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Abstract

2,3-Disubstituted [3,4]-fused pyrazinocoumarins have been synthesized in very good vyields by the one-pot
reaction of 4-amino-3-nitrocoumarin with a-dicarbonyl compounds in the presence of PPhs in n-pentanol
under microwave irradiation. The reactions of 3,4-diaminocoumarin with a-dicarbonyl compounds in o-xylene
under microwaves led also to the title compounds in excellent total yields.
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Introduction

Coumarins are compounds widely distributed in nature displaying a variety of biological activities, such as
anticoagulant, antibiotic, anti-inflammatory, anti-HIV, antidiabetic, and anticancer properties.'® Coumarins
fused with aza-heterocycles are also biologically active. Especially, santiagonamine () is a natural product with
wound-healing properties;® pyridocoumarin Il present weak mutagenic activity;'° lamellarin D (lll) is a potent
inhibitor of DNA topoisomerase |;!! 1-phenyl-2-propylchromeno[3,4-d]imidazol-4(1H)-one (IV) present anti-
inflammatory activity.> The pyrazinopsoralen (V) has been synthesized as a monofunctional psoralen
expected to induce less photogenotoxicity than the bifunctional psoralen.'3%

There is just one synthesis of the fused pyrazinocoumarins, like V, known in the literature. The Suzuki
coupling of (2-methoxyphenyl)boronic acid with methyl 3-iodopyrazin-2-carboxylate followed by hydrolysis
and cyclization of the initially formed methyl 3-(2-methoxyphenyl)pyrazin-2-carboxylate led to the formation
of 5H-chromenol[3,4-b]pyrazin-5-ones.’* An N-analogue, the 2,3-dimethylpyrazino[2,3-c]quinoline-5(6H)-one,
has been prepared by the condensation of 3,4-diaminoquinolin-2(1H)-one with diacetyl.*®

Figure 1. Biologically active coumarins fused with aza-herecocycles.

Generally, the synthesis of pyrazines has been achieved through self-condensation of a-aminoketones!’ or
through intramolecular hydroamination/isomerization/ aromatization sequence of N-Boc-protected 2-
(propargylamin)acetaldehyde oximes in the presence of catalytic amount of p-toluenesulfonic acid under
microwave irradiation®® or by the reactions of propargylamine with aldehydes in the presence of (PhsP)AuNTf,
as a catalyst.'® The synthesis of fused benzopyrazine has been performed by the condensation of glyoxal with
o-phenylenediamine under reflux,?® while substituted benzopyrazines have been received through
condensation of benzil derivatives with o-phenylenediamines in the presence of 2-iodoxybenzoic acid (IBX).??

Triphenylphosphine (PPhs) is a useful reagent for the reduction of nitrogen containing compounds like
azides?? (Staudinger reaction), nitroso compounds?® and N-oxides.?* In the Cadogan-type reaction the
reduction of nitro compounds followed by reductive cyclization led also to indoles, carbazoles, benzimidazoles
and benzopyrazoles.?>2’ Recently, we performed the one-pot synthesis of fused oxazolocoumarins and
imidazolocoumarins from o-hydroxynitrocoumarin or o-aminonitrocoumarin, respectively, using the PPhs as
reducing agent in the presence of carboxylic acids.?®?° We envisioned that this reaction could also work for the
one-pot synthesis of pyrazolocoumarins from 4-amino-3-nitrocoumarin and a-dicarbonyl compounds. Herein,
we present our investigations towards this goal.
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Results and Discussion

The studied reactions and the products obtained are depicted in Scheme 1. The starting 4-amino-3-
nitrocoumarin (1) was prepared from 4-chloro-3-nitrocoumarin,® according to our recent modification,?® by
the treatment with 7M methanolic solution of NH3. We select glyoxal (2a) as a model substrate to test the
suitable conditions for the application of the one-pot tandem reaction of 1 with a-dicarbonyl compounds. The
reaction of 1 with 2a in the presence of PPhs (3), using o-xylene as solvent under microwave irradiation at 130
°C for 15 h resulted to 5H-chromenol3,4-b]pyrazin-5-one (4a) in low yield (Table 1, entry 1). Changing the
solvent to n-butanol, a protic solvent, at 140 °C for 10 h the yield of the reaction increased to 34%, with 60% of
the starting compound to remain unchanged (Table 1, entry 2). The use of n-pentanol (Method A) at higher
temperature (170°C) under microwave irradiation for 8 h led to 4a in 66% vyield (Table 1, entry 3). In
consequence, we applied this method for the one-pot synthesis of [3,4]-fused pyrazinocoumarins 4 and 5 from
4-amino-3-nitrocoumarin (1) and a-dicarbonyl compounds 2a-h.

