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Cytochrome bc4 complex is an important component of cellular respiratory chain, and it is
also an important target enzyme to inhibit the growth of plant pathogens. Using
cytochrome bcy complex as the target enzyme, twenty-three novel nopol-based 1,2,4-
triazole-thioether compounds were designed and synthesized from natural preponderant
resource f-pinene, and their structures were confirmed by FT-IR, NMR, ESI-MS and
elemental analysis. The jn vitro antifungal activity of the target compounds 5a-5w was
preliminarily evaluated against eight plant pathogens at the concentration of 50 ug/ml. The
bioassay results showed that the target compounds exhibited the best antifungal activity
against Physalospora piricola, in which compounds 5b (R= 0-CHz Ph), 5e (R= 0-OCHg
Ph), 8h (R= o-F Ph), 5m (R= 0-Br Ph), 50 (R= m,m-OCHjz Ph), and 5r (R= p-OH Ph) had
inhibition rates of 91.4, 83.3, 86.7, 83.8, 91.4 and 87.3%, respectively, much better than
that of the positive control chlorothalonil. Also, compound 5a (R= Ph) had inhibition rate of
87.9% against Rhizoeotnia solani, and compound 5b (R= 0-CHz Ph) had inhibition rates of
87.6 and 89% against Bipolaris maydis and Colleterichum orbicala, respectively. In order
to develop novel and promising antifungal compounds against P. piricola, the analysis of
three-dimensional quantitative structure-activity relationship (3D-QSAR) was carried out
using the CoMFA method on the basis of their antifungal activity data, and a reasonable
and effective 3D-QSAR model (© = 0.944, ¢° = 0.685) has been established. In addition,
the theoretical study of molecular docking revealed that the target compounds could bind
to and interact with the site of cytochrome bcy complex.

Keywords: -pinene, nopol, 1, 2, 4-triazole-thioether, 3D-QSAR, molecular docking

INTRODUCTION

Plant diseases caused by phytopathogens have always been one of the main reasons for crop yield
reduction, and the use of fungicides is the most critical method to effectively control crop diseases in
agriculture (Wang et al., 2017). However, the frequent use and misuse of many traditional pesticides
have caused environmental pollution, pesticide residual toxicity, and the emergence of resistant
phytopathogenic fungi isolates (Jiao et al., 2021; Qi et al., 2021). Therefore, the development of novel
effective antifungal agents is of great significance.

Cytochrome bc; complex (EC 1.10.2.2), also known as complex III, is an important component of
cellular respiratory chain, as well as a target enzyme used in the development of fungicides owing to
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its ability to inhibit the growth of plant pathogens (Chen et al.,
2016; Cheng et al., 2018). At present, about twenty cytochrome bc;
complex fungicides have been successfully employed in the world
market and more are still being developed according to the
statistics from the Fungicide Resistance Action Committee
(FRAC, 2021) including flufenoxystrobin, fluoxastrobin,
famoxadone, pyrametostrobin and so on (http://www.frac.info/
(accessed Aug 12, 2021). These compounds inhibit mitochondrial
respiration of plant pathogens by binding at the Qo site of a
membrane-bound homodimeric cytochrome bc; complex and
blocking the generation of adenosine triphosphate (ATP),
leading to the inhibition of the energy production which is
essential for survival (Wang et al, 2018; Zhu et al, 2019).
Therefore, cytochrome be; complex inhibitors have been widely
investigated by a large number of chemists to discover novel
fungicides. In the past decade, some kinds of potential
cytochrome bc; complex inhibitors were designed and
synthesized by Yang research team and some target compounds
exhibited good in vitro inhibitory activities against downy mildew
and powdery mildew (Wang et al., 2011; Hao et al.,, 2012; Hao et al.,
2015).

Turpentine oil, with a productivity of around 330,000 tons for the
most recent decades, is a natural renewable biomass resource which
can be obtained by the steam distillation of the oleoresin exudate
from living pine trees (Garcia et al., 2020). It is one of the most widely
produced secondary metabolites of plants, and its two major
components are a-pinene and S-pinene, which have received
much attention in recent years due to their various biological
activities (Nie et al., 2014). The content of -pinene in turpentine
oil of Pinus elliottii can be as high as about 30% (Xu et al., 1992).
Nopol, in which molecular scaffold of the natural a-pinene is
maintained, can be prepared by the Prins reaction of f-pinene
with paraformaldehyde under catalysis of Lewis acid (Yadav and
Jasra, 20065 Jadhav et al., 2010; Vrbkova et al., 2020). Nopol and its
derivatives exhibited a broad spectrum of biological activities, such as
antifungal (Chen et al,, 2017; Jin et al,, 2017; Feng et al., 2019; Chen
et al, 2021), repellent (Han et al., 2008), antifeedant (Han et al.,
2007), and treatment of diabetes and gastrointestinal irritable
syndrome activities (He et al., 2008; Majouli et al.,, 2017). Herein,
nopol deserves further study for agrochemical or pharmaceutical
uses based on its bioactive property and chemical reactivity.

On the other hand, 1,2,4-triazole, as an important kind of
heterocyclic nitrogen compounds, is a versatile lead molecule and
usually employed to design potential bioactive agents whether in
the field of pesticides or medicine. This molecule and its
derivatives have received considerable attention owing to a
wide range of biological activities, such as anticancer (Li et al.,
2016; El-Sherief et al., 2018; Hou et al., 2019), antibacterial (Gao
etal., 2019; Shi et al., 2020), anti-inflammatory (Abdel-Aziz et al.,
2014), antiviral (Chen et al., 2019), antifungal (Xu et al., 2011),
antitubercular (Karczmarzyk et al., 2020) and other biological
activities (Mustafa et al., 2019; Liao et al., 2020; Peng et al., 2021).
Our research group has reported the synthesis of two series of
1,2,4-triazole derivatives with potent antifungal activities (Lin
et al., 2017; Lin et al., 2018).

In continuation of our interest in developing natural product-
based bioactive compounds (Lin et al., 2017; Wang X. et al., 2018;

Antifungal Activity of Nopol Derivatives

Lin et al., 2018; Kang et al., 2019; Liu et al., 2020; Zhu et al., 2020;
Chen et al, 2021; He et al, 2021), a series of novel nopol
derivatives containing 1,2,4-triazole and thioether moieties
were designed and synthesized by the strategy of molecular
docking-based virtual screening based on the crystal structure
of cytochrome bc; complex. In addition, a three-dimensional
structure-activity quantitative relationship (3D-QSAR) model
was established by the comparative molecular field analysis
(CoMFA) method.

MATERIALS AND METHODS

General

All other materials and reagents were purchased from
commercial suppliers and used as received. f-Pinene (GC
purity 98%) was provided by Jiangxi Xuesong Natural
Medicinal Oil Co., Ltd. 5-Substituted-1,2,4-triazole-3-thiones
were prepared by our laboratory according to the literature
(Liu et al, 2012). The GC analysis was performed on an
Agilent 6890 GC equipped with an HP-1 (30 m, 0.530 mm,
0.88 um) column. NMR spectra were recorded using
tetramethylsilane (TMS) as the internal standard and
deuterated chloroform (CDCl;) as a solvent on a Bruker
Avance III HD 600 MHz spectrometer. Mass spectra were
obtained by means of the electrospray ionization (ESI) method
on TSQ Quantum Access MAX HPLC-MS instrument. The IR
spectra were recorded by employing a Nicolet iS50 FT-IR
spectrometer using the KBr pellet method. Elemental analyses
were measured using a PE 2400 II elemental analyzer.

General Procedure for Nopol 2

A mixture of pf-pinene 1 (300ml, 1.90mol) and
paraformaldehyde (85.68 g, 0.95 mol) was magnetically stirred
under solvent-free condition. When the mixture was heated to
75°C, a catalytic quantity of anhydrous ZnCl, was added to the
reaction system. Afterwards, the reaction mixture was stirred at
75°C for 1h, and then continuously stirred at 110°C for 10 h.
When the reaction was completed, the reaction mixture was
cooled to room temperature. Then, the organic layer was
separated, washed three times with deionized water, and dried
over anhydrous Na,SO,. The crude product was further purified
by vacuum distillation to obtain nopol 2 as a colorless transparent
liquid in the yield of 70% at 60-70°C/1,333 Pa (GC purity 94.5%).
'"H NMR (600 MHz, CDCl;) § (ppm): 5.36-5.35 (1H, m),
3.62-3.58 (m, 2H), 2.40 (1H, dt, J = 8.6, 5.6 Hz), 2.32-2.21
(4H, m), 2.14-2.10 (1H, m), 2.05 (1H, td, ] = 5.6, 1.4 Hz), 1.51
(1H, s), 129 (3H, s), 1.16 (1H, d, ] = 8.6 Hz), 0.86 (3H, s); '°C
NMR (150 MHz, CDCl;) & (ppm): 144.72, 119.38, 59.98, 45.61,
40.72, 40.22, 37.90, 31.76, 31.39, 26.25, 21.19; IR (KBr) v: 3,370,
3,025, 2,991, 2,914, 2,831, 1,468, 1,381, 1,368, 1,046 cm™".

