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ARTICLE INFO ABSTRACT

Keywords: In this study, the starting material of the pyran-functionalized pyrimidinone scaffold was synthesized using

NPs o nanoscience-based techniques. Larvicidal screening was conducted on 3rd larvae of Culex pipiens, the primary

fyrafl'%ynmldmo“e vector of West Nile virus according to standard protocols at various concentration levels. Among the synthesized
arvicides

Antioxidant library, derivative 11 emerged as the most potent candidate, displaying the strongest insecticidal power with the

MEP lowest LCsq values of 103.19 pg/mL after 24 h and 76.29 pg/mL after 48 h, as well as LCq values of 248.92 ug/

DET mL after 24 h and 195.75 ug/mL after 48 h. Biochemical assays revealed that larvae treated with the most potent

SAR derivative, 11, showed a notable decrease in important enzymatic activity in comparison to the control. Spe-
cifically, the most potent derivative, 11, inhibited AChE activity by approximately 50% and significantly sup-
pressed both a- and p-esterase levels at the LCsq concentration. The study found that treated larvae showed major
decreases in both protease and phosphatase digestive enzymes, which resulted in metabolic and digestive process
disruptions. The assays revealed that whereas antioxidant enzyme activity declined, lipid peroxidation and total
protein carbonyl content increased, which indicated severe oxidative stress and cell damage. The synthesized
compounds exhibited promising antioxidant activity, with compound 11 showing the highest radical scavenging
potential among the tested derivatives (ICso = 4.30 pug/mL), approaching the activity of the reference standard
ascorbic acid (ICso = 3.98 ug/mL). Computational DFT studies showed that the synthesized derivatives have
moderate electronic stability, with compound 11 displaying the smallest HOMO-LUMO gap and highest softness.
The most reactive sites were identified by Fukui, MEP, and Mulliken studies. According to findings, the syn-
thesized compounds are promising bioactive candidates for developing effective multiple roles.

1. Introduction transmits numerous human diseases across the globe, resulting in mil-
lions of annual cases [1]. The genus Culex holds special significance in
The mosquito stands as one of the most significant insect species that medicine because its species serve as disease carriers for West Nile fever,
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Rift Valley fever, and lymphatic filariasis [2]. Culex pipiens has estab-
lished its presence throughout urban and semi-urban areas because of its
ability to adapt to various ecological conditions and breed in contami-
nated water sources [3]. In particular, Cx. pipiens is recognized as the
primary vector of West Nile virus (WNV), a zoonotic pathogen that poses
a significant public health threat in many regions, including Egypt.
Controlling larval populations of this vector is a critical intervention
point, as it directly interrupts the mosquito life cycle and reduces the
emergence of adult females capable of transmitting WNV to susceptible
hosts. Therefore, the development of effective larvicidal agents against
Cx. pipiens is a key strategy for WNV disease prevention [4,5].

The ongoing distribution of this mosquito species, together with
rising insecticide resistance rates, has created an urgent requirement for
new larvicidal substances that function through different mechanisms.
Chemical larvicides are one of the most effective ways to manage mos-
quito populations in control programs [6]. The excessive application of
synthetic insecticides over extended periods has caused mosquito strains
to become resistant, which diminishes the effectiveness of numerous
chlorine products found in stores [7]. The body develops resistance in
two ways, which include increased detoxification enzyme production
and changes to insect body systems [8].

Despite the effectiveness of conventional insecticides, their wide-
spread use has raised concerns about environmental pollution and their
toxicity to non-target organisms. This study does not aim to address
these environmental challenges directly but rather focuses on discov-
ering novel chemical structures with potent larvicidal activity in vitro
and elucidating their precise biochemical mechanisms of action.
Assessing the environmental safety and toxicity of these synthesized
compounds to non-target organisms requires separate and specialized
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studies beyond the scope of this initial chemical and biological screening
[9]. The scientific community has turned its attention to research that
seeks to discover new heterocyclic compounds that demonstrate better
effective larvicidal properties while creating less environmental
damage.

The scientific community has focused extensive research efforts on
pyran-pyrimidinone derivatives because their research shows multiple
biological functions, which range from antimicrobial activity to anti-
oxidant activity and antitumor activity and insecticidal effects [10]. The
majority of heterocycles have attracted attention in medicinal chemistry
and account for numerous FDA-approved drugs [11,12]. Pyrimidine is a
dinitrogen heterocyclic scaffold that possesses diverse biological effects
such as anticancer, antimicrobial, antitubercular, and antioxidant [13,
14]. 5-Flu shows structural resemblance to the pyrimidine scaffold.
Among O-heterocycles, pyran is a versatile and studied pharmacophore
due to its diverse pharmacological potential [15,16] (Fig. 1).

Research shows that structural changes to pyran-pyrimidinone
scaffolds lead to better biological results because the new structures
create stronger connections with different biological activities. Research
studies have established that heterocyclic compounds that contain
pyrimidinone rings produce strong insecticidal effects against mosquito
larvae and other insect species [17]. Accordingly, the present study
designed a series of pyran-functionalized pyrimidinone hybrids with
varying substituents (e.g., carbamothiol group in compound 11 and
hydrazonamide in compound 13) to systematically explore how struc-
tural variation influences larvicidal activity and associated biochemical
responses. The findings showed that pyran—pyrimidinone hybrid com-
pounds may function as effective scaffolds for creating new mosquito
larvicides.

{ Drugs contain pyrimidine]

5-Fluorouracil

NH, cl OCF4
\ e O /\/©/
)&
H,N F Cl

Pyrimethamine

Flufenerim

Genistein

Fig. 1. Rational design of the target synthesized pyrimidine-linked pyran hybrids.
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Mosquito control efforts should focus on the larval stage as the best
target because larvae stay in water until they become adults, which al-
lows them to contact dangerous substances directly [18].

The biochemical tests deliver critical data that reveals the body
systems that drive the lethal effects of the pesticide. Acetylcholines-
terase functions as a vital insect neurotransmission enzyme because it
breaks down acetylcholine at synaptic junctions. The AChE enzyme
becomes inhibited, which causes insects to experience nonstop nerve
activity that leads to their paralysis and eventual death [8]. Insecticide
metabolism and detoxification processes depend on esterase enzymes,
which include a- and p-esterases. The insect detoxification system
together with metabolic resistance mechanisms will show disruption
through changes in enzyme activity patterns.

Insects depend on digestive enzymes because these enzymes control
the process of nutrient digestion and energy burning, which is vital for
their larval growth and development. Proteases together with phos-
phatases function as direct participants in the processes of protein
breakdown and nutrient absorption and the control of metabolic activ-
ities. The decrease of digestive enzyme activity will disrupt body func-
tioning, which leads to adverse effects on larval survival [19]. The study
of digestive enzymes that respond to larvicidal treatments gives scien-
tists crucial information about how the tested substances affect meta-
bolic processes.

Oxidative stress serves as a principal toxicological pathway that
emerges when insects come into contact with insecticides. Toxic com-
pounds may stimulate excessive generation of reactive oxygen species
(ROS), which causes oxidative damage to cellular lipids, proteins, and
nucleic acids. The antioxidant defense enzymes superoxide dismutase
(SOD) and catalase and glutathione S-transferase (GST) work to safe-
guard cells from oxidative damage through their function in controlling
redox equilibrium [20]. The body faces higher lipid peroxidation and
protein oxidation when these antioxidant systems become inactive,
which leads to cellular damage and mortality in insects.

In vitro tests, such as the DPPH (2,2-diphenyl-1-picrylhydrazyl)
radical scavenging, are frequently employed to evaluate antioxidant
activity. These techniques are frequently employed in combination with
phytochemical research to connect chemical composition with biolog-
ical activity and offer important insights into the capacity of compounds
to scavenge free radicals [21,22].

Also, the rationale of the current research is to use NPs for the
optimization process, as presented in Fig. 2. The optimization process
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has grown remarkably alongside the advancements in nanotechnology
[23]. Nanotechnology, especially in the form of nanocatalysts, has
become a key tool for preparing heterocyclic compounds, which form
the backbone of most modern drugs and many bioactive molecules.

Pyran-functionalized pyrimidinones are hybrid structures in which a
pyran ring (or a pyran-bearing side chain) is attached to a pyrimidinone
core, making them unique scaffolds in medicinal chemistry due to their
tunable electronic characteristics, simplicity of derivatization, and
broad spectrum of biological activities [24-26]. Accordingly, the cur-
rent investigation sought to evaluate the larvicidal efficacy of designed
pyran-pyrimidinone hybrid derivatives against 3rd instar larvae of Culex
pipiens. The study further investigated the biochemical and oxidative
stress responses induced by these compounds through determination of
larval mortality, lethal concentration values, detoxification enzyme ac-
tivities, digestive enzyme alterations, antioxidant defense biomarkers,
and oxidative stress indicators. Additionally, computational in-
vestigations, such as Fukui function, HOMO-LUMO energy gaps, MEP
surface mapping, and Mulliken charge distribution, were carried out to
evaluate the electronic structure and local reactivity. Followed by
structure-activity relationships (SAR), promising candidates with
favorable pharmacokinetic behavior potential.

2. Results and discussion
2.1. Evaluation of Ag-NPs properties

2.1.1. XRD analysis

The XRD pattern validates the Ag-NPs' face-centred cubic structure.
Silver metal four peaks with 20 values of 38.29, 44.56, 64.82, and 77.44
degrees are caused by the silver planes (111), (200), (220), and (311).
These peaks are marked as 1-4 in fig. S1 [27]. The diffractogram shows
four additional peaks at 32.35 [partial oxidation of Ag-NPs is frequently
the cause of reported cubic Ag20 reflections], 46.38 [shows an oxide
contribution and overlaps with metallic Ag (200) but is shifted], 54.03
[in line with the oxide phase], and 57.66 degrees [residual precursor]. It
has been determined that these peaks are connected to silver
nanoparticles.

2.1.2. FT-IR analysis
Using the Fourier transform, unique vibrational signals that clarify
surface properties are seen in Fig. S2. Three separate peaks were visible
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Fig. 2. Comparison of traditional synthesis and highlighting the novel optimization syn. method.
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in the silver nanoparticles' FT-IR spectrum: 548.38, 1636.17, and
3347.85 cm'L. The absorption band of amine is illustrated by the peak at
3347.85 cm™' [28] whereas the C=0 ,mige Stretch vibration bond is
responsible for the peak at 1636.17 cm™ [29], and the fingerprint
measures 548.38 cm™. Amino acid residues' carbonyl groups have a
significant affinity for silver [30]. These spectroscopic findings clearly
show that the nanoscale silver particles have increased surface reactivity
[31].

2.1.3. SEM & EDX analyses

The visualization of Ag-NPs from scanning electron microscopy is
displayed in Fig.S3(a) [32]. These findings demonstrated the formation
of nanoclusters and spherical nanoparticles. Fig. S3(b) displays the
elemental analysis data derived from energy-dispersive X-ray spectros-
copy (EDX). The presence of Ag-NPs is confirmed by the silver peak at
3 eV [31].

2.1.4. TEM and SAED analyses

Fig. S4(a) displays the silver nanoparticles' TEM illustration. Using
the X-ray diffraction pattern, it demonstrates that the particle size was
approximately 15 nm, which is in line with the size of the crystallite
[32]. Similarly, a technique used in TEM to determine the lattice pa-
rameters and crystallinity of nanoparticles from the diffraction pattern is
called selected area electron diffraction. The majority of the particles'
diameters fall within the 5 nm range, according to the matching histo-
gram of silver nanoparticles in Fig. S4(b) [31].

2.1.5. Porosity characterization

Pore Size Distribution (BJH Model): The BJH curve of Ag nano-
powder is displayed in Figure S5. Based on the peak area, the graphs
indicate that most micropores are <40 nm, with a probable pore size of
approximately 23 nm [33]. Mass transport in catalytic reactions is
shown by the high pore volume.

