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ABSTRACT: Inan e ort to explore new-type high-e ciency antifungal agents, 25 novel L-carvone-based 1,3,4-thiadiazole-amide
derivatives were designed, synthesized, and structurally characterized by IR, 'H NMR, *C NMR, and high-resolution mass
spectrometry (HRMS) analyses. The antifungal activity of the target compounds was preliminarily assayed at a concentration of 50
pg/mL, and boscalid, a commercialized fungicide identified as a succinate dehydrogenase inhibitor (SDHI), was employed as the
positive control. It was found that all of the target compounds showed moderate to potent antifungal activity against the tested fungi
compared to boscalid. Surprisingly, compound 4b exhibited broad-spectrum and significant inhibition activity against the growth of
eight phytopathogenic strains with inhibitory rates of 67—89%. Further, the results of the ECs, value test suggested that the ECs,
values of compound 4b against Physalospora piricola and Colletotrichum orbiculare were 16.33 and 18.06 pug/mL, respectively, and
both of them were better than those of boscalid (16.64 and >50). Therefore, compound 4b deserves further study as a lead
compound for novel fungicides. In addition, the inhibitory activity of compound 4b against succinate dehydrogenase (SDH) was
evaluated as well to prove that compound 4b (ICs, = 3.38 uM) displayed higher SDH-inhibition activity than boscalid (1Cs, = 7.02
pUM). The binding mode of compound 4b and SDH was simulated by molecular docking and found to be similar to that of boscalid.
The structure—activity relationships (SARs) of the target compounds were analyzed by establishing a 3D-QSAR model. Besides, a
4b-loaded complex 4b/CSTA on a reported L-carvone-based nanochitosan carrier CSTA containing the 1,34-thiadiazole-amide
group was constructed, and its sustained release performance was investigated in the EtOH—H,O system (1:9, v/v). The complex
4b/CSTA exhibited preferred sustained release performance, indicating its potential for developing environmentally friendly
nanofungicides.

KEYWORDS: L-carvone, 1,34-thiadiazole-amide, synthesis, antifungal activity, succinate dehydrogenase, 3D-QSAR

I INTRODUCTION Succinate dehydrogenase (SDH), an enzyme complex in the
mitochondrial matrix, plays a crucial part in cellular respiration
by catalyzing the oxidation of succinate to fumarate in the
tricarboxylic acid cycle.'*?° According to the fungicide
classification by the Fungicide Resistance Action Committee
(FRAC),?" up to now, there are 24 amide derivatives identified
as succinate dehydrogenase inhibitors (SDHIs), and SDH has
also been serving as one of the most active biotargets in the
discovery and development of novel fungicides in recent years
due to the unique mechanism of action of these SDHIs
di erent from other kinds of fungicides. Among these amide
derivatives, we also noted that di erent types of heterocyclic
rings (e.g., pyrazole, furan, thiophene, thiazole, etc.) were
separately linked with the —CO—NH- group (Figure 1B). As
a five-membered heterocyclic ring containing N and S atoms,
1,3,4-thiadiazole is an alternative bioisosteric substructure for

The application of fungicides is a vital approach for
withstanding phytopathogens and protecting plants, but the
overuse of fungicides would also cause some adverse e ects,
especially the developed resistance of fungi to current
fungicides? and environmental pollution.® Hence, new-type
high-e ciency antifungal agents have become an urgent
demand.

As is well known, natural compounds have been proven to
be a desirable source for designing and developing novel
bioactive molecules*™® because of their characteristic molec-
ular skeletons, chem-modifiability, excellent environmental
compatibility, huge native reserve, renewability, and potent
bioactivity.L-Carvone, a forest product existing in Mentha
spicata,”® was reported to show broad-spectrum pharmaco-
logical properties, including antifungal,~** anti-inflamma-
tory,"* antioxidant,”* and anticancer activities."**> Based on

the antifungal property of L-carvone, various antifungal Received: July 31, 2024

derivatives, such as those containing oxime ester, thiazoli- Revised:  November 8, 2024
none-hydrazone, and 1,3,4-oxadiazole-thioether moieties, were Accepted: November 8, 2024
synthesized by the chemical modification of L-carvone (Figure Published: November 14, 2024