General Procedure for Nopyl

Chloroacetate 3
A solution of chloroacetyl chloride (8.470 g, 0.075 mol) in dry
DCM (10 mL) was added slowly to a mixture of nopol (8.313 g,

Frontiers in Chemistry | www.frontiersin.org

October 2021 | Volume 9 | Article 757584


http://www.frac.info/(Accessed
http://www.frac.info/(Accessed
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wang et al.

0.05mol) and triethylamine (5.059¢g, 0.05mol) in dry DCM
(20 mL) with ice-bath cooling. The reaction process was
monitored by TLC. Upon completion, saturated aqueous
NaHCO; (5mL) was added to destroy the unreacted acyl
chloride. Then, the organic layer was separated, washed with
deionized water three times, dried over Na,SO,, and concentrated
under reduced pressure. The crude product was further purified
by silica gel chromatography (petroleum ether/ethyl acetate = 5:1,
v/v) to obtain the intermediate 3. "H NMR (600 MHz, CDCl;) 8
(ppm): 5.34-531 (1H, m), 4.27-4.17 (2H, m), 4.06 (2H, s),
2.42-2.32 (3H, m), 2.30-2.19 (2H, m), 2.11-2.10 (1H, m), 2.06
(1H, td, J = 5.7, 1.2 Hz), 1.29 (3H, s), 1.16 (1H, d, ] = 8.6 Hz), 0.84
(3H, s); *C NMR (150 MHz, CDCl3) 8 (ppm): 167.28, 143.54,
119.26, 64.44, 45.61, 40.90, 40.67, 38.01, 35.71, 31.64, 31.34, 26.25,
21.09; IR (KBr) v: 3,029, 2,989, 2,917, 2,835, 1,739, 1475,
1,181 cm ™.

General Procedure for the Title Compounds
5a-5w
The intermediate 4 (2.0 mmol) and sodium acetate trihydrate
(0.272 g, 2.0 mmol) were dissolved in 15 mL mixed solvent of
ethanol and water (ethanol/water = 2:1, v/v). Then, the mixture
was stirred at 45°C for 2h. Afterwards, a solution of nopyl
chloroacetate 3 (0.484 g, 2.0 mmol) in 5 mL EtOH was slowly
added to the mixture and continuously refluxed for 8 h. Upon
completion of the reaction, the mixture was concentrated in
vacuum. Then, the crude product was poured into saturated
sodium bicarbonate solution, and the mixture was extracted with
dichloromethane (3 x 20 mL). The organic layer was washed with
saturated NaCl solution three times, dried over anhydrous
sodium sulfate, and purified by silica gel column
chromatography (petroleum ether/ethyl acetate = 1:1, v/v) to
afford the target compounds 5a-5w.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((4-methyl-
5-phenyl-4H-1,2 4-triazol-3-yl)thio)acetate (5a). Pale yellow liquid,
yield: 63.2%; "H NMR (600 MHz, CDCl3) & (ppm): 7.67-7.62 (2H,
m), 7.54-7.50 (3H, m), 5.32-5.29 (1H, m), 4.23-4.12 (2H, m), 4.10
(2H, s), 3.68 (3H, s), 2.37 (1H, dt, ] = 8.6, 5.6 Hz), 2.32 (2H, t, ] =
7.0 Hz), 2.28-2.18 (2H, m), 2.11-2.07 (1H, m), 2.04 (1H, td, ] = 5.7,
1.3 Hz),1.28 (3H,s), 1.14 (1H, d,] = 8.6 Hz), 0.82 (3H, s); "CNMR
(150 MHz, CDCls) 6 (ppm): 168.45, 156.18, 150.52, 143.60, 130.18,
128.94, 128.63, 126.96, 119.15, 64.30, 45.63, 40.68, 38.01, 35.75,
35.62, 31.83, 31.64, 31.35, 26.26, 21.13; IR (KBr) v: 3,031, 2,987,
2,914, 2,831, 1,735, 1,602, 1,572, 1,470, 685 cm™'; ESI-MS m/z:
Caled for Cy,H,,N;0,S [M +H]*: 398.18, Found: 398.12; Anal.
Calcd for C, 66.47; H, 6.85; N, 10.57; Found: C, 66.46; H, 6.83;
N, 10.55.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((4-methyl-
5-(2-methylphenyl)-4H-1,2,4-triazol-3-yl)thio)acetate (5b). Pale
yellow liquid, yield: 65.3%; 'H NMR (600 MHz, CDCls) &
(ppm): 7.44-7.40 (1H, m), 7.37-7.29 (3H, m), 5.33-5.30 (1H,
m), 421-4.15 (2H, m), 412 (2H, s), 343 (3H, s), 2.38 (14, dt,
J = 86, 5.6Hz), 232 (2H, t, ] = 7.0 Hz), 2.29-2.18 (5H, m),
2.11-2.09 (1H, m), 2.05 (1H, td, J = 5.6, 14 Hz), 1.28 (3H, s),
1.15 (1H, d,] = 8.6 Hz),0.83 (3H, s); *C NMR (150 MHz, CDCl;) §
(ppm): 168.45, 155.85, 149.63, 143.59, 138.34, 130.69, 130.44,

