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ABSTRACT: To further explore the structure-activity relationship around the chromeno[2,3-c]pyrrol-9(2H)-one scaffold, 
nineteen derivatives as inhibitors against PDE5 were discovered. The most potent inhibitor 3 has an IC50 of 0.32 nM with 
remarkable selectivity and druglike profile. Oral administration of 3 (1.25 mg/kg) caused comparable therapeutic effects to 
sildenafil (10.0 mg/kg) against pulmonary arterial hypertension. Further, different binding patterns from sildenafil were 
revealed in co-crystal structures, which provide structural templates for discovery of highly potent PDE5 inhibitors. 

INTRODUCTION 
Pulmonary arterial hypertension (PAH) is a severely pro-
gressive and debilitating chronic illness that induces high 
pressure in the pulmonary arteries, leading to right-heart 
failure and eventual death.1,2 Recently, significant advanc-
es in PAH pathology have been achieved for the develop-
ment of several effective therapeutic targets in this dis-
ease and three signal pathways have been validated for its 
pathogenesis and progression (endothelin pathway, pros-
tacyclin pathway, and NO/cGMP pathway).3-5 In general, 
the inhibition of phosphodiesterase-5 (PDE5) via the 
NO/cGMP signal pathway6,7, would lead to pulmonary 
vasodilation and smooth muscle cell growth inhibition5,8. 
Currently, two famous PDE5 inhibitors such as sildenafil 
and tadalafil were clinically used as anti-PAH agents.3,5,9,10 

Compared with other anti-PAH drugs, PDE5 inhibitors 
have relatively few adverse effects and are safe for patients 
who are with mild to moderate renal or hepatic dysfunc-
tion.11,12 

Recently, we reported several chromeno[2,3-c]pyrrol-
9(2H)-one analogues as potent inhibitors against PDE5. 
13,14 Among them, compound 1 (Figure 1) exhibits an inhib-
itory affinity (IC50) of 5.6 nM and could be used as a lead 
against PAH. To further explore the structure-activity 
relationships around the scaffold and enrich their mo-
lecular diversity, compound 2 was identified as a potent 
intermediate inhibitor towards PDE5. Subsequently, the 
co-crystal structure of PDE5 with bound 11b showed 11b 
occupies the active pocket with a different binding mode 
from sildenafil. Based on the binding mode of the PDE5-

11b complex, we further designed and synthesized five 
compounds as potent inhibitors. As a result, compound 3 
exhibits a highly potent affinity of 0.32 nM with remarka-
ble pharmacodynamic effects and druglike profile (meta-
bolic stability, inhibition of hERG potassium channels, 
cytochrome P450 inhibition, plasma protein binding, and 
pharmacological safety), indicating that 3 could be used 
as a promising treatment or chemical probe against PAH. 
 
RESULTS AND DISCUSSION 
Chemistry. As shown in Scheme 1-3, we developed an 
efficient route to obtain derivatives 2-3, 11a-m, 16, and 
17a-c. Herein, we use compound 4 as the starting material 
(Scheme 1), and it was treated with diodomethane and 
K2CO3 in acetonitril to acquire the intermediate 5, fol-
lowed by treatment with NaOH to afford the acid 6.15,16 
The Boc group of compound 6 was deprotected by TFA in 
dichloromethane to generate the amino acid 7.17 Then, the 
Fmoc group was introduced with FmocCl and aqueous 
Na2CO3 in dioxane to yield the N-Fmoc amino acid (8).14,18 
Compounds 10a-10n were synthesized by the reaction of 
ethyl thiazole-2-carboxylate (9) and 2’-
hydroxyacetophenones in toluene with the base of sodi-
um hydride. Then, compounds 2 and 11a-m were synthe-
sized as previously reported steps.13,14,19 Compounds 3, 16, 
and 17a-c were synthesized through the route outlined in 
Scheme 3. Additionally, 3-Fluoro-5-bromophenol (12) was 
acetylated with acetyl chloride and followed by Friedel-
Crafts acetylation to afford 1-(4-bromo-2-fluoro-6-
hydroxyphenyl)ethenone (14).20 
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Figure 1. Structural optimization of compound 1 resulted in novel and highly potent PDE5 inhibitors with improved 
pharmacodynamic profile. 
 

Then, the same procedures as Scheme 2 were used to 
yield compound 16, which was coupled with amines to 
afford 3, and 17a-c via Buchwald-Hartwig cross coupling 
reaction, respectively. Experimental and analytical infor-
mation for 2-3, 11a-m, 16, and 17a-c are provided in the 
Supporting Information. 

