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ABSTRACT: Plant activators are a novel kind of agrochemicals that could induce resistance in many plants against a broad
spectrum of diseases. To date, only few plant activators have been commercialized. In order to develop novel plant activators, a
series of benzo-1,2,3-thiadiazole-7-carboxylate derivatives were synthesized, and the structures were characterized by 'H NMR,
IR, elemental analyses, and HRMS or MS. Their potential systemic acquired resistance as plant activators was evaluated as well.
Most of them showed good activity, especially, fluoro-containing compounds 3d and 3e, which displayed excellent SAR-inducing
activity against cucumber Erysiphe cichoracearum and Colletotrichum lagenarium in assay screening. Field test results illustrated
that compounds 3d and 3e were more potent than the commercial plant activator, S-methyl benzo[1,2,3]thiadiazole-7-
carbothioate (BTH) toward these pathogens. Further, the preparation of compound 3d is more facile than BTH with lower cost,
which will be helpful for further applications in agricultural plant protection.
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B INTRODUCTION

Crop plants must defend against a variety of aggressive
pathogens during their life period, including fungi, viruses,
bacteria, etc. The diseases caused by these organisms can lead
to lethal consequences to plants or great losses in agriculture."
Traditional agrochemicals play a critical role in the control
of these diseases; however, they could cause negative effects on
the environment and induce drug resistance. Comparatively,
plant activators have attracted much interest for their
capabilities of inducing system acquired resistance (SAR) in
plants. Other than killing the pathogens directly, plant
activators could induce the immunity in plants and thus
provide defense against a broad spectrum of diseases.” > To
date, a variety of plant activators have been reported,®™® of
which the most successful one is the commercial plant activator
S-methyl benzo[1,2,3]thiadiazole-7-carbothioate (BTH). By
activating the SAR downstream of salicylic acid (SA), BTH
could sensitize various plants against pathogen infection.'’
Structure—activity relationship investigation found that the
benzothiadiazole skeleton with a 7-carboxylate group is
essential to the high activity, and the induced resistance activity
is generally decided by the ester group with a tendency that the
higher the molecular weight of the carboxylate derivative, the
lower the activity.'' However, there were only limited
compounds synthesized based on the modification of the
7-ester group;u’13 thus, it is of great significance to evaluate the
influence of ester groups on the induced resistance activity and
further develop novel and potent plant activators.

Up to now, only limited compounds with high SAR activity
have been reported, and the agricultural applications of plant
activators are far from developed.'*™'® In our previous work, a
series of benzo-1,2,3-thiadiazole carboxylic ester derivatives
were synthesized based on the modification of its carboxylate
moiety as potent taxoid biosynthesis elicitors in T. chinensis cell
cultures,'”” and the results showed that the introduction of
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fluorine-containing groups on the ester moiety significantly
increased the taxoid eliciting activity, which corresponded well
to the level of their induced cell defense responses. Similar
mode of action of elicitors in in-vitro plant cell culture and
plant activators in in-vivo plant protection made us exploit
these active compounds as potential plant activators.'® In this
study, we aim to discover new potential plant activators with
high SAR inducing activity and develop novel plant activators
for agricultural applications. Therefore, a series of benzo-1,2,3-
thiadiazole-7-carboxylate derivatives were synthesized. Their
potential systemic acquired resistance as plant activators was
evaluated by 2 phases of screening assays. Also, fluoro-containing
compounds, 3d and 3e, were evaluated in field tests against
Pseudoperonospora cubensis and Erysiphe cichoracearum on
cucumber (Cucumis sativus L.) in 4 different locations during
2 years.

B MATERIALS AND METHODS

Melting points were recorded on a Biichi BS40 apparatus (Biichi
Labortechnik AG, Flawil, Switzerland) and are uncorrected. The 'H
NMR spectra were recorded on a Bruker AM-500 (500 MHz)
spectrometer with DMSO-dg as the solvent and TMS as internal
standard. Chemical shifts are reported in & (parts per million) values.
The MS spectra were measured with a HRMS Micromass GCT CA
055 spectrometer. The elemental analysis data were measured by an
Elementar vario EL III analyzer. Triethylamine was dried over KOH
and distilled. BTH (Actigard SOWG) was purchased from Syngenta
(China) Co. Ltd. Fifty percent Dimethomorph (WP) was purchased
from BASF CO., Ltd,, and 12.5% Myclobutanil (EC) was purchased
from Pilot Plant of Shenyang Research Institute of Chemical Industry.
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All other solvents and chemicals were of reagent grade and used

without further purification.

Field tests were carried out in four locations including Beijing (two
sites), Liaoning province, and Shandong province during two years.

Synthesis of Compounds 3b—3e and 5a—5m. The start-
ing compound 1 was synthesized according to the literature description.'”
The synthesis of compound 3¢ and the general synthetic procedures of
other test compounds were described in our previous work, along with
the detailed physical properties and structural data of compounds
3b—3e and 5a—5d."” Data of earlier unreported compounds were
described, as shown in Tables 1 and 2.

Biological Assay Screening. The antimicrobial activity and the
SAR activity of the target compounds were evaluated according to the
following procedures.

Antimicrobial Activity Screening. A stock solution of each com-
pound was prepared by dissolving the compound in N,N-dimethyl-
formamide (DMF) to form a concentration of 1000 mg/L. Then a
working solution of 100 mg/L was prepared by mixing 1 mL of the
stock solution with 9 mL of potato dextrose agar (PDA) culture media

thoroughly in a Petri dish. The PDA medium was thoroughly mixed by
turning around the Petri dish in a sterilized operation desk S times to
scatter the compounds in PDA evenly. After that, the fungi cake was
inoculated on the plate and incubated in the culture tank at 24—26 °C.
Distilled water was used as the control or check (CK). The diameter of
fungal spread was measured after 2 days. Growth inhibition was then
calculated using the corresponding control. Microorganisms used in this
study included Pyricularia oryzae, Bipolaris maydis, Colletotrichum
lagenarium, and Xanthomonas oryzae.

