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Discovery of novel benzoxazinone derivatives
as promising protoporphyrinogen IX
oxidase inhibitors
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Abstract

BACKGROUND: Protoporphyrinogen IX oxidase (PPO, EC 1.3.3.4) has emerged as a key target for developing new herbicides to
protect crops from weeds. Herein, we disclose the development of two types of PPO inhibitors by modification of the benzox-
azinone skeleton.

RESULTS: Two types of structurally novel benzoxazinonederivatives containinghydantoinor 1,2,3-triazole fragmentsweredesigned
based on active substructure splicing and derivatization strategies. Systematic post-emergence herbicidal activity studies and crop
selectivity assessments indicate that some of the compounds exhibit excellent herbicidal activity and crop safety. For instance, com-
pound A1 shows highly effective herbicidal activity against all tested weeds at a dosage of 150 g ai/ha. Particularly, its herbicidal
activity against broadleaf weeds is comparable to that of flumioxazin. Meanwhile, compound A1 exhibits superior safety for wheat
andmaize compared to flumioxazin within the 75–150 g ai/ha dosage range. Molecular docking studies revealed that compound A1
and flumioxazin occupy the same active cavewithinNicotiana tabacum PPO (NtPPO). It is noteworthy that the carbonyl group on the
oxazolone moiety of both compound A1 and flumioxazin forms beneficial interactions with Arg-98 and Phe-392.

CONCLUSION: Our research indicates that benzoxazinone derivatives containing either hydantoin or 1,2,3-triazole fragments
serve as a promising chemical scaffold for the development of novel PPO-inhibiting herbicides.
© 2025 Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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ABBREVIATIONS
NtPPO Nicotiana tabacum PPO
FLU Flumioxazin
MD molecular dynamics
IC50 half-maximal inhibitory concentration
NMR nuclear magnetic resonance
SARs structure–activity relationships
HRMS high resolution mass spectrum
L.P. Lolium perenne
E.C. Echinochloa crusgalli
D.S. Digitaria sanguinalis
A.R. Amaranthus retroflexus
A.T. Abutilon theophrasti
M.S. Medicago sativa
MM_PBSA Molecular mechanics_Poisson Boltzmann sur-

face area
DMF N,N-Dimethylformamide

1 INTRODUCTION
Protoporphyrinogen IX oxidase (PPO, EC 1.3.3.4) is one of themost
important targets for developing new herbicides.1–3 The chemical

structures of PPO-inhibiting herbicides have become increasingly
diverse since Rohm & Haas company developed the herbicide
nitrofen in the mid-1960s. Some of them have been widely
employed in agricultural production to control various weeds.4,5

PPO-inhibiting herbicides are characterized by high efficiency
and broad-spectrum herbicidal activity, exhibiting excellent weed
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control for broadleaf weeds, certain grass weeds, and weeds that
have developed resistance to glyphosate and acetolactate
synthase (ALS) inhibitors.6–8 To date, more than 30 commercial
PPO inhibitors have been extensively utilized in various crop fields
for weed management.9

The development of benzoheterocycle-based PPO-inhibiting
herbicides, such as the derivatives based on benzoxazinone, ben-
zothiazole, or benzoxazolinone cores,10–14 has recently attracted
much interest. These compounds generally possess novel chemi-
cal scaffolds and exhibit high herbicidal activity. However,
although a number of benzoxazinone derivatives have been
investigated, only limited members of them, such as flumioxazin
(FLU), trifludimoxazin, and thidiazimin, have been developed
and commercialized as PPO-inhibiting herbicides (Fig. 1(a)).15

The thienopyrimidine-benzoxazin reported by Xi and co-workers
can serve as an excellent PPO inhibitor with highly effective
post-emergence herbicidal activity at 18.75–37.5 g ai/ha.
Additionally, the crop safety assessment results indicate that the
thienopyrimidine-benzoxazin could be developed as a herbicide
for maize fields (Fig. 1(a)).16

Hydantoin, also known as imidazolidine-2,4-dione, is consid-
ered a valuable and privileged chemical scaffold in drug design
and discovery.17 Several compounds containing the hydantoin
fragment were developed for medicinal applications. For exam-
ple, phenytoin was used as an anticonvulsant and antiarrhythmic
agent. Nilutamide was employed for the treatment of prostate
cancer (Fig. 1(b)).18–20 Besides, phenytoin, nilutamide, and FLU
all contain a 2,4-dione moiety in their chemical structures.
Another compelling feature of the hydantoin scaffold is that it
can be synthesized through a straightforward cyclization reaction
using the inexpensive amino acids and aniline compounds as the

starting materials. Furthermore, this core structure is versatile for
the introduction of various substituents.17,21

