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AMIDE DERIVATIVES OF 1,2,4-OXADIAZOLE AS PROMISING AGENTS 
WITH DUAL FUNGICIDAL AND NEMATICIDAL ACTIVITY

Fungal and nematode pathogens, which often act synergistically, pose a significant threat to food security. Conventional 
plant protection methods involve the use of separate fungicides or nematicides, which increases chemical load and promotes 
the development of resistance. A promising approach is the design of dual-action molecules that can simultaneously 
suppress both fungal and nematode pathogens. Particular attention is drawn to amide derivatives of 1,2,4-oxadiazole due 
to their chemical modularity, heteroatomic composition, and favourable toxicity profile. These compounds exhibit a high 
level of succinate dehydrogenase (SDH) inhibition, leading to the blockade of electron transport, disruption of oxidative 
phosphorylation, and energy depletion in pathogens.

This study employed a systematic review of publications in Scopus, Web of Science, and PubMed. A comparative 
analysis of synthetic strategies for amide 1,2,4-oxadiazoles was conducted, and data on their fungicidal and nematicidal 
activities were systematised using structure-activity relationship (SAR) analysis to identify key structural-activity patterns. 
The analysis demonstrated that maximal activity is achieved through the combination of heteroaromatic substituents 
(notably pyridyl groups), optimal halogenation, and a flexible amide linker, which ensures proper orientation of the 
molecule within the enzyme’s active site.

Key structural fragments responsible for high biological efficacy were identified, and recommendations for optimizing 
synthetic protocols were proposed. Further optimization can be achieved through modular molecular design, balancing 
hydrophobicity, and integrating secondary mechanisms of action, including reactive oxygen species generation, while 
minimizing toxicity and the risk of bioaccumulation (ecological SAR). The introduction of amide 1,2,4-oxadiazole 
derivatives as innovative dual-action agents presents prospects for enhancing crop productivity, reducing the frequency of 
applications, and mitigating the development of resistance.

Keywords: 1,2,4-oxadiazole, amide derivatives, synthesis, fungicidal activity, nematicidal activity, succinate 
dehydrogenase (SDH), structure-activity relationships (SAR).
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АМІДНІ ПОХІДНІ 1,2,4-ОКСАДІАЗОЛУ ЯК ПЕРСПЕКТИВНІ АГЕНТИ 
З ПОДВІЙНОЮ ФУНГІЦИДНОЮ ТА НЕМАТОЦИДНОЮ ДІЄЮ

Грибкові та нематодні патогени, що часто діють синергічно, становлять серйозну загрозу продовольчій 
безпеці. Традиційні методи захисту рослин передбачають застосування окремих фунгіцидів або нематицидів, 
що підвищує хімічне навантаження та сприяє розвитку резистентності. Перспективним підходом є розробка 
молекул подвійної дії, здатних одночасно пригнічувати грибкові та нематодні патогени. Особливу увагу 
привертають амідні похідні 1,2,4-оксадіазолу завдяки їх хімічній модульності, гетероатомному складу та 
сприятливому профілю токсичності. Ці сполуки демонструють високий рівень інгібування сукцинатдегідрогенази 
(SDH), що призводить до блокування електронного транспорту, порушення окислювального фосфорилювання та 
енергетичного виснаження патогенів.

У роботі використано систематичний огляд публікацій у базах Scopus, Web of Science та PubMed. Проведено 
порівняльний аналіз синтетичних стратегій амідних 1,2,4-оксадіазолів та систематизовано дані щодо їх 
фунгіцидної та нематоцидної активності з застосуванням SAR-аналізу для виявлення структурно-активних 
закономірностей. Аналіз показав, що максимальна активність досягається при поєднанні гетероароматичних 
замісників (зокрема піридильних), оптимального галогенування та гнучкого амідного лінкера, що забезпечує 
правильну орієнтацію молекули у активному сайті ферменту.

