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The synthesis, the chemical and photochemical reactivity, and the use of 1,2,4-oxadiazoles in materials
and as bioactive compounds have been reviewed. The material in this survey includes some historical
background, general features, state-of-the-art applications together with a critical discussion about

current limitations and suggestions for future developments.

Introduction

The first synthesis of 1,2,4-oxadiazoles, initially named
furo[ab,]diazoles, was achieved 125 years ago by Tiemann and
Kriiger.! Since then, and until the early 1960’s, only a few articles
were occasionally published on this five-membered heterocyle. In
the next decade, 1,2,4-oxadiazoles, mostly because of their peculiar
tendency to undergo molecular rearrangements, gained a lot of
interest in the chemistry community. In recent years the increased
rate of publication on 1,2,4-oxadiazoles points to a revitalized
interest fuelled by the use of this heterocycle in medicinal chemistry
and in new materials. 1,2,4-Oxadiazole’s rich chemistry has been
reviewed several times,? the latest of which covered 1997-2006
literature, with only two 2007 articles cited.? For these reasons,
without any intention to write an exhaustive review, we decided
to present an organized discussion of current strategies about
the synthesis and reactivity of 1,2,4-oxadiazoles and their use in
materials or as bioactive compounds with a touch of historical
background, an overview of the state-of-the-art research and some
insights for future developments.
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1 On the occasion of his 70" birthday, this article is dedicated to Professor
Nicolo Vivona, who devoted his scientific life to 1,2,4-oxadiazoles and
instilled in the authors the passion for this heterocycle.

Synthesis of 1,2,4-oxadiazoles

“Give me a nitrile and I will build you a 1,2,4-oxadiazole!” This
sentence humorously summarizes the two most common routes
among the known synthetic strategies to obtain 1,2,4-oxadiazoles?
(Scheme 1): (i) the 1,3-dipolar cycloaddition of nitriles 1 to nitrile
oxides 2; (ii) the cyclization of amidoxime derivatives 5. The
latter compound, in fact, can be easily prepared by reaction of
nitriles 1 with hydroxylamine followed by reaction with activated
carboxylic acids or a wide variety of their derivatives including
amidoxime itself. One of the main advantages of these strategies is
their complementarity. In fact, depending on the approach used,
the nitrile precursor substituent (R' in the scheme) can end up
being linked at either C(5), as in 3, or C(3), as in 6, of the final
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Scheme 1 Common synthetic strategies towards 1,2,4-oxadiazoles.

Andrea Pace was appointed As-
sistant  Professor of Organic
Chemistry at the University of
Palermo in 1997. He joined the
research group of Prof. Vivona
working on heterocyclic chem-
istry. Tenured in 2000, between
2001 and 2003 he joined the
group of Prof. Clennan at the
University of Wyoming. His cur-
rent interests regard heterocy-
cles, photochemistry, fluorinated
molecules, and intrazeolite reac-
tions.

Andrea Pace

Paola Pierro graduated in Chem-
istry and Pharmaceuticals Tech-
nologies in 1998 and received her
PhD in Technologies of Bioac-
tive Compounds in 2005 from
the University of Palermo. In
Palermo, she worked as a post-
doc investigating polymerization
in supercritical CO,, synthesis
of hydrogels and synthesis of
heterocyclic compounds in con-
strained media. She is mother of
Mattia born during the prepara-
tion of this review.

Paola Pierro

This journal is © The Royal Society of Chemistry 2009

Org. Biomol. Chem., 2009, 7, 4337-4348 | 4337



1,2,4-oxadiazole. On the other hand, the main limitation is that
the choice between these two or other alternative methods is
often a matter of the precursors’ availability, which sometimes
could be compromised by the need for a particular functional
group on the final heterocycle. In this chapter, the synthesis
of either 3,5-diaryl- or 3,5-dialkylsubstituted 1,2,4-oxadiazoles
will not be discussed since it is generally straightforward due
to the commercial availability of a wide variety of alkanoates,
substituted benzoate esters, alkanoyl or aroyl chlorides, as well as
the corresponding nitriles.

Keto-1,2,4-oxadiazoles

Aside from being biologically active themselves,® a-keto-1,2,4-
oxadiazoles also present an important linking site, for instance,
for terminal amino groups of biologically important molecules.
By using orthogonal protecting groups, a library of 3-keto-
1,2,4-oxadiazole antiasthmatics has been obtained through the
amidoxime route. The carbonyl functionality was formed in the
last steps by liberating a TBS-protected secondary alcohol and
oxidation with Dess—Martin periodinane.*® An interesting alter-
native involves the one-pot synthesis of 3-acyl-1,2,4-oxadiazole
10 by reaction of a methyl ketone with a nitrile in the presence
of iron(I1I) nitrate. Similar to the Mukaiyama-Hoshino method,
the proposed mechanism involves an initial o-nitration of the
ketone 7 followed by loss of water to form the nitrile oxide 9
in situ which will cyclize with the nitrile (Scheme 2).* A recent
example involving 5-keto-1,2,4-oxadiazoles as anti-inflammatory
agents has been reported.®®

Scheme 2 One-pot synthesis of 3-keto-1,2,4-oxadiazoles.

Ethoxycarbonyl- and carbamoyl-1,2,4-oxadiazoles

These compounds are very useful precursors for further mod-
ification of the side chains. 3-Ethoxycarbonyl derivatives 12
can be synthesized from either amidoxime 11, by reaction with
anhydrides,’ or N-acylamidoxime 13 (Scheme 3).® 3-Carbamoyl
derivatives 16 can be obtained from nitroisoxazolone 14 by
generating the amidoxime 15 which then reacts with anhydrides.”
5-Ethoxycarbonyl derivatives 19, instead, can be synthesized by
reacting the desired amidoxime with ethyl oxalyl chloride.® The
aminolysis of the resulting oxadiazole produces 5-carbamoyl
derivatives 20.

