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The 1,3,4-oxadiazole is a widely encountered motif in the areas
of pharmaceuticals, materials, and agrochemicals. This work has
established a mediated electrochemical synthesis of 2,5-disub-
stituted 1,3,4-oxadiazoles from N-acyl hydrazones. Using DABCO
as the optimal redox mediator has enabled a mild oxidative
cyclisation, without recourse to stoichiometric oxidants. In
contrast to previous methods, this indirect electrochemical

oxidation has enabled a broad range of substrates to be
accessed, with yields of up to 83%, and on gram scale. The
simplicity of the method has been further demonstrated by the
development of a one-pot procedure, directly transforming
readily available aldehydes and hydrazides into valuable hetero-
cycles.

Introduction

The 1,3,4-oxadiazole is a valuable heterocycle with a range of
applications in medicinal chemistry,[1] materials science,[2–4] and
agrochemicals.[5–7] In the context of drug discovery, the
enhanced metabolic stability of this bioisostere of esters and
amides can be used to tune pharmacokinetic properties.[1,8–10]

The utility of the oxadiazole is exemplified by its presence in
several drug compounds and bioactive molecules,[11–20] includ-
ing the anti-HIV drug, raltegravir,[21,22] and the selective
androgen receptor modulator (SARM), vosilasarm
(Scheme 1a).[23,24] Given its significance in a broad range of
applications, new synthetic methods are needed to address the
challenges associated with synthesis. Improved methods to
access the oxadiazole motif would, thus, enable more efficient
exploration of chemical space in terms of its application, for
example, in bioisosterism.

Established synthetic approaches to 1,3,4-oxadiazoles centre
around an oxidative or dehydrative cyclisation of N-acyl
hydrazones or diacylhydrazines, respectively (Scheme 1b).[25–27]

Other synthetic methods have also been reported, including
photosynthetic approaches,[28,29] reactions of hydrazides with
nitroalkanes,[30,31] the condensation of hydrazides and
orthoesters,[32] and the Aza-Wittig reaction of carboxylic acid
analogues with N-isocyaniminotriphenylphosphorane.[33–35] The

majority of these approaches make use of highly reactive and
potentially toxic reagents, for example bromine and phosphoryl
chloride, which frequently results in limited functional group
compatibility. In addition to this, a number of the previously
reported approaches lack readily available starting materials or
exhibit poor atom economy. Accordingly, there is a need to
address these limitations and enable more efficient synthetic
access to this privileged scaffold.

Within our laboratories, the reactivity of nitrile imines is a
subject of considerable interest, including their application in
oxadiazole synthesis.[28,36–39] These reactive intermediates are
most commonly generated from tetrazoles or hydrazones and
their derivative hydrazonyl halides.[28,40] To obviate the use of
hazardous reagents and conditions, alternative methods for
nitrile imine formation are, therefore, of interest. An attractive
approach is an electrochemical oxidation to replace expensive
and hazardous oxidants.[41–44] This approach offers mild con-
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Scheme 1. (a) Examples of oxadiazole-containing drugs.[21,23] (b) Current
approaches to synthesise 2,5-disubstituted 1,3,4-oxadiazoles.
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ditions with improved functional group tolerance. In addition,
excess waste can be eliminated to facilitate a safer, more
sustainable, and efficient chemical transformation.

The utility of direct electrochemical oxidation methods to
cyclise N-acyl hydrazones into 1,3,4-oxadiazoles has been
demonstrated by Chiba and Okimoto,[45] as well as Singh and
co-workers (Scheme 1b).[46–49] However, the success of a direct
electrolysis is highly dependent on the inherent redox potential
of the starting material.[50,51] As such, high potentials may be
required for the desired redox event to occur, which signifi-
cantly restricts the diversity of compatible substrates. Nonethe-
less, these methodologies provide useful proof of concept to
exemplify the application of electrochemistry in the synthesis of
oxadiazoles.

The alternative to direct electrolysis is an indirect approach
involving the use of a redox mediator.[52] Such mediators
typically exhibit lower redox potentials, therefore, the applied
potential can be lowered, furnishing greater functional group
compatibility. Examples of the use of indirect electrolysis for
heterocycle synthesis include Holman’s method to synthesise
isoxazolines from oximes, and Waldvogel’s approach to convert
hydrazones into pyrazolines and pyrazoles.[53] These method-
ologies demonstrate the successful use of halides as mediators
to achieve the desired reactivity under mild conditions.
Accordingly, in the current study we describe a protocol for a
mediated, electrochemical synthesis of the valuable 1,3,4-
oxadiazole cores from N-acyl hydrazones under mild reaction
conditions which is tolerant of a raft of functional groups of
relevance to medicinal chemistry.

