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Abstract A sequential one-pot four-component reaction for the efficient synthesis of

novel 16-(aryl)benzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-15(16H)-one deriva-

tives has been developed. The synthesis was achieved by reacting 2-hydroxynaph-

thalene-1,4-dione, benzene-1,2-diamine, aromatic aldehydes, and 1,3-indandione in the

presenceofoxalic acid as a reusable andhomogenousorganocatalyst inEtOH/H2O (1:1)

under reflux. The present approach of this methodology offers several advantages such

as high yields, clean reaction profiles, operational simplicity, simple work-up proce-

dures, and green aspects by avoiding toxic catalysts and solvents.

Keywords Multi-component reactions (MCRs) � Green chemistry �
1,3-Indandione � Oxalic acid

Introduction

In recent years, interest in green chemistry [1–3] has developed, and a major

challenge to organic chemists is that of reducing the use of organic solvents and

toxic reagents for facile, efficient, and nonpolluting synthetic procedures. In order to

have economic savings and pollution prevention, multi-component reactions
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(MCRs) [4–7] have considerable ecological interest as a powerful strategy in the

synthesis of complex heterocyclic molecules, drug design, and drug discovery,

arising from minimization of time, waste, energy, and cost.

Phenazine-based compounds are nitrogen-containing heterocycles that are the

main core of many natural and synthetic organic materials [8–10]. Phenazines

exhibit important biological activities and wide applications in pharmaceutical use

such as trypanocidal [11], fungicidal [12, 13], antimalarial [14, 15], antiplatelet [16],

and antitumour [17] activities.

Furthermore, pyran annulated heterocyle derivatives are an important class of

oxygen-containing heterocycles and are usually structural subunits in a variety of

important natural compounds, including carbohydrates, alkaloids, polyether antibi-

otics, pheromones, and iridoids [18]. Pyarans are widely employed as cosmetics,

pigments [19] and potential biodegradable agrochemicals [20] and have various

biological properties such as being anti-leishmanial [21], anti-HIV [22], antioxidant

[23], anti-tumor [24] and central nervous system (CNS) activities and effects [25];

they are also used for treatment of Alzheimer’s disease [26] and schizophrenia [27].

Oxalic acid is the only possible compound in which two carboxylic groups are

joined directly, and; hence, is supposed to be one of the strongest organic acids. It is

abundantly present in many plants so it can be used in green chemistry. The use of

organic catalysts as a catalyst is increasing because of their significant advantages,

such as the possibility of performing reactions in the presence of acid-sensitive

substrates, performing reactions in milder reaction conditions, and selectivity [28].

In the past years, oxalic acid was efficiently used as a catalyst in a variety of

chemical reactions like the imino Diels–Alder reaction [29], Beckmann rearrange-

ment [30], protection of carbonyl to thioacetal changes,and deprotection of

thioacetal to carbonyls as well [31].

Considering the importance of phenazine, pyran, and quinoxaline derivatives and in

continuation of our ongoing program for the synthesis of complex organic compounds

based on green chemistry protocols [32–36], herein, we have presented a novel and

efficient method for synthesis of 16-(aryl)benzo[a]indeno[20,10:5,6]pyrano[2,3-

Scheme 1 Synthesis of 16-(aryl)benzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-15(16H)-one derivatives
in the presence of oxalic acid as a homogenous catalyst
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c]phenazin-15(16H)-one derivatives 6a–j. This reaction was achieved via a sequen-

tial, one-pot, four-component condensation reaction between 2-hydroxynaphthalene-

1,4-dione 1, benzene-1,2-diamine 2, aromatic aldehydes 4 and 1,3-indandione 5 using
oxalic acid as a green, inexpensive, and easily available catalyst (Scheme 1).

Experimental

General

All melting points were determined on an Electrothermal 9100 apparatus and are

uncorrected. IR spectra were recorded on a Shimadzu IR-470 spectrometer.