Amino-1,2,4-oxadiazoles

A variety of methods,¥*® not all for general application, have
been reported for the synthesis of amino-1,2,4-oxadiazoles.
Among these, cyclization of amidoxime with carbodiimdes*
(Scheme 4) and aromatic nucleophilic substitution (SN ,) of
5-trichloromethyl-1,2,4-oxadiazoles®* appear to be the most con-
venient routes to 5-amino-1,2,4-oxadiazoles 24. In turn, 3-amino-
1,2,4-oxadiazoles 28 can be achieved by photochemical reaction
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Scheme 3 Syntheses of ethoxycarbonyl- and carbamoyl-1,2,4-
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Scheme 4 Examples of amino-1,2,4-oxadiazoles syntheses.

of 3-acylamino-1,2,5-oxadiazoles 25% in the presence of amines.
3,5-Diamino derivatives 30 and 31 can be synthesized by the
reaction of 3-cyanoisothioureas 29 (X = S) with hydroxylamine.®
Similarly, a recent microwave assisted reaction between N-cyano-
O-phenylisoureas 29 (X = O) and hydroxylamine produced
3-arylalkoxyamino-5-amino-1,2,4-oxadiazoles in good yields.”

Fluorinated 1,2,4-oxadiazoles

Fluorinated azoles are important heterocycles with application in
both the pharmaceutical industry and new materials science. The
synthesis of fluorinated 1,2,4-oxadiazoles was reviewed in 2005
and, more recently, various 3-substituted S-pentafluorophenyl-
1,2,4-oxadiazoles 32 (Fig. 1) have been used as fluorinated
oxadiazole arylating reagents (FOXARs)" for the attachment
of fluorinated moieties to nucleophilic pendants of polymers'?
and macromolecules.” Fluorinated 1,2,4-oxadiazoles 33 (Fig. 1)
have been employed, in the presence of sodium dithionite, as
reagents to introduce the difluoromethylene moiety into organic
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Fig.1 Examples of fluorinated 1,2,4-oxadiazoles reagents.

4338 | Org. Biomol. Chem., 2009, 7, 4337-4348

This journal is © The Royal Society of Chemistry 2009



compounds.** To date, there is still no literature on the synthesis
of 1,2,4-oxadiazoles bearing a fluorine atom directly linked to the
heterocyclic ring.

Chirally substituted 1,2,4-oxadiazoles

Chirality in 1,2,4-oxadiazole based molecules is important to
confer new properties to light interacting materials™® and increase
selectivity as bioactive molecules.>'® In this context, while the
introduction of elicity into 1,2,4-oxadiazole systems remains
relatively unexplored, the direct linkage of a chiral center into
1,2,4-oxadiazoles can be easily achieved using a N-protected
activated amino acid as a source for the C(5) such as in the
case of compound 34 bearing two chiral orthogonally protected
amino moieties (Fig. 2)."”
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Fig.2 An example of orthogonally protected chiral 1,2,4-oxadiazoles.

Sugar-linked 1,2,4-oxadiazoles

In addition to introducing chirality, the linking of carbohydrate
moieties to bioactive 1,2,4-oxadiazoles is important for improving
their pharmacological properties such as increasing their water
solubility. Easily accessible sugar cyanohydrins 37 can be used
as 1,2,4-oxadiazole synthons in the amidoxime route, producing
3-glycosyl-1,2,4-oxadiazoles 36,'® or in the cycloaddition with
nitrile oxides, yielding 5-glycosyl derivatives 38 (Scheme 5)."
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Scheme 5 Synthesis of directly-linked glycosyl-1,2,4-oxadiazoles.

Recently, the synthesis of 1,2,4-oxadiazole linked to a carbohy-
drate through a 1,2,3-triazole spacer has been achieved from either
azidoglycosides or azidophenyl-1,2,4-oxadiazoles.**?!

Heterocycle-linked 1,2,4-oxadiazoles

These represent a rather general class of compounds where the
coupled heterocyclic systems may play either a complementary
or a cooperative function. For instance, a given heterocycle can
be introduced into a 1,2,4-oxadiazole compound to enhance or
tune some of its physico-chemical properties or biological activity.
Alternatively the 1,2,4-oxadiazole ring can be introduced into a
heterocyclic system because of its stereoelectronic properties or
as a photochemically active site. For example, 3-[(1,2,4-oxadiazol-
3-yl)-methyl]-3,4-dihydropyrimidine-2(1 H)-ones, where the 1,2,4-
oxadiazole moiety has been introduced as a bioisostere of esters

and amides, have been synthesized by ionic liquid-phase organic
synthesis (IoLiPOS).%

Recent syntheses of bis(1,2,4-oxadiazole) involve various
spaced bis[(1,2,4-oxadiazol)-benzaldehyde] building blocks 39%
(Fig. 3) and N,N’-protected bis(5-aminoalkyl-1,2,4-oxadiazol-3-
yl)methane.* As for directly-linked systems, tris(heterocycle) 40
has been recently reported in an unprecedented combination of
1,2,3-triazole, 1,2,4- and 1,2,5-oxadiazole rings (Fig 3).>* This,
and similar poly(hererocycles) (see below), could be used as novel
metal ligands in the development of metal organic frameworks

(MOFs).
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ElOOC/S/ / O
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Fig. 3 1,2,4-Oxadiazole bis- and tris- heterocyclic systems.

Metal complexes of 1,2,4-oxadiazoles

Coordination compounds of 1,2,4-oxadiazoles have been oc-
casionally reported.?*3° Complexes with the oxadiazole act-
ing as a monodentate ligand have been obtained with Cu(Il),
Co(II), Zn(IT), Pt(IT) and Pd(IT).?¢ Other palladium and platinum
complexes containing the 1,2,4-oxadiazole directly involved as
a ligand have been synthesized by 1,3-dipolar cycloaddition of
nitrile oxide on the activated nitrile metal complexes.”” As for
chelated systems, iron and copper complexes of 1,2,4-oxadiazol-
3-yl-bipyridine showed similar structural features of terpyridyl
complexes.?® Surprisingly, 3,3’-bis[1,2,4-oxadiazole] 41 (Fig. 4),
synthesized by Moussebois and Eloy in 1964*! has only recently
been considered as a ligand for palladium and silver complexes.?

