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Abstract: We present a new category of quinoxaline di-N-oxides (QdNOs) containing amino acid side
chains with dual antituberculosis and antileishmanial activity. These compounds were synthesized
by combining a regioselective 2,5-piperazinedione opening and a Beirut reaction and were screened
for their activity against Mycobacterium tuberculosis and the promastigote and amastigote forms of
representative species of the Leishmania genus. Most QdNOs exhibited promising antitubercular
activity with IC50 values ranging from 4.28 to 49.95 µM, comparable to clinically established drugs.
Structure–activity relationship analysis emphasized the importance of substituents on the aromatic
ring and the side chain. Antileishmanial tests showed that some selected compounds exhibited
activity comparable to the positive control miltefosine against promastigotes of Leishmania amazonensis
and Leishmania donovani. Notably, some compounds were found to be also more potent and less toxic
than miltefosine in intracellular amastigote assays against Leishmania amazonensis. The compound
showing the best dual antitubercular and leishmanicidal profile and a good selectivity index, 4h, can
be regarded as a hit compound that opens up new opportunities for the development of integrated
therapies against co-infections.

Keywords: N-oxides; antitubercular; antileishmanial; neglected tropical diseases; co-infections; drug
design; structure–activity relationships

1. Introduction

Worldwide mortality and disability caused by infectious agents is a serious global
health problem and one of the most important scientific challenges of our time [1]. Ne-
glected tropical diseases (NTDs) are a group of protozoan, viral, bacterial or parasitic
diseases that are particularly prevalent among the less favored population, mostly in tropi-
cal areas. Changes in migration patterns and environmental factors [2] may have complex
effects on the distribution of disease vectors of NTDs such as malaria, Chagas disease and
leishmaniasis, which may alter their geographical distribution. In particular, leishmaniasis
(LH) and tuberculosis (TB) are endemic NTDs that affect a considerable fraction of the
population in tropical and subtropical regions.

Worldwide, an estimated 1.6 million new cases of leishmaniasis occur annually, with
approximately 12 million patients being currently infected in about 90 countries and about
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350 million people being at risk. These cases include per year 700,000 to 1.2 million new
cases of cutaneous leishmaniasis, a disfiguring disease, and 200,000 to 400,000 patients with
visceral leishmaniasis (kala-azar), which proves fatal when left untreated [3,4].

Currently, there are no approved vaccines for human leishmaniasis [5], and the primary
approach to combating the disease is focused on chemotherapy. The present arsenal
of drugs available against leishmaniasis is rather small, and moreover, these drugs are
limited by disadvantages such as the requirement for prolonged treatments, the need for
parenteral routes of administration, high toxicity in many cases and the fact that they
are becoming increasingly ineffective due to the appearance of resistant forms of the
parasite [6]. Although the global leishmaniasis incidence has remained relatively stable
over the past decade, a major problem exists in the immunocompromised population,
often co-infected with other NTSs or with the human immunodeficiency virus (HIV) [7–9],
and thus, due to the increasing numbers of HIV patients, leishmaniasis chemotherapy
is further complicated by variations in efficacy associated with immune status. In this
context, tuberculosis is also an immunosuppressive condition that affects the treatment of
leishmaniasis, which depends on an effective immune response that activates macrophages.
Furthermore, tuberculosis may cause progression of latent leishmaniasis to the clinical
stage, while visceral leishmaniasis can also reactivate latent tuberculosis. Thus, pulmonary
tuberculosis and leishmaniasis (as well as other parasitic diseases) have been shown to
be risk factors for each other [10] and due to their geographical overlap, co-infections are
very common [11–14]. The low level of development of the countries with the highest
prevalence of both infections makes the simultaneous treatment of these diseases difficult.
Therefore, there is an urgent need for affordable new therapies with integrated dual activity
against both infections. If successful, these compounds can be regarded as a particular
case of multi-target directed ligands, one of the most promising current paradigms in drug
discovery [15].

Heterocyclic structures play a crucial role in medicinal chemistry as powerful tools
functioning both as therapeutics and as probes, with special emphasis being paid to ni-
trogen compounds [16,17]. Particularly, quinoxaline-1,4-dioxide (QdNO) is a privileged
scaffold with manifold biological properties [18–21]. Some drugs belonging to the QdNO
class of compounds include carbadox, olaquindox, quinocetone, cyadox and mequindox.
Furthermore, over the last few years, several studies have uncovered QdNO derivatives
that are endowed with antituberculosis [22–24], antiviral [25], antichagasic [26,27], antileish-
manial [28] and hypoxia-selective antitumor properties [29,30] (Figure 1).

In this context, we present a method for synthesizing a previously unexplored category
of quinoxaline-1,4-dioxides that incorporate a glycine side chain, starting from the widely
acknowledged 2,5-piperazinedione template [31]. The compounds thus generated were
screened for their activity against Mycobacterium tuberculosis and were also studied as
antileishmanial agents in an effort to obtain a hit compound that can be used as a starting
point toward addressing the above-mentioned co-infection problem. The inclusion of
amino acid structural fragments is a useful technique in drug design for the modulation
of physicochemical properties and exploiting protein transporters to improve membrane
permeation [32–34]. Furthermore, it provides opportunities for specific drug uptake by
bacteria or parasite-specific proteins, which may be useful to achieve selective toxicity.
Mycobacteria are characterized by the very low permeability of their wall and are therefore
highly dependent on the uptake of nutrients by transporter proteins, although the identity
of many of these transporters is still unknown [35].
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compounds 4 and 5 involved a three-step sequence starting from 3-arylmethylene-2,5-pi-
perazinediones 1. The required compounds 1 were readily available by aldol condensa-
tion of 1,4-diacetyl-2,5-piperazinedione with substituted benzaldehydes in the presence 
of potassium tert-butoxide [41], and they were opened by acid-promoted alcoholysis of 
the 2,5-piperazinedione ring under microwave irradiation or reflux conditions [42] to give 
the N-(3-arylpyruvylamino) esters 2. In order to study the effect on the bioactivity of sub-
stituents with varied electronic effects, chloro, fluoro and trifluoromethyl were used as 
electron-withdrawing groups, and methyl and methoxy as electron-donating groups. 
Yields were generally good, independently of the nature of these substituents at the aro-
matic ring. For the second step, methanol and benzyl alcohol were employed as nucleo-
philes for the regioselective opening of the DKP ring to furnish compounds 2 (Scheme 1). 
The scope and yields of these reactions are summarized in Table 1. 

The target quinoxaline-1,4-dioxide framework was synthesized using a modification 
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sis of the acids 5. After screening several reaction conditions, lithium hydroxide in H2O/di-
oxane ultimately provided the most satisfactory results for the saponification of 4. As 
shown in Scheme 2 and Table 2, this short multi-step sequence demonstrated good toler-
ance for both electron-withdrawing and electron-donating groups. 

Figure 1. Representative examples of QdNOs with diverse biological activities.

2. Results
2.1. Synthesis

2,5-Diketopiperazines (DKPs) are the simplest cyclic peptides and are readily acces-
sible from amino acids, representing highly versatile scaffolds in synthesis [31,36,37]. In
this context, we [38] and others [39,40] have been actively involved in the development
of new DKP-based synthetic methodologies, with a specific focus on the regioselective
cleavage of suitably functionalized DKP derivatives. The synthetic strategy to obtain the
QdNO compounds 4 and 5 involved a three-step sequence starting from 3-arylmethylene-
2,5-piperazinediones 1. The required compounds 1 were readily available by aldol conden-
sation of 1,4-diacetyl-2,5-piperazinedione with substituted benzaldehydes in the presence
of potassium tert-butoxide [41], and they were opened by acid-promoted alcoholysis of
the 2,5-piperazinedione ring under microwave irradiation or reflux conditions [42] to give
the N-(3-arylpyruvylamino) esters 2. In order to study the effect on the bioactivity of
substituents with varied electronic effects, chloro, fluoro and trifluoromethyl were used as
electron-withdrawing groups, and methyl and methoxy as electron-donating groups. Yields
were generally good, independently of the nature of these substituents at the aromatic ring.
For the second step, methanol and benzyl alcohol were employed as nucleophiles for the
regioselective opening of the DKP ring to furnish compounds 2 (Scheme 1). The scope and
yields of these reactions are summarized in Table 1.
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Table 1. Scope and yields obtained in two-step synthesis of compounds 2.

Entry R1 1, Yield R2 2, Yield

1 H 1a, 82% OMe 2a, 71%

2 4-CF3 1b, 73% OMe 2b, 68%

3 4-F 1c, 72% OMe 2c, 45%

4 3-Cl 1d, 97% OMe 2d, 98%

5 4-Me 1e, 65% OMe 2e, 54%

6 2-Me 1f, 50% OMe 2f, 55%

7 3-MeO 1g, 57% OMe 2g, 40%

8
2-NO2-3,4-(MeO)2 1h, 80%

OMe 2h, 68%

9 OBn 2i, 63%

The target quinoxaline-1,4-dioxide framework was synthesized using a modification
of the Beirut reaction [43–45] by treating 2a–i with the suitable benzofuraxan derivatives 3.
Some of the compounds 4 thus obtained were used as starting materials for the synthesis of
the acids 5. After screening several reaction conditions, lithium hydroxide in H2O/dioxane
ultimately provided the most satisfactory results for the saponification of 4. As shown in
Scheme 2 and Table 2, this short multi-step sequence demonstrated good tolerance for both
electron-withdrawing and electron-donating groups.
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Table 2. Scope and yields obtained in synthesis of compounds 4 and 5.

Entry R1 R2 R3 4, Yield 5, Yield

1 H OMe H 4a, 82%

2 3-MeO OMe H 4b, 98%

3 4-CF3 OMe H 4c, 78%

4 4-F OMe H 4d, 74% 5d, 52%

5 2-NO2, 3,4-(MeO)2 OBn H 4e, 83%

6 H OMe 6-OMe 4f, 76% 5f, 62%

7 3-Cl OMe 6-OMe 4g, 79%

8 4-CF3 OMe 6-OMe 4h, 72% 5h, 65%

9 4-F OMe 6-OMe 4i, 62%

10 4-Me OMe 6-OMe 4j, 35%

11 2-Me OMe 6-OMe 4k, 45%

12 4-CF3 OMe 6-Me 4l, 28%

13 4-F OMe 6-Me 4m, 60% 5m, 58%

14 H OMe 6-CF3 4n, 40%
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In summary, our method represents a new entry into functionalized quinoxaline-1,4-
di-N-oxides, generating five bonds over three steps, as summarized in Figure 2.
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For reference purposes, we added to this study compound 6, an analogue of 4j lacking
the glycine side chain. This compound was prepared by hydrolysis of the amide bond in
compound 4j by treatment with lithium hydroxide in dioxane-water (Scheme 3).
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2.2. Biology
2.2.1. Antituberculosis Activity

We first examined our compounds for activity against Mycobacterium tuberculosis by
conducting high-throughput screening of their in vitro activity against the H37Rv strain,
using an assay adapted from the microdilution AlamarBlue (AB) broth assay reported by
Collins and Franzblau [46]. The results obtained, expressed as IC50, IC90 and MIC, are
shown in Figure 3 and Table S1. Our compounds showed IC50 values in the 4.28–49.95 µM
range, with compounds 4c, 4h, 4l, 4m, 4n, 5f and 5m showing the best inhibition re-
sults, which are comparable to those found for two antitubercular drugs in clinical use,
namely, pyrimetamine (IC50: 37.35 µM) and cycloserine (IC50: 12.47 µM). Importantly, all
compounds showed low cytotoxicity values against Vero cells.
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2.2.2. Antileishmanial Activity

The QdNO derivatives were also tested against promastigote forms of two Leishmania
parasites, namely, L. amazonensis, which causes cutaneous and mucocutaneous leishmani-
asis, and L. donovani, which is associated with visceral leishmaniasis. While intracellular
amastigote models, which have the advantage of including the effects of the host cell, are
normally regarded as the gold standard for in vitro drug discovery against Leishmania [47],
axenic systems such as promastigotes provide a fast and convenient way to perform the
initial screening of a compound library. The results obtained in the study of our compounds
against L. amazonensis and L. donovani promastigotes are summarized in Figures 4 and 5
and Table S2 (Supporting Information).
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Based on these results and in order to complete the characterization of our library,
we selected compounds 4a, 4d, 4g, 4h, 4i, 4k, 4m and 6 to be assayed in the intracellular
amastigote model against both L. amazonensis and L. donovani, with the results shown in
Figures 6 and 7 and Table S3 (Supporting Information).



