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Abstract

This study presented a solvent-free synthesis of 1,8-dioxodecahydroacridine deriv-
atives by a one-pot condensation reaction between cyclic 1,3-diketone, aldehydes
using Fe;0,@MgO core-shell structured nanocatalyst up to 89-98% yield. The
study was conducted using both the substrate—ammonium acetate and aniline. The
nanocatalyst was synthesized by a simple co-precipitation method and found to be
both facile and efficient in facilitating the synthesis of the desired derivatives in a
short reaction time (5—18 min). The present methodology offers several advantages,
such as low cost, magnetically recoverable and reusable catalyst, solvent-free strat-
egy, easy setup, high yield, and short reaction time, clearly portraying the present
reaction’s green approach.
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Introduction

In synthetic organic and medicinal chemistry, the development of novel analogues
of bioactive heterocyclic molecules is a significant challenge [1, 2]. In this context,
N-containing heterocyclic compound derivatives possess favorable biological fea-
tures, including antimalarial, antibacterial, anti-histaminic, anti-hypertensive, and
anti-inflammatory activities [3-5].

Acridine derivatives exhibit various biological activities, including antibac-
terial, antimalarial, anticancer, and mutagenic properties [6, 7]. The pharmaco-
logical activity of acridine systems has garnered significant interest [8]. Acri-
dine and its derivatives are widely used in industrial applications [9]. These
compounds have been known since the nineteenth century and were initially
utilized as pigments and dyes [10]. Thus far, various chemical and physical
properties have been observed in acridine derivatives [11]. Their efficacy in
the pharmaceutical sector has also been documented. The synthesis of acri-
dine derivatives is a crucial and fundamental objective in organic chemistry
[12]. There has been a notable emphasis on the fabrication of 1,8-dioxodecahy-
droacridines owing to their noteworthy physiological and biological function-
alities, encompassing antimicrobial [13], anti-tumor [14], anti-inflammatory
[15], cytotoxic [16], analgesic [17] and anti-fungal [18] attributes. The com-
pounds under investigation are frequently synthesized via a tricomponent reac-
tion, wherein 1,3-diketone, aldehydes, and a range of anilines or ammonium
acetate are employed. The reaction under consideration is commonly catalyzed
by a variety of catalysts, including Carbon-Based Solid Acid [19], PPA-SiO,
[20], ammonium Chloride [21], polyvinylpolypyrrolidone-supported boron
trifluoride [22], PPA/AL,O5 [23], Amberlite IR-120H [24], Cu(II) schiff Base
[25], Cu-doped ZnO [26], 1,3-di (bromo or chloro)-5,5-dimethylhydantoin [27]
and proline [28]. Nevertheless, it is essential to note that several methodologies
previously reported in the literature present inherent constraints. These limita-
tions encompass prolonged reaction times, the requirement for stoichiometric
amounts of reagents, the necessity of expensive catalysts, the formation of low
product yields, the utilization of toxic solvents, the implementation of conven-
tional work-up protocols, difficulties in catalyst separation, and the inability to
recover the catalyst [29, 30]. The discovery of novel methodologies utilizing
new heterogeneous and reusable catalysts is still required to enhance the reac-
tion conditions for the synthesis of 1,8-dioxodecahydroacridines and overcome
the associated limitations [31].

In this regard, scientists have given considerable attention to magnetic nano-
structures [32, 33]. They provide numerous size-related aspects, including a wide
surface area, fine-tuning of the features, increased loading capacity, outstand-
ing dispersion, remarkable stability, and simple catalyst reprocessing, enhancing
heterogeneous catalysis’s effectiveness in MCR [34]. Earlier studies have shown
that incorporating magnetized nanomaterials with other potentially reactive
components in core—shell nanostructures improves catalytic efficiency [35-39].
Due to their nanoscale size effect, well-controlled design, and modifiable
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physicochemical characteristics, core—shell nanomaterials have attracted a great
deal of interest, which has led to their applicability in a variety of popular
research subjects [40, 41]

Magnetic nanocatalysts exhibit exceptional characteristics that render them
highly advantageous for organic reactions [42—46]. The nanoscale dimensions of
these particles result in a favorable surface area-to-volume ratio, which enhances
their catalytic efficiency. Moreover, the inherent magnetic properties of these enti-
ties facilitate effortless extraction from reaction mixtures through the application of
external magnetic fields, thereby promoting recyclability and minimizing waste gen-
eration. Moreover, the surface modifications and functionalizations of these catalysts
can be customized, thereby augmenting their selectivity and reactivity towards par-
ticular organic transformations [47]. The aforementioned attributes, when coupled
with their inherent stability and capacity for repeated utilization, render magnetic
nanocatalysts exceptionally well-suited for a wide range of organic reactions. Conse-
quently, their implementation plays a pivotal role in propelling the field of environ-
mentally friendly and sustainable chemistry forward [48]. The core—shell structured
nanocatalyst exhibits intriguing properties such as size-dependent characteristics,
a core—shell structure, and magnetic behavior, rendering it a compelling option for
catalyzing organic transformations [49].