System Acquired Resistance Screening. After direct antimicrobial
activity screening, the SAR activity was determined as well. In order to
screen out the new compounds effectively, the screening was
conducted in three steps. In the first screening, all compounds were
tested with comparatively high concentrations to avoid skipping any
potential active compounds. After that, compounds with potential SAR
activity were tested with lower concentration in the second assay
screening to screen out compounds with high activity. Furthermore,
the compounds with high activity and facile preparation were chosen
for field tests to exploit their agricultural applications.

Table 1. Yield, Melting Point, IR, and Elemental Analysis Data of the Target Compounds

elemental analysis

requires found
compd yield (%) mp (°C) IR (cm™) C H N C H N
Se 55 88—89 v 1715, 1300, 1100, 780 55.49 320 8.09 55.35 3.35 8.17
Sf 56 8485 v 1720, 1300, 1108, 785 4422 273 6.88 47.49 2.80 6.94
g 60 112—-113 v 1715, 1300, 1100 42.53 244 6.17 42.53 2.53 6.18
Sh 57 76—78 v 3089, 2950, 1720, 1599, 1503, 1406, 55.49 3.20 8.09 55.74 3.18 8.18
1265, 1130, 1095, 104S, 870, 700
5i 57 100—102 v 3089, 2955, 1707, 1592, 1558, 1488, 1406, 52.97 3.06 7.72 53.20 3.10 7.71
1272, 1205, 1130, 1080, 860, 805, 760, 680
5j 52 101-103 v 3119, 2956, 1733, 1603, 1521, 1430, 51.47 2.97 11.26 51.69 3.10 11.17
1340, 1268, 1120, 1060, 860, 770, 720
sk 52 125—127 v 3089, 2963, 1710, 1636, 1562, 1495, 1400, 61.01 3.98 7.90 6122 3.90 8.02
1295, 1370, 1030, 980, 840, 756, 680
sl 50 92-93 v 1710, 1310, 1100, 770 57.03 3.94 7.82 57.03 4.03 8.20
Sm 56 119-120 v 3059, 2955, 1766, 1703, 1558, 1484, 47.79 2.83 6.55 47.90 2.58 6.36
1410, 1298, 1180, 1087, 900, 810, 770, 720
Table 2. '"H NMR and HRMS/MS Data of the Target Compounds
compd '"H NMR (solvent: DMSO-dg) HRMS/MS (EI)
Se 5 4.69—4.76 (m, 4H, OCH,CH,0), 7.22 (t, 1H, J = 7.5, Ar—H), 7.22 (t, 1H, J = 8.6 Hz, Ar—H), [M*], 346.04; found, 346.00
7.50—7.53 (m, 1H, Ar—H), 7.78 (t, 1H, ] = 7.8 Hz, Ar—H), 7.94 (td, 1H, J, = 7.5, ], = 1.5, Ar—H), 8.47
(d, 1H, J = 7.3 Hz, Ar—H), 8.88 (d, 1H, J = 7.3, Ar—H)
Sf 5 4.67—4.76 (m, 4H, OCH,CH,0), 7.52—7.56 (m, 2H, Ar—H), 7.77—7.80 (m, 1H, Ar—H), 7.78—7.86 [M*], 407.96; found (M-N,), 380.00
(m, 1H, Ar—H), 8.02 (t, 1H, J = 7.8 Hz, Ar—H), 8.54 (d, 1H, J = 7.3 Hz, Ar—H), 9.12 (4, 1H,
J = 8.4 Hz, Ar—H)
5g 5 4.69—4.76 (m, 4H, OCH,CH,0), 7.1-7.2 (m, 1H, Ar—H), 7.48 (t, 1H, ] = 7.4 Hz, Ar—H), 7.75 (dd, HRMS [M*], 453.9490; found, 453.9484
1H, J, = 7.7 Hz, ], = 1.4 Hz, Ar—H), 7.96 (t, 1H, ] = 7.7 Hz, Ar—H), 7.99 (t, 1H, ] = 7.7 Hz, Ar—H),
8.48 (d, 1H, J = 7.3 Hz, Ar—H), 9.04 (d, 1H, J = 8.2 Hz, Ar—H)
Sh 5 4.67—4.79 (m, 4H, OCH,CH,0), 7.31-7.35 (m, 2H, Ar—H), 7.94 (dd, 1H, J; = 7.8 Hz, ], = 7.3 Hz, HRMS [M*], 346.0424; found, 346.0389
Ar—H), 8.01-8.05 (m, 2H, Ar—H), 8.44 (d, 1H, J = 7.3 Hz, Ar—H), 9.04 (d, 1H, J = 7.8 Hz, Ar—H)
Si 5 4.68—4.79 (m, 4H, OCH,CH,0), 7.57 (d, 2H, ] = 8.5 Hz, Ar—H), 7.94 (dd, 1H, J; = 8.3 Hz, HRMS [M*], 362.0128; found, 362.0128
], = 7.3 Hz, Ar—H), 7.96 (d, 2H, ] = 8.5 Hz, Ar—H), 8.44 (d, 1H, J = 7.3 Hz, Ar—H), 9.04 (d, 1H,
] = 8.3 Hz, Ar—H)
5j 5 4.74—4.80 (m, 4H, OCH,CH,0), 7.94 (dd, 1H, J, = 7.3 Hz, ], = 8.4 Hz, Ar—H), 8.19 (d, 2H, ] = 8.6 [M*], 373.04; found, 373.10
Hz, Ar—H), 8.32 (d, 2H, ] = 8.6 Hz, Ar—H), 8.43—8.45 (d, 1H, J = 7.3 Hz, Ar—H), 9.02-9.04 (d, 1H,
J = 8.4 Hz, Ar—H)
Sk 5 4.56—4.70 (m, 4H, OCH,CH,0), 6.68 (d, 1H, J = 16.0 Hz, =CH-), 7.36—7.42(m, 3H, Ar—H), HRMS [M*], 354.0674; found, 354.0659
7.65—7.69 (m, 3H, =CH- and Ar—H), 7.94 (dd, 1H, J, = 7.3 Hz, ], = 8.2 Hz, Ar—H), 8.44 (d, 1H,
J = 7.3 Hz, Ar—H), 9.03 (d, 1H, J = 8.2 Hz, Ar—H)
sl 5 4.69—4.78 (m, 4H, OCH,CH,0), 6.98—7.00 (m, 2H, Ar—H), 7.78 (t, 1H, ] = 7.8 Hz, Ar—H), 7.83 (dd, HRMS [M*], 358.0599; found, 358.0623
1H, J, = 7.9 Hz, ], = 1.8 Hz, Ar—H), 8.44 (d, 1H, ] = 7.3 Hz, Ar—H), 8.86 (d, 1H, ] = 8.2 Hz, Ar—H)
Sm 5 4.55—4.64 (m, 4H, OCH,CH,0), 4.99 (s, 2H, CH,), 7.06 (d, 1H, ] = 9.0 Hz, Ar—H), 7.13 (d, 1H, [M*], 425.98; found, 426.00