Pharmaceuticals 2024, 17, 487 7 of 19

Pharmaceuticals 2024, 17, x FOR PEER REVIEW 7 of 19 
 

 

 
Figure 6. Antileishmanial activity against Leishmania amazonensis and Leishmania donovani 
amastigotes (IC50, µM). The numerical data corresponding to this graphic can be found in Table S3 
(Supporting Information). 

 
Figure 7. Selectivity indexes, obtained as the ratio between the toxicity against J774 macrophages 
(CC50, µM) and the IC50 values against Leishmania amazonensis and Leishmania donovani amastigotes 
(IC50, µM). The numerical data corresponding to this graphic can be found in Table S3 (Supporting 
Information). 

3. Discussion 
Regarding antitubercular structure–activity relationships, the presence of substitu-

ents on the aromatic ring in the C-3 position of the quinazoline skeleton increases activity 
(compare 4a/4c with 4d and 4f/4h with 4f). In all cases, compounds bearing this substitu-
ent in the para position showed better results than their ortho or meta analogues (compare 
4j/4k and 4b with 4g). Additionally, the presence of a substituent at the C-6 position of the 
quinoxaline ring led to an increase in the activity (compare 4a/4f and 4n; 4l/4c and 4d/4m), 
and similar results were observed for methyl and methoxy groups (compare 4i/4m and 
4h/4l). The presence of the trifluoromethyl group in any of the rings improved the inhibi-
tion results (4c, 4h and 4l). Regarding the glycine side chain, the presence of the carboxylic 
acid seemed to increase activity compared to the methyl ester (compare compounds 4f/5f 
and 4i/5i). Compound 6, with a carboxylic group attached directly to the C-2 position of 
the heterocyclic skeleton, showed the lowest activity of the whole series, showcasing the 
relevance of the glycine side chain for antitubercular activity. 

Compounds 4c, 4f, 4l and their derivatives 5, containing a carboxylic acid group at 
the side chain, were inactive against both Leishmania species. An analysis of the results 
obtained against L. amazonensis showed that four of the compounds (4e, 4m, 4n and 6) 
exhibited similar in vitro activity to the drug miltefosine, used as a positive control, with 
IC50 values in the 20–97 µM range (miltefosine gave 47.9 µM). Unfortunately, compound 
4e was highly toxic to macrophages, and therefore, it showed very little selectivity (SI = 
0.7). The presence of a para substituted phenyl at C-3 increased activity compared to un-
substituted phenyl (compare 4a/4d/4b with 4f/4h/4i/4j). Electronic effects were not rele-
vant for the activity values (compare 4a/4b/4d, 4g/4h/4i/4k and 4n/4m/4l). The presence 

Figure 6. Antileishmanial activity against Leishmania amazonensis and Leishmania donovani amastig-
otes (IC50, µM). The numerical data corresponding to this graphic can be found in Table S3
(Supporting Information).

Pharmaceuticals 2024, 17, x FOR PEER REVIEW 7 of 19 
 

 

 
Figure 6. Antileishmanial activity against Leishmania amazonensis and Leishmania donovani 
amastigotes (IC50, µM). The numerical data corresponding to this graphic can be found in Table S3 
(Supporting Information). 

 
Figure 7. Selectivity indexes, obtained as the ratio between the toxicity against J774 macrophages 
(CC50, µM) and the IC50 values against Leishmania amazonensis and Leishmania donovani amastigotes 
(IC50, µM). The numerical data corresponding to this graphic can be found in Table S3 (Supporting 
Information). 

3. Discussion 
Regarding antitubercular structure–activity relationships, the presence of substitu-

ents on the aromatic ring in the C-3 position of the quinazoline skeleton increases activity 
(compare 4a/4c with 4d and 4f/4h with 4f). In all cases, compounds bearing this substitu-
ent in the para position showed better results than their ortho or meta analogues (compare 
4j/4k and 4b with 4g). Additionally, the presence of a substituent at the C-6 position of the 
quinoxaline ring led to an increase in the activity (compare 4a/4f and 4n; 4l/4c and 4d/4m), 
and similar results were observed for methyl and methoxy groups (compare 4i/4m and 
4h/4l). The presence of the trifluoromethyl group in any of the rings improved the inhibi-
tion results (4c, 4h and 4l). Regarding the glycine side chain, the presence of the carboxylic 
acid seemed to increase activity compared to the methyl ester (compare compounds 4f/5f 
and 4i/5i). Compound 6, with a carboxylic group attached directly to the C-2 position of 
the heterocyclic skeleton, showed the lowest activity of the whole series, showcasing the 
relevance of the glycine side chain for antitubercular activity. 

Compounds 4c, 4f, 4l and their derivatives 5, containing a carboxylic acid group at 
the side chain, were inactive against both Leishmania species. An analysis of the results 
obtained against L. amazonensis showed that four of the compounds (4e, 4m, 4n and 6) 
exhibited similar in vitro activity to the drug miltefosine, used as a positive control, with 
IC50 values in the 20–97 µM range (miltefosine gave 47.9 µM). Unfortunately, compound 
4e was highly toxic to macrophages, and therefore, it showed very little selectivity (SI = 
0.7). The presence of a para substituted phenyl at C-3 increased activity compared to un-
substituted phenyl (compare 4a/4d/4b with 4f/4h/4i/4j). Electronic effects were not rele-
vant for the activity values (compare 4a/4b/4d, 4g/4h/4i/4k and 4n/4m/4l). The presence 

Figure 7. Selectivity indexes, obtained as the ratio between the toxicity against J774 macrophages
(CC50, µM) and the IC50 values against Leishmania amazonensis and Leishmania donovani amastig-
otes (IC50, µM). The numerical data corresponding to this graphic can be found in Table S3
(Supporting Information).

3. Discussion

Regarding antitubercular structure–activity relationships, the presence of substituents
on the aromatic ring in the C-3 position of the quinazoline skeleton increases activity
(compare 4a/4c with 4d and 4f/4h with 4f). In all cases, compounds bearing this substituent
in the para position showed better results than their ortho or meta analogues (compare 4j/4k
and 4b with 4g). Additionally, the presence of a substituent at the C-6 position of the
quinoxaline ring led to an increase in the activity (compare 4a/4f and 4n; 4l/4c and
4d/4m), and similar results were observed for methyl and methoxy groups (compare
4i/4m and 4h/4l). The presence of the trifluoromethyl group in any of the rings improved
the inhibition results (4c, 4h and 4l). Regarding the glycine side chain, the presence of
the carboxylic acid seemed to increase activity compared to the methyl ester (compare
compounds 4f/5f and 4i/5i). Compound 6, with a carboxylic group attached directly to
the C-2 position of the heterocyclic skeleton, showed the lowest activity of the whole series,
showcasing the relevance of the glycine side chain for antitubercular activity.

Compounds 4c, 4f, 4l and their derivatives 5, containing a carboxylic acid group at the
side chain, were inactive against both Leishmania species. An analysis of the results obtained
against L. amazonensis showed that four of the compounds (4e, 4m, 4n and 6) exhibited
similar in vitro activity to the drug miltefosine, used as a positive control, with IC50 values
in the 20–97 µM range (miltefosine gave 47.9 µM). Unfortunately, compound 4e was highly
toxic to macrophages, and therefore, it showed very little selectivity (SI = 0.7). The presence
of a para substituted phenyl at C-3 increased activity compared to unsubstituted phenyl
(compare 4a/4d/4b with 4f/4h/4i/4j). Electronic effects were not relevant for the activity
values (compare 4a/4b/4d, 4g/4h/4i/4k and 4n/4m/4l). The presence of a substituent at
C-6 increases the activity, and electron-withdrawing groups are preferred, since CF3 leads
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to a higher activity than CH3 and the latter than MeO (compare 4n/4f/4a with 4i/4m).
The ester group in the glycine side chain increased activity compared to the correspond-
ing carboxylic acid. Finally, compound 6, bearing a carboxylic group at C-2, showed a
slightly increased activity, suggesting that the glycine side chain is counterproductive in
terms of antileishmanial activity in the promastigote stage. Nevertheless, its key role in
terms of antitubercular properties makes it an essential structural feature for the desired
dual activity.

An analysis of the results obtained against L. donovani revealed lower inhibition ac-
tivity in comparison to miltefosine. However, eleven of the tested compounds exhibited
interesting inhibition and low toxicity results. An analysis of the structure–activity relation-
ships led to the same conclusions as those of the L. amazonensis study. The esters showed
better results than their carboxylic acid analogues and the C-3-phenyl-substituted phenyls
compounds performed better than their unsubstituted analogues. On the subject of the
substituents in the C-6 position, although the electronic effect of the substituent was not
relevant for the activity, the presence of a methoxy group increased the selectivity index
(compounds 4g, 4h, 4i, 4j and 4k).

Compound 4g showed the best SI value (310.6) and the presence of the methoxy
group in compound 4d (IC50 = 9.8 µM; SI = 54) improved the potency and the selectivity
index compared to methyl analogue 4m (IC50 = 74.4 µM; SI = 6.1). The QNOs 4k and 4d
(in this order) were the two most potent compounds in these experiments. Furthermore,
4k (IC50 = 7.2 µM; SI = 330) and 4d (IC50 = 9.8 µM; SI = 539) were considerably more
potent and less toxic than the reference antileishmanial drug miltefosine (IC50 = 136.1 µM;
SI = 2.87). A similar study was performed with L. donovani amastigotes, showing lower
activities for all compounds and suggesting that they are more promising for cutaneous
and mucocutaneous leishmaniasis. Nevertheless, 4h maintained a respectable activity
against Leishmania donovani amastigotes and can thus be regarded as the compound with a
better-rounded antileishmanial profile.

As an overall conclusion, the best-balanced dual antitubercular/antileishmanial profile
corresponds to compound 4h. It is relevant to note that this compound shows activities in
the same order of magnitude for all organisms assayed, a very important feature for a drug
aimed at several targets, and can therefore be proposed as a hit for further development.

4. Materials and Methods
4.1. Synthesis
4.1.1. General Synthetic Experimental Information

NMR spectra were registered on a Bruker Avance 250 spectrometer (250 MHz for 1H,
63 MHz for 13C) (Bruker, Rivas-Vaciamadrid, Spain) and maintained by the Unidad de
Resonancia Magnética Nuclear, UCM. Infrared spectra were obtained by preparing KBr
disks for each compound and registering their spectra on a Perkin Elmer Paragon 1000 FT-
IR spectrophotometer (Tres Cantos, Spain). Melting points were taken on a Reichert 723 hot
stage microscope (Vienna, Austria). CHN combustion elemental analyses were performed
by the Unidad de Microanálisis Elemental, UCM, using a Leco CHNS-932 combustion
microanalyzer (Tres Cantos, Spain).

4.1.2. General Procedure for the Synthesis of 3-Arylmethylene-2,5-Piperazinediones (1)

A solution of 1,4-diacetyl-2,5-piperazinedione (4.41 mmol) and the corresponding alde-
hyde (4.41 mmol) in DCM (12 mL) was treated dropwise with a 1M solution of potassium
tert-butoxide in tert-butyl alcohol (4.41 mL). The solution was stirred at room temperature
for 5 h. Then, 10 mL of a saturated aqueous solution of NH4Cl was added to the reacting
mixture, and the formed solid was collected by filtration and dried to obtain compounds 1.
Their characterization data are given below.

