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ABSTRACT: Protoporphyrinogen oxidase (PPO, EC 1.3.3.4) is an effective target for green herbicide discovery. In this work, we
reported the unexpected discovery of a novel series of N-phenylaminomethylthioacetylpyrimidine-2,4-diones (2−6) as promising
PPO inhibitors based on investigating the reaction intermediates of our initially designed N-phenyluracil thiazolidinone (1). An
efficient one-pot procedure that gave 41 target compounds in good to high yields was developed. Systematic Nicotiana tabacum PPO
(NtPPO) inhibitory and herbicidal activity evaluations led to identifying some compounds with improved NtPPO inhibition
potency than saflufenacil and good post-emergence herbicidal activity at 37.5−150 g of ai/ha. Among these analogues, ethyl 2-((((2-
chloro-4-fluoro-5-(3-methyl-2,6-dioxo-4-(trifluoromethyl)-3,6-dihydropyrimidin-1(2H)-yl)phenyl)amino)methyl)thio)acetate (2c)
(Ki = 11 nM), exhibited excellent weed control at 37.5−150 g of ai/ha and was safe for rice at 150 g of ai/ha, indicating that
compound 2c has the potential to be developed as a new herbicide for weed management in paddy fields. Additionally, our
molecular simulation and metabolism studies showed that the side chains of compound 2c could form a hydrogen-bond-mediated
seven-membered ring system; substituting a methyl group at R1 could reinforce the hydrogen bond of the ring system and reduce the
metabolic rate of target compounds in planta.
KEYWORDS: intermolecular hydrogen bond, one-pot procedure, protoporphyrinogen oxidase, reaction intermediate derivation,
weed management

■ INTRODUCTION

The use of herbicides to decimate weeds in fields is one of the
most effective approaches to improving crop quality. A
significant objective of herbicide research is developing new
molecules with improved performance.1 Until now, it remains
a challenge for agrochemical research to discover new
compounds with a broad spectrum of weed control, improved
selectivity, and low application rates.2 Protoporphyrinogen
oxidase (PPO, EC 1.3.3.4) is an effective target for green
herbicide discovery. It catalyzes the oxidation of non-
fluorescent protoporphyrinogen IX to fluorescent and planar
protoporphyrin IX.3,4 In plants, protoporphyrin IX is the
precursor of chlorophyll. Under normal conditions, proto-
porphyrin IX is directly transformed into chlorophyll by
magnesium chelatase without leaking out to the cytoplasm.5,6

Upon inhibition by inhibitors, the PPO activity is down-
regulated and the substrate protoporphyrinogen IX will leak
out to the cytoplasm; therein, the substrate can be auto-
oxidized to the photosensitizer protoporphyrin IX. In the
presence of light, photosensitizing protoporphyrin IX can
generate a lot of reactive oxygen species, which, in turn, result
in photobleaching of the treated plants.7−9 PPO-inhibiting
herbicides possess many attractive characteristics, including
low toxicity, low use rate, favorable environmental safety, and
wide spectrum of weed control.10

The past decade has witnessed significant progress in PPO
inhibitors, and more than 30 PPO inhibiting herbicides are
currently used to decimate weeds in the field. According to the
structural features, these herbicides mainly categorize into N-
phenyloxadiazolones, N-phenyltriazolinones, diphenyl ethers,
and N-phenylimides.11 Pyrimidinediones belong to the N-
phenylimide chemical family, an extremely active subtype of
PPO inhibitors. Currently, four pyrimidinedione derivatives,
benzfendizone, butafenacil, saflufenacil, and tiafenacil, have
been introduced into the market (Figure 1).12 Benzfendizone
was developed by the FMC Corporation in 1998, which was
mainly used for post-emergence grass weeds and broadleaf
control in orchards. Besides, benzfendizone also acted as a
cotton defoliant and potato desiccant.13 Butafenacil can
effectively control many annual and perennial broadleaf
weeds in orchards and non-cropped land by the post-
emergence application. Saflufenacil was commercialized by
BASF in 2009; it shows rapid control of many dicotyledonous
weeds by both pre- and post-emergence applications. Besides,

Received: February 6, 2021
Revised: March 18, 2021
Accepted: March 22, 2021
Published: March 31, 2021

Articlepubs.acs.org/JAFC

© 2021 American Chemical Society
4081

https://doi.org/10.1021/acs.jafc.1c00796
J. Agric. Food Chem. 2021, 69, 4081−4092

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

O
N

N
E

C
T

IC
U

T
 o

n 
M

ay
 1

5,
 2

02
1 

at
 1

0:
45

:2
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Da-Wei+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lu+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhi-Yuan+Xue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shu-Yi+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui-Bo+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xia+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Han+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Wen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhen+Xi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhen+Xi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jafc.1c00796&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00796?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00796?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00796?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.1c00796?goto=supporting-info&ref=pdf
https://pubs.acs.org/toc/jafcau/69/14?ref=pdf
https://pubs.acs.org/toc/jafcau/69/14?ref=pdf
https://pubs.acs.org/toc/jafcau/69/14?ref=pdf
https://pubs.acs.org/toc/jafcau/69/14?ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jafc.1c00796?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JAFC?ref=pdf
https://pubs.acs.org/JAFC?ref=pdf


saflufenacil also provides pre-plant burndown against almost all
of the major dicotyledonous weeds. Saflufenacil can effectively
manage some resistant weeds, such as glyphosate- and AHAS-
resistant Amaranthus biotypes. Tiafenacil is a relatively new
non-selective PPO herbicide developed in 2017 by Farm-
Hannong. It has been used together with glyphosate for total
vegetation control in orchard and non-till land.
Many studies have suggested that, for the pyrimidinedione

derivatives, modification on the 5 position of the benzene ring
could affect the physical and chemical properties of target
molecules that, in turn, “tune” the bioactivity.14 To discover
new PPO inhibitors, researchers have made enormous efforts
to introduce various substituents in this position.15,16 Among
these inhibitors, saflufenacil with fast-acting herbicidal proper-
ties is one of the most successful examples. It is proposed that
there may be two isomers of saflufenacil: one is an amide form,
and another is an imidic acid form. The six-membered ring
system of the imidic acid form of saflufenacil can be stabilized
by an intramolecular hydrogen-bonding interaction between
the hydrogen and oxygen atoms (Figure 2). Therefore, we
inferred that installing a ring system at the 5 position of the
benzene ring of saflufenacil may be advantageous to bioactivity.
Currently, PPO inhibitors are designed by mimicking part of
the protoporphyrinogen IX structure,10 considering that the
pyrrole group of protoporphyrinogen IX is a five-membered

heterocycle ring. Therefore, we inferred that installing a five-
membered ring at this position would accelerate the discovery
of new PPO inhibitors. Thiazolidinone is a versatile moiety,
and its derivatives possess a diverse array of biological
functions, such as antitumor, antidiabetic, anti-inflammatory,
and herbicidal activities.17−20 As a part of our work on
exploring potent herbicide candidates, herein, we first present
the design and synthesis of N-phenyluracil thiazolidinone (1)
and then report the unexpected discovery N-phenylaminome-
thylthioacetylpyrimidine-2,4-diones (2−6) derived from the
reaction intermediate of compound 1a1. Additionally, we also
developed an efficient one-pot synthetic method to prepare
compounds 2−6. Systematic herbicidal potency and PPO
inhibition activity evaluation of compounds 2−6 resulted in
the identification of compound 2c, a potent and rice-selective
herbicide candidate. Besides, to understand the molecular
basis, we also performed molecular simulation and metabolism
studies on compounds 2c and 6c.

