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Abstract: The synthesis of glycosides and modified nucleosides represents a wide research field in
organic chemistry. The classical methodology is based on coupling reactions between a glycosyl
donor and an acceptor. An alternative strategy for new C-nucleosides is used in this approach,
which consists of modifying a pre-existent furyl aglycone. This approach is applied to obtain novel
pyridazine C-nucleosides starting with 2- and 3-(ribofuranosyl)furans. It is based on singlet oxygen
[4+2] cycloaddition followed by reduction and hydrazine cyclization under neutral conditions. The
mild three-step one-pot procedure leads stereoselectively to novel pyridazine C-nucleosides of
pharmacological interest. The use of acetyls as protecting groups provides an elegant direct route to
a deprotected new pyridazine C-nucleoside.

Keywords: glycosyl furans; singlet oxygen; [4+2] cycloaddition; C-nucleosides; photooxygenation;
pyridazines; reduction

1. Introduction

The synthesis of nucleoside analogues has a prominent role in the field of organic
chemistry and biology [1]. Among modified nucleosides, C-nucleosides represent a special
moiety of this compound class due to their higher stability towards enzymatic and chemical
hydrolysis than that of natural N-nucleosides, as well as owing to the interesting biolog-
ical and pharmacological properties of some of their derivatives [1,2]. The first natural
C-nucleoside isolated was pseudouridine [3], followed by showdomycin [4], and oxazino-
mycin [5]—all characterized by important pharmacological activities, from antitumor to
antibacterial. C-nucleosides comprise a sugar moiety and a non-natural heterocyclic base
connected by a carbon–carbon bond. The stability of this bond and the broad structural
variation in the heterocyclic base account for the high interest in this compound class [6–9].
The main synthetic approach for C-glycosides is based on coupling reactions between a
glycosyl donor and an acceptor in the presence of a promoter [10]. Alternatively, structural
elaborations on a pre-existing aglycone are performed to afford the final C-glycoside [10]. In
this context, the use of the furan as starting aglycone is of particular interest due to the easy
preparation and high versatility of this heterocycle [11]. We elaborated a green procedure
based on the use of a furan aglycone as a building block and the [4+2] cycloaddition of
singlet oxygen [12] by dye-sensitized photooxygenation as a strategy for providing the
final desired structures. Indeed, singlet oxygen addition to furan systems offers various
elegant routes to differently functionalized derivatives through structural elaborations of
the initial endoperoxides, the 2,3,7-trioxabicyclo[2.2.1]hept-5-enes [13]. Although the furan
endoperoxides are thermally unstable, their reactivity can be controlled and opportunely
addressed by working at low temperatures. With this strategy, it is possible to synthe-
size novel glycosyl derivatives, such as glycals [14] and spiroketals of monosaccharides,
which are structural motifs of many products characterized by important and assorted
biological properties [15]. Pyridazine [16], pyrazoline [14], bis-epoxide [17], and spiro-
cyclic C-nucleosides [17] were also obtained. Key intermediates are often unsaturated
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Z-1,4-enediones, easily obtained by photooxygenation and followed by in situ reduction
of the corresponding endoperoxides [14–17] at low temperatures. In many cases, the pho-
tochemical approach represents an alternative to other methods. As an example, Maeba
described the synthesis of 3-(2′,3′,5′-tri-O-benzoyl-β-ribofuranosyl)pyridazine through a
series of reactions involving the oxidation of the furan ring by bromine and methanol [18].
We obtained an analogue 4-(2′,3′,5′-tri-O-acetyl-β-ribofuranosyl)-3,6-dimetylpyridazine in
70% yield (based on starting furan) by oxygenation, followed by diethyl sulfide reduction
and hydrazine hydrochloride cyclization [16]. The efficient formation of this compound
prompted us to explore the possibility of extending this approach to novel furans in order
to synthesize 3- and 4-(ribofuranosyl)pyridazines. The pyridazine ring is recognized as
a versatile pharmacophore. In the last years, particular attention has been devoted to
developing novel synthetic approaches to this system, starting with new precursors or by
utilizing green methodologies [19–22].

2. Results and Discussion

For this purpose, the suitable furans 2a,b were initially prepared by theβ-stereoselective
reduction [23] of the corresponding furyl ketoses 1a,b (Scheme 1). The latter were obtained
by coupling reactions between 2,3,5-tri-O-benzyl-D-ribono-1,4-lactone as the glycosyl donor,
and 2- or 3-furyllithium, according to a previously reported procedure [15].
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Scheme 1. Stereoselective synthesis of 2- and 3-(β-ribofuranosyl)furans 2a,b.

The reduction times were particularly long (overnight), probably owing to the open-
chain structures of the furyl derivatives 1a,b in equilibrium with very small amounts of the
corresponding cyclic structures, as evidenced by their proton spectra. Although the 1H-
NMR spectra of both crude reaction mixtures showed only the presence of products 2a,b, a
considerable loss of material occurred during purification by silica gel chromatography,
even if performed under N2, as reported in the literature for 2a [24]. Firstly, 2a was photo-
oxygenated at−20 ◦C in dichloromethane with methylene blue as the sensitizer (Scheme 2).
When the reaction was complete (90 min, TLC or 1H-NMR), Et2S (1.2 equiv.) was added
to the crude mixture, which was kept at −20 ◦C to avoid thermal rearrangement of the
intermediate endoperoxide [12–17].
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Scheme 2. Dye-sensitized photooxygenation of ribofuranosyl furan 2a, followed by reduction and
hydrazine treatment.

