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Foreword

Heterocycles form a fundamental basis for the development of pharmaceutical and
agricultural products with wide applications. In this book the author describes the
synthesis, and the chemical properties of an important class of heterocyclic
chemistry, the quinoxalines.

Chapter 1 describes some properties of the Quinoxaline–As a Parent Heterocycle.
Chapter 2 covers recent advances in the Synthesis of Quinoxalines involving the

methods based on the (a) condensation of 1,2-diaminobenzenes and derivatives
with various two-carbon unit suppliers, (b) condensation of o-benzoquinone
diimines and diimides with various two-carbon unit suppliers, (c) condensation of
N,N-dimethyl(dibenzyl)ethylenediamine with 1,2- and 1,4-dihydroxybenzenes,
(d) synthesis of quinoxalines from aniline and its derivatives, (e) synthesis of
quinoxalines from heterocyclic systems and (f) synthesis of quinoxalines based on
the carbocyclic system.

From the data presented in this chapter many original and interesting methods
recently appeared for the synthesis of quinoxalines, which are difficult to obtain or
in general are unobtainable. These new methods by Kaufmann, Tanimori, Kalinski
and Shaabani are based on the reactions of a wide variety of compounds that
deserve further attention.

Chapter 3 describes two methods of the Synthesis of Pyrrolo[l,2-a]quinoxalines
based both on quinoxalines and pyrroles. Chapter 4 captures the Synthesis of
Imidazo[1,5-a]- and Imidazo[1,2-a]quinoxalines. Chapter 5 discusses the Synthesis
of Quinoxaline Macrocycles through (a) introduction of the quinoxaline system into
macrocycles, (b) the closing of 1,n-bis(quinoxalin-1-yl)alkanes and (c) from both
resorcin[4]arenes and quinoxalines. Chapter 6 demonstrates all known
Rearrangements of Quinoxalin(on)es in the Synthesis of Benzimidazol(on)es and the
interesting new rearrangements discovered by Mamedov, the author of this book,
comprising (a) the acid catalysed conversion of “any of the spiro-derivatives of
1,2,3,4-tetrahydrtinquinoxalin-3-one with at least one mobile hydrogen atom in their
spiro-forming component into benzimidazole derivative with the spiro-forming
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component at position 2” and (b) the acid catalyzed rearrangement of “any of the
spiro-derivatives of 1,2,3,4-tetrahydroquinoxalin-3-one without any mobile hydro-
gen atom in their spiro-forming component are on their way to the benzimidazolone
derivative with the spiro-forming component at position 1”.

Henk van der Plas

vi Foreword



Preface

The book gives equal weight to each of the fundamental aspects of quinoxaline
chemistry: synthesis, reactions, mechanisms, structure, properties, and uses. The
first four chapters present a survey of the developments in quinoxaline chemistry
since the publication of the monograph on “Condensed Pyrazines” by Cheeseman
and Cookson in 1979. These chapters give a comprehensive coverage of the
important quinoxaline-containing ring systems such as thiazolo[3,4-a]-, pyrrolo
[1,2-a]-, imidazo[1,5-a]-, pyrano[2,3-b]quinoxalines, etc. Chapter five describes
many new methods for the construction of quinoxaline macrocycles, which are
important because of their application to optical devices and materials. The
remaining sixth chapter gives a review of all the previously known rearrangements
of heterocyclic systems that lead to benzimidazole derivatives. A critical analysis
of these transformations reveals novel acid-catalyzed rearrangements of quinox-
alinones giving 2-heteroaryl benzimidazoles and 1-heteroaryl benzimidazolones in
the presence of nucleophilic reactants. The Appendix gives X-ray crystallographic
data for a number of quinoxaline derivatives (41 samples) synthesized in the
Laboratory of the Chemistry of Heterocyclic Compounds of the A.E. Arbuzov
Institute of Organic and Physical Chemistry, Kazan Scientific Centre of the Russian
Academy of Sciences. The literature has been covered up to the end of 2013, with
some additional data from publications in 2014 and 2015.

This book is the result of a collective effort. I find it necessary to acknowledge
the assistance rendered by the compilers of this book Dr. Nataliya A. Zhukova, who
contributed to the final version of the manuscript and also Dr. Elena A. Hafizova,
Dr. Liliya V. Mustakimova and the authors of the dissertations Dr. A.A. Kalinin (in
Chap. 6), Dr. D.F. Saifina (in Chap. 6), Ph.D. O.G. Isaykina (in Chap. 6), Ph.D. A.
M. Murtazina (in Chap. 6) and Ph.D. V.R. Galimullina (in Chap. 6) as well as all
my co-workers whose names appear in the references. My profound thanks are due
to Ida H. Rapoport for her invaluable assistance in reading the first English version
of the manuscript. Special acknowledgments are due to Prof. Aidar T. Gubaidullin
for X-ray structural analyses of all the compounds and the X-ray structural analyses
data in the Appendix. I take this opportunity to express my special thanks to the
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administration and mainly to the director of the A.E. Arbuzov Institute of Organic
and Physical Chemistry of the Kazan Research Center of the Russian Academy of
Sciences Prof. Oleg G. Sinyashin for his interest in our research and to the Russian
Foundation for Basic Research for funding (Grants No. 07-03-00613-a,
10-03-00413-a, 13-03-00123-a). The completion of this endeavor would have never
been possible without the consent of Prof. Bert U.W. Maes from the University of
Antwerp, whom I am extremely grateful to. And last, but no means least, I consider
myself indebted to Profs. Yakov A. Levin and Ildus A. Nuretdinov of the A.E.
Arbuzov Institute, Eugene A. Berdnikov of the Kazan University and Sadao Tsuboi
of the Okayama University (Japan). Their dedication and skill taught me how to
teach. I thank them.

Finally, I should like to thank Prof. John A. Joule from the University of
Manchester, who has constantly provided me with helpful advice and criticism as
regards the grammatical and editing aspects while the manuscript was in prepara-
tion. I am particularly grateful to my wife Dr. Vera L. Mamedova and my son Javid
and daughter Sevil. They endured with patience and understanding the many days
and nights of my staying at the Institute and the endless hours on the computer.
They helped me in so many ways that are too numerous to mention.
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Chapter 1
Quinoxaline–As a Parent Heterocycle

N

N

Quinoxaline

1
2

3
45

6

7
8

Quinoxalines are products of the spontaneous condensation of
1,2-diaminobenzene (1,2-DAB) with 1,2-dicarbonyl compounds (Scheme 1.1). The
reaction was independently discovered many years ago by Hinsberg (1884) and
Körner (1884).

Hinsberg suggested calling this series of compounds quinoxalines to point out
their relationship with quinolines and the glyoxal—the dicarbonyl compound, from
which the first representative of the series was obtained. Quinoxaline: [Quin
(oline) + (gly)oxal + ine] (Hinsberg 1884).

Quinoxaline is a bicyclic heterocycle consisting of a benzene ring fused to a
pyrazine, hence a quinoxaline is also called Benzo[a]pyrazine, Benzopyrazine,
Benzoparadiazine, 1,4-Benzodiazine, Phenopiazine, Phenpiazine, Quinazine, and
Chinoxalin. It is isomeric with quinazoline, phthalazine, and cinnoline.

N

N
N
N

N
N

quinazoline phthalazine cinnoline

At least five methods are currently used for the synthesis of quinoxaline 3
(R = H). The first and the principal method is based on the condensation of
1,2-DAB with two-carbon suppliers, such as glyoxal (Mirjalili and Akbari 2011;
Rahmatpour 2012; Chandra Shekhar et al. 2014) (Scheme 1.2, Eq. 1),
ethane-1,2-diol (Climent et al. 2012; Tang et al. 2015) (Scheme 1.2, Eq. 2),
2-aminoethanol (Tang et al. 2015) (Scheme 1.2, Eq. 3), 1,4-dioxane-2,3-diol
(Venuti 1982) (Scheme 1.2, Eq. 4). The second method is based on the reaction of

© Springer International Publishing Switzerland 2016
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2-nitroaniline with ethane-1,2-diol (Nguyen et al. 2015) (Scheme 1.2, Eq. 5). The
third is the self-condensation of aniline derivatives, such as N-ethyl-2-nitroaniline
(Walczak et al. 2015) (Scheme 1.2, Eq. 6) and N-[2-(2-phenylhydrazono)ethyli-
dene]aniline (McNab 1980; Duffy et al. 2004) (Scheme 1.2, Eq. 7). The fourth
method is based on the condensation of benzofurazan (benzo[c][1,2,5]oxadiazole)
with 2-aminoethanol (Samsonov 2007) (Scheme 1.2, Eq. 8), and the fifth method is
based on the redox processes of various quinoxaline derivatives (Hirasawa et al.
2008; Karki et al. 2013; Chelucci and Figus 2014; Cui et al. 2015; Jeong et al.
2015) (Scheme 1.3).

Quinoxaline 3 (R = H) is a light yellow to brown crystalline, water-soluble
powder, with the molecular formula C8H6N2 and the molar mass 130.15 g/mol. The

RO

RONH2

NH2

+
- 2H2O N

N R

R

1 2 3

Scheme 1.1 Hinsberg and Körner synthesis of quinoxalines

N

N

NH2

NH2

O
O

HO
OH

HO
NH2

O

O OH

OH

H2N

O2N
HO

OH

O2N

N
H

HO
NH2 N

O
N

Ph
N

N

H
N

Ph

i or ii or iii

iv

v

vi

vii

viii

ix or x

xi

i = aq. HF, rt (98%)
ii = PS/AlCl3 (10 mol%), EtOH, reflux (95%)
iii = nano-TiO2, rt (88%)
iv = Au/CeO2 (cat), diglime (91%)
v = CsOH.H2O, MS, 120 oC, 23 h, O2 atmosphere (81%)
vi = EtOH, rt, 30 min (95%)
vii = FeCl3

.6H2O, Na2S.nH2O, 180 oC, 24 h (67%)
viii = DMAC, toluene, K2CO3, 165 oC (5%)
ix = 600 oC, 0.01 Torr (35%)
x = 475 oC, 0.007 mbar, 35 min (78%)
xi = p-TsOH, 150-170oC, 4 h (87%)

(3)

(4)

(2)

(1)

(5)

(6)

(7)

(8)

PS/AlCl3 = Polystyrene-supported aluminium chloride
DMAC = N,N-Dimethylacetamide

Scheme 1.2 Current methods for the quinoxaline ring synthesis
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pKa (Albert 1963) of quinoxaline in water at 20 °C is 0.60: it is therefore con-
siderably a weaker base than the isomer diazanaphthalenes namely, cinnoline
(pKa 2.42), phtalazine (pKa 3.47), and quinazoline (pKa 1.95). Quinoxaline has the
following physical properties: mp 29–32 °C, bp 220–223 °C, density 1.124 g/mL at
25 °C and flash point 209 °F TCC (98.33 °C) and is used mainly in organic
synthesis.

The 1H NMR spectrum of quinoxaline 3 (R = H) has been measured in DMSO-
d6. The signal for H(2) and H(3) of quinoxaline appears as an AA′BB′ system. The
low-field half of the AA′BB′ multiplet is assigned to the protons H(5) and H(8) and
the high-field half to the protons H(6) and H(7). Some broadening of the signals
from protons 5 and 7 is attributed to long-range coupling with protons 2 and 3. The
chemical shifts for protons 2 and 3, 5 and 8, and 6 and 7 are 8.97, 8.13–8.09, and
7.90–7.86 ppm (our result), respectively. As compared with the 8.85 (s, 2H),
8.17–8.05 (m, 2H), 7.84–7.72 (m, 2H) in CDCl3 (Cui et al. 2015) and 8.83 (s, 2H),
8.10 (dd, J = 4.2, 2.3 Hz, 2H), 7.76 (dd, J = 4.2, 2.3 Hz, 2H) in CDCl3 (Tang et al.
2015).

For a general introduction to quinoxaline chemistry as a parent heterocycle see
Chap. II in “Condensed Pyrazines” by Cheeseman and Cookson (1979).
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Chapter 2
Synthesis of Quinoxalines

2.1 Introduction

The synthesis of quinoxalines has been intensively studied in the past, especially
because of the diverse biological activities ascribed to many representatives of this
class of compounds. Consequently, a large variety of synthetic methods for the
synthesis of functionalized quinoxalines has been reported in literature. The first
reports were published more than a century ago (Hinsberg 1884; Körner 1884), but
even today chemists endeavor to create new and improved routes to these versatile
compounds.

The synthesis and chemistry of quinoxalines have attracted considerable atten-
tion in the past 10 years (Porter 1984; Horton et al. 2003; Sherman et al. 2007;
Patidar et al. 2011). The quinoxaline moiety is present in a large variety of phys-
iologically active compounds, with applications varying from medicinal to agri-
cultural. Various quinoxalines exhibit biological activities including antiviral
(Westphal et al. 1977; Fonseca et al. 2004), in particular, against retroviruses such
as HIV (Loriga et al. 1997; Balzarini et al. 2000; Rosner et al. 1998; Patel et al.
2000), antibacterial (Griffith et al. 1992; El-Sabbagh et al. 2009), antimicrobial
(Sanna et al. 1999; Ali et al. 2000; Carta et al. 2001; Seitz et al. 2002; Badran et al.
2003; Singh et al. 2010), anti-inflammatory (Wagle et al. 2008; El-Sabbagh et al.
2009), antiprotozoal (Hui et al. 2006), anticancer (Monge et al. 1995a; Loriga et al.
1997; Lindsley et al. 2005; Carta et al. 2006), (colon cancer therapies) (LaBarbera
and Skibo 2005), antidepressant (Sarges et al. 1990), antifungal (Loriga et al. 1997;
El-Hawash et al. 1999; Carta et al. 2001), antituberculosis (Waring et al. 2002; Jaso
et al. 2003; Ancizu et al. 2010), antimalarial (Rangisetty et al. 2001; Guillon et al.
2004), antihelmintic (Sakata et al. 1988), antidiabetic (Gupta et al. 2005), and as
kinase inhibitors (Levitzki 2003; Lindsley et al. 2005). Additionally, they are used
in the agricultural field as fungicides, herbicides, and insecticides (Sakata et al.
1988). Quinoxaline moieties are also present in the structure of various antibiotics
such as echinomycin, levomycin, and actinoleutin, which are known to inhibit the
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growth of gram-positive bacteria and are active against various transplantable
tumors (Dell et al. 1975; Kim et al. 2004). In addition, quinoxaline derivatives have
found applications as dyes (Katoh et al. 2000; Sonawane and Rangnekar 2002;
Jaung 2006), efficient electroluminescent materials (Thomas et al. 2005), in organic
light-emitting devices (Fukuda et al. 1996; O’Brien et al. 1996; Wang et al. 2002;
Kulkarni et al. 2005; Thomas et al. 2005), as fluorescent materials (Ahmad et al.
1996; Hirayama et al. 2005; Tsami et al. 2007), organic semiconductors (O’Brien
et al. 1996; Dailey et al. 2001), chemically controllable switches (Crossley and
Johnston 2002), building blocks for the synthesis of anion receptors (Sessler et al.
2002), cavitands (Castro et al. 2004), dehydroannulenes (Sascha and Rudiger
2004), and DNA-cleaving agents (Yamaguchi et al. 1998; Kazunobu et al. 2002;
Hegedus et al. 2003; Patra et al. 2005). They also serve as useful rigid subunits in
macrocyclic receptors in molecular recognition (Elwahy 2000; Mizuno et al. 2002;
Kumar et al. 2008).

Besides these, quinoxalines have been identified as platforms for
diversity-oriented synthesis on a solid phase (Lee et al. 1997; Zaragoza and
Stephensen 1999), and they are established as inhibitors of aldose reductase (Sarges
and Lyga 1988), agonists of the γ-aminobutyric acid A (GABAA)/benzodiazepine
receptor complex (TenBrink et al. 1994; Jacobsen et al. 1996), antagonists of the
AMPA and angiotensin II receptors (Kim et al. 1993), antagonists of the selective
human A3 adenosine receptor (Catarzi et al. 2005), antagonists of 5-HT3 receptors
(Monge et al. 1993), growth inhibitors of Trypanosoma cruzi (Aguirre et al. 2004),
in the growth inhibition of Escherichia coli (Takeda et al. 2005), in cyclooxygenase
(COX-2) inhibitory activity (Singh et al. 2004), and as inhibitors of cholesteryl ester
transfer protein (Jones et al. 2005; Eary et al. 2007).

A number of selected examples of biologically active quinoxalines chosen from
an impressive list (Negwer and Scharnow 2001) are depicted in Fig. 2.1. Note: ‘R’
indicates the salt form of the drug; ‘S’ indicates the synonyms under which the drug
is known; ‘U’ indicates its medicinal use; and ‘P’ indicates the page in reference
(Negwer and Scharnow 2001).

As can be seen from the below data (Fig. 2.1) quinoxalines belong to a class of
excellent heterocyclic scaffolds owing to their wide biological properties and
diverse therapeutic applications in medicinal research. They are complementary in
shapes and charges to numerous biomolecules they interact with, thereby resulting
in increased binding affinity. The pharmacokinetic properties of drugs bearing
quinoxaline cores have shown them to be relatively easy to administer either as
intramuscular solutions, oral capsules, or rectal suppositories. Below (Figs. 2.2, 2.3,
2.4, 2.5, 2.6, 2.7, 2.8, 2.9, 2.10, 2.11, 2.12, 2.13, 2.14, 2.15, 2.16, 2.17 and 2.18) the
recent advances in the synthesis (see papers referred to under the structures) and
pharmacological diversities of quinoxaline motifs which might pave ways for novel
drugs development are given.

6 2 Synthesis of Quinoxalines



N

N
O

O

CNCl

N
H

N

R Monohydrochloride
S Q-85 HCl
U Antihypoxic, cytotoxic
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Fig. 2.1 Quinoxaline containing drugs and their synonyms
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Fig. 2.1 (continued)
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Fig. 2.1 (continued)
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Thus quinoxaline derivatives are crucial structural scaffolds found in diverse
library of compounds which are therapeutically useful agents in medicinal chem-
istry research. A constant analysis into chemistry and biodiversity relevance of
quinoxaline is inevitable for its pharmacological influence. Above data unveiled
numerous biological applications of quinoxaline-based scaffolds offering excellent
pathways to new biomolecular targets which qualify them to be excellent precursors
in drug design and future candidates in therapeutic research. It also demonstrated
that a continuous explorative study into the world of quinoxaline cannot be
overemphasized, if mankind wants to stay healthy and live free of infection. This is
because it provides resourceful tool of information for synthetic modifications of
old existing quinoxaline-based drugs in order to tackle drug resistance bottlenecks
in therapeutic medicine.

This diversity of useful synthetic quinoxaline derivatives accounts for the
appearance of modifications of the classical synthetic methods and for the search for
new methods ensuring the availability of the corresponding functionalized
quinoxalines.
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N O

O
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N O

O

N

O2N

N CO2H
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H

H
N O

OO2N

H2NO2S

3 (NBQX)1 (YM872)

(Mattes et al. 2010) (Olayiwola et al. 2007) (Löscher et al. 1999;
Olayiwola et al. 2007)

Fig. 2.2 Antibiotic and AMPA receptor antagonists containing quinoxaline core structures
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(Abid and Azam 2006)
(Abid and Azam 2006) (Budakoti et al. 2009)

(Duque-Montano et al. 2013) (Lopez-Vallejo  et al. 2011)
(Lopez-Vallejo  et al. 2011)

Cl

+

+

Fig. 2.3 Some quinoxaline motifs with antiamoebic activity
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In this chapter, a comprehensive overview of the different synthetic method-
ologies leading to functionalized quinoxalines and their di-, tetra-, and hexahydro
derivatives will be given. These methodologies are based on the five main
approaches to the synthesis of quinoxalines: condensation of 1,2-diaminobenzenes
(1,2-DABs) with various two-carbon unit donors, cyclization of aniline derivatives,

N

N
N

NF

10

N

N
H

H

OH

O

O
11

N

N
H

H

OH

O

O
12

OH

N

N
O

16

N
H

H
N

N

N
N

N
N

O
N

H

N
H

S

N
H

13

N

N

N

O

N
Cl

14

N

NNC

17
N

N

I

19

N

N
N

N

Cl

20

N

N
N

NH
O

S

O

O
21

N

O
CO2HF

N
NH

O
22

I
I

N

N

N

O
NH

N

23

N
H
N

S

N

N

NO

24

O

(Reddy and Reddy 2010) (Tandon et al. 2006) (Tandon et al. 2006)

(Hassan 2013) (Kalinin et al. 2013)

(Aravind et al. 2013)

(Ishikawa et al. 2013)

(Parhi et al. 2013)

(Morales-Castellanos et al. 2012) (Waly et al. 2012) (Al-Hiari  et al. 2007)

(Khan 2008) (Khan et al. 2008)
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Fig. 2.4 Some quinoxaline motifs with antibacterial activity
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and reactions of various heterocyclic systems devoid of a pyrazine fragment and
with heterocyclic systems containing a pyrazine fragment.

The synthesis of fused and polycyclic derivatives of quinoxalines will not be
dealt with in this chapter, except those cases where the formation of these systems
occurs in one pot. This implies either the condensed parent compounds or the
compounds capable, besides constructing a quinoxaline system, to annulate sepa-
rate rings on various sides under the reaction conditions.
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(Galal et al. 2011)

(Lee et al. 2004)
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Fig. 2.5 Some quinoxaline motifs with anticancer activity
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2.2 Condensation of 1,2-Diaminobenzenes
(1,2-DABs; Ortho-Phenylenediamines) and Derivatives
with Various Two-Carbon Unit Suppliers

2.2.1 With Pyruvates (2-Oxopropanoates)

The reaction of pyruvates with 1,2-DABs, first discovered by Hinsberg (1884,
1887) and Körner (1884) many years ago, independently of one another, is still the
most appropriate method for the synthesis of 3-substituted quinoxalin-2(1H)-ones
(Abasolo et al. 1987; Piras et al. 2006; Eller et al. 2007; El-Sabbagh et al. 2009;
Yuan et al. 2009; Singh et al. 2010). A kinetic study of the Hinsberg reaction
involved reacting unsymmetrical 1,2-DABs with pyruvates and the formation of
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Fig. 2.8 Some quinoxaline motifs with antifungal activity
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isomeric quinoxalin-2(1H)-ones (Abasolo et al. 1987). Some related compounds
were synthesized in acetic acid to improve the regioselectivity (Lumma et al. 1981).
The reaction of N-methyl-1,2-DAB with pyruvic acid, unlike the reactions of
unsymmetrical 1,2-DABs, proceeds with the formation of 1,3-dimethylquinoxalin-2
(1H)-ones as the sole products (Lawrence et al. 2001). Recently, a one-pot synthesis
of polyfunctionalized dihydroquinoxalinone derivatives via the anti-Michael reac-
tion has been developed (Ballini et al. 2009). Six quinoxalinone and three benzo-
quinoxalinone derivatives were obtained by using S. cerevisiae as a biocatalyst and
also by means of microwave-assisted approaches (Gris et al. 2008). In general, most
of these methods involve the use of toxic/volatile organic solvents with long
reaction times, poor yields, and tedious product isolation procedures.

Nageswar and coworkers developed a facile and expeditious synthesis of
3-substituted quinoxalin-2(1H)-ones in water under catalyst-free conditions
(Murthy et al. 2010). 3-Substituted quinoxalin-2(1H)-ones 158 are obtained when
the pyruvic esters 156 or the phenylglyoxylate 157 are used in reaction with
1,2-DABs 155a–c (Scheme 2.1) (Murthy et al. 2010).

While ethyl glyoxalate 159 and terminal alkynes 160 were used instead of
pyruvic esters 156, or phenyloxalate 157, a novel and efficient protocol for the
copper(II) catalyzed synthesis of furoquinoxalines 161–163 from readily available
1,2-DABs 155a–h has been developed (Naresh et al. 2014) (Scheme 2.2).
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Fig. 2.9 Some quinoxaline motifs with GnRH antagonist activity
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A possible reaction mechanism for the formation of furoquinoxalines appears to
be the tandem C–C bond formation followed by a 5-endo-dig cyclization reaction
as outlined in Scheme 2.3. Generally, in A3-coupling reactions, the amine 155a
reacts with aldehyde 159 and forms the imine which is further transformed to
iminium ion A; at the same time the in situ generated copper acetylide B from
terminal alkyne and copper(II) trifluoromethanesulfonate attacks the intermediate
A to produce the propargylamine C (Peshkov et al. 2012). The resulting propar-
gylamine C further attacks the ester functionality intramolecularly, leading to the
generation of intermediate D. Since intermediate D is easily enolizable in an acidic
medium, it provides the cyclized intermediate 3-(alkynyl)-3,4-dihydroquinoxalin-2
(1H)-one E and a further cleavage of the metal π-complex occurs followed by
oxidation furnishing the target furoquinoxaline.

This novel method involves the formation of four new bonds (2C–C, C–N, and
C–O) in a cascade pathway.

A new and effective procedure was developed for the synthesis of
3-ethylquinoxalin-2(1H)-one from 1,2-DAB 155a and ethyl 2-oxobutanoate
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Fig. 2.10 Some quinoxaline motifs with anti-inflammatory and analgesic activities
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(Mamedov et al. 2005). The latter was prepared by the Grignard reaction of diethyl
oxalate with ethylmagnesium bromide or iodide. 3-Functionally substituted
quinoxalin-2(1H)-ones can also be synthesized by the functionalization of an alkyl
group at C(3) of quinoxalin-2(1H)-ones. For example, the functionalization of
quinoxalinone 165 was performed via the substitution of the bromine atom in α-
bromoethyl derivative 166 when acted upon by various nucleophiles (Scheme 2.4)
(Mamedov et al. 2005). Compound 166 is readily obtained by the treatment of a
suspension of 165 in 1,4-dioxane with bromine at 12–15 °C. The bromine atom in
166 is readily replaced by such nucleophiles as KSCN, PhNH2, and NaN3 in
DMSO to give the corresponding 3-(α-ethyl)quinoxalines 167–169. Both the
treatment of 3-(α-azidoethyl)quinoxaline 169 with a 70 % aqueous acetic acid and
the direct oxidation of quinoxalinone 165 with chromic anhydride in 95 % acetic
acid proceed with the formation of ketone 170 as the major product (Scheme 2.4)
(Mamedov et al. 2005).
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Fig. 2.11 Some quinoxaline motifs with antimalarial activity
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Later the same strategy, using Cr2O3 in AcOH, was applied for oxidizing the
methylene group of three 3-benzylquinoxalin-2(1H)-ones (Piras et al. 2006).

The cyclocondensation of equimolar amounts of 1,2-cyclohexanediamine
(1,2-DACH) 171a and ethyl pyruvate 156a in a hot EtOH solution containing a
catalytic amount of AcOH proceeds with the formation of 3-methyl-4a,5,6,7,8,8a-
hexahydro-2(1H)-quinoxalinone 172 (Scheme 2.5) (El-Sabbagh et al. 2009). The
coupling of the latter with an equimolar amount of diazonium salts 173 at 0 °C in
AcOH, buffered with NaOAc, provided the novel hydrazones 174. A good yield of
ester 175 was obtained through the reaction of 1,2-DACH 171a with diethyl
oxaloacetate 156d in EtOH containing AcOH at 80 °C and then at room temperature.
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Fig. 2.12 Some quinoxaline motifs with antitubercular activity
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Fig. 2.14 Some quinoxaline motifs with DNA-cleavage properties
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The hydrazide 176 was obtained through condensation of the ester 175 with
hydrazine hydrate by heating the reactants in EtOH at reflux. Hydrazide 176 was
used for synthesizing other functionalized derivatives of hexahydroquinoxalin-2
(1H)-one 175 (El-Sabbagh et al. 2009).

Diethyl ketomalonate (diethyl mesoxalate) 177 reacts with 1,2-DAB 155a in the
same way as do pyruvates to provide 3-ethoxycarbonyl quinoxalin-2(1H)-one 178
(Scheme 2.6) (Mahesh et al. 2011).
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Fig. 2.15 Some quinoxaline motifs with kinase inhibitory activity
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Fig. 2.16 Some quinoxaline motifs with trypanocidal properties
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2.2.2 With α-Diketones (1,2-Diketones)

There are many examples of quinoxalines being prepared from α-diketones
(1,2-diketones) usually involving the reaction of 1,2-DABs in refluxing ethanol or
acetic acid (Carta et al. 2003; Fonseca et al. 2004; Hui et al. 2006; Wang et al. 2006;
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Fig. 2.17 Some quinoxaline motifs with antidepressant activity

N

N
H

O

OO

F

N

N

O
CH2

N

N

O
HO

HO
150 151

152

N
H

N

O

SO O

S
O

OMe

F

N
S
N

O O

N
H

O

Cl

153 154

(Balzarini et al. 2000) (Ali et al. 2007)

(Ali et al. 2008)

(Xu et al. 2009) (Xu et al. 2009)
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Tingo li et al. 2011; Xu et al. 2011a; You et al. 2011). Various catalysts, such as
graphite (Kadam et al. 2013), bismuth(III) triflate (Yadav et al. 2008), metal
hydrogen sulfates (Niknam et al. 2008), gallium(III) triflate (Cai et al. 2008),
molecular iodine (Bhosale et al. 2005; More et al. 2005), cerium(IV) ammonium
nitrate (More et al. 2006), stannous chloride (Shi et al. 2008), manganese(II)
chloride (Heravi et al. 2008), zirconium tetrakis(dodecylsulfate) (Hasaninejad et al.
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2009), zirconium(IV) chloride (Aghapoor et al. 2010), niobium(V) chloride (Hou
et al. 2010), silica-supported antimony(III) chloride (SbCl3/SiO2) (Darabi et al.
2009), silica-bonded S-sulfonic acid (SBSSA) (Niknam et al. 2009), silica sulfuric
acid (SSA) (Shaabani and Maleki 2007), cellulose sulfuric acid (CSA) (Shaabani
et al. 2009), amidosulfonic acid (Li et al. 2008), p-TsOH (Shi and Dou 2008),
montmorillonite K-10 (Huang et al. 2008), zinc chloride-exchanged K10-
montmorillonite (Zn2+-K10-clay) (clayzic) (Dhakshinamoorthy et al. 2011), bin-
ary metal oxides supported on Si-MCM-41 mesoporous molecular sieves
(Ajaikumar and Pandurangan 2009), polyaniline-sulfate salt (Srinivas et al. 2007,
2008), Wells–Dawso-type heteropolyacid (H6P2W18O62·24H2O) (Heravi et al.
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2007), Keggin-type heteropolyacid (H4SiW12O40) (Huang et al. 2009), ionic liquid
1-n-butylimidazolium tetrafluoroborate (Potewar et al. 2008), Brönsted acid ionic
liquid [(CH2)4SO3HMIM][HSO4] (Beheshtiha et al. 2010), nano-TiO2 (Mirjalili
and Akbari 2011), TiO2–P25–SO4

2− (Krishnakumar and Swaminathan 2010),
TiO2–SO4

2− (Krishnakumar et al. 2010), acidic Al2O3 (Jafarpour et al. 2011),
ZnO-beta zeolite (Katkar et al. 2010), LiBr (Hasaninejad et al. 2010), NH4Br (Raju
et al. 2009), Amberlyst-15/H2O (Liu et al. 2010), PEG-400 (Zhang et al. 2010), and
KHSO4 (Oskooie et al. 2007), have all been used to promote this transformation.

A facile and simple catalyst-free protocol has been developed for the conden-
sation of 1,2-diketones with 1,2-DABs in polyethylene glycol (PEG), providing
quinoxaline derivatives in good yields (Huang et al. 2013). The important features
of the methodology are broad substrates scope, simple workup, catalyst free,
environmentally benign, and no requirement for metal catalysts. It is noteworthy
that the cyclization reaction of 1,2-diketones with aliphatic 1,2-diamines is also
conducted smoothly to afford pyrazines in good yields under the standard condi-
tions (Huang et al. 2013). In addition, PEG could be recovered easily and was
reused without evident loss in activity.

In order to reduce the reaction time and increase the yields of the quinoxalines,
microwave irradiation methods have recently been extensively used (Zhao et al.
2004; Zhou et al. 2009; Bandyopadhyay et al. 2010; Zare et al. 2010).

When symmetric α-diketones and symmetric 1,2-DAB derivatives and unsym-
metric α-diketones and symmetric 1,2-DAB derivatives, and vice versa, have been
used, the symmetric α-diketones and unsymmetric 1,2-DAB derivatives always
exclusively produce one regioisomer (Carta et al. 2003; Zhao et al. 2004; Bhosale
et al. 2005; More et al. 2005; Hui et al. 2006; Wang et al. 2006; Heravi et al. 2007,
2008; Oskooie 2007; Huang et al. 2008, 2009; Cai et al. 2008; Li et al. 2008, 2011;
Shi and Dou 2008; Srinivas et al. 2008; Darabi et al. 2009; Niknam et al. 2009;
Raju et al. 2009; Shaabani et al. 2009; Ajaikumar and Pandurangan 2009;
Aghapoor et al. 2010; Bandyopadhyay et al. 2010; Beheshtiha et al. 2010;
Hasaninejad et al. 2010; Liu et al. 2010; Katkar et al. 2010; Hou et al. 2010;
Krishnakumar and Swaminathan 2010; Krishnakumar et al. 2010; Zare et al. 2010;
Zhang et al. 2010; Jafarpour et al. 2011; Mirjalili and Akbari 2011; Tingoli et al.
2011; You et al. 2011). A similar situation was observed with unsymmetric dike-
tones and unsymmetric 1,2-DAB derivatives. In this case the reactions proceed with
the formation of mainly one (Hui et al. 2006; Bandyopadhyay et al. 2010; Mirjalili
and Akbari 2011) and occasionally two products (Klein et al. 2001), although one
could expect the formation of four possible regioisomeric quinoxalines. This
selectivity is due to activation and deactivation of the nucleophilic ability of the
amino group, and of the electrophilicity of that carbonyl carbon atom, which are
involved in the first step of the condensations (Hui et al. 2006; Bandyopadhyay
et al. 2010).

Instead of the simple α-dicarbonyl compounds and 1,2-DAB derivatives for the
synthesis of quinoxalines (or compounds containing quinoxaline fragments), one
can envisage that (a) fused compounds containing the α-dicarbonyl moiety with
simple 1,2-DABs, (b) fused compounds containing a 1,2-diamino moiety and
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normal α-dicarbonyl compounds, and (c) fused compounds containing α-dicarbonyl
and fused compounds containing 1,2-diamino groups can be used. All these
combinations lead to condensed quinoxalines derivatives. In these cases the reac-
tion conditions can be different, e.g., heating the reactants in refluxing EtOH
solution (Michon et al. 2002; Elmes et al. 2011), refluxing in EtOH in the presence
of catalytic amounts of p-TsOH (Unver et al. 2010), HCl (Kollenz and Theuer
2001), heating in AcOH solution at reflux (Shibinskaya et al. 2011), in an ionic
liquid ([bmim] Br/MW) (Zare et al. 2010), stirring in EtOH solution at room
temperature in the presence of catalytic amounts of TiO2–P25–SO4

2−

(Krishnakumar and Swaminathan 2010), TiO2–SO4
2− (Krishnakumar et al. 2010),

NbCl5 (Hou et al. 2010), stirring in EtOH/H2O solution at room temperature in the
presence of catalytic amounts of silica-bonded S-sulfonic acid (Niknam et al. 2009)
stirring in MeCN/H2O solution at room temperature in the presence of catalytic
amounts of Zn2+-K10-clay (clayzic) (Dhakshinamoorthy et al. 2011), and stirring a
CH2Cl2 solution at room temperature in the presence of catalytic amounts of
ethereal HCl (Kollenz and Theuer 2001), in boiling pyridine (Kulisic et al. 2011) or
toluene (Michon et al. 2002) solutions.

Not only the usual 1,2-DABs, but also 2,3,6,7,14,15-hexaammoniumtriptycene
hexachloride 181–compound containing three 1,2–DABs fragments–can contribute
to the construction of quinoxaline systems (Mastalerz et al. 2011). The two-step
synthesis of the ammonium salt 181 starts (Scheme 2.7) with a sixfold nitration of
triptycene 179 (Shalaev and Skvarchenko 1974). Triptycene 179 was dissolved in
fuming nitric acid and heated at 80–85 °C for 4 h giving after workup a pale yellow
solid as crude product. From 1H NMR spectroscopy it can be estimated that the
desired hexanitrotriptycene 180 was formed as the main product in approximately a
38 % yield. By recrystallization from hot DMF it was possible to separate 180 as
yellow needles from the crude mixture in yields between 16 and 18 % of sufficient
purity (approximately 97 % of the desired regioisomer as quantified by 1H NMR
spectroscopy).

The reduction using tin(II) chloride in aqueous hydrochloride/ethanol solution
was carried out for the subsequent sixfold transformation of the hexanitrotriptycene
180 to the corresponding hexaammonium hexachloride 181. This resulted in the
pale yellow ammonium salt 181 as a heptahydrate, which was determined by
elemental analysis, in quantitative yield. This was found (Mastalerz et al. 2011) to
be superior to methods using Pd/C and H2 or Raney-Ni/hydrazine. The reaction was
performed in air, and no precautions were found to be necessary. More important to
us than the high yield is the stability of 181 toward oxidation, which was known
before for similar structures (Far et al. 2002) containing electron-rich 1,2-DAB
units. This stability makes the handling for further transformations easier, which is
exemplified in some selected condensation reactions (Scheme 2.8). For example,
with triethyl orthoformate the benzimidazole analog of triptycene 183a is accessible
in almost quantitative yield (98 %) (Far et al. 2002) by directly using the ammo-
nium salt 181 as a reactant in water as solvent. Similarly, a benzotriazole analog
183b is accessible in a 61 % yield by reacting 181 with sodium nitrite and potas-
sium acetate at room temperature (Damshoder and Peterson 1940). Quinoxaline
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Scheme 2.7 Two-step synthesis of air-stable hexaammoniumtriptycene hexachloride 181 as a
synthetic analog of hexaminotriptycene 182
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Scheme 2.8 Reactions of hexaammonium salt 181 in condensation reactions
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derivative–2,3,6,7,12,13-hexahydroxy-2,6,12-trihydrotripty[2,3-d:6,7-d′:12,13-d″]
tripyrazyl 184a can be prepared by the reaction of the hexaammonium salt 181 with
diethyloxalate in water at 100 °C, giving the product as a pale yellow solid in high
yield (95 %). For the reaction of 181 with dihydroxydioxane or anisil to the cor-
responding quinoxalines 2,6,12-trihydrotripty[2,3-d:6,7-d′:12,13-d″]tripyrazyl
184b and 2,3,6,7,12,13-hexa(4′-methoxyphenyl)-2,6,12-trihydrotripty-[2,3-d:6,7-d
′:12,13-d″]tripyrazyl 184c the addition of a stoichiometric amounts of potassium
acetate is crucial. Treatment under similar conditions without potassium acetate
gave no reactions while with potassium acetate quinoxaline 184b was accessible in
75 % and quinoxaline 184c in almost quantitative yield (95 %).

Compounds containing a two α-dicarbonyl fragments can act as a provider of
two two-carbon fragments, e.g., reacting compounds 188–190 with 1,2-DAB
derivatives 155a–c, i, g gives Z-shaped quadruple-bridged orthocyclophanes 191–
193 in one step (Scheme 2.9) (Chou and Liao 2011). Similarly, reaction of
2,5-dihydroxy-p-benzoquinone 194 in two stages makes it possible to synthesize
unsymmetrically substituted 5,14-dihydro-5,7,12,14-tetraazapentacenes 196
(Scheme 2.10) (Seillan et al. 2008).

A three-step synthesis of nineteen Z-shaped quadruple-bridged [6,6] and [6,4]
orthocyclophanes comprising two quinoxaline-based sidewalls has been described
(Chou and Liao 2011). The synthesis began with the bis-Diels–Alder adducts
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Scheme 2.9 Synthesis of quinoxaline-annelated Z-shaped quadruple-bridged orthocyclophanes
191–193
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185–187 transformed by ruthenium-promoted oxidation into the bis-α-diketones
188–190, which were then condensed with various 1,2-DABs 155a–e to construct
sidewalls (phane parts) of Z-shaped quadruple-bridged orthocyclophanes 191–193
(Scheme 2.9).

The commercially available 2,5-dihydroxy-p-benzoquinone 194 reacted with 1.1
equivalents of various substituted 1,2-DABs 155 to afford high yields of substituted
2,3-dihydroxyphenazines 195 (Yosioka andOtomasu 1954; Römer et al. 1979; Pozzo
et al. 1998; Seillan et al. 2008). These could be reacted further over 24 hwith an excess
of substituted 1,2-DABs 155a,b,k, l (10 equivalents) in the presence of glacial AcOH
yielding pentacyclic derivatives 196 (Scheme 2.10) (Seillan et al. 2008).

An efficient and practical route to a novel fluorescent benzo[a]pyrano[2,3-c]
phenazine framework has been developed by a one-pot, four-component reaction of
2-hydroxynaphthalene-1,4-dione, 1,2-DABs, aromatic aldehydes, and Meldrum’s
acid in glacial acetic acid at 70 °C (Saluja et al. 2014).

Many of the dicarbonyl compounds required for this approach to quinoxalines
are best obtained by oxidation of α-haloketones, α-ketoalcohols, or α-nitrosation or
α-diazocoupling of ketones followed by the hydrolysis of the resulting monooximes
or diazoketones. Therefore, under certain conditions, ketones such as α-haloke-
tones, α-ketoalcohols, ketooximes, and diazoketones can be used directly for the
synthesis of quinoxalines as suppliers of the two-carbon fragment.

2.2.3 With Ketones

In air, 1,2-DABs 155a, b react with an array of ketones 197–199 in PEG-400 at
60 °C in the presence of KOH to afford the corresponding quinoxalines 200 in good
yields (Scheme 2.11) (Cho et al. 2007).

Although not fully understood as yet, a reaction pathway that is consistent with
the product formed could proceed by the condensation ketone and diamine with the
initial formation of a ketimine 201. This in turn could tautomerize to form enamine
202; KOH may play some role in facilitating this change. Subsequent steps may
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Scheme 2.10 Synthesis of substituted 5,14-dihydro-5,7,12,14-tetraazapentacenes 196
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involve intramolecular hydroamination giving a 1,2,3,4-tetrahydroquinoxaline 203,
and then dehydrogenated to give 200a (Scheme 2.12).

The reactions of 155a with 1-arylpropan-1-ones 197b and 197c, which have
either an electron-donating or an electron-withdrawing substituent on the aromatic
ring, also proceed to give the corresponding 2-aryl-3-methylquinoxalines, 200b and
200c. Alkyl aryl ketones 197d–g were also reacted with 155a to give the corre-
sponding 2-alkyl-3-arylquinoxalines 200d–g in a yield range of 65–73 %. The
reaction proceeds likewise with alkyl benzyl ketone 198a to produce
2-isopropyl-3-phenylquinoxaline 200h. However, the reaction did not proceed
satisfactorily using acetophenone, with 2-phenylquinoxaline being formed in only a
20 % yield. In the reaction of 155a with 1-phenylbutan-2-one 198b,
2-ethyl-3-phenylquinoxaline 200i was obtained in a 56 % yield with no formation
of the regioisomer, 2-benzyl-3-methylquinoxaline. As shown in Scheme 2.12, the
preferential formation of a 2-aryl-3-alkylquinoxaline seems to be due to the relative
stability of the intermediate enamine. A lower reaction rate and yield were observed
with nonactivated dialkyl ketones 198c and 198d. Here again, no regioisomeric
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quinoxaline was observed with 198c. Cyclic ketones such as cycloheptanone 199a
and cyclooctanone 199b also reacted with 155a to give 7,8,9,10-tetrahydro-6H-
cyclohepta[b]quinoxaline 200l and 6,7,8,9,10,11-hexahydrocycloocta[b]quinoxa-
line 200m in 51 and 61 % yields, respectively. A similar treatment of 155b with
alkyl(aryl) ketones 197a–c and 197g afforded corresponding quinoxalines
200n–q in the 49–74 % yield range. The cyclization of 155b with 198a resulted in a
quantitative yield of quinoxaline 200r.

It should be pointed out that in the presence of p-TsOH as a catalyst the reaction
of 1,2-DABs 155a, b, f,m with acetylarenes 204 in hot EtOH and under microwave
irradiation conditions proceeds with the formation of 2,3-dihydro-
1,5-benzodiazepine derivatives 206 in moderate yields (Scheme 2.13) (Yong
et al. 2005). Unexpectedly, it was found that quinoxalines 205 are formed in the
reaction of 1,2-DABs 155a, b, h, j with 2-acetylpyridine 204a in MeOH in contrast
to 3- and 4-acetylpyridines 204b, c and other acetylarenes 204d–f derivatives
(Scheme 2.13).

The alternative formation of quinoxalines 205 and benzodiazepines 206 can be
understood with the help of the proposed reaction mechanism (Scheme 2.14).
1,2-DABs 155a, b, f,m react with ketone 204 to form an imino-intermediate, which
by N-protonation and C-deprotonation may form a zwitterion. In the case of the
2-substituted pyridine in MeOH solution, it is proposed that this intermediate
cyclizes and is dehydrogenated to form quinoxaline derivatives 205. The formation
of quinoxaline derivatives is limited to those reactions in which the aryl group is
2-pyridyl and there still remains a question over the oxidation to the final product.
When the zwitterionic intermediate reacts at carbon with another equivalent of the
ketone, a new intermediate could be formed which could undergo further cyclisa-
tion to give benzodiazepine derivatives 206.
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Scheme 2.13 The synthesis of quinoxalines from methyl aryl/hetaryl ketones and 1,2-DABs
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β-Keto esters and β-diketones can also be used for quinoxaline synthesis instead
of simple ketones. In these cases the key strategy is in situ preparation of α-halo-β-
keto esters and α-halo-β-diketones by the reaction of N-bromosuccinimide, and then
condensation with 1,2-DABs. This approach offers a simple, efficient, and mild
synthesis of highly substituted quinoxalines in good yields (Kumar et al. 2001).

2.2.4 With Hexane-1,3,4,6-tetraones

Hexane-1,3,4,6-tetraones 207, easily available from the double Claisen condensa-
tion of methyl ketones and diethyl oxalate (MeONa in ether) (Waring et al. 2002),
react with 1,2-DABs 155a, n and (R,R)-1,2-DACH 171b in refluxing EtOH in the
same way as α-diketones, resulting in symmetrically substituted quinoxalines 208,
209 and a dissymmetrically substituted quinoxaline 210, all bearing two ketonic
arms (Scheme 2.15) (Waring et al. 2002).

On the basis of IR and 1H NMR spectral data it was shown that of the three
possible tautomeric forms (bis-keto-imine, bis-enol-imine, bis-keto-enamine),
quinoxaline 208a adopts the bis-keto-enamine form. Of the six possible tautomeric
forms (every two of keto-imine/keto-enamine, hydroxyl-ene-imine/keto-ene-amine,
keto-enamine/enol-imine forms) in quinoxaline 210 the hydroxyl-ene-imine/keto-
ene-amine form is adopted (Waring et al. 2002). The structures of compounds 208a
and 210 were also confirmed by X-ray analysis and deduced from theoretical
calculations of the possible limiting structures (Fig. 2.19) (Waring et al. 2002).

2.2.5 With Haloketones

As distinct from the reactions of dicarbonyl compounds, the reaction of α-halo
ketones with 1,2-DABs proceeds with the formation of noncyclised products
(Welton 1999; Wasserscheid and Keim 2000; Wilkes 2002; Zerth et al. 2003;
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Kumar and Pawar 2004; Gu et al. 2005) formed by reaction with the carbonyl group
only, or with dihydroquinoxaline derivatives (Das et al. 2007; Chou et al. 2011).
Thus, these reactions are usually carried out in the presence of oxidants or under
conditions that promote oxidation (Wu and Ede 2001; Singh et al. 2004; Das et al.
2007; Madhav et al. 2009; Meshram et al. 2010; Chou et al. 2011).

Alkylation of o-(N-sulfonylamino)phenyimino derivatives of indol-2-one and
cyclohepta[c]furan 211 with phenacyl bromides 212 is accompanied by cyclization
to tetrahydroquinoxalines 213 with spiro-fused oxoindole or cyclohepta[c]furan
fragments (Scheme 2.16) (Kurbatov et al. 2004). In these cases, only one carbon
atom is supplied by the phenacyl bromides for the construction of the pyrazine.

A catalyst-free and greener approach for the synthesis of quinoxalines from
1,2-DABs and phenacyl bromides via a one-pot oxidative cyclisation reaction in
water has been described (Kumar et al. 2015). A typical experiment was performed
by choosing 1,2-DAB 155a (R = H) and phenacyl bromide 212a (Ar = Ph) as
model substrates to synthesize 2-phenylquinoxaline 214a (Ar = Ph) (Scheme 2.17).
With the advantages of using a greener solvent in mind, water was employed as the
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medium for the reaction. However, at ambient temperature the reaction was found
to be sluggish. To accelerate the reaction, dependence on temperature was exam-
ined at intervals of 20 °C over a range from 0 to 100 °C. As the temperature
increased the yield of the product also increased affording a maximum yield of
85 % at 80 °C. To generalize the scope of the reaction, experiments were performed
with various symmetrical diamines and substituted phenacyl bromides containing
electron-withdrawing as well as electron-donating groups. Results are provided in
Scheme 2.17. The reaction proceeded smoothly in all the cases illustrating that the
presence of withdrawing/donating substituents on the aromatic ring of phenacyl
bromide was well tolerated.

The reaction was further examined by employing unsymmetrical diamines 155e,
f, o (Scheme 2.18) which would afford the regioisomeric products 215/216 (Kumar
et al. 2015). With electron-withdrawing substituents on the 1,2-DABs, two
regioisomeric products with substituents at positions 6 and 7 were obtained in a
ratio of 2:1, respectively. The isomers were separable by column chromatography
using a mixture of EtOAc/Hexane. However, with electron-donating groups, an
inseparable mixture of the regioisomers was obtained.
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N
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Ar
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Br
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4 examples, 60-70%
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Scheme 2.16 The synthesis of spiro-quinoxalines 213
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Scheme 2.17 Reactions of symmetrical diamines with phenacyl bromides
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+
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Ar = Ph, C6H4Cl-4, C6H4Br-4,
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aA mixture of regioisomers was obtained155 e R1 = Cl
f R1 = Me
o R1 = Br
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Scheme 2.18 Reactions of unsymmetrical diamines with phenacyl bromides
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A plausible reaction mechanism for the formation of quinoxaline derivatives from
1,2-DAB and phenacyl bromide is illustrated in Scheme 2.19. Initially, a nucle-
ophilic substitution occurs on the phenacyl bromide to afford the intermediate 217.
Intermediate 217 spontaneously cyclises to form 3-phenyl-1,2-dihydroquinoxaline
218, which undergoes aromatization under air oxidation to afford
2-phenylquinoxaline 214a as the final product.

α-Bromoketones 212 undergo selenium dioxide oxidation to yield reactive
2-oxo-2-arylacetyl bromides 219 that are trapped by 1,2-DABs 155a, b, p, to give
quinoxalinones 220–222, in good yield (Nagaraj et al. 2013) (Scheme 2.20).

It should be noted that the reaction route and the structure of products formed
from compounds containing both diketone and α-halocarbonyl fragments depend
on the solvent. For example, the reaction of 3-chloro-1,3-
diphenylpropane-1,2-dione 223 with 1,2-DAB 155a in acetic acid involves the α-
diketone fragment and produces quinoxaline 224; however, in MeONa in MeOH,
the reaction involves the α-chloro ketone fragment to give 1,2-dihydroquinoxaline
225 (Scheme 2.21) (Mamedov et al. 1991).

The reactions of 1,2-DAB 155a with 3-aryl- and 3-alkyl-3-chloropyruvate esters
156e afford quinoxalin-2-(1H)-ones 226 (Scheme 2.22) (Mamedov et al. 1989,
2010; Saifina et al. 2009). In this case, the formation of the quinoxaline ring
involves the α-keto group of the ester rather than the α-chloro ketone fragment.
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Scheme 2.19 Plausible reaction mechanism
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Scheme 2.20 Synthesis of quinoxalinones from 2-oxo-2-aryl acetyl bromides 219
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In the case of 3-chloro-3-phenylpyruvamides 227, reaction with 1,2-DAB 155a
involves the α-chloro ketone fragment, giving rise to 1,4-dihydroquinoxalines 228.
These are due to the relatively easy alkylation of the amino group, unlike the
transamidation of the amide group (Scheme 2.23) (Mamedov et al. 1989).

As distinct from 3-chloro-3-phenylpyruvamides 227, 6-chloroacetylaminouracil
229 was refluxed with 1,2-DAB in the presence of triethyl amine (Bondock et al.
2011) to yield dihydroquinoxalin-2-ylamino derivative 230 as a mixture of
quinoxalinyl-C(3)–CH2- and quinoxalinyl-C(3)=CH- tautomers (Sarg and El-Shaer
2014) (Scheme 2.24).
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2.2.6 With α-Hydroxy Ketones

A general and practical route for the synthesis of 2-substituted quinoxalines using
HgI2 as a catalyst has been reported (Kotharkar and Shinde 2006). In the presence
of mercuric iodide (HgI2), the reaction of hydroxyl ketone and 1,2-DAB was
carried out in a one-pot condition at 60 °C and resulted in the formation of
quinoxaline in 60–85 % yield (Table 2.1). Many pharmacologically relevant sub-
stituents on the aromatic ring could be introduced with high efficiency in moderate
to excellent yields with high purities.

2-Substituted quinoxalines can be also prepared by a one-pot process com-
mencing from hydroxy ketones using a MnO2 (Raw et al. 2004), FeCl3/morpholine
(Song et al. 2012), and silica gel (Jeena and Robinson 2014)–mediated tandem
oxidation process (Table 2.1).

2.2.7 With Vicinal Diols

In the presence of a catalytic amount of a ruthenium catalyst, 1,2-DABs 155a,
b react with an array of vicinal diols 233 in diglyme with KOH to afford the
corresponding quinoxalines 234 in good yields (Scheme 2.25) (Cho and Oh 2006).

2.2.8 With Dimethyl (DMAD) and Diethyl (DEAD)
Acetylenedicarboxylates

A fast and efficient method which is associated with the use of dialkyl acetylenedi-
carboxylates and 1,2-DAB, mild conditions, producing excellent yields, was estab-
lished for the synthesis of quinoxalin-2(1H)-ones in water under catalyst-free
conditions. The reactions of 1,2-DAB 155a and naphthalene-2,3-diamine (2,3-DAN)
235 with DMAD 236a and DEAD 236b were carried at 50 °C to provide corre-
sponding 3-(alkoxycarbonylmethylene)-quinoxalin(benzoquinoxalin)-2(1H)-ones
238a, b and 239a, b in 92–96 % yields (Scheme 2.26). When the aromatic ring in the
substrate is replaced by an aliphatic ring 1,2-DACH 171a, product is formed in a
91 % yield (Zhang et al. 2008). It should be pointed out that under microwave
irradiation the rapid addition of DMAD 236a and DEAD 236b to 1,2-DAB 155a in a
solventless system also afforded quinoxalin-2(1H)-ones 239a, b in 90 and 85 %
yields (Heravi et al. 2005).

When divinyl fumarate 237 was used in the reactions with 1,2-DAB 155a and
1,2-DAN 235 in water at 50 °C, the processes proceeded smoothly and afforded the
corresponding vinyloxycarbonyl methyl 3,4-dihydroquinoxalin(benzoquinoxalin)-2
(1H)-ones 238c, 239c in good yields (Scheme 2.26) (Zhang et al. 2008).
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Table 2.1 One-pot synthesis substituted quinoxalines from hydroxy ketones

O

OHR3

R4NH2

NH2 N

N R3

R4R1

R2

R1

R2

+

231 232155a,b,e,f,n

Entry 232 R1 R2 R3 R4 Yield (%) with the use

HgI2 MnO2 FeCl3/morph Silica
gel

1 232a H H Ph Ph 85 75 95 34a

77b

2 232b H H H Ph 80 79 – 38a

81b

3 232c H H H Me 80 79 – 31a

85b

4 232d H H H furanyl-2 80 89 – –

5 232e H H H c-Hexyl 85 78 – –

6 232f Me Me H Ph 75 66 – 29a

89b

7 232g Me Me H c-Hexyl 80 89 – –

8 232h Me Me H (CH2)4Me 60 62 – –

9 232i H H H C6H3-di-Cl-2,4 75 – – –

10 232j H H H C6H4Cl-4 80 – – –

11 232k H H H C6H4F-4 82 – – –

12 232l Me Me H C6H3-di-Cl-2,4 83 – – –

16 232m H H H C6H3-di-F-2,4 83 – – –

17 232n Me Me Ph Ph – – – 41a

70b

18 232o Cl H Ph Ph – – – 31a

73b

19 232p H H C6H4Me-4 C6H4Me-4 – – 95 –

20 232q H H C6H3-di-Cl-2,4 C6H3-di-Cl-2,4 – – 94 –

21 232r H H C6H4OMe-4 C6H4OMe-4 – – 96 –

22 232s H H furanyl-2 furanyl-2 – – 93 –

23 232t H H Me Me – – 72 –

24 232u NO2 H Ph Ph – – 90 –

25 232v NO2 H furanyl-2 furanyl-2 – – 90 –

26 232w NO2 H Me Me – – 65 –

27 232x Me H Ph Ph – – 96 –

28 232y Me H furanyl-2 furanyl-2 – – 94 –

29 232z Me H Me Me – – 77 –

aMicrowave conditions open vessel
bMicrowave conditions closed vessel
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The use of trans-(1R,2R)-1,2-diaminocyclohexane (trans-(1R,2R)-1,2-DACH)
171c instead of 1,2-DACH 171a in the reactions with DMAD 236a and DEAD 236b
was carried out at reflux in MeOH which provided 3-(alkoxycarbonylmethylene)-
3,4,4aR,5,6,7,8,8aR-octahydroquinoxalin-2(1H)-ones 240a, b (Scheme 2.27)
(Nami et al. 2008). The reaction of compounds 240a, b with dialkyl acetylenedi-
carboxylate (1:1) or the reaction of trans-(1R,2R)-1,2-DACH 171c with dialkyl
acetylenedicarboxylate (1:2) resulted in trialkyl 4S,5aR,9aR-4H-
pyrano[2,3-b]-5,5a,6,7,8,9,9a,10-octahydroquinoxaline-2,3,4-tricarboxylates 241a,
b (Scheme 2.27) (Nami et al. 2008).
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+
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Scheme 2.25 A ruthenium-catalyzed approach for quinoxalines 234 from 1,2-DABs 155a, b and
vicinal diols 233

NH2

NH2

N
H

H
N

O

OR3

O

R1

R2
R1

R2

155a R1 = R2 = H
235 R1-R2 = (CH=CH)2

236 a R3 = Me
b R3 =Et 238 a R1 = R2 = H, R3 = Me (96%)

b R1 = R2 = H, R3 = Et (95%)
239 a R1-R2 = (CH=CH)2, R3 = Me (93%)

b R1-R2 = (CH=CH)2, R3 = Et (92%)
O

O
O

O237

N
H

H
N

O

O

O
R1

R2

238 c R1 = R2 = H (78%)
239 c R1-R2 = (CH=CH)2 (80%)

R3OOC COOR3

Scheme 2.26 The reactions of 1,2-DAB 155a and 1,2-DAN 235 with DMAD 236a, DEAD 236b
and divinyl fumarate 237 in water

NH2

NH2

R1OOC COOR1

N

N
H

O

H

OR1O

N

N
H

O

OR1O

R1OOC COOR1

R1OOC COOR1
COOR1

COOR1

H

MeOH, reflux, 30 min

+

H

H

171c

240 a R1 = Me (65%)
b R1 = Et (68%)

241 a R1 = Me (82%)
b R1 = Et (88%)

236a,b

236a,b

236a,b
2
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2.2.9 With Nitroolefins

An easy and efficient copper-catalyzed reaction for the synthesis of quinoxalines
from 1,2-DABs and nitroolefins has been developed (Chen et al. 2013). This
reaction could proceed well enough without any additional base and be applied to
various available substrates with a one-step synthetic procedure in moderate to
good yields.

A series of nitroolefins 242 were investigated to establish the scope and limi-
tations of this process. A wide range of substituted groups of nitroolefins gave the
desired products in moderate to good yields, which include methyl, methoxyl,
hydroxyl, chloro, cyano groups, etc. (Table 2.2). The electron-rich nitroolefins
showed better reactivities and gave higher yields than the electron-deficient ones.
Substitution at 2-position of nitroolefins had a significant impact on yields and
resulted in lower yields (entries 10–13, 15). However, substitution at 3-position of
nitroolefins had only a slight impact on yield (entry 14). Besides, (E)-2-
(2-nitrovinyl)furan failed to afford the desired reaction (entry 16). Because of the
instability of the substrate (entry 17), (E)-(2-nitrovinyl)benzene probably gave a
lower yield in DMSO.

Table 2.2 Reactions of various nitroolefins 242 with 1,2-DAB 155a

R1

R2

NO2
+

CuBr2 (10%)

EtOH, 110 oC N

N R1

R2

242 243

1,2-DAB
155a

Entry 242 R1 R2 243 Yield (%)

1 242a Ph Me 243a 90

2 242b C6H4Me-4 Me 243b 77

3 242c C6H4OMe-4 Me 243c 80

4 242d C6H4OH-4 Me 243d 86

5 242e C6H4Cl-4 Me 243e 77

6 242f C6H4Br-4 Me 243f 81

7 242g C6H4NO2-4 Me 243g 62

8 242h C6H4CN-4 Me 243h 64

9 242i C6H4CF3-4 Me 243i 71

10 242j C6H4OMe-2 Me 243j 35

11 242k C6H4Cl-2 Me 243k 42

12 242l C6H4Br-2 Me 243l 42

13 242m C6H4NO2-4 Me 243m 38

14 242n C6H4Cl-3 Me 243n 63

15 242o C6H3-di-Cl-2,4 Me 243o 45

16 242p furanyl-2 Me 243p 0

17 242q Ph H 243q 40
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The reaction scope was also investigated with respect to the other coupling
partner 155 (Scheme 2.28). Generally, most of the substrates provided moderate to
good yields. Higher yields were obtained with electron-withdrawing substituents on
the aromatic ring. It should be pointed out that in this transformation poor
regioselectivities were observed. The ratio of isomers 244a–e/245a–e varied from
1.1:1 to 2.1:1, confirmed by NMR. Unfortunately, coupling of (E)-
(2-nitroprop-1-en-1-yl)benzene 242a with 1,2-diaminoanthracene-9,10-dione and
1,2-cyclohexanediamine did not take place using a similar procedure, probably
because of the electronic effect of 1,2-diaminoanthracene-9,10-dione and the con-
figuration of 1,2-cyclohexanediamine.

To gain an insight into the mechanism of the above-mentioned process, the
following control experiment was performed. 243a was also obtained in a 88 %
yield via the reaction of 242a with 155a under N2-protected conditions. Thus, it
was considered the NO2 group to be the terminal oxidant in this process. Based on
the above results, a tentative reaction mechanism has been illustrated in
Scheme 2.29. The substrate 242a initially reacts with 155a to produce the Michael
addition intermediate G, which can be a one-electron oxidized by copper(II) to form
the radical cation H. Beside, I is generated from H through hydrogen abstraction
with oxidation, and then J is formed by proton elimination (Li 2009; Yan et al.
2012). Finally, the proton transfer and intramolecular cyclization followed by
elimination of H2O and HNO from the intermediate K resulted in the desired
product 243a (Shiraishi et al. 1998; Maiti et al. 2010; Kundu et al. 2011).
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2.2.10 With 1,2-Diaza-1,3-butadienes

The Michael addition of (±)-trans-1,2-DACH 171c to the heterodiene system of
1,2-diaza-1,3-butadiene 246a in CH2Cl2 at room temperature gave rise stereoselec-
tively to the formation of trans-4a,5,6,7,8,8a-hexahydroquinoxalinehydro-2-phos-
phine oxide 247a in a 94 % yield. The reaction of 1,2-diaza-1,3-butadiene 246b with
(±)-trans-1,2-DACH 171c provided 247b in good yield. The aromatization of 247a
was performed under reflux by oxidation with p-benzoquinone in 1,4-dioxane
resulting in 5,6,7,8-tetrahydroquinoxaline-2-phosphine oxide 249c. Under similar
conditions, the oxidation of 247b did not lead to 2-phosphonylpyrazine 249, but only
to decomposition products. The reaction of 1,2-diaza-1,3-butadienes 246a, b with
(±)-cis-1,2-DACH 171d gave rise to cis-4a,5,6,7,8,8a-hexahydroquinoxalines 248c,
d. In this case, oxidation readily occurred in the reaction media (air atmosphere), and
pyrazine 249c was easily obtained from dihydropyrazine 248c. However, it was
impossible to isolate tetrahydroquinoxaline 249d, even though its presence in the
reaction mixture, together with the 248d, was confirmed by 1H and 31P NMR
spectroscopy (Scheme 2.30) (Aparicio et al. 2006).

1,2-Diaza-1,3-butadienes containing a carboxylate group at the terminal carbon
have been used as starting materials for the preparation of
quinoxaline-2-carboxylates (Attanasi et al. 2001, 2003). The addition of 1,2-DAB
155a to the heterodiene system of 246a led to the formation of
quinoxaline-2-phosphine oxide 251a in an 81 % yield (Scheme 2.31) (Aparicio et al.
2006). The first step of the reaction is the nucleophilic attack of an amino group of
1,2-DAB 155a–c and 2,3-DAN 235 on the terminal carbon of the heterodiene
system of 1,2-diaza-1,3-butadienes 246 with the formation of the hydrazone
1,4-adduct (Michael type) 250. The subsequent nucleophilic attack of the second
amino group at the hydrazone carbon with the loss of a hydrazine carboxylate
residue results in 2-phosphorylated quinoxalines 251a–i. This strategy affords a very
efficient entry to quinoxaline phosphine oxides 251a, c, e–h and phosphonates 251b,
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d, i (Scheme 2.31) (Aparicio et al. 2006). Quinoxalines directly substituted with
phosphorus-containing functional groups have received scarce attention (Ito et al.
1996; Acklin et al. 1998; Sinou et al. 2004; Imamoto et al. 2005). This appears to be
the first synthesis of quinoxalines with a phosphonate group.

2.2.11 With Ketones(Aldehydes) and Isocyanide

Multicomponent reactions (MCRs) have become important tools in modern
preparative synthetic chemistry because they increase efficiency by combining
several operational steps without the isolation of intermediates or changing the
reaction conditions (Litvinov 2003; Zhu and Bienayme 2005). MCRs have emerged
as valuable tools for the preparation of structurally diverse chemical libraries of
drug-like heterocyclic compounds (Ugi et al. 1994, 2000; Tietze and Modi 2000).
Isocyanide-based MCRs are especially important in this area (Dömling and Ugi
2000; Dömling 2006).

In 2008, Shaabani and coworkers reported an elegant and hitherto unknown
reaction that affords 3,4-dihydroquinoxalin-2-amines 255 via the three-component
condensation of 1,2-DAB 155a–c, n, q and ketones 197–199 or aldehydes 252,
253, and an isocyanide 254 in the presence of a catalytic amount of p-TsOH·H2O in
EtOH at room temperature in good to excellent yields (Scheme 2.32).

Shaabani and coworkers simply used 1,2-DAB or 1,2-DACH instead of hete-
rocyclic systems containing a H2N–C = N fragment in the known Groebke–
Blackburn–Bienayme MCR reaction (Groebke et al. 1998; Blackburn et al. 1998;
Bienayme and Bouzid 1998) (Ugi-type MCR reaction).

To explore the scope and limitations of this reaction, the procedure was extended
to various alkyl, benzyl, and alicyclic isocyanides and aliphatic, alicyclic, and
aromatic ketones, aliphatic and aromatic aldehydes with electron-withdrawing and
electron-releasing groups at their para positions in aromatic diamines. The reaction

EtO

O

N
N

R2

R1
CH2Cl2, rt

H
N

N
H

R4

R3

R1

R2

HN NH

EtO
O

N

NR4

R3

R1

R2

H
N

NH2

R4

R3

N

R2

R1

N
H OEt

O
+

246
250

251 a R1 = POPh2, R2 = Me, R3 = R4 = H (81%)
b R1 = PO(OEt)2, R2 = Me, R3 = R4 = H (83%)
c R1 = POPh2, R2 = Ph, R3 = R4 = H (91%)
d R1 = PO(OEt)2, R2 = Ph, R3 = R4 = H (98%)
e R1 = POPh2, R2 = Me, R3 = R4 = Me (90%)
f R1 = POPh2, R2 = Me, R3 = R4 = Cl (93%)
g R1 = POPh2, R2 = Ph, R3 = R4 = Cl (89%)
h R1 = POPh2, R2 = Me, R3-R4 = (CH=CH)2 (86%)
i R1 = PO(OEt)2, R2 = Me, R3-R4 = (CH=CH)2 (77%)

1,2-DAB 155a-c
or 1,2-DAN 235

Scheme 2.31 The synthesis of phosphorylated quinoxalines
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proceeded very efficiently in excellent yields with the formation of the corre-
sponding 3,4-dihydroquinoxalin-2-amine derivatives 255 (Scheme 2.32).

The amine component of the MCR is also variable. To examine the replacement
of the aromatic diamine 155 (Scheme 2.32) with alicyclic 1,2-diamines, 1,2-DACH
171a was used as an alicyclic diamine. The isolated products N-
cyclohexyl-3,4,4a,5,6,7,8,8a-octahydro-3,3-dimethylquinoxalin-2-amine 256a and
N-tert-butyl-3,4,4a,5,6,7,8,8a-octahydro-3-methyl-3-p-tolylquinoxalin-2-amine
256b were obtained in high yields (Fig. 2.20).

The reaction proceeds under mild conditions and is compatible with a wide
range of functional groups. It is noteworthy that five substituents in the products
(R1

–R5) can be varied independently of each other.
It might be well to point out that after the initial paper (Shaabani et al. 2008),

very simple, efficient, clean, and practical methods for the synthesis of highly
substituted quinoxalin-2-amine derivatives in good yields have been reported. They
proceed in the presence of HCl (33–54 %) (Krasavin and Parchinsky 2008;
Krasavin et al. 2009), ferric perchlorate (91–93 %) (Heravi et al. 2009), cerium(IV)
ammonium nitrate (CAN) (71–96 %) (Li et al. 2009a), and ethylenediaminete-
traacetic acid (72–95 %) (Kolla and Lee 2010) as efficient catalysts correspondingly
in MeOH, MeCN, EtOH, or H2O.

The mechanism has not been unequivocally established, but a possible one is
outlined in Scheme 2.26. First, the carbonyl group could be activated by the

H
N

N N
H256a (80%)

H
N

N N
H256b (77%)

Fig. 2.20 Octahydroquinoxalines 256a, b, produced from the MCRs of 1,2-DACH 171a, ketones
197h, 198e, and isocyanides 254b, c

R2

R1

NH2

NH2
R3

O

R4 N+

R5

C-

+ +
p-TsOH.H2O (5 mol%)

EtOH, rt, 3-5 h

16 examples, 75-95%
255155a-c,n,q 197-199,252,253 254

R1

R2

N
H

N

R3
R4

N R5

H

155 q R1 = COPh, R2 = H
197 h R3 = C6H4Me-4, R4 = Me
198 e R3 = R4 = Me
199 c R3-R4 = (CH2)4
199 d R3-R4 = (CH2)5
254 R5 = CH2Ph (a), c-C6H11 (b), t-Bu (c), C(Me)2CH2C(Me)3 (d)

252 a R3 = Ph, R4 = H
b R3 = C6H4Br-4, R4 = H
c R3 = C6H4OMe-4, R4 = H
d R3 = C6H4NO2-4, R4 = H

253 a R3 = CH2CH(Me)2, R4 = H

Scheme 2.32 Synthesis of 3,4-dihydroquinoxalin-2-amines 255 from the MCRs of various
diamines 155, ketones 197–199 or aldehydes 252, 253, and isocyanides 254
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coordination of the oxygen atom with the catalyst. Thus the formation of iminium
cation L could be facilitated (Varala et al. 2006). Nucleophilic addition of iso-
cyanide 254 (Dömling and Ugi 2000) followed by an intramolecular cyclization of
M could result in the generation of N, which would then be isomerized to the final
product 255 (Scheme 2.33).

Although Ce(IV) derivatives are generally employed as single-electron transfer
(SET) oxidants, the authors (Li et al. 2009a) believe that CAN serves as a Lewis
acid in the above process in the same way as in other carbon–carbon and carbon–
heteroatom bond-forming reactions (Nair et al. 2004a).

Simply mixing a mono-N-Boc protected 1,2-DAB 257, glyoxylic acid 258,
isonitrile 254, and aldehydes 252, 253, in methanol, gave the Ugi products 259.
TFA-promoted Boc removal and cyclization, with concomitant loss of water,
afforded the desired quinoxalinone, with four potential points of diversity and of
general structure, 260 (Scheme 2.34) (Nixey et al. 2002). This transformation
represents a novel extension of the UDC (Ugi/de-Boc/cyclize) methodology for
synthesizing 1,4-benzodiazepine-2,5-diones (Hulme et al. 1998).

For the use of the heterocyclic systems as providers of a two-carbon fragment in
the synthesis of quinoxalines see Sect. 2.6.

NH2

NH2

O

R4R3
+
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N

NH2
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C N R5
+

+
H
N
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N
R5

R4R3

+

H
N

N
H

R3

R4

N R5

255

254L M N

Scheme 2.33 Proposed mechanism for the synthesis of products 255
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N
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O

O
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O
N H

R3

TFA/DCM N

N

O

R2

HN

O

R3

PS-tosylhydrazine
(3 equiv)

THF:CH2Cl2,1:1, 24 h

MeOH, rt, 36 h

257
259 260

R1

252,253

254
258

252 e R2 = C6H4OH-3
f R2 = pyridyl(methyl-6)-2
g R2 = C6H4-C6H5

253 b R2 = i-Pr
c R2 = (CH2)2Ph
d R2 = OEt

O
254 R3 = CH2Ph (a), c-C6H14 (b), N

Ph
(e), (f),

O
(g)

258 a Ph

b

c

NH

OH

Scheme 2.34 Two-step solution-phase synthesis of novel quinoxalin-2(1H)-ones 260 utilizing a
UDC (Ugi/de-Boc/cyclize) strategy
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2.2.12 With Aldehydes and NaCN

However, when 1,2-DAB 155a and benzaldehyde 252a were subjected to the
oxidative cyclization conditions (Cho et al. 2012, 2013) used for benzoxazole and
benzothiazole synthesis in the presence of a catalytic amount of NaCN, the
expected benzimidazole 261 was not obtained (Scheme 2.35, Eq. 1). Instead, the
corresponding imine was obtained as the major product along with an unexpected
product in a slightly lower yield than the amount of NaCN used (Scheme 2.35,
Eq. 2). When a stoichiometric amount of NaCN was used under the same condi-
tions, the unexpected 3-phenyl 2-aminoquinoxaline 262a was obtained as the major
product (Scheme 2.35, Eq. 3) (Cho et al. 2014).

The substrate scope for this transformation was investigated (Table 2.3). Various
aromatic aldehydes were employed according to this protocol. The electronic
properties of the aromatic aldehydes had little effect on the synthesis of 262; the
desired products were obtained in high yields regardless of the electronic nature of
the aromatic rings (entries 1–5). Benzaldehyde derivatives bearing a substituent at
the ortho-position also provided the quinoxaline products in good to excellent
yields (entries 6–8). In addition to benzaldehyde derivatives, fused aromatic alde-
hydes were also applied according to this protocol, and the desired products were
obtained in high yields (entries 9 and 10). This transformation extended to
heteroaromatic aldehydes, and the corresponding quinoxalines were obtained in
good to high yields depending on the nature of the heteroaromatic ring system
(entries 11–13). The authors then attempted to extend the method to more chal-
lenging aliphatic substrates. The subsequent addition of NaCN to imines generated
from aliphatic aldehydes along with several side products provided the desired
2-aminoquinoxalines in moderate yields. However, when 155a, an aliphatic alde-
hyde, and NaCN were added together and stirred at 80 °C, the three desired
products were obtained in good yields (entries 14–16). Besides, the effect of sub-
stituents in ortho-phenylenediamines was evaluated on this transformation (entries
17–20). The electronic effect of substituents in 1,2-DABs had some influence on the
formation of 262. Electron-rich 1,2-DABs afforded the desired products in high
yield (entries 17 and 19), whereas the 1,2-DABs bearing electron-withdrawing

+

O

H Ph
252a

NaCN (10 mol%)

DMF, 80 oC, 4 h
in open flask

N

N NH2

Ph

262a (~8 %)

NaCN (100 mol%)

DMF, 80 oC, 4 h
in open flask

262a (75%)

N

H
N

Ph

261

NaCN (cat)

DMF or DMSO
in open flask

(1)

(2)

(3)

1,2-DAB
155a

Scheme 2.35 Formation of
2-aminoquinoxaline 262a
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substituents showed much lower reactivities than the electron-rich 1,2-DABs and
still yielded the desired products in good yields (entries 18 and 20).

The proposed mechanism of the reaction involves the following processes
(Scheme 2.36). Cyanide undergoes nucleophilic addition to imine O to afford
intermediate P. The resulting intermediate P can undergo two possible reaction
pathways. The lone pair on the nitrogen atom can attack the sp3-hybridized carbon
atom (Ca in intermediate P) via 5-exo-tet cyclization to yield benzimidazoline
Q. The subsequent aerobic oxidation of Q would provide benzimidazole 261
(Pathway I). On the other hand, the nitrogen atom can attack the sp-hybridized
carbon (Cb in intermediate P) of the nitrile via 6-exo-dig cyclization to furnish
2-amino dihydroquinoxaline R. A similar 6-exo-dig cyclization (Pathway II) has
been already proposed in the literature without considering 5-endo-trig cyclization
(route a) (Shepherd and Smith 1987; Schwerkoske et al. 2005; Montagne and
Shipman 2006; Polyakov et al. 2009; Haddadin et al. 2011; Guchhait et al. 2012).

Table 2.3 Substrate scope

R2

R1

NH2

NH2

+
O

R3H

1. MS (4 Å), DMF, 80 oC, 2 h

2. NaCN (110 mol%), 80 oC, 4 h N

N NH2

R3

R2

R1

155 252 262in open flask

Entry 155 R1 R2 252 R3 262 Yield (%)

1 155a H H 252a Ph 262a 86

2 155a H H 252b C6H4OMe-4 262b 80

3 155a H H 252c C6H4Me-4 262c 77

4 155a H H 252d C6H4Cl-4 262d 93

5 155a H H 252e C6H4CO2Me-4 262e 92

6 155a H H 252f C6H4OMe-2 262f 92

7 155a H H 252g C6H4Cl-2 262g 82

8 155a H H 252h C6H4OH-2 262h 67

9 155a H H 252i naphthyl-1 262i 73

10 155a H H 252j naphthyl-2 262j 90

11 155a H H 252k furanyl-2 262k 90

12 155a H H 252l thienyl-2 262l 64

13 155a H H 252m pyridyl-2 262m 64

14 155a H H 252n n-Hexyl 262n 65

15 155a H H 252o c-Hexyl 262o 60

16 155a H H 252p t-Butyl 262p 70

17 155b Me Me 252a Ph 262q 85

18 155c Cl Cl 252a Ph 262r 60

19 155f Me H 252a Ph 262s 88 (2:1)a

20 155e Cl H 252a Ph 262t 72 (2:1)b

aTwo regioisomers were obtained as an inseparable mixture in a 2:1 ratio
bTwo separable regioisomers were obtained in 48 and 24 % yield, respectively
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The desired 2-aminoquinoxaline 262 could be obtained after the aerobic oxidation
of R (Pathway II). Under these conditions, 6-exo-dig cyclization would predomi-
nantly take place over 5-exo-tet cyclization presumably due to a better orbital
orientation between HOMO and LUMO, which led to the exclusive formation of
2-aminoquinoxalines 262. Although this transformation was previously reported in
literature (Ricciardi and Joullie 1986; Hu et al. 2010), it should be noted that this
transformation is operationally very simple and displayed a very broad substrate
scope from aromatic aldehydes, heteroaromatic aldehydes, to more challenging
aliphatic aldehydes.

2.3 Condensation of o-Benzoquinone Diimines
and Diimides with Various Two-Carbon Unit
Suppliers

2.3.1 With Allylstannane

The chemistry of o-benzoquinones, especially their involvement in cycloadditions,
has been the subject of extensive investigations in recent years (Nair and Kumar
1994, 1996a, b). In contrast, their aza analogs, viz., o-quinonediimines, have
received only scant attention (Friedrichsen and Bottcher 1981), the available
information on their cycloadditions being mainly concerned with their participation
in Diels–Alder reactions with alkenes (Friedrichsen and Schmidt 1978).

In 2004 Nair and coworkers reported that a facile reaction occurred when a
solution of 4-chloro-o-quinoneimine dibenzenesulfonimide (Adams and Winnick
1951) 263a (R1 = Cl, R2 = H) was exposed to allyltri-n-butyltin 264 in the presence
of ZnCl2. The reaction mixture on workup afforded the tetrahydroquinoxaline
derivative 265a (instead of the expected dihydroindole derivative 265a′) as a col-
orless crystalline solid in 98 % yield (Scheme 2.38) (Nair et al. 2004b). A similar
reactivity was displayed with other substituted o-quinonedibenzenesulfonimides
263b–e (Scheme 2.37) (Nair et al. 2004b).
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Scheme 2.36 Possible reaction pathways
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However, the ZnCl2-catalyzed reaction of o-quinoneimine dibenzimide 266a
(R1 = R2 = H) and allylstannane 264 resulted in the formation of ring-allylated
amide 267a. In the case of other substituted o-quinonedibenzimides 266, allylation
took place in a 1,4- or 1,6-manner depending on the ring substituents (Scheme 2.38)
(Nair et al. 2004b).

According to the authors’ opinion (Nair et al. 2004b), the mechanistic dichotomy
underlying the reaction leading to an allylated product in the case of benzimide
versus Diels–Alder adducts with sulfonamide may be resolved as follows
(Scheme 2.39). Since the Lewis acid is crucial for the formation of tetrahydro-
quinoxaline derivatives, it is suggested that an ionic mechanism operates in this
transformation. First, the Lewis acid coordinates with the quinone imine. The initial
attack of allylstannane mainly depends on the basicity of the quinone imine
nitrogen. The sulfonyl substituent on nitrogen is more electron-withdrawing, and
allylstannane attacks it to form an intermediate tin-coordinated carbocation that is
stabilized by a hyperperconjugative interaction with the tin (Herndon and Wu 1989;
Herndon et al. 1991). The carbocation A thus formed is quenched by the
N-terminus of the metal-coordinated nitrogen to furnish product B (Pathway I).
When the N-substituent is benzoyl (imide nitrogen is more basic), the initial
nucleophilic attack by the allylstannane occurs in a 1,4- or 1,6-manner depending
on the substituents on the aromatic ring. The resulting carbocation C suffers
destannylation to furnish the product D (Pathway II).

265 a R1 = Cl, R2 = H (98%)
b R1 = Br, R2 = H (72%)
c R1 = Me, R2 = H (72%)
d R1 = R2 = Cl (82%)
e R1 = R2 = Me (44%)

R1

NHSO2Ph

N

SnnBu3

SO2Ph

NSO2Ph

NSO2PhR2

SnnBu3
ZnCl2, CH2Cl2

0 oC, 30 min, Ar

R1

N

N
SO2Ph

SO2Ph

SnnBu3
R1

264
R2

263

R2

265a'

+

Scheme 2.37 Lewis acid-promoted annulation of o-quinonedibenzenesulfonimides 263 using
allylstannane 264

NCOPh

NCOPhR1
+

ZnCl2, CH2Cl2

0 oC, 30 min, Ar

R2 R2

R1

R3

NHCOPh

NHCOPh

267 a R1 = R3 = H, R2 = allyl (61%)
b R1 = Me, R3 = H, R2 = allyl (68%)
c R1 = Cl, R3 = H, R2 = allyl (68%)
d R1 = R2 = Cl, R3 = allyl (77%)
e R1 = R2 = Me, R3 = allyl (69%)

266

264

Scheme 2.38 Lewis acid-promoted annulation of o-quinoneimine dibenzimides 266 with
allylstannane 264
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2.3.2 With Aldehydes

In 2006, Lectka and coworkers reported an asymmetric inverse electron demand
hetero-Diels–Alder reaction (HDAR) of acyl chlorides (Bekele et al. 2006; Wolfer
et al. 2006) and o-benzoquinone diimides to deliver chiral quinoxalinones
(Abraham et al. 2006). In spite of perfect ee values observed by the catalysis of
Lewis bases derived from cinchona alkaloids, the reaction conditions were some-
what harsh and metal triflates had to be used as co-catalysts to activate the elec-
trophilic o-benzoquinone diimides (Abraham et al. 2006; Paull et al. 2008).

Since the required o-benzoquinone diimide was easily accessible by benzoyla-
tion of commercially available 1,2-DAB derivative and subsequent oxidation, it
appears possible that a search for more appropriate methods of carrying out HDAR
to synthesize chiral quinoxaline derivatives would be fruitful.

In 2009, Chen and coworkers reported a highly enantioselective organocatalytic
inverse electron demand HDAR reaction of o-benzoquinone diimides and aliphatic
aldehydes catalyzed by α,α-diphenylprolinol O-TMS ether 269 as a chiral sec-
ondary amine (Scheme 2.40) (Li et al. 2009b).

When the HADR was carried out as in the previously established conditions
(Han et al. 2008): o-benzoquinone diimide 268 (1.0 equiv), butanal 253e (2.0
equiv), benzoic acid (10 mol%), and the catalyst α,α-diphenylprolinol O-TMS ether
269 (10 mol%) in a mixture of MeCN and H2O (10:1) at room temperature, the
reaction proceeded smoothly and the desired hemiaminal 270 was isolated as a
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Scheme 2.40 Optimization of the organocatalytic HDAR of the o-benzoquinone diimides 268
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relatively stable compound with excellent stereoselectivity (ee 97 %) and good
yield (71 %). Even more satisfactory yields could be attained in a mixture of
1,4-dioxane/H2O (ee > 99 %, yield 83 %) or THF/H2O (ee > 99 %, yield 89 %)
(10:1).

The scope of this asymmetric HDAR was evaluated under the optimized reaction
conditions using o-benzoquinone diimide 268. Since the hemiaminal 270 was not
stable enough for further analysis, PCC (pyridinium chlorochromate) oxidation was
employed to produce the more stable quinoxalinones 271. As shown in
Scheme 2.41, a variety of aldehydes 253 bearing simple linear or branched α-
substituted alkyl groups were well tolerated and excellent enantioselectivities were
generally obtained.

2.3.3 With 1,2-DAB

In the context of the discussion above, it should be noted that the oxidative
transformation of 1,2-DAB 155a with air as an oxidant in the presence of catalytic
amounts of laccase from Agaricus bisporus delivers exclusively
2,3-diaminophenazine 272 in 90 % yield (Scheme 2.42) (Leutbecher et al. 2011). It
is assumed that the oxidative dimerization of 155a starts with the laccase-catalyzed
oxidation of one molecule of the substrate to the corresponding diimine 273, which
reacts with a second molecule of 155a by means of an inter- and an intramolecular
1,4-addition to yield a tetrahydrophenazine 274. The last step is the oxidation of
this intermediate to afford the fully aromatic 2,3-diaminophenazine 272. On an

+ R2 CHO

1. 269 (10 mol %)
PhCOOH (10 mol %)
THF/H2O, 25 oC, 12 h

2. PCC, silica gel
DCM, rt, 8 h

N

N
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O

R2

253

271 a R2 = Et (85%)
b R2 = Me (82%)
c R2 = i-Pr (90%)
d R2 = CH2Ph (78%)
e R2 = n-Pent (92%)
f R2 = (CH2)2OBn (82%)
g R2 = CH2SPh (63%)
h R2 = (CH2)2NO2 (79%)

268

Scheme 2.41 Asymmetric inverse electron demand HDAR of o-benzoquinone diimides 268 and
aldehydes 253
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Scheme 2.42 Preparation of
2,3-diaminophenazine 272 by
laccase-catalyzed aerobic
dimerization of 155a
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analytical scale this reaction has been employed for determining the activity of
laccases (Zuyun et al. 1998). Alternatively, this transformation can also be per-
formed on a preparative scale with either FeCl3 (Chauhan et al. 2008) or hydrogen
peroxide in the presence of catalytic amounts of peroxidases (Niu et al. 2004).

2.4 Condensation of N,N-Dimethyl(dibenzyl)
ethylenediamine with 1,2- and 1,4-Dihydroxy
Benzenes

A new series of quinoxaline derivatives have been efficiently synthesized with an
environment-friendly catalyst, i.e., enzyme, mainly the laccase isolated from
Ganoderma sp. rckk-02. This methodology provides an alternative route safest for
the synthesis of quinoxalines. 1,2- and 1,4-Dihydroxy benzenes were used for the
first time in the synthesis of quinoxalines (Kidwai et al. 2012) (Scheme 2.43).

For the mechanistic aspects of this new transformation, the first oxidation of the
dihydroxy benzene to the corresponding ketone was assumed to occur followed by
an electron-deficient site reaction with diamine. Although intermediate is a
1,2-diketone but in this case, it does not react in a same manner as for quinoxaline
synthesis via the classical method (Xu et al. 2007; Kunamneni et al. 2008;
Witayakran and Ragauskas 2009; Ma et al. 2009; He et al. 2010; Guncheva and
Zhiryakova 2011). In this case its electron-deficient site is more prone to be
attacked by amine (Scheme 2.44).

The ambient condition, use of natural source in place of oxidative reagents, not
only makes this methodology an alternative platform to the conventional route for
the same, but it also becomes significant under the umbrella of environmental
greener and safer processes.
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Scheme 2.43 Reaction between N,N-dimethylethylenediamine 275a and different 1,2- and
1,4-dihydroxy benzene 276, 277 in the presence of laccase at room temperature
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Chemical and electrochemical oxidations of different catechols were carried out
in the presence of N,N′-dibenzylethylenediamine (DBEDA) in a phosphate
buffer/acetonitrile solution for the synthesis of different new dibenzyltetrahydro-
quinoxalinedione derivatives (Habibi et al. 2014). The oxidation of catechol 276a,
2,3-dihydroxybenzoic acid 276e, and 3,4-dihydroxybenzoic acid 276d led to the
same product, probably due to the decarboxylation reaction of intermediates. An
oxidative decarboxylation reaction of 3,4-dihydroxybenzoic acid 276d was reported
earlier, while the unexpected oxidative decarboxylation reaction of
2,3-dihydroxybenzoic acid 276e in the presence of DBEDA has been reported for
the first time (Scheme 2.45).

The formation of 280a–c was followed by the 1,4-Michael addition of DBEDA
to the quinone to produce the adducts 281a–c. These adducts then underwent the
abstraction of a second pair of electrons leading to o-benzoquinone 282a–c.
Intramolecular addition produces catechol derivatives 283a–c and the further
oxidation of these compounds led to the formation of the final products 284a–c.
The oxidation of intermediates 281a–c and 283a–c is simpler than the oxidation of
the parent starting molecules 276a–c due to the presence of the electron-rich amino
groups on the quinone ring. Besides, it is possible that the oxidation of 281a–c and
283a–c takes place through a solution electron transfer reaction (Scheme 2.46)
(Habibi et al. 2006).

HN

HN

OH

OH Electrochemical
or Chemical

- 6H+, - 6e- O

O

N

N

275b

+

Ph

Ph

Ph

Ph

R1

284 a R1 = H (98%, 36%)
b R1 = Me (98%, 42%)
c R1 = OMe (66%, 28%)

R1
R2

276 d R1 = H, R2 = CO2H
e R1 = CO2H, R2 = H

276a-e

Scheme 2.45 Synthesis of different dibenzyltetrahydroquinoxalinedione derivatives
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Different catechols 276a–e were oxidized by chemical or electrochemical
methods in the mixture of phosphate buffer solution (PBS) and MeCN solution to
their o-benzoquinones and then attacked by DBEDA to form the corresponding
dibenzyltetrahydroquinoxalinedione derivatives 284a–c. The overall reaction
mechanisms for the anodic oxidation of these derivatives in the presence of
DBEDA as a nucleophile are presented in Schemes 2.46 and 2.47. An unexpected
oxidative decarboxylation reaction of 2,3-dihydroxybenzoic acid 276e in the
presence of DBEDA is shown in Scheme 2.48. Three pathways for the synthesis of
1,2,3,4-tetrahydroquinoxaline-6,7-dione 284a have been introduced. From the point
of view, of green chemistry the application of the electro-synthetic method has
some important advantages. Clean synthesis, use of electricity as an alternative
source of energy instead of oxidative reagents, a one-step reaction, working at room
temperature, technical feasibility, and high atom economy are prominent advan-
tages of the green approach. Both chemical and electrochemical methods result in
the same products. While the chemical synthesis is faster, the electrochemical
synthesis provides higher yields.
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2.5 Synthesis of Quinoxalines from Aniline and Its
Derivatives

2.5.1 From Anilines

A one-pot annulation reaction of aniline and its ring-substituted derivatives with
1,1,2-trichloro-2-nitroethene (TCNiE) was developed delivering exclusively
3-chloroquinoxalin-2(1H)-one 4-oxides in good yields (Meyer et al. 2008). If one
equivalent of aniline or a derivative 286 and two equivalents of a tertiary amine
such as triethylamine (TEA) or 1,4-diazabicyclo[2.2.2]octane (DABCO) were
added to a solution of 287 in a solvent such as methanol, tetrahydrofuran, or
toluene, the new quinoxalin-2(1H)-one 4-oxide 288 precipitated completely
(Scheme 2.49) (Meyer et al. 2008). The yield of the product depended on the
reaction temperature, the addition rate of the aniline to the reaction mixture, the
solvent, and the substitution pattern of the aniline.

The mechanism of this new one-pot annulation reaction between TCNiE and
anilines has been extensively investigated with the help of the B3LYP/6-31 + G**
methodology and five different paths were proposed (Meyer et al. 2008). The main
stages of these mechanisms include the following processes: the sequence starts
with the Michael addition of the aromatic amine at the C(2) position of TCNiE 287
forming an intermediate such as 289. N-Alkylanilines do not form quinoxalinones.
Later, a proton shift occurs: the ammonium proton migrates to the nitro group thus
forming nitronic acid 290. In the following stages, an intramolecular SE process
appears feasible leading to cyclisation via C–N bond formation, elimination of
water, and then generation of 2,2,3-trichloro-1,2-dihydroquinoxaline 4-oxide 291.
Hydrolysis of the gem-C(2) dichloride unit in 291 by water in the reaction mixture
leads to the formation of the final product 288, even in dry solvents (Scheme 2.50).
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Scheme 2.49 Formation of quinoxalinone 4-oxides 288 starting from anilines 286
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2.5.2 From Benzil-α-arylimino Oximes and α-Nitroketene
N,S-Anilinoacetals

Benzil-α-arylimino oximes 292 (Aggarwal et al. 2006) and α-nitroketene N,S-
anilinoacetals 297 (Venkatesh et al. 2005), containing a C–C–N fragment at the
aniline nitrogen atom when exposed to, respectively, iodobenzene diacetate PhI
(OAc)2 (IBD) and POCl3, undergo cyclization with the formation of the
2,3-diphenylquinoxaline-1-oxide 293 (Scheme 2.51) and 3-chloro-2-(methylthio)
quinoxaline 298 (Scheme 2.52) derivatives, respectively.

As can be seen from in Scheme 2.51, a plausible mechanism for the transfor-
mation of 292 into 293 involves the initial electrophilic attack of IBD on the oxime
292 and results in an I(III) intermediate 294, which undergoes the reductive loss of
iodobenzene along with the elimination of acetic acid to afford nitroso derivative
295. Cyclization of 295 via an entropy favored electrophilic process gives an
intermediate 296, which loses a second mole of acetic acid to yield quinoxaline N-
oxide 293 (Aggarwal et al. 2006).
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Scheme 2.51 Hypervalent iodine oxidation of benzil-α-arylimino oximes 292 is an efficient
synthesis of 2,3-diphenylquinoxaline 1-oxides 293
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The probable mechanism for the conversion of N,S-acetals 297 into quinoxalines
298 involves the initial formation of quinoxaline N-oxide 300 by dehydrative
cyclization of 297 followed by a subsequent chlorination at the 3-position and the
extrusion of oxygen through intermediate 301 (Scheme 2.52) (Venkatesh et al.
2005).

To further explore the generality and scope of this new quinoxaline synthesis,
the reaction was extended to bis-(nitroketene N,S-acetals) 302 and 304 which under
identical conditions afforded the hitherto unknown pyrazinoquinoxalines 303 and
305 in 55 and 45 % yields, respectively (Scheme 2.53) (Venkatesh et al. 2005).

In 2011, Kobayashi and coworkers reported a highly efficient method for con-
structing quinoxalin-2(1H)-one 4-oxide through the tandem nitrosation/aerobic
oxidative cyclization of cyanoacetanilides with inexpensive reagents.
A mechanistically novel oxidative aromatic C–N bond-forming reaction of aci-
nitroso species 306 was suggested utilizing molecular oxygen as the sole oxidant
(Scheme 2.54) (Kobayashi et al. 2011). The CN groups of 307 were successfully
substituted not only with a carbon nucleophile but also a nitrogen nucleophile. This
strategy enables rapid access to various substituted quinoxalinone N-oxides.
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2.5.3 From 2-Haloanilines

In 2009, Tanimori and coworkers reported a new efficient method for synthesizing
quinoxalin-2-ones in up to an 86 % yield, based on reactions of 2-haloanilines with
a variety of α-amino acids, such as pipecolinic acid and its bicyclic analog—
1,2,3,4-tetrahydroisoquinoline 3-carboxylic acid and D,L-proline in the presence of
copper(I) iodide. A variety of 2-bromoanilines 308 with substituents on the aro-
matic ring which include both electron-donating and electron-withdrawing groups
reacted to provide the corresponding dihydroquinoxalin-2-ones 310 (Scheme 2.55)
(Tanimori et al. 2009).

The use of various α-amino acids such as 309b, c, 311, 312a–d instead of
pipecolinic acid 309a in the reaction with 2-bromoaniline 308a in the presence
of copper(I) iodide made it possible to synthesize various annulated (in the cases
of 309b, c), spiro (in the cases of 311), and 3-substituted (in the cases of
312a–d) quinoxalines 313, 314, 315, and 316 (Scheme 2.56) (Tanimori et al. 2009).

In the cases of 2-iodo- and 2-chloroanilines the yields of desired 3-substituted
dihydroquinoxalin-2-ones were, at best, 63 and 65 %, respectively, and unlike
2-bromoanilines did not depend on the reaction conditions (Tanimori et al. 2009).

In 2010, Luo and coworkers reported a practical and highly efficient route to the
synthesis of pharmaceutically interesting quinoxalinones (Luo et al. 2010). The key
step involves an intramolecular palladium-catalyzed N-arylation reaction
(Buchwald–Hartwig amination Janey 2007; Appukkuttan and Van der Eycken
2008) under microwave irradiation. The precursors to the quinoxalinone core were
easily prepared from D,L-proline 309d in accordance with the mixed anhydride
protocol followed by Boc group deprotection (Scheme 2.57).
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The resulting amine hydrochloride salts were obtained with sufficient purity
(>95 %) and were directly used for cyclization. The general reaction conditions
required 1 mol% of Pd2(dba)3, 2 mol% of 1,3-bis(2,6-diisopropylphenyl)-
4,5-dihydroimidazolium tetrafluoroborate as a ligand and four equivalents of t-
BuOK. The mixture was heated in 1,4-dioxane at 160 °C for 10 min in a microwave
reactor (Scheme 2.58). The crude product was typically purified by simply passing
the crude reaction mixture through a short pad of silica gel.

This methodology tolerates a variety of bromoanilides 319–322 to afford a
diverse collection of bicyclic and polycyclic quinoxalinones 323–326 in high yields
(Scheme 2.59).

At mild room temperature, ligand-free copper-catalyzed coupling of α-amino
acids 312a, c, e, 328, including heretofore-unexplored arylglycines 312a, with N-
Boc-2-iodoanilines 327 to deliver N-arylated α-amino acids 329 has been developed
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(Scheme 2.60) (Luo and De Brabander 2015). These adducts 329 were transformed
into chiral 3-substituted 3,4-dihydroquinoxalin-2(1H)-ones 330 (Scheme 2.61) upon
trifluoroacetic acid-mediated Boc deprotection/in situ cyclodehydration.
Importantly, the entire two-step procedure occurs without racemization, even with
racemization-prone arylglycine substrates. This approach uniquely avoids potential
symmetry-related limitations in the substrate scope compared to previous approa-
ches to enantiomerically pure 3-aryl-3,4-dihydroquinoxalin-2(1H)-ones that ema-
nate from symmetrical dianilines.

