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Screening and Optimization of Novel Low Bee-Toxicity Phenylace-
tohydrazone Compounds Based on Insect NAChR Selectivity

Yang, Zhaokai” Wu, Xia“ Zhang, Jinlu“ Lu, Xingxing” Li, Xiang®

Jiang, Zhiyang” Song, Dunlun* Duan, Hongxia** Yang, Xinling”
(“ Innovation Center of Pesticide Research, Department of Applied Chemistry, College of Science,
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Abstract Increasing numbers of neonicotinoids have recently been banned by the European Union (EU) and the United
States of America (USA) due to their potential high risk to pollinating bees. In this work, a phenylacetohydrazone compound
VS-04 was found via scaffold hopping to exert good mortality rate against soybean aphids based on a double combinational
strategy of virtual screening and bioassay technique. The molecular interaction mode to honeybee nicotinic acetylcholine re-
ceptor (nAChR) for the newly found compound VS-04 obviously differed from that of the known imidacloprid. The newly
synthesized phenylacetohydrazone compounds 3¢ and 3e caused soybean aphids to have a moderate mortality rate of approxi-
mately 70% at a concentration of 500 pg/mL. Importantly, the bee-toxicity study confirmed that compounds 3¢ and 3e showed
much lower acute contact toxicity with LDso value (30.35 and 124.4 ug/bee) of 3~4 orders of magnitude than that of im-
idacloprid (0.019 pg/bee). The hydrazone substructure of compound 3¢ was found to be a L-shape low-energy conformation
confirmed by a crystal structure of its analog 3m and inversely point toward a subunit of honeybee receptor via a molecular
interaction study, indicating its potential low bee-toxicity. Compounds 4f and 4g (optimized derivatives of 3e) indeed showed
better insecticidal activity against soybean aphids with moderate LCso values of 83.42 and 66.44 pug/mL, respectively, com-
pared with 3e (147.30 nug/mL). This work facilitates the discovery of suitable and ecofriendly candidates as alternatives to ne-
onicotinoids based on different insect nAChR structure.
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1 Introduction

Aphids are one of the most destructive pests in agricul-
ture and horticulture field because of their severe damage to
crops worldwide.l'”2l Aphids can suck the phloem sap of
plants and transmit plant viruses, both of which greatly
decrease crop yield and quality.**) Many neonicotinoids,
such as imidacloprid, clothianidin, and dinotefuran, mainly
target nicotinic acetylcholine receptors (nAChRs), have
been utilized throughout the world to control these pierc-
ing-sucking pests such as aphids and whiteflies.>"'% These
chemicals, classified as group 4 by the Insecticide Re-
sistance Action Committee (IRAC), become popular insec-
ticides!''"'> and account for more than a quarter of the
global insecticide market share. However, in recent years,
an increasing toxicity risk to pollinating bees has been re-
ported continuously due to the substantial application of
neonicotinoids.['®??1 The acute contact and oral toxicity
values of imidacloprid were indicated to be high against
Apis mellifera with a LDsy value of 0.081 and 0.0037
ug/bee, respectively (https://sitem.herts.ac.uk/aeru/iupac/
index.htm).?3 Meanwhile, imidacloprid was also shown to
have high acute toxicity to other species of bees, such as
Bombus terrestris and Osmia bicornis.”’1 The other two
neonicotinoids, clothianidin and thiamethoxam, are also
highly toxicity to the same three species of bees mentioned
above.[1 Recently, it has been proposed that neonicotinoids
also influence bee behavior in various ways to cause chronic
toxicity by unknown or ongoing mechanisms.>*3! Thus,
the well-known neonicotinoids imidacloprid, clothianidin,
and thiamethoxam were banned on all outdoor crops re-
cently by the European Union to facilitate the protection of
bees.[3>34 Besides the direct toxic effect, even ten neonico-
tinoid insecticides and two metabolites can be detected in
the honey products.® Therefore, it becomes more and
more important to search for new alternatives to neonico-
tinoids since these known chemicals will not be available in
modern agricultural regulatory scrutiny.

Low toxicity toward nontarget and/or beneficial organ-
isms has become a key requirement for the development of
new agrochemicals, particularly insecticides. A new gen-
eration of insecticides targeting nAChRs, including flupyra-
difurone and flupyrimin, will enter the modern insecticidal
market to control the destructive piercing-sucking pests.
These novel insecticides offer two important biological
properties with not only outstanding insecticidal potency
but also superior safety toward beneficial organisms, e.g.,
pollinator bees.[**3% Flupyradifurone is a good example and
contains a novel butenolide fragment, unlike the known
neonicotinoids acting on nAChR. The key pharmacophore
butenolide was extracted from the natural product stemo-
foline.l*® Subsequently, increasing attention has been paid
to searching for and developing novel insecticidal frag-
ments acting on nAChR in recent years. Scaffold hopping is
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a drug discovery technique that has often been used to
search for novel active ingredients that improve activity
levels and/or avoid adverse toxicity.*”) This technique
usually involves the exchange of a specific portion of a
potentially active ingredient with another substructure,
which results in a compound that may be promising as a
lead or starting point for optimization to mitigate problems
related to toxicity. Virtual screening techniques are popular
and effective to achieve scaffold hopping of diverse back-
bones for agrochemical discovery and optimization.!*!

In our study, a double screening strategy combining a
virtual screening method and a bioassay technique was used
to discover new chemicals with a bee-safe backbone as
alternatives to neonicotinoids. A phenylacetohydrazone
fragment was firstly identified with both moderate aphicidal
activity and promising bee safety. The potential bee-toxicity
interaction mode to receptors and the structure-activity
relationships of these newly synthesized phenylacetohy-
drazone compounds were also explored in this work. This
work facilitates the discovery of a suitable and ecofriendly
candidates as an alternative to known neonicotinoids based
on different insect nAChR selectivity.

2 Results and discussion

2.1 Phenylacetohydrazone lead discovery via stru-
cture-based virtual screening

Nine commercially available neonicotinoids (flupyradi-
furone, thiamethoxam, sulfoxaflor, dinotefuran, imidaclo-
prid, acetamiprid, thiacloprid, clothianidin, and niten-
pyram), with their docking conformations in the Ac-
AChBP, were superimposed to generate a reasonable
pharmacophore model. The three obtained models, Mod-
el 01, Model 02, and Model 03, were evaluated for their
screening quality by filtering active molecules from a test
set including both known neonicotinoids and unknown
molecules randomly selected from the Maybridge database.
Model 03 was found to be the best model with three
pharmacophore features, a hydrophobic center (HY) and
two hydrogen bond acceptors (AA), as shown in Figure S1.
Model 03 had an N_hit value of 6 and a specificity of 3.49
with a low energy of 38.2 kJ. Therefore, Model 03 was
selected as a suitable pharmacophore model for the subse-
quent large-scale screening of an unknown molecular da-
tabase.

A total of 55420 compounds in the commercial May-
bridge database were preliminarily screened based on the
best pharmacophore Model 03 described above. A total of
8254 compounds were identified after the first round of
pharmacophore model screening and were then docked into
the active site of Ac-AChBP using the Surflex-Dock algo-
rithm. Two rounds of screening based on the molecular
docking technique were completed, including single and
multiple conformation searching process. Then, Lipinski’s
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rule of five and mutagenic, tumorigenic, irritant predictions
were considered to analyze the remaining 50 compounds.
Finally, 30 compounds were selected and purchased for
insecticidal activity bioassay against soybean aphids. A
phenylacetohydrazone molecule CD01931 (VS-04) had not
only a simple chemical structure shown in Figure la, but
also a good mortality rate of about 82% against soybean
aphids at a concentration of 500 pg/mL. To further evaluate
the potential toxicity of VS-04 toward bees, molecular
docking studies were conducted on VS-04 and imidacloprid
based on our previously reported honeybee functional
subunit Amel a8/rat 52.142! As shown in Figure 1b, VS-04
showed an obviously different binding conformation from
imidacloprid into the binding cavity of the honeybee re-
ceptor. As reported by our previous work,*?! the unique
NO; group of imidacloprid was proposed to be one of crit-
ical element conferring high bee-toxicity due to its multiple
hydrogen bonds with residue Argl73 of § chain in Amel
a8/rat 2. However, a diverse pharmacophore of VS-04,
namely, an acylhydrazone moiety, was found oriented to-
ward the other a chain of Amel a8/rat f2 with an H-bond
interaction to another complementary polar residue, Lys-
149. The molecular interaction mode of the screening
phenylacetohydrazone compound VS-04 was found to be
similar to that of the previously reported low bee-toxicity
R-(—)-dinotefuran,*?! which speculated its potential low
bee-toxicity feature of the newly found phenylacetohydra-
zone compounds. Therefore, VS-04 was selected as lead to
further be optimized in the following work due to its simple

(a)

(b)

Figure 1 Structure of lead VS-04 separated into three parts:
benzene ring A, acylhydrazone chain B, and aromatic ring C (a),
and docking modes of VS-04 and imidacloprid in the model of a
functional subunit hybrid model of Apis mellifera nAChR name-
ly, Amela8/2 (b)

The residues labeled in black are in the a chain, while the other residues
labeled in cyan are in the £ chain of Amela8/42. Imidacloprid and phe-
nylacetohydrazone compound VS-04 are shown as stick models in yellow
and pink, respectively. The cyan-dotted line indicates the H-bond interac-
tion between the ligand and the receptor
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structure, good insecticidal activity, and potential low
bee-toxicity.