J = 89 Hz, Ar—H), 7.42 (s, 1H, Ar—H), 7.93 (dd, 1H, J, = 8.3 Hz, ], = 7.3 Hz, Ar—H), 8.35 (d, 1H,

] = 7.3 Hz, Ar—H), 9.05 (d, 1H, J = 8.3 Hz, Ar—H)
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First Assay Screening. The microorganisms used in the first
screening include Pyricularia oryzae, Bipolaris maydis, Colletotrichum
lagenarium, Erysiphe cichoracearum, and a bacterium, Xanthomonas
oryzae. All compounds were tested with a concentration of 500 mg/L
except for 3¢, the self-synthesized plant activator BTH. As a potent
plant activator, 200 mg/L 3c was used in the first screening as the
positive control. The systemic acquired resistance activity of each test
compound was measured using the backward method: plants were
treated with test compounds for four times separately at 7, 5, 3, and
1 day before inoculation. After inoculation, the plants were cultured for
7 days, and the visual-lesions on the inoculated leaves were recorded.”®
Three repeated tests were performed for each compound. In every
repeated test, five plants were used for the test of each compound.
Double-distilled water and 3¢ (BTH) were used as CK and positive
control. Determination of SAR activity of the tested compounds
against testing microorganisms was conducted according to the
following procedures.

Xanthomonas oryzae. Two month-old rice seedlings were chosen
for the screening. After treatment with test compounds for 4 times as
described above, the bacterium was inoculated using an acupunc-
ture inoculation method on the day after the last treatment. Then
the plants were cultured at 25 °C for 7 days with 100% humidity. The
lesions from the infection on the inoculated leaves were recorded. The
induction activity was evaluated using the antibacterial inhibition ratio,
which was calculated by the average number of the lesions on the
inoculated leaves with the corresponding control according to eq 1.

X% = k-1 X 100

K

(1)
where X is the antimicrobial inhibition ratio, CK is the average number
of lesions on the control leaf, and T is the average number of lesions
on the treated leaf.

Pyricularia oryzae. Rice seedlings at 2—3 leaf stage were treated
with test compounds for 4 times as described above, then the plant
was inoculated with the conidial suspension (10° spores/mL), and
maintained in a dew chamber with 100% humidity for 7 days at 25 °C.
The lesions on the inoculated leaves were recorded, and the induction
activity was evaluated using the antifungal inhibition ratio, which was
calculated by the average number of the lesions on the inoculated
leaves with the corresponding control according to eq 1 as described
above.

Bipolaris maydis. Maize seedlings at 1 leaf stage were treated with
test compounds for 4 times as described above, then the plant was
inoculated with the conidial suspension (10° spores/mL) and
maintained in a dew chamber with 100% humidity for 7 days at
25 °C. The lesions on the inoculated leaves were recorded, and the
induction activity was evaluated using the antifungal inhibition ratio,
which was calculated by the average number of the lesions on the
inoculated leaves with the corresponding control according to eq 1.

Colletotrichum lagenarium. Cucumber seedlings at a cotyledo-
nary leaf stage were treated with test compounds for 4 times as
described above, then the plant was inoculated with the conidial
suspension (10° spores/mL) and maintained shaded in a dew chamber
for 7 days at 25 °C. The lesions on the inoculated leaves were
recorded, and the induction activity was evaluated using the antifungal
inhibition ratio, which was calculated by the average number of lesions
on the inoculated leaves with the corresponding control according to
eq 1.

Erysiphe cichoracearum. Cucumber seedlings at a cotyledonary
leaf stage were treated with test compounds for 4 times as described
above, then the plant was inoculated with the conidial suspension
(10° spores/mL) and maintained in a greenhouse with 100% humidity
for 7 days at 25 °C. The lesions on the inoculated leaves were recorded,
and the induction activity was evaluated using the antifungal inhibition
ratio, which was calculated by the average number of lesions on the
inoculated leaves with the corresponding control according to eq 1.

Second Assay Screening. The microorganisms used in the second
assay screening include P. oryzae, C. lagenarium, E. cichoracearum,
and the bacterium X. oryzae. All compounds were tested with two
concentrations separately, S0 mg/L and 100 mg/L, for E. cichoracearum
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and C. lagenarium, while concentrations of 100 mg/L and 200 mg/L
were used for P. oryzae and X. oryzae, respectively. The systemic
acquired resistance activity of each test compound was measured using
the backward method: plants were treated with test compounds for four
times separately at 7, S, 3, and 1 day before inoculation. After
inoculation, the plants were cultured for 7 days, and the lesions on the
inoculated leaves were recorded. Three repeated tests were performed
for each compound. In every repeated test, five plants were used for the
test of each compound. Double-distilled water and commercially
available BTH (Actigard SOWG) were used as CK and positive control,
as the commercialized plant activator BTH (Actigard SOWG) has been
reported to induce SAR in different crops against a number of
pathogens.”* Determination of SAR activity of the tested compounds
against the microorganisms was conducted according to the procedures
described in the first assay screening.

