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Abstract

Pest disasters which occurs on crops is a serious problem that not only cause crop yield loss or even crop failure
but can also spread a number of plant diseases.Sulfonate derivatives have been widely used in insecticide and
fungicide research in recent years. On this basis, a series of sulfonate derivatives bearing an amide unit are
synthesized and the biological activities are evaluated. The bioassay results showed that compounds Ag, A;3, Aqe
B;, B, B, Bg, Byg Bia_50 G5 G5, Co, €y, Cq4 Cy5, €47 and Cq9 showed 100% activity at a concentration of 500 ug/
mL against the Plutella xylostella (P, xylostella). Among them, B,5 which contains a thiadiazole sulfonate structure still
shows 100% activity at 50 ug/mL concentration against P. xylostella and had the lowest median lethal concentration
(LCqp) (761 ug/mL) among the target compounds. Further mechanism studies are conducted on compounds

with better insecticidal activity. Molecular docking results shows that B,5 formed hydrophobic interactions

n-m and hydrogen bonds with the indole ring of Trp532 and the carboxyl group of Asp384, respectively, with
similar interaction distances or bond lengths as those of diflubenzuron. Moreover, chitinase inhibition assays

are performed to further demonstrate its mode of action. In addition, the anti-bacterial activity of the series of
compounds is also tested and the results showed that the series of compounds has moderate biological activity
against Xanthomonas oryzae pv. oryzae (Xoo) and Xanthomonas oryzae pv. oryzicola (Xoc), with inhibition rates of
919%, 92% and 92%, 88% at the concentration of 100 ug/mL, respectively. Our study indicates that B,5 can be used
as a novel insecticide for crop protection.
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Introduction
Agricultural pests are the most important impact fac-
tors that threaten crops. They often cause serious qual-
ity and yield losses in agricultural production [1, 2].
Become potential “carriers” while feeding on susceptible
plants, spreading more serious diseases to the plants.
Among agricultural pests, the P xylostella is one of the
most challenging pests to control, infesting cruciferous
crops and causing up to $4.5 billion in losses annually
“Correspondence: [3]. Since crops are threatened not only by agricultural
Xia Zhou
xzhou@gzu.edu.cn pests but also by crop pathogens, the focus of addressing
these issues is on effective disease and pest management.
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Therefore, different types of pesticides such as fungi-
cides/bactericides, insecticides, are applied to man-
age the corresponding pests and diseases [4]. However,
4.6 million tons of pesticides are used worldwide every
year, with about 90% of them unable to be used properly
and ending up in vulnerable farming systems, leading to
an excessive build-up of harmful residues in crops [5—
11]. Hence, the development of novel insecticidal agents
is particularly important to reduce impacts on agroeco-
system diversity.

Sulfonate derivatives have been widely studied own-
ing to their strong affinity for lipids, which can eas-
ily cross the plant cuticle to perform their biological
activities [12, 13]. Aryl sulfonate esters have been widely
used for agricultural and pharmaceutical research due
to their antiviral [14, 15], antibacterial [16], antifungal
[17], insecticidal [18], and anticancer [19] properties.
And more aryl sulfonate compounds with high efficacy
in insecticidal, antibacterial, and antiviral activities can
be obtained by structural modification [20, 21], such as,
genite, irosustat, chlorfenson and nimrod, etc. In recent
years, 1,3,4-thiadiazole derivatives and amide derivatives
have become a major focus for the development of novel
bactericides, insecticides, and fungicides [22-26], and a
number of commercial agents containing thiadiazole/
amide structures have been discovered and commercial-
ized, such as bismerthiazol, thiodiazole copper, boscalid,
diflubenzuron, and chlorantraniliprole, etc. [21]. In view
of the above, a series of novel sulfonate derivatives con-
taining 1,3,4-thiadiazole/amide backbone was designed

and synthesized for further development of efficient and
active lead compounds (Fig. 1) and evaluated for their
biological activities. To our delight, most of the title com-
pounds showed average biological activity against bacte-
ria but most of the target compounds exhibited moderate
to excellent insecticidal activity. The high insecticidal
activity of the compounds was validated by further pre-
liminary mechanism of action studies and molecular
docking.

Results and discussion

Chemical synthesis

The synthetic route of target compounds is shown in
Scheme 1. 4-hydroxybenzhydrazideproduce intermedi-
ate A-1 by nucleophilic substitution reaction with acyl
chloride, and intermediate A-1 is sulfonated with sulfonyl
chloride to produce target compounds A;-A;g (Scheme
1A). 4-hydroxybenzhydrazide produce amino thio-
urea compounds by addition reaction with potassium
thiocyanide under acidic condition, and intermedi-
ate B-1 produce target compounds B;-B,, (Scheme 1B)
by cyclization reaction. Intermediate B-2 is formed
by cyclization of intermediate B-1, and intermediate
B-3 is sulfonated with sulfonyl chloride to form target
compounds B;-B,,. The synthesis route of target com-
pounds C;-C,, is shown in Scheme 1C. 4-hydroxyben-
zhydrazidereacts with carbon disulfide in a condensation
reaction to form intermediate C-1 under alkaline condi-
tions. Intermediate C-1 is cyclized to form intermediate
C-2, intermediate C-2 and C-3 react with nucleophilic
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Fig. 1 Design strategy for target compounds

substitution to form intermediate C-4, intermediate C-4
and sulfonyl chloride react with sulfonation to form the
target compound C;-C,,. The chemical structures of all
the target compounds, A;-Ag, B;-B,, and C;-C,, have
been confirmed by 1'H NMR, 13'3C NMR spectroscopy
and high-resolution mass spectrometry. Physicochemical
properties are provided in supporting information.