The magnetic core of the catalyst is composed of Fe;0, nanoparticles, which are
encircled by a slender shell of MgO. The Fe;O, core confers magnetic separability
and significant support to the shell. Magnesium oxide, in its pure form, is a durable
catalyst utilized in heterocyclic reactions [50].

Size-dependent characteristics, core—shell structure, and magnetic nature of
Fe;0,@MgO make it an exciting choice as a catalyst in organic transformations
[51-53]. Fe;0, nanoparticles constitute the catalyst’s magnetic core, which is sur-
rounded by a thin MgO shell. The Fe;O, core provides magnetic separability and
substantial support to the shell. Pure MgO is a robust catalyst that is employed in
heterocyclic processes. The significance of magnesium oxide (MgO) nanocata-
lysts in the realm of organic synthesis cannot be overstated [54, 55], owing to their
remarkable catalytic efficiency, high stability, noteworthy adaptability, good surface
characteristics, and substantial surface area, leaching resistance, low cost, redox
properties, high dielectric constant. The combination of MgO and Fe;O, offers
numerous advantages in catalysis, which makes the approach easy, one-pot, inex-
pensive, and greener. These include simple preparation, high surface-to-volume
ratio, wide availability, cost-benefit, environmental friendliness, easy recovery, and
low catalyst loading.

The paper described the successful synthesis of magnetically separable core—shell
structured Fe;0,@MgO nanocatalysts via a simple two-step co-precipitation pro-
cess. These nanoparticles showed remarkable potential as a catalyst in the synthesis
of 1,8-dioxodecahydroacridines under solvent-free conditions (Scheme 1).
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Scheme 1 Synthesis of 1,8-dioxodecahydroacridines using Fe;0,@MgO nanocatalyst

Experimental

Synthesis of Fe;0,@MgO0 nanocatalyst

Fe;0,@MgO was synthesized in two steps as follows-
Step I: synthesis of Fe;0, nanoparticles

Fe;0, nanoparticles were synthesized by slight modification in the previously reported
co-precipitation method [56] by mixing stoichiometric amounts of 0.2 M FeCl;.6H,0
(50 mL, 1.62 g) and 0.1 M FeCl,.4H,0 (50 mL, 0.80 g). The resulting mixture was
sonicated for 30 min, followed by mechanical stirring at 80 °C for 1 h till a transparent
solution appeared. The pH of the solution was adjusted to alkaline pH by adding 25%
ammonium hydroxide gradually. The precipitate formed was allowed to settle and then
isolated from the liquid phase by applying an external magnet. The precipitate was
rinsed multiple times using distilled water until a neutral pH was achieved. The result-
ing black precipitate was dried for 6 h at 60 °C (Fig. 1). The following reaction can
describe the potential chemical transformation within this experimental procedure:

2FeCl, + FeCl, + SNH,0H — Fe,0, +8NH,CI + 4H,0

FeCl, + FeCl,

S Filter
Dry at 60°C
Vi 06 hours
@y
Ultrasonication Magnetic Stirring Fe;0, Nanoparticles

Fig.1 Synthesis of Fe;0, nanocatalyst
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Step II: synthesis of Fe;0,@MgO by surface modification

Coating of MgO on Fe;O, nanoparticles was carried out by the method
described by Peng et al. [52]. 0.5 g of as-prepared Fe;O, nanoparticles were
dispersed in 100 mL of CTAB (1 g) solution, used as a stabilizing and capping
agent [57], and sonicated for 30 min. 50 mL of a 0.5 mol L! MgCl, solution
was added to the mixture and stirred for 1 h at room temperature. Further, the
temperature was raised to 70 °C, and ammonia solution was added with con-
stant stirring for 4 h. The mixture was allowed to cool to room temperature. The
resulting product was washed multiple times with ethanol before being dried for
6 h at 50 °C. The product was calcined at different temperatures, such as 450 °C,
550 °C, and 650 °C, for 3 h. This resulted in a brown-colored powder of Fe;0,@
MgO (Fig. 2).

