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GRAPHICAL ABSTRACT

Abstract An efficient and facile method has been developed for the condensation of 1,2-dia-

mines with a-hydroxyketones in polyethylene glycol (PEG) to quinoxalines and pyrazines

with good yields in the presence of silica sulfuric acid (SSA). The important features of the

methodology are simple operations, environmentally friendliness, and no requirement for

metal catalysts. Additionally, the catalyst system (SSA=PEG) could be recovered easily

and reused.

Keywords Pyrazines; quinoxalines; recyclable catalyst; silica sulfuric acid

INTRODUCTION

Quinoxaline derivatives have become increasingly noticed in the past few years
because they are an important class of heterocycles with a wide range of pharmaco-
logical and biological activities.[1] Moreover, the pyrazine ring system is also a useful
structural element in medicinal chemistry.[2] In light of this significance, a variety of
synthetic strategies have been developed for the preparation of quinoxalines[3] and
pyrazines.[4] Oxidative cyclization of a-hydroxy ketones with 1,2-diamines is not a
common method but an alternative one. Generally, it can be catalyzed in the
presence of various promoting agents, such as CuCl2,

[5] FeMPA,[6] TiO2=2,2,6,6-
tetramethylpiperidinyloxy (TEMPO),[7] MnO2,

[8] ceric ammonium nitrate (CAN),[9]
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Pd(OAc)2- or RuCl2(PPh3)3-TEMPO,[10] HgI2,
[11] and manganese octahedral mol-

ecular sieves,[12] as well as promoted by microwave technology.[13] Although these
methods are suitable for certain synthetic conditions, many of these procedures
are associated with one or more disadvantages such as long reaction time, use of haz-
ardous organic solvents, and harsh reaction conditions, which leaves scope for
further development of new environmentally clean syntheses.

Silica sulfuric acid (SSA), an easily available reagent, has been used for various
organic functional group transformations either as reagent or as catalyst,[14] but it
has not been carefully studied as a catalyst in the synthesis of quinoxalines and pyr-
azines until now.

As part of current studies on the development of green and efficient organic
methodologies,[15] we herein report a green, simple, and practical method for the
synthesis of quinoxaline and pyrazine derivatives from a-hydroxyketones and
1,2-diamines catalyzed by SSA in poly ethylene glycol (PEG).

RESULTS AND DISCUSSION

Our initial efforts were directed toward the catalytic evaluation of SSA for the
synthesis of quinoxalines and pyrazines. A blank reaction was carried out using ben-
zoin (1a) and 1,2-diaminobenzene (2a) in EtOH, which resulted in no quinoxaline
derivative after 2 h (Table 1 entry 1). The same reaction using SSA in EtOH afforded
the desired quinoxaline in 62% yield (Table 1, entry 2). Encouraged by this promising

Table 1. Effects of solvents on the reaction of benzoin with 1,2-diaminobenzenea

Entry Catalyst Solvent Temp. (�C) Yield (%)b

1 None EtOH 80 NRc

2 SSA EtOH 80 62

3 SSA H2O 100 71

4 SSA PEG-400 120 90

5 SSA CH3CN 80 77

6 SSA 1,4-Dioxane 100 66

7 SSA DMSO 120 69

8 SSA PEG-400 120 80d

9 SSA PEG-400 120 82e

10 SSA PEG-400 120 90f

aAll the reactions were performed using benzoin 1a (0.5mmol), 1,2-diaminobenzene 2a

(1.0mmol), and 300mg of SSA for 2 h.
bIsolated yield.
cNR, no reaction.
d100mg of catalyst.
e200mg of catalyst.
f400mg of catalyst.
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result, we next planned to determine the influence of solvent on the catalytic property
of the model reaction. Clearly, PEG-400 stands out as the solvent of choice, with its
fast conversion and good yield (Table 1, entry 8), so we chose to perform this reac-
tion in PEG-400. In addition, we also studied the influence of the amount of catalyst
on the reaction yields. Decreasing the amount of catalyst (Table 1, entries 8 and 9) in
the system reduced the yield slightly. The amount of catalyst (300mg) was sufficient,
and excessive amount of catalyst did not increase the yield remarkably (Table 1,
entry 10).

