‘% marine drugs

Article

Design, Synthesis, Antifungal Activity, and Molecular Docking
of Streptochlorin Derivatives Containing the Nitrile Group

Jing-Rui Liu ', Ya Gao !, Bing Jin 1, Dale Guo ?, Fang Deng ?, Qiang Bian 3, Hai-Feng Zhang 4, Xin-Ya Han ®,

Abdallah S. Ali @, Ming-Zhi Zhang 1*, Wei-Hua Zhang !

check for
updates

Citation: Liu, J.-R.; Gao, Y,; Jin, B.;
Guo, D,; Deng, F; Bian, Q.; Zhang,
H.-F; Han, X.-Y,; Ali, A.S.; Zhang,
M.-Z; et al. Design, Synthesis,
Antifungal Activity, and Molecular
Docking of Streptochlorin
Derivatives Containing the Nitrile
Group. Mar. Drugs 2023, 21, 103.
https://doi.org/10.3390/
md21020103

Academic Editor: Yoshihide Usami

Received: 6 January 2023
Revised: 28 January 2023
Accepted: 30 January 2023
Published: 31 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

and Yu-Cheng Gu’

Jiangsu Key Laboratory of Pesticide Science, College of Sciences, Nanjing Agricultural University,

Nanjing 210095, China

State Key Laboratory Breeding Base of Systematic Research Development and Utilization of Chinese Medicine
Resources, School of Pharmacy, Chengdu University of Traditional Chinese Medicine, Chengdu 611137, China
National Pesticide Engineering Research Center (Tianjin), College of Chemistry, Nankai University,

Tianjin 300071, China

Department of Plant Pathology, College of Plant Protection, Nanjing Agricultural University,

Nanjing 210095, China

School of Chemistry & Chemical Engineering, Anhui University of Technology, Ma’anshan 243002, China
Department of Microbiology, Faculty of Agriculture, Cairo University, Giza 12613, Egypt

Syngenta Jealott’s Hill International Research Centre, Bracknell RG42 6EY, Berkshire, UK

*  Correspondence: mzzhang@njau.edu.cn; Tel.: +86-025-8439-9210

N o w

Abstract: Based on the structures of natural products streptochlorin and pimprinine derived from
marine or soil microorganisms, a series of streptochlorin derivatives containing the nitrile group
were designed and synthesized through acylation and oxidative annulation. Evaluation for anti-
fungal activity showed that compound 3a could be regarded as the most promising candidate—it
demonstrated over 85% growth inhibition against Botrytis cinerea, Gibberella zeae, and Colletotrichum
lagenarium, as well as a broad antifungal spectrum in primary screening at the concentration of
50 pg/mL. The SAR study revealed that non-substituent or alkyl substituent at the 2-position of oxa-
zole ring were favorable for antifungal activity, while aryl and monosubstituted aryl were detrimental
to activity. Molecular docking models indicated that 3a formed hydrogen bonds and hydrophobic
interactions with Leucyl-tRNA Synthetase, offering a perspective for the possible mechanism of
action for antifungal activity of the target compounds.

Keywords: streptochlorin; pimprinine; nitrile group; synthesis; antifungal activity; SAR; molecu-
lar docking

1. Introduction

Natural products are well known as one of the most important sources for lead dis-
covery in medicinal and agricultural chemistry, because their novel scaffolds can afford
an opportunity to discover novel candidates with different modes of action from the
existing agents. Streptochlorin is a marine natural product with the structure of 4-chloro-
5-(3-indolyl)oxazole; it has been reported to display a range of biological activity [1-4].
Pimprinine is an indole alkaloid produced by many species of Streptomyces, first isolated
from the filtrates of Streptomyces pimprina cultures in 1963 [5,6]; it is a monoamine ox-
idase (MAO) inhibitor. Both of these natural products belong to the class of naturally
occurring 5-(3'-indolyl)oxazoles, and compounds of this family, including Pimprinethine;
Pimprinaphine; WS-30581 A and B; Labradorins 1 and 2; Almazole A, B, and C; and
Martefragin A, exhibit a wide range of potent biological activities [7] (Figure 1), such as
anti-angiogenesis [3], antibiotic [8], anticancer [1], anti-cell proliferation [9], antioxidant [10],
and antiviral activity [11,12]. Bioassay conducted at Syngenta showed that streptochlorin
and pimprinine are also promising antifungal substances demonstrating good bioactivity
against many phytopathogens [13-16]; for example, streptochlorin displayed excellent
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antifungal activity against Pythium dissimile, Botrytis cinerea, Zymoseptoria tritici, Pyricular-
iaory zae, Fusarium culmorum, and Rhizoctonia solani in artificial media. Meanwhile, these
compounds lack potency at lower concentrations, rarely warranting further study.
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Figure 1. Structures of streptochlorin, pimprinine, and related natural products.

In classical medicinal chemistry, the nitrile group was commonly considered as
bioisosteres of carbonyl, hydroxyl, and carboxyl groups, as well as halogen atoms [17]. As
nitrile-containing drugs account for 2.4% of the 2327 approved small-molecule drugs accord-
ing to the DrugBank database by 2018 [18], the presence of the nitrile group in the structure
of compounds is a very common feature of drug molecules [19,20], such as Enzalutamide,
a hormone treatment that blocks testosterone from reaching prostate cancer cells [21],
Escitalopram, a medication used in the management and treatment of major depressive
disorder and generalized anxiety disorder [22]; Tofacitinib, as an oral JAK3 inhibitor to treat
adults with moderately to severely active rheumatoid arthritis [23]; Verapamil, a medication
for treating hypertension, angina, and certain heart rhythm disorders [24]; Rilpivirine, a
non-nucleoside reverse transcriptase inhibitor that inhibits the replication of HIV-1 [25]; and
Vildagliptin, an orally administered dipeptidyl peptidase-4 (DPP-4) inhibitor for treating di-
abetes [26]. Meanwhile, Cyazofamid is a novel fungicide exhibiting specific activity against
diseases caused by Oomycetes [27]; Azoxystrobin is a broad-spectrum 3-methoxyacrylate
fungicide that was first introduced in 1998, which inhibits mitochondrial respiration by
binding to the Qo site of the cytochrome bc; complex [28,29]; and Phenamacril is a Fusarium-
specific fungicide used for Fusarium head blight management [30,31]. (Figure 2).
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Figure 2. Structures of nitrile-containing drugs and agrochemicals.

Introducing the nitrile group into the molecules is an effective protocol for structural
optimization (Figure 3). For example, the nitrile-containing structure exhibited a 277-fold
improvement in potency over the non-substituted structure as selective inhibitors of cFMS.
For casein kinase 2 (CK2) inhibitor, the nitrile-containing structure improved binding
affinity more than 90-fold compared with the non-substituted structure, and the nitrile
group was engaged in hydrogen bond interactions with the conserved water molecules in
a cocrystal structure (PDB Code: 5H8B) [17].

In this study, based on the parent structures of streptochlorin and pimprinine (Figure 4),
we designed and synthesized a series of streptochlorin derivatives containing the ni-
trile group, and carried out the evaluation for antifungal activity, aiming at the discov-
ery of natural product derivatives with improved antifungal activity. Furthermore, the
structure—activity relationships (SARs) around these compounds and the molecular dock-
ing of the most active compound with potential target enzyme were further performed.
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Figure 3. Structural optimization—introduction of the nitrile group.
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Figure 4. Design strategy of the target molecule.

