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ARTICLE INFO ABSTRACT

Keywords: In order to find new potential fungicides and anticancer agents, a series of new coumarin amide derivatives
Coum_a"in bearing fluorine were synthesized and characterized spectroscopically. Compounds A6, B11, C2 and C7 were

zlu‘);me. confirmed by X-ray diffraction further. The antifungal bioassays against five typical pathogenic fungi showed
ynthesis

that compound C5 exhibited more remarkable fungicidal activities against Alternaria alternata (ECsp = 11.5 pg/
mL), Colletotrichum gloeosporioides (ECso = 18.0 pg/mL), Pyricularia grisea (ECsp = 33.8 pg/mL), surpassing
kresoxim-methyl. Molecular docking result indicated that C5 displayed high binding affinity to chitinase, which
plays crucial role in degradation and remodeling of fungal cell walls. In addition, the anticancer bioassays against
three cancer cells demonstrated that compound A4 displayed excellent growth inhibitory effect against Hela cells
with ICsg value of 8.13 pM, and low cytotoxicity against human normal cells BEAS-2B. Flow cytometric analysis
further demonstrated that A4 significantly arrested cell cycle at the S phase and trigger apoptosis. With the above
interesting biological profile, these coumarin derivatives could be used as anfungicides and anticancer

Antifungal activities
Anticancer activity

candidates.

1. Introduction

The natural compound coumarin, and its derivatives, can be found in
many species of plants, particularly Rutaceae and Apiaceae (Santos
Junior et al., 2023). They are classified into four groups: simple cou-
marins, furanocoumarins, pyranocoumarins, and pyrone-substituted
coumarins (Fig. 1, I ~ IV) (Kiipeli Akkol et al., 2020). These com-
pounds have been used for the benefit of humankind, including in
medical and agrochemical applications (Akwu et al., 2023; Prusty and
Kumar, 2020). In the field of medicinal chemistry, coumarin and its
derivatives represent one of the most important skeletons of pharma-
ceutically active compounds, exhibiting a broad spectrum of medicinal
activities. These activities include antitumor (Sakunpak et al., 2013;
Maleki et al., 2020; Phutdhawong et al., 2021), antiviral activity (Tang
et al., 2016; Liu et al., 2020), antibacterial (Zuo et al., 2016; Tan et al.,
2017), antioxidant (Bizzarri et al., 2017; Kassim et al., 2013), neuro-
protective (Huang et al., 2021; Yu et al., 2021), anti-inflammatory (Lv
et al., 2015; Tuan Anh et al., 2017), Anticoagulant (Awaad et al., 2012;
Gao et al.,, 2021), and more. In the agrochemical field, they also
demonstrate a wide range of agro-activities, such as insecticidal (Siskos
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etal., 2008; Yang et al., 2022; Ma et al., 2024) and antifungal properties
(Li et al., 2023; Song et al., 2017).

Moreover, fluorine is a small atom with a van der Waals radius,
positioned between hydrogen and oxygen, making it suitable to imitate
a hydroxyl group and participate in hydrogen bonding interactions
(Hunter, 2010; Ismail, 2002). Introducing fluorine into compounds can
modulate physicochemical properties such as pharmacological proper-
ties, lipophilicity, metabolic stability, membrane permeability, and
binding affinity (Purser et al., 2008). Previous studies have shown that
organo-fluorine can be used not only in anticancer (Longley et al., 2003;
Duan et al., 2013), anti-inflammatory (Luan et al., 2023; Deshpande and
Pai, 2012) and antiviral agents (Han and Lu, 2023; Cavaliere et al.,
2017), but also in the development of pesticides (Jeschke, 2017;
Jeschke, 2004). Furthermore, many active drugs on the market contain
fluorine, such as fluorouraci (Alzahrani et al., 2023), emtricitabine
(Deeks, 2018), teriflunomide (Paik, 2021) and tavaborale (Poulakos
et al., 2017) (Fig. 1, V ~ VIII).

Molecular hybridization involves the fusion of the chemical struc-
tures of two drugs to create a single molecule, or the integration of the
pharmacological components of both drugs into a hybrid molecule.
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Fig. 1. Design of the coumarin amide derivatives bearing fluorine.

These newly formed hybrid molecules, which combine the therapeutic
properties of both drugs, enhance their pharmacological efficacy and
mitigate their potential adverse effects. Alternatively, hybrid molecules
can leverage the strengths and weaknesses of each drug to synergisti-
cally enhance their respective pharmacological activities and optimize
the treatment outcome. It has become one of the current trends in the
development of biologically active compounds (Zhao et al., 2023; Yang
et al., 2024). Given the aforementioned facts, as shown in Fig. 1, in this
study, we designed new fungicides and anticancer compounds by
combining coumarin with fluorine and an amide moiety, and tested their
in vitro antifungal activities against five phytopathogenic fungi,
including Alternaria brassicae (AB), Alternaria alternata (AA), Colleto-
trichum gloeosporioides (CG), Pyricularia grisea (PG), Fusarium oxysporium
f. sp.vasinfectum (FV) and antiproliferative effect against human cervical
cancer cell line (HeLa), human hepatoma cancer cell line (HepG2), and
human colorectal cancer cell line (HCT116). The preliminary anticancer
mechanism of the powerful compounds was also examined using tests
that evaluate the distribution of the cells in the phases of the cell cycle
and the induction of apoptosis.

2. Materials and methods
2.1. General experimental

Thin-layer chromatography (TLC) was performed on silica gel plates
using silica gel 60 GF254 (Qingdao Haiyang Chemical Co., Ltd., Qing-
dao, China). Melting points were determined on The X-5A micro melting
point tester (Gongyi Kerui instrument Co., Ltd). NMR spectra were
performed on a Bruker Avance neo 400 MHz instrument (Bruker, Bre-
merhaven, Germany). HRMS was performed on Xevo G2-SQTOF in-
strument (Waters, Milford, MA, USA).

2.1.1. Synthesis of the intermediates 5a ~ ¢

The different coumarin-3-formyl chlorides 5a ~ ¢ were prepared as
previous literature (Zhang et al., 2018). Firstly, fluorosalicylaldehydes
compounds (1a ~ ¢) (80 mmol), diethyl malonate (96 mmol) and cat-
alytic amounts of piperidine (1 mL) were refluxed in ethanol for 2 h.
After cooling to room temperature, the suspension was filtered off and

3a ~ c was attained. Afterwards, compound 3a ~ ¢ was hydrolyzed in
ethanolic solution with 2 N NaOH (aq.) at reflux for 30 min. After re-
action, 2 N HCI (aq.) was added and acids 4a ~ ¢ were obtained by
filtering the white precipitate, washing it with water, and then drying it.
Finally, the solution of compounds 4a ~ ¢ (10 mmol) in dichloro-
methane (DCM, 100 mL) was added two drops dimethylformamide
(DMF), and oxalyl chloride (13 mmol) slowly. The blend was agitated at
ambient temperature for 8 h, then concentrated after completion of the
reaction to yield compounds 5a ~ c.

2.1.2. Synthesis of compounds A1 ~ 9, B1 ~ 14, C1 ~ 11

A mixture of compounds 5a ~ ¢ (0.5 mmol), amines (0.5 mmol),
triethylamine (6 mmol) in tetrahydrofuran (THF, 20 mL) was stirred at
50 °C overnight. The reaction mixture was diluted with 30 mL of ethyl
acetate, followed by washing with saturated NaHCO3 solution (3 x 30
mL), saturated saline solution (50 mL), and drying with anhydrous
NaySO4. After evaporating the organic phase, the residues were purified
using silica gel column chromatography (petroleum ether: ethyl acetate
= 1: 1) to isolate the desired compounds A1 ~ 9, B1 ~ 14, C1 ~ 11.

2.1.2.1. N-ethyl-6-fluoro-2-oxo-2H-chromene-3-carboxamide (Al).
Yield: 66 %, white solid, mp 183-184 °C; 'H NMR (400 MHz, CDCls) &
8.87 (s, 1H), 8.75 (s, 1H), 7.47 — 7.30 (m, 3H), 3.51 (p, J = 6.9 Hz, 2H),
1.27 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCls) 5 161.0, 160.8,
160.2 (d, J = 246.7 Hz), 150.5, 147.1, 121.6 (d, J = 24.7 Hz), 119.6,
119.4(d,J=9.6 Hz), 118.3 (d,J = 8.9 Hz), 114.7 (d, J = 23.6 Hz), 34.8,
14.6; HRMS (ESI) caled for C1oH1;03NF ([M + H]™) 236.0717, found
236.0713.