2.2 Structure-activity relationship study of newly
synthesized phenylacetohydrazone compounds

To explore the bioactivity effects of different acylhydra-
zone chain linked to benzene ring A, compounds 3a and 3b
were designed, synthesized (Scheme 1) and evaluated for
the insecticidal activity against soybean aphids. As shown
in Table 1, compound 3b (about 60%) had a two times
mortality rate against soybean aphids higher than that of
compound 3a (about 30%) at a concentration of 500 pg/mL.
It was clear that a longer acylhydrazone chain to benzene
ring A, similar to that of lead VS-04, is beneficial to the
insecticidal activity of these acylhydrazone compounds.
Subsequently, a series of phenylacetohydrazone compounds
based on VS-04 as the lead were designed and synthesized.
A crystal of compound 3m was grown and its 3D confor-
mation was determined. As shown in Figure 2, compound
3m was found to have an almost vertical L-shaped con-
formation with a C(4)-C(7)-C(8)-N(1) dihedral angle of
91.74° between a benzene ring A and a flexible acylhy-
drazone chain B. It further confirmed that the binding
conformation described above of VS04 was stable in the
honeybee receptor. It was obvious that the sp>-hybridized

X =CH, N
R'=H, 2-CH; , 4-CHj , 4-CgHs , 2-F, 3-F, 4-F, 4-Br, 2,4-F,,
3-OCHj , 4-OCHj, 4-OH, 2,5-(CHa)y, 3,5-(OCHg),, 3-CF3, 4-CF,
3-Cl, 4-Cl, 2,6-Cl,, 4-NO,

Reagents and conditions: (i) EtOH, SOCI,, reflux, 2 h; (ii) EtOH,
NH,NH2*H,O, reflux, 5 h; (i) EtOH, reflux, 1 h

Scheme 1 Synthetic route for the preparation of target com-
pounds 3a~3v and their precursors (1a~1v and 2a~2v)
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Figure 2 X-ray diffraction crystal structure of newly synthe-
sized phenylacetohydrazone compound 3m

Table 1 Mortality rate against soybean aphids of the newly
synthesized phenylacetohydrazone compounds 3a~3v at the
concentration of 500 pg/mL

i 7\\ NN
ERK/: o)

T

No. X R n (Mortality rate = St. D%)/%
3a CH H 0 32.3243.16
3b CH H 1 65.40+3.67
3c CH 4-CHs3 1 71.86+2.93
3d CH 4-C¢Hs 1 73.44+2.19
3e CH 4-F 1 70.161+1.22
3f CH 2-F 1 70.72+1.88
3g CH 2-CH; 1 53.77+3.05
3h CH 3-F 1 43.69+3.48
3i CH 3-OCHs3 1 41.74+4.34
3j CH 4-CF; 1 28.52+2.12
3k CH 4-OCHs 1 36.09+1.93
31 CH 4-OH 1 54.75+4.60

3m CH 4-Br 1 29.39+5.92

3n CH 2,5<CH:) 1 27.3846.35
30 CH 3,5-(OCHs) 1 19.894+3.59
3p CH 3-CF; 1 16.05+1.34
3q CH 2,6-Clz 1 15.934+3.06
3r CH 3-Cl 1 25.86+1.91
3s CH 4-NO2 1 15.611£1.47
3t CH 4-Cl 1 11.01+3.52
3u CH 24-F 1 60.2241.06
3v N H 1 65.654+0.90

Imidacloprid 92.40+2.34

4 St. D=Standard deviation.

C(7) of the methylene group in compound 3m served as a
flexible pivot connecting its corresponding ring A and chain
B. This flexible L-shaped active conformation was possibly
a key factor that the phenylacetohydrazone compound 3b
showed better insecticidal activity against soybean aphids
than compound 3a. Moreover, the charge densities of
compound 3¢ and imidacloprid were also calculated. The
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terminal electron-withdrawing group (NO,) and pyridine
ring of imidacloprid were both found to have greater nega-
tive charge distribution than other fragments to thus be
moderate positive charge on the central imidazole ring
(Figure 3a).

(a)
+0.088 -0.089
]
~ |
N N~ 5 [+1.300
y'd s _
-0.348
[+0.044] [0313 © \
-0.829

-0.140

Figure 3 Electron density of imidacloprid (a) and newly syn-
thesized phenylacetohydrazone compound 3¢ which shows good
insecticidal activity (b)

However, the middle N atom close to the carbonyl in the
unique acylhydrazone chain of compound 3¢ exerted strong
positive characteristics due to the high electronegativity of
its adjacent polar O atom (Figure 3b). Therefore, the unique
acylhydrazone chain of the newly synthesized phenyl-
acetohydrazone compounds was different from the specific
imidazole ring of imidacloprid, which was with low polar
distribution thus caused to different bioactivity.

Twenty newly synthesized phenylacetohydrazone com-
pounds 3a~3v were measured for their insecticidal activity
against soybean aphids. As shown in Table 1, some of
compounds showed good or moderate insecticidal activity
against soybean aphids. Compounds 3¢, 3d, 3e, and 3f
achieved good mortality rates exceeding 70% against soy-
bean aphids at a concentration of 500 pg/mL. The struc-
ture-activity relationships of these phenylacetohydrazone
compounds were further analyzed and discussed. The in-
secticidal activity of several molecules with a single sub-
stituent on benzene ring A, such as 3g (2-CH3, 50%) and 3i
(3-OCH3, 40%), was generally greater than that of com-
pounds with two substituents, such as 3n (2,5-CHj3, 25%)
and 30 (3,5-(OCHs),, 20%), by approximately two-fold, as
shown in Table 1. Therefore, increasing the number of
substituent groups on benzene ring A caused excessive
steric hindrance of the phenylacetohydrazone molecule,
thus preventing it from exerting an effect on target. More-
over, compounds 3¢ (4-CH3, 70%) and 3d (4-C¢Hs, 70%)
with an electron-donating group at the para position of
benzene ring A showed higher insecticidal activity than
those bearing an electron-withdrawing group, such as
compounds 3j (4-CF3, 25%), 3s (4-NO,, 15%), and 3t (4-Cl,
10%), except for compound 3e (4-F, 70%) and 3f (2-F,
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70%). However, several molecules containing benzene ring
A with an electron-donating group, such as 3k (4-OCHz)
and 31 (4-OH), were found to have only certain insecticidal
activity against soybean aphids with mortality rates of
30%~50% (Table 1). It was speculated that the strongly
hydrophobic property of CHz or C¢Hs group was possibly
more critical to increase the insecticidal activity of the
phenylacetohydrazone compounds, not only its elec-
tron-donating effect. When benzene ring A was replaced by
the similar polar pyridine ring, compound 3v was also
found to have a good mortality rate of about 60%, as noted
in later work. It was clear that greater electron distribution
on benzene ring A was beneficial for the insecticidal activ-
ity of these newly found phenylacetohydrazone compounds.

In general, the introduction of F atom could show great
effect on the bioactivity of chemicals, particularly on in-
secticides. Therefore, the structure-activity relationship of
these phenylacetohydrazone compounds with different F
substitution was also discussed. When a single F substituent
was present on benzene ring A, compounds 3e (4-F, 70%)
and 3f (2-F, 70%) showed good insecticidal activity against
soybean aphids. Moreover, compound 3u (2,4-F», 60%)
with double F substituents also exerted moderate insecti-
cidal activity. However, compound 3j (25%) or 3p (15%)
with 3-CF3 or 4-CF; substituent on the benzene ring A
almost showed no insecticidal activity. To explore the pos-
sible reason, the log P values of compounds 3e, 3f, 3h, 3j,
3p and 3u containing different F atom were calculated,
including compound 3b as a control. Compared with 3b (no
substituent), the Clog P values of 3e (4-F), 3f (2-F), and 3h
(3-F) with one F atom, were improved by 0.16, the value of
compound 3u (2,4-F), with double F atoms, improved by
0.32, and compounds 3j (4-CF3) and 3p (3-CF3) with mul-
tiple F atoms, improved by 0.93. Aromatic fluorination was
reported to always be benefit for the molecular lipophilicity
to further improve its bioactivity.[*! Therefore, the intro-
duction of appropriate F atom in the phenylacetohydrazone
compounds was proposed to improve lipophilic solubility,
thus allowing easier permeation of cells and increasing the
bioavailability into insects. However, too many F atoms on
benzene ring A, such as 3j (4-CF3) and 3p (3-CF3), were
found to result in much lower insecticidal activity possible
due to more electron-withdrawing effect to greatly decrease
the distribution of electron density on benzene ring A.

2.3 Bee contact toxicity bioassay and potential bee
toxicity mechanism

To further evaluate the bee toxicities of these newly
synthesized phenylacetohydrazone compounds, the contact
toxicities of compounds 3¢, 3e and imidacloprid toward
honeybees (Apis mellifera) were measured. As shown in
Table 2, the LDsy value of imidacloprid to honeybees was
only 0.019 pg/bee indicating its much high bee-toxicity,
which is similar to the previously reported contact toxicity
results of 0.081 pg/bee.?3]

However, the LDsy values of the newly synthesized
phenylacetohydrazone compounds 3¢ and 3e to honeybees
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were found to be high with 30.35 and 124.4 pg/bee, re-
spectively. It was clear that the contact toxicities of the
newly found phenylacetohydrazone compounds toward
honeybees were notably lower than that of imidacloprid by
at least 1500~6500 folds, which also confirmed the phe-
nylacetohydrazone lead compound VS04 to be with low
bee-toxicity as described above by its molecular interaction
mode to honeybee receptor.

To further elucidate the molecular mechanism underlying
the low bee-toxicity of these newly synthesized phenyl-
acetohydrazone compounds, compound 3¢ (which had low
toxicity to bees) was also docked into the previously re-
ported 3D model of the functional subunit of honeybee
nAChR (Amela8/ratf2).4?! As shown in Figure 4, com-
pound 3c, like its lead VS-04, also showed a different
binding position from that of imidacloprid described above
in the binding cavity of honeybee Amela8/ratf2. Com-
pound 3¢ also formed a similar H-bond of lead VS-04 with
the same residue Lys149 of the a subunit of Amela8/ratf2.
However, compound 3¢ used a polar atom N to form this
H-bond interaction (Figure 4) instead of another polar atom
O of VS-04 (Figure 1b). The bee-toxicity bioassay results of
the phenylacetohydrazone compound 3¢ and its observed
similar binding mode into honeybee receptor to lead VS-04
and the previously reported low bee-toxicity R-(—)-dinote-
furan*?! both confirmed that the phenylacetohydrazone
fragment is a low bee-toxicity pharmacophore. Therefore,
the newly found phenylacetohydrazone compounds were
proposed to be potentially ecofriendly alternatives to ne-
onicotinoids to be further noted in future.