N-containing heterocycles are one class of the most commonly
utilized pharmacophores in drug development.22–25 Among
them, 1,2,3-triazoles have attracted the attention of scientists
due to their wide range of biological activities.26–28 For example,
both tazobactam and cefatrizine contain such structural frag-
ments (Fig. 1(b)).29,30 The azide-alkyne cycloaddition, which has
become one of the significant methods in click chemistry due to
its high efficiency and mild reaction conditions,31,32 provides an
important synthetic pathway for the development of
1,2,3-triazole compounds with various biological activities.
As a continuous effort in the development of novel pesticide

structures in our laboratory,33–35 we employed an active substruc-
ture splicing strategy to integrate hydantoin fragments into the
benzoxazinone scaffold to design and synthesize a series of ben-
zoxazinone derivatives containing hydantoin moieties as poten-
tial novel PPO inhibitors. Meanwhile, FLU was chosen as the
reaction starting material, with its propargyl group utilized to
react with various azide-containing substances to synthesize a
series of benzoxazinone derivatives containing 1,2,3-triazole frag-
ments through efficient cyclization reactions (Fig. 1(c)). Subse-
quently, we systematically assessed the herbicidal activity and
crop selectivity of the synthetic compounds using a stem and leaf
spray method. Additionally, molecular docking and the molecular
mechanics Poisson-Boltzmann surface area (MM_PBSA) method
were employed to investigate the binding modes and binding
free energies of the highly effective herbicidal compounds with
the PPO enzyme. This study offers a valuable example of innova-
tion in target-based herbicide development through the strate-
gies of structural linking and intermediate derivatization.

Figure 1. (a) PPO-inhibiting herbicides or active molecules based on benzoxazinone scaffold; (b) Drug molecules containing hydantoin or 1,2,3-triazole
fragments; (c) Design strategies for novel benzoxazinone derivatives.
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2 MATERIALS AND METHODS
2.1 Chemicals and instruments
All chemical reagents, solvents, and instruments employed in the
experiments are enumerated and elucidated in the Supporting
Information S1.

2.2 Synthetic chemistry
The synthetic routes for the target compounds A1-A15 and
B1-B5 are shown in Fig. 2 and Fig. 3. The detailed synthetic
methods and characterization data (1H, 13C, 19F NMR spectra,
HRMS dates, and melting points) for these compounds are out-
lined in the Supporting Information S1.

2.3 X-ray diffraction
Dissolve the target compound A1 in a mixed solution of DMF and
acetonitrile, and let the solution stand at room temperature. This
process will precipitate colorless and block-shaped crystals. Suit-
able crystals will then be selected for structural confirmation using
X-ray diffraction. The CIF file for compound A1 was checked
using the checkcif.iucr.org/ website, and the checkCIF reports
were placed in the online version of this article. The supplemen-
tary crystallographic data for A1 have been submitted and

deposited in the Cambridge Crystallographic Data Centre
(CCDC, http://www.ccdc.cam.ac.uk/) under deposition number
2355163. The crystal structure of A1 is shown in Fig. 4.

2.4 Herbicidal activity
To systematically evaluate the post-emergence herbicidal
activity of the target compound and intermediate 10a against
grass and broadleaf weeds, the following weeds were selected
for the herbicidal activity tests: Lolium perenne (L.P.), Echinochloa
crusgalli (E.C.), and Digitaria sanguinalis (D.S.), Amaranthus retro-
flexus (A.R.), Abutilon theophrasti (A.T.), and Medicago sativa (M.
S.). Herbicidal activity tests and data evaluation were performed
at application rates of 75 to 150 g ai/ha, referencing methods
reported in previous literature.36,37 Weed seeds were planted in
plastic pots with an inner diameter of 8 cm and incubated in a
greenhouse under alternating temperatures of 15 °C (night,
12 h) and 25 °C (day, 12 h). After approximately 2 weeks, both
Abutilon theophrasti and Digitaria sanguinalis reached the third
leaf stage. The target compound was dissolved in DMF and then
diluted to the appropriate concentration with 0.1% Tween-80
before being evenly sprayed onto the stems and leaves of the
weeds. The typical PPO inhibitor FLU was employed as a positive

