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In drug discovery, it is extremely important to identify highly potent leads with desirable drug-like
profiles. Almost all the marketed phosphodiesterase 5 (PDE5) inhibitors such as sildenafil, vardenafil,
and tadalafil have poor selectivity over PDE6 or PDE11 and leading to several side effects. Herein, a
metabolites-based scaffold hopping strategy was performed to discover selective PDE5 inhibitors with
remarkable metabolic stability. The Eu(OTf);-catalyzed Mannich-type reaction followed by L-selectride
catalyzed reduction was used to prepare chiral 2,3,3a,4,5,6-hexahydro-1H-benzo[b]pyrido[2,3,4-de][1,6]
naphthyridines as novel PDE5 inhibitors with high enantioselectivity (>99% ee and >30:1 dr). Lead L9
exhibited a half maximal inhibitory concentration (ICso) of 1.03 nmol/L with higher selectivity (>898-fold)
over PDE6 or PDE11 than sildenafil and tadalafil, implying the potential relief from side effects. Especially,
the co-crystal binding pattern of L9 with PDE5 is revealed to be different from that of sildenafil, which
possibly explain the former’s high selectivity. And oral administration of L9-HCI (5.0 mg/kg) exhibited bet-
ter therapeutic effects than pirfenidone (150 mg/kg) in a bleomycin-induced idiopathic pulmonary fibrosis
(IPF) rat model, highlighting the potential of L9-HCI for the treatment of IPF.
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One of the biggest challenges in the drug discovery is to iden-
tify the high-quality hit or lead compounds. In general, early drug
discovery and development usually starts with accidental discov-
ery and natural product [1]. With the improvements in drug devel-
opment strategies the new drug screening methods have emerged
and always played an important role [2,3], such as structure-based
drug design (SBDD), fragment-based drug discovery (FBDD), high-
throughput screening, scaffold hopping, biocatalysis, structural bi-
ology, and artificial Intelligence techniques [4-6]. However, the fate
of a drug depends on each other administration in the body in-
volves absorption, distribution, metabolism, and excretion (ADME),
which is a complex biotransformation process [7,8]. Therefore,
the metabolization characteristics of the drug on pharmacokinet-
ics (PK), pharmacodynamics (PD), and safety should be carefully
considered.

There are generally accepted rules were effectively applied to
improving PK and PD properties, such as structural modification
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on or around the metabolic soft spots [9,10], metabolic switching
and deuterium replacement [11,12], prodrugs or active metabolites
as new drug candidates [4,13,14], minimizing toxicity potential
associated with bioactivation [13,14], and the machine learning
techniques improve the decision-making in drug discovery in
recent years [15,16], but the structure-metabolism relationships of
the drug is complex and still not completely understood [7]. There-
fore, new strategies for drug discovery still need to be discovered.

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive and
irreversible interstitial lung disease and effective therapy is lack-
ing that resulting in a median survival of only 2.5-3.5 years after
diagnosis [17-21]. However, effective therapy for IPF is still lack-
ing, and only two anti-fibrotic drugs (pirfenidone and nintedanib)
are available to delay the disease progression [22-25]. Sildenafil, a
phosphodiesterase 5 (PDE5) inhibitor, has already used in anti-IPF
study [26,27], but it has poor selectivity of 10-fold over PDE6 and
leading to several side effects [28,29]. Moreover, almost all of the
currently marketed PDE5 inhibitors (such as sildenafil, vardenafil,
and tadalafil) existing of these common side effects [28]. Silde-
nafil, vardenafil, and avanafil results in the visual side effects by
inhibiting PDE6 [28,30]. Tadalafil, on the other hand, is selective
versus PDE6, but potently inhibits PDE11 which result in the back
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Fig. 1. Metabolite analysis of the hit compound reveals that the “N-(3-chloro-4-
methoxybenzyl)” group was the metabolic soft spots.

and muscle pain [28]. Therefore, the discovery of novel selective
PDE5 inhibitors with improved safety profiles would be a welcome
contribution to drugs study.

Herein, we reported a metabolites-based scaffold hopping
strategy with the absolute binding free energy calculation for
the discovery of 2,3,3a,4,5,6-hexahydro-1H-benzo[b]pyrido|2,3,4-
de][1,6]naphthyridines as novel and highly selective PDE5 in-
hibitors with remarkable metabolic stability for the treatment of
IPE. In this study, the hit compound (1) with a 1,2,3,4-tetrahydro
benzo[b][1,6]naphthyridine scaffold and exhibited potent inhibitory
activity as well as excellent selectivity, whereas it was unsta-
ble in rat liver microsomes with the t;, of 3.2min [31]. And
the subsequent metabolic studies shows that the “N-(3-chloro-4-
methoxybenzyl)” group was the metabolic soft spots (Fig. 1 and
Table S1 in Supporting information).