Figure 4 Mode of action of newly synthesized phenylacetohy-
drazone compound 3¢ to honeybee Amela8/ratf2

2.4 Further optimization of high-activity phenylaceto-
hydrazone compound 3e

The phenylacetohydrazone compound 3e with a good
insecticidal activity and the lowest bee-toxicity was selected
as the second lead to be further optimized for the develop-
ment of new generation compounds in the following work.
In order to further improve the insecticidal activity of com-
pound 3e, the unique acylhydrazone chain connecting to
ring C was shorten to mimic the pharmacophore fragment
of the commercial agent pymetrozine (Figure 5), which was
reported to be not only efficient insecticidal activity against
aphids but also low bee-toxicity.[**31 Therefore, fifteen
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Table 2 48 h-Contact toxicity (LDso) on honeybees of the newly synthesized phenylacetohydrazone compounds 3¢, 3e and imidacloprid

No. LDso/(ugebee ™) Equation R? 95% CI“

3¢ 30.35 y=—1.829+1.2341g x 0.944 23.075~44.696

3e 124.4 y=—2.458+1.1741g x 0.937 86.668~220.656
Imidacloprid 0.019/0.0811231 y=3.582+2.076lg x 0.992 0.011~0.028

¢ Confidence interval.

new generation phenylacetohydrazone compounds 4a~4o,
were designed, synthesized (Scheme 2), and evaluated for
their insecticidal activity against soybean aphids. A crystal
of compound 4h was also grown and its structure was also
determined. As shown in Figure 6, compound 4h also had
an almost vertical L-shaped conformation but with a
slightly smaller dihedral angle C(4)-C(7)-C(8)-N(1) of
82.36° than that of compound 3m (C(4)-C(7)-C(8)-N=
191.74°). Clearly, the sp*>-hybridized C(7) of the methylene
group in compound 4h, similar to that of compound 3m,
also served as a flexible pivot to activate putative molecular
conformation connecting the aromatic ring A and the
acylhydrazone chain B. Subsequently, a starting confor-
mation of compound 4o originating from the crystal one of
compound 4h was set and then docked into Ac-AChBP
(PDB:3C79) to clarify its possible binding mode to aphid
receptor (Figure 7). Compound 4o retained a similar dock-
ing conformation with a bond angle C(4)-C(7)-C(8) of 114°
compared to that with almost the same one of 110° for
crystal compound 4h.

N7 Pymetrozine

|
HNTN\N/ N
O | N/

H ; Mimic active fragment
of pymetrozine

Modify aromatic ring C

X=CH,N
R =H, 2,6-Cl,, 3-F, 3-Cl, 3-Br, 4-F, 4-Cl, 4-Br,
4-NO,, 4-OCHjs, 4-CHg, 4-CF3, 4-CH(CH3),

Figure 5 Further modification of the phenylacetohydrazone
compound 3e which showed high mortality rate against soybean
aphids

.............................................................

R'=H, 2-Cl, 3-Cl, 4-Cl, 3-F, 4-F, 3-Br, 4-Br, 4-CHs,
4-CF3, 4-NO,, 4-OCHj3, 4-CH(CH3),, 2,6-Cl,

5 y \/RZ:
5 EtOH _ \ )
' 0 . reflux, 1 h HN=N X
; 0 5
E F 2e 4a ~ 4o
E F :
! X=CH,N ;

Scheme 2 Synthetic route for the preparation of target com-
pounds 4a~4o
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Figure 6 X-ray diffraction crystal structure of the newly syn-
thesized phenylacetohydrazone compound 4h

Irp147(B)

Ser167(a)

Serl166(a)

Val108(ct)

‘P

Figure 7 Mode of action of the newly synthesized phenylaceto-
hydrazone compound 40 to Ac-AChBP

Ser189(p) Cys190(p)

Moreover, the oxygen atom of the carbonyl group in the
acylhydrazone motif was also found to form a significant
hydrogen bond force with the same Cys190 (f) residue of
aphid receptor, which was reported to be a great H-bond
interaction with the nitro group of imidacloprid.l*®! Thus,
the unique acylhydrazone motif of the newly found phe-
nylacetohydrazone compounds was further proposed to be a
good alternative to the key pharmacophore group of neon-
icotinoids due to the interacting selectively with not only
aphid receptors but also bee receptors.

As shown in Table 3, compound 4n had an only much
low mortality rate of approximately 20% compared with
that of lead 3e (approximately 70%) via shorting the
acylhydrazone chain connecting to ring C. However,
compounds 4f and 4j were found to have almost same good
mortality rates of approximately 60%~70% against soy-
bean aphids to those of the first-generation compounds 3¢~
3f at the concentration of 500 pg/mL. More importantly,
compounds 4g and 40 showed better insecticidal activity
than the first-generation compounds 3¢~3f, and achieved a
higher mortality rate of approximately 75%~85% in this

http://sioc-journal.cn/ 2779



BIKE

MRILX

Table 3 Mortality rate against soybean aphids of the newly
synthesized phenylacetohydrazone compounds 4a~40 at con-
centration of 500 pg/mL

No. R X (Mortality rate == St. D%)/%
4a 4-OCH;3 CH 29.37+1.61
4b 2,6-Cl CH 53.73+8.50
4c 3-Br CH 51.9540.00
4d 4-NO2 CH 50.17£4.71
4e 4-CH(CH3)» CH 24.44+7.66
4f 4-Cl1 CH 70.25+2.10
4g H N 82.63+5.70
4h 4-CF3 CH 42.65+1.31
4i 4-Br CH 43.98+6.12
4j 3-Cl1 CH 66.53+-10.64
4k 3-F CH 46.81+4.31
4] 4-CHs CH 54.124+4.50
4m 4-F CH 57.70+8.88
4n H CH 20.854+2.92
40 2-Cl1 CH 75.08+6.23
Imidacloprid 92.884+2.36

@ St. D=Standard deviation.

work. As shown in Table 4, the LCso values of the sec-
ond-generation compounds 4f and 4g were further con-
firmed to be 83.42 and 66.44 ng/mL, respectively, which
was approximately 2 times greater than that of lead 3e
(LCso=147.30 pg/mL), indicating their better insecticidal
activity. Moreover, the LCsy value of the commercial
compound imidacloprid was also shown to be 29.87 pg/mL
by the leaf-dipping method, which was slightly different
from the reported results of 2.55 pg/mL via the aphid-dip
bioassay method by Chandrasena et al.™*” and 31.29 ug/mL
via the systemic bioassay method by Magalhaes et al.*®] But
the insecticidal activities of the second-generation com-
pounds 4f and 4g remain to be less than that of imidacloprid
against soybean aphids. However, the relevant effects on
target insects and nontarget bees is actually more significant
for the ecological relevance of the newly found phe-
nylacetohydrazone compound compared to imidacloprid.
Therefore, the selectivity index (SI), namely, the ratio of the
LCso value to pests to the LDso value to bees, was used to
address this issue in this work. The SI value of the phe-
nylacetohydrazone compound 3e was only 1.18, while that
of imidacloprid was much higher (approximately 1572). A
smaller SI value indicates a possible lower toxicity to bees

in field application, although the actual field application
rates may still be at high enough concentrations to cause
both high aphicidal activity and bee toxicity. Therefore,
phenylacetohydrazone compound 3e should be noted as an
ecofriendly alternative to neonicotinoids in future work. In
summary, 60% the second-generation optimized com-
pounds (4a~40) showed moderate or good mortality rates
exceeding 50% against soybean aphids. However, only 40%
of the first-generation synthesized compounds (3a~3v)
showed a mortality rate exceeding 50%. It was obvious that
shortening the acylhydrazone chain connecting to ring C
and retaining a methylene group linked to ring A were both
beneficial for insecticidal activity against soybean aphids of
novel phenylacetohydrazone compounds.

The structure-activity relationships of the newly synthe-
sized phenylacetohydrazone compounds 4a~4t were also
analyzed. As shown in Table 3, compound 4n, with a
shorter carbon chain to benzene ring C, had a much lower
mortality rate than compound 3b described above with a
longer carbon chain to benzene ring C. Some compounds
with an electron-donating substituent, such as 4a (4-OCHz)
or 4e [4-CH(CH3):], showed insecticidal activity similar to
that of compound 4n (H) without a substituent group.
However, compound 41 (4-CH3) with an electron-donating
substituent showed an increased mortality rate to 50%,
possibly because of its small molecular volume. All com-
pounds with an electron-withdrawing group showed a
mortality rate exceeding 40% compared with those with an
electron-donating substituent. More importantly, all com-
pounds bearing an electron-withdrawing chloro-substituent
(i.e., compounds 4f, 4j, and 40) showed better insecticidal
activities with a mortality rate of approximately 65%~75%
compared with those including other electron-withdrawing
groups, such as 4c¢ (3-Br), 4i (4-Br), 4k (3-F), 4m (4-F), 4d
(4-NO»), and 4h (4-CF3), all with a mortality rate of less
than 60%. However, compound 4b with two chloro-sub-
stituents (2,6-Cl,) resulted in slightly low insecticidal ac-
tivity with a mortality rate of approximately 54% compared
to those with a single chloro-substituent [40 (2-Cl), 4j
(3-Cl), and 4f (4-Cl)]. It was also confirmed that a smaller
volume of either the electron-donating group or the elec-
tron-withdrawing group is beneficial for the insecticidal
activity of the phenylacetohydrazone compounds. Surpris-
ingly, compound 4g bearing a pyridine ring C showed much
greater insecticidal activity with a mortality rate of appro-
ximately 83%. It is possible that ring C of compound 4g,
which is similar to that of the commercial compound pyme-
trozine, is very important for insecticidal activity against
soybean aphids.

Table 4 LCso value against soybean aphids of the newly synthesized phenylacetohydrazone compounds 3e, 4f, 4g and imidacloprid

No. LCso/(ngemL 1) Equation R? 95% CI*

3e 147.30 y=—2.904+1.3391g x 0.988 110.82~208.096

4f 83.42 y=—2.626+1.367lgx 0.938 36.851~229.430

4g 66.44 y=—2.443+1.3401g x 0.985 50.397~88.129
Imidacloprid 29.87 y=—2.406+1.6311g x 0.930 13.787~54.372

4 Confidence interval.
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3 Conclusions

A series of phenylacetohydrazone compounds 3a~3v
and 4a~4o0 were designed and synthesized based on the
lead VS-04 obtained by a dual screening strategy, and their
insecticidal activities against soybean aphids were evalu-
ated. Compounds 3¢, 3e, and 3f showed good insecticidal
activity against soybean aphids with a mortality rate ex-
ceeding 70%. Especially, the molecular interaction study of
the phenylacetohydrazone compounds indicated that 3¢
exhibited potential characteristic of low bee-toxicity be-
cause of the different binding orientation between ligand
and honeybee receptor compared to imidacloprid, which
was also further confirmed by the contact bee toxicity bio-
assay. Besides, the measured LCsy values of the optimized
compounds 4f and 4g were decreased to 83.42 and 66.44
pg/mL against soybean aphids, respectively, which both
showed approximately two times greater aphicidal activity
than that of the first-generation compound 3e. In conclu-
sion, a new phenylacetohydrazone fragment was discov-
ered, and these compounds showed not only moderate in-
secticidal activity against target aphids but also much low
toxicity to nontarget bees. These works will facilitate the
discovery of suitable and ecofriendly insecticide candidates
as an alternative to neonicotinoids.

