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Abstract 

In the present study, we report the synthesis of various quinoxaline derivatives from direct condensation of substi-
tuted aromatic 1,2-diamine with 1,2-dicarbonyl catalyzed by nanostructured pyrophosphate  Na2PdP2O7 as a new 
highly efficient bifunctionalheterogeneous catalyst. The quinoxaline synthesis was performed in ethanol as a green 
and suitable solvent at ambient temperature to afford the desired quinoxalines with good to excellent yields in 
shorter reaction times. Many Quinoxaline derivatives were successfully synthesized using various 1,2-diketones and 
1,2-diamines at room temperature. Catalyst reusability showed that the  Na2PdP2O7 catalyst exhibited excellent recy-
clability without significant loss in its catalytic activity after five consecutive cycles. 
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Introduction
Quinoxaline and its derivatives are an important class 
of heterocyclic compounds, they have attracted con-
siderable attention over the years owing to their very 
interesting pharmaceutical and biological properties 
such as insecticidal, antifungal, anthelmintic, anticancer, 
antibacterial and antiviral [1–6]. Beside their medicinal 
applications, these compounds have been widely used 
as dyes, electroluminescent materials, photo-initiators 
and also in organic semiconductors [7–10]. Recently, 
much more attention has been devoted to the develop-
ment of sustainable and efficient methods for the syn-
thesis of quinoxalines derivatives. Over the years, several 
synthetic strategies have been reported in literature for 

the preparation of substituted quinoxalines compounds, 
some example include the oxidative coupling of epoxides 
and ene-1,2-diamines [11], the reductive cyclization of 
1,2-dicarbonyl compounds with 2-nitroanilines [12], the 
oxidative cyclization of α-hydroxyketones with o-phe-
nylenediamines [13], the coupling of α-diazoketones 
with aryl 1,2-diamines [14], the reaction of α-haloketones 
with aromatic 1,2-diamines [15], the intramolecular 
cyclization of dialdimines [16], and the reaction of aryl-
1,2-diamines and diethyl bromomalonate [17]. Fur-
thermore, quinoxaline and its derivatives can also be 
successfully synthesized from the direct condensation of 
aryl 1,2-diamines with 1,2-dicarbonyl compounds. Cur-
rently, the synthesis of quinoxaline derivatives is usually 
carried out in the presence of a variety of catalysts. The 
most commonly used catalysts are polyaniline sulfate 
salt [18], oxalic acid [19], cerium(IV) ammonium nitrate 
[20], sulfamic acid [21], Wells–Dawson heteropolyacid 
[22], bismuth(III) triflate [23], indium chloride [24], ionic 
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liquid 1-n-butylimidazolium tetrafluoroborate [25], zir-
conium tetrabis(dodecylsulfate) [26], palladium(II)ace-
tate [27], gallium(III) triflate [28] and molecular iodine 
[29]. However, these catalytic systems suffer from several 
drawbacks, mainly, the drastic reaction conditions such 
as, high reaction temperature, high catalyst amount, 
prolonged reaction time even under microwave or ultra-
sound irradiation, contamination of the product even 
after purification, and it is impossible to regain the costly 
catalyst for reuse [30, 31], as well as the environmental 
pollution caused by the use of a considerable amount of 
toxic solvents, thus making the process more compli-
cated, expensive, and environmentally unfriendly. Hence, 
the development of sustainable protocols to design new 
reusable and efficient heterogeneous catalytic systems 
that could be used in cleaner process has attracted tre-
mendous interest, and numerous heterogeneous cata-
lytic systems have been reported to be successful for the 
synthesis of quinoxaline derivatives. ZnO-KIT-6 [32], 
Ni-nanoparticles [33], Yb/NaY zeolite [34],  Al2O3 [35], 
graphene oxide [36], nanocrystalline CuO [37], Nano-
TiO2 [38], montmorillonite K-10 [18]. Another type of 
materials based on metal phosphates and pyrophosphates 
are also good candidates for the catalysis of numerous 
reactions requiring acidic catalysts. These metal pyroph-
osphates  (MP2O7) are of a very high interest thanks to 
their wide range of utilization ranging from ceramics 
[39] to optical materials [40] and packing materials for 
chromatographic columns [41]. Among these materials, 
palladium pyrophosphate has only rarely been explored, 
for the best of our knowledge, there has not been any 
report in the literature for the use of a palladium pyroph-
osphate as a nanocatalyst for the condensation reaction 
of 1,2-diamine with 1,2-dicarbonyl. Therefore, in con-
tinuation of our studies on the development of new effi-
cient synthetic strategies [42, 43], the main objective of 
the present study is to develop a green and simple route 
for the synthesis of quinoxaline derivatives from direct 
condensation between 1,2-diamines and 1,2-dicarbronyl 
compounds in green solvent at room temperature eover 
the nano structured  Na2PdP2O7 as a novel heterogene-
ous catalyst. Furthermore, the structural, textural, surface 
and morphological properties of the prepared nanocata-
lysts, reaction conditions and the nanocatalyst reusability 
were carefully studied.