Field Test. Compounds 3d and 3e were chosen to evaluate their
activity against Pseudoperonospora cubensis and Erysiphe cichoracearum
on cucumber (Cucumis sativus L.). Three concentrations, S00 mg/L,
250 mg/L, and 100 mg/L, were used for compounds 3d and 3e, with
250 mg/L of 3c (BTH) and distilled water for positive control and
CK. Additionally, commercial 50% Dimethomorph (WP) and 12.5%
Myclobutanil (EC) were used as positive control against Pseudoper-
onospora cubensis and Erysiphe cichoracearum respectively in the field
test to evaluate the efficiency of the novel compounds. The test was
conducted in an experimental field in vegetable sheds, which were
divided into subareas of 14 m? and within each subarea, 28 cucumber
plants were planted. Test compounds were dissolved in acetone and
diluted with water to the desired concentrations and sprayed on the
two sides of the cucumber leaves evenly. First application was
conducted right after field planting, and afterward, another two
applications were conducted every 7 days. The inoculations were
conducted 3 days after the last application of test compounds. Then
the plants were cultured in sheds under natural temperature without
manual control. Four repeated tests were performed for each test. In
all repeated tests, the experiments were arranged in random. After the
disease conditions became stable, the lesions on the plant leaves were
recorded. The disease index and inhibition rate were calculated as
follows. From every subarea, 10 plants were chosen, and their leaves
were investigated and classified into different levels according to the
following standards:

(1)
(2)
(3)
(4)
(s)
(6)
The disease index and the inhibition efficiency were calculated
according to eqs 2 and 3, respectively.

- Y (¥xC)
N X9

no lesion;

lesions occupying less than 5% of the leaf area;
lesions occupying 6%—10% of the leaf area;
lesions occupying 11%—25% of the leaf area;
lesions occupying 26%—50% of the leaf area; and
lesions occupying more than 50% of the leaf area.

X 100 @)

I -1,
1. 3)

where [ is the disease index, Y is the leaf number of a certain class, C is
the corresponding lesion level, and N is the total leaf number of all
levels. I. is the disease index of CK plants, and I, is the disease index of
plants with test compound application.

Effeciency =

Bl RESULTS AND DISCUSSION

Preparation of Benzo-1,2,3-thiadiazole-7-carboxylate
Derivatives. The general method for the preparation of the
target compounds is shown in Scheme 1 and was previously
described in the literature.'” Also, the physical properties and
structural data of compounds 3b—3e and Sa—5d were reported
in our previous work."” Compounds Se—Sm were synthe-
sized according to the literature.”>*® All compounds were
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Scheme 1
j)\ HOCH,CH,OH P
2 2 H
R “OH ™ 98% H,SO, R1J\o/\/O
4a-4h
O~_OR
1) SOCl, _1)S0Cl, _
A
,\N 2) ROH/TEA or 4a-4h
N CH;3SH+NaOH
3b-3e 5a-5m
3b OR=OCH, 5¢ R'=2-CICgH,  5i R'=4-CICgH,
3c  OR=SCH, 5d R'=2-OHCgH; 5] R'=4-O,NCgH,
3d OR=OCH,CF; 5e R'=2-FCeqH; 5k R'=CgH,CH=CH
3e OR=OCH,CF,CF; 5f R'=2-BrCgH; 51 R'=2-CH;0C4H,
5a  R'=CgHs 59 R'=2-ICqH, 5m  R'=2,4-Cl,CsH;0CH,
5b  R'=C4Fs 5h  R'=4-FCgH,

separated and purified by recrystallization or silica gel chroma-
tography, and their structures were determined by 'H NMR,
IR, elemental analyses, and HRMS or MS. Data of all target
compounds are shown in Tables 1 and 2.

Biological Assay Activity. Plant activator is a novel kind
of agrochemical that suggests an unusual mode of action on
disease control by activating the defense system of plants.
Therefore, it belongs to ecological agricultural pest protection
products whose benefits are keeping the complicated and subtle
balance among microorganisms in the environment because of
their low toxicity and nonpollution. Antimicrobial activity
screening in vitro showed that the novel compounds have
nearly no direct antimicrobial activity against P. oryzae, B.
maydis, C. lagenarium, and X. oryzae, as shown in Table 3.

Then, the compound induced SAR activities were screened.
As can be seen in Table 4, compounds 3b, 3c (BTH), 3d, and
3e showed excellent activity on cucumber toward E.
cichoracearum and C. lagenarium, all with inhibition rates
above 98% at 7 days after inoculations. The change of ester
group with a long chain ester generally reduced the activity, and
only compounds 3a, 5d, and Sm showed comparatively good

activity, with inhibition rates of 97%, 89%, and 92% toward
E. cichoracearum, and 96%, 99%, and 92% toward C. lagenarium,
respectively. At the same time, 5f, Si, and Sj showed good
activity toward C. lagenarium, with inhibition rates of 97%, 90%,
and 92%, but only moderate inhibition rates were observed
with E. cichoracearum (Table 4). However, while screening of
the novel compounds on maize and rice toward B. maydis,
P. oryzae, and X. oryzae, all compounds including 3¢ (BTH)
showed poor efficiency compared with the results on cucumber.
As shown in Table 5, all compounds showed little activity on
B. maydis of maize at 7 days after inoculation, which may have
resulted from the variations of microbial strains. Higher
efficiency was observed on P. oryzae and X. oryzae of rice,
though not as good as the results on cucumber. Compounds
with larger 7-carboxylate groups seemed to be more efficient
toward the bacterium X. oryzae than those with smaller
7-carboxylate groups, as Sa, Sd, Se, Sf, Si, Sj, Sk, and Sm all
showed inhibition rates of above 50% on X. oryzae of rice, and
the best was Sf, which showed an inhibition rate 92%, while for
compounds with smaller 7-carboxylate groups, only fluoro-
containing compound 3d showed parallel effects on these
two diseases but still not as good as compounds with larger
7-carboxylate groups such as Sm (Table S). According to the first
screening on four fungi (P. oryzae, B. maydis, C. lagenarium, and
E. cichoracearum) and one bacterium (X oryzae), t
compounds with smaller 7-carboxylate groups were generally
more efficient toward the four fungi, while compounds with
larger 7-carboxylate groups were more efficient toward the
bacterium, for example, compounds Sd, Se, S5f, Si, and Sm
showed higher inhibition activities than all of the compounds
with smaller 7-carboxylate groups toward X. oryzae, in our first
screening. In combination with the fungicide screening results,
the above data suggested that these compounds possessed
characteristics of plant activators.

