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Abstract: In response to the growing global threat of antimicrobial resistance,
this work seeks to synthesize and analyze chalcone-derived pyrazoline deriv-
atives and assess their antibacterial efficacy against the Staphylococcus aureus

and Escherichia coli). A series of pyrazoline compounds were synthesized us-
* Corresponding Author:

sheenamustafa@univsuleduiq ing both classical step-wise and one-pot synthetic strategies, involving

Claisen-Schmidt condensation of 4-(4-fluorobenzyl) oxy acetophenone with
various substituted benzaldehydes that subsequently undergo cyclization with
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phenyl hydrazine. The chemical structures of the produced chalcones and their
corresponding pyrazolines were characterized using FTIR, 'H-NMR, and 3C-
NMR spectroscopy. Physicochemical characterization revealed the products

were obtained in high yields and were sufficiently stable for isolation, with im-
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proved yields observed via the one-pot method. Antibacterial activity was as-
sessed using the disk diffusion technique at multiple concentrations (200-800
ppm). The results demonstrated that pyrazoline derivatives exhibited signifi-
cantly higher inhibition zones, particularly against S. aureus, compared to their
chalcone precursors. Compounds 5a, 5¢, and 5f had the most significant anti-

bacterial efficacy, whereas chalcones showed minimal to no action against E.
coli. The findings confirm the superior bioactivity of the pyrazoline ring system
and suggest the crucial impact of electron- giving and electron-removing sub-
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stituents on antibacterial potential. This research underscores one-pot synthe-
sis as operationally simple and reducing waste generation by eliminating the
need for intermediate isolation, thereby offering a more efficient and practical
route, time-saving method for producing structurally varied, physiologically

active pyrazolines, presenting attractive possibilities for the development of
novel antibacterial medicines.

1. Introduction

Infections and the escalating resistance of microorganisms to conventional antibacterial therapies
are major global health concerns that contribute to a wide range of diseases affecting humanity [1]. It is
estimated that about 250 million bacterial infection cases occur annually, leading to around $1.6 billion
in economic losses each year [2]. Consequently, the rates of hospitalization and death increase substan-
tially. Antimicrobial resistance is an ongoing issue of concern in the United States and worldwide [3].
Antibacterial resistance is responsible for more than 700,000 deaths globally each year [4]. Projections
indicate Fatalities may escalate to 10 million per year by 2050 if effective treatments are not enacted [5].
Approximately 2.8 million individuals are afflicted with drug-resistant pathogens, resulting in over
35,000 fatalities annually in the United States alone [2, 3]. In the absence of prompt and concerted
measures we are progressing toward a period where common place diseases or small injuries might
become lethal, Thus, it is vital to investigate the advancement of novel and efficacious antibiotics [6].
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These developments seek to mitigate the effects of illnesses that existing antibiotics can no longer effec-
tively treat [7]. Therefore, it is strongly advised to prioritize the design, development, and synthesis of
new compounds that exhibit superior antibacterial activity and diminished hazards [8].

The Claisen-Schmidt condensation method substitutes acetophenones and benzaldehydes to pro-
duce chalcones. These chemicals, characterized by the overall formula Ar—CO-CH=CH-Ar (1,3-diphe-
nyl-2-propen-1-one), are classified as part of the flavonoid family [9]. The molecular formula of chal-
cone, CisH120, exhibits two stereochemical configurations: cis and trans, with the trans configuration
being (-1,3-diphenyl-2-propene-1-one) [10]. The trans isomer is more stable and dominant, but the cis
isomer is unstable due to steric interactions between the carbonyl group and the A-ring [11]. They occur
naturally and can also be synthesized, functioning as significant intermediates in advanced chemistry.
Their scientific importance is due to the existence of many replaceable hydrogens, facilitating the syn-
thesis of diverse derivatives [12]. Consequently, they are considered the foundation for the synthesis of
several chemicals, including pyrazoline, thiazine, and pyrimidine [13]. Diverse methods for chalcone
synthesis include Claisen-Schmidt, Suzuki, Wittig, and Friedel-Crafts acylation [14]. The Claisen-
Schmidt condensation, sometimes referred to as Aldol condensation, is a widely utilized process char-
acterized by its simplicity and high yield ranging from 60% to 90% [15]. Chalcones are defined as a, [3-
unsaturated carbonyl compounds, with two electrophilic sites resulting from the delocalization of elec-
tron density inside the C=C—C=0 structure [16]. The electrical structure enables chalcones to easily par-
ticipate in nucleophilic addition reactions, which can occur by direct assault on the carbonyl carbon
(1,2-addition) or at the p-carbon of the enone system (1,4-conjugate or Michael addition) [17]. Such
reactivity underpins their role as key precursors in the synthesis of diverse bioactive heterocyclic frame-
works. A notable example is the formation of 2-pyrazolines, which are typically obtained through cy-
clization reactions involving chalcones and hydrazine derivatives [18]. These transformations not only
highlight the synthetic versatility of chalcones but also emphasize their importance in medicinal chem-
istry for generating compounds with potential pharmacological applications [19].

Pyrazoline and its derivatives have demonstrated considerable biological activity [20]. The mole-
cule is regarded as a neutrophil agent, thereby playing a significant role in different pharmacological
actions, including anti-inflammatory and anti-microbial effect [21]. Dihydropyrazole, also referred to
as Pyrazolines, are five-membered heterocyclic compounds that exhibit considerable stability owing to
the presence of two adjacent nitrogen atoms within the ring and the endocyclic double bond [22]. The
location of this double bond distinguishes the three potential isomeric forms: 1-pyrazoline, 2-pyrazo-
line, and 3-pyrazoline, each displaying unique structural and electronic properties that affect their
chemical reactivity and biological activity [23].

Chalcones and their pyrazoline derivatives are important compounds in medicinal chemistry due
to their potential biological effects, including antioxidation [24], anticancer [25], antibacterial [26, 27],
antidiabetic [28] , antiulcer [29], antiviral [30], anti-HIV, anti-protozoal [31], anti-gout [22], antihyper-
tensive [32], anti-obesity [33], anti-histaminic [34], hypnotic [35], anticonvulsant [36], antitubercular [37],
antimalarial [38], and anti-angiogenic properties [39].

Research indicates that the o, f-unsaturated ketone is a contributing factor to antibacterial action
[40]. For chalcones, antibacterial activity depends on the scaffold and on factors such as the tested bac-
terial strain and its characteristics, molecular size, lipophilicity, and the number and position of ring
substituents [41]. The modification of functional groups in chalcone derivatives—for instance, substi-
tuting a hydroxyl group with a carboxyl moiety on either the A or B aromatic ring—can significantly
improve their solubility as well as modulate their biological properties [42]. In chalcone-derived pyra-
zolines, the coexistence of conjugated phenyl rings and C=N functionalities promotes extensive electron
delocalization and resonance stabilization [43]. This electronic distribution not merely augments the
structural stability of the molecules but also serves a crucial function in ascertaining their biological
efficiency and pharmacological potential [44]. Cyclization predominantly enhances antibacterial prop-
erties; nevertheless, in certain instances, it may diminish efficacy due to molecular incompatibility with
bacterial characteristics [45]. The introduction of electron-donating groups and electron-withdrawing
groups, including phenyl and nitro substituents, into the pyrazoline framework has been documented
to influence antibacterial activity in various manners [46]. Furthermore, the location of the double bond
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inside the pyrazoline ring system significantly affects the overall biological activity of these molecules,
underscoring the importance of structural and electronic factors in their pharmacological performance
[47].

The one-pot synthesis method offers a direct pathway wherein a, 3-unsaturated aldehydes and
acetophenones react with hydrazine derivatives to generate the requisite goods in a singular phase [48].
In contrast, the step-wise method is more commonly employed, involving the initial preparation of the
corresponding chalcone intermediate. This is then treated to cyclization with hydrazine to get the de-
sired molecules [49].

In 2008, Traven et al. [50] presented a one-pot synthesis method for the production of 1,3,5-triaryl-
2-pyrazolines. The synthesis entailed a reaction. Aryl aldehydes, acetophenone, and phenyl hydrazine
are employed with NaOH as a base, with the reflux length surpassing 40 minutes in ethanol to get a
78% yield [51]. The synthesis of pyrazoline using a two-pot approach is more frequently documented
than use of a one-pot technique, the two-pot process being the traditional approach [52]. The process
had two primary phases: initially, the synthesis of chalcones, succeeded by cyclization using hydrazine
hydrate under regulated reaction conditions [53]. Subsequently, other synthetic methods were docu-
mented in which chalcones acted as precursors to pyrazolines, employing various solvents or catalysts
in basic, acidic, or neutral environments [54]. The Claisen-Schmidt condensation under alkaline cir-
cumstances is the most extensively documented technique for the efficient synthesis of chalcones [55].
In organic chemistry, key considerations include environmental sustainability, safety, economic feasi-
bility, and overall process efficiency. These aspects require considerable consideration, especially when
synthesizing fragile and expensive materials and compounds that need multi-step procedure [56]. Re-
cent developments in one-pot synthesis methods for the production of complex physiologically active
molecules have emerged as a major emphasis in medical research, especially in organic and combina-
torial chemistry [57]. The one-pot approach is a novel technique that integrates several synthetic steps
into a single reaction system, facilitating the synthesis of the target compound without the need for
isolating intermediate products [58]. This technology has several advantages, such as reduced chemical
waste, compliance with ecologically sustainable practices, economic viability, operational ease, and sig-
nificantly decreased reaction times [59]. However, the one-pot process has several limitations, includ-
ing the formation of undesirable compounds that increase under varying reaction conditions [60]. On
the other hand, while the two-pot synthetic method has the advantage of enhanced product purity, its
drawbacks are prolonged reaction time, elevated temperature, and laborious two-step procedures [61].