After 2 h, the solvent and unreacted Et2S were removed under reduced pressure, and
the crude 4a was treated with hydrazine hydrochloride, as reported in [16]. Under these
conditions, compound 4a rapidly isomerized into the more stable E-isomer 4a’, owing to
the configurational instability of the Z-enedione 4a under acidic conditions, as observed in
similar cases [12,16] (Scheme 2). However, we found that when a solution of hydrazine in
THF (2.0 M) was added to the crude glycosyl enedione 4a, the expected pyridazine 5a was
promptly obtained (Scheme 2). The synthesis of 5a was then realized through a one-pot
three-step procedure in good total yield, as shown in Scheme 3. The β-configuration of
pyridazine 5a was confirmed by the 2D-NOESY experiment, which evidenced correlation
between the H-1′ and the H-4′ of the sugar ring (Figure 1). With the exception of the
protecting groups, the 3-(ribofuranosyl)pyridazine 5a was the same as that reported by
Maeba et al. [18].
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Scheme 3. One-pot synthesis of the 3-(2′,3′,5′-tri-O-benzyl-β-D-ribofuranosyl)pyridazine (5a).
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Figure 1. NOESY correlation in 5a.

The novel conditions were applied to furan 2b and, in good total yield, led to the new
4-(ribofuranosyl)pyridazine 5b (Scheme 4). The β-configuration was also confirmed for 5b
by the 2D-NOESY experiment.
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Scheme 4. One-pot synthesis of the 4-(2′,3′,5′-tri-O-benzyl-β-D-ribofuranosyl)pyridazine (5b).

The relevance of the protecting groups in the glycoside chemistry, as well as the
possibility of using easily removable groups, motivated us to extend the one-pot route to a
sugarfuran protected with acetyls. Hence, we carried out a coupling reaction with the 2,3,5-
tetra-1-O-acetyl-β-D-ribofuranose as the glycosyl donor and methyl furan-2-carboxylate
as the acceptor—both commercially available—in the presence of SnCl4 as the promoter,
according to a reported procedure [17].

This synthetic approach was described to lead mainly to β-anomers due to the partici-
pation of the neighboring acetyl group at the C-2′ of the sugar ring during the departure of
the leaving group at C-1′ [25,26].

Surprisingly, the reaction afforded only the ribofuranosyl furan 2c, whose α-configuration
was assigned by the 2D-NOESY experiment (Scheme 5). Indeed, a NOE effect between the
H-1′ and the H-3′ of the sugar ring in C6D6 was evidenced (Figure 2). In this anisotropic
solvent, the H-3′ and H-4′ signals do not overlap as it occurs when the 1H-NMR spectrum
is recorded in CDCl3 (aromatic-solvent-induced shift (ASIS) effects) [27]. The previously
incorrect β-configuration for 2c was assigned on the basis of the constant value of the
coupling, in comparison with those of the two anomers of showdomycin, and the synthetic
procedure used [17].
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Attempts to synthesize the β-anomer of 2c by carrying out the coupling reaction in
acetonitrile and/or by using different promoters (BF3 or TMSOTf) failed, and only the α-1c
was obtained, as evidenced spectroscopically and chromatographically.

A possible rationalization of this unexpected result is that the coupling proceeds here
through anchimeric assistance by the acetyl group at the C-5′. A similar stereochemical
trend is described in the iodination of some acetylated oxathiolanes [28]. Otherwise, the
use of the only β-anomer of 1,2,3,5-tetra-O-acetyl-D-ribofuranose as a glycosyl donor
together with the observed full stereoselectivity suggest that the reaction to methyl furan-
2-carboxylate could occur through a concerted pathway leading to the only α-anomer of
2c. This hypothesis could be confirmed by the use of the only α-anomer of 1,2,3,5-tetra-
O-acetyl-D-ribofuranose as a glycosyl donor, which should lead to the β-anomer of 1c.
Control experiments showed that the peracetylation reaction in pyridine or catalyzed by the



Molecules 2021, 26, 2341 5 of 10

TMSOTf afforded the peracetylated pyranosic form of the sugar as the main product, as well
as the β-anomer of 1,2,3,5-tetra-O-acetyl-D-ribofuranose, which is the only commercially
available form.

The mild procedure for pyridazine C-nucleoside was later applied to the 2-(2′,3′,5′-tri-
O-acetyl-α-D-ribofuranosyl)furan (2c). Unexpectedly, the sequence of reactions on 2c led in
high yield to the deprotected pyridazine C-nucleoside 5c (Scheme 6).
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Scheme 6. One-pot synthesis of the 6-(α-D-ribofuranosyl)pyridazine-3-carbohydrazide (5c).

With the aim of preserving the methyl ester function, as well as the protecting acetyl
groups on the sugar ring, the reaction was carried out under the same conditions except
for the use of 1.2 equiv. of hydrazine. In this case, the one-pot procedure afforded the
protected pyridazine C-nucleoside 5d good yield, showing that the cyclization proceeds
more rapidly than the attack to the ester functions (Scheme 7).
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Scheme 7. One-pot synthesis of the 3-(2′,3′,5′-tri-O-acetyl-α-D-ribofuranosyl)-6-(methoxycarbonyl)
pyridazine (5d).

