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l benzopyrimido[4,5-d]azoninone
analogs catalyzed by biosynthesized Ag-TiO2 core/
shell magnetic nanocatalyst and assessment of
their antioxidant activity†

Mohamed M. Hammouda, *ab Kamal Shalabi,ab Abdulaziz A. Alanazi,a

Khaled M. Elattar, c Maged A. Azzamad and Marwa M. Rashede

The present work reported the synthesis of novel benzopyrimido[4,5-d]azoninone analogs using

a biosynthesized Ag-TiO2 core/shell magnetic nanocatalyst. Accordingly, three-component one-pot

reactions of benzoazonine-dione with thiourea and aryl aldehyde derivatives under nanocatalytic and

optimized conditions afforded reasonable to brilliant yields of the target products (57–91%). The

nanocatalyst was synthesized by a facile method using turmeric ethanol extract as a reducing and

chelating agent. The synthesized nanocatalyst was verified by FT-IR, XRD, zeta potential, EDX, SEM, and

TEM. The nanocatalyst presented remarkable catalytic activity for the synthesis of the target products.

The procedure provided biosynthesis of the nanocatalyst, accessible reagents, high yields and rates of

the reactions, nanocatalyst recyclability, and ease of product isolation and purification. The novel

products were characterized by FT-IR, 1H-NMR, 13C-NMR, mass spectra, and 2D NMR analysis (COSY,

NOESY, HMQC & HSQC) spectral analyses. The antioxidant activity was assessed by DPPH and

phosphomolybdate assays, in which the compounds exhibited excellent potency. Overall, this approach

could be used to develop new and sustainable methods for the synthesis of antioxidants and other

biologically active molecules.
1. Introduction

Biosynthesis of nanomaterials is a process that uses eco-friendly
and sustainable methods to produce nanomaterials.1,2 It is
a rapidly growing eld of research, as there is a growing demand
for nanomaterials that are safe for human health and the
environment.3,4 There are a variety of different biosynthesis
methods that can be used to produce different types of
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nanomaterials.5,6 Some of the most common methods include
plant-mediated synthesis,7 which involves the use of plant
extracts to reduce and stabilize metal ions into nanoparticles
based on the capacity of biomolecules, and reactive species of
the plant extract; microbial synthesis,8 which involves the use of
microorganisms, such as bacteria, yeasts, and fungi, to
synthesize nanomaterials; and biomimetic synthesis,9 which
involves the use of natural processes to inspire the synthesis of
nanomaterials. For example, researchers have developed
methods to synthesize nanomaterials that mimic the way that
seashells and bones are formed. The biosynthesis protocols of
the nanocatalysts have several advantages over traditional
methods of synthesis, including safety, more sustainable
materials, less waste, and being more cost-effective.10 The
biosynthetic scope was also extended to include biosynthesis,
solvent-free synthesis, microwave-assisted synthesis, and
ultrasound-assisted synthesis.11,12 The eld of biosynthesis is
rapidly growing, with many innovative new methods being
developed.13 With its many advantages over traditional
methods, biosynthesis is likely to become the standard for
synthesizing nanomaterials in the future.14

On the other hand, nine-membered nitrogen heterocycles
such as azonines are difficult to synthesize with specic struc-
tures and congurations. Azoninones are a category of organic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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molecules containing a nine-membered ring containing
a nitrogen atom and a carbonyl group (C]O) bonded at the ring
system. However, azonines are magnicent scaffolds of natural
and pharmaceutical products.15 One of the most notable
features of azonines is their reactivity, in which these hetero-
cycles can undergo a variety of reactions, including cycloaddi-
tions, cyclizations, and rearrangements.16 These reactions can
be used to synthesize a wide range of complex molecules.
Another important feature of azonines is their ability to form
hydrogen bonds.17 This ability allows azonines to bind to
a variety of biomolecules, including proteins and DNA. This
binding can be exploited to develop new drugs and diagnostic
tools. Despite their importance, azonines are relatively difficult
to synthesize. This is because the nine-membered ring is prone
to ring-opening reactions. However, in recent years, chemists
have developed a number of new methods for synthesizing
azonines.18,19 These methods have made it possible to access
a wider range of azonine derivatives.

Azoninones typically synthesized by periodate oxidation of
2,3,4,9-tetrahydro-1H-carbazole or via Friedel–Cras ring
closures, and Claisen rearrangements as previously
reported.20–24 Azoninones are also known to undergo a variety of
other reactions, including cycloaddition and transannular
reactions,25 and transannular ring contraction.26 The reactivity
of azoninones is still under investigation, and new reactions are
being discovered all the time. The stereochemistry of azoni-
nones was reported through the use of planar diastereomer
azoninones in the syntheses of the azonanones via cycloaddi-
tion reactions.27 The potential applications of azoninones are
wide-ranging, in which these heterocycles have been used in the
synthesis of a diversity of alkaloids such as indolizidinones.28–30

Azoninones have also been investigated for their biological
activity, for example, selective glycosidase inhibitors,30 and
apoptotic inducers.31 As research into azoninones continues,
they will likely nd even more applications in a variety of elds.

The Biginelli reaction is a multicomponent reaction that
involves the condensation of an aldehyde, a b-ketoester (active
methylene group), and urea or thiourea to form a dihydropyr-
imidinone. It is a versatile and efficient reaction for the
synthesis of a wide range of heterocyclic compounds with
potential pharmaceutical applications. Recoverable magnetic
nanoparticles can be used as catalysts for the Biginelli reaction,
offering several advantages over traditional catalysts, such as
ease of recyclability, improved catalytic activity, and broad
substrate scope. Recoverable magnetic nanoparticles have been
successfully used to catalyze the Biginelli reaction under
a variety of conditions, including solvent-free, microwave-
assisted, and ultrasonic conditions.32–34 Alvim et al.35 showed
that nanocatalyst could be used to catalyze the Biginelli reaction
under solvent-free conditions at room temperature. The reac-
tion was completed in as little as 10 minutes, and the dihy-
dropyrimidinone products were obtained in excellent yields.
Yadav et al.36 showed that nanocatalyst could be used to catalyze
the Biginelli reaction under microwave-assisted conditions.
Safari, and Zarnegar37 showed that nanocatalyst could be used
to catalyze the Biginelli reaction under ultrasonic conditions.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The current work aims to synthesize a novel series of ben-
zopyrimido[4,5-d]azoninone derivatives using a biosynthesized
Ag-TiO2 core/shell magnetic nanocatalyst through a developed
protocol. The nanocatalyst is more efficient than traditional
metal catalysts because it has a larger surface area. This means
that more of the catalyst is exposed to the reactants, which leads
to a faster reaction rate. The nanocatalyst provided a high
reaction rate, improved yields with high purity, reduced reac-
tion rate, and recyclability. The work also attempted to inves-
tigate the antioxidant capacity of the newly synthesized
compounds by DPPH and phosphomolybdate assays.

