ADVANCES IN THE SYNTHESIS, BIOLOGICAL
ACTIVITIES AND APPLICATIONS OF 1,2,5-
OXADIAZOL: A BRIEF REVIEW

ABSTRACT |

Oxadiazoles are five-membered heterocyclic compounds containing a nitrogen atom and at least one
other noncarbon atom in the rlng and belongs to azole class—@*ad«ta-zetes—a#e—twe—membered

Four isomers of oxadlazole are found Among these the three isomers 1,2,4-
oxadiazole, 1,2,5—0xadiazo|e and 1,3,4-oxadiazole have a wide range of pharmaceutical applications.
Among the immense class of heterocycle compounds with important biological activities already
identified, 1,2,5-oxadiazoles have stood out for the wide variety of applications in medicinal chemistry, in
the material chemistry and agricultural chemistry. In this work, the main synthesis methods and advances
for obtaining 1,2,5-oxadiazoles and their derivatives reported in the literature over the years are reviewed,
as well as the applications of these compounds in several branches of chemistry and their biological
activities discovered until the moment.
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In this work, the main synthesis methods and advances for obtaining 1,2,5-oxadiazoles and their

derivatives.



1. INTRODUCTION

Heterocyclics are an important class of organic compounds has a rich history with a huge impact on all areas of organic
and medicinal chemistry [1-9]. On the other hand, natural products, drugs, and renewable resources prominently feature a
great variety of heterocyclic moieties that are essential for their manifold properties. According to Cabrele and co-workers
[10], the stereoselective synthesis, mediated by auxiliaries or catalysts, would not be possible without the electronic and
steric control that can be enacted through heterocycles. Likewise, particularly stable entities such as C,H bonds can be
often be activated through the combination of electronic and directing effects a heteroatom in the heterocycle might
display, thus opening up versatile and efficient routes for their functionalization.
Oxadiazoles constitute a class of heterocyclic organic compounds that attracted attention due to their multiple applications
in medicinal and materials chemistry [11]. Are heterocyclic compounds composed by two atoms of carbon, two atoms of
nitrogen and one atom of oxygen. Oxadiazoles rings can exist in different regioisomeric forms (Figure 1) [12].
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Fig. 1. Constitutional isomers of oxadiazoles.

According to Eicher and collaborator [13], except the 1,2,3-oxadiazole, which is unstable, the isomeric oxadiazoles (1,2,4-
ozadiazol, 1,2,5-oxadiazol and 1,3,4-oxadiazol) can be encountered in molecules acting as drugs on the market or in final
clinical trials (Figure 2), i.e. compound 1 named raltegravir [14], is an antiretroviral drug against HIV, while compound 2,
named ataluren is a good candidate for treatment of cystic fibrosis and zibotentan 3, as an anticancer agent [15]. On the
other hand, according to literature, compound 4 [16], it's used for construction of Organic Light Emitting Diodes (OLEDSs)
[17] or highly energetic materials[18] compounds of type 5 in the form of salts, just to name a few applications.
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Fig. 2. Examples of oxadiazoles in drugs: zibotentan, ataluren and raltegravir.

1,2,5-Oxadiazole derivatives are found to be potent inhibitors of indoleamine 2,3-dioxygenase and are useful for the
treatment of cancer and other disorders. They are also useful as a new class of SENP2 inhibitors and can be used for the
development of novel therapeutic agents for various diseases targeting SENPs [19-22]. In 2014, we report a new class of
SENP2 inhibitors identified by a combination of structure based virtual screening and quantitative FRET based assay [23,
24]. The 1,2,5-oxadiazoles were utilized to check their ability to inhibit SENP2 activity at a lower concentration of 30 uM.
Five out of eight compounds tested contain a 1,2,5-oxadiazoles (compounds 6, 7, 8, 9 and 10) scaffold which represents
a novel chemical class displaying potency against SENP2. The chemical structures of 6, 7, 8, 9 and 10 are presented in
Figure 3.
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Fig. 3. 1,2,5-oxadiazoles scaffold which represents a novel chemical class displaying potency against SENP2.

1,2,5-oxadiazole-2-oxides represent an important class of NO donors [25]. Endogenous NO is a potent antimicrobial
agent. Together with reactive oxygen intermediates (ROI), NO is one of the toxic mediators released by activated
macrophages against pathogens. NO-mediated cellular toxicity is due to the generation of reactive species and/or
inhibition of essential enzymes. Moreover, exogenous NO also displays cytotoxic and cytostatic effects against viruses
and microbial agents including protozoa, for example, Plasmodium falciparum, a etiological agent of the most deadly form
of human malaria [26]. On the other side, to a variety of NO-related bioactivities, 1,2,5-oxadiazoles also show cytotoxicity
[27], mutagenicity, immunosuppression, central muscle relaxant properties, anticonvulsive effects, monoamine oxidase
inhibition, and direct vasodilator and blood pressure lowering activities.

Based on data published in the years 2000-2022, it can be concluded that the synthesis and applications of 1,2,5-
Oxadiazoles included in this review are of great importance for researchers who research Heterocyclic. A graph
representing the number of 1,2,4-oxadiazoles citations in the literature and a series of reports published in the scope of
time covered by this review (2010-2022) is shown in Figure 4.
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Fig. 4. Number of articles published and of citations on in application and synthesis of 1,2,5-oxadiazoles between 2000-
2022.

We describe herein a survey of literature over the recent progress in application and synthesis of 1,2,5-
oxadiazoles, their incorporation in bioactive molecules or functional scaffolds for preparation of materials.