In order to achieve the goal of discovering highly po-
tent and selective PDE5 inhibitors with reasonable drug-like
properties, a “2,3,3a,4,5,6-hexahydro-1H-benzo[b]pyrido[2,3,4-
de][1,6]naphthyridine” scaffold was designed to blocking
the metabolic sites of 1 via cyclizing the N-(3-chloro-4-
methoxybenzyl) motif to the 1,2,3,4-tetrahydrobenzo[b][1,6]
naphthyridines (Scheme 1A). Following the liver microsomal sta-
bility study show that the novel compound L1 have a dramatic
improvement on the metabolic stability with t;, of 139min. It
is worth mentioning that we have developed an innovative drug
design method, a Gaussian algorithm-enhanced free energy per-
turbation (GA-FEP) protocol [32-34], which has been used in this
study to discover highly potent PDE5 inhibitors (Scheme 1B). In
addition, their predicted binding patterns were further verified by
determining a cocrystal structure of the PDE5-inhibitor complex
(Scheme 1C), and the predicted binding free energies correlate
well with the experimental activity data (Scheme 1B).

However, these chiral 1,2,3,4-tetrahydrobenzo[b][1,6]napht-
hyridines has not been explored. In this study, we wish to
disclosure a concise and efficient method for the preparation
of chiral 2,3,3a,4,5,6-hexahydro-1H-benzo[b]pyrido[2,3,4-de][1,6]
naphthyridines as novel PDE5 inhibitors with high enantioselec-
tivity (>99% ee and >30:1 dr) and good yields which highlighted
the utility of a Eu(OTf);-catalyzed Mannich-type reaction for
constructing the key scaffolds (Scheme 2). Specifically, by use
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10-chloro-3,4-dihydrobenzo[b][1,6|naphthyridine-8-carbonitrile
(1) and ((1-(3-chloro-4-methoxyphenyl)vinyl)oxy)trimethylsilane
(2) as the starting materials and treated with Eu(OTf); or Sc(OTf)3
in dichloromethane to get the key compound 3. Then acetylation
of the amine 3 to afford the ketone 4. This intermediate is a
reactive electrophilic reagent that readily react with the chiral
tert-butanesulfinamide [35] resulting in afforded sulfonamides
(5) and make the separation of the diastereoisomers easier by
column chromatography, respectively. After separation of the
diastereomers, an L-selectride catalyzed highly enantioselective
reduction reaction [36] was conducted to afford the function-
alized chiral amines (6), respectively. Finally, an intramolecular
cyclization of the amines 6 giving the target compounds L1-4
with high enantioselectivities (>99% ee and >30:1 dr) and high
yields, respectively. Under optimized reaction conditions and for
the purpose of further explore the structure—activity relationships
around the novel scaffold, derivatives L5-10 were synthesized
(Scheme 3). The results of exploratory studies have demonstrated
that the Eu(OTf);-catalyzed Mannich-type reaction followed by
L-selectride catalyzed reduction serves as an effective method
for the preparation of useful chiral 2,3,3a,4,5,6-hexahydro-1H-
benzo[b]pyrido[2,3,4-de][1,6] naphthyridines.

As a result, ten 2,3,3a,4,5,6-hexahydro-1H-benzo[b]pyrido[2,3,4-
de][1,6]naphthyridines were successfully synthesized with ex-
cellent enantioselectivity (>99% ee and >30:1 dr) and potent in-
hibitory activities against PDE5 (Table 1). It is worth mention-
ing that the hit compound has a half maximal inhibitory con-
centration (ICsg) of 0.68 nmol/L under identical assay conditions,
and sildenafil was used as the positive control compound. The re-
sults showed that compound L1 based on scaffold hopping has the
equivalent inhibitory potency as the hit compound. However, other
configurations of L1 exhibited the decreased inhibitory activities,
especially for the compounds with an 2S-configuration (L3 and L4).
Further investigation revealed that the -CN group may be replaced
with a -Br or -Cl group (L1, L8, and L9), while the -Br group exhib-
ited the better inhibitory activities. However, other modifications,
such as replacement of a 3-chloro-4-methoxyphenyl group with a
benzo[d][1,3]dioxol-5-ylmethyl group (L6) or a phenyl group (L10)
exhibited weaker PDE5 inhibitory activities than compound L9. Fi-
nally, L9 exhibited highly potent inhibitory activity against PDE5
with the IC5¢ of 1.03 +0.03 nmol/L was selected as the potent in-
hibitor for subsequent study.

