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Discovery of antifungal lead
Botrytis cinerea

The ever-rising resistance in Botrytis cinerea has appeared as the awkward agricultural challenge that could be
effectively resolved by developing novel fungicides featuring disparate action mechanisms. Aiming to explore
novel fungicidal leads inhibiting B. cinerea, quinazolin-4(3H)-one bionic-alkaloids bearing an 1,3,4-oxadiazole
fragment were conceived, synthesized, and systematically optimized under the guidance of anti-B. cinerea ac-
tivities. The aforementioned optimization on molecular structures generated the anti-B. cinerea candidate Ios
owning the promising in vitro ECso value (0.76 pg/mL) that was fantastically superior to those of boscalid,
penthiopyral, pyrimethanil and imazalil (0.86, 1.03, 15.91 and 2.15 pg/mL). Whereafter, the in vivo anti-
B. cinerea preventative efficacy of an active molecule I»5 was noticeably evaluated as 69.3 % at 200 pg/mL,
which was megascopically better than that of boscalid (60.6 %). Furthermore, the preliminary investigation on
action mechanisms indicated that the fungicidal molecule Is could induce the conspicuous wrinkle on hyphal
surfaces and increase the membrane permeability of B. cinerea cells. The above results have emerged as an
imperative reference to developing the novel fungicides that could effectively control gray mold caused by
B. cinerea.

1. Introduction mentioned changes caused by B. cinerea tend to induce the growth

retardation, tissue atrophy, leaf necrosis and fruit decay of host plants,

Botrytis cinerea is a necrotroph fungal pathogen that menacingly in-
fests more than 200 plant species including grape, strawberry, cherry,
tomato, cucumber, wheat, rose and lily (Xiong et al., 2019). After
suffering an infestation, B. cinerea not only generates the particularly
functional enzymes that degrade the cell wall of host plants, but also
results the phytopathogenic mycotoxins that act on the plant cellular
structures including plasma membrane, chloroplast, mitochondria, and
so on (Petrasch et al., 2019; Williamson et al., 2007). The above-

which poses a serious threat to the safety production of fruits, vegeta-
bles, ornamental flowers and field crops (Dean et al., 2012). Nowadays,
the commercialized fungicides including pyrimethanil, azoxystrobin,
boscalid remain the most powerful tool to effectively control the gray
mold induced by B. cinerea (Bardas et al., 2010; Liu et al., 2016).
However, the immoderate utilisation of above fungicides has caused the
ever-rising resistance in B. cinerea, which have been pressing the
development of novel fungicide alternatives that own an inimitable
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action mechanism against B. cinerea (Harper et al., 2022; Shao et al.,
2021).

Quinazolin-4(3H)-one belongs to the nitrogenous heterocyclic frag-
ment that widely exists in the multitudinous secondary metabolites
including febrifugine, tryptanthrin, and luotonin A (Fig. 1) as well as the
medicinal molecules including methaqualone, diproqualone, albacona-
zole (Wang et al., 2021). The widespread utilization of above molecules
in medicinal chemistries greatly stimulates the search on quinazolin-4
(3H)-one derivatives that feature various molecular structures and
extensive inhibitory effects against phytopathogenic fungi. For instance,
fluquinconazole bearing a quinazolin-4(3H)-one fragment was ardu-
ously developed as the agricultural fungicide that could effectively
inhibit the biological synthesis of ergosterol within phytopathogenic
fungi (Wang et al., 2019). Recently, some quinazolin-4(3H)-one bionic-
alkaloids serving as efficient inhibitors against agricultural fungi were
successively obtained by optimizing the molecular structures of febri-
fugine, tryptanthrin, and luotonin A (Hao et al., 2020; Wang et al., 2018;
Yang et al., 2020). Concurrently, diverse quinazolin-4(3H)-ones bearing
a arylimine, 1,2,4-triazolo[3,4-b][1,3,4]thiadiazole, amide or 1,2,4-tria-
zole fragment were also documented for their remarkable inhibition
effects against phytopathogenic fungi (Du et al., 2018; Lv et al., 2018;
Wang et al., 2013; Zhang et al., 2016). Furthermore, our previous work
involving the systematical optimization on a tryptanthrin structure
indicated that the substituent category at the N-3 position of quinazolin-
4(3H)-one nucleus could significantly influence the inhibitory effect of
constructed bionic-alkaloids against agricultural fungi including
B. cinerea (Wang et al., 2022).

As an important heterocyclic fragment, 1,3,4-oxadiazole has exten-
sively emerged in multitudinous interesting molecules that exhibit anti-
inflammatory, antineoplastic, antibacterial, antifungal, antidepressant,
antiviral, antiseizure and antioxidant activities (Almalki et al., 2022; Ma
et al., 2013; Peng et al., 2021; Rapolu et al., 2013; Rasool et al., 2023;
Tantray, 2018; Wang et al., 2023; Zhu et al., 2022). During the last
decades, the broad-spectrum activities endowed by 1,3,4-oxadiazole
nuclei have inspired their applied research on the development of
agricultural chemicals, which resoundingly developed the representa-
tive agrochemicals (Fig. 1) including metoxadiazone (insecticide),
fubianezuofeng (bactericide), exianliumi (nematicide) and flusulfinam
(herbicide) (Gao et al., 2017; Tao et al., 2019; Wang et al., 2020).
Recently, some efficient inhibitors against phytopathogenic fungi were
tactfully constructed by integrating an 1,3,4-oxadiazole fragment into
the molecular structures of natural products including stilbene,
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mandelic acid, f-carboline and Psoralen (Dong et al., 2022; Jian et al.,
2015; Hou et al., 2023; Zhang et al., 2018). Meanwhile, some hydrazide,
carboxamide, pyrazole, pyridazinone, azetidin-2-one and sulfone de-
rivatives bearing an 1,3,4-oxadiazole fragment were also documented
for their effective inhibitory effects against plant fungi (Chen et al.,
2000; Khanum et al., 2009; Long et al., 2021; Xu et al., 2011; Yang et al.,
2021; Zou et al., 2002). Obviously, the above-mentioned explorations
argue persuasively the potential feasibility for developing novel 1,3,4-
oxadiazole agrochemicals that could efficiently inhibit phytopatho-
genic fungi.