2. SYNTHESIS OF 1,2,5-OXADIAZOLE COMPOUNDS

Standard synthetic procedures for oxadiazole containing scaffolds usually utilizes the dehydrative cyclization of bis-
oximes, which is performed at high temperatures [28] and often includes the introduction of different activating reagents
[29]. The synthesis of new 2,5-disubstituted-1,3,4-oxadiazoles has attracted considerable attention. This interest stems
largely from the fact that many 1,2,5-oxadiazole 2-oxide derivatives exhibit biological activities and from the ability of some
of these derivatives to serve as donors of nitrogen oxide. The 1,2,5-oxadiazole 2-oxide ring can be constructed by various
methods, the most synthetically useful of which are: (1) the oxidative cyclization of 1,2- dioximes; (2) the dehydration of
nitroketoximes and symmetrically substituted furoxans; and (3) the dimerization of nitrile oxides (Scheme 1) [30].
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Scheme 1: Synthetic ways of obtaining 1,2,5-oxadiazole.

Though mono- and disubstituted 1,2,5-oxadiazoles have long been known, 1,2,5-0zadiazoles unsubstituted has resisted
the synthetic efforts of organic chemists for 80 years. The synthesis of the unsubstituted heterocycle 1,2,5-ozadiazoles
unsubstituted, a stable liquid of b.p. 98°, was reported by Olofson and co-workers [31]. In fact, when phenylglyoxime is
heated with 1 equiv. of acetic anhydride, the product in 87% yield is phenylfurazan (Scheme 2). However, when
phenylglyoxime is heated with 4 equiv. of acetic anhydride, the product mixture contains 27% phenylfurazan and 58% of

the oxime acetate (17).
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Scheme 2. Monosubstituted 1,2,5-oxadiazoles.

Ab initio calculations, correlations of molecules geometries, spectroscopic data with chemical properties, and quantitative
structure—activity relationship have been conducted for both 1,2,5-oxadiazole 2-oxide ring. The latest investigations have
shown that DFT methods can provide reliable tools for the prediction of geometries and energies of a wide variety of
organic (and inorganic) compounds, especially in those cases where classical Hartree-Fock (HF) methods fail (e.g., for
1,2,5-oxadiazole 2-oxide ring and benzo 1,2,5-oxadiazole 2-oxide ring) [32-34]. The DFT method was used to study the
static electronic dipole moments, polarizability anisotropies, and first- and second-order hyperpolarizabilities of azoles,
including 1,2,5-oxadiazole [35].

DFT was used to calculate the heats of formation and infrared active vibrational frequencies of twelve 1,2,5-oxadiazole 2-
oxide ring (Figure 5). The absolute values of the heats of formation are unreliable but the trends with systematic variations
of the bridge and terminal groups are reasonable. The assignments of the vibrational motions to IR frequencies based on
a force field analysis are given to clarify the complex coupling in these molecules [36, 37].
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Fig. 5. 1,2,5-oxadiazole 2-oxide investigated by DFT computational methods.

According to Neel and Zhao [38], 1,1'-Carbonyldiimidazole was found to induce the formation of a variety of 3,4-
disubstituted 1,2,5-oxadiazoles (furazans) from the corresponding bisoximes at ambient temperature. Based on this
observation, a two-step protocol was developed involving (1) hydroxylamine addition to readily prepared cyano-oximes to
afford the corresponding bisoximes in situ and (2) CDI-induced cyclodehydration to form furazans. Cyano-oxime 30
underwent hydroxylamine addition and subsequent CDI-induced cyclization provided the 1,2,4-oxadiazoles in yield
ranging from 56-85% (Scheme 3). According to the authors, this method was shown to be both more functional-group-
tolerant and safer than its thermal alternatives. Conditions were developed that allowed for the first high-yielding synthesis
of chlorofurazans from their amino counterparts, enabling the mild synthetic manipulation of these heterocycles.
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Scheme 3. Synthesis of 3,4-disubstituted 1,2,5-oxadiazoles.

The widely known methods for the 1,2,5-oxadiazole 2-oxide ring construction include cyclodimerization of nitrile oxides,
oxidation of vic-glyoximes, and dehydration of a-nitrooximes [39]. Several examples of alkene domino reactions resulting
in the 1,2,5-oxadiazole 2-oxide ring formation are also known [40, 41]. In recent years, all these approaches received
further development and new methods for the furoxan ring construction were elaborated. 1,2,5-oxadiazole 2-oxide 39 was
synthesized through the cycloaddition of azidocarbonylformonitrile oxide 38 generated via successive nitrosation of
potassium monohydrazinyl malonate 36 to azidocarbonylmalonic acid 37 followed by its nitrosation/nitration/
decarboxylation cascade under the action of NaNO, in conc. HNO;. However, 1,2,5-oxadiazole 2-oxide 39 is a very
dangerous liquid to handle; therefore, it was quickly transformed into 1,2,5-oxadiazole 2-oxide derivatives 40 via the
Curtius rearrangement [42] (Scheme 4).



O O

o o o o
NaNO NaNO,, HNO, o N, N,
HoN L 2 —_— S
: N/U\)J\OK HCI, 0-5°C NsMOH AcOH, 0-5°C =N — T e
H 36 37 N L NZq@
3 38 O
o) ‘ 39
=t 80°C
N N-0©
40

Scheme 4. Synthesis method of 1,2,5-oxadiazole 2-oxide.

To develop a method for the preparation of stable 1,2,5-oxadiazolyl diazonium salts various diazotization conditions were
investigated per Zhilin et al [43]. The found mild optimal conditions were extended for a series of other amino-1,2,5-
oxadiazoles 41a-d resulting in the formation of azo compounds 43a-d. The reaction proceeded successfully irrespective
of the second substituent at 1,2,5-oxadiazole ring (either furazan or furoxan, Scheme 5). In addition, in the case of 3,4-
diaminofurazan 41d diazotization and subsequent azo coupling occurred chemoselectively remaining one of the amino
groups unaffected and resulting in the formation of azo derivative 43d. Amino group in compound 43d was additionally
involved in tandem diazotization/azo coupling sequence affording bis(aryldiazenyl)furazan 44 (Scheme 5).
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Scheme 5. Tandem diazotization/azo coupling of amino-1,2,5-oxadiazoles.