2. Results and Discussion
2.1. Synthetic Chemistry

The series of streptochlorin derivatives containing the nitrile group were synthesized
as shown in Scheme 1, using the reported methods [32,33]. The synthesis started with cheap
and readily available indole (1). After the acylation of indole, 3-cyanoacetylindole (2) was
obtained. Then, the target compounds 3 were synthesized by the oxidative annulation
of 3-cyanoacetylindole. With DMF as solvent and TBHP as oxidant, 3-cyanoacetylindole
reacted with methylene amine under the catalysis of iodine to give compounds 3. The
structures and yields of 20 target compounds are shown in Figure 5. Copies of the NMR
spectra and HR-MS (ESI) spectra can be found in the Supplementary Materials.
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Scheme 1. Synthetic routes of streptochlorin derivatives containing the nitrile group.
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Figure 5. The structures and yields of compounds 3.

2.2. Antifungal Activity and Structure-Activity Relationships (SARs)

The antifungal activity of the target compounds and positive controls was evaluated
against six common phytopathogenic fungi at the concentration of 50 ug/mL, including
Botrytis cinerea (BOT), Alternaria solani (ALS), Gibberella zeae (GIB), Rhizoctorzia solani (RHI),
Colletotrichum lagenarium (COL), and Alternaria Leaf Spot (ALL). The screening results are
presented in Table 1.
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Table 1. Antifungal activity of the target compounds (50 pg/mL).

N R
NC \ \O(
A\
N
H
Growth Inhibition (%)
No. R=
BOT 2 ALS GIB RHI CcOL ALL
3a H 100.0 b 45.6 85.4 51.3 88.9 79.3
3b CHj 40.4 27.3 40.9 64.2 47.0 47.3
3¢ C,H; 21.8 14.1 24.8 39.3 28.3 26.7
3d n-CsHy 26.1 16.7 11.0 44.4 17.8 26.1
3e n-C4Hg 23.9 0.0 3.1 329 14.4 24.2
3f n-CsHyq 26.4 42 10.3 58.8 20.1 35.8
3g iso-butyl 35.3 43.3 433 63.0 53.7 51.4
3h Bn 33.8 21.7 39.7 67.5 28.4 37.6
3i Ph 20.4 6.7 11.4 0.0 17.6 15.0
3j (2-CH3)-Ph 21.1 45 9.0 40.2 17.0 23.3
3k (2-F)-Ph 17.2 315 12.2 459 14.8 15.6
31 (3-CHj3)-Ph 18.3 45 12.1 33.8 18.7 225
3m (3-OCH3)-Ph 19.4 3.9 8.2 16.2 0.9 13.2
3n (3-F)-Ph 10.8 29 39 21.6 8.6 7.9
30 (3-Br)-Ph 10.8 5.8 42 20.5 8.2 175
3p (4-CH3)-Ph 33.9 5.8 4.1 13.0 21.3 222
3q (4-F)-Ph 16.4 7.7 17.8 23.4 44 17.5
3r (4-C1)-Ph 40.0 15.0 13.8 25.2 12.7 18.4
3s (4-CF3)-Ph 7.4 7.9 0.0 8.8 3.6 12.2
3t 2-Thienyl 85 0.0 5.8 24.0 5.2 16.9
Osthole / 70.4 61.2 57.0 66.5 92.3 31.3
Boscalid / 100.0 57.6 409 87.3 25.5 92.8
Flutriafol / 93.9 81.9 91.8 79.9 98.4 100.0

2 BOT, Botrytis cinerea; ALS, Alternaria solani; GIB, Gibberella zeae; RHI, Rhizoctonia solani; COL, Colletotrichum
lagenarium; ALL, Alternaria Leaf spot. ® All the data were the average value of three replications; the bold indicates
data equal to or above 50% control.

As compounds 3a, 3b, 3g, and 3h exhibited relatively good antifungal activity in pri-
mary screening; ECsg values of them and commercial fungicides Boscalid and Carbendazim
were further determined (Table 2). The most active compound 3a was compared with Ost-
hole, Boscalid, and Flutriafol in the radar chart shown in Figure 6, and its antifungal activity
against four kinds of fungi was more active than at least one of the positive controls.

Although the antifungal activity of most of streptochlorin derivatives containing
the nitrile group was relatively poor, making it difficult to find clear structure-activity
relationships, some preliminary conclusions could still be drawn.

Firstly, it is worth noting that the target compounds lack antifungal activity potency,
though compounds 3a and 3g showed a more than 50% antifungal effect against at least
three kinds of fungi. 3a could be regarded as the most promising candidate, as it demon-
strated over 85% growth inhibition against Botrytis cinerea, Gibberella zeae, and Colletotrichum
lagenarium, as well as a broad antifungal spectrum.

Secondly, this series of streptochlorin derivatives showed relatively stronger antifungal
activity against Rhizoctorzia solani than the other five phytopathogenic fungi. This was
highlighted by compounds 3b, 3g, and 3h, which were equivalent to or even more active
than Osthole.
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Table 2. ECsy determination of active compounds.

Pathogen Compound Toxic Regression R ECsp (ug/mL) 95% Confidence Interval
3b Y =3.7265 + 1.0627X 0.9974 15.79 14.6091~17.0648
R - solani 3g Y =4.8431 + 0.2153X 0.9901 5.36 3.6186~7.9249
izoctona solant 3h Y =4.9980 + 0.1754X 0.9779 1.03 0.3249~3.2444
Boscalid Y = 5.4550 + 0.9056X 0.9853 0.31 0.2214~0.4326
Botrutis cinere 3a Y =4.6025 + 1.1407X 0.9973 2.23 1.7204~2.8914
Y Boscalid Y =5.4374 + 1.1977X 0.9934 0.43 0.3585~0.5190
Cibberell 3a Y = 4.1054 + 1.1956X 0.9953 5.60 4.1288~7.5968
1veretla zeae Boscalid Y =5.3462 + 1.6505X 0.9889 0.62 0.5023~0.7576
Colletotrichum 3a Y =3.5588 + 1.3771X 0.9889 11.13 8.3162~14.8955
Iaoenarim Carbendazim Y =4.2332 + 2.3002X 0.9800 2.15 1.5600~4.6000
3 Boscalid Y =2.9242 + 1.3510X 0.9673 34.39 18.9576~62.3960
BOT
ALL ALS
COL GIB
RHI
— g Osthole =====Boscalid e TFlutriafol

Figure 6. Radar chart of antifungal activity of compound 3a and positive controls.

Thirdly, the antifungal activity data indicated that non-substituent or alkyl substituent
at the 2-position of oxazole ring were favorable for antifungal activity, while aryl and
monosubstituted aryl were detrimental to activity, though compound 3h also demonstrated
67.5% growth inhibition against Rhizoctorzia solani. This might be due to the presence of
methylene on the benzyl group.

