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An effective synthesis of 2-oxo-1,3-propanedial monohydrate
or mesoxaldehyde (6a) and the first synthesis of 2,3-dioxo-
1,4-butanedial (18) as a thiane derivative are reported. These
first members of the smallest vicinal tri- and tetracarbonyl
compounds are stabilized by conversion to thiane derivatives
8, 9, 10, 11, 12, 15 and 19, which can be isolated as long-
lived compounds at room temperature. The structures of
these novel thianes 8, 10, 12 and 15 were confirmed by their
X-ray crystal structures. The synthesis of a series of protected

Introduction
Vicinal tri- and tetracarbonyl compounds are important

synthetic building blocks and have attracted the attention of
many organic chemists due to the juxtaposition of carbonyl
groups within them and their high chemical reactivity.[1]

These compounds are useful precursors to elaborate hetero-
cyclic compounds[2] and numerous, novel, biologically im-
portant substances such as FK-506, rapamycin and related
immunosuppressants[3] and protease inhibitors are derived
from peptide carboxylic acids.[4]

In 1901, Sachs and Barschall reported the first aliphatic
vicinal dimethyl triketone.[5] The historical development of
the early years of vicinal triketone chemistry has recently
been described,[6] and there are extensive reviews of the
chemistry of vicinal polyketones.[6] However, the past
10 years have shown remarkable developments in this field,
such as radical anions of acyclic vicinal oligoketones con-
taining up to five carbonyl groups,[7] the conversion of α-
bromo-β-dicarbonyl compounds to vicinal tricarbonyl com-
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as well as free heterocyclic aldehydes (pterins and quinoxa-
lines) by the use of the appropriate tricarbonyl compounds is
also reported. Additionally, a one-step synthetic strategy to
prepare a series of different biheterocycles with the smallest
vicinal tetracarbonyl compound is demonstrated.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

pounds with dimethyldioxirane,[8] the investigation of vinyl
vicinal tricarbonyl reagents (VTC)[9] and conformational
studies of a vicinal triketone by 17O NMR spectroscopy,[10]

with important new discoveries from laboratories around
the world. In 1905, Harries et al. reported[11] the prepara-
tion of mesoxaldehyde (or 2-oxo-1,3-propanedial) as a poly-
mer from phorone or dibenzalacetone[12] and studied it in
the gas phase, but found that it quickly polymerized. For
this reason, the development of 2-oxo-1,3-propanedial de-
rivatives is a continuous challenge to many chemists. Deriv-
atives of 2-oxo-1,3-propanedial are synthesized from dif-
ferent sources[13] but not from 2-oxo-1,3-propanedial itself.
The four conformations A–D of 2-oxo-1,3-propanedial have
also been theoretically examined at the RHF/6-31G* level
of theory.[9]

Except for the derivatives of 2-oxo-1,3-propanedial (or
mesoxaldehyde), no systematic survey of the chemistry of
this smallest VTC has appeared. The present work is an
attempt to fill this gap in the synthesis and chemistry of
these compounds, which at present, is scattered over more
than 100 years in chemistry.
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Herein, we report the synthesis, characterization and

chemistry of 2-oxo-1,3-propanedial (6) as its hydrate, 3,3-
dimethoxy-2-oxopropanal (4) and the crystal structure of
dithiane derivatives of 2-oxo-1,3-propanedial 8, 10 and 12.
We also report the first synthesis of the first member of
the smallest teracarbonyl compound, which was not freely
isolated but characterized as a new long-lived thiane deriva-
tive 19. To the best of our knowledge, this smallest tetracar-
bonyl compound has not been reported in the literature in
the free state or as a protected derivative. The one-step syn-
thesis of novel biheterocycles has been achieved from this
first member of the tetracarbonyl compounds. Since the
classical biheterocycles are always synthesized by long lin-
ear sequences,[14] a one-step synthesis of biheterocycles
would be advantageous in synthetic organic chemistry. In
our efforts, we have succeeded in synthesizing challenging,
functionalized, biheterocycles (e.g. pterin, quinoxaline and
pyridopyrazines) in one step.

Results and Discussion

Our successful approach to prepare 2-oxo-1,3-propaned-
ial (6) by this new, simple and efficient method in good
yield is delineated in Scheme 1 and led to its effective isola-
tion. We carried out the conversion of acetone to 1,2-di-
methoxypropanone (3) with the standard procedure.[15] The
reaction between 1,2-dimethoxypropanone (3) and sele-
nium dioxide in dry dioxane at reflux produced the impor-
tant compound 4 in 85% yield as a golden oil. Compound
4, upon careful hydrolysis, provided the semisolid product
6a in 54% yield (Scheme 1). We also prepared 6a from 2-
oxopropanal (2) or acetone directly by treating it with 1 or
2.5 equiv. of selenium dioxide, respectively, in dry dioxane
at reflux in 45 or 58% yield, respectively.

Scheme 2. Synthesis of novel, long-lived, thiane derivatives of 4a and 6a. Reagents and conditions: (a) (2,4-dinitrophenyl)hydrazine,
concentrated H2SO4, H2O bath, 25 min, 62%; (b) 1,3-propanedithiol, BF3·Et2O, 0 °C, 3 h; (c) 1,2-ethanedithiol, BF3·Et2O, 0 °C, 4 h.
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Scheme 1. Synthesis of the smallest vicinal tricarbonyl compound
as monohydrate 6a. Reagents and conditions: (a) SeO2 80 °C, 12 h,
74%; (b) dry MeOH, concentrated H2SO4, benzene, 16 h, 86%; (c)
SeO2, 80 °C, 9 h, 85%; (d) HCOOH, CHCl3, room temp., 7 h, 54%;
(e) 1.5 equiv. SeO2, dry dioxane, 100 °C, 8 h, 45%; (f) 2.5 equiv.
SeO2, dry dioxane, 100 °C, 16 h, 58%; (g) Cu(OAc)2, H2O, 100 °C,
12 h, 42%.

We succeeded in converting 1,3-dihydroxyacetone (5) to
2-oxo-1,3-propanedial (6, 42% yield) by refluxing the start-
ing material with copper acetate in dry dioxane for 12 h.
However, we found the formation of 6 from 2 by this direct
route to be more efficient. Polyketones are generally present
as hydrates, which are stable in the solid state. Preferential
hydration at a central carbonyl group is usually observed.

In our case, 3,3-dimethoxy-2-oxopropanal (4) and 2-oxo-
1,3-propanedial (6) also existed as hydrated forms 4a and
6a. The hydration occurred at a terminal aldehyde group in
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4 and at the central carbonyl group in 6, which was con-
firmed by 1H NMR spectroscopy and mass spectrometry.
Compound 4a produced hydrazone derivative 7 with (2,4-
dinitrophenyl)hydrazine (Scheme 2).

Figure 1. ORTEP representation of dithianes 8 (A), 10 (B), 12 (C)
and 15 (D).
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The synthesis of the novel cyclic thianes 8, 9, 10, 11 and
12 is of fundamental significance. Upon the condensation
of 1,3-propanedithiol with 2,2-dihydroxy-1,3-propanedial
(6a) at 0 °C, we obtained 8 as the major product, along with
9 and 10. We also isolated 8, 9 and 10 when 1,1-dihydroxy-
3,3-dimethoxy-2-propanone (4a) was condensed with 1,3-
propanedithiol and in better yields than in the 6a case. We
also accomplished an efficient preparation of thiane deriva-
tives 11 and 12 from 2,2-dihydroxy-1,3-propanedial (6a)
upon treatment with excess 1,2-ethanedithiol. Our develop-
ment of new, hydrazone-free modes of protection and liber-
ation of the free tricarbonyl compounds is an obvious ad-
vantage.

We confirmed the structures of 4a and 6a by spectro-
scopic methods (IR, 1H NMR and MS); the appearance of
a single carbonyl absorption band in the IR spectrum, a
singlet for the α-proton of the carbonyl group in the 1H
NMR spectrum as well as the [M]+ peak in the mass spec-
trum agreed completely with the proposed structure. We ob-
tained final structural confirmation of all the thiane deriva-
tives 8, 10 and 12 by X-ray crystal structure investigations
(Figure 1), the details of which can be found in the Sup-
porting Information (Tables I and II).