Antifungal Activity of Nopol Derivatives

130.23, 126.41, 126.01, 119.15, 64.29, 45.63, 40.68, 38.01, 35.76,
35.53, 31.64, 31.35, 30.87, 26.26, 21.14, 19.70; IR (KBr) v: 3,027,
2,987, 2,920, 2,831, 1,739, 1,606, 1,533, 1,466, 700 cm™; ESI-MS
m/z: Caled for Cy3H,0N30,S [M +H] ™ 412.20, Found: 412.12;
Anal. Calcd for C, 67.12; H, 7.10; N, 10.21; Found: C, 67.11; H, 7.09;
N, 10.20.
2-(6,6-Dimethylbicyclo[3.1.1]Thept-2-en-2-yl)ethyl2-((4-methyl-
5-(3-methylphenyl)-4H-1,2,4-triazol-3-yl)thio)acetate (5c). Pale
yellow liquid, yield: 71.3%; 'H NMR (600 MHz, CDCl;) &
(ppm): 747 (1H, s), 7.41-7.37 (2H, m), 7.33-729 (1H, m),
5.30-5.29 (1H, m), 4.21-4.15 (2H, m), 4.08 (2H, s), 3.66 3H, s),
2.42 (3H, s), 2.36 (1H, dt, ] = 8.6, 5.6 Hz), 2.30 (2H, t, J = 7.0 Hz),
2.26-2.17 (2H, m), 2.08-2.04 (1H, m), 2.03 (1H, td, J = 5.7, 1.1 Hz),
126 (3H, s), 1.12 (1H, d, ] = 8.6 Hz), 0.81 (3H, s); °C NMR
(150 MHz, CDCl;) § (ppm): 168.46, 156.33, 150.36, 143.60, 138.85,
130.94, 129.40, 128.74, 126.84, 125.53, 119.14, 64.28, 45.62, 40.68,
38.00, 35.75, 35.66, 31.81, 31.63, 31.35, 26.25,21.41, 21.12; IR (KBr)
v: 3,027, 2,987, 2,918, 2,833, 1,733, 1,612, 1,589, 1,475, 695 cm™;
ESI-MS m/z: Caled for C,3H,oN30,S [M +H] ™ 412.20, Found:
412.14; Anal. Calcd for C, 67.12; H, 7.10; N, 10.21; Found: C, 67.10;
H, 7.08; N, 10.20.
2-(6,6-Dimethylbicyclo[3.1.1]Thept-2-en-2-yl)ethyl2-((4-methyl-
5-(4-methylphenyl)-4H-1,2,4-triazol-3-yl)thio)acetate (5d). Pale
yellow liquid, yield: 75.8%; 'H NMR (500 MHz, CDCly) &
(ppm): 7.53 (2H, d, J = 8.1Hz), 732 (2H, d, ] = 8.0Hz),
5.32-5.28 (1H, m), 4.21-4.14 (2H, m), 4.09 (2H, s), 3.66 3H, s),
2.44 (3H, s), 2.37 (1H, dt, ] = 8.6, 5.6 Hz), 2.31 (2H, t, J = 7.0 Hz),
2.28-2.17 (2H, m), 2.09-2.05 (1H, m), 2.04 (1H, td, ] = 5.6, 1.3 Hz),
128 (3H, s), 1.14 (1H, d, ] = 8.6 Hz), 0.82 (3H, s); °C NMR
(125 MHz, CDCl;) 8 (ppm): 168.47, 156.25, 150.26, 143.59, 140.38,
129.60, 128.49, 124.02, 119.13, 77.30, 77.04, 76.79, 64.28, 45.62,
40.68, 38.00, 35.74, 35.65, 31.80, 31.63, 31.34, 26.25,21.45, 21.12; IR
(KBr) v: 3,029, 2,985, 2,916, 2,831, 1,739, 1,620, 1,475, 697 cm’
ESI-MS m/z: Caled for C,3H,oN30,S [M +H] ™ 412.20, Found:
412.13; Anal. Calcd for C, 67.12; H, 7.10; N, 10.21; Found: C, 67.10;
H, 7.08; N, 10.19.
2-(6,6-Dimethylbicyclo[3.1.1]Thept-2-en-2-yl)ethyl2-((4-methyl-
5-(2-methoxyphenyl)-4H-1,2,4-triazol-3-yl)thio)acetate (5e). Pale
yellow liquid, yield: 62.2%; 'H NMR (500 MHz, CDCly) &
(ppm): 7.54-7.48 (2H, m), 709 (1H, td, J = 7.5, 0.8 Hz),
7.04-7.00 (1H, m), 5.33-5.29 (1H, m), 4.23-4.15 (2H, m), 4.12
(2H, s), 3.84 (3H, s), 3.46 (3H, s), 2.38 (1H, dt, ] = 8.5, 5.6 Hz),
2.35-2.30 (2H, m), 2.29-2.18 (2H, m), 2.10-2.08 (1H, m), 2.05 (1H,
td,J=5.6,1.3 Hz), 1.28 (3H, s), 1.15 (1H, d, J = 8.6 Hz), 0.83 (3H, s);
°C NMR (125 MHz, CDCls) 8 (ppm): 168.52, 157.23, 154.67,
149.78, 143.62,132.28, 132.15,121.12,119.13, 116.15, 111.06, 64.24,
55.56, 45.63, 40.69, 38.01, 35.75, 35.49, 31.64, 31.35, 31.13, 26.26,
21.13; IR (KBr) v: 3,027, 2,984, 2,912, 2,833, 1,736, 1,608, 1,584,
1,475, 675 cm™'; ESI-MS m/z: Caled for Cy3HoN3058 [M+ H] ™
428.19, Found: 428.13; Anal. Calcd for C, 64.61; H, 6.84; N, 9.83;
Found: C, 64.59; H, 6.83; N, 9.81.
2-(6,6-Dimethylbicyclo[3.1.1]Thept-2-en-2-yl)ethyl2-((4-methyl-
5-(3-methoxyphenyl)-4H-1,2,4-triazol-3-yl)thio)acetate (5f). Pale
yellow liquid, yield: 65.9%; 'H NMR (600 MHz, CDCly) §
(ppm): 742 (1H, t, ] = 8.0Hz), 722 (1H, s), 7.18 (1H, d, ] =
7.5Hz),7.05 (1H, dd, J = 8.3, 2.4 Hz), 5.32-5.29 (1H, m), 4.20-4.15
(2H, m), 4.10 (2H, s), 3.87 (3H, s), 3.68 (3H, s), 2.37 (1H, dt, ] = 8.5,
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5.6 Hz), 2.32 (2H, t, J = 7.0 Hz), 2.28-2.18 (2H, m), 2.10-2.08 (1H,
m), 2.05 (1H, dd, J = 10.1, 4.6 Hz), 128 (3H, s), 1.14 (1H, d, ] =
8.6 Hz), 0.82 (3H, s); *C NMR (150 MHz, CDCl;) 8 (ppm): 168.42,
159.88, 156.04, 155.76, 150.56, 143.59, 129.95, 128.09, 120.62,
119.14, 116.21, 114.05, 64.30, 55.46, 45.62, 40.68, 38.01, 35.75,
35.60, 31.87, 31.63, 31.35, 26.25, 21.12; IR (KBr) v: 3,033, 2,983,
2,912, 2,833, 1,737, 1,610, 1,583, 1,481, 693 cm'; ESI-MS m/z:
Caled for Cy3H,oN30;S [M +H] *: 428.19, Found: 428.27; Anal.
Calcd for C, 64.61; H, 6.84; N, 9.83; Found: C, 64.60; H, 6.83;
N, 9.82.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((4-methyl-
5-(4-methoxyphenyl)-4H-1,2,4-triazol-3-yl)thio)acetate (5g). Pale
yellow liquid, yield: 71.2%; 'H NMR (600 MHz, CDCl;) &
(ppm): 7.58 (2H, d, J = 83Hz), 7.03 (2H, d, ] = 84Hz),
5.31-5.29 (1H, m), 4.20-4.13 (2H, m), 4.08 (2H, s), 3.88 (3H, s),
3.66 (3H, s), 2.37 (1H, dt, ] = 8.4, 5.6 Hz), 2.31 (2H, t, J = 7.0 Hz),
2.30-2.18 (2H, m), 2.10-2.08 (1H, m), 2.05 (1H, dd, J = 10.7,
52 Hz), 128 (3H,s), 1.14 (1H, d, ] = 8.6 Hz), 0.82 (3H, s); "C NMR
(150 MHz, CDCl3) é (ppm): 168.48, 161.01, 156.07, 150.08, 143.59,
130.07, 119.24, 119.13, 114.37, 64.27, 55.41, 45.62, 40.68, 38.01,
35.75, 35.68, 31.79, 31.63, 31.35, 26.26, 21.12; IR (KBr) v: 3,035,
2,983, 2,927, 2,831, 1,737, 1,612, 1,577, 1,479, 722 cm™'; ESI-MS
m/z: Caled for Cy3H,oN30;S [M +H]™: 428.19, Found: 428.28;
Anal. Calcd for C, 64.61; H, 6.84; N, 9.83; Found: C, 64.60; H, 6.82;
N, 9.81.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((4-methyl-
5-(2-fluorophenyl)-4H-1,2 4-triazol-3-yl)thio)acetate (5h). Pale
yellow liquid, yield: 68.2%; 'H NMR (500 MHz, CDCls) 8
(ppm): 7.65 (1H, td, J = 74, 18Hz), 7.55 (1H, td, ] = 7.3,
1.8Hz), 732 (1H, td, J = 7.6, 1.0Hz), 7.26-720 (1H, m),
5.33-5.29 (1H, m), 4.24-4.14 (2H, m), 4.12 (2H, s), 3.57 (3H, s),
2.37 (1H, dt, J = 8.6, 5.6 Hz), 2.33 (2H, t, ] = 7.2 Hz), 2.30-2.17 (2H,
m), 2.12-2.07 (1H, m), 2.05 (1H, td, ] = 5.6, 1.4 Hz), 1.28 (3H, s),
1.14 (1H, d, ] = 8.6 Hz), 0.83 (3H, 5); ">*C NMR (125 MHz, CDCl;) §
(ppm): 168.36, 160.72, 158.73, 152.29, 150.76, 143.59, 132.70,
132.63, 132.28, 132.26, 124.98, 124.95, 119.14, 116.15, 115.98,
115.23, 115.12, 64.31, 45.62, 40.68, 38.01, 35.74, 35.47, 31.63,
31.35, 31.27, 26.26, 21.12; IR (KBr) v: 3,031, 2,987, 2,914, 2,831,
1,735, 1,602, 1,572, 1,468, 685cm™'; ESI-MS m/z Calcd for
Cy,H,6FN;0,S [M +H] *: 416.17, Found: 416.10; Anal. Calcd
for C, 63.59; H, 6.31; N, 10.11; Found:C, 63.57; H, 6.30; N, 10.10.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((4-methyl-
5-(3-fluorophenyl)-4H-1,2,4-triazol-3-yl)thio)acetate  (5i). Pale
yellow liquid, yield: 71.2%; 'H NMR (500 MHz, CDCl;) &
(ppm): 750 (1H, td, J = 80, 57Hz), 7.46-742 (1H, m),
7.41-7.37 (1H, m), 7.22 (1H, tdd, J = 84, 2.6, 1.0 Hz), 5.32-5.29
(1H, m), 4.23-4.12 (2H, m), 4.10 (2H, s), 3.70 (3H, s), 2.37 (1H, dt,
J = 86, 5.6Hz), 232 (2H, t, ] = 7.1 Hz), 2.28-2.17 (2H, m),
2.11-2.07 (1H, m), 2.04 (1H, td, J = 5.6, 1.3 Hz), 1.28 (3H, s),
1.14 (1H, d, ] = 8.6 Hz), 0.82 (3H, s); >*C NMR (125 MHz, CDCL,) &
(ppm): 16834, 163.71, 161.74, 154.97, 151.01, 143.57, 130.74,
130.67, 128.91, 128.84, 124.24, 124.22, 119.15, 117.33, 117.16,
115.83, 115.65, 64.33, 45.62, 40.67, 38.00, 35.75, 35.50, 31.90,
31.63, 31.34, 26.25, 21.12; IR (KBr) v: 3,027, 2,981, 2,916, 2,831,
1,739, 1,616, 1,589, 1,479, 687 cm™'; ESI-MS m/z: Caled for
CyHa6FN;0,S [M +H] *: 416.17, Found: 416.25; Anal. Caled
for C, 63.59; H, 6.31; N, 10.11; Found:C, 63.58; H, 6.29; N, 10.10.
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2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((4-methyl-
5-(4-fluorophenyl)-4H-1,2 4-triazol-3-yl)thio)acetate  (5j). Pale
yellow liquid, yield: 78.7%; 'H NMR (500 MHz, CDCls) §
(ppm): 7.67-7.62 (2H, m), 7.25-7.19 (2H, m), 5.32-5.29 (1H,
m), 423-4.12 (2H, m), 4.10 (2H, s), 3.67 3H, s), 2.37 (1H, dt,
] = 86, 5.6Hz), 233 (2H, t, ] = 7.1 Hz), 2.28-2.17 (2H, m),
2.11-2.07 (1H, m), 2.04 (1H, td, J = 5.6, 1.4 Hz), 1.28 (3H, s),
1.14 (1H, d, J = 8.6 Hz), 0.82 (3H, s); *C NMR (125 MHz, CDCl;) §
(ppm): 168.39, 164.80, 162.80, 15529, 150.64, 143.58, 130.72,
130.65, 123.14, 123.11, 119.15, 116.29, 116.11, 64.32, 45.62,
40.67, 38.00, 35.75, 35.60, 31.80, 31.63, 31.34, 26.25, 21.12; IR
(KBr) v: 3,029, 2,985, 2,918, 2,833, 1,739, 1,610, 1,537, 1,483,
625cm™; ESI-MS m/z: Caled for Cp,H,cFN;0,S [M+H]™:
416.17, Found: 416.10; Anal. Calcd for C, 63.59; H, 6.31; N,
10.11; Found:C, 63.57; H, 6.29; N, 10.09.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((4-methyl-
5-(2-chlorophenyl)-4H-1,2,4-triazol-3-yl)thio)acetate (5k). Pale
yellow liquid, yield: 66.2%; 'H NMR (500 MHz, CDCl;) &
(ppm): 7.55-7.48 (3H, m), 742 (1H, td, ] = 74, 14Hz),
5.33-5.30 (1H, m), 4.24-4.15 (2H, m), 4.13 (2H, s), 3.50 (3H, s),
2.38 (1H, dt,J= 8.6, 5.6 Hz), 2.32 (2H, t, ] = 7.2 Hz), 2.30-2.17 (2H,
m), 2.12-2.07 (1H, m), 2.04 (1H, td, J = 5.6, 1.4 Hz), 1.28 (3H, s),
1.15 (1H, d, J = 8.6 Hz), 0.83 (3H, s); *C NMR (125 MHz, CDCl;) 8
(ppm): 168.36, 154.28, 150.32, 143.59, 134.22, 132.66, 131.98,
129.90, 127.27, 126.54, 119.15, 64.32, 45.63, 40.68, 38.01, 35.76,
35.48, 31.64, 31.35, 31.10, 26.26, 21.14; IR (KBr) v: 3,025, 2,983,
2,914, 2,831, 1,739, 1,600, 1,566, 1,470, 658 cm; ESI-MS m/z:
Calcd for Cp,Ha6CIN;0,S [M + H] *: 432.14, Found: 432.08; Anal.
Calcd for C, 61.17; H, 6.07; N, 9.73; Found: C, 61.15; H, 6.06;
N, 9.72.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((4-methyl-
5-(3-chlorophenyl)-4H-1,2,4-triazol-3-yl)thio)acetate  (51). Pale
yellow liquid, yield: 69.2%; 'H NMR (600 MHz, CDCl;) &
(ppm): 7.67 (1H, t, ] = 1.8Hz), 7.55 (1H, dt, J = 74, 1.4 Hz),
7.52-7.45 (2H, m), 5.33-5.29 (1H, m), 4.20-4.11 (2H, m), 4.11 (2H,
s),3.70 (3H, s), 2.37 (1H, dt, ] = 8.6, 5.6 Hz), 2.32 (2H, t, ] = 7.0 Hz),
2.28-2.18 (2H, m), 2.12-2.07 (1H, m), 2.05 (1H, td, ] = 5.6, 1.4 Hz),
1.28 (3H, s), 1.14 (1H, d, J = 8.6 Hz), 0.82 (3H, s); °C NMR
(150 MHz, CDCl3) & (ppm): 168.35, 154.86, 151.03, 143.57, 135.00,
130.32, 130.26, 128.64, 126.66, 119.16, 64.34, 45.62, 40.67, 38.01,
35.75, 35.59, 31.90, 31.63, 31.35, 26.25, 21.12; IR (KBr) v: 3,025,
2,987, 2,914, 2,831, 1,741, 1,604, 1,572, 1,472, 689 cm™'; ESI-MS
m/z: Caled for C,,H,6CIN;0,S [M + H] *: 432.14, Found: 432.05;
Anal. Calcd for C, 61.17; H, 6.07; N, 9.73; Found: C, 61.16; H, 6.05;
N, 9.72.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((4-methyl-
5-(2-bromophenyl)-4H-1,2,4-triazol-3-yl)thio)acetate (5m). Pale
yellow liquid, yield: 75.2%; 'H NMR (500 MHz, CDCl;) &
(ppm): 7.72 (1H, d, ] = 7.6 Hz), 7.50-7.46 (2H, m), 7.46-7.40
(1H, m), 5.34-5.29 (1H, m), 4.23-4.15 (2H, m), 4.13 (2H, s), 3.49
(3H, s), 2.38 (1H, dt, ] = 8.6, 5.6 Hz), 2.33 (2H, t, ] = 7.2 Hz)
2.29-2.18 (2H, m), 2.12-2.07 (1H, m), 2.05 (1H, td, ] = 5.6, 1.4 Hz),
129 (3H, s), 1.15 (1H, d, ] = 8.6 Hz), 0.83 (3H, s); °C NMR
(125 MHz, CDCl;) 6 (ppm): 168.36, 155.37, 150.14, 143.59, 133.05,
132.72, 132.09, 128.72, 127.76, 123.93, 119.16, 64.31, 45.64, 40.69,
38.02, 35.77, 35.51, 31.65, 31.36, 31.14, 26.27,21.15; IR (KBr)
v: 3,027, 2,987, 2,916, 2,829, 1,737, 1,598, 1,564, 1,472,
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FIGURE 1 | The asterisk skeleton of title compounds.

