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a b s t r a c t 

Derivatives of piperazine, which is one of the most important heterocycles, are often used as linkers to 

connect active substructures that show promising bioactivities, especially in the field of agrochemicals. 

From 20 0 0 to 2022, many piperazine-containing compounds were found to exhibit excellent activities 

against fungi, bacteria, insects, plant viruses, and weeds and have also been used as plant growth regula- 

tors. Currently, the development of novel pesticides to prevent the invasion of crop pathogens and ensure 

the quality and yields of crops is still needed. We herein investigated and summarized the role that piper- 

azine plays in the discovery of pesticides to provide a comprehensive summary of the broad activities of 

piperazine derivatives in agricultural applications and offer a potential reference for novel pesticide de- 

sign using piperazine-containing compounds. Moreover, structure–activity relationships (SARs) analyses 

of bioactive piperazine-containing compounds are also discussed for a deeper understanding. 

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 

1

u

a

1

t

h

t

w  

h

t

i

t

e

P

i

u

i

i

[

p

d

a

l

h

t

o

f

u  

d

t

o

t

d

s

t

e

a

p

p

f

2

h

1

. Introduction 

Piperazine, as an important heterocyclic organic base, has been 

sed to produce derivatives with various structures and different 

ctivities due to its symmetry and two basic nitrogens [1–7] . Since 

951, piperazine has been developed for use in medicinal applica- 

ions for gout and helminthiasis [8] . To date, the piperazine moiety 

as become the main scaffold for drug design as it can improve 

he pharmacokinetic profile of drug candidates and enhance the 

ater solubility [ 9 , 10 ]. For example, furasosin [11] is a new anti-

ypertensive drug in which the active ingredient prazosin is syn- 

hesized from piperazine, while aripiprazole [ 12 , 13 ] and quetiap- 

ne fumarate [14] which are used to treat schizophrenia, also con- 

ain piperazine substructures. Some reviews have summarized the 

volving role of piperazine in drug design and discovery similar to 

atel et al. [15] . Moreover, the hydrogen atom of the amino group 

n piperazine has been replaced by a long alkyl or alkoxy group for 

se as a wetting agent, emulsifier, or cleaning agent [16] . Consider- 

ng these factors and the two special nitrogen atoms of piperazine, 

ts agrochemical activity has also drawn much attention. Triforine 

17] is the only marketed piperazine-containing agrochemical that 

rotects fruits and horticultural and ornamental plants from plant 

iseases. As an important heterocycle, piperazine is usually used as 

 linker [18–20] , such as with chloroacetyl chloride [21] and ethy- 
∗ Corresponding authors. 
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amine [22] , can act as a bridge connecting reactive groups, and 

as been used as a key means of introducing an active substruc- 

ure into a molecule. 

From 20 0 0 to the present, there are no more than 100 articles 

n the application of piperazine in pesticides, and most of them 

ocused on insecticidal and antifungal application. The medicinal 

se of piperazine is widely documented, Meanwell et al. [ 23 , 24 ]

escribed almost exclusively in the field of drug design. However, 

here is currently no comprehensive overview of the applications 

f piperazine in new pesticide innovation. We used SciFinder and 

he web of European Patent Office (EPO) to search for relevant 

ocuments from 20 0 0 to 2022 with “piperazine”, “antifungal”, “in- 

ecticidal”, “herbicidal”, “antiviral”, “plant growth regulating ac- 

ivity”, respectively. The structure–activity relationships (SARs) of 

ach compound were analyzed to provide a reference for further 

pplications of piperazine in pesticide development. This review 

rovides rational guidelines for the design and synthesis of com- 

ounds containing piperazine systems, and these molecular scaf- 

olds can be a rich source for future pesticide design. 

