observed M.P. (°C) (reported)

6 40 90 300< 300< (ref. 124)

7 50 80 300< 300< (ref. 90)

8 50 80 276-278 278-280 (ref. 125)
5h

9 45 82 297 295-298 (ref. 126)

10 45 90 245 248-250 (ref. 90)

¢ Reaction conditions: dimedone (2, 2.0 mmol), aldehyde (3, 1.0 mmol), ammonium acetate (4, 1.2 mmol), Fe;0,@CS-TDI-Titriplex V (1, 20 mg) in
EtOH (96%, 2 mL). ? Isolated yields.
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Table 3 Optimization of the conditions in the reaction of dimedone (2), 4-chlorobenzaldehyde (3a), and malononitrile (6) under different

conditions®
0 o —
oN [Fe304@CS-TDI-Tltrlplex v (1)]
><:§ + /©)L Hy [
NC
o Cl
2) (3a) (6) (7a)
Entry Catalyst (mg) Solvent Temp. (°C) Time (min) Yield” (%)
1 — EtOH Reflux 120 Trace
2 20 Solvent-free 120 120 60
3 20 H,0 Reflux 40 88
4 20 EtOH Reflux 15 95
5 20 EtOAc Reflux 60 80
6 20 CH;CN Reflux 25 90
7 20 THF Reflux 35 70
8 20 MeOH Reflux 30 90
9 20 H,0 Room temperature 60 80
10 20 EtOH Room temperature 60 85
11 20° EtOH Reflux 15 41
12 20¢ EtOH Reflux 15 81
13 20° EtOH Reflux 30 45

¢ Reaction conditions: dimedone (2, 1.0 mmol), 4-chlorobenzaldehyde (3a, 1.0 mmol), malononitrile (6, 1.1 mmol), Fe;0,@CS-TDI-Titriplex V (1)
and solvent (2 mL) unless otherwise stated. ? Isolated yields. ¢ Commercial CS with medium was used. ¢ Titriplex V was used. ¢ Fe;0,@CS was used.

loading of the Fe;0,@CS-TDI-Titriplex V nanomaterial (1) was
used under solvent-free conditions at 120 °C for 80 min (entry 2,
Table 2). Surprisingly, the desired product 7a was obtained in
88% and 92% isolated yields when the model reaction was
performed in water and EtOH under reflux conditions (entries
3-4, Table 2). However, screening the reaction conditions in
other solvents under reflux conditions or at room temperature
afforded lower yields of the desired product 7a (entries 5 10,
Table 2). Again, commercial CS with medium MW, Titriplex V
and Fe;0,@CS with 20 mg loading in EtOH under reflux
conditions afforded 41, 81 and 45% of the desired product 7a
after 15 min, respectively, compared to the Fe;0,@CS-TDI-
Titriplex V nanomaterial (1) (entries 4, 11-13, Table 2). These
outstanding findings prompted us for the synthesis of various 2-
amino-3-cyano-4H-pyran derivatives 7a-j under optimized
reaction conditions in high to excellent yields and short reac-
tion times. The results are summarized in Table 4.

In general, high to excellent yields of the desired products
acridine-1,8-diones 5 as well as 2-amino-3-cyano-4H-pyrans 7
were obtained in EtOH, a green solvent, under reflux conditions
in short reaction times. Furthermore, carbocyclic and hetero-
cyclic aldehydes bearing electron-withdrawing substituents
including Cl and NO, (3a-d) or 4-pyridyl (3i) afforded higher
yields in shorter reaction times than that of benzaldehyde (3e)
or other aldehydes having electron-donating groups such as
OH, MeO or Me (3f-i). All these data imply that Knoevenagel
condensation is the rate-determining step in both multi-

110 | Nanoscale Adv, 2025, 7, 99-123

component reactions for the synthesis of acridine-1,8-diones 5
as well as 2-amino-3-cyano-4H-pyrans 7 in the presence of the
Fe;0,@CS-TDI-Titriplex V nanocatalyst (1) (Scheme 3 and 4).

Proposed mechanisms for the synthesis of acridine-1,8-diones
5 and 2-amino-3-cyano-4H-pyrans 7 in the presence of the
Fe;0,@CS-TDI-Titriplex V nanocatalyst (1)

According to the obtained results, the following mechanism can
be proposed for the Hantzsch synthesis of acridine-1,8-diones 5
via the MCR pathway (Scheme 3). In the first step, the catalyst 1
activates the carbonyl functional group of aldehydes 3, which is
reacted with one equivalent of dimedone in its enol form 2’ to
form intermediates (I) and (IT) subsequently by the Knoevenagel
condensation. The formed Knoevenagel intermediate (II) is acti-
vated again with catalyst 1 and reacts with the second equivalent
of dimedone in its enol form 2’ to produce intermediate (II) via
the Michael addition. By adding the amine, obtained from
NH,OAc (4), to the activated intermediate (III), the iminium salt
of intermediate (IV) was obtained. After conversion to the stable
enamine form (V), its carbonyl group is activated again by catalyst
1 and after second amine attack and hetero-annulation, the
intermediate (VI) is converted to the desired products 5 by elim-
ination of a water molecule and the catalyst is recycled as well.
Furthermore, all the above-mentioned steps are competitively
catalyzed via hydrogen bonding by plenty of hydrogen donors on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Scope of the synthesis of 2-amino-4-(4-aryl)-7,7-dimethyl-5-0x0-5,6,7,8-tetrahydro-4H-pyran-3-carbonitrile derivatives 7a—j cata-
lyzed by the Fez0,@CS-TDI-Titriplex V organocatalyst (1) via a three-component reaction strategy®

\=

o)
(0]
CN (Feso,;@CS-TDI-TitriplexV(1)] (o)
+ N H . l/ CN
R % NC EtOH/ Reflux | |
(o)

0~ "NH,
(3a-j) 6 (7a-j)

Entry Aldehyde 3 Product 7 Time (min) Yield” (%) M.P. (°C) observed M.P. (°C) (reported)
on
Cl
1 15 95 212 212-214 (ref. 127)
3a
@CHO
2 ci 15 90 210-212 210-212 (ref. 128)
3b
Iof
3 O:N 20 90 234-236 234-235 (ref. 103)
3c
7c
CHO NO,
o
4 CN 20 89 233-235 236-238 (ref. 129
NO, ] (ref. 129)
3d 0" 'NH,
7d
CHO
9] 0
CN
5 | | 15 90 228-230 228-230 (ref. 130)
e 0"~ "NH,
Te

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 (Contd.)

R
0 o)
CN [Feso,;@CS-TDI-Titriplex v (1)] o)
+ N N H . l/ CN
5 RU~ NC EXOH Reflux ]
0~ "NH,
2 (3a-) 6 (7a)
Entry Aldehyde 3 Product 7 Time (min) Yield” (%) M.P. (°C) observed M.P. (°C) (reported)
OH
: _.CHO
HO 0
6 CN 30 90 202-204 203-205 (ref. 131)
3f ||
0" 'NH,
7f
/©/CHO
Me
7 30 89 219-221 219-221 (ref. 132)
39
CHO
MeO
8 35 80 202-204 202-204 (ref. 84)
3h
OH
OHC OCH;
9 30 85 230-231 230-231 (ref. 133)
3i
7i
| x CHO
N~
10 40 84 263-265 260-262 (ref. 134)
3j

¢ Reaction conditions: dimedone (2, 2.0 mmol), aldehyde (3, 1.0 mmol), malononitrile (6, 1.1 mmol), Fe;0,@CS-TDI-Titriplex V (1, 20 mg) in EtOH
(96%, 2 mL). ? Isolated yields.
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Scheme 3 Plausible mechanism for the Hantzsch pseudo-four-component synthesis of acridine-1,8-diones 5 from different dimedone (2),
aldehydes 3a—j and NH4OAc (4) catalyzed by the Fes0,@CS-TDI-Titriplex V nanocatalyst (1).

the surface of the organocatalyst 1 parallel to the proton transfer
by the carboxylic acid groups of the catalyst.

Moreover, the proposed mechanism for the synthesis of 2-
amino-3-cyano-4H-pyran  derivatives catalyzed by the
Fe;0,@CS-TDI-Titriplex V organocatalyst (1) is shown in

© 2025 The Author(s). Published by the Royal Society of Chemistry

Scheme 4. As can be seen, Fe;0,@CS-TDI-Titriplex V (1) acts as
a Bronsted acid and activates the carbonyl group of aldehydes 3
by increasing its electrophilicity. Therefore, aldehydes 3 and
malononitrile (6) are condensed together via the Knoevenagel
condensation to afford intermediate VII, and after elimination

Nanoscale Adv., 2025, 7, 99-123 | 113
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Scheme 4 Plausible mechanism for the three-component synthesis of 2-amino-3-cyano-4H-pyrans 7 from dimedone (2), different aldehydes 3
and malononitrile (6) catalyzed by the Fez0,@CS—-TDI-Titriplex V nanocatalyst (1).

of a water molecule, the Knoevenagel intermediate (VII) is
formed. Then, this intermediate (VIII) acts as a Michael
acceptor to combine with the dimedone as an active enolizable
C-H acidic compound and affords the corresponding open-
chain intermediate (IX). Finally, the intramolecular cyclization

14 | Nanoscale Adv., 2025, 7, 99-123

of the intermediate (IX) forms the imine intermediate (X), which
can afford the desired product 7 upon its tautomerization, and
liberates the catalyst for the next run.

The recyclability and reusability of the heterogenous nano-
ordered catalyst is a vital factor in the design of more efficient

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 FTIR spectra and XRD pattern of the recovered Fez0,@CS—-TDI-Titriplex V nanocatalyst (1) after recovery from the fourth cycle of the

model reactions.

catalytic systems. Hence, the reusability of the Fe;0,@CS-TDI-
Titriplex V nanocatalyst (1) was also examined for the two model
reactions in other parts of our study. The results are

© 2025 The Author(s). Published by the Royal Society of Chemistry

summarized in Fig. 9. In our work, the fresh Fe;0,@CS-TDI-
Titriplex V nanocatalyst (1) was easily separated after the
completion of the reaction showed by thin layer

Nanoscale Adv., 2025, 7, 99-123 | 115
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Table 5 Comparative synthesis of compounds 5a and 7a using the reported homogeneous or heterogeneous catalysts versus the present

method

Entry Catalyst Product Catalyst loading Reaction conditions Time (min) Yield (%) Ref.

1 B-Cyclodextrin monosulphonic acid 5a 30 mg H,0-60 °C 120 91 83

2 Ascorbic acid 5a 8.8 mg Solvent-free/80 °C 180 89 135

3 SnCl,-functionalized nano-Fe;O, 5a 25 mg EtOH/reflux 15 93 91
encapsulated-silica

4 TiO,-coated magnetite nanoparticle- 5a 10 mg Solvent-free/110 °C 40 95 136
supported sulfonic acid

5 Fe;0,@CS-TDI-Titriplex V 5a 20 mg EtOH/reflux 30 90 This work

6 4-(Dimethylamino)pyridine (DMAP) 7a 24 mg EtOH/reflux 15 94 137

7 Sodium alginate 7a 22 mg EtOH/reflux 50 93 26

8 Fe;04—chitosan 7a 30 mol% Ultrasound irradiation 20 99 60

at 50 °C

9 Triethylbenzylammonium chloride 7a 100 mol% (228 mg) H,0-90 °C 420 94 138
(TEBA)

10 Fe;0,@CS-TDI-Titriplex V 7a 20 mg EtOH/reflux 15 95 This work

chromatography (TLC). Indeed, an appropriate amount of EtOH
was added to the reaction mixture to dissolve the precipitates of
the products by heating, and the magnetic nanocatalyst 1 was
subsequently separated using an external magnet. The recycled
catalyst 1 was suspended in acetone (1.0 mL), stirred for 30
minutes, and then filtered off. The recycled Fe;0,@CS-TDI-
Titriplex V nanocatalyst (1) was dried in an oven at 60 °C for
1.5 h to be used in the next run of the model reactions under the
same conditions. This process was repeated for four cycles. The
obtained results demonstrate that the Fe;O0,@CS-TDI-
Titriplex V nanocatalyst (1) is stable enough and effective under
optimized conditions to promote the studied MCRs for at least
four runs. Both FTIR spectra and XRD pattern of the recovered
Fe;0,@CS-TDI-Titriplex V nanocatalyst after recovery from the
fourth cycle of the model reactions demonstrate that its struc-
ture is very similar to the fresh one and confirms its stability
under optimized conditions (Fig. 10). Furthermore, the
heterogeneous nature of the catalyst was studied by a hot
filtration test. In this part of our study, the model reactions for
the synthesis of 5a and 7a were heated under optimized
conditions for 15 and 7.5 min, respectively. Then, the
Fe;0,@CS-TDI-Titriplex V nanocatalyst (1) was separated from
the reaction mixtures by using an external magnet and the ob-
tained mixtures were heated in EtOH under solvent-free
conditions for further 15 and 7.5 min, respectively. Interest-
ingly, lower yields of the desired products 5a (55%) and 7a
(62%) were isolated at the end of both model reactions. These
data confirm that the Fe;0,@CS-TDI-Titriplex V nanocatalyst
(1) maintains a heterogeneous nature, and leaching of its
components to the reaction mixture does not occur under
optimized conditions.

Finally, to demonstrate the capability and efficiency of the
present protocols in the synthesis of different acridine-1,8-
diones and 2-amino-3-cyano-4H-pyran derivatives, they were
compared with some of the published procedures and previ-
ously reported ones. The results summarized in Table 5 clearly
show that the present protocols for both reactions are indeed
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superior to several of the others in terms of product yield,
catalyst loading, temperature and reaction time.

Experimental section
Reagents and instruments

All the chemicals were purchased from Merck or Aldrich
companies and used without further purification, except for
benzaldehyde, which was used as a freshly distilled sample.
Chitosan (MW = 100 000-300 000 Da) was purchased from
Acros Organics. Melting points were determined using an
Electrothermal 9100 apparatus, and are uncorrected. The
characterization of the Fe;0,@CS-TDI-Titriplex V nanocatalyst
(1) was carried out using FESEM TESCAN-MIRA3, EDX Numerix
DXP-X10P, Shimadzu FT-IR-8400S, and TGA Bahr Company STA
504. Analytical thin-layer chromatography (TLC) was performed
using Merck 0.2 mm silica gel 60F-254 Al-plates. FTIR spectra
were recorded using a Shimadzu FT IR-8400S spectrometer with
KBr pellets. '"H NMR (500 MHz) spectra were recorded using
a Bruker DRX-500 Advance spectrometer in DMSO-d, as the
solvent at ambient temperature. All yields refer to the isolated
products. All the products are known compounds and were
identified by comparison of their physical, spectroscopic and
analytical data with the authentic samples.

General procedure for the preparation of the magnetic
Fe;0,@CS nanoparticles

Fe;0, nanoparticles were prepared by chemical co-precipitation
of FeCl;-6H,0 and FeCl,-4H,0 ions with a molar ratio of 2/1, in
the presence of chitosan, followed by hydrothermal treatment.
Chitosan is only soluble in acidic aqueous solutions at pH
values lower than 6.5. Then, 0.20 g of chitosan was dissolved in
an AcOH solution (0.05 M, 10.0 mL), to which FeCl;-6H,0 (0.30
g) and FeCl,-4H,0 (0.15 g) were added. The resulting solution
was mechanically stirred in a N, atmosphere at 80 °C for 6 h.
Consequently, an ammonia solution (25%, 5.0 mL) was injected
dropwise into the reaction mixture with constant stirring. After
30 min, the mixture was cooled to room temperature, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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chitosan nanomagnetic particles were separated by using an
external magnet, washed first with distilled water to reach the
neutral pH and then with EtOH (96%, 5.0 mL), and finally dried
under vacuum at room temperature for 12 h to obtain
a Fe;0,@CS black solid material.

General procedure for the preparation of the Fe;0,@CS-TDI-
Titriplex V nanomaterial (1)

In a 50 mL round-bottomed flask, toluene diisocyanate (TDI) (d
= 1.214 g cm >, 1.2 mmol, 1.46 mL) was added dropwise to
a suspension containing Titriplex V (1.0 mmol, 0.394 mg) and
acetonitrile dried on 4A zeolite molecular sieves (10 mL). Then,
the mixture was stirred continuously in a N, atmosphere at 80 ©
C for 24 h. After that, Fe;0,@CS (0.3 gr) was added to the
mixture and stirred under reflux conditions for 24 h. Then, the
obtained solid was filtered off and washed several times with
acetonitrile. Finally, the obtained brown solid material was
dried in a vacuum-drying oven at 40 °C for 5 h.

General procedure for the synthesis of acridinedione
derivatives 5a-j catalyzed by the Fe;0,@CS-TDI-Titriplex V
nanomaterial (1)

In a 5 mL round-bottomed flask, dimedone (2, 2.0 mmol),
aldehyde (3a-j, 1.0 mmol), NH,OAc (4, 1.2 mmol), and
Fe;0,@CS-TDI-Titriplex V (1, 20.0 mg) were added to EtOH
(96%, 2 mL). The obtained mixture was stirred under reflux
conditions for the proper times indicated in Table 3. The
progress of the reaction was monitored by TLC (eluent: EtOAc/n-
hexane = 1/3). After completion of the reaction, EtOH (96%, 2.0
mL) was added to dissolve any solid product 5 under heating,
and the solid catalyst 1 remained insoluble. The magnetic
nanomaterial was separated by using an external magnet, and
the filtrate was allowed to cool over time to obtain pure crystals
of the desired products 5a-j. The separated catalyst 1 was sus-
pended in acetone (1.0 mL), stirred for 30 minutes, and then
filtered off. The obtained brown powder was heated in an oven
at 60 °C for 1.5 h and reused for the next runs.

General procedure for the synthesis of 2-amino-3-cyano-4H-
pyran derivatives 7a-j catalyzed by the Fe;0,@CS-TDI-
Titriplex V nanomaterial (1)

In a 5 mL round-bottomed flask, dimedone (2, 1.0 mmol),
aldehyde (3a-j, 1.0 mmol), malononitrile (6, 1.1 mmol), and
Fe;0,@CS-TDI-Titriplex V (1, 20 mg) were added to EtOH
(96%, 2 mL). The obtained mixture was stirred under reflux
conditions for the times indicated in Table 4. The progress of
the reaction was monitored by TLC (eluent: EtOAc : n-hexane,
1:2). After completion of the reaction, EtOH (96%, 2 mL) was
added to dissolve any solid product 7 under heating, and the
solid catalyst 1 remained insoluble. The magnetic nanocatalyst
1 was separated by using an external magnet, and the filtrate
was allowed to cool over time to obtain pure crystals of the
desired 2-amino-3-cyano-4H-pyrans (7). The separated catalyst
was suspended in acetone (1 mL), stirred for 30 minutes, and
then filtered off. The obtained brown powder was heated in an
oven at 60 °C for 1.5 h and reused for the next runs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Selected spectral data

9-(4-Chlorophenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahy-
droacridine-1,8(2H,5H)-dione (5a). Mp: 243-245 °C; IR
(KBr, cm™~Y): » 3288, 3205, 3068, 2956, 2869, 1643, 1608, 1485,
1363, 1223, 1131. "H NMR (500 MHz, DMSO-d): 6 (ppm) 0.85 (s,
6H), 0.99 (s, 6H), 1.96-1.99 (d, J = 12.8 Hz, 2H), 2.15-2.18 (d, ] =
12.8 Hz, 2H), 2.30-2.33 (d, J = 14.9 Hz, 2H), 2.49-2.46 (d, J =
14.9 Hz, 2H), 4.77 (S, 1H, C-Hpengyiic)y 7.15-7.20 (m, 4H,
Haromatic), 9-33 (br s, 1H, N-H).

9-(4-Nitrophenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahy-
droacridine-1,8(2H,5H)-dione (5¢). Mp: 302-304 °C, IR
(KBr, cm™) v 3384, 2958, 2908, 1643, 1602, 1514, 1447, 1364,
1221, 1171. *H NMR (500 MHz, DMSO-d): 6 (ppm) 0.91 (s, 6H),
1.05 (s, 6H), 2.08-2.11 (d, ] = 6.5 Hz, 2H), 2.27-2.30 (d, ] = 6.5 Hz,
2H), 2.50-2.63 (m, 4H), 4.63 (s, 1H), 7.45-7.48 (m, 2H), 8.10-8.12
(m, 2H), 9.32 (s, 1H). Anal. calc. for C,3H,¢N,0,4; C 70.03, H
6.64, N 7.10, O 16.22; found: C 70.08, H 6.69, N 7.07, O 16.26.

2-Amino-7,7-dimethyl-4-(4-clorophenyl)-5-0x0-5,6,7,8-tetra-
hydro-4H-pyran-3-carbonitrile (7a). Mp: 155-158 °C; IR
(KBr, cm™): 3394, 3325, 2964, 2193, 1685, 1658, 1370, 1214. 'H
NMR (500 MHz, DMSO-d,): ¢ (ppm) 0.92 (s, 3H), 1.01 (s, 3H),
2.08 (d,J = 16.1 Hz, 1H), 2.22 (d, ] = 16.1 Hz, 1H), 2.47-2.53 (m,
2H), 4.17 (s, 1H), 7.03 (s, 2H), 7.15 (d, ] = 8.4 Hz, 2H), 7.32 (d,] =
8.4 Hz, 1H).

Conclusions

In summary, we have developed a simple procedure for the
preparation of a nanomagnetic solid acid hybrid material by
using a chitosan biopolymer, a toluene-2,4-diisocyanate linker
and diethylenetriaminepentaacetic acid (Fe;0,@CS-TDI-
Titriplex V). The obtained nanomaterial was employed as an
effective nano-ordered organocatalyst for the synthesis of 9-
(aryl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-
1,8(2H,5H)-dione and 2-amino-4-(4-aryl)-7,7-dimethyl-5-oxo-
5,6,7,8-tetrahydro-4H-pyran-3-carbonitrile ~ derivatives. = The
notable advantages of this method are clean reaction profiles,
short reaction times, and high quantitative yields without the
use of precious or toxic metals, which make it an improved and
more practical alternative to the existing methods. Additionally,
the catalyst could be simply separated and reused without any
significant loss of its activity for at least four cycles.
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Note added after first publication

This article replaces the version published on 2nd October
2024, which contained errors in Table 2 and Table 4. These
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tables were incorrectly formatted during editing which led to
the ‘Aldehyde 3’ and ‘Product 5’ entries in Table 2, and the
‘Aldehyde 3’ and ‘Product 7’ of Table 4, to be shown in an
incorrect order and under the wrong column headings.
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