Comparatively high concentration was used in the first
screening to avoid skipping potential active compounds, while
some phytotoxicity was observed on the test plants. Therefore,

Table 3. Fungicide Activity of Benzo-1,2,3-thiadiazole-7-carboxylate Derivatives

PO*° BM CL X0

compd D (mm) LRY (%) D (mm) LR. (%) D (mm) LR. (%) D (mm) LR. (%)
3c (BTH) 8.0 11+3 13 13+£5 16 6+ 4 10 2 +1
3b 5.0 4+5 12 20+6 13 24 +3 6 50+ 5
3d 11.0 0 14 6+6 12 29 + 12 4+3
3e 10.0 0 14 6+3 16 6+2 13 0
Sa 8.0 11+1 13 13+ 4 16 6 + 11 8+ 4
sb 7.0 2+6 13 13+£5 14 18+5 12 4+3
Sc 8.0 11+5s 14 7+7 19 0 12 0
sd 9.0 0 12 20 + 15 2+1 12 0
Se 7.5 17+ 4 13 13 + 13 24 +2 12 0
Sf 7.5 17+5 14 7+1 16 6+5 11 8+2
5g 9.0 0 13 131 17 13 0
Sh 8.0 11+5 13 13+3 16 6+ 4 12 0
si 7.0 23+2 13 13+ 4 14 18 +3 11 8+1
5 8.0 1n+5s 13 13+£5 19 0 12 0
sk 9.5 0 13 13+ 19 11 8+ 4
sl 7.5 175 13 13+ 14 18+5 11 8+3
Sm 9.0 0 12 20 +3 14 1845 12 0
cK4 9.0 ND* 15 ND 17 ND 12 ND

“Microorganisms used: PO, Pyricularia oryzae; BM, Blpolarts maydis; CL, Colletotrichum lagenarium; XO, Xanthomonas oryzae.
inhibition rate. “ND = not detected. “Distilled water was used as CK.

fungi spread; LR. =
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Table 4. Induction Activity of Novel Compounds on Cucumber in First Assay Screening

EC® (%) CL (%)
compd concn (mg/L) 1d° 3d Sd 7 d 1d 3d S5d 7 d
3¢ (BTH) 200 65+ 5 88 +3 B +3 100 29+ S 96 + 1 100 100
3b 500 S3+5 86 + 4 98 100 65 + 4 88+ S 100 98
3d 500 76 + 6 89+ 5 85 +2 100 S2+S 87+ 5 89 +3 99
3e 500 74 £ 7 90 + 3 77 + 4 99 52+ 4 66 + 4 80 + 4 100
Sa 500 61 +5 87 + 4 96 97 £ 1 22 +2 92 +3 94 +1 96 + 1
Sb 500 61 +8 68 + 5 70 £ 5 30+2 31+1 44+ 6 76 £ 5 86 + 6
Sc 500 56 +5 72+ 6 66 + 4 32+3 56 + 6 58 +7 76 + 5 83+3
sd 500 68 + 4 84 +6 76 + 2 89 +2 63 +7 78+ 5 84 + 4 99
Se 500 46 + S 68 + 7 76 £ 5 14 +5 S1+38 S1+6 56 + 6 81 +3
St 500 55+ 4 71+ 6 73+3 72+ 3 69 + 7 63+ 4 85+5 97 £ 1
Sg 500 53+6 54+ 8 71 + 4 38 + 4 60 + 5 78 +2 S8 + 4 80 + 7
Sh 500 42 + 4 75+ S 65 +3 62 +2 46 + 4 79+ 5 43 +3 86 + 5
Si 500 5SS+ 4 §S7+3 60 + S 42 +£2 74+ 6 80+5S 46 + S 90 + 3
Sj 500 46 + 3 55+4 S0 +2 43 + 4 68+ 5 82 + 4 71+ 6 92 +1
Sk 500 64 + 4 42 +5 26 +1 19+5S 78 + 4 78 + 3 S1+7 36 +5
Sl 500 78+ 5 38+ 4 S3+6 6S + 4 64 £S5 76 + 6 62 + 6 86 + 4
Sm 500 56 +2 79 + 6 90 + 2 92 +1 14+ 5 68 + 5 ND* 92 +2

“Fungi used: EC, Erysiphe cichoracearum; CL, Colletotrichum lagenarium. bInduction activities were evaluated separately at 1 day, 3 days, S days, and

7 days after inoculation. “ND = not detected.

Table S. Induction Activity of Novel Compounds on Maize and Rice in First Assay Screening

BM® (%) PO (%) X0 (%)
concn
compd (mg/L) 1d° 3d 5d 7d 1d 3d 5d 7d 1d 3d 5d 74d
3¢(BTH) 200 10 + 4 31+3 32+3 315 42 +3 58+3 67 +2 63 +2 36 +3 14 + 4 37+3 31+3
3b 500 9+3 19+4 21+3 103 S4+S 48«5 29+3 52+2 35+3 495 S7T+3 42+
3d 500 8§+1 17 + 4 24+ 4 22 +3 44 +6 49+ S 45+ 4 S7+ 4 215 23+ 5 39+5 56 +5
3e 500 8+2 22+4 19+3 30+S 39+S5S 47+4 44+S5 68x+4 21+4 49+4 45+£5 41=%S
Sa 500 1 S+3 13+3 21 + 4 29+ 3 54+6 S7+6 63 +5 19+ 4 S0+S 56 +3 S3+3
Sb 500 18+3 18+2 16+4 32+4 301 475 S9+x6 S7+3 22+2 31+3 33+4 28x+4
Sc 500 4+1 S+1 18 + 4 25+ S 32+2 38 + 4 43+3 50 + 4 8+4 47 + 4 66 + 5 38+6
sd 500 2942 22+3 2742 24+6 65+3 S59+S5 39+2 Sl+4 17+1 T1+6 87+3 S7+4
Se 500 10 +2 8+3 24+5 21 + 4 34 +4 37+3 42+3 47 £2 13+3 25 59 +2 S8 +7
Sf 500 20 + 4 14 +2 33+4 32+5 70+ 5 37+3 S0+3 49 +5 40 + 20+ 7 54+3 92 +3
Sg 500 18+3 3x2 24+3 24+4 T77+7 62+6 60+4 60+6 17 S3+6 45+5 46=%S
Sh 500 24 + 4 10+ 3 23+ 6 40+ 5 56 +3 59 +3 44 +3 42 +5 1 41+ 5 34+5 47 £S5
5i 500 13+3 S+2 19+2 17+4 8+4 8+S5 62+5 63+S5 30+3 53+6 36+5 59+4
5j 500 6+ 4 6+3 307 305 89+ 6 66 + 6 60 + 3 66 + 3 46 + 4 49+6 25+3 S5+6
Sk 500 22 + 4 13+2 19+3 15+3 59 +6 71 + 4 29 +2 71 + 4 17+ 5 28+ 5 34 +4 S2+3
sl 500 33+4 173 29+S 24+4 68+S 70+xS 49+3 60+S 26+3 S8+S5S 49+4 40+3
Sm 500 14 +3 18+4 21+4 24 +3 40+ 6 91 +2 S4+3 75 £2 31 +2 36+4 S0+2 74 + 4