. Antifungal and antibacterial activity 

As a linker, piperazine is often accompanied by an amide group 

hen synthesizing antifungal and antibacterial agents. The amide 

as a broad spectrum of biological activities, the combination of 

mide and piperazine and then connecting other heterocyclic com- 

ounds can often achieve good results. 
nstitute of Materia Medica, Chinese Academy of Medical Sciences. 
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Fig. 1. Amidepiperazine derivatives with antifungal (antibacterial) activity. 
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well. 
Phenazine-1-carboxylic acid (PCA) exhibits strong antifungal ac- 

ivity against phytopathogenic fungi. The linking of piperazine to 

CA [25] followed by the addition to another heterocyclic group 

hrough a methylene linker yielded compound 1 ( Fig. 1 ), this com- 

ound showed better EC 50 values against most fungi than PCA. 

AR analysis revealed that the introduction of a morpholinyl group 

ould enhance antifungal activity, and compound 1 could be re- 

arded as a potential fungicide candidate. Using a similar ap- 

roach, Deng and coworkers [26] synthesized piperazine derivative 

o yield fungicides 2a - 2c . The inhibitory effects of 2a - 2c against

usarium graminearum (200 μmol/L) were equal to that of tri- 

dimefon. Adding an isopropyl or a tert–butyl group on the ben- 

ene ring is much more favored for antifungal activity than adding 

ethyl, ethyl, or other substituents. These data indicated that the 

arger the alkyl group was, the greater the steric hindrance and 

he stronger the antifungal activity. Fang and colleagues placed 

n amide on both ends of piperazine, and bioassays indicated 

hat compounds 3a-3d displayed higher activity against Teleo- 

orph than other compounds, possibly due to their weaker polar- 

ty [27] . Using piperazine as a bridge to connect trifluoromethyl 

yridine and imidazole, creating a urea compound with signif- 

cantly improved absorption and conductive properties and un- 

xpectedly high antifungal activities. For instance, resulting com- 

ound 4 showed excellent antifungal activity against Alternaria 

olani, Fusarium oxysporum ( F. oxysporum ) , Cercospora arachidicola 

ori, Botryospharia dothidea , and Phytophthora capsici Leonian [28] . 

n addition, the active group was linked to natural ursolic acid 

ia a piperazine moiety [29] , and most of the compounds in 

his series ( 5a - 5f ) had good activities against Xanthomonas oryzae 

v. Oryzae (EC 50 of 0.37–7.97 μg/mL) and Xanthomonas axonopodis 

v. Citri (EC 50 of 1.03–10.9 μg/mL), and the active groups were 

ll simple nitrogen-containing saturated aliphatic heterocycles or 

liphatic secondary amines. The chalcone and benzene sulfonyl 

ere also linked via the piperazine bridge [30] and gave the 

halcone derivatives good antifungal activities. In particular, the 

lectron-withdrawing and electron-rich groups on the benzene in- 

reased the antifungal activity, and the introduction of 2-pyridine 

 6 ) completely controlled Thanatephorus cucumeri and exhibited 

ignificant antifungal activity against anthracnose in vivo . 

The advantages of diketopiperazine chiral enrichment can also 

imic the advantages of preferential peptide conformations [31] . 
2 
ang and co-authors [32] synthesized a series of optically pure in- 

ole diketopiperazine acylhydrazones by combining the substruc- 

ure of harmine and hydrazone into a fused aromatic ring. The 

ntifungal activities of compound 7 (6 S , 12 aS ) against Rhizocto- 

ia cerealis (R. cerealis) and Sclerotinia sclerotiorum were compara- 

le to that of chlorothalonil ( Fig. 2 ), showing 100% inhibition of 

hytophthora capsici at 50 μg/mL, which was higher than that of 

hlorothalonil (91% ± 1%). In addition, Wang also combined triflu- 

rotoluene and piperazine and added some simple groups to the 

iperazine to yield compounds 8a-8c [33] , and each has good ac- 

ivity against Fusarium moniliforme (F. moniliforme) . Their inhibi- 

ion rates are close to those of commercially available compounds, 

ut all are not very prominent. The 1,2,4-triazole fused piperazine 

keleton was introduced a triazole Schiff base via a methylene 

o yield compounds 9 . This type of compounds ( e.g. 9a and 9b )