1A),~*® revealing that its original skeleton could serve as a
promising building block for constructing antifungal molecules.
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(A). Chemical Modification of Natural Forest Product L-Carvone with Antifungal Activity
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Figure 1. Several antifungal derivatives synthesized by the chemical modification of L-carvone (A) and commercial SDHI-fungicides (B).
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A Class of 1,3,4-Thiadiazole-Amide Compounds with Antifungal and
SDH-inhibition Activities (J. Agric. Food Chem. 2024, 72, 10227-10235.) 12rget Compounds

Figure 2. Design strategy of the target compounds.

pyrazole, furan, thiophene, and thiazole, all of which are found
in the chemical structures of several commercial SDHI-
fungicides, but a few SDHI-fungicides bear 1,3,4-thiadiazole
itself. In addition, 1,3,4-thiadiazole-amide derivatives displayed
a variety of biological activities, such as antitumor,**?®
antifungal, **~?® CK2-inhibition,?” and insecticidal activities.?®
Especially, a class of 1,34-thiadiazole-amide compounds
(Figure 22 was found to exhibit antifungal and SDH-inhibition
activities.® Therefore, combining L-carvone, 1,34-thiadiazole,
and amide moieties is a favorable strategy for exploring novel
SDHI molecules without cross-resistance with current
fungicides against plant-pathogenic fungi.

On the other hand, the loading of antifungal small-molecule
compounds on natural product-derived nanomaterials for
constructing complexes with favorable sustained release
performance, which is also referred to as the development of
environmentally friendly nanofungicides, is a promising
approach to reduce the loss of the bioactive compound,

improve its utilization rate, and alleviate environmental
pollution.**=3 Chitosan (CS), obtained by the deacetylation
of chitin, is a marine biomass material and has been widely
employed for drug-delivery applications,**** due to its low
toxicity, biocompatibility, high loading capacity, and good
stability. Besides, nanochitosan was prepared by mcorporatlng
a bulky group into the original skeleton of chitosan.*>*® A
chitosan-based nanocarrier CSTA that was designed and
synthesized previously by our group’’ showed high loading
capacity and outstanding sustained release performance for
bioactive compounds and contained a similar group (L-
carvone-based 1,3,4-thiadiazole-amide) with the target com-
pounds.

Herein, a series of L-carvone-based 1,3,4-thiadiazole-amide
derivatives were designed, synthesized, and structurally
characterized by IR, *H NMR, *C NMR, and high-resolution
mass spectrometry (HRMS) analyses. The antifungal and
SDH-inhibition activities of the target compounds were

https://doi.org/10.1021/acs jafc.4c06916
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Scheme 1. Synthetic Route of L-Carvone-Based 1,3,4-Thiadiazole-amide Derivatives 4a—4y
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assayed. Subsequently, the mode of action of the target
compound with the most significant biological activity and
SDH was simulated by molecular docking technology, and an
e ective 3D-QSAR model was established to investigate the
structure—activity relationships (SARs) of the target com-
pounds. Moreover, a complex of L-carvone-based 1,3,4-
thiadiazole-amide derivative with the corresponding nano-
chitosan carrier was constructed, and the sustained release
performance of the complex was investigated.

l MATERIALS AND METHODS

Chemicals and Instruments. All of the used reagents and
solvents in this work were purchased from Shanghai Titan Scientific
Co., Ltd. (Shanghai, China), including L-carvone (CAS number:
6485-40-1), 5-amino-1,3,4-thiadiazole-2-thiol (CAS number: 2349-
67-9), benzoyl chloride (CAS number: 98-88-4), o-toluoyl chloride
(CAS number: 933-88-0), and chloroacetyl chloride (CAS number:
79-04-9). The SDH test kit was provided by Jiangsu Meimian
Industrial Co., Ltd. (Yancheng, China). The FT-IR spectra and
melting points of L-carvone-based 1,3,4-thiadiazole-amide derivatives
4a—4y were recorded on a Thermo Fisher Nicolet IS 50 FT-IR
spectrometer (Madison) and a Hanon MP420 automatic melting
point apparatus (Jinan, China), respectively. The H and *C NMR
spectra of target compounds 4a—4y and intermediate 3 in CDCl; or
DMSO-d; were measured on a Bruker Avance Il HD 600 MHz
spectrometer (Zurich, Switzerland). The HRMS spectra of com-
pounds 4a—4y and 3 were recorded with a Thermo Scientific Q
Exactive mass spectrometer (Madison), and the ultraviolet—visible

(UV—vis) spectra of the samples from the sustained release systems
were detected using a Shimadzu UV-1800 spectrophotometer (Kyoto,
Japan).