“Microorganisms used: BM, Bipolaris maydis; PO, Pyricularia oryzae; XO, Xanthomonas oryzae. “Induction activities were evaluated separately at

1 day, 3 days, S days, and 7 days after inoculation.

lower concentration of active compounds should be further
screened to evaluate their efficiency.

In the second screening, compounds 3b, 3d, 3e, Sa, 5d, and
Sm were chosen to evaluate their disease defense efficiency
(Tables 6 and 7). Under screening concentration (S0 mg/L
and 100 mg/L), most compounds showed excellent activity
against C. lagenarium (Table 6), with inhibition rates above
90% at 7 days after inoculation except for 5d. However,
comparatively lower activity was observed on E. cichoracearum,
with the highest inhibition rate of 82% shown by 100 mg/L of
3e, and 100 mg/L of test compounds had much higher activity
than those of 50 mg/L. Higher concentration (100 mg/L and
200 mg/L for P. oryzae and 100 mg/L for X. oryzae) were
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applied in the screening against X. oryzae and P. oryzae, as
shown in Table 7. The results illustrated that compounds 3b,
3d, and 3e had good activity toward the fungi at test
concentrations, with inhibition rates of all above 50%. In
summary of the first and the second screening, most testing
compounds showed good resistance inducing activities and
compounds with smaller 7-carboxylate groups (3b—3e) were
generally more efficient than those with larger 7-carboxylate
groups (5a—Sm). Overall, compounds 2,2,2-trifluoroethtyl
benzo[1,2,3]thiadiazole-7-carboxylate (3d) and 3,3,3,2,2-
pentafluoropropyl benzo[ 1,2,3]thiadiazole-7-carboxylate (3e) stood
out with comparatively higher activity than other tested
compounds, probably caused by the fluorine atoms in these
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Table 6. Induction Activity of Novel Compounds on Cucumber in Second Assay Screening

CL® (%) EC (%)

compd concn (mg/L) 1d° 3d Sd 7d 1d 3d Sd 7d
3b 50 73+ 6 85+3 90 + 6 9SS +1 12 +2 42+3 S3+5 48+ 6
100 79 + 4 89 + 4 93 +2 97 +1 35+3 42 +4 63 +3 75 +3

3d S0 37+3 88 +3 82 +3 95 +2 11 +2 17+ 3 4S5 + 4 34 +S
100 77 £ 4 912 88 + 2 98 58+3 56 £6 S7+3 64 £3

3e NV 42 +2 89 +6 79 + 6 99 28 +2 72+ 3 62 + 4 63 + 4
100 60 + 3 89 + 4 77 + 4 99 35+6 77 + 4 817 82+ 5

Sa N 61 +3 60 + 3 34 +3 89 +6 6+1 28 +2 21+ 6 32+3
100 86 + 6 64 + 3 83+2 98 31+£3 67 £S5 11+2 78 + 4

5d NV 40 + 4 S1+2 23+ 3 79 +2 15+2 47 + 6 S1+4 34 +6
100 37+3 87 + 6 72+ 6 73+ 6 29 + 6 37+9 79 + 6 44 +5

Sm 50 27 +1 63 + 4 76 + 7 91 + 4 0 41+ 6 35+6 48 +2
100 58+2 84 +3 90 + 3 97 + 1 32+1 74 + 6 52 +4 68 + 3

BTH (50WG) 50 S8 + 3 84 + 4 100 100 82+ 6 90 £ § 91+ 3 72+4
100 66 + 4 96 + 3 100 100 93 +3 98 9S+1 94 +1

“Fungi used: CL, Colletotrichum lagenarium; EC, Erysiphe cichoracearum. YInduction activities were evaluated separately at 1 day, 3 days, S days, and

7 days after inoculation.

Table 7. Induction Activity of Novel Compounds on Rice in Second Assay Screening

X0 (%) PO (%)
compd concn (mg/L) 1d° 3d 5d 7d 1d 3d sd 7d
3b 100 ND* ND ND ND S0+S 67+ 6 58 + 4 79%S
200 33+£2 16 + 2 35+3 S7+6 S3+4 73 £2 83 +1 79+£3
3d 100 ND ND ND ND S0+S 67 +4 83 +3S 79+
200 0 29 £2 303 5§ 54 +£3 78 £2 67 +3 79 £ 4
3e 100 ND ND ND ND S0 +2 S7+4 67 £3 64+ 6
200 64 + 4 63+5 48+ 5 73+ 6 S0 + 4 68 + 4 75+ 8§ 74 £5
Sa 100 ND ND ND ND 0 56 +4 67 £ 4 68 £5
200 54+ 4 28+3 44 + 4 48 £ 5 S0+ 6 67 +3 75+ 4 76 £ 6
sd 100 ND ND ND ND 62 + 4 11+2 83+ 6 64+ 5
200 56 + 4 40 8+£2 15+6 S0+5 56 +3 92+ 6 S7+5
Sm 100 ND ND ND ND S0£6 44 +£5 67 £5 ND
200 50 + 4 60 + 4 8+£3 0 62 + 4 67+ S 83+ 4 72+3
BTH (S0WG) 100 ND ND ND ND 8 £S5 84 +6 94+ 5 77 £ 4
200 76 + 4 63+3 95+ 4 100 856 94+3 95+ 3 96 + 2