PAINS screening of the newly designed nineteen de-
rivatives was carried out via an online program “PAINS 
Remover” (http://www.cbligand.org /PAINS)21 in order to 
prevent false positive results, and all the derivatives 
passed this screening. 
 
Structure−Activity Relationships (SARs). 

We previously reported several chromeno[2,3-
c]pyrrol-9(2H)-one inhibitors towards PDE5 as anti-PAH 
agents, and lead 1 has an IC50 of 5.6 nM.13,14 Herein, to 
further explore and enrich the structure-activity relation-
ships around the scaffold, nineteen derivatives were syn-
thesized. Their inhibitory activities against PDE5 are 
showed in Table 1 and all the derivatives show considera-
ble inhibitory potencies (less than 10 nM). Specifically, 
compounds 2 and 11a-11b have a different substitution at 
the 6-position, in which the introduction of OH/F groups 
(2 and 11b, IC50 = 1.05 nM and 1.41 nM, respectively) at the 
6-position resulted in tighter binding than that with 
methoxyl group (11a). Comparing compounds 11b, 11d, 
and 11j with fluorine substitutions at the 6-position, 5-
position, and 4-position, respectively, 11b shows the best 
IC50 of 1.41 nM, which indicates that fluorine atoms in the 
6-position possibly favor the binding mode of chemicals 
with PDE5. Comparing compounds 11m, 11e, and 11k with 
chlorine substitutions at the 3-position, 4-position, and 5-
position, respectively, 11e shows the worst IC50 of 9.63 nM, 
which indicates that halogen atoms in the 5-position pos-
sibly disfavor the binding mode of chemicals with PDE5. 
A similar trend is observed for 11f and 11l or 11d and 11j. 
Thus, compounds2 and 11b were identified as potent in-
termediate inhibitors for subsequent study. 

 

Scheme 1. Synthesis of (S)-2-(Fmoc-amino)-3-
(benzo[d][1,3]dioxol-5-yl)propanoic acid. a  

 
aReagents and conditions: (a) diodomethane, K2CO3, ace-
tonitril, ref. 16h; (b) 1N NaOH, MeOH, rt, 4 h; (c) TFA, 
DCM, rt, 1 h; (d) 9-Fluorenylmethyl chloroformate, diox-
ane, H2O, 0°C, 1 h, rt, 1 h. 

 

Scheme 2. Synthesis of compounds 2 and 11a-m. a 

 

aReagents and conditions: (a) NaH, toluene, 0°C to 60°C, 2 
h; (b) 8, DMAP, DCC,  pyridine, rt, 3 h, 50°C, 6 h. 

 

Scheme 3. Synthesis of compounds 3 and 17a-c. a 

 

aReagents and conditions: (a) Ac2O, NaOAc, 110°C, 2 h; (b) 
AlCl3, 140°C, 3 h; (c) 9, NaH, toluene, 0°C to 60°C, 2 h; (d) 
8, DMAP, DCC, pyridine, rt, 3 h, 50°C, 6 h; (e) RNH2, 
Pd(dppf)2Cl2, BINAP, t-BuONa, DMSO, 100°C, 24 h. 
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Table 1. Structure−Activity Relationships of Com-
pounds 2 and 11a-ma 

 

Compound R IC50 (nM) 

2 6-OH 1.05±0.31 

11a 6-OMe 4.38±0.32 

11b 6-F 1.41±0.30 

11c 5-Cl-6-OMe 6.82±0.34 

11d 5-F 4.03±0.14 

11e 5-Cl 9.63±1.09 

11f 5-Br 3.82±0.10 

11g 3-Br-5-Cl 3.04±0.22 

11h 3,5-diF 1.63±0.24 

11i 4-OMe 2.64±0.39 

11j 4-F 2.38±0.31 

11k 4-Cl 2.64±0.27 

11l 4-Br 1.58±0.23 

11m 3-Cl 2.09±0.15 

aSildenafil, the reference compound (IC50=5.1 nM). 

 

 
Figure 2. Co-crystal structures of the PDE5-11b and 
PDE5-17c complexes (PDB ID: 5ZZ2 and 6ACB). (A) Sur-
face model of 11b with PDE5 (yellow sticks); (B) Surface 
model of 17c with PDE5 (green sticks). The dotted lines 
refer to H-bonds. 
 