The structure of compound 5d, assigned by NMR data, was confirmed by X-ray
crystallographic analysis (Figure 3).
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Figure 3. Molecular structure of 5d showing the α-configuration (Ortep view with ellipsoids drawn
at 30% probability level).

Pyridazine 5d was quite stable; however, it slowly aromatized after several days at
room temperature, leading to the corresponding furan 6d (Scheme 8). Similar elimination
was previously observed in a benzoylated pyridazine C-nucleoside [18].
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3. Materials and Methods
3.1. General Information

Melting points are uncorrected. The 1H- and 13C-NMR spectra were recorded at
500 and 125 MHz, respectively, on a Fourier Transform NMR Varian 500 Unity Inova
spectrometer. The carbon multiplicity was evidenced by DEPT experiments. The proton
couplings were evidenced by 1H-1H COSY experiments. The heteronuclear chemical shift
correlations were determined by HMQC and HMBC pulse sequences. 1H-1H proximities
through space within a molecule were determined by NOESY experiments. X-ray analysis
was performed on a Bruker-Nonius Kappa CCD (Nonius BV, Delft, The Netherlands)
diffractometer (graphite monochromated Mo Kα radiation, λ = 0.71073 Å, CCD rotation
images, thick slices, ϕ andω scans to fill asymmetric unit). Analytical TLC was performed
on precoated silica gel plates (Macherey-Nagel, Düren, Germany) with 0.2 mm film thick-
ness. Spots were visualized by UV light and by spraying with EtOH/H2SO4 (95:5 v/v),
followed by heating for 5 min at 110 ◦C. Column chromatography was performed on silica
gel (0.063–0.2 mm) (Macherey-Nagel). Reagent-grade commercially available reagents and
solvents were used.

3.2. Synthesis of 2a,b

A solution of 243 mg (0.5 mmol) of 1a [15] in 5.2 mL of acetonitrile, cooled to −40 ◦C,
was added to 240 µL (3 equiv.) of triethylsilane and 70 µL (1 equiv.) of BF3·Et2O. The
solution was stirred at −40 ◦C for 4 h, which was allowed to rise to r.t. while the mixture
was further stirred overnight. A saturated aqueous solution of K2CO3 was later added
(10 mL), and the mixture was kept under stirring for 10 min. The organic layer was
extracted with diethyl ether (3× 30 mL), washed with brine, dried over anhydrous Na2SO4,
and filtered. The solvent was removed under reduced pressure, and the residue was
chromatographed on flash silica gel (n-hexane/ether 1:1 v/v), affording the C-nucleoside
β-2a [24] with 35% yield.

β-2a: oil; 1H-NMR; δ = 3.61 (m, 2 H, H-5′A and H-5′B), 4.05 (dd, J = 4.9 Hz, 1 H, H-3′),
4.18 (dd, J = 6.5, 4.9 Hz, 1 H, H-2′), 4.30 (m, 1 H, H-4′), 4.50–4.66 (m, 6 H, CH2 of Bn), 5.04
(d, J = 6.5 Hz, 1 H, H-1′), 6.34 (bs, 2 H, H-3 and H-4), 7.23–7.33 (m, 15 H, 3× Ph), 7.34 (bs, 1
H, H-5); 13C-NMR; δ = 70.3 (t), 72.1 (2× t), 73.4 (t), 76.5 (d), 77.7 (d), 79.9 (d), 81.5 (d), 108.9
(d), 110.3 (d), 127.5 (d), 127.6 (d), 127.7 (d), 127.8 (d), 128.0 (d), 128.3 (d), 137.7 (s), 138.0 (s),
138.2 (s), 142.5 (d), 152.2 (s).

The synthesis of 2b was performed as reported above for 2a, starting from 1b [15].
The flash silica gel (n-hexane/ether 1:1 v/v) afforded the novel C-nucleoside β-2b with
30% yield.

β-2b: mp 49–51 ◦C; 1H-NMR; δ = 3.56 (dd, J = 10.4, 4.4 Hz, 1 H, H-5′A), 3.59 (dd,
J = 10.4, 4.4 Hz, 1 H, H-5′B), 3.84 (dd, J = 6.6, 4.9 Hz, 1 H, H-2′), 3.99 (dd, J = 4.9, 3.8 Hz, 1 H,
H-3′), 4.28 (m, 1 H, H-4′), 4.48–4.62 (m, 6 H, CH2 of Bn), 4.97 (d, J = 6.6 Hz, 1 H, H-1′), 6.31
(bs, 1 H, H-4), 7.22–7.33 (m, 15 H, 3× Ph), 7.35 (bs, 1 H, H-5), 7.40 (s, 1 H, H-2); 13C-NMR;
δ = 70.4 (t), 71.9 (t), 72.2 (t), 73.4 (t), 75.7 (d), 77.5 (d), 81.6 (d), 82.2 (d), 108.5 (d), 124.4 (s),
127.6 (d), 127.7 (d), 127.8 (d), 128.0 (d), 128.3 (d), 137.7 (s), 137.9 (s), 138.1 (s), 140.2 (d), 143.2
(d). HRMS (ESI-TOF) calcd. for C30H31O5 [M + H]+ 471.2171, found 471.2168. Anal. Calcd.
for C30H30O5: C, 76.57; H, 6.43. Found: C, 76.45; H, 6.52.
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3.3. Synthesis of Pyridazines: General Procedure