2. Results and discussion
2.1. Characterization of the nanocatalyst

2.1.1 FT-IR and X-ray diffraction pattern (XRD) analyses.
The FTIR analyses (Fig. 1) were run for the turmeric extract and
magnetic nanocatalyst (Ag-TiO2 bmNPs) solutions to investigate
the characteristic functional groups in each sample and to
estimate the functional groups that contribute to the bio-
reduction of metal ions for the synthesis of nanocatalyst. The
results indicated the absorption bands attributed to hydroxyl
groups at n = 3336.3 and 3335.98 cm−1. The strong stretching
absorption bands within n = 2883–2971 cm−1 are attributed to
stretching C–H groups with no notable shi in their values
between turmeric extract and Ag-TiO2 bmNPs. It was noticed
that the absorption band at n = 2163.14 cm−1 (Fig. 1) which is
qualied to the stretching vibration of the C–C]O group dis-
appeared in the analysis of Ag-TiO2 bmNPs. This specied the
contribution of this group in the bioreduction process of metal
ions in the solution. The characteristic absorption bands at n =
1653, and 1652 cm−1 are ascribed to the stretching vibrations of
carbonyl groups in both samples, in which the shi in the
values identied the interaction with metal ions. The absorp-
tion bands at n = 1540, and 1507 cm−1 are identied as the
stretching vibrations of phenyl groups. In addition, the bending
vibrations of C–H bending groups appeared within n = 1456–
1411 cm−1 with a slight shi in these values in both samples. It
is worth stating that a new absorption band appeared in the
analysis of Ag-TiO2 bmNPs at n = 382.68 cm−1 is ascribed to the
stretching vibration of M-O bond as an indication for the
formation of metal oxides in the solution.38

XRD analysis was run on a Pan Analytical Philips instrument
to explore material type, phase, crystallographic, and physical
characteristics of Ag-TiO2 bmNPs nanocatalyst (Fig. 2). The
analysis depended upon constructive meddling concerning the
crystallinity of the nanocatalyst and the monochromatic X-rays.
It was noticed that various diffraction peaks of the nano-
composite appeared at 2q = 25.4282, 27.9393, 32.3090, 37.8764,
46.2968, 48.1503, 54.0300, 55.1796, 57.5827, 62.7931, 68.8952,
70.3194, 75.1116, and 82.9333 in the core–shell. The diffraction
peaks are related to (294.02), (51.89), (81.99), (72.28), (45.27),
(75.29), (46.50), (50.89), (12.51), (28.94), (10.12), (10.57), (25.78),
and (6.21) of lattice planes, respectively.

Hong et al.,39 recently reported that the diffraction peaks
around 37.8764, 46.2968, 62.7931, and 75.1116 conceivably will
be attributed to the silver nanoparticles, which resembled
RSC Adv., 2023, 13, 32532–32546 | 32533
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Fig. 1 The FT-IR spectral analyses of turmeric extract, and Ag-TiO2 bmNPs.
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(72.28), (45.27), (28.94), and (25.78) lattice planes of the face-
centered-cubic of silver crystal structure, respectively. The
results had consistency with the JCPDS database # 01-073-1764,
and 00-006-0480. The results indicated the high stability of
silver nanoparticles in Ag-TiO2.

2.1.2 Zeta potential and EDX analyses. Zeta potential
analysis was performed for Ag-TiO2 bmNPs to estimate the
stability of the nanoparticles and surface charge of colloidal
nanoparticles in the liquid medium. The results as shown in
Fig. 3 indicated the mean zeta potential at −20.6 mV with
electrophoretic mobility mean at −0.000159 cm2 V−1 s−1. The
Fig. 2 XRD analysis of the Ag-TiO2 bmNPs nanocatalyst.

32534 | RSC Adv., 2023, 13, 32532–32546
negative sign specied the negatively charged surface of the
nanoparticles, thus, the high stability as the particles repel each
other. The stability of the nanoparticles is also affected by the
size, and shape of the particles, the concentration in the
medium, and the properties of the liquid medium.40 The
particles also have the opportunity for aggregation in the
solution.

EDX analysis was applied to characterize the elemental
content of magnetic Ag-TiO2 bmNPs as demonstrated in Fig. 4.
The results certied the presence of carbon (53.13%), oxygen
(18.65%), silver (12.35%), and titanium (15.87%) as the total
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Zeta potential analyses of the bimetallic nanocatalyst.
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weight of the nanocatalyst composition. The presence of a high
ratio of oxygen element is a sign of the formation of metal oxide
nanoparticles, as well as the oxygen has other sources from the
turmeric compounds in the plant extract. The analysis veried
the high purity, and stability of the sample.41

2.1.3 Scan electron microscope (SEM) and TEM analyses.
The SEM analysis was deliberated to investigate the surface
morphology, structure, and function of the Ag-TiO2 bmNPs
nanocatalyst. The high-resolution images of SEM were obtained
with different magnications as shown in Fig. 5. This technique
depends on the interaction of a focused beam of electrons with
the sample's surface. The electrons interact with the nano-
catalyst to generate a multiplicity of signals comprising
secondary electrons, backscattered electrons, and distinctive X-
rays. The produced signals are benecial to create images of the
sample's surface topography, chemical composition, and crystal
structure. The results veried roughness on the surface of the
Fig. 4 EDX, and zeta potential analyses of the bimetallic nanocatalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Ag/TiO2 nanocatalyst. This performance is related to the bime-
tallic Ag-TiO2 nanoparticles, in which titanium oxide particles
are spherical shapes and uniform silver nanoparticles with
diameters of 18 ± 60 nm. The large particles were formed with
roughly cubic structures. Concerning the large particles, it can
be imagined as follows: silver nanoparticles were initially
formed owing to the silver ions reduction rate faster than tita-
nium ions. Silver nanoparticles were next accumulated onto the
surface of the nanoparticles of titanium conceivably owing to
the interaction of atoms such as the electrostatic interactions
between capping molecules and the nanoparticles of metals in
addition to the formation of hydrogen bonds.42

The TEM analysis was investigated to study the morphology
of the bimetallic nanocatalyst in the solution. As publicized in
Fig. 6, the average size of the nanoparticles of bimetallic Ag-TiO2

bmNPs commonly raged from 8 to 33 nm in the nanoscale
range.
RSC Adv., 2023, 13, 32532–32546 | 32535
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Fig. 5 SEM micrographs with different magnifications of the bimetallic nanocatalyst.
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The micrograph of TEM (Fig. 6) indicated the spherical
shapes of the nanoparticles, which delivered the large surface
area of the nanocatalyst. The large surface area indicated the
high efficiency of the nanocatalyst in the organic reactions
during the synthesis of the target compounds. As it appeared
from the TEM micrograph, two types of nanoparticles with
different size ranges are referred to bimetallic nature of the
nanocatalyst. The nanoparticles tended to be more aggregated,
this performance is efficient for the catalyst activation of the
reacted substrates. The reality of the active phases of the
Fig. 6 TEM micrograph and selected area diffraction (SED) of the bimet

32536 | RSC Adv., 2023, 13, 32532–32546
bimetallic nanoparticles is benecial to offer the nanocatalyst
plentiful additional reactive sites.43

2.2. Synthesis of benzo[b]pyrimido[4,5-d]azoninones

As outlined in Scheme 1, the synthesis of the target products,
benzo[b]pyrimido[4,5-d]azoninone derivatives 3a–k was ach-
ieved through a simple procedure. Fischer indole synthesis was
utilized for the synthesis of carbazole 1 via reactions of phenyl
hydrazine with cyclohexanone.20–22 Subsequently, compound 1
was applied as a reactive synthon for the synthesis of
allic nanocatalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of benzopyrimido[4,5-d]azoninone series.
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benzoazonine-dione 2 through periodate oxidation.44 Therefore,
one-pot three-component reactions (Biginelli type reactions) of
2 with thiourea and diverse aryl aldehydes under nanocatalytic
and optimized conditions gave moderate to brilliant yields of
the respective target products (57–91%).