(Z)-1-acetyl-3-benzylidene-2,5-piperazinedione (1a). This compound, isolated in 82%
yield as a white solid following the general procedure, was known in the literature [42].
Mp: 200–201 ◦C (lit. 198–200 ◦C). 1H NMR (250 MHz, CDCl3) δ: 8.05 (s, 1H), 7.61–7.36
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(m, 5H), 7.21 (s, 1H), 4.55 (s, 2H) and 2.69 (s, 3H). 13C NMR (63 MHz, CDCl3) δ: 172.6,
162.9, 160.1, 132.6, 129.7, 129.5, 128.7, 125.8, 120.1, 46.2 and 27.4. IR (neat, NaCl) ν: 1695 and
1625 cm−1.

(Z)-1-Acetyl-3-(4-trifluoromethylphenylmethylene)-2,5-piperazinedione (1b). This
compound was obtained in 73% yield as a yellow solid following the general procedure.
Mp: 121–123 ◦C. 1H NMR (250 MHz, CDCl3) δ: 7.94 (s, 1H), 7.76 (d, J = 8.2 Hz, 2H), 7.54
(d, J = 8.0 Hz, 2H), 7.20 (s, 1H), 4.56 (s, 3H) and 2.70 (s, 3H). 13C NMR (63 MHz, CDCl3)
δ: 172.83, 163.63, 160.02, 136.51, 131.2 (q, 2J (C,F) = 32.8Hz), 129.44, 127.49, 126.8 (q, 4J
(C,F) = 3.8 Hz), 118.54, 46.45 and 27.66. IR (neat, NaCl) ν: 3252, 1699, 1635 and 1440 cm−1.
Analysis: Calculated for C14H11F3N2O3: C, 53.85; H, 3.55; N, 8.97. Found: C, 52.90; H, 3.81;
N, 8.55.

(Z)-1-acetyl-3-(4-fluorophenylmethylene)-2,5-piperazinedione (1c). This compound
was obtained in 72% yield as a white solid following the general procedure. 1H NMR
(250 MHz, CDCl3) δ: 7.84 (s, 1H), 7.47–7.33 (m, 2H), 7.22–7.07 (m, 3H), 4.52 (s, 2H) and 2.66
(s, 3H). 13C NMR (63 MHz, MeOD) δ: 173.9, 171.6, 166.5, 163.4 (d, 1J (C,F) = 156.3 Hz), 162.6,
132.6 (d, 3J (C,F) = 8.4 Hz), 130.8, 127.7, 120.1, 116.9 (d, 2J (C,F) = 22.0 Hz), 46.9 and 27.1. IR
(neat, NaCl) ν: 3250, 1702, 1687 and 1627 cm−1. Analysis: Calculated for C13H11F1N2O3: C,
59.54; H, 4.23; N, 10.68. Found: C, 58.63; H, 4.58; N, 11.02.

(Z)-1-Acetyl-3-(3-chlorophenylmethylene)-2,5-piperazinedione (1d). This compound
was obtained in 97% yield as a white solid following the general procedure. Mp: 202–204 ◦C.
1H NMR (250 MHz, CDCl3) δ: 7.41 (m, 2H), 7.29 (s, 2H), 7.14 (s, 1H), 4.55 (s, 2H) and 2.69 (s,
3H). 13C NMR (63 MHz, CDCl3) δ: 172.6, 163.0, 159.8, 135.7, 134.4, 131.0, 129.6, 128.7, 126.7,
118.4, 108.71, 46.2 and 27.4. IR (neat, NaCl) ν: 3224, 1696, 1679 and 1635 cm−1. Analysis:
Calculated for C13H11ClN2O3: C, 56.03; H, 3.98; N, 10.05. Found: C, 43.55; H, 3.89; N, 10.13.

(Z)-1-Acetyl-3-(4-methylphenylmethylene)-2,5-piperazinedione (1e). This compound,
isolated in 65% yield as a white solid following the general procedure, was known in the
literature [48]. 1H NMR (250 MHz, CDCl3) δ: 7.92 (s, 1H), 7.30 (d, J = 8.7 Hz, 2H), 7.29
(d, J = 8.7 Hz, 2H), 7.16 (s, 2H), 4.51 (s, 2H), 2.65 (s, 3H) and 2.39 (s, 3H). 13C NMR (63
MHz, CDCl3) δ: 172.69, 162.85, 160.25, 140.02, 130.43, 129.71, 128.68, 125.15, 120.40, 46.24,
27.38 and 21.58. IR (neat): 3271, 1697, 1678, 1628 and 1355 cm−1. Analysis: Calculated for
C14H14N2O3: C, 65.11; H, 5.43; N, 10.85. Found: C, 64.67; H, 5.32; N, 10.81.

(Z)-1-Acetyl-3-(2-methylphenylmethylene)-2,5-piperazinedione (1f). This compound,
isolated in 50% yield as a white solid following the general procedure, was known in the
literature [49]. 1H NMR (250 MHz, CDCl3) δ: 7.91 (s, 1H), 7.40–7.23 (m, 5H), 4.51 (s, 2H),
2.70 (s, 3H) and 2.34 (s, 3H). 13C NMR (63 MHz, CDCl3) δ: 172.7, 162.7, 159.8, 137.8, 131.4,
131.3, 129.5, 127.5, 126.8, 126.2, 119.4, 46.3, 27.5 and 20.1. IR (neat): 3194, 1691, 1663 and
1621 cm−1. Analysis: Calculated for C14H14N2O3: C, 65.11; H, 5.43; N, 10.85. Found: C,
64.72; H, 5.28; N, 10.66.

(Z)-1-Acetyl-3-(4-Methoxyphenylmethylene)-2,5-piperazinedione (1g). This compound,
isolated in 57% yield as a yellow solid following the general procedure, was known in the
literature [50]. Mp: 189–192 ◦C. 1H NMR (250 MHz, CDCl3) δ: 8.01 (s, 1H), 7.38 (t, J = 7.9
Hz, 1H), 7.14 (s, 1H), 6.97 (dd, J = 8.0, 1.1 Hz, 1H), 6.94–6.85 (m, 2H), 4.51 (s, 2H), 3.83 (s,
3H) and 2.65 (s, 3H). 13C NMR (63 MHz, CDCl3) δ: 172.7, 162.8, 160.4, 160.0, 133.9, 130.8,
126.0, 120.6, 119.9, 114.9, 114.5, 55.5, 46.3 and 27.4. IR (neat, NaCl) ν: 3214, 1699, 1684, 1629
and 1429 cm−1. Analysis: Calculated for C14H14N2O4: C, 61.31; H, 5.14; N, 10.21. Found:
C, 60.71; H, 5.12; N, 10.13.

(Z)-1-Acetyl-3-(5,6-dimethoxy-2-nitrophenylmethylene)-2,5-piperazinedione (1h). This
compound was obtained in 80% yield as a yellow solid following the general procedure.
Mp: 198–200 ◦C. 1H NMR (250 MHz, CDCl3) δ: 8.27 (s, 1H), 7.78 (s, 1H), 7.43 (s, 1H), 6.74
(s, 1H), 4.42 (s, 2H), 3.99 (s, 3H), 3.97 (s, 3H) and 2.66 (s, 3H). 13C NMR (63 MHz, CDCl3) δ:
172.7, 163.3, 159.3, 154.0, 149.5, 140.7, 126.5, 122.3, 118.2, 111.2, 109.0, 56.9, 56.7, 46.2 and 27.4.
IR (neat, NaCl) ν: 3345, 3179, 1680 and 1631 cm−1. Analysis: Calculated for C15H15N3O7:
C, 51.58; H, 4.33; N, 12.03. Found: C, 51.36; H, 4.21; N, 11.87.
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4.1.3. General Procedure for the Synthesis of Alkyl 2-(2-Oxo-3-Arylpropanamido)Acetate
Derivatives (2)

To a stirred solution of the corresponding arylmethylene-2,5-piperazinedione 1
(6 mmol) in alcohol solution (250 mL) was added a 5M HCl aqueous solution (25 mL). The
reaction was refluxed for 16 h. When no starting material was evident by TLC, the sol-
vent was distilled under vacuum to dryness, and the residue was dissolved in chloroform
and filtered. The solvent was evaporated to give the corresponding compound 2. Their
characterization data are given below.

Methyl 2-(2-oxo-3-phenylpropanamido)acetate (2a). This compound was obtained in
71% yield as a yellow oil following the general procedure. 1H NMR (250 MHz, CDCl3) δ:
7.41–7.23 (m, 5H), 4.25 (s, 2H), 4.11 (d, J = 5.7 Hz, 2H) and 3.80 (s, 3H). 13C NMR (63 MHz,
CDCl3) δ: 195.3, 169.6, 160.4, 132.8, 130.2, 129.1, 127.7, 53.4, 43.5 and 41.4. IR (neat, NaCl) ν:
3384, 1745, 1691 and 1540 cm−1. Analysis: Calculated for C12H13NO4: C, 61.27; H, 5.57; N,
5.95. Found: C, 61.45; H, 5.72; N, 6.12.

Methyl 2-(2-oxo-3-(4-(trifluoromethyl)phenyl)propanamido)acetate (2b). This com-
pound was obtained in 68% yield as a yellow oil following the general procedure. 1H NMR
(250 MHz, CDCl3) δ: 7.60 (d, J = 8.0 Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 4.31 (s, 2H), 4.11 (d,
J = 5.8 Hz, 2H) and 3.79 (s, 3H). 13C NMR (63 MHz, CDCl3) δ: 194.4, 169.3, 159.9, 136.7,
130.5, 128.7 (q, 1J (C,F) = 258.2 Hz), 125.7 (q, 3J (C,F) = 7.6 Hz), 52.7, 43.4 and 41.1. IR (neat,
NaCl) ν: 3363, 1748, 1682 and 1591 cm−1. Analysis: Calculated for C13H12F3NO4: C, 51.94;
H, 3.99; N, 4.62. Found: C, 48.85; H, 3.87; N, 4.55.

Methyl 2-(2-oxo-3-(4-(fluorophenyl)propanamido)acetate (2c). This compound was
obtained in 45% yield as a yellow oil following the general procedure. 1H NMR (250 MHz,
CDCl3) δ: 7.43 (s, 1H), 7.20 (dd, J = 8.8, 5.3 Hz, 2H), 7.08–6.93 (m, 2H), 4.19 (s, 2H), 4.08 (d,
J = 5.7 Hz, 2H) and 3.77 (s, 3H). 13C NMR (63 MHz, CDCl3) δ: 194.88 (s), 169.30 (s), 162.23
(d, 1J (C,F) = 245.8 Hz), 160.01 (s), 131.54 (d, 3J (C,F) = 8.1 Hz), 128.16 (d, 4J (C,F) = 3.3 Hz),
115.73 (d, 2J (C,F) = 21.5 Hz), 52.77 (s), 42.43 (s) and 41.12 (s). IR (neat, NaCl) ν: 3373, 2955,
1751, 1684 and 1510 cm−1. Analysis: Calculated for C12H12FNO4: C, 56.92; H, 4.78; N, 5.53.
Found: C, 58.65; H, 4.57; N, 5.35.

Methyl 2-(3-(4-chlorophenyl)-2-oxopropanamido)acetate (2d). This compound was
obtained in 98% yield as a brown oil following the general procedure. 1H NMR (250 MHz,
CDCl3) δ: 7.38 (s, 1H), 7.17–7.05 (m, 2H), 6.98 (m, 2H), 4.05 (s, 2H), 3.94 (d, J = 5.8 Hz,
2H) and 3.62 (s, 3H). 13C NMR (63 MHz, CDCl3) δ: 194.8, 169.6, 160.3, 134.8, 130.3, 130.3,
128.5, 127.9, 53.04, 43.1 and 41.4. IR (neat, NaCl) ν: 3384, 2961, 1747, 1690 and 1572 cm−1.
Analysis: Calculated for C12H12ClNO4: C, 53.44; H, 4.49; N, 5.19. Found: C, 53.76; H, 4.78;
N, 5.86.

