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a b s t r a c t

Pyrimidine is a widely used compound in pesticides and medicine, with over 60 commercial pesticides

containing a pyrimidine structure. Examples include the insecticide flufenerim, herbicide nicosulfuron,

fungicide mepanipyrim, antiviral agent ningnanmycin, and plant growth regulator ancymidol. This paper

reviews the characteristics from 2014 to 2024 of highly active pyrimidine-containing compounds and

their biological activities, focusing on insecticidal, herbicidal, antibacterial, antiviral, and plant growth

regulation properties. The goal is to provide insights for the design and synthesis of new pyrimidine-

based pesticide candidates.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Pyrimidine, with the chemical formula C4H4N2, is a nitrogen

heterocyclic aromatic compound that results from replacing two

carbon atoms with two nitrogen atoms in the interstitial posi-

tion of the benzene molecule. They are present in caffeine, vita-

min B1, theophylline, and nucleic acids such as uracil, cytosine, and

thymine [1,2]. Pyrimidine heterocyclic compounds are extensively

employed in pesticides and medicine due to their high selectivity,

low toxicity, and ease of structural modification [3,4]. The search

was carried out on the SciFinder research platform using keywords

such as pyrimidine compounds, insecticides, fungicides, herbicides,

antiviral agents, and plant growth regulators. A total of 882 liter-

ature sources were found on the investigation of compounds with

pyrimidine structure in pesticides from 2014 to 2024. The num-

ber of literature reporting pyrimidine compounds with insecticidal

activity is 101, with fungicidal activity is 380, with herbicidal ac-

tivity is 344, with antiviral activity is 23, and with plant growth

regulating function is 34. Pyrimidine compounds are mainly used

in fungicides and herbicides, followed by insecticides, and are less

researched in antiviral agents and plant growth regulators [5,6],

In world pesticide patents, heterocyclic compounds accounted for

more than 90%, with more than 60 pesticide commodities con-

taining pyrimidine structure, including 13 fungicides, more than 40

herbicides and herbicide antidotes, and 8 insecticides. This trend is

similar to the amount of literature published on pyrimidine com-

pounds (Fig. S1 in Supporting information).
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Pesticide commodities containing the pyrimidine structure are

mainly small-molecule organic compounds, with pyrimidine as the

parent structure and active groups in their R1-R4 positions [7,8].

Examples include insecticides like pyrimidifen, flufenerim, and pir-

imicarb (Fig. 1); herbicides such as nicosulfuron, propyrisulfuron,

and primisulfuron (Fig. 1); fungicides like pyrimethanil mepa-

nipyrim, cyprodinil, and ethirimol; the antiviral agent ningnan-

mycin (Fig. 1); and plant growth regulators like 6-benzyladenine

(6-BA) and ancymidol (Fig. 1). However, the continuous use of

these pesticide commodities with pyrimidine structures in crops

leads to mutations or reduced sensitivity of target loci for plant

diseases, insects, and grasses, resulting in resistance [9]. Secondly,

pesticides containing pyrimidine structures are not ideal due to

issues with dosage, spraying methods, and potential hazards to

non-target organisms (bees, fish, and birds, etc.) and pesticide

residues [10]. The mounting environmental protection awareness

and the stringent registration policies for chemical pesticides have

led to escalating costs and challenges in developing new pesti-

cides, thereby impeding the expeditious replacement of existing

products. Therefore, many researchers have designed and synthe-

sized pyrimidine-containing compounds with low toxicity, high

efficiency and biosafety for non-target organisms based on the

pyrimidine structure through intermediate derivatization, struc-

tural modification or splicing of active molecules with the aim

of discovering candidate compounds with the potential to be-

come pesticides and solving the problem of pesticide resistance to

pests and weeds, the problem of their own pesticide residues and

the problem of biosafety for non-target organisms. The increasing

awareness of environmental protection and strict registration poli-

cies for chemical pesticides have made it difficult and expensive

https://doi.org/10.1016/j.cclet.2025.111305

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



H. Yuan, A. Liao, S. Chen et al. Chinese Chemical Letters 37 (2026) 111305

Fig. 1. Partial pyrimidine compound pesticides.

to develop new pesticides, hindering the replacement of existing

products. As a result, researchers have been focusing on design-

ing and synthesizing pyrimidine-containing compounds with low

toxicity, high efficiency, and biosafety for non-target organisms. By

modifying the pyrimidine structure through various methods, they

aim to discover potential pesticide candidates that can address is-

sues such as pesticide resistance, residue accumulation, and harm

to non-target organisms.

This paper provides a summary of the characteristics of highly

active pyrimidine analogues by examining the relationship be-

tween compound structure and biological activity. The compounds

are categorized as pyrimidine amines, pyrimidine sulfurs(ethers),

pyrimidine diketones, and fused heterocyclic pyrimidines based on

their structural features. Research conducted in the last decade

on pyrimidine analogues with insecticidal, herbicidal, antibac-

terial, antiviral, and plant growth regulating properties is out-

lined. This summary aims to support further research on pyrim-

idine analogues in the field of pesticides. Additionally, the use

of pyrimidine-containing heterocyclic compounds in medicine has

also been documented by researchers [11–13], but will not be reit-

erated in this paper.

2. Insecticidal activity

2.1. Pyrimidine amine compounds

In the 1950s, the development of insecticidal pyrimidine com-

pounds began with the commercialization of diazinon for subter-

ranean pest control. Other pyrimidine-based insecticides such as

fenazaquin, flufenerim [14], and pyramat were subsequently devel-

oped by Dow, UBE (now Sumitomo Chemical Company) in Japan,

and Ciba-Geigy (now Syngenta), respectively [15]. However, these

insecticides have various drawbacks such as toxicity to beneficial

insects like bees, silkworms, and fish, as well as potential environ-

mental impacts. Despite these challenges, pyrimethanil insecticides

offer broad spectrum control, high efficiency, and a unique mode

of action, making them a focus of ongoing research in molecular

design, synthesis, and bioactivity studies [16–18].

Despite the threat flufenerim poses to honeybee reproduction

and survival, its low toxicity, high insecticidal activity, and ease

of structural modification have made it a popular choice for re-

searchers looking to develop new pesticides [19]. For instance,

Liu et al. [20] synthesized a series of pyrimidinamine compounds

by modifying the structure of flufenerim to give compound 1.

This compound 1 (Fig. 2) showed good insecticidal activity against

Mythimna separata, Aphis medicagini, and Tetranychus cinnabarinus,

with median lethal concentration (LC50) values of 3.6 and 4.2mg/L

against Mythimna separata, respectively. The conformational rela-

tionship indicated that the structural R had a significant impact

on insecticidal activity, with the activity trend being Cl > Br >

H. Molecular docking results revealed that compounds 1a and 1b

(Fig. 2) have a similar mode of action to flufenerim, binding at

the acetylcholine receptor, but docked in an opposite manner to

flufenerim at the acetylcholinesterase (AChE) active site. Uneme

et al. [21] designed and synthesized compound 2 (Fig. 2) by con-

necting the amino group on the parent body of flufenerim with
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Fig. 2. The insecticidal activity of pyrimidine amine compounds.

2-(4-fluorophenyl)ethyl. It demonstrated good insecticidal activity

against Adoxophyes orana Fisher, Nilaparvata lugens (Stal), and Aphis

gossypi at a concentration of 500mg/L, all with lethality exceeding

90%. Additionally, compound 3 (Fig. 2) was found to have excel-

lent activity against Myzus persicae (Sulzer) by replacing a part of

the structure of flufenerim with a phenylpyrazole fragment [22].

It exhibited 100% lethality against Myzus persicae (Sulzer) at con-

centrations of 600mg/L and 100mg/L, and still had 88% lethal-

ity at 10mg/L. Li et al. [23,24] conducted molecular substitution

and optimization of substituents attached to the amino position on

the molecular structure of flufenerim. They discovered that com-

pound 4 (Fig. 2) had superior controlling efficacy against Tetrany-

chus cinnabarinus. At a concentration of 100mg/L, the lethality

of compound 4 against Tetranychus cinnabarinus was 97%, which

was higher than that of the control propargite (80%). Furthermore,

compound 5 (Fig. 2) showed good insecticidal activity against cot-

ton Tetranychus cinnabarinus (LC50=1.02mg/L), which was compa-

rable to the control cyenopyrafen.