The reactions of 1 with methylglyoxal (2b) or phenylglyoxal (2c) at 170 °C for 6 or 7 h led to the fused
pyrazinocoumarins 4b and 5b or 4c and 5c¢, respectively (Table 3, entries 4 or 5). The higher vyields of the
products 4b and 4c, in comparison to their isomers 5b and 5c, reveals the increased reactivity of formyl group
to acetyl or benzoyl group.3! As the 4-amino group of coumarin of the intermediate 3,4-diaminocoumarin has
less nucleophilic character due to the conjugation with the carbonyl of coumarin,3?33 the 3-amino group
reacted first with the formyl group followed by the condensation of 4-amino group with the acetyl or benzoyl
group. HMBC experiments for the above products confirmed the proposed structures of those isomers, as
pyrazine protons H-3 of 4b and 4c show interaction with the C-3 (C-4a) of the coumarin ring (Supplementary
Information, S6, S13).

The similar reaction of 1 with diacetyl (2d) for 5 h gave the 2,3-dimethyl-5H-chromeno(3,4-b]pyrazin-5-one
(4d) in 84% yield (Table 1, entry 6), while the reaction of 1 with benzil (2e) led to the 2,3-diphenyl-5H-
chromeno([3,4-b]lpyrazin-5-one (4e) (Table 1, entry 7). The 3-methyl-2-phenyl-5H-chromeno[3,4-b]pyrazin-5-
one (4f) and 2-methyl-3-phenyl-5H-chromeno[3,4-b]pyrazin-5-one (5f) were isolated (48% and 27% vyields,
respectively) from the reaction of 1 with 1-phenylpropane-1,2-dione (2f) (Table 1, entry 8). The above
regioselectivity follows the reactivity of 2f, which upon treatment with hydroxylamine hydrochloride in the
presence of sodium carbonate gave 2-(hydroxyimino)-1-phenylpropan-1-one.>* HMBC experiments for 4f and
5f revealed the proposed structures, as there are interactions between the protons of 3-methyl (C-3-methyl)
with the C-3 carbon (C-4a) of the coumarin ring and the protons of 2-methyl (C-2-methyl) with the C-4 carbon
(C-10b) of coumarin ring, respectively (Supplementary Information, S22, S25). The analogous reaction of 1
with 2g for 10 h at 170 °C led to a tar material containing a small amount of expected 4g and 5g. There was a
little increase in the yields of the products, when this reaction performed at 150 °C for 20 h (Table 1, entries
9,10). The use of n-butanol at 140 °C gave better results for those products (Table 1, entry 11). The reaction of
1 with 1H-indene-1,2(3H)-dione (2h) in the presence of triphenylphosphine (3) resulted to a tar material. The
expected products 4h and 5h were not detected in the above mixture (Table 1, entry 12).
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Scheme 1. Reagents and conditions: (i) Method A: 2a-h (1.1 equiv.), PPhs (3) (3.5 equiv.), n-pentanol, MW
irradiation, 170 °C (8 h for 4a, 6 h for 4b, 5b, 7 h for 4c, 5¢, 5 h for 4d, 4f, 5f, 5.5 h for 4e, 20 h at 150 °C for 4g,
5g); (ii) 5% Pd/C, Hz, 1 atm, MeOH, r.t., 45 min; (iii)) Method B: 2a-h (1.1 equiv.), o-xylene, MW, 120 °C, 10-20
min (2 h, 150°C for 4e).

In parallel, we examined also the transformations of 3,4-diaminocoumarin (6) (prepared in 95% yield by the
treatment of 1 with Pd/C in methanol under H2 atmosphere at room temperature for 45 min)?° to the [3,4]-fused
pyrazinocoumarins 4 and 5 by the treatment of 6 with the a-dicarbonyl compounds 2 in o-xylene under
microwave irradiation (Method B) (Scheme 1). The reaction of 6 with glyoxal (2a) at 120 °C for 10 min resulted
to 4a in 77% yield (Table 1, entry 13). The reactions of 6 with 2b or 2c at 120 °C for 15 or 10 min led to the
products 4b and 5b or 4c and 5c, respectively (Table 3, entries 14 or 15). The isomers 4b and 4c were formed
in higher yields, in comparison to Method A. The reaction of 6 with diacetyl (2d) for 15 min gave 4d (71% vyield)
(Table 1, entry 16), while the similar reaction with benzil (2e) for 2 h at 150°C led to 4e (76% yield) (Table 1,
entry 17). The reactions of 6 with 1-phenylpropan-1,2-dione (2f) or 1-(4-nitrophenyl)propan-1,2-dione (2g) for
15 or 20 min resulted to the regioisomers 4f and 5f or 4g and 5g, respectively in excellent total yields (Table 1,
entries 18, 19). HMBC experiments for 4g and 5g supported the proposed structures, as there are interactions
between the protons of 3-methyl (C-3-methyl) with the C-3 carbon (C-4a) of the coumarin ring and the
protons of 2-methyl (C-2-methyl) with the C-4 carbon (C-10b) of coumarin ring, respectively (Supplementary
Information, S28, S31). The regioisomers 4h and 5h were obtained also by the reaction of 6 with indene-1,2-
dione (2h) (Table 1, entry 20). The regioselectivity of the above reaction seems to follow the regioselectivities
of compounds 2f and 2g. HMBC experiments for 4h and 5h supported the proposed structure, as there are
interactions between the protons (H-8) of methylene group with the C-3 carbon (C-6a) of coumarin ring and
the protons (H-12) of methylene group with the C-2 carbon (C-13a) of coumarin ring, respectively
(Supplementary Information, S34, S37).
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Table 1. Synthesis of pyrazino[2,3-c]Jcoumarins 4a-h, 5b,c,g,f,h from a-dicarbonyl compounds 2 and 4-amino-

