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ABSTRACT: A new class of trifluoromethylpyridine 1,3,4-
oxadiazole derivatives (6a—6v) was obtained, and their anti-
bacterial activities were evaluated. Some of them exhibited good
activity, particularly 6a, which had the highest in vitro activity
against Ralstonia solanacearum (R. solanacearum) and Xanthomonas
axonopodis pv. citri (Xac). The half-maximal effective concen-
trations (ECg,) were 26.2 and 10.11 ug/mL, respectively, which
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were lower than those of commercial thiodiazole copper (97.2 and 35.3 ug/mL, respectively). Furthermore, 6q showed much higher
activity against Xanthomonas oryzae pv. oryzae (Xoo) with an ECg, value of 7.2 ug/mL; this was superior to bismerthiazol (57.2 ug/
mL). Collectively, our findings provide a foundation for the development of trifluoromethylpyridine 1,3,4-oxadiazole derivatives.

B INTRODUCTION

Bacterial diseases of plants can bring extensive reductions in
crop quality and yield and continue to pose a significant threat
to crop production." For example, Xanthomonas oryzae pv.
oryzae (Xoo) can cause serious outbreaks of bacterial blight
disease in rice and often result in serious diseases; thus, in
severe cases, the crop yield can be reduced by 50%.”°
Moreover, as the most aggressive pathogens, tobacco bacterial
wilt, which is caused by Ralstonia solanacearum (R.
solanacearum), and citrus ulcer, which is caused by
Xanthomonas axonopodis pv. citri (Xac), are very destructive
bacterial diseases and can cause serious reductions in the global
yield of tobacco and citrus fruit. It is very hard to regulate these
diseases once plants have been infected.*”” At present,
pesticides remain as the most economical and effective
treatment for controlling agricultural diseases. Although
bismerthiazol, thiodiazole copper, and zinc thiazole have
been used broadly to prevent plant bacterial diseases,”
however, the resistance or cross-resistance of pathogens
progressively increases and limits the existing pesticides’
therapeutic effects.” Consequently, there is a severe shortage
of agrochemicals for the treatment of bacterial diseases, and
there is an urgent need to develop new active molecules with
high activity.

As a highly efficient pharmacophore, 1,3,4-oxadiazole is not
only used widely in drug design but also has extensive
biological activities,'"" such as antibacterial,"* herbicidal,"®
anti-inﬂammatory,14 and insecticidal'® properties. Further-
more, the molecules that contain 1,3,4-oxadiazole show
excellent antibacterial activities against a number of plant
bacterial pathogens, including R. solunacem’um,16 Xoo,"” and
Xac.'® In previous research, plenty of 1,3,4-oxadiazole
derivatives were synthesized and evaluated (Figure 1);197%
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some of these were confirmed to exhibit good antibacterial
activities.

Furthermore, the trifluoromethylpyridine rin_g has drawn
much attention in novel pesticide creation””*® and has
desirable biological activities, including antibacterial, weeding,
and insecticidal’® properties. We synthesized a class of 1,3,4-
oxadiazole compounds that contained trifluoromethylpyridine
and exhibited antibacterial and insecticidal activities (Figure
1).*%° In addition, there are related reports described in world
patents that relate to trifluoromethylpyridine-containing
compounds.”’

We considered previous research relating to 1,3,4-oxadiazole
and the advantageous structure of trifluoromethylpyridine and
attempted to use this information to develop novel and
efficient antibacterial agents. Herein, by incorporating ethyl
ether and sulfide linkers, a series of trifluoromethylpyridine
1,3,4-oxadiazole derivatives was designed and synthesized and
their activities against R. solanacearum, Xoo and Xac were
evaluated. Collectively, some of them showed high levels of
antibacterial activities to be used as lead compounds for
bactericides.

B RESULTS AND DISCUSSION

Chemistry. As shown in Figure 2, benzoic acids la—1v
with different substituents underwent an esterification reaction
with ethanol to give intermediates 2a—2v. Intermediates 2a—
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Figure 1. Design of compounds 6a—6v.
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Figure 2. Synthesis route of the target compounds 6a—6v.

2v then underwent hydrazinolysis with hydrazine hydrate to
give intermediates 3a—3v. Under basic conditions, intermedi-
ates 3a—3v underwent a ring-closing reaction with carbon
disulfide to give intermediates 4a—4v. In the reflux state, 4a—
4v and 1,2-dibromoethane rapidly underwent a substitution
reaction to give intermediates Sa—Sv. Using acetonitrile as the
solvent, the intermediates Sa—5v and 3-chloro-5-(trifluoro-
methyl) pyridin-2-ol were reacted for approximately 1.5 h
under reflux to give the corresponding target compounds 6a—
6v. The structures of the target compounds were characterized
by 'H nuclear magnetic resonance (NMR), *C NMR, and "°F
NMR spectroscopy and high-resolution mass spectrometry
(HRMS).