Pyrimidine compounds containing biphenyl ether, phenoxazole,

and azepine structures showed significant insecticidal activity. For

instance, compound 6 (Fig. 2) [15] showed 80% lethality against

Mythimna separata and 69% lethality against Plutella xylostella at

a concentration of 20mg/L. Even at a reduced concentration of

4mg/L, compound 6 still exhibited 40% lethality against Mythimna

separata. The introduction of large-site-resistant substituted phe-

noxy groups was found to enhance the insecticidal activity of these

compounds. Compounds 7–8 (Fig. 2) [25] displayed strong insec-

ticidal activity against Aphis fabae and Tetranychus urticae, mak-

ing them potential pesticide candidates. Among them, compound 7

showed a superior LC50 of 0.52mg/L against Aphis fabae compared

to the control imidacloprid (LC50 =1.02mg/L). Against Tetranychus

urticae, compound 7 had an LC50 of 2.49mg/L, which was simi-

lar to the commercial spirotetramat (LC50 =2.27mg/L). The ethyl

group at the 4-position of the pyrimidine ring and the alkyl group

as a sub-substituent of the benzene ring were found to contribute

to the biological activity of compound 7. Compound 8 had an

LC50 of 2.08mg/L against Tetranychus urticae, which was better

than the control spirotetramat. Compound 9 (Fig. 2) [26] exhib-

ited good insecticidal activity against Aphis fabae, with an LC50

value of 0.42mg/L, which was better than the control imidaclo-

prid (LC50 =0.51mg/L). The position of substituents on the ben-

zene ring had a significant impact on the activity against Aphis

fabae, with the order of activity being 4-CH3 > 2,4-di-CH3 > 3-

CH3, H>2-Cl > 4-CF3 > 2,4-di-Cl > 4-C2H5 > 2-CH3. Compound

10 (Fig. 2) [27] was effective against various insects at a concen-

tration of 200mg/L, with insecticidal effects ranging from 61.3% to

80.9%. However, the effects were lower than those of the control

chlorantraniliprole. Further structural modification and optimiza-

tion of these compounds are expected to lead to the discovery of

pesticide compounds with high insecticidal efficiency.

2.2. Pyrimidine sulfur (ether) compounds

The introduction of heterocyclic and active molecular fragments

into the pyrimidine structure is a common approach for the dis-

covery of compounds with outstanding activity. Nokura et al. [28]

introduced a triazole group at position 6 of the pyrimidine ring

and optimized the molecular fragment substitution of the moiety

attached to the methoxy linkage at position 4 of the pyrimidine

ring, and synthesized the majority of the compounds with good in-

secticidal activity against Bemisia tabaci and Aphis gossypi. Among

them, compound 11 (Fig. 3) showed a lethality of more than 90%

against both Bemisia tabaci and Aphis gossypi at a concentration of

500mg/L. The compounds were also found to have good insecti-

cidal activity against the tobacco louse and the cotton aphid. In

addition, the methoxyacrylate moiety has good bactericidal activ-

ity due to the methoxyacrylate group [29]. The Shenyang Research

Institute of Chemical Industry introduced the β-methoxyacrylate

group into the pyrimidine structure, resulting in compound 12

with excellent insecticidal activity against Tetranychus cinnabarinus

and a bactericidal effect [30]. At a concentration of 0.626mg/L,

the lethality of compounds 12a and 12b (Fig. 3) against Tetrany-

chus cinnabarinus was 90% and 95%, respectively, which was supe-

rior to that of the control agent pyriminostrobin. Meanwhile, com-

pound 13 (Fig. 3) [31] exhibited excellent acaricidal activity against

Tetranychus cinnabarinus. Among them, the larvicidal and ovicidal

activities of compound 13a (Fig. 3) were almost twice those of

fluacrypyrim at a concentration of 4mg/L. The field test results
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Fig. 3. The insecticidal activity of pyrimidine sulfur (ether) compounds.

showed that at a concentration of 100mg/L, compound 13a had

effectiveness of 96.61%, 97.36%, 96.25%, and 81.02% against citrus

red mites after treating the crops for 3, 7, 10, and 20 days. It is

notable that compound 13a demonstrated persistent, rapid, and ef-

fective control of Panonychus citri, with relatively low acute toxicity

to mammals, birds, and bees. The conformational relationship in-

dicated that the R substituent group on the pyrimidine structure

had a more significant influence on the acaricidal activity, with an

activity trend of CF3 > CHF2 > CH3 > C2H5. Compound 14 (Fig. 3)

[32] exhibited good inhibitory activity against Tetranychus cinnabar-

inus and Aphis craccivora Koch, with 100% lethality at a concentra-

tion of 500mg/L. Compound 15 (Fig. 3) [33] showed a significant

effect against Aedes aegypti, with 70% lethality at a concentration

of 2mg/L.

Trifluoromethyl is a highly useful class of structural motifs

as it can enhance the properties of drug absorption, distribu-

tion, metabolism, and excretion [4]. Based on this, numerous

researchers have introduced trifluoromethyl groups into pyrimi-

dine compounds. For example, compound 16 (Fig. 3) [34] exhib-

ited 100% lethality against Plutella xylostella at a concentration of

5mg/L. Notably, at a low concentration of 1mg/L, compound 16

could still achieve 97% lethality against Plutella xylostella, which

was superior to the control tolfenpyrad. At a concentration of

500mg/L, compounds 17a and 17b (Fig. 3) [35] demonstrated bet-

ter insecticidal activity against Mythimna separata and Spodoptera

frugiperda. Compound 18 (Fig. 3) [36] showed moderate insecticidal

activity against Mythimna separata and Spodoptera frugiperda at a

concentration of 500mg/L, with lethality of 86.67% and 90.00% re-

spectively. The conformational relationship revealed that the intro-

duction of the trifluoromethyl group on the pyrimidine structure

was beneficial in increasing the insecticidal activity of the com-

pounds. Compound 19 (Fig. 3) [37] showed excellent insecticidal

effect against Plutella xylostella, with a 97% inactivation rate at a

concentration of 10mg/L, which was better than the control tolfen-

pyrad (93%). Additionally, compound 19 had low toxicity to bene-

ficial organisms, was easy to degrade, and had good environmen-

tal compatibility. Compound 20 (Fig. 3) [38] showed good activity

against Mythimna separata and Culex and had low toxicity to fish.

Among them, compound 20a (Fig. 3), at concentrations of 600mg/L

and 200mg/L, showed 100% lethality against Mythimna separata,

and 60% lethality against Culex larvae at a concentration of 2mg/L,

while compound 20b (Fig. 3) showed 100% lethality against Culex

larvae at a concentration of 25mg/L.

2.3. Fused heterocyclic pyrimidines

Fused heterocyclic pyrimidines are formed by combining pyrim-

idine rings with other aromatic or heterocyclic rings, especially in

living organisms. They function as the bases of nucleic acids, vi-

tamins, proteins, and alkaloids, playing important roles in biologi-

cal activities [39]. Furthermore, heterocyclic pyrimidines have been

used in the development of pesticide lead compounds, and sev-

eral compounds with insecticidal effects have been identified in

recent years [40,41]. Compound 21 (Fig. S2 in Supporting informa-

tion) [42] effectively inactivated Aphis craccivora Koch at 500mg/L,

resulting in an 83.0 % lethality rate. Meanwhile, compound 22 (Fig.

S2) [43] demonstrated a strong inactivation effect on Mythimna

separata, achieving a 100% inhibition rate at the same concentra-

tion of 500mg/L. Compounds 23 and 24 (Fig. S2) displayed effec-

tive inactivation activity against Plutella xylostella at a concentra-

tion of 500mg/L [44]. Additionally, compound 25 (Fig. S2) [45] ex-

hibited strong insecticidal activity against both Aphis craccivora lar-

vae and adults. Compounds 25a-25c (Fig. S2) demonstrated LC50

values of 1.051, 0.187, 0.840, and 1.295, 0.792, 2.975mg/L against

Aphis craccivora larvae and adults, respectively. Furthermore, com-

pound 26 (Fig. S2) [46] exhibited outstanding insecticidal ac-

tivity against Plutella xylostella, Mythimna separata, and Tetrany-

chus cinnabarinus. Notably, both compounds 26a and 26b (Fig.