Elemental analyses for C, H, and N were performed using a Heraeus CHN-O-Rapid

analyzer at the Iranian Central Research of Petroleum Company. Mass spectra were

recorded on a FINNIGAN-MAT 8430 mass spectrometer operating at an ionization

potential of 70 eV. The 1H nuclear magnetic resonance (NMR) and 13C NMR

spectra were recorded on a Bruker DRX-400 Avance instrument with deuterated

dimethyl sulfoxide (DMSO-d6) as solvent. Thin-layer chromatography (TLC) was

performed on silica-gel Polygram SILG/UV 254 plates. All reagents and solvents

were purchased from Merck and Aldrich and used without further purification.

General experimental procedure for the synthesis
of 16-(aryl)benzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-15(16H)-one
derivatives (6a–j)

Initially, 2-hydroxynaphthalene-1,4-dione 1 (1 mmol) and benzene-1,2-diamine 2
(1 mmol) were mixed at 75 �C (solvent free) until in less than 5 min an orange solid

of benzo[a]phenazine 3 was formed. Then, aryl aldehyde 4 (1 mmol), 1,3-

indandione 5 (1 mmol), and oxalic acid (20 mol%) were added, and this mixture

was heated to reflux under stirring in EtOH/H2O [1/1 (v/v), 30 mL] for the specific

time (2–2.5 h). Upon completion of the reaction, monitored by TLC, then, the

reaction mixture was cooled to room temperature, and H2O (5 mL) was added to

this mixture. The precipitate formed was collected by filtration, then, the separated

product was washed twice with water (2 9 5 mL). The resulting product

subsequently recrystallized from hot ethanol to give the pure solid. After isolation

of the product, the filtrate was extracted with CHCl3 (2 9 20 mL). The aqueous

layer (including oxalic acid) was separated, and its solvent was evaporated, and

oxalic acid was recovered and reused. The spectral and analytical data are presented

below.

16-(4-Nitrophenyl)benzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-15(16H)-one
(6a)

Yellow solid; yield 92 %, 0.466 g; mp 250–252 �C; IR (KBr) (mmax, cm
-1): 2930,

1697, 1628, 1592, 1516, 1456, 1404, 1342, 1238, 1126, 973, 760; 1H NMR

(400 MHz, DMSO-d6): dH 6.03 (s, 1H, CH), 7.56–7.61 (m, 1H, Ar–H), 7.80–7.84
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(m, 2H, Ar–H), 7.85–7.92 (m, 5H, Ar–H), 8.13 (d, 2H, J = 8.8 Hz, Ar–H),

8.19–8.23 (m, 1H, Ar–H), 8.24–8.32 (m, 3H, Ar–H), 8.79 (d, 1H, J = 7.6 Hz, Ar–

H), 9.21–9.25 (m, 1H, Ar–H) ppm; 13C NMR (100 MHz, DMSO-d6): dC 36.1,

110.3, 113.9, 119.0, 120.9, 121.0, 121.8, 122.5, 123.4, 124.7, 125.2, 128.0, 128.9,

129.2, 129.3, 129.7, 130.6, 130.8, 131.3, 131.9, 139.4, 139.7, 139.9, 142.4, 145.4,

147.1, 148.1, 150.8, 151.1, 190.4 ppm; MS (m/z, %): 507 (M?, 4); Anal. Calcd for

C32H17N3O4: C, 75.73; H, 3.38; N, 8.28 %. Found: C, 75.86; H, 3.45; N, 8.13 %.

16-(4-Chlorophenyl)benzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-15(16H)-one
(6b)

Yellow solid; yield 89 %, 0.441 g; mp 261–263 �C; IR (KBr) (mmax, cm
-1): 2900,

1716, 1660, 1587, 1537, 1448, 1327, 1262, 1123, 935, 757; 1H NMR (400 MHz,

DMSO-d6): dH 5.95 (s, 1H, CH), 7.40–7.45 (m, 1H, Ar–H), 7.83–7.86 (m, 2H, Ar–

H), 7.88–7.91 (m, 5H, Ar–H), 8.14 (d, 2H, J = 7.6 Hz, Ar–H), 8.25–8.27 (m, 2H,

Ar–H), 8.28–8.32 (m, 2H, Ar–H), 8.74 (d, 1H, J = 7.6 Hz, Ar–H), 9.23–9.26 (m,

1H, Ar–H) ppm; 13C NMR (100 MHz, DMSO-d6): dC 34.5, 106.6, 114.0, 122.5,

122.8, 123.4, 124.1, 124.5, 124.8, 124.9, 126.3, 127.0, 127.4, 127.6, 127.9, 129.2,

129.4, 129.9, 130.1, 130.5, 131.8, 132.4, 140.1, 146.0, 147.1, 148.9, 150.3, 152.3,

188.6 ppm; MS (m/z, %): 496 (M?, 6); Anal. Calcd for C32H17ClN2O2: C, 77.34; H,

3.45; N, 5.64 %. Found: C, 77.48; H, 3.58; N, 5.80 %.