Methyl 2-(3-(4-methylphenyl)-2-oxopropanamido)acetate (2e). This compound was
obtained in 54% yield as a brown oil following the general procedure. 1H NMR (250 MHz,
CDCl3) δ: 7.17 (s, 4H), 4.21 (s, 2H), 4.11 (d, J = 5.7 Hz, 2H), 3.80 (s, 3H) and 2.36 (s, 3H).
13C NMR (63 MHz, CDCl3) δ: 195.5, 169.3, 160.1, 137.1, 129.8, 129.6, 129.3, 52.7, 42.9, 41.1
and 21.2. IR (neat, NaCl) ν: 3394, 2951, 1674 and 1515 cm−1. Analysis: Calculated for
C13H15NO4: C, 62.65; H, 6.07; N, 5.62. Found: C, 62.85; H, 6.17; N, 5.55.

Methyl 2-(3-(2-methylphenyl)-2-oxopropanamido)acetate (2f). This compound was
obtained in 55% yield as a brown oil following the general procedure. 1H NMR (250 MHz,
CDCl3) δ: 7.43 (s, 1H), 7.23–7.11 (m, 4H), 4.26 (s, 2H), 4.10 (d, J = 5.7 Hz, 2H), 3.78 (s, 3H)
and 2.25 (s, 3H). 13C NMR (63 MHz, CDCl3) δ: 195.1, 169.3, 160.1, 137.3, 131.5, 130.7, 130.6,
127.8, 126.3, 52.8, 41.3, 41.1 and 19.8. IR (neat, NaCl) ν: 3297, 2927, 1673 and 1532 cm−1.
Analysis: Calculated for C13H15NO4: C, 62.65; H, 6.07; N, 5.62. Found: C, 62.58; H, 6.12;
N, 5.72.

Methyl 2-(3-(4-methoxyphenyl)-2-oxopropanamido)acetate (2g). This compound was
obtained in 40% yield as an orange oil following the general procedure. 1H NMR (250 MHz,
CDCl3) δ: 7.44 (s, 1H), 7.27 (td, J = 7.7, 0.8 Hz, 1H), 6.90–6.79 (m, 3H), 4.22 (s, 2H), 4.11 (d,
J = 5.7 Hz, 2H), 3.82 (s, 3H) and 3.80 (s, 3H). 13C NMR (63 MHz, CDCl3) δ: 194.9, 169.3,
160.1, 159.9, 133.9, 129.8, 122.3, 115.5, 113.0, 55.3, 52.7, 43.2 and 41.1. IR (neat, NaCl) ν: 3379,



Pharmaceuticals 2024, 17, 487 11 of 19

2950, 1753, 1692 and 1601 cm−1. Analysis: Calculated for C13H15NO5: C, 58.68; H, 5.70; N,
5.28. Found: C, 58.55; H, 5.37; N, 4.77.

Methyl (3-(4,5-dimethoxy-2-nitrophenyl)-2-oxopropamido)acetate (2h). This com-
pound was obtained in 68% yield as a brown solid following the general procedure. 1H
NMR (250 MHz, CDCl3) δ: 7.77 (s, 1H), 7.39 (t, J = 5.7 Hz, 1H), 6.68 (s, 1H), 4.60 (s, 2H), 4.14
(d, J = 5.7 Hz, 2H), 3.97 (s, 3H), 3.96 (s, 3H) and 3.79 (s, 3H). 13C NMR (63 MHz, CDCl3) δ:
193.6, 169.3, 160.1, 153.6, 148.4, 140.7, 124.6, 114.8, 108.6, 56.6, 56.5, 52.8, 43.0 and 41.2. IR
(neat, NaCl) ν: 3370, 2937, 1753 and 1678 cm−1. Mp: 138–140 ◦C. Analysis: Calculated for
C14H16N2O8: C, 49.42; H, 4.74; N, 8.23. Found: C, 48.455; H, 4.37; N, 8.77.

Benzyl (3-(4,5-dimethoxy-2-nitrophenyl)-2-oxopropamido)acetate (2i). This com-
pound was obtained in 63% yield as a brown solid following the general procedure. 1H
NMR (250 MHz, CDCl3) δ: 7.77 (s, 1H), 7.37 (s, 5H), 6.68 (s, 1H), 5.22 (s, 2H), 4.59 (s, 2H),
4.17 (d, J = 5.7 Hz, 2H), 3.97 (s, 3H) and 3.96 (s, 3H). 13C NMR (63 MHz, CDCl3) δ: 193.6,
168.7, 160.1, 153.6, 148.4, 140.7, 135.0, 128.8, 128.8, 128.6, 124.6, 114.8, 108.6, 67.7, 56.6, 56.5,
43.0 and 41.4. IR (neat, NaCl) ν: 3373, 3128, 3033, 1746 and 1685 cm−1. Analysis: Calculated
for C20H20N2O8: C, 57.69; H, 4.84; N, 6.73. Found: C, 58.05; H, 4.97; N, 6.26.

4.1.4. General Procedure for Preparation of Benzofurazane Oxides 3a–c

Benzofurazan oxide 3a and its derivatives were synthesized according to a modified
literature procedure [51]. Derivatives of o-nitroaniline (43.5 mmol) were dissolved in 20%
ethanol/KOH (250 mL). The deep red solution was cooled in an ice bath (0–5 ◦C). Commer-
cial aqueous NaOCl (Clorox) (200 mL) was added with stirring until no o-nitroaniline was
present in the solution, that is, when the solution no longer changed color from yellow to
red upon the addition of NaOCl. The bright yellow precipitate was collected by suction
filtration and was washed with cold water. The solid was dried under vacuum to yield
yellow solid benzofurazan oxides 3a–3c (65–76% yield).

4.1.5. General Procedure for Preparation of 3-arylquinoxaline-1,4-di-N-oxides 4

The suitable arylpiruvyl ester 2 (0.42 mmol) was added to a solution of the suitable
benzofuranoxane 3 (0.5 mmol) and KOH (0.5 mmol) in dry THF (10 mL). The reaction mix-
ture was stirred at room temperature for 3–16 h, and when no starting material was evident
by TLC, 2 mL of a 1M HCl solution was added. The reaction mixture was extracted with
AcOEt (2 × 10 mL). The organic layer was washed with brine and dried over anhydrous
sodium sulfate and the solvent was evaporated under reduced pressure. The residue was
crystallized from chloroform–hexane to give the pure quinoxaline-1,4-di-N-oxides 4.

N-(1,4-Dioxide-3-phenylquinoxaline-2-carbonyl)glycine methyl ester (4a). This com-
pound was obtained in 82% yield as a brown solid following the general procedure. 1H
NMR (250 MHz, CDCl3) δ: 8.53–8.40 (m, 2H), 8.36 (s, 1H), 7.82 (m, 2H), 7.73–7.58 (m, 2H),
7.58–7.44 (m, 3H), 4.06 (d, J = 5.2 Hz, 2H) and 3.71 (s, 3H). 13C NMR (63 MHz, CDCl3) δ:
169.4, 159.0, 141.5, 138.0, 137.3, 136.9, 132.8, 132.5, 130.7, 129.7, 128.8, 128.3, 120.8, 120.0, 52.6
and 41.7. IR (neat, NaCl) ν: 3414, 2926, 2856 and 1666 cm−1. Mp: 180–183 ◦C. Analysis:
Calculated for C18H15N3O5: C, 61.19; H, 4.28; N, 11.89. Found: C, 61.66; H, 4.16; N, 11.40.

N-(1,4-Dioxide-3-((4-methoxyphenyl)quinoxaline-2-carbonyl)glycine methyl ester (4b).
This compound was obtained in 98% yield as a yellow solid following the general procedure.
1H NMR (250 MHz, CDCl3) δ: 8.49–8.42 (m, 2H), 8.38 (t, J = 5.4 Hz, 1H), 7.82 (dd, J = 6.6,
3.4 Hz, 2H), 7.48–7.40 (m, 1H), 7.24 (m, 1H), 7.23–7.17 (m, 1H), 7.06 (m, 1H), 4.06 (d,
J = 5.3 Hz, 2H), 3.84 (s, 3H) and 3.71 (s, H). 13C NMR (63 MHz, CDCl3) δ: 169.7, 159.9, 159.2,
141.5, 138.2, 138.1, 137.0, 133.0, 132.9, 130.2, 129.3, 122.3, 121.0, 120.2, 117.2, 115.2, 55.8, 52.9
and 41.9. IR (neat, NaCl) ν: 3298, 2948, 2922, 1727, 1681 and 1342 cm−1. Mp: 75–77 ◦C.
Analysis: Calculated for C19H17N3O6: C, 59.53; H, 4.47; N, 10.96. Found: C, 60.06; H, 4.75;
N, 10.40.

N-(1,4-Dioxide-3-((4-trifluoromethylphenyl)quinoxaline-2-carbonyl)glycine methyl
ester (4c). This compound was obtained in 78% yield as a yellow solid following the general
procedure. 1H NMR (250 MHz, CDCl3) δ: 8.72 (t, J = 4.6 Hz, 1H), 8.67–8.56 (m, 2H), 7.94
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(dq, J = 6.9, 3.4 Hz, 2H), 7.81 (d, J = 8.3 Hz, 2H), 7.74 (d, J = 8.3 Hz, 2H), 4.13 (d, J = 5.2 Hz,
2H) and 3.75 (s, 3H). 13C NMR (63 MHz, CDCl3) δ: 169.7, 158.9, 141.1, 138.5, 137.6, 136.7,
133.6, 133.3, 132.8, 130.5, 126.1, 126.0, 121.2, 120.9, 53.0 and 41.9. IR (neat, NaCl) ν: 3290,
1749, 1679, 1530 and 1389 cm−1. Mp: 175–177 ◦C. Analysis: Calculated for C19H14F3N3O5:
C, 54.16; H, 3.35; N, 9.97. Found: C, 53.89; H, 3.76; N, 10.23.

N-(1,4-Dioxide-3-((4-fluorophenyl)quinoxaline-2-carbonyl)glycine methyl ester (4d).
This compound was obtained in 74% yield as a yellow solid following the general procedure.
1H NMR (250 MHz, CDCl3) δ: 8.73–8.57 (m, 2H), 8.18 (t, J = 5.1 Hz, 1H), 8.01–7.86 (m, 2H),
7.65–7.53 (m, 2H), 7.23 (d, J = 8.8 Hz, 1H), 7.19 (d, J = 8.8 Hz, 1H), 4.13 (d, J = 5.1 Hz, 2H)
and 3.76 (s, 3H). 13C NMR (63 MHz, CDCl3) δ: 169.4 (s), 158.8 (s), 140.1 (d, J = 86.0 Hz),
138.1 (s), 137.5 (s), 136.9 (s), 133.0 (s), 132.7 (s), 132.2 (d, J = 8.5 Hz), 124.3–123.9 (m), 120.8
(s), 120.3 (s), 116.1 (d, J = 22.6 Hz), 52.7 (s) and 41.6 (s). IR (neat, NaCl) ν: 3317, 2360, 1715,
1651 and 1389 cm−1. Mp: 175–177 ◦C. Analysis: Calculated for C19H14F3N3O5: C, 54.16; H,
3.35; N, 9.97. Found: C, 53.89; H, 3.76; N, 10.23.

N-(1,4-Dioxide-3-((4,5-dimethoxy-2-nitro-phenyl)quinoxaline-2-carbonyl)glycine ben-
zyl ester (4e). This compound was obtained in 83% yield as a yellow solid following
the general procedure. 1H NMR (250 MHz, CDCl3) δ: 9.92 (t, J = 5.2 Hz, 1H), 8.72 (dd,
J = 6.6, 3.3 Hz, 1H), 8.60 (dd, J = 6.6, 3.3 Hz, 1H), 8.01–7.91 (m, 2H), 7.90 (s, 1H), 7.40–7.28
(m, 5H), 6.76 (d, J = 10.1 Hz, 1H), 5.17 (d, J = 12.3 Hz, 1H), 5.11 (d, J = 12.2 Hz, 1H), 4.21 (dd,
J = 18.3, 5.5 Hz, 1H), 4.15–4.05 (m, 1H), 4.02 (s, 3H) and 3.93 (s, 3H). 13C NMR (63 MHz,
CDCl3) δ: 168.7, 158.6, 154.5, 149.7, 141.9, 140.5, 137.9, 137.5, 135.1, 134.0, 133.4, 132.9, 131.0,
128.8, 128.7, 128.5, 121.1, 120.8, 120.4, 111.5, 108.0, 67.5, 56.7, 56.6 and 41.7. IR (neat, NaCl)
ν: 3299, 2920, 2849, 1742, 1675 and 1510 cm−1. Mp: 175–177 ◦C. Analysis: Calculated for
C19H14F3N3O5: C, 54.16; H, 3.35; N, 9.97. Found: C, 53.89; H, 3.76; N, 10.23.