In 2006, Kalinski and coworkers reported a new strategy employing an Ugi
four-component reaction (4CR) and a Pd-assisted intramolecular N-aryl amidation
reaction (Kalinski et al. 2006). The Ugi(4CR) reaction of 2-bromoanilines 308,
ketones/aldehydes 198e, 253l, carboxylic acid 331, and an isocyanide 254a, h, i in
polar protic solvents (methanol, trifluoroethanol) generally resulted from good to
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high yields, and thus amides 332 were formed through the intermediates A, B, and
C. In the second stage, the Ugi product 332 was dissolved in toluene and the
C-amidation was performed at 100 °C using the catalytic system tris(dibenzylide-
neacetone) di-palladium Pd2(dba)3, tri-o-tolylphosphine as a ligand and a carbonate
base (Cs2CO3 with aliphatic isocyanides or K2CO3 with benzylic isocyanides). The
expected dihydroquinoxalin-2-ones 333 were obtained with moderate to good
yields (Scheme 2.62) (Kalinski et al. 2006).
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subsequent intramolecular N-arylation of the Ugi adduct provides a new, mild
strategy to assemble tetracyclic indolo[1,2-a]quinoxalinones 335 in the presence of
catalytic amounts of CuI and L-proline in methanol at reflux (Ullmann process)
(Scheme 2.63) (Balalaie et al. 2011).

A highly regio- and stereoselective route for the synthesis of racemic 339 and
nonracemic 340 substituted tetrahydroquinoxalines used the SN2-type ring opening
of activated aziridines with 2-bromoanilines followed by the Pd-catalyzed
intramolecular C–N bond formation (Scheme 2.64) (Ghorai et al. 2011).

When bicyclic N-tosylcyclohexene and cyclopentene aziridines were used with
various 2-bromoanilines the process easily provided cyclohexa- and
cyclopenta-annulated tetrahydroquinoxalineswith up to 80%yields (Ghorai et al. 2011).

Two different, simple, and efficient methods for synthesizing quinoxaline
derivatives start, respectively, from 2-dialkylamino-2′-halogeno-5′-nitroacetanilides
341–343 (Scheme 2.65) or from 2′-dialkylamino-2-halogenoacetanilides 347–349
(Scheme 2.64) (De Castro et al. 2002). Both types of acetanilide are initially cyclized
to 1,1-disubstituted 3-oxoquinoxalinium salts 344a–e, 345a–e (Scheme 2.65) and
344a, c, d, 345a, c, e, 350a–c (Scheme 2.66) through intramolecular quaternization
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reactions. These salts are converted by heating, sometimes without isolation, under
the conditions required for the cyclization of the corresponding acetanilides 341–
343, 347–349 into 4-substituted quinoxalin-2-ones 346, 351, 352.
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Scheme 2.65 The synthesis of quinoxaline derivatives starting from 2-dialkylamino-2′-
halogeno-5′-nitroacetanilides 341–343

Z N
R1

N
O

Cl

Z

N

N O

R4

Z

N

N
R1

O

R2 R3

+
Cl

R2
R3

from 347a-c and 349a-c, EtOH, reflux
(for 344a,c,d and 350a-c)
from 348a and 348b, acetone, reflux
(for 345a and 345c)
from 348c, acetone, rt (for 345e)

R1

from 344a,c and 345a,c,e, MeNO2,
reflux (for 346a,c and 351a,c,e)
from 350a, 170-180 oC (for 352)

from 347a-d and 348a,b MeNO2,
reflux (for 346a,c,d,e and 351a,c)
from 347d, EtOH, reflux (for 346f)

347a-d R1 = H, Z = NO2
348a-c R1 = Me, Z = NO2

349a-c R1 = H, Z = H

344 a R2 = R3 = Me (68%)
c R2-R3 = (CH2)5 (80%)
d R2-R3 = (CH2)6 (12%)

345 a R2 = R3 = Me (93%)
c R2-R3 = (CH2)5 (96%)
e R2-R3 = o-(CH2)2C6H4CH2 (88%)

346 a R4 = Me (95,98%)
c R4 = (CH2)5Cl (93,91%)
d R4 = (CH2)6Cl (90%)
e R4 = o-(CH2)2C6H4CH2Cl (84%)
f R4 = o-(CH2)2C6H4CH2OEt (75%)

351 a R4 = Me (80, 81%)
c R4 = (CH2)5Cl (85,86%)
e R4 = o-(CH2)2C6H4CH2Cl (81%)

352 R4 = Me (83%)

350 a R2 = R3 = Me (97%)
b R2-R3 = (CH2)5 (98%)
c R2-R3 = (CH2)6 (94%)

Scheme 2.66 The synthesis of quinoxaline derivatives starting from 2′-dialkylamino-
2-halogenoacetanilides 347–349
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Compounds 341–343 and 347–349 were subsequently synthesized starting from
2-halo-N-alkyl-5-nitroanilines 353a–d according to the pathways shown in
Scheme 2.67.

2.5.4 From Nitroanilines

The strategy for the synthesis of quinoxalines from nitroanilines also involves two
stages, but in this case, the first stage consists of the introduction of a two-carbon
fragment containing functional groups capable of reacting with the amino group
with closure of the pyrazine ring. The second stage of the reaction involves tandem
reduction and reductive amination.

Ethyl malonyl chloride (Scheme 2.68, Eq. 1) (Takano et al. 2003), α-chloropro-
pionyl chloride (Scheme 2.68, Eq. 2) (Li et al. 2005), allylic halides (Scheme 2.68,
Eq. 3) (Bunce et al. 2003), and aliphatic aldehydes (Wallace et al. 2008) are used the
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Scheme 2.67 Synthesis of 2-dialkylamino-2′-halogenoacetanilides 341–343 and 2′-
dialkylamino-2-halogenoacetanilides 347–349 as precursors to quinoxalinones
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two-carbon fragment. PBr3, DMF (Takano et al. 2003), Fe/AcOH (Li et al. 2005), H2/
Pd/C, MeOH (Bunce et al. 2003) (Scheme 2.68) and bis(dibenzylideneacetone)-
palladium(0) (Pd(dba)2), 1,3-bis(diphenylphosphino)propane (dppp), and
1,10-phenanthroline (phen) in DMF (Scheme 2.69) (Wallace et al. 2008) are used as
reducing agents.

In addition to the enamine 369 described in Scheme 2.69, the other four
enamines 372–375 obtained from nitroanilines 359 and diphenylacetaldehyde 253o,
cyclohexanecarboxaldehyde 253p, trans-cinnamaldehyde 253q, and
1,3-cyclohexanedione 376 were examined (Scheme 2.70) (Wallace et al. 2008). The
condensation of aldehydes 253o–q and 1,3-cyclohexanedione 376 with nitroanili-
nes 359 resulted in enamines 372–375 in 91, 88, 85, and 70 % isolated yields,
respectively. The N-heteroannulation of 372–375 similarly gave the quinoxaline
derivatives 377, 378, 379, 380, 382 in 69, 70, 13, 25, and 26 % isolated yields. In
addition to fully aromatic quinoxaline 195, the corresponding N-oxide 381 was
obtained, albeit in lower yields in the case of mono-phenyl substituted enamine
374.
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Scheme 2.68 Common strategies for the synthesis of quinoxalines starting from nitroanilines
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Scheme 2.69 Palladium-catalyzed synthesis of quinoxaline derivatives 370, 371 starting from
nitroanilines and 2-methylpropanal 253b
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2.5.5 From 2-Fluoro-1-nitrobenzenes

The methods of the synthesis of quinoxalines from 2-fluoro-1-nitrobenzenes involve
two basic steps: (a) a nucleophilic aromatic substitution and (b) a reductive
cyclization with the formation of a nitroaniline derivative. In this case, the reagent,
allowing a three-atom N–C–C fragment to be introduced as a result of nucleophili-
caromatic substitution, should contain a form of functional group capable of reacting
with the amino group and closing the pyrazine ring under the conditions for reduction
of the nitro group. A variety of aminoacetic acid derivatives, coupled to the p-
methylbenzhydrylamine resin (Scheme 2.71, Eq. 1) (Acharya et al. 2002), preloaded
onto the Wang resin (Scheme 2.71, Eq. 2) (Laborde et al. 2001), coupled to L-alanine
HMB and other natural amino acid ester resins (1 % DVB polystyrene)
(Scheme 2.71, Eq. 3) (Holland et al. 2002), and the soluble polymer support
(PEG) (Scheme 2.71, Eq. 4) (Tung and Sun 2004), (Scheme 2.71, Eq. 5) (Chanda
et al. 2009), (Scheme 2.71, Eq. 6) (Shen et al. 2012; Lai et al. 2010) and derivatives of
secondary amino alcohols, fixed on the polymer of 4-(4-formyl-3-methoxyphenoxy)
butyryl AM resin (Scheme 2.71, Eq. 7) (Krchňák et al. 2001) are used as reagents for
the introduction of the three-atom N–C–C fragment.

In other examples utilizing 2-fluoro-1-nitrobenzenes, but not employing a solid
support, the catalytic reduction of the diethyl N-[(2,4-dinitrophenyl)amino]malonate
400 (Harnik and Margoliash 1955) and ethyl(methyl) N-[(2,4-dinitro-5-fluorophenyl)
amino]acetate 401 yielded ethyl 6-amino-3,4-dihydro-3-oxoquinoxaline-2-carboxylate
402 and 2-hydroxy-3-R-6,7-diaminoquinoxaline 403 (Scheme 2.72). These starting
compounds, 400 and 401, were easily obtained from the 383 and α-amino acid
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Scheme 2.70 Palladium-catalyzed synthesis of quinoxaline derivatives starting from nitroanilines
and a variety of aldehydes 253o, p, q or 1,3-cyclohexanedione 376
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derivatives 398 (Varano et al. 2001), 399 (Scheme 2.72) (Wu and Gorden 2007; Wu
et al. 2007). The quinoxaline derivatives were used for the synthesis of a set of
glycine/NMDA receptor antagonists (Varano et al. 2001) and 2-quinoxalinol salen
Schiff base ligands (Wu and Gorden 2007).
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Scheme 2.71 Common strategies for the synthesis of quinoxalines starting from
2-fluoro-1-nitrobenzenes
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A variety of pyrrolo[1,2-a]quinoxaline derivatives 406 were synthesized in good
to excellent yields when pyrrole-2-carboxamides 405 were used instead of α-amino
acid derivatives in reactions with 1-fluoro- (383) and chloro- (404) -2-nitrobenzenes
under a mild transition metal-free process (Scheme 2.73) (Huang et al. 2011).

A plausible mechanism of the reaction involves the formation of compound 406
by the nucleophilic substitution by 405 on 2-halonitroarenes 383, 404 or
1,2-dihalobenzenes (see Sect. 2.7.3) and the formation of carboxamide anion 408.
Finally, an intramolecular nucleophilic reaction of 408 with the displacement of the
leaving group by carboxamide anion would lead to pyrrolo[1,2-a]quinoxaline 406
(Scheme 2.73).

When indole-2-carboxamides were used instead pyrrole-2-carboxamides it was
possible, by analogy, to synthesize indolo[1,2-a]quinoxalines in 82–92 % yields
(Huang et al. 2011).
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for their formation
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2.5.6 From 4-Bromo-5-nitrophthalonitrile

The strategy of building the pyrazine ring of the quinoxaline system is funda-
mentally different in the case of 4-bromo-5-nitrophthalonitrile 409, with two nitrile
groups which activate the other substituents on the benzene ring toward the
nucleophilic aromatic substitution.

For example, the intermolecular nucleophilic substitution reaction of the halogen
atom starts with the attack by one of the amino groups of the nucleophile 410 on the
carbon atom of compound 409 which directly bears the bromine atom. The inter-
mediate formed 411 contains simultaneously a nitro group and a nucleophilic center
is active for further substitution. This second nucleophile then takes part in an
intramolecular substitution reaction of the nitro group and this leads to the ring
substitution and to the products 412 (Scheme 2.74) (Abramov et al. 2002).

2.5.7 From N-Aryl-2-nitrosoanilines and Alkylated
Cyanoacetic Esters

The vicinal position of nucleophilic amino and strongly electrophilic nitroso groups
makes N-aryl-2-nitrosoanilines 413 (Wrobel and Kwast 2007, 2010) very inter-
esting starting materials for domino reactions with properly equipped dipolar
partners, leading to a variety of heterocyclic systems. The reactions of these
compounds with comparatively acidic sulfones (Scheme 2.75, route a) or acetates
and phosphonoacetates (Scheme 2.75, route b) appeared to be efficient ways of the
synthesis of benzimidazoles 414 (Wrobel et al. 2011) and quinoxalin-2(1H)-ones
415 (Wrobel et al. 2013).

Reactions of 2-nitrosoarylamines with carbon nucleophiles leading to
quinoxalin-2(1H)-one N-oxides are mentioned in literature, but the reported
examples are limited to a few intramolecular reactions of pyrimidine derivatives,
easy to synthesize via the direct nitrosation of appropriate aminopyrimidines
(Pachter et al. 1963; Steinlin et al. 2008; Steinlin and Vasella 2009). Because
carbocyclic o-nitrosoanilines were not so easily available, the common synthesis of

N
O

O

BrNC

NC +

+
HN

HN

Ar

Ar

N

NNC

NC
H
N

Ar

O

O
K2CO3

+

N

NNC

NC

Ar

Ar

4 examples, 79-86%
410 411 412

409

Ar = Ph, C6H4NMe2-4, C6H4Cl-4, C6H4Me-4

Ar

Scheme 2.74 Synthesis of N,N′-dialkylated tetrahydroquinoxalines 412 by the reaction of
4-bromo-5-nitrophthalonitrile 409 with secondary diamines 410
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carbocyclic quinoxalin-2(1H)-one N-oxides was based on the Tennant
intramolecular condensation of substituted o-nitroanilines with carbanions, in
which a nitrone intermediate was formed (Sakata et al. 1985; Takano et al. 2003,
2005). Other synthetic approaches applied furoxanes (Ley and Seng 1975; Monge
et al. 1977) or dioximes (Abushanab 1970, 1973; Duda et al. 2009) as starting
materials. Simple oxidation of quinoxalin-2(1H)-ones was also frequently used
(Clark-Lewis 1957; Toman and Klicnar 1984; Sakata and Makino 1984; Cazaux
et al. 1993) in the synthesis of their N-oxides. A variety of these compounds were
synthesized via an interesting reaction of anilines with 1,2,2-trichloronitroethene
(Meyer et al. 2008). A later approach introduces the nitrone group together with two
lacking carbon atoms in the ring-forming process. N-(2,6-Dimethylphenyl)-
5-chloro-2-nitrosoaniline 413a (X = Cl, Ar = C6H3-di-Me-2,6) smoothly reacted
with diethyl n-butylcyanoacetate in the presence of DBU in acetonitrile at the room
temperature furnishing 3-butyl-7-chloro-1-(2,6-dimethylphenyl)quinoxalin-2(1H)-
one 4-oxide 417a (X = Cl, Ar = C6H3-di-Me-2,6, R = n-Bu) in a 94 % yield
(Scheme 2.76) (Krolikiewicz and Wrobel 2014). The reaction was completed
within 15 min. Numerous nitrosoanilines substituted in para-position to the nitroso
group with Cl, F, Ph, and OMe reacted in the same way. Changes in N-aryl
substituent in 2-nitroso-N-arylamine seem to have only a small or no impact on the
reaction course. The aryl group Ar can be both a carbocyclic ring with various
substituents such as alkyl, alkoxyl, halogen, as well as a heterocyclic system. Bulky
alkyl group in the cyanoacetic ester moiety (i-Pr versus Et or n-Bu) only slightly
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lowered the reaction rate. DBU/MeCN was the system of choice, but in some cases,
the K2CO3/DMF system, despite a longer reaction time, gave better yields of the
products (Krolikiewicz and Wrobel 2014).

The reaction proceeds via the initial addition of the carbanion to the nitrogen of
the nitroso group followed by the elimination of the cyanide anion from the adduct
418 to form nitrone 419 (Scheme 2.77). The subsequent intramolecular acylation of
the amine function, probably in the deprotonated form of 419, provides quinox-
alinone 417. The formation of the nitrone moiety is probably analogous to the
known reactions of the carbanions-bearing leaving groups such as diazo (Baldwin
et al. 1969), sulfonium (Johnson 1963; Hamer and Macaluso 1964), pyridinium
(Krohnke 1963; Nace and Nelander 1964), sulfonyl (Johnson 1963), or nitro
(Lypkalo et al. 1996) with nitrosoarenes. It should be pointed out that the cyano
group has been reported to act in this manner only in a few cases (Aurich 1965;
Jawdosiuk et al. 1971; Makosza et al. 1974), and no one was engaged in
intramolecular formation of a heterocyclic ring.

Thus, a new simple, convenient, and general method of the synthesis of various
quinoxalin-2-one N-oxides was presented. The synthesis started from easily
accessible substrates, that is, alkyl cyanoacetic esters and 2-nitroso-N-arylanilines
which can be prepared from appropriate nitroarenes and anilines. Diversity of the
compounds can be achieved by simply varying the substituents in each reagent.

2.6 Synthesis of Quinoxalines from Heterocyclic Systems

The methods for the synthesis of quinoxalines from various heterocyclic com-
pounds can be divided into three groups: those based on various fused
nitrogen-containing heterocycles without a pyrazine fragment, e.g., benzofuroxan,
benzimidazole, azabicyclo[4.1.0]heptane and benzodiazepine; those based on var-
ious heterocyclic systems, which contain neither a pyrazine ring nor a benzofrag-
ment in their composition, e.g., epoxide, azirine, pyrrolidin-3-one, piperidin-3-one,
furanone, pyrandione, chromene, thiazolidine, selenazolidine, alloxan, and
pyran-naphthoquinone; and those based on heterocyclic systems containing a
pyrazine ring in their composition, e.g., pyrazine and quinoxaline.
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Scheme 2.77 Plausible mechanism for the formation of quinoxalin-2(1H)-one 4-oxide
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2.6.1 Synthesis of Quinoxalines from Various Fused
Nitrogen-Containing Heterocycles Without
a Pyrazine Fragment

2.6.1.1 From Benzofuroxan and Various Suppliers of the Two-Carbon
C(2)–C(3) Fragment

In this category, a leading place belongs to the cycloaddition reaction of benzo-
furoxan (benzofurazan N-oxide) with various suppliers of the two-carbon fragment
C(2)–C(3) of the future quinoxaline (the Beirut reaction) (Laursen and Nielsen
2004). Mainly ketones (Chupakhin et al. 1999; Sun et al. 2011), β-diketones
(Issidorides and Haddadin 1966; Haddadin et al. 1971; Xu et al. 2011b),
β-ketoesters (Issidorides and Haddadin 1966), β-ketonitriles (Monge et al. 1995b;
Hu et al. 2012), β-ketoamides (Haddadin and Issidorides 1976), and 1,3-dinitriles
(Monge et al. 1995b; Cerecetto et al. 1999; Barea et al. 2011) are used as the
suppliers of the two-carbon fragment. The reactions are carried out with weak bases
as catalysts.

In addition, phenols, resorcinols, hydroquinones, or benzoquinones also undergo
a similar dehydrative condensation (e.g., NaOH/H2O, H2O, MeOH/RNH2, SiO2/
MeCN), with benzofuroxan under mild conditions, to give phenazine N,N′-dioxide
derivatives (Laursen and Nielsen 2004). The Beirut reaction of unsymmetrically
monosubstituted benzofuroxans proceeds with the formation of two regioisomers
(Haddadin et al. 1971; Monge et al. 1995b). However, only one regioisomer is often
obtained after the purification process (Monge et al. 1995b) as shown by the
reaction between 5-substituted benzofuroxans with benzoylacetonitriles which
gives only 7-substituted quinoxaline 1,4-dioxides (Mason and Tennant 1971). The
high regioselectivity of the Beirut reaction is probably due to the fact that the
substituents in benzofuroxans do not directly affect the formation of the quinoxaline
1,4-dioxides (Haddadin et al. 1971).

The Beirut reaction allows the introduction of any substituent at almost any
position of a quinoxaline 1,4-dioxide, depending on the structures of the benzo-
furoxan 420 and the two-carbon unit (Scheme 2.78, Eq. 1) (Zarranz et al. 2004),
(Scheme 2.78, Eq. 2) (Marin et al. 2008), (Scheme 2.78, Eq. 3) (Vicente et al. 2008;
Romeiro et al. 2009), (Scheme 2.78, Eq. 4) (Jaso et al. 2005), (Scheme 2.78, Eq. 5)
(Amin et al. 2006). Examples of reactions supporting this assertion are given in
Scheme 2.76.

The use of acetonylphenyl sulfide 423 (Carta et al. 2002, 2004) and arylace-
tonitrile 424 (Scheme 2.79) (Vicente et al. 2008) instead of the usual ketones, as
C-nucleophilic reagents, allows the introduction of appropriate substituents at C(2)
of quinoxaline 1,4-dioxides 425, 426.

In 2011, Haddadin and coworkers reported that the Beirut reaction of a number of
benzofurazan oxides 420 with 2-nitrobenzylcyanides 427 in acetonitrile with
pyrrolidine as a catalyst, at room temperature, gave the corresponding 2-amino-3-
(2-nitrophenyl)quinoxaline 1,4-dioxide 428. It was surprising to find out that the
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second product of this reaction, formed in almost equivalent amount, was the
deoxygenated 2-amino-3-(2-nitrophenyl)quinoxalines 429 (Scheme 2.80) (Haddadin
et al. 2011).

The possibility that the unusual quinoxaline 429a could have arisen from
deoxygenation of the quinoxaline 1,4-dioxide 428 was dismissed when it was found
out that 428, when subjected to these reaction conditions, remained unchanged even
after one week. Mechanistic considerations led the authors to speculate that the
formation of quinoxaline 429a was due to the generation of 2-nitrosoaniline 430
which, in turn, reacted with 2-nitrobenzylcyanide 427 to give 2-amino-3-
(2-nitrophenyl)quinoxalines (Scheme 2.81).
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Indeed, the mother liquor from 420 + 427 showed the presence of trace amounts
of 2-nitrosoaniline 430, the identity of which was confirmed by comparison with an
authentic sample. Furthermore, the reaction of independently prepared
2-nitrosoaniline 430 (Haddadin et al. 1979; Melnikov et al. 1992) with
2-nitrobenzyl cyanide, under the same reaction conditions (Scheme 2.82), yielded
quinoxaline 6a in high yield. The postulated mechanism is supported by the fact
that the reaction of 2-nitrosoaniline with cyanide 427 gave intermediate 431 as a
deep red solid. Upon heating in 10 % methanolic KOH, 431 gave quinoxaline 429a.

This easy formation of a series of 2-amino-3-(2-nitrophenyl)quinoxalines 429a–
c, g prompted the authors (Haddadin et al. 2011) to investigate their cyclization to
the novel corresponding quioxalino[2,3-c]cinnoline 5-oxides 432a–d, h. Indeed,
this type of cyclization to form cinnoline N-oxides is well known (Haider and
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Holzer 2004). When heated methanolic KOH solutions of quinoxalines 432a–c,
g gave novel quinoxalino[2,3-c]cinnoline 5-oxides 429a–c, g in high yields (80–
90 %). Smith and coworkers (Shepherd and Smith 1987; Glidewell et al. 1987)
have published the work on the preparation and reactions of quinoxalino[2,3-c]
cinnolines using a different method that proceeded in relatively low yields. They
also reported the preparation of three quinoxalino[2,3-c]cinnoline 5-N-oxide
derivatives, which did not include the parent ring system. They stated that these
quinoxalinocinnoline 5-N-oxides were impure and obtained in small quantities
which “precluded further work on these compounds.” As outlined in Scheme 2.83,
the preparation of the parent system 432a and a number of derivatives proceeded
via a new, simple, and efficient synthetic route.

It is also noteworthy that the methyl-substituted 2-aminoquinoxalines 429d–f, h,
i underwent cyclization and alkoxylation at the benzylic carbon with subsequent
deoxygenation of the anticipated 5-N-oxide to yield an acetal, an orthoester (with
methanol/10 % KOH), or a 1,3-dioxolane 433–438 (with ethylene glycol/10 %
KOH) (Scheme 2.84). A postulated mechanism for its formation is presented in
Scheme 2.85. In contrast, when 429i was heated with ethylene glycol, under the
same reaction conditions but for 10 min, alkoxylation occurred at the methyl carbon
of the 2-nitrophenyl group to give 439, whereas when the reaction was extended to
30 min, a di- and tri-1,3-dioxolane-containing mixture was obtained 440.

It is intriguing to speculate whether the 5-N-oxide functionality is lost during or
after the alkoxylation reaction (Scheme 2.84). The authors (Haddadin et al. 2011)
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have no solid evidence to indicate at which step deoxygenation takes place. It is
believed that this deoxygenation occurs during the alkoxylation reaction because
the formation of quinoxalino[2,3-c]cinnoline 432a and its further heating under
cyclization conditions (10 % KOH/MeOH) did not result in deoxygenation. It is
fascinating that the 5-N-oxide functionality does not appear to be essential for
benzylic methoxylation. As outlined in Scheme 2.86, this assumption is supported
by the fact that 9,10-dimethylquinoxalino-[2,3-c]cinnoline 442, which was prepared
by reduction (H2/Pd) of 2-amino-3-(2-nitrophenyl)-4,5-dimethylquinoxaline 429e
followed by subsequent ring cyclization of 441 with Clorox, underwent
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alkoxylation under the same conditions to give diacetal 438 in a high yield. It is
interesting to note that the alkoxylation reaction proceeds well with primary alco-
hols, such as methanol, ethanol, or ethylene glycol in 10 % KOH, but fails with
isopropyl or tert-butyl alcohols presumably because of its decreased
nucleophilicity.
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Thus, a new route for the Beirut reaction is revealed in which a number of novel
2-amino-3-(2-nitrophenyl)quinoxalines, in addition to their expected 1,4-dioxides,
can be easily prepared and converted into novel quinoxalino[2,3-c]cinnoline 5-N-
oxide which are rare in literature. In these investigations the curious fact is the
fortuitous finding that the methyl substituents of some of quinoxalino[2,3-c]cin-
nolines, or their presumed 5-N-oxides intermediates, can be easily converted into
acetals or orthoesters which we believe to be unprecedented.

An extension of the Beirut reaction for the preparation of the first members of
the 2-phosphonylated quinoxaline 1,4-dioxide series has been described (Dahbi
et al. 2010). Contrary to their carboxylated equivalents, preparation of these new
compounds could not be achieved under basic conditions but required the use of
powdered molecular sieves (Scheme 2.87). Good and reproducible yields were
obtained only when the initial suspension in THF was transformed into a pasty film
by the slow evaporation of ca. 90 % of the initial solvent volume.

When α-dicarbonyl compounds are used instead of the usual enolizable ketones
and β-carbonyl compounds, the benzofuroxans under reduction conditions (in the
presence of stannous chloride SnCl2·2H2O) behave as 1,2-DABs and form
quinoxalines (Scheme 2.88) (Shi et al. 2008).

2.6.1.2 From Benzimidazole Derivatives

Benzimidazole, like benzofuroxan, containing two nitrogen atoms at positions 1
and 3 of the five-membered ring, can also serve as the initial reagent in quinoxaline
synthesis. Thermolysis of 2,2-dialkyldihydrobenzimidazoles 447 was accompanied
by their rearrangement into isomeric tetrahydroquinoxalines 448 in low yields
(Scheme 2.89) (Reddy et al. 1996).
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The authors proposed a possible mechanism for this reaction (shown with the
dimethyl derivative as an example) (Scheme 2.90) (Reddy et al. 1996). However,
they did not discuss what had happened to the molecule which provides the benzyl
cation required in the first step. It should be noted that the formation of the final
product can be represented as the thermal isomerization of benzimidazole to
quinoxaline without participation of a benzyl cation.

2.6.1.3 From Azabicyclo[4.1.0]heptane

A quinoxaline-related system can emerge upon the expansion not only of a five- but
also a three-membered heterocycle. New trans-perhydroquinoxalin-2(1H)-ones
were prepared by the reaction of aziridines 449 with α-amino acids 312a, f as a
result of the aziridine ring cleavage and pyrazine ring formation (Scheme 2.91)
(Rees 1987). Note that the reaction is non-stereoselective and gives a mixture of
products 450 and 451.

2.6.1.4 From Benzodiazepine Derivatives

A quinoxaline ring can be obtained not only with the small ring expansion but also
by a medium ring contraction.
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The gas-phase pyrolysis of the 2,4-dimethyl- and 2,4-diphenyl-
1,5-benzodiazepines 452a and 452b at 800–850 °C proceeds with the formation
of a range of heterocyclic products (e.g, quinoxalines 453–455 and 457, indole 456,
benzimidazole 459, and pyrazole 458) in low yields (Scheme 2.92) (Despinoy et al.
1998).

The authors suggest (Despinoy et al. 1998) that the formation of products results
from homolytic cleavage of the C(2)–C(3) bond of the benzodiazepine to give an
imidolyl-aza-allyl biradical pair 460. The formation of quinoxaline 457 (3 %)
requires a 1,2-phenyl shift in the aza-allyl unit, which may occur via a neophyl-type
rearrangement (Cadogan et al. 1986) as shown in Scheme 2.93. The neophyl
mechanism cannot account for the formation of 2-methyl-3-ethylquinoxaline 454
(10 %) from the dimethylbenzodiazepine 452a, in which a formal 1,2-shift of the
methyl group from the initial intermediate is required. The trace of vinyl compound
455 may be derived from 454 by thermal dehydrogenation. Formation of
dimethylquinoxaline 453 clearly involves the loss of a C1 unit, and there are a
number of possibilities for this, including β-cleavage from biradical 460
(Scheme 2.93) (Despinoy et al. 1998).

1,4-Benzodiazepine derivatives react with 1,3-dipolarophiles, also with rear-
rangement, giving rise to quinoxalines in high yields. Thus N-oxide 461b under-
goes a 1,3-dipolar cycloaddition to dimethyl acetylenedicarboxylate 236a in boiling
ethanol for 12 h being converted into quinoxaline 462b (Scheme 2.94) rather than
into isoxazolidinobenzodiazepine 463b (Scheme 2.94) (Miyadera et al. 1977).

The authors assumed that under the reaction conditions, the adducts 463 were
formed in the 1,3-cycloaddition, but then undergo a Beckmann-type rearrangement
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463 → 464 to give quinoxalines 462, 465 (Scheme 2.95). Under mild conditions
(stirring in Et2O and CH2Cl2 at room temperature for three days), adducts 463 and
the rearrangement product 464 with the same molecular formula were obtained in
good yields. The latter compound is also produced on brief heating of the adduct in
ethanol. After longer heating in ethanol, both intermediates are converted into
quinoxaline with the evolution of methyl and ethyl benzoylacetates (detected by
chromatography).
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2.6.2 Synthesis of Quinoxalines from Various Heterocyclic
Systems, Containing Neither a Pyrazine ring
nor a Benzofragment

2.6.2.1 From Epoxides

A new strategy allows preparation of differently substituted quinoxalines directly
from simple epoxides and diaminoaryl compounds, in an oxidative coupling cat-
alyzed by bismuth powder (Antoniotti and Duñach 2002). The reaction proceeds in
DMSO under molecular oxygen in the presence of catalytic amounts of Bi(0)
powder and with copper triflate or triflic acid as additives.

The synthesis of 2,3-disubstituted quinoxalines 467a–c was achieved in yields of
53–70 % using 1,2-DAB 155a and internal epoxides 466a–c (R1 = n-Pr, R2 = n-Bu;
R1

–R2 = (CH2)4 and R1
–R2 = (CH2)10) (Scheme 2.96). The oxidative coupling of

1,2-DAB 155a and monosubstituted styrene oxide derivatives 466d,e (R1 = Ph,
R2 = H and R1 = C6H4Cl-4, R

2 = H) afforded 2-arylquinoxalines 467d, e in
64–65 % yields (Scheme 2.96) (Antoniotti and Duñach 2002).

The replacement of 1,2-DAB 155a by 2,3-diaminomaleonitrile 468 in the
reaction with cyclohexene oxides 466b, d led to the tetrahydroquinoxaline
derivatives 469, according to Scheme 2.97 (Antoniotti and Duñach 2002).

For the mechanistic aspects of this new transformation, a first oxidation of the
epoxide to the corresponding α-hydroxyketone and its further oxidation to the α-
diketone have been proposed in agreement with the results in this field (Antoniotti
and Duñach 2001). This oxidation proceeds by the oxidative ring opening of the
oxirane by DMSO (Santosusso and Swern 1975), catalyzed by an acidic additive,
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leading to the corresponding α-hydroxyketone or α-hydroxyaldehyde. In the second
step, the ketol (or ketal) is oxidized to the α-diketone or to the α-ketoaldehyde
intermediates according to Bi(0)/O2 system, in a Bi(III)/Bi(0) redox process (Coin
et al. 2001). The in situ α-dicarbonyl compound obtained affords the corresponding
quinoxaline after the double condensation/dehydration with the 1,2-diamino
derivatives.

The condensation of 2-(p-tolylsulfonyl)-3-phenyloxirane 466g with 1,2-DAB
155a on heating in DMF furnishes 2-phenylquinoxaline 470 ina 66 % yield
(Scheme 2.98) (Taylor et al. 1980). Apparently, phenylquinoxalines are formed
upon the primary attack by the amino group on the C(3) carbon atom bearing the
phenyl group with the oxirane ring opening; this is followed with the attack by the
second amino group on the carbonyl group formed, and, finally, the oxidation of the
1,2-dihydro derivative (Taylor et al. 1980).

The application of this approach to 2-cyano- and 2,2-dicyano-3-aryloxiranes
466h–j and 466k led to 2-aryl-3-cyano- 471a–c and 3-phenyl-2-oxo-
1,2,3,4-tetrahydro- 472 quinoxalines, respectively (Scheme 2.98). They are dehy-
drogenated to give aromatic derivatives on heating in ethanol in the presence of
mercuric oxide.

Diethyl (R,R)-oxirane-2,3-dicarboxylate was obtained from diethyl (2R, 3R)-(+)-
tartrate with 1,2-DABs at elevated temperature under argon to give optically active
tetrahydroquinoxalin-2-ones 473 in good yields (Scheme 2.99) (Woydowski et al.
1998). Note that for 1,2-DABs, and derivatives with electron-donating substituents,
refluxing in ethanol is sufficient, whereas for 4-nitro-1,2-DAB, 155n, heating
without a solvent at 155 °C is required (Woydowski et al. 1998).

A series of new quinoxalines 474 were prepared in 55–61 % yields by the
one-pot three-component condensation of epoxy ketones 466m with 1,2-DAB 155a
in ethanol in the presence of catalytic amounts of AcOH (Scheme 2.100) (Nasar
et al. 2007). The authors assumed that the reaction occurs as a tandem process
comprising the following sequence of transformations: acid-catalyzed aminolysis of
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oxirane, cyclization, elimination of benzenethiol, oxidation with air oxygen, and
condensation of the resulting aroylquinoxaline with the second 1,2-DAB molecule.
The formation of the product even with the 1:1 reactant ratio shows that
aroylquinoxaline is highly reactive and undergoes further condensation, resulting in
imine. This might be due to the protonation of the carbonyl carbon atom or the
quinoxaline nitrogen atom with acetic acid, which increases the electrophilicity of
the carbonyl function.

As noted above (see Sect. 2.2.5), the reaction of chloroarylpyruvates 156e
(Ar = C6H4NO2-4) with 1,2-DAB 155a affords quinoxalin-2(1H)-ones 226
(Mamedov et al. 1989).

The chloro ketones used in these reactions are obtained by the isomerisation of
chloro epoxides. However, chloro epoxide 466n (unlike isomeric chloro ketone
156e) (Mamedov et al. 1989) condenses with 1,2-DAB 155a to give quinoxaline
475 (Scheme 2.101) (Mamedov et al. 1994).
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2.6.2.2 From Azirines

Quinoxalines 271a–d were obtained in high yields when the reactions of azirines
476 with 1,2-DAB 155a were carried out in an ultrasound bath (Scheme 2.102)
(Pinho e Melo et al. 2002). In a process analogous to the one described for the
synthesis of 1,2-diimines, 2H-azirines 476a (R1 = Ph, R2 = CO2Et), 476b
(R1 = CO2Me, R2 = COPh), 476c (R1 = R2 = CO2Me), and 476d (R1 = Me,
R2 = CO2Me) underwent halide displacement and addition to the iminic double
bond on reacting with 1,2-DAB 155a, with 477 as a result. The opening of the
aziridine ring followed by the elimination of ammonia led to the quinoxalines 478
(Scheme 2.102) (Pinho e Melo et al. 2002). Attempts were made to promote the
reaction of azirine 476a with 1,2-DAB 155a at room temperature and even at 65 °C,
but there was no evidence of the expected product.

2.6.2.3 From Pyrrolidin-3-one and Piperidin-3-one

When a condensation of pyrrolidin-3-one 479 with 3-methyl-1,2-DAB 155m was
attempted in EtOH, a mixture of products was observed from which benzimidazole
480 could be isolated in a 48 % yield, along with a 9 % yield of the originally
expected quinoxaline products 481a, b (Scheme 2.103) (Adlington et al. 2001).

However, the reaction of pyrrolidin-3-one 479 with pyridine-2,3-diamine 482
which significantly alters the electronic nature and the nucleophilicity appeared
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Scheme 2.102 Azirines as the suppliers of the C(2)–C(3) fragments for the construction of
quinoxalines
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much cleaner than those above and allowed the formation of the expected
quinoxaline products 483a and 483b, as an inseparable mixture of regioisomers in
75 % yield. No evidence of analogous benzimidazole-type products was observed
(Scheme 2.104) (Adlington et al. 2001).

Various diamines had been shown to react with the reactive substrate 479 in
different ways. In the condensation of 1,2-DABs 155a, m, the major benzimida-
zolyl product is believed to be formed by a rapid condensation of the diamine upon
the ketonic carbonyl of the cyclic species 479. This reaction is encouraged by the
high reactivity of 5-membered cyclic ketones toward the nucleophilic attack, to
alleviate the ring strain. Aromatisation to the benzimidazole then causes ring
opening with the subsequent elimination of oxoacetic acid tert-butyl ester to gen-
erate the observed products (Scheme 2.105) (Adlington et al. 2001).

Not withstanding the 1,2-DAB-derived benzimidazole products described above,
the use of pyridine-2,3-diamine 482 did allow the desired pyrazine cycloconden-
sation to occur. It was postulated that this may be a combination of two factors, the
first being the significantly reduced N-nucleophilicity of the 2-amino group. This
would dramatically lower the rate of the secondary condensation with respect to
other diamines, allowing the equilibrium ring opening mechanism to be more
predominant. It was also suggested that the pyridine diamine may have a more
direct effect on the equilibrium of ring opening. 2-Amino- and 2-hydroxypyridines
are known to catalyze the ring opening of sugars to bring about mutarotation
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(Swain and Brown 1952). It was therefore proposed that the pyridine-2,3-diamine
482 may also behave as a catalyst for the ring opening of starting pyrrolidinone
479. This would allow the pyrazine cyclocondensation to take place and the
combination of both factors may explain the observed mixture of regioisomers
(Adlington et al. 2001).

In order to compare the reactivity of piperidin-3-one 485 with its aspartate
homologue 479 a reaction with 1,2-DAB 155a was attempted. This resulted in the
formation of the desired quinoxaline 486 in a very high yield (87 %), with no
benzimidazole product being observed (Scheme 2.106) (Adlington et al. 2001).

2.6.2.4 From α-Keto-β-substituted γ-Butyrolactones
(3-Hydroxyfuran-2(5H)-ones)

The condensation of α-keto-β-substituted γ-butyrolactones 487 (3-hydroxyfuran-2-
(5H)-ones 488) with 1,2-DAB 155a results in 3-substituted 3,4-dihydroquinoxalin-2
(1H)-ones 489 (Scheme 2.107) (Amer et al. 1983).

The authors assumed that the reaction starts with the nucleophilic attack by the
amino group on the keto group of furanone to give the Schiff base. After that, attack
by the second amino group on the lactone carbonyl group results in ring opening.
The process is completed by a retro-aldol reaction with the evolution of
formaldehyde (identified as a reaction product using dimedone) (Scheme 2.108)
(Amer et al. 1983).

The reaction ofα-keto-β,β-dimethyl γ-butyrolactone 490with 1,2-DABs 155a, c in
water under mild conditions proceeds with the formation of 3-
(2-hydroxy-1,1-dimethylethyl)quinoxalin-2(1H)-ones 491 (Scheme 2.109) (Murthy
et al. 2010). The hydroxymethyl fragment is retained here, in contrast to the
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above-mentioned example, apparently due to the impossibility for the existence of
different tautomeric forms such asA,B,C, andD (Scheme 2.108), due to the structural
features of the original lactone 490.

The 1H-pyrrole-2,3-diones 494 easily available from the reactions of 4-
(4-methylbenzoyl)-5-(4-methylphenyl)-2,3-furandione 492a and 4-
(3,4-dimethoxybenzoyl)-5-(3,4-dimethoxyphenyl)-2,3-furandione 492b with the N,
N-disubstituted urea derivatives 493 were performed with 1,2-DABs 155a, b and
lead to 2(1H)-quinoxalinone derivatives 495 in 61–74 % yields (Koca and Yildirim
2012) (Scheme 2.110).
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The mechanism of the formation of 1H-pyrrole-2,3-diones 494 involves first the
Michael-type attack of nitrogen atom of NH2 group of the urea derivative on C(5) in
the furandione ring. Later, the molecule of water was eliminated and compound 494
was obtained. Nucleophilic addition of 1,2-DABs 155 to pyrrole-2,3-dione 494 lead
to quinoxalin-2-ones 495. These compounds arise from the sequential attacks of
1,2-DABs at the C(3) and C(2) atoms of pyrrolidine, respectively, followed by the
elimination of water and pyrrole ring opening, and the basic hydrolysis of this
intermediate provides the final product 495. A possible reaction scenario is outlined
in Scheme 2.111.

2.6.2.5 From Pyran-2,3-dione

The reaction of pyran-2,3-dione 496 with 1,2-DAB 155a in MeOH afforded
quinoxaline 497 almost quantitatively. The addition of benzyl chloroformate 498
and Et3N to quinoxaline 497 leads to the formation of compound 499 in good yield
(Scheme 2.112) (Marbella et al. 2009).
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2.6.2.6 From 2H-Chromene

As an α-keto lactone, phenylhydrazone 500 (2H-chromene derivative) reacts with
1,2-DAB 155a in a boiling EtOH/AcOH mixture, with ring cleavage giving rise to
quinoxalin-2-(1H)-one 502 (Scheme 2.113) (Vinot et al. 1983).

2.6.2.7 From Benzoxepine-4-carboxylate

A new one-pot protocol has been developed for the synthesis of benzophenazine
and quinoxaline derivatives by the reaction of benzoxepine-4-carboxylates with
1,2-DABs and ethane-1,2-diamine in the presence of Bi(OTf)3 (5 mol%) under mild
conditions in very good yields (Raju et al. 2014). The electron-withdrawing or
electron-donating groups present on benzoxepine were well tolerated to produce
504b–h in very good yields, whereas groups present on 1,2-DAB produced
504i–l in moderate yields (Scheme 2.114).

To expand the scope of the present method, ethane-1,2-diamine 505 was
examined. Under optimized conditions, 503a (R1 = H) was reacted with
ethane-1,2-diamine 505 producing benzoquinoxaline-4-carboxylate 506a in 58 %
yield (Scheme 2.115). Phenyl and methoxy groups present on benzoxepine were
well tolerated to produce 506b, c.

A proposed mechanism for this new reaction is shown in Scheme 2.116.
Initially, the reaction was expected to involve enolization of benzoxepine 503a to
its corresponding enol derivative E. Protonation of intermediate A would then give
oxonium ion F. Finally, the unstable oxonium ion F was rearranged by C–O bond
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cleavage to form a new C–C bond to give its corresponding ethyl
3,4-dihydroxy-2-naphthoate G. Condensation of ethyl 3,4-dihydroxy-2-naphthoate
G with 1,2-DAB 155a in situ provided phenazine derivative 504a.

The method opens a new way for C–C, C–N, and C–O bond-formation reactions
in a single-step process.

2.6.2.8 From 4-Hydroxythiazolidines

In all the above reactions, a variety of heterocyclic systems, acting as C2 synthons,
were utilized not only as structural components for quinoxalines, but also to intro-
duce different substituents in positions 2 and (or) 3, depending on the source of the
heterocycle. It has been recently shown that if 4-hydroxy-3,5-diphenyl-4-
methoxycarbonyl-2-phenylthiazolidine 507a (R1 = R2 = Ph)–a protected deriva-
tive of methyl phenylchloropyruvate 156e–is used to supply the C2 fragment, the
reaction does not stop at the stage of the formation of the usual quinoxaline derivative
(see Sect. 2.2.5), but proceeds further, to the formation of a fused derivative–
1-phenylimino-3-phenylthiazolo[3,4-a]quinoxalin-4(5H)-one 508a (R1 = Ph,
R3 = H) in a 95 % yield (Scheme 2.117) (Mamedov and Levin 1996; Mamedov
et al. 2004a, b).

It should be pointed out that before the discovery of this reaction, the synthetic
possibilities of 4-hydroxythiazolidine derivatives were essentially limited to
dehydration with the formation of corresponding thiazolines (Metzger 1978;
Humplett and Lamon 1964a, b; Hanefeld and Wurtz 2000; Ge et al. 2004; Murav′
eva and Schukina 1960), even though the first of their kind has been known for over
a hundred years (Metzger 1978).

As can be seen from Scheme 2.117, 4-hydroxythiazolidine derivative 292 pro-
viding a five-atom fragment is almost fully utilized in the construction of 293. It is
noteworthy that varying the substituents in the 4-hydroxythiazolidine 292 in the
isothiourea fragment (in exo- and endocyclic nitrogen atoms) makes it possible to
obtain thiazolo[3,4-a]quinoxaline 293 with various substituents at position 1 (imine
fragment). In its turn, 5-phenyl-4-hydroxythiazolidine 292 can be easily obtained
by the reaction of the ester of 3-chloro-3-phenyl-2-oxopropanoic acids 156e
(Ar = Ph) with N-phenyl-N′-aryl(hetaryl)thiourea (Mamedov et al. 2004a, 2007).
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The section reveals the synthetic potential of this new reaction, not only for
variously substituted thiazolo[3,4-a]quinoxalines but also for related new hetero-
cyclic systems as well.

Reaction of unsymmetric 4-hydroxythiazolidines 507b–d with the
non-substituted 1,2-DAB 155a led to the formation of a mixture of thiazolo[3,4-a]
quinoxalines 508a and 508b–d (Scheme 2.118) (Mamedov et al. 2004a, b).

Reactions of 4-hydroxy-2-(R-pyridyl)iminothiazolidines 507e–g with the
non-substituted 1,2-DAB 155a proceed with the formation of only 1-(R-pyridyl)
iminosubstituted thiazolo[3,4-a]quinoxalines 508e–g (Scheme 2.118). Thus during
the condensation, the aniline and not 2-aminopyridine or 2-aminopicoline is
eliminated (Mamedov et al. 2007, 2012). It may be noted that the presence of
iminopyridyl and α(γ)picolyl groups in the composition of thiazolo[3,4-a]quinox-
alines makes it possible, if necessary, to obtain water-soluble salts of this poly-
condensed system.

Under similar conditions and in contrast to their actions of thiazolidines 507b–
d with 1,2-DAB 155a, which lead to the final product within 3–5 min, the reaction
of R-pyridyl-containing thiazolidines 507e–g with 1,2-DAB 155a takes about an
hour and this provides the opportunity to separate intermediate products. After
boiling for five minutes, precipitation of crystals occurs which differ from the final
product. In the example of the reaction of 507e, we were able to show that this
intermediate is the hydrate 508′e (Pozharskii 1985) of the final product—thiazolo
[3,4-a]quinoxaline 508e (Scheme 2.118). The structure of the covalent hydrate 508′
e was established by IR and 1H NMR spectroscopy and confirmed by X-ray
analysis. On further boiling in acetic acid, the covalent hydrate 508′e loses water
and is converted into thiazolo[3,4-a]quinoxaline 508e in almost quantitative yield
(Scheme 2.118) (Mamedov et al. 2007).

When 4-mono- and 4,5-disubstituted 1,2-DAB derivatives are used instead of
the non-substituted 1,2-DAB 155a in the reaction with 4-hydroxythiazolidines 507,
7,8-substituted thiazolo[3,4-a]quinoxalines can be obtained. In such a way the
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Scheme 2.118 Reactions of unsymmetric 4-hydroxythiazolidines 508b–g with1,2-DAB 155a
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reactions of symmetrical 4-hydroxythiazolidine 507a with symmetrically substi-
tuted 1,2-DABs 155b, n result in the formation of 7,8-disubstituted thiazolo-
quinoxalines 509 (Mamedov et al. 2004a, b, 2009a, 2012), and with the
unsymmetrically substituted 1,2-DABs 155f, n, a mixture of two regioisomeric
thiazoloquinoxalines 510 and 511 is obtained (Scheme 2.119) (Mamedov et al.
2004a, b, 2009a, 2012).

The condensation of 4-hydroxy-3,5-diphenyl-2-phenyliminothiazolidine 507a
with 5-fluoro-4-(4-methylpiperazino)- (155t) and 5-fluoro-4-morpholino- (155u) -
1,2-DABs leads to regioisomeric thiazolo[3,4-a]quinoxalines 512 and 513 differing
in substituents in positions 7 and 8 of the benzene ring (Scheme 2.119) (Mamedov
et al. 2009b, 2012).

From the ratio of isomers formed it follows that the mesomeric effect of a
fluorine atom in 1,2-DABs is comparable with the influence of an amino
substituent.

The reactions of unsymmetric 4-hydroxythiazolidine 507d with symmetrically
substituted 1,2-DABs 155b, s result in a mixture of 7,8-disubstituted thiazolo-
quinoxalines 509 and 514 (Mamedov et al. 2004a, 2009a), distinguished by sub-
stituents in the imine fragment, with the unsymmetrically substituted 1,2-DAB 155f
which proceed with the formation of the mixture of two pairs of regioisomeric
thiazoloquinoxalinones with different substituents in positions 7 and 8 (510a, 511a
and 515a, 516a), distinguished by substituents in position 1 (Scheme 2.120)
(Mamedov et al. 2009a).
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The condensation of 4-hydroxythiazolidine 507d with 4-nitro-1,2-DAB 155n
(Scheme 2.120) affords a mixture of three out of four possible products (Mamedov
et al. 2009a). This is indicated by the fact that the 1H NMR spectrum of the crude
product shows three doublets for the proton H(9) at δ10.69, 10.39, and 9.84 in the
region diagnostic for thiazolo[3,4-a]quinoxalines. The ratio of products 510b,
511b, and 516b in the crude mixture, calculated from the integral intensities of the
diagnostic signals for the proton H(9) in the NMR 1H spectrum, is 71:26:3.

The following should be kept in mind when carrying out the synthesis of
bisthiazoloquinoxalines from bishydroxythiazolidine 517 according to the same
scheme as in the synthesis of thiazoloquinoxalines 508 (Mamedov et al. 1999,
2004a, b) from monohydroxythiazolidine 507 (Schemes 2.117 and 2.119). All final
products 518a, 508a, and 519a predicted for the reaction of bishydroxythiazolidine
517 with 1,2-DAB 155a were isolated (Scheme 2.121). The last product was
obtained as the N-acetyl derivative 520a upon the acylation of 1-
(3-aminophenylimino)thiazolo[3,4-a]quinoxaline 519a with acetic acid (solvent)
(Scheme 2.121) (Mamedov et al. 2006).

Finally, apart from products 508a, 518a, 520a, 519a, 1,3-bisthiazoline 521 was
obtained in low yield because of the dehydration of compound 517a. In contrast the
reaction of 1,2-DAB 155a with compound 507a afforded only thiazolo[3,4-a]
quinoxaline 508a (Mamedov and Levin 1996; Mamedov et al. 2004a, b).

Reactions of 517 with the more basic 4,5-dimethyl-1,2-DAB 155b generally
proceed like reaction with 1,2-DAB 155a. The exception was that bis(thiazolo
[3,4-a]quinoxaline) 518b was the major product, while thiazoloquinoxalines 509b
and 520b were only by-products (Mamedov et al. 2006).

In spite of the fact that all of the 4-hydroxythiazolidines, considered here, in their
crystalline phase exist in a cyclic form, in reactions with 1,2-DABs they react
through the open-chain form 522 with the intermediate formation of a compound of
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type H. Probably, this progresses further by the bonding of the amino group of the
aminal system to the amidine carbon atom. The thiazoloquinoxaline system I, with
geminal aminophenyl and aminoaryl substituents at position 1, is then formed.
Acid-catalyzed elimination of acetanilide from intermediate I leads to the covalent
hydrate 508′ (Pozharskii 1985) which, under reaction conditions, loses water to
produce the final products 508 in high yields (Scheme 2.122) (Mamedov et al.
2007).
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The following facts bear evidence to this mechanism:

(1) The existence of 4-hydroxythiazolidines in solution as a mixture of two
diastereomers, which most probably convert into each other through an
open-chain isothioureido structure.

(2) The formation of a mixture of thiazoloquinoxalines from the reaction of a
separate nonsymmetrically substituted 4-hydroxythiazolidine with 1,2-DAB.

(3) The formation of 3a-hydroxy derivatives of thiazoloquinoxaline, i.e., covalent
hydrate 508′e, and their complete conversion to final products—thiazolo-
quinoxaline 508e in quantitative yields.

2.6.2.9 From 4-Hydroxyselenazolidines

The condensation of 4-hydroxyselenazolidines 523a–c with the non-substituted
1,2-DAB 155a in boiling acetic acid results in the formation of the expected
selenazolo[3,4-a]quinoxalines 524a–c, the yields of which, in contrast to the yield
(*100 %) of the reaction with 4-hydroxythiazolidine 507a with 1,2-DAB 155a
(Mamedov and Levin 1996; Mamedov et al. 2004a, b), do not exceed 6, 54, and
20 %, respectively (Scheme 2.123) (Mamedov et al. 2009c).

The reaction of 4-hydroxyselenazolidines 523b with symmetrically substituted
1,2-DAB 155b results in only one product–7,8-disubstituted selenazolo[3,4-a]
quinoxalines 525, with unsymmetrically substituted 1,2-DAB 155f–a mixture of
two isomeric selenazolo[3,4-a]quinoxalines 526 and 527, differing by substituents
in positions 7 and 8 with the domination of the first one. With unsymmetric
1,2-DAB 155n the reaction proceeds with the formation of one of the two possible
regioisomeric products, namely, the 8-substituted selenazoloquinoxaline 528
(Scheme 2.124) (Mamedov et al. 2009c).

2.6.2.10 From Alloxan

The reaction of alloxan 529 with 1,2-dimethylaminoaniline 530 in ethanol in the
presence of hydrochloric acid, apart from other products, results in
spiro-quinoxaline 531 in low yield (Scheme 2.125) (King and Clark-Lewis 1953).
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To our knowledge, this is the only case in which a 1,2-DAB derivative in the
construction of the pyrazine ring of the quinoxaline system supplies five atoms
(three carbon atoms and two nitrogen atoms), instead of four (two carbon and
nitrogen).

2.6.2.11 From 2-(Indol-1-yl)aminobenzene

A series of new 5,6-dihydro-indolo[1,2-a]quinoxaline derivatives 533 has been
prepared in moderate to excellent yields from 2-(indol-1-yl)benzenamines 532 with
aromatic aldehydes 252a, d, e, h–j by an efficient and economical iron-catalyzed
Pictet–Spengler reaction (Scheme 2.126) (Xu and Fan 2011).

2.6.2.12 From Pyran-naptoquinones

When benzo[a]furo(pyrano)[2,3-c]phenazine derivatives 535 obtained by conden-
sation of the 1,2-quinones 534 with 1,2-ethylendiamine 505 or trans-1,2-DACH
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171a (Woo et al. 2002) were treated with ozone, a selective oxidative cleavage of
the enol double bond shared by rings A and B takes place with the formation of
corresponding macrolactones 536 (Scheme 2.127) (Pérez-Sacau et al. 2005).

The enol double bond shows a behavior similar to the 9,10 double bond in
polyaromatic phenanthrene systems, which is the most labile in terms of its
chemical reactivity, and is readily broken under oxidative conditions to yield
dialdehydes or acid derivatives (Burton et al. 2000; Huang et al. 2003).

The non-prenyl 1,2-naphthoquinones 534 were obtained correspondingly
through the Knoevenagel condensation of lawsone (2-hydroxy-1,4-naphthoquinone)
with paraformaldehyde (CH2O)n leading to a quinone methide intermediate, which
undergoes a HDAR with styrene as dienophile (Nair and Treesa 2001). Treatment of
lawsone with CAN and styrene (Kobayashi et al. 1996; Sun et al. 1998) also yielded
the dihydrofuran-naphthoquinone derivatives via [3 + 2]-type cycloaddition in a
one-pot reaction (Pérez-Sacau et al. 2005).
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2.6.3 Synthesis of Quinoxalines from Heterocyclic Systems
with a Pyrazine Ring

In quinoxaline synthesis, α-diketones can participate in the formation of a benzene
rather than a pyrazine ring. Thus, 2,3-dicyanoquinoxalines 538 were prepared by
the Wittig reaction of 2,3-bis(bromomethyl)-5,6-dicyanopyrazine 537 with α-di-
carbonyl compounds (Scheme 2.128) (Jaung et al. 1998).

2.7 Synthesis of Quinoxalines Based on the Carbocyclic
System

2.7.1 From 3,3,6,6-Tetrachloro-1,2-cyclohexanedione

Given that tetrachlorocyclohexanedione 539 (Guirado et al. 1997) can be used as a
synthetic equivalent of unavailable 3,6-dichloro-1,2-benzoquinone, it was reacted
with diaminomaleonitrile 468 to provide successfully, 5,8-dichloro-
2,3-dicyanoquinoxaline 540 in quantitative yield (Scheme 2.129) (Guirado et al.
2011). On exploring the reactions between nucleophilic reagents and the latter, a
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crucially different chemical behavior in this compound from that of its
non-chlorinated analogs, 2,3-dicyanoquinoxaline, was found. For example,
2,3-dicyanoquinoxaline reacts with ammonia (Rothkopf et al. 1975) or hydrazine
(Ahmad et al. 1996; Brown 2006) undergoing nucleophilic addition to cyano groups,
whereas with quinoxaline 540, products involving the nucleophilic aromatic substi-
tution of a cyano group result. It seems clear that the differing behavior between these
compounds is caused by the conjunction of the electron-withdrawing groups present
in quinoxaline 540. Related reactions in quinoxaline derivatives have been described
for 2,3-dichloroquinoxaline (Gobec and Urleb 2004; Brown 2006) and
3-chloro-2-cyanoquinoxaline (Monge et al. 1988, 1993), in which the nucleophilic
displacement of the chlorine atom, but not of the cyano group, takes place.

It should be pointed out that this is the only effective method for the synthesis of
amino quinoxalines that can compete with any method based on the
three-component condensation of 1,2-DAB, an aldehyde or ketone, and an iso-
cyanide in the presence of a catalytic amount of p-TsOH, proposed and developed
by Shaabani (2008) (see Sect. 2.2.11).

2.7.2 From Ninhydrin

New spiro[indeno[1,2-b]quinoxaline-11,2′-pyrrolidine] derivatives 548 were pre-
pared stereoselectively in high yields from the efficient multicomponent 1,3-dipolar
cycloaddition reaction between ninhydrin 545, 1,2-DABs 155a, b, sarcosine 546,
and chalcones 547 (Scheme 2.130) (Moemeni et al. 2012). In this case the car-
bocyclic system of the ninhydrin contributes to the construction of the pyrazine ring
system, as distinct from the above reaction of tetrachlorocyclohexanedione 539.

R1 = H, Me
R2 = H, Me, OMe, Cl
8 examples, 83-90%

O

O

O

R1

R1

H2N

H2N
+ HN

OH

O

+

O

H

H

R2

+

EtOH or DMSO,
reflux

N

N

N

R1

R1

H

H

H

R2

H
O

545 155a,b 546

547 548

Scheme 2.130 Synthesis of spiro[indeno[1,2-b]quinoxaline-11,2′-pyrrolidine] 548
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2.7.3 From 1,2-Difluorobenzene

Pyrrolo[1,2-a]- (551a–c) and indolo[1,2-a]- (552) quinoxalines were synthesized in
good to excellent yields when pyrrole-2-carboxamide 405 and
indole-2-carboxamide 550 were used in the presence of Cs2CO3 in reactions with
1,2-difluorobenzenes 549 under reflux in MeCN (Scheme 2.131) (Huang et al.
2011).

2.8 Conclusion

This survey has highlighted the application of a broad range of modern synthetic
methods for the preparation of derivatives of quinoxaline as an important class of
benzoheterocycle. Undoubtedly, among the methods for synthesizing quinoxaline
derivatives, the most widely used are those based on the condensation of 1,2-DABs
with α-dicarbonyl compounds (Hinsberg–Körner reaction), mostly α-diketones, or
their equivalents.

As can be seen from the data presented in this chapter, there have recently
appeared many original and interesting methods for the synthesis of quinoxalines,
which are difficult to obtain or in general are unobtainable using the Hinsberg–
Körner reaction. These new methods are based on the reactions of a wide variety of
compounds that deserve further mention.

The Kaufmann method–pyrazinoannulation–uses aniline or its ring-substituted
derivatives with 1,1,2-trichloro-2-nitroethene, with the formation of quinoxaline-2
(1H)-on-4-oxide derivatives.

The Tanimori method involves reactions of 2-haloanilines with a variety of α-
amino acids leading to the formation of quinoxaline-2(1H)-ones.

The Kalinski method uses the Ugi(4CR) reaction of 2-bromoanilines,
ketones/aldehydes, a carboxylic acid and an isocyanide in polar protic solvents, and
the Pd-catalyzed intramolecular N-arylamidation with the formation of N1-alkyl and
N4-acyl derivatives of quinoxalin-2-ones.

F

F

551 a R1, R3, R4 = H, R2 = NO2 (92%)
b R1 = CN, R2, R3, R4 = H (75%)
c R1, R3, R4 = H, R2 = CN (70%)

552 R1 = H, R2 = CN, R3-R4 = (CH=CH)2 (73%)

OTolHN

HN
+

Cs2CO3, MeCN,
reflux, 4-8 h

N

N

O
Tol

549 405 (R3 = R4 = H)
550 (R3-R4 = (CH=CH)2)

R1
R2 R2

R1
R3 R4 R3 R4

Scheme 2.131 Synthesis of pyrrolo[1,2-a]- and indolo[1,2-a]quinoxalines
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The Shaabani method is a three-component condensation reaction of 1,2-DABs
with diverse carbonyl compounds and isocyanides in the presence of a catalytic
p-TsOH with the formation of highly substituted 3,4-dihydroquinoxalin-2-amines
involving spiro-cyclic compounds.

References

Abasolo MI, Gaozza CH, Fernandez BM (1987) Kinetic study on the anelation of heterocycles. 1.
Quinoxalinone derivatives synthesized by Hinsberg reaction. J Heterocyclic Chem 24(6):1771–
1175. doi:10.1002/jhet.5570240651

Abid M, Azam A (2006) Synthesis, characterization and antiamoebic activity of 1-(thiazolo[4,5-b]
quinoxaline-2-yl)-3-phenyl-2-pyrazoline derivatives. Bioorg Med Chem Lett 16:2812–2816.
doi:10.1016/j.bmcl.2006.01.116

Abraham CJ, Paull DH, Scerba MT, Grebinsk JW, Lectka T (2006) Catalytic, enantioselective
bifunctional inverse electron demand hetero-Diels-Alder reactions of ketene enolates and o-
benzoquinone diimides. J Am Chem Soc 128(41):13370–13371. doi:10.1021/ja065754d

Abramov IG, Smirnov AV, Abramova MB, Ivanovskii SA, Belysheva MS (2002) Synthesis of N,
N′-alkylatedtetrahydroquinoxalines by the reaction of 4-bromo-5-nitrophthalonitrile with
second arydiamines. Chem Heterocyclic Compd 38(5):576–580. doi:10.1023/A:
1019565330611

Abu-Hashem AA, Gouda MA, Badria FA (2010) Synthesis of some new pyrimido[2′,1′:2,3]
thiazolo[4,5-b]quinoxaline derivatives as anti-inflammatory and analgesic agents. Eur J Med
Chem 45(5):1976–1981. doi:10.1016/j.ejmech.2010.01.042

Abushanab E (1970) One-step synthesis of quinoxaline 1,4-dioxides and related compounds. J Org
Chem 35:4279–4280. doi:10.1021/jo00837a646

Abushanab E (1973) Quinoxaline 1,4-dioxides. Nucleophilic displacement of sulfinyl and sulfonyl
groups in acid media. Novel method for the preparation of 2-haloquinoxaline 1,4-dioxides.
J Org Chem 38(18):3105–3107. doi:10.1021/jo00958a008

Acharya AN, Ostresh JM, Houghten RA (2002) Solid-phase parallel synthesis of trisubstituted
dihydroimidazolyl dihydroquinoxalin-2(1H)-ones. Tetrahedron 58(2):221–225. doi:10.1016/
S0040-4020(01)01155-3

Achutha L, Parameshwar R, Madhava Reddy B, Babu VH (2013) Microwave-assisted synthesis of
some quinoxaline-incorporated Schiff bases and their biological evaluation. J Chem 2013:5.
doi:10.1155/2013/578438

Acklin P, Allgeier H, Auberson YP, Bischoff S, Ofner S, Sauer D, Schmutz M (1998)
5-Aminomethylquinoxaline-2,3-diones, Part III: arylamide derivatives as highly potent and
selective glycine-site NMDA receptor antagonists. Bioorg Med Chem Lett 8(5):493–498.
doi:10.1016/S0960-894X(98)00055-9

Adams R, Winnick CN (1951) Quinone imides. VIII. Synthesis and reactions of o-quinone
diimides. J Am Chem Soc 73(12):5687–5691. doi:10.1021/ja01156a058

Adlington RM, Baldwin JE, Catterick D, Pritchard GJ (2001) The efficient, enantioselective
synthesis of quinoxaline, pyrazine and 1,2,4-triazine substituted α-amino acids from vicinal
tricarbonyls. J Chem Soc, Perkin Trans 1(7):668–679. doi:10.1039/B010134F

Aggarwal R, Sumran G, Saini A, Singh SP (2006) Hypervalent iodine oxidation of benzil-α-
arylimino oximes: an efficient synthesis of 2,3-diphenylquinoxaline-1-oxides. Tetrahedron Lett
47(28):4969–4971. doi:10.1016/j.tetlet.2006.04.086

Aggarwal R, Sumran G, Kumar V, Mittal A (2011) Copper (II) chloride mediated synthesis and
DNA photocleavage activity of 1-aryl/heteroaryl-4-substituted-1,2,4-triazolo[4,3-a]quinoxa-
lines. Eur J Med Chem 46:6083–6088. doi:10.1016/j.ejmech.2011.10.032

2.8 Conclusion 105

http://dx.doi.org/10.1002/jhet.5570240651
http://dx.doi.org/10.1016/j.bmcl.2006.01.116
http://dx.doi.org/10.1021/ja065754d
http://dx.doi.org/10.1023/A:1019565330611
http://dx.doi.org/10.1023/A:1019565330611
http://dx.doi.org/10.1016/j.ejmech.2010.01.042
http://dx.doi.org/10.1021/jo00837a646
http://dx.doi.org/10.1021/jo00958a008
http://dx.doi.org/10.1016/S0040-4020(01)01155-3
http://dx.doi.org/10.1016/S0040-4020(01)01155-3
http://dx.doi.org/10.1155/2013/578438
http://dx.doi.org/10.1016/S0960-894X(98)00055-9
http://dx.doi.org/10.1021/ja01156a058
http://dx.doi.org/10.1039/B010134F
http://dx.doi.org/10.1016/j.tetlet.2006.04.086
http://dx.doi.org/10.1016/j.ejmech.2011.10.032


Aghapoor K, Darabi HR, Mohsenzadeh F, Balavar Y, Daneshyar H (2010) Zirconium(IV) chloride
as versatile catalyst for the expeditious synthesis of quinoxalines and pyrido[2,3-b]pyrazines
under ambient conditions. Transition Met Chem 35(1):49–53. doi:10.1007/s11243-009-9294-9

Aguirre G, Cerecetto H, Maio RD, Gonzalez M, Alfaro MEM, Jaso A, Zarranz B, Ortega MA,
Aldana I, Monge-Vega A (2004) Quinoxaline N,N′-dioxide derivatives and related compounds
as growth inhibitors of Trypanosoma cruzi. Structure-activity relationships. Bioorg Med Chem
Lett 14:3835–3839. doi:10.1016/j.bmcl.2004.04.088

Ahmad AR, Mehta LK, Parrick J (1996) Synthesis of some substituted quinoxalines and
polycyclic systems containing the quinoxaline nucleus. J Chem Soc, Perkin Trans 1(20):2443–
2449. doi:10.1039/P19960002443

Ajaikumar S, Pandurangan A (2009) Efficient synthesis of quinoxaline derivatives over ZrO2/
MxOy (M = Al, Ga, In and La) mixed metal oxides supported on MCM-41 mesoporous
molecular sieves. Appl Catal A 357(2):184–192. doi:10.1016/j.apcata.2009.01.021

Ajani OO, Nwinyi OC (2009) Synthesis and evaluation of antimicrobial activity of phenyl and
furan-2-yl[1,2,4]triazolo[4,3-a]quinoxalin-4(5H)-one and their hydrazone precursors. Can J
Pure Appl Chem 3(3):983–992

Ajani OO, Obafemi CA, Nwinyi OC, Akinpelu DA (2010) Microwave assisted synthesis and
antimicrobial activity of 2-quinoxalinone-3-hydrazone derivatives. Bioorg Med Chem 18
(1):214–221. doi:10.1016/j.bmc.2009.10.064

Al-Hiari YM, Qaisi AM, Shuheil MYA, El-Abadelah MM, Voelter W (2007) Synthesis and
antibacterial potency of 4-methyl-2,7-dioxo-1,2,3,4,7,10-hexahydropyrido[2,3-f]
quinoxaline-8-carboxylic acid, selected [a]-fused heterocyles and acyclic precursors.
Z Naturforsch 62B(11):1453–1458

Ali MM, Ismail MMF, El-Gaby MSA, Zahran MA, Ammar YA (2000) Synthesis and
antimicrobial activities of some novel quinoxalinone derivatives. Molecules 5(6):864–873.
doi:10.3390/50600864

Ali IAI, Al-Masoudi IA, Hassan HG, Al-Masoudi NA (2007) Synthesis and anti-HIV activity of
new homo acyclic nucleosides, 1-(pent-4-enyl)quinoxalin-2-ones and 2-(pent-4-enyloxy)
quinoxalines. Chem Heterocyclic Comp 43:1052–1059. doi:10.1007/s10593-007-0164-0

Ali IAI, Al-Masoudi IA, Aziz NM, Al-Masoudi NA (2008) New acyclic quinoxaline nucleosides.
Synthesis and anti-hiv activity. Nucleosides, Nucleotides Nucleic Acids 27(2):146–156. doi:10.
1080/15257770701795920

Alper S, Arpaci OT, Aki ES, Yalçin I (2003) Some new bi- and ter-benzimidazole derivatives as
topoisomerase I inhibitors. Farmaco 58(7):497–507. doi:10.1016/S0014-827X(03)00042-9

Alswah M, Ghiaty A, El-Morsy A, El-Gamal K (2013) Synthesis and biological evaluation of
some [1,2,4]triazolo[4,3-a]quinoxaline derivatives as novel anticonvulsant agents. ISRN Org
Chem. 587054. doi:10.1155/2013/587054

Amer A, Ventura M, Zimmer H (1983) Substituted γ-lactones. XXX. Reactions of α-keto-β-
subtituted-γ-butyrolactones with diamines. J Heterocyclic Chem 20(2):359–364. doi:10.1002/
jhet.5570200219

Amin KM, Ismail MMF, Noaman E, Soliman DH, Ammar YA (2006) New quinoxaline 1,4-di-N-
oxides. Part 1: Hypoxia-selective cytotoxins and anticancer agents derived from quinoxaline
1,4-di-N-oxides. Bioorg Med Chem 14:6917–6923. doi:10.1016/j.bmc.2006.06.038

Ancizu S, Moreno E, Torres E, Burguete A, Perez-Silanes S, Benítez D, Villar R, Solano B, Marín
A, Aldana I, Cerecetto H, Gonzalez M, Monge A (2009) Heterocyclic-2-carboxylic acid
(3-cyano-1,4-di-N-oxidequinoxalin-2-yl)amide derivatives as hits for the development of
neglected disease drugs. Molecules 14(6):2256–2272. doi:10.3390/molecules14062256

Ancizu S, Moreno E, Solano B, Villar R, Burguete A, Torres E, Pérez-Silanes S, Aldana I,
Monge A (2010) New 3-methylquinoxaline-2-carboxamide 1,4-di-N-oxide derivatives as anti-
Mycobacterium tuberculosis agents. Bioorg Med Chem 18(7):2713–2719. doi:10.1016/j.bmc.
2010.02.024

Antoniotti S, Duñach E (2001) Novel and catalytic oxidation of internal epoxides to α-diketones.
Chem Commun 24:2566–2567. doi:10.1039/B106110K

106 2 Synthesis of Quinoxalines

http://dx.doi.org/10.1007/s11243-009-9294-9
http://dx.doi.org/10.1016/j.bmcl.2004.04.088
http://dx.doi.org/10.1039/P19960002443
http://dx.doi.org/10.1016/j.apcata.2009.01.021
http://dx.doi.org/10.1016/j.bmc.2009.10.064
http://dx.doi.org/10.3390/50600864
http://dx.doi.org/10.1007/s10593-007-0164-0
http://dx.doi.org/10.1080/15257770701795920
http://dx.doi.org/10.1080/15257770701795920
http://dx.doi.org/10.1016/S0014-827X(03)00042-9
http://dx.doi.org/10.1155/2013/587054
http://dx.doi.org/10.1002/jhet.5570200219
http://dx.doi.org/10.1002/jhet.5570200219
http://dx.doi.org/10.1016/j.bmc.2006.06.038
http://dx.doi.org/10.3390/molecules14062256
http://dx.doi.org/10.1016/j.bmc.2010.02.024
http://dx.doi.org/10.1016/j.bmc.2010.02.024
http://dx.doi.org/10.1039/B106110K


Antoniotti S, Duñach E (2002) Direct and catalytic synthesis of quinoxaline derivatives from
epoxides and ene-1,2-diamines. Tetrahedron Lett 43(22):3971–3973. doi:10.1016/S0040-4039
(02)00715-3

Aparicio D, Attanasi OA, Filippone P, Ignacio R, Lillini S, Mantellini F, Palacios F, de Santos JM
(2006) Straightforward access to pyrazines, piperazinones, and quinoxalines by reactions of
1,2-diaza-1,3-butadienes with 1,2-diamines under solution, solvent-free, or solid-phase
conditions. J Org Chem 71(16):5897–5905. doi:10.1021/jo060450v

Appukkuttan P, Van der Eycken E (2008) Recent developments in microwave-assisted,
transition-metal-catalysed C-C and C-N bond-forming reactions. Eur J Org Chem 7:1133–
1155. doi:10.1002/ejoc.200701056

Aravind K, Ganesh A, Ashok D (2013) Microwave assisted synthesis, characterization and
antibacterial activity of quinoxaline derivatives. J Chem Pharm Res 5(2):48–52

Attanasi OA, De Crescentini L, Filippone P, Mantellini F, Santeusanio S (2001) A new convenient
liquid- and solid-phase synthesis of quinoxalines from (E)-3-diazenylbut-2-enes. Helv Chim
Acta 84(8):2379–2386. doi:10.1002/1522-2675(20010815)

Attanasi OA, de Crescentini L, Filippone P, Mantellini F, Santeusanio S (2003) Improved
synthesis of substituted quinoxalines from new N = N-polymer-bound
1,2-diaza-1,3-butadienes. Synlett 8:1183–1185. doi:10.1055/s-2003-39886

Aurich G (1965) Umsetzungen von nitrilen mit nitrosoverbindungen. Chem Ber 98(12):3917–
3923. doi:10.1002/cber.19650981219

Badran MM, Abouzid KAM, Hussein MHM (2003) Synthesis of certain substituted quinoxalines
as antimicrobial agents (part II). Arch Pharm Res 26(2):107–113. doi:10.1007/BF02976653

Balalaie S, Bararjanian M, Hosseinzadeh S, Rominger F, Bijanzadeh Wolf E (2011) Designing a
sequential Ugi/Ullmann type reaction for the synthesis of indolo[1,2-a]quinoxalinones
catalyzed by CuI/l-proline. Tetrahedron 67(38):7294–7300. doi:10.1016/j.tet.2011.07.052

Baldwin JF, Qureshi AK, Sklarz B (1969) Aliphatic nitroso-compounds. Part 1. Reaction with
diazomethane. A new group of nitrones. J Chem Soc C 1073–1079. doi:10.1039/
J3969001073a

Ballini R, Gabrielli S, Palmieri A (2009) β-Nitroacrylates as key starting materials for the
uncatalysed one-pot synthesis of polyfunctionalized dihydroquinoxalinone derivatives, via an
anti-Michael reaction. Synlett 6:965–967. doi:10.1055/s-0028-1088197

Balzarini J, De Clercq E, Carbonez A, Burt V, Kleim J-P (2000) Long-term exposure of HIV type
1-infected cell cultures to combinations of the novel quinoxaline GW420867X with
Lamivudine, Abacavir, and a variety of nonnucleoside reverse transcriptase inhibitors. AIDS
Res Hum Retroviruses 16(6):517–528

Bandyopadhyay D, Mukherjee S, Rodriguez RR, Banik BK (2010) An effective
microwave-induced iodine-catalyzed method for the synthesis of quinoxalines via condensa-
tion of 1,2-diamines with 1,2-dicarbonyl compounds. Molecules 15(6):4207–4212. doi:10.
3390/molecules15064207

Barea C, Pabón A, Castillo D, Quiliano M, Galiano S, Pérez-Silanes S, Monge A, Deharo E,
Aldana I (2011) New salicylamide and sulfonamide derivatives of quinoxaline 1,4-di-N-oxide
with antileishmanial and antimalarial activities. Bioorg Med Chem Lett 21(15):4498–4502.
doi:10.1016/j.bmcl.2011.05.125

Barea C, Pabón A, Galiano S, Pérez-Silanes S, Gonzalez G, Deyssard C, Monge A, Deharo E,
Aldana I (2012) Antiplasmodial and leishmanicidal activities of 2-cyano-3-
(4-phenylpiperazine-1-carboxamido) quinoxaline 1,4-dioxide derivatives. Molecules 17
(8):9451–9461. doi:10.3390/molecules17089451

Barea C, Pabón A, Pérez-Silanes S, Galiano S, Gonzalez G, Monge A, Deharo E, Aldana I (2013)
New amide derivatives of quinoxaline 1,4-di-N-oxide with leishmanicidal and antiplasmodial
activities. Molecules 18(4):4718–4727. doi:10.3390/molecules18044718

Bayoumi A, Ghiaty A, El-Morsy A, Abul-Khair H, Hassan MH, Elmeligie S (2012) Synthesis and
evaluation of some new 1,2,4-triazolo(4,3-a)quinoxalin-4-5H-one derivatives as AMPA
receptor antagonists. Bull Fac Pharm Cairo Univ 50(2):141–146. doi:10.1016/j.bfopcu.2012.
05.002

References 107

http://dx.doi.org/10.1016/S0040-4039(02)00715-3
http://dx.doi.org/10.1016/S0040-4039(02)00715-3
http://dx.doi.org/10.1021/jo060450v
http://dx.doi.org/10.1002/ejoc.200701056
http://dx.doi.org/10.1002/1522-2675(20010815)
http://dx.doi.org/10.1055/s-2003-39886
http://dx.doi.org/10.1002/cber.19650981219
http://dx.doi.org/10.1007/BF02976653
http://dx.doi.org/10.1016/j.tet.2011.07.052
http://dx.doi.org/10.1039/J3969001073a
http://dx.doi.org/10.1039/J3969001073a
http://dx.doi.org/10.1055/s-0028-1088197
http://dx.doi.org/10.3390/molecules15064207
http://dx.doi.org/10.3390/molecules15064207
http://dx.doi.org/10.1016/j.bmcl.2011.05.125
http://dx.doi.org/10.3390/molecules17089451
http://dx.doi.org/10.3390/molecules18044718
http://dx.doi.org/10.1016/j.bfopcu.2012.05.002
http://dx.doi.org/10.1016/j.bfopcu.2012.05.002


Beheshtiha YS, Heravi MM, Saeedi M, Karimi N, Zakeri M, Tavakoli-Hossieni N (2010) Efficient
and green synthesis of 1,2-disubstituted benzimidazoles and quinoxalines using brønsted acid
ionic liquid, [(CH2)4SO3HMiM][HSO4], in water at room temperature. Synth Commun 40
(8):1216–1223. doi:10.1080/00397910903062280

Bekele T, Shah MH, Wolfer J, Abraham CJ, Weatherwax A, Lectka T (2006) Catalytic,
enantioselective [4 + 2]-cycloadditions of ketene enolates and o-quinones: efficient entry to
chiral, α-oxygenated carboxylic acid derivatives. J Am Chem Soc 128(6):1810–1811. doi:10.
1021/ja058077g

Benitez D, Cabrera M, Hernandez P, Boiani L, Lavaggi ML, Maio RD, Yaluff G, Serna E,
Torres S, Ferreira ME, de Bilbao NV, Torres E, Perez-Silanes S, Solano B, Moreno E,
Aldana I, Lopez de Cerain A, Cerecetto H, Gonzalez M, Monge A (2011)
3-Trifluoromethylquinoxaline N,N′-dioxides as anti-Trypanosomatid agents. Identification of
optimal anti-T. cruzi agents and mechanism of action studies. J Med Chem 54(10):3624–3636.
doi:10.1021/jm2002469

Bhosale RS, Sarda SR, Ardhapure SS, Jadhav WN, Bhusare SR, Pawar RP (2005) An efficient
protocol for the synthesis of quinoxaline derivatives at room temperature using molecular
iodine as the catalyst. Tetrahedron Lett 46(42):7183–7186. doi:10.1016/j.tetlet.2005.08.080

Bienayme H, Bouzid K (1998) A new heterocyclic multicomponent reaction for the combinatorial
synthesis of fused 3-aminoimidazoles. Angew Chem 37(16):2234–2237. doi:10.1002/(SICI)
1521-3773(19980904)

Blackburn C, Guan B, Fleming P, Shiosaki K, Tsai S (1998) Parallel synthesis of 3-aminoimidazo
[1,2-a]pyridines and pyrazines by a new three-component condensation. Tetrahedron Lett 39
(22):3635–3638. doi:10.1016/S0040-4039(98)00653-4

Bondock S, Khalifa W, Fadda AA (2011) Synthesis and antimicrobial activity of some new
4-hetarylpyrazole and furo[2,3-c]pyrazole derivatives. Eur J Med Chem 46:2555–2561. doi:10.
1016/j.ejmech.2011.03.045

Brown D (2006) Quinoxalines. In: Taylor E, Wipf P, Weissberger A (eds). Wiley, New Jersey
Budagumpi S, Kulkarni NV, Kurdekar GS, Sathisha MP, Revankar VK (2010) Synthesis and

spectroscopy of Co(II), Ni(II), Cu(II) and Zn(II) complexes derived from 3,5-disubstituted-1H-
pyrazole derivative: a special emphasis on DNA binding and cleavage studies. Eur J Med
Chem 45:455–462. doi:10.1016/j.ejmech.2009.10.026

Budagumpi S, Kulkarni NV, Sathisha MP, Netalkar SP, Revankar VK, Suresh DK (2011)
Exploration on structure and anticonvulsant activity of transition metal complexes derived from
an “end-off” compartmental bis-quinoxaline derivative with phthalazinyl-diazine as endoge-
nous bridge. Monatsh Chem 142(5):487–494. doi:10.1007/s00706-011-0462-1

Budakoti A, Bhat AR, Azam A (2009) Synthesis of new 2-(5-substituted-3-phenyl-2-pyrazolinyl)-
1,3-thiazolino[5,4-b]quinoxaline derivatives and evaluation of their antiamoebic activity. Eur J
Med Chem 44:13171325. doi:10.1016/j.ejmech.2008.02.002

Bunce RA, Herron DM, Hale LY (2003) Dihydrobenzoxazines and tetrahydroquinoxalines by a
tandem reduction-reductive amination reaction. J Heterocyclic Chem 40(6):1031–1039. doi:10.
1002/jhet.5570400611

Burton S, Kaye P, Wellington K (2000) Designer ligands. Part 5. 1. Synthesis of polydentate
biphenyl ligands. Synth Commun 30(3):511–522. doi:10.1080/00397910008087347

Cadogan JIG, Hickson CL, McNab H (1986) Short contact time reactions of large organic free
radicals. Tetrahedron 42(8):2135–2165. doi:10.1016/S0040-4020(01)90594-0

Cai J-J, Zou J-P, Pan X-Q, Zhang W (2008) Gallium(III) triflate-catalyzed synthesis of quinoxaline
derivatives. Tetrahedron Lett 49(52):7386–7390. doi:10.1016/j.tetlet.2008.10.058

Carta A, Sanna P, Gherardini L, Usai D, Zanetti S (2001) Novel functionalized pyrido[2,3-g]
quinoxalinones as antibacterial, antifungal and anticancer agents. Farmaco 56(12):933–938.
doi:10.1016/S0014-827X(01)01161-2

Carta A, Paglietti G, Rahbar Nikookar ME, Sanna P, Sechi L, Zanetti S (2002) Novel substituted
quinoxaline 1,4-dioxides with in vitro antimycobacterial and anticandida activity. Eur J Med
Chem 37(5):355–366. doi:10.1016/S0223-5234(02)01346-6

108 2 Synthesis of Quinoxalines

http://dx.doi.org/10.1080/00397910903062280
http://dx.doi.org/10.1021/ja058077g
http://dx.doi.org/10.1021/ja058077g
http://dx.doi.org/10.1021/jm2002469
http://dx.doi.org/10.1016/j.tetlet.2005.08.080
http://dx.doi.org/10.1002/(SICI)1521-3773(19980904)
http://dx.doi.org/10.1002/(SICI)1521-3773(19980904)
http://dx.doi.org/10.1016/S0040-4039(98)00653-4
http://dx.doi.org/10.1016/j.ejmech.2011.03.045
http://dx.doi.org/10.1016/j.ejmech.2011.03.045
http://dx.doi.org/10.1016/j.ejmech.2009.10.026
http://dx.doi.org/10.1007/s00706-011-0462-1
http://dx.doi.org/10.1016/j.ejmech.2008.02.002
http://dx.doi.org/10.1002/jhet.5570400611
http://dx.doi.org/10.1002/jhet.5570400611
http://dx.doi.org/10.1080/00397910008087347
http://dx.doi.org/10.1016/S0040-4020(01)90594-0
http://dx.doi.org/10.1016/j.tetlet.2008.10.058
http://dx.doi.org/10.1016/S0014-827X(01)01161-2
http://dx.doi.org/10.1016/S0223-5234(02)01346-6


Carta A, Loriga M, Zanetti S, Sechi LA (2003) Quinoxalin-2-ones - Part 5. Synthesis and
antimicrobial evaluation of 3-alkyl-, 3-halomethyl- and 3-carboxyethylquinoxaline-2-ones
variously substituted on the benzo-moiety. Farmaco 58(12):1251–1255. doi:10.1016/S0014-
827X(03)00198-8

Carta A, Loriga M, Paglietti G, Mattana A, Fiori PL, Mollicotti P, Sechi L, Zanetti S (2004)
Synthesis, anti-mycobacterial, anti-trichomonas and anti-candida in vitro activities of
2-substituted-6,7-difluoro-3-methylquinoxaline 1,4-dioxides. Eur J Med Chem 39(2):195–
203. doi:10.1016/j.ejmech.2003.11.008

Carta A, Loriga M, Priras S, Paglietti G, La Colla P, Busonera B, Collu G, Loddo R (2006)
Synthesis of variously substituted 3-phenoxymethyl quinoxalin-2-ones and quinoxalines
capable to potentiate in vitro the antiproliferative activity of anticancer drugs in multi-drug
resistant cell lines. Med Chem 2(2):113–122. doi:10.2174/157340606776056197

Castillo-Garit JA, Vega MC, Rolon M, Marrero-Ponce Y, Gomez-Barrio A, Escario JA, Bello AA,
Montero A, Torrens F, Perez-Gimenez F, Aran VJ, Abad C (2011) Ligand-based discovery of
novel trypanosomicidal drug-like compounds: in silico identification and experimental support.
Eur J Med Chem 46(8):3324–3330. doi:10.1016/j.ejmech.2011.04.057

Castro PP, Zhao G, Masangkay GA, Hernandez C, Gutierrez-Tunstad LM (2004) Quinoxaline
excision: a novel approach to tri- and diquinoxaline cavitands. Org Lett 6(3):333–336. doi:10.
1021/ol036045x

Catarzi D, Colotta V, Varano F, Calabri FR, Filacchioni G, Galli A, Costagli C, Carla V (2004)
Synthesis and biological evaluation of analogues of 7-chloro-4,5-dihydro-4-oxo-8-
(1,2,4-triazol-4-yl)-1,2,4-triazolo[1,5-a]quinoxaline-2-carboxylic acid (TQX-173) as novel
selective AMPA receptor antagonists. J Med Chem 47(1):262–272. doi:10.1021/jm030906q

Catarzi D, Colotta V, Varano F, Lenzi O, Filacchioni G, Trincavelli L, Martini C, Montopoli C,
Moro S (2005) 1,2,4-Triazolo[1,5-a]quinoxaline as a versatile tool for the design of selective
Human A3 Adenosine receptor antagonists: synthesis, biological evaluation, and molecular
modeling studies of 2-(hetero)aryl- and 2-carboxy-substitued derivatives. J Med Chem 48
(25):7932–7945. doi:10.1021/jm0504149

Cazaux L, Faher M, Picard C, Tisnes P (1993) Styrylbenzodiazinones 1. Synthèse, structure et
propriétés photophysiques. Can J Chem 71(12):2007–2015. doi:10.1139/v93-250

Cerecetto H, Maio RD, González M, Risso M, Saenz P, Seoane G, Denicola A, Peluffo G,
Quijano C, Olea-Azar C (1999) 1,2,5-Oxadiazole N-oxide derivatives and related compounds
as potential antitrypanosomal drugs: structure-activity relationships. J Med Chem 42
(11):1941–1950. doi:10.1021/jm9805790

Chanda K, Kuo J, Chen C-H, Sun C-M (2009) Enantioselective synthesis of benzimidazolyl
quinoxalinones on soluble polymer support using focused microwave irradiation. J Comb
Chem 11(2):252–260. doi:10.1021/cc800137p

Chauhan SMS, Bisht T, Garg B (2008) Anion sensing by phenazine-based urea/thiourea receptors.
Tetrahedron Lett 49(17):6646–6649. doi:10.1016/j.tetlet.2008.09.033

Chen Y, Li K, Zhao M, Li Y, Chen B (2013) Cu(II)-catalyzed synthesis of quinoxalines from o-
phenylenediamines and nitroolefins. Tetrahedron Lett 54:1627–1630. doi:10.1016/j.tetlet.2012.
11.127

Cho CS, Oh SG (2006) A new ruthenium-catalyzed approach for quinoxalines from o-
phenylenediamines and vicinal-diols. Tetrahedron Lett 47(32):5633–5636. doi:10.1016/j.tetlet.
2006.06.038

Cho CS, Ren WX, Shim SC (2007) Ketones as a new synthon for quinoxaline synthesis.
Tetrahedron Lett 48(27):4665–4667. doi:10.1016/j.tetlet.2007.05.044

Cho Y-H, Lee C-Y, Ha D-C, Cheon C-H (2012) Cyanide as a powerful catalyst for facile
preparation of 2-substituted benzoxazoles via aerobic oxidation. Adv Synth Catal 354
(16):2992–2996. doi:10.1002/adsc.201200684

Cho Y-H, Lee C-Y, Cheon C-H (2013) Cyanide as a powerful catalyst for facile synthesis of
benzofused heteroaromatic compounds via aerobic oxidation. Tetrahedron 69:6565–6573.
doi:10.1016/j.tet.2013.05.138

References 109

http://dx.doi.org/10.1016/S0014-827X(03)00198-8
http://dx.doi.org/10.1016/S0014-827X(03)00198-8
http://dx.doi.org/10.1016/j.ejmech.2003.11.008
http://dx.doi.org/10.2174/157340606776056197
http://dx.doi.org/10.1016/j.ejmech.2011.04.057
http://dx.doi.org/10.1021/ol036045x
http://dx.doi.org/10.1021/ol036045x
http://dx.doi.org/10.1021/jm030906q
http://dx.doi.org/10.1021/jm0504149
http://dx.doi.org/10.1139/v93-250
http://dx.doi.org/10.1021/jm9805790
http://dx.doi.org/10.1021/cc800137p
http://dx.doi.org/10.1016/j.tetlet.2008.09.033
http://dx.doi.org/10.1016/j.tetlet.2012.11.127
http://dx.doi.org/10.1016/j.tetlet.2012.11.127
http://dx.doi.org/10.1016/j.tetlet.2006.06.038
http://dx.doi.org/10.1016/j.tetlet.2006.06.038
http://dx.doi.org/10.1016/j.tetlet.2007.05.044
http://dx.doi.org/10.1002/adsc.201200684
http://dx.doi.org/10.1016/j.tet.2013.05.138


Cho Y-H, Kim K-H, Cheon C-H (2014) Synthesis of 2-aminoquinoxalines via one-pot
cyanide-based sequential reaction under aerobic oxidation conditions. J Org Chem 79:901–
907. doi:10.1021/jo4021908

Chong JH, MacLachlan MJ (2006) Robust non-interpenetrating coordination frameworks from
new shape-persistent building blocks. Inorg Chem 45:1442–1444. doi:10.1021/ic052123w

Chou T-C, Liao K-C (2011) Quinoxaline-annelated Z-shaped quadruple-bridged orthocyclo-
phanes: synthesis and crystal structures. Tetrahedron 67(1):236–247. doi:10.1016/j.tet.2010.
10.065

Chou C-T, Yellol GS, Chang W-J, Sun ML, Sun CM (2011) Microwave assisted straightforward
synthetic method for benzimidazole linked quinoxalinones on soluble polymer support.
Tetrahedron 67(11):2110–2117. doi:10.1016/j.tet.2011.01.040

Chupakhin ON, Kotovskaya SK, Perova NM, Baskakova ZM, Charushin VN (1999) Synthesis of
new fluorine-containing derivatives of quinoxaline 1,4-dioxides and condensed systems
derived from them. Chem Heterocyclic Compd 35(4):459–469

Clark-Lewis JW (1957) 80. Quinoxaline derivatives. Part V. Decomposition of 3:
4-dihydro-4-methyl-3-oxoquinoxaline-2-carboxy-N-methylanilide 1-oxide with sulphuric acid.
J Chem Soc 439–442. doi:10.1039/JR9570000439

Coin C, Le Boisselier V, Favier I, Postel M (2001) Duñach E (2001) Bi0/O2 as a new catalytic
system for the oxidation of α-ketols, α-hydroxy acids and epoxides. Eur J Org Chem 4:735–
740. doi:10.1002/1099-0690(200102)

Corona P, Carta A, Loriga M, Vitale G, Paglietti G (2009) Synthesis and in vitro antitumor activity
of new quinoxaline derivatives. Eur J Med Chem 44(4):1579–1591. doi:10.1016/j.ejmech.
2008.07.025

Crossley MJ, Johnston LA (2002) Laterally-extended porphyrin systems incorporating a
switchable unit. J Chem Soc, Chem Commun 10:1122–1123. doi:10.1039/B111655J

Dahbi S, Methnani E, Bisseret P (2010) First synthesis of 2-phosphonylated quinoxaline
1,4-dioxides: an extension to the Beirut reaction. Tetrahedron Lett 51(42):5516–5520. doi:10.
1016/j.tetlet.2010.07.148

Dailey S, Feast WJ, Peace RJ, Sage IC, Till S, Wood EL (2001) Synthesis and device
characterisation of side-chain polymer electron transport materials for organic semiconductor
applications. J Mater Chem 11(9):2238–2243. doi:10.1039/B104674H

Damshoder RE, Peterson WD (1940) 1,2,3-Benzotriazole. Org Synth 20:16–18. doi:10.15227/
orgsyn.020.0016

Darabi HR, Aghapoor K, Mohsenzadeh F, Taala F, Asadollahnejad N, Badiei A (2009)
Silica-supported antimony(III) chloride as highly affective and reusable heterogeneous catalyst
for the synthesis of quinoxalines. Catal Lett 133(1):84–89. doi:10.1007/s10562-009-0161-2

Das B, Venkateswarlu K, Suneel K, Majhi A (2007) An efficient and convenient protocol for the
synthesis of quinoxalines and dihydropyrazines via cyclization-oxidation processes using
HClO4·SiO2 as a heterogeneous recyclable catalyst. Tetrahedron Lett 48(31):5371–5374.
doi:10.1016/j.tetlet.2007.06.036

Das U, Pati HN, Panda AK, De Clercq E, Balzarini J, Molnar J, Barath Z, Ocsovszki I, Kawase M,
Zhou L, Sakagami H, Dimmock JR (2009) 2-(3-Aryl-2-propenoyl)-
3-methylquinoxaline-1,4-dioxides: a novel cluster of tumor-specific cytotoxins which reverse
multidrug resistance. Bioorg Med Chem 17(11):3909–3915. doi:10.1016/j.bmc.2009.04.021

De Castro S, Chicharro R, Aran VJ (2002) Synthesis of quinoxaline derivatives from substituted
acetanilides through intramolecular quaternization reactions. J Chem Soc, Perkin Trans 1
(6):790–802. doi:10.1039/B109725C

De Sarro G, Gitto R, Russo E, Ibbadu GF, Barreca ML, De Luca L, Chimirri A (2005) AMPA
receptor antagonists as potential anticonvulsant drugs. Curr Top Med Chem 5(1):31–42.
doi:10.2174/1568026053386999

Dell A, William DH, Morris HRБ, Smith GA, Feeney J, Roberts GCK (1975) Structure revision of
the antibiotic echinomycin. J Am Chem Soc 97(9):2497–2502. doi:10.1021/ja00842a029

Despinoy A, Lloyd D, McNab H, Reed D (1998) Flash vacuum pyrolysis of 1,5-benzodiazepines.
Tetrahedron 54(33):9667–9676. doi:10.1016/S0040-4020(98)00523-7

110 2 Synthesis of Quinoxalines

http://dx.doi.org/10.1021/jo4021908
http://dx.doi.org/10.1021/ic052123w
http://dx.doi.org/10.1016/j.tet.2010.10.065
http://dx.doi.org/10.1016/j.tet.2010.10.065
http://dx.doi.org/10.1016/j.tet.2011.01.040
http://dx.doi.org/10.1039/JR9570000439
http://dx.doi.org/10.1002/1099-0690(200102)
http://dx.doi.org/10.1016/j.ejmech.2008.07.025
http://dx.doi.org/10.1016/j.ejmech.2008.07.025
http://dx.doi.org/10.1039/B111655J
http://dx.doi.org/10.1016/j.tetlet.2010.07.148
http://dx.doi.org/10.1016/j.tetlet.2010.07.148
http://dx.doi.org/10.1039/B104674H
http://dx.doi.org/10.15227/orgsyn.020.0016
http://dx.doi.org/10.15227/orgsyn.020.0016
http://dx.doi.org/10.1007/s10562-009-0161-2
http://dx.doi.org/10.1016/j.tetlet.2007.06.036
http://dx.doi.org/10.1016/j.bmc.2009.04.021
http://dx.doi.org/10.1039/B109725C
http://dx.doi.org/10.2174/1568026053386999
http://dx.doi.org/10.1021/ja00842a029
http://dx.doi.org/10.1016/S0040-4020(98)00523-7


Dhakshinamoorthy A, Kanagaraj K, Pitchumani K (2011) Zn2+-K10-clay (clayzic) as an efficient
water-tolerant, solid acid catalyst for the synthesis of benzimidazoles and quinoxalines at room
temperature. Tetrahedron Lett 52(1):69–73. doi:10.1016/j.tetlet.2010.10.146

Dolle RE, Bourdonnec BL, Morales GA, Moriarty KJ, Salvino JM (2006) Comprehensive survey
of combinatorial library synthesis: 2005. J Comb Chem 8(5):597–635. doi:10.1021/
cc060095m

Dömling A (2006) Recent developments in isocyanide based multicomponent reactions in applied
chemistry. Chem Rev 106(1):17–89. doi:10.1021/cr0505728

Dömling A, Ugi I (2000) Multicomponent reactions with isocyanides. Angew Chem Int Ed 39
(18):3168–3210. doi:10.1002/1521-3773(20000915)

Duda TA, Sveshnikova LL, Khlestkin VK, Dembo KA, Yanusova LG (2009) Langmuir-blodgett
films of hydroxamic acid of the quinoxalinone series. Rus J Phys Chem 83:654–659. doi:10.
1134/S0036024409040232

Duque-Montano BE, Gomez-Caro LC, Sanchez-Sanchez M, Monge A, Hernandez-Baltazar E,
Rivera G, Torres-Angeles O (2013) Synthesis and in vitro evaluation of new ethyl and methyl
quinoxaline-7-carboxylate 1,4-di-N-oxide against Entamoeba histolytica. Bioorg Med Chem
21:4550–4558. doi:10.1016/j.bmc.2013.05.036

Eary CT, Jones ZS, Groneberg RD, Burgess LE, Mareska DA, Drew MD, Blake JF, Laird ER,
Balachari D, OʹSullivan M, Allen A, Marrsh V (2007) Tetrazole and ester substituted
tetrahydroquinoxalines as potent cholesteryl ester transfer protein inhibitors. Bioorg Med
Chem Lett 17(9):2608–2613. doi:10.1016/j.bmcl.2007.01.112