Results and Discussion

Reaction Optimisation

From consideration of work elsewhere in our laboratories on
the electrochemical synthesis of isoxazolines from oxime
precursors,[54] we initially sought to explore the role of
mediators in the process.[55] This made use of graphite electro-
des, an ammonium-based electrolyte, acetonitrile, 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP), and the IKA ElectraSyn system.[41]

Using this approach, several common mediators were screened
(Figure 1). Hydrogen-atom transfer (HAT) mediators afforded
the greatest success, while hydride and electron transfer
mediators were otherwise incompatible. Of these, the readily
available and inexpensive 1,4-diazabicyclo[2.2.2]octane (DABCO)
furnished the best conversions as determined by an NMR assay.

Having identified DABCO as the most suitable redox
mediator for this reaction, other parameters were subsequently
examined (Table 1). When considering the electrode material
(Table 1, Entries 1–4), it was found that the pairing of a graphite
anode with a platinum cathode gave an improvement in the
yield (Table 1, Entry 1). This is likely related to the lower
hydrogen overpotential of platinum compared to carbon which
may help to limit unwanted reductive side reactions.[56] Different
electrolytes were also tested, and these were generally
tolerated and had a minimal effect on the reaction (Table 1,
Entries 5–8). Unsurprisingly, an exception was when the electro-
lyte was poorly soluble, such as in the case of the inorganic
lithium perchlorate (Table 1, Entry 8). With solubility being an
important parameter, various solvents were also investigated.
The majority of these were not tolerated, including dimethyl
sulfoxide (DMSO), N,N-dimethylformamide (DMF), dichlorome-

Figure 1. Mediator screen for the optimisation of oxadiazole synthesis. Yields determined by 19F NMR spectroscopy. (a) In addition to Et4NBF4; (b) Instead of
Et4NBF4; (c) isolated yield. C=graphite, NHPI=N-hydroxyphthalimide, py=pyridine,. TCNHPI=N-hydroxytetrachlorophthalimide.
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thane (DCM), and ethyl acetate (SI, Table S2). Environmentally
benign solvents, such as methanol and acetone, were otherwise
comparable to acetonitrile and could be used as alternatives
(Table 1, Entries 9 and 10).

The initial screening conditions employed HFIP as an
additive which may play multiple roles in the reaction. It has
been reported that HFIP can help promote reactions by
stabilising ionic and radical intermediates, and by enhancing
solubility and conductivity.[54,57,58] Furthermore, the oxidative
reaction requires a reductive process to close the redox cycle,
and this is often the reduction of protons to hydrogen gas.[41]

The relatively acidic alcohol can, therefore, serve as a proton
source to facilitate this reduction. Other additives that can act
as an electron sink were evaluated, including acetic acid, silver
nitrate, and dichloromethane, however, no benefit was ob-
served (SI, Table S2).[59,60] To gain a better understanding of
whether DABCO could also be behaving as a base in the
reaction, sodium acetate, triethylamine, and pyridine were also

investigated as basic additives (SI, Table S2). Although none of
these additives furnished improved yields, it was determined
that HFIP was not required, and could be removed without
detriment to the reaction (Table 1, Entry 13).

Increasing the current applied to the reaction was associ-
ated with greater side-product formation (Table 1, Entry 11).
Conversely, milder conditions could be achieved by decreasing
the current, however, a lower current extends the reaction time,
and this had no beneficial effects on the yield (Table 1,
Entry 12). Although use of an oxygen atmosphere gave a
slightly enhanced yield (Table 1, Entry 18), the benefit was
marginal, and in the interests of operational simplicity, this was
not employed subsequently. Accordingly, the optimum electro-
chemical conditions utilised a constant current of 5 mA with a
total charge of 3 Fmol� 1, which was sufficient for the reaction
to proceed to completion.