■ MATERIALS AND METHODS
Preparation of Compound 1a1. A solution of 3-(5-amino-4-

chloro-2-fluorophenyl)-1-methyl-6-(trifluoromethyl)pyrimidine-2,4-
(1H,3H)-dione (11a, 1.0 g), 2-mercaptoacetic acid (0.29 g), HCHO
(37% in water, 0.29 g), and p-toluenesulfonic acid (25.5 mg) in
toluene (100 mL) was heated gradually to reflux with stirring under a
nitrogen atmosphere. The water in the reaction system was removed
using a Dean−Stark trap. The reaction solution was heated to reflux
for 12 h and then cooled to room temperature. Then, 50 mL of
saturated NaHCO3 solution was added to the solution; the organic
layer was separated; and the water layer was extracted with ethyl
acetate (100 mL). The organic layers were combined and washed
with saturated NaCl solution (50 mL × 3) and then concentrated.
The residue was purified by column chromatography to give light
brown solid 1a1 (0.2 g, 16%). 1H NMR (400 MHz, DMSO-d6): δ
7.93 (d, J = 9.2 Hz, 1H), 7.69 (d, J = 7.2 Hz, 1H), 6.62 (s, 1H), 4.67
(s, 2H), 3.71 (s, 2H), 3.42 (s, 3H). 13C NMR (101 MHz, CDCl3): δ
171.08, 159.54, 158.43, 155.87, 150.32, 141.98, 141.64, 134.83,
134.72, 132.22, 132.19, 131.02, 131.00, 121.64, 121.49, 120.62,
119.07, 118.83, 117.88, 102.99, 102.93, 102.88, 102.82, 48.67, 32.77,
32.73, 32.70, 32.66, 31.74. 19F NMR (376 MHz, CDCl3): δ −65.75

Figure 1. Chemical structures of benzfendizone, butafenacil,
saflufenacil, and tiafenacil.

Figure 2. Discovery process of N-phenylaminomethylthioacetylpyrimidine-2,4-diones (2−6) as PPO inhibitors. The core structures of saflufenacil
and compounds 1−6 are shown in blue lines, and the side chains of these compounds are shown in red lines. The docking modes of representative
compounds 1a1 and 2a are shown below compounds 1 and 2−6, respectively. The structure of compound 1a1 is shown in yellow sticks, the
structure of compound 2a is shown in magenta sticks; and the key residues in the active site are depicted in green sticks.
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Table 1. Post-emergent Herbicidal Activity, NtPPO Inhibitory Activity, and Calculated c Log P Values of Compounds 1a1 and
2−5a

percent inhibition

compound X R1 R2
yield
(%)

dosage
(g of ai/ha) ABUJU AMARE ECLPR DIGSA ECHCG SETFA

Ki
(nM) c log P

1a1 16 150 ++++ ++++ ++++ ++++ − − 3.8 3.88
75 ++++ ++++ ++++ ++++ − −
37.5 ++++ ++++ ++ ++ − −

2a F H −OH 86 150 ++++ ++++ ++++ ++++ +++ ++++ 11.0 3.62
75 ++++ ++++ ++++ ++++ ++ ++
37.5 ++++ ++++ +++ +++ + ++

2b F H −OCH3 92 150 ++++ ++++ ++++ ++++ ++++ +++ 28.6 3.94
75 ++++ ++++ ++++ +++ +++ +++
37.5 ++++ ++++ ++++ ++ ++ ++

2c F H −OCH2CH3 86 150 ++++ ++++ ++++ ++++ ++++ ++++ 11.0 4.46
75 ++++ ++++ ++++ ++++ ++++ ++++
37.5 ++++ ++++ ++++ ++++ ++ +++

2d F H −OCH2CH2CH3 85 150 ++++ ++++ ++++ ++++ ++++ ++++ 17.4 4.99
75 ++++ ++++ ++ ++ − ++++
37.5 +++ ++++ + − − ++++

2e F H −OCH2CH2CH2CH3 87 150 ++++ ++++ ++++ +++ +++ +++ 15.5 5.52
75 ++++ ++++ ++++ ++ ++ ++
37.5 ++++ +++ +++ + + +

2f F H −(CH2)2CH(OCH3)CH3 93 150 ++++ ++++ ++++ ++++ +++ +++ 8.6 4.69
75 ++++ ++++ ++++ ++++ + +
37.5 ++++ ++++ +++ ++ − −