16-(3-Nitrophenyl)benzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-15(16H)-one
(6c)

Yellow solid; yield 90 %, 0.456 g; mp 234–235 �C; IR (KBr) (mmax, cm
-1): 2905,

1720, 1678, 1589, 1525, 1448, 1399, 1338, 1241, 1179, 960, 754; 1H NMR

(400 MHz, DMSO-d6): dH 6.03 (s, 1H, CH), 7.57–7.62 (m, 2H, Ar–H), 7.79–8.03

(m, 6H, Ar–H), 8.19–8.26 (m, 3H, Ar–H), 8.35 (d, 1H, J = 7.6 Hz, Ar–H), 8.40 (dd,

1H, J1 = 8.0 Hz, J2 = 2.0 Hz, Ar–H), 8.59 (s, 1H, Ar–H), 8.64 (d, 1H, J = 8.0 Hz,

Ar–H), 9.12 (d, 1H, J = 7.6 Hz, Ar–H) ppm; 13C NMR (100 MHz, DMSO-d6): dC
35.5, 113.9, 121.5, 122.0, 122.3, 123.0, 123.2, 123.3, 123.7, 124.8, 126.6, 126.9,

128.7, 129.0, 129.1, 129.7, 129.8, 130.1, 130.4, 130.7, 130.8, 135.4, 136.1, 136.2,

136.6, 139.6, 142.1, 144.9, 147.8, 150.1, 152.2, 188.8 ppm; MS (m/z, %): 507 (M?,

7); Anal. Calcd for C32H17N3O4: C, 75.73; H, 3.38; N, 8.28 %. Found: C, 75.85; H,

3.46; N, 8.41 %.

16-(2-Chlorophenyl)benzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-15(16H)-one
(6d)

Brown solid; yield 88 %, 0.436 g; mp 296–298 �C; IR (KBr) (mmax, cm
-1): 2900,

1703, 1618, 1591, 1526, 1447, 1390, 1338, 1218, 1130, 999, 754; 1H NMR

(400 MHz, DMSO-d6): dH 6.05 (s, 1H, CH), 7.05–7.07 (m, 1H, Ar–H), 7.56–7.60

(m, 1H, Ar–H), 7.82–7.93 (m, 8H, Ar–H), 8.07–8.09 (m, 1H, Ar–H), 8.14 (d, 1H,

J = 8.4 Hz, Ar–H), 8.23–8.33 (m, 3H, Ar–H), 9.24–9.27 (m, 1H, Ar–H) ppm; 13C

NMR (100 MHz, DMSO-d6): dC 32.2, 109.3, 113.8, 118.7, 122.1, 122.3, 122.9,
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123.4, 124.7, 124.8, 126.9, 127.7, 128.2, 128.4, 128.7, 129.0, 129.1, 129.2, 129.5,

129.6, 130.0, 130.2, 130.4, 130.7, 130.9, 136.4, 139.3, 141.7, 148.5, 150.3, 152.2,

190.8 ppm; MS (m/z, %): 496 (M?, 3); Anal. Calcd for C32H17ClN2O2: C, 77.34; H,

3.45; N, 5.64 %. Found: C, 77.25; H, 3.58; N, 5.77 %.