2.2. Chemistry

Our literature reactions were optimized using a silver nanoparticle
catalyst, as summarized in Table 1. We highlight that the benefits of our
Ag-NP-assisted synthetic method go beyond quicker reaction times and
greater yields in order to enhance its innovative nature. The Ag-NP
catalytic role is proposed and rigorously demonstrated. We now pre-
sent optimization studies that demonstrate how Ag-NP loadings affect
reaction time and yield, showing the dependence of catalytic efficiency
on nanoparticles. Reuse testing methods highlight the stability of Ag-
NPs by showing that they maintain catalytic activity with no loss of
performance. The technique was effectively scaled up from the milli-
mole to the gram scale while keeping yield and selectivity, supporting its
effectiveness. When taken as a whole, these findings offer both quanti-
tative and qualitative support that the Ag-NPs function better than non-
catalyzed pathways and behave as functional catalysts rather than just
additives. In particular: Advantages of green chemistry Sustainable
synthesis principles are in line with the milder circumstances in which
reactions take place, minimizing the usage of harsh reagents and

Table 1
Comparison between traditional literature and NPs' methodology for hybrids 5,
7,9, 11, 13, and 15.

Traditional literature method [34] NPs' Method
Compound Time (h) Yield (%) YE Time (h) Yield (%) YE
5 24 86 3.58  6.00 94.5 15.7
7 10 86 8.60 215 95.9 44.6
9 20 88 4.40 4.00 93.8 23.4
11 17 88 517  3.45 94.5 27.3
13 6 83 13.8  2.00 96.3 48.1
15 10 93 9.30 1.00 97.1 97.1
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solvents. Among the optimization processes, hybrid 15 gave the highest
yield (97.1%) in just 1.00 hour under reflux in formic acid. However, the
optimization process for hybrid 13 also exhibited a shorter reaction time
than reported in the literature, achieving a high yield (96.3%) under
reflux conditions, which makes it a valuable and efficient optimization
for this transformation. Also, literature hybrids 7, 11, and 9, respec-
tively, exhibited shorter reaction times (4.00-2.15 h) and gave higher
yields (95.9-93.8%), confirming the superior activity of the metal
nanocatalyst, particularly Ag-NPs, in the optimization operation.

Ag-NPs are thought to improve reaction efficiency mechanistically
by adsorbing 4-chlorobenzylidenemalononitrile and 5-acetyl-6-amino-
uracil onto their surface, which facilitates nucleophilic attack and sta-
bilizes the TS. The cyclization process is accelerated, and the activation
energy is lowered by this surface-mediated interaction. As the final
product desorbs from the surface of the nanoparticle, water is proposed
to be produced as a byproduct (Scheme 1 & S1). Additionally, a
remarkable 94.5% yield was produced in just 6 h as this process was
modified utilizing Ag-NPs in normal conditions of reflux, demonstrating
the great catalytic efficiency of the NPs system. Furthermore, three D;O-
exchangeable signals at § 10.01, 10.57, and 10.64 ppm were identified
for three secondary amines in the 'H NMR of 5. Five of the fifteen signals
found in the *C NMR analysis of 5 are particularly at § = 90.01, 107.35,
129.43, 158.60, and 162.56 ppm with a relative pyran moiety. The mass
spectrum of 5 showed a molecular ion peak at m/z = 400, confirming the
proposed structure.

The reaction mechanism in the presence of Ag-NPs is proposed to
proceed initially; Ag-NPs activate the cyano group of the starting ma-
terial 5, increasing the electrophilic character of the carbon center. This
facilitates nucleophilic attack by ethyl cyanoacetate (6), yielding an
a,f-imine intermediate, which undergoes a [1,3]-hydrogen shift to form
the final scaffold system. Ag-NPs accelerate each step by providing a
large surface area for efficient adsorption and reaction of the substrates,
leading to high product yield in a relatively short time. Hybrid 7 is via
adding the active methylene to the -CN moiety of 5 (Scheme 2 & S2), as
demonstrated by spectroscopic evidence. The proposed structure was
validated by a molecular ion peak at m/z = 513 in the mass spectrum of
7.

The reaction mechanism in the presence of Ag-NPs is proposed to
proceed through a multi-step cascade process involving condensation
and the hydrolysis reaction Initially, Ag-NPs activate the electrophilic
attack step, increasing the electrophilic character of the carbon center.
This facilitates nucleophilic attack afford the final heterocyclic system
(Scheme 3). Ag-NPs accelerate each step by providing a large surface
area for efficient adsorption and reaction of the substrates, leading to
high product yield in a relatively short time. The 'H NMR spectrum of 9
illustrated two singlets attributed to two -NH, groups at § 7.14 and
7.69 ppm. The 13C NMR spectrum of 9 presented a relative carbonyl
carbon of the amide group at § = 155.59 ppm. The proposed structure
was proven by a molecular ion peak at m/z = 443 in the mass spectrum
of 9. Furthermore, the 'H NMR spectrum of 11 showed two singlets
attributed to two -NH, groups only at §7.81 and 8.18 ppm. The >C NMR
spectrum of 11 revealed a relative -C=S group at § = 163.28 ppm. The
mass spectrum of 11 showed a molecular ion peak at m/z = 459, sup-
porting the proposed structure. Acetohydrazonamide 13 was produced
by condensing 5 with hydrazine hydrate (12). The 'H NMR spectrum of
13 showed D50 exchangeable signals at 7.56 ppm for -NH;, moieties. A
molecular ion peak that matched the material's molecular weight was
evident in its mass spectrum. Hydrolyzing the N-acetyl group of 5 to
carbonitrile 15. Compound 15’s 'H NMR revealed that the methyl
moiety had vanished to a free -NH; moiety, and the mass spectrum
revealed a parent ion peak at 358.

The reaction time and yield for hybrids 5, 7, 9, 11, 13, and 15 are
shown in Table 1. Alternatively, yield economy value (YE) is a charac-
terization utilized to measure the effectiveness of a chemical reaction in
terms of traditional literature and NPs' techniques of the same reaction
producing the same desired product in an economically viable manner.
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Scheme 1. Processes for the synthesis of the starting component 5 using Ag-NPs.
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Scheme 3. Reaction. of N-(6-(3-cyano-4H-pyran-2-yl)acetamide 5 with urea (8), thiourea (10), hydrazine hydrate (12),

and formic acid (14) for the formation of hybrids 9, 11, 13, and 15, respectively.

Eq. (1) was used to calculate YE [35,36].

_ Yield
" Reaction time

(€Y

It is clear from an analysis of traditional literature and NPs' strategy
method that the effectiveness of the NPs' method (15.7-97.1) signifi-
cantly surpasses that of the traditional literature method (3.58-13.8), as
illustrated in Table 1.

2.3. Biological studies

2.3.1. Larvicidal activity of pyran-pyrimidinone hybrids against culex
pipiens
Pavela (2015) found that heterocyclic compounds with
pyrimidinone-based structures showed increased insecticidal power
after their functional groups underwent modification [17]. The larvi-
cidal activity of the synthesized pyran-pyrimidinone hybrids was eval-
uated against 3rd instar larvae of Culex pipiens after 24 and 48 h of
exposure. The experiments showed that every tested substance showed
an increase in larvicidal effect as researchers increased its concentration.
The results showed that larval death rates increased when researchers
used greater concentrations and extended periods of exposure to test the
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substances (Table 2). The study showed that mortality rates reached
100% at greater concentrations, which ranged from 500 to 1000 pg/mL,
while lower concentrations between 25 and 50 "g per milliliter produced
only minimal effects.

The larvicidal screening of pyran-pyrimidinone hybrids against Cx.
pipiens revealed significant variations in toxicity, characterized by both
concentration- and time-dependent effects (Fig. 3). Among the tested
library, compound 11 emerged as the most potent derivative; at 24 h
post-treatment, it achieved a mortality rate of 48.33% at 125 pg/mlL,
reaching total mortality (100%) at 500 ug/mL with a corresponding
LCso of 103.19 pg/mL (Table 2). Its efficacy further intensified after
48 h, recording 96.67% mortality at only 250 ug/mL and a reduced LCsq
value of 76.29 ng/mL, confirming its superior insecticidal potential.

In contrast, compound 15 exhibited the lowest larvicidal activity, as
evidenced by its higher LCs( values of 252.81 pg/mL and 193.57 pg/mL
at 24 and 48 h, respectively. Meanwhile, compound 7 showed inter-
mediate effectiveness, requiring a concentration of 1000 pg/mL to
achieve complete larval death (Table 3). The consistent decline in lethal
concentration values (LCsg, LCqg, and LCgs) across all compounds over
the 48-hour period underscores a clear cumulative toxic effect, estab-
lishing these hybrids as promising candidates for mosquito vector
control.

The research showed that pyran-pyrimidinone hybrid compounds,
which researchers created, produced strong larvicidal effects against
Culex pipiens larvae, but their effectiveness changed with different
chemical structures and varying concentrations. The compound 11
showed the highest effectiveness against larvae among all tested com-
pounds because its LCso and LCoo values proved lower than those of other
derivatives. The study produced LCso values, which ranged from 76 to
252 pg/ml depending on the compound and exposure time, which
showed strong toxicity toward synthetic heterocyclic larvicides that
usually demonstrate LCso values above 100 to 300 ug/mL under similar
laboratory conditions [17]. Previous research on mosquito larvicidal
studies demonstrated that extended exposure to active compounds led to
cumulative toxic effects, which resulted in higher rates of larval mor-
tality [37]. The epidemiological significance of targeting Cx. pipiens
larvae lies in the fact that this species is the principal vector of West Nile
virus (WNV) in Egypt and neighbouring regions [2]. Adult female
mosquitoes acquire the virus through feeding on infected birds and
subsequently transmit it to humans and other mammals during subse-
quent blood meals. By effectively reducing larval populations in their
aquatic breeding habitats, larvicidal compounds such as the
pyran-pyrimidinone hybrids tested in this study can significantly lower
adult vector densities, thereby reducing the risk of WNV transmission.
This vector-targeted approach aligns with integrated vector manage-
ment (IVM) strategies recommended by the World Health Organization
for mosquito-borne disease control [38] .

Table 2

Journal of Molecular Structure 1380 (2027) 147405

250 1

200 I
100 I I

50

LC,, values

7 9 11 13 15

Pyran-pyrimidinone and their derivatives

Fig. 3. Larvicidal activity of pyran-pyrimidinone hybrids against the 3rd larval
instar of Culex pipiens after 48 h of exposure.

2.3.2. Effect on esterase enzyme activities

The effects of the synthesized compounds on esterase enzyme ac-
tivities in Cx. pipiens larvae are summarized in Table 4. Significant re-
ductions in AChE, a-esterase, and f-esterase activities were observed in
treated larvae compared with the untreated control group (P < 0.05).
Compound 11 exhibited the strongest inhibitory effect on AChE activity,
reducing the enzyme activity to 5.17 nmol ACh hydrolyzed/min/mg
protein, followed by compound 7. Similarly, a- and p-esterase activities
were markedly decreased in larvae treated with compounds 11 and 7. In
contrast, compound 15 showed relatively weak inhibitory effects, with
enzyme activity values close to those of the control group. These find-
ings show that the larvicidal activity of the tested compounds may
partially involve disruption of the mosquito nervous system through
esterase inhibition.

The biochemical tests showed that all tested compounds significantly
inhibited acetylcholinesterase and a-esterase and p-esterase enzyme
activity. AChE activity decreased from approximately 11.15+0.07
(control) to values as low as 5.17+0.24 nmol ACh hydrolyzed/min/mg
protein, which showed a decrease of almost 50 percent in enzyme
function, as evaluated in hybrid 11.

2.3.3. Effect on digestive enzyme activities

The digestive enzymes of Cx. pipiens larvae experienced major
changes after they received the synthesized compounds, as shown in
Table 5. The treated larvae exhibited lower protease activities than the
untreated control group, especially in the group that received compound
11 treatment. Most treated groups showed increased acid phosphatase
activity when compared to the control group, while alkaline phospha-
tase activity showed a general decline after treatment. The strongest
biochemical alterations occurred when larvae received exposure to
compounds 11 and 7, which caused major disruptions in their digestive
metabolism and nutrient absorption.