We efficiently synthesized the smallest vicinal tetracar-
bonyl compounds 2,3-dioxo-1,4-butanedial (18) and 4,4-di-
methoxy-2,3-dioxobutanal (16) from 17 and 13, respec-
tively, by SeO2 oxidation in dry dioxane at 70–75 °C
(Scheme 3). We noted that the reaction temperature should
not exceed 75 °C. Above 75 °C, 2,3-dioxo-1,4-butanedial
(18) and 4,4-dimethoxy-2,3-dioxobutanal (16) were highly
unstable and quickly polymerized; therefore, we took these
to the next step without further purification. Upon reaction
with 1,3-propanedithiol, the crude reaction products af-
forded 19 in a maximum yield of 65%. We achieved the
synthesis of the new thiane derivative 15 by starting from
4,4-dimethoxybutan-2-one (13, Scheme 3) via intermediate
14. We performed an X-ray crystal structure determination
of 15 at low temperature (Figure 1, D).

Chemistry of Tri- and Tetracarbonyl Compounds

The Gabriel–Isay pteridine synthesis between 2,5,6-tri-
aminopyrimidin-4(3H)-one and an unsymmetrical α,β-di-
carbonyl compound leads to the preferential formation of
the unwanted 7-substituted isomer rather than the 6-substi-
tuted isomer.[16] Previously in our laboratory, we reported
the one-pot synthesis of the 6-substituted isomer.[17]

In our continuing interest in the synthesis of 6-for-
mylpterin,[18,19] a useful precursor to the nutrient cofactor
folic acid, the anticancer drug methotrexate[20] and related
pteridines like biopterin, neopterin and precursor Z of mo-
lybdenum cofactor (Moco),[21] we have used the mesoxal-
dehyde and its monoacetal in a useful, straightforward and
economic method for the first synthesis of the dimethyl ace-
tal of the 6-formylpterin 21 and its conversion to the 6-
formylpterin 23 (Scheme 4).
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Scheme 3. Synthesis of [2,2�-bi(1,3-dithianyl)-2-yl](1,3-dithian-2-yl)methanone (19), a novel thiane derivative of the smallest vicinal tetra-
carbonyl compound [i.e. 2,3-dioxo-1,4-butanedial (18)]. Reagents and conditions: (a) 1.5 equiv. SeO2, dry dioxane, 100 °C, 12 h, 74%; (b)
1,3-propanedithiol, BF3·Et2O, 0 °C, 2.5 h, 56%; (c) 2.5 equiv. SeO2, dry dioxane, 75 °C, 8 h, 65%; (d) 1,3-propanedithiol, BF3·Et2O, 0 °C,
3 h, 42%; (e) 2.5 equiv. SeO2, dry dioxane, 70–75 °C, 12 h, 52%; (f) 1,3-propanedithiol, BF3·Et2O, 0 °C, 1 h, 36%.

Scheme 4. Synthesis of 6-formylpterin dimethyl acetal 21 and 6-formylpterin 23. Reagents and conditions: (a) 1,1-dihydroxy-3,3-dimeth-
oxy-2-propanone, NaHSO3, H2O, 12 h, 54%; (b) pivalic anhydride, DMAP, 90 °C, 6 h, 71%; (c) CF3COOH, CHCl3 and H2O, 3 h, 92%;
(d) 1  HCl in dioxane, 98%; (e) 2,2-dihydroxy-1,3-propanedial, H2O, 16 h, 55%.

The general and multistep synthesis of 7-formylpterin di-
methyl acetal was first elegantly performed by Taylor et
al.[22] We report herein our success in achieving a facile,
regiospecific synthesis of 6-formylpterin dimethyl acetal 21
(Scheme 4) by the condensation of 2,5,6-triaminopyrimidin-
4(3H)-one dihydrochloride (20) and 1,1-dihydroxy-3,3-di-
methoxy-2-propanone (4a) with sodium hydrogen sulfate at
0–5 °C in 54% yield as a yellow crystalline solid, which
upon treatment with 1  HCl gave 23 in almost quantitative
yield. We also prepared 23 by the direct addition of triamin-
opyrimidine (20) to the free tricarbonyl compound 6a in
55% yield.

Since pterins are extremely poorly soluble[17] in both or-
ganic and aqueous media, we performed the 1H NMR spec-
troscopic studies of the 6-substituted pterins 22 and 24 on
their 2-pivaloylamide derivatives 21 and 23, respectively. We
also isolated 6-formyl-2-(pivaloylamino)pterin (24) from 22
upon hydrolysis with TFA.
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The synthesis of quinoxalinecarbaldehydes has been re-
ported in various ways from o-phenylenediamine over mul-
tiple steps.[18,23] Now we have applied the tricarbonyl com-
pound 6a to the one-step synthesis of a quinoxalinecarbal-
dehyde, as shown in Scheme 5. Refluxing of o-phenylenedi-
amine (25) with 4a in dry ethanol gave the crystalline solid
26. We hydrolyzed this intermediate with formic acid in
H2O and CHCl3 and isolated only 2-quinoxalinecarbal-
dehyde (27) in an overall 90% yield. Using 2,2-dihydroxy-
1,3-propanedial (6a) instead of 4a, we obtained 2-quinoxa-
linecarbaldehyde. In an interesting case, the condensation
of o-phenylenediamine (25) with 3,3-dibromo-2-oxopro-
panal in ethanol gave the 2-quinoxalinecarbaldehyde as the
major isolable product along with some 2-(dibromomethyl)-
quinoxaline (28). Our new and efficient approach to the
synthesis of 2-quinoxalinecarbaldehyde by various ways is
summarized in Scheme 5. We also similarly synthesized 3-
(dimethoxymethyl)pyrido[2,3-b]pyrazine (30) and pyr-
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Scheme 5. Synthesis of 2-(dimethoxymethyl)quinoxaline (26) and 2-quinoxalinecarbaldehyde (27). Reagents and conditions: (a) 3,3-di-
methoxy-2-oxopropanal, dry EtOH, reflux, 4 h, 85%; (b) 2,2-dihydroxypropanedial, dry EtOH, reflux, 4 h, 92%; (c) 3,3-dibromo-2-
oxopropanal, dry EtOH, reflux, 6 h, 70%; (d) HCOOH, H2O and CHCl3, room temp., 5 h, 94%; (e) NaOH, reflux, 3 h, 84%.

ido[2,3-b]pyrazine-3-carbaldehyde (31) from pyridine-2,3-
diamine (29) using 1,1-dihydroxy-3,3-dimethoxy-2-pro-
panone (4a) and 2,2-dihydroxy-1,3-propanedial (6a),
respectively (Scheme 6).

Scheme 6. Synthesis of 3-(dimethoxymethyl)pyrido[2,3-b]pyrazine
(30) and pyrido[2,3-b]pyrazine-3-carbaldehyde (31). Reagents and
conditions: (a) 1,1-dihydroxy-3,3-dimethoxy-2-propanone, dry
EtOH, reflux, 8 h, 85%; (b) 2,2-dihydroxy-1,3-propanedial, dry
EtOH, reflux, 6 h, 57%; (c) HCOOH, in H2O and CHCl3, room
temp., 6 h, 82%.