16-(4-Chloro-3-nitrophenyl)benzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-
15(16H)-one (6e)

Yellow solid; yield 91 %, 0.492 g; mp 243–245 �C; IR (KBr) (mmax, cm
-1): 2910,

1719, 1674, 1589, 1530, 1476, 1401, 1344, 1201, 1135, 951, 754; 1H NMR

(400 MHz, DMSO-d6): dH 5.96 (s, 1H, CH), 7.57–7.59 (m, 1H, Ar–H), 7.67 (d, 1H,

J = 8.4 Hz, Ar–H), 7.84–7.87 (m, 2H, Ar–H), 7.91 (d, 3H, J = 8.0 Hz, Ar–H), 7.97

(t, 2H, J = 8.0 Hz, Ar–H), 8.14 (d, 1H, J = 7.2 Hz, Ar–H), 8.22–8.26 (m, 2H, Ar–

H), 8.33 (d, 1H, J = 7.6 Hz, Ar–H), 8.36 (s, 1H, Ar–H), 9.16 (d, 1H, J = 7.2 Hz,

Ar–H) ppm; 13C NMR (100 MHz, DMSO-d6): dC 34.8, 113.2, 122.1, 122.3, 122.9,

123.6, 124.8, 125.4, 127.4, 128.7, 129.0, 129.7, 130.3, 130.4, 130.7, 130.8, 131.3,

132.0, 133.5, 134.0, 136.3, 136.5, 138.1, 139.3, 139.9, 140.7, 141.5, 143.8, 147.3,

150.2, 152.1, 191.5 ppm; MS (m/z, %): 541 (M?, 9); Anal. Calcd for C32H16ClN3-

O4: C, 70.92; H, 2.98; N, 7.75 %. Found: C, 71.09; H, 3.14; N, 7.90 %.

16-(3-Methoxyphenyl)benzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-15(16H)-
one (6f)

Brown solid; yield 86 %, 0.423 g; mp 290–292 �C; IR (KBr) (mmax, cm
-1): 2985,

1709, 1670, 1589, 1526, 1446, 1396, 1337, 1219, 1135, 996, 755; 1H NMR

(400 MHz, DMSO-d6): dH 3.69 (s, 3H, OCH3), 5.91 (s, 1H, CH), 7.17 (t, 1H,

J = 8.0 Hz, Ar–H), 7.25 (d, 1H, J = 8.0 Hz, Ar–H), 7.29 (s, 1H, Ar–H), 7.52–7.54

(m, 1H, Ar–H), 7.84–7.93 (m, 7H, Ar–H), 8.15 (d, 1H, J = 8.4 Hz, Ar–H),

8.27–8.34 (m, 3H, Ar–H), 9.25–9.27 (m, 1H, Ar–H) ppm; 13C NMR (100 MHz,

DMSO-d6): dC 35.8, 54.8, 110.8, 117.7, 122.2, 122.7, 123.3, 124.7, 124.8, 125.3,

125.4, 126.7, 128.8, 129.3, 130.0, 130.2, 130.4, 130.9, 131.0, 133.7, 135.8, 139.3,

139.4, 139.6, 140.3, 144.7, 146.6, 148.0, 150.3, 152.4, 190.3 ppm; MS (m/z, %):

492 (M?, 6); Anal. Calcd for C33H20N2O3: C, 80.47; H, 4.09; N, 5.69 %. Found: C,

80.58; H, 4.26; N, 5.82 %.

3-(15-Oxo-15,16-dihydrobenzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-16-
yl)benzonitrile (6g)

Brown solid; yield 90 %, 0.438 g; mp 230–232 �C; IR (KBr) (mmax, cm
-1): 2895,

2200, 1709, 1679, 1590, 1529, 1454, 1410, 1335, 1252, 1124, 959, 767; 1H NMR

(400 MHz, DMSO-d6): dH 5.96 (s, 1H, CH), 7.50 (t, 1H, J = 8.0 Hz, Ar–H),

7.55–7.57 (m, 1H, Ar–H), 7.65 (d, 1H, J = 7.6 Hz, Ar–H), 7.67 (t, 1H, J = 8.0 Hz,

Ar–H), 7.83–7.90 (m, 3H, Ar–H), 7.91–8.04 (m, 3H, Ar–H), 8.10 (s, 1H, Ar–H),

8.25 (t, 2H, J = 8.0 Hz, Ar–H), 8.31 (d, 1H, J = 7.6 Hz, Ar–H), 8.65 (d, 1H,

J = 8.0 Hz, Ar–H), 9.15–9.17 (m, 1H, Ar–H) ppm; 13C NMR (100 MHz, DMSO-

d6): dC 35.3, 111.2, 114.2, 118.9, 122.0, 122.2, 123.2, 123.3, 123.6, 124.8, 128.7,
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128.9, 129.1, 129.5, 129.7, 129.8, 130.2, 130.4, 130.7, 130.8, 131.7, 133.4, 135.4,