2g F H −OCH2CHCH2 65 150 ++++ ++++ ++++ ++++ ++++ ++++ 37.8 4.71
75 ++++ ++++ ++++ ++ ++ ++++
37.5 ++++ ++++ − − − +++

2h F H −OCH2CCH 63 150 ++++ ++++ +++ ++++ ++ +++ 26.2 4.04
75 ++++ ++++ ++++ ++ − ++
37.5 ++++ ++++ ++ − − ++

2i F H −OCH2CO2CH3 60 150 ++++ ++++ +++ +++ +++ +++ 15.7 3.82
75 ++++ ++++ ++++ − − +++
37.5 ++++ ++++ ++ − − ++

2j F H −OCH2CO2C2H5 57 150 ++++ ++++ ++++ ++++ +++ ++++ 4.4 4.35
75 ++++ ++++ ++++ − − ++++
37.5 ++++ ++++ ++ − − +

2k F H −NHCH3 74 150 ++++ ++++ ++++ ++++ ++ ++ 27.1 3.08
75 ++++ ++++ ++ − − ++
37.5 ++++ +++ ++ − − −

2l F H −NHCH2CH3 69 150 ++++ ++++ ++++ ++ ++ ++ 3.6 3.82
75 ++++ ++++ ++++ − − ++
37.5 ++++ ++++ +++ − − −

2m F H −NHCH2CH2CH3 73 150 ++++ ++++ ++++ ++ ++ ++ 3.0 4.14
75 ++++ ++++ ++++ − − ++
37.5 ++++ +++ +++ − − +

2n F H −NHCH2CCH 56 150 ++++ ++++ ++++ ++ + ++ 66.8 3.68
75 ++++ ++++ ++++ − − −
37.5 ++++ ++++ ++++ − − −

2o F H −NHCH2CO2CH3 49 150 ++++ ++++ ++++ ++ ++ ++ 47.8 3.37
75 ++++ ++++ ++++ − − +
37.5 ++++ ++++ +++ − − −

2p F H −NHCH2CO2C2H5 48 150 ++++ ++++ ++++ − ++ ++ 15.3 3.90
75 ++++ ++++ ++++ − − ++
37.5 +++ ++++ ++++ − − −

2q F H −NH(CH2)2CO2CH3 50 150 ++++ ++++ ++++ ++ − +++ 67.0 3.42
75 ++++ ++++ ++++ − − +
37.5 ++++ ++++ ++++ − − −

3a H H −OH 92 150 ++ +++ ++ − − − 46.9 3.46
3b H H −OCH3 86 150 ++++ ++++ +++ ++ ++ ++ 5.1 3.77
3c H H −OCH2CH3 87 150 ++++ ++++ +++ − − − 6.3 4.30
3d H H −OCH2CH2CH3 85 150 ++++ ++++ ++ ++ ++ ++ 17.4 4.83
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(s), from −115.35 to −115.58 (m). HRMS (ESI): calculated for
C15H10ClF4N3NaO3S [M + Na]+, 445.9965; found, 445.9963.

Synthesis of Compound 2a. A mixture of 3-(5-amino-4-chloro-
2-fluorophenyl)-1-methyl-6-(trifluoromethyl)pyrimidine-2,4(1H,3H)-

Table 1. continued

percent inhibition

compound X R1 R2
yield
(%)

dosage
(g of ai/ha) ABUJU AMARE ECLPR DIGSA ECHCG SETFA

Ki
(nM) c log P

3e H H −OCH2CH2CH2CH3 84 150 ++++ ++++ ++ +++ + − 41.2 5.36
4a Cl H −OH 88 150 − + − − − − 38.1 4.19
4b Cl H −OCH3 90 150 ++++ ++++ +++ + + + 6.4 4.51
4c Cl H −OCH2CH3 85 150 + +++ + − − − 10.7 5.03
4d Cl H −OCH2CH2CH3 88 150 ++++ ++++ ++ ++ ++ ++ 11.7 5.56
4e Cl H −OCH2CH2CH2CH3 87 150 + +++ − − − − 18.9 6.09
5a Br H −OH 83 150 − − − − − − 26.9 4.34
5b Br H −OCH3 88 150 − − − − − − 10.3 4.66
5c Br H −OCH2CH3 87 150 − − − − − − 13.5 5.18
5d Br H −OCH2CH2CH3 86 150 + ++ ++ + + + 22.4 5.71
5e Br H −OCH2CH2CH2CH3 82 150 − − − − − − 23.4 6.24
saflufenacil 150 ++++ ++++ ++++ ++++ ++++ ++++ 10.0 4.04

75 ++++ ++++ ++++ ++++ ++++ ++++
37.5 ++++ ++++ ++++ ++++ ++++ ++++

aAbbreviations: ABUJU, Abutilon juncea; AMARE, Amaranthus retroflexus; ECLPR, Eclipta prostrata; DIGSA, Digitaria sanguinalis; ECHCG,
Echinochloa crus-galli; and SETFA, Setaria faberi. Rating system for the growth inhibition percentage: ++++, ≥90%; +++, 80−89%; ++, 60−79%; +,
50−59%; and −, <50%.

Table 2. Post-emergent Herbicidal Activity, NtPPO Inhibitory Activity, and Calculated c Log P Values of Compound 6a

percent inhibition

compound X R1 R2
yield
(%)

dosage
(g of ai/ha) ABUJU AMARE ECLPR DIGSA ECHCG SETFA

Ki
(nM) c log P

6a F −CH3 −OH 76 150 ++++ ++++ ++++ ++++ ++ ++++ 14.5 3.93
75 ++++ ++++ ++++ ++ + ++
37.5 ++++ ++++ ++++ ++ − ++

6b F −CH3 −OCH3 83 150 ++++ ++++ ++++ ++++ ++++ ++++ 22.6 4.24
75 ++++ ++++ ++++ +++ ++++ ++++
37.5 ++++ ++++ ++++ ++ + ++

6c F −CH3 −OCH2CH3 84 150 ++++ ++++ ++++ ++++ ++++ ++++ 2.3 4.77
75 ++++ ++++ ++++ ++++ ++++ ++++
37.5 ++++ ++++ ++++ +++ +++ +++

6d F −CH3 −OCH2CH2Cl 85 150 ++++ ++++ ++++ ++++ ++++ ++++ 1.2 4.84
75 ++++ ++++ ++++ ++ ++ ++
37.5 ++++ ++++ ++++ − − +

6e F −CH3 −OCH(CH3)2 82 150 ++++ ++++ ++++ ++++ ++++ ++++ 5.6 5.08
75 ++++ ++++ ++++ ++ ++ ++
37.5 ++++ ++++ ++++ − − −

6f F −CH3 −NHCH3 67 150 ++++ ++++ ++++ ++ − +++ 16.7 3.39
75 ++++ ++++ ++++ − − ++
37.5 +++ ++++ ++++ − − −

6g F −CH3 −NHCH2CH3 63 150 ++++ ++++ ++++ ++ − ++ 2.6 3.92
75 ++++ ++++ ++++ − − +
37.5 ++++ ++++ ++++ − − −

6h F −CH3 −NHCH2CO2C2H5 49 150 ++++ ++++ ++++ ++ − − 8.5 4.21
75 ++++ ++++ ++++ − − +
37.5 ++++ ++++ ++++ − − −

6i F −CH3 −NH(CH2)2CO2CH3 48 150 ++++ ++++ ++++ +++ ++ ++ 20.0 4.49
75 ++++ ++++ ++++ + − ++
37.5 ++++ ++++ +++ − − −

saflufenacil 150 ++++ ++++ ++++ ++++ ++++ ++++ 10.0 4.04
75 ++++ ++++ ++++ ++++ ++++ ++++
37.5 ++++ ++++ ++++ ++++ ++++ ++++