Crystal structure of PDE5 with bound 11b. To deter-
mine where compound 11b bind，the unliganded PDE5 
and its complex were crystallized by the hanging drop 
method. In Figure 2A, 11b captured the same pocket as 
typical PDE5 inhibitors, except with a different binding 
model. The main skeleton of 11b is clamped by three hy-
drophobic residues Val782, Phe786, and Phe820. In addi-
tion, the pyrrol ring (NH) of 11b involves an H-bond of 2.8 
Å with the amide oxygen of residue Gln817, and the thia-
zole ring (S or N) of 11b also makes an H-bond with the 
amide nitrogen of residue Gln817 (3.3 Å to the nitrogen) 
along with hydrophobic interactions with other residues 

(such as Ala767, Ile768, Gln775, and Ile778). The electron 
density maps of (2Fo-Fc) and (Fo-Fc) clearly revealed the 
binding mode of PDE5 with 11b, in which the thiazole 
ring conjugated with the purine ring. Compared with our 
previously reported inhibitor 5R13 (Figure 1), 11b interacts 
much tightly with four hydrophobic residues Val782, 
Phe787, Ile813, and Met816. Notably, the benzene ring of 
11b is outside the binding pattern, which explains why 
most of the compounds listed in Table 1 have improved 
inhibitory activities towards PDE5, and different substitu-
ents on this ring can be further optimized. 

Based on the acquired binding pattern of 11b, we fur-
ther synthesized another series as potent PDE5 inhibitors 
based on the 4-position of the benzene ring outside the 
binding pattern (Table 2). The results indicated that all 
the compounds showed improved inhibitory activities 
except 16, which has a bromine atom at the 4-position 
and a fluorine atom at the 6-position. It is gratifying to 
see that compound 3, with a (2-methoxyethyl)amino sub-
stitution at the 4-position, exhibits the most potent inhi-
bition of IC50 = 0.32 nM. Finally, compound 3 was selected 
as the candidate for subsequent study. 
 
Crystal structure of PDE5 with bound 17c. Given the 
promising biological activities of compounds 17a-c and 3, 
we tried to acquire their crystal structures with PDE5. 
Among them, the co-crystal structure of PDE5 with 17c 
was finally obtained (Figure 2B). The structure indicated 
that 17c have the same binding pattern as 11b, but 17c 
have another substitution at the 4-position and forms 
hydrophobic interactions with the residues Val660 and 
Met681. As a result, compounds 3 and 17a-c resulted in 
tighter binding than compound 2, and exhibit highly po-
tent PDE5 inhibition. 
 

Table 2. Structure−Activity Relationships of Com-
pounds 3, 16, and 17a-c.  

 

Compound R1 R2 IC50 (nM) 

2 OH H 1.05±0.31 

16 F Br 2.37±0.17 

17a OH CH3 0.52±0.09 

17b OH 

 

0.79±0.03 

18 OH 0.39±0.05 

3 OH 0.32±0.02 
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High selectivity of compound 3 against other PDE 
families. We have measured the selectivity index of com-
pound 3 against other PDE subtypes (Table 3). Compound 
3 exhibited at least 1000-fold selectivity over PDE1B, 
PDE3A, PDE7A1, PDE8A1, and PDE9A2. Additionally, the 
selectivity index values against PDE2A, PDE10A, PDE4D2, 
and PDE6C were 331-fold, 144-fold, 134-fold, and 4-fold 
higher than those against PDE5A1, respectively. Under 
identical assay condition, the reference drug sildenafil or 
vardenafil had a similar selectivity index of 5-fold or 3-fold 
to 3 against PDE6C. Specially, 3 exhibited a higher selec-
tivity of 122-fold against PDE11A than the reference drug 
tadalafil of 20-fold. In short, compound 3 gives high selec-
tivity over other PDEs except PDE6C. 
 
Table 3. Selectivity index of 3 across PDE Families. 

PDE isozyme 
3 

IC50 (nM) Selectivity index 

PDE5A1(535-860) 0.32 ± 0.02 - 

PDE1B(10-487) >32 000 >10 000 

PDE2A(580-919) 106 ±3 331 

PDE3A(679-1087) >32 000 >10000 

PDE4D2(86-413) 43 ± 1 134 

PDE6C(1-858) 1.2 ± 0.1 4a 

PDE7A1(130-482) >32 000 >10 000 

PDE8A1(480-820) >32 000 >10 000 

PDE9A2(181-506) >32 000 >10 000 

PDE10A(449-770) 46 ± 3 144 

PDE11A(588-911) 39.0±0.4 122b 

aUnder identical assay condition, the reference drug 
sildenafil or vardenafil had a similar selectivity index of 5-
fold or 3-fold to 3 against PDE6C; bUnder identical assay 
condition, the reference drug tadalafil had a selectivity 
index of 20-fold against PDE11A. 
 