We prepared a series of biheterocycles 32–36 by reaction
of the smallest vicinal tetracarbonyl compound, 2,3-dioxo-
1,4-butanedial (18) or 4,4-dimethoxy-2,3-dioxobutanal (16),
with the appropriate 1,2-diamino heterocyclic compound
(Scheme 7). When 2,3-diaminopyridine was condensed with
16 or 18, we isolated 3,3�-bi[pyrido[2,3-b]pyrazinyl] (35) as
the major product, along with the minor product 36. We
confirmed all the biheterocycles 32–36 by NMR spec-
troscopy and mass spectrometry. We obtained final struc-
tural confirmation of 33[24] and 35 by X-ray crystallo-
graphic investigations (Figure 2).
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Conclusions

Based on the progress reported herein, we expect the fu-
ture of VTC chemistry to show many more new and useful
developments that exploit the unique structure and reacti-
vity of this family. We thus achieved the following: (1) the
first effective synthesis of the smallest vicinal tricarbonyl
compound, 2-oxo-1,3-propanedial, as its hydrate 6a, tetra-
carbonyl compound 2,3-dioxo-1,4-butanedial (18) as its thi-
ane derivative, and the extensive synthesis and single-crystal
X-ray confirmation of other novel thiane derivatives, (2)
new strategies for the synthesis of 6-formylpterin dimethyl
acetal (22), pterincarbaldehyde 24 and 2-quinoxalinecarbal-
dehyde (27), and (3) the one-step synthetic access of bihet-
erocycles 32–36 from simple 1,2-diamino aromatic or het-
erocyclic compounds and the smallest tetracarbonyl com-
pound.

Experimental Section

2-Oxopropanal (2): SeO2 (40 g) and acetone (200 mL) were heated
at reflux for 10–12 h, carefully during the initial stage, when the
reaction was exothermic. The yellow liquid product was decanted,
the black residue was washed with acetone, and the whole liquid
was fractionally distilled. The pale yellow distillate (b.p. 56.5 °C,
160 mL was collected up to 80 °C) was an azeotropic mixture of
acetone containing approximately 1% of 2. The residual liquid was
fractionally distilled under reduced pressure. The higher boiling
fraction condensed as a bright yellow, mobile liquid that polymer-
ized. The lower boiling fraction, which contained a greater pro-
portion of H2O, simply became viscous. The yield of 2 (containing
a little H2O, b.p. 68 °C–80 °C) was 19 g (74%). Rf = 0.4 (CH2Cl2/
petroleum ether, 1:1). 1H NMR (CDCl3, 500 MHz): δ = 9.07 (s, 1
H), 2.06 (s, 3 H) ppm. 13C NMR (CDCl3, 125 MHz): δ = 207.57,
161.00, 30.60 ppm.
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Scheme 7. Synthesis of biheterocycles 32–36 by using the smallest tetracarbonyl compounds 16 and 18. Reagents and conditions: (a) 2,5,6-
triaminopyrimidin-4(3H)-one dihydrochloride, H2O, 0–5 °C; then pivalic anhydride, DMAP, 90 °C, 8 h, 46%; (b) o-phenylenediamine, dry
EtOH, reflux, 7 h, 64%; (c) 2,3-diamino-5-bromopyridine, dry MeOH, reflux, 7 h, 57%; (d) 2,3-diaminopyridine, dry MeOH, reflux, 7 h.

Figure 2. ORTEP representation of the biheterocycle 3,3�-bi[pyrido[2,3-b]pyrazinyl] (35).

1,1-Dimethoxy-2-propanone (3): A solution of 2 (10.0 g) in dry
MeOH (100 mL) with a catalytic amount of p-toluenesulfonic acid
(1 g) was stirred at room temperature for 12 h. When most of the
starting material was converted into products (monitored by TLC),
the reaction mixture was distilled to collect 3 at 125–130 °C. The
yield was 14 g (86%). Rf = 0.72 (CH2Cl2/petroleum ether, 1:1). 1H
NMR (CDCl3, 500 MHz): δ = 4.31 (s, 1 H), 3.28 (s, 6 H), 2.07 (s,
3 H) ppm. 13C NMR (CDCl3, 125 MHz): δ = 203.39, 103.94, 54.39,
24.57 ppm.

1,1-Dihydroxy-3,3-dimethoxypropan-2-one (4a): A mixture of SeO2

(500 mg, 4.5 mmol) and 3 (500 mg, 4.2 mmol) was partially dis-
solved in dry dioxane (3 mL) in a round-bottomed flask. The flask
was then heated at 70–80 °C for 9 h, and the remaining yellow li-
quid was dissolved in chloroform and passed through a pad (3–
4 cm) of Celite. The filtrate was concentrated to dryness with a
rotary evaporator and purified by column chromatography (silica
gel, 100–200 mesh) by using chloroform/petroleum ether (1:3); the
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product was a viscous, golden liquid (4a, 478 mg, 85%). Rf = 0.6
(CH2Cl2/hexane, 1:1). FT-IR (KBr): ν̃max = 3387, 1735, 1638, 1061,
895 cm–1. 1H NMR (CDCl3, 300 MHz): δ = 4.88 (s, 1 H), 4.36 (br.
s, 2 OH), 3.79 (s, 1 H), 3.73 (s, 6 H) ppm. 13C NMR (CDCl3,
75 MHz): δ = 170.1, 93.6, 49.26, 30.0 ppm. MS (EI): m/z (%) =
132 (2) [M – H2O + H]+, 101 (8) [M – OMe]+, 75 (100), 47 (18),
29 (25).

2,2-Dihydroxy-1,3-propanedial (6a): A mixture of 4a (1 g,
7.1 mmol), formic acid (4 mL), chloroform (1 mL) and H2O
(10 mL) was stirred at room temperature for 7 h The mixture was
neutralized with saturated NaHCO3, and the aqueous layer was
extracted with CH2Cl2. The combined organic phases were dried
(Na2SO4), filtered and concentrated in vacuo to give a white semi-
solid compound, which was purified by silica gel column
chromatography to give a white semisolid 6a (0.319 g, 54%). A
mixture of SeO2 (275 mg, 2.5 mmol) and 2 (40%, 142 mg, 2 mmol)
was partially dissolved in a round-bottomed flask and refluxed in
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a H2O bath at 70–80 °C for 8 h. The remaining yellow liquid was
dissolved in chloroform and filtered through a pad (3–4 cm) of Ce-
lite. The filtrate was concentrated to dryness with a rotary evapora-
tor and purified by thin layer chromatography using chloroform/
petroleum ether (3:1) to afford white semisolid 6a (94 mg, 45%).
To a stirred solution of 1 (2 mL) in dioxane (4 mL), SeO2 (7.10 g,
0.06 mol) was added, and the mixture was heated at 100 °C for
16 h. The remaining yellow solution was dissolved in chloroform/
MeOH, filtered through a pad (3–4 cm) of Celite and washed well
with chloroform. The filtrate was concentrated to dryness with a
rotary evaporator and purified by thin layer chromatography using
silica gel (100–200 mesh) to afford 6a (1.50 g, 58%) in good yield.
Copper acetate (2 g, 0.01 mol) was dissolved in H2O (10 mL), and
5 (500 mg, 5.5 mmol) was added. The resulting mixture was heated
at reflux for 12 h, cooled to 25 °C and then extracted with chloro-
form. The organic layer was dried (anhydrous Na2SO4), and the
solvent was removed under reduced pressure. The crude product
was purified on silica gel by using chloroform/petroleum ether (3:1)
to give 6a (240 mg, 42%) as a white semisolid. Rf = 0.4 (CH2Cl2/
hexane, 2:1). FT-IR (KBr): ν̃max = 3389, 2850, 1729 cm–1. 1H NMR
(CDCl3, 300 MHz): δ = 8.03 (s, 2 H), 4.62 (br. s, 2 OH) ppm. 13C
NMR (CDCl3, 75 MHz): δ = 222.8, 214.9 ppm. MS (EI): m/z (%)
= 104 (14) [M]+, 86 (2) [M – H2O]+, 85 (35) [M – 1]+, 57 (95) [M –
CHO]+.

