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Abstract

BACKGROUND: Potato virus Y (PVY) was first discovered by Smith in 1931 and is currently ranked as the fifth most significant
plant virus. It can cause severe damage to plants from the family Solanaceae, which results in billions of dollars of economic loss
worldwide every year. To discover new antiviral drugs, a class of multifunctional urazole derivatives bearing a stereogenic C—N
axis were synthesized with excellent optical purities for antiviral evaluations against PVY.

RESULTS: The absolute configurations of the axially chiral compounds exhibited obvious distinctions in antiviral bioactivities,
with several of these enantio-enriched axially chiral molecules showing excellent anti-PVY activities. In particular, compound
(R)-9f exhibited remarkable curative activities against PVY with a 50% maximal effective concentration (ECs,) of 224.9 pg mL™",
which was better than that of ningnanmycin (NNM), which had an ECs, of 234.0 pg mL~". And the ECs, value of the protective
activities of compound (R)-9f was 462.2 pg mL~", which was comparable to that of NNM (442.0 pg mL™"). The mechanisms of
two enantiomer of the axially chiral compounds 9f were studied by both molecule docking and defensive enzyme activity tests.

CONCLUSION: Mechanistic studies demonstrated that the axially chiral configurations of the compounds played significant roles in
the molecule PVY-CP (PVY Coat Protein) interactions and could enhance the activities of the defense enzymes. The (S)-9f showed only
one carbon-hydrogen bond and one 7z-cation interaction between the chiral molecule and the PVY-CP amino acid sites. In contrast, the
(R)-enantiomer of 9f exhibited three hydrogen bonding interactions between the carbonyl groups and the PVY-CP active sites of
ARG157 and GLN158. The current study provides significant information on the roles that axial chiralities play in plant protection
against viruses, which will facilitate the development of novel green pesticides bearing axial chiralities with excellent optical purities.
© 2023 Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION

Potato virus Y (PVY) was first discovered by Smith in 1931 and is cur-
rently ranked the fifth most significant plant virus.'? It can cause
severe damage to plants from the family Solanaceae, which results
in billions of dollars of economic loss worldwide every year.>™ For
instance, PVY can induce mosaic on the leaves of potato and
tobacco. Infections by PVY result in leaf drop in potato plants and
deformity, dwarfism and necrosis in tobacco plants. In addition,
PVY can be extensively spread by aphids, heredity and mechanical
contamination, which makes it one of the most difficult plant path-
ogens to control in global agricultural production.®™'°

Although significant efforts have been made to prevent and
cure plant diseases caused by PVY infection, outcomes are far
from satisfactory. For instance, the use of resistance cultivars has
had a limited effect on alleviating potato leaf/tuber necrotic
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symptoms caused by PVY infections.'""'? Traditional seed-produc-
ing procedures can hardly figure out a breed that is prevent from
tuber necrosis.”® The use of conventional antiplant virus agents

Guiyang, China

d School of Chemistry, Chemical Engineering, and Biotechnology, Nanyang
Technological University, Singapore, Singapore

Pest Manag Sci 2023

WWW.S0Ci.org

© 2023 Society of Chemical Industry.



https://orcid.org/0000-0003-4687-9586
https://orcid.org/0000-0002-6297-4412
https://orcid.org/0000-0003-3003-6437
https://orcid.org/0000-0002-1502-1811
https://orcid.org/0000-0003-0573-257X
mailto:zcjin@gzu.edu.cn
mailto:robinchi@ntu.edu.sg
mailto:robinchi@ntu.edu.sg

®)
SCl

where science
meets business

WWW.50Ci.org

Jlinetal

such as ribavirin and ningnanmycin (NNM) has had limited field
control efficacies against PVY,'*'* therefore, the development of
effective methods for the control of PVY infection and transmis-
sion is of great importance and urgency.

Chemical tools have proven to be effective in plant protection
against harmful insects, weeds and various plant pathogens, includ-
ing bacteria, fungi and viruses.'®~'® The development and application
of green pesticides have made significant contributions to reducing
economic loss in world agricultural production. Encouraged by
achievements in the development of small molecular green pesti-
cides, we aimed to explore novel chemical structures for the effective
control of significant plant viruses such as PVY to facilitate a highly
effective plant protection strategy and a clear antiviral mechanism.

It has been well established that the absolute configurations of a
chiral molecule play critical roles in their bioactivities in living organ-
isms. Enantiomers of a chiral drug frequently possess different or
even controversial bioactive effects in plants, animals and
microbes.'??* It has therefore become very important to research
and develop enantiomerically pure compounds for agricultural
and pharmaceutical applications. However, compared with tradi-
tional chiral drugs bearing one or more stereogenic centers, chiral
molecules bearing stereogenic axes have been much less explored
as pesticides or human drugs.?>~3" One of the limited examples in
the exploration of axial chiralities on pesticide bioactivity was
reported by Wen and co-workers in 2019,> when they systematically
studied differences in the bioactivities of the four stereoisomers of
metolachlor. Although the axial chiralities in the metolachlor mole-
cules exhibited little impact on their herbicidal activities, they dem-
onstrated substantially different toxicities in aquatic organisms. 3334

There are many reasons why there has been insufficient explo-
ration of axially chiral molecules in pesticide development. One
significant factor is the relatively difficult access to enantio-
enriched axially chiral compounds. However, recent advances in
asymmetric synthesis have provided highly efficient and conve-
nient protocols for achieving axially chiral molecules in an enan-
tioselective fashion, which also provides new opportunities for
in-depth investigations into the bioactivities of a diverse range
of functional molecules bearing enantio-specific stereogenic
axes.>>™ Meanwhile, multifunctionalized urazole derivatives
have demonstrated excellent biological activity against patho-
gens, including fungi, bacteria and viruses.>*® As a continuing
research program in our laboratory, we are extremely interested
in the potential of urazole derivatives bearing axial chiralities in
the development of novel pesticides with high antiplant virus effi-
ciency and low nontarget biological risk (Fig. 1).