S2) showed 100% lethality against Plutella xylostella at a 600mg/L

dose, whereas compounds 26b and 26c (Fig. S2) were 100% lethal

against Tetranychus cinnabarinus at a 100mg/L dose.

Mesoionic compounds, which bear a resemblance to fused het-

erocyclic pyrimidines and are susceptible to hydrolysis in both

acidic and alkaline conditions, demonstrate remarkable insectici-

dal activity [47]. Earl accidentally discovered a stable crystalline

compound during treatment experiments in 1935 and named it af-

ter sydnone [48]. Sydnone is an compound that forms a ring and

supplies π-electrons to create an out-of-domain 6-electron system.
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Fig. 4. The herbicidal activity of pyrimidine amine compounds.

This is particularly challenging to represent using a general valence

bond structure. The concept of mesoionic compounds was later in-

troduced to describe sydnone and its analogs [49]. Triflumezopy-

rim and dicloromezotiaz are two mesoionic compounds that have

been commercialized. Triflumezopyrim is a nicotinic acetylcholine

receptor antagonist used to control rice planthopper by blocking

neurotransmission in the target pest. Dicloromezotiaz, on the other

hand, acts as a nicotinic acetylcholine receptor channel antago-

nist and has excellent insecticidal activity against Plutella xylostella,

Mythimna separata, and Myzus persicae.

Due to the exceptional insecticidal properties of mesoionic

compounds and the presence of numerous modification sites in

their structures, optimizing the group substitutions of R1 and R2

on the core ring of pyrido[1,2-a]pyrimidines can lead to the dis-

covery of highly potent pesticide lead compounds. Cui [50] stated

that compound 27 (Fig. S2) exhibited strong insecticidal activity to-

wards aphids, along with an inhibitory impact on Potato virus Y

(PVY). Zhang et al. [51] synthesized compound 28 (Fig. S2) with

excellent insecticidal activity against Aphis craccivora and Sogatella

furcifera by adding a benzo[b]thiophene structure at the R2 po-

sition of the core ring of pyrido[1,2-a]pyrimidine. Compound 28

had an LC50 of 1.82mg/L against Aphis craccivora, outperforming

triflumezopyrim (LC50 =4.76mg/L). It also showed inhibitory ef-

fects on ATPase, potentially affecting the central nervous system

of aphids and interacting with acetylcholine receptors. The best in-

secticidal activity was observed when the chlorine atom substi-

tuted the halogen atom on the benzo[b]thiophene moiety, with

the order of halogen substitution activity being Cl > F > Br. Com-

pound 29 (Fig. S2) [52] exhibited significant insecticidal activity

against Aphis craccivora, resulting in 92% mortality at a concentra-

tion of 100mg/L. Compounds 30–32 (Fig. S2) showed both cross-

spectrum insecticidal activity against multiple insect species and

excellent efficacy against imidacloprid-resistant Nilaparvata lugens

(Stal) [53]. Compound 33 (Fig. S2), which contains cyanoethyl, was

developed by Nippon Kayaku Co., Ltd. [54]. Compound 33a (Fig.

S2) demonstrated 100% lethality against Aphis gossypi at a con-

centration of 0.1mg/L, outperforming the control agents triflume-

zopyrim and dicloromezotiaz. Compounds 33b and 33d (Fig. S2)

showed 100% lethality against Nilaparvata lugens (Stal) at a con-

centration of 0.05mg/L, which was better than the control agents.

It was observed that attaching an electron-withdrawing group to

the R-position of compound 33 enhanced its insecticidal activity.

Additionally, attaching cyanoethyl to the pyrido-pyrimidine ring of

compound 33 increased its activity. Yang et al. [55] introduced an

indole substituent at the 1-position of pyrido[1,2-a]pyrimidine to

synthesize compound 34 (Fig. S2), which exhibited good insectici-

dal activity against Aphis craccivora with an LC50 value of 2.97mg/L,

comparable to the positive control triflumezopyrim.

3. Herbicidal activity

3.1. Pyrimidine amine compounds

Amidosulfuron, bensulfuron-methyl, and chlorimuron-ethyl are

herbicide pesticides with a pyrimidine amine structure. They all

contain a sulfonylurea bridge structure, which inhibits the synthe-

sis of amino acids during plant metabolism to achieve the her-

bicidal effect [56]. By introducing a sulfonylurea molecular frag-

ment at position 2 of the pyrimidine ring, Pan et al. [57] en-

hanced the inhibitory activity of compound 35 (Fig. 4) against

oilseed rape and Amaranthus retroflexus L. Compound 36 (Fig. 4)

[58] showed higher herbicidal activity against monocotyledonous

weed species compared to the commercial pesticides triasulfuron

and nicosulfuron. With a dosage as low as 7.5 g/ha, compound

36a (Fig. 4) demonstrated strong herbicidal effects on Echinochloa

crus-galli (L.) P. Beauv. and Digitaria sanguinalis in peanut fields,

both pre-emergence and post-emergence. This compound could be

a promising candidate for herbicides in peanut cultivation. Addi-

tionally, compound 37 (Fig. 4) exhibited 100% pre-emergence in-

hibitory activity against kale-type Brassica napus L. at a dose of

75 g (ai)/ha, comparable to monosulfuron and chlorsulfuron herbi-

cides [59]. Compound 38 (Fig. 4) exhibited strong herbicidal ac-

tivity against Digitaria sanguinalis L. and Amaranthus retroflexus L.

Compound 38a (Fig. 4) inhibited oilseed rape root growth by 81.5%

at 100mg/L, outperforming the control tribenuron-methyl. Com-

pound 38b (Fig. 4) showed an 81% inhibition rate on Digitaria
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Fig. 5. The herbicidal activity of pyrimidine sulfur (ether) compounds.

sanguinalis L. root growth, surpassing the control bensulfuron. The

study suggested that a small R substituent on the pyrimidine ring

was advantageous for enhancing herbicidal activity, with the activ-

ity trend of compound 38 being Cl > OCH3 > CH3 [60].

The addition of groups such as formyl oxime, heterocycles, and

fused heterocycles to the pyrimidine ring resulted in compounds

with increased herbicidal activity. For instance, Lian et al. [61] in-

corporated a formyl oxime molecular fragment at the R position

on the pyrimidine ring and discovered that compound 39 (Fig.

4) exhibited 100% growth control of Sagittaria trifolia L., Veron-

ica polita Fries, and Echinochloa crus-galli (L.) P. Beauv. at a dose

of 30 g (ai)/ha, surpassing the control, halauxifen-methyl signif-

icantly. Compound 40 (Fig. 4) [62] achieved 100% inhibition of

oilseed rape stem and root growth, while the growth of radish

stems was inhibited by over 70% at a concentration of 100mg/L.

Compounds 41a and 41b (Fig. 4) exhibited 100% herbicidal activity

against pre-seedling Amaranthus retroflexus, Echinochloa crus-galli

(L.) P. Beauv., Setaria viridis, and Stellaria media when applied at a

rate of 320 g/ha [63]. Compound 42 (Fig. 4) [64] exhibited a wide-

ranging herbicidal impact on various weeds, achieving 100%, 100%,

90%, and 90% inhibition of Echinochloa crusgali (Linn.), Amaranthus

retroflexus L., Setaria faberi R. A. W. Herrmann, and Galium spurium

L., respectively, at a dosage of 1000g (ai)/ha. Compound 43 (Fig. 4)

demonstrated effective control over field weeds in wheat and other

crops. It requires a low application rate, delivers strong weed man-

agement, possesses long-lasting effects, low toxicity, and is non-

irritating [65].