3-nitrocoumarin (1) or 3,4-diaminocoumarin (6)

Douka, M. D. et al.

Entry Starting o-Dicarbonyl Conditions? Time T(°C)/P (W) Yields (%)
coumarin  compounds 2a-h
1 1 2a (R!=R?=H) o-xylene, PPhs 15 h 130/100  4a (18),1(75)
2 1 2a n-butanol, PPhs 10 h 140/80 4a (34), 1 (60)
3 1 2a Method A 8h 170/150 4a (66),
4 1 2b (R!=Me, R2=H) Method A 6h 170/150 4b (62), 5b (8)
5 1 2c (R1=Ph, R2=H) Method A 7h 170/150  4c (70), 5¢ (15)
6 1 2d (R!=R2=Me) Method A 5h 170/150 ad (84)
7 1 2e (R'=R?=Ph) Method A 5.5h 170/150 4e (57)
8 1 2f (R'=Ph, R2=Me) Method A 5h 170/150 4f (48), 5f(27)
9 1 2g (R'=p-NO>- Method A 10 h 170/150 4g (8), 5g (3)
CeHa , R?2=Me)
10 1 2g Method A 20 h 150/140 4g (15), 5g (5)
11 1 2g n-butanol, PPhs 6h 140/80 4g (24), 5g (22)
12 1 2h (R*-R?=0-CgHa- Method A 15h 150°/140 -
CH»-)
13 6 2a Method B 10 min 120/70 4a (77)
14 6 2b Method B 15 min 120/70 4b (79), 5b (8)
15 6 2c Method B 10 min 120/70 4c¢ (88), 5¢(2)
16 6 2d Method B 15 min 120/70 ad (71)
17 6 2e Method B 2h 150/90 4e (76)
18 6 2f Method B 15 min 120/70 af (65), 5f (32)
19 6 2g Method B 20 min 120/70 4g (74), 5g (18)
20 6 2h Method B 20 min 120/70 4h (54), 5h (32)

2 Method A: 1 (1 equiv.), 2a-h (1.1 equiv.), PPhs3 (3.5 equiv.), n-pentanol, MW irradiation;
Method B: 1 (1 equiv.), 2a-h (1.1 equiv.), o-xylene, MW.
b8 hat 170 °C gave, also, no results.

As we observed above, Method B is better than Method A. Generally (except for the case of 4d), the
synthesis of fused pyrazinocoumarin derivatives by the condensation of 3,4-diaminocoumarin (6) (prepared
before from 1) with a-dicarbonyl compounds 2a-h (Method B) was achieved in very good to excellent total
yields in less reaction time. The one-pot synthesis of those derivatives (Method A) led to the products in
moderate to good yields by spending enough time for the completion of the reactions. In order to explain the
one-pot synthesis of the products, we could assume that PPhs (3), as a modification of Cadogan reaction, was
added to the nitro-group of 4-amino-3-nitrocoumarin (1) and by abstraction of Ph3sPO gave as intermediate
the 4-amino-3-nitrosocoumarin (A) (Scheme 2), in analogy to the reductive cyclization of 2-nitrobiphenyls to
carbazoles in the presence of 3.3°> New addition of 3 to the nitroso-group of A resulted possibly, to the nitrene
B, after removing of Ph3PO. Hydrogenation of B by the acidic proton of the present alcohol led to the 3,4-
diaminocoumarin (6), as it has been checked by the TLC of a blanc experiment, without the presence of glyoxal
(2a). Pyrazinocoumarin 4a was synthesized by the condensation of 6 with the 2a.
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Scheme 2. Proposed mechanism for the one-pot reaction of 1 with 2a in the presence of PPhs.