Fluorine-containing compounds have garnered significant industrial attention during the past two
decades [62]. Effective synthetic methods have been established to incorporate fluorine into heterocy-
clic structures during compound synthesis, aimed at improving their suitability for medicinal applica-
tions [63]. Nitrogen-based heterocyclic compounds are extensively investigated for their potential ther-
apeutic applications and for their importance in the discovery of novel biologically active molecules
[64]. In fluorinated heterocyclic compounds, the inclusion or replacement of fluorine for a hydrogen
atom can modify reaction pathways, rendering them scientifically significant due to their considerable
potential in drug creation [65]. The integration of a trifluoromethyl group with a heterocyclic structure
has been documented to possess considerable pharmacological significance in fluorine-containing
drugs [66]. Replacing hydrogen with fluorine atoms modifies key physicochemical properties—includ-
ing electronegativity, inductive effects, lipid solubility, and binding affinity —thereby enhancing the
bioactivity of the compound [67]. Fluorine-containing compounds frequently demonstrate enhanced
biological activity and decreased toxicity compared to their hydrogen counterparts [68]. The existence
of reduced fluorine atom concentration does not significantly influence pharmacological inhibition
through cellular receptors [69]. Consequently, clusters of fluorine atoms have been used in several bio-
logical systems instead of hydrogen atoms [70]. Fluorine atoms, characterized by their stable C-F bonds,
small size, and strong electronegativity, have been employed as halogens in pharmacodynamics and
chemotherapeutic medicines [71]. Fluorine-substituted compounds exhibit significant applications in
both medical and non-medical fields, including dyes, polymers, agrochemicals, analgesics, and antipy-
retics [72]. This work investigates the synthesis and characterization of new chalcone-derived
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pyrazoline compounds by stepwise and one-pot three-component processes, thereafter conducting an-
timicrobial screening to assess their efficacy against common pathogenic strains.

2. Materials and Methods

The reagents used throughout this study were purchased from Sigma-Aldrich (St. Louis, MO, USA)
and Merck (Germany). Melting points of the synthesized compounds were measured using a Stuart
automatic melting point apparatus (Barloworld Scientific Ltd., Staffordshire, UK a commonly used
technique for characterizing purity and thermal stability) [73]. Solvent removal was performed with a
Heidolph rotary evaporator equipped with a digital heating bath (HB digit, Germany) [74]. Infrared
(IR) spectra were recorded on a Shimadzu FTIR-8400s spectrophotometer (Japan), with the samples
prepared in potassium bromide disks. Reaction progress was tracked by thin-layer chromatography
(TLC) using silica gel 60 F254 aluminum plates (Sigma-Aldrich, Canada) and a mobile phase of hexane
and ethyl acetate (7:3) [75]. Proton ('H) and carbon (**C) nuclear magnetic resonance (NMR) spectra
were obtained on a Bruker UltraShield 400 MHz instrument, with tetramethylsilane as the internal
standard and deuterated chloroform (CDCl;) as the solvent [76].

2.1. Methods

2.1.1. Synthesis of Starting Materials: Preparationof4-(4-Fluorobenzyl) oxyacetophenone(1),4-
((4-fluorobenzyl) oxy) benzaldehyde (2), 2,3-bis(4-fluorobenzyloxy) benzaldehyde (3)

4-Hydroxyacetophenone, 4-hydroxybenzyldehyde, or 2,3-dihydroxybenzyl aldehyde (0.03 moL)
was combined with 4-fluorobenzyl bromide (8.49 g, 0.044 moL) and anhydrous K,COs (12.42 g, 0.09
moL) in absolute ethanol (60 mL) within a 500 mL round-bottom flask and refluxed for 9, 10, and 12
hours with stirring [77]. After the reaction concluded, it was assessed by TLC and the solution's color
change. Thereafter, the surplus solvent was eliminated using rotational evaporation. After the reaction
was completed, the fluid was cooled and then poured onto crushed ice, resulting in the instantaneous
precipitation of solid products [78]. Solids were obtained using filtering, subsequently rinsed with 100
mL of cold distilled water and cold ethanol, and then dried and purified via recrystallization from eth-
anol., and then dried and purified through recrystallization from ethanol. This process produced white
crystalline forms of benzyloxy acetophenone (1), benzyloxy benzaldehyde (2), and benzyloxy dihy-
droxy benzaldehyde (3), each acquired in different colors and yields [79].

2.1.2. Synthesis of Chalcone (4a and 4b)

A combination of compound 1 (0.004 moL, 1.00 g) and the corresponding substituted benzalde-
hyde (0.004 moL) in ethanol (30 mL) was subjected to treatment with ethanolic NaOH (4%, 4 mL) and
stirred under reflux at 78 °C for 45 minutes [80]. The resultant precipitate was filtered, rinsed with cold
distilled water, dried, and recrystallized using ethanol. Chalcone 4a (CzsH1oFO,, M = 346.39 g/moL):
theoretical yield 1.39 g (0.0040 moL); actual yield 1.04 g (0.0030 moL, 75%). Chalcone 4b (C;3H19FO,S,
M =378.46 g/moL): theoretical yield 1.51 g (0.0040 moL); actual yield 1.15 g (0.0030 moL, 76%). Progress
was assessed through the formation of a precipitate (TLC), employing n-hexane: ethyl acetate (7:3) as
the eluent, and alterations in solution color [81]. The reaction mixture was concentrated to 10 mL, cooled,
and the resultant precipitate was collected via filtering, washed with 100 mL of cold distilled water,
and recrystallized with ethanol. The products 4a and 4b were synthesized in varying hues and yields
[82].

2.1.3. One-pot Synthesis of Pyrazoline. 3-(4-((4-fluorobenzyl) oxy) phenyl) -5-(substituted

phenyl) -4,5-dihydro-1H-pyrazole (5a-i)

In the one-pot method, compound 1 (0.004 moL, 1.00 g) and a substituted benzaldehyde (0.004
moL) were solubilized in 30 mL of pure ethanol within a 100 mL round-bottom flask fitted with a reflux
condenser. Sodium hydroxide (4% in ethanol, 4 mL; 1.0 equivalents relative to the carbonyl component)
was added dropwise with agitation, and the reaction was subjected to reflux at 78 °C for 45 minutes
[83]. This facilitated the in situ Claisen-Schmidt condensation to give the chalcone intermediate. Based
on 0.004 moL of limiting reagent, the theoretical yields were 1.39 g (0.0040 moL) for compound 4a and
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1.51 g (0.0040 moL) for compound 4b. The actual isolated chalcones were obtained in 1.04 g (0.0030 moL,
75%) for 4a and 1.15 g (0.0030 moL, 76%) for 4b. Without isolating the intermediate, phenylhydrazine
(0.006 moL) was included directly into the reaction mixture, which was subjected to reflux at 78 °C for
9 hours. The progression of the reaction was observed by TLC, employing a solvent system of n-hexane
and ethyl acetate in a 7:3 ratio. as eluent, along with visual color changes. After completion, the liquid
was concentrated to 10 mL under decreased pressure and subsequently chilled. The precipitated py-
razolines were obtained via filtering, rinsed with cold water, dried, and recrystallized from a metha-
nol/ethanol mixture in a 2:10 ratio. The pyrazolines were synthesized in quantities of 0.83 g (0.0019
moL, 94%) for compound 5h and 0.80 g (0.0019 moL, 94%) for compound 5i, relative to their theoretical
yields of 0.88 g (0.0020 moL) and 0.85 g (0.0020 moL), respectively [84].

