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Twenty-four novel neonicotinoid analogues with nitromethylene and five-membered aromatic heterocy-
cles were designed and synthesized. All target molecular structures have been confirmed by analytical
and spectral data. Some compounds exhibited notable insecticidal activities against aphid (Aphis med-
icaginis) and brown planthopper (Nilaparvata lugens). The aqueous stability test confirmed that the sta-

bilities of those compounds were superior to the leading compound, and the photostability was even
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better than that of imidacloprid.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The nicotinic acetylcholine (ACh) receptor (nAChR) is the proto-
typical ligand-gated ion-channel in charge of rapid excitatory neu-
rotransmission and an important target for insecticide design [1-
3]. Nowadays, several neonicotinoids have been developed with
novel modes of action [4], e.g., targeting insect nAChRs, low mam-
malian toxicity, broad insecticidal spectra, and good systemic prop-
erties [5-7]. However, rise of resistance due to the wide spread ap-
plications [8,9], and overuse of neonicotinoids were major concerns
plaguing this class of insecticides [10]. Therefore, it is imperative to
find novel compounds to address these problems.

As for the neonicotinoids disclosed in past years (Fig. 1), the
double bond in the nitromethylene group plays an important role
in its mode of action. As the bond forms a conjugated system that
facilitates electron flow toward the nitro group and renders the
planarity of the pharmacophore, the double bond is presumably
indispensable for bioactivity [11-13]. Nitromethylene proved to be
one of the most effective electron-withdrawing fragments, neoni-
cotinoids containing this scaffold were called nitromethylene neon-
icotinoids [14,15].

Interestingly, in our previous study [16], compound 2 exhib-
ited excellent insecticidal activities against cowpea aphid (crac-
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civora), armyworm (separate Walker) and small brown rice plan-
thopper (striatellus), into which the conjugated double bond was
introduced. However, previous studies showcased that the half-life
of compound 2 was only 0.77 min under the irradiation of a 300 W
high-pressure mercury lamp [17]. The life-time is even shorter
when dissolved in water (hydrolysis half-life in water is 2.40h),
which prohibits it from practical applications (Scheme 1).

To solve this problem, we then introduced diazene moiety to
compound 2 to enhance the m-7 stacking interaction in order to
increase the electron density of the conjugated system and reduce
its proneness toward nucleophilic addition [18]. This did improve
its stability mildly. Yet, these compounds were still unstable com-
pared with imidacloprid (Scheme 1).

Inspired by the stability and activity of cycloxaprid and other
nitromethylene neonicotinoids, we next switched our focus to
modification of the nitroconjugated double bond of compound 2
into B-nitroenamine in order to maintain its activity and at the
same time enhance the stability. According to the reaction reported
by Francisco et al. in 2007 [19], sodium borohydride was employed
to selectively reduce the conjugated diene system for improved
stability (Scheme 1). In addition, the insecticidal activity was ex-
pected to be even improved. Twenty-four novel nitromethylene
neonicotinoids were synthesized and their significant insecticidal
activities and increased stabilities were reported herein.

Synthetic route of 3a-3x was shown in Scheme 2 or Fig. S1
(Supporting information). The key to prepare the target compounds

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



L. Han, Z. Yuan, X. Shao et al.

© .NO, f ] ]
n-NO2 N-CN N-NO2
A A s |
NN TN s C|\<fN N~
P (- _ / N L J
CcI” N CI” N (¢}
Imidacloprid Thiacloprid Thiamethoxan
_CN’ f . - .
L’\L N‘,NOZ )NI\,NOZ
X N S ; ~ . >
Cl N” N N“ N
L) %_]/\H H OQA HoOH
CI” N N
Nitenpyram Clothianidian Dinotefuran

3

Nitenpyram

Cycloxaprid

Paichongding

0]

o)
o % X
I A N N= "CF3
X s | |
1 S
P
F cI N X

Flupyradifurone
cl

Flupyrimin

X

'
N” 0
S
SN
‘ K[ »)—cl
Triflumezopyrim

Dicloromezotiaz

Fig. 1. Chemical structures of neonicotinoids disclosed in past years.
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Scheme 2. The synthetic route of 24 target compounds 3a-3x.
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Scheme 3. Presumed synthetic mechanism of the target compounds.

Table 1
Optimum process to synthesis the target molecules.