136.1, 136.2, 136.5, 137.5, 141.7, 142.2, 144.2, 150.2, 152.3, 191.0 ppm; MS (m/z,

%): 487 (M?, 10); Anal. Calcd for C33H17N3O2: C, 81.30; H, 3.51; N, 8.62 %.

Found: C, 81.46; H, 3.45; N, 8.77 %.

16-(3,4-Dimethoxyphenyl)benzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-
15(16H)-one (6h)

Yellow solid; yield 85 %, 0.444 g; mp 246–247 �C; IR (KBr) (mmax, cm
-1): 2935,

1701, 1664, 1563, 1496, 1444, 1415, 1336, 1264, 1135, 994, 754; 1H NMR

(400 MHz, DMSO-d6): dH 3.89, 3.90 (s, 6H, 2OCH3), 5.88 (s, 1H, CH), 7.14 (d, 1H,

J = 8.4 Hz, Ar–H), 7.77 (s, 1H, Ar–H), 7.82–7.86 (m, 1H, Ar–H), 7.89–7.92 (m,

5H, Ar–H), 7.95–7.96 (m, 1H, Ar–H), 8.00 (dd, 1H, J1 = 8.4 Hz, J2 = 2.0 Hz, Ar–

H), 8.14 (d, 1H, J = 7.6 Hz, Ar–H), 8.27 (d, 1H, J = 8.0 Hz, Ar–H), 8.30–8.32 (m,

1H, Ar–H), 8.66 (d, 1H, J = 2.0 Hz, Ar–H), 9.24–9.26 (m, 1H, Ar–H) ppm; 13C

NMR (100 MHz, DMSO-d6): dC 34.8, 55.4, 55.8, 111.4, 111.6, 112.4, 115.7, 122.7,

122.8, 124.7, 126.0, 126.1, 128.0, 128.4, 128.7, 129.2, 129.6, 130.0, 130.2, 130.7,

130.9, 131.0, 135.5, 135.6, 139.2, 141.7, 146.3, 148.2, 149.1, 150.8, 189.8 ppm; MS

(m/z, %): 522 (M?, 5); Anal. Calcd for C34H22N2O4: C, 78.15; H, 4.24; N, 5.36 %.

Found: C, 78.28; H, 4.43; N, 5.19 %.

16-(2-Hydroxy-3-methoxyphenyl)benzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-
15(16H)-one (6i)

Yellow solid; yield 87 %, 0.442 g; mp 248–250 �C; IR (KBr) (mmax, cm
-1): 2935,

1708, 1669, 1591, 1505, 1446, 1394, 1338, 1254, 1120, 960, 754; 1H NMR

(400 MHz, DMSO-d6): dH 3.93 (s, 3H, OCH3), 6.02 (s, 1H, CH), 6.96 (d, 1H,

J = 8.4 Hz, Ar–H), 7.76 (s, 1H, OH), 7.83–7.88 (m, 2H, Ar–H), 7.90–7.95 (m, 7H,

Ar–H), 8.16 (d, 1H, J = 7.2 Hz, Ar–H), 8.28 (d, 1H, J = 8.4 Hz, Ar–H), 8.31–8.33

(m, 1H, Ar–H), 8.71 (d, 1H, J = 1.6 Hz, Ar–H), 9.25–9.27 (m, 1H, Ar–H) ppm; 13C

NMR (100 MHz, DMSO-d6): dC 34.9, 55.5, 111.4, 111.6, 112.4, 115.6, 116.8,

122.6, 122.7, 122.8, 124.7, 125.1, 128.0, 128.5, 128.7, 129.2, 130.0, 130.2, 130.9,

131.6, 135.3, 135.5, 139.1, 141.6, 146.8, 147.7, 147.9, 153.2, 189.9 ppm; MS (m/z,

%): 508 (M?, 4); Anal. Calcd for C33H20N2O4: C, 77.94; H, 3.96; N, 5.51 %.

