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ABSTRACT: In order to discover novel protoporphyrinogen oxidase (PPO) inhibitors with excellent herbicidal activity, a series of
structurally novel 6-(pyridin-2-yl) benzothiazole derivatives were designed based on the scaffold hopping strategy. The in vitro
experiments demonstrated that the newly synthesized compounds exhibited noteworthy inhibitory activity against Arabidopsis
thaliana PPO (AtPPO), with IC50 values ranging from 0.06 to 1.36 μM. Preliminary postemergence herbicidal activity tests and crop
safety studies indicated that some of our compounds exhibited excellent herbicidal activity and crop safety. For instance, compound
(rac)-7as exhibited superior herbicidal activities to commercially available flumioxazin (FLU) and saflufenacil (SAF) at all the tested
concentrations and showed effective herbicidal activities even at a dosage as low as 18.75 g ai/ha. Meanwhile, compound (rac)-7as
showed good crop safety for wheat at a dosage as high as 150 g of ai/ha. Although the absolute configuration of compound 7as has
no obvious effect on its herbicidal activity, compound (R)-7as showed a slightly higher crop safety than compound (S)-7as.
Molecular simulation studies of Nicotiana tabacum PPO (NtPPO) and our candidate compounds showed that the benzothiazole
moiety of compounds (R)-7as or (S)-7as formed multiple π−π stacking interactions with FAD, and the pyridine ring generated π−π
stacking with Phe-392. Our finding proved that the pyridyl−benzothiazol hybrids are promising scaffolds for the development of
PPO-inhibiting herbicides.
KEYWORDS: scaffold hopping, pyridyl−benzothiazol hybrids, protoporphyrinogen IX oxidase, herbicides

■ INTRODUCTION
Protoporphyrinogen oxidase (PPO, EC 1.3.3.4) is a key
enzyme in the biosynthesis of chlorophyll, which catalyzes the
conversion of protoporphyrinogen IX to protoporphyrin IX in
the chloroplasts and mitochondria of plants, therefore making
it one of the most important targets for herbicides.1−4

Specifically, the activity of PPO is inhibited when plants are
treated with PPO herbicides, resulting in the accumulation of
protoporphyrinogen IX and the suppression of protoporphyrin
IX synthesis, and therefore affects the formation of the
chloroplast.5−8 Besides, the accumulated protoporphyrinogen
IX within the chloroplasts will leak into the cytoplasm, wherein
the protoporphyrinogen IX undergoes auto-oxidation to form
the protoporphyrin IX. When exposed to light, the
protoporphyrin IX in the cytoplasm will promote the
formation of reactive oxygen species (ROS) in the presence
of oxygen (O2), which leads to lipid peroxidation and
ultimately results in cell death.9−11

Indeed, PPO-inhibiting herbicides have been used for weed
control in the field for more than half a century.12,13 They are
characterized by high efficiency of weed control, favorable
environmental safety, low application dosage, and low toxicity
to mammals.14,15 Besides, the spectrum of weed control for
PPO inhibitors is broad, including broadleaf weeds, some grass
weeds, and even those that have developed resistance to
glyphosate and acetolactate synthase (ALS)-inhibiting herbi-
cides.16,17 Consequently, the design and synthesis of new PPO

inhibitors have consistently been a highly active research field
in herbicide development.
Over the years, scaffold hopping has been proven to be a

powerful strategy for developing new agricultural chemicals
due to its advantages in improving the physicochemical
properties, enhancing biological activity, and overcoming the
narrow intellectual property of lead compounds or old
agrochemicals.18,19 Among the strategies used for scaffold
hopping, heterocycle replacements have been extensively
applied in the herbicide optimization process including PPO
inhibitor development.20 Due to our continuous interest in
developing structurally novel small molecules with agricultural
activities, we are interested in designing protoporphyrinogen
oxidase (PPO) inhibitors with excellent herbicidal activity
under the direction of the scaffold hopping strategy.21−23