Substrate Scope

Having established the reaction conditions for the electro-
oxidation, the scope of the reaction was examined (Schemes 2–
4). Although the solvent was most typically acetonitrile, in some
cases a mixture of acetonitrile and methanol was used to aid
the solubility of certain hydrazone substrates. Standard, labo-
ratory grade solvents were employed, and the exclusion of air
was not required. In considering changes to the hydrazide, a
diverse range of functional groups was shown to be compat-
ible, with moderate to good yields obtained in most cases
(Scheme 2). This included unprotected alcohols (2k, 2 l) which
would otherwise not be tolerated under the oxidative or
dehydrative conditions traditionally employed in oxadiazole
synthesis. Similarly, oxadiazoles bearing heterocycles, such as
benzimidazole, pyridine, and pyrazole (2f, 2s, 2u), could be
successfully synthesised. Phenols, indoles, and other electron
rich aromatics are frequently challenging substrates for electro-
chemical reactions as they are susceptible to oxidation.[61,62] It
was, therefore, pleasing to note that electron-rich substrates
were tolerated (2v, 2t). Similarly, products 2q and 2r
demonstrate the compatibility of the reaction with electron
deficient substituents, including the nitro group which can be
unstable during electrolysis.[53]

Hydrazones bearing aryl halides (2o, 2p) could also under-
go effective cyclisation, with only trace amounts of the
dehalogenated compounds detected. In the case where a
thioacyl hydrazone was used as the starting material, the
equivalent thiadiazole (2y) could be prepared. Similarly, the
urea and carbonate analogues were also compatible for the
synthesis of N- and O-linked oxadiazoles (2x, 2z). Unfortunately,
compound 2z was unstable and was found to decompose
during purification. The removal of the tert-butoxy group was,
therefore, carried out after the electrolysis had taken place to
furnish the oxadiazolone 2z’, which may be a useful strategy to
access this carboxylic acid bioisostere.[63,64] Similarly, substrates
bearing an acidic proton adjacent to the oxadiazole were also
unstable and led to no product or low yields, as in the case of

Table 1. Optimisation of reaction parameters. Yields determined by 19F
NMR spectroscopy.

[a] No HFIP, electrolyte (1 equiv.). [b] isolated yield. [c] determined by
LCMS. SS= stainless steel, GC=glassy carbon, RVC= reticulated vitreous
carbon.
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2w. The instability of these acidic α-H-containing oxadiazoles
has previously been observed by Barker and co-workers.[65]

Subsequently, the scope of the aldehyde component was
examined with similar results being observed for a variety of
alkyl and aryl substituents (Scheme 3). Phenols (4 i, 4 j) were
again tolerated, together with other electron rich heterocycles,
including the indole (4k), thiophene (4 l), as well as other more
complex and heteroatom-rich aromatics (4m, 4n, 4o), which
are of pharmaceutical relevance.

Less successful substrates included hydrazones bearing
alkenyl groups (4q, 4r). The current study is likely to involve a
nitrile imine intermediate, therefore, it is possible that the lower
yields observed for the conjugated vinyl-containing substrates
are due to the alkene moiety reacting with the incipient 1,3-
dipole. An example of this type of intramolecular 1,3-dipolar
cycloaddition reaction was reported by Waldwogel and co-
workers in their electrochemical pyrazoline synthesis.[53] In the
case of the acetyl-protected phenol 4t, due to the instability of

the ester group, deacetylation occurred and the unprotected
phenol product 4t’ was isolated separately.

Where the substrate contains an aryl sulfone, the desired
product (4s) was isolated in addition to the desulfonylated
product (4d). This observation was unsurprising given that aryl
sulfones have been known to undergo reductive cleavage
under electrochemical conditions.[66–69] Similarly, the fully proto-
deboronated oxadiazole 4u was the sole product obtained
when the reaction was performed on a hydrazone bearing a
boronate ester (3u). This may be due to the instability of the
starting material which underwent both hydrolysis and proto-
deboronation during LCMS analysis. Additionally, it is possible
for oxidative cleavage of this redox active boronate group to
occur, a process which has been reported under photochemical
conditions.[70,71]

Furthermore, the methodology was successfully applied to
the synthesis of vosilasarm (4p, RAD-140), a selective androgen
receptor modulator.[23] As the reaction is significantly milder
compared to traditional approaches, protection and deprotec-

Scheme 2. Hydrazide scope. Yields refer to isolated yields. (a) MeCN. (b) MeCN :MeOH 2 :1. (c) MeCN :MeOH 1 :2. (d) 5 Fmol� 1.
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tion steps could be avoided which were otherwise present in
the established synthesis of the drug. This example showcases
the utility of this electrochemical reaction in medicinal
chemistry and the potential usefulness for forming the
oxadiazole in the final step for exploring changes to the
cyanophenyl ring.