Considering the favourable impact endowed by 1,3,4-oxadiazole
fragments on anti-phytopathogenic fungi, the main purposes of this
present work mainly are to: (i) construct a series of newfangled bionic-
alkaloids by rationally integrating an 1,3,4-oxadiazole fragment into the
N-3 position of quinazolin-4(3H)-one nucleus through an alkane bridge,
as shown in Fig. 1; (ii) estimate the in vitro and in vivo inhibitory effects of
the mentioned-above bionic-alkaloids against phytopathogenic fungi,
particularly B. cinerea; (iii) systematically explore the relevant struc-
ture-activity relationship via the structural optimizations guided by
fungicidal activities; and (iv) investigate the impact of the oxadiazole-
containing quinazolin-4(3H)-one bionic-alkaloids on mycelium
growths by the morphological observation on a scaning electron mi-
croscopy (SEM) and the determination against cell membrane
permeabilities.

2. Materials and methods
2.1. Instruments and chemicals

The reaction reagents labeled as Adamas brand were purchased from
Shanghai Titan Technology Co. Ltd. and were used directly in our pre-
sent work. The silica gel GFo54 monitoring reactions and the column
chromatography silica gel isolating compounds were both purchased
from Shanghai Titan Technology Co. Ltd. The melting points (m. p.) of
oxadiazole-containing quinazolin-4(3H)-ones were determined via an
uncorrected SMP50 Digital Melting Point Apparatus (Staffordshire,
United Kingdom). The deuterochloroform (CDCl3) containing a target
molecule was measured by a Bruker AVANCE III 400 MHz spectrometer
(Bruker Corporation, Germany) to generate the corresponding nuclear
magnetic resonance spectra (1H NMR and 3C NMR). The methanol
containing a target molecule was handled by a Triple TOF 5600 plus LC/
MS/MS spectrometer (AB SCIEX, USA) to generate the corresponding
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Fig. 1. Design strategy of quinazolin-4(3H)-one bionic-alkaloids bearing an 1,3,4-oxadiazole fragment.
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High resolution mass spectrometry data (HRMS). The investigation
related to mycelial morphologies was carried out on a SU8010 electron
microscope (Hitachi, Japan) for generating the corresponding SEM
images.

2.2. Synthesis for target compounds 13131

2.2.1. General procedures for synthesizing target compounds I1-I¢

The important intermediate 3a named 5-((4-chlorophenoxy)
methyl)-1,3,4-oxadiazole-2-thiol and the intermediate 4a named 8-
methylquinazolin-4(3H)-one were expediently synthesized via our pre-
vious described procedures (Wang et al., 2019). The 8-methyl-
quinazolin-4(3H)-one (18.73 mmol) dissolving in 1,4-dioxane (50 mL)
reacted with formaldehyde (37 %, 56.19 mmol) under 78 °C for 5 h.
After transferring to distilled water (500 mL), the obtained solution
visibly generated the white solid that was filtrated to harvest the 3-
(hydroxymethyl)-8-methylquinazolin-4(3H)-one labelled as an inter-
mediate 5. After the 3-(hydroxymethyl)-8-methylquinazolin-4(3H)-one
dissolving in 1,4-dioxane (50 mL) reacted with thionyl chloride (47.32
mmol) under 78 °C for 5 h, the obtained mixture was alkalized by
concentrated sodium hydroxide solution until their pH value reached
14, and was subsequently extracted by ethyl acetate (50 mL x 3). The
obtained ethyl acetate was dried with anhydrous sodium sulfate, and
was removed on a rotary evaporator to prepare the 3-(chloromethyl)-8-
methylquinazolin-4(3H)-one labelled as an intermediate 6.

The N,N-dimethyl formamide (DMF, 40 mL) containing 8-methyl-
quinazolin-4(3H)-one (18.73 mmol) slowly mixed with sodium hydride
(NaH, 33.71 mmol) in an ice-bath within 30 min. Then, the dibromo
alkane (56.19 mmol) dissolving in DMF (10 mL) was slowly added into
the above DMF solution in an ice-bath. After stirring for 5 h under 78 °C,
the obtained mixture was transferred to distilled water (300 mL), and
immediately generated the abundant white solids that were filtrated and
then dissolved in dichloromethane (40 mL). After filtrating again, the

A. Synthesis of target compounds I;-I.
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obtained dichloromethane was removed on a rotary evaporator to pre-
pare the brominated intermediates 7a-7e emerging in Fig. 2. An inter-
mediate 6 or 7 (2.40 mmol) reacted with an intermediate 3a (2.40
mmol) in the boiling acetonitrile (25 mL) containing potassium car-
bonate (7.19 mmol) for 3 h. After filtration, the mentioned-above
reactant was desolvated under vacuum, and recrystallized with
ethanol to expediently construct the oxadiazole-containing quinazolin-4
(3H)-ones I3-Ig that were documented in our previous work (Wang
et al., 2021).