El-Hawash SA, Habib NS, Franki NH (1999) Quinoxaline derivatives part II: synthesis and
antimicrobial testing of 1,2,4-triazolo[4,3-a]quinoxalines, 1,2,4-triazino[4,3-a]quinoxalines
and 2- pyrazolylquinoxalines. Pharmazie 54(11):808–813

Eller GA, Datterl B, Holzer W (2007) Pyrazolo[4′,3′:5,6]pyrano[2,3-b]quinoxalin-4(1H)-one:
synthesis and characterization of a novel tetracyclic ring system. J Heterocyclic Chem 44
(5):1139–1143. doi:10.1002/jhet.5570440526

Elmes RBP, Erby M, Cloonan SM, Quinn SJ, Williams DC, Gunnlaugsson T (2011)
Quaternarized PDPPZ: synthesis, DNA-binding and biological studies of a novel dppz
derivative that causes cellular death upon light irradiation. Chem Commun 47(2):686–688.
doi:10.1039/C0CC04303F

El-Sabbagh OI, El-Sadek ME, Lashine SM, Yassin SH, El-Nabtity SM (2009) Synthesis of new 2
(1H)-quinoxalinone derivatives for antimicrobial and antiinflammatory evaluation. Med Chem
Res 18(9):782–797. doi:10.1007/s00044-009-9203-y

Elwahy AHM (2000) Synthesis of new benzo-substituted macrocyclic ligands containing
quinoxaline subunits. Tetrahedron 56(6):897–907. doi:10.1016/S0040-4020(99)01072-8

Estevez Y, Quiliano M, Burguete A, Cabanillas B, Zimic M, Malaga E, Verastegui M,
Perez-Silanes S, Aldana I, Monge A, Castillo D, Deharo E (2011) Trypanocidal properties,
structure-activity relationship and computational studies of quinoxaline 1,4-di-N-oxide
derivatives. Exp Parasitol 127(4):745–751. doi:10.1016/j.exppara.2011.01.009

Far AR, Shivanyuk A, Rebek J Jr (2002) Water-stabilized cavitands. J Am Chem Soc 124:2854–
2855. doi:10.1021/ja012453p

Fonseca T, Gigante B, Marques MM, Gilchrist TL, De CE (2004) Synthesis and antiviral
evaluation of benzimidazoles, quinoxalines and indoles from dehydroabietic acid. Bioorg Med
Chem 12(1):103–112. doi:10.1016/j.bmc.2003.10.013

Friedrichsen W, Bottcher A (1981) Recent developments in the chemistry of o-
benzoquinone-diimines heterocycles 16(6):1009–1034. doi:10.3987/R-1981-06-1009

Friedrichsen W, Schmidt R (1978) Cycloadditionen mit o-benzochinon-diiminen, II. Reaktionen
von o-benzochinon-diiminen mit olefinen. Liebigs Ann Chem 1978(7):1129–1138. doi:10.
1002/jlac.197819780712

Fukuda T, Kanbara T, Yamamoto T, Ishikawa K, Takezoe H, Fukuda A (1996) Polyquinoxaline as
an excellent electron injecting material for electroluminescent device. Appl Phys Lett 68:2346–
2348. doi:10.1063/1.115853

References 111

http://dx.doi.org/10.1016/j.tetlet.2010.10.146
http://dx.doi.org/10.1021/cc060095m
http://dx.doi.org/10.1021/cc060095m
http://dx.doi.org/10.1021/cr0505728
http://dx.doi.org/10.1002/1521-3773(20000915)
http://dx.doi.org/10.1134/S0036024409040232
http://dx.doi.org/10.1134/S0036024409040232
http://dx.doi.org/10.1016/j.bmc.2013.05.036
http://dx.doi.org/10.1016/j.bmcl.2007.01.112
http://dx.doi.org/10.1002/jhet.5570440526
http://dx.doi.org/10.1039/C0CC04303F
http://dx.doi.org/10.1007/s00044-009-9203-y
http://dx.doi.org/10.1016/S0040-4020(99)01072-8
http://dx.doi.org/10.1016/j.exppara.2011.01.009
http://dx.doi.org/10.1021/ja012453p
http://dx.doi.org/10.1016/j.bmc.2003.10.013
http://dx.doi.org/10.3987/R-1981-06-1009
http://dx.doi.org/10.1002/jlac.197819780712
http://dx.doi.org/10.1002/jlac.197819780712
http://dx.doi.org/10.1063/1.115853


Galal SA, Abdelsamie AS, Tokuda H, Suzuki N, Lida A, El Hefnawi MM, Ramadan RA,
Atta MHE, El Diwani HI (2011) Part I: synthesis, cancer chemopreventive activity and
molecular docking study of novel quinoxaline derivatives. Eur J Med Chem 46:327–340.
doi:10.1016/j.ejmech.2010.11.022

Gavara L, Saugues E, Alves G, Debiton E, Anizon F, Moreau P (2010) Synthesis and biological
activities of pyrazolo[3,4-g]quinoxaline derivatives. Eur J Med Chem 45(11):5520–5526.
doi:10.1016/j.ejmech.2010.08.067

Ge Z-M, Cui J-L, Wang Y-L, Cheng TM, Li R-T (2004) A mild and efficient synthesis of
4,5-disubstituted 3-amino-4-hydroxythiazolidine-2-thiones and S, N-disubstituted
1,3,4-thiadiazole-2-thiones. Synthesis 8:1257–1261. doi:10.1055/s-2004-822355

Gerpe A, Boiani L, Hernandez P, Sortino M, Zacchino S, Gonzalez M, Cerecetto H (2010)
Naftifine-analogues as anti-Trypanosoma cruzi agents. Eur J Med Chem 45(6):2154–2164.
doi:10.1016/j.ejmech.2010.01.052

Ghadage RV, Shirote PJ (2011) Synthesis and anticonvulsant activity of Schiff’s bases of 3-{[2-
({(E)-[(substituted) phenyl] methylidene} amino) ethyl] amino}quinoxalin-2(1H)-one.
Bangladesh J Pharmacol 6(2):92–99. doi:10.3329/bjp.v6i2.8671

Ghorab MM, Ragab FA, Heiba HI, El-Gazzar MG, El-Gazzar MG (2012) Synthesis, in vitro
anticancer screening and radiosensitizing evaluation of some new N-(quinoxalin-2-yl)
benzenesulfonamide derivatives. Arzneim Forsch 62:46–52. doi:10.1055/s-0031-1295496

Ghorai MK, Sahoo AK, Kumar S (2011) Synthetic route to chiral tetrahydroquinoxalines via
ring-opening of activated aziridines. Org Lett 13(22):5972–5975. doi:10.1021/ol2023906

Glidewell C, Shepherd T, Smith DM (1987) Polyaza heterocycles. Part 1. Halogenation of
quinoxalino[2,3-c]cinnolines by hydrogen halides. J Chem Soc, Perkin Trans 1:507–513.
doi:10.1039/P19870000507

Gobec S, Urleb U (2004) Science of synthesis, Houben-Weyl methods of molecular transforma-
tions. In: Yamamoto Y (ed), cat 2, vol 16. Thieme, Verlag, Stuttgart, New York, pp 845–911

Grande F, Aiello F, De Grazia O, Brizzi A, Garofaloa A, Neamati N (2007) Synthesis and
antitumor activities of a series of novel quinoxalinhydrazides. Bioorg Med Chem 15(1):288–
294. doi:10.1016/j.bmc.2006.09.073

Griffith RK, Chittur SV, Chen YC (1992) Inhibition of glucosamine-6-phosphate synthase from
candida albicans by quinoxaline-2,3-diones. Med Chem Res 2:467–473

Gris J, Glisoni R, Fabian L, Fernandez B, Moglioni AG (2008) Synthesis of potential
chemotherapic quinoxalinone derivatives by biocatalysis or microwave-assisted Hinsberg
reaction. Tetrahedron Lett 49(6):1053–1056. doi:10.1016/j.tetlet.2007.11.204

Groebke K, Weber L, Mehlin F (1998) Synthesis of imidazo[1,2-a] annulated pyridines, pyrazines
and pyrimidines by a novel three-component condensation. Synlett 6:661–663. doi:10.1055/s-
1998-1721

Gu D-G, Ji S-J, Jiang Z-Q (2005) An efficient synthesis of bis(indolyl)methanes catalyzed by
recycled acidic ionic liquid. Synlett 6:959–962. doi:10.1055/s-2005-865194

Guchhait SK, Chaudhary V, Madaan C (2012) A chemoselective Ugi-type reaction in water using
TMSCN as a functional isonitrile equivalent: generation of heteroaromatic molecular diversity.
Org Biomol Chem 10(46):9271–9277. doi:10.1039/C2OB26733K

Guillon J, Grellier P, Labaied M, Sonnet P, Leger JM, Deprez-Poulain R, Forfar-Bares I,
Dallemagne P, Lemaître N, Pehourcq F, Rochette J, Sergheraert C, Jarry C (2004) Synthesis,
antimalarial activity, and molecular modeling of new pyrrolo[1,2-a]quinoxalines, bispyrrolo
[1,2-a]quinoxalines, bispyrido[3,2-e]pyrrolo[1,2-a]pyrazines, and bispyrrolo[1,2-a]thieno[3,2-
e]pyrazines. J Med Chem 47(8):1997–2009. doi:10.1021/jm0310840

Guillon J, Moreau S, Mouray E, Sinou V, Forfar I, Fabre SB, Desplat V, Millet P, Parzy D,
Jarry C, Grellier P (2008) New ferrocenic pyrrolo[1,2-a]quinoxaline derivatives: synthesis, and
in vitro antimalarial activity. Bioorg Med Chem 16(20):9133–9144. doi:10.1016/j.bmc.2008.
09.038

112 2 Synthesis of Quinoxalines

http://dx.doi.org/10.1016/j.ejmech.2010.11.022
http://dx.doi.org/10.1016/j.ejmech.2010.08.067
http://dx.doi.org/10.1055/s-2004-822355
http://dx.doi.org/10.1016/j.ejmech.2010.01.052
http://dx.doi.org/10.3329/bjp.v6i2.8671
http://dx.doi.org/10.1055/s-0031-1295496
http://dx.doi.org/10.1021/ol2023906
http://dx.doi.org/10.1039/P19870000507
http://dx.doi.org/10.1016/j.bmc.2006.09.073
http://dx.doi.org/10.1016/j.tetlet.2007.11.204
http://dx.doi.org/10.1055/s-1998-1721
http://dx.doi.org/10.1055/s-1998-1721
http://dx.doi.org/10.1055/s-2005-865194
http://dx.doi.org/10.1039/C2OB26733K
http://dx.doi.org/10.1021/jm0310840
http://dx.doi.org/10.1016/j.bmc.2008.09.038
http://dx.doi.org/10.1016/j.bmc.2008.09.038


Guillon J, Mouray E, Moreau S, Mullíe C, Forfar I, Desplat V, Belisle-Fabre S, Pinaud N,
Ravanello F, Le-Naour A, Leger JM, Gosmann G, Jarry C, Deleris G, Sonnet P, Grelleir P
(2011) New ferrocenic pyrrolo[1,2-a]quinoxaline derivatives: synthesis, and in vitro anti-
malarial activity—Part II. Eur J Med Chem 46:2310–2326. doi:10.1016/j.ejmech.2011.03.014

Guirado A, Cerezo A, Ramírez de Arellano MC (1997) One-pot synthesis of
1,4-dichlorophenazines. Tetrahedron 53(17):6183–6194. doi:10.1016/S0040-4020(97)00275-5

Guirado A, Sánchez JIL, Bautista D (2011) Reactions of 5,8-dichloro-2,3-dicyanoquinoxaline with
amines and hydrazines. A new and efficient synthetic approach to
3-amino-5,8-dichloroflavazoles. Tetrahedron 67(22):4123–4129. doi:10.1016/j.tet.2011.03.
104

Guirado A, Sánchez JIL, Ruiz-Alcaraz AJ, Bautista D, Galvez J (2012) Synthesis and biological
evaluation of 4-alkoxy-6,9-dichloro[1,2,4]triazolo[4,3-a]quinoxalines as inhibitors of TNF-α
and IL-6. Eur J Med Chem 54:87–94. doi:10.1016/j.ejmech.2012.04.035

Guncheva M, Zhiryakova D (2011) Catalytic properties and potential applications of Bacillus
lipases. J Mol Cat B: enzymatic 68(1):1–21. doi:10.1016/j.molcatb.2010.09.002

Gupta D, Ghosh NN, Chandra R (2005) Synthesis and pharmacological evaluation of substituted
5-[4-[2-(6,7-dimethyl-1,2,3,4-tetrahydro-2-oxo-4-quinoxalinyl)ethoxy]phenyl]methylene]-
thiazolidine-2,4-dione derivatives as potent euglycemic and hypolipidemic agents. Bioorg Med
Chem Lett 15(4):1019–1022. doi:10.1016/j.bmcl.2004.12.041

Gupta G, Singh DP, Mishra AK (2013) Synthesis and antimicrobial activity of some quinoxaline
derivative. Chem Sci Trans 2(4):1256–1261. doi:10.7598/cst2013.507

Habibi D, Nematollahi D, Al-Hoseini ZS, Dehdashtian S (2006) A facile galvanostatic method for
the synthesis of quinoxalinediones. Electrochim Acta 52:1234–1239. doi:10.1016/j.electacta.
2006.07.045

Habibi D, Nematollahi D, Meshkinghalam S, Varmaghani F (2014) An unexpected oxidative
decarboxylation reaction of 2,3-dihydroxybenzoic acid in the synthesis of new dibenzylte-
trahydroquinoxalinediones. Tetrahedron 70:4361–4366. doi:10.1016/j.tet.2014.04.077

Haddadin MJ, Issidorides CH (1976) Application of benzofurazan oxide to the synthesis of
heteroaromatic N-oxides. Heterocycles 4(4):767–816. doi:10.3987/R-1976-04-0767

Haddadin MJ, Agopian G, Issidorides CH (1971) Synthesis and photolysis of some substituted
quinoxaline di-N-oxides. J Org Chem 36(4):514–518. doi:10.1021/jo00803a005

Haddadin MJ, Bitar H, Issidorides CH (1979) Synthesis and some reactions of o-nitrosoaniline.
Heterocycles 12:323–327. doi:10.3987/R-1979-03-0323

Haddadin MJ, El-Khatib M, Shoker TA, Beavers CM, Olmstead MM, Fettigner JC, Farber KM,
Kurth MJ (2011) Quinoxalino[2,3-c]cinnolines and their 5-N-oxide: alkoxylation of
methyl-substituted quinoxalino[2,3-c]cinnolines to acetals and orthoesters. J Org Chem 76
(20):8421–8427. doi:10.1021/jo201687x

Haider N, Holzer W (2004) In: Yamamoto Y, Shinkai I (eds) Science of synthesis: Houben-Weyl
method of molecular transformation, vol 26. Thieme, Stuttgart, p 251

Hamer J, Macaluso A (1964) Nitrones. Chem Rev 64:473–495. doi:10.1021/cr60230a006
Han B, Li J-L, Ma C, Zhang S-J, Chen Y-C (2008) Organocatalytic asymmetric

inverse-electron-demand aza-Diels-Alder reaction of N-sulfonyl-1-aza-1,3-butadienes and
aldehydes. Angew Chem 47(51):9971–9974. doi:10.1002/anie.200804183

Hanefeld W, Wurtz S (2000) Synthese potentieller pflanzenschutzwirkstoffe auf
2,3-dihydrothiazol-2-thion-basis. I. Strukturvariationen am N3 und C4. J Prakt Chem 342
(4):355–370

Harnik M, Margoliash E (1955) Synthesis of N-α-(2,4-dinitrophenyl)-D, L-histidine. J Org Chem
20(12):1650–1653. doi:10.1021/jo01364a007

Hasaninejad A, Zare A, Zolfigol MA, Shekouhy M (2009) Zirconium tetrakis(dodecyl sulfate) [Zr
(DS)4] as an efficient Lewis acid-surfactant combined catalyst for the synthesis of quinoxaline
derivatives in aqueous media. Synth Commun 39(4):569–579. doi:10.1080/
00397910802406737

References 113

http://dx.doi.org/10.1016/j.ejmech.2011.03.014
http://dx.doi.org/10.1016/S0040-4020(97)00275-5
http://dx.doi.org/10.1016/j.tet.2011.03.104
http://dx.doi.org/10.1016/j.tet.2011.03.104
http://dx.doi.org/10.1016/j.ejmech.2012.04.035
http://dx.doi.org/10.1016/j.molcatb.2010.09.002
http://dx.doi.org/10.1016/j.bmcl.2004.12.041
http://dx.doi.org/10.7598/cst2013.507
http://dx.doi.org/10.1016/j.electacta.2006.07.045
http://dx.doi.org/10.1016/j.electacta.2006.07.045
http://dx.doi.org/10.1016/j.tet.2014.04.077
http://dx.doi.org/10.3987/R-1976-04-0767
http://dx.doi.org/10.1021/jo00803a005
http://dx.doi.org/10.3987/R-1979-03-0323
http://dx.doi.org/10.1021/jo201687x
http://dx.doi.org/10.1021/cr60230a006
http://dx.doi.org/10.1002/anie.200804183
http://dx.doi.org/10.1021/jo01364a007
http://dx.doi.org/10.1080/00397910802406737
http://dx.doi.org/10.1080/00397910802406737


Hasaninejad A, Zare A, Mohammadizadeh MR, Shekouhy M (2010) Lithium bromide as an
efficient, green, and inexpensive catalyst for the synthesis of quinoxaline derivatives at room
temperature. Green Chem Lett Rev 3(2):143–148. doi:10.1080/17518251003619192

Hassan SY (2013) Synthesis, antibacterial and antifungal activity of some new pyrazoline and
pyrazole derivatives. Molecules 18:2683–2711. doi:10.3390/molecules18032683

Hazeldine ST, Polin L, Kushner J, White K, Corbett TH, Horwitz JP (2005) Synthetic modification
of the 2-oxypropionic acid moiety in 2-{4-[(7-chloro-2-quinoxalinyl)oxy]phenoxy}propionic
acid (XK469), and consequent antitumor effects. Part 4. Bioorg Med Chem 13(12):3910–3920.
doi:10.1016/j.bmc.2005.04.011

He W, Myers MR, Hanney B, Spada AP, Bilder G, Galzcinski H, Amin D, Needle S, Page K,
Jayyosi Z, Perrone MH (2003) Potent quinoxaline-based inhibitors of PDGF receptor tyrosine
kinase activity. Part 2: the synthesis and biological activities of RPR127963 an orally
bioavailable inhibitor. Bioorg Med Chem Lett 13(18):3097–3100. doi:10.1016/S0960-894X
(03)00655-3

He T, Li K, Wu M-Y, Feng X-W, Wang N, Wang H-Y, Li C, Yu X-Q (2010) Utilization of
biocatalytic promiscuity for direct Mannich reaction. J Mol Cat B: Enzymatic 67(3–4):189–
194. doi:10.1016/j.molcatb.2010.08.004

Hegedus LS, Greenberg MM, Wendling JJ, Bullock JP (2003) Synthesis of 5,12-dioxocyclam
nickel (II) complexes having quinoxaline substituents at the 6 and 13 positions as potential
DNA bis-intercalating and cleaving agents. J Org Chem 68(11):4179–4188. doi:10.1021/
jo020708r

Heravi MM, Nami N, Oskooie HA, Hekmatshoar R (2005) Microwave-assisted synthesis of
quinoxalines, benzoxazines, and benzothiazines under solvent-free conditions. Phosphorus,
Sulfur Silicon Relat Elem 180(8):1873–1878. doi:10.1080/104265090889585

Heravi MM, Bakhtiari Kh, Bamoharram FF, Tehrani MH (2007) Wells-Dawson type
heteropolyacid catalyzed synthesis of quinoxaline derivatives at room temperature. Monatsh
Chem 138:465–467. doi:10.1007/s00706-007-0594-5

Heravi MM, Bakhtiari Kh, Oskooie HA, Taheri S (2008) MnCl2-Promoted synthesis of
quinoxaline derivatives at room temperature. Heteroatom Chem 19(2):218–220. doi:10.1002/
hc.20401

Heravi MM, Baghernejad B, Oskooie HA (2009) A novel three-component reaction for the
synthesis of N-cyclohexyl-3-aryl-quinoxaline-2-amines. Tetrahedron Lett 50(7):767–769.
doi:10.1016/j.tetlet.2008.11.123

Herndon JW, Wu C (1989) Stereoselectivity in the reaction of acyliron complexes with
allylstannanes. Tetrahedron Lett 30(42):5745–5746. doi:10.1016/S0040-4039(00)76186-7

Herndon JW, Wu C, Harp JJ, Kreutzer KA (1991) Exploration of the [3+2] cycloaddition reaction
between allylstannanes and α, β-unsaturated acyliron complexes. Synlett 1:1–10. doi:10.1055/
s-1991-20610

Hinsberg O (1884) Ueber quinoxaline. Ber Dtsch Chem Ges 17(1):318–323. doi:10.1002/cber.
18840170193

Hinsberg O (1887) Ueber chinoxalinbasen. Liebigs Ann Chem 237(3):327–372. doi:10.1002/jlac.
18872370305

Hirayama T, Yamasaki S, Ameku H, Ishi-I T, Thiemann T, Mataka S (2005) Fluorescent
solvatochromism of bi-polar N, N-diphenylaminoaryl-substituted hexaazatriphenylenes,
tetraazaphenanthrene, and quinoxalines. Dyes Pigments 67(2):105–110. doi:10.1016/j.
dyepig.2004.09.023

Holland RJ, Hardcastle IR, Jarman M (2002) Synthesis of
6,8-substituted-5,7-difluoro-3,4-dihydro-1H-quinoxalin-2-ones via reductive cyclisation of
2,4,6-substituted-3,5-difluoronitrobenzenes. Tetrahedron Lett 43(36):6435–6437. doi:10.
1016/S0040-4039(02)01363-1

114 2 Synthesis of Quinoxalines

http://dx.doi.org/10.1080/17518251003619192
http://dx.doi.org/10.3390/molecules18032683
http://dx.doi.org/10.1016/j.bmc.2005.04.011
http://dx.doi.org/10.1016/S0960-894X(03)00655-3
http://dx.doi.org/10.1016/S0960-894X(03)00655-3
http://dx.doi.org/10.1016/j.molcatb.2010.08.004
http://dx.doi.org/10.1021/jo020708r
http://dx.doi.org/10.1021/jo020708r
http://dx.doi.org/10.1080/104265090889585
http://dx.doi.org/10.1007/s00706-007-0594-5
http://dx.doi.org/10.1002/hc.20401
http://dx.doi.org/10.1002/hc.20401
http://dx.doi.org/10.1016/j.tetlet.2008.11.123
http://dx.doi.org/10.1016/S0040-4039(00)76186-7
http://dx.doi.org/10.1055/s-1991-20610
http://dx.doi.org/10.1055/s-1991-20610
http://dx.doi.org/10.1002/cber.18840170193
http://dx.doi.org/10.1002/cber.18840170193
http://dx.doi.org/10.1002/jlac.18872370305
http://dx.doi.org/10.1002/jlac.18872370305
http://dx.doi.org/10.1016/j.dyepig.2004.09.023
http://dx.doi.org/10.1016/j.dyepig.2004.09.023
http://dx.doi.org/10.1016/S0040-4039(02)01363-1
http://dx.doi.org/10.1016/S0040-4039(02)01363-1


Horton DA, Bourne GT, Smythe ML (2003) The combinatorial synthesis of bicyclic privileged
structures or privileged substructures. Chem Rev 103(3):893–930. doi:10.1021/cr020033s

Hou J-T, Liu Y-H, Zhang Z-H (2010) NbCl5 as an efficient catalyst for rapid synthesis of
quinoxaline derivatives. J Heterocyclic Chem 47(3):703–706. doi:10.1002/jhet.388

Hu B, Wrobel JE, Jetter W, O’Neill DJ, Mann CW, Unwalla RJ (2010) Quinoxaline-based LXR
modulators. WO patent 2010054229A1, 14 May 2010

Hu Y, Xia Q, Shangguan S, Liu X, Hu Y, Sheng R (2012) Synthesis and biological evaluation of
3-aryl-quinoxaline-2-carbonitrile 1,4-di-N-oxide derivatives as hypoxic selective anti-tumor
agents. Molecules 17(8):9683–9696. doi:10.3390/molecules17089683

Huang W-J, Chen C-H, Lee S-S (2003) Preparation of 6-phenyl- and 8-phenyl
tetrahydro-isoquinolines from Boldine. Heterocycles 60(7):1573–1588. doi:10.3987/COM-
03-9764

Huang T-K, Wang R, Shi L, Lu XX (2008) Montmorillonite K-10: an efficient and reusable
catalyst for the synthesis of quinoxaline derivatives in water. Catal Commun 9(6):1143–1147.
doi:10.1016/j.catcom.2007.10.024

Huang T-K, Shi L, Wang R, Guo XZ, Lu XX (2009) Keggin type heteropolyacids-catalyzed
synthesis of quinoxaline derivatives in water. Chinese Chem Lett 20(2):161–164. doi:10.1016/
j.cclet.2008.10.048

Huang A, Liu F, Zhan C, Liu Y, Ma C (2011) One-pot synthesis of pyrrolo[1,2-a]quinoxalines.
Org Biomol Chem 9:7351–7357. doi:10.1039/C1OB05936J

Huang T-Q, Qu W-Y, Ding J-C, Liu M-C, Wu H-Y, Chena J-X (2013) Catalyst-free protocol for
the synthesis of quinoxalines and pyrazines in PEG. J Heterocyclic Chem 50:293–297. doi:10.
1002/jhet

Hui X, Desrivot J, Bories C, Loiseau PM, Franck X, Hocquemiller R, Figadere B (2006) Synthesis
and antiprotozoal activity of some new synthetic substituted quinoxalines. Bioorg Med Chem
Lett 16(4):815–820. doi:10.1016/j.bmcl.2005.11.025

Hulme C, Tang S-Y, Burns CJ, Morize I, Labaudiniere R (1998) Improved procedure for the
solution phase preparation of 1,4-benzodiazepine-2,5-dione libraries via Armstrong’s convert-
ible isonitrile and the Ugi reaction. J Org Chem 63(22):8021–8023. doi:10.1021/jo980622r

Humplett WJ, Lamon RW (1964a) 4-Thiazoline-2-thiones. I. The Structure of intermediate
4-hydoxythiazolidine-2-thiones. J Org Chem 29(8):2146–2148. doi:10.1021/jo01031a008

Humplett WJ, Lamon RW (1964b) 4-Thiazoline-2-thiones. II. Preparation of
4-alkylsulfonylmethyl derivatives. J Org Chem 29(8):2148–2150. doi:10.1021/jo01031a009

Ibrahim MK, Abd-Elrahman AA, Ayyad RRA, El-Adl K, Mansour AM, Eissa IH (2013) Design
and synthesis of some novel 2-(3-methyl-2- oxoquinoxalin-1(2H)-yl)-N-(4-(substituted)phenyl)
acetamide derivatives for biological evaluation as anticonvulsant agents. Bull Fac Pharm Cairo
Univ 51(1):101–111. doi:10.1016/j.bfopcu.2012.11.003

Imamoto T, Sugita K, Yoshida K (2005) An air-stable P-chiral phosphine ligand for highly
enantioselective transition-metal-catalyzed reactions. J Am Chem Soc 127(34):11934–11935.
doi:10.1021/ja053458f

Ingle RG, Marathe RP (2012) Sulfonamidoquinoxalines. Int J Pharm Res Allied Sci 1(4):46–51
Ishikawa H, Sugiyama T, Kurita K, Yokoyama A (2012) Synthesis and antimicrobial activity of

2,3-bis(bromomethyl)quinoxaline derivatives. Bioorg Chem 41–42:1–5. doi:10.1016/j.bioorg.
2011.12.002

Ishikawa H, Sugiyama T, Yokoyama A (2013) Synthesis of 2,3-Bis(halomethyl)quinoxaline
derivatives and evaluation of their antibacterial and antifungal activities. Chem Pharm Bull 61
(4):438–444

Ismail MMF, Amin KM, Noaman E, Soliman DH, Amma YA (2010) New quinoxaline 1,4-di-N-
oxides: anticancer and hypoxia-selective therapeutic agents. Eur J Med Chem 45:2733–2738.
doi:10.1016/j.ejmech.2010.02.052

Issidorides CH, Haddadin MJ (1966) Benzofurazan oxide. II. Reactions with enolate anions. J Org
Chem 31(12):4067–4068. doi:10.1021/jo01350a043

References 115

http://dx.doi.org/10.1021/cr020033s
http://dx.doi.org/10.1002/jhet.388
http://dx.doi.org/10.3390/molecules17089683
http://dx.doi.org/10.3987/COM-03-9764
http://dx.doi.org/10.3987/COM-03-9764
http://dx.doi.org/10.1016/j.catcom.2007.10.024
http://dx.doi.org/10.1016/j.cclet.2008.10.048
http://dx.doi.org/10.1016/j.cclet.2008.10.048
http://dx.doi.org/10.1039/C1OB05936J
http://dx.doi.org/10.1002/jhet
http://dx.doi.org/10.1002/jhet
http://dx.doi.org/10.1016/j.bmcl.2005.11.025
http://dx.doi.org/10.1021/jo980622r
http://dx.doi.org/10.1021/jo01031a008
http://dx.doi.org/10.1021/jo01031a009
http://dx.doi.org/10.1016/j.bfopcu.2012.11.003
http://dx.doi.org/10.1021/ja053458f
http://dx.doi.org/10.1016/j.bioorg.2011.12.002
http://dx.doi.org/10.1016/j.bioorg.2011.12.002
http://dx.doi.org/10.1016/j.ejmech.2010.02.052
http://dx.doi.org/10.1021/jo01350a043


Ito Y, Kojima Y, Suginome M (1996) New synthesis of quinoxaline derivatives based on
palladium catalyzed oligomerization of 1,2-diisocyanoarenes. Heterocycles 42(2):597–615.
doi:10.3987/COM-95-S51

Jacobsen EJ, TenBrink RE, Stelzer LS, Belonga KL, Carter DB, Im HK, Im WB, Sethy VH,
Tang AH, VonVoigtlander PF, Petke JD (1996) High-affinity partial agonist imidazo[1,5-a]
quinoxaline amides, carbamates, and ureas at the γ-aminobutyric acid A/benzodiazepine
receptor complex. J Med Chem 39(1):158–175. doi:10.1021/jm940765f

Jafarpour M, Rezaeifard A, Danehchin M (2011) Easy access to quinoxaline derivatives using
alumina as an effective and reusable catalyst under solvent-free conditions. Appl Catal A Gen
394(1–2):48–51. doi:10.1016/j.apcata.2010.12.022

Janey JM (2007) In: Li JJ, Corey EJ (eds) Name reactions for functional group transformations.
Wiley, Weinheim, pp 564–609

Jaso A, Zarranz B, Aldana I, Monge A (2003) Synthesis of new 2-acetyl and 2-benzoyl
quinoxaline 1,4-di-N-oxide derivatives as anti-Mycobacterium tuberculosis agents. Eur J Med
Chem 38(9):791–800. doi:10.1016/S0223-5234(03)00137-5

Jaso A, Zarranz B, Aldana I, Monge A (2005) Synthesis of new quinoxaline-2-carboxylate
1,4-dioxide derivatives as anti-Mycobacterium tuberculosis agents. J Med Chem 48(6):2019–
2025. doi:10.1021/jm049952w

Jaung JY (2006) Synthesis and halochromism of new quinoxaline fluorescent dyes. Dyes Pigments
71:245–250. doi:10.1016/j.dyepig.2005.07.008

Jaung J-Y, Matsuoka M, Fukunishi K (1998) Syntheses and spectral properties of new
dicyanopyrazine-related heterocycles from diaminomaleonitrile. J Chem Res S 6:284–285

Jawdosiuk M, Ostrowska B, Makosza M (1971) A new synthesis of nitrones from aromatic
nitro-compounds and carbanions by nucleophilic replacement of hydrogen. J Chem Soc D
1971:548–549. doi:10.1039/C29710000548

Jeena V, Robinson RS (2014) An environmentally friendly, cost effective synthesis of
quinoxalines: the influence of microwave reaction conditions. Tetrahedron Lett 55:642–645.
doi:10.1016/j.tetlet.2013.11.100

Jin CH, Sreenu D, Krishnaiah M, Subrahmanyama VB, Rao KS, Mohan AVN, Park CY, Son JY,
Son DH, Park HJ, Sheen YY, Kim DK (2011) Synthesis and biological evaluation of
1-substituted-3(5)-(6-methylpyridin-2-yl)-4-(quinoxalin-6-yl)pyrazoles as transforming growth
factor-β type 1 receptor kinase inhibitors. Eur J Med Chem 46(9):3917–3925. doi:10.1016/j.
ejmech.2011.05.063

Johnson AW (1963) The chemistry of ylids. VIII. Synthesis of nitrones via sulfur ylids. J Org
Chem 28(1):252–254. doi:10.1021/jo01036a528

Jones Z, Groneberg R, Drew M, Eary CT (2005) Inhibitors of cholesteryl ester related us, transfer
protein. US patent 20050282812, 22 dec 2005. Hogan & Hartson LLP, One Tabor Center,
Denver, US

Junnotula V, Rajapakse A, Arbillaga L, de Cerain AL, Solano B, Villar R, Monge A, Gates KS
(2010) DNA strand cleaving properties and hypoxia-selective cytotoxicity of
7-chloro-2-thienylcarbonyl-3-trifluoromethylquinoxaline 1,4-dioxide. Bioorg Med Chem 18
(9):3125–3132. doi:10.1016/j.bmc.2010.03.042

Kadam HK, Khan S, Kunkalkar RA, Tilve SG (2013) Graphite catalyzed green synthesis of
quinoxalines. Tetraheron Lett 54:1003–1007. doi:10.1016/j.tetlet.2012.12.041

Kalinin AA, Voloshina AD, Kulik NV, Zobov VV, Mamedov VA (2013) Antimicrobial activity of
imidazo[1,5-a]quinoxaline derivatives with pyridinium moiety. Eur J Med Chem 66:345–354.
doi:10.1016/j.ejmech.2013.05.038

Kalinski C, Umkehrer M, Ross G, Kolb J, Burdack C, Hiller W (2006) Highly substituted
indol-2-ones, quinoxalin-2-ones and benzodiazepin-2,5-diones via a new Ugi(4CR)-Pd assisted
N-aryl amidation strategy. Tetrahedron Lett 47(20):3423–3426. doi:10.1016/j.tetlet.2006.03.
069

Karki SS, Hazare R, Kumar S, Bhadauria VS, Balzarini J, Clercq ED (2009) Synthesis, anticancer
and cytostatic activity of some 6H-indolo[2,3-b]quinoxalines. Acta Pharm 59(4):431–440.
doi:10.2478/v10007-009-0040-9

116 2 Synthesis of Quinoxalines

http://dx.doi.org/10.3987/COM-95-S51
http://dx.doi.org/10.1021/jm940765f
http://dx.doi.org/10.1016/j.apcata.2010.12.022
http://dx.doi.org/10.1016/S0223-5234(03)00137-5
http://dx.doi.org/10.1021/jm049952w
http://dx.doi.org/10.1016/j.dyepig.2005.07.008
http://dx.doi.org/10.1039/C29710000548
http://dx.doi.org/10.1016/j.tetlet.2013.11.100
http://dx.doi.org/10.1016/j.ejmech.2011.05.063
http://dx.doi.org/10.1016/j.ejmech.2011.05.063
http://dx.doi.org/10.1021/jo01036a528
http://dx.doi.org/10.1016/j.bmc.2010.03.042
http://dx.doi.org/10.1016/j.tetlet.2012.12.041
http://dx.doi.org/10.1016/j.ejmech.2013.05.038
http://dx.doi.org/10.1016/j.tetlet.2006.03.069
http://dx.doi.org/10.1016/j.tetlet.2006.03.069
http://dx.doi.org/10.2478/v10007-009-0040-9


Katkar SS, Mohite PH, Gadekar LS, Arbad BR, Lande MK (2010) ZnO-beta zeolite mediated
simple and efficient method for the one-pot synthesis of quinoxaline derivatives at room
temperature. Cent Eur J Chem 8(2):320–325. doi:10.2478/s11532-009-0151-7

Katoh A, Yoshida T, Ohkanda J (2000) Synthesis of quinoxaline derivatives bearing the styryl and
phenylethynyl groups and application to a fluorescence derivatization reagent. Heterocycles 52
(2):911–920. doi:10.3987/COM-99-S61

Kazunobu T, Ryusuke O, Tomohiro M (2002) Molecular design and evaluation of
quinoxaline-carbohydrate hybrids as novel and efficient photo-induced GG-selective DNA
cleaving agents. Chem Commun 3:212–213. doi:10.1039/B107829C

Khan SA (2008) Synthesis, characterization and in vitro antibacterial activity of new steroidal
5-en-3-oxazolo and thiazoloquinoxaline. Eur J Med Chem 43:2040–2044. doi:10.1016/j.
ejmech.2007.12.008

Khan SA, Saleem K, Khan Z (2008) Synthesis, structure elucidation and antibacterial evaluation of
new steroidal -5-en-7-thiazoloquinoxaline derivatives. Eur J Med Chem 43:2257–2261. doi:10.
1016/j.ejmech.2007.09.022

Khan SA, Mullick P, Pandit S, Kaushik D (2009) Synthesis of hydrazones derivatives of
quinoxalonine-prospective antimicrobial and anti-inflammatory agents. Acta Pol Pharm Drug
Res 66(2):169–172

Khattab SN, Hassan SY, Bekhit AA, El Massry AM, Langer V, Amer A (2010) Synthesis of new
series of quinoxaline based MAO-inhibitors and docking studies. Eur J Med Chem 45
(10):4479–4489. doi:10.1016/j.ejmech.2010.07.008

Kidwai M, Jain A, Sharma A, Kuhad RC (2012) First time reported enzymatic synthesis of new
series of quinoxalines—a green approach. J Mol Cat B: Enzym 74(3–4):114–121. doi:10.1016/
j.molcatb.2011.11.002

Kim KS, Qian L, Bird JE, Dickinson KEJ, Moreland S, Schaeffer TR, Waldron TL, Delaney CL,
Weller HN, Miller AV (1993) Quinoxaline N-oxide containing potent angiotensin II receptor
antagonists: synthesis, biological properties, and structure-activity relationships. J Med Chem
36(16):2335–2342. doi:10.1021/jm00068a010

Kim YB, Kim YH, Park JY, Kim SK (2004) Synthesis and biological activity of new quinoxaline
antibiotics of echinomycin analogues. Bioorg Med Chem Lett 14:541–544. doi:10.1016/j.
bmcl.2003.09.086

King FE, Clark-Lewis JW (1953) The constitution of products formed from o-phenylenediamines
and alloxan in neutral solution. Part II. Rudy and Cramer’s “bis-barbiturylidene ether”. J Chem
Soc 172–177. doi:10.1039/JR9530000172

Klein DJ, Modarelli DA, Harris FW (2001) Synthesis of poly(phenylquinoxaline)s via
self-polymerizable quinoxaline monomers. Macromolecules 34(8):2427–2437. doi:10.1021/
ma0011082

Kobayashi K, Mori M, Uneda T, Morikawa O, Konishi K (1996) Ceric ammonium nitrate
mediated cycloaddition of hydroxyquinones with alkenes for the one-step construction of
furoquinone derivatives. Chem Lett 25(6):451–452. doi:10.1246/cl.1996.451

Kobayashi Y, Kuroda M, Toba N, Okada M, Tanaka R, Kimachi T (2011) Highly efficient
synthesis of quinoxalinone-N-oxide via tandem nitrosation/aerobic oxidative C-N bond
formation. Org Lett 13(23):6280–6283. doi:10.1021/ol202760c

Koca I, Yildirim I (2012) Synthesis and spectroscopic characterization of pyrrole-2,3-diones and
their following reactions with 1,2-aromatic diamines. Org Commun 5(3):135–142

Kolla SR, Lee YR (2010) EDTA-catalyzed synthesis of 3,4-dihydroquinoxalin-2-amine deriva-
tives by a three-component coupling of one-pot condensation reactions in an aqueous medium.
Tetrahedron 66(46):8938–8944. doi:10.1016/j.tet.2010.09.050

Kollenz G, Theuer R (2001) Reactions of cyclic oxalyl compounds, 43 [1]: synthesis and
thermolysis of fused 1-arylaminopyrrolones. J Heterocyclic Chem 38(5):1055–1064. doi:10.
1002/jhet.5570380508

Körner G (1884) Ueber einige umwandlungen des orthonitranilins und der orthodiamine. Ber
Dtsch Chem Ges 17(2):572–573

References 117

http://dx.doi.org/10.2478/s11532-009-0151-7
http://dx.doi.org/10.3987/COM-99-S61
http://dx.doi.org/10.1039/B107829C
http://dx.doi.org/10.1016/j.ejmech.2007.12.008
http://dx.doi.org/10.1016/j.ejmech.2007.12.008
http://dx.doi.org/10.1016/j.ejmech.2007.09.022
http://dx.doi.org/10.1016/j.ejmech.2007.09.022
http://dx.doi.org/10.1016/j.ejmech.2010.07.008
http://dx.doi.org/10.1016/j.molcatb.2011.11.002
http://dx.doi.org/10.1016/j.molcatb.2011.11.002
http://dx.doi.org/10.1021/jm00068a010
http://dx.doi.org/10.1016/j.bmcl.2003.09.086
http://dx.doi.org/10.1016/j.bmcl.2003.09.086
http://dx.doi.org/10.1039/JR9530000172
http://dx.doi.org/10.1021/ma0011082
http://dx.doi.org/10.1021/ma0011082
http://dx.doi.org/10.1246/cl.1996.451
http://dx.doi.org/10.1021/ol202760c
http://dx.doi.org/10.1016/j.tet.2010.09.050
http://dx.doi.org/10.1002/jhet.5570380508
http://dx.doi.org/10.1002/jhet.5570380508


Kotharkar SA, Shinde DB (2006) Mercuric iodide (HgI2) as an oxidizing agent for the synthesis of
quinoxaline. Bull Korean Chem Soc 27(9):1466–1468

Krasavin M, Parchinsky V (2008) Expedient entry into 1,4-dihydroquinoxalines and quinoxalines
via a novel variant of isocyanide-based MCR. Synlett 5:645–649. doi:10.1055/s-2008-1032106

Krasavin M, Shkavrov S, Parchinsky V, Bukhryakov K (2009) Imidazo[1,2-a]quinoxalines
accessed via two sequential isocyanide-based multicomponent reactions. J Org Chem 74
(6):2627–2629. doi:10.1021/jo900050k

Krchňák V, Smith J, Vágner J (2001) A solid-phase traceless synthesis of tetrahydroquinoxalines.
Tetrahedron Lett 42(13):2443–2446. doi:10.1016/S0040-4039(01)00197-6

Krishnakumar B, Swaminathan M (2010) A recyclable and highly effective sulfated TiO2–P25 for
the synthesis of quinoxaline and dipyridophenazine derivatives at room temperature.
J Organomet Chem 695(24):2572–2577. doi:10.1016/j.jorganchem.2010.08.055

Krishnakumar B, Velmurugan R, Jothivel S, Swaminathan M (2010) An efficient protocol for the
green synthesis of quinoxaline and dipyridophenazine derivatives at room temperature using
sulfated titania. Catal Commun 11(12):997–1002. doi:10.1016/j.catcom.2010.04.021

Krohnke F (1963) Syntheses using pyridinium salts (IV). Angew Chem Int Ed 2(7):380–393.
doi:10.1002/anie.196303801

Krolikiewicz M, Wrobel Z (2014) Simple synthesis of quinoxalin-2(1H)-one N-oxides from N-
aryl-2-nitrosoanilines and alkylated cyanoacetic esters. J Heterocyclic Chem 51:123–126.
doi:10.1002/jhet.1947

Kulisic N, More S, Mateo-Alonso A (2011) A tetraalkylated pyrene building block for the
synthesis of pyrene-fused azaacenes with enhanced solubility. Chem Commun 47(1):514–516.
doi:10.1039/C0CC02249G

Kulkarni AP, Zhu Y, Jenekhe SA (2005) Quinoxaline-containing polyfluorenes: synthesis,
photophysics, and stable blue electroluminescence. Macromolecules 38(5):1553–1563. doi:10.
1021/ma048118d

Kumar A, Pawar SS (2004) Converting exo-selective Diels-Alder reaction to endo-selective in
chloroloaluminate ionic liquids. J Org Chem 69(14):1419–1420. doi:10.1021/jo035038j

Kumar BSPA, Madhav B, Reddy KHV, Nageswar YVD (2001) Quinoxaline synthesis in novel
tandem one-pot protocol. Tetrahedron Lett 42(22):2862–2865. doi:10.1016/j.tetlet.2011.03.
110

Kumar A, Kumar S, Saxena A, De A, Mozumdar S (2008) Ni-nanoparticles: an efficient catalyst
for the synthesis of quinoxalines. Catal Commun 9(5):778–784. doi:10.1016/j.catcom.2007.08.
021

Kumar D, Shekar KPC, Mishra B, Kurihara R, Ogura M, Ito T (2013) Cationic
porphyrin-quinoxaline conjugate as a photochemically triggered novel cytotoxic agent.
Bioorg Med Chem Lett 23:3221–3224. doi:10.1016/j.bmcl.2013.03.126

Kumar K, Mudshinge SR, Goyal S, Gangar M, Nair VA (2015) A catalyst free, one pot approach
for the synthesis of quinoxaline derivatives via oxidative cyclisation of 1,2-diamines and
phenacyl bromides. Tetrahedron Lett 56:1266–1271. doi:10.1016/j.tetlet.2015.01.138

Kunamneni A, Camarero S, Garcia-Burgos C, Plou FJ, Ballesteros A, Alcalde M (2008)
Engineering and applications of fungal laccases for organic synthesis. Microb Cell Fact 7:32–
48. doi:10.1186/1475-2859-7-32

Kundu D, Samim M, Majee A, Hajra A (2011) Indium triflate-catalyzed coupling between
nitroalkenes and phenol/naphthols: a simple and direct synthesis of arenofurans by a
cyclization reaction. Chem Asian J 6(2):406–409. doi:10.1002/asia.201000869

Kurbatov SV, Kuznetsov DN, Simakov VI, Voronina VA, Zhdanov YUA, Olekhnovich LP (2004)
Tautomerism and stereodynamics of indophenols, amidines, and their derivatives and analogs:
XVI.1 synthesis of tetrahydroquinoxalines having spiro-fused oxoindole and cyclohepta
[c]furan fragments. Russ J Gen Chem 74(5):731–737. doi:10.1023/B:RUGC.0000039087.
49416.5e

LaBarbera DV, Skibo EB (2005) Synthesis of imidazo[1,5,4-de]quinoxalin-9-ones, benzimidazole
analogues of pyrroloiminoquinone marine natural products. Bioorg Med Chem 13(2):387–395.
doi:10.1016/j.bmc.2004.10.016

118 2 Synthesis of Quinoxalines

http://dx.doi.org/10.1055/s-2008-1032106
http://dx.doi.org/10.1021/jo900050k
http://dx.doi.org/10.1016/S0040-4039(01)00197-6
http://dx.doi.org/10.1016/j.jorganchem.2010.08.055
http://dx.doi.org/10.1016/j.catcom.2010.04.021
http://dx.doi.org/10.1002/anie.196303801
http://dx.doi.org/10.1002/jhet.1947
http://dx.doi.org/10.1039/C0CC02249G
http://dx.doi.org/10.1021/ma048118d
http://dx.doi.org/10.1021/ma048118d
http://dx.doi.org/10.1021/jo035038j
http://dx.doi.org/10.1016/j.tetlet.2011.03.110
http://dx.doi.org/10.1016/j.tetlet.2011.03.110
http://dx.doi.org/10.1016/j.catcom.2007.08.021
http://dx.doi.org/10.1016/j.catcom.2007.08.021
http://dx.doi.org/10.1016/j.bmcl.2013.03.126
http://dx.doi.org/10.1016/j.tetlet.2015.01.138
http://dx.doi.org/10.1186/1475-2859-7-32
http://dx.doi.org/10.1002/asia.201000869
http://dx.doi.org/10.1023/B:RUGC.0000039087.49416.5e
http://dx.doi.org/10.1023/B:RUGC.0000039087.49416.5e
http://dx.doi.org/10.1016/j.bmc.2004.10.016


Laborde E, Peterson BT, Robinson L (2001) Traceless, self-cleaving solid- and solution-phase
parallel synthesis of 3,4,7-trisubstituted 3,4-dihydroquinoxalin-2-ones. J Comb Chem 3
(6):572–577. doi:10.1021/cc010025+

Lai J-J, Salunke DB, Sun C-M (2010) Multistep microwave-assisted divergent synthesis of
indolo-fused pyrazino-/diazepinoquinoxalinones on PEG support. Org Lett 12(10):2174–2177.
doi:10.1021/ol100436r

Laursen JB, Nielsen J (2004) Phenazine natural products: biosynthesis, synthetic analogues, and
biological activity. Chem Rev 104(3):1663–1686. doi:10.1021/cr020473j

Lavaggi ML, Aguirre G, Boiani L, Orelli L, García B, Cerecetto H, Gonzalez M (2008) Pyrimido
[1,2-a]quinoxaline 6-oxide and phenazine 5,10-dioxide derivatives and related compounds as
growth inhibitors of Trypanosoma cruzi. Eur J Med Chem 43(8):1737–1741. doi:10.1016/j.
ejmech.2007.10.031

Lawrence DS, Copper JE, Smith CD (2001) Structure-activity studies of substituted quinoxali-
nones as multiple-drug-resistance antagonists. J Med Chem 44(4):594–601. doi:10.1021/
jm000282d

Lee J, Murray WV, Rivero RA (1997) Solid phase synthesis of
3,4-disubstituted-7-carbamoyl-1,2,3,4-tetrahydroquinoxalin-2-ones. J Org Chem 62
(12):3874–3879. doi:10.1021/jo962412p

Lee H, Cho S, Namgoong K, Jung JK, Cho J, Yang S (2004) Synthesis and in vitro evaluation of
7-dialkylaminomethylbenzo[g]quinoxaline-5,10-diones. Bioorg Med Chem Lett 14:1235–
1237. doi:10.1016/j.bmcl.2003.12.046

Lee SB, Park YI, Dong MS, Gong YD (2010a) Identification of 2,3,6-trisubstituted quinoxaline
derivatives as a Wnt2/β-catenin pathway inhibitor in non-small-cell lung cancer cell lines.
Bioorg Med Chem Lett 20:5900–5904. doi:10.1016/j.bmcl.2010.07.088

Lee YB, Gong YD, Yoon H, Ahn CH, Jeon MK, Kong JY (2010b) Synthesis and anticancer
activity of new 1-[(5 or 6-substituted 2-alkoxyquinoxalin-3-yl)aminocarbonyl]-4-(hetero)
arylpiperazine derivatives. Bioorg Med Chem 18:7966–7974. doi:10.1016/j.bmc.2010.09.028

Lee YB, Gong YD, Kim DJ, Ahn CH, Kong JY, Kang NS (2012) Synthesis, anticancer activity
and pharmacokinetic analysis of 1-[(substituted 2-alkoxyquinoxalin-3-yl)aminocarbonyl]-4-
(hetero)arylpiperazine derivatives. Bioorg Med Chem 20:1303–1309. doi:10.1016/j.bmc.2011.
12.026

Leutbecher H, Constantin M-A, Mika S, Conrad J, Beifuss U (2011) A new laccase-catalyzed
domino process and its application to the efficient synthesis of 2-aryl-1H-benzimidazoles.
Tetrahedron Lett 52(5):604–607. doi:10.1016/j.tetlet.2010.11.145

Levitzki A (2003) Protein kinase inhibitors as a therapeutic modality. Acc Chem Res 36(6):462–
469. doi:10.1021/ar0201207

Ley K, Seng F (1975) Synthesen unter verwendung von benzofuroxan. Synthesis 415–422. doi:10.
1055/s-1975-23779

Li C-J (2009) Cross-dehydrogenative coupling (CDC): exploring C–C bond formations beyond
functional group transformations. Acc Chem Res 42:335–344. doi:10.1021/ar800164n

Li X, Wang D, Wu J, Xu W (2005) Novel approach to 3-methyl-1H-quinoxalin-2-ones. Synth
Commun 35(19):2553–2560. doi:10.1080/00397910500213880

Li ZJ, Li WS, Sun YJ, Huang H, Ouyang P (2008) Room temperature facile synthesis of
quinoxalines catalyzed by amidosulfonic acid. J Heterocyclic Chem 45(1):285–288. doi:10.
1002/jhet.5570450135

Li J, Liu Y, Li C, Jia X (2009a) CAN-catalyzed syntheses of 3,4-dihydroquinoxalin-2-amine
derivatives based on isocyanides. Tetrahedron Lett 50(47):6502–6505. doi:10.1016/j.tetlet.
2009.09.022

Li J-L, Han B, Jiang K, Du W, Chen Y-C (2009b) Organocatalytic enantioselective
hetero-Diels-Alder reaction of aldehydes and o-benzoquinone diimide: synthesis of optically
active hydroquinoxalines. Bioorg Med Chem Lett 19(14):3952–3954. doi:10.1016/j.bmcl.
2009.03.013

References 119

http://dx.doi.org/10.1021/cc010025+
http://dx.doi.org/10.1021/ol100436r
http://dx.doi.org/10.1021/cr020473j
http://dx.doi.org/10.1016/j.ejmech.2007.10.031
http://dx.doi.org/10.1016/j.ejmech.2007.10.031
http://dx.doi.org/10.1021/jm000282d
http://dx.doi.org/10.1021/jm000282d
http://dx.doi.org/10.1021/jo962412p
http://dx.doi.org/10.1016/j.bmcl.2003.12.046
http://dx.doi.org/10.1016/j.bmcl.2010.07.088
http://dx.doi.org/10.1016/j.bmc.2010.09.028
http://dx.doi.org/10.1016/j.bmc.2011.12.026
http://dx.doi.org/10.1016/j.bmc.2011.12.026
http://dx.doi.org/10.1016/j.tetlet.2010.11.145
http://dx.doi.org/10.1021/ar0201207
http://dx.doi.org/10.1055/s-1975-23779
http://dx.doi.org/10.1055/s-1975-23779
http://dx.doi.org/10.1021/ar800164n
http://dx.doi.org/10.1080/00397910500213880
http://dx.doi.org/10.1002/jhet.5570450135
http://dx.doi.org/10.1002/jhet.5570450135
http://dx.doi.org/10.1016/j.tetlet.2009.09.022
http://dx.doi.org/10.1016/j.tetlet.2009.09.022
http://dx.doi.org/10.1016/j.bmcl.2009.03.013
http://dx.doi.org/10.1016/j.bmcl.2009.03.013


Li J, Jiang D-N, Chen J-X, Liu MC, Ding JC, Wu HY (2011) Eco-friendly synthesis of
quinoxaline derivatives by grinding under solvent-free conditions. J Heterocyclic Chem 48
(2):403–406. doi:10.1002/jhet.597

Li B, Cociorva OM, Nomanbhoy T, Weissig H, Li Q, Nakamura K, Liyanage M, Zhang MC,
Shih AY, Aban A, Hu Y, Cajica J, Pham L, Kozarich JW, Shreder KR (2013a) Hit-to-lead
optimization and kinase selectivity of imidazo[1,2-a]quinoxalin-4-amine derived JNK1
inhibitors. Bioorg Med Chem Lett 23(18):5217–5222. doi:10.1016/j.bmcl.2013.06.087

Li F, Park Y, Hah JM, Ryu JS (2013b) Synthesis and biological evaluation of 1-
(6-methylpyridin-2-yl)-5-(quinoxalin-6-yl)-1,2,3-triazoles as transforming growth factor-β type
1 receptor kinase inhibitors. Bioorg Med Chem Lett 23(4):1083–1086. doi:10.1016/j.bmcl.
2012.12.008

Lindsley CW, Zhao Z, Leister WH, Robinson RG, Barnett SF, Defeo-Jones D, Jones RE,
Hartman GD, Huff JR, Huber HE, Duggan ME (2005) Allosteric Akt (PKB) inhibitors:
discovery and SAR of isozyme selective inhibitors. Bioorg Med Chem Lett 15(3):761–764.
doi:10.1016/j.bmcl.2004.11.011

Litvinov VP (2003) Multicomponent cascade heterocyclisation as a promising route to targeted
synthesis of polyfunctional pyridines. Russ Chem Rev 72:69–85. doi:10.1070/
RC2003v072n01ABEH000764

Liu J-Y, Liu J, Wang J-D Et Al (2010) Efficient, ecofriendly, and practical processfor the synthesis
of quinoxalines catalyzed by amberlyst-15 in aqueous media. Synth Commun 40(14):2047–
2056. doi:10.1080/00397910903219401

Lopez-Vallejo F, Castillo R, Yepez-Mulia L, Medina-Franco JL (2011) Benzotriazoles and
indazoles are scaffolds with biological activity against entamoeba histolytica. J Biomol Screen
16(8):862–868. doi:10.1177/1087057111414902

Loriga M, Piras S, Sanna P, Paglietti (1997) Quinoxaline chemistry. Part 7. 2-[Aminobenzoates]-
and 2-[aminobenzoylglutamate]-quinoxalines as classical antifolate agents. Synthesis and
evaluation of in vitro anticancer, anti-HIV and antifungal activity. Farmaco 52(3):157–166

Löscher W, Lehmann H, Behl B, Seemann D, Teschendorf HJ, Hofmann HP, Lubisch W,
Hoger T, Lemaire HG, Gross G (1999) A new pyrrolyl-quinoxalinedione series of non-NMDA
glutamate receptor antagonists: pharmacological characterization and comparison with NBQX
and valproate in the kindling model of epilepsy. Eur J Neurosci 11:250–262. doi:10.1046/j.
1460-9568.1999.00432.x

Lumma WC, Hartman RD, Saari WS, Engelhardt EL, Lotti VJ, Stone CA (1981)
Piperazinylquinoxalines with central serotoninmimetic activity. J Med Chem 24(1):93–101.
doi:10.1021/jm00133a019

Luo S, De Brabander JK (2015) Ligand-free copper-catalyzed coupling of α-amino acids with
N-Boc-2-iodoanilines for the synthesis of enantiopure 3-substituted dihydroquinoxalinones.
Tetrahedron Lett 56:3179–3182. doi:10.1016/j.tetlet.2014.12.090

Luo X, Chenard E, Martens P, Cheng Y-X, Tomaszewski MJ (2010) Practical synthesis of
quinoxalinones via palladium-catalyzed intramolecular N-arylations. Org Lett 12(16):3574–
3577. doi:10.1021/ol101454x

Lypkalo IM, Ioffe SL, Strelenko Y, Tartakovsky VA (1996) A novel general method for the
synthesis of nitrones by reaction of nitroso compounds with anions of aliphatic nitro
compounds. Russ Chem Bull 45(4):856–862. doi:10.1007/BF01431312

Ma H-L, Kermasha S, Gao J-M, Borges RM, X-z Yu (2009) Laccase-catalyzed oxidation of
phenolic compounds in organic media. J Mol Cat B: Enzym 57(1–4):89–95. doi:10.1016/j.
molcatb.2008.07.006

Madhav B, Murthy SN, Reddy VP, Rao KR, Nageswar YVD (2009) Biomimetic synthesis of
quinoxalines in water. Tetrahedron Lett 50(44):6025–6028. doi:10.1016/j.tetlet.2009.08.033

Mahesh R, Devadoss T, Pandey DK, Bhatt S, Yadav SK (2010) Design, synthesis and
structure-activity relationship of novel quinoxalin-2-carboxamides as 5-HT3 receptor antag-
onists for the management of depression. Bioorg Med Chem Lett 20(22):6773–6776. doi:10.
1016/j.bmcl.2010.08.128

120 2 Synthesis of Quinoxalines

http://dx.doi.org/10.1002/jhet.597
http://dx.doi.org/10.1016/j.bmcl.2013.06.087
http://dx.doi.org/10.1016/j.bmcl.2012.12.008
http://dx.doi.org/10.1016/j.bmcl.2012.12.008
http://dx.doi.org/10.1016/j.bmcl.2004.11.011
http://dx.doi.org/10.1070/RC2003v072n01ABEH000764
http://dx.doi.org/10.1070/RC2003v072n01ABEH000764
http://dx.doi.org/10.1080/00397910903219401
http://dx.doi.org/10.1177/1087057111414902
http://dx.doi.org/10.1046/j.1460-9568.1999.00432.x
http://dx.doi.org/10.1046/j.1460-9568.1999.00432.x
http://dx.doi.org/10.1021/jm00133a019
http://dx.doi.org/10.1016/j.tetlet.2014.12.090
http://dx.doi.org/10.1021/ol101454x
http://dx.doi.org/10.1007/BF01431312
http://dx.doi.org/10.1016/j.molcatb.2008.07.006
http://dx.doi.org/10.1016/j.molcatb.2008.07.006
http://dx.doi.org/10.1016/j.tetlet.2009.08.033
http://dx.doi.org/10.1016/j.bmcl.2010.08.128
http://dx.doi.org/10.1016/j.bmcl.2010.08.128


Mahesh R, Devadoss T, Pandey DK, Bhatt S (2011) Discovery of new anti-depressants from
structurally novel 5-HT3 receptor antagonists: design, synthesis and pharmacological
evaluation of 3-ethoxyquinoxalin-2-carboxamides. Bioorg Med Chem Lett 21(4):1253–1256.
doi:10.1016/j.bmcl.2010.12.064

Maiti S, Biswas S, Jana U (2010) Iron(III)-catalyzed four-component coupling reaction of
1,3-dicarbonyl compounds, amines, aldehydes, and nitroalkanes: a simple and direct synthesis
of functionalized pyrroles. J Org Chem 75:1674–1683. doi:10.1021/jo902661y

Makosza M, Jagusztyn-Grochowska M, Ludwikow M, Jawdosiuk M (1974) Reactions of organic
anions—L: reactions of phenylacetonitrile derivatives with aromatic nitrocompounds in basic
media. Tetrahedron 30(20):3723–3735. doi:10.1016/S0040-4020(01)90658-1

Mamedov VA, Levin YA (1996) Unexpected reaction of o-phenylenediamine with
2-phenylamino-3,5-diphenyl-4-hydroxy-4-methoxycarbonylmethylene. Khim Geterotsikl
Soedin 7:1005

Mamedov VA, Nuretdinov IA, Sibgatullina FG (1989) Reaction of
3-phenyl-3-chloro-2-oxopropionic acid derivatives with ortho-phenylenediamine. Bull Rus
Acad Sci Div Chem Sci 38(6):1292–1294. doi:10.1007/BF00957177

Mamedov VA, Polushina VL, Mertsalova FF, Nuretdinov IA, Plyamovatyi AKh (1991) Medium
effect on the direction of the reaction of 3-chloro-1,3-diphenyl-1,2-propanedione with ortho-
phenylenediamine. Bull Rus Acad Sci Div Chem Sci 40(7):1472–1474. doi:10.1007/
BF00961256

Mamedov VA, Krokhina LV, Il′asov AV (1994) Condensation of methyl 2-chloro-3-
(3-nitrophenyl)-2,3-epoxypropionate with 1,2-phenylene diamine. Chem Heterocycl Compd
30(8):953–956. doi:10.1007/BF01165035

Mamedov VA, Kalinin AA, Gubaidullin AT, Nurkhametova IZ, Litvinov IA, YaA Levin (1999)
3-aryl-1-imino-4-oxo-4,5-dihydrothiazolo-[3,4-a]quinoxalines. Retrosynthetic approach. Chem
Heterocycl Compd 35(12):1459–1473

Mamedov VA, Nurkhametova IZ, Kotovskaya SK, Gubaidullin AT, Levin YaA, Litvinov IA,
Charushin VN (2004a) Fused polycyclic nitrogen-containing heterocycles 11.
4-Hydroxy-3,5-diphenyl-2-phenyliminothiazolidines as new key compounds in the synthesis
of thiazolo[3,4-a]quinoxaline derivatives. Russ Chem Bull, Int Ed 53(11):2568–2576. doi:10.
1007/s11172-005-0156-0

Mamedov VA, Nurkhametova IZ, Gubaidullin AT, Litvinov IA, Tsuboi S (2004b) Condensation
of 4-hydroxy-2-thiazolines with 1,2-phenylenediamine as a novel effective route to thiazolo
[3,4-a]quinoxalines. Heterocycles 63(8):1783–1792. doi:10.3987/COM-04-10084

Mamedov VA, Kalinin AA, Gubaidullin AT, Isaikina OG, Litvinov IA (2005) Synthesis and
functionalization of 3-ethylquinoxalin-2(1H)-one. Russ J Org Chem 41(4):599–606. doi:10.
1007/s11178-005-0210-2

Mamedov VA, Khafizova EA, Berdnikov EA, Levin YaA, Rizvanov IKh, Bauer I, Habicher WD
(2006) Fused polycyclic nitrogen-containing heterocycles 15.* 1,3-Bis
(4-hydroxy-4-methoxycarbonyl-3,5-diphenylthiazolidin-2-ylideneamino)-benzene in the syn-
thesis of thiazolo[3,4-a]quinoxalines. Russ Chem Bull, Int Ed 55(9):1670–1676. doi:10.1007/
s11172-006-0472-z

Mamedov VA, Zhukova NA, Beschastnova TN, Levin YaA, Gubaidullin AT, Litvinov IA (2007)
Fused polycyclic nitrogen-containing heterocycles: 17. 4-Hydroxy-3-phenyl-2-
(2-pyridylimino)- and 4-hydroxy-2-phenyl-3-(2-pyridyl)thiazolidines and related thiazolo
[3,4-a]quinoxalines. Russ Chem Bull, Int Ed 56(11):2308–2314. doi:10.1007/s11172-007-
0365-9

Mamedov VA, Zhukova NA, Beschastnova TN, Gubaidullin AT, Levin YaA, Litvinov IA (2009a)
Fused polycyclic nitrogen-containing heterocycles 20. Thiazolo[3,4-a]quinoxalines from
4-hydroxy-2-phenyliminothiazolidines and C-substituted 1,2-phenylenediamines. Russ Chem
Bull, Int Ed 58(1):191–202. doi:10.1007/s11172-009-0029-z

References 121

http://dx.doi.org/10.1016/j.bmcl.2010.12.064
http://dx.doi.org/10.1021/jo902661y
http://dx.doi.org/10.1016/S0040-4020(01)90658-1
http://dx.doi.org/10.1007/BF00957177
http://dx.doi.org/10.1007/BF00961256
http://dx.doi.org/10.1007/BF00961256
http://dx.doi.org/10.1007/BF01165035
http://dx.doi.org/10.1007/s11172-005-0156-0
http://dx.doi.org/10.1007/s11172-005-0156-0
http://dx.doi.org/10.3987/COM-04-10084
http://dx.doi.org/10.1007/s11178-005-0210-2
http://dx.doi.org/10.1007/s11178-005-0210-2
http://dx.doi.org/10.1007/s11172-006-0472-z
http://dx.doi.org/10.1007/s11172-006-0472-z
http://dx.doi.org/10.1007/s11172-007-0365-9
http://dx.doi.org/10.1007/s11172-007-0365-9
http://dx.doi.org/10.1007/s11172-009-0029-z


Mamedov VA, Zhukova NA, Beschastnova TN, Balandina AA, Gubaidullin AT, Kotovskaya SK,
Latypov ShK, Levin YaA, CharushinVN (2009b) Fused polycyclic nitrogen-containing
heterocycles 21. Condensation of 4-hydroxy-3,5-diphenyl-2-phenyliminothiazolidine with
5-fluoro-4-morpholino- and 4-(4-methylpiperazino)-1,2-phenylenediamines. Russ Chem Bull,
Int Ed 58(1):203–211. doi:10.1007/s11172-009-0030-6

Mamedov VA, Zhukova NA, Gubaidullin AT, Beschastnova TN, Rizvanov IKh, Levin YaA,
Litvinov IA (2009c) Polyfused nitrogen-containing heterocycles 23.* Methyl
4-hydroxy-3-phenyl-5-phenyl(alkyl)-2-phenyliminoselenazolidine-4-carboxylates and selena-
zolo[3,4-a]quinoxalin-4(5H)-one derivatives on their basis. Russ Chem Bull, Int Ed 58
(6):1294–1302. doi:10.1007/s11172-009-0170-8

Mamedov VA, Zhukova NA, Beschastnova TN, Gubaidullin AT, Balandina AA, Latypov ShK
(2010) A reaction for the synthesis of benzimidazoles and 1H-imidazo[4,5-b]pyridines via a
novel rearrangement of quinoxalinones and their aza-analogues when exposed to
1,2-arylenediamines. Tetrahedron 66(51):9745–9753. doi:10.1016/j.tet.2010.10.026

Mamedov VA, Zhukova NA, Balandina AA, Kharlamov SV, Beschastnova TN, Rizvanov IKh,
Latypov ShK (2012) One-pot synthesis of thiazolo[3,4-a]quinoxalines and the related
heterocyclic systems using 4-hydroxy-4-alkoxycarbonyl-3,5-diaryl-2-aryliminothia(selena)zo-
lidines as versatile reagents. Tetrahedron 68(36):7363–7373. doi:10.1016/j.tet.2012.06.084

Marbella L, Serli-Mitasev B, Basu P (2009) Development of a fluorescent Pb2+ sensor. Angew
Chem Int Ed 48(22):3996–3998. doi:10.1002/anie.200806297

Marin A, Lima LM, Solano B, Vicente E, Pérez Silanes S, Maurel S, Sauvain M, Aldana I,
Monge A, Deharo E (2008) Antiplasmodial structure-activity relationship of
3-trifluoromethyl-2-arylcarbonylquinoxaline 1,4-di-N-oxide derivatives. Exp Parasitol 118
(1):25–31. doi:10.1016/j.exppara.2007.05.009

Mason JC, Tennant G (1971) Synthesis of 1-hydroxyquinoxalin-2(1H)-one 4-N-oxides. J Chem
Soc D 11:586–587. doi:10.1039/C29710000586

Mastalerz M, Sieste S, Cenić M, Oppel IM (2011) Two-step synthesis of hexaammonium
triptycene: an air-stable building block for condensation reactions to extended triptycene
derivatives. J Org Chem 76:6389–6393. doi:10.1021/jo200843v

Mattes H, Carcache D, Kalkman HO, Koller M (2010) α-
Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) antagonists: from bench to
bedside. J Med Chem 53:5367–5382. doi:10.1021/jm901688m

Melnikov EB, SubochGA, Belyaev EY (1992) A method of producing o-nitrosoaniline. USSR
Patent SU1781207 A1, 15 Dec 1992. Siberian Institute of Technology, USSR

Meshram HM, Ramesh P, Kumar GS, Reddy BC (2010) One-pot synthesis of
quinoxaline-2-carboxylate derivatives using ionic liquid as reusable reaction media.
Tetrahedron Lett 51(33):4313–4316. doi:10.1016/j.tetlet.2010.05.099

Metry KJ, Neale JR, Doll MA, Howarth AL, States JC, McGregor WG, Pierce WM Jr, Hein DW
(2010) Effect of rapid human N-acetyltransferase 2 haplotype on DNA damage and
mutagenesis induced by 2-amino-3-methylimidazo-[4,5-f]quinoline (IQ) and
2-amino-3,8-dimethylimidazo-[4,5-f]quinoxaline (MeIQx). Mutat Res 684(1–2):66–73.
doi:10.1016/j.mrfmmm.2009.12.001

Metzger JV (1978) In: Wessberger A, Taylor EC (eds), The chemistry of heterocyclic compounds,
vol 34, pt 1. Wiley, New-York, Chichester, Brisbane, Toronto, p 612

Meyer C, Zapol’skii VA, Adam AEW, Kaufmann DE (2008) Chemistry of halonitroethenes, 1:
first synthesis of functionalized 3-chloroquinoxalin-2(1H)-one 4-oxides. Synthesis 16:2575–
2581. doi:10.1055/s-2008-1067207

Michon C, Djukic J-P, Ratkovic Z, Pfeffer M (2002) Synthesis of (+)-2,3-pindione, a versatile
chiral 1,2-diketone. Tetrahedron Lett 43(30):5241–5243. doi:10.1016/S0040-4039(02)01036-5

Mirjalili BBF, Akbari A (2011) Nano-TiO2: an eco-friendly alternative for the synthesis of
quinoxalines. Chin Chem Lett 22(6):753–756. doi:10.1016/j.cclet.2010.12.016

Miyadera T, Kavano Y, Hata T, Tamura C, Tachikawa R (1977) Reactions of chlordiazepoxide
and diazepam N-oxide with dimethyl acetylenedicarboxylate with rearrangement to

122 2 Synthesis of Quinoxalines

http://dx.doi.org/10.1007/s11172-009-0030-6
http://dx.doi.org/10.1007/s11172-009-0170-8
http://dx.doi.org/10.1016/j.tet.2010.10.026
http://dx.doi.org/10.1016/j.tet.2012.06.084
http://dx.doi.org/10.1002/anie.200806297
http://dx.doi.org/10.1016/j.exppara.2007.05.009
http://dx.doi.org/10.1039/C29710000586
http://dx.doi.org/10.1021/jo200843v
http://dx.doi.org/10.1021/jm901688m
http://dx.doi.org/10.1016/j.tetlet.2010.05.099
http://dx.doi.org/10.1016/j.mrfmmm.2009.12.001
http://dx.doi.org/10.1055/s-2008-1067207
http://dx.doi.org/10.1016/S0040-4039(02)01036-5
http://dx.doi.org/10.1016/j.cclet.2010.12.016


quinoxaline derivatives and X-Ray analysis of a resultant tetracyclic compound. Chem Pharm
Bull 25(12):3247–3254. doi:10.1248/cpb.253247

Mizuno T, Wei WH, Eller LR, Sessler JL (2002) Phenanthroline complexes bearing fused
dipyrrolylquinoxaline anion recognition sites: efficient fluoride anion receptors. J Am Chem
Soc 124(7):1134–1135. doi:10.1021/ja017298t

Moarbess G, Deleuze-Masquefa C, Bonnard V, Gayraud-Paniagua S, Vidal JR, Bressolle F,
Pinguet F, Bonnet PA (2008) In vitro and in vivo anti-tumoral activities of imidazo[1,2-a]
quinoxaline, imidazo[1,5-a]quinoxaline, and pyrazolo[1,5-a]quinoxaline derivatives. Bioorg
Med Chem 16(13):6601–6610. doi:10.1016/j.bmc.2008.05.022

Moemeni M, Arvinnezhad H, Samadi S, Tajbakhsh M, Jadidi K, Reza Khavasi H (2012) An
efficient multicomponent and stereoselective synthesis of new spiro[indeno[1,2-b]
quinoxaline-11,2′-pyrrolidine] derivatives. J Heterocycl Chem 49(1):190–194. doi:10.1002/
jhet.685

Monge A, Llamas A, Pascual MA (1977) New synthesis of quinoxaline N, N-dioxide. Part II. An
Quim 73:1208–1209

Monge A, Palop JA, Ochoa de Retana A, Urbasos I, Fernandez Alvarez E (1988) Nuevas
quinoxalinas y pirazolo(3,4-b)quinoxalinas con actividad antihipertensiva. An Quim Ser C
84:364–366

Monge A, Palop JA, Del Castillo JC, Caldero JM, Roca J, Romero G, Del Rio J, Lasheras B
(1993) Novel antagonists of 5-HT3 receptors. Synthesis and biological evaluation of
piperazinylquinoxaline derivatives. J Med Chem 36(19):2745–2750. doi:10.1021/
jm00071a005

Monge A, Martinez-Crespo FJ, de Cerain AL, Palop JA, Narro S, Senador V, Marin A, Sainz Y,
Gonzalez M (1995a) Hypoxia-selective agents derived from 2-quinoxalinecarbonitrile 1,4-di-
N-oxides. 2 J Med Chem 38(22):4488–4494. doi:10.1021/jm00022a014

Monge A, Palop JA, de Cerain AL, Senador V, Martinez-Crespo FJ, Sainz Y, Garcia E, de
Miguel C, Gonzalez M, Hamilton E, Barker AJ, Clarke ED, Greenhow DT (1995b)
Hypoxia-selective agents derived from quinoxaline 1,4-di-N-oxides. J Med Chem 38
(10):1786–1792. doi:10.1021/jm00010a023

Montagne C, Shipman M (2006) Modified bucherer-bergs reaction for the one-pot synthesis of
5,5′-disubstituted hydantoins from nitriles and organometallic reagents. Synlett 14:2203–2206.
doi:10.1055/s-2006-949644

Morales-Castellanos JJ, Ramírez-Hernandez K, Gomez-Flores NS, Rodas-Suarez OR,
Peralta-Cruz J (2012) Microwave-assisted solvent-free synthesis and in vitro antibacterial
screening of quinoxalines and pyrido[2,3-b]pyrazines. Molecules 17(5):5164–5176. doi:10.
3390/molecules17055164

More SV, Sastry MNV, Wang C-C, Zhou M-F, Loh T-P (2005) Molecular iodine: a powerful
catalyst for the easy and efficient synthesis of quinoxalines. Tetrahedron Lett 46(37):6345–
6348. doi:10.1016/j.tetlet.2005.07.026

More SV, Sastry MNV, Yao CF (2006) Cerium (IV) ammonium nitrate (CAN) as a catalyst in tap
water: a simple, proficient and green approach for the synthesis of quinoxalines. Green Chem 8
(1):91–95. doi:10.1039/B510677J

Moreno E, Ancizu S, Perez-Silanes S, Torres E, Aldana I, Monge A (2010) Synthesis and
antimycobacterial activity of new quinoxaline-2-carboxamide 1,4-di-N-oxide derivatives. Eur J
Med Chem 45(10):4418–4426. doi:10.1016/j.ejmech.2010.06.036

Moreno E, Perez-Silanes S, Gouravaram S, Macharam A, Ancizu S, Torres E, Aldana I, Monge A,
Crawford PW (2011) 1,4-Di-N-oxide quinoxaline-2-carboxamide: cyclic voltammetry and
relationship between electrochemical behavior, structure and anti-tuberculosis activity.
Electrochim Acta 56(9):3270–3275. doi:10.1016/j.electacta.2011.01.030

Murav′eva КM, Schukina MN (1960) II The condensation of alpha-bromoacetophenone with N-
phenyl-N′-acylthioureas. Zh Org Khim 60:2315–2319

References 123

http://dx.doi.org/10.1248/cpb.253247
http://dx.doi.org/10.1021/ja017298t
http://dx.doi.org/10.1016/j.bmc.2008.05.022
http://dx.doi.org/10.1002/jhet.685
http://dx.doi.org/10.1002/jhet.685
http://dx.doi.org/10.1021/jm00071a005
http://dx.doi.org/10.1021/jm00071a005
http://dx.doi.org/10.1021/jm00022a014
http://dx.doi.org/10.1021/jm00010a023
http://dx.doi.org/10.1055/s-2006-949644
http://dx.doi.org/10.3390/molecules17055164
http://dx.doi.org/10.3390/molecules17055164
http://dx.doi.org/10.1016/j.tetlet.2005.07.026
http://dx.doi.org/10.1039/B510677J
http://dx.doi.org/10.1016/j.ejmech.2010.06.036
http://dx.doi.org/10.1016/j.electacta.2011.01.030


Murthy SN, Madhav B, Nageswar YVD (2010) Revisiting the hinsberg reaction: facile and
expeditious synthesis of 3-substituted quinoxalin-2(1H)-ones under catalyst-free conditions in
water. Helv Chim Acta 93(6):1216–1220. doi:10.1002/hlca.200900358

Murthy YLN, Mani P, Govindh B, Diwakar BS, Karthikeyan N, Rao TR, Rao KVR (2011)
Synthesis and characterization of 2,3-diphenyl quinoxaline 1,4-di-N-oxide derivatives and
study of their antimicrobial activities. Res J Pharm Biol Chem Sci 2(1):553–560

Nace HR, Nelander DH (1964) Norsteroids. V. The application of the benzilic acid rearrangement
to the synthesis of A-norpregnanes. J Org Chem 29(7):1677–1687. doi:10.1021/jo01030a004

Nagaraj M, Sathiyamoorthy S, Boominathan M, Muthusubramanian S, Bhuvanesh N (2013) An
efficient synthetic protocol for quinoxalinones, benzoxazinones, and benzothiazinones from
2-oxo-2-aryl-acetyl bromide precursors. J Heterocyclic Chem 50:1146–1151. doi:10.1002/jhet.
1557

Nair V, Kumar S (1994) Hetero diels-alder reactions of 3,5-di-tert-butyl-o-benzoquinone with
acyclic dienes: novel synthesis of 1,4-benzodioxines. J Chem Soc, Chem Commun 11:1341–
1342. doi:10.1039/C39940001341

Nair V, Kumar S (1996a) Diels-Alder reactions of o-benzoquinones with acyclic dienes. J Chem
Soc, Perkin Trans 1(5):443–447. doi:10.1039/P19960000443

Nair V, Kumar S (1996b) Recent developments in the cycloaddition reactions of o-benzoquinones.
Synlett 12:1143–1147. doi:10.1055/s-1996-5699

Nair V, Treesa P (2001) Hetero Diels-Alder trapping of 3-methylene-1,2,4-3H-naphthalenetrione:
an efficient protocol for the synthesis of α- and β-lapachone derivatives. Tetrahedron Lett 42
(27):4549–4551. doi:10.1016/S0040-4039(01)00741-9

Nair V, Balagopal L, Rajan R, Mathew J (2004a) Recent advances in synthetic transformations
mediated by cerium(IV) ammonium nitrate. Acc Chem Res 37(1):21–30. doi:10.1021/
ar030002z

Nair V, Dhanya R, Rajesh C, Bhadbhade MM, Manoj K (2004b) Lewis acid-promoted annulation
of o-quinonediimines by allylstannane: a facile synthesis of quinoxaline derivatives. Org Lett 6
(25):4743–4745. doi:10.1021/ol048004m

Nami N, Neumuller B, Heravi MM, Haghdadi M (2008) Synthesis and crystal structure of chiral
hydroquinoxaline derivatives. Mendeleev Commun 18(3):153–155. doi:10.1016/j.mencom.
2008.05.014

Naresh G, Kant R, Narender T (2014) Copper(II) catalyzed expeditious synthesis of furoquinox-
alines through a one-pot three-component coupling strategy. Org Lett 16:4528–4531. doi:10.
1021/ol502072k

Nasar MK, Kumar RP, Perumal S (2007) Three-component tandem reactions of
(2-arylsulfanyl-3-aryl-2-oxiranyl)(aryl)methanones and o-phenylenediamine: formation of
quinoxalines. Tetrahedron Lett 48(12):2155–2158. doi:10.1016/j.tetlet.2007.01.106

Negwer M, Scharnow HG (2001) Organic chemical drugs and their synonyms, vols 2, 3. Wiley,
Weinheim, p 869

Niknam K, Zolfigol MA, Tavakoli Z, Heydari Z (2008) Metal hydrogen sulfates M(HSO4)n: as
efficient catalysts for the synthesis of quinoxalines in EtOH at room temperature. J Chin Chem
Soc 55(6):1373–1378. doi:10.1002/jccs.200800206

Niknam K, Saberi D, Mohagheghnejad M (2009) Silica bonded S-sulfonic acid: a recyclable
catalyst for the synthesis of quinoxalines at room temperature. Molecules 14(5):1915–1926.
doi:10.3390/molecules14051915

Niu SY, Zhang SS, Ma LB, Jiao K (2004) Electrochemical and spectroscopic studies on the
interaction between DNA and the product of enzyme-catalyzed reaction of OPD-H2O2-
HRP. Bull Korean Chem Soc 25(6):829–832. doi:10.5012/bkcs.2004.25.6.829

Nixey T, Tempest P, Hulme C (2002) Two-step solution-phase synthesis of novel quinoxali-
nonesutilizing a UDC (Ugi/de-Boc/cyclize) strategy. Tetrahedron Lett 43(9):1637–1639.
doi:10.1016/S0040-4039(02)00101-6

Noolvi MN, Patel HM, Bhardwaj V, Chauhan A (2011) Synthesis and in vitro antitumor activity
of substituted quinazoline and quinoxaline derivatives: search for anticancer agent. Eur J Med
Chem 46(6):2327–2346. doi:10.1016/j.ejmech.2011.03.015

124 2 Synthesis of Quinoxalines

http://dx.doi.org/10.1002/hlca.200900358
http://dx.doi.org/10.1021/jo01030a004
http://dx.doi.org/10.1002/jhet.1557
http://dx.doi.org/10.1002/jhet.1557
http://dx.doi.org/10.1039/C39940001341
http://dx.doi.org/10.1039/P19960000443
http://dx.doi.org/10.1055/s-1996-5699
http://dx.doi.org/10.1016/S0040-4039(01)00741-9
http://dx.doi.org/10.1021/ar030002z
http://dx.doi.org/10.1021/ar030002z
http://dx.doi.org/10.1021/ol048004m
http://dx.doi.org/10.1016/j.mencom.2008.05.014
http://dx.doi.org/10.1016/j.mencom.2008.05.014
http://dx.doi.org/10.1021/ol502072k
http://dx.doi.org/10.1021/ol502072k
http://dx.doi.org/10.1016/j.tetlet.2007.01.106
http://dx.doi.org/10.1002/jccs.200800206
http://dx.doi.org/10.3390/molecules14051915
http://dx.doi.org/10.5012/bkcs.2004.25.6.829
http://dx.doi.org/10.1016/S0040-4039(02)00101-6
http://dx.doi.org/10.1016/j.ejmech.2011.03.015


O’Brien D, Weaver MS, Lidzey DG, Bradley DDC (1996) Use of poly(phenyl quinoxaline) as an
electron transport material in polymer light-emitting diodes. Appl Phys Lett 69:881–883.
doi:10.1063/1.117975

Olayiwola G, Obafemi CA, Taiwo FO (2007) Synthesis and neuropharmacological activity of
some quinoxalinone derivatives. Afr J Biotechnol 6(6):777–786

Oskooie HA, Heravi MM, Bakhtiari Kh, Taheri S (2007) An efficient and facile synthesis of
quinoxaline derivatives catalyzed by KHSO4 at room temperature. Monatsh Chem 138(9):875–
877. doi:10.1007/s00706-007-0694-2

Pachter IJ, NemethPE, Villani AJ (1963) Pteridines. III. Synthesis of some ketones, carbinols, and
N-oxides. J Org Chem 28(5):1197–1202. doi:10.1021/jo01040a008

Paliwal SK, Singh S, Kumari S, Siddiqui AA, Paliwal SK (2010) QSAR studies of imidazo (1,5-a)
quinoxalines amides, carbamates and ureas as potent GABA modulators. Indian J Chem 49B
(5):554–560

Parhi AK, Zhang Y, Saionz KW, Pradhan P, Kaul M, Trivedi K, Pilch DS, LaVoie EJ (2013)
Antibacterial activity of quinoxalines, quinazolines, and 1,5-naphthyridines. Bioorg Med Chem
Lett 23:4968–4974. doi:10.1016/j.bmcl.2013.06.048

Park KL, Ko NY, Lee JH, Kim DK, Kim HS, Kim AR, Her E, Kim B, Kim HS, Moon EY,
Kim YM, Kim HR, Choi WS (2011) 4-Chlorotetrazolo[1,5-a]quinoxaline inhibits activation of
Syk kinase to suppress mast cells in vitro and mast cell-mediated passive cutaneous
anaphylaxis in mice. Toxicol Appl Pharmacol 257(2):235–241. doi:10.1016/j.taap.2011.09.
009

Patel M, McHugh RJ Jr, Cordova BC, Klabe RM, Erickson-Viitanen S, Trainor GL, Rodgers JD
(2000) Synthesis and evaluation of quinoxalinones as HIV-1 reverse transcriptase inhibitors.
Bioorg Med Chem Lett 10(15):1729–1731. doi:10.1016/S0960-894X(00)00321-8

Patidar AK, Jeyakandan M, Mobiya AK, Selvam G (2011) Exploring potential of quinoxaline
moiety. Int J Pharm Tech Res 3(1):386–392

Patra AK, Dhar S, Nethaji M, Chakravarty AR (2005) Metal-assisted red light-induced DNA
cleavage by ternary L-methionine copper(II) complexes of planar heterocyclic bases. Dalton
Trans 896–902. doi:10.1039/B416711B

Paull DH, Abraham CJ, Scerba MT, Alden-Danforth E, Lectka T (2008) Bifunctional asymmetric
catalysis: cooperative Lewis acid/base systems. Acc Chem Res 41(5):655–663. doi:10.1021/
ar700261a

Pelletier JC, Chengalvala M, Cottom J, Feingold I, Garrick L, Green D, Hauze D, Huselton C,
Jetter J, Kao W, Kopf GS, Lundquist JT IV, Manna C, Mehlmann J, Rogers J, Shanno L,
Wrobel J (2008) 2-Phenyl-4-piperazinylbenzimidazoles: orally active inhibitors of the
gonadotropin releasing hormone (GnRH) receptor. Bioorg Med Chem 16:6617–6640.
doi:10.1016/j.bmc.2008.05.024

Pelletier JC, Chengalvala MV, Cottom JE, Feingold IB, Green DM, Hauze DB, Huselton CA,
Jetter JW, Kopf GS, Lundquist JT, Magolda RL, Mann CW, Mehlmann JF, Rogers JF,
Shanno LK, Adams WR, Tio CO, Wrobel JE (2009) Discovery of 6-({4-[2-(4-tert-
butylphenyl)-1H-benzimidazol-4-yl]piperazin-1-yl}methyl)quinoxaline (WAY-207024): an
orally active antagonist of the gonadotropin releasing hormone receptor (GnRH-R). J Med
Chem 52(7):2148–2152. doi:10.1021/jm801572m

Pérez-Sacau E, Soto-Delgado J, Estevez-Braun A, Ravelo AG (2005) Synthesis of 9- and
10-membered macrolactones by selective ozonolysis of 1,4-diazaphenanthrene derivatives.
Tetrahedron 61(2):437–445. doi:10.1016/j.tet.2004.10.075

Peshkov VA, Pereshivko OP, Van der Eycken EV (2012) A walk around the A3-coupling. Chem
Soc Rev 41:3790–3807. doi:10.1039/C2CS15356D

Pinho e Melo TMVD, Lopes CSJ, Rocha Consalves AM d′A, Beja AM, Paixão JA, Silva MR,
Alte da Veiga L (2002) Reactivity of 2-halo-2H-azirines. 1. Reactions with nucleophiles. J Org
Chem 67(1):66–71. doi:10.1021/jo010504v

Piras S, Loriga M, Carta A, Paglietti G, Costib MP, Ferrari S (2006) Novel
3-benzoyl-2-piperazinylquinoxaline derivatives as potential antitumor agents. J Heterocycl
Chem 43(3):541–548. doi:10.1002/jhet.5570430304

References 125

http://dx.doi.org/10.1063/1.117975
http://dx.doi.org/10.1007/s00706-007-0694-2
http://dx.doi.org/10.1021/jo01040a008
http://dx.doi.org/10.1016/j.bmcl.2013.06.048
http://dx.doi.org/10.1016/j.taap.2011.09.009
http://dx.doi.org/10.1016/j.taap.2011.09.009
http://dx.doi.org/10.1016/S0960-894X(00)00321-8
http://dx.doi.org/10.1039/B416711B
http://dx.doi.org/10.1021/ar700261a
http://dx.doi.org/10.1021/ar700261a
http://dx.doi.org/10.1016/j.bmc.2008.05.024
http://dx.doi.org/10.1021/jm801572m
http://dx.doi.org/10.1016/j.tet.2004.10.075
http://dx.doi.org/10.1039/C2CS15356D
http://dx.doi.org/10.1021/jo010504v
http://dx.doi.org/10.1002/jhet.5570430304


Polin L, White K, Kushner J, Paluch J, Simpson C, Pugh S, Edelstein MK, Hazeldine S, Fontana J,
LoRusso PM, Horwitz JP, Corbett TH (2002) Preclinical efficacy evaluations of XK-469: dose
schedule, route and cross-resistance behavior in tumor bearing mice. Invest New Drugs 20
(1):13–22. doi:10.1023/A:1014469828729

Polyakov AI, Eryomina VA, Medvedeva LA, Listratova AV, Voskressensky LG (2009)
Silica-sulfuric acid: a highly efficient catalyst for the synthesis of imidazo[1,2-a]pyridines
using trimethysilyl cyanide or cyanohydrins. Tetrahedron Lett 50:4389–4393. doi:10.1016/j.
tetlet.2009.05.080

Porter AE (1984) In: Katritzky AR, Rees CW (eds), Comprehensive heterocyclic chemistry, vol 3,
pt 2B. Pergamon, Oxford, p 157

Porter J, Lumb S, Lecomte F, Reuberson J, Foley A, Calmiano M, le Riche K, Edwards H,
Delgado J, Franklin RJ, Gascon-Simorte JM, Maloney A, Meier C, Batchelor M (2009)
Discovery of a novel series of quinoxalines as inhibitors of c-Met kinase. Bioorg Med Chem
Lett 19(2):397–400. doi:10.1016/j.bmcl.2008.11.062

Potewar TM, Ingale SA, Srinivasan KV (2008) Efficient synthesis of quinoxalines in the ionic
liquid 1-n-butylimidazolium tetrafluoroborate ([Hbim]BF4) at ambient temperature. Synth
Commun 38(19):3601–3612. doi:10.1080/00397910802054271

Pozharskii AF (1985) Teoreticheskie osnovy khimii geterotsiclov. Moskwa, Khimiya, p 280
Pozzo J-L, Clavier GM, Desvergne J-P (1998) Rational design of new acid-sensitive organogela-

tors. J Mater Chem 8:2575–2577. doi:10.1039/A807237J
Puratchikody A, Natarajan R, Jayapal M, Doble M (2011) Synthesis, in vitro antitubercular

activity and 3D-QSAR of novel quinoxaline derivatives. Chem Biol Drug Des 78:988–998.
doi:10.1111/j.1747-0285.2011.01246.x

Rajasekaran A (2007) Synthesis, antinociceptive, anti-inflammatory and antiepileptic evaluation of
some novel indeno[1,2-b]quinoxalin-11-ylidenamines. Iran J Pharm Sci 3(4):251–262

Raju BC, Theja ND, Kumar A (2009) Efficient and inexpensive synthesis of benzimidazoles and
quinoxalines. Synth Commun 39(1):175–188. doi:10.1080/00397910802372525

Raju BC, Prasad KV, Saidachary G, Sridhar B (2014) A novel approach for C–C, C–N, and C–O
bond formation reactions: a facile synthesis of benzophenazine, quinoxaline, and phenoxazine
derivatives via ring opening of benzoxepines. Org Lett 16(2):420–423. doi:10.1021/ol4033122

Rajule R, Bryant VC, Lopez H, Luo X, Natarajan A (2012) Perturbing pro-survival proteins using
quinoxaline derivatives: a structure-activity relationship study. Bioorg Med Chem 20:2227–
2234. doi:10.1016/j.bmc.2012.02.022

Ramalingam P, Ganapaty S, Rao B (2010) In vitro antitubercular and antimicrobial activities of
1-substituted quinoxaline-2,3(1H,4H)-diones. Bioorg Med Chem Lett 20(1):406–408. doi:10.
1016/j.bmcl.2009.10.026

Rangisetty JB, Gupta CN, Prasad AL, Srinivas P, Sridhar N, Parimoo P, Veeranjaneyulu A (2001)
Synthesis of new arylaminoquinoxalines and their antimalarial activity in mice. J Pharm
Pharmacol 53(10):1409–1413. doi:10.1211/0022357011777765

Rao GK, Kotnal RB, Pai PNS (2010) In-vitro screening of quinoxaline-2-one derivatives for
antitubercular activity. J Chem Pharm Res 2(3):368–373

Raw SA, Wilfered CD, Taylor RJK (2004) Tandem oxidation processes for the preparation of
nitrogen-containing heteroaromatic and heterocyclic compounds. Org Biomol Chem 2:788–
796. doi:10.1039/b315689c

Reddy BJ, Reddy MCS (2010) Synthesis, characterization and antibacterial evaluation of few
2,3-substituted quinoxalines. J Chil Chem Soc 55(4):483–485. doi:10.4067/S0717-
97072010000400016

Reddy GM, Prasunamba PL, Reddy PSN (1996) Benzimidazoles to quinoxalines—a novel
thermal rearrangement. Tetrahedron Lett 37(19):3355–3358. doi:10.1016/0040-4039(96)
00545-X

Reddy SAM, Mudgal J, Bansal P, Vasanthraju SG, Srinivasan KK, Rao CM, Kutty NG (2011)
Antioxidant, anti-inflammatory and anti-hyperglycaemic activities of heterocyclic homo-
prostanoid derivatives. Bioorg Med Chem 19(1):384–392. doi:10.1016/j.bmc.2010.11.016

126 2 Synthesis of Quinoxalines

http://dx.doi.org/10.1023/A:1014469828729
http://dx.doi.org/10.1016/j.tetlet.2009.05.080
http://dx.doi.org/10.1016/j.tetlet.2009.05.080
http://dx.doi.org/10.1016/j.bmcl.2008.11.062
http://dx.doi.org/10.1080/00397910802054271
http://dx.doi.org/10.1039/A807237J
http://dx.doi.org/10.1111/j.1747-0285.2011.01246.x
http://dx.doi.org/10.1080/00397910802372525
http://dx.doi.org/10.1021/ol4033122
http://dx.doi.org/10.1016/j.bmc.2012.02.022
http://dx.doi.org/10.1016/j.bmcl.2009.10.026
http://dx.doi.org/10.1016/j.bmcl.2009.10.026
http://dx.doi.org/10.1211/0022357011777765
http://dx.doi.org/10.1039/b315689c
http://dx.doi.org/10.4067/S0717-97072010000400016
http://dx.doi.org/10.4067/S0717-97072010000400016
http://dx.doi.org/10.1016/0040-4039(96)00545-X
http://dx.doi.org/10.1016/0040-4039(96)00545-X
http://dx.doi.org/10.1016/j.bmc.2010.11.016


Rees C (1987) Synthesis of perhydro-2(1H)-quinoxalinones and perhydropyrrolo[1,2-a]
quinoxalin-4(5H)-one derivatives. J Heterocycl Chem 24(5):1297–1300. doi:10.1002/jhet.
5570240512

Ricciardi F, Joullie MM (1986) Synthetic C-nucleosides. Synth Commun 16:35–42. doi:10.1080/
00397918608057685

Rogawski MA (2006) Diverse mechanisms of antiepileptic drugs in the development pipeline.
Epilepsy Res 69(3):273–294. doi:10.1016/j.eplepsyres.2006.02.004

Romeiro NC, Aguirre G, Hernandez P, Gonzalez M, Cerecetto H, Aldana I, Perez-Silanes S,
Monge A, Barreiro EJ, Lima LM (2009) Synthesis, trypanocidal activity and docking studies of
novel quinoxaline-N-acylhydrazones, designed as cruzain inhibitors candidates. Bioorg Med
Chem 17(2):641–652. doi:10.1016/j.bmc.2008.11.065

Römer A, Budzikiewicz H, Korth H, Pulverer G (1979) Neue phenazinderivate aus pseudomonas
aureofaciens. Tetrahedron Lett 20(6):509–512. doi:10.1016/S0040-4039(01)85986-4

Rosner M, Billhardt-Troughton U-M, Kirsh R, Keim J-P, Meichsner C, Riess G, Winkler I (1998)
Quinoxalines, a process for their preparation and their use. US Patent 5723461, 03 Mar 1998

Rothkopf H, Wöhrle D, Müller R, Koβmehl G (1975) Vier synthesewege zu
(2-pyrimidinylamino)-n-alkansäuren. Chem Ber 108(3):875–886. doi:10.1002/cber.
19751080320

Sahu R, Tiwari S, Chandra JK, Patel PK (2012) Synthesis and anticonvulsant activity of some
novel semicarbazone derivatives containing quinoxaline moiety. Int J Pharm Sci Res 3
(11):4549–4553

Saifina DF, Ganieva VR, Mamedov VA (2009) Darzens reaction in the synthesis of 3-(α-
chloroalkyl)quinoxalin-2(1H)-ones. Russ J Org Chem 45(8):1244–1247. doi:10.1134/
S1070428009080223

Sakata G, Makino K (1984) Regioselective synthesis of 2,6-dichloroquinoxaline and
2-chloro-6-iodoquinoxaline. Chem Lett 13(3):323–326. doi:10.1246/cl.1984.323

Sakata G, Makino K, Morimoto K (1985) The facile one pot synthesis of 6-substituted 2(1H)-
quinoxalinones. Heterocycles 23(1):143–151. doi:10.3987/R-1985-01-0143

Sakata G, Makino K, Kurasawa Y (1988) Recent progress in the quinoline chemistry. Synthesis
and biological activity. Heterocycles 27(10):2481–2515. doi:10.3987/REV-88-397

Saluja P, Chaudhary A, Khurana JM (2014) Synthesis of novel fluorescent benzo[a]pyrano[2,3-c]
phenazine and benzo[a]chromeno[2,3-c]phenazine derivatives via facile four-component
domino protocol. Tetrahedron Lett 55(23):3431–3435. doi:10.1016/j.tetlet.2014.04.072