aAbbreviations: ABUJU, Abutilon juncea; AMARE, Amaranthus retroflexus; ECLPR, Eclipta prostrata; DIGSA, Digitaria sanguinalis; ECHCG,
Echinochloa crus-galli; and SETFA, Setaria faberi. Rating system for the growth inhibition percentage: ++++, ≥90%; +++, 80−89%; ++, 60−79%; +,
50−59%; and −, <50%.
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dione (11a, 0.5 g), 2-mercaptoacetic acid (0.14 g), and
paraformaldehyde (89 mg) in toluene (50 mL) was heated to reflux
with stirring under a nitrogen atmosphere for 6 h. Then, the reaction
solution was cooled to room temperature, and H2O (20 mL) was
added to the reaction solution. The organic layer was separated and
washed with H2O (20 mL) and brine (20 mL × 2), dried by MgSO4,
and concentrated by rotary evaporation. The crude compound was
purified by column chromatography to give white solid 2a (0.56 g,
86%). 1H NMR (400 MHz, DMSO-d6): δ 12.59 (s, 1H), 7.52 (d, J =
9.2 Hz, 1H), 6.92 (d, J = 6.8 Hz, 1H), 6.57 (s, 1H), 6.47 (t, J = 6.8
Hz, 1H), 4.48 (dd, J = 6.4 and 3.2 Hz, 2H), 3.42 (s, 3H), 3.33 (s,
2H). 13C NMR (101 MHz, DMSO-d6): δ 172.30, 160.44, 150.99,
150.66, 148.26, 141.36, 141.03, 139.94, 139.92, 122.40, 122.26,
119.48, 119.39, 117.47, 117.23, 113.83, 103.25, 46.96, 32.83, 32.21.
19F NMR (376 MHz, CDCl3): δ −65.75 (s), from −114.94 to
−115.60 (m). HRMS (ESI): calculated for C15H12ClF4N3NaO4S [M
+ Na]+, 464.0071; found, 464.0021.
The synthetic details, nuclear magnetic resonance (NMR), and

high-resolution mass spectra (HRMS) characterization data of
compounds 2b−2q and 3−6 are shown in the Supporting
Information.
NtPPO Inhibitory Activity. In the PPO inhibition assay studies,

we selected Nicotiana tabacum mitochondrial PPO2 (NtPPO) as the
representative plant enzyme because it is widely used as a model
enzyme for PPO research.15,21−23 In this study, the NtPPO
expression, purification, and enzyme kinetics assay methods were
performed as described previously.11,24−27 Briefly, in a 96 well plate
(Thermo), each well was added 200 μL of the reaction solution. The
solution consisted of 200 mM imidazole, 0.03% Tween 80 (v/v), 100
mM potassium phosphate buffer (PBS, pH 7.4), 5 mM dithiothreitol
(DTT), 1 mM ethylenediaminetetraacetic acid (EDTA), 0−35 μg of
recombinant NtPPO protein, and 0.00001−200 μM inhibitors. The
enzymatic reaction was initiated by adding 0.5−3 μM protoporphyri-
nogen IX. After 0.5−3 μM protoporphyrinogen IX was added to the
reaction solution to initiate the enzymatic catalytic reaction, the
fluorescent intensity of each well was recorded at the emission
wavelength of 630 nm under excitation at 410 nm. The inhibition
constant of the enzymatic reaction (Ki) of each compound was
calculated by the method reported by Shepherd and Dailey28 For each
compound, three repeats were performed independently, and the
NtPPO inhibition results are shown in Tables 1 and 2.
Herbicidal Activity. Three representative broadleaf weeds

Abutilon juncea (ABUJU), Amaranthus retroflexus (AMARE), and
Eclipta prostrata (ECLPR) and three representative grass weeds
Digitaria sanguinalis (DIGSA), Echinochloa crus-galli (ECHCG), and
Setaria faberi (SETFA) were used to evaluate the post-emergent
herbicidal activity the synthesized compounds 1a1 and 2−6. The
assay methods were the same as our previous reports.29−32 Briefly,
plastic pots (diameter of 7.5 cm) were filled with the clay soil to 3/4 of
their depth, then the seeds of the six kinds of weeds were sown in the
pots and grown in the greenhouse. The test compounds were
dissolved in dimethylformamide (DMF) and diluted with 0.1%
Tween 80 solution before use. When the weeds grew to the three-leaf
stage, they were treated by the tested compounds with the application
rates of 37.5−150 g of ai/ha. The test solution (Tween 80 + DMF)
and saflufenacil were used as blank and positive controls, respectively,

with three replications for each compound and concentration. After
21 days post-treatment, the herbicidal activity of each compound was
evaluated, and the results are illustrated in Tables 1 and 2.

Crop Safety. Six compounds 2a−2c and 6a−6c with a wide
spectrum of weed control were selected for crop selectivity studies. Six
representative crops, corn, rice, wheat, peanut, soybean, and cotton,
were used in the crop safety experiments. The crop safety assay
methods were similar to our previous reports.11,24,25 Briefly, the seeds
of the six kinds of crops were sown in plastic pots and grown in the
greenhouse. When the tested crops reached the four-leaf stage, they
were treated by compounds 2a−2c and 6a−6c at the rate of 150 g of
ai/ha. Saflufenacil was used as a positive control, with three replicates
for each compound. After 25 days, the crop damage (percent injury,
%) of each compound was evaluated, and the results are shown in
Table 3.

Stability Assay of Compounds 2c and 6c in the NtPPO
Reaction Buffer. The assay method of compounds 2c and 6c in the
NtPPO assay buffer was the same as our previous report.11 Briefly, a
reaction solution (400 μL) containing 200 μM compound 2c or 6c,
assay buffer, NtPPO (20 μg), and protoporphyrinogen IX (1.8 μM)
was incubated at room temperature for 3, 5, and 7 min, separately.
Then, CH3OH (135 μL) was added to the reaction solution. The
remaining percentage of compounds 2c and 6c in the reaction buffer
was then detected using high-performance liquid chromatography
(HPLC, Agilent 1200 Infinity Series) with a C18 column (4.6 × 150
mm, 5.0 μm). For each compound, at least three repeats were
performed.

Metabolism Studies of Compounds 2c and 6c in ABUJU.
One of the tested weeds ABUJU was selected as the representative in
the metabolism study.11,24 Briefly, the five-leaf-stage ABUJU was
treated by a solution of compound 2c or 6c (100 μM, containing 1‰
DMF and Tween 80) in the greenhouse. When the leaves of ABUJU
started to drop (about 2−3 h), 5 g of the leaves was cut for further
analysis. The leaves were first washed with a solution containing 1‰
DMF and Tween-80 3 times and then triturated to powder in the
presence of liquid nitrogen. The powder was then transferred to a
flask, which contained ethyl acetate (50 mL) and H2O (100 mL), and
stirred vigorously for 30 min at room temperature. The organic layer
was separated and concentrated under reduced pressure. The residue
was analyzed by UPLC−HRMS (Waters Acquity UPLC H-class,
Waters Xevo G2-XS Q-TOF).

