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Abstract—Functionalized quinoxalines and heterocyclic pyrazines are expediently prepared in excellent yields (69–99%) from
common 1,2-diketone intermediates under microwave irradiation. In addition to being general for a variety of aryl/heteroaryl 1,2-
diamines and 1,2-diketones, this protocol suppresses the formation of polymeric species, characteristic of traditional thermal
conditions.
� 2004 Published by Elsevier Ltd.
Microwave-assisted organic synthesis (MAOS), fuelled
by the development and availability of precision con-
trolled, single-mode microwave reactors, has had a
profound impact on the way chemists approach organic
and parallel synthesis. Clearly, reductions in reaction
times, improved yields and suppression of side products,
relative to traditional thermal heating, are benefits of
this emerging technology.1 Recently, the literature has
seen a plethora of MAOS protocols for various chemical
transformations; however, the application of MAOS as
a diversity engine for parallel synthesis has only begun
to accrue.

With the competitive nature of the pharmaceutical
landscape, lead discovery groups are challenged to
rapidly develop nascent programs and secure strong
intellectual property (IP) position early on.2 As many of
the leads identified from high-throughput screens are
small heterocyclic compounds, our laboratory has
devoted a significant effort to develop efficient protocols
for the preparation of a diverse collection of substituted
heterocyclic scaffolds from common intermediates. In
recent Letters, we have reported on simple, high-yielding
MAOS protocols (5min, 80–99%) for the preparation of
1,2,4-triazines 23 and imidazoles 34 from common 1,2-
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diketone 1 intermediates (Fig. 1). In addition to pro-
viding a dramatic rate acceleration versus classical
thermal heating (8–24 h, 30–65%), 1,2-diketones serve as
diversification elements en route to biologically active
heterocycles.3;4 When incorporated into an iterative
analogue library synthesis paradigm, a single ‘library’
will contain multiple heterocyclic scaffolds to rapidly
justify a broader generic scope in support of IP position.
While possessing similar topology, libraries of this type
vary in terms of the electron deficiency and basicity of
the core heterocycle. This diversity-oriented strategy is
in sharp contrast to the typical library design wherein a
single heterocyclic template is ‘decorated’ with various
monomer units. In this Letter, we report on a further
extension of this methodology to include quinoxalines 4
and heterocyclic pyrazines 5.
Figure 1. MAOS with 1,2-diketones to furnish diverse heterocycles.
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Scheme 1.

Table 1. Representative functionalized quinoxalines

Entry Product Yield (%)a

1 99

2 97

3 96

4 98

5 99

6 95

7 95

8 99

aYields for analytically pure compounds fully characterized by LCMS,

NMR and HRMS.
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Functionalized quinoxalines represent an important
class of nitrogen-containing heterocycle. While rarely
described in nature, synthetic quinoxalines are well
known in the pharmaceutical industry and have been
shown to possess a broad spectrum of biological activi-
ties including antiviral, antibacterial and as kinase
inhibitors.5 A number of synthetic strategies have been
developed for the preparation of substituted quinoxa-
lines.6 By far, the most common method relies on the
condensation of an aryl 1,2-diamine with a 1,2-dicarbonyl
compound in refluxing ethanol or acetic acid for 2–12 h.
For example, the condensation of 1,2-diaminobenzene 6
with benzil 7 provides quinoxaline 8 in literature yields
ranging from 34–85% depending on the reaction condi-
tions (Scheme 1).7 In our hands, similar results are
achieved for the synthesis of 8; however, incorporation
of functionality to either reaction partner leads to dra-
matic variations in reaction time and yield. While an
acceptable route to access a single quinoxaline, a general,
high-yielding variant is required for an iterative library
approach wherein structural diversity is maximized.

Conventional thermal conditions were quickly adapted
and optimized on a single-mode microwave synthesizer.8

Optimized reaction conditions required heating a 1:1
ratio of 6:7 under microwave irradiation for 5min at
160 �C in 9:1 MeOH–HOAc to deliver quinoxaline 8 in
quantitative yield (Scheme 2). Unlike traditional ther-
mal heating, this MAOS protocol proved to be general
with respect to both the aryl 1,2-diamine and the 1,2-
dicarbonyl component (Table 1) providing functional-
ized quinoxalines in 95–99% yield in only 5min.9 For
instance, high yields of quinoxaline were obtained for
either electron-donating 1,2-diamines (Table 1, entries 1
and 2) or electron-withdrawing 1,2-diamines (Table 1,
entries 3–5, and 8). Tricyclic derivatives such as 6,7-di-
phenyl-1H-pyrazolo[4,5-g]quinoxaline (entry 6) and 6,7-
diphenyl-1H-imidazolo[3,4-g]quinoxaline (entry 7) were
also readily prepared in 95% yield. In addition to benzil,
6, heterocyclic 1,2-diketones and aliphatic 1,2-diketones
also afforded excellent isolated yields (83–99%) of the
desired quinoxalines (Table 2). Both 2-pyridyl (Table 2,
entries 1 and 3) and 2-furyl (Table 2, entries 2 and 4) 1,2-
diketone congeners delivered the desired quinoxalines in
near quantitative yield. Application of an unsymmetri-
cal diketone, 1-phenylpropane-1,2-dione delivered a 1:1
Scheme 2.
ratio of regiosiomers in 95% yield (Table 2, entry 5) and
the cyclic cyclohexane-1,2-dione provided the tricyclic
congener (Table 2, entry 6) in 83% yield.