N-(6-Methoxy-1,4-dioxide-3-(phenyl)quinoxaline-2-carbonyl)glycine benzyl ester (4f).
This compound was obtained in 76% yield as a brown solid following the general procedure.
1H NMR (250 MHz, CDCl3) δ: 8.53 (d, J = 9.5 Hz, 1H), 8.26 (t, J = 4.5 Hz, 1H), 7.92 (d,
J = 2.7 Hz, 1H), 7.59–7.44 (m, 6H), 4.09 (d, J = 5.1 Hz, 2H), 4.01 (s, 3H) and 3.73 (s, 3H). 13C
NMR (63 MHz, CDCl3) δ: 169.4, 163.6, 158.9, 142.2, 139.5, 135.9, 132.0, 130.7, 129.7, 128.7,
128.2, 124.8, 121.6, 99.2, 56.7, 52.6 and 41.6. IR (neat, NaCl) ν: 3313, 3073, 2954, 2360, 1746
and 1681 cm−1. Mp: 175–177 ◦C. Analysis: Calculated for C19H14F3N3O5: C, 54.16; H, 3.35;
N, 9.97. Found: C, 53.89; H, 3.76; N, 10.23.

N-(6-Methoxy-1,4-dioxide-3-(3-chlorophenyl)quinoxaline-2-carbonyl)glycine methyl
ester (4g). This compound was obtained in 79% yield as a yellow solid following the general
procedure. 1H NMR (250 MHz, CDCl3) δ: 8.62 (t, J = 4.2 Hz, 1H), 8.25 (d, J = 8.3 Hz, 1H),
7.66 (s, 1H), 7.48 (d, J = 1.4 Hz, 1H), 7.35 (m, 4H), 3.97 (d, J = 5.1 Hz, 2H), 3.88 (s, 3H) and
3.62 (s, 3H). 13C NMR (63 MHz, CDCl3) δ: 169.7, 164.0, 159.1, 141.3, 139.7, 135.2, 134.9, 132.4,
131.0, 130.8, 130.3, 130.0, 128.2, 125.2, 122.0, 99.6, 57.0, 52.9 and 41. IR (neat, NaCl) ν: 3285,
1738, 1661 and 1614 cm−1. Mp: 175–177 ◦C. Analysis: Calculated for C19H16ClN3O6: C,
54.62; H, 3.86; N, 10.06. Found: C, 54.78; H, 4.16; N, 10.39.

N-(6-Methoxy-1,4-dioxide-3-(4-trifloromethylphenyl)quinoxaline-2-carbonyl)glycine
methyl ester (4h). This compound was obtained in 72% yield as a brown solid following
the general procedure. 1H NMR (250 MHz, CDCl3) δ: 8.87 (t, J = 4.9 Hz, 1H), 8.53 (d,
J = 9.5 Hz, 1H), 7.90 (d, J = 2.4 Hz, 1H), 7.80 (d, J = 8.4 Hz, 1H), 7.71 (d, J = 8.4 Hz, 1H), 7.51
(dd, J = 9.4, 2.6 Hz, 1H), 4.12 (d, J = 5.2 Hz, 2H), 4.03 (s, 3H) and 3.74 (s, 3H). 13C NMR
(63 MHz, CDCl3) δ: 169.8, 164.2, 159.1, 141.7, 140.0, 134.8, 133.1, 132.7, 130.4, 125.9, 125.6,
122.4, 99.5, 57.0, 53.0 and 41.9. IR (neat, NaCl) ν: 3319, 1745, 1668 and 1325 cm−1. Mp:
177–179 ◦C. Analysis: Calculated for C19H16ClN3O6: C, 53.22; H, 3.57; N, 9.31. Found: C,
48.39; H, 3.37; N, 7.52.

N-(6-Methoxy-1,4-dioxide-3-(4-florophenyl)quinoxaline-2-carbonyl)glycine methyl
ester (4i). This compound was obtained in 62% yield as a brown solid following the general
procedure. 1H NMR (250 MHz, DMSO) δ: 9.21–9.10 (m, J = 5.6 Hz, 1H), 8.43 (d, J = 9.5 Hz,
1H), 7.84 (d, J = 2.3 Hz, 1H), 7.70–7.55 (m, 3H), 7.34 (t, J = 8.9 Hz, 2H), 4.00 (s, 3H), 3.92 (d,
J = 5.5 Hz, 2H) and 3.55 (s, 3H). 13C NMR (63 MHz, CDCl3) δ: 169.7 (s), 164.0 (s), 159.4



Pharmaceuticals 2024, 17, 487 13 of 19

(s), 151.9 (d, J = 59.2 Hz), 139.8 (s), 135.6 (s), 132.3 (d, J = 8.8 Hz), 127.4 (s), 125.0 (s), 122.2
(s), 121.1 (s), 116.3 (d, J = 22.0 Hz), 111.8 (s), 99.6 (s), 57.0 (s), 53.9 (s) and 42.9 (s). IR
(neat, NaCl) ν: 3342, 2953, 1732 and 1601 cm−1. Mp: 177–179 ◦C. Analysis: Calculated for
C19H16ClN3O6: C, 53.22; H, 3.57; N, 9.31. Found: C, 48.39; H, 3.37; N, 7.52.

N-(6-Methoxy-1,4-dioxide-3-(4-methylphenyl)quinoxaline-2-carbonyl)glycine methyl
ester (4j). This compound was obtained in 35% yield as a brown solid following the general
procedure. 1H NMR (250 MHz, CDCl3) δ: 8.42 (d, J = 9.6 Hz, 1H), 8.37 (t, J = 5.2 Hz, 1H),
7.83 (d, J = 2.5 Hz, 1H), 7.53 (d, J = 8.1 Hz, 2H), 7.43 (dd, J = 9.6, 2.4 Hz, 1H), 7.33 (d,
J = 8.1 Hz, 2H), 4.10 (d, J = 5.1 Hz, 2H), 4.01 (s, 3H), 3.75 (s, 3H) and 2.45 (s, 3H). 13C NMR
(63 MHz, CDCl3) δ: 169.4, 163.6, 159.2, 140.8, 139.5, 132.0, 129.5, 125.8, 124.5, 121.8, 101.9,
99.4, 56.7, 52.6, 41.7 and 21.8. IR (neat, NaCl) ν: 3321, 1743, 1670 and 1321 cm−1. Mp:
177–179 ◦C. Analysis: Calculated for C19H16ClN3O6: C, 53.22; H, 3.57; N, 9.31. Found: C,
48.39; H, 3.37; N, 7.52.

N-(6-Methoxy-1,4-dioxide-3-(2-methylphenyl)quinoxaline-2-carbonyl)glycine methyl
ester (4k). This compound was obtained in 45% yield as a brown solid following the general
procedure. 1H NMR (250 MHz, CDCl3) δ: 8.56 (t, J = 5.0 Hz, 1H), 8.18 (d, J = 9.3 Hz, 1H),
7.57 (d, J = 1.8 Hz, 1H), 7.28–7.06 (m, 6H), 3.81 (d, J = 2.0 Hz, 2H), 3.78 (s, 3H), 3.49 (s, 3H)
and 2.05 (s, 3H). 13C NMR (63 MHz, CDCl3) δ: 169.4, 163.4, 158.8, 143.2, 139.3, 138.4, 135.3,
132.1, 130.5, 130.2, 128.9, 128.8, 126.1, 124.5, 121.7, 99.3, 56.6, 52.5, 41.6 and 19.5. IR (neat,
NaCl) ν: 3264, 2951 and 1740 cm−1. Mp: 177–179 ◦C. Analysis: Calculated for C20H19N3O6:
C, 60.45; H, 4.79; N, 10.58. Found: C, 60.20; H, 4.76; N, 10.42.

N-(6-Methyl-1,4-dioxide-3-(4-trifluoromethylphenyl)quinoxaline-2-carbonyl)glycine
methyl ester (4l). This compound was obtained in 28% yield as a brown solid follow-
ing the general procedure. 1H NMR (250 MHz, CDCl3) δ: 8.83 (t, J = 5.0 Hz, 1H), 8.51 (d,
J = 8.8 Hz, 1H), 8.35 (s, 1H), 7.78 (d, J = 8.3 Hz, 2H), 7.73 (d, J = 8.3 Hz, 1H), 7.68 (d,
J = 8.4 Hz, 2H), 4.11 (d, J = 5.2 Hz, 2H), 3.74 (s, 3H) and 2.65 (s, 3H). 13C NMR (63 MHz,
CDCl3) δ: 169.4, 158.8, 149.9, 145.2, 138.0, 135.7, 135.3, 134.9, 132.7 (d, J = 35.4 Hz), 130.4 (d,
J = 4.9 Hz), 125.7 (d, J = 12.5 Hz), 122.9 (d, J = 6.8 Hz), 120.5, 119.8, 52.7, 41.6 and 22.2. IR
(neat, NaCl) ν: 3110, 1751, 1655, 1406 and 1323 cm−1. Mp: 177–179 ◦C. Analysis: Calculated
for C20H16F3N3O5: C, 55.17; H, 3.68; N, 9.65. Found: C, 46.93; H, 3.52; N, 9.68.

N-(6-Methyl-1,4-dioxide-3-(4-fluorophenyl)-quinoxaline-2-carbonyl)glycine methyl
ester (4m). This compound was obtained in 60% yield as a yellow solid following the
general procedure. 1H NMR (250 MHz, CDCl3) δ: 8.49 (d, J = 8.8 Hz, 1H), 8.36 (s, 1H),
8.35–8.25 (m, 1H), 7.71 (d, J = 8.8 Hz, 2H), 7.22 (d, J = 8.8 Hz, 2H), 7.19 (d, J = 8.7 Hz, 2H),
4.12 (d, J = 5.1 Hz, 2H), 3.75 (s, 3H) and 2.64 (s, 4H). 13C NMR (63 MHz, CDCl3) δ: 169.5,
159.0, 144.9 (d, J = 16.2 Hz), 136.8, 135.1, 134.7, 132.1 (d, J = 8.9 Hz), 120.5, 120.0, 119.7, 119.2,
116.1 (d, J = 22.1 Hz), 115.6, 113.6, 52.7, 41.6 and 22.1. IR (neat, NaCl) ν: 3283, 3086, 1733
and 1656 cm−1. Mp: 177–179 ◦C. Analysis: Calculated for C19H16FN3O5: C, 59.22; H, 4.19;
N, 10.90. Found: C, 46.93; H, 3.52; N, 9.68.

N-(1,4-Dioxide-6-trifluoromethyl-3-phenylquinoxaline-2-carbonyl)glycine methyl es-
ter (4n). This compound was obtained in 40% yield as a brown solid following the general
procedure. 1H NMR (250 MHz, CDCl3) δ: 8.76 (t, J = 5.3 Hz, 1H), 8.66 (ddd, J = 9.5, 6.5, 3.3
Hz, 1H), 7.96 (dd, J = 6.5, 3.3 Hz, 1H), 7.81 (d, J = 8.3 Hz, 1H), 7.73 (d, J = 8.3 Hz, 1H), 4.14
(d, J = 5.3 Hz, 1H) and 3.76 (s, 1H). 13C NMR (63 MHz, CDCl3) δ: 182.0, 169.7, 168.6, 158.9,
138.6, 137.7, 133.2, 130.4, 126.1, 121.2, 53.0 and 41.9. IR (neat, NaCl) ν: 3314, 1738, 1672 and
1334 cm−1. Mp: 183–185 ◦C. Analysis: Calculated for C19H14F3N3O5: C, 54.16; H, 3.35; N,
9.97. Found: C, 51.34; H, 3.33; N, 8.57.