In this study, we examined the anti-PVY activities of enantio-
enriched multisubstituted urazoles bearing a stereogenic axis
and a bicyclic fused ring structure (Fig. 2). Enantiomers and race-
mic mixtures of axially chiral urazole molecules bearing various
substituents and substitution patterns were synthesized and sys-
tematically studied for their protective, curative and inactivating
activities against PVY infections. The absolute configurations of
the axially chiral molecules had a significant impact on their anti-
viral activities. Several of the optically pure compounds showed
excellent anti-PVY activities and deserve further exploration as
pesticide candidates for plant protection from viral infections.

2 MATERIALS AND METHODS

2.1 Chemicals and instruments

The chemicals were purchased from commercial sources includ-
ing Energy Chemical, J&K, Aladdin and Bide, and were directly

used without further purification (China). The "H NMR spectra
of the known axially chiral urazole compounds were collected
on a Bruker Ascend 400 (400 MHz) spectrometer (Bruker,
Germany). The enantiomeric ratios of the axially chiral com-
pounds were obtained via ultrahigh-performance liquid chro-
matography (UPLC) (waters, USA) analysis on a Waters system
with an Empower 3 system controller, Waters UPLC H-Class
(waters, USA) and Shimadzu Prominence LC-20A (Shimadzu,
Japan), and Waters Acquity UPLC PDA (Photodiode Array)
detector. Chiralcel brand chiral columns from Daicel Chemical
Industries, models |IA-U, IB-U, IE-U and AD-3, were used in the
3.0 X 100 mm size.

2.2 General procedures for the preparation of
intermediates 4a-4s

To a stirred solution of aryl iodide 1 (5.0 mmol) and
3,3-diethoxyprop-1-yne 2 (7.0 mmol) in tetrahydrofuran (THF;
15 mL) was added triethylamine (3.0 mL), palladium catalyst
Pd(PPhs),Cl, (0.5 mmol) and copper(l) iodide (0.5 mmol). The
reaction mixture was stirred for 4 h at 25 °C under air conditions.
The volatiles were removed under reduced pressure and the res-
idue was suspended in water (15 mL). After extraction with
dichloromethane (DCM; 3 X 50 mL), the organic layers were com-
bined, dried with Na,5O,4 and concentrated in vacuo. The residue
was purified through column chromatography to give the pure
intermediate 3, which was then hydrolyzed in water (10 mL) and
acetone (10 mL) in the presence of aqueous HCl (5% in water,
15 mL). After stirring at room temperature for 12 h, the reaction
mixture was extracted with DCM (3 X 20 mL). The organic extracts
were combined, dried, concentrated and purified via column
chromatography to yield the pure ynal intermediate 4.

2.3 General procedures for the preparation of
intermediates 8a-8c

Triphosgene (10.0 mmol) was dissolved in dry DCM (50 mL) at 0 °C
and EtsN (3 mL) was added with stirring. After 5 min, a solution of
the aromatic amine 5 (10.0 mmol) in dry DCM (50 mL) was slowly
added to the reaction mixture at 0 °C and the reaction system was
stirred at room temperature for 12 h. After removing the volatiles
under reduced pressure, the crude intermediate 6 was afforded as
a yellow solid and directly used in the next step.

To the solution of the crude intermediate 6 in THF (50 mL) was
added methyl carbazate (10 mmol) and the reaction mixture was
stirred at room temperature. After the reaction was completed
(monitored by thin-layer chromatography, generally within
15 min), the solvent was removed under reduced pressure. The
residue was suspended in water and filtered to give the crude
intermediate 7, which was directly used in the next step.

The homogeneous solution of the crude intermediate 7 in aque-
ous potassium hydroxide (4 M, 50 mL) was heated to reflux with
stirring for 5 h. The reaction solution was cooled to room temper-
ature and carefully acidified by aqueous HCI (1 N) to pH 2. The sus-
pension was filtered and the solid was collected and washed with
cold water. The solid was then dissolved in ethyl acetate and dried
over Na,SO,. After filtration the solvent was removed under vac-
uum and the pure intermediate 8 was afforded as a white solid.

2.4 General procedures for the preparation of the axially
chiral urazole products (5)-9a-(5)-9u

To a round-bottomed flask equipped with a magnetic stirring bar
was sequentially added the chiral NHC (N-Heterocyclic carbene)
pre-catalyst A (0.2 mmol, 20 mol%), Na,COs (0.2 mmol, 20 mol
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Figure 1. Design of target compounds.

%), the oxidant B (1.5 mmol, 150 mol%) and intermediates
8 (1.0 mmol). The solid mixture was dissolved in dry THF
(10 mL), sealed and cooled to —20 °C. Then a solution of the inter-
mediates 4 (1.5 mmol) in anhydrous THF (10 mL) was added via
syringe and the reaction mixture was stirred at —20 °C for 24 h.
The reaction mixture was concentrated under vacuum and the
residue was purified via column chromatography on silica gel
using hexane/EtOAc (3:1, v/v) as eluent to afford the pure chiral
products (S)-9a—(S)-9u. An additional recrystallization step was
sometimes needed to obtain an improved optical purity.