howed good antifungal activities against Cercospora arachidicola 

ori, Physalospora piricola, Alternaria solan , and F. moniliforme , and 

ere comparable to, or better than, the commercial triadimefon 

34] . Moreover, similar work found that the compounds containing 

 4-chlorophenyl group ( 10 , R 1 = -Cl) in the Schiff base showed fa- 

orable antifungal activities against F. oxysporum [35] . For example, 

ompounds 10a - 10c curbed F. oxysporum as well as chlorothalonil 

nd carbendazim. Interestingly, a trifluoromethyl (R 1 = -CF 3 ) was 

avored for controlling R. cerealis . For example, both 10d and 10e 

isplayed much higher antifungal activity than tridimefon. Further- 

ore, the -CF 3 and -Cl groups in the Schiff base were more fa- 

ored than the F-substituent. Zhang et al. [36] proposed a con- 

enient method for connecting the novel 2-(trifluoromethyl)-6- 

rylimidazo[2,1- b ][1,3,4]-thiadiazole chemical base on piperazine 

ia a methyl group to give the novel structures ( 11 ) with good 

ntifungal activity against Cercospora arachidicola (C. arachidicola). 

ang and Zhang et al. [ 37 , 38 ] synthesized a series of new Man-

ich base and bis-Mannich base derivatives containing piperazine, 

nd found that most of them had good antifungal activities. On 

he basis of the comparative molecular field analysis (CoMFA), it 

as found that compounds 12 and 13 had better antifungal ac- 

ivities against Pseudoperonospora cubensis , and the inhibition rates 

t 500 μg/mL were 96.9% and 84.9%, respectively. Compounds 14a 

nd 14b had 65%–70% inhibition rates to C. arachidicola and Physa- 

ospora piricola at 50 μg/mL, showing good antifungal activities as 
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Fig. 2. Piperazine derivatives with antifungal activity. 
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. Insecticidal activity 

Piperazine itself has good anthelmintic properties, and is often 

sed as medicine. For example, piperazine citrate effectively con- 

rols roundworms via muscle paralysis [ 39 , 40 ]. In the field of in-

ecticides, piperazine is also used as an important linker for adding 

ifferent functional groups. N -alkyl-substituted piperazine neoni- 

otinoid derivatives were designed and synthesized by adding the 

harmacophore of neonicotinoid pesticides. The resulting piper- 

zine derivatives 15a and 15b ( Fig. 3 ) showed excellent activity 

gainst Aphis gossypii , Besimm tabaci , Nilaparvata lugens , and Ci- 

adella viridis [41] . Using natural (20 S )-camptothecin (CPT) as the 

tarting material, Li and coworkers added piperazine via a methy- 

ene linker at the 7-position of CPT, and adding diverse sub- 

tituents to the piperazine yielded compound 16 [42] . These com- 

ounds showed excellent insecticidal activities against Tetranychus 

innabarinus ( T. cinnabarinus ) and Bursaphelenchu xylophilus , com- 

ounds 16a and 16b showed much lower LC 50 values of 8.10 and 

.05 μg/mL, respectively, than that of CPT. The acaricidal activity 

ould be enhance by replacement of trifluoromethyl with a chlo- 

ine atom, 17 exhibited an LC 50 of 0.8977 μg/mL on T. cinnabarinus 

nd proved to be more active than the spirodiclofen and pyrid- 

ben. In the field trials, 17 could effectively control Panonychus citri 

nd Panonychus ulmi with long-lasting persistence and rapid ac- 

ion, which could be regarded as a potential candidate for acari- 

ide [43] . As an important F-containing organic intermediate, tri- 

uoromethyl pyridine is often used in pesticide design [44] . Wang 

nd co-workers connected trifluoromethyl pyridine to piperazine 

nd then added a substituted pyrazole at another end of piperazine 

o give insecticidal molecules 18 ( Fig. 3 ) [ 45 , 46 ]. These compounds
3 
 18a - 18d ) showed more significant insecticidal activity on Plutella 

ylostella (P. xylostella) at 1 μg/mL than spirodiclofen. 