Our entry to this objective was in part inspired by
pyrimidinedione and phenylpyridine skeletones. Pyrimidine-
dione is a privileged structure for designing PPO inhibitors
with noteworthy examples such as saflufenacil, butafenacil, and
tiafenacil (Figure 1a).24 In 2016, Yang’s research group also
reported a pyrimidinedione-containing compound 9F-6 as a
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typical PPO inhibitor, which exhibits broad-spectrum
herbicidal activity at a concentration of 37.5 g ai/ha (Figure
1d).25 On the other hand, phenylpyridine also found
applications in PPO inhibitors. For example, Schaf̈er et al.
designed and synthesized a series of novel phenylpyridine
compounds under the direction of molecular modeling strategy
from diphenyl ethers (Figure 1a), a PPO-inhibiting herbicide.
These compounds exhibit strong PPO inhibitory activity (PPO
IC50 = 4 × 10−8 mol/L) and therefore exhibited good
herbicidal activity.26 We found that there are considerable
similarities between the pyrimidinedione moiety and the 3-Cl-
5-CF3-2-pyridyl fragment in terms of the electrostatic potential
(ESP) and chemical space (Figure 1b,c). For example, both
fragments are trifluoromethyl-substituted six-membered N-
containing aromatic heterocycles, which therefore lead to a
similar three-dimensional structure. Besides, ESP calculations
suggested that the two fragments bear a considerably similar

ESP, which would result in similar behavior in terms of
electrostatic interactions between the ligand and protein.27−29

Based on the above analysis and the scaffold hopping
strategy, we herein report that a series of novel PPO inhibitors
were designed by replacing the pyrimidinedione fragment of
compound 9F-6 with the 3-Cl-5-CF3-pyridin-2-yl moiety
(Figure 1d). A series of 6-(substituted pyridin-2-yl) benzo
[d] thiazole derivatives were prepared and studied. In vitro
experiments were conducted which proved that our newly
designed compounds exhibited noteworthy inhibitory activity
against Arabidopsis thaliana PPO (AtPPO). Preliminary
postemergence herbicidal activity tests and crop safety studies
demonstrated that some of our compounds exhibited good
herbicidal activities and crop safety. Molecular docking and
molecular dynamics (MD) simulation studies were performed
to gain insights into the inhibitory mechanism. The excellent
herbicidal activities and the high crop safety demonstrated that
such types of compounds are potential candidate molecules for

Figure 1. (a) Representative structures of pyrimidinedione and phenylpyrimidine herbicides; (b) ESP analysis of pyrimidinedione and 3-Cl-5-CF3-
2-pyridyl fragments; (c) chemical space analysis of pyrimidinedione and 3-Cl-5-CF3-2-pyridyl fragments; (d) design strategy for the target
compounds.

Figure 2. Synthetic route for compounds 7aa−7bi. Reagents and conditions: (a) Pd(PPh3)2Cl2, Na2CO3, 1,4-Dioxane/H2O = 1/1, 60 °C; (b)
HNO3, H2SO4, 0 °C - r.t.; (c) Fe, NH4Cl, C2H5OH (80 %), reflux; (d) EtOC(S)SK, DMF, 90 °C, con. HCl; (e) R�X, K2CO3, CH3CN, 50 °C.

Figure 3. Synthetic procedures of compounds 8, 9a, and 9b. Reagents and conditions: (f) NaIO4, RuCl3, CH3CN, CCl4, H2O. (g) R�OH,
K2CO3, CH3CN, 50 °C.
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the development of novel herbicides. On the other hand, this
study provides a meaningful instance of discovering herbicide
candidates through the scaffold hopping strategy.

■ MATERIALS AND METHODS
Chemicals and Instruments. All chemical reagents, solvents, and

instruments employed in the experiment are enumerated and
elucidated in the Supporting Information.
Synthetic Chemistry. The synthetic routes for the target

compounds 6a−6d, 7aa−7bi, 8, 9a, and 9b are shown in Figures 2
and 3. The detailed synthetic methods and characterization data (1H,
13C, 19F NMR spectra, HPLC spectra, HRMS spectra, and melting
points) for these compounds are outlined in the Supporting
Information.
X-ray Diffraction. Single crystals of compound (rac)-7as were

obtained through a process of slow evaporation from a chloroform
solution. The supplementary crystallographic data for (rac)-7as have
been submitted and deposited in the Cambridge Crystallographic
Data Centre (CCDC, http://www.ccdc.cam.ac.uk/) under deposition
number 2255180. The crystal structure of (rac)-7as is shown in
Figure 4.
Herbicidal Activity. To evaluate the postemergence herbicidal

