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ABSTRACT

A total of twenty pyrazole derivatives were synthesized using alkoxy or halo acetophenones in
reaction with N, N-dimethylformamide dimethylacetal (DMF-DMA). These compounds were
characterized through '"H NMR, 3C NMR, and LC-HRMS techniques. Their herbicidal efficacy
against barnyard grass (Echinochloa crus-galli) was evaluated via in vitro bioassays. Notably,
compound 6a (5-Methoxy-2-(1H-pyrazol-3-yl) phenol) and compound 6s (3-(4-Fluoro-2-
hydroxyphenyl) pyrazole) demonstrated inhibition rates of 30.6% to 54.1% and 26.9% to 50.6%,
respectively, across concentrations ranging from 62.5 to 1000 pg mL™. In in vivo assessments,
compound 6a yielded the highest weed control index (WCI) of 51.32%, followed by compound 6s
with a WCI of 50.24%. These findings indicate that compound 6a represents a promising
herbicidal agent, effectively managing barnyard grass while exhibiting tolerance toward rice
seedlings following both post-emergence and soil application. Toxicity predictions for the
synthesized compounds were evaluated for fish (LCso: 0.0001 to 38.1 mg/L), daphnids (LCso:
0.0001 to 27.7 mg/L), and green algae (ECso: 0.0001 to 1.70 mg/L), including chronic toxicity
(ChV). Using the ECOSAR model, the assessment found that all synthesized compounds are
within acceptable limits. The binding free energy of compound 6a with HPPD was relatively low
(-8.3), which was consistent with the findings of bioassay activity studies. As a result, compound

6a could serve as the starting point for the development of novel HPPD inhibitors.
Keywords: Pyrazole derivatives, HPPD, Echinochloa crus-galli, Rice, Weed

1. INTRODUCTION
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Rice (Oryza sativa L.) serves as a major staple food for approximately two-thirds of the global
population. In India, rice is cultivated across more than 48 million hectares, resulting in an annual
production of roughly 134 million tonnes (Dixit et al. 2024; USDA, 2024). Nevertheless,
productivity is significantly impeded by various abiotic and biotic factors, among them weeds
represent the highest potential loss (34%) or most substantial challenge (Behura et al. 2011;
Gharde et al. 2018). Among these, barnyard grass (Echinochloa crus-galli) is recognized as one
of the major serious weeds impacting rice cultivation and frequently demonstrates resistance to
herbicides (Rao et al. 2007; Holm, 1991; Heap, 2023). This particular weed poses considerable
difficulties in both transplanted and direct-seeded rice systems due to its ecological similarities to
rice. While numerous herbicides are effective in controlling barnyard grass during its younger leaf
stages, their efficacy markedly declines once the grass exceeds three leaf stages. Furthermore,
fluctuations in environmental temperatures may influence the growth of barnyard grass, enabling
it to evade control measures in specific regions (Singh et al. 2020).

There exists a significant need for the development of new herbicides capable of effectively
controlling annual weeds, with particular emphasis on late-stage barnyard grass, utilizing a single
application. Recent advances in HPPD-inhibiting herbicides have demonstrated potential in this
domain, as they offer the ability to target all weed types simultaneously, commonly referred to as
“one-shot” herbicides (Jeschke, 2016). Additionally, there is an increasing demand for herbicides
that are environmentally sustainable, highly effective, low in toxicity, selective in action, and
exhibit low persistence in the environment (Hasan et al. 2021).

Heterocyclic compounds, particularly pyrazole derivatives, are vital as effective pesticides in the
field of chemical control. Their application in both pharmaceuticals and agrochemicals is
significant and  well-established (Liu et al. 2010; Kasiotis et al. 2014).
Pyrazolynate and pyrazoxyfen (4-(2,4-dichlorobenzoyl)-1,3-dimethyl-5-hydroxypyrazole)
herbicides are the pyrazole derivatives, specifically demonstrate decisive herbicidal activity
against rice. These compounds function by inhibiting 4-hydroxyphenylpyruvate dioxygenase
(HPPD), which disrupts carotenoid biosynthesis and unequivocally leads to bleaching effects in
susceptible weeds (Jhala et al. 2023; He et al. 2022; Jhala et al. 2014; Kaundun, 2021; Jeschke,
2016).

Our team has been focused on developing new bioactive compounds for crop protection (Shakil et

al. 2010; Shakil et al. 2013; Kaushik et al. 2019; Yadav et al. 2021; Kaushik et al. 2021; Yadav et
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al. 2022). We explored a new chemical group based on the pyrazole moiety and evaluated the
herbicidal effectiveness of these derivatives in a greenhouse. In addition to their herbicidal
properties, these compounds show strong affinity for various biological targets, making them
significant in modern medicinal chemistry (Yurttas et al. 2016). This study reports the synthesis
and characterization of several pyrazole derivatives, along with their evaluation against E. crus-
galli.

2 MATERIALS AND METHODS

2.1 Chemicals and instruments

The purity and identity of the synthesized pyrazole derivatives were verified using ultra-fast liquid
chromatography with photodiode array detection (UFLC-PDA) (SHIMADZU, Japan), utilizing a
Cig Shim-pack column (5 um, 4.6 x 250 mm) in an isocratic solvent system of methanol-water
(98:2). 'H and "*C nuclear magnetic resonance (400 and 100 MHz NMR) spectra were recorded
on a JEOL Spectrospin spectrometer, with tetramethylsilane (TMS) as the internal standard. The
precise mass of the compounds was determined by liquid chromatography-high-resolution mass
spectrometry (LC-HRMS, Singapore) using an AB SCIEX Triple TOFTM 5600+ (Singapore)
system equipped with a TurbolonSpray (TIS) ion source, SCIEX ExionLC, coupled with a PDA
detector and a Cig column (2.7 um, 4.6 x 100 mm).The column was eluted with a methanol-water
(98:2) mixture containing 0.1% formic acid at a flow rate of 0.5 mL/min, with the column oven
maintained at 40°C.Melting points were determined using a melting point apparatus (Labcare LB-

MPSS, India).