The synthesized catalyst is characterized by using various techniques. The
Powder X-ray diffraction (PXRD) was recorded using a Bruker D8 Advance
Twin-Twin instrument. JEOL JSM-7600F FEG-SEM, in conjunction with energy
dispersive spectroscopy (EDS) and element mapping with an EDS analyzer, were
used for the analysis of surface morphology. The shape and size of the nano-
composite were investigated using a high-resolution transmission electron micro-
scope; Tecnai G2, F30 HRTEM-200 kV. The Magnetic properties were measured
using Lakeshore VSM 7410S series. Micromeritics, ASAP 2010 was used to
analyzed the BET surface area of nanocatalyst. The zeta potential/surface charge
of the nanocatalyst was determined using Zetasizer 3000, Malvern Instruments.
The particle size of the nanocatalyst was determined using HORIBA SZ-100
instrument.

MgCl, solution Liq. NH,

Fe;0O, nanoparticles + CTAB

Vd va
o
-

Ultrasonication Magnetic Stirring Magnetic Stirring
(RT followed by at 70°C) (4 Hours) o
Filter Calcination
DryAt50°C | |At450°C, 550°C, 650°C

¢|le

Fe,0,@MgO -
Nanoparticles

Fig.2 Synthesis of Fe;0,@MgO nanocatalyst
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Synthesis of 3,3,6,6-tetramethyl-9-aryl-3,4,6,7,9,10-hexahydro-2H,5H-acridine-
1,8-dione

A mixture of aromatic aldehyde (1 mmol), dimedone (2 mmol), and ammonium
acetate/ aniline (1 mmol) is heated in the presence of a catalytic amount of Fe;O,@
MgO (15 mg) under solvent-free conditions at 70 °C for the stipulated time. The
progress of the reaction was monitored by TLC (n-Hexane: EtOAc, 9:1). The final
product was heated in ethanol and poured into water. The catalyst was magnetically
removed and washed with chloroform for reuse. The residue was then poured into
crushed ice and stirred. The pure product was obtained by recrystallization from hot
aqueous alcohol. This resulted in the production of 3,3,6,6-tetramethyl-9-phenyl-
3,4,6,7,9,10-hexahydro-2H,5H-acridine- 1,8-dione with a yield of 89-98% (Table 1,
Entry 1-13).

The synthesized compounds’ melting points were determined using the open cap-
illary method and reported without additional adjustments. The presence of specific
functional groups in the molecule was determined by recording the Fourier Trans-
form Infrared (FT-IR) spectrum of the products using a Vertex 80 FTIR System
(Bruker, Germany) with a 3000 Hyperion Microscope. Proton nuclear magnetic
resonance ("H NMR) spectroscopy and 13C nuclear magnetic resonance spectros-
copy were carried out in DMSO using tetramethylsilane (TMS) as an internal stand-
ard on a 400 MHz and 100 MHz liquid-state nuclear magnetic resonance (NMR)
spectrometer instrument respectively. The chemical shifts (8) of all Proton atoms

Table 1 Synthesis of 1,8-dioxo-9-aryl decahydroacridine and 1,8-dioxo-9,10-diaryl decahydroacridine
derivatives®

Entry Aldehyde NH,OAc/Aniline Time (Min) Yield (%) M.P(°C) Lit M.P (°C)

1 Benzaldehyde NH,OAc 11 95 246-248 249-251 [58]

2 4-Nitro benzaldehyde NH,OAc 09 97 287-289 284-287 [58]

3 4-Hydroxy benzaldehyde NH,OAc 14 94 290-292  >300 [59]

4 4- (N, N-Dimethyl) NH,OAc 14 95 284-286 281-283 [58]
amino benzaldehyde

5 2-Hydroxy benzaldehyde NH,OAc 13 91 270-274 271-273 [60]

6 Indol-3-carbaldehyde NH,OAc 15 89 274-276 -

7 4-Methyl benzaldehyde = NH,OAc 12 92 298-299 >300 [59]

8 2-Chloro benzaldehyde =~ NH,OAc 10 90 294-297 298-301 [58]

9 4-Bromo benzaldehyde =~ NH,OAc 18 96 240-242 236-238 [59]

10 4-Methoxy NH,OAc 14 92 267-269 271-272[58]
benzaldehyde

11 Benzaldehyde Aniline 6 98 254-255 253-255[59]

12 4-Nitro benzaldehyde Aniline 5 94 288-289 281-282[61]

13 4-Methoxy Aniline 12 95 222-223 219-223 [59]
benzaldehyde

#Reaction conditions: aldehyde (I mmol), dimedone (2 mmol), ammonium acetate/aniline (1 mmol), and
15 mg of Fe;0,@MgO at 70 °C under solvent-free conditions

5Yield of isolated products
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are determined relative to tetramethyl silane (TMS, 6 =0.00) as an internal standard.
Additionally, coupling constants (J) are expressed in units of Hz.