Antibacterial Activity In Vitro. The results shown in
Table 1 indicated that some of the title compounds showed
higher activities against R. solanacearum, Xac, and Xoo than
commercial bactericides at concentrations of 50 and 100 ug/
mL. At 50 pg/mL, compounds 6a and 60 showed the highest
activities against R. solanacearum (71.3 and 67.3%, respec-
tively); these activities were superior to that of thiodiazole
copper (TDC, 39.1%). At 100 ug/mL, compounds 6a, 6d, 6i,

6j, and 6m demonstrated good activities against Xac: the
inhibition rates were 97.7, 88.2, 88.3, 96.8, and 89.8%,
respectively. These activities were better than that of TDC
(72.1%). Moreover, at a concentration of 100 yg/mL, the
1,3,4-oxadiazole trifluoromethylpyridine-containing com-
pounds 60, 6q, and 6t showed higher inhibitory activities of
91.5, 100, and 91.9%, respectively, against Xoo; these activities
were better than bismerthiazol (BMT, 64.6%).

Next, the ECs, values of the 1,3,4-oxadiazole trifluorome-
thylpyridine-containing compounds against R. solanacearum,
Xac, and Xoo were further evaluated. The results shown in
Tables 2, 3, and 4 revealed that the ECy, values against R
solanacearum for compounds 6a and 60 were 26.2 and 26.3
ug/mL, respectively; these were much lower than that of TDC
(972 pg/mL). Meanwhile, compounds 6a and 6b showed
excellent inhibitory activities against Xac, with ECs, values of
10.1 and 11.6 pug/mL, respectively; these activities were better
than that for TDC (35.5 ug/mL). Furthermore, the target
molecules 60 and 6q also revealed better inhibitory activities
against Xoo, with ECsy values of 12.7 and 7.2 ug/mL,
respectively; these activities were lower than that of the
commercial agent BMT (57.2 ug/mL).

SAR Analysis. According to the data of antibacterial
evaluation shown in Tables 1 to 4, Structure-Activity
Relationship (SAR) analysis showed that different substitu-
tions on the benzene ring could change the antibacterial
activity. Compounds 6a—6v exhibited better activities against
R. solanacearum when R was 2,4-dichloro or 3-chloro-4-methyl.
The activities against Xac were maximal when the substituents
of the benzene ring were 2,4-dichloro, 3-iodine, and 2-chloro;
the activities of 3-chloro, 4-chloro, and 3,4-dichloro were lower
than that of 2,4-dichloro. Furthermore, the activities against
Xoo were slightly higher than other substitutions when the
substituent on the benzene ring was 3-chloro-4-methyl, 2-
trifluoromethyl, and 3-chloro. When the 2-position of the
benzene ring was substituted with trifluoromethyl, the
antibacterial activity was better than the substitution of other
positions. When the 3-position was substituted with a chlorine
atom, the activity was higher than those at the 2- and 4-
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Table 1. In Vitro Antibacterial Activities of the Target Compounds against R. Solanacearum, Xac, and Xoo

inhibition rate/%

R. solanacearum

compounds R 100 pg/mL S0 pug/mL
6a 2,4-di-Cl 79.0 + 3.4 713 + 1.6
6b 3-F-4-Cl 812 + 5.1 60.1 + 2.9
6¢c H 633 + 3.6 56.0 + 3.2
6d 31 52.0 + 4.0 419 + 2.7
6e 2-Cl 60.5 + 3.8 51.8 + 2.1
6f 3-CF,4 563 + 3.6 43.0 £29
6g 4-CF, 88.7 + 4.8 63.1 +2.7
6h 2,4-di-CH, 66.9 + 4.1 593 +22
6i 3,4-di-Cl 83.8 + 3.5 64.8 + 2.6
6j 4-OCH, 21.8 + 3.5 123+ 1.9
6k 2-Br 456 + 3.6 412 + 4.1
6l 2-CH, 52.4 + 4.6 37.6 + 3.7
6m 3-Br 493 +33 30.5 + 3.9
6n 2-Cl-5-Br 584 + 2.7 399 + 1.5
60 3-Cl-4-CH, 89.4 + 4.1 673 +2.3
6p 2-F 682 + 22 52.5 + 3.1
6q 2-CF, 783 + 2.4 64.7 + 3.8
6r 3-F 50.5 + 1.7 413 £23
6s 3-N(CH,), 602 + 23 459 + 38
6t 3-Cl 59.3 + 4.2 46.4 + 3.7
6u 3-CH, 782 + 3.1 53.5 + 3.4
6v 4-Cl 83.3 + 4.6 60.1 + 2.9
TDC* 61.8 + 2.7 39.1 + 4.3
BMT? NT® NT®

“Thiodiazole copper. “Bismerthiazol. °“NT = not tested.