A 0.02 M solution of 2 (0.25 mmol) in dry CH2Cl2 was irradiated at −20 ◦C with a
halogen lamp (650 W) in the presence of methylene blue (MB, 1 × 10−3 mmol), while dry
oxygen was bubbled through the solution. The progress of each reaction was checked by
periodically monitoring (TLC, or 1H-NMR) the disappearance of 2. When the reaction was
complete (ca. 90 min), 1.2 equiv. of Et2S were added to the crude solution, which was kept
at −20 ◦C for 2 h. Thus, the solvent and the unreacted Et2S were removed under reduced
pressure, and 1 mL of a hydrazine solution in THF (2 M) was added (1.2 equiv. for 5d).
The resulting mixture was kept under stirring at r.t. for 1 h. Subsequently, the solvent and
the excess hydrazine were removed under reduced pressure to afford the crude product 5.
Silica gel chromatography (n-hexane/ether) afforded the pure pyridazine derivatives 5.

3-(2′,3′,5′-tri-O-Benzyl-β-D-ribofuranosyl)pyridazine (5a), (68% yield, from 2a); oil; 1H-
NMR (CDCl3); δ = 3.66 (dd, J = 10.4, 3.3 Hz, 1 H, H-5′A), 3.88 (dd, J = 10.4, 2.5 Hz, 1 H,
H-5′B), 3.97 (dd, J = 7.7, 4.9 Hz, 1 H, H-3′), 4.31 (dd, J =4.9, 2.7 Hz, 1 H, H-2′), 4.36 (d,
J = 12.0 Hz, 1 H, CH of Bn), 4.44 (m, 1 H, H-4′), 4.50 (d, J = 11.5 Hz, 1 H, CH of Bn), 4.56
(d, J = 12.0 Hz, 1 H, CH of Bn), 4.57 (d, J = 11.5 Hz, 1 H, CH of Bn), 4.74 (d, J = 12.0 Hz, 1
H, CH of Bn), 4.86 (d, J = 12.0 Hz, 1 H, CH of Bn), 5.48 (d, J = 2.7 Hz, 1 H, H-1′) 7.20 (dd,
J = 8.8, 4.9 Hz, 1 H, H-5), 7.22–7.40 (m, 15 H, 3× Ph), 7.80 (dd, J = 8.8, 1.6 Hz, 1 H, H-4), 9.03
(dd, J = 4.9, 1.6 Hz, 1 H, H-6); 13C-NMR; δ = 69.1 (t), 71.7 (t), 72.1 (t), 73.4 (t), 76.3 (d), 80.9
(d), 81.5 (d), 83.3 (d), 124.9 (d), 126.6 (d), 127.7 (d), 127.8 (d), 128.2 (d), 128.3 (d), 137.7 (s),
138.0 (s), 150.4 (d), 162.8 (s). HRMS (ESI-TOF) calcd. for C30H31N2O4 [M + H]+ 483.2284,
found 483.2280. Anal. Calcd. for C30H30N2O4: C, 74.67; H, 6.27; N 5.81. Found: C, 74.56; H,
6.35; N 5.72.

4-(2′,3′,5′-tri-O-Benzyl-β-D-ribofuranosyl)pyridazine (5b), (72% yield, from 2b); oil; 1H-
NMR (CDCl3); δ = 3.57 (dd, J = 10.4, 3.3 Hz, 1 H, H-5′A), 3.65 (dd, J = 10.4, 3.8 Hz, 1 H,
H-5′B), 3.77 (dd, J = 7.7, 4.9 Hz, 1 H, H-2′), 4.02 (dd, J = 4.9, 2.7 Hz, 1 H, H-3′), 4.38 (m, 2H,
H-4′ and CH of Bn), 4.51 (d, J = 12.0 Hz, 1 H, CH of Bn), 4.56 (d, J = 12.0 Hz, 1 H, CH of Bn),
4.57(d, J = 12.0 Hz, 1 H, CH of Bn), 4.60 (s, 2 H, CH2 of Bn), 4.98 (d, J = 7.7 Hz, 1 H, H-1′),
7.17–7.35 (m, 15 H, 3 x Ph), 7.47 (bd, J = 5.5 Hz 1 H, H-5), 9.00 (d, J = 5.5 Hz, 1 H, H-6), 9.16
(bs, 1 H, H-3); 13C-NMR; δ = 70.1 (t), 72.0 (t), 72.7 (t), 73.6 (t), 77.1 (d), 78.6 (d), 82.7 (d), 83.4
(d), 123.3 (d), 127.7 (d), 127.9 (d), 128.0 (d), 128.1 (d), 128.5 (d), 136.9 (s), 137.4 (s), 137.6 (s),
140.3 (s), 149.7 (d), 151.0 (d). HRMS (ESI-TOF) calcd. for C30H31N2O4 [M + H]+ 483.2284,
found 483.2281. Anal. Calcd. for C30H30N2O4: C, 74.67; H, 6.27; N 5.81. Found: C, 74.53; H,
6.37; N 5.69.