Sanna P, Carta A, Loriga M, Zanetti S, Sechi L (1999) Synthesis of
3,6,7-substituted-quinoxalin-2-ones for evaluation of antimicrobial and anticancer activity.
Part 2. Farmaco 54(3):161–168. doi:10.1016/S0014-827X(99)00010-5

Santosusso TM, Swern D (1975) Chemistry of epoxides. XXXI. Acid-catalyzed reactions of
epoxides with dimethyl sulfoxide. J Org Chem 40(19):2764–2769. doi:10.1021/jo00907a013

Sarg MTM, El-Shaer SS (2014) Efficient utilization of 6-aminouracil to synthesize fused and
related heterocyclic compounds and their evaluation as prostate cytotoxic agents with cathepsin
B inhibition. Open J Med Chem 4:39–60. doi:10.4236/ojmc.2014.42003

Sarges R, Lyga JW (1988) Synthesis and aldose reductase inhibitory activity of N-1,
N-4-disubstituted 3,4-dihydro-2(1H)-quinoxalinone derivatives. J Heterocyclic Chem 25
(5):1475–1479. doi:10.1002/jhet.5570250543

Sarges R, Howard HR, Browne RG (1990) 4-Amino[1,2,4]triazolo[4,3-a]quinoxalines. A novel
class of potent adenosine receptor antagonists and potential rapid-onset antidepressants. J Med
Chem 33(8):2240–2254. doi:10.1021/jm00170a031

Sascha O, Rudiger F (2004) Quinoxalinodehydroannulenes: a novel class of carbon-rich materials.
Synlett 9:1509–1512. doi:10.1055/s-2004-829098

Schwerkoske J, Masquelin T, Perun T, Hulme C (2005) New multi-component reaction accessing
3-aminoimidazo[1,2-a]pyridines. Tetrahedron Lett 46:8355–8357. doi:10.1016/j.tetlet.2005.
09.181

Seillan C, Brisset H, Siri O (2008) Efficient synthesis of substituted dihydrotetraazapentacenes.
Org Lett 10(18):4013–4016. doi:10.1021/ol801509v

References 127

http://dx.doi.org/10.1002/jhet.5570240512
http://dx.doi.org/10.1002/jhet.5570240512
http://dx.doi.org/10.1080/00397918608057685
http://dx.doi.org/10.1080/00397918608057685
http://dx.doi.org/10.1016/j.eplepsyres.2006.02.004
http://dx.doi.org/10.1016/j.bmc.2008.11.065
http://dx.doi.org/10.1016/S0040-4039(01)85986-4
http://dx.doi.org/10.1002/cber.19751080320
http://dx.doi.org/10.1002/cber.19751080320
http://dx.doi.org/10.1134/S1070428009080223
http://dx.doi.org/10.1134/S1070428009080223
http://dx.doi.org/10.1246/cl.1984.323
http://dx.doi.org/10.3987/R-1985-01-0143
http://dx.doi.org/10.3987/REV-88-397
http://dx.doi.org/10.1016/j.tetlet.2014.04.072
http://dx.doi.org/10.1016/S0014-827X(99)00010-5
http://dx.doi.org/10.1021/jo00907a013
http://dx.doi.org/10.4236/ojmc.2014.42003
http://dx.doi.org/10.1002/jhet.5570250543
http://dx.doi.org/10.1021/jm00170a031
http://dx.doi.org/10.1055/s-2004-829098
http://dx.doi.org/10.1016/j.tetlet.2005.09.181
http://dx.doi.org/10.1016/j.tetlet.2005.09.181
http://dx.doi.org/10.1021/ol801509v


Seitz LE, Suling WJ, Reynolds RC (2002) Synthesis and antimycobacterial activity of pyrazine
and quinoxaline derivatives. J Med Chem 45(25):5604–5606. doi:10.1021/jm020310n

Sessler JL, Maeda H, Mizuno T, Lynch VM, Furuta H (2002) Quinoxaline-oligopyrroles:
improved pyrrole-based anion receptors. Chem Commun 8:862–863. doi:10.1039/B111708D

Shaabani A, Maleki A (2007) An efficient solid acid promoted synthesis of quinoxaline derivatives
at room temperature. Chin J Chem 25(6):818–821. doi:10.1002/cjoc.200790150

Shaabani A, Maleki A, Mofakham H, Khavasi HR (2008) Novel isocyanide-based
three-component synthesis of 3,4-dihydroquinoxalin-2-amine derivatives. J Comb Chem 10
(2):323–326. doi:10.1021/cc7001777

Shaabani A, Rezayan AH, Behnam M, Heidary M (2009) Green chemistry approaches for the
synthesis of quinoxaline derivatives: comparison of ethanol and water in the presence of the
reusable catalyst cellulose sulfuric acid. C R Chimie 12(12):1249–1252. doi:10.1016/j.crci.
2009.01.006

Shalaev VK, Skvarchenko VR (1974) Aromatic hydrocarbons. LIV. Orientation of electrophilic
substitution in triptycene. Vestn Mosk Univ Ser 2: Khim 15:726–730

Shekhar AC, Venkat Lingaiah BP, Rao PS, Narsaiah B, Allanki AD, Sijwali PS (2015) Design,
synthesis and biological evaluation of novel fluorinated heterocyclic hybrid molecules based on
triazole and quinoxaline scaffolds lead to highly potent antimalarials and antibacterials. Lett
Drug Design Discov 12(5):393–407. doi:10.2174/1570180812666141111235301

Shen C-H, Tseng C-C, Tasi C-H, Shintre SA, Chen L-H, Sun C-M (2012) Traceless
polymer-supported divergent synthesis of quinoxalinones by microwave irradiation.
Tetrahedron 68(18):3532–3540. doi:10.1016/j.tet.2012.03.015

Shepherd T, Smith DM (1987) o-Nitrobenzylidene compounds. Part 4. The cyanide-induced
cyclisation of o-acetamido-N-(o-nitrobenzylidene)anilines: an improved route to quinoxalino
[2,3-c]cinnolines. J Chem Soc, Perkin Trans 1:501–505. doi:10.1039/P19870000501

Sherman D, Kawakami J, He HY, Majhi A (2007) Synthesis of unsymmetrical and regio-defined
2,3,6-quinoxaline and 2,3,7-pyridopyrazine derivatives. Tetrahedron Lett 48(51):8943–8946.
doi:10.1016/j.tetlet.2007.10.117

Shi D-Q, Dou G-L (2008) Efficient synthesis of quinoxaline derivatives catalyzed by p-
toluenesulfonic acid under solvent-free conditions. Synth Commun 38(19):3329–3337. doi:10.
1080/00397910802136664

Shi DQ, Dou GL, Ni SN, Shi J-W, Li X-Y (2008) An efficient synthesis of quinoxaline derivatives
mediated by stannous chloride. J Heterocyclic Chem 45(6):1797–1801. doi:10.1002/jhet.
5570450637

Shibinskaya MO, Karpenko AS, Lyakhov SA, Andronati SA, Zholobak NM, Spivak NY,
Samochina NA, Shafran LM, Zubritsky MJ, Galat VF (2011) Synthesis and biological activity
of 7H-benzo[4,5]indolo[2,3-b]-quinoxaline derivatives. Eur J Med Chem 46(2):794–798.
doi:10.1016/j.ejmech.2010.11.040

Shiraishi H, Nishitani T, Sakaguchi S, Ishii Y (1998) Preparation of substituted alkylpyrroles via
samarium-catalyzed three-component coupling reaction of aldehydes, amines, and nitroalka-
nes. J Org Chem 63:6234–6238. doi:10.1021/jo980435t

Silva RSF, Pinto MCFR, Goulart MOF, Filho JDS, Neves I Jr, Lourenço MCS, Pinto AV (2009) A
macrolactone from benzo[a]phenazine with potent activity against Mycobacterium tubercu-
losis. Eur J Med Chem 44(5):2334–2337. doi:10.1016/j.ejmech.2008.06.014

Singh SK, Saibaba V, Ravikumar V, Rudrawar SV, Daga P, Rao CS, Akhila V, Hegde P, Rao YK
(2004) Synthesis and biological evaluation of 2,3-diarylpyrazines and quinoxalines as selective
COX-2 inhibitors. Bioorg Med Chem 12:1881–1893. doi:10.1016/j.bmc.2004.01.033

Singh DP, Deivedi SK, Hashim SR, Singhal RG (2010) Synthesis and antimicrobial activity of
some new quinoxaline derivatives. Pharmaceuticals 3(8):2416–2425. doi:10.3390/Ph3082416

Sinou D, Percina-Pichon N, Konovets A, Iourtchenko A (2004) Heterocyclic Trost’s ligands.
Synthesis and applications in asymmetric allylic alkylation. Arkivoc xiv:103–109

Sonawane ND, Rangnekar DW (2002) Synthesis and application of 2-styryl-6,7-dichlorothiazolo
[4,5-b]-quinoxaline based fluorescent dyes: part 3. J Heterocycl Chem 39(2):303–308. doi:10.
1002/jhet.5570390210

128 2 Synthesis of Quinoxalines

http://dx.doi.org/10.1021/jm020310n
http://dx.doi.org/10.1039/B111708D
http://dx.doi.org/10.1002/cjoc.200790150
http://dx.doi.org/10.1021/cc7001777
http://dx.doi.org/10.1016/j.crci.2009.01.006
http://dx.doi.org/10.1016/j.crci.2009.01.006
http://dx.doi.org/10.2174/1570180812666141111235301
http://dx.doi.org/10.1016/j.tet.2012.03.015
http://dx.doi.org/10.1039/P19870000501
http://dx.doi.org/10.1016/j.tetlet.2007.10.117
http://dx.doi.org/10.1080/00397910802136664
http://dx.doi.org/10.1080/00397910802136664
http://dx.doi.org/10.1002/jhet.5570450637
http://dx.doi.org/10.1002/jhet.5570450637
http://dx.doi.org/10.1016/j.ejmech.2010.11.040
http://dx.doi.org/10.1021/jo980435t
http://dx.doi.org/10.1016/j.ejmech.2008.06.014
http://dx.doi.org/10.1016/j.bmc.2004.01.033
http://dx.doi.org/10.3390/Ph3082416
http://dx.doi.org/10.1002/jhet.5570390210
http://dx.doi.org/10.1002/jhet.5570390210


Song W, Liu P, Lei M, You H, Chen X, Chen H, Ma L, Hu L (2012) FeCl3 and morpholine as
efficient cocatalysts for the one-step synthesis of quinoxalines from α-hydroxyketones and
1,2-diamines. Synth Commun 42:236–245. doi:10.1080/00397911.2010.523489

Srinivas C, Kumar ChNSSP, Rao VJ, Palaniappan S (2007) Efficient, convenient and reusable
polyaniline-sulfate salt catalyst for the synthesis of quinoxaline derivatives. J Mol Catal A:
Chem 265(1–2):227–230. doi:10.1016/j.molcata.2006.10.018

Srinivas C, Kumar CNSSP, Rao VJ, Palaniappan S (2008) Green approach for the synthesis of
quinoxaline derivatives in water medium using reusable polyaniline-sulfate salt catalyst and
sodium laurylsulfate. Catal Lett 121(3):291–296. doi:10.1007/s10562-007-9335-y

Srinivas M, Tejasri A, Anjaneyulu N, Satyanarayana K (2013) Microwave assisted synthesis and
antimicrobial activity of some novel quinoxaline compounds. Int J Pharm Sci 3(1):142–146

Srinivas K, Reddy TR, Himabindu V, Reddy GM, Mohan NJ (2014) Synthesis and antibacterial
activity of novel quinoxaline-5-carboxamide derivatives. J Appl Chem 3(4):1432–1439

Steinlin T, Vasella A (2009) Acylation of a 6-(methylamino)-5-nitrosopyrimidine and 1,3-dipolar
cycloaddition of an 8-methylisoxanthopterin N(5)-oxide. Synthesis of C(6), N(8)-disubstituted
isoxanthopterins. Helv Chim Acta 92(3):588–606. doi:10.1002/hlca.200900009

Steinlin T, Sonati T, Vasella A (2008) Synthesis and reactivity in [3+2] cycloadditions of
isoxanthopterin N(5)-oxides—a new synthesis of 6-substituted pteridinediones. Helv Chim
Acta 91(10):1879–1887. doi:10.1002/hlca.200890201

Sun J, Geiser A, Frydman B (1998) A preparative synthesis of lapachol and related
naphthoquinones. Tetrahedron Lett 39(45):8221–8224. doi:10.1016/S0040-4039(98)01880-2

Sun T, Zhao W-J, Hao A-Y et al (2011) Effective promotion of Beirut reaction by β-cyclodextrin
in water. Synth Commun 41(20):3097–3105. doi:10.1080/00397911.2010.517371

Swain CG, Brown JF (1952) Concerted displacement reactions. VIII. Polyfunctional catalysis.
J Am Chem Soc 74(10):2538–2543. doi:10.1021/ja01130a024

Szekelyhidi Z, Pato J, Waczek F, Banhegyi P, Hegymegi-Barakonyi B, Eros D, Meszaros G,
Hollosy F, Hafenbradl D, Obert S, Klebl B, Keri G, Orfi L (2005) Synthesis of selective
SRPK-1 inhibitors: novel tricyclic quinoxaline derivatives. Bioorg Med Chem Lett 15
(13):3241–3246. doi:10.1016/j.bmcl.2005.04.064

Takano Y, Shiga F, Asano J, Ando N, Uchiki H, Anraku T (2003) Synthesis and AMPA receptor
antagonistic activity of a novel class of quinoxalinecarboxylic acid with a substituted phenyl
group at the C-7 position. Bioorg Med Chem Lett 13(20):3521–3525. doi:10.1016/S0960-
894X(03)00740-6

Takano Y, Shiga F, Asano J, Ando N, Uchiki H, Fukuchi K (2005) Design, synthesis, and AMPA
receptor antagonistic activity of a novel 6-nitro-3-oxoquinoxaline-2-carboxylic acid with a
substituted phenyl group at the 7 position. Bioorg Med Chem 13(20):5841–5863. doi:10.1016/
j.bmc.2005.05.030

Takeda O, Takechi S, Katoh T, Yamaguchi T (2005) The role of dihydropyrazines in accelerated
death of Escherichia coli on addition of copper(II). Biol Pharm Bull 28(7):1161–1164. doi:10.
1248/bpb.28.1161

Tandon VK, Yadav DB, Maurya HK, Chaturvedi AK, Shukla PK (2006) Design, synthesis, and
biological evaluation of 1,2,3-trisubstituted-1,4-dihydrobenzo[g]quinoxaline-5,10-diones and
related compounds as antifungal and antibacterial agents. Bioorg Med Chem 14:6120–6126.
doi:10.1016/j.bmc.2006.04.029

Tanimori S, Nishimura T, Kirihata M (2009) Synthesis of novel quinoxaline derivatives and its
cytotoxic activities. Bioorg Med Chem Lett 19(15):4119–4121. doi:10.1016/j.bmcl.2009.06.
007

Taylor EC, Maryanoff CA, Skotnicki JS (1980) Heterocyclization with cyano and sulfonyl
epoxides. Preparation of quinoxalines and tetrahydroquinoxalines. J Org Chem 45(12):2512–
2515. doi:10.1021/jo01300a053

TenBrink RE, Im WB, Sethy VH, Tang AH, Carter DB (1994) Antagonist, partial agonist, and full
agonist imidazo[1,5-a]quinoxaline amides and carbamates acting through the
GABAA/benzodiazepine receptor. J Med Chem 37(6):758–768. doi:10.1021/jm00032a008

References 129

http://dx.doi.org/10.1080/00397911.2010.523489
http://dx.doi.org/10.1016/j.molcata.2006.10.018
http://dx.doi.org/10.1007/s10562-007-9335-y
http://dx.doi.org/10.1002/hlca.200900009
http://dx.doi.org/10.1002/hlca.200890201
http://dx.doi.org/10.1016/S0040-4039(98)01880-2
http://dx.doi.org/10.1080/00397911.2010.517371
http://dx.doi.org/10.1021/ja01130a024
http://dx.doi.org/10.1016/j.bmcl.2005.04.064
http://dx.doi.org/10.1016/S0960-894X(03)00740-6
http://dx.doi.org/10.1016/S0960-894X(03)00740-6
http://dx.doi.org/10.1016/j.bmc.2005.05.030
http://dx.doi.org/10.1016/j.bmc.2005.05.030
http://dx.doi.org/10.1248/bpb.28.1161
http://dx.doi.org/10.1248/bpb.28.1161
http://dx.doi.org/10.1016/j.bmc.2006.04.029
http://dx.doi.org/10.1016/j.bmcl.2009.06.007
http://dx.doi.org/10.1016/j.bmcl.2009.06.007
http://dx.doi.org/10.1021/jo01300a053
http://dx.doi.org/10.1021/jm00032a008


Thomas KRJ, Velusamy M, Lin JT, Chuen CH, Tao YT (2005) Chromophore-labeled quinoxaline
derivatives as efficient electroluminescent materials. Chem Mater 17(7):1860–1866. doi:10.
1021/cm047705a

Tietze LF, Modi A (2000) Multicomponent domino reactions for the synthesis of biologically
active natural products and drugs. Med Res Rev 20(4):304–322. doi:10.1002/1098-1128
(200007)

Tingoli M, Mazzella M, Panunzi B, Tuzi A (2001) Elemental iodine or diphenyl diselenide in the
[bis(trifluoroacetoxy)iodo]benzene-mediated conversion of alkynes into 1,2-diketones. Eur J
Org Chem 2:399–404. doi:10.1002/ejoc.201001232

Toman J, Klicnar J (1984) Synthesis and properties of some derivatives of
3,4-dihydro-3-oxo-2-quinoalinylacetic acid. Collect Czech Chem Commun 49(4):976–983.
doi:10.1135/cccc19840976

Torres E, Moreno E, Ancizu S, Barea C, Galiano S, Aldana I, Monge A, Perez-Silanes S (2011)
New 1,4-di-N-oxide-quinoxaline-2-ylmethylene isonicotinic acid hydrazide derivatives as anti-
Mycobacterium tuberculosis agents. Bioorg Med Chem Lett 21(12):3699–3703. doi:10.1016/j.
bmcl.2011.04.072

Torres E, Moreno-Viguri E, Galiano S, Devarapally G, Crawford PW, Azqueta A, Arbillaga L,
Varela J, Birriel E, Maio RD, Cerecetto H, Gonzalez M, Aldana I, Monge A, Perez-Silanes S
(2013) Novel quinoxaline 1,4-di-N-oxide derivatives as new potential antichagasic agents.
Eur J Med Chem 66:324–334. doi:10.1016/j.ejmech.2013.04.065

Toshima K, Ozawa T, Kimura T, Matsumura S (2004) The significant effect of the carbohydrate
structures on the DNA photocleavage of the quinoxaline-carbohydrate hybrids. Bioorg Med
Chem Lett 14(11):2777–2779. doi:10.1016/j.bmcl.2004.03.065

Tsami A, Bunnagel TW, Farrell T, Scharber M, Choulis SA, Brabec CJ, Scherf U (2007)
Alternating quinoxaline/oligothiophene copolymers-synthesis and unexpected absorption
properties. J Mater Chem 17:1353–1355. doi:10.1039/B700271H

Tung C-L, Sun C-M (2004) Liquid phase synthesis of chiral quinoxalinones by microwave
irradiation. Tetrahedron Lett 45(6):1159–1162. doi:10.1016/j.tetlet.2003.12.056

Ugi I, Dömling A, Hörl W (1994) Multicomponent reactions in organic chemistry. Endeavour 18
(3):115–122. doi:10.1016/S0160-9327(05)80086-9

Ugi I, Dömling A, Werner B (2000) Since 1995 the new chemistry of multicomponent reactions
and their libraries, including their heterocyclic chemistry. J Heterocycl Chem 37(3):647–658.
doi:10.1002/jhet.5570370322

Undevia SB, Innocenti F, Ramirez J, House L, Desai AA, Skoog LA, Singh DA, Karrison T,
Kindler HL, Ratain MJ (2008) A phase I and pharmacokinetic study of the quinoxaline
antitumour Agent R(+)XK469 in patients with advanced solid tumours. Eur J Cancer 44
(12):1684–1692. doi:10.1016/j.ejca.2008.05.018

Unver EK, Tarkuc S, Udum YA, Tanyeli C, Toppare L (2010) Effect of conjugated core building
block dibenzo[a, c]phenazine unit on π-conjugated electrochromic polymers: Red-shifted
absorption. J Polymer Sci: A: Polymer Chem 48(8):1714–1720. doi:10.1002/pola.23935

Urquiola C, Gambino D (2008) New copper-based complexes with quinoxaline N1, N4-dioxide
derivatives, potential antitumoral agents. J Inorg Biochem 102(1):119–126. doi:10.1016/j.
jinorgbio.2007.07.028

Urquiola C, Vieites M, Aguirre G, Marin A, Solano B, Arrambide G, Noblía P, Lavaggi ML,
Torre MH, Gonzalez M, Monge A, Gambino D, Cerecetto H (2006) Improving
anti-trypanosomal activity of 3-aminoquinoxaline-2-carbonitrile N1, N4-dioxide derivatives
by complexation with vanadium. Bioorg Med Chem 14(16):5503–5509. doi:10.1016/j.bmc.
2006.04.041

Varala R, Enugala R, Nuvula S, Adapa SR (2006) Ceric ammonium nitrate (CAN) promoted
efficient synthesis of 1,5-benzodiazepine derivatives [1]. Synlett 7:1009–1014. doi:10.1055/s-
2006-939066

Varano F, Catarzi D, Colotta V, Cecchi L, Filacchioni G, Galli A, Costagli C (2001) Synthesis of a
set of ethyl 1-carbamoyl-3-oxoquinoxaline-2-carboxylates and of their constrained analogue

130 2 Synthesis of Quinoxalines

http://dx.doi.org/10.1021/cm047705a
http://dx.doi.org/10.1021/cm047705a
http://dx.doi.org/10.1002/1098-1128(200007)
http://dx.doi.org/10.1002/1098-1128(200007)
http://dx.doi.org/10.1002/ejoc.201001232
http://dx.doi.org/10.1135/cccc19840976
http://dx.doi.org/10.1016/j.bmcl.2011.04.072
http://dx.doi.org/10.1016/j.bmcl.2011.04.072
http://dx.doi.org/10.1016/j.ejmech.2013.04.065
http://dx.doi.org/10.1016/j.bmcl.2004.03.065
http://dx.doi.org/10.1039/B700271H
http://dx.doi.org/10.1016/j.tetlet.2003.12.056
http://dx.doi.org/10.1016/S0160-9327(05)80086-9
http://dx.doi.org/10.1002/jhet.5570370322
http://dx.doi.org/10.1016/j.ejca.2008.05.018
http://dx.doi.org/10.1002/pola.23935
http://dx.doi.org/10.1016/j.jinorgbio.2007.07.028
http://dx.doi.org/10.1016/j.jinorgbio.2007.07.028
http://dx.doi.org/10.1016/j.bmc.2006.04.041
http://dx.doi.org/10.1016/j.bmc.2006.04.041
http://dx.doi.org/10.1055/s-2006-939066
http://dx.doi.org/10.1055/s-2006-939066


imidazo[1,5-a]quinoxaline-1,3,4-triones as glycine/NMDA receptor antagonists. Eur J Med
Chem 36(2):203–209. doi:10.1016/S0223-5234(00)01203-4

Venkatesh C, Singh B, Mahata PK, Ila H, Junjappa H (2005) Heteroannulation of nitroketene N,
S-arylaminoacetals with POCl3: a novel highly regioselective synthesis of unsymmetrical
2,3-substituted quinoxalines. Org Lett 7(11):2169–2172. doi:10.1021/ol0505095

Vicente E, Lima LM, Bongard E, Charnaud S, Villar R, Solano B, Burguete A, Perez-Silanes S,
Aldana I, Vivas L, Monge A (2008) Synthesis and structure-activity relationship of
3-phenylquinoxaline 1,4-di-N-oxide derivatives as antimalarial agents. Eur J Med Chem 43
(9):1903–1910. doi:10.1016/j.ejmech.2007.11.024

Vicente E, Perez-Silanes S, Lima LM, Ancizu S, Burguete A, Solano B, Villar R, Aldana I,
Monge A (2009) Selective activity against Mycobacterium tuberculosis of new quinoxaline
1,4-di-N-oxides. Bioorg Med Chem 17(1):385–389. doi:10.1016/j.bmc.2008.10.086

Vicente E, Duchowicz PR, Benítez D, Castro EA, Cerecetto H, Gonzalez M, Monge A (2010)
Anti-T. cruzi activities and QSAR studies of 3-arylquinoxaline-2-carbonitrile di-N-oxides.
Bioorg Med Chem Lett 20(16):4831–4835. doi:10.1016/j.bmcl.2010.06.101

Villar R, Vicente E, Solano B, Perez-Silanes S, Aldana I, Maddry JA, Lenaerts AJ, Franzblau SG,
Cho SH, Monge A, Goldman RC (2008) In vitro and in vivo antimycobacterial activities of
ketone and amide derivatives of quinoxaline 1,4-di-N-oxide. J Antimicrob Chemother 62:547–
554. doi:10.1093/jac/dkn214

Vinot N, Bellec C, Maitte P (1983) Propriétés de la benzopyranno[1][2,3-b]quinoxalinone-12.
J Heterocycl Chem 20(6):1645–1650. doi:10.1002/jhet.5570200642

Wagle S, Adhikari AV, Kumari NS (2008) Synthesis of some new 2-(3-methyl-7-
substituted-2-oxoquinoxalinyl)-5-(aryl)-1,3,4-oxadiazoles as potential non-steroidal
anti-inflammatory and analgesic agents. Ind J Chem 47(3):439–448

Wagle S, Adhikari AV, Kumari NS (2009) Synthesis of some new 4-styryltetrazolo[1,5-a]
quinoxaline and 1-substituted-4-styryl[1,2,4]triazolo[4,3-a]quinoxaline derivatives as potent
anticonvulsants. Eur J Med Chem 44(3):1135–1143. doi:10.1016/j.ejmech.2008.06.006

Wallace JM, Söderberg BCG, Tamariz J, Akhmedov NG, Hurley MT (2008) Palladium-catalyzed
synthesis of quinoxaline derivatives. Tetrahedron 64(41):9675–9684. doi:10.1016/j.tet.2008.
07.083

Waly MA, Abou-Zeid L, El-Gogary SR, Shalaby MA (2012) One-pot synthesis, molecular
modeling and in vitro antibacterial activity of novel 3-(1,3,4-oxadiazol-2-yl) quinoxaline
1,4-Dioxide and Pyrazolyl Analogs. Acta Chim Slov 59:32–41

Wang P, Xie Z, Wong O, Lee C-S, Wong N, Hung L, Lee S (2002) New 1H-pyrazolo[3,4-b]
quinoxaline derivatives as sharp green-emitting dopants for highly efficient electroluminescent
devices. Chem Commun 13:1404–1405. doi:10.1039/B202686D

Wang F, Chen J, Liu X, Shen X, He X, Jiang H, Bai D (2006) Synthesis and peptidyl-prolyl
isomerase inhibitory activity of quinoxalines as ligands of cyclophilin A. Chem Pharm Bull 54
(3):372–376. doi:10.1248/cpb.54.372

Waring MJ, Ben-Hadda T, Kotchevar AT, Ramdani A, Touzani R, Elkadiri S, Hakkou A,
Bouakka M, Ellis T (2002) 2,3-Bifunctionalized quinoxalines: synthesis, DNA interactions and
evaluation of anticancer, anti-tuberculosis and antifungal activity. Molecules 7(8):641–656.
doi:10.3390/70800641

Wasserscheid P, Keim W (2000) Ionic liquids—new “solutions” for transition metal catalysis.
Angew Chem 39(21):3772–3789. doi:10.1002/1521-3773(20001103)

Welton T (1999) Room-temperature ionic liquids. Solvents for synthesis and catalysis. Chem Rev
99(8):2071–2084. doi:10.1021/cr980032t

Westphal G, Wasicki H, Zielinski U, Weberr FG, Tonew M, Tonew E (1977) Potential virostatics.
Part 1 [Potentielle virostatica. Teil 1]. Pharmazie 32(10):570–571

Wilkes JS (2002) A short history of ionic liquids—from molten salts to neoteric solvents. Green
Chem 4(2):73–80. doi:10.1039/B110838G

References 131

http://dx.doi.org/10.1016/S0223-5234(00)01203-4
http://dx.doi.org/10.1021/ol0505095
http://dx.doi.org/10.1016/j.ejmech.2007.11.024
http://dx.doi.org/10.1016/j.bmc.2008.10.086
http://dx.doi.org/10.1016/j.bmcl.2010.06.101
http://dx.doi.org/10.1093/jac/dkn214
http://dx.doi.org/10.1002/jhet.5570200642
http://dx.doi.org/10.1016/j.ejmech.2008.06.006
http://dx.doi.org/10.1016/j.tet.2008.07.083
http://dx.doi.org/10.1016/j.tet.2008.07.083
http://dx.doi.org/10.1039/B202686D
http://dx.doi.org/10.1248/cpb.54.372
http://dx.doi.org/10.3390/70800641
http://dx.doi.org/10.1002/1521-3773(20001103)
http://dx.doi.org/10.1021/cr980032t
http://dx.doi.org/10.1039/B110838G


Witayakran S, Ragauskas AJ (2009) Synthetic applications of laccase in green chemistry. Adv
Synth Catal 351(9):1187–1209. doi:10.1002/adsc.200800775

Wolfer J, Bekele T, Abraham CJ, Dogo-Isonagie C, Lectka T (2006) Catalytic, asymmetric
synthesis of 1,4-benzoxazinones: a remarkably enantioselective route to α-amino acid
derivatives from o-benzoquinone imides. Angew Chem 45(44):7398–7400. doi:10.1002/anie.
200602801

Woo G, Snyder J, Wan Z (2002) Chapter 6.2 six-membered ring systems: diazines and benzo
derivatives. Prog Heterocycl Chem 14:279–309. doi:10.1016/S0959-6380(02)80015-0

Woydowski K, Ziemer B, Liebscher J (1998) Optically active α-hydroxy-α-
(tetrahydroquinoxalin-3-on-2-yl)esters by ring transformation of (R,R)-diethyl
oxirane-2,3-dicarboxylate. Tetrahedron: Asymm 9(7):1231–1237. doi:10.1016/S0957-4166
(98)00097-4

Wrobel Z, Kwast A (2007) 2-Nitroso-N-arylanilines: producs of acid-promoted transformation of
σH adducts of arylamines and nitroarenes. Synlett 1525–1528. doi:10.1055/s-2007-982534

Wrobel Z, Kwast A (2010) Simple synthesis of N-aryl-2-nitrosoanilines in the reaction of
nitroarenes with aniline anion derivatives. Synthesis 3865–3872. doi:10.1055/s-0030-1258230

Wrobel Z, Stachowska K, Grudzien K, Kwast A (2011) N-Aryl-2-nitrosoanilines in the two-step
sythesis of substituted 1,2-diarylbenzimidazoles from simple nitroarenes. Synlett 1439–1443.
doi:10.1055/s-0030-1260764

Wrobel Z, Stachowska K, Kwast A, Goscik A, Krolikiewicz M, Pawlowski R, Turska I (2013)
Efficient synthesis of 1-arylquinoxalin-2(1H)-ones via cyclocondensation of N-aryl-substituted
2-nitrosoanilines with functionalized alkyl acetates. Helv Chim Acta 96(5):956–968. doi:10.
1002/hlca.201200304

Wu Z, Ede NJ (2001) Solid-phase synthesis of quinoxalines on SynPhase™ Lanterns. Tetrahedron
Lett 42(45):8115–8118. doi:10.1016/S0040-4039(01)01733-6

Wu X, Gorden AEV (2007) An efficient method for solution-phase parallel synthesis of
2-quinoxalinol Salen Schiff-base ligands. J Comb Chem 9(4):601–608. doi:10.1021/cc070021q

Wu X, Gorden AEV, Tonks SA, Vilseck JZ (2007) Regioselective synthesis of asymmetrically
substituted 2-quinoxalinol salen ligands. J Org Chem 72(23):8691–8699. doi:10.1021/
jo701395w

Xu H, Fan LL (2011) Synthesis and antifungal activities of novel 5,6-dihydro-indolo[1,2-a]
quinoxaline derivatives. Eur J Med Chem 46(5):1919–1925. doi:10.1016/j.ejmech.2011.02.
035

Xu F, Damhus T, Danielsen S, Ostergaard LH (2007) Modern biooxidations. In: Schmid RD,
Urlacher VD (eds) Enzymes, reactions and applications, 1st edn. Wiley, Weinheim, p 43

Xu B, Sun Y, Guo Y, Cao Y, Yu T (2009) Synthesis and biological evaluation of N4-(hetero)
arylsulfonylquinoxalinones as HIV-1 reverse transcriptase inhibitors. Bioorg Med Chem 17
(7):2767–2774. doi:10.1016/j.bmc.2009.02.039

Xu Y-X, Zhan T-G, Zhao X, Fang Q, Jiang X-K, Li Z-T (2011a) Oligo(quinoxalineethynylene)s:
synthesis, properties, and Ag+-mediated complanation. Chem Commun 47(5):1524–1526.
doi:10.1039/C0CC03501G

Xu Y, Wu F, Yao Z, Zhang M, Jiang S (2011b) Synthesis of quinoxaline 1,4-di-N-oxide analogues
and crystal structure of 2-carbomethoxy-3-hydroxyquinoxaline-di-N-oxide. Molecules 16
(8):6894–6901. doi:10.3390/molecules16086894

Yadav JS, Reddy BVS, Premalatha K, Shankar KS (2008) Bismuth(III)-catalyzed rapid synthesis
of 2,3-disubstituted quinoxalines in water. Synthesis 23:3787–3792. doi:10.1055/s-0028-
1083230

Yamaguchi T, Matsumoto S, Watanabe K (1998) Generation of free radicals from dihydropy-
ranzines with DNA strand-breakage activity. Tetrahedron Lett 39(45):8311–8312. doi:10.1016/
S0040-4039(98)01859-0

Yan R-L, Yan H, Ma C, Ren Z-Y, Gao X-A, Huang G-S, Liang Y-M (2012) Cu(I)-Catalyzed
synthesis of imidazo[1,2-a]pyridines from aminopyridines and nitroolefins using air as the
oxidant. J Org Chem 77:2024–2028. doi:10.1021/jo202447

132 2 Synthesis of Quinoxalines

http://dx.doi.org/10.1002/adsc.200800775
http://dx.doi.org/10.1002/anie.200602801
http://dx.doi.org/10.1002/anie.200602801
http://dx.doi.org/10.1016/S0959-6380(02)80015-0
http://dx.doi.org/10.1016/S0957-4166(98)00097-4
http://dx.doi.org/10.1016/S0957-4166(98)00097-4
http://dx.doi.org/10.1055/s-2007-982534
http://dx.doi.org/10.1055/s-0030-1258230
http://dx.doi.org/10.1055/s-0030-1260764
http://dx.doi.org/10.1002/hlca.201200304
http://dx.doi.org/10.1002/hlca.201200304
http://dx.doi.org/10.1016/S0040-4039(01)01733-6
http://dx.doi.org/10.1021/cc070021q
http://dx.doi.org/10.1021/jo701395w
http://dx.doi.org/10.1021/jo701395w
http://dx.doi.org/10.1016/j.ejmech.2011.02.035
http://dx.doi.org/10.1016/j.ejmech.2011.02.035
http://dx.doi.org/10.1016/j.bmc.2009.02.039
http://dx.doi.org/10.1039/C0CC03501G
http://dx.doi.org/10.3390/molecules16086894
http://dx.doi.org/10.1055/s-0028-1083230
http://dx.doi.org/10.1055/s-0028-1083230
http://dx.doi.org/10.1016/S0040-4039(98)01859-0
http://dx.doi.org/10.1016/S0040-4039(98)01859-0
http://dx.doi.org/10.1021/jo202447


Yong C, Tang X-Bo, Shao C-X, An R, Feng X, Wu X, Zhu Y, Lu X (2005) Syntheses of
benzimidazoles, quinoxalines and 3,3-dihydro-1H-1,5-benzodiazepines starting from o-
phenylenediamine. Chin J Chem 23(3):589–595. doi:10.1016/j.cjche.2014.11.020

Yosioka I, Otomasu H (1954) Studies on phenazines. VI: synthesis of iodinin isomers. (3):
syntheses of 1, 3-, 1, 4-, and 2, 3-dihydroxyphenazine di-N-oxides. Pharm Bull 2(1):53–59

You L, Cho EJ, Leavitt J, Ma L-C, Montelione GT, Anslyn EV, Krug RM, Ellington A,
Robertus JD (2011) Synthesis and evaluation of quinoxaline derivatives as potential influenza
NS1A protein inhibitors. Bioorg Med Chem Lett 21(10):3007–3011. doi:10.1016/j.bmcl.2011.
03.042

Yuan H, Li X, Qu X, Sun L, Xu W, Tang W (2009) Synthesis and primary evaluation of
quinoxalinone derivatives as potent modulators of multidrug resistance. Med Chem Res 18
(9):671–682. doi:10.1007/s00044-008-9159-3

Zaragoza F, Stephensen H (1999) Solid-phase synthesis of substituted
4-acyl-1,2,3,4-tetrahydroquinoxalin-2-ones. J Org Chem 64(7):2555–2557. doi:10.1021/
jo982070i

Zare A, Hasaninejad A, Parhami A, Moosavi-Zare AR, Khedri F, Parsaee Z, Abdolalipoor-Saretoli
M, Khedri M, Roshankar M, Deisi H (2010) Ionic liquid 1-butyl-3-methylimidazolium
bromide ([bmim]Br): a green and neutral reaction media for the efficient, catalyst-free synthesis
of quinoxaline derivatives. J Serb Chem Soc 75(10):1315–1324. doi:10.2298/JSC091014109Z

Zarranz B, Jaso A, Aldana I, Monge A (2003) Synthesis and antimycobacterial activity of new
quinoxaline-2-carboxamide 1,4-di-N-oxide derivatives. Bioorg Med Chem 11(10):2149–2156.
doi:10.1016/S0968-0896(03)00119-6

Zarranz B, Jaso A, Aldana I, Monge A (2004) Synthesis and anticancer activity evaluation of new
2-alkylcarbonyl and 2-benzoyl-3-trifluoromethyl-quinoxaline 1,4-di-N-oxide derivatives.
Bioorg Med Chem 12(13):3711–3721. doi:10.1016/j.bmc.2004.04.013

Zarranz B, Jaso A, Lima LM, Aldana I, Monge A, Maurel S, Sauvain M (2006) Antiplasmodial
activity of 3-trifluoromethyl-2-carbonylquinoxaline di-N-oxide derivatives. Braz J Pharm Sci
42(3):357–361

Zerth HM, Leonard NM, Mohan RS (2003) Synthesis of homoallyl ethers via allylation of acetals
in ionic liquids catalyzed by trimethylsilyl trifluoromethanesulfonate. Org Lett 5(1):55–57.
doi:10.1021/ol0271739

Zhang Q-Y, Liu B-K, Chen W-Q, Wu Q, Lin XF (2008) A green protocol for synthesis of
benzo-fused N, S-, N, O- and N. N-heterocycles in water. Green Chem 10(9):972–977. doi:10.
1039/B806960C

Zhang XZ, Wang JX, Sun YJ, Zhan HW (2010) Synthesis of quinoxaline derivatives catalyzed by
PEG-400. Chin Chem Lett 21(4):395–398. doi:10.1016/j.cclet.2009.12.015

Zhao Z, Wisnoski DD, Wolkenberg SE, Leister WH, Wang Y, Lindsley CW (2004) General
microwave-assisted protocols for the expedient synthesis of quinoxalines and heterocyclic
pyrazines. Tetrahedron Lett 45(25):4873–4876. doi:10.1016/j.tetlet.2004.04.144

Zheng H, Jiang C, Chiu MH, Covey JM, Chan KK (2002) Chiral pharmacokinetics and inversion
of enantiomers of a new quinoxaline topoisomerase IIβ poison in the rat. Drug Metab Dispos
30:344–348. doi:10.1124/dmd.30.3.344

Zhou JF, Gong GX, Shi KB, Zhi SJ (2009) Catalyst-free and solvent-free method for the synthesis
of quinoxalines under microwave irradiation. Chin Chem Lett 20(6):672–675. doi:10.1016/j.
cclet.2009.02.007

Zhu J, Bienayme H (eds) (2005) Multicomponent reactions. Wiley, Weinheim
Zhu W, Dai M, Xu Y, Qian X (2008) Novel nitroheterocyclic hypoxic markers for solid tumor:

synthesis and biological evaluation. Bioorg Med Chem 16(6):3255–3260. doi:10.1016/j.bmc.
2007.12.011

Zuyun H, Houping H, Ruxiu C, Yun’e Z (1998) Organic solvent enhanced spectrofluorimetric
method for determination of laccase activity. Anal Chim Acta 374(1):99–103. doi:10.1016/
S0003-2670(98)00305-5

References 133

http://dx.doi.org/10.1016/j.cjche.2014.11.020
http://dx.doi.org/10.1016/j.bmcl.2011.03.042
http://dx.doi.org/10.1016/j.bmcl.2011.03.042
http://dx.doi.org/10.1007/s00044-008-9159-3
http://dx.doi.org/10.1021/jo982070i
http://dx.doi.org/10.1021/jo982070i
http://dx.doi.org/10.2298/JSC091014109Z
http://dx.doi.org/10.1016/S0968-0896(03)00119-6
http://dx.doi.org/10.1016/j.bmc.2004.04.013
http://dx.doi.org/10.1021/ol0271739
http://dx.doi.org/10.1039/B806960C
http://dx.doi.org/10.1039/B806960C
http://dx.doi.org/10.1016/j.cclet.2009.12.015
http://dx.doi.org/10.1016/j.tetlet.2004.04.144
http://dx.doi.org/10.1124/dmd.30.3.344
http://dx.doi.org/10.1016/j.cclet.2009.02.007
http://dx.doi.org/10.1016/j.cclet.2009.02.007
http://dx.doi.org/10.1016/j.bmc.2007.12.011
http://dx.doi.org/10.1016/j.bmc.2007.12.011
http://dx.doi.org/10.1016/S0003-2670(98)00305-5
http://dx.doi.org/10.1016/S0003-2670(98)00305-5


Chapter 3
Synthesis of Pyrrolo[l,2-a]quinoxalines

3.1 Pyrrolo[1,2-a]quinoxalines Based on Quinoxalines

3.1.1 Introduction

Derivatives of pyrrolo[1,2-a]quinoxalines (Fig. 3.1) have valuable characteristics
and, in particular, marked biological activity and are a subject of constant interest.
In spite of this, however, data on the synthesis of these compounds remain dis-
connected. The only review (Cheeseman and Cookson 1979), devoted to pyrrolo-
quinoxalines and appearing in a monograph published in 1979, presents data mostly
covering the period from 1965 to 1975. The chapter is devoted not only to the
synthesis of pyrrolo[1,2-a]quinoxalines but also to the synthesis of pyrrolo[2,3-b]-,
pyrrolo[3,4-b]-, and pyrrolo[1,2,3-de]quinoxalines and their physicochemical
characteristics. While covering so many questions in a single review, the authors
simply present the existing information without analyzing the methods used for
their synthesis. From the chapter it is difficult to form an opinion as to which of the
methods is more promising and to think of any new methods for their synthesis.

In the present chapter, an attempt is made to examine all possible ways of
assembling the pyrrolo[1,2-a]quinoxaline skeleton from various fragments on the
basis of an analysis of its structure.

3.1.2 Possible Variants of the Construction of the Pyrrolo
[1,2-a]quinoxaline System on the Basis
of Quinoxalines

Without touching on the integrity of the benzene ring, the creation of the pyrrolo
[1,2-a]pyrazine system can be represented by one of the five types of construction
depending on the number of atoms entering into the composition of the initial
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fragments (Fig. 3.2): QA (9 + 0), QB (8 + 1),QC (7 + 2),QD (6 + 3),QE (6 + 2 + 1
or 6 + 1 + 2); the number of atoms in each of the fragments is given in parentheses. In
other words, the synthetic equivalents that correspond to the principles of con-
struction of heterocycles of type QA must consist of a fragment capable of under-
going intramolecular cyclocondensation. Each of the next three types (QB–QD) of
construction of the tricyclic system requires two reagents corresponding to two
synthetic equivalents: in the case ofQB one- and eight-atom; in the case ofQC two-
and seven-atom; in the case of QD three- and six-atom. Case QE requires three
reagents corresponding to three synthetic equivalents: six-, two-, and one-atom or
six-, one-, and two-atom. Such an approach will make it possible to correlate the
theoretically possible schemes of assembly to real syntheses, while taking account of
the nature of the reaction centers. This makes it possible not only to rationalize
already known methods of synthesis but also to determine which of the methods of
assembly have not yet been used and why and to attempt to “think up” new reactions
by means of which the pyrrolo[1,2-a]quinoxaline system could be constructed.

All known methods for the synthesis of the pyrrolo[1,2-a]quinoxaline system
can be divided into three groups. The first group of methods is based on derivatives
of quinoxaline, the second group contains methods based on pyrroles, and the third
group contains other methods including the recyclization of other heterocycles and
also syntheses from nonheterocyclic systems. This chapter examines methods of
synthesis based on derivatives of quinoxaline and the methods of the third
group. Possible variants of the construction of the pyrrolo[1,2-a]quinoxaline system
based on quinoxalines are presented below.
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Fig. 3.1 The structure of pyrrolo[1,2-a]quinoxaline
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3.1.3 Production Methods of Type QA (Version QA1)

One of the most widespread and most widely used among methods for the synthesis
of pyrrolo[1,2-a]quinoxalines is the method involving the intramolecular cycliza-
tion of derivatives of quinoxaline with substituents at position 2 and containing at
least three carbon atoms with reaction centers capable of nucleophilic attack.
Quinoxalines 1, containing a γ-carbonylalkyl substituent at position 2 (ketones,
carboxylic acids, esters) undergo intramolecular cyclization under the influence of
acids with the formation of pyrroloquinoxalines 2–4 (Scheme 3.1) (Kumashiro
1961; Taylor and Hand 1962, 1963; Cheeseman and Roy 1969).

Reduction of the quinoxalines 5 leads to hydropyrroloquinoxalines 6–8 (Nelson
and Boyer 1950; Okumura and Shigemitsu 1965). The pyrrolo[1,2-a]quinoxaline
system (compound 6) was first obtained by this method (Okumura and Shigemitsu
1965). During the reductive cyclization of ethyl quinoxalin-2-yl- and
3-methylquinoxalin-2-ylpyruvates 5 in the presence of copper chromite at high
temperature, the perhydropyrrolo[1,2-a]quinoxalines 7 and 8 are formed
(Scheme 3.2).

During closure of the pyrrole ring as a result of the treatment of compound 9
with PBr3, a mixture of dibromo- and tribromopyrroloquinoxalines 10 and 11 is
formed (Scheme 3.3) (Cheeseman and Roy 1968).

During the action of HBr, 2,3-dihydroxypropyl-4-methylquinoxaline 12 under-
goes intramolecular cyclization with the formation of 4-methylpyrrolo[1,2-a]
quinoxaline 13 (Scheme 3.4) (Cheeseman and Tuck 1965a).

When treated with concentrated hydrochloric acid in methanol, the 2-(2-ylidene)
acetylquinoxalines 14, easily obtained from the corresponding 2-acetylquinoxalines
and aryl(hetaryl)aldehydes, form 1-substituted derivatives of pyrrolo[1,2-a]
quinoxalines 15a–i. Intramolecular closure also occurs successfully in solution in
CCl4 in the presence of molecular bromine, but here the dibromide 16 is formed
(Matoba et al. 1980, 1981). The use of compounds 14 (R1 = Me, R2 = CH=CHAr)
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Scheme 3.1 Intramolecular
cyclization of quinoxalines
containing a γ-carbonylalkyl
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(Matoba et al. 1983), which have competing reaction centers capable of undergoing
nucleophilic attack, in this reaction leads not to the supposed derivatives of azepino
[1,2-a]quinoxaline 17 but to the formation of the pyrrolo[1,2-a]quinoxalines 15j,
k (Scheme 3.5).

When ethanol solutions of 2-cinnamoyl-3-methylquinoxaline 4-oxide 18a and
3-methyl-4-oxido-2-quinoxalinyl 5-phenylpenta-2,4-dienyl ketone 18b are boiled
in the presence of hydrochloric acid, the respective 4-methyl-3-oxo-1-phenyl- and
4-methyl-3-oxo-1-(2-phenylethenyl)-3H-pyrrolo[1,2-a]quinoxalin-10-ium chlo-
rides 19a, b are formed similarly with quantitative yields (Scheme 3.6) (Matoba
et al. 1987).

The double bond of the ethenoyl function can enter the aromatic system. Thus,
substituted derivatives of benzoylquinoxaline 20 undergo cyclization during UV
irradiation; the cyclization is accelerated by the presence of trifluoroacetic or
p-toluenesulfonic acid (Scheme 3.7) (Atfah et al. 1990).

The proposed mechanism of photocyclization for the transformation 20b → 21b
and the role of protonation are clear from the scheme (Scheme 3.8) (Atfah et al.
1990).
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The quinoxalines 24 with β-dicarbonyl, β-dinitrile, and β-nitrilecarbonyl frag-
ments, produced in the reaction of 3-(α-chlorobenzyl)quinoxalin-2-one 23 with the
anions of β-dicarbonyl compounds, dicyanomethane, and cyanoacetic ester, form
the pyrroloquinoxalines 25 when treated with acetic acid (Scheme 3.9) (Mamedov
et al. 2004). This cyclization could lead to one and/or two compounds differing in
the position of the substituents R1 and R2, but only the tricyclic compounds 25a–
f are formed as a result of the reaction.

6-Chloro-2-(3,3-diethoxypropyn-1-yl)quinoxaline 26a, obtained by the
cross-coupling of 2,6-dichloroquinoxaline and 3,3-diethoxypropyne, forms the
pyrroloquinoxaline 27 when treated with molecular bromine. If the 6-methoxy
derivative of quinoxaline 26b is used in this reaction, position 5 of the initial
quinoxaline ring undergoes bromination on account of the strong electron-donating
effect of the methoxyl group, and this leads to the tribromo derivative of pyrrolo
[1,2-a]quinoxaline 28 (Scheme 3.10).

The pyrroloquinoxaline 27 is formed through a stage involving initial trans
addition of bromine at the triple bond (the formation of compound 29) followed by
prototropic isomerization to the cis isomer 30, which undergoes cyclization to the
pyrroloquinoxaline with the elimination of alcohol (Scheme 3.11) (Armengol and
Joul 2001).

An essential condition for the closure of the pyrrole ring according to type QA in
2-substituted quinoxalines is the presence of a three-carbon fragment, and it is not
necessary here that the γ-carbon atom of this fragment initially contained a suitable
reaction center. In certain cases, the reaction centers can arise under the reaction
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Scheme 3.9 Acid-catalized cyclization of the quinoxalines with β-dicarbonyl, β-dinitrile, and
β-nitrilecarbonyl moieties
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conditions. For example, the pyrolysis of 2-(2,4-dimethylphenyl)quinoxaline 32 at
550–560 °C in the presence of the industrial dehydrogenation catalyst K-16
(Prostakov 1976) leads to 9-methylisoindolo[2,1-a]quinoxaline 34 (Scheme 3.12)
(Pleshakov et al. 1983).

3.1.4 Production Methods of Type QB (Version QB1)

During the condensation of ethyl (3-chloro-2-quinoxaloyl)acetate 35a with ortho-
formic ester in the presence of Ac2O (65–70 °C), the formation of two substances
was observed: the main chlorine-containing reaction product 36a and a minor
chlorine-free compound 38 (Scheme 3.13). The amount of compound 38 increased
with increase in temperature, and at 100–105 °C it became the main reaction
product. It was also shown that compound 36a can be obtained by heating the initial
compound 35a with orthoformic ester at a higher temperature (100–105 °C). The
chain 35a → 36a → 38 was therefore investigated (Eiden and Bachmann 1973;
Glushkov et al. 1988). The condensation of the quinoxaline 35b with orthoformic
ester at a higher temperature (up to 160 °C) leads to the pyrroloquinoxalines 36b
and 36c.
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3.1.5 Production Methods of Type QB (Version QB3)

The reaction of 1-phenacylquinoxalinium bromide 39 with nitromethane in its
boiling solution in the presence of Na2CO3 for 6 h leads to 3-nitro-2-phenylpyrrolo
[1,2-a]quinoxaline 40 (Scheme 3.14) (Kiel and Krohnke 1972).

3.1.6 Production Methods of Type QC (Version QC1)
Cycloaddition Reactions

As a rule, in these reactions, the quinoxaline derivative directly or indirectly fulfills
the function of a 1,3-dipolar compound, and this determines the path to the for-
mation of the final product–pyrrolo[1,2-a]quinoxaline–and its structure almost
irrespective of the nature of the 1,3-dipolarophile. During the reaction of
2,3-dimethylquinoxaline monooxide 41 and 2,3-dimethylquinoxaline dioxide 44
with methyl phenylpropargylate 42 in molar ratios of 1:1 and 1:2, respectively,
compounds 43 and 45 are formed (Scheme 3.15) (Kaupp et al. 1987).

It is well known that maleic anhydride 46a is capable of undergoing three types
of reaction: condensation with dienes with the participation of the double bond and
the formation of a Diels–Alder adduct; addition at the double bond with the for-
mation of a derivative of succinic anhydride; reaction of one of the carbonyl groups
followed by opening of the anhydride system (Schönberg and Mustafa 1943; Flett
and Gardner 1952). Compounds 47–50 could be formed in the reaction of maleic
anhydride with 2,3-dimethylquinoxaline 51a (Fig. 3.3).
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However, the reaction of 2,3-dimethylquinoxaline 51awith maleic anhydride 46a
under standard conditions (Taylor and Hand 1963) takes place with the formation of
a compound with the empirical formula C14H12N2O3, the IR spectrum of which does
not contain bands for the stretching vibrations of the anhydride groups but there are
bands for the stretching vibrations characteristic of NH, the OH of the carboxyl
function, the double bond, and an amide vinylog (Scheme 3.16). The NMR spectra
and the chemical properties of the “adduct” show that pyrrolo[1,2-a]quinoxaline
52a is formed as a result of the reaction, and this can be represented by the
Scheme 3.16 (Taylor and Hand 1962, 1963). Accordingly, the condensation of
maleic anhydride with 2-methylquinoxaline and 2-methyl-3-phenylquinoxaline
gives 2-carboxymethyl- 52b and 2-carboxymethyl-4-phenylpyrrolo[1,2-a]
quinoxalin-1(5H)-ones 52c (Taylor and Hand 1963; Taylor and Cheeseman 1964).

In the case of monosubstituted derivatives of maleic anhydride, the two possible
isomeric succinic anhydrides are formed; as a result of opening and closure of the
ring, like the unsubstituted derivatives, they give 1-oxo-1,2-dihydropyrrolo[1,2-a]
quinoxalines 53 and 54, and here only the first of them isomerize to the
1-oxo-1,5-dihydropyrrolo[1,2-a]quinoxalines 52d, e (Scheme 3.17) (Cheeseman
and Tuck 1965a).
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If disubstituted maleic anhydride is used in this reaction, even with boiling in
toluene solution for 46 h, the process does not go past the stage of formation of the
corresponding derivative of succinic acid–3-[(3-methylquinoxalin-2-yl)methyl]-
3,4-diphenyldihydrofuran-2,5-dione 55 (Fig. 3.4), which is isolated with a yield of
90 % (Cheeseman and Tuck 1965a).

The authors of (Taylor and Hand 1962) cast some doubt on all the previous
investigations (Flett and Gardner 1952; Schönberg and Mustafa 1943) concerning
study of the reaction of 2,3-dimethylquinoxaline with maleic anhydride, the
products of which were erroneously assigned one of the above-mentioned structures
47–50 (Fig. 3.3), and showed that pyrrolo[1,2-a]quinoxaline is formed as a result of
this reaction.
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The second general method for the synthesis of pyrrolo[1,2-a]quinoxalines
according to the QC1 version involves the reaction of mono- and
dimethylquinoxalines with α-halo ketones (Cheeseman and Tuck 1965a; Buchan
et al. 1985; Berlin et al. 1991; Blache et al. 1995; Guillon et al. 1998, 2000). The
tricyclic system in this case is produced after treatment of the intermediately formed
quaternary salts 57a–f with sodium alcoholate (Scheme 3.18). The effectiveness of
the reaction depends on how successfully the quaternary salt is formed, and this in
turn is determined by the nucleophilicity of the nitrogen atom of the quinoxaline
system at which the reaction occurs and by the nature of the alkylating reagent. For
example, the reaction of the ethyl bromopyruvate 56a with 2,3-dimethylquinoxaline
51a (Berlin et al. 1991) gives 93 % of the tricyclic compound 58d, while the
reaction of 2-chloro-3-methylquinoxaline 51d (Blache et al. 1995) with ethyl
bromopyruvate 56a takes place with a yield of only 26 % of the pyrrolo[1,2-a]
quinoxaline derivative 58b. At the same time, only 14 % of the required substance
58e is formed in the reaction of 2,3-dimethylquinoxaline 51a with phenacyl bro-
mide 56b (Cheeseman and Tuck 1965a), and only 1 % of the pyrroloquinoxaline
58f is formed with bromoacetone 56c.

The presence of a methyl substituent at position 4 of compound 58d made it
possible, with identical strategy, to synthesize with a 56 % yield 2,11-di(ethoxy-
carbonyl)dipyrrolo[1,2-a;2′,1′-c]quinoxaline 60, which was converted into unsub-
stituted dipyrrolo[1,2-a;2′,1′-c]quinoxaline 61 according to the scheme presented
above (Berlin et al. 1991).

In a number of cases, the reaction of the quinoxalines 62with oxalyl chloride with
boiling in anhydrous chloroform at 60–63 °C for 2–2.5 h leads to the formation of
3-aroyl- and heteroyl-1,2,4,5-tetrahydropyrrolo[1,2-a]quinoxaline-1,2,4-triones 63
with sometimes almost quantitative yields (Scheme 3.19) (Andreichikov 1994;
Tolmacheva et al. 2002; Maslivets et al. 2002; Bozdyreva et al. 2005).
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The reaction of 3-[α-chloro(p-nitrobenzyl)]quinoxalin-2-one 64 with acetylace-
tone in the presence of KOH without isolation of the corresponding C-alkylation
product leads to the formation of the pyrroloquinoxaline 65 (Scheme 3.20)
(Mamedov et al. 2004).

3.1.7 Production Methods of Type QC (Version QC2)

1-(p-Nitrophenyl)-2-phenyl-1,1a-dihydroazirino[1,2-a]quinoxaline 66, readily
obtainable by the reaction of 2,3-dibromo-3-(p-nitrophenyl)-1-phenyl-1-propanone
with 1,2-diaminobenzene (1,2-DAB), reacts with 1,3-dipolarophiles—dimethyl
acetylenedicarboxylate, dibenzoylacetylene, and acenaphthylene—in boiling toluene
with the formation of derivatives of 1-p-nitrophenyl-4-phenylpyrrolo[1,2-a]
quinoxaline 67 in the first two cases and 13-p-nitrophenyl-6-phenyl-6a,6b,12b,
13-tetrahydroacenaphtho[1′,2′:3,4]pyrrolo[1,2-a]quinoxaline 68 in the third (Heine
and Henzel 1969) (Scheme 3.21).

The fact that these reactions take place through the 1,3-dipolar intermediate 69,
arising as a result of thermal cleavage of the C–C bond of the azirino[1,2-a]
quinoxaline system, is favored by the formation of p,p′-dinitrostilbene and
2-phenylquinoxaline (Heine and Henzel 1969) according to the following
Scheme 3.22.

To realize the strategy for the synthesis of pyrrolo[1,2-a]quinoxalines denoted
by the symbol QC2 it could be possible to use the 1,3-dipolar cycloaddition of the
quinoxalinium N-ylide, produced in situ by the reaction of 1-phenacylquinoxalium
bromide with triethylamine, with various 1,3-dipolarophiles if the formation of the
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Scheme 3.19 Reactions of the 3-(2-oxo-2-R2-ethylidene)-3,4-dihydroquinoxalin-2(1H)-ones with
oxalyl chloride
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146 3 Synthesis of Pyrrolo[l,2-a]quinoxalines



1-phenacylquinoxalinium bromide proceeded well and without side processes.
Unfortunately, 1-phenacylquinoxalinium bromide is formed with a yield of only
28 % as a result of prolonged standing (one month) of the mixture of quinazoline
and phenacyl bromide in chloroform solution (Easley and Bahner 1950). Boiling of
the reaction mixture for 3 h leads to resin formation. When heated without a solvent
for 10 min, the mixture of quinoxaline and phenacyl bromide polymerizes.
Nevertheless, the desired salt can be obtained with a 30 % yield by fusion of the
mixture of reagents at 60 °C for 5 min. Heating of a mixture of 1-phenacyl bromide,
acrylonitrile, triethylamine, and Py–Co(HCrO4)2 in DMF solution at 80–90 °C for
5 h leads to the expected 1-benzoyl-3-cyanopyrrolo-[1,2-a]quinoxaline 71a with a
yield, unfortunately, of only 9 %. The main reaction product (59 %) is
3-benzoyl-1-cyanoindolizine 72 (Zhou et al. 1998, 1999). The 1,3-dipolar cyclic
adduct 72 obviously results from reaction of the acrylonitrile with the
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Scheme 3.21 Reactions of 1-(p-nitrophenyl)-2-phenyl-1,1a-dihydroazirino[1,2-a]quinoxaline
with 1,3-dipolarophiles
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Scheme 3.22 The thermal cleavage of azirino[1,2-a]quinoxaline derivatives
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N-phenacylpyridinium bromide formed as a result of disproportionation of the salt
70 by pyridine (a stronger base than quinoxaline), which appears in the reaction
mixture as a result of decomposition of the tetrakis(pyridine)cobalt(II) bichromate
(Scheme 3.23).

In order to avoid this effect, an attempt was made to replace TPCB by the more
readily accessible oxidizing agent MnO2 (Scheme 3.24). Compound 71a was
formed with a yield of 48 %. When the analogous procedure was used, the pyrrolo
[1,2-a]quinoxalines 71b–e were obtained with moderate yields from methyl acry-
late, methyl vinyl ketone, diethyl fumarate, and N-phenylmaleimide, respectively
(Zhou et al. 1999).

The quinoxalines 73 are converted by the action of acetylenedicarboxylic ester
into the pyrroloquinoxalines 74 (Scheme 3.25) (Komatsu et al. 2003).

Another synthetic equivalent of the type QC2 synthons in the construction of the
pyrrolo[1,2-a]quinoxaline fragment entering in the condensed heterocyclic system
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Scheme 3.23 Synthesis of
1-benzoyl-3-cyanopyrrolo
[1,2-a]quinoxaline and
3-benzoyl-1-cyanoindolizine
from 1-phenacylquinoxalium
bromide and pyridine with the
use of triethylamine and
acrylonitrile
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Scheme 3.24 Synthesis of 1-benzoylpyrrolo[1,2-a]quinoxalines from 1-phenacylquinoxalinium
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can be the conjugated heterocyclic mesomeric betaines 77, i.e., 2-substituted 1H-
1,3aλ5-diazaphenalen-3a-ium-3-ides produced in situ by the deprotonation of
2-substituted 1H-1,3aλ5-diazaphenalen-3a-ium salts 76, which are the products
from condensation of 8-aminoquinoline 75 with α-halogeno ketones (Scheme 3.26)
(Ollis and Stanforth 1989). Since the betaines 77 cannot be isolated on account of
their high reactivity, they were characterized in the form of the adducts 78–83,
which are derivatives of the pyrroloquinoxalines produced as a result of 1,3-dipolar
addition of the betaines 77 to the various acetylenic and olefinic dipolarophiles
(Scheme 3.26).
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Scheme 3.25 4-[(Ttrimethylsilyl)methyl]quinoxaline-2,3(1H,4H)-diones in the synthesis of
pyrrolo[1,2-a]quinoxalines
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3.1.8 Production Methods of Type QD

Diphenylcyclopropane and diphenylcyclopropanethione, being synthetic equiva-
lents of synthon QD, react with various heterocyclic nitrogen compounds with
annelation of the pyrrole ring; if the compound contains the –N=N– fragment,
annelation as a rule involves both nitrogen atoms with the formation of a
pyrazole-containing condensed system. In these reactions, 2-methylquinoxaline 51b
acts as a synthetic equivalent of synthon QD and, depending on the second reagent,
is converted into the 1-hydroxy or 1-mercapto derivatives of pyrrolo[1,2-a]
quinoxaline 85 (Scheme 3.27) (Lown and Matsumoto 1971a, b).

However, a more recent investigation, involving study of the reaction of
diphenylcyclopropenone 84b with quinoxaline and 2-methylquinoxaline, showed
that the 3-hydroxy derivative of pyrrolo[1,2-a]quinoxaline 86 (Weidner et al. 1991)
and not the 1-hydroxy derivative 85b, as reported previously (Lown and
Matsumoto 1971a), is formed as a result of this reaction (Scheme 3.28).

1,3-Diiodopropane can act as a more accessible synthetic equivalent of the
three-carbon synthon in the construction of the pyrrolo[1,2-a]quinoxaline system by
strategy QD. By reaction with 1,3-diiodopropane in solution for 1 h, the dianion of
2,3-diphenylquinoxaline 88, produced by the reaction of 2,3-diphenylquinoxaline
87 with two equivalents of metallic sodium, gives 3α,4-diphenyl-1,2,3,3α-tetra-
hydropyrrolo[1,2-a]quinoxaline 89 (Scheme 3.29) (Smith and Levi 1972).
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Scheme 3.27 Reactions of diphenylcyclopropane and diphenylcyclopropanethione with the
2-methylquinoxaline
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Scheme 3.28 Diphenylcyclopropane as synthetic equivalent of synthon QD in the pyrrolo[1,2-a]
quinoxaline synthesis
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3.1.9 Production Methods of Type QE1

A more thorough retrosynthetic analysis of the structure of pyrrolo[1,2-a]quinox-
alines demonstrates the possibility of synthesizing these compounds by a
three-component reaction using reagents that can supply the one- and two-carbon
fragments and also the quinoxaline system (symbol QE1). The reaction of
dichlorocarbene, generated from chloroform by the action of KOH, with quinox-
aline in the presence of dimethyl maleate goes through the intermediate formation
of an ylide–cycloammoniodichloromethanide 90, the 1,3-dipolar cycloaddition of
which to dipolarophiles gives the unstable derivatives of tetrahydropyrrolo[1,2-a]
quinoxalines 91; they are dehydrogenated under the reaction conditions or by the
action of an oxidizing agent to derivatives of pyrrolo[1,2-a]quinoxalines. In this
case, pyrrolo[1,2-a]quinoxaline 92 and trace quantities of its analog 93 not con-
taining chlorine are formed (Scheme 3.30) (Khlebnikov et al. 1998).

3.1.10 Production Methods of Type QE2

As a result of 1,3-dipolar addition to dimethyl acetylenedicarboxylate and methyl
propargylate and depending on the molar ratio of the latter, the quinoxaline N-
oxides 94a–m are transformed selectively into derivatives of isoxazolo[2,3-a]
quinoxaline 95a–m and pyrrolo[1,2-a]quinoxaline 96a–m (Scheme 3.31) (Kim
et al. 1989, 1990a, b, c, 2000, 2001).
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3.1.11 Other Methods of Synthesis

Under these methods of synthesis of pyrrolo[1,2-a]quinoxalines, we include
methods based either on condensed derivatives of quinoxaline (a) or on compounds
containing neither a pyrrole ring nor a quinoxaline system (b). In method (b), the
pyrroloquinoxaline system can be formed with the initial formation of the pyrrole
ring (b-I) or the quinoxaline system (b-II). In this review, we examine only the
second version (b-II).

A typical example is the recyclization of isoxazolo[2,3-a]quinoxalines 95a–m to
pyrrolo[1,2-a]quinoxalines 96a–m (Kim et al. 1989, 1990a, c), shown in
Scheme 3.31.

Investigation of the decomposition of 2-azidophenazine 97a in various hydro-
carbon solvents showed that the main product in all the solvents at 130–131 °C is
2-aminophenazine 98 (Scheme 3.32). The same compound is readily obtained at
room temperature in tetraline and decaline. In other solvents (hexane, cyclohexane,
benzene, and xylene) saturated with oxygen, 2-nitrophenazine 99, 3-[2-
(3-formylquinoxalinyl)]acrylonitrile 100, and 4-formyl-1-nitrosopyrrolo[1,2-a]
quinoxaline 101 are formed, while in the absence of oxygen resinification occurs
(Bettinetti et al. 1978).

94-96 a R = N(CH2)5
b R = N(CH2CH2)2O
c R = N(CH2)4
d R = indolyl-1
e R = dimethyl-3,5-pyrazolyl-1
f R = methyl-3-phenyl-5-pyrazolyl-1
g R = amino-3-methoxycarbonyl-4-pyrazolyl-1
h R = amino-3-ethoxycarbonyl-4-pyrazolyl-1
i R = amino-3-n-propoxycarbonyl-4-pyrazolyl-1
j R = amino-3-isopropoxycarbonyl-4-pyrazolyl-1
k R = amino-3-butoxycarbonyl-4-pyrazolyl-1
l R = amino-3-(2-ethylhexyloxycarbonyl)-4-pyrazolyl-1
m R = N(CH2CH2)2CH2
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Under analogous conditions, 2-azido-1-methoxyphenazine 97b forms the
derivative of pyrrolo[1,2-a]quinoxaline 102, but here the number of side products
reaches six (Scheme 3.33) (Albini et al. 1987).

Another example of the modification of a tricyclic compound is the transfor-
mation of pyridazinoquinoxaline 103 in an acidic medium into the pyrrolo-
quinoxaline 105 (Scheme 3.34) (Abbott et al. 1972).
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The reaction of methyl propargylate (propiolate) with benzylimidazole and its
2-alkyl and aryl derivatives in acetonitrile leads to the formation of the methyl
esters of 3-trans-(1-benzimidazolyl)acrylic acid 106a and 107a, b, whereas the
reaction with benzimidazole in methanol leads exclusively to the corresponding cis
isomer 106b; in the absence of the solvent, the treatment of benzimidazole with
methyl propiolate gives a mixture of compounds 106a, b, and pyrrolo[1,2-a]ben-
zimidazole 108 (Fig. 3.5). At the same time, the 2-isopropyl, 2-phenyl, and
2-benzyl derivatives of benzimidazole in reaction with methyl propiolate without a
solvent form the pyrrolo[1,2-a]quinoxalines 114 and 115 (Scheme 3.35) (Acheson
and Verlander 1973).
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The formation of the pyrrolo[1,2-a]quinoxalines can be represented by various
schemes; according to one of them the zwitterion 109, formed under the reaction
conditions from the corresponding benzimidazole derivative, detaches a proton
from the methyl propriolate with the generation of an acetylide anion, which in turn
adds to the benzimidazole at position 2. As shown in the scheme, nucleophilic
attack by the nitrogen atom at the triple bond generates a new carbanion. cis-
Elimination of methyl propiolate (of the Chugaev type) from the intermediate 111
leads to compound 112 and methyl propiolate, recombination of which leads to the
structure 113. Aromatization of compound 113 with R1 = H or prototropic iso-
merization of the tricycle 113 with R1 = CH=CHCO2Me gives compounds 114 and
115, respectively (Acheson and Verlander 1973).

The benzimidazoles 116 are also transformed into pyrroloquinoxalines 117 by
the action of acetylenecarboxylic acid derivatives (Scheme 3.36) (Meth-Gohn 1975;
Rowland and Taylor 1979; Ager et al. 1988).

Economically favorable and ecologically harmless methods, which are in most
cases one-pot tandem processes, occupy a special position among methods for the
synthesis of condensed heterocyclic compounds.

As seen from the retrosynthetic analysis of the structure presented below, the
simplest and most accessible reagent for the synthesis of pyrrolo[1,2-a]quinoxalines
is 1,2-DAB. If the aim is to synthesize a derivative of pyrrolo[1,2-a]quinoxaline
from 1,2-DAB, the second reagent must be a compound with at least five carbon
atoms having functional centers capable of reacting with the amino groups of the
1,2 DAB at positions 1, 2, and 5 (Fig. 3.6).

Derivatives of 2-hydroxy-1,5-diketones 118a–d, which are synthetic equivalents
of synthon F, meet these requirements. The reaction of 2-hydroxy-1,5-diketones
118a–d with 1,2-DAB leads to the formation of derivatives of 4,5-dihydropyrrolo
[1,2-a]quinoxaline 119a, b, which are dehydrogenated by the action of MnO2 to the
corresponding derivatives of pyrrolo[1,2-a]quinoxaline 120a, b. The use of
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Scheme 3.36 The reactions of methyl propargylate with 2-substituted benzimidazoles

N

N

N2-

N2-

NH2

NH2
R

O
R1

R2HO

PhOF

2+
+

+

Fig. 3.6 Retrosynthetic
analysis of the structure of
pyrrolo[1,2-a]quinoxaline

3.1 Pyrrolo[1,2-a]quinoxalines Based on Quinoxalines 155



2-hydroxy-1,5-diketones 118c, d, however, leads directly to the formation of pyr-
rolo[1,2-a]quinoxalines 120c, d (Scheme 3.37) (Kaminskii et al. 1992).

The formation of the pyrrolo[1,2-a]quinoxaline structure in this reaction can be
represented in one of two ways (Scheme 3.38): (a) isomerization of the
2-hydroxy-1,5-diketone 118 to the 5-hydroxy-1,4-diketone 121 with the subsequent
formation of the o-aminophenylpyrrole 122 and closure of the dihydroquinoxaline
structure 123; (b) reaction of the α-hydroxyketone fragment with 1,2-DAB with the
formation of the hydroquinoxaline derivative 125 and subsequent closure of the
dihydropyrrole ring and isomerization of the 3,3a-dihydropyrrolo[1,2-a]quinoxaline
structure 124 to the more stable 4,5-dihydropyrrolo[1,2-a]quinoxaline structure 123.
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The second path seems more likely since during the reaction of the hydroxy-
diketone with 1,2-DAB in a 15:1 mixture of ethanol and acetic acid and subsequent
oxidation, a mixture of compound 120 and the quinoxaline derivative 125 in a ratio
of 2:5 is formed.

The reaction of 1,2-DAB with the α,δ-dihalo carboxylic acids 126a–c leads to
annelation of the pyrrolo[1,2-a]pyrazine system and the formation of 1,2,3,4-
tetrahydropyrroloquinoxalinones 127a–c (Scheme 3.39) (Likhosherstov et al. 1968).

The authors of (Artico et al. 1967, 1968) described the construction of the
tricycle 130a, b as the result of condensation of the 1,2-DAB derivative 128 with
the ethyl acrylates 129a, b (Scheme 3.40).

The diethyl 5-hydroxy-6-oxotetrahydro-2H-pyran-2,3-dicarboxylate 131 is also
converted by the action of 1,2-DAB into a derivative of pyrroloquinoxalines 132
(Scheme 3.41) (Kumashiro 1961).

The N-oxides not only of quinoxalines but also of 1,4-benzodiazepines can serve
as excellent 1,3-dipoles in the synthesis of derivatives of pyrrolo[1,2-a]quinoxa-
lines. For example, the reaction of chlorodiazepineoxide 133 with dimethyl
acetylenedicarboxylate takes place by a scheme of 1,3-dipolar addition with the
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formation of two types of tri- and tetracyclic derivatives of pyrrolo[1,2-a]quinox-
alines 135 and 136 (Scheme 3.42) (Miyadera et al. 1977). The intermediate for-
mation of compound 134, which is converted into compounds 135 and 136 as a
result of intramolecular cyclocondensations, is explained by a Beckmann-type
rearrangement in the adduct formed at the first stage of 1,3-cycloaddition.

3.1.12 Conclusion

According to the data in Table 3.1, of the 12 possible methods for the synthesis of
pyrrolo[1,2-a]quinoxalines the most successful are the methods based on the QA1,
QB1, QC1, QC2, and QE2 approaches. Methods based on QA2, QA3, QA4, and
QB2 can only be realized after effective methods have been developed for the
synthesis of N-alkylated derivatives of quinoxalines with alkyl fragments of various
lengths and with various functional groups at the terminal atoms of the alkyl
fragment that promote closure of the pyrrole ring, or with participation of the C(2)
atom of the quinoxaline system, or with participation of the substituent at position 2
of the quinoxaline system.
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Scheme 3.42 Condensation of chlorodiazepineoxide with dimethyl acetylenedicarboxylate

Table 3.1 Possible and implemented methods of synthesis of pyrrolo[1,2-a]quinoxalines based
on quinoxaline derivatives

Based on quinoxaline derivatives

Possible Implemented (number of papers)

QA1, QA2, QA3, QA4 QA1 (16), QA2 (0), QA3 (0), QA4 (0)

QB1, QB2, QB3 QB1 (2), QB2 (0), QB3 (1)

QC1, QC2 QC1 (16), QC2 (5)

QD QD (4)

QE1, QE2 QE1 (1), QE2 (6)

Other methods (8)
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3.2 Pyrrolo[l,2-a]quinoxalines Based on Pyrroles

3.2.1 Introduction

In a continuation of the previous Sect. 3.1, where possible methods for the con-
struction of pyrrolo[1,2-a]quinoxalines based on quinoxalines were examined, data
are presented here on methods of synthesis based on pyrroles and other systems that
are not derivatives of either quinoxalines or pyrroles.

Various possible methods based on pyrroles for the construction of the pyrrolo
[1,2-a]quinoxaline system are given below (Fig. 3.7).

3.2.2 Type PA1 Production Methods

A strategy for the synthesis of pyrrolo[1,2-a]quinoxalines based on pyrrole
derivatives can be developed on the basis of the structural components used for the
formation of the pyrazine ring. The principles represented by the symbol PA1
originating from retrosynthetic analysis, i.e., the cyclocondensation of 1-aryl
derivatives of pyrrole containing N-C fragments at the ortho-position of the aryl
substituent, are most often used. An example of a synthesis using such an approach
is the intramolecular cyclization of 1-(2-isocyanophenyl)pyrrole 137a, which is
easily obtained by dehydration of the corresponding formylamino derivative with a
POCl3/Et3N mixture in THF.

The reaction takes place in the presence of catalytic amounts of boron trifluoride
etherate under mild conditions (CH2CH2, 0 °C), resulting in the formation of
unsubstituted pyrrolo[1,2-a]quinoxaline 138 with an almost quantitative yield
(Kobayashi et al. 1998, 2001a). The cyclization of compound 137 catalyzed by
boron trifluoride etherate also goes well in the presence of various aldehydes and
ketones (Kobayashi et al. 1998, 2001a), semiacetals (Kobayashi et al. 2001a), and
2,5-Diethoxytetrahydrofuran (Kobayashi et al. 2001a) and by the action of various
epoxides (Kobayashi et al. 2001a); here, various derivatives of pyrrolo[1,2-a]
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Fig. 3.7 Possible variants of the construction of the pyrrolo[1,2-a]quinazoline system on the basis
of pyrroles

3.2 Pyrrolo[l,2-a]quinoxalines Based on Pyrroles 159



quinoxalines 138–141, 143, and 145 substituted at position 4 are formed with yields
of 3–97 %, depending on the employed carbonyl component (Scheme 3.43)
(Kobayashi et al. 1998, 2001a).

The reaction of 1-(2-isocyanoaryl)pyrroles with Eschenmoser’s salt 147 also
goes smoothly with the formation of dimethyl(pyrrolo[1,2-a]quinoxalin-4-
ylmethyl)ammonium iodides 148 (Scheme 3.44), which after treatment with an
aqueous solution of NaHCO3 readily give quantitative yields of the free bases. In
the case of the reactions of 1-(2-isocyanophenyl)pyrroles 137a, b with other salts of
the iminium type 149 and 151, obtained from secondary amines and aldehydes in
the presence of Me3SiCl/NaI/Et3N, it was shown that such a synthesis of 4-
(1-dialkyl-aminoalkyl)pyrrolo[1,2-a]quinoxalines 150, 152, and 153 is universal
(Kobayashi et al. 2001b).

During the construction of the pyrazine ring of the pyrrolo[1,2-a]quinoxaline
system, the direct source of the N–C fragment can be not only an isocyano function
(–N+=C−) but also an acylamino function (–NHC(O)R) (Cheeseman and Tuck
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Scheme 3.43 Boron trifluoride etherate catalyzed cyclization of 1-(2-isocyanophenyl)pyrroles
with various reagents
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1965b, 1966; Garcia et al. 1968; Nagarajan et al. 1972; Kobayashi et al. 1998;
Alleca et al. 2003; Guillon et al. 2007a). As a result, as far back as 1966, a general
method was proposed for the production of pyrrolo[1,2-a]quinoxalines (Cheeseman
and Tuck 1966) by the cyclization of 1-(2-aminophenyl)pyrroles, obtained by the
Clauson-Kaas reaction (Clauson-Kaas and Tyle 1952), and their derivatives 154.
The cyclization of the acylamines 154 takes place during the action of phosphorus
oxychloride (Scheme 3.45).
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Scheme 3.44 Cyclization of 1-(2-isocyanophenyl)pyrroles with iminium salts
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Scheme 3.45 Cyclyzation of 2-(pyrrol-1-yl)benzanilides and benzophenone oxime when
expoused to POCl3
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It was unexpectedly found (Garcia et al. 1968) that o-(pyrrol-1-yl)benzophenone
oxime 156, which undergoes a Beckmann rearrangement to 5-chloro-2-
(pyrrol-1-yl)benzanilide 154e during the action POCl3 in DMF, can serve as a
starting material for the production of the pyrroloquinoxaline 155e. The structure of
the pyrroloquinoxaline 155e was confirmed unambiguously not only spectrally but
also by an alternative synthesis from the authentic 5-chloro-2-(pyrrol-1-yl)ben-
zanilide 154e by the method in Scheme 3.45 (Cheeseman and Tuck 1966).

Similarly, condensed derivatives of pyrrolo[1,2-a]quinoxalines 157–160 were
obtained from 5-(pyrrol-1-yl)-quinolines 161 (Scheme 3.46) (Lancelot et al. 1983a),
3-(pyrrol-1-yl)dibenzofurans 162 (Scheme 3.47) (Rault et al. 1979), and
3-(pyrrol-1-yl)carbazole 163 (Scheme 3.48) (Lancelot et al. 1984) containing at
positions 6, 2, and 4, respectively, the functional group RC(X)NH, which was
introduced by condensation of the corresponding amines with acetic anhydride,
phenyl isocyanate, phenyl isothiocyanate, and aliphatic isothiocyanates.

Closure of the pyrazine ring in compounds 161a–c is achieved by heating in the
presence of POCl3. Cyclization of compounds 161b, d to pyrroloquinoxalines
157a, b occurs in a boiling toluene solution for 1.5–2 h and during brief ther-
molysis, respectively (Scheme 3.46) (Lancelot et al. 1983a).

The pyrazine in 2-pyrrolyldibenzofyrans 162 is also formed by heating in the
presence of POCl3 (Scheme 3.47) (Rault et al. 1979).

Closure of the pyrazine ring in the pyrrolylcarbazole 163 occurs during brief
thermolysis at a temperature above 200 °C (Scheme 3.48) (Lancelot et al. 1984).

The cyclization of dimethyl [2-(pyrrol-1-yl)anilino]fumarate 165, obtained by
the reaction of N-(2-aminophenyl)pyrrole 164a with dimethyl acetylenedicar-
boxylate for a week in boiling chloroform, leads to methyl 4-(2-methoxy-2-
oxoethyl)pyrrolo[1,2-a]quinoxaline-4-carboxylate 167. At the same time, diethyl
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[2-(pyrrol-1-yl)anilino]methylenemalonate 166, easily obtained from N-
(2-aminophenyl)pyrrole 164a in reaction with diethyl ethoxymethylenemalonate in
boiling POCl3, is transformed after 15 min into pyrrolo[1,2-a]quinoxaline 138
(Scheme 3.49) (Suschitzky et al. 1975).

3.2.3 Type PA2 Production Methods

There is only one method of realizing a synthesis of type PA2, and this involves
reduction of the N-(2-nitrophenyl)pyrrolidine-2-carboxylic acids 170 or the esters
of N-(2-nitrophenyl)pyrrole-2-carboxylic acid 171 (Scheme 3.50). Compounds 170
were obtained by the condensation of 1-fluoro-2-nitrobenzenes 168 with
pyrrolidine-2-carboxylic acid 169a or its ester 169b (Adegoke and Babajide 1983;
Abou-Gharbia et al. 1984; Freed and Abou-Gharbia 1984) in boiling ethanol in the
presence of NaHCO3. The reductive cyclization of compounds 170 and 171 was
realized both with cyclohexene in boiling ethanol in the presence of 10 % Pd/C
(Adegoke and Babajide 1983) and with iron powder in acetic acid (Abou-Gharbia
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et al. 1984; Freed and Abou-Gharbia 1984) and also for compound 170a with
sodium dithionite in water (Abou-Gharbia et al. 1984).

A method for the synthesis of the derivative of N-(2-nitrophenyl)
pyrrolidine-2-carboxylic acid 171b involves alcoholysis of 1-
(5-chloro-2-nitrophenyl)-2-trichloroacetyl-1H-pyrrole 175, which is in turn
obtained as a result of a two-stage process from 5-chloro-2-nitroaniline 173
(Silvestri et al. 2000). In this case, reductive cyclization is realized successfully with
iron powder in acetic acid (60 °C, 3 h) (Scheme 3.51).

If ammonium sulfide is used as reducing agent, a mixture of tetrahydropy-
rroloquinoxaline 178 and the N-hydroxy derivative 177 is formed from the
arylpyrrolidine 171c (Scheme 3.52) (Chicharro et al. 2003).
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This approach has found use in the synthesis of condensed heterocyclic systems
with a hydrogenated pyrrolo[1,2-a]quinoxaline fragment 180 (Scheme 3.53)
(Merwade et al. 1990; Basanagoudar et al. 1991; Rajur et al. 1992).

3.2.4 Type PA3 Production Methods

The key stage in the synthesis of pyrrolo[1,2-a]quinoxalines 183 (Scheme 3.54) by
type PA3 (Campiani et al. 1991, 1997) involves intramolecular substitution of a
fluorine atom in the aromatic ring by the carboxamide group formed in situ in the
1-aryl-2-cyanopyrroles 182 by the action of KOH. The formation of compounds
182 is a multistage process: synthesis of the 1-arylpyrroles by the Clauson-Kaas
reaction (Clauson-Kaas and Tyle 1952) and introduction of the CN group at
position 2 of the pyrrole ring according to the Scheme 3.54.

During the action of sodium hydride, substituted amides of pyrrolecarboxylic
acids 185 undergo cyclization to 5-substituted pyrroloquinoxalin-4-ones 186
(Scheme 3.55) (Rotas et al. 2004).
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3.2.5 Type PA4 Production Methods

A special method for the synthesis of pyrrolo[1,2-a]quinoxalines using the PA4
synthon has not been developed. However, during the production of
pyrrolo-1,4-benzodiazepines by the insertion of carbon monoxide into 2-[N-R-N-
(2-bromophenyl)aminomethyl]pyrrolidines 187 in the presence of catalytic amounts
of Pd(OAc)2 and PPh3 pyrrolo[1,2-a]quinoxalines 190 were found together with
other products formed as a result of the migration of, for example, an acyl group
from the aniline nitrogen atom to the pyrrolidine nitrogen atom (Scheme 3.56)
(Mory et al. 1984).

The structure and the mechanism of formation of the pyrroloquinoxaline 190 in
this reaction were partly clarified by realizing closure of the ring in compound 187
in an atmosphere of argon in the absence of carbon monoxide. Moreover, it was
shown that heating of compound 187 in an atmosphere of argon in the absence of
the palladium catalyst also leads to a small yield of the pyrrolo[1,2-a]quinoxalines.
The part played by the catalyst in the closure of the pyrazine ring is not understood.

3.2.6 Type PB1 Production Methods

An excellent example illustrating the production of pyrroloquinoxalines by the PB1
path is the cyclization of 1-(2-aminophenyl)pyrroles with formic acid. Thus, boiling
of compound 164a in formic acid leads to the formation of unsubstituted pyrrolo
[1,2-a]quinoxaline 138 with a yield of 80 % (Cheeseman and Tuck 1966; Gob and
Cheeseman 1986). However, the reaction of the diaminophenylpyrrole 164e under
these conditions leads to the formation of 9-formyl-amidopyrroloquinoxaline 191d
(Scheme 3.57) (Hou and Balli 1992).

When an analogous strategy was used for the synthesis of pyrrolo[1,2-a]
quinoxaline from 3,6-dimethoxy-2-nitroaniline, 6,9-dimethoxypyrrolo[1,2-a]
quinoxaline 191c, interesting in view of the presence of the methoxy groups, was
obtained; under the right conditions, it was converted into 6,9-dihydroxypyrrolo
[1,2-a]quinoxaline and pyrrolo[1,2-a]quinoxaline-6,9-dione 192 (Scheme 3.57).
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Scheme 3.56 Cyclization and rearrangement of 2-[N-R-N-(2-bromophenyl)aminomethyl]-
pyrrolidines when exposed to carbon monoxide
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The heterocyclic quinone 192 can be used in the synthesis of more complex con-
densed systems by the Diels–Alder reaction with various dienes (Al-Sammerrai
et al. 1980).

Methods for the synthesis of pyrrolo[1,2-a]quinoxalines based on 1-
(2-aminophenyl)pyrroles began to develop after a more convenient and more
effective method had been proposed for the production of the starting compound
with an overall yield of 75 %; this involved reduction of the 1-(2-nitrophenyl)
pyrrole obtained from o-nitroaniline and 2,5-diethoxytetrahydrofuran. The yield of
1-(2-aminophenyl)pyrrole from 1,2-DAB and tetrahydro-2,5-dipropoxyfuran
amounts to only 40 %, and isolation of the reaction product involves prolonged
steam distillation. The availability of compounds 164 made it possible to develop
convenient methods for the synthesis of pyrrolo[1,2-a]quinoxalines on the basis of
reactions with compounds that are synthetic equivalents of a synthon of the
R1R2CH2+ type. 1-(2-Aminophenyl)pyrrole reacts with benz-, anis-, and vera-
traldehydes in boiling ethanol with the formation of 4,5-dihydro-4-phenylpyrrolo
[1,2-a]quinoxalines 194 with high yields (Scheme 3.58) (Cheeseman and Rafic
1971). The method was extended successfully to other aldehydes preferably con-
taining electron-donating substituents and to cyclic ketones (cyclopentanone and
cyclohexanone) and led to the production of pyrroloquinoxalines with yields from
moderate to good depending on the nature of the carbonyl compound (Cheeseman
and Rafic 1971; Raines et al. 1976; Szabo et al. 2009).

In spite of the fact that 1-(2-aminophenyl)pyrrole is considered as an excellent
reagent in the synthesis of 4-substituted 4,5-dihydropyrrolo[1,2-a]quinoxalines, the
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R3 = H, Me, OMe
22 examples, 31-96%

Scheme 3.58 Cyclization of
2-aminophenylpyrrole
derivatives when exposed to
carbonyl compounds
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possibility of using it depends largely on the nature of the carbonyl compound and
the reaction conditions. The formation of 4,5-dihydropyrrolo[1,2-a]quinoxalines
according to the schemes described above involves a reaction of the Mannich type,
which requires a primary or secondary amine, an aldehyde (mostly formaldehyde),
and a nucleophilic carbon atom. As a rule, the use of other active aldehydes in place
of formaldehyde in the Mannich reaction sometimes does not lead to the desired
results (Blicke 1942; Tramontini 1973). For this reason, the authors of (Abonia
et al. 2001) attempted to extend the limits of the synthesis of pyrrolo[1,2-a]
quinoxalines by using 1-(2-aminophenyl)pyrrole, which contains an amino group
and a nucleophilic carbon atom at the same time. It was found that heating of a
solution of compound 164 and the aldehydes 193 at 50 °C in ethanol in the
presence of a catalytic amount of acetic acid led to 4,5-dihydropyrrolo[1,2-a]
quinoxalines 194 with yields of 70–96 % irrespective of the nature of the employed
aldehyde (Abonia et al. 2001). If aliphatic aldehydes such as isobutanal or unde-
canal are used, the formed 4,5-dihydropyrrolo[1,2-a]quinoxalines are gradually
oxidized to pyrroloquinoxalines, and they were therefore characterized in the form
of the N(5)-acyl derivatives. The mild conditions of the reaction (50 °C, a catalytic
amount of acetic acid) guarantee widespread use of this method, although it is
necessary to point out that 2,4-dinitrobenzaldehyde did not give the cyclization
products under any conditions. The reaction resulted in the formation of Schiffs
bases of type 195 even under very rigorous conditions (Scheme 3.59).

As reported (Raines et al. 1976), 2-aminophenylpyrrole 164a when heated with
cyclic ketones 196 in ethanol gave 4,5-dihydropyrrolo[1,2-a]quinoxalines 197
(Scheme 3.60).

Cyclization in a basic medium also takes place in the case of the reaction of
benzaldehyde with derivative of 1-(2-aminophenyl)pyrrole. For example, treatment
of the aminoester 164g with an equimolar amount of benzaldehyde in pyridine
gives 4,5-dihydropyrrolo[1,2-a]quinoxaline 200 and not the expected pyrroloben-
zotriazocine 199 (Korakas et al. 1996). The postulated intermediate in this reaction
is probably the imine 198. The reaction of compound 164a with benzaldehyde in

N

NH2

CHO
NO2

NO2

N
N

NO2

NO2
+

164a 195

Scheme 3.59 Reaction of
2-aminophenylpyrrole with
2,4-dinitrobenzaldehyde

164a
N
H

N
197 a (65%)

b (32%)

196, 197 n = 0 (a), 1 (b)

O

+
EtOH, reflux

n

196a,b

n

Scheme 3.60 Reaction of
2-aminophenylpyrrole with
cyclic ketones
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the presence of copper acetate leads to 4-phenylpyrroloquinoxaline 155c
(Scheme 3.61).

When the reactions of 1-(2-aminophenyl)pyrroles and aldehydes are carried out
in the presence of isocyanides under acid-catalyzed conditions, the dihydropyrrolo
[1,2-a]quinoxalines–amidines are obtained (Medda and Hulme 2014). The pre-
dominant pathway proceeds through the Pictet–Spengler reaction via 202, which
intriguingly is highly susceptible to the reaction with protonated isonitriles 203,
affording products of generic structure 204 in a single step. Enticingly, these new
products contained three points of diversity, being derived from a novel, albeit
unplanned, MCR containing an unexpected amidine functional group 204
(Scheme 3.62).

Scheme 3.63 depicts a proposed mechanism where amine 164 and aldehyde
react to generate the expected Pictet–Spengler product 202 via the iminium species
205. Evidence for the intermediate formation of 202 was observed through LC/MS
monitoring, and the reaction with the protonated isonitrile 203 affords the final
exocyclic amidine moiety 204.

N

N

NHCO2Et

CHPh
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N

NH2

R

N

N

Ph

155c

HN
N

N

Ph

CO2Et N
H

N

Ph

NHCO2Et

PhCHO PhCHO

(R = CH2NHCO2Et) (R = H)

199 200 (50%)

164 a R = H
g R = CH2NHCO2Et

Scheme 3.61 Cyclization of 2-aminophenylpyrrole derivatives when exposed to benzaldehyde
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N
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R1 = H, Me, OMe
R2 = (CH2)2Ph, (CH2)2SMe, Ar
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12 examples, 59-89%

Scheme 3.62 Synthesis of dihydropyrrolo[1,2-a]quinoxalines–amidines via a Pictet–Spengler
amidination sequence
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With an optimized procedure (microwave irradiation in DCE in the presence of
TsOH (0.4 equiv) at 120 °C, for 30 min), the reaction scope was explored and 12
analogs 204, (Scheme 3.62) prepared using three amines 164a, b, f, seven alde-
hydes, and seven isonitriles 201 as reagents [Note: only three 1-(2-aminophenyl)
pyrroles were found to be commercially available]. The one-pot procedure proved
to be general, tolerating the full range of starting materials in high yield (39–89 %).
As noted, the Pictet–Spengler intermediate was observed during reaction moni-
toring, and therefore two Pictet–Spengler intermediates, 202a and 202b, were
isolated and treated with an isonitrile in the presence of para-toluene sulfonic acid at
elevated temperatures in toluene. Final products 204a–b were obtained in 52 and
61 % isolated yields, respectively (Scheme 3.64).

The synthesis of 3-(4-alkyl-4,5-dihydropyrrolo[1,2-a]quinoxalin-4-yl)-2H-
chromen-2-one derivatives by a three-component reaction of salicylaldehyde, β-
keto esters, and 1-(2-aminophenyl)pyrrole using piperidine–iodine as a dual system
catalyst is reported (Table 3.2) (Alizadeh et al. 2014)

This reaction includes some important aspects like mild reaction condition, ease
of handling, simple purification, and good to excellent yields.

If phosgene or triphosgene is used as the synthetic equivalent of the synthon
R2C

2+ during construction of the pyrroloquinoxaline system from derivatives of 1-
(2-aminophenyl)pyrrole 4,5-dihydropyrrolo[1,2-a]quinoxalin-4-ones 209 with a
highly reactive carbamoyl function are formed. Syntheses of a series of functionally

N

NH2

164

O

R2 H
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N
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Scheme 3.63 Proposed
mechanism for the formation
of dihydropyrrolo[1,2-a]
quinoxalines–amidines
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202 a R = NO2 (55%)
b R = H (59%)
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Scheme 3.64 Two-step preparation of dihydropyrrolo quinoxaline amidines
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substituted derivatives of pyrrolo[1,2-a]quinoxalines 209 of pharmacological
interest by this method have been described (Scheme 3.65) (Nagarajan et al. 1972;
Prunier et al. 1997; Campiani et al. 1999; Guillon et al. 2004, 2007a, b, 2008;
Grande et al. 2007; Vidaillac et al. 2007; Desplat et al. 2008).

The reaction of aminophenylpyrrole 164a with carbon disulfide in the presence
of sodium hydroxide and with thiophosgene leads to 4-mercaptopyrroloquinoxaline
210 and to the sulfide 211, respectively (Nagarajan et al. 1972; Guillon et al.
2007b), while reaction with BrCN in the presence of sodium carbonate leads to the
formation of 4-aminopyrroloquinoxaline 212 (Scheme 3.66) (Nagarajan et al.
1972).

By extending the above-described method for the construction of the pyrrolo
[1,2-a]quinoxaline system based on 1-(2-aminophenyl)pyrroles (Clauson-Kaas and
Tyle 1952) to condensed heterocyclic systems containing vicinal amino groups in
the benzene fragment it is possible to synthesize polycondensed heterocyclic sys-
tems with pyrrolo[1,2-a]quinoxaline structural fragments. For example, it was
shown that three different pentacyclic condensed heterocyclic systems–derivatives
of pyrrolopyrazinocarbazoles 160, 216, and 218 (Scheme 3.67) are formed,

Table 3.2 Synthesis of coumarin bearing pyrrolo[1,2-a]quinoxaline derivatives 208a–j

R1

CHO

OH

O

R2 OMe

O

N
H2N

206 207

piperidine (5%), I2 (10%)

DMF, rt, 8 h
R1

208a-j

O O

N

HN
R2

164a

+ +

Entry 206 R2 208 Yield (%)
1 Salicylaldehyde Me 208a 75
2 5-Methylsalicylaldehyde Me 208b 70
3 3-Methoxysalicylaldehyde Me 208c 65
4 5-Methoxysalicylaldehyde Me 208d 60
5 5-Nitrosalicylaldehyde Me 208e 90
6 3,5-Dichlorosalicylaldehyde Me 208f 95
7 2-Hydroxynaphthalene-1-

carbaldehyde
Me 208g 83

8 Salicylaldehyde n-Propyl 208h 70
9 3-Methoxysalicylaldehyde n-Propyl 208i 68
10 2-Hydroxynaphthalene-1-

carbaldehyde
n-Propyl 208j 60

NR1

R2 NH2 N
H

N

O

R1

R2

COCl2

209

R1 = H, Cl, Me, OMe
R2 = H, Cl, Me, OMe, OBn, CN
11 examples, 53-100%

164

Scheme 3.65 Cyclization of 2-aminophenylpyrrole derivatives when exposed to phosgene
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depending on the nature of the source of the one-carbon fragment and the method of
cyclization of the 4-amino-3-(pyrrol-1-yl)carbazole 213 and its isomeric 2-amino-3-
(pyrrol-1-yl)- 215 and 3-amino-2-(pyrrol-1-yl)carbazoles 217 (Rault et al. 1979;
Lancelot et al. 1983a, b, 1984).

When the same authors used the analogous strategy, functional derivatives of
benzofuro[3,2-g]-pyrrolo[1,2-a]quinoxalines 159c, 220, and 221 were synthesized
(Rault et al. 1979) based on 2-amino-3-(pyrrol-1-yl)dibenzofuran 219
(Scheme 3.68).