The diketopiperazine derivatives synthesized by Wang et al. 

howed good fungicidal activity, and some compounds ( 19a , 19b ) 

 Fig. 4 ) also showed good insecticidal activity against P. xylostella 

nd Culex pipiens pallens [31] . Wang [47] linked indole and hy- 

razone structures at the opposite ends of piperazine to provide 

ompound 20 . Which produced 100% mortality to mosquito lar- 

ae at 5 μg/mL and could be a novel skeleton for the optimization 

f insecticide . Li et al. replaced the N -methyl of chlorantranilip- 

ole with a substituted piperazine, resulting in a series of phthal- 

mides. These compounds showed excellent insecticidal activities 

gainst Mythimna separata ( M. separata ) and P. xylostella . In par- 

icularly, some of the compounds possessed LC 50 values of 0.0022 

o 0.0081 μg/mL toward the diamondback moth. Interestingly, the 

ctivities of triamide 22 were generally better than those of di- 

mide 21 . This type of piperazine-containing phthalimide com- 

ound could be used as a new insecticide lead structure for further 

tudy [48] . 

Starting from N -methylpiperazine, Steiner et al. added naph- 

halene ( 23a ), thiochromane ( 23b ), tetrahydronaphthalene ( 23c ), 

nd substituted indene ( 23d and 23e ) to give novel skeletons 

ith extensive acaricidal activity toward a variety of pests, includ- 

ng Bemisiais primarily , Dermatophagoides farinae , Dermatophagoides 

teronyssinus and Tyrophagus putrescentiae , etc. ( Fig. 5 ). Compound 

3c displayed 1.5-3.2 times higher activity than DEET [49] . Inter- 

stingly, the N -methyl group could be removed, and some sim- 

le groups, including phenyl ( 24a and 24c ) and ester ( 24b ) could

e added. The acaricidal activity against the above mites could be 

trengthened up to 4.7-5.7-fold compared with DEET [50] . 1-[(4- 
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Fig. 3. Insecticidal activity of piperazine derivatives containing amide group. 
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Fig. 5. Derivatives containing piperazine fragments with insecticidal activity. 
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minophenyl)ethyl]-4-[3-(trifluoromethyl)phenyl]piperazine (PAPP) 

s a 5-HT1A agonist that has been reported to display high affin- 

ty for the serotonin (5-HT) receptor in the parasitic nematode 

aemonchus contortus . PAPP was modified by changing the tri- 

uoromethyl benzene to trifluoromethyl pyridine, and the result- 

ng trifluoromethyl pyridinyl piperazine derivatives ( e.g. , 25 ) dis- 

layed growth-inhibiting or larvicidal activities against M. sepa- 
Fig. 4. Piperazine derivatives containing

4 
ata . The introduction of electronegative groups (such as -Cl, -F 

nd -CF 3 ) and hydrophilic moieties, including heterocycles of -O/- 

, increased the larvicidal activity of this type of compoud [51] . In 

018, Zhang et al. linked heterocycles to piperazine to obtain a new 

tructure (found in 26a and 26b ) with good insecticidal activities 

gainst oriental armyworm ( M. separata ) [36] . More recently, using 

upentiofenox as the lead compound, Suzuki et al. disclosed a se- 

ies of phenylpiperazine derivatives with a trifluoro sulfonyl group. 

he compounds containing fluorine atom ( 27a ) and cyano ( 27b ) at 

he 2-position of benzene (R) were particularly effective towards 
 amides with insecticidal activity. 
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Fig. 6. Piperazine derivatives with antiviral activity. 
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etranychus urticae ( T. urticae ). In particular, compound 27a dis- 

layed high efficacy (even at 3 μg/mL) to control T. urticae , Tetrany- 

hus kanzawai , and Panonychus citri [52] . 