2.3. Molecular Docking

Although streptochlorin and pimprinine exhibited widely potent biological activi-
ties, the mechanism of action for the antifungal activity is still unclear. In our previous
studies [16,34], molecular docking was performed on streptochlorin, which indicated that
streptochlorin binds with tLeuRS in a similar mode to AN2690, and provided some ideas for
the possible mechanism of action for antifungal activity of synthesized target compounds.
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Molecular docking of the most active compound 3a with receptor protein tLeuRS
(PDB Code: 2V0OC) was performed using Autodock 4.2. The protein was downloaded in
high resolution solved at 1.85 A from RCSB Protein Data Bank (https://www.rcsb.org/,
accessed on 29 October 2022). After the molecular docking, the best binding mode of
3a (cyan in Figure 7) was selected and analyzed according to the minimum value of the
docking energy.

CcCoeow

R346

(a) (b)

Figure 7. Molecular docking models: (a) hydrogen bonds between 3a and tLeuRS; (b) hydrophobic
interactions between 3a and tLeuRS.

The simulated binding models indicated that compound 3a formed hydrogen bonds
and hydrophobic interactions with the amino acid residues. The nitrile group of 3a formed
a hydrogen bond with residue Met338, the indole N-H bond formed hydrogen bonds with
Thr247 and Thr252, and the oxazole ring formed a weak hydrogen bond with Arg346. The
indole ring formed hydrophobic interactions with Arg249, Thr252, Val340, His343, and
Asp344 (Figure 7).

3. Materials and Methods
3.1. Chemicals

All commercially available chemicals were purchased from Nanjing Crystal Chemical
Co., Ltd. (Nanjing, China) or Alfa Aesar (Beijing, China) and were analytically pure.
The specification of silica gel for column chromatography was 200-300 mesh. All target
compounds were characterized by melting point, 'H NMR, *C NMR, and HR-MS (ESI).
The instruments were Biichi M-560 melting point apparatus, Bruker Avance 400 MHz
spectrometer (Rheinstetten, Germany), Agilent Technologies 6540 UHD Q-TOF LC-MS
(Palo Alto, CA, USA).

Furthermore, 3-cyanoacetylindole (2) and the target compounds (3) were synthesized
using the reported methods [32,33]. All of the reaction yields were not optimized.

3.1.1. Preparation of 3-(1H-indol-3-yl)-3-oxopropanenitrile (2)
Cyanoacetic acid (3.40 g, 40 mmol) was dissolved in Ac,O (76 mL) with stirring and
heating to 50 °C. Indole (4.69 g, 40 mmol) was then added and the solution was heated
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to 85 °C. The reaction was monitored by TLC and, after the reaction was complete, the
mixture was cooled in ice water. The solid was collected under suction and washed with
MeOH to obtain pure compound 2.

3-(1H-indol-3-yl)-3-oxopropanenitrile (2): Orange solid, yield: 66%. 'H NMR (400 MHz,
DMSO-dg) 6 12.20 (s, 1H), 8.39 (d, | = 3.2 Hz, 1H), 8.17-8.14 (m, 1H), 7.53-7.50 (m, 1H),
7.29-7.21 (m, 2H), 4.51 (s, 2H).

3.1.2. General Procedure for the Synthesis of 2-substituted-4-cyano-5-(1H-indol-3-yl)oxazole (3)

Compound 2 (0.2 g, 1.5 mmol), amine (1.5 mmol), I, (0.095 g, 0.375 mmol), and TBHP
(0.58 mL, 6 mmol) were dissolved in DMF (10mL) and reacted at 60 °C for 6 h. Then, the
solvent was concentrated under reduced pressure. Then, CH,Cl, was added to the mixture
and washed with 50 mL water and 30 mL saturated brine solution. The organic layer was
dried over anhydrous NaySOy4 and the solution was removed under reduced pressure.
Finally, the pure product 3 was obtained after purification by column chromatography on
silica gel (eluent: petroleum ether/ethyl acetate = 8:1).

3.2. Compound Data
3.2.1. 5-(1H-indol-3-yl)oxazole-4-carbonitrile (3a)

Yellow solid, yield: 46%, m.p. 167.5-168.8 °C. 'H NMR (400 MHz, DMSO-d) 5 12.16 (s,
1H), 8.65 (s, 1H), 8.14(d, ] = 3.2 Hz, 1H), 7.98 (dd, ] = 7.6, 3.6 Hz, 1H), 7.61-7.56 (m, 1H),
7.33-7.22 (m, 2H).13C NMR (100 MHz, DMSO-ds) 5 156.9, 150.8, 136.3, 127.5, 123.6, 123.2,
121.5,119.9, 114.8, 112.8, 102.8, 101.0. HR-MS (ESI): m/z caled for C1,H;N30 (IM + HJ¥)
210.0662, Found 210.0656.

3.2.2. 5-(1H-indol-3-yl)-2-methyloxazole-4-carbonitrile (3b)

Yellow solid, yield: 85%, m.p. 226.7-227.9 °C. 'H NMR (400 MHz, DMSO-d) 5 12.08 (s,
1H), 8.06 (d, ] = 2.8 Hz, 1H), 7.98 (d, ] = 7.6 Hz, 1H), 7.56 (d, ] = 8.0 Hz, 1H), 7.25 (ddd,
] =15.2,13.6, 6.8 Hz, 2H), 2.56 (s, 3H). 13C NMR (100 MHz, DMSO-d¢) § 159.8, 156.9, 136.3,
126.9,123.6,123.1, 121.3, 120.0, 114.9, 112.7, 102.9, 101.1, 13.5. HR-MS (ESI): m/z caled for
C13HoN;O ([M + H]*) 224.0818, Found 224.0821.

3.2.3. 2-ethyl-5-(1H-indol-3-yl)oxazole-4-carbonitrile (3c)

Yellow solid, yield: 40%, m.p. 165.2-167.0 °C. H NMR (400 MHz, DMSO-d;) § 12.09 (s,
1H), 8.07 (d, ] =2.8 Hz, 1H), 7.97 (d,] =7.6 Hz, 1H), 7.56 (d, ] = 7.6 Hz, 1H), 7.31-7.20 (m,
2H), 2.91 (q, ] = 7.6 Hz, 2H), 1.33 (t, ] = 7.6 Hz, 3H). 13C NMR (100 MHz, DMSO-d¢) & 163.8,
156.7, 136.3, 126.9, 123.6, 123.1, 121.3, 119.9, 115.0, 112.7, 102.8, 101.2, 20.9, 10.6. HR-MS
(ESI): m/z calcd for C14H11N30 ([M + H]*) 238.0975, Found 238.0983.

3.2.4. 5-(1H-indol-3-yl)-2-propyloxazole-4-carbonitrile (3d)

Yellow solid, yield: 25%, m.p. 167.3-168.9 °C. 'H NMR (400 MHz, DMSO-dg) & 12.09 (s,
1H), 8.07 (d, ] = 2.8 Hz, 1H), 7.97 (d, | = 7.6 Hz, 1H), 7.56 (d, ] = 8.0 Hz, 1H), 7.26 (ddd,
J=152,13.6, 6.8 Hz, 2H), 2.87 (t, ] = 7.2 Hz, 2H), 1.80 (h, ] = 7.2 Hz, 2H), 1.00 (t, ] = 7.6 Hz,
3H). 13C NMR (100 MHz, DMSO-de) § 162.7, 156.8, 136.3, 126.9, 123.6, 123.1, 121.3, 119.9,
115.0, 112.7,102.8, 101.2, 29.0, 19.7, 13.5. HR-MS (ESI): m/z calcd for C;5H13N3O ([M + H]")
252.1131, Found 252.1130.