Conclusions

In conclusion, 2- or/and 3-substituted [3,4]-fused pyrazinocoumarins were synthesized in very good to
excellent yields by the reactions of 3,4-diaminocoumarin with a-dicarbonyl compounds under microwave
irradiation for a short time. The one-pot reaction of 4-amino-3-nitrocoumarin with a-dicarbonyl compounds in
the presence of PPhs under microwaves in n-pentanol led also to the title compounds in moderate to very
good yields, but under longer reaction time and higher temperature. Most of the synthesized derivatives are
new compounds.

Experimental Section

General. All the chemicals were procured from either Sigma- Aldrich Co. or Merck & Co., Inc. Melting points
were determined on a Kofler hot-stage apparatus and are uncorrected. IR spectra were obtained with a
Perkin- EImer 1310 spectrophotometer as KBr pellets. NMR spectra were recorded on a Agilent 500/54 (DD2)
(500 MHz and 125 MHz for *H and 3C respectively) or on a Agilent AM600 (600 MHz and 150 MHz for *H and
13C respectively) using CDCls as solvent and TMS as an internal standard. J values are reported in Hz. Mass
spectra were determined on a LCMS-2010 EV Instrument (Shimadzu) under Electrospray lonization (ESI)
conditions. HRMS (ESI-MS) were received on Agilent Q-TOF Mass Spectrometer, G6540B model with Dual AJS
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ESI-MS. Silica gel N° 60, Merck A.G. was used for column chromatography. The MW experiment was
performed in a scientific focused microwave reactor (Biotage Initiator 2.0). 4-Amino-3-nitro-2H-chromen-2-
one (1) and 3,4-diamino-2H-chromen-2-one (6) were prepared according to our recent publication.?®

5H-Chromeno(3,4-b]pyrazin-5-one (4a); Typical Procedures

Method A. 4-Amino-3-nitrocoumarin (1) (40 mg, 0.19 mmol), triphenylphosphine (3) (0.174 g, 0.66 mmol),
glyoxal (2a) (12.5 mg, 0.21 mmol, from 0.025 mL 40% solution in petroleum spirit) and n-pentanol (1.5 mL)
were mixed in a flask for MW oven. The mixture was irradiated at 170 °C for 8 h. After cooling, the resulted
mixture was evaporated and separated by column chromatography [silica gel, hexane/ethyl acetate (6:1) to
ethyl acetate/MeOH (7:1)] to give compound 4a (25 mg, 66%). Beige solid, mp 180-182 °C (methanol/ethyl
ether), lit.1 174-175 °C. IR (KBr): 3071, 1756, 1612, 1538 cmL. 'H-NMR (500 MHz, CDCls): § 9.01 (d, J 1.4 Hz,
1H, H-2), 8.92 (d, J 1.5 Hz, 1H, H-3), 8.56 (d, J 7,4 Hz, 1H, H-10), 7.67 (dd, J; 7.4 Hz, J> 8.3 Hz, 1H, H-8), 7.46 (t, J
7,5 Hz, 1H, H-9), 7.45 (d, J 8.3 Hz, 1H, H-7).33C-NMR (125 MHz, CDCls): § 159.0 (C-5), 152.4 (C-6a), 149.8 (C-2),
148.4 (C-10b), 146.1 (C-3), 134.0 (C-4a), 133.3 (C-8), 125.3 (C-9), 125.1 (C-10), 118.2 (C-10a), 117.5 (C-7) ppm.
MS (ESI): m/z 199 [M+H]*, 221 [M+Na]*. HRMS: Calcd for C11HeN202, [M+H]*: 199.0507. Found: 199.0511,
[M+Na]*: 221.0327. Found: 221.0326.

o-Xylene as solvent. 4-Amino-3-nitrocoumarin (1) (40 mg, 0.19 mmol), triphenylphosphine (3) (0.174 g, 0.66
mmol), glyoxal (2a) (12.5 mg, 0.21 mmol, from 0.025 ml 40% solution in petroleum spirit) and o-xylene (1.5
mL) were mixed in a flask for MW oven. The mixture was irradiated at 130 °C for 15 h (no more changes as
checked by TLC). After cooling, the resulted mixture was separated as above to give unreacted material 1 (30
mg, 75%) and compound 4a (7 mg, 18%).

n-Butanol as solvent. 4-Amino-3-nitrocoumarin (1) (40 mg, 0.19 mmol), triphenylphosphine (3) (0.174 g, 0.66
mmol), glyoxal (2a) (12.5 mg, 0.21 mmol, from 0.025 mL 40% solution in petroleum spirit) and n-butanol (1.5
mL) were mixed in a flask for MW oven. The mixture was irradiated at 140 °C for 10 h (no more changes as
checked by TLC). After cooling, the resulted mixture was separated as above to give unreacted material 1 (24
mg, 60%) and compound 4a (13 mg, 34%).