With the optimized conditions in hand, the reactions of various a -hydroxyke-
tones with different 1,2-diamines were examined to explore the scope and generality
of this present protocol for the synthesis of various quinoxalines (3) and pyrazines
(5), and the results are summarized in Tables 2 and 3.

As shown in Table 2, we investigated the influence of electronic factors of
1,2-diamine on the reaction results. It was observed that the reaction of 1,2-diamine
bearing an electron-donating group (-Me) on the benzene ring, such as

Table 2. Synthesis of quinoxalines using SSA in PEGa

Entry a-Hydroxyketone 1,2-Diamine Product Yields (%)b

1 90

2 81

3 51c

4 85

5 81

6 75

7 52c

8 83

aAll the reactions were performed using a-hydroxyketone 1 (0.5mmol), aromatic 1,2-diamine 2

(1.0mmol), and 300mg of SSA in PEG-400 (5mL) at 120 �C for 2 h.
bIsolated yield.
cThe reaction was carried out for 6 h.
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4-methylbenzene-1,2-diamine (2b) and 4,5-dimethylbenzene-1,2-diamine (2d) with
a-hydroxyketones, was examined, and the corresponding products 3b, 3d, 3f, and
3h were obtained in good yields (Table 2, entries 2, 4, 9, and 11). However, the pres-
ence of an electron-withdrawing group on the benzene ring decreased the reactivity
of the substrate. For instance, 1,2-diamines containing electron-withdrawing group
(PhC=O) such as benzoyl on the benzene ring, such as 4-benzoylbenzene-1,2-
diamine (2c), afforded the corresponding products 3c and 3g in moderate yields
(Table 2, entries 3 and 7), which showed an obvious electronic effect.

On the other hand, we examined the synthesis of pyrazines from the reaction of
aliphatic 1,2-diamines with a -hydroxyketones. As shown in Table 3, compared with
the aromatic 1,2-diamines, the reaction of most aliphatic 1,2-diamines, with
a-hydroxyketones required a longer reaction time. It is worth mentioning that
a-hydroxyketones can react with aliphatic 1,2-diamines, resulting in the formation
of pyrazines (5) in good yields, which can react in poor yields or result in the forma-
tion of dihydropyrazines as reported in the literature.[8]

The catalyst SSA works under heterogeneous conditions and can easily be pre-
pared from readily available ClSO3H and silica gel, which can conveniently be
handled and removed from the reaction mixture.[14e] Thus, we investigated the recy-
cling of SSA in the subsequent condensation reaction, for example, the reaction of
benzoin (1a) and 1,2-diaminobenzene (2a). As shown in Scheme 1, SSA could be
reused five times (with the yields of the corresponding product being 90%, 87%,
85%, 82%, and 80%, respectively).

Table 3. Synthesis of pyrazines using SSA in PEGa

Entry a-Hydroxyketone 1,2-Diamine Product Yields (%)b

1 75

2 72

3 82

4 76

5 75

6 81

aAll the reactions were performed using a-hydroxyketone 1 (0.5mmol), aliphatic 1,2-diamine

(1.0mmol), and 300mg of SSA in PEG-400 (5mL) at 120 �C for 6 h.
bIsolated yield.
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In conclusion, we have developed an efficient and facile synthesis of quinoxa-
lines and pyrazines catalyzed by SSA in PEG-400. Compared to previous reported
methodologies, the present protocol features simple operations, no requirement
for metal catalysts, reusability of the catalyst, and an environmentally benign pro-
cess. Further investigations on the reaction mechanism, scope, limitations, and bio-
logical activity evaluation of these new classes of compounds are under way.

EXPERIMENTAL

Melting points were recorded on digital melting-point apparatus WRS-1B and
are uncorrected. Infrared (IR) spectra were recorded on a Bruker Equinox55 spec-
trometer. Mass spectra were measured with Thermo Finnigan LCQ-Advantage.
1H NMR and 13C NMR spectra were recorded on a Varian Mercury Plus-300 instru-
ment using CDCl3 as the solvent with tetramethylsilane (TMS); as an internal stan-
dard at room temperature. Chemical shifts are given in d relative to TMS; the
coupling constants J are given in hertz (Hz). Elemental analysis was determined
on a Carlo-Erba 1108 instrument. All reactions were conducted using standard
Schlenk techniques. Column chromatography was performed using EM silica gel
60 (300–400 mesh).