3.2.5. 2-butyl-5-(1H-indol-3-yl)oxazole-4-carbonitrile (3e)

Yellow solid, yield: 69%, m.p. 150.2-151.0 °C. 'H NMR (400 MHz, DMSO-d;) & 12.09 (s,
1H), 8.07 (d, ] = 2.8 Hz, 1H), 7.97 (d, ] = 7.6 Hz, 1H), 7.56 (d, ] = 7.6 Hz, 1H), 7.26 (ddd,
J=15.2,13.6, 6.8 Hz, 2H), 2.89 (t, | = 7.6 Hz, 2H), 1.81-1.70 (m, 2H), 1.46-1.35 (m, 2H),
0.94 (t, ] = 7.2 Hz, 3H). 13C NMR (100 MHz, DMSO-d) § 162.8, 156.7, 136.3, 126.9, 123.6,
123.0,121.3,119.9,114.9, 112.7,102.8, 101.2, 28.2, 26.8, 21.6, 13.6. HR-MS (ESI): m/z calcd for
C16H15N30 ([M + HJ*) 266.1288, Found 266.1290.
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3.2.6. 5-(1H-indol-3-yl)-2-pentyloxazole-4-carbonitrile (3f)

Yellow solid, yield: 37%, m.p. 126.5-127.2 °C. 'H NMR (400 MHz, DMSO-dg) 6 12.10 (s,
1H), 8.07 (d, ] =2.8 Hz, 1H), 7.97 (d, ] = 7.6 Hz, 1H), 7.57 (d, | = 8.0 Hz, 1H), 7.33-7.20 (m,
2H), 2.87 (t, ] = 7.6 Hz, 2H), 1.83-1.71 (m, 2H), 1.41-1.30 (m, 4H), 0.89 (t, ] = 7.2 Hz, 3H). 13C
NMR (100 MHz, DMSO-ds) b 162.8,156.8, 136.3, 126.9, 123.7,123.1, 121.3, 119.9, 115.0, 112.8,
102.9,101.3,30.7, 27.1, 25.8, 21.9, 13.9. HR-MS (ESI): m/z calcd for C;7H;7N30 ([M + H]")
280.1444, Found 280.1444.

3.2.7. 5-(1H-indol-3-yl)-2-isobutyloxazole-4-carbonitrile (3g)

Yellow solid, yield: 36%, m.p. 125.1-126.5 °C. 'H NMR (400 MHz, DMSO-d;) § 12.10 (s,
1H), 8.08 (d, ] =2.8 Hz, 1H), 7.97 (d,] =7.6 Hz, 1H), 7.57 (d, ] = 7.6 Hz, 1H), 7.32-7.19 (m,
2H), 2.78 (d, ] = 7.2 Hz, 2H), 2.18 (dp, ] = 13.6, 6.8 Hz, 1H), 1.01 (d, ] = 6.8 Hz, 6H). 13C
NMR (100 MHz, DMSO-d;) 6 162.1, 156.8, 136.3, 126.9, 123.6, 123.1, 121.3, 119.8, 114.9, 112.7,
102.8,101.2, 35.9, 26.9, 22.1. HR-MS (ESI): m/z calcd for C14H15N30 ([M + H]*) 266.1288,
Found 266.1285.

3.2.8. 2-benzyl-5-(1H-indol-3-yl) oxazole-4-carbonitrile (3h)

Yellow solid, yield: 88%, m.p. 163.3-164.9 °C. 'H NMR (400 MHz, DMSO-d;) &
12.11 (s, 1H), 8.08 (d, ] = 2.8 Hz, 1H), 7.90 (d, ] = 8.0 Hz, 1H), 7.56 (dd, ] = 8.0, 0.8 Hz, 1H),
7.44-7.37 (m, 4H), 7.33-7.25 (m, 2H), 7.22 (ddd, | = 8.0, 7.2, 1.2 Hz, 1H), 4.31(s, 2H). 13C
NMR (100 MHz, DMSO-dg) 6 161.3, 157.1, 136.3, 135.0, 129.1, 128.8, 127.2, 127.1, 123.6, 123.1,
121.4,119.9,114.8,112.8,103.0, 101.0, 59.8, 33.4, 14.2. HR-MS (ESI): m/z calcd for C19gH13N30
(IM + HJ*) 300.1131, Found 300.1129.

3.2.9. 5-(1H-indol-3-yl)-2-phenyloxazole-4-carbonitrile (3i)

Yellow solid, yield: 70%, m.p. 216.7-218.7 °C. 'H NMR (400 MHz, DMSO-ds)  12.20 (s,
1H), 8.14 (d, ] = 33.2 Hz, 4H), 7.61 (s, 4H), 7.32 (d, ] = 2.8 Hz, 2H). 13C NMR (100 MHz,
DMSO-dg) 6 158.5, 157.1, 136.3, 131.4, 129.4, 128.6, 127.8, 127.6, 126.2, 125.5, 123.6, 123.2,
121.6,120.1, 114.8, 112.8, 104.2, 101.2. HR-MS (ESI): m/z calcd for C1gH11N30 ([M + H]*)
286.0975, Found 286.0974.

3.2.10. 5-(1H-indol-3-yl)-2-(o-tolyl) oxazole-4-carbonitrile (3j)

Yellow solid, yield: 35%, m.p. 226.0-227.3 °C. "H NMR (400 MHz, DMSO-dg) § 12.20 (s,
1H), 8.42-7.95 (m, 3H), 7.71-7.03 (m, 6H), 2.72 (s, 3H). *C NMR (100 MHz, DMSO-d;) &
158.6, 156.5, 137.3, 136.3, 131.8, 130.8, 128.5, 127.5, 126.5, 124.4, 123.6, 123.1, 121.5, 119.9,
115.0, 112.8, 104.2, 101.1, 21.8. HR-MS (ESI): m/z calcd for C19H13N30 ([M + H]*) 300.1131,
Found 300.1132.

3.2.11. 2-(2-fluorophenyl)-5-(1H-indol-3-yl) oxazole-4-carbonitrile (3k)

Yellow solid, yield: 64%, m.p. 221.0-222.5 °C. 'H NMR (400 MHz, DMSO-dg) 5 12.22 (s,
1H), 8.20 (s, 1H), 8.17-8.10 (m, 2H), 7.67 (dd, ] = 12.8, 6.4 Hz, 1H), 7.60 (d, ] = 7.2 Hz, 1H),
7.54-7.43 (m, 2H), 7.34-7.27 (m, 2H). 13C NMR (100 MHz, DMSO-d) § 160.4, 158.3, 157.2,
154.7 (d, ] = 5.2 Hz), 136.3,129.2,127.4,125.2 (d, | = 3.6 Hz), 123.6, 123.2, 121.5, 119.9, 117.1
(d,]=21.2Hz),114.7,113.7 (d, ] = 11.2Hz), 112.7,103.9, 101.1. HR-MS (ESI): m/z calcd for
C18H1oFN3O ([M + H]*) 304.0881, Found 304.0882.