2.2.2. General procedures for synthesizing target compounds I7-I1¢

The target compounds I;-I¢ emerging in Fig. 3 were effectively
constructed by the procedures that successfully prepared a title com-
pound I, in which 2-amino-3-methylbenzoic acid was replaced by a 2-
aminobenzoic acid (I7), 2-amino-5-methylbenzoic acid (Ig), 2-amino-5-
chlorobenzoic acid (Ig) or 2-amino-4,5-dimethoxybenzoic acid (I1¢).

2.2.3. General procedures for synthesizing target compounds I1; and I3z

The ethanol (50 mL) containing 2-(4-chlorophenoxy)acetohydrazide
(2a, 14.95 mmol) and potassium hydroxide (KOH, 17.94 mmol) was
stirred in an ice-bath for 30 min. After slowly mixing with the carbon
disulfide (CSy, 17.94 mmol) dissolving by ethanol (10 mL) in an ice-
bath, the obtained mixture was stirred for 5 h under 20 °C, filtrated
and washed by ethanol to obtain the potassium 2-(2-(4-chlorophenoxy)
acetyl)hydrazine-1-carbodithioate labelled as an intermediate 8 in
Fig. 4. The obtained intermediate 8 (9.53 mmol) slowly mixed with
concentrated sulfuric acid (50 mL), and then stirred in an ice-bath for 2
h. After transferring to distilled water (200 mL), the white solids
emerging in the above mixture were filtrated, dissolved in 10 % sodium
hydroxide solution, and acidized by concentrated hydrochloric acid to
obtain the  5-((4-chlorophenoxy)methyl)-1,3,4-thiadiazole-2-thiol
labelled as an intermediate 9 in Fig. 4.

The intermediate 8 (9.53 mmol) reacted with hydrazine hydrate (80

o N
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0 NH, 7KOH.CS, |
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135-140 T35-140°C DMF, 80 0C CH;CN, reflux : .
NH, ’ . N/) IL:n=2;13:n=3; H
Ta-Te eceenneed insdlsnnilentoo . :
37% HCHO 1,4-dioxane, 78 °C
: N 0©\c1E
N _ soc, _3aKC0; i A > :
) T .4-dioxane, 78°C N"sT 0 :
CH CN, reflux - /) :
s : ] N I E
B. Antifungal effects of target compounds I;-I¢.
Antifungal effects at 50 xg/mL (%) EC5, values (ug/mL)
Compound
R. solani F. graminearum  B. cinerea A. solani R. solani F. graminearum  B. cinerea
I 48.13 +2.24 20.98 £ 0.90 26.66 + 1.52 15.74 £ 0.65 >50 >50 >50
L 62.08 * 2.96 45.96 *+ 0.67 4143 £1.14 30.98 + 0.65 11.20 + 0.32 >50 >50
I; 54.24 £2.22 3148 £0.97 4631 £1.22 0.00 £ 0.01 41.90 £ 1.61 >50 >50
1, 50.37 % 3.02 1821 £ 0.41 83.32 + 3.96 0.00 + 0.03 53.68 +2.44 >50 0.92 + 0.04
Is 4440 + 127 1426 £ 0.41 39.75 £ 1.73 0.00 £ 0.01 >50 >50 >50
I 30.73 £ 0.56 7.94 £0.13 30.99 £ 0.49 0.05 £ 0.01 >50 >50 >50

Fig. 2. Synthesis and antifungal effects of target compounds I,—I,
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A. Synthesis of target compounds I5-I;.
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3a, K,CO;
CH;CN, reflux

NH,
Ab-de 7671 I;R=H; 18 R = 6-Me, Iy: R = 6-Cl; I;y: R = 6,7-di-OMe
B. Antifungal effects of target compounds 1;-1;.
Antifungal effects at 50 xg/mL (%) EC5, values against B. cinerea
Compound
R. solani FE graminearum  B. cinerea A. solani Regression equation r ECy, (ug/mL)
I, 50.37 £3.02 1821 £ 0.41 83.32 + 3.96 15.74 + 0.65 y=0.59x+5.02 0.96 0.92 £ 0.04
I, 44.65 + 2.05 13.97 £0.75 86.84 + 1.59 21.04+1.23 y=0.92x+4.63 0.97 2.53 + 0.40
Ig 60.37 £ 1.37 38.65 £ 1.50 61.41 * 3.35 9.08 £ 0.56 y=0.58x+4.26 0.98 19.52 £ 1.29
I, 63.78 * 0.68 35.16 £2.00 57.18 £ 2.98 3591 +2.16 y=0.72x+ 4.04 0.96 21.76 * 1.34
L, 61.51 £ 2.51 1571 £ 1.71 4336 +1.15 12.07 £ 1.11 y=1.23x+2386 0.93 5498 + 3.07
Fig. 3. Synthesis and antifungal effects of target compounds I;-I;0.
A. Synthesis of target compounds Iy; and Iy,.
o o . }/Hi e s
o A i, KOH, Cs, O\)LN’NTSK H,50, O\/ks%S” 7e,KoCO; N/\/\/S\Wgh
H —— H i x ! /) /4 Cl:
a EtOH a S ice bath a CH;CN, reflu; H N -~ O@, '
2a 8 9 : Iy :
e l Boreix et
N-N 9 NH, ;
\) | .
o\/QN>\5K 5% HC 0\/L >\SH rekco, N/\/\/S\\TT\?__\ o
NH, /©/ N,  CHyCN.reflux i N/) N~ 0‘@’ :
a 10 a 1 : L :
B. Antifungal effects of target compounds Iy; and Iy,.
Antifungal effects at 50 xg/mL (%) EC5, values against B. cinerea
Compound
R. solani F. graminearum  B. cinerea A. solani Regression equation r ECs, (ug/mL)
I, 50.37 + 3.02 1821 +0.41 83.32 + 3.96 15.74 £ 0.65 =0.59x + 5.02 0.96 0.92 + 0.04
Iy 39.16 + 1.90 3.16 £ 0.06 79.01 + 2.42 6.24 + 0.10 y=0.88x+4.36 0.97 5.31 £ 0.52
I, 19.02 £ 0.35 3043 £0.79 4473 £1.22 4.65 + 0.08 y=131x+258 0.97 69.94 £ 2.10