In a similar way, the authors of (Lancelot et al. 1983b) synthesized pyrido[2,3-h]
pyrrolo[1,2-a]quinoxalines 223 and 157b from the hydrohalide of 6-amino-5-
(pyrrol-1-yl)quinoline 222. The reactions of the 6-amino derivative 222 with
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215 216 a R = H (68%)
b R = OH (79%)
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217 218 a R = H (34%)
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Scheme 3.67 Cyclization of the 4- and 2-amino-3-(pyrrol-1-yl)carbazoles and their isomeric
3-amino-2-(pyrrol-1-yl)carbazoles
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Scheme 3.66 Cyclization of 2-aminophenylpyrrole when exposed to thiophosgene, carbon
disulfide, and cyanic bromide

172 3 Synthesis of Pyrrolo[l,2-a]quinoxalines



anisaldehyde and acetone under normal conditions and with pyruvic acid and with
benzyl methyl ketone under the conditions of a Mannich condensation gave the
corresponding 4,5-dihydroderivatives of pyrido[2,3-h]pyrrolo[1,2-a]quinoxalines
223 (Scheme 3.69) (Lancelot et al. 1983a).

An original series of 4-substituted pyrrolo[1,2-a]quinoxaline derivatives, new
structural analogs of Galipea species quinoline alkaloids, was synthesized from
various substituted 2-nitroanilines via multistep heterocyclizations (Table 3.3) and
tested for in vitro antiparasitic activity upon Leishmania amazonensis and
Leishmania infantum strains (Guillon et al. 2007a). All 4-substituted pyrrolo[1,2-a]
quinoxaline derivatives 155c, r–z, A–D were obtained from 1-(2-aminophenyl)
pyrroles 164a, f,m. Preparation of the latter was performed in acetic acid according
to the Clauson-Kaas reaction starting from 2-nitroanilines and
2,5-dimethoxytetrahydrofuran (DMTHF). The resulting 1-(2-nitrophenyl)pyrroles
intermediates 224a–c were subsequently reduced into the attempted 1-
(2-aminophenyl)pyrroles 164a, f, m using a BiCl3–NaBH4 treatment (Table 3.3).
The commercially unavailable 5-methoxy-2-nitroaniline was prepared according to
the literature (Kauffman et al. 1995; Zhang et al. 1996). The reaction of various
alkyl-, alkenyl-, or aryl-acid chlorides with 164a, f, m led to the acetamides 225a–
n. The 4-substituted pyrrolo[1,2-a]quinoxalines 155c, r–z, A–D were prepared by
cyclization of these amides 225a–n in refluxing phosphorus oxychloride according
to the Bischler–Napieralski reaction (Bischler and Napieralski 1893).
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O
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H
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Scheme 3.68 Cyclization of
2-amino-3-(pyrrol-1-yl)
dibenzofuran when exposed
to formic acid, phosgene, and
benzaldehyde
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Scheme 3.69 Cyclization of 5-(1H-pyrrol-1-yl)quinolin-6-amine and its salts when exposed to
phosgene and carbonyl compounds
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An efficient Pd-catalyzed highly regioselective C–H olefination and cyclization
sequence of N-aryl-substituted indoles and electron-withdrawing olefins has been
developed (Wang et al. 2012). The reaction is applicable to a wide range of sub-
strates with various functional groups affording the corresponding
indole/pyrrole-fused quinoxaline derivatives in moderate to good yields. As sum-
marized in Table 3.4, a number of alkyl and alkyoxyl substituents can be incor-
porated on the indole or benzene ring at various positions without significant loss in
reaction efficiency (entries 2–6 and 9–10, R1,2 = Me, MeO, or BnO). As revealed in
entries 7 and 12, fluoro-substituted substrates in this cascade reaction have been
successfully utilized (Shimizu and Hiyama 2005; Müller et al. 2007; Nie et al.
2011). Of note, a chloro group on the indole or phenyl ring of the substrate, which

Table 3.3 Synthesis of 4-substituted pyrrolo[1,2-a]quinoxaline derivatives

DMTHF = 2,5-Dimethoxytetrahydrofuran

R1

NH2

NO2

R2
DMTHF, AcOH, reflux

R1

N

NO2

R2

224a-c

BiCl3, NaBH4, EtOH

R1

N

NH2

R2

164a,f,m

R3COCl, pyridine
dioxane, reflux

R1

N

N
H

R2

225

O

R3

1. POCl3, toluene, reflux

2. NaHCO3, H2O, rtN

N

R3

R2

R1

155

Entry R1 R2 R3 225 Yield (%) 155 Yield (%)
1 H H Me 225a 60 155r 78
2 OMe H Me 225b 78 155s 50
3 H H Me 225c 59 155t 23
4 OMe H Me 225d 71 155u 16
5 H OMe Me 225e 60 155v 22
6 H H Me 225f 71 155w 61
7 OMe H Me 225g 74 155x 93
8 H H Me 225h 72 155y 54
9 OMe H Me 225i 61 155z 37
10 H OMe Me 225j 60 155A 26
11 H H

O
O

225k 74 155B 77

12 H H

OMe

OMe

225l 63 155C 70

13 H H 225m 79 155D 48

14 H H 225n 71 155c 53
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was well-tolerated in the current reaction system (entries 8 and 9). Notably, the
catalytic system proved to be tolerant of valuable electrophilic functional groups,
such as esters (entry 13). Additionally, the current catalytic system was not
restricted to the use of monosubstituted substrates, but also allowed for efficient
oxidative cyclization of different disubstituted N-arylation of indoles (entries 6 and
14). Perhaps more importantly, substrate 226o not only demonstrated that steric
interactions were well-tolerated but also showed excellent regioselectivity in our
cascade catalytic system (entry 15).

Subsequently, a variety of electron-deficient terminal alkenes were examined.
Scheme 3.70 shows that reactions of N-aryl-substituted indole 226a with several
acrylates 227p–w preceded smoothly and efficiently to produce the corresponding
products in generally good yields. Methyl vinyl ketone 228s and N,N-dimethyla-
crylamide 228t were also found to be competent coupling partners. Other olefins,
such as vinyl sulfone, vinyl phosphonate, and vinyl cyanide, could also participate
in this C–H olefination/cyclization sequence, albeit with poor reactivity.

Interestingly, it was found that the indole core could be successfully extended to
pyrrole-derived systems. For example, N-aryl-substituted pyrrole 229 smoothly
reacted with n-butyl acrylate 227a affording the corresponding cyclized product in
60 % yield (Scheme 3.71).

Table 3.4 Pd-catalyzed C–H olefination/cyclization sequence

N H
N

Ts
R2

R1

226

Pd(OAc)2 (10 mol %)

Cu(OAc)2, NaOAc/LiOAc
DMF, 110 oC

227a

N
N

R2

R1

228

Ts

CO2Bu-n
CO2Bu-n+1

2

3

45

6
3

4
5

6

1'

4'
5'

1'

4'

5'

Entry 226 R1 R2 228 Yield (%)
1 226a H H 228a 82
2 226b Me-4 H 228b 80
3 226c Me-5 H 228c 81
4 226d Me-6 H 228d 88
5 226e BnO-5 H 228e 71
6 226f (MeO)2-5,6 H 228f 88
7 226g F-6 H 228g 75
8 226h Cl-6 H 228h 90
9 226i H Me-4 228i 87
10 226j H Me2-4,5 228j 82
11 226k H Cl-4 228k 68
12 226l H CF3-4 228l 66
13 226m H CO2Me-4 228m 65
14 226n Cl-6 Me-4 228n 73
15 226o Me-3 H 228o 83
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Various heterocumulenes can be used as synthetic equivalents of the RC3+

synthon. In reaction with isocyanates, isothiocyanates, carbon dioxide, or carbon
disulfide by the Wittig reaction, the iminophosphates 231, obtained from o-
(1-pyrrolyl)phenyl azide, form o-pyrrolylphenylheterocumulenes, which undergo
cyclization to condensed pyrroloquinoxalines 155, 209k, 210, and 232
(Scheme 3.72) (Molina et al. 1989, 1990).

The reaction of 1-(2-aminophenyl)pyrrole 164a with dimethyl acetylenedicar-
boxylate, which acts as provider of the one-carbon fragment in the construction of
the pyrrolo[1,2-a]quinoxaline system, takes place in chloroform for 36 h with the
formation of the pyrroloquinoxaline 167 (yield 45 %) and dimethyl 2-(pyrrol-1-yl)-
anilinofumarate 165 (yield 40 %). Compound 167 could be formed from dimethyl
fumarate as a result of an intramolecular ene cyclization. In fact, such a transfor-
mation was observed, but before completion it required boiling of compound 165 in
chloroform for a week. However, it should be noted that an amount of compound
167 detectable by spectral methods is formed after brief heating of the reaction
mixture. It is not, therefore, impossible that part of compound 167 is formed
according to the scheme presented below (Scheme 3.73) (Suschitzky et al. 1975).
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Scheme 3.70 Pd-catalyzed C–H olefination/cyclization sequence
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Scheme 3.71 Pd-catalyzed C–H olefination/cyclization sequence reaction of a pyrrole
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N-Methylisatin 235 can also be used as a one-carbon fragment that reacts with 1-
(2-aminophenyl)tetrahydropyrrole 236 in ethanol in the presence of conc. HCl with
closure of the pyrazine ring according to the scheme presented below
(Scheme 3.74) (Grantham and Meth-Cohn 1968).

It was shown experimentally that whereas the first two stages of the reaction (the
formation of the Schiffs base 237 and the benzimidazole derivative 238) can take
place in the absence of hydrochloric acid, the presence of the acid is necessary for
enlargement of the imidazole ring to a pyrazine ring according to a scheme anal-
ogous with the Stevens rearrangement.

A PtCl4–catalyzed hydroamination-triggered cyclization strategy to access bio-
logically interesting N-containing heterocycles such as pyrrolo[1,2-a]quinoxalines,
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f R = C6H4Cl-4 (80%)
g R = C6H4Me-3 (78%)
h R = C6H4Me-4 (79%)
i R = C6H4OMe-4 (75%)

Scheme 3.72 Cyclization of iminophosphates when exposed to carbon disulfide, carbon dioxide,
and isocyanates
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Scheme 3.73 Cyclization of 1-(2-aminophenyl)pyrrole when exposed to dimethyl
acetylenedicarboxylate
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indolo[1,2-a]quinoxalines, and indolo[3,2-c]quinolines has been described (Patil
et al. 2010a). The reaction of 1-(2-aminophenyl)pyrroles with alkynols were studied
and the results are outlined in Table 3.5. Treatment of 164a with 3-pentyn-1-ol
241b in the presence of 5 mol % of PtCl4 in methanol at 100 °C gave pyrrolo[1,2-a]
quinoxalines 242a in a 75 % yield (entry 1). Methyl-substituted 1-(2-aminophenyl)
pyrroles also reacted well with 241a, for this cascade transformation, to give 242b
and 242c in good yields (entries 2 and 3). The alkynols 241c, 241d, and 241e on
reaction with 164a gave the expected products 242d, 242e, and 242f in 65, 59, and
55 % yields, respectively (entries 4, 5, and 6). As can be judged from entries 7–10,
electron withdrawing and donating groups as well as chloro substituents in
2-aminophenylpyrroles were all well tolerated. The internal alkynes such as
3-hexyn-1-ol 241f and 3-decyn-1-ol 241g on reaction with 164a gave 242k and
242l in 68 and 74 % yields, respectively (entries 11 and 12). 5-Hexyn-1-ol 241h on
reaction with 164a gave 242m in a 71 % yield (entry 13).

The scope of the hydroamination-triggered cyclization was extended to the
synthesis of fused indolo[1,2-a]quinoxalines. As outlined in Table 3.6, it can be
seen that a wide range of substituents on N-(2-aminophenyl)indoles reacted well to
furnish the desired products 244a–i in moderate to high yields (59–70 %).
Particularly noteworthy is the fact that electron-withdrawing and donating
substituents on the aromatic rings were not detrimental to the reactivity as –CO2Me,
–OMe, and –Cl groups were all well tolerated (entries 5, 6, and 7). Similarly,
various fused indolo[3,2-c]quinolines 246a–k were obtained from
2-(2-aminophenyl)indoles 245 and alkynols 241, regardless of the electronic nature
of the aromatic rings, in yields ranging from 59 to 85 % (Table 3.7, entries 1–12).
However, unlike previous cases, the reaction between 245a and 5-hexyn-1-ol 2 h
under the established conditions did not give the desired product 246l (entry 13).
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N
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+

Scheme 3.74 Cyclization of 1-(2-aminophenyl)pyrrole when exposed to
1-methylindoline-2,3-dione
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Table 3.5 Hydroamination-triggered cyclization strategy for the synthesis of fused pyrrolo[1,2-a]
quinoxalines

R

NH2

N

164a,f,k, o-r

OH

R

R
n

241a-h

PtCl4 (cat), MeOH

100oC,48 h N
N

R

R

R
n

242a-m

+

Entry 164 241 242 Yield (%)

1
NH2

N

164a

OH

Me

241b

N
N

Me

242a

75

2

NH2

N

164o

Me

OH

241a N
N

Me

242b

Me 69

3

NH2

N

164p

Me 241a

N
N

Me

242c

Me 60

4 164a

OH

241c
N

N

Me

242d

65

5 164a

OH

241d
N

N

Me

242e

59

6 164a
OH

241e

Ph

N
N

Me

242f

Ph

55

7

NH2

N

164q

MeO2C 241a

N

N

Me

242g

MeO2C 72

8

NH2

N

164f

OMe 241a

N

N

Me

242h

OMe 76
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We were pleased to find out that symmetrical diamines 247a, 247b, and 247c on
reaction with 241a, under Ph3PAuOTf catalysis (the latter was found to be superior
compared to PtCl4 for this multicatalytic process), gave corresponding indolo[3,2-c]
quinolines 246a, 246b, and 246f in 60, 59, and 51 % yields, respectively
(Scheme 3.75). It is worth mentioning that this process involving multiple catalytic
cycles (Wasilke et al. 2005), assisted by a single metal catalyst, involves the for-
mation of four bonds, that is, two C–C and two C–N bonds.

A plausible mechanism for this multicatalytic process is described using 247a
and 241a as examples (Scheme 3.76) (Patil et al. 2010a). In essence, a total of four
catalytic cycles A (hydroalkoxylation) (Chaudhuri and Kundu 2000; Pale and
Chuche 2000; Peng and Ding 2003, 2005; Barluenga et al. 2005; Liu et al. 2005;
Genin et al. 2006; Harkat et al. 2007, 2008), B (hydroamination) (Iritani et al. 1988;
Arcadi et al. 1989, 2004; Rudisill and Stille 1989; Cacchi et al. 1994; McDonald
and Chatterjee 1997; Kondo et al. 2001; Hiroya et al. 2002, 2004; Sakai et al. 2004,
2008; Li et al. 2005; Alfonsi et al. 2005; Hiroya et al. 2005; Zhang et al. 2007;
Ambrogio et al. 2007; Trost and McClory 2007; Okuma et al. 2009), C (coupling),
and D (dehydrative cyclization) were proposed. As shown in catalytic cycle A, the
complexation of metal catalyst to the alkyne function in 241a would lead to

9

NH2

N

164k

Cl 241a

N
N

Me

242i

Cl 75

10

NH2

N

164r

Cl

Cl 241a

N
N

Me

242j

Cl

Cl

67

11 164a

OH

241f

Et

N
N

242k
Me

68

12 164a

OH

241g

Hex-n

N
N

242l
pent-n

74

13 164a

241h
OH

242m

N
N

Me

71

Table 3.5 (continued)
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Table 3.6 Hydroamination-triggered cyclization strategy for the synthesis of fused indolo[3,2-a]
quinolines

OH

R

R
n

241a,b, f-h

PtCl4 (cat), MeOH

100 oC, 48 h

244a-i

N

R

NH2

R

R243a-f

N

R

R

N

R

R

R

n+

Entry 243 241 244 Yield (%)

1
N

NH2

243a

241a

244a

N N

Me 65

2 243a 241b 244a 63
3

N
NH2

243b
Me

241a

244b

N N

Me

Me

60

4

N
NH2

243c

Me 241a

244c

N N

Me
Me 70

5
N NH2

243d
MeO2C

241a

244d

N N

Me

MeO2C

69

6

N
NH2

243e

OMe 241a

244e

N N

Me

OMe 59

7
N

NH2

243f
Cl

241a

244f

N N

Me

Cl

67
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intermediate 248. The cyclization step may then occur directly by the attack of the
proximal hydroxyl group leading to vinylmetal (Hashmi et al. 2009) intermediate
249, which on protonation and regeneration of catalyst would afford
2-methylenetetrahydrofuran 250. At the same time, 2-aminophenylindole 245a
would be generated by intramolecular hydroamination of alkynylamine 247a via
intermediates 251 and 252 (cycle B). As described in cycle C, the metal complex
catalyzes the formation of oxonium ion 253 from 2-methylenetetrahydrofuran 250.
The intermolecular nucleophilic addition of the indole 245a to 253 might result in
the formation of metal-coordinated N,O-ketal 254 from which the formal
hydroaminationhydroarylation product 255 (vide infra) was obtained with regen-
eration of a catalyst. The compound 255, thus obtained, would undergo dehydrative
cyclization, under the catalysis of PtCl4, to afford fused indolo[3,2-c]quinolines
246a (cf. 256 and 257, cycle D).

On the basis of the well-known literature data (Iritani et al. 1988; Arcadi et al.
1989, 2004; Rudisill and Stille 1989; Cacchi et al. 1994; McDonald and Chatterjee
1997; Chaudhuri and Kundu 2000; Pale and Chuche 2000; Kondo et al. 2001;
Hiroya et al. 2002, 2004; Peng and Ding 2003, 2005; Sakai et al. 2004, 2008;
Barluenga et al. 2005; Liu et al. 2005; Li et al. 2005; Alfonsi et al. 2005; Hiroya
et al. 2005; Genin et al. 2006; Harkat et al. 2007, 2008; Zhang et al. 2007;
Ambrogio et al. 2007; Trost and McClory 2007; Okuma et al. 2009) and based on
own work (Patil et al. 2009, 2010b, c), earlier the authors propose that cycles A and
B are catalyzed by PtCl4. To examine the involvement of HCl in cycle C, a
controlled experiment was performed with 2-tert-butylimino-2-diethylamino-
1,3-dimethylperhydro-1,3,2-diazaphosphorine (BEMP) as a proton scavenger

8 243a 241f

244g

N N

Me 61

9 243a 241g

244h

N N

pent-n 59

10 243a 241h

244i

N N

Me 62
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Table 3.7 Hydroamination-triggered cyclization strategy for the synthesis of fused indolo[1,2-a]
quinolines

Entry 245 241 246 Yield (%)
1

N
H

H2N

245a

241a

N
H
246a

N
81

2 245a 241b 246a 73
3

N
H

H2N

245b
Me

Me 241a

N
H
246b

NMe
Me

Me

83

4

N
H

H2N

245c

Me 241a

N
H
246c

NMe
Me

85

5

N
H

H2N

245d

Cl 241a

N
H
246d

NMe
Cl

81

6

N
H

H2N

245e
Cl

241a

N
H
246e

NMe

Cl

63

7

N
H

H2N

245f Cl

Cl 241a

N
H
246f

NMe

Cl

Cl

71

8

N
H

H2N

245g
Me

Cl 241a

N
H
246g

NMe

Me

Cl

67

9

N
H

H2N

245h

MeO2C 241a

N
H
246h

NMe
MeO

2
C

59

OH

R

R
n

241a,b,c,g,f,h

PtCl4 (cat), MeOH

100 oC, 48 h

246a-l

N
H

R

245a-h

R

H2N

R N
H

N

R

R

R

n

+
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(Yang et al. 2007; Barluenga et al. 2009). When 164a was treated with 241a in the
presence of 5 mol % of PtCl4 and 2 mol % of BEMP in MeOH at 100 °C for 48 h,
242a was obtained, albeit in a 15 % yield. This suggests that the residual HCl is not
responsible for cycle C (Ishihara et al. 2002). To determine the role of HCl as a
catalyst in cycle D, a few control experiments were conducted (Scheme 3.77).

The hydroamination–hydroarylation product 255 was prepared from 245a and
241a by using Pt(II)-catalyzed procedure (Patil et al. 2009). The product 255, thus
obtained, when treated with PtCl4 in methanol at 100 °C afforded the desired
product in a 90 % yield (path a). On the other hand, using a catalytic amount of
HCl, product 246a was obtained in only 20 % yield under the same reaction
conditions (path b). The outcome of this study suggests that the Pt species might
have provided significant activation for the dehydrative cyclization. Accordingly, it
became clear that PtCl4 is involved in all the proposed catalytic cycles
(Scheme 3.77).

10 245a 241c

N
H
246i

NMe

65

11 245a 241g

N
H
246j

N
Pentn 69

12 245a 241f

N
H
246k

N
Me 77

13 245a 241h

N
H
246l

NMe
0

Table 3.7 (continued)

R

NH2

R

NH2

OH

241a247 a R = H
b R = Me
c R = Cl

Ph3PAuOTf (5 mol %)

toluene, 100 oC, 48 h N
H

NMe

R

R

246 a R = H (60%)
b R = Me (59%)
f R = Cl (51%)

+

Scheme 3.75 Synthesis of fused indolo[3,2-c]quinolines starting directly from 247 and 241a
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The first one-pot synthesis of 4-substituted pyrrolo[1,2-a]quinoxalines from 1-
(2-nitrophenyl)pyrrole derivatives and various alcohols in redox conditions has
been reported (Pereira and Thiéry 2012). As shown in Scheme 3.79, for all com-
binations of 1-(2-nitrophenyl)pyrrole derivatives and aliphatic or benzylic alcohols,

O
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N
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254

O
250
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Scheme 3.76 The plausible mechanism
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Scheme 3.77 Mechanistic studies (cycle D)
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the desired 4-substituted pyrrolo[1,2-a]quinoxaline was observed as the only
product. Most of the substrates examined provided good yields. The lowest yield
was obtained when substituted 1-(2-nitrophenyl)pyrroles reacted with methanol as
the substrate (R2 = Me; R1 = Cl, H, OMe) whereas ethanol was the best substrate
for this reaction (R2 = Et; R = Cl, H, OMe). The reactions with 1-(2-nitrophenyl)
pyrroles bearing an electron-donating group such as a methoxy group meta to the
nitro group decrease the product yields (R1 = OMe; R2 = Me, Et, n-Pr, n-Bu).
Besides simple aliphatic alcohols, benzyl alcohol also reacted with the 1-
(4-chloro-2-nitrophenyl)pyrrole to give the desired product in moderate yield
(R1 = Cl, R2 = Bn). Furthermore, reactions between a secondary alcohol such as
isopropanol and substituted 1-(2-nitrophenyl)pyrroles gave 4,5-dihydropyrrolo[1,2-
a]quinoxaline derivatives (R1 = Cl, R2 = i-Pr; R1 = H, R2 = i-Pr). To further explore
the scope of the reaction, all alcohols were also employed to react with
3-nitro-2-pyrrolopyridine. In general, good to moderate yields were obtained under
standard reaction conditions (see Scheme 3.78).

The reaction to novel pyrido[3,2-e]pyrrolo[1,2-a]pyrazines 259 has been
extended. Interestingly, the reaction of 3-nitro-2-pyrrolopyridine 258 with methanol
and butyl alcohol resulted in a much lower yield (Scheme 3.79).

The most likely mechanism to rationalize this transformation is illustrated in
Scheme 3.80. In an acidic medium, iron could catalyze the reduction of the
nitrophenylpyrrole 224 to its amine counterpart E giving ferric salts (or ferrous
salts) which in turn would be able to oxidize alcohols into aldehydes. Condensation
of these latter with the amine E gives the iminium salts F which spontaneously
cyclize leading to the dihydroquinoxalines G as previously described. Finally, a

N

NO2R1
R2 OH

Fe (9 equiv), HCl (11 equiv)

reflux, air, 48 h

224a,b,d

N

N

R2R1

155 J-O R1 = Cl
J R2 = Et (80%)
K R2 = Me (40%)
L R2 = n-Pr (56%)
M R2 = i-Pr (61%)
N R2 = n-Bu (61%)
O R2 = Bn (54%)

155 a,P-S R1 = H
a R2 = Me (31%)
P R2 = Et (81%)
Q R2 = n-Pr (56%)
R R2 = i-Pr (60%)
S R2 = n-Bu (50%)

155 l,T-V R1 = OMe
l R2 = Me (20%)
T R2 = Et (69%)
U R2 = n-Pr (47%)
V R2 = i-Pr (44%)

155a,l,J-V

+

Scheme 3.78 Reactions of 1-(2-nitrophenyl)pyrrole derivatives with various alcohols

N N
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R OH
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HCl (11 equiv)

reflux, air, 48 h

258

N

N

N

R

259 a R = Me (25%)
b R = Et (63%)
c R = Pr-n (50%)
d R = i-Pr (61%)
e R = n-Bu (33%)
f R = Bn (54%)

+

Scheme 3.79 Reactions of 3-nitro-2-pyrrolopyridine with various alcohols leading to pyrido[3,2-
e]pyrrolo[1,2-a]pyrazines under optimal conditions

186 3 Synthesis of Pyrrolo[l,2-a]quinoxalines



final oxidation produces the 4-alkyl or 4-phenylpyrroloquinoxalines 155 in mod-
erate to good yield.

Thus, a rare one-pot reaction for assembling pyrrolo[1,2-a]quinoxalines from 1-
(2-nitrophenyl)pyrroles and various alcohols. The nitro reduction, alcohol oxida-
tion, heterocycle formation, and heterocycle oxidation were realized in a cascade.
A wide range of these fused heterocycles bearing different alkyl and aryl groups in
position 4 have been elaborated from suitable substrates; thereby 3-nitro-2-
pyrrolopyridine was also compatible with this process, giving the corresponding
fused tricyclic compounds.

3.2.7 Type PB2 Production Methods

During realization of the approach corresponding to the retrosynthetic path PB2, in
contrast to all the above-mentioned methods for the synthesis of pyrrolo[1,2-a]
quinoxalines where closure of the pyrazine ring takes place as a result of
intramolecular cyclization, the concluding stage of the formation of the ring
involves the participation of two reagents, i.e., it is intermolecular. The proposed
method for the synthesis of pyrrolo[1,2-a]quinoxaline according to the PB2 path
involves alkylation of the sodium derivative of 2-benzoylpyrrole 260 by the
dimethyl ketal of α-bromocyclohexanone 261 followed by treatment of the reaction
product with ammonium acetate in acetic acid (Scheme 3.81). Here it should be
noted that only one compound, 4-phenylpyrrolo[1,2-a]quinoxaline 263 was syn-
thesized by this method (Shvedov et al. 1970).
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Scheme 3.80 Proposed mechanism
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3.2.8 Type PD Production Methods

In reaction with derivatives of α-amino acids (glycine, L-alanine, L-phenylalanine,
and L-proline) with opening of the aziridine ring and spontaneous closure of the
piperazine ring condensed aziridines of type 264 lead to optically active repre-
sentatives of new trans-bicycloperhydro-2(1H)-quinoxalines and tricycloperhydro-
pyrrolo[1,2-a]quinoxalin-4(4H)-ones 266a, b and 267a, b (in the case of proline),
the production of which represents realization of the retrosynthetic approach PD
(Scheme 3.82) (Rees 1987).

In 2008, Yuan and Ma were proposed an effective one-pot method for the
synthesis of pyrroloquinoxalines based on the condensation of o-aminoiodobenzene
and its derivatives 268 with methoxycarbonylpyrroles 269 catalyzed by copper
iodide and L-proline in the presence of potassium carbonate (Scheme 3.83) (Yuan
and Ma 2008).

Promoted by CuI/2-hydroxybenzohydrazide catalytic system, a variety of pyr-
rolo[1,2-a]quinoxalines have been efficiently one-pot synthesized from pyrrole-2-
carboxaldehyde and 2-haloanilines in moderate to excellent yields (Table 3.8)
(Li et al. 2015).
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H
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Scheme 3.81 Synthesis and
cyclisation of 1-
(2,2-dimethoxycyclohexyl)-
2-benzoylpyrrole
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Scheme 3.82 Condensation of 7-R-7-azabicyclo[4.1.0]heptanes with α-amino acid derivatives
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Scheme 3.83 Condensation of o-aminoiodobenzene and its derivatives with methoxycarbonyl-
pyrroles
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As shown in Table 3.8, the cascade reactions were performed well enough for
most of 2-iodoanilines with electronrich, electron-neutral, and electron-poor groups
to afford corresponding pyrrolo[1,2-a]quinoxalines in good to excellent yields
(entries 1–7). Moreover, heterocyclic aminoiodoarene could also react well enough
with a 78 % yield (entry 8). Additionally, aminobromoarene provided a 68 % yield,
while aminochloroarene afforded only a trace of the product under the experimental
conditions (entries 9 and 10).

Table 3.8 CuI/L3 catalyzed annulation of pyrrole-2-carboxaldehyde with substituted
2-haloaniline

Entry 2-Haloaniline 138, 271 Yield (%)
1 I

NH2
N

N

138

92

2 I

NH2

Me

N

NMe

271a

80

3 I

NH2Me
N

N

Me
271b

73

4 I

NH2

F

N

NF

271c

64

5 I

NH2

Cl

N

NCl

271d

84

6 I

NH2

Br

N

NBr

271e

80

7 I

NH2

F3C

N

NF3C

271f
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8
N
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NH2
N N

N

271g
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9 Br

NH2

138 68

10 Cl

NH2

138 trace

N
H

CHO R
X

NH2

5 mol % CuI
10 mol % L3

Cs2CO3, DMF
120 oC, 24 h

R
N

N
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NH2
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+
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3.2.9 Other Methods of Synthesis

By such methods for the synthesis of pyrrolo[1,2-a]quinoxalines, we have in mind
methods based either on condensed derivatives of pyrroles (a) either on compounds
not containing a pyrrole ring or a quinoxaline system (b). During realization of
approach (b), the pyrroloquinoxaline system can be produced through the initial
formation of the quinoxaline system (b-I) or of the pyrrole ring (b-II). In this
review, we only discuss the second version (b-II).

A typical example is the transformation of 4-(indolin-3-yl)pyrrolidinobenzimi-
dazole 238 to the spiro derivative of pyrrolidinoquinoxaline 240 by the action of
hydrochloric acid on the Stevens rearrangement, as shown above (Grantham and
Meth-Cohn 1968).

Boiling of 6-hydroxy-6-(2,3,5-tri-o-benzoyl-β-D-ribofuranosyl)-2H-pyran-3-one
101 [obtained by the oxidation of 2-hydroxymethyl-5-(2,3,5-tri-o-benzoyl-β-D-
ribofuranosyl)furan with m-chloroperbenzoic acid (Lefebvre 1972) or pyrazinium
chlorochromate (Piancatelli et al. 1977)], and 1,2-DAB for 2 h in chloroform gives
a 43 % yield of the quinoxaline derivative 274 and a 16 % yield of the pyrrolo[1,2-
a]quinoxaline derivative 273 (Scheme 3.84); a plausible mechanism for the for-
mation of the latter probably involves nucleophilic attack by the 1,2-DAB at the
carbonyl group of the pyran ring in compound 272 followed by the formation of the
Schiffs base 275, which opens under the reaction conditions, giving the imino
ketone 276. Compound 276 undergoes cyclization to the enolic form 277 and is
converted, after dehydration, into the tricycle 273 (path a) (Scheme 3.85).
Compound 274 is probably formed by path b through addition of the 1,2-DABs to
compound 272 in a reaction of the Michael type and ring opening, leading to the
diketodiamine 278. Compound 278 undergoes cyclization and gives the dihydro-
quinoxaline 279, which forms compound 274 after the loss of dihydroxyacetone
(Scheme 3.86) (Maeba et al. 1988).

If derivatives of 1,2-DAB are used in this reaction, isomers differing in the
substituents at positions 6 and 7 in the case of compounds of type 274 and at
positions 7 and 8 in the case of compounds of type 273 are formed (Maeba et al.
1990).

X

NH2

NH2
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N

N
+
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272-274 R = 2,3,5-tri-O-benzoyl-β-D-ribofuranosyl
273, 274 X = H (a), NO2 (b), Cl (c)
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OHR
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N

N R
+

272 274a-c

Scheme 3.84 Condensation of 6-hydroxy-6-R-2H-pyran-3-one with 1,2-DABs
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During the action of polyfluoroalkanoates 281 in the presence of bases the
benzimidazole derivatives 280 rearrange, giving good yields of the 4-substituted
pyrrolo[1,2-a]quinoxalines 282–284 (Scheme 3.87) (Zhang and Huang 1997, 1998).

In the opinion of the authors of (Zhang and Huang 1997, 1998), the pyrrolo-
quinoxaline system is formed from the benzimidazole system according to the
scheme presented below (Scheme 3.88).

The syntheses of isoindolo[2,1-a]quinoxalines and isoindolo[2,1-a]quinoxalin-6
(5H)-ones have been achieved by either constructing the isoindole unit onto the
quinoxaline core or vice versa. Although methods that exemplify either route have
been reported (Dyker et al. 2000; Reeves et al. 2010), Potikha and coworkers
(Sypchenko et al. 2012) suggested that the latter strategy of building the quinox-
aline unit onto the isoindole structure offers better opportunities for functionaliza-
tion. However, the methods to synthesize isoindolo[2,1-a]quinoxalines by Diana
and coworkers (Diana et al. 2007, 2008; Girolamo and Patrizia 2008) and Potikha
et al., which epitomize this strategy, involve the use of toxic or typical reagents
such as KCN or o-(bromomethyl)benzophenone, respectively, and do not offer
products in which the phenyl ring of the isoindole unit is substituted (Fig. 3.8).
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Scheme 3.86 Plausible mechanism for the formation of quinoxalines
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An operationally simple and efficient cascade strategy has been developed to
access substituted isoindolo[2,1-a]quinoxalines through a one-step copper-catalyzed
C–N coupling reaction between substituted 2H-isoindole-1-carbaldehydes and
substituted 2-halophenylamines (Biswas and Batra 2013).

In the first phase, substituted 2H-isoindole-1-carbaldehydes 285a–e were treated
with 2-iodoaniline 286a in the presence of CuI under the standardized conditions.
All reactions afforded the corresponding products 287a–e in excellent yields
(Table 3.9, entries 1–5). The electronic nature of the substituents present on the
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phenyl ring of the isoindole unit did not influence the formation of products
(Table 3.9, entries 2–5). Subsequently, the reaction of 2H-isoindole-1-carbaldehyde
285a was investigated with the various substituted 2-iodoanilines 286b–f. Although
the anilines that contained methyl groups (i.e., 286b and 286f) gave products 287f
and 287o, respectively, in good yields (Table 3.9, entries 6 and 10), the
2-iodoanilines that contained electron-withdrawing substituents such as fluoro or
trifluoromethyl produced the respective products 287k and 287m only in moderate
yields (Table 3.8, entries 7 and 8). In contrast, aniline 286e with the nitro group
failed to furnish the desired product 287n (Table 3.9, entry 9), and this reaction led
to an inseparable mixture of products after 6 h of reaction time. To further inves-
tigate the generality of the protocol, substituted 2H-isoindole-1-carbaldehydes 285b
and 285c were treated with substituted 2-iodoanilines 286b and 286c to furnish the
products 287g, 287h, and 287l (Table 3.9, entries 11–13). As before, the reaction of
4-fluoro-2-iodoaniline gave product 287l in relatively lower yields (Table 3.9,
entry 13).

Unlike the reaction with 2-iodoaniline that was completed in 8 h, the reaction
with 2-bromoaniline (in the presence of CuI, base, and L-proline in DMSO) took
16 h to reach completion and produce the product in a 78 % yield (Table 3.10,
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Table 3.9 Scope of reaction with different 2H-isoindole-1-carbaldehydes and 2-iodoanilines

Entry 285 R 286 R1 287 Yield (%)
1 285a H 286a H N

N
287a

82

2 285b F-5 286a H
N

N
287b

F 79

3 285c Br-5 286a H
N

N
287c

Br 76

4 285d MeO-5 286a H
N

N
287d

MeO 75

5 285e (MeO)2-4,5 286a H
N

N
287e

MeO

MeO

74

6 285a H 286b Me-4
N

N
287f

Me 78

7 285a H 286c F-4
N

N
287k

F 52

8 285a H 286d CF3-4
N

N
287m

CF3 61

9 285a H 286e NO2-4
N

N
287n

NO2 not 
observed

NH

R CHO R1

I

NH2

N

R N

R1

287285 286

CuI, Cs2CO3,
L-Proline

DMSO, 90 oC, N2

+
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entry 1). Nevertheless, the success of the strategy was investigated by employing
different 2H-isoindole-1-carbaldehydes (i.e., 285a–e) and varying the
2-bromoanilines (i.e., 288a–c). It should be pointed out that unlike the reactions of
2-iodoanilines, those with 2-bromoanilines took a longer time to reach completion,
but the isolated yields were marginally better (Table 3.10).

A plausible mechanism for the formation of isoindolo[2,1-a]quinoxaline is
delineated in Scheme 3.89. Initially, CuL complex H undergoes a reaction with
aldimine I to afford intermediate J. The loss of the ligand (L) leads to the copper
complex K that undergoes a reductive elimination to afford the product.

Another straightforward procedure is described to prepare substituted isoindolo
[2,1-a]quinoxalin-6(5H)-ones, which involved the transformation of a substituted
2H-isoindole-1-carboxylic acid into an acid chloride (Scheme 3.90) followed by a
coupling reaction with a substituted 2-iodophenylamine and a copper-catalyzed
C–N coupling reaction (Table 3.11).

As already discussed above, the substituted amides of pyrrolecarboxylic acids
185 undergo cyclization with sodium hydride to substituted
pyrroloquinoxaline-4-ones 186 (Rotas et al. 2004). However, together with the
usual ipso substitution of the nitro group, leading to the formation of pyrrolo-
quinoxalines 297, the anion 295 undergoes a Smiles rearrangement to the anion
296, the further cyclization of which leads to the formation of the pyrroloquinox-
aline 298 (Scheme 3.91) (Rotas et al. 2004).

Table 3.9 (continued)

10 285a H 286f Me2-4,5
N

N
287o

Me

Me

75

11 285b F-5 286b Me-4
N

N
287g

Me
F 82

12 285c Br-5 286b Me-4
N

N
287k

Me
Br 79

13 285c Br-5 286c F-4
N

N
287l

FBr 47
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Table 3.10 Scope of reaction with different 2H-isoindole-1-carbaldehydes and 2-bromoanilines

Entry 285 R 288 R1 287 Yield (%)
1 285a H 288a H 287a 78
2 285b F-5 288a H 287b 75
3 285c Br-5 288a H 287c 79
4 285d MeO-5 288a H 287d 80
5 285e (MeO)2-4,5 288a H 287e 82
6 285a H 288b Me-4 287f 86
7 285b F-5 288b Me-4 287g 84
8 285c Br-5 288b Me-4 287h 81
9 285d MeO-5 288b Me-4

N

N

Me
MeO

287i

78

10 285e (MeO)2-4,5 288b Me-4
N

N

Me
MeO

287j

MeO

77

11 285a H 288c F-4 287k 72
12 285c Br-5 288c F-4 287l 73
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If there is an o-fluorine-substituted phenyl group in the amide fragment, attack
by the rearranged anion 301 leads both to cyclization with substitution of the nitro
group in one of the aryl fragments and the formation of the pyrroloquinoxaline 302
and to substitution of the fluorine atom in other aryl group and the formation of
pyrroloquinoxaline 303 (Scheme 3.92) (Rotas et al. 2004).
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R CO2Me

289 a R = H
       b R = F-5
       c R = Br-5
       d R = MeO-5
       e R = (MeO)2-4,5
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80 oC, 1 h
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       c R = Br-5 (88%)
       d R = MeO-5        (86%)
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Table 3.11 Scope of intramolecular coupling reaction of different 2H-isoindole-1-carboxamides

Entry 291/292 293 Yield (%)
1 291a N

NH
O

293a

78

2 291b
N

NH
O

293b

F 76

3 291c
N

NH
O

293c

Me

Me

80

4 291d
N

NH
O

293d

F 81

5 291e
N

NH
O

293e

Br 75

6 291f
N

NH
O

293f

MeO 71

7 291g
N

NH
O

293g

MeO

MeO

72

8 292a 293a 75
9 292c 293d 68
10 292b

N

NH
O

293h

Me 82

11 292d
N

NH
O

293i

Me
F 73

291 or 292

NH

R N
HO X

R1 CuI, -Proline,
Cs2CO3

DMSO, 90 oC,
2 h, N2

293

N

R
N
HO X

R1L
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Table 3.12 Probable and
implemented methods for the
synthesis of pyrrolo[1,2-a]
quinoxalines based on
phenylpyrrole derivatives

Based on phenylpyrrole derivatives

Possible Implemented (number of papers)

A1, A2, A3, A4 A1 (12), A2 (8), A3 (2), A4 (1)

B1, B2 B1 (34), B2 (2)

C1, C2 C1 (0), C2 (0)

D D (2)

E E (0)

Other methods (4)
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N
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N
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Scheme 3.91 Plausible mechanisms for the synthesis of pyrrolo[1,2-a]quinoxalines from N-
ethyl-1-(4-methyl-2-nitrophenyl)-1H-pyrrole-2-carboxamide when exposed to sodium hydride
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3.2.10 Conclusion

According to the data in the Table 3.12, of the ten possible methods for the
synthesis of pyrrolo[1,2-a]quinoxalines, the most successful are the methods based
on the PA1 and PB1 approaches, while as shown above the methods based on the
PC1, PC2, and PE approaches can only be realized when effective methods have
been developed for the C–N coupling of benzene derivatives, amines, and pyrroles,
making it possible to synthesize the required structural units for the production of
pyrrolo[1,2-a]quinoxalines depending on the required objective.
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Chapter 4
Synthesis of Imidazo[1,5-a]- and
Imidazo[1,2-a]quinoxalines

4.1 Introduction

Heterocyclic systems containing the quinoxaline moiety are widely used in practice.
Many of them have high biological activity (for example, antitumour (Baffert et al.
2010; Lee et al. 2010), antiviral (El-Ashry et al. 1999), antibacterial (Seitz et al.
2002; Badran et al. 2003), antiinflammatory (Abu-Hashem et al. 2010)) or are
inhibitors of kinases, enzymes that catalyze phosphate group transfer from ATP
(Frohlich et al. 1999; Srinivas et al. 2007; Khattab et al. 2010). Quinoxalines are
used as antibiotics (Myers et al. 2003; Dietrich and Diederchsen 2005), dyes (Brock
et al. 1999), electroluminescent materials (Duan et al. 2003; Schneidenbach et al.
2010), organic semiconductors (Dailey et al. 2001), DNA-binding agents (Sasmal
et al. 2010), as well as ‘building blocks’ in synthesis of anion (Sessler et al. 2002a)
and cavitand (Sessler et al. 2002b; Castro et al. 2004) receptors, corrosion inhibitors
(Zarrouk et al. 2010), etc. Among the derivatives annulated at bond a of the
quinoxaline ring, imidazoquinoxalines hold a special place, since many pharma-
ceuticals based on them have been developed. In particular, drugs U-80447 and
U-97775, which have a sedative effect, are imidazo[1,5-a]quinoxaline derivatives,
and antiallergic drug Dazoquinast and compound LU-73068, an anticonvulsant and
glycine antagonist, are imidazo[1,2-a]quinoxaline derivatives (Fig. 4.1) (Negwer
and Scharnow 2001).

In the last years, interest in imidazoquinoxalines continues unabated due to the
search for compounds with antitumour activity (Nadler et al. 2002; Morjaria et al.
2006; Moarbess et al. 2008a; Deleuze-Masquéfa et al. 2009a, b; Khier et al. 2009,
2010a), which selectively act on the central nervous system (Malamas et al. 2010,
2011a) and inhibit poly(ADP-ribose) polymerase (Giranda et al. 2008). This cir-
cumstance attracts the attention of organic chemists to the development of new
methods of synthesis of different imidazo[1,5-a]- and imidazo[1,2-a]quinoxalines.
However, currently, information on the synthesis of such compounds remains
fragmentary. In monograph (Cheeseman and Cookson 1979), data on different
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imidazoquinoxaline systems have been reported, mainly covering the period from
1965 to 1975, although the first publication (King and Clark-Lewis 1951) on the
synthesis of imidazo[1,5-a]quinoxalines appeared in 1951 and that on the synthesis
of imidazo[1,2-a]quinoxalines, in 1962 (Heine and Brooker 1962). In review
(Horton et al. 2003) dealing with the combinatorial synthesis of the most important
bicyclic structures, selected methods of synthesis of about 20 fused heterocycles,
including imidazo[1,5-a]- and imidazo[1,2-a]quinoxalines, have been considered.
The authors present available data without their comparative analysis.

In the present chapter, we consider all possible variants of assembly of imidazo
[1,5-a]- and imidazo[1,2-a]quinoxaline skeletons from various fragments (Fig. 4.2).

The principle of systematization of data is the same as used in our previous
reviews (Kalinin and Mamedov 2010; Mamedov and Kalinin 2010) focusing on
pyrrolo[1,2-a]quinoxalines. Formation of the structure of each heterocyclic system
is considered without including the benzene ring. The corresponding figures show
all possible assembly variants in which quinoxaline or imidazole derivatives act as
the initial compounds.

4.2 Synthesis of Imidazo[1,5-a]quinoxalines on the Basis
of Quinoxaline Derivatives

As shown by analysis of the structures (Fig. 4.3), the imidazo[1,5-a]quinoxaline
system can be formed from quinoxaline derivatives (labeled with the subscript Q)
in the following ways:
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– through intramolecular cyclization with formation of the N(10)–C(1), C(1)–N
(2), N(2)–C(3) or C(3)–C(3a) bonds (variants A1Q–A4Q);

– through different intermolecular condensations of quinoxaline derivatives

(a) with equivalents of monoatomic carbon synthons accompanied by the for-
mation of the N(10)–C(1) and C(1)–N(2) or N(2)–C(3) and C(3)–C(3a)
bonds (variants B1Q and B3Q),

(b) with equivalents of monoatomic nitrogen-containing synthons accompanied
by the formation of the C(1)–N(2) and N(2)–C(3) bonds (variant B2Q),

(c) with diatomic molecules accompanied by the formation of the C(1)–N(2)
and C(3)–C(3a) or N(10)–C(1) and N(2)–C(3) bonds (variants C2Q and
C1Q),

(d) with triatomic molecules accompanied by the formation of the N(10)–C(1)
and C(3)–C(3a) bonds (variant DQ);

– through the three-component reaction leading to the formation of the N(10)–C
(1), C(1)–N(2) and N(2)–C(3) or C(1)–N(2), N(2)–C(3), and C(3)–C(3a) bonds
(variants E1Q and E2Q).

4.2.1 Methods of Formation of the N(10)–C(1) Bond
(Variant A1Q)

Imidazole ring annulation according to variantA1Q can be a result of the nucleophilic
attack of the nitrogen atom in the 1- or 4-position of quinoxaline at the electrophilic
carbon atom of the C–N–C moiety of the substituent at the C(2) or C(3) atom. Such
substituents are acylaminomethyl, isocyanatomethyl, benzylaminomethyl, etc.
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groups. As a rule, the methods of synthesis corresponding to this variant are rather
simple from the preparative point of view, and the reactions proceed in high yields.
The starting reactants can be, for example, methyl 2-amino-2-[quinoxalin-2(1H)-one
1a (Scheme 4.1) (Danswan et al. 1982; Ager et al. 1988). In particular, their reaction
with carboxyl chlorides yields acylated derivatives 2; when heated for a while in
alcohol solutions in the presence of potassium hydroxide, the latter undergo
intramolecular cyclization to give imidazo[1,5-a]quinoxalines 3. The major disad-
vantage of this method is that the corresponding starting compounds are obtained by
multistage reactions.

Two procedures of synthesis of aminomethylquinoxalines 1 have been devel-
oped. One of them involves three stages: (a) condensation of ethyl ethoxalylacetate
4 or dimethyl acetylenedicarboxylate with 1,2-DAB to give quinoxalines 5, (b) the
reaction of the latter with isopentyl nitrite, and (c) reduction of resulting oximes 6
(Scheme 4.2) (Danswan et al. 1982; Ager et al. 1988).

The other procedure comprising four stages involves the following reactions:
(a) condensation of methyl chlorophenylpyruvate 7, synthesized by the Darzan
reaction from methyl dichloroacetate and benzaldehyde (Mamedov and Nuretdinov
1992), with 1,2-DAB to give 3-(α-chlorobenzyl)quinoxalin-2(1H)-one 8 (Mamedov
et al. 1990); (b) the reaction with sodium azide to give corresponding azide 9;
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(c) Staudinger reaction with triethyl phosphate yielding phosphoramidate 10 and
(d) the reaction of the latter with dry HCl, which leads to target amine 1c in the
form of hydrochloride (Scheme 4.3) (Mamedov et al. 2003).

When heated for 2 h or thermolyzed for 10 min at 225 ± 3 °C, 3-(α-benzyla-
minobenzyl)quinoxalin-2(1H)-one 11, synthesized by the reaction of 3-(α-chlor-
obenzyl)quinoxalin-2(1H)-one 8, and benzylamine in DMSO at room temperature,
undergoes intramolecular cyclocondensation to give imidazoquinoxaline 12a
(Scheme 4.4) (Mamedov et al. 2004).

Annulation of the imidazole ring to compound 11 evidently occurs through the
oxidation of the latter to imine A which can also exist as tautomers B and C. The
nucleophilic attack of the N(4) atom at the carbon atom of the imine moiety in
structure B leads to the closure of the imidazole ring to form dihydroimidazo-
quinoxaline system D, and further oxidation of the latter under the reaction con-
ditions leads to tricyclic compound 12a. Air oxygen or a solvent (dimethyl
sulfoxide) can act as an oxidant in this case (Scheme 4.5).

Heating 3-(azidocarbonylmethylene)-1,2,3,4-tetrahydroquinoxalin-2-one 13,
synthesized from the corresponding hydrazide, in xylene or acetic anhydride first
presumably induces the Curtius rearrangement to give isocyanate 14, and the clo-
sure of the imidazole ring in it leads to imidazo[1,5-a]quinoxalinediones 15 in high
yields (Kurasawa et al. 1983). The reaction in xylene yields imidazoquinoxaline-
dione 15a with unsubstituted imidazole nitrogen atom, and the reaction in acetic
anhydride affords its acetylated derivative 15b (Scheme 4.6).
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Quinoxaline-containing thiocyanate 16, which forms in the reaction of 3-(α-
chlorobenzyl)quinoxalinone 8 with potassium thiocyanate, isomerizes into the
S-analog of isocyanate 14–isothiocyanate 17. The latter acts as a starting compound
for the synthesis of imidazo[1,5-a]quinoxalines 12b, c and 18 through
intramolecular cyclization. The direction of the process depends on the reaction
conditions (temperature, pH of a medium, solvent). Thermolysis of compound 16 in
the absence of the solvent leads to 1-sulfanylimidazoquinoxaline 12b, isomeric to
compounds 16 and 17, in quantitative yield. Heating thiocyanate 16 in the presence
of Et3N in DMF gives compound 18 in 60 % yield, while heating in DMSO leads to
imidazo[1,5-a]quinoxaline 12c (yield 11 %) in a mixture with other products
(Scheme 4.7) (Mamedov et al. 2002b).

Under the action of polyphosphoric acid (PPA), hydrazones 19a, b lose
diphenylamine and convert into imidazo[1,5-a]quinoxalines 20a, b (Scheme 4.8)
(Kollenz 1972).

The authors believe that compounds 20 form as a result of generation of nitre-
nium ion 21 after diphenylamine elimination [just as it happens in the Schmidt
reaction (Sahasrabudhe et al. 2003; Katori et al. 2010)], migration of the alkyl
group to the nitrogen atom and closure of the imidazole ring in carbocation 22
(Scheme 4.9).
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Another way can be suggested through the intermediate formation of aziridine
derivative 23 and the acid-catalyzed opening of the aziridine ring at the C(2)–C(3)
bond with removal of diphenylamine and formation of carbocation 24
(Scheme 4.10).

4.2.2 Method of Formation of the C(1)–N(2)
Bond (Variant A2Q)
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1-position in tetrahydroquinoxaline 25 leads to hydrogenated imidazo[1,5-a]
quinoxaline 26a in quantitative yield (Scheme 4.11) (Benkovic et al. 1973).

4.2.3 Method of Formation of the N(2)–C(3)
Bond (Variant A3Q)

The reaction of diethyl bromomalonate and 1,2-DABs gives tetrahydroquinoxalin-
2-ones 27, which are then introduced into the aminoacylation reaction (Ahmad et al.
1964). On heating in 2 M HCl, carbamoyl derivatives 28 undergo intramolecular ami-
dation to give imidazo[1,5-a]quinoxaline-1,3,4(2H,3H,5H)-triones 29 (Scheme 4.12)
(Varano et al. 2001).

4.2.4 Methods of Formation of the N(10)–C(1)
and C(1)–N(2) Bonds (Variant B1Q)

Only one of the three possible variants of formation of the imidazo[1,5-a]quinoxa-
line system on the basis of reactions of quinoxaline and equivalents of monoatomic
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synthons (see Fig. 4.3) is known. This variant corresponds to the formation of the
bond of the C(1) carbon atom with two nitrogen atoms in the 2- and 10-positions. In
particular, the condensation of 3-aminomethylquinoxalin-2(1H)-one 1a with triethyl
orthoformate or triethyl orthoacetate in the presence of p-toluenesulfonic acid
(p-TsOH) upon heating under reflux for 2–3 h leads to imidazoquinoxalines
30a–c (Scheme 4.13) (Malamas et al. 2010, 2011a). 1-Hydroxy derivative of imi-
dazoquinoxaline 30d is synthesized from amine 1a by the reaction with 1,1′-car-
bonyldiimidazole (Im2CO) in methanol in the presence of KOH (Danswan et al.
1982).

The reaction of 3-(α-aminobenzyl)quinoxalin-2(1H)-one hydrochloride 1c with
triethyl orthoformate does not require additional acid catalysis. The reaction lasts for
6 h to yield imidazoquinoxaline 12c (Mamedov et al. 2003). Refluxing of compound
1c with acetic anhydride for 4 h leads to 1-methylimidazoquinoxalin-4-one 12d
(Mamedov et al. 2003). Aromatic aldehydes can also be used as the equivalents of
monoatomic synthons. As distinct from the above reactions, the reaction of com-
pound 1c with aromatic aldehydes requires longer time. In particular, the reaction of
4-methoxyethoxybenzaldehyde with quinoxaline 1c in boiling dioxane lasts for 15 h
to give p-methoxyphenylimidazoquinoxalin-4-one 12e in high yield.

Decreasing the reaction duration to 9 h in the case of benzaldehyde gives
1-phenylimidazoquinoxaline 12a in only 58 % yield. Amine hydrochloride 1c
reacts with carbon disulfide in methanol in the presence of KOH to give
1-sulfanylimidazoquinoxaline 12b (Table 4.1) (Mamedov et al. 2003).
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The reaction of arylaminomethyltetrahydroquinoxalines 31a–c with formalde-
hyde leads to hexahydroimidazoquinoxalines 26a, b and the reaction with triethyl
orthoformate in the presence of tetrafluoroboric acid gives imidazolium salts
32a–c (Scheme 4.14) (Benkovic et al. 1969, 1972).

4.2.5 Methods of Formation of the N(10)–C(1)
and N(2)–C(3) Bonds (Variant C1Q)

There are two possible ways of designing imidazo[1,5-a]quinoxalines according to
variants C: the introduction of the C(1)–N(2) or N(2)–C(3) fragment into quinox-
aline derivatives. However, only the first one (variant C1Q) has been described in the
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Table 4.1 Cyclization of 3-(α-aminobenzyl)quinoxalin-2(1H)-one hydrochloride when exposed
to one carbon suppliers
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literature. Evidently, this is due to the ease of synthesis of appropriate starting
quinoxalines (Mamedov et al. 1990; Mamedov and Nuretdinov 1992). In particular,
the reaction of 3-(α-chlorobenzyl)quinoxalin-2(1H)-one 8 with potassium iso-
cyanate in boiling DMF for 6 h leads to 3-phenylimidazoquinoxaline-1,4-dione 33
(Scheme 4.15) (Mamedov et al. 2003).

The reaction of heterocyclic ketone 34a with benzylamine on heating in DMSO
affords imidazoquinoxaline 12a in quantitative yield. This result is yet another
evidence that the formation of imidazoquinoxaline 12a in the reaction of 3-(α-
chlorobenzyl)quinoxalin-2(1H)-one 8 with benzylamine in DMSO also occurs
through amine 11 and intermediate imine A (see Scheme 4.5) (Mamedov et al.
2004). 3-Benzoylquinoxalin-2(1H)-one 34a readily forms upon thermolysis of
azide 9 in boiling acetic acid (Scheme 4.16) (Mamedov et al. 2002a).

Analogously, N-alkylated derivatives 34c–h and 3-acetylquinoxalin-2-one 34b
[instead of 3-benzoylquinoxalin-2-one 34a] react with 3-aminomethylpyridine
(β-picolylamine) (instead of benzylamine) to give imidazo[1,5-a]quinoxalin-4-ones
35a–l (Scheme 4.17) (Kalinin and Mamedov 2008a; Mamedov et al. 2009; Kalinin
et al. 2013).

In addition, compounds containing two benzoylquinoxaline moieties were
introduced into this reaction. This enabled the synthesis of bis(imidazoquinoxaline)s
in which the quinoxaline moieties are linked with each other through various spacers.
In particular, the reaction of α,ω-bis(3-benzoylquinoxalin-2-on-1-yl) derivatives 36
with benzyl- and picolylamines on heating in DMSO yields α,ω-bis(1,3-diphenyl-
and 1-pyridyl-3-phenyl-imidazo[1,5-a]quinoxalin-4-on-5-yl) derivatives 37a–g
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(Scheme 4.18) (Mamedov et al. 2004, 2009; Kalinin and Mamedov 2008b; Kalinin
et al. 2013).

The second approach to the synthesis of bis(imidazoquinoxaline)s is based on
the use of a compound containing two aminomethyl moieties, 1,3-di(aminomethyl)
benzene 38.

It reacts with 3-benzoylquinoxalin-2-ones 34a, c–e, i to give 1,3-bis(imidazo
[1,5-a]quinoxalin-4-on-1-yl)benzenes 39a, c–e, i (Mamedov et al. 2004, 2009;
Kalinin and Mamedov 2008b). These compounds are of interest as bidentate
chelating agents and precursors of macrocycles (Scheme 4.19).

An original method of constructing new types of crown ether derivatives 40b, c,
f is a combination of the above approaches to the synthesis of bis(imidazo[1,5-a]
quinoxaline)s (Mamedov et al. 2009). However, from compounds 36b, c, f, these
macrocycles are obtained in low yields. The yield of products 40 insignificantly
increases when the reaction is carried out in the presence of alkali metal salts
(LiClO4, NaCl, KI) as template agents (Scheme 4.20) (Mamedov et al. 2009).
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the authors of this review (Mamedov et al. 2009) has been successfully used for

N

N
R2

34a-h

O

O N

N

O

N
R3

R2

R1

R3CH2NH2

DMSO, 150 oC, 4-8 h

R1

12a, 35a-l (44-98%)

34   R1 = H (a,b): R2 = Ph (a), Me (b); 
      R2 = Ph (c-h): R1 = Me (c), Et (d),  n-Pr (e), n-C6H13 (f), n-C9H19 (g), n-C18H37 (h)
35   R1 = H (a-d): 
      R2 = R3 =Ph (a), R2 = Ph, R3 =Py (b), R2 = Me, R3 = Ph (c), R2 = Me, R3 = Py-3 (d); 
      R1 = Me, R2 = R3 = Ph (e); R1 = Et, R2 = Ph (f,g): R3 = Ph (f), R3 = Py-3 (g); 
      R1 = n-Pr, R2 = Ph (h,i): R3 = Ph (h), R3 = Py-3 (i); 
      R2 = Ph, R3 = Py-3 (j-l): n-C6H13 (j), n-C9H19 (k), n-C18H37 (l)

Scheme 4.17 Cyclization of 3-benzoyl- and 3-acetyl-quinoxalin-2(1H)-ones when exposed to
compounds with aminomethyl moiety
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37 R = Ph (a-e): X = CH2OCH2 (a), (CH2OCH2)2 (b), (CH2OCH2)3 (c),
     (CH2)4 (d), C6H4-1,3 (e); 
    R = Py-3 (f,g): X = (CH2)4 (f), (CH2OCH2)3 (g)

Scheme 4.18 Synthesis of
podands with the terminal
1,3-diphenyl- and
1-pyridyl-3-phenylimidazo
[1,5-a]quinoxalin-4-on-5-yl
platforms
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imidazo[a]annulation of quinoxaline, quinoline, and pyridine derivatives (Wang
et al. 2012). The starting compounds are quinoxaline-41a, quinoline-41b and
pyridine-2-carbaldehydes 41c (instead of 3-benzoylquinoxalinone derivatives) and
phenylglycine (instead of benzyl- and picolylamines). The reactions have been
carried out under milder conditions than in Mamedov et al. (2009) (DMSO, 150 °C)
and have afforded products 42a–c in rather high yields (Scheme 4.21).

4.2.6 Methods of Formation of the N(10)–C(1)
and C(3)–C(3a) Bonds (Variant DQ)

All known DQ-type methods of synthesis of imidazoquinoxalines (see Fig. 4.3)
involve the reaction of quinoxaline derivatives with synthetic equivalents of the C2−

–

(R)–N=C+ fragment; as such, methyl isocyanides are usually used. The principle
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Ph

34a,c-e,i

NH2H2N
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N N

N
NNR

O

Ph Ph

O

R

39a,c-e,i (31-75%)

R = H (a), Me (c), Et (d), n-Pr (e), Bn (i)

Scheme 4.19 Synthesis of 1,3-bis(imidazo[1,5-a]quinoxalin-4-on-1-yl)benzenes
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Scheme 4.20 Synthesis of diimidazoquinoxalinabenzenecyclophanes
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I2, KHCO3
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+

Scheme 4.21 Reactions of
quinoxaline-, quinoline- and
pyridine-2-carbaldehydes
with phenylglycine
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possibility of implementing this approach was demonstrated for the first time in 1980
by the reaction of unsubstituted quinoxaline with dilithium derivative 43, readily
generated from p-toluenesulfonylmethyl isocyanide (TsMIC) under the action of two
n-BuLi equivalents in THF at−70 °C (Nispen et al. 1980). The yield of imidazo[1,5-a]
quinoxaline 44 was 30 % (Scheme 4.22).

Quinoxalin-2(1H)-ones of different structure react with methyl isocyanides
under the action of bases to form imidazo[1,5-a]quinoxaline derivatives (Hansen
and Waetjen 1989a, b, c, 1990, 1991; Jacobsen et al. 1996a, b, 1999; Mickelson
et al. 1996; Nispen et al. 1980; Waetjen 1987; TenBrink et al. 1992, 1993, 1994,
1996; Wang et al. 2012). The reaction is usually carried out in the presence of
diethyl chlorophosphite at low temperatures. The in situ formed diethyl quinox-
alinylphosphonate (see below) readily reacts with substituted methyl isocyanides,
and 1,3-dipolar cycloaddition thereby leads to annulation of the imidazole ring. By
this method, quinoxalinones 45a, b have been converted into imidazo[1,5-a]
quinoxalines 46a–h with different substituents in the 3-position (Scheme 4.23)
(Hansen and Waetjen 1989a, 1990).

The reaction of substituted dihydroquinoxalin-2(1H)-ones 47 under these con-
ditions leads to corresponding dihydroimidazoquinoxalines 48 (Waetjen 1987;
TenBrink et al. 1992, 1994, 1996; Jacobsen et al. 1996a, b, 1999). The number of
imidazo[1,5-a]quinoxaline derivatives thus synthesized amounts to several hun-
dreds (Scheme 4.24).

Tricyclic compounds 49a–d and 50a–d, containing the quinoxalin-2(1H)-one
moiety with the carbonyl group at the C(4) atom reacts with isocyanides in the
presence of potassium tert-butoxide to form tetracycles 51a–d and 52a–d,
respectively (Schemes 4.25 and 4.26) (TenBrink et al. 1994; Mickelson et al. 1996).
The latter have been synthesized both in the racemic form 52a, d and as optical
isomers with the S (52b) and R configuration (52c) of the asymmetric center.

N

N
Me SO2CLi2NC

N

N

N

43 44

+

Scheme 4.22 Synthesis of imidazo[1,5-a]quinoxaline from quinoxaline and dilithium derivative
of p-toluenesulfonylmethyl isocyanide
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H
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R1

O

45a,b

1. ClP(O)(OEt)2
2. R2CH2NC

3. NaH, DMF,
    from -20 to -30 oC

N

N

R1

46a-h

N

R2

45 R1 = H (a), Me (b)
46 R1 = H (a-c): R2 = CO2Et (a), CO2Pr-i (b), CO2Bu-t (c);
     R1 = Me (d-h): R2 = CO2Et (d), CO2Pr-i (e), CO2Bu-t (f), 
     5-cyclopropyl-1,2,4-oxadiazol-3-yl (g), 
     5-methyl-1,2,4-oxadiazol-3-yl (h)

Scheme 4.23 Synthesis of
imidazo[1,5-a]quinoxalines
from quinoxalin-2(1H)-ones
when exposed to methyl
isocyanides in the presence of
diethyl chlorophosphite
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A method of synthesis of imidazoquinoxalin-4-ones that affords these hetero-
cyclic systems with different substituents in the 3-, 5-, 6- and 7-positions has been
well developed (Waetjen 1987; Waetjen and Hansen 1988, 1990, 1991; Hansen and
Waetjen 1989b, c; Jacobsen et al. 1996a; TenBrink et al. 1993). The method is
based on the reaction of quinoxaline-2,3-dione derivatives 53 with diethyl
chlorophosphite leading to diethyl quinoxalinyl phosphates 54. The latter, without
isolation, are introduced into the reaction with substituted methyl isocyanides in the
presence of a base leading to products 55 (Scheme 4.27).

Quinoxaline-2,3-diones 53, containing necessary substituents in the benzo
moiety, are synthesized in three stages from o-halonitrobenzenes. The transfor-
mations involve the substitution of an amino group for the halogen atom to form
compounds 56, the reduction of the nitro group to the amino group and

N

H
N O

47

1. ClP(O)(OEt)2
2. R5CH2NC

3. t-BuOK, THF, -78 oC

48

R4

R1

R2

R3 N

N

R4

R1

R2

R3

N

R5

R1 = Ac, Bz, Boc, C(O)Et, C(O)CF3, C(O)NMe2, C(O)NEt2,
pyrrolidinocarbonyl, morpholinocarbonyl, piperidinocarbonyl,
2-furylcarbonyl, etc. 
R2, R3 = H, Me
R4 = H, Me, F, Cl
R5 = 5-X-1,2,4-oxadiazol-3-yl (X = Et, i-Pr, c-C3H5), CO2Bu-t, Ar
Boc = C(O)OBu-t

Scheme 4.24 Synthesis of dihydroimidazo[1,5-a]quinoxalines from dihydroquinoxalin-2(1H)-
ones when exposed to methyl isocyanides in the presence of diethyl chlorophosphite
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X
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O

N
O

N

N

51 a X = NBoc (22%) 
     b X = NPr-i 
     c X = NMe  
     d X = O       (32%)

R = 3-cyclopropyl-1,2,4-oxadiazol-5-yl

Scheme 4.25 The use of quinoxalin-2(1H)-one moiety for the synthesis of condensed imidazo
[1,5-a]quinoxaline derivatives
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N
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*
52 a X = CH2 (R,S) (47%) 
     b X = CH2 (S)     (46%) 
     c X = CH2 (R)     (46%) 
     d X = O              (10%)

Scheme 4.26 The use of quinoxalin-2(1H)-one moiety for the synthesis of condensed imidazo
[1,5-a]quinoxaline derivatives
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condensation of substituted diaminobenzenes 57 with oxalyl chlorides
(Scheme 4.28) (Jacobsen et al. 1996a).

Two classical methods based on methylamines 58a have been developed for
preparation of substituted methyl isocyanides–the second component of the reaction
shown in Scheme 4.28. The first method consists of one stage, namely, treatment of
amines with chloroform in the presence of alkalis; the second method consists of
two stages. The reaction with ethyl formate leads to formamides 58b, which are
then dehydrated by treating with phosphorus oxochloride in the presence of tri-
ethylamine (Scheme 4.29) (Jacobsen et al. 1996a).

Two decades after the first example of annulation of the imidazole moiety
(Nispen et al. 1980) to bond c of quinoxaline under the action of dilithium salt 43, a
new procedure has been suggested in which the initial compounds are quinoxali-
nones 59 (Barrish and Spergel 2001; Chen et al. 2001, 2002a; Hazeldine et al.
2005). Protected N-(4-methoxybenzyl)quinoxalinones 60 are introduced into the
reaction with TsMIC in THF in the presence of NaH, which leads to imidazo-
quinoxaline 61 in high, sometimes quantitative, yields. The protective group is
removed under the action of trifluoroacetic acid (TFA), anisole and
trifluoromethanesulfonic acid (TfOH). This method is simple and enables the

53

H
N

N O

ClP(O)(OEt)2,
NaH or t-BuOK

DMF or THF,
from -10 to -20 oC

54

O

R3
R1

R2
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N O

OP(O)(OEt)2

R3
R1

R2

R4CH2NC, t-BuOK

DMF or THF,
from -42 to -78 oC

55 (44-95%)

N

N O
R3

R1

R2

N

R4

55 R1, R2 = H, Cl, F, Me
R3 = Me, i-Pr, t-Bu, Bn, PhCH2CH2, 2-PyCH2, 2-MeOC6H4CH2, c-[O(CH2CH2)2N]CH2CH2, c-C3H5CH2CH2

R4 = CO2Et, 5-cycloprop-1-yl, 2,4-oxadiazol-3-yl, 3-cyclopropyl-1,2,4-oxadiazol-5-yl, C6H4X (X = H, F, Cl, OMe, CF3)

Scheme 4.27 The use of quinoxalin-2(1H)-one moiety for the synthesis of the 3-, 5-, 6- and 7-
substituted imidazo[1,5-a]quinoxalines
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i =  H2, 5% Pd/C, EtOH; ii = H2, 5% Pt/S/C, EtOH; iii =  EtO2CC(O)Cl or (COCl)2, EtN(Pr-i)2, PhMe

Scheme 4.28 Synthesis of quinoxaline-2,3-diones, containing substituents in the benzo moiety
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Scheme 4.29 Synthesis of
substituted methyl
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synthesis of different initial N(1)-alkylated quinoxalin-2(1H)-ones through con-
densation of 1,2-DABs and ethyl glyoxalate with subsequent introduction of the
protective p-methoxybenzyl group. The method has opened a new way to the
synthesis of numerous imidazo[1,5-a]quinoxalines 62 with the free 1- and
3-positions (Scheme 4.30).

When quinoxaline has an easily leaving group in the 2-position, annulation of
the imidazole ring according to variant DQ can also occur, which is demonstrated
by Scheme 4.31 (Sundaram et al. 2007). The reaction of
2-methylsulfanyl-3-chloroquinoxalines 63a–i with ethyl isocyanoacetate leads to
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R3 N
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O

59a-e (37-93%)
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O

60a-e (61-70%)

C6H4OMe-4

TsCH2NC NaH, THF

R1

R2

R3 N

N

O

61a-e (68-97%)

C6H4OMe-4

20 oC, 6-8 h

N
TFA, anisole,
TfOH

R1

R2

R3 N
H

N

O

62a-e (90-99%)

N

R1 = R2 = H (a-c): R3 = H (a), OMe (b), Cl (c); 
R1 = H, R2 = R3 = OMe (d); R1 = NO2, R2 = R3 = H (e)

ClCH2C6H4OMe-4

Scheme 4.30 The use of bond c of quinoxalinone for the synthesis substituted imidazo[1,5-a]
quinoxalines
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63,64 R1 = R2 = H (a), OMe (b), Cl (c);
          R1 = H (d-f): R2 = Me (d), OMe (e), Cl (f);
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X

X

66a-c (75-81%)

N

CO2Et

MCPBA  = m-Chloroperoxybenzoic acid, DBU = 1,5-Diazabicyclo[5.4.0]undec-7-ene

65, 66 X = H (a), OMe (b), Cl (c)

Scheme 4.31 The reactions of 2-methylsulfanyl-3-chloroquinoxalines with ethyl iso-cyanoacetate
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4-methylsulfanylimidazoquinoxalines 64a–i, whereas the reaction of the products
of oxidation of compounds 63a–c, sulfones 65a–c, gives 4-chloroimidazoquinox-
alines 66a–c (Chen et al. 2002a).

4.2.7 Method of Formation of the N(10)–C(1), C(1)–N(2),
and N(2)–C(3) Bonds (Variant E1Q)

It should be noted that the examples of E-type formation of bonds in imidazo[1,5-a]
quinoxalines are limited to variant E1Q. The three-component reaction of
3-benzoylquinoxalin-2(1H)-one 34a with aromatic aldehydes and NH4OAc in
boiling methanol is the only example of EQ-type synthesis of the imidazo[1,5-a]
quinoxaline system (Mamedov et al. 2011). This reaction leads not only to imidazo
[1,5-a]quinoxaline derivatives 12a and 67a–g but also to 2,4,5-trisubstituted imi-
dazoles 68a–h, sometimes as major products. It should be noted that the reaction of
N-alkylated 3-benzoylquinoxalin-2(1H)-one 34i yields only imidazo[1,5-a]
quinoxaline 67g. As distinct from variant C1Q of synthesis of imidazo[1,5-a]
quinoxalines where aminomethyl derivatives are used to introduce the C(1)–N(2)
fragment into 3-benzoylquinoxalin-2(1H)-one, in this case the reaction involves

Table 4.2 Three-component reaction of 3-benzoylquinoxalin-2(1H)-one with aromatic aldehydes
and NH4OAc for the synthesis of imidazo[1,5-a]quinoxaline system

N

N

O

34a,i
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O
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HAr

NH4OAc

MeOH, reflux N
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12a,67a-g
R

N

Ph

Ar

N

N
H

Ar Ph

N
O

R

N
Ar

68a-h

+ +

34 R Ar Products [Yield (%)]

34a H Ph 12a (26) + 68a (49)

34a H C6H4Br-4 67a (33) + 68b (47)

34a H C6H4NO2-4 67b (17) + 68c (47)

34a H C6H4F-4 67c (26) + 68d (45)

34a H C6H4Cl-4 67d (28) + 68e (40)

34a H C6H4I-4 67e (29) + 68f (44)

34a H Py-3 67f (42) + 68g (38)

34i n-Bu Ph 67g (42) + 68h (traces)
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different substituted aldehydes, including pyridine-3-carbaldehyde, and inexpensive
and readily available ammonium acetate. This approach is attractive since it enables
the introduction of a definite substituent in any position of imidazo[1,5-a]quinox-
alines under relatively mild conditions (Table 4.2).

4.3 Synthesis of Imidazo[1,5-a]quinoxalines Based
on Imidazole Derivatives

Design of the imidazo[1,5-a]quinoxaline system on the basis of imidazole deriva-
tives has been much less studied than the synthesis based on quinoxaline deriva-
tives. Three variants of assembly of such a tricyclic system are mainly used:
intramolecular cyclization of imidazole derivatives with formation of the C(4)–N(5)
and C(9a)–N(10) bonds (variants A2I and A4I, respectively) and intermolecular
condensation with equivalents of monoatomic carbon synthons with the simulta-
neous formation of the C(3a)–C(4) and C(4)–N(5) bonds (variant B1I) (Fig. 4.4).
Other routes are represented by single examples.

4.3.1 Method of Formation of the C(3a)–C(4)
Bond (Variant A1I)

As distinct from imidazo[1,2-a]quinoxaline derivatives for which the method of
construction of the heterocycle through the formation of the C(3a)–C(4) bond is basic
(see Sect. 4.5.1), there are only two publications describing the A1I-type synthesis of
representatives of the tricyclic imidazo[1,5-a]quinoxaline system (Malamas et al.
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Fig. 4.4 Possible variants of construction of the imidazo[1,5-a]quinoxaline system on the basis of
imidazole derivatives
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2010, 2011b). The condensation of acetamide 69 in amixture of phosphorus(V) oxide
and oxochloride on heating leads to imidazo[1,5-a]quinoxaline 70 (Scheme 4.32).

4.3.2 Methods of Formation of the C(4)–N(5)
Bond (Variant A2I)

Reductive cyclization of 1-(2-nitrophenyl)-5-ethoxycarbonylimidazoles 71 is used
rather often for constructing the imidazo[1,5-a]quinoxaline ring. Compounds 71 are
synthesized by two methods: (1) from o-fluoronitrobenzenes by the reaction with
4,5-diethoxycarbonylimidazole in the presence of K2CO3 (Lee and Brown 1983,
1984) or Cs2CO3 (Pierre et al. 2012) in DMF; (2) in two stages–by the reaction of
o-nitroanilines with ethyl glyoxylate followed by cyclization of the resulting α-
methoxy-α-(2-nitroanilino)acetates 72 (Chen et al. 2004a, b). The cyclization of
compounds 71 gives imidazo[1,5-a]quinoxalines 73 (R2 = H, OMe) (Lee and
Brown 1983; Chen et al. 2004a, b; Borchardt et al. 2011b; Kim et al. 2011; Pierre
et al. 2012). Once the benzene ring of molecule 71 has the acceptor methylsulfonate
group, the reduction mainly leads to 5-hydroxyimidazoquinoxaline 74, which is
then converted in two stages into imidazoquinoxaline 73b (acylation with acetic
anhydrides and subsequent thermolysis) (Lee and Brown 1983, 1984).

The reduction with sodium dithionite in aqueous acetic acid gives imidazo-
quinoxaline 73c in nearly quantitative yield (Lee and Brown 1984). It should be noted
that this method is universal for synthesis of derivatives of other heterocyclic systems,
in particular, thiazolo[3,4-a]- (Adegoke andAlo 1983), pyrrolo[1,2-a]- (Silvestri et al.
2000) and indolo[1,2-a]quinoxalines (Basanagoudar et al. 1991). Their formation
depends on the type of heterocyclic moiety in compounds 71 (Scheme 4.33).

A convenient method of synthesis of pharmacologically attractive imidazo-
quinoxaline derivatives 75a–g has been described (DeMoliner and Hulme 2012b).
The method involves the three-component reaction of N-Boc-o-phenylenediamines
76a–d with glyoxylic acid derivatives, namely, with ethyl glyoxylate (see Sect. 4.4)
and benzylglyoxylamide 77, with the participation of tosylmethyl isocyanides. The
reaction is carried out under microwave irradiation [the Van Leusen and Van
Leusen modification (2012)]. It is likely that, first, the condensation of aldehyde at
the free amino group of compounds 76a–d leads to imines 78a–d, which are

69

Cl N

CF3

N
Me

NH

MeO

P2O5, POCl3

115 oC, 16 h N
H

N

N

Me

Me

Cl

CF3

70 (60%)

Scheme 4.32 Intramolecular cyclization ofN-(4-chloro-2-(4-methyl-1H-imidazol-1-yl)-6-(trifluor-
omethyl)phenyl)acetamide when exposed to the mixture of phosphorus(V) oxide and oxochloride
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cyclized to give imidazole derivatives 79a–g. Removal of the Boc protective group
from the nitrogen atom of compounds 79a promotes further cyclization, which
occurs either spontaneously with formation of heterocycle 75a or under microwave
irradiation in acid conditions. In the latter case, compounds 75b–g are formed. It
should be noted that the formation of the imidazoquinoxaline system by this
method occurs rapidly and is highly effective (Scheme 4.34).

The strategy of Van Leusen and Van Leusen (2012) served as a basis for the
development of a one-pot process, which made it possible to synthesize imidazo
[1,5-a]quinoxalines with the use of phenylglyoxaldehyde instead of benzylgly-
oxylamide (see Sect. 4.4) (DeMoliner and Hulme 2012a).
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Scheme 4.33 Synthesis and intramolecular cyclization of substituted ethyl 1-(2-nitrophenyl)-1H-
imidazole-5-carboxylates
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Scheme 4.34 Synthesis and intramolecular cyclization of tert-butyl 2-(5-(benzylcarbamoyl)-1H-
imidazol-1-yl)phenylcarbamates
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4.3.3 Methods of Formation of the C(9a)–N(10)
Bond (Variant A4I)

The intramolecular nucleophilic substitution of the fluorine atom in 1H-
imidazole-5-carboxyl-2-fluoroanilides 80a–d and 81a–h in the presence of a base
leads to imidazo[1,5-a]-quinoxalines containing a hydrogen atom 82a–
d (Scheme 4.35) or aminocarbonylmethyl group in the 5-position 83a–
h (Scheme 4.36) according to variant A4I (see Fig. 4.4) (Barrish and Spergel 2001;
Norris et al. 2001; Spatz et al. 2007; Moarbess et al. 2008b). The cyclization of
anilides 80a–d proceeds in boiling dimethylacetamide for 6 h, and the cyclization
of derivatives 81a–h in DMF under microwave irradiation at 150 °C for 20 min
gives the products in high yields.

Anilides 80 have been synthesized through acylation of o-fluoroanilines by
carbonylimidazole dimer (diimidazo[1,5-a:1,5-d]-pyrazine-5,10-dione, 84a) in the
presence of sodium hexamethyldisilazide (NaHMDS) (Scheme 4.37) (Barrish and
Spergel 2001; Norris et al. 2001).

Compounds 81 are synthesized by the Ugi reaction, which is a multicomponent
process involving o-fluoroaniline, aldehyde, isocyanide, and 1H-
imidazole-5-carboxylic acid. The reaction is initiated by condensation of aniline
with aldehyde leading to the corresponding imine, which successively reacts with
the acid and isocyanide to give target compounds 81. Trifluoroethanol is used as a
solvent in this reaction (Scheme 4.38) (Spatz et al. 2007).
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Scheme 4.36 Cyclization of N-(2-fluorophenyl)-1H-imidazole-5-carboxamides in DMF under
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4.3.4 Methods of Formation of the C(3a)–C(4)
and C(4)–N(5) Bonds (Variant B1I)

An efficient B1I-type method of synthesis of imidazo[1,5-a]quinoxalines 85 is the
reaction of 2-(1H-imidazol-1-yl)aminobenzenes 86 with 1,1′-carbonyldiimidazole
(Scheme 4.39) (Davey et al. 1991; Colotta et al. 1995; Ohmori et al. 1997; Davey
1999; Okada et al. 2009; Kaizawa et al. 2011). The reaction proceeds in boiling o-
dichlorobenzene (DCB) to give target products in moderate to high yields.

Necessary starting compounds 86 are synthesized by either a two- or a four-stage
method. The last stage in both cases is the catalytic reduction of 1-(2-nitrophenyl)-
imidazoles 87. In the first method, compounds 87 are formed through the nucleophilic
substitution of the fluorine atom in o-fluoronitrobenzenes 88 by imidazoles 89 (Davey
et al. 1991; Colotta et al. 1995; Ohmori et al. 1997; Davey 1999). The second method
consists of the following stages: (a) the arylation of imidazole with o-fluoroni-
trobenzene in the presence of sodium carbonate, (b) the bromination of
2-nitrophenylimidazole 90with bromosuccinamide, (c) the introduction of an alkyl or
aryl fragment into the imidazole ring of 2-bromo derivative 91 by the Suzuki
cross-coupling reaction leading to products 87 (Scheme 4.40) (Moarbess et al. 2008b).
The availability of the starting compounds, the ease of each stage and high yields
allow easy variation of substituents in the 2-position of the imidazole ring, which leads
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Scheme 4.37 Synthesis of N-(2-fluorophenyl)-1H-imidazole-5-carboxamides through the acyla-
tion of o-fluoroanilines by carbonylimidazole dimmer
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Scheme 4.38 Synthesis of N-(2-fluorophenyl)-1H-imidazole-5-carboxamides by the Ugi reaction
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Scheme 4.39 Synthesis of imidazo[1,5-a]quinoxalines by interaction of 2-(1H-imidazol-1-yl)
aminobenzenes with 1,1′-carbonyldiimidazole
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to different 1-substituted imidazo[1,5-a]-quinoxalines 85 (Davey et al. 1991; Colotta
et al. 1995; Ohmori et al. 1997; Davey 1999; Okada et al. 2009; Kaizawa et al. 2011).

A structural specific feature of 2-(1H-imidazol-1-yl)aminobenzene derivatives
92 makes it possible to use them in the Pictet–Spengler reaction (Jiang et al. 2002;
Tsuji et al. 2003) with aldehydes. However, as distinct from β-arylethylamines (key
compounds of the Pictet–Spengler reaction) giving tetrahydroisoquinoline deriva-
tives, these compounds form corresponding imidazo[1,5-a]quinoxalines 93
(Scheme 4.41) (Kundu et al. 2005). The reaction occurs in the solid phase, and all
stages of formation of 2-(1H-imidazol-1-yl)aminobenzene derivatives 92 are carried
out with the participation of a fluoronitrobenzene derivative attached to a polymer
substrate through the carbamoyl bond. Tin chloride is used as a reducing agent.

An efficient method of selective synthesis of the oxidized and reduced forms of
imidazo[1,5-a]quinoxalines via modified Pictet–Spengler reaction of 2-imidazolyl
anilines with arylaldehydes (the possible mechanism is shown in Scheme 4.42) has
been described (Verma et al. 2013). The reaction proceeds under mild conditions
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Scheme 4.40 Synthesis and cyclization of 1-(2-nitrophenyl)-1H-imidazoles
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Scheme 4.41 The Pictet–Spengler reaction for the synthesis of imidazo[1,5-a]quinoxalines from
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and affords the products in high yields if the imidazole ring contains
electron-donating substituents in the 2- and 4-positions, which facilitates elec-
trophilic aromatic substitution at the 5-position of imidazole.

The reaction of 2-(1H-imidazol-1-yl)aminobenzenes 86a, b with substituted
benzaldehydes in the presence of benzotriazole and TsOH in toluene for 2 h leads to
dihydroimidazoquinoxalines 94a–g in high yield (Scheme 4.43) (Verma et al.
2013). The best condition for the formation of imidazoquinoxalines 95a–h is to
increase the reaction duration to 12 h, which ensures the complete conversion of the
intermediate dihydro derivative. Thus, varying the reaction time allows one to stop
the reaction after the formation of compound 94 or 95.

Both 4,5-dihydro derivatives 94 and imidazo[1,5-a]quinoxalines 95 are obtained
in high yields and under mild conditions. Aniline 86a with two electron-donating
groups in the imidazole ring reacts more readily than aniline 86b, containing only
the methyl group in this ring. The reaction of p-bromobenzaldehyde with N-
(2-aminophenyl)imidazole (R1 = R2 = H in formula 86, see Scheme 4.39) does not
lead to corresponding dihydroimidazo[1,5-a]quinoxaline 94.

At the same time, aldehydes with electron-donating substituents and halogen
atoms ensure the highest yield of imidazo[1,5-a]quinoxalines 95 (Verma et al.
2013).
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Scheme 4.42 Plausible mechanism of the Pictet–Spengler reaction
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Scheme 4.43 Reaction of 2-(1H-imidazol-1-yl)aminobenzenes 86a, b with substituted
benzaldehydes
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The use of 1-(o-nitrophenyl)imidazole-2,5-diones 96 and dimethylformamide
dimethyl acetal has been patented as another source of structural fragments nec-
essary for B1I-type construction of the tricyclic system (Shaw 1992, 1993a, b, c,
1995). The condensation of these reactants in acetic acid in the presence of iron
powder has been used to obtain a large number of imidazoquinoxaline-2,3-diones
97 with a variety of substituents. Unfortunately, the yields of the products have not
been specified in patents (Shaw 1992a, b, c, 1995) (Scheme 4.44).

Compounds 96 have been synthesized from 2-nitrophenyl isocyanates 98
through the formation of corresponding urea derivatives 99: they react with acetic
chloride to give compounds 100, which undergo cyclization to yield compounds
96. This method (Shaw 1992, 1993a, b, c, 1995), as well as variant A3Q using
quinoxaline derivatives (Ahmad et al. 1964), has been developed in detail precisely
for the synthesis of 2,3-dioxoimidazoquinoxalines (Scheme 4.45).

The reaction of 1-(o-methylaminophenyl)imidazole-2,5-dione 101 with ethyl
formate under the action of sodium yields 1,3-dioxoimidazoquinoxaline 102, which
is reduced by tin in a mixture of acetic and hydrochloric acids to give imidazo-
quinoxaline 103 (Scheme 4.46) (King and Clark-Lewis 1951).

When elucidating the structure of the compound resulting from the alkaline
hydrolysis of the product of the reaction of alloxan 104 with o-dimethylaminoa-
niline, Rudy and Cramer (1939) found a new method of synthesis of dihydroimi-
dazoquinoxaline 103. This method is a promising approach to synthesis of
spiro-fused quinoxaline 105 (Scheme 4.47).
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4.4 Other Methods of Synthesis of Imidazo[1,5-a]
Quinoxalines

Three-component condensation of N-Boc-1,2-DABs 76, ethyl glyoxylate and
substituted tosyl isocyanates in the presence of potassium carbonate on heating and
under microwave irradiation (the Van Leusen strategy mentioned above) has been
described (DeMoliner and Hulme 2012b). The reaction proceeds as a one-pot
process, but in two stages; cyclization of intermediates 106 leads to imidazo[1,5-a]
quinoxalin-4-ones 107a–g (Scheme 4.48).
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Scheme 4.48 Three-component condensation of N-Boc-o-diaminobenzenes, ethyl glyoxylate and
substituted tosyl isocyanates for the synthesis imidazo[1,5-a]quinoxalin-4-ones
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The use of phenyl-substituted glyoxals rather than ethyl glyoxylate under
analogous conditions leads to 4-arylimidazo[1,5-a]quinoxalines 108 (Scheme 4.49)
(DeMoliner and Hulme 2012a).

This method enables the introduction of diverse substituents into the heterocycle,
no matter whether they have electron-donating or electron-withdrawing properties.
The only limitation found by the authors is related to the use of 2-substituted
phenylglyoxaldehydes. In this case, the yield of the product is considerably reduced
(imidazoquinoxaline 108q) or the product does not form (the synthesis of com-
pound 108r was unsuccessful). This is caused by the extreme sensitivity of the
reaction to steric factors. Variation of the substituent in isocyanide also has an effect
on the yield of the product. In particular, the use of aryl-substituted p-tosylmethyl
iso-cyanides (R3 = Ar) leads to an increase in the yield of compounds 108g, k, o. At
the same time, ethyl-substituted p-tosylmethyl iso-cyanides (R3 = Et) give products
108h–j in considerably lower yields.

Formation of the imidazole ring in this case is shown in Scheme 4.50. It involves
the formation of Schiff bases in the reaction of amine with aldehyde with subse-
quent cyclization initiated by tosylmethyl isocyanide (Van Leusen and Van Leusen
2012).

Closure of bonds in synthesis of imidazoquinoxalines 108, according to the
fragmental approach used by us, is shown in Fig. 4.5.
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Scheme 4.49 Three-component condensation of N-Boc-1,2-DABs, 2-oxo-2-phenylacetaldehydes
and substituted tosyl isocyanates for the synthesis imidazo[1,5-a]quinoxalin-4-ones
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4.5 Synthesis of Imidazo[1,2-a]quinoxalines Based
on Quinoxaline Derivatives

Among possible variants of assembly of imidazo[1,2-a]quinoxalines shown in
Fig. 4.6, the following methods are known: methods based on intramolecular
cyclization with formation of the N(10)–C(1) and C(2)–N(3) bonds (variants A1Q,
A3Q), on intermolecular condensation of quinoxaline derivatives with formation of
the C(2)–N(3) and N(3)–C(3a) bonds (variant B3Q) and the N(10)–C(1) and C(2)–
N(3) bonds (variant C1Q), as well as on the processes that occur in the
three-component system involving the formation of the N(10)–C(1), C(1)–C(2) and
C(2)–N(3) bonds (variant E1Q).

4.5.1 Methods of Formation of the N(10)–C(1)
Bond (Variant A1Q)

Variant A1Q of synthesis of imidazo[1,2-a]quinoxalines can be exemplified by the
rearrangement of 2-(aziridino)quinoxaline derivatives 109a, b by the Gabriel–Heine
reaction (Heine 1962). This method has been used to synthesize, for the first time,
dihydroimidazo[1,2-a]quinoxalines 110a, b (Scheme 4.51) (Heine and Brooker
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Fig. 4.6 Possible variants of
construction of the imidazo
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Fig. 4.5 Scheme of formation of the imidazo[1,5-a]quinoxaline system in synthesis of compounds
108

4.5 Synthesis of Imidazo[1,2-a]quinoxalines … 239



1962). The method consists in the opening of the aziridine ring and closure of the
imidazole ring in intermediate compounds 111.

2-(2-Hydroxyethylamino)quinoxalines 112a–e are cyclized into
1,2-dihydroimidazo[1,2-a]quinoxalines 113a–e under the action of dehydrating
agents, such as thionyl chloride, HCl or phosphorus(V) oxochloride (Scheme 4.52)
(Hirotaka et al. 1970; Ohmori et al. 1997; Borchardt et al. 2010, 2011b).

Intramolecular cyclocondensation of 1-[(quinoxalin-2-yl)amino]alkan-2-ones
114a–d in the presence of trifluoroacetic anhydride leads to formation of aro-
matic imidazoquinoxalines 115a–d (Ohmori et al. 1997; Parra et al. 2001;
Deleuze-Masquefa et al. 2004, 2010). At the same time, cyclization of chloro
derivatives 114a, b in boiling xylene in the presence of TsOH leads to imidazo[1,2-
a]quinoxalin-4(5H)-ones 116a, b (Scheme 4.53) (Deleuze-Masquefa et al. 2004).

Boiling compounds 117 with trifluoroacetic anhydride and trifluoroacetic acid
leads to formation of 1-hydroxymethylimidazo[1,2-a]quinoxalin-4(5H)-ones 118a–
c, the products of cyclization and hydrolysis. These derivatives react with primary
amines in the presence of hexamethyldisilazane (HMDS) and TsOH at room
temperature to form corresponding 4-amino derivatives 119 (Scheme 4.54) (Liu
et al. 2004).

2-(2,2-Dialkoxyethylmino)quinoxalines 120 with R3 = H, Cl, N
(CH2CH2)2NBoc are cyclized under the action of HCl or TsOH to form imidazo
[1,2-a]quinoxalines 121 (McQuaid et al. 1992; Albaugh and Hutchison 1993, 1995;
Borchardt et al. 2010; Kim et al. 2011). The oxidation of compound 121

N

N
H
N

R1

112a-e

R3

R2

R4

OH

i

reflux, 2 h N

N

R1

113a-e (34-85%)

R3

R2

N

R4

R1 = Cl, R2 = NO2, R3 = F, R4 = Et (a); 
R2 = R3 = R4 = H (b-d): R1 = H (b), Me (c), Ph (d); 
R1 = R2 = R3 = Cl, R4 = Me (e)
i =  SOCl2 or HCl, MeOH (for 113a), POCl3 (for 113b-e)

Scheme 4.52 Cyclization of
2-(2-hydroxyethylamino)
quinoxalines for the synthesis
of imidazo[1,2-a]quinoxalines
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Scheme 4.51 The Gabriel–
Heine reaction 2-
(aziridin-1-yl)quinoxalines for
the synthesis of imidazo[1,2-
a]quinoxalines
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(R1 = R2 = Cl, R3 = R4 = H) by magnesium monoperoxyphthalate leads to cor-
responding imidazo[1,2-a]quinoxalin-4(5H)-one 122 (R1 = R2 = Cl) (McQuaid
et al. 1992).

Imidazoquinoxalin-4-ones 122 also form when 3-chloroquinoxalines 120
(R3 = Cl) are treated with 48 % HBr solution (McQuaid et al. 1992) or when
quinoxalin-2-ones 120 (R3 = OH) are heated for a long time in hydrochloric acid
(Scheme 4.55) (Albaugh and Hutchison 1993, 1995).

Annulation of the imidazole ring is a result of intramolecular condensation
involving the imine nitrogen atom of the quinoxaline system and the carbon atom of
not only the alkyl halide, ketone and aldehyde groups but also of the ester group
and acetylene moiety. In particular, the condensation of ethyl esters of α-substituted
N-(quinoxalin-2-yl)glycines 123a–j in aqueous methanol in the presence of
potassium carbonate leads to imidazoquinoxalinones 124a–j (Scheme 4.56)
(Albaugh and Hutchison 1993, 1995).
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H
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114, 115 R1 = Cl, R2 = R3 = H (a-c): R4 = i-Bu (a),  BnCH2 (b), Me (c);
               R1 = OH, R2 = F, R3 = NO2, R4 = Et (d);
116         R2 = R3 = H (a,b): R4 = i-Bu (a), BnCH2 (b)
i = (CF3CO)2O, reflux, 8 h or (CF3CO)2O, TFA, 20 oC, 5-24 h
ii = TsOH, xylene, reflux, 24 h

Scheme 4.53 Intramolecular cyclocondensation of 1-[(quinoxalin-2-yl)amino]alkan-2-ones in the
presence of trifluoroacetic anhydride and in the presence of TsOH
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Scheme 4.54 Synthesis and amidation of 1-hydroxymethylimidazo[1,2-a]quinoxalin-4(5H)-ones
with primary amines
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3-Chloroquinoxalines 125a, b with the propargylamino group in the 2-position
are cyclized under the action of concentrated sulfuric acid into imidazoquinoxalines
126a, b (Ceccarelli et al. 1998), accompanied by hydrolysis and elimination of the
chlorine atom. Analogously, benzo[g]quinoxaline 125c converts into benzo[g]im-
idazo[1,2-a]quinoxaline 126c in 30 % yield (Scheme 4.57) (Beaulieu et al. 2007).
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N CO2Et
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K2CO3, MeOH, H2O, reflux
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C6H4X [X = MeO-3(d), EtO-4(e), F-3 (f), F-4 (g), Cl-3 (h), Cl-4 (i), Me-4(j)]

Scheme 4.56 Cyclization of
α-substituted N-
(quinoxalin-2-yl)glycines
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Scheme 4.55 Cyclization of
2-(2,2-dialkoxyethylamino)
quinoxalines under two
different conditions
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The use of the palladium–copper catalyst enables the cyclization of compound 125d
under milder conditions, which leads to the retention of the chlorine atom in the
molecule. Owing to the presence of aryl iodides (bromides) in the reaction mixture,
quinoxaline 125d converts into 1-benzyl-substituted imidazo[1,2-a]quinoxalines
127a–g in one-pot process. The use of iodine analogs instead of bromonitroben-
zenes allows one to increase the yield of compounds 127a, b by 20 % (Bakherad
et al. 2012).

It is likely that ring closure in these reactions occurs through the intermediate
formation of the corresponding acetonylamino derivatives of quinoxalin-2(1H)-one
and benzo[g]quinoxalin-2(1H)-one.

Precursors of imidazoquinoxalines–compounds 109a, b and 112–have been
synthesized from chloroquinoxalines 128 and corresponding amines in the presence
of Et3N. To oxidize aminoalcohols 112 to ketones 114, different oxidative systems
have been used: a complex of trimethylamine and sulfuric anhydride in DMSO,
chromium(VI) oxide in pyridine (Sarett method) (Luzzio 1998; Caamano et al.
2000), and dichloroxalate in DMSO (Swern method) (Scheme 4.58) (Ohmori et al.
1997; Parra et al. 2001; Deleuze-Masquéfa et al. 2004).

The reaction of 2,3-dichloroquinoxaline 128a with arylaminoisoxazolones
129a–c gives oxazolylquinoxalines 130a–c, which rearrange on heating in THF in
the presence of triethylamine into imidazoquinoxalines 131a–c with elimination of
CO2 (Scheme 4.59) (Poursattar et al. 2012).
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PhH, reflux, 5 h
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109a,b
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114
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ii = Me3N . SO3, Et3N, DMSO, 20 oC, 8 h; or CrO3-Py;

or (COCl)2, DMSO

Scheme 4.58 Synthesis of precursors of imidazoquinoxalines
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Scheme 4.59 Synthesis and cyclization of oxazolylquinoxalines
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4.5.2 Method of Formation of the C(2)–N(3)
Bond (Variant A3Q)

The reaction of 2-aminoquinoxalines 132a–c with bromoacetaldehyde and ethyl
bromopyruvate gives salts 133a–c, which undergo intramolecular cyclization on
heating in ethanol to give imidazoquinoxalines 134a–d (Scheme 4.60) (Ramm and
Barnes 1980; Ager et al. 1988; Parra et al. 2001).

4.5.3 Method of Formation of the C(2)–N(3)
and N(3)–C(3a) Bonds (Variant B3Q)

Heating 1,4-bis(aroylmethyl)quinoxalin-2,3-diones 135a–j in acetic acid in the
presence of ammonium acetate leads to 2-aryl-5-aroylmethylimidazo[1,2-a]
quinoxaline-4-ones 136a–j (B3Q-type cyclization, see Fig. 4.6), whereas expected
1,5-diarylbis(imidazo[1,2-a:2′,1′-c])quinoxalines 137 are not identified in the
reaction mixture. Starting compounds 135 have been obtained by alkylation of
quinoxalinediones 138a, b with aroylmethyl bromides (Scheme 4.61)
(Hariharakrishnan et al. 2008).

