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ABSTRACT: Xanthoxyline (1), a small natural methyl ketone,
was previously reported as a plant growth inhibitor. In this research,
related methyl ketones bearing electron-donating and electron-
withdrawing groups, together with heteroaromatics, were inves-
tigated against seed germination and seedling growth of Chinese
amaranth (Amaranthus tricolor L.) and barnyard grass [Echinochloa
crus-galli (L.) Beauv]. The structure−activity relationships (SARs)
of methyl ketone herbicides were clarified, and which types and
positions of substituents were crucially important for activity were
also clarified. Indole derivatives, namely, 3-acetylindole (43) and 3-
acetyl-7-azaindole (44) were found to be the most active methyl
ketones that highly suppressed plant growth at low concentrations.
The molecular docking on the 4-hydroxyphenylpyruvate dioxygenase (HPPD) enzyme indicated that carbonyl, aromatic, and
azaindole were key interactions of HPPD inhibitors. This finding would be useful for the development of small ketone herbicides.

1. INTRODUCTION
Small molecules, or low-molecular-weight organic compounds,
have been widely used in various fields and industries.1 Most
patented drugs and pesticides are small molecules, and
sometimes these compounds exhibit a wide range of biological
functions.2 Generally, small-molecule bioactivities depend
largely on their chemical structures and functional groups
presented.3 Because of their small size, these compounds are
designed to engage biological targets through various
mechanisms of action.4

In agriculture, small molecules have been applied to several
pesticide products, for example, fungicides, herbicides,
insecticides, and so forth. Regarding herbicides, our research
group is also interested in utilizing small molecules as plant
growth inhibitors. We successfully isolated a methyl ketone
herbicide, xanthoxyline (1) (Figure 1), from the dried fruits of
a traditional herb, Zanthoxylum limonella Alston.5 Furthermore,
we converted xanthoxyline (1) (and other related methyl
ketones) to chalcones (an α,β-unsaturated ketone) and tested
their herbicidal activity.6 We found that the structures or
substituents of the chalcones had a crucial role in controlling
plant growth. Apart from these ketones, we have also
investigated the inhibitory effects of numerous aldehydes and
α-amino acids on plant growth.7,8 Clearly, many tested
compounds exhibited great weed control properties, and the
herbicidal activity relied very much on the chemical structures,
absolute configurations, and applied concentrations of the
molecules.

In fact, several studies have found that ketones are a good
herbicide.9−12 Triketones,13−17 in particular, have been

extensively investigated and strongly inhibit the germination
and growth of weeds. Many of these compounds are
commercially produced for use as herbicides, and their well-
known mechanism of action is to inhibit 4-hydroxyphenylpyr-
uvate dioxygenase (HPPD). Diketones were also reported as
plant growth inhibitors.18−21 Even though their modes of
action are likely to be complex, some diketones, such as
benzobicyclon, are also HPPD inhibitors.22 Monoketones, or
compounds containing one ketonic carbonyl, are reported to
exhibit weed-killing properties.23−33 In addition, the study of
their mechanisms of action varies according to their main
structure, for example, ACCase inhibitor (cyclohexenones),33

Hill reaction inhibitor (flavones),30 HPPD inhibitor (pyrazoles
and isoxaflutoles),23,24,29,31,32 mitotic disrupter (sindone B),25

PEPCase inhibitor (chalcones),26,28 and PSII electron trans-
port inhibitor (2,4-quinolinediones).27 Although their herbici-
dal activities have been widely investigated, the comprehensive
study of some types of monoketones remains limited. Methyl
ketones, such as xanthoxyline (1), are a good example. As
mentioned earlier, we have found that xanthoxyline (1)
inhibits tested plants.5,34 However, the weed control ability
of other related methyl ketones has been barely investigated.19
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To the best of our knowledge, so far, only a few methyl
ketones, such as usnic acid,35 have a reported mode of
mechanism, which is also an HPPD inhibitor. We hereby
assume that understanding the growth-regulating properties
and the mode of action of methyl ketones would be necessary
for the development of small-molecule herbicides.