2.1.4. Two Pot Synthesis of Pyrazolines

In the two-pot method, chalcone derivatives 4a (2.0 mmoL, 0.69 g) or 4b (2.0 mmoL, 0.76 g) were
dissolved in 15 mL of absolute ethanol in a 50 mL round-bottom flask fitted with a reflux condenser.
Phenylhydrazine (2.0 mmoL, 0.22 g; 1.0 equiv relative to chalcone) and ethanolic NaOH (4%, 0.5 mL;
~0.5 equiv) were then added. The combination was refluxed at 78 °C for a duration of 6 to 8 hours with
continuous agitation. The course of the reaction was tracked by TLC (n-hexane: ethyl acetate, 7:3) and
by observing visible color changes [85]. Upon completion, the solvent was concentrated under reduced
pressure to approximately 10 mL and subsequently chilled to ambient temperature. The precipitated
material was obtained using vacuum filtering, rinsed with cold distilled water (3 x 30 mL), dried, and
recrystallized from a methanol/ethanol combination (1:1) to get the desired pyrazolines. Compound 5h
(CasH24FNOS, M = 441.56 g/moL): Theoretical yield 0.88 g (0.0020 moL); actual yield 0.83 g (0.0019 moL,
94%). Compound 5i (C2sHzsFN2O, M =424.51 g/moL): theoretical yield 0.85 g (0.0020 moL); actual yield
0.80 g (0.0019 moL, 94%). In some protocols, a slight excess of phenylhydrazine (1.2-1.5 equivalents) is
employed to ensure complete cyclization, since hydrazine derivatives can partially decompose under
reflux or be hindered by steric effects. In this work, however, stoichiometric amounts (1.0 equivalents)
relative to chalcone were sufficient to achieve excellent yields [85]. Figure 1 shows one-pot and stepwise
synthetic process for new pyrazoline derivatives featuring benzyloxy moieties.
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Figure 1: A one-pot and stepwise synthetic process for new pyrazoline derivatives featuring benzyloxy moieties is presented.
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2.1.5. Patterns of Antimicrobial Effectiveness of Synthesized Pyrazoline Derivatives Against
Gram-positive Bacteria Staphylococcus aureus and Gram-negative Bacteria Escherichia
coli

Synthesized chalcone and pyrazine derivatives were tested against E. coli ATCC 8739 (Gram-neg-
ative) and S. aureus ATCC 6538 (Gram-positive) using the disc diffusion technique and were tested
based on Clinical and Laboratory Standards Institute guidelines (M02-A13; M07-A10). Fresh cultures
were prepared by inoculating a single colony of each strain on blood agar and incubating at 37 C for
24 h. To prepare broth, 2.10 g of Mueller Hinton broth was put in 100 mL of distilled water and warmed
to complete dissolution, and then autoclaved at 121 C and 15 minutes to sterilize it. One fresh colony
was then inoculated into the broth and incubated at 37 C for 24 h. Following spectrophotometric mod-
ification at 600 nm (OD600 = 0.080.10) was a method of standardizing the bacterial suspension to a 0.5
McFarland standard (approximately 1.5 x 108 CFU/mL) and visually cross-checking the suspension
assessment against a McFarland standard reference tube [86]. Mueller Hinton agar was prepared by
placing 19 g of the dehydrated medium in 500 mL distilled water, heating to complete dissolution,
autoclaving at 121 °C at 15 minutes, and then letting the solution cool back to 45-50 C. The medium
was poured into the sterile Petri dishes to a depth of 4 mm (apx 25 mL/90 mm plate) under a laminar
flow hood and left to solidify at room temperature. Preparation of the sterile filter paper disks (6 mm
in diameter) was done using autoclave. N, N-dimethylformamide (DMF) was used as the solution for
the test solutions at 200, 400, 600, and 800 ppm. On a sterile disc, one pipette of solution/disc was ap-
plied (2, 4, 6, and 8 pg/disc) to each concentration. The discs were dried at room temperature in an
aseptic condition, after impregnation. All the materials (discs, test tubes, Petri dishes, filters, and mi-
cropipette tips) were autoclaved prior to use. To avoid contamination, the DMF solvent was filtered by
a 0.22 um antibacterial filter. Distribution of the standardized bacterial suspension was done in a uni-
form manner on the surface of the Mueller Hinton agar plates. Inoculated plates with the impregnated
discs were put together with a DMF-only disc (negative control) and commercial amoxicillin disc (10
pg/disc, Oxoid, UK) as the positive control (10 pg/disc, positive control). Aerobic incubation of the
plates at 37 C was undertaken over a period of 24 h. A Vernier caliper was used to measure millimeter-
wise the inhibition zones to the nearest one-tenth.

2.2 Statistical Analysis

Each assay was conducted thrice (n = 3), and the results were presented as mean and standard
deviation. In cases where no inhibition zone was observed, the outcome was taken as 0 (no inhibition
zone observed) [87], with the millimeters of inhibition shown in tables S1 and S2. To evaluate differ-
ences in antibacterial activity among the synthesized compounds at each concentration, a one-way
Analysis of Variance (ANOVA) was applied. When the ANOVA results indicated significant differ-
ences (p < 0.05), Tukey’s Honest Significant Difference (HSD) post-hoc test was performed for pairwise
comparison of means. All calculations were performed using SPSS software package version 26 (IBM
Corp., Armonk, NY, USA).

3. Results

3.1. Characterization Results of Starting Compounds

3.1.1. 4-(4-Fluorobenzyl) oxyacetophenone (1)

CisHisFOz m.p. (78-80) °C, (90%), color (white), IR (cm) str. 3066 (C-H), 2919-2873 (C-H), 1681
(C=0), 1600 (C=C), 1234 (C-O-C), 1010 (C-F), 831 (C-H) '"H-NMR. (ppm): 2.55 (3H, s, CH5-CO), 5.09 (2H,
s, Benzylic —-CH>-O-), 6.96-7.11 (4H, m, AR-Hs476), 7.39-7.96 (4H, m, AR-Ho,141213). 3C-NMR (ppm), 196:
C1,163: C5,162.49: Ci15,161.48: C13, 132.01: C11,131.98: C5,130.73: C7, 130.67: Co,129.56: C12,129.48: Cs,115.85:
C14,115.64: Cs, 114.56: C4, 69.51: Cio, 26.51: Cz. Figure 2 illustrates the confirmed structure of 4-(4-fluoro-
benzyl) oxyacetophenone (C15H13FO5) obtained from spectral characterization.
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Figure 2: Sructure of 4-(4-Fluorobenzyl) oxyacetophenone (1).

3.1.2. 4-((4-fluorobenzyl) oxy) benzaldehyde (2)

C14H1:FO,, m.p. (100-103) °C, (92%), color (white), IR (cm™) str. 3048 (C-H), 2947 (C-H), 2768-2846
(Aldehyde C-H stretch), 1684 (Aldehyde C=0), 1603 (C=C), 1253 (C-O-C), 998 (C-F), 850 (C-H).'TH-NMR
(ppm): 9.89 (1H, s, -CHO), 7.06-7.11 (4H, m, Ar-Hiz,1411,10), 7.40-7.86 (4H, m, ArHe743), 5.11 (2H, s, OCH,).
BCNMR (ppm): 190.93: Cs,163.98: C5,163.60: C12, 161.52: Cro, 132.13: Cu4, 131.79: C3,131.76: C7, 130.27: Co,
129.51: Ci3,129.60: C2, 115.17: Cs, 115.69: Ci11, 115.90: Cs, 69.66: C1. Figure 3 illustrates the confirmed struc-
ture of 4-(4-fluorobenzyl) oxyacetophenone (C14H11FO,) as established from the spectral characteriza-

tion data.
14 8
i 1 13 5 \O
6 5 >SN0 12 2 10
P 9

Figure 3: Structure of 4-((4-fluorobenzyl) oxy) benzaldehyde (2).

3.1.3. 2,3-bis(4-fluorobenzyloxy) benzaldehyde (3)

C1Hi6F203, m.p. (99-102) °C, (85%), color (grey), IR (cm) str. 3050 (C-H), 2953 (C-H), 2720 -2820
(Aldehyde C-H), 1720 (C=0), 1600 (C=C), 1270 (C-O), 1150 (C-F), 850 (C-H). 'H-NMR (ppm): 9.83 (1H,
s, - CHO) 7.01-7.04 (3H, m, Ar-Hres), 7.05-7.08 (4H, m, Ar-Hio111413), 7.09- 7.48 (4H, m, Ar-Hi7,1821,20)
5.15, 5.20 (4H, s, CH>*2) .3C-NMR (ppm): 191.16: C1,176.55: C19, 164.18: C12,161.69: C2,154.40: C5,132.57:
C4,132.23: C16,130.77: Co,129.61: C14,129.53: C1o, 129.43: C17,129.35: C21,127.29: C5,116.11: C7,116.01: Cs,
115.90: Ci3, 115.79: Cis, 113.40: Cu1, 112.56: C20, 70.72: Ci5, 70.60: Cs. Figure 4 illustrates the confirmed
structure of 1-(4-(4-fluorobenzyl) oxy-3-fluorophenyl)-3-phenylprop-2-en-1-one (CzHisF203) as estab-
lished from the spectral characterization data.

O\ 1 10 12 _F
7 23 0O 2 13
5 6 14
6 T~0 18
20 F
3)

Figure 4: Structure of 2,3-bis(4-fluorobenzyloxy) benzaldehyde (3).
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3.2. Characterization Results of Chalcone (4a and 4b)

3.2.1. (E)-1-(4-((4-fluorobenzyl) oxy) phenyl)-3-(m-tolyl) prop-2-en-1-one(4a)

CasHioFO,, m.p. (176-179)°C, (75%), color (Light-yellow), IR (cm?) str. 3075 (C-H), 2916-2866 (C-
H), 1653 (C=0), 1599 (C=C), 1228 (COC), 1012 (CF), 814 (CH).'HNMR.(ppm): 8.03 (1H, d, pCH=), 7.77
(H, d, aCH=) 7.03-756 (12H, m, Ar-His231013911,22191820) 5.11 (2H, s, O-CH,Ph) 2.4 (3H, s,
ArCH;).3CNMR(ppm): 188.81: Cis, 163.87: Cs,162.30: Cs, 161.42: Cis, 144.24: Cs,143.59: C21 140.96: C,
132.28: C19, 131.98: C11, 131.95: Ci3, 131.53: Cs,130.84: Ci2, 130.77: Cis, 129.73: Cs, 129.53: Ca0, 129.45: Co,
128.46: Cio, 120.72: C14,115.79: Cz, 115.58:C1, 114.62: Cz, 69.48: C7, 21.6: Czs. Figure 5 illustrates the con-
firmed structure of the compound Cp3sH1oFO, as determined from the spectral characterization data.