2.2 Synthesis

2.2.1 Synthesis of substituted 2-hydroxyacetophenones (3a-3t)

A molar ratio of 1:1.2 was established between iodoalkanes or bromoalkanes with varying carbon
chain lengths and 2-hydroxyacetophenone. The reaction mixture was subjected to continuous
stirring for a duration of 6 hours at a temperature of 60°C, utilizing KoCOj3 and acetone as catalysts.
The progression of the reaction was monitored through thin-layer chromatography (TLC)
employing a solvent system composed of ethyl acetate and hexane in a 3:7 ratio.

2.2.2 Synthesis of substituted 3-dimethylamino-1-(2-hydroxyphenyl) propenones (4a—4t)

A mixture of substituted 2-hydroxyacetophenones (3a—3t) (1.2 mmol) and N, N-DMF-DMA (2.4

mmol, 2 moles) was heated at 90°C for 8 hours, then allowed to cool. After the reaction, the solvent
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Scheme 1. Synthesis of pyrazole derivatives

2.2.3 General method for the synthesis of pyrazole derivatives (6a—6t)

The synthesis of pyrazole derivatives were done by reacting substituted 3-(dimethylamino)-1-(2-
hydroxyphenyl) propenone (4a—4t) (5.6 mmol) with hydrazine monohydrate (10.47 mmol, 2
equivalents) in methanol (15 mL) at 65°C for 5 hours, as described in Scheme 1 (Zhang et al.
2017). The progress of the reaction was monitored using thin-layer chromatography (TLC) with
an ethyl acetate-hexane (3:7) solvent system. after, the solvent was removed via rotary
evaporation. The resulting pyrazole derivatives were purified using column chromatography,
yielding pure pyrazoles with an efficiency of 85-90% (Tripathi et al. 2025).
5-Methoxy-2-(1H-pyrazol-3-yl) phenol (6a)

Light yellow to light red, Yield 87 %, m. p. 138-142°C; '"H NMR (400 MHz, DMSO-ds): § 3.76
(3H, s, H-1"), 6.36 (1H, dd, J=6.8, 2.4 Hz, H-4), 6.62 (1H, s H-4"), 6.84 (1H, d, J = 2.4 Hz, H-6),
7.49 (1H, d, J = 8.8 Hz, H-3), 7.80 (1H, s, H-3"). 1*C NMR (100 MHz, DMSO-de): 55.23 (C-1"),
100.59 (C-4), 101.59 (C-4"), 105.90 (C-6), 107.28 (C-2), 127.94 (C-3), 151.42 (C-5"), 156.29 (C-
1), 161.65 (C-5) and 165.35 (C-3"). HR-MS for CioHi1oN202 [M + H]" m/z: Calcd 190.0815;
Observed 191.0863. The major mass fragments observed were C1oH1oNO> " (176), C7H3N>O"(131)
and C7H/N," (119)
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2.3. Bio efficacy studies
2.3.1. Phytotoxicity Assessment

Phytotoxicity assessments were performed using a visual observation-based scoring system. The
toxicity of the plants was evaluated through visual observation scores. Pyrazole derivatives and
certain post-emergence herbicides were applied at 7, 14, and 21 days after spray (DAS). Five
different observers independently evaluated treatments 6a through 6t, assessing each plot for
symptoms such as necrosis, wilting, chlorosis, and leaf injury (including tip and surface damage).
The mean phytotoxicity values were calculated by averaging the individual scores. Damage was
rated on a scale of 1 to 10, where 1 indicated 1-10% damage and 10 represented 91-100% damage
(Table 1).

2.3.2 Screening under seed germination chamber

The herbicidal activity against E. crus-galli was assessed by measuring percent germination,
coleoptile length, and radical length (Song et al. 2021; Kumar et al. 2021). The seeds were
sterilized in 1% sodium hypochlorite for 10 minutes and rinsed with autoclaved water. A 1%
potassium nitrate (KNO3) solution was used to break dormancy. A stock solution of 10000 pg mL"
! of the test compounds was prepared in DMSO and serially diluted in double-distilled water.
Various concentrations (62.5, 125, 250, 500, and 1000 pg mL™") of the solutions were applied to
Petri dishes lined with germination paper, where twenty seeds were placed per dish. A 1% Tween-
20 solution served as the negative control. Three replicates were prepared for each treatment in a
completely randomized design at room temperatures of 25-28°C. After five days, germination
rates, root lengths (cm) and shoot lengths (cm) were measured at 24, 48, 72, 96, and 120 hours.
Water was used as a negative control and Pendimethalin (38.7 % CS, BASF) was used as a positive

control. Germination percentages were calculated using the following formula:
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NT
Germination % = (W) x100

where NT =Number of germinated seeds in each treatment; N= Number of seeds used in the
bioassay.
At the end of the 120 hr of incubation, the length of the shoot and root was measured. The formulae

used for determining the inhibition of shoot and root growth are as follows:

St
Inhibition of hypocotyl (shoot length) growth (% Inhibition) = 100 x (1 — S_>
c
where St = Growth of shoot length in treatment and Sc = Growth of shoot length in control.