In this research, we investigated the structure−activity
relationship (SAR) of xanthoxyline (1) and small methyl
ketone herbicides (Figures 1 and 2) using Chinese amaranth
(Amaranthus tricolor L.) and barnyard grass (Echinochloa crus-
galli (L.) Beauv.) as representative dicot and monocot species.
Some active compounds were also subjected to a molecular
docking simulation to determine their enzymatic targets in
plants. The enzyme receptor, HPPD, was used as it is crucially
important for normal growth of plants.36 The effects of
substituents on activity were also discussed.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Instrument. Sinon Corporation

(Bangkok, Thailand) supplied commercial butachlor (60%
w/v). Xanthoxyline (1) was isolated from dried fruits of Z.
limonella, as previously described.5 Tween 80, glyphosate,
mesotrione, and ketones 2−3, 5−10, 12, 17, 22, 24, 26−27,
30, 37−38, 40−41, 44−41, and 55−56 were purchased from
Sigma-Aldrich (Singapore). Ketones 4, 11, 13−16, 18−21, 25,
28−29, 31−36, 39, and 43 were purchased from Across
(Belgium). However, ketones 23 and 42 were available from
Tokyo Chemical Industry (Japan). Infra-red (IR) spectra were
recorded on a Perkin Elmer 8900 at the Department of
Chemistry, School of Science, KMITL. 1H and 13C NMR
spectra were recorded on a JEOL JNM-ECZ-500R/S1 (500
MHz) at the Scientific Instruments Center, School of Science,
KMITL, using residual protonated chloroform (CDCl3, 7.26
ppm for 1H NMR and 77.00 ppm for 13C NMR) as an internal
standard. Melting points were recorded on a Gallenkamp
melting point apparatus. High-resolution mass spectra
(HRMS) were recorded on a Bruker Daltonics (micrOTOF)
at the Faculty of Science, Mahidol University.

2.2. Synthesis of Unsaturated Methyl Ketones.
Unsaturated methyl ketones (52−54) were synthesized by
the aldol condensation reaction between acetone and

commercial aldehydes, according to the general procedure
shown below.

2.2.1. General Procedure. To a solution of aromatic
aldehydes (1.0 mmol) in acetone (4 mL), potassium hydroxide
(168 mg, 3.0 mmol) was slowly added. The mixture was stirred
at room temperature until the aldehyde was consumed
(monitored by TLC). The mixture was then acidified with 1
N HCl (aq.) and left to precipitate. The precipitated
compound was filtrated and recrystallized from methanol to
afford the unsaturated methyl ketone product.

2.3. Preparation of an Aqueous Solution of Butachlor
at 400 μM. Similar to the previous work,6 40 μmol of
butachlor was thoroughly mixed with distilled water in a 100
mL volumetric flask to produce a 400 μM solution of
butachlor. This solution was used as a positive control
experiment.

2.4. 0.10% (v/v) Aqueous Solution of Tween 80.
Following our previous procedure,6 1.0 mL of Tween 80 was
dissolved in distilled water in a 1000 mL volumetric flask to
produce a stock solution of 0.10% (v/v) Tween 80. This
solution was used as a negative control and also for the dilution
step.

2.5. Aqueous Solutions of Methyl Ketones, Glyph-
osate, and Mesotrione at 400 μM. Following our previous
work,6 40 μmol of pure methyl ketone and 0.1 mL of Tween
80 were homogeneously mixed in a 50 mL beaker, followed by
adding 40 mL of distilled water. This solution was then
transferred to a 100 mL volumetric flask. The volume of the
solution was adjusted by adding distilled water to produce a
400 μM solution of methyl ketone containing 0.10% (v/v)
Tween 80. A similar procedure was used for the 400 μM
solution of glyphosate and mesotrione. Both solutions were
used as positive control experiments.

2.6. Aqueous Solutions of Methyl Ketones at 13, 25,
50, 100, 200, 400, 800, and 1600 μM. Stock solutions of
active ketones at 1600 μM were prepared using the same
procedure as the 400 μM solution. The stock solution was then
diluted to 800, 400, 200, 100, 50, 25, and 13 μM by mixing
with the 0.10% (v/v) solution of Tween 80.

2.7. Tested Plants. Thai Seed & Agriculture Co. Ltd.
(Bangkok, Thailand) sold seeds of Chinese amaranth (A.

Figure 1. Chemical structures of xanthoxyline (1) and its derivatives.
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tricolor L), and seeds of barnyard grass [E. crus-galli (L.)
Beauv.] were collected annually from paddy fields in
Phitsanulok Province (16°48′ 57″N 100°15′49″E, Thailand).
Both plants showed >80% germination.

