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s from acyclic building blocks:
methods of synthesis and further derivatizations

Gerard Riesco-Llach, a Marta Planas, *a Lidia Feliu *a and John A. Joule b

Pyrazinones (2(1H)-pyrazinones) are found as components of a range of natural substances and are involved

in the preparation of a great number of bioactive molecules. Synthesis of such compounds, and analogues,

requires knowledge of the heterocyclic properties of pyrazinones and, in particular, methods for their ring

construction. This review deals with the strategies that have been developed for the synthesis of

pyrazinones from acyclic precursors, especially a-amino acid-derived units, from the first examples in

1905 up to the most recent in 2021.
1 Introduction

Pyrazinones (strictly 2(1H)-pyrazinones) 1 have received
considerable attention because they are present in a large
number of natural products showing interesting biological
activities (Fig. 1). These natural products include deoxy-
aspergillic acid (2a) and avacol (2b), isolated from Aspergillus
avus,1,2 phevalin (2c), tyrvalin (2d), leuvalin (2e) and phileucin
(2f), from Streptomyces or Staphylococcus species,3–5 as well as
arglecin (3a), argvalin (3b), and maremycin F (4), isolated from
Streptomyces.6–8 Other examples are sorazinone B (5) and
enhypyrazinone A (6), which have been more recently isolated
from myxobacteria species.9,10 The pyrazinone skeleton is also
found in the bromotyrosine alkaloids ma'edamines A and B
(7a,b), isolated from an Okinawan sponge Suberea sp.,11

dragmacidin D (8), and the more elaborated dragmacidins E
and F,12–14 which are present in several marine sponges species
like Dragmacidon, Halicortex, Spongosorites and Hexadella, as
well as the peptidyl metabolite JBIR-56 (9), isolated from
a marine Streptomyces.15

Apart from constituting the central core in different natural
products, the 2(1H)-pyrazinone scaffold has also been described
as a key building block of great usefulness for many synthetic
applications in drug design and medicinal chemistry programs,
including the preparation of pharmacologically active deriva-
tives (Fig. 2). In this regard, favipiravir (10) is an approved drug
to target viral infections of inuenza A and B, and avian inu-
enza, and has recently been investigated for the treatment of
Ebola virus and COVID-19.16,17 Another bioactive compound
bearing a pyrazinone core is BMS-764459 (11), which has proven
to be a potent antagonist of the receptor of corticotropin-
at de Girona, Maria Aurèlia Capmany 69,

dg.edu; marta.planas@udg.edu

f Manchester, Manchester M13 9PL, UK.
releasing factor-1 (CRF1), elevated levels of which are associ-
ated with depression and anxiety-related disorders.18 The
fungicide 12, patented by DuPont, disrupts the polymerization
of tubulin altering the cellular proliferation in fungal infections
caused by phytopathogens and exhibits strong activity against
human rhabdomyosarcoma cells.19,20

Furthermore, synthetic pyrazinone derivatives have been
described as inhibitors of different enzymes, which intervene
in a wide range of diseases (Fig. 2). In this context, Heeres
et al. developed a series of pyrazinone-containing derivatives
among which 13 exhibits the best inhibitory activity against
the reverse transcriptase, essential in the replication of
human immunodeciency virus (HIV).21 Besides, the inhibi-
tory activity against thrombin of pyrazinone derivatives has
been extensively studied with the identication of different
candidates like 14a or 14b,22 which target trypsin-like serine
protease thrombin (Factor IIa) involved in the blood coagu-
lation system. More recently, Raubo et al. synthesised 15, an
inhibitor of p38a mitogen-activated protein kinase, suitable
for an inhaled method of administration.23 This enzyme plays
an important role in the regulation of pro-inammatory sig-
nalling, relevant in different pathologies such as rheumatoid
arthritis, Crohn's disease, or chronic obstructive pulmonary
disease (COPD).

Owing to the importance of pyrazinones, many efforts have
been devoted to the development of methods for their prepa-
ration and for the synthesis of derivatives. In particular, our
interest in 2(1H)-pyrazinones lies in their use in dipolar cyclo-
additions of 1H-pyrazinium-3-olates (also known as 3-oxido-
pyraziniums; referred to in chemical abstracts as “pyrazinium,
3,4-dihydro-1-R-3-oxo-, inner salts”) 16 derived from 2(1H)-pyr-
azinones via selective imine-N-alkylation (/ 17) followed by
simple deprotonation (Scheme 1). These species undergo
cycloadditions under mild conditions on reaction with dipo-
larophiles, forming 3,8-diazabicyclo[3.2.1]octanones 18.24–29 For
a general study of the process typied by 16 / 18, and for
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 2(1H)-Pyrazinone and representative natural derivatives.

Fig. 2 Synthetic 2(1H)-pyrazinones with pharmacological activity.
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synthesis of pyrazinone-containing natural products, and
analogues, access to variously substituted 2(1H)-pyrazinones is
required.

In the early 20th century, a few papers described the rst
methods for the synthesis of pyrazinones.30–34 From the 1940s
onwards, the preparation of pyrazinones was more extensively
exploited due to their presence in natural products of biological
interest. Since then, many authors have sought to overcome the
limitations of the early methods and have designed new and
© 2023 The Author(s). Published by the Royal Society of Chemistry
more versatile strategies to obtain a wide variety of pyrazinones
following easier and more practicable approaches.

Despite the large number of articles published in this
context, to the best of our knowledge, there is no review that
covers the available methods for the synthesis of pyrazinones.
Some of these methods involve the modication of an existing
pyrazine scaffold, however in this review we deal with methods
which start from the structural components of a pyrazinone, i.e.
RSC Adv., 2023, 13, 1162–1184 | 1163
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Scheme 1 1,3-Dipolar cycloadditions of 3-oxidopyraziniums 16.
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routes involving ring formation, though in some cases initial
products require further modication.
2 Synthetic approaches
2.1 Synthesis from an a-amino ketone or a-amino aldehyde
and an a-haloacetyl halide or a-aminoacetyl halide

Prior to 1942 only a few methods for the preparation of
substituted 2(1H)-pyrazinones had been described and they led
to pyrazinones with identical groups at C-3 and C-6.30–34 Then, in
1942 Tota and Eldereld reported the preparation of 5,6-
disubstituted and 3,5,6-trisubstituted 2(1H)-pyrazinones, in
which the substituents can be different (Scheme 2a).35 This was
the rst example in what has become a group of methods for the
synthesis of 2(1H)-pyrazinones involving: (i) the condensation
of two compounds, one providing N-1, C-5 and C-6, and the
other, C-2 and C-3; (ii) reaction with a nitrogen reagent to supply
N-4, and (iii) ring closure through the formation of the bond
between N-4 and C-5.
Scheme 2 Synthesis of 2(1H)-pyrazinones from an a-amino ketone or a

1164 | RSC Adv., 2023, 13, 1162–1184
In particular, the two starting compounds used by Tota and
Eldereld were the hydrochloride of a 1,2-disubstituted a-
amino ketone (affording N-1, C-5 and C-6) and a 2-bromo- or 2-
chloro-substituted acid halide (supplying C-2 and C-3) (Scheme
2a). Aer their condensation, treatment of the resulting ketoa-
mide with ammonia in the presence of sodium iodide afforded
a dihydropyrazine, which yielded the corresponding pyrazinone
19 by air oxidation. The best results were obtained when using
the most reactive bromoacetyl bromide. A drawback of this
procedure is the self-condensation of the starting free a-amino
ketone, which occurs very easily. To avoid it, the authors mixed
the a-amino ketone and the a-bromoacetyl bromide in cold
chloroform in the presence of a small amount of water and
excess solid calcium carbonate.