Rt
Inhibition of radicle (root length) growth (% Inhibition) = 100 x (1 - R_)
C

where Rt = Growth of root length in treatment and Rc = Growth of root length in control.

2.3.3 Screening under greenhouse conditions.

The efficacy of synthesized pyrazole derivatives was evaluated under pot conditions and compared
with commercial formulation of Bispyribac-sodium (10% SC, Post-emergence herbicide, PI
Industries Ltd., Udaipur) under a controlled environment. The pots were maintained under flooded
conditions at a 3-cm depth of water at 28-33 °C (day) and 20-26°C (night) in a greenhouse. The
soil in the pots has been taken from the experimental farm of ICAR-Indian Agricultural Research
Institute, New Delhi, the soil was alluvial having a sandy loam texture with 0.54 % organic carbon
and pH 7.6. A completely randomized design (CRD) was used for the experiment with three
replications of each treatment with a pot size (12 x 16 cm). In each pot, 10 seeds of E. crus-galli
were initially sown, at 0.5-1.0 cm depths. Synthesized pyrazole and commercial herbicide were
applied to the pot after 13 days after sowing as post emergent herbicide. A total of 3 weeks after
the application, the herbicidal efficacy and rice injury were evaluated on a visual scale of 0
(inactive or no damage) to 100 (complete kill of weed or crop). Data on crop phytotoxicity were
recorded at 15 and 30 DAS. Three replications for each treatment (100, 75 and 50 pg mL™') were
maintained, while the commercial herbicide was applied at a single dose of 100 ug mL!(40 g ha"
1). Weed density and weed dry weight was monitored at 30 and 60 days after sowing. Thereafter,
weeds were collected, counted, and dried in a hot air oven at 65°C for about 72 hr to a constant
weight and the dry weight of weed from each pot was recorded. Weed control efficacy (WCE) and

weed control index (WCI) were determined with the following equations (Das, 2007).
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Where, WDc and WDy are weed density (number of weeds/pot) in control and treated plot,

respectively.

_ WDMc — WDMt

WCI = WDMe x100

Where, WDMc and WDMt are weed dry weight (g/pot) in control and treated plot, respectively
2.4 Aquatic toxicity predictions

ECOSAR (Ecological Structure Activity Relationships) predicts the aquatic toxicity of chemicals
using SARs and QSARs. Developed by the EPA, this standalone program estimates both acute
and chronic toxicity for organisms such as fish, Daphnia, and green algae, with freely available

software.
2.5 Molecular Docking

To compare docking metrics with bioassay results and investigate the relationship between
synthesized pyrazole derivatives (6a-6t) and 4-hydroxyphenylpyruvate dioxygenase (HPPD), a
key target for herbicidal activity, we utilized AutoDock Vina as the primary software for the
docking study. The protein target selected was the HPPD enzyme from Arabidopsis thaliana (PDB
ID: 1TGS). The protein was prepared for docking by adding hydrogen bonds after removing water
molecules and heteroatoms. Additionally, the three-dimensional structures of the ligands,
specifically compounds 6a-6t, were optimized. Key active site residues identified for interaction
were Tyrl44, His287, and Phe254. The docking process involved specific parameters: ten
independent docking runs were conducted, the grid was centered on the active pocket, and the

exhaustiveness was set to 8.
2.6 QSAR Methodology
2.6.1 Computational Descriptor Generation and Validation

Molecular descriptors for the QSAR study were selected based on their relevance to herbicide
bioavailability and target-site affinity. Log Kow (octanol-water partition coefficient) was

calculated using the atom-contribution method to represent the lipophilic character influencing
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cuticular penetration. Binding Free Energy (|[A|G) was obtained via AutoDock Vina 1.1.2 using a

grid box cantered on the native ligand binding site of HPPD (size 22.5 x 22.5 x 22.5 A).
2.6.2 Multiple Linear Regression (MLR) Parameters

The MLR model was developed using a training set of structurally diverse derivatives to ensure
broad chemical space coverage. The statistical significance of the regression coefficients was
evaluated using the t-test, and the overall model validity was confirmed via the F-test. The
exclusion of outliers was based on Cook’s distance to ensure that no single compound

disproportionately influenced the model slope.
2.7 Statistical analysis:

A robust multiple linear regression model was meticulously constructed to illuminate the
relationship between percentage inhibition and key molecular parameters, namely Binding Energy
and Log Kow. This analysis utilized data from six carefully selected pyrazole derivatives (6a, 6s,
6¢, 6j, 6m, 6t), providing a diverse representation of structural variations. The regression analysis
was conducted using Microsoft Excel (v. 365) and underwent rigorous validation through the

statistical programming language R (v. 4.3).
Y:ﬂo +ﬁ1)(1 +ﬂ2)(2

Where: Y = % inhibition, X: = Binding Energy, X> = Log Kow, Po = intercept and Bi, B2 =

coefficient
3 RESULTS AND DISCUSSIONS

3.1 Synthesis

In this study, 20 compounds (6a—6t) were synthesized, out of which, 11 compounds (6b, 6c¢, 6d,
6e, 6g, 6h, 6i, 6j, 6k, 61 and 6m) were reported were novel. The compounds were synthesized by
the multistep reaction protocol. B-dimethylaminovinyl ketones (4a-4t) were used as an
intermediate for the synthesis of various pyrazole derivatives according to the literature reported

and the yield ranged from 85 to 90% (Rosa et al. 2008; Tripathi et al. 2025).