Given the highly potent activities of compound L9, we mea-
sured the selectivity index (SI) across phosphodiesterase (PDE)
subtypes. Under identical assay conditions, L9 have a SI of
898-fold against PDE6, and the SI values against PDE1, PDE2,
PDE3, PDE4, PDE7, PDE8, PDE9, PDE10, PDE11 were uniformly
greater than 1000-fold (Table 2). These results suggest that L9
exhibited at least 898-fold selectivity over other PDE families
(Table 2). It is worth mentioned is sildenafil only has a SI of
8~10-fold against PDE6 [28,37-41], while tadalafil only has a
SI of 5~9-fold against PDE11 (Table 2) [28,37]. Therefore, the
study discovered 2,3,3a,4,5,6-hexahydro-1H-benzo[b]pyrido[2,3,4-
de][1,6]naphthyridines as novel PDE5 inhibitors with higher se-
lectivity over other PDE families, especially for PDE6 and PDET11,
which is of great significance in the potential relief of several side
effects.

The co-crystals further revealed that 2,3,3a,4,5,6-hexahydro-1H-
benzo[b]pyrido[2,3,4-de][1,6]naphthyridines had a specific binding
pattern. In this study, the cocrystal structures of PDE5 with L1
and L9 were successfully determined (PDB ID: 9LSL and 9LSM),
respectively. As shown in Fig. 2, the structures indicated that L1
(Fig. 2A) and L9 (Fig. 2B) occupies the active pocket with a unique
binding pattern. Specifically, each of the NH group formed H-
bond with residue GIn817 and the tetracyclic ring formed m—m
stacking interaction with residue Phe820, which are two charac-
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Scheme 1. Schematic diagram for the metabolites-based scaffold hopping strategy combined with the absolute binding free energy calculation for the discovery of novel
selective PDE5 inhibitors, and cocrystal structure of PDE5-L1 revealed that the novel scaffold has a suitable binding pattern.
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Scheme 2. Synthetic pathway for the production of 2,3,3a,4,5,6-hexahydro-1H-benzo[b]pyrido[2,3,4-de][1,6]naphthyridines as novel and highly selective PDE5 inhibitors.
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Table 1
2,3,3a,4,5,6-Hexahydro-1H-benzo[b]pyrido[2,3,4-de][1,6Jnaphthyridines with high enantioselectivity and remarkable inhibitory activities against PDE5.?
Compound Ry R, Stereochemistry ee (%) dr? PDES5, ICso (nmol/L)
Hit - - - - - 0.68
Sildenafil? - - - - - 5.0
\
L1 -CN 0@% 2R, 3aS 100 >30:1 1.72+0.34
Cl
\
L2 -CN o % 2R, 3aR 99.3 >30:1 7.84+0.98
Cl
\
L3 -CN o % 2S, 3aS 100 >30:1 291+16
cl
\
L4 N o 2 25, 3aR 100 ~30:1 320427
cl
L5 -Cl O/QE 2R, 3aS 100 >30:1 16.1+1.1
kO
L6 -Br O/QE’ 2R, 3aS 99.2 >30:1 199+15
Lo
L7 -CF; o@%’ 2R, 3a8 100 ~30:1 276426
ko
\
L8 -Cl o § 2R, 3aS 100 >30:1 16.4+0.8
cl
\
L9 Br 0@%’ 2R, 3a$ 100 >30:1 1.03+0.03
cl
L10 -Br @g 2R, 3aS 100 >30:1 47.2+6.2

2 Determined by chiral HPLC analysis (Opti-Chiral A1-5).
b Sildenafil, the reference compound.

Table 2

2,3,3a,4,5,6-Hexahydro-1H-benzo[b]pyrido[2,3,4-de][1,6Jnaphthyridines with high enantioselectivity and remarkable inhibitory activities against PDE5.?
PDE isozyme L9 Sildenafil® Tadalafil?