Insecticidal activity

The insecticidal activities of the target compounds are
shown in Table 1, where diflubenzuron is used as a posi-
tive control. It can be seen that most of the target com-
pounds show excellent insecticidal activities against both
P xylostella and Myzus persicae. Among them, com-
pounds Ag, A3, Ajg, By, By, By, By, Byg, By 5 C3, Cs, Co,
C,0 Cis Ci5 Cy7 and Cyq all show 100% mortality against
P. xylostella at a concentration of 500 yg/mL, and com-
pounds By, C,, C;5, Cy; and C,4 show insecticidal activ-
ity against the P, xylostella of more than 80% at 50 y#g/mL,
notably compound B,; still show 100% mortality against
P, xylostella at both 50 and 500 p#g/mL concentrations.

In order to assess the insecticidal potency, the com-
pounds that showed more than 90% mortality at 50 ug/
mL concentration are further investigated to obtain their
half lethal concentration (LCs). As shown in Table 2, By,
C,» Ci5 Cy; and C,g show better insecticidal activity
against Plutella xylostella with LCy, values ranging from
7 to 19 ug/mL as compared to diflubenzuron with LCy,
value of 24.08 yg/mL. Among them, B;; is the compound
with the highest mortality against Plutella xylostella
with an LCj value of 7.61 ug/mL, which was about three
times more active than that of diflubenzuron.

Changes of chitinase, juvenile hormone and ecdysteroids
in P. xylostella

The growth and development of insects are mainly
affected by chitinase, and the interaction of juvenile hor-
mone and ecdysteroids also affects the activity and con-
tent of chitinase, which in turn affects the metamorphosis

and development of insects. In order to further evalu-
ate the possible insecticidal mechanism of action of
compound By, it firstly is observed the morphologi-
cal changes of P xylostella feeding on drug-containing
leaves, and then tested the effects of compound B,; on
chitinase, juvenile hormone and ecdysteroids of P xylo-
stella. It can be seen that P. xylostella in the treated group
after feeding on the drug-containing leaves over time the
death of the worms is accompanied by body stiffness, as
compared to that of diflubenzuron as a positive control
(Fig. 2). To further explore the possible mechanism of
action of the title compound in killing the insects, we test
the changes in chitinase, juvenile hormone and ecdyster-
oids in P, xylostella after feeding on the drug-containing
leaves (Fig. 3). The inhibition of P xylostella chitinase
activity by compound B,; shows a tendency of increas-
ing and then decreasing, and the inhibition of chitinase
activity is most obvious at 12 h, whereas the inhibition of
chitinase activity by diflubenzuron is almost non-existent
(Fig. 3a). The effect of compound B,; on juvenile hor-
mones appears to follow the same trend as its effect on
chitinase activity (Fig. 3b). The levels of ecdysteroids are
higher in both compound B,; and diflubenzuron-treated
P xylostella than in the blank control group (CK), and
there is no inhibition of ecdysteroids by compound B,
and diflubenzuron (Fig. 3c). Chitinase plays an important
role in the growth and development of insects, and this
result suggests that compound B,; may prevent P xylo-
stella from completing the normal metamorphosis and
development process by inhibiting the activity of chitin-
ase, leading to its death.

Molecular docking

Chitin is essential in insect growth and development,
and it has been shown that the title compound disrupts
chitinase activity, which in turn may cause dysregula-
tion of chitin synthesis and catabolism in insects; there-
fore, the chitinase-related protein (PDB ID: 6]JMA) has
been selected to be used for molecular docking. In order



Liu et al. BMC Chemistry (2024) 18:46

Q»%@

dryTHF, Et;N

A, : R=-phenyl

A; : R=2-F-phenyl

A; : R=3-F-phenyl

A4 : R=4-F-phenyl

As : R=3,4-difluorophenyl
A : R=2,6-difluorophenyl

QMJ@

A7 : R=2-Cl-phenyl
Ag : R=3-Cl-phenyl
Ag : R=4-Cl-phenyl
A1 : R=2-Br-phenyl
A44 : R=3-Br-phenyl
A42 : R=4-Br-phenyl

DCM, EtzN

Q
R-$-cCI

o N’
R*s’\o/©)\” o F
(o]