Later, Baxter et al. published a modication of this method
with the aim of preparing pyrazinones unsubstituted at position
5 (Scheme 2b).36 This route involved the hydrochloride of an a-
amino aldehyde or, alternatively, an a-amino aldehyde pro-
tected as an aminoacetal or aminothioacetal. 3,6-Dimethyl-
2(1H)-pyrazinone (20) was only obtained when starting from 1,1-
bis(ethylthio)propan-2-amine, which required an additional
step to release the aldehyde functionality before reaction with
ammonia. 6-Phenyl-2(1H)-pyrazinone (21) was also prepared
following a similar approach, but in this case, the two starting
components were an amino acetaldehyde and phthalimidoa-
cetyl chloride, the latter providing N-4 aer deprotection with
hydrazine (Scheme 2c).37 Ring closure and aromatisation were
achieved by reuxing in acetic acid followed by oxidation with
manganese dioxide.
2.2 Synthesis from an a-amino ketone or tryptamine and
a glyoxylic acid derivative

Much more versatile and useful variations of the method were
developed, in which the starting components are more readily
available and avoid the self-condensation of the starting free a-
amino ketone. With the aim of ensuring formation of 3-alkyl-5-
-amino aldehyde and an a-haloacetyl halide or a-aminoacetyl halide.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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aryl-2(1H)-pyrazinones 22a and avoiding the 3,6-disubstituted
isomer, Bradbury et al. started from an a-amino ketone incor-
porating an aryl group, which was reacted with a sodium
glyoxylate derivative. Ammonium acetate was used as nitrogen
source leading to the cyclization of the resulting diketoamide in
reuxing ethanol (Scheme 3a).38 More recently, Johannes et al.
extended this method to the synthesis of 3,5-diaryl-2(1H)-pyr-
azinones 22b by using an arylglyoxylic acid and carrying out the
cyclization under microwave irradiation (MWI) (Scheme 3a).39

The versatility of this method allowed the preparation of
a variety of derivatives incorporating different heterocyclic
substituents with electron-donating and electron-withdrawing
groups. In a study focussed on the identication of platelet-
derived growth factor receptor (PDGFR) b-inhibitors, Johannes
et al. also coupled a glyoxylic acid bearing a 3,4,5-trimethox-
yphenyl with tryptamine, though an additional oxidation with
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) before the
cyclization step was necessary in order to obtain the corre-
sponding 3,5-diaryl-2(1H)-pyrazinone 23 (Scheme 3b).40,41 3,5-
Bis(3-indolyl)-2(1H)-pyrazinones 24a–b were also prepared by
reacting 3-indolylglyoxylic chloride with an a-amino ketone
Scheme 3 Synthesis of 2(1H)-pyrazinones from an a-amino ketone or t

© 2023 The Author(s). Published by the Royal Society of Chemistry
conveniently derivatized with an indolyl group, the cyclization
being accomplished in excess of liquid ammonia at 80 °C under
50 psi for three days42 or in aqueous ammonia at 100 °C for two
days (Scheme 3c).43 This approach allowed the synthesis of
precursors of 6′-debromo- and 6′,6′′-didebromo-cis-3,4-dihy-
drohamacanthin B.
2.3 Synthesis from diketopiperazines

2(1H)-Pyrazinones can also be synthesized from diketopiper-
azines (2,5-piperazinediones). Unlike the other approaches
included in this review, this method does not start from one or
more acyclic products to form the pyrazinone ring. However,
diketopiperazines can be prepared very easily through, for
example, dehydration of amino acids, and so are readily avail-
able pyrazinone precursors.

This method, rst developed by Baxter and Spring (1947),44

involved the conversion of diketopiperazines into chloro
substituted pyrazines, which were then transformed into pyr-
azinones (Scheme 4). Heating the diketopiperazines with
phosphoryl chloride afforded a mixture of mono- and
ryptamine and a glyoxylic acid derivative.

RSC Adv., 2023, 13, 1162–1184 | 1165
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Scheme 4 Synthesis of 2(1H)-pyrazinones from diketopiperazines.

Scheme 5 Structure and synthesis of arglecin; structures of argvalin,
and analogues 27 and 28.
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dichloropyrazines. The 2-chloropyrazine yielded a 2(1H)-pyr-
azinone by treatment with alkali or, alternatively, with sodium
ethoxide followed by hydrolysis with hydrochloric acid. The rst
diketopiperazines used were symmetric, such as DL-alanine
anhydride and DL-isoleucine anhydride, which provided 3,6-
dimethyl-2(1H)-pyrazinone (25a) and 3,6-(di-sec-butyl)-2(1H)-
pyrazinone (25b), respectively (Scheme 4a).44 Two years later,
Gallagher et al. reported the rst example of direct trans-
formation of a diketopiperazine into a 2(1H)-pyrazinone by
exposure to phosphoryl chloride. In particular, DL-phenylglycine
anhydride was converted to 3,6-diphenyl-2(1H)-pyrazinone
(26a), presumably via loss of hydrogen chloride from a mono-
chloro dihydropyrazine intermediate (Scheme 4b).45 Treatment
of DL-leucine anhydride with phosphoryl chloride also resulted
in the direct dehydration of the diketopiperazine, affording 3,6-
diisobutyl-2(1H)-pyrazinone (2b) together with a mixture of
chloropyrazines (Scheme 4b).2 This reaction allowed the
synthesis and elucidation of the structure of avacol (3,6-dii-
sobutyl-2(1H)-pyrazinone) 2b.

Unsymmetrical diketopiperazines were then used, one of the
rst being DL-leucyl-isoleucyl anhydride (Scheme 4b).46 Sub-
jecting this anhydride to phosphoryl chloride led to a mixture
from which 3-(sec-butyl)-6-isobutyl-2(1H)-pyrazinone (26b)
could be isolated. This pyrazinone is an isomer of deoxy-
aspergillic acid (6-(sec-butyl)-3-isobutyl-2(1H)-pyrazinone) 2a.

This procedure was also the rst step in syntheses of arglecin
3a and argvalin 3b from DL-alanyl-leucyl anhydride and DL-
alanyl-valyl anhydride, respectively, and of their analogues 27
and 28 (Scheme 5).47,48 As an example, the synthesis of arglecin
involved heating DL-alanyl-leucyl anhydride in phosphoryl
chloride at 140 °C. A mixture of chloropyrazines was obtained
from which 2-chloro-3-isobutyl-6-methylpyrazine (29) was iso-
lated. Reuxing 29 with sodium methoxide in methanol for 6 h
yielded the 2-methoxyderivative 30. The methyl group at
1166 | RSC Adv., 2023, 13, 1162–1184
position 6 was subsequently derivatized as a nitroguanidino
substituent in ve steps, giving rise to 31. Finally, hydrogena-
tion of 31 followed by hydrolysis with 10% HCl afforded
arglecin.47
2.4 Synthesis from a-amino acid amides and 1,2-dicarbonyl
compounds or analogues

2.4.1 Method of Jones and Karmas and Spoerri. One of the
most important approaches to 2(1H)-pyrazinones involves
a one-pot condensation of an a-amino acid amide and a 1,2-
dicarbonyl compound, leading to the formation of bonds
between N-1 and C-6 and between N-4 and C-5 (Scheme 6). Since
it was rst described by R. G. Jones in 1949,49 several studies
have been carried out to optimise the reaction conditions, as
well as to determine its regioselectivity and to prepare
compounds with interesting applications.