Aer fruitful biosynthesis and characterization of Ag-TiO2

bmNPs using turmeric ethanol extract, we have patterned its
nanocatalytic activity for the synthesis of 8H-benzo[b]pyrimido
[4,5-d]azoninones 3a–k. Firstly, we selected product 3a as an
example to study the various optimized conditions on the
product yield. We have applied the use of different solvents, and
nanocatalysis amounts to investigate the most reliable condi-
tions that achieved the developed yield. The results of the
optimization conditions, product yield, and reaction time are
publicized in Table 1. Initially, we carried out the three-
component one-pot reaction of compound 2 with thiourea
and benzaldehyde as a reaction model using 2.5 mg of the
nanocatalyst in ethanol as a solvent under heating conditions. It
was noticed that product 3a was formed with a yield of 65%
aer a long reaction time. Aer that, we carried out the same
reaction using an increased amount of the nanocatalyst (5 mg)
Table 1 The optimized conditions for the synthesis of 4-phenyl-2-
thioxo-1,2,3,4,5,6,7,9-octahydro-8H-benzo[b]pyrimido[4,5-d]azonin-
8-one (3a)a

Entry Ag-TiO2 bmNPs (mg) Solvent Reaction time (h) Yieldb (%)

1 2.5 EtOH 10 65
2 5.0 EtOH 9 68
3 10.0 EtOH 7.5 73
4 15.0 EtOH 7 76
5 20.0 EtOH 6.5 81
6 25.0 EtOH 6 86
7 25.0 Solvent-free 9 26
8 25.0 DMF 7 67
9 25.0 Acetonitrile 8 34
10 30 Solvent-free 8 28
11 Nanocatalyst-free EtOH 9 25

a Equimolar amounts (0.001 mmol) of compound 2, thiourea, and
benzaldehyde were applied. b Isolated yield of the product.

© 2023 The Author(s). Published by the Royal Society of Chemistry
in a route to increase the product yield and reduce the reaction
time. The product 3a was acquired with a 68% yield aer
a slightly improved reaction time (9 h). Subsequently, we
increased the amount of the nanocatalyst (10, 15, 20, and 25
mg) in the next trials to achieve improved product yield and
reaction rate. The yield of product 3a was increased by
increasing the nanocatalyst amount from 73% to 86%, in
addition, the reaction time was decreased from 7.5 to 6 h. Next,
we performed the reaction under various conditions using other
solvents such as DMF, and acetonitrile as well as under solvent-
free conditions using the same effective amount of the nano-
catalyst (25.0 mg). The carrying out of the reaction under
solvent-free conditions produced a very low yield of compound
3a (26%), while the use of a solvent improved the product yield
as the solvent enabled the increased reactivity of the nano-
catalyst. The use of DMF produced product 3a with a 67% yield,
while the use of acetonitrile produced product 3a with a lower
yield (34%).

In a trial to improve the product yield under solvent-free
conditions, we implemented a model reaction applying an
increased amount of the nanocatalyst, but the yield of the product
still gained a lower yield (28%), while the reaction rate was not
signicantly affected. In a trial to explore the reactivity of the
nanocatalyst, the reaction was run under free-nanocatalytic
conditions in ethanol. The reaction in this case produced
product 3a with a poor yield (25%) and a long reaction time.
Accordingly, the improved product yield in this reaction is con-
cerned by the solvent type, and nanocatalyst amount (Table 1).

The scope of the reaction was investigated using various
aldehydes to synthesize a variety of benzo[b]pyrimido[4,5-d]
azonin-8-one analogs 3a–k using Ag-TiO2 bmNPs (25.0 mg)
nanocatalyst in ethanol (Table 2). In particular, the products 3a–
k were prepared in 57–91% yields through a one-pot three-
component synthetic procedure. The reaction rate as well as
the product yield was inuenced by the reactivity of the applied
aryl aldehyde, in which the other conditions and reactants are
the same in all reactions. Thus, the varied substituents at the
Table 2 Synthesis of benzopyrimido[4,5-d]azoninones 3a–k under
the optimal conditionsa

Entry Ar Product Yieldb (%) M.p. (°C)

1 C6H5 3a 86 192–4
2 2,4-(Cl)2-C6H3 3b 57 175–7
3 4-Cl-C6H4 3c 79 187–9
4 2,6-(Cl)2-C6H3 3d 61 168–70
5 4-NMe2-C6H4 3e 84 194–7
6 2-OH-C6H4 3f 74 185–8
7 3,5-(Br)2-C6H3 3g 67 172–4
8 4-OMe-C6H4 3h 81 178–80
9 5-Br-benzo[d][1,3]dioxol-6-yl 3i 81 208–10
10 2-Pyridyl 3j 75 202–5
11 1-Naphthyl 3k 91 210–3

a Reaction conditions: 3,4,5,6-tetrahydro-1H-benzo[b]azonine-2,7-dione
(1.0 mmol), thiourea (1.0 mmol), and aryl aldehydes (1.0 mmol);
AgTiO2 bmNPs (25.0 mg); 10 mL EtOH; room temperature (25 °C).
b Isolated yield.
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phenyl ring of the aryl aldehydes or the aryl skeleton, in general,
controlled the product yield and reaction rate. The most
improved yield was acquired in the case of using 1-naph-
thaldehyde to prepare compound 3k (91%). In addition, benz-
aldehyde provided also improved yield of the product 3a (Ar]
C6H5; 86%). Correspondingly, compounds 3e, 3h, and 3i were
prepared with very good yields higher than 81%. Thus, the
nature of substituents in this reaction type is preferred to use
aldehydes with phenyl or naphthyl rings as well as the phenyl
ring substituted with electron-donating groups such as p-
dimethylamino-, and p-methoxy groups. The reaction of 6-bro-
mobenzo[d][1,3]dioxole-5-carbaldehyde with compound 2 and
thiourea provided improved yield of compound 3i (81%).

The factor that controlled the improved product yield could
be noticed through the introduction of phenyl- or naphthyl- or
phenyl ring p-substituted with electron-donating groups. On the
other hand, p-chlorobanzaldehyde also produced compound 3c
with an honorable yield (79%) (Table 2). The dichloro-
substitution of the phenyl ring of the aldehyde drives the
formation of the products with reduced yields (3b: 57%, 3d:
61%). The dibromo-substitution at the phenyl ring of the
aldehyde provided a slightly improved yield of the product 3g
(67%) than the substitution with dichloro-substituents. Thus, it
seems to be noted that the unsubstituted phenyl rings of the
aldehyde, as well as the phenyl ring substituted with electron-
donating groups at the p-position, are preferred for enhanced
product yield, while the substitution with electron-withdrawing
groups slightly affected the product yield.

The structures of the novel synthesized benzo[b]pyrimido
[4,5-d]azonin-8-one analogs 3a–k were established by accurate
Fig. 7 2D-NMR spectrum (COSY) of compound 3d.

32538 | RSC Adv., 2023, 13, 32532–32546
elemental and spectroscopic analyses (FT-IR, 1H-NMR, 13C-
NMR, 2D NMR analysis (COSY NMR, COSY/HMQC, HSQC,
NOESY) and mass spectra) (c.f. Experimental section & ESI†).