In 2018, poly[(I3-4-amino-1,2,5-oxadiazole-3-hydroxamato) thallium(l)] was obtained according to a modification of the
procedure reported by Neel and co-workers (Scheme 6).38 The introduction of a hydroxamic group at the 1,2,5-oxadiazole

ring allows the consideration of potentially interesting ligand systems for the synthesis of various polynuclear complexes
[44].

o)
0 Q019
N (0] OH O/Tr‘ Sy \
X H,N b o I oN
‘ 0" NaOMe, NH,OH.HCI M2 NH TiNO, O A
_NOs v
MeOH 7\ MeOH i
Ho’N 45 ¢ N\O,N 46 O | H,N \\l/\l
o)
N/
47 n

Scheme 6. Synthesis of 4-amino-1,2,5-oxadiazole-3-hydroxamate thallium(l).



The compound that represents the thallium(l) salt of a substituted 1,2,5-oxadiazole, [TI(C3H3N4O3)],, with amino- and
hydroxamate groups in the 4- and 3- positions of the oxa-diazole ring, respectively, was analyzed by X-ray crystallography
[45]. In the crystal, the deprotonated hydroxamate group represent an intermediate between the keto/enol tautomers and
forms a five-membered chelate ring with the thallium(l) cation. According to Safyanova et al [46]. the coordination sphere
of the cation is augmented to a distorted disphenoid by two monodentately binding O atoms from two adjacent anions,
leading to the formation of zigzag chains extending parallel to the b axis. The cohesion within the chains is supported by
T—TT stacking [centroid—centroid distance = 3.746 (3) A] and intermolecular N—H---N hydrogen bonds.
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Fig. 6. Structure X-ray crystallography of substituted 1,2,5-oxadiazole.
To explore the role of the methyl substituent on the oxadiazole, a small series of analogues were also prepared with
alternative functionality on the heterocyclic ring was reported by Christoff et al [47]. 4-phenyl-1,2,5-oxadiazol-3-amine
(49a) was synthesized from ethyl benzoylacetate in a one pot reaction as described by Sheremetev [48] (Scheme 7).
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Scheme 7. Synthesis of 4-phenyl-1,2,5-oxadiazol-3-amine from ethyl benzoylacetate.

The same authors [47] developed a subsequent coupling of 49a with five different acids, through the use of phosphorus

pentachloride, produced the 4-phenyl compounds 50a-54a (Scheme 7). Additionally, two 4-propyl oxadiazole analogues
55b and 56b were prepared to see if a longer chain would be tolerated if the 4-phenyl group was not accepted.
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Scheme 7. Coupling 4-phenyl-1,2,5-oxadiazol-3-amine for produced the compounds 50a-54a.

According to Aguirre et al [49], 1,2,5 oxadiazoles 58a, 58b, and 58c were prepared, using the appropriate nitrophenyl
azides reactants, by cyclocondensation in boiling toluene (Scheme 1). To the same authors described the results of a
study on the use of Hanschs series design, cluster methodology, for the generation of new benzo[1,2-c]1,2,5-oxadiazole-
N-oxide derivatives as antitrypanosomal compounds.
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Scheme 8. Cyclocondensation in boiling toluene of appropriate nitrophenyl azides.

Veladzquez et al [50], reported the reaction of 1-[4 (methylsulfonyl)phenyl]-2-phenylethene with an aqueous sodium nitrite
solution in acetic acid afforded a mixture (3:1 ratio) of the inseparable 4-[4-(methylsulfonyl)phenyl]-3-phenyl-1,2,5-
oxadiazole-2 oxide (63a) and 3-[4-(methylsulfonyl)phenyl]-4-phenyl-1,2,5 oxadiazole-2-oxide (63b) regioisomers.
According to the authors, reaction of furoxan 60, or the regioisomers 63a,b, with triethylphosphite at reflux for 19-24 h
afforded the respective deoxygenated product 3,4-diphenyl-1,2,5- oxadiazole 61 (yield70%), or 3-[4-
(methylsulfonyl)phenyl]- 4-phenyl-1,2,5-oxadiazole 64 in yield 84% (Scheme 9). Also according to the same authors, a
group of 3,4-diphenyl-1,2,5-oxadiazole-2-oxides (3,4-diphenylfuroxans) and the corresponding N-desoxy 3,4-diphenyl-
1,2,5-oxadiazoles (3,4-diphenylfurazans) analogs, were synthesized for in vitro evaluation as hybrid cyclooxygenase
(COX) inhibitor/ nitric oxide donor agents.
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Scheme 9.  Synthesis  4-[4-(methylsulfonyl)phenyl]-3-phenyl-1,2,5-oxadiazole-2  oxide (63a) and  3-[4-
(methylsulfonyl)phenyl]-4-phenyl-1,2,5 oxadiazole-2-oxide (63b) regioisomers.

The general method employed for the preparation of 3,4-diaryl-1,2,5-oxadiazoles (70a—p) and 3,4-diaryl-1,2,5-oxadiazole
N-oxides (7la-p) and important intermediates 1-3 is illustrated in Scheme 10. According to Yadav et al [51], acid
chlorides of phenylacetic acid and substituted phenylacetic acids were obtained by refluxing the acid with thionyl chloride
or phosphorous trichloride. Excess of thionyl chloride or phosphorous trichloride was removed under vacuum and the
resulting acid chlorides were used as such in Friedel-Crafts acylation reaction with benzene and monosubstituted
benzenes to yield 1,2-diaryl-1-ethanones (12. IR spectra of these ethanones showed the presence of characteristic
carbonyl stretching peaks at 1690-1665 cm™. Their 'H NMR spectra showed characteristic signals for -CH,- at about d
4.37 ppm.
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Scheme 10. Synthesis 3,4-diaryl-1,2,5-oxadiazoles (70a—p) and 3,4-diaryl-1,2,5-oxadiazole N-oxides (71a—p).