Fod o

_—

43

Fig.4 Examples of 1,2,4-oxadiazole metal ligands.

Interestingly, room temperature fluorescence was observed for
the Cu(IT) complex of 5-(2’-oxyphenyl)-3-phenyl-1,2,4-oxadiazole
42.3° Most recently, copper, nickel and zinc complexes of
3,5-bis(2’-pyridyl)-1,2,4-oxadiazoles 43 have been synthesized,
and their DNA-binding interactions evaluated,* opening the way
for further studies on their anti-tumor activity.

New methodologies for the synthesis of 1,2,4-oxadiazoles

With the increasing number of applications of the 1,2,4-
oxadiazole, greener, faster and higher yielding synthetic method-
ologies are being developed which also aim at obtaining various
substituted derivatives in a library fashion. Following the first syn-
thesis of 1,2,4-oxadiazoles under microwave irradiation,* modern
methodologies have been used alone, or in combination with

This journal is © The Royal Society of Chemistry 2009
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other techniques, to improve the synthesis of this heterocycle.?
In 1,2,4-oxadiazole synthesis, microwaves have generally been
used to facilitate the cyclocondensation of amidoxime and esters
under solvent-free conditions.’* In this respect, it is worth
noting that the use of terms such as “microwave-induced” or
“microwave-accelerated”, especially when using non-controllable
conditions (domestic microwave, non-homogeneous stirring, non-
monitorable temperatures, efc.), have been strongly debated and
the reaction acceleration due to either anisotropical heating or to
the so-called “microwave effect” has been recently rationalized.*
Nevertheless, if no speculative mechanistic hypothesis is proposed,
this approach remains a very attractive alternative for quick /ab-
bench preparations of 1,2,4-oxadiazoles even in the absence of
precise temperature measurements or homogeneous stirring.**
The recent achievement of a multi-step synthesis of aryl-
and alkyl-substituted 1,2,4-oxadiazoles in a single continuous
microreactor sequence has been an important advance in this field.
The sequence used three microreactors, two of which involved
solvent superheating, which allowed the synthesis of one derivative
in about 30 min.*” This very promising strategy requires further
development both in terms of obtained yield of pure product and
applicability toward the synthesis of other 1,2,4-oxadiazoles.

Chemical reactivity of 1,2,4-oxadiazoles

In the class of five-membered heterocyclic systems, 1,2,4-
oxadiazole is among the least aromatic with an index of aromatic-
ity Is = 39 or I, = 48.3® Therefore, the 1,2,4-oxadiazole has a
high tendency to rearrange into other, more stable, heterocycles.
Its thermal or photochemical reactivity is also a consequence
of: (i) the labile O-N bond;* (ii) the electrophilic character of
C(3) and C(5),”* the latter enhanced by the presence of electron-
withdrawing substituents; (iii) the nucleophilic*' or weakly basic*
character of the pyridine-like N(4) nitrogen; (iv) the ambiphilic*
character of N(2); (v) the ability of the ring oxygen to act as a
good internal leaving-group;* (vi) the presence of a side-chain
which might be involved in intramolecular rearrangements. These
features make the 1,2,4-oxadiazole ring itself a multi-functional
heterocycle (Fig. 5) whose reactivity strongly depends on the type
of substituents, reagents and reaction media used.

Nucleophilic
X
(4)f‘f C( ) (4)'!“_0\(3)
(5)C N ()CL_N@)
k- T ~o hv
3. Ambiphile | Photocleavable
Bond

Electrophilic

Fig.5 Chemical and photochemical features of 1,2,4-oxadiazole.

Thermal reactions

Aside from reduction occurring at either the N-O or the
C-O bond* and pyrolytic fragmentation,* reactions of 1,2,4-
oxadiazoles can be classified as follows.

Reactions at the electrophilic N(2). Despite the weakness of
the O-N bond and the electron-withdrawing character of O(1)
coupled with its good leaving-group ability, no reaction is known

where the N(2) nitrogen of the 1,2,4-oxadiazole is attacked by an
external nucleophile. The latter, in fact, would usually prefer to
react with the C(5) or the C(3) electrophilic sites. Nevertheless,
in the presence of a nucleophilic center in the C(3)-linked side-
chain, the 1,2,4-oxadiazole can undergo several intramolecular
ring rearrangements involving a nucleophilic attack on N(2) and
the cleavage of the O(1)-N(2) bond. A classical rearrangement is
represented by the so called Boulton—Katritzky (BK) reaction*
whose general pattern for 1,2,4-oxadiazoles 44 is illustrated in
Scheme 6.

H
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R O/N z, 0 N\Z/Y

44 45

Scheme 6 General BK rearrangement of 1,2,4-oxadiazoles.

Besides the ring-degenerate rearrangement involving an
X-Y-Z = N-C-O side-chain and transforming a 1,2,4-oxadiazole
into another 1,2,4-oxadiazole,*® several other BK reactions of
1,2,4-oxadiazoles bearing a C-N-O, C-C-0O, N-C-S, N-C-C,
C-C-N, C-N-N, N-C-N and N-N-N C(3)-linked side-chains
have been reported.* A recent example involves the reaction of
3-amino-5-phenyl-1,2,4-oxadiazoles with fluorinated B-diketones
in the presence of Montmorillonite-K10. Here, the formation of
final imidazoles is the result of an acid-catalyzed BK reaction
involving a N-C-C side-chain.®® Interestingly, 1,2,4-oxadiazoles
produced by BK rearragement of some arylazofuroxans, are
proposed as key intermediates in cascade BK-BK rearrangements
leading to a series of 1,2,3-triazoles.® This ancillary feature of
1,2,4-oxadiazoles has been confirmed by both theoretical and
experimental data in two other base- and thermally-induced cas-
cade rearrangements involving a BK and a migration—nucleophilic
attack—cyclization (MNAC) reaction sequence (Scheme 7).
The first one involves the transformation of the anion of
3-benzoylamino-1,2,4-oxadiazoles 46 (X = N) into that of
2-benzoylamino-1,3,4-oxadiazoles 48 (X = N) (Scheme 7).5%
The second one involves the isoxazole-to-oxazole rearragement
between 46 (X = CH) and 48 (X = CH) involving the formation
of the less stable, but isolable, 1,2,4-oxadiazole 47 (X = CH).5?