2.1.2.2. N-butyl-6-fluoro-2-oxo-2H-chromene-3-carboxamide (A2).
Yield: 77 %, yellow solid, mp 162-163 °C; 'H NMR (400 MHz, CDCl3) 6
8.86 (s, 1H), 8.78 (s, 1H), 7.47 — 7.31 (m, 3H), 3.47 (q, J = 6.8 Hz, 2H),
1.67 — 1.59 (m, 2H), 1.43 (h, J = 7.3 Hz, 2H), 0.96 (t, J = 7.3 Hz, 3H);
3C NMR (101 MHz, CDCl3) § 161.0, 160.9, 160.2 (d, J = 247.3 Hz),
150.5 (d, J = 1.5 Hz), 147.1 (d, J = 2.9 Hz), 121.6 (d, J = 24.7 Hz),
119.6, 119.4 (d, J = 9.2 Hz), 118.3 (d, J = 8.2 Hz), 114.7 (d, J = 23.6
Hz), 39.7, 31.4, 20.1, 13.7; HRMS (ESI) calcd for C;4H;503NF ([M +
H]™) 264.1030, found 264.1026.
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2.1.2.3. 6-fluoro-N-isopropyl-2-oxo-2H-chromene-3-carboxamide (A3).
Yield: 80 %, white solid, mp 169-170 °C; 'H NMR (400 MHz, CDCl3) §
8.86 (s, 1H), 8.64 (s, 1H), 7.43 - 7.33 (m, 3H), 4.30 — 4.21 (m, 1H), 1.28
(d, J = 6.6 Hz, 6H); >C NMR (101 MHz, CDCl3) § 161.0, 160.2 (d, J =
247.2 Hz), 160.0, 150.5 (d, J = 2.1 Hz), 147.1 (d, J = 2.9 Hz), 121.6 (d,
J=24.8 Hz), 119.7,119.4 (d, J = 9.4 Hz), 118.3 (d, J = 8.6 Hz), 114.7
(d, J = 23.9 Hz), 42.0, 22.5 x 2; HRMS (ESI) calcd for C13H1303NF ([M
+ H1™) 250.0874, found 250.0869.

2.1.2.4. 6-fluoro-2-oxo-N-(pentan-3-yD)-2H-chromene-3-carboxamide
(A4). Yield: 59 %, white solid, mp 141-142 °C; 'H NMR (400 MHz,
CDCl3) 6 8.87 (s, 1H), 8.59 (s, 1H), 7.51 — 7.33 (m, 3H), 4.04 — 3.95 (m,
1H), 1.73 - 1.52 (m, 4H), 0.96 (t, J = 7.4 Hz, 6H); 13C NMR (101 MHz,
CDCl3) § 161.1, 160.7, 160.2 (d, J = 246.9 Hz), 150.5 (d, J = 1.6 Hz),
147.2 (d, J = 2.9 Hz), 121.5 (d, J = 24.7 Hz), 119.7, 119.4 (d, J = 9.4
Hz),118.2(d,J=8.9Hz), 114.7 (d, J = 23.9 Hz), 52.7, 27.2 x 2,10.2 X
2; HRMS (ESI) caled for CysH;703NF ([M + H]™) 278.1187, found
278.1179.

2.1.2.5. N-cyclopropyl-6-fluoro-2-oxo-2H-chromene-3-carboxamide

(A5). Yield: 65 %, white solid, mp 193-195 °C; 'H NMR (400 MHz,
CDCl3) 6 8.88 (s, 1H), 8.78 (s, 1H), 7.45 — 7.33 (m, 3H), 2.99 - 2.93 (m,
1H), 0.91 — 0.86 (m, 2H), 0.72 — 0.60 (m, 2H); '3C NMR (101 MHz,
CDCl3) 6 162.3, 160.9, 160.2 (d, J = 247.2 Hz), 150.5 (d, J = 1.6 Hz),
147.1 (d, J = 2.9 Hz), 121.7 (d, J = 24.8 Hz), 119.4, 119.3 (d, J = 9.2
Hz), 118.3 (d, J = 8.2 Hz), 114.7 (d, J = 23.8 Hz), 23.0, 6.6 x 2; HRMS
(ESD) caled for C13H;103NF ([M + H]™) 248.0717, found 248.0713.

2.1.2.6. N-cyclohexyl-6-fluoro-2-oxo-2H-chromene-3-carboxamide (A6).
Yield: 86 %, yellow solid, mp 217-218 °C; 'H NMR (400 MHz, CDCl3) &
8.86 (s, 1H), 8.74 (s, 1H), 7.46 — 7.31 (m, 3H), 4.02 - 3.94 (m, 1H), 2.05
~1.94 (m, 2H), 1.80 — 1.63 (m, 3H), 1.48 — 1.25 (m, 5H); 3C NMR (101
MHz, CDCl3) 6§ 161.0, 160.2 (d, J = 247.2 Hz), 159.9,150.5, 147.2 (d, J
=3.1Hz),121.5(d, J=24.8 Hz),119.8,119.4 (d,J =9.5Hz), 118.2 (d,
J=8.2Hz),114.7 (d, J = 23.7 Hz), 48.6, 32.7 x 2, 25.5, 24.6 x 2; HRMS
(ESI) caled for C16H;703NF ([M + H]") 290.1187, found 290.1181.

2.1.2.7. N-cycloheptyl-6-fluoro-2-oxo-2H-chromene-3-carboxamide

(A7). Yield: 69 %, yellow solid, mp 183-184 °C; 'H NMR (400 MHz,
CDCl3) 6 8.85 (s, 1H), 8.78 (s, 1H), 7.50 — 7.32 (m, 3H), 4.20 — 4.12 (m,
1H), 2.07 - 1.94 (m, 2H), 1.71 - 1.56 (m, 10H); 13C NMR (101 MHz,
CDCl3) 6161.0, 160.2 (d, J = 246.9 Hz), 159.6, 150.5, 147.2 (d, J = 2.9
Hz), 121.5 (d, J = 24.7 Hz), 119.9, 119.4 (d, J = 9.3 Hz), 118.2 (d, J =
8.4Hz),114.7 (d, J = 23.5Hz), 50.9, 34.7 x 2, 27.9 x 2, 24.1 x 2; HRMS
(ESI) caled for C17H1903NF ([M + H]™) 304.1343, found 304.1337.

2.1.2.8. 6-fluoro-N-methyl-2-oxo-N-phenyl-2H-chromene-3-carboxamide
(A8). Yield: 68 %, yellow solid, mp 219-220 °C; 'H NMR (400 MHz,
CDClg) 6 7.64 (s, 1H), 7.30 - 7.19 (m, 7H), 7.10 (d, J = 7.9 Hz, 1H), 3.48
(s, 3H); '3C NMR (101 MHz, CDCls) § 164.4, 159.9 (d, J = 246.0 Hz),
157.1, 149.9, 142.8, 141.0, 129.4 x 2, 127.8, 127.2, 126.9 x 2, 120.0
(d, J=24.7 Hz), 118.7 (d, J = 9.1 Hz), 118.3 (d, J = 8.3 Hz), 113.6 (d, J
= 23.9 Hz), 37.5; HRMS (ESI) caled for Cy7H130sNF ([M 4+ H]T)
298.0874, found 298.0873.

2.1.2.9. 6-fluoro-N-(2-methoxyphenyl)-2-oxo-2H-chromene-3-carbox-
amide (A9). Yield: 73 %, white solid, mp 234-235 °C; 14 NMR (400
MHz, CDCl3) 6§ 11.26 (s, 1H), 8.94 (s, 1H), 8.53 (d, J = 9.2 Hz, 1H), 7.46
-7.36 (m, 3H), 7.12 (t,J = 7.1 Hz, 1H), 7.01 (t, J = 7.3 Hz, 1H), 6.95 (d,
J=8.1Hz, 1H), 3.98 (s, 3H); *C NMR (101 MHz, CDCl3) § 161.0, 160.3
(d, J = 247.5 Hz), 158.6, 150.6, 149.1, 147.5 (d, J = 2.9 Hz), 127.5,
124.7,121.8 (d, J = 24.7 Hz), 121.0, 120.7,120.2,119.4 (d, J = 9.3 Hz),
118.4 (d, J = 8.4 Hz), 114.8 (d, J = 23.8 Hz), 110.2, 56.0; HRMS (ESI)
caled for Cy7H;304NF ([M + H] ) 314.0823, found 314.0816.
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2.1.2.10. N-ethyl-7-fluoro-2-oxo-2H-chromene-3-carboxamide (B1).
Yield: 60 %, white solid, mp 171-173 °C; 'H NMR (400 MHz, CDCl3)
8.89 (s, 1H), 8.68 (s, 1H), 7.72 - 7.68 (m, 1H), 7.15-7.10 (m, 2H), 3.53
(p, J=7.1Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H); *C NMR (101 MHz, CDCl3)
8§ 166.2 (d, J = 258.8 Hz), 160.2 x 2, 154.8 (d, J = 13.7 Hz), 146.7,
130.8(d,J=10.7 Hz), 116.7 (d,J=3.9Hz),114.6 (d,J=2.7 Hz), 113.6
(d, J=23.5Hz), 103.6 (d, J = 25.8 Hz), 33.9, 13.8; HRMS (ESI) calcd for
C12H1103NF ([M + H]™) 236.0717, found 236.0713.