13 O 15 22 23
1657 17 51
1 ! 8 11 18 20
3
F-5
2

Figure 5: Structure of (E)-1-(4-((4-fluorobenzyl) oxy) phenyl)-3-(m-tolyl) prop-2-en-1-one(4a).

(4a)

3.2.2. (E)-1-(4-(4-Fluorobenzyloxy) phenyl)-3-arylprop-2-en-1-one(4b)

Cz3HioFO,S, m.p . (156-158)C, 76%, color (yellow), IR (cm™) str. 3043 (C-H), 2916 (C-H), 1649 (C=C),
1220 (C-O-C), 818 (C-H), 619 (C-S), 1172 (C-F). 'H-NMR. (ppm): 2.52 (3H, s, -S-CHs), 5.11 (2H, s, O-
CH»- (benzylic)), 8.04 (1H, d, -CH= (B-proton)), 7.76 (1H, s, -CH= (a-proton)), 7.04-7.09 (4H, m, Ar-
Hi223910)), 7.11-7.44 (4H, m, Ar-H21,2017,18), 7.48-7.57 (4H, m, Ar-Huie34). BC-NMR (ppm): 188.89: Ci3,164.18:
Cs, 162.63: C2, 143.87: Cu, 142.43: Ci5, 132.30: Cs, 132.27: Cro, 131.84: C11, 131.86: C4, 131.10: C23,129.77: Cay,
129.69: Cs, 129.06: C17,126.45: Cis ,126.30: Cis,121.04: Cus, 116.07: Co, 115.85: Ca1,114.96: C1, 114.61: Cs,
112.39: C12,69.80: C7,15.48: Cz2. Figure 6 illustrates the confirmed structure of the compound Cz3H1sFO,S
as determined from the spectral characterization data.

(4b)
Figure 6: Structure of (E)-1-(4-(4-Fluorobenzyloxy) phenyl)-3-arylprop-2-en-1-one(4b).

3.3. Characterization Results of One-pot Synthesis of Pyrazolines

The characteristic ABX spin system of the pyrazoline ring (diastereotopic CH, protons, H_a and
H_b, coupled to the methine H_x) was identified in all derivatives (5a-i). Detailed assignments corre-
lating H_a, H_b, and H_x with their respective carbon is summarized in table S3 (Supplementary ta-
bles).

3.3.1. 5-(3-chlorophenyl)-3-(4-((4-fluorobenzyl) oxy) phenyl)-1-phenyl-4,5-dihydro-1H-pyrazole
(5a)

C2sH2CIFN20,m.p.(154-156)°C, (92)%, color (very light yellow), IR (cm1) str. 3039 (C-H), 2919-2871
(C-H), 1598 (C=N), 1500 (C=C), 1348 (CN), 1243 (COC), 1070 (CF), 742 (CCl), 'HNMR(ppm): 3.07 (1H,
dd, CHz2-Ha), 3.81 (1H, dd, CH2-Hb), 5.06 (2H, s, Benzylic-CH,-O-), 5.21 (1H, dd ,Hx), 6.76-7.66 (17H,
m, Ar-Hi,634,12139,10,1920,21,17,24,25.2627,28) 3C-NMR (ppm): 164.37: Cs, 161.92: C>,159.74: C14, 147.23: C5,145.47:
C23,141.78: C22, 133.85: C19 133.00: Cis, 132.97: Ca2s,131.24: Ca4, 130.03: C17,129.95: C11, 129.93: C12, 129.58:
C26,128.38: Ce, 127.96: Cio,127.88: C20,126.27: C4,119.71: C21, 116.29: Cs, 116.08: Ci3,, 115.7: Cs, 115.53: Cy,
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113.84: C28,103.04: Cz7, 69.96: C7,64.41: Ci6,44.26: Cis. Figure 7 illustrates the confirmed structure of the
compound CpsH»CIFN,O as established from the spectral characterization data.

(5a)

Figure 7: Structure of 5-(3-chlorophenyl)-3-(4-((4-fluorobenzyl) oxy) phenyl)-1-phenyl-4,5-dihydro-1H-pyrazole (5a).

3.3.2. 3-(4-((4-fluorobenzyl)oxy)phenyl)-1-phenyl-5-(m-tolyl)-4,5-dihydro-1H-pyrazole (5b)

C29H2sFN20, m.p. (176-178) °C, (88) %, color (very light yellow), IR (cm™) str. 3070-2927 (C-H), 2927
(C-H), 1594 (C=N), 1494 (C=C), 1427 (CHs5), 1380 (C-O-C), 1241 (C-F), 995 (N-N), 752 (C-H). 'H-NMR
(ppm): 2.65 (3H, s, Aromatic-CH3), 3.16 (1H, dd, CH2-Ha), 4.02 (1H, dd, CHzHb), 5.22(2H, s, Ar-CH>-
O), 5.53 (1H, dd, Hx), 6.85-7.85 (17H, m, Ar-He73413,14,101121,2019,1728,2726,2524). B*CNMR (ppm): 164.72: Cs,
161.45: C24,159.58: C12, 147.09: Cs, 145.58: Ci1s,140.7: C17,137.69: C21,134.35: C20,132.97: C2,131.43: C28,129.97:
C27,129.87: C26,129.49: Co,129.40: Cuo, 128.63: Cs, 128.04: Cu4,127.87: C22, 127.76: Cs, 127.42: C7,126.5: Cuo,
119.32: C13,115.96: Ce, 115.44: C11,113.55: Cz9,106.31: Ca5,69.9: C1, 62.17: Cis, 42.6: C1520.09: Czs. Figure 8
illustrates the confirmed structure of the compound CzsH»sFN>O as established from the spectral char-
acterization data.

Figure 8: Structure of 3-(4-((4-fluorobenzyl) oxy) phenyl)-1-phenyl-5-(m-tolyl)-4,5-dihydro-1H-pyrazole(5b).

3.3.3. 3-(4-((4-fluorobenzyl) oxy)-3-methoxyphenyl)-5-(4-((4-fluorobenzyl) oxy) phenyl)-1-

phenyl-4,5-dihydro-1H-pyrazole (5c)

Cs6Hs0F2N20s, m.p. (123-126°C), (90) %, color(yellow), IR (cm™) str. 3068 (C-H), 2931-2890 (C-H),
1511 (C=C), 1598 (C=N), 1226 (C-O), 1137 (C-F), 1000 (N-N), 755 (CH). 'HNMR(ppm): 4.06 (3H, s, OCHs),
3.21 (1H, dd, CH,-Ha), 3.93 (1H, dd, CH>-Hb), 5.21 (2H, s, -O-CH>-), 5.30 (1H, dd, CH-Hx ), 6.97-7.86
(21H, m, ArHs,4/67.91012,13,15,16,17,18,19,24,25,27,2831,323435), PCNMR(ppm): 164.28: Cs3,164.06: C5,161.00: C20,160.80:
C26, 159.17: C11,149.14: C14,148.34: Cs0,146.80: Cs, 145.26: Csz2,135.32: C23,132.61: Ca4,132.57: Ca1,132.51: Css,
129.60: C2,129.52: C7,129.49: C13,129.41: C15,128.97: Ci17,127.32: Ci6,125.99: C9,122.17: C5,119.01: C19,118.91:
C25,115.79: Cas,115.56: Cas, 115.51: Cio,115.28: Ci2,115.03: C27,113.36: Ci5,112.07: Cs, 111.71: Ce,70.29: Coo,
69.45: C2,64.28: C1,56.07: Css, 43.84: Ca1. Figure 9 illustrates the confirmed structure of the compound
Ca6H30F2N2O3 as established from the spectral characterization data.
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Figure 9: Structure of 3,5-bis(4-((4-fluorobenzyl) oxy) phenyl)-1-phenyl-4,5-dihydro-1H-pyrazole(5c).

3.3.4. 3-(4-((4-fluorobenzyl) oxy) phenyl)-5-(4-methoxyphenyl)-1-phenyl-4,5-dihydro-1H-
pyrazole (5d).

C20Ha5FN20,, m.p. (135-137°C), (90) %, color (light yellow), IR (cm) str, 3050 (C-H), 2918-2871 (C-
H), 1596 (C=N), 1513 (C=C), 1241 (C-F), 1177 (C-O), 1126 (N-N), 831 (CH). 'HNMR (ppm): 3.11 (1H, dd,
CH,-Ha), 3.81 (1H, dd, CH2>Hb), 5.08 (2H, s, -O-CH2-) 5.22 (1H, dd, CH-Hx), 6.73-7.7 (17H, m,
ArH234568911,12,18,1921,22,25.2628.29). BFCNMR (ppm): 43.90: Cis, 55.36: C13, 64.07: Cis, 69.45: C23, 113.36: Cuo,
114.00: C26,114.58: C21,114.99: Co, 115.50: Ci1,115.70: C2, 118.88: Cs, 125.37: Cs, 126.08: Cas, 127.20: Cs, 127.31:
Ci7, 128.44: Cs, 128.96: C22, 129.40: C25,129.51: C12,130.11: Cs, 130.71: Cis, 132.52: C29,134.86: C7,141.79: Czq,
145.23: C1, 146.73: Cis, 159.11: Cio, 161.00: C20,164.26: Coz. Figure 10 illustrates the confirmed structure of
the compound CH»5FN>O; as established from the spectral characterization data.