Found: C, 78.12; H, 3.81; N, 5.68 %.

16-(2-Hydroxy-5-nitrophenyl)benzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-
15(16H)-one (6j)

Yellow solid; yield 88 %, 0.460 g; mp 227–229 �C; IR (KBr) (mmax, cm
-1): 2890,

1716, 1678, 1586, 1525, 1453, 1402, 1338, 1248, 1198, 960, 730; 1H NMR

(400 MHz, DMSO-d6): dH 6.03 (s, 1H, CH), 7.57–7.60 (m, 1H, Ar–H), 7.83 (t, 1H,

J = 8.0 Hz, Ar–H), 7.86–7.95 (m, 3H, Ar–H), 7.97–8.05 (m, 4H, Ar–H), 8.20 (d,

1H, J = 7.6 Hz, Ar–H), 8.24–8.29 (m, 1H, Ar–H), 8.35 (d, 1H, J = 8.0 Hz, Ar–H),

8.41 (dd, 1H, J1 = 8.0 Hz, J2 = 1.6 Hz, Ar–H), 8.66 (d, 1H, J = 8.0 Hz, Ar–H),

9.14–9.18 (m, 1H, Ar–H), 9.55 (s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6):
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dC 34.9, 108.4, 108.5, 109.3, 112.4, 121.5, 122.9, 123.2, 123.4, 126.6, 126.9, 128.7,

129.0, 129.7, 130.1, 130.5, 130.9, 133.9, 135.4, 136.1, 136.2, 136.6, 139.7, 142.1,

146.3, 151.0, 152.8, 153.9, 191.3 ppm; MS (m/z, %): 523 (M?, 7); Anal. Calcd for

C32H17N3O5: C, 73.42; H, 3.27; N, 8.03 %. Found: C, 73.60; H, 3.43; N, 8.11 %.

Results and discussion

In this article, we began this study by subjecting 2-hydroxynaphthalene-1,4-dione,

benzene-1,2-diamine and 4-nitrobenzaldehyde to reactions with 1,3-indandione in

the presence of oxalic acid as catalyst in EtOH under reflux. Unfortunately, complex

mixtures were observed. To minimize the formation of byproducts, the 2-hydrox-

ynaphthalene-1,4-dione and benzene-1,2-diamine were mixed at 75 �C until in less

than 5 min an orange solid of benzo[a]phenazine was formed without using any

catalyst under solvent-free conditions. Next, 4-nitrobenzaldehyde, 1,3-indandione,

and oxalic acid as catalyst were added and the mixture was heated to reflux under

stirring in EtOH for 3 h. The desired product was obtained as a yellow solid in 82 %

yield. This two-step procedure allows the one-pot four-component reaction to be

controlled, avoiding the separation of intermediates, as well as time-consuming and

costly purification processes.

Then, to find optimized reaction conditions, our initial efforts focused on the

search for a catalyst for the one-pot, four-component condensation reaction between

2-hydroxynaphthalene-1,4-dione, benzene-1,2-diamine, aromatic aldehydes, and

1,3-indandione. For this purpose, the condensation reaction between 2-hydroxy-

naphthalene-1,4-dione, benzene-1,2-diamine, 4-nitrobenzaldehyde and 1,3-indan-

dione for the synthesis of compound 6a was selected as a model reaction in the

presence of different catalytic systems. So, 2-hydroxynaphthalene-1,4-dione

(1 mmol) and benzene-1,2-diamine (1 mmol) were mixed at 75 �C until in less

than 5 min an orange solid of benzo[a]phenazine was formed without using any

catalyst under solvent-free conditions. Then, 4-nitrobenzaldehyde (1 mmol), 1,3-

indandione (1 mmol), and catalyst were added, and this mixture was heated to reflux

under stirring in EtOH, and the results are summarized in Table 1.

To select the best solvent for the reaction, the synthesis of compound 6a was

examined in different solvents (Table 1). As Table 1 indicates, the examined

solvents were not efficient separately. Higher yields and shorter reaction times were

obtained when the reaction was carried out in EtOH/H2O (1:1), due to its strong

hydrogen bonding ability, hydrophobic effects, and high polarity. Thus, EtOH/H2O

(1:1) was used as reaction media for all reactions.