3,3-Dimethoxy-2-oxopropanal 1,2-Bis[(2,4-dinitrophenyl)hydrazone]
(7): A solution of 3,3-dimethoxy-2-oxopropanal (500 mg,
3.5 mmol) in H2O (10 mL) was treated with (2,4-dinitrophenyl)hy-
drazine (1.42 g, 7.17 mmol) in MeOH (10 mL) and a few drops of
acetic acid. The mixture was warmed in a water bath for 25 min
and then cooled. The product that separated was filtered off,
washed and dried. It was crystallized from MeOH/chloroform to
give yellow needles (1.09 g, 62%). Rf = 0.6 (EtOAc/hexane, 1:5);
m.p. 210–215 °C (dec.). FT-IR (KBr): ν̃max = 3274, 2359, 1333,
1139, 832 cm–1. 1H NMR (CDCl3, 300 MHz): δ = 13.25 (br. s, 1
H), 11.49 (br. s, 1 H), 9.17 (d, J = 2.41 Hz, 2 H), 8.51–8.42 (m, 2
H), 8.35–8.26 (m, 2 H), 7.95 (s, 1 H), 4.91 (s, 1 H), 3.53 (s, 3 H),
3.49 (s, 3 H) ppm. MS (ESI): m/z (%) = 495 (20) [M + 2]+, 433
(35), 269 (100). C17H16N8O10 (492.36): calcd. C 41.47, H 3.28, N
22.76; found C 41.48, H 3.24, N 22.82.

Bis(1,3-dithian-2-yl)methanone (8), 6,7-Dihydro-5H-1,4-dithiepine-
2-carbaldehyde (9) and 2-(1,3-Dithian-2-yl)-6,7-dihydo-5H-1,4-di-
thiepine (10): To a stirred solution of 4a (500 mg, 4.1 mmol) and
boron trifluoride–diethyl ether (0.5 mL) in CH2Cl2 (50 mL), cooled
to 0 °C, was added 1,3-propanedithiol (450 mg, 4.1 mmol) drop-
wise with stirring over 15 min. The mixture was stirred at room
temperature for 3 h. With respect to the starting material, three less
polar spots (products) were generated as indicated by TLC. Aque-
ous NaHCO3 was added slowly and carefully to neutralize the mix-
ture at room temperature, which was then extracted with CH2Cl2.
The organic layer was dried (anhydrous Na2SO4), and the solvent
was then removed under reduced pressure. The crude product was
purified on silica gel by preparative TLC using petroleum ether in
chloroform (20%). Compound 8 was isolated as a white crystalline
solid (610 mg, 64%), compound 9 (57 mg, 10%) was obtained from
the less polar spot with respect to 8, and compound 10 (179 mg,
20%) was isolated from the more polar spot with respect to 8.

8: Rf = 0.25 (CH2Cl2/petroleum ether, 1:5); m.p. 139–142 °C. FT-
IR (KBr): ν̃max = 2923, 2360, 1684, 1540, 1020 cm–1. 1H NMR
(CDCl3, 300 MHz): δ = 4.63 (s, 2 H), 3.36 (t, J = 12.99 Hz, 2 H),
2.61 (t, J = 3.99 Hz, 3 H), 2.56 (t, J = 4.00 Hz, 3 H), 2.08 (t, J =
2.91 Hz, 1 H), 2.04 (t, J = 2.92 Hz, 1 H), 2.00 (t, J = 2.47 Hz, 1
H), 1.87 (t, J = 2.21 Hz, 1 H) ppm. 13C NMR (CDCl3, 75 MHz):
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δ = 194.1, 43.8, 30.1, 26.2, 25.4 ppm. MS (FAB): m/z (%) = 266
(100) [M]+. C9H14OS4 (266.45): calcd. C 40.57, H 5.30; found C
40.52, H 5.39. Crystal data: Empirical formula C9H14OS4, formula
mass 266.48, crystal system orthorhombic, space group Pbcn (no.
60), cell parameters: a = 6.8344(1), b = 18.0589(2), c = 9.4376(1) Å,
Z = 4, Dc = 1.520 g/cm3, µ(Mo-Kα) = 0.780 mm–1, F (000) = 560,
crystal size 0.26�0.35�0.87 mm, T = 293 K, λ(Mo-Kα) =
0.71073 Å, θmin/max = 3.8/35.0°, total/unique data/R(int) = 19423/
2550/0.020, observed data = 2219 [I � 2.0σ(I)], Nref = 2550, Npar

= 65, R = 0.0264, wR2 = 0.0730.

9: Rf = 0.3 (CH2Cl2/petroleum ether, 1:5); m.p. 110–113 °C. FT-IR
(KBr): ν̃max = 2910, 2359, 1716, 1540, 1418 cm–1. 1H NMR
(CDCl3, 400 MHz): δ = 9.09 (s, 1 H), 4.47 (s, 1 H), 3.09 (t, J =
12.34 Hz, 1 H), 2.94 (dd, J = 5.30, 3.52 Hz, 1 H), 2.68 (t, J =
3.76 Hz, 1 H), 2.64 (t, J = 3.72 Hz, 1 H), 2.10 (m, 1 H), 1.88 (m,
1 H) ppm. 13C NMR (CDCl3, 125 MHz): δ = 186.2, 53.4, 32.1,
27.6, 26.1, 24.5 ppm. MS (FAB): m/z (%) = 162 (100) [M + 2]+.
C6H8OS2 (160.26): calcd. C 44.97, H 5.03; found C 44.99, H 5.12.

10: Rf = 0.6 (CH2Cl2/petroleum ether, 1:5); m.p. 102–104 °C. FT-
IR (KBr): ν̃max = 2925, 1408, 1275, 1099 cm–1. 1H NMR (CDCl3,
300 MHz): δ = 6.28 (s, 1 H), 4.48 (s, 1 H), 3.37 (m, 4 H), 2.83 (dd,
J = 3.54, 3.96 Hz, 4 H), 2.07 (m, 2 H), 1.82 (m, 2 H) ppm. 13C
NMR (CDCl3, 75 MHz): δ = 122.5, 33.1, 31.4, 30.8, 29.8,
25.2 ppm. MS (FAB): m/z (%) = 248 (50) [M – 2]+. C9H14S4

(250.45): calcd. C 43.16, H 5.63; found C 43.20, H 5.70. Crystal
data: Empirical formula C9H14S4, formula mass 250.48, crystal sys-
tem monoclinic, space group P21/n (no.14), cell parameters: a =
11.0556(3), b = 9.2418(2), c = 12.1246(3) Å, β = 114.900(1) Å, Z =
4, Dc = 1.481 g/cm3, µ(Mo-Kα) = 0.797 mm–1, F(000) = 528, crystal
size 0.12�0.19�0.64 mm, T = 100 K, λ(Mo-Kα) = 0.71073 Å,
θmin/max = 32.1/37.5°, total/unique data/R(int) = 46826/5846/0.036,
observed data = 4998 [I � 2.0σ(I)], Nref = 5547, Npar = 174, R =
0.0284, wR2 = 0.0735.

Bis(1,3-dithiolan-2-yl)methanone (11) and 2,2�;2�,2��-Ter(1,3-dithio-
lan-2-yl) (12): To a stirred mixture of 4a (500 mg, 3.33 mmol) or
6a (400 mg, 3.8 mmol) and 1,2-ethanedithiol (400 mg, 3.8 mmol) in
CH2Cl2 (15 mL) was added boron trifluoride–diethyl ether
(0.5 mL) at 0–5 °C. The reaction mixture was stirred at room tem-
perature and monitored by TLC until the starting material had
disappeared. After completion of the reaction, the mixture was
neutralized by the addition of aqueous NaHCO3 (5%), washed
with H2O and extracted with CH2Cl2. The organic layer was con-
centrated under reduced pressure. The crude reaction mixture was
purified by silica gel column chromatography eluting with petro-
leum ether/CH2Cl2 (1:3), which first afforded 11 as a white crystal-
line solid (440 mg, 56%), followed by 12 as a yellow solid (330 mg,
32%).

11: Rf = 0.4 (CH2Cl2/petroleum ether, 1:1); m.p. 142–144 °C. FT-IR
(KBr, ν̃max = 2926, 2853, 1703, 1215, 785 cm–1. 1H NMR (CDCl3,
300 MHz): δ = 5.178 (s, 2 H), 3.35–3.30 (m, 8 H) ppm. 13C NMR
(CDCl3, 75 MHz): δ = 196.3, 54.4, 39.1, 29.6 ppm. MS (FAB): m/z
(%) = 237 (20) [M – 1]+, 130 (100). C7H10OS4 (238.40): calcd. C
35.26, H 4.23; found C 35.39, H 4.35.