3.2 Bio-efficacy studies
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3.2.1. Phytotoxicity Assessment

The assessment of crop phytotoxicity due to herbicide application revealed no adverse effects on
crop growth at 7, 14, and 21 days following the pre-emergence herbicide spray (Table 1). This
aligns with findings reported by Ratnam et al. (2011), which indicated that the pre-emergence
herbicides used in their study did not result in any crop damage. Similarly, the crop phytotoxicity
score showed no harm at 7, 14, and 21 days after the application of post-emergence herbicides,
except for Pendimethalin 38.7 CS at a rate of 1.5 kg a.i. ha™* and bispyribac sodium 10 SC at 200
g a.i. ha™'. Pendimethalin 38.7 CS and Bispyribac sodium 10 SC received a 1.00 rating on a 10-
point scale for causing some stand loss, leaf stunting, or discolouration seven days after
application. A minor discolouration, injury, or stunting was observed 14 days after spraying, with
ratings ranging from 0.67 to 1.00. However, the crop had completely recovered by the 21st day
after the herbicide application. The observed phytotoxicity in rice may have been attributed to the
higher dosage of the post-emergence herbicide Pendimethalin and bispyribac sodium (Table 2).
This conclusion is consistent with the findings of Meena et al. (2020), who noted that wheat
exhibited phytotoxicity after receiving 1.5 kg a.i. ha™ of post-emergence Pendimethalin but later
recovered. Similar results were reported by Rao and Rao (2006) and Mahapatra et al. (2017).
Figure 4 illustrates that the synthetic pyrazole derivatives (6a and 6s) did not induce any

phytotoxicity in rice, as noted by Kumar and Rana (2013).
3.2.2. in-vitro herbicidal Activity

The inhibition of seed germination in E. crus-galli decisively indicates the herbicidal activity of
the tested compounds. As the concentration of pyrazole derivatives increased, there was a clear
decline in the average number of seeds that germinated. For compound 6a (5-Methoxy-2-(1H-
pyrazol-3-yl) phenol), the average number of seeds germinated on day 1 at increasing
concentrations from 62.5 to 1000 ug mL™"' was 9, 7.2, 6.8, 5.6, and 5.2, respectively. By the final
day of the experiment (120 hours), germination rates dropped significantly to 12.56, 10.64, 10.22,
9.44, and 8.3. The percent inhibition was 30.6% at the lowest concentration of 62.5 pg mL™" and
increased to an impressive 54.1% at 1000 ug mL™"' (Table 3).

For compound 6s (3-(4-Fluoro-2-hydroxyphenyl) pyrazole), the germination results on day 1 were

8.4,7.6, 6.6, 6.0, and 5.6 with rising concentrations from 62.5 to 1000 pg mL™". On the final day
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of the experiment, the numbers declined to 17.1, 15.3, 15.0, 14.7, and 13.0, resulting in percent
inhibition figures of 26.9% at 62.5 pg mL ™" and 50.6% at 1000 pg mL™! (Figures 1, 2, and 3). In
comparison, Pendimethalin, a commercial herbicide serving as a positive control, exhibited strong
performance. At the lowest concentration (62.5 ug mL™), it achieved 70.4% inhibition, soaring to
93.5% at the highest concentration (1000 pg mL™"). This performance clearly surpassed the
inhibition levels observed with compounds 6a and 6s. The final measurements of shoot and root
lengths of E. crus-galli revealed a definitive inverse relationship with concentration. For
compound 6a, the mean shoot length reached 9.10 cm, while the mean root length was 4.2 cm at
1000 pg mL". Similarly, for compound 6s, the lengths were 8.85 cm for the shoot and 4.3 cm for
the root at the same concentration, further demonstrating the compounds’ efficacy against seed

germination and growth.

In-vitro herbicidal activity of pyrazole derivatives comapre to
commercial herbicide

e Dose (pg/mL—1) Germination % Percent Inhibition
6a
Control 140 6a
120
Pendimethalin 100 6a
80
Pendimethalin 60 6a
40 ~
Pendimethalin 0 J . 6a
Pendimethalin 6s
Pendimethalin 6s
6s 6s

6s

Figure.1: In-vitro herbicidal activity of pyrazole derivatives against E. crus-galli (Bars are

corresponding to concentration)
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Figure 2: Herbicidal bioassay in plates containing E. crus-galli @ 1000 pg mL™! of test compounds
6a and 6s
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Figure 3: in-vitro herbicidal activity of pyrazole derivatives

3.2.3. Screening under greenhouse conditions.

Bio-efficacy studies revealed that pyrazole derivatives showed novel lead discovery with good

herbicidal activity against E. crus-galli for weed control than the commercial formulation of
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Bispyribac-sodium as post-emergence herbicides. In general, smaller alkoxy derivatives (6a-6e)
showed better weed control than halogen substituted pyrazole (6m- 6t) derivatives. The highest
weed control was observed at 30 DAS which significantly declined with time as observed at 60
DAS (Thakur et al. 2023). At 30 DAS the WCE of 6a (5-Methoxy-2-(1H-pyrazol-3-yl) phenol),
6s (3-(4-Fluoro- 2-hydroxylphenyl) pyrazole) and commercial formulations with Bispyribac-
sodium @ 100 pg mL™!, were 46.88, 45.73 and 61.55, respectively. Further, 6a @ 75pg mL™!
showed WCE of 41.11 which was lower than that of commercial formulation @ 100 pg mL"! of
Bispyribac-sodium which confirmed the novel lead discovery with good activity of pyrazole
derivatives over commercial formulation (Table 4). At 30 DAS, @ 100 pg mL™ WCI for 6a was
51.32 which was higher than that of 6s and lower than the commercial formulations at the same
dose i.e. 67.78. There was no phytotoxicity of synthesized compounds on rice (Figure 4) (Kumar

and Rana, 2013).