Numbers  Temperature (°C)  Solvent Reaction time  Yield (%)

1 -78 Methanol 8h 65
2 —60 Methanol 8h 72
3 —40 Methanol 5h 77
4 -20 Methanol 1h 75
5 0 Methanol 15 min 70
6 15 Methanol 10 min 72
7 15 EtOH 15 min 70
8 15 Propanol 15 min 60
9 15 H,0/CH,Cl; (1:1) 10 min 74
10 15 DMF 20 min 60*
11 5 H,0/CH,Cl, (1:1) 15 min 70

* Column layer absorption ratio, and the rest were recrystallized yields.

was the selective reduction of conjugated diene system. Sodium
borohydride can hydrogenate the double bond, which consists of
C and hetero atoms like O or N. Sodium borohydride may add to
C=N bond and then the C-4 was subsequently protonated to get
the target compound (Scheme 3). When the five-membered aro-
matic ring was substituted by electron-withdrawing group such as
nitro group or cyano group, the reduction reaction was unsuccess-
ful.

The influence of reaction temperature was also studied. Taking
the reactivity of sodium borohydride into consideration, we tested
the temperature from —78°C to 15°C. The results showed that in-
creasing the reaction temperature led to a faster rate but little
effect on the yield. The most efficient temperature for this reac-
tion was 15 °C. The effect of the solvent on the reaction was also
investigated, given that compound 2 participates in the reaction
as an organic salt, various polar solvents such as H,0O, methanol,
ethanol, propanol and DMF were screened. When using water as
solvent, due to poor water solubility of the product, it was found
that an insoluble sticky substance was formed during the reac-
tion and restrained the stirrer. Here, adding one equal volume of
dichloromethane to water in reaction was found favorable to dis-
solve the product thorough optimization. According to the yields
on Table 1, mixture of H,O/CH,Cl, (1:1) was most suitable to yield
compound 3a (Table 1, entries 9 and 11). Structures of all 24 target
compounds 3a-3x were listed in Scheme 4.

As biological test results shown in Table 2, almost all com-
pounds were active to rice brown planthopper in concentration
of 500 mg/L, and mortality of some compounds could reach 100%
even in the concentration of 4 mg/L. Most compounds were active
against aphid at 500 mg/L. Some compounds could keep 100% mor-
tality in 4 mg/L. However, this series of compounds show poor ac-
tivity against the diamondback moth except 3v.

Taking the structure of the compounds we synthesized into
consideration, the chloropyridine ring leads to better bioactivity
than other six-membered heterocyclic moieties such as clorothia-
zole, tetrahydrofuran and pyridine. If the pyridine ring is unsub-
stituted, or replaced by phenyl or chlorophenyl will lead to loss
of activity. In the five-membered heterocyclic moiety, the com-
pound substituted by thiophene is generally more active than that
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Scheme 4. Structures of 24 target compounds 3a-3x.

Table 2
Insecticidal activity test result of the synthesized compounds.

Mortality (%)

Compound Alfalfa aphid Brown planthopper
500mg/L 100mg/L 4mg/L 500mg/L 100mg/L 4mg/L
3a 100 100 100 100 100 60
3b 0 0 0 90 0 0
3c 100 100 50 100 100 100
3d 80 0 0 100 0 0
3e 100 100 0 100 100 95
3f 100 100 95 100 100 100
3g 80 50 0 100 80 50
3h 0 0 0 0 0 0
3i 100 100 100 100 100 100
3j 100 100 0 100 100 50
3k 0 0 0 100 0 0
31 100 100 0 100 100 100
3m 100 100 100 100 100 100
3n 80 0 0 100 90 0
30 0 0 0 0 0 0
3p 100 100 60 100 100 0
3q 100 100 0 95 80 0
3r 100 100 0 100 100 80
3s 100 100 0 100 100 80
3t 100 100 0 100 100 0
3u 100 0 0 100 100 40
3v 100 100 100 100 100 100
3w 100 100 0 100 100 90
3x 100 100 0 100 100 100
Cycloxaprid 100 100 100 100 100 100
Imidacloprid 100 100 100 100 100 100

of furan. Compounds substituted by pyrrole ring are also good
for further derivatization. The substitution position of the five-
membered ring had little effect on the activity of the compound
such as 3i and 3p which showed less differences in activity. Fur-
thermore, the five-membered ring with electron-donating groups
such as methyl and ethyl substituents showed better activity than
electron-withdrawing group like bromine. In Table 3, we can see
clearly that compound 3v showed better activity than cycloxaprid

against alfalfa aphid and diamondback moth. This also proved our
selective reduction was rational.