3.2. Pyrimidine sulfur (ether) compounds

AHAS is a crucial enzyme in the biosynthesis of branched-chain

amino acids (isoleucine, leucine, and valine) [66]. If plants lack

the three key amino acids, namely isoleucine, leucine, and valine,

this will affect the synthesis of plant proteins and inhibit cell di-

vision, leading to weed tissue chlorosis, leaf yellowing, growth re-

tardation, and ultimately gradual death [67]. Therefore, the design

and synthesis of compounds that block AHAS in plants based on

AHAS targets have significant value in controlling the growth of

various weeds [68,69]. Li et al. [70] synthesized a series of pyrimi-

dine biphenyl compounds with a good inhibitory effect on AHAS

by optimizing the structure of the triazolopyrimidine salicylic

acid group. Compounds 44a and 44b (Fig. 5) showed higher in-

hibitory activity against AHAS in Arabidopsis thaliana compared to

bispyribac and flumetsulam. These compounds also demonstrated

excellent herbicidal activity at the seedling stage, with compound

44a showing 100% and 87.5% herbicidal activity against Descu-

rainia sophia and Ammannia arenaria, respectively, at a dose of

0.94 g/ha. Compound 44b showed 100% and 92.5% herbicidal

activity against the same weeds, both higher than bispyribac.

The structure-activity relationship indicated that the compounds

with electron-donating groups exhibited more effective Arabidop-

sis thaliana (AtAHAS) inhibitory activity than those with electron-

withdrawing groups.

Zhang [71] introduced diaryl ethers to the methoxypyrimi-

dine ring, resulting in the discovery of compound 45 (Fig. 5)

with significant post-emergence herbicidal activity against mono-

cotyledonous plants at a dose of 112.5 g (ai)/ha. Furthermore, due

to their strong biological activities, cyanoacrylate compounds are

highly valued [72]. Dai et al. [73] then added 2-cyanoacrylate ac-

tive units to the pyrimidine ring to design and synthesize com-

pound 46 (Fig. 5). Compounds 46a and 46b (Fig. 5) exhibited 90%

and 100% herbicidal activity against Brassica juncea, Stellaria media,

and Chenopodium serotinum L. when applied at a dose of 1500g/ha.

Notably, at a lower dose of 375 g/ha, compound 46b showed inhibi-

tion rates of 90%, 80%, and 90% on the stems and leaves of Brassica

juncea, Stellaria media, and Chenopodium album, respectively. Fur-

thermore, compound 47 (Fig. 5) [74] demonstrated herbicidal activ-

ity exceeding 80% against Descurainia sophia at a dose of 150 g/ha.

Compound 48 (Fig. 5) [75] effectively controls graminaceous weeds

and broadleaf weeds such as barnyard grass, Echinochloa crus-galli

(L.) P. Beauv., Portulaca oleracea L., Eleusine indica, Setaria viridis.

It is environmentally friendly, low in toxicity, and safe for cot-

ton crops. Compounds 48a-48c (Fig. 5) showed better inhibitory

activity against Echinochloa crus-galli (L.) P. Beauv., Eleusine in-

dica, and Portulaca oleracea compared to the reference substance

pyrithiobac-sodium at a concentration of 10mg/L. Compounds con-

taining fluorine, chlorine, and bromine were more effective than

those containing methyl and methoxy compounds. Carboxyl para-

group compounds exhibited slightly better herbicidal effects than

meta-group compounds.

3.3. Pyrimidine diketone compounds

Protoporphyrin PPO-based herbicides work by causing the

buildup of protoporphyrin IX in plant cells, which causes protopor-

phyrinogen IX to leak into the cytoplasm. This disrupts plant pho-

tosynthesis, leading to the peroxidative destruction of cell mem-

branes and plant death [76]. PPO-based herbicides stand out from

other herbicides due to their low dosage, broad herbicidal spec-

trum, fast effect, long-lasting effect, and low environmental impact

[77,78]. Hence, through the manipulation of intermediate deriva-

tization, substitution, structural modification, and active molecule

splicing, the addition of different active groups with herbicidal ef-

fects to the 5th position of the benzene ring connected to the N

of the 3rd position of the pyrimidinedione of the chemical general

formula 49 (Fig. S3 in Supporting information) is projected to un-

veil innovative and highly effective PPO-inhibiting herbicides [79].

Liu et al. [80] introduced isoxazoline into the pyrimidine dike-

tone framework and observed that compound 50 (Fig. S3) provided

excellent control efficacy against glyphosate-resistant weeds Eleu-

sine indica (L.) Gaertn. and Conyza canadensis (L.) Cronq. Compound

51 (Fig. S3) [81] demonstrated good to excellent herbicidal activ-
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ity against broadleaf weeds, achieving up to 100% preemergence

control of Echinochloa crus-galli (L.) P. Beauv. at a dosage of 150 g

(ai)/ha, suggesting its potential as a lead compound in the search

for preemergence herbicides. Lian [82] synthesized compound 52

(Fig. S3) by adding an oxime ether ester structure at position 5 of

the N-linked benzene ring at position 3 of pyrimidinedione. This

compound was highly effective against weeds Descurainia sophia

(L.) Webb ex Prantl. and Cyperus rotundus L. with a low application

dose of 7.5 g (ai)/ha. Compound 53 (Fig. S3) [83] exhibited strong

herbicidal efficacy at 25 g (ai)/ha against both broadleaf and grass

weeds, similar to saflufenacil. The structural relationship analysis

indicated that the herbicidal potency of the compounds tended to

increase significantly with the presence of an aliphatic side chain

of the acrylate group linked by a sulfide bond in the benzene ring

of compound 53. At a dosage of 25 g (ai)/ha, compound 54 (Fig.

S3) [84] displayed superior herbicidal efficacy against Digitaria san-

guinalis (L.) Scop. and Echinochloa crus-galli (L.) P. Beauv. compared

to the control drug, saflufenacil, showcasing its broad-spectrum ac-

tivity. The addition of a cyclopropyl group via a thioether bond at

the 5th position of the benzene ring connected to N at the 3rd po-

sition of pyrimidinedione increases the herbicidal effectiveness of

the compound. Compound 55 (Fig. S3) [85] has shown herbicidal

activity of over 90% against Abutilon juncea, Amaranthus retroflexus,

Eclipta prostrata, and Digitaria sanguinalis (L.) Scop. at a dose of

37.5–150g (ai)/ha, while also displaying high tolerance to rice. The

structure-activity relationship indicates that adding methyl groups

to the sulfur atom and the carbonyl methylene group can enhance

the hydrogen bonds of the ring system, decrease the metabolic rate

of rice, increase the binding affinity of the target molecule, and

improve biological activity. However, extending the carbon chain

does not improve herbicidal activity. Compounds 56 and 57 (Fig.

S3) [86] showed effective herbicidal activity against various weeds

such as Echinochloa crus-galli (L.) P. Beauv., Digitaria sanguinalis (L.)

Scop., Setaria Viridis L., Abutilon theophrasti Medicus, Amaranthus

retroflexus L., and Veronica polita Fries at doses between 37.5 and

150g (ai)/ha. Compound 57, at a low dose of 16 g/ha, displayed

outstanding herbicidal activity against Amaranthus retroflexus L., Ve-

ratrum album, and Setaria Viridis L.. Yang et al. [87] discovered a

potential compound 58 (Fig. S3) for weed control in corn fields.

At a dosage of 75 g (ai)/ha, it achieved 100% inhibition of Capsella

bursa-pastoris (L.) Medik., Amaranthus retroflexus L., and Abutilon

theophrasti Medicus. The herbicidal activity of the compound was

found to increase with the electron-withdrawing capacity of the

halogen atom on the monohalogen monosubstituted benzene ring.