General Procedure for the Preparation of SSA

A 500-mL suction flask was used. It was equipped with a constant-pressure
dropping funnel containing chlorosulfonic acid (23.3 g, 0.2mol) and gas inlet tube
for conducting HCl gas over an adsorbing solution (i.e., water). It was charged with
60.0 g of silica gel. Chlorosulfonic acid was added dropwise over a period of 30min
at room temperature. HCl gas evolved from the reaction vessel immediately. After
the addition was complete, the mixture was shaken for 30min. A white solid (silica
sulfuric acid) of 76.0 g was obtained.

General Procedure for the Preparation of Quinoxalines and
Pyrazines

1,2-Diamines (1mmol) were added slowly to a mixture of a a-hydroxyketone
(0.5mmol) and SSA (300mg) in PEG-400 (5mL), and the mixture was stirred at
120 �C for 2 or 6 h. The reaction was monitored by thin-layer chromatography
(TLC). After completion of the reaction, water (10mL) was added, and the mixture
was extracted with ethyl acetate (3� 10mL). The organic layer was washed with

Scheme 1. Reusing SSA.
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brine (3� 10mL), dried over anhydrous Na2SO4, and concentrated. The product
was separated and purified by column chromatography on silica gel (300–400 mesh)
using an ethyl acetate=petrol mixture as the eluent to afford a pure product. After
extraction with ethyl acetate, the catalyst in the aqueous phase was concentrated
in an oven at 130 �C for 6 h, and the solution of the recovered SSA and PEG could
be reused in the next reaction batch. When necessary, the products were purified by
recrystallizion with ethanol.

Characterization Data of All the Products

2,3-Diphenylquinoxaline (3a). Solid, mp 128–129 �C (lit.[16] 130–131 �C). 1H
NMR (300MHz, CDCl3): d¼ 7.34–7.36 (6H, m), 7.53–7.55 (4H, m), 7.74–7.78 (2H,
m), 8.18–8.21 (2H, m). 13C NMR (75MHz, CDCl3) d¼ 128.3, 128.8, 129.2, 129.8,
123.0, 139.0, 141.2, 153.4. MS (ESI) m=z (%): 283 ([Mþ 1]þ, 100).

6-Methyl-2,3-diphenylquinoxaline (3b). Solid, mp 117–118 �C (lit.[16]

115–117 �C). 1H NMR (300MHz, CDCl3): d¼ 2.62 (s, 3H), 7.32–7.35 (m, 6H),
7.50–7.53 (m, 5H), 7.96 (s, 1H), 8.07 (d, J¼ 8.55Hz, 1H). 13C NMR (75MHz,
CDCl3) d¼ 21.9, 127.6, 127.6, 127.9, 127.9, 128.0, 128.2, 128.6, 128.7, 129.9,
132.3, 139.2, 139.7, 140.5, 141.3, 152.6, 153.3. MS (ESI) m=z (%): 297 ([Mþ 1]þ,
100).

6-Benzoyl-2,3-diphenylquinoxaline (3c). Solid, mp 138–139 �C (lit.[17]

140–142 �C). 1H NMR (300MHz, CDCl3): d¼ 7.34–7.40 (m, 6H), 7.51–7.57 (m,
6H), 7.63 (d, J¼ 7.26Hz, 1H), 7.91 (d, J¼ 7.41Hz, 2H), 8.28 (s, 2H), 8.54 (s, 1H).
13C NMR (75MHz, CDCl3) d¼ 111.8, 128.3, 128.5, 129.1, 129.3, 129.7, 129.8,
129.8, 129.9, 130.1, 132.4, 132.8, 137.2, 138.3, 138.6, 138.6, 140.2, 143.0, 154.6,
155.1, 195.8. MS (ESI) m=z (%): 387 ([Mþ 1]þ, 100).

6,7-Dimethyl-2,3-diphenylquinoxaline (3d). Solid, mp 174–176 �C (lit.[16]

177–179 �C). 1H NMR (300MHz, CDCl3): d¼ 2.54 (6H, s), 7.34–7.37 (6H, m),
7.52–7.56 (4H, m), 7.96 (2H, s). 13C NMR (75MHz, CDCl3) d¼ 20.4, 127.9,
128.2, 128.5, 129.9, 139.4, 140.2, 140.5, 152.5. MS (ESI) m=z (%): 311 ([Mþ 1]þ,
100).

