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a b s t r a c t

Imidazole derivatives exhibit broad-spectrum agricultural biological activities and serve as important

molecular scaffolds in the discovery of new pesticides, particularly novel herbicides and fungicides. In

recent years, there have been rapid developments in the research of imidazole-derived agricultural chem-

icals, such as the discovery of imidazole herbicides and fungicides. Therefore, it is significant to provide

a review and update on the latest advances in the discovery of imidazole derivatives for pesticide devel-

opment. Based on this, we systematically reviewed the latest research progress of imidazole derivatives

in pesticide discovery, summarized the antiviral, insecticidal, nematicidal, and antibacterial activities of

imidazole compounds, analyzed the synthetic methods of representative imidazole compounds, and dis-

cussed the active moieties, pharmacophores, structure-activity relationships (SAR), and mechanisms of

action. This review aims to provide novel insights and inspiration for the discovery of novel imidazole

pesticides.

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

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Imidazole is an important nitrogen-containing five-membered

heterocyclic compound, consisting of three carbon atoms and two

nitrogen atoms, exhibiting the stability and reactivity characteris-

tics of an aromatic ring [1]. Imidazole plays a vital role in pesticide

chemistry and medicinal chemistry. In the discovery of novel pes-

ticides, imidazole derivatives have become a key core skeleton

for herbicides and fungicides due to high efficiency and broad-

spectrum biological activities [2–5]. The irrational use of pesticide

chemicals has resulted in significant economic losses to global

agriculture and severe impacts on the ecological environment.

Consequently, the development of new pesticides places stringent

demands on a comprehensive profile that must encompass high

efficacy, crop safety, and environmental sustainability [6–13].

Nevertheless, the imidazole structure possesses characteristics

such as flexible modifiability and diverse mechanisms of action,

making it a promising direction for developing novel agricultural

chemicals in the future. The research on imidazole structures

has achieved considerable progress in areas including biological

activity, synthetic derivatives, and mechanisms of action [14–18].
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Imidazole compounds exhibit broad-spectrum and excellent ac-

tivities in herbicidal, fungicidal, antiviral, insecticidal, nematicidal,

and antibacterial applications [19–24]. Imidazole compounds have

achieved considerable achievements in the discovery of fungicides

and herbicides. For instance, imazamethabenz-methyl, imazapyr,

imazapic, carbendazim, thiabendazole, and imazalil [25–30]. The

classical and most widely adopted synthetic routes to imidazole

rings (Fig. 1) involves the condensation of 1,2-diamines with acids,

as well as the cyclization of N-propyne amine derivatives. These

reactions continue to serve as cornerstone methodologies for imi-

dazole ring formation in organic synthesis [31–33]. Structural opti-

mization of imidazole rings is pursued to investigate the biological

activity of imidazole derivatives.

In recent years, the discovery and application of imidazole

derivatives in pesticides have achieved remarkable progress. To fur-

ther investigate the potential of imidazole derivatives in the devel-

opment of novel pesticides, we have updated the latest research

advancements regarding imidazole compounds in pesticide discov-

ery and application. We systematically reviewed the discovery and

application of imidazole compounds in novel pesticides over the

past decade, summarized their herbicidal, fungicidal, antiviral, in-

secticidal, nematicidal, and antibacterial activities. We discussed

representative synthetic approaches for imidazole compounds, ac-

tive moiety analysis, and studies on potential mechanisms of ac-

tion. This review aims to provide new insights and inspiration for

discovering novel imidazole-based pesticides.

https://doi.org/10.1016/j.cclet.2025.112280

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Classic synthesis methods of imidazole rings.

Fig. 2. Chemical structures of imidazole-containing herbicides.

2. Biological activities of imidazole derivatives

2.1. Herbicidal activity of imidazole derivatives

Currently, imidazole-based herbicides have been succes-

sively discovered by researchers, and commercialized imida-

zole compounds (Fig. 2) have achieved significant progress in

herbicide discovery. Several imidazole herbicides, for exam-

ple, imazamethabenz-methyl, imazapyr, imazapic, imazethapyr,

imazamox, and imazaquin, which are all acetolactate synthase

(ALS) inhibitors [34–36]. Its mechanism of action involves absorp-

tion by weed roots, stems, and leaves, followed by translocation

through the xylem and phloem. These compounds accumulate in

the meristematic tissues of weeds, inhibiting acetolactate synthase.