Fig. 4. Synthesis and antifungal effects of target compounds I;; and I,

%, 95.30 mmol) in refluxed ethanol (50 mL) for 5 h. After removing
ethanol under vacuum and transferring to distilled water (200 mL), the
obtained mixture was acidized by the 5 % hydrochloric acid, and filtered
to acquire the 4-amino-5-((4-chlorophenoxy)methyl)-4H-1,2,4-triazole-
3-thiol labelled as an intermediate 11 in Fig. 4. The intermediate 9 or 11
(2.40 mmol) reacted respectively with an intermediate 7¢ (2.40 mmol)
in the boiling acetonitrile (25 mL) containing potassium carbonate
(7.19 mmol) for 3 h. After filtration, the mentioned-above reactant was
desolvated under vacuum, and recrystallized with ethanol to expedi-
ently construct the target molecules I3 and I;3 emerging in Fig. 4.

2.2.4. General procedures for synthesizing target compounds I13-I16
4-Chlorobenzoic acid or 2-(4-chlorophenyl)acetic acid (63.87 mmol)
was stirred in the refluxed ethanol (50 mL) containing concentrated
sulfuric acid (6.39 mmol) for 5 h. After removing ethanol under vacuum
and transferring to distilled water (100 mL), the resulting mixture was
extracted by ethyl acetate (50 mL x 3), dried with anhydrous sodium
sulfate, and removed superfluous ethyl acetate on a rotary evaporator to
prepare the intermediate 1b or 1c¢ emerging in Fig. 5. Concurrently, 4-
chlorobenzenethiol (20.74 mmol) reacted with ethyl bromoacetate
(24.89 mmol) in the refluxed acetonitrile (50 mL) containing potassium
carbonate (31.12 mmol) for 5 h. After filtration, the superfluous

acetonitrile in an obtained filter liquor was removed to prepare the
colorless oleamen containing an intermediate 1d. Then, the obtained
intermediate 1d (13.00 mmol) reacted with hydrogen peroxide (H20,
30 %, 39.00 mmol) in the room-temperature ethanol (40 mL) containing
ammonium molybdate (HgMoN3O4, 0.65 mmol) for 3 h. After filtration,
the resulting filter liquor was removed superfluous ethanol, transferred
to distilled water (100 mL), extracted by ethyl acetate (50 mL x 3), and
followed by the removal of ethyl acetate on a rotary evaporator to
generate the intermediate 1e emerging as white solids.

After the obtained intermediates 1b-1e (14.95 mmol) mentioned-
above reacted with hydrazine hydrate (80 %, 44.85 mmol) in refluxed
acetonitrile (50 mL) for 3 h, the superfluous acetonitrile in the obtained
mixture was removed under vacuum to generate the white solids
labelled as the intermediates 2b-2e in Fig. 5. After the obtained inter-
mediate 2 (14.95 mmol) reacted potassium hydroxide (KOH, 17.94
mmol) in chilled ethanol (50 mL) for 30 min, the carbon disulfide (CSs,
17.94 mmol) dissolving in ethanol (10 mL) was successively added into
the above mixture, stirred under reflux for 5 h, transferred to distilled
water (300 mL), acidized by the 5 % hydrochloric acid, and filtered to
obtain the white solids labelled as the intermediates 3b-3e in Fig. 5.
Subsequently, the obtained intermediates 3b-3e (2.40 mmol) reacted
respectively with an intermediate 7c¢ (2.40 mmol) in the boiling
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A. Synthesis of the target compound I;3.
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_ 7eK,C0;
CH3CN reflux =
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i) KOH, CS,, S\ >*s : 4 > :

NH _EtOH, reflux _ V‘\ _ Te,KCO; s NH\S*O 0=S~©_(.15
NH, i) s%HCI . CH,CN, eflux J ¢ :

1e W Te :
D. Antifungal effects of target compounds Lyl .
Compound Antifungal effects at 50 xg/mL (%) EC;, values against B. cinerea
R. solani F. graminearum  B. cinerea A. solani Regression equation r EC5, (ug/mL)
L 50.37 + 3.02 18.21 £ 041 83.32 £ 3.96 15.74 £ 0.65 y=0.59x+5.02 0.96 0.92 + 0.04
Iz 31.44 + 1.56 29.61 £ 1.75 25.65 £ 0.77 14.64 £ 0.70 / / /
I, 57.61 + 1.71 43.03 + 2.21 78.59 £ 0.95 37.54 £ 1.25 y=126x+4.29 0.96 3.66 * 0.20
Is 43.15 £ 0.52 36.37 £ 1.15 69.78 £ 1.22 17.34 £ 0.55 y=1.06x+4.31 0.96 4.47 + 0.18
Ls 41.01 £ 1.23 37.52 £ 1.38 30.26 £ 1.13 18.85 £ 0.55 / / /

Fig. 5. Synthesis and antifungal effects of target compounds I;3-I6,

acetonitrile (25 mL) containing potassium carbonate (7.19 mmol) for 3
h. After filtration, the mentioned-above reactant was desolvated under
vacuum, and recrystallized with ethanol to expediently acquire the
target molecules I;3-I;¢ emerging in Fig. 5.