4.5.4 Methods of Formation the N(10)–C(1)
and C(2)–N(3) Bonds (Variant C1Q)

Imidazoquinoxalines can be synthesized from aminoquinoxalines 132 and
bromoketones or ketoaldehydes without isolation of corresponding quaternized
derivatives 133 (see Scheme 4.60). This method was used to synthesize compounds
139a–h from 2-aminoquinoxaline 132d and compounds 140a–c from 3-chloro
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N NH2

132a-c
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BrCH2C(O)R2

20 oC, 48 h - 2 weeks
or 70 oC, 2 h
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N NH2
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R1

R2

O

Br-
EtOH, reflux, 1-2 h

N

N

134a-d (34-85%)

N

R1

R2

132 R1 = NHMe (a), NHEt (b), Cl (c)
133 R2 = CO2Et (a,b): R1 = NHMe (a), NHEt (b); R1 = Cl, R2 = H (c)
134 R2 = CO2Et (a-d): R1 = NHMe (a), NHEt (b), OH (d); R1 = Cl, R2 = H (c)

+

Scheme 4.60 Synthesis and cyclization of salts of 2-aminoquinoxalines with bromoacetaldehyde
and ethyl bromopyruvate
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derivative 132c (Scheme 4.62) (Catarzi et al. 1994; Albaugh and Hutchison 1995;
Teranishi 2007).

4.5.5 Method of Formation of the N(10)–C(1)
and N(3)–C(3a) Bond (Variant DQ)

Refluxing 2,3-dichloroquinoxaline 128a with two equivalents of arylaminoisoxa-
zolone 129a in ethanol for 48 h in the absence of bases (see Sect. 4.5.1) leads to bis
(imidazo)quinoxaline system 141 (Scheme 4.63) (Poursattar et al. 2012).
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Scheme 4.61 Synthesis and cyclization of 1,4-bis(aroylmethyl)quinoxalin-2,3-diones
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Scheme 4.62 Cyclization of
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4.5.6 Method of Formation of the N(10)–C(1), C(1)–C(2)
and C(2)–N(3) Bonds (Variant E1Q)

The multicomponent reaction of 2-amino-3-arylquinoxalines 132 with aldehydes
and isocyanides under the conditions of the Groebke–Blackburn–Bienaymé reac-
tion (Blackburn et al. 1998; Groebke et al. 1998; Ivachtchenko et al. 2010) leading
to 1-aminoimidazo[1,2-a]quinoxalines 142a–l is an example of synthesis of such
compounds according to variant E1Q (Table 4.3) (Krasavin and Parchinsky 2008;
Krasavin et al. 2009).

It should be noted that starting 2-aminoquinoxalines 132 for this reaction have
also been obtained in a multicomponent system by the modified Groebke–
Blackburn–Bienaymé reaction, using 1,2-DABs as one of the reactants
(Scheme 4.64).

Table 4.3 The Groebke–Blackburn–Bienaymé reaction in the 1-aminoimidazo[1,2-a]quinoxali-
nes synthesis

N

NR1

R1

NH2

R2

132

R3 O R4NC

TMSCl, MeCN-MeOH,
50 oC, 20-72 h

,

N

NR1

R1

R2

142a-l

N

R3
R4HN

TMS = Trimethylsilyl

142 R1 R2 R3 R4 Time (h) Yield (%)
142a H H C6H4F-4 (CH2)3OPr-i 20 65
142b H H n-Pr CH2C6H4OMe-4 48 45
142c H H C6H4OBu-n-4 (CH2)2Pr-i 48 52
142d H H C6H2(OMe)3-3,4,5 CH2C6H4OMe-4 72 68
142e Me H Py-3 EtO(CH2)3 20 73
142f Me H C6H4OPr-i-4 EtO2CCH2 48 56
142g Me H methyl-1-imidazol-3-yl c-C5H9 72 34
142h Me H C6H4CN-4 t-Bu 20 72
142i Me CO2Me n-Pr t-Bu 48 64
142j Me H n-Pr t-Bu 48 71
142k Me H dimethyl-1,3-imidazol-4-yl (CH2)3OEt 72 49
142l H Ph Ph c-C7H13 –– 33

N

N Cl
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N N
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EtO2C HN

Me
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Scheme 4.63 Reaction of
2,3-dichloroquinoxaline with
two equivalents of
arylaminoisoxazolone
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4.6 Synthesis of Imidazo[1,2-a]quinoxalines on the Basis
of Imidazole Derivatives

The known variants of assembly of the imidazo[1,2-a]quinoxaline system from
imidazoles involve different intramolecular cyclizations of imidazole derivatives
accompanied by the formation of the C(3a)–C(4), C(4)–N(5) and C(9a)–N(10)
bonds (variants A1I, A2I and A4I, respectively), as well as intermolecular
cyclizations of imidazole derivatives with different equivalents of monoatomic
carbon synthons accompanied by the formation of the C(3a)–C(4) and C(4)–N(5)
bonds (variant B1I) and with equivalents of triatomic nitrogen–carbon synthons
accompanied by the formation of the C(4)–N(5) and C(9a)–N(10) bonds (variant
D1I) (Fig. 4.7).
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Scheme 4.64 The Groebke–Blackburn–Bienaymé reaction in the 2-aminoquinoxalines synthesis
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Fig. 4.7 Possible variants of
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4.6.1 Method of Formation of the C(3a)–C(4)
Bond (Variant A1I)

One of the key methods of synthesis of imidazo[1,2-a]quinoxalines on the basis of
imidazoles is A1I-type synthesis. In this case, imidazole ring annulation is a result
of formation of the C(3a)–C(4) bond. In particular, 1-(2-acylaminophenyl)- or 1-
(2-amino-carbonylaminophenyl)imidazoles 143, obtained by the reaction of N-
(2-aminophenyl)imidazole 86c and acetyl chlorides or isocyanates, are converted
under the action of phosphorus(V) oxochloride into 4-substituted imidazoquinox-
alines 144 (Warner and Luber 1979a, b, c, 1980a, b, c, d, e; Lamberth 1999; Chen
et al. 2002b). More than 100 imidazo[1,2-a]quinoxalines have been synthesized by
this method (Scheme 4.65).

4.6.2 Methods of Formation of the C(4)–N(5)
Bond (Variant A2I)

The reduction of 1-(2-nitrophenyl)-2-formylimidazoles 145b–d by sodium hydro-
sulfite in an aqueous ammonia leads to imidazo[1,2-a]quinoxalines 146b–d in high
yields (Simonov et al. 1971; Uryukina et al. 1972). It is likely that the products are
generated through the A2I-type intramolecular cyclization of the corresponding
amino derivatives. In the case of compound 145a, 4-aminoimidazo[1,2-a]quinox-
aline 147 was isolated in 3 % yield as a side product (Simonov et al. 1972).
However, the reduction of compound 145a by sodium dithionite leads only to
imidazo[1,2-a]quinoxaline 146a in 50 % yield (Scheme 4.66) (Simonov et al.
1971).

The reduction of nitro ester 148 by iron powder in aqueous ethanolic acetic acid
under ultrasonic activation for 4 h is accompanied by intramolecular cyclization to
give imidazoquinoxalin-4-one 149 in good yield (Scheme 4.67) (Li et al. 2013).

It is known that the appropriately arranged methyl group in one ring and the
nitro group in the other ring react with each other in the presence of ferrous oxalate
to form an extra central ring (Scott and Söberberg 2002). According to this
methodology, 2-methyl-1-(2-nitrophenyl)-imidazoles 150a, e in the presence of

NH2

N N

86c

RC(O)Cl
or

RNCO

NH

N N

143

OR

POCl3

N

N N

R

144 (1-84%)

R = Alk, c-Alk, XC6H4 (X = Me, t-Bu, Ph, Cl, Br, F, NO2), AlkNH, ArNH, 
       chloroalkyl, alkoxyalkyl

Scheme 4.65 Synthesis and cyclization of 1-(2-acylaminophenyl)- or 1-(2-aminocarbonylamino-
phenyl)imidazoles
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iron oxalate are transformed into imidazo[1,2-a]quinoxalines 146a,
e (Scheme 4.68) (Bacon and Hamilton 1974). However, the cyclization competes
with the reduction of the nitro group to the amino group to give compounds 151a, e.

Benzannulated analogue 152 gives, under these conditions, a mixture of benz-
imidazoquinoxaline 153, primary amine 154 and azo compound 155 in 19, 10, and
14 % yields, respectively (Scheme 4.69) (Bacon and Hamilton 1974).

The presence of the ethoxycarbonylvinyl moiety in the 2-position of the imi-
dazole ring spatially close to the nitro group of compound 156 facilitates
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+

Scheme 4.66 Cyclization of 1-(2-nitrophenyl)-2-formylimidazoles when exposed to sodium
hydrosulfite in an aqueous ammonia
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powder in aqueous ethanolic acetic acid
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Scheme 4.68 Cyclization of
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Scheme 4.69 Cyclization of 1-(4-chloro-2-nitrophenyl)-2-methylbenzoimidazole when exposed
to iron oxalate
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intramolecular cyclization. It occurs through the Michael nucleophilic addition of
the amino group generated by the reduction of the NO2 group. This reaction leads to
annulation of the pyrazine ring in intermediate 157 to give tricycle 158. The
elimination of ethyl acetate from cation 159 contributes to the formation of
unsubstituted imidazo[1,2-a]quinoxaline 146a (Scheme 4.70) (Mishra and Batra
2010).

4.6.3 Methods of Formation of the C(9a)–N(10)
Bond (Variant A4I)

A4I-type methods of synthesis are common for imidazo[1,5-a]- and imidazo[1,2-a]
quinoxalines. When kept in boiling dimethylacetamide in the presence of NaH for
6 h, anilide 160a converts into imidazo[1,2-a] quinoxalin-4-one 161a in 80 % yield
(Scheme 4.71, conditions i) (Deleuze-Masquéfa et al. 2009c, 2010). It has been
shown that a combination of pyrrole-2-carbohydrazide attached to a polystyrene
substrate (PSP) with CuI is a regenerable heterogeneous catalytic system for
Ullmann C–N coupling in an aqueous medium. It allows one to aminate func-
tionalized haloarenes with anilines, benzylamines, aliphatic amines, and even
imidazole. In the last case, compound 160b can be converted into imidazo[1,2-a]
quinoxalin-4-one 161a via an alternative route without using air-sensitive NaH and
an organic solvent, DMA. The reaction proceeds in water, which makes the process
much more effective and environmentally safe (conditions ii in Scheme 4.71,
Huang et al. 2013b). Initial anilides 160 have been synthesized by acylation of o-
haloanilines with diimidazo[1,2-a;1′,2′-d]pyrazine-5,10-dione 84b.
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Scheme 4.70 Cyclization of (E)-ethyl 3-(1-(2-nitrophenyl)-1H-imidazol-2-yl)acrylate when
exposed to iron in acetic acid
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4.6.4 Methods of Formation of the C(3a)–C(4)
and C(4)–N(5) Bonds (Variant B1I)

The reaction of 1-(2-aminophenyl)imidazoles 162 with carbonyldiimidazole on
heating in dichlorobenzene leads to imidazoquinoxalin-4-ones 161 (Scheme 4.72)
(Davey et al. 1991; Colotta et al. 1995; Jeppesen 1995; Treiber et al. 1996, 1997;
Ohmori et al. 1997; Campiani et al. 1999; Chen et al. 2002a, 2011). The yields vary
from moderate to high.

The Pictet–Spengler reaction (Jiang et al. 2002; Tsuji et al. 2003) of compounds
163, with the unsubstituted 2-position in the imidazole ring, and aldehydes yields
imidazo[1,2-a]quinoxaline 164 (Chen et al. 2011). The reaction is carried in the
solid phase. Compounds 163 are synthesized in four stages from an o-phenylene-
diamine derivative attached to a polymeric support through an ester group in the
5-position of the benzimidazol-2-yl moiety (Chen et al. 2011). In the case of
electron-withdrawing substituents in the 4-position of the benzene ring of sub-
stituent R3 and in the absence of a substituent in the 2-position of imidazo-
quinoxalines 164 (R2 = H, R3 = C6H4NO2-4), autoxidation occurs to form
compounds 165. The product is removed from the polymer support with a 1 %
potassium cyanide solution in methanol at room temperature. Compounds 165 add
methanol at the C=N bond, which is favored by the presence of an
electron-withdrawing substituent, to form compounds 166a–g. Under the same
conditions, compounds 164 are first converted into dihydroimidazoquinoxalines
167, which are oxidized to products 168a–h (Scheme 4.73).
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Scheme 4.71 Synthesis and cyclization of N-(2-fluorophenyl)- and N-(2-iodophenyl)-1H-
imidazole-2-carboxamides
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Scheme 4.72 Cyclization of 1-(2-aminophenyl)imidazoles when exposed to carbonyldiimidazole
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4.6.5 Methods of Formation of the C(4)–N(5)
and C(9a)–N(10) Bonds (Variant D1I)

The reaction of 1,3-dinitro-4-fluorobenzene 169a with cyclic amidine 170a (tola-
zoline) yields imidazo[1,2-a]quinoxaline N-oxide 171a. The reactions of com-
pounds 169b–h with imidazoles 170a–f, are analogous and yield corresponding
imidazo[1,2-a]quinoxaline N-oxides 171b–p (Scheme 4.74) (Strauss et al. 1978;
Parthasarathy et al. 1983; Ellames and Jaxa-Chamiec 1987).

It should be noted that the same reaction of isomer 169i (rather than 169h),
which contains the ethoxycarbonyl group in the ortho-position to the chlorine atom,
on refluxing in EtOH for 5 min leads to imidazoquinoline 172–a carbon analogue of
imidazo[1,2-a]quinoxaline (Strauss et al. 1978).
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a copper catalyst results in imidazo[1,2-a]quinoxaline 146a. An analogous
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Scheme 4.73 Cyclization of 1-(2-aminophenyl)imidazole derivatives in the solid phase and some
transformations of the obtained products
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reaction with 2-formylbenzimidazole gives benzimidazo[1,2-a]quinoxaline 173a
(Scheme 4.75) (Reeves et al. 2010).

There has been developed a convenient and efficient domino process for con-
structing benz[4,5]imidazo[1,2-a]quinoxalines 173 from N-tosyl-2-haloanilines 174
and 2-(chloromethyl)-1H-benzimidazoles 175 (Scheme 4.76). This reaction pro-
ceeds under mild conditions and is catalyzed by copper salts, and the yields vary
from moderate to quantitative. Such a Cu-catalyzed one-pot method can be used for
synthesis of a large number of compounds with the aim of testing their biological
activity.

Studying the effect of the base nature on this process has shown that the use of
caesium carbonate affords the target compounds in higher yields as compared with
the reactions where K2CO3, K3PO4, KOH, t-BuONa, or t-BuOK are used as a base.
Six copper-containing catalysts have been tested: Cu(OAc)2·2H2O, CuBr, CuI,
CuCl, CuBr2, and CuCl2·2H2O. The best yields have been achieved with
Cu(OAc)2·2H2O. In addition, the effects of the solvent and ligand on the reaction
efficiency have been studied. The use of DMSO, DMF, dioxane, and toluene leads
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Scheme 4.74 Synthesis imidazo[1,2-a]quinoxaline N-oxides by interaction of 1,3-dinitro-4-fluoro
(and chloro)benzenes with cyclic amidines
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to benzimidazo[1,2-a]quinoxaline 173a in good yield, whereas the reaction is
almost absent in THF. The effect of the nature of the halogen atom in initial N-
tosyl-2-haloanilines 174 on the yields of compounds 173 is as follows: when bromo
and iodo derivatives are used, compounds 173 form in rather high yields (78–
96 %), while, in the reaction with N-tosyl-2-chloroanilines, good yields are
achieved only when they contain electron-withdrawing substituent R1 (otherwise,
the yields are <50 %) (Huang et al. 2013a).

4.7 Other Methods of Synthesis of Imidazo[1,2-a]
quinoxalines

The imidazo[1,2-a]quinoxaline system can also be designed on the basis of com-
pounds that contain neither the quinoxaline ring nor the imidazole ring. In partic-
ular, the reaction of compound 176 with ethyl glycinate hydrochloride leads to
annulation of the imidazopyrazine system and formation of tetrahydroimidazo-
quinoxaline 177 (Scheme 4.77) (Legroux et al. 1987).

Formation of tricycle 177 is schematically shown in Fig. 4.8.
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Scheme 4.76 Synthesis of benz[4,5]imidazo[1,2-a]quinoxalines from N-tosyl-2-haloanilines and
2-(chloromethyl)-1H-benzimidazoles
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Scheme 4.77 Cyclization of (2-morpholinocyclohex-1-enyl)carbonimidoyl dicyanide when
exposed to ethyl glycinate hydrochloride
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4.8 Biological Activity of Imidazo[1,5-a]- and Imidazo
[1,2-a]quinoxalines

Investigation of the biological activity of imidazo[1,5-a]- and imidazo[1,2-a]
quinoxalines began almost simultaneously with the development of methods for
their preparation. However, many data were published only in the patent literature.
In the late 1980s and in the 1990s, major efforts were made to study the effect of
these compounds on the central nervous system. The result of these works was the
creation of drugs shown in Fig. 4.1 (Negwer and Scharnow 2001). The range of
useful properties of such tricyclic systems has been extended in the last 10–
15 years. Below, we present the structures of representatives of this class of
compounds grouped by type of biological activity.

4.8.1 Kinase Inhibition

Imidazo[1,5-a]quinoxalines 178–180, containing an arylamine moiety in the
4-position, are inhibitors of the Src-family kinases p56Lck: the 50 % inhibition
concentrations (IC50) of these compounds are 170.2, 2.0 and 1.7 nmol L−1,
respectively (Chen et al. 2002a, b, c). The presence of an amide group in the
8-position, along with the 4-arylamine substituent, confers to compound 181 the
ability to irreversibly inhibit Bruton’s tyrosine kinase (BTK) (IC50 = 1.93 nmol L−1)
(Kim et al. 2011). This compound is used in the treatment of rheumatoid arthritis.

N

N

N
H

N

Br
178

N

N

N
H

N

Cl

179

MeMeO

MeO

N

N

N
H

N

Cl
180

MeMeO

N
H

N
Me

Me

N

N

N
H

N

Me
181

N

F

Me

O
N

Me

Me

N

N N

Fig. 4.8 Scheme of formation of the imidazo[1,2-a]quinoxaline system in synthesis of compound
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4.8 Biological Activity of Imidazo[1,5-a]- and Imidazo[1,2-a]quinoxalines 255



Among imidazo[1,2-a]quinoxalines, there are a highly efficient IkB-kinase
inhibitor–compound 182 (BMS-345541) (Burke et al. 2003)–and a selective inhi-
bitor of JNK1 kinase–compound 183 (AX-13587) (Li et al. 2013).
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One of the important new areas of biological studies of imidazo[1,5-a]- and
imidazo[1,2-a]quinoxaline derivatives focuses on their antitumour activity. New
potent dual CK2 and PIM kinase inhibitors with the antiproliferative activity against
cancer cells have been described (Pierre et al. 2012), for example, compound 184
(IC50 = 0.038 (PIM1), 0.043 (PIM2), 0.035 (CK2) mol L−1).
1-Isobutyl-4-methylaminoimidazo[1,2-a]quinoxaline (185, EAPBO-103), and
1-phenethyl-4-substituted imidazo[1,2-a]quinoxalines 186a–c (EAPBO-201–203)
show much higher activity (by a factor of 6–110 and 2–45) against melanoma
(A375) than the antitumour drug fotemustine and immunomodulator imiquimod
(Moarbess et al. 2008b). Compound 186c also exhibits higher cytotoxic activity than
imiquimod and fotemustine. 4-Methylamino-1-(2-methoxyphenyl)imidazo[1,2-a]
quinoxaline (187a, EAPBO-503) is even more active against melanoma: its activity
is 7–9 times higher than that of compound 186c (Moarbess et al. 2008b; Khier et al.
2010a). The metabolism and pharmacokinetics of these pharmaceuticals have been
studied (Khier et al. 2010b; Lafaille et al. 2012). For compound 187a and its
metabolite–1-(2-hydroxyphenyl)-4-methylaminoimidazo[1,2-a]quinoxaline (187b,
EAPBO-603) (Lafaille et al. 2012, 2014)–protocols for the quantification of them in
human and rat plasma have been developed (Khier et al. 2009).
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4.8.1.1 Activity Toward the A1 Adenosine and Histamine Receptors

Currently, study of the effect of the tricyclic compounds under consideration on the
central nervous system is continued. 4-Alkylamino-1-hydroxymethylimidazo[1,2-
a]quinoxalines 188 are A1 adenosine receptor antagonists, the compound with
R1 = Cl, R2 is pyrrolidin-1-yl exhibiting the highest activity [inhibition constant
(Ki), 7 nmol L−1] (Liu et al. 2004). It has been stated that the hydroxymethyl group
in the 1-position displays the potent affinity toward the binding site of the receptor
(Liu et al. 2004).

N

N N

NHR2

188

R1

R1

OH

R1 = H, Me, Cl 
R2 = Alk, c-Alk, azacycloalkylethyl

Imidazo[1,2-a]- and imidazo[1,5-a]quinoxalines have been studied as histamine
receptor inhibitors (Borchardt et al. 2011a, b).

4.8.2 Phosphodiesterase Inhibition

3,4-Dimethylimidazo[1,5-a]quinoxalines 189, containing different substituents in
the 1-, 6- and 8-positions, and above-mentioned imidazo[1,5-a]quinoxalines 188
are 10A phosphodiesterase (PDE10A) inhibitors and can be used for designing
antischizophrenia drugs (Malamas et al. 2010, 2011b).
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189
R1 = Ar, Het
R2 = H, F, OH, OAlk, fluoroalkoxy
R3 = H, F, OH, OAlk, fluoroalkoxy, CF3, morpholin-4-yl

The presence of the pyrrolidine, morpholine, cyclohexane, piperidine, or aza-
cycloheptane moiety in the 1-position of imidazo[1,5-a]quinoxalin-4-ones, along
with amide groups in the 7(8)-position, leads to inhibition of phosphodiesterase 9
(PDE9); therefore, such compounds are used for developing drugs that eliminate
urination disorders (Okada et al. 2009; Kaizawa et al. 2011).

1-Isobutyl-4-methylaminoimidazo[1,5-a]quinoxaline 185 exhibits potent inhi-
bitory properties against phosphodiesterase 4 (PDE4) (Deleuze-Masquéfa et al.
2004).
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4.8.3 Antimicrobial and Antifungal Activity

Imidazo[1,5-a]quinoxalin-4-ones 190a–c with a quaternized pyridinium substituent
in the 1-position have noticeable antimicrobial activity. The antibacterial activity of
compounds 190 against Staphylococcus aureus is comparable with that of drugs
ofloxacin and norfloxacin. In addition, bromide 190b exhibits fungicidal activity
(against Candida albicans) comparable with that of drug Amphotericin B, whereas
iodide 190c has no antifungal effect (Kalinin et al. 2013). Both salts show signif-
icant antibacterial activity against soil bacterium Bacillus cereus (Kalinin et al.
2013).
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4.9 Conclusions

As can be seen from the material presented in this review, imidazo[1,5-a]- and
imidazo[1,2-a]quinoxalines arouse a great deal of interest of researchers owing to
the wide range of biological activity exhibited by them. For this reason, in addition
to the improvement of the known methods of their synthesis, an intensive search is
carried out for new preparative procedures that afford diverse derivatives.

Analysis of the efficiency of different methods of synthesis of imidazo[1,5-a]
and imidazo[1,2-a]quinoxalines demonstrates that there are currently 26 approaches
corresponding to the retrosynthetic analysis of the structure of a heterocyclic system
without including the benzene ring. Initial compounds are quinoxaline (see
Figs. 4.3 and 4.6) or imidazole derivatives (see Figs. 4.4 and 4.7). For synthesis of
imidazo[1,5-a]quinoxaline, seven approaches based on quinoxalines and four
approaches based on imidazoles have been developed (Table 4.4); for synthesis of
imidazo[1,2-a]quinoxalines, six approaches based on quinoxalines and five
approaches based on imidazoles have been developed (Table 4.5).

These Tables demonstrate which methods of synthesis of imidazo[1,5-a]
quinoxalines are most widely used, which of them require further development, and
which methods remain unused. The formation of imidazo[1,5-a]quinoxalines 107
and 108 from compounds 76 and 105, as well as the formation of imidazo[1,2-a]
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quinoxaline 177 from 1-morpholino-2-dicyanomethylideneiminocyclohexene 176
and ethyl glycinate hydrochloride (Legroux et al. 1987), offers great potential for
creating imidazoquinoxaline systems from compounds containing neither the
quinoxaline nor the imidazole ring.

Table 4.4 Comparison of different approaches to the synthesis of imidazo-[1,5-a]quinoxalines
(see Figs. 4.3 and 4.4)

Variant Number
of
studies

Number
of stages

Substituent
variation
positions

References

A1Q 7 3–6 1–3 Kollenz (1972), Danswan et al. (1982),
Kurasawa et al. (1983), Ager et al. (1988),
Mamedov et al. (2002b, 2003, 2004)

A2Q 1 3 2 Benkovic et al. (1973)

A3Q 1 3 2 Ahmad et al. (1964)

B1Q 5 4 or 5 1, 3 Benkovic et al. (1969, 1972), Mamedov et al.
(2003), Malamas et al. (2010, 2011a)

C1Q 6 3–5 1, 3, 5 Mamedov et al. (2002a, 2003), Kalinin and
Mamedov (2008a, b), Wang et al. (2012),
Kalinin et al. (2013)

DQ 20 4 or 5 3, 4, 6–9 Nispen et al. (1980), Waetjen (1987),
Waetjen and Hansen (1988), Hansen and
Waetjen (1989a, 1990, 1991, b, c), TenBrink
et al. (1992, 1993, 1994, 1996), Jacobsen
et al. (1996a, b, 1999), Mickelson et al.
(1996), Chen et al. (2001, 2002a), Hazeldine
et al. (2005)

E1Q 1 3–5 1, 5 Mamedov et al. (2011)

A1I 2 3 – Malamas et al. (2010, 2011b)

A2I 7 2 3, 6–9 Lee and Brown (1983, 1984), Pierre et al.
(2012), Chen et al. (2004a, b), Borchardt
et al. (2011b), Kim et al. (2011), DeMoliner
and Hulme (2012a, b), Van Leusen and Van
Leusen (2012)

A4I 4 2 or 3 6–9 Adegoke and Alo (1983), Basanagoudar et al.
(1991), Silvestri et al. (2000), Barrish and
Spergel (2001), DeMoliner and Hulme
(2012a)

B1I 11 3–5 1–4, 6–9 King and Clark-Lewis (1951), Davey et al.
(1991), Davey (1999), Shaw (1992, 1993a, b,
c, 1995), Colotta et al. (1995), Ohmori et al.
(1997), Kundu et al. (2005), Okada et al.
(2009), Kaizawa et al. (2011), Verma et al.
(2013)

Note Here and in Table 4.5, a dash means that substituents cannot be varied
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We hope that information presented in this chapter will be helpful for researchers
dealing with the chemistry of fused heterocycles not only to reduce the time for the
search for and development of a synthetic approach to target compounds from
readily available derivatives but also to invent radically new methods of synthesis
of fused systems with a known combination of heterocycles. In our opinion, this
work can stimulate synthetic organic chemists to design a wide range of new
pharmaceutically promising compounds.

Table 4.5 Comparison of different approaches to the synthesis of imidazo[1,2-a]quinoxalines
(see Figs. 4.5 and 4.6)

Variant Number
of studies

Number
of stages

Substituent
variation
positions

References

A1Q 13 4–5 1, 2, 4, 6–9 Heine and Brooker (1962), Hirotaka
et al. (1970), McQuaid et al. (1992),
Albaugh and Hutchison (1993, 1995),
Ohmori et al. (1997), Caamano et al.
(2000), Parra et al. (2001),
Deleuze-Masquéfa et al. (2004, 2010),
Liu et al. (2004), Borchardt et al.
(2010), Kim et al. (2011)

A3Q 3 3 2 or 4 Ramm and Barnes (1980), Ager et al.
(1988), Parra et al. (2001)

B3Q 1 3 2, 6–9 Hariharakrishnan et al. (2008)

C1Q 3 4 1, 2 Catarzi et al. (1994), Albaugh and
Hutchison (1995), Teranishi (2007)

DQ 1 1 – Poursattar et al. (2012)

E1Q 2 2 1, 2, 4, 6–9 Krasavin and Parchinsky (2008),
Krasavin et al. (2009)

A1I 11 4 4 Warner and Luber (1979a, b, c, 1980a,
b, c, d, e), Lamberth (1999), Chen et al.
(2002b)

A2I 4 2 6–9 Simonov and Uryukina (1971),
Simonov et al. (1972), Uryukina et al.
(1972), Li et al. (2013), Scott and
Söberberg (2002)

A4I 2 2 6–9 Deleuze-Masquéfa et al. (2009c, 2010),
Huang et al. (2013b)

B1I 9 3 1, 2, 4, 6–9 Davey et al. (1991), Colotta et al.
(1995), Jeppesen (1995), Treiber et al.
(1996, 1997), Ohmori et al. (1997),
Campiani et al. (1999), Chen et al.
(2002a, 2011)

D1I 4 1 1, 2, 4, 6–9 Strauss et al. (1978), Parthasarathy et al.
(1983), Ellames and Jaxa-Chamiec
(1987), Reeves et al. (2010), Huang
et al. (2013a)
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Chapter 5
Synthesis of Quinoxaline Macrocycles

5.1 Introduction

Macrocyclic compounds are widespread in nature. These are porphyrins (chloro-
phyll, heme as a part of hemoglobin, Vitamin B12), cyclic peptides (antibiotics
gramicidin C, capreomycin, valinomycin, vancomycin, amato, and fallotokcins of
death cup amanita (Amanita phalloides) and some toadstools), macrocyclic alka-
loids (including tubocurarin–the main component of the Indian poison curare),
cyclic ketones and lactones (musk highlight animals), and many others. They play a
crucial role in the chemical processes occurring in the environment, in the func-
tioning of living systems. For example, the key role in the implementation of
photosynthesis by molecules of chlorophyll involves the formation of
supramolecular assemblies, the ordered structure of the photo center that contributes
to the multistage charge transfer. Supramolecular interactions in the processes of the
oxygen transport by hemoglobin causes conformational changes that increase the
binding constant of oxygen, such as myoglobin which is not typical. The B12
vitamin (its active forms are cyanocobalamine, adenosylcobalamine or cobalamine)
possesses a pronounced lipotropic effect, prevents the fatty infiltration of a liver,
increases the consumption of oxygen by cells in acute and chronic hypoxia, par-
ticipates in the processes of transmethylation, hydrogen transfer, activates
methionine synthesis, possesses an anabolic effect, increases the immunity, takes
part in the synthesis of the purine and pyrimidine bases which are a part of nucleinic
acids, necessary for the erythropoiesis process, and actively influences the accu-
mulation of compounds containing sulfhydryl groups in erythrocytes.

In their daily practice, people have always sought to copy and use the processes
occurring in nature, which was associated with great and sometimes insurmountable
difficulties. Thanks to the achievements of supramolecular chemistry and nan-
otechnology, there have recently appeared new opportunities in this direction.
Currently, a wide range of analogs of the natural macrocyclic compounds which
have found application in various areas of science and technology has been
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synthesized. Among them numerous porphyrines and their derivatives, i.e.,
phthalocyanines, porphyrazines, and other compounds of the tetrapyrrole classes
(Sessler et al. 2006), analogs of macrocyclic polyamide-antibiotics (Mallinson and
Collins 2012), known as crown ethers, cryptophanes, spherands, hemispherands,
calixarenes, other cyclophanes with the various heterocyclic structural blocks (Steed
and Atwood 2000; Sessler et al. 2006). Compounds, which combine two types of
macrocyclic structures, such as crown-substituted phthalocyanine and porphyrin,
opening new opportunities for the design of supramolecular systems and architec-
tural compositions, have also been synthesized (Suksai and Tuntulani 2003).

Much less attention has been paid to the macrocycles, which are not a part of
classical macrocyclic systems, such as crown ethers, cryptophanes, spherands,
hemispherands, calixarenes, porphyrins, etc., consisting of separate structural
fragments of these macrocycles. In this regard, quinoxalines, as starting materials
for the creation of complex heterocyclic compounds, including macrocyclic
structures, are of great interest for synthetic chemists and biochemists. The above
structures are important components with more than 50 drugs and their analogs
(Negwer and Scharnow 2001). The development of the methods for the synthesis
and study of the properties of the macrocyclic structures with quinoxaline moieties
becomes one of the trends of the development of supramolecular chemistry and
pharmacology. Methods for creating the quinoxaline macrocycles can be divided
into four groups: (1) the introduction of the quinoxaline system into the structure of
the already existing macrocycle, (2) the construction of macrocyclic systems based
on different derivatives of quinoxalines, (3) the construction of macrocyclic systems
based on the podands having quinoxaline fragments at the terminal positions of
oligo(ethylene glycol) or other spacers, and (4) other methods.

5.2 The Introduction of the Quinoxaline System
into Macrocycles

The methods used for the introduction of the quinoxaline system into the structure
of macrocycles are based on the Hinsberg–Körner, Beirut (the latter is also known
as the Haddadin–Issodorides reaction), Diels–Alder and Williamson reactions. The
first group includes the reaction of macrocycles 1–3 and 6, containing
1,2-diaminobenzene (1,2-DAB) and benzofuroxan (i.e., benzofurazan N-oxide)
moieties, which are the suppliers of a two-carbon fragment. Thus, the DAB moiety
is attached to the macrocyclic system via the nitrogen or carbon atoms. The second
method involves the reaction of macrocycles 4, 5, containing a 1,2-dicarbonyl
fragment with the 1,2-DAB derivatives. The third one is a reaction of porphyrins 7
with the pyrazine o-quinodimethane. The fourth method is based on the reaction of
calixrezorcinarens 8 with the 2,3-dihloroquinoxalines.

The formulas of macrocycles–predecessors of quinoxaline macrocycles–are
presented below (Fig. 5.1).
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5.2.1 N,N′-Polymethylene-1,2-Diaminobenzenes

The first representatives of quinoxaline macrocycles in the formation of a macro-
cyclic skeleton, the quinoxaline system, delivers a four-atomic fragment N–C–C–N
are N,N′-deca(dodeca) methylenequinoxalin-2,3(1H,4H)-diones 10 (Scheme 5.1).
They were obtained in 1975, by Hayward and Meth-Cohn (1975), by the interaction
of oxalyl chloride with the N,N′-polymethylene-1,2-DABs 1.

The earlier members of this series (n = 2–6) had been prepared by Stetter (1953)
when N,N′-ditosyl-1,2-DAB is affected by α,ω-dibromoalkane, followed by the
hydrolysis of the ditosyl derivative 9.

5.2.2 Crown Ethers with Diaminobenzene
and Benzofuroxane Moieties

The condensation of 2,3-diaminobenzo-15-crown-5 2awith s-trans-chloroethanedial
dioxime proceeds with the formation of the (15-crown-5)eno[g]quinoxaline-2(1H)-
one oxime 11, which when heated in absolute ethanol at 60 °C in the presence of
CoCl2 for 4 h results in 2,2ʹ-azobis[(15-crown-5-eno[g]quinoxaline)] 12
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5.2 The Introduction of the Quinoxaline System into Macrocycles 273



(Scheme 5.2) (Gull et al. 1986a). The use of cyanogen-di-N-oxide and (E,E)-
dichloroglyoxime instead of the s-trans-chloroethanedial dioxime in the reaction
with 2,3-diaminobenzo-15-crown-5 2a and 12,13-diamino-4,7-bis(ferrocenyl-
methyl)-2,3,4,5,6,7,8,9-octahydrobenzo[k]-4,7-di-aza-1,10-dithiacyclododecine 2b
makes it possible to synthesize the macrocyclic dioximes 13a, b (Gull et al. 1986b;
Ertas et al. 2007).

Cyanogen-di-N-oxide appeared to be a convenient reagent for the synthesis of
quinoxaline substituted (E,E)-dioxime with a dioxadithiadiazamacrobicycle 14when
interacting with the 2,3-diaminobenzene attached to the mixed-donor-macrobicycle
15 (Scheme 5.3) (Kantekin et al. 2002).
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In 2012, Xian-He Bu and co-workers reported a new chemosensor,
2,3,15,16-tetrakis(pyridin2-yl)-7,8,10,11,20,21,23,24-octahydro[1,4,7,10,13,16]-
hexaoxacyclooctadecino[2,3-g:11,12-g′]diquinoxaline 17, containing 2,3-bis
(pyridin-2-yl)quinoxaline and crown ether moieties, which had been designed
and found to be a ratiometric and selective fluorescent detector of Zn2+ over a wide
range of tested metal ions (Scheme 5.4) (Li et al. 2012). The addition of Zn2+ to the
solution of 17 in acetonitrile induced the formation of a 1:2 ligand-metal complex,
17-Zn2+, which due to the mechanism of internal charge transfer has exhibited a
remarkable enhanced fluorescent emission centered at 460 nm, with the disap-
pearance of the fluorescent emission of 17 centered at 396 nm. In contrast, the
presence of K+ results in the fluorescence quenching of 17 and 17-Zn2+ through the
photoinduced electron-transfer mechanism. These results demonstrate that 17 can
perform as not only an INHIBIT logic gate but also an “off-on-off” molecular
switch triggered by Zn2+ and K+ (Li et al. 2012). Fluorophore 17 has been syn-
thesized from DB-18-crown-6 according to the following sequence (Duggan et al.
2001; Li et al. 2012).

An extension of the Beirut reaction for the preparation of the first members of the
quinoxaline 1,4-dioxideannulated crown ether series has been described (Förster
et al. 1985; Niclas et al. 1985). Benzofuroxan-15-crown-5 3 in MeOH reacts with
various ketones 18 in the presence of HOCH2CH2NH2 or NH3. It also reacts in DMF
with malononitrile 19 in the presence of Et3N and leads to the annulated crown
ethers 21a–c with the phenazine di-N-oxide moieties. In the 50 % aqueous NaOH
solution with the hydroxyquinone 20, the annulated crown ether 21d with the
phenazine di-N-oxide moiety is produced as well (Niclas et al. 1985) (Scheme 5.5).

5.2.3 Macrocyclic Diketones

Cyclic diketones can be the predecessors of quinoxaline macrocycles, obtained in
one stage with the oxidation of cyclic alkenes with potassium permanganate
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(Sharpless et al. 1971) or in two stages by the cyclotrimerization of cyclic alkynes
and subsequent ozonolysis of compounds 22 (Scheme 5.6) (Mandeville and
Whitesides 1986). Along with the formation of diketone 4, the latter reaction leads
to the unstable hexaketone 23. The reaction of the mixture of compounds 4 and 23
with the 1,2-DAB leads to macrocycles 24 and 25 with one or three quinoxaline
fragments, respectively, with *10 and *4 % yields, calculated in two stages. The
synthesis of the macrocycle 26 from the analytically pure diketone 4a was in
quantitative yield.

The interaction of [2.2]metacyclophane-1,2-dione 28a (n = 0) with the 1,2-DAB
in ethanol for 24 h at room temperature resulted in the desired [2.2]metacyclophane
29a an almost quantitative yield having a quinoxaline skeleton (Yamato et al.
2000), whereas the tetracarbonyl derivative 28b (n = 1) easily available by the
Albright–Goldman oxidation of 5,12,20-tetra-tert-butyl-1,2,16,17-tetrahydroxyl-
8,15,23,30-tetramethoxyl-2.1.2.1]metacyclophane (Sawada et al. 2006) yielded
[2.1.2.1]metacyclophane 29b with two quinoxaline skeletons in 25 % yield only
when condensed with the 1,2-DAB (Nishiyama et al. 2007) (Scheme 5.7).

5.2.4 Porphyrins

The introduction of the quinoxaline system in the porphyrins is achieved by (a) the
condensation of the dioxoporphyrins with 1,2-DABs, (b) the condensation of the
diaminoporphyrins with 1,2-diketones, and (c) the reaction of porphyrins with
ortho-quinodimetane. The first two approaches represent the Hinsberg–Kërner
reaction and the third approach deals with the Diels–Alder reaction.
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5.2.4.1 Meso-tetraaryldioxoporphyrins

The interaction of porphyrin-α-diones 5 with the 1,2-DABs leads to the quinox-
alinoporphyrins 30 (Duggan et al. 2001; Spence et al. 2004; Kadish et al. 2007;
Crossley et al. 2008; Eu et al. 2008; Kira et al. 2010; Hayashi et al. 2013)
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(Scheme 5.8). Most of these reactions are usually carried out in a solution of
methylene chloride at room temperature from 10 min to 1 h to form quinoxalino-
porphyrins in nearly quantitative yields. If there are electron acceptor groups at the
structure of the 1,2-DABs, the reaction mixture is boiled for some hours or is mixed
for several days at the room temperature.

The push–pull quinoxalino[2,3-b]porphyrin acid 30 (Ar = 2,4,6-trimethylphenyl,
R1 = R2 = H, R3 = CO2H; Y, Z = 2-(4-dihexylphenylaminophenyl)imidazo-4,5)
(ZnPQI) with an electron-donating triarylamino group at the β,β′-edge through a
fused imidazole group and an electron-withdrawing carboxyquinoxalino anchoring
group at the opposite β,β′-edge (ZnPQI) evaluated the effects of the push–pull
structure of ZnPQI on optical, electrochemical, and photovoltaic properties. ZnPQI
showed the red-shifted Soret and Q bands relative to the reference porphyrin with
only an electron-withdrawing group (ZnPQ), thus demonstrating the improved
light-harvesting property of ZnPQI. The optical HOMO–LUMO gap was consistent
with that estimated by the DFT calculations. The ZnPQI-sensitized solar cell
exhibited a relatively high power conversion efficiency (η) of 6.8 %, which under
optimized conditions is larger than that of the ZnPQ-sensitized solar cell (η = 6.3 %)
(Fig. 5.2). The short-circuit current and fill factor of the ZnPQI-sensitized solar cell
are larger than those of the ZnPQ-sensitized solar cell, whereas the open circuit
potential of the ZnPQI-sensitized cell is smaller than that of the ZnPQ-sensitized
cell, which leads to the overall improved cell performance of ZnPQI (Hayashi et al.
2013). Such fundamental information provides a new tool for the rational molecular
design of highly efficient dye-sensitized solar cells based on push–pull porphyrins
(Eu et al. 2008; Hayashi et al. 2013).

For the synthesis of bis-quinoxalineporphyrins porphyrins with either the two α-
dioxofragments (Wenbo et al. 2008) or the quinoxalineporphyrins with one α-
dionefragment (Crossley et al. 1991; Eu et al. 2008; Imahori et al. 2011) are used.
As a result of the condensation of compounds 31 and 32 with the 1,2-DABs the
linear bis-quinoxalineporphyrins 33 have been synthesized (Scheme 5.9). The
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angular bis-quinoxalineporphyrins 34 were synthesized in a similar way (Fig. 5.3)
(Wenbo et al. 2008).

The synthesis of the tris-quinoxalineporphyrins 35 is possibly the result of the
condensation of 1,2-DABs with the (a) angular and (b) linear quinoxalinepor-
phyrins, with a α-dionefragment, and (c) quinoxalineporphyrins with two α-dio-
nefragments. All the three strategies were successfully realized (Khoury and
Crossley 2009) (Fig. 5.3). The condensation of 1,2-DABs with the
tris-quinoxalineporphyrin-α-diones results in the tetra-quinoxalineporphyrins 36
(Fig. 5.3) (Khoury and Crossley 2007).

The α-dionefragment in the porphyrin system is generated by a four-stage
process involving the synthesis of the zinc or copper complex, its interaction with
nitrogen dioxide in petroleum ether, demetallation under the influence of HCl, the
reduction of the nitro group to the amino group with the tin chloride (II), and its
oxidation with oxygen when exposed to light (Khoury and Crossley 2007, 2009)
(Scheme 5.10). Introduction of the nitro group can also be carried out by reaction of
a copper complex of porphyrin derivative with the Cu(NO3)2 in a mixture of acetic
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anhydride, acetic acid, and chloroform, and as a reducer of nitro-group to use
NaBH4/Pd(C). The subsequent final stage of oxidation is carried out using Dess–
Martin–Periodinane oxidation (DMP) (Eu et al. 2008). An alternative strategy is the
introduction of an acetate moiety (Crossley et al. 1991; Hayashi et al. 2013). The
formation dioxo-moiety occurs in three steps: by the reaction of porphyrin
derivative with silver acetate, in the presence of iodine, subsequent hydrolysis
under the influence of K2CO3, and further DMP (Hayashi et al. 2013). The overall
yield of the process is 20 % (Crossley and King 1984; Promarak and Burn 2001;
Khoury and Crossley 2007, 2009).

When compounds with four amino groups (1,2,4,5-tetrahydrochloridete
traminobenzene (Crossley and Burn 1987; Crossley et al. 1995a, b; Beavington
and Burn 2000a, b; Sendt et al. 2002), 2,3,5,6-tetramino1,4-benzoquinone (Sendt
et al. 2002; Crossley and Johnston 2002), tetrahydrochloride 3,3′-diaminobenzidine
(Crossley et al. 1996b, 2003), tetraminodibenzo-18-crown-6, tetraminodibenzo-24-
crown-8 and tetraminodibenzo-30-crown-10 (Duggan et al. 2001) are used instead
of 1,2-DAB macrocycles are obtained with two quinoxalineporphyrin fragments
37–40. The interaction of the tetrahidrochloride 1,2,4,5-tetraminobenzene with the
dioxoporphyrine 5 and the 1,10-phenanthroline-5,10-dione or other diones which
followed led to compounds of the type of 41 (Crossley et al. 1995a; Crossley and
Johnston 2002; Gaynor et al. 2006) (Fig. 5.4).

The possibility of the introduction of one or two α-dione groups into the com-
position of porphyrines opens the vistas to various laterally extended oligo-porphyrin
systems 42–44 (Crossley et al. 1995b, 2005; Gaynor et al. 2006) (Fig. 5.5).
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The condensation of chlorin1 45 with the 1,2-DAB and 2,3-diaminonaphtalene
(2,3-DAN) in the presence of catalytic amounts of the trifluoroacetic acid (TFA) leads
to a mixture of three compounds. The main product of the reaction, i.e., quinoxaline
[2,3-n]pheophorbide 46 is formed in 52–55 % yields (Scheme 5.11). The two other
reaction products were the benzimidazole derivatives of chlorine, i.e, isomers 47 and
48 (Kozyrev et al. 2000). The macrocycle 46 appears to be stable to the heating in
pyridine in the presence of TFA. While the interaction of chlorine 45 with the
1,2-DAB in the presence of a large excess of the TFA increases the yield of compound
47 up to 64 % and makes it the major reaction product. Under these conditions, the
yield of its benzimidazole analog 48 increases but negligibly. The replacement
1,2-DAB and 2,3-DAN on 1.8-diaminonaphtalene or 9.10-diaminophenantrene leads
to a more selective course of the reaction and the formation of the compound 47 as a
sole product of the condensation (Kozyrev et al. 2000).

The condensation of chlorin1 45 with the tetrahydrochloride
1,2,4,5-tetraminobenzene at room temperature for 5 days in the solution of methy-
lene chloride in the presence of a catalytic amount of TFA led to the compounds 49
and 50 in 23 and 8 % yields, respectively (Kozyrev et al. 2000) (Fig. 5.6).

5.2.4.2 Meso-tetraaryldiaminoporphyrins

The reaction of o-diamines 6 with o-benzoquinone or cyclohexane-1,2-dione is used
for designing of quinoxaline system in porphyrins (Scheme 5.12) (Crossley et al.
1996a). In this case, in contrast to the classical reaction of Hinsberg–Körner there
occurs the quinoxalineannulation of the system to which the diamine moiety belongs.

This approach for the synthesis of macrocycles with quinoxaline moieties
involves the development of methods for the introduction of amino groups to the
adjacent carbon atoms of the planned unit of the macrocycle system. Two methods
(Crossley et al. 1996a) have been developed for the synthesis of diaminoporphyrin
6. The first involves the reduction of the nitro group to the amino group of the
compound 53 with sodium borohydride in the presence of the Pd/C and subsequent
regioselective nitration (Scheme 5.13). The second one is the nucleophilic substi-
tution of hydrogen by NaNHCHO and subsequent hydrolysis. Both methods lead to

1Chlorin is a large heterocyclic aromatic ring with three pyrroles and one pyrroline coupled
through four = CH-linkages at the core. Unlike porphin the central aromatic ring structure of
porphyrins, a chlorin is therefore largely aromatic but not aromatic through the entire circum-
ference of the ring. In porphyrin not only the number of peripheral π-electrons is 18, but the total
number of electrons is 26, which also corresponds to the Hückel rule.
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the diaminoporphyrin 6 in satisfactory yields. However it should be noted that
obtaining quinoxalineporphyrins from diaminoporphyrin 6 did not find any broad
application unlike the condensation of α-diketoporphyrin 5 with the 1,2-DABs (see
Sect. 5.2.4.1).
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5.2.4.3 Meso-tetraarylporphyrins

The Diels–Alder reaction of meso-tetraarylporphyrins with the pyrazine o-quino-
dimethane mainly affords the oxidized compounds 55a–c instead of the expected
chlorin adducts (Scheme 5.14). The bis-addition is site specific, occurring in
opposite pyrrolic rings and leads to compounds 57 and 58. The novel polycyclic
products 56a–c, 58a, and 58b result from the coupling reactions between the β-
fused quinoxaline ring and one adjacent meso-aryl group. It should be pointed out
that, in contrast to compounds 55a and 57a, there also occurs the combination
between one of the orto-atoms of the carbon of the meso-aryl group and one of the
carbon atoms of the benzene ring quinoxaline system in the formation of com-
pounds 56a and 58a.

Quite similar results were obtained with porphyrin 7b. In this case, the formation
of compounds 56b and 58b resulted from the elimination of HCl from 55b and 57b,
respectively. Since porphyrin 7c as a dienophile is much less reactive than 7a and
7b, and since there are no halogen atoms at the meso-phenyl groups, only the
monoaddition product 55c was expected. However, surprisingly, together with the
55c (3 % yield), a reasonable amount of 56c (16 % yield) appeared as well. Since
the formation of 56c could not result from the elimination of HX in this case, it was
possibly formed by an oxidative coupling reaction. The formation of 56c was
attempted by refluxing 55c in chloroform in the presence of
2,3-dichloro-5,6-dicyano-1,4-benzoquinone was unsuccessful. Also refluxing 55a,
b and c in 1,2,4-trichlorobenzene did not afford the corresponding derivatives 56.

N

N

N

N

Zn N

N

N

N

Zn

NH2

NH2N

N
N

N

N

N

Zn

N

N

CH2Cl2, 
3.5 h, rt

51 (70%) 6 52 (4%)

CH2Cl2, 
3 days, rt

Ar = C6H3(t-Bu)2-3,5

Ar

Ar

Ar Ar Ar

ArAr Ar Ar

ArAr

Ar

O

O

O

O

Scheme 5.12 Condensation of o-diamine porphyrins with o-benzoquinone or
cyclohexane-1,2-dione

Ar

Ar

N

O2N

Ar

Ar

N

H2N

Ar

Ar

N

H2N

O2N

NO2

53

NaNHCHO Ar

Ar

N

O2N

N
HO

KOH

6

NaBH4,
10% Pd/C

NaBH4,
10% Pd/C

Scheme 5.13 Succession of
the reactions for introduction
of α-diamine groups in
pyrrole ring

284 5 Synthesis of Quinoxaline Macrocycles



These experiments seem to indicate that the coupling process must occur before the
aromatization of the Diels–Alder adduct (Zhao et al. 2005). Quinoxalineporphyrin
55d (Ar = C6H2Me3) was obtained (Kira et al. 2010) from the corresponding
porphyrin 7 with the use of the methodology developed in (Zhao et al. 2005).

These π-extended porphyrin derivatives show the absorption bands at wave-
lengths higher than 700 nm. This is important for their potential use as photosen-
sitizers in the photodynamic therapy (PDT) of tumors.

5.2.5 Resorcin[4]arene Cavitands

The deeper cavitands are usually prepared by bridging the resorcinarene hydroxyl
groups of 8a with a preformed heterocycle, e.g., condensation with a
6,7-disubstituted-2,3-difluoroquinoxaline (Rudkevich et al. 1998). The alternative
involves the use of a simpler building block in the bridging reaction and then
extension of the rim through heterocyclic synthesis (Tucci et al. 1999). Specifically,
the octanitro cavitand 63 (Rudkevich et al. 1997, 1998) was obtained by reaction of
8a with 1,2-difluoro-4,5-dinitrobenzene 59 (Kazimierczuk et al. 1981) in DMF at
70 °C in the presence of Et3N. The NO2 groups were hydrogenated with Ra/Ni in
toluene, and the corresponding phenylenediamine units were condensed with
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1,2-diketones. The resulting fused pyrazines provide the deepened cavities. Diethyl
2,3-dioxosuccinate 60, acenaphthenequinone 61 and 2,3-(dipyrrol-2-yl)ethanedione
62a (Oddo 1911; Behr et al. 1973) formed cavitands 64, 65 (Rudkevich et al. 1998;
Tucci et al. 1999) and 66 (Lücking et al. 2000), respectively, as yellow solids in 13,
49, and 12 % (Scheme 5.15). Lehn and others utilized a similar heterocyclization
strategy to construct helicates and extended surfaces (Wärnmark et al. 1996;
Warrener et al. 1998).

Hexaamide cavitand 68 was prepared similarly (42 % yield) from 62a and
diamine cavitand 67 (Scheme 5.16). It has been shown that cavitands 66 and 68 can
be used as visual detectors of fluoride and acetate anions (as tetrabutylammonium
salts) in aprotic solvents such as acetone and CH2Cl2 (Lücking et al. 2000).

5.3 Quinoxaline Derivatives in the Synthesis
of Macrocycles

Quinoxalin-2,3(1H,4H)-dione 69, 2,3-dichloroquinoxalines 70, quinoxalin-2,3
(1H,4H)-dithione 71, 2,3-dibromomettylquinoxalines 72, 4-[3-(4-hydroxyphenyl)-
2-quinoxalinyl]phenol 73a, 4-[3-(4-mercaptophenyl)-2-quinoxalinyl]thiophenol
73b, 2,3-dipyrrolylquinoxalines 74 and 75b, 2,3 dicyanoquinoxaline 76a and its
benzo[f]–76b and the dibenzo[f,h]–76c annulated derivatives as well as
6,7-dicyanoquinoxalines 77 were used among the numerous derivatives of
quinoxaline as key compounds for designing of the quinoxaline macrocycles
(Fig. 5.7).
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5.3.1 Quinoxalin-2,3(1H,4H)-dione,
2,3-Dichloroquinoxaline and Quinoxalin-2,3(1H,4H)-
dithione

The interaction of quinoxalin-2,3(1H,4H)-dione 69 with 1,10-dibromodecane 78
and 1,11-dichloro-3,6,8-trioxaundecane 79c leads to the products of di-N-alkyla-
tion–1,4-quinoxalinacyclophanes 80 and 81 (Scheme 5.17) (Htay and Meth-Cohn
1976a, b). A more recent study of the reaction of compound 69 with
1,11-dichloro-3,6,8-trioxaundecane 79c under phase-transfer catalysis conditions
showed that in this case the reaction products are macrocycles of another structure
with one 82 or two 83 quinoxaline structural blocks, formed as a result of di-O-
alkylation and attached to each other by polyether units (Scheme 5.17) (Ferfra et al.
2005).

When 2,3-dichloroquinoxaline 70 and 1,n-glycols are used instead of
quinoxalin-2,3(1H,4H)-dione 69 and 1,n-dihaloalkanes as starting compounds for
the synthesis of quinoxaline macrocycles regioselectively is possible with the for-
mation of only 2,3-quinoxalina-crown ethers 86 or their open-chain analogs with
the quinoxaline moiety 87a–c (Scheme 5.18). This makes it possible in reactions
with the second molecule of 2,3-dichloroquinoxaline 70 in order to be transformed
to macrocycles with two quinoxaline units (Ahmad et al. 1996). The interaction of
5,8-dimethoxy-2,3-dichloroquinoxaline 70b with the disodium salt of triethylene
glycol 84, prepared by the interaction of triethylene glycol with sodium metal, leads
to 2,3,5,6,8,9-hexagydro-12,15-dimethoxy-l,4,7,10-tetraoxocyclododecino[2,3-b]
quinoxaline 86. The reactions with monosodium salts of ethylene-, diethylene-, and
triethyleglycols 85a–c result in the podands 87a–c. In reactions with ethylene
glycol 85a, there occurs the formation of compound 88 as a by-product. The
formation of the latter as a sole product takes place when the compound 87a is
treated with sodium hydride in DMSO. The interaction of quinoxaline 70b with the
monosodium salt of triethylene glycol 85c proceeds more slowly. Even when boiled
during 12 h, the main product of the reaction is compound 89 and not podand 87c.
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Scheme 5.17 Synthesis of 1,4-quinoxalinacyclophanes and crown ethers with one and two
quinoxaline moieties
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The processing of quinoxaline podands 87b, c with sodium hydride and the sub-
sequent reaction with quinoxaline 70b in a dilute solution of THF leads to the
macrocycles 90 with two quinoxaline fragments. In the case of n = 1, the yields are
good and in the case of n = 2 they are moderate (Ahmad et al. 1996).

Meanwhile, the use of the potassium salts of compounds 91 in the reaction with
2,3-dichloroquinoxaline 70a in the boiling DMF solution did not lead to the cor-
responding macrocycles 92. These reactions resulted in the formation of α,ω-bis
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Scheme 5.18 Reactions of 5,8-dimethoxy-2,3-dichloroquinoxaline with the mono- and disodium
salts of triethylene glycol in the synthesis of crown ethers with one and two quinoxaline moieties
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[qinoxalino[2,3-b]benzoxazepin-13-on-12-yl] alkanes 93 (Scheme 5.19) (Elwahy
2000).

The reaction of quinoxalin-2,3(1H,4H)-dithione 71 with 1.11-dichloro-3,6,9-
trioxaundecane 79c unlike the reaction of quinoxalin-2,3(1H,4H)-dione 69
(Scheme 5.17) with the same reagent proceeds with the formation of a mixture of
products 94 and 96 (as a result of the interaction of {1 + 1}), 95 (as a result of the
interaction of {1 + 2}) and 97, 98 (as a result of the interaction of {2 + 2}). As can be
seen from the Scheme 5.20, four of the five formed compounds are macrocycles. The
isomeric structures 94, 96 and 97, 98 differ in accordance with the type of the
alkylation of quinoxaline systems. When 1,8-dichloro-3,6-dioxaoctane 79b was
used instead of 1,11-dichloro-3,6,9-trioxaundecane 79c in this reaction, the process
proceeded with the formation of the condensation products {2 + 2} only. In this case,
the macrocyclic compound 99 contained the two N,S-alkylated quinoxaline moiety
along with the acyclic compounds 100, 101; whereas as a result of the interaction of
quinoxalin-2,3(1H,4H)-dithione 71 with 1,5-dichloro-3-oxaoctane 79a (n = 0) only
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Scheme 5.20 Synthesis of macrocycles containing one or two quinoxaline subcycle units
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the acyclic products of the S-alkylation of {1 + 2}, {2 + 3}, {3 + 4} and {4 + 5}
composition are formed in quantitative yields (Ferfra et al. 2001).

In the case of the interaction of quinoxalin-2,3(1H,4H)-dithionite 71 with the
1,8-dichloro-3,6-dioxaoctane 79b it was possible to isolate the macrocycle 102
(Scheme 5.21) (Holzberger et al. 2004).

5.3.2 2,3-Dibromomethylquinoxaline

Commercially available 2,3-dibromomethylquinoxaline 72a was widely used for
the synthesis of quinoxaline macrocycles. Its interaction with the 1,1-bis
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Scheme 5.23 Reactions of 2,3-dibromomethylquinoxaline with various podands
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(imidazolyl)methane 103a, 2,6-bis(imidazolylmethyl)pyridine 103b, 2,3-bis(imi-
dazolylmethyl)quinoxaline 103c, and 1,1′-bis(imidazolylmethyl)ferrocene 103d
leads to the quinoxaline macrocycles 104a–d, respectively, which are fluorescent
receptors on anions (Scheme 5.22) (Singh et al. 2007; Niu et al. 2008; Xu et al.
2010).

When the reactions of 2,3-dibromomethylquinoxaline 72a were carried out with
the glycol 105 in THF by heating in the presence of sodium hydride (Sherman et al.
2005) and with diphenols 106 and 107 in DMF in the presence of potassium
hydroxide (Elwahy 2000) the analogs of quinoxaline-crown ethers 108–110 were
obtained, respectively, (Scheme 5.23).

When instead of 2,3-dibromomethylquinoxalines 72 their derivatives 112a–e
were used in the reactions with various bis-nucleophilic reagents, it was further
possible to obtain more complex representatives of macrocyclic systems 113–115
with quinoxaline structural blocks (Scheme 5.24). In turn bis(aldehydes) 112a–e
were obtained in 64–73 % yields by the reaction of the K-salt of salicylaldehyde
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Scheme 5.24 Reactions of 2,3-dibromomethylquinoxaline with the K-salts of salicylaldehydes in
the macrocycles synthesis
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111a and its derivatives 111b–d with the 2,3-dibromomethylquinoxalines 72a, b in
refluxing DMF. Under high dilution conditions, the reaction of 112a with diami-
noethane in a 1:1 molar ratio in refluxing ethanol failed to give a pure sample of the
corresponding Schiff base 113e. The 1H NMR spectra of the reaction products
indicate the presence of a mixture of 113e and 114 in a 48 % yield. This was also
supported by the presence of the characteristic molecular ion peaks in the mass
spectrum. All attempts to separate these compounds proved unsuccessful. On the
other hand under high dilution conditions, the reaction of 112a with
1,3-diaminopropane in refluxing ethanol afforded the corresponding macrocyclic
Schiff base 113a in a 27 % yield as the only reaction product. The reduction of the
latter with NaBH4 in methanol afforded the corresponding azacrown ether 115a in a
25 % yield. Similarly, macrocycles 115b–d were obtained in 22–27 % yields by the
NaBH4 reduction of the methanolic solution of the corresponding Schiff bases
113b–d. The latter were prepared by the cyclocondensation of the appropriate
aldehydes 112b–d with the corresponding diaminoalkanes in 25–42 % yields,
respectively. The above conversion was found to be more easily achieved by
one-pot synthesis without any isolation of the diimine intermediate. Thus, heating a
solution of each of the 112a–c, e in refluxing ethanol for 1 h under high dilution
conditions followed by the addition of NaBH4 to the cold reaction mixture, after
some work-up afforded the corresponding 115a–d in 31–34 % yields, respectively
(Elwahy 2000).

Under high dilution conditions, the reaction of 112a–d with 116 in refluxing
acetic acid did not lead to the formation of corresponding macrocycles 117. Instead,
the reactions gave 2,3-bis[benzo(b)-furan-2-yl]quinoxaline derivatives 118a–d in
72–83 % yields (Scheme 5.25) (Elwahy 2000). These reactions provided a new and
easy access to dibenzofuranylquinoxaline derivatives. The reaction proceeds via
intramolecular cyclocondensation of the active methylene with the aldehyde
group. The enhanced electrophilicity of C(2) and C(3) in the quinoxaline ring under
the acidic condition caused by the protonation of the nitrogen atom activate the
methylene group toward the condensation reaction. It is important to mention that
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Scheme 5.25 Reaction of bis(aldehydes) 112a–d with the 1,3-bis(3-phenyl-4-amine-4H-
1,2,4-triazol-5-sulfanyl)propane 116
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Sarodnick and co-workers (Sarodnick and Kempter 1991; Sarodnick et al. 1990,
1991) reported the synthesis of some 2-[benzo(b)furan-2-yl]quinoxaline derivatives
by heating under reflux the corresponding 2-[2-(formylphenoxy)methyl]quinox-
alines in the presence of a strong base for 2–3 h in the appropriate solvent.

Bis-nucleophilic 106, 107, 116 and bis-electrophilic 112 reagents are the result of
the coupling of 4-amino-1,2,4-triazol-3(2H)-thione derivatives, salicylic acid, phe-
nols with the dihaloalkanes, and the derivatives of 2,3-dibromomethylquinoxaline
72 with the salicylaldehyde derivatives in various combinations. Changes in the
combinations of the initial compounds allowed to synthesize the derivatives of bis
(amines) 120 as the bis-nucleophilic reagent and the derivatives of bis(aldehydes)
121 as the bis-electrophilic reagent.

It is interesting to note that under high dilution conditions unlike the
above-mentioned bifunctional reagents, the reaction of 1,2-bis(4-amino-1,2,4-
triazole-3-ylsulfanylmethyl)quinoxaline 120a with 1,2-bis(2-formylphenoxy)ethane
121a (Ibrahim et al. 1994a, b) in refluxing acetic acid did not lead to the formation
of the expected macrocyclic Schiff base 122a. Instead, the reaction gave another
product, which could be characterized as the condensed heteromacrocycle 123a
(Scheme 5.26). Similarly, the novel macrocycles 123b–f were prepared by reacting
the appropriate bis(aldehydes) 121a–c (Ibrahim et al. 1998a, b) with the corre-
sponding bis(amines) 120b–d.

The reaction can proceed via the initial formation of the corresponding macro-
cyclic Schiff base 122. Under these reaction conditions, the acid catalyst affords
small amounts of the tautomeric methylene form A, which could then react with the
benzylideneamino carbon as an electrophile to give 123. The reaction is facilitated
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Scheme 5.26 Reaction of 1,2-bis(2-formylphenoxy)alkane with the 1,3-bis(amines)
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by the enhanced electrophilicity of C(1) caused by the protonation of N(2) under
acidic conditions. The reaction can also proceed by an intermolecular ene-reaction
with the azomethine group as an ene part and the ene-amine group as an enophile
part in the proposed intermediate A. In both cases, the formation of the
six-membered ring is the driving force for the formation of 123. It is also expected
(Elwahy et al. 2002) that the restricted rotational freedom in the cyclic precursor
122 is due to the rigidity provided by the heterocycles and the aromatic groups. The
presence of the two reacting species in close proximity in the same molecule may
contribute to the occurrence the intramolecular ring closure of 122 to 123 in a
relatively moderate yield (Elwahy et al. 2002).

Thereby, here a new access to the novel condensed heteromacrocycles, which
represent an important departure from the traditional heterocyclic chemistry, has
been provided.

5.3.3 Diphenylquinoxalines

4-[3-(4-Hydroxyphenyl)-2-quinoxalinyl]phenol 73a and 4-[3-(4-mercaptophenyl)-
2-quinoxalinyl]thiophenol 73b and their derivatives have been easily prepared from
commercially available 4,4′-dimethoxybenzil 124a, b using the HBr/AcOH mixture
as a demethylating agent (Moylan et al. 1993). They appeared to be convenient
structure blockers for the construction of the (2,3-diphenylquinoxaline)-4′,4″-dioxy
(4′,4″-dithio)di(trithio)ethylene glycols 126 with selective extraction capabilities
regarding alkali and alkali earth metal cations (Scheme 5.27). Compound 124a is
comparatively less reactive than 124b, since p-hydroxy groups have a greater
deactivating effect on the electrophilic nature of the carbonyl groups. Therefore, the
condensation reaction of 124a with 1,2-DABs was performed under azeotropic
distillation to afford the cyclized products 73. The latter compounds reacted with
ditosylates 125a and 125b under high dilution to obtain the crown and thia-crown
ethers 126a–h (Scheme 5.27) (Zamani et al. 2009; Bakavoli et al. 2010).
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Scheme 5.27 Synthesis of thia-crown ethers starting from the reaction of 1,2-bis(4-hydroxy- and
4-mercaptophenyl)ethane-1,2-diones with 1,2-DABs
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It has been shown that the crown ether 126a is a sensing and selective material
for the construction of the strontium-PVC (polyvinyl chloride) membrane sensor
(Zamani et al. 2009). It should also be pointed out that crown 126a–d and
thia-crown ethers 126e–h appear prove to be reagents for the selective extraction of
alkaline earth over alkali metal ions with 2.7 (Mg2+:Na+ extraction ratio) for the
crown ether 126b, whereas this ratio for the thia-crown ether 126f is 8.0 (Ca2+:K+

extraction ratio) (Bakavoli et al. 2010).
A series of fully conjugated quinoxaline-based oligophenylene macrocycles is

synthesized by Ni0-mediated Yamamoto-type diaryl homocoupling of (fluorinated)
2,3-bis(4′-bromophenyl)quinoxaline precursors. The “monomers” 128 used in these
transformations were prepared in high yields (79–94 %) by acid-mediated con-
densation between 1,2-bis(4′-bromophenyl)ethane-1,2-dione 127 and the corre-
sponding 1,2-DABs (Marin et al. 2013) (Scheme 5.28). The introduction of fluorine
atoms at positions 6 and/or 7 is used as a (proof-of concept) tool for fine-tuning the
energy levels (Albrecht et al. 2012; Zhuang et al. 2013; Liu et al. 2014) and allows
further elaboration of the final cyclooligomers by nucleophilic aromatic substitution
reactions (Charushin et al. 2001; Zhang et al. 2006).

At the monomer stage, the presence of the bromine atoms in the para positions
of the 2,3-phenyl groups allows to use these derivatives in Ni0-mediated transfor-
mations (less toxic and less expensive than the Pd variants). Yamamoto homo-
coupling of quinoxaline monomers 128 can give rise to cyclic structures and/or
polymeric materials (Yamamoto et al. 1992, 1996; Zoombelt et al. 2009; Schwab
et al. 2011; Nishiuchi et al. 2012). At first, 128a was treated with Ni(cod)2 (in the
presence of 2,2′-bipyridine and 1,5-cyclooctadiene) in a DMF/toluene mixture and
reacted for 3 days at 95 °C [slightly modified compared to the standard conditions
used for Ni0-mediated polymerizations (Yamamoto et al. 1992, 1996; Zoombelt
et al. 2009; Schwab et al. 2011; Nishiuchi et al. 2012; Marin et al. 2013)]. The
resulting crude material was purified by preparative size exclusion chromatography
(prep-SEC). Cyclotrimer 129a [related to the regular o,p,p,o,p,p,o,p,p-non-
aphenylene (Meyer and Staab 1969; Rahman et al. 2008)] was isolated as the major
product in 35 % yield together with a smaller amount of the analogous cyclote-
tramer 129d in 13 % yield, pointing to a bias for the reaction to produce the smallest
achievable macrocycles (Scheme 5.29) (Marin et al. 2015). The synthetic protocol
was then extended to fluorinated monomers 128b and 128c, affording similar
results (Scheme 5.29). All macrocycles were obtained in pure form (129b and 129e
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Scheme 5.28 Synthesis of quinoxaline monomers 128
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as a mixture of regioisomers) and showed reasonable to good solubility (e.g., in
chlorinated organic solvents), allowing full structural characterization. In an effort
to increase the macrocycle yield, a high dilution protocol favoring intramolecular
cyclization was applied. The obtained results were, however, similar (slightly
inferior) to those of the original approach (28 and 7 % yields of 129a and 129d,
respectively).

These derivatives, after proper extension of the conjugated system and/or vari-
ation of the substitution pattern, can be regarded as attractive (complexity-building)
molecular platforms toward sophisticated organic architectures that can be applied
in materials science, e.g., organic electronics, self-assembly and nanostructure
formation, and size-selective supramolecular chemistry [fullerene complexation
(Van Rossom et al. 2010; Hirst and Jasti 2012; Rahman et al. 2013) or explosive
detection (Rahman et al. 2008; Chen et al. 2010), surface patterning (Mössinger
et al. 2010), and conjugated organic frameworks (Guo et al. 2013)].

5.3.4 2,3-Di(pyrrol-2-yl)quinoxalines

In 1999, Sessler and co-workers demonstrated that 2,3-di(pyrrol-2′-yl)quinoxalines
(DPQ) constitute an original system for the naked-eye detection of anions (Black
et al. 1999). After this pioneering work, the development of various methods for the
detection of the anions of a number of dipyrrolylquinoxaline sensor (Black et al.
1999; Anzenbacher et al. 2000; Sessler et al. 2002a, b; Mizuno et al. 2002; Suksai
and Tuntulani 2003) were initiated, including the macrocycles (Sessler et al. 2002b;
Suksai and Tuntulani 2003).

The quinoxaline-bridged porphyrinoids 132a–c were prepared from the acid-
catalyzed condensation of 1,8-diaminoanthracene 131 with a diformyl-substituted
DPQ 74a–c (Scheme 5.30). The latter intermediates were readily obtained from the
DPQ derivatives 130a–c (Black et al. 1999) by subjecting them to the Vilsmeier
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Scheme 5.29 Yamamoto cyclooligomerization protocol toward quinoxaline-based cyclic
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formylation. The orange-colored Schiff base products 132a–c obtained in this way
proved stable to air and moisture, allowing their structures to be assigned by the 1H
NMR spectroscopy and high-resolution CIMS analysis. Trace quantities of other
condensation products, including linear oligomers and higher order [3 + 3]
macrocycles, were observed with the help of the CIMS spectra but could not be
isolated in usable quantities. When hydrazine was used instead of
1,8-anthracenediamine in the condensation reaction, the 1H NMR spectroscopic
analysis and CIMS studies indicated the formation of a [2 + 2] diaza-bridged
macrocyclic product. On the other hand, when 1,2-DAB was used, the analyses
indicated the formation of a benzimidazole derivative of 74a–c. Unfortunately, in
neither case could the inferred products be isolated in pure form because of their
poor solubility.

It has been shown that macrocycle 132a could be made to function as an
improved fluoride and phosphate anion sensor (Sessler et al. 2002b, 2006; Suksai
and Tuntulani 2003).

2,3-Bis(1H-pyrrol-2-yl)quinoxalines 130 have been synthesized by the reaction
of 1,2-DABs with the dipyrrolyldiketones 62 (Scheme 5.31) obtained according to
the improved (by Behr) procedure (Behr et al. 1973) which was first developed for
the preparation of the substituent-free dipyrrolyldiketone by Oddo (1911).
Condensation of the commercially available derivatives of pyrroles 133a, b with a
stoichiometric amount of oxalyl chloride in the presence of dry pyridine afforded
the expected diketones 62a, b which were directly isolated from the crude mixture
by simply washing with petroleum ether and methanol (Black et al. 1999; Szydlo
et al. 2006).

Novel quinoxaline derivatives bearing dipyrromethane or tripyrromethane sub-
stituents act as improved anion receptors as compared to the unsubstituted DPQ
core from which they are derived. Quinoxaline derivatives 75b, c were synthesized
from diformyl-substituted DPQ 74a (Black et al. 1999) in 33 and 84 % yields,
respectively, by treating with NaBH4 followed by TFA and pyrrole in the case of
75b and TFA and pyrrole in the case of 75c (Sessler et al. 2002a). However no
macrocyclization of the compounds 75b, c had been achieved (Scheme 5.31).

The remarkable potential of the quinoxaline moiety for the preparation of
macrocyclic structures with extended π-conjugated systems has proved of interest in
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Scheme 5.30 Synthesis of quinoxaline-bridged macrocycles
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the development of quinoxaline-containing expanded porphyrins. To this end, a
synthetic strategy has been developed based on the use of kryptopyrrole 133b for
the preparation of highly soluble and easy-to-functionalize polypyrrolic
quinoxalines.

According to the procedure described by Oddo (1911) the soluble peralkyl
dipyrrolyldiketone 62b in a 67 % yield had been prepared (Szydlo et al. 2004).
Further, 62b was converted to the corresponding peralkyl DPQs 130e–g with an
excess of diamine in refluxing toluene and in the presence of a catalytic amount of
trifluoroacetic acid.

As the direct functionalization of 130e–g failed, the precursor 62b was converted
to the corresponding diacetoxymethyl derivative 134a with Pb(OAc)4 in acetic acid
in a 52 % yield (Scheme 5.31). The latter then reacted with ethyl
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R1

R2

R1

62a
62b (67%) 74a

1. NaBH4
2. pyrrole, TFA

(for 75b)
pyrrole, TFA
(for 75c)

O O

NH HNEt

Me

Et

Me

134a (52%)
XX

N N

NH HN

HNNH

R1 R1

R2R2

R1

R2 R2

R1

75 a (82%) (from 134b)
b (33%) (from 74a)
c (84%) (from 74a)

N
H

EtO2C

Et Me

133a,b

N N

NH HN

R1

R4R3

R1

R2

R1

R1

R2

62, 133 R1 = R2 = H (a), R1 = Me, R2 = Et (b); 134 X = OAc (a), (b)

130 R1 = R2 = H (a,d): R3 = R4 = H (a), R3 = H, R4 = NO2 (d);
R1 = Me, R2 = Et (e-g): R3 = R4 = H (e), R3 = H, R4 = NO2 (f), R3 = R4 = NO2 (g)

75 R1 = Me, R2 = Et, R5 = CO2Et (a); R1 = R2 = H (b,c): R5 = (b), (c)

134b (70%)

, p-TsOH (cat), AcOH, 3 h, reflux

N
H

CO2Et

EtMe

NH2

NH2

R3

R4

AcOH, reflux (for 130a,d)
TFA (cat) (for 130e-g)

R5 R5

toluene, TFA, 12 h, reflux

H
N

NH

Pb(OAc)4,
AcOH, 12 h, rt

NH2

NH2

N
H

Scheme 5.31 Synthesi of acyclic di- and tetrapyrrolylquinoxalines from dipyrrolyldiketones
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3-ethyl-4-methyl-1H-pyrrole-2-carboxylate, affording the diester-protected
tetrapyrrolyldiketone 134b in a 70 % yield (Scheme 5.31). Finally, the
tetrapyrrolylquinoxaline (TPQ) 134b was obtained using a mild procedure estab-
lished for the preparation of 75a in a 82 % yield. The subsequent
saponification/decarboxylation sequence with NaOH in refluxing ethylene glycol
afforded the bis-R-free TPQ 75d (R1 = Me, R2 = Et, R5 = H) quantitatively. Thus
starting from the commercially available kryptopyrrole, the key intermediate 75b
was efficiently prepared in five steps and a 21 % overall yield (Szydlo et al. 2006).
The unique quinoxaline-containing macrocycle precursor 75d has been subjected to
different ring closing options. A different oxidative macrocyclization via a direct
pyrrole-pyrrole ortho-bond coupling–whether metal-templated or not–did not afford
any quinoxaline-containing corrphycene2 135 (Scheme 5.32). Considering that the
quinoxaline moiety may prevent the system from adopting a suitable conformation
for a direct ring closing, it was decided to perform a ring closure with additional
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Scheme 5.32 Synthesis of tetrapyrrolic macrocycles

2Сorrphycene is structural isomer of porphyrine (Sessler et al. 1994).
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meso carbon atoms. To this end, in parallel the reaction of bis-R-free TPQ 75d with
stoichiometric amounts of benzaldehyde or oxalyl chloride were carried out. Both
approaches were successful. The condensation of 75d with benzaldehyde afforded
the (2.1.1.1) quinoxaline-containing porphyrinogen 136 in a 33 % yield
(Scheme 5.32). On the other hand, the preparation of a bis-quinoxaline macrocycle
appeared remarkably efficient. Indeed, not only did the equimolar condensation of
oxalyl chloride with 75d afford the expected diketone, but the subsequent con-
densation of the crude diketone with excess 1,2-DAB provided the bisquinoxaline
porphyrinogen 139a in a 40 % overall yield (Scheme 5.32). Ultimately, it was
efficiently oxidized using excess DDQ in CH2Cl2 at room temperature, affording
the unprecedented (2.1.2.1) tetrapyrrolic macrocycle 140. The crude diketone 138
was also condensed with 4-nitro- or 4,5-dinitro-1,2-DABs to afford the
nitro-functionalized analogs 139b, c in 16 and 14 % overall yields, respectively
(Szydlo et al. 2006). It should be pointed out that unlike the macrocycle 139, the
oxidation of porfirinogen 136 to the corresponding tetrapyrrolic macrocycle 137 did
not as yet occur with the DDQ, p-chloranil, or FeCl3 (Szydlo et al. 2006). The
antiaromatic analogs of the calix[4]phyrins (Kral et al. 2000) macrocycles 140
appeared a good ligand for most of the metals tested. In particular, they were shown
to form stable complexes with the first row metals, such as Zn and Cu, or the larger
ones, such as Pd, Cd, Sn, or Pb (Szydlo et al. 2006).

The interaction of the 2,3-bis(5′-formylpyrrol-2′-yl)quinoxaline 74a easily
obtainable from 1,2-bis(1H-pyrrol-2-yl)ethane-1,2-dione 62a via 2,3-bis(1H-
pyrrol-2-yl)quinoxaline 130a, with equimolar amounts of 1,3-diaminopropane (or
1,4-diaminobutane) in boiling methanol with triethylamine form the macrocycles
141a, b (Scheme 5.33). Both compounds display selective and sensitive fluorescence
quenching responses toward Hg2+ ion in aqueous solution (Wang et al. 2005a, b).

New calix[4]pyrroles 145 bearing dipyrrolylquinoxaline as strapping elements
have been synthesized (Kim et al. 2009). The synthesis of receptor 145 starts with
ketone 142, a species that was prepared by the reaction of oxalyl chloride with 2
equivalents of 2-(3-oxobutyl)pyrrole (Yadav et al. 2001). Once in hand, 142 was
reacted with 4-nitro-1,2-DAB in the presence of acid to afford bisketone 143 in
24 % yield (Black et al. 1999; Anzenbacher et al. 2000). Treatment of this latter
intermediate with neat pyrrole in the presence of trifluoroacetic acid afforded the
bis-dipyrromethane 144 in 74 % yield (Scheme 5.34). While this procedure proved
effective, attempts to effect the direct alkylation of 6-nitro-2,3-di(2′-pyrrolyl)qui-
noxaline with methyl vinyl ketone produced only trace quantities of the desired
product 144. Acid-catalyzed condensation of 144 with acetone then gave the

1. Et3N, 30 min, reflux
2. H2N(CH2)nNH2, 2 h, reflux

N

N

NH

NH
N

N
n

74a
141 a n =1 (92%)

b n =2 (90%)

Scheme 5.33 Synthesis of ligands 2,3-bis(pyrrol-2′-yl)quinoxaline frame
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desired strapped calix[4]pyrroles 145 in 7 % yield. Support for the proposed
structures was obtained from NMR spectroscopic and high-resolution mass spec-
trometric analyses.

The binding behavior of these receptors at 25 °C was investigated first by proton
NMR spectroscopy in CD3CN/DMSO-d6 (9:1 v/v), as well as by UV-vis spec-
troscopy and isothermal titration calorimetry in MeCN/DMSO (97:3, v/v). The
receptors displayed a selective colorimetric response when exposed to the fluoride,
dihydrogen phosphate, and acetate anions (studied in the form of the corresponding
tetrabutylammonium salts) and an enhanced affinity as compared to a comparable
calix[4]pyrrole system lacking the dipyrrolylquinoxaline-containing strap.

5.3.5 2,3- and 6,7-Dicyanoquinoxalines

At first the unsubstituted metal-free quinoxalinoporphinazine 146
(R1 = R2 = R3 = R4 = H, X = HH) was obtained in a 67 % yield by heating dinitrile
quinoxaline-2,3-dicarboxylic acid in benzyl alcohol and chlorobenzene at 180 °C
with metallic lithium followed by the treatment of the resulting complex with dilute
hydrochloric acid (Gal’pern and Luk’yanets 1969) (Scheme 5.35). A higher yield of
146 (R1 = R2 = R3 = R4 = H, X = HH) (95 %) is achieved when carried out in fusion
with sodium hydroxide at 220 °C within 15 min (Korzhenevskii et al. 2006).
Metal-free benzo[g]quinoxalinoporphinazine 146 (R1 = R4 = H, R2, R3 = Z1,
X = HH) obtained from 76d as a result of processing sodium pentoxide and
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Scheme 5.34 The synthesis of 6-nitro-dipyrrolylquinoxaline-strapped calix[4]pyrrole 145
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demetallization was followed by concentrated sulfuric acid (Freyer 1994). Pentanol
was the solvent for obtaining the magnesium complex 146 (R1 = R4 = H, R2,
R3 = Z1, X = Mg) when heating 76d and magnesium powder (Freyer 1994).

One of the methods of preparing metal quinoxalinoporphinazines involves the
thermolysis of quinoxaline 76a with dry manganese and chromium chlorides at
220 °C, which leads to 146 (R1 = R2 = R3 = R4 = H, X = Mn, Cr, Cl) in 80–84 %
yields (Smirnova et al. 1996, 1997). Similarly, heating quinoxaline 76j with the
acetates of zinc, cobalt, or copper at 220 °C without any solvent, but in the presence
of ammonium molybdate as a catalyst resulted in corresponding metal complexes of
the macrocycles 146 (R1 = R2 = R4 = H, R3 = t-Bu, X = Zn, Co, Cu) in 57–74 %
yields (Efimova et al. 2008).

Other methods involve the use of high boiling solvents. Heating quinoxalino-
dinitrile 76a and benzo[g]quinoxalinedinitrile 76d in trichlorobenzene in the
presence of metals or their chlorides leads to 146 (R1 = R4 = H, R2 = R3 = H, R2,
R3 = Z1, X = Zn, Co, Cu, Ni, Pd, VCl) (Gal’pern et al. 1968, 1969, 1971; Freyer
1994). Comparison of the electronic absorption spectra of the tetra-benzo[g]
quinoxalino-2,3-porphyrazines complexes synthesized in quinoline, dimethylsul-
foxide with spectra of the corresponding tetra-2,3-pyrazino- and
tetra-2,3-quinoxalinoporphyrazines in the same solvents makes it possible to draw
the following conclusion. In a number of metal complexes of octaazaphthalocya-
nines, the consecutive linear annulation of benzene rings which does not change the
symmetry of the molecule leads to a bathochromic shift of the long-wavelength
absorption band. The magnitude of this displacement upon transition from one
group of compounds to another is 1500–1800 cm−1 (Gal’pern and Luk’yanets
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1971). Quinoline is an especially popular solvent, used for the first time for the
synthesis of quinoxalinoporphyrazines in 1968. The method of synthesis in
quinoline in the presence of urea and tributylamine gained further popularity.

The dichlorosilicon complexes of substituted tetra-2,3-pyrazinoporphyrazines
were obtained via the condensation of 2,3-dicyanoquinoxaline 76a,
2,3-dicyano-benzo[f]quinoxaline 76b and 2,3-dicyano-dibenzol[f,h]quinoxaline 76c
with silicon tetrachloride in the presence of urea, quinoline, and tri-n-butylamine.
The hydrolysis of the Si-C(1) bond in concentrated H2S04, followed by 0.01 N
NaOH and aqueous NH, afforded the corresponding dihydroxides, which were
converted to the bis(tri-n-hexylsiloxy)silicon derivatives via tri(n-hexy1)silane in
3-picoline (2,4,6-collidine) and tri-n-butylamine. The axial tri-n-hexylsiloxy sub-
stituents at the central silicon atom prevent aggregation in organic solvents, per-
mitting detailed studies on the effects of structural modifications on the electronic
spectra of tetraazaphthalocyanines. Each benzo ring addition, angularly condensed
to the tetra[2,3]quinoxalinoporphyrazine, induces a hypsochromic shift (−10–
15 nm) of the main absorption maximum (Yanagi et al. 1994; Kudrevich and van
Lier 1996).

When 76d–i were heated in quinoline with various organic (acetate of zinc) or
inorganic (chlorides of other metals) salts in the presence of urea and tributylamine
the zinc, vanadium, copper, aluminum, cobalt complexes 146 have been obtained
(Kudrevich et al. 1996).

The synthesis of tetra[6,7]quinoxalinoporphyrazines 147, 148 in which pyrrole
rings had been annulated to benzene instead of pyrazine rings as shown above on
examples 77 (Scheme 5.36). This involves the initiated magnesium butoxide
cyclization of the corresponding precursors 77 followed by the demetallation by p-
toluenesulfonic acid and the subsequent chelation of zinc into the center of the
metal-free macrocycle using anhydrous zinc acetate. This is the best approach to
148c–g (Novakova et al. 2010). Other procedures with lithium butoxide as an
initiator or employing the template effect of zinc cation Zn2+ in high boiling sol-
vents (DMF, DMAE, and quinoline) did not lead to better results. The magnesium
butoxide method was also successful in the preparation of 148e, although previous
attempts did not lead to desired product (Musil et al. 2007a).

Acetylene derivatives of [6,7]quinoxalinoporphyrazines 147a–d, of interest as
photosensitizer for photodynamic therapy have been obtained (Faust 2001; Mitzel
et al. 2001, 2003). For imparting water solubility the zinc complex was synthesized
from 148b with the 4 diethylamino fragments which are readily alkylated with ethyl
iodide to form quinoxalinoporphyrazine with eight quaternized nitrogen atoms
(Zimcik et al. 2010).

Equimolar molar amounts of 6,7-dicyano-2,3-diethylaminoquinoxaline 77
(R = NEt2) and 5,6-dicyano-2,3-diethilaminopyrazine in refluxing butanol and more
than tenfold metallic lithium for 3 h gives the six possible porphyrazines 149–154
(Musil et al. 2007a) (Fig. 5.8).
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The synthesis of the precursors 77a–e was carried out via two different
approaches (Scheme 5.37). In method A 77a, b with their substituents connected
through the C–C bond were prepared by condensing 4,5-dicyano-1,2-DAB with
appropriately substituted vicinal diketones prepared similarly to the procedures
(Babudri et al. 1995; Musil et al. 2007b). Acid was used as a solvent. In method B,
the recently developed intermediate 2,3-dichloroquinoxaline-6,7-dicarbonitrile 155
(Musil et al. 2007b) was used for the synthesis of the heteroatom-linked peripheral
chain bearing precursors 77c–e. The chlorine atoms on the electron-deficient
positions of 155 are easily substituted by nucleophilic amines to 77c. Under mild
conditions the thiolates and phenolates as the stronger nucleophiles rapidly reacted
with 155 to yield the precursors 77d and 77e, in good yields, respectively.
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5.4 1,n-Bis(quinoxalin-1-yl)alkanes in the Synthesis
of Macrocycles

The third approach to the synthesis of macrocycles based on quinoxaline podands
terminated quinoxaline fragments with functional groups capable of accomplishing
the closure of the macrocycle by interacting with other reagents. 1,n-Bis
(3-acetylquinoxalin-2-on-1-yl)alkanes 156, 1,n-bis(3-benzoylquinoxalin-2-on-1-yl)
alkanes 157, 1,n-bis(3-indolizinylqinoxalin-2-on-1-yl)alkanes 158 were used. Here
two quinoxaline moieties are attached to the nitrogen atoms of amide groups having
different length and nature of the spacers. The amide carbonyl groups remain
unaffected in the composition of the newly formed quinoxaline podands 156–158
(Fig. 5.9). When necessary, they can play an important role in complex formation.
The presence of acetyl and benzoyl functions in position 3, i.e, in the α-position to
the imino carbon atom of the quinoxaline system can further promote carrying out
various reactions with the participation of these functional groups, with the for-
mation of a new heterocyclic system which can be introduced as a substituent
through the C–C bond or as an annulated heterocycle forming the general C–N
bond. The presence of excess π-electron indolizine makes it possible to carry out
the oxidative C–C coupling at the 3,3′ positions of the indolizine. These opportu-
nities, in turn, allow the synthesis of a wide range of macrocycles (Mamedov et al.
2007, 2013a, b; Kalinin et al. 2009).

Unlike the synthesis of quinoxaline macrocycles based on the macrocycles and
quinoxalines in which the quinoxaline is only or predominantly connected by atoms
of C(2) and C(3), refortal in (Mamedov et al. 2007, 2009a, b, 2013a, b; Kalinin
et al. 2009) other methods of synthesis of macrocycles have been developed in
which the quinoxaline is connected by the atoms of N(1) and C(3). In the only
known work (Ferfra et al. 2001), the synthesis of the latter types of macrocycles
was achieved by the interaction of quinoxaline-2,3-dithione with the dichloroox-
aalkanes, which allowed the synthesize of their single representatives, depending on
the length of dichlorooxaalkanes. Different types of macrocycles were obtained, and
sometimes the reaction did not lead to any macrocycle.

5.4.1 1,n-Bis(3-acetylquinoxalin-2-on-1-yl)alkanes

The interaction of quinoxalinepodands 156 (Kalinin et al. 2007; Kalinin and
Mamedov 2014) with the acetyl moieties and ammonium acetate when heated in
DMSO leads to the formation of the macrocyclic system. The process was
accompanied by the formation of the pyrrole ring of 161 from the acetyl fragments
of 156 and ammonia. The reaction was carried out in highly diluted mixtures in the
presence of MgSO4, capable of binding water and serving as a template for the
synthesis of macrocycles which increases the yields of the cyclophanes 161 from
8–10 to 22–24 % (Table 5.1) (Kalinin and Mamedov 2014).
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The key step of the above process, i.e., the formation of the pyrrole ring with
closure of the macrocycle apparently proceeds in accordance with the Scheme 5.38.

Table 5.1 Yields of compounds 161
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O
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Entry 156 n Product (Yield, %)

1 156a 0 161a (8a, 24b)

2 156b 1 161b (10a, 20b, 22c)
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b in the presence of MgSO4
c in the presence of MgSO4 + with high dilution
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Scheme 5.38 Plausible mechanism for the formation of the pyrrole ring
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The precursors of cyclophanes 161, i.e., podands 156 were prepared in four steps
starting from 3-ethylquinoxalin-2-one 159 (Mamedov et al. 2005a; Kalinin and
Mamedov 2009), the alkylation of which with dibromooxoalkanes leads to 160
with ethyl moieties. The transformation of ethyl acetyl fragments was accomplished
in three stages: bromination, the substitution of the bromine atom by the azide
group, and conversion of azidoethyl fragments into acetyl function when heated in
aqueous acetic acid.

5.4.2 1,n-Bis(3-benzoylquinoxalin-2-on-1-yl)alkanes

The original methods for the synthesis of macrocycles 163 with two imidazo-
quinoxaline blocks based on the 1,n-bis(3-benzoylquinoxalin-2-on-1-yl)alkanes
157 have been developed (Mamedov et al. 2009a). Its application to the synthesis
of imidazo[1,5-a]quinoxalin-4-ones (Mamedov et al. 2004a, 2009a; Kalinin
and Mamedov 2008b; Kalinin et al. 2013) based on the interaction
of 3-benzoylquinoxalin-2(1H)-one with benzylamine to the 1,n-bis
(3-benzoylquinoxalin-2-on-1-yl)alkanes 157 and m-xylylenediamine 162 makes it
possible to synthesize macrocyclic compounds–diimidazoquinoxalinabenzenecy-
clophanes 163 in 5–8 % yields (Table 5.2). The use of LiClO4, NaCl, and KI as
templates affects the yield of macrocycles in the interactions of diketones 157 with
m-xylylenediamine 162 in a different way. While the presence of Li+ has virtually
no effect on the yields of the formation of macrocycle 163b, which in this case is
8 %, the yields in the presence of Na+ increase twofold and become 14 %. Further

Table 5.2 The synthesis of diimidazoquinoxalinabenzenecyclophanes 163a–c
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N Ph
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n n
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O
157 163DMSO, 24 h, 150 oC

N

N

N
O

N PhPh

NH2H2N
162

Entry Diketone n Product (Yield, %)a

1 157a 0 163a(I)f (5b, 8c), 163a(II)f (4b, 6c)
2 157b 1 163b(I)f + 163b(II)f (8b,c, 14d, 11e)
3 157c 2 163c (8b, 11e)

aAfter solvent evaporation, the residue was purified by a short gel plug using CH2Cl2

as an eluent and then recrystallized from the corresponding solvent. 
b Without a template. 
c-e In the presence of  cLi+,  dNa+ and eK+ as templates.
f In the cases of n = 0, 1 the reactions proceed with the formation of 
atropisomers (I,II).
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increase of the cation size leads to the reduction of the yields by 11 %. High
dilution does not increase the yields of the macrocycles 163. The use of AcOH
instead of DMSO leads to the formation of 163b with a 7 % yield. The purification
of compounds 163 was performed by column chromatography with subsequent
recrystallization. The mixture when preprocessed was treated with the hydrochlo-
ride of semicarbazone for 3 h in boiling AcOH, which greatly facilitated the sep-
aration of the products.

Compound 163a was obtained as a mixture of two diastereomers (ca. 1:1),
which were separated and characterized separately (Mamedov et al. 2009b).
Presumably these diastereomers (conformers) are due to the different (syn and anti)
mutual orientation of the tricyclic systems.

The formation of imidazoquinoxalines apparently proceeds through the tautomeric
form D formed at the first stage of the reaction of the bases of Schiff C in which
nucleophilic attack of atom N(4) on the imine atom of carbon occurs with the closure
of the imidazoline cycle the aromatization of which when exposed to the DMSO or
oxygen of the air leads to the imidazo[1,5-a]quinoxalin-4-one derivatives (Fig. 5.10).

The imidazoannulation of 3-benzoylquinoxalin-2-ones has been widely studied
on various ketones of quinoxalines in their reactions with compounds containing an
aminomethyl moiety (benzylamine picolylamine, m-xylylenediamine), that allowed
the creation a “library” of imidazo[1,5-a]quinoxalines with substituents at different
positions (Mamedov et al. 2004a, 2009b, 2008a, b; Kalinin et al. 2013).

A method of synthesis of the imidazoquinoxalinacyclophanes containing a
disulfide moiety in the spacer has been developed based on 164. Molecular iodine
was used to close 1,3-bis[5-(3-mercaptoalkyl-1)-3-phenylimidazo[1,5-a]
quinoxalin-4-one-1-yl]benzenes 165 to the macrocycle 166 (Scheme 5.39). The
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longer the alkyl chain in 165a–c, the higher the yield of macrocyclic disulfides
166a–c which were 8, 30 and 45 %, respectively, with closure of bismerkaptanes
165 with propylene, butylene, and hexylene fragments. The reactions were carried
out in a highly dilute solution of methylene chloride at room temperature (Mamedov
et al. 2009a). The introduction of haloalkyl fragments in 164 was achieved either in
one stage of the alkylation by dihaloalkanes or in two stages, i.e, the alkylation by
halo-alcohols and the subsequent substitution of the hydroxyl group by halogen. The
transformation of haloalkyl derivatives into the mercaptoalkyl derivatives of 1,3-bis
(3-phenylimidazo[1,5-a]quinoxalin-4-on-1-yl)benzene was achieved in two
well-known ways: with thiourea followed by the alkaline hydrolysis of the isoth-
iouronium salts and with thioacetate potassium and the subsequent acid hydrolysis
or the hydrazinolysis of thioacetate with potassium thioacetate followed by the
acidic hydrolysis or hydrazinolysis of the thioacetate (Mamedov et al. 2009a).

In a continuation of their work, the authors (Mamedov et al. 2009a, 2013a, b;
Kalinin et al. 2009, 2013; Yanilkin et al. 2009) toward the development of methods
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for the synthesis of macrocycles with quinoxaline structures and demonstrate the
possibility of designing macrocyclic systems based on a chelating compound, m-bis
(3-phenylimidazo[1,5-a]quinoxalin-4(5H)-on-1-yl)benzene 164 (Mamedov et al.
2004a, 2007). The presence of carbamoyl groups in the quinoxalin-2(1H)-one
fragments of compound 164 suggests that the coupling reaction involves nitrogen
or oxygen atoms, with the formation of N,N′-, N,O-, and O,O′-alkylated products
depending on the spacer type and length, and also influenced by the experimental
conditions.

The reaction of m-bis(3-phenylimidazo[1,5-a]quinoxalin-4(5H)-on-1-yl)benzene
164 and the dibromide 167 (Moore et al. 1977) in the presence of potassium tert-
butoxide in DMSO, or in the presence of K2CO3 in DMF gave the products 168 and
169a, b, which consisted of hemispherand (Lein and Cram 1985; Ruettimann et al.
1992) and calixarene (Vicens and Bohmer 1991) structural fragments, resulting
from N,N′-alkylation according to the schemes [1 + 1] and [2 + 2] (Scheme 5.40)
(Mamedov et al. 2014).

The isomer ratio obtained in this process depended on the base used. Seven
isomers with the combined yield of 86 % were detected by matrix-assisted laser
desorption/ionization mass spectroscopy (MALDI), and the main product according
to HPLC data, which was identified as the [1 + 1]-N,N′-alkylation product 168, was
isolated in 57 % yield. The yields of two other products, apparently formed as a
result of N,O- and O,O′-alkylation according to the scheme [1 + 1], were 4 and 2 %,
while the yields of four products formed by the scheme [2 + 2] were 2, 2, 8, and 3 %.
Of all the possible products, only the structure of the isolated and characterized
macrocycle 168, as well as the structures of the N,N′-alkylation products formed
according to the scheme [2 + 2] are presented in the scheme, because the products
from N,O- and O,O′-alkylation of quinoxalines were unstable and difficult to isolate
(Mamedov et al. 2009a), unlike the N,N′-alkylation products (Mamedov et al. 2013a;
Kalinin et al. 2013). The product 168 was isolated by column chromatography, and
its structure was established from spectral data, including a set of NMR experiments
(1H, 13C, 2D) and X-ray structural analysis. Compounds 169a, b were obtained in
the form of a mixture that could not be separated into the individual isomers.