“Microorganisms used: XO, Xanthomonas oryzae; PO, Pyricularia oryzae. bInduction activities were evaluated separately at 1 day, 3 days, S days, and

7 days after inoculation. “ND = not detected.

two compounds as a result of the special properties of fluorine
atoms in the process of absorption and metabolism,** and
further, these two compounds were more facile in synthesis
than 3c (BTH) in our laboratory, so it is highly significant to
further evaluate their activities and applications in agriculture.

To develop novel plant activators appropriate for agricultural
application, the candidate compounds must possess broad-
spectrum and high activities against common diseases, and they
must be facile in preparation with low cost as well. Hereby, 3d
and 3e were chosen for the field test to further confirm their
activities and potential application as novel plant activators
using Pseudoperonospora cubensis and Erysiphe cichoracearum on
cucumber (Cucumis sativus L.). As shown in Table 8,
compounds 3d and 3e showed good activity against P. cubensis,
with average efficiencies higher than that of the positive con-
trol 3¢ (BTH) in all four tests in different locations when
tested under the same concentration 250 mg/L. As for E.
cichoracearum, the two compounds showed even higher
inhibition efficiency of more than 90% at test concentrations,
and also compound 3¢ showed an efficiency of 90% at 250 mg/L
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in test location 1, Beijing, which can be seen in Table 8. The
test results in the other three locations showed that compounds
3d and 3e had parallel activity against E. cichoracearum, except
in location 2, where compound 3e seemed less effective than 3d
and 3c, but that might be a sporadic case as test results in other
locations were consistent and showed good activities.
Generally, compounds 3d and 3e were more potent than
the positive control 3c (BTH) at the same concentration of
250 mg/L and even showed higher efficiency than another
positive control, the commercial bactericide 12.5% Myclobutanil
(EC) toward E. cichoracearum in some cases. Additionally, it can
be seen from Table 8 that the potency did not increase obviously
with the increase of the compound concentration; therefore, a
concentration of 100—200 mg/L was most appropriate for the
compounds. The field tests were conducted in four locations
during two years, and the test results displayed good repeatability
across most locations, as can be seen in Table 8.

In this work, a series of benzo-1,2,3-thiadiazole-7-carboxylate
derivatives were synthesized, and their induction activities as
plant activators were evaluated. Compounds 3d and 3e showed
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Table 8. Field Test Results of 3d and 3e against Erysiphe cichoracearum and Pseudoperonospora cubensis®

efﬁciencyb(%)
Pseudoperonospora cubensis Erysiphe cichoracearum
compd concn (mg/L) 1 2 3 2
3d 500 76 + 3 80 + 4 77+3 805 94+ 5 82+4 8+4 8+3
250 68 + 4 78 £ 4 71 £ 4 70 £ 4 92 +4 78 £ 5 82+ 5 68 + 4
100 67 +2 78 + 4 63+2 603 92+ 3 76+4 81+3 60+4
3e 500 74 £ 4 85 +3 80 + 4 84 + 4 96 + 3 SS+3 90 +S 74 + 4
250 71 £ 4 81 +3 72 £3 75+3 94 £35S S2+3 90 + 4 64 + 4
100 71+ 3 63 +2 67+3 59+3 87 + 4 4+3 77+4 S3+3
3c 250 67 +3 63 +3 62+ 3 64 + 4 90 £35S 80 + 4 84 + 4 68 +3
solvent ND* 13+1 -2+2 2+1 8§+3 12+3 ND 173 10x2
12.5% Myclobutanil (EC) 500 86 + 3 ND 88+3 88+4 88 + 5 77+3 7143 84+4

“Field tests were conducted in four locations including two sites, 1 and 2, in Beijing with the natural temperatures between 20—30 °C (2008, Spring)
and 18—26 °C (2008, Autumn), respectively; site 3 in Liaoning Province with the natural temperature between 18—27 °C (2009, Autumn); and site
4 in Shandong Province with the natural temperature between 21—30 °C (2009, Spring). YEfficiency is the average of all repeated tests. “ND = not

detected.

higher activity than other compounds toward the test diseases.
It should be noted that such esters are readily hydrolyzed
during or just after uptake by the plant material, in the
apoplastic space, so the efficiency of these compounds as SAR
inducers is probably caused by the free acid. However, the free
acid of BTH showed very low activity in vivo, and the
modification on the 7-carboxy group with certain esters as BTH
greatly improved the activity, probably by improving the
liposolubility of free acid."' In the same way, the introduction
of other particular groups such as fluorine-containing groups
may also alter the nature of the compounds due to the special
properties of fluorine atoms. As a result, higher efficiency of the
fluorine-containing esters might have some advantages in
penetration rates into plants or resistance to hydrolysis during
their absorption. Furthermore, the field test illustrated that 3d
and 3e were more potent than the commercialized plant
activator BTH (3c) against P. cubensis and E. cichoracearum.
Importantly, the preparation of compound 3d is more facile
and with lower cost than BTH. Our in-progress synthesizing
work illustrated that the last step yield of 3d from relevant acid
was as high as 96%, in comparison with a yield of less than 60%
for 3¢ (BTH) in our laboratory. The results of field tests from
four locations over a period of two years were consistent (Table
8). These promising results indicated that compound 3d was a
potent plant activator for agricultural applications and is being
developed for future commercialization.

B AUTHOR INFORMATION

Corresponding Author
*Tel: 86-21-64251399; Fax: 86-21-64252603. E-mail: zhjzhao@
ecustedu.cn(Z.Z.); ybru@ecust.edu.cn (Y.X.).