ZI

Aq-Asg

: R=4-NO,-phenyl

: R=4-CN-phenyl

: R=4-CF3-phenyl

: R=4-OCHj;-phenyl
: R=4-CH3-phenyl

: R=4-C(CH3);-phenyl

Page 4 of 13

B
o

/©)LN,NH2
H
HO

O

B-3

KSCN
1N HCI

RSCI

DCM, Et;N

B4 : R=-phenyl

B, : R=2-F-phenyl

B; : R=3-F-phenyl

B4 : R=4-F-phenyl

Bs : R=3,4-difluorophenyl
Bg : R=2,6-difluorophenyl
B; : R=-Pentafluorophenyl

i
HO

[o}

B-1

R

B4-Bzo

Bg : R=2-Cl-phenyl

By : R=3-Cl-phenyl

B1o : R=4-Cl-phenyl

B41 : R=2.4.6-trichloropheny
Bj2 : R=2-Br-phenyl

B43 : R=3-Br-phenyl

B44 : R=4-Br-phenyl

NH, Conc.H;SO4
NH4OH

S
H;Nﬂ\ ]
N-N

o F
8% H
[0 I S Np
°©~<\ g
N-N O F

F
OH CI\"JQ

O F
dryTHF, Et;N

B-2

: R=4-NO,-phenyl
: R=4-CN-phenyl

: R=4-CF3;-phenyl
Byg:
Big:
: R=4-C(CH;);-phenyl

R=4-OCHj;-phenyl
R=4-CH3-phenyl

c (o]
O)‘\N,NHZ
H
HO

[o}
Br)l\/Br

C, : R=-phenyl

C, : R=2-F-phenyl

C; : R=3-F-phenyl

C4 : R=4-F-phenyl

Cs : R=3,4-difluorophenyl
Cs : R=2,6-difluorophenyl
C; : R=-Pentafluorophenyl

Scheme 1 Synthetic routes for the target compounds

o
_NH_ _SK
N
/©)‘\ Ny conc.Hs0, 4
HO 8 HS—( |
c-1 N-

e

Cg : R=2-Cl-phenyl

Cg : R=3-Cl-phenyl

Cyo : R=4-Cl-phenyl

C44 : R=2.4.6-trichloropheny
C42 : R=2-Br-phenyl

C43 : R=3-Br-phenyl

C44 : R=4-Br-phenyl

C-2

o F.
Br\)LNI;
g

dryDMF, K,CO4

: R=4-NO,-phenyl

: R=4-CN-phenyl

: R=4-CF;-phenyl

: R=4-OCH;-phenyl

: R=4-CH3-phenyl

: R=4-C(CHj3)3-phenyl



Liu et al. BMC Chemistry (2024) 18:46 Page 5 of 13

Table 1 Insecticidal activity of title compounds A;-A,g, B;-B,o and C4-C,q against P xylostella and Myzus persicae

Compd. P. xylostella Myzus persicae
500 pg/mL (%) 50 pg/mL (%) ? 500 pg/mL (%)
A, 90.00+£0.00 7333+£577 36.67£577
A, 9333+£5.77 70.00£10.00 16.67+5.77
A; 80.00+10.00 33331577 26.67+577
A, 80.00£0.00 70.00£0.00 60.00£10.00
Ag 76.67£577 30.00+0.00 83.33+5.77
Ag 76.67+11.55 30.00+10.00 6.67+577
A, 80.00+£0.00 2333+£577 16.67£577
Ag 100 50.00+10.00 20.00+0.00
Ay 9333+£5.77 60.00+0.00 3333£577
A 7333£11.55 26.67+11.55 40.00+0.00
A, 86.67+5.77 20.00+0.00 2333+11.55
A, 66.67+£5.77 63.33%5.77 26.67£577
A 100 5333+5.77 5333+577
A, 86.67+577 5333+£577 66.67+577
A5 90.00£0.00 60.00£10.00 66.67+£11.55
A 100 60.00+0.00 50.00+10.00
A,y 40.00+0.00 13.33+5.77 2333£577
Ag 9333+£5.77 7333£577 6.67+5.77
B, 100 76.67+5.77 30.00+0.00
B, 90.00+10.00 20.00+£0.00 333+£5.77
B, 100 40.00+10.00 10.00+0.00
B, 100 50.00+0.00 36.67+577
B; 100 40.00£0.00 86.67£5.77
B 86.67+5.77 10.00+0.00 23331577
B, 96.67£5.77 40.00£10.00 26.67£577
Bg 9333+£5.77 36.67+£11.55 10.00+0.00
B, 86.67+11.55 13334577 46.67+5.77
By 100 700.00£0.00 2667 £577
B, 9333+5.77 2667+577 20.00+0.00
B, 100 4333+5.77 1333£1155
Bis 100 43.33%5.77 16.67£577
B4 100 66.67+£5.77 80.00+10.00
Bis 100 100 50.00+10.00
Bis 100 70.00+£10.00 20.00+£10.00
B, 100 50.00+0.00 30.00+0.00
Bis 100 66.67+5.77 26.67£577
By 100 60.00+0.00 36.67+5.77
B, 100 46.67+5.77 30.00£0.00
[ 86.67+£11.55 76.67£5.77 10.00£0.00
G, 70.00+10.00 6.67+5.77 16.67+5.77
G 100 50.00+£10.00 1333£1155
C, 9333+£5.77 8333+£5.77 16.67+5.77
Cs 100 5333+5.77 8333+5.77
Ce 86.67£5.77 2333+£577 26.67£577
G, 7333+£11.55 30.00+10.00 50.00+10.00
Cs 9333+£5.77 30.00+£0.00 6.67+5.77
Co 100 36.67£5.77 10.00+0.00
Cio 100 70.00+10.00 50.00+10.00
Ch, 76.67£577 20.00+£0.00 20.00£0.00
Ci 96.67+5.77 36.67+5.77 333£5.77
Ci3 8333+5.77 10.00£0.00 16.67+5.77

Cia 100 93.33+5.77 30.00+10.00
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Table 1 (continued)

Compd. P. xylostella Myzus persicae
500 pg/mL (%) ? 50 pg/mL (%) ? 500 pg/mL (%) ?