2.5 General procedures for the preparation of the axially
chiral urazole products (R)-9a—(R)-9u

To a round-bottomed flask equipped with a magnetic stirring bar
was sequentially added the chiral NHC pre-catalyst ent-A
(0.2 mmol, 20 mol%), Na,COs (0.2 mmol, 20 mol%), the oxidant
B (1.5 mmol, 150 mol%) and the intermediates 8 (1.0 mmol).
The solid mixture was dissolved in dry THF (10 mL), sealed and
cooled to —20°C. Then a solution of the intermediates
4 (1.5 mmol) in anhydrous THF (10 mL) was added via syringe
and the reaction mixture was stirred at —20 °C for 24 h. The reac-
tion mixture was concentrated under vacuum and the residue
was purified via column chromatography on silica gel using hex-
ane/EtOAc (3:1, v/v) as eluent to afford the pure chiral products
(R)-9a—(R)-9u. An additional recrystallization step was sometimes
needed to obtain an improved optical purity.

2.6 General procedures for the preparation of the axially
chiral urazole products (rac)-9a-(rac)-9u

To a round-bottomed flask equipped with a magnetic stirring bar
was sequentially added the chiral NHC pre-catalyst A (0.1 mmol,
10 mol%), the chiral NHC pre-catalyst ent-A (0.1 mmol, 10 mol
%), Na,COs; (0.2 mmol, 20 mol%), the oxidant B (1.5 mmol,
150 mol%) and the intermediates 8 (1.0 mmol). The solid mixture
was dissolved in dry THF (10 mL), sealed and cooled to —20 °C.

N
MesS 7//”\© o%N S0 { ) \©
H

hypolipidemic agent

N/SN~/(0 o¢< M HN_/(O . Hy’(N\Q\NHZ

antimicrobial activity

Effects of stereogenic C-N axis against PVY

(R)-9a ~ (R)-9u (S)-9a ~ (S)-9u
Target axially chiral ureazole compounds

Then a solution of the intermediates 4 (1.5 mmol) in anhydrous
THF (10 mL) was added via syringe and the reaction mixture was
stirred at —20 °C for 24 h. The reaction mixture was concentrated
under vacuum and the residue was purified via column chroma-
tography on silica gel using hexane/EtOAc (3:1, v/v) as eluent to
afford the pure chiral products (rac)-9a—(rac)-9u.

2-(2-(tert-butyl)phenyl)-7-phenyl-1H,5H-pyrazolo[1,2-a][1,2 4]tria-
zole-1,3,5(2H)-trione (9a):'H NMR (400 MHz, CDCl;) & 7.84-7.82
(m, 2H), 7.64-7.58 (m, 2H), 7.52 (dd, J = 8.3, 6.7 Hz, 2H), 7.49-7.44
(m, TH), 7.31 (td, J = 7.6, 1.5 Hz, 1H), 7.09 (dd, J = 7.8, 1.5 Hz, 1H),
6.03 (s, TH), 1.41 (s, 9H).

2.7 Antiviral activity evaluation

The PVY virus was obtained from the infected Nicotiana tabacum
K326 leaves according to reported procedures. The antiviral activi-
ties of the axially chiral compounds against PVY were evaluated
through the half-leaf method on Chenopodium amaranticolor plants
from the same period. The EC5, (50% maximal effective concentra-
tion) values were calculated based on the antiviral activities of the
same chiral compounds at concentrations of 500, 250, 125, 62.5
and 31.25 mg L™". The commercial antiviral drug NNM was selected
as the control agent. The lesions were counted and recorded after 3—
4 days. All the antiviral activity tests were repeated three times.

2.7.1 Curative effects of the axially chiral urazole compounds
After sprinkling evenly with the silicon carbide, the leaves of Che-
nopodium amaranticolor plants were rubbed lightly with a brush
that had been carefully dipped in PVY solution. After inoculation
for 1.5 h, the leaves were washed with water. The solutions of
the chiral compounds were prepared using dimethyl sulfoxide
(DMSO) and 2.0% Tween 80 as the solvent. The chiral compound
solutions were transferred onto the right half of the leaves with a
brush, while the mixture of the DMSO and 2.0% Tween 80 was
transferred onto the left half of the leaves as the blank control.
The lesions were counted and recorded after 3-4 days.
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(S)-9d, (R)-9d, (rac)-9d: R = H, Ar = 4-CHz-Ph
(S)-9e, (R)-9e, (rac)-9e: R = H, Ar =2-CI-Ph
(S)-9f, (R)-9f, (rac)-9f: R = H, Ar = 3-CI-Ph
(S)-9g, (R)-9g, (rac)-9g: R = H, Ar = 4-CI-Ph
(S)-9h, (R)-9h, (rac)-9h: R = H, Ar = 2-F-Ph
(S)-9i, (R)-9i, (rac)-9i: R = H, Ar = 3-F-Ph
(S)-9i, (R)-9j, (rac)-9j: R = H, Ar = 4-F-Ph
(S)-9k, (R)-9k, (rac)-9k: R = H, Ar = 3-OCHsPh

Figure 2. Synthesis of the axially chiral urazole products 9a to 9u.