Funding

This work was financially supported by the National Basic
Research Program of China (973 Program, 2010CB126100),
the National High Technology Research and Development
Program of China (863 Program 2011AA10A207), the China
111 Project (grant B07023), the Shanghai Leading Academic
Discipline Project (BS07), and the Fundamental Research
Funds for the Central Universities.

B REFERENCES

(1) Baldwin, L. T.; Preston, C. A. The eco-physiological complexity
of plant responses to insect herbivores. Planta 1999, 208, 137—145.

352

(2) Bos, L. Crop losses caused by viruses. Crop Prot. 1982, 1 (3),
263—-282.

(3) Kessmann, H,; Staub, T.; Hofmann, C.; Maetzke, T.; Herzog, J.
Induction of systemic acquired disease resistance in plants by
chemicals. Annu. Rev. Phytopathol. 1994, 32, 439—459.

(4) Fan, Z. J.; Liu, X. F;; Liu, F. L,; Bao, L. L.; Zhang, Y. G. Progress
of researches on induced resistance of plant activator. Acta
Phytophylacica Sin. 2005, 32 (1), 87—92.

(S) Jones, J. D. G; Dangl, J. L. The plant immune system. Nature
2006, 444 (7117), 323—329.

(6) Michiko, Y.; Hideo, N.; Shigeo, Y. Tiadinil, a novel class of
activator of systemic acquired resistance, induces defense gene
expression and disease resistance in tobacco. J. Pestic. Sci. 2004, 29,
46—49.

(7) Iwata, M. Probenazole -A plant defence activator. Pesti. Outlook
2001, 12 (1), 28-31.

(8) Mishioka, M.; Nakashita, H.; Suzuki, H.; Akiyama, S.; Yoshida, S.;
Yamaguchi, I. Induction of resistance against rice blast disease by a
novel class of plant activator, Pyrazolecarboxylic acid derivatives.
J. Pestic. Sci. 2003, 28, 416—421.

(9) Fan, Z.J,; Shi, Z. G,; Zhang, H. K;; Liu, X. F,; Bao, L. L.; Ma, L,
Zuo, X; Zheng, Q. X; Mi, N. Synthesis and biological activity
evaluation of 1,2,3-thiadiazole derivatives as potential elicitors with
highly systemic acquired resistance. J. Agric. Food Chem. 2009, 57 (10),
4279—4286.

(10) Delaney, T. P.; Friedrich, L.; Ryals, J. A. Arabidopsis signal
transduction mutant defective in chemically and biologically induced
disease resistance. Proc. Natl. Acad. Sci. U.S.A. 1995, 92, 6602—6606.

(11) Kunz, W, Schulter, R; Maetzke, T. The chemistry of
Benzothiadiazole plant activators. Pestic. Sci. 1997, 50, 275—282.

(12) Moriya, K; Ishikawa, K; Yamazaki, D.; Kurahashi, Y.; Sawada,
H.; Ariky, Y. Heterocyclyl-derivatives. WO 9937636, Jul. 29, 1999.

(13) Yoshio K. O.; Haruko, S. Y.;Taro, K. O.; Yasuo, A. K; Koichi,
M. M,; Kouchi, I; Asami, M. 1,2,3-Benzothiadiazole Derivatives. US
6153763, Nov. 28, 2000.

(14) Gozzo, F. Systemic acquired resistance in crop protection: From
nature to a chemical approach. J. Agric. Food Chem. 2003, S1 (16),
4487—4503.

(15) Oostendorp, M.; Ruess, W. Pesticidal Compositions. US 2001/
0031774, Oct. 18, 2001.

(16) Ford, K. A; Casida, J. E; Chandran, D.; Gulevich, A. G
Okrent, R. A; Durkin, K. A, Sarpong, R; Bunnelle, E. M,;
Wildermuth, M. C. Neonicotinoid insecticides induce salicylate-
associated plant defense responses. Proc. Natl. Acad. Sci. U.S.A. 2010,
107 (41), 17527—17532.

(17) Xu, Y. F.; Zhao, Z. J.; Qian, X. H. Novel, unnatural benzo-1,2,3-
thiadiazole-7-carboxylate elicitors of taxoid biosynthesis. J. Agric. Food
Chem. 2006, 54, 8793—8798.

dx.doi.org/10.1021/jf203974p | J. Agric.Food Chem. 2012, 60, 346—353


mailto:zhjzhao@ecust.edu.cn
mailto:zhjzhao@ecust.edu.cn
mailto:yfxu@ecust.edu.cn

Journal of Agricultural and Food Chemistry

(18) Du, Q. S;; Zhao, Z. J; Zhu, W. P. Synthesis and biological
activity of novel benzo-1,2,3-thiadiazole carboxylic ester derivatives.
Chin. ]. Pestic. Sci. 2010, 12 (4), 499—502.

(19) Schurter, R; Kunz, W.; Nyfeler, R. Process and a Composition
for Immunizing Plants against Diseases. US 4931581, Jun 5, 1990.

(20) Robert, C.; Bancal, M. O.; Nicolas, P.; Lannou, C.; Ney, B.
Analysis and modelling of effects of leaf rust and Septoria tritici blotch
on wheat growth. J. Exp. Bot. 2004, 55 (399), 1079—1094.

(21) Louws, F. J.; Wilson, M.; Campbell, H. L.; Cuppels, D. A.; Jones,
J. B.; Shoemaker, P. B.; Sahin, F.; Miller, S. A. Field control of bacterial
spot and bacterial speck of tomato using a plant activator. Plant Disease
2001, 85 (5), 481—488.

(22) Heim, C. H; Charles, F. P. Preparation of some glycol
benzonates. J. Org. Chem. 1944, 9, 299—301.

(23) Rizzi, G. P. An improved synthesis of 2-hydroxy-3’, 4, 6'-
trimethoxy-acylophenones. Synth. Commun. 1983, 13, 1173—1179.

(24) Smart, B. E. Fluorine substituent effects (on bioactivity).
J. Fluorine Chem. 2001, 109, 3—11.

353

dx.doi.org/10.1021/jf203974p | J. Agric.Food Chem. 2012, 60, 346—353