6-(α-D-Ribofuranosyl)pyridazine-3-carbohydrazide (5c), (80% yield, from 2c); m.p. 215–
217 ◦C; 1H-NMR (DMSO); δ = 3.49 (m, 1 H, H-5′A), 3.66 (m, 1 H, H-5′B), 3.98 (m, 1 H, H-4′),
4.19 (m, 2 H, H-3′ and H-2′), 4.77 (t, J = 4.8 Hz, 1 H, OH), 4.93 (d, J = 4.4 Hz, 1 H, OH), 5.00
(d, J = 6.6 Hz, 1 H, OH), 5.33 (d, J = 3.4 Hz, 1 H, H-1′), 7.80 (d, J = 8.6 Hz, 1 H, H-5), 8.11
(d, J = 8.6 Hz, 1 H, H-4); 13C-NMR (DMSO); δ = 61.9 (t), 72.9 (d), 73.9 (d), 82.3 (d), 83.5 (d),
125.3 (d), 128.1 (d), 152.6 (s), 162.0 (s), 164.2 (s). HRMS (ESI-TOF) calcd. for C10H15N4O5 [M
+ H]+ 271.1042, found 271.1040. Anal. Calcd. for C10H14N4O5: C, 44.44; H, 5.22; N 20.73.
Found: C, 44.33; H, 5.30; N 20.69.

3-(2′,3′,5′-tri-O-Acetyl-α-D-ribofuranosyl)-6-(methoxycarbonyl)pyridazine (5d), (75% yield,
from 1c); m.p. 124–126 ◦C; 1H-NMR (CDCl3); δ = 1.81 (s, 3 H, CH3CO), 2.02 (s, 3 H,
CH3CO), 2.14 (s, 3 H, CH3CO), 4.09 (s, 3 H, OCH3), 4.23 (dd, J = 11.7, 3.9 Hz, 1 H, H-5′A),
4.49 (m, 2 H, H-5′B and H-4′), 5.56 (dd, J = 7.4, 4.0 Hz, 1 H, H-3′), 5.78 (d, J = 4.0 Hz, 1 H,
H-1′), 5.94 (dd, J = 4.0 Hz, 1 H, H-2′), 7.89 (d, J = 7.4 Hz, 1 H, H-5), 8.22 (d, J = 7.4 Hz, 1 H,
H-4); 13C-NMR (CDCl3); δ = 17.0 (q), 20.4 (q), 20.8 (q), 53.4 (q), 63.3 (t), 72.2 (d), 73.4 (d),
78.4 (d), 80.4 (d), 125.8 (d), 127.5 (d), 150.9 (s), 162.0 (s), 164.6 (s), 168.8 (s), 169.5 (s), 170.6 (s).
HRMS (ESI-TOF) calcd. for C17H21N2O9 [M + H]+ 397.1247, found 397.1244. Anal. Calcd.
for C17H20N2O9: C, 51.52; H, 5.09; N, 7.07. Found: C, 52.33; H, 5.20; N 7.18.
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3.4. Aromatization of 5d

Crystals of 5d (25 mg) were kept without solvent at r.t. for one week. A 1H-NMR
spectrum was then recorded, which showed the presence of the furan 6d and traces of
acetic acid. TLC chromatography (n-hexane/ether 6:4 v/v) afforded the furan 6d as solid
in 85% yield.

m.p. 169–170 ◦C; 1H-NMR (CDCl3); δ = 2.12 (s, 3 H, CH3CO), 4.08 (s, 3 H, OCH3),
5.16 (s, 2 H, CH2), 6.64 (d, J = 3.5 Hz, 1 H, H-4′), 7.49 (d, J = 3.5 Hz, 1 H, H-3′), 7.95 (d,
J = 8.7 Hz, 1 H, H-5), 8.19 (d, J = 8.7 Hz, 1 H, H-4); 13C-NMR (CDCl3); δ = 20.8 (q), 53.2
(q), 57.9 (t), 113.6 (d), 113.7 (d), 121.6 (d), 127.9 (d), 149.4 (s), 150.7 (s), 152.7 (s), 153.1 (s),
164.5 (s), 170.4 (s). HRMS (ESI-TOF) calcd. for C13H13N2O5 [M + H]+ 277.0824, found
277.0822. Anal. Calcd. for C13H12N2O5: C, 56.52; H, 4.38; N, 10.14. Found: C, 56.38; H, 4.45;
N 10.09.

3.5. X-ray Crystallography of 5d

X-ray analysis was performed on single crystals of 5d obtained as colorless blocks by
slow evaporation of a DCM/hexane solution at room temperature. One selected crystal was
mounted at ambient temperature on a Bruker-Nonius KappaCCD diffractometer (graphite
monochromated Mo Kα radiation, λ = 0.71073 Å, CCD rotation images, thick slices, ϕ and
ω scans to fill asymmetric unit). Semiempirical absorption corrections (SADABS [29]) were
applied. The structure was solved by direct methods (SIR97 program [30]) and anisotrop-
ically refined by the full matrix least-squares method on F2 against all independently
measured reflections using SHELXL-2018/3 To SHELXL (version 2018/3) [31] and WinGX
software (version 2014.1) [32]. All of the hydrogen atoms were introduced in calculated
positions and refined according to a riding model with C–H distances in the range of
0.93–0.98 Å and with Uiso (H) equal to 1.2 Ueq or 1.5 Ueq (Cmethyl) of the carrier atom.
Compound 5d crystallizes in P 21 21 21 space group with two independent molecules in
the asymmetric unit (see Figure S31 of Supporting Information). The two molecules are
very similar to each to the other; in molecule A, one acetyl group is split into two positions
with refined occupancy factors of 0.61 and 0.39. Some restraints were introduced in the
last stage of refinement to regularize the geometry. In the absence of strong anomalous
scatterer atoms, the Flack parameter is meaningless, so it was not possible to assign the
absolute configuration by anomalous dispersion effects with diffraction measurements on
the crystal. The absolute configuration has been assigned by reference to unchanging chiral
centers in the synthetic procedure. A rather high residual electronic density (0.472 eA−3)
is explained by residual thermal disorder of some acetyl groups at ambient temperature.
Unfortunately, it was not possible to re-collect data at low temperatures. Crystal data and
structure refinement details are reported in Table S1 of SI. Figures were generated using
program Ortep-3 [32]. CCDC-1493362.