2.1.2.11. 7-fluoro-2-oxo-N-propyl-2H-chromene-3-carboxamide  (B2).
Yield: 59 %, white solid, mp 164-166 °C; TH NMR (400 MHz, CDCl3) &
8.89 (s, 1H), 8.72 (s, 1H), 7.72 — 7.68 (m, 1H), 7.22 - 7.01 (m, 2H), 3.51
—3.38 (m, 2H), 1.66 (h, J = 7.3 Hz, 2H), 1.00 (t, J = 7.4 Hz, 3H); °C
NMR (101 MHz, CDCl3) § 167.1 (d, J = 258.7 Hz), 161.2, 161.0, 155.7
(d, J = 13.7 Hz), 147.5, 131.6 (d, J = 10.4 Hz), 117.4 (d, J = 3.3 Hz),
115.4 (d, J = 2.7 Hz), 113.8 (d, J = 23.2 Hz), 104.4 (d, J = 25.9 Hz),
41.6, 22.6, 11.4; HRMS (ESI) caled for Cy3H;303NF ([M + H]™)
250.0874, found 250.0868.

2.1.2.12. N-butyl-7-fluoro-2-oxo-2H-chromene-3-carboxamide (B3).
Yield: 71 %, white solid, mp 146-148 °C; 'H NMR (400 MHz, CDClg) &
8.89 (s, 1H), 8.73 (s, 1H), 7.77 - 7.68 (m, 1H), 7.17 — 7.09 (m, 2H), 3.52
—-3.43 (m, 2H), 1.62 (p, J = 7.4 Hz, 2H), 1.47 - 1.38 (m, 2H), 0.96 (t, J =
7.4 Hz, 3H); 3C NMR (101 MHz, CDCl3) 6 167.1 (d, J = 259.1 Hz),
161.2, 161.0, 155.7 (d, J = 13.3 Hz), 147.5, 131.6 (d, J = 10.8 Hz),
117.4(d,J=3.4Hz),115.4(d,J=1.8Hz),113.9 (d, J = 23.0 Hz), 104.4
(d, J = 25.7 Hz), 39.6, 31.4, 20.1, 13.7; HRMS (ESI) calcd for
C14H1505NF ([M + HI') 264.1030, found 264.1025.

2.1.2.13. 7-fluoro-N-hexyl-2-oxo-2H-chromene-3-carboxamide ~ (B4).
Yield: 59 %, yellow solid, mp 132-134 °C; H NMR (400 MHz, CDCl3) 6
8.82 (s, 1H), 8.64 (s, 1H), 7.65 - 7.61 (m, 1H), 7.11 - 6.96 (m, 2H), 3.38
(q,J="7.0Hz, 2H), 1.55 (p, J = 7.2 Hz, 2H), 1.35-1.22 (m, 6H), 0.82 (t,
J = 6.8 Hz, 3H); '*C NMR (101 MHz, CDCls) 6 167.1 (d, J = 256.3 Hz),
161.1, 161.0, 155.7 (d, J = 12.9 Hz), 147.5, 131.6 (d, J = 11.2 Hz),
117.4(d,J=2.5Hz),115.4(d,J=2.5Hz),113.8 (d, J = 23.3 Hz), 104.4
(d, J=26.5Hz), 39.9, 31.4, 29.3, 26.6, 22.5, 13.9; HRMS (ESI) calcd for
C16H1003NF ([M + H]T) 292.1343, found 292.1339.

2.1.2.14. 7-fluoro-N-isopropyl-2-oxo-2H-chromene-3-carboxamide (B5).
Yield: 76 %, yellow solid, mp 176-178 °C; 'H NMR (400 MHz, CDCl3) §
8.88 (s, 1H), 8.56 (s, 1H), 7.72 - 7.68 (m, 1H), 7.17 - 7.05 (m, 2H), 4.31
—4.20 (m, 1H), 1.28 (d, J = 6.6 Hz, 6H); 13C NMR (101 MHz, CDCl3) §
167.0 (d, J = 258.3 Hz), 161.0, 160.2, 155.7 (d, J = 13.2 Hz), 147.5,
131.6 (d,J=10.8Hz),117.6 (d,J=3.0Hz), 115.5(d, J = 2.8 Hz), 113.8
(d, J = 23.2 Hz), 104.4 (d, J = 26.2 Hz), 41.9, 22.5 x 2; HRMS (ESI)
caled for C13H;303NF ([M + H] ™) 250.0874, found 250.0868.

2.1.2.15. N-cyclopropyl-7-fluoro-2-oxo-2H-chromene-3-carboxamide
(B6). Yield: 82 %, white solid, mp 190-192 °C; 'H NMR (400 MHz,
CDCl3) 6 8.90 (s, 1H), 8.71 (s, 1H), 7.72 - 7.68 (m, 1H), 7.21 — 7.07 (m,
2H), 2.99 - 2.92 (m, 1H), 0.90 — 0.85 (m, 2H), 0.69 — 0.63 (m, 2H); 13C
NMR (101 MHz, CDCl3) § 167.1 (d, J = 259.5 Hz), 162.5, 161.0, 155.7
(d, J = 13.8 Hz), 147.5, 131.7 (d, J = 10.5 Hz), 117.2 (d, J = 3.4 Hz),
115.4 (d, J = 2.1 Hz), 113.8 (d, J = 22.8 Hz), 104.4 (d, J = 25.6 Hz),
22.9, 6.6 x 2; HRMS (ESI) calcd for C13H;103NF ([M + H] ) 248.0717,
found 248.0712.

2.1.2.16. N-cyclohexyl-7-fluoro-2-oxo-2H-chromene-3-carboxamide

(B7). Yield: 64 %, yellow solid, mp 202-204 °C; 'H NMR (400 MHz,
CDCl3) 6 8.88 (s, 1H), 8.65 (d, J = 8.2 Hz, 1H), 7.72 - 7.68 (m, 1H), 7.14
—7.09 (m, 2H), 4.02 - 3.93 (m, 1H), 2.00 - 1.96 (m, 2H), 1.80 — 1.60 (m,
4H), 1.48 — 1.25 (m, 4H); 13C NMR (101 MHz, CDCl3) § 167.0 (d, J =
258.8 Hz), 161.0, 160.1, 155.7 (d, J = 13.3 Hz), 147.4, 131.6 (d, J =
10.9 Hz),117.6 (d, J = 2.9 Hz), 115.4 (d, J = 2.8 Hz), 113.8 (d, J = 23.3
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Hz), 104.4 (d, J = 25.9 Hz), 48.5, 32.7 x 2, 25.5, 24.6 x 2; HRMS (ESI)
caled for C;6H1703NF ([M + H]™) 290.1187, found 290.1179.

2.1.2.17. N-cycloheptyl-7-fluoro-2-oxo-2H-chromene-3-carboxamide

(B8). Yield: 69 %, yellow solid, mp 190-192 °C; 'H NMR (400 MHz,
CDCl3) 6 8.87 (s, 1H), 8.71 (d, J = 8.0 Hz, 1H), 7.71 - 7.68 (m, 1H), 7.20
-7.03 (m, 2H), 4.20 - 4.11 (m, 1H), 2.02 - 1.97 (m, 2H), 1.71 - 1.54 (m,
10H); 13C NMR (101 MHz, CDCl3) § 167.0 (d, J = 258.7 Hz), 161.0,
159.9,155.7 (d, J = 13.2 Hz), 147.4,131.5(d, J = 10.7 Hz), 117.7 (d, J
= 3.0 Hz), 115.5 (d, J = 2.8 Hz), 113.8 (d, J = 23.1 Hz), 104.4 (d, J =
25.9 Hz), 50.8, 34.7 x 2, 28.0 x 2, 24.1 x 2; HRMS (ESI) calcd for
C17H1903NF ([M + H]™) 304.1343, found 304.1336.