Synthesis of Target Compounds. The synthetic route of L-
carvone-based 1,3,4-thiadiazole amide derivatives 4a—4y is illustrated
in Scheme 1. L-Carvone chloride 2 (CAS number: 86847-23-6) was
first prepared following the procedure in ref 37.

The synthetic procedure of intermediate 3 is as follows: 5-amino-
1,3,4-thiadiazole-2-thiol (20.0 mmol, 2.664 g) and KOH (21.0 mmol,
1.178 g) were dissolved in EtOH (30 mL). Then, L-carvone chloride
2 (22.0 mmol, 4.062 g) was added to the solution, and the reaction
mixture was stirred at room temperature for 4 h. Upon completion of
the reaction, the solvent was removed under reduced pressure. The
residue was redissolved in H,O (30 mL) and extracted with EtOAc
(30 mL x 3). The combined organic layer was dried over anhydrous
Na,SO,, followed by removal of the solvent in a vacuum, and the
residue was further purified by column chromatography on silica gel
with EtOAc as the eluent, to a ord intermediate 3 as a brown solid in
a yield of 61.5%.

The general procedure for synthesizing compounds 4a—4y is as
follows, and a representative synthesis of compound 4a is presented
here. To a stirring mixture of intermediate 3 (3.0 mmol, 0.844 g) and
Et;N (100 pL) in DCM (20 mL), a solution of benzoyl chloride (3.3
mmol, 0.464 g) in DCM (10 mL) was added dropwise at 0—5 °C.
Subsequently, the reaction mixture was kept stirring at room
temperature and monitored by TLC. Upon completion of the
reaction, the reaction mixture was washed with H,O (30 mL) and
extracted with EtOAc (30 mL x 3). The combined organic layer was
dried over anhydrous Na,SO,, and the mixture was concentrated by

26118 https://doi.org/10.1021/acs.jafc.4c06916
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rotary evaporation. The residue was further purified by column
chromatography on silica gel (PE/EA = 2:1, v/v) to give compound
4a as a white solid in a yield of 85.0%.

Assessment of Antifungal Activity. According to a previously
reported method,® the in vitro antifungal activity of compounds 4a—
4y and the positive control boscalid against eight phytopathogenic
strains, apple Physalospora piricola (PP), watermelon Colletotrichum
orbiculare (CO), peanut Cercospora arachidicola (CA), wheat
Gibberella zeae (GZ), tomato Alternaria solani (AS), rice Rhizocotnia
solani (RS), cucumber Fusarium oxysporum (FO), and maize Bipolaris
maydis (BM), was assessed by the agar dilution method. The tested
compounds were separately dissolved in CH;COCHS,, and sorporl-
144 (0.2 g/L) was employed as a diluent to prepare the medicated
solutions with di erent concentrations (0.03125—-0.50000 g/L).
Subsequently, the resulting medicated solution (1 mL, 0.03125-0.5
g/L) was mixed with the PSA substrate (9 mL), and three agar discs
(diameter = 0.4 cm) containing the mycelium of the tested
phytopathogenic fungi were inoculated into the medicated PSA
substrate. The other exg)erimental details were similar to those
reported in ref 383838383

Evaluation of SDH-Inhibition Activity. According to the
supplier’'s experimental protocols, an SDH ELISA test kit was used
for assaying the inhibition activity of compounds 4b, 4d, and boscalid
against SDH. The tested compounds were separately dissolved in
DMSO and then diluted by detection bu er to obtain medicated
solutions with the concentrations of 0.5—8.0 yM. The OD values at
450 nm were measured on an enzyme labeling instrument.