650 cm™'; ESI-MS m/z: Calcd for C,,H,¢BrN;0,S [M +H] *:
478.09, Found: 478.00; Anal. Calcd for C, 55.46; H, 5.50; N,
8.82; Found: C, 55.45; H, 5.49; N, 8.81.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((4-methyl-
5-(3-bromophenyl)-4H-1,2,4-triazol-3-yl)thio)acetate (5n). Pale
yellow liquid, yield: 59.5%; 'H NMR (500 MHz, CDCl;) &
(ppm): 7.82 (1H, t, J = 1.7Hz), 7.66 (1H, ddd, J = 8.1, 1.9,
1.0 Hz), 7.61-7.57 (1H, m), 7.40 (1H, t, ] = 7.9 Hz), 5.32-5.28
(1H, m), 4.22-4.13 (2H, m), 4.10 (2H, s), 3.69 (3H, 5), 2.37 (1H, dt,
J = 86, 5.6Hz), 231 (2H, t, ] = 7.0Hz), 2.29-2.17 (2H, m),
2.10-2.08 (1H, m), 2.05 (1H, td, J = 5.6, 1.4 Hz), 1.28 (3H, s),
1.14 (1H, d, ] = 8.6 Hz), 0.82 (3H, s); ">°CNMR (125 MHz, CDCl,) &
(ppm): 16834, 154.73, 151.03, 143.56, 133.25, 131.50, 130.46,
128.85, 127.10, 122.98, 119.16, 64.34, 45.62, 40.67, 38.01, 35.75,
35.59, 31.90, 31.64, 31.35, 26.26, 21.13; IR (KBr) v: 3,027, 2,981,
2,918, 2,829, 1,737, 1,600, 1,568, 1,475, 685 Cm_l; ESI-MS m/z:
Caled for C,,H,4BrN;0,S [M + H] *: 478.09, Found: 478.01; Anal.
Calcd for C, 55.46; H, 5.50; N, 8.82; Found: C, 55.44; H, 5.49;
N, 8.80.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((5-(3,5-
dimethoxyphenyl)-4-methyl-4H-1,2,4-triazol-3-yl)thio)acetate
(50). Pale yellow liquid, yield: 68.5%; 'H NMR (500 MHz,
CDCl;) 6 (ppm): 6.77 (2H, d, J = 2.3 Hz), 659 (1H, t, ] =
2.3 Hz),5.32-5.29 (1H, m), 4.21-4.12 (2H, m), 4.09 (2H, s), 3.85
(6H,s), 3.68 (3H, s),2.37 (1H, dt, J = 8.6, 5.6 Hz), 2.32 (2H, t, ] =
7.0 Hz), 2.28-2.17 (2H, m), 2.11-2.06 (1H, m), 2.05 (1H, td, ] =
5.6, 1.4 Hz), 1.28 (3H, s), 1.14 (1H, d, ] = 8.6 Hz), 0.82 (3H, s);
*C NMR (125 MHz, CDCl;) & (ppm): 168.40, 161.03, 156.00,
150.61, 143.58, 128.49, 119.13, 106.70, 102.21, 64.30, 55.58,
45.62, 40.67, 38.00, 35.74, 35.58, 31.91, 31.63, 31.34, 26.25,
21.12; IR (KBr) v: 2,985, 2,917, 2,834, 1,735, 1,596, 1,525, 1,482,
688 cm™; ESI-MS m/z: Calcd for C,4H3 N50,S [M+H]":
458.20, Found: 458.14; Anal. Calcd for C, 63.00; H, 6.83; N,
9.18; Found: C, 63.00; H, 6.81; N, 9.16.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((5-(2-
amino-5-methylphenyl)-4-methyl-4H-1,2,4-triazol-3-yl)thio)
acetate (5p). Pale yellow liquid, yield: 81.2%; 'H NMR
(500 MHz, CDCl3) 6 (ppm): 7.07 (1H, dd, ] = 8.2, 1.6 Hz),
7.00 (1H,d,J=1.6 Hz),6.75 (1H, d, J=8.2 Hz), 5.32-5.30 (1H,
m), 4.21-4.11 (2H, m), 4.11 (2H, s), 3.62 (3H, 5), 2.38 (1H, dt,
J=8.6,5.6 Hz), 2.33 (2H, t, ] = 7.2 Hz), 2.29 (3H, s), 2.25-2.18
(2H, m), 2.12-2.07 (1H, m), 2.05 (1H, td, J = 5.6, 1.6 Hz), 1.28
(3H, s), 1.15 (1H, d, J = 8.6 Hz), 0.83 (3H, s); 13C NMR
(125 MHz, CDCl;) & (ppm): 168.39, 154.73, 150.08, 144.20,
143.61, 131.94, 129.42, 126.80, 119.13, 116.79, 110.67, 64.31,

