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Abstract: On the basis of the knowledge from traditional herbal and folk medicine, flavonoids
are among the most studied chemical classes of natural compounds for their potential activity
as phosphodiesterase 5 (PDE5) inhibitors. We here describe the preparation of a semi-synthetic
hydrazone derivative of quercetin, 2-(3,4-dihydroxyphenyl)-4-(2-(4-nitrophenyl)hydrazono)-4H-
chromene-3,5,7-triol, that was obtained via a single-step modification of the natural compound.
The product was characterized by NMR, mass spectrometry and HPLC. Preliminary molecular
modeling studies suggest that this compound could efficiently interact with PDE5.
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1. Introduction

Phosphodiesterase (PDE) inhibitors contrast the degradation of 3′,5′-cyclic adenosine
monophosphate (cAMP) and/or 3′,5′-cyclic guanosine monophosphate (cGMP), thus promoting
several downstream effects. The inhibitors of PDE5 isoform, in particular, interfere with cGMP
hydrolysis and induce smooth-muscle relaxation in specific tissues [1,2]. These compounds find
clinical applications in the treatment of erectile dysfunction and pulmonary hypertension, and they are
being studied as potential treatments against other diseases [3–5]. Repurposing of approved drugs is
becoming an attractive strategy for identifying new applications for compounds with proved safety [6],
and in this context PDE5 inhibitors are currently under investigation to contrast neurodegeneration [7,8],
depression [9], diabetes [10] and rare pathologies such as Duchenne muscular dystrophy [11].

The development of synthetic PDE5 inhibitors, such as sildenafil (Figure 1A) and its analogues,
has been paralleled by the exploration of the potential activity of natural compounds from traditional
and folk medicine [12–14]. Flavonoids, in particular, have been known as PDE inhibitors for decades [15].
Natural glycosylated flavonoids and aglycones [16–19], as well as semi-synthetic flavones [20] and
isoflavones [21–23], have been studied in silico, in vitro and in vivo for their inhibitory activity towards
PDE5 and other isoforms.

The single-step derivatization procedure to obtain 2-(3,4-dihydroxyphenyl)-4-(2-(4-nitrophenyl)
hydrazono)-4H-chromene-3,5,7-triol (1) from quercetin is here reported. This semi-synthetic compound
was characterized by NMR, mass spectrometry and HPLC. Its interaction pattern with PDE5 was
investigated in silico and compared to that of quercetin and sildenafil.
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2. Results and Discussion

2.1. Chemistry

Quercetin was previously reported to possess inhibitory activity on several PDE isoforms [24],
and the vasorelaxant effect of this natural flavonoid and of the corresponding metabolites was
demonstrated to be due to the interference with the cGMP pathway [25]. Chan et al. investigated the
effects of quercetin derivatives on PDE isoforms [26], and we previously explored the semi-synthetic
derivatization of flavonoids to enhance their interaction with PDE5 in silico and in vitro [21,22].

We here report the preparation of a hydrazone derivative, 2-(3,4-dihydroxyphenyl)-4-(2-(4-
nitrophenyl)hydrazono)-4H-chromene-3,5,7-triol (1), that was obtained via a single-step modification
procedure from quercetin (Figure 1B). Rollas et al. recently discussed the biochemical relevance, in
terms of reactivity and bioactivity aspects, of hydrazones [27]. Hydrazones are generally prepared
from carbonyl compounds by reaction with an opportune hydrazine in acidic conditions [28,29].
Hydrochloric, acetic or 3-chloroperbenzoic acid are usually adopted for the synthesis of hydrazones,
and the use of catalysts has been reported [30,31]. Compound 1 was synthesized by reacting quercetin
with an excess of 4-nitrophenylhydrazine in a 1:1 mixture of acetic acid and ethanol. Following this
procedure, the compound was isolated by filtration in a good yield (56%).
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Compound 1 was characterized by NMR, mass spectrometry and HPLC (see Figures S1–S4 in the
Supplementary material).

2.2. Molecular Modeling

The interaction of compound 1 with PDE5 was investigated in silico following a protocol reported
previously [22]. For comparison, sildenafil and quercetin were also docked to the same 3D model and
the predicted interaction patterns demonstrated a good co-localization of the ligands within the protein.
The calculated binding energy value was particularly encouraging for compound 1 (−10.3 kcal/mol),
exceeding that predicted for sildenafil (−9.7 kcal/mol) and quercetin (−9.5 kcal/mol) (Figure 2A).
More in detail, docking experiments showed that the three compounds bind to the same region of
the protein, consisting in the catalytic site (Figure 2B–D and Figures S5–S10 in the Supplementary
materials). Most importantly, according to the predicted models, compound 1, sildenafil and quercetin
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interact with the same group of residues in such a PDE5 domain. In particular, Ile778, Val782, Ala783,
Leu804, Ile813, Met816, Gln817 and Phe820, which were previously reported to be relevant interacting
residues for known PDE5 inhibitors [32], were highlighted within the < 5 Å region from the docked
ligands (Figure 2).
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Furthermore, the stability of the complex predicted for compound 1 and PDE5 was assessed
using molecular dynamics simulations [33]. The results show that the complex reached stability
after 8 ns, and it was retained during the remaining simulation time (see Figures S11–S12 in the
Supplementary materials)