/4_( 7f Me\( 77)\ MNAC/< )\N)X\

Ph  Me
X=N,CH ©]
46 47

Me

Scheme 7 Cascade BK-MNAC rearrangements of 1-oxa-2-azoles.

From a mechanistic point of view, the most studied BK reaction
is the transformation of the arylhydrazones of 3-aroyl-1,2,4-
oxadiazoles. This rearrangement has been thoroughly investigated
by Spinelli and coworkers as a function of the reaction environ-
ment and substituent effects. Recent studies involve the reactivity
in cyclodextrins,® in ionic liquids®* and in the gas phase.”® The
plethora of data collected about this rearrangement allowed its
applicative use as a probe reaction to gather information about
new reaction media.**

Reactions at the nucleophilic N(2). Because of the inductive
effect of the O(1), the lone pair electrons of N(2) are not easily

4340 | Org. Biomol. Chem., 2009, 7, 4337-4348
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available to undergo an electrophilic attack. Nevertheless, one
cannot exclude that, in the presence of favorable stereoelectronic
conditions and strong electrophiles, the N(2) might be involved
as a base,”? a ligand, for example in chelated systems,® or a
nucleophilic center.* In the only example of the latter case, N(2)
competes with N(4) for the intramolecular reaction with the
electrophilic site on the C(3)-linked side-chain. In fact, differently
from the 5-phenyl derivative,* the reaction of 3-amino-5-methyl-
1,2,4-oxadiazole with a series of fluorinated B-diketones in the
presence of HCIO,, yields 2-amino-pyrimidine-N-oxides 50 and
2-hydroxyamino-pyrimidine 54 through two isomeric bicyclic
cationic intermediates 49 and 53, respectively (Scheme 8).*

N CF; CF3
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electrophilic attack at N(2) ! \N: Y/ HzN—<\
Me o ® .
CF o} CF
49 T 3 CF3 50 3
NH, HN\(/\\<O
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Me O/N HCIO; = N
o | cFs
51 52
FsC CF,
FsC 4(/_\<N W 3
electrophilic attack at N(4) ®'}l N ﬁ/ N
N
(6] NHOH
53 54

Scheme 8 Reactions involving N(2) and N(4) as nucleophilic sites.

Reactions at the electrophilic C(3). If compared to C(5),
the C(3) is a much weaker electrophilic center. Therefore SN ,,
reactions in this position may occur only in the presence of
good leaving-groups such as chlorine.* Nevertheless, the C(3)
can be considered as an in fieri electrophilic center especially in
reactions with bidentate nucleophiles involving ring-opening and
subsequent cyclization.*

Reactions at the nucleophilic N(4). Even though the 1,2.4-
oxadazole is highly resistant to electrophilic attack,? the N(4) re-
mains the preferred site for the reaction with external electrophilic
reagents. Therefore, protonation,* and metal complexation®® of
1,2,4-oxadiazoles usually involve the N(4) position. This site can
also be involved in intramolecular rearrangements as discussed
above (Scheme 8).#

Reactions at the electrophilic C(5). Due to the electron-
withdrawing effect of both O(1) and N(4), the C(5) position is
the most electrophilic site of the 1,2,4-oxadiazole.> Therefore,
in the presence of a variety of leaving-groups, SN, reactions
can easily take place.* Moreover, through its C(5) position, the
1,2,4-oxadiazole can activate vinyl*” and fluoroaryl'®***® groups
towards nucleophilic attack. However, when the C(5) is linked
to a perfluoroalkyl, with scarce leaving-group ability, the C(5)—
O(1) bond will break as a consequence of the nucleophilic
attack. This is the first step of the addition of a nucleophile-ring
opening-ring closure (ANRORC) reaction of 5-perfluoroalkyl-
1,2,4-oxadiazoles 55 (Scheme 9). Depending on the nature of the
3-substituent, the cyclization step of the open-chain intermediate
can involve either the C(3),% leading to 57, or an electrophilic site

HO\N

N)LX
%A%\ o 1k

56 58

N Y/\<

Scheme 9 ANRORC of 1,2,4-oxadiazole with bidentate nucleophiles.

of the original C(3)-linked side-chain, leading to 58. Although
many combinations of bidentate nucleophiles and substituted
oxadiazoles still need to be explored, this reaction has been
applied as an important synthetic strategy towards different
types of perfluoroalkylated heterocycles. Very recent applications®®
of the ANRORC of 1,2,4-oxadiazoles lead to 1,2,4-triazoles
carboxamides,®" 1,2,4-triazin-6-ones,** and to 1,2,4-oxadiazin-6-
ones with interesting water gelation ability.**

Photochemical reactions

If Tiemann and Kriiger' can be considered the parents of the
1,2,4-oxadiazole, Newman® can definitely be appointed as the pi-
oneering father of its photochemistry later developed by Buscemi
and Vivona. A recent rationale of 1,2,4-oxadiazole photoreactivity
in solution is illustrated in Scheme 10.%
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Scheme 10 General photoreactivity of 1,2,4-oxadiazoles.

Besides following the internal cyclization—isomerization (ICI)
route, or undergoing a photoinduced electron transfer (PET)
to produce quinazolinones 71, the 1,2,4-oxadiazole excited state
67* can develop into a photolytic intermediate with either a
zwitterionic 68.,, diradical 68,, or nitrene-like 68, character.