Method B. In a flask for MW oven were placed 3,4-diaminocoumarin (6) (88 mg, 0.5 mmol), glyoxal (2a) (32
mg, 0.55 mmol, from 0.063 mL 40% solution in petroleum spirit) and o-xylene (1.5 mL) and irradiated at 120 °C
for 10 min. After cooling, a solid was precipitated, filtered and washed by petroleum spirit (2 x 2 mL) and dried
under vacuum to give 4a (76 mg, 77%).

The separation of regioisomers, following Method B, was achieved in the special cases of 4b, 5b, 4c, 5c¢, 4f, 5f,
4g, 5g, 4h, 5h by column chromatography [silica gel, hexane/ethyl acetate (6:1) to ethyl acetate/MeOH (7:1)],
where the isomers 4 were received first followed by isomers 5.

2-Methyl-5H-chromeno(3,4-b]pyrazin-5-one (4b). 25 mg, 62% (Method A), 84 mg, 79% (Method B), pearl-
white solid, mp 246-248 °C (methanol/ethyl ether). IR (KBr): 3070, 2890, 1752, 1611, 1543 cm™. *H-NMR (500
MHz, CDCls): § 8.73 (s, 1H, H, H-3), 8.51 (dd, J1 1.3 Hz, J; 8.1 Hz, 1H, H-10), 7.62 (dd, J; 1.3 Hz, J; 8.1 Hz, 1H, H-
8), 7.40 (dd, J; 1.3 Hz, J> 8.1 Hz, 1H, H-9), 7.39 (d, J 8.1 Hz, 1H, H-7), 2.79 (s, 3H). 13C-NMR (125 MHz, CDCls): &
160.5 (C-2), 159.3 (C-5), 152.4 (C-6a), 147.2 (C-3), 146.4 (C-10b), 132.9 (C-8), 131.2 (C-4a), 125.0 (C-9), 124.9
(C-10), 118.2 (C-10a), 117.3 (C-7), 22.7 ppm. MS (ESI): m/z 213 [M+H]*. HRMS: Calcd for C12HsN202, [M+H]*:
213.0664. Found: 213.0664, [M+Na]*: 235.0484. Found: 235.0485.
3-Methyl-5H-chromeno[3,4-b]pyrazin-5-one (5b). 3 mg, 8% (Method A, the yield counted from H-NMR
spectrum), 8.5 mg, 8% (Method B, the yield counted from 'H-NMR spectrum), beige solid, mp 178-181°C
(hexane/ethyl acetate), lit.3¢ 182-184 °C (chloroform). IR (KBr): 3034,2923, 2852, 1752, 1612 cm™. *H-NMR
(500 MHz, CDCls): 6 8.87 (s, 1H, H-2), 8.52 (d, J 8.1 Hz, 1H, H-10), 7.60 (t, / 8.1 Hz, 1H, H-8), 7.37 (t, / 8.1 Hz, 1H,
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H-9), 7.36 (d, J 8.1 Hz, 1H, H-7), 2.82 (s, 3H). 3C-NMR (125 MHz, CDCl3): 6 159.5 (C-5), 156.2 (C-3), 151.9 (C-6a),
150.4 (C-2), 146.4 (C-10b), 132.7 (C-8), 130.9 (C-4a), 125.3 (C-9), 124.7 (C-10), 118.4(C-10a), 117.4 (C-7), 22.1
ppm. MS (ESI): m/z 213 [M+H]*. HRMS: Calcd for C1,HgN,0,, [M+Na]*: 235.0484. Found: 235.0485.
2-Phenyl-5H-chromeno|[3,4-b]pyrazin-5-one (4c). 36 mg, 70% (Method A), 0.121 g, 88% (Method B), white
solid, mp 268-270 °C (dec.) (hexane/ethyl acetate). IR (KBr): 3056, 1747, 1613, 1530 cm™. *H-NMR (500 MHz,
CDCls): & 9.34 (s, 1H, H-3), 8.70 (dd, J1 1.5 Hz, J> 7.8 Hz, 1H, H-10), 8.30-8.28 (m, 2H), 7.67 (dt, J; 1.5 Hz, J> 7.8
Hz, 1H, H-8), 7.64-7.60 (m, 3H), 7.47 (t, J 7.8 Hz, 1H, H-9), 7.45 (d, J 7.8 Hz, 1H, H-7). 33C-NMR (125 MHz, CDCl3):
& 159.2 (C-5), 156.7 (C-2), 152.7 (C-6a), 147.5 (C-10b), 143.4 (C-3), 135.0 (C-4a), 133.2 (C-8), 132.0 (C-2’), 131.8
(C-1’), 129.5 (C-4’), 128.1 (C-3’), 125.2 (C-9), 125.1 (C-10), 118.5 (C-10a), 117.5 (C-7) ppm. MS (ESI): m/z 275
[M+H]*, 297 [M+Na]*. HRMS: Calcd for C17H10N202, [M+H]*: 275.0820. Found: 275.0820, [M+Na]*: 297.0640.
Found: 297.0642.