FIGURE 2 | Superposed mode of the compounds.

45.63, 40.68, 38.01, 35.75, 35.33, 31.91, 31.64, 31.35, 26.26,
21.13, 20.41; IR (KBr) v: 3,456, 3,350, 3,214, 3,025, 2,983,
2,918, 2,833,1,739, 1,604, 1,508, 1,468, 681 cm™'; ESI-MS m/z:
Calcd for C,3H30N4O,S [M+H]™": 427.21, Found: 427.13;
Anal. Calcd for C, 64.76; H, 7.09; N, 13.13; Found: C,
64.74; H, 7.08; N, 13.12.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((5-(3-
amino-4-methylphenyl)-4-methyl-4H-1,2,4-triazol-3-yl)thio)
acetate (5q). Pale yellow liquid, yield: 78.6%; 'H NMR
(500 MHz, CDCl3) 6 (ppm): 7.16 (1H, d, J = 7.7 Hz), 7.00
(1H,d,J=1.6 Hz),6.88 (1H, d, J=7.6 Hz), 5.32-5.29 (1H, m),
4.21-4.13 (2H, m), 4.08 (2H, s), 3.65 (3H, s), 2.37 (1H, dt, ] =
8.5, 5.6 Hz), 2.31 (2H, t, J = 7.0 Hz), 2.29-2.16 (5H, m),
2.11-2.08 (1H, m), 2.05 (1H, dd, J = 5.9, 1.4 Hz), 1.28 (3H,
s), 1.14 (1H, d, ] = 8.6 Hz), 0.82 (3H, s); >’C NMR (125 MHz,
CDCl3) § (ppm): 168.48, 156.46, 150.08, 145.22, 143.60,
130.75, 125.40, 124.51, 119.13, 118.22, 114.88, 64.27, 45.62,
40.68, 38.01, 35.75, 35.64, 31.83, 31.64, 31.35, 26.26, 21.13,
17.35; IR (KBr) v: 3,462, 3,354, 3,229, 3,025, 2,985, 2,918, 2,829,
1,737, 1,508, 1,475, 68lcm™'; ESI-MS m/z: Caled for
C3H30N,0,8 [M + H] *: 427.21, Found: 427.14; Anal. Calcd
for C, 64.76; H, 7.09; N, 13.13; Found: C, 64.75; H, 7.07;
N, 13.11.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((4-methyl-
5-(4-hydroxyphenyl)-4H-1,2,4-triazol-3-yl)thio)acetate (5r). Pale
yellow liquid, yield: 74.6%; "H NMR (500 MHz, CDCl;) 8 (ppm):
9.98 (1H, s) 7.39-7.36 (2H, m), 6.95-6.91 (2H, m), 5.31-5.28 (1H,
m), 4.22-4.11 (2H, m), 4.09 (2H, s), 3.64 (3H, s), 2.36 (1H, dt, ] = 8.5,
5.6 Hz), 2.31 2H, t, ] = 7.2 Hz), 2.27-2.16 (2H, m), 2.11-2.05 (1H,
m), 2.03 (1H, td, /= 5.6, 1.4 Hz),1.27 (3H, s), 1.13 (1H, d, ] = 8.6 Hz),
0.81 (3H, s); >°C NMR (125 MHz, CDCl3) & (ppm): 168.39, 159.62,
156.53, 150.20, 143.55, 130.05, 119.16, 116.56, 116.48, 64.38, 45.60,
40.66, 38.00, 35.73, 35.53, 31.83, 31.63, 31.34, 26.25, 21.12; IR (KBr)
v: 3,420, 2,954, 2,914, 2,881, 1,735, 1,614, 1,541, 1,477, 704 cm_l; ESI-
MS m/z: Caled for C,,H,,N305S [M + H] *: 414.18, Found: 414.09;
Anal. Calcd for C, 63.90; H, 6.58; N, 10.16; Found: C, 63.89; H, 6.56;
N, 10.14.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((4-
methyl-5-(3-(trifluoromethyl)phenyl)-4H-1,2,4-triazol-3-yl)
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SCHEME 1 | Synthesis of nopol-based 1,2,4-triazole-thioether compounds 5a-5w.

thio)acetate (5s). Pale yellow liquid, yield: 68.7%; 'H NMR
(500 MHz, CDCl;) 6 (ppm): 7.94 (1H, s), 7.86 (1H, d, J =
7.8Hz), 7.79 (1H, d, ] = 7.9 Hz), 7.67 (1H, t, ] = 7.8 Hz),
5.32-5.29 (1H, m), 4.21-4.11 (2H, m), 4.11 (2H, 5), 3.71 (3H,
s), 2.36 (1H, dt, J = 8.5, 5.6 Hz), 2.33 (2H, t, ] = 7.2 Hz),
2.28-2.17 (2H, m), 2.11-2.06 (1H, m), 2.04 (1H, td, J = 5.7,
1.0 Hz), 1.28 (3H, 5), 1.13 (1H, d, ] = 8.6 Hz), 0.82 (3H, 5); '°C
NMR (125 MHz, CDCl;) § (ppm): 168.31, 154.79, 151.28,
143.56,131.75,129.61,127.83,126.90, 125.45,124.67, 122.51,
119.16, 64.36, 45.62, 40.67, 38.00, 35.75, 35.58, 31.90, 31.63,
31.34, 26.24, 21.11; IR (KBr) v: 3,025, 2,985, 2,920, 2,835,
1,737, 1,593, 1,468, 700cm '; ESI-MS m/z: Calcd for
Cy3H,6F5N30,S [M+H]": 466.17, Found: 466.10; Anal.
Calcd for C, 59.34; H, 5.63; N, 9.03; Found: C, 59.32; H,
5.613; N, 9.02.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((4-methyl-5-
(furan-2-yl)-4H-1,2,4-triazol-3-yl)thio)acetate (5t). Pale yellow liquid,
yield: 76.2%; "H NMR (500 MHz, CDCls) 8 (ppm): 7.60 (1H, d, ] =
1.6 Hz), 707 (1H, d, ] = 3.5Hz), 6,58 (1H, dd, J = 3.5, 1.8 Hz),
5.30-5.27 (1H, m), 4.21-4.11 (2H, m), 4.05 (2H, s), 3.85 (3H, s), 2.36
(1H, dt, ] = 8.6, 5.6 Hz), 2.30 (2H, t, J = 7.2 Hz), 2.27-2.17 (2H, m),
2.11-2.06 (1H, m), 2.03 (1H, td, ] = 5.6, 1.3 Hz), 1.27 (3H, s), 1.13
(1H, d, ] = 8.6 Hz), 0.81 (3H, s); *C NMR (125 MHz, CDCl;) &
(ppm): 168.32, 150.21, 148.36, 143.95, 143.57, 142.28, 119.12, 111.86,
111.79, 64.29, 45.61, 40.67, 37.99, 35.80, 35.72, 31.93, 31.62, 31.33,
26.25,21.11; IR (KBr) v: 3,027, 2,981, 2,918, 2,831, 1,737, 1,614, 1,514,
1,447, 704 cm™"; ESI-MS m/z Calcd for CyoHsN3058 [M+H] ™
388.16, Found: 388.24; Anal. Calcd for C, 61.99; H, 6.50; N, 10.84;
Found: C, 61.97; H, 6.49; N, 10.82.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((4-methyl-5-
(thiophen-2-yl)-4H-1,2,4-triazol-3-yl)thio)acetate (5u). Pale yellow
liquid, yield: 69.2%; '"H NMR (500 MHz, CDCL;) & (ppm): 7.52
(1H, dd, J = 5.1, 0.6 Hz), 7.50-7.46 (1H, m), 7.19 (1H, dd, ] = 5.0,