Efficacy of pyran-pyrimidinone hybrids on Culex pipiens larval mortality, 24 and 48 h post-treatment.

Concentration (ug/mL)

Time Compounds
0 50 125 250 500 1000
7 0.0040.00%" 15.0040.00%% 36.67+1.67°° 76.67+1.67°C 96.67+1.67°" 100.0+0.00%*
9 0.00+0.00%F 15.00-+0.00°F 25.0042.89 55.0042.89°C 80.0042.89F 100.040.00*
11 0.00+0.00°F 15.0040.00°" 48.33+3.33%C 88.33+1.67%° 100.040.00°* 100.0+0.00°*
24 13 0.00+0.00%F 15.00-£0.00%F 20.00+0.00° 45.00+£2.899¢ 75.00£0.00%" 100.040.00%*
15 0.00+0.007F 15.00-+0.00°F 16.67+1.67°" 43.33+1.67%¢ 65.0042.89°° 96.67+3.33"
Temephos 85.00+0.00
7 0.0040.00°F 20.00-£0.00°° 45.00£5.00°¢ 85.00£2.89"8 100.040.00** 100-£0.00%*
9 0.00+0.00%E 16.67+1.67° 33.3343.33C 73.3341.67°F 100.0-£0.00%* 10040.00%*
11 0.00+0.00°F 28.3343.33%° 63.33+3.33%¢ 96.67+3.33%8 100.0+0.00%* 10040.00**
48 13 0.00+0.00%F 15.00-£0.00% 26.67+1.67 70.0042.894¢ 95.0042.89"8 1004:0.00%
15 0.00+0.00%F 11.67+1.67% 23.3341.67° 50.00+2.89°C 85.0042.89F 10040.00%
Temephos 100+0.00

a, b & c: There is no significant difference (P > 0.05) between any two means for each group compound within the same column that has the same superscript letter. A,
B & C: There is no significant difference (P > 0.05) between any two means within the same row that have the same superscript letter. Temephos: 0.25 ug/mL.
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Table 3
Lethal concentrations (ug/mL) of pyran-pyrimidinone hybrids on Culex pipiens mortality, 24 and 48 h post-treatment.
Time (h) Cpd. LCso (Low-Up.) LCyo (Low-Up.) LCos (Low-Up.) Slope + SE x2 (sign.)
7 128.36 (113.09-144.44) 382.07 (329.72-455.63) 520.51 (438.12-643.17) 2.705+0.179 0.801 (0.849)
9 200.55 (170.59-235.31) 946.75 (727.54-1345.02) 1469.94 (1070.16-2261.07) 1.9014+0.162 1.778 (0.619)
24 11 103.19 (91.99-115.30) 248.92 (213.66-302.68) 319.49 (267.04-404.31) 3.351+0.275 3.351 (0.275)
13 216.44 (102.91-432.67) 841.07 (752.88-4297.60) 1235.77 (1264.15-8625.68) 2.174+0.162 19.443 (0.000)
15 252.81 (120.37-550.19) 1128.83 (1095.71-7770.84) 1725.19 (1940.75-17,381.24) 1.97240.154 18.449 (0.000)
7 103.46 (91.25-116.49) 277.54 (236.17-340.82) 367.12 (303.40-470.96) 2.990+0.242 3.390 (0.335)
9 129.69 (114.47-145.98) 373.44 (319.66-451.60) 503.99 (420.00-633.37) 2.790+0.196 6.065 (0.108)
48 11 76.29 (66.75-85.83) 195.75 (170.80-231.38) 255.68 (217.78-313.73) 3.131+0.248 0.928 (0.818)
13 145.84 (128.62-164.64) 427.00 (361.40-525.31) 579.01 (475.98-742.73) 2.747+0.200 6.699 (0.082)
15 193.57 (120.25-300.40) 643.47 (489.43-1501.23) 904.51 (705.34-2447.00) 2.456+0.176 11.613 (0.008)
Table 4 Table 6

The effect of pyran-pyrimidinone hybrids on the various esterase enzymes in
mosquitoes.

The effect of pyran-pyrimidinone hybrids on contents of the biological macro-
molecules in mosquitoes.

Compounds  Acetylcholinesterase a-Esterase p-Esterase
(nmol ACh hydrolyzed/ (a-EST) (mmol/ ($-EST) (mmol/
min/mg protein) min/mg min/mg

protein) protein)

7 05.31+0.06° 1.06+0.05" 1.53+0.09°
07.3840.244 1.42+0.03¢ 1.84+0.06¢

11 05.1740.244 1.0440.03°¢ 1.4540.06¢

13 09.02:+0.29° 1.7140.33° 2.76+0.24%

15 11.93+0.21¢ 2.31+0.09¢ 03.54+0.1°¢

Control 11.1540.07* 2.2140.05% 3.484+0.11%

a, b & c: There is no significant difference (P > 0.05) between any two means,
within the same column have the same superscript letter.

Table 5
The effect of pyran—pyrimidinone hybrids on the activities of digestive enzymes
in mosquitoes.

Compounds  Acid Alkaline Acid Alkaline
protease protease phosphatase phosphatase
(U/mg (U/mg (U/mg protein)  (U/mg protein)
protein) protein)

7 05.56 07.25 3.04+0.03% 0.53+0.03%
+0.03* +0.03*

9 07.01 08.89 2.33+0.02° 0.69-+0.03%
+0.02" +0.13°

11 05.31 07.16 3.0040.01¢ 0.4840.03*
+0.01¢ +0.08¢

13 08.28 10.49 2.04+0.23" 0.894+0.03"
+0.09% +0.46"

15 11.09 14.32 1.5540.069 1.16+0.03%
+0.16¢ +0.08¢

Control 12.37 16.49 1.27+0.03% 1.18+0.46%
+0.03* +0.15%

a, b & c: There is no significant difference (P > 0.05) between any two means
within the same column that have the same superscript letter.

The digestive enzyme functions experienced major alterations
because the tested derivatives produced their effects. The acid protease
activity showed a control value of 12.37+0.03 U/mg protein, which
dropped to approximately 5.314+0.01 U/mg protein for treated hybrid
larvae 11. The observed reductions in protease and phosphatase activ-
ities may reflect impairment of nutrient digestion and metabolic pro-
cesses in mosquito larvae. The physiological disturbances that occur in
this process will cause negative effects on the growth and survival of
larvae.

2.3.4. Effect on biological macromolecules

The effects of the synthesized pyran-pyrimidinone hybrids on the
contents of biological macromolecules in Cx. pipiens larvae are shown in
Table 6. The treated larvae showed significant decreases in protein,
carbohydrate, and lipid contents when compared to the control group.

Compounds  Protein content Carbohydrate content Lipid content
(mg/mL)3 (mg/mL) (mg/mL)
7 07.95+0.05% 2.71+0.93% 0.834+0.07%
9 10.36+0.03¢ 3.994+0.50°¢ 1.1740.03"
11 07.82+0.03° 2.53+0.66° 0.81+0.19°
13 12.96:+0.22° 4.21+0.82° 1.2740.05"
15 17.574+0.02¢ 5.91+0.44¢ 1.7240.06¢
Control 17.95+0.05% 6.03+0.93% 1.774+0.07*

a, b & c: There is no significant difference (P > 0.05) between any two means
within the same column that have the same superscript letter.

The greatest protein and carbohydrate reduction occurred through
compound 11, while compound 7 provided the second highest in the
reduction effect. The tested compounds led to decreased lipid levels in
most treatment groups, which resulted in metabolic and energy reserve
impairment for mosquito larvae.

2.3.5. Effect on oxidative stress and antioxidant biomarkers

The synthesized compounds induced significant changes in antioxi-
dant enzyme activity and oxidative damage indicators of Cx. pipiens
larvae after treatment with the synthesized compounds. A significant
decrease was recorded in the activities of superoxide dismutase (SOD),
glutathione S-transferase (GST), and catalase when exposed to these
hybrids. Compound 11 was the most active inhibitor and reduced SOD
activity significantly to 1.30+0.24 units/g tissue compared to 3.07
+0.07 units/g tissue in the control group. Also, the activities of GST and
CAT were decreased to 22.98+0.03 units/g tissue and 2.14+0.06 U/mg
protein/min, respectively, from their initial control values of 54.06
+0.05 units/g tissue and 4.344+0.11 U/mg protein/min. There was also
a significant depletion of reduced glutathione levels to 0.95+0.09 pg/
mg protein in larvae treated with hybrid 11 compared with 2.17
+0.11 ug/mg protein in the untreated control.

This depletion of the antioxidant defense system was associated with
a significant increase in markers of oxidative stress, where the results
showed that compound 11 induced the highest levels of lipid peroxi-
dation (LPO) and total protein carbonyl (TPC) content in the larvae
(7.81+0.06 nmol/g tissue and 13.244+0.06 nmol/mg protein, respec-
tively) compared to the control group (3.42+0.11 nmol/g tissue and
6.10+0.11 nmol/mg protein). On the other hand, compound 15 was
comparatively lower in biochemical parameters, as the enzyme activ-
ities and oxidative markers were more similar to those observed in the
untreated control. Compounds with the highest larvicidal potency
exhibited the most significant suppression of antioxidant defenses and
the greatest increase in markers of oxidative damage (Table 7).

The study found that synthesized compounds caused major
biochemical changes in Culex pipiens larvae after researchers conducted
oxidative stress tests. The antioxidant enzyme activities, which included
SOD, GST, and CAT, experienced significant decreases that reached
approximately 40 to 60 percent of their normal levels, while GSH levels
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Table 7
The effect of pyran—-pyrimidinone hybrids on the markers of the antioxidant defense in mosquitoes.
Compounds SOD GST CAT GSH LPO TPC
(units/g tissue) (units/g tissue) (U/mg protein/min) (ug/mg protein) (nmol/g tissue) (nmol/mg protein)
7 1.32:+0.06¢ 23.97+0.05° 2.01+0.09° 1.2740.06° 7.75+0.09° 13.00+0.09°
9 1.50+0.24¢ 24.02+0.03¢ 2.12+0.06° 1.08+0.06° 7.68-+0.06° 11.86+0.06°
11 1.304+0.24¢ 22.98+0.03° 2.14+0.06° 0.95+0.09" 7.81+0.06° 13.24+0.06°
13 2.30:£0.29° 41.53+0.33% 3.40+0.24%° 1.5140.24%° 4.35+0.24%° 7.75+0.24%°
15 2.97+0.21°¢ 51.75+0.09¢ 4.3040.10° 2.12+0.10¢ 3.34+0.10° 6.13+0.10°¢
Control 3.07+0.07% 54.06+0.05% 4.3440.117 2.17+0.11* 3.42+0.11% 6.10+0.117

a, b & c: There is no significant difference (P > 0.05) between any two means within the same column that have the same superscript letter.

showed corresponding drops in concentration. The study found that
oxidative damage markers, which included LPO, increased from 3.42
+0.11 nmol/g tissue (control) to approximately 7-8 nmol/g tissue (~2-
fold increase), while TPC showed a similar pattern of increase. The
tested compounds produce excessive amounts of ROS, which results in
oxidative damage to cellular components.

The tested compounds showed the strongest larvicidal and
biochemical effects through 11, which established a direct link between
larval death and the two processes of enzymatic inhibition and oxidative
stress induction. The derivative shows increased activity because its
chemical structure enables it to disrupt vital life functions that
mosquitoes require for their development.