Cis 100 90.00+0.00 36.67+5.77

Cie 8333+£577 66.67+£5.77 2667+577

Cyy 100 93.33+5.77 2333+11.55

Cis 9333+577 66.67+577 3333+577

Cio 100 90,00+ 10.00 16674577

Cy 66.67+5.77 33.33+5.77 40.00+£0.00

Diflubenzuron 100 80.00+0.00 3.00+577

2All results are expressed as mean+SD.

Table 2 LC, values of some compounds with excellent
insecticidal activity against the P, xylostella

Compd. Plutella xylostella
Regression eq. R? LC;o(pg/mL) ?

Bis y=259%x+2.72 098 761+1.62
Cis y=3.23x+0.88 0.99 18.85+3.46
Cis y=2.79%+170 097 15284252
Cy; y=347x+0.70 097 17.38+3.16
Cio y=2.73x+1.69 0.99 16.37+341
Diflubenzuron y=2.34x+1.77 0.99 24.08+2.31

2All results are expressed as mean+SD.

to verify the possible insecticidal mechanism of the title
compound B, it is docked at the theoretical binding site
of the chitinase protein, diflubenzuron is used as a posi-
tive control. The interactions of B,; and diflubenzuron
with the chitinase protein are shown in Fig. 4. In the
docking complex of diflubenzuron and chitinase protein

CK

D15

diflubenzuron

=

12h  24n

(Fig. 4A) the two N atoms of the amide bond form two
hydrogen bonds (2.8 A and 2.9 A) with the key residue
ASP384, which is essential for the binding of the inhibi-
tor and chitinase protein. The benzene ring forms a m-mn
stacking interaction with residues TRP532 and ASP384
(4.4 A and 4.5 A). As shown in Fig. 4B, the thiazole ring
and amide bond of B,; forms two hydrogen bonds (3.2
A and 2.9 A) with ASP384 as well as the nitro group on
the benzene ring with ARG239 (2.9 A and 3.1 A), which
is two more than that of the diflubenzuron. The benzene
ring forms a m-m stacking interaction with ARG439 and
GLN466 (4.8 A and 4.5 A), respectively. All these differ-
ences explain the more active insecticidal activity of B,
against the P, xylostella than that of diflubenzuron.

In vitro antibacterial activity
In order to explore the effect of the synthesized target
compounds beyond insecticides, antibacterial activity

36h 48h

Fig. 2 Morphological changes of the P xylostella feeding on the drug-containing leaves at different time periods
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Fig.4 Molecular docking diagram of diflubenzuron (A) and compound B;5 (B)
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experiments are carried out. The antibacterial activi-
ties of the title compounds in vitro are shown in Table 3.
Most of the compounds show moderate inhibitory activ-
ity against the tested bacteria. Among them, some of the
compounds show a good inhibitory activity against Xoo
and Xoc, and compounds A, and C, both showed more
than 90% inhibitory activity against Xoo at a concentra-
tion of 100 pg/mL. Then, we test the ECy, values of those
title compounds that showed better activity against Xoo
and Xoc, the EC;, values of antibacterial activity of com-
pound A, and compound C, against Xoo are 24.87 and
30.04 pug/mL, respectively. The ECs, values of compounds
A, A Ay By, C, and C; of that inhibitory activity
against Xoc are 30.12, 39.59, 18.75, 67.9, 43.85 and 54.56
ug/mL, respectively (Table 4).

Conclusion

In summary, 58 novel series of sulfonate derivatives con-
taining an amide backbone were designed and synthe-
sized. They have been evaluated for their antibacterial
and insecticidal activities. The results of the bioactivity
tests indicated that the compounds show fair antibacte-
rial activity, but most of them showed good insecticidal
activity against the P. xylostella. Among them, compound
B,; showed the best insecticidal activity against P xylo-
stella with LCy; of 7.61 ug/mL, which is much lower than
the control agent diflubenzuron. Further preliminary
studies on the insecticidal mechanism indicated that
compound B, ; may exert its insecticidal activity by inhib-
iting chitinase and juvenile preserving hormone in the
body of the P. xylostella, and this result was also consis-
tent with the molecular docking experiments. Therefore,
compound B,; may be a promising insecticide candidate.

Materials and methods

Equipment and materials

Melting points of new compounds were determined on
an X-4 digital display micro melting point apparatus
(Henan, Gongyi Yuhua Instrument Co., Ltd, China) and
were uncorrected. The NMR spectra of the title com-
pounds were obtained on a JEOL-ECX500 apparatus
(JEOL, Japan) or a Bruker Biospin AG-400 apparatus
(Bruker Corporation, Germany) using tetramethylsilane
as the internal standard. High-resolution mass spectra
were recorded with a Thermo Scientific UltiMate 3000
spectrometer (Thermo Fisher Scientific, USA). Optical
density was recorded on a Cytation™ 5 multi-mode read-
ers (BioTek Instruments, USA). All chemical reagents
were obtained from commercial suppliers. All strains
used (Xoo, Xac, Psa and Xoc) and the test insects (Plutella
xylostella and Myzus persicae) were provided by the
laboratory of Guizhou University. All ELISA kits were
obtained from commercial suppliers (Jiangsu Meimian
Industrial Co., Ltd, China).
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Preparation procedure of intermediate compounds
Synthesis of intermediate A-1: following the method
described in the literature [27], 4-hydroxybenzhydra-
zide (65.7 mmol) and Et;N (131.4 mmol) were added to
a clean 250 mL three-necked flask with tetrahydrofuran
(130 mL), at 25 C. Then 2,6-difluorobenzoyl chloride
(65.7 mmol) was added to the mixture at ice bath. The
reaction would be accomplished quickly in 5 min (moni-
tored by TLC). Then the reaction mixture was quenched
by adding 100 mL H,O and extracted with ethyl acetate
(100mL x 3). The collected organic phase was extracted
with NaOH solution and the water phase was adjusted to
pH=4-5 with diluted hydrochloric acid. Then ethyl ace-
tate was added to extract and concentrate to get the cru-
cial solid, which was then recrystallized with anhydrous
ethanol to obtain white crystal intermediate A-1 (yield,
76%).