3.8 Hz), 5.32-5.27 (1H, m), 4.22-4.11 (2H, m), 4.06 (2H, ), 3.78 (3H,
s),2.37 (1H, dt, = 8.5, 5.6 Hz), 2.31 (2H, t, J= 7.1 Hz), 2.29-2.17 (2H,
m), 2.11-2.06 (1H, m), 2.03 (1H, td, J = 5.7, 1.1 Hz), 1.28 (3H, s), 1.13
(1H, d, J = 8.6 Hz), 0.82 (3H, s); *C NMR (125 MHz, CDCl;) 8
(ppm): 168.36, 151.11, 150.52, 143.57, 128.39, 127.95, 127.79, 127.75,
119.14, 64.30, 45.61, 40.67, 38.00, 35.81, 35.74, 31.89, 31.63, 31.34,
26.25,21.12; IR (KBr) v: 3,027, 2,985, 2,916, 2,831, 1,741, 1,566, 1,470,
712 cm™; ESI-MS m/z: Caled for CooH,sN30,S, [M + H] *: 404.14,
Found: 404.06; Anal. Caled for C, 59.53; H, 6.24; N, 10.41; Found: C,
59.52; H, 6.22; N, 10.40.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((4-methyl-5-
(pyridin-2-yl)-4H-1,2 4-triazol-3-yl)thio)acetate (5v). Pale yellow
liquid, yield: 71.7%; "H NMR (500 MHz, CDCl;) § (ppm): 8.65
(1H, d, J = 4.8 Hz), 827 (1H, d, ] = 80Hz), 7.83 (1H, td, J = 7.8,
1.8 Hz), 7.35 (1H, ddd, J = 7.5, 49, 1.0 Hz), 5.32-527 (1H, m),
423-4.14 (2H, m), 4.12 (2H, s), 407 (3H, s), 2.36 (1H, dt, ] = 8.6,
5.6 Hz), 2.31 (2H, t, ] = 7.2 Hz), 2.27-2.17 (2H, m), 2.08-2.06 (1H,
m), 2.04 (1H, td, J = 5.7, 1.3 Hz), 1.27 3H, s), 1.13 (1H, d, = 8.6 Hz),
0.82 (3H, s); >C NMR (125 MHz, CDCL3) 8 (ppm): 168.32, 153.59,
151.99, 148.70, 147.84, 143.62, 136.98, 123.98, 123.41, 119.09, 64.28,
45.62, 40.68, 38.00, 35.73, 35.25, 33.10, 31.62, 31.33, 26.25, 21.11; IR
(KBr) v: 3,027, 2,983, 2914, 2,831, 1,741, 1,589, 1,566, 1481,
697cm™; ESI-MS m/z Caled for CyHyN,O,S [M+H]*
399.18, Found: 399.25; Anal. Caled for C, 63.29; H, 6.58; N, 14.06;
Found: C, 63.28; H, 6.56; N, 14.05.
2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl2-((5-butyl-
4-methyl-4H-1,2,4-triazol-3-yl)thio)acetate (5w). Pale yellow
liquid, yield: 68.1%; 'H NMR (500 MHz, CDCl;) & (ppm):
5.30-5.27 (1H, m), 4.18-4.09 (2H, m), 3.98 (2H, s), 3.54 (3H,
s),2.75-2.69 (2H, m), 2.36 (1H, dt, J = 8.6, 5.6 Hz), 2.31 (2H, t, ] =
7.2 Hz), 2.24-2.17 (2H, m), 2.09-2.07 (1H, m), 2.03 (1H, td, J =
5.6,1.4 Hz), 1.75 (2H, dt, J = 15.4, 7.6 Hz), 1.48-1.39 (2H, m), 1.27
(3H, s), 1.13 (1H, d, J = 8.6 Hz), 0.96 (3H, t, ] = 7.4 Hz), 0.81 (3H,
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TABLE 1 | Antifungal activity of nopol-based 1,2,4-triazole- thioether compounds 5a-5w at 50 pg/mL.

Compounds Relative inhibition rate (%) against the fungi

F.oxysporm f. C. P. A G. R. B. C.

sp. arachidicola piricola solani zeae solani myadis orbicalare

cucumerinum
5a (R=Ph) 52.4 59.1 58.1 73.3 69.1 87.9 71.4 81.9
5b (R=0-CHj3 Ph) 76.8 76.5 91.4 80.0 65.3 75.6 87.6 89.0
5¢ (R=m-CHg Ph) 49.7 M7 74.3 63.3 483 38.5 44.3 51.0
5d (R=p-CHjs Ph) 68.6 80.9 43.8 60.0 42.6 50.9 49.7 65.2
5e (R=0-OCHjz Ph) 65.9 72.2 83.3 63.3 52.1 75.6 60.5 81.9
5f (R=m-OCHjs Ph) 65.9 72.2 63.8 36.7 74.7 45.9 57.8 65.2
5g (R=p-OCHs Ph) 71.4 72.2 438 50.0 55.8 57.0 60.5 79.5
5h (R=o-F Ph) 57.8 59.1 86.7 40.0 52.1 57.0 63.2 67.6
5i (R=m-F Ph) 65.9 59.1 67.6 43.3 50.2 63.2 47.0 58.1
5] (R=p-F Ph) 47.0 50.4 53.3 56.7 57.7 32.3 44.3 58.1
5k (R=0-Cl Ph) 49.7 54.8 75.7 53.3 69.1 58.3 49.7 60.5
5l (R=m-Cl Ph) 47.0 63.5 63.3 53.3 61.5 32.3 52.4 62.9
5m (R=0-Br Ph) 61.4 63.5 83.8 66.7 65.3 60.7 76.8 84.3
5n (R=m-Br Ph) 30.8 59.1 65.8 433 52.1 23.7 49.7 53.3
50 (R=m,m-OCHjz Ph) 52.4 67.8 91.4 63.3 61.5 38.5 63.2 65.2
5p (R=0-NH,-m-CHg Ph) 49.7 50.4 67.6 66.7 61.5 60.7 741 79.5
5q (R=m-NHy-p-CHg Ph) 60.5 63.5 73.8 36.7 46.4 57.0 49.7 70.0
5r (R=p-OH Ph) 49.7 67.8 87.3 56.7 57.7 54.6 36.2 46.2
5s (R=m-CF3 Ph) 44.3 54.8 63.5 66.7 70.9 44.7 49.7 55.7
5t (R=a-furyl) 63.2 72.2 48.6 66.7 42.1 84.1 41.6 62.9
5u (R=a-thienyl) 56.1 50.4 43.8 53.3 51.5 59.4 44.3 48.6
5v (R=a-pyridy)) 65.9 72.2 438 60.0 383 60.6 57.8 65.2
5w (R=n-butyl) 38.9 50.4 67.6 53.3 47.7 68.0 36.2 55.7
Chlorothalonil 100 73.3 75.0 73.9 73.1 96.1 90.4 91.3
Azoxystrobin 87.5 92.3 96.0 90.9 91.3 - - -
s); "C NMR (125 MHz, CDCl;) & (ppm): 168.53, 156.45, 148.91, TABLE 2 | PLS analysis parameters for the built 3D-QSAR model.
143.58, 119.11, 64.20, 45.62, 40.67, 37.99, 35.86, 35.72, 31.62,
31.33, 30.16, 29.04, 26.25, 25.03, 22.37, 21.11, 13.70; IR (KBr) v: 7 r S N F Contribution (%)
2,985, 2,929, 2,833, 1,737, 1,516, 1,468, 677 cm™'; ESI-MS m/z: Steric Electrostatic
Calcd for C,H5;N50,S [M + H] *: 378.21, Found: 378.14; Anal. 0oss oo 0000 5 133602 e "
Calcd for C, 63.63; H, 8.28; N, 11.13; Found: C, 63.61; H, 8.27; i ' i ' ' i
N, 11.12.
Antifungal Assay rate of the tested compound was calculated by the formula:
All the target compounds were evaluated for their in vitro  inhibitory rate = [(the average extended mycelium diameter of
antifungal activities against eight plant fungi by the agar the blank assay—the average extended mycelium diameter after
dilution method according to the literature (Su et al.,, 2013). treatment with emulsion)/the average extended mycelium
Each tested compound was dissolved in acetone and diluted with ~ diameter of the blank assay] x 100%.
Sorporl-144 (200 mg/L) as an emulsifier to prepare the solution
with a concentration of 500 mg/L. The stock solution (1 mL) was 3D-QSAR Study
added to the Potato-Sugar-Agar (PSA, 9 mL) culture medium.  The 3D-QSAR model was built using the COMFA method of Sybyl-
Then, mycelion dishes of 5mm diameter were cut along the X 2.1.1 software to investigate the relationship between the
external edge of the mycelium was transferred to the center of flat  antifungal activity and the compound structure according to our
containing the tested compound and put in equilateral triangular ~ previous report (Zhao et al,, 2021). The 3D structures of compounds
style in triplicate. After culturing 48h at (24 + 1) °C in the = 5a-5r were built on the sketch module and minimized by the
incubator, the expanded colony diameters of strains were  conjugate gradient method in the program based on the Tripos
measured and compared with that treated with aseptic distilled  force field using termination convergence energy of 0.005 kcal/
water, and then calculated the relative inhibition percentage. The ~ (mol*A), a maximum of 1,000 iterations, and Gasteiger-Hiickel
corresponding aseptic distilled water without the test samples was ~ charge as the parameters. The compound 5b with the best
served as a blank control and the commercial protective fungicide ~ activity against P. piricola was selected as the template
chlorothalonil was employed as the positive control. The test for ~ compound, of which the atoms marked with an asterisk
each target compound was repeated three times. The inhibitory =~ (Figure 1) were used as the common superimposed skeleton. 16
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TABLE 3 | The experimental and predicted AF values.