Figure 4: Phytotoxicity of synthesized compounds (6a) on rice in 30 DAS
Table 1: Qualitative description of treatment effects on weeds and crop in the visual scoring

scale of 0 to 10” (Rao, 1986)

Effect | Rating Weed Description Crop Description

None 0 No control No injury, normal
1 Very poor control Slight stunting, injury or discolouration
2 Poor control Some stand loss, stunting or discolouration
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Slight 3 Poor to deficient control Injury more pronounced but not persistent
4 Deficient control Moderate injury, recovery possible
Moderate 5 Deficient to moderate control Injury more persistent, recovery doubtful
6 Moderate control Near severe injury, no recovery possible
7 Satisfactory control Severe injury, stand loss
Severe 8 Good control Almost destroyed, a few plants surviving
9 Good to excellent control Very few plants alive
Complete 10 Complete control Complete destruction

Table 2: Crop phytotoxicity ratings in rice following applications of pyrazole derivatives

SN Herbicide Treatment Pre-Emergence Post-Emergence
7DAS |14 DAS | 21 DAS | 7DAS | 14 DAS | 21 DAS
1. | 6a 0.00 0.00 0.00 0.00 0.00 0.00
2. | 6b 0.00 0.00 0.00 0.00 0.00 0.00
3. | 6¢ 0.00 0.00 0.00 0.00 0.00 0.00
4. | 6d 0.00 0.00 0.00 0.00 0.00 0.00
5. | 6e 0.00 0.00 0.00 0.00 0.00 0.00
6. | 6f 0.00 0.00 0.00 0.00 0.00 0.00
7. | 6g 0.00 0.00 0.00 0.00 0.00 0.00
8. | 6i 0.00 0.00 0.00 0.00 0.00 0.00
9. |6 0.00 0.00 0.00 0.00 0.00 0.00
10. | 6k 0.00 0.00 0.00 0.00 0.00 0.00
11. | 6l 0.00 0.00 0.00 0.00 0.00 0.00
12. | 6m 0.00 0.00 0.00 0.00 0.00 0.00
13. | 6n 0.00 0.00 0.00 0.00 0.00 0.00
14. | 60 0.00 0.00 0.00 0.00 0.00 0.00
15. | 6p 0.00 0.00 0.00 0.00 0.00 0.00
16. | 6q 0.00 0.00 0.00 0.00 0.00 0.00
17. | ér 0.00 0.00 0.00 0.00 0.00 0.00
18. | 6s 0.00 0.00 0.00 0.00 0.00 0.00
19. | 6t 0.00 0.00 0.00 0.00 0.00 0.00
20. | Pendimethalin 38.7CS @ 1 0.00 0.00 0.00 0.00 0.00 0.00
kg a.i ha™! (PE)
21. | Pendimethalin 38.7CS @ 1.5 | 0.00 0.00 0.00 1.00 0.67 0.00
kg a.i ha™ (PE)
22. | Bispyribac Na 10 SC @ 100 | 0.00 0.00 0.00 0.00 0.00 0.00
ga.iha! (PoE)
23. | Bispyribac Na 10 SC @ 200 | 0.00 0.00 0.00 1.00 0.67 0.00
gaiha (PoE)
24. | Weedy check 0.00 0.00 0.00 0.00 0.00 0.00

*Days After Spray, PE — Pre-Emergence, PoE — Post-Emergence
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Table 3: in-vitro herbicidal activity of pyrazole derivatives against E. crus-galli

Test compound Percent Mean root length Mean shoot length
(1000 pg mL") inhibition (%) (cm) (cm)

6a 54.1 4.2 9.1
6b 49.5 4.35 9.2
6¢c 494 4.4 9.95
6d 49.35 4.55 10.5
6e 49.25 4.6 10.55
6f 48.55 53 10.95
6g 46.25 54 11.37
6i 45.45 5.95 11.65
6j 43.95 6.1 12.35
6k 38.85 6.2 13.65
61 34.95 6.3 14.5
6m 34.25 5.85 11.7
6n 36.95 5 12.5
60 45.85 4.5 11.55
6p 29.75 4.7 9.65
6q 41.95 5.75 11.37
6r 44.15 5.45 12.35
6s 50.6 43 8.85
6t 48.25 5.75 13.65
Negative control 0 11.2 18.3
Positive control 93.5 1.6 5.6
SEm=+ 0.32 0.25 0.72
Sd 1.5 1.6 33
LSD (P> 0.05) 0.74 0.82 0.76
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Table 4: Effect of pyrazole derivatives on weed density, WCE (%) and WCI (%) at