This blocks the biosynthesis of branched-chain amino acids (such

as valine, leucine, isoleucine) and disrupting protein synthesis.

They also interfere with normal DNA synthesis, cell division, and

growth, ultimately inhibiting weed growth and development to

achieve excellent herbicidal activity [37–39].

The structural analysis of commercially available imidazole her-

bicides (Fig. 3) reveals the following active moieties: (1) Retaining

a hydrogen atom at the R1 position, an isopropyl group at the R4

position, and a ketone group at the R5 position of the imidazole

ring is crucial for the excellent herbicidal activity of imidazole

compounds. (2) The imidazole ring exhibits outstanding herbici-

dal activity when structurally modified by attaching a benzene

ring, pyridine ring, or quinoline ring at the R2 position. Perhaps

introducing aromatic heterocycles such as pyrimidine, pyridazine,

pyrazine, or pyrazole rings at the R2 position could lead to the

discovery of highly effective herbicidal compounds in the future.

(3) Maintaining the parent scaffold with an isopropyl group at the

R4 position and a ketone group at the R5 position of the imidazole

ring for structural optimization holds promising prospects for

future herbicide development.

Some imidazoles exhibit favorable herbicidal activity (Fig. 4).

For instance, at 10mg/L, compounds 1 and 2 demonstrated excel-

lent inhibitory effects on the roots and stems of barnyard grass

(inhibition rates of 97.5% and 64.3%, and 95.0% and 73.8%, re-

spectively) [40]. The imidazoles exhibit excellent inhibitory effects

on weed seeds. For instance, at 100mg/L, compound 3 suppressed

Brassica napus seeds by 72.5% [41]. Compound 4 demonstrated

favorable herbicide safety activity in maize, significantly reducing

weed root length, plant height, fresh root and stem weight, and

chlorophyll content. Molecular docking results indicated that com-

pound 4 could bind to ALS, thus implying imidazole derivatives

may serve as promising candidates for developing novel herbi-

cides with enhanced safety profiles [42]. The imidazo-heterocyclic

derivatives also exhibit excellent herbicidal activity. At 1500g/ha,

compound 5 achieved a 70.4 % post-emergence inhibition rate

against Amaranthus retroflexus (A. retroflexus) [43]. At 100mg/L,

compound 6 achieved a 31.5% inhibition rate against Brassica

campestris (B. campestris) [44]. Some imidazo-heterocyclic deriva-

tives also exhibit potential herbicide safety. Compounds 7 and

8 enhance wheat tolerance by increasing ALS, GST, CYP450, and

POD activities while decreasing SOD activity. Molecular docking

results indicate that compound 8 competitively binds to the active

site of ALS enzyme, thereby weakening the herbicidal activity of

mesosulfuron-methyl and rendering it ineffective, thus leading

to herbicide antagonism [45]. Furthermore, compounds 9 and 10

also enhanced wheat tolerance by increasing GST, ALS, CYP450,

and POD activities, restoring GSH content, and reducing SOD

activity [46]. The synthesis of representative compound 5 (Fig. 5).

Compound 5 was synthesized from ethyl (hydroxyimino) acetate

through a sequence of reactions comprising: reduction of the

imino moiety to an amino group, cyclization to construct the

imidazole ring, hydrolysis of the ester group to the corresponding

carboxylic acid, conversion to the acid chloride via chlorination,

and finally nucleophilic acyl substitution with an amine to furnish

the amide compound 5.

2.2. Fungicidal activity of imidazole derivatives

The plant fungi primarily reproduce through spores. Inhibiting

spore formation disrupts fungal growth and activity, preventing

them from re-infecting crops and thereby achieving disease con-

trol. Imidazole derivatives have yielded significant achievements in

the discovery of novel fungicides, for instance, the identification of

several imidazole-based fungicides (Fig. 6). Among these, carben-

dazim is a highly effective, low-toxicity fungicide. Its mechanism

of action involves interfering with the formation of the mitotic

spindle in plant fungi, thereby inhibiting normal fungal cell divi-

sion and exhibiting outstanding fungicidal activity [47]. Thiabenda-

zole primarily functions by inhibiting the formation of microtubu-

lin during fungal mitosis, further suppressing mitochondrial respi-

ration and cell proliferation in fungi. This ultimately inhibits fungal

cell multiplication and growth, leading to cell death [48]. Imazalil

demonstrates outstanding efficacy in inhibiting fungal spore for-

mation. Imazalil exerts fungicidal activity by disrupting physiolog-

ical functions of fungal cell membranes, such as permeability and

lipid synthesis, thereby preventing normal cell proliferation [49].