Employing a one-pot, two-step process would further
enhance the efficiency and simplicity of the reaction, and it was

established that hydrazone condensation can be performed in
methanol or acetonitrile, which are compatible with the electro-
chemical step.[53,72] Accordingly, for a given substrate which is
compatible with the electrooxidation, the intermediate hydra-
zone could be taken directly into the electrolysis without
isolation (Scheme 4). Comparable yields to the two-step
procedure were observed for 2a, 2n, and 4d. An additional
selection of substrates showed that the functional group

Scheme 3. Aldehyde scope. Yields refer to isolated yields. (a) MeCN; (b) MeCN :MeOH 36 :1; (c) reaction incomplete after 7 Fmol� 1.
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tolerance was equally broad. This included various heterocycles
(4w, 4x, 4y), a thioether (4x), and an aniline (4z). Having
established a one-pot procedure, it is therefore straightforward
to convert commercially available aldehydes and hydrazides
into a wide range of oxadiazoles.

Our emerging approach was then compared with the
methodology of Singh and co-workers who reported a yield of
76% for their synthesis of oxadiazole 4e.[46] Their reaction
conditions were replicated on the ElectraSyn using the same
electrode material, electrolyte, solvent, and constant potential,
however, the scale had to be reduced from 10 mmol–
0.42 mmol. This reaction resulted in a significantly lower yield
of 14%, compared to the reported 76% as well as 83% from
the DABCO-mediated reaction. These differences in yields
highlight the mildness and greater selectivity of the indirect
electrolysis, as well as the advantage of using a standardised
electrochemical reactor for enhanced reproducibility.

Control Experiments and Mechanistic Analysis

Control experiments were conducted to establish a greater
understanding of the reaction. It was possible to successfully
scale-up the batch synthesis of 2a to a 1 mmol scale (Table 2,
Entry 1). Upon scaling the reaction to 1 g, a significantly higher
concentration was necessary due to the volume constraints of
the ElectraSyn reaction vessel and unfortunately, this led to a
reduction in yield (Table 2, Entry 2). Furthermore, maintaining
the same current density with electrodes of the same size
subsequently results in a significantly longer reaction time.
Nonetheless, the reaction can be performed on a synthetically
useful scale. Further scale-up may benefit from other, larger

electrochemical reactors or by making use of flow
electrochemistry.[53,73]

In the absence of the DABCO mediator, product formation
was significantly reduced (Table 1, Entry 15). Comparing the
oxidation potential of DABCO and the model hydrazone 1a
shows a substantial difference in the voltage required for
oxidation (Figure 2b). This underpins the advantage of medi-
ated electrolysis to enable milder conditions. The trace amount
of product is likely the result of direct electrolysis, however, a
range of unidentifiable impurities were also observed due to
the poor selectivity of the direct oxidation. Similarly, a lower
yield is observed when the stoichiometry of the mediator is
changed from 1–0.2 equivalents (Table 1, Entry 16). This implies
that DABCO is not catalytic under these reaction conditions.

Additionally, the exclusion of air by performing the reaction
inside a glovebox under nitrogen led to a reduction in yield

Scheme 4. One-pot reaction scope. Yields refer to the isolated yield over two steps, without isolation of the hydrazone. Exact conditions for the hydrazone
formation.n step may vary and are substrate dependent. (a) Yields when the reaction was performed using the isolated hydrazone, for comparison.

Table 2. Scale-up of the synthesis of 1a from 0.25 mmol to gram scale.

[a] Volume=14.4 mL, 70 mM, electrode surface area=2 cm2, 7 mA, total
charge=3 Fmol� 1, time=11.5 h. [b] volume=16 mL, 347 mM, electrode
surface area=3.04 cm2, 10.6 mA, total charge=4.5 Fmol� 1, time=83.5 h.
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(Table 1, Entry 17). Conversely, the use of an O2 balloon saw an
increase in product formation (Table 1, Entry 18), and this
dependency on the oxygen content would suggest that oxygen
plays an important role in the reaction. When no current is
passed through the reaction mixture, no change to the starting
material was observed by LCMS analysis (Table 1, Entry 14).
Electricity and the mediator are, therefore, still crucial as simply
stirring the mixture under air does not result in product
formation. Although the enrichment of oxygen was shown to
be beneficial, this process was excluded from the standard
protocol when investigating the substrate scope to ensure that
the approach was operationally simple and accessible. For more
challenging substrates, however, it may be worthwhile to make
use of an oxygen atmosphere.