After extensive screening, we found that the optimized best yields and time

profiles were obtained with 20 mol% of oxalic acid in EtOH/H2O (1:1) under reflux

conditions, which furnished the corresponding 16-(4-nitrophenyl)benzo[a]in-

deno[20,10:5,6]pyrano[2,3-c]phenazin-15(16H)-one 6a in 92 % yield within 2 h

(Table 1, entry 12). Increasing the amount of oxalic acid to more than 30 mol%,

showed no substantial improvement in the yield, whereas the yield decreased by

decreasing the amount of the catalyst to 10 mol%. Moreover, it was observed that

the reaction did not proceed efficiently in the absence of oxalic acid after a long
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time (4 h). As shown in Table 1, oxalic acid as an organic catalyst afforded the

better results with respect to the inorganic catalysts.

To realize the generality and versatility of the catalyst, using these optimized

conditions, the reaction scope was evaluated by using different aromatic aldehydes.

All the reactions were complete in 2–2.5 h and resulted in the formation of the

corresponding novel 16-(aryl)benzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-
15(16H)-one derivatives (Scheme 1, Table 2, entries 1–10) in high yields as

identified by spectral data. Also, the reaction was examined in the presence of

aliphatic aldehydes such as n-heptanal and n-octanal but the product expected was

not obtained in these reaction conditions even after 8 h, because the activity of

aliphatic aldehydes are less than aromatic aldehydes (Table 2, entries 11, 12).

The influence of electron-withdrawing and electron-donating substituents on the

aromatic ring of aldehydes upon the reaction yields was investigated. The results

showed that both electron-withdrawing and electron-donating substituents had no

significant effect on the reaction yields. Moreover, the presence of halogen on the

aromatic ring of aldehydes had negligible effect on the reaction results.

Structural assignments of these new compounds have been made on the basis of

IR, 1H NMR, 13C NMR, and elemental analysis. The mass spectra of these

compounds displayed molecular ion peaks at the appropriate m/z values.

Table 1 One-pot four-component synthesis of compound 6a from 2-hydroxynaphthalene-1,4-dione

(1 mmol), benzene-1,2-diamine (1 mmol), 4-nitrobenzaldehyde (1 mmol), and 1,3-indandione (1 mmol)

under various conditions

Entry Catalyst Reaction conditions Time (h) Yield (%)a

1 Oxalic acid (20 mol%) EtOH, Reflux 2 82

2 PTSA (20 mol%) EtOH, Reflux 2 30b

3 SiO2–OSO3H
c (0.5 g) EtOH, Reflux 2 80

4 FeCl3 (20 mol%) EtOH, Reflux 3 52

5 AlCl3 (20 mol%) EtOH, Reflux 3 60

6 ZnCl2 (20 mol%) EtOH, Reflux 3 65

7 CoCl2 (20 mol%) EtOH, Reflux 3 73

8 Oxalic acid (20 mol%) H2O, Reflux 3 65

9 Oxalic acid (20 mol%) CH3CN, Reflux 3 75

10 Oxalic acid (20 mol%) CHCl3, Reflux 3 60

11 Oxalic acid (20 mol%) DMF, 100 �C 2 62

12 Oxalic acid (20 mol%) EtOH/H2O (1:1), Reflux 2 92

13 Oxalic acid (30 mol%) EtOH/H2O (1:1), Reflux 3 92

14 Oxalic acid (10 mol%) EtOH/H2O (1:1), Reflux 3 81

15 Oxalic acid (20 mol%) EtOH/H2O (1:1), 60 �C 3 75

16 – EtOH/H2O (1:1), Reflux 4 Trace

a Isolated yields
b Mixture of products
c Silica sulfuric acid
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Recovery of the catalysts is important in green organic synthesis. Thus, we also,

for recyclability of the catalysts, investigated the recycling of the oxalic acid in

EtOH/H2O (1:1) under reflux conditions using a selected model reaction of

2-hydroxynaphthalene-1,4-dione, benzene-1,2-diamine, 4-nitrobenzaldehyde and

1,3-indandione in the presence of oxalic acid as homogeneous catalyst (Table 2,

entry 1).