In the original report by Jones, the reaction was performed
using free a-amino acid amides and in the presence of a base
(sodium or potassium hydroxide or piperidine) (general Scheme
6a).49 The main drawback of this method was the preparation of
the free a-amino acid amides, especially those with low
molecular weight. Later, Karmas and Spoerri showed that the
condensation also proceeds starting from the hydrohalides of
the amino acid amides, which are easier to synthesise and,
therefore, more readily accessible.50 The condensation was also
carried out in alkaline medium or, in case of decomposition of
the amino acid amide, with a prior neutralization with silver
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Synthesis of 2(1H)-pyrazinones from a-amino acid amides using the method of Jones and Karmas and Spoerri.
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oxide. Moreover, it was shown that the efficiency of the reaction
depended on the temperature and the rate of the addition of the
base, the best conditions for obtaining 2(1H)-pyrazinone being
around −50 °C and a rate of addition of a NaOH solution
between 8.0 and 8.6 mmol min−1.51

The scope of this reaction has been shown to be wide, having
been conducted withmany 1,2-diketones and 1,2-ketoaldehydes
(glyoxal, methylglyoxal, diacetyl, phenylglyoxal, benzil) as well
as a-amino acid amides (aminomalonamide, glycine amide,
alanine amide, methionine amide, tyrosine amide, a-amino-
phenylacetamide, leucine amide, a-aminobutyramide, norva-
line amide and valine amide) (Scheme 6a). Moreover, the use of
a-aminohydroxamic acids, instead of a-amino acid amides,
allows the preparation of pyrazinones through the formation of
© 2023 The Author(s). Published by the Royal Society of Chemistry
the corresponding 1-hydroxy-2(1H)-pyrazinones 32 and
a subsequent reduction step with hydrazine (Scheme 6b).52

Condensation of an a-amino acid amide with an unsym-
metrical 1,2-dicarbonyl compound can occur in one or both of
two directions, providing one of the two possible isomers or
a mixture of both. In particular, when methylglyoxal reacted
with a variety of a-amino acid amides the 5-methyl-2(1H)-pyr-
azinone was formed as a single or major isomer (Scheme
6a),49,50,53 whereas if the reaction mixture contained sodium
bisulte, the formation of the 6-methyl isomer was favoured.54

In another study, the structure of the product resulting from
methylglyoxal and alanine amide was demonstrated by X-ray
crystallography to be 3,5-dimethyl-2(1H)-pyrazinone.55

Glyoxal also reacted with dipeptides, tripeptides and tetra-
peptides leading to 2(1H)-pyrazinones 33, 34 and 35 bearing
RSC Adv., 2023, 13, 1162–1184 | 1167
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Scheme 7 Synthesis of 2(1H)-pyrazinones from a-aminoamides and
1,2-diketone mono Schiff bases.

Scheme 8 2(1H)-Pyrazinones with potential applications prepared follo

1168 | RSC Adv., 2023, 13, 1162–1184
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a carboxylic acid, an acylamino acid or an acylpeptide at posi-
tion 1, respectively (Scheme 6c).56,57 In these examples, the
reaction took place between the two carbonyl groups of glyoxal
and the N-terminal amino group and the amide nitrogen of the
amino acid at position 1 in the peptide sequences.

2.4.2 Synthesis from a-amino acid amides and 1,2-dike-
tone mono Schiff bases. Other authors have reported similar
methods to access 2(1H)-pyrazinones based on the formation of
bonds between N-1 and C-6 and between N-4 and C-5. In
particular, Bergeron developed an effective method for
wing Jones and Karmas and Spoerri procedure.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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obtaining the 6-alkyl-2(1H)-pyrazinone isomer as a single
isomer (Scheme 7).58 This method took advantage of the
different reactivity of the carbonyl and imino groups of ketoi-
mine 36, which upon condensation with leucinamide yielded
exclusively deoxyaspergillic acid 2a (3,6-diisobutyl-2(1H)-
pyrazinone).

2.4.3 2(1H)-Pyrazinones with potential applications,
prepared following Jones and Karmas and Spoerri procedure.
Interestingly, the method described by Jones and Karmas and
Spoerri49,50 has been applied to obtain numerous compounds
with potential use as avour ingredients or application in
medicine (Scheme 8). In a search for analogues of the bell
pepper compound 2-isobutyl-3-methoxypyrazine with strong
odour and avoring properties, pyrazinones were prepared
from glyoxal and amino acid amides, and then reacted with
diazomethane to be converted into 2-methoxy-3-alkylpyrazines
37 (Scheme 8a).59,60

In the medicinal eld, a collection of potential allosteric Akt
kinase inhibitors bearing a 2(1H)-pyrazinone ring was synthe-
sized (Scheme 8b).61 The two regioisomers 38 resulting from the
reaction of a benzil derivative and different amino acid amides
were screened for their Akt inhibitory activity. Derivatives
selective for Akt1, Akt2 or both Akt1/Akt2 were identied.
Moreover, 2(1H)-pyrazinones prepared following the Jones'
method were employed for the synthesis of nucleosides. In
a study concerning this topic, Benjahad et al. reported
piperazin-2-one nucleosides 39 resulting from the reduction of
pyrazinones linked to a ribofuranose (Scheme 8c).62 The
synthesis of the corresponding pyrazinones was performed by
treating glyoxal with glycine amide, alanine amide or 2-amino-
dodecanamide. Two of these piperazin-2-one nucleosides
bearing a decyl chain showed moderate activity against the
Visna virus related to the human immunodeciency virus. In
another work, Weber et al. focussed their attention on the
prebiotic synthesis of nucleosides (Scheme 8d). First, the
synthesis of 2(1H)-pyrazinones from sugars (glyceraldehyde or
erythrose) through reaction with an amino acid amide (glycine
amide, alanine amide or leucine amide) was explored.63 The
corresponding 3,5- and 3,6-disubstituted pyrazinone isomers
40a and 40b were obtained. A few years later, aldopentoses,
such as ribose, arabinose, xylose and lyxose, were subjected to
similar conditions.64 Although the results were promising, pyr-
azinones were not obtained in sufficient quantity to study their
usefulness in pyrazine nucleic acid synthesis. Therefore, pyr-
azinones were prepared through traditional organic synthesis.
In particular, D-ribose was reacted with alanine amide, which
afforded the two possible regioisomers 41a and 41b. In another
study, in an attempt to nd new antiviral nucleoside analogues,
3-oxo-3,4-dihydropyrazine-2-carboxamide (42) was prepared
from glyoxal and 2-aminopropanediamide, and then glycosy-
lated with a ribofuranose derivative (Scheme 8e).65
2.5 Synthesis from 2-chloro ketone oximes and a-amino acid
esters

3,6-Disubstituted 2(1H)-pyrazinones were also synthesised from
2-chloroketone oximes and a-amino acid esters through
© 2023 The Author(s). Published by the Royal Society of Chemistry
formation of bonds between N-1 and C-2 and between N-4 and
C-5.66 This method afforded pyrazinones 42 and it was also
successfully applied to the preparation of deoxyaspergillic acid
(2a) (Scheme 9).67 In the case of 2a, reaction of 1-chloro-3-
methyl-2-pentanone oxime and L-leucine ethyl ester led to the
corresponding N-(2-oximinoalkyl)-amino acid ester 43, which
was then subjected to saponication of the ester, conversion of
the oxime into a ketone, esterication of the carboxylic acid and
treatment with ammonia with subsequent oxidation of the ring.
2.6 Synthesis from an amino acetal or amino alcohol, an
oxalate and an amine

In 1975 Cheeseman et al. described a sequence for the prepa-
ration of the pyrazinone core as an alternative of the Strecker
reaction, avoiding the high toxicity associated with trime-
thylsilyl cyanide (TMSCN). The key steps of this strategy involve
the formation of the C-3–N-4 bond and a cyclization between N-
1 and C-6.68