2.3.6. Antioxidant activity

The antioxidant activity of ascorbic acid (employed as a reference
standard) and five synthesized organic compounds (7, 9, 11, 13, and
15) was evaluated using the DPPH free radical scavenging assay as an in
vitro model for assessing radical quenching capacity (Table 8). Utilizing
a four-parameter logistic (4PL) sigmoidal framework, nonlinear
regression analysis was used to determine the ICso values, which pro-
vides a robust and accurate description of concentration-response re-
lationships and is widely accepted for biological and chemical activity
profiling. The calculated ICso values demonstrated clear differences in
antioxidant potency among the tested synthetic compounds. 3.98 ug/mL
is the lowest ICsg value ascorbic acid demonstrated the highest radical
scavenging activity, confirming its role as a highly efficient hydrogen
and electron donor. Among the synthesized compounds, 11 demon-
strated the potent antioxidant activity with an ICso measurement of
4.30 pg/mlL, followed by 7 (4.85 pg/mL), 9 (5.42 pug/mL), 13 (6.05 pg/
mL), and 15 (6.73 pg/mL), which displayed the weakest activity among
the tested derivatives (Fig. 4).

These results indicate that structural variations within the synthe-
sized series significantly influence radical scavenging efficiency, likely
due to differences in electronic distribution, substituent effects, and the
ability to stabilize the resulting radical species after hydrogen or elec-
tron donation. Compounds containing more electron-donating or
resonance-stabilizing groups appear to exhibit enhanced antioxidant
activity, as reflected by their lower ICso values [39,40]. Overall, all
synthesized compounds demonstrated measurable antioxidant activity,
although they were less potent than the reference standard ascorbic

Table 8

DPPH assay.
Conc. Ascorbic Acid 7 9 11 13 15
1000 98 97.3 97 97.6 96.7 96.3
500 96 95.1 94.5 95.4 94 93.4
250 92.8 91.6 90.9 92.1 90.3 89.4
125 86.4 85 84.1 85.9 83.1 82.1
62.5 81 79 77.7 79.8 76.6 75.3
31.25 73.2 71 69.6 72 68.3 67
15.625 65.8 63.1 61.7 64.4 60.4 59.1
7.8125 58 55.1 53.6 56.5 52.1 50.7
3.9 50.3 48.3 46.9 49.7 45.6 44.3
1.95 42.8 40.2 39 42.1 37.7 36.5

acid. The observed structure-activity relationship suggests that subtle
modifications in molecular architecture can markedly affect the redox
behavior of these compounds [41,42].

2.4. Computational studies

2.4.1. Fukui function and dual descriptor

Fukui function analysis was performed to determine which atomic
sites are the most reactive in compounds 7, 9, 11, 13, and 15 using the
optimized structures (Fig. 5) of these compounds. The condensed Fukui
indices ("), (f¢) and (f) were used to predict the preferred centers for
nucleophilic, electrophilic, and radical attack, respectively, while the
dual descriptor Af(r) = [f*(r) — f~(r)] was used to distinguish the local
electrophilic and nucleophilic characters. Negative values indicate sites
more susceptible to electrophilic attacks, whereas positive Af(r) values
indicate sites more favorable for nucleophilic attacks.

Fukui functions (Tables 8-10 and S6-S7) derived from NBO atomic
charges are calculated according to the following equations [43]:

Electrophilicattack : f = qx (No) — qx (No — 1)

Nucleophilicattack : fi" = gx (No + 1) — qx (No)

Radicalattack : f{ = 3 (fi + fi)where the electronic population of
atom k in a molecule in its neutral state anionic, and cationic states,
respectively, is represented by gk, (Np), (Np + 1), and (N - 1).

The Fukui results indicate that nucleophilic attack is mainly directed
toward polarized carbon atoms within the pyran ring and the attached
substituent fragments, while electrophilic attack is favored at
heteroatom-rich regions, in particular oxygen and nitrogen atoms. The
common pyran-pyrimidinedione framework of the five compounds
(Tables 9-11 and S6-S7) shows comparable reactivity behavior, with
some differences caused by the attached substituents. In compound 7,
the most electrophilic attack favorable centers are N29, 031, 025, N36,
07, N9, 011, 08, and N3, which show negative Af(r) values (Table 9).
These results indicate that the O and N atoms act as electron-rich cen-
ters. The highest fk+ values are mainly observed at C27, C35, C30, C12,
C4, and C24, with positive Af(r) measurements, indicating that these
atoms are the most probable sites for nucleophilic attack.

For compound 9, the most negative Af(r) values are found at N32,
N30, 029, 027, N23, 07, N9, and N3, suggesting that these heteroatoms
are the preferred sites for electrophilic attack. In contrast, the largest
nucleophilic attack sites are located mainly at C12, C13, C25, C26, C2,
and C6, based on their high positive Af(r)and f," values (Table 10).
Compound 11 shows a similar pattern, where N1, N32, N24, 07, N28,
N9, and C16 are the main electrophilic attack centers, while C25, C26,
C12, C6, C2, C4, and C15 are the main nucleophilic attack centers
(Table S6). The contribution of the carbamothioyl fragment in com-
pound 11 appears to enhance the localization of reactive centers around
the substituent-bearing region.

Compound 13 shows the most dual descriptor values are observed at
N30, N10, N26, N16, N28, O11, N1, and N3, while strong nucleophilic
susceptibility is at C25, C6, C17, C12, C2, and C15 (Table 11). This re-
flects the contribution of the hydrazonamide nitrogen atoms to the
electron-rich regions of the molecule. In compound 15, N1, N3, 011,
N23, 07, 08, and Cl22 are more favorable for electrophilic attack,
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Fig. 4. Comparative antioxidant activity and ICso determination of ascorbic acid and compounds using the DPPH radical scavenging assay.

whereas the preferred nucleophilic attack sites are C6, C2, C24, C12,
C19, C13, and C10. The high f value of N25 in compound 15 also
suggests that the amino nitrogen may contribute to radical-type in-

teractions (Table S7).

Fig. 5. The optimized molecular geometry of compounds 7, 9, 11, 13, and 15 using DFT.

2.4.2. Map of the molecular electrostatic potential (MEP)
The MEP maps of compounds 7, 9, 11, 13, and 15 were analyzed to
visualize the distribution of electron-rich and electron-deficient regions

over the molecular surfaces. MEP analysis is widely used to predict the
sites involved in the electrophilic and nucleophilic attack based on the
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Table 9
Fukui analysis of compound 7.
Compound 7

Atom fi fi i Af(r) Atom fe fi R Af(r)
N1 0.0067 0.0055 0.0061 -0.0012 C30 0.0033 0.0860 0.0446 0.0827
C2 -0.0016 0.0099 0.0042 0.0115 031 0.0791 0.0227 0.0509 -0.0564
N3 0.0225 0.0019 0.0122 -0.0205 032 0.0055 0.0083 0.0069 0.0028
C4 0.0273 0.0660 0.0467 0.0387 C33 -0.0039 -0.0061 -0.0050 -0.0022
C5 -0.0125 0.01,016 -0.00,116 0.02,264 C34 -0.0023 -0.0033 -0.0028 -0.0009
C6 -0.00,365 0.00,397 0.00,016 0.00,762 C35 0.00,366 0.08,978 0.04,672 0.08,612
o7 0.04,183 0.01,368 0.0278 -0.02,815 N36 0.06,461 0.02,648 0.0455 -0.0381
08 0.06,043 0.03,948 0.0499 -0.02,095 H37 0.01,796 0.02,014 0.01,905 0.00,218
N9 0.04,284 0.01,699 0.0299 -0.02,585 H38 0.01,829 0.01,377 0.01,603 -0.0045
C10 0.02,881 0.02,715 0.02,798 -0.00,166 H39 0.01,885 0.01,303 0.01,594 -0.0058
011 0.03,088 0.00,836 0.01,962 -0.02,252 H40 0.02,255 0.01,635 0.01,945 -0.0062
C12 0.00,152 0.08,171 0.0416 0.08,019 H41 0.0049 -0.0029 0.00,101 -0.0078
C13 -0.00,465 0.01,374 0.0045 0.01,839 H42 0.01,367 0.03,267 0.02,317 0.019
C14 -0.02,276 -0.00,523 -0.0140 0.01,753 H43 0.01,035 0.01,293 0.01,164 0.00,258
C15 0.01,953 0.0508 0.03,516 0.03,127 H44 0.01,139 0.00,919 0.01,029 -0.0022
C16 -0.00,223 -0.02,299 -0.01,261 -0.02,076 HA45 0.01,784 0.01,646 0.01,715 -0.0014
N17 0.00,706 -0.00,808 -0.00,051 -0.01,514 H46 0.0147 0.01,274 0.01,372 -0.0019
C18 0.00,524 0.0204 0.01,282 0.01,516 H47 -0.0005 -0.0036 -0.0021 -0.0031
C19 0.02,215 0.01,047 0.01,631 -0.01,168 H48 -0.0010 0.00,113 0.0001 0.00,208
C20 0.02,089 0.01,455 0.01,772 -0.00,634 H49 0.01,866 0.02,104 0.01,985 0.00,238
c21 0.00,701 0.02,107 0.01,404 0.01,406 H50 -0.0083 0.0065 -0.0009 0.01,487
C22 0.00,184 -0.01,214 -0.00,515 -0.01,398 H51 0.01,254 0.01,898 0.01,576 0.00,644
C123 0.03,915 0.03,887 0.03,901 -0.00,028 H52 0.00,497 0.01,896 0.0120 0.01,399
C24 -0.00,631 0.05,633 0.02,501 0.06,264 H53 0.01,283 0.01,798 0.0154 0.00,515
025 0.06,962 0.02,005 0.0448 -0.04,957 H54 0.00,144 0.00,391 0.0027 0.00,247
C26 -0.00,093 -0.00,456 -0.0027 -0.00,363 H55 0.0031 0.0047 0.0039 0.0016
c27 -0.01,627 0.09,496 0.0393 0.11,123 H56 0.00,756 0.01,069 0.0091 0.00,313
Cc28 -0.0314 0.04,071 0.0047 0.07,211 H57 0.00,619 0.01,034 0.0083 0.00,415
N29 0.02,219 -0.05,557 -0.01,669 -0.07,776

Table 10

Fukui analysis of compound 9.

Compound 9

Atom fe i ? Af(r) Atom fe i ? Af(r)
N1 0.00,823 0.00,688 0.00,755 -0.0013 H24 0.01,608 0.02,414 0.02,011 0.00,806
C2 -0.0321 0.04,278 0.00,532 0.07,491 C25 -0.0048 0.06,726 0.03,120 0.07,211
N3 0.02,781 0.00,262 0.01,521 -0.0252 C26 -0.0068 0.05,858 0.02,585 0.06,545
c4 0.03,066 0.06,105 0.04,585 0.03,039 027 0.07,708 -0.0067 0.03,517 -0.0838
C5 0.01,728 0.02,749 0.02,238 0.01,021 Cc28 -0.0005 -0.0050 -0.0028 -0.0045
C6 -0.0059 0.05,519 0.02,462 0.06,114 029 0.0784 -0.0115 0.03,346 -0.0898
o7 0.05,151 0.01,678 0.03,414 -0.0347 N30 0.06,691 -0.0517 0.00,759 -0.1186
08 0.07,069 0.04,749 0.05,909 -0.0232 C31 -0.0214 0.01,024 -0.0056 0.03,159
N9 0.05,564 0.02,164 0.03,864 -0.0340 N32 0.26,233 -0.0655 0.09,844 -0.3278
C10 0.02,868 0.04,846 0.03,857 0.01,978 H33 0.02,067 0.01,659 0.01,863 -0.0041
011 0.01,792 0.01,081 0.01,436 -0.0071 H34 0.02,182 0.01,591 0.01,886 -0.0059
C12 -0.0036 0.13,108 0.0637 0.13,476 H35 0.02,534 0.02,034 0.02,284 -0.0050
C13 0.01,995 0.09,637 0.05,816 0.07,642 H36 0.01,053 -0.0015 0.00,449 -0.0120
C14 -0.0212 -0.0154 -0.0183 0.00,576 H37 0.03,221 0.02,073 0.02,647 -0.0115
C15 0.0411 0.04,729 0.04,419 0.00,619 H38 0.01,612 0.01,333 0.01,472 -0.0028
C16 0.02,506 -0.0173 0.00,387 -0.0424 H39 0.02,081 0.01,992 0.02,036 -0.0009
C17 0.00,901 0.03,386 0.02,143 0.02,485 H40 0.0189 0.01,741 0.01,815 -0.0015
C18 0.02,741 0.00,877 0.01,809 -0.0186 H41 0.00,807 -0.0017 0.00,318 -0.0097
C19 0.03,464 0.02,895 0.03,179 -0.0057 H42 -0.0119 -0.0049 -0.0084 0.00,702
C20 0.01,107 0.02,819 0.01,963 0.01,712 H43 0.01,504 0.0247 0.01,987 0.00,966
C21 0.01,079 -0.0106 0.00,011 -0.0214 H44 0.00,333 -0.001 0.00,116 -0.0043
C122 0.06,434 0.04,938 0.05,686 -0.0149 H45 0.0116 0.01,876 0.01,518 0.00,716
N23 0.06,618 -0.0176 0.02,427 -0.0838 H46 -0.0097 -0.0025 -0.0061 0.00,722

color scale. Negative electrostatic potential is represented by the red
parts, positive potential by the blue regions, and almost neutral regions
by the green parts.

