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Broflanilide is the first listed meta-diamide insecticide, which has shown potential in the field of pes-
ticide research and development due to its unique structure and mechanism of action. The key to the
development of the meta-diamide insecticides is the derivatization of various sites in the meta-diamide
compounds. It is of great research significance to develop highly effective, broad spectrum, safe, and envi-

ronmentally compatible meta-diamide insecticide using Broflanilide as a lead compound to obtain struc-

Keywords:
Broflanilide
meta-Diamide
Insecticidal activity
Mechanism

turally diverse meta-diamide compounds. An overview of meta-diamide derivatives from the perspectives
of insecticidal activities and mechanism of action is offered. Their potentials as a dominant active struc-
ture for development of insecticides are also discussed.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

In 2007, Nihon Nohyaku Co., Ltd. and Bayer Group jointly devel-
oped the first commercial diamide insecticide, Flubendiamide (Fig.
1), which ushered in a new era of diamide insecticides targeting
the insect ryanodine receptor [1-3]. A series of diamide insecti-
cides has been successfully launched on the market (Fig. 1), accom-
panied by extensive research into diamide derivatives targeting the
ryanodine receptor, expanding its insecticidal spectrum from Lepi-
doptera to Coleoptera, Hemiptera, and Diptera [4-16]. However, re-
sistance to diamide insecticides grew increasingly prominent [17-
21]. Driven by globalization and population increase, the food de-
mand continues to face substantial problems [22]. Insecticides are
an essential tool for guaranteeing crop quality and yields. There-
fore, the urgent need has emerged to find new types of insecti-
cides that are highly effective, broad spectrum, safe, environmen-
tally compatible and no cross resistant to existing insecticides.

Mitsui Chemicals Co., Ltd. found that the meta-diamide com-
pounds still had certain insecticidal activity after converting ortho-
diamide to meta-diamide using Flubendiamide as a pioneer, finally
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screened out Broflanilide (Fig. 1), a meta-diamide insecticide with
a new structure and a novel mechanism of action [23-25]. The op-
timization of its synthetic route has been reported [26,27]. Unlike
the conventional diamides, Broflanilide acts on the y-aminobutyric
acid (GABA) receptor, which is a GABA-gated chloride channel al-
losteric modulator, and allosterically inhibits the GABA-activated
chloride channel in insects, thereby inducing hyperexcitability and
convulsions that lead to the death of insects, which has been rec-
ognized as a novel mechanism of action by the Insecticide Resis-
tance Action Committee (IRAC) and categorized into a new IRAC
group 30, GABA-gated chloride channel allosteric modulators [28-
32]. Therefore, Broflanilide and its novel chemotype offer a dis-
tinct solution to cross-resistance against pests resistant not only
to diamide insecticides but also to other classes, such as cyclodi-
enes and fipronil, which act at distinct sites on the GABA receptor
[33,34]. Research on Broflanilide has been continuous since its in-
troduction in 2020. Cyproflanilide (Fig. 1) was created by CAC Nan-
tong Chemical Co., Ltd. (CAC) by derivatizing the amide bond of
Broflanilide [35], which demonstrates the enormous possibility of
developing new agricultural insecticides utilizing Broflanilide as a
starting point.

With the growth of the global population and the change in di-
etary patterns, the requirement for agricultural products has been
growing steadily [36,37]. Moreover, climate change has exacer-
bated the frequency and complexity of pests and diseases [38,39].
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Fig. 1. Timeline for the market launch of representative commercialized diamide insecticides.

Against the backdrop of a continuously expanding market demand
for pesticides, a new pesticide with a completely novel mecha-
nism of action is likely to occupy a large market share and gen-
erate substantial profits quickly. It indicates that Broflanilide is a
pesticide with tremendous market potential. Therefore, employing
Broflanilide as a lead molecule and derivatizing its meta-diamide
scaffold holds significant research value and has emerged as a
popular area for research in the field of pesticide development
in recent years. This review comprehensively summarizes correla-
tive meta-diamide compounds derived from Broflanilide, and their
corresponding insecticidal activities, also discusses the preliminary
structure-activity relationship (SAR) and the unconventional mech-
anisms of action, filling a knowledge gap and providing a founda-
tion for the future development of novel meta-diamide insecticides
targeting the GABA receptor.

2. Insecticidal activities of meta-diamide derivatives

Before Broflanilide was marketed, many researchers conducted
extensive work on the development of meta-diamide-based in-
secticidal derivatives with subtle structural modifications [40-58].
Herein, we have summarized the insecticidal activities of the rep-
resentative Broflanilide-derived meta-diamide compounds and di-
vided them into four sections [59-128], presenting the struc-
tural differences in sequence, including the A ring, B ring, C
ring and the bisamide bond as shown in Fig. 1. Furthermore,
we have provided some examples of other studies that were de-
rived from Broflanilide but have undergone significant structural
breakthroughs [129-135].