This synthetic route starts with diethyl oxalate reacting with
an equimolar quantity of 2,2-dimethoxyethylamine to afford
oxamate 44 that is converted with benzylamine into the corre-
sponding N-benzyl-N′-(2,2-dimethoxyethyl)oxamide 45 (Scheme
10a). This N-1-protected oxamide undergoes cyclization under
reux in acetic acid with a catalytic amount of HCl. The
resulting pyrazinedione 46 is then treated with hex-
anemethyldisilazane (HDMS) to afford 1-benzyl-3-trimethylsi-
lyloxypyrazin-2(1H)-one (47), that can be used as a precursor of
further functionalized pyrazinone scaffolds. Specically,
Cheeseman and co-workers used this strategy for the prepara-
tion of pyrazine nucleosides as analogues of the natural
pyrimidine nucleosides with potential anti-tumoral activity.
These compounds were obtained by the condensation of 47
with the corresponding acylglycosyl chloride, using silver
perchlorate.68

From this method, Fleitz et al. considered a similar approach
for the construction of the pyrazinone core in a multi-kilogram
scale synthesis (Scheme 10b).69 In their approach, the cycliza-
tion precursor 48 contained an acetyl group instead of the
dimethylacetal-protected aldehyde initially reported by
Cheeseman, which aer an acidic treatment afforded the 6-
methyl-pyrazine-2,3-dione 49. The oxamide 48 was synthesised
from the oxidation of the corresponding alcohol 50, which was
previously obtained from a two-step condensation starting from
ethyl oxalyl chloride. Moreover, the presence of an acetate group
at N-1 in 49 allowed further functionalization aer the selective
hydrolysis of this ester. Likewise, the position 3 of the pyr-
azinedione 49 can be easily brominated using POBr3. This
halogenation allows nucleophilic substitution of amines to take
place at this position. All in all, based on this strategy, the
synthesis of the thrombin inhibitor 51a was described.

Later, the incorporation of monocyclic70 and bicyclic71 argi-
nine derivatives at position 1 was also assessed to improve the
selectivity and thrombin inhibitory activity of the previously
reported 51a, leading to the description of 51b as the analogue
with the best biological prole (Scheme 10b). This derivatiza-
tion was achieved following a similar strategy: the cyclic
RSC Adv., 2023, 13, 1162–1184 | 1169
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Scheme 9 Synthesis of 2(1H)-pyrazinones from 2-chloroketone
oximes and a-amino acid esters.
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arginine surrogates were bound to N-1 through the hydrolysis of
the acetate group affording the carboxylic acid and subsequent
coupling of the corresponding amine precursors mediated by 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 1-hydrox-
ybenzotriazole (HOBt) and Et3N at room temperature.

The identication of the metabolic activation pathways of
previously reported thrombin inhibitors led to the optimization
of 51a in order to increase the oral bioavailability and phar-
macokinetics.72,73 Burgey et al. found that compounds with
methyl groups at position 6 had low half-life in plasma because
of oxidation of this position during metabolism.22 In contrast,
when it was replaced by a chlorine or a nitrile group (14a,b), the
inhibitory activity was enhanced and half-lives considerably
increased. The synthetic pathway to introduce a nitrile group at
position 6 is represented in Scheme 10c: starting from a 6-
methylpyrazinedione 49 an oxidation of the 6-methyl with SeO2

afforded the aldehyde, which was converted into the nitrile aer
forming the oxime and its subsequent reduction. On the other
hand, the introduction of a chlorine at C-6 is achieved by
reaction with N-chlorosuccinimide (NCS) in 1,2-dichloroethane
(DCE) (Scheme 10d). From these intermediates, target mole-
cules 14a and 14b are easily achieved following the strategy
discussed previously.

2.7 Synthesis of 3,5-dihalo-2(1H)-pyrazinones from oxalic
halides and a-aminonitriles: Hoornaert's method

Vekemans et al. reported in 1983 the most general method for
the preparation of 3,5-dichloro- and 3,5-dibromo-2(1H)-pyr-
azinones.74 This method involves the treatment of an a-ami-
nonitrile 52 with an excess of the corresponding oxalyl halide in
toluene or o-dichlorobenzene at 70–100 °C for 4–6 h or at room
temperature for several days (Scheme 11). The a-aminonitrile
provides the substituents at N-1 and C-6 of the pyrazinone core
and it is usually obtained from a primary amine, an aldehyde
and a cyanide source via a Strecker type reaction. If the primary
amine is poorly nucleophilic, the a-aminonitrile 52 can also be
prepared via a two-step procedure involving the synthesis of an
imine followed by reaction with TMSCN (Scheme 11).20 To form
the pyrazinone, the salt of the a-aminonitrile must be used to
avoid the formation of symmetrical oxamides. Free-base ami-
nonitriles are employed only when they have poor nucleophi-
licity (e.g. R1 = Ph).
1170 | RSC Adv., 2023, 13, 1162–1184
The mechanism for the formation of the pyrazinone core
involves rst the acylation of the a-aminonitrile to form an
oxamoyl halide 53 (bond between N-1 and C-2) (Scheme 12).
Next, addition of HX to the nitrile, tautomerization to the
enamine 54 and subsequent cyclization affords a cyclic
pyrazine-2,3-dione 55 (bond between N-4 and C-3). This inter-
mediate then reacts with an excess of the oxalyl halide allowing
the introduction of the halogen atom at position 3 with release
of CO2, CO and X−. This step can be favoured by adding a tet-
raalkylammonium halide, acting as an additional halide source.

This method has been employed to obtain 3,5-dihalo-2(1H)-
pyrazinones with a range of substituents at positions 1 and 6.
However, it fails when R1 is an acyl group and is difficult when
R6 is an electron-withdrawing group. In addition, when R1 and/
or R6 are bulky groups, the yields are low because the conver-
sion of the pyrazine-2,3-dione into the dihalopyrazinone is not
efficient.75 It has been reported that this halogenation step can
be accelerated by adding a catalytic amount of DMF aer the
reaction of the a-aminonitrile with the oxalyl halide.20,75

Applying this procedure, Tulinsky et al. described the
asymmetric synthesis of atropisomeric 6-aryl-3,5-dichloro-
2(1H)-pyrazinones (Scheme 13).76,77 They observed that the
cyclization of the diastereomerically pure (S,S)- and (R,R)-ami-
nonitriles 56a and 56b, derived from o-iodobenzaldehyde, (R)-
or (S)-a-methylbenzylamine and NaCN, provided the diaster-
eomerically pure pyrazinones (aS,S) 57a and (aR,R) 57b,
respectively. They concluded that the conguration at the
nitrile-bearing carbon determined the conguration of the
asymmetric axis and that the steric bulk of the ortho-halo
substituent inuenced the selectivity.

With the aim of taking advantage of combinatorial princi-
ples and to pave the way for the generation of libraries of bio-
logically interesting structures, Kaval et al. transferred the
Hoonaert's method to solid phase (Scheme 14).78 AWang amide
resin was used as solid support which was treated with the
corresponding aldehydes and TMSCN to yield the a-amino-
nitriles. Following acidication, the resulting a-aminonitrile
salts were cyclized with an excess of oxalyl chloride in toluene
providing the resin-bound 3,5-dichloro-2(1H)-pyrazinones
bearing a range of substituents at position 6.

Gising et al. demonstrated that the speed of Hoonaert's
method can be improved using MWI.79–81 They developed
a rapid one-pot, two-step protocol that involved: (i) a microwave-
assisted Strecker reaction to provide the a-aminonitrile and (ii)
addition of HCl gas, then oxalyl chloride and cyclization under
MWI (Scheme 15).

Researchers from Bristol-Myers Squibb described an opti-
mized procedure that allowed the synthesis of 3,5-dihalo-2(1H)-
pyrazinones in multigram quantities, involving lower reaction
temperatures and the use of lower boiling point solvents.82,83

This procedure consists of the preparation of the a-aminonitrile
via the nucleophilic substitution of chloroacetonitrile with
a primary amine in the presence of KI and K2CO3 in MeCN
followed by acidication and nal treatment with oxalyl chlo-
ride or oxalyl bromide in toluene (Scheme 16).