3.2.12. 5-(1H-indol-3-yl)-2-(m-tolyl) oxazole-4-carbonitrile (31)

Yellow solid, yield: 63%, m.p. 193.2-194.5 °C. 'H NMR (400 MHz, DMSO-dg) & 12.20 (s,
1H), 8.21 (s, 1H), 8.16-8.10 (m, 1H), 7.93 (s, 2H), 7.63-7.56 (m, 1H), 7.51 (t, ] = 7.6 Hz, 1H),
7.43 (d, ] = 7.6 Hz, 1H), 7.34-7.29 (m, 2H), 2.44 (s, 3H). 1*C NMR (100 MHz, DMSO-d;) &
158.4, 157.0, 138.7, 136.3, 131.9, 129.1, 127.4, 126.4, 125.4, 123.6, 123.3, 123.1, 121.5, 120.1,
114.9,112.7,104.1, 101.3, 21.0. HR-MS (ESI): m/z caled for C19H13N30 ([M + H]*) 300.1131,
Found 300.1131.
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3.2.13. 5-(1H-indol-3-yl)-2-(3-methoxyphenyl) oxazole-4-carbonitrile (3m)

Yellow solid, yield: 62%, m.p. 185.9-187.2 °C. 'H NMR (400 MHz, DMSO-d;) § 12.22 (s,
1H), 8.23 (d, ] =2.8 Hz, 1H), 8.14-8.08 (m, 1H), 7.71 (d, | = 7.6 Hz, 1H), 7.63-7.51 (m, 3H),
7.36-7.27 (m, 2H), 7.24-7.15 (m, 1H), 3.88 (s, 3H). 1*C NMR (100 MHz, DMSO-d;) § 159.7,
158.2, 157.1, 136.4, 130.7, 127.6, 126.7, 123.6, 123.2, 121.7, 120.0, 118.5, 117.2, 114.9, 112.8,
111.1, 104.1, 101.2, 55.4. HR-MS (ESI): m/z calcd for C19H13N30, ([M + H]*) 316.1081,
Found 316.1081.

3.2.14. 2-(3-fluorophenyl)-5-(1H-indol-3-yl) oxazole-4-carbonitrile (3n)

Yellow solid, yield: 72%, m.p. 226.7-227.9 °C. 'H NMR (400 MHz, DMSO-d;) § 12.23 (s,
1H), 8.23 (s, 1H), 8.14 (d, ] =4.8 Hz, 1H), 7.96 (d, ] = 7.6 Hz, 1H), 7.87 (d, ] = 9.6 Hz, 1H),
7.68 (dd, ] =14.0, 7.6 Hz, 1H), 7.62-7.56 (m, 1H), 7.47 (t, ] = 7.6 Hz, 1H), 7.35-7.27 (m, 2H).
13C NMR (100 MHz, DMSO-dg) § 163.6, 161.2, 157.4,157.2 (d, | = 3.2 Hz), 136.3, 131.7 (d,
J=84Hz),127.8,127.5(d, ] = 8.8 Hz), 123.5, 123.2, 122.4,121.6, 120.1, 118.3 (d, ] = 21.2 Hz),
114.7,112.8 (t, ] = 12.0 Hz), 104.2, 101.0. HR-MS (ESI): m/z calcd for C1gH19FN3O ([M + H]")
304.0881, Found 304.0888.

3.2.15. 2-(3-bromophenyl)-5-(1H-indol-3-yl) oxazole-4-carbonitrile (30)

Yellow solid, yield: 48%, m.p. 244.3-245.9 °C. 1H NMR (400 MHz, DMSO-d;) § 12.24 (s,
1H), 8.24 (d, ] = 3.2 Hz, 1H), 8.19 (t, ] = 1.6 Hz, 1H), 8.13-8.09 (m, 2H), 7.83-7.79 (m, 1H),
7.62-7.55 (m, 2H), 7.35-7.28 (m, 2H). 13C NMR (100 MHz, DMSO-d;) § 157.4, 156.8, 136.3,
134.0, 131.5, 128.4, 127.9, 127.5, 125.2, 123.5, 123.2, 122.5, 121.6, 120.0, 114.7, 112.8, 104.2,
101.0. HR-MS (ESI): m/z calcd for C1gH1¢BrNzO ([M + H]*) 364.0080, Found 364.0077.

3.2.16. 5-(1H-indol-3-yl)-2-(p-tolyl) oxazole-4-carbonitrile (3p)

Yellow solid, yield: 50%, m.p. 245.4-247.6 °C. 'H NMR (400 MHz, DMSO-d;) § 12.19 (s,
1H), 8.21 (d, ] =2.8 Hz, 1H), 8.15-8.10 (m, 1H), 8.01 (d, ] = 8.0 Hz, 2H), 7.62-7.56 (m, 1H),
7.43 (d, ] = 8.0 Hz, 2H), 7.31 (p, ] = 5.6 Hz, 2H), 2.42 (s, 3H). 1>*C NMR (100 MHz, DMSO-d;)
5158.6,156.8, 141.4,136.3,129.9, 129.1, 127.8, 127.4, 126.1, 123.6, 123.1, 122.8, 121.6, 120.1,
114.9,112.8,104.0, 101.2, 21.2. HR-MS (ESI): m/z caled for C19H13N30 ([M + H]*) 300.1131,
Found 300.1135.

3.2.17. 2-(4-fluorophenyl)-5-(1H-indol-3-yl) oxazole-4-carbonitrile (3q)

Yellow solid, yield: 67%, m.p. 255.8-258.0 °C. 'H NMR (400 MHz, DMSO-d;) § 12.20 (s,
1H), 8.26-8.08 (m, 4H), 7.59 (d, ] = 6.4 Hz, 1H), 7.46 (t, ] = 8.0 Hz, 2H), 7.36-7.26 (m, 2H).
13C NMR (100 MHz, DMSO- d) § 162.9, 157.7, 157.2, 136.3, 128.9, 128.8, 127.6, 123.6, 123.2,
122.2 (d, ] =3.2 Hz), 121.6, 120.1, 116.7, 116.5, 114.8, 112.8, 104.1, 101.1. HR-MS (ESI): m/z
caled for C1gH19FN3O (IM + HJ*) 304.0881, Found 304.0874.

3.2.18. 2-(4-chlorophenyl)-5-(1H-indol-3-yl) oxazole-4-carbonitrile (3r)

Yellow solid, yield: 28%, m.p. 225.6-226.5 °C. 'H NMR (400 MHz, DMSO-d;)  12.22 (s,
1H), 8.32-8.00 (m, 4H), 7.64 (dd, ] = 38.0, 8.4 Hz, 3H), 7.30 (dd, ] = 9.2, 5.6 Hz, 2H). 13C NMR
(100 MHz, DMSO-dg) 6 157.5,157.3,136.3, 136.1, 129.5, 127.9, 127.7, 124.3,123.5, 123.2, 121.6,
120.1,114.7,112.8,104.2, 101.1, 99.6. HR-MS (ESI): m/z calcd for C13H1oCIN3O ([M + H]*)
320.0585, Found 320.0582.