3. Materials and Methods

3.1. Chemistry

3.1.1. General

Commercially available chemicals were purchased from Sigma–Aldrich (Saint Louis, MO, USA)
and used as received, unless otherwise stated. 1H and 13C{1H} NMR spectra were recorded on an
Avance III 400 MHz spectrometer (Bruker, Billerica, MA, USA). All spectra were recorded at room
temperature; the solvent for each spectrum is given in parentheses. Chemical shifts are reported in
ppm and are relative to tetramethylsilane (TMS) internally referenced to the residual solvent peak.
Datasets were edited with iNMR (Nucleomatica, Molfetta, Italy). The multiplicity of signals is reported
as a singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), broad (b) or a combination of any
of these. Mass spectra were recorded by direct infusion ESI on a Xevo G2-XS (Waters, Milford, MA,
USA). The purity profile (96%) was assayed by HPLC using a Pro-Star system (Varian, Palo Alto,
CA, USA) equipped with a 1706 UV–VIS detector (254 nm, Bio-rad, Hercules, CA, USA) and an C-18
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column (5 µm, 4.6 × 250 mm, Agilent Technologies, Santa Clara, CA, USA). An appropriate ratio
of water (A) and acetonitrile (B) was used as mobile phase with an overall flow rate of 1 mL/min;
the general methods for the analyses are reported here: 0 min (95% A–5% B), 5 min (95% A–5% B),
25 min (5% A–95% B), 35 min (5% A–95% B) and 40 min (95% A–5% B).

3.1.2. Synthesis of 2-(3,4-dihydroxyphenyl)-4-(2-(4-nitrophenyl)hydrazono)-4H-chromene-3,5,7-triol (1)

A round-bottom flask was charged with quercetin (50.0 mg, 0.17 mmol) and ethanol (5 mL).
A solution of 4-nitrophenylhydrazine (76.0 mg, 0.50 mmol) in acetic acid (5 mL) was added dropwise
to this mixture and the reaction was refluxed under stirring for 6 h. After cooling to room temperature,
the concentration of the solvent induced the formation of a precipitate. The solid, collected by filtration,
was triturated using diethyl ether and the resulting product was isolated as a brown solid (42.0 mg).
Yield: 56%, mp. 264–267 ◦C, HPLC r.t. 21.8 min. 1H-NMR (DMSO-d6, 400 MHz): δH, 12.48 (1H, bs,
OH), 9.96 (1H, bs, OH), 8.99 (1H, bs, OH), 8.05 (2H, d, J 8.1 Hz, Hr and Ht), 7.67 (1H, d, J 1.8 Hz, Ho),
7.52 (1H, dd, J 8.0 Hz, J 1.8 Hz, Hk), 6.89 (1H, d, J 8.0 Hz, Hl), 6.73 (2H, d, J 8.1 Hz, Hq and Hu), 6.37
(1H, s, Hf of Hh), 6.15 (1H, s, Hh or Hf). 13C {1H}-NMR (DMSO-d6, 100 MHz): δC 177.2, 176.3, 169.5,
164.3, 161.1, 159.2, 156.5, 155.4, 148.1, 147.2, 145.5, 138.4, 136.2, 126.3, 122.4, 120.4, 116.0, 115.5, 110.9.
ESI-MS found 438.454 (C21H16N3O8

+. [M + H]+), calc. 438.366.

3.2. Molecular Modeling

The structure of PDE5 was obtained from the RCSB Protein Data Bank (www.rcsb.org, PDB ID:
2H42). The target and ligands were prepared for the blind docking experiment which was performed
using Autodock Vina (Molecular Graphics Laboratory, Department of Integrative Structural and
Computational Biology, The Scripps Research Institute, La Jolla, CA, USA) [34]. Output data (energies,
interaction patterns) were analyzed and scored using a UCSF Chimera molecular viewer [35], which
was also used to produce the artworks. Molecular dynamics simulations were carried out using
PlayMolecule (Accelera, Middlesex, UK) starting from the output model of docking experiments.
A ligand was prepared by running a Parametrize function based on GAFF2 force field [36]. The complex
was prepared for the simulation using ProteinPrepare and SystemBuilder functions, setting pH = 7.4,
AMBER force field and default experiment parameters [37]. A simulation of 25 ns was carried out
using SimpleRun, with default settings [38].

4. Conclusions

In this short note, we reported the preparation of 2-(3,4-dihydroxyphenyl)-4-(2-(4-nitrophenyl)
hydrazono)-4H-chromene-3,5,7-triol (1), a semi-synthetic hydrazone derivative of quercetin that was
obtained via a single-step approach. Preliminary in silico studies suggest that this compound could
efficiently interact with the catalytic domain of PDE5 and that the effect on enzymatic inhibition of
quercetin derivatives bearing this or other hydrazone substituents should be evaluated in vitro.

Supplementary Materials: The following are available online, Figures S1 and S2: NMR spectra, Figure S3:
ESI-MS spectrum, Figure S4: HPLC profile, Figures S5–S10: docking studies, Figures S11 and S12: molecular
dynamics simulations.
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