2.7.1 Application of 3,5-dihalo-2(1H)-pyrazinones. 3,5-
Dihalo-2(1H)-pyrazinones, synthesized using the procedures
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 10 Synthesis of 2(1H)-pyrazinones from an aminoacetal or amino alcohol, an oxalate, and an amine, and further derivatizations.
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described above, have been shown to be versatile building
blocks for the preparation of a variety of biologically relevant
compounds. Position C-3, being an imidoyl chloride moiety,
can be selectively derivatized with a variety of nucleophiles via
addition/elimination reactions. In addition, metal-catalyzed
reactions in solution as well as on solid phase have been used
to incorporate aryl, heteroaryl, alkyl, alkenyl or alkynyl groups at
© 2023 The Author(s). Published by the Royal Society of Chemistry
C-3. The functionalization of the C-5–vinylhalo position is more
difficult, but once position 3 is derivatized, substituents can be
introduced at C-5 through a metal-catalyzed cross-coupling
reaction. Alternatively, both positions can be dehalogenated
via a palladium-catalyzed reaction with sodium formate. It has
also been demonstrated that the azadiene system of the pyr-
azinone system can undergo intra- and intermolecular
RSC Adv., 2023, 13, 1162–1184 | 1171
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Scheme 11 Synthesis of 3,5-dihalo-2(1H)-pyrazinones using Hoornaert's method.

Scheme 12 Mechanism for the formation of 3,5-dihalo-2(1H)-
pyrazinones.

Scheme 13 Synthesis of atropisomeric 6-aryl-3,5-dichloro-2(1H)-
pyrazinones.

Scheme 14 Solid-phase synthesis of 3,5-dichloro-2(1H)-pyrazinones.

Scheme 15 Synthesis of 3,5-dichloro-2(1H)-pyrazinones under MWI.

Scheme 16 Synthesis of 3,5-dihalo-2(1H)-pyrazinones starting from
a primary amine and chloroacetonitrile.
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cycloaddition reactions with a range of olens and acetylenes to
provide (fused)heterocyclic systems. All this reactivity, both in
solution and on solid phase, has been previously reviewed.84–87
1172 | RSC Adv., 2023, 13, 1162–1184
Herein, the developments made in this eld during the ten
years aer 2010 are described.

Starting from 3,5-dihalo-2(1H)-pyrazinones, Bristol-Myers
Squibb researchers developed a family of N-3-(hetero)aryl-
2(1H)-pyrazinones as corticotropin-releasing factor-1 receptor
(CRF1R) antagonists that could be useful for the treatment of
psychiatric disorders.18,82,83,88–90 The general structure 58 of this
family of 2(1H)-pyrazinones and two of the most representative
members, BMS-665053 (59) and BMS-764459 (11), are depicted
in Fig. 3. Both compounds are highly potent (IC50# 1.0 nM) and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 2(1H)-Pyrazinones developed as CRF1R antagonists.

Scheme 17 Synthesis of 5-halo-2(1H)-pyrazinones 58.

Fig. 4 2(1H)-Pyrazinones developed as inhibitors of the hepatitis C
virus NS3 protease.
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selective CRF1R antagonists with good pharmacokinetic prop-
erties and efficacy in rats, but BMS-764459 shows an improved
metabolic prole.88,89 Based on this activity as CRF1R antago-
nists, later they prepared uorinated analogues and explored
their potential as Positron Emission Tomography (PET)
radioligands.91,92

The synthesis of this family of compounds, with general
structure 58, was achieved via a base-mediated reaction or
a palladium-catalyzed site-selective coupling of the corre-
sponding (hetero)aryl amine with the 3,5-dihalo-2(1H)-pyr-
azinone 60a or 60b (Scheme 17),18,82,83,88–90 which were prepared
Scheme 18 Derivatization of 5-bromo-2(1H)-pyrazinone 58b.

© 2023 The Author(s). Published by the Royal Society of Chemistry
as shown in Scheme 16. 5-Bromo-2(1H)-pyrazinone 58b served
as a starting material for the incorporation of substituents at C-
5 of the pyrazinone via palladium-catalyzed cross-coupling
reactions (Scheme 18).18 The des-halo analogue was obtained
by hydrogenation in presence of Pd/C.18 Analogues bearing
a methyl group at position 5 were also prepared following an
alternative method that involved the synthesis of a 3-chloro-5-
methyl-2(1H)-pyrazinone intermediate by the condensation of
an a-amino ketone and ethyl chlorooxacetate using a similar
approach to that discussed in Section 2.2.18

Sandström's group developed a family of achiral inhibitors
of the hepatitis C virus NS3 protease based on 2(1H)-pyr-
azinones with general structure 61 (Fig. 4). They chose this
scaffold for its ability to retain the H-bonding pattern of the
peptide backbone and to act as a b-strand inducer. The starting
point of their design was tripeptide 62, and their rst study led
to the identication of compounds 61a and 61b (Fig. 4).80 The
RSC Adv., 2023, 13, 1162–1184 | 1173
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Fig. 5 2(1H)-Pyrazinones developed as tubulin-modulating
compounds.
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former was taken as a lead for further optimization.81 This
second study provided 61c and 61d as two of the best 2(1H)-
pyrazinone-based inhibitors and showed the important role of
elongated substituents at C-6 for the activity.

The synthesis of the pyrazinone scaffold was performed via
Hoornaert's method using MWI (Scheme 15).79 The resulting
3,5-dichloro-2(1H)-pyrazinone, incorporating the required
substituents at positions 1 and 6, was selectively derivatized at
position 3 with tert-butyl carbamate or tert-butylurea via
a palladium-catalyzed Buchwald N-arylation coupling using
Pd(OAc)2, Xantphos and Cs2CO3 in 1,2-dimethoxyethane (DME)
under MWI. Alternatively, this position could be derivatized
with an amino group via a nucleophilic aromatic substitution
with the corresponding amine in presence of DIEA in
CH3CN.80,81

In another study, Harker et al. described the synthesis of 2-
pyridone boronic acid derivatives in multigram quantities via
a [4 + 2] cycloaddition between a 3,5-dichloro-2(1H)-pyrazinone
and a trimethylsilyl alkynylboronate (Scheme 19).93 The corre-
sponding pyrazinones were prepared on multigram scale
following the procedure described by Bristol Myers Squibb
researchers (Scheme 16).82,83 The cycloaddition was carried out at
180 °C in the absence of solvent for <2 h and provided the ex-
pected 2-pyridone boronic acid derivatives as a 2 : 1 mixture of
regioisomers. These could be separated using high performance
counter-current chromatography (HPCC) and were further
derivatized to provide a range of functionalized 2-pyridones.

In 2006, DuPont patented the tubulin-modulating fungicide
12, containing a pyrazinone core (Fig. 5).19 Later, they per-
formed a structure–activity relationship analysis incorporating
a range of modications at positions N-1, C-3, C-5 and C-6 of the
2(1H)-pyrazinone ring.20 Best derivatives, highlighting 63a–
d and 64a–b included in Fig. 5, generally contained a branched
alkyl group at N-1, a N-linked pyrazole at position 3, a chloro
group at position 5 and a 2,4,6-trisubstituted phenyl ring at
position 6. These compounds showed fungicidal activity against
economically important plant pathogenic fungi and also
exhibited activity similar to that of placlitaxel against rhabdo-
myosarcoma cells.