The electrostatic potential values were distributed within the ranges
-8.873 x 1072 to +8.873 x 1072 for compound 7, -9.643 x 1072 to
+9.643 x 1072 for compound 9, -1.000 x 107! to +1.000 x 107! for
compound 11, -9.895 x 1072 to +9.895 x 1072 for compound 13, and
-8.797 x 1072 to +8.797 x 1072 for compound 15 as shown in Fig. 6.
These values indicate compounds 11 and 13 display the highest
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electrostatic contrast, suggesting more pronounced charge separation
across their molecular surfaces, while compound 15 shows the lowest
overall potential range among the studied derivatives. The graphical
representation of the electrostatic potential shows the regions with
negative potential are localized mainly around the carbonyl and oxygen
atoms of the pyrimidinedione moiety and the heteroatom-containing
substituents. This indicates that these regions have electron-rich char-
acter, making them possible hydrogen bond acceptors. In contrast, the
positive potential regions are mostly observed around the amino and NH



B. Farag et al.

Table 11
Fukui analysis of compound 13.

Journal of Molecular Structure 1380 (2027) 147405

Compound 13

Atom i £ £ Af(F) Atom i £ 7 Af(r)

N1 0.0358 -0.0172 0.00,927 -0.0530 Cl24 0.04,655 0.0404 0.04,347 -0.0062
c2 -0.0013 0.05,153 0.02,514 0.05,278 c25 -0.0693 0.04,665 -0.0113 0.11,591
N3 0.0225 -0.0095 0.00,652 -0.0319 N26 0.05,988 0.00,329 0.03,158 -0.0565
c4 0.04,257 0.0585 0.05,053 0.01,593 H27 0.02,143 0.02,196 0.02,169 0.00,053
cs 0.01,655 0.02,254 0.01,954 0.00,599 N28 0.04,848 -0.0466 0.00,091 -0.0951
c6 -0.0302 0.03,721 0.00,347 0.06,747 c29 -0.0103 -0.0069 -0.0085 0.00,339
o7 0.05,452 0.03,095 0.04,273 -0.0235 N30 0.06,515 0.02,156 0.04,335 -0.0435
08 0.06,825 0.05,807 0.06,316 -0.0101 H31 0.01,529 0.01,998 0.01,763 0.00,469
co 0.01,277 0.03,242 0.02,259 0.01,965 H32 0.01,381 0.0186 0.01,620 0.00,479
N10 0.06,026 0.03,131 0.04,578 -0.0289 H33 0.01,586 0.02,236 0.01,911 0.0065
o011 0.03,634 0.00,081 0.01,857 -0.0355 H34 -0.0058 0.00,328 -0.0013 0.0091
c12 0.00,261 0.06,449 0.03,355 0.06,188 H35 0.0463 0.02,095 0.03,362 -0.0253
c13 0.01,196 0.01,549 0.01,372 0.00,353 H36 0.01,684 0.02,105 0.01,894 0.00,421
c14 -0.0226 -0.0131 -0.0178 0.00,955 H37 0.00,405 0.00,755 0.0058 0.0035
c15 -0.0094 0.02,654 0.00,854 0.03,599 H38 0.01,485 0.01,677 0.01,581 0.00,192
N16 0.05,117 0.00,339 0.02,728 -0.0477 H39 0.01,351 0.01,459 0.01,405 0.00,108
c17 -0.0222 0.04,416 0.01,097 0.06,638 H40 -0.0037 -0.0039 -0.0038 -0.0002
c18 -0.0237 -0.0082 -0.0159 0.01,552 H41 0.02,539 0.02,135 0.02,337 -0.0040
c19 0.00,093 0.01,323 0.00,708 0.0123 H42 0.01,394 0.0103 0.01,212 -0.0036
c20 0.01,412 0.01,124 0.01,268 -0.0029 H43 0.00,724 -0.0011 0.00,307 -0.0083
c21 0.01,159 0.02,394 0.01,776 0.01,235 H44 0.0249 0.01,797 0.02,143 -0.0069
c22 0.01,047 0.01,852 0.01,449 0.00,805 H45 0.02,104 0.01,474 0.01,789 -0.0063
c23 0.00,074 -0.0031 -0.0012 -0.0038
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Fig. 6. The optimized compounds 7, 9, 11, 13, and 15’s MEP map.

hydrogen atoms, especially those attached to the pyrimidinone and
amino-functionalized fragments. These blue areas correspond to
electron-deficient sites and may act as hydrogen bond donors or centers
susceptible to nucleophilic interaction. The phenyl and pyran regions
are mostly covered by green to pale yellow surfaces, indicating
comparatively neutral electrostatic character. Overall, the MEP results
suggest that the biological or intermolecular recognition behavior of
these compounds is mainly governed by the oxygen, nitrogen, and

11

sulfur-containing functional groups, which provide the principal sites
for electrostatic and hydrogen bonding interactions. Therefore, the
biological activity of these compounds can be attributed to the differ-
ences in the distribution of electrostatic potential.

2.4.3. Frontier molecular orbital (FMO) analysis
FMO was performed to evaluate the electronic behavior, stability,
and possible charge transfer characteristics of compounds 7, 9, 11, 13,
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and 15. The energy difference between HOMO and LUMO provides
useful information about molecular stability and chemical reactivity. A
molecule with a significant energy gap is hard and stable, whereas a
molecule with a tiny gap is soft and consequently more reactive [44].

The energy gaps between HOMO and LUMO were obtained at 4.247,
4.340, 4.040, 4.444, and 4.819 eV for compounds 7, 9, 11, 13, and 15,
respectively, as shown in Fig. 7 and Table 12. Compound 15 exhibited
the largest energy gap, indicating the highest electronic stability and the
lowest tendency toward intramolecular charge transfer. On the other
hand, compound 11 showed the smallest gap, suggesting relatively
higher electronic softness and greater ability to participate in charge
transfer interactions, while 7, 9, and 13 showed intermediate gaps,
indicating a moderate degree of electronic stability.

As presented in Fig. 7, the HOMO is mainly localized over the con-
jugated heterocyclic framework in the synthesized compounds, sug-
gesting that these areas are the main locations that donate electrons. The
LUMO is more extended toward the electron-withdrawing parts of the
molecules, indicating an intramolecular donor-acceptor character,
where electron density can be transferred from the n- rich hetero-
aromatic regions toward the more electron-deficient functional groups.

Using the following formulas, the global reactivity descriptors of
compounds 7, 9, 11, 13, and 15 are calculated from the HOMO and
LUMO energies (Table 12) [45]:

Hardness : y = B5fa
i 1., — _ (P+Eq)
Chemicalpotential : y = — =5~
Softness : S =
ivity - y — [P<E
Electronegativity : y = £4E¢

The obtained results showed that the electron affinity values fol-
lowed the order 11>9 > 7 > 13>15, suggesting that compound 11 has
the strongest electron-accepting tendency among the series. This may be
related to the presence of the carbamothioyl group, which contributes to
stabilization of the LUMO level. The chemical hardness values increased
in the order 11<7 < 9 < 13<15, confirming that compound 11 is the
softest and the most polarized derivative, whereas compound 15 is the
hardest and the least reactive toward charge transfer. This trend is also
supported by the softness values, where compound 11 showed the
highest softness value (0.495 ev) and compound 15 the lowest
(0.415 eV'h). The chemical potential values were negative for all com-
pounds, indicating their overall electronic stability. Compound 9
showed the most negative chemical potential and the highest electro-
negativity value (4.059 eV), suggesting a stronger tendency to attract
electron density. These findings are consistent with orbital distribution
patterns and support the role of heteroatoms in controlling the
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Table 12

HOMO (eV), LUMO (eV), ionization potential (eV), electron affinity (eV),
chemical potential (eV), chemical hardness (eV), softness (eV)), and electro-
negativity (eV) values of hybrids 7, 9, 11, 13, and 15 in eV calculated using
HOMO/LUMO energies.

Reactivity parameters 7 9 11 13 15

HOMO (eV) -5.948 -6.229 -5.985 -5.714 -5.976
LUMO (eV) -1.701 -1.889 -1.945 -1.270 -1.157
ITonization potential (IP) 5.948 6.229 5.985 5.714 5.976
Electron affinity (Ea) 1.701 1.889 1.945 1.270 1.157
Chemical potential () -3.825 -4.059 -3.965 -3.492 -3.566
Chemical hardness (1) 2.124 2.170 2.020 2.222 2.410
Softness (S) 0.471 0.461 0.495 0.450 0.415
Electronegativity (y) 3.825 4.059 3.965 3.492 3.566

electronic characteristics of these pyran pyrimidinedione derivatives.

The calculated HOMO-LUMO energy gaps of hybrids 7, 9, 11, 13,
and 15 fall in the range of 4.040 to 4.819 eV, indicating moderate
electronic stability with variable charge-transfer ability. These values
are consistent with previously reported DFT studies on structurally
related pyran and chromene-carbonitrile derivatives. For example, Al
Jahdaly reported a HOMO-LUMO gap of 4.949 eV for 2-amino-4-
(4-hydroxy-3-methoxyphenyl)-7-methyl-4H-chromene-3-carbonitrile,
using a B3LYP/6-311++G(d,p) based calculations [46]. Similar trends
have been observed for dihydropyranopyran derivatives, where the re-
ported HOMO-LUMO gaps ranged from 3.744 to 4.293 eV, and the
compounds with larger gaps were considered more stable [47].

To better connect the computational findings with the experimental
activity, computational findings were compared with the biophysical
results of the synthesized derivatives. The 48 h larvicidal activity fol-
lowed the order 11 > 7 > 9 > 13 > 15, based on the LCs values. Inter-
estingly, this trend agrees well with the HOMO-LUMO energy gap and
softness values. Compound 11, which exhibited the strongest larvicidal
effect, had the smallest HOMO-LUMO gap (4.040 eV) and the highest
softness (0.495 eV'!), suggesting greater electronic flexibility, easier
charge redistribution, and higher interaction potential. In contrast,
compound 15, the least active derivative, showed the largest energy gap
(4.819 eV) and the lowest softness (0.415 eV'!), indicating higher
electronic stability and lower tendency toward charge-transfer
interactions.