3.4. Fused heterocyclic pyrimidines

In recent years, there have been fewer reports on fused het-

erocyclic pyrimidines with herbicidal activity. However, herbicide

pesticides such as strongarm, cloransulam-methyl, and florasu-

lam, which contain triazole active groups, inhibit photosynthesis

in plants and hinder carotenoid synthesis to achieve their herbi-

cidal effect [88]. Prolonged use of these herbicides can lead to

weed resistance. These compounds are known for their high effi-

ciency, quick action, and low toxicity [89,90]. Wang et al. [91] in-

troduced triazoles onto pyrimidine heterocyclic structures, leading

to the discovery of compound 59 (Fig. S4 in Supporting informa-

tion). Compound 59a (Fig. S4) demonstrated 100% inhibition of

radish roots and stems, as well as more than 60% inhibition of

oilseed rape root growth. Similarly, compound 59b (Fig. S4) ex-

hibited 100% inhibition of radish roots and oilseed rape stems at

a concentration of 100mg/L. Compound 60 (Fig. S4) [92] proved

to be effective against both monocotyledonous and dicotyledonous

plants. Compounds 60a-60f (Fig. S4) displayed excellent herbicidal

activity against monocotyledonous plants such as Triticum aestivum

L., Echinochloa crus-galli (L.) P. Beauv., and Sorghum bicolor L., as

well as dicotyledonous plants including radish, oilseed rape, and cu-

cumber. At a concentration of 100mg/L, these compounds achieved

100% inhibition of root and stem length in the test plants.

Yang et al. [93,94] identified compounds 61–62 (Fig. S4) as hav-

ing remarkable herbicidal activity through the introduction of the

heterocyclic structure of oxazinones onto the heterocyclic struc-

ture of pyrimidines. Compound 61 (Fig. S4) [93] demonstrates

broad-spectrum herbicidal effects on Amaranthus retroflexus, Med-

icago sativa, Eclipta prostrata, Ipomoea nil, Chloris virgata, and Se-

taria italica at a dosage of 37.5–150g (ai)/ha. Its herbicidal ac-

tivity is similar to that of the commercial herbicide flumioxazin

when it is used post-emergence and pre-emergence. Compound

62 (Fig. S4) [94] exhibits strong herbicidal activity against various

weed species at a dosage of 37.5–150g (ai)/ha. It is particularly ef-

fective against Amaranthus retroflexus, Abutilon juncea, Echinochloa

crus-galli (L.) P. Beauv., and Digitaria sanguinalis (L.) Scop. Com-

pound 62 has a high inhibitory effect on the mitochondrial pro-

toporphyrinogen oxidase of tobacco (NtPPO) with a Ki value of

2.5 nmol/L, which is significantly higher than that of the

control drugs trifludimoxazin (Ki =31nmol/L) and flumioxazin

(Ki =46nmol/L). It is also safe for use on corn crops. The structure-

activity relationship suggests that adding hydrophobic groups at

position 2 of the benzoxazinone moiety improves the compound’s

activity. However, excessive steric hindrance from the added group

can reduce its herbicidal effectiveness. The incorporation of fluo-

rine atoms into the molecule enhances the compound’s lipophilic-

ity and thermal stability.

4. Antifungal activity

4.1. Pyrimidine amine compounds

Since the introduction of the first fungicide pesticide contain-

ing a pyrimidine structure, mepanipyrim, there have been ad-

vancements in the development of highly active pyrimidine amine

compounds such as diflumetorim and pyrimethanil. Diflumetorim

is effective against cucumber downy mildew and wheat pow-

dery mildew at a lower dose, but less effective against corn rust.

Pyrimethanil may cause phytotoxicity symptoms on eggplants.

However, pyrimidine amine fungicides are known for their high ef-

ficacy, low toxicity, unique mechanism of action, and strong impact

on diseases caused by Botrytis cinerea [95]. It is evident that adding

active groups to the pyrimidine structure is a promising approach

for discovering new pyrimidine amine fungicide compounds.

For instance, Guan et al. [96] substituted the 1-(4-

(difluoromethoxy)phenyl)propyl group attached to N in the

diflumetorim molecule with 2-(6-phenoxypyridin-3-yl)ethan-1-

amine, leading to the identification of compound 63 (Fig. 6). The

inhibitory activity of compound 63a against cucumber downy

mildew (EC50 =0.19mg/L) was notably better than that of diflume-

torim (half maximal effective concentration (EC50)=23.06mg/L),

flumorph (EC50 =7.77mg/L), and cyazofamid (EC50 =1.01mg/L).

Additionally, it showed significant inhibitory activity against

southern corn rust and wheat powdery mildew. The structural

relationships indicated that the substitution position of the chlo-

rine atom on the phenyl group had a strong influence on the

antimicrobial activity of the compounds. Subsequent structural

optimization showed that compound 63b with a difluoromethyl

group exhibited better inhibitory activity against downy mildew

(EC50 =0.10mg/L) compared to compound 63a (EC50 =0.19mg/L)

and common fungicides like diflumetorim, dimethomorph, and

cyazofamid (EC50 =1.01–23.06mg/L). The field efficacy of com-

pound 63b was also superior to compound 63a, cyazofamid, and

flumorph, making it a potential candidate as a fungicide [97].

Following the structural optimization of compound 63b in the

same year, Guan et al. [98] observed that compound 64 (Fig. 6)
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Fig. 6. The antifungal activity of pyrimidine amine compounds.

demonstrated an EC50 value of 2.16mg/L against southern corn

rust, surpassing the control diflumetorim (EC50 =53.26mg/L). It

was deemed a promising lead compound for antirust purposes.

The conformational relationship indicated that enhancing the

fungicidal activity of compound 64 was favored by adding an

electron-donating group at the para-position of the benzene ring,

an electron-withdrawing group at the meta-position of the ben-

zene ring, and substituting the pyrimidine amine group at the

4-position on the pyridine ring. Yan et al. [99] added the pyrim-

idine ring containing the phenyl thiazole group to pyrimidine

ring 2 of diflumetorim, and discovered that compound 65 (Fig.

6) had a greater effect on the antimicrobial activity of Puccinia

sorghi (EC50 =0.93mg/L) and Blumeria graminis (EC50 =1.24mg/L)

compared to diflumetorim, tebuconazole, and flusilazole. The

cytotoxicity tests revealed that compound 65 was less toxic than

diflumetorim. Compound 66 (Fig. 6) [100] demonstrated out-

standing fungicidal activity against Pseudoperonospora cubensis

(EC50 =0.422mg/L), surpassing the effectiveness of commercially

available fungicides such as cyazofamid, flumorph, and diflume-

torim. The activity of the entire molecule is thought to be boosted

by the presence of the substituted F atom on the phenyl ring in

compound 66. Additionally, compound 67 (Fig. 6) [101] demon-

strated control efficacy exceeding 80% against cucumber downy

mildew, wheat powdery mildew, and colletotrichum orbiculare.

Introducing heterocyclic, phenyl, and fused heterocyclic groups

into the pyrimidine structure has notably led to the discovery of

pyrimidine amine compounds 68–71 (Fig. 6) with superior fungi-

cidal activity. At a concentration of 500mg/L, compound 68 [102]

with a piperazine structure demonstrated more than 90% inhibi-

tion of all multi-dominant Corynebacterium species. Moreover, it

surpassed the control thiophanate-methyl (68.71%) with an 80.63%

inhibitory rate against cucumber downy mildew. Compound 69

(Fig. 6) [103] exhibited effective bacteriostatic activity against

wheat powdery mildew and corn rust, with EC50 values of 0.16

and 1.14mg/L, respectively. These values were notably superior to

fungicides like valconazole, while also demonstrating low toxicity

to mice. Compound 70 (Fig. 6) [104] exhibited broad-spectrum bac-

tericidal activity against Botrytis cinerea, Rhizoctonia solani, Fusar-

ium oxysporum, Alternaria solani, and Gibberella zeae. Compound 71

(Fig. 6) [105], which contains 1,3,4-oxadiazole, shows a favorable

inhibitory rate against Botryosphaeria dothidea. Compound 71a (Fig.

6) inhibits Botryosphaeria dothidea by 90.5% at a concentration of

50mg/L, while compound 71b (Fig. 6) inhibits it by 85.2% at the

same concentration.

4.2. Pyrimidine sulfur (ether) compounds

Azoxystrobin is a common pyrimidine sulfur (ether) fungicide,

known for its wide-ranging fungicidal properties, effective systemic

conductivity, and extended persistence period. Yet, as its use be-

comes more frequent, an escalating number of pathogenic fungi

are developing resistance to it. Moreover, it poses a danger to bees,

fish, and other organisms [106]. To tackle the problem of fungal re-

sistance to pesticides, it is essential to develop and produce pyrim-

idine sulfur (ether) compounds that are environmentally friendly,

effective, and harmless to non-target organisms.