Виявлено ключові структурні фрагменти, що визначають високу біологічну ефективність, та запропоновано 
рекомендації щодо оптимізації синтетичних протоколів. Подальша оптимізація може бути здійснена шляхом 
модульного дизайну молекул, досягнення балансу гідрофобності та інтеграції вторинних механізмів дії, 
зокрема генерації активних форм кисню, із зменшенням токсичності та ризику біоакумуляції (екологічний 
SAR). Впровадження амідних похідних 1,2,4-оксадіазолу як інноваційних агентів подвійної дії відкриває 
перспективи підвищення продуктивності агрокультур, зменшення частоти обробок та стримування розвитку 
резистентності.

Ключові слова: 1,2,4-оксадіазол, амідні похідні, синтез, фунгіцидна активність, нематоцидна активність, 
сукцинатдегідрогеназа (SDH), структурно-активні зв’язки (SAR).

Relevance of the Problem. Global food 
security remains under constant pressure from 
biotic factors, including pathogens and pests, 
which cause substantial damage to agricultural 
crops. According to expert estimates, crop losses 
worldwide due to their impact can reach 20–40 % 
(Yu, 2025).

A particular threat arises from the simultaneous 
infection of plants by fungi and nematodes, 
which often results in synergistic interactions: 
cumulative losses exceed the additive effect 
of individual pathogens (Liu, 2022). Among 
known plant pathogens, more than 8,000 fungal 
species cause diseases, including Fusarium 
graminearum, Botrytis cinerea, Sclerotinia 
sclerotiorum, Rhizoctonia solani, Blumeria spp., 
Pythium spp., Colletotrichum spp., Puccinia 
spp., and Phytophthora spp., accounting for 
approximately 85  % of all crop diseases (Dang, 
2011). Concurrently, plant-parasitic nematodes 
such as Meloidogyne incognita, Aphelenchoides 
besseyi, and Bursaphelenchus xylophilus inflict 
severe damage on agriculture (Xie, 2019). Their 
combined synergistic impact highlights the urgent 
need for universal control agents, including the 
development of new chemical compounds with 
dual activity capable of simultaneously targeting 
both classes of pests (Liu, 2022).

Conventional plant protection strategies 
rely on the separate application of fungicides 
or nematicides, necessitating the combination 
of multiple agents, which increases costs and 
environmental load. Dual-activity molecules that 
simultaneously suppress both fungi and nematodes 
offer a more efficient approach to pathogen control 
while reducing overall pesticide burden.

One promising strategy for developing 
dual-action agrochemicals is the use of the 
1,2,4-oxadiazole scaffold. Its advantages include:

–	 heteroatomic nature: the presence of oxygen 
and nitrogen atoms facilitates specific interactions 
with biological targets, particularly enzymes.

–	 chemical modularity: variations in 
substituents on the ring carbon atoms and 
functional groups (amides, halogens, CF3, etc.) 
allow fine-tuning of physicochemical properties 
(pKa, lipophilicity) and bioactivity.

–	 safety and stability: the 1,2,4-oxadiazole 
structure is already employed in known 
agrochemicals (e.g., the nematicide thioxazafen) 
(Ju, 2023), demonstrating a favourable toxicity 
profile and synthetic accessibility.

The integration of 1,2,4-oxadiazole-based dual-
action molecules into crop protection systems 
presents a promising approach for the simultaneous 
control of fungal and nematode pathogens, 
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reduction of chemical load, and enhancement of 
agroecosystem resilience.

Analysis of Recent Studies and Publications. 
Nitrogen-containing heterocyclic structures, 
particularly oxadiazole derivatives, occupy a 
prominent position in contemporary medicinal 
chemistry and the development of new bioactive 
compounds. Notably, approximately three-quarters 
of modern herbicides and pesticides contain at 
least one heterocyclic ring (Gomtsyan, 2012). 
The high biological activity of these structures 
is attributed to their ability to participate in a 
wide range of intramolecular interactions – van 
der Waals, hydrophobic, hydrogen bonding, and 
coordination – which facilitates effective binding 
to catalytic centres and allosteric sites of biological 
targets (Kumar, 2022). Consequently, oxadiazole 
heterocycles are regarded as one of the most 
valuable pharmacophores today.