2.7.2  Protective effects of the axially chiral urazole compounds
Solutions of the axially chiral compounds in the mixed solvent of
DMSO and 2% Tween 80 were evenly transferred onto the right
side of leaves of Chenopodium amaranticolor plants with a brush.
After 24 h, silicon carbide was evenly sprinkled onto the leaves
and the PVY solution was then carefully transferred onto the
leaves with a brush. After 1.5 h, the leaves were washed with
water, and the number of lesions was counted and recorded after
3-4 days.

2.7.3 Inactivating effects of the axially chiral urazole

compounds

To solutions of the axially chiral compounds in a mixed solvent of
DMSO and 2% Tween 80 was added the PVY solution in equal vol-
umes. The mixtures were cooled at 0 °C for 30 min. The cooled

-91, (rac)-9l: R = H, Ar = 4-OCH3-Ph

-9m, (rac)-9m: R = H, Ar = 2-NOz-Ph
(rac)-9n: R = H, Ar = 3-NO2Ph

-90, (rac)-90: R = H, Ar = 4-NOz-Ph

-9p, (rac)-9p: R = H, Ar = 2-CN-Ph

-9q, (rac)-9q: R = H, Ar = 4-acetylphenyl

, (rac)-9r: R = H, Ar = naphthalen-1-yl

-9s, (R) -9s, (rac)-9s: R = H, Ar = thiophen-2-yl

-9t, (R)-9t, (rac)-9t: R = 4-Cl, Ar = Ph

-9u, (R)-9u, (rac)-9u: R = 4-Br, Ar = Ph

solutions were carefully transferred onto the right side of the
leaves and the left side of the leaves was rubbed with PVY solution
in a mixed solvent of DMSO and 2% Tween 80 as the control
experiment. After 1.5 h, the leaves were washed with water, and
the number of lesions was counted and recorded after 3-4 days.

2.8 Agrobacterium infection of PVY-GFP on

N. benthamiana L. leaves

The leaves of N. benthamiana L. were injected with an inoculum of
PVY-green fluorescent protein (GFP) via a syringe (without a nee-
dle). After 24 h, a solution of the axially chiral compound in the
mixed solvent consisting of DMSO and 2% Tween 80 was sprayed
onto the infected leaves. After an additional 48 h, the solution of
the axially chiral compound was sprayed onto the leaves again.
A solution of NNM was used as the positive control. After 9 days,
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the expression of GFP on the host plants was examined under
ultraviolet irradiation.

2.9 Defense enzyme activity evaluation

Tobaccos were treated with the axially chiral compounds (S)-9f
and (R)-9f at the six-leaf stage. NNM was used as the positive con-
trol. DMSO/2% Tween 80 solutions of compounds (S)-9f, (R)-9f
and NNM (500 mg L™") were evenly rubbed onto the tobacco
leaves. After 24 h, the treated leaves were evenly sprinkled with
silicon carbide and then rubbed lightly with a brush that had been
carefully dipped into the PVY solution. The tobacco leaves were
collected on the first, third, fifth, and seventh days and kept at
—80 °C.Then 0.1 g of each of the leaf samples was frozen with lig-
uid nitrogen, grinded and then treated with defensive enzyme
test kits purchased from Suzhou Comin Biotechnology Co., Ltd,
China (This manufacturer is located in Suzhou, Jiangsu Provence).
The activities of catalase (CAT), peroxidase (POD), superoxide dis-
mutase (SOD) and phenylalanine ammonia-lyase (PAL) were
examined according to reported procedures. All the defense
enzyme activity tests were repeated three times.

2.10 Molecule docking

The three-dimensional (3D) structures of the axially chiral com-
pounds (S)-9f, (R)-9f, (5)-9h and (R)-9h were constructed using
Discovery Studio 2020 Client software and optimized through
the MM2 project to obtain the conformation with the lowest
energy. The 3D structure of PVY-CP was obtained from the Protein
Data Bank (PDB) database and downloaded at https://www.rcsb.
org/. The elimination of water, prediction of the docking pockets,
hydrogenation and conformation optimization of the PVY-CP
structure were carried out using Discovery Studio 2020 Client soft-
ware. The optimized PVY-CP structure was identified as the recep-
tor and exported as a pdbqt file. The docking program was

lactam
formation
(S)-9a
N0 _ 9 N
O=( W Ny -0-Nx o= T
N—N ) L N—NH
0 ] isomarisation /L 0
Ph—Xx dynamic Ph C
N kinetic
VN\/ N ¢ resolution =
=L
. Iy Il (major adduct)
major isomer L fast isomarisation

Figure 3. Proposed reaction mechanism for the formation of (5)-9a.

implemented by Autodock vina 1.1.2, and BIOVIA Discovery Stu-
dio 2020 was used to process the docking result and export a vis-
ible figure.

3 RESULTS AND DISCUSSION

3.1 Chemistry

The aryl iodide 1 reacted with 3,3-diethoxyprop-1-yne 2 under
catalysis with Pd(PPhs),Cl, and Cul to give the aryl alkyne acetal
intermediate 3, which was then hydrolyzed under acidic condi-
tions to give the ynal intermediate 4 (Fig. 2). Meanwhile, 2-tert-
butylaniline 5 reacted with triphosgene to give the isocyanate
intermediate 6, which was attacked by methyl hydrazinecarboxy-
late to give the urea intermediate 7. An intramolecular ester ami-
dation process with 7 afforded the urazine intermediate 8.