Xac Xoo

100 pg/mL S0 pg/mL 100 pg/mL S0 pg/mL
97.7 + 42 75.6 + 3.1 56.8 + 1.1 26.1 + 2.6
74.8 £ 0.9 65.1 + 1.7 183 + 2.8 12.7 £ 2.1
793 + 13 709 + 2.5 36.2 + 2.0 20.1 + 1.4
882 + S8.5 742 + 3.7 82.1 + 4.1 63.6 + 2.9
72.0 + 2.7 67.5 + 4.1 31.5 £ 0.8 12.8 + 0.6
832 +22 77.1 + 3.6 61.6 + 4.2 494 + 2.6
84.3 + 4.2 80.9 + 3.2 304 + 1.3 99 £ 0.8
84.4 + 3.0 76.7 £ 5.3 444 + 2.8 233 + 2.1
883 + 4.6 77.6 + 4.3 53.0 + 3.6 20.7 + 1.8
96.8 + 4.5 819 + 23 833 + 2.6 51.8 + 3.5
79.0 + 3.7 729 + 1.9 393 + 24 345 + 1.8
84.1 + 3.2 69.7 + 3.2 85.6 + 1.9 619 + 1.5
89.8 + 2.6 709 + 2.9 69.8 + 3.2 492 £ 25
80.4 + 2.7 549 + 34 884 + 1.6 659 + 2.8
762 + 3.1 62.9 + 3.7 91.5 +23 76.6 + 2.4
785 £ 2.5 599 + 2.7 824 +£ 2.0 72.1 £ 3.5
81.6 + 1.5 50.5 + 2.6 100.0 94.6 + 2.6
63.8 + 3.4 41.1 + 3.3 782 + 3.1 69.2 + 1.8
669 + 2.9 419 + 2.7 714 £+ 2.5 555 £ 2.8
69.6 + 5.0 585 + 32 919 + 3.7 70.2 + 3.4
652 + 3.5 47.5 £ 3.0 84.6 + 3.5 513 + 4.2
78.7 + 4.6 594 + 24 76.8 + 4.1 564 + 2.3
72.1 £ 3.0 452 + 1.8 NT¢ NT*

NT* NT 64.6 + 2.6 384 + 1.8

Table 2. ECy, Values of In Vitro Antibacterial Activities of
the Target Compounds against R. Solanacearum

ECq"/

compounds R regression equation r (ug/mL)

6a 2,4-di-Cl y = 1.0296x + 3.4628 0.9672 262 + 2.6

6b 3-F-4-Cl y = 0.7747x + 3.8775 0.9851 38.1 + 4.3

6g 4-CF; y = 1.0824x + 1.7437 0.9883 39.5 + 1.8

6h 2,4-di- y = 2.0983x + 1.1979 0.9903 424 + 3.6
CH,

6i 3,4-di-Cl y = 1.3506x + 2.9760 0.9859 352+ 3.5

60 3-Cl-4- y = 1.9795x + 2.1882 0.9945 263 + 1.6
CH,

6p 2-F y = 2.1409x + 1.3962 0.9008 482 +24

6q CF; y = 1.9419x + 2.0093 0.9869 347 £ 1.9

6u 3-Cl-4- y = L7576x + 2.1969 0.9964 464 + 3.5
CH,

6v 4-Cl y = 1.8389x + 2.0386 0.9886 40.8 + 2.5

TDC" y =1.8727x + 1.8973 09831 972 + 2.7

“Average of three replicates. bThiodiazole copper.

positions. However, the quantity and structure of the

derivatives were too poor to derive accurate SAR data.

In summary, we identified several compounds exhibiting
high activities against R. solanacearum, Xac, and Xoo. These
results demonstrated that the novel trifluoromethylpyridine-
containing 1,3,4-oxadiazoles can be considered as new
antibacterial agents and laid a foundation for controlling

plant bacterial diseases.