Experimental
Materials
All the chemicals are purchased commercially and used 
without any further purification. The Palladium chlo-
ride  (PdCl2), sodium phosphate monobasic dehydrate 
 (NaH2PO4∙2H2O), Absolute alcohol, Dichloromethane, 

Acetonitrile and Ethyl acetate were purchased from 
Aldrich chemicalcompany.

Structural characterization
FTIR spectra of the catalyst were recorded using an 
ABB Bomem FTLA 2000 spectrometer equipped with 
a Golden Gate single reflection ATR accessory. Thermal 
behavior of sample was studied by Thermogravimetric 
Analysis (TGA) using a Q500 instrument (TA Instru-
ments) with heating rate 10  °C/min, under air atmos-
phere. X-ray diffraction (XRD) patterns were acquired 
on a Bruker AXS D-8 diffractometer using Cu  Kα source 
(λ = 1.5418 Å), operating in Bragg–Brentano geom-
etry (θ–2θ). The SEM micrographs were obtained using 
FEI Quanta 200 microscope equipped with EDX detec-
tor. Transmission electron micrographs were obtained 
using a FEI microscope operating at accelerating voltage 
of 120  kV. The specific surface areas were determined 
from the nitrogen adsorption/desorption isotherm (at 
− 196  °C) using the BET (Brunauer–Emmett–Teller) 
method. The  N2 adsorption–desorption isotherm data 
was collected using a Micromeritics 3Flex surface char-
acterization analyzer. Pore size distribution was deter-
mined from the  N2 adsorption isotherm according to the 
Barret, Joyney and Halenda (BJH) theory. NMR spectra 
were recorded at 14 T on a BrukerAvance III 600  MHz 
NMR spectrometer, with working frequencies of 600.13 
and 150.902  MHz for proton and carbon respectively, 
using  CDCl3as solvent and TMS as the internal stand-
ard. The local chemical structure around phosphorus 
atoms was analyzed by solid-state 31P-nuclear magnetic 
resonance using magic angle spinning conditions (MAS-
NMR) spectroscopy.

Synthesis of the  Na2PdP2O7 catalyst
The nanostructured pyrophosphate  Na2PdP2O7 catalyst 
was prepared by the method recently described in the 
literature [44], using  NaH2PO4∙2H2O and  PdCl2 as start-
ing materials in a molar ratio of 2:1, respectively. Typi-
cally,  NaH2PO4∙2H2O and  PdCl2 were thoroughly mixed 
by grindingin an agate mortar to insure better contact 
opportunity between the components. After grind-
ing, the solid powders were progressively heated in an 
alumina crucible from room temperature to 650  °C at 
a heating rate of 10  °C/min, and then rapidly quenched 
according to the procedure described in Scheme 1. Once 
the thermal treatment was finished, the obtained yellow 
powder was ground into fine powder.