ICs5p (nmol/L) SI ICso (nmol/L) SI ICsp (nmol/L) SI

PDE5 1.03+0.03 - 4.31+£0.46 - 2.35+0.28 -
PDE1 >10,300 >10,000 819+89 190 >10,000 >4255
PDE2 >10,300 >10,000 >10,000 >2320 >10,000 >4255
PDE3 >10,300 >10,000 >10,000 >2320 >10,000 >4255
PDE4 >1030 >10,000 >10,000 >2320 >10,000 >4255
PDE6 924.5 898 36.4+1.8 8 402 +56 171
PDE7 >10,300 >10,000 >10,000 >2320 >10,000 >4255
PDES, >10,300 >10,000 >10,000 >2320 >10,000 >4255
PDE9 >10,300 >10,000 >10,000 >2320 >10,000 >4255
PDE10 >10,300 >10,000 >10,000 >2320 >10,000 >4255
PDE11 >1030 >1000 493041140 1144 22.1+59 9

2 The PDE selectivity data of the reference drugs from Ref. [35].

Fig. 2. Cocrystal structures of the PDE5-L1 and PDE5-L9 complexes (PDB codes 9LSL and 9LSM): (A) surface model of L1 with PDE5; (B) surface model of L9 with PDE5; (C)
surface model of sildenafil with PDE5. The dotted lines refer to H-bonds (red) or w—m stacking interactions (yellow).
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teristic interactions of the reported PDE5 inhibitors (e.g., silde-
nafil, Fig. 3C). However, the -CN group of L1 or bromine of
L9 formed another H-bond with residue GIn775, and the 3-
chloro-4-methoxyphenyl group occupies the small pocket lined
by Phe786, Phe787, Leu804, and Met816. These interactions were
not observed in the binding pattern of PDES5/sildenafil (Fig. 3C),
interpreting that 2,3,3a,4,5,6-hexahydro-1H-benzo[b]pyrido|2,3,4-
de][1,6]naphthyridines exhibited higher selectivity.

Since compounds exhibited potent activities against PDE5 and
highly selectivity over other PDEs, its drug-like profile evaluations
were performed. We examined the metabolic stability of designed
compounds using a standard microsomal stability assay. The re-
sults indicate that L1 and L9 made a dramatic improvement on
the metabolic stability with the t;;, of 139 and 79min than the
hit 1 of 3.2 min, respectively. In this study, the inhibitory activities
of compound L9 against human hepatic CYP enzymes (Table S3 in
Supporting information) were tested. And the results shows that
L9 has an IC5q of 2.2 pmol/L against CYP1A2, and its ICsq values for
the other CYPs (CYP2C9, CYP2C19, CYP2D6, and CYP3A4) were uni-
formly >25 pmol/L, suggesting that L9 exhibited a very weak in-
hibitory effect on these CYP isoenzymes. Besides, compound L9 in-
hibited the human ether-a-go-go-related gene (hERG) with an ICsg
of 0.18 pmol/L using an automated patch clamp electrophysiology
measurement in CHO-hERG cells (Fig. S1 in Supporting informa-
tion). The results suggest that L9 have a moderate inhibitory effect
on hERG.

In terms of the reasonable druglike properties and higher se-
lectivity of L9, its pharmacokinetic profile assessment in Sprague
Dawley rats after oral administration (po) and intravenous admin-
istration (iv) of L9-HCl were performed. Note that all animal care
and experimental programs were in line with the “Guide of Labo-
ratory Animals” (National Institutes of Health Publication, revised
1996, No. 86-23, Bethesda, MD) and approved by the Institutional
Ethical Committee for Animal Research of Sun Yat-sen University
(No. SYSU-IACUC-2021-000184). As a result, compound L9-HCI ex-
hibited favorable pharmacokinetic properties, and its pharmacoki-
netic data are summarized in Table 3. After oral administration of a

5.0mg/kg dose of L9-HCI to rats, pharmacokinetic analysis revealed
it have a ty, of 3.79+0.41h, Cmax of 119+ 11.5ng/mL, area under
curve (AUC(o.)) of 1227 +161ng h mL-! and oral bioavailability of
472 %, indicating that it could give a reasonable blood exposure
(Table 3). On the basis of its pharmacokinetic profile, compound
L9-HCl was further subjected to pharmacodynamics studies in vivo.