The axially chiral product (S)-9 was obtained from the atropoe-
nantioselective [3 + 2] cycloaddition reaction between intermedi-
ates 4 and 8 under catalysis with the chiral NHC catalyst A in the
presence of a stoichiometric amount of the external oxidant B.
Similarly, the axially chiral product (R)-9 and the racemic product
(rac)-9 were obtained from the reaction between 4 and 8 using
ent-A and racemic A, respectively, as the reaction catalyst under
the same reaction conditions.

Mechanistically, the deprotonated free chiral NHC catalyst reacts
with the ynal 4a under oxidative conditions to give the acylazolium
intermediate I (Fig. 3). Then the chiral intermediate | reacts with the
urazole substrate 8a via a reversible atropoenantioselective aza-
Michael addition reaction to give the diastereo-isomeric adducts
I1and 1. Adduct lll is thermodynamically unstable and can go back
to intermediate | and urazole 2a due to steric reasons. Therefore,
the stereo-specific intermediate IV is afforded as the major inter-
mediate after a dynamic kinetic resolution process from the
adducts Il and lll. Finally, a lactam formation process within

Y 0 desymmetrlza tion
,:!N of urazole

‘“‘O\N+

\ / N
atropo-
selective
repulsion 1,4-addition

unstable & reversable

isomarisation |
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Table 1. Antiviral activities of compounds against PVY?
Ar
0 X

.

¢ N W( N \o

N o]
Compound R Ar EE (%) Curative activity (%) Protective activity (%) Inactivating activity (%)
(S)-9a H Ph 94 4436 + 145 32.00 + 0.91 64.71 + 4.07
(R)-9a H Ph 96 4145 + 6.69 6.93 + 2.85 56.04 + 4.79
(rac)-9a H Ph 0 4855 + 244 27.75 +1.85 61.73 +3.83
(S)-9b H 2-CH;-Ph 94 48.80 + 4.29 48.80 + 9.96 41.29 + 2.80
(R)-9b H 2-CH;-Ph 92 49.94 + 3.11 54.84 + 3.83 34.70 + 4.26
(rac)-9b H 2-CH;-Ph 0 49.83 + 8.52 41.73 + 3.30 62.45 + 3.69
(S)-9¢ H 3-CHs-Ph 90 31.52 + 2.1 46.53 + 4.55 60.96 + 6.21
(R)-9c H 3-CHs-Ph 94 5871 + 633 51.25 + 342 60.55 + 4.93
(rac)-9c H 3-CHs-Ph 0 47.01 £ 270 69.63 + 1.27 62.64 + 0.57
(S)-od H 4-CH3-Ph 90 18.89 + 0.54 49.70 + 1.40 60.24 + 0.68
(R)-9d H 4-CH3-Ph 90 3417 + 5.11 3893 +3.89 49.14 £ 5.17
(rac)-9d H 4-CH3-Ph 0 24.38 + 3.85 38.22 + 3.10 62.30 + 5.94
(S)-9e H 2-Cl-Ph 94 47.88 +4.18 47.65 + 5.07 48.60 + 5.88
(R)-9e H 2-Cl-Ph 90 37.94 + 1.82 44.63 + 4.90 33.05 + 0.86
(rac)-9e H 2-Cl-Ph 0 4232 + 8.19 5239+ 4.14 36.54 + 1.94
(S)-of H 3-Cl-Ph 96 30.53 + 4.07 39.20 + 4.69 44.20 + 5.95
(R)-of H 3-Cl-Ph 99 50.47 + 6.45 5191+ 288 54.73 + 2.40
(rac)-of H 3-CI-Ph 0 49,58 + 4.17 57.09 + 3.40 51.11 + 3.62
(S)-99 H 4-Cl-Ph 99 3447 + 237 50.18 + 3.90 50.45 + 1.06
(R)-9g H 4-Cl-Ph 99 5840 + 2.53 7033 + 1.83 43.86 + 4.56
(rac)-9g H 4-CI-Ph 0 37.07 + 2.11 51.74 +7.58 49.64 + 5.07
(5)-9h H 2-F-Ph 84 43.65 + 0.92 5348 + 3.51 50.38 + 2.25
(R)-9h H 2-F-Ph 78 3719 +7.95 5253 +248 26.11 + 2.83