The 2D-NMR spectral analysis (COSY) of compound 3d
(Fig. 7) was used to identify the protons that are coupled to each
other and to establish the connectivity between protons in the
molecule. Compound 3d includes seven aromatic CH protons,
three protons of three NH groups, and protons of three CH2

groups. The aromatic CH protons will be coupled to each other
in a variety of ways, depending on their relative positions on the
aromatic ring. For example, protons that are ortho to each other
will be coupled by a strong coupling constant, while protons
that are meta to each other will be coupled by a weaker coupling
constant. In addition, the CH2 protons will be coupled to each
other in the region of aliphatic.

Once the diagonal peaks have been identied, the cross-
peaks can be analyzed to determine which protons are
coupled to each other. The following are some examples of the
cross-peaks that might be observed in the COSY spectrum of
compound 3d (Fig. 7): (1) cross-peaks between adjacent
aromatic CH protons. (2) Cross-peaks between ortho aromatic
CH protons. (3) Cross-peaks between adjacent CH2 protons. The
intensity of the cross-peaks will be proportional to the coupling
constant between the two protons. The coupling constant will
depend on the distance between the two protons and the
dihedral angle between the proton-carbon bonds. By analyzing
the COSY spectrum, it is possible to elucidate the structure of
the compound up to the relative stereochemistry of the protons.
To determine the relative stereochemistry of the protons, it is
necessary to use other NMR techniques, such as HSQC.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 2D-NMR spectrum (HSQC) of compound 3d.
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The HSQC (heteronuclear single quantum correlation) is
generated by applying a pulse sequence that excites the protons
in a molecule. To analyze the HSQC spectrum of compound 3d
(Fig. 8), the rst step is to identify the cross-peaks between the
aromatic CH protons and the carbon atoms that they are
bonded to. These cross-peaks will be located in the region of the
spectrum where the aromatic CH protons are resonating (6–8
ppm) and the aromatic carbon atoms are resonating (120–140
ppm). The HSQC spectrum can also be used to identify the
cross-peaks between the NH protons and the carbon atoms that
they are bonded to. These cross-peaks will be located in the
region of the spectrum where the NH protons are resonating (7–
9 ppm) and the nitrogen-bonded carbon atoms are resonating
(120–140 ppm). The HSQC spectrum of compound 3d can also
be used to identify the cross-peaks between (1) the aromatic CH
protons and the carbon atoms that are bonded to identify the
carbon atoms in the aromatic ring. (2) The NH protons and the
carbon atoms that they are bonded to identied the carbon
atoms that are bonded to the nitrogen atoms. (3) The cross-
peaks between the CH2 protons and the carbon atoms that
they are bonded to identify the carbon atoms in the aliphatic
chain (Fig. 8).

The stereochemistry of the nal products indicated that
these compounds contain one chiral center at the 4-position,
which can be either R or S. The R conguration corresponds to
the aryl group being oriented towards the front of the molecule,
while the S conguration corresponds to the aryl group being
oriented towards the back of the molecule. The stereochemistry
of the nal product will depend on the stereochemistry of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
starting materials and the reaction conditions. If the starting
materials are both achiral, then the nal product will be
a racemic mixture of R and S enantiomers. However, if one of
the starting materials is chiral, then the nal product can be
enantioselectively synthesized. For example, if a chiral active
methylene compound is used in the synthesis of the target
products, then the nal product will be a mixture of two dia-
stereomers. The ratio of diastereomers will depend on the
stereochemistry of the active methylene compound and the
reaction conditions. The stereochemistry of the nal product
can also be controlled by using chiral catalysts. For example, the
use of chiral Brønsted acid catalysts can lead to the enantiose-
lective synthesis of the target products. The enantioselective
synthesis of the target products is important for the develop-
ment of new pharmaceutical drugs. Many pharmaceutical drugs
are chiral, and only one enantiomer is typically biologically
active. The enantioselective synthesis of the target products
allows chemists to produce the desired enantiomer of the drug,
which can improve the efficacy and safety of the drug. However,
it is important to note that the synthesis of the target products is
still an area of active research, and the enantioselective
synthesis of these products is challenging.

2.3. The proposed reaction mechanism

The proposed mechanism of the entitled three-component
reactions for the synthesis of benzo[b]pyrimido[4,5-d]azonin-8-
one analogs 3a–k could be assembled as described in Scheme
2. In the rst step, the nanocatalyst activated the carbonyl group
of the aldehyde for Knoevenagel condensation with
RSC Adv., 2023, 13, 32532–32546 | 32539
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Scheme 2 Plausible mechanistic route for the synthesis of benzopyrimido[4,5-d]azoninone derivatives.

Fig. 9 Recyclability of Ag-TiO2 bmNPs for the synthesis of compound
3a.
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benzoazonine-dione 2 to generate the intermediate A. Subse-
quently, the interaction of thiourea with the generated inter-
mediate A through a nucleophilic attack of the amino group of
thiourea at the carbonyl group adjacent to the arylidene moiety
of the intermediate A produced intermediate B. This step is also
supported by the nanocatalyst, which enables the nucleophilic
attack of the amino group at the carbonyl group by electron
donation to the carbonyl group. Next, the proton transfer
reactions of intermediate B followed by a condensation step
produced intermediate D. Intramolecular cyclization of inter-
mediate D via the attack of the terminal amino group activated
by the nanocatalyst at the arylidene carbon produced interme-
diate E. In this step, the Ag-TiO2 nanocatalyst plays an impor-
tant role in the activation of the C]C bond and the formation
of the carbon–nitrogen bond. The silver atoms in the nano-
catalyst are thought to act as Lewis acids, which electron-rich
C]C bonds are attracted to. The titanium dioxide atoms in
the nanocatalyst are thought to act as Brønsted acids, which can
donate protons to the nitrogen atom in the amino group. The
proton transfers of intermediate E generated intermediate F, in
which the nanocatalyst was released in the nal step with the
neutralization of the charged by the proton–transfer reaction to
give the nal adducts 3a–k. The use of a metal nanoparticle
catalyst can signicantly improve the rate of the reaction owing
to the various benets of the nanocatalyst including increased
reactivity of the reactants, selectivity for the desired product,
yields, and reduced reaction time. The use of nanocatalysis is
a promising new methodology for the synthesis of benzopyr-
imidoazoninone analogs and other organic compounds. It is an
adaptable performance that can be utilized to catalyze a wide-
spread diversity of reactions.
32540 | RSC Adv., 2023, 13, 32532–32546
2.4. Nanocatalyst recyclability

The rare solubility of the Ag-TiO2 bimetallic nanoparticles in
comparison to the alkaline earth oxides enables the recyclability
of the nanocatalyst several times (Fig. 9).45 Thus, we inspected
the recyclability of the nanocatalyst in the model reaction for
the synthesis of compound 3a. The insolubility of the nano-
catalyst enables the ease of its isolation from the reaction
mixture by ltration. The reaction was run several times (merely
5 runs) using the same ltrated nanocatalyst that was washed
with ethanol aer each run, dried in the air, and utilized
precisely for the subsequent round of reactions. Thus, the
catalytic Ag-TiO2 bimetallic NPs delivered a high reaction rate,
and reduced time, as well as good yields of the products owing
© 2023 The Author(s). Published by the Royal Society of Chemistry
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to the excellent catalytic activity of the nanocatalyst without
notable loss in its activity.