activities of the target compounds, a series of tests were conducted by
using three representative monocotyledon weeds: Lolium perenne
(L.P.), Echinochloa crusgalli (E.C.), and Digitaria sanguinalis (D.S.). In
a parallel approach, three distinct broadleaf weed species were also
investigated: Amaranthus retroflexus (A.R.), Abutilon theophrasti
(A.T.), and Medicago sativa (M.S.). The evaluations were carried
out at concentrations ranging from 18.75 to 150 g ai/ha by using
methods that had been previously reported.30,31 Prior to testing, weed
seeds were planted in flower pots with an inner diameter of 8 cm and
placed within a greenhouse at alternating temperatures of 15 °C
(night, 12 h) and 25 °C (day, 12 h) until the third-leaf stage of
Digitaria sanguinalis. FLU, SAF, and our compounds were dissolved in
DMF and subsequently diluted to the corresponding concentrations
using 0.1% Tween-80 before being sprayed onto the weeds. FLU and
SAF were employed as the positive control, and an emulsion
(composed of DMF + Tween-80) was employed as a blank control.
After a 14-day treatment duration, the herbicidal activity was
measured via visual assessment (Table 1). All of the experiments
were repeated three times.
Crop Selectivity. Compounds that exhibited excellent herbicidal

activities, such as 7ac, 7aj, (rac)-7as, (R)-7as, and (S)-7as, were

selected for further crop selectivity tests. Six representative crops
including rice, wheat, maize, peanut, cotton, and soybean were chosen
for crop selectivity studies within the greenhouse. These experimental
crops were grown in plastic pots in the greenhouse. They were treated
with the candidates at dosages ranging from 75 to 150 g ai/ha once
they reached the four-leaf stage. The extent of damage was assessed
after 14 days. The results are given in Table 2. All the experiments
were repeated three times.

AtPPO Inhibitory Experiments. The plant PPO enzyme-linked
immunosorbent assay (ELISA) kit, manufactured by Jiangsu Meimian
Industrial Co., Ltd. (Jiangsu Province, China), was employed to
evaluate the in vitro inhibitory activity of specific compounds against
AtPPO. FLU was used as a positive control. The experimental
procedures were conducted following the instructions provided by the
manufacturer and the previously reported methods.32 Briefly, the
catalytic rate of PPO was determined by the changes in the
concentration of the enzyme product, protoporphyrin IX, over an
effective time frame. The concentration was quantified through
absorbance measurements taken with a UV−visible spectrophotom-
eter at a wavelength of 410 nm. The half-maximal inhibitory
concentration (IC50) was calculated using the standard curve plotted
from the experimental results.
Molecular Docking. The protein sequence of AtPPO (Uniprot

ID: Q8S9J1) was obtained from the UniProt database. Although the
crystal structure of AtPPO was not reported until now, it was found
that the Nicotiana tabacum PPO [(NtPPO), PDB code, 1sez]
exhibited a substantial sequence similarity (67.07%) with AtPPO,
estimated by the template search function on the Swiss Model Web
site. Thus, the crystal structure of NtPPO was obtained from the PDB
database and employed as the receptor for molecular docking. The
structures of compounds 7aj, (R)-7as, and (S)-7as were constructed
and optimized by using chemdraw 20 before use. AutoDockTools
version 1.5.6 was used for the preparation of ligands and receptors,
and AutoDock 4.2 was used to predict the binding modes between
compounds 7aj, (R)-7as, and (S)-7as and NtPPO respectively.
PYMOL 1.8.6 was used for the extraction of receptors and
visualization of the simulation results.
MD Simulations. According to the reported method,14,31 MD

simulations of ligand−protein complexes were carried out using the
AMBER 14 software package and the ff14SB force field. The AMBER
force fields for the ligands were generated by using the Antechamber
program. The Antechamber program was utilized to generate the
AMBER force fields (GAFF) for the ligands. The ligand−protein
systems underwent a gradual heating process from 0 to 300 K within

Figure 4. X-ray crystal structure of compound (rac)-7as.
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Table 1. Postemergence Herbicidal Activities of Substituted 6-(pyridin-2-yl) Benzothiazole Derivatives

compd dosage (g ai/ha) X Y W R

inhibition (%)

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

6a 150 Cl F S H 0 0 0 100 100 80
6b 150 H F S H 0 0 0 40 10 20
6c 150 Cl Cl S H 0 0 0 40 10 20
6d 150 Cl CH3 S H 0 0 0 30 10 20
7aa 150 Cl F S CH3 40 80 100 100 100 100
7ab 150 Cl F S CH2CH3 40 40 100 100 100 100
7ac 150 Cl F S CH2CH2CH3 40 100 100 100 100 100