Molecular Docking Simulation. The architecture of SDH for
the molecular docking simulation was built by homologous modeling
on the SWISS-MODEL web server as the previously published
paper.*® First of all, the 3D chemical structures of compound 4b and
boscalid were constructed using ChemDraw and 3D Ultra 20.0
software, and then molecular docking simulation of the two
compounds at the active site of SDH was carried out using the
Sybyl X-2.0 package. The binding site of the original ligand (carboxin)
was regarded as the active site of SDH.

3D-QSAR Analysis. The SARs of the target compounds were
investigated by establishing an e ective 3D-QSAR model. Additional
details of the method can be found in the Supporting Information.

Construction and Sustained Release Performance of the
4b-Loaded Complex on a L-Carvone-Based Nanochitosan
Carrier Containing the 1,3,4-Thiadiazole-amide Group. Com-
plexes 4b/CSTA and 4b/CS were constructed by the method in a
previous report.>” Compound 4b (50.0 mg) and CSTA (or CS, 100.0
mg) were mixed in EtOH (20 mL), and the mixture was continuously
stirred at 50 °C to achieve complete volatilization of the solvent,
followed by dry in an oven (50 °C) for 2 h to obtain dry complexes
4b/CSTA and 4b/CS.

For determining the entrapment e ciencies of compound 4b in the
complexes, a small amount of the 4b-loaded complex (about 5.0 mg)
was sampled, and then EtOH (10 mL) was injected to dissolve the
microparticles of the loaded compound 4b. After that, the
concentration of the supernatant was measured by UV—vis spectros-
copy with the purpose of calculating the corresponding entrapment
e ciency.

Finally, the sustained release performances of complexes 4b/CSTA
and 4b/CS were evaluated in the EtOH—H,0O system (1:9, v/v). The
complex 4b/CSTA (or 4b/CS, 10.0 mg) was placed into the mixture
of EtOH (5 mL) and H,O (45 mL), and the supernatant was drawn
at specific time points for UV—vis spectral detection. Then, the total
release rate of compound 4b from the complexes is defined as the
ratio of the total release amount of compound 4b from the complexes
and the total loading amount of compound 4b on the complexes.

I RESULTS AND DISCUSSION

Chemistry. As illustrated in Scheme 1, L-carvone-based
1,3,4-thiadiazole amide derivatives 4a—4y were synthesized
from the natural forest product L-carvone 1. L-Carvone 1 was
first converted into L-carvone chloride 2 by a known

procedure,®” followed by the nucleophilic substitution of L-
carvone chloride 2 under the treatment of 5-amino-1,3,4-
thiadiazole-2-thiol and potassium hydroxide, to give L-carvone-
based 5-amino-1,3,4-thiadiazole (intermediate 3). Then, target
compounds 4a—4y were synthesized in yields of 69.7—89.2%
by the N-acylation of intermediate 3 with the corresponding
acyl chlorides.

All of the target compounds were structurally characterized
by IR, 'H NMR, BC NMR, and HRMS, and the resulting
spectra are shown in the Supporting Information. In the *H
NMR spectra, the chemical shifts of & 6.84—6.63, 5.16—5.03,
and 3.96—3.79 were assigned to the characteristic signals of
CH, CH, and —S—CH,, respectively. Besides, the peaks of
the carbonyls in the L-carvone skeleton and the amide moiety
were, respectively, observed at 6 199.0—198.8 and 165.9—
163.2 in the C NMR spectra, corresponding to the IR
absorptions at 1700—1682 and 1680—1663 cm~! in the FT-IR
spectra. In the HRMS of the target compounds, [M + H]* ion
fragments were also found. As a consequence, it was confirmed
that the target compounds were successfully synthesized.

Antifungal Activity. The in vitro antifungal activity of
compounds 4a—4y at a concentration of 50 ug/mL against
apple P. piricola (PP), watermelon C. orbiculare (CO), peanut
C. arachidicola (CA), wheat G. zeae (GZ), tomato A. solani
(AS), rice R. solani (RS), cucumber F. oxysporum (FO), and
maize B. maydis (BM) is shown in Figure 3, with boscalid

Fungi
GZ As
4a 46
4b TR

54

Compounds
5

36 -

Relative Inhibitory Percentage/%

4y
Boscalid

Figure 3. Antifungal activity of compounds 4a—4y and boscalid at 50
pg/mL concentration.