Spectral data of representative organic molecules

3,3,6,6-Tetramethyl-9-(4-nitro-phenyl)-3,4,6,7,9,10-hexahydro-
2H,5H-acridine-1,8-dione Table 1, Entry 2: Yellow solid; mp: 287-289 °C
(EtOH); IR (KBr) v cm™': 3215, 2957, 1730 1590, 1486, 1339, 1219, 832, 751;
'H NMR Spectrum (400 MHz, DMSO-dy) 6, ppm (J, Hz): 8.44 (s, 1H), 7.95 (d,
J=17.4,2H), 7.50 (d, J=7.4, 2H), 4.45 (s, 1H), 2.43 (s, 4H), 1.68 (s, 4H), 1.09
(s, 12H); 3C NMR Spectrum (100 MHz, DMSO-d,) 8, ppm:199.48, 194.51,
165.01, 159.55, 149.32, 145.68, 134.28, 128.99, 123.19, 112.54, 65.31, 51.49,
36.36, 32.86, 32.71, 28.81; Elemental analysis: Found %: C 70.09; H 6.68; N
7.02. C,3HeN,0, Calculated %: C 70.03; H 6.64; N 7.10.
9-(4-Hydroxy-phenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahy-
dro-2H,5H-acridine-1,8-dione Table 1, Entry 3: White solid; mp: 290-292 °C
(EtOH); IR (KBr) v cm™': 3166, 2955, 2870, 1714, 1577, 1507, 1467, 1368,
1219, 1036, 833, 749; '"H NMR Spectrum (400 MHz, DMSO-dy) 6, ppm (J, Hz):
9.08 (s, 1H), 8.27 (s, 1H), 7.16 (d, J=7.4 Hz, 2H), 6.71 (d, J=7.6 Hz, 2H), 4.42
(s, 1H), 2.05 (s, 4H), 1.61 (s, 4H), 1.11 (s, 12H); '*C NMR Spectrum (100 MHz,
DMSO-d,) 6, ppm: 194.68, 185.05, 159.64, 157.19, 129.32, 129.21, 115.15,
113.54, 91.34, 53.49, 36.40, 32.99, 32.62, 27.90; Elemental analysis: Found %:
C 75.55; H7.39; N 3.78. C53H,,NO;. Calculated %: C 75.59; H 7.45; N 3.83.
9-(4-Dimethylamino-phenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hex-
ahydro-2H,5H-acridine-1,8-dione Table 1, Entry 4: Off-white solid; mp:
284-286 °C (EtOH); IR (KBr) v cm™': 3736, 2873, 1740, 1581, 1366, 1237,
1063, 907, 809; '"H NMR Spectrum (400 MHz, DMSO-d,) 8, ppm (J, Hz): 8.42
(s, 1H), 7.22 (d, J=47.6 Hz, 2H), 6.93-6.43 (m, 2H), 5.51 (s, 6H), 5.43 (s, 1H),
2.41 (s, 4H), 2.11 (s, 4H), 1.33-0.90 (m, 12H); ">C NMR Spectrum (100 MHz,
DMSO-d,) 6, ppm: 190.26, 189.28, 148.77, 127.49, 125.61, 115.97, 112.69,
47.09, 46.50, 40.72, 31.84, 31.38, 29.72, 27.35; Elemental analysis: Found %:
C 76.09; H 8.20; N 7.11. C,5H;,N,0,. Calculated %: C 76.49; H 8.22; N 7.14.
9-(2-Hydroxy-phenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahy-
dro-2H,5H-acridine-1,8-dione Table 1, Entry 5: White solid; mp: 270-274 °C
(EtOH); IR (KBr) v cm™': 3300, 3123, 2957, 1714, 1584, 1450, 1368, 1219,
1145, 829, 738; '"H NMR Spectrum (400 MHz, DMSO-dy) 8, ppm (J, Hz): 9.11
(s, 1H) 8.15 (s, 1H), 7.14-6.98 (m, 2H), 6.81-6.30 (m, 2H), 4.45 (s, 1H), 2.06
(s, 4H), 1.61 (s, 4H), 1.11 (s, 12H); 1*C NMR Spectrum (100 MHz, DMSO-dy)
S, ppm: 203.54, 196.52, 166.27, 136.43, 133.83, 126.22, 122.68, 121.16, 119.56,
118.57, 110.93, 53.98, 51.77, 46.72, 32.38, 28.25; Elemental analysis: Found %:
C 75.50; H 7.34; N 3.81. C,3H,,NO; Calculated %: C 75.59; H 7.45; N 3.83.
9-(1H-Indol-3-yl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydro-
2H,5H-acridine-1,8-dione Table 1, Entry 6: Yellow crystals; mp: 274-276 °C
(EtOH); IR (KBr) v cm™': 3738, 2957, 1707, 1583, 1366, 1255, 1148, 927, 748,
664; '"H NMR Spectrum (400 MHz, DMSO-d,) 8, ppm (J, Hz): 8.42 (s, 1H), 7.22
(d, J=47.6 Hz, 1H), 6.93-6.43 (m, 5H), 5.51 (s, 1H), 2.41 (s, 4H), 2.11 (s, 4H),
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1.33-0.90 (m, 12H); '*C NMR Spectrum (100 MHz, DMSO-d,) 8, ppm: 192.93,
158.33, 138.62, 126.94, 123.52, 121.47, 121.45, 118.20, 114.61, 113.37, 108.13,
60.06, 51.49, 38.45, 36.36, 32.71, 28.81; Elemental analysis: Found %: C 77.13;
H 7.22; N 7.08. C,5HsN,0, Calculated %: C 77.29; H 7.26; N 7.21.