Table 3. ECy, Values of In Vitro Antibacterial Activities of
the Target Compounds against Xac

ECy"/
compounds R regression equation r (ug/mL)
6a 2,4-di-Cl y = 1.208x + 3.7858 0.8308 10.1 = 3.7
6d 3-1 y = 1.0141x + 3.9213 0.9364 11.6 + 3.1
6f 3-CF; y =2.5575 + 0.3133 0.9228 439 +13
6g 4-CF; y = 1.1588x + 3.3050 0.9525 29.1 £ 2.5
6h 2,4-di- y = 2.7059x + 0.2196 0.9168 384 + 2.5
CH,
6i 3,4-di-Cl y = 1.6804x + 2.5760 0.9782 27.7 + 1.8
6j 4-OCH; y = 2.0733x + 2.0249 0.9766 272 + 1.6
6k 2-Br y = 2.0095x + 2.1709 0.9896 25.6 £2.5
61 2-CH,3 y = 1.3378x + 2.9349 0.9672 315+ 1.6
6m 3-Br y = 1.4360x + 2.9071 0.9907 28.7 + 2.7
6n 2-Cl-5-Br  y = 2.9492x + 0.1740 0.8857 433 + 3.1
6p 2-F y = 24451x + 1.1452 0.9203 37.7 £ 1.9
6q 2-CF; y = 1.3491x + 2.9377 0.9207 33.8 + 4.1
6v 4-Cl y = 2.0645x + 1.4369 0.9015 432 + 26
TDCY y = 1.9591x + 1.9678 0.9905 353 + 3.6

“Average of three replicates. bThiodiazole copper.

B MATERIALS AND METHODS

Chemicals. All reagents and solvents were obtained from
TCI (Tokyo, Japan) and Accela (Shanghai, China) and used
without further purification.

Instruments. The newly synthesized compounds were
characterized using an Avance III HD 400 MHz NMR
spectrometer (Bruker Corp., Fallanden, Switzerland) and a Q
Exactive HRMS (Thermo Scientific, Missouri, USA). The

https://doi.org/10.1021/acsomega.1c04472
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Table 4. EC, Values of In Vitro Antibacterial Activities of the Target Compounds against Xoo

compounds R regression equation r ECy,”/(pug/mL)

6d 31 y = 3.3335x + 0.0259 0.8686 31.0 £ 2.1
6j 4-OCH;4 y = 1.209x + 3.2895 0.8913 259 £ 19
61 2-CH;3 y = 1.2336x + 2.885 0.9843 31.8 £ 2.2
6m 3-Br y = 1.4044x + 3.1919 0.9532 374 + 34
6n 2-Cl-5-Br y = 1.2398x + 3.4224 0.9318 18.7 + 2.6
60 3-Cl-4-CH;, y = 14399« + 3.0211 0.9589 127 + 1.5
6p 2-F y = 0.9939x + 3.5244 0.9936 30.5 £23
6q 2-CF, y = 1.0854 + 4.0720 0.9362 72+ 12

6r 3-F y = 3.1403x + 0.0508 0.9090 377 + 1.6
6s 3-N(CH,), y = 1.649x + 2.4165 0.9968 36.8 + 1.8
6t 3-Cl y = 3.0771x + 1.6031 0.9599 127 + 2.1
6u 3-CH; y = 1.6466x + 2.2633 0.9457 359 £ 2.5
6v 4-Cl y = 1.0725x + 3.8219 0.9779 12.6 + 2.5
BMT? y = 14719« + 2.4134 0.9664 572 £ 83

“Average of three replicates. bBismerthiazol.

melting points were determined using an XT4 binocular
microscope (Beijing Tech Instrument Co., China).

Preparation of Intermediates 2a—2v. First, S g of
substituted benzoic acid was added to 30 mL of absolute
ethanol and 2 mL of concentrated sulfuric acid (2 mL) and
refluxed for approximately 10 h, as described in the literature.*”
After the reaction was completed, the anhydrous ethanol was
distilled off under a reduced pressure, and the reaction solution
was poured into water. An aqueous sodium carbonate solution
was then added and the pH was adjusted to >7, and then the
solution was extracted with ethyl acetate, and the organic phase
was collected, dried with MgSO,, and evaporated to obtain
2a—2v.

Preparation of Intermediates 3a—3v. According to the
literature,> intermediates 3a—3v could be obtained. First, a
certain amount of 2a—2v (1 equivalent, equiv) was added to a
certain amount of absolute ethanol as a solvent. Next, we
added 80% hydrazine hydrate (2 equiv) and stirred under
reflux for 10 min. After the reaction was completed, ethanol
was distilled off under a reduced pressure, and the preparation
was refrigerated for 12 h. The solid precipitate was then filtered
off with suction, washed with water, and dried, thus creating
intermediates 3a—3v.