being employed as the positive control. Overall, all of the target
compounds showed moderate to potent antifungal activity
against the tested fungi. Surprisingly, compound 4b exhibited
broad-spectrum and highly e ective inhibition activity against
the growth of the eight phytopathogenic strains, with
inhibitory rates of 67—89%, and compound 4d displayed
favorable antifungal activity against C. arachidicola, G. zeae, and
A. solani, with the inhibitory rates of 85, 83, and 77%,
respectively, all of which were superior or comparable to those
of boscalid. For P. piricola, nine target compounds, including
compounds 4b (89%), 4f (74%), 4j (74%), 4k (79%), 4n
(79%), 4p (70%), 4r (70%), 4s (77%), and 4y (79%),
exhibited good mycelium growth inhibition e ects of more
than 70%, close to that of boscalid (89%).

https://doi.org/10.1021/acs jafc.4c06916
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Table 1. ECs, Values of Compounds 4b and 4d against Several Fungi

fungi compounds
. 4b (R = 0-CH3 CgH,)
P. piricola boscalid
G. zeae 4d (R = p-CH;3 CgH,)
boscalid
C. orbiculare 4b (R = 0-CH; CgHy)
boscalid
C. arachidicola 4d (R = p-CH; CgH,)
boscalid

ECs, (ug/mL) regression equation R?

16.3 y = 2.26x + 2.26 0.995
16.6 y =220x + 2.31 0.995
19.9 y =2.04x + 2.35 0.991
>50

18.1 y=174x + 281 0.994
>50

14.6 y =214x + 251 0.993
9.75 y = 1.84x + 3.18 0.996

For C. arachidicola, there were four compounds that
exhibited nearly same antifungal activity as that of boscalid
(90%), which were compounds 4b (70%), 4d (85%), 4h
(70%), and 4r (70%). Compounds 4b (70%) containing a
methyl group at the 2-position of the benzene ring showed
better antifungal e ects than those containing halogen atoms
(e.g., Cl and F) at this position, such as compounds 4g (10%)
and 4j (45%), and the introduction of bulky and electron-
donating groups at the 4-position of the benzene ring would be
beneficial for enhancing the activity, which was found from the
more desirable antifungal activity of 4d (85%, R = 4-CH,
CgHy), 4f (55%, R = 4-OCH, CgH,), and 4r (70%, R = 4-tBu
CgH,) and the weaker activity of compounds 4i (20%, R = 4-
Cl CgHy), 41 (25%, R = 4-F C¢H,), 4n (45%, R = 4-Br CgH,),
and 4p (45%, R = 4-NO, CgzH,) containing small and/or
electron-withdrawing groups.

For G. zeae, five target compounds bearing bulky groups,
including compounds 4b (67%, R = 2-CH; CgH,), 4d (83%, R
= 4-CH; CgH,), 4e (60%, R = 3-OCH; CgH,), 4f (62%, R = 4-
OCHj; CgH,), and 4p (57%, R = 4-NO, CgH,), displayed
considerably more significant inhibition activity than that of
boscalid (18%), but those bearing small groups (e.g., F, Cl, and
Br) exhibited inferior antifungal activity, with the relative
inhibition rates of 19—49%, such as compounds 4g—4n.

For further evaluating the potential of compounds 4b and
4d as lead antifungal compounds, the ECg, values of
compounds 4b and 4d against several fungi were tested, and
the results are listed in Table 1. The results revealed that,
compound 4b with the ECs, values of 16.33 and 18.06 pg/mL,
showed higher inhibition potency against P. piricola and C.
orbiculare than those of boscalid (16.64 and >50), respectively.
Additionally, the ECg, values of compound 4d against G. zeae
and C. arachidicola were 19.88 and 14.59 pg/mL, respectively,
but the corresponding values of boscalid were >50 and 9.75
pg/mL, indicating that the antifungal activity of compound 4d
was slightly inferior to those of compound 4b and boscalid. As
a result, compound 4b deserved further exploration as a lead
compound for novel fungicides.