2.2.5. General procedures for synthesizing target compounds I17-I31

The synthetic methods generating target compounds I;7-I3; were
similar with those that effectively constructed a target compound I;5, in
which 4-chlorobenzenethiol was replaced by a substituted phenol.

2.3. Antifungal bioassays of title compounds in vitro and in vivo

The tested strains including Rhizoctonia solani (R. solani), Fusarium
graminearum (F. graminearum), B. cinerea, and Alternaria solani (A. solani)
were provided by Jiangsu Key Laboratory of Pesticide Science at Nanjing
Agricultural University. Using the agricultural fungicides boscalid,
penthiopyral, pyrimethanil and imazalil as four positive controls, the in
vitro antifungal effects of oxadiazole-containing quinazolin-4(3H)-ones
against the above four fungi were set three replicates and were evalu-
ated by a mycelia growth rate method that were minutely described in
our previously reported work (Chen et al., 2023; Tang et al., 2022; Yang
et al., 2022). The anti-B. cinerea effects of some bioactive molecules were
further tested at five double-declining concentrations for calculating
their anti-B. cinerea ECsg values via a DPS 9.01 software.

Using the fungicides boscalid and penthiopyral exclusively inhibiting
B. cinerea as two positive controls, the in vivo preventative effects of title
compound Iys against B. cinerea were fulfilled on fresh tomato fruits
with three replicates (Li et al., 2016; Tai et al., 2023). The tested
molecule dissolving in dimethyl sulfoxide (DMSO, 250.00 pL) mixed
with the distilled water (50.00 mL) containing azone (1.50 mg), neusilin

(1.00 mg) and silicone surfactant (5.00 mg). One day after the resulting
mixture was evenly stirred and sprayed on tomato fruits, the newly
activated cake of B. cinerea was inoculated into the tomato fruits above-
mentioned. Thereafter, the tomato fruits inoculated by B. cinerea were
placed into the environment possessing of 20 °C and 80 % relative hu-
midity. After seven days, the plaque diameter on above tomato fruits
was timely measured to calculate the in vivo preventative effects of all
treatments against B. cinerea.

2.4. Studies on morphologies and cell membrane permeabilities

The frozen mycelial dishes treated by I»s (25.00 ug/mL) and DMSO
were collected according to our reported method, and were observed on
a Hitachi SU8010 scanning electron microscopy to smoothly obtain their
corresponding SEM images (Chai et al., 2023; Tai et al., 2023).
Concurrently, the cell membrane permeabilities of the B. cinerea hyphae
treated with Iss at different concentrations (50.00, 25.00, 12.50, 6.25
and 3.13 pg/mL) were smoothly measured by our previously reported
method, in which the B. cinerea hyphae treated by DMSO were utilized
as a blank control (Chai et al., 2023; Tai et al., 2023).

3. Results and discussion
3.1. Synthesis and in vitro antifungal effects of target compounds I1-Ig

The impacts of alkyl bridge chains on fungicidal effects were swim-
mingly investigated by constructing the target compounds I;-Ie that
contain a different alkyl chain between quinazolin-4(3H)-one and 1,3,4-
oxadiazole fragments. As shown in Fig. 2A, parachlorophenol reacted
successively with ethyl bromoacetate (BrCHy;COOCyHs), hydrazine
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hydrate (NHoNH»-H20) and carbon disulfide (CSy) to generate potas-
sium 5-((4-chlorophenoxy)methyl)-1,3,4-oxadiazole-2-thiolate that was
acidized with hydrochloric acid to expediently obtain the essential in-
termediate 3a named 5-((4-chlorophenoxy)methyl)-1,3,4-oxadiazole-2-
thiol. The raw material named 2-amino-3-methylbenzoic acid reacted
successively with formamide (HCONHy), formaldehyde (HCHO), sulf-
oxide chloride (SOCl,) and an intermediate 3a to successfully generate
the target compound I, that was structurally confirmed via 'H NMR, 3C
NMR and HRMS. Concurrently, the obtained 8-methylquinazolin-4(3H)-
one (4a) reacted with a dibromo alkane to synthesize the intermediates
7a-7e that ulteriorly reacted with an intermediate 3a to construct five
target compounds Ip-Is. Thereafter, the six title compounds I;-Ig
mentioned-above were measured by a mycelia growth method for their
fungicidal effects of against R. solani, F. graminearum, B. cinerea and
A. solani. The bioassay results in Fig. 2B illustrated that the inhibitory
effects against four phytopathogenic fungi increased firstly and then
decreased with the longness increase of alkyl bridge chains. Strikingly,
title compounds Iy against R. solani and 14 against B. cinerea exhibited
outstanding fungicidal effects, and their corresponding ECso values
reached 11.20 and 0.92 pg/mL, respectively.