Song et al [52], described that malononitrile 72 was treated with sodium nitrite, hydroxylamine, and hydrochloric acid to
afford

hydroxyamidine 73 (Scheme 11). Then, it was diazotized under acidic condition and reacted with sodium chloride to provide

the hydroximoyl chloride 74 in yield 48%, which was further transferred to compound 75 by coupling with 3-Br-4-
phenylamine.

After that, compound 75 was treated with carbonyl diimidazole (CDI) to protect the oxime group, which resultedcompound
76

in yield 74%. To introduce the side chain at oxadiazole, compound 76 was oxidized to nitro compound 77. It was then

substituted by a variety of amino compound (78d) and hydrolyzed under acidic condition to afford compounds 79d in

yield 90%.
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Scheme 11. Synthesis of 4-(4-Bromo-3-fluorophenyl)-3-(4-((piperidin-3-yl-methyl) amino)-1,2,5-oxadiazol-3-yl)-1,2,4-
oxadiazol-5(4H)-one hydrochloride.

Takayama et al [53], reported the synthesis 4-aryl-1,2,5-oxadiazole-3-yl N,N-dialkylcarbamate derivatives was synthesized
from styrene (80a) when they were treated with sodium nitrite under acidic conditions (acetic acid and aqueous
hydrochloric acid) to yield 3-phenyl-4-nitrofuroxan (81a) as the sole isolatable product in 51% vyield (Scheme 12).
However, 2,6-dichlorostyrene afforded the furoxan derivative 81c in 16% yield together with a non furoxanoid compound
82c in 28% yield. "H-NMR spectrum and other spectroscopic data of (82c) revealed the structure of the major product to
be trans-2-(2,6-dichlorophenyl) nitroethylene, which was confirmed by X-ray analysis. On the other hand, the 2,4,6-
Trimethylstyrene (80d) also gave the furoxan (81d) and 2-nitrostyrene type compound (82d) in 16% and 30% yields,
respectively. These results indicated that the existence of substituent at both the C2' and C6' positions on the benzene
ring caused the steric hindrance that interfered with the formation of the furoxan derivatives.
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Scheme 12. Synthesis 4-aryl-1,2,5-oxadiazole-3-yl N,N-dialkylcarbamate derivatives .

According Yu and collaborators [54] nitrile oxides are widely used participants in 1,3-dipolar cycloadditions to generate
five-membered ring heterocycles. Nitrile oxides (especially for lower aliphatic and acyl nitrile oxides) easily dimerize to
form 1,2,5-oxadiazole-2-oxides, commonly known as furoxans or furazan oxides (reaction 1 in Scheme 13). Under acidic
or basic conditions, nitrile oxides can also dimerize to give either 1,2,4-oxadiazole-4-oxides or symmetric 1,4-dioxa-2,5-
diazines (reactions 2 and 3 in Scheme 13).
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Scheme 13. The route by synthesis of 1,2,5-oxadiazole-2-oxides from nitrile oxides.

According to the same authors, two paths have been proposed for the dimerization of nitrile oxide to furoxans, but the
detailed mechanism is not known. The most widely accepted mechanism is a concerted 1,3-dipolar cycloaddition process,
where one nitrile oxide acts as a dipole while the C-N multiple bond in the other nitrile oxide acts as a dipolarophile
(Scheme 14).
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Scheme 14. Proposed mechanism for dimerization of nitrile oxide to 1,2,5-oxadiazole N-oxide.
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According Yu and Houk [55], DFT calculations reveal that the intramolecular ene-like reaction between a nitrile oxide and
an alkene is a three-step process involving a stepwise carbene-like 1,1-cycloaddition and a stereoselective retro-ene
reaction. The stereoselective formation of one cyclic oxime product involving the TMS group is a steric effect. The
achievement of the ene path is due to the ring strain in the competing (3+2) reaction path (Scheme 15). Horewer, density
functional theory studies of intramolecular ene-like (or the so-called 1,3-dipolar ene) reactions between nitrile oxides and
alkenes described by Ishikawa et al [56] show that this reaction is a three-step process involving a stepwise carbenoid
addition of nitrile oxide to form a bicyclic nitroso compound, followed by a retro-ene reaction of the nitrosocyclopropane
intermediate.
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Scheme 15. 1,1-Cycloaddition mechanism to form bicyclic intermediate 94, followed by a retro-ene reaction to furnish
cyclic oxime cis-7.

Curini et al [56] described a convenient method for the synthesis of 1,2,5-oxadiazole-N-oxides from a-nitro-ketoximes
using acidic alumina as catalyst. According the authors based previous experience in the use of alumina as the solid
surface, found that acidic alumina is an excellent heterogeneous catalyst for the conversion of a-nitro-oximes into their
corresponding 1,2,5-oxadiazoles N-oxides (Scheme 16). The reaction was carried out by adding a solution of the a-nitro-
oxime in acetonitrile to a suspension of acidic alumina in acetonitrile at 60°C. The reaction takes from 1 to 5 hours and
after a simple work-up affords 1,2,5-oxadiazole-N-oxides derivatives in good yield from both cyclic and acyclic a-nitro-
oximes.
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Scheme 16. Synthesis of 1,2,5-oxadiazole-N-oxides from a-nitro-ketoximes.