2,3-Di(2-furyl)quinoxaline (3e). Solid, mp 134–136 �C (lit.[18] 131 �C). 1H
NMR (300MHz, CDCl3): d¼ 6.55 (s, 2H) 6.66 (d, J¼ 3.34Hz, 2H), 7.72 (dd,
J¼ 6.33, 3.41Hz, 2H), 7.61 (s, 2H), 8.12 (dd, J¼ 6.33, 3.41Hz, 2H). 13C NMR
(75MHz, CDCl3) d¼ 111.9, 113.0, 129.1, 130.4, 140.6, 142.6, 144.2, 150.8. MS
(ESI) m=z (%): 263 ([Mþ 1]þ, 100).

2,3-Di(2-furyl)-6-methylquinoxaline (3f). Solid, mp 118–121 �C (lit.[17]

116–118 �C). 1H NMR (300MHz, CDCl3): d¼ 2.55 (s, 3H), 6.52–6.53 (m, 2H),
7.88 (s, 1H), 6.60 (d, J¼ 3.44Hz, 2H), 7.53 (d, J¼ 8.59Hz, 1H), 7.59 (d, J¼ 0.65Hz,
Hz, 2H), 7.99 (d, J¼ 8.57Hz, 1H). 13C NMR (CDCl3, 75MHz) d¼ 21.9, 111.8,
111.8, 112.5, 112.8, 113.0, 127.9, 128.6, 132.7, 139.0, 140.7, 141.0, 141.8, 142.5,
143.9, 144.1, 150.9. MS (ESI) m=z (%): 277 ([Mþ 1]þ, 100).

6-Benzoyl-2,3-di(2-furyl)quinoxaline (3g). Solid, mp 135–137 �C (lit.[17]

132–134 �C). 1H NMR (300MHz, CDCl3): d¼ 6.58–6.61 (m, 2H), 6.74–6.77 (m,
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2H), 7.52–7.67 (m, 5H), 7.87–7.90 (m, 2H), 8.25 (d, J¼ 0.74Hz, 2H), 8.48 (s, 1H).
13C NMR (75MHz, CDCl3): d¼ 112.0, 112.2, 113.6, 114.2, 128.5, 129.5, 130.0,
130.2, 132.2, 132.8, 137.1, 138.5, 139.5, 142.4, 143.4, 143.9, 144.5, 144.8, 150.4,
150.5, 195.6. MS (ESI) m=z (%): 367 ([Mþ 1]þ, 100).

2,3-Di(2-furyl)-6,7-dimethylquinoxaline (3h). Solid, mp 131–133 �C (lit.[19]

134–136 �C). 1H NMR (300MHz, CDCl3): d¼ 2.43 (s, 6H), 6.50 (dd, J¼ 3.3,
1.73Hz, 2H), 6.57 (d, J¼ 3.21, 2H), 7.57 (s, 2H), 7.83 (s, 2H). 13C NMR
(75MHz, CDCl3): d¼ 20.4, 111.8, 112.3, 128.1, 139.5, 141.1, 141.7, 143.8, 151.0.
MS (ESI) m=z (%): 291 ([Mþ 1]þ, 100).

2,3-Diphenylpyrazine (5a). Solid, mp 121–122 �C (lit.[20] 119–120 �C). 1H
NMR (300MHz, CDCl3): d¼ 7.28–7.34 (m, 6H), 7.45–7.49 (m, 4H), 8.59 (s, 2H).
13C NMR (75MHz, CDCl3): d¼ 128.3, 128.7, 129.6, 138.6, 142.1, 152.8. MS (ESI)
m=z (%): 233 ([Mþ 1]þ, 100).

5-Methyl-2,3-diphenylpyrazine (5b). Solid, mp 91–92 �C (lit.[21] 88–89 �C).
1H NMR (300MHz, CDCl3): d¼ 2.66 (s, 2H), 7.27–7.31 (m, 6H), 7.42–7.47 (m,
4H), 8.48 (s, 1H). 13C NMR (75MHz, CDCl3): d¼ 21.3, 128.2, 128.2, 128.3,
128.5, 129.6, 129.7, 138.7, 138.8, 141.9, 149.7, 151.2, 151.6. MS (ESI) m=z (%):
247 ([Mþ 1]þ, 100).