Figure 2. Synthetic procedures of compounds A1-A15. Reagents and conditions: (a) K2CO3, CH3CN, reflux; (b) Fe, acetic acid, reflux; (c) HNO3, H2SO4,
0 °C-r.t.; (d) R1-X, Cs2CO3, DMF, r.t.; (e) Fe, NH4Cl, C2H5OH (80%), reflux; (f) CO(OCCl3)2, Et3N, 1,4-Dioxane, 0 °C to reflux; (g) Various amino acid methyl ester
hydrochlorides (rac), Et3N, 1,4-Dioxane, reflux; (h) 6 M HCl, CH3OH, 80 °C; (i) R3-X, Cs2CO3, DMF, 50 °C.

Figure 3. Synthetic procedures of compounds B1-B5. Reagents and conditions: (j) CH3COOH, 80 °C; (k) CuI, 1,4-Dioxane, 80 °C.
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control, while an emulsion without any inhibitors (composed of
DMF and Tween-80) served as the blank control. After a 14-day
treatment period, herbicidal activity was assessed through visual
evaluation. All experiments were repeated three times. The post-
emergence herbicidal activity evaluation data for all tested com-
pounds, including FLU, are shown in Table 1.

2.5 Crop selectivity
To evaluate the crop selectivity of novel benzoxazinone com-
pounds, the compound A1, which exhibited the best herbicidal
activity, was selected for further crop selectivity test. Six represen-
tative crops, including rice, wheat, maize, peanut, cotton, and soy-
bean, were chosen as subjects for the crop selectivity studies.
These experimental crops were grown in plastic pots within the
greenhouse until they reached the four-leaf stage, at which point
they were treated with inhibitor emulsions at dosages ranging
from 75 to 150 g ai/ha. The extent of damage was assessed after
21 days. All experiments were conducted in triplicate. The evalua-
tion results are presented in Table 2.

2.6 Molecular docking and binding free energy
calculation
According to the reported method,16,38,39 the crystal structure of
NtPPO (PDB ID: 1sez) was downloaded from the PDB database
to serve as the receptor formolecular docking studies. Meanwhile,
the chemical structures of compounds A1 and FLU were con-
structed and optimized. AutoDockTools version 1.5.6 was utilized
to prepare the ligands and receptors. AutoDock 4.2 was employed
to predict the binding modes between compounds A1 and FLU
and NtPPO. Discovery Studio 2016 was employed to investigate
the interactions between the ligand and the key residues of the
receptor. PYMOL 1.8.6 was used to display the active site of
the inhibitor and to visualize the bindingmodes from the docking
results.
Molecular dynamics (MD) simulations of ligand-protein com-

plexes were carried out using the AMBER 20 software package

and the ff19SB force field. The AMBER force fields for the ligands
were generated with the Antechamber program, which enables
the creation of the AMBER Generalized Force Field (GAFF) for
ligands. The ligand-protein systems underwent a gently annealed
process from 0 to 300 K in 50 ps, followed by a 50 ps equilibrating
calculation at 300 K and 1 atm. Subsequently, each complex was
subjected to a 30 ns MD simulation. The last 10 ns of the MD tra-
jectories for each system were used for energy decomposition
analysis and binding free energy calculations.

3 RESULTS AND DISCUSSION
3.1 Chemistry
As shown in Fig. 2, intermediates 7a-7c were synthesized follow-
ing previously reported methods, involving reaction types such
as substitution, cyclization, nitration, and reduction of nitro
groups.7 Intermediates 7a-7c and triethylamine were dissolved
in 1,4-dioxane, the solution containing intermediates 7a-7c was
then slowly added to a solution of triphosgene in 1,4-dioxane at
0–5 °C. After the addition was complete, the mixture was heated
to reflux. After a reaction period of approximately 4–6 h, the
amino groups were converted to isocyanate groups, yielding
intermediates 8a-8c. After the solvent was removed, intermedi-
ates 8a-8cwere used directly in the subsequent stepwithout puri-
fication. Intermediate 8a-8c were dissolved in 1,4-dioxane and
reacted with various types of amino acid methyl esters
(racemate) at refluxing temperature under basic condition to
obtain intermediates 9a-9c. Intermediates 9a-9c were dissolved
in a mixed solution of 6 M HCl/CH3OH (v/v = 1:1) and heated to
reflux to obtain the cyclized intermediates 10a-10c.40 Subse-
quently, the intermediates 10a-10c were dissolved in DMF and
stir with Cs2CO3 at 50 °C to finally give the target compounds
A1-A15 in good yields.
Simultaneously, the intermediate 7a (6-amino-7-fluoro-4-(prop-