Result and discussion
Characterization of the core-shell structured Fe;0,@MgO nanocatalyst

The XRD analysis of Fe;0,@MgO powder exhibited the characteristic peaks of
the crystalline phase of Fe;O, with MgO. X-ray diffraction (XRD) patterns of
the Fe;0,, as well as Fe;0,@MgO (annealed at 450 °C), are shown in Fig. 3.
The peaks observed at 38.04, 42.94, 62.40, 74.71 and 78.62 correspond to (111),
(200), (220), (311), and (222) planes (JCPDS No. 87-0653), indicating the forma-
tion of polycrystalline cubic structure of Fe;O,@MgO nanoparticles. The inten-
sity of diffraction peaks was increased with increasing the annealing temperature
while the Fe;0,@MgO NPs were increased. It is observed that, as the annealing
temperature is increased, the intensity of diffraction peaks increases. This may
suggest that a high annealing temperature gives sufficient energy to crystallize in
the proper orientation and produces a rise in intensity. [62].

The average crystallite size is determined by the Debye Scherrer formula based
on the peak’s full width at half-maximum (FWHM). It was observed that the
rise in annealing temperature improves the crystallinity of the nanoparticles and,
therefore, the crystallite size of Fe;O,@MgO nanoparticles (Table 2).

The HRTEM images (Fig. 4a, b) reveal the spherical-shaped core—shell par-
ticles of Fe;O,@MgO. The clear lattice fringes confirm the crystalline nature of

(200)
#

*Fe,0,
# MgO

Intensity

20 30 40 50 60 70 80
20
Fig.3 XRD pattern of Fe;0, and Fe;0,@MgO calcined at 450 °C
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Table 2 Full Width at Half Maxima (FWHM) and average particle size of Fe;O,@MgO NP’s at anneal-
ing temperatures of 450 °C, 550 °C, and 650 °C

Nanoparticle Annellation temp FWHM of high-intensity =~ Average particle size
peak
Fe;0,@MgO 450 °C 0.3225 27.69 + 2.00
550 °C 0.2487 359115
650 °C 0.2122 42.09+24

The bold signifies best-obtained crystallite size to show the suitable temperature condition

the Fe;O, core. Some crystal planes are visible in the core structure calculated
using ImagelJ software. The Interlayer d-spacing was measured with ImageJ soft-
ware, as illustrated in Fig. 4b. The d-spacing values of Fe;0,@MgO were cal-
culated as 2.06, 2.12 A° assigned to the (200) plane of MgO and 2.53, 2.49 A°
assigned to the (311) plane of Fe;0, are in agreement with XRD results [53] The
selected area electron diffraction (SAED) pattern specifies the presence of poly-
crystalline crystal structures in the synthesized nanocatalyst (Fig. 4c).

SEM images showed that the Fe;0,@MgO nanoparticles are of a spherical
morphology due to agglomeration of the nanoparticles (Fig. 5a). The formation
of core—shell nanoparticles was confirmed from the elemental X-ray mapping in
addition to HRTEM images (Fig. 5b).