3.2.19. 5-(1H-indol-3-yl)-2-(4-(trifluoromethyl)phenyl)oxazole-4-carbonitrile (3s)

Yellow solid, yield: 55%, m.p. 274.2-275.9 °C. 'H NMR (400 MHz, DMSO-dg) 6 12.23 (s,
1H), 8.24 (d, ] = 8.0 Hz, 2H), 8.19 (d, ] = 3.2 Hz, 1H), 8.12-8.08 (m, 1H), 7.92 (d, ] = 8.4 Hz,
2H), 7.60-7.56 (m, 1H), 7.33-7.27 (m, 2H). 3C NMR (100 MHz, DMSO-d;) & 157.8, 157.0,
136.3,130.8,129.1, 128.0, 126.9, 126.3, 123.6 (d, ] = 7.6 Hz), 123.3,121.7, 120.0 (d, ] = 11.6 Hz),
114.6, 112.9, 104.4, 101.0 (d, ] =6.8 HZ), 99.6. HR-MS (ESI)Z m/z calcd for C19H10F3N30
(IM + HJ") 354.0849, Found 354.0851.
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3.2.20. 5-(1H-indol-3-yl)-2-(thiophen-2-yl)oxazole-4-carbonitrile (3t)

Yellow solid, yield: 69%, m.p. 207.7-208.9 °C. 'H NMR (400 MHz, DMSO-dg) § 12.21 (s,
1H), 8.17 (d, ] = 2.8 Hz, 1H), 8.09 (dd, ] = 6.8, 1.6 Hz, 1H), 7.92 (ddd, ] = 6.0, 4.4, 1.2 Hz,
2H), 7.59 (dt, ] = 7.6, 3.2 Hz, 1H), 7.33-7.28 (m, 3H). 13C NMR (100 MHz, DMSO-d6) & 156.6,
154.8, 136.3, 130.9, 129.5, 128.8, 127.7, 127.4, 123.6, 123.2, 121.6, 120.1, 114.6, 112.8, 103.9,
100.9. HR-MS (ESI): m/z caled for C14HoN3OS ([M + H]*) 292.0539, Found 292.0538.

3.3. Biological Assays

Antifungal activity testing was carried out using the mycelia growth-inhibitory rate
method. The six common phytopathogenic fungi selected were Botrytis cinerea, Alternaria
solani, Gibberella zeae, Rhizoctonia solani, Colletotrichum lagenarium, and Alternaria leaf spot,
which were provided by the Laboratory of Plant Disease Control, Nanjing Agricultural
University. The experimental procedure of the antifungal activity was performed according
to the paper from the Department of Plant Pathology, Nanjing Agricultural University [35].
The compounds and three positive controls, Osthole, Boscalid, and Flutriafol, were tested
at 50 pg/mL in the primary screening. The strains were activated in Potato Dextrose Agar
Medium (PDA) at 25 °C for 2-15 days to afford new mycelia; the edge of the mycelia was
punched before the antifungal activity assay. The screening results are listed in Table 1.

3.4. Molecular Docking Strategy

First, removing the water molecules in the protein was performed using PyMol
2.5.4 (Schrodinger, New York, NY, USA). Drawing and energy minimization of ligand
molecules were completed in Chemdraw (Version 14.0, CambridgeSoft, Cambridge, MA,
USA) and Chem3D (Version 14.0, CambridgeSoft, Cambridge, MA, USA). Then, the prepa-
ration of the protein and ligand was performed using Autodock 4.2 (The Scripps Research
Institute, La Jolla, CA, USA). For protein, we added the hydrogen atoms, calculated the
charge, and added the atom type (Assign AD4type). As for ligand, we checked the charge,
“detect Root”, and “Choose Torsions”. Finally, we ran docking after setting the Grid (cen-
ter_x = 53.489, center_y = —26.319, center_z = 33.004, size_x = size_y = size_z = 22.5 A) and
docking parameters, and the number of runs was 50. The best binding mode was analyzed
in PyMol.

4. Conclusions

Based on the natural product structures of streptochlorin and pimprinine derived from
marine or soil microorganisms, 20 kinds of streptochlorin derivatives containing the nitrile
group were effectively synthesized from indole, through acylation and oxidative annulation.
The antifungal activity of the target compounds against six common phytopathogenic fungi
was evaluated at 50 pg/mL. Evaluation of antifungal activity showed that compound 3a
could be regarded as the most promising candidate—it demonstrated over 85% growth
inhibition against Botrytis cinerea, Gibberella zeae, and Colletotrichum lagenarium, as well as
a broad antifungal spectrum in the primary screening at a concentration of 50 pg/mL,
though the target compounds lack antifungal activity potency as a whole. The SAR study
revealed that non-substituent or alkyl substituent at the 2-position of oxazole ring were
favorable for antifungal activity, while aryl and monosubstituted aryl were detrimental
to activity. Molecular docking models indicated that 3a formed hydrogen bonds and
hydrophobic interactions with Leucyl-tRNA Synthetase, offering a perspective for the
possible mechanism of action for antifungal activity of the target compounds. Further
structural optimization is well under way.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/md21020103/s1: Copies of the NMR spectra and HR-MS (ESI) spectra.
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TLC thin layer chromatography
AcO acetic anhydride

MeOH methanol

TBHP tert-Butyl hydroperoxide
DMF N, N-dimethylformamide

m.p. melting point
PDA Potato Dextrose Agar (Medium)
ECsg 50% effective concentration

tLeuRS  Thermus thermophiles leucyl-tRNA synthetase

References

1.  Kwak, TW,; Shin, H.J.; Jeong, Y.I.; Han, M.E.; Oh, S5.0.; Kim, H.J.; Kim, D.H.; Kang, D.H. Anticancer activity of streptochlorin, a
novel antineoplastic agent, in cholangiocarcinoma. Drug Des. Dev. Ther. 2015, 9, 2201-2214. [CrossRef] [PubMed]

2. Lee, S.H.; Shin, H.].; Kim, D.Y.; Shim, D.W.; Kim, TJ.; Ye, S.K.; Won, H.S.; Koppula, S.; Kang, T.B.; Lee, K.H. Streptochlorin
suppresses allergic dermatitis and mast cell activation via regulation of Lyn/Fyn and Syk signaling pathways in cellular and
mouse models. PLoS ONE 2013, 8, €74194. [CrossRef] [PubMed]

3. Choi, LK,; Shin, H.J.; Lee, H.S.; Kwon, H.J. Streptochlorin, a marine natural product, inhibits NF-«B activation and suppresses
angiogenesis in vitro. J. Microbiol. Biotechnol. 2007, 17, 1338-1343. [PubMed]

4. Shim, D.W,; Shin, H.J.; Han, ] W.; Shin, W.Y,; Sun, X.; Shim, E.J.; Kim, T.J.; Kang, T.B.; Lee, K.H. Anti-inflammatory effect of
Streptochlorin via TRIF-dependent signaling pathways in cellular and mouse models. Int. J. Mol. Sci. 2015, 16, 6902-6910.
[CrossRef]

5. Joshi, B.S.; Taylor, W.I; Bhate, D.S.; Karmarkar, S.S. The structure and synthesis of pimprinine. Tetrahedron 1963, 19, 1437-1439.
[CrossRef]

6.  Naik, S.R,; Harindran, J.; Varde, A.B. Pimprinine, an extracellular alkaloid produced by Streptomyces CDRIL-312: Fermentation,
isolation and pharmacological activity. J. Biotechnol. 2001, 88, 1-10. [CrossRef] [PubMed]

7. Kumari, A.; Singh, R.K. Medicinal chemistry of indole derivatives: Current to future therapeutic prospectives. Bioorg. Chem. 2019,
89, 103021. [CrossRef]