2.1.2.18. 7-fluoro-2-oxo-N-o-tolyl-2H-chromene-3-carboxamide  (B9).
Yield: 71 %, white solid, mp 263-265 °C; 'H NMR (400 MHz, CDCl3) 6
10.66 (s, 1H), 9.02 (s, 1H), 8.23 (d, J = 8.1 Hz, 1H), 7.75 (t, J = 7.2 Hz,
1H), 7.28 — 7.08 (m, 5H), 2.42 (s, 3H); *C NMR (101 MHz, CDCls) &
167.3 (d, J = 259.6 Hz), 161.6, 159.1, 155.8 (d, J = 13.6 Hz), 148.3,
136.0, 131.8 (d, J = 10.9 Hz), 130.5, 128.6, 126.7, 125.0, 121.9, 117.7
(d,J=3.0Hz),115.5(d, J = 2.2 Hz), 114.1 (d, J = 23.2 Hz), 104.6 (d, J
= 25.9 Hz), 18.0; HRMS (ESI) caled for Cy7H;303NF ([M + H]T)
298.0874, found 298.0867.

2.1.2.19. 7-fluoro-2-oxo-N-m-tolyl-2H-chromene-3-carboxamide (B10).
Yield: 76 %, white solid, mp 222-224 °C; 'H NMR (400 MHz, CDCl3) 6
10.66 (s, 1H), 8.98 (s, 1H), 7.76 — 7.72 (m, 1H), 7.54 (d, J = 7.6 Hz, 2H),
7.26 (t,J =8.0 Hz, 1H), 7.15 (t, J = 7.9 Hz, 2H), 6.98 (d, J = 7.5 Hz, 1H),
2.38 (s, 3H); 3¢ NMR (101 MHz, CDCl3) 6 167.3 (d, J = 259.6 Hz),
161.4, 159.0, 155.8 (d, J = 13.8 Hz), 148.2, 139.0, 137.4, 131.8 (d, J =
10.6 Hz), 128.9, 125.7,121.1, 117.7, 117.6 (d, J = 3.3 Hz), 115.5 (d, J
= 2.5Hz), 114.1 (d, J = 23.3 Hz), 104.5 (d, J = 25.9 Hz), 21.4; HRMS
(ESI) caled for C;7H1303NF ([M + H]™) 298.0874, found 298.0868.

2.1.2.20. N-(3,4-dimethylphenyl)-7-fluoro-2-oxo-2H-chromene-3-carbox-

amide (B11). Yield: 69 %, yellow solid, mp 200-202 °C; H NMR (400
MHz, CDCl3) 6 10.59 (s, 1H), 8.96 (s, 1H), 7.74-7.70 (m, 1H), 7.47 (d, J
= 6.7 Hz, 2H), 7.17 — 7.10 (m, 3H), 2.28 (s, 3H), 2.24 (s, 3H); 13C NMR
(101 MHz, CDCl3) 6§ 167.3 (d, J = 259.3 Hz), 161.4, 158.9, 155.8 (d, J =
13.5 Hz), 148.0, 137.3, 135.2, 133.3, 131.8 (d, J = 10.9 Hz), 130.0,
121.8,118.0,117.6 (d,J = 2.9 Hz), 115.5(d, J = 2.1 Hz), 114.1 (d, J =
23.0 Hz), 104.5 (d, J = 25.8 Hz), 19.8, 19.2; HRMS (ESI) calcd for
C1gH1503NF ([M + H]™) 312.1030, found 312.1024.

2.1.2.21. N-(2,5-dimethylphenyl)-7-fluoro-2-oxo-2H-chromene-3-carbox-
amide (B12). Yield: 85 %, yellow solid, mp 216-218 °C; IH NMR (400
MHz, CDCl3) § 10.60 (s, 1H), 9.00 (s, 1H), 8.05 (s, 1H), 7.76 — 7.72 (m,
1H), 7.17 - 7.09 (m, 3H), 6.91 (d, J = 7.4 Hz, 1H), 2.36 (s, 6H); >*C NMR
(101 MHgz, CDCl3) 6 167.3 (d, J = 259.6 Hz), 161.5, 159.0, 155.8 (d, J =
13.7 Hz), 148.2, 136.4, 135.7, 131.8 (d, J = 10.8 Hz), 130.2, 125.8,
125.5,122.5,117.7 (d, J = 3.3 Hz), 115.5(d, J = 2.8 Hz), 114.1 (d, J =
22.9 Hz), 104.5 (d, J = 26.0 Hz), 21.2, 17.6; HRMS (ESI) calcd for
C15H1503NF ([M + H]') 312.1030, found 312.1023.

2.1.2.22. N-(2,6-dimethylphenyl)-7-fluoro-2-oxo-2H-chromene-3-carbox-
amide (B13). Yield: 84 %, yellow solid, mp 215-217 °C; H NMR (400
MHz, CDCl3) 6 10.06 (s, 1H), 9.01 (s, 1H), 7.74 — 7.71 (m, 1H), 7.19 —
7.10 (m, 5H), 2.28 (s, 6H); *C NMR (101 MHz, CDCl3) 5 167.3 (d, J =
259.6 Hz), 161.5, 159.5, 155.9 (d, J = 13.6 Hz), 148.5, 135.0 x 2,133.7,
131.8(d,J=10.8 Hz), 128.2 x 2,127.4,117.3 (d, J = 2.9 Hz), 115.5 (d,
J = 2.3 Hz), 114.1 (d, J = 23.2 Hz), 104.5 (d, J = 25.9 Hz), 18.6 x 2;
HRMS (ESI) caled for CigHi50sNF ([M + H]") 312.1030, found
312.1024.

2.1.2.23. 7-fluoro-N-(3-methoxyphenyD-2-oxo-2H-chromene-3-carbox-
amide (B14). Yield: 88 %, white solid, mp 226-228 °C; 'H NMR (400
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MHz, CDCl3) §11.18 (s, 1H), 8.97 (s, 1H), 8.52 (d, J = 8.1 Hz, 1H), 7.74
—7.67 (m, 1H), 7.19 - 7.09 (m, 3H), 7.00 (t, J = 7.6 Hz, 1H), 6.94 (d, J =
8.0 Hz, 1H), 3.97 (s, 3H); '3C NMR (101 MHz, CDCls) 6 167.2 (d, J =
253.5 Hz), 161.0, 158.9, 155.8 (d, J = 13.4 Hz), 149.1, 147.9, 131.7 (d,
J=10.9Hz), 127.6, 124.6,120.9,120.6,117.9 (d, J = 2.9 Hz), 115.5 (d,
J=2.6Hz),114.0 (d, J = 23.2 Hz), 110.2, 104.5 (d, J = 25.7 Hz), 55.9;
HRMS (ESI) caled for Ci7H;304NF ([M + H]") 314.0823, found
314.0816.

2.1.2.24. N-ethyl-8-fluoro-2-oxo-2H-chromene-3-carboxamide (C1).
Yield: 60 %, white solid, mp 191-192 °C; TH NMR (400 MHz, CDCl3) &
8.92 (s, 1H), 8.70 (s, 1H), 7.49 — 7.41 (m, 2H), 7.35 - 7.30 (m, 1H), 3.51
(p, J = 6.9 Hz, 2H), 1.27 (t, J = 7.3 Hz, 3H); 13C NMR (101 MHz, CDCl3)
§160.8,160.1, 150.3 (d, J = 254.7 Hz), 147.6 (d, J = 2.9 Hz), 142.5 (d,
J=11.2Hz), 125.1 (d, J = 6.6 Hz), 124.8 (d, J = 4.2 Hz), 120.4, 120.1
(d, J =17.1 Hz), 119.4, 34.8, 14.6; HRMS (ESI) calcd for C15,H;103NF
([M + H]T) 236.0717, found 236.0712.

2.1.2.25. 8-fluoro-2-oxo-N-propyl-2H-chromene-3-carboxamide ~ (C2).
Yield: 55 %, white solid, mp 185-186 °C; 'H NMR (400 MHz, CDCl3) 6
8.92 (s, 1H), 8.75 (s, 1H), 7.49 (d, J = 7.8 Hz, 1H), 7.47 — 7.41 (m, 1H),
7.33 (td, J = 8.0, 4.5 Hz, 1H), 3.47 — 3.41 (m, 2H), 1.71 — 1.62 (m, 2H),
1.00 (t, J = 7.4 Hz, 3H); 3¢ NMR (101 MHz, CDCl3) § 160.9, 160.1,
150.3 (d, J = 254.6 Hz), 147.6 (d, J = 2.9 Hz), 142.5 (d, J = 11.6 Hz),
125.1 (d, J = 6.9 Hz), 124.8 (d, J = 4.2 Hz), 120.4, 120.1 (d, J = 16.7
Hz), 119.5, 41.6, 22.6, 11.4; HRMS (ESI) calcd for C;3H;303NF ([M +
H]") 250.0874, found 250.0869.