EDAX analysis provides elemental composition/distribution (Fig. 5c¢). The
nanocatalyst contains elemental magnesium, oxygen, and iron, as seen by the
prominent peaks at 1.3, 0.6, and 6.5 keV. Fe, O, and Mg were 9.86%, 42.92%, and
47.21% by weight.

The magnetic characteristics of Fe;0, and Fe;O,@MgO were analyzed using
a vibrating sample magnetometer (VSM), as illustrated in Fig. 6. The magnetic
properties of uncoated and MgO-coated Fe;O, nanoparticles were analyzed by
measuring the VSM graph. The measurements were done at room temperature
using a magnetic field ranging from —15 to 15 kOe. The comparable values of
coercivity and remanence suggest the persistence of superparamagnetic proper-
ties in Fe;O,4 nanoparticles after forming their shell.

According to the magnetization curve, the Fe;O, and Fe;O,@MgO samples
exhibited saturation magnetization values of 58.76 and 5.76 emu g~!, respec-
tively. The drop in saturated magnetization observed in Fe;0,@MgO may be
attributed to a magnetically inactive MgO layer in the prepared catalyst [51].

The simple and effective recovery of the catalyst is illustrated in Fig. 7. By
applying an external magnet.

The surface area analysis using the Brunauer—Emmett-Teller (BET) method
and results are presented in Table 3. The values showed that the nanocatalyst has
a surface area of 31.1327 m%/g. The BET isotherm linear plot showing the nitro-
gen adsorption—desorption cycle is presented in Fig. 8, which shows TYPE-IV
isotherm [63], characteristic for mesoporous materials confirmed by the average
pore diameter shown in Table 3.
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Fig.4 a TEM image; b High-
resolution TEM image; ¢ SAED
pattern
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Electron Image 1
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EDS Layered Image 1

Fig.5 a SEM. b Surface mapping (Mixed image). ¢ Mapped elements Mg, O, Fe, C. d EDX of Fe;0,@
MgO core—shell nanoparticles

The Zeta potential value of nanocatalyst was+44.16 mV, which suggests that
the nanocatalysts exhibit colloidal stability and can be employed in heterogene-
ous catalytic reactions. The mobility distribution graph is shown in the Fig. 9

The Particle size of the Fe;0,@MgO nanocatalyst is found to be 27.60 nm, as
shown in Fig. 10, which is in agreement with the XRD analysis.

Study of catalytic efficiency of Fe;0,@MgO0 nanocatalyst for the synthesis
of 1,8-dioxodecahydroacridine

This study presents a novel, simple, gentle, and effective approach for the one-
step production of 1,8-dioxodecahydroacridine compounds using Fe;0,@MgO as
a reusable catalyst. This catalyst exhibits environmentally sustainable properties,
is easy to handle, and is quickly recoverable from the reaction mixture. The initial
experiments demonstrated that the reaction of benzaldehyde (1 mmol), dimedone
(2 mmol), and ammonium acetate (1 mmol) in a catalytic amount of Fe;0,@
MgO (15 mg) under solvent-free conditions at 70 °C for 11 min resulted in the
production of 3,3,6,6-tetramethyl-9-phenyl-3,4,6,7,9,10-hexahydro-2H,5H-acrid-
ine-1,8-dione with a yield of 95%.
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Fig.6 Magnetic study of the Fe;O, and Fe;0,@MgO nanocatalyst (inset (a) enlarged VSM graph of
Fe;0,@MgO)

Fig.7 Magnetic recovery of - — —
the catalyst from the reaction o
mixture

Table 3 BET surface area, pore volume, and pore diameter of synthesized Fe;O,@MgO nanocatalyst

Sample BET surface area (m? g~!) Average pore volume Average pore diameter (nm)
(em’g™)
Fe;0,@MgO 31.1327 0.2141 26.38
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Fig.8 Adsorption desorption isotherm of the nanocatalyst
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The synthesis of 1,8-dioxodecahydroacridine derivatives was achieved by
reacting benzaldehyde, dimedone, and ammonium acetate in the presence of dif-
ferent solvents, as indicated in Table 4 (Entry 1-9). Additional reactions were
conducted with various nitrogen sources, including ammonia and ammonium
chloride, to assess their effectiveness in the proposed protocol (Table 4, Entry 10,
11). The results indicated that when ammonia or ammonium chloride was used
instead of ammonium acetate, the product yield was significantly lower under the
optimized reaction conditions. This could be attributed to the volatile nature of
ammonia and ammonium acetate.