Synthesis of intermediate B-1: following the method
described in the literature [28], 4-hydroxybenzhy-
drazide (65.7 mmol) was added into a clean 250 mL
three-necked flask with 120 mL of 1 M HCI solution
at room temperature. After stirring for 15 min, all
the solid was dissolved. Then potassium thiocyanate
(131.4 mmol) was added and the mixture was heated
at 100 °C for 8 h until the reaction completion as mon-
itored by TLC. The system was cooled to room tem-
perature and a large amount of white solid appeared.
The solid product was filtered and washed by water for
three times and ethanol once, and then recrystallized
in anhydrous ethanol to obtain intermediate B-1, with
yield of 57.6%.

Synthesis of intermediate B-2: following the method
in the literature [28], intermediate B-1 (28.4 mmol)
was added into a clean 50 mL three-neck flask at 25 ‘C
followed with H,SO, (20 mL) while stirring. After 6 h
the reaction was completed. Then the reaction mixture
was slowly poured into crushed ice, and 25% ammonia
water was added to adjust the solution to pH=8-10
during stirring and a large amount of white solid pre-
cipitated. The precipitate was filtered and washed
with water three times and dried. The solid was then
recrystallized in anhydrous ethanol to obtain interme-
diate B-2, with yield of 32.8%.

Synthesis of intermediate B-3: following the method
in the literature [29],intermediate B-2 (9.3 mmol) and
Et;N (18.6 mmol) were added to 20 mL tetrahydro-
furan in a clean 50 mL three-neck flask and stirred
for 15 min at 25 ‘C. Next in an ice bath, 2,6-difluo-
robenzoyl chloride (9.3 mmol) was slowly added and
then and the mixture was stirred at room tempera-
ture till reaction was completed according to TLC.
Then the reaction mixture was quenched by adding
20 mL H,O and extracted with ethyl acetate (20 mLx
3). The collected organic phase was extracted with
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Table 3 /n vitro antibacterial activity results of the title compounds