This journal is © The Royal Society of Chemistry 2009
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This species will then develop through a MNAC or a ring
contraction-ring expansion (RCRE) route. Furthermore, in the
presence of a nucleophilic reagent (including a solvent or a
nucleophilic site in the side-chain), it can undergo a nucleophilic
attack eventually followed by cyclization. If an hydrogen donor
is present, the open-chain reduction product 70 is observed.
Finally, the nitrene-/ike photoreactivity of 1,2,4-oxadiazoles has
been very recently exploited in the presence of external or tethered
alkenes.®? Surprisingly, the RCRE, which in solution is restricted
to compounds bearing a tautomerizable group (e. g. 67%; R' = XH)
at C(3), was the main pathway observed in zeolite NaY during the
irradiation of 67 (R' = R? = Ph).6"

Further developments

Due to the growing importance of 1,2,4-oxadiazoles in both
materials and bioactive compounds, the study of their reactivity
remains a crucial step for the assessment of their stability under
the most variable environmental conditions. So far, with few
recent exceptions,’***! the reactivity of 1,2,4-oxadiazoles has
been investigated mostly in solution or in homogeneous phases.
In this context, a deeper study of 1,2,4-oxadiazole chemical and
photochemical behaviour in organized media which may mimic
either biological or nanostructured environments is needed.

1,2,4-Oxadiazoles in materials
Polymers

Polymers containing 1,2,4-oxadiazole repeating units were syn-
thesized in the late 1960’s by either 1,3-dipolar cyclization of
dinitrile oxides with various dinitriles, homopolymerization of
3-cyanobenzonitrile oxide, or cyclodehydration of bisamidoximes
with diacid chlorides.®® The obtained polymers were infusible,%*
soluble only in sulfuric acid®® and thermally degraded below
400 °C.%* The introduction of two methyl groups in the aromatic
spacers of 1,2,4-oxadiazoles improved solubility but compromised
thermal stability.** When the 1,2,4-oxadiazoles were present as
pendant groups, such as in the terpolymer 74 (Fig. 6), solubility
in polar solvents improved, while thermal decomposition was still
observed even at temperatures below 200 °C.%
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Fig. 6 Examples of 1,2,4-oxadiazole polymers.

Potential artificial oxygen carriers, based on new water-soluble
fluorinated polymers, were obtained by using FOXARs" to in-
troduce fluorinated pendants in the o,f-poly(N-2-hydroxyethyl)-
DL-aspartamide (PHEA) and polyethylenglycol-PHEA (PHEA-
PEG) biocompatible polymers. The introduction of the fluorinated
moiety increased the polymer’s oxygen-dissolving ability without

compromising its biocompatibility which was checked by an
in vitro viability assay.’* Polymer bound 1,2,4-oxadiazoles-4-oxides
75 were synthesized as a solid phase supported photochemical
source of nitrosocarbonyls for hetero Diels—Alder reactions.®

Liquid crystals and ionic liquids

The physico-chemical properties of thermotropic liquid crys-
tals (LC) can be strongly affected by the introduction of het-
eroaromatic moieties because of the presence of polarizable
heteroatoms.* Compared to 1,3,4-oxadiazole, a commonly used
heterocycle in optoelectronics, the peculiar exocyclic bond angle
of 140° between the C(3) and the C(5) substituted positions
of 1,2,4-oxadiazole allows a lesser deviation from linearity and
a better molecular organization in the mesophase. Moreover,
due to its asymmetry and the strong lateral O-N dipole, me-
somorphic compounds containing this heterocycle possess a
generally wider temperature range of the mesophase and lower
melting points and decomposition temperatures than those of
liquid crystals containing 1,3,4-oxadiazoles.*” In this context,
hockey-stick liquid crystals consisting of two terminal ten-carbon
alkyl chains and a 1,2,4-oxadiazole core substituted with a
“monodirectional” aromatic-C=C-aromatic moiety have been
obtained through a Sonogashira coupling of 5-(4"-halophenyl)-
3-[4”-(decyloxy)phenyl]-1,2,4-oxadiazoles with the corresponding
arylacetylene.®® Chiral liquid crystals such as 75 (Fig. 7), where
the asymmetric carbon is not directly attached to the 1,2,4-
oxadiazole, were obtained from enantiopure secondary alcohols
linked, through an aromatic ester spacer, to the C(3) of the
1,2,4-oxadiazole.”® H-bond induced liquid crystals such as 76
could be formed between pyridyl-1,2,4-oxadiazole dervatives and
carboxylic acids.®’ In the case of diacids, nicely C-shaped LCs have
been obtained.®” Fluorinated ionic liquid crystals (ILC) 77 were
synthesized by quaternization of pyridyl-1,2,4-oxadiazoles with
CH,L.™ Interestingly, replacing the rigid perfluoroalkyl moiety
with a more disordered alkyl chain resulted in a dramatic change of
the salt’s physico-chemical properties. In the series of ionic liquids
(IL) 78, the 1,2,4-oxadiazole-pyridinium linking position strongly
affects the melting points.”
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Fig. 7 Examples of 1,2,4-oxadiazole LC and IL.

Luminescent materials

While the photoluminescence of 1,3,4-oxadiazoles is well-known,
1,2,4-oxadiazoles rarely, and usually with low quantum yields,
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show fluorescence in the visible region. In this context, an
interesting comparison between the fluorescence of two identi-
cally substituted series of 1,2,4- and 1,3,4-oxadiazoles has been
reported.®”” In some cases the luminescent properties of a system
can be designed to be a function of a measure such as the
concentration of a given species in solution. For example, the
fluorescence of the star-shaped molecule 79 (Fig. 8) is self-
quenched by the tertiary amino moiety of its core and is strongly
dependant on the medium’s acidity.'®

R\<\\ F F

N—©O F 79 F O—N

Fig. 8 pH sensitive luminescent 1,2,4-oxadiazole.