4.1.6. General Procedure for the Preparation of
N-(1,4-Dioxide-3-Arylquinoxaline-2-Carbonyl)Glycine Derivatives 5

A mixture of the suitable ester 4 (0.21 mmol), 1,4-dioxane (6 mL) and a solution of
1 M LiOH in water (2 mL) was stirred at 30 ◦C for 30 min. The mixture was diluted with
10 mL of water and washed with AcOEt (2 × 10 mL); the aqueous layer was neutralized
with 1M HCl, extracted with AcOEt (3 × 15 mL) and washed with brine (10 mL). The
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organic phase was dried and the solvent was evaporated under reduced pressure to obtain
the final product.

2-((Carboxymethyl)carbamoyl)-3-(4-fluorophenyl)quinoxaline 1,4-dioxide (5d). This
compound was obtained in 52% yield as a brown solid following the general procedure.
1H NMR (250 MHz, DMSO) δ: 12.76 (s, 1H), 9.04 (t, J = 6.1 Hz, 1H), 8.52 (dd, J = 6.1 and
3.1 Hz, 2H), 8.04 (dd, J = 6.1 and 3.3 Hz, 2H), 7.66 (d, J = 6.2 Hz, 1H), 7.63 (d, J = 5.5 Hz,
1H), 7.30 (t, J = 8.7 Hz, 2H) and 3.82 (d, J = 5.2 Hz, 2H). 13C NMR (75 MHz, DMSO) δ: 169.9,
158.6, 132.6, 131.3, 119.9, 115.3 and 40.7. IR (neat, NaCl) ν: 3320, 1715, 1650 and 1364 cm−1..

2-((Carboxymethyl)carbamoyl)-6-methoxy-3-phenylquinoxaline 1,4-dioxide (5f). This
compound was obtained in 62% yield as a brown solid following the general procedure.
1H NMR (250 MHz, DMSO) δ: 12.77 (s, 1H), 9.06 (t, J = 5.2 Hz, 1H), 8.43 (d, J = 9.5 Hz, 1H),
7.84 (d, J = 2.7 Hz, 1H), 7.64 (dd, J = 9.5 and 2.7 Hz, 1H), 7.61–7.54 (m, 2H), 7.51–7.41 (m,
3H), 4.00 (s, 3H) and 3.78 (d, J = 5.2 Hz, 3H).

2-((Carboxymethyl)carbamoyl)-6-methoxy-3-(4-(trifluoromethyl)phenyl)quinoxaline
1,4-dioxide (5h). This compound was obtained in 65% yield as a brown solid follow-
ing the general procedure. 1H NMR (250 MHz, DMSO) δ: 12.74 (s, 1H), 9.11 (t, J = 5.5 Hz,
1H), 8.45 (d, J = 9.5 Hz, 1H), 7.89–7.78 (m, 5H), 7.66 (dd, J = 9.5, 2.6 Hz, 1H), 4.01 (s, 3H) and
3.82 (d, J = 5.6 Hz, 2H). IR (neat, NaCl) ν: 3299, 1707 and 1649 cm−1.

2-((Carboxymethyl)carbamoyl)-3-(4-fluorophenyl)-6-methylquinoxaline 1,4-dioxide
(5m). This compound was obtained in 58% yield as a brown solid following the general
procedure. 1H NMR (250 MHz, DMSO) δ: 12.75 (s, 1H), 9.06 (t, J = 5.0 Hz, 1H), 8.42 (d,
J = 9.1 Hz, 1H), 8.34 (s, 1H), 7.88 (d, J = 8.6 Hz, 1H), 7.71–7.55 (m, 2H), 7.31 (t, J = 8.6 Hz,
2H), 3.83 (d, J = 4.8 Hz, 2H) and 2.62 (s, 3H).

2-Carboxy-6-methoxy-3-(4-tolyl)quinoxaline 1,4-dioxide (6). A mixture of carboxylate
derivative 4j (0.21 mmol), 1,4-dioxane (6 mL) and a solution of 1 M LiOH in water (2 mL)
was stirred at 80 ◦C for 2 h. The mixture was diluted with 10 mL of water and washed with
AcOEt (2 × 10 mL); the aqueous layer was neutralized with 1M HCl, extracted with AcOEt
(3 × 15 mL) and washed with brine (10 mL). The organic phase was dried and the solvent
was evaporated under reduced pressure to obtain the final product in 58% yield as a brown
solid following the general procedure. 1H NMR (250 MHz, CDCl3) δ: 8.92 (s, 1H), 7.74 (d,
J = 8.2 Hz, 3H), 7.46 (d, J = 2.3 Hz, 2H), 7.28 (d, J = 8.0 Hz, 4H), 6.79 (d, J = 8.5 Hz, 2H), 6.72
(dd, J = 8.6, 2.4 Hz, 2H), 3.81 (s, 3H) and 2.44 (s, 3H). 13C-NMR (63 MHz, CDCl3) δ: 168.9,
156.0, 153.5, 144.2, 130.7, 130.1, 129.0, 128.8, 122.0, 110.9, 110.0, 100.9, 56.1 and 21.9.

4.2. In Vitro Activity against Mycobacterium tuberculosis
4.2.1. First Protocol for Activity Measurement

The test samples were analyzed in vitro against Mycobacterium tuberculosis H37Rv
(Mtb H37Rv) in a high-throughput screen using an assay adapted from the microdilution
AlamarBlue (AB) broth assay as reported by Collins and Franzblau [47]. All manipulations
of Mtb H37Rv were conducted in accordance with the Biosafety in Microbiological and
Biomedical Laboratories (BMBL) in Biosafety Level 3 containment laboratories. In brief,
our assay uses Mtb H37Rv in a 384-well plate format with in-plate DMSO carrier controls,
3.198 µM amikacin, 0.17 µM amikacin controls and 320 compounds. The Mtb H37Rv plus
DMSO carrier control provides a 100% growth control for each plate. The 3.198 µM amikacin
completely inhibits the growth of the bacteria and is used in place of uninoculated media as
the background control; meanwhile, the 0.17 µM amikacin control approximates the MIC
of amikacin ranging from 30 to 80% inhibition, indicative of a positive growth inhibition
and proper assay performance. The medium used for both compound preparation and
Mtb H37Rv plating was assessed for contamination by plating two 384-well plates with the
medium alone. The plates were checked for contamination by visual inspection and end-
point detection. The compounds were evaluated in a 10-point stacked plate dose–response
method. The compounds were serially diluted at 1:2 from 100 µM to 0.195 µM. The plates
were read fluorometrically after incubation with the compounds and the addition of AB.
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4.2.2. Second Protocol for Activity Measurement

An alternative method for end-point detection was assessed using the Promega reagent
BacTiter-Glo™ Microbial Cell Viability (BTG). The BTG plates were briefly incubated for
20 min at room temperature, sealed with Perkin Elmer clear TopSeal A and read from the
top using luminescence on a Perkin Elmer Envision instrument (Tres Cantos, Spain).

4.2.3. Autofluorescence

The compounds in media were pre-read from the high concentration plate with no
AlamarBlue or bacteria added. Fold increase was calculated using the median of the positive
control wells from the AlamarBlue Mtb H37Rv assay for the Mtb H37Rv control wells. The
criterion for a compound being considered autofluorescent was defined as having >50%
fluorescence of the Mtb H37Rv control wells. None of the analyzed compounds were found
to be autofluorescent.

4.3. In Vitro Assays for Leishmanicidal Activity
4.3.1. Parasites and Culture Procedure

The following species of Leishmania were used: L. donovani (MHOM/IN/80/DD8), which
was purchased (ATCC, Manassas, VA, USA), and L. amazonensis (MHOM/Br/79/Maria),
which was kindly provided by Prof. Alfredo Toraño (Instituto de Salud Carlos III, Madrid,
Spain). Promastigotes were cultured in Schneider’s Insect Medium supplemented with 10%
heat-inactivated Fetal Bovine Serum (FBS) (SIGMA-Merck, Madrid, Spain) and
1000 U/L of penicillin plus 100 mg/L of streptomycin in 25 mL culture flasks at 26 ◦C.

4.3.2. J774 Cell Cultivation

J774 murine macrophages were grown in RPMI-1640 medium (Sigma) supplemented
with 10% heat-inactivated FBS (30 min at 56 ◦C) (SIGMA-Merck), penicillin G (100 U/mL)
and streptomycin (100 µg/mL). For the experiments, cells in the pre-confluence phase were
harvested with trypsin. Cell cultures were maintained at 37 ◦C in a humidified environment
with 5% CO2.

4.3.3. Promastigote Susceptibility Assay

The activity of the compounds on Leishmania promastigotes was performed according
to the method previously reported by us [52]. Briefly, promastigotes (2.5 × 105 para-
sites/well) were cultured in 96-well plastic plates. The compounds were dissolved in
dimethylsulfoxide (DMSO). Serial dilutions at 1:2 of the test compounds in fresh culture
medium were performed (100, 50, 25, 12.5, 6.25, 3.12, 1.56 and 0.78 µg/mL) in a final
volume of 200 µL; the solutions were then added to the parasite suspension. After an
incubation period of 48 h at 26 ◦C, a volume of 20 µL of 2.5 mM resazurin solution in PBS
was added and the plates were incubated for 3 h under the same conditions. Finally, the
Relative Fluorescence Unit (RFU) (535ex–590em nm wavelength) was determined in a fluo-
rimeter (Infinite 200 Tecan i-Control). Growth inhibition (%) was calculated by 100—[(RFU
treated wells—RFU signal-to-noise)/(RFU untreated—RFU signal-to-noise) × 100]. All
tests were carried out in triplicate and the IC50 was calculated by probit analysis using SPSS
17.0 Statistics Software. Miltefosine (Sigma-Merck, Madrid, Spain) was used as the
reference drug.

4.3.4. Intracellular Amastigote Assay

We performed an intracellular amastigote assay on L. amazonensis and L. donovani ac-
cording to a fluorometric method reported by us [53]. To carry out the in vitro macrophage
infections, 5 × 104 cells were cultured in RPMI-1640 medium and then were infected with
5 × 105 promastigotes. In the L. donovani assays, the plates were incubated for 48 h at
37 ◦C, while in the L. amazonensis assays, they were incubated at 33 ◦C for the first 24 h and
then the temperature was increased to 37 ◦C for the next 24 h. After, the culture medium
was removed and the cells were washed with buffered RPMI-HEPES at pH 7.4 several
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times in order to eliminate the non-internalized promastigotes. A total of 100 µL of fresh
medium tempered at 37 ◦C was added to the infected cells, which then were exposed to
100 µL of the test compounds in RPMI-1640 at different concentrations (100, 50, 25, 12.5,
6.25, 3.12, 1.56 and 0.78 µg/mL in a final volume of 200 µL) for 48 h at 37 ◦C. The culture
medium was removed by centrifugation at 3500 rpm for 5 min (Centrifuge 5403 Eppendorf)
and a lysis solution (0.02% sodium dodecyl sulfate in RPMI-HEPES) was added. After
20 min, the treated cells were harvested (centrifugation at 3500 rpm for 5 min at 4 ◦C)
and the supernatants were replaced by 200 µL of fresh Schneider’s culture medium. The
plates were then incubated at 26 ◦C for another 3 days to allow for the transformation of
viable amastigotes into promastigotes and proliferation. Afterwards, 20 µL/well of 2.5 mM
resazurin was added and incubated for another 3 h. Finally, URF was measured and IC50
was estimated as described above. All tests were carried out in triplicate. Miltefosine was
used as the reference drug.