The substituent present at position 3 was introduced by
treating the corresponding 3,5-dichloro-2(1H)-pyrazinone, ob-
tained as described in Scheme 11, with a variety of nucleophiles
or by subjecting it to a metal-catalyzed cross-coupling reaction,
yielding compounds containing an N- or a C-linked heterocycle.20

Amide groups were also introduced by treatment of the 3,5-
dichloro-2(1H)-pyrazinone with N-cyanomethylbenzotriazoles in
the presence of a base and subsequent oxidation with peracetic
acid.
Scheme 19 Synthesis of 2-pyridones from 2(1H)-pyrazinones.

1174 | RSC Adv., 2023, 13, 1162–1184
Yang et al. synthesized a collection of 1,3,5-trisubstituted-
2(1H)-pyrazinones 65 and studied their activity as PB2 inhibi-
tors (Fig. 6).94 PB2 is a subunit of inuenza RNA-dependent
RNA polymerase and it is an important target for the design
of anti-inuenza drugs. The structure of these new 2(1H)-pyr-
azinones was based on VX787 (66), a PB2 inhibitor that has
entered phase III clinical trials, by replacing the pyrimidine
ring with a pyrazinone moiety. The best analogue 65a is
depicted in Fig. 6.

This family of compounds was prepared either from the
commercially available 3,5-dibromo-1-methyl-2(1H)-pyrazinone
or from a 3,5-dibromo-2(1H)-pyrazinone prepared following the
procedure described in Scheme 16. This step provided the
group at C-1. The substituent at C-3 was incorporated by reac-
tion with the corresponding amine in presence of DIEA whereas
the substituent at C-5 was introduced via a Suzuki–Miyaura
cross-coupling using the required 7-azaindole-3-boronic acid
pinacol ester.
Fig. 6 2(1H)-Pyrazinones developed as PB2 inhibitors.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 2(1H)-Pyrazinones developed as p38a MAP kinase inhibitors.

Scheme 20 Synthesis of 2(1H)-pyrazinones from ethylendiamine and
methyl pyruvate.
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Researchers from AstraZeneca, starting from their lead
compound AZD6703 (67), designed analogues 68 containing
a 2(1H)-pyrazinone core instead of the quinazolinone scaffold
(Fig. 7).23 Their aim was the development of selective p38a
mitogen-activated protein kinase (MAPK) inhibitors. p38a plays
a relevant role in the modulation of the pro-inammatory sig-
nalling. They performed a structure–activity relationship anal-
ysis by incorporating a variety of aminoalkyl groups at position
3 of the pyrazinone ring and identied compound 15 with in
vitro and in vivo biological properties for an inhaled drug
candidate.

The synthesis of this family of compounds was carried out
from the required 1-aryl-3,5-dibromo-2(1H)-pyrazinone, which
was obtained as depicted in Scheme 16. The aminoalkyl group
at position 3 was incorporated via a nucleophilic aromatic
substitution with the corresponding amine in presence of Et3N.
The bromine at position 5 was removed through hydrogen
transfer hydrogenation using ammonium formate and Pd/C in
EtOH under MWI.
Scheme 21 Synthesis of 2(1H)-pyrazinones from Boc-protected
amino acids and a chloromethyl amino ketone.
2.8 Synthesis from ethylenediamine and methyl pyruvate

Masuda et al. described in 1981 another strategy in which the
1,2- and 4,3-bonds of the nal pyrazinone are made (Scheme
20).95 Methyl pyruvate was condensed with ethylenediamine to
afford 3-methyl-5,6-dihydro-2(1H)-pyrazinone 69 via imine and
amide formation. In the next step, a strange alkylation was
achieved by reaction of 69 with an aldehyde or ketone under
alkaline conditions. Although the authors rst reported that
reaction had taken place at position 5, it was later demonstrated
by NOE experiments and X-ray crystallography that 6-alkyl-3-
methyl-2(1H)-pyrazinones 70 were obtained.96 The process
probably involves deprotonation, prototropy and 6-alkylation at
5,6-enamine. Compounds 70 were further converted into
© 2023 The Author(s). Published by the Royal Society of Chemistry
pyrazines bearing an alkoxy, a phenoxy, an alkylthio or a phe-
nylthio group with interesting odour properties.
2.9 Synthesis from dipeptides

2.9.1 Synthesis from dipeptidyl chloromethyl ketones. A
simple pathway for the preparation of 5-methyl-2(1H)-pyr-
azinones from dipeptidyl chloromethyl ketones 71 was rst re-
ported by Okada et al. (Scheme 21).97,98 Starting from the
coupling of a tert-butyloxycarbonyl (Boc)-protected amino acid
with a chloromethyl a-amino ketone using isobutyl chlor-
oformate (IBCF), the key part of this approach involves
a deprotection-cyclization sequence of 71 in which the Boc
group is removed with HCl/1,4-dioxane and, subsequently, the
pyrazinone ring is constructed under MeOH reux by the
formation of the N-4–C-5 bond.

For the last step, the presence of the chlorine atom in the
dipeptidyl derivative plays a key role as it notably increases the
electrophilicity of the carbonyl group, and it is easily released as
a good leaving group favouring the formation of the pyrazinone.
Moreover, the reaction can occur independently of the stereo-
isomerism of the starting reagent.99 From this route, 2-acetox-
ypyrazines can be easily accessed, which have been proposed as
useful acetylating reagents, reacting selectively with amino
groups of amino acids in the presence of hydroxy groups.100

This method constitutes an efficient strategy to provide
highly substituted rings in high yields under mild conditions,
depending on the amino acids employed that determine R3 and
R6 in the nal pyrazinone core: when aspartate or glutamate are
RSC Adv., 2023, 13, 1162–1184 | 1175
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used as components of the starting dipeptidyl chloromethyl
ketone, pyrazinone carboxylates can be obtained. Nevertheless,
in contrast to that observed for position 6, carboxymethyl
groups at R3 rapidly decarboxylate due to the low electron
density of this position.101

In addition, amino groups can be easily introduced as
substituents at positions 3 and/or 6, protected with a benzylox-
ycarbonyl (Z) group prior to the cyclization. Although the cata-
lytic hydrogenation of the Z group of aminomethyl attached to
position 6 causes instantaneous and selective deamination of
this position,102 when larger aminoalkyl chains are introduced,
the Z group can be removed and the amine further functional-
ized by coupling to various amino acids.

Based on this strategy, the development of opioid mimetics
constitutes an interesting application for pyrazinone-
containing compounds. Thus, Okada et al. synthesised
a series of analogues of the pentapeptide enkephalin, a natural
ligand of opioid receptors.103–105 Specically, they incorporated
a pyrazinone ring with aminoalkyls of different lengths as R3 or
R6, at which a tyrosine was attached. Based on the results which
pointed to a strong binding to the m-opioid receptor and good
lipophilicity given by the pyrazinone core, several modications
were prepared. Among them, the inclusion of 2′,6′-dimethyl-L-
tyrosine (Dmt) as in 72 (Fig. 8) has been reported to enhance
receptor affinity, and to exhibit higher analgesic and anti-
nociceptive activities.106–112 Moreover, Li et al. reported that N-
allylation of Dmt in these scaffolds allows the conversion of m-
opioid agonists into potent m-opioid antagonists.113

An additional example of an application related to pyr-
azinone derivatives synthesised following this strategy was re-
ported by Miyazaki et al. whose work was aimed at the
development of analogues of the somatostatin, a cyclic tetra-
decapeptide involved in the inhibition of growth hormone
secretion.114,115 Particularly, they designed novel cyclic
Fig. 8 General structures of pyrazinone-containing opioid derivatives
with Dmt and somatostatin analogues.