According to Yarovenko et al [57], the 1,2,5-oxadiazole-N-oxides 100 can be prepared from amide oximes 1 in one step
by nitrosation of compounds 99 in the presence of H,SO,. In these reactions, the sulfate anions act, apparently, as a
weak base thus inducing elimination of HCI from intermediate hydroxymoyl chlorides 2 (Scheme 17). Hence, Yarovenko
et al. °" demonstrated for the first time that 1,2,5-oxadiazole-N-oxides can be prepared by nitrosation of amide oximes.
This procedure allows one to synthesize bis-carbamoyl-furoxanes 100a-i in good yields (60-91%) starting from available
compounds.
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Scheme 17. 1,2,5-oxadiazole-N-oxides synthesis by one pot reaction.

According to Ruggeri et al [58] the 4-amino-3-nitrophenol couples with 2-chloronicotinonitrile very smoothly under mild
conditions (K,CO3, DMSO, 60 °C). There was no evidence of competitive reaction with the electron-deficient amine. The
product was easily isolated by filtration of the reaction mixture after precipitation with water, affording nitrile 103 in 77%
yield (Scheme 18). The oxidative cyclization of nitroamine 103 in presence of EtOH and NaOCI to provided benzofuroxan
104. On the other hand, the reduction of benzofuroxan 104 to the desired benzofurazan 105 was run by treating 104 with
a trialkyl phosphite at 55 °C. The desired nitrile 105 was isolated in 99% yield and has been reduced with DIBALH to
provided intermediate aldehyde 107 in 97% yield. The compound 107 was oxidized with sodium chlorite to obtain acid 106
in 94% yield.
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The nitramine derivatives of 1,2,5-oxadiazole N-oxide are of specific interest as precursors for the preparation of high
energy salts with nitrogen-rich cations. However, Larin et al [59], synthesized 3,3"-(diazene-1,2-diyl)-bis[4-(nitroamino)-
1,2,5-oxadiazole 2-oxide], via nitration of available 4,40-diamino-3,30-diazenofuroxan the best yield of the target
compound was achieved under the action of nitrating system HNO3/(CF3CO),0 in molar ratio 15:3 in CCl, at -5 °C for 0.5
h (Scheme 19). The structure of 3,30-(diazene-1,2-diyl)-bis[4-(nitroamino)-1,2,5-oxadiazole 2-oxide] 109 was strictly
confirmed by means of *H, **C, “*N-NMR, IR spectroscopy and high resolution mass spectra (HRMS).
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Scheme 19. Synthesis of 3,3'-(diazene-1,2-diyl)bis[4-(nitroamino)-1,2,5-oxadiazole 2-oxide] 109.

In 2020, Shreeve et al [60] synthesized the compounds 110 and 111 according to previously reported method reported in
the literature.®®®* Then the reaction mixture was stirred at 25 °C, and heated at 50 °C for 2 h followed by an extractive
workup to obtain 112 as a pale yellow liquid in yield of 70%. Compound 112 was nitrated with 100% nitric acid in
trifluoroacetic anhydride (TFAA) at 0 °C to give 113 as a pale yellow solid in yield of 60%. When compound 113 was
treated with potassium iodide in methanol, the potassium salt 112 did not precipitate, but after the methanol was removed,
the residue was washed with chloroform and recrystallized from acetone to provide 114 in yield of 70%. Compound 113
was obtained by acidification of 112 with 50% sulfuric acid. Recrystallization of 113 from dichloromethane at room
temperature gave the unexpected crystalline compound 114 in yield of 86.5% (Scheme 20). Compounds 114 were fully
characterized by infrared (IR), *H and *C NMR spectroscopy, and elemental analysis. Crystals of 114, suitable for single-
crystal X-ray diffraction structuring, were obtained at room temperature.
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Scheme 20. Synthesis of 3,4-Bis(4-nitro-1,2,5-oxadizaol-3-yl)-1,2,5-oxadiazole-N-oxide 114.

Also, according to the same authors [60], a plausible mechanism for the formation of 114 is illustrated in Scheme 21. In
this, an molecule of nitric acid is readily released by 113 at ambient temperature which leads to the extremely unstable
isomers of alkyne and alkene-based nitrile oxide derivatives 115 and 116. Later the two isomers undergo rapid cyclization
to form stable 1,2,5-oxadiazole N-oxide 114 at 25 °C.
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Scheme 21. Proposed of mechanism for formation of compound 114.

The synthesis and characterization of 3-chlorocarbohydroxymoyl-4-nitro-1,2,5-oxadiazole and its transformation to dinitro
trifurazanoxide were described for the first time by Duddu et al [61]. A careful analysis of literature reports revealed that all
the synthetic approaches mainly involved oxidation of amino groups of diamino furazanofuroxan 117 to prepare 114
(Scheme 22). The initial attempts to oxidize the free amino group of 1 with H,O, in presence of sulfuric acid with or without
catalyst yielded either a complex mixture of products or decomposed materials. Many attempts to obtain NCOF by using
varying oxidation agent concentrations were not successful. Finally, compound 73 was subjected to oxidation by using ag.
70% H,0O, in presence of tungsten based catalyst (Bmim)4W10023, initially by stirring the reaction mixture at room
temperature, and then heating it at 52°C for 4 h followed by an extractive work-up afforded compound 110 as a pale
yellow liquid. Carbon NMR analysis of this liquid showed a resonance at 158.71 ppm as a triplet due to coupling of the
nitro group nitrogen with aromatic ring carbon, suggesting the formation of the desired nitro compound 110. In an effort to
further confirm the identity of this liquid, an ethereal solution of 110 was reacted with an ag. potassium carbonate solution.
Stirring the reaction mixture at room temperature for 2 h followed by an extractive workup and removal of solvent yielded
the crude compound 114 in yield of 67%. Compound 114 was characterized by 'H and *C NMR spectroscopy and
elemental analysis.
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Scheme 22. Synthesis of 3,4-Bis(4-nitro-1,2,5-oxadizaol-3-yl)-1,2,5-oxadiazole-N-oxide 114.