4. Conclusions

In summary, we highlight that novel pyridazine C-nucleosides can be easily obtained
starting with protected ribofuranosyl furans. Appropriate mild conditions to preserve the Z-
configuration of the intermediate 1,4-dicarbonyl compound, necessary for the final step that
involves the reaction with hydrazine. It is noteworthy that the use of 2a and 2b provides the
corresponding 3- and 4-(ribofuranosyl)pyridazines 5a and 5b, respectively, which would
be hard to synthesize through direct coupling reactions with complete regioselectivity.
Moreover, the use of an acetylated sugar provides a direct route to deprotected pyridazine-
C-nucleosides. The three-step one-pot procedure is completely stereoselective and gives
the product 5 the same anomeric configuration as the starting sugar furans.

The ease of methodology, together with the good yields of pyridazine-C-nucleosides 5,
foresee novel applications in the field of C-nucleosides synthesis since pyridazinesare useful
intermediates for constructing heterocycle derivatives [33]. These systems are considered
by GlaxoSmithKline as one of the “most developable” heteroaromatic rings [34] and are
proposed as privileged structures for drug design [35,36]. Moreover, a broad array of
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significant biological activities has been evidenced in several compounds with pyridazine
rings [37–39].

Supplementary Materials: The following are available online. 1H- and 13C-NMR, COSY and NOESY
spectra for all new compounds. X-ray crystallographic data for 5d. Supplementary data associated
with this article can be found in the online version, at CCDC-1493362, which contains the supple-
mentary crystallographic data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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2. Stambaský, J.; Hocek, M.; Kočovský, P. C-Nucleosides: Synthetic Strategies and Biological Applications. Chem. Rev. 2009, 109,

6729–6764. [CrossRef] [PubMed]
3. Cohn, W.E. Pseudouridine, a carbon-carbon linked ribonucleoside in ribonucleic acids: Isolation, structure, and chemical

characteristics. J. Biol. Chem. 1960, 235, 1488–1498. [CrossRef]
4. Nishimura, H.; Mayama, M.; Komatsu, Y.; Kato, H.; Shimaoka, N.; Tanaka, Y. Showdomycin, a New Antibiotic from a Streptomyces

sp. J. Antibiot. 1964, 17, 148–155. [CrossRef]
5. Sasaki, K.; Kusakabe, Y.; Esumi, S. The structure of minimycin, a novel carbon-linked nucleoside antibiotic related to β-

pseudouridine. J. Antibiot. 1972, 25, 151–154. [CrossRef]
6. Li, Q.; Lescrinier, E.; Groaz, E.; Persoons, L.; Daelemans, D.; Herdewijn, P.; De Jonghe, S. Synthesis and Biological Evaluation of

Pyrrolo[2,1-f][1,2,4]triazine C-Nucleosides with a Ribose, 2′-Deoxyribose, and 2′,3′-Dideoxyribose Sugar Moiety. ChemMedChem
2018, 13, 97–104. [CrossRef]

7. Sabat, N.; Migianu-Griffoni, E.; Tudela, T.; Lecouvey, M.; Kellouche, S.; Carreiras, F.; Gallier, F.; Uziel, J.; Lubin-Germain, N.
Synthesis and antitumor activities investigation of a C-nucleoside analogue of ribavirin. Eur. J. Med. Chem. 2020, 188. [CrossRef]

8. Sun, J.; Kang, Y.; Gao, L.; Lu, X.; Ju, H.; Li, X.; Chen, H. Synthesis of tricyclic quinazolinone-iminosugars as potential glycosidase
inhibitors via a Mitsunobu reaction. Carbohydr. Res. 2019, 478, 10–17. [CrossRef] [PubMed]

9. Li, Q.; Groaz, E.; Persoons, L.; Daelemans, D.; Herdewijn, P. Synthesis and Antitumor Activity of C-7-Alkynylated and Arylated
Pyrrolotriazine C-Ribonucleosides. ACS Med. Chem. Lett. 2020, 11, 1605–1610. [CrossRef]

10. Postema, M.H.D. C-Glycoside Synthesis; CRC Press: London, UK, 1995; ISBN 0-8493-9150-4.
11. Keay, B.A.; Hopkins, J.; Dibbie, P.W. Furans and their benzoderivatives. Applications. In Comprehensive Heterocyclic Chemistry III;

Katritzky, A.R., Ramsden, C., Scriven, E.F., Eds.; Elsevier: San Diego, CA, USA, 2008; Volume 3, pp. 571–621. ISBN 9780080449920.
12. Cermola, F.; Iesce, M.; Montella, S. The First Dye-sensitized Photooxygenation of 2-(C-glycosyl)furans. One-Pot Stereoselective