SDH-inhibition Activity and Molecular Docking. In
view of the significant antifungal activity and the molecular
structure of compounds 4b and 4d, it was supposed that they
could block the mycelium growth of plant-pathogenic fungi by
inhibiting the activity of SDH. Hence, the inhibition activity of
compounds 4b and 4d against SDH was assessed by the ELISA
method, and boscalid, a commercialized SDHI, was used as the
positive control. As shown by the results listed in Table 2, both
compounds 4b and 4d displayed stronger inhibitory activity
against SDH, with the ICy, values of 3.38 and 3.85 pM,
respectively, which were almost double in comparison with
that of boscalid (ICs, = 7.02 pM), and thus indicated
compounds 4b and 4d as potential SDHIs.

Table 2. SDH-Inhibition Activity of Compounds 4b and 4d

compounds 1Csy (M)
4b (R = 0-CH, CgHy) 3.38
4d (R = p-CH; CgHy) 3.85
boscalid 7.02

Furthermore, molecular docking simulation was performed
to investigate the relationship of compound 4b with the most
significant biological activity (i.e., antifungal and SDH-
inhibition) and SDH. As shown in Figure 4, both compound
4b and boscalid facilely inserted the active site of SDH in
di erent conformations. In addition, compared to boscalid, the
embedding of compound 4b within SDH was relatively inward.
At the active site of SDH, compound 4b interacted with some
amino acid residues of SDH by a majority of van der Waals
forces and three hydrogen bonds. The amino acid residues
contributing to the van der Waals forces between compound
4b and SDH included B/PRO202, B/TRP205, B/TRP206, B/
HIS249, B/ILE251, C/PHE65, C/TRP74, C/SER77, C/
ILE78, C/ASN80, C/ARG81, C/HIS146, D/SER123, and
D/TYR128, which were more plentiful than those of boscalid.
Besides, the lengths of the hydrogen bonds formed between
the ketonic carbonyl, S atom, and N—H moiety of compound
4b and C/TRP74, D/TYR128, and B/HIS249 of SDH were,
respectively, 2.06, 2.48, and 2.17 A, while there was only one
hydrogen bond formed between the N—H moiety of boscalid
and D/TYR128 of SDH. Consequently, it was suggested that
compound 4b exhibited similar binding modes with those of
boscalid, a commercialized SDHI, along with a more intense
interaction than that of boscalid, and the closer binding of
compound 4b with SDH observed in the molecular docking
simulation was in accordance with the results of the SDH-
inhibition activity assay.

3D-QSAR Analysis. The SARs of the target compounds
were investigated by establishing an e ective 3D-QSAR model.
The steric and electrostatic contributions were 67 and 33%,
respectively, which revealed that the dominant e ect of the
substituted phenyl on the antifungal activity of the target
compounds against P. piricola was the steric one, and their
contour maps are shown in Figure 5. The yellow block located
in the 3-position of the benzene ring represents the increase in
the activity upon introducing small groups at this position,
such as the higher activity of compound 4k (79%, R = 3-F
CgH,) than compounds 4h (42%, R = 3-Cl C¢H,), 4m (47%,
R = 3-Br CgH,), 40 (49%, R = 3-NO, C¢H,), and 4q (42%, R
= 3-CF; CgH,), along with the better activities of 49 (68%, R =
2-Cl CgH,) and 4i (49%, R = 4-Cl C¢H,) than 4t (42%, R =
2,3-Cl C¢H3) and 4v (42%, R = 3,4-Cl CgH3). However, the
green blocks at the 4,5-positions represent that the compounds
bearing bulky groups at these positions would display more
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Figure 5. Contour maps of the steric (A) and electrostatic (B) contributions.

significant activity. For example, compound 4r (70%, R = 4-
tBu CgH,) and compound 4s (77%, R = 3,5-CH; CgzH,)
exhibited higher inhibitory rates than 4d (42%, R = 4-CH,
CgH,) and 4c (53%, R = 3-CH; CgH,). Moreover, the blue
block at the 4-position of the benzene ring indicates that the
introduction of the electron-donating group at the correspond-
ing position would be favorable to increase the biological
activity of the target compounds. For instance, compound 4f
(74%, R = 4-OCH; CgH,) showed slightly better inhibition
activity than 4p (70%, R = 4-NO, CgH,).