2.1. Structural modifications of the A ring

Compounds 1 and 2 were developed by Syngenta (Fig. 2). The
conversion of the A ring of compound 1 to thiophene enabled
it to exhibit good insecticidal activity against Spodoptera littoralis
with an 80% inhibition at 200 mg/L [59]. The compound 2 gave at
least 80% control of Spodoptera littoralis and Heliothis virescens at
an application rate of 200 mg/L [60]. Mitsui Chemicals attempted
to replace the A ring with five-membered or six-membered het-
erocycles [61]. Compound 3 (Fig. 2) as well as most of the com-
pounds had insecticidal activity against Spodoptera litura, Plutella

xylostella, Adoxophyes honmai, Choristoneura magnanima and He-
licoverpa armigera with a mortality rate of over 70% at 1mg/L.
By introducing a pyridine group utilizing the electronic isoster-
ism, compound 4 (Fig. 2) showed good insecticidal activity at
0.1 mg/L against Plutella xylostella with a mortality rate of 86.67 %,
slightly better than that of Cyproflanilide (80%) [62]. Compound
5 (Fig. 2) showed 100% lethality against Tetranychus cinnabari-
nus at 10mg/L with an LCsy (median lethal concentration) value
of 3.099 mg/L, which was superior to that of Cyproflanilide (0%)
[62]. The SAR indicate that the presence of substituents on the
A ring can enhance the insecticidal activity, and the introduc-
tion of a fluorine atom produces the most significant effect com-
pared to the others. That is, as the electronegativity of the halo-
gen increases, the insecticidal activity of the compound slightly
decreases.

2.2. Structural modifications of the B ring

As shown in Fig. 3, compound 6, carrying a trifluoromethyl-
containing isoxazole ring on the B ring, showed an 80% fatal-
ity rate against Spodoptera littoralis, Heliothis virescens, Plutella xy-
lostella and Diabrotica balteata at 200 mg/L, and also gave at least
80% control of Aedes aegypti [63,64]. Compound 7 (Fig. 3) exhib-
ited at least 80% control of Spodoptera littoralis, Heliothis virescens
and Plutella xylostella at 200 mg/L [65]. When a fluorine atom re-
placed the hydroxyl group, the insecticidal spectrum of the com-
pounds was broadened for the control of Thrips tabaci, Myzus per-
sicae and Tetranychus urticae [66]. Compound 8 (Fig. 3) is a rep-
resentative derivative in which the heptafluoroisopropyl group of
the B ring was replaced with a polyfluoroalkyl or a halogenated
polyfluoroalkyl group [67,68]. Bayer derived the B ring into an
aliphatic group while transforming the C ring into different five
and six-membered heterocycles. The derivatives, such as com-
pound 9 (Fig. 3), exhibited larvicidal and ovicidal activities against
external parasitic pests including Boophilus microplus, Amblyomma
hebraeum and others at 500 g/ha [69,70]. Meanwhile, compound 7
was modified to produce compound 10 (Fig. 3), which had 100%
insecticidal efficacy against Spodoptera litura, Aulacophora femoralis,
Ctenocephalides felis and Lucillia cuprina at 100 mg/L [71]. Com-
pound 11 (Fig. 3) showed 80 % control of Spodoptera littoralis, Helio-
this virescens, Plutella xylostella, Diabrotica balteata, Myzus persicae,
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Fig. 2. Chemical structures of meta-diamide compounds 1-5 modified in the A ring of Broflanilide.
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Fig. 3. Chemical structures of meta-diamide compounds 6-17 modified in the B ring of Broflanilide.

Thrips tabaci and Tetranychus urticae at 200 mg/L [72]. Shao et al.
synthesized photochemical meta-diamide derivatives by introduc-
ing azobenzene with the property of photoisomerization, in which
compound 12 (Fig. 3) showed insecticidal activity against Aedes al-
bopictus [73]. The cis-compound 12 showed better insecticidal ac-
tivity with a 1.5-fold increase due to light-dependent differences.
Compound 13 (Fig. 3) had an inhibitory effect on the feeding be-
havior of third instar larvae of Plutella xylostella that was com-
parable to Broflanilide with a feeding area in the range of 0-5%
[74]. However, its insecticidal activity was much lower than that of
Broflanilide, indirectly verifying the importance of heptafluoroiso-
propyl as the active group. Compound 14 (Fig. 3) showed good
inhibitory activity against Tetranychus cinnabarinus with the mor-

tality rate of 92% at 50mg/L, which was slightly better than the
positive control Propargite (85%) [75]. Silicon, which is often in-
troduced into active molecules as a bioequivalent substitute for
carbon in drug development. Maienfisch et al. found that intro-
ducing a silicon atom at the ortho position of the benzene ring
was more effective in insecticidal activity [76]. Compound 15 (Fig.
3) had a 100% corrected mortality rate for Mythimna separata at
50mg/L with an LCsy value of 2mg/L. This work partly demon-
strates that the insertion of organosilicon substituents can posi-
tively affect the biological activity and provide a novel strategy for
agrochemical research. At 0.625 mg/L, compounds 16 and 17 (Fig.
3) showed 100% lethality against Plutella xylostella which was com-
parable to Broflanilide (100%) [77].
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2.3. Structural modifications of the C ring