4 Experimental section

4.1 Virtual screening

Virtual screening on the Maybridge database*’! was
performed using a suitable pharmacophore model of neon-
icotinoids and the X-ray crystal structure of Ac-AChBP
complexed with imidacloprid (PDB code: 3C79) as the
optimal structural alternative to nAChR.6! First, nine
commercially available neonicotinoids (flupyradifurone,
thiamethoxam, sulfoxaflor, dinotefuran, imidacloprid, ac-
etamiprid, thiacloprid, clothianidin, and nitenpyram) were
selected to generate a pharmacophore model using the
GALAHAD algorithm of Sybyl v7.3 software (Tripos,
USA). All chemical molecules of the Maybridge database
were first screened based on the obtained suitable phar-
macophore model. These filtered molecules via the phar-
macophore model were then docked into the 4c-AChBP
complex again using the Surflex-Dock module of Sybyl
v7.3 software. Finally, the candidate chemicals were gen-
erated using an integrated screening strategy combining a
more accurate docking algorithm with multiple confor-
mations and empirical Lipinski’s rule of five with all values
less than 5 or 50009 and the physicochemical properties
were then calculated using the online OSIRIS platform.[*!
Some potential molecules that met the criteria of high
docking scores, diverse structure, and consistency with
Lipinski’s rule of five were chosen and purchased, and their
insecticidal activities against soybean aphids were evalu-
ated in the following study.

4.2 Molecular docking

Molecular docking is typically used to generate an ele-
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mentary prediction of the binding mode between a protein
and a specific candidate to explore potential molecular
interaction mechanism. The cocrystal structure of Ac-
AChBP with imidacloprid (PDB code: 3C79) was used as a
suitable structural surrogate of soybean aphid nAChR.
Moreover, the reported structural modeling of Apis mellif-
era nAChR in our previous study*?, namely, a hybrid
functional subunit Amela8/rat2, was selected to clarify
possible bee-toxicity mechanism of candidates. All molec-
ular docking studies were completed with Sybyl v7.3
software on an SGI workstation.>

4.3 Chemicals and instruments

All utilized laboratory reagents were of analytical grade,
acquired from HEOWNS Corporation (Tianjing, China),
and used without additional purification. The melting points
of the target compounds were measured using an X-4 bin-
ocular microscope (Fukai Corporation, Beijing, China), and
all values are uncorrected. The hydrogen nuclear magnetic
resonance ('H NMR) spectra of the target compounds were
determined on an AM-300 spectrometer (Bruker, Bremen,
Germany) at 300 MHz using dimethyl sulfoxide-ds
(DMSO-dg) as the solvent. All carbon nuclear magnetic
resonance ('3C NMR) spectra of the target compounds were
recorded on AM-300 (3a-3v) or DPX600 (4a~40) spec-
trometers (Bruker, Bremen, Germany) at 75 MHz or 151
MHz, respectively, with a DMSO-ds as the solvent. Tetra-
methylsilane (TMS) was used as an internal standard.
High-resolution mass spectrometry (HRMS) data of the
target compounds were obtained on a 7.0 T FTICR-MS
instrument (Varian, Palo Alto, CA, USA). Single-crystal
X-ray diffraction data of compounds 3m and 4h were ac-
quired on a Gemini Atlas X-ray diffraction instrument
(Rigaku, Tokyo, JP).

4.3.1 General procedure for the synthesis of precur-
sors la~1v

Benzoic acid (1.83 g, 15 mmol) and ethanol (15 mL, 257
mmol) were mixed in a 50-mL three-necked flask. Thio-
nylchloride in ethanol (5 mL) was added dropwise at 0 C.
Then, the solution was stirred for approximately 2 h at
78 °C. The solvent was evaporated in vacuo, and the residue
was washed with 1 mol/L aqueous NaOH until pH of 7 was
reached. The products were extracted using ethyl acetate
and the organic layer was then collected. The solvent was
evaporated away completely to obtain desired intermediate
1a, which was used for the next reaction without further
purification. Compounds 1b ~ 1v were synthesized fol-
lowing the same synthesis protocol used for 1a.

4.3.2 General procedure for the synthesis of precur-
sors 2a~2v

Intermediate 1a (2.25 g, 15 mmol), ethanol (15 mL, 257
mmol), and NHoNH,*H,0 (3.33 g, 45 mmol) were mixed in
a 50-mL three-necked flask. The solution was stirred for 5 h
at 78 ‘C. The solvent was evaporated in vacuo, and a solid
crude product was obtained, which was recrystallized using
a mixture of n-hexane and ethyl acetate. The desired prod-
uct 2a was obtained by filtration and was used in the next
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reaction without further purification. Compounds 2b~2v
were synthesized following the same synthesis protocol
used for 2a.

4.3.3 General procedure for the synthesis of target
compounds 3a~3v and 4a—~4o

Intermediate 2a (2.04 g, 15 mmol) and cinnamaldehyde
(1.98 g, 15 mmol) were mixed in a 50 mL three-necked
flask with ethanol as the solvent. The resulting solution was
stirred for 1 h at 78 ‘C, and the mixture was filtered. The
crude product was recrystallized from dichloromethane, and
further filtrated to give desired product 3a, which confirmed
as a single configuration compound by 'H NMR. Com-
pounds 3b~3v were synthesized following the same syn-
thesis protocol used for 3a. Compound 2e and different
substituted benzaldehyde were mixed using ethanol as the
solvent and stirred for 1 hat 80 ‘C. The mixture was filtered
and the crude product was recrystallized from dichloro-
methane to obtain desired product 4a~4o. The 'H NMR
spectroscopies indicated that compounds 3b~3v and 4a~
40 displayed two isomers, and the Z/E ratio values of title
compounds were shown in Supporting information.

N'-((1E,2E)-3-Phenylallylidene)benzohydrazide (3a): A
white solid, yield 76%. m.p. 191.5~192.1 ‘C (1it.531 192~
194 °C); '"H NMR (300 MHz, DMSO-d) 6: 11.75 (s, 1H),
8.25 (d, J/=4.6 Hz, 1H), 7.91 (d, /=6.9 Hz, 2H), 7.62 (t,
J=17.5 Hz, 3H), 7.54 (dd, J=14.2, 6.9 Hz, 2H), 7.38 (dt,
J=13.7, 6.9 Hz, 3H), 7.07 (s, 2H); '3C NMR (75 MHz,
DMSO-ds) o: 163.17, 149.92, 139.13, 136.06, 133.59,
131.83, 128.94, 128.57, 127.75, 127.21, 125.82. HRMS
caled for C1¢H sN>O [M+H]" 251.1179, found 251.1175.

2-Phenyl-N"-(3-phenylallylidene)acetohydrazide (3b): A
white solid, yield 73%. m.p. 164.4~168.5 C; 'H NMR
(300 MHz, DMSO-ds) 6: 11.39 (d, J=60.5 Hz, 1H), 8.02~
7.77 (m, 1H), 7.58 (s, 2H), 7.41~7.18 (m, 8H), 7.07~6.86
(m, 2H), 3.70 (d, J=114.2 Hz, 2H); '*C NMR (75 MHz,
DMSO-ds) o: 172.16, 166.60, 148.64, 145.60, 138.94,
138.49, 136.04, 135.82, 135.79, 129.63, 129.22, 128.92,
128.83, 128.43, 128.30, 127.13, 126.69, 126.47, 125.67,
125.46, 41.32, 38.72; HRMS calcd for Ci7Hi7N,O [M+
H]" 265.1335, found 265.1334.

N'-(3-Phenylallylidene)-2-(p-tolyl)acetohydrazide (3¢):
A white solid, yield 70%. m.p. 198.4~198.9 C; 'H NMR
(300 MHz, DMSO-ds) 6: 11.36 (d, J=57.7 Hz, 1H), 8.02~
7.79 (m, 1H), 7.60 (dd, /=6.9, 3.9 Hz, 2H), 7.35 (dt, J=
20.6, 7.0 Hz, 3H), 7.14 (dt, J=14.1, 7.9 Hz, 4H), 6.99 (t,
J=6.2 Hz, 2H), 3.65 (d, J/=114.0 Hz, 2H), 2.27 (d, J=2.4
Hz, 3H); *C NMR (75 MHz, DMSO-d;) J: 172.29, 166.71,
148.51, 145.49, 138.86, 138.45, 136.05, 135.70, 135.45,
132.72, 132.66, 129.45, 129.06, 128.98, 128.91, 128.87,
127.13, 125.69, 125.47, 40.89, 38.28, 20.76; HRMS calcd
for CisHioN2O [M+H]" 279.1492, found 279.1489.