75 30 80 90 100 100 100
37.5 20 70 75 100 100 100
18.75 10 60 70 100 100 100

7ad 150 Cl F S CH2CH2CH2CH3 40 70 50 100 100 100
7ae 150 Cl F S CH2CH2OH 20 80 70 100 100 100
7af 150 Cl F S CH2CH2Br 20 40 80 100 100 100
7ag 150 Cl F S CH2CH�CH2 70 70 70 100 100 100
7ah 150 Cl F S CH2CH�CH(CH3)2 0 60 80 100 100 100
7ai 150 Cl F S CH2CH�CHCl 0 0 0 100 100 100
7aj 150 Cl F S CH2C�CH 70 90 100 100 100 100

75 60 80 100 100 100 100
37.5 50 70 90 100 100 100
18.75 40 60 70 100 100 100

7ak 150 Cl F S CH2C�CCH3 0 0 0 100 100 20
7al 150 Cl F S CH2COCH2CH3 0 0 0 100 100 40
7am 150 Cl F S CH2C6H5 0 0 0 100 100 100
7an 150 Cl F S CH2C6H4(2-COOCH3) 0 0 0 80 70 50
7ao 150 Cl F S CH2COOCH3 50 100 100 100 100 100
7ap 150 Cl F S CH2COOCH2CH3 70 90 100 100 100 100
7aq 150 Cl F S CH2COOCH(CH3)2 70 100 100 100 100 100
7ar 150 Cl F S CH(CH3)COOCH3 90 100 100 100 100 100
(rac)-7as 150 Cl F S CH(CH3)COOCH2CH3 100 100 100 100 100 100

75 90 100 100 100 100 100
37.5 70 90 100 100 100 100
18.75 60 80 90 100 100 100

(R)-7as 18.75 70 85 95 100 100 100
(S)-7as 18.75 60 80 90 100 100 100
7at 150 Cl F S CH2CH2COOCH2CH3 50 60 100 100 100 100
7au 150 Cl F S CH(CH2CH3)COOCH3 90 100 100 100 100 100
7av 150 Cl F S CH(CH2CH3)COOCH2CH3 90 100 100 100 100 100
7aw 150 Cl F S CH(CHCH3CH3)COOCH2CH3 40 50 100 100 100 100
7ax 150 Cl F S CH2CHCHCOOCH2CH3 20 70 100 100 100 100
7ay 150 H F S CH2CH2CH3 0 0 10 40 30 0
7az 150 H F S CH2COOCH2CH3 0 20 30 100 80 70
7ba 150 H F S CH(CH3)COOCH2CH3 0 60 30 100 100 80
7bb 150 Cl Cl S CH2CH2CH3 0 10 10 50 30 20
7bc 150 Cl Cl S CH2CH�CHCl 0 10 0 10 10 10
7bd 150 Cl Cl S CH2COOCH2CH3 0 40 30 100 90 80
7be 150 Cl Cl S CH(CH3)COOCH2CH3 0 30 40 100 100 90
7bf 150 Cl CH3 S CH2CH2CH3 0 0 0 10 10 10
7bg 150 Cl CH3 S CH2CH�CHCl 0 0 0 10 10 0
7bh 150 Cl CH3 S CH2COOCH2CH3 0 20 20 50 20 40
7bi 150 Cl CH3 S CH(CH3)COOCH2CH3 0 20 30 50 20 40
8 150 Cl F SO2 CH3 0 0 10 30 30 0
9a 150 Cl F O CH2COOCH3 0 60 70 100 100 90

75 0 20 40 100 70 80
9b 150 Cl F O CH(CH3)COOCH3 0 60 70 100 100 90

75 0 30 50 100 70 80
FLUb 150 90 100 100 100 100 100

75 70 90 100 100 100 100
37.5 50 80 90 100 100 100
18.75 30 60 70 100 100 100
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50 ps, followed by a 50 ps equilibration calculation at 1 atm and 300
K. Subsequently, a 20 ns molecular dynamics (MD) simulation was
conducted for each complex. The snapshots captured during the final
10 ns of the MD simulation were employed for calculating the binding
free energy. Finally, the root-mean-square deviation (RMSD) was
used to evaluate the binding stability of the complexes of compounds
7aj, (R)-7as, and (S)-7as with NtPPO; the energy decomposition
analysis for each system was executed utilizing the MM_PBSA
module.