Molecular Docking. The structure of compounds 2c and R- and
S-6c were constructed and optimized by Sybyl 6.9 (Tripos, Inc.)
before use. The crystal structure of NtPPO (PDB code 1SEZ) was
download from the Protein Data Bank (PDB) database, and chain A
of the structure was used for the subsequent molecular dynamic
(MD) simulation studies. PYMOL was used to extract the receptor
and visualized the simulation results.33 AutoDockTools version 1.5.6
was used to prepare the ligands and receptors, and AutoDock 4.2 was
used to predict the binding modes of compounds 2c and R- and S-6c
to NtPPO.34 The docking parameters used in this research were the
same as our previous reports.11,24,25

MD Simulations. AMBER 14 software package with ff14SB force
fields was used to perform MD simulations of the 2c− and (R and S)
6c−NtPPO systems.35 The parameters of ligands for MD simulations
were prepared by the Antechamber program with the AMBER force
fields (GAFF). The ligand−protein system was solvated with TIP3P

Table 3. Post-emergence Crop Selectivity of Compounds 2a−2c and 6a−6c and Saflufenacil

crop injury (%)

compound dosage (g of ai/ha) corn rice wheat soybean cotton peanut

2a 150 30 10 70 80 70 85
2b 150 30 50 0 50 50 90
2c 150 40 10 70 95 95 85
6a 150 20 40 80 60 60 60
6b 150 40 40 70 60 70 60
6c 150 50 60 50 60 80 90
saflufenacil 75 50 80 30 80 90 70
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water molecules in an 8.0 Å truncated octahedral box. Na+ was used
to neutralize the systems. First, the energy of each of the systems was
minimized by the conjugate gradient and the steepest descent
methods. Then, the systems were gently annealed from 0 to 300 K in
50 ps, followed by a 50 ps equilibrating calculation at 300 K and 1 atm
using periodic boundary conditions in the NPT ensemble.36 Finally,
each of the systems was performed for 30 ns of MD simulation using
the PMEMD module. The structures of the ligand−protein systems at
30 ns of the MD simulation were analyzed by the CPPTRAJ module.
The last 10 ns of MD trajectories was used for the energy
decomposition analysis and binding free energy calculation.

■ RESULTS AND DISCUSSION

Unexpected Discovery of N-Phenylaminomethylth-
ioacetylpyrimidine-2,4-diones via Exploring the Reac-
tion Intermediate of Compound 1a. To synthesize our
initially designed N-phenyluracil thiazolidinone (1), we
developed a linear synthetic route to prepare these
compounds. As shown in Scheme 1, 2-(dimethylamino)-4-
(trifluoromethyl)-6H-1,3-oxazin-6-one (9) was obtained in a
yield of 86% by refluxing the reaction mixture of N-
(dichloromethylene)-N-methylmethanaminium chloride (7)
and ethyl-3-amino-4,4,4-trifluorobut-2-enoate (8) in CHCl3.
Then, intermediate 9 reacted with 2-substituted-4-chloroani-
line to afford the corresponding N-phenyluracils; without
further purification, the N-phenyluracils directly reacted with
CH3I using Cs2CO3 as a base to provide compound 10. After
the nitration and reduction reactions, intermediate 11 was
obtained in yields of 82−89%. We hoped using an intra-
molecular ring closure reaction of compound 11, form-
aldehyde, and thioglycolic acid could provide thiazolindinone
derivative 1a. Although we have made enormous efforts to
synthesize compound 1a, we still could not find a relatively
efficient method to create compound 1a. For example, we first
tried to obtain compound 1a1 by refluxing a solution of
compound 11a, HCHO (37% in water), thioglycolic acid, and
toluene for 12 or 24 h; however, no compound 1a1 was
obtained (entries 1 and 2 in Table S1 of the Supporting
Information). Next, we added the catalytic amount of p-
toluenesulfonic acid (PTSA) to the reaction solution and used

a Dean−Stark trap to remove H2O in the reaction solution.
After the reaction solution was heated to reflux for 12 h,
compound 1a1 was obtained in only 16% yield (entry 3 in
Table S1 of the Supporting Information). Additionally, we also
observed that prolonging the reaction time did not improve the
reaction yield (entry 4 in Table S1 of the Supporting
Information). However, it was found that this reaction could
not proceed at a large scale, because we only observed the trace
amount of compound 1a1 when using 5 g of compound 11a as
the starting material (entry 5 in Table S1 of the Supporting
Information). The low synthetic yield of compound 1a1 made
it hard for subsequent transformations. Therefore, we made
another round of optimization of reaction conditions to
improve the synthetic yield of compound 11a by varying the
reaction solvent or temperature, while no improvements were
observed (entries 6−9 in Table S1 of the Supporting
Information).
After analysis of the reaction mechanism of synthesizing

compound 1a1 using compound 11a as the substrate, we
proposed that compound 2a might be the critical reaction
intermediate in this ring-closure reaction (Scheme S1 of the
Supporting Information). Therefore, we first synthesized
compound 2a by reacting compound 11a, paraformaldehyde,
and thioglycolic acid in toluene, and compound 2a was
obtained in a yield of 86% (Scheme S2 of the Supporting
Information). Then, we hoped that compound 2a could
transform into compound 1a1 after undergoing an intra-
molecular dehydration reaction. We have tried various
dehydration reagents, such as PTSA, boron trifluoride etherate,
FeCl3, and molecular sieves, to remove a water molecule from
the structure of compound 2a. Still, the yields were relatively
low, with only a trace amount of compound 1a1 obtained.
Besides, we also designed another alternative synthetic route to
prepare compound 1a1. As shown in Scheme S3 of the
Supporting Information, compound 2b could be efficiently
synthesized by reacting amine 11a, paraformaldehyde, and
methyl thioglycolate in toluene. However, no conversion of
compound 2b to compound 1a1 was observed, even though
various reaction conditions were screened (Table S2 of the