12: Rf = 0.6 (CH2Cl2/petroleum ether, 1:1); m.p. 133–135 °C. FT-IR
(KBr): ν̃max = 2918, 2849, 1660, 1090, 772 cm–1. 1H NMR (CDCl3,
400 MHz): δ = 5.16 (s, 2 H), 3.48 (t, J = 6.36 Hz, 2 H), 3.41 (s, 1
H), 3.37–3.34 (m, 4 H), 3.32–3.29 (q, 4 H), 3.22–3.17 (m, 2 H) ppm.
13C NMR (CDCl3, 125 MHz): δ = 63.6, 38.4, 30.0 ppm. C9H14S6

(314.57): calcd. C 34.36, H 4.49; found C 34.42, H 4.51. Crystal
data: Empirical formula C9H14S6, formula mass 314.56, crystal sys-
tem orthorhombic, space group Aba2 (no. 41), cell parameters: a
= 10.1586(2), b = 15.5169(4), c = 8.0488(2) Å, V = 1268.73(5) Å3,
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Z = 4, Dc = 1.626 g/cm3, µ(Mo-Kα) = 1.042 mm–1, F (000) = 656,
Crystal Size = 0.30�0.32�0.47 mm, Temperature = 266 K, Radi-
ation (Mo-Kα) = 0.71073 Å, θmin/max = 2.6/34.6°, total/unique data/
R(int) = 10732/2697/0.028, observed data = 2267 [I � 2.0σ(I)], Nref

= 2697, Npar = 89, R = 0.0381, wR2 = 0.1072.

(1,3-Dithian-2-yl)(2-methyl-1,3-dithian-2-yl)methanone (15): The ex-
perimental procedure for the preparation of 15 was the same as
that described for the preparation of 8 from 4a. Starting from 14
(0.450 g, 0.003 mol), 15 (0.480 g, 56%) was generated as a yellow
crystalline solid after chromatographic separation; m.p. 129–
131 °C. Rf = 0.7 (CH2Cl2/petroleum ether, 1:1). FT-IR (KBr): ν̃max

= 2924, 2365, 1685, 1540, 1262 cm–1. 1H NMR (CDCl3, 500 MHz):
δ = 4.80 (s, 1 H), 3.54 (t, J = 9.88 Hz, 2 H), 3.14 (t, J = 10.26 Hz,
2 H), 2.67 (t, J = 2.79 Hz, 1 H), 2.62 (t, J = 2.73 Hz, 1 H), 2.57 (t,
J = 3.22 Hz, 1 H), 2.53 (t, J = 2.94 Hz, 1 H), 2.20 (m, 1 H), 2.09
(m, 1 H), 2.03 (m, 1 H), 1.79 (m, 1 H), 1.83 (s, 3 H) ppm. 13C
NMR (CDCl3, 125 MHz): δ = 197.4, 56.7, 36.6, 28.7, 25.8, 25.64,
25.2, 24.1 ppm. MS (FAB): m/z (%) = 281 (13) [M + H]+, 191 (68),
147 (100). C10H16OS4 (280.48): calcd. C 42.82, H 5.75; found C
42.89, H 5.77. Crystal data: Empirical formula C10H16OS4, formula
mass 280.51, crystal system triclinic, space group P1̄ (no. 2), cell
parameters: a = 6.6966(1), b = 8.6519(1), c = 11.9482(1) Å, α =
95.958(1), β = 106.051(1), γ = 104.183(1)°, Z = 2, Dc = 1.469 g/
cm3, µ(Mo-Kα) = 0.721 mm–1, F(000) = 296, crystal size
0.20�0.39�0.45 mm, T = 100 K, λ(Mo-Kα) = 0.71073 Å, θmin/max

= 1.8/35.0°, total/unique data/R(int) = 15424/5547/0.016, observed
data = 5195 [I � 2.0σ(I)], Nref = 5547, Npar = 137, R = 0.0211,
wR2 = 0.0587.

4,4-Dimethoxy-2,3-dioxobutanal (16): A mixture of SeO2 (4 g,
0.036 mol) and 3 (2 g, 0.015 mol) was partially dissolved in dioxane
(15 mL) in a round-bottomed flask. The flask was then heated at
70–80 °C for 8 h, and the remaining yellow liquid was dissolved in
chloroform/MeOH (1:1) and passed through a pad (3–4 cm) of Ce-
lite. The filtrate was concentrated to dryness with a rotary evapora-
tor under reduced pressure. The gummy 16 (1.43 g, 65%) was then
directly used for thioacetalization or other reactions.

2,3-Dioxo-1,4-butanedial (18): A mixture of 2,3-dioxobutanone
(5 g, 0.058 mol), SeO2 (15 g, 0.136 mol) and dioxane (10 mL) was
carefully heated under reflux for 8 h, and the reaction mixture was
cooled to room temperature. The yellow liquid left was dissolved
in chloroform/MeOH (1:1) and passed through a pad (3–4 cm) of
Celite. The filtrate was then concentrated under reduced pressure to
afford the title compound 18 (3.44 g, 52%), which was not further
purified, but directly used for thioacetalization or other reactions.

[2,2�-Bi(1,3-dithianyl-2-yl)](1,3-dithian-2-yl)methanone (19): The ex-
perimental procedure for the preparation is the same as that de-
scribed for the preparation of 8 from 4a. Starting from 18 (400 mg,
4.38 mmol), 19 (600 mg, 36%) was generated as a yellow crystalline
solid after column chromatographic separation. Rf = 0.6 (CH2Cl2/
petroleum ether, 1:1); m.p. 148–151 °C. FT-IR (KBr): ν̃max = 2917,
2848, 1714, 1641, 1095, 1040, 772 cm–1. 1H NMR (CDCl3,
400 MHz): δ = 4.79 (s, 1 H), 3.53 (t, J = 13.20 Hz, 4 H), 3.13 (t, J
= 13.20 Hz, 4 H), 2.64 (tt, J = 3.56, 3.58 Hz, 4 H), 2.54 (tt, J =
3.86, 3.82 Hz, 4 H), 2.42 (s, 1 H), 2.07 (t, J = 2.32 Hz, 1 H),1.82
(t, J = 4.48 Hz, 1 H) ppm. MS (FIA): m/z (%) = 764(20) [2 M – 4]
+, 663 (100). C13H20OS6 (384.66): calcd. C 40.59, H 5.24; found C
40.67, H 5.26.

2-Pivaloyl-6-formylpterin Dimethyl Acetal (22): 2,5,6-Triaminopter-
idin-4(3H)-one hydrochloride (1 g, 4.2 mmol) was dissolved in H2O
(50 mL), and sodium sulfite (2 g) was added slowly for neutraliza-
tion. Pale yellow 3,3-dimethoxy-2-oxopropanal (0.792 g, 6.1 mmol)
was then added dropwise, and the mixture was stirred at room tem-
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perature for 12 h. The resulting slurry was centrifuged. The solid
separated was filtered through a sintered funnel, washed well with
H2O and then with ethanol and dried in vacuo. The solid thus
obtained was directly used for pivaloylation. The bright yellow
semisolid 21 (600 mg, 54%), upon its pivaloylation with pivalic an-
hydride and a catalytic amount of DMAP followed by silica gel
column chromatography, gave white crystals of 22 (500 mg, 71%).
Rf = 0.7 (CH2Cl2/MeOH, 25:1); m.p. 118–119 °C. FT-IR (KBr):
ν̃max = 3480, 2971, 1697, 1621, 1158, 1073 cm–1. 1H NMR (CDCl3,
300 MHz): δ = 12.75 (br. s, 1 H), 9.07 (s, 1 H), 8.92 (s, 1 H), 5.50
(s, 1 H), 3.50 (s, 3 H), 3.48 (s, 3 H), 1.35 (s, 9 H) ppm. 13C NMR
(CDCl3, 75 MHz): δ = 180.9, 159.4, 158.1, 149.7, 141.7, 131.6,
103.9, 54.9, 40.6, 26.9 ppm. MS (ESI): m/z (%) = 643 (22) [2 M +
H]+, 322 (100) [M + H]+. C14H19N5O4 (321.34): calcd. C 52.33, H
5.96, N 21.79; found C 52.40, H 6.00, N 21.74.