Compd. Xoo Xoc Xac Psa
100 50 100 50 pug/mL(%)* 100 pg/mL(%)* 50 pg/mL(%)® 100 ug/mL(%)* 50 pg/mL(%)?
Mg/mL(%)*  pg/mL(%)*  ug/mL(%)?
A, 18.56+1.33 2111105 70.33+2.53 36.20+£1.10 3503+£1.23 26.05+1.03 27914315 12.88+1.51
A, 33.16+£093 22.78+0.76 5343+1.81 27.27+2.09 46.87+2.78 23.03+£1.14 21124252 11.64+0.99
A; 41161121 36.85+1.35 41.63+£219  2616+1.20 46.03+1.24 20.18+2.48 18.52+£2.46 1043+£1.44
A, 90.59+3.32 39.67+145 66.67+£154  40.19+£1.27 39.00+£2.34 23.96+3.30 22.37+201 1262+2.05
A 42741147 10.73+£1.00 7815+ 154 4545+1.44 49.00+4.50 2508+1.32 12944254 8.12+2.06
Ag 1346+£1.15 3351+158  6699+1.66  40.19+1.66 56.64+1.34 3449+1.03 10.16+£1.45 8.69+4.39
A, 3967+185 5858+140 5694+127  3620+445 4263+094 28.86+3.40 20.10+£1.46 831+245
Ag 13.28+£1.30 3879+£206 69.06+1.10 49.76+0.83 52.54+3.02 2555+1.03 16.06+2.20 9.75+142
Ay 11.79+£152 65.00+£2.71 60.29+£1.27 37.16+£1.20 4244+2.37 27.06+£4.71 15.07+£2.86 6.61+2.08
Ao 6878+386  2099+356  4545+291  2472+168 35.08+1.36 28.68+153 9.53+034 563+£204
Ay 21.78+1.76  23.17+1.05 61.08£146  4147+£292 3489+2.14 26.85+292 14.78+£4.83 552+1.21
A, 6469+1.19  5267+1.10 56.78+246  3397+253 30.08+1.67 2497 +3.74 9.79+1.69 529+2.59
Ay 3135£050  3241+£192 35414209  23.13+1.00 3645+292 19.03£1.13 20.28+2.92 11.75+373
A, 1789+194  6191+1.14 8596+1.68 37.00£146 32.39+£1.82 24.50+£4.05 10.23+£1.69 631+3.95
A5 15.58+2.17 54324261 94.74+0.48 7241+£1.00 40.84+3.92 25.73+£1.49 13.24+3.88 5.18+4.77
A 63.76+2.72 25.74+4.09 100 84.69+291 31.26+£2.30 28.04+2.64 10.01£254 5.70+3.51
A,y 10.96+£0.60 3426+429 49924264  3333+£193 49.71+1.96 2760+ 1.64 055+2.92 091+2.61
Ag 11494059 27924326  5550+4.78  4530+1.00 42.16+0.90 19.39+1.58 2.86+061 0
B, 68.78+3.86  25.15+424  48.00%0.35 3267+133 60.79+£2.65 4040+1.25 9.29+0.71 547+1.03
B, 2099+356  8.07+4.66 3800+053  25.80+0.20 49.56+2.50 35.68+1.25 14.25+2.15 770+1.28
B; 44.22+2.02 513+252 35.07+0.12 29.67+0.12 66.22+3.18 43714143 15.14+1.53 6.32+1.04
B, 2330+£1.02 0 42.07+£042 2747 +0.81 43524241 30.81+£1.03 289+2.15 2.98+0.46
Bs 21.78£176 0 41534031 2233+031 69.24+1.73 40.18+147 597+445 1.38+2.15
Bg 23.17+£1.05 11.18+4.12 4153+090 3140+140 58.34+2.20 3571+£4.68 299+1.23 14.84+1.39
B, 64.69+1.19 3933+034  6533+0.31 33.73+£1.15 47.58+2.67 30.77+£1.04 9.02+4.04 6.84+1.84
Bg 5267+1.10 878+081 3940+1.06 28934083 49.19+294 26924254 27.09+1.09 106+134
B, 3135+£050 824+1.18 41.93+0.31 29.80+0.35 1536+2.22 34.52+395 6.48+0.71 298+2.84
Bio 3241+£192  791+£208 30274081  24.80+0.20 47494139 3939+1.27 4.10+4.52 0
By, 17.89+1.94 1211£0.75 43.80+0.72 31.13+£042 31.02+0.99 2241+£159 250+3.73 0
B, 6191+1.14 13.26+143 3873+0.76  21.27+0.12 15.78+1.86 486+1.59 3.98+1.84 0
By 15.58+2.17  2188+152  3513+0.76  29.00+1.06 3527+252 24.04+1.78 2.58+1.95 0
B, 54.32+261 13.91+£098  41.60+0.35 33.00+£0.20 30.36+262 20.07+£2.31 0 0
Bs 63.76+2.72 15.28+0.81 4440+£140  2893+0.31 4555+2.37 39.24+1.03 0 0
Bis 2574+409 1348+1.16 4100+125 1827+0.23 3725+1.28 30.45+3.00 0 0
B, 1096+060 O 5220+1.11 37.60+0.40 5843+1.20 32.72+£1.08 0 0
Bis 3426+429  1413+254  4773+031  2793+0.12 63.10+£2.92 35.60+2.60 11.94+223 8.00+2.09
By 1149059  382+041 53.00+035 39471061 63.67+2.89 32.86+1.03 527+265 4.69+2.96
Byo 27924326  687+0.59 38.27+0.61 2360+0.20 47.77+1.81 22274207 5.89+248 3.87+1.63
C 65.43+0.49 35331147 5862+139 31.90+0.74 52524145 41194143 3896+1.27 22224175
G 55814243  4324+1.15 39.60+1.25 18.00+£0.54 49.85+1.05 38.96+1.61 41394237 24724240
G 64.67+157 26.86+0.57 3456+124  2577+1.87 62.74+£1.22 49.04+1.22 29.65+1.15 11.11+£0.98
C, 9210+£129 7162+0.16  8793+054  51.19+1.25 64.96+1.00 46.07+2.23 3243+3.23 16.11+£1.15
Cs 4248+231 2600+£148  41.24+047 2406+ 1.84 4933+2.26 36.52+1.41 26.94+241 11.67+£191
Ce 50.62+144 29434174  3824+228 2652+144 4341+134 3867+133 11.88+1.50 0
G, 82.19+144  4771+086 84.12+1.84  41.04+0.31 62.89+2.04 46.37+2.06 52.22+1.82 34.44+0.94
Cg 5781+£1.08 31.05+3.00 3633+199  2045+0.54 5844+1.02 3481+£1.70 26.81+£1.88 10.56+£0.94
G 5648+190 2876+144  4240+237 34.08+1.03 62.30£227 52.15+£1.12 38.19+1.26 27.57+1.39
Cio 66.19+1.90 3819+144  4853+2.37 33.06+£1.30 58.15+£1.48 4993+1.12 2597+£1.07 1563+0.95
Ch, 59.14+£1.78 3229+1.74  51.74+1.14  28.02+0.71 56.07+£2.58 48.74+161 11.94+£1.54 3.96+0.95
C, 6143+£131  4029+057 3088+054 2597+134 57.56+2.12 37.26+1.48 17.29+232 167+191

Ci3 68.19+167 4057+125 3258+103  2222+1.79 53.56+1.02 39.63+2.02 1.53+1.70 1.18+1.03
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Table 3 (continued)
Compd. Xoo Xoc Xac Psa

100 50 100 50 ug/mL(%)* 100 ug/mL(%)? 50 ug/mL(%)* 100 ug/mL(%)* 50 ug/mL(%)