Scheme 1. Designed Synthetic Routes for Compound 1a

aReagents and conditions: (a) CHCl3, reflux; (b) 2-substituted 4-chloroaniline, acetic acid, reflux; (c) Cs2CO3, CH3I, DMF, rt; (d) HNO3, H2SO4,
0 °C−rt; (e) Fe, acetic acid (80%), 80 °C; (f) formaldehyde (37% in water), thioglycolic acid, p-toluenesulfonic acid, toluene, rt−reflux; (g)
SO2Cl2, CH2Cl2, 0 °C; (h) K2CO3, H2O, THF; and (i) R′I, THF, 0 °C.
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Supporting Information). Further attempts to synthesize
compound 1a1 using similar reaction routes as that shown in
Scheme S3 of the Supporting Information, by changing the
methyl thioglycolate to ethyl mercaptoacetate, were proven
unsuccessful as well.
As noted in the Introduction, the primary goal for us is to

discover new compounds with improved bioactivity. However,
substantial efforts by us have been invested in optimizing the
reaction conditions of compound 1a1, while little progress had
been made. To surmount this dilemma, we intended to
investigate the herbicidal activity and NtPPO inhibitory
activity of compound 1a1 to check whether it deserved further
optimization. Due to the fact that many PPO inhibitors have
hydrophobic side chains in their structures.14−16,37 Interest-
ingly, the structures of our reaction intermediates 2a−2c all
have hydrophobic aminomethylthioacetyl groups. This ob-
servation inspired our curiosity to explore whether compounds
2a−2c possessed good bioactivity. As illustrated in Table 1, the
Ki value of compound 1a1 against NtPPO was 3.8 nM,
showing a 2.6-fold improvement over saflufenacil (Ki = 10.0
nM). In addition, the PPO inhibitory activities of compounds
2a−2c were 11.0, 28.6, and 11.0 nM, respectively, which were
in the same order as saflufenacil. It is worth noting that, at the
rate of 150 g of ai/ha, compound 1a1 showed excellent
inhibition against four of the six tested weeds (ABUJU,
AMARE, ECLPR, and DIGSA) and compounds 2a−2c
showed potent and excellent control (>80% inhibition) against
all of the weeds tested. Further herbicidal activity evaluation
indicated that all of compounds 2a−2c exhibited broader and
stronger activity than compound 1a1, even at a low rate of 37.5
g of ai/ha. These unexpected findings indicated that
compounds 2a−2c could be used as a new scaffold for PPO
inhibition, deserving further optimization. Therefore, a series
of N-phenylaminomethylthioacetylpyrimidine-2,4-diones (2−
6) were designed and synthesized.
Chemistry. As we have mentioned, compounds 2a−2c

could be efficiently synthesized by heating compound 11a with
paraformaldehyde and the corresponding thioglycolic acid
derivatives in toluene, suggesting that other N-phenyl-
aminomethylthioacetylpyrimidine-2,4-diones might also be
constructed by this one-pot procedure. Next, the scope of
this reaction was explored by varying the amine 11 and
intermediate 12 (Scheme 2). As shown in Tables 1 and 2, wide

varieties of N-phenylaminomethylthioacetylpyrimidine-2,4-di-
ones were smoothly prepared in good to excellent yields (48−
95%). We also observed that different amines were well-
tolerated in this one-pot reaction condition, providing the
corresponding compounds 2d−2j, 3, 4, and 5 in yields of 57−
95, 84−92, 85−90, and 82−88%, respectively. The reaction
procedure was also competent for the reaction of compound
11a with 2-mercapto-N-substitutedacetamides, while the yields

slightly dropped in comparison to that of compound 11a
reacting with thioglycolic acid derivatives. For example, the
yields of compounds 2b−2e were higher than those of
compounds 2k−2m. In addition, the 2-mercaptopropanoic
acid derivatives reacted well with compound 11a and
paraformaldehyde, delivering the related products 6a−6i in
yields of 48−85%.
Additionally, attempts to oxidize the S atoms of compounds

2c and 6c using oxidation reagents did not provide the desired
compounds (Tables S3 and S4 of the Supporting Information).
We inferred that the reason might be that the amino-
methylthioacetyl groups of compounds 2c and 6c were not
stable under oxidation conditions. In the presence of oxidizing
agents, the bonds between the N-phenylpyrimidine-2,4-dione
moiety and side chains of compounds 2c and 6c could be
easily cleaved.

Herbicidal Activity and Structure−Activity Relation-
ship (SAR). As mentioned in the above section, the N-
phenylaminomethylthioacetylpyrimidine-2,4-diones (2a−2c)
were initially designed as the reaction intermediates to
synthesize compound 1a1, and unexpectedly, we observed
that compounds 2a−2c displayed higher herbicidal activity
than compound 1a1. Importantly, compounds 2a−2c could be
efficiently constructed by a one-pot synthetic approach.
Encouraged by these promising findings, we explored the
scope of this one-pot reaction and initiated a systematic SAR
exploration of the synthesized compounds. As indicated in
Tables 1 and 2, most of the compounds 2−6 exhibited strong
herbicidal activity against six kinds of tested weeds at 150 g of
ai/ha; some of them displayed excellent broadleaf weed control
comparable to that of saflufenacil, even at 37.5 g of ai/ha.
To explore the SAR of N-phenylaminomethylthioacetylpyr-

imidine-2,4-diones, we first prepared a set of representative
analogues around compounds 2a−2c by varying the
substituents at R2. The results indicated that substituents at
R2 could affect the herbicidal spectrum of the target
compounds (Table 1). For example, compounds 2a−2c
exhibited stronger herbicidal activity than their corresponding
analogues 2k−2m at 150 g of ai/ha; compound 2j (R2 =
−OCH2CO2C2H5) displayed more than 85% control against
the six tested weeds; and compound 2p (R2 =
−NHCH2CO2C2H5) only showed mild herbicidal activity
against the tested monocotyledon weeds at 150 g of ai/ha.
After comparison of the c log P values of compounds 2k−2p to
their corresponding parent compounds, we observed that
introducing the amino groups at R2 would reduce the c log P
values of the target molecules. Therefore, we proposed that
substituting the amino groups at R2 reduced the herbicidal
spectrum by decreasing the absorption of compounds by weed
leaves.38,39 Additionally, it was found that prolonged side
chains at R2 failed to further improve the herbicidal potency of
compound 2c, because most compounds (2d−2j) showed
moderate decreases in herbicidal activity. Interestingly,
substituting −NHCH3 of compound 2k with longer chains
(2l−2q) was found advantageous to broadleaf weed control.
Next, we explored the substituent effects on the herbicidal

activity at the X position and synthesized compounds 3−5. As
illustrated in Table 1, changing the fluorine atoms to hydrogen
atoms at the X position would markedly deteriorate the
herbicidal potency, because all of the compound 3 exhibited
decreased herbicidal activity relative to the corresponding
fluorine substituted analogues 2a−2e. In addition, replacing
the hydrogen atoms with chlorine atoms, as in combination 4,

Scheme 2. Synthesis of Compounds 2−6a

aReagents and conditions: (a) toluene, rt−110 °C.
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resulted in further decreases in herbicidal potency. Unfortu-
nately, the replacement of chlorine atoms with bromine atoms
(5) led to a significant loss in herbicidal potency. The above
SAR results indicated that installing the fluorine atoms at the X
position was found beneficial to herbicidal activity, while
changing the fluorine atoms to hydrogen, chlorine, or bromine
atoms was unfavorable (F > H > Cl > Br).
Finally, we fixed the X positon as a fluorine atom and

introduced a methyl group at R1 (6). The results indicated
that, in most cases, replacement of the hydrogen atom with a
methyl group at the position R1 was found to have a slight
improvement in herbicidal activity (Table 2). In particular,
compound 6c (R1 = CH3 and R2 = −OCH2CH3) displayed
excellent control (100%) against the tested broadleaf weeds
and strong inhibition (>80%) against DIGSA, ECHCG, and
SETFA, even as low as 37.5 g of ai/ha. After comparison of the
c log P values of compound 6 to their corresponding mother
molecules in compound series 2, we inferred that substituting a
methyl group at R1 increased the herbicidal potency by
improving the foliar uptake of the test compounds.40