Radical trapping experiments were performed using tert-
butyl acrylate and TEMPO. In the case where the acrylate was
added, the yield was not affected by the addition of this radical
trap (Figure 2a, Entry 1). This would imply that no radical
species that could be trapped by the acrylate are formed. When
TEMPO was added to the reaction, the yield was significantly
reduced (Figure 2a, Entry 2). A possible explanation is that the
N-oxyl radical can be oxidised and then behave as a mediator.
Consequently, TEMPO may be outcompeting DABCO for the
anodic oxidation, given that it has a lower oxidation
potential.[39,45] This in turn inhibits productive reaction, and
would account for the limited starting material consumption.
Substrates bearing cyclopropyl groups (2g, 2h, 4b) could be
successfully synthesised, without the observation of ring
opened products, and therefore, this suggests that any radical
formed is short-lived, and formation of the key nitrile imine
intermediate occurs rapidly.

Based on all the above, the following mechanism has been
proposed (Scheme 5). The reaction begins with the initial single
electron oxidation of DABCO at the anode. This generates a
radical cation (I) which can abstract a hydrogen atom from the
hydrazone 3 to form a radical species (II). Subsequent oxidation
of the radical intermediate II can take place at the anode or via
oxygen, given its putative role in the reaction. This is coupled
by a deprotonation to form nitrile imine III which can then
undergo a 1,5-electrocyclisation to afford the product oxadia-
zole 4.

Conclusions

In conclusion, a facile synthesis of 2,5-disubstituted 1,3,4-
oxadiazoles from N-acyl hydrazones using an indirect, electro-
chemical oxidation has been developed. The reaction is
amenable to a one-pot process, significantly enhancing the
accessibility of oxadiazoles directly from commercially available
aldehyde and hydrazide precursors and on preparatively useful
scales. This approach has enabled the development of mild
conditions and is tolerant of a diverse range of medicinally
relevant functional groups. The application of the methodology
for the synthesis of drug compounds, such as vosilasarm (4p),
was demonstrated without the need to use protecting group
strategies. Additionally, the reaction is operationally straightfor-
ward using a commercially available and standardised electro-
chemical system without requiring moisture exclusion or an
inert atmosphere. Work is ongoing to establish the reactivity of
hydrazones under electrochemical conditions to access other
motifs of importance in drug discovery.

Figure 2. (a) Control experiments. Isolated yields. Yields determined by 19F
NMR spectroscopy. SM= starting material. (b) Cyclic voltammograms of
select mediators and hydrazone 1a.

Scheme 5. Proposed reaction mechanism.
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Experimental
General procedures for 1,3,4-oxadiazole synthesis are given below.
For full details and characterisation data, see Supporting Informa-
tion.

General Procedure for Oxadiazole Synthesis from Isolated
Hydrazones

To a 5 mL ElectraSyn 2.0 reaction vessel containing a stirrer bar,
tetraethylammonium tetrafluoroborate (54.4 mg, 0.25 mmol,
1 equiv.), DABCO (28.1 mg, 0.25 mmol, 1 equiv.), and hydrazone
(0.25 mmol., 1 equiv.) were added, followed by acetonitrile (3.6 mL).
The reaction mixture was electrolysed under a constant current of
5 mA at room temperature with a graphite anode and a platinum
foil cathode, stirring at 400 rpm until a total charge of 3 Fmol� 1 had
been passed. The electrodes were rinsed with MeOH into the
reaction mixture which was concentrated in vacuo and purified by
column chromatography.

General Procedure for One-Pot Oxadiazole Synthesis

To a 5 mL ElectraSyn 2.0 reaction vessel containing a stirrer bar,
aldehyde (0.25 mmol, 1 equiv.), hydrazide (0.25 mmol, 1 equiv.),
and MeOH (1.2 mL) were added. The reaction mixture was stirred
until hydrazone formation was complete as monitored by LCMS.
Tetraethylammonium tetrafluoroborate (54.4 mg, 0.25 mmol,
1 equiv.), DABCO (28.1 mg, 0.25 mmol, 1 equiv.), and acetonitrile
(2.4 mL) were added. The reaction mixture was electrolysed under a
constant current of 5 mA at room temperature (20–21 °C) with a
graphite anode and a platinum foil cathode, stirring at 400 rpm
until a total charge of 3 Fmol� 1 had been passed. The electrodes
were rinsed with MeOH (~2 mL) into the reaction mixture and the
reaction mixture was concentrated in vacuo and purified by column
chromatography.
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