1176 | RSC Adv., 2023, 13, 1162–1184
analogues which included a pyrazinone ring instead of the
disulde bond. The resulting compounds, with a general
structure 73, exhibited antiproliferative activity on tumour cells,
but also presented interesting properties: pyrazinone-
containing peptides are able to cross the blood–brain barrier,
as well as the epithelial membrane of gastrointestinal tracts.
Also, the presence of the heterocycle increases the lipophilicity,
enhancing the interaction with cell membranes, and offers
higher resistance to enzymatic degradation.

2.9.2 Synthesis from dipeptidyl aldehydes, ketones or car-
boxamides. The cyclization of dipeptidyl chloromethyl ketones
following the preceding approach constitutes an easy and
convenient strategy for the synthesis of 2(1H)-pyrazinones,
however its use is restricted to pyrazinones bearing a methyl
group at position 5. A similar but muchmore versatile approach
for the preparation of pyrazinones, which also involves the
formation of the bond between N-4 and C-5, is the cyclisation of
dipeptides with a C-terminal aldehyde, methyl or phenyl
ketone, or carboxamide.

In fact, in 1996, the research group that rst developed the
cyclization of dipeptidyl chloromethyl ketones, devised a route
to pyrazinones without a substituent at position 5 starting from
a dipeptidyl aldehyde 74 (Scheme 22).116 This aldehyde was
obtained from a Boc protected a-amino Weinreb amide 75,
which was subjected to Boc removal followed by coupling with
the second Boc amino acid in the sequence and nal selective
reduction of the Weinreb amide to an aldehyde. Aer Boc
removal of 74, cyclization was promoted at room temperature in
MeCN. Following this approach, besides the 2(1H)-pyrazinones
76a–b, the natural products deoxymuta-aspergillic acid 76c,
deoxyaspergillic acid 2a and avacol 2b were prepared.
Scheme 22 Synthesis of 2(1H)-pyrazinones from dipeptidyl
aldehydes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 23 Synthesis of 3,6-bis(3-indolyl)-2(1H)-pyrazinone.

Scheme 24 Two routes for the preparation of dipeptidyl aldehydes as
precursors of 3,6-disubstituted pyrazinones.
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Moreover, the stereochemistry of the chiral carbon atom of
deoxyaspergillic acid 2a was determined to be S. Taking
advantage of this method, Jiang and Gu prepared 3,6-bis(3-
indolyl)-2(1H)-pyrazinones (77), corresponding to the core of
dragmacidin D, the key starting amino acids in this case being
N-Boc-indolylglycine and the Weinreb amide 78 also derived
from indolylglycine (Scheme 23).42

Alternative approaches to obtain the dipeptidyl aldehydes
were reported, thus Aubé et al. used a dipeptidyl ester 79 that
was reduced to aldehyde with DIBAL or a dipeptidyl alcohol 80
that was oxidized to aldehyde with Dess-Martin periodinane
(DMP) (Scheme 24). Phevalin (2c) was obtained following both
approaches.117,118 Tyrvalin (2c), leuvalin (2d), phileucin (2e) and
the six synthetic analogs 81a–f were also prepared using an
amino alcohol as starting material for the corresponding
dipeptidyl aldehydes.118 Formation of the pyrazinones was
achieved in triuoroacetic acid (TFA) via a one-pot Boc removal,
ring closure and spontaneous oxidation.

In 2004, Adam et al. and Matsushita et al. took this method
a step further. On the one hand, the former authors prepared
2(1H)-pyrazinones again substituted at position 5, this time by
cyclising dipeptidyl ketones 82 (Scheme 25).119 These interme-
diates were readily obtained through coupling Boc-protected
amino acids with a-amino ketones or with a-amino secondary
alcohols, the latter followed by an additional oxidation with
DMP. Aer Boc removal of 82 with HCl, stirring the resulting
dipeptidyl ketones in pyridine at 80 °C afforded the expected 5-
phenyl or 5-methyl-2(1H)-pyrazinones 83 in high yields.

Matsushita et al. carried out N–H insertion reactions of a-
diazo-b-ketoesters with Boc amino acid amides in the presence
of a rhodium octanoate catalyst to afford a-acylamino-b-
ketoesters 84 as precursors of pyrazinones (Scheme 26).120 Their
subsequent treatment with TFA at 100 °C led to Boc removal
and cyclisation, yielding 2(1H)-pyrazinones 85 with a methyl or
phenyl at position 5 and with a carboxylate substituent at
position 6. To gain more insight into this method, the authors
extended it to the solid phase. Accordingly, a-diazo-b-ketoesters
© 2023 The Author(s). Published by the Royal Society of Chemistry
linked to a JandaJel polymer were used and converted to the
resin-bound pyrazinones 86. The procedure as described in
solution was followed, except for the cyclization which was
performed in acetic acid aer Boc removal with TFA. Before
cleavage from the resin, these pyrazinones 86 were then alky-
lated at N-1 or converted into pyrazines through reaction with
POBr3 and subsequent solid-phase Suzuki coupling with aryl
boronic acids.

Dipeptides bearing a carboxamide group at the C-terminus
have also been converted into 3,5,6-trisubstituted-2(1H)-pyr-
azinones, the substituent at position 5 being a carboxamide.
With the aim of obtaining dipeptidyl carboxamides 87, Basso
et al. used the PADAM strategy, based on a Passerini multi-
component reaction, amine deprotection and acyl migration
(Scheme 27).121 In particular, they reacted an N-Fmoc a-amino
RSC Adv., 2023, 13, 1162–1184 | 1177
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Scheme 25 Synthesis of 2(1H)-pyrazinones from dipeptidyl ketones.

Scheme 27 Synthesis of 2(1H)-pyrazinones from dipeptidyl
carboxamides.
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aldehyde with N-Boc a-amino acids and an isocyanide, and then
removed the Fmoc group with Et2NH, which also led to spon-
taneous intramolecular acyl migration affording a-hydroxy
amides 88. The hydroxyl group of 88 was then oxidized with 2-
iodoxybenzoic acid (IBX) to reach the desired dipeptidyl car-
boxamides 87. Final treatment of 87 with TFA not only allowed
Boc removal and in situ cyclization, but also the unexpected
aromatisation of the ring, giving rise to the corresponding 3,5,6-
trisubstituted-2(1H)-pyrazinones.

2.10 Synthesis through an Ugi condensation

Faggi et al. proposed a novel strategy for the synthesis of pyr-
azinones, with a carboxamide at position 6, through an Ugi
four-component condensation between an arylglyoxal (R5 = Ar),
a glyoxylic acid, an isocyanide, and a primary amine (Scheme
Scheme 26 The use of N–H insertion reactions for the preparation of 2

1178 | RSC Adv., 2023, 13, 1162–1184
28a).122 The condensation affords the intermediate 89, which in
the presence of ammonia undergoes a Davidson cyclization
providing polysubstituted pyrazinone-6-carboxamides 90.

Later, Azuaje et al. further developed this Ugi-based strategy
employing a N-Boc protected amino acid instead of the glyoxylic
acid (Scheme 28b).123 In their one-pot approach, aer the four-
component condensation, a subsequent step involving
a deprotection/cyclization strategy with TFA/DCE provides pyr-
azinone 90. Interestingly, they reported that when 2 NHCl/ether
at 0 °C was employed to cleave the Boc group, a 3,4-dihy-
dropyrazin-2(1H)-one was isolated instead of the target pyr-
azinone. The resulting pyrazinones have been proven to be
efficient adenosine receptor antagonists.124

More recently, Wu et al. reported a similar approach
employing a-azidovinyl acids (Scheme 28c). Aer the Ugi
condensation, the resulting intermediate was treated with PPh3

leading to a one-pot Staudinger/Aza-Wittig/isomerization
cascade giving 2(1H)-pyrazinones in an efficient way.125
(1H)-pyrazinones either in solution or on solid phase.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 28 Synthesis of 2(1H)-pyrazinones by means of Ugi reactions.
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These strategies based on four-component reactions allow
the assembly of pyrazinones with a wide variety of substituents
depending on the readily available substrates involved.
Scheme 30 Proposed mechanism for the synthesis of 2(1H)-pyr-
azinones from a-azido-N-allylamides.
2.11 Synthesis from a-azido-N-allylamides

Zhang et al. reported a synthesis of 5-formyl-2(1H)-pyrazinones
starting from a-azido-N-allylamides via a copper(II)-catalyzed
reaction under an O2 atmosphere, that involves the formation of
the bond between N-4 and C-5 (Scheme 29).126 This procedure
provided, in moderate to good yields, 5-formyl-2(1H)-pyr-
azinones 91 bearing an electron-rich aryl, a phenyl, a 4-chlor-
ophenyl or a 4-bromophenyl at position 5 and amethyl, a benzyl
or a 2,6-dimethylphenyl at N-1.