(rac)-9h H 2-F-Ph 0 47.88 +5.21 36.77 + 5.11 47.90 + 3.30
(S)-9i H 3-F-Ph 99 37.21 + 1.67 53.48 + 3.51 60.66 + 2.14
(R)-9i H 3-F-Ph 920 37.52 + 6.44 52.53 + 248 66.83 + 3.74
(rac)-9i H 3-F-Ph 0 26.38 + 1.63 55.18 + 3.79 51.61 + 5.05
(5)-9j H 4-F-Ph 99 21.88 + 3.68 46.39 + 6.05 59.24 + 2.29
(R)-9j H 4-F-Ph 74 2318 + 2.17 44,68 + 3.69 51.65 + 4.23
(rac)-9j H 4-F-Ph 0 1242 + 2,63 46.61 + 5.93 50.29 + 2.24
(S)-9k H 3-OCHs-Ph 80 47.07 +£3.19 46.60 + 3.49 47.10 + 3.89
(R)-9k H 3-OCHs-Ph 84 4233 + 349 4233 + 349 57.65 + 2.95
(rac)-9k H 3-OCHs-Ph 0 43.07 + 3.57 43.07 + 3.57 61.56 + 3.30
(s)-9l H 4-OCH;-Ph 90 54.38 + 492 45.58 + 2.30 4833 £2.13
(R)-91 H 4-OCH5-Ph 98 28.64 + 2.55 4252 +5.15 66.20 + 3.61
(rac)-91 H 4-OCHs-Ph 0 49.95 + 4.61 60.48 + 4.89 58.29 + 5.50
(S)-9m H 2-NO»-Ph 88 48.17 +4.53 36.37 + 5.95 68.58 + 2.96
(R)-9m H 2-NO,-Ph 98 26.85 + 2.31 52.98 + 3.64 58.72 + 1.50
(rac)-9m H 2-NO,-Ph 0 4253 +3.26 50.54 + 2.39 61.18 + 3.94
(5)-9n H 3-NO,-Ph 29 42.82 +3.23 5574 + 4.11 71.95 + 043
(R)-9n H 3-NO,-Ph 94 36.27 + 3.81 4543 + 7.56 74.01 + 144
(rac)-9n H 3-NO,-Ph 0 19.28 + 4.61 45.13 + 2.33 50.15 + 0.38
(S)-90 H 4-NO,-Ph 76 50.51 + 2.59 42.81 + 22,90 6132 +6.13
(R)-90 H 4-NO,-Ph 70 33.25+3.90 47.06 + 4.04 68.65 + 2.37
(rac)-90 H 4-NO,-Ph 0 3754+ 1.10 4122 + 538 68.65 + 2.37
(S)-9p H 2-CN-Ph 80 5235+ 2.80 52.85+2.79 53.59 + 4.89
(R)-9p H 2-CN-Ph 68 25.05 + 1.51 16.80 + 3.16 58.88 + 2.44
(rac)-9p H 2-CN-Ph 0 48.69 + 11.56 46.64 + 3.91 59.57 + 2.56
(5)-99 H 4-acetylphenyl 96 24.04 + 4.50 46.15 + 3.29 63.00 + 1.32
(R)-9q H 4-acetylphenyl 20 12.01 + 3.97 30.95 + 4.89 65.97 + 4.49
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Table 1. Continued
Ar
0
}—N\ A
N—\
Yy o
N I 0]
Compound R Ar EE (%) Curative activity (%) Protective activity (%) Inactivating activity (%)
(rac)-9q H 4-acetylphenyl 0 2372 + 425 33.00 + 3.20 66.53 + 5.80
(S)-9r H naphthalen-1-yl 96 42.60 + 5.57 52.71 + 6,50 69.92 + 3.66
(R)-9r H naphthalen-1-yl 96 29.10 + 4.08 51.89 + 5.24 5473 £ 5.71
(rac)-9r H naphthalen-1-yl 0 2729 + 8.13 28.51 + 4.98 70.19 + 4.78
(5)-9s H thiophen-2-yl 90 43.62 + 3.11 33.73 £ 453 58.40 + 4.27
(R)-9s H thiophen-2-yl 90 2453 + 4.82 47.58 + 6.27 56.12 + 4.77
(rac)-9s H thiophen-2-yl 0 50.52 + 3.19 32.80 + 4.03 50.88 + 1.01
(S)-9t 4-Cl Ph 88 39.19 + 8.81 4492 + 1.06 67.12 + 4.67
(R)-9t 4-Cl Ph 92 3439 + 4.21 57.05 + 447 55.28 + 4.17
(rac)-9t 4-Cl Ph 0 56.11 + 0.64 4340 + 8.48 73.99 + 291
(5)-9u 4-Br Ph 99 38.07 + 1.75 48.61 + 3.31 5847 + 3.19
(R)-9u 4-Br Ph 999 36.24 + 0.96 41.68 + 3.20 63.93 + 4.70
(rac)-9u 4-Br Ph 0 26.50 + 247 53.66 + 0.94 72.68 + 4.23
NNMP - - - 48.73 + 0.88 53.27 + 452 79.23 + 493
Abbreviations: PVY, potato virus Y; NNM, ningnanmycin; EE, Enantiomeric Excess.
@ Average of three replicates.
b Commercial antiviral agent ningnanmycin as positive control.