El-Hamouly et al [62] reported that cinnamaldehyde (118) was treated with sodium borohydride in presence of methanol
at 0°C after completion of addition, stirred at room temperature for 2 h to form cinnamyl alcohol (119). According Kumar et
al [63] to a stirred solution of sodium nitrite in water was added dropwise cinnamyl alcohol in acetic acid and stirred at
room temperature for 4 h to provide the compound 3-(hydroxymethyl)-4-phenyl-1,2,5-oxadiazole 2-oxide 120. To a stirred
solution of (120) and pyridine in anhydrous dichloromethane was added thionyl chloride in an ice bath. The reaction
mixture was stirred at room temperature for 3h followed by simple processing resulted in the formation of compound 3-
(chloromethyl)-4-phenyl-1,2,5-oxadiazole 2-oxide (121) already reported by Wang et al [64/. To a solution of the crude oil
(121) and quinoxaline-2-ol (122) in acetone was added anhydrous K,CO3; and maintain reflux condition for 5 h, followed
by simple processing resulted in the formation to 4—phen¥l—3—(quinoxalin—Z—onxy)—l,2,5—0xadiazo|e 2-oxide 123 (Scheme
23). Compounds 123 were fully characterized by infrared, "H and 3C NMR spectroscopy, and LC-MS m/z.
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Scheme 23. Synthesis of 4-Phenyl-3-((Quinoxalin-2-yloxy) methyl)-1,2,5-Oxadiazole 2-Oxide 123.

3. APPLICATIONS OF THE 1,2,5-OXADIAZOLE AND 1,2,5- OXADIAZOLE 2-OXIDE DERIVATIVES

Derivatives of 1,2,5-0zadiazole and 1,2,5-oxadiazole 2-oxide have a wide spectrum of applications. First they are used as
starting materials in organic synthesis and medicinal chemistry. Particular attention has been focused on 1,2,5-oxadiazole
2-oxide as sources of NO in biological studies, biological markers, fluorescent and energetic materials (in materials
chemistry). On the other hand, the applications of 1,2,5-oxadiazole N-oxide and benzo [c [1,2,5]-0xadiazole N-oxide
derivatives as compounds which have agricultural activities are known.

3.1. Medicinal chemistry

1,2,5-Oxadiazole N-oxide derivatives are often tested as potential pharmaceuticals. For example, 1,2,5-oxadiazole and
1,2,5-Oxadiazole N-oxide derivatives have been tested as antitumor agents in vivo (compound 124) [65], as potential
anticancer agents (compound 125) [66], as antitrypanosomal compounds (compound 126) [67], and as antimalarial
compound on the chloroquine sensitive D10 and the chloroquine-resistent W2 strains of Plasmodium falciparum
(compound 4) [68] (Figure 7).
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Fig. 7. 1,2,5-Oxadiazole N-Oxide derivatives as potential pharmaceuticals.

According to Di Paolo et al [69] the 7-nitrobenzo[c][1,2,5]oxadiazole (NBD) derivative NBDHEX (compound 128a) and its
analogue MC3181 (compound 128b) have been found to be potent inhibitors of tumor cell growth in vitro and
therapeutically active and safe in mice bearing human melanoma xenografts (Figure 8). To enhance the aqueous
solubility of these compounds, we synthesized the hemisuccinate of 128a (compound 129a) and the phosphate
monoesters of 128a and 128b (compound 130a and 130b, respectively). These novel NBD derivatives displayed a
solubility in the conventional phosphate-buffered saline up to 150-fold higher than that of 128a, and up to 4-fold higher
than that of 128b.

0
S/\/X\/\Ok/\T(OH
A W _N (@]
X _ O 120a

S N"0H N

_N NO,

~ /O

N

NO2 428a-b s/\/ ~ o P\OH

OH
X =a: -CHyCH,-
b:-OCH,CH,0-
130a-b

Fig. 8. Potent inhibitors of tumor cell growth in vitro and therapeutlcally actlve.

Kenwood et al [70] reported that BAM15 (Figure 9) compound as a new class of mitochondria selective uncouple
prompted a medicinal chemistry campaign to garner a better understanding of the compound’s structural properties and
determine in vivo efficacy for this class of molecule in the STAM mouse model of NASH. However, Childress et al [71].
proposed a study to make modification to structural changes on the 5- and 6-positions of the oxadiazolopyrazine core of
BAM15. The investigations revealed that the aniline rings with electron withdrawing groups are preferred. Compared to
symmetrical derivatives, unsymmetrical aniline analogs were significantly more potent, with 131a-b bearing a 2-fluoro-
and 3-fluoroaniline being the best. In particular, according to the authors compound 13la-b is efficacious in a
streptozotocin (STZ) induced mouse model of NASH demonstrating improvements in hepatocyte liver triglyceride content,

inflammation, and fibrosis.
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Fig. 9. Potential 1,2,4-oxadiazoles decoupling mitochondrial functions.

Recently Steeneck et al [72] reported the pharmacokinetics of compound 132 were investigated in more detail with a
special emphasis on human glucuronidation (Figure 10). For this the PK in a humanized mouse liver model was studied
using PXB mice (PhoenixBio). According Katoh et al [73] these are chimeric mice with a humanized liver that is highly
repopulated by human hepatocytes so that the major human drug-metabolizing enzymes and transporters are present in
the liver. The use of these mice as animal models for predicting human drug metabolism and pharmacokinetics has been
reported [74]. The authors used this model for compound 24 benchmarked against epacadostat (133). In a single dose PK
(10 mg/kg, po), compound 24 displayed a more than 3-fold higher Cmax and more than 2-fold higher AUC compared to
epacadostat (133). The ratio of AUC glucuronide/AUC parent is reduced from 3.6:1 for epacadostat (133) to 0.4:1 for 24.
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Fig. 10. Examples of IDO1 Inhibitors in clinical development: epacadostat (132) and linrodostat (133).