Other than a few minor group changes in the C ring [78-80],
a series of typical structural transformations deserves attention. In
2006, compounds bearing ester groups in the C ring were prepared
by Mitsui Chemicals [81]. As a representative one, compound 18
(Fig. 4) gave >70% kill of Spodoptera litura, Plutella xylostella and
Laodelphax striatellus at 1000 mg/L. After the ester groups in the
C ring were derivatized into a diamide structure, the compounds
exhibited enhanced insecticidal activity against thysanoptera pests
such as Franklinella occidentalis, Thrips palmi and Thrips tabaci, tak-
ing compound 19 (Fig. 4) as a typical example [82]. Furthermore,
compound 20 (Fig. 4) synthesized by Agro-Kanesho Co., Ltd., exhib-
ited excellent insecticidal activity against Plutella xylostella, Tetrany-
chus urticae and Myzus persicae with a mortality rate of 100% at
5mg/L [83]. In addition, Agro-Kanesho had made various deriva-
tions and modifications to the functional groups of these com-
pounds [84-86]. Bayer publicly disclosed a series of compounds
with the C ring being a pyridine ring in 2009. Compound 21 (Fig.
4) showed good activity of >80% against Boophilus microplus at
an application rate of 20 jLg/animal, as well as Ctenocephalides fe-
lis, Lucillia cuprina, Musca domestica and Amblyomma hebraeum at
100 mg/L [87]. Syngenta had carried out similar work mainly tar-
geting lepidoptera, coleoptera, hemiptera and thysanoptera pests
[88-90]. Urea-based compound 22 (Fig. 4) synthesized by Zhejiang
Chemical Industry Research Institute Co., Ltd. had over 70% in-
hibitory effect on Mythimna separata at 500 mg/L [91]. Compound
23 (Fig. 4), one of the meta-diamide derivatives wherein the C ring
was 4 or 6-membered heterocyclics comprising 1 or 2 sulfur atoms
preferably a thietane-3-yl, dithiolane-4-yl and tetrahydrothiopyran-
4-yl group, displayed at least 80% control of Aedes aegypti and
Anopheles stephensi after 24h at 200 mg/L [92]. Compound 24 (Fig.
4) was a representative structure of Dow Chemical Company that
inserts a cyclopropyl group into the amide bond near the C ring,
which exhibited good insecticidal activity against Spodoptera ex-
igua and Trichoplusia ni [93]. Based on compound 25 [94], Sumit-
omo Chemical Co., Ltd. provided meta-diamide compounds 26 and
27 (Fig. 4) showed an enhanced controlling effect against harm-
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Fig. 5. Chemical structures of meta-diamide compounds 29-33 modified in the C
ring of Broflanilide.

ful arthropods [95,96]. Furthermore, they introduced cyano groups
to obtain the common structure 28 (Fig. 4) [97]. Using natural ac-
tive molecules as precursors for structural modification is one of
the important approaches in the discovery of medicines and pes-
ticides. There are relatively few research reports on the use of the
natural active component piperonylic acid in pepper as a precur-
sor for pesticide discovery. In 2014, Mitsui Chemicals disclosed a
meta-diamide derivative 29 (Fig. 5) containing a piperonylic ring,
which has a mortality rate of over 70% against Spodoptera litura
and Plutella xylostella at a concentration of 100 mg/L [98]. Subse-
quently, Wu et al. designed analogous derivatives in 2019 [99,100].
Compounds 30 and 31 (Fig. 5) still exhibited 100 and 85.7 % mor-
tality rates against Mythimna separata when the concentration
was reduced to 0.1 mg/L, outperforming the control 29 (0%) and
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DMBF (28.6%) [99]. Meanwhile, the compounds 32 with the gen-
eral structural (GS) formula as shown in Fig. 5 were synthesized
and exhibited certain insecticidal activity against Frankliniella occi-
dentalis [100]. Compound 33 (Fig. 5) was found to have over 90%
insecticidal activity against Frankliniella occidentalis, Mythimna sep-
arata and Plutella xylostella at 10 mg/L, which is currently under-
going registration as a new meta-diamide insecticide under the
generic name “Piperflanilide” [100]. The SAR reveal that groups
with relatively little steric hindrance on the amide nitrogen and
containing fluorinated piperonylic rings are conducive to exerting
the insecticidal effect.

2.4. Structural modifications of the amide bonds

Initially, Mitsui Chemicals published a patent in which they
designed and synthesized a large number of meta-diamide com-
pounds of the general formula GS-34 as shown in Fig. 6 [25]. The
structural modification of the compound mainly focused on the
substituents at the nitrogen position of the amide bond. The re-
sults of biological activity assays showed that most compounds had
good insecticidal activity against Spodoptera litura with a mortal-
ity rate of over 70% at a concentration of 1mg/L. There are too
many compounds to show all of them, compound 35 (Fig. 6) is
used as an illustration [25]. Furthermore, CAC has also made signif-
icant progress in the derivatization of the amide bonds. Lv et al. in-
troduced different cycloalkanes into the amide bonds to synthesize
compounds 36-39 (Fig. 6) [101]. Compound 36 exhibited 90 % effi-
cacy against Chilo suppressalis at a low concentration of 1.25mg|/L,
which was superior to that of compound 37 (46.67 %). It indicates

that the substitution position of the cyclopropylmethyl group at
the amide bond has a significant impact on the insecticidal activ-
ity. Meanwhile, compounds 38 and 39 demonstrated significantly
lower insecticidal activity compared to the aforementioned com-
pounds, suggesting that the size of the ring exerts a certain influ-
ence on insecticidal activity.