By opportunely choosing the substituents on the side chains, it
is also possible to design push—pull systems (i.e. a conjugated sys-
tem containing both electron-withdrawing and electron-donating
functional groups) with a large Stokes shift. For instance, some
of the hockey-stick shaped 1,2,4-oxadiazoles described above as
liquid crystals showed significant blue emission (400-470 nm) both
in solution and in the solid phase.®™

New challenges

Despite the fact that initial studies about the use of 1,2,4-
oxadiazoles in polymers could have been frustrated by solubility
and thermal stability issues,**% recent work showed how their use
as biocompatible pendants for biomedical application could be an
intriguing aspect to pursue.'? Similarly, the application of 1,2.4-
oxadiazoles in materials for optoelectronics has been somewhat
limited by the photoreactivity of this heterocycle. Nevertheless,
1,2,4-oxadiazole properties, including its non-symmetrical core,
could turn out to be useful for the design of photoswitch-
able/photoactive materials.

1,2,4-Oxadiazoles as bioactive compounds
Anti-asthmatics

Selective o-keto-1,2,4-oxadiazoles 80 (Fig. 9) were synthesized as
inhibitors of human mast cell tryptase, an enzyme associated with
immediate and long-term effects of asthma. The presence of a
3,4-dichlorophenethyl group aided in blocking oxidative processes
and improved pharmacokinetic parameters, such as clearance and
half-life time.?
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Fig. 9 Examples of 1,2,4-oxadiazole anti-asthmatics.
Anti-diabetics

Since glycogen phosphorylase (GP) is responsible for the release of
glucose-1-phosphate from glycogen, its inhibition might be a valid
approach for the treatment of diabetes. In this context, a series
of 3-B-D-glucopyranosyl-1,2,4-oxadiazoles 81 (Fig. 10) possessing
different substituents at the C(5) of the oxadiazole ring were
tested as GP inhibitors. The data showed that the presence of a
heteroatom or a polar group at the C(5)-linked R' is not favourable
in terms of GP inhibition, which increased according to the
sequence R' = phenyl < p-methoxyphenyl < p-tolyl < 2-naphthyl,
the last being the most potent inhibitor." Another approach used
in diabetes treatment is the inhibition of the dipeptidyl peptidase
IV enzyme (DPP-1V). Aiming at synthesizing novel a-amino acid
pyrrolidide analogs as DPP-IV inhibitors, the introduction of the
polar acidic heterocycle 5-oxo-1,2,4-oxadiazole at the 3’ position
of the terminal phenyl group of compound 82 improved both
potency and selectivity.”

H o N—0O

82

Fig. 10 Examples of 1,2,4-oxadiazole anti-diabetics.

Anti-inflammatory agents

In 1972, 5-methyl-3-phenyl-1,2,4-oxadiazole was examined for
anti-inflammatory properties showing similar activity to that
of the phenylbutazone.” Twenty years later other exam-
ples of anti-inflammatory agents based on this heterocy-
cle have been reported,”” including dual cyclooxygenase/
5-lypoxygenase inhibitors,” coumarin™ and 3-phenyl-1,2,4-
oxadiazole-5-carbohydrazide derivatives.”

More recently, the first example of 1,2,4-oxadiazoles having
a fatty acid chain at C(5) 83 (Fig. 11) as isosters of palmitic
acid derivatives were reported to possess pharmacological activity
similar to aspirin and ibuprofen by inhibiting the function of fatty
acid amide hydrolase (FAAH). The increased anti-inflammatory
activity obtained from the introduction of a long hydrocarbon
chain on the 1,2,4-oxadiazole nucleus was explained by consider-
ing the increased hydrophobicity which allows these compounds
to enter the cells more quickly and leave them more slowly than
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Fig. 11 Examples of 1,2,4-oxadiazole anti-inflammatory agents.

derivatives with shorter alkyl chains.” Very recently, the synthesis
and evaluation of new ketoheterocycles, incorporating as a central
heterocycle the 1,2,4-oxadiazoles with an oleyl acyl chain at C(5)
or its regioisomer, proved more active than the corresponding
oxazoles as FAAH inhibitors.*

With a different action mechanism, a new class of interleukin-
8 antagonists incorporating the 3,5-diaryl-1,2,4-oxadiazole ring
system 84 were introduced as potential anti-inflammatory agents
where the basicity of the nitrogen in the side-chain substituent is
crucial for the activity.”

Anti-microbial agents

1,2,4-Oxadiazoles 85 (X = C, CH, N; POM = pivaloyloxymethyl)
(Fig. 12), isosteres of pyridine- and pyrazine-carboxylic acids,
were synthesized and tested for their anti-mycobacterial activity
evidencing potency from 2 to 8 times higher than that of reference
compound pyrazinamide.”™
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Fig. 12 Examples of 1,2,4-oxadiazole antimicrobials.

1,2,4-Oxadiazoles were also used, together with triazoles and
tetrazoles, as heteroaromatic substituents on the pyridine ring
to enhance up to 16 times the activity of some linezolid-like
molecules 86 against six strains of resistant bacteria. This effect
has been attributed to the increased hydrophobic interaction of

the heterocyclic moieties with the binding pocket in the site of
action.”