The local reactivity descriptors further support this interpretation.
Fukui, MEP, and Mulliken analyses showed that the most reactive re-
gions are mainly associated with heteroatom-rich fragments, especially
carbonyl, amino, cyano, and carbamothioyl/hydrazonamide groups.
The structure-activity relationship (SAR) study of these derivatives
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Fig. 7. Frontier molecular orbital (HOMO-LUMO) plots for the optimized hybrids 7, 9, 11, 13, and 15.
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revealed that the superior activity of compound 11 may also be related
to the presence of the carbamothioyl group, which introduces sulfur and
additional heteroatom-based polarization into the molecule. This
structural feature may enhance electrostatic and hydrogen bonding in-
teractions with biological targets and facilitate disruption of enzymatic
and oxidative stress pathways in larvae. This is consistent with the
biochemical results, where compound 11 produced the strongest inhi-
bition of AChE and esterases and caused pronounced oxidative stress
effects. In contrast, compound 15 lacks the additional carbamothioyl
substituent and showed weaker larvicidal and biochemical effects, in
agreement with its higher hardness and lower softness.

2.4.4. Mulliken population analysis

It was purposed to examine the atomic charge distribution in the
optimized structures of compounds 7, 9, 11, 13, and 15. This analysis
provides a useful qualitative description of molecular polarization and
helps identify electron-rich and electron-deficient centers within the
molecular framework. Since Mulliken charges may be affected by the
basis set, the discussion focuses mainly on general charge trends rather
than absolute values [48].

The most negative Mulliken charges are mainly located on the het-
eroatoms, particularly the nitrogen and oxygen atoms, as shown in Fig. 8
and Table 13. In compounds 7, 9, 11, and 15, N1, N3, and N9 show high
negative charges, while compound 13 shows the highest negative charge
at N10. The oxygen atoms O7, 08, and O11 also display strong negative
polarization in all the compounds. These sites represent electron-rich
regions and may act as preferred centers for electrophilic attack and
HBA interactions, in agreement with the MEP results.

On the other hand, several carbon atoms directly attached to elec-
tronegative atoms show positive charges, particularly C2, C4, and C6 in
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all compounds. This confirms their electron-deficient nature and
possible susceptibility toward nucleophilic attack. Compound 13 shows
the highest positive charge at C4, indicating stronger local polarization
in this region.

The substituent affects the charge profile. Compound 11 contains a
negatively charged sulfur atom, S27, which may contribute to its higher
softness and smaller HOMO-LUMO gap. Compound 13 contains addi-
tional electron-rich nitrogen atoms from the hydrazonamide group,
while compound 7 shows extra negative centers within the ethyl
cyanoacrylate fragment.

The Mulliken charge distribution supports the MEP and FMO find-
ings and confirms that the electronic behavior of these compounds is
mainly controlled by the heteroatom-rich pyrimidinedione, amino,
carbonyl, cyano, carbamothioyl, and hydrazonamide groups.

All larvicidal efficacy assessments were conducted under laboratory
conditions, ensuring reproducibility and mechanism clarity. Future field
validation studies remain essential to confirm efficacy under natural
environmental variables. The current study did not assess toxicity to
non-target aquatic organisms or the compound's persistence in the
environment, as these assessments fall outside the scope of primary
chemical and biochemical investigation. Similarly, although the multi-
target mechanism is strongly supported by significant enzyme inhibi-
tion patterns and oxidative stress biomarkers, direct target validation
represents a logical next step and is not a shortcoming of the current
work. Within these clearly defined limitations, Compound 11 un-
doubtedly emerges as a highly promising leading candidate for further
refinement and preclinical development, with in vitro efficacy serving as
the foundation upon which future field and environmental studies
should be built. It should be noted that the DFT descriptors used in this
study do not establish the biological mechanism of action by themselves.
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Table 13
Mulliken charges for compounds 7, 9, 11, 13, and 15.
7 9 11 13 15

Atom Charge Atom Charge Atom Charge Atom Charge Atom Charge
N1 -0.58,144 N1 -0.58,198 N1 -0.58,141 N1 -0.57,395 N1 -0.58,072
Cc2 0.589,061 Cc2 0.589,631 Cc2 0.592,317 Cc2 0.592,546 Cc2 0.589,477
N3 -0.61,871 N3 -0.62,001 N3 -0.62,137 N3 -0.62,515 N3 -0.6151
Cc4 0.458,324 c4 0.460,843 Cc4 0.469,891 Cc4 0.507,224 Cc4 0.464,501
C5 0.01,183 C5 0.004,326 C5 -0.00,038 C5 0.01,868 C5 0.014,902
(€9 0.431,629 C6 0.433,272 (€9 0.433,494 C6 0.424,928 C6 0.430,118
o7 -0.43,246 o7 -0.43,269 o7 -0.43,735 o7 -0.46,137 o7 -0.43,566
08 -0.41,554 08 -0.41,151 08 -0.40,835 08 -0.43,527 08 -0.41,462
N9 -0.75,958 N9 -0.76,239 N9 -0.75,953 C9 0.239,347 N9 -0.76,518
C10 0.240,075 C10 0.239,341 C10 0.233,091 N10 -0.7924 C10 0.220,723
011 -0.46,479 011 -0.46,582 011 -0.45,187 0O11 -0.49,329 011 -0.44,259
C12 0.432,484 C12 0.294,544 C12 0.281,062 C12 0.463,765 C12 0.397,321
C13 0.029,223 C13 0.184,036 C13 0.201,768 C13 0.114,379 C13 0.13,726
C14 -0.27,323 Cl14 -0.28,986 Cl14 -0.288 Cl14 -0.27,171 Cl14 -0.27,677
C15 -0.1976 C15 -0.19,613 C15 -0.20,977 C15 -0.21,412 C15 -0.20,505
Cl6 0.234,353 Cl6 0.237,978 Cl6 0.201,504 N16 -0.61,327 Cl6 0.205,578
N17 -0.60,375 Cc17 -0.20,395 Cc17 -0.19,118 c17 0.350,766 Cc17 -0.19,076
C18 -0.21,302 C18 -0.13,491 C18 -0.14,031 C18 0.20,196 C18 -0.14,112
C19 -0.13,764 C19 -0.05,245 C19 -0.05,067 C19 -0.18,991 C19 -0.05,172
C20 -0.05,417 C20 -0.13,596 C20 -0.14,427 C20 -0.13,686 C20 -0.14,443
C21 -0.13,841 C21 -0.19,095 C21 -0.20,445 C21 -0.04,355 C21 -0.20,482
C22 -0.19,017 Cl22 -0.0124 Cl22 -0.0148 c22 -0.13,972 Cl22 -0.02,566
Cl23 -0.01,879 N23 -0.40,828 H23 0.192,059 c23 -0.20,234 N23 -0.7412
C24 0.446,881 H24 0.202,034 N24 -0.37,062 Cl24 -0.05,475 C24 0.178,532
025 -0.38,645 C25 0.534,589 C25 0.228,527 C25 0.185,935 N25 -0.47,786
C26 -0.56,613 C26 0.429,239 C26 0.429,075 N26 -0.48,041 H26 0.349,392
c27 0.219,359 027 -0.34,199 S27 -0.16,274 H27 0.192,911 H27 0.342,203
Cc28 0.044,574 Cc28 -0.57,185 N28 -0.66,379 N28 -0.24,683 H28 0.370,277
N29 -0.74,756 029 -0.35,088 029 -0.33,839 C29 -0.55,178 H29 0.335,344
C30 0.459,905 N30 -0.70,697 C30 -0.5708 N30 -0.58,788 H30 0.168,043
031 -0.39,513 C31 0.218,984 C31 0.232,072 H31 0.353,166 H31 0.183,264
032 -0.42,247 N32 -0.43,888 N32 -0.44,627 H32 0.340,935 H32 0.147,791
C33 -0.49,481 H33 0.351,268 H33 0.352,189 H33 0.341,923 H33 0.157,868
C34 -0.09,933 H34 0.343,106 H34 0.344,334 H34 0.398,673 H34 0.157,611
C35 0.255,481 H35 0.335,774 H35 0.337,962 H35 0.170,853 H35 0.170,843
N36 -0.51,067 H36 0.37,662 H36 0.376,557 H36 0.357,989 H36 0.356,086
H37 0.194,727 H37 0.173,718 H37 0.181,424 H37 0.151,292 H37 0.33,612
H38 0.34,936 H38 0.143,045 H38 0.156,802 H38 0.161,612
H39 0.341,389 H39 0.162,179 H39 0.164,064 H39 0.160,501
H40 0.332,701 H40 0.159,742 H40 0.160,893 H40 0.168,682
H41 0.375,474 H41 0.142,467 H41 0.170,276 H41 0.175,209
H42 0.134,834 H42 0.180,319 H42 0.363,916 H42 0.177,795
H43 0.336,476 H43 0.202,686 H43 0.352,245 H43 0.199,633
H44 0.127,009 H44 0.216,714 H44 0.178,873 H44 0.344,945
H45 0.154,897 H45 0.348,737 H45 0.203,918 H45 0.318,892
H46 0.167,667 H46 0.344,657 H46 0.217,976
H47 0.166,944
H48 0.233,544
H49 0.19,201
H50 0.166,636
H51 0.379,488
H52 0.345,073
H53 0.172,897
H54 0.166,486
H55 0.166,435
H56 0.181,945
H57 0.182,659

Instead, they provide a molecular level interpretation of electronic
softness, charge distribution, and probable interaction sites. Therefore,
the computational results were interpreted together with the larvicidal,
enzymatic, and oxidative stress data to rationalize the observed activity
trend rather than to prove a direct biological target [49].

2.5. Structure-activity relationship analysis

Among the synthesized compounds, 11 demonstrated potent bio-
logical activity with a value measurement. The contribution of the car-
bamothioyl fragment in this compound appears to enhance the
localization of reactive centers around the substituent-bearing region.

14

Meanwhile, compound 7 showed effectiveness, requiring a concentra-
tion of 1000 pg/mL to achieve complete larval death (Table 3). The
consistent decline in lethal concentration values (LCsg, LCqg, and LCgs)
across all compounds over the 48-hour period underscores a clear cu-
mulative toxic effect, establishing these hybrids as promising candidates
for mosquito vector control. Compounds containing more electron do-
nors with resonance-stabilizing structures appear to exhibit enhanced
biochemical with antioxidant activity, as reflected by their lower LCsg or
ICso values. While 9 showed intermediate gaps, indicating a moderate
degree of electronic stability and the target biological activity. Com-
pound 13 is lower in EDG than 9, so tested biological measurements
decrease in compound 13. In contrast, compound 15 showed relatively
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weak inhibitory effects, with enzyme activity values close to those of the
control group. The derivative shows increased activity because its
chemical structure enables (Fig. 9).

3. Experimental
3.1. Preparation of silver nanoparticles for catalytic application

As a dispersion agent, 1.27 g of polyvinyl pyrrolidone (PVP) [50] was
used. After dissolving 5.94 g of glucose in 15 mL of deionized HoO and
adding 0.96 g of NaOH to increase the reaction velocity, the mix was
heated to 60 °C while being constantly stirred. Drop by drop, 0.01 M
silver nitrate solution was added to the PVP solution. Following the
addition of the AgNO3 solution to reduce the silver ions (Ag*) [51,52],
for ten minutes, the mixture was further stirred. Centrifugation was used
to separate the particles, and they were repeatedly cleaned with distilled
water until no NOj3 could be detected. At 80 °C, the particles were dried.
Silver nanoparticles with a gray appearance were produced as powder
[32]. Catalyst recycling was looked into, and it's important to show that
our synthetic protocol is sustainable.

3.1.1. Characterization of silver nanoparticles

XRD; BRUKER D8 ADVANCED, utilizing CuKa radiation
(A = 1.5406 A). Phase identification was achieved by analyzing
diffraction patterns with the Joint Committee on Powder Diffraction
Standards (JCPDS) reference standard. The study utilized FT-IR, Perkin
Elmer Spectrum 1600, at room temperature in the 400-4000 cm™ range.
Scanning electron microscopy (JEOL JSM 5600) was used for micro-
structural examination. TEM Tecani 20 G2 experiments were carried out
at 200 KV.