During the in-depth research on the cyclopropylmethyl group,
Cyproflanilide (Fig. 6) was developed and marketed [35,102,103].
Cyproflanilide has a novel mode of action and a broad spectrum
of insecticidal activity. It is effective against lepidoptera pests such
as Chilo suppressalis, Cnaphalocrocis medinalis, Spodoptera exigua,
Plutella xylostella, and Spodoptera frugiperda, as well as hemiptera
pests. Particularly, Cyproflanilide demonstrates exceptional efficacy
against Chilo suppressalis in paddy fields and exhibits no cross-
resistance with existing insecticides, which can effectively address
the problem of the absence of available pesticides in areas where
Chilo suppressalis has developed resistance. Since then, CAC con-
tinues to carry out a considerable amount of structural modifica-
tion work regarding Cyproflanilide. Liu et al. used Cyproflanilide as
the lead compound and replaced the trifluoromethyl group with a
methylthio group to synthesize a series of meta-diamides contain-
ing sulfur, sulfoxide and sulfone groups. The preliminary insecti-
cidal activity test results showed that the compounds had almost
no activity against Plutella xylostella at 0.1 mg/L. However, com-
pound 40 (Fig. 6) showed a 96.43 % mortality rate against Tetrany-
chus cinnabarinus at 100 mg/L, which was superior to Cyproflanilide
(34.52%) [104]. Compound 41 (Fig. 6) respectively exhibited an
inhibitory effect on Nilaparvata lugens and Aphis craccivora with
lethality rates of 98.92% and 79.81% at 100 mg/L, better than that
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of Cyproflanilide (0 and 25.60%) [105]. Compound 42 (Fig. 6) dis-
played a 96.67 % mortality rate against Plutella xylostella at 1 mg|L,
which was close to Cyproflanilide (100 %) [106]. The insecticidal ac-
tivity against Plutella xylostella of compound 43 (Fig. 6) was com-
parable to that of Cyproflanilide, both achieving a 96.67 % mortal-
ity rate at 0.1 mg/L [107]. Additionally, compound 43 demonstrated
excellent insecticidal activity against Aphis craccivora and Tetrany-
chus cinnabarinus with LCsq values of 3.0692 mg/L and 3.7059 mg/L
respectively, significantly better than Cyproflanilide, which had an
LCsq value of 112.0501 mg/L for Aphis craccivora and over 400 mg/L
for Tetranychus cinnabarinus. The SAR indicates that the extension
of the alkyl chain in the alkoxyl group has a certain positive im-
pact on the insecticidal activity when the trifluoromethyl group
of Cyproflanilide is substituted with alkoxyl groups. Moreover, the
addition of fluorine atoms can have an enhancing effect. How-
ever, the insecticidal activity will weaken as the number of fluo-
rine atoms increases or as the carbon chain lengthens accompanied
by the addition of fluorine atoms. Compound 44 (Fig. 6) incorpo-
rating a pyrazole moiety demonstrated a lethality rate exceeding
98.41 % against Nilaparvata lugens at 100 mg/L, while Cyproflanilide
exhibited no activity at the same concentration [108]. Based on
the previous work of Syngenta and Bayer [109,110], Liu et al. de-
signed a series of novel meta-diamide compounds containing 1,2,4-
triazole with Cyproflanilide as a lead compound [111,112]. Com-
pound 45 (Fig. 6) had good activity against Plutella xylostella and
Mythimna separata with LCsy values of 0.90mg/L and 0.64 mg/L
respectively, which was inferior to Cyprofllanilide (0.10mg/L and
0.03 mg/L), revealing the 6-trifluoromethylpyridyl showed the best
insecticidal activity [111,112]. Compound 46 (Fig. 6), containing
a 1,2,4-oxadiazole group, had relatively lower insecticidal activity
with 96.67 % mortality against Mythimna separata and 0% mortal-
ity against Plutella xylostella than Cyproflanilide with 100% mor-
tality at 1mg/L [113]. It confirmed that the introduction of 1,2,4-
oxadiazole into Cyprofllanilide reduced the insecticidal activity
against Plutella xylostella and Mythimna separata.