9 (5d)

Figure 10: Structure of 3-(4-((4-fluorobenzyl) oxy) phenyl)-5-(4-methoxyphenyl)-1-phenyl-4,5-dihydro-1H-pyrazole (5d).

3.3.5. 3-(4-((4-fluorobenzyl) oxy) phenyl)-1-phenyl-5-(thiophen-2-yl)-4,5-dihydro-1H-pyrazole
(5e)

C26H21FNLOS, m.p. (145-146°C), (85) %, color (yellow), IR (cm) str. 3120 (C-H), 2920-2869 (C-H),
1604 (C=N), 1440 (C=C), 1247 (C-O), 1172 (C-F), 900 (C-H), 700 (C-S). TH-NMR (ppm): 3.07 (1H, dd, CH2-
Ha), 3.61 (1H, dd, CH2Hb), 4.88 (2H, s, PhCH,0), 5.31 (1H, dd, CH-CHXx), 6.64-6.79 (3H, m, Thiophener-
ing), 6.82-7.69 (13H, m, Ar-H). BCNMRppm: 44.21: C21,60.74: C22,69.50: C1,104.65: Cio, 113.88: C19, 115.05:
Cis, 115.12: C4, 115.55: Ce, 115.84: Ci2, 119.61: Cs, 124.22: Ci3, 124.98: Ca6, 125.83: Co, 126.42: Ci6, 126.71:
Ci7, 127.12: Cis, 127.34: Cz3, 129.02: C7, 129.21: C24, 129.45: Cs, 129.60: Cz, 146.41: Ca5,147.40: C20,158.85: Cis,
159.32: C11, 161.04: Cs. Figure 11 illustrates the confirmed structure of the compound CasH»1FN,OS as
established from the spectral characterization data.
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Figure 11: Structure of3-(4-((4-fluorobenzyl) oxy) phenyl)-1-phenyl-5-(thiophen-2-yl)-4,5-dihydro-1H-pyrazole (5e).

3.3.6. 5-(3,4-bis((4-fluorobenzyl) oxy) phenyl)-3-(4-((4-fluorobenzyl) oxy) phenyl)-1-phenyl-4,5-

dihydro-1H-pyrazole (5f)

Ca2HzF3N,O5, m.p. (143-145°C), (75%), color (yellow), IR (cm?) str. 3041 (C-H), 2924-2867 (C-H),
1598 (C=N), 1515 (C=C), 1229 (C-O-C), 1127 (C-F), 1004 (N-N), 830 (C-H). 'THNMR (ppm): 3.01 (1H, dd,
CH,-Ha), 3.73 (1H, dd, CH,-Hb), 5.00 (2H, s, CH,0) x3), 5.11 (1H, dd, CH-Hx), 6.76-7.65 (24H, m, Ar-
H3,4,67,9,10,12,13,15,16,17,18,19,25,26,28,29,31,35,34,38,39,41,42) . B*C-NMR ppm: 43.53: Ca1, 63.95: C22,69.16: C23, 70.20: Cae, 70.43:
C1, 93.13: Cz6, 100.80: C25, 103.84: Cs1, 112.22: Ce, 113.04: Ciz, 114.72: C4,115.00: Ca1 115.11: Cao, 115.21: Css,
115.27: Cuy, 115.32: Ci7, 115.49: Cis, 118.74: Cas, 118.77: Cas, 125.62: C7, 127.04: Cs, 128.69: Caz, 128.91: Cus,
128.99: Cs, 129.15: Co, 129.23: Cis, 132.18: Cz, 132.39: Ca9, 132.67: Cis, 134.77: Cso, 136.05: Cso, 144.93: Cas,
145.52: C1s, 147.88: Ca7,148.84: Css, 158.87: Cs2, 160.90: Ca0, 161.11: Css,161.12: C11, 163.35: Cao, 163.44: Co7,
163.56: Cs. Figure 12 illustrates the confirmed structure of the compound CyHs3F3N2Os as established
from the spectral characterization data.

(5f)

Figure 12: Structure of 5-(3,4-bis((4-fluorobenzyl) oxy) phenyl)-3-(4-((4-fluorobenzyl) oxy) phenyl)-1-phenyl-4,5-dihydro-1H-
pyrazole(5f).

3.3.7. 5-(3-((4-fluorobenzyl) oxy) phenyl)-3-(4-((4-fluorobenzyl)oxy)phenyl)-1-phenyl-4,5-
dihydro-1H-pyrazole (53)

CasH2sF2N,O,, m.p .(143-145°C), (85)%, color (light yellow), IR (cm) str. 3054 (C-H), 2892-2866 (C-
H), 1505 (C=C), 1596 (C=N), 1224 (C-O-C), 1036 (C-F), 1315 (C-N), 822 (C-H), :HNMR (ppm): 3.08 (1H,
dd, CH>-Ha), 3.78 (1H, dd, CH,-Hb), 4.98 (2H, s, OCH,), 5.20 (1H, dd, CH-HXx), 6.75-7.67 (21H , m, Ar-
H3,4,67,9,10,12,13,15,16,17,18,19,24,25,27,28,31,33,34,35)- P*C-NMRppm: 163.76: Czs, 161.32: Cs, 159.09: Ci1, 158.04: Cs2,,147.61:
Cao, 146.66: Ci4, 145.17: Ca0, 135.26:C23, 132.7:C2, 132.67: C3, 132.52: C13, 129.43: Co, 129.34: Cas, 128.91: Cus,
127.26: Ci7, 127.17: Cis ,126.02: C7,125.40: Ci15, 123.16: Ca4, 121.73: Ca2s,120.31: Cs,118.87: Cs, 116.02: Cs1,
115.68: C4, 115.64: Ci2, 115.47: Cio, 115.42: Css, 115.38: Cas, , 114.96: C27, 113.33: Css, 106.79: Cio, 72.72: Ca,
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69.40: C1, 63.98: Cz, 43.82: Ca1. Figure 13 illustrates the confirmed structure of the compound
CasHasF2N>O; as established from the spectral characterization data.
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(59)
Figure 13: Structure of 5-(3-((4-fluorobenzyl) oxy) phenyl)-3-(4-((4-fluorobenzyl) oxy) phenyl)-1-phenyl-4,5-dihydro-1H-pyra-

zole(5g).

3.3.8. 3-(4-((4-fluorobenzyl) oxy) phenyl)-5-(3-(methylthio) phenyl)-1-phenyl-4,5-dihydro-
1H-pyrazole (5h)

C2oHFNOS, m.p. (143-145) 'C, (94)%,color(yellow), IR (cm™?) str. 3050(C-H), 2950-2850(C-H),
1585(C=N), 1450(C=C), 1250(C-O-C), 1170(C-F), 1030(N-N), 700(C-S), 850(CH)."HNMR (ppm): 2.46
(3H, s, SCH3), 3.08(1H, dd, CH2>-Ha), 3.79(1H ,dd, , CH2-Hb),5.05(2H,s, O-CH,-), 5.22(1H, dd, CH-Hx),
6.75-7.67(17H,m, Ar-H3,4,67,91012,13,1516,17,18,19,24,2627,28),3C-NMR(ppm): 15.93.Ca9, 43.85:C21, 64.22:C, 69.52:C1,
112.50:Cs, 113.43:Cs, 115.08:Ci5, 115.58:Ci2, 115.79:Cs, 117.66:Cro, 119.08:Ci7, 119.82:Cas, 126.02:C,
126.61:C5, 127.36:C27, 127.37:C13, 128.88:Cas, 129.04:C10, 129.43:Cs, 129,52:Cis, 132.61:C2, 137.78:Cis,
139.71:C26,145.19:C14,146.77:C23,151.68:C20, 159.23:C25,161.46ppm:Ci1, 163.91ppm:Cs. Figure 14 shows the
structure of the compound C2oHFNOS.

Figure 14: Structure of 3-(4-((4-fluorobenzyl)oxy)phenyl)-5-(3-(methylthio)phenyl)-1-phenyl-4,5-dihydro-1H-pyra-
zole(5h).