2-Pivaloyl-6-formylpterin (24): 2,5,6-Triaminopyridine-4(3H)-one
hydrochloride (2 g.) was dissolved in H2O (100 mL), and sodium
sulfite (2 g) was added to the solution for neutralization (pH = 6).
Pale yellow, liquid 2,2-dihydroxy-1,3-dipropanal (i.e the tricarbonyl
compound) was added dropwise, and the reaction mixture was
stirred at room temperature for 16 h. The resulting slurry was then
centrifuged. The solid separated was then filtered through a sin-
tered funnel, washed well with H2O and then ethanol and finally
with diethyl ether to leave a yellow powder 23 (860 mg, 55%). A
slurry of 21 (1 g, 4.2 mmol) in HCl (10 mL, 1 ) was heated slowly
in an oil bath to an external temperature of 110 °C and then cooled
slowly to room temperature; when the solution reached 90 °C, most
of the starting material had dissolved, and a bright yellow precipi-
tate began to form. Upon cooling, the yellow solid was collected,
washed with H2O followed by ethanol and dried in vacuo to leave
23 (90 mg, 98%). This solid 23 (480 mg, 2.51 mmol) was directly
used for pivaloylation. The solid yellow compound (480 mg),
freshly distilled pivalic anhydride (5 mL) and 4-(dimethylamino)
pyridine (DMAP, 50 mg) were heated at reflux for 6 h. A substan-
tial amount of pivalic anhydride was distilled off with a short-path
distillation apparatus. Column chromatography [elution with
MeOH in chloroform (5%)] afforded 24 as a white crystalline solid
(497 mg, 72%). To a stirred solution of 22 (400 mg, 1.5 mmol) in
CH2Cl2 at room temperature was added TFA (0.5 mL) dropwise
by syringe over 15 min. The solution was then reflux at 50–60 °C
and stirred for a further 3 h. The solvent was evaporated in vacuo,
the residue was azeotropically treated with Et2O (3�10 mL) to
remove residual TFA and purified by silica gel column chromatog-
raphy eluting with MeOH/chloroform, which afforded 24 (315 mg,
92%) as a white crystalline solid. Rf = 0.4 (CH2Cl2/MeOH, 20:1);
m.p. 246–247 °C (ref.[25] 247–248 °C). 1H NMR (CDCl3,
300 MHz): δ = 12.52 (br. s, 1 H), 10.26 (s, 1 H), 9.40 (s, 1 H), 8.55
(br. s, 1 H), 1.36 (s, 9 H) ppm.

2-(Dimethoxymethyl)quinoxaline (26): To a solution of o-phenylene-
diamine (400 mg, 3.7 mmol) in dry ethanol (5 mL), which was
stirred for 5–6 min, yellow, liquid 4a (270 mg, 3.7 mmol) was added
dropwise, and the reaction mixture was stirred at 70–80 °C for 3–
4 h. The progress of the reaction was monitored by TLC. The etha-
nol was removed with a short-path distillation apparatus, and the
crude material was purified by silica gel column chromatography
eluting with petroleum ether/CH2Cl2 (1:1) to afford a pure, brown
solid (600 mg, 85%). Rf = 0.6 (CH2Cl2/petroleum ether, 1:1); m.p.
85–86 °C 1H NMR (CDCl3, 300 MHz): δ = 9.10 (s, 1 H), 8.17–8.12
(m, 2 H), 7.80–7.77 (m, 2 H), 5.56 (s, 1 H), 3.50 (s, 6 H) ppm. MS
(EI): m/z (%) = 174 (37) [M + H – OMe]+. C11H12N2O2 (204.23):
calcd. C 64.69, H 5.92, N 13.72; found C 64.69, H 5.99, N 13.80.

2-Quinoxalinecarbaldehyde (27): A mixture of 26 (320 mg,
1.56 mmol), formic acid (5 mL) and H2O (3–4 drops) was added to
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a round-bottomed flask. The reaction mixture was stirred at room
temperature for 4–5 h and then neutralized with solid NaHCO3.
The H2O layer was then extracted with EtOAc, and the solvent was
evaporated to yield a white crystalline solid, which was purified by
column chromatography on silica gel (100–200 mesh) eluting with
petroleum ether/CH2Cl2 (3:2) to give a crystalline solid of 27
(160 mg, 94%). To a solution of o-phenylenediamine (500 mg,
4.6 mmol) in dry ethanol (5 mL), which was stirred for 5–6 min, a
solution of 6a (480 mg, 4.6 mmol) in ethanol (5 mL) was added
dropwise, and the reaction mixture was stirred at 65–70 °C for 4 h.
The progress of the reaction was monitored by TLC. The ethanol
was removed with a short-path distillation apparatus, and the crude
material was purified by silica gel column chromatography eluting
with petroleum ether/chloroform (3:2) to afford a pure solid of 27
(670 mg, 92%). A mixture of 28 (200 mg, 0.66 mmol) and aqueous
NaOH (2 , 10 mL) was heated at 90 °C for 3 h. The consumption
of the substrate was monitored by TLC. When all the substrate had
been consumed, the reaction mixture was cooled and neutralized
with solid NaHCO3. The organic layer was extracted with CH2Cl2
(2�15 mL), washed with H2O, dried (with Na2SO4) and concen-
trated under reduced pressure. The residue was purified by column
chromatography on silica gel eluting with petroleum ether/chloro-
form (3:2) to give solid 27 (87 mg, 84%). Rf = 0.5 (CH2Cl2/petro-
leum ether, 1:1); m.p. 68–69 °C (ref.[18] 109 °C). 1H NMR
(500 MHz, CDCl3): δ = 10.22 (s, 1 H), 9.36 (s, 1 H), 8.19 (d, J =
8.3 Hz, 1 H), 8.15 (d, J = 8.3 Hz, 1 H), 7.89–7.82 (m, 2 H) ppm.
MS (FD): m/z (%) = 158 (100) [M]+.

2-(Dibromomethyl)quinoxaline (28): o-Phenylenediamine (80 mg,
0.74 mmol), 3,3-dibromo-2-oxopropanal (210 mg, 1.39 mmol) and
ethanol (10 mL) were mixed and then stirred at 70–80°°C for 6–
8 h. The progress of the reaction was monitored by TLC. After 8 h,
the ethanol was completely removed. H2O was then added, and
the organic product was extracted with chloroform and dried with
Na2SO4. The compound was purified by preparative thin layer
chromatography eluting with 2% EtOAc in petroleum ether to af-
ford 28 as a brown crystalline solid (156 mg, 70%), followed by 2-
quinoxalinecarbaldehyde (12 mg, 11%). Rf = 0.7 (CH2Cl2/petro-
leum ether, 1:3); m.p. 118–119 °C. FT-IR (KBr): ν̃max = 2983, 1637,
1494, 1170, 767 cm–1. 1H NMR (CDCl3, 300 MHz): δ = 9.39 (s, 1
H), 8.17–8.13 (m, 1 H), 8.08–8.04 (m, 1 H), 7.84–7.26 (m, 2 H),
6.77 (s, 1 H) ppm. 13C NMR (CDCl3, 125 MHz): δ = 177.0, 153.2,
144.9, 131.5, 131.4, 129.9, 129.6, 39.0, 30.0 ppm. MS (ESI): m/z
(%) = 302 (80) [M]+. C9H6N2 (142.16): calcd. C 35.80, H 2.00, N
9.28; found C 35.92, H 2.11, N 9.36.