After completion of the reaction, the reaction mixture was cooled to room

temperature and 5 mL of water was added to this mixture. The oxalic acid was

dissolved in water and filtered for separation of the crude product. The separated

product was washed twice with water (2 9 5 mL). The resulting product

subsequently recrystallized from hot ethanol to give the pure solid. After isolation

of the product, the filtrate was extracted with CHCl3 (2 9 20 mL). The aqueous

layer (including oxalic acid) was separated, and its solvent was evaporated to obtain

pure oxalic acid.

As shown in Fig. 1, the recycled catalyst was used for the next run under

identical reaction conditions. It was observed that the recovered catalyst works with

the same performance up to the 2nd run, while in the 3rd, 4th and 5th runs product

yield gets reduced slightly that may be due to little with loss of catalyst during each

recovery process.

A reaction mechanism consistent with the above results is shown in Scheme 2.

Oxalic acid plays a key role as a Brønsted–Lowry acid catalyst in this reaction. The

formation of 6 proceeds via initial condensation of 2-hydroxynaphthalene-1,4-dione

1 and benzene-1,2-diamine 2 to afford benzo[a]phenazin-5-ol 3 as reported, which

in situ generates an ortho-quinone methide (o-QM) intermediate 7 upon nucle-

ophilic addition to aldehyde. Subsequent Michael addition of the o-QM with 1,3-

indandione 5, followed by cyclization and dehydration, leads to the formation of

product 6.

Table 2 One-pot four-component synthesis of 16-(aryl)benzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-
15(16H)-one derivatives in the presence of oxalic acid (20 mol%) as a catalyst in EtOH/H2O (1:1) under

reflux conditions

Entry Aldehydes Product Time (h) Yield (%)a

1 4-(NO2)C6H4 6a 2 92

2 4-ClC6H4 6b 2 89

3 3-(NO2)C6H4 6c 2 90

4 2-ClC6H4 6d 2 88

5 4-Cl-3-(NO2)C6H3 6e 2.5 91

6 3-CH3OC6H4 6f 2.5 86

7 3-CNC6H4 6g 2.5 90

8 3,4-(CH3O)2C6H3 6h 2.5 85

9 2-(OH)-3-CH3OC6H3 6i 2.5 87

10 2-(OH)-5-(NO2)C6H3 6j 2.5 88

11 n-C6H13 – 8 –

12 n-C7H15 – 8 –

a Isolated yields
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Conclusions

In summary, we have demonstrated an eco-friendly and efficient route for the one-

pot, four-component synthesis of 16-(aryl)benzo[a]indeno[20,10:5,6]pyrano[2,3-
c]phenazin-15(16H)-one derivatives via the reaction of 2-hydroxynaphthalene-1,4-

Scheme 2 Proposed mechanism for the synthesis of 16-(aryl)benzo[a]indeno[20,10:5,6]pyrano[2,3-
c]phenazin-15(16H)-one derivatives
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Fig. 1 The reusability of the catalyst (0.018 g, 0.2 mmol) in the synthesis of 16-(4-
nitrophenyl)benzo[a]indeno[20,10:5,6]pyrano[2,3-c]phenazin-15(16H)-one from 2-hydroxynaphthalene-
1,4-dione (1 mmol), benzene-1,2-diamine (1 mmol), 4-nitrobenzaldehyde (1 mmol) and 1,3-indandione
(1 mmol) in EtOH/H2O (1:1) under reflux conditions (2 h)
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dione, benzene-1,2-diamine, aromatic aldehydes and 1,3-indandione by using a

catalytic amount of oxalic acid in EtOH/H2O (1:1) under reflux conditions. The

advantages of this synthesis are the use of an inexpensive, readily available and

reusable catalyst, a convenient one-pot operation, short reaction times, easy work-

up, excellent yields of products, and reduced waste production without the use of

toxic catalysts and hazardous organic solvents. In all these cases, they make our

work a useful protocol for a green and economically cost-effective synthesis.

Moreover, this robust sequential reaction is expected to find immense application in

organic synthesis, medicinal chemistry, and material sciences.
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