Table 2. ECs, of active title compounds against PVY

Curative effect Protective effect

Compound Regression equation R? ECso (ng mL™") Regression equation R? ECso (g mL™")
(R)-9¢ y =1.039 + 2.59 0.99 208.4 y=0591x + 3.52 0.97 3211
(R)-9 f y=0.757x + 3.22 0.97 2249 y =0.555x + 3.52 0.96 462.2
(R)-9¢g y = 1.04x + 247 0.97 268.8 y =0.949x + 2.63 0.97 315.7
NNM y=0.753x + 3.22 0.98 234.0 y =0.682x + 3.20 0.98 442.0

Abbreviations: ECso, 50% maximal effective concentration; PVY, potato virus Y; NNM, ningnanmycin.

intermediate IV affords the target axially chiral product (S)-9a with
elimination of the free NHC catalyst.

3.2 Antiviral activity

Solutions of the enantio-enriched axially chiral compounds (S)-
9a-9u, (R)-9a-9u and their racemic mixtures in DMSO/2% Tween
80 were prepared at a concentration of 500 pg mL™". The stereo-
chemistry of most of the axially chiral molecules exhibited obvi-
ous impacts on their antiviral bioactivities (Table 1). For instance,
the optically enriched (R)-9c¢, (R)-9f and (R)-9g showed much bet-
ter curative activities against PVY than their enantiomers or their
racemic mixtures, with inactivation rates of 59%, 50% and 58%,
respectively, which are better than the positive control with
NNM (inactivation rate 49%). Several axially chiral compounds
9 bearing (S)-configurations also exhibited better antiviral

activities against PVY than their (R)-enantiomers or racemic mix-
tures, such as (8)-91, ($)-90 and (S)-9p, with inactivation rates of
54%, 51% and 52%, respectively. Interestingly, the racemic mix-
tures of the axially chiral compounds 9s and 9t showed excellent
curative antiviral activities of 51% and 56%, respectively, which
were much better than any of their enantio-pure isomers or the
positive control of NNM. Three of the optically pure compounds
bearing (R)-configurations, (R)-9b, (R)-9g and (R)-9t, exhibited
excellent protective antiviral activities against PVY with inhibition
rates of 55%, 70% and 57%, respectively, which were superior to
their (S)-enantiomers, racemic mixtures or the positive control of
NNM. In addition, three racemic mixtures of the axially com-
pounds also showed better protective activities against PVY than
NNM or their enantio-enriched stereoisomers, with inhibition
rates of 57% (9f), 60% (91) and 54% (9u), respectively. In contrast,
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Table 3. Comparison of the antiviral activities of the chiral compounds and the molecular fragments

NP e

o%)\ o%)\ oé()\

(R)-9¢ (R)-of (R)-99

Compound Curative activity (%) Protective activity (%) Compound Curative activity (%) Protective activity (%)
10 17.26 + 1.59 22.64 + 3.20 (5)-9c 31.52 + 2.11 46.53 + 4.55
11 2468 + 1.73 23.50 + 4.99 (R)-9¢ 58.71 + 6.33 51.25 + 3.42
12 3531 +334 26.79 + 5.37 (rac)-9c 47.01 + 2.70 69.63 + 1.27
13 32.79 + 0.66 31.50 + 5.74 (S)-9f 30.53 + 4.07 39.20 + 4.69
8a 18.22 + 5.62 24.72 +1.79 (R)-of 50.47 + 6.45 5191 +2.88
14 26.63 + 5.21 23.34 + 4.66 (rac)-of 49.58 + 4.17 57.09 + 3.40
(5)-9a 4436 + 1.45 32.00 + 0.91 (5)-9g 3447 + 237 50.18 + 3.90
(R)-9a 4145 + 6.69 6.93 + 2.85 (R)-9g 58.40 + 2.53 70.33 +1.83
(rac)-9a 48.55 + 2.44 27.75 + 1.85 (rac)-99g 37.07 + 2.11 51.74 + 7.58

(R)-9f

Figure 4. The result of the expression of PVY-GFP.

(5)-9f

only one (S)-enantiomer (9n) showed good protective activity
(56%) that was superior to its enantiomer, racemate or the NNM.
Disappointingly, none of the axially chiral molecules showed
superior inactivating activities against PVY to NNM. However,
the racemates of compounds 9t and 9u showed comparative
inhibition rates to NNM, and both of the enantiomers of the axially
chiral 9n showed better inactivation activities than its racemic
mixture and were also comparative to NNM.

Based on the comprehensive antiviral activities of the axially chiral
molecules, we can identify that three optically pure molecules, (R)-
9¢, (R)-9f and (R)-9g, possessed both good curative and protective
activities against PVY, therefore the ECs, values of these compounds
were calculated in comparison with the commercial antiviral drug
NNM (Table 2). The ECso values of (R)-9¢ and (R)-9f were 208.4

NNM CK

and 2249 pg mL™', respectively, which is better than that for
NNM, with ECs, values of 234.0 pg mL™". The ECs, value of (R)-9g
in the curative effect was 268.8 pg mL™", which is slightly inferior
to that of NNM. The ECsq value of (R)-9c and (R)-9g in the protective
effects were 321.1 and 315.7 pg mL™", respectively, which is superior
to that of NNM (442.0 pg mL™"). The ECso value of (R)-9f was
462.2 ng mL™", which is comparable to that of NNM.

3.3 Structure-activity relationships

To examine the structure-activity relationship (SAR) of the axially
chiral antiviral molecules, each fragment of these compounds was
synthesized and evaluated in anti-PVY activities (Table 3). Both the
dihydropyrazolone 10 and the urazole 11 fragments showed
poor activities against PVY. Introducing substituents on the
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Figure 5. Molecule docking between target compounds and PVY-CP. (A) Autodocking of compound (S)-9h, (B) autodocking of compound (R)-9h,
(C) autodocking of compound (S)-9f and (D) autodocking of compound (R)-9f.

phenyl group of the dihydropyrazolone fragment (e.g. 12) slightly
improved the antiviral activities. Although the N-phenyl urazole
fragment 13 showed promising antiviral activities, the starting
material 8a bearing a bulky N-substituent exhibited poor bioactiv-
ity. Fusing fragments 10 and 11 resulted in little improvement in
antiviral activity (14), but the introduction of axial chirality into the
fused bicyclic urazole structure was beneficial to antiviral bioactiv-
ity (9). In particular, the (R)-enantiomers of the axially chiral com-
pounds 9¢, 9f and 9g bearing substituted phenyl groups on the
dihydropyrazolone fragments possessed excellent anti-PVY activ-
ities in both curative and protective effects.

3.4 The result of the expression of PVY-GFP

PVY-GFP agrobacterium infection experiments were carried out to
verify the relative antiviral bioactivities of the different enantio-
mers of the axially chiral compounds 9f on the curative effects
(Fig. 4). The curative effect of (R)-9f on N. benthamiana L. leaves
was significantly better than the curative effects of (S)-9f, NNM
and CK (Control Check). The results clearly demonstrate the criti-
cal role played by axial chirality in antiplant virus structures.