Compounds R wM AF AF’ Residue
5a Ph 39718 246  -2.38 -0.08
5b 0-CHz Ph 41120 159 172 0.13
5c m-CHz Ph 41120 -215 -2.08 -0.07
5d p-CHg Ph 41120 272 -2.68 -0.04
5e 0-OCHgz Ph 42719  -193  -1.82 -0.11
5f m-OCHgz Ph 42719 238  -2.31 -0.07
59 p-OCHg Ph 42719 274 271 -0.03
5h o-F Ph 415617  -180 -1.83 0.03
5i m-F Ph 41617 230 -2.34 0.04
5k o-Cl Ph 43114 214 201 -0.13
5m 0-Br Ph 477.09 -1.96 -1.98 0.02
5n m-Br Ph 47709 239 244 0.05
50 m,m-OCHg Ph 45720 -163 -1.64 0.01
5p 0-NHy-m-CHz Ph 426.21 -2.31 -2.43 0.12
5q m-NHp-p-CHz Ph 426.21 -218 228 0.05
5r p-OH Ph 41318 178 -1.84 0.06
5j p-F Ph 415617 256  -2.55 -0.01
51 m-Cl Ph 43114 -2.40 -252 0.12
5s* m-CFs Ph 46517 243  -2.39 -0.04

AF = experimental value; AF' = predicted value; *: test-set compound.

compounds using as the training set were aligned to form a
superimposed model (Figure 2) and the remaining three
compounds bearing aromatic R groups constitute the test set.
Their inhibitor rates against P. piricola were converted to the
active factor (AF) values by the formula:

AF = log {I/[(100 -I) x MW]}

where I was the inhibition rate at 50 ug/mL and MW was the
molecular weight. The built 3D-QSAR model was checked by the
partial least squares method. The modeling predictive capability
was indicated by a correlation coefficient squared 7%, a cross-
validated squared ¢°, a standard deviation S, and a Fisher
validation value F.

Molecular Docking Study

To understand the binding interactions of the target compounds
with the active site of cytochrome bc; complex, the molecular
docking procedures were carried out using AutoDock 4.2.6
software according to the reported paper (Lin et al., 2019; Du
et al., 2020). The target protein PDB file for the cytochrome bc,
complex (PDB ID 1SQB, 2.69 A in resolution) was downloaded
from the RCSB PDB web (https://www.rcsb.org/). The site of the
Azoxystrobin ligand was chosen as the docking domain. Before
docking calculations, all of the other small molecules such as
some ligands (except for Azoxystrobin ligand) and water
molecules in the crystal were removed. The torsional bonds of
each docked compound were automatically set by the
AUTOTORS module. A grid map with a 60 x 60 x 60 point
grid box (X = 69.364, Y = 57.986, Z = 168.988) with 0.375 A
spacing was selected around the site of the azoxystrobin ligand.
The grid box was generated by applying default parameters. The
docking calculations were performed using the Lamarckian
genetic algorithm (GA) and the number of GA runs was set to
20 conformations. The lowest binding energy in the maximum
cluster for the docked conformations was chosen as the
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FIGURE 3 | The experimental and predicted AF values.

representative binding energy. The binding energy between the
docked compound and the enzyme was calculated using the
AutoGrid program with a grid spacing of 0.375A and the
Lamarckian genetic algorithm as a searching method. When
the docking results were generated, the binding energies of all
docked compounds were also automatically obtained in this
program.

RESULTS AND DISCUSSION
Chemistry

The synthetic route of nopol-based 1,2,4-triazole-thioether
compounds 5a-5w was illustrated in Scheme 1. At first, nopol
2 was prepared by Prins reaction of S-pinene 1 with
paraformaldehyde under catalysis of Lewis acid ZnCl, (Yi
et al, 2000). Then, nopyl chloroacetate 3 was prepared by
alcoholysis reaction of chloroacetyl chloride with nopol 2 in a
good yield (Huang et al, 2017), followed by nucleophilic
substitution reaction of nopyl chloroacetate 3 with self-
prepared 5-substituted-1,2,4-triazole-3-thiones 4 to afford a
series of novel nopol-based 1,2,4-triazole-thioether compounds
5a-5w (Liu et al., 2007).

The structures of all the synthesized compounds and the key
intermediates 2 and 3 were characterized by FT-IR, 'H NMR,
>C NMR, ESI-MS, and elemental analysis, and the related
spectra can be found in Supplementary Material. In the IR
spectra of the target compounds, the weak absorption bands at
about 3,025 cm™" and about 1,610 cm™' were attributed to the
stretching vibrations of =C-H and C=C in the nopol moiety,
respectively. The strong absorption bands at about 1,730 cm™"
and about 1,470 cm™" were assigned to the stretching vibrations
of C=0 in the ester group and C=N in the 1,2,4-triazole moiety,
respectively. Also, the absorption bands at 605-712cm™"
revealed the presence of C-S-C in thioether moiety. In the
'"H NMR spectra, the olefinic protons of nopol scaffold
showed signals at about 5.33 ppm, and the other protons
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FIGURE 4 | (A) Contours of steric contribution: green contour favors steric or bulky group, yellow contour denotes disfavored region. (B) Contours of electrostatic
contribution: blue contour indicates electropositive charge, red contour electronegative charge.
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FIGURE 5 | The proposed new molecules of 2-(6,6-dimethylbicyclo[3.1.1]hept-2-en-2yl)ethyl 2-((4-methyl-5-(3-(methyl(neopentyl)amino)phenyl)-4H-1,2,4-triazol-
3-yl)thio)acetate (A);2-(6,6-dimethylbicyclo[3,1,1]hept-2-en-2yl)ethyl 2-((5-(3-(isobutyl(propyl)amino)phenyl)-4-methyl-4H-1,2,4-triazol-3-yl)thio)acetate (B).
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FIGURE 6 | 20 Docked conformations cluster for compound 5b.
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bonded to the saturated carbons of the nopol moiety displayed
signals in the range of 0.81-2.37 ppm. The protons on the
saturated carbon bonded to the S atom displayed signals at
about 4.10 ppm. The >C NMR spectra of all the target
compounds showed peaks for the two olefinic carbons of the
nopol moiety at about 143 and 119 ppm, respectively, and the
unsaturated carbons in the triazole heterocycle and the benzene
ring showed signals at 156-150 and 125-138 ppm, respectively.
The carbons of C=0 displayed the signals at 168 ppm and the

saturated carbon bonded to the S atom displayed signals at
about 35 ppm. Their molecular weights were confirmed by
ESI-MS.

In Vitro Antifungal Activity of Target
Compounds

The antifungal activity of the target compounds 5a-5w was
evaluated using the agar dilution method against Fusarium
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FIGURE 7 | Monotonicity of binding energies versus AF values for the
titte compounds.

TABLE 4 | Binding energies and AF values of the target compounds 5a-5w.

Compounds R Binding free energies AF
(kcal/mol)

5a Ph -6.41 -2.46
5b 0-CHz Ph -7.61 -1.59
5¢c m-CHg Ph -4.35 -2.15
5d p-CHg Ph -5.97 -2.72
5e 0-OCHg Ph -3.35 -1.93
5f m-OCHg Ph -6.35 -2.38
59 p-OCHg Ph -7.23 -2.74
5h o-F Ph -3.14 -1.80
5i m-F Ph -5.21 -2.30
5j p-F Ph —6.66 -2.56
5k o0-Cl Ph -4.53 -2.14
5l m-Cl Ph -5.47 -2.40
5m 0-Br Ph -3.92 -1.96
5n m-Br Ph -5.37 -2.39
50 m,m-OCHgz Ph -4.82 -1.63
5p 0-NHx-m-CHg Ph -6.24 -2.31
5q m-NH,-p-CHg Ph -5.31 -2.18
5r p-OH Ph -4.93 -1.78
5s m-CF3 Ph -6.08 -2.43
5t a-furyl -7.16 -2.61
5u a-thienyl -6.64 -2.71
5v a-pyridyl -6.21 -2.71
5w n-butyl -5.38 -2.26
Azoxystrobin — -6.67 -1.23

oxysporum f. sp. cucumerinum, Cercospora arachidicola,
Physalospora  piricola, Alternaria solani, Gibberella zeae,
Rhizoeotnia solani, Bipolaris maydis, and Colleterichum
orbicalare at a concentration of 50pug/mL, using the
commercial antifungal drug chlorothalonil as positive control.
The results were listed in Table 1.