Reasonable druglike profile. Since compound 3 exhib-
ited subnanomolar inhibition against PDE5 and excellent 
selectivity over other PDEs, its druglike profile evalua-
tions were performed. Table 4 shows that compound 3 
was stable in rat liver microsomes with T1/2 of 15.07 min 
and Eh of 75%, respectively, which is significantly better 
than the other compounds of 11b(9.52 min and 83%), 17c 
(5.26 min and 90%), and reference drug sildenafil (5.37 
min and 89%). Other druglike profile evaluations are 
shown in Table 5, such as cytochrome P450 inhibition (3 
has an IC50 of > 10 μM against CYP1A2, 2B6, 2D6, and 3A4 
and 0.135 μM against CYP2C9, respectively), inhibition of 
hERG potassium channels (IC50> 30 μM), plasma protein 
binding (PPB) (97.74%), and pharmacological safety (3 
was well tolerated up to a dose of 1.5 g/kg and with no 
acute toxicity). These results indicate that compound 3 
could be used as a promising candidate for further devel-
opment. 
 
Notable therapeutic effects against PAH in rats. The 
therapeutic results of compound 3 as anti-PAH agents in 

vivo are shown in Figure 3. A dramatical reduction of 
mean pulmonary artery pressure (mPAP) for the control 
group was observed compared with that of the model 
group, while the index of right ventricle hypertrophy 
(RVHI) of the control group was significantly decreased 
than that of the model group, which demonstrated the 
rats was successfully induced with PAH after 3 weeks 
monocrotaline (MCT) injection. As a result, the average 
mPAPs (19.94 mmHg and 20.86 mmHg) of the groups 
treated with 3 and sildenafil citrate at oral doses of 1.25 
mg/kg and 10.0 mg/kg were significantly decreased com-
pared with the model group (52.55 mmHg, Figure 3A). For 
the RVHI values, similar phenomena were also observed. 
It was clear that compound 3 at dose 1.25 mg/kg caused 
better therapeutic effects on both mPAP and RVHI than 
sildenafil citrate at dose 10.0 mg/kg (Figure 3B). Addition-
ally, the wall thickness percentage (WT %) of the external 
diameter for the model group was significantly increased 
as well. As shown in Figure 3C, compound 3 and sildenafil 
citrate showed remarkable reduction to the WT% values 
compared with the model group and performed well. 

 
Table 4. Metabolic Stability of Compounds 11b, 17c, and 3 in Rat Liver Microsomes. 

Compound k 
T1/2 Clint Clapp Clh Eh 

(min) (mL/min/mg) (mL/min/kg) (mL/min/kg) (%) 

11ba 0.0728 9.52 0.1456 262.13 45.46 83% 

17cb 0.1317 5.26 0.2634 472.01 49.42 90% 

3a 0.0378 18.33 0.0756 136.09 39.17 71% 

3b 0.0460 15.07 0.0920 164.86 41.35 75% 

sildenafil b 0.1291 5.37 0.2582 462.69 49.32 89% 
a the first experiment; b the second experiment. 
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Table 5. The DruglikeProfile of Compound 3. 

Rat liver microsomes 

(T1/2) 

hERG inhibition 

(IC50) 

CYP P450 inhibition 

(IC50) 

Plasma protein 
binding 

Acute safety 

15.07 min >30 μM 
> 10 μM（CYP1A2, 2B6, 2D6, and 3A4) 

135 nM(CYP2C9) 
97.7% > 1.5 g/kg 

 

 
Figure 3. Significant effects of compound 3 and sildenafil citrate on pulmonary arterial remodeling of rats in vivo. (A) 
Dramatical reduction of hypertension pressure by 3 and sildenafil citrate, which was firstly induced by monocrotaline 
(MCT). Comparison of the mPAP values between different groups was provided in (A). (B) Effects of 3 and sildenafil cit-
rate on RVHI of PAH model rats. Comparison of the RVHI% values between different groups was provided in (B). (C) Ef-
fects of 3 and sildenafil citrate on the wall thickness percentage (WT%) of small pulmonary arteries of PAH model rats. 
Comparison of the WT % values between different groups was provided in (C). Here, the data is shown as the mean ± 
S.E.M (n = 6-9 per group), and (##) refers to p < 0.01 compared to the control group; (∗) refers to p < 0.05 compared to the 
model group ,(∗∗) refers to p < 0.01 compared to the model group. 
 