2,3-Diphenyl-5,6,7,8-tetrahydroquinoxaline (5c).[22] Solid, mp
152–155 �C. 1H NMR (300MHz, CDCl3): d¼ 1.99–2.01 (m, 4H), 3.09 (m, 4H),
7.28–7.31 (m, 6H), 7.42–7.45 (m, 4H). 13C NMR (75MHz, CDCl3): d¼ 22.8, 31.8,
128.1, 128.2, 129.7, 139.0, 149.5, 150.5. MS (ESI) m=z (%): 287 ([Mþ 1]þ, 100).

2,3-Di(2-furyl)pyrazine (5d). Solid, mp 78–80 �C (lit.[23] 81 �C).1H NMR
(300MHz, CDCl3): d¼ 6.52–6.69 (m, 4H), 7.54–7.55 (m, 2H), 8.50 (d, J¼ 1.7Hz,
2H). 13C NMR (75MHz, CDCl3): d¼ 111.8, 112.1, 112.3, 141.7, 143.8, 150.4. MS
(ESI) m=z (%): 213 ([Mþ 1]þ, 100).

2,3-Di(2-furyl)-6-methylpyrazine (5e).[24] Solid, mp 62–65 �C. 1H NMR
(300MHz, CDCl3): d¼ 2.59 (s, 3H), 6.46–6.59 (m, 4H), 7.49–7.52 (m, 2H), 8.35 (s,
1H). 13C NMR (75MHz, CDCl3): d¼ 21.4, 111.5, 111.7, 111.7, 112.1, 139.2,
140.9, 141.8, 143.4, 143.7, 150.5, 150.6, 151.3. MS (ESI) m=z (%): 227 ([Mþ 1]þ,
100).

2,3-Di(2-furyl)-5,6,7,8-tetrahydroquinoxaline (5f).[25] Solid, mp
150–151 �C.1H NMR (300MHz, CDCl3): d¼ 1.90–1.95 (m, 4H), 2.97–3.02 (m,
4H), 6.44–6.49 (m, 4H), 7.49–7.50 (m, 2H). 13C NMR (75MHz, CDCl3): d¼ 22.6,
31.8, 111.3, 111.6, 139.2, 143.3, 150.7, 150.8. MS (ESI) m=z (%): 267 ([Mþ 1]þ, 100).
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thesis of quinoxaline derivatives from epoxides and ene-1,2-diamines. Tetrahedron Lett.
2002, 43, 3971; (e) Wu, Z.; Ede, N. J. Solid-phase synthesis of quinoxalines on SynPhaseTM

lanterns. Tetrahedron Lett. 2001, 42, 8115; (f) Singh, S. K.; Gupta, P.; Duggineni, S.;
Kundu, B. Solid-phase synthesis of quinoxalines. Synlett 2003, 14, 2147; (g) Zhou, J. F.;
Gong, G. X.; An, L. T.; Liu, Y. An efficient synthesis of quinoxalines under catalyst-free
and microwave-irradiation conditions. Synlett 2008, 20, 3163; (h) Vara, Y.; Aldaba, E.;
Arrieta, A.; Pizarro, J. L.; Arriortua, M. I. Regiochemistry of the microwave-assisted reac-
tion between aromatic amines and a-bromoketones to yield substituted 1H-indoles. Org.
Biomol. Chem. 2008, 6, 1763; (i) Das, B.; Venkateswarlu, K.; Suneel, K.; Majhi, A. An
efficient and convenient protocol for the synthesis of quinoxalines and dihydropyrazines
via cyclization–oxidation processes using HClO4 � SiO2 as a heterogeneous recyclable cata-

lyst. Tetrahedron Lett. 2007, 48, 5371; (j) Neto, B. A. D.; Lopes, A. S.; Wust, M.; Costa,
V. E. U. Reductive sulfur extrusion reaction of 2,1,3-benzothiadiazole compounds: A
new methodology using NaBH4=CoCl2 � 6H2O (cat) as the reducing system. Tetrahedron
Lett. 2005, 46, 6843; (k) Kowalski, J. A.; Leonard, S. F.; Lee Jr., G. E. Diverse
2-carboxamide-3-amino-substituted quinoxalines: Synthesis and reactivity investigation
for library generation. J. Comb. Chem. 2006, 8, 774; (l) Darabi, H. R.; Aghapoor, K.;