3.2. Materials and instruments

TLC was carried out employing CHCl3:MeOH (9:1), and ethyl ace-
tate:toluene (1:1) were the solvent systems utilized. Each M.P. was
recorded using an uncorrected Stuart melting point instrument.
Analytical spectroscopic techniques utilized for structure characteriza-
tion were IR (Pye-Uniearn using the KEr wafer technique) at Mansoura
University. At Zagazig University, NMR spectra were analyzed using
DMSO-dg as a solvent at 400 MHz for 'H NMR and 100 MHz for '3C
NMR. Also, at Mansoura University, NMR spectra were analyzed using
DMSO-d; as a solvent at 500 MHz for '"H NMR and 125 MHz for '3C
NMR. At the Regional Center for Mycology and Biotechnology, mass
spectra were captured on the electron ionization (EI).

6-Aminouracil (1)

Compound 1 was sold commercially by Aldrich Chemical Company,
Inc. [53].

5-Acetyl-6-aminouracil (3)

In our laboratory, it was manufactured. as a documented technique
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[54].

N-(6-(6-amino-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl1)-4-
(4-chlorophenyl)-3-cyano-4H-pyran-2-yl)acetamide (5).

A mix of 3 (0.001 mol) and active methylene, namely 4-chlorobenzy-
lidene malononitrile (4) (0.001 mol), was refluxed in 30 mL AcOH along
with a silver nanocatalyst for 6 h at 110 °C and filtered hot. The solid
product was washed with cold H,0, dried, and recrystallized from EtOH
to give a pure compound as yellow crystals; yield 94.5%; M.
P. = 186-188 °C. IR (KBr) v cm™’: 3456, 3360, 3185, 3159, 3064, 2850,
2211, 1649; 'H NMR (400 MHz, §, ppm): 2.40 (s, 3H, CHs), 7.14 (s, 2H,
NHj, D20 exchangeable), 7.64-7.66 (d, J = 8 Hz, 2H, Ar-H), 7.80 (s, 1H,
CH), 7.93-7.95 (d, J = 8 Hz, 2H, Ar-H), 8.17 (s, 1H, CH), 10.01-10.64 (s,
3H, 3NH, D,0 exchangeable); 13C NMR (100 MHz, &, ppm): 31.5, 90.0,
107.3, 116.2, 129.4, 130.8, 131.7, 132.1, 136.9, 148.7, 149.3, 158.6,
162.5, 163.3, 196.4; MS (EI): m/z (intensity 100%): 402 (12) [M + 2],
400 (12) [M]", 348 (100). Anal. caled. For C1gH;4CIN5O4, %: C, 54.08;
H, 3.53; N, 17.52; found: C, 54.19; H, 3.58; N, 17.87.

Ethyl-3- [(2-acetamido-6-(6-amino-2,4-dioxo-1,2,3,4-
tetrahydropyrimidin-5-y1)-4-(4-chlorophenyl)-4H-pyran-3-yl)] -3-
amino-2-cyanoacrylate (7).

Compound 5 (0.001 mol) and ethyl cyanoacetate (6) (0.001 mol)
were combined with ethyl alcohol (10 mL) in the presence of Ag-NPs as a
nanocatalyst and refluxed for 2.15 h at 78 °C. The resulting solid product
was filtered, dried, and recrystallized from EtOH to yield 7 as yellow
crystals after cooling to room temperature. Yield: 95.9%; M.
P. = 256-258 °C. IR (KBr) v cm™’: 3450, 3408, 3191, 3101, 2855, 2211,
1741, 1650; '"H NMR (400 MHz, &, ppm): 1.18-1.22 (t, 3H, J = 8 Hz,
—CH2CHs), 2.07 (s, 3H, CHs), 4.12-4.18 (q, 2H, J = 8 Hz, -CH,CHjy),
4.42 (s, 2H, NHy), 7.21-7.23 (d, J = 8 Hz, 2H, Ar-H), 7.30-7.32 (d,
J=8Hz, 2H, Ar-H), 7.44 (s, 1H, CH), 7.47 (s, 1H, CH), 7.68 (s, 2H, NH3),
10.05 (s, 1H, NH), 10.77 (s, 1H, NH), 11.74 (s, 1H, NH); 3C NMR
(100 MHz, 5, ppm): 31.3, 34.3, 41.4, 48.2, 66.2, 112.9, 115.6, 125.2,
126.5, 127.0, 127.3, 127.5, 129.5, 131.4, 132.2, 148.3, 149.0, 150.7,
151.0, 151.1; MS (EI): m/z (intensity 100%): 515 (24) [M + 21", 513
(32) [M]", 232 (100). Anal. caled. for Co3H,;CINgOg, %: C, 53.86; H,
4.13; N, 16.39; found: C, 53.92; H, 4.18; N, 16.47.

N-[6-(6-amino-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-4-
(4-chlorophenyl)-3-cyano-4H-pyran-2-yl)] -N-carbmoylacetamide
9)

Compound 5 and urea (8) were combined with equal moles in 10 mL
of absolute ethanol and heated under reflux for 4 h at 78 °C in the
presence of Ag-NPs. The mixture was then cooled until it reached room
temperature. After being filtered, dried, and recrystallized from ethanol,
the solid product 9 was formed as yellow crystals. Yield: 93.8%; M.
P. =102-104 °C. IR (KBr) v em™’: 3447, 3373, 3354, 3185, 3098, 2853,
2209, 1644; 'H NMR (400 MHz, 6, ppm): 2.35 (s, 3H, CHj), 7.14 (s, 2H,
NHy), 7.23 (s, 1H, CH), 7.32-7.34 (d, J = 8 Hz, 2H, Ar-H), 7.39 (s, 1H,
CH), 7.49-7.51 (d, J = 8 Hz, 2H, Ar-H), 7.69 (s, 2H, NH3), 10.02 (s, 1H,
NH), 10.64 (s, 1H, NH); 13C NMR (100 MHz, 6, ppm): 23.5, 25.3, 60.8,

Fig. 9. Compounds' SAR graph.
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98.3, 115.7, 128.3, 128.7, 129.4, 130.9, 132.8, 133.2, 150.2, 155.5,
160.1, 160.8, 163.3, 166.1; MS (EI): m/z (intensity 100%): 445 (16)
[M + 21", 443 (29) [M]T", 71 (100). Anal. calcd. for C19H;5CINgOs, %:
C, 51.53; H, 3.41; N, 18.98; found: C, 51.62; H, 3.63;

N, 18.95.

N-[6-(6-amino-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-4-
(4-chlorophenyl)-3-cyano-4H-pyran-2-yl)] -N-carbmothioylaceta-
mide (11)

In absolute ethyl alcohol (10 mL) with 0.001 mol of compound 5 and
0.001 mol of thiourea (10) and Ag-NPs, the combination was refluxed
for 3.45 h at 78 °C. The reaction mix was cooled until it reached room
temperature. The resultant solid 11 was purified from the ethanol, dried,
and then recrystallized into yellow crystals. Yield: 94.5%; M.
P. =132-134 °C. IR (KBr) v em™’: 3453, 3379, 3305, 3278, 3161, 3094,
2853, 2210, 1647; 'H NMR (400 MHz, 6, ppm): 2.51 (s, 3H, CHs),
7.31-7.33 (d, J = 8 Hz, 1H, CH), 7.39-7.41 (d, J = 8 Hz, 1H, CH),
7.65-7.67 (d, J = 8 Hz, 2H, Ar-H), 7.81 (s, 2H, NH,), 7.94-7.96 (d,
J =8 Hz, 2H, Ar-H), 8.18 (s, 2H, NH>), 10.01 (s, 1H, NH), 10.63 (s, 1H,
NH); 3C NMR (100 MHz, 8, ppm): 21.7, 22.3, 43.8,107.3,116.2, 127.4,
128.2, 128.3, 129.3, 130.8, 130.9, 131.6, 136.8, 149.2, 162.5, 163.2,
183.8; MS (EI): m/z (intensity 100%): 461 (21) [M + 2], 459 (9) [M] T,
312 (100). Anal. caled. for C19H15CINgO4S, %: C, 49.73; H, 3.29; N,
18.31; found: C, 49.81; H, 3.35; N, 18.36.

N-[6-(6-amino-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-y1)-4-
(4-chlorophenyl)-3-cyano-4H-pyran-2-yl)] acetohydrazonamide
a13)

Compound 5 and hydrazine hydrate (12) were combined in equal
moles in 10 mL of ethyl alcohol and heated under reflux for 2h at 78 °C
using a silver nanocatalyst. The reaction mix was poured onto cold HoO
(10 mL) after cooling to room temperature. Yellow crystals of the
resultant product 13, which was filtered, dried, and recrystallized from
methanol, were produced. Yield: 96.3%; M.P. = 158-160 °C. IR (KBr) v
em’’: 3403, 3332, 3186, 3049, 2854, 2220, 1647; 'H NMR (500 MHz, 5,
ppm): 3.34 (s, 3H, CH3), 7.33 (s, 1H, CH), 7.45-7.47 (d, J = 9 Hz, 2H, Ar-
H), 7.56 (s, 4H, 2NHj, D20 exchangeable), 7.88-7.90 (d, J = 8 Hz, 2H,
Ar-H), 8.71 (s, 1H, CH), 10.04 (s, 1H, NH, D20 exchangeable), 10.69 (s,
1H, NH, D0 exchangeable), 11.11 (s, 1H, NH, D50 exchangeable); 3¢
NMR (125 MHz, §, ppm): 22.8, 25.3, 52.5, 116.3, 127.4, 127.7, 128.9,
129.1, 129.4, 129.5, 130.0, 132.6, 136.0, 160.7, 164.1; MS (ED: m/z
(intensity 100%): 416 (44) [M + 21", 414 (25) [M] ', 312 (100). Anal.
calcd. for C1gH16CIN;O3, %: C, 52.24; H, 3.90; N, 23.69; found: C, 52.34;
H, 3.94; N, 23.73.

2-Amino-6- [(6-amino-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-
y1)-4-(4-chlorophenyl)] -4H-pyran-3-carbonitrile (15).

Compound 5 (0.001 mol) and formic acid (14) (0.001 mol) were
combined and heated in reflux for 1 h at 78 °C in the presence of Ag-NPs
as a nanocatalyst. The mixture was cooled to RT. The resultant precip-
itate 15 was dried, filtered, and recrystallized as buff crystals from
ethanol. Yield: 97.1%; M.P. = 212-214 °C. IR (KBr) Umax cm’": 3483,
3455, 3373, 3305, 3241, 3156, 3062, 2852, 2212, 1658; ‘H NMR
(400 MHz, &, ppm): 7.28-7.30 (d, J = 8 Hz, 1H, CH), 7.46-7.48 (d,
J =8 Hz, 1H, CH), 7.64-7.66 (d, J = 8 Hz, 2H, Ar-H), 7.80 (s, 2H, NH)),
7.93-7.95 (d, J = 8 Hz, 2H, Ar-H), 8.17 (s, 2H, NH,), 10.96 (s, 1H, NH),
11.49 (s, 1H, NH); 13¢ NMR (100 MHz, 6, ppm): 88.4, 98.2, 107.3,
115.3, 116.2, 127.7, 129.3, 129.5, 130.8, 131.6, 132.2, 133.0, 136.8,
149.2, 162.5, 163.0; MS (EI): m/z (intensity 100%): 360 (33) [M + 2],
358 (34) [M]"", 296 (100). Anal. calcd. for C1¢H12CIN5Os3, %: C, 53.72;
H, 3.38; N, 19.58; found: C, 53.84; H, 3.41; N, 19.66.

3.3. Larvicidal bioassay on mosquitoes

3.3.1. Laboratory rearing of culex pipiens

Culex pipiens larvae were reared under laboratory insectary condi-
tions at 27 + 2 °C and 70-80% relative humidity with a photoperiod of
12:12 h (light:dark). Larvae were reared in trays containing dechlori-
nated water and supplied daily with a diet consisting of powdered fish
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food (Tetramin fish food) and yeast. Pupae were collected and trans-
ferred into cups containing clean water inside screened cages for adult
emergence. The emergent adults received a 10% sucrose solution for
their maintenance, while the female mosquitoes needed blood meals at
regular intervals to produce their eggs. The researchers carried out all
tests in controlled lab environments that followed the standard mosquito
breeding methods established by Kauffman et al. (2017) [55] and Meuti
et al. (2023) [56].