General procedure for the preparation of quinoxalines 
(3a–3h)
Under air atmosphere, an oven-dried round-bot-
tomedflask was charged with equimolar amounts of 
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1,2-diamine (1 mmol) and 1,2-diketone (1 mmol). After-
ward, ethanol (3  mL) and catalyst (10  mg, 3.06  mol.%)
were added and the reaction mixturewas stirred at room 

temperature for 30 min. The reaction progress was moni-
tored by thin layer chromatography (TLC) using Hexane/
Ethylacetate (9/1) as eluent. After the completion of the 
reaction, the catalyst was recovered by simple filtration 
and then repeatedly washed with dichloromethane. The 
solvent was evaporated under reduced pressure, and the 
crude product was purified by simple recrystallization in 
ethanol to yield the desired product.

Results and discussion
Characterization of the catalyst
The FTIR spectrum of the  Na2PdP2O7 catalyst is depicted 
in Fig. 1. As shown in this figure, the bands observed at 
1180 and 987 cm−1, were assigned to the anti-symmetric 
and symmetric vibration modes of  PO3 group, respec-
tively. The strong bonds observed at 763 and 910  cm−1 
and were attributed to the symmetric and anti-symmet-
ric vibrations bands of P–O–P group. Furthermore, the 
bands appear at around 400–700 cm−1 were assigned to 
the deformation and rocking modes of  PO4 group.

The TGA/DTG analysis of the solid-state mixture of 
the starting reagents  (NaH2PO4∙2H2O and  PdCl2) are 
presented in Fig.  2. According to TGA curve, the mix-
ture of the starting reagents exhibited four consecutive 
weight losses. The first weight loss observed below 86 °C 
can be attributed to the removal of the adsorbed water 
on the surface of the sample. The second weight loss 

Scheme 1 Synthesis of nanostructured pyrophosphate  Na2PdP2O7

Fig. 1 FT-IR spectrum of nanostructured  Na2PdP2O7
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observed at 215  °C, corresponds to the loss of the two 
molecules of crystal water in  NaH2PO4·2H2O (Eq. 1). The 
third weight loss occurred at the temperature of 286  °C 
can be assigned to the melting process and the dehydra-
tion of  NaH2PO4 as shown in Eq. 2. It is well known that 
 NaH2PO4 dehydrate to acid pyrophosphate at a tempera-
ture higher than its melting points [45]. The last weight 
loss observed at 590 and 616 °C, which may be related to 
the reaction of melted alkali metal phosphates with pal-
ladium chloride according to Eq. 3.

The X-Ray diffraction (XRD) pattern of the as-prepared 
material is shown in Fig. 3. The XRD pattern of the pre-
pared material indicated that all the diffraction peaks are 
in good agreement with those of pure  Na2PdP2O7 accord-
ing to the JCPDS file No 10-6543 (Fig.  3a). No typical 
peaks of impurities were observed in the XRD spectrum, 
indicating single crystal structure of the as-prepared 
 Na2PdP2O7 catalyst. Moreover, it was observed that the 
 Na2PdP2O7 material exhibited narrow and high peaks 

suggesting that the as-prepared  Na2PdP2O7 is very small 
in size and has excellent crystallinity. The average crystal-
lite size of the as-prepared  Na2PdP2O7 material estimated 
according to the Scherrer equation is about 7.9 nm.

In order to support the aforementioned interpretation 
31PMAS-NMR studies were also investigated. As shown 
in Fig. 4 , at a rotation frequency of 6 kHz, the isotropic 
signal was accompanied with other peaks attributed to 
the rotation bands on the magic angle spinning spectra 
of the 31P. These bands became more separated when 
performing measurement at higher rotation frequency 
(12 kHz). Furthermore, the presence of one single crys-
tallographic site of phosphorus at a chemical shift of 
δ = 20.11  ppm, proves the existence of only one type of 
phosphorus site in the  Na2PdP2O7 material (Fig. 4b).

The surface morphology of  Na2PdP2O7 material was 
studied by scanning electron microscope (SEM) as shown 
in Fig. 5. The obtained micrographs showed clearly that 
the surface of  Na2PdP2O7 is homogeneous in size and 

Fig. 2 TGA and DTG curves of the mixture of  NaH2PO4∙2H2O and  PdCl2
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the shapes and the agglomerates were arranged ran-
domly. Additionally, the surface of these agglomerates is 
moderately smooth with low visible porosity. This can be 
explained by a heterogeneous growth of the crystallites 
caused by the adopted synthesis method, consequently 
affecting the morphology and porosity.