Approach to New Carbohydrate Derivatives. Lett. Org. Chem. 2004, 1, 271–275. [CrossRef]
13. Iesce, M.R.; Cermola, F. Photooxygenation, [2+2] and [4+2]. In CRC Handbook of Organic Photochemistry and Photobiology; Griesbeck,

A., Oelgemöller, M., Ghetti, F., Eds.; CRC Press: Boca Raton, FL, USA, 2012; pp. 727–764, ISBN 9780080449920.
14. Cermola, F.; Iesce, M.R. Dye-sensitized photooxygenation of sugar-furans as synthetic strategy for novel C-nucleosides and

functionalized exo-glycals. Tetrahedron 2006, 62, 10694–10699. [CrossRef]
15. Cermola, F.; Sferruzza, R.; Iesce, M.R. Spiroketals of monosaccharides by dye-sensitized photooxygenation of furyl ketoses.

Tetrahedron Lett. 2014, 55, 737–740. [CrossRef]
16. Cermola, F.; Iesce, M.R.; Buonerba, G. Dye-Sensitized Photooxygenation of Furanosyl Furans: Synthesis of a New Pyridazine

C-Nucleoside. J. Org. Chem. 2005, 70, 6503–6505. [CrossRef] [PubMed]

www.ccdc.cam.ac.uk/data_request/cif
http://doi.org/10.1021/cr9002165
http://www.ncbi.nlm.nih.gov/pubmed/19761208
http://doi.org/10.1016/S0021-9258(18)69432-3
http://doi.org/10.11554/antibioticsa.17.4_148
http://doi.org/10.7164/antibiotics.25.151
http://doi.org/10.1002/cmdc.201700657
http://doi.org/10.1016/j.ejmech.2019.112009
http://doi.org/10.1016/j.carres.2019.04.002
http://www.ncbi.nlm.nih.gov/pubmed/31039450
http://doi.org/10.1021/acsmedchemlett.0c00269
http://doi.org/10.2174/1570178043400839
http://doi.org/10.1016/j.tet.2006.07.109
http://doi.org/10.1016/j.tetlet.2013.12.009
http://doi.org/10.1021/jo0504159
http://www.ncbi.nlm.nih.gov/pubmed/16050717


Molecules 2021, 26, 2341 10 of 10

17. Astarita, A.; Cermola, F.; Rosaria Iesce, M.; Previtera, L. Dye-sensitized photooxygenation of sugar furans: Novel bis-epoxide and
spirocyclic C-nucleosides. Tetrahedron 2008, 64, 6744–6748. [CrossRef]

18. Maeba, I.; Iwata, K.; Usami, F.; Furukawa, H. C-Nucleosides. 1. Synthesis of 3-(β-D-Ribofuranosyl)pyridazines. J. Org. Chem.
1983, 48, 2998–3002. [CrossRef]

19. Elnagdi, M.H.; Al-Awadi, N.A.; Abdelhamid, I.A. Recent Developments in Pyridazine and Condensed Pyridazine Synthesis. In
Advances Heterocyclic Chemistry; Katritzky, A.R., Ed.; Elsevier: Oxford, UK, 2009; pp. 1–43, ISBN 9780080449920.

20. Bel Abed, H.; Mammoliti, O.; Bande, O.; Van Lommen, G.; Herdewijn, P. Strategy for the synthesis of pyridazine heterocycles and
their derivatives. J. Org. Chem. 2013, 78, 7845–7858. [CrossRef] [PubMed]

21. Gao, Q.; Zhu, Y.; Lian, M.; Liu, M.; Yuan, J.; Yin, G.; Wu, A. Unexpected C-C bond cleavage: A route to 3,6-diarylpyridazines and
6-arylpyridazin-3-ones from 1,3-dicarbonyl compounds and methyl ketones. J. Org. Chem. 2012, 77, 9865–9870. [CrossRef]

22. Guo, Y.Q.; Zhao, M.N.; Ren, Z.H.; Guan, Z.H. Copper-Promoted 6- endo-trig Cyclization of β,γ-Unsaturated Hydrazones for the
Synthesis of 1,6-Dihydropyridazines. Org. Lett. 2018, 20, 3337–3340. [CrossRef]

23. Czernecki, S.; Ville, G. Stereospecific C-Glycosides.7. Stereospecific C-Glycosylation of Aromatic and Heterocyclic Rings. J. Org.
Chem. 1989, 987, 610–612. [CrossRef]

24. Macdonald, S.J.F.; Huizinga, W.B.; McKenzie, T.C. Retention of configuration in the coupling of aluminated heterocycles with
glycopyranosyl fluorides. J. Org. Chem. 1988, 53, 3371–3373. [CrossRef]

25. Guo, J.; Ye, X.S. Protecting groups in carbohydrate chemistry: Influence on stereoselectivity of glycosylations. Molecules 2010, 15,
7235–7265. [CrossRef]

26. Spadafora, M.; Mehiri, M.; Burger, A.; Benhida, R. Friedel-Crafts and modified Vorbrüggen ribosylation. A short synthesis of aryl
and heteroaryl-C-nucleosides. Tetrahedron Lett. 2008, 49, 3967–3971. [CrossRef]