2-yn-1-yl)-2H- benzo[b][1,4]oxazin-3(4H)-one) and 3,4,5,6-
tetrahydrophthalic anhydride were dissolved in acetic acid and

Figure 4. The X-ray crystal structure of compound A1.
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heated to 80 °C with stirring to prepare FLU. To construct benzox-
azinone derivatives containing a 1,2,3-triazoles moiety, copper-
catalyzed cyclization reactions were carried out according to
reported procedures.41 FLU and various types of azide com-
pounds were dissolved in 1,4-dioxane, CuI was added as a cata-
lyst, and the mixture was stirred and heated to 80 °C to reaction,
yielding the target compounds B1-B5 in excellent yields. The
chemical structures of the target compounds were characterized
by 1H, 13C, and 19F NMR spectra, as well HRMS spectra.

3.2 Herbicidal activity and structure–activity
relationships (SARs)
The pot-spraying method was utilized to evaluate the post-
emergence herbicidal activities of all benzoxazinone derivatives
against six representative weeds. The PPO herbicide FLU was

selected as the control agent, and the results are shown in
Table 1. Initially, we analyzed the SAR of the benzoxazinone com-
pounds based on previous literature and found that replacing the
R1 with a propargyl group may enhance the herbicidal activity.16

Therefore, the propargyl group was selected as the preferred sub-
stituent at the R1 position. Meanwhile, to construct the hydantoin
fragment, various types of racemic amino acid methyl esters were
employed in the cyclization reactions and to evaluate the substit-
uent at the R2 position. Additionally, compounds A1-A4were syn-
thesized by substituting the NH group on the hydantoin with
methyl iodide. We discovered that compound A1 (R2 = CH3)
exhibited superior herbicidal activity compared to A2 (R2 = CH
(CH3)2), A3 (R2 = CH2CH(CH3)2), and A4 (R2 = CH2C6H5). Based
on these results, we speculate that the introduction of long-
chained alkyl groups or bulky aryl substituents at the R2 position

Table 1. Chemical structures and post-emergence herbicidal activities of novel benzoxazinone derivatives

Compound Dosage (g ai/ha) R1 R2 R3/R4

Inhibition (%)

L.P. E.C. D.S. A.R. A.T. M.S.

10a 150 CH2C CH CH3 H 0 0 0 0 0 0
A1 150 CH2C CH CH3 CH3 50 100 100 100 100 100

75 30 80 70 100 100 90
A2 150 CH2C CH CH(CH3)2 CH3 0 0 0 80 70 70
A3 150 CH2C CH CH2CH(CH3)2 CH3 0 0 0 50 40 50
A4 150 CH2C CH CH2C6H5 CH3 0 0 0 0 0 0
A5 150 CH2C CH CH3 CH2CH3 0 0 0 70 60 50
A6 150 CH2C CH CH3 CH2CH2CH3 0 0 0 50 50 50
A7 150 CH2C CH CH3 CH2(CH2)2CH3 0 0 0 30 30 40
A8 150 CH2C CH CH3 CH2CH(CH3)2 0 0 0 30 30 30
A9 150 CH2C CH CH3 CH2CH=CH2 0 10 10 80 80 60
A10 150 CH2C CH CH3 CH2CH=C(CH3)2 0 10 10 80 70 70
A11 150 CH2C CH CH3 CH2COOC2H5 0 0 0 10 10 10
A12 150 CH2C CH CH3 CH2COC2H5 0 0 0 0 0 0
A13 150 CH2C CH CH3 CH2COC6H5 0 0 0 0 0 0
A14 150 CH3 CH3 CH3 0 0 0 10 10 10
A15 150 CH2C6H4(4-OCH3) CH3 CH3 0 0 0 10 10 10
B1 150 - - CH2COOH 0 0 0 0 0 0
B2 150 - - CH2COOCH3 0 20 30 100 80 75
B3 150 - - CH2COOCH2CH3 0 20 30 100 85 80
B4 150 - - CH2CH2OH 0 0 10 80 80 60
B5 150 - - CH2C6H5 40 80 70 100 100 100
FLU 150 90 100 100 100 100 100

75 70 90 100 100 100 100

Abbreviations: LP, Lolium perenne; EC, Echinochloa crusgalli; DS, Digitaria sanguinalis; AR, Amaranthus retroflexus; AT, Abutilon theophrasti;
MS, Medicago sativa; FLU, Flumioxazin.