In the large-scale process study of Cyproflanilide, its cyclo-
propylmethyl can be ring-opened to form the by-product N-butyl
meta-diamide derivatives. Liu et al. from CAC introduced alkyl
chains of different lengths into the amide bonds to prepare a series
of N-alkyl meta-diamide derivatives [114-116]. Among them, N-
butyl compound 47 (Fig. 7) demonstrated the optimal insecticidal
activity. Compound 47 showed better insecticidal activity against
Alfalfa sprouts with a mortality of 98.89% than Cyproflanilide
(25.60%) at 100 mg/L, simultaneously exhibited the same insectici-
dal activity against Spodoptera frugiperda as Cyproflanilide (100%)
at 0.1 mg/L [114,115]. Compound 48 (Fig. 7) containing an N-propyl
group exhibited 100 % lethality at a concentration of 1 mg/L against
both Plutella xylostella and Mythimna separata. Compounds with
single substitutions on the benzene ring showed significantly bet-
ter insecticidal activity than those with double substitutions [116].
Zhang et al. developed a N-cyanomethylated meta-diamide 49 (Fig.
7) by introducing a cyanoalkyl moiety into the amide bond. Com-
pound 49 showed good insecticidal activity against Plutella xy-
lostella with a mortality of 96.67 % at 0.05mg/L, which was su-
perior to Broflanilide with a mortality of 33.33% [117,118]. Fur-
thermore, they designed compounds 50 and 51 (Fig. 7), which
contained allyl and propargyl groups respectively at the nitrogen
position of the amide bonds [119]. The meta-diamide derivatives
have over 90% insecticidal efficacy against lepidoptera thanks to
the inclusion of unsaturated hydrocarbons. Liu performed simi-
lar work in synthesizing meta-diamide compounds containing an
alkenyl unit, while compound 52 (Fig. 7) showed superior insec-
ticidal activity, achieving a mortality of 100% against Plutella xy-
lostella at a concentration of 0.1 mg/L compared with Broflanilide
(66.67 %) [120]. Hailir Pesticides and Chemicals Group Co., Ltd. in-
troduced methoxy and ethoxy groups at the nitrogen position of

Chinese Chemical Letters 37 (2026) 112308

the amide bond of meta-diamide using a fixed methylene linkage
to obtain compounds 53-55 (Fig. 7) by varying the substituted aro-
matic rings when the six-membered ring was transformed into a
five-membered ring [121], contributing to weaken the insecticidal
activity against Chilo suppressalis with the lethality rate of Chilo
suppressalis decreasing from 100% to 80 %.

Commonly named with Trioxyflanilide by the International Or-
ganization for Standardization (ISO), compound 56 (Fig. 7) dis-
covered by Zhejiang Udragon Bioscience Co., Ltd. had respectively
60% and 70% mortality rates against the resistant strain (RS) and
the sensitive strain (SS) of Plutella xylostella for 72h at 0.05mg|/L,
which was better than Broflanilide (36.67 % for RS and 66.67 % for
SS) [122,123]. The rapid efficacy assay against Plutella xylostella
demonstrated that compound 56 possessed a faster action speed,
resulting in a 60% mortality rate after 12h. The LCsy of com-
pound 56 and Broflanilide against Plutella xylostella for 72h was
0.0735 and 0.0659 mg/L, respectively. Particularly for Spodoptera
frugiperda at 0.125 mg/L, compound 56 showed a 100% mortality
rate. Comparative bioactivity assays using both wild-type (w'18)
and mutant (RDLE335M) Drosophila melanogaster, with LCsy values
of 0.27 mg/kg for w!'® Jarvae and over 100mg/kg for homozy-
gous RDL&33> larvae, confirming RDL&33> could be one of the ac-
tion sites for compound 56. Dioxaalkyl-substituted meta-diamide
compound 57 (Fig. 7) showed 100% insecticidal activity against
Mythimna separata at 1 mg/L [124]. Mitsui Chemicals disclosed the
introduction of a hydroxyl group into the nitrogen position of the
meta-diamide to form meta-diamide derivative 58 (Fig. 7) contain-
ing hydroxylamines in 2007 [125]. Based on this compound, Wu et
al. further derivatized hydroxylamine to obtain the meta-diamide
derivatives 59 and 60 (Fig. 7) [126], whose insecticidal activities
against Plutella xylostella with 100% mortality rates were supe-
rior to that of compound 58 with no activity at 1.25mg/L. The
meta-diamide containing aryl imine compound 61 (Fig. 7) had a
better control effect on Mythimna separata and Plutella xylostella
with a mortality rate of 100% for both when the concentration
was 10mg/L [127]. In 2023, Liu et al. introduced ethyl acetate to
the nitrogen position of Broflanilide to synthesize compounds 62,
which were further hydrolyzed to obtain the corresponding com-
pounds 63 (Fig. 7) [128]. Additionally, compound 62 underwent an
amino ester exchange reaction with methylamine hydrochloride to
yield compound 64 (Fig. 7) [128]. Among them, compounds 62a
and 62b exhibited 100% lethality rates against Plutella xylostella
at a drug dose of 0.1 mg/L, with LCsy values of 0.0286 mg/L and
0.0218 mg/L respectively, which were comparable to Broflanilide
(100%, LCsq =0.0226 mg/L). Bioactivity assays indicate that adding
an ester group at the nitrogen position of the amide bond is ben-
eficial to insecticidal activity, while the introduction of a carboxyl
or an amide group results in suboptimal insecticidal activity.