The pyridinyl substituent in position 1 of 1,10-bis-{3-phenyl-1-(pyridin-3-yl)
imidazo[1,5-a]quinoxalin-4-on-5-yl}decane 170, which then would be subjected to
alkylation with alkyl dihalides with the formation of pyridinium salts, opens the
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Scheme 5.41 Reaction of 1,10-bis(imidazoquinoxaline)decane with the α,α′-dibromo-m-xylene

5.4 1,n-Bis(quinoxalin-1-yl)alkanes in the Synthesis of Macrocycles 313



possibility of building imidazoquinoxaline macrocycles with two pyridinium salt
fragments. The interaction of 1,10-bis(imidazoquinoxaline) decane 170 with
the α,α′-dibromo-m-xylene 171 in acetonitrile solution at high dilution brings about
the 13,73-diphenyl-14,74-dioxa-1,7(1,5)-diimidazo[1,5-a]qunoxalina-2(3,1),6(1,3)-
dipyridina-4(1,3)-benzenacycloheptadecaphane-21,6,1-ylium dibromide 172 in a
60 % yield (Scheme 5.41). Unfortunately, the analytically pure sample of 172 when
separated from the reaction mixture was only 25 % (Kalinin et al. 2013).

Compounds 164 and 170 with the two imidazoquinoxaline moieties have been
prepared from the 3-benzoylquinoxalin-2-ones 173 with m-xylylenediamine 162
(Mamedov et al. 2004, 2007, 2009b), and from the reaction of 1,10-bis
(3-benzoylquinoxalin-2-on-1-yl)decane 175 with β-picolylamine 176 (Kalinin et al.
2013) (Scheme 5.42). The precursors of macrocycles–1,n-bis(3-benzoylquinoxalin-
2-one)alkanes 157a–c, 175–were prepared by the alkylation of 3-benzoylquinoxalin-
2-one 173 (Mamedov et al. 1989, 2002a, b, 2003a, b, 2004b; Mamedov and
Nuretdinov 1992; Gorbunova and Mamedov 2006) with the 1,n-dibromooxaalkanes
174a–c and 1,10-dibromodecane 78 and on heating in dioxane with KOH (Mamedov
et al. 2006).

5.4.3 Bis(3-indolizinylquinoxalin-2-on-1-yl)alkanes

1,n-Bis-[3(1-phenylindolizin-2-yl)quinoxalin-2-on-1-yl]oxaalkanes 158 with
molecular iodine at room temperature in methylene chloride in dilution proceeds
with intramolecular cyclization and the formation of the macrocycles 177 with
redox-active biindolizine moieties (Table 5.3). Earlier the salts of Fe(III) in a stream
of oxygen, Pt/C, 10 % Pt, Pd/C, K3Fe(CN)6 were used as reagents or as catalysts for
the transformation indolizine to biindolizin. However, it was not always possible to
obtain the biindolizine derivatives in good yields, especially when indolizine
derivatives with hetaryl or withdrawing substituents were used (Andruzzi et al.
1988; Kreher et al. 1997; Sonnenshein et al. 1998). The application of molecular
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iodine makes it possible to achieve good results not only in the oxidation of
3-(1-phenylindolizin-2-yl)quinoxalin-2-ones, but also in (with) podands with two
terminated 3-(indolizin-2-yl)quinoxalin-2-one fragments (Mamedov et al. 2007,
2013a, b; Kalinin et al. 2009). Compounds with two indolizine fragments, 158c, e,
h, m successfully underwent intramolecular cyclization to form macrocycles 177c,
e, h,m in high yields when exposed to the I2–NaOAc binary system (entries 3, 5, 7,
12). In addition, in the case of molecular iodine the macrocyclization of podands
158d, e, l gave products 177d, e, l in high yields (entries 4, 5, 11). The use of
molecular iodine for the oxidation of podand 158c gave the macrocycle 177c (of a
smaller size) in a moderate yield. In this case, there appeared to be products of
oligomerization in the mixture and a significant amount of the starting substrate

Table 5.3 A facile iodine mediated synthesis of diquinoxalinadiindolizinacyclophanes
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Entry 158 R X m n 177 Yield, %a, (%b)
1 158a Ph m-C6H4 0 1 177a 30 (50)
2 158b Ph CH2 2 2 177b 49 (59)
3 158c Ph O 1 1 177c 35 (60)
4 158d Ph O 2 1 177d 68 (74)
5 158e Ph O 3 1 177e 69 (92)
6 158f Ph O 3 5 177f 79 (86)
7 158h Ph O 4 1 177h 75 (86)
8 158i Ph o-(OCH2CH2O)C6H4 1 1 177i 58 (67)
9 158j Ph m-(OCH2CH2O)C6H4 1 1 177j 60 (69)
10 158k Ph O 5 3 177k 60 (80)
11 158l Ph O 5 5 177l 63
12 158m H O 3 1 177m (50)

aYields of isolated products when molecular iodine was used as oxidative reagent.
bYields of isolated products when the binary system (I2-NaOAc) has been used instead of 
molecular iodine.
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158c remained. The application of the binary system (I2–NaOAc) increased the
yield of the macrocycle 177c up to 60 % and the macrocyclic dimer 178 was
obtained in a 24 % yield (entry 3, Fig. 5.11). When decreasing the excess of
molecular iodine from 2.3-fold to 2-fold in the case of a podand 158m, it was
possible to synthesize macrocycle 177m with the free 1,1′-CH groups via the
regioselective oxidative coupling of the 3,3′-CH groups of the 2,2′-biindolizine
system (entry 12) (Mamedov et al. 2013a).

Macrocycles 177k, l with the hexaethylene glycol spacers and their precursors
158k, l exist as hydrates (Kalinin et al. 2009).

Heterocyclophane 177e was also obtained on a platinum cylindrical electrode by
the preparative electrochemical oxidation of podand 158e in a diaphragm (cellu-
lose) glass electrolyzer. The electrosynthesis was carried out for 4 h. The mass
spectrometric investigations of the mixture after the electrolysis showed the exis-
tence of two macrocyclic products: 152e (m/z = 830), and the macrocyclic dimer
(m/z = 1660). The preparative yield was 40 % (Mamedov et al. 2007). There was no
starting compound in the solution.

The synthesis of the precursors of macrocycles 177 is based on
3-acetylquinoxalin-2-one 179 (Mamedov et al. 2005a) and involves the following
three stages: (a) the interaction of 179 with α-phenylpicoline and molecular iodine
(the Ortoleva-King reaction), (b) the intramolecular condensation of the picolinium
salts 180 in the presence of triethylamine (the Chichibabin reaction) (Mamedov
et al. 2005b), (c) the alkylation of 3-(1-phenylindolizin-2-yl)quinoxalin-2(1H)-ones
181 by dibromoalkanes on the nitrogen atoms of an amide group (Kalinin et al.
2009; Mamedov et al. 2013b) (Scheme 5.43).
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The binding of a wide range of metal cations by macrocycles 177e and 177k was
investigated with cyclic voltammetry. All the ions can be divided into three groups.
The ions of the first group (Li+, Na+, K+, NH4

+) did not affect the characteristics of
the oxidation peak, and, apparently, were not linked with the macrocycle. The ions
of the second group (Mg2+, Al3+, Ga3+) shifted the first peak of oxidation and the
peak of heterocyclophane 177 toward positive potentials. These effects increase with
the increasing metal ion concentration. The second and the third oxidation peaks are
not changed with the introduction of the metal ion. At a certain concentration of the
metal ion, the potential of the first peak equals the potential of the second peak and as
a result instead of two peaks only one two-electronic peak of oxidation is fixed on the
CVA curve. Therefore, for the second group of ions, redox-switchable binding by a
macrocycle 177e is observed: the parent compound binds ions and the cation radical
and dications do not bind. When introducing ions of the third group (Ca2+, Pb2+) as
well as ions Ba2+, the first two peaks of oxidation of a macrocycle 177e do not
change the parameters, but the second peak becomes reversible (Fig. 5.12). These
ions are bound not only to the parent but also to the cation radical and the dication of
177e. Such a binding of ions Ca2+, Pb2+, and Ba2+ leads to an unusual stability of
dication 177e. Interestingly, on increasing the concentration of the metal ion the
third peak substantially disappears. This is quite natural as the stabilization of the
dication prevents the formation of the product which is oxidized at potentials of the
third peak (Yanilkin et al. 2007, 2009, 2010, 2011).

5.5 Both Resorcin[4]arenes and Quinoxalines
in the Synthesis of Macrocycles

The versatility of resorcinarene-derived cavitands has generated a wealth of host
molecules (Rebek 1999; Jasat and Sherman 1999; Hof et al. 2002; Rudkevich 2002;
Laughrey et al. 2003; Shivanyuk et al. 2002; Barrett et al. 2002; Paek et al. 2003;
Pirondini et al. 2003). Tetraquinoxaline-spanned resorcinarene cavitands 182 were
introduced by Cram in the early 1980s (1983) and have been used extensively to
study host–guest interactions (Moran et al. 1982; Dalcanale et al. 1989; Moran et al.
1991; Soncini et al. 1992; Careri et al. 1997; Bianchi et al. 2003). Of particular
interest is therin to undergo a reversible thermal switch from the vase to the kite
conformation (Fig. 5.13). The vase exists at temperatures of 45 C and above, while
the kite exists exclusively below −60 °C.

The interaction of resorcin[4]arenes with the 2,3-dichloroquinoxaline proceeding
with the formation of tetraquinoxaline-spanned cavitands has been investigated
under various conditions (Scheme 5.44). Thus, tetramethylcalixresorcin[4]arene 8
(A = H, R = Me) with four equivalents of 2,3-dichloroquinoxaline 183 (B = H) in
DMF in the presence of KOH leads to the teraquinoxaline-spanned cavitands 182b
in the 34 % yield (Moran et al. 1982). The authors did not manage to exempt the
cavitand 182b from the 10 molecules of DMF. In DMF with KOH or K2CO3, they
lead to the 182a–e, k in 30–44 % yields (Moran et al. 1991; Bianchi et al. 2003).

5.4 1,n-Bis(quinoxalin-1-yl)alkanes in the Synthesis of Macrocycles 317



The replacement of DMF by DMSO, and KOH or K2CO3 by Cs2CO3 leads to an
essential increase in the yield of a cavitand. Under these conditions, 182b, f, g have
been obtained in 83, 77, and 68 % yields, respectively (Moran et al. 1991). The use
of a CsHCO3 as a base leads to the cavitand 182b in a 30 % yield along with the
cavitand 184d in a 40 % yield (Moran et al. 1991).

The reduction of excess of 2,3-dichloroquinoxaline allows formation of cavi-
tands with a smaller number of systems. Thus in the presence of KOH, the inter-
action of the tetramhexylcalixresorcin[4]arene 8 (A = H, R = n-C6H13) with four
equivalents of 2,3-dichloroquinoxaline 183 (B = H) in DMSO leads to the
teraquinoxaline-spanned cavitands 182h in a 88 % yield (Dalcanale et al. 1989;
Rudkevich et al. 1998), whereas with three equivalents of 2,3-dichloroquinoxaline
183 (B = H) there occurs the formation of the threequinoxaline-spanned cavitands
184c (R = n-C6H13) in 53 % yield and the teraquinoxaline-spanned cavitands 182h
in 27 % yield (Soncini et al. 1992). As a result of the interaction of tetramhexyl-
calixresorcin[4]arene 8 (A = H, R = n-C6H13) with two equivalents of
2,3-dichloroquinoxaline 8 (B = H), a mixture of cavitands with two or three
quinoxaline fragments 184c–186c with 20, 4 and 20 % yields, respectively (Azov
et al. 2006) is formed. The predecessors of cavitands, i.e, calixresorcin[4]arenes are
obtained under the Zinke–Ziegler reaction (Zinke and Ziegler 1941) condition by
the condensations of the four moles of resorcinol with the corresponding aldehyde
or methylresorcinol. The introduction of four bromine atoms into the cavitand
skeleton was performed by usual bromination. The yields of calixresorcin[4]arenes
were 60–95 % (Moran et al. 1982, 1991).

All quinoxaline-containing cavitands are unstable to phenoxide nucleophiles
(Castro et al. 2004). This has provided the opportunity to explore the deliberate
excision of one and then two quinoxaline units from the easily available
tetraquinoxaline cavitand (Moran et al. 1982; Dalcanale et al. 1989; Moran et al.
1991; Castro et al. 2004) with an appropriate nucleophile. Catechol offers two
appropriately spaced oxygen atoms to efficiently attack the quinoxaline moiety, and
the quinoxaline-catechol adduct formed thereby is a known, stable compound and a
convenient TLC marker of the reaction progress (Smith et al. 1992).
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Table 5.4 summarizes the results for the preparation of cavitands 182a, j, 184a,
b–186a, b. Entries 1–3 provide results for the triquinoxaline-spanned cavitand
184a, b, while entries 4–8 refer to the preparation of diquinoxaline-spanned cavi-
tands 185a, b and 186a, b. Various bases were compared, with the inclusion of the
CsF based on related successful results with this base. In all cases, catechol was
added to a heated mixture of tetraquinoxaline-spanned cavitand and base in the
DMF solvent. The solubility of the tetraquinoxaline-spanned cavitand was
improved at higher temperatures, and the reaction times were appreciably short-
ened. Employment of DMF resulted in slightly cleaner mixtures than those of
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DMSO (Castro et al. 2004). All the reactions were sensitive to the amount of the
catechol used and less so to the amount of base. Successful reactions were com-
pleted in less than 1 h.

An inherently chiral ABii diphosphonatocavitand (±)-191 bearing a single
quinoxaline bridging moiety was synthesized on the basis of resorcin[4]arene 8a
(R = n-C11H23) according to the following scheme which involves five-stage
processes (Vachon et al. 2010) (Scheme 5.45).

(1) The acid-catalyzed co-condensation between resorcinol and dodecanal
(Timmerman et al. 1996), predominantly led to resorcin[4]arene 8a (Weinelt
and Schneider 1991).

(2) The treatment of 8a with two equivalents of dichlorophenylphosphine
(Dubessy et al. 2009) in the presence of pyridine was followed by the addition
of sulfur in situ (Bibal et al. 2002). This gave rise to three major compounds:
the trithiophosphonate iiiPS derivative 187 (19 %) and the two dithiophos-
phonatocavitands ACiiPS 188 (8 %) and ABiiPS 189 (24 %), which were
separated by column chromatography. Despite the fact that this method has
already been reported (Cantadori et al. 2008), the isolation of compounds of
type ABiiPS is unprecedented.

(3) The partially bridged compounds, with the inward orientation of the P = O
groups, were obtained by following the two-step synthesis previously
described for the synthesis of triphosphonatocavitands (Dubessy et al. 2009).
Contrary to the compounds of type iii 187 or ACii 188, the ABii 189 structure
can be desymmetrized by adding a third and different bridge onto the crown of
the cavitand.

(4) The transformation of the ABiiPS 189 into ABiiPO 190 using a slight excess
of m-CPBA (3 equiv) as an oxidant was performed and occurred with reten-
tion of configuration, and the P = O groups adopted the inward orientation
(Herriott 1971). After chromatography, the phosphonatocavitand 190 was
isolated in a 89 % yield.

Table 5.4 Reaction conditions and yields (%) of cavitands 182a, j, 184a, b–186a, b

Entry Base (equiv) Catechol
equiv (t)

182
(Yield)

184
(Yield, %)

185
(Yield, %)

186
(Yield, %)

1
2
3
4
5
6
7
8

CsF (5)
CsF (20)

2CO3 (20)
CsF (20)
CsF (20)
Cs2CO3 (20)

2CO3 (20)
KF (20)

1.1 (30 min)
1.1 (30 min)
1.3 (1.2 h)
2.3 (35 min)
3.2 (40 min)
3.2 (1 h)
3.3 (1 h)
3.3 (24 h)

10
6
0
0
0
0
0
trace

63
71
60
13
3
2
21
9

9
trace
12
35
60
53
43
38

trace
trace
trace
7
11
10
3
4

catechol
182a,j184a,b 185a,b  + 186a,b

catechol

320 5 Synthesis of Quinoxaline Macrocycles



(5) The synthesis of quinoxaline bridges cavitand. The synthesis of quinoxaline
bridges has been used for the preparation of deep cavity cavitands (Cram
1983). Here, the addition of 1 equiv of 2,3-dichloroquinoxaline mainly leads
to (±)-191 bearing one quinoxaline bridge, and to the bis-quinoxaline 192,
isolated by column chromatography.

Thus an inherently chiral ABii diphosphonatocavitand (±)-191 bearing a single
quinoxaline bridging moiety was synthesized and resolved by the chiral HPLC.

In 2008, Francois Diederich and co-workers reported the syntheses and exten-
sive binding, molecular dynamics, and switching studies of the switchable baskets
194 (Fig. 5.14) (Gottschalk et al. 2008). Resorcin[4]arene-based container mole-
cules accommodate suitable guests within well-defined cavities and completely
surround them (Gottschalk et al. 2008). The molecules show a remarkable binding
selectivity as a consequence of their precisely defined geometry. Portals delimiting
the cavity are opened upon the addition of acid and then binding is suspended as a
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result of the induced change in structure. The process is fully reversible; the neu-
tralization of the solution completely recovers the initial state (Gottschalk et al.
2007).

The key step in the synthesis of 194 is an oxidative acetylenic coupling reaction
of open-top precursor cavitands 193. Intramolecular coupling of 193b affords the
basket 194b along with a dimeric structure and the switchable tube 195, in a ratio of
2/6 ≈ 10:1 (Scheme 5.46). The two products can be separated by preparative high
performance gel-permeation chromatography (GPC) (Gottschalk et al. 2007).
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5.6 Other Methods of Synthesis

In addition to the above three groups of methods of constructing quinoxaline
macrocycles, there are other methods that are neither based on any quinoxaline
derivatives nor on podand quinoxaline terminal fragments or macrocycles.

5.6.1 Pyran 1,4-Diazaphenanthrenes

The benzophenazines 196 behave similarly as 1,2,9,10,11,12-hexahydrobenzo[a]-
furo[2,3-c]phenazines 535 (see Sect. 2.6.2.11) (Pérez-Sacau et al. 2005), in terms of
their oxidation by ozone and m-chloroperbenzoic acid (Silva et al. 2005) provide
the corresponding macrocycles 197–199. However, in the case of 196d, a complex
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2. Zn/H2O
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O
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mixture of products was obtained, from which it was possible to isolate 199, as the
corresponding N-oxide bromomacrolide, in a low (10 %) yield (Scheme 5.47).

These macrolactones from benzo[a]phenazine were evaluated for their antimy-
cobacterial potential and 197b appeared to have an MIC of 0.62 mg per mL on
Mycocabterium tuberculosis H37Rv (Silva et al. 2009).

3-(2-Aminophenylamino)-5,5-dimethyl-2-cyclohexen-1-one 200 with 3,5-di-
tert-butyl-1,2-benzoquinone 201a and an acidic catalyst led to a mixture of
8,8-dimethyl-7,8,9-trihydro-2,4-di-tert-butylbenzo[2,3]oxonino[4,5-b]quinoxalin-
6-one 202a and 3-[2-(2-hydroxy-3,5-di-tert-butylphenylamino)]-5,5-dimethyl-2-
cyclohexen-1-one 203 (Scheme 5.48) (Ukhin et al. 2012). The reaction proceeds
rapidly with CF3CO2H as catalyst and under short heating, but does not occur at
all in the absence of catalyst. The reaction also proceeds in CH3CO2H but the
most appropriate solvents proved to be alcohols (MeOH, EtOH). The products
202a and 203 are generated as a result of quinone attachment to different centers
of 200. Under similar conditions an analogoues compound, macrolactone 202b,
was isolated from 200 and 1,2-naphthoquinone 201b.

5.6.2 Quinoxaline-2,3-dicarboximide

The original method of synthesis of [cis-di(4-tert-butylbenzo)diquinox-
alinoporphyrinato]zinc(II) 206 involves the reaction of 5-tert-butyl-3-(5-tert-
butyl-3-oxo-2,3-didihydro-1H-isoindol-1-ylidenemethyl)-1H-isoindol-1-one 205
with the excess quinoxaline-2,3-dicarboximide 204 and malonic acid in the
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presence of zinc(II) acetate (Galanin and Shaposhnikov 2007) (Scheme 5.49). In
this case, imide 204 has been prepared by passing dry NH3 through molten
quinoxaline-2,3-dicarboxylic acid at 250 °C over 10 min.

5.6.3 Macrocyclic Quinoxaline Compounds as Anticancer
Drugs and Inhibitors of Hepatitis C Virus

There are three types of the quinoxaline macrocyclic compounds known with
important pharmacological properties. They differ in whether the quinoxaline
fragment enters the structure of the macrocyclic system and if it does, then what
follows.

The first type is the macrocycle Ehinomicin 207 (Fig. 5.15), which is in the
Negver handbook “Organic Chemical Drugs and their Synonyms,” with over fifty
other pharmacologically interesting compounds, i.e, derivatives of quinoxaline
(Negwer and Scharnow 2001; Mamedov and Zhukova 2012, 2013). Compound
207 is an antibiotic applied as an antineoplastic preparation in the chemotherapy of
cancer, a synonym of the medicines NSC-526417, Quinomycin A. In 207, the
quinoxaline fragments are not acting as structure-forming parts of the macrocycle,
and are part of the amide bonds, which are formed between the amino groups of a
macrocycle and the carboxyl groups of the quinoxalin-2-carbonic acids.

In the second type of macrocycles, i.e., 208 (Fig. 5.16), the design the
quinoxaline system represents the four-atomic fragment C(3)–N(4)–C(4a)–C(5)
(Kawanishi et al. 2006).

The design of a novel series of cyclin-dependent kinase (CDK) inhibitors with a
macrocyclic quinoxaline-2-one 208 is reported (Kawanishi et al. 2006), where 208
was synthesized as shown in Scheme 5.50. The deprotonation of the
fluorine-adjacent position of 1-fluoro-2-iodobenzene 209, with LDA, followed by
the carbon dioxide trapping and then esterification of the carboxylic acid, led to
methyl 2-fluoro-3-iodobenzoate. The iodomagnesium exchange of methyl
2-fluoro-3-iodobenzoate according to Knochel’s procedure (Knochel et al. 2003)
followed by chloroglyoxylic acid ethyl ester resulted in ketoester 210, which was
coupled with 3-[(tert-butyldimethylsilyl)oxy]benzene-1,2-diamine to
quinoxaline-2-one, 211. The activation of the 2-position of quinoxaline-2-one 211
via the corresponding 2-chloroquinoxaline with SOCl2 was followed by the
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Fig. 5.16 Structure of
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i1 = LDA, CO2, THF; i2 = H2SO4 conc, MeOH; i3 = i-PrMgCl; i4 = ClCOCOEt;
i5 = 3-[(tert-butyldimethylsilyl)oxy]benzene-1,2-diamine;
i6 = SOCl2, DMF; i7 = MOMCl, TBAF, THF; i8 = NaH, MeOH; i9 = NaOH, THF, MeOH, H2O;
i10 = [t-Bu(Me)2SiOCH2CH2]2NNHCO2All, DMC, Et3N, CHCl3; i11= Pd(PPh)4, HCO2H, Et2NH, THF;
i12 = i-Pr2NEt, DMF; i13 = MsCl, i-Pr2NEt, CHCl3; i14 = (3R,5R)-5-methylpyrrolidin-3-ol;
i15 = MsCl, i-Pr2NEt, CHCl3; i16 = TFA/H2O; i17 = K2CO3/DMF; i18 = TFA/H2O
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replacement of the TBS group by a MOM group with TBAF to yield 212. The
addition of sodium methoxide at the 2-position of 2-chloroquinoxaline followed by
hydrolysis with NaOH gave compound 213. Allyl 2-[2-(tert-butyldimethylsilyloxy)
ethyl]hydrazinecarboxylate (Hirai et al. 2004, 2005) was condensed with 213 to
yield 214. Under basic conditions, the deprotection of the Alloc group of compound
214 in the presence of a palladium catalyst followed by cyclization to indazol-3-one
gave compound 215. The alcohol of 215 was mesylated and then aminated with
(3R,5R)-5-methylpyrrolidin-3-ol to yield 216. The mesylation of 216 followed by
the deprotection of the MOM group with TFA at room temperature led to 217.
Under basic conditions, the macrocyclization of 217 followed by the deprotection
of the methyl group with TFA under reflux afforded 208.

The macrocycle 208 is the inhibitor of the cylin-dependent kinase (Cdks) (Hirai
et al. 2011).

For the synthesis of the third type of macrocycles, i.e., 218–220, the quinox-
aline system gives off a two-atomic fragment C(2)–C(3) (Liverton et al. 2008; Gai
et al. 2009; Harper et al. 2010, 2012) (Fig. 5.17).

The procedure for the synthesis of macrocycles 224a, b, i.e., the precursores of
218a, b is given in Scheme 5.51. The synthesis is based on the
3-chloroquinoxalin-2-ones. In this process, a 7-methoxy derivative has been
obtained from 7-methoxyquinoxalin-2,3-dione 69b by the treatment with thionyl
chloride in DMF. 3-Chloroquinoxaline-2-ones are transformed into quinoxaline

O

N

O

NH
O

O

224

CO2MeMe3C

R1 N
N

O

N

O
HN

O

O

OMe

223
(R1 = CH=CH2)

CO2Me

CMe3

i7

i5, i6

222
(R1 = Cl)R1

N

N

O

NH.HCl

CO2H
H
N

O

O

MeO

MeO2C

Bu-t

i4

i1 = SOCl2, DMF, 110 oC; i2 = , CsCO3, NMP; i3 = HCl, dioxane;

i4 = , i-PrNEt2, HATU, 5 h, 20 oC;

i5 = CF2=CFB(OH)2, Et3N; i6 = Pd(Dppf), 5 h, 20 oC; i7 = Zhan 1, DCE, 1 h, 80 oC

Dppf = Diphenylphosphinoferrocene
=O-(7-Azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate

N
H

H
N O

O

MeO

i1-i3

69b

221 (R1 = Cl)

N

BrosO

CO2Me

Boc

225

n

N

Nn

n

(R)

(S)

(R)

(R)

(S) OMe

222-224 n = 1 (a), n = 3 (b)

HATU

Scheme 5.51 The sequence of the reactions for synthesizing macrocycles 224a, b, i.e., the
precursores of of the third type of macrocycles 218a, b

5.6 Other Methods of Synthesis 327



hydrochloride 221 with the pyrrolidine moiety in two stages. The acylation of the
latter with 225 leads to 222a, b which with trifluoro(vinyl)borate under basic
conditions results in 3-vinylquinoxaline derivatives 223a, b. The metathesis of
223a, b in the presence of the Zhan 13 catalyst proceeds with the formation of
macrocycles 224a, b (Liverton et al. 2008; Harper et al. 2010, 2012). The two step
processes 222a → 224a proceed in a 25 % overall yield.

The initial stages of the preparation of the macrocycle 224c, i.e., the precursor of
218c proceed in a different way. Quinoxaline 225a with a butylene substitute has
been obtained by condensation of 4-methoxy-1,2-DAB with ethyl
2-oxo-hex-5-enoate. The subsequent four stages (i1–i4) of the processes proceed
similarly to the stages (i2–i4, i7) as in the synthesis of compounds 218a,
b (Scheme 5.52).

The synthesis of the precursors of 232, 233, i.e., the macrocycles 219, 220 is
based on the 3-(3-bromophenyl)quinoxalin-2-one 225b. At the first stage, the
methoxycarbonylpyrrolidine moiety was introduced through an oxygen atom of the
carbamoyl group to form 226 (Scheme 5.53). Further, during the interaction of
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Scheme 5.52 The sequence of the reactions for synthesizing macrocycles 224c, i.e., the
precursores of of the third type of macrocycles 218c

3The Zhan 1 catalysts are the commercially available ruthenium catalyst for RCM processes.
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potassium trifuloroborate the bromine atom was substituted by a vinyl fragment in
226. The precursor for the cyclophane 229 was prepared from 227 either in one or
in two (for X = H) or three stages (for X = F). As the result of metathesis, the
formation of the macrocyclic 233 proceeds in the presence of ruthenium catalysts to
form cyclophanes 233a, b in good yields. In the synthesis of the macrocycle 232b
with the phenoxy moiety, the hydroxyamide fragment is incorporated into 226 in
two stages; the removal of the protection group and the subsequent reaction with
230 forms a precursor of macrocycle, i.e., the compound 231. The formation of the
macrocyclic 232b proceeds in the presence of a palladium catalyst under the
influence of CsCO3. However, in this case the yield is only 24 % (Gai et al. 2009).

Compounds 224, 232, 233 are transformed into water-soluble derivatives
218-220 possessing antiviral properties, as inhibitors of HCV.

5.7 Conclusion

There are a number of methods for the synthesis of quinoxaline macrocycles that
have been successfully implemented for constructing quinoxalinoporphyrins,
quinoxalinoporphyrazines, quinoxalinocrown ethers, quinoxalinocavitands,
quinoxalinohemispherands, and “hybrid” macrocycles. In these macrocyclic sys-
tems, quinoxaline moiety(ies) were attached to the macrocyclic skeleton by the
atoms N(1) and C(3), N(1) and N(4), C(2) and C(3), C(2) and C(8), C(6) and C(7).
In these cases, macrocyclic systems in which the quinoxaline moiety is fixed in a
macrocyclic skeleton by atoms of C(2) and C(3) are represented best of all.
Considerably less attention is paid to their 6, 7 analogs, and all the others are
represented in single works.

There have been obtained macrocycles the framework of which also includes
other heterocyclic systems, e.g., pyrrole, pyridine, imidazole, ferrocene, indolizine,
triazolothiadiazole, and benzopyrazole except the quinoxaline moiety. As a rule, a
constantly growing interest is attached to the mutual influence of the heterocyclic
fragments closely located toward each other. This is due to interest in the ample
opportunities they hold for their practical application. Thus, the quinoxaline
macrocycles with imidazole, pyrrole or ferrocene moieties are sensors for some
anions and cations for the heavy metals. The combination in one molecule of
macrocycles of quinoxaline, pyrrolidine, and benzopyrazolne fragments leads to the
selective inhibition of the kinase, and the presence of pyrrolidine and amide frag-
ments leads to an anti-hepatitis effect. Mono-, bis-, and tris- quinoxalinoporphyrins
the macrocyclic skeleton of which included pyrrolequinoxaline and pyrrole moi-
eties are attractive for the development of optical devices and materials.
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Chapter 6
Rearrangements of Quinoxalin(on)es
for the Synthesis of Benzimidazol(on)es

6.1 Introduction

Benzimidazole derivatives have provided a large number of biologically active
compounds that have been intensively used in medicinal chemistry as drugs
(Elzahabi 2011). They are structural isosteres of naturally occurring nucleotides,
which allow them to easily interact with the biopolymers of the living systems and
different kinds of biological activity have been obtained. Some
2-aminobenzimidazoles displayed an appreciable antimicrobial effect. Their cor-
responding carbamate derivatives have been synthesized for their significant
antifilarial activity in vivo (Sener et al. 1997). As to the high affinity that they
display towards a variety of enzymes and protein receptors, they could be con-
sidered as pivotal structures in drug design (Sharma et al. 2006). The optimization
of benzimidazole-based structures has resulted in marketed drugs, e.g., Omeprazole
(Lindberg et al. 1986) and Pimobendan (Mannhold 1985) that are used as thera-
peutic agents in the treatment of peptic ulcer and congestive heart failure respec-
tively. Many derivatives of benzimidazoles are well known for their antimicrobial
(Nakamura 1955; Meral et al. 1997; Nofal et al. 2002; Zeynep et al. 2006; Singh
et al. 2012), anthelmintic (Cuckler and Mezey 1966), antiviral (Hollinshead and
Smith 1958; O’Sullivan and Wallis 1972; Zou et al. 1996; Simone et al. 2009), and
antifungal (Kilgor and White 1970; Maxwell and Brody 1971; Walker et al. 1978;
Elnima et al. 1981; Goin and Mayer 1995) activities. The antifungal agent Benomyl
was first reported as a fungicide against a wide range of agricultural fungal diseases
(Tomlin 1994). Many years later, it proved to be a potent antiproliferative agent
against the Hela cancer cell line and could be used as assistant in cancer
chemotherapy (Kamlesh et al. 2004). Benzimidazole derivatives with ester groups
on the benzene ring were reported for their antifungal, insecticidal, and herbicidal
activities (Hisano et al. 1982; Hakan et al. 1998; Seckin et al. 2005). Furthermore,
many dichlorobenzimidazoles proved a high potency against methicillin-resistant
Staphylococcus aureus (MRSA) (Tuncbilek et al. 2009). Since 1985,
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benzimidazole-containing compounds have been reported as well-known anticancer
agents (Ibrahim et al. 1980; Boufatah et al. 2004; Boiani and Gonzalez 2005; Piskin
et al. 2009; Abdel-Mohsen et al. 2010; Shaharyar et al. 2010). The role of mam-
malian DNA topoisomerases as molecular targets for anticancer drugs has been
recognized. Some benzimidazoles have been reported as topoisomerase inhibitors,
e.g., Hoechst 33258 and Hoechst 33342 (Fig. 6.1) (Alper et al. 2003). Some widely
used anticancer drugs such as RAF265 (CHIR-265; Novartis Pharmaceuticals,
Basel, Switzerland) and AZD6244 (ARRY-142886; AstraZeneca, London,
England) are known to contain a benzimidazole moiety. RAF265 resulted in the
reduction in tumor cell growth and in tumor cell apoptosis (Wong 2009).
Compound AZD6244 suppresses the growth of melanoma cells through the
induction of cytostasis (Haass et al. 2008). 2-Arylbenzimidazole moiety has been
defined as a pharmacophore for a new class of DNA intercalating agents (Denny
et al. 1990). The importance of naphthalene benzimidazole compounds as antiox-
idants on hepatic cytochrome has been explored since 1997 (Ates-Alagoz et al.
1997, 2004; Ates-Alagoz and Buyukbingol 2001). On the other hand, the antiviral
activity of 5-chloro and 5,6-dichloro-2-substituted benzimidazole derivatives
against several viruses, e.g., influenza, human cytomegalovirus, hepatitis B virus
(HBV), hepatitis C virus (HCV), and human immunodeficiency retrovirus (HIV-1)
was reported (Migawa et al. 1998; Porcari et al. 1998; Budow et al. 2009). These
compounds were also reported as anticancer agents against breast and prostate
cancer cell lines (Andrzejewska et al. 2002) or as potential topoisomerase II inhi-
bitors (Pinar et al. 2004). In 2010, a new series of 2-substituted benzimidazole
derivatives having 5-chloro or 5-underivatized carboxylic acid group were reported
to exhibit antitumor activity against hepatocellular carcinoma (HEPG2), human
breast adenocarcinoma (MCF7) and human colon carcinoma (HCT 116) cell lines
(Refaat 2010).

Telmisartan is a potent angiotensin II receptor antagonist used in the treatment of
essential hypertension (Wienen et al. 1993; McClellan and Markham 1998;
Battershill and Scott 2006). It is one of the most efficient drugs in its class, boasting
the longest half-life, a high protein binding affinity, and a low daily dosage (Burnier
and Brunner 2000; Cernes et al. 2011). The drug is currently marketed under the
brand name of Micardis and provides additional benefits against vascular and renal
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damage caused by diabetes and cardiovascular disease (Benson et al. 2004;
Benndorf et al. 2006; Mann et al. 2008).

The drug reference books by Mashkovskiy (2008) and Negwer (Negwer and
Scharnow 2001) comprise 89 benzimidazole derivatives used in medicine.
However, only 11 of them (Fig. 6.2) include other heterocyclic rings directly fused
with the benzimidazole system. Probably, this is due to the fact that such com-
pounds are hardly accessible. Indeed, the analysis of the literature data shows that
the methods of synthesis of such compounds involve many steps, are laborious, and
the total yields of products never exceed 20 ± 25 %.

There are two classical methods for benzimidazole synthesis, namely, coupling
of 1,2-diaminobenzenes (1,2-DABs) with carboxylic acids and of 1,2-DABs with
aldehydes and ketones (the Phillips-Ladenburg and the Weidenhagen reactions,
respectively) (Joule and Mills 2010a). The necessity of using high temperatures
(sometimes, 250–300 °C) and low yields of products limit the use of these reactions
in their classical versions (Gray 1970; Hudkins 1995). Virtually, all the currently
existing methods of benzimidazole synthesis represent modifications of the reac-
tions mentioned (Balasubramaniyan et al. 1990; Grimmett 1997; Salakhov et al.
1999).

The analysis of published data has shown that the main drawback of the methods
listed was their limited use in the synthesis of benzimidazole derivatives. For
instance, for synthetic chemists it is a challenge to introduce a heterocycle into the
position 2 of benzimidazole. In addition to the methods mentioned, examples of the
formation of benzimidazole derivatives by rearrangement of heterocyclic systems
are documented. Despite the fact that the publications on these reactions are much
fewer as compared with the Phillips-Ladenburg and Weidenhagen reactions, they
are more diverse but unfortunately not general. The generalization and systemati-
zation of data published on the rearrangement reactions will considerably facilitate
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the quest of organic chemists for the methods of the synthesis of benzimidazole
derivatives inaccessible by the Phillips-Ladenburg and Weidenhagen reactions. In
this chapter, we will focus on recent advances in the synthesis of benzimidazoles
and benzimidazolones via new rearrangements of quinoxalinones when exposed to
nucleophilic reagents. However, earlier works importance will also be covered and
in many cases it will include the discussions on the mechanism of the cascades.

6.2 Synthesis of Benzimidazoles

6.2.1 Rearrangement of Quinoxalines (Historical
Background)

First example: Ogg and Bergstrom (1931) published a series of papers designed to
demonstrate possible analogies between heterocyclic systems and their acyclic and
alicyclic counterparts. Quinoxaline, for example, was described as an “ammono
glyoxal” and 2,3-diphenylquinoxaline 1 was considered to be the heterocyclic
equivalent of benzyl. In an attempt to justify this hypothesis, the authors carried out
the reaction of 2,3-diphenylquinoxaline 1 with potassium amide in liquid ammonia,
anticipating a reaction similar to the benzyl → benzilic rearrangement, which
would lead to the formation of 2,2-diphenyl-3-aminoquinoxaline 2 (Scheme 6.1).
The reaction did, in fact, lead to a new product–2-phenylbenzimidazole 3 in an
approximately 30 % yield and the recovery of about 60 % of unchanged
2,3-diphenylquinoxaline 1 (Taylor and McKillop 1965).

The formation of 2-phenylbenzimidazole 3 from 2,3-diphenylquinoxaline 1 and
potassium amide must involve the initial addition of an amide ion at the C(2)
carbon atom, as Ogg and Bergstrom (1931) had postulated, but with subsequent
ring contraction, presumably with the elimination of benzylidenimine. This would
result in the observed product 3, rather than the phenyl migration of the benzyl
acid-rearrangement type (Scheme 6.2).

Attempts to effect the ring contraction of 2,3-diphenylquinoxaline 1 to
2-phenylbenzimidazole 3 with other bases (KOH in H2O or EtOH, NaOH in
MeOH, NaH in toluene) were unsuccessful. The efficacy of KNH2 appears to be
specific.
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Second example: Quinoxaline-2,3(1H,4H)-dione 4a with 1,2-DAB dihy-
drochloride was shown to interact with the formation of the highly labile compound
6a. As a result of “ammonolysis” this compound was spontaneously dehydrated
and cyclized to form compound 7a (Scheme 6.3) (Lane 1955).

This reaction sequence has been used for the preparation of an unsymmetrically
substituted 2,2′-bibenzimidazole, since 2,3-dihydroxy-6-methylquinoxaline 4b and
1,2-DAB dihydrochloride reacted to form 5-methyl-2,2′-bibenzimidazole 7b
(Scheme 6.4) (Lane 1955).

Third example: Exposure to sunlight of a methanolic solution of
2-benzoyl-3-phenylquinoxaline di-N-oxide 8 in a Pyrex flask for 12 h, resulted in
the precipitation of 1,3-dibenzoylbenzimidazolone 9 in 70 % yield (Haddadin and
Issidorides 1967; Jarrer et al. 1976). This rearrangement can be envisaged to
involve two nitrone functions in one molecule. It is generally accepted that the
irradiation of nitrones leads to oxazirane intermediates which may undergo further
thermal and photochemical rearrangements (Krohnke 1957; Splitter and Calvin
1965; Streith and Sigwatt 1966). Hence, it is reasonable to assume that, on irra-
diation, 8 is transformed into the isomeric oxazirane A. Considering the mechanism
for the formation of 9 from oxazirane A, the authors favor intermediate B arising
from thermal heterolytic N–O bond fission of the oxirane ring, as advanced by
Splitter and Calvin (1965) for the thermal decomposition of 2,3-diaryloxaziranes.
Intermediate B, in which the positive charge on the nitrogen is delocalized by
resonance with the adjacent aromatic ring, may then be postulated to undergo
1,2-benzoyl migration to electron-deficient nitrogen giving C, the driving force for
this shift being supplied by the negative charge on the oxygen (Scheme 6.5).
Applying of this mechanism on the nitrone system at positions 3 and 4 would then
the observed product 9 by ring contraction.

Ring contraction also occurs in irradiation of quinoxaline di-N-oxide of the type
10, the product of the reaction being a 1,3-disubstituted benzimidazolone 11
(Scheme 6.6) (Jarrer et al. 1976).

Fourth example: Quinoxaline 1-oxides 12a–i, bearing a substituent at C(2), a
carbonyl at C(3), and a free hydrogen at N(4), when heated with acetic anhydride, are
transformed into l-acetyl-3-acetyl-2-benzimidazolinones or 1,3-diacetyl-2-benzimi-
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dazolones depending on the nature of substituents at C(2), C(6), and C(7) (Ahmad
et al. 1968). For example, when 3-hydroxy-2-phenyl- (12a), 7-ethoxy-3-hydroxy-
2-phenyl- (12b) and 3-hydroxy-7-methyl-2-phenyl-quinoxaline 1-oxide (12d) on
being heated with acetic anhydride under reflux for 4 h, they yield l-acetyl-3-
benzoyl-2-benzimidazolone (13a) and its 5-ethoxy- and 5-methyl-l-acetyl-3-benzoyl
derivatives 13b and 13d, respectively, which on hydrolysis with aqueous alkali lost
their acetyl and benzoyl groups and yielded benzimidazolone 16a and its 5-ethoxy-
(16b) and 5-methyl- (16d) derivatives (Scheme 6.7). 3-Hydroxy-2-(4-nitrophenyl)
quinoxaline 1-oxide 12g remained unchanged even on prolonged heating under reflux
with acetic anhydride. However, when the two reactants were heated together in a
sealed tube at 180 °C for 12 h, the products of the reaction were 1,3-diacetyl- and
l-acetyl-2(3H)-benzimidazolones 14a and 15 with 4-nitrobenzoic acid. Similarly,
2-cyano-3-hydroxyquinoxaline 1-oxide 12i failed to react with acetic anhydride
under ordinary conditions of reflux. However, in a sealed tube at 180 °C, it gave
1,3-diacetyl-2-benzimidazolone 14a as well.
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Fifth example: In every case when the 2-chloroquinoxaline 17a-c was heated
with potassium amide in liquid ammonia at low temperature, benzimidazole 19 was
formed as well as the corresponding 2-aminoquinoxalines 18a-c (Scheme 6.8)
(Lont and Van der Plas 1972). This indicates that the ring contraction is not pre-
vented by the presence of a substituent at position 3 (Me or Ph), and that it is the
carbon atom 3 in the quinoxaline ring which is eliminated. Considering the
mechanism of this ring contraction it seems likely that an initial attack of the amide
ion at position 3 takes place, which results in the intermediate 20 (Scheme 6.9)
(Lont and Van der Plas 1972).

At present, it is yet unclear whether in the course of this reaction isonitrile 21
(Scheme 6.9, route a) or iminochloride 22 (Scheme 6.9, route b) is involved. It is
tentatively suggested that this ring contraction takes the course shown below
(Scheme 6.9). The formation of a nitrile has been confirmed by the fact that with
17a it is possible to isolate benzamidine, which is probably formed by the addition
of potassium amide to benzonitrile.

It should be pointed out that with 2-chloroquinoxaline the main product is
benzimidazole, and only some 2-aminoquinoxaline is formed. Under these condi-
tions 2-bromo- (17d) and 2-iodo- (17e) quinoxaline are almost exclusively con-
verted into benzimidazole, whereas with 2-fluoroquinoxaline 17f only a trace of
benzimidazole is formed (Lont and Van der Plas 1972).

Sixth example: It has been found (Cheeseman and Rafig 1971) that hydrazi-
nolysis of quinoxalin-2(1H)-one 23 in boiling 50 % aqueous hydrazine leads to the
formation of 2-methylbenzimidazole 26. This interesting reaction has again
demonstrated the strong tendency of hydrazine to bring about ring transformation.
This is assumed to occur by an initial addition of hydrazine at the C=N bond of 24,
thus the 3,4-addition analogues to addition reactions in 6- and 7-oxopteridines with
nucleophilic reagents (Albert and McCormack 1965). As indicated, the ring
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contraction into 25, and the reductive conversion of the –HC=N–NH2 into a methyl
group by a Wolff–Kishner type process, together with dehydration, gives 26
(Scheme 6.10).

Seventh example: Photolysis of the quinoxalin-2-ylcarbamate N-oxides 27 and
28 in various solvents (e.g., methanol) gives the benzimidazol-2-ylcarbamates 30
and 31. Under acidic conditions the 1-oxide 27 yields the isonitrile 29
(Scheme 6.11) (Burrell et al. 1973).

Eighth example: A further case of ring contraction has been reported on the ther-
molysis of 2-azidoquinoxaline 1-oxide 32 when 2-cyano-1-hydroxybenzimidazole
33 is formed (Scheme 6.12) (Abramovitch and Cue 1973).

Oxidation of 2-phenylquinoxaline 4-oxide 34 with a 30 % aqueous hydrogen
peroxide in acetic acid (Hayashi and Iijima 1962) or formic acid (Ahmad et al.
1966) gives the 1,4-dioxide, which on reduction with sulfurous acid in methanol
yields 2-phenylquinoxaline 1-oxide. However, treatment of the 4-oxide 34 with a
30 % aqueous hydrogen peroxide in methanol and the presence of potassium
hydroxide furnishes 2-phenylbenzimidazole 3-oxide 35. This is a general reaction
of 2-alkyl- and 2-alkoxyquinoxaline 4-oxide (Scheme 6.13) (Hayashi and Miura
1967).

As evident from the above eight examples of rearrangement of quinoxaline
derivatives, the first two and the sixth lead to the 2-substituted benzimidazoles, and
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the third and fourth result in the N-substituted benzimidazolones. All of them except
the last one are special cases, i.e., implemented as the special representatives of the
benzimidazole derivatives. As for the fourth example, the possibility of this reaction
is limited to the synthesis of the derivatives of benzimidazolones with substituents
only on the benzene ring. As a result of rearrangement they are eliminated as
substituents at position 3 of the starting compounds. Thus, none of these methods of
the synthesis of benzimidazole derivatives can compete with the classical
Phillips-Ladenburg and Weidenhagen reactions.

6.2.2 Principles of the Method

Quinoxalin-2(1H)-ones 37 can be converted into substituted benzimidazoles 40
following the reaction sequence, first reported in 2000 (Kalinin et al. 2000, 2007;
Mamedov et al. 2004, 2008a, 2010a), and shown in Scheme 6.14. Firstly, 3-(α-
chloro (or bromo)benzylquinoxalin-2(1H)-ones 36 are oxidized with the Kornblum
type reactions (Mamedov et al. 2002, 2014a; Gorbunova and Mamedov 2006) or
the direct oxidation of 3-benzyl (or alkyl) quinoxalin-2(1H)-ones 36 with the help
of CrO3 in acetic acid with water (Mamedov et al. 2005a; Kalinin et al. 2007) to
give 3-aroyl- or 3-alkanoylquinoxalin-2(1H)-ones 37. 3-Aroyl- or 3-alkanoyl-
quinoxalin-2(1H)-ones 37 react with 1,2-DABs 5 to give the spiro-quinoxalinone
derivative 38. The spiro-quinoxalinone derivative 38 is then heated in acetic acid to
give the benzimidazole derivative 40 through the proceeding cascade reactions
involving: a) acid-catalyzed ring-opening of spiro-compound 38 with the formation
of quinoxaline derivative 39, b) the intramolecular nucleophilic attack by the amino
moiety on the carbonyl group leading to the formation of the final product 40 with
the elimination of water. Practically for every case the spiro-compound 38 can be
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isolated and individually characterized, but the quinoxaline derivative 39 is only
rarely isolated. The sequence is thus based on the combination of the following
facts:

(i) The presence of the carbonyl group at position 3 of quinoxalin-2(1H)-ones 37,
according to the principle of Ogg and Bergstrom (1931) allows to consider
them as the hetero analogues of α-diketones.

(ii) The susceptibility of these systems to the reactions of the usual α-diketones,
according to the Hinsberg reaction (Hinsberg 1884) involves
spiro-quinoxaline derivatives with at least one mobile hydrogen atom in the
spiro-forming component (Kalinin et al. 2000, 2007; Mamedov et al. 2004,
2006, 2008a, 2010a).

(iii) The susceptibility of the spiro-quinoxaline derivatives 38 to the acid-catalyzed
ring-opening with the formation of quinoxaline derivatives 39, and the
intramolecular ring-closure reaction with the formation of benzimidazole
derivatives 40.

In the reactions discussed above aroyl- and alkanoylquinoxalinones were dealt
with as heteroanalogues of α-diketones. Following this line of thought, assume the
3-(α-haloalkyl)- and 3-(α-halobenzyl)quinoxalin-2(1H)-ones, 3-(α-aminobenzyl)
quinoxalin-2(1H)-ones and 3-arylacylidene-3,4-dihydroquinoxalin-2(1H)-ones to
be analogues of α-haloketones, α-aminoketones and β-diketones, respectively.

6.2.3 Advantages of the Method

The present method for the synthesis of substituted benzimidazoles starting from
quinoxalin-2(1H)-one derivatives has the following characteristics or distinct
advantages over the previously used routes (the Phillips-Ladenburg and the
Weidenhagen reactions) or their many variations.

(A) First, the acid-catalyzed rearrangement of spiro-quinoxalinone derivative 38
through the o-aminoanylide quinoxaline 2-carboxylic acid 39 requires a milder
reaction condition and provides almost quantitative yields of benzimidazole
derivative 40 (Scheme 6.14) than do the most popular approaches generally
involving the condensation of an arylenediamine with a carbonyl equivalent
(Scheme 6.15). For example, the reaction of 1,2-DABs with carboxylic acid or
acid chloride results in intermediate amide 43. In order to produce benzimi-
dazole 46 the latter in turn could undergo a cyclodehydration reaction at
elevated temperatures under strong acidic or alternatively under harsh dehy-
drating conditions, often, (Scheme 6.15, route a). Similarly, esters, lactones,
and anhydrides could generate benzimidazoles via the cyclization of amide 43,
although given the rather harsh reaction conditions required and the poor
diversity profile of the final products their scope might be limited. For
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instance, the reaction of 1,2-DABs with aliphatic esters and lactones involves
the use of strong mineral acids such as hydrochloric acid, sulfuric acid, hot
glacial acetic acid, or polyphosphoric acid under very high temperatures, i.e.,
conditions not fully compatible with a broad range of functional groups and
desirable substrates. Aromatic esters require temperatures up to 250–300 °C,
thus rendering the synthesis of 2-arylbenzimidazoles almost impractical (Gray
1970). However, the reaction of aromatic esters with 1,2-DABs under the
Weinreb conditions could provide access to 2-arylbenzimidazoles (Hudkins
1995). In the class of acid anhydrides of monobasic acids, only acetic anhy-
dride has been practically used in the preparation of 2-methylbenzimidazoles.
Cyclic anhydrides of dibasic acids have also been used in the synthesis of
benzimidazoles, although high temperatures and strong acids are usually
necessary to convert the intermediate N-(o-aminophenyl)-imide into the
desired benzimidazole (Balasubramaniyan et al. 1990; Salakhov et al. 1999).
In addition, a mixture of regioisomeric benzimidazoles could result from the
reaction of nonsymmetric anhydrides with arylenediamines.
In the presence of HCl the reaction of 1,2-DABs with amides (Von
Niementowski 1897) and nitriles (Hölljes and Wagner 1944) at 200–250 °C
could also afford 2-substituted benzimidazoles with the general structure 46
via the cyclization of intermediate amidine 44a (Scheme 6.15, route b).
Alternatively, upon the formation and subsequent cyclization of amidine 44a
under milder conditions (King and Acheson 1949) the reaction of 1,2-DABs
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with an imidate could afford benzimidazole 46 as well. Although the imidate
route could provide access to a diverse set of 2-substituted benzimidazoles
starting from several commercially available aliphatic and aromatic nitriles,
the hydroscopic nature of the intermediate imidates might be of concern,
particularly in a high throughput setup. The palladium-catalyzed intramolec-
ular N-arylation reaction of the o-bromophenylamidine precursors of type 44b,
resulting from the assisted POCl3 condensation of bromoaniline 41 and an
amide, has been recently developed providing entry to N-substituted benz-
imidazoles with the general structure 47 (Brain and Brunton 2002; Brain and
Steer 2003). Despite the somewhat harsh conditions required to generate the
intermediate amidine precursors, this method successfully addresses the
regioselective synthesis of N-substituted benzimidazoles which currently
constitutes a limitation of many other approaches.
Aldehydes and, to a lesser extent, ketones can also afford benzimidazoles
when condensed with 1,2-DABs (Scheme 6.15, route c). Although the reaction
of ketones with 1,2-DABs in the presence of HCl at 250–300 °C can yield
benzimidazole 46 by the aromatization of intermediate benzimidazoline 45a,
their use has been rather limited (Elderfield and Kreysa 1948; Wright 1951).
Furthermore, since the aromatization of benzimidazoline 45a occurs via the
elimination of an alkyl group, a mixture of benzimidazoles could result from
nonsymmetric ketones. Alternatively, aldehydes have been used more exten-
sively in the preparation of 2-substituted benzimidazoles according to the
Weidenhagen’s method (1936). For example, condensation of 1,2-DABs with
an aldehyde, followed by the oxidation of the intermediate benzimidazoline
45b could afford benzimidazole 46 as well. While the oxidation can proceed
spontaneously by disproportionation, this can lead to the occurrence of side
products. Oxidative methods usually require heating in nitrobenzene or DMF
at elevated temperatures, as well as the use of metal ions, iodine, organic
oxidants, or inorganic sulfites when heated (Beaulieu et al. 2003). However,
one mild set of oxidation conditions utilizing oxone has been recently
described for the synthesis of N-substituted and N–H benzimidazoles
(Beaulieu et al. 2003).
A method which could be a viable alternative to the widely used 1,2-DAB
based synthetic methods, although according to their knowledge, not studied
in depth to date employs the reductive cyclization of N-benzylidene-
2-nitroanilines 48 (R2 = Ar), prepared from o-nitroaniline 42 and benzalde-
hydes (Scheme 6.15, route d). Triethylphosphite (Cadogan et al. 1970),
triruthenium dodecacarbonyl (Tollari et al. 1994) in the presence of carbon
monoxide, and recently, phenylmagnesium chloride (Dohle et al. 2003) have
been successfully utilized as the reducing agents for this transformation. The
reaction presumably proceeds via an in situ aryl nitro reduction, followed by
an intramolecular cyclization (Sundberg 1965; Sundberg and Yamazaki 1967;
Dohle et al. 2003), to afford benzimidazole 46 (R2 = Ar). Even though this
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strategy could obviate the preparation and isolation of the intermediate
1,2-DABs, especially those that are known to be water-soluble or prone to
air-oxidation, it would still require the preparation and isolation of the cor-
responding N-benzylidene-2-nitroanilines 48 prior to subjecting them to
cyclization conditions.

(B) Second, the synthesis of substituted benzimidazoles can be accomplished
starting from the quinoxalin-2(1H)-one derivative 36 easily available with the
use of various preparatively simple ways under mild conditions from corre-
sponding substituted 1,2-DABs and pyruvates. In doing so as a result of the
rearrangement substituents of the benzene ring of quinoxaline system
appeared to be on the benzene ring of the benzimidazole ring. As a result of
the rearrangement the substituent R2 at position N(1) of the quinoxalin-2(1H)-
one system transfer to the N atom of benzimidazole system.

(C) The route 36–40 clearly shows that a benzyl (or haloalkyl) group can be
converted (by use of the Kornblum reaction) into a ketone group. Thereby
compound 37 is due to the imine group and the newly introduced ketone group
is formally converted into the hetero analogue of α-diketone, necessary for the
synthesis of quinoxaline by the Hinsberg reaction (Hinsberg 1884, 1887).

(D) As can be seen from the reaction depicted in Scheme 6.14, the key step in this
case is the formation of spiro-compound 38. As a result of the cascade reaction
this compound is transformed into a benzimidazole derivative 40, containing a
heterocyclic system. This system acts as a spiro-fragment in the intermediate
compound 38. The result makes it possible to propose the main principle for
this rearrangement. Any of the spiro-derivatives of 1,2,3,4-tetrahydro-
quinoxalin-3-one with at least one mobile hydrogen atom in their spiro-
forming components can be converted into the benzimidazole derivative with
the spiro-forming component at position 2 (Scheme 6.16) (Mamedov et al.
2010b, 2011a).

(E) The understanding of the reaction mechanism makes it possible for them to
make a bold assumption. As can be seen from Fig. 6.3, all the reactions of
aroyl- and alkanoylquinoxalines when interacting with 1,2-DABs at the initial
stage behave as hetero analogues of α-diketones, that is, as iminoketones (see
Sects. 6.4 and 6.10). Then there arises the problem, why other quinoxaline
derivatives with certain substituents do not behave like α-haloketones 49 (see
Sect. 6.5), β-diketones 50 (see Sect. 6.6), α-aminoketones 51 (see Sect. 6.7),
methyl ketones 52 (see Sect. 6.8), aromatic o-aminoaldehydes (or ketones) 53
(see Sect. 6.9), etc.
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6.3 Synthesis of 2-(Benzimidazol-2-yl)quinoxalines
with no Use Rearrangements

6.3.1 Gold Catalysis for Synthesizing 2-(Benzimidazol-2-yl)
quinoxaline Derivatives from Glycerol
and 1,2-Diaminobenzenes

Methods for the synthesis of these hetarylquinoxalines are limited. An option
involves the reaction of the 1,2-DAB 5a with 3-hydroxyimino-2-butanone 54 and
bromine in a one-pot reaction (Scheme 6.17, Eq. 1) (Sarodnick and Kempter 1983).
Another possibility is to react 1,2-DABs 5a–g with quinoxalin-2-carboxylic acid
56, but this synthetic route needs to be performed in a polyphosphoric acid media at
200 °C (Scheme 6.17, Eq. 2) (Mizutani et al. 1994; Novellino et al. 2005). A third
route is to react the 1,2-DAB 5a with quinoxalin-2-carboxaldehyde 58 in benzene at
reflux temperature (Scheme 6.17, Eq. 3) (Lippmann and Shilov 1984). In all three
cases, the yield of the target product remains very low.

A gold catalyst (Au/CeO2) was used to synthesize benzimidazolylquinoxalines
by two novel methods in a multistep one-pot methodology (Climent et al. 2013).
The first method involved the oxidative coupling of glycerol 60 with 1,2-DAB 5a
performed at 140 °C using diglyme as a solvent and lead to the benzimida-
zolylquinoxaline compound 63a through the formation of intermediates 61a and
62a (Scheme 6.18). In this case, the benzimidazolylquinoxaline possesses the same
substituents in both heterocycles. Then, with the aim to expand the synthetic scope,
an alternative route that allows combining different substituents in both
heteroaromatic moieties was designed.
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However, at the beginning of the reaction, the quinoxalin-2-ylmethanol 61a,
formed by oxidative coupling between glycerol 60 and 1,2-DAB 5a, and the 1-(1H-
benzo-[d]imidazol-2-yl)ethane-1,2-diol 62a, which could be produced through the
oxidation of one of the primary alcohol groups of glycerol and subsequent coupling
with 1,2-DAB 5a, were the predominant products (Scheme 6.18). Both compounds
(61a and 62a) exhibited a primary and unstable character and after 1 h of reaction,
the concentrations of both intermediates began to decrease, which was caused by
their conversion into 2-(1H-benzo[d]imidazol-2-yl)quinoxaline 63a, produced
through oxidation-cyclization of 61a and 62a with another 1,2-DAB molecule 5a.
Other by-products such as 1H-benzo[d]imidazole 64a, quinoxaline 65a, (1H-benzo
[d]imidazol-2-yl)methanol 65a and 1H,1′H-2,2′-bibenzo[d]-imidazole 66a were
also detected in the reaction media (Scheme 6.19).

The proposed mechanism (Scheme 6.19) of the processes involves the oxidation
of glycerol 60 to glyceraldehyde 68 and subsequently to the dicarbonyl compound
69. Both compounds can condense with 1,2-DAB to produce the imine interme-
diates 70 and 71, with 70 converted into product 71 by fast oxidation of the
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remaining hydroxyl group. Later, product 71 follows a condensation reaction to
yield hydroxymethylquinoxaline intermediate 61, which can be further oxidized to
2-carboxaldehydequinoxaline 72, which couples with another molecule of 1,2-DAB
to reach the benzimidazolylquinoxaline derivative 63. Moreover, the imine inter-
mediate 71 can result in the dihydroxybenzimidazole intermediate 62, which
through a subsequent oxidative coupling with 1,2-DAB produces the benzimida-
zolylquinoxaline derivative 63. On the other hand, the formation of the by-products
detected by gas chromatography could be explained by the oxidative cleavage of
glycerol 60, glyceraldehyde 68, the dihydroxybenzimidazole intermediate 62, and
the α-hydroxycarbonylbenzimidazole intermediate 73 into different carbonyl
compounds such as 73, 74, 75, and 76. This is followed by the coupling with
1,2-DAB to produce the by-products 64, 65, 66, and 67 through cyclization in
minor amounts.

As can be seen in Scheme 6.20, good yields to benzimidazolylquinoxaline
derivatives were obtained. However, with electron-withdrawing substitutents such
as nitro, chloro or nitrile groups, the yields of quinoxaline derivatives were slightly
lower with respect to those of 1,2-DAB or with respect to 1,2-DABs with
electron-donating substituents such as methyl and methoxy. Besides that in all these
cases the reactions proceed with the formation of regioisomers of
benzimidazolylquinoxalines.

To develop a method for the synthesis of the 2-benzimidazolylquinoxaline
derivatives with different substituents in the benzimidazole and quinoxaline frag-
ments the conditions for the formation of the assumed intermediate products of the
reaction, namely hydroxymethylquinoxaline 61a, 1-(1H-benzo[d]imidazol-2-yl)
ethane-1,2-diol 62a, and its protected derivative 80 were investigated
(Scheme 6.21) (Climent et al. 2013).

After optimization of the reaction conditions with the different substrates, the
results presented in Scheme 6.22 revealed that only the reaction between glycer-
aldehyde and 1,2-DAB (Scheme 6.21, route c) in the presence of Au/CeO2, oxygen
pressure, and at room temperature, produced the benzimidazole intermediate 62
with high selectivity with complete conversion. Therefore, the synthesis of the
benzimidazole intermediate from glyceraldehyde and 1,2-DAB derivative was
chosen as the optimum first step of the reaction.
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glycerol with Au/CeO2 as a catalyst

358 6 Rearrangements of Quinoxalin(on)es for the Synthesis …



This second process involves two sequential steps with very different reaction
conditions. In the first one, glyceraldehyde is coupled with an 1,2-DAB derivative
in the presence of Au/CeO2 to produce the intermediate 62 under very mild reaction
conditions (room temperature, 3 bar O2, and water as a solvent). Once the complete
conversion of glyceraldehyde is achieved, a solution of the second 1,2-DAB
molecule 5d in diglyme is added, and the temperature is increased to 140 °C while
the water is removed by a Dean-Stark system. The main product observed under
these conditions is the benzimidazolylquinoxalines 63g (Scheme 6.22), which is
formed by oxidative coupling between the intermediate 62 and the 1,2-DAB
molecule 5d (Climent et al. 2013). Both routes were applied to the synthesis of
different benzimidazolylquinoxaline derivatives, which were obtained in yields
between 60 and 80 %.

As can be seen from the reaction mechanism (Scheme 6.23) and from the data in
the Scheme 6.20, this method cannot be used effectively in the case of the synthesis
of substituted derivatives of 2-benzimidazolylquinoxalines, as the reactions of
mono-substituted derivatives of 1,2-DAB proceed with the formation of the mix-
tures of regioisomers, which is difficult to separate. The problem is further com-
plicated when using the diversely-substituted derivatives of 1,2-DAB. The use of
expensive (Au) and environmentally unsafe (CeO2) catalyst also limits the possi-
bilities of this method.
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6.3.2 Synthesis of Quinoxalines and 2-(Benzimidazol-2-yl)
quinoxalines via the Isocyanide Based
Multicomponent Reactions (IMCRs)

IMCRs are viewed in many areas as a principal field of study for the generation of
both new chemotype diversity and preferred methodologies to afford known
heterocycles (Hulme and Gore 2003; Dömling 2006; Hulme and Dietrich 2009; El
Kaim and Grimaud 2009; Banfi et al. 2010; Xu et al. 2012a, b). Specifically, the
venerable Ugi reaction, Scheme 6.24, has proved extremely versatile in enabling
access to libraries of small molecules through a variety of strategies that encompass
post-condensation modifications of the Ugi adduct and exploitation of the “diversity
of nucleophiles” able to trap out the intermediate “nitrilium ion” of the Ugi reaction
in both intra- and intermolecular modalities. Efforts by several groups have seen
concise methodologies developed that enable access to diazepines (Hulme et al.
1998a; Huang et al. 2012), ketopiperazines (Hulme et al. 1998b, c), imidazolines
(Hulme et al. 1999), β-lactams (Hulme et al. 2000a) and hydantoins, to name but a
few (Hulme et al. 2000b; Pakornwit and Krasivan 2014). As such, the synthetic
routes fall into the realm of UDC methodology (Ugi/Deprotect/Cyclize) where the
final ring closing event is mediated through amide bond formation (Hulme and
Gore 2003; Xu et al. 2012a).

When 3-bromophenyl glyoxaldehyde 82 and N-Boc-(4,5-dimethyl)-1,2-DAB 5k
were used instead of amine and aldehyde components in the above reaction the
process proceeded smoothly in methanol at ambient temperature resulting in the
Ugi adduct 84 in a 70 % yield (Scheme 6.25). The simple TFA treatment of 84
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delivers 85a in good yield, representing the first reported synthesis of quinoxalines
derived in one step from the Ugi reaction, postulated to proceed in an unexpected
fashion through intermediates 86 and 87 (Scheme 6.26) with the loss of a benzoyl
(Hulme et al. 1998a; Huang et al. 2012). Interestingly, the final product is signif-
icantly different from its Ugi precursor and as such, the methodology provides a
unique opportunity to rapidly access such a diversity space.

One-pot procedure translated into a higher overall yield of 85a (46 %) when
compared to that of the two-step process (34 %) (Scheme 6.26) (Ayaz et al. 2014).

Exploring the scope of the reaction, various aldehydes, 1,2-DABs and isonitriles
were used to furnish a set of diversified quinoxalines and gratifyingly, the trans-
formation worked equally well for all inputs (Scheme 6.27) (Ayaz et al. 2014).
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Using the same reaction conditions, it was envisioned that the use of isonitrile 86
(o-N-Boc-phenylisonitrile) (Gunawan et al. 2012) would facilitate access to
2-benzimidazolylquinoxalines 88. The Ugi reaction proceeded smoothly and upon
microwave irradiation of Ugi products 87 with a 20 % TFA/DCE,
2-benzimidazolylquinoxalines 88a–c were obtained in good yield (Scheme 6.28)
(Ayaz et al. 2014). 2-Benzimidazolylquinoxaline products 89 were observed when
utilizing bulky o-substituted aromatic acids which had retained the benzoyl group
through an internal acyl-transfer from the nitrogen derived from the original Ugi
amine input to the adjacent benzimdazole.

Low yields of the desired products (39–49 % in the cases of quinoxaline
derivatives, and 37–46 % in the case of 2-benzimidazolylquinoxalines) and the
limited availability of mono- and diversely-substituted derivatives of o-N-
Boc-phenylisonitrile 86 and N-Boc-1,2-DAB limits the possibility of using this
approach to the synthesis of variously substituted by quinoxaline and benzimida-
zole bicyclic derivatives of quinoxalines and 2-benzimidazolylquinoxalines.
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6.4 Synthesis of 2-Hetarylquinoxalines
via Rearrangements (Use of 3-Aroyl-, 3-Alkanoyl-
and 3-Hetaroylquinoxalin-2(1H)-ones as Analogues
of α-Diketones)

6.4.1 Synthesis of 2-(Benzimidazol-2-yl)quinoxalines
and Their Aza-Analogues

One of the common reactions of α-diketones in the chemistry of heterocycles is the
Hinsberg reaction (Hinsberg 1884), i.e., the synthesis of quinoxalines by the
interaction of 1,2-DABs with α-dicarbonyl compounds.

Thus a series of reactions according to Hinsberg were carried out.
The reaction of quinoxalin-2-one 37a (the schematical presentation of the 3-aroyl-,

3-alkanoyl- and 3-hetaroylquinoxalin-2(1H)-ones as analogues of α-diketones has
been shown in Sect. 6.2.3(E) (see Fig. 6.3, structure 37)) with 1,2-DAB 5a in boiling
acetic acid leads to the corresponding 2-benzimidazolylquinoxaline 40a in a 97 %
yield (Scheme 6.29) (Kalinin 2000; Kalinin et al. 2000).

Tables 6.1 and 6.2 show that a variety of quinoxalinones 37a-r and 1,2-DABs 5a,
d, h are compatible with these reaction conditions, with diverse 2-benzimidazolyl
substituted quinoxalines in good yields. The reactions of 3-phenylacetylquinoxalin-2
(1H)-one 37gwith 3,4-diaminotoluene 5d, or 4-nitro-1,2-DAB 5h, produce amixture
of two isomers in almost equal amounts (Table 6.2) (Mamedov et al. 2008a; Saifina
2009), as evident from the 1H NMR spectra of the crude products.

This is due to the fact that the probability of an initial attack of the amino group
on the C(3) atom of the quinoxalin-2(1H)-one system and on the aroyl- or alkanoyl
group during the rearrangement is approximately the same (Table 6.1) (Kalinin
et al. 2000, 2007; Mamedov et al. 2004, 2008a, 2010a).

As can be seen from Table 6.1, it makes no difference for the reaction whether or
not there is a substituent of quinoxalin-2(1H)-ones at position 1. The same process
is successful with N-alkylated derivatives of quinoxalin-2(1H)-ones, producing N-
alkylated derivatives of benzimidazole as well. All these reactions proceed with the
formation of 2-(benzimidazol-2-yl)quinoxalines almost in quantitative yields.

The reaction proceeds with the compounds with two quinoxalin-2(1H)-one
fragments in their composition, as well and there is no difference, what kind of
spacer connects these two fragments. In all cases the reactions proceed smoothly
with the formation of benzimidazole-monopodands with the terminal quinoxaline
fragments (Table 6.3) (Mamedov et al. 2006; Kalinin et al. 2007; Isaykina 2007).
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Ph

O
NH2

NH2
N
H

N

N

N
Ph

+

37a 5a 40a (97%)

AcOH,
reflux

- 2H2O

Scheme 6.29 Rearrangement
of 3-benzoylquinoxalin-2
(1H)-one
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While the reaction of 1,5-bis(3-benzoyquinoxalin-2(1H)-on-1-yl)pentane 93f
with the 3,4-diaminotoluene 5d was carried out under the same conditions the
formation of a single product mainly the benzimidazole-monopodand 94f with the
terminal quinoxaline systems in a 77 % yield actually occurs (Scheme 6.30)
(Mamedov et al. 2006).

These systems contain methyl groups at C(6) and C(7′), and not at the C(6), C
(6′) and C(7), C(7′) positions. This indicates that the probability of an initial attack
on the amino group on the C(3) atom or on the benzoyl group is roughly the same.
Otherwise, the formation of three products of rearrangement could be observed in
approximately equal amounts.

The use of pyrido[2,3-b]pyrazin-3(4H)-ones 95 instead of quinoxalinones 37 in
the rearrangement considered here makes it possible to synthesize aza-analogues of
benzimidazoles–1H-imidazo[4,5-b]pyridines 96 which are not easily accessible by
classical Phillips-Ladenburg (Ladenburg 1875; Phillips 1928a, b; Ogg and
Bergstrom 1931; Preston 1974; Hudkins 1995; White et al. 2000) and Weidenhagen
(1936) (Tollari et al. 1994; White et al. 2000; Beaulieu et al. 2003; Kim et al. 2002;

Table 6.1 Acid-catalyzed rearrangement of quinoxalin-2-ones when exposed to 1,2-DAB 5a

N

N

O

R2

O

R1

NH2

NH2
N

N

R1
N

N
R2

+

37 5a 40

AcOH, reflux

- 2H2O

Entry Substrate R1 R2 Product Yield (%) Reference

1 37b H C6H4F-4 40b 94 Mamedov et al. (2010a)

2 37c H C6H4Cl-4 40c 97

3 37d H C6H4Br-4 40d 95

4 37e H C6H4I-4 40e 93

5 37f H C6H4NO2-4 40f 92

6 37g H CH2Ph 40g 81 Mamedov et al. (2008a)

7 37h H CH2CH2Ph 40h 87

8 37i H n-Pr 40i 82

9 37j H Me 40j 72 Kalinin et al. (2007)

10 37k Et Me 40k 99

11 37l Me Ph 40l 81 Mamedov et al. (2004)

12 37m Et Ph 40m 79

13 37n n-Pr Ph 40n 87

14 37o n-Bu Ph 40o 87

15 37p n-Pent Ph 40p 86

16 37q CH2Ph Ph 40q 56

17 37r COMe Ph 40r 81
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Table 6.2 Acid-catalyzed rearrangement of quinoxalin-2-ones when exposed to
3,4-diaminotoluene 5d and 4-nitro-1,2-DAB 5h

NH2

NH2

N
H

N

N

N
R1

+

5

91

- 4H2O

R2

R2 N
H

N

N

N
R1

R292

+

AcOH,
reflux

N
H

N

O

R1

O

37

Entry 37 R1 5 R2 Products (yield) Reference

1 37a Ph 5d Me 91a + 92a
(82 %)

Mamedov et al. (2004)

2 37g CH2Ph 5d Me 91b + 92b
(34 %) (44 %)

Mamedov et al. (2008a)

3 36a Ph 5h NO2 91c + 92c
(39 %) (44 %)

Mamedov et al. (2004)

4 36b C6H4F-4 5h NO2 91d + 92d
(47 %) (38 %)

Mamedov et al. (2010a)

5 36c C6H4Cl-4 5h NO2 91e + 92e
(42 %) (36 %)

6 36d C6H4Br-4 5h NO2 91f + 92f
(45 %) (43 %)

7 36e C6H4I-4 5h NO2 91g + 92g
(44 %) (45 %)

9 36g CH2Ph 5h NO2 91h + 92h
(36 %) (49 %)

Mamedov et al. (2004)

Table 6.3 Preparation of the symmetric benzimidazole-monopodands

X
N N

N N

Ph O O Ph

OO

n

93
AcOH,
reflux 94

X
N Nn NN

N
NN

N

PhPh

5a

NH2

NH2

Entry Substrate X n Product Yield (%)

1 93a O 1 94a 80

2 93b O 2 94b 75

3 93c CH2 1/3 94c 69

4 93d CH2 4/3 94d 72

5 93e CH2 8/3 94e 73
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Scheme 6.30 Preparation of
the nonsymmetric
benzimidazole-monopodand
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Elchaninov and Elchaninov 2014) reactions. The formation of 2-(1H-imidazo[4,5-
b]pyridin-2-yl)-3-arylquinoxalines 96a–d from pyrido[2,3-b]pyrazin-2(1H)-ones
95a–d and 1,2-DAB 5a proceeds in AcOH under reflux for 35–47 h. It should be
noted, that carrying out the reaction with refluxed AcOH for 3 h leads to the
formation of 2-amino-3-azaanylide quinoxaline 3-phenyl-2-carboxylic acids 97.
This has been illustrated by the reaction of 2-(1H-imidazo[4,5-b]pyridin-2-yl)-
3-phenylquinoxaline 95a and 1,2-DAB 5a (Table 6.4) (Mamedov et al. 2010a).

Compounds 96a–d, in contrast to the compounds 40a–d with the benzimidazole
system in the investigated solutions of DMSO-d6 exist as a tautomeric mixture of
96a–d ⇄ 96′a–d, resulting in the dissymmetric 1H-imidazo[4,5-b]pyridine system
(Fig. 6.4). Benzimidazoles as imidazoles with a ring N-hydrogen are subjected to
tautomerism, which becomes evident in unsymmetrically substituted compounds
(Joule and Mills 2010b). In the cases of imidazo[4,5-b]pyridines 96a–d the dis-
symmetry was caused by the nitrogen atom of the pyridine ring.

Table 6.4 Synthesis of 2-(1H-imidazo[4,5-b]pyridin-2-yl)-3-arylquinoxalines

N

N
H

N

N

NN

N
H

N

O
5a

AcOH,
reflux

- 2H2O

9695
AcOH (reflux, 3 h)
or pyridine (reflux, 6 h)

N NH2

H
N

O

N

N

Ar

AcOH,
reflux

97

Ar

- H2O

- H2O

NH2

NH2

+O

Ar

Entry Substrate Ar Product Yield (%)

1 95a Ph 96a 69

2 95b C6H4F-4 96b 44

3 95c C6H4Cl-4 96c 41

4 95d C6H4Br-4 96d 43

5 95a Ph 97a 64a, 72b

6 97a Ph 96a 84
aObtained in refluxing pyridine
bObtained in refluxing AcOH

N

N
H

N

N

N
Ar

N

N

H
N

N

N

1

3
4

1

3

7

2-(1H-imidazo[4,5-b]pyridin-2-yl)-
3-arylquinoxalines

2-(1H-imidazo[5,4-b]pyridin-2-yl)-
3-arylquinoxalines

96a-d 96'a-d

ArFig. 6.4 Tautomerism in
imidazopyridines
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6.4.2 Synthesis of 2,3-Bis(benzimidazol-2-yl)quinoxalines

Obviously, it is not a simple task to obtain high results in the synthesis of hetero-
cyclic systems with two directly connected benzimidazole fragments with the known
methods [by Phillips-Ladenburg (Ladenburg 1875; Phillips 1928a, b; Preston 1974;
Hudkins 1995; Grimmett 1997; White et al. 2000) and Weidenhagen (Weidenhagen
1936; Tollari et al. 1994; White et al. 2000; Kim et al. 2002; Beaulieu et al. 2003;
Elchaninov and Elchaninov 2014) reactions]. At least twice as many
labor-consuming classical methods of the synthesis of benzimidazoles are involved.

It should be pointed out that there is only one paper (Kanoktanaporn et al. 1980) in
which the formation of 2,3-bis(benzimidazol-2-yl)quinoxaline 100a as a by product
in the reaction of tetrachloropyridazine 98 and 1,2-DAB 5a inN-methylpyrroldone at
115 °C for 17 h is described (Scheme 6.31). The yield of the main product of this
reaction 5,6,7,8,13,14-hexaazapentaphene 99 obtained as a free base after treatment
of the corresponding hydrochloride with aqueous sodium hydroxide is 15 %. The
yield of the by-product–2,3-bis(benzimidazol-2-yl)quinoxaline 100a has not been
given in this paper. Therefore this method cannot be used, as a preparative one for the
synthesis of 2,3-bis(benzimidazol-2-yl)quinoxalines. The synthesis of other hetero-
cyclic systems with two benzimidazole fragments cannot be used either.

It was proposed that the quinoxaline residue of the product 100a was formed by
the initial nucleophilic attack on position 4 and 5 of tetrachloropyridazine 98 by
1,2-DAB, then the aerial oxidation, giving an intermediate 1,4-dichloropyridazino
[4,5-b]quinoxaline 101 which might react with two more molecules of 1,2-DAB to
give the pyridazine-ring-opened system 100a (Scheme 6.32).

As can be seen from the above data (Sect. 6.4.1), the rearrangement proceeds
very well with different aroyl- and alkanoyl- derivatives of quinoxalinones and as a
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Scheme 6.31 The reaction of
tetrachloropyridazine and
1,2-DAB
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result various benzimidazole derivatives are obtained. A further exploration of this
strategy led them to examine how this rearrangement would proceed, if
3-heteroaroylquinoxalin-2(1H)-ones are used instead of alkanoyl- or
aroylquinoxalin-2(1H)-ones. Among heteroaroyl groups the benzimidazoyl group
was of primary interest for them since on the one hand, the successful course of the
reactions of the 3-(benzimidazo-2-yl)quinoxalin-2(1H)-one (Kurasawa et al. 1985a)
with 1,2-DABs opens up a new and effective way to obtain 2,3-bis
(benzimidazol-2-yl)quinoxaline derivatives. The latter are inaccessible by any other
known methods of constructing the benzimidazole system. On the other hand, this
could prove whether the interaction of 3-(benzimidazo-2-yl)quinoxalin-2(1H)-one
with 1,2-DAB dihydrochloride results in the benzodiazepine derivative, as previ-
ously cited in the literature (Kurasawa et al. 1985a) (Scheme 6.33).

Kurasawa in his work (1985a) showed that the reaction of 3-benzimidazoyl-
quinoxalinone 37 s with 1,2-DAB dihydrochloride in boiling acetic acid resulted a
benzodiazepine derivative 102 (Scheme 6.33).

Since this is contrary to the above findings on the reactions of aroylquinoxalin-2
(1H)-ones with 1,2-DAB (Kalinin et al. 2000, 2007; Mamedov et al. 2004, 2006,
2008a, 2010a; Hassner and Namboothiri 2012), it was decided to examine the
results described in paper (Kurasawa et al. 1985a). With this intent it had been

NH2

NH2
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N 2. 10% aq. NaOH

N NH
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N

N
H

N

37s 102

NHN 1. 2HCl

Scheme 6.33 The interaction of 3-benzimidazoylquinoxalin-2(1H)-one 37s with 1,2-DAB
dihydrochloride as described in literature (Kurasawa et al. 1985a)
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Scheme 6.34 The general scheme of the synthesis of 3-benzimidazoylquinoxalin-2(1H)-one 37s
starting with quinoxalin-2(1H)-one derivative 103 according to the references (Kurasawa et al.
1984, 1985a, b; Kurasawa and Takada 1980). The geometry of C=C double bond for quinoxaline
derivative 107 is strongly supported by Gauge-Independent Atomic Orbital Calculations
(Mamedov et al. 2014b)
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planned to synthesize 3-benzimidazoylquinoxalinone according to the following
Scheme 6.34 developed by Kurasawa (Kurasawa et al. 1984, 1985a, b; Kurasawa
and Takada 1980).

As can be seen from Scheme 6.34 at the very first stage compound 103 was
allowed to react with the Vilsmeier reagent [DMF-POCl3, 1:1], when heated on a
water bath for 2 h, to give 3-(N,N-dimethylaminocarbonyl)furo[2,3-b]quinoxaline
hydrochloride 104 (83 %) (Kurasawa and Takada 1980).

When carrying out this reaction, it was obtained a crystalline compound with
almost the same spectral (IR, NMR) data, which are given in paper (Kurasawa and
Takada 1980). However, the fact that the band at 1755 cm−1 in the IR spectrum that
belongs to the C=O in the amide group (Kurasawa and Takada 1980) usually
appears in the range of 1650–1690 cm−1 (Bellamy 1975) is appears more
surprising.

After a detailed study of the structure of the reaction product, it was concluded
that it is not the compound 104, which is noncharacteristic for the dimethylcar-
bamoyl group but its isomer–1-N,N-dimethylaminomethylene-1,2-dihydrofuro
[2,3-b]quinoxalin-2-one 108 (Scheme 6.35).

It is apparent that the formation of the furo[2,3-b]quinoxalin-2-one derivative
108 proceeds via the initial formation of compound A according to the first stage of
the aliphatic Vilsmeier reaction, performed on the methylene group of the sub-
stituent at position 3 of quinoxalin-2(1H)-one 103. The latter undergoes
intramolecular cyclization with the subsequent elimination of EtOH and HCl results
in the final product 108 (Scheme 6.36).

The next stage of the synthesis of 3-benzimidazoylquinoxalin-2(1H)-one 37s
according to Scheme 6.34 is the reaction of 104 with 1,2-DAB dihydrochloride in
acetic acid which resulted in the ring transformation to afford 3-(3,4-dihydro-
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Scheme 6.35 The reaction of 3-ethoxycarbonylmethylene-3,4-dihydroquinoxalin-2(1H)-one 103
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quinoxalin-2(1H)-on-3-yl)-1,2-dihydro-1,5-benzodiazepin-2(1H)-one hydrochlo-
ride 105 (Kurasawa et al. 1985b).

The reaction of 108 with 1,2-DAB dihydrochloride in the same conditions
afforded a compound, which was identified by NMR spectroscopy as 3-
(3,4-dihydroquinoxalin-2(1H)-on-3-yl)-1,2-dihydro-1,5-benzodiazepin-2(1H)-
onium chloride 105 (Kurasawa et al. 1985b).

The formation of benzodiazepin-2(1H)-one derivative 105 can be due to the
attack of the amino group of 1,2-DAB dihydrochloride on the activated carbon
atom of the N,N-dimethylaminomethylene group of furo[2,3-b]quinoxalin-2-one
derivative 108 by the HCl and results in the formation of intermediate B. The latter
undergoes intramolecular ring closure and ring-opening processes, taking place by
the addition of the nitrogen atom of the second amino group of 1,2-DAB to the
carbonyl group of the furan ring, which results in the cleavage of the C–O bond to
give the intermediate C. The 1,5-benzodiazepine system C is subsequently trans-
formed into the final product 105 as shown below (Scheme 6.37).

A possible mechanism for the formation of benzodiazepin-2(1H)-one derivative
105 (Scheme 6.38) can be alternatively written as follows; the amination with
1,2-DAB dihydrochloride would occur at the carbonyl carbon of 108, forming the
corresponding amide of 1,2-DAB and the subsequent intramolecular Michael
addition of mono-N-acylated 1,2-DAB D to form the 1,5-benzodiazepine system C,
which is subsequently transformed into the final product 105 (Scheme 6.38).

The spectral (1H NMR, IR) data (Mamedov et al. 2014a, b) obtained for the
product 105 differ from the data given for the product of the reaction of compound
104 with 1,2-DAB dihydrochloride in the paper (Kurasawa et al. 1985b). This
difference prompted the authors (Mamedov et al. 2014a, b) to investigate the
reaction of compound 105 with a 10 % NaOH solution in the EtOH at 90 °C and
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water-diluted acetic acid (1 volume part of AcOH, *0.4 part H2O) under reflux, as
described for this compound in the papers (Kurasawa et al. 1985a, b). It was
unexpected when the use of complex NMR methods proved that the reaction of
compound 105 with a 10 % solution of NaOH in the EtOH solution proceeds with
the formation of compound 110 in a 90 % yield, rather than the derivative of
benzodiazepine 109 as shown in the paper (Scheme 6.39) (Kurasawa et al. 1985b).

It is reasonable to assume that the acylation of the reaction product 110 with
acetic anhydride provides the formation of 3-[2-(3-acetylbenzimidazol-2-on-1-yl)
vinyl]-1H-quinoxalin-2-one 111, rather than the 3-(quinoxalin-2(1H)-on-3-yl)-
1-acetyl-1,2-dihydro-3H-1,5-benzodiazepin-2-one 112 as shown in the paper
(Kurasawa et al. 1985b) (Scheme 6.39).

As to the structural hypothesis 109 (Kurasawa et al. 1985a, b), there can be
several arguments not in its favor. First the 109 does not contain olefin fragments
with the corresponding proton spin-system. Second, some of the calculated 13C
chemical shifts (CSs) deviate dramatically from those established experimentally.
In particular, the C(3) (50 ppm) and the C(4) (146 ppm) which obviously disagree
with experimental CSs (Mamedov et al. 2014a, b).

From the above results, the reaction mechanism from 105 to 110 might be
formulated as a [1,3]-sigmatropic acyl shift analogous to that observed in related
systems (Rossi et al. 1960; Von Barchet and Merz 1964; Kost et al. 1972; Achour
et al. 1988; Howard et al. 1992; De Moliner and Hulme 2012; Eleftheriadis et al.
2013) (Scheme 6.40).

The mechanism of the formation of the 110 can be alternatively presented.
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Heating at reflux of the benzodiazepine derivative 105 in the aqueous acetic acid
solution affected ring transformation as has been shown in paper (Kurasawa et al.
1985a) to give 106, the treatment of whichwith a 5% sodium hydroxide yielded a free
base 107 (Scheme 6.34). The final stage of the synthesis of 3-benzimidazoy-
lquinoxalin-2(1H)-one 37s according to Scheme 6.34 involves the oxidation of
compound 107 with m-chloroperbenzoic acid (m-CPBA) (Kurasawa et al. 1985a).
Since according to this method the yield of the desired product is approximately 40%,
was used the method of oxidation for the synthesis of 3-benzimidazoylquinoxalin-2
(1H)-one 37s, which has been recently developed for similar compounds. It includes
the treatment of 3-(α-bromobenzyl)quinoxalin-2(1H)-ones with DMSO (Gorbunova
and Mamedov 2006). The reaction of 3-(benzimidazol-2-yl)methylenequinoxalin-2
(1H)-one 107 with an equimolar amount of bromine in DMSO at room temperature
for 24 h results in ketone 37s with a quantitative yield. According to the Kornblum
oxidation (Kornblum et al. 1959; Kornblum and Frazier 1966; Chandrasekhar and
Sridhar 2000; Bettadaiah et al. 2003) the formation of the latter can be represented as
an oxo-dehydrohalo-bisubstitution (Smith 2013a) formed in situ 3-(α-
bromomethylimidazol-2-yl)quinoxalin-2-(1H)-one (Scheme 6.41).

As can be expected the reaction of 3-(benzimidazo-2-yl)quinoxalin-2(1H)-one
37s with 1,2-DAB dihydrochloride, proceeds with the formation of 2,3-bis-(1H-
benzimidazol-2-yl)quinoxaline 100a (Scheme 6.42), but not of the benzodiazepine
derivative 102, as described (Kurasawa et al. 1985a).

When 1,2-DAB is used instead of 1,2-DAB dihydrochloride in this reaction the
yield of compound 100a is almost quantitative.

Thus, the reactions of 3-benzimidazoylquinoxalin-2(1H)-one 37s with both
1,2-DAB dihydrochloride and 1,2-DAB proceed according to the novel

107
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rt

37s (98%)

N
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N

O

Br

NHN
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O

Scheme 6.41 The synthesis of 3-benzimidazoylquinoxalin-2(1H)-one 37s
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H
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Scheme 6.42 The quinoxalinone-benzimidazole rearrangement in the reaction of 3-
(benzimidazo-2-yl)quinoxalin-2(1H)-one 37s with both 1,2-DAB dihydrochloride and 1,2-DAB
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quinoxalinone-benzimidazole rearrangement (Mamedov and Murtazina 2011;
Hassner and Namboothiri 2012). The formation of 2,3-bis(1H-benzimidazol-2-yl)
quinoxaline 100a and not the formation of the benzodiazepine derivative 102,
occurs, as has been described in the literature. The reactions of the synthesis of
3-benzimidazoylquinoxalin-2(1H)-one 37s starting from
3-ethoxycarbonylmethylene-3,4-dihydroquinoxalin-2(1H)-one through the 3-
(3,4-dihydroquinoxalin-2(1H)-on-3-yl)-1,2-dihydro-1,5-benzodiazepin-2(1H)-one
hydrochloride 105 and 3-(benzimidazol-2-yl)methylenequinoxalin-2(1H)-one 107
have also been reexamined and the published results (Kurasawa and Takada 1980;
Kurasawa et al. 1984, 1985a, b) have been appropriately amended. A simple and
efficient one-pot method for the synthesis of 3-benzimidazoylquinoxalin-2(1H)-one
37s directly from 3-(benzimidazol-2-yl)methylenequinoxalin-2(1H)-one 107 has
been described.

3-(Benzimidazo-2-yl)quinoxalin-2(1H)-one 37 s reacted not only with 1,2-DAB
5a but also with its substituted analogues 5c, d, e, h, l, m in AcOH at reflux. The
formation of 2,3-bis(benzimidazol-2-yl)quinoxalines 100b–g was observed in
excellent 76–96 % isolated yields (Table 6.5) (Mamedov et al. 2013).

The scope of the methodology, was studied first with respect to the 3,3′-dia-
minobenzidine 113 (Scheme 6.43). As can be seen, this chemistry is not limited to
mono- and disubstituted systems, a compound with two 1,2-diaminobenzene
fragments is also an acceptable substrate (Mamedov et al. 2013).

_ 4H2O

AcOH, reflux
+

NH2

NH2
37s

(2 eq)

113

H2N
NH2 114 (79%)

N

N
N

HN

HN

N

N

N
N

NH

NH

N

Scheme 6.43 The formation of 2,2′,3,3′-tetra(benzimidazol-2-yl)-6,6′-biquinoxaline

Table 6.5 Scope of 1,2-DABs in 2,3-bis(benzimidazol-2-yl)quinoxaline formation

- 2H2ON
H

N
O

NHN

O
+

NH2

NH2R1

R2

N

N
N

HN

HN

N
R1

R2

37s 5 100

AcOH, reflux

Entry Substrate R1 R2 Product Yield (%)

1 5c Me Me 100b 90

2 5d Me H 100c 96

3 5f Cl H 100d 89

4 5h NO2 H 100e 83

5 5l CO2H H 100f 76

6 5m COPh H 100g 80
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The scope of this chemistry was also investigated with respect to the condensed
1,2-DABs. The 3-(benzimidazo-2-yl)quinoxalin-2(1H)-one 37s was allowed to
react with benzo[c]furane-4,5-diamine 115, benzo[c]thiene-4,5-diamine 116 and
quinoxaline-5,6-diamine 117 in AcOH at reflux (Scheme 6.44) (Mamedov et al.
2013). The isolated yields proved high enough as well.

Thus, the results of the reaction of 3-(benzimidazo-2-yl)quinoxalin-2(1H)-one
37s with a variety of 1,4-di-N-nucleophiles confirm the hypothesis, which has been
proposed earlier (Scheme 6.16) (Mamedov et al. 2010b, 2011a).

In this way, a simple, mild, robust, and high yielding one-pot protocol was
devised to produce quinoxalines and tethered quinoxaline-benzimidazoles. The
products have the potential to be further decorated and constrained using additional
functional groups. Moreover, the generic nature and simplicity of the protocol
renders it highly attractive as a valuable addition to the repertoire of synthetic
transformations used by the organic and medicinal chemists respectively.
Considering the well documented medicinal utility of benzimidazoles and
quinoxalines, these tethered combinations of the two scaffolds afford new oppor-
tunities to probe their biological activity.

6.4.3 Synthesis of 2-(Pyrazin-2-yl)benzimidazoles

Further exploration of the above strategy with the use of diaminomaleonitrile
instead of 1,2-DABs has led to the development of a novel, simple method for the
synthesis of 2-benzimidazolylpyrazines. Here the results of study on a novel
rearrangement of 3-aroyl- and alkanoylquinoxalin-2(1H)-ones and
2,3-diaminomaleonitrile as a N-nucleophile under the acid catalysis condition are
presented (Mamedov et al. 2012).

Regardless of the molar ratio of the reagents (1:1, 1:1.1, 1:2; 37a:121) and
reaction time (3, 9 or 17 h) the reaction of 3-benzoylquinoxalin-2(1H)-one (3-BQ)
37a with 2,3-diaminomaleonitrile 121 proceeded in the same way with the for-
mation of *45 % yield of the rearrangement product 122a (Scheme 6.45), whereas
50 % of 3-benzoylquinoxalin-2(1H)-one 37a reverted. Diaminomaleonitrile 121
apparently undergoes polymerization. Adding a second equivalent of
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Scheme 6.44 Scope of
condensed 1,2-DABs in
condensed 2,3-di
(benzimidazol-2-yl)
quinoxaline formation
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diaminomaleonitrile 121 to the reaction mixture obtained after boiling the
equimolar ratio of reagents in acetic acid for 5 h did not lead to an increased yield of
the desired product. Neither did the boiling for an additional 5 h.

In order to improve the yield of the rearrangement product there were used the
previously proposed hypothesis (Scheme 6.16) (Mamedov et al. 2010b, 2011a).

In accordance with this hypothesis there appeared the problem of the synthesis
of the spiro[pyrazine-2,2′-quinoxalin]-3′(4′H)-one derivative. For this purpose we
installed the necessary pyrazine ring system at position 2 of quinoxalin-2(1H)-one
37a via the modified Körner and Hinsberg (1887) (Murthy et al. 2010) reaction (the
synthesis of quinoxalines by condensation of α-dicarbonyl compounds with
1,2-DAB). This was achieved by the reaction of 37a with diaminomaleonitrile 121
in a boiling solution of MeOH in the presence of a catalytic amount of H2SO4. In
this reaction we considered the 3-BQ 37a to be a heteroanalogue of an α-dicarbonyl
compound. The reaction proceeded smoothly for 2 h to give the desired
spiro-compound, 5,6-dicyano-3R-1H,1′H-spiro[pyrazine-2,2′-quinoxalin]-3′(4′H)-
one 123a in 96 % yield (Table 6.6, entry 1). The optimum molar ratio of reagents
37a:121 was 1.0:1.1. Under these conditions other 3-aroyl- (37a–e, t, u) and
3-alkanoyl- (37g, i) derivatives of quinoxalin-2(1H)-ones behaved similarly
resulting in high (75–96 %) yields of the corresponding spiro-derivatives on

N
H

N
O

Ph

O
+

NC NH2

NH2NC

AcOH, reflux

37a 121

N
H

N

N

N
Ph

CN

CN
122a

Scheme 6.45 Acid-catalyzed
rearrangement

Table 6.6 Synthesis of 5,6-dicyano-3R-1H,1′H-spiro[pyrazine-2,2ʹquinoxalin]-3′(4′H)-ones

N
H

N
O

R1

O
+

H2SO4 (cat)

MeOH, reflux, 2 h N
H

H
N

O
N
H

N CN

CN

R1

37

     121

123

N
H

NH2
O

N
N

R1

CN
CN

123'

in the crystalline statein DMSO-d6

R2 R2 R2

Entry Substrate R1 R2 Product Yield (%)

1 37a Ph H 123a 96, 74a, 91b

2 37b C6H4F-4 H 123b 92, 85a, 88b

3 37c C6H4Cl-4 H 123c 93, 82a

4 37d C6H4Br-4 H 123d 93, 77a

5 37e C6H4I-4 H 123e 95, 77a

6 37t Ph COPh 123f 95, 61a

7 37u Ph CO2H 123g 89, 64a

8 37g CH2Ph H 123h 95, 60a

9 37j Me H 123i 75, 61a

ap-TsOH was used instead of H2SO4
bHCl was used instead of H2SO4

6.4 Synthesis of 2-Hetarylquinoxalines via Rearrangements … 375



reaction with diaminomaleonitrile 121 (Table 6.6). These examples of the reactions
of 37a, d with 121 showed that increasing the reaction time up to 10 h resulted in a
mixture of the products of rearrangement of 122a, d and spiro-derivatives of
quinoxalinones 123a, d in a ratio of *1:3 (yield 89 %), and up to 20 h in a ratio of
*1:1 (yield 97 %). When carrying out the reactions of quinoxalines 37a–e, g, j, t,
u with diaminomaleonitrile 121 for 6 h in the presence of p-TsOH (20 mol%) as a
catalyst the formation of spiro-compounds 123a–i occurred in yields of 60–85 %
(Table 6.6). The reactions of quinoxalin-2(1H)-ones 37a, b with 121 show that in
the presence of catalytic amounts of HCl, spiro-compounds 123a, b are formed in
2 h and the yields of products were 91 and 88 %, respectively (entries 1 and 2).

Spiro-compounds 123a–e, h, i without substituents on the benzene ring of the
quinoxaline system were quantitatively transformed into the desired 2-(pyrazin-2-yl)
benzimidazole 122a–e, h, i in boiling AcOH in 10 min (Table 6.2, entries 1–5, 8, 9).
The substituted spiro-derivatives of quinoxalin-2(1H)-ones 123f, g underwent the
rearrangement only after 3 h in boiling AcOH (Table 6.7, entries 6, 7).

The formation of spiro-compounds also proceeded with the N-alkylated
derivatives of quinoxalin-2(1H)-ones 37o, v, w to give N-alkylated spiro
[pyrazine-2,2′-quinoxalin]-3′(4′H)-ones 123j–l (Table 6.8). p-TsOH was more
suitable as the catalyst for these cases. It should be pointed out that the rear-
rangement of N-alkylated spiro-compounds 123j–l occurred more slowly than with
nonalkylated spiro-compounds 123a–i. Thus, boiling the spiro-compounds 123j–
l for 5 min resulted in the formation of the product of rearrangement in a *25 %
yield, 30 min: *50 %, 3 h: *75 %, 7 h: *100 %.

It is worthy of note that the products of the reaction of 3-aroyl(alkanoyl)
quinoxalin-2(1H)-ones 37a–e, g, i, t, u and N-alkyl-3-BQs 37o, v, w with
diaminomaleonitrile 121 in DMSO-d6 exist solely in spiro-cyclic-forms 123a–l,
whereas in the crystalline state they exist only as open chain forms 123′a–
l (Mamedov et al. 2012).