Throughout the course of development of anti-tuberculosis
drugs, substitution of the benzyl-piperazine ring of the lead
compound with a 5-phenyl-1,2,4-oxadiazol-3-yl moiety lead to
compound 87 with improved activity.®

The synthesis of new w-nitro-1,2,4-oxadiazole-5-carbaldehyde
hydrazones 88 was reported together with their activity against a
series of standard bacterial strains. The most pronounced anti-
microbial activity was observed for compounds characterized
by more conjugated chains (R = C¢Hs) having values of MIC
comparable with that of the reference drug gentamicin.®'

Seven 1,2,4-oxadiazoles 89, carrying a terminal amino-acidic
residue at the C(5) position, showed a novel profile of anti-
microbial activity for this class of heterocyclic compounds. Com-
pounds with leucine, isoleucine or aspartic acid residues were the
most active against different Gram positive and negative bacteria
although their activity was lower than ciprofloxacin. Interestingly,
after intravenous administration, compounds with phenylalanine,
valine, aspartic acid or glutamic acid residues were the most active
in inhibiting the rat paw oedema induced by carragenin.?> The
1,2,4-oxadiazole system has also been used as a hydrolysis-resisting
substituent in some human immunodeficiency virus type 1
(HIV-1) non-nucleoside reverse transcriptase inhibitors (NNRTs).
In particular, the 3-methyl-1,2,4-oxadiazol-5-yl system in com-
pound 90 was the best bioisosteric replacement for the methyl ester
group, maintaining an anti-HIV activity with submicromolar ECs,
values.®® Finally, antikinetoplastids based on 5-thiocyanomethyl-
3-aryl-1,2,4-oxadiazoles 91 have been synthesized and evaluated,
based upon the aryl substituent, as potential drugs for the
treatment of Leishmaniasis and African trypanosomiasis.*

Anti-tumoral agents

Cancer, often referred to as a single condition, actually consists
of more than one hundred different diseases, all characterized by
uncontrolled growth and spread of abnormal cells. In this context,
the identification of drugs acting as apoptosis inducers represents
an attractive approach for the discovery of new anti-cancer agents.

By means of a high-throughput screening (HTS) assay, 1,2,4-
oxadiazole 92 (Fig. 13) was discovered acting as an apop-
tosis agent.** Furthermore, the structure-activity relationship
(SAR) of a series of 3,5-diaryl-1,2,4-oxadiazoles showed that the
4’-position of the C(3)-linked phenyl can tolerate different
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Fig. 13 Examples of 1,2,4-oxadiazole antitumorals.
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non-basic groups and that there are no additive effects via 3,4-
disubstitution. The replacement of the phenyl group by a pyridyl
group, with the aim to improve the solubility profile, leads to
compounds with similar activity. The SAR of the C(5)-linked
aryl substituent showed that the thiophene ring is important
for these compounds to act as apoptosis inducers. Nevertheless,
furan can successfully replace the thiophene moiety with an
additional improvement of the solubility profile.®> Additionally,
the HTS assay showed that these 3,5-diaryl-1,2,4-oxadiazoles
selectively induced apoptosis in breast and colorectal cancer
without affecting the vitality of primary normal cells.?

Most recently, a series of 1,2,4-oxadiazole-5-carboxamides 93
have been synthesized and tested as inhibitors of the glycogen syn-
thase kinase 3 (GSK-3), a key regulator of both differentiation and
cellular proliferation.? Interestingly, bioisosteric transformation of
the 1,2,4-oxadiazole ring into the 1,3,4-oxadiazole resulted in loss
of activity.® Several pyridine and pyrimidine derivatives showed a
moderate to high inhibitory activity in the in vitro kinase assay
suggesting that the position of the nitrogen in the pyridine and
oxadiazole rings, as well as the nature of the substituents in the
phenyl ring, were decisive for the biological activity.® According
to the results of competitive binding assay, the 1,2,4-oxadiazole-
5-thione and, to a lesser extent, the 1,2,4-oxadiazole-5-one were
considered efficacious bioisosteres of nitro- and cyano group in
the hydrophilic pharmacophore of known non-steroidal androgen
receptor antagonists for the treatment of prostate cancer.”

An alternative anti-tumoral strategy involves the inhibition of
processes involved in tumor growth, such as angiogenesis. In this
context, the antagonists of the integrin o, f3;, a receptor which has
been found on the surface of many tumor cells and recognizes
the arginine—glycine—aspartic acid (RGD) sequence, are able to
inhibit angiogenesis. 1,2,4-Oxadiazolebutanoic acids such as 94,
in which the heterocyclic ring acts as ester/amide isoster, were
tested as non-peptidic analogs of o,f; antagonists. With the
appropriate substitution at the B-position and by the introduction
of a guanidine mimetic, it is possible to obtain derivatives with
o, B; antagonistic activity characterized by a low to sub-nanomolar
o, B; potency, good bioavailability and promising pharmacokinetic
properties.®®

Immunosuppressors

The suppression of the body’s immune system may be induced
with drugs, as in preparation for organ transplantation to prevent
rejection of the donor tissue, or for the treatment of auto-immune
diseases such as rheumatoid arthritis or Crohn’s disease.

The zeta chain-associated protein kinase 70 (ZAP-70) is a mem-
ber of the protein-tyrosine kinase family that plays a critical role
in T-cell activation by its SH2 domains. Agents that bind to SH2
domains would prevent ZAP-70 from triggering the intracellular
cascade and might be a potential immunosuppressor.® The 1,2,4-
oxadiazole scaffold 95 (Fig. 14) was identified as an effective
mimetic for the monophosphorylated tetrapeptide sequence found
in SH2 domains of ZAP-70.*® Further SAR studies led to the
synthesis of series of ZAP-70 SH2 inhibitors in which the tyrosine
moiety of 95 was replaced with other functional groups with
the advantage of removing most of the peptidic nature of these
inhibitors.®*
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Fig. 14 Examples of 1,2,4-oxadiazole immunosuppressors.

In recent years, the sphingosine-1-phosphate (S1P) receptors
have emerged as targets of immunosuppressant drugs. Based on
previous SAR studies, a series of 3-arylpropionic acids 96 as S1P,
agonists has been reported. Compound 96 (R = i-Pr; X = CF;) was
a 90 pM S1P, agonist and its selectivity against S1P; and S1P; was
much greater than that of 3-(o-tolyl)-5-(p-cyclohexylphenyl)-1,2,4-
oxadiazole reference. Replacement of the trifluoromethyl group
with bromide or nitrile yielded full agonist (S1P, binding affinity
<80 pM).* All the 3-arylpropionic acids showed overall good
pharmacokinetic properties with the exception of a short half-life
value. With the aim to improve this parameter, the same authors
suggested further modifications at the o and B positions of the
propionic acid chain.*!