2.8. Seed Germination and Seedling Growth Bio-
assay.6 Similar to our previous report6 for the vial test, a 0.5
mL of aqueous solution of small methyl ketones was added to a
small vial (45 mm × 20 mm) lined with the germination paper.
Each treatment was replicated four times. 10 seeds of the
tested plant were placed on the paper. The vials were sealed
with Parafilm and kept in a growth chamber (cool white 840
Climacell 707, Munich, Germany) for 7 days. The growth
conditions were at 28−30 °C with a photoperiod of 12 h (light
intensity of 100 μmol m−2·s−1), and 80% relative humidity.
After the specified time, germinated seeds were counted, and
the lengths of shoot and root were measured. Percent
inhibition of seed germination and seedling growth were
calculated using the following equation

= ×i
k
jjj y

{
zzz100

80
100Inhibition(% of control)

methyl ketone
Tween

2.9. Molecular Docking. The molecular docking approach
is known as one of the powerful tools used to predict the
orientation of ligands in the binding pocket of a protein.
Herein, the suitable conformation of herbicidal inhibitors was
investigated at the binding site of the HPPD enzyme from the
plant Arabidopsis thaliana (plant HPPD). For molecular
docking studies, the 3D crystal structures of the HPPD
enzyme with co-crystallized inhibitors were taken from the
protein data bank [PDB: 1TFZ (https://www.rcsb.org/
structure/1TFZ)] and hydrogen atoms were added to the
protein and all water molecules were removed using the
Discovery Studio Visualizer 2017 program.37 All the 3D
structures of herbicidal inhibitors were created and optimized
in the gas phase using DFT calculations at the M062X/6-
31G(d) level of theory in the Gaussian09 D.01 program.38 The
binding mode of the herbicidal inhibitors in the binding pocket
of plant HPPD was investigated using the GOLD molecular

Figure 2. Chemical structures of other small ketones used in this study.
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docking program,39 which works based on the empirical free-
energy function and applies the standard protocol of the
Genetic Algorithm (GA). All default parameters were
computed for docking processes with a scoring function of
100 GA run.

3. RESULTS AND DISCUSSION
3.1. Herbicidal Activity of Xanthoxyline (1) and

Related Small Methyl Ketones on Chinese Amaranth.
Initially, we compared the effects of xanthoxyline (1) and its
derivatives (2−12), at a concentration of 400 μM, on Chinese
amaranth (Figure 3A) to see whether altering the type and
position of substituents improved the inhibitory activity. In
order to know the level of herbicidal activity of these small
ketones, a commercial pre-emergence herbicide (buta-
chlor),6,40 a commercial post-emergence herbicide (glyph-
osate),41,42 a commercial HPPD inhibitor (mesotrione),15,16

and a common unsaturated ketone herbicide [trans-chalcone
(56)]28 were used as positive control experiments. Among this
group, xanthoxyline (1) was retained the most active
compound, and a similar effect was observed with compound
6. The derivatives containing both hydroxyl and methoxy

groups (2−5), and with only methoxy group (7−10), showed
comparable activity. However, derivatives containing only
hydroxyl group (11 and 12) had little effect on plant growth.
This result indicated that both hydroxyl−methoxy and
methoxy alone were crucial for activity but not hydroxyl alone.

For acetophenone (13) and its monosubstituted derivatives
(26−37), most compounds showed weak activity. Among
compounds with those electron-donating groups, compounds
with methoxy (20−22) were apparently more active than
those with methyl (13−15) or hydroxyl (17−19). Herbicidal
properties were also affected by the substituent position, with a
compound containing hydroxyl at meta position (18) having a
greater effect than compounds containing hydroxyl at ortho
(17) and para (19). However, for the amino group (23−25),
the opposite effect was observed. In terms of ketones bearing
electron-withdrawing groups (26−37), o-nitroacetophenone
(35) was the most active substance. For most derivatives, the
substituents in the ortho position showed stronger activity than
those in the meta and para positions.

Heteroaryl methyl ketones (38−45) were also studied, and
almost all compounds had low herbicidal activity against
Chinese amaranth. Fortunately, however, 3-acetylindole (43)
completely inhibited seed germination of the plant. For

Figure 3. Inhibitory effects of xanthoxyline (1) and related small methyl ketones on seed germination, shoot and root growth of Chinese amaranth
(A), and barnyard grass (B). An aqueous solution of Tween 80 was used as a negative reference, and aqueous solutions of butachlor, glyphosate,
mesotrione, and trans-chalcone (56) were used as positive references.
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saturated and unsaturated methyl ketones (46−55), it was
revealed that α,β-unsaturated compounds (48−55) were
slightly more potent than saturated ketones (46−47), and
their herbicidal effects were similar to those of monoketone
herbicide (56).6,43,44 Moreover, among unsaturated deriva-
tives, compounds with aromatics (49−53 and 55) were more
damaging than those with aliphatic (48), and overall, for this
group, dehydrozingerone (53) had the best activity. Overall,
some active ketones (1, 35, 52, and 53) were more active than
the reference herbicides [butachlor, glyphosate, mesotrione,
and trans-chalcone (56)]. The effects of concentrations and
molecular docking studies of the active ketones were discussed
further in the next section.