The as-prepared  Na2PdP2O7 was analyzed by TEM 
(Fig.  6). The micrograph obtained showed that the 
 Na2PdP2O7 particles were clustered and formed hetero-
geneous aggregates of nanoparticles that were small in 
size and irregularly formed (Fig.  6a). By using image J 
software, the particle size histogram was drawn (from 2.3 
to 24 nm), and the mean size of the particles was deter-
mined to be around 7 nm (Fig. 6b).

The chemical composition of the as-prepared 
 Na2PdP2O7 catalyst was investigated by energy dispersive 
spectroscopy (EDS). The measurements were performed 
in two different zones of the sample as shown by the red 
square in Fig.  7. From EDS analysis, it was confirmed 
the presence of the characteristic peaks of Na, P, O, and 
Pd elements in the  Na2PdP2O7 material. In addition, the 
results in relative atomic percentages of these elements 
were found to be closed to those calculated theoretically. 

The result in atomic % is as follow: Na: 17.26; Pd: 7.60; P: 
17.54; O: 57.60. In addition, no trace of any impurity was 
detected in EDS spectrum of  Na2PdP2O7. It is interest-
ing to note that the C and Cu peaks come from the TEM 
grid.

The surface area of  Na2PdP2O7 was determined by BET 
method fromthe nitrogen adsorption–desorption. The 
BET surface area of the  Na2PdP2O7 catalyst was found 
to be 1.16  m2/g. Indeed, the  N2 adsorption–desorp-
tion isotherm shown in Fig.  8a exhibited isotherm type 
IV according to the IUPAC classification with a distinct 
hysteresis loop of H2. The BJH pore size distribution 
(Fig.  10b) revealed that the  Na2PdP2O7 catalyst exhib-
its a mesoporous character with the presence of three 
pore size distribution peaks ranging between 2.52 and 
11.84 nm.

Catalytic activity evaluation
To investigate the catalytic activity of  Na2PdP2O7 in the 
condensation reaction, we have studied the model reac-
tion of benzene-1,2-diamine 1a with benzyl 2a using eth-
anol as the solvent in the presence of the nanostructured 
 Na2PdP2O7 catalyst (Scheme 2).

Fig. 3 XRD diffraction patterns of  Na2PdP2O7 standard (a) and product (b)
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The preliminary experiments were started by screen-
ing the activities of some samples. The obtained results of 
these exploratory experiments are summarized in Fig. 9. 
Since the

2-diaminobenzene 1a and benzyl 2a are very reactive, 
the condensation reaction between 1a and 2a was also 
carried out without a catalyst under the following reac-
tion condition: 3 mL of ethanol as solvent and at room 
temperature. As shown in Fig. 9, when the reaction was 
conducted without a catalyst, the reaction rate was very 
slow and the yield of 3a did not exceed 22%. Moreover, 
the  Na2CaP2O7 catalyst showed a low catalytic activ-
ity, giving only 53% conversion after 30 min. However, 
using  Na2PdP2O7 as catalyst gives nearly complete 
conversion and yielded 98% within 30 min. This result 
shows the importance of this catalytic system devel-
oped in this work.

The effect of various parameters, namely: Temps, 
nature and volume of the solvent were investigated. Ini-
tially we investigated there action of 1,2-diaminobenzene 
and benzyl over the  Na2PdP2O7 catalyst in the presence 
of various solvents namely water, dichloromethane, ace-
tonitrile, ethyl acetate, methanol, propanol and ethanol. 
The effect of various protic and aprotic solvents on the 
yield of quinoxaline is depicted in Fig.  10. As shown in 
this figure, the reaction proceeded comparatively well 
in aprotic solvent such as dichloromethane (86%), ethyl 
acetate (87%) and acetonitrile (70%). Among the solvents 
examined, protic solvents such as alcohols were found to 
be suitable solvents for quinoxaline synthesis. Excellent 
yields of the product 3a were obtained when using 3 mL 
of propanol (83%) methanol (90%) and ethanol (98%). 
In the case of water, we obtained moderate yields 49%. 
This can be explained by the low solubility of the organic 

Fig. 4 Solid-state 31P-MAS NMR spectra of  Na2PdP2O7 for frequencies of 6 and 12 kHz (a) asterisks indicate the rotation bands. Zoom on the 
isotropic signal (b) 
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substrates in water. According to these results, ethanol 
was considered as the best solvent because of it effective 
and greener in nature for further studies.