different days after sowing

Treatments | Dose 30 Days 60 Days
ng Weed WCE% | Weed WCI* | Weed WCE% | Weed WCI?
mL?! | density drywt. | % density drywt. | %
6a 100 | 4.60 46.88 0.093 51.32 | 5.60 42.03 0.71 40.83
75 5.10 41.11 0.105 4474 | 6.10 36.85 0.724 39.67
50 5.85 32.45 0.111 41.84 | 6.85 29.09 0.76 36.67
6b 100 | 4.75 45.15 0.101 47.11 | 5.75 40.48 0.724 39.67
75 5.15 40.53 0.120 37.11 | 6.15 36.34 0.748 37.67
50 5.95 31.29 0.128 32.89 | 6.95 28.05 0.78 35.00
6¢c 100 | 4.85 44.00 0.114 40.26 | 5.85 39.44 0.748 37.67
75 5.15 40.53 0.125 3421 | 6.15 36.34 0.76 36.67
50 6.00 30.72 0.139 27.11 | 7.00 27.54 0.788 34.33
6d 100 | 4.90 43.42 0.120 36.79 | 5.90 38.92 0.795 33.75
75 5.20 39.95 0.131 31.21 | 6.20 35.82 0.776 35.33
50 6.10 29.56 0.145 2395 |7.10 26.50 0.916 23.67
6e 100 | 4.95 42.84 0.116 39.21 | 5.95 38.41 0.764 36.33
75 5.20 39.95 0.155 18.42 |6.20 35.82 0.84 30.00
50 6.30 27.25 0.169 11.32 | 7.30 2443 0.788 34.33
6f 100 5.10 41.11 0.124 35.00 |6.10 36.85 0.748 37.67
75 5.25 39.38 0.148 2237 | 6.25 35.30 0.78 35.00
50 6.35 26.67 0.153 19.74 | 7.35 2391 0.98 18.33
6g 100 5.21 39.84 0.107 4395 |6.21 35.71 0.772 35.67
75 5.65 34.76 0.110 42.37 | 6.65 31.16 0.796 33.67
50 6.70 22.63 0.144 2421 | 17.70 20.29 1.072 10.67
6h 100 5.25 39.38 0.108 43.42 | 6.25 35.30 0.78 35.00
75 5.75 33.60 0.109 42.63 | 6.75 30.12 0.792 34.00
50 6.75 22.06 0.145 23.68 | 7.75 19.77 1.08 10.00
6i 100 5.30 38.80 0.116 39.21 | 6.30 34.78 0.844 29.67
75 5.75 33.60 0.123 35.53 | 6.75 30.12 0.9 25.00
50 6.70 22.63 0.170 10.53 | 7.70 20.29 0.956 20.33
6j 100 5.40 37.64 0.115 3947 | 6.40 33.75 0.84 30.00




75 5.95 31.29 0.148 22.37 | 6.95 28.05 0.95 20.83
50 6.80 21.48 0.173 9.21 7.80 19.25 0.1 91.67
6k 100 5.70 34.18 0.104 4553 |6.70 30.64 0.748 37.67
75 6.67 22.98 0.108 43.42 | 7.67 20.60 0.78 35.00
50 7.50 13.39 0.113 40.79 | 8.50 12.01 0.82 31.67
61 100 6.10 29.56 0.141 25.89 | 7.10 26.50 0.784 34.67
75 6.83 21.13 0.160 16.05 | 7.83 18.94 0.796 33.67
50 7.67 11.43 0.166 12.89 | 8.67 10.25 0.844 29.67
6m 100 6.33 2691 0.105 45.00 | 7.33 24.12 0.756 37.00
75 7.50 13.39 0.109 42.63 | 8.50 12.01 0.792 34.00
50 8.00 7.62 0.124 35.00 | 9.00 6.83 0.908 24.33
6n 100 5.90 31.87 0.105 45.00 | 6.90 28.57 0.756 37.00
75 6.80 21.48 0.111 41.84 | 7.80 19.25 0.804 33.00
50 7.85 9.35 0.116 39.21 | 8.85 8.39 0.844 29.67
60 100 6.50 24.94 0.110 4211 | 7.50 22.36 0.815 32.08
75 7.33 15.36 0.112 4132 | 8.33 13.77 0.812 32.33
50 8.10 6.47 0.117 38.68 | 9.10 5.80 0.852 29.00
6p 100 6.17 28.75 0.105 45.00 | 7.17 25.78 0.756 37.00
75 7.33 15.36 0.111 41.84 | 8.33 13.77 0.804 33.00
50 7.95 8.20 0.141 26.05 | 8.95 7.35 1.044 13.00
6q 100 6.83 21.13 0.108 43.42 | 7.83 18.94 0.78 35.00
75 7.50 13.39 0.118 38.16 | 8&.50 12.01 0.86 28.33
50 8.10 6.47 0.148 22.37 | 9.10 5.80 1.1 8.33
6r 100 5.40 37.64 0.103 45.79 | 6.40 33.75 0.792 34.00
75 5.55 35.91 0.117 3842 | 6.55 32.19 0.856 28.67
50 8.20 5.31 0.149 21.58 |9.20 4.76 1.112 7.33
6s 100 4.70 45.73 0.095 50.24 | 5.70 40.99 0.764 36.33
75 5.10 41.11 0.102 46.18 | 6.10 36.85 0.9 25.00
50 5.90 31.87 0.116 39.21 |6.90 28.57 1.164 3.00
6t 100 5.30 38.80 0.108 43.42 | 6.30 34.78 0.804 33.00
75 6.95 19.75 0.114 40.26 | 7.95 17.70 1.148 4.33
50 7.70 11.09 0.118 38.16 | 8&.70 9.94 1.164 3.00
Control 8.66 0.00 0.190 0.00 9.66 0.00 1.2 0.00
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Bispyribac- | 100 3.33 61.55 0.058 67.78 | 3.33 61.55 0.22 68.57
sodium