Mohsenzadeh, F.; Taala, F.; Asadollahnejad, N.; Badiei, A. Silica-supported antimo-
ny(III) chloride as highly effective and reusable heterogeneous catalyst for the synthesis
of quinoxalines. Catal. Lett. 2009, 133, 84; (m) Beheshtiha, Y. S.; Heravi, M. M.; Saeedi,
M.; Karimi, N.; Zakeri, M.; Tavakoli-Hossieni, N. Efficient and green synthesis of 1,2-dis-

ubstituted benzimidazoles and quinoxalines using Bronsted acid ionic liquid,
[(CH2)4SO3HMIM][HSO4], in water at room temperature. Synth. Commun. 2010, 40, 1216.

4. (a) Douglass, F.; Taber, D. F.; DeMatteo, P. W.; Taluskie, K. V. Synthesis of symmetrical
and unsymmetrical pyrazines. J. Org. Chem. 2007, 72, 1492; (b) Elmaaty, T. A.; Castle, L.W.
Facile regiocontrolled synthesis of trialkyl-substituted pyrazines. Org. Lett. 2005, 7, 5529.

SSA/PEG AS RECYCLABLE CATALYST 3341

D
ow

nl
oa

de
d 

by
 [

H
er

io
t-

W
at

t U
ni

ve
rs

ity
] 

at
 1

6:
13

 0
4 

O
ct

ob
er

 2
01

4 



5. (a) Cho, C. S.; Oh, S. G. Copper-catalyzed oxidative cyclization of a-hydroxyketones with
o-phenylenediamines leading to quinoxalines. J. Mol. Catal. A: Chem. 2007, 276, 205; (b)
Cho, C. S.; Ren, W. X. A recyclable copper catalysis in quinoxaline synthesis from
a-hydroxyketones and o-phenylenediamines. J. Organomet. Chem. 2009, 694, 3215.

6. Rao, K. T. V.; Prasad, P. S. S.; Lingaiah, N. Iron-exchanged molybdophosphoric acid as
an efficient heterogeneous catalyst for the synthesis of quinoxalines. J. Mol. Cat. A: Chem.
2009, 312, 65.

7. Jeena, V.; Robinson, R. S. Green oxidations: Titanium dioxide–induced tandem oxidation
coupling reactions. Beilstein J. Org. Chem. 2009, 5, 24.

8. (a) Raw, S. A.; Wilfred, C. D.; Taylor, R. J. K. Preparation of quinoxalines, dihydropyr-
azines, pyrazines, and piperazines using tandem oxidation processes. Chem. Commun.
2003, 2286; (b) Raw, S. A.; Wilfred, C. D.; Taylor, R. J. K. Tandem oxidation processes
for the preparation of nitrogen-containing heteroaromatic and heterocyclic compounds.
Org. Biomol. Chem. 2004, 2, 788.

9. Shaabani, A.; Maleki, A. Green and efficient synthesis of quinoxaline derivatives via ceric
ammonium nitrate–promoted and in situ aerobic oxidation of a-hydroxy ketones and
a-keto oximes in aqueous media. Chem. Pharm. Bull. 2008, 56, 79.

10. Robinson, R. S.; Taylor, R. J. K. Quinoxaline synthesis from a-hydroxy ketones via a
tandem oxidation process using catalyzed aerobic oxidation. Synlett 2005, 6, 1003.

11. Kotharkar, S. A.; Shinde, D. B. Mercuric iodide (HgI2) as an oxidizing agent for the
synthesis of quinoxalines. Bull. Korean Chem. Soc. 2006, 27, 1466.

12. Sithambaram, S.; Ding, Y.; Li, W.; Shen, X.; Gaenzlera, F.; Suib, S. L. Manganese
octahedral molecular sieves–catalyzed tandem process for synthesis of quinoxalines. Green
Chem. 2008, 10, 1029.