To investigate the effect of the solvent volume on the 
yield of quinoxaline, the reaction of 1,2-diaminobenzene 
with benzil was performed at room temperature using 
10  mg of catalyst and different volume of ethanol over 
a period of 30  min, the results are presented in Fig.  11. 
As can be seen from this Figure, the quinoxaline yield 
increased drastically with increasing volume of ethanol 
until an optimum value of 3 mL and then decreased grad-
ually. Indeed, when the volume of ethanol was increased 
from 1 to 3 mL, the reaction yield increased from 76 to 

98%. However, further increase in the volume of the etha-
nol up to 6 mL resulted in a significant drop in the qui-
noxaline yield (72% yield for 6 mL). This drop-in product 
yield can probably be due to the dilution phenomenon 
and to the high dispersion of the reagents when large vol-
ume of ethanol was used.

The effect of the reaction time was also investigated 
from 5 to 40 min (Fig. 12). As shown in this figure, the 
nanostructured  Na2PdP2O7 is the best catalyst com-
pared with  Na2CaP2O7 and in the absence of any catalyst. 
When the reaction time was 5 min, the yield was modest 
(62%). The increase in reaction time induced a significant 
increase in yield. The optimal time for the condensation 

Fig. 5 SEM micrographs of nanostructured  Na2PdP2O7

Fig. 6 TEM images (a), and particle size distribution (b) of  Na2PdP2O7
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Fig. 7 EDS spectrum of  Na2PdP2O7 (red square indicates the location of EDS analysis). The result in atomic % is as follow: Na: 17.26; Pd: 7.60; P: 17.54; 
O: 57.60

Fig. 8 Nitrogen adsorption–desorption isotherm of the  Na2PdP2O7 (a), BJH pore size distribution (b)

Scheme 2 Condensation reaction of benzil and 1,2-diaminobenzene using a catalytic amount of nanostructured  Na2PdP2O7
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Fig. 9 Evaluation and screening of catalysts on condensation of 
o-phenylenediamine with benzil

Reaction conditions:

T°C = room temperature; solvent (3 mL); mole ratio = 1:1 (diamine/benzil); 

amount of catalyst = 10 mg, reaction time= 30 min.

Fig. 10 Effect of different solvents on the quinoxaline yield

Fig. 11 Effect of the volume of ethanol in the synthesis of 
quinoxaline 3a 

Fig. 12 Kinetic study of the synthesis of quinoxaline 3a catalyzed 
by nanostructured  Na2PdP2O7,  Na2CaP2O7and without catalyst, 
respectively

Table 1 Synthesis of  quinoxaline derivatives using 
nanostructured  Na2PdP2O7

Reaction condition: diketone (1 mmol), diamine (1 mmol), 10 mg of  Na2PdP2O7, 
ethanol (3 mL) and stir rt
a Isolated yield

Entry Amine 1,2-Dicarbonyl Product Yielda (%)

1 98

2 95

3 81

4 86

5 91

6 86

7 77

8 80
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of o-phenylenediamine with benzyl is 30  min, over this 
period of time, the yield does not evolve anymore.