In recent years, the 1,2,4-oxadiazole core has 
established itself as a versatile structural scaffold, 
both in the design of pharmaceutical agents (fig. 
1) (Biernacki, 2020, Kumar, 2024) and in the 
development of highly active agrochemicals (Fu, 
2024, Zhao, 2024, Zhong, 2023, Chen, 2025).

A key trend in recent years has been the 
growing interest in 1,2,4-oxadiazole as a scaffold 
for designing succinate dehydrogenase inhibitors 
(SDHIs) (Hu, 2025, Yu, 2025). SDHIs have long 
held a leading position in the fungicide market, but 
pathogen resistance and the structural conservatism 
of their mechanism of action underscore the need 
for new molecular classes. In this context, amide-
substituted 1,2,4-oxadiazoles emerge as a promising 
direction: their electronic structure, aromaticity, 
and ability to form specific intermolecular 
interactions make the oxadiazole scaffold suitable 
for precise modulation of interactions within the 
SDH Q-domain. Thus, amide 1,2,4-oxadiazoles 
represent a natural extension of this trend, offering 
a novel approach to inhibiting the respiratory chain 
of fungal and nematode pathogens.

In agrochemical design, the principle of 
active substructure splicing – combining multiple 
biologically relevant substructures into a single 
hybrid molecule – is widely employed. For amide 
1,2,4-oxadiazoles, this involves linking two or 
more aromatic or heteroaromatic fragments via the 
oxadiazole ring and the amide moiety (Ou, 2025).

Recently, several new nematicides containing 
amide fragments with broad-spectrum and 
sufficiently high activity have been reported 
(Flemming, 2025, Liu, 2022, Lahm, 2017, 
Schleker, 2022, Thompson, 2024). Among them are 
fluopyram, fluazaindolizine, and cyclobutrifluram 
(fig. 2).

Notably, fluopyram has demonstrated high 
efficacy against a broad spectrum of phytoparasitic 
nematodes (Jeschke, 2017, Miles, 2014, Schleker, 
2022), confirming the effectiveness of the amide 
fragment in designing novel nematicides. The amide 
moiety is not merely a chemical linker; it serves 
as a critical molecular bridge with dual functional 
significance. First, the amide provides structural 
flexibility necessary for optimal ligand orientation 
within the SDH active pocket. Second, it contains 
key donor and acceptor sites (NH and C——O groups) 
to form stabilising hydrogen bonds with amino 
acid residues of the target protein. As demonstrated 
by recent studies (Liu, 2022), newly synthesised 
compounds containing an amide fragment 
exhibit biological activity comparable to modern 
commercial fungicides, highlighting the pivotal role 
of the amide bridge in enzyme inhibition.

Analysis of recent literature indicates that SDH 
inhibitors remain one of the most dynamic areas 
in the development of new fungicides (Liu, 2022, 
Wang, 2021, Yan, 2018). Their mechanism of action 
involves blocking SDH, an enzyme simultaneously 
involved in the tricarboxylic acid cycle and the 
mitochondrial respiratory chain (Cecchini, 2003, 
Sun, 2005). Molecular modification via the amide 
bridge allows the creation of a novel enzyme 
binding mode, potentially circumventing existing 

Fig. 1. Pharmacological activity of 1,2,4-oxadiazole derivatives
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resistance (Miyamoto, 2020, Wang, 2021). Notably, 
well-known SDHI fungicides – fluopimomid, 
florilpicozamide, tifluzamid – and nematicides 
fluazaindolizine and cyclobutrifluram (fig. 2) all 
contain an amide linkage. This highlights that 
incorporating amide fragments into the structures 
of new 1,2,4-oxadiazoles is a key strategy for 
developing selective fungicides and nematicides.