. Antiviral activity 

Piperazine derivatives often appear in medicinal structures. 

any novel drugs for virus control have been reported in re- 

ent years, as this is a hot topic in the discovery of medicines 

 53 , 54 ], compounds containing the piperazine structure have also 

een found to control plant viruses. In 2013, Krishna Reddy doped 

iperazine with febuxostat to yield new urea and thiourea deriva- 

ives. The nitro ( 28a ) and bromine ( 28b )-containing compounds 

 Fig. 6 ) showed good antiviral activity against tobacco mosaic virus 

TMV) similar to of ningnanmycin. These types of compounds 

an also significantly increase the chlorophyll content in plants 

nd have the potential to act as plant-inducing agents [55] . By 

hanging the febuxostat scaffold to a simple substituted aromatic 

ing, Nagalakshmamma found that compounds 29a - 29c could bond 

o the TMV-Hel enzyme to affect the self-assembly and repli- 

ation processes of TMV, thus displaying good anti-TMV activ- 

ty [56] . In 2014, Wu et al. placed the pyrazole amide and a 

ubstituted aromatic ring or sulfonyl moiety at opposite ends of 

iperazine to yield amide derivatives 30a and 30b , respectively. 

hese molecules cured the disease caused by TMV as well as 

ingnanmycin [57] . Using the tomato chlorosis virus coat protein- 

riented screening method, Jiang and co-authors discovered novel 

ulfonamide-containing chromone derivatives. In their work, sul- 

onyl and acyl groups were added to the N -position of piperazine. 

he resulting chromone derivatives possessed good activities to- 

ard tomato chlorosis virus (ToCV). In particularly, compounds 31a 

as screened via effective 3D Q-SAR models (CoMFA and CoMSIA). 

his compound was confirmed to show good affinity for the coat 

rotein (CP) of ToCV, and the expression levels of the gene en- 

oding CP could be inhibited by 67.2% [58] . Another representative 

ork on unsaturated amide was the combination of natural fer- 
5 
lic acid, piperazine, and sulfonamide ( 32 ). These derivatives were 

ound to exhibit various biological activities towards TMV and cu- 

umber mosaic virus (CMV) [ 59 , 60 ]. In particular, the compound 

ith R 1 was an allyl and R 2 was a 4-fluorobenzenesulfonyl group 

ad good activities towards TMV and CMV [61] . 

More recently, Song’s group placed an acyl group on the ni- 

rogen atoms at both ends of piperazine for linkage with a 

midazo[1,2- a ]pyridine mesoionic group to give a novel anti-viral 

lecketon ( 33 ) with good anti-potato virus Y (PVY) activity [62] . 

D Q-SAR study indicated the contribution of a steric field is con- 

rmed to be much higher than that of the electrostatic fields, and 

oth bulky groups and electron-withdrawing groups are beneficial 

or anti-PVY activity. For example, the introduction of bulky sub- 

tituents at the R 2 position and introduction of electron-donating 

roups at R 1 could enhance the activities toward PVY. This is the 

rst example of a mesoionic compound as a promising candidate 

or controlling plant viruses. The SAR study of diketopiperazine 

erivatives synthesized by Xie et al. [32] showed that spatial con- 

ormation is one of the most important factors that regulates an- 

iviral activity, and the different spatial conformations of C6 and 

12 had a great influence on the anti-TMV activity. Following the 

equence C-12 aR > C-12 aS , trans > cis , it is worth noting that trans

ompound 34 (6 S , 12 aR ) exhibited better anti-TMV activity, and the 

rotective activity of 34 (EC 50 = 394 μg/mL) was better than rib- 

virin (EC 50 = 693 μg/mL). 

. Herbicidal and plant growth regulating activity 

Compounds containing a piperazine ring are less often used 

s herbicides or plant growth regulators. Stoilkova and colleagues 

63] found that compounds containing N -methyl-piperazine ( 35a 

nd 35b ) showed good herbicidal activities. Compound 35c ( Fig. 