3.3.8. 3-(4-((4-fluorobenzyl)oxy)phenyl)-1-phenyl-5-(p-tolyl)-4,5-dihydro-1H-pyrazole (5i)

C20H2sFNLO, m.p. (152-154°C), (94) %, color (light pink), IR (cm™) str. 3075 (C-H), 2921-2873 (C-H),
1495 (C=C), 1596 (C=N), 1243 (C-F), 1176 (C-O-C), 1066 (N-N), 995 (C-H). 'H-NMR (ppm): 2.43 (3H, s,
CHs), 3.19 (1H, dd, CH;-Ha), 3.89 (1H, dd, CH,- Hb), 5.17 (2H, s, CH,-O(benzylic), 5.31 (1H, dd, CH-
Hx), 6.85-7.79 (17H, m, Ar-Hs657,1011,12,13,14,18,1921,22,252629,28). 3C-NMRppm: 21.29: Cs, 44.27: C16,64.72: Cy,
69.81: C23, 113.70: Cz6, 115.35: C11, 115.58: Cis, 115.86: C28,116.15: Cio, 119.24: C12, 126.28: C15,126.43: Cs,
127.68: Ca2s, 128.32: Ci7, 129.08: Ci3, 129.33: C22, 129.56: Cs, 129.78: Cs,129.88: C29,129.96: C21, 130.24: Cos,
132.94: C7,137.64: C4,140.21: Cz, 145.61: Co, 147.13: Ci5, 159.48: C9, 161.36: C20,164.63: Cz7. Figure 15 illus-
trates the confirmed structure of the compound Cy»H,sFN>O as established from the spectral character-
ization data.
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Figure 15: Structure of 3-(4-((4-fluorobenzyl) oxy) phenyl)-1-phenyl-5-(p-tolyl)-4,5-dihydro-1H-pyrazole (5i).

3.4. Characterization Results of Two pot Synthesis of Pyrazolines
3.4.1. 3-(4-((4-fluorobenzyl) oxy) phenyl)-5-(3-(methylthio) phenyl)-1-phenyl-4,5-dihydro-1H-
pyrazole
C29HxFNOS, m.p. (143-145) C, (88) %, color(yellow), spectra are the same as one-pot synthesis.

3.4.2. 3-(4-((4-fluorobenzyl)oxy)phenyl)-1-phenyl-5-(p-tolyl)-4,5-dihydro-1H-pyrazole
C29H2sFN20, m.p. (152-154) C, (85) %, color (light pink), spectra are the same as one-pot synthesis.

3.5. Evidence of Successful Synthesis and Transformation

As shown in figure 16 the FT-IR spectra comparison of benzyloxy, chalcone, and pyrazoline com-
pounds, illustrating their characteristic absorption bands. Distinct peaks indicate structural differences
among the three compounds. Table 1 compares the yields and melting points of compounds 5h and 5i
synthesized by one-pot and two-pot methods. The one-pot route provided higher yields (94%) than the
two-pot method (85-88%), while both methods produced compounds with identical melting points.

180 - Layer Title %T
“ %T

1604 ST VE=N yrazoline W ' *T
~ 1594cnt”

140

120

100 Cc=0 Chalcone /
] 1649cm-1
80 -
60 -
40 4 -
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20 1 1681 cm-1
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4000 3500 3000 2500 2000 1500 1000 500
cm-1

Figure 16: The FT-IR characteristic comparison among Benzyloxy, Chalcone and Pyrazoline compound.

Table 1: Comparative yields of compounds 5h and 5i obtained via one-pot and two-pot methods.

Compound Route ;l;)h: (;)Zr :::3 Illi:lztf; i::::::: Yield (%)  m.p. (°C)
5h (C29H24FNOS, 441.56 g/moL) One-pot 0.88¢g 0.83 g 1.88 94 143-145
5h (C29H24,FNOS, 441.56 g/moL) Two-pot 088g 077 g 1.75 88 143-145
5i (C290H25FN20, 424.51 g/moL) One-pot 085¢g 08lg 1.90 94 152-154

5i (C29H25FN20, 424.51 g/moL) Two-pot 085¢g 072 g 1.70 85 152-154
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3.6. Antibacterial Activity

Table 2 shows the antibacterial activity reported as inhibition zone diameters (mm, mean + SD) for
compounds 5a-5i and 4a at 200-800 ppm. Assay: agar disc-diffusion; DMF served as the solvent-only
control and showed no inhibition zone across all concentrations. against E. coli. Raw replicate inhibition
zone diameters (mm) of chalcone and pyrazoline derivatives illustrated in table S1. Statistical analysis
of E. coli using one-way ANOVA (F =842.6, p <0.0001) and Tukey’s test revealed significant differences
among the tested compounds. The values of the inhibition zone ranged between 0.0 and 20.0 mm, 0.0
and 24.3 mm, 0.0 and 33.4 mm, and 0.0 and 35.0 mm for the concentrations of 200, 400, 600, and 800
ppm, respectively. The largest inhibition zones were exhibited by 5d (20.0 mm) at 200 ppm, 5a (24.3
mm) at 400 ppm, 5c (33.4 mm) at 600 ppm, 5a (35.0 mm), and 5c (35.0 mm) at 800 ppm. These
compounds displayed to have superior efficacy of inhibition relative to the standard antibiotic amoxi-
cillin.

Table 2: Antibacterial activity of 5a-5i and 4a at 200-800 ppm against E. coli.

NO. 200 ppm (mm) 400 ppm (mm) 600 ppm (mm) 800 ppm (mm)
DMF 0.04 00s 0.0e 0.0f
5a 0.04d 24.3+0.6 2 321+052 35.0+£0.72
5b 102+0.5¢ 16.0+0.6 ¢ 10.1+0.34 80+04c¢
5¢ 0.04 202+£04V 334+08a 35.0+£09a
5d 20.0+0.52 21.1+0.7¢b 21.0+0.6® 23.0+0.8¢
5e 17.0+£04% 50+£0.2f 0.0¢ 18.0 £ 0.5¢
5f 0.0¢ 12.2+0.34 13.0+£04¢ 33.0+08P
5¢g 0.04 81+02¢ 22.0+0.6" 31.0+£0.7P
5h 0.04 00s 0.0e 0.0f
51 0.04d 0.0s 10.0+0.34 21.0+0.6 <
4a 0.04d 0.0s 0.0e 80+04c¢
Amoxicillin 10.0+0.3 ¢ 13.0+044d 15.0+0.5¢ 18.0+£0.54
ANOVA p- <0.0001 <0.0001 <0.0001 <0.0001
value

0 = No inhibition zone observed (no detectable antibacterial activity at the tested concentration). Values rep-
resent mean * SD of three independent replicates (n = 3). DMF= N, N-dimethylformamide (negative control). Su-
perscript letters (a, b, ¢, etc.) in each column indicate Tukey’s HSD post-hoc groupings. Means with different letters
differ significantly (p < 0.05).

Table 3 shows the antibacterial activity reported as inhibition zone diameters (mm, mean + SD) for
compounds 5a-5i and 4a at 200-800 ppm. Assay: agar disc-diffusion; DMF served as the solvent-only
control and showed no growth across all concentrations. against S. aureus. Raw replicate inhibition zone
diameters (mm) of chalcone and pyrazoline derivatives illustrated in table S2. Significant different
between the investigated compounds were found by statistical analysis of S. aureus using one-way
ANOVA (F =424.8, p <0.0001) and Tukey’s test. For concentrations of 200, 400, 600, and 800 ppm, the
inhibition zone values varied between 0.0 and 22.0 mm, 0.0 and 33.0 mm, 0.0 and 35.0 mm, and 0.0 and
38.0, respectively. The reproducible inhibition trends across all concentrations confirmed the robust-
ness of the results and emphasized the superior efficacy of the pyrazoline derivatives relative to the
standard antibiotic amoxicillin. Compounds 4a (22.0 mm) at 200 ppm, 4a (33.0 mm) at 400 ppm, 5¢ (35.0
mm) at 600 ppm, and 5¢ (38.0 mm) at 800 ppm were shown the superior efficacy of inhibition relative
to the standard antibiotic amoxicillin.

Table 3: Antibacterial activity of 5a-5i and 4a at 200-800 ppm against S. aureus.

NO. 200 ppm (mm) 400 ppm (mm) 600 ppm 9mm) 800 ppm (mm0
DMF 0.0¢ 0.0¢ 0.0f 0.0¢
5a 0.0¢ 240060 320+0.7° 35.0+0.82
5b 0.0¢ 25.0+0.7° 26.0+0.6¢ 0.0e

5¢c 0.0¢ 0.0 35.0£0.92 38.0+1.02
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Table 3: continue

5d 0.0¢ 0.0¢ 24.0+0.6¢ 34.0+0.8°
5e 0.0¢ 0.0¢ 20.0+0.54 30.0+£0.7 ¢
5f 0.0¢ 23.0+0.6 25.0+0.7 ¢ 30.0£0.9¢
5g 124+05P 12.3+0.54 122+04¢ 120+044d
5h 0.0¢ 0.0¢ 00f 0.0¢
4a 22.0+0.7a 33.0+0.82 34.0+0.9a 35.0+0.82
51 0.0¢ 0.0¢ 00f 20.0+0.6 ¢
Amoxicillin 20.0+0.62 23.0+0.7 ¢ 29.0+0.8b 30.0+£0.9¢
ANOVA p- <0.0001 <0.0001 <0.0001 <0.0001
value

0 = No inhibition zone observed (no detectable antibacterial activity at the tested concentration). Values rep-
resent mean * SD of three independent replicates (n = 3). DMF= N, N-dimethylformamide (negative control). Su-
perscript letters (a, b, ¢, etc.) in each column indicate Tukey’s HSD post-hoc groupings. Means with different letters
differ significantly (p <0.05).