2.5. Antioxidant activity

The antioxidant activity of the newly synthesized benzopyr-
imido[4,5-d]azoninone derivatives was assessed by DPPH free
radical assay46 using ascorbic acid as a reference standard. The
results as shown in Fig. 10 demonstrated the increase in the
percentages of the scavenging activity by increasing the sample
concentration. The most potent antioxidant result was recorded
by compound 3f with 88.49% of the percentage of scavenging at
0.096 mg mL−1. This result is comparable to that of ascorbic
acid, which revealed 84.73% inhibition at 0.062 mg mL−1. Also,
compounds 3e (81.65% at 0.313 mg mL−1), and 3h (81.03% at
0.214 mgmL−1) revealed remarkable scavenging activities at the
higher concentrations. It was noticed that compounds 3c
(72.78%), 3d (69.05%), and 3g (69.36%) were at the most used
concentration ranges of the samples (0.49–1.104 mgmL−1). The
analogs with halogen substituents such as compounds 3b (Ar =
2,4-(Cl)2-C6H3), 3c (Ar= 4-Cl-C6H4), 3d (Ar= 2,6-(Cl)2-C6H3), and
3g (Ar = 3,5-(Br)2-C6H3) revealed the least order of antioxidant
potency, e.g. compound 3b revealed antioxidant activity with
60.96% inhibition percentage at 0.424 mg mL−1, as well as
compounds 3c (72.78%, 0.524 mg mL−1), 3d (69.05%, 1.104 mg
mL−1), and 3g (69.36%, 0.49 mg mL−1).

The IC50 values specied that compound 3f exhibited the
most potent antioxidant activity (IC50 = 0.03 ± 0.45 mg mL−1).
In addition, compounds 3h (IC50 = 0.067 ± 2.01 mg mL−1), 3e
(IC50 = 0.068 ± 3.36 mgmL−1), 3i (IC50 = 0.08± 1.56 mgmL−1),
3j (IC50 = 0.088 ± 1.08 mg mL−1), 3k (IC50 = 0.095 ± 2.16 mg
mL−1), and 3a (IC50 = 0.099 ± 1.34 mg mL−1) revealed signi-
cant activities for scavenging DPPH radicals in the reaction
mixture.
Fig. 10 A diagram plotted % scavenging activity versus the various samp

© 2023 The Author(s). Published by the Royal Society of Chemistry
On the other side, compounds 3d (IC50 = 0.362 ± 0.97 mg
mL−1), 3b (IC50 = 0.304 ± 3.02 mg mL−1), 3g (IC50 = 0.284 ±

1.57 mg mL−1), and 3c (IC50 = 0.204 ± 1.52 mg mL−1) displayed
moderate antioxidant activities in comparison with the results
of the other tested samples. It was perceived that the intro-
duction of substituents such as the hydroxyl group is favorable
for potent activity. The SARs veried that the induction of
electron-donating substituents, such as hydroxyl and dimethy-
lamino groups, into the basic skeleton of benzopyrimido[4,5-d]
azoninone are more likely to donate a hydrogen atom to DPPHc

than compounds with electron-withdrawing substituents, such
as halogen atoms. The formation of a stable free radical from
the tested sample enables the interaction with radicals of
DPPHc in the solution and hence terminates the free radical
reaction. As a result, compounds with electron-donating
substituents will show a greater decrease in absorbance at
517 nm than compounds with electron-withdrawing substitu-
ents. This is because the greater the decrease in absorbance, the
more DPPHc molecules have been converted to DPPH-H, which
is colorless. The following is a diagram of the mechanism of the
DPPH assay:

DPPHc + AOH / DPPH-H + Ac (1)

where AOH is an antioxidant with an electron-donating
substituent and Ac is the radical formed when AOH donates
a hydrogen atom to DPPHc.

When a phenolic compound reacts with DPPH (DPPH assay),
it can donate a hydrogen atom or electron to the DPPHmolecule
(Fig. 11). This reduces the DPPH molecule to a stable non-
radical form, resulting in a decrease in the absorbance of the
DPPH solution at 517 nm. The extent of the decrease in absor-
bance is proportional to the antioxidant activity of the phenolic
le concentrations (mg mL−1) by DPPH assay.

RSC Adv., 2023, 13, 32532–32546 | 32541
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Fig. 11 The planned reaction mechanism of phenolic compounds with DPPH.
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compound. The reaction mechanism of phenolic compounds
with DPPH is thought to involve a combination of hydrogen
atom transfer and single electron transfer reactions. The
hydrogen atom transfer mechanism involves the donation of
a hydrogen atom from the phenolic compound to the DPPH
molecule, resulting in the formation of a phenoxyl radical and
a reduced DPPH molecule. The single electron transfer mech-
anism involves the transfer of an electron from the phenolic
compound to the DPPH molecule, resulting in the formation of
a phenolate anion and a DPPH radical anion. The relative
importance of the hydrogen atom transfer and single electron
transfer mechanisms in the reaction of phenolic compounds
with DPPH depends on several factors such as the structure of
the phenolic compound. Generally, phenolic compounds with
multiple hydroxyl groups and electron-donating substituents
are more likely to react with DPPH via the single electron
transfer mechanism (Fig. 11).

Alternatively, the antioxidant activity of benzopyrimido[4,5-d]
azoninone derivatives was correspondingly evaluated by phos-
phomolybdate assay (Fig. 12). The results revealed that compound
3f is the most potent antioxidant agent with a total antioxidant
32542 | RSC Adv., 2023, 13, 32532–32546
capacity of 7894.563± 2.92 (mg AAE/100 gDS). Subsequently,most
of the other tested compounds revealed good antioxidant activity
in comparison to the ascorbic acid result, e.g. compound 3h
revealed the antioxidant capacity with 7575.59± 2.86 (mg AAE/100
g DS), compound 3e exhibited the third order of potency with
7017.389 ± 3.38 (mg AAE/100 g DS), compound 3i displayed good
antioxidant activity with 6379.444 ± 4.18 (mg AAE/100 g DS), and
compound 3j shown good activity with 5422.528 ± 3.36 (mg AAE/
100 g DS). Moreover, the reduced antioxidant activities were
recorded by compounds 3b (1966.205± 3.74 mg AAE/100 g DS), 3c
(2392.291 ± 1.98 mg AAE/100 g DS), 3d (1412.344 ± 3.76 mg AAE/
100 g DS), and 3g (2104.67± 3.49mg AAE/100 g DS) in comparison
to the results of the other tested compounds and ascorbic acid
(Fig. 12).