3-Phenyl-5H-chromeno[3,4-b]pyrazin-5-one (5c). 8 mg, 15% (Method A), 3 mg, 2% (Method B), light yellow
solid, mp 183-185 °C (hexane/ethyl acetate). IR (KBr): 3022, 1750, 1608 cm™. H-NMR (600 MHz, CDCl3): § 9.44
(s, 1H, H-2), 8.56 (d, J 8.4 Hz, 1H, H-10), 8.22 (d, J 6,5 Hz, 2H, H-2’), 7.64 (t, J 7.6 Hz, 1H, H-8), 7.57-7.54 (m,
3H), 7.47-7.44 (m, 2H, H-7, H-9). 3C-NMR (150 MHz, CDCl3): 6 & 159.4 (C-5), 153.8 (C-3), 152.2 (C-6a), 147.3,
146.2, 134.9, 133.0, 132.9, 131.1, 129.3, 127.5, 125.3 (C-9), 124.9 (C-10), 118.3 (C-10a), 117.4 (C-7) ppm. MS
(ESI): m/z 275 [M+H]*. HRMS: Calcd for C17H10N202, [M+Na]*: 297.0640. Found: 297.0642.
2,3-Dimethyl-5H-chromeno[3,4-b]pyrazin-5-one (4d). 36 mg, % (Method A), 80 mg, 71% (Method B), white
solid, mp 239-241 °C (hexane/dichloromethane). IR (KBr): 3065, 2949, 2914, 1742, 1610, 1549 cm™*. *H-NMR
(500 MHz, CDCl3): 6 8.50 (d, J 8.3 Hz, 1H, H-10), 7.58 (t, J 8.3 Hz, 1H, H-8), 7.39 (t, J 8.3 Hz, 1H, H-9), 7.37 (d, J
8.3 Hz, 1H, H-7), 2.77 (s, 3H, H-3’), 2.76 (s, 3H, H-2"). 3C-NMR (125 MHz, CDCls): 6 159.9 (C-2), 159.8 (C-5),
155.3 (C-3), 152.1 (C-6a), 145.3 (C-10b), 132.3 (C-8), 130.7 (C-4a), 124.9 (C-9), 124.6 (C-10), 118.5 (C-10a),
117.2 (C-7), 23.3 (C-1"), 22.6 (C-1’) ppm. MS (ESI): m/z 227 [M+H]*. HRMS: Calcd for Ci3H10N202, [M+H]*:
227.0820. Found: 227.0818, [M+Na]*: 249.0640. Found: 249.0638.
2,3-Diphenyl-5H-chromeno[3,4-b]pyrazin-5-one (4e). 38 mg, 57% (Method A), 0.133 g, 76% (Method B), light
yellow solid, mp 203-205 °C (dichloromethane/hexane). IR (KBr): 3056, 1746, 1607, 1541, 1525 cm*. *H-NMR
(500 MHz, CDCl3): 6 8.64 (dd, J1 1.3 Hz, J; 8.1 Hz, 1H, H-10), 7.67-7.63 (m, 3H), 7.59 (d, J 7.4 Hz, 2H), 7.48-7.42
(m, 3H), 7.41-7.36 (m, 3H), 7.36-7.29 (m, 2H, H-7, H-8). 33C-NMR (125 MHz, CDCls): & 159.2 (C-5), 157.8, 154.6,
152.5 (C-6a), 145.3 (C-10b), 137.6, 137.4, 132.8, 130.9, 130.2, 130.1, 139.9, 129.5, 128.5 (2C), 125.1 (C-9),
125.0 (C-10), 118.3 (C-10a), 117.3 (C-7) ppm. MS (ESI): m/z 351 [M+H]*. HRMS: Calcd for C23H1aN202, [M+H]*:
351.1133. Found: 351.1128, [M+Na]*: 373.0953. Found: 373.0948.
3-Methyl-2-phenyl-5H-chromeno[3,4-b]pyrazin-5-one (4f). 26 mg, 48% (Method A), 94 mg, 65% (Method B),
light yellow solid, mp 200-202 °C (hexane/ethyl acetate). IR (KBr): 3050, 2946, 2915, 1745, 1612, 1595, 1531
cmL. 1H-NMR (500 MHz, CDCls): 6 8.59 (d, J 8.4 Hz, 1H, H-10), 7.70 (d, J 6.4 Hz, 2H, H-2), 7.63 (t, J 8.4 Hz, 1H,
H-8), 7.55-7.48 (m, 3H, H-3, H-4’), 7.44 (t, J 8.4 Hz, 1H, H-9), 7.43 (d, J 8.4 Hz, 1H, H-7), 2.87 (s, 3H, H-1"). 13C-
NMR (125 MHz, CDCls): § 159.5 (C-5), 158.9 (C-3), 156.0 (C-2), 152.5 (C-6a), 145.5 (C-10b), 137.3 (C-1'), 132.7
(C-8), 131.0 (C-4a), 129.6 (C-4’), 129.3 (C-3’), 128.6 (C-2’), 125.1 (C-9), 124.9 (C-10), 118.3 (C-10a), 117.4 (C-7),
24.6 (C-1"”) ppm. MS (ESI): m/z 343 [M+Na + CH30OH]*. HRMS: Calcd for CigH12N202, [M+H]*: 289.0977. Found:
289.0978, [M+Na]*: 311.0797. Found: 311.0793.