Heteroaryl pyrazines, also referred to as heterocyclic
quinoxalines, such as thieno [3,4-b]pyrazine 10 and
pyrido[2,3-b]pyrazine 11 (Fig. 2) represent a related class
of nitrogen-containing heterocycles that attracted our
attention. Unlike standard quinoxalines, heterocyclic
variants 10 and 11 are prone to follow unwanted poly-
merization pathways during their preparation under
conventional thermal heating that result in diminished
yields.6;10 In our hands, pyrido[2,3-b]pyrazines 11 were
readily prepared according to our optimized protocol
employing 2,3-diaminopyridine and a variety of 1,2-
diketones (Table 3) in excellent isolated yields;11 how-
ever, the corresponding thieno[3,4-b]pyrazines 10, under
the same reaction conditions primarily provided poly-
meric material.10 Notably, Rasmussen and co-workers
reported that significant polymerization was observed
when heating 3,4-diamino thiophene 12 with various
1,2-diketones, including benzil 6, at 50–70 �C for 15min
to produce 13 (Scheme 3).12

However, unwanted polymerization reactions were
reduced by conducting the reaction at room temperature
for �3 h, providing 2,3-diphenylthieno[3,4-b]pyrazine 13



Figure 2. Generic quinoxaline and heterocyclic pyrazines.

Table 3. Representative pyrido[2,3-b]pyrazines

Entry Product Yield (%)a

1 97

2 94

3 92

aYields for analytically pure compounds fully characterized by LCMS,

NMR and HRMS.

Scheme 3.

Table 2. Representative functionalized quinoxalines

Entry Product Yield (%)a

1 98

2 95

3 99

4 96

5 95

6 83

aYields for analytically pure compounds fully characterized by LCMS,

NMR and HRMS.

Scheme 4.
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in 37% yield. Other congeners of 10 were prepared with
yields ranging from 42–76%, and without any observed
polymerization side products.12

Once again, while an acceptable route to access a single
thieno[3,4-b]pyrazine, a general, high-yielding protocol
is required for an iterative library approach. Despite the
data indicating that even mild conventional heating (50–
70 �C) can lead to undesirable polymerization reactions,
MAOS provides a fundamentally different method of
heating than a conventional oil bath. Based on the
generation of heat by molecular friction of dipolar
molecules (or solvents), the reactants experience fewer
hot spots under microwave irradiation, and, as a result,
fewer side products.1;13 In light of this, examination of
the preparation of 10 by a MAOS protocol, at lower
temperatures, seemed warranted.

In the event, heating a 1:1 ratio of 6:12 under microwave
irradiation at 60 �C for 5min afforded 13 in 72% isolated
yield with no detectable polymerization side products
(Scheme 4).14 This is in sharp contrast, in terms of both
yield and purity, to the results obtained with either
conventional thermal heating (50–70 �C) or reactions
run for extended periods at room temperature. The
generality of this procedure for the synthesis of a diverse
set of thieno[3,4-b]pyrazines 10 is highlighted in Table 4.
Various 1,2-diketones react smoothly with 12 to deliver
congers of 10 in yields ranging from 69–77%.14 More
importantly, polymerization side products were not



Table 4. Representative thieno[3,4-b]pyrazines

Entry Product Yield (%)a

1 74

2 77

3 69

aYields for analytically pure compounds fully characterized by LCMS,

NMR and HRMS.
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observed. Therefore, this MAOS protocol represents the
best method reported to date for the synthesis of thi-
eno[3,4-b]pyrazines 10.

In summary, microwave-assisted protocols for the gen-
eral synthesis of functionalized quinoxalines and het-
erocyclic pyrazines have been developed. In addition to
providing rapid, high-yielding access to a variety of
quinoxalines and heterocyclic pyrazines, microwave
irradiation suppressed undesired polymerization path-
ways, characteristic of conventional thermal heating.
The efficiency of these protocols enables facile library
synthesis and further extends the application of MAOS
as a diversity engine, employing common 1,2-diketone
intermediates, for solution phase parallel synthesis.
Additional examples of microwave technology for
diversity-oriented library synthesis are in progress and
will be reported in due course.
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