3.4. Mosquito larvicidal and biochemical assays

3.4.1. Larvicidal and biochemical assays

The effectiveness of larvicides against Cx. pipiens 3rd instar larvae
was tested following the WHO larval bioassay guidelines, which were
established in 2005 [38]. Six different concentrations were tested (25,
50, 125, 250, 500, and 1000 pug/mL) that they prepared by dissolving the
substances in distilled HyO. The researchers used a setup where twenty
larvae existed in a 250 mL solution for every concentration while they
conducted experiments three times. Temephos was used at 0.25 pg/mL
as the positive control, which they administered according to standard
larvicidal protocols detailed by Cetin et al. (2006) [57], while they used
distilled water as the negative control. The researchers documented
mortality rates after 24 and 48 h of exposure while they presented re-
sults as mean values with standard deviation. Previous studies have
demonstrated that both synthetic and natural compounds can exhibit
significant larvicidal activity against mosquito larvae, including Cx.
pipiens [58].

3.5. Biochemical and oxidative stress analysis

3.5.1. Measuring the biochemical activities of enzymes

Crude tissue homogenates were created from 70 mosquito larvae by
grinding specific tissue weights together with ice-cold sodium phosphate
buffer, which had two different pH levels. The researchers subjected
homogenates to centrifugation at 10,000 rpm for 10 min. inside a 4 °C
environment, which allowed them to gather supernatants for their
enzymatic tests. The Ellman colorimetric method [59], which is
commonly used in insect toxin research, measured acetylcholinesterase
activity. The researchers used a naphthyl acetate-based microplate assay
to measure esterase activities (a- and p-esterase) according to estab-
lished protocols that describe insect enzyme testing procedures [60,61].
Developed spectrophotometric techniques were used to examine
GABA-transaminase and amylase activities, which scientists commonly
use to study insect biochemical functions [62]. Enzyme activities were
presented in units, which were calculated by dividing total enzyme ac-
tivity by total protein weight (U/mg protein). The Bradford method
established total protein content, which researchers used to determine
protein amount [63].

3.6. Oxidative stress biomarkers

The physiological effects of the tested compounds on mosquito
larvae were evaluated by measuring various oxidative stress and anti-
oxidant defense biomarkers in the larval homogenates. The study used
standard spectrophotometric methods, which are typically used in insect
toxicology research, to measure the activity of three antioxidant en-
zymes, SOD, CAT, and GST [64-66]. The study measured reduced
glutathione content and oxidative damage indicators, which included
LPO and TPC levels, through established biochemical procedures
[67-69]. The obtained results were expressed relative to protein content
and used to assess the oxidative stress status and antioxidant response of
Culex pipiens larvae after treatment with the tested compounds.

3.7. Antioxidant assay using DPPH

The antioxidant activity of five synthesized compounds (7,9, 11, 13,
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and 15) was evaluated using the DPPH radical scavenging assay. This
method is widely employed for the in vitro assessment of free radical
scavenging capacity and electron or hydrogen donating potential of
bioactive compounds [70]. In this assay, a series of different concen-
trations of each tested compound, as well as ascorbic acid, were pre-
pared and individually mixed with a freshly prepared DPPH solution in
methanol. The reaction mix was incubated in the dark at RT for a fixed
time to avoid photodegradation of the DPPH radical and to ensure the
stability of the reaction system. A UV-visible spectrophotometer was
used to assess the decrease in absorbance at 540 nm following incuba-
tion. This wavelength corresponds to the reduction of the purple DPPH
radical to its yellow non-radical state upon antioxidant activation. To
assure accuracy, reproducibility, and statistical reliability, every
experiment was run in triplicate. By comparing the treated and control
samples, the mean absorbance values were utilized to determine the
percentage of DPPH radical scavenging activity. To evaluate the dos-
e-response behavior, the percentage inhibition was plotted against the
corresponding concentrations for each compound and for ascorbic acid
across the tested conc. range. The antioxidant potency was expressed in
terms of ICso values, defined as the concentration required to inhibit
50% of DPPH radical activity. Nonlinear regression analysis based on a
four-parameter logistic (4PL) framework was used to determine ICsq
values, which provides a robust and accurate description of sigmoidal
dose-response relationships. The obtained ICso values allowed direct
comparison between the reference standard and the synthesized com-
pounds, demonstrating variations in antioxidant efficiency depending
on structural differences among the tested molecules. Overall, this assay
provides a reliable and reproducible method for evaluating and
comparing the free radical scavenging activity of ascorbic acid and the
synthesized compounds under standardized experimental conditions
[71].

3.8. Statistical analysis

Every experiment was conducted in triplicate, and the mean +
standard deviation was used to express the results. SPSS software
version 23.0 (IBM Corp., Armonk, NY, USA) was used for all statistical
analyses. Before subjecting data to parametric analyses, the core sta-
tistical assumptions were thoroughly evaluated; the normality of data
distribution was verified using the Shapiro-Wilk test, and the homoge-
neity of variances was assessed via Levene's test. Differences among
treatment groups were analyzed using a One-way Analysis of Variance
(ANOVA), followed by Tukey's HSD post-hoc test for multiple pairwise
comparisons (P < 0.05). For larvicidal bioassays, the percentage of
larval mortality in the control groups was observed to be 0%, and thus
no further mortality correction (via Abbott's formula) was required.
Lethal concentration values (LCsg and LCop), 95% confidence intervals,
regression equations, and chi-square () values were computed through
Probit analysis using the integrated statistical bioassay tools within the
SPSS software version 23.0, following Finney (1971) [72]. The
goodness-of-fit of the Probit model was assessed using the chi-square
(x» test, where a non-significant y*> (P > 0.05) indicates adequate
model fit. In cases where significant y? values (P < 0.05) were observed,
this suggests some heterogeneity in the data, which may result from
steep concentration-response curves or limited variability between
doses. Despite this, the LC estimates remain reliable, as they are derived
from the established regression model and are supported by clear
concentration-dependent mortality trends observed experimentally.

3.9. Computational analysis

3.9.1. Fukui function and dual descriptor

All chemical calculations were carried out using Gaussian 09 W
software suite [73]. The molecular geometries of compounds 7, 9, 11,
13, and 15 were fully optimized using density functional theory at the
B3LYP/6-311++G(d,p) level. Calculations were performed for isolated
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molecules in the gas phase unless otherwise stated [74]. The neutral
molecules were treated as closed shell singlet systems with charge = 0
and multiplicity = 1 [75]. Geometry optimizations were performed
using default Gaussian convergence criteria [76]. Frequency calcula-
tions were performed at the same level of theory to confirm the opti-
mized structures correspond to true minima on the potential energy
surface [77]. The optimized neutral geometries were then used for other
analyses.

The local reactivity of compounds 7,9, 11, 13, and 15 was evaluated
using condensed Fukui function analysis based on DFT calculations.
Geometry optimization and single-point calculations for the neutral,
cationic, and anionic species were carried out at the level using the
POP=NBO keyword [78]. NBO-derived atomic charges were then used
to calculate the condensed FUKUI descriptors with UCA-FUKUI v2.0
interface [43]. The calculated Fukui descriptors f*, f~, and f° values,
obtained from NBO-derived atomic charges, were used to predict the
preferred sites for electrophilic, nucleophilic, and radical attack,
respectively.

3.9.2. Frontier molecular orbital analysis and global reactivity descriptors

Frontier Molecular Orbital analysis (FMO) was conducted for com-
pounds 7, 9, 11, 13, and 15 using their DFT-optimized neutral struc-
tures at the B3LYP/6-311++G(d,p) level. The Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital
(LUMO) distributions were visualized with GaussView 5.0, and the
HOMO-LUMO energy gap (AE) was calculated to assess molecular sta-
bility and electronic reactivity. A large energy gap indicates that the
compound is more stable, while the small gap indicates that the com-
pound has more chemical reactivity [79].

Global reactivity descriptors were also calculated from the HOMO
and LUMO energies, including ionization potential (IP), electron affinity
(Ea), chemical potential (p), chemical hardness (1), softness (S), and
electronegativity ()). These parameters were used to describe the elec-
tronic stability, charge-transfer tendency, and possible interaction
behavior of the synthesized compounds.

3.9.3. Map of the molecular electrostatic potential

MEP was used to investigate the electronic behavior and the mo-
lecular reactivity of the synthesized compounds 7, 9, 11, 13, and 15. It
facilitates the interpretation of the preferred sites for nucleophilic and
electrophilic attacks. In the MEP, surface areas colored in red represent
areas of high electron density, suggesting these sites for electrophilic
attack, whereas blue-colored regions represent electron-poor sites that
are more favorable for nucleophilic attack [80]. These maps also provide
useful information for predicting potential non-covalent interaction sites
within the studied compounds.

3.9.4. Mulliken population analysis

Atomic charge distributions for compounds 7, 9, 11, 13, and 15 were
evaluated using Mulliken population analysis at the same DFT level
described above. This charge analysis was used to examine the elec-
tronic distribution over the molecular framework and to identify atoms
with relatively electron-rich or electron-deficient character.

4. Conclusion

This paper successfully studied the optimization of pyran-
functionalized pyrimidinone moieties, starting from compound 5,
based on nanotechnology support. The incorporation of nanomaterials,
particularly Ag-NPs, played a crucial function in improving reaction
efficiency and product yield. The present study demonstrates that the
synthesized pyran-pyrimidine hybrids possess potent larvicidal activity
against Culex pipiens, characterized by a clear concentration and time-
dependent response. The biological efficacy of these compounds is
attributed to a multi-target mechanism of action. Among the tested
derivatives, compound 11 emerged as the most potent candidate,
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recording the lowest LCsy and LCqyq values and achieving total mortality
at higher concentrations. The biochemical assessment revealed a sig-
nificant disruption of essential larval systems, including the inhibition of
neurological enzymes (AChE and esterases) and digestive enzymes
(protease and phosphatases), which impairs synaptic transmission and
nutrient metabolism. Furthermore, the compounds triggered severe
oxidative stress, evidenced by the depletion of antioxidant defenses
(SOD, CAT, GST, and GSH) and a concomitant rise in oxidative damage
markers (LPO and TPC). These results suggest the potential use of pyran-
pyrimidinone compounds as promising lead compounds for the devel-
opment of novel, multifunctional mosquito control agents. The study
demonstrates that targeting multiple physiological systems simulta-
neously is a promising strategy for addressing the growing challenge of
insecticide resistance in vector populations. However, it is important to
note that the current findings are based on in vitro biological assays and
biochemical evaluations. Therefore, further studies, including environ-
mental safety assessments, non-target organism toxicity studies, field
validation trials, and resistance evolution analyses, are needed before
any practical application or direct comparison with conventional in-
secticides can be recommended. Within these limitations, compound 11
emerges as a highly promising candidate for further refinement and
advanced preclinical development. Compound 11, exhibiting the high-
est potency among the tested derivatives and showing activity compa-
rable to the reference standard ascorbic acid, highlighting the potential
of these compounds as promising antioxidant candidates for further
pharmacological investigation. The DFT findings indicate the electronic
behavior of the synthesized compounds. Compound 11 showed the
smallest HOMO-LUMO gap (4.040 eV) and the highest softness
(0.495 ev'l), indicating that it is the most electronically flexible and the
most preferred for charge transfer interactions, while compound 15
exhibited the largest gap (4.819 eV) and the highest chemical hardness
(2.410 eV), suggesting higher kinetic stability and low reactivity. The
local reactivity analyses showed that the O and N atoms are the main
electron-donating sites, while the polarized carbon atoms are more
susceptible to nucleophilic attack. These findings highlight hybrid 11 as
a promising candidate for further optimization as a multi-functional
mosquito control and antioxidant agent.
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