Hg/mL(%)*  pg/mL(%)®  ug/mL(%)?
Cis 5533+£1.00 3438+3.08 4635+139  3401+246 4415+3.70 36.44+2.31 39.86+2.23 2451+£1.22
Cis 69.81+357 31.71+049 23.38+193 1445+1.18 55414257 44524225 46.04+2.76 3743+£192
Cis 54.00£1.31 24.76+147 3817+£139  2004+1.14 54.15+3.03 4481+3.03 3576+1.67 11.67+£1.85
Cyy 5533+£1.00 3552+1.29 70.28+1.55 41.24+1.13 48.59+2.06 4585+1.03 9.65+1.70 1.74+1.59
Cis 6362+194  3686+049 47994083 26.58+1.02 53.63+1.81 4348+245 271+2.18 0
Cio 62.19+£087 36.19+£0.72 7635+1.70  43.08+1.05 54.74+0.68 44.52+3.34 7.78+1.89 361+148
Cyo 74.00+1.31 3943+1.87 29.65+1.06 18.13+£0.92 5044+1.02 39.26+2.63 7.36+1.03 0
BT 100 7700+ 146 8400+236  4200+2.13 57.00+£1.18 41.00+£0.64 / /
TZ / / / / 97.00+2.64 40.00+1.70 60.00+3.24 4200+1.13
TC 100 5400+£1.12  6200+248  33.00%+241 40.00+£0.57 27.00+£232 37.00+£2.80 2200+£1.70
@All results are expressed as mean+SD.
Table 4 EC,, values of some compounds with better inhibitory activity against Xoo, Xoc
Compd. Xoo Xoc

Regression eq. R? ECso(pug/mL)? Regression eq. R? ECso(pg/mL)?

A, y=1.83x+244 0.96 2487+1.22 y=2.15x+1.81 0.95 30.12+£1.03
A5 - - - y=4.19x-1.69 0.99 39.59+1.44
A - - - y=2.16x+2.25 095 1875+1.16
B, y=1.27x+2.69 0.96 66.88+£2.23 y=242x+0.57 0.97 67.90+1.90
C, y=1.58x+2.66 097 30.04+2.01 y=3.15x-0.17 0.99 43.85+2.28
G, - - - y=3.90x-1.78 0.99 54.56+1.58
BT y=221x+191 0.99 25.12+1.03 y=139x+2.38 0.98 76.38+3.23
TC y=141x+2.66 0.99 4581+1.72 y=1.50x+1.82 0.94 130494250

2All results are expressed as mean+SD.

NaOH solution, and the water phase was adjusted to
pH=4-5 with diluted hydrochloric acid. Then ethyl
acetate was added to extract and concentrate to get the
crucial solid, which was then recrystallized with anhy-
drous ethanol to obtain intermediate B-3, with yield of
61.4%.

Synthesis of intermediate C-1: following the pub-
lished methods [28], 4-hydroxybenzhydrazide (32.8
mmol), KOH (49.2 mmol), and 80 mL of ethanol were
added sequentially to a 150 mL three-neck flask at
room temperature. The solids were dissolved after
10 min stirring. The CS, (49.2 mmol) was slowly
added into the mixture in an ice bath. The mixture
was stirred overnight at room temperature. The reac-
tion solution was becoming, and till the reaction com-
pleted as indicated by TLC. Solid products appeared in
the solution, filtered and washed by ethanol to obtain
intermediate C-1, with yield 92%. The intermediate
C-1 was subjected directly to the next reaction without
recrystallization.

Synthesis of Intermediate C-2: following the pub-
lished methods [28], intermediate C-1 (7.5 mmol) was
slowly added to the ice-cold H,SO, (15 mL) in 50 mL
three-neck flask while stirring. The reaction was kept
stirring for 4 h at an ice-water bath and poured into
crushed ice. The newly appeared precipitate product

was filtered to dissolve in a 20% NaOH aqueous solu-
tion. After insoluble substances were excluded, and the
solution was acidified with diluted hydrochloric acid
and got a precipitate, which was then filtered, washed
by water and dried to obtain intermediate C-2, with a
yield of 76.1%.

Synthesis of intermediate C-3: following the method
described in the literature [30], 2,6-difluoroaniline
(38.7 mmol) was added into 80 mL of 1,4-dioxanein a
150 mL three-necked flask and dissolved after stirring
for 10 min. Then bromoacetyl bromid (50.3 mmol)
early dissolved in dry dioxane (15 mL), was added
dropwise to the above solution at 0 ‘C then mixture
was stirred at room temperature for 5 h. Finally, the
reaction mixture was poured into cold water, pre-
cipitate appeared, which was then filtered, washed by
water and dried to obtain intermediate C-3, with a
yield of 64%.

Synthesis of intermediate C-4: as reported [31], a
mixture of thiazole intermediate C-2 (15.6 mmol),
anhydrous potassium carbonate (23.4 mmol), and the
corresponding amide intermediate C-3 (17.2 mmol)
was added to dimethylformamide (80 mL) in a 150 mL
three-necked flask at 25 ‘C. The mixture was stirred
for 4 h (monitored by TLC). Then, the reaction solu-
tion was poured into 80 mL cold water, and got
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precipitates, which was filtered, washed by water and
dried to (intermediate C-4) was obtained, with a yield
of 67.1%.