According Song et al [75] although epacadostat shows strong inhibitory activity against IDO1 and is further studied in
clinic trails., its pharmacokinetic character is not satisfactory. To that point, the authors a cycle in the side chain of
epacadostat was introduced aiming to increase the steric hindrance and improve the lipid solubility of the compound.
Compounds 134, 135, and 136 (Figure 11) exhibited good potency against hiIDO1 and IDO1-expressing HEK 293T cells,
which were further investigated for their PK profiles. Compound 135 showed improved PK properties with longer half-life
and better oral bioavailability compared with epacadostat. Finally, oral administration of compound 135 showed similar
therapeutic efficacy with epacadostat in the CT-26 syngeneic xenograft model, which demonstrated that it was suitable for
further development as a lead compound.
NH2

mfﬁ“

\//
SN “Q eshanch
N\N

N = N 136
Fig. 11. 1,2,5-oxadiazoles com |nh|b|tory activity against Indoleamine-2,3- dloxygenase 1 (IDO1).

A series of nonsteroidal anti-inflammatory drugs (NSAIDs) obtained by linking ibuprofen to selected 1,2,5-oxadiazole N-
oxide moieties and to related 1,2,5-oxadiazole were tested for their anti-inflammatory, antiaggregatory, and ulcerogenic
properties (Figure 12). However, benzenesulfonyl derivatives 137a and 137b elicited their action at the lower dose tested,
and their effect was evident at 4 and 6 h. Biological evaluation of a series of 1,2,5-oxadiazole N-oxides has been
described by Wan et al [76] and 4-bromo-3-((phenylsulfonyl)-1,2,5-oxadiazole 2-oxide)-oxy-propoxy-estradiol 138
exhibited the best activity with 1Csy values of 3.58-0.0008 uM. Preliminary pharmacological studies showed that 138
induced apoptosis and hardly affected the cell cycle of MDA-MB-231 cell line. 1,2,5-oxadiazole N-oxide 139a-b exhibit
potent anti-HIV-1 activity.
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Fig. 12. 1,2,5-oxadiazoles with potential anti-inflammatory activity.

In 2019, Rasul [77] performed the introduction of oxadiazole moiety to ring A of the pentacyclic triterpenoid (triterpenoid
betunilic acid) that enhanced the activity of the compound 140 obtained from natural sources (Figure 13). The compound
presented antibacterial and fungicidal activity at different concentrations with respect to the parent compound. The
structure of the compound was established based on spectroscopic (UV, IR, NMR) analysis.

Fig. 13. 1,2,5-oxadiazoles with potential antibacterial and fungicidal activity.

Cena et al [78] reported the potential antioxidant activity of furoxan derivatives. According to the authors, CHF 2363 in fact
displays both a potent vasodilation activity and a 2-3 fold higher antioxidant action than p-cresol (Figure 14). This may be
due to the product’s ability to directly scavenge radicals and/or to small amounts of NO released by the product under the
experimental conditions used for the evaluation of the antioxidant activity. It is known that low concentrations of NO
display antioxidant actions.
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Fig. 14. 1,2,5-oxadiazoles with potent vasodilation activity and antioxidant action.
3.2. Material chemistry

The application of compounds with 1,2,5-oxadiazole rings in materials chemistry is well known. Recently, Frizon et al [79]
report the synthesis and characterization of fluorophores containing a 2,1,3-benzoxadiazole unit associated with a p-
conjugated system (D-p-A-p-D) (Figure 15). The authors report the synthesis and characterization of BOX derivatives
containing electron-donor groups (alkylated tetrazole rings) connected to the 2,1,3- BOX group as an electron-acceptor
unit. These new fluorophores in solution exhibited an absorption maximum at around ~419 nm (visible region), as
expected for electronic transitions of the p-p* type (+ ~2.7 x 107 L mol-1 cm-1), and strong solvent-dependent
fluorescence emission (PFL ~0.5) located in the bluish-green region. The Stokes’ shift of these compounds is ca. 3,779
cm-1, which was attributed to an intramolecular charge transfer (ICT) state. In CHCI; solution, the compounds exhibited
longer and shorter lifetimes, which was attributed to the emission of monomeric and aggregated molecules, respectively.



All the final compounds 142a-d synthesized were characterized by proton and carbon-13 NMR, IR spectroscopy, and
mass spectrometry.
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Fig. 15. 1,2,5-oxadiaziles with luminescence properties in their ground and excited electronic states.

The thienyl-substituted oxadiazolopyridine, 4,7-bis(2-thienyl)-1,2,5-oxadiazolo[3,4-c]pyridine (DTOP) (Figure 16) [80], is a
newly designed material with a basic skeleton suitable for a red-emitting dye. The molecule possesses a widely
conjugated Tr-electron system and therefore the excited singlet state emitting the fluorescence is expected to be shifted to
a lower energy level. The red fluorescence of DTOP is recognized in the solid state and is expected to be a lead structure
for molecules of great potential as red-emitting materials. The spectroscopic parameters of compound 143 were
determined which was designed as a red-emitting dye for the electroluminescence (EL) device.