Table 2. Post-emergence crop selectivity of compounds A1 and flumioxazin

Compound Dosage (g ai/ha)

Crop injury (%)

Rice Wheat Maize Peanut Cotton Soybean

A1 150 50 60 40 70 100 90
75 40 30 30 40 90 70

Flumioxazin 150 80 75 70 80 100 100
75 60 60 50 60 90 85
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may significantly reduce the herbicidal activity of the compounds.
Subsequently, we investigated the effect of different substituents
at the R3 position on their herbicidal activities. The results indicate
that introducing different alkyl groups at the R3 position (A5-A8)
could decrease the herbicidal activity, which might be influenced
by the increasing steric hindrance. For example, the compound
A1 (R3 = CH3) displayed high efficiency and broad-spectrum her-
bicidal activity. In contrast, the compounds synthesized by nucle-
ophilic substitution of NH with long-chain haloalkanes (A5-A8)
exhibited limited inhibition effects on the growth of broadleaf
weeds and only slight inhibitory effects on gramineous weeds. It
is noteworthy that when the R3 position was substituted with
alkenyl groups (A9-A10), the herbicidal activities were slightly
higher than that of compounds A5-A8, but still exhibited weak
herbicidal activity against gramineous weeds. When the R3 posi-
tion was occupied by ester or carbonyl substituents (A11-A13),
the herbicidal activity of the synthesized compounds was very
weak, only exhibiting slight symptoms in the early stages. To
investigate the importance of the methyl group at the R3 position,
we assessed the herbicidal activity of intermediate 10a. We found
intermediate 10a exhibited almost negligible herbicidal activity
against all weeds. Finally, we investigated the impact of R1 substit-
uents on herbicidal activity using methyl and benzyl groups (A14-
A15), and only slight injury to broadleaf weeds is observed. This
finding is consistent with previous reports in the literature. There-
fore, we did not explore the diversity of substituents on the NH of
benzoxazinone. Finally, through systematic screening of herbi-
cidal activity, we found that compound A1 exhibited 100%
herbicidal activity against Echinochloa crusgalli, Digitaria sangui-
nalis, Amaranthus retroflexus, Abutilon theophrasti, and Medicago
sativa at a dose of 150 g ai/ha. Furthermore, at a reduced dose
of 75 g ai/ha, it still exhibited over 90% herbicidal activity against
broadleaf weeds.
Meanwhile, we investigated the herbicidal activity of benzoxazi-

none derivatives that contain a 1,2,3-triazole fragment. We discov-
ered that different types of branched substituents derived from
1,2,3-triazole exhibited significant influence on herbicidal activity.
For example, the compound B1, which bears a carboxyl group on
the 1,2,3-triazole motif, demonstrated negligible herbicidal activ-
ity. This may be attributed to its poor solubility and lipophilicity.
The formation of precipitation of B1 in the emulsion supports
our deduction. In contrast, the herbicidal activity is markedly
enhanced when ester groups were introduced to the
1,2,3-triazole moiety, especially against broadleaf weeds. For
example, compounds B2 and B3 exhibit over 75% herbicidal
activity against Amaranthus retroflexus, Abutilon theophrasti, and
Medicago sativa at a dosage of 150 g ai/ha, while demonstrating
weak activity against Echinochloa crusgalli and Digitaria sanguina-
lis. Moreover, the introduction of hydroxyethyl group on the
branched chain of 1,2,3-triazole (B4) also demonstratedmoderate
to good herbicidal activity against broadleaf weeds. Interestingly,
the compound B5, synthesized from (azidomethyl)benzene and
FLU, demonstrated 100% herbicidal activity against the tested
broadleaf weeds at a dosage of 150 g ai/ha and over 70% herbi-
cidal activity against Echinochloa crusgalli and Digitaria sanguina-
lis. Unfortunately, it exhibited only 40% herbicidal activity against
Lolium perenne.
Based on the above analysis, we next systematically studied the