The therapeutic results of L9-HCl as anti-IPF agents in vivo are
shown in Fig. 3, the pulmonary function parameters of rats in the
blcomycin (BLM)-induced model group, including enhanced pause
(penH), respiratory rate (n), peak expiratory flow (PEF), and mid-
expiratory flow (EFsq) remarkably increased compared with those
in the control group, indicating that the BLM-induced IPF model
was successfully established. After 28 consecutive days of oral ad-
ministration, compound L9-HCI had remarkable efficacy in improv-
ing the lung function of IPF rats in terms of those parameters
such as EFsg, PEF, and penH reverted to resemble those in the
control group (Figs. 3A-F). As a result, L9-HCI at an oral dose of
5.0mg/kg had better anti-IPF effect than the marketed drug pir-
fenidone (PFD) administered at an oral dose of 150 mg/kg. Usu-
ally, collagen deposition was one of key pathological features in
IPF, both L9-HCl and PFD almost completely inhibited collagen de-
position to a normal level in this study. The expression levels of
the fibronectin (FN), collagen I, and a-smooth muscle actin protein
(w-SMA) in the lung tissue, the marker proteins in IPF, were upreg-
ulated in the model group relative to those in the control group as
determined by Western blot (Figs. 3G-]). And L9-HCI and PFD sig-
nificantly decreased the levels of FN, collagen I, and «-SMA. Hema-
toxylin and eosin (H&E) staining showed disordered alveoli, rup-
tured alveolar walls, and apparent inflammatory cell infiltration in
the lung tissues of the model group (Fig. 3K). L9-HCI (5.0 mg/kg)
and PFD (150 mg/kg) could both effectively alleviate this structural
damage to the lungs with fewer fibrotic lesions. Besides, blue stain-
ing indicated that the expression of collagen deposition was greatly
increased with large areas of collagen deposition around the tra-
chea and cell hyperplasia in the model group (Fig. 3K). These re-
sults demonstrated that the PDE5 inhibitor L9-HCI ameliorated the
BLM induced pulmonary fibrosis.
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Table 3

Pharmacokinetic profile of L9-HCI in rats.
Route ti2 (h) tmax (h) Cmax (ng/mL) AUC(.) (ng h mL-1) AUC(.oo) (ng h mL~1) MRT.q (h)? F (%)
po (5.0 mg/kg) 3.79+0.41 4.67+231 119+115 1227 £161 1249 £170 6.54+0.34 47.2+0.01
iv (2.5 mg/kg) 4.56+0.34 0.083+0.00 363 +£56.5 1295+130 1323+138 4.67 +0.02

2 MRT: mean residence time.

In conclusion, one of the biggest challenges in the drug discov-
ery is to identify the highly potent hit or lead compounds with
remarkable safety and pharmacokinetic profiles. Until now, almost
all of the currently marketed PDE5 inhibitors (such as sildenafil,
vardenafil, and tadalafil) have poor selectivity over PDE6 or PDE11,
which leads to several side effects. In the study, a metabolites-
based scaffold hopping strategy with the absolute binding free
energy calculation was used to discover highly selective PDE5
inhibitors with remarkable metabolic stability from the starting
compound 1 with a poor ty, of 3.2 min. It is worth noting that the
Eu(OTf)3-catalyzed Mannich-type reaction followed by L-selectride
catalyzed reduction serves as an efficient method for preparation
of useful chiral 2,3,3a,4,5,6-hexahydro-1H-benzo[b]pyrido|2,3,4-
de][1,6]naphthyridines as novel PDE5 inhibitors with high enan-
tioselectivity (>99% ee and >30:1 dr) and high selectivity over
other PDE subtypes. Further investigation of the scope of the
cascade reaction and 10 derivatives of 2,3,3a,4,5,6-hexahydro-1H-
benzo[b]pyrido[2,3,4-de][1,6]naphthyridines were discovered, re-
sulting in 7 compounds with an ICsq values ranging from 1 nmol/L
to 100nmol/L and 3 compounds with the IC5y < 10nmol/L. The
most potent inhibitor L9 has an ICsq of 1.03 4 0.03 nmol/L with
high selectivity (>898-fold) over other PDEs and oral bioavailability
of 47.2%. And oral administration of L9-HCl (5.0 mg/kg) exhibited
better anti-pulmonary fibrotic effects than the reference compound
pirfenidone (150mg/kg) in a bleomycin-induced IPF rat model,
indicate that L9-HCl is a potential lead for the treatment of IPF.

In short, the strategies for improving both inhibitor selectivity
against other isoforms and metabolic stability discussed above may
be applicable for other drug discovery programs.
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