143
Fig. 16. 1,2,5-oxadiazole utilized as a red-emitting dye for the electroluminescence (EL) device.

Sarlauskas and collaborator [81] prepared benzofuroxan (benzo[1,2-c]1,2,5-oxadiazole N-oxide) derivatives as potential
energetic materials. Furthermore, the synthesis of some other benzofuroxan derivatives, potentially interesting as high
energy, density materials (HEDMSs), has been carried out. The densities of the compounds obtained were calculated using
ACD Labs software (version 4.0). Based on the results obtained, it could be concluded that 5,6-DNBF is one of the
densest nitro derivatives of the benzofuroxan series, comparable to CL-14, CL-17, CL-18, and thus could have potential
applications as an HEDM.

3.3. Agricultural chemistry

According to Wilson co-workers, plant pathogenic fungi remain a serious and global problem for food security and human
health. For example, fungus infection can cause severe crop yield reduction and results in dramatic economic losses in
agriculture [82].

On the other hand, the derivatives of benzo[1,2-c]1,2,5-oxadiazole N-oxide (benzofuroxans, BFXs) comprise an important
class of pharmacologically active heterocyclic compounds, which possess, antifungal and insecticidal activities.

The applications of 1,2,5-oxadiazole N-oxide and benzo[c [1,2,5] oxadiazole N-oxide derivatives as compounds which
have herbicidal activity are known. According to Cerecetto et al [83] a number of novel 1,2,5-oxadiazole N-oxide,
benzo[1,2-c]1,2,5-oxadiazole N-oxide, and quinoxaline N,N-dioxide derivatives were synthesized and evaluated for their
herbicidal activity. Many of these compounds exhibited moderate to good herbicidal pre-emergence activity against
Triticum aestivum. The most active compound, butylcarbamoylbenzo[1,2-c]1,2,5-oxadiazole N-oxide, 144, displayed
herbicidal activity at concentrations as low as 24 g/ha.
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Fig. 18. 1,2,5-oxadiazoles N-oxides with potential herbicidal activity.

Fernandez et al [84] reported the relationship between the herbicidal activity of a number of novel 1,2,5-oxadiazole N-
oxides and some physicochemical properties potentially related with this bioactivity, such as polarity, molecular volume,
proton acceptor ability, lipophilicity, and reduction potential. According to the authors, the relationship between the
phytotoxic activity of a number of novel 1,2,5-oxadiazole N-oxide with a variegated set of substituent (Figure 19) and



some physicochemical properties potentially related with such activity, such as lipophilicity descriptors, dipolar moment,
molecular volume, hydrogen bond acceptor ability and reduction potential.
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Fig. 19. 1,2,4-oxadiazoles N-oxide where herbicidal activity was related to some physicochemical properties.

Wang et al [85] reported forty-four benzofuroxan derivatives were designed and prepared as antifungal agents. Their
structures were characterized by H NMR, Bc NMR, and HRMS. Their antifungal activities were tested in vitro with four
important phytopathogenic fungi, namely, Rhizoctonia solani , Sclerotinia sclerotiorum , Fusarium graminearum and
Phytophthora capsici , using the mycelium growth inhibition method. According the authors their fungicidal activities were
evaluated against four important plant pathogen strains including Rhizoctonia solani, Sclerotinia sclerotiorum, Fusarium
graminearum, and Phytophthora capsici in vitro, and the in vivo efficacies of 149a and 149b (Figure 20) against S.
sclerotiorum infected cole leave were evaluated. Compound 149b displayed the maximum antifungal activity against F.
graminearum (ICso = 1.1 pg/mL, which is about 2-fold higher than that of the well-known positive control carbendazim
(IC50 = 0.5 pg/mL). 149a exhibited high antifungal effect against both S. sclerotiorum and F. graminearum Sehw., with
ICs values of 2.52 and 3.42 pg/mL, respectively.
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Fig. 20. 1,2,4-oxadiazoles N-oxide with potential fungicidal activity.

In 2008, Yusupova et al [86] reported was also that benzofuroxan derivatives had fungicidal activity even though
benzofuroxan derivatives as antifungal agents have not been systematically investigated. Finally, other relevant
applications of 1,2,5-oxadiaz6s are described in the literature [87-98]

4. CONCLUSION

The field of the 1,2,5-oxadiazole and 1,2,5-oxadiazole N-oxide compounds has achieved a long transfer from the incipient
studies regarding their synthesis to complex investigations regarding structural particularities and the consequences over
the chemical reactivity and usefulness for a wide range of applications. Nowadays, we are dealing with numerous
synthetic methods that have their advantages and drawbacks and are suitable for specific applications. Starting from the



early reported harsh dehydrative cyclization of the N,N'-diacylhydrazines and cycloaddition of tetrazoles to acid chlorides,
we are now able to efficiently construct the heterocyclic core, by use of mild reagents, through oxidative cyclization of the
convenient N-acylhydrazones or cross-coupling reactions of the already closed heterocycle with various electrophilic or
nucleophilic reagents, under transition metal catalysis. Thus, a wide range of structures may be available for applications
in different areas.

The biological activity of the 1,2,5-oxadiazole and 1,2,5-oxadiazole N-oxide has always been a subject of interest,
evidenced by the commercially available antiviral drug on the market and a potent anticancer drug in the final phases of
the clinical trials. Among the greatest achievements in the area of materials chemistry, one can note use of the
compounds as electron transporting molecules for construction of fluorescent, phosphorescent or thermally-activated
delayed fluorescence OLEDs. The field is under a continuous development and we expect to further open new ways in
the chemistry of the oxadiazoles. Apart from these two great areas of research, the properties of the oxadiazoles were
tuned to allow preparation of sensors for various cations and anions, useful both for chemical and biochemical systems,
liquid crystals and coordination polymers, as well as the newly approached fields of solar cells and highly energetic
materials.

We are, therefore, entitled to believe that the chemistry of the 1,2,5-oxadiazoles will continue to bring great achievements
in various fields at the boundaries with biology and physics and to be encouraged that deeper and unlimited investigations
will make this chemistry a pleasant and unforeseeable journey.
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