Crop Selectivity. In an attempt to investigate whether
some of the highly active N-phenylaminomethylthioacetylpyr-
imidine-2,4-diones could be used as herbicide leads for further
development or not, we tested the post-emergence crop
selectivity of six representative compounds 2a−2c and 6a−6c
against corn, rice, wheat, soybean, cotton, and peanut. As
illustrated in Table 3, at the rate of 150 g of ai/ha, compounds
2a and 2c were selective in rice and compound 2b exhibited
high crop safety for wheat, whereas compounds 6a−6c showed
limited crop safety (crop injury of >10%) toward the six tested
crops. However, even at a relatively lower rate of 75 g of ai/ha,
saflufenacil still exhibited high crop damage to the six tested
crops. Together, our results revealed that installing a methyl
group at R1 would reduce crop safety. Thus, compound 2c was
found to be the most promising lead compound for weed
control in paddy fields.

PPO Inhibition Activity. As shown in Tables 1 and 2,
most compounds with high levels of weed control at 37.5−150
g of ai/ha also exhibited strong NtPPO inhibitory activity. For
example, compound 2d, with a Ki value of 17.4 nM, displayed

Figure 3. Molecular simulation studies of compounds 2c and R- and S-6c with NtPPO. (A) Binding mode of the 2c−NtPPO complex after 20 ns
MD simulation; compound 2c is shown as magenta sticks. (B) Binding mode of the R-6c−NtPPO complex after 20 ns MD simulation; compound
R-6c is shown as yellow sticks. (C) Binding mode of the S-6c−NtPPO complex after 20 ns MD simulation; compound S-6c is shown as salmon
sticks. (D) Distance analysis of 2c@H7−O19, R-6c@H9−O27, and S-6c@H9−O27 during the MD simulation. (E) Comparison of the total
interaction binding energies (kcal/mol) between compounds 2c and R- and S-6c and NtPPO.
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100% control against the six tested weeds at 150 g of ai/ha;
compound 2j (Ki = 4.4 nM) exhibited excellent weed control
at 150 g of ai/ha; and compound 6c (Ki = 2.3 nM) showed
excellent weed control at 37.5−75 g of ai/ha. It was observed
that, for compounds with different substituents at the X
position, the fluorine-containing analogue 2 showed higher
inhibition potency than the hydrogen-, chloro-, and bromo-
substituted analogues 3, 4, and 5, respectively (F > H > Cl >
Br). The same SAR trend has also been found in the herbicidal
activity assay of these analogues. Additionally, we found that,
in most cases, the NtPPO inhibitory potency improved with
increasing the side-chain length of R2. One such example was
that of compound 2m (R2 = −NHCH2CH2CH3; Ki = 3.0 nM),
showing slightly higher inhibitory potency relative to
compound 2l (R2 = −NHCH2CH3; Ki = 3.6 nM) and
compound 2k (R2 = −NHCH3; Ki = 27.1 nM). Besides, for
most compounds in series 2, placing a methyl group at R1 was
found favorable to PPO inhibitory activity as well, such as
compound 6c (R1 = −CH3; Ki = 2.3 nM) exhibiting improved
inhibition potency compared to compound 2c (R1 = H; Ki =
11.0 nM) and compound 6h (R1 = −CH3; Ki = 8.5 nM)
displaying higher activity than that of compound 2p (R1 = H;
Ki = 15.3 nM).
Molecular Simulation Studies. To obtain deeper insight

into the inhibition mechanism of the newly synthesized
compounds 2−6, two representative compounds 2c and 6c
were selected for the subsequent molecular simulation studies.

Because there is a chiral center of compound 6c, we studied
the binding mechanisms of both R and S configurations of
compound 6c. First, we docked compounds 2c and R- and S-
6c to the catalytic pocket of NtPPO (PDB code 1SEZ) using
AutoDock 4.2 software.23,34 The best binding modes of the
three compounds were selected on the basis of binding sores
and the reference ligand in the crystal structure. Then, we
performed a 20 ns MD simulation of each of the 2c−, R-6c−,
and S-6c−NtPPO systems to reveal the inhibition mechanisms
of compounds 2c and 6c (Figure S1 of the Supporting
Information). As shown in Table S5 of the Supporting
Information, the ΔEele values of 2c−, R-6c−, and S-6c−
NtPPO systems were −22.45, −24.94, and −23.80 kcal/mol,
respectively, suggesting that the electrostatic energies, such as
the hydrogen-bonding interactions of the three compounds,
might be the same, whereas the ΔEvdw values of compounds R-
6c (−64.65 kcal/mol) and S-6c (−63.33 kcal/mol) with
NtPPO were higher than that of compound 2c (−54.12 kcal/
mol), which, in turn, resulted in improved binding free
energies of compounds R- and S-6c compared to compound
2c. The binding free energies (ΔGbind) of compounds 2c and
R- and S-6c with NtPPO were −24.89, −29.57, and −33.87
kcal/mol, suggesting that compound 6c bonded more tightly
to NtPPO than compound 2c, which showed the same trend as
the NtPPO inhibition experiments.
To better understand the crucial structural features of the

binding mode between compound 2c or R- or S-6c and

Figure 4. Stability and metabolism studies of compound 2c. (A) Stability studies of compounds 2c and 6c in NtPPO assay solutions for different
times; each experiment was repeated 3 times; and the error bar was shown as the standard error. (B) UPLC analyzed the leaf extract of ABUJU
after treating by compound 2c for 3 h. (C) HRMS spectrum of the peak at 6.06 min, and the spectrum corresponded to compound 2c. (D) HRMS
spectrum of the peak at 4.64 min, and this spectrum corresponded to compound 11a. (E) Proposed metabolism pathway of compound 2c in
planta. In this pathway, compound 2c was deactivated by hydrolyzing to amino intermediate 11a.
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NtPPO, we analyzed the binding modes of the 2c− and R- and
S-6c−NtPPO systems at 20 ns (panels A−C of Figure 3). The
results indicated that there were no significant differences in
the binding modes of the three compounds with NtPPO, and
the key interactions on the binding surface were highly
conservative, for example, the favorable π−π interaction of the
uracil ring with Phe392, the conserved hydrophobic inter-
actions of the benzene ring with Leu372 and Leu356, T-
shaped π−π stacking interaction of Phe353 with the benzene
ring, and hydrophobic interactions of Phe172 with the side
chains of the three compounds. We also observed that, in the
2c−NtPPO system, the terminal carboxyl group of compound
2c could form a hydrogen-bonding interaction with Arg98
(Figure 3A). In contrast to compound 2c, the sulfur atoms of
compounds R- and S-6c could form N−H···S hydrogen-
bonding interactions with Arg98 (panels B and C of Figure
3).41