3.2. Herbicidal Activity of Xanthoxyline (1) and
Related Methyl Ketones on Barnyard Grass. The
herbicidal effects of methyl ketones on barnyard grass, a
representative monocot plant, were studied at a concentration
of 400 μM (Figure 3B). Among xanthoxyline (1) and its
derivatives (2−12), xanthoxyline (1) remained the most
potent, followed by acetosyringone (4). For acetophenone
(13) and its derivatives (14−37), the compounds with
methoxy (20−22) slightly suppressed shoot and root
elongation of the plant, while other ketones had no effects.

In terms of heteroaromatic ketones (38−45), almost all
compounds showed no activity. However, 3-acetyl-7-azaindole
(44) highly inhibited the plant. Although its level of weed
suppression was quite similar to that of butachlor, it was more
potent than glyphosate, mesotrione, and trans-chalcone (56).
Furthermore, saturated (46−47) and unsaturated methyl
ketones (48−55) were compared and found that most
unsaturated compounds were active, while the saturated
ketones were unreactive, and the effects of these ketones
were lower than those of the unsaturated ketone herbicide
(56). The effects of the concentration and the molecular
docking study of some active compounds were further
investigated in the following sections.

3.3. Herbicidal Activity of the Most Active Methyl
Ketones on Chinese Amaranth and Barnyard Grass. To

understand the effect of the applied concentration, the five
most active ketones (1, 35, 43, and 52−53) were further
investigated at concentrations of 13−800 μM (Figure 4A). A
known monoketone herbicide (56) was used to compare the
levels of activity, and the solution of Tween 80 was again used
as a negative control (0 μM). Obviously, compound 43
affected seed germination and shoot growth of Chinese
amaranth the most. At the concentration range of 400−800
μM, the germination of the plant was completely inhibited by
ketone 43. The effects on the root revealed that dehydro-
zingerone 53 highly suppressed root elongation. At a
concentration of 50 μM, this ketone completely inhibited the
root growth of barnyard grass. Overall, most of the active
ketones (Figure 4A) were more potent than the monoketone
herbicide (56) and their herbicidal properties relied on the
applied concentrations.

The dose−response of six small ketones (1, 4, 44, and 54−
56) on barnyard grass was also investigated at concentrations
of 25−1600 μM (Figure 4B). Apparently, compound 44
strongly inhibited seed germination and seedling growth of the
plant. At a concentration range of 800−1600 μM, ketone 44
completely inhibited grass germination. For shoot growth,
ketone 44 had similar activity to known ketone 56. However,
in terms of root growth, this ketone showed greater herbicidal
property. At a concentration of 400 μM, ketone 44 completely
inhibited the root growth of barnyard grass. Again, the
inhibitory effect of all active ketones relies very much on the
applied concentrations.

Results from vial assay indicated that the type and position
of the substituents affected the herbicidal properties of methyl
ketones. This is consistent with various studies showing the
effects of different substituents45−47 and positions15,16,48 on
activity. Among xantholyline (1) and its polysubstituted
derivatives (2−12), xanthoxyline (1) and acetosyringone (4)
were the most potent. Xantholyline (1) was an effective natural
herbicide isolated by our research group,5,34 while acetosyr-
ingone (4) was reported previously as an active allelochemical
in some plants.49−51 Even though we found that xantholyline

Figure 4. Inhibitory effects of the most effective methyl ketones on seed germination (a), shoot (b), and root (c) growth of Chinese amaranth (A)
and barnyard grass (B). Aqueous solutions of Tween 80 were used as a negative reference (0 μM).
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(1) caused genetic changes in root meristematic cells of Allium
cepa L. (onion), other modes of action of both compounds are
still worth investigating.