2.5. Other structural modifications

Apart from the derivatization on the original scaffold, which
includes the A/B/C rings and the amide bonds of meta-diamide
mentioned above, many related works break through the in-
trinsic structure to generate various compounds. Unlike typical
derivatives that retain both meta-amide bonds on the phenyl
ring of Broflanilide, these studies explore a novel strategy. Using
Broflanilide as the lead compound, they designed and synthesized
new analogs by either converting the amide bonds into heterocy-
cles or extending the carbon chains. The meta-amide derivative 65
(Fig. 8) containing a polyfluoroalkyl isoindolin-1-one unit displayed
100% insecticidal activity against Mythimna separata and Plutella
xylostella at 1mg/L [129]. Polyheterocyclic compounds 66 and 67
(Fig. 8) bearing a pyrrolidone moiety had a 100% insecticidal effect
on Mythimna separata at 10 mg/L [130]. In 2024, Li et al. introduced
phthalimide into Broflanilide to design and synthesize derivative
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68 (Fig. 8) by a scaffold hopping strategy [131]. The insecticidal
activities of compound 68 with LCsqg values of 3.82 and 3.42 mg/L
against Mythimna separata and Plutella xylostella were inferior to
those of Broflanilide with LCsq values of 0.05 and 0.03 mg/L. Mean-
while, compound 68 was confirmed to exert its insecticidal activity
by targeting the GABA receptor by means of electrophysiological
studies using Xenopus oocytes. Compound 69 (Fig. 8) showed in-
secticidal activity against Mythimna separata and Plutella xylostelal
at 100mg/L [132], with a fatality rate of 100%, which was equal to
Broflanilide (100%). The SAR manifests that extending the carbon
chain of the N-alkoxy moiety reduces insecticidal activity, with N-
methoxy being the most effective. Compound 70 (Fig. 8) includ-
ing a benzothiazole moiety was prepared to have an effect both

on Mythimna separata and Plutella xylostell with 90% fatality rates
at 5mg/L [133]. The insecticidal activities of compounds 71 and 72
(Fig. 8) were much weakened constitutionally when benzothiazole
was adjusted to a benzoxazole moiety [134,135].

3. Mechanisms of meta-diamide derivatives
3.1. Basic background of GABA receptors

The subunit of the insect GABA receptor was first cloned from
Dieldrin-resistant Drosophila melanogaster was thus named Resis-

tant to Dieldrin (RDL) [136,137]. The GABA receptor formed by
RDL subunits as a well-established insect model system contains
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Fig. 9. The top view (A) and side view (B) of the crystal structure of human GABA, receptor 3 homopentamer (PDB ID: 4COF). Its extracellular domain (ECD) and trans-
membrane domains (TMD) are shown by blue and red ribbons, respectively. Given the differences in the proteins, Fig. 9 was modified according to Nakao et al. [30,32,155],
supplementing further details and indicating analogous key amino acid positions for reference.

multiple binding sites, and there is no obvious cross-resistance
between the binding sites, which is identified as a major target
of insecticides and often used for insecticide mechanistic studies
[34,138,139]. Due to the significant potential heterogeneity in com-
position, stoichiometry, and arrangement of GABA receptor sub-
units, the pharmacological studies of GABA receptors are rather
complex [140-142]. So far, the three-dimensional structures of in-
sect RDL GABA receptors that have been resolved are still rela-
tively few, because of the difficulty in purifying and dissociating
transmembrane proteins [143]. As research on the RDL GABA re-
ceptors in insects is not in-depth limited by the relevant technolo-
gies and instruments, it is currently generally believed that the
RDL GABA receptors in insects are roughly the same as GABA, re-
ceptors in vertebrates, both being pentameric ligand-gated chlo-
ride channels composed of five subunits [33,144], taking the hu-
man GABA, receptor B3 first resolved by Miller as an example
[145], which structure is shown in Fig. 9. GABA binds to the orthos-
teric binding site (the native ligand’s binding site) located at the
extracellular N-terminal position between GABA receptor subunits.
Competitive antagonists compete with GABA for binding to this
site. Additionally, allosteric binding sites exist within the subunit
channel, which can bind positive modulators and negative modu-
lators namely noncompetitive antagonists (NCAs) [146,147]. NCAs
interact with amino acid residues of GABA-gated chloride chan-
nels, causing conformational changes in the GABA receptor, block-
ing chloride channels, and thereby disrupting the normal function-
ing of the central nervous system, leading to excessive excitation
and eventual death in insects. Currently, all insecticides targeting
the GABA receptor that have been successfully developed, except
for avermectin, belong to the NCAs category [148]. Broflanilide, as
the most representative one of meta-diamides, is also an NCA and
acts as an allosteric modulator (a substance that binds to a site on
the receptor distinct from the orthosteric site, thereby modulating
the receptor’s activity) of the GABA receptor.

3.2. Mechanism of action

Based on their conserved meta-diamide core scaffold, it is gen-
erally accepted that the meta-diamide derivatives share a precise
binding mode analogous to that of Broflanilide. During the de-
velopment of meta-diamide insecticide Broflanilide, Mitsui Chem-
icals demonstrated that meta-diamide compounds are unique RDL
receptor antagonists, and their mode of action differs from con-
ventional NCAs [30]. The results of the membrane potential as-
say on mutant Drosophila melanogaster RDL GABA receptor ex-
pressed in Drosophila melanogaster Mel-2 cells revealed that con-
ventional NCAs had no inhibitory activity against at least one of
the three mutant receptors (The alanine at 2’ position was re-
spectively mutated to serine, glycine and asparagine, A2'S, A2'G