13. (a) Mohsenzadeh, F.; Aghapoor, K.; Darabi, H. R. Benign approaches for the microwave-
assisted synthesis of quinoxalines. J. Braz. Chem. Soc. 2007, 18, 297; (b) Feng, J. C.;
Liu, Y.; Meng, Q. H.; Liu, B. The synthesis of quinoxalines by condensation reaction
of acyloins with o-phenylenediamine without solvent under microwave irradiation. Synth.
Commun. 1998, 28, 193; (c) Kim, S. Y.; Park, K. H.; Chung, Y. K. Manganese(IV)
dioxide–catalyzed synthesis of quinoxalines under microwave irradiation. Chem. Commun.
2005, 1321.

14. (a) Salehi, P.; Zolfigol, M. A.; Shirini, F.; Baghbanzadeh, M. Silica sulfuric acid and silica
chloride as efficient reagents for organic reactions. Curr. Org. Chem. 2006, 10, 2171; (b)
Salehi, P.; Dabiri, M.; Zolfigol, M. A. Silica sulfuric acid as an efficient and reusable

reagent for crossed-aldol condensation of ketones with aromatic aldehydes under
solvent-free conditions. J. Braz. Chem. Soc. 2004, 15, 773; (c) Salehi, P.; Dabiri, M.;
Zolfigol, M. A. Silica sulfuric acid: An efficient and reusable catalyst for the one-pot syn-
thesis of 3,4-dihydropyrimidin-2(1H)-ones. Tetrahedron Lett. 2003, 44, 2889; (d) Habibi,

Z.; Salehi, P.; Zolfigol, M. A. A novel one-pot synthesis of unsymmetrical acyclic imides.
Synlett 2007, 812; (e) Zolfiol, M. A. Silica sulfuric acid=NaNO2 as a novel heterogeneous
system for production of thionitrites and disulfides under mild conditions. Tetrahedron
2001, 57, 9509; (f) Salehi, P.; Dabiri, M.; Zolfigol, M. A. A new approach to the facile
synthesis of mono- and disubstituted quinazolin-4(3H)-ones under solvent-free con-
ditions. Tetrahedron Lett. 2005, 46, 7051; (g) Zolfigol, M. A.; Shirini, F.; Choghamarania,

A. G. Silica modified sulfuric acid=NaNO2 as a novel heterogeneous system for the
oxidation of 1,4-dihydropyridines under mild conditions. Green Chem. 2002, 4, 562.

15. (a) Chen, J. X.; Wu, H. Y.; Jin, C.; Zhang, X. X.; Xie, Y. Y.; Su, W. K. Highly regioselec-
tive ringopening of epoxides with thiophenols in ionic liquids without the use of any cata-
lyst. Green Chem. 2006, 8, 330; (b) Chen, J. X.; Wu, H. Y.; Zheng, Z. G.; Jin, C.; Zhang, X.
X.; Su, W. K. An approach to the Paal–Knorr pyrroles synthesis catalyzed by Sc(OTf)3
under solvent-free conditions. Tetrahedron Lett. 2006, 47, 5383; (c) Chen, X. A.; Zhang,

3342 T. HUANG ET AL.

D
ow

nl
oa

de
d 

by
 [

H
er

io
t-

W
at

t U
ni

ve
rs

ity
] 

at
 1

6:
13

 0
4 

O
ct

ob
er

 2
01

4 



C. F.; Wu, H. Y.; Yu, X. C.; Su, W. K.; Cheng, J. Solvent-free synthesis of b-hydroxy esters
and b-amino esters by indium-mediated Reformatsky reaction. Synthesis 2007, 3233; (d)
Chen, J. X.; Su, W. K.; Wu, H. Y.; Liu, M. C.; Jin, C. Eco-friendly synthesis of
2,3-dihydroquinazolin-4(1H)-ones in ionic liquids or ionic liquid–water without additional
catalyst. Green Chem. 2007, 9, 972; (e) Chen, J. X.; Wu, D. Z.; He, F.; Liu, M. C.; Wu, H.

Y.; Ding, J. C.; Su, W. K. Gallium(III) triflate–catalyzed one-pot selective synthesis of
2,3-dihydroquinazolin-4(1H)-ones and quinazolin-4(3H)-ones. Tetrahedron Lett. 2008,
49, 3814; (f) Zhang, C. F.; Chen, J. X.; Yu, X. C.; Chen, X. A.; Wu, H. Y.; Yu, J. P.