In terms of acetophenone (13) and its derivatives (14−37),
obviously, o-nitroacetophenone (35) was the only compound
that exhibited remarkable activity against seed germination of
Chinese amaranth. The mechanism of action of ketone 35
against tested plants is still unknown, but structurally similar
compounds, such as mesotrione and analogues, have been
widely investigated. The known mode of action of mesotrione
and its derivatives is to inhibit HPPD.13,14,29

For heterocyclic ketones, we found that 3-acetylindole (43)
strongly inhibited Chinese amaranth, but its closely related
derivative, 3-acetyl-7-azaindole (44), was the most effective
inhibitor against barnyard grass. The reason behind the
specificity of both compounds is still unknown and requires
further investigation. Generally, indole derivatives have a
crucial role in plants. Indole-3-acetic acid (IAA), in particular,
is the main auxin regulating growth and developmental
processes in plants.52 However, for other roles, IAA and
other indole derivatives, produced by some plant endophytes,
have been reported to inhibit plant growth and develop-
ment.53,54 Besides, our current finding suggests that
tryptophan,8 an indole containing α-amino acid, could
suppress plant growth, and its mode of action would be as a
pigment synthesis inhibitor. Not only natural indoles but
synthetic indoles are also effective against weeds. Several

reports revealed that synthetic indoles were promising plant
growth suppressors.55−57 The known mechanisms of action of
these compounds include photosystem II (PSII) inhibitors and
protoporphyrinogen oxidase (PPO) inhibitors.

Our findings here indicate that α,β-unsaturated ketones
(48−55) were slightly more active than saturated ketones
(46−47). Among these, dehydrozingerone (53) was the most
potent substance. Although dehydrozingerone (53) has rarely
been reported as a herbicide, other α,β unsaturated carbonyls,
for example, cinnamic acid and derivatives,58,59 ferulic acid and
derivatives,60−62 other unsaturated carboxylic acids,63,64

lactones,65−67 chalcones,6,26,28 and other unsaturated ke-
tones,68 have been widely investigated as herbicides or
algicides. Moreover, a similar trend was found in our previous
study that unsaturated aldehydes, such as cinnamaldehyde and
crotonaldehyde, were much more active to plants than
saturated aldehydes.7 The known modes of action of chalcones
and ferulic acids were phosphoenolpyruvate carboxylase
(PEPCase) inhibitors and acetolactate synthase (ALS)
inhibitors, respectively, while the mechanism of other ketones
was barely studied.

Other factors affecting the herbicidal activity of ketones were
applied concentrations and tested species. Methyl ketones
were more effective at suppressing plants when used in higher
concentrations, and Chinese amaranth was more affected by
ketones than barnyard grass. This finding is similar to those

Table 1. GoldScore of the Candidate Ligand in Active Site of 4-Hydroxyphenylpyruvate Dioxygenase (HPPD) Enzyme vs
Percent Inhibition of Barnyard Grass Seed Germination, Shoot Lengths, and Root Lengths

% inhibitiona

compounds GoldScore germination shoot lengths root lengths

1 48.70 18.18 ± 6.06 63.02 ± 1.46 62.68 ± 7.27
4 51.55 15.63 ± 6.25 42.77 ± 1.17 60.29 ± 5.63
7 49.04 −3.13 ± 6.25 15.37 ± 3.27 −12.26 ± 9.43
11 42.39 0 ± 10.21 15.41 ± 3.27 1.37 ± 6.12
43 42.48 9.38 ± 6.25 9.38 ± 7.25 7.62 ± 8.34
44 43.04 62.50 ± 10.21 75.10 ± 3.25 100
54 46.17 21.21 ± 6.25 53.75 ± 3.28 48.01 ± 5.31

aMethyl ketones were tested at concentration of 400 μM.

Figure 5. Docking poses analysis in the binding site between the candidate ligand and the HPPD enzyme (PDB ID: 1TFZ).
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reported that the herbicide is effective at high concentrations,
but at low concentrations, it may promote plant growth.69