and A2’N for short), which were reported to confer resistance to
NCAs [149-153]. In contrast, the corresponding meta-diamide com-
pound inhibited all three mutant receptors but showed no effect
on a G336M mutation in the third transmembrane domain of the
RDL GABA receptor (The glycine located at position 336 was mu-
tated to methionine, G336M for short), while G336 is an important
amino acid for the channel function of the insect RDL GABA recep-
tor in the third transmembrane domain [154]. Molecular model-
ing studies also suggested that the binding site of meta-diamides
was different from that of NCAs. Similar experiments were con-
ducted on Spodoptera litura RDL GABA receptor with no differ-
ence in results [31]. meta-Diamides displayed no inhibition of the
equivalent G319M mutation in the third transmembrane domain
of the Spodoptera litura RDL homomers. They further investigated
and discovered that meta-diamide is a prodrug (a biologically in-
active compound that is metabolized in vivo into an active insec-
ticide), which is metabolized into a demethylated product to ex-
ert its effect in vivo [29,32]. The demethylated product acts on a
site near G336 in the third transmembrane domain of Drosophila
melanogaster RDL. Although there appears to be some overlap with
the active sites of macrocyclic lactones, it has been demonstrated
that they have different modes of action [155]. Furthermore, Mit-
sui Chemicals confirmed at the organismal level in 2024 that the
amino acid residue G336 in the third transmembrane domain of
Drosophila melanogaster RDL receptor is involved in mediating the
interaction with meta-diamide insecticide Broflanilide [156]. More-
over, low-level inhibitory activities of meta-diamides have been
demonstrated against the human GABA, receptor «182y2S and
B3, mammalian GABA, receptor «183y2S, and human glycine
receptor 1 and o18 according to the membrane potential as-
say and computational docking [157-159]. The selectivity of meta-
diamides stems from fundamental differences in the binding site
residues between RDL receptor and mammalian GABA receptors
[158]. Therefore, the meta-diamides have high specificity for the
RDL receptor of insects and excellent selectivity for different or-
ganisms.

Apart from the G336 that was previously reported, isoleucine
277 and leucine 281, whose mutations were related to meta-
diamide binding, were positioned at the entrance of the inter-
subunit transmembrane cavity in the first transmembrane do-
main of Drosophila melanogaster RDL receptor [30,32]. Nakao et
al. reported that the mutations 1277F and L281C (The isoleucine
at position 277 and the leucine at position 281 were respec-
tively mutated to phenylalanine and cysteine, 1277F and L281C for
short) weakened their antagonist inhibitory activity of desmethyl-
Broflanilide (the metabolite of Broflanilide in vivo, abbreviated
as DMBF) by approximately 5-10 fold compared to wild-type
Drosophila melanogaster RDL, proposing that the vicinity of these
mutations is likely the DMBF-binding site [32]. The G336, 1277 and
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L281 residues in Drosophila melanogaster RDL receptor correspond
to G277, 1218 and L222 residues in the human GABA, receptor 3
utilizing the numbering of the amino acid sequence. Liu et al. clar-
ified that the two mutations 1218F and L222C did not affect the
binding of DMBF to the key amino acid G336, but weakened the
binding of DMBF to the RDL receptor through in silico simulations
[160]. Notably, the G277M mutation caused an increase in the vol-
ume of amino acid residues, thereby blocking the entrance to the
binding pocket and making it difficult for the DMBF to enter the
binding pocket, which led to a decrease in the inhibitory activity
of the DMBF to the RDL receptor. Huang et al. found all the tested
A2’'N mutant Drosophila were sensitive to Broflanilide, indicating
the A2’ residue in the second transmembrane domain of the RDL
receptor may not be the site of action where Broflanilide binds to
the receptor [161]. However, the tested G335M mutant Drosophila
displayed high levels of resistance to Broflanilide [162]. Zhao et
al. used in silico analysis to identify the G3’ residue in the third
transmembrane domain that is critical for the interaction between
Broflanilide and RDL receptor, which was also confirmed by the ex-
pression of Chilo suppressalis RDL in oocytes of the African clawed
frog [163]. Subsequently, the homozygous G3'M mutant Drosophila
larvae showed significant resistance to Broflanilide. In addition, ho-
mozygotes exhibited severe impairment of motility and inability to
survive to the pupal stage, indicating that the G3'M mutation has
a high fitness cost. The residue N318 in the second transmembrane
domain was confirmed not to be the target site of Broflanilide
[164]. They believed that the substitution of glycine by methion-
ine at the third position in the third transmembrane domain of
the RDL receptor in vertebrates had the greatest impact on their
binding efficacy.