4. Discussion
4.1. Chemistry

This study utilized both the conventional stepwise method and the one-pot procedure to synthe-
size novel pyrazoline derivatives. The classical method was utilized to synthesize two a, -unsaturated
chalcones (4a and 4b) through the reaction of benzyloxy acetophenone with substituted aromatic alde-
hydes. The chalcones were then cyclized with phenyl hydrazine, resulting in the formation of two novel
pyrazolines (5h and 5i). The one-pot method involved the direct condensation of benzyloxy acetophe-
none with substituted benzaldehydes, followed by the addition of phenyl hydrazine, resulting in a
series of pyrazoline derivatives (5a—g). In comparison to the classical approach, the one-pot strategy
demonstrated greater simplicity, reduced time requirements, and yielded higher outputs, although
both methods ultimately achieved the target compounds with relatively high overall yields. Scientists
use one-pot along with two-pot methods to create pyrazoline derivatives, but the choice between these
methods depends on the type and purpose of reactants. During one-pot synthesis, all the starting ma-
terials, including an aromatic aldehyde and a ketone like acetophenone, are introduced directly to a
single reaction vessel with hydrazine derivatives, where multi-phase reactions proceed without inter-
mediate separation [88]. The one-pot synthesis produces better results since it combines advantages of
operational ease and short reaction times while needing low solvent amounts and resulting in high
yields, providing both environmental preservation and economic benefits. The control over individual
reaction stages during condensation synthesis is restricted and causes side products to form when deal-
ing with sensitive or multifunctional starting materials. The two-pot synthesis method executes chal-
cone intermediate production through Claisen-Schmidt condensation, followed by intermediate isola-
tion before combining it with hydrazine derivatives to generate the desired pyrazoline. The two-pot
synthesis method requires additional time and manual work for intermediate purification and individ-
ual reaction processes yet provides better reaction control together with higher selectivity and purer
reaction outcomes [89]. The production process using one-pot synthesis is simpler than two-pot syn-
thesis, but two-pot synthesis becomes essential for achieving better product purity or structural com-
plexity in specific applications [90].

Chalcones serve as «, -unsaturated ketones that work as important intermediates in organic syn-
thesis to make starting materials for creating different heterocyclic compounds. The synthesis of pyra-
zoline derivatives through chalcones using hydrazine or substituted hydrazine follows a Michael ad-
dition step before ring formation takes place to produce the final pyrazoline structure. The reaction has
gained popularity because it produces diverse biologically active compounds efficiently through its
simple and effective process [91]. Chalcones can be used as starting materials to produce flavones, fla-
vanones, aurones, and benzothiazepines alongside pyrimidines when reaction conditions and reagents
vary. The multiple operational possibilities, coupled with their reactive enone structure position, posi-
tion chalcones as key organic compounds for developing functional medical compounds and perform-
ing synthetic organic research for antimicrobial treatments and anti-inflammatory agents, as well as
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anticancer medications and antioxidant-defense elements. The skeletons of these new derivatives of
pyrazolines were consistent with the proposed structures based on physical properties and spectro-
scopic methods (FTIR, 'H-NMR, and *C-NMR).

4.2. Spectroscopic Characterization

FTIR, "H NMR and *C NMR spectroscopy were used to characterize the synthesized chalcones
and pyrazole derivatives. The FTIR spectra revealed the presence of typical functional groups, and the
spectra obtained with the help of the method of the 'TH NMR and *C NMR were the detailed infor-
mation about the aromatic, olefinic, and heterocyclic protons and carbons. The chemical shifts, coupling
constants and multiplicities that were observed were entirely consistent with the proposed structure,
and this indicated that all derivatives were successfully prepared. Despite the fact that the concept of
conducting the mass spectrometric analysis is good and was recommended in the review, the proce-
dure was not implemented in this revision because of the limitations and time constraints in the lab.
However, FTIR, "H NMR, and *C NMR characterized rigorously all synthesized derivatives and are
used in combination to give comprehensive structural validation. This is because the successful syn-
thesis is justified by the congruence of the chemical shifts, coupling constants and functional group
absorptions. Further, the synthetic methodology used (stepwise and one-pot) of these specific deriva-
tives has not been reported in the past, thus highlighting the novelty of this work.

The FT-IR spectrum of the first compound revealed characteristic absorptions, with the lack of the
wide band associated with the hydroxyl (OH) group in the 3400-3100 cm™ range. This disappearance,
resulting from substitution of the hydroxyl hydrogen with a benzyl group, confirms the successful for-
mation of the compound [92]. The two specific peaks that clarify powerful evidence for the formation
of the compound are the two bands present at the (2919-2863 cm™) region of (-CH»-) in benzyloxy. A
prominent absorption band at 1681 cm™ was attributed to the stretching vibration of the carbonyl (C=0)
group, while a prominent band found at (1600) cm™ corresponds to the stretching of the carbon—carbon
double bond (C=C); further peaks at (3066) cm™ are indicative of sp? hybridized (C-H) stretching in
aromatic compounds, (1417) cm™ is CH, bending, (1357) cm™ is CHs Bending, and the band (1010 cm™)
shows C-F bending [93]. The 'H-NMR spectrum confirmed the structure. The absence of the singlet at
(13.15) ppm, which corresponds to the hydroxyl proton, indicates the substitution of the hydrogen atom
with the protective group. A singlet was detected at (5.09) ppm, indicative of the benzylic -CH,-O-
group. The singlet at (2.55) ppm, attributed to the methyl (CH5;~CO) group, is slightly deshielded due
to the influence of oxygen. Aromatic protons on the acetophenone ring, forming an AA'BB’ system, are
expected to appear as two doublets in the region of (7.95, 7.93, 7.43, 7.39 ppm), integrating for two
protons. The protons of the fluorinated benzyl ring (4-fluorobenzyl) are anticipated to give rise to a
more complex splitting pattern, likely appearing as multiplets or within the (6.98, 7.00, 7.08, 7.11 ppm)
range, because of long-range proton—fluorine coupling. This unique splitting helps support that the
compound contains the fluorinated aromatic system [94]. Although the 3*C-NMR spectrum of the com-
pound presents a unique signal that is observed for each carbon type, a singlet peak at (196) ppm cor-
responds to the carbonyl (C=0), a doublet signal at 163/162 ppm is attributed to the aromatic C-F split.
A singlet peak at (161) ppm is attributed to electron-rich aromatic C—O bonds resulting from the pres-
ence of oxygen. Six singlets were observed, including a singlet peak at (69) ppm, which is attributed to
the benzylic -CH,-O- group (C10). Deshielded by oxygen, a singlet at (26) ppm was observed, corre-
sponding to the methyl group (CHs—CO) at C2, adjacent to the carbonyl carbon [95].

The FT-IR spectra of chalcone derivatives (4a and 4b) displayed distinct absorption peaks. A prom-
inent band identified at (1650-1665) cm™! was ascribed to the stretching vibration of the carbonyl (C=0)
group. This frequency appears at a lower value compared to the typical carbonyl absorption (~1675
cm™), which can be explained by conjugation with the adjacent C=C double bond (enone system). Such
conjugation leads to partial enolate character and reduces the bond order, thereby shifting the band to
a lower wavenumber [96]. Additionally, absorption bands at (1250-12800 cm™ were assigned to C-O
stretching vibrations.

The "H-NMR spectrum displays several different signals that indicate the structural features of the
compound. A singlet at (5.11) ppm corresponds to the two protons of the methylene group in the
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benzyloxy moiety [97]. The compound (4a) in the (8.03) ppm and the alpha proton in the 7.77 ppm are
observed to give a doublet. The single-point interaction between the two signals has a vicinal coupling
constant of ] = 15.5 Hz, a characteristic of a trans (E) configuration [98]. Past research indicated that
3J(HaHz) values of chalcones of 15-16 Hz are only E-isomers and Z-isomers have weaker couplings (<
12 Hz). Both demonstrate a significant coupling constant, thereby confirming the (E)-configuration of
the double bond [99]. For the compound (4b) the C=C geometry was assigned as E. The p-olefinic
resonance appears as a pair of doublets at & 7.8095/7.7706 ppm with 3JHa-Hp=15.57Hz (400 MHz,
CDC(ls), diagnostic of a trans relationship in «, B-enones; the complementary a-olefinic signal is par-
tially overlapped, giving an apparent smaller splitting (8.76 Hz). These values are fully consistent with
literature ranges for trans vs cis alkenes and with reported chalcone precedents [100]. Olefinic region
of the '"H NMR spectrum (400 MHz, CDCl;) of the representative chalcone (4a) derivative is shown in
figure S1 and Olefinic region of the 'HNMR spectrum (400 MHz, CDCls) of the chalcone (4b) derivative
is shown in figure S2.

The BC-NMR spectrum of the compound is expected to exhibit separate signals from its structural
fragments. The conjugated carbonyl carbon (C=O) of the enone system is the most deshielded signal
and is usually found at 188.89 ppm (Ci3) [101]. The «, -carbon of the a, B-unsaturated ketone, the
carbon, appears at around 121.04 ppm (C1) and the 3 carbon at 148.87 ppm (Cus) (alpha-carbon), with
the beta-carbon more deshielded because of the direct conjugation with the carbonyl group. The ben-
zylic methylene carbon (-OCHy,) attached to the 4-fluorobenzyl ether resonates at 69.80 ppm (C7), with
both the ether oxygen and the neighboring aromatic ring causing a downfield shift in the 3C-NMR
[102].