CONCLUSION 
In summary, nineteen newly designed derivatives as PDE5 
inhibitors were discovered with IC50 uniformly < 10 nM. 
Medicinal optimization resulted in the most potent inhib-
itor 3 with IC50 of 0.32 nM against PDE5 with high selec-
tivity against other PDE subtypes. After druglike proper-
ties evaluations, oral administration of 3 at dose 1.25 
mg/kg caused comparable therapeutic effects to sildenafil 
citrate at dose 10.0 mg/kg against PAH. The co-crystal 
structure of PDE5 with bound 17c reveals a different bind-
ing pattern from sildenafil. In short, this work provides 
not only a molecular basis for understanding their 
recongnition mechanism, but also the structural tem-
plates for discovery of highly potent PDE5 inhibitors. 
 
EXPERIMENTAL SECTION 
General Methods. All starting materials and reagents 
were purchased from commercial suppliers (Adamas, Bide, 
Energy, Meryer, Sigma-Aldrich, and J&K) and used direct-
ly without further purification. Silica gel plates with fluo-
rescence F254 (0.1-0.2 mm, Huanghai®) were used for 
thin-layer chromatography (TLC) analysis, and chemical 
HG/T2354-92 silica gel (200-300 mesh, Haiyang®) was 
used for column chromatography. Reactions requiring 
anhydrous conditions were performed under argon or a 
calcium chloride tube. 1H NMR/13C NMR spectra were 
recorded on a Bruker AVANCE III 400 instrument with 
tetramethylsilane as an internal standard. The following 
abbreviations are used: s (singlet), br (broad signal), d 

(doublet), dd (doublet of doublets), dt (doublet of tri-
plets), t (triplet), td (triplet of doublets), q (quartet), and 
m (multiplet), and coupling constants are reported in Hz. 
High resolution mass spectra (HRMS) were recorded on a 
MAT-95 spectrometer. The purity of tested compounds 
were determined by reverse-phase high performance liq-
uid chromatography (HPLC) analysis confirming to be 
more than 95%. HPLC instrument: SHIMADZU LC-20AT 
(Detector: SPD-20A UV/VIS detector, UV detection at 254 
nm; column: Hypersil BDS C18, 5.0 μm, 4.6 × 150 mm 
(Elite); Elution, MeOH in water (70%-90%, v/v); T = 25°C; 
and flow rate = 1.0 mL/min. 
 
General Procedure for Synthesis of Compounds 3. To 
a solution of 16 (500 mg, 1.0 mmol), 2-
methoxyethanamine (225 mg, 3.0 mmol), and 2,2'-
bis(diphenylphosphino)-1,1'-bisnaphthyl (124 mg, 0.2 
mmol,) in DMSO (15 mL) was added 1,1'-
bis(diphenylphosphino)ferrocene-palladium(II) dichlo-
ride dichloromethane complex (82 mg, 0.1 mmol) and 
sodium tert-butoxide (192 mg, 2.0 mmol). The mixture 
was then heated to 100°C for 24 h under an argon atmos-
phere. After the solution had cooled to room temperature 
it was diluted with EtOAc (150 mL) and washed with 
brine (3 × 100 mL). The organic layer was dried over an-
hydrous Na2SO4 and concentrated to give a crude, which 
was purified by silica gel column chromatography (petro-
leum ether:EtOAc, 4:1) to obtain the product 3 (182 mg) as 
a yellow solid. Yield: 37%; purity: 99%; 1HNMR (500 M, 
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Acetone – d6) δ 13.25 (s, 1H), 7.82 (d, J = 3.1 Hz, 1H), 7.59 (d, 
J = 3.1 Hz, 1H), 6.89 (s, 1H), 6.83 (d, J = 8.0 Hz, 1H), 6.76 (d, 
J = 7.9 Hz, 1H), 6.17 (s, 1H), 6.01 (s, 1H), 5.94 (s, 2H), 4.18 (s, 
2H), 3.60 (t, J = 5.3 Hz, 2H), 3.43 (dd, J = 10.2, 5.1 Hz, 2H), 
3.35 (s, 3H); 13C NMR (101 MHz, DMSO – d6) δ 178.23, 
163.32, 159.06, 157.56, 155.90, 147.73, 146.11, 141.75, 141.50, 
133.35, 121.56, 121.20, 119.26, 116.83, 109.20, 108.70, 108.10, 
101.26, 99.81, 93.76, 89.75, 70.80, 58.52, 42.49, 29.32; 
HRMS (ESI) m/z calcd C25H