We selected two representative compounds 3a and 3i to test
their photo and water stability due to their good activity and im-
idacloprid was chosen as control. The degradation kinetics of 3a
and 3i were calculated by the residues of peak area versus time.
The relative concentration of 3a and 3i fitted well to the following
pseudo first-order kinetic equation (Eq. 1).

G

In (Co) =kt
where Cp was the initial concentration of 3a, 3i and imidacloprid,
C: was the concentration of 3a, 3i and imidacloprid at time t, and
k was the observed reaction rate constant (obtained from the slope
of the line in the plot of In(C;/Cy) versus time). The best fit of
Eq. 1 to the observed changes was shown in Table 2. The data of
photolysis rate constants (k), half-lives (t;,), and linear response
(R?) for compounds were shown in Table 4. The half-life of 3a
was 9.6 h. The stability of synthesized compounds was much better
than imidacloprid under irradiation of mercury lamp. Meanwhile,
the energy of mercury lamp was higher than Xeron lamp, so that
the degradation rate was generally faster than that described in the
literature.

The hydrolysis rate of our synthesized compounds was also
taken into account (Table 5). Using the same kinetic equation in
the previous section, we mapped the hydrolysis curve of com-
pounds 2, 3a, 3i and imidacloprid. So that calculated half-life of
compound 2 was 2.33h. 3a, 3i and imidacloprid were quite stable
and can kept the concentration at 5mg/L for three months without
degradation in water, which indicates our molecular design was
reasonable and valuable.

In summary, we designed and synthesized a series of 24 novel
neonicotinoid analogues using sodium borohydride as reducing
agent by selective 1,4-reduction. All target molecular structures
have been confirmed by analytical and spectral data (Fig. 2 and
Supporting information). Most of the compounds show good bioac-
tivity against brown planthopper. Especially, insect activity of 3v

(1)
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Table 3

Insecticidal activities of some target compounds with good bioactivity at 4 mg/L.
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Compound Test insects Virulence equation LCso (mg/L) 95% confidence interval
3a Cotton aphid Y=4.784+1.997X 1.283 0.927-1.645
3c Brown planthopper Y=3.907 + 1.890X 3.788 3.000-5.376
3e Brown planthopper Y=3.683 +2.863X 2.883 1.831-6.708
3f Brown planthopper Y=4.730+2.756X 1.253 1.073-1.428
3i Cotton aphid Y=5.053+1.612X 0.927 0.744-1.109
31 Brown planthopper Y=3.278 +3.380X 3.239 2.862-3.772
3m Brown planthopper Y=4.778 +2.313X 1.248 0.917-1.696
3v Alfalfa aphid Y=5.741+1.525X 0.327 0.156-0.513
Diamondback moth Y=3.734+1.769X 5.192 3.847-7.065
Cycloxaprid Brown planthopper Y=6.073 +1.726X 0.239 0.124-0.364
Cotton aphid Y=5.708 + 1.566X 0.353 0.235-0.466
Alfalfa aphid Y=5.749 + 2.073X 0.435 0.168-0.748
Diamondback moth Y=2.261+1.909X 27.214 20.627-36.526
Table 4

Photolysis rate of some target compounds.

Compound Kinetic equation Rate constant k  Half-life (h) R?
3a Y=-0.072X - 0.0487 0.072 9.627 0.998
3i Y=-0.055X+0.1023  0.055 12.58 0.991
Imidacloprid Y=-0.484X+0.1725 0.484 1.432 0.970
Table 5
Hydrolysis rate of some target compounds.
Compound Kinetic equation Half-life (h)
2 Y=-0.2975X - 0.0512 2.33
3a Stable for 3 months -
3i Stable for 3 months -
Imidacloprid Stable for 3 months -

-: immeasurable.

Fig. 2. The single-crystal structure of 3i.

was even better than cycloxaprid. But all these compounds show
low activity against diamondback moth. The results of stability
experiments showed that both hydrolytic stability and photolysis
stability of compounds 3a, 3i were better than imidacloprid and
superior to the original compound. All of the results met our

requirements of enhancing the stability and maintaining good
bioactivity of leading compound, which was likely to be enhanced
by further discussion and exploration.
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