Compounds 72–73 (Fig. 7) were discovered to have en-

hanced fungicidal activity by incorporating plant-derived ferulic

acid and myricetin active substances into the pyrimidine struc-

ture [107,108], based on the concept of green pesticides. Among

them, compound 72a (Fig. 7) demonstrated excellent antifungal

activity against Phomopsis sp. with an EC50 value of 12.64mg/L,

which was better than that of pyrimethanil (EC50 =35.16mg/L)

and hymexazol (EC50 =27.01mg/L). Compound 72b (Fig. 7) ex-

hibited potent antimicrobial activity against Xanthomonas ax-

onopodis in vitro, demonstrating an inhibition rate of 85.76%, sur-

passing that of thiodiazole copper (76.59% at 100mg/L). Com-

pound 73a (Fig. 7) displayed an outstanding inhibitory effect

against X. axonopodis (EC50 =15.5mg/L) and Xanthomonas oryzae

(EC50 =14.9mg/L). Its therapeutic (42.4%) and protective (49.2%)

effects against Xanthomonas oryzae were superior to those of bis-

merthiazol (35.2 %) and thiadiazole copper (30.8 %). Compound 73b

(Fig. 7) showed significant antimicrobial activity against Ralstonia

solanacearum (EC50 =14.7mg/L), which was better than bismerthi-

azol (EC50 =71mg/L) and thiadiazole copper (EC50 =52.7mg/L).

Zhang et al. [109] utilized an intermediate derivatization method

to replace the methoxy acrylate in azoxystrobin with 1-(4-

chlorophenyl)-1H-pyrazol-3-ol, resulting in compound 74 (Fig. 7).

This compound exhibited strong fungicidal activity against cucum-

ber downy mildew (EC50 =1.22mg/L), outperforming diflumetorim

(EC50 =23.06mg/L) and flumorph (EC50 =7.77mg/L). The position-

ing of an electron-withdrawing substituent in the para-position of

the phenyl ring and the attachment of the pyrimidine ether group

to the 3-position of the pyrazole ring were identified as key factors

in enhancing fungicidal activity.

Tang et al. [110] synthesized a series of trifluoromethylated

compounds 75 (Fig. 7), including compounds 75a and 75b (Fig. 7),

which exhibited higher activity against Phytophthora sojae (96.3%

and 96.0% respectively) compared to the control, azoxystrobin
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Fig. 7. The antifungal activity of pyrimidine sulfur (ether) compounds.

(86.3 %). Compound 75a showed a notable inhibitory impact on

Rhizoctonia solani, similar to azoxystrobin. Wang [111] synthesized

compound 76 (Fig. 7) with a disulfide bond by adding an al-

licin disulfide bonding functional group to the pyrimidine struc-

ture. Compound 76a (Fig. 7) exhibited good in vitro inhibitory ac-

tivity (EC50 =5.92mg/L) against Monilinia fructicola, affecting the

growth of its mycelium by inducing contraction, disrupting the

plasma membrane integrity, and causing cellular content damage

and leakage. Compound 76b (Fig. 7) showed better inhibitory ef-

fects against Xanthomonas oryzae compared to the positive con-

trol thiodiazole copper. By introducing a quinoline moiety into the

pyrimidine structure, Zhang et al. [112] discovered that compound

77 (Fig. 7) exhibited effective in vitro antibacterial activity against

Valsa mali and Sclerotinia sclerotiorum with EC50 values of 0.71

and 2.47mg/L, respectively. Moreover, at 50 μmol/L, compound 77

demonstrated a 68.08% inhibition of chitinase synthase, surpassing

polyoxin D (63.84%).

The introduction of reactive groups such as the sulfonic acid

group, the trifluoromethyl group, the phenyl group, the phenoxy

group, and the fused heterocyclic ring into the pyrimidine struc-

ture resulted in the discovery of compounds 78–80 (Fig. 7) with

outstanding bactericidal activity. For example, compound 78 (Fig.

7) containing the sulfonic acid group exhibited potent inhibitory

effects against Xanthomonas oryzae (EC50 =4.24mg/L) and X. ax-

onopodis (EC50 =70.8mg/L) [113]. Its antimicrobial mechanism in-

volves causing contraction and rupture of the cell walls of the

pathogens, leading to their destruction. Furthermore, compound

78 was found to enhance the activity of enzymes in rice, thereby

boosting its disease resistance. Compound 79 (Fig. 7) [114], which

includes phenoxypropionic acid, demonstrated outstanding bacte-

ricidal effectiveness at 400mg/L against cucumber downy mildew

and Phytophthora infestans, resulting in a 100% inactivation rate.

The benzimidazole fused heterocyclic compound 80 (Fig. 7) [115]

exhibited a remarkable antifungal effect against Botrytis cinerea.

The EC50 values of compounds 80a-80i (Fig. 7) against Botrytis

cinerea varied from 0.13 mg/L to 0.24mg/L, which are similar to or

greater than those of carbendazim (EC50 =0.21mg/L). Compound

80e (Fig. 7) exhibited the most potent activity against Botrytis

cinerea, with an EC50 of 0.13mg/L. The conformational relation-

ship demonstrated that the bactericidal activity was greatly im-

pacted by the type of substituents R1 and R2, with the activity at

the R1 position following the trend OCH3 > Cl > H. Compounds

possessing substituents 4-FC6H4 or 4-CH3OC6H4 at the R2 position

of compound 80 demonstrated strong activity, whereas compounds

containing an alkyl group or lacking a substituent in the benzene

ring displayed relatively low activity.

4.3. Fused heterocyclic pyrimidines

In recent years, many fused heterocyclic pyrimidines with

fungicidal activity have been documented. For instance, Sun et al.

[116] discovered that the pyrazolyl-containing pyrimidine com-

pound 81 (Fig. S5 in Supporting information) exhibited an ex-

cellent fungicidal effect against cucumber downy mildew. At a

concentration of 25mg/L, compound 81 achieved 100% efficacy

against cucumber downy mildew in all instances. At a lower dose

of 12.5mg/L, compounds 81a and 81b (Fig. S5) showed effica-

cies of 80% and 90% against cucumber downy mildew, respec-

tively. Moreover, compound 81a exhibited 100% and 80% efficacy

against wheat powdery mildew and corn rust at a concentra-

tion of 400mg/L. Wang et al. [117] discovered that compound 82

(Fig. S5), containing pyrazolo[3,4-d]pyrimidin-4-one, demonstrated

an EC50 of 1.93mg/L against Valsa mali Miyabe et Yamada, sur-

passing the control boscalid (6.71mg/L). Following this, a chiral

group was added to compound 82, resulting in the identification of

two chiral configurations, compounds 83a and 83b (Fig. S5). Com-

pound 83a exhibited notable inhibitory effects on Cytospora sp and

Botryosphaeria dothidea, with EC50 values of 0.22 and 0.55mg/L, re-

spectively. The conformational relationship indicated that altering

the phenyl portion had a significant influence on antifungal activ-

ity when the substituents at position 4 on the pyridine ring were

identical. Compound 83 (Fig. S5) showed a significant impact on
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fungicidal activity, with the activity trend Cl > F > CH3 > H. At

a concentration of 20mg/L, compound 84 (Fig. S5) [118] showed

potent inhibitory activity against phytopathogenic fungi and bac-

teria, resulting in 100% inhibition of Botrytis cinerea Pers and 96%

inhibition of Thielaviopsis basicola. Compound 85a (Fig. S5) showed

inhibitory activity of 96.6 % against Botrytis cinerea Pers and 100%

against Magnaporthe oryzae. Meanwhile, compound 85b (Fig. S5)

exhibited inhibitory activity of 100% against Potato Blackleg and

93.4% against Botrytis cinerea Pers.