General procedure of target compound A;-A;g B;-B,,,
Ci-Cyo

For all target compounds, the final synthetic procedure
was an esterification between the substituted benzene
sulfonyl chloride and A-1, B-3 or C-4 respectively. And
the reaction condition was completely same. Here, com-
pound A series was taken for example to illustrate the
reaction procedure. Intermediate A-1 (1.7 mmol) and
triethylamine (5.1 mmol) were added and dissolved in 20
mL of dichloromethane in a clean 50 mL three-necked
flask at room temperature. To the flask, different substi-
tuted benzene sulfonyl chloride (2.1 mmol) was added
accordingly. The mixture was stirred overnight till the
reaction was completed (monitored by TLC). The reac-
tion was quenched with 20 mL water. Then ethyl acetate
was added to extract and concentrate to get the crude
solid, which was purified by the column chromatography
(dichloromethane: methanol=50:1, v/v) and obtained
the title compounds A;-A ;g with a yield in the range of
70-96%. For title compound B;-B,, the yield ranged
74-90% and C;-C,, 68-95%.

Insecticidal assay
The insecticidal activity of compounds against P xylo-
stella and Myzus persicae was evaluated according to
our previously reported methods [21]. After soaked in
a solution of 500 and 50 ug/mL of compounds A;-Ag,
B,-B,, and C,-C,,, diflubenzuron (positive control), or
no compound (blank control) for 10s, the fresh cabbage
discs (6 cm in diameter) were air-dried and placed in
9 cm petri dishes lined with wet filter paper. Ten P. xylo-
stella/Myzus persicae (third instar larvae) were placed
in the petri dishes and the survival insect individual was
recorded after 72 h. The mortality rate was determined
by the number of survival larvae comparing to the initial
number. Compounds that were active at this concentra-
tion were further tested at 5 lower gradient concentra-
tions (6.25, 12.5, 25.00, 50.00 and 100.00 pg/mL) to get
LCs. Each treatment was repeated three times. The data
were analyzed with probit analysis to obtain LCg, values
All experiments were conducted at 25 °C using labora-
tory reared test insects and were repeated according to
statistical requirements. The death rate was estimated by
calculating the ratio of the number of insects killed to the
initial number.

The adjusted mortality rate (%) is as follows:

Adjusted mortality rate (%) = (death rate in the treat-
ment group - death rate in the blank control group)/(1 -
death rate in the blank control group) x 100.
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Effect of highly active compound on chitinase, juvenile
hormone and ecdysterorids inP. xylostella

Fresh cabbage discs (6 cm in diameter) were first soaked
in a solution of 50ug/mL of highly active compound for
10 s, air-dried and placed in a 9 cm petri dish lined with
wet filter paper. Ten third instar larvae of P xylostella
were placed in the petri dishes and samples were taken
and stored at —80 °C after 12, 24, 36 and 48 h of feeding
by P. xylostella. Chitinase, juvenile hormone, and ecdys-
terorids activities were determined by MicroplateReader
using commercial ELISA kits following the manufac-
turer’s instructions. Each experiment was repeated three
times. The blank control group was treated with distilled
water containing 0 ug/mL of the compounds, and the
positive control was selected as diflubenzuron that is a
commercially available insecticide.

Molecular docking

A molecular docking station was built using the Led-
ock program according to the literature [32], the crystal
structure of chitinase (PDB: 6]JMA) of the P xylostella
was downloaded from the Protein Data Bank (https://
www.pdb.org, accessed on 10 February 2023) and was
processed with Pymol [33]. The molecular structures of
highly active compound and diflubenzuron were drawn
using ChemBioDraw Ultra 14.0 software and were opti-
mized to minimize energy. A 17.5x15.3x14.7 docking
box was generated with the Carboxin Standard in the
protein as the center, and the docking station generated
20 ligand conformations with an RMSD less than 1.0 A.
The docking results were visualized in 3D by the Pymol
software v.2.4.0.

Antibacterial activity assay

According to previously reported procedures [21], the
title compounds A;-A;q, B;-B,, C;-C,, were tested in
vitro against Xoo, Xoc, Xac and Psa at concentrations of
100 and 50 pug/mL respectively. The commercial fungi-
cides Bismerthiazol (BT), Zinc Thiazole (TZ) and Thiodi-
azole copper (TC) were selected as positive controls. The
solution containing no compound was set as negative
control (CK). Compounds that were active at this con-
centration were further tested at 5 lower gradient con-
centrations (6.25, 12.50, 25.00, 50.00 and 100.00 yxg/mL)
to get ECy,. Each treatment was repeated three times.
The inhibitory effect of compounds on bacteria was cal-
culated based on optical density values using the follow-
ing formula.

I (%)= (CK-T)/T x 100.

I (%) denotes the inhibition rate. CK denotes the OD
value of the treatment with solvent with no tested com-
pound. T denotes the OD value of the treatment in tested
compound group.


https://www.pdb.org
https://www.pdb.org
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Statistical analyses

All trials were performed in triplicate, and the results of
each trial are shown as meanz*standard deviation (SD).
Analyses of variance (ANOVAs) were performed using
SPSS Statistics 24.0 with and without the assumption
of equal variance (with P>0.05 taken as the significance
level for both). Significant differences between treatment
groups are indicated using various lowercase letters.

Abbreviations

Xoo Xanthomonas oryzae pv. oryzae

Xoc Xanthomonas oryzae pv. oryzicola
Xac Xanthomonas axonopodis pv. citri
Psa Pseudomonas syringae pv. actinidiae
P xylostella  Plutella xylostella

LCs median lethal concentration

ECs median effect concentration

TLC thin-layer chromatography

BT bismerthiazol

TZ zinc thiazole

TC thiodiazole copper

oD optical density

ELISA enzyme-linked immunosorbent assay
PDB protein data bank
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