Interestingly, we found that, after MD simulations, the side
chains of the three compounds adopted a twisted orientation
and formed seven-membered rings. The rings were furtherly
stabilized through the favorable intramolecular hydrogen-bond
interaction between the NH group and the carbonyl group of
the side chains (panels A−C of Figure 3). However, the
formation of seven-membered rings was not observed after
docking studies (Figure S2 of the Supporting Information).
For the sake of clarity, we defined the hydrogen bond between
the NH group and the carbonyl group of the side chains of
compounds 2c and R- and S-6c as 2c@H7−O19, R-6c@H9−
O27, and S-6c@H9−O27, respectively. Further analysis
indicated that, after 2 ns MD simulations, the distances of R-
and S-6c@H9−O27 had reached around 2.1 Å, while it took
about 10 ns for 2c@H7−O19 to reach equilibration, and the
final distance of 2c@H7−O19 was around 2.8 Å (Figure 3D),
suggesting that the seven-membered rings of compounds R-
and S-6c were more stable that of compound 2c. Additionally,
the results of energy decomposition studies of the 2c− and R-
and S-6c−NtPPO systems indicated that forming a more stable
seven-membered ring system could improve the energy
contribution of Phe172, because the energy contributions of
Phe172 of R-6c−NtPPO (−1.60 kcal/mol) and S-6c−NtPPO
(−2.39 kcal/mol) were higher than that of 2c−NtPPO (−0.62
kcal/mol) (Figure 3E). Together, our results suggested that
installing a methyl group at R1 could induce the formation of a
more stable seven-membered ring system of the target
molecule, which, in turn, caused a strong synergistic effect in
improving the π-alkyl interaction between Phe172 and the
molecule.
Stability and Metabolism Studies. Because there are

aminomethylthioacetyl groups in the structures of compounds
2c and 6c, to understand whether compounds 2c and 6c are
stable in vitro or not, we tested the stability of compounds 2c
and 6c in the PPO activity assay buffer using the HPLC assay.
As shown in Figure 4A, almost no hydrolysis was observed
after compounds 2c and 6c were incubated in PPO activity
assay solution for 3 min. After 5 min of incubation, the
degradation percentage of compound 2c was still less than
0.5%, while about 3% of compound 6c was decomposed. Even
after a relatively long incubation time, both compounds 2c and
6c still showed a very slight degree of degradation. As a result
of the character of NtPPO and the substrate protoporphyri-
nogen IX, a linear increase in fluorescence usually occurred
within 3 or 5 min. Simultaneously, the limited degradation of

compounds 2c and 6c almost did not affect their inhibitory
potency.
Additionally, we also investigated the metabolism of

compounds 2c and 6c in planta using the UPLC−HRMS
assay. ABUJU was selected as the representative weed for the
metabolism study. The results indicate that, when the leaves of
ABUJU started to drop, there was still compounds 2c and 6c in
the plants because the retention time at 6.06 min (Figure 4B)
and mass peak at 492.0447 (Figure 4C) corresponded to
compound 2c and the retention time at 6.41 min (Figure S3A
of the Supporting Information) and mass peak at 506.0683
(Figure S3B of the Supporting Information) corresponded to
compound 6c. After a careful analysis of the UPLC−HRMS
results, we found a metabolite with the retention time at 4.64
min and mass peak at 338.0387 (Figure 4D and Figure S3C of
the Supporting Information) existed in both the 2c- and 6c-
treated samples. According to the chemical properties of
compounds 2c and 6c, we inferred that the metabolite was
compound 11a based on the molecular weight. Meanwhile, we
also found that, in the 2c-treated sample, about 20% of
compound 2c was degraded to compound 11a, while only 10%
of compound 6c was metabolized to compound 11a. These
results suggest that both compounds 2c and 6a are prone to
metabolize by cleaving the NH bridge between the phenyl-
uracil moiety and the methylthioacetyl group side chains
(Figure 4E and Figure S3C of the Supporting Information). In
comparison, the metabolism rate of compound 2c was 2-fold
faster than that of compound 6c.
In conclusion, we described the unexpected discovery of a

novel series of N-phenylaminomethylthioacetylpyrimidine-2,4-
diones (2−6) as potent PPO inhibitors by taking advantage of
the reaction intermediates of our initially designed N-
phenyluracil thiazolidinone (1). A total of 41 of the newly
generated compounds 2−6 were prepared by an efficient one-
pot procedure in good to excellent yields. Systematic NtPPO
inhibition and herbicidal activity evaluations were performed
on the target compounds. The results revealed that some
compounds showed improved NtPPO inhibition potency
compared to saflufenacil and excellent herbicidal activity at
37.5−150 g of ai/ha. Promisingly, compound 2c, with a Ki
value of 11 nm, not only exhibited excellent weed control at
37.5−150 g of ai/ha but also showed high crop safety toward
rice at 150 g of ai/ha. Our molecular simulation studies
revealed that the side chains of compound 2c could form a
hydrogen-bond-mediated seven-membered ring system. Instal-
ling a methyl group at R1 could reinforce the hydrogen bond of
the ring system, which, in turn, increased the binding affinity of
the target molecule. Furthermore, we found that, in planta,
compound 2c was deactivated by hydrolyzing to compound
11a, while introducing a methyl group at R1 could reduce the
metabolic rate and improve the bioactivity. Taken together,
our study provides new insights into the discovery of novel
PPO inhibitors through exploring the reaction intermediate
approach.
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Synthetic details, NMR and HRMS characterization data
of compounds 2b−2q and 3−6, reaction condition
optimization for compound 1a1 (Tables S1 and S2,
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optimization of the reaction conditions for compounds
2c1 and 6c1 (Table S3), optimization of the reaction
conditions for compounds 2c2 and 6c2 (Table S4),
predicted binding free energies of compounds 2 and R-
and S-6c with NtPPO (Table S5), synthetic routes for
compound 1a1 (Schemes S1−S3), RMSD analysis of
2c− and R- and S-6c−NtPPO systems (Figure S1),
predicted binding modes of compounds 2c and R- and
S-6c with NtPPO by AutoDock 4.2 software (Figure
S2), and metabolism studies of compound 6c (Figure
S3) (PDF)
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