Mesoionic compounds with a structure resembling pyrimi-

dine heterocycles exhibit beneficial bactericidal activity. For ex-

ample, compound 86 (Fig. S5) [119] exhibited superior in vitro

antimicrobial efficacy against Xanthomonas oryzae with an EC50

of 1.1mg/L, surpassing both bismerthiazol (EC50 =92.7mg/L) and

thiodiazole copper (105.4mg/L). The greenhouse pot experi-

ment showed that compound 86 had protective and therapeu-

tic activities of 75.12% and 72.04% against Xanthomonas oryzae,

outperforming bismerthiazol (62.24% and 50.83%, respectively)

and thiodiazole copper (53.35% and 65.04%, respectively). The

presence of various 4-hydroxybenzaldehyde substituents on the

pyrido[1,2a]pyrimidinone mesoionic framework was found to im-

pact antimicrobial activity. Electron-donating substituents were

shown to have better activity than electron-withdrawing sub-

stituents. Compounds 87–88 (Fig. S5) [120] exhibited exceptional

in vitro antimicrobial activity against Xanthomonas oryzae. With an

EC50 of 27.5mg/L against Xanthomonas oryzae, compound 87 (Fig.

S5) showed superiority over the positive control thiodiazole cop-

per (EC50 =97.1mg/L). Compound 87 showed a therapeutic effect

of 38.5 % and a protective effect of 36.8 % against Xanthomonas

oryzae at a concentration of 100mg/L, surpassing thiodiazole cop-

per (31.2 % and 32.6%). In comparison, compound 88 (Fig. S5) ex-

hibited a therapeutic activity of 29.6 % and a protective activity of

33.2% against Xanthomonas oryzae, similar to the control thiodia-

zole copper. Compound 87 is believed to boost chlorophyll levels

in rice plants, making them more resistant to bacterial attacks by

adjusting the photosynthetic process and increasing the activity of

defense enzymes.

Furthermore, compound 89 (Fig. S5) [121] demonstrated strong

in vitro antimicrobial activity, with EC50 values of 47.6 and 36.8

μmol/L against Xanthomonas oryzae and X. axonopodis respectively.

It outperformed the control agents thiodiazole copper (281 and

259 μmol/L) and bismerthiazol (245 and 220 μmol/L). In the in

vivo pot experiment, compound 89 showed protective activities of

39.7 % and 49.2% against Xanthomonas oryzae and X. axonopodis re-

spectively, surpassing bismerthiazol (31.5% and 40.7%). During the

initial exploration of its mechanism of action, compound 89 was

discovered to enhance the activity of defense enzymes and up-

regulate the expression of succinate dehydrogenase in the oxida-

tive phosphorylation pathway in rice. Compound 90 (Fig. S5) [122]

demonstrates excellent antibacterial efficacy against Xanthomonas

oryzae and X. axonopodis, with EC50 values of 10.9 and 17.5mg/L

respectively, surpassing those of bismerthiazol (29.3 and 39.8mg/L)

and thiodiazole copper (64.8 and 78.1mg/L). Moreover, compound

90 exhibits protective effects against bacterial leaf blight and bac-

terial leaf streak at 43.9 % and 41.7% respectively, outperforming

thiodiazole copper (40.6 % and 35.0%).

5. Antiviral activity

Plant virus diseases are highly damaging disorders that affect

crops such as rice, tobacco, and vegetables, leading to significant

economic losses [123]. Currently, only a few commercial agents,

such as ningnanmycin, ribavirin, physcion, moroxydine, lentinan,

and chitosan, are used to control these diseases. However, their

effectiveness is limited, and there is a scarcity of effective anti-

plant virus agents [124]. In recent years, there have been few re-

ports on potent antiviral compounds with pyrimidine structures

[125].

5.1. Pyrimidine amine compounds

The main emphasis in research has been on the substitution

of groups within the pyrimidine structure to study the antiviral

activity of compounds [126]. Compound 91 (Fig. 8) [127], which

contains β-amino acid esters, showed 56.1% therapeutic activity,

70.7 % inactivation activity, and 95.7% protective activity against

tobacco mosaic virus (TMV) at a concentration of 500mg/L. This

performance exceeded that of the commercially available ningnan-

mycin, which had 52.6% therapeutic activity, 62.0 % inactivation ac-

tivity, and 90.2% protective activity. Compound 92 (Fig. 8) [128]

with chiral β-amino acid esters demonstrated excellent antiviral

activity against TMV. It achieved 52.7%, 61.2 %, and 91.4 % thera-

peutic, protective, and blunting effects against TMV, outperform-

ing the control drug ningnanmycin (49.2%, 57.3 %, and 86.4%). In

addition, compounds lacking substituents on the benzene ring of

compound 92 exhibited extremely low antiviral activity. Compound

93 (Fig. 8) [129], which includes the piperazine moiety, exhibited

strong antiviral activity against the TMV virus. It displayed ther-

apeutic (48.9%), protective (74.1 %), and inhibitory activity (65.1%)

against TMV at a concentration of 500mg/mL. Molecular docking

studies suggested that compound 93 could interfere with the self-

assembly and replication of TMV, resulting in exceptional antiviral

efficacy. Compound 94 (Fig. 8) [130], with a morpholino-guanidine

structure, showed excellent antiviral activity against TMV. It in-

hibited necrotic spot formation induced by TMV in Nicotiana

glutinosa, reduced the accumulation of motility-deficient TMV in

plants, and decreased viral RNA accumulation in tobacco proto-

plasts. RNA sequencing revealed significant changes in genes and

pathways related to stress response, defense response, signal trans-

duction, phytohormone response, and metabolism. Molecular dock-

ing suggested that compound 94 could bind to TMV deconjugase

and capsid proteins.

5.2. Pyrimidine sulfur (ether) compounds

The pyrimidine ring can be used in drug design to improve

pharmacological activity through bioelectronic isoexclusion prin-

ciples [131,132]. Zu et al. [133] synthesized compound 95 (Fig.

8) by using xiangcaoliusuobingmi (XCLSBM) as the lead com-

pound and pyrimidine as the intermediate linking group through

the active molecule splicing method. Testing showed that com-

pound 95 had strong inactivation activity against tomato spot-

ted wilt virus (TSWV), with an EC50 value of 144mg/L, outper-

forming ningnanmycin (EC50 =149mg/L) and the lead compound

XCLSBM (EC50 =525mg/L). The microscale thermophoresis assay

results revealed that compound 95 has a stronger binding affinity

to TSWV-CP (Kd =4.4 μmol/L) than ningnanmycin (Kd =6.2 μmol/L)

and XCLSBM (Kd =59.1 μmol/L), indicating its promise as a poten-

tial antiviral drug candidate. Zan et al. [134] found compound 96

(Fig. 8) to have strong antiviral effects against tomato chlorosis

virus (ToCV) by incorporating trobilurin pharmacophore and disul-

fide acetal molecular fragments with a pyrimidine spacer group.

Microcalorimetry results indicated that compound 96 exhibited a

potent binding effect on the coat protein of tomato chlorosis virus

ToCV CP with dissociation constants (Kd) of 0.09 and 0.06 μmol/L,

which were lower than those of ningnanmycin (0.19 μmol/L) and

ribavirin (6.54 μmol/L). This compound was able to inhibit the

virus’s proliferation and metastasis effectively. Moreover, in vivo

studies showed that compound 96 effectively reduced the expres-

sion of the Nicotiana benthamiana ToCV CP gene, suggesting that

pyrimidine sulfides with dithiopyrimidine acetal and strobilurin
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Fig. 8. The antiviral activity of pyrimidine compounds.

components are important for anti-ToCV drug development. Pan

et al. [135] discovered that compound 97 (Fig. 8), containing a

1,3,4-oxadiazole thioether, demonstrated significant protective ac-

tivity against TMV in vivo, with an EC50 value of 0.42 μmol/L, sur-

passing ningnanmycin (0.60 μmol/L).