■ RESULTS AND DISCUSSION
Chemistry. As shown in Figure 2, intermediates 3a−3d

were synthesized in moderate yields through Suzuki coupling
reactions between the corresponding 2-chloropyridines (1a−
1b) and phenylboronic acids (2a−2c) in the presence of
Pd(Ph3)2Cl2 as the catalyst. The nitro group was site-
selectively installed through the nitration reaction, and the
resulting compounds 4a−4d were used directly for the next
reduction step without purification. Crude products 4a−4d
were subjected to a mixture of Fe and NH4Cl in ethanol/water
(4:1), which subsequently were heated to reflux to yield the
corresponding reduced amine products 5a−5d. Benzothiazoles
6a−6d were obtained by the reaction of 5a−5d and potassium
ethyl xanthate in DMF at 90 °C via a cyclization process. After
the reaction, hydrochloric acid was added to precipitate the
products as a solid, and the desired product was isolated
through vacuum filtration. Finally, intermediates 6a−6d were
subjected to react with various halogenated compounds in the
presence of K2CO3 as the base and CH3CN as the solvent
under 50 °C, which eventually results in the formation of the
final products 7aa−7bi. The compounds (R)-7as and (S)-7as
were prepared according to the previously reported method.33

L-Alanine ethyl ester hydrochloride was dissolved in an
aqueous solution of HBr (48%), and sodium nitrite aqueous

solution was slowly added dropwise at 0−5 °C. The mixture
was stirred at 0−5 °C for 2 h to give (R)-2-bromo propionic
acid ethyl ester. Replacing the L-alanine ethyl ester hydro-
chloride with D-alanine ethyl ester hydrochloride led to the
formation of the (S)-2-bromo propionic acid ethyl ester. The
compounds (R)-7as and (S)-7as were prepared by classical
nucleophilic substitution reactions between 6a and the
corresponding α-bromine carboxylic acid esters according to
a reported method.34 The enantiomeric excess (er) was
determined by HPLC (for more detailed information, see
Supporting Information).
To investigate the contribution of the sulfur atom in 7 to the

herbicidal activity, the sulfur atom was changed to the oxygen
atom via a sequence treatment of 7aa, including oxidation of
7aa and nucleophilic substitution with different alcohols, which
eventually afford the target ethers 9a−9b. The chemical
structures of the target compounds were characterized by 1H,
13C, and 19F NMR spectra as well as HPLC and HRMS
spectra.
Herbicidal Activity and Structure−Activity Relation-

ship (SAR). The postemergence herbicidal activities of all the
target compounds against six representative weeds were
evaluated in a greenhouse environment. The PPO herbicides
FLU and SAF were chosen as the control agents, and the
evaluated data are presented in Table 1. Furthermore, when
the tested weeds were exposed to light in the greenhouse, some
of them displayed bleaching symptoms comparable to those
caused by FLU or SAF. This confirmed that the synthesized
target molecules functioned as PPO inhibitors (Figure 3). In
the majority of instances, the herbicidal activities correlated
with the inhibitory effects observed in in vitro experiments
against AtPPO. As shown in Table 1, a large number of
compounds such as 7ac−7aj, 7am, and 7ao−7ax exhibited

Table 1. continued

compd dosage (g ai/ha) X Y W R

inhibition (%)

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

SAFc 150 90 100 100 100 100 100
75 80 100 95 100 100 100
37.5 60 90 85 100 100 100
18.75 40 85 80 100 100 100

aAbbreviations: Lolium perenne (L.P.); Echinochloa crusgalli (E.C.); Digitaria sanguinalis (D.S.); Amaranthus retroflexus (A.R.); Abutilon
theophrasti (A.T.); Medicago sativa (M.S.). bFlumioxazin (FLU). cSaflufenacil (SAF).

Table 2. Postemergence Crop Selectivities of Compounds 7ac, 7aj, and 7as, Flumioxazin and Saflufenacil

compd dosage (g ai/ha)

crop injury (%)