Our results of the antioxidant activity obtained by the phos-
phomolybdate assay agree with the results obtained by the DPPH
free radical assay. The mechanism of action during this method
depends on the interaction between the sample with phospho-
molybdate ions leading to the reduction of these ions in the
solution by the inuence of the antioxidants, e.g. the tested
samples, to form a green phosphate/MoV complex. The change in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 A comparison of the antioxidant results obtained by DPPH, and total antioxidant capacity assays.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

/1
3/

20
26

 1
0:

28
:4

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
color of the solution was measured at a specic wavelength (l =

695 nm), in which the color depth depended on the antioxidant
capacity of the tested samples. In particular, the ions of (MoO4)

2-

were reduced to Mo(V) with the generation of a green phosphate/
Mo(V) complex with phosphate ions (PO4

3−). The rich electron
source substituents will provide a high capacity for the antioxidant
sample, in which these electron donating groups are responsible
for the antioxidant activity of the tested sample.
3. Conclusion

We have advanced an efficient and applied protocol for the
synthesis of novel benzopyrimido[4,5-d]azoninones using Ag-TiO2

core/shell magnetic nanocatalyst. The appealing features of this
procedure are the simplicity of the synthesis of the nanocatalyst
from biosource, accessible materials and chemicals, ease of
workup of the reaction, high reaction rate, and yields, low reaction
time, respectable stability of the nanocatalyst as well as the
nanocatalyst recyclability. The compounds revealed comparable
and privileged antioxidant activities by DPPH and phosphomo-
lybdate assays. Specically, compound 3f (Ar = 2-OH-C6H4)
revealed themost potent antioxidant activity by bothmethods, this
is related to the stable free radical of the phenolic substituent that
stabilized the free radicals of DPPH in the solution as well as the
formed stable free radicals enabling the reduction of (MoO4)

2 ions
intoMo(V) with the formation of a green phosphate/Mo(V) complex
with phosphate ions (PO4

3−). The green procedure is an attractive
strategy in the synthesis of this class of compounds leading to
worthy inputs to the heterocyclic chemistry.
4. Experimental
4.1. Instruments

All melting points were determined on a Gallenkamp electric
melting point apparatus and were uncorrected. Bruker DRX500
was used for NMR analyses, in which the measurements were
© 2023 The Author(s). Published by the Royal Society of Chemistry
performed at 400 MHz for 1H-NMR analyses and 100 MHz for 13C-
NMR analyses. All samples were dissolved in CDCl3 as a solvent for
NMR analyses except for compound 3d (13C-NMR: CD3COCD3),
compound 3f (1H-NMR, 13C-NMR:DMSO-d6), 3g (

13C-NMR:MeOD-
d4), 3h (1H-NMR, 13C-NMR: MeOD-d4), and 3j (1H-NMR, 13C-NMR:
DMSO-d6). Chemical shis were recorded in ppmusing the signals
of the residual solvents as a reference value (CDCl3: 7.26/77.0 ppm;
DMSO-d6: 2.50/39.51 ppm; MeOD-d4: 3.33/49.15 ppm).
4.2. Biosynthesis of bimetallic nanocatalyst

20 g of turmeric “Curcuma longa” powder was placed in a conical
ask (250 mL) and mixed with 100 mL ethanol absolute. The
mixture was soaked overnight at 25 °C, ltered, and stored at 0–5 °
C. In a distinctive experimental route, to prepare the bimetallic Ag-
TiO2 NPs: 50 mL of the turmeric extract was added dropwise with
continuous stirring at 25 °C to a solution of silver nitrate (2mM, 25
mL) (99% Sigma-Aldrich), and titanium dioxide (2 mM) (97%
Sigma-Aldrich). The pH of the solution was adjusted at 7 using
a 0.1 M sodium hydroxide solution. The mixture was stirred for an
additional 12 hours using a magnetic stirrer. The color change of
the plant extract was noticed by continuous stirring from orange to
gray-brown. Sonication of the mixture for 30 min was attained and
the mixture was transferred into an autoclave, sealed, and heated
up to 70 °C for 24 h. The ask was next cooled using tap water
instantly and the mixture was ltered with Whatman no. 1 lter
paper. The obtained Ag-TiO2 NPs nanocatalyst was washed with
distilled water and dried at 100 °C for 3 h. The nanocatalyst was
treated in an electrical furnace at 400 °C for 9 h to remove the
residual organic components and a gray-brown powder was
acquired.47–49
4.3. General procedure for the synthesis of the target
compounds

To a solution of compound 2 (0.001 mmol), thiourea (0.001
mmol), and aryl aldehydes (0.001 mmol), in ethanol (10 mL),
RSC Adv., 2023, 13, 32532–32546 | 32543
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the nanocatalyst “Ag-TiO2 bmNPs” (25.0 mg) was added. The
reaction mixture was reuxed for 3–7 h and monitored by thin-
layer chromatography. The reaction mixture was le to cool to
room temperature (approximately 30 °C) aer the product
formed and no spots were observed on the TLC paper. The
mixture was poured into ice water with continuous stirring. The
extraction process was continued three times using CH2Cl2, and
the extracted component was dried over anhydrous Na2SO4

under a vacuum. The residue of the solvent was evaporated and
rened by recrystallization in ethanol.

4.3.1 4-Phenyl-2-thioxo-1,2,3,4,5,6,7,9-octahydro-8H-benzo
[b]pyrimido[4,5-d]azonin-8-one (3a). Light grey powder; m.p.
192–4 °C; yield: (89%); FT-IR (n, cm−1): 3116, 3082, 3019 (3NH),
2291 (C–H, stretching), 1637 (C]O, amide), 1035 (C]S). 1H-
NMR (CDCl3, 300 MHz): 1.91–1.99 (m, 2H, CH2), 2.22–2.26 (m,
2H, CH2), 2.56–2.65 (m, 2H, CH2), 5.35 (s, 1H, CH-pyrimidine),
6.65–7.57 (m, 9H, Ar–H), 7.84 (s, 1H, NH), 7.87 (s, 1H, NH), 7.90
(s, 1H, NH) ppm; 13C-NMR (CDCl3, 75MHz): d 175.53 (1C, C]S),
156.17 (1C, C]O), 140.38–120.05 (13C, 12-Ar-C, C6-pyrimidine),
115.33 (1C, C5-pyrimidine), 77.0 (1C, C4-pyrimidine), 32.94 (1C,
CH2), 27.7 (1C, CH2), 23.74 (1C, CH2) ppm. MS (m/z, %): 349.58
(M+, 19.53). Calcd for C20H19N3OS (349.45): C, 68.74; H, 5.48; N,
12.02%. Found: C, 68.87; H, 5.54; N, 12.11%.

4.3.2 4-(2,4-Dichlorophenyl)-2-thioxo-1,2,3,4,5,6,7,9-octa-
hydro-8H-benzo[b]pyrimido[4,5-d]azonin-8-one (3b). Pale
yellow powder; m.p. 175–7 °C; yield: (57%); FT-IR (n, cm−1):
3152, 3108, 3046 (3NH), 2285 (C-H, stretching), 1631 (C]O,
amide), 1172 (C]S). 1H-NMR (CDCl3, 300 MHz): d 1.84 (m, 2H,
CH2, J = 1.98 Hz), 2.23 (m, 2H, CH2, J = 1.99 Hz), 2.55 (m, 2H,
CH2, J= 1.98 Hz), 5.29 (s, 1H, CH-pyrimidine), 7.09–7.70 (m, 7H,
Ar–H), 8.48, 8.65 (s, 3H, 3NH) ppm; 13C-NMR (CDCl3, 75 MHz):
d 198.95 (1C, C]S), 175.56 (1C, C]O), 142.10–126.98 (13C, 12-
Ar-C, C6-pyrimidine), 126.58 (1C, C5-pyrimidine), 68.1 (1C, C4-
pyrimidine), 31.93 (1C, CH2), 26.66 (1C, CH2), 22.74 (1C,
CH2) ppm. MS (m/z, %): 418.69 (M+, 25.61). Calcd for C20H17-
Cl2N3OS (418.34): C, 57.42; H, 4.10; N, 10.04%. Found: C, 57.53;
H, 4.17; N, 10.18%.