2-Methyl-3-phenyl-5H-chromeno[3,4-b]pyrazin-5-one (5f). 15 mg, 27% (Method A), 46 mg, 32% (Method B),
light yellow, mp 214-217 °C (hexane/ethyl acetate). IR (KBr): 3053, 2923, 2847, 1761, 1608, 1537 cm™. *H-NMR
(500 MHz, CDCl3): 6 8.56 (d, J 7.8 Hz, 1H, H-10), 7,77 (dd, J: 2.9 Hz, J; 6.5 Hz, 2H, H-2’), 7.61 (t, J 7.8 Hz, 1H, H-
8), 7.59-7.55 (m, 3H, H-3’, H-4"), 7.42 (d, J 7.8 Hz, 1H, H-7), 7.41 (t, J 7.8 Hz, 1H, H-9), 2.87 (s, 3H, H-1"). 13C-
NMR (125 MHz, CDCls): & 159.6 (C-2), 159.3 (C-5), 154.3 (C-3), 152.3 (C-6a), 145.3 (C-10b), 137.5 (C-1’), 132.6
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(C-8), 131.0 (C-4a), 130.2 (C-4’), 129.4 (C-2’), 128.7 (C-3’), 125.1 (C-9), 124.9 (C-10), 118.5 (C-10a), 117.3 (C-7),
24.0 (C-1”") ppm. MS (ESI): m/z 311 [M+Na]*. HRMS: Calcd for C1sH12N20,, [M+H]*: 289.0977. Found: 289.0973,
[M+Na]*: 311.0797. Found: 311.0792.

3-Methyl-2-(4-nitrophenyl)-5H-chromeno[3,4-b]pyrazin-5-one (4g). 5 mg, 8% (Method A, 170 °C), 9.5 mg,
15% (Method A, 150 °C), 15 mg, 24% (n-butanol), 0.123 g, 74% (Method B), white solid, mp 260-261 °C
(hexane/ethyl acetate). IR (KBr): 3068, 2918, 2849, 1757, 1605, 1519 cm™. 'H-NMR (500 MHz, CDCls): 6 8.60
(dd, J: 1.6 Hz, J, 7.9 Hz, 1H, H-10), 8.39 (d, J 8.7 Hz, 2H, H-2’), 7.91 (d, J 8.7 Hz, 2H, H-3’), 7,67 (dt, J1 1.6 Hz, J
7.9 Hz, 1H, H-8), 7.47 (t, J 7.9 Hz, 1H, H-9), 7.45 (d, J 7.9 Hz, 1H, H-7), 2.88 (s, 3H, H-1"). 33C-NMR (125 MHz,
CDCl3): 6 159.0 (C-3), 158.5 (C-5), 153.4 (C-2), 152.7 (C-6a), 148.5 (C-3’), 146.5 (C-10b), 143.3 (C-4’), 133.4 (C-
8), 131.1 (C-4a), 130.5 (C-2'), 125.3 (C-10), 125.2 (C-9), 123.9 (C-1’), 118.0 (C-7), 117.5 (C-10a), 24.4 (C-3) ppm.
MS (ESI): m/z 372 [M+K]*. HRMS: Calcd for CigH11N30s4, [M+H]*: 334.0828. Found: 334.0829, [M+Nal*:
356.0648. Found: 356.0648.