8.  Kroaiss, J.; Kaltenpoth, M.; Schneider, B.; Schwinger, M.G.; Hertweck, C.; Maddula, RK.; Strohm, E.; Svatos, A. Symbiotic
Streptomycetes provide antibiotic combination prophylaxis for wasp offspring. Nat. Chem. Biol. 2010, 6, 261-263. [CrossRef]

9. Park, C; Shin, HJ.; Kim, G.Y,; Kwon, TK.; Nam, TJ.; Kim, S.K.; Cheong, J.; Choi, LW.; Choi, Y.H. Induction of apoptosis by
streptochlorin isolated from Streptomyces sp. in human leukemic U937 cells. Toxicol. Vitr. 2008, 22, 1573-1581. [CrossRef]
[PubMed]

10. Xiang, J.C.; Wang, ].G.; Wang, M.; Meng, X.G.; Wu, A.X. One-pot total synthesis: The first total synthesis of chiral alkaloid
pimprinol A and the facile construction of its natural congeners from amino acids. Tetrahedron 2014, 70, 7470-7475. [CrossRef]

11. Wei, Y.; Fang, W.; Wan, Z.; Wang, K.; Yang, Q.; Cai, X.; Shi, L.; Yang, Z. Antiviral effects against EV71 of pimprinine and its

derivatives isolated from Streptomyces sp. Virol. J. 2014, 11, 195. [CrossRef] [PubMed]


http://doi.org/10.2147/DDDT.S80205
http://www.ncbi.nlm.nih.gov/pubmed/25931814
http://doi.org/10.1371/journal.pone.0074194
http://www.ncbi.nlm.nih.gov/pubmed/24086321
http://www.ncbi.nlm.nih.gov/pubmed/18051603
http://doi.org/10.3390/ijms16046902
http://doi.org/10.1016/S0040-4020(01)98569-2
http://doi.org/10.1016/S0168-1656(01)00244-9
http://www.ncbi.nlm.nih.gov/pubmed/11377760
http://doi.org/10.1016/j.bioorg.2019.103021
http://doi.org/10.1038/nchembio.331
http://doi.org/10.1016/j.tiv.2008.06.010
http://www.ncbi.nlm.nih.gov/pubmed/18639625
http://doi.org/10.1016/j.tet.2014.08.022
http://doi.org/10.1186/s12985-014-0195-y
http://www.ncbi.nlm.nih.gov/pubmed/25410379

Mar. Drugs 2023, 21,103 14 of 14

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.
24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Liu, B,; Li, R;; Li, Y;; Li, S;; Yu, J.; Zhao, B.; Liao, A.; Wang, Y.; Wang, Z.; Lu, A,; et al. Discovery of Pimprinine Alkaloids as Novel
Agents against a Plant Virus. J. Agric. Food Chem. 2019, 67, 1795-1806. [CrossRef] [PubMed]

Zhang, M.Z.; Chen, Q.; Mulholland, N.; Beattie, D.; Irwin, D.; Gu, Y.C.; Yang, G.E; Clough, J. Synthesis and fungicidal activity of
novel pimprinine analogues. Eur. J. Med. Chem. 2012, 53, 283-291. [CrossRef]

Zhang, M.Z.; Chen, Q.; Xie, C.H.; Mulholland, N.; Turner, S.; Irwin, D.; Gu, Y.C.; Yang, G.F; Clough, ]J. Synthesis and antifungal
activity of novel streptochlorin analogues. Eur. |. Med. Chem. 2015, 92, 776-783. [CrossRef] [PubMed]

Zhang, M.Z,; Jia, C.Y,; Gu, Y.C.; Mulholland, N.; Turner, S.; Beattie, D.; Zhang, W.H.; Yang, G.F.; Clough, ]J. Synthesis and
antifungal activity of novel indole-replaced streptochlorin analogues. Eur. J. Med. Chem. 2017, 126, 669-674. [CrossRef]

Gao, Y.,; Huang, D.C;; Liu, C,; Song, Z.L.; Liu, ].R.; Guo, S.K,; Tan, ].Y.; Qiu, R.L.; Jin, B.; Zhang, H.; et al. Streptochlorin analogues
as potential antifungal agents: Design, synthesis, antifungal activity and molecular docking study. Bioorg. Med. Chem. 2021,
35, 116073. [CrossRef]

Wang, Y,; Du, Y.; Huang, N. A survey of the role of nitrile groups in protein-ligand interactions. Future Med. Chem. 2018, 10,
2713-2728. [CrossRef] [PubMed]

Wishart, D.S.; Feunang, Y.D.; Guo, A.C.; Lo, E.J.; Marcu, A.; Grant, ].R.; Sajed, T.; Johnson, D.; Li, C.; Sayeeda, Z.; et al. DrugBank
5.0: A major update to the DrugBank database for 2018. Nucleic Acids Res. 2018, 46, D1074-D1082. [CrossRef] [PubMed]
Fleming, EF,; Yao, L.; Ravikumar, P.C.; Funk, L.; Shook, B.C. Nitrile-containing pharmaceuticals: Efficacious roles of the nitrile
pharmacophore. |. Med. Chem. 2010, 53, 7902-7917. [CrossRef] [PubMed]

Kourounakis, PN.; Rekka, E.; Demopoulos, V.J.; Retsas, S. Effect of the position of the cyano-group of cyanopregnenolones on
their drug metabolic inducing activity. Eur. . Drug Metab. Pharmacokinet. 1991, 16, 9-13. [CrossRef]

Ha, Y.S.; Kim, LY. Enzalutamide: Looking back at its preclinical discovery. Expert Opin. Drug Discov. 2014, 9, 837-845. [CrossRef]
Xue, W,; Fu, T.; Deng, S.; Yang, F.; Yang, J.; Zhu, F. Molecular Mechanism for the Allosteric Inhibition of the Human Serotonin
Transporter by Antidepressant Escitalopram. ACS Chem. Neurosci. 2022, 13, 340-351. [CrossRef] [PubMed]

Pei, H.; He, L.; Shao, M,; Yang, Z.; Ran, Y.; Li, D.; Zhou, Y.; Tang, M.; Wang, T.; Gong, Y.; et al. Discovery of a highly selective
JAKS inhibitor for the treatment of rheumatoid arthritis. Sci. Rep. 2018, 8, 5273. [CrossRef]

Godfraind, T. Discovery and Development of Calcium Channel Blockers. Front. Pharmacol. 2017, 8, 286.

Janssen, P.AJ.; Lewi, PJ.; Arnold, E.; Daeyaert, E.; de Jonge, M.; Heeres, J.; Koymans, L.; Vinkers, M.; Guillemont, J.; Pasquier,
E.; et al. In search of a novel anti-HIV drug: Multidisciplinary coordination in the discovery of 4-[[4-[[4-[(1E)-2-cyanoethenyl]-
2,6dimethylphenyl]lamino]-2-pyrimidinyl]Jamino]-benzonitrile (R278474, rilpivirine). J. Med. Chem. 2005, 48, 1901-1909.
Keating, G.M. Vildagliptin A Review of its Use in Type 2 Diabetes Mellitus. Drugs 2010, 70, 2089-2112.