4.3.3 4-(4-Chlorophenyl)-2-thioxo-1,2,3,4,5,6,7,9-octahy-
dro-8H-benzo[b]pyrimido[4,5-d]azonin-8-one (3c). White
powder; m.p. 187–9 °C; yield: (79%); FT-IR (n, cm−1): 3175, 3121,
3082 (3NH), 2291 (C-H, stretching), 1628 (C]O, amide), 1191
(C]S). 1H-NMR (CDCl3, 300 MHz): d 1.67 (m, 2H, CH2), 2.08–
2.20 (m, 2H, CH2), 2.48 (m, 2H, CH2), 5.30 (s, 1H, CH-
pyrimidine), 6.61–7.52 (m, 8H, Ar–H), 7.85 (s, 1H, NH), 7.87
(s, 1H, NH), 7.98 (s, 1H, NH) ppm; 13C-NMR (CDCl3, 75 MHz):
d 198.84 (1C, C]S), 175.61 (1C, C]O), 141.02–128.35 (13C, 12-
Ar-C, C6-pyrimidine), 128.29 (1C, C5-pyrimidine), 32.17 (1C, C4-
pyrimidine), 31.81 (1C, CH2), 30.90 (1C, CH2), 25.59 (1C,
CH2) ppm. MS (m/z, %): 383.19 (M+, 17.86). Calcd for C20H18-
ClN3OS (383.89): C, 62.57; H, 4.73; N, 10.95%. Found: C, 62.69;
H, 4.68; N, 10.87%.

4.3.4 4-(2,6-Dichlorophenyl)-2-thioxo-1,2,3,4,5,6,7,9-octa-
hydro-8H-benzo[b]pyrimido[4,5-d]azonin-8-one (3d). Yellowish
green powder; m.p. 168–70 °C; yield: (61%); FT-IR (n, cm−1):
3158, 3107, 3063 (3NH), 2287 (C-H, stretching), 1643 (C]O,
amide), 1173 (C]S). 1H-NMR (CDCl3, 300 MHz): d 1.48–1.77 (m,
2H, CH2, J= 1.55 Hz), 1.86–1.93 (m, 2H, CH2, J= 2.18 Hz), 2.14–
32544 | RSC Adv., 2023, 13, 32532–32546
2.46 (m, 2H, CH2, J = 2.06 Hz), 4.45 (s, 1H, CH-pyrimidine),
6.60–7.75 (m, 7H, Ar–H), 8.05 (s, 1H, NH), 8.35 (s, 1H, NH),
8.77 (s, 1H, NH) ppm; 13C-NMR (CD3COCD3, 75 MHz): d 198.17
(1C, C]S), 175.45 (1C, C]O), 156.47–119.54 (13C, 12-Ar-C, C6-
pyrimidine), 115.30 (1C, C5-pyrimidine), 73.76 (1C, C4-
pyrimidine), 32.76 (1C, CH2), 30.77 (1C, CH2), 20.27 (1C,
CH2) ppm. MS (m/z, %): 418.77 (M+, 12.80). Calcd for C20H17-
Cl2N3OS (418.34): C, 57.42; H, 4.10; N, 10.04%. Found: C, 57.54;
H, 4.22; N, 10.13%.

4.3.5 4-(4-(Dimethylamino)phenyl)-2-thioxo-1,2,3,4,5,6,7,9-
octahydro-8H-benzo[b]pyrimido[4,5-d]azonin-8-one (3e). Pale
green powder; m.p. 194–7 °C; yield: (84%); FT-IR (n, cm−1): 3192,
3138, 3046 (3NH), 2282 (C–H, stretching), 1641 (C]O, amide),
1182 (C]S). 1H-NMR (CDCl3, 300 MHz): d 2.05–2.07 (m, 2H,
CH2, J = 2.09 Hz), 2.24–2.27 (m, 2H, CH2, J = 2.0 Hz), 2.89 (m,
2H, CH2, J = 2.01 Hz), 3.04 (s, 6H, 2CH3), 3.10 (s, 1H, CH-
pyrimidine), 6.47–7.76 (m, 8H, Ar–H), 9.75 (s, 3H, 3NH) ppm;
13C-NMR (CDCl3, 75 MHz): d 175.53 (1C, C]S), 151.14 (1C, C]
O), 141.24–11.65 (13C, 12-Ar-C, C6-pyrimidine), 110.98 (1C, C5-
pyrimidine), 77.32 (1C, C4-pyrimidine), 40.19 (2C, 2CH3), 40.02
(1C, CH2), 28.72 (1C, CH2), 24.72 (1C, CH2) ppm. MS (m/z, %):
392.27 (M+, 16.59). Calcd for C22H24N4OS (392.52): C, 67.32; H,
6.16; N, 14.27%. Found: C, 67.38; H, 6.26; N, 14.35%.

4.3.6 4-(2-Hydroxyphenyl)-2-thioxo-1,2,3,4,5,6,7,9-octahy-
dro-8H-benzo[b]pyrimido[4,5-d]azonin-8-one (3f). Pale yellow
powder; m.p. 185–8 °C; yield: (74%); FT-IR (n, cm−1): 3417 (OH),
3183, 3116, 3095 (3NH), 2275 (C–H, stretching), 1639 (C]O,
amide), 1186 (C]S). 1H-NMR (DMSO-d6, 300 MHz): d 1.39–1.44
(m, 2H, CH2, J= 1.0 Hz), 1.63–1.84 (m, 2H, CH2, J= 4.05 Hz), 2.40–
2.43 (m, 2H, CH2, J = 0.98 Hz), 5.76 (s, 1H, CH-pyrimidine), 6.56–
7.99 (m, 8H, Ar–H), 8.23 (s, 1H, OH), 8.65 (s, 2H, 2NH), 8.78 (s, 1H,
NH) ppm; 13C-NMR (DMSO-d6, 75 MHz): d 173.09 (1C, C]S),
150.42 (1C, C]O), 141.98–116.07 (13C, 12-Ar-C, C6-pyrimidine),
114.39 (1C, C5-pyrimidine), 39.51 (1C, C4-pyrimidine), 32.69 (1C,
CH2), 29.47 (1C, CH2), 26.16 (1C, CH2) ppm. MS (m/z, %): 365.43
(M+, 18.79). Calcd for C20H19N3O2S (365.45): C, 65.73; H, 5.24; N,
11.50%. Found: C, 65.82; H, 5.36; N, 11.57%.

4.3.7 4-(3,5-Dibromophenyl)-2-thioxo-1,2,3,4,5,6,7,9-octa-
hydro-8H-benzo[b]pyrimido[4,5-d]azonin-8-one (3g). Yellow
powder; m.p. 172–4 °C; yield: (67%); FT-IR (n, cm−1): 3188, 3137,
3059 (3NH), 2281 (C-H, stretching), 1637 (C]O, amide), 1198
(C]S). 1H-NMR (CDCl3, 300 MHz): d 1.83–2.05 (m, 2H, CH2, J =
2.04 Hz), 2.17–2.28 (m, 2H, CH2, J = 2.0 Hz), 2.40–2.69 (m, 2H,
CH2, J= 1.97 Hz), 5.30 (s, 1H, CH-pyrimidine), 6.62–7.63 (m, 7H,
Ar–H), 7.85 (s, 1H, NH), 7.99 (s, 1H, NH), 8.12 (s, 1H, NH) ppm;
13C-NMR (MeOD-d4, 75 MHz): d 175.68 (2C, C]S, C]O),
141.85–123.08 (13C, 12-Ar-C, C6-pyrimidine), 122.91 (1C, C5-
pyrimidine), 77.42 (1C, C4-pyrimidine), 32.37 (1C, CH2), 27.22
(1C, CH2), 22.95 (1C, CH2) ppm. MS (m/z, %): 507.18 (M+, 16.84).
Calcd for C20H17Br2N3OS (507.24): C, 47.36; H, 3.38; N, 8.28%.
Found: C, 47.43; H, 3.43; N, 8.39%.