rice wheat maize peanut cotton soybean

7ac 150 15 20 20 15 100 30
75 10 10 10 10 85 10

7aj 150 20 20 50 30 100 40
75 10 10 40 20 90 20

(R)-7as 150 80 70 70 60 100 100
75 70 60 50 50 100 90

(rac)-7as 150 70 40 60 50 100 100
75 40 20 40 40 90 70

(S)-7as 150 65 35 55 40 100 100
75 35 20 35 30 85 65

flumioxazin 150 80 75 70 80 100 100
75 60 60 50 60 90 85

saflufenacil 150 80 60 75 90 100 100
75 70 40 60 70 100 90
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complete control against the three tested broad-leaved weeds
at a dosage of 150 g ai/ha through postemergence application.
Among them, compounds (rac)-7as, 7au, and 7av exhibited
efficacy exceeding 90% against all six tested weeds at a dosage
of 150 g of ai/ha. To have a clear understanding of the
herbicidal activity of our target compounds, the postemergence
herbicidal activities of 7ac, 7aj, and (rac)-7as were investigated
at doses ranging from 18.75 to 75 g ai/ha. It is worth noting
that compounds 7ac, 7aj, and (rac)-7as maintained their
ability to completely control all the tested broadleaf weeds
even at a dosage as low as 18.75 g ai/ha. The influence of the
absolute configuration of 7as on the herbicidal activities was
also explored. All three forms of compound 7as exhibited
superior herbicidal activities against all of the tested weeds at a
dosage of 18.75 g ai/ha to the commercial FLU. However, no
significant difference in herbicidal activities was observed
among (rac)-7as, (R)-7as, and (S)-7as under visual observa-
tion.
We then explored the structure−activity relationship (SAR)

of 6-(substituted pyridin-2-yl)benzo[d]thiazole derivatives.
The postemergence herbicidal activities of 6a-6d with different
groups at X and Y positions were first investigated. The results
showed that the substituents at X and Y may potentially alter
the herbicidal spectrum of the target compound within a
certain range (Table 1). For example, compound 6a (X = Cl, Y
= F) exhibits a stronger herbicidal activity against broadleaf
weeds compared to 6b−6d at a rate of 150 g ai/ha. Specifically,
compound 6a exhibits herbicidal activities exceeding 80%
against the three tested broadleaf weeds, whereas compounds
6b−6d showed weak herbicidal activities at a rate of 150 g ai/
ha. It is worth noting that compounds 6a−6d do not exhibit
any herbicidal activity against grassy weeds.
Subsequently, the effect of the substituent at the R position

on the herbicidal activity was investigated using compounds
7aa−7bi as testing candidates, and the results are summarized
in Table 1. Their herbicidal activity and spectrum were
significantly superior to those of compound 6. For instance,
the incorporation of −CH2CH2CH3 (7ac) and −CH2CCH
(7aj) as R groups significantly enhanced the herbicidal activity
and expanded the herbicidal spectrum compared with other
alkyl groups. The steric effect of the R group has a remarkable
effect on the herbicidal activities as the herbicidal activities
significantly decreased when bulky groups such as benzyl
(7am) and 2-substituted benzyl (7an) were introduced as the
R group. The incorporation of an ester group as the R moiety
(7ao−7ba) significantly improved the herbicidal activities
against both broadleaf weeds and grassy weeds. Besides, the
steric effect of this ester group also has a remarkable effect on
the herbicidal activities. Among all of the tested R groups,
−CH(CH3)COOC2H5 (7as) showed optimal activities against
all of the tested broadleaf weeds and grassy weeds. To
investigate the influence of the absolute configuration of 7as
on the herbicidal activities, the herbicidal activities of (rac)-
7as, (R)-7as, and (S)-7as were evaluated, respectively, at a
dosage of 18.5 g ai/ha. The results suggested that the absolute
configuration did not significantly affect the herbicidal activity
(Table 1). However, it is worth noting that compound (R)-7as
exhibited faster burning symptoms on the leaves during the
initial test stage compared to those of (rac)-7as and (S)-7as. In
addition, replacing the sulfur atom with SO2 will decrease the
herbicidal effectiveness. For example, the herbicidal activities of
compound 7aa were significantly greater than that of
compound 8. Similarly, replacing the S atom with the O

atom also resulted in a significant loss of herbicidal efficacy, as
the herbicidal activities of compounds 7ao and 7ar were
notably higher than those of compounds 9a and 9b.
Based on the above analysis, we conclude that the R group

has a significant impact on the herbicidal activities and the
introduction of the ester group as the R moiety can
significantly improve the herbicidal activities. Among the
tested ester groups, −CH(CH3)COOC2H5 exhibited the
highest herbicidal activity. The order for other groups is
alkyl, benzyl, or hydrogen atoms (ester group > alkyl > benzyl
≈ hydrogen). The SAR results mentioned above are shown in
Figure 5.