3-(Dimethoxymethyl)pyrido[2,3-b]pyrazine (30): To a solution of 29
(600 mg, 5.50 mmol) in dry ethanol (10 mL), which was stirred for
5–10 min, yellow, liquid 4a (825 mg, 5.50 mmol) was added drop-
wise, and the reaction mixture was stirred at 70–80 °C for 3–4 h.
The progress of the reaction was monitored by TLC. The ethanol
was removed with a short-path distillation apparatus, and the crude
material was purified by silica gel column chromatography eluting
with MeOH in chloroform (2%) to afford 30 as a pure brown solid
(950 mg, 85%). Rf = 0.4 (EtOAC/petroleum ether, 1:5); m.p. 142–
144 °C (dec.). FT-IR (KBr): ν̃max = 2918, 1485, 1456, 1103, 1067,
795, 772 cm–1. 1H NMR (CDCl3, 400 MHz): δ = 9.18 (s, 1 H), 9.17
(t, J = 2.04 Hz, 1 H), 8.48 (dd, J = 1.72, 1.72 Hz, 1 H), 7.20 (dd,
J = 4.20, 4.20 Hz, 1 H), 5.51 (s, 1 H), 3.53 (s, 6 H) ppm. MS (FIA):
m/z (%) = 206 (100) [M + H]+. C10H11N3O2 (205.10): calcd. C
58.53, H 5.40, N 20.48; found C 58.46, H 5.43, N 20.42.

Pyrido[2,3-b]pyrazine-3-carbaldehyde (31): To a solution of 29
(600 mg, 5.50 mmol) in dry ethanol (5 mL), which was stirred for
5–6 min, a solution of 6a (570 mg, 5.50 mmol) in ethanol (5 mL)
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was added dropwise, and the reaction mixture was stirred at 65–
70 °C for 4 h. The progress of the reaction was monitored by TLC.
The ethanol was removed with a short-path distillation apparatus,
and the crude material was purified by silica gel column
chromatography eluting with MeOH in chloroform (4%) to afford
pure solid 31 (500 mg, 57%). A mixture of 3-(dimethoxymethyl)
pyrido[2,3-b]pyrazine (450 mg, 1.8 mmol), formic acid (5 mL) and
H2O (3–4 drops) were added to a round-bottomed flask. The reac-
tion mixture was stirred at room temperature for 4–5 h and then
neutralized with solid NaHCO3. The H2O layer was then extracted
with EtOAc, and the solvent was evaporated to yield a white crys-
talline solid, which was purified by column chromatography on sil-
ica gel (100–200 mesh) eluting with MeOH in chloroform (2%) to
give 31 as crystalline solid (286 mg, 82%). Rf = 0.25 (EtOAc/petro-
leum ether, 1:5); m.p. 91–93 °C. 1H NMR (500 MHz, CDCl3): δ =
10.39 (s, 1 H), 9.54 (s, 1 H), 9.21 (d, J = 7.29 Hz, 1 H), 8.50 (dd,
J = 1.50, 1.50 Hz, 1 H), 7.77 (dd, J = 4.0, 4.0 Hz, 1 H) ppm.

Typical Experimental for the Synthesis of the Biheterocycles 32–36:
o-Phenylenediamine (600 mg, 5.56 mmol) was dissolved in dry eth-
anol (20 mL). The smallest tetracarbonyl compound 16 (1.2 g,
0.0083 mol) or 18 (950 mg, 8.30 mmol) in ethanol (10 mL) was
added dropwise to the reaction mixture over 15 min. The reaction
mixture was heated at reflux for 4–5 h, the solvent was evaporated
under reduced pressure, and the resulting brown gum was triturated
with petroleum ether to yield a pale yellow solid. The solid was
subjected to column chromatographic purification by eluting with
1% MeOH in CH2Cl2 to afford pure crystalline solid 33 (920 mg,
64%). The spectroscopic data and the yields of the compounds are
mentioned below.

7,7�-Bi[2-(pivaloylamino)pteridin-4(3H)-one] (32): Yield 46%; yel-
low crystalline solid. Rf = 0.5 (CH2Cl2/MeOH, 20:1); m.p.
�250 °C. FT-IR (KBr): ν̃max = 3306, 2923, 1644, 1538, 1297, 1277,
1012, 738 cm–1. 1H NMR (CDCl3, 400 MHz): δ = 12.23 (br. s, 1
H), 11.60 (br. s, 1 H), 8.65 (br. s, 2 H), 8.09 (s, 2 H), 1.45 (s, 9 H),
1.40 (s, 9 H) ppm. 13C NMR (CDCl3, 75 MHz): δ = 181.20, 159.36,
154.00, 153.16, 149.90, 137.73, 131.81, 52.39, 27.27 ppm. MS
(FIA): m/z (%) = 526 (12) [M – 2 + 2 H2O]+, 422(35) [M –
CMe3]+, 363 (100). C22H24N10O4 (496.53): calcd. C 53.64, H 4.91,
N 28.44; found C 53.72, H 4.97, N 28.36.

2,2�-Biquinoxaline (33): Yield 64%; off-white crystalline solid. Rf =
0.7 (EtOAC/petroleum ether, 1:5); m.p. 159–161 °C (dec.). 1H
NMR (CDCl3, 400 MHz): δ = 10.11 (s, 2 H), 8.31–8.18 (m, 3 H),
7.92–7.82 (m, 3 H) ppm.

7,7�-Dimethoxy-3,3�-bi(pyrido[2,3-b]pyrazinyl) (34): Yield 57%;
cream-colored solid. Rf = 0.45 (EtOAC/petroleum ether, 1:5); m.p.
145–148 °C. FT-IR (KBr): ν̃max = 2916, 1337, 1310, 1212, 1220,
774 cm–1. 1H NMR (CDCl3, 300 MHz): δ = 9.75 (s, 1 H), 9.63 (s,
1 H), 9.30 (d, J = 2.00 Hz, 2 H), 8.81 (d, J = 2.39 Hz, 1 H), 8.72
(d, J = 2.29 Hz, 1 H), 4.12 (s, 3 H), 4.10 (s, 3 H) ppm. MS (FIA):
m/z (%) = 290 (36) [M + H – OMe]+. C16H12N6O2 (320.10): calcd.
C 60.00, H 3.78, N 26.24; found C 60.12, H 3.79, N 26.22.

3,3�-Bi(pyrido[2,3-b]pyrazinyl) (35): Yield 62%; cream-colored crys-
talline solid. Rf = 0.3 (EtOAC/petroleum ether, 1:5); m.p. 181–
182 °C (dec.) FT-IR (KBr): ν̃max = 2923, 2852, 1215, 1024, 763,
669 cm–1. 1H NMR (CDCl3, 400 MHz): δ = 10.43 (s, 2 H), 9.32 (t,
J = 1.86 Hz, 2 H), 8.64 (dd, J = 1.41, 1.50 Hz, 2 H), 7.86 (dd, J =
4.14, 4.14 Hz, 2 H) ppm. 13C NMR (CDCl3, 75 MHz): δ = 155.2,
146.0, 138.8, 126.4 ppm. MS (FIA): m/z = 261 [M + H]+ (100).
C14H8N6 (260.10): calcd. C 64.61, H 3.10, N 32.29; found C 64.53,
H 3.12, N 32.36. Crystal data: Empirical formula C28H16N12, for-
mula mass 520.538, crystal system monoclinic, space group P21/n
(no. 14), cell parameters: a = 4.4766(3), b = 11.5709(7), c =
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11.1346(7) Å, β = 195.328(4), V = 574.26(6) Å3, Z = 1, Dc =
1.505 g/cm3, µ(Mo-Kα) = 0.099 mm–1, F(000) = 268, crystal size
0.25�0.28�0.49 mm, T = 100.0(1) K, λ(Mo-Kα) = 0.71073 Å,
θmin/max = 2.5/32.5°, total/unique data/R(int) = 8810/2081/0.023,
observed data = 1760 [I � 2.0σ(I)], Nref = 2081, Npar = 91, R =
0.0466, wR2 = 0.1412.