B2O3=Al2O3 as an efficient and recyclable catalyst for the synthesis of b-amino alcohols
under solvent-free conditions. Synth. Commun. 2008, 38, 1875; (g) Zhu, D. J.; Chen, J.
X.; Xiao, H. L.; Liu, M. C.; Ding, J. C.; Wu, H. Y. Efficient and expeditious synthesis

of di- and trisubstituted thiazoles in PEG under catalyst-free conditions. Synth. Commun.
2009, 39, 2895; (i) Chen, J. X.; Yang, X. L.; Liu, M. C.; Wu, H. Y.; Ding, J. C.; Su, W. K.
Approach to synthesis of b-enamino ketones and pyrroles catalyzed by gallium(III) triflate
under solvent-free conditions. Synth. Commun. 2009, 39, 4180; (j) Guo, W. X.; Lv, G. S.;

Chen, J. X.; Gao, W. X.; Ding, J. C.; Wu, H. Y. Rongalite1 and base-promoted cleavage
of disulfides and subsequent Michael addition to a,b-unsaturated ketones=esters: An odor-
less synthesis of b-sulfido carbonyl compounds. Tetrahedron 2010, 66, 2297; (k) Cai, M. T.;

Lv, G. S.; Chen, J. X.; Gao, W. X.; Ding, J. C.; Wu, H. Y. CAN=I2-catalyzed chemoselec-
tive synthesis of thiosulfonates by oxidation of disulfides or thiols. Chem. Lett. 2010, 39,
368.

16. Hasaninejad, A.; Zare, A.; Mohammadizadeh, M. R.; Shekouhya, M. Oxalic acid as an
efficient, cheap, and reusable catalyst for the preparation of quinoxalines via condensation
of 1,2-diamines with a-diketones at room temperature. Arkivoc 2008, 13, 28.

17. Cai, J. J.; Zou, J. P.; Pan, X. Q.; Zhang, W. Gallium(III) triflate–catalyzed synthesis of
quinoxaline derivatives. Tetrahedron Lett. 2008, 49, 7386.

18. More, S. V.; Sastry, M. N. V.; Yao, C. F. Cerium(IV) ammonium nitrate (CAN) as a cata-
lyst in tap water: A simple, efficient, and green approach to the synthesis of quinoxalines.
Green Chem. 2006, 8, 91.

19. Yadav, J. S.; Subba Reddy, B. V.; Premalatha, K.; Shankar, K. S. Bismuth(III)-catalyzed
rapid synthesis of 2,3-disubstituted quinoxalines in water. Synthesis 2008, 3787.

20. Akita, Y.; Ohta, A. Unusual Friedel–Crafts reactions, 3(1): Synthesis of 2,4-diethoxychro-
mans and their conversion into benzopyrylium perchlorates. Heterocycles 1981, 16, 1325.

21. Ohta, A.; Inoue, A.; Watanabe, T. Introduction of the methyl group into the pyrazine
ring. Heterocycles 1984, 22, 2317.

22. Ellis, M. J.; Lloyd, D.; McNab, H.; Walkera, M. J. Gas-phase pyrolysis of
2,3-dihydro-1,4-diazepines: Involvement of the saturated portion of the ring in chemical
reactions and novel cis-trans isomerization of a fused ring system. J. Chem. Soc., Chem.
Commun. 1995, 2337.

23. Saikachi, H.; Matsuo, J. Synthesis of furan derivatives, XXXIV: Preparation of
2,3-bis(5-nitro-2-furyl)pyrazine derivatives. Yakugaku Zasshi 1966, 86, 927.

24. Khuhawar, M. Y.; Memon, Z. P. Qualitative studies of reactions of furyl-substituted
pyrazine and quinoxaline ligands towards some metal ions. Pak. J. Sci. Ind. Res. 1987,
30, 338.

25. Jimeno, M. L.; de Paz, J. L. G.; Rodriguez, J.; Rodriguez, M.; Ochoa, C. 2,3-Disubstituted
hexahydro- and tetrahydroquinoxalines: Synthesis and a theoretical and experimental
dynamic NMR study. An. Quim. 1994, 90, 423.

SSA/PEG AS RECYCLABLE CATALYST 3343

D
ow

nl
oa

de
d 

by
 [

H
er

io
t-

W
at

t U
ni

ve
rs

ity
] 

at
 1

6:
13

 0
4 

O
ct

ob
er

 2
01

4 