2-Methyl-3-(4-nitrophenyl)-5H-chromeno[3,4-b]pyrazin-5-one (5g). 2 mg, 3% (Method A, 170 °C), 3 mg, 5%
(Method A, 150 °C), 14 mg, 22% (n-butanol), 11 mg, 18% (Method B), white solid, mp 272-274 °C
(hexane/ethyl acetate). IR (KBr): 3056, 2920, 2851, 1756, 1610, 1520 cm™. *H-NMR (600 MHz, CDCl3): & 8.54
(d, J=7.8 Hz, 1H, H-10), 8.45 (d, J=8.6 Hz, 2H, H-2’), 7.96 (d, J=8.6 Hz, 2H, H-3’), 7.65 (t, J=7.8 Hz, 1H, H-8), 7.45
(d, J=7.8 Hz, 1H, H-7), 7.44 (t, J=7.8 Hz, 1H, H-9), 2.88 (s, 3H, H-1""). 13C-NMR (CDCls): & 159.1 (C-5), 156.9 (C-3),
153.9 (C-2), 152.3 (C-6a), 148.7 (C-4’), 145.5 (C-10b), 143.4 (C-1'), 133.1 (C-8), 131.9 (C-4a), 130.5 (C-3’), 125.3
(C-10), 124.8 (C-9), 123.9 (C-2"), 118.0 (C-10a), 117.9 (C-7), 23.8 (C-1”") ppm. MS (ESI): m/z 372 [M+K]*. HRMS:
Calcd for C1gH11N3O4, [M+H]*: 334.0828. Found: 334.0829.

Chromeno[3,4-blindeno[1,2-e]pyrazin-6(8H)-one (4h). 77 mg, 54% (Method B), white solid, mp >285 °C
(hexane/ethyl acetate). IR (KBr): 3090, 2924, 2852, 1748, 1613, 1553 cm™. *H-NMR (600 MHz, CDClz): § 8.75
(d, J 7.6 Hz, 1H, H-1), 8.31 (d, J 7.3 Hz, 1H, H-12), 7.71 (d, J 7.2 Hz, 1H, H-9), 7,67-7.62 (m, 2H, H-3, H-10), 7.60
(t, J 7,3 Hz, 1H, H-11), 7.48 (t, J 7.6 Hz, 1H, H-2), 7.44 (d, J 8.1 Hz, 1H, H-4), 4.21 (s, 2H, H-8). 33C-NMR (150
MHz, CDCl3): & 160.6 (C-7a), 160.2 (C-6), 159.4 (C-12b), 152.1 (C-4a), 147.4 (C-13a), 145.0 (C-8a), 136.9 (C-12a),
132.61 (C-3), 132.59 (C-10), 130.2 (C-6a), 128.4 (C-11), 126.0 (C-9), 125.03 (C-2), 125.00 (C-1), 123.7 (C-12),
118.9 (C-13b), 117.3 (C-4), 36.2 (C-8) ppm. MS (ESI): m/z 309 [M+Na]*. HRMS: Calcd for CigH10N202, [M+Na]*:
309.0640. Found: 309.0634.

Chromeno[3,4-bJindeno[2,1-e]pyrazin-6(12H)-one (5h). 46 mg, 32% (Method B), light yellow solid, mp >285
°C (hexane/ethyl acetate). IR (KBr): 3003, 2933, 2857, 1747, 1614, 1571 cm™*. *H-NMR (600 MHz, CDCls): § 8.63
(d, J .8 Hz, 1H, H-1), 8.37 (d, J 7.4 Hz, 1H, H-8), 7.70 (d, J 7.2 Hz, 1H, H-11), 7.65-7.55 (m, 3H), 7.49-7.44 (m, 2H),
4.23 (s, 2H, H-12).13C-NMR (150 MHz, CDCl3): 6 ): 160.4 (C-12a), 158.9 (C-6), 156.4 (C-7a), 151.9 (C-4a), 145.6
(C-7b), 142.8 (C-13a), 137.2 (C-11a), 132.6 (C-6a), 132.5 (C-3), 131.6 (C-10), 128.5 (C-9), 125.7 (C-8), 125.1 (C-
2), 124.8 (C-1), 123.5 (C-11), 119.0 (C-13b), 117.3 (C-4), 36.7 (C-12) ppm. MS (ESI): m/z 287 [M+H]*. HRMS:
Calcd for CigH10N203, [M+H]*: 287.0820. Found: 287.0810, [M+Na]*: 309.0640. Found: 309.0637.
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'HNMR and *CNMR Spectra and some HMBC experiments for compounds 4a-h, 5¢c, 5f-h, and a mixture of 4b
and 5b are provided in the Supplementary Material in the online version of the text.
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