2.1.2.26. N-butyl-8-fluoro-2-oxo-2H-chromene-3-carboxamide (C3).
Yield: 77 %, white solid, mp 148-149 °C; 'H NMR (400 MHz, CDCl3) 6
8.92 (d, J = 1.6 Hz, 1H), 8.73 (s, 1H), 7.48 (d, J = 7.8 Hz, 1H), 7.46 —
7.41 (m, 1H), 7.33 (td, J = 8.0, 4.5 Hz, 1H), 3.51 - 3.43 (m, 2H), 1.63 (p,
J=7.6Hz, 2H), 1.45 - 1.38 (m, 2H), 0.97 (t, J = 7.3 Hz, 3H); 13¢ NMR
(101 MHz, CDCl3) § 160.9, 160.1, 150.3 (d, J = 254.6 Hz), 147.6 (d, J =
2.8 Hz), 142.5(d, J=11.6 Hz), 125.1 (d, J = 6.7 Hz), 124.8 (d, J = 3.8
Hz), 120.4,120.1 (d, J = 17.3 Hz), 119.5, 39.7, 31.4, 20.1, 13.7; HRMS
(ESI) caled for C14H;503NF ([M + H]™") 264.1030, found 264.1024.

2.1.2.27. 8-fluoro-N-hexyl-2-oxo-2H-chromene-3-carboxamide (C4).
Yield: 66 %, yellow solid, mp 110-111 °C; H NMR (400 MHz, CDCl3) 6
8.92 (d, J = 1.6 Hz, 1H), 8.73 (s, 1H), 7.48 (d, J = 7.8 Hz, 1H), 7.46 —
7.41 (m, 1H), 7.32 (td, J = 8.0, 4.5 Hz, 1H), 3.48 - 3.42 (m, 2H), 1.63 (q,
J=7.6 Hz, 2H), 1.43 - 1.30 (m, 6H), 0.89 (t, J = 7.5 Hz, 3H); 3¢ NMR
(101 MHz, CDCl3) §160.8, 160.1, 150.4 (d, J = 254.9 Hz), 147.6 (d, J =
2.7 Hz), 142.5(d, J =11.2 Hz), 125.1 (d, J = 6.6 Hz), 124.8 (d, J = 3.7
Hz), 120.4, 120.1 (d, J = 17.0 Hz), 119.5, 40.0, 31.4, 29.2, 26.6, 22.5,
13.9; HRMS (ESI) caled for Cy6H1903NF ([M + H]1) 292.1343, found
292.1337.

2.1.2.28. 8-fluoro-2-oxo-N-(pentan-3-yl)-2H-chromene-3-carboxamide
(C5). Yield: 89 %, yellow solid, mp 115-116 °C; 'H NMR (400 MHz,
CDCls) 6 8.92 (d, J = 1.6 Hz, 1H), 8.53 (d, J = 8.8 Hz, 1H), 7.48 (d, J =
7.8 Hz, 1H), 7.46 — 7.41 (m, 1H), 7.32 (td, J = 8.0, 4.5 Hz, 1H), 4.04 -
3.95 (m, 1H), 1.72 - 1.61 (m, 2H), 1.60 — 1.51 (m, 2H), 0.96 (t, J = 7.5
Hz, 6H); 13C NMR (101 MHz, CDCls) 6 160.6, 160.2, 150.3 (d, J = 254.7
Hz), 147.6 (d, J = 2.8 Hz), 142.5 (d, J = 11.6 Hz), 125.1 (d, J = 6.6 Hz),
124.8 (d, J = 3.8 Hz), 120.5, 120.0 (d, J = 16.8 Hz), 119.6, 52.7, 27.2 x
2,10.2 x 2; HRMS (ESI) caled for C;5H1703NF ([M + H]™) 278.1187,
found 278.1179.

2.1.2.29. N-cyclopropyl-8-fluoro-2-oxo-2H-chromene-3-carboxamide

(C6). Yield: 80 %, white solid, mp 204-205 °C; 'H NMR (400 MHz,
CDClg) 5 8.93 (d, J = 1.6 Hz, 1H), 8.73 (s, 1H), 7.49 (d, J = 7.7 Hz, 1H),
7.46 — 7.41(m, 1H), 7.33 (td, J = 8.0, 4.5 Hz, 1H), 2.99 - 2.93 (m, 1H),
0.91 - 0.86 (m, 2H), 0.69 — 0.64 (m, 2H); *C NMR (101 MHz, CDCl3) 6
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Scheme 1. Synthetic route for coumarin amide derivatives bearing fluorine.
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Fig. 2. Chemical Structures of compounds A1-9, B1-14, C1-11.

162.3, 160.0, 150.3 (d, J = 255.1 Hz), 147.5 (d, J = 2.8 Hz), 142.5 (d, J
=11.6Hz),125.2(d,J = 6.7 Hz), 124.9 (d, J = 4.2 Hz), 120.4, 120.2 (d,
J =17.0 Hz), 119.2, 23.0, 6.6 x 2; HRMS (ESI) calcd for C;3H;;03NF
(IM + H]") 248.0717, found 248.0710.

2.1.2.30. N-cyclohexyl-8-fluoro-2-oxo-2H-chromene-3-carboxamide

(C7). Yield: 69 %, yellow solid, mp 173-174 °C; 'H NMR (400 MHz,
CDCl3) §8.91 (d, J = 1.6 Hz, 1H), 8.67 (d, J = 8.0 Hz, 1H), 7.48 (d, J =
7.8 Hz, 1H), 7.46 — 7.40 (m, 1H), 7.32 (td, J = 8.0, 4.5 Hz, 1H), 4.02 -
3.93 (m, 1H), 2.01 - 1.97 (m, 2H), 1.79 - 1.73 (m, 2H), 1.68 — 1.60 (m,

1H), 1.47 — 1.22 (m, 5H); 13¢ NMR (101 MHz, CDCl3) 6 160.1, 159.8,
150.3 (d, J = 254.8 Hz), 147.5 (d, J = 2.4 Hz), 142.5 (d, J = 11.6 Hz),
125.1 (d, J = 6.7 Hz), 124.8 (d, J = 4.2 Hz), 120.5, 120.0 (d, J = 17.0
Hz), 119.7, 48.7, 32.7 x 2, 25.5, 24.6 x 2; HRMS (ESI) calcd for
Ci16H170sNF ([M + HI') 290.1187, found 290.1180.

2.1.2.31. N-cycloheptyl-8-fluoro-2-oxo-2H-chromene-3-carboxamide

(C8). Yield: 73 %, yellow solid, mp 138-139 °C; 'H NMR (400 MHz,
CDCl3) 6 8.90 (d, J = 1.6 Hz, 1H), 8.73 (d, J = 8.0 Hz, 1H), 7.48 (d, J =
7.9 Hz, 1H), 7.45 - 7.40 (m, 1H), 7.32 (td, J = 8.0, 4.4 Hz, 1H), 4.21 —
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Fig. 3. X-ray crystallographic structures of A6 (A), B11 (B), C2 (C) and C7 (D).

4.11 (m, 1H), 2.05 - 1.96 (m, 2H), 1.71 — 1.55 (m, 10H); '3C NMR (101
MHz, CDCls) 5 160.1, 159.6, 150.3 (d, J = 255.0 Hz), 147.4 (d, J = 2.7
Hz), 142.5 (d, J = 11.7 Hz), 125.1 (d, J = 6.6 Hz), 124.8 (d, J = 4.1 Hz),
120.5, 120.0 (d, J = 17.4 Hz), 119.7, 50.9, 34.7 x 2, 27.9 x 2, 24.1 x 2;
HRMS (ESI) caled for Cy7H19OsNF ([M + H]") 304.1343, found
304.1336.

2.1.2.32. 8-fluoro-2-oxo-N-phenyl-2H-chromene-3-carboxamide  (C9).

Yield: 73 %, white solid, mp 282-283 °C; 'H NMR (400 MHz, CDCl3) &
10.97 (s, 1H), 9.20 (s, 1H), 7.64 — 7.53 (m, 4H), 7.48 — 7.39 (m, 3H),
7.29 (t, J = 7.4 Hz, 1H); 13¢ NMR (101 MHz, CDCl3) § 160.4, 160.0,
150.4,150.3 (d, J = 255.4 Hz), 142.4 (d, J = 11.6 Hz), 135.6, 129.3 x 2,
126.7,126.0 (d, J = 6.4 Hz), 125.6 (d, J = 3.9 Hz), 122.1, 122.0 x 2,
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Table 1
Antifungal activity of target compounds against phytopathogens at 50 pg/mL.