3.2. Synthesis and in vitro antifungal effects of target compounds I-I1¢

The salient anti-B. cinerea effect of the title compound I inspired the
construction of title compounds I5-Iy¢ that were utilized to explore the
effect of quinazolin-4(3H)-one fragments on antifungal effects. As shown
in Fig. 3A, using substituted 2-aminobenzoic acids as raw materials, the
target molecules I;-1¢ bearing a different quinazolin-4(3H)-one frag-
ment were efficiently synthesized by the methods that were used to
construct the title compound I4. The bioassay results in Fig. 3B revealed
explicitly the three structure-activity relationships that were expatiated
as below. First, the fungicidal effects of target molecules Iy-I;¢ against
R. solani and B. cinerea overall exceeded 50 % at 50 pg/mL, which were
obviously better than those against F. graminearum and A. solani. Second,
the inhibitory effects against R. solani at 50 pg/mL could slightly
enhance after a quinazolin-4(3H)-one fragment (I, 44.65 %) was
replaced by a 8-methylquinazolin-4(3H)-one (I4, 50.37 %), 6-methyl-
quinazolin-4(3H)-one (Ig, 60.37 %), 6-chloroquinazolin-4(3H)-one (Io,
63.78 %) or 6,7-dimethoxyquinazolin-4(3H)-one (I;o, 61.51 %) frag-
ment. Third, the anti-B. cinerea activities of the target molecule 14 (ECso
value = 0.92 pg/mL) declined obviously after replacing the 8-methyl-
quinazolin-4(3H)-one fragment in their structure by a quinazolin-4(3H)-
one (I, ECsg value = 2.53 pg/mL), 6-methylquinazolin-4(3H)-one (Ig,
ECs¢ value = 19.52 pg/mlL), 6-chloroquinazolin-4(3H)-one (I, ECsg
value = 21.76 pg/mL) or 6,7-dimethoxyquinazolin-4(3H)-one (I3, ECso
value = 54.98 pg/mL) unit. Significantly, Fig. 3B also indicated that the
8-methylquinazolin-4(3H)-one fragment endowing the outstanding
antifungal effects against B. cinerea should be unmistakably reserved in
the further structural optimization that devoted to developing novel
antifungal leads effectively inhibiting B. cinerea.

3.3. Synthesis and in vitro antifungal effects of target compounds I;; and
Iz

Aiming to investigate the effects of 1,3,4-oxadiazole fragments on
antifungal activities, the target compounds I;; and I;5 were logically
constructed by replacing the 1,3,4-oxadiazole fragment in the target
compound I4 with a 1,3,4-thiadiazole or 1,2,4-triazole fragment. As
shown in Fig. 4A, the 2-(4-chlorophenoxy)acetohydrazide (an interme-
diate 2a) emerging previously in Fig. 2A reacted successively with
carbon disulfide and sulfuric acid to generate 5-((4-chlorophenoxy)
methyl)-1,3,4-thiadiazole-2-thiol (an intermediate 9) that subsequently
integrated with 3-(4-bromobutyl)-8-methylquinazolin-4(3H)-one (an
intermediate 7c¢) to expediently prepare the 3-(4-((5-((4-chlorophenoxy)
methyl)-1,3,4-thiadiazol-2-yl)thio)butyl)-8-methylquinazolin-4(3H)-
one labeled as a target compound I1. Concurrently, using potassium 2-
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(2-(4-chlorophenoxy)acetyl)hydrazine-1-carbodithioate (an intermedi-
ate 8) as a beginning reactant, the target compound I, bearing a 1,2,4-
triazole fragment was synthesized by the three successive reactions
including the cyclization with hydrazine hydrate, the acidization with
hydrochloric acid and the nucleophilic reaction with an intermediate 7c.
The bioassay results in Fig. 4B showed that the target compounds 14, I;1
and I, exhibited the inhibitory selectivity against B. cinerea relative to
R. solani, F. graminearum and A. solani. Meanwhile, Fig. 4B also indicated
that the anti-B. cinerea ECso value of target molecules slipped signifi-
cantly after an 1,3,4-oxadiazole fragment (I4, 0.92 pg/mL) was replaced
with a 1,3,4-thiadiazole (I;3, 5.31 pg/mL) or 1,2,4-triazole (I12, 69.94
pg/mL) fragment. Strikingly, the antifungal effects against B. cinerea
followed the order of 14 > I;; > I3, which evidently reflected the crucial
impact of an 1,3,4-oxadiazole fragment on maintaining the anti-
B. cinerea effects of skeleton molecules.

3.4. Synthesis and in vitro antifungal effects of target compounds I;3-I16

The target compounds Ij3-I;¢ were immediately constructed to
rudimentarily investigate the influence of the substituent at the 5-posi-
tion of 1,3,4-oxadiazole units on the anti-B. cinerea activities of tem-
plate molecules. As shown in Fig. 5A, the esterification of 4-
chlorobenzoic acid with ethanol generated ethyl 4-chlorobenzoate 1b
that successively reacted with hydrazine hydrate, carbon disulfide, hy-
drochloric acid and an intermediate 3a to construct the target molecule
I3 bearing a 4-CIPh fragment. Using 2-(4-chlorophenyl)acetic acid as a
raw material, the target molecule I;4 bearing a 4-ClBn fragment
(Fig. 5B) was obtained by the methods synthesizing the target molecule
I 3. As shown in Fig. 5C, the same methods with those synthesizing the
target molecule I4 were again utilized to generate the the target mole-
cule I;5 bearing a 4-CIPhSCH,, fragment with 4-chlorobenzenethiol as an
raw material. After the ethyl 2-((4-chlorophenyl)thio)acetate 1d
emerging in Fig. 5C was oxidated, the synthesized ethyl 2-((4-chlor-
ophenyl)sulfonyl)acetate le reacted successively with hydrazine hy-
drate, carbon disulfide, hydrochloric acid and an intermediate 3a to
construct the target molecule I;¢ bearing a 4-CIPhSO2CH> fragment. The
bioassay results in Fig. 5D showed that the target compounds I4 and
I13-116 exhibited overall the excellent selectivity against B. cinerea
relative to R. solani, F. graminearum and A. solani at 50 pg/mL. Mean-
while, Fig. 5D also indicated that the anti-B. cinerea effects followed
approximately the order of I4 (ECsp value = 0.92 pg/mL) > I14 (ECso
value = 3.66 pg/mL) > I35 (ECsg value = 4.47 pg/mL) > I;6 (ECs value
= over 50.00 pg/mL) > I;3 (ECsp value = over 50.00 pg/mL).