Construction and Sustained Release Performance of
the 4b-loaded Complex on a L-Carvone-Based Nano-
chitosan Carrier Containing the 1,3,4-Thiadiazole-
amide Group. Inspired by findings of compound 4b with

the desirable antifungal and SDH-inhibition activities, a 4b-
loaded complex was constructed on a previously reported L-
carvone-based nanochitosan carrier containing the 1,34-
thiadiazole-amide group (Table 3 and Figure 6A)'" and
named 4b/CSTA. For comparison, unmodified chitosan was
also applied for constructing a 4b-loaded complex, which was
named 4b/CS. It was found from Table 3 that the entrapment

Table 3. Construction of Complexes 4b/CSTA and 4b/CS

entrapment e ciency

compounds carrier  complexes (%)
4b (R = 0-CH; CgH,) CSTA  4b/CSTA 88.93
CS 4b/CS 54.14
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Figure 6. Chemical structure of CSTA (A) and sustained release profiles of the constructed 4b-loaded complexes 4b/CSTA and 4b/CS.

e ciency of 4b/CSTA (88.93%) was higher than that of 4b/
CS (54.14%), revealing the more potent loading capacity of
carrier CSTA for hydrophobic compound 4b than that of
unmodified chitosan, which was possibly due to the enhance-
ment of the interaction between the small-molecule compound
and the carrier by introducing an L-carvone-based 1,3,4-
thiadiazole-amide moiety (a common skeleton) into chitosan.

Subsequently, the sustained release performances of the
constructed 4b-loaded complexes 4b/CSTA and 4b/CS were
evaluated in the EtOH—H,0 system (1:9, v/v), and results are
shown in Figure 6B. In general, the release profiles of the two
complexes showed an approximately linear increase before 51
h, caused by the burst-out of the microparticles of compound
4b adhered to the surfaces of the complexes. After the first
step, the other microparticles of compound 4b wrapped in the
complexes released progressively out to attain the release
equilibrium. Distinctively, the total release rates of complex
4b/CSTA were higher than those of complex 4b/CS
throughout the release period. For example, the total release
rates of complexes 4b/CSTA and 4b/CS at the time node of
51 h were 63.91% and 55.77%, respectively, and after the time
node of attaining the release equilibrium (165 h), the
corresponding total release rates reached about 100 and
75%. In comparison with complex 4b/CS, the complex 4b/
CSTA exhibited preferred sustained release performance,
indicating its potential for developing environmentally friendly
nanofungicides. Therefore, the introduction of the L-carvone-
based 1,3,4-thiadiazole-amide moiety would not only improve
the entrapment e ciency of the chitosan-based carrier and
compound 4b but also e ectively facilitate the disaggregation
of the complexes, resulting in the release of more micro-
particles of compound 4b.

In conclusion, 25 novel L-carvone-based 1,3,4-thiadiazole-
amide derivatives were designed, synthesized, and structurally
characterized by IR, 'H NMR, ¥C NMR, and HRMS. The
antifungal activity of the target compounds was preliminarily
assayed at the concentration of 50 pg/mL, and the results
revealed that, compared with boscalid (positive control), all of
the target compounds showed moderate to potent antifungal
activity against the tested fungi. Surprisingly, compound 4b
exhibited broad-spectrum and highly e ective inhibition
activity against the growth of the 8 phytopathogenic strains,

26122

especially for P. piricola and C. orbiculare, with EC, values of
16.33 and 18.06 pg/mL, respectively, both of which were
better than those of boscalid (16.64 and >50). Hence,
compound 4b could serve as a lead compound for novel
fungicides. Subsequently, the SDH-inhibition test was
conducted to prove that compound 4b (ICsy = 3.38 uM)
displayed stronger SDH-inhibition activity than boscalid (ICs,
=7.02 yM). The mode of action of compound 4b at the active
site of SDH was simulated by molecular docking technology
and found to be similar to that of boscalid. The structure—
activity relationships (SARs) of the target compounds were
analyzed by establishing a 3D-QSAR model. Moreover, a 4b-
loaded complex 4b/CSTA on a reported L-carvone-based
nanochitosan carrier CSTA containing the 1,3,4-thiadiazole-
amide group was constructed, and its sustained release
performance was investigated in the EtOH-H,O system
(1:9, v/v). Complex 4b/CSTA exhibited preferred sustained
release performance, indicating its potential for developing
environmentally friendly nanofungicides.
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