Compounds  Antifungal activities (inhibition % =+ SE)*™¢
AB AA CG PG FV

Al 43.2 + 44.5 + 46.7 + 36.7 £ 41.1 +
1.8 0.0 0.0 2.0 1.3

A2 279 £ 40.7 + 347 £ 36.9 + 24.4 +
2.0 3.5 2.4 1.7 1.7

A3 46.5 + 535+ 333+ 379 + 24.4 +
2.0 2.3 4.2 1.7 3.4

A4 55.8 + 70.9 + 41.7 + 58.3 + 26.4 +
2.0 1.8 1.3 1.7 0.0

A5 48.8 £ 52.3 + 30.6 £ 43.7 + 21.4 +
2.0 4.0 2.4 1.7 1.7

A6 349 + 349 + 319 + 32.0 + 21.4 +
5.3 5.3 2.4 1.7 1.7

A7 50.0 £ 67.4 + 29.2 + 40.8 + 23.4 +
2.0 2.0 0.0 1.7 4.6

A8 20.9 + 41.9 + 18.1 + 38.8 £ 24.4 +
5.3 2.0 2.4 0.0 1.7

A9 179 + 333+ 246 £ 345+ 345+
2.0 0.0 0.0 2.0 1.7

B1 315+ 345+ 35.8 + 379 + 31.1 +
0.0 0.0 0.0 2.0 0.0

B2 61.6 + 67.3 + 65.3 + 44.7 + 42.3 +
1.8 3.9 0.0 0.0 3.1

B3 46.5 + 64.0 + 55.6 £ 50.5 + 373+
1.5 1.8 2.0 2.4 0.0

B4 24.4 + 37.2 + 22.2 + 41.7 + 25.4 +
3.2 0.0 2.0 0.0 3.1

B5 53.4 + 45.6 + 43.4 £ 48.9 + 38.0 £
0.0 1.2 2.0 0.0 0.0

B6 51.2 £ 57.0 + 45.8 £ 45.6 + 27.4 +
3.5 3.4 2.0 0.0 0.0

B7 36.0 + 43.0 + 47.2 + 45.6 + 31.3 +
5.3 4.0 4.8 1.7 5.2

B8 43.0 £ 46.5 + 45.8 £ 42,7 + 37.3+
1.9 0.0 1.9 1.7 2.8

B9 29.6 + 39.5 + 27.8 + 46.6 + 25.4 +
5.3 5.3 2.4 4.4 0.0

B10 31.4 + 36.0 + 29.2 + 39.8 + 25.4 +
0.0 0.0 1.6 1.7 0.0

B11 32.6 £ 32.6 + 33.3 £ 41.7 + 25.4 +
2.4 2.0 0.0 0.0 0.0

B12 32.6 + 48.8 + 319 + 35.0 + 25.4 +
2.0 0.0 0.0 0.0 2.0

B13 395 £ 53.5 + 29.2 + 56.3 + 25.4 +
2.3 2.0 0.0 0.0 0.0

B14 33.7 £ 46.5 + 319 + 50.0 +£ 29.0 +
1.0 3.8 3.7 2.0 0.0

C1 40.4 + 29.4 + 30.2 + 40.2 + 30.3 +
1.6 1.3 0.9 4.2 5.4

C2 38.4 + 535+ 65.3 + 44.7 + 25.4 +
0.0 2.0 1.3 0.0 1.5

C3 45.3 + 60.7 + 66.7 + 45.6 + 29.4 +
2.0 2.0 1.7 1.7 1.7

C4 46.5 + 46.5 + 41.7 £ 46.6 + 41.3 £
2.0 2.0 0.0 1.7 1.7

C5 54.7 + 88.4 + 86.1 + 59.2 + 46.3 +
3.5 2.0 2.4 2.9 3.0

C6 47.7 £ 55.8 + 75.0 £ 46.6 + 333+
3.5 5.3 4.2 1.7 1.7

Cc7 46.5 + 51.9 + 44.4 + 39.9 + 46.3 +
3.3 0.0 0.0 0.0 0.0

Cc8 46.5 + 58.1 + 59.7 + 44.7 + 38.3 +
2.0 3.5 9.6 2.9 3.4

(¢°] 36.0 £ 38.4 + 22.2 £+ 34.0 £ 28.4 +
5.3 5.3 2.4 3.4 5.2

C10 349 + 52.3 + 23.6 + 25.4 + 26.4 +
1.8 2.2 0.0 2.0 2.0

Cl11 314 £ 47.7 + 29.2 + 40.8 + 25.4 +
1.0 3.5 2.0 3.4 1.7

Kre 63.1 £ 64.3 + 53.0 £ 53.0 + 58.3 +
2.5 0.0 8.1 0.7 0.0

@ AB: Alternaria brassicae, AA: Alternaria alternata, CG: Colletotrichum gloeo-
sporioides, PG: Pyricularia grisea, FV: Fusarium oxysporium f. sp.vasinfectum.
b Values are the mean =+ SE of three replicates.
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¢ Kre: Kresoxim-methyl.

Table 2
ECs values of compound C5 against phytopathogens >,
Fungi Compound Regression R? ECso 95 % CI (ug/
equation (ug/mL) mL)
AB C5 y = 0.8040x + 0.9528  36.5* 30.7-44.6
3.7436
Kre y = 0.4424x + 0.9527 14.2 9.8-20.4
4.4902
AA C5 y =1.5709x + 0.9526 11.5* 6.5-17.5
3.3365
Kre y = 2.3629x + 0.9826 15.5 14.1-17.0
2.1090
CG C5 y=1.7678x + 0.9448 18.0* 12.1-24.5
2.7826
Kre y = 0.3288x + 0.9702 21.5 20.3-25.2
4.5625
PG C5 y = 0.8422x + 0.9314  33.8*% 28.6-40.5
3.7122
Kre y = 0.7208x + 0.9955 53.7 49.7-58.4
3.5630

Significant difference between the treatment group and Kre group (* p < 0.05).

@ AB: Alternaria brassicae, AA: Alternaria alternata, CG: Colletotrichum gloeo-
sporioides, PG: Pyricularia grisea.

b 500 Effective concentration (ECsp): concentration of compound that in-
hibits the fungi growth; 95% CI means 95% confidence interval of ECs, values
are mean of three replicates.

¢ Kre: Kresoxim-methyl.

121.4 (d, J = 17.3 Hz), 120.1; HRMS (ESI) calcd for C14H1103NF ([M +
H]™) 284.0717, found 284.0712.

2.1.2.33. N-(2,6-dimethylphenyl)-8-fluoro-2-oxo-2H-chromene-3-carbox-
amide (C10). Yield: 87 %, white solid, mp 247-248 °C; ' NMR (400
MHz, CDCl3) 5 10.08 (s, 1H), 9.04 (d, J = 1.6 Hz, 1H), 7.52 — 7.44 (m,
2H), 7.35 (td, J = 8.0, 4.4 Hz, 1H), 7.17 - 7.10 (m, 3H), 2.29 (s, 6H); 13¢
NMR (101 MHz, CDCl3) 6§ 160.6, 159.2, 150.4 (d, J = 255.2 Hz), 148.5,
142.7 (d, J = 11.6 Hz), 135.0, 133.6 x 2, 128.2 x 2, 127.4,125.3 (d, J =
6.5 Hz), 125.0 (d, J = 4.2 Hz), 120.5,120.4 (d, J = 14.1 Hz), 119.4, 18.5
x 2; HRMS (ESI) caled for C;gH1503NF ([M + H]1) 312.1030, found
312.1022.

2.1.2.34. 8-fluoro-N-(2-methoxyphenyl)-2-oxo-2H-chromene-3-carbox-
amide (C11). Yield: 76 %, white solid, mp 240-241 °C; 'H NMR (400
MHz, CDCl3) § 11.22 (s, 1H), 9.00 (d, J = 1.6 Hz, 1H), 8.52 (dd, J = 8.0,
1.6 Hz, 1H), 7.51 (d, J = 7.8 Hz, 1H), 7.48 — 7.42 (m, 1H), 7.34 (td, J =
8.0, 4.5 Hz, 1H), 7.12 (td, J = 7.8, 1.6 Hz, 1H), 7.00 (td, J = 7.8, 1.4 Hz,
1H), 6.94 (dd, J = 8.2, 1.4 Hz, 1H), 3.97 (s, 3H); °C NMR (101 MHz,
CDCl3) §160.1,158.6,150.4 (d, J = 254.8 Hz), 149.1,147.9(d,J=11.4
Hz), 142.6 (d, J = 11.4 Hz), 127.5, 125.2 (d, J = 6.4 Hz), 124.9 (d, J =
3.9 Hz), 124.7, 120.9, 120.6, 120.4, 120.3 (d, J = 17.0 Hz), 119.6,
110.3, 56.0; HRMS (ESI) calcd for C17H;304NF ([M + H]™) 314.0823,
found 314.0816.