effects of the R2 and R3 groups on the benzoxazinone derivatives
containing a hydantoin fragment (A1-A15). The results indicated
that the methyl substituents at both the R2 and R3 positions
benefited the herbicidal activity. The herbicidal activities

decreased when switching the R3 group into other substituents:
methyl group > unsaturated hydrocarbons > saturated alkanes
> ester groups>H. A propargyl group at the R1 position exhibited
better herbicidal effects than the other substituents we tested. For
benzoxazinone derivatives containing a 1,2,3-triazole moiety, the
branched substituents attached to the 1,2,3-triazole fragment
play a vital role in the herbicidal activity of the compounds. Our
preliminary analysis indicated that the presence of a benzyl group
and an ester group attached to the 1,2,3-triazole moiety
enhanced the herbicidal activity of the compounds. However,
due to the limited number of novel benzoxazinone derivatives
that incorporate 1,2,3-triazole fragments, further investigation is
needed to explore and discover new compounds with high herbi-
cidal activity. The SAR analysis of the synthesized novel benzoxa-
zinone derivatives is shown in Fig. 5.

3.3 Crop selectivity
To evaluate the commercializing potential of the current benzox-
azinone derivatives, we assessed the post-emergence crop selec-
tivity of the representative compound A1. The selectivity
evaluation data of compound A1 and FLU against rice, wheat,
corn, peanut, cotton, and soybean at application doses of 75–
150 g ai/ha are shown in Table 2. It is noteworthy that all crops
treated with compound A1 and FLU exhibit severe burn symp-
toms at early stages. However, in the later stages, different crops
exhibited varying degrees of recovery. Within the dosage range
of 75–150 g ai/ha, compound A1 exhibited overall greater safety
to the tested crops than the control drug of FLU. At a dosage of
150 g ai/ha, there was no significant difference in safety between
compound A1 and FLU for dicotyledonous crops. In contrast,
compound A1 demonstrated obviously superior safety for mono-
cotyledonous crops to FLU. When the application rate is reduced
to 75 g ai/ha, the safety of compound A1 significantly increases in
rice, wheat, maize, and peanuts, with a damage rate of only 30%
observed in wheat andmaize. The results of the herbicidal activity
and crop selectivity assessments suggest that compound A1 pos-
sesses great potential for commercialization as a novel PPO-
inhibiting herbicide.

3.4 Molecular simulation studies
To gain a deeper understanding of the herbicidal mechanism of
the highly active compound A1, we selected compounds A1
and FLU for subsequent molecular simulation studies. As shown
in Table 3, the binding free energies of the A1 − NtPPO and flu-
mioxazin−NtPPO systems were calculated using the MM_PBSA
method. The ΔEele values for the A1 − NtPPO and flumioxazin
−NtPPO systems were −40.15 kcal/mol and −55.81 kcal/mol,

Figure 5. SAR analysis of novel benzoxazinone derivatives as herbicides.
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respectively, which indicated that the electrostatic energy of flu-
mioxazin (including hydrogen bond interactions) with NtPPO is
greater than that of compoundA1withNtPPO. Besides, theΔEvdw
value for compound A1 (−46.06 kcal/mol) was higher than that of
FLU (−26.57 kcal/mol) when interacting with NtPPO. In addition,
the binding free energies (ΔGbind) of compound A1 and FLU with
NtPPO were −24.33 kcal/mol and −34.88 kcal/mol, respectively.
This indicates that FLU binds more tightly to NtPPO than com-
pound A1, which is consistent with the results of the herbicidal
activity assays.
To visually illustrate the binding mode of compound A1 with