2,3�-Bi(pyrido[2,3-b]pyrazinyl) (36): Yield 22%; cream-colored crys-
talline solid. Rf = 0.35 (EtOAC/petroleum ether, 1:5); m.p. 210–
214 °C. FT-IR (KBr): ν̃max = 2901, 2821, 1209, 1047, 775, 670 cm–1.
1H NMR (CDCl3, 400 MHz): δ = 10.47 (s, 1 H), 10.23 (s, 1 H),
9.29–9.26 (m, 2 H), 8.61 (dd, J = 8.40, 8.30 Hz, 2 H), 7.81 (dd, J
= 3.96, 3.96 Hz, 2 H) ppm. 13C NMR (CDCl3, 75 MHz): δ = 154.5,
136.8, 122.9, 115.0 ppm. C14H8N6 (260.10): calcd. C 64.61, H 3.11,
N 32.29; found C 64.33, H 3.19, N 32.38.

CCDC-638444 (for 8), -638445 (for 10), -684341 (for 12), -638446
(for 15) and -684340 (for 35) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/datarequest/cif.

Supporting Information (see also the footnote on the first page of
this article): General experimental method, a description of how
X-ray data were collected, 1H NMR spectra, and other characteri-
zation data for all new compounds 4a, 6a, 7, 8, 9, 10, 11, 12, 15,
19, 22, 24, 26, 28, 30, 32, 34, 35 and 36; selected crystallographic
data of 8, 10, 12, 15 and 35.

Acknowledgments

We thank the DST, Government of India (SR/S1/OC-13/2005) for
financial support. A. C. M. thanks the UGC, Government of India
for a research fellowship, and we appreciate mass spectrometry help
from Professor Thomas Schrader, University of Marburg, Ger-
many and Dr. Avijit Kr. Adak, Academia Sinica, Taiwan. H. K. F.
thanks the Malaysian Government and the Universiti Sains Malay-
sia for the Scientific Advancement Grant Allocation (SAGA)
(grant no. 304/PFIZIK/653003/A118).

[1] a) T. K. Jones, R. A. Reamer, R. Demond, S. G. Mille, J. Am.
Chem. Soc. 1990, 112, 2998–3017; b) M. T. Goulet, J. Boger,
Tetrahedron Lett. 1990, 31, 4845–4848.

[2] a) H. H. Wasserman, G. H. Kuo, Tetrahedron Lett. 1991, 32,
7131–7172; b) H. H. Wasserman, S. L. Henke, P. Luce, E. Nak-
anishi, J. Org. Chem. 1990, 55, 5821–5823; c) H. H. Wasser-
man, S. L. Henke, E. J. Nakanishi, G. Schulte, J. Org. Chem.
1992, 57, 2641–2645; d) J. A. Barltrop, G. Richards, D. M. Rus-
sell, G. Ryback, J. Chem. Soc. 1959, 1132–1142; e) J. Nye, W. P.
Tang, Can. J. Chem. 1970, 48, 3563–3565.

[3] a) H. Tanaka, A. Kuroda, H. H. Marusawa, H. Hatanaka, T.
Kino, T. Goto, M. Hashimoto, T. Taga, J. Am. Chem. Soc.
1987, 109, 5031–5033; b) D. C. N. Swindells, P. S. White, J. A.
Findlay, Can. J. Chem. 1978, 56, 2491–2492; c) J. A. Findlay,
L. Radics, Can. J. Chem. 1980, 58, 579–590.

www.eurjoc.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2009, 1417–14261426

[4] H. H. Wasserman, D. S. Ennis, P. L. Power, M. J. Ross, B.
Gomes, J. Org. Chem. 1993, 58, 4785–4787.

[5] F. Sachs, H. Barschall, Ber. Dtsch. Chem. Ges. 1901, 34, 3047–
3054.

[6] a) M. B. Rubin, R. Gleiter, Chem. Rev. 2000, 100, 1121–1164;
b) M. B. Rubin, Chem. Rev. 1975, 75, 177–202; c) H. H. Was-
serman, J. Parr, Acc. Chem. Res. 2004, 37, 687–701.

[7] a) T. Doerner, R. Gleiter, F. A. Neugebauer, Tetrahedron 1999,
55, 2937–2940; b) R. Gleiter, G. Krennich, M. Langer, Angew.
Chem. Int. Ed. Engl. 1986, 25, 999; Angew. Chem. 1986, 98,
1019–1020.

[8] S. J. Coats, H. H. Wasserman, Tetrahedron Lett. 1995, 36,
7735–7738.

[9] S. L. Henke, C. M. Hadad, K. M. Morgan, K. B. Wiberg,
H. H. Wasserman, J. Org. Chem. 1993, 58, 2830–2839.

[10] G. Cerioni, A. Plumitallo, F. Mocci, Z. Rappoport, M. B. Ru-
bin, J. Chem. Soc. Perkin Trans. 2 2001, 774–777.

[11] C. Harries, H. Turk, Ber. Dtsch. Chem. Ges. 1905, 38, 1630–
1636.

[12] C. Harries, Justus Liebigs Ann. Chem. 1910, 374, 288–368.
[13] a) H. Baganz, H. J. May, Chem. Ber. 1966, 99, 3771–3777; b)

E. Bernatek, K. A. Straumsgard, Acta Chem. Scand. 1959, 13,
178–185; c) G. Schill, E. Logemann, C. Zurcher, Angew. Chem.
Int. Ed. Engl. 1972, 11, 1089; d) E. Chargaff, B. Magasanik, J.
Am. Chem. Soc. 1947, 69, 1459–1467; e) H. E. Khadem,
M. A. E. Shaban, M. A. M. Nassr, Carbohydr. Res. 1968, 8,
113–120.

[14] a) P. J. Steel, Adv. Heterocycl. Chem. 1996, 67, 1–117 and refer-
ences cited therein; b) G. R. Newkome, A. K. Patri, E. Holder,
U. S. Schubert, Eur. J. Org. Chem. 2004, 235–254; c) J. Hassan,
V. Penalva, L. Lavenot, C. Gozzi, M. Lemaire, Tetrahedron
1998, 54, 13793–13804.

[15] a) H. L. Riley, J. F. Morley, A. A. C. Friend, J. Chem. Soc.
1932, 1875–1883; b) E. A. Braude, E. A. Evans, J. Chem. Soc.
1955, 3324–3331.

[16] a) S. Gabriel, J. Colman, Ber. Dtsch. Chem. Ges. 1901, 34,
1234–1257; b) O. Isay, Ber. Dtsch. Chem. Ges. 1906, 39, 250–
265.

[17] S. P. Goswami, A. K. Adak, Tetrahedron Lett. 2002, 43, 8371–
8373.

[18] a) E. C. Taylor, D. J. Dumas, J. Org. Chem. 1980, 45, 2485–
2489; b) E. C. Taylor, R. N. Henrie, R. C. Portnoy, J. Org.
Chem. 1978, 43, 736–737.

[19] S. P. Goswami, A. K. Adak, Synth. Commun. 2003, 33, 475–
480.

[20] J. R. Piper, J. A. Montgomery, J. Org. Chem. 1977, 42, 209–
211.

[21] a) J. A. Pateman, D. J. Cove, B. M. Rever, D. B. Roberts, Na-
ture 1964, 201, 58–60; b) R. Hille, Chem. Rev. 1996, 96, 2757–
2816; c) J. L. Johnson, B. E. Hainline, K. V. Rajagopalan, B. H.
Arison, J. Biol. Chem. 1984, 259, 5414–5422.

[22] E. C. Taylor, D. J. Dumas, J. Org. Chem. 1981, 46, 1394–1402.
[23] a) C. Giordano, F. Minisci, E. Vismara, S. Levi, J. Org. Chem.

1986, 51, 536–537; b) T. Yoshinobu, Y. Katsuya, H. Yoshitaka,
G. Yoshinobu, Heterocycles 2003, 60, 953–957.

[24] C. M. Fitchett, C. Richardson, P. Steel, Org. Biomol. Chem.
2005, 3, 498–502.

[25] E. C. Taylor, P. S. Roy, Synth. Commun. 1987, 17, 1865–1868.
Received: October 27, 2008

Published Online: February 5, 2009