2.2. Antifungal assay

In vitro evaluations were conducted on compounds A1 ~ 9, B1 ~ 14,
and C1 ~ 11 to assess their impact on the growth of phytopathogenic
fungi by inhibiting mycelial growth. Five phytopathogenic fungi,
including Alternaria brassicae (AB), Alternaria alternata (AA), Colleto-
trichum gloeosporioides (CG), Pyricularia grisea (PG), Fusarium oxysporium
f. sp.vasinfectum (FV) were used for the assays. The dissolved compounds
in acetone were combined with the PDA at 50 pg/mL before being
transferred to sterilized Petri dishes. Acetone served as blank controls,
and kresoxim-methyl, a commercial fungicide, used as the positive
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Fig. 4. Molecular models of C5 (A) and argadin (B) binding to chitinase.
control. Mycelia disks measuring 4 mm in diameter were inoculated some compounds and kresoxim-methyl were obtained, and the median
onto PDA Petri dishes and incubated at 25 °C for a period of 4 days. effective concentration (ECsg) values were calculated.

Three replicates were performed for every treatment, measuring the
radial growth of fungal colonies and analyzing the data statistically.
Subsequently, the inhibition rates (%) versus seven concentrations of
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Table 3
The anticancer activities of target compounds against human cancer cells at 100
umol/L.

Compound Growth Inhibition Rate (%)"

HeLa HePG-2 HCT116
Al 48.50 + 5.00 44.69 + 0.17 40.02 + 2.03
A2 51.98 + 5.49 53.02 + 5.11 41.91 £ 3.16
A3 43.13 + 4.41 33.51 £ 0.20 NA
A4 90.28 + 0.54 73.58 +1.34 76.01 +£1.27
A5 48.82 + 4.17 45.72 + 3.71 NA
A6 45.99 + 4.47 45.69 + 0.61 18.05 + 5.36
A7 46.31 +£ 1.14 50.14 + 4.34 229 + 4.58
A8 32.23 + 3.32 35.88 + 4.05 16.18 + 0.97
A9 61.48 + 3.08 21.77 + 4.97 NA
B1 29.80 + 2.33 19.83 + 1.52 27.55 + 4.01
B2 50.42 + 4.46 45.00 + 3.11 39.25 + 3.51
B3 53.57 + 5.85 48.91 + 5.08 37.32 £ 3.19
B4 38.30 + 4.57 41.64 + 3.76 16.19 + 2.12
B5 26.08 + 4.64 14.75 + 1.44 20.97 £1.72
B6 12.00 + 0.32 11.66 + 0.8 15.57 + 2.35
B7 38.27 +8.93 38.54 + 5.41 18.38 + 0.71
B8 33.07 + 2.93 16.07 + 0.04 15.65 + 2.34
B9 22.27 + 3.50 11.00 + 2.09 5.43 + 3.29
B10 29.88 + 1.84 22.38 + 3.28 15.73 + 1.50
B11 43.62 + 4.72 40.48 + 3.10 31.90 + 4.53
B12 27.58 + 4.21 14.79 + 2.88 18.60 + 1.16
B13 17.59 + 0.87 8.74 + 2.11 5.28 + 1.90
B14 46.19 + 4.66 37.66 + 3.70 35.00 + 0.84
C1 21.83 + 2.73 12.91 + 1.61 NA
Cc2 19.90 + 0.15 11.13 £ 1.37 NA
Cc3 21.00 + 1.69 11.31 +£1.82 NA
Cc4 24.57 + 4.62 17.65 + 1.23 NA
Cc5 16.98 + 2.17 11.69 + 4.31 NA
(€] 21.81 £2.21 15.99 £+ 0.61 NA
Cc7 17.76 £ 1.79 14.02 + 0.84 NA
c8 21.34 + 2.68 25.76 + 5.87 NA
c9 49.82 + 3.29 30.59 + 0.77 NA
Cc10 28.54 + 1.40 31.35 + 4.30 10.72 £+ 3.46
C11 52.66 + 1.90 46.68 + 5.01 34.08 + 3.16
5-Fu 85.00 + 2.01 64.65 + 0.62 92.36 + 3.64

PNA means no action.
# The values given are means of three experiments.

2.3. Molecular docking studies

ChemDraw2019 was used to create a 2D structure of compound C5,
which was saved as a cdx file. Next, the 3D structure of C5 was optimized
using the MM2 force field in Chem3D 2019. Chitinase’s 3D configura-
tions were obtained from the PDB repository (https://www.rcsb.org,
PDB: 1W9U). Subsequently, the proteins of interest were brought into
AutoDock Tools for the processes of adding hydrogen atoms, calculating
charges, and combining non-polar hydrogens, with the final outcome
being saved in PDBQT format. Ultimately, execute AutoDock Vina to
perform molecular docking, then utilize Discovery studio for visualizing
the outcomes.

2.4. Anticancer assay

Three human cancer cells, including HeLa, HePG-2, HCT116, and
normal human cells (BEAS-2B) were used to determine the cytotoxic
effects of the prepared compounds (A1 ~ 9, B1 ~ 14, C1 ~ 11), and
CCK-8 assay was used to assess the impact on growth. Cells were placed
in 96-well plates and exposed to the compounds at a concentration of
100 pmol/L for 48 h in triplicate. Each well was treated with CCK-8
solution at a concentration of 20 %, followed by incubation for 1 h
and measurement using spectrophotometry at 450 nm. As a positive
control, 5-fluorouracil (5-FU) was also used in identical conditions. The
additional ICsg values for certain compounds was also tested. Each
experiment was conducted thrice.
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2.5. Cell cycle arrest assay

HeLa cells (2 x 10°%/well) were seeded in 6-well plates and incubated
overnight, and then exposed to A4 (0, 4, 8, 16 pM) for 48 h. Afterward,
PBS was rinsed over the cells and trypsin was added. After centrifuga-
tion, the liquid above the sediment was discarded and the remaining
material was soaked in 70 % ethanol overnight. The cells were rinsed
with PBS two times and then placed in a staining buffer with 190 pL
volume, which included propidium iodide (1 mg/mL, 4 uL) and RNaseA
(ribonuclease, 10 mg/mL, 4 pL), and Tritonx-100 (0.2 uL). Following a
20-minute staining period in darkness, the distribution of the cell cycle
was analyzed with flow cytometry.

2.6. Cell apoptosis assay

The incubated HeLa cells (2 x 10%/well) were exposed to A4 (0, 4, 8,
16 pM) for 48 h. Following the incubation period, PBS was rinsed over
the cells and trypsin was added. Then the resulting cell was tmixed with
Annexin binding buffer. Subsequently, annexin V/FITC (5 pL) and PI
(10 pL) were introduced to the cell suspension and allowed to incubate
at appropriate temperature for 15 min. Afterward, flow cytometry un-
derwent analysis the stained cells.

2.7. Data analyses

The formula used to calculate the inhibitory effects on these fungi in
vitro is Inhibition rate (%) = (C-T) x 100/(C-4 mm), with C representing
the diameter in the blank control group and T representing the diameter
in the treatments. The cell Inhibition rate (%) = (OD1-OD2)/(OD1-
OD3) x 100 %. The cell viability rate (%) = (OD2-OD3) / (OD1-OD3) x
100 %. with OD1, OD2,0D3 representing the negative control, experi-
ment and blank group. GraphPad Prism 8 software (GraphPad, Inc., San
Diego, CA) was used to conduct statistical analysis.

3. Results and discussion
3.1. Chemistry

As shown in Scheme 1, initially, primary coumarin-3-formyl chlo-
rides 5a ~ ¢ were synthesized through a four-step process beginning
with readily available salicylaldehydes. Salicylaldehydes 1a ~ ¢ were
subjected to Knoevenagle condensation with diethyl malonate (2) in
ethanol by a catalytic amount of piperidine, forming coumarin-3-
carboxylates 3a ~ c. Next, the ethyl esters underwent hydrolysis using
a NaOH solution to produce coumarin-3-carboxylic acids 4a ~ ¢, which
reacted with oxalyl chloride to give the intermediates 5a ~ c. At last, a
series of coumarin amide derivatives bearing fluorine (A1 ~ 9, B1 ~ 14,
C1 ~ 11) were prepared in 55 ~ 89 % yields by reaction of 5a ~ ¢ with
different amines in the presence of triethylamine at 50 °C. Fig. 2 sum-
marizes all the structures. The chemical structures of these derivatives
were verified using 'H NMR, 3C NMR and HRMS spectrometry (see
Supporting Information). Moreover, X-ray diffraction was used to
identify the stereo structures of A6, B11, C2 and C7, as shown in Fig. 3.
The crystallographic data of these compounds were submitted to the
CCDC under no. 2337042, 2337478, 2,337,043 and 2337044, respec-
tively (see Supporting Information).