NtPPO, the molecular docking results of compound A1 and FLU
are presented in Fig. 6. We observed that compound A1 and
FLU bind to NtPPO within the same hydrophobic pocket, sur-
rounded by several hydrophobic residues, including Leu-334,
Leu-356, Leu-369, Leu-372, and Phe-392 (Fig. 6(A),(B)). Therefore,
they may exhibit similar types of interaction to these amino acid

residues (Fig. 6(C),(D)). For example, the carbonyl group of the
oxazinone in compoundA1 and FLU engages in a hydrogen bond
interaction with Arg-98, with a bond length of 2.4 Å. In addition,
the fluorine atom on the benzene ring of compound A1 forms
hydrogen bonds with Gly-370 and Thr-371, exhibiting bond
lengths of 4.1 Å (F···Gly-370) and 3.8 Å (F···Thr-371). Meanwhile,
in FLU, the fluorine atom also establishes hydrogen bonds with
Gly-370 and Thr-371, with bond lengths of 4.6 and 3.4 Å, respec-
tively. Besides, the difference is that the five-membered ring of
the cyclic imide moiety in the structure of FLU possesses aroma-
ticity, which enables it to form a π-π stacking interaction with
Phe-392, characterized by a bond length of 3.9 Å. However, one
of the methyl groups on the hydantoin fragment of compound
A1 forms a π-alkyl interaction with Phe-392, with a distance of
3.8 Å. To gain amore detailed insight into the contribution of each
residue in NtPPO to the binding free energy, we decomposed the
binding free energy of the A1-NtPPO and flumioxazin-NtPPO

Table 3. Binding energies (kcal/mol) of compound A1 and flumioxazin with NtPPO

Compound ΔEele ΔEvdw ΔEMM
a ΔEsol ΔEbind

b −TΔS ΔGbind
c

A1 −40.15 −46.06 −86.21 41.75 −44.46 20.13 −24.33
Flumioxazin −55.81 −26.57 −82.37 37.21 −45.16 10.28 −34.88

a ΔEMM = ΔEele + ΔEvdw.
b ΔEbind = ΔEgas + ΔGsol.
c ΔGbind = ΔEbind − TΔS.

Figure 6. Active cavity and binding modes of compounds A1 and Flumioxazin with NtPPO. Active cavity and binding modes of compound A1 with
NtPPO (A and C), Active cavity and binding modes of flumioxazin with NtPPO (B and D). The compounds A1 and flumioxazin are shown as green sticks.
The key residues around the active site and FAD are shown in blue sticks.
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systems. As shown in Fig. 7, the contributions to the binding free
energy primarily originated from the residues Arg-98, Gly-175,
Thr-176, Phe-353, Leu-356, Leu-369, Leu-372, and Phe-392.
Among these residues, Phe-392 serves as the most significant
contributing residue, exhibiting binding energies of −3.20 kcal/
mol and −3.28 kcal/mol for the A1-NtPPO and flumioxazin-NtPPO
complexes, respectively. These results highlight the importance of
the van der Waals interactions between Phe-392 and the hydan-
toin moiety in compound A1, as well as the five-membered ring
in FLU. Meanwhile, the high PPO inhibition rate of compound
A4may also be enhanced by a stronger van der Waals interaction
between the phenyl group on the hydantoinmoiety and Phe-392.
Furthermore, the binding energies for the residue Leu-356 in the
A1-NtPPO and flumioxazin-NtPPO systems are −2.09 kcal/mol
and −2.51 kcal/mol, suggesting that the propargyl also contrib-
utes significantly to the van der Waals interactions. The multiple
computational analyses of the bindingmodes of novel benzoxazi-
none derivatives within the active pocket of NtPPO have provided
in-depth insights and theoretical guidance for the rational design
of novel PPO inhibitors.
In summary, we designed and synthesized a series of structur-

ally novel benzoxazinone derivatives as novel PPO inhibitors by
incorporating hydantoin or 1,2,3-triazole fragments into the ben-
zoxazinone scaffold. Through systematic screening of the herbi-
cidal activity of all synthesized target compounds, we found that
compound A1 exhibited 100% herbicidal activity against Echino-
chloa crusgalli, Digitaria sanguinalis, Amaranthus retroflexus, Abuti-
lon theophrasti, and Medicago sativa at a dose of 150 g
ai/ha. Furthermore, at a reduced dose of 75 g ai/ha, it still demon-
strated over 90% herbicidal activity against broadleaf weeds.
Additionally, crop selectivity experiments indicated that com-
pound A1 has the potential for application in wheat and corn
fields. Molecular docking results indicated that compound A1
and FLU occupy the same active site of the NtPPO enzyme and
exhibit similar interactions with the same residues. Overall, this
valuable finding provides new insights for the future develop-
ment of novel benzoxazinone derivatives as PPO inhibitors.
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