Research Objective. The objective of this 
study is to summarise current data on the structural 
features, synthetic strategies, and SAR profiles 
of amide-substituted 1,2,4-oxadiazoles as a 
promising class of dual-action agrochemicals with 
simultaneous fungicidal and nematicidal activity, 

and to identify the key factors that determine their 
biological efficacy.

Presentation of the Main Research Material. 
The synthesis of amide 1,2,4-oxadiazoles 
typically involves two key stages: the formation 
of the heterocyclic core (Kumar, 2024) (fig. 3) 
and subsequent functionalisation with an amide 
moiety. The primary pathways for constructing the 
1,2,4-oxadiazole ring involve cyclisation reactions, 
particularly the reaction of hydroxamidochlorides 
with nitriles, which yields a compact and stable 
scaffold. After formation of the heterocyclic core, 
the introduction of the amide fragment is a critical 
step for modulating biological activity.

Fig. 2. Structures of reported antifungal and nematicidal compounds containing amide 
or 1,2,4-oxadiazole fragments

Fig. 3. Synthetic approaches for obtaining the 1,2,4-oxadiazole ring
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A typical standard synthetic approach, employed 
by numerous authors (Fu, 2024, Kharchenko, 
2008, Kharchenko, 2009, Liu, 2019, Liu, 2022, 
Liu, 2025, Ou, 2025, Zhong, 2023, Zhu, 2025), 
involves the synthesis of amidoximes via the 
reaction of substituted nitriles with hydroxylamine 
hydrochloride, followed by cyclocondensation of 
the resulting amidoximes with anhydrides or acyl 
chlorides of carboxylic acids or their synthetic 
equivalents (Fig. 4).

For example, the authors of the work 
(Liu, 2022) conducted a synthesis (fig. 5) 
based on various (hetero)aromatic nitriles 
with hydroxylamine. Amidoximes A were 
synthesised and then treated with ethyl oxalyl 
chloride in acetonitrile. The resulting esters B 
were hydrolysed with LiOH in ethanol to yield 
acids C. Compounds C reacted with oxalyl 
chloride to form chloroanhydrides  D, which 
were subsequently converted into target amides 
F1–F24 via reaction with primary amines.

This modular approach allows for rapid 
variation of the Ar1 and Ar2 substituents, typically 
halogenated phenyls or heterocycles (fig. 5), 
enabling straightforward modification of one of 
the aromatic substituents for quick investigation of 
structure-activity relationships (SAR).

According to Liu (2022), all obtained 
compounds (F1–F24) exhibited moderate to high 
mycelial growth inhibition at a concentration of 
50 mg/mL. Notably, compounds F3, F15, F18 and 
F20 showed good antifungal activity against B. 
cinerea, with inhibition rates of 56.8  %, 58.2  %, 
55.9  % and 55.8  %, respectively. These values, 
however, were lower than those for reference 
agents fluopyram (87.3 %) and tifluzamid (80.3 %) 
(fig.  1). In contrast, compounds F1, F3, F9, F14 
and F15 exhibited high antifungal activity against 
S. sclerotiorum, with inhibition rates of 73.2  %, 
84.85 %, 61.1 %, 65.2 % and 89.3 %, respectively. 
Compound F15 demonstrated particularly high 
efficacy against S. sclerotiorum (EC50 ≈ 2.9 mg/mL), 

Fig. 4. General approach to the synthesis of the 1,2,4-oxadiazole ring

Fig. 5. Synthetic scheme
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which is comparable to tifluzamid (4.3 mg/mL) 
and fluopyram (1.2 mg/mL) (Li, 2022). 
Morphological analysis revealed that F15 induced 
abnormal collapse and wrinkling of S. sclerotiorum 
hyphae, thereby directly inhibiting pathogen growth.