3.4. Case Study. In this section, molecular docking was
performed using GOLD molecular docking software39 in order
to investigate how candidate inhibitors are bound to plant
HPPD. Even though there are various possible mechanisms of
action of herbicides, for example, ALS inhibitor, PEPCase
inhibitor, PSII inhibitor, PPO inhibitor, and so forth, we are
still interested in the HPPD enzyme receptor because it is
crucially important for normal growth of plants.36 As can be
seen in Table 1, the GOLD fitness scores (GoldScore) for

selected inhibitors (compounds 1, 4, 7, 11, 43, 44, and 54) as
bound to the binding pocket of plant HPPD were reported. All
selected compounds exhibited a GoldScore in the range of
42.39−51.55 when bound to the pocket of the HPPD enzyme.
As shown in Figure 5, the pose between selected ligands and
plant HPPD revealed the interaction sites within the binding
pocket, which comprised His205, Val207, Leu244, Asn245,
Ser246, Ala247, Val248, Pro259, Ile260, Asn261, Gln272,
Ile273, Gln286, His287, Gln358, Phe360, Phe371, Glu373,
Ile375, Phe398, Gly399, Lys400, Asn402, Phe403, Leu406, and
Fe425. From molecular docking analysis, it was noticed that

Figure 6. Representative ligand−protein interactions for active (ketones 1,4) and inactive compounds (7,11) in the active site of the HPPD
enzyme.
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the carbonyl moiety was a key molecular substructure of active
compounds (Figure 6). By comparing xanthoxyline (1) and its
derivatives (4, 7, and 11), it was clear that xanthoxyline (1)
and acetosyringone (4) exhibited stronger herbicidal activity
than the others. Both xanthoxyline (1) and acetosyringone (4)
formed H-bonds with Asn261 and the metal acceptor with
Fe425. Moreover, acetosyringone (4) also formed H-bonds
with Phe398 and Ser246 as well as formed π−π interaction
with His287, while the inactive ketone 7 showed unfavorable
bump interactions with Fe425. For ketone 11, although it

could form the same kinds of interactions as acetosyringone
(4), its herbicidal properties were much weaker than that of
acetosyringone (4). These results suggest that to increase the
HPPD activity, the substituents should consist of both the
hydroxyl group and the methoxy group but not hydroxyl or
methoxy alone.

For 3-acetylindole (43) and 3-acetyl-7-azaindole (44),
clearly, the pyridine moiety of ketone 44 formed the π−lone
pair interaction with Phe398 and the metal acceptor
interaction with Fe425. Furthermore, its pyrrole ring could

Figure 7. Representative ligand−protein interactions for active (ketones 4 and 44) and inactive compounds (43 and 54) in the active site of the
HPPD enzyme.
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interact with His287 via H-bonding as well as π−π interaction
via Phe398, whereas compound 43 only exhibited π−π
interactions (Figure 7). This result confirmed that the pyridine
ring helped increase HPPD activity greater than benzene.

To explain why α,β-unsaturated ketone (54) showed weaker
herbicidal activity than acetosyringone (4), molecular docking
simulations of the two compounds were investigated (Figure
7). The result found that acetosyringone (4) had H-bond
interactions with key amino acids (Asn261 and Ser264) and
the metal acceptor (Fe), while ketone 54 poorly contacted Fe.

Altogether, the molecular docking results for plant HPPD
indicated that carbonyl, aromatic, and azaindole groups were
key interactions of HPPD inhibitors. Despite the fact that our
methyl ketone derivatives’ binding mode differs from that of
nitisinone, sulcotione, mesotrinoe,70 4-hydroxyphenylpyruvate
acid (HPPA), quinotrione (Y13161),71 and hydroxyphenyla-
cetate (HPA),72 which demonstrate metal atom interactions
with the diketone group, whereas our methyl ketone
derivatives demonstrate metal atom interactions with other
functional groups. However, the mode of action of methyl
ketone derivatives derived from molecular docking may
provide guidance for designing more potent HPPD inhibitors
prior to synthesis.

4. CONCLUSIONS
In summary, the SAR study of xanthoxyline (1) and related
methyl ketone herbicides has been reported against Chinese
amaranth and barnyard grass. The herbicidal properties of this
chemical class depend largely on the type and position of
substituents as well as their applied concentrations. Both tested
species respond differently to the herbicides, and Chinese
amaranth is relatively more susceptible to the herbicides than
the grass. Xanthoxyline (1) and acetosyringone (4) are more
active than other polysubstituted ketones. Among monosub-
stituted ketones, 2-nitroacetophenone (35) is the most potent
compound, specifically, with Chinese amaranth. Overall, indole
derivatives, namely, 3-acetylindole (43) and 3-acetyl-7-
azaindole (44), show greater activity than other tested ketones,
and their effects are species-dependent. Results from the
molecular docking study indicated that carbonyl, aromatic, and
azaindole were key interactions of HPPD inhibitors. This novel
finding would be beneficial in the development of small-
molecule pesticides.
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