Prochloraz and triflumizole function by inhibiting sterol formation

in fungal cell walls, thereby disrupting normal cell wall formation

and new spore development to achieve fungicidal effects [50,51].

Cyazofamid and fenamidone primarily function as mitochondrial

inhibitors. They disrupt the electron transport chain in fungal mi-

tochondrial cytochrome complexes, thereby effectively starving the

fungi of the energy required for growth and reproduction, which

ultimately leads to pathogen death [52,53].

The analysis of the active moieties and structural features of

imidazole fungicides facilitates further structural optimization
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Fig. 3. Chemical structure modification and analysis of imidazole-containing herbicides.

Fig. 4. (a) Chemical structures of imidazole-containing herbicidal compounds 1–10. (b) Schematic diagram illustrating the herbicidal activity of imidazole compounds on

wheat.

Fig. 5. The synthesis method of compound 5.

and modification (Fig. 7). The main characteristics are: (1) The

introduction of alkyl flexible chains, amino substituents, carbonyl

groups, and sulfonyl groups at the R1 position of the imidazole

ring. (2) The introduction of -CN at the R2 position of the imi-

dazole ring is representative, as seen in cyazofamid. (3) Aromatic

rings, such as benzene rings, are primarily introduced at the R4

position of the imidazole ring. (4) Carbonyl groups and substituted

benzene rings are primarily introduced at the R5 position of the

imidazole ring. (5) Notably, benzimidazole serves as an excellent

antifungal structural skeleton, exemplified by carbendazim, thi-
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Fig. 6. Chemical structures of the imidazole-containing fungicides.

abendazole, and fuberidazole. It is possible that future research

may discover additional imidazole antifungal drugs with superior

activity based on this skeleton.

Imidazole compounds exhibit excellent antifungal activity. For

instance, compounds 11–13 (Fig. 8) demonstrate strong inhibitory

effects against Penicillium digitatum (P. digitatum), with median in-

hibition concentration (IC50) values of 4.14, 5.06, and 7.12mg/L, re-

spectively. SAR analysis indicates that the R1 position-substituted

quinazoline moiety of imidazole exhibits favorable fungicidal ac-

tivity. Maintaining a phenyl group at the R3 position within the

quinazoline structure further enhances fungicidal potency [54]. The

chiral isomeric imidazole compounds 14 and 15 exhibit excel-

lent broad-spectrum antifungal activities against Botrytis cinerea (B.