The proposed pathway for this transformation involves rst
a 1,3-dipolar cycloaddition between the azido group and the
alkene moiety to yield a bicyclic triazoline 92 which could
undergo denitrogenative fragmentation giving a bicyclic azir-
idine 93 (Scheme 30). Next, single-electron oxidation of this
intermediate with Cu(OAc)2 and deprotonation would result in
ring opening of the aziridine yielding a primary alkyl radical,
which would be transformed into a copper peroxy species 94 by
reaction with O2. Finally, elimination of copper hydroxide and
oxidation of the resulting 5-formyl dihydropyrazinone 95 would
give the corresponding 5-formyl-2(1H)-pyrazinone 91.
Scheme 29 Synthesis of 2(1H)-pyrazinones from a-azido-N-
allylamides.

© 2023 The Author(s). Published by the Royal Society of Chemistry
2.12 Synthesis from 3,4-disubstituted 4-amino-5(4H)-
isoxazolones

Becalli and Marchesini described a synthesis of 3,5,6-trisubsti-
tuted 2(1H)-pyrazinones from 3,4-disubstituted 4-amino-5(4H)-
isoxazolones (Scheme 31).127 This method is an alternative to
the protocol rst described by Jones for the preparation of
2(1H)-pyrazinones starting from a-amino acid amides and 1,2-
dicarbonyl compounds, discussed in Section 2.4. First,49 the
corresponding 3,4-disubstituted 4-amino-5(4H)-isoxazolone 96
is treated with a 2-oxoacyl chloride in the presence of Et3N and
4-(dimethylamino)pyridine (DMAP). Next, hydrogenation of the
resulting intermediate, using the Lindlar catalyst, results in the
reduction of the N–O bond, decarboxylation and intramolecular
cyclization, yielding the 3,5,6-trisubstituted 2(1H)-pyrazinone.
RSC Adv., 2023, 13, 1162–1184 | 1179
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Scheme 31 Synthesis of 2(1H)-pyrazinones from 4-amino-5(4H)-
isoxazolones.
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2.13 Synthesis from mesoionic oxazoles and an isocyanide

Saijo et al. described a novel strategy to afford 2(1H)-pyr-
azinones by the ring transformation of mesoionic 1,3-
oxazolium-5-olates by a base-mediated reaction with p-tolue-
nesulfonylmethyl isocyanide (TosMIC) (Scheme 32).128 Later,
they found that this methodology could also be applied to ethyl
isocyanoacetate as a reagent bearing an active methylene
group.129 In both cases, the 4-triuoroacetyl-1,3-oxazolium-5-
olate 97 is obtained by the cyclodehydration of a N-acyl-N-
alkylglycine with triuoroacetic anhydride. Moreover, if an
excess of TosMIC is used, an imidazo[1,4-a]pyrazin-8(7H)-one
derivative 98 is produced, due to the high electrophilic char-
acter of C-3 of the 2(1H)-pyrazinone core.
Scheme 32 Preparation of mesoionic oxazoles and their use in the synt

Scheme 33 Proposed mechanism for the reaction of mesoionic oxazol

1180 | RSC Adv., 2023, 13, 1162–1184
The mechanism of this reaction would involve the initial
deprotonation of the active methylene group of TosMIC by 1,8-
diazabicyclo(5.4.0)undec-7-ene (DBU) and a nucleophilic attack
of the resulting carbanion to the C-2 position of the oxazolium
affording the intermediate 99, which is converted into 100 by
proton transfer (Scheme 33).128 This intermediate is in equilib-
rium with 101, which aer a decarboxylation promotes a nucle-
ophilic attack causing the ring closure. Aer a proton transfer,
intermediate 102 would react with O2 forming a superoxide
complex, which suffers a recombination affording the pyr-
azinone aer the elimination of the triuoroacetate anion.
2.14 Synthesis from 2-chloro ketone oximes and an amine in
a deep eutectic solvent

In 2017, Perrone et al. reported the rst synthesis of 1-alkyl-3,5-
diaryl trisubstituted 2(1H)-pyrazinones (103) in deep eutectic
solvents (DESs) by means of the coupling between aromatic a-
chloro oximes with aliphatic primary amines (Scheme 34).130 a-
Chloro ketone oximes, which are reported to be highly reactive,
were prepared by a straightforward condensation of a-chloro
ketones with hydroxylamine hydrochloride.

Regarding the optimization of the reaction conditions, they
found that the use of choline chloride (ChCl) based DESs, such
as the combination glycerol/ChCl or urea/ChCl, resulted in
better yields than using organic solvents like THF or DMF. In all
cases, reactions were carried out at 110 °C for 10 h with an
excess of the primary amine, and aer a simple work-up,
hesis of 2(1H)-pyrazinones.

es and an isocyanide.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 34 Synthesis of 2(1H)-pyrazinones from a-chloro oximes and
an amine.

Scheme 35 Proposed mechanism for the formation of pyrazinones
from a-chloro oximes and an amine.
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pyrazinones were obtained and the DES mixtures could be
recovered.

This route constitutes a green and simple way to obtain
2(1H)-pyrazinones. However, this methodology cannot be
applied using aliphatic a-chlorinated oximes or aromatic
amines as starting reagents. Themechanism of formation could
involve an initial nucleophilic attack of the primary amine to
the a-chloro oxime, a subsequent base-catalysed tautomeriza-
tion and a water elimination via N–O bond breaking, affording
the 1,4-diaza-1,3-diene 104 (Scheme 35).130 This intermediate
reacts with the enolic form of another a-chlorinated oxime
through a [4 + 2] cycloaddition. The release of hydroxylamine
and chloride favours the aromatization of the ring and
a nucleophilic attack of water. A nal oxidation step provides
the pyrazinone 103.
3 Concluding remarks

The synthesis of the 2(1H)-pyrazinone scaffold can be achieved
through the combination of a wide variety of acyclic compo-
nents as key building blocks, especially a-amino acids (and
esters), a-amino ketones (and aldehydes), a-amino acid amides,
glyoxylic acid derivatives, a-haloacyl halides, 1,2-dicarbonyl
compounds, 2-chloro ketone oximes, a-aminonitriles, dipep-
tidyl chloromethyl ketones, dipeptidyl aldehydes, ketones and
carboxamides, isocyanides, primary amines, and mesoionic
© 2023 The Author(s). Published by the Royal Society of Chemistry
oxazoles. The review deals with the various synthetic strategies,
starting from the earliest, published at the turn of the 20th
century, up to those described in recent years. The ways in
which the components are assembled to construct the hetero-
cyclic ring, as well as the details of reaction conditions, are
reviewed for each of these. All these approaches pave the way for
the preparation of highly functionalized 2(1H)-pyrazinones with
interesting biological applications.
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Lett., 2005, 15, 3034–3038.

118 R. Ramesh, M. T. Bovino, Y. Zeng and J. Aubé, J. Org. Chem.,
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