5.3. Fused heterocyclic pyrimidines

Thienopyrimidines and pyridopyrimidines play a significant role

in organic synthesis, and their derivatives commonly display a

range of biological activities, such as anti-inflammatory and antivi-

ral effects [136,137]. Wang [138] synthesized compound 98 (Fig. 8),

a thienopyrimidine-containing compound, using active molecule

splicing. Compound 98 showed promising activities in treating,

protecting against, and inactivating TSWV, with EC50 values of

252.8mg/L for protection activity and 113.5mg/L for inactivation

activity. These values were better than those of ningnanmycin and

XCLSBM. The anti-TSWV activity of compound 98 was linked to

the activities of defense-related enzymes such as peroxidase (POD),

catalase (CAT), phenylalanine ammonia lyase (PAL), and superox-

ide dismutase (SOD), which could enhance photosynthesis and

reduce stress response, ultimately improving disease resistance.

Wang [139] synthesized compound 99 (Fig. 8) with a pyrazole-

pyrimidine ring structure, showing 93% inactivation of TMV, higher

than the commercial reagent ningnanmycin (90%). The conforma-

tional relationship revealed that incorporating thiophene could sig-

nificantly improve the efficacy of the compounds. During molecu-

lar dynamics simulations, it was discovered that compound 99 can

form strong hydrophobic interactions with the amino acid residues

Trp 352, Tyr 139, and Asn 73 in the active pocket of TMV-CP,

thereby disrupting viral self-assembly.

Purines play a crucial role in human and plant health as sig-

nificant endogenous substances. Moreover, natural purines and

their derivatives have been valuable sources of pesticide com-

pounds due to their novel structures [140]. Song’s team found mul-

tiple antiviral activities associated with purine-containing struc-

tural compounds. For instance, at 500mg/L concentration, com-

pounds 100a and 100b (Fig. 8) [141] exhibited remarkable thera-

peutic and protective activities against potato virus Y (PVY) (52.5 %,

60.0 %) and cucumber mosaic virus (CMV) (52.0%, 60.2 %), exceed-

ing the efficacy of ningnanmycin, ribavirin, and chitosan oligosac-

charide. Notably, compound 100a (EC50 =48.8mg/L) showed supe-

rior inactivation activity against TMV compared to ningnanmycin

(EC50 =84.7mg/L), ribavirin (150.4mg/L), and chitosan oligosaccha-

ride (521.3mg/L). The conformational relationships showed that

the electron-donating group is more effective than the electron-

withdrawing group for anti-TMV therapeutic activity when the

substituent group on the benzene ring is positioned at the 4-

position. Compound 101 (Fig. 8) [142] showed better protection

against CMV and PVY with EC50 values of 137 and 209mg/L re-

spectively, surpassing the control ningnanmycin (EC50 values of

508mg/L for CMV and 431mg/L for PVY). The protective activity of

the compounds against CMV decreased significantly when the Br

atom in the para-position of the benzene ring was replaced by the

Cl atom. It tended to decrease initially and then increase when the

para-position of the benzene ring was substituted by F, Cl, and Br

atoms. Compound 102 (Fig. 8) [140] exhibited effective therapeu-

tic, protective, and inactivating properties against tobacco mosaic
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Fig. 9. Plant growth regulators of pyrimidine compounds.

virus. EC50 values of 452.4mg/L (therapeutic activity), 416.2mg/L

(protective activity), and 241.2mg/L (inactivation) were observed

for compound 102a (Fig. 8) against tobacco mosaic virus. For

compound 102b (Fig. 8), the EC50 values against the virus were

438.7mg/L (therapeutic), 418.6mg/L (protective), and 261.7mg/L

(inactivation), all lower than those of ribavirin. The conformational

relationship implies that the introduction of appropriate compact

electron-withdrawing groups on the aromatic ring enhances the

anti-TMV activity of the compounds. Compound 103 (Fig. 8) [143]

exhibited remarkable therapeutic effectiveness against CMV. The

EC50 values of compound 103a-103d were 0.3011, 315.7, 282.3,

and 230.5mg/L respectively, surpassing dufulin (373.7mg/L) and

ribavirin (726.3mg/L). The fluorescence spectroscopy titration re-

sults showed that compound 103a exhibited a higher binding

ability to TMV CP (Ka =1.95×105 L/mol) compared to dufulin

(Ka =2.40×104 L/mol) and ribavirin (Ka =3.31×103 L/mol).

6. Plant growth regulators

Plant growth regulators, whether synthetic chemicals or natu-

ral hormones extracted from plants, are substances that control

the growth and development of plants. Some common commer-

cial plant growth regulators with pyrimidine structures include an-

cymidol and 6-BA (Fig. 9). Ancymidol is absorbed by the roots,

stems, and leaves of plants and is subsequently carried through

the phloem to the actively growing meristematic regions. This ac-

tion hinders the biosynthesis of gibberellin, ultimately leading to

the suppression of internode elongation [144]. The main role of 6-

BA is to promote bud formation, and it can also stimulate callus

development [145].

Despite the limited literature on plant growth regulators con-

taining pyrimidine structures, there have been a few with superior

activity in recent years. For example, compound 104 (Fig. 9) [146],

which has a growth hormone-like function, demonstrates growth

regulating activity in tomato at a concentration of 10–9 mol/L. Com-

pounds 105 and 106 (Fig. 9) [147], possessing both cytokinin and

growth hormone functions, stimulate the growth and development

of soybean, wheat, flax, and pumpkin plants at a concentration of

10–9 mol/L. Compound 107 (Fig. 9) [148] exhibits outstanding cy-

tokinetic activity, making it a valuable resource for promoting root-

ing, strengthening seedlings, increasing yields, and enhancing the

quality of various crops and plants such as grains, cotton, fruits,

and vegetables. It can be applied through seed treatment or spray-

ing on roots and stems. The use of uridine analogs can improve

stress tolerance, reduce stress, repair stress-induced damage, and

prevent stress. In addition, compound 108 (Fig. 9) [149] has been

proven to boost the growth and yield of tomatoes. It raised the

germination rate of tomato seeds from 18.9% to 38.6%, seedling

height from 29.9% to 70.1%, yield from 20.5% to 56.8%, and the

average weight of the fruit from 3.8% to 16.3% at a concentration

of 0.1 %.

7. Summary and outlook

Over the last decade, scientists have developed numerous

pyrimidine analogs with different biological functions through

intermediate derivatization, structural substitution, and active

molecule splicing methods. These novel analogs exhibit high activ-

ity, selectivity, and low toxicity in areas such as insecticidal, herbi-

cidal, fungicidal, and antiviral properties.

By incorporating active groups such as heterocycles, fused het-

erocycles, amides, acyl ureas, thioethers, phenyl (oxy) groups,

trifluoromethyl, and halogens onto pyrimidine heterocycles, the

structure-activity relationship of pyrimidine compounds can be im-

proved, leading to expanded possibilities for research and develop-

ment of pyrimidine analog pesticides. In addition, by utilizing the

concept of green pesticides, combining plant-derived natural active

substances such as ferulic acid, myricetin, vanillin, ethylicin, and

salicylic acid with pyrimidine heterocyclic rings is a key method

for creating biologically active compounds with minimal toxicity

and maximum effectiveness. Notably, mesoionic compounds sim-

ilar to fused heterocyclic pyrimidine analogs show strong insec-

ticidal and fungicidal properties. Adding heterocyclic rings, fused

rings, or active molecular fragments at positions 1 and 3 on the

core ring of pyrido[1,2-a]pyrimidines is a successful strategy for

finding potent pesticide candidates. Introducing active molecular

fragments or other herbicidally active groups at the R position of

chemical formula 49 for herbicidally active pyrimidine diketones is

likely to lead to the identification of structurally novel and highly

effective PPO-based herbicides.

While there are many studies on the structure-activity relation-

ship of pyrimidine compounds, the mechanism of action for most

of these compounds has not been extensively explored. Therefore,

the precise mechanisms of numerous unique and potent pyrimi-

dine analogues for insect control, disease resistance, herbicidal ac-

tivity, and plant growth regulation are still unclear, thus hindering

the ongoing improvement of effective compounds. With advance-

ments in molecular biology, proteomics, computational chemistry,

artificial intelligence, and related disciplines, new technologies will

enable a deeper understanding of potential mechanisms of action

and new targets for pyrimidine pesticide candidates. This will lead

to the development of more structurally efficient chemical pesti-

cides containing pyrimidine that are safe for non-target organisms,

driving innovation in the pesticide industry.
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