cinerea), Rhizoctonia cerealis (R. cerealis), and Sclerotinia sclerotiorum

(S. sclerotiorum) with median effective concentration (EC50) values

of 14 (4.65, 0.50, and 3.99mg/L) and 15 (3.14, 0.31, and 0.33mg/L),

respectively. Compound 15 exhibits potent fungicidal activity by in-

hibiting B. cinerea mycelial growth and spore germination, as well

as disrupting cell structure through impaired cell wall formation

[55]. Several imidazoles exhibit excellent in vivo activity. In plant

bioassays experiments, compounds 16, 17, and 18 demonstrated

superior efficacy against Alternaria solani (A. solani), Botryotinia

fuckeliana (B. fuckeliana), Erysiphe necator (E. necator) at 60mg/L

(inhibition rates exceeding 90%) [56]. Methyl substitution at the R5

position of the imidazole ring confers potent fungicidal activity; for

instance, compound 19 exhibits fungicidal activity against Rhizocto-

nia solani (R. solani) with an EC50 of 2.63mg/L [57]. Furthermore,

when the imidazole R5 position is methylated, the introduction of

fluorine or chlorine atoms onto the benzene ring attached to the

imidazole R1 position simultaneously exhibits good fungicidal ac-

tivity. For instance, compounds 20 and 21 exhibited outstanding

activity against B. cinerea and Uncinula necator (U. necator) (with

EC80 values of 2, 1 and 1, 1mg/L, respectively). Tubulin polymer-

ization assays revealed that compounds 20 and 21 exert their po-

tent fungicidal activity by promoting fungal tubulin polymerization

and subsequently disrupting microtubule dynamics [58]. When a

chlorine atom is introduced at the R4 position of the imidazole

ring, it exhibits good fungicidal activity against R. solani. At a con-

centration of 50mg/L, compound 22 demonstrated a 90.3% inhibi-

tion rate against R. solani [59]. Interestingly, when an ester group

substitution is introduced at the R1 position of the imidazole ring,

good in vivo activity is observed. For example, compound 23 exhib-

ited good in vivo activity against B. cinerea on tomato at a concen-

tration of 200mg/L (with protective and curative activities of 58.4 %

and 48.7%, respectively) [60]. Imidazolone compounds exhibit ex-

cellent and broad-spectrum fungicidal activities. For instance, com-

pound 24 demonstrated good fungicidal activity against S. sclerotio-

rum (EC50 =24.37mg/L), and compound 25 showed good fungicidal

activity against Phytophthora capsici (P. capsici) (EC50 =28.68mg/L)

[61]. Additionally, compounds 26 and 27 exhibited favorable fungi-

cidal activity against A. solani (EC50 values of 4.14 and 3.27mg/L,

respectively), while compound 28 demonstrated an EC50 value of

3.23mg/L against S. sclerotiorum [62]. The introduction of triflu-

oromethyl groups on the benzene ring connected to the imida-

zole ring at the R2 position enhances fungicidal activity. Compound

29 exhibited good inhibitory activity against S. sclerotiorum and P.

capsici (EC50 values of 6.50 and 7.51mg/L, respectively). Scanning

electron microscopy revealed that compound 29 impaired the cell

walls and vacuoles of P. capsici hyphae, leading to altered mem-

brane structures and thereby demonstrating its excellent fungicidal

activity [63]. The introduction of a triazole group at the R4 position

of imidazole demonstrated good fungicidal activity. For example,

compounds 30 and 31 exhibited inhibitory activity against R. solani

at 30mg/L (inhibition rates of 78% and 88%, respectively) [64].

SAR analysis indicates that maintaining the imidazolidone skele-

ton while introducing a benzylamine substitution at the R2 po-

sition of the imidazole ring yields excellent fungicidal activity. In

the future, retaining this core structure while introducing different

substituents at the R1 and R4 positions of the imidazole ring may

lead to the discovery of superior novel fungicides.

Benzimidazole derivatives exhibit excellent fungicidal activity.

For instance, compound 32 (Fig. 9) demonstrated 100% inhi-

bition rates against both Phytophthora nicotianae (P. nicotianae)

and Botrytis elliptica (B. elliptica) at a concentration of 50mg/L

[65]. Compounds 33 and 34 exhibited EC50 values of 0.79 and

0.56mg/L, respectively, against B. cinerea. Scanning electron mi-

croscopy revealed that compound 34 exerts fungicidal activity

by impairing hyphal morphology in B. cinerea. Furthermore,

Fig. 7. The chemical structural characteristics and active moiety analysis of imidazole-containing fungicides.
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Fig. 8. (a) Chemical structures of imidazole-containing antifungal active compounds 11–31. (b) Active fragment analysis of compound 11–31. (c) Schematic diagram of the

antifungal mechanism of imidazole compounds.

Fig. 9. Chemical structures and active fragment analysis of imidazole-containing antifungal compounds 32–49.
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Fig. 10. The synthesis method of compound 33.

molecular docking studies indicated that compound 34 interacts

with succinate dehydrogenase (SDH) [66]. Compound 35 exhibits

broad-spectrum fungicidal activities, demonstrating good efficacy

against Colletotrichum coccodes (C. coccodes), Phytophthora infestans

(P. infestans), and R. solani (EC50 values of 2.8, 3.4, and 34.9mg/L,

respectively) [67]. The introduction of a diamide group on the ben-

zimidazole ring confers favorable activity. For instance, compounds

36 and 37 exhibit potent inhibitory activity against B. cinerea (EC50

values of 3.94 and 4.65mg/L, respectively) [68]. Additionally, com-

pound 38 exhibited good activity against R. solani and Magnaporthe

oryzae (M. oryzae) (EC50 values of 1.20 and 1.85mg/L, respectively)