27. Chavelas-Hernández, L.; Valdéz-Camacho, J.R.; Hernández-Vázquez, L.G.; Dominguez-Mendoza, B.E.; Vasquez-Ríos, M.G.;
Escalante, J. A New Approach Using Aromatic-Solvent-Induced Shifts in NMR Spectroscopy to Analyze β-Lactams with Various
Substitution Patterns. Synlett 2020, 31, 158–164. [CrossRef]

28. Goodyear, M.D.; Hill, M.L.; West, J.P.; Whitehead, A.J. Practical enantioselective synthesis of lamivudine (3TCTM) via a dynamic
kinetic resolution. Tetrahedron Lett. 2005, 46, 8535–8538. [CrossRef]

29. Sheldrick, G.M. SADABS (Version 2.03). Program for Empirical Absorption Correction of Area Detector Data; University of Göttingen:
Göttingen, Germany, 1996.

30. Altomare, A.; Burla, M.C.; Camalli, M.; Cacarano, G.L.; Giacovazzo, C.; Guagliardi, A.; Moliterni, A.G.G.; Polidori, G.; Spagna, R.
SIR97: A new tool for crystal structure determination and refinement. J. Appl. Crystallogr. 1999, 32, 115–119. [CrossRef]

31. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C Struct. Chem. 2015, 71, 3–8. [CrossRef]
[PubMed]

32. Farrugia, L.J. WinGX and ORTEP for Windows: An update. J. Appl. Crystallogr. 2012, 45, 849–854. [CrossRef]
33. Bourguignon, J.J.; Oumouch, S.; Schmitt, M. Use of Polyfunctionalized Pyridazines as Reactive Species for Building Chemical

Diversity. Curr. Org. Chem. 2006, 10, 277–295. [CrossRef]
34. Ritchie, T.J.; MacDonald, S.J.F.; Peace, S.; Pickett, S.D.; Luscombe, C.N. The developability of heteroaromatic and heteroaliphatic

rings—Do some have a better pedigree as potential drug molecules than others? Medchemcomm 2012, 3, 1062–1069. [CrossRef]
35. Wermuth, C.G. Are pyridazines privileged structures? Medchemcomm 2011, 2, 935–941. [CrossRef]
36. Jaballah, M.Y.; Serya, R.T.; Abouzid, K. Pyridazine Based Scaffolds as Privileged Structures in anti-Cancer Therapy. Drug Res.

2017, 67, 138–148. [CrossRef]
37. Kilic, B.; Gulcan, H.O.; Aksakal, F.; Ercetin, T.; Oruklu, N.; Umit Bagriacik, E.; Dogruer, D.S. Design and synthesis of some new

carboxamide and propanamide derivatives bearing phenylpyridazine as a core ring and the investigation of their inhibitory
potential on in-vitro acetylcholinesterase and butyrylcholinesterase. Bioorg. Chem. 2018, 79, 235–249. [CrossRef] [PubMed]

38. Sabt, A.; Eldehna, W.M.; Al-Warhi, T.; Alotaibi, O.J.; Elaasser, M.M.; Suliman, H.; Abdel-Aziz, H.A. Discovery of 3,6-disubstituted
pyridazines as a novel class of anticancer agents targeting cyclin-dependent kinase 2: Synthesis, biological evaluation and in
silico insights. J. Enzyme Inhib. Med. Chem. 2020, 35, 1616–1630. [CrossRef] [PubMed]

39. Ahmed, E.M.; Hassan, M.S.A.; El-Malah, A.A.; Kassab, A.E. New pyridazine derivatives as selective COX-2 inhibitors and
potential anti-inflammatory agents; design, synthesis and biological evaluation. Bioorg. Chem. 2020, 95, 103497. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.tet.2008.05.002
http://doi.org/10.1021/jo00166a012
http://doi.org/10.1021/jo400989q
http://www.ncbi.nlm.nih.gov/pubmed/23947534
http://doi.org/10.1021/jo301751e
http://doi.org/10.1021/acs.orglett.8b01240
http://doi.org/10.1021/jo00264a020
http://doi.org/10.1021/jo00249a051
http://doi.org/10.3390/molecules15107235
http://doi.org/10.1016/j.tetlet.2008.04.105
http://doi.org/10.1055/s-0039-1691498
http://doi.org/10.1016/j.tetlet.2005.10.002
http://doi.org/10.1107/S0021889898007717
http://doi.org/10.1107/S2053229614024218
http://www.ncbi.nlm.nih.gov/pubmed/25567568
http://doi.org/10.1107/S0021889812029111
http://doi.org/10.1002/chin.200721242
http://doi.org/10.1039/c2md20111a
http://doi.org/10.1039/C1MD00074H
http://doi.org/10.1055/s-0042-119992
http://doi.org/10.1016/j.bioorg.2018.05.006
http://www.ncbi.nlm.nih.gov/pubmed/29775949
http://doi.org/10.1080/14756366.2020.1806259
http://www.ncbi.nlm.nih.gov/pubmed/32781872
http://doi.org/10.1016/j.bioorg.2019.103497
http://www.ncbi.nlm.nih.gov/pubmed/31838289

	Introduction 
	Results and Discussion 
	Materials and Methods 
	General Information 
	Synthesis of 2a,b 
	Synthesis of Pyridazines: General Procedure 
	Aromatization of 5d 
	X-ray Crystallography of 5d 

	Conclusions 
	References