Crop Selectivity. As an effort to further explore the
potential of the highly active 6-(substituted pyridin-2-yl)-
benzo[d]thiazole derivatives as herbicide candidates, we
evaluated the postemergence crop safety of representative
compounds 7ac, 7aj, (rac)-7as, (R)-7as, and (S)-7as at
dosages ranging from 75 to 150 g ai/ha. As detailed in Table
2, in most cases, all of our tested compounds exhibited better
crop safety than the commercially available FLU and SAF.
Specifically, compounds 7ac and 7aj exhibited the highest crop
safety to rice, wheat, corn, and peanut. The crop safety of
compound 7as is limited, whereas it is still better than FLU
and SAF, and it exhibited a specific selectivity for wheat.
Furthermore, although the absolute configuration of com-
pound 7as has no obvious effect on its herbicidal activity,
compound (R)-7as showed slightly higher crop safety than
compound (S)-7as as plants treated with (R)-7as exhibited
more pronounced symptoms of scorching in the early stages.
However, it should be noted that no significant differences
were observed in the later stages. From the perspective of the
relationship between structure and activity, saturated (7ac)
and unsaturated (7aj) thiol ethers exhibited better crop safety.
In contrast, the introduction of an ester group damaged the
selectivity for crops (rac)-7as. It is worth noting that the
overall selectivity of all the tested compounds toward crops is
higher than that of FLU, indicating that compound (rac)-7as
holds significant potential for developing novel herbicides.
PPO Inhibitory Activity. As shown in Table 3, several

representative compounds with high herbicidal activity were
subjected to in vitro experiments to evaluate their inhibition
for the AtPPO enzyme. The results suggested that some of our
compounds exhibited superior inhibition against AtPPO to the
commercial herbicide FLU (IC50 = 0.94 μM). For example,
7ag (IC50 = 0.06 μM), 7am (IC50 = 0.26 μM), 7at (IC50 = 0.11
μM), and 8 (IC50 = 0.30 μM) showcased a higher inhibitory
activity than FLU (IC50 = 0.94 μM). It has been proven that
the substituent at the R position has a significant influence on
the AtPPO enzyme inhibitory activity. For instance, the
inhibitory activity of compound 7aa (R = CH3, IC50 = 0.95

Figure 5. SAR analysis of 6-(substituted pyridin-2-yl)benzo[d]-
thiazole derivatives as herbicides.
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μM) to the AtPPO enzyme is lower than those of compounds
7ac (R = CH2CH2CH3, IC50 = 0.73 μM) and 7aj (R =
CH2C�CH, IC50 = 0.72 μM), which is consistent with their
herbicidal activities. The higher inhibitory activity of
compounds 7ag (R = CH2CH = CH2, IC50 = 0.06 μM) and
7ai (R = CH2CH = CHCl, IC50 = 0.28 μM) may be attributed
to the introduction of double bonds and the chlorine atom,
which may contribute to the toxic property.
In terms of ester-containing compounds, a correlation

between the inhibitory activity against AtPPO and the
herbicidal activity was observed. For example, the AtPPO
inhibitory activity of compound 7as (IC50 = 0.30 μM) that
exhibited the highest herbicidal activity was greater than that of
7ao (IC50 = 0.68 μM), 7aq (IC50 = 0.46 μM), and 7ar (IC50 =
0.55 μM). The difference in the inhibition rates of 7ao−7ax on
AtPPO may be attributed to the different ester groups, which
lead to complex interactions between the side chains and the
protein.
The substituent at positions X and Y had a slight effect on

the inhibitory activity against AtPPO. For example, compounds
7ba (X = H, IC50 = 0.23 μM) exhibited a slightly higher

inhibitory activity than 7as (X = Cl, IC50 = 0.30 μM). Fluorine
(7as, Y = F, IC50 = 0.30 μM) and chlorine atom (7be, Y = Cl,
IC50 = 0.30 μM) containing compounds showed a higher
inhibitory activity against AtPPO than the methyl-substituted
one (7bi, Y = CH3, IC50 = 0.47 μM). This structure−activity
relationship demonstrated that the electron-withdrawing
groups at the Y position contribute more to the inhibitory
activity against AtPPO than do the electron-donating ones.
Meanwhile, compound (R)-7as (IC50 = 0.23 μM) exhibited a
higher inhibition rate against PPO compared to (rac)-7as
(IC50 = 0.30 μM) and (S)-7as (IC50 = 1.36 μM), which may
explain the symptomatology (compound (R)-7as exhibited
faster burning symptoms on the leaves during the initial test
stage) observed in the herbicidal testing. When the sulfur atom
was replaced by the sulfone group, compound 8 (W�SO2,
IC50 = 0.30 μM) also exhibited a high inhibitory activity
against AtPPO. In contrast, the replacement of sulfur atom by
oxygen atom (9b, W�O, IC50 = 0.94 μM) led to a decreased
inhibitory activity.
Molecular Simulation Studies. To gain insights into the