Neuroprotective agents

Sirtuins are a class of seven proteins (SIRT1-7) which play a major
role in age-related diseases. Based on a virtual database screening,
a series of 1,2,4-oxadiazole-carbonylaminourea derivatives 97
(Fig. 15) have been synthesized and tested for their SIRT1 and
SIRT? activity.” The results showed that modifications, such as the
introduction of bulky and lipophilic substituents at the R' position
or the presence of a trifluoromethyl-phenyl substituent at the R?
position, were important for the inhibitory activity. Compound
(97; R! = naphthyl, X =S, R? = 3-CF;-C¢H,) was the most potent
SIRT1 inhibitor in the series.*
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Fig. 15 Examples of 1,2,4-oxadiazole neuroprotecting agents.

Another approach against neurodegenerative processes involves
the use of neuroprotective antioxidants. Considering that 1,2-
dithiolane-3-pentanoic acid (o-lipoic acid) and its amides are
very reactive against a variety of ROS in vitro, a series of lipoic
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acid derivatives have been synthesized and their neuroprotective
activity evaluated. This study showed that it is possible to obtain
strong neuroprotective compounds by inserting a heterocyclic
ring, whose nature has a strong effect on the activity, in the alkyl-
1,2-dithiolane moiety in conjunction with another antioxidant
entity such as a free or protected catechol moiety. Compound
98, containing the 1,2,4-oxadiazole linker as amide bioisostere,
was among the most potent in the series.”

A recent approach towards the therapy of Parkinson’s disease
considers the development of new dopamine agonists. Based
on molecular modelling studies, a series of 3-(5-bromo-2,3-
dimethoxyphenyl)-1,2,4-oxadiazoles 99 has been synthesized and
evaluated as potential dopamine agonists. Once again, the choice
of the 1,2,4-oxadiazole system was the result of its efficiency in
replacing the amide group in a series of benzamide analogues
with high affinity for dopamine receptors.®* All the synthesized
compounds showed a log P > 2.6, indicating that they should
easily cross the blood-brain barrier.

As for Alzheimer’s disease, another common neurodegenerative
process, an emerging research field is the development of new
probes for the in vivo imaging of B-amyloid (AB) plaques which
are formed in the brain during the early stage of the disease. For
this purpose, a series of 3,5-diaryl-1,2,4-oxadiazoles have been
designed as potential probes for AP plaques imaging.

All of the synthesized compounds, especially the hydroxy
derivative 100, showed a high affinity for the plaques, as deduced
from the values of the inhibition constant. Favorable absorption
by the brain was confirmed by the biodistribution experiments in
normal mice performed with the corresponding '*I radioiodinated
derivatives. However, since these compounds have an unfavorable
in vivo pharmacokinetic profile due to non-specific binding, further
development should involve structure modification to reduce the
lipophilicity of these 1,2,4-oxadiazole derivatives.”

Nonsense mutation readthrough promoters

Nonsense mutations are single-point alterations in genetic code
due to nucleotide changes, which convert an amino acid-encoding
codon to a translational stop codon (UAA, UAG or UGA) in the
protein coding region of the mRNA with consequent premature
interruption of the mRNA translation and production of a
truncated protein. In terms of specific diseases, these mutations
are responsible for ~5% of cases of cystic fibrosis (CF) and
~15% of Duchenne muscolar dystrophy (DMD).* 1t is, therefore,
extremely important to search for molecules which can promote
the readthrough of premature stop codons and allow the synthesis
of functional proteins. Gentamicin, an aminoglycoside, is the
most used drug for the pharmacologic treatment, although it is
limited by the need for intravenous administration and by renal
and otic toxicities.”” Recently, a new 1,2,4-oxadiazole derivative
has been successfully tested against both CF and DMD. 3-[5-(2-
fluorophenyl)-[1,2,4]oxadiazol-3-yl]-benzoic acid 101, also known
as Ataluren or PTC124 (Fig. 16), was identified in an HTS for
compounds that promote suppression of UGA stop codon and
specifically correct the processing of the gene in patients whose
diseases are caused by nonsense mutations.®”*

PTC124 selectively allows the ribosome to bypass the premature
stop signal, without affecting the correct reading of normal stop
codons in mRNA, and continue the translation process to make
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Fig. 16 Structure of PTC124.

a full-length and functional protein. In mice, high dosages of an
aqueous suspension of PTC124 were needed due to the scarce
bioavailability.”® In humans, PTC124’s safety and tolerability
have been demonstrated in phase I clinical trials in healthy
adult volunteers. During the drafting of this review, phase IIb
clinical studies in patients with nonsense mutation DMD and
CF were being enrolled. Due to the success of this approach,
future developments should address the improvement of PTC124’s
bioavailability and a better interpretation of the mechanism of
action at the molecular level.*”

Conclusions

In their attempt to merge material about the synthesis and
reactivity of 1,2,4-oxadiazoles with that about their applications,
the authors often felt they were dealing with literature belonging
to very separate research fields. The authors hope that this review
unites this gap by providing the reader a broad and up-to-date
vision of 1,2,4-oxadiazoles chemistry, application and biological
activity while including suggestions for further developments.
The reviewed material may provoke many interesting questions,
especially regarding the action mechanism of biologically active
1,2,4-oxadiazoles which, due to its importance, the authors
emphasize in this conclusive chapter.

On one hand, it is true that the 1,2,4-oxadiazoles are highly
resistant to hydrolysis and electrophilic attack. However, due to
their relatively high tendency to rearrange and the strong depen-
dence of their reactivity upon structural as well as environmental
factors (temperature, sterical restraints, solvent polarity, acidity or
basicity of the media, exposure to light, efc.) one cannot exclude
the possibility that the actual active molecule is a product of some
in vivo reaction of the used 1,2.4-oxadiazoles. In this context,
the study of enzyme-catalyzed reactions of 1,2,4-oxadiazoles may
represent a new challenging area for both chemists and biologists
involved in the use of this heterocycle.
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