4.3.5. Cytotoxicity Assay on Macrophages

Cell viability was evaluated using a modification with resazurin of the colorimetric
method described previously [47]. J774 macrophages were seeded (5 × 104 cells/well) in
96-well flat-bottom microplates with 100 µL of RPMI-1640 medium. The cells were allowed
to adhere for 4 h at 37 ◦C in 5% CO2, then different concentrations of the test compounds
in 100 µL of the medium were added and exposed for 24 h. Growth controls were also
included. To evaluate cell viability, 20 µL of a 2.5 mM resazurin solution was added and
the plates were returned to the incubator for another 3 h. The reduction in resazurin
was determined by measuring the fluorescence intensity (excitation wavelength, 535 nm;
emission wavelength, 590 nm). Each concentration was assayed three times. The medium
and controls were used in each test as blanks. The cytotoxic effect of the compounds was
defined as the 50% reduction in cell viability of treated culture cells with respect to the
untreated culture (CC50).

4.3.6. Selectivity Index Calculations

The selectivity index (SI) was calculated as SI = CC50/IC50, as described by
Ferreira et al. [54].

5. Conclusions

We describe the design of a novel synthetic route and biological evaluation of new
QdNOs with amino acid side chains as bifunctional therapeutic agents against tuberculosis
and leishmaniasis. The basic structure of quinoxaline 1,4-dioxide was modified with a
peptide side chain and aryl side arm at position 2 and 3, respectively. The synthetic route
toward these compounds involves a selective diketopiperazine ring opening followed by a
modified Beirut reaction. The strategic design of molecules possessing dual properties rep-
resents a promising paradigm in drug discovery, effectively tackling the specific challenges
associated with infectious diseases and potentially leading to more efficient and less costly
treatments. The main conclusions that can be drawn from this SAR study are as follows:

1. The presence of a peptide chain at C-2 improves the antitubercular activity compared
to the presence of a carboxylic acid.

2. A higher state of oxidation of the nitrogen atoms of the heterocyclic skeleton increases
its activity.

3. The presence of substituents in the benzene rings improves the activity of the compounds.
4. Substituents at the para position of the aromatic side arm are more favorable than

their ortho and meta analogues.

The identification of compound 4h, showing good activity and selectivity both as an
antitubercular and antileishmanial agent, establishes a foundation for future investigations
for the desired dual profile, with a good balance between the activities found against
all of the organisms studied. This compound can be considered an initial candidate for
further development.



Pharmaceuticals 2024, 17, 487 17 of 19

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph17040487/s1, numerical biological data and copies of
NMR spectra.

Author Contributions: Conceptualization, J.F.G., E.d.l.C. and J.C.M.; methodology, M.-A.D.-A.,
L.H., J.M.O., F.B.-F., N.H. and A.A.M.; investigation, M.-A.D.-A., L.H., J.M.O., N.H. and A.A.M.;
writing—original draft preparation, J.F.G., M.-A.D.-A., A.A.M. and J.C.M.; writing—review and
editing, J.F.G., M.-A.D.-A., A.A.M. and J.C.M.; supervision, J.F.G., F.B.-F., E.d.l.C. and J.C.M.; funding
acquisition, J.C.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research study was funded by the Ministerio de Ciencia e Innovación, Spain, grant
number TED2021-129408B-I00. The APC was not funded.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Waldman, A.J.; Balskus, E.P. The human microbiota, infectious disease, and global health: Challenges and opportunities. ACS

Infec. Dis. 2018, 4, 14–26. [CrossRef] [PubMed]
2. Aagaard-Hansen, J.; Nombela, N.; Alvar, J. Population movement: A key factor in the epidemiology of neglected tropical diseases.

Trop. Med. Int. Health 2010, 15, 1281–1288. [CrossRef] [PubMed]
3. Georgiadou, S.P.; Makaritsis, K.P.; Dalekos, G.N. Leishmaniasis revisited: Current aspects on epidemiology, diagnosis and

treatment. J. Transl. Intern. Med. 2015, 3, 43–50. [CrossRef]
4. Mann, S.; Frasca, K.; Scherrer, S.; Henao-Martínez, A.F.; Newman, S.; Ramanan, P.; Suárez, J.Á. A Review of leishmaniasis:

Current knowledge and future directions. Curr. Trop. Med. Rep. 2021, 8, 121–132. [CrossRef] [PubMed]
5. Dinc, R. Leishmania vaccines: The current situation with its promising aspect for the future. Korean J. Parasitol. 2022, 60, 379–391.

[CrossRef] [PubMed]
6. Ponte-Sucre, A.; Gamarro, F.; Dujardin, J.-C.; Barrett, M.P.; López-Vélez, R.; García-Hernández, R.; Pountain, A.W.; Mwenechanya,

R.; Papadopoulou, B. Drug resistance and treatment failure in leishmaniasis: A 21st century challenge. PLoS Negl. Trop. Dis. 2017,
11, e0006052. [CrossRef]

7. Rossi, M.; Fasel, N. The criminal association of Leishmania parasites and viruses. Curr. Opin. Microbiol. 2018, 46, 65–72. [CrossRef]
[PubMed]

8. Abongomera, C.; Ritmeijer, K.; Vogt, F.; Buyze, J.; Mekonnen, Z.; Admassu, H.; Colebunders, R.; Mohammed, R.; Lynen, L.; Diro,
E.; et al. Development and external validation of a clinical prognostic score for death in visceral leishmaniasis patients in a high
HIV co-infection burden area in Ethiopia. PLoS ONE 2017, 12, e0178996. [CrossRef] [PubMed]

9. Agusto, F.B.; Elmojtaba, I.M. Optimal control and cost-effective analysis of malaria/visceral leishmaniasis co-infection. PLoS ONE
2017, 12, e0171102. [CrossRef]

10. Li, X.-X.; Zhou, X.-N. Co-infection of tuberculosis and parasitic diseases in humans: A systematic review. Parasit. Vectors 2013,
6, 79. [CrossRef]

11. Desjeux, P. The increase in risk factors for leishmaniasis worldwide. Trans. R. Soc. Trop. Med. Hyg. 2001, 95, 239–243. [CrossRef]
12. Karimi, A.; Amanati, A.; Mansour Ghanaie, R.; Mohajerzadeh, L. Co-infection of Leishmania and tuberculosis. Arch. Pediatr. Infect.

Dis. 2013, 2, 183–187. [CrossRef]
13. Shweta; Bhatnagar, S.; Gupta, A.K.; Murti, K.; Pandey, K. Co-infection of visceral leishmaniasis and pulmonary tuberculosis: A

case study. Asian Pac. J. Trop. Dis. 2014, 4, 57–60. [CrossRef]
14. Egbelowo, O.F.; Munyakazi, J.B.; Dlamini, P.G.; Osaye, F.J.; Simelane, S.M. Modeling visceral leishmaniasis and tuberculosis

co-infection dynamics. Front. Appl. Math. Stat. 2023, 9, 1153666. [CrossRef]
15. Makhoba, X.H.; Viegas, C.; Mosa, R.A.; Viegas, F.P.D.; Pooe, O.J. Potential impact of the multi-target drug approach in the

treatment of some complex diseases. Drug Des. Devel. Ther. 2020, 14, 3235–3249. [CrossRef]
16. Zhao, H.; Dietrich, J. Privileged scaffolds in lead generation. Expert Opin. Drug Discov. 2015, 10, 781–790. [CrossRef] [PubMed]
17. Schneider, P.; Schneider, G. Privileged structures revisited. Angew. Chem. Int. Ed. 2017, 56, 7971–7974. [CrossRef]
18. Ancizu, S.; Moreno, E.; Torres, E.; Burguete, A.; Pérez-Silanes, S.; Benítez, D.; Villar, R.; Solano, B.; Marín, A.; Aldana, I.; et al.

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 2009, 14, 2256–2272. [CrossRef] [PubMed]

19. Cheng, G.; Sa, W.; Cao, C.; Guo, L.; Hao, H.; Liu, Z.; Wang, X.; Yuan, Z. Quinoxaline 1,4-di-N-oxides: Biological activities and
mechanisms of actions. Front. Pharmacol. 2016, 7, 64. [CrossRef] [PubMed]

20. Rivera, G. Quinoxaline 1,4-di-N-oxide derivatives: Are they unselective or selective inhibitors? Mini-Rev. Med. Chem. 2022, 22,
15–25. [CrossRef]

https://www.mdpi.com/article/10.3390/ph17040487/s1
https://www.mdpi.com/article/10.3390/ph17040487/s1
https://doi.org/10.1021/acsinfecdis.7b00232
https://www.ncbi.nlm.nih.gov/pubmed/29207239
https://doi.org/10.1111/j.1365-3156.2010.02629.x
https://www.ncbi.nlm.nih.gov/pubmed/20976871
https://doi.org/10.1515/jtim-2015-0002
https://doi.org/10.1007/s40475-021-00232-7
https://www.ncbi.nlm.nih.gov/pubmed/33747716
https://doi.org/10.3347/kjp.2022.60.6.379
https://www.ncbi.nlm.nih.gov/pubmed/36588414
https://doi.org/10.1371/journal.pntd.0006052
https://doi.org/10.1016/j.mib.2018.07.005
https://www.ncbi.nlm.nih.gov/pubmed/30096485
https://doi.org/10.1371/journal.pone.0178996
https://www.ncbi.nlm.nih.gov/pubmed/28582440
https://doi.org/10.1371/journal.pone.0171102
https://doi.org/10.1186/1756-3305-6-79
https://doi.org/10.1016/S0035-9203(01)90223-8
https://doi.org/10.5812/pedinfect.12785
https://doi.org/10.1016/S2222-1808(14)60315-7
https://doi.org/10.3389/fams.2023.1153666
https://doi.org/10.2147/DDDT.S257494
https://doi.org/10.1517/17460441.2015.1041496
https://www.ncbi.nlm.nih.gov/pubmed/25959748
https://doi.org/10.1002/anie.201702816
https://doi.org/10.3390/molecules14062256
https://www.ncbi.nlm.nih.gov/pubmed/19553897
https://doi.org/10.3389/fphar.2016.00064
https://www.ncbi.nlm.nih.gov/pubmed/27047380
https://doi.org/10.2174/1389557521666210126142541


Pharmaceuticals 2024, 17, 487 18 of 19

21. Buravchenko, G.I.; Shchekotikhin, A.E. Quinoxaline 1,4-dioxides: Advances in chemistry and chemotherapeutic drug develop-
ment. Pharmaceuticals 2023, 16, 1174. [CrossRef] [PubMed]

22. Vicente, E.; Villar, R.; Pérez, S.; Aldana, I.; Goldman, R.; Monge, A. Quinoxaline 1,4-di-N-oxide and the potential for treating
tuberculosis. Infect. Disord. Drug Targets 2011, 11, 196–204. [CrossRef]

23. Zhao, Y.; Cheng, G.; Hao, H.; Pan, Y.; Liu, Z.; Dai, M.; Yuan, Z. In vitro antimicrobial activities of animal-used quinoxaline
1,4-di-N-oxides against mycobacteria, mycoplasma and fungi. BMC Vet. Res. 2016, 12, 186. [CrossRef] [PubMed]

24. Jaso, A.; Zarranz, B.; Aldana, I.; Monge, A. Synthesis of new quinoxaline-2-carboxylate 1,4-dioxide derivatives as anti-
Mycobacterium tuberculosis agents. J. Med. Chem. 2005, 48, 2019–2025. [CrossRef]

25. Wilhelmsson, L.M.; Kingi, N.; Bergman, J. Interactions of antiviral indolo[2,3-b]quinoxaline derivatives with DNA. J. Med. Chem.
2008, 51, 7744–7750. [CrossRef]

26. Benítez, D.; Cabrera, M.; Hernández, P.; Boiani, L.; Lavaggi, M.L.; Di Maio, R.; Yaluff, G.; Serna, E.; Torres, S.; Ferreira, M.E.; et al.
3-Trifluoromethylquinoxaline N,N’-dioxides as anti-trypanosomatid agents. Identification of optimal anti-T. cruzi agents and
mechanism of action studies. J. Med. Chem. 2011, 54, 3624–3636. [CrossRef]