It was found that, at the concentration of 50 ug/mL, the target
compounds exhibited the best antifungal activity against P.
piricola, in which compounds 5b (R= o-CHj; Ph), 5e (R=
0-OCHj; Ph), 5h (R= o-F Ph), 5m (R= 0-Br Ph), 50 (R= m,

Antifungal Activity of Nopol Derivatives

TABLE 5 | Spearman rank correlation coefficient of AF values vs. binding energies
for the target compounds.

Binding energies AF values
Binding energies Correlation coefficient 1.000 0.626
Sig. (1-tailed) - 0.001
AF values Correlation coefficient 0.626 1.000
Sig. (1-tailed) 0.001

m-OCHj; Ph), and 5r (R= p-OH Ph) had inhibition rates of 91.4,
83.3, 86.7, 83.8, 91.4 and 87.3%, respectively, much better than
that of the positive control chlorothalonil. Moreover, compound
5a (R= Ph) showed inhibition rate of 87.9% against R. solani, and
compound 5b (R= 0-CH; Ph) showed inhibition rate of 87.6%
against B. maydis. It was also found that compound 5a (R= Ph),
5b (R= 0-CHj; Ph), 5e¢ (R= 0-OCH; Ph), and 5m (R= 0-Br Ph)
displayed inhibition rates of 81.9, 89.0, 81.9, and 84.3%,
respectively, against C. orbicalare. On the whole, compound
5b (R= 0-CHj; Ph) is worthy of further study due to its better
broad-spectrum antifungal activity against the eight tested plant
pathogens. It was also found that the R groups displayed a
noticeable influence on antifungal activity, a 3D-QSAR study
was then carried out.

3D-QSAR Study
The 3D-QSAR study was performed by CoMFA mothed to
investigate the influence on the activity against P. piricola for
the R groups. According to the report (Wang et al., 2016), the
inhibition rates of the compounds 5a-5r were converted to the
available active factor (AF) values, which were listed in Table 3.
The validity for the 3D-QSAR model was checked by the partial
least squares (PLS) analysis including a correlation coefficient
squared 7 (close to 1), a cross-validated squared q2 (>0.5), a
standard deviation S (close to 0), a Fisher validation value F
(>100), and an optimal number of component (ONC). Their
values for the built 3D-QSAR model were shown in Table 2. The
r* was 0.944, ¢° was 0.685, S was 0.099, F was 133.642, and ONC
was 5, suggesting that the built 3D-QSAR model was valid. The
experimental AF values, the predicted AF' values, and their
residue values were presented in Table 3, and the scatter
diagram of AF vs. AF' was shown in Figure 3. All data were
concentrated near the X = Y line, also indicating that the 3D-
QSAR model was reliable and had a good predictive ability.
The relative contributions of the steric and electrostatic fields
of the 3D-QSAR model were 55.9 and 44.1%, respectively. In
Figure 4A, the steric field contours were represented with two
different colors: the green contour indicated that the R group
embedding at 2-position of benzene ring was beneficial to
increase the antifungal activity but yellow was the opposite.
For instance, compounds 5b (R= 0-CH; Ph) and 5e (R=
0-OCH; Ph) possessed better antifungal activity against P.
piricola than compounds 5d (R= p-CH; Ph) and 5g (R=
p-OCH; Ph). In Figure 4B, the electrostatic contours were
represented in two distinguishable colors: the blue enclosed
volume represented that the R group with an electron-
donating surface embedding in this area will favor the increase

Frontiers in Chemistry | www.frontiersin.org

October 2021 | Volume 9 | Article 757584


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wang et al.

Antifungal Activity of Nopol Derivatives

De298(C)

A3

& T GIRTIC) B

e

GlyI42(C)

Vane

compound azoxystrobin with cytochrome bcy complex.

A4

FIGURE 8 | (A1) The molecular docking of compound azoxystrobin with cytochrome bcy complex. (A2) The binding conformation of compound azoxystrobin in
the active site of cytochrome bc; complex. (A3) The 2D interactions mao of compound azoxystrobin with cytochrome bcy complex. (A4) The 3D interactions map of

C/LYS269

C/TYR131

C/PHE274

C/PHE128
C/TYR278

Azoxystrobin \

in activity, while red defines the opposite. The presence of
electron-withdrawing groups such as fluorine or chlorine atom
as well as bromine atom at 2-position of benzene ring was
favorable for higher antifungal activity. For example,
compounds 5h (R= o-F Ph), 5k (R= 0-Cl Ph), and 5m (R=
0-Br Ph) showed a higher inhibitor rate against P. piricola than
the unsubstituted compound 5a (R= Ph). In contrast, the
introduction of the electron-donating group at the 3-position
of benzene ring played a crucial role in the antifungal activity. For
instance, 5¢ (R= m-CHj; Ph) and 5f (R= m-OCHj; Ph) displayed
better antifungal activity against P. piricola. The 3D-QSAR study
of these title compounds can provide useful information for the
further rational design of novel nopol derivatives. Herein, based
on the results of 3D-QSAR analysis above, two novel
unsynthesized compounds (Figure 5) were designed and the
predicted ED values were calculated by the established
CoMFA model. As a result, the designed compounds A (AF’
= —1.445) and B (AF' = -1.589) showed potential excellent
antifungal activities with inhibition rates of 94.68 and 92.93%,
respectively, indicating that the antifungal activities of the
proposed molecules were better than that of the compounds
containing aromatic rings.

Molecular Docking Analysis
Using the cytochrome bc; complex (PDB ID 1SQB) as the target

protease, the molecular docking study for all the target
compounds was performed to investigate the correlation
between the binding energy and antifungal activity. There
were 20 conformations docked for each target compound
(Figure 6), and the lowest binding energy in the maximum
cluster for the docked conformations was chosen as the
representative  binding energy for the corresponding
compound. The scatter plot of AF values versus binding
energies for the title compounds was shown in Figure 7. All
of the data were concentrated near the line Y = 0.1564X-1.395,
illustrating that there was a clear positive monotonic association
between AF values and binding energies. In addition, Spearman’s
rank correlation coefficient analytical approach was carried out
using IBM SPSS STATITICS 22 software to investigate the
correlation between AF values and binding energies. The
result were listed in Table 4 and Table 5. It was found that
the correlation was significant at 0.001 (at 0.01 level). The
Spearman correlation coefficient was 0.626, indicating that
there was a significant positive correlation, namely, the activity
gradually increased with the increase in binding energies. It
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suggested that the cytochrome bc; complex was a potential target
protease.

In order to preliminarily explore the possible binding mode of
compound 5b possessing the best antifungal activity with the typical
cytochrome bc; complex inhibitor Azoxystrobin, molecular
docking analysis was carried out on Sybyl X 2.1.1 program and
AutoDock 4.2.6 software. The result was showed in Figures 8, 9. In
Figures 8A1, 9B1, it can be observed that the compound 5b was
well embedded into the active domain where the ligand
azoxystrobin was found. The binding conformation of
compound azoxystrobin and 5b in the active site of cytochrome
be, complex, as well as the 2D interactions map of compound
azoxystrobin and 5b with residues were presented in Figures
8A2,B2,A3,B3. The 3D interactions map of compound
azoxystrobin with residues were showed in Figure 8A4, and
compound 5b with residues in Figure 9B4. It was found that
compound 5b was buried into the binding pocket consisting of the
residues LEU121, MET124, PHE274, PRO270, PHE128, TYR131,
LYS269, ILE146, VAL145, etc. Meanwhile, two m-m stacking
interactions (distance = 2.12 and 2.90 A) were observed between
compound 5b and the residues PHE128 and PHE274, respectively.
In addition, two m-1 stacking interactions were observed between

azoxystrobin and the residues PHE274 and TYR278, respectively. A
H-bond was formed by the oxygen atom of methoxyacrylate moiety
and the residue GLU271 in cytochrome bc; complex binding site
(distance = 2.55 A), which was essential to stabilize the binding
between cytochrome bc; complex inhibitors and cytochrome bc;
complex. Based on these results, the binding domain and the
binding mode of compound 5b were both similar to that of
azoxystrobin, suggesting that they shared a similar action mode.

CONCLUSION

Using molecular docking-based virtual screening in the
assumption of cytochrome bc; complex as the target enzyme,
and natural preponderant resource f-pinene as starting
material, twenty-three novel nopol-based 1,2,4-triazole-thioether
compounds were designed and synthesized. Their structures were
confirmed by FT-IR, NMR, ESI-MS, and elemental analysis. The
in vitro antifungal activity of the target compounds 5a-5w was
preliminarily evaluated against eight plant pathogens at the
concentration of 50 ug/mL. The bioassay results indicated that
some of the target compounds showed excellent inhibitory activity
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against the tested fungi, especially against P. piricola. Compound
5b (R= 0-CHj; Ph) exhibited better broad-spectrum antifungal
activity against the tested fungi. There was a significant positive
Spearman’s rank correlation between the antifungal activity and
the docking-based binding free energy. Molecular docking study
revealed that there was hydrophobic interactions between the
target compounds and the key favorable residues of cytochrome
be, complex. In addition, a reasonable and effective 3D-QSAR
model (¥ = 0.944, q2 = 0.685) has been established for the further
development of novel and promising antifungal compounds.
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