3.5 Molecule docking

To get in-depth information on the distinctions between the
enantiomers of the axially compounds in their binding abilities
to PVY-CP, molecule docking analyses were carried out using Dis-
covery Studio 2020 Client software (Fig. 5). The enantio-enriched

axially chiral compounds (S)-9h and (R)-9h were initially selected
as the target antiviral agents for the molecule docking analysis,
since they possessed obvious distinctions in their inactivating
activities against PVY. It was found that two conventional hydro-
gen bonding interactions could be formed between the
3,5-dicarbonyl moiety of (S)-9h and the PVY-CP active site of
ARG191 at distances of 2.79 A and 1.94 A, respectively. Up to nine
r—alkyl and alkyl-alkyl interactions could be found between (S)-
9h and PVY-CP at multiple active sites, such as ALA223, ARG188,
MET220 and LEU190. In addition, (S)-9h could form a z-cation
interaction between the 7-phenyl ring and ARG212 of PVY-CP.
All these noncovalent interactions provided (S)-9h with strong
affinity to PVY-CP, which resulted in effective inactivation of the
bioactivity of the virus. In contrast, (R)-9h can form two hydrogen
bonds with PVY-CP at ARG191, which are weaker than those
formed with (S)-9h. Moreover, the number of z-alkyl and alkyl-
alkyl interactions between (R)-9h and PVY-CP were less than its
enantiomer (S)-9h for steric reasons, therefore (R)-9h exhibited
a much weaker inactivating activity against PVY than (S)-9h.

The enantiomers of compounds (S)-9f and (R)-9f were also
studied in molecule docking since (R)-9f showed satisfactory anti-
viral activities in all curative, protective and inactivating activities
against PVY. In this scenario, (S)-9f showed only one carbon-
hydrogen bond and one z-cation interaction between the chiral
molecule and the PVY-CP amino acid sites. In contrast, the (R)-
enantiomer of 9f exhibited three hydrogen bonding interactions
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Figure 6. Effect of compound 9f on defense enzymes from tobacco. (A) Superoxide dismutase (SOD), (B) catalase (CAT), (C) phenylalanine ammonia-
lyase (PAL) and (D) peroxidase (POD). Values are the means and standard deviation of three independent experiments. Different lowercase letters indicate
values with significant differences among different treatment groups, according to one-way ANOVA (P < 0.05).

between the carbonyl groups and the PVY-CP active sites of
ARG157 and GLN158. One carbon-hydrogen bonding interaction
and up to nine z-alkyl/alkyl-alkyl interactions could also be found
within the complex formed from (R)-9f and PVY-CP. The molecule
docking results were also in accordance with the relative inacti-
vating activities between the (R)- and (S)-enantiomers of 9f.

3.6 Defensive enzyme activities

The bioactivities of the defensive enzymes SOD, CAT, PAL and
POD in tobacco leaves were tested using the antiviral agents of
NNM, (S)-9f and (R)-9f (Fig. 6). The PVY solution was rubbed onto
the tobacco leaves 24 h after the leaves had been treated with the
antiviral agents. As shown in Fig. 6(a), the bioactivities of the
enzyme SOD did not show much difference from the CK group
on the first day after inoculation of the virus PVY. SOD activity
was suppressed by PVY on the third day after inoculation,
although the suppression was alleviated by the antiviral agent
NNM. The (R)- and (S)-enantiomers of 9f showed obvious distinc-
tions in the enhancement of the defense activities of SOD on the
seventh day, but both were inferior to NNM. However, the activity
of the enzyme CAT was dramatically enhanced by (R)-9f through-
out the testing period (Fig. 6(b)). The bioactivity of CAT in the
tobacco leaves treated with (R)-9f was nearly four times higher
than (S)-9f, and was also higher than NNM on the first, fifth and
seventh days after PVY inoculation. The PAL activities of the
tobacco leaves treated with the antiviral agents NNM, (S)-9f and
(R)-9f did not show much difference from the CK group through-
out the experiments. In contrast, the POD activities were signifi-
cantly enhanced by all the three antiviral agents, with (R)-9f
identified as the most effective agent for POD activity promotion
during the experimental period. From all the above defense
enzyme activity evaluations, we postulate that the outstanding

ability of the axially chiral compound (R)-9f in promoting the
defense enzyme activities makes a significant contribution to its
excellent protective activity against the virus PVY.

4 CONCLUSION

In summary, we have reported the antiplant virus activities of
optically pure compounds bearing axial chiralities. Twenty-one
groups of axially chiral urazole derivatives bearing (S) and (R) con-
figurations and their racemates were successfully synthesized and
evaluated in antiviral activities against the significant plant patho-
gen PVY. The absolute configurations of the axially chiral com-
pounds exhibited obvious distinctions in antiviral bioactivity,
with several of the enantio-enriched axially chiral molecules
showing excellent anti-PVY activities. One group of axially chiral
compounds (9f), with excellent curative and protective activities
against PVY, was subjected to mechanistic studies through both
molecule docking and defensive enzyme activity tests. Mechanis-
tic studies demonstrated that the axially chiral configurations of
the compounds played significant roles in the molecule PVY-CP
interactions and could enhance the activities of the defense
enzymes. This study provides significant information on the roles
that the axial chiralities play in plant protection against plant
viruses, paving the way towards the development of novel green
pesticides bearing axial chiralities with excellent optical purities.
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