 ) containing a -F exhibited the highest activity against Triticum 

estivum at 100 μmol/L. In contrast, compounds containing 4- 

uoro ( 35d ) or 4–chloro ( 35e ) had significant stimulatory effects 

n wheat and cucumber root growth depending on the halogen 
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Fig. 7. Piperazine derivatives with herbicidal and plant growth regulating activity. 
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nd increased in the order -Cl < -F < -Br. Wang et al. [64] in-

roduced a triazole Mannich base with a furan/thiophene struc- 

ure into N -methyl piperazine, and added a substituted aromatic 

ing to give 36 –38 . These compounds showed herbicidal activities 

gainst dicotyledon rape and regulated the growth of rape root. 

his type of compound can be regarded as a potential inhibitor of 

etol-acid reductor isomerase (KARI). Interestingly, trifluoromethyl 

as much more favorable than the other groups, and the addition 

f pyridine and pyrimidine positively influenced their activity to- 

ard rape. Zhang et al. [65] synthesized a series of new Mannich 

ase and bis-Mannich base derivatives containing piperazine (com- 

ounds 39 and 40 ), When R 1 was furan-2-yl instead of pyridine-3- 

l, it had more obvious herbicidal activity against dicotyledonous 

ape (Brassica campestris) . Especially, compounds 39a , 39b and 40a 

ll showed strong rice KARI inhibitory activities, which were com- 

arable to the known effective in vitro KARI inhibitor N –hydroxy- 

 -isopropyloxamate (IpOHA). The density functional theory (DFT) 

alculation and molecular docking results showed that the oxadia- 

ole, furan and piperazine ring of high activity inhibitors ( 39a and 

0a ) may make an important contribution to the activities of KARI. 

ifferently, Mannich base derivatives (such as 41 and 42 ) synthe- 

ized by Wang et al. [66] had obvious herbicidal activities against 

chinochloa crusgalli , and strong in vitro inhibitory activities against 

ARI, but showed very weak herbicidal activities against Brassica 

ampestris . The reason may be related to the structural differences 

etween 1,3,4-oxadiazole ring and 1,2,4-triazole ring, and the sub- 

tituents on the ring. In addition, for compounds 41 and 42 , when 

 1 was 2-F and R 2 was F, the corresponding compounds had good 

erbicide activities. This will provide useful information for the de- 

ign and discovery of new pesticides for KARI. 

. Summary and outlook 

Recent studies have demonstrated that piperazine is an im- 

ortant skeleton in the discovery of novel agrochemicals. It’s of- 

en used as a “bridge” for the inclusion of different groups, in- 

luding amide or sulfonyl substructures, or directly connected 

o heterocycles, alkyl groups, etc. In general, the activities of 
6

iperazine-containing compounds tend to be better when electron- 

ithdrawing groups (-F, -Cl, etc. ) are present in the correspond- 

ng substructures, rather than electron-donating groups (-CH 3 , 

tc.). Many compounds containing piperazine have shown promise 

s novel pesticides. For example, piperazine compounds employ- 

ng trifluoromethyl pyridine, chalcone, and sulfonyl moieties have 

hown good insecticidal activity. 

However, as a “bridge”, the chemical reaction type to connect 

ith piperazine is also very limited (most of the reaction are nu- 

leophilic substitutions), and the probability for obtaining active 

ompounds is not very high. Piperazine derivatives are widely used 

n drug discovery, and many drug candidates have been discov- 

red. Their SARs and mechanisms of action in medicine have been 

idely reported. Consequently, we think that some of the experi- 

nces in medical properties activity can provide a reference for the 

iscovery of pesticides. For example, a piperazine has been con- 

ected to quinolone [67] , fluoroquinolone [68] , oxazolidinone, etc. 

69] which could enhance antibacterial activity, and such a sub- 

tructure could also be add to agrochemical piperazine molecules. 

n addition, the piperazine fused helical heterocyclic systems, cu- 

ic rings and dicyclopentane derivatives to expand biological ac- 

ivities, these applications can also be introduced to agrochemicals 

iscovery. We believe that the modes of action, potential targets 

nd physicochemical properties of piperazine will inform the ratio- 

al design and optimization of active compounds with this struc- 

ure. 
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