SAR analysis of these 1,2,4-oxadiazoles showed 
that the presence of an aryl substituent at C(3) 
and β-arylethylamine groups resulted in higher 
activity against B. cinerea and S. sclerotiorum for 
compounds with an unsubstituted pyridine ring 
compared to those with trifluoromethyl or chloro-
substituted pyridine. This is exemplified by the 
following activity profiles of 1,2,4-oxadiazoles 
bearing substituted and unsubstituted pyridine 
rings against S. sclerotiorum and B. cinerea: F1 
(73.2 % and 24.2 %) > F2 (48.6 % and 23.6 %); F5 
(56.3 % and 24.9 %) > F6 (56.0 % and 22.9 %); F9 
(61.1 % and 26.7 %) > F10(48.6 % and 24.2 %). 
When a heterocyclic substituent was introduced at 
C3, the trend shifted as follows: F14 (65.2 % and 
36.4 %) > F13 (41.1 % and 27.3 %); F18 (34.9 % 
and 55.9  %)  > F17 (10.1 % and 27.6  %); F22 
(37.6 % and 45.2 %) > F21 (35.1 % and 38.8 %). 
The highest activity was observed for compounds 
with n = 1 and a 2,4-difluorophenyl group: F3 
(41.1 % and 27.3 %) > F1 (73.2 % and 24.2 %); F15 
(89.3 % and 58.2 %) > F13 (41.1 % and 27.3 %). 
Additionally, the antifungal effect of thiophenyl-
substituted compounds was significantly higher 
than that of compounds with other substituents: F15 
(89.3 % and 58.2 %) > F3 (41.1 % and 27.3 %) > F7 
(56.4 % and 46.4 %) > F11 (44.9 % and 44.2 %) > 
F23 (34.6 % and 41.5 %). Comparison of series with 
identical substituents showed the lowest activity 
for compounds with a 2,4-dichlorophenyl group 
and n = 0 (F15 (89.3 % and 58.2 %) > F14 (65.2 % 
and 36.4  %) > F13 (41.1  % and 27.3  %) > F16 

(39.6 % and 25.5 %). At the same time, introducing 
the 2,4-difluorophenyl moiety at n = 1 (F15) led to 
superior antifungal activity toward both B. cinerea 
and S. sclerotiorum. These results indicate that a 
large steric load of the R substituent generally has 
a negative effect on fungicidal activity.

The in vitro results were confirmed in vivo for 
the leading compound F15: it effectively controlled 
S. sclerotiorum-induced disease on cabbage leaves, 
demonstrating protective and curative effects 
of 62.3  % and 71.0  % at a dose of 100 mg/mL. 
Moreover, the application of F15 visibly disrupted 
the hyphal morphology of S. sclerotiorum.

Another study (Schleker, 2022) focused on the 
structural modification of fluopyram. The flexible 
ethyl linker connecting the amide and pyridine 
fragments was replaced in target compounds with a 
rigid 1,2,4-oxadiazole ring. A one-pot procedure was 
developed involving the cyclisation of amidoximes 
with benzoyl chlorides, followed by the removal of 
the tert-butoxycarbonyl protecting group from the 
intermediates, yielding free amino intermediates 
that were acylated in situ to obtain the target 
compounds. All target amide 1,2,4-oxadiazoles 
were tested for nematicidal activity, and some 
demonstrated very promising results.

The analysis of SAR and positional effects 
of the amide fragment in the target compounds 
revealed two key aspects: the site of attachment 
and the nature of the linker. The amide fragment 
can be introduced at the C(3) position (series A) or 
C(5) position (series B, C) of the 1,2,4-oxadiazole 
ring (Ou, 2025) (fig. 6).

Studies of nematicide series A–C showed that 
amide introduction at either position maintains 
high activity (Ou, 2025). However, within series A, 
when the amide fragment was introduced at position 

Fig. 6. Target product structures (Ou, 2025)
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3 and R1 = 2-CF3-C6H4 of 1,2,4-oxadiazole, the 
activity of the monosubstituted R2 compound was 
higher than that of the disubstituted R2 counterpart; 
e.g., A13 (R2 = 4-CF3-C6H4, 35.5  %)  >  A11 
(R2 = 2-Cl-4-CF3-C6H3, 27.1 %). The position of the 
substituent in the aryl R2 group also matters. Ortho-
substituted R2 aryl groups enhance nematicidal 
activity against B. xylophilus. For example, with 
R1 =  2-CF3-C6H4, introducing a CF3 group at the 
2-position of the benzene ring R2 increases activity: 
A14 (R2 = 2-CF3-C6H4, 45.3 %) > A13 (R2 = 4-CF3-
C6H4, 35.5  %). Bulky ortho-substituents (e.g., 
2-trifluoromethylphenyl in R2) further enhance 
activity, likely due to optimal filling of the nematode 
SDH active site (Wang, 2024).