3.2. Antifungal activities

All the target compounds were screened their antifungal activities in
vitro against five phytopathogenic fungi at 50 pg/mL using the myce-
lium linear growth rate method (Liu et al., 2022). Kresoxim-methyl
(Kre) was used as positive control. As illustrated in Table 1, several
compounds displayed significant inhibitory effects on specific fungi,
which was consistent with the previous research findings that coumarin-
3-carboxamide derivatives have good antibacterial activity (Yu et al.,
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Fig. 5. ICs( values of compound A4 and 5-FU against three cancer cells. (** p < 0.01).
Kre.
— 100+ BEAS-2B After analyzing the bioassay results mentioned earlier, certain
\o structure-activity relationships (SARs) were examined as follow: (1)
2. 80- generally, introducing fluorine atom at C-6 and C-8 of coumarin was
> more beneficial for the improvement of the fungicigal activities (A1 ~ 9,
x 60 C1 ~ 11 vs. B1 ~ 14). (2) For compounds Al ~ 9, the introduction of 1-
3 ethylproyl group at R position led to a sharp increase in bioactivity, such
© as A4. (3) For compounds B1 ~ 14, adding n-propyl (B2) at the R po-
; 40+ sition typically enhanced the antifungal effectiveness compared to other
— alkyl groups. (4) When the fluorine atom at the C-8 of coumarin,
E 20— introduction of 1-ethylproyl group at R position could also obtain the
O best compound (C5). (5) Unfortunately, it was discovered that adding
0- aromatic groups to the R position resulted in decreased potency for
compounds A8 ~ 9, B9 ~ 14 and C9 ~ 11. The findings of the afore-
6.25 125 25 50 100 mentioned structure-activity relationship will serve as a theoretical
A4 (uM) guide for future optimization of the structure.

Fig. 6. Cell viability of BEAS-2B treated with compound A4.

2018). Among them, six compounds A4, A7, B2, B5, B6 and C5 inhibited
AB with inhibition rates higher than 50 %. Compounds A4, A7, B2, and
C5 exhibited better effectiveness with inhibition rates exceeding 67 %
against the AA strain, surpassing Kre (64.3 %). For CG strain, com-
pounds B2 (65.3 %), C2 (65.3 %), C3 (66.7 %), C5 (86.1 %), C6 (75.0 %)
and C8 (59.7 %) displayed higher antifungal activities than Kre (53 %).
Furthermore, three compounds A4 (58.3 %), B13 (56.35) and C5 (59.2
%) demonstrated slightly greater or comparable antifungal efficacy
compared to Kre (53 %) for PG strain. Regrettably, nearly all of the
desired substances showed weaker antifungal properties against the FV
strain. In general, compound C5 demonstrated a more favorable and
wide-ranging antifungal impact compared to the agricultural fungicides

10

To further investigate the antifungal capabilities, the ECsq values of
compound C5 were examined against four phytopathogenic fungi (AB,
AA, CG and PG) for more reliable results. As summarized in Table 2, this
compound showed strong antifungal effects, with ECsg values ranging
from 11.5 to 36.5 pg/mL. Particularly, compound C5 exhibited superior
fungicidal activity against AA, CG, and PG strains, with ECs values of
11.5, 18.0, and 33.8 pg/mlL, significantly lower than Kre (AA: 15.5 pg/
mL, BC: 21.5 pg/mL, PG: 53.7 pg/mL).

3.3. Molecular docking studies

Chitinase, a key enzyme in chitin production, plays a vital part in
breaking down external chitin, as well as in degrading and restructuring
fungal cell walls (Hartl et al., 2012). Literature studies have shown that
amidocoumarins exhibit notable chitinase inhibitory effects and possess
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strong binding affinity to the receptor (Sharma et al., 2020). At present,
molecular docking are commonly utilized in the study of natural prod-
ucts (Lopez-Lopez et al., 2021). Therefore, we employed molecular
docking to investigate the binding interactions between compound C5
and chitinase models in order to explore potential antifungal
mechanisms.

Docking studies were conducted with AutoDock Tools (ADT) to
explain the inhibitory activity of chitinase, utilizing a well-classified
chitinase (PDB code: 1W9U) as the reference model. The docking
result displayed that C5 had good binding affinity to chitinase with the
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docking binding energies of —7.42 kcal/mol. As shown in Fig. 4, C5
displayed hydrogen bonds and van der Waals attractions with polar
residues within the binding cavity (Fig. 4, A), and shared similar binding
modes with argadin, a natural chitinase inhibitor (Fig. 4, B) (Arai et al.,
2000). The two carbonyl groups of C5 formed hydrogen bonds with
residues GLY221 and LYS224, respectively. The coumarin ring of C5 had
pi-sulfur interaction with MET243, pi-pi T-shaped interaction with
TYR178, pi-alkyl interaction with PRO219. The fluorine atom formed
halogen bond with MET243 and SER218 with bond length of 3.49 and
3.45A, respectively. The outcome suggested that the specific compound
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C5 perfectly matched the active site and had a positive interaction with
chitinase.

3.4. Anticancer activity

The synthesized compounds were evaluated for their anticancer
properties at a concentration of 100 pmol/L on three human cancer cell
lines: HelLa, HePG-2, and HCT116, and the results are collected in
Table 3. Among these compounds, A4 demonstrated the highest effec-
tiveness in inhibiting the growth of the three cancer cells, with rates of
90.28 %, 73.58 %, and 76.01 %, respectively. Additionally, several other
compounds showed satisfactory cytotoxic effects on other cancer cells.
For example, A2, A9, B2, B3 and C11 caused Hela cells growth inhibi-
tion rates exceeding 50 %. Compounds A2 and A7 showed moderate
effectiveness in inhibiting cell growth in HePG-2 cells, with inhibition
rates of 53.02 % and 50.14 %, respectively. On the other hand, all the
target compounds exhibited poorer anticancer activities against
HCT116 cells except A4. SARs indicated that introducing fluorine atom
at C-6 of coumarin was more beneficial for the improvement of the
anticancer activities. When the fluorine atom at the C-6 of coumarin,
introducing of pentan-3-yl group at R position had positive influence on
the anticancer activities.

In addition, as shown in Fig. 5, the compound A4 with the best
anticancer activities were further examined to determine its ICs( against
the three cancer cells, and the result delivered that it exhibited
intriguing and remarkable profiles of inhibiting cell growth with ICsq
values of 8.13 uM, 13.41 pM and 14.92 pM against Hela, HePG-2 and
HCT116 cells, respectively, Approaching or exceeding the ICsq values of
5-FU (14.69 pM, 33.35 pM and 4.45 pM). Moreover, A4 was further
evaluated for its cytotoxic activity against normal cells BEAS-2B. As
depicted in Fig. 6, A4 showed relative low cytotoxicity to BEAS-2B cells,
and the ICsy values was over 45 pM. This result indicated that A4
showed greater preference for cancer cells over human normal cells.

3.5. Cell cycle analysis

Building on the promising results from the initial in vitro anti-
proliferative tests, we delved deeper into the effects of A4 on the cell
cycle advancement of Hela cells through flow cytometry analysis. Dur-
ing the study, Hela cells were exposed to different amounts of A4 (0, 4, 8,
16 pM) for 48 h. As shown in Fig. 7, In the presence of A4, the proportion
of cancer cells in the S phase was 26 %, 29.45 %, and 36.21 %, compared
to 22.21 % in the control group. The results showed that A4 caused a
significant S-phase arrest in a concentration-dependent manner.

3.6. Cell apoptosis analysis

Additionally, Hela cells were subjected to increasing doses of A4 (0,
4, 8, 16 pM) for cell apoptosis assessment. As shown in Fig. 8, after
incubating with A4 for 48 h, the combined proportion of Q2 and Q4
apoptotic cells was 6.9 %, 9.7 %, and 16.5 %, respectively. On the other
hand, the group that was not treated showed only 3.7 % of cells un-
dergoing apoptosis. As a result, it was shown that compound A4 had the
ability to inhibit cell growth by causing cellular apoptosis.

4. Conclusion

In general, thirty-four novel coumarin amide derivatives bearing
fluorine were prepared and their structures were elucidated through 'H
NMR, '3C NMR and HRMS analyses. X-ray diffraction confirmed the
structures of four compounds definitively. The antifungal assays showed
that derivative C5 exhibited outstanding antifungal activities. Molecular
docking studies displayed C5 had the good binding interactions with the
target protein, chitinase. Moreover, three cancer cell lines were used to
test the cytotoxic effects of the target compounds, and compound A4
display the best cytotoxic activity against Hela cells with an ICsg value of
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8.13 pM, while demonstrating low cytotoxicity against BEAS-2B. Addi-
tional mechanistic investigations demonstrated that A4 could effectively
halt the cell cycle during the S phase and trigger apoptosis. The findings
indicate that these two new coumarin compounds may provide a
promising option for fungicides and anticancer drugs.
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