3.5. Synthesis and in vitro antifungal effects of target compounds I1,-I31

The bioassays results in Fig. 5D evidently reflected that the anti-
B. cinerea performances of target molecules correlated closely with the
phenoxymethyl fragment at the 5-position of 1,3,4-oxadiazole scaffolds.
Aiming to meticulously explore the phenoxymethyl fragment at the 5-
position of 1,3,4-oxadiazole scaffolds toward anti-B. cinerea activities,
the target compounds I;7-I3; (Fig. 6A) were purposively constructed by
the synthetic methods that were utilized to smoothly prepare a target
compounds I4. Subsequently, the inhibitory effects against R. solani,
F. graminearum, A. solani and B. cinerea were evaluated and summerized
in Fig. 6B that clearly presented the below three structure-activity re-
lationships. Firstly, the inhibitory effects of all phenoxymethyl-
containing molecules against B. cinerea exceed 74 % at 50.00 pg/mL,
which were obviously better than those against R. solani, F. graminearum
and A. solani. Secondly, the anti-B. cinerea effects of target molecules did
not enhance effectively after superseding the hydrogen atom (I37, R =
Ph, ECsp value = 2.16 pg/mL) at the meta-position of benzene rings by a
chlorine atom (I;9, Ar = 3-CIPh, ECs( value = 2.25 pg/mL; Ip7, Ar = 3,5-
di-CIPh, ECsp value = 2.10 pg/mL), a methoxy group (Ia3, R = 3-MeOPh,
ECsg value = 4.95 pg/mL) or a methyl fragment (Iog, R = 3,5-di-MePh,
ECsp value = 2.52 pg/mL). Thirdly, introducing a chlorine atom (14, Ar
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A. Synthesis of target compounds I;7-I31.
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B. Antifungal effects of target compounds Iy7-13;.
Compound Antifungal effects at 50 ug/mL (%) EC;, values against B. cinerea
R. solani F. graminearum  B. cinerea A. solani Regression equation r ECs; (ug/mL)

L 5037 £3.02 1821 £ 041 83.32 £ 3.96 15.74 + 0.65 y=059x+5.02 0.96 0.92 = 0.04
I, 63.63 = 1.37 57.15 £2.02 85.46 = 0.86 2396 + 1.10 y=111x+463 0.99 216 £0.23
Ijs 71.18 £ 1.28 4271 £ 2.16 81.21 £ 0.77 233 +022 y=0.73x+5.07 097 0.80 = 0.11
Ips 3831 + 1.04 3214 £ 152 93.63 = 0.81 271+015 y=084x+4.70 0.96 225 +£0.15
L 51.83 £ 0.81 48.00 £ 0.55 87.37 £ 0.81 12.73 + 0.65 y=114x+ 464 0.99 205021
I, 49.69 = 1.19 22.71 £ 0.60 83.47 £ 1.76 17.02 £ 0.18 y=076x+499 0.96 1.02 £ 0.08
L, 4448 +2.04 44.09 £ 0.87 79.40 = 1.49 822 + 065 y=064x+491 091 1.36 £ 0.11
L, 74.82 £ 1.14 36.74 £ 1.70 87.37 £ 1.49 221 +065 y=123x+414 0.99 495+ 039
I 5230 + 4.60 4754 £ 1.75 78.50 £ 1.04 5.71 £ 0.60 y=07Tx+472 0.96 230 +036
Ls 4908 £2.13 50.23 £2.09 8§5.20 £ 1.22 213092 yv=063x+5.07 0.99 0.76 % 0.05
Is 2741 +1.23 3030 £0.78 84.44 £ 0.77 446 £ 035 y=062x+498 0.95 1.09 £ 0.03
I, 50.17 £ 0.62 3949 + 133 83.75 £ 0.72 17.24 + 0.65 y=092x+4.70 097 2.10 £ 0.14
Is 47.80 £1.28 2386 = 1.24 89.24 = 1.08 512+032 y=113x+455 0.99 252011
L, 50.40 £ 0.81 40.64 £ 198 80.98 = 1.72 521+025 y=070x+4.94 0.99 1.22 £ 0.08
I, 36.04 £ 0.52 53.15+£1.20 74.14 £ 1.17 381 +130 y=064x+4.68 091 320+0.19
I, 2930 £ 1.56 2731 x£221 88.56 = 1.22 371 +£0.10 yv=084x+473 0.98 2.10 = 0.16
DMSO 126 £0.2 034 +0.00 157 + 0.41 217+ 0.73
Boscalid 85.06 £ 1.00 2391 £0.18 98.65 + 149 60.15 £ 1.20 y=070x+5.04 098 0.86 + 0.06
Penthiopyral ~ 97.65 + 2.17 56.84 £ 224 9548 +£212 47.76 £ 0.96 y=079x+499 097 1.03 £0.11
Pyrimethanil ~ 32.36 + 1.57 3412 £1.22 79.39 £ 0.61 29.14 £ 0.82 y=280x+ 163 0.98 1591 £ 0.16
Imazalil 98.76 + 1.73 68.66 + 1.73 99.75 £ 336 9478 + 1.66 y=13Tx+454 0.99 215+033

Fig. 6. Synthesis and antifungal effects of target compounds 1,713,

= 4-CIPh, ECsq value = 0.92 pg/mL; I g, Ar = 2-CIPh, ECs( value = 0.80
pg/mL) or a methyl fragment (Iz1, Ar = 2-MePh, ECs¢ value = 1.02 pg/
mL; Igp, Ar = 4-MePh, ECs( value = 1.36 pg/mL) into the ortho- or para-
positions could praiseworthily improve the anti-B. cinerea effects of
skeleton molecules. The above structure-activity relationships reason-
ably inspired the construction of target compounds Ips, Ing and Izg-Is;.
Among five constructed molecules, the target compound Izs (Ar = 2,4-
di-CIPh) exhibited strikingly the best antifungal effect against B. cinerea
with the ECsg value of 0.76 pg/mL (Fig. 7) that was obviously superior to
those of boscalid (0,86 pg/mL), penthiopyral (1.03 pg/mL), pyr-
imethanil (15.91 ug/mL) and imazalil (2.15 pg/mL).