Preparation of Intermediates 4a—4v. Intermediates
4a—4v were prepared according to previously reported
methods.”* First, we weighed intermediates 3a—3v (1 equiv)
and sodium hydroxide (1.5 equiv, dissolved in a certain
amount of water). Next, we used absolute ethanol as a solvent
with stirring at room temperature for 20 min. Carbon disulfide
(2 equiv) was added dropwise to the system. Then, the
reaction was kept at room temperature for about 1 h, followed
by heating under reflux for 12 h. After completion of the
reaction, the resulting solution was concentrated under a
reduced pressure and poured into water, and the resulted
mixture was stirred with glass rod and filtered out the
impurities. Then the mother liquor was adjusted to pH < 7
with dilute hydrochloric acid. The solids were precipitated,
filtered off with suction, and dried to obtain intermediates 4a—
4v.

Preparation of Intermediates 5a—5v. Intermediates
Sa—5v were prepared in accordance with the method
described in the literature.>® First, we weighed intermediates
4a—4v and anhydrous potassium carbonate using an analytical
method. Next, we used acetonitrile as the solvent and heated

the mixture to reflux for approximately 1 h. After 1 h, the speed
of the reaction was increased to the maximum, and 1,2-
dibromoethane was quickly added to the reaction system. The
reaction was completed after approximately 1 min. After the
temperature of the system was lowered, the contents of the
system were poured into water and extracted with dichloro-
methane, and the organic phases were collected, dried over
anhydrous MgSO, for 2 h, filtered with suction, subjected to
column chromatography with petroleum ether/ethyl acetate
(10:1), and finally dried under vacuum to obtain the
intermediates Sa—5v.

Synthesis of the Target Compounds 6a—6v. 3-Chloro-
S-(trifluoromethyl) pyridin-2-ol (1 equiv), anhydrous potas-
sium carbonate (2.2 equiv), potassium iodide (0.5 equiv), and
acetonitrile as the solvents were heated under reflux for
approximately 1.5 h. Then, the intermediates Sa—3v were
added to the reaction system. After the reaction was
completed, the system was purified by column chromatog-
raphy with petroleum ether/ethyl acetate (15:1) to obtain the
target compounds 6a—6v. The data of 6u are shown below.

2-((2-((3-Chloro-5-(trifluoromethyl)pyridin-2-yl)oxy)ethyl)-
thio)-5-(4-chlorophenyl)-1,3,4-oxadiazole (6u). White solid;
mp 128—129 °C; yield 61.5%; '"H NMR (400 MHz, CDClL,) 6
7.84 (s, 1H), 7.81 (s, 1H), 7.78 (d, ] = 7.4 Hz, 1H), 7.68 (d, ]
= 2.3 Hz, 1H), 7.42-7.33 (m, 2H), 4.56 (t, ] = 6.5 Hz, 2H),
3.69 (t, J = 6.5 Hz, 2H), 2.43 (s, 3H). *C NMR (101 MHz,
CDCly) § 166.45, 162.93, 158.35, 139.07, 136.39 (q, ] = 5.2
Hz), 133.62 (q, ] = 2.3 Hz), 132.83, 129.04, 127.41, 127.20,
123.87, 123.01, 122.56 (q, J = 270.6 Hz), 109.32 (q, J = 35.7
Hz), 50.74, 30.14, 21.32. YF NMR (376 MHz, CDCl;) 6
—62.16. HRMS (ESM): calculated for C,,H,;CIF;N;0,S [M +
H]*: 416.04362, found: 416.04419.

Antibacterial Activity. Antibacterial Activity in Vitro.
The in vitro antibacterial activity against R. solanacearum, Xac,
and Xoo was evaluated using the turbidimeter test.’® All
samples were dissolved with dimethyl sulfoxide and diluted
with 1%0 Tween-20 to obtain a test solution. Thiodiazole
copper solution was used as a positive control for R
solanacearum and Xac. BMT solution was used as a positive
control drug for Xoo. Test tubes were filled with 5 mL of
culture medium and test solution; we then added the
logarithmic bacterial solution (40 yL) to the test tubes. The
test tubes were then placed in a constant temperature shaker
(temperature: 28 °C, speed: 180 rpm). Xoo was shaken for
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36—48 h, Xac was shaken for 24—36 h, and R. solanacearum
was shaken for 16—24 h. After the logarithmic growth period,
the optical density (OD) values of all bacterial liquids were
measured with a microplate reader at a wavelength of 595 nm,
and the inhibition rate of the tested drugs on bacteria was
calculated based on the measured OD values. All experiments
were repeated three times. The inhibition rate was calculated
using the following equation, where the corrected turbidity
value of the negative control group was expressed as X and the
turbidity value of the treatment group was expressed as Y.

Inhibition rate (%) = (X — Y)/X X 100
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