[69]. Compound 39 exhibits broad-spectrum fungicidal activities,

demonstrating favorable activity against B. cinerea and Fusarium

solani (F. solani) with EC50 values of 13.04 and 8.16mg/L, respec-

tively [70]. Imidazolidinodiazines also exhibit good fungicidal

activity. For example, compound 40 displays broad-spectrum

fungicidal activities against F. solani, Fusarium oxysporum f. sp.

vasinfectum (Fov), and Fusarium bulbigenum (F. bulbigenum) (EC50

values of 5.1, 8.4, and 7.5mg/L, respectively) [71]. Compounds

41–43 exhibited excellent and broad-spectrum activities against

Beans sclerotia (B. sclerotia), B. cinerea, and S. sclerotiorum (EC50

values: 41: 5.98, 0.16, 5.86mg/L; 42: 8.37, 8.69, 1.18mg/L; 43:

9.21, 4.27, 1.75mg/L) [72]. Compounds 44 and 45 exhibited good

activity against B. cinerea and S. sclerotiorum, with EC50 values

of 10.78 and 10.82mg/L, and 11.14 and 10.46mg/L, respectively.

Preliminary SAR analysis indicates that when the alkyl group

attached to the oxime ether bond in these compounds is methyl,

4-chlorobenzyl, or 4-fluorobenzyl, their fungicidal activity sur-

passes that of structurally similar compounds [73]. Compounds 46

and 47 exhibited good inhibitory activity against B. cinerea, with

EC50 values of 0.13 and 0.15mg/L, respectively [74]. Compound

48 demonstrated excellent activity against both B. cinerea and S.

sclerotiorum, with EC50 values of 0.14 and 4.65mg/L, respectively

[75]. Compound 49 exhibited excellent fungicidal activity against S.

sclerotiorum (EC50 =0.158mg/L). In vivo experiments demonstrated

that compound 49 exhibited good activity at 200mg/L (84.7%

protective activity and 78.1% curative activity). Molecular docking

results indicated that compound 49 could form multiple hydro-

gen bonds and π-π interactions with β-tubulin [76]. Imidazole

derivatives exhibit excellent antiviral activity, with their structure-

activity characteristics primarily centered on benzimidazole and

pyrimidimidazole derivatives. It may be worthwhile to explore the

introduction of pyridimidazole, pyridazinimidazole, pyrazino-1,2-

diazine derivatives to investigate their antiviral activity against

plant viruses in future research. The representative compound 33

was synthesized (Fig. 10). Compound 33 was synthesized via sub-

stitution reaction using 1-fluoro-2-nitrobenzene and propylamine

as starting materials. Subsequently, the nitro group on the benzene

ring was reduced to an amino group using zinc powder to yield

an intermediate. This intermediate reacted with cyanogen bromide

in ethanol to form a benzimidazole ring via cyclization. Finally,

the amino group undergoes substitution with an acyl chloride

to yield the target compound 33, a benzimidazole amide in 77%

yield.

2.3. Antiviral activity of imidazole derivatives

Currently, plant viruses remain one of the unresolved agricul-

tural challenges [77,78]. The direct chemical elimination of plant

viruses poses a major challenge, owing to their dependence on

host cellular functions and coat protein synthesis [79,80]. There-

fore, discovering antiviral agents with unique mechanisms of ac-

tion and high efficacy is an urgent priority. There are several imi-

dazole compounds that exhibit excellent antiviral activity. For ex-

ample, compound 50 (Fig. 11) demonstrates remarkable activity

against tobacco mosaic virus (TMV) by binding to the TMV coat

protein (at 500mg/L: curative activity: 41.3 %, protective activity:

47.6%, inactivation activity: 89.5 %). Additionally, at 500mg/L, com-

pounds 51 and 52 also exhibited good anti-TMV activity (51: cu-

rative activity 45.0 %, protective activity 46.4 %, inactivation activity

81.7%; 52: curative activity 41.8 %, protective activity 56.3%, inac-

tivation activity 72.4%) [81]. Pyrimidine-imidazole compounds ex-

hibit excellent inhibitory activity against plant viruses. For exam-

ple, at 500mg/L, compound 53 demonstrated outstanding protec-

tive activity against potato virus Y (PVY), cucumber mosaic virus

(CMV), and TMV (63%, 70%, and 59%, respectively). Compound 53

exhibits potent antiviral activity by disrupting the structural in-

tegrity of TMV and interfering with its coat protein interactions.