Mitani, S.; Araki, S.; Yamaguchi, T.; Takii, Y.; Ohshima, T.; Matsuo, N. Biological properties of the novel fungicide cyazofamid
against Phytophthora infestans on tomato and Pseudoperonospora cubensis on cucumber. Pest Manage. Sci. 2002, 58, 139-145.
[CrossRef] [PubMed]

Clough, ].M. The strobilurins, oudemansins, and myxothiazols, fungicidal derivatives of beta-methoxyacrylic acid. Nat. Prod. Rep.
1993, 10, 565-574. [CrossRef]

Bartlett, D.W.; Clough, ].M.; Godwin, J.R.; Hall, A.A.; Hamer, M.; Parr-Dobrzanski, B. The strobilurin fungicides. Pest Manage. Sci.
2002, 58, 649-662. [CrossRef]

Wollenberg, R.D.; Taft, M.H.; Giese, S.; Thiel, C.; Balazs, Z.; Giese, H.; Manstein, D.J.; Sondergaard, T.E. Phenamacril is a reversible
and noncompetitive inhibitor of Fusarium class I myosin. J. Biol. Chem. 2019, 294, 1328-1337. [CrossRef]

Zhou, Y.;; Zhou, X.E.; Gong, Y.; Zhu, Y.; Cao, X.; Brunzelle, J.S.; Xu, H.E.; Zhou, M.; Melcher, K.; Zhang, F. Structural basis of
Fusarium myosin I inhibition by phenamacril. PLoS Path. 2020, 16, €1008323. [CrossRef] [PubMed]

Tarleton, M.; Dyson, L.; Gilbert, J.; Sakoff, ].A.; McCluskey, A. Focused library development of 2-phenylacrylamides as broad
spectrum cytotoxic agents. Bioorg. Med. Chem. 2013, 21, 333-347. [CrossRef] [PubMed]

Liu, X.Z.; Zhou, Y.X; Chen, G.J.; Yang, Z.Q.; Li, Q.; Liu, PJ. Iodine-catalyzed oxidative annulation of 3-cyanoacetylindoles with
benzylamines: Facile access to 5-(3-indolyl)oxazoles. Org. Biomol. Chem. 2018, 16, 3572-3575. [CrossRef] [PubMed]

Liu, J.-R.; Liu, J.-M.; Gao, Y.; Shi, Z.; Nie, K.-R.; Guo, D.; Deng, F.; Zhang, H.-F; Ali, A.S.; Zhang, M.-Z; et al. Discovery of Novel
Pimprinine and Streptochlorin Derivatives as Potential Antifungal Agents. Mar. Drugs 2022, 20, 740. [CrossRef]

Liu, Y.; Chen, Z.; Ng, T.B.; Zhang, J.; Zhou, M.; Song, F.; Lu, F,; Liu, Y. Bacisubin, an antifungal protein with ribonuclease and
hemagglutinating activities from Bacillus subtilis strain B-916. Peptides 2007, 28, 553-559. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1021/acs.jafc.8b06175
http://www.ncbi.nlm.nih.gov/pubmed/30681853
http://doi.org/10.1016/j.ejmech.2012.04.012
http://doi.org/10.1016/j.ejmech.2015.01.043
http://www.ncbi.nlm.nih.gov/pubmed/25633493
http://doi.org/10.1016/j.ejmech.2016.12.001
http://doi.org/10.1016/j.bmc.2021.116073
http://doi.org/10.4155/fmc-2018-0252
http://www.ncbi.nlm.nih.gov/pubmed/30518255
http://doi.org/10.1093/nar/gkx1037
http://www.ncbi.nlm.nih.gov/pubmed/29126136
http://doi.org/10.1021/jm100762r
http://www.ncbi.nlm.nih.gov/pubmed/20804202
http://doi.org/10.1007/BF03189868
http://doi.org/10.1517/17460441.2014.918947
http://doi.org/10.1021/acschemneuro.1c00694
http://www.ncbi.nlm.nih.gov/pubmed/35041375
http://doi.org/10.1038/s41598-018-23569-y
http://doi.org/10.1002/ps.430
http://www.ncbi.nlm.nih.gov/pubmed/11852638
http://doi.org/10.1039/NP9931000565
http://doi.org/10.1002/ps.520
http://doi.org/10.1074/jbc.RA118.005408
http://doi.org/10.1371/journal.ppat.1008323
http://www.ncbi.nlm.nih.gov/pubmed/32163521
http://doi.org/10.1016/j.bmc.2012.10.003
http://www.ncbi.nlm.nih.gov/pubmed/23176751
http://doi.org/10.1039/C8OB00833G
http://www.ncbi.nlm.nih.gov/pubmed/29708248
http://doi.org/10.3390/md20120740
http://doi.org/10.1016/j.peptides.2006.10.009

	Introduction 
	Results and Discussion 
	Synthetic Chemistry 
	Antifungal Activity and Structure–Activity Relationships (SARs) 
	Molecular Docking 

	Materials and Methods 
	Chemicals 
	Preparation of 3-(1H-indol-3-yl)-3-oxopropanenitrile (2) 
	General Procedure for the Synthesis of 2-substituted-4-cyano-5-(1H-indol-3-yl)oxazole (3) 

	Compound Data 
	5-(1H-indol-3-yl)oxazole-4-carbonitrile (3a) 
	5-(1H-indol-3-yl)-2-methyloxazole-4-carbonitrile (3b) 
	2-ethyl-5-(1H-indol-3-yl)oxazole-4-carbonitrile (3c) 
	5-(1H-indol-3-yl)-2-propyloxazole-4-carbonitrile (3d) 
	2-butyl-5-(1H-indol-3-yl)oxazole-4-carbonitrile (3e) 
	5-(1H-indol-3-yl)-2-pentyloxazole-4-carbonitrile (3f) 
	5-(1H-indol-3-yl)-2-isobutyloxazole-4-carbonitrile (3g) 
	2-benzyl-5-(1H-indol-3-yl) oxazole-4-carbonitrile (3h) 
	5-(1H-indol-3-yl)-2-phenyloxazole-4-carbonitrile (3i) 
	5-(1H-indol-3-yl)-2-(o-tolyl) oxazole-4-carbonitrile (3j) 
	2-(2-fluorophenyl)-5-(1H-indol-3-yl) oxazole-4-carbonitrile (3k) 
	5-(1H-indol-3-yl)-2-(m-tolyl) oxazole-4-carbonitrile (3l) 
	5-(1H-indol-3-yl)-2-(3-methoxyphenyl) oxazole-4-carbonitrile (3m) 
	2-(3-fluorophenyl)-5-(1H-indol-3-yl) oxazole-4-carbonitrile (3n) 
	2-(3-bromophenyl)-5-(1H-indol-3-yl) oxazole-4-carbonitrile (3o) 
	5-(1H-indol-3-yl)-2-(p-tolyl) oxazole-4-carbonitrile (3p) 
	2-(4-fluorophenyl)-5-(1H-indol-3-yl) oxazole-4-carbonitrile (3q) 
	2-(4-chlorophenyl)-5-(1H-indol-3-yl) oxazole-4-carbonitrile (3r) 
	5-(1H-indol-3-yl)-2-(4-(trifluoromethyl)phenyl)oxazole-4-carbonitrile (3s) 
	5-(1H-indol-3-yl)-2-(thiophen-2-yl)oxazole-4-carbonitrile (3t) 

	Biological Assays 
	Molecular Docking Strategy 

	Conclusions 
	References