Table 6.7 Acid-catalyzed rearrangement of 5,6-dicyano-3R-1H,1′H-spiro[pyrazine-2,2′-quinox-
alin]-3′(4′H)-ones

123 123'
AcOH, reflux

N
H

N

N

N
R1

CN

CN
122

R2

Entry R1 R2 Time Product Yield (%)

1 Ph H 10 min 122a 90

2 C6H4F-4 H 10 min 122b 90

3 C6H4Cl-4 H 10 min 122c 91

4 C6H4Br-4 H 10 min 122d 89

5 C6H4I-4 H 10 min 122e 92

6 Ph COPh 3 h 122f 89

7 Ph CO2H 3 h 122g 85

8 CH2Ph H 10 min 122h 92

9 Me H 10 min 122i 93
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On the basis of the known chemistry of quinoxalinones (Cheeseman and
Cookson 1979), diaminomaleonitrile (Faust and Weber 1997; Gao et al. 2006;
Kubota et al. 2009), and the above data, it is reasonable to assume that the for-
mation of 2-(pyrazin-2-yl)benzimidazoles 122 involves addition of the amino group
of diaminomaleonitrile 121 at the C(3) atom of quinoxalin-2(1H)-one 37 as the first
step. The next step involves nucleophilic attack of the second amino group of 121
on the benzoyl carbonyl group to form the spiro-quinoxaline derivative 123.
Rearrangement of the spiro-quinoxalinone 123 is then assumed to occur according
to Scheme 6.46, which proceeds via cascade reactions involving: (a) acid-catalyzed
ring-opening with cleavage of the C(3)–N(4) bond in the spiro-compound 123 with
the formation of an intermediate quinoxaline derivative 123′, (b) intramolecular
nucleophilic attack by the amino group on the carbonyl group with the formation of
intermediate hydroxy-derivative A, and (c) elimination of water leading to the final
product 122 (Scheme 6.46).

An efficient and versatile metal-free method for the preparation of a series of 2-
(pyrazin-2-yl)benzimidazoles has been developed. This was accomplished by the

Table 6.8 The synthesis of 4-alkyl 5,6-dicyano-1H,1′H-spiro[pyrazine-2,2ʹ-quinoxalin]-3′-ones
and 1-alkyl-2-(pyrazin-2-yl)benzimidazoles

AcOH,
reflux, 7 h

N

N
O

Ph

O
+

p-TsOH (20 mol%)

MeOH, reflux, 6 h N
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O
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N CN
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Ph

37o R = n-Bu
37v R = n-Oct
37w R = n-Non
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R R

N

N

N

N
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CN

CNR
37 122123

Entry R Product Yield (%)

1 n-Bu 123j 95

2 n-Oct 123k 94

3 n-Non 123l 97

4 n-Bu 122j 58

5 n-Oct 122k 60

6 n-Non 122l 60
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Scheme 6.46 A plausible mechanism for the formation of 2-(pyrazin-2-yl)benzimidazoles 122
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novel rearrangement of 3R-5,6-dicyano-1H,1′H-spiro[pyrazine-2,2′-quinoxalin]-3′
(4′H)-ones easily obtained from 3-aroyl- and 3-alkanoylquinoxalin-2(1H)-ones on
exposure to diaminomaleonitrile. The key advantages are the simplicity of the
operation, high yields, easy availability of 3-aroyl- and alkanoylquinoxalin-2(1H)-
ones, as well as the simple workup and purification of the products. The reaction is
readily applicable to large-scale synthesis.

6.4.4 Synthesis of 2-(Imidazol-4-yl)benzimidazoles

In continuation of the efforts to develop quinoxalin-2(1H)-one (Mamedov et al.
2008a, b, 2009a, 2010a, c) based synthetic methodologies, a simple, mild, and
expeditious synthesis of 2,4,5-trisubstituted imidazoles in high yields using
3-aroylquinoxalin-2(1H)-ones as hetero analogues of α-diketones has been devel-
oped (Mamedov et al. 2011b, c). Initially, 3-BQ 37a (1 mmol), benzaldehyde 126a
(1 mmol) and ammonium acetate (2 mmol) in boiling methanol for 7 h, was
condensed which led to a very poor yield (5 %) of a mixture of 2,4,5-trisubstituted

Table 6.9 Condensation of 3-benzoylquinoxalin-2(1H)-one and its derivatives, arylaldehydes and
ammonium acetate under various condition

N

N
Z

Ph

O
R

+
O

HR1 + NH4OAc

MeOH,
reflux N

N
H

PhR1

O

N

N
R1

R
+

N

N

N
R1

Ph

O
R

37,124,125 126 127 128
37a R = H, Z = O
37o R = n-Bu, Z = O
124 R = H, Z = NC6H4Me-2
125 R = H, Z = NC6H4Me-4

126a R1 = Ph
126b R1 = C6H4Br-4
126c R1 = C6H4NO2-4

Entry Substrates Ratio1/2/
NH4OAc

Time
(h)

Products Ratio127/
128a

Total
yield (%)

127 + 128

1 37a 126a 1/1/2 9 127a + 128a 2/1 5 (7)b

2 37a 126a 1/1/10 9 127a + 128a 1.8/1 30

3 37a 126a 1/2/10 7 127a + 128a 2/1 79 (79)c

4 37a 126a 1/3/10 7 127a + 128a 2/1 52

5 37a 126b 1/2/10 7 127b + 128b 1.4/1 83

6 37a 126c 1/2/10 7 127c + 128c 2.7/1 70

7 37o 126a 1/2/10 7 127d + 128dd Trace/1 52

8 124 126a 1/2/10 7 127a + 128a 1/1.2 61

9 125 126a 1/2/10 7 127a + 128a 4/1 64

10 125 126b 1/2/10 7 127b + 128b 2/1 59
aThe ratio of compounds 127 and 128 was determined by 1H NMR spectroscopy
bIsolated yield after reflux for 15 h
cIsolated yield when the reaction was carried out in the presence of L-proline
dIsolated yield of 128d = 42 %
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imidazole 127a and imidazo[1,5-a]quinoxalin-4(5H)-one 128a in the ratio 2:1
(Table 6.9, entry 1). To enhance the yield of the desired product the reaction time
was increased to 15 h but no appreciable increase in the product yield was observed
(Table 6.9). There remained a large amount of the unreacted 3-BQ 37a and ben-
zaldehyde 126a in the reaction mixture. It was considered worthwhile to carry out
the reaction using various ratios of 3-BQ 37a and benzaldehyde 126a and
ammonium acetate starting with 1:1:10 (entry 2), 1:2:10, and 1:3:10. A maximum
yield (79 %) of a mixture of imidazole 127a and imidazo[1,5-a]quinoxalin-4(5H)-
one 128a was obtained with a 1:2:10 ratio of the reagents (entry 3). A further
increase in the amount of benzaldehyde 126a (ratio of 1:3:10) did not affect the
yield, but slightly slowed the reaction which did not depend on the reaction time.
Unreacted benzaldehyde 126a remained in the reaction mixture (entry 4). When the
reaction was carried out in the presence of the organocatalyst L-proline, no
enhancement in the yield of the desired product was observed. When 3-{α-[2-(or
4)-methylphenylimino]benzylidene}-quinoxalin-2(1H)-ones 124, 125 were used
instead of 37a, the total yields of the mixture remained approximately the same, but
in the case of quinoxalin-2(1H)-ones 125 the ratio of products 127a and 128a
increased in favor of the former and reached 4:1 (entry 9). When the reaction was
carried out with 1-(n-butyl)-3-benzoylquinoxalin-2-one 37o the formation of
1,3-diphenyl-5-butylimidazo[1,5-a]quinoxalin-4(5H)-one 128d was observed as
almost the sole product (entry 7).

Table 6.10 3-Aroylquinoxalin-2(1H)-one derivatives as hetero analogues of α-diketones in the
synthesis of functionalized imidazoles

N
H

N
O

Ph

O

+
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H

R1

NH4OAc

MeOH,
reflux N

N
H

PhR1

O

NH

N
R1

+
N
H

N

N
R1

Ph

O
37a

(1 equiv)
126

(2 equiv)
127 128

(10 equiv)

Entry Substrate R1 Products (yield)

1 126a Ph 127a + 128a
(49 %) (26 %)

2 126b C6H4Br-4 127b + 128b
(47 %) (33 %)

3 126c C6H4NO2-4 127c + 128c
(47 %) (17 %)

4 126d C6H4F-4 127e + 128e
(45 %) (26 %)

5 126e C6H4Cl-4 127f + 128f
(40 %) (28 %)

6 126f C6H4I-4 127g + 128g
(44 %) (29 %)

7 126g Py-3 127h + 128h
(38 %) (42 %)
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To determine the scope and generality of this reaction, various substituted
aldehydes and 3-pyridinecarboxaldehyde has been utilized. The desired products
are obtained and the results are summarized in Table 6.10.

The presence of the o-iminoanilide substituent at position 4 of imidazoles 127
makes it possible to use them in further syntheses. Based on the four imidazole
derivatives 127a, c, e, h, it was shown that the reaction of these compounds with
ammonium acetate in acetic acid proceeds with the formation of 2-(imidazol-4-yl)
benzimidazoles 129a–d in almost quantitative yields (Table 6.11).

A plausible mechanism for the synthesis of imidazoles, imidazo[1,5-a]
quinoxalin-4(5H)-ones, and benzimidazoles has been proposed (Scheme 6.47). The
formation of the diamine intermediate A takes place during the initial stage of the
reaction. Intermediate A condenses with the 3-benzoylquinoxalin-2(1H)-one 37s
followed by dehydration to afford the imino intermediate B, which is transformed in
two different ways (Pathway I and Pathway II). Pathway I proceeds by cascade
reactions involving: (a) acid-catalyzed ring closure of intermediate C with the
formation of spiro-compound D, (b) acid-catalyzed ring-opening of
spiro-compound E with the formation of the imidazole derivative F, which is
rearranged into the imidazole derivative G via a [1,5] hydrogen shift, and (c) re-
action of the latter with the aldehyde to form compound 127. Pathway II involves
the tautomerism of intermediate B with the formation of compound H, which under
acid catalysis undergoes intramolecular cyclization to give I. The final product 128
is formed following the elimination of ammonia through intermediates J and K.

It is apparent that the formation of 2-(imidazol-4-yl)benzimidazoles 129a–d in-
volves the ammonolysis of imidazoles 127a, c, d, g to form the corresponding o-
aminoanilide derivative G as the first step. The next step involves an intramolecular
nucleophilic attack by the amino group on the carbonyl group with the formation of

Table 6.11 An efficient method for synthesizing 2-(imidazol-4-yl)benzimidazoles 129a–d

NH4OAc

AcOH,
reflux N

N
H

PhR1

N
N

H

129

+N

N
H

PhR1

O
NH

N
R1

127

Entry Substrate R1 Product Yield (%)

1 127a Ph 129a 94

2 127c C6H4NO2-4 129b 99

3 127e C6H4F-4 129c 98

4 127h Py-3 129d 95
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the intermediate hydroxy-derivative L, and then the elimination of water. This leads
to the formation of the final product 129 (Scheme 6.48).

This was accomplished by the novel ring-opening of 3-aroylquinoxalin-2(1H)-
ones on exposure to diaminoarylmethanes intermediately generated from ary-
laldehydes and ammonium acetate. The introduction of the o-iminoanilide fragment
at position 4 of the imidazole derivatives with the help of this method makes it
possible to synthesize 2-(imidazol-4-yl)benzimidazoles. The simplicity of this
method, high yields, easy workup, and purification of compounds by crystallization
are the key advantages.
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6.5 Synthesis of 2-(3-Arylindolizin-2-yl)benzimidazole
via the Rearrangement (Use of 3-α-Chlorobenzyl-
and α-Chloroalkylquinoxalin-2(1H)-ones as Analogues
of α-Haloketones)

One of the common reactions of α-haloketones in the chemistry of heterocycles is
the Chichibabin reaction, that is, the synthesis of indolizines by interaction of α-
picoline with α-haloketones. This was carried out in a series of reactions according
to Chichibabin. Thus, the reaction of quinoxalin-2-one 49 (the schematical pre-
sentation of the 3-α-chlorobenzyl- and α-chloroalkylquinoxalin-2(1H)-ones as
analogues of α-haloketones has been shown in Sect. 6.2.3(E) (see Fig. 6.3, structure
49)) with α-picoline 130 at reflux results in high yields of the corresponding 2-
(indolizinyl)benzimidazoles 131 (Table 6.12). As is evident from the structure of
compounds 131, the C(2)–C(3)–C(Cl)Ar and N=C–Me fragments of quinoxaline
49 and α-picoline 130 are involved in constructing the two new heterocyclic rings
(Mamedov et al. 2008b, 2009b; Saifina 2009).

Initially, a complete dissolution of compounds 49 is observed in refluxing the α-
picoline solution, after that there rapidly occurs an abundant precipitation of
crystals which gradually dissolve during the course of the reaction. The yield of
crystalline products with a precise melting point, are obtained, for example, after
refluxing quinoxalin-2(1H)-one 49c in α-picoline 130 for 1 h, and the yield is 41 %
(Table 6.13).

It should be noted that spiro-compound 132 is quantitatively transformed into 2-
(3-arylindolizin-2-yl)benzimidazole 131 not only in boiling α-picoline, but also in
acetic acid (Scheme 6.49).

A first-stage product resulting from the nucleophilic displacement of the Cl atom
by the pyridine N atom of α-picoline under milder reaction conditions is isolated
and characterized and is then required for the formation of a spiro-compound or its

Table 6.12 Synthesis of benzimidazoles from quinoxalinones and α-picoline via rearrangement

N
H

N

O

Cl

Ar

N N
H

N

N

Ar

+
- HCl
- H2O

49 130 131

Entry Substrate Ar Product Yield (%)

1 49a C6H4NO2-4 131a 72

2 49b Ph 131b 78

3 49c C6H3-di-Cl-2,4 131c 76

4 49d C6H3-di-Cl-3,5 131d 65

5 49e CH2Ph 131e 70
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rearrangement into a benzimidazole derivative. For instance, when 3-(α-chlor-
obenzyl)quinoxalin-2(1H)-one 49 was stirred in α-picoline 130 at 50 °C for 3 h
(Scheme 6.50), the crystals formed were assigned the structure 133 (Saifina 2009).

The formation of a rearrangement product can be represented by Scheme 6.51.
According to this scheme, the initial step involves the nucleophilic displacement of
the Cl atom by the pyridine N atom, which is followed by a cascade transformation.
The latter involves: (a) dehydrochlorination with the abstraction of a methyl H atom
of α-picoline, (b) intramolecular nucleophilic addition of the methylidene C atom of
the α-picoline fragment to the azomethine C atom of the quinoxaline system

Table 6.13 Isolated and characterized spiro-compounds, formed after the reaction mixture is
boiled for an hour, are presented

N
H

H
N

N

O

Ar Cl

132

N
H

N

O

Cl

Ar
N

N
H

N

N

Ar
- HCl
- H2O

49

130

131

+

Entry Substrate Ar Product Yield (%)

1 49a C6H4NO2-4 132a 10

2 49b Ph 132b 37

3 49c C6H3-di-Cl-2,4 132c 41

4 49d C6H3-di-Cl-3,5 132d 16
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Scheme 6.49 The rearrangement of spiro-quinoxalinones 132
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Scheme 6.50 The synthesis and rearrangement of 2-methyl-1-[(3-oxo-3,4-dihydroquinoxalin-
2-yl)(phenyl)methyl]pyridinium chloride 133
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(spiro-compound B), (c) cleavage of the C(3)–N(4) bond (N-substituted 1,2-DAB
C), (d) closure of a five-membered ring (benzimidazoline D), and (e) elimination of
water.

3-(α-Haloarylmethyl)- and 3-(α-halophenethyl)quinoxalin-2(1H)-ones, as well
as their various derivatives have been shown to react with α-picolines, providing
high yields of 3-aryl- and 3-alkylindolizinylbenzimidazoles.

6.6 Synthesis of 2-(Pyrazol-3-yl)benzimidazoles
via the Rearrangement (Use
of 3-Arylacylidene-3,4-Dihydroquinoxalin-2(1H)-ones
as Analogues of β-Diketones)

One of the most popular reactions of β-diketones in heterocyclic chemistry is the
Knorr reaction, that is, the synthesis of pyrazoles by interaction of β-diketones with
hydrazines. It was described that the interaction of 3-(arylacylidene)-
3,4-dihydroquinoxalin-2(1H)-ones 50 (the schematical presentation of the
3-arylacylidene-3,4-dihydroquinoxalin-2(1H)-ones as analogues of β-diketones has
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A

132

D

131

Scheme 6.51 Proposed
mechanism of the
rearrangement

Table 6.14 Synthesis of 3′-aryl-1,2,3,4,4′,5′-hexahydro[quinoxalin-2,5′-pyrazol]-3-ones

N
H

H
NR1

R2 O

Ar

O
N
H

H
N

N
H

N

O

ArH H

R1

R2

NH2NH2 H2O

n-BuOH,
reflux

50 134

- H2O
+

Entry Substrate R1 R2 Ar Product Yield (%)

1 50a H H Ph 134a 81

2 50b Me Me Ph 134b 76

3 50c H Cl Ph 134c 64

4 50d NO2 H Ph 134d 73

5 50e H H C6H4Me-4 134e 77

6 50f H H C6H4Cl-4 134f 73
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been shown in Sect. 6.2.3(E) (see Fig. 6.3, structure 50)) with hydrazine hydrate in
boiling butanol solution proceeds with the formation of 3′-aryl-1,2,3,4,4′,5′-hex-
ahydro[quinoxalin-2,5′-pyrazol]-3-ones 134a–f in good yields (Table 6.14)
(Mamedov et al. 2009a, 2010b; Murtazina 2010).

Boiling spiro-quinoxalin-2,5′-pyrazol-3-ones 134a–f in an acetic acid solution
for 8 h results in the acid catalysis rearrangement with the release of water and the
formation of corresponding 2-(pyrazol-3′-yl)benzimidazoles in quantitative yields
(Table 6.15).

Thus, both the formation of spiro-quinoxalinones 134a–f and their rearrange-
ment into the corresponding pyrazolylbenzimidazoles 135a–f proceed in high
yields (Tables 6.14 and 6.15). As is evident from the structure of compounds 135a–
f, the C(2)–C(3) = CH–C(O)–Ar fragment of quinoxalines 50a–f and hydrazine
hydrate are involved in the formation of the heterocyclic systems.

On the basis of the known chemistry of hydrazines (Audrieth and Ogg 1951;
Buckingham 1969; Behforouz et al. 1985), ketones (Smith 2013b; Gutsche 1967),
and quinoxalinones (Cheeseman and Cookson 1979) it is reasonable to assume that
the first stage of the reaction mechanism involves the addition of the hydrazine to
the carbonyl group of the 3-arylacylidene fragment of quinoxalin-2(1H)-one 50
with the formation of intermediate A capable reversible tautomerization to inter-
mediate B. The next step involves a nucleophilic attack of the amino group on the C
(3) atom of the quinoxalin-2(1H)-one to form the spiro-quinoxaline derivative 134.
Rearrangement of the spiro-quinoxaline is then assumed to occur according to
Scheme 6.52, which proceeds by cascade reactions involving: (a) acid-catalyzed
ring-opening in spiro-compound C with the intermediate formation of
pyrazolo-derivative D, (b) intramolecular nucleophilic attack by the amino group on
the carbamoyl carbonyl group with the intermediate formation of
hydroxy-derivative E, and (c) elimination of water leading to the formation of the

Table 6.15 Synthesis of 2-(pyrazol-3-yl)benzimidazoles

N
H

N

N NH

R1

R2

Ar

135

AcOH,
reflux

- H2ON
H

H
N

N
H

N

O

ArH H

R1

R2

134

Entry Substrate R1 R2 Ar Product Yield (%)

1 134a H H Ph 135a 99

2 134b Me Me Ph 135b 99

3 134c H Cl Ph 135c 98

4 134d NO2 H Ph 135d 96

5 134e H H C6H4Me-4 135e 99

6 134f H H C6H4Cl-4 135f 85

6.6 Synthesis of 2-(Pyrazol-3-yl)benzimidazoles via the Rearrangement … 385



final product 135. It was shown that the reaction does not proceed in neutral or
aprotic solvents.

It should be pointed out that the formation of spiro-quinoxaline derivative 134
could be due to theMichael addition of hydrazine to the partially positive C(3) atom of
the quinoxalin-2(1H)-one 50 in the first stage of the reaction mechanism with the
formation of intermediate A′ capable reversible tautomerization to intermediate B′.
Then cyclization involves the nucleophilic attack of the amino group on the carbonyl
group of the 3-arylacylidene fragment of quinoxalin-2(1H)-one (Scheme 6.53).

It is worth noting that the reaction of phenylhydrazine with
3-arylacylidene-3,4-dihydroquinoxalin-2(1H)-one 50a proceeds similarly to the
reaction with hydrazine hydrate. This involves the formation of spiro-compound
136, which rearranges into pyrazolylbenzimidazole 137, and no other possible
regioisomer 137a, in boiling acetic acid (Scheme 6.54).

This was accomplished via a novel quinoxalinone-benzimidazole rearrangement
of 3-arylacylidene-3,4-dihydroquinoxalin-2(1H)-ones on exposure to hydrazine
hydrate and phenylhydrazine. The reaction is readily applicable to large-scale
synthesis.
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6.7 Synthesis of 2-(Pyrrol-3-yl)benzimidazole
via the Rearrangement (Use of 3-α-
Aminobenzylquinoxalin-2(1H)-ones as Analogues
of α-Aminoketones)

One of the most popular reactions of α-aminoketones in heterocyclic chemistry is
another Knorr reaction, that is, the synthesis of pyrroles by interaction of α-ami-
noketones with β-dicarbonyl compounds. This reaction was carried out (Mamedov
et al. 2011a). The interaction of 3-(α-aminobenzyl)quinoxalin-2-(1H)-one
hydrochloride 51 (the schematical presentation of the 3-α-aminobenzylquinoxalin-2
(1H)-ones as analogues of α-aminoketones has been shown in Sect. 6.2.3(E) (see
Fig. 6.3, structure 51)) with acetoacetic ester 138 in the boiling acetic acid proceeds
with the contraction of the pyrazine ring system as a result of the rearrangement
involving C(2)–C(3)–C(NH2)Ph and C(2)–C(3) fragments of the quinoxalinone
system and acetoacetic ester, respectively, with the formation of 2-(5-methyl-2-
phenyl-4-ethoxycarbonylpyrrol-3-yl)benzimidazole 139 (Scheme 6.55) (Mamedov
et al. 2011a).

Instead of the 3-(α-aminobenzyl)quinoxalin-2-(1H)-one 51 hydrochloride in the
reaction with acetoacetic ester 138 its free base is used. This has no significant
effect on the yield of the product of the rearrangement, which is apparently asso-
ciated with the occurrence of various acid-catalyzed side reactions involving ace-
toacetic ether.

To improve the yield of the product of the rearrangement, we referred to the
main principle of this rearrangement, as proposed above (Sect. 6.2.3.D).

In accordance with the above principle the spiro[4-pyrrolyne-3,2′-quinoxalin]-3′
(4′H)-one 140 was synthesized. The 3-(α-aminobenzyl)quinoxalin-2(1H)-one 51
was considered to be the hetero analogue of α-aminocarbonyl compound according
to the Knorr reaction (Knorr 1884; Castro et al. 1970; Mironov et al. 1973) (i.e.,
obtaining pyrroles by the condensation of α-aminoketones with ketones containing
an activated methylene group). Thus, at position 2 of quinoxalinone 51 we have set
up the necessary pyrrolydine system with the help of the reaction of the compound
51 with acetoacetic ester 138 in EtOH in the presence of KOH. The reaction

N
H

N

O

NH2 HCl

N
H

N NH

Ph

+
Me

O

OEt

O

- 2H2O

Ph

Me

OEtO51 138
139 (62%)

AcOH

Scheme 6.55 The rearrangement of 3-(α-aminobenzyl)quinoxalin-2-(1H)-one hydrochloride in
the reaction with acetoacetic ester
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proceeds smoothly with the formation of the desired spiro-compound–
5-methyl-2-phenyl-4-ethoxycarbonyl-1ʹH-spiro[4-pyrrolyne-3,2′-quinoxalin]-3′(4′
H)-one 140 with high yields (88 %) (Scheme 6.56). It should be noted that the
reaction proceeds well enough both at room temperature (12 h) and by reflux (4 h).

Boiling the compound 140 in acetic acid for 1 h leads to the expected benz-
imidazole 139 in quantitative yields (Scheme 6.57).

The formation of the rearrangement product in the reaction of 3-(α-aminobenzyl)
quinoxalin-2(1H)-one 51 with acetoacetic ester can be represented as shown below
in the Scheme 6.58. According to the scheme, the formation of spiro-compound
140 occurs at the initial stage. In reaction conditions it further undergoes
acid-catalyzed rearrangement. The latter involves the disclosure of the pyrazine ring
of the quinoxalin-2(1H)-one system on the N(1)–C(2) bond in the intermediate salt
A and the closure of the imidazole ring of the benzimidazole system with the newly
formed amino group and the carbonyl group of carbamoyl fragment in the pyrrole
derivative B (Scheme 6.58).

It should be pointed out that other substituted derivatives of 3-(α-aminobenzyl)
quinoxalin-2(1H)-one also successfully react not only with acetoacetic ester but
with other esters of β-oxoacids, resulting in corresponding derivatives of 2-
(pyrrol-3-yl)benzimidazole in high yields.
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6.8 Synthesis of 2-(Benzimidazol-2-yl)quinolines
via the Rearrangement (Use of 3-Methylquinoxalin-
2(1H)-ones as Analogues of Usual Ketones)

One of the most popular reactions of usual ketones in the heterocyclic chemistry is
the Friedländer reaction, that is, the synthesis of quinolines by their interaction with
o-acylarylamines in basic or acid catalysis conditions.

This reaction has been modified according to the system based on aromatic
aldehydes 126 and 3-methylquinoxalinones 52 (the schematical presentation of the
3-methylquinoxalin-2(1H)-ones as analogues of usual ketones has been shown in
Sect. 6.2.3(E) (see Fig. 6.3, structure 52)), easily available from methylpyruvates
and 1,2-DABs. The first stage of their modification involves the formation of o-
nitrostyryl derivatives of quinoxalin-2(1H)-one 141 (Scheme 6.59) (Mamedov et al.
2010c).

The second stage is based on the reduction of o-nitrostyryl derivatives 141 when
exposed to Na2S2O4 (Sodium hydrosulfate, Sodium dithionate). o-Aminonitrostyryl
derivatives of quinoxalin-2(1H)-one, obtained in these conditions immediately
undergo acid-catalyzed rearrangement with the formation of corresponding benz-
imidazolyl quinoline derivatives. As is evident from the structure of compounds
142, the C(2)–C(3) fragment and the β-2-nitrostyryl substitute at position 3 of the
quinoxalin-2(1H)-one system are involved in constructing two new heterocyclic
systems (Table 6.16).

This reaction also proceeded with a compound 141j possessing two 3-(β-
2-nitrostyryl)quinoxalin-2(1H)-one fragments, with the formation of a
benzimidazole-monopodand with terminal benzimidazole fragments at C(2) and C
(2′) positions of the quinoline ring system (Scheme 6.60).

To investigate the reaction mechanism, the reduction of 3-(β-2-nitrostyryl)-
6,7-dimethylquinoxalin-2(1H)-one 141h with hydrogen using a 10 mol%
Pd/CaCO3 as the catalyst in methanol has been performed and obtained the cor-
responding 3-(β-2-aminostyryl)-6,7-dimethylquinoxalin-2(1H)-one 143h. When
boiled in AcOH for 3 h the latter was transformed into 2-(benzimidazol-2-yl)
quinoline 142h (Scheme 6.61).

On the basis of the known chemistry of aniline (Ham 1964; Zhu and Zhang
2004; Byun et al. 2007; Parvatkar et al. 2009; Marco-Contelles et al. 2009; Bian
et al. 2010; Newhouse et al. 2010), azadienes (Bouaziz et al. 1995; Gouverneur and
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NO2 N
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O

NO2
+

52 141

R3
Ac2O, Py

R3

reflux
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Scheme 6.59 Synthesis of 3-(β-2-nitrostyryl)quinoxalin-2(1H)-ones
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Ghosez 1996; Palacios and Rubiales 1996; Motortna and Grierson 1999; Cuellar
et al. 2002; Berry and Hsung 2004; Bandini et al. 2010), and quinoxalinones
(Cheeseman and Cookson 1979; Mamedov et al. 2005b), it is reasonable to assume
that the first stage of this reaction involves the nucleophilic attack of the amine
group on the C(3) atom of the quinoxalin-2(1H)-one of A to form the

Table 6.16 One-pot synthesis of 2-(benzimidazol-2-yl)quinolines from 3-(β-2-nitrostyryl)-
quinoxalin-2(1H)-ones

N

NR1

R1

R2

O
NO2

Na2S2O4

1. EtOH, H2O, reflux
2. HCl, H2O, reflux
3. Na2CO3 R1

R1 N

N

N
R2

141 142

R3

+
R31'

2'

1

2

Entry Substrate R1 R2 R3 Product Yield (%)

1 141a H H H 142a 80

2 141b H Me H 142b 76

3 141c H Et H 142c 74

4 141d H n-Pr H 142d 53

5 141e H n-Bu H 142e 69

6 141f H n-Pent H 142f 70

7 141g H n-Hex H 142g 54

8 141h Me H H 142h 79

9 141i H H Cl 142i 59

141j

N

N

O
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N

N

O
NO2

N

N

N

N

N

N
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+

1. EtOH, H2O, reflux
2. HCl, H2O, reflux
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Scheme 6.60 Synthesis of 1,4-bis[2-(quinolin-2-yl)-1H-benzimidazol-1-yl]butane
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Scheme 6.61 Synthesis of 2-(benzimidazol-2-yl)quinoline from 3-(β-2-nitrostyryl)-
6,7-dimethylquinoxalin-2(1H)-one via corresponding amino derivative
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spiro-quinoxaline derivative B. Rearrangement of the spiro-quinoxaline is then
assumed to occur according to Scheme 6.62 by cascade reactions involving:
(a) acid-catalyzed ring-opening with cleavage of the C(3)–N(4) bond in the
spiro-compound C leading to the formation of the quinoline derivative D, and
(b) intramolecular nucleophilic attack by the amino group on the carbamoyl car-
bonyl group with the formation of the final product 142 following the elimination of
water.

This protocol includes a novel acid-catalyzed rearrangement of 3-(β-
2-aminostyryl)quinoxalin-2(1H)-ones. The simplicity of the reaction design and the
possibility of introducing a variety of substituents at any position of both the
benzimidazole and quinoline ring systems make this method a useful tool for
constructing these medicinally and technically (organic emitting materials) relevant
compounds. The reaction is readily applicable to large-scale synthesis.

6.9 Synthesis of 4-(Benzimidazol-2-yl)quinolines
via the Rearrangement (Use of 3-(2-Aminophenyl)
quinoxalin-2(1H)-ones as Aromatic o-Aminoaldehydes
(or Ketones)

6.9.1 Synthesis of Structurally Diverse Quinoline
Derivatives with Benzimidazole Moieties

It has been also shown that 3-(β-2-nitrostyryl)quinoxalin-2-(1H)-ones 141 are easily
obtained from 3-methylquinoxalin-2(1H)-one 52 and o-nitrobenzaldehyde 126, and
when exposed to sodium dithionite are converted into 2-(benzimidazol-2-yl)
quinolines 142 (Mamedov et al. 2010c). The process occurs under reduction con-
ditions in a cascade of the modified Friedländer reaction and the new acid-catalyzed
rearrangement through the intermediately formed products–3-(β-2-aminostyryl)
quinoxalin-2(1H)-ones 143 (Scheme 6.60).
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Scheme 6.62 Proposed mechanism of the rearrangement
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As can be seen from the structure of the compound 142, the o-aminostyryle
substituent and the C(2), C(3) atoms of the amide and imine fragments of the
pyrazine ring of quinoxalin-2(1H)-one 143 (Scheme 6.61) are involved in the
construction of two new heterocyclic systems. In this case, the formation of the
pyridine ring of the quinoline system occurs as a result of the proceeding new
rearrangement (Hassner and Namboothiri 2012; Mamedov and Zhukova 2013). As
can be seen from Table 6.16, the atoms C(2) and C(3) of the quinoxalin-2(1H)-one
system become the atoms C(2′) and C(2) of the benzimidazole and quinoline
systems of the compounds 142 respectively.

Following the logics described in the papers (Mamedov et al. 2006, 2008a, b,
2009a, 2010a, b, c, 2011a, b, c, 2012, 2013; Kalinin et al. 2007) and specifically in
the paper (Mamedov et al. 2010c) on the new rearrangement of the quinoxalin-2
(1H)-one derivatives, we assumed that in the latter reaction 3-(2-aminophenyl)
quinoxalin-2(1H)-one derivatives 53 (the schematical presentation of the 3-
(2-aminophenyl)quinoxalin-2(1H)-ones as aromatic o-aminoaldehydes (or ketones)
has been shown in Sect. 6.2.3(E) (see Fig. 6.3, structure 53)) can be used instead of
3-methylquinoxalin-2(1H)-one 52 and o-nitrobenzaldehyde 126 derivatives as the
hetero analogues of o-aminoaromatic aldehydes and ketones bearing an active α-
methylene functionality. The ketones can be condensed with compounds 53 capable
of providing a two-carbon fragment in the construction of the quinoline system,
which makes it possible to synthesize the 4-(benzimidazol-2-yl)quinolines
145,147,149 isomeric to the 2-(benzimidazol-2-yl)quinolines 142.

To optimize the process, it was initially carried out the reaction of 3-
(2-aminophenyl)quinoxalin-2(1H)-one 53a with acetone in acetic acid with various
ratios of reagents and different reaction times. Regardless of the molar ratio of the
reagents (1:32, 1:16, 1:8, 1:4; 53a:acetone) and the reaction time (6, 4, or 2 h) the
reaction proceeded in the same way with the formation of the * 85 % yield of the
crude product, which contains *90 % of the quinoline 145a and *10 % of the
qunoxaline 144a derivatives on the basis of the 1H NMR spectrum (Scheme 6.63)
(Mamedov et al. 2014c, d; Galimullina 2015).

The first product is formed as a result of the rearrangement, whereas the second
one is the result of the intramolecular cyclocondensation of the quinoxaline
derivative 53a. The optimal temperature conditions for this reaction approximately
correspond to the boiling temperature of acetone (55 °C). This temperature con-
dition appears to be optimal for the reaction of 3-(2-aminophenyl)quinoxalin-2

N
H

N

NH2O N

N

N
H N

NHN
R

R

R

Acetone,
AcOH,
55 oC, 2 h

+
- 2H2O

144 a R = H (5%)a

b R = F (1%)
a

145 a R = H (75%)a

b R = F (62%)a
aIsolated yields

53 a R = H
b R = F

Scheme 6.63 The reaction of
3-(2-aminophenyl)
quinoxalin-2(1H)-ones
derivatives 53a, b with
acetone
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(1H)-one 53a with acetophenone 146a and 4-bromoacetophenone 146b. As can be
seen from Table 6.17 the optimal ratio in these cases is 1:2 (53a:146a and
53a:146b) when the reactions are carried out for 5 h (entries 4 and 9), because when
the ratio of the reagents was 1:1 there occurred the increase in the yield of com-
pound 144a and the decrease in the overall yield of the mixture of compounds 144a
and 147a, b (entries 1, 6, and 7). When the ratio of the starting compounds was 1:10
or 1:5 (entries 5 and 10) in spite of the satisfactory yield of the desired product,
there appeared some difficulties in the purification of the final products.

To explore the scope and limitations of the reaction, the procedure was extended
to 3-(2-amino-5-fluorophenyl)quinoxalin-2(1H)-one 53b and various acetophe-
nones 146a–f. As indicated in Table 6.18, the reactions proceeded very efficiently,
and led to the formation of the corresponding 4-(benzimidazol-2-yl)quinolines
147a–l as major and 6H-indolo[2,3-b]quinoxaline 144a, b as minor products.

Based on the known chemistry of amines (Smith 2001), enolizable ketones
(Wang 2009), enamines (Rappoport 1994; Hickmott 1982a, b, 1984), quinoxali-
nones (Cheeseman and Cookson 1979), and the previous reports (Mamedov et al.
2006, 2008a, b, 2009a, 2010a, b, 2011a, b, 2012, 2013; Kalinin et al. 2007;
Mamedov and Murtazina 2011; Mamedov and Zhukova 2013) a plausible mech-

Table 6.17 Optimization of the reaction conditions

- 2H2OAr

O
+

N Ar

NHN

146 a Ar = Ph
b Ar = C6H4Br-4

+
N
H

N

NH2O N

N

N
H

53a 144a

AcOH

147 a Ar = Ph
b Ar = C6H4Br-4

Entry Substrate Ratio
53a/146

Temp. (oC) Time
(h)

Products Ratio
144a/147a

Total yield
(%)

144a + 147

1 146a 1/1 55 2 144a + 147a 20/80 54

2 146a 1/2 reflux 2 144a + 147a 15/85 52

3 146a 1/2 55 2 144a + 147a 12/88 75

4 146a 1/2 55 5 144a + 147a 15/85 95

5 146a 1/10 55 5 144a + 147a 15/85 80

6 146b 1/1 55 2 144a + 147b 8/92 40

7 146b 1/1 55 6 144a + 147b 8/92 46

8 146b 1/2 55 2 144a + 147b 5/95 79

9 146b 1/2 55 5 144a + 147b 4/96 86

10 146b 1/5 55 5 144a + 147b 4/96 72
aEstimated on the basis of 1H NMR spectra of the reaction mixture
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anism for the reaction of the formation of 4-(benzimidazol-2-yl)quinolines 147 has
been proposed (Scheme 6.64). The reaction starts with the condensation of ketones
with 3-(2-aminophenyl)quinoxalin-2(1H)-one 53a to form imine A, which is
transformed to intermediate B by tautomerization. Subsequently intermediate B is
easily cyclized through the intramolecular nucleophilic addition to give the
spiro-quinoxaline derivative C. The rearrangement of the spiro-quinoxalinone C is
then assumed to occur according to Scheme 6.64, which proceeds by cascade
reactions involving: (a) the ring-opening with the cleavage of the C(3)–N(4) bond
in the spiro-compound D with the intermediate formation of the quinoline
derivative E, (b) the intramolecular nucleophilic attack by the amino group on the
carbonyl group with the intermediate formation of the hydroxy-derivative F, and
(c) the elimination of water leading to the formation of the final product 147. All the
stages of the reaction include acid-catalyzed processes.

It was studied the scope of the methodology, first with respect to the
1,3-diacetylbenzene 148 (Scheme 6.65). As can be seen, this chemistry is not
limited to mono- and disubstituted systems, and a compound with two acetyl
fragments is an acceptable substrate as well.

Table 6.18 Reaction of 3-(2-aminophenyl)-quinoxalin-2(1H)-ones 53a, b with acetophenones
146a–f

- 2H2O

Ar

O+
N Ar

NHN
AcOH,
55 oC, 5 h

53 144

R

147

+
N
H

N

NH2O N

N

N
H

R

146

R

Entry 53 R 146 Ar Products Yield (%)

144 147

1 53a H 146a Ph 144a + 147a 6 80

2 53a H 146b C6H4Br-4 144a + 147b 4 76

3 53a H 146c C6H4Br-3 144a + 147c 4 78

4 53a H 146d C6H4Br-2 144a + 147d 4 73

5 53a H 146e C6H4Cl-4 144a + 147e 4 77

6 53a H 146f C6H4Cl-2 144a + 147f 4 71

7 53b F 146a Ph 144b + 147g 1 68

8 53b F 146b C6H4Br-4 144b + 147h 1 66

9 53b F 146c C6H4Br-3 144b + 147i 1 64

10 53b F 146d C6H4Br-2 144b + 147j 1 61

11 53b F 146e C6H4Cl-4 144b + 147k 2 65

12 53b F 146f C6H4Cl-2 144b + 147l 1 62
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6.9.2 Synthesis of Benzimidazolo[2,1-a]pyrrolo[3,4-c]
quinolines

The scope of this chemistry was also investigated with respect to the compounds
with two same and different carbonyl groups in their compositions. The 3-
(2-aminophenyl)quinoxalin-2(1H)-ones 53a, b were allowed to react with
1,3-pentanedione 150 and ethyl acetoacetate 138, in AcOH (Scheme 6.66). The
isolated yields of the products are all high, as well but there occurs the formation of
benzimidazolo[2,1-a]pyrrolo[3,4-c]quinoline derivatives 153a, b and 154a, b in-
stead of the expected 4-(benzimidazol-2-yl)quinolines 151a, b and 152a, b corre-
spondingly, with acetyl and ester groups at position 3 of the quinoline system
(Mamedov et al. 2014c, d).

The formation of pentacyclic condensed systems 153a, b and 154a, b can be due
to the intramolecular nucleophilic addition of the nitrogen atom of the benzimi-
dazole system to the carbonyl group of the substituents at position 3 of the
quinoline system of compounds 151a, b and 152a, b. In this case, compounds
152a, b with the acetyl group provided the formation of alcohols 153a, b, while
compounds 152a, b with the ester group provided the formation of ketones 154a, b.

Thus, an efficient synthesis for structurally diverse 4-(benzimidazol-2-yl)
quinolines via reactions of 3-(2-aminophenyl)quinoxalin-2(1H)-ones and ketones,
including acetone, acetophenones, 1,3-pentanedione and ethyl acetoacetate has
been developed. The selective formation of the very different quinoline derivatives
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- H2O N
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O
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H
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Scheme 6.64 A plausible mechanism for the formation of 4-(benzimidazol-2-yl)quinolines 147

- 4H2O

149 a R = H (79%)
b R = F (67%)

AcOH,
55 oC, 5 h

O

+

53a,b

148O

N N

N

N
H

N
H

N

R R

(2.5 equiv)

(1 equiv)

Scheme 6.65 Reaction of 3-(2-aminophenyl)quinoxalin-2(1H)-ones 53a, b with 1,3-diacetyl-
benzene 148
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depends on the structure of ketones. The key steps are assumed to involve the new
acid-catalyzed rearrangement of the spiro-quinoxalinone derivatives formed in situ
from the reaction of 3-(2-aminophenyl)quinoxalin-2(1H)-ones and ketones under
the modified Friedländer reaction. This transformation would facilitate the synthesis
by short reaction times, large-scale synthesis, simple, and prompt isolation of the
products, which are the main advantages of this procedure.

6.9.3 Synthesis of 1-(1H-Indazol-3-yl)-1H-benzimidazol-2
(3H)-one

It should be pointed out that in an attempt to prepare 3-(2-hydrazinophenyl)
quinoxalin-2(1H)-one 157 by reduction of corresponding diazonium salt from 3-
(2-aminophenyl)quinoxalin-2(1H)-ones 53 with sodium sulfite, instead of the
intended product 157 a compound with the molecular formula C14H10N4O has been
isolated, which the authors (Wiedermannová et al. 2003) considered to be 6H-
quinoxalino[1,6-c][1,2,3]benzotriazin-13(12H)-one 158. However, later (Lučka
et al. 2007) it was proved that the structure proposed by the authors
(Wiedermannová et al. 2003) was incorrect. By NMR spectroscopy (Lučka et al.
2007) and by X-ray analysis (Fryšová et al. 2011) it was shown that the correct
structure is 1-(1H-imidazol-3-yl)-1H-benzimidazol-2(3H)-one 155 (Scheme 6.67).

The formation of the 1H-benzimidazol-2(3H)-one derivative 155 as a conse-
quence of the principle suggested above proceeds through the spiro-compound 156
without any mobile hydrogen atom in their spiro-forming component.

N

N
N

R O

153 a R = H (79%)
b R = F (61%)

N

N
N

OH
R

154 a R = H (75%)
b R = F (64%)

53a,b

O

R1

O

(3 equiv)

AcOH, 55 oC, 6 h
then reflux, 3 h

(1 equiv)

+ 150 R = Me
138 R = OEt

N

NHN

R1

O
R

R = Me

R = OEt151 a R = H, R1 = Me
b R = F, R1 = Me

152 a R = H, R1 = OEt
b R = F, R1 = OEt

- EtOH

- 2H2O

Scheme 6.66 Reaction of 3-(2-aminophenyl)quinoxalin-2(1H)-ones 53a, b with acetylacetone
150 and ethyl acetoacetate 138
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6.10 Synthesis of 1-Pyrrolylbenzimidazolones via the New
Rearrangements (Use of 3-Aroyl-, 3-Alkanoyl-
and 3-Hetaroylquinoxalin-2(1H)-ones as Analogues
of α-Diketones)

6.10.1 Synthesis of 2,3-Di(1H-benzimidazol-2-yl)-1-(1H-
benzoimidazol-2-on-1-yl)pyrrolo[1,2-a]quinoxalin-4
(5H)-one

Returning to the synthesis of 2,3-bis(benzimidazol-2-yl)quinoxalines 100a–
g (Scheme 6.41; Table 6.5) it should be noted that in one case, i.e., in the case of the
synthesis of 2,3-bis(benzimidazol-2-yl)-6-nitroquinoxaline 100e, the less-reactive
1,2-diamino-4-nitrobenzene 5h was used as a reagent. In this case a derivative of
pyrrolo[1,2-a]quinoxaline containing one benzimidazolone (in position 1) and two
benzimidazole (at positions 2 and 3) fragments in the newly formed pyrrole ring from
the reaction mixture were isolated in trace amounts as an unexpected product. The
formation of compound 159 could be due to the condensation of 3-(benzimidazo-2-yl)
quinoxalin-2(1H)-one 37s with its predecessor–3-(benzimidazol-2-yl)methylene-
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Scheme 6.67 Rearrangement of 3-(2-aminophenyl)quinoxalin-2(1H)-ones under the condition of
the synthesis of corresponding diazonium salts
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quinoxalin-2(1H)-one 107 (the schematical presentation of the
3-hetaroylquinoxalin-2(1H)-ones as analogues of α-diketones has been shown in
Sect. 6.2.3(E) (see Fig. 6.3, structure 37)), which is present as an impurity in com-
pound 37s, used in the reactionwith 1,2-diamino-4-nitrobenzene 5h. Indeed, carrying
out the reaction of 3-(benzimidazo-2-yl)quinoxalin-2(1H)-one 37s with 3-
(benzimidazol-2-yl)methylenequinoxalin-2(1H)-one 107 in boiling AcOH led to the
derivative of pyrrolo[1,2-a]quinoxalin-4(5H)-one 159 in a good yield (Scheme 6.68)
(Mamedov et al. 2013).

As can be seen in Scheme 6.69, the formation of compound 159 occurs as a
result of a cascade reaction involving: (a) the intermolecular ene reaction (Naruse
et al. 2005; Hilt and Treutwein 2007; Shen et al. 2009) between the enamine 107
and ketone 37s with the formation of compound A, (b) the intramolecular ene
reaction (Oppolzer et al. 1973; Keck and Webb 1979, 1981) with the formation of
the spiro-derivative quinoxalinono[2′,1]pyrrolo[1,2-a]quinoxaline B, and (c) a new
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Scheme 6.68 The formation of 1-(benzimidazol-2-on-1-yl)-2,3-(dibenzimidazol-2-yl)pyrrolo-
[1,2-a]quinoxalin-4(5H)-one 159
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quinoxalinono-benzimidazolone rearrangement in the spiro-forming fragment.
Unlike the rearrangements discussed above (Sects. 6.2.2 and 6.4–6.9), in which the
opening of the pyrazine ring of the quinoxalinone system of spiro-derivative
(Schemes 6.14, 6.46, 6.47, 6.51, 6.52, 6.58, 6.62, 6.64) occurs between the C(3)
and N(4) atoms, the opening of the pyrazine ring of the quinoxaline system of
spiro-derivative B occurs in the new rearrangement between the C(2) and C(3)
atoms, through the intermediate formation of fused spiro-aziridino[2′,1]pyrrolo[1,2-
a]quinoxaline C (Scheme 6.69).

In this case 3-(benzimidazo-2-yl)quinoxalin-2(1H)-one 37s, supplying two car-
bon atoms in the formation of the pyrrole ring is subjected to a rearrangement
(Scheme 6.68) different from that discussed above (Sect. 6.4.2).

6.10.2 Synthesis of 3-[(3,5-Disubstituted-4-(1H-
benzimidazol-2-on-1-yl)-1H-pyrrol-2-yl]quinoxalin-2
(1H)-ones

The above rearrangement was observed earlier (see Saifina thesis pp. 89–93 in
Chap. 4) in the example of the self-condensation of 3-(α-azidophenylalkyl)
quinoxalin-2(1H)-ones 160a–c (Scheme 6.70) (Saifina 2009).

The fact that the formation of the benzimidazolone derivatives in the reactions of
the self-condensation of 3-(α-azidophenylalkyl)quinoxalin-2(1H)-ones 160
(Scheme 6.70) (Saifina 2009) and in the condensation of 3-(benzimidazo-2-yl)
quinoxalin-2(1H)-one 37s with its predecessor–3-(benzimidazol-2-yl)methylene-
quinoxalin-2(1H)-one 107 (Scheme 6.68) gives reason to propose a new hypoth-
esis, that “any of the spiro-derivatives of 1,2,3,4-tetrahydroquinoxalin-3-one
without any mobile hydrogen atom in their spiro-forming component are on their
way to the benzimidazolone derivative with the spiro-forming component at posi-
tion 1” (Scheme 6.71).
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Scheme 6.70 A new quinoxalinone-benzimidazolone rearrangement proceeding under
self-condensation of 3-(α-azidophenylalkyl)quinoxalin-2(1H)-ones
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6.10.3 Synthesis of 1-Pyrrolylbenzimidazolones
from Quinoxalinones and Enamines Generated In
Situ from Ketones and Ammonium Acetate

In 2011, it has been reported annulation/ring-opening/ring-closure reactions of
3-functionally substituted quinoxalinones promoted by arylmethanediamines (N,N-
1,3-binucleophilic reagents generated in situ from ammonium acetate and corre-
sponding aldehyde) in which structurally different imidazole derivatives could be
obtained in high yields (Mamedov et al. 2011b).

During the studies on the ring-opening/ring-closing reactions of 3-BQs
(Mamedov et al. 2008a, b, 2009a, 2011a, b, c, 2012; Mamedov and Murtazina
2011; Mamedov and Zhukova 2013), it has been attempted to use enamines (gen-
erated in situ from ammonium acetate and corresponding methylaryl(hetaryl)ke-
tones) as an alternative source of the N,C-1,3-binucleophilic reagents. Interestingly,
it was found that when conducting the reaction of 3-BQ 37a with enamines as N,C-
1,3-binucleophilic reagents in refluxing MeOH as a solvent, compound 162a was
formed rather than the desired and expected product(s). Apparently, as a result there
appeared a product with two newly formed heterocyclic systems. Herein, this novel
enamine-mediated rearrangement of 3-BQs in MeOH, which proceeds through the
ring-closure/ring-opening/ring-closure dual cleavage of the C(3)=N(4) and C(2)–C
(3) bonds has been presented (Mamedov et al. 2015).

The examination in detail of the reaction conditions for the 3-BQ 37a, ace-
tophenone 146b with NH4OAc in MeOH shows that the yield of 162b was
achieved with a maximum (81 %) when the reaction was carried out with the use of
reagents 37a/146b/NH4OAc in the ratio of 1:2:15 at boiling MeOH for 14 h.

With the optimized conditions in hand, the generality of the reaction was
evaluated. A range of substrates with varying substituents were synthesized and
investigated under standard conditions.

As can be seen from Table 6.19, the result does not depend on the nature of the
substituent in acetophenones, no matter whether it is a donor or an acceptor
group. For acetophenones with electron-withdrawing halogen atoms at p- and m-
positions of the benzene ring and even with a strongly electron-withdrawing
nitro-group as well as with a electron-donating methoxy-group, the reaction pro-
ceeded smoothly and resulted in the desired products 162b, c, e, g, h in high (entries
2, 5 and 8) and moderate (entries 3 and 7) yields. However, it should be pointed out
that in the case of 146h with a strongly electron-donating methoxy-group, the
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Scheme 6.71 A schematic presentation of the spiro-1,2,3,4-tetrahydroquinoxalin-3-one
→benzimidazolone rearrangement
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regioisomeric product 163h is formed along with the main product of the reaction
162h as well, in a percentage ratio of 63:37 in favor of the former (entry 8). This is
due to the occurrence of the competing direction of the processes with the benzoyl
carbonyl group at the initial stage of the reaction (Scheme 6.72, Pathway II). When
the electron-withdrawing halogen atoms (Cl or Br) were located at one o-position of
the benzene ring, the desired products 162d and 162f were obtained in good yields
(entries 4 and 6). This is apparently not due to the electronic effects of these groups,
and to the spacing effect, as in the cases of reactions 2-, 3- and 4-acetylpyridines.
Regardless of the position of the nitrogen atom in the pyridine ring the yields of the
desired products are higher (entries 9–11).

Table 6.19 reports the structural variations which are tolerated by this new
multicomponent reaction (MCR). Acetophenones (electron-withdrawing and
electron-donating substituents) and heteroaromatic ketones have resulted in the
corresponding products in good to excellent yields. The same is true for the dif-
ferent 3-BQs with various substituents (entries 12–15) involving functional CO2H
(entries 12 and 13) and 6,7-dimethyl (entry 15) groups with the exception of the
PhC(O) group (entry 14) in the benzene ring of the quinoxalin-2(1H)-one system.

Table 6.19 Synthesis of 1-(pyrrolyl)benzimidazolones

N
H

N

O

O

Ph
MeOH,
reflux

162a-o

+

R3

O
+ NH4OAc

146 (2 equiv)

N
H

N

NH

O

Ph

R3

R1 R1

R2R2

37 (1 equiv) 163h

N
H

N

H
N

O

Ph

R3

R1

R2

Entry 37 R1 R2 146 R3 Time (h)/
NH4OAc (equiv)

Product Yield
(%)

1 37a H H 146a Ph 20/20 162a 65

2 37a H H 146b C6H4Br-4 14/15 162b 81

3 37a H H 146c C6H4Br-3 20/20 162c 66

4 37a H H 146d C6H4Br-2 20/20 162d 62

5 37a H H 146e C6H4Cl-4 14/15 162e 79

6 37a H H 146f C6H4Cl-2 20/0 162f 63

7 37a H H 146 g C6H4NO2-3 20/20 162g 59

8 37a H H 146 h C6H4OMe-4 14/15 162h + 163h 92a

9 37a H H 146i Py-2 20/20 162i 79

10 37a H H 146j Py-3 20/20 162j 73

11 37a H H 146 k Py-4 20/20 162k 76

12 37u CO2H H 146a Ph 14/15 162l 62

13 37u CO2H H 146b C6H4Br-4 14/15 162m 84

14 37t COPh H 146b C6H4Br-4 24/25 162n 12b

15 37x Me Me 146b C6H4Br-4 24/25 162o 63
aFormed two isomers in a 63:37 percentage ratio (based on 1H NMR)
b55 % of 37t was recovered
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Having developed this novel methodology for the diversification of the method
and displayed its general applicability it has been provided the benzimidazol-2-one
and pyrrole heterocyclic cores in one concise straightforward step. Their next goal
was to build the complexity of final products and to gain access to more elaborated
molecular scaffolds. Consequently, their studies were directed to an additional
transformation capable of assembling a nitrogen-containing ring (Scheme 6.72).
According to their synthetic plan (Scheme 6.72), the replacement of the commer-
cially available acetophenone 146a with 1,3-diacetylbenzene 148, bearing an
additional acetyl group would allow the anticipated cascade process with two MCR
modifications in one pot. The reaction would proceed with the formation of an
unprecedented compound 165, with two 1-(pyrrol-2-yl)benzimidazolone cores in
the benzene ring as a major product which precipitated from the reaction mixture
and compound 164 as a minor product with one 1-(pyrrol-2-yl)benzimidazolone
core. It has been shown that acetophenone 164 can also be transformed to 165. The
reaction of acetophenone 164 with 3-BQ 37a in the presence of NH4OAc (the ratio
of reagents is given in the Scheme 6.72) proceeds with the formation of compound
165 with a 30 % yield. For the complete transformation of compound 164 in the
reaction mixture it was necessary to perform procedures of allocation and its
transformation into 165 three times (Scheme 6.72).

Although the exact mechanism of this reaction is yet unclear, a plausible reaction
course is proposed on the basis of the known chemistry of ketones (Wang 2009),
imines (Smith 2001), quinoxalines (Cheeseman and Cookson 1979; Brown 2004)
and enamines (Hickmott 1982a, b, 1984; Rappoport 1994) in Scheme 6.73. The
formation of the enamine intermediate A takes place at the initial stage of the
reaction. Intermediate A reacts with the 3-BQ 37a in two different ways (Pathway I
and Pathway II) with the formation of an isomeric spiro[pyrrol-3,2′-quinoxalin]-
3-one derivative D and a spiro[pyrrol-2,2′-quinoxalin]-3-one derivative F through
the intermediate C and B. The latter are formed by the initially attached enamine on
the benzoyl carbonyl carbon atom (Pathway I) and on the C(3) atom of the
quinoxalinone system (Pathway II), correspondingly. Further, both Pathway I and
Pathway II proceed by cascade reactions involving: (a) the acid-catalyzed ring
closure of spiro-derivatives D and F with the formation of intermediates E and

OO
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165 (61%)

MeOH,
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Scheme 6.72 Synthesis of compounds with one and two 1-(pyrrol-2-yl)benzimidazolone
structural blocks
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G with the aziridine ring system; (b) the acid-catalyzed ring-opening in interme-
diates G and E with the formation of the final 1-(pyrrol-2-yl)- 162 and 1-
(pyrrol-3-yl)benzimidazolone 163 derivatives.

It can be assumed that as in cases of the quinoxalinone-benzimidazole rear-
rangement (Mamedov et al. 2008a, 2010c, 2012), the use of the N-alkyl derivatives
of quinoxalinone will provide the formation of N-alkylated derivatives of 1-(pyr-
rolyl)benzimidazolone under the conditions of rearrangement studied. However, the
reaction of 3-benzoyl-1-octylquinoxalin-2-one 37v with 4-bromoacetophenone
146b and NH4OAc proceeded with the formation of a spiro-derivative 166–inter-
mediate compound on the way to the product of rearrangement (Scheme 6.74).
Changing the ratio of the reagents or the reaction time did not significantly influ-
ence the direction of the reaction. The product was identified as 5-(4-bromophenyl)-
4′-octyl-2-phenyl-1′H-spiro[pyrrol-3,2′-quinoxalin]-3-one 166.

Thus, there takes place the formation of only compound 166, but not
the regioisomer–5-(4-bromophenyl)-4′-octyl-2-phenyl-1′H-spiro[pyrrol-3,2′-qui-
noxalin]-3′(4′H)-one 166′ (Scheme 6.74). In an attempt to perform the rearrange-
ment in boiling AcOH, compound 166 was converted to chalcone 167 with the
extrusion of the nitrogen atom from the pyrrole ring. The analysis of crude products
obtained from the reaction mixture after the evaporation of solvents by 1H NMR
spectroscopy reveals the presence of a spiro-compound 166 and a trace amount of
the unreacted starting compounds (37v and 146b).

The destruction of spiro-compounds takes place in the case of the N-octyl
derivative of spiro-quinoxalinone 166, with the release of ammonia and the for-
mation of corresponding chalcone 167 under the rearrangement conditions (in
boiling AcOH) (Scheme 6.75). It seems plausible that for the successful course of
the rearrangement one of the necessary conditions is the presence of a hydrogen
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Scheme 6.73 A plausible mechanism for the formation of 1-(5-R-3-phenylpyrrol-2-yl)- 162 and
1-(5-R-2-phenylpyrrol-3-yl)- 163 benzimidazol-2(3H)-ones
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atom at the nitrogen atom. Taking this into account it is possible to assume an
alternative mechanism of the rearrangement in the new ring formation cascade
reactions. The latter involve tautomerism (166 to H) and subsequent ring opening
(H to I) with the formation of the isocyanate derivative (I) and the ring closure (I to
162) processes (Scheme 6.75). This type of ring closure is well precedented
(Gibson and Green 1965; Kametani et al. 1970; Ruediger et al. 1986, Branco et al.
1992).

It should be pointed out that the quinoxalin-2-one/quinoxalin-2-ol tautomerism
like 166 to H, when R = Alk, is impossible and therefore the isocyanate derivative
responsible for the course of the rearrangement in the case of R = H cannot be
formed (Scheme 6.75).

The formation of 167 from the spiro-quinoxalinone 166 can be presented with
the AcOH as well, but in this case the pyrrole nitrogen atom of a molecule is
released in the form of AcNH2 (Scheme 6.76).

The formation of the benzimidazolone derivatives in the one-pot reactions of
3-BQs 37, methylaryl(hetaryl)ketones and ammonium acetate (NH4OAc) in
methanol at reflux conditions with good to excellent yields (Table 6.19;
Scheme 6.72) confirm the previously proposed hypothesis (Scheme 6.71).
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Scheme 6.74 The formation of 1′H-spiro[pyrrol-3,2′-quinoxalin]-3-one 166 and its acid-catalyzed
conversion to chalcone 167
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An important three-component reaction of 3-benzoylquinoxalinones, various
methylaryl(hetaryl)ketones, and ammonia has been developed. The method
described in this paper allows the preparation of substituted 1-(pyrrolyl)benzimi-
dazolone derivatives from easily available 3-benzoylquinoxalinone precursors
under multicomponent reaction conditions in the presence of various methylaryl
(hetaryl)ketones and ammonia with good to excellent yields. Enamines could be
generated in situ from ketones and ammonia and then smoothly react with
3-benzoylquinoxalinones to produce 1-(pyrrolyl)benzimidazolone derivatives.
Using this method, we were able to assemble a wide range of benzimidazolone
derivatives. An important aspect of this protocol is that it can be adapted for the
synthesis of a wide range of benzimidazolone derivatives, since various
methylketones are commercially available and can easily be obtained through the
acylation by the Friedel–Crafts reaction. The success of this methodology
encourages future exploration of related reactions.

6.10.4 A Reaction for the Synthesis of Benzimidazol-2-ones,
Imidazo[5,4-b]- and Imidazo[4,5-c]pyridin-2-ones
from Quinoxalinones and Their Aza-Analogues
When Exposed to Enamines

To optimize the process, the reaction of 3-BQ 37a with methyl 3-aminocrotonate
169a in boiling acetic acid with various ratios of reagents (1:1, 1:5, 1:7; 37a:169a)
and over different reaction times was initially carried out. The optimal condition for
carrying out the investigated reaction appears to be the use of reagents in a ratio of
(1:7; 37a:169a) in boiling acetic acid for 6 h (Mamedov et al. 2014e). Though at
such ratios of the reagents the reaction proceeds successfully for 1 h, the desired
products of the rearrangement are allocated easily when the reaction has been
carried out for 6 h. This is apparently due to the complete decomposition or
polymerization of excess enamine.
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Having the optimized reaction conditions at disposal, the authors proceed to
explore the scope and limitations of the reaction. The procedure was extended to
3-aroylquinoxalin-2(1H)-ones 37 with various substituents and methyl- (169a) and
ethyl- (169b) 3-aminocrotonates. As indicated in Table 6.20, the reactions proceeded
very efficiently, and led to the formation of the corresponding N-(pyrrol-3-yl)
benzimidazol-2-ones (170) as major and N-(pyrrol-2-yl)benzimidazol-2-ones (171)
as minor products with the overall 89–99 % yields. The reaction proceeds so fast that
it appears impossible to allocate the expected spiro-compound. Under the reaction
conditions we are immediately subjected to the rearrangement with the formation of
N-pyrrolylbenzimidazol-2-ones in high yields.

A plausible reaction mechanism for the formation of N-
pyrrolylbenzimidazol-2-ones 170 and 171 has been proposed (Scheme 6.77). The
formation of N-pyrrolylbenzimidazol-2-ones occurs in two different ways (Pathway
I and Pathway II), differing at their initial stage of the process. In the case of the
formation of N-(pyrrol-3-yl)benzimidazol-2-ones 170 the reaction starts
(Scheme 6.77, Pathway I) with the acid-catalyzed subsequent Michael type of the
reaction (Andrei et al. 2003; Harada et al. 2003; Allu et al. 2010; Boncel et al. 2010)
between 37a and 169a involving a nucleophilic attack by the enamino double bond
(of 169a) on the electron-deficient double bond (of 37a), which leads to the for-
mation of A. The intramolecular cyclization of A involving the attack by the imine
nitrogen on the nearby –C(O)Ph moiety affords the spiro-quinoxaline derivative
B. The rearrangement of the spiro-quinoxalinone B is then assumed to occur
according to Scheme 6.77, which proceeds by cascade reactions involving: (a) the
intramolecular nucleophilic attack by the amino group on the carbonyl group with
the intermediate formation of the hydroxy-derivative C, (b) the ring-opening with
the cleavage of the C(2)–C(3) bond in the hydroxy-derivative C with the elimi-
nation of water leading to the formation of the final product 170a.

In the case of the formation of N-(pyrrol-2-yl)benzimidazol-2-ones 171 at its
initial stage there occurs a nucleophilic attack by the enamino double bond (of
169a) on the electron-deficient benzoyl carbonyl group (of 37a) which leads to the
formation of D (Scheme 6.77, Pathway II). This brings about the rearrangement
product via intermediates E and F.

With this result at disposal, we went on to study the scope of the methodology,
with respect to the 5- and 7-aza- quinoxalin-2(1H)-ones, namely 3-benzoylpyrido
[3,2-b]pyrazin-2(1H)-one 95a and 3-benzoylpyrido[3,4-b]pyrazin-2(1H)-one 95d
(Scheme 6.78). As can be seen, this chemistry is not limited to the quinoxalin-2
(1H)-ones, and the compounds composed of two heterocyclic fragments are
acceptable substrates as well (Mamedov et al. 2014e).

The reactions proceed perfectly well with both 95a and 95d pyrazin-2(1H)-one
derivatives, with the formation of the easily separable regioisomeric products 172/
173 and 174/175 with overall quantitative yields.

In comparisonwith the existingmethods, the present approach offers the following
advantages: (i) it proceeds faster and affords good to excellent yields under mild
conditions with no additional activationmodes such as microwave irradiation, (ii) it is
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Table 6.20 Synthesis of N-pyrrolylbenzimidazol-2-ones 170 and 171

N
H

N

HN

O

R3

O

OR4

N
H

N

O

O

R3

+
NH2 O

OR4

171 (minor)

AcOH,
reflux

N
H

N

NH

O

R3

170 (major)

+

O

R4O

R1

R2

R1

R2

R1

R2

169 (7 equiv)37 (1 equiv)

Entry 37 R1 R2 R3 169 R4 Products (yield) Overall yield, (170/
171)a

1 37a H H Ph 169a Me 170a + 171a
(45 %) (n/i)

97 %, 78:22

2 37b H H C6H4F-4 169a Me 170b + 171b
(42 %) (n/i)

94 %, 74:26

3 37c H H C6H4Cl-4 169a Me 170c + 171c
(52 %) (n/i)

97 %, 72:28

4 37d H H C6H4Br-4 169a Me 170d + 171d
(51 %) (n/i)

97 %, 70:30

5 37e H H C6H4I-4 169a Me 170e + 171e
(53 %) (n/i)

98 %, 75:25

6 37i H H n-Pr 169a Me 170f + 171f
(39 %) (n/i)

97 %, 91:9

7 37x Me Me Ph 169a Me 170g + 171g
(62 %) (n/i)

97 %, 83:17

8 37t COPh H Ph 169a Me 170h + 171h
(43 %) (n/i)

97 %, 79:21

9 37a H H Ph 169b Et 170i + 171i
(58 %, 24 %)
(4 %)

99 %, 78:22

10 37b H H C6H4F-4 169b Et 170j + 171j
(59 %) (n/i)

96 %, 77:23

11 37c H H C6H4Cl-4 169b Et 170k + 171k
(61 %, 40 %)
(5 %)

97 %, 67:33

12 37d H H C6H4Br-4 169b Et 170l + 171l
(56 %, 38 %)
(4 %)

99 %, 67:33

13 37e H H C6H4I-4 169b Et 170m + 171m
(56 %) (n/i)

98 %, 60:40

14 37x Me Me Ph 169b Et 170n + 171n
(65 %) (n/i)

99 %, 84:16

15 37t COPh H Ph 169b Et 170o + 171o
(41 %) (n/i)

98 %, 72:28

16 37u CO2H H Ph 169b Et 170p + 171p
(77 %)

89 %, 75:25
(inseparable
mixture)

aRatio determined by the 1H NMR of the crude products
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very cost-effective and uses the inexpensive easily and commercially available
reagents, and (iii) it is applicable to a broader range of substrates, including 3-aroyl
(alkanoyl)quinoxalin-2(1H)-ones, 3-benzoylpyrido[3,2-b]pyrazin-2(1H)-one and
3-benzoylpyrido[3,4-b]pyrazin-2(1H)-one and various enamines.

An effective synthesis strategy via the novel quinoxalin-2(1H)-
one/benzimidazol-2-one rearrangement that makes possible a rapid access to the N-
pyrrolylbenzimidazol-2-ones from the readily available 3-aroylquinoxalin-2(1H)-ones
with various substituents and commercially available enamines (methyl and ethyl
3-aminocrotonates) have beendeveloped. Themethodologywas found to begeneral and
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a wide variety of N-pyrrolylbenzimidazol-2-one derivatives were prepared in good
yields.Due to the availability of the startingmaterials and the potential applicationsof the
products, thismethod is highly perspective in organic synthesis andmedicinal chemistry.
This protocol also represents an extremely simple, efficient and metal-free environ-
mentally friendlyway for constructing the substituted pyrroles and benzimidazol-2-ones
in overall high yields. Aza-analogues of benzimidazol-2-ones were obtained when
aza-analogues of quinoxalin-2(1H)-one have been used. Thus it complements the
method for the rapid formation of multifunctional heterocycles.

6.11 Conclusion

Two fundamentally new rearrangements of quinoxalinones and their aza-analogues
have been discovered. The first one can be schematically represented as TYPE 1 on
the Scheme 6.79: “Any of the spiro-derivatives of 1,2,3,4-tetrahydroquinoxalin-3-
one with at least one mobile hydrogen atom in their spiro-forming component are
on their way to the benzimidazole derivative with the spiro-forming component at
position 2.”

The second one can be schematically presented as TYPE 2 on the Scheme 6.80:
“Any of the spiro-derivatives of 1,2,3,4-tetrahydroquinoxalin-3-one without any
mobile hydrogen atom in their spiro-forming component are on their way to the
benzimidazolone derivative with the spiro-forming component at position 1.”

Thus, the novel rearrangements presented raises no doubts as to its generality in
the synthesis of benzimidazol(on)es. Because in accordance with the aim set both the
first and the second component can be replaced when synthesizing any desired
derivative of benzimidazole. To date, there were synthesized benzimidazol(on)e
derivatives via of these novel rearrangements. These derivatives are shown in the
review. We hope that in future these new rearrangements, based on the rearrange-
ment of quinoxalin(on)e derivatives into benzimidazol(on)e derivatives, will find
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their worthy place in the chemistry of heterocyclic compounds, and will serve as a
simple and efficient method for the synthesis of various benzimidazole derivatives,
along with the classical Phillips-Ladenburg and Weidenhagen reactions.
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Appendix

The X-structures of some compounds referred to in Chap. 2

MANCEJ
N
H

N

S

O

HN

Ph

508 (R1 = R3 = H)

Mamedov VA, Kalinin AA, Gubaidullin AT, 
Nurkhametova IZ, Litvinov IA, Levin YaA (1999)
Chem Heterocyclyc Compd 35(12):1459-1473

Formula C16H11N3OS

Compound
Name 1-Imino-3-phenyl-4-oxo-4,5-dihydrothiazolo(3,4-a)quinoxaline

Space 
Group P-1 Cell: (Å,°) a 11.641(1) b 13.778(5) c 18.303(4)

Space 
Group No. 2 96.69(3) 93.53(2) 101.61(2)

R-Factor (%) 6.60 Temperature 
(K): 295

Density
(g/cm3):

1.461

α β γ 

OBIZIJ

N
H

N

S

O

N
Ph

Ph

508a

Mamedov VA, Nurkhametova IZ, 
Gubaidullin AT, Litvinov IA, Tsuboi S (2004) 
Heterocycles 63(8):1783-1792

Formula C22H15N3OS

Compound
Name 1-(Phenylimino)-3-phenyl-4,5-dihydro-1H-thiazolo(3,4-a)quinoxalin-4-one

Space 
Group P21/n Cell: (Å,°) a 8.355(2) b 9.371(4) c 28.250(40)

Space 
Group No. 14 α 90.00 β 93.19(3) γ 90.00

R-Factor (%) 5.10 Temperature 
(K): 294

Density
(g/cm3):

1.346
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KAMVOK

N
H

N

S

O

N

Ph

Ph

F

F

509a

Mamedov VA, Nurkhametova IZ, Kotovskaya SK, 
Gubaidullin AT, Levin YaA, Litvinov IA, Charushin 
VN (2004) Russ Chem Bull, Int Ed 53(11):2568-
2576

Formula C22H13F2N3OS

Compound
Name

4,5-Dihydro-7,8-difluoro-3-phenyl-1-(phenylimino)thiazolo(3,4-a)
quinoxalin-4-one

Space 
Group P21/n Cell: (Å,°) a 8.823(5) b 8.962(8) c 28.587(6)

Space 
Group No. 14 α 90.00 β 90.03(2) γ 90.00

R-Factor (%) 7.52 Temperature 
(K): 295

Density
(g/cm3):

1.421

APIDAF
Me

Me N
H

N
S

O

N
Ph

Ph

509b

Mamedov VA, Zhukova NA, Beschastnova TN, 
Gubaidullin AT, Levin YaA, Litvinov IA (2009) Russ 
Chem Bull, Int Ed 58(1):191-202

Formula C24H19N3OS
Compound 
Name

7,8-Dimethyl-3-phenyl-1-(phenylimino)[1,3]thiazolo[3,4-a]quinoxalin-4(5H)-
one

Space 
Group P21/n Cell: (Å,°) a 8.530(1) b 9.379(1) c 29.260(6)

Space 
Group No. 14 α 90.00 β 91.70(1) γ 90.00

R-Factor (%) 7.19 Temperature 
(K): 295

Density
(g/cm3):

1.350

OBIZUV

N
H

N

S

O

N
Ph

Ph

Me

510a

Gubaidullin AT, Mamedov VA, Litvinov IA 
(2004) ARKIVOC 5:80-12

Formula C23H17N3OS

Compound
Name

1-(Phenylimino)-3-phenyl-7-methyl-4,5-dihydro-1H-thiazolo(3,4-a)quinoxalin-
4-one

Space 
Group P21/c Cell: (Å,°) a 4.857(7) b 20.420(10) c 19.137(6)

Space 
Group No. 14 α 90.00 β 96.11(7) γ 90.00

R-Factor (%) 5.30 Temperature 
(K): 294

Density
(g/cm3):

1.350
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OBIZOP

N
H

N

S

O

N
Ph

PhO2N

511b

Mamedov VA, Nurkhametova IZ, 
Kotovskaya SK, Gubaidullin AT, Levin YaA, 
Litvinov IA, Charushin VN (2004) Russ 
Chem Bull, Int Ed 53(11):2568-2576

Formula C22H14N4O3S

Compound
Name

1-(Phenylimino)-3-phenyl-8-nitro-4,5-dihydro-1H-thiazolo(3,4-a)
quinoxalin-4-one

Space 
Group P21/n Cell: (Å,°) a 9.602(2) b 8.781(3) c 28.069(4)

Space 
Group No. 14 α 90.00 β 92.64(1) γ 90.00

R-Factor (%) 4.60 Temperature 
(K): 294

Density
(g/cm3):

1.370

UKUTUQ
N
H

N

O

S
N

Ph

Ph

F

N
N

Me

512a

Mamedov VA, Zhukova NA, Beschastnova
TN, Balandina AA, Gubaidullin AT, 
Kotovskaya SK, Latypov ShK, Levin YaA, 
Charushin VN (2009) Russ Chem Bull, Int 
Ed 58(1):203-211

Formula C27H24FN5OS

Compound
Name

8-Fluoro-7-(4-methylpiperazin-1-yl)-3-phenyl-1-(phenylimino)[1,
3]thiazolo[3,4-a]quinoxalin-4(5H)-one

Space 
Group P-1 Cell: (Å,°) a 8.586(2) b 12.083(7) c 13.819(5)

Space 
Group No. 2 α 99.19(4) β 91.24(4) γ 96.94(3)

R-Factor (%) 6.82 Temperature 
(K): 295

Density
(g/cm3):

1.334

UKUVAY

N
H

N

O

S
N

Ph

Ph

N

F

O

513b

Mamedov VA, Zhukova NA, Beschastnova 
TN, Balandina AA, Gubaidullin AT, 
Kotovskaya SK, Latypov ShK, Levin YaA, 
Charushin VN (2009) Russ Chem Bull, Int 
Ed 58(1):203-211

Formula C26H21FN4O2S

Compound
Name

7-Fluoro-8-(morpholin-4-yl)-3-phenyl-1-(phenylimino)[1,3]thiazolo[3,4-
a]quinoxalin-4(5H)-one

Space 
Group P21/n Cell: (Å,°) a 16.619(2) b 9.875(0) c 17.711(2)

Space 
Group No. 14 α 90.00 β 109.81(0) γ 90.00

R-Factor (%) 5.27 Temperature 
(K): 293

Density
(g/cm3):

1.338

Appendix 425



APIDEJ O2N
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O

N

Ph

N
S

516b

Mamedov VA, Zhukova NA, Beschastnova TN, 
Gubaidullin AT, Levin YaA, Litvinov IA (2009) Russ 
Chem Bull, Int Ed 58(1):191-202

Formula C19H11N5O3S2

Compound
Name

8-Nitro-3-phenyl-1-(1,3-thiazol-2-ylimino)[1,3]thiazolo[3,4-a]quinoxalin-
4(5H)-one

Space 
Group P-1 Cell: (Å,°) a 7.016(0) b 12.718(1) c 13.772(1)

Space 
Group No. 2 α 72.28(0) β 87.25(0) γ 73.64(0)

R-Factor (%) 4.36 Temperature 
(K): 295

Density
(g/cm3):

1.464

OPINAD

N
H

N

Se

O

N
Ph

O2N
Ph

528

Mamedov VA, Zhukova NA, Gubaidullin AT, 
Beschastnova TN, Rizvanov IKh, Levin
YaA, Litvinov IA (2009) Russ Chem Bull, Int 
Ed 58(6):1294-1302

Formula C24H18N4O3Se

Compound
Name

8-Nitro-3-(2-phenylethyl)-1-phenylimino-[1,3]selenazolo[3,4-a]quinoxalin-
4(5H)-one

Space 
Group P21/n Cell: (Å,°) a 15.306(1) b 8.060(0) c 20.663(1)

Space 
Group No. 14 α 90.00 β 90.75(0) γ 90.00

R-Factor (%) 4.00 Temperature 
(K): 295

Density
(g/cm3):

1.466

The X-structures of some compounds referred to Chap. 3

AZEJIY
N
H

N

O

Me

Ph

O
Me

25a

Mamedov VA, Kalinin AA, Gubaidullin AT, Litvinov
IA, Azancheev NM, Levin YaA (2004) Russ J Org 
Chem 40(1):114-123

Formula C20H16N2O2

Compound
Name 2-Acetyl-1-methyl-4-oxo-3-phenyl-4,5-dihydropyrrolo(1,2-a)quinoxaline

Space 
Group P21/a Cell: (Å,°) a 6.784(3) b 29.880(20) c 8.379(4)

Space 
Group No. 14 α 90.00 β 108.21(4) γ 90.00

R-Factor (%) 5.10 Temperature 
(K): 295

Density
(g/cm3):

1.302
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The X-structures of some compounds referred to Chap. 4

IWOMOX
N
H

N

N

O

Ph

Ph

12a

Mamedov VA, Zhukova NA, Beschastnova TN, 
Gubaidullin AT, Rakov DV, Rizvanov IKh (2011) 
Tetrahedron Lett. 52:4280-4284

Formula C22H15N3O

Compound
Name 1,3-Diphenylimidazo[1,5-a]quinoxalin-4(5H)-one

Space 
Group P21/c Cell: (Å,°) a 15.074(5) b 5.078(1) c 23.490(8)

Space 
Group No. 14 α 90.00 β 107.79(0) γ 90.00

R-Factor (%) 7.31 Temperature 
(K): 296

Density
(g/cm3):

1.309

The X-structures of some compounds referred to in Chap. 5

QIXCUW

N
N

OPh

O
O

O
N

N

O

O

Ph

157a

Mamedov VA, Kalinin AA, 
Gubaidullin AT, Gorbunova
EA, Litvinov IA (2006) Russ 
J Org Chem 42(10):1532-
1543

Formula C36H30N4O6

Compound
Name 1,8-bis(3-Benzoylquinoxalin-2-one-1-yl)-3,6-dioxaoctane

Space 
Group P21/a Cell: (Å,°) a 11.930(20) b 23.710(10) c 12.090(20)

Space 
Group No. 14 α 90.00 β 117.40(10) γ 90.00

R-Factor (%) 7.09 Temperature 
(K): 295

Density
(g/cm3):

1.345

RODCUJ

Ph
N

O N

N

Ph
N

ON

N

O

O O

177e

Mamedov VA, Kalinin AA, Yanilkin VV, 
Nastapova NV, Morozov VI, Balandina
AA, Gubaidullin AT, Isaikina OG, 
Chernova AV, Latypov ShK, Litvinov IA 
(2007) Russ Chem Bull, Int Ed
56(10):2060-2071

Formula C25H42N6O5

Compound
Name

21,31-Diphenyl-12,42-dioxo-7,10,13-trioxa-1,4(3,1)-diquinoxalino-2(2,3),
3(3,2)-diindolizinocyclopentadecaphane  

Space 
Group P21/n Cell: ( , ) a 13.028(5) b 24.559(5) c 16.374(4)

Space 
Group No. 14 α 90.00 β 103.28(2) γ 90.00

R-Factor (%) 7.30 Temperature 
(K): 295

Density 
(g/cm3):

1.273
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GILREA

N

O N

N

N

ON

N

O

O O

177m

Mamedov VA, Kalinin AA, Samigullina
AI, Mironova EV, Krivolapov DB, 
Gubaidullin AT, Rizvanov IK (2013) 
Tetrahedron Lett 54:3348-3352

Formula C40H34N6O5

Compound
Name

31,34,37-Trioxa-9,12,21,28,40,47-hexaazanonacyclo[38.7.1.120,28.02,

10.04,9.011,19.012,17.022,27.041,46]nonatetraconta-1(47),2(10),3,5,7,
11(19),13,15,17,20,22,24,26,41,43,45-hexadecaene-48,49-dione

Space 
Group P21/n Cell: (Å,°) a 14.999(3) b 15.213(3) c 15.854(4)

Space 
Group No. 14 α 90.00 β 112.99(0) γ 90.00

R-Factor (%) 5.78 Temperature 
(K): 150

Density
(g/cm3):

1.354

KITGIF

Ph
N

O N

N

Ph
N

ON

N

O

O O

* Pb(ClO4)2

177f·Pb(ClO4)2

Mamedov VA, Kalinin AA, 
Gubaidullin AT, Katsuba SA, 
Syakaev VV, Rizvanov IK, 
Latypov SK (2013) Tetrahedron
69:10675-10687

Formula C60H58N6O5 • Pb(ClO4)2

Compound
Name

(3,18-Diphenyl-35,38,41-trioxa-9,12,21,28,48,55-
hexaazanonacyclo[46.7.1.120,28.02,10.04,9.011,19.012,17.022,27.049,

54]heptapentaconta-1(55),2(10),3,5,7,11(19),13,15,17,20,22,24,26,49,
51,53-hexadecaene-56,57-dione)-(perchlorato-O,O')-(perchlorato-O)-
lead 

Space 
Group P21/n Cell: (Å,°) a 16.943(6) b 17.939(7) c 22.611(9)

Space 
Group No. 14 α 90.00 β 99.75(0) γ 90.00

R-Factor (%) 5.69 Temperature 
(K): 296

Density
(g/cm3):

1.557
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The X-structures of some compounds referred to in Chap. 6

TAKLIB
N
H

N

O

Ph

O

37a

Mamedov VA, Kalinin AA, Gubaidullin AT, 
Litvinov IA, Levin YaA (2002) Chem 
Heterocyclic Compd 38(12):1504-1510

Formula C15H10N2O2

Compound
Name 3-Benzoyl-2-oxo-1,2-dihydroquinoxaline

Space 
Group P21/n Cell: (Å,°) a 14.470(20) b 5.604(2) c 15.090(10)

Space 
Group No. 14 α 90.00 β 105.02(7) γ 90.00

R-Factor (%) 4.90 Temperature 
(K): 295

Density
(g/cm3):

1.406

USOTOM

N

N

Ph

HN

O
NH2

39 (R1=R2=R3=R4=H)

Mamedov VA, Zhukova NA, Beschastnova
TN, Gubaidullin AT, Balandina AA, Latypov 
SK (2010) Tetrahedron 66:9745-9753

Formula C21H16N4O

Compound
Name N-(2-Aminophenyl)-3-phenylquinoxaline-2-carboxamide

Space 
Group P21/c Cell: (Å,°) a 30.468(3) b 12.677(1) c 9.015(0)

Space 
Group No. 14 α 90.00 β 97.08(0) γ 90.00

R-Factor (%) 4.64 Temperature 
(K): 296

Density
(g/cm3):

1.309

AZEHUI
N
H

N

N

N
Ph

40a

Mamedov VA, Kalinin AA, Gubaidullin AT, 
Chernova AV, Litvinov IA, Levin YaA, Shagidullin 
RR (2004) Russ Chem Bull, Int Ed 53(1):164-175

Formula C21H14N4

Compound
Name 2-(Benzimidazol-2-yl)-3-phenylquinoxaline

Space 
Group P21/n Cell: (Å,°) a 8.181(3) b 20.494(5) c 10.364(4)

Space 
Group No. 14 α 90.00 β 112.77(3) γ 90.00

R-Factor (%) 4.00 Temperature 
(K): 295

Density
(g/cm3):

1.336
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AZEJAQ

N

N
N

N Ph
Me

40l

Mamedov VA, Kalinin AA, Gubaidullin AT, 
Chernova AV, Litvinov IA, Levin YaA, Shagidullin 
RR (2004) Russ Chem Bull, Int Ed 53(1):164-175

Formula C22H16N4

Compound
Name 2-(1-Methylbenzimidazol-2-yl)-3-phenylquinoxaline

Space 
Group P-1 Cell: (Å,°) a 6.389(1) b 11.697(4) c 12.621(6)

Space 
Group No. 2 α 71.19(4) β 89.86(3) γ 77.18(2)

R-Factor (%) 4.20 Temperature 
(K): 295

Density
(g/cm3):

1.287

USOTUS N

N

HN

N

F

O2N

91d

Mamedov VA, Zhukova NA, Beschastnova
TN, Gubaidullin AT, Balandina AA, Latypov 
SK (2010) Tetrahedron 66:9745-9753

Formula C21H12FN5O2

Compound
Name 2-(1H-Benzimidazol-2-yl)-3-(4-fluorophenyl)-6-nitroquinoxaline

Space 
Group Pna21 Cell: (Å,°) a 34.968(14) b 12.356(5) c 4.004(1)

Space 
Group No. 33 α 90.00 β 90.00 γ 90.00

R-Factor (%) 5.06 Temperature
(K): 296

Density
(g/cm3):

1.479

USOTEC N

N

O2N
HN

N

F

92d

Mamedov VA, Zhukova NA, Beschastnova 
TN, Gubaidullin AT, Balandina AA, Latypov 
SK (2010) Tetrahedron 66:9745-9753

Formula C21H12FN5O2

Compound
Name 3-(1H-Benzimidazol-2-yl)-2-(4-fluorophenyl)-6-nitroquinoxaline

Space 
Group Pbca Cell: (Å,°) a 6.960(0) b 23.182(3) c 24.896(3)

Space 
Group No. 61 α 90.00 β 90.00 γ 90.00

R-Factor (%) 4.92 Temperature 
(K): 296

Density
(g/cm3):

1.473
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QIXDAD
N

N

Ph

NN N N

N
N

Ph

94c

Mamedov VA, Kalinin AA, Gubaidullin AT, 
Gorbunova EA, Litvinov IA (2006) Russ J 
Org Chem 42(10):1532-1543

Formula C45H32N8

Compound
Name 1,3-bis(2-(3-Phenylquinoxalin-2-yl)benzimidazol-1-yl)propane

Space 
Group I2/a Cell: (Å,°) a 15.170(20) b 13.440(20) c 20.430(20)

Space 
Group No. 15 α 90.00 β 103.83(9) γ 90.00

R-Factor (%) 11.32 Temperature 
(K): 295

Density
(g/cm3):

1.276

QIXDEH

N
N

Ph

NN
N N

N
N

Ph

94d

Mamedov VA, Kalinin AA, 
Gubaidullin AT, Gorbunova EA, 
Litvinov IA (2006) Russ J Org 
Chem 42(10):1532-1543

Formula C48H38N8

Compound
Name 1,6-bis(2-(3-Phenylquinoxalin-2-yl)benzimidazol-1-yl)hexane

Space 
Group P21/n Cell: (Å,°) a 11.014(0) b 8.924(6) c 20.400(20)

Space 
Group No. 14 α 90.00 β 101.92(2) γ 90.00

R-Factor (%) 6.10 Temperature 
(K): 295

Density
(g/cm3):

1.231

USOTIG
N

N

HN

N

Ph

N

96a

Mamedov VA, Zhukova NA, Beschastnova 
TN, Gubaidullin AT, Balandina AA, Latypov 
SK (2010) Tetrahedron 66:9745-9753

Formula C20H13N5

Compound
Name 2-(1H-Imidazo[4,5-b]pyridin-2-yl)-3-phenylquinoxaline

Space 
Group P-1 Cell: (Å,°) a 5.759(1) b 12.443(2) c 15.192(3)

Space 
Group No. 2 α 67.36(1) β 84.87(1) γ 86.16(1)

R-Factor (%) 5.95 Temperature 
(K): 296

Density
(g/cm3):

1.193
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KETPUW
N

N N
H

N

HN

NMe

100c

Mamedov VA, Zhukova NA, Syakaev VV, 
Gubaidullin AT, Beschastnova TN, Adgamova
DI, Samigullina AI, Latypov SK (2013) 
Tetrahedron 69:1403-1416

Formula C23H16N6

Compound
Name

2,3-bis(1H-benzimidazol-2-yl)-6-methylquinoxaline

Space 
Group

P-1 Cell: (Å,°) a 9.290(3) b 9.711(5) c 11.707(6)

Space 
Group No.

2 α 102.41(4) β 96.64(3) γ 114.09(3)

R-Factor (%)
9.26 Temperature 

(K):
150 Density

(g/cm3):
1.364

KETPIK
N

N
NS

N N
H

N

HN

N

119

Mamedov VA, Zhukova NA, Syakaev VV, 
Gubaidullin AT, Beschastnova TN, Adgamova DI, 
Samigullina AI, Latypov SK (2013) Tetrahedron
69:1403-1416

Formula C22H12N8S

Compound
Name 7,8-bis(1H-benzimidazol-2-yl)[1,2,5]thiadiazolo[3,4-f]quinoxaline

Space 
Group C2/c Cell: (Å,°) a 27.215(7) b 8.029(2) c 23.457(6)

Space 
Group No. 15 α 90.00 β 118.28(0) γ 90.00

R-Factor (%) 7.85 Temperature 
(K): 150

Density
(g/cm3):

1.453

NAQKIB

N
H

N

N

N

Br

N

N
122d

Mamedov VA, Zhukova NA, Beschastnova TN, 
Zakirova EI, Kadyrova SF, Mironova EV, 
Nikonova AG, Latypov SK, Litvinov IA (2012) 
Tetrahedron Lett 53:292-296

Formula C19H9BrN6

Compound
Name 5-(1H-Benzimidazol-2-yl)-6-(4-bromophenyl)pyrazine-2,3-dicarbonitrile

Space
Group P-1 Cell: (Å,°) a 8.639(1) b 11.695(2) c 12.595(3)

Space 
Group No. 2 α 84.92(0) β 88.87(0) γ 69.39(0)

R-Factor (%) 5.19 Temperature 
(K): 293

Density
(g/cm3):

1.460
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IWOMUD N
H

N

N

NH

Ph

Ph

129a

Mamedov VA, Zhukova NA, Beschastnova TN, 
Gubaidullin AT, Rakov DV, Rizvanov IKh (2011) 
Tetrahedron Lett 52:4280-4284

Formula C22H16N4

Compound
Name 2-(2,5-diphenyl-1H-imidazol-4-yl)-1H-benzimidazole

Space 
Group

P2121
21

Cell: (Å,°) a 7.884(0) b 13.379(0) c 20.117(1)

Space 
Group No. 19 α 90.00 β 90.00 γ 90.00

R-Factor (%) 4.19 Temperature 
(K): 296

Density
(g/cm3):

1.297

GEJQAP N
H

H
N

N

NH

Ph

NO2

129b

Mamedov VA, Zhukova NA, Beschastnova
TN, Gubaidullin AT (2011) Russ Chem Bull, 
Int Ed 60(5):933-936

Formula C22H16N5O2

Compound
Name 2-(2-(4-Nitrophenyl)-5-phenyl-1H-imidazol-4-yl)-1H-benzimidazol-3-ium

Space 
Group P21/n Cell: (Å,°) a 8.075(2) b 21.991(5) c 15.788(3)

Space 
Group No. 14 α 90.00 β 101.08(0) γ 90.00

R-Factor (%) 4.21 Temperature 
(K): 295

Density
(g/cm3):

1.356

POJHOM
N

H
N

N

O2N

131a

Mamedov VA, Saifina DF, Gubaidullin AT, 
Saifina AF, Rizvanov IKh (2008) 
Tetrahedron Lett 49:6231-6233

Formula C21H14N4O2

Compound
Name 2-(3-(4-Nitrophenyl)indolinzin-2-yl)benzimidazole

Space 
Group P21 Cell: (Å,°) a 10.892(1) b 15.042(2) c 11.751(2)

Space 
Group No. 4 α 90.00 β 117.48(0) γ 90.00

R-Factor (%) 8.84 Temperature 
(K): 296

Density
(g/cm3):

1.378
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OPIKAA

N

NHHN

Ph

N

NHN

Cl
Ph

131b

Mamedov VA, Saifina DF, Gubaidullin AT, 
Safina AF, Rizvanov IKh, Ganieva VR 
(2009) Russ Chem Bull, Int Ed 58(9):1986-
1990

Formula C21H16N3Cl  C21H15N3

Compound
Name

2-(3-Phenylindolizin-2-yl)-1H-benzimidazol-3-ium chloride
2-(3-phenylindolizin-2-yl)-1H-benzimidazole

Space 
Group P21 Cell: (Å,°) a 10.362(0) b 16.436(1) c 11.174(0)

Space 
Group No. 4 α 90.00 β 117.63(0) γ 90.00

R-Factor (%) 5.43 Temperature 
(K): 295

Density
(g/cm3):

1.291

 

POJHUS

N
H

H
N

O

N

Cl

Cl

Cl

132c

Mamedov VA, Saifina DF, Gubaidullin AT, 
Saifina AF, Rizvanov IKh (2008) 
Tetrahedron Lett 49:6231-6233

Formula C21H16Cl3N3O

Compound
Name

3-(2,4-dichlorophenyl)-pentahydrospiro(quinoxalin-2,2'-indolizin)-3(4H)-
one chloride

Space 
Group P-1 Cell: (Å,°) a 7.435(1) b 17.032(3) c 17.361(3)

Space 
Group No. 2 α 102.78(0) β 93.24(0) γ 98.98(0)

R-Factor (%) 4.59 Temperature 
(K): 293

Density
(g/cm3):

1.458

APIVEB
N
H

H
N

OCl

N
H

N

Ph

134c

Mamedov VA, Murtazina AM, Gubaidullin AT, 
Khafizova EA, Rizvanov IKh, Litvinov IA (2010) 
Russ. Chem. Bull, Int Ed 59(8):1645-1655

Formula C16H13ClN4O

Compound
Name

6'-Chloro-5-phenyl-1',2,4,4'-tetrahydro-3'H-spiro[pyrazole-3,2'-
quinoxalin]-3'-one

Space 
Group

P2121
21

Cell: (Å,°) a 5.375(0) b 9.604(1) c 28.390(4)

Space 
Group No. 19 α 90.00 β 90.00 γ 90.00

R-Factor (%) 5.08
Temperature
(K):

295
Density
(g/cm3):

1.418
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NUGWAO

N
H

H
N

O

N
H

N

Me

134e

Mamedov VA, Murtazina AM, Gubaidullin
AT, Hafizova EA, Rizvanov IKh (2009) 
Tetrahedron Lett 50:5186-5189

Formula C17H16N4O

Compound
Name

5-(4-Methylphenyl)-1',2,4,4'-tetrahydro-3'H-spiro[pyrazole-3,2'-
quinoxalin]-3'-one

Space 
Group

P2121
21

Cell: (Å,°) a 5.609(3) b 9.854(5) c 27.272(15)

Space 
Group No. 19 α 90.00 β 90.00 γ 90.00

R-Factor (%) 3.52 Temperature 
(K): 296

Density
(g/cm3):

1.288

NUGVUH N
H

N

N NH

Ph

135a

Mamedov VA, Murtazina AM, Gubaidullin AT, 
Hafizova EA, Rizvanov IKh (2009) Tetrahedron 
Lett 50:5186-5189

Formula C16H12N4

Compound
Name 2-(5-Phenyl-1H-pyrazol-3-yl)-1H-benzimidazole

Space
Group P21/n Cell: (Å,°) a 7.184(0) b 14.895(0) c 18.233(1)

Space 
Group No. 14 α 90.00 β 92.50(0) γ 90.00

R-Factor (%) 5.17 Temperature 
(K): 296

Density
(g/cm3):

1.296

APIVIF
N
H

N

N NH

Cl

135f

Mamedov VA, Murtazina AM, Gubaidullin AT, 
Khafizova EA, Rizvanov IKh, Litvinov IA (2010) 
Russ. Chem. Bull, Int Ed 59(8):1645-1655

Formula C16H11ClN4

Compound
Name 2-(5-(4-Chlorophenyl)-1H-pyrazol-3-yl)-1H-benzimidazole

Space 
Group P21/n Cell: (Å,°) a 7.201(5) b 18.339(13) c 15.269(11)

Space 
Group No. 14 α 90.00 β 92.64(1) γ 90.00

R-Factor (%) 7.11 Temperature 
(K): 295

Density
(g/cm3):

1.368
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APIVOL N
H

N NN

Ph

Ph

137a

Mamedov VA, Murtazina AM, Gubaidullin AT, 
Khafizova EA, Rizvanov IKh, Litvinov IA (2010) 
Russ. Chem. Bull, Int Ed 59(8):1645-1655

Formula C22H16N4

Compound
Name 2-(1,3-Diphenyl-1H-pyrazol-5-yl)-1H-benzimidazole

Space 
Group I41/a Cell: (Å,°) a 22.002(1) b 22.002(1) c 14.911(0)

Space 
Group No. 88 α 90.00 β 90.00 γ 90.00

R-Factor (%) 4.32 Temperature 
(K): 296

Density
(g/cm3):

1.238

BAFHIB
N

H
N

NH

Ph

OEtO

Me

139

Mamedov VA, Khafizova EA, Gubaidullin AT, 
Murtazina AM, Adgamova DI, Samigullina AI, I.A. 
Litvinov IA (2011) Russ. Chem. Bull, Int Ed 
60(2):368-372

Formula C21H19N3O2

Compound
Name

Ethyl 4-(1H-benzimidazol-2-yl)-2-methyl-5-phenyl-1H-pyrrole-3-
carboxylate

Space 
Group P-1 Cell: (Å,°) a 9.526(1) b 10.954(1) c 11.833(2)

Space 
Group No. 2 α 111.56(0) β 94.15(0) γ 105.14(0)

R-Factor (%) 5.30 Temperature 
(K): 295

Density
(g/cm3):

1.151

MACNOV N

N

N
Et
142c

Mamedov VA, Saifina DF, Gubaidullin AT, Ganieva
VR, Kadyrova SF, Rakov DV, Rizvanov IKh, 
Sinyashin OG (2010) Tetrahedron Lett 51:6503-
6506

Formula C18H15N3

Compound
Name 2-(1-Ethyl-1H-benzimidazol-2-yl)quinoline

Space
Group Pca21 Cell: (Å,°) a 21.506(2) b 4.963(0) c 13.158(1)

Space 
Group No. 29 α 90.00 β 90.00 γ 90.00

R-Factor (%) 5.46 Temperature 
(K): 296

Density
(g/cm3):

1.293
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KETPOQ

N
H

N

O

N

H
N O

NH
N

HN

N

159

Mamedov VA, Zhukova NA, Syakaev VV, 
Gubaidullin AT, Beschastnova TN, Adgamova
DI, Samigullina AI, Latypov SK (2013) 
Tetrahedron 69:1403-1416

Formula C32H20N8O2

Compound
Name

2,3-bis(1H-benzimidazol-2-yl)-1-(2-oxo-2,3-dihydro-1H-benzimidazol-1-
yl)pyrrolo[1,2-a]quinoxalin-4(5H)-one

Space 
Group P21/c Cell: (Å,°) a 18.943(10) b 13.840(8) c 14.597(8)

Space 
Group No. 14 α 90.00 β 102.02(0) γ 90.00

R-Factor (%) 7.25 Temperature 
(K): 150

Density
(g/cm3):

1.363
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