2-([1,1'-Biphenyl]-4-yl)-N"-(3-phenylallylidene)acetohy-
drazide (3d): A white solid, yield 68%. m.p. 240.1 ~
241.0 C; '"H NMR (300 MHz, DMSO-ds) d: 11.45 (d, J=
55.4 Hz, 1H), 7.95 (d, J=47.1 Hz, 1H), 7.63 (d, J=6.5 Hz,
6H), 7.53~7.27 (m, 8H), 7.03 (d, /=7.1 Hz, 2H), 3.78 (d, J
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=114.0 Hz, 2H); '*C NMR (75 MHz, DMSO-dj) J: 172.09,
166.51, 148.64, 145.66, 140.17, 140.10, 138.96, 138.68,
138.57, 138.48, 136.05, 135.05, 130.23, 129.81, 129.03,
128.93, 128.86, 127.44, 127.38, 127.16, 126.76, 126.68,
126.63, 125.68, 125.46, 40.92, 38.36; HRMS calcd for
Cy3H2N,O [M+H]" 341.1648, found 341.1643.
2-(4-Fluorophenyl)-N'-(3-phenylallylidene)acetohydra-
zide (3e): A white solid, yield 79%. m.p. 189.2~190.2 C;
"H NMR (300 MHz, DMSO-ds) J: 11.41 (d, J=53.6 Hz,
1H), 8.03~7.82 (m, 1H), 7.62 (d, J=7.1 Hz, 2H), 7.44~
7.28 (m, 5H), 7.15 (dt, J=15.6, 7.8 Hz, 2H), 7.01 (t, J=5.5
Hz, 2H), 3.72 (d, J=113.2 Hz, 2H); '3C NMR (75 MHz,
DMSO-dg) J: 172.02, 16647, 148.67, 145.67, 138.99,
138.58, 136.03, 131.89, 131.54, 131.44, 131.13, 131.02,
128.92, 128.86, 127.14, 125.63, 125.41, 115.26, 115.10,
114.98, 114.82, 79.30, 37.82; HRMS calcd for C17Hi6FN>O
[M-+H]" 283.1241, found 283.1238.
2-(2-Fluorophenyl)-N'-(3-phenylallylidene)acetohydra-
zide (3f): A white solid, yield 77%. m.p. 195.4~198.6 C;
"H NMR (300 MHz, DMSO-ds) J: 11.46 (d, J=44.2 Hz,
1H), 7.93 (dd, J=43.0, 7.9 Hz, 1H), 7.60 (d, /J=7.8 Hz,
2H), 7.33 (ddd, J=13.3, 10.9, 6.2 Hz, 5H), 7.23~7.10 (m,
2H), 7.00 (dd, J/=12.1, 6.7 Hz, 2H), 3.78 (d, /=105.4 Hz,
2H); C NMR (75 MHz, DMSO-ds) J: 171.01, 165.61,
162.56, 162.36, 159.33, 159.13, 148.58, 145.76, 138.99,
138.66, 136.03, 132.38, 132.32, 132.04, 128.93, 128.87,
128.80, 128.69, 127.15, 125.66, 125.33, 124.38, 124.33,
124.22, 124.17, 123.04, 122.88, 122.82, 122.67, 115.30,
115.15, 115.01, 114.87, 34.33, 34.30, 32.47, 32.45; HRMS
caled for Ci7H sFN,O [M+H]" 283.1241, found 283.1238.
N'-(3-Phenylallylidene)-2-(o-tolyl)acetohydrazide (3g):
A white solid, yield 69%. m.p. 201.5~202.4 ‘C; 'H NMR
(300 MHz, DMSO-dg) J: 11.39 (d, J=45.3 Hz, 1H), 7.93
(ddd, J=45.1, 6.2, 2.0 Hz, 1H), 7.60 (d, /=7.1 Hz, 2H),
7.35 (dt, J=14.2, 7.4 Hz, 3H), 7.25~7.09 (m, 4H), 7.06~
6.95 (m, 2H), 3.74 (d, J=107.1 Hz, 2H), 2.27 (d, J=8.9
Hz, 3H); '*C NMR (75 MHz, DMSO-dy) J: 171.99, 166.54,
148.41, 145.54, 138.84, 138.52, 136.87, 136.75, 136.05,
134.56, 134.43, 130.35, 130.11, 130.02, 129.89, 128.93,
128.84, 127.13, 126.83, 126.66, 125.88, 125.75, 125.40,
38.93, 36.55, 19.52, 19.43; HRMS calcd for CisHi9N,O
[M+H]" 279.1492, found 279.1488.
2-(3-Fluorophenyl)-N'-(3-phenylallylidene)acetohydra-
zide (3h): A white solid, yield 72%. m.p. 173.5~174.4 C;
"H NMR (300 MHz, DMSO-ds) J: 11.42 (d, J=47.1 Hz,
1H), 8.01~7.78 (m, 1H), 7.59 (d, /=7.1 Hz, 2H), 7.33 (dq,
J=13.2, 6.8 Hz, 4H), 7.16~6.93 (m, 5H), 3.73 (d, J=
113.5 Hz, 2H); '*C NMR (75 MHz, DMSO-dq) §: 171.61,
166.02, 148.78, 145.78, 139.07, 138.67, 138.56, 138.45,
136.02, 130.31, 130.19, 130.11, 129.99, 128.93, 128.87,
127.15, 125.87, 125.83, 125.62, 125.42, 125.36, 116.62,
116.33, 116.19, 115.90, 113.65, 113.43, 113.38, 113.16,
40.78, 38.36; HRMS calcd for Ci;7H;¢FN,O [M+H] "
283.1241, found 283.1240.
2-(3-Methoxyphenyl)-N'-(3-phenylallylidene)acetohy-
drazide (3i): A white solid, yield 70%. m.p. 196.7 ~
198.4 “C; '"H NMR (300 MHz, DMSO-ds) J: 11.34 (d, J=
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59.3 Hz, 1H), 8.02~7.77 (m, 1H), 7.59 (d, /=6.9 Hz, 2H),
7.33 (dt, J=20.3, 6.9 Hz, 3H), 7.19 (dd, J=7.8, 6.0 Hz,
2H), 7.04~6.93 (m, 2H), 6.91~6.80 (m, 2H), 3.80 (s, 1H),
3.70 (d, J=1.4 Hz, 3H), 3.35 (s, 1H); '*C NMR (75 MHz,
DMSO-ds) o: 172.45, 166.89, 158.21, 158.05, 148.50,
145.46, 138.81, 138.41, 136.06, 130.59, 130.21, 128.92,
128.82, 127.70, 127.62, 127.13, 125.72, 125.49, 113.89,
113.77, 55.13, 37.80; HRMS calcd for CisH9N>O, [M+
H]" 295.1441, found 295.1436.
N'-(3-Phenylallylidene)-2-(4-(trifluoromethyl)phenyl)-
acetohydrazide (3j): A white solid, yield 80%. m.p. 215.0~
216.7 C; '"H NMR (300 MHz, DMSO-dq) J: 11.47 (d, J=
48.5 Hz, 1H), 8.03~7.81 (m, 1H), 7.68 (t, J=7.5 Hz, 2H),
7.61 (d, J=17.4 Hz, 2H), 7.52 (t, J=6.7 Hz, 2H), 7.35 (dt,
J=20.3, 7.0 Hz, 3H), 7.01 (t, J=7.8 Hz, 2H), 3.84 (d, J=
111.7 Hz, 2H); *C NMR (75 MHz, DMSO-ds) J: 171.46,
165.89, 148.87, 145.88, 140.67, 139.13, 138.71, 136.01,
130.57, 130.14, 128.92, 127.16, 127.13, 125.59, 125.35,
125.24, 125.19, 125.12, 125.07, 125.01, 124.96, 40.88,
38.60; HRMS calcd for CisHiF3N,O [M-+H]" 333.1209,
found 333.1206.
2-(4-Methoxyphenyl)-N'-(3-phenylallylidene)acetohy-
drazide (3k): A white solid, yield 65%. m.p. 179.2 ~
180.3 “C. '"H NMR (300 MHz, DMSO-ds) J: 11.38 (d, J=
52.7Hz, 1H), 8.01~7.77 (m, 1H), 7.59 (d, J/=7.1 Hz, 2H),
7.33 (dt, J=20.5, 7.1 Hz, 3H), 7.21 (dd, J=14.5, 8.0 Hz,
1H), 7.04~6.94 (m, 2H), 6.89~6.73 (m, 3H), 3.86 (s, 1H),
3.72 (d, J=4.6 Hz, 3H), 3.47 (s, 1H); 1*C NMR (75 MHz,
DMSO-ds) o: 172.03, 166.48, 159.38, 159.29, 148.65,
145.59, 138.94, 138.50, 137.23, 136.04, 129.44, 129.28,
128.92, 128.83, 127.12, 125.67, 125.42, 121.88, 121.45,
115.43,115.04, 112.09, 111.89, 41.37, 38.74. HRMS calcd
for CigH1oN>,O, [M+H]" 295.1441, found 295.1436.
2-(4-Hydroxyphenyl)-N'-(3-phenylallylidene)acetohy-
drazide (31): A white solid, yield 62%. m.p. 205.4 ~
207.1 C; "H NMR (300 MHz, DMSO-dq) J: 11.31 (d, J=
58.5 Hz, 1H), 9.24 (d, J=13.4 Hz, 1H), 8.04~7.79 (m,
1H), 7.66~7.54 (m, 2H), 7.35 (dt, J/=20.7, 7.0 Hz, 3H),
7.08 (dd, J=8.3, 5.2 Hz, 2H), 6.97 (dd, J=13.8, 9.3 Hz,
2H), 6.70 (dd, J=28.3, 5.6 Hz, 2H), 3.57 (d, /=114.4 Hz,
2H); '3C NMR (75 MHz, DMSO-ds) J: 172.60, 167.03,
156.19, 156.02, 148.40, 145.38, 138.77, 138.37, 136.06,
130.48, 130.09, 128.92, 127.13, 125.87, 125.79, 125.72,
125.50, 115.21, 115.11, 37.75; HRMS caled for Cy7Hi7-
N,O, [M-+H]" 281.1285, found 281.1282.
2-(4-Bromophenyl)-N"-(3-phenylallylidene)acetohydra-
zide (3m): A white solid, yield 71%. m.p. 214.3~215.1 C;
"H NMR (300 MHz, DMSO-ds) J: 11.43 (d, J=48.9 Hz,
1H), 8.05~7.79 (m, 1H), 7.60 (d, /=7.3 Hz, 2H), 7.51 (dd,
J=8.2, 7.0 Hz, 2H), 7.43~7.30 (m, 3H), 7.25 (dd, J=8.1,
6.0 Hz, 2H), 6.99 (dd, J=9.1, 6.2 Hz, 2H), 3.70 (d, J=
112.1 Hz, 2H); *C NMR (75 MHz, DMSO-ds) J: 171.70,
166.13, 148.73, 145.75, 139.05, 138.64, 136.02, 135.21,
131.96, 131.52, 131.28, 131.13, 128.93, 127.15, 125.62,
125.38, 119.92, 119.71, 38.12; HRMS calcd for C;7H¢Br-
N>O [M+H]" 343.0441, found 343.0439.
2-(2,5-Dimethylphenyl)-N'-(3-phenylallylidene)aceto-
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hydrazide (3n): A white solid, yield 70%. m.p. 191.5~
192.1 “C; '"H NMR (300 MHz, DMSO-ds) J: 11.37 (d, J=
443 Hz, 1H), 8.03~7.81 (m, 1H), 7.64~7.57 (m, 2H),
7.43~7.27 (m, 3H), 7.09~6.90 (m, 5H), 3.68 (d, /=107.4
Hz, 2H), 2.22 (dd, J=9.5, 6.8 Hz, 6H); *C NMR (75 MHz,
DMSO-dg) J: 172.04, 166.54, 148.36, 145.50, 138.82,
138.52, 136.05, 134.63, 134.46, 134.30, 134.17, 133.63,
133.54, 131.00, 130.73, 129.93, 129.79, 128.93, 127.38,
127.22,127.13, 125.74, 125.37, 36.43, 20.67, 19.05, 18.96;
HRMS caled for CioHaN,O [M+H]" 293.1648, found
293.1646.
2-(3,5-Dimethoxyphenyl)-N'-(3-phenylallylidene)aceto-
hydrazide (30): A white solid, yield 61%. m.p. 154.7~
155.1 C; '"H NMR (300 MHz, DMSO-ds) J: 11.36 (d, J=
48.0 Hz, 1H), 8.04~7.79 (m, 1H), 7.60 (d, /=7.4 Hz, 2H),
7.35 (dt, J=20.3, 7.0 Hz, 3H), 6.99 (dd, J=7.4, 4.1 Hz,
2H), 6.46 (dd, J=6.5, 2.1 Hz, 2H), 6.41~6.31 (m, 1H),
3.83 (s, 1H), 3.72 (d, J=4.8 Hz, 6H), 3.44 (s, 1H); 13C
NMR (75 MHz, DMSO-ds) 6: 171.88, 166.30, 160.49,
160.38, 148.63, 145.57, 138.94, 138.54, 137.85, 136.03,
128.93, 128.84, 127.14, 127.12, 125.65, 125.37, 107.76,
107.36, 98.52, 98.35, 79.30, 55.23, 55.17, 41.57, 38.91;
HRMS calcd for CioHaN2O3 [M+H]" 325.1547, found
325.1546.