3.6. Effects of a bioactive molecule Iz5 on the hyphal morphology and cell
membrane permeability of B. cinerea

The impacts of a target molecule I»s on the hyphal morphology of
B. cinerea were investigated by a SEM that utilized the B. cinerea hyphae
treated by DMSO as a blank control. The collected SEM images of the
B. cinerea hyphae treated by DMSO and I»5 were respectively presented
in Fig. 8A-C and Fig. 8D-F. Featuring plump and smooth structures, the
B. cinerea hyphae in Fig. 8A-C not entangled with each other and
proliferated all around the surface of the PDA medium containing
DMSO. After treated by a target molecule Ios at 25 pg/mL, the hyphal
morphology of B. cinerea (Fig. 8D-F) generated two distinctive changes.
Firstly, the hyphal surface of B. cinerea appeared conspicuous wrinkles
and concavo-convex phenomena, as shown in Fig. 8E~F, which was the
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Fig. 7. Antifungal effects of a target compound I»s against B. cinerea.

most prominent alteration caused by a target molecule Iys. Secondly, the
mycelia in Fig. 8E-F formed the abnormal aggregation by the reciprocal
entanglements that were also obviously different with the hyphal mor-
phologies in Fig. 8B—C. Inspired by the above tremendous alteration on
hyphal surfaces, we ulteriorly determined the influence of a target
molecule Iys on the cell membrane permeability of B. cinerea hyphae. As
revealed vividly in Fig. 9, the cell membrane permeability of B. cinerea
hyphae increased gradually with the consistent increase of a target
molecule Ips, which confirmed again the pivotal influence of con-
structed quinazolin-4(3H)-one bionic-alkaloids on the cell membrane of
B. cinerea hyphae.

3.7. In vivo preventative effect of a molecule I55 against B. cinerea

The systematical optimizations revolving around oxadiazole-
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containing quinazolin-4(3H)-one structures generated the promising
anti-B. cinerea candidate Ios5 owning the fantastic ECsg value of 0.76 pg/
mL that was superior to those of boscalid (0.86 ng/mL), penthiopyral
(1.03 ug/mL), pyrimethanil (15.91 pg/mlL) and imazalil (2.15 pg/mL).
Encouraged by the in vitro anti-B. cinerea performance mentioned-above,
the in vivo preventative effect of a quinazolin-4(3H)-one molecule Is5
against B. cinerea was further evaluated at 200 pg/mL on fresh tomato
fruits. Concurrently, boscalid and penthiopyrad, two commercialized
fungicide effectively inhibiting B. cinerea, were utilized as the positive
controls to examine the application values of a quinazolin-4(3H)-one
molecule I5 as potential agricultural fungicides. As vividly presented in
Fig. 10, the in vivo preventative efficacy of an active molecule I5 against
B. cinerea strikingly reached 69.3 % at 200 pg/mL, which was mega-
scopically better than that of boscalid (60.6 %) under same conditions.
The above in vivo bioassay results reflected convincingly the possibility
of oxadiazole-containing quinazolin-4(3H)-one bionic-alkaloids as the
promising fungicide alternatives inhibiting B. cinerea.

——CK
70 | ——3.125 pg/mL —
—— 6.25 pg/mL —
——12.5 pg/mL
60 F [ 25ug/mL
o —— 50 pg/mL
a\/
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Fig. 9. Effects of a bioactive molecule Is on the cell membrane permeability
of B. cinerea.

Fig. 8. SEM images of the B. cinerea hyphae treated by DMSO (A-C) and I»5 (D-F).
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Treatment efficacyl(%)
I,5 69.3 2.1
Boscalid 60.6 + 3.6

Penthiopyrad 80.3 = 1.8

CK =
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Fig. 10. In vivo preventative effects of a molecule I against B. cinerea at 200 pg/mL.

4. Conclusions

Aiming to develop novel antifungal leads featuring a inimitable ac-
tion mechanism against B. cinerea, thirty-one oxadiazole-containing
quinazolin-4(3H)-one bionic-alkaloids were rationally designed, syn-
thesized and structurally verified by corresponding 'H NMR, '3C NMR
and HRMS analyses. The systematical optimization on oxadiazole-
containing quinazolin-4(3H)-one structures generated the promising
anti-B. cinerea candidate Iys owning the in vitro ECsg value of 0.76 pg/mL
that was fantastically superior to those of boscalid, penthiopyral, pyr-
imethanil and imazalil (0.86, 1.03, 15.91 and 2.15 pg/mL, respec-
tively). The further studies on morphologies and cell membrane
permeabilities indicated that the fungicidal molecule Io5 could induce
the conspicuous wrinkle on hyphal surfaces and increase the membrane
permeability of B. cinerea cells. Whereafter, the in vivo preventative ef-
ficacy of an active molecule Iy5 against B. cinerea was noticeably eval-
uated as 69.3 % at 200 ug/mL, which was megascopically better than
that of boscalid (60.6 %) under same conditions. Further studies on the
anti-B. cinerea mechanism and structural modification of oxadiazole-
containing quinazolin-4(3H)-one bionic-alkaloids are currently
underway.
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I;-I3; were provided in the Supporting Information. All the copies of the
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Supporting Information.
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