inhibitory mechanism at the molecular level, molecular
simulation studies were employed to investigate the
interactions between our compounds and NtPPO (Figure 6).
A π−π stacking interaction between the benzene ring of Phe-
392 and the pyridine ring of compound 7aj was observed with
a bond length of 3.9 Å. Besides, a π−π interaction with a bond
length of 4.2 Å formed between the thiazole moiety and Phe-
353. In terms of 7as, a quadruple π−π interaction between the
benzothiazole moiety of (R)-7as and FAD was observed.
Besides, the pyridine ring of (R)-7as generated π−π stacking
with Phe-392. The results demonstrated that the benzothiazole
moiety of (R)-7as is closer to the flavin adenine dinucleotide
(FAD) when compared to compound 7aj, resulting in stronger
and multiple interactions. The influence of the absolute
configuration on the interactions between 7as and NtPPO was
investigated. It was found that while (S)-7as underwent an
overall inversion in position relative to (R)-7as, it exhibits

Table 3. AtPPO Inhibitory Activity of Representative
Substituted 6-(pyridin-2-yl) Benzothiazole Derivatives and
Flumioxazin

compd IC50 (μM) compd IC50 (μM)

6a 0.40 (rac)-7as 0.30
7aa 0.95 (R)-7as 0.23
7ac 0.73 (S)-7as 1.36
7ag 0.06 7at 0.11
7ai 0.28 7ax 0.30
7aj 0.72 7ba 0.23
7am 0.26 7be 0.30
7ao 0.68 7bi 0.47
7ap 0.27 8 0.30
7aq 0.46 9b 0.80
7ar 0.55 flumioxazin 0.94

Figure 6. Simulated binding modes of compounds (A−C) (R)-7as, (S)-7as, and 7aj, with NtPPO after 20 ns of MD simulation. The compounds
(R)-7as, (S)-7as, and 7aj are shown as green sticks. The key residues around the active site are shown as yellow sticks. FAD is shown as blue sticks.
(D) RMSD of backbone atoms of the protein.
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similar interactions with NtPPO, which is consistent with the
similar herbicidal activities of (S)-7as and (R)-7as.
Based on the results of MD simulation, as shown in Figure

6D, over a 20 ns MD simulation period, all root-mean-square-
deviation (RMSD) values of backbone atoms of NtPPO
protein are in the range 2.5−3.0 Å at the last 10 ns, indicating
that the 7aj-NtPPO, (R)-7as-NtPPO, and (S)-7as-NtPPO
systems have reached stability. To further understand the
contribution of each amino acid residue around the active site
cavity, the results are shown in Figure 7. The results of energy

decomposition studies of the 7aj, (R)-7as, and (S)-7as−
NtPPO systems indicated that the introduction of an ester
group resulted in an enhanced energy contribution of FAD
compared to the alkyl group. In addition, it was found that
Phe-392, Leu-356, and Gly-175 make the primary energy
contributions in the 7aj−NtPPO system, which is similar to
the (R)-7as and (S)-7as−NtPPO systems. Meanwhile, the
hydrophobic contact interactions between (R)-7as or (S)-7as
and FAD, Phe392, Leu356, Phe353, and Gly175 also
significantly contribute to the binding free energies. These
computational data once again demonstrate the potential of 6-
(substituted pyridin-2-yl)benzo[d]thiazole derivatives as novel
PPO inhibitors.
In summary, we have designed a series of structurally novel

6-(pyridin-2-yl) benzothiazole derivatives as novel PPO
inhibitors under the direction of a scaffold hopping strategy.
Systematic herbicidal activity evaluations of the synthesized 42
target compounds revealed that some of them such as 7ac, 7aj,
(rac)-7as, (R)-7as, and (S)-7as exhibited good-to-excellent
herbicidal activity against the tested broadleaf weeds and grassy
weeds even at a dosage as low as 18.75 g ai/ha. Crop selectivity
studies demonstrated that these compounds also exhibited
higher crop safety compared to the control agent FLU. The
absolute configuration of compound 7as had a minimal impact
on herbicidal activity and crop selectivity. The in vitro
inhibition experiments showed that the majority of compounds
exhibited IC50 values in the nmol range against the AtPPO
enzyme. Molecular docking results indicated that the
benzothiazole moiety of our compounds formed multiple
π−π stacking interactions with FAD, and the pyridine ring also
potentially engaged in a π−π interaction with Phe-392 in
NtPPO. Our current research not only provides a series of
potential candidate compounds for herbicide discovery but
also offers a valuable example of applying a scaffold hopping
strategy in the design of new biologically active compounds.
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