N'-(3-Phenylallylidene)-2-(3-(trifluoromethyl)phenyl)-
acetohydrazide (3p): A white solid, yield 85%. m.p.
167.4~168.9 ‘C; 'H NMR (300 MHz, DMSO-ds) 6: 11.47
(d, J=52.0 Hz, 1H), 7.92 (dd, /=43.5, 7.2 Hz, 1H), 7.71~
7.50 (m, 6H), 7.35 (dt, J=20.6, 7.1 Hz, 3H), 7.01 (dd, J=
12.4, 4.5 Hz, 2H), 3.85 (d, J=112.4 Hz, 2H); '3C NMR (75
MHz, DMSO-ds) o: 171.58, 166.04, 148.90, 145.85,
139.14, 138.69, 137.18, 136.01, 133.97, 133.51, 129.40,
129.21, 128.92, 128.87, 127.16, 127.11, 126.39, 126.34,
125.85, 125.80, 125.58, 125.29, 123.45, 123.22, 40.66,
38.44; HRMS calcd for CisHiF3N>O [M-+H]" 333.1209,
found 333.1204.
2-(2,6-Dichlorophenyl)-N"-(3-phenylallylidene)acetohy-
drazide (3q): A white solid, yield 78%. m.p. 245.5 ~
248.6 ‘C; '"HNMR (300 MHz, DMSO-dq) d: 11.57 (d, J=
34.5 Hz, 1H), 8.08~7.78 (m, 1H), 7.63 (d, J/=7.1 Hz, 2H),
7.49 (d,J=8.0 Hz, 2H), 7.44~7.29 (m, 4H), 7.03 (t, /=4.9
Hz, 2H), 4.08 (d, J=91.1 Hz, 2H); '*C NMR (75 MHz,
DMSO-dg) J: 169.38, 164.20, 148.40, 146.10, 138.98,
138.88, 136.02, 135.67, 132.50, 132.05, 129.57, 129.43,
128.92, 128.26, 128.14, 127.17, 125.64, 125.29, 36.62,
35.44; HRMS calcd for Ci7H;sCLN,O [M+H]" 333.0556,
found 333.0555.
2-(3-Chlorophenyl)-N"-(3-phenylallylidene)acetohydra-
zide (3r): A white solid, yield 75%. m.p. 174.2~175.6 C;
"H NMR (300 MHz, DMSO-ds) J: 11.42 (d, J=44.6 Hz,
1H), 8.10~7.76 (m, 1H), 7.61 (d, J=7.6 Hz, 2H), 7.45~
7.21 (m, 7H), 7.01 (dd, J=11.4, 3.9 Hz, 2H), 3.74 (d, J=
114.4 Hz, 2H); 3C NMR (75 MHz, DMSO-d¢) J: 171.61,
166.07, 148.87, 145.83, 139.11, 138.66, 138.21, 138.19,
136.01, 133.02, 132.86, 130.20, 130.02, 129.60, 129.14,
128.92, 128.86, 128.47, 128.01, 127.16, 127.12, 126.71,
126.49, 125.59, 125.35, 79.33, 40.70, 38.29; HRMS calcd
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for C17H1sCIN,O [M+H]" 299.0946, found 299.0945.
2-(4-Nitrophenyl)-N'-(3-phenylallylidene)acetohydrazi-
de (3s): A white solid, yield 78%. m.p. 222.4~223.7 C;
"H NMR (300 MHz, DMSO-ds) J: 11.51 (d, J=44.6 Hz,
1H), 8.20 (dd, J=38.6, 6.5 Hz, 2H), 7.92 (dd, J=42.8, 7.6
Hz, 1H), 7.64~7.54 (m, 4H), 7.36 (dt, /=20.2, 7.1 Hz,
3H), 7.01 (dd, J/=13.1, 5.1 Hz, 2H), 3.90 (d, /=110.4 Hz,
2H); '3C NMR (75 MHz, DMSO-ds) J: 171.08, 165.48,
148.96, 146.54, 146.41, 146.00, 143.99, 143.81, 139.24,
138.83, 135.99, 131.11, 130.67, 128.94, 127.16, 125.55,
125.31, 123.49, 123.31, 40.82, 38.70; HRMS caled for
Ci7H16sN305 [M+H]" 310.1186, found 310.1184.
2-(4-Chlorophenyl)-N'"-(3-phenylallylidene)acetohydra-
zide (3t): A white solid, yield 78%. m.p. 202.5~203.3 C;
"H NMR (300 MHz, DMSO-ds) J: 11.43 (d, J=49.5 Hz,
1H), 8.07~7.76 (m, 1H), 7.65~7.57 (m, 2H), 7.36 (dddd,
J=11.5, 8.5, 6.3, 1.8 Hz, 7H), 7.00 (dd, /=8.6, 5.8 Hz,
2H), 3.73 (d, J=112.5 Hz, 2H); 3C NMR (75 MHz,
DMSO-ds) o: 171.78, 166.24, 148.75, 145.74, 139.04,
138.61, 136.02, 134.78, 131.55, 131.49, 131.27, 131.12,
128.92, 128.35, 128.20, 127.16, 127.13, 125.62, 125.39,
40.43, 38.06; HRMS calcd for Cj7H ¢CIN,O [M+H] "
299.0946, found 299.0945.
2-(2,4-Fifluorophenyl)-N'-(3-phenylallylidene)acetohy-
drazide (3u): A yellow solid, yield 70%. m.p. 163.5~
166.3 “C; "H NMR (300 MHz, DMSO-dq) §: 11.45 (d, J=
40.6 Hz, 1H), 8.05~7.78 (m, 1H), 7.58 (d, J=7.4 Hz, 2H),
7.47~7.27 (m, 4H), 7.24~7.12 (m, 1H), 7.01 (dt, J=13.2,
7.1 Hz, 3H), 3.76 (d, J=103.9 Hz, 2H); '3C NMR (75 MHz,
DMSO-ds) o: 170.83, 165.46, 148.65, 145.84, 139.03,
138.70, 136.02, 133.35, 133.27, 133.14, 128.92, 127.14,
125.63, 125.29, 119.17, 111.42, 111.27, 111.19, 110.94,
104.01, 103.87, 103.67, 103.52, 103.32, 103.18, 33.71,
32.01. HRMS calcd for Ci7H;sFaNoO [M+H]™ 301.1147,
found 301.1140.
N'-(3-Phenylallylidene)-2-(pyridin-3-yl)acetohydrazide
(3v): A white solid, yield 85%; m.p. 172.4~174.1 'C; 'H
NMR (300 MHz, DMSO-ds) J: 11.49 (d, J=49.7 Hz, 1H),
8.54~8.40 (m, 2H), 8.04~7.82 (m, 1H), 7.64 (dt, J=10.4,
5.8 Hz, 3H), 7.42~7.25 (m, 4H), 7.06~6.93 (m, 2H), 3.77
(d, /=109.0 Hz, 2H); *C NMR (75 MHz, DMSO-dj) &:
171.60, 166.08, 150.71, 150.27, 148.84, 147.97, 147.73,
145.88, 139.12, 138.71, 137.30, 136.83, 136.01, 131.49,
128.93, 127.15, 125.60, 125.35, 123.51, 123.37, 38.19,
36.07. HRMS caled for CisHiN;O [M+H]" 266.1288,
found 266.1281.
2-(4-Fluorophenyl)-N'-(4-methoxybenzylidene)acetohy-
drazide (4a): A white solid, yield 70%. m.p. 182.3 ~
182.6 “C; '"H NMR (300 MHz, DMSO-dq) J: 11.35 (d, J=
60.0 Hz, 1H), 8.03 (d, J=61.8 Hz, 1H), 7.66~7.57 (m,
2H), 7.37~7.27 (m, 2H), 7.18~7.06 (m, 2H), 6.98 (dd,
J=8.9, 2.1 Hz, 2H), 3.94 (s, 1H), 3.78 (d, J/=1.3 Hz, 3H),
3.50 (s, 1H); 3C NMR (150 MHz, DMSO-de) 6: 172.42,
166.69, 162.40, 162.26, 161.24, 161.05, 160.80, 160.66,
146.96, 143.32, 132.46, 132.43, 132.40, 131.75, 131.70,
131.41, 131.36, 129.09, 128.79, 127.30, 127.23, 115.55,
115.42,115.28,114.80, 114.75, 55.74, 40.70, 38.48; HRMS
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caled for CicHigFN,O, [M + H] *
287.1186.
N'-(2,6-Dichlorobenzylidene)-2-(4-fluorophenyl)aceto-
hydrazide (4b): A white solid, yield 82%; m.p. 216.8~
217.3 °C. '"H NMR (300 MHz, DMSO-dy) &: 11.75 (d, J=
57.0 Hz, 1H), 8.32 (d, J=42.7 Hz, 1H), 7.53 (dd, J=7.6,
4.5 Hz, 2H), 7.46~7.23 (m, 3H), 7.20~7.04 (m, 2H), 3.74
(d, J=109.5 Hz, 2H); '3C NMR (150 MHz, DMSO-ds) &:
172.99, 167.20, 162.47, 162.31, 160.86, 160.71, 142.45,
138.60, 134.36, 134.33, 132.03, 132.01, 131.77, 131.72,
131.64, 131.61, 131.55, 131.45, 131.01, 130.19, 129.87,
129.49, 115.60, 115.45, 115.43, 115.29, 40.57, 38.08.
HRMS caled for CisHi2CLFN,O [M+H] " 325.0305,
found 325.0302.
N'-(3-Bromobenzylidene)-2-(4-fluorophenyl)acetohydr-
azide (4¢): A white solid, yield 72%. m.p. 182.4~182.6 C;
"H NMR (300 MHz, DMSO-ds) J: 11.60 (d, J=66.4 Hz,
1H), 8.05 (d, J=63.2 Hz, 1H), 7.86 (d, J=1.6 Hz, 1H),
7.71~7.55 (m, 2H), 7.43~7.26 (m, 3H), 7.12 (dt,J=16.4,
8.2 Hz, 2H), 3.76 (d, J=133.1 Hz, 2H); '*C NMR (150
MHz, DMSO-ds) o: 172.87, 167.16, 162.43, 162.27,
160.82, 160.67, 145.26, 141.73, 137.18, 132.97, 132.77,
132.26, 132.15, 131.80, 131.75, 131.46, 131.43, 131.41,
129.67, 129.42, 126.51, 126.34, 122.69, 122.58, 115.59,
11544, 11530, 40.63, 38.46; HRMS calcd for
C1sH13BrFN,O [M+H]" 335.0190, found 335.0188.
2-(4-Fluorophenyl)-N'-(4-nitrobenzylidene)acetohydra-
zide (4d): A yellow solid, yield 85%. m.p. 225.1 ~
225.8 °C; 'H NMR (300 MHz,DMSO-de) J: 11.77 (d, J=
59.8 Hz, 1H), 8.30 (s, 0.5H), 8.28~8.20 (m, 2H), 8.08 (s,
0.5H), 8.02~7.87 (m, 2H), 7.33 (ddd, J=28.7, 5.5, 2.9 Hz,
2H), 7.20~7.03 (m, 2H), 3.79 (d, J=131.4 Hz, 2H); 3C
NMR (150 MHz, DMSO-d¢) J: 173.11, 167.41, 162.45,
162.32, 160.85, 160.71, 148.28, 148.11, 144.63, 141.11,
141.02, 132.08, 132.06, 132.02, 132.00, 131.84, 131.78,
131.51, 131.45, 128.42, 128.18, 124.54, 124.50, 115.61,
115.49, 11547, 115.35, 40.65, 38.44; HRMS caled for
C1sH13FN;05 [M+H]" 302.0935, found 302.0933.
2-(4-Fluorophenyl)-N'-(4-isopropylbenzylidene)aceto-
hydrazide (4e): A white solid, yield 63%. m.p. 127.7~
128.4 “C; '"H NMR (300 MHz, DMSO-ds) J: 11.41 (d, J=
57.4 Hz, 1H), 8.07 (d, J=63.4 Hz, 1H), 7.59 (dd, J=8.2,
3.2 Hz, 2H), 7.37~7.25 (m, 4H), 7.17~7.05 (m, 2H), 3.74
(d, J=130.6 Hz, 2H), 2.95~2.82 (m, 1H), 1.18 (dd, J/=6.9,
2.0 Hz, 6H); 3C NMR (150 MHz, DMSO-ds) 6: 172.56,
166.84, 162.42, 162.28, 160.82, 160.68, 151.07, 150.82,
147.10, 143.49, 132.42, 132.38, 132.36, 132.33, 132.31,
131.74, 131.68, 131.44, 131.39, 127.59, 127.31, 127.27,
127.21, 115.56, 115.45, 11542, 115.31, 40.70, 38.50,
33.83, 24.13, 24.12; HRMS calcd for CisH2FN,O [M—+
H]" 299.1554, found 299.1551.
N'-(4-Chlorobenzylidene)-2-(4-fluorophenyl)acetohydr-
azide (4f): A white solid, yield 75%. m.p. 187.9~188.1 C;
"H NMR (300 MHz, DMSO-ds) d: 11.54 (d, J=61.0 Hz,
1H), 8.08 (d, J=65.9 Hz, 1H), 7.76~7.64 (m, 2H), 7.52~
7.42 (m, 2H), 7.39~7.26 (m, 2H), 7.18 ~7.04 (m, 2H), 3.75
(d, J=130.4 Hz, 2H); '3C NMR (150 MHz, DMSO-ds) &:

287.1190, found
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172.75, 167.03, 162.42, 162.28, 160.82, 160.68, 145.74,
142.15, 134.90, 134.65, 133.65, 132.25, 131.79, 131.74,
131.45, 131.40, 129.39, 129.35, 129.12, 128.88, 115.58,
115.44, 115.30, 40.65, 38.42. HRMS calcd for CisH;3Cl-
FN,O [M-+H]" 291.0695, found 291.0693.
2-(4-Fluorophenyl)-N'-(pyridin-3-ylmethylene)acetohy-
drazide (4g): A yellow solid, yield 69%. m.p. 174.5~
175.1 °C; '"H NMR (300 MHz, DMSO-dq) J: 11.64 (d, J=
61.2 Hz, 1H), 8.82 (dd, /=28.3, 1.8 Hz, 1H), 8.57 (dd, J=
4.8, 1.6 Hz, 1H), 8.30~7.97 (m, 2H), 7.48~7.27 (m, 3H),
7.19~7.04 (m, 2H), 3.77 (d, J=130.4 Hz, 2H); *C NMR
(150 MHz, DMSO-ds) J: 172.87, 167.14, 162.44, 162.29,
160.83, 160.69, 151.10, 150.84, 149.19, 148.85, 144.40,
140.65, 133.85, 133.78, 132.24, 132.22, 132.15, 132.13,
131.78, 131.73, 131.46, 131.41, 130.61, 124.41, 115.58,
115.45,115.31, 40.66, 38.44. HRMS calcd for C14Hi3FN3O
[M+H]" 258.1037, found 258.1034.
2-(4-Fluorophenyl)-N'"-(4-(trifluoromethyl)benzylidene)-
acetohydrazide (4h): A white solid, yield 78%. m.p.160.8~
161.2 °C; "H NMR (300 MHz, DMSO-dq) §: 11.71 (d, J=
60.5 Hz, 1H), 8.17 (d, J=66.9 Hz, 1H), 7.88 (dd, J=38.1,
4.0 Hz, 2H), 7.75 (d, J=8.2 Hz, 2H), 7.39~7.27 (m, 2H),
7.18~7.04 (m, 2H), 3.78 (d, J=129.0 Hz, 2H); '*C NMR
(150 MHz, DMSO-ds) J: 172.95, 167.27, 162.46, 162.32,
160.85, 160.71, 145.34, 141.76, 138.70, 138.66, 132.16,
132.14, 132.10, 132.08, 131.79, 131.74, 131.47, 131.42,
130.21, 130.01, 129.80, 129.59, 128.05, 127.79, 127.28,
126.16, 126.13, 126.11, 126.08, 125.47, 123.67, 115.58,
115.45, 115.44, 115.31, 40.67, 38.45; HRMS caled for
Ci6H13F4aN,O [M+H]" 325.0959, found 325.0955.
N'-(4-Bromobenzylidene)-2-(4-fluorophenyl)acetohydr-
azide (4i): A white solid, yield 78%. m.p. 191.8~193.1 C;
"H NMR (300 MHz, DMSO-ds) J: 11.57 (d, J=62.1 Hz,
1H), 8.08 (d, J/=64.0 Hz, 1H), 7.70~7.59 (m, 4H), 7.39~
7.28 (m, 2H), 7.13 (dd, J=16.9, 8.8 Hz, 2H), 3.76 (d, J=
131.3 Hz, 2H); '*C NMR (150 MHz, DMSO-d) 6: 172.76,
167.04, 162.43, 162.29, 160.82, 160.68, 145.84, 142.25,
134.00, 132.30, 132.26, 132.24, 132.21, 132.19, 131.79,
131.74, 131.46, 131.40, 129.36, 129.12, 123.69, 123.42,
115.58, 115.45, 115.31, 40.67, 38.43; HRMS caled for
CisH3sBrFN,O [M+H]" 335.0190, found 335.0185.
N'-(3-Chlorobenzylidene)-2-(4-fluorophenyl)acetohydr-
azide (4j): A white solid, yield 74%. m.p. 183.6~184.4 C;
"H NMR (300 MHz, DMSO-ds) J: 11.62 (d, J=66.0 Hz,
1H), 8.09 (d, J/=64.4 Hz, 1H), 7.69 (dd, /=26.9, 3.9 Hz,
2H), 7.46 (d, J=4.9 Hz, 2H), 7.34 (dt, J/=8.3, 6.1 Hz, 2H),
7.13 (g, J=8.5 Hz, 2H), 3.78 (d, J=132.8 Hz, 2H); *C
NMR (150 MHz, DMSO-ds) J: 172.87, 167.16, 162.44,
162.28, 160.83, 160.68, 145.39, 141.82, 136.97, 136.95,
134.15, 134.06, 132.27, 132.25, 132.17, 132.15, 131.80,
131.74, 131.46, 131.41, 131.18, 131.14, 130.08, 129.87,
126.83, 126.51, 126.10, 125.98, 115.59, 115.44, 115.43,
115.29, 40.65, 38.44. HRMS calcd for C;sH3CIFN,O [M+
H]" 291.0695, found 291.0690.
N'-(3-Fluorobenzylidene)-2-(4-fluorophenyl)acetohydr-
azide (4k): A white solid, yield 74%. m.p. 167.4 ~
167.8 “C; '"HNMR (300 MHz, DMSO-ds) : 11.61 (d, J=
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62.0 Hz, 1H), 8.10 (d, J=66.5 Hz, 1H), 7.58~7.43 (m,
3H), 7.39~7.20 (m, 3H), 7.14 (dt, J=16.3, 8.2 Hz, 2H),
3.77 (d,J=134.1 Hz, 2H); '3C NMR (150 MHz, DMSO-dj)
0: 172.88, 167.13, 163.73, 163.65, 162.43, 162.29, 162.12,
162.03, 160.83, 160.68, 145.72, 145.70, 142.06, 142.04,
137.32, 137.26, 132.28, 132.26, 132.18, 132.16, 131.79,
131.73, 131.46, 131.41, 131.35, 131.30, 123.79, 123.77,
123.73, 123.71, 117.27, 117.13, 117.05, 116.91, 115.59,
115.44, 115.30, 113.60, 113.45, 113.24, 113.09, 40.66,
38.42. HRMS calcd for CisH3sFaN,O [M+H]" 275.0990,
found 275.0983.
2-(4-Fluorophenyl)-N'-(4-methylbenzylidene)acetohydr-
azide (41): A white solid, yield 77%. m.p. 176.8~177.4 C;
"H NMR (300 MHz, DMSO-ds) J: 11.44 (d, J=61.6 Hz,
1H), 8.07 (d, /=60.9 Hz, 1H), 7.58 (dd, J=7.9, 5.0 Hz,
2H), 7.39~7.29 (m, 2H), 7.28~7.21 (m, 2H), 7.13 (q, J=
8.7 Hz, 2H), 3.75 (d, J=133.0 Hz, 2H), 2.33 (s, 3H); 1*C
NMR (150 MHz, DMSO-dg) J: 172.56, 166.82, 162.41,
162.27, 160.81, 160.67, 147.10, 143.52, 140.28, 140.01,
132.39, 132.37, 132.35, 132.33, 132.00, 131.98, 131.77,
131.72, 131.43, 131.38, 129.92, 129.86, 127.48, 127.21,
115.56, 115.43, 115.29, 40.69, 38.47, 21.48; HRMS calcd
for C16HisFN,O [M-+H]" 271.1241, found 271.1233.
N'-(4-Fluorobenzylidene)-2-(4-fluorophenyl)acetohydr-
azide (4m): A white solid, yield 70%. m.p. 195.7 ~
196.4 “C; '"H NMR (300 MHz, DMSO-ds) J: 11.52 (d, J=
61.4 Hz, 1H), 8.10 (d, J/=65.0 Hz, 1H), 7.75 (ddd, J=12.3,
6.6, 2.1 Hz, 2H), 7.41~7.21 (m, 4H), 7.20~7.05 (m, 2H),
3.76 (d,J=132.5 Hz, 2H); '3C NMR (150 MHz, DMSO-dj)
0: 172.68, 166.98, 164.36, 164.21, 162.72, 162.57, 162.43,
162.29, 160.82, 160.68, 145.97, 142.31, 132.33, 132.31,
132.27, 132.25, 131.77, 131.71, 131.44, 131.38, 131.33,
131.32, 131.30, 129.68, 129.62, 129.40, 129.34, 116.42,
116.37, 116.27, 116.22, 115.56, 115.43, 115.29, 40.68,
38.44; HRMS calcd for CisHi3sFaN,O [M-+H]" 275.0990,
found 275.0983.
N'-Benzylidene-2-(4-fluorophenyl)acetohydrazide (4n):
A white solid, yield 71%. m.p. 150.8~151.8 'C; 'H NMR
(300 MHz, DMSO-ds) 6: 11.51 (d, J=61.1 Hz, 1H), 8.07 (t,
J=34.8 Hz, 1H), 7.77~7.59 (m, 2H), 7.45 (dd, J=10.7,
5.3 Hz, 3H), 7.38~7.27 (m, 2H), 7.14 (q, J/=8.5 Hz, 2H),
3.76 (d,J=132.7 Hz, 2H); '3C NMR (150 MHz, DMSO-dj)
0: 171.62, 165.90, 161.37, 161.23, 159.77, 159.63, 146.02,
142.39, 133.65, 131.29, 131.26, 131.23, 131.21, 130.71,
130.66, 130.39, 130.34, 129.41, 129.18, 128.26, 128.19,
126.44, 126.17, 126.03, 114.51, 114.39, 114.37, 114.25,
39.64, 37.41; HRMS caled for Ci;sHisFN,O [M+H] "
257.1085, found 257.1078.
N'-(2-Chlorobenzylidene)-2-(4-fluorophenyl)acetohyd-
razide (40): A white solid, yield 69%. m.p. 172.8 ~
173.2 “C; '"H NMR (300 MHz, DMSO-ds) J: 11.70 (d, J=
74.1 Hz, 1H), 8.50 (d, J=62.9 Hz, 1H), 7.97 (ddd, J=9.5,
6.7, 3.2 Hz, 1H), 7.56~7.47 (m, 1H), 7.46~7.38 (m, 2H),
7.38~7.29 (m, 2H), 7.13 (q, J=28.7 Hz, 2H), 3.78 (d, J=
133.1 Hz, 2H); '*C NMR (150 MHz, DMSO-d) 6: 172.26,
166.54, 161.87, 161.71, 160.26, 160.11, 142.32, 138.90,
132.95, 132.78, 131.60, 131.58, 131.50, 131.48, 131.34,
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131.28, 131.21, 131.16, 131.07, 130.92, 130.86, 129.81,
129.77, 127.53, 127.50, 126.70, 126.59, 115.02, 114.88,
114.74,40.14, 37.83; HRMS calcd for C;sH;3FCIN,O [M+
H]" 291.0695, found 291.0689.