The FT-IR spectra of pyrazoline derivatives provide two strong indicators of pyrazoline for-
mation: the initial aspect is the elimination of the carbonyl group in the compounds within the region
of 1652-1660 cm™. Secondly, the prominent absorption band observed at 1594-1597 cm™ was ascribed
to the imine (C=N) stretching vibration, hence validating the creation of the pyrazoline ring system.
The absence of the aliphatic absorption peak of (C=C) in the range of (1640-1680 cm™) is observed when
comparing benzyloxy and chalcone.

Expectations for the "H-NMR in CDCl; were derived from the structural features of 3-(4-((4-
fluorobenzyl) oxy) phenyl)-1,5-diphenyl-4,5-dihydro-1H-pyrazole. It contains a dihydropyrazole and
two aromatic substituents at positions 1 and 5, together with a para-substituted phenyl group at posi-
tion 3, linked via an ether bond to a para-fluorobenzyl moiety. The 'H NMR spectra validated the ex-
istence of the 2-pyrazoline ring, evidenced by three doublet of doublets (dd) signals at 3.05, 3.70, and
5.00 ppm, corresponding to protons Ha, Hb, and Hx, respectively. These signals constitute an ABX spin
system, indicative of two geminal protons and one vicinal proton [103]. The absence of signals for hy-
drazine or alkene protons (CH=CH) indicates successful cyclization. The protons of the para-fluoroben-
zyl ring may appear as doublets or even as two doublets due to fluorine-proton coupling and this pat-
tern implies the position of the fluorine atom. The general spectral evidence should confirm the exist-
ence of a triaryl-substituted dihydropyrazole system and a para-substituted fluorobenzyl ether group,
which is the suggested molecular structure. Correlation of ABX protons (H_a, H_b, H_x) with their
corresponding carbons for pyrazoline derivatives 5a-5i, based on exact 13C chemical shifts from the
characterization data is shown in table S3.

Performance of a ®C-NMR in CDCl; is expected to record the structure based on the compound
that includes the triaryl-substituted 4,5-dihydro-1H-pyrazole core and the para-fluorobenzyl ether sub-
stituent. The *C NMR spectra exhibited two discrete signals at 43.53 and 63.95 ppm, corresponding to
the -CH;— and —CH- carbons of the pyrazoline ring. The signals of sp?-hybridized carbons (C=O, C=N,
and C=C), usually seen in the 160-190 ppm region, were conspicuously lacking in the product spectrum
[104]. This disappearance confirms that the compound has undergone cyclization and conversion to a
saturated pyrazoline structure [105]. All characterizations can be shown in the supplementary figures
(Figures S3-541).

The FTIR spectra clearly show how specific functional groups evolve through the reaction se-
quence. In organic synthesis, such systematic spectral changes are one of the strongest indicators that
each step occurred as planned. In the benzyloxy compound, the prominent C=C stretch at 1681 cm™
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confirms the presence of a conjugated double bond or aromatic ring system. In the chalcone, this band
shifts and a new strong C=0O stretch at 1649 cm™ appears. The carbonyl band is characteristic of an &,
[(-unsaturated ketone, which defines the chalcone structure. This proves that the Claisen-Schmidt con-
densation (between an aromatic aldehyde and acetophenone derivative) took place successfully. Fi-
nally, in the pyrazoline, the C=O absorption disappears, and a new band at 1594 cm™ appears, assigned
to C=N stretching. This is diagnostic for azomethine linkages in heterocyclic compounds like pyra-
zolines. Thus, the disappearance of the C=O and appearance of C=N serve as spectroscopic evidence
for successful ring closure (cyclization). The characteristic comparison between Benzyloxy, Chalcone
and pyrazoline can be shown in figure 16. Table 1 compares the yields and melting points of com-
pounds 5h and 5i synthesized using one-pot and two-pot methods .For compound 5h (CasH»4FNOS),
the one-pot route produced a slightly higher yield (94%) than the two-pot route (88%) with the same
melting point (143-145 °C).For compound 5i (C20H2sFN->O), the one-pot route also gave a better yield
(94%) compared to the two-pot (85%) while maintaining the same melting point (152-154 °C).Overall,
the one-pot synthesis proved more efficient, giving higher yields and comparable purity (as reflected
by identical melting points) for both compounds.

4.3. Antibacterial Activity

The antibacterial efficacy of the synthesized chalcone and pyrazoline derivatives was assessed
against E. coli and S. aureus through the disc diffusion method, utilizing concentrations from 200 to 800
ppm. The concentration level in the current investigation was started at 200 ppm. This choice was
guided by initial screening at low levels (50 and 100 ppm) which always provided no observable zones
of inhibition of the organisms being tested. The key assays were then done at concentrations of 200 ppm
and above because any lower concentration would have been indistinguishable as negative growth
controls and hard to replicate. It was at this level that the compounds started to demonstrate detectable
antibacterial activity and permitted assessment of their effectiveness with a greater degree of reliability
and evaluation of the trends of their concentration dependence in a more credible way. Results are
expressed as inhibition zone diameters (mm); “0” denotes no inhibition zone observed.

The data revealed significant variations in the inhibition zones across different compounds and
concentrations, suggesting a structural dependency and bacterial sensitivity to the compounds. The
pyrazoline derivatives showed good antimicrobial action against E. coli, whereas the chalcone precur-
sor (compound 4a) exhibited poor activity, producing only an 8 mm zone at the maximum concentra-
tion evaluated. Compound 5c had the highest activity, demonstrating a maximal inhibition zone of 35
mm at a concentration of 800 ppm. Compound 5f displayed the second-highest activity (33 mm), and
5g ranked third (31 mm). These compounds showed a clear dose-dependent effect, with little or no
inhibition at lower doses but marked activity at higher concentrations. By contrast, compound 5h was
completely inactive (0 at all concentrations), while compound 5i was only weakly active, producing
inhibition zones at 600 and 800 pp. Overall, the compounds demonstrated greater efficacy against S.
aureus than E. coli, consistent with the known vulnerability of Gram-positive bacteria due to their sim-
pler cell wall structure [106]. Compound 5c¢ produced the largest inhibition zone (38 mm at 800 ppm),
followed by 5a (35 mm) and 5f (30 mm). Compound 5d exhibited moderate but consistent activity
across concentrations (15-30 mm), while compound 5h was inactive against E. coli and also toward S.
aureus at all ranges. Chalcone 4a again showed poor activity, with only 10 mm at the highest dose.
Taken together, these findings support the conclusion that pyrazoline cyclization significantly enhances
antibacterial activity, particularly against Gram-positive S. aureus.

The inhibition zone diameters (mm, mean + SD) for compounds 5a-5i and 4a at 200-800 ppm has
been illustrated in tables 2 and 3. The existence of electron- giving or electron-removing substituents
seems to influence bioactivity, and activity generally increased in a dose-dependent manner. Since disc
diffusion is diffusion- and solubility-limited, zone size is not linearly related to disc load; plateaus and
shallow intermittent inversions can be expected with high loading because of a lack of diffusion/pre-
cipitation at the disc boundary. Our repeated runs ensured that we had reproducibility with acceptable
variance. We then considered small non-monotonic deviations, following the rounding up to the near-
est mm and validation by statistics, as method consistent deviations and not transcriptional. This is in
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line with known models of diffusion and reported paradoxical high dose effects in antimicrobial testing
[107]. The representative inhibition patterns of pyrazoline derivatives and chalcone illustrated in figure
542.

5. Conclusions

In view of the increasing antimicrobial resistance, this study was carried out to address the ur-
gency of developing new antibacterial agents to counteract the effect. The objective was to summarize
and describe a novel series of fluorinated pyrazoline-based ethers using both one-pot and stepwise
synthesis methods, and to evaluate their antibacterial effectiveness. To deliver this, a strategic synthesis
has been undertaken that commenced with the Claisen-Schmidt condensation to form chalcones and
thence the cyclization with phenyl hydrazine to produce pyrazolines. The synthesis procedure was
perfectly performed via both classical two-pot and eco-friendly one-pot protocols, with the latter
providing a significantly greener product efficiency, ease of operation, and sustainability.

All the synthesized compounds were confirmed through structural characterization with the help
of FTIR, 'TH-NMR, and *C-NMR spectroscopies. The biological screening showed an evident improve-
ment of the activity concerning the antibacterial property in the case of pyrazoline relative to their chal-
cone precursors. In particular, the pyrazolines distilled in 5a, 5¢, and 5f proved to be the most effective
in inhibition, especially in S. aureus, whereas the chalcones had weak or no inhibitory effects at all,
especially on E. coli. The results demonstrated that the cyclization reaction leading to the formation of
pyrazolines significantly improved bacterial activity, with the presence of electron-giving or removing
groups actively influencing efficacy. Subsequent research will include in vitro assays, such as Minimum
Inhibitory Concentration and the lowest Bactericidal Concentration, as well as in vivo experiments in
suitable animal models to determine pharmacokinetic activities and toxicity.
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