4.3.8 4-(4-Methoxyphenyl)-2-thioxo-1,2,3,4,5,6,7,9-octahy-
dro-8H-benzo[b]pyrimido[4,5-d]azonin-8-one (3h). Pale yellow
powder; m.p. 178–80 °C; yield: (81%); FT-IR (n, cm−1): 3186,
3158, 3077 (3NH), 2267 (C–H, stretching), 1651 (C]O, amide),
1184 (C]S). 1H-NMR (MeOD-d4, 300 MHz): d 1.62–1.66 (m, 2H,
CH2, J= 3.96 Hz), 2.21–2.23 (m, 2H, CH2, J= 2.04 Hz), 2.71–2.74
© 2023 The Author(s). Published by the Royal Society of Chemistry
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(m, 2H, CH2, J = 0.98 Hz), 3.33 (s, 3H, OCH3), 4.78 (s, 1H, CH-
pyrimidine), 6.62–7.35 (m, 8H, Ar–H), 7.66 (s, 1H, NH), 7.68
(s, 1H, NH), 7.69 (s, 1H, NH) ppm; 13C-NMR (MeOD-d4, 75 MHz):
d 198.37 (1C, C]S), 177.35 (1C, C]O), 160.94–116.91 (13C, 12-
Ar-C, C6-pyrimidine), 115.17 (1C, C5-pyrimidine), 61.49 (1C, C4-
pyrimidine), 55.85 (1C, OCH3), 35.20 (1C, CH2), 28.68 (1C, CH2),
23.69 (1C, CH2) ppm. MS (m/z, %): 379.88 (M+, 21.17). Calcd for
C21H21N3O2S (379.48): C, 66.47; H, 5.58; N, 11.07%. Found: C,
66.52; H, 5.49; N, 11.16%.

4.3.9 4-(6-Bromobenzo[d][1,3]dioxol-5-yl)-2-thioxo-
1,2,3,4,5,6,7,9-octahydro-8H-benzo[b]-pyrimido[4,5-d]azonin-8-
one (3i). Reddish brown powder; m.p. 208–10 °C; yield: (81%);
FT-IR (n, cm−1): 3159, 3097, 3031 (3NH), 2286 (C–H, stretching),
1647 (C]O, amide), 1187 (C]S). 1H-NMR (CDCl3, 300 MHz):
d 1.74–1.80 (m, 2H, CH2, J= 1.11 Hz), 2.06–2.32 (m, 2H, CH2, J=
3.16 Hz), 2.66–2.86 (m, 2H, CH2, J = 2.07 Hz), 5.30 (s, 1H, CH-
pyrimidine), 6.55 (s, 2H, –O–CH2–O–), 6.88–7.53 (m, 6H, Ar–
H), 8.22 (s, 1H, NH), 8.24 (s, 2H, 2NH) ppm; 13C-NMR (CDCl3, 75
MHz): d 200.71 (1C, C]S), 169.13 (1C, C]O), 151.99–123.37
(13C, 12-Ar-C, C6-pyrimidine), 118.03 (1C, C5-pyrimidine),
112.03 (1C, –O–CH2–O), 70.81 (1C, C4-pyrimidine), 41.50 (1C,
CH2), 30.97 (1C, CH2), 27.55 (1C, CH2) ppm. MS (m/z, %): 472.16
(M+, 11.64). Calcd for C21H18BrN3O3S (472.36): C, 53.40; H,
3.84; N, 8.90%. Found: C, 53.57; H, 3.92; N, 8.98%.

4.3.10 4-(Pyridin-2-yl)-2-thioxo-1,2,3,4,5,6,7,9-octahydro-
8H-benzo[b]pyrimido[4,5-d]azonin-8-one (3j). Light grey
powder; m.p. 202–5 °C; yield: (75%); FT-IR (n, cm−1): 3193, 3146,
3091 (3NH), 2285 (C-H, stretching), 1637 (C]O, amide), 1182
(C]S). 1H-NMR (DMSO-d6, 300MHz): d 1.31–1.39 (m, 2H, CH2, J
= 2.66 Hz), 2.05–2.09 (m, 2H, CH2, J = 2.40 Hz), 2.23–2.27 (m,
2H, CH2, J= 2.49 Hz), 4.06 (s, 1H, CH-pyrimidine), 6.53–6.83 (m,
8H, Ar–H), 7.43 (s, 2H, 2NH), 7.45 (s, 1H, NH) ppm; 13C-NMR
(DMSO-d6, 75 MHz): d 167.71 (2C, C]S, C]O), 148.30 (1C,
C2′-pyridine), 132.07–112.36 (11C, 10-Ar-C, C6-pyrimidine),
109.64 (1C, C5-pyrimidine), 40.14 (1C, C4-pyrimidine), 23.64
(1C, CH2), 19.10 (1C, CH2), 13.48 (1C, CH2) ppm. MS (m/z, %):
350.71 (M+, 15.43). Calcd for C19H18N4OS (350.44): C, 65.12; H,
5.18; N, 15.99%. Found: C, 65.25; H, 5.26; N, 16.04%.

4.3.11 4-(Naphthalen-1-yl)-2-thioxo-1,2,3,4,5,6,7,9-octahy-
dro-8H-benzo[b]pyrimido[4,5-d]azonin-8-one (3k). Pale yellow
powder; m.p. 210–13 °C; yield: (91%); FT-IR (n, cm−1): 3184,
3139, 3091 (3NH), 2284 (C–H, stretching), 1639 (C]O, amide),
1187 (C]S). 1H-NMR (CDCl3, 300 MHz): d 1.26–1.83 (m, 2H, CH2),
2.02–2.04 (m, 2H, CH2), 2.40–2.44 (m, 2H, CH2), 5.30 (s, 1H, CH-
pyrimidine), 6.47–7.68 (m, 11H, Ar–H), 7.70 (s, 1H, NH), 7.78 (s,
1H, NH), 7.80 (s, 1H, NH) ppm; 13C-NMR (CDCl3, 75 MHz):
d 177.15 (1C, C]S), 171.21 (1C, C]O), 145.45–125.29 (17C, 12-Ar-
C, C6-pyrimidine), 122.56 (1C, C5-pyrimidine), 76.68 (1C, C4-
pyrimidine), 33.60 (1C, CH2), 25.22 (1C, CH2), 21.04 (1C,
CH2) ppm. MS (m/z, %): 399.17 (M+, 23.68). Calcd for C24H21N3OS
(399.51): C, 72.15; H, 5.30; N, 10.52%. Found: C, 72.23; H, 5.39; N,
10.64%.
4.4. Antioxidant procedures

The methods of DPPH and phosphomolybedate assays were
applied as previously reported50–53 and outlined in the ESI.†
© 2023 The Author(s). Published by the Royal Society of Chemistry
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