The presence of a benzene ring with an electron-donating group

at the para position enhances the compound’s inactivating activ-

ity against TMV. For instance, compounds 54 and 55 both exhibit

EC50 values below 100mg/L for TMV inactivation [82]. Addition-

ally, compound 56 also exhibited good activity against TMV (at

500mg/L: curative activity 65.2 %, protective activity 60.2 %, inacti-

vation activity 74.6%) [83]. Compound 57 demonstrated outstand-

ing activity by interacting with TMV coat proteins and inhibit-

ing TMV systemic movement and biosynthesis within plants (at

500mg/L: curative activity against TMV: 59.15%, protective activ-

ity: 43.14%, inactivation activity: 72.03%) [84]. Compound 58, op-

timized using a three-dimensional quantitative structure-activity

relationship (3D-QSAR) model, exhibits good inactivation activ-

ity against pepper mild mottle virus (PMMoV) with an EC50 of

11.4mg/L. Transmission electron microscopy results indicate that

compound 58 demonstrates excellent antiviral activity by causing

severe fragmentation of viral particles [85]. Benzimidazole com-

pounds also exhibit favorable antiviral activity. For instance, com-

pound 59 demonstrated good curative, protective, and inactivating

activities against TMV (54.1%, 57.6 %, and 75.3% at 500mg/L, re-

spectively) [86]. Compound 60, an imidazole derivative extracted

from fungal fermentation, demonstrated potent antiviral activity.

At a concentration of 20mg/L, compound 60 inhibited TMV activity

in nepenthes by 56.8% [87]. In summary, compounds containing

pyrimidine and imidazole or benzimidazole moieties exhibit out-

standing antiviral activity. Structural exploration based on these

compounds is a highly promising direction for discovering supe-

rior antiviral agents. The representative compound 50 was synthe-

sized (Fig. 12). Compound 50 was synthesized from p–hydroxy ace-

tophenone via condensation, substitution, and addition reactions.

The optimal addition reaction for compound 50 yielded 92% un-

der conditions using anhydrous ethanol as solvent and potassium

hydroxide as catalyst.

2.4. Insecticidal activity of imidazole derivatives

The agricultural pest population is diverse and reproduces

rapidly. The excessive use of chemical insecticides has led to

the development of insecticide resistance in pests [88–91].

Therefore, discovering novel insecticides with high efficacy and

unique mechanisms of action is of critical importance at present

[92,93]. In recent years, imidazole compounds have shown re-

markable progress in pesticide discovery. For example, compound

6
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Fig. 11. (a) Chemical structures and active site analysis of imidazole-containing antiviral compounds 50–60. (b) Schematic representation of the mechanism of action of

imidazole compounds against TMV.

Fig. 12. The synthesis method of compound 50.

Fig. 13. Chemical structures and active fragment analysis of imidazole-containing insecticidal compounds 61–68.

61 (Fig. 13) exhibits excellent insecticidal activity against Aedes

albopictus (A. albopictus) and Culex quinquefasciatus (C. quinque-

fasciatus) (lethal medium concentration (LC50) values of 6.42

and 7.01mg/L, respectively) [94]. The imidazoline compound

62 exhibits broad-spectrum insecticidal activities. At the con-

centration of 600mg/L, compound 62 demonstrated inhibition

rates of 85%, 90%, and 100% against Helicoverpa armigera (H.

armigera), Ostrinia nubilalis (O. nubilalis), and Plutella xylostella (P.

xylostella), respectively [95]. Additionally, compound 63 exhibited

good inhibitory activity against Aphis craccivora (A. craccivora) and

Nilaparvata lugens (N. lugens) (100% at 500mg/L). Compound 64

also demonstrated good inhibitory activity against A. craccivora

and N. lugens (70% and 100% at 4mg/L) [96]. Compounds 65 and

66 exhibited superior insecticidal activity against A. craccivora and

N. lugens (both at 100% efficacy at 4mg/L). Furthermore, the LC50

values for N. lugens were 0.132mg/L and 1.06mg/L, respectively.

7
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Fig. 14. The synthesis method of compound 61.

Fig. 15. (a) Chemical structures of imidazole-containing nematicidal compounds 69–75. (b) Schematic representation of the mechanism of action of compound 70 against

nematodes.