Encouraged by the remarkable results obtained with 
the above optimized reaction conditions, we looked at 
examine the utility of this methodology in order to gen-
eralize the reaction with various substituted 1,2-diamine 
and 1,2-dicarbonyl compounds over the prepared 

 Na2PdP2O7 catalyst; the obtained results are summarized 
in Table 1. As illustrated in this Table, most of the reac-
tions preceded very effectively at room temperature and 
no undesirable side-reactions were observed, although 
the yields were highly dependent on the substrate used. 
Indeed, the presence of electron-donating substituent 
such as methyl group on benzene-1,2-diamine substrate 

Scheme 3 A proposed mechanism for the synthesis of 2,3-diphenylquinoxaline 3a 
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did not affect the reaction time and thus no significant 
difference in quinoxaline derivative yield was observed 
(Entry 2), while electron withdrawing substituents pre-
sent in the benzene-1,2-diamines substrate (Entries 3 and 
4) decreased the rate of reaction notably, and the cor-
responding yields were also low as compared to unsub-
stituted benzene-1,2-diamine. On the other hand, the 
reaction between aliphatic 1,2-dicarbonyl compounds 
such as biacetyl (Entries 5–8) with benzene-1,2-diamine 
containing electron-donating groups such as methyl 
group provided a good yield (Entry 6), while electron 
withdrawing substituent gave a satisfactory yield (Entry 
7–8). According to the obtained results, we noticed that 
the aliphatic carbonyls substrates are less reactive than 
aromatic diketones.

One of the key points to understand the reaction mech-
anism in heterogeneous catalysis is the determination of 
the active catalytic sites. The  Na2PdP2O7is expected to 
be a bifunctional catalyst owing to the presence of both 
acid and basic sites such as  P2O7

4−,  PO4
3−,  Na+and  Pd2+. 

We suggest that the condensation reaction occurs over 
both acid sites and basic sites involved in the  Na2PdP2O7 
catalyst. The plausible mechanism for this reaction was 
proposed in Scheme  3. The reaction mechanism occurs 
in three steps: 1,2-diketone was initially activated by 
the acidic sites of the  Na2PdP2O7 catalyst (i). Afterward, 
nucleophilic attack by the amino group involved in the 
benzene-1,2-diamine on the activated 1,2-diketones gen-
erated the 2,3-diphenyl-1,2,3,4-tetrahydro-quinoxaline-
2,3-diol as an intermediate (ii); internal rearrangement, 
followed by elimination of two water molecules, resulted 
in the formation of the quinoxaline 3a (iii).

The reusability of the catalyst is one of the most impor-
tant features of a heterogeneous catalyst especially from 
an economic and environmental point of view. For this 
purpose, a recycling study of the  Na2PdP2O7 catalyst was 
conducted using the condensation reaction between the 

benzene-1,2-diamine with benzil as a model reaction. After 
each cycle, the  Na2PdP2O7 catalyst was recovered by simple 
filtration, washed with dichloromethane, dried at 100  °C 
overnight and then directly reused in the next run under 
similar reaction condensations. Fifth consecutive runs were 
performed and the obtained results are shown in Fig. 13. 
As can be seen, there used catalyst showed a slight decrease 
in its catalytic activity during the first three runs. However, 
a significant decrease in the quinoxaline yield was observed 
after five consecutive runs. This a partial deactivation of 
the catalyst can be explained by the adsorbed reactants on 
the surface of the  Na2PdP2O7 catalyst, which poison the 
catalytic surface of the catalyst and hinder the reagents to 
access to the active sites.

Conclusions
In conclusion, the present work propose a simple and 
green synthetic methodology for the synthesis of qui-
noxaline and its derivatives by the direct condensation 
of 1,2-dicarbonyl with substituted aryl 1,2-diamines, 
using nanostructured  Na2PdP2O7 as a highly effi-
cient heterogeneous catalyst. Under optimized condi-
tions, our developed nanostructured catalyst showed 
high catalytic activity using ethanol as a green sol-
vent at room temperature. The easy  work-up,  short 
reaction time, good yield of the desired products and 
eco-friendly process are the noteworthy features of 
our synthesis procedure. Furthermore, the catalyst 
can be easily separated from the reaction mixture 
and directly reused in several cycles with only a slight 
drop in its catalytic activity. For practical application, 
the heterogeneous  Na2PdP2O7 catalyst appeared to 
be promising  candidate to replace the conventional 
homogeneous and expensive heterogeneous catalysts, 
currently used in the synthesis of various industrially 
important and biologically active quinoxalines.
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