4.3.4 X-Ray crystal diffraction of compounds 3m and
4h

Samples of 3m and 4h (20 mg) were dissolved in dime-
thyl sulfoxide and then placed in a 20-mL three-necked
triangular flask and sealed with parafilm, leaving a small
gap. Both samples were left in a quiet corner and were
allowed to settle until the solvent had evaporated, precipi-
tating a single crystal suitable for testing. The single crystal
0.4 nm X 0.35 nm X 0.25 nm in size was assessed by X-ray
diffraction analysis.

The diffraction data of 3m: CCDC: 2068722, C17H;5Br-
N0, M =343.22, triclinic, a = 0.64358(13) nm, b=
0.9089(2) nm, ¢ = 1.3569(3) nm, o = 71.29(2)°, f =
83.811(17)°, y =85.963(17)°, ¥V =0.7469(3) nm?, T =
108.85(10), space group P-1 (No. 2), Z=2, u(Mo Ka)=
2.752, 5408 reflections measured, 2920 unique reflections
(Rint=0.0542), which were used in all calculations. The
final wR(F>) was 0.1263 (all data).

The diffraction data of 4h: CCDC: 2068720, CicHi,-
F4sN,O, M = 324.28, triclinic, a = 0. 83349(8) nm, b=
1.04034(12) nm, ¢=1.04183(13) nm, a=119.553(12)°,
B=94.031(9)°, y=107.415(9)°, V=0. 72353(14) nm®, T=
111.15(10), space group P-1 (No. 2), Z=2, u(Mo Ka)=
0.130, 5432 reflections measured, 2828 unique reflections
(Rint=0.0360), which were used in all calculations. The
final wR(F>) was 0.1129 (all data).

4.3.5 Insecticidal activity against soybean aphids

The insecticidal activities of the target compounds with
mixture Z/E isomers except for single one 3a against soy-
bean aphids (Aphis glycines) were evaluated using the
popular leaf-dipping method proposed by the IRAC.[*¥
Soybean aphids were maintained in a climate chamber set at
(22£1) C, a relative humidity of 65%~75%, and a pho-
toperiod of 16 h . 8 h (L . D) in a laboratory at China Ag-
ricultural University, Beijing, China, and were reared on
soybean seedlings without exposure to any chemicals, as
indicated by Hanson et al.!>¥! The target compounds were
dissolved in DMSO-ds and diluted with distilled water
containing 0.05% Triton X-100 to the concentrations re-
quired. For the LCso determination of compounds 3e, 4f, 4g
and imidacloprid, five concentrations of the target com-
pounds (500.0, 125.0, 62.5, 15.625, and 7.81 ug/mL) were
tested, and five concentrations of imidacloprid (200.0, 50.0,
25.0,6.25, and 1.56 pg/mL) were tested as positive controls.
Soybean leaves were cut into disks (20 mm in diameter),
dipped into the prepared solutions for 6 s, and then air-dried
by placing them upside down for 30 min. After drying, the
leaves were placed in a disposable 12-well cell culture plate.
Each well contained 1 mL of 2% agar to maintain humidity.
Approximately 20 apterous adult aphids were placed onto
the disks, and the cells were covered with Chinese art paper
to prevent the aphids from escaping. Leaf disks dipped into
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distilled water containing 0.05% Triton X-100 buffer and
DMSO-ds as described above served as a solvent control.
Leaf disks dipped into imidacloprid solutions served as
positive controls. Three replicates were conducted for each
concentration of each chemical. Insects that did not move
all six legs after gentle probing with a soft hairbrush were
recorded as dead. The mortality rates were assessed after 48
h of continuous exposure to the chemicals. The logit dis-
tribution was used to compute mortality as a function of
insecticide concentration. The 48 h LCsy value of each
chemical to aphids was calculated by probit regression
using SPSS v.23.0.55¢

4.4 Acute contact toxicity to bees

The acute contact toxicities of compounds 3¢, 3e, and
imidacloprid toward honeybees (Apis mellifera) were ex-
amined. Brood combs collected from three colonies were
maintained in a dark climate chamber at a temperature of
(30x1) ‘C and a relative humidity of 50% ~ 70% for
emergence. Newly emerged worker bees <24 h old were
collected and used for assessing the acute contact toxicity of
the target compounds. Ten bees from three replicates were
randomly assigned to cages. The test compounds were
dissolved in a mixture of 50% DMSO-ds and 50% acetone.
The collected bees were first anesthetized with carbon di-
oxide (CO,) for 180 s, and then a 1.0 UL aliquot of a solu-
tion containing the test compound was applied with a micro
applicator to the dorsal side of the thorax of each bee, fol-
lowed by a waiting period of approximately 1 min to let the
solution evaporate. The 10 treated bees were then trans-
ferred into plastic test cages. These bees were fed a 50%
sucrose solution for the following 48 h via a syringe, the
needle and front end of which had been cut off. The tested
concentrations of 3¢ were 40000, 20000, 10000, 5000, and
2500 pg/mL, among which 40000 ng/mL was the saturated
concentration. The tested concentrations of 3e were 100000,
50000, 25000, 12500, and 6250 pg/mL, and 100000 ug/mL
was the saturated concentration. The tested concentrations
of imidacloprid, as the positive control, were 120, 60, 30,
15, and 7.5 pg/mL. A mixture solution of 50% DMSO-ds
and 50% acetone was tested as the solvent control, and
water only was used as the blank control. The mortality
rates of each treatment were recorded after 48 h of contin-
uous exposure to the chemicals. The logit distribution was
used to compute mortality as a function of insecticide con-
centration. The 48 h LD50 value of each chemical to the
bees was calculated by probit regression using SPSS
v.23.0.55-56)
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