Notably, compound 67 exhibited excellent activity not only against

the two pests but also against Mythimna separata (M. separata)

(LC50 value: 4.337mg/L) [97]. Pyridine-imidazole compound 68

exhibited good insecticidal activity against Sogatella furcifera (S.

furcifera) and A. craccivora (LC50 values of 10.5 and 2.09mg/L,

respectively). Proteomic profiling identified that the alterations in

protein expression induced by compound 68 were predominantly

enriched in nervous system-related pathways. Enzyme activity as-

says demonstrated that compound 68 inhibits acetylcholinesterase

[98]. It is perhaps feasible to retain the pyridine-imidazole scaf-

fold as a parent structure for developing novel insecticides with

superior activity. The synthetic approach for the representative

compound 61 (Fig. 14). Compound 61 was synthesized from 1,2-

benzenediamine and 4-nitrobenzaldehyde via a sequence involving

benzimidazole ring formation by cyclization, reduction of the nitro

group to an amino group, and final substitution with a halogen

atom, ultimately yielding the product in 64% yield.

2.5. Nematocidal activity of imidazole derivatives

Plant pathogenic nematodes are a group of highly prolific, mi-

croscopic worms with a wide host range [99–101]. These nema-

todes parasitize vegetable root systems, causing stunted growth

and yellowing of leaves and branches. Annual economic losses in

vegetable production due to nematode diseases exceed 70% of total

output, severely compromising both yield and quality [102–105].

Among these, root-knot nematode disease inflicts the most devas-

tating damage, inducing root gall formation and root nodules that

cause yellowing and necrosis of root tissues, ultimately leading to

crop death [106,107]. Additionally, pine wood nematode disease is

termed the “cancer” of pine trees. Pine trees infected with pine

wood nematode rapidly wither and spread extensively, severely

impacting ecological security and forestry economic development

[108–110]. Therefore, developing highly effective nematicides with

unique mechanisms of action is an urgent priority.

Pyridine-fused imidazole compounds exhibit promising ne-

maticidal activity. For instance, compounds 69 and 70 (Fig. 15)

demonstrate effective nematicidal activity against Aphelenchoides

besseyi (A. besseyi) with LC50 values of 27.3 and 35.9mg/L, re-

spectively. Concurrently, compound 70 exhibited an LC50 value of

5.7mg/L against Caenorhabditis elegans (C. elegans). Enzyme activity

assays indicated that compound 70 not only bound effectively to

the nematode’s acetylcholinesterase (AChE) but also demonstrated

potent inhibitory activity against AChE. Compound 70 binds to

AChE, inhibiting the breakdown of acetylcholine, thereby enhanc-

ing excessive excitation of nematode nerves and causing death.

Consequently, it exhibits excellent nematicidal activity [111]. The

1,2,4-oxadiazoleamide moiety was identified as a key structural

determinant for nematicidal activity on the pyridine-imidazole

scaffold. For instance, at 200mg/L, compounds 71 and 72 exhibited

70.1% and 11.8% activity against Bursaphelenchus xylophilus (B. xy-

lophilus) [112]. Compounds containing oxadiazole thioether groups

introduced onto the pyridine-imidazole ring exhibit good nemati-

cidal activity against C. elegans. For example, compounds 73 and

74 had LC50 values of 34.94 and 37.62mg/L, respectively, against

C. elegans [113]. The benzimidazoles also exhibit good nematicidal

activity. For example, at 500mg/L, compound 75 showed 61% and

69% activity against Meloidogyne incognita (M. incognita) after 24h

and 48h, respectively [114]. The synthetic route for the repre-

sentative compound 69 (Fig. 16). Compound 69 was synthesized

from 2-amino-3–chloro–5-trifluoromethylpyridine via a sequence

involving cyclization to construct the pyridine-imidazole core,

followed by basic hydrolysis of an ester to the sodium carboxylate.

Acidification with dilute HCl afforded the carboxylic acid, which
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Fig. 16. The synthesis method of compound 69.

Fig. 17. Chemical structures and active fragment analysis of imidazole-containing antibacterial compounds 76–79.

subsequently underwent acyl chlorination, amidation, and final

oxidation to yield compound 69 in 76% overall yield.