27. Torres, E.; Moreno-Viguri, E.; Galiano, S.; Devarapally, G.; Crawford, P.W.; Azqueta, A.; Arbillaga, L.; Varela, J.; Birriel, E.; Di
Maio, R.; et al. Novel quinoxaline 1,4-di-N-oxide derivatives as new potential antichagasic agents. Eur. J. Med. Chem. 2013, 66,
324–334. [CrossRef] [PubMed]

28. Barea, C.; Pabón, A.; Castillo, D.; Zimic, M.; Quiliano, M.; Galiano, S.; Pérez-Silanes, S.; Monge, A.; Deharo, E.; Aldana, I. New
salicylamide and sulfonamide derivatives of quinoxaline 1,4-di-N-oxide with antileishmanial and antimalarial activities. Bioorg.
Med. Chem. Lett. 2011, 21, 4498–4502. [CrossRef] [PubMed]

29. Gali-Muhtasib, H.U.; Haddadin, M.J.; Rahhal, D.N.; Younes, I.H. Quinoxaline 1,4-dioxides as anticancer and hypoxia-selective
drugs. Oncol. Rep. 2001, 8, 679–684. [CrossRef]

30. Silva, L.; Coelho, P.; Soares, R.; Prudêncio, C.; Vieira, M. Quinoxaline-1,4-dioxide derivatives inhibitory action in melanoma and
brain tumor cells. Future Med. Chem. 2019, 11, 645–657. [CrossRef]

31. González, J.F.; Ortín, I.; de la Cuesta, E.; Menéndez, J.C. Privileged scaffolds in synthesis: 2,5-piperazinediones as templates for
the preparation of structurally diverse heterocycles. Chem. Soc. Rev. 2012, 41, 6902–6915. [CrossRef] [PubMed]

32. Vale, N.; Ferreira, A.; Matos, J.; Fresco, P.; Gouveia, M.J. Amino acids in the development of prodrugs. Molecules 2018, 23, 2318.
[CrossRef] [PubMed]

33. Craik, D.J.; Fairlie, D.P.; Liras, S.; Price, D. The future of peptide-based drugs. Chem. Biol. Drug Des. 2013, 81, 136–147. [CrossRef]
[PubMed]

34. Stevenazzi, A.; Marchini, M.; Sandrone, G.; Vergani, B.; Lattanzio, M. Amino acidic scaffolds bearing unnatural side chains: An
old idea generates new and versatile tools for the life sciences. Bioorg. Med. Chem. Lett. 2014, 24, 5349–5356. [CrossRef] [PubMed]

35. Niederweis, M. Nutrient acquisition by mycobacteria. Microbiology 2008, 154, 679–692. [CrossRef]
36. Borthwick, A.D. 2,5-Diketopiperazines: Synthesis, reactions, medicinal chemistry, and bioactive natural products. Chem. Rev.

2012, 112, 3641–3716. [CrossRef] [PubMed]
37. Sánchez, J.D.; González, J.F.; Menéndez, J.C. Diketopiperazines as chiral building blocks. In Chiral Building Blocks in Modern

Stereoselective Synthesis; Wojaczynska, E., Wojaczynski, J., Eds.; Wiley VCH: Hoboken, NJ, USA, 2022; Chapter 9; pp. 139–160.
38. González, J.F.; de la Cuesta, E.; Avendaño, C. Atom-efficient synthesis of 2,6-diazacyclophane compounds through alcoholy-

sis/reduction of 3-nitroarylmethylene-2,5-piperazinediones. Tetrahedron 2008, 64, 2762–2771. [CrossRef]
39. Bull, S.D.; Davies, S.G.; Garner, A.C.; O’Shea, M.D. Conjugate additions of organocuprates to a 3-methylene-6-isopropyldiketopiperazine

acceptor for the asymmetric synthesis of homochiral α-amino acids. J. Chem. Soc. Perkin Trans. 2001, 1, 3281–3287. [CrossRef]
40. Farran, D.; Echalier, D.; Martinez, J.; Dewynter, G. Regioselective and sequential reactivity of activated 2,5-diketopiperazines. J.

Pept. Sci. 2009, 15, 474–478. [CrossRef]
41. González, J.F.; de la Cuesta, E.; Avendaño, C. Improvements in aldol reactions with diketopiperazines. Synth. Commun. 2004, 34,

1589–1597. [CrossRef]
42. González, J.F.; de la Cuesta, E.; Avendaño, C. From cyclic dehydrodipeptides to uncommon acyclic peptide mimetics. Tetrahedron

Lett. 2006, 47, 6711–6714. [CrossRef]
43. Haddadin, M.; Issidorides, C.H. The Beirut reaction. Heterocycles 1993, 35, 1503–1525. [CrossRef] [PubMed]
44. Lima, L.M.; Amaral, D.N. Beirut reaction and its application in the synthesis of quinoxaline-N,N’-dioxides bioactive compounds.

Rev. Virtual Quím. 2013, 5, 1075–1100. [CrossRef]
45. Vicente, E.; Lima, L.M.; Bongard, E.; Charnaud, S.; Villar, R.; Solano, B.; Burguete, A.; Pérez-Silanes, S.; Aldana, I.; Vivas, L.; et al.

Synthesis and structure-activity relationship of 3-phenylquinoxaline 1,4-di-N-oxide derivatives as antimalarial agents. Eur. J.
Med. Chem. 2008, 43, 1903–1910. [CrossRef] [PubMed]

46. Collins, L.; Franzblau, S.G. Microplate alamar blue assay versus BACTEC 460 system for high-throughput screening of compounds
against Mycobacterium tuberculosis and Mycobacterium avium. Antimicrob. Agents Chemother. 1997, 41, 1004–1009. [CrossRef]
[PubMed]

47. Vermeersch, M.; Inocêncio da Luz, R.; Toté, K.; Timmermans, J.-P.; Cos, P.; Maes, L. In vitro susceptibilities of Leishmania donovani
promastigote and amastigote stages to antileishmanial reference drugs: Practical relevance of stage-specific differences. Antimicrob.
Agents Chemother. 2009, 53, 3855–3859. [CrossRef]

https://doi.org/10.3390/ph16081174
https://www.ncbi.nlm.nih.gov/pubmed/37631089
https://doi.org/10.2174/187152611795589735
https://doi.org/10.1186/s12917-016-0812-7
https://www.ncbi.nlm.nih.gov/pubmed/27600955
https://doi.org/10.1021/jm049952w
https://doi.org/10.1021/jm800787b
https://doi.org/10.1021/jm2002469
https://doi.org/10.1016/j.ejmech.2013.04.065
https://www.ncbi.nlm.nih.gov/pubmed/23811257
https://doi.org/10.1016/j.bmcl.2011.05.125
https://www.ncbi.nlm.nih.gov/pubmed/21724395
https://doi.org/10.3892/or.8.3.679
https://doi.org/10.4155/fmc-2018-0251
https://doi.org/10.1039/c2cs35158g
https://www.ncbi.nlm.nih.gov/pubmed/22828725
https://doi.org/10.3390/molecules23092318
https://www.ncbi.nlm.nih.gov/pubmed/30208629
https://doi.org/10.1111/cbdd.12055
https://www.ncbi.nlm.nih.gov/pubmed/23253135
https://doi.org/10.1016/j.bmcl.2014.10.016
https://www.ncbi.nlm.nih.gov/pubmed/25455481
https://doi.org/10.1099/mic.0.2007/012872-0
https://doi.org/10.1021/cr200398y
https://www.ncbi.nlm.nih.gov/pubmed/22575049
https://doi.org/10.1016/j.tet.2008.01.047
https://doi.org/10.1002/chin.200215197
https://doi.org/10.1002/psc.1139
https://doi.org/10.1081/SCC-120030746
https://doi.org/10.1016/j.tetlet.2006.07.095
https://doi.org/10.3987/REV-92-SR(T)8
https://www.ncbi.nlm.nih.gov/pubmed/38583099
https://doi.org/10.5935/1984-6835.20130079
https://doi.org/10.1016/j.ejmech.2007.11.024
https://www.ncbi.nlm.nih.gov/pubmed/18215443
https://doi.org/10.1128/AAC.41.5.1004
https://www.ncbi.nlm.nih.gov/pubmed/9145860
https://doi.org/10.1128/AAC.00548-09


Pharmaceuticals 2024, 17, 487 19 of 19

48. Katritzky, A.R.; Fan, W.Q.; Szajda, M.; Li, Q.-L.; Caster, K.C. Conjugated systems derived from piperazine-2,5-dione. J. Heterocycl.
Chem. 1988, 25, 591–597. [CrossRef]

49. Balducci, D.; Conway, P.A.; Sapuppo, G.; Muller-Bunz, H.; Paradisi, F. Novel approach to the synthesis of aliphatic and aromatic
α-keto acids. Tetrahedron 2012, 68, 7374–7379. [CrossRef]

50. Villemin, D.; Ben Alloum, A. Potassium fluoride on alumina: Condensation of 1,4-diacetylpiperazine-2,5-dione with aldehydes.
Dry condensation under microwave irradiation. Synthesis of albonursin and analogs. Synth. Commun. 1990, 20, 3325–3331.
[CrossRef]

51. Mallory, F.B.; Smith, P.A.S.; Boyer, J.H. Benzofurazan oxide. Org. Synth. 1957, 37, 1.
52. Dea-Ayuela, M.A.; Castillo, E.; González-Álvarez, M.; Vega, C.; Rolón, M.; Bolás-Fernández, F.; Borrás, J.; González-Rosende,

M.E. In vivo and in vitro anti-leishmanial activities of 4-nitro-N-pyrimidin-2-ylbenzenesulfonamide and N2-(4-nitrophenyl)-N1-
propylglycinamide. Bioorg. Med. Chem. 2009, 17, 7449–7456. [CrossRef]

53. Bilbao-Ramos, P.; Sifontes-Rodríguez, S.; Dea-Ayuela, M.A.; Bolás-Fernández, F. A fluorometric method for evaluation of
pharmacological activity against intracellular Leishmania amastigotes. J. Microbiol. Meth. 2012, 89, 8–11. [CrossRef]

54. Ferreira, V.F.; Jorqueira, A.; Souza, A.M.T.; da Silva, M.N.; de Souza, M.C.; Gouvêa, R.M.; Rodrigues, C.R.; Pinto, A.V.; Castro,
H.C.; Santos, D.O.; et al. Trypanocidal agents with low cytotoxicity to mammalian cell line: A comparison of the theoretical and
biological features of lapachone derivatives. Bioorg. Med. Chem. 2006, 14, 5459–5466. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/jhet.5570250243
https://doi.org/10.1016/j.tet.2012.06.078
https://doi.org/10.1080/00397919008051566
https://doi.org/10.1016/j.bmc.2009.09.030
https://doi.org/10.1016/j.mimet.2012.01.013
https://doi.org/10.1016/j.bmc.2006.04.046
https://www.ncbi.nlm.nih.gov/pubmed/16725327

	Introduction 
	Results 
	Synthesis 
	Biology 
	Antituberculosis Activity 
	Antileishmanial Activity 


	Discussion 
	Materials and Methods 
	Synthesis 
	General Synthetic Experimental Information 
	General Procedure for the Synthesis of 3-Arylmethylene-2,5-Piperazinediones (1) 
	General Procedure for the Synthesis of Alkyl 2-(2-Oxo-3-Arylpropanamido)Acetate Derivatives (2) 
	General Procedure for Preparation of Benzofurazane Oxides 3a–c 
	General Procedure for Preparation of 3-arylquinoxaline-1,4-di-N-oxides 4 
	General Procedure for the Preparation of N-(1,4-Dioxide-3-Arylquinoxaline-2-Carbonyl)Glycine Derivatives 5 

	In Vitro Activity against Mycobacterium tuberculosis 
	First Protocol for Activity Measurement 
	Second Protocol for Activity Measurement 
	Autofluorescence 

	In Vitro Assays for Leishmanicidal Activity 
	Parasites and Culture Procedure 
	J774 Cell Cultivation 
	Promastigote Susceptibility Assay 
	Intracellular Amastigote Assay 
	Cytotoxicity Assay on Macrophages 
	Selectivity Index Calculations 


	Conclusions 
	References