SEm+ - - - 0.30 1.445 - - 0.80 2.32
Sd - - - 0.21 1.38 - - 0.41 1.56
LSD (P> - - - 0.68 0.86 - - 241 2.14
0.05)

*The measured herbicidal activity against E. crus-galli [cd (<0.05) =0.97]




Table 5: Predicted aquatic toxicity data for the synthesized compounds

Compounds | Molecular | Log Kow | Water LCs0/ECso (mg/L) ChV (mg/L)
weight (Kow solubility - - - -
Win (mg/L) Fish Daphnid | Green Fish Daphnid Green Algae
estimate) | (WsKow Algae
Win
estimate)
6a 190.2 1.42 11351.16 38.1 27.7 1.70 0.244 0.476 0.756
6b 204.23 1.91 3667.97 13.4 15.0 1.09 0.158 0.259 0.505
6¢ 218.26 2.41 1179.66 4.69 8.14 0.690 0.102 0.140 0.336
6d 232.28 2.9 377.83 1.63 4.38 0.437 0.0655 0.0757 0.222
6e 246.31 3.39 120.57 0.567 2.35 0.276 0.0420 0.0407 0.147
6f 260.34 3.88 38.35 0.196 1.26 0.173 0.0268 0.0218 0.0963
6g 27437 4.37 12.16 0.0677 0.672 0.109 0.0170 0.00116 0.0632
6h 288.39 4.86 3.85 0.0233 0.357 0.0679 0.0108 0.0062 0.0413
6i 302.42 5.35 1.21 0.008 0.190 0.0423 0.00685 0.0033 0.0269
6j 316.45 5.84 0.38 0.00274 0.101 0.0263 0.00433 0.00175 0.0175
6k 344.5 6.83 0.04 0.00032 0.0280 0.0101 0.00172 0.00048 0.00739
61 358.53 7.32 0.01 0.0001.09 ]0.0148 0.00628 0.00108 0.000258 0.00478




6m 194.62 1.99 3560.68 1.08E01 1.30E01 | 9.59E-01 1.40E-01 2.23E-01 4.48E-01
6n 178.62 2.47 437.18 3.34E00 6.11E00 | 5.29E-01 7.84E-02 1.05E-01 2.59E-01
60 239.07 2.23 1281.18 7.61E00 1.13E01 | 9.08E-01 1.33E-01 1.95E-01 4.34E-01
6p 229.07 2.63 662.43 2.94E00 6.24E00 | 5.70E-01 8.49E-02 1.08E-01 2.83E-01
6q 160.18 1.34 18539.73 3.86E01 2.61E01 | 1.56E00 2.23E-01 4.48E-01 6.88E-01
6r 178.17 1.54 10285.37 2.72E01 2.20E01 | 1.40E00 2.02E-01 3.78E-01 6.31E-01
6s 178.17 1.54 10285.0 2.72E01 2.20E01 | 1.40E00 2.02E-01 3.78E-01 6.31E-01
6t 213.07 3.11 82.43 9.19E-01 2.98E00 | 3.19E-01 4.82E-02 5.16E-02 1.66E-01
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3.3 Aquatic toxicity

The synthesized pyrazole derivatives exploit Structure-Activity Relationships (SARs) and
Quantitative Structure-Activity Relationships (QSARs) to estimate acute and chronic toxicity for
organisms such as fish, Daphnia, and green algae (Table 5). Developed by the EPA. The ECOSAR
analysis showed a strong negative correlation between acute and chronic toxicities and log Kow
values (Figure 5 and 6). Green algae had the lowest acute toxicity, while Daphnia exhibited the
lowest chronic toxicity. Fish LCso values ranged from 0.0001 to 38.1 mg/L, with the highest
toxicity linked to compound 61 (Ci3H270 side chain). Alkoxy-substituted compounds were the
most toxic, and the dichloro derivative was the most toxic among halogenated derivatives. All
compounds fit within the ECOSAR model’s applicability domain, consistent with prior research.

(Kundu et al. 2024).
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Figure 6: Plot of log ChV values against Log Kow

3.4 Detailed Quantitative structure-activity relationship (QSAR) and Multiple Linear
Regression (MLR) Analysis

To analyze the structural factors affecting herbicidal activity, a QSAR model was developed using
Multiple Linear Regression (MLR). This model linked the percentage inhibition (Y) to two key
physicochemical descriptors: molecular lipophilicity (Log Kow) and binding free energy (AG)
from AutoDock Vina. The model was trained with data from six diverse derivatives: 6a, 6s, 6¢, 6],

6m, and 6t. The resulting statistically validated equation is:
Y = 22.74 + 7.90(|AJAG) — 1.32(Log Kow)

Where: Y= Predicted % Inhibition, [A|G=Binding Free Energy (kcal/mol) and Log Kow= Octanol-

water partition coefficient.