2.6. Bactericidal activity of imidazole derivatives

The bacterial diseases of plants are characterized by widespread

transmission, prolonged damage cycles, and severe losses [115–

117]. They commonly occur in field crops, vegetables, and fruit

trees. Pathogenic bacteria primarily infect host cells by absorb-

ing nutrients from them, ultimately killing the cells or tissues

[118–120]. Common bacterial plant pathogens include Xanthomonas

oryzae pv. oryzae (Xoo) and Xanthomonas axonopodis pv. citri (Xac).

Rice bacterial blight caused by Xoo ranks among the most severe

bacterial diseases affecting rice, reducing yields by 20%–40% or

even causing total crop failure, significantly impacting both rice

production and quality [121–123]. Additionally, citrus canker, a

bacterial disease caused by Xac, induces ulcerative lesions on cit-

rus leaves, shoots, and fruits. This leads to reduced fruit quality

and yield, severely hindering the development of the citrus indus-

try [124,125].

Imidazole compounds exhibit outstanding antibacterial activity.

For instance, compound 76 (Fig. 17) demonstrates excellent activ-

ity against Xoo and Xac (EC50 values of 0.734 and 1.79mg/L, re-

spectively). Structural optimization of compound 76 yielded com-

pound 77, which exhibits even superior activity against both bac-

teria (EC50 values of 0.295 and 0.611mg/L, respectively) [126]. Ad-

ditionally, compound 78 exhibits good inhibitory activity against

Xoo and Xanthomonas oryzae pv. oryzicola (Xoc) (EC50 values of 1.2

and 3.1mg/L, respectively). At 50mg/L, compound 78 also exhib-

ited good curative and protective activities against rice bacterial

leaf blight, with rates of 37.0 % and 36.8%, respectively. Physiolog-

ical and biochemical studies suggested that this compound may

inhibit Xoo growth by affecting cell membranes and extracellu-

lar polysaccharide production [111]. Benzimidazole compounds ex-

hibit excellent antibacterial activity. For instance, compound 79 ex-

hibits significant activity against Xoo (EC50 value of 8.2mg/L). Fur-

thermore, at a concentration of 200mg/L, compound 79 demon-

strates excellent curative and protective in vivo activity (45.2 % and

48.6%, respectively) against rice bacterial leaf blight. Scanning elec-

tron microscopy results indicate that the compound causes defor-

mation or rupture of Xoo cell membranes, thereby exhibiting po-

tent antibacterial activity [127]. Although there are less research

reports on the antibacterial activity of imidazole derivatives, it is

well known from the available literature that imidazole derivatives

showed promising antibacterial activity. the retention of the ben-

zimidazole ring, pyridine-imidazole ring, and the introduction of

flexible chains on the imidazole ring demonstrated favorable an-

tibacterial activity. The synthesis of representative compound 79

(Fig. 18). Compound 79 was synthesized from 1,2-benzenediamine

and 3-fluorobenzaldehyde via sequence involving cyclization to

form the benzimidazole core, which was then subjected to halo-

gen substitution, yielding the final product in 46.6% overall yield.

3. Progress and outlook

Imidazole compounds have achieved remarkable success in the

discovery of new pesticides, becoming a crucial molecular skeleton

for herbicides and fungicides. The imidazole ring possesses four

modifiable sites, allowing the introduction of different functional

groups at these sites to investigate their impact on biological ac-

tivity. This approach will lead to the discovery of more highly ac-

tive imidazole compounds in the future. In recent years, the re-

search on imidazole compounds has made tremendous progress.

Therefore, it is necessary to promptly update the latest advances
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Fig. 18. The synthesis method of compound 79.

in imidazole compounds for pesticide discovery. We systematically

reviewed the discovery and application of imidazole compounds

in novel pesticides over the past decade, analyzed their herbici-

dal, fungicidal, antiviral, insecticidal, nematicidal, and antibacte-

rial activities of imidazole compounds. We discussed representative

synthetic approaches for imidazole derivatives, summarized their

bioactive moieties and mechanisms of action, aiming to provide

new insights and inspiration for the discovery of highly effective

novel imidazole pesticides. However, the imidazole derivatives cur-

rently encounter serious challenges in the study of mechanisms of

action. The research on target identification, resistance and envi-

ronmental safety assessment requires further investigation. Com-

bining computer-aided design to analyze target proteins, identify-

ing specific key genes through RNA interference technology, and

integrating with intelligent pesticide application techniques may

facilitate the discovery of novel imidazole pesticides that are highly

effective, possess unique mechanisms of action, and are environ-

mentally friendly in the future.
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