Another critical factor is the nature and length 
of the amide linker. Comparative analysis of 
nematicidal activity between series C and B 
showed that the absence of an oxygen atom in 
the linker (i.e., using an amide instead of another 
linkage type) increased activity by nearly 30 %. 
This may be explained by the more hydrophobic 
environment around the linker, optimising 
interactions with the SDH active site in nematodes. 
Oxygen presence can create undesired hydrogen 
bonds and increase molecular polarity, reducing 
efficacy (Ou, 2025). Meanwhile, for the fungicidal 
compound F15 (Liu, 2022), a spacer n = 1 was 
used, representing an additional methylene linker 
between the oxadiazole core and the amide group. 
Control over linker nature and length enables the 
tuning of lipophilicity (log P), which is crucial for 
compound penetration into pathogen cells and for 
influencing the ecotoxicological profile.

Interestingly, introduction of an electron-
withdrawing group R3 in series C target 
compounds (Ou, 2025) enhanced nematicidal 
activity against B. xylophilus, e.g., C1 (R3 = 4-F-
C6H4, 38.8 %) > C2 (R3 = 4-Cl-C6H4, 32.5 %) > C5 
(R3  =  C6H5, 29.8  %)  >  C4 (R3  =  4-CH3-C6H4, 
25.6  %). Conversely, introducing an acceptor 
group at R4  =  2-CF3-C6H4 with an ortho-chloro 
atom in R3 reduced activity: C3 (R3 = 4-CF3-C6H4, 

90.7 %) > C6 (R3 = 2-Cl-4-CF3-C6H3, 30.8 %).
Thus, recent studies confirm the high fungicidal 

activity of amide 1,2,4-oxadiazoles, which is 
comparable to that of commercial SDHI fungicides.

Conclusions and Prospects for Further 
Research. The analysis of recent scientific 
literature reveals a sustained increase in interest in 
dual-action molecules that exhibit both fungicidal 
and nematocidal activity, driven by the prevalence 
of combined infections and the emergence of 
pathogen resistance to conventional SDHI-based 
agents. Amidic 1,2,4-oxadiazoles represent a 
promising class of such dual-active agents capable 
of effectively suppressing pathogenic fungi and 
nematodes. Their bioactivity is primarily associated 
with the inhibition of succinate dehydrogenase 
(SDH), leading to the blockade of electron 
transport, disruption of oxidative phosphorylation, 
and rapid energy depletion in the pathogens.

SAR analysis confirmed that maximal biological 
activity is achieved through the combination of 
heteroaromatic substituents, optimal halogenation, 
and a flexible amidic linker, which ensures proper 
molecular orientation within the enzyme’s active 
site. The hydrophobic–hydrophilic balance (log 
P) determines the compounds’ ability to penetrate 
pathogen tissues while maintaining sufficient 
solubility. A comparative evaluation of the 
fungicidal and nematocidal effects indicates that 
amidic 1,2,4-oxadiazole derivatives can serve as a 
foundation for the development of innovative dual-
action agrochemicals.

Future research should focus on the modular 
design of molecules to maintain stable interactions 
with SDH while preserving the flexibility of the 
amidic linker, as well as optimal combinations 
of hydrophobic and heteroaromatic fragments. 
Additionally, it should assess secondary modes 
of action and eco-SAR to minimise toxicity and 
reduce the risk of bioaccumulation.

The implementation of such compounds opens 
new prospects for the development of effective, safe, 
and sustainable next-generation agrochemicals.
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