To validate the predictive power of the developed QSAR model, we constructed a parity plot
comparing experimentally observed herbicidal inhibition with predicted values (Figures 7 and 8).
The linear correlation yielded a coefficient of determination (R? = 0.81, p <0.01), indicating that
the model accounts for 81% of the total variance in the biological data. The closeness of the data
points to the y = x reference line demonstrates the reliability of using molecular docking scores

(AG) and lipophilicity (Log Kow) as primary descriptors for pyrazole-based HPPD inhibitors.
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Statistically, the positive sensitivity toward binding energy (B: = 7.90) confirms that the
thermodynamic stability of the enzyme-ligand complex is the dominant factor in growth
suppression. In contrast, the negative coefficient for Log Kow (B2 = -1.32) highlights a critical
threshold in side-chain elongation. While hydrophobicity is essential for cellular uptake, the model
suggests that exceeding a Log Kow of approximately 2.5 leads to reduced efficacy due to steric
hindrance within the HPPD catalytic pocket. This is evident in the lower activity of long-chain
analogs such as compounds 6j and 6l. For instance, compound 6j, which possesses a bulky C10
chain (Log Kow = 5.84), demonstrates reduced binding energy (-6.4 kcal/mol) and lower inhibition
(43.95%) (Table 6).

Predicted vs. Observed Activity
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Figure 7. Quantitative Structure-Activity Relationship (QSAR) Parity Plot
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374  Table 6: Predicted toxicity data for the synthesized compounds

Compound % Binding Log Kow MW Predicted
Inhibition | Energy)
6a 54.1 -8.3 1.42 190.2 50.13
6s 50.6 -7.9 1.54 178.2 46.98
6¢ 49.4 -7.6 241 2183 45.72
6t 48.25 -7.0 3.11 213.1 41.74
6m 34.25 -7.1 1.99 194.6 40.98
6j 43.95 -6.4 5.84 316.5 40.63
6l 34.95 -5.8 7.32 358.6 37.75
Multiple R 0.904




375
376
377
378
379
380
381
382
383
384

385

386
387
388
389
390
391
392
393
394
395
396
397
398

399
400

R Square 0.819
Significance F 0.01

As mentioned, pyrazoles having substitution with smaller alokoxy groups showing better
herbicidal activity against barnyard grass in paddy in both conditions in vitro as well as in vivo.
Also, when we substituted with the halogen groups in the phenyl ring and evaluated for herbicidal
activity fluoro derivative were showing good activity compare to other halogen derivatives with
good safety to rice. In general, the phenyl ring attached at the 5 positions of the pyrazole ring
showed better herbicidal activity than the phenyl ring attached at the 3 position. The 5-
position attachment likely provides a more favorable orientation or electronic environment for the
interaction with HPPD, leading to more effective inhibition and thus better herbicidal activity.
These findings are important for the design of new herbicides that are both effective and safe for

use in rice cultivation (Fu et al. 2017).
3.5 Molecular Docking

Docking simulations reveal that compound 6a has the strongest interaction with HPPD, with a
binding energy of -8.3 kcal/mol, owing primarily to strong hydrogen bonding with Tyr144.
Compound 6a successfully enters the HPPD pocket, forming essential hydrogen bonds with
Tyr144 and engaging in n-m stacking with Phe254 (Table 7). Meanwhile, compound 6s uses
halogen bonding and hydrophobic interactions to maintain a stable orientation. These molecular
interactions are completely consistent with the bioassay results, which strongly support our
conclusions about structure-activity relationships (SAR). Similar findings by Fu et al. 2017 and
Zeng et al. 2023 shows that pyrazole derivatives 6a, with short alkoxy chains and favorable HPPD
docking profiles, significantly improve herbicidal effectiveness against E. crus-galli (Figure 9).
The binding energies clearly show that short-chain alkoxy derivatives (6a-6¢) interact much more
effectively with HPPD than their bulkier halogenated counterparts. The binding energies clearly
show that short-chain alkoxy derivatives (6a-6¢) interact much more effectively with HPPD than

their bulkier halogenated counterparts.

Table :7 The interaction analysis of the molecular docking study on 4-hydroxyphenylpyruvate

dioxygenase (HPPD enzyme) with the pyrazole derivative-based structural isomers



Compound | Binding H-bond Hydrophobic -7 Interpretation

Energy Interactions | Interactions Stacking
(kcal/mol)
6a -8.3 Tyr144, Val286, Leul30 | Phe254 Strong affinity; excellent
His287 SAR fit
6s -7.9 His287 Met259, Phe241 | Phe254 Good binding; fluoro
improves orientation
6¢ —7.6 Ser283 Leul30 — Moderate affinity
6j -6.4 — Weak contacts — Larger chain reduces fit
6m =7.1 Tyrl144 Phe254 — Mild halogen activity
6t =7.0 Ser283 Phe254 — Poorer selectivity

ME"284
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402  Figure 9: Two-and three-dimensional images of the 6a pyrazole derivatives with target

r T T
50 100

403  protein 4-hydroxyphenylpyruvate dioxygenase (HPPD)
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4. CONCLUSION

In this study, twenty pyrazole compounds were synthesized, of which eleven were identified as
novel. Among these, compounds 6a (2-(isoxazol-5-yl)-5-(methoxy) phenol) and 6s (3-(4-Fluoro-
2-hydroxyphenyl) pyrazole) exhibited the highest levels of in vitro herbicidal activity. The average
number of germinated seeds decreased as the concentration of the pyrazole derivatives increased.
In pot experiments, compound 6a (5-Methoxy-2-(1H-pyrazol-3-yl) phenol) demonstrated the most
effectiveness against E. crus-galli, achieving a weed control index (WCI) value of 51.32%. These
compounds exhibit specific modes of action of HPPD inhibitors and are environmentally safe.
Compound 6a demonstrated low aquatic toxicity and good tolerance for rice seedlings when
applied post-emergence and in soil, as well as effective control of barnyard grass weeds in pot

experiments.
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Multistep synthesis using alkoxy/halo substitutions 6a and 6s inhibited germination of E. crus-galli
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