4. Summary and outlook

Insecticides protect the healthy growth of crops by effectively
controlling pests, serving as the cornerstone for enhancing agricul-
tural productivity, ensuring food security, and promoting sustain-
able agricultural development. The discovery of Broflanilide fur-
ther broadens the spectrum and enriches the types of insecticide
mechanisms of action, establishing it as one of the most promis-
ing varieties among the newcomers. Currently, modifications to
the core A ring primarily focus on enhancing insecticidal activ-
ity with the benzene ring demonstrating superior efficacy com-
pared to other rings. Retaining the benzene ring while introduc-
ing different substituents, such as 2-fluoro substitution, tends to
improve insecticidal activity. Modifications to the B ring mainly
introduce substituents into the benzene ring. Beyond fluorinated
alkyl, alkoxy, and fluorinated alkoxy groups, elements like sulfur
and silicon also exhibit certain insecticidal activity. The heptaflu-
oroisopropyl group on the B ring appears to be crucial for insec-
ticidal activity. The modifications of the C ring mainly involve the
replacement with substituted aromatic heterocycles or fluorine or
chlorine-containing alkyl chains, which is beneficial to insecticidal
activity. Introducing hydrocarbons or esters at the amide nitrogen
position near the C ring facilitates prodrug metabolism, thereby
boosting insecticidal efficacy. Research on amide bonds near the B
ring side is relatively scarce. Additionally, benzoheterocyclic meta-
diamide compounds synthesized by breaking conventional skele-
tal designs exhibit moderate insecticidal activity. Overall, the SAR
for meta-diamide derivatives remain poorly defined. Furthermore,
these meta-diamides mostly exhibit excellent activity against lep-
idoptera pests such as Plutella xylostella, indicating limited appli-
cability. Their specific physicochemical properties may not be ideal
for all application methods or crop systems. Drug formulation chal-
lenges and the need for particular storage or handling protocols
can also pose practical limitations for insecticidal activity. In or-
der to enhance their persistence and broad-spectrum properties,
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the development of meta-diamide insecticides should proceed in
parallel with strategies to maximize their active ingredients’ effi-
cacy. Previous studies have reported that Broflanilide is toxic to
aquatic organisms like zebrafish [165-172]. Broflanilide is a read-
ily degradable pesticide in both aqueous environment and agricul-
tural soil [173]. At present, multiple documents is available on the
residue distribution and ecotoxicity of Broflanilide and its metabo-
lites [165,171,174-176]. Conducting in-depth research to identify
and characterize the ecotoxicity of key metabolites is crucial for
the subsequent development of novel meta-diamide insecticides
based on Broflanilide. Molecular modification should aim to guide
degradation towards more benign metabolites and increase the
soil organic carbon-water partitioning coefficient. This approach
reduces environmental mobility, thereby minimizing the risk of
groundwater contamination and runoff into aquatic systems and
protecting aquatic organisms.

The alteration of the amide bond leads to a conformational
change, thereby affecting the interaction with the target, and si-
multaneously giving rise to a new mechanism of action. Cur-
rent understanding of insect GABA receptors primarily stems from
Drosophila melanogaster, with limited investigation into other sub-
units and their combinations. Meanwhile, the limitation in high-
resolution structural studies of the GABA receptor has resulted in
an unclear understanding of the specific binding sites for meta-
diamides. At the cellular and organismic level, the key amino acid
has been proven to be G336 in the third transmembrane region
(The numbering is based on the full-length mature protein se-
quence, starting from the initiator methionine, and that the des-
ignation G336 follows this convention, ensuring consistency with
previous key literature in the field). In other words, Broflanilide is
metabolized in vivo to a demethylated metabolite DMBF that acts
on a pocket surrounding the G336 residue in the third transmem-
brane domain of the insect RDL. The DMBF allosterically modulates
the chloride channel, inhibiting the inward transport of chloride
ions, leading to excessive excitation and convulsions in the insect,
ultimately causing their death. The unique mechanism of action
ensures that the meta-diamides have no cross-resistance with ex-
isting insecticides. Moreover, while GABA receptor subunits share
high homology among different insect species, they differ signif-
icantly from those in mammals. Consequently, the meta-diamides
are relatively safe and non-toxic to humans and other mammals.
Despite being a novel GABA-gated chloride channel antagonist,
over-reliance on meta-diamides alone can select for resistant pest
populations. This is particularly concerning due to the potential
for cross-resistance with other NCAs that share a similar binding
site. A proactive resistance management strategy, mandating its
use within rotations or mixtures with insecticides from different
IRAC groups, is essential to preserve its efficacy.

This review outlines the structures and insecticidal activities
of novel meta-diamide compounds derived from the representa-
tive lead compound Broflanilide. To date, the relationship between
the substitution positions on each ring and the bond linkages of
meta-diamide derivatives and their biological activity remains un-
clear, and the specific active sites are also unknown. Furthermore,
whether the structural variations result in a different mechanism
of action is still an open question, which facts have limited the
in-depth optimization of the structures of the meta-diamides. It
is imperative for future work to define the exact binding modes
of these most potent meta-diamide derivatives, which is essential
to corroborate the mechanism of action and eliminate the possi-
bility of ancillary target sites. Current research on meta-diamide
compounds employs computational techniques to elucidate the ac-
tive sites of these compounds. Unfortunately, computational sim-
ulations exhibit discrepancies with the actual three-dimensional
structures of insect GABA receptors. Therefore, it is anticipated that
the future resolution of the three-dimensional crystal structures
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of relevant GABA receptors will provide crucial theoretical founda-
tions for understanding the interactions between meta-diamide in-
secticides and GABA receptors, thereby broadening perspectives for
designing insecticides against refractory and resistant agricultural
pests, and ultimately developing more efficient, safer, and broad-
spectrum meta-diamide insecticides targeting the GABA receptor.
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