Figure 11 shows the assessment of catalytic loading, indicating that the most
favorable output was achieved by utilizing a nanocatalyst of Fe;0,@MgO (15 mg)
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Fig. 10 Particle size distribution plot

Table 4 Optimization of

. Sr. no Solvent/Temperature Time (Min) Yield® (%)

reaction parameters for

3,3,6,6-tetramethyl-9-aryl- 1 THF/Reflux 42 75

3,4,6,7,9,10-hexahydro-2H,5H-

acridine-1,8-dione derivative 2 DMSO/Reflux 48 7

synthesis by using Fe;0,@MgO 3 Ethylene glycol/Reflux 45 68

catalysta (Table 1, Entry 1) 4 Ethanol/ Reflux 25 79
5 H,0/ Reflux 54 38
6 Solvent-free/Reflux 11 95
7 Solvent free/70 °C 11 95
8 Solvent free/50 °C 20 89
9 Solvent-free/Room temp 55 35
10 Solvent free/70 °C 41" 34"
11 Solvent free/70 °C 48" 30"

*Reaction conditions: benzaldehyde (1 mmol), dimedone (2 mmol),
ammonium acetate (1 mmol), and 15 mg of Fe;0,@MgO; * ben-
zaldehyde (1 mmol), dimedone (2 mmol), ammonia (I mmol),
and 15 mg of Fe;0,@MgO; - benzaldehyde (1 mmol), dimedone
(2 mmol), ammonium chloride (I mmol), and 15 mg of Fe;0,@
MgO

®Yield of isolated products

The bold signifies reaction protocol’s significance and illustrate ideal
reaction conditions

under solvent-free conditions at a temperature of 70 °C for the model reaction (refer
to Fig. 11).

After establishing the reaction parameters, the applicability of the present pro-
tocol was demonstrated for aldehydes with a variety of functionalities and different
sources of N (ammonium acetate and aniline). The resultant products were organ-
ized in tabular format systematically (Table 1). The reaction exhibited a high degree
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Fig. 11 Study of catalyst loading in the model reaction (Table 1, Entry 1)

of selectivity, as evidenced by the absence of any detectable by-products in TLC
screening. Furthermore, under the given reaction conditions, aniline exhibited a
higher reaction rate as well as a high yield. This observation revealed that aniline is
superior to ammonium acetate as a nitrogen source, which may attribute to the dual
functionality of aniline, which acted as both a nucleophile and a hydrogen donor.
The nucleophilic character of aniline facilitated its interaction with the carbonyl part
of the substrate, resulting in the generation of the desired intermediate. Furthermore,
the hydrogen donor property of aniline enabled the proton transfer mechanism, lead-
ing to the synthesis of the 1,8-dioxo decahydroacridine product. The synthesized
decahydroacridine-1,8-diones were characterized through spectral studies.

Environmental compatibility of the existing synthetic protocol was assessed by
applying established ’green chemistry metrics’ such as E-factor, atom economy,
reaction mass efficiency, optimum efficiency, and reaction mass yield, represented
in Fig. 12. The E-factor ranging from 0.14 to 0.44 characterizes the environmen-
tal compatibility of reaction methodology. The other factors, like atom economy
(75.39-89.70%), reaction mass efficiency (69.06-87.12%), and optimum effi-
ciency (89-98%), are closely aligned to their respective benchmarks.

Reusability study

The Fe;0,@MgO nanocatalyst exhibits magnetic recoverability without any sig-
nificant loss. In order to assess the stability of the catalytic activity and the feasi-
bility of recycling, a series of catalytic cycles were conducted. After each cycle,
Fe;0,@MgO was washed using chloroform and was subsequently subjected to
vacuum drying to eliminate any remaining solvent. The catalyst exhibited reus-
ability for up to five cycles with negligible activity loss, as shown in Fig. 13.
Following each trial, the X-ray diffraction (XRD) pattern of the utilized Fe;O,@
MgO was found to be indistinguishable from that of the original Fe;0,@MgO,
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Fig. 12 Radar chart for the calculated green matrices for the synthesis of 1,8-dioxodecahydroacridines
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Fig. 13 Reusability of the catalyst in the model reaction (Table 1, Entry 1)

indicating that the catalyst’s framework structure remained intact during the reac-
tion progression (as shown in Fig. 14). As a result, the catalyst appears to be
reusable.

Furthermore, the proposed mechanism of the reaction elucidates the advancement
of the multicomponent reaction. Based on our empirical research and other compa-
rable findings, Fig. 15 illustrates a conceivable process for the production of decahy-
droacridine-1, 8-diones utilizing Fe;O,@MgO. At the outset, the catalytic sites that
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Fig. 14 XRD studies of fresh and used catalysts in each run of the model reaction (Table 1, Entry 1)

are active augment the electrophilicity of aldehyde carbonyl groups while also facili-
tating the enolization of dimedone. After activating the aldehyde, the Knoevenagel
product was obtained through a nucleophilic attack of dimedone. Following that, the
Knoevenagel product undergoes a Michael-type reaction with a second molecule of
dimedone, forming an intermediate compound. Subsequently, the obtained interme-
diate was reacted to an amine molecule, which undergoes intramolecular cyclization
through dehydration, resulting in the formation of the final product [29].

Comparative study of the catalyst

The current investigation explores the catalytic performance of Fe;0,@MgO with
magnetic properties in the production of a 3,3,6,6-tetramethyl-9-aryl-3,4,6,7,9,10-
hexahydro-2H,5H-acridine-1,8-dione derivative. The comparative analysis of the
nanocatalyst’s performance was conducted concerning the catalysts reported ear-
lier. The findings of this investigation offer conclusive proof that the nanocrystalline
magnetic Fe;0,@MgO catalyst is a viable, efficient, and cost-effective alternative
for synthesizing 3,3,6,6-tetramethyl-9-aryl-3,4,6,7,9,10-hexahydro-2H,5H-acridine-
1,8-dione derivative with a high yield rate under ambient reaction conditions. The
findings delineated in Tables 5 and 6 demonstrate that the Fe;0,@MgO nanocatalyst
is an exceptionally potent and proficient catalyst for the synthesis of 3,3,6,6-tetrame-
thyl-9-aryl-3,4,6,7,9,10-hexahydro-2H,5H-acridine-1,8-dione derivative without the
use of any solvents at 70 °C. The catalyst outperforms the efficacy of previously
documented catalysts. A high product yield is achieved as a consequence of rapid
chemical reactions. The magnesium oxide (MgO) displays a low specific weight,
high melting point, and minimal lattice mismatch with magnetite. These characteris-
tics make it a highly favorable substance for shell structure.
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Fig. 15 Plausible mechanism for synthesis of 3,3,6,6-tetramethyl-9-aryl-3,4,6,7,9,10-hexahydro-2H,5H-
acridine-1,8-dione derivative by using Fe;0,@MgO catalyst

Conclusion

The study aimed to develop a sustainable and efficient method for synthesizing deriva-
tives of 3,3,6,6-tetramethyl-9-aryl-3,4,6,7,9,10-hexahydro-2H,5H-acridine-1,8-dione
using Fe;O,@MgO core—shell nanoparticles as a catalyst. The nanoparticles have
a core of Fe;O, and a shell of MgO, which makes it easy to separate magnetically
using an external magnet. The catalyst is environmentally friendly, can be easily
recycled, and can be used for up to five consecutive cycles without any significant
loss of catalytic activity. The reaction was carried out under ambient conditions,
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Table 6 Comparative study for the synthesis of 3,3,6,6-tetramethyl-9-phenyl-3,4,6,7,9,10-hexahydro-
2H,5H-acridine- 1,8-dione derivative in the presence of previously reported catalysts* (Table 1, Entry 1)

Sr.no Catalyst Catalyst load-  Solvent Reaction Time min Yield® % Ref no
ing condi-
tions
1 B6 (FCs), 3 mol% Solvent-free RT 3.5h 80 [71]
TiO, NP’s 10 mg Solvent-free 80 °C 20 90 [29]
3 Silica- 0.03 mmol H,0 Reflux 2h 91 [72]
Supported
Preyssler
Nanoparticles
Fe3t/4A 0lg EtOH Reflux 14 h 91 [73]
5 Fe;0,@Mg0  15mg Solvent-free 70 °C 11 95 Present work

“Reaction conditions: benzaldehyde (1 mmol), dimedone (2 mmol), ammonium acetate (1 mmol)
YYield of isolated product

where a range of aldehydes were converted to their respective acridine-1,8-dione
derivatives with a yield of up to 98%. The methodology used was ecologically sound
and solvent-free, making it an ideal alternative to traditional chemical methods. The
reaction kinetics were fast, and the product output was substantial. Overall, this
investigation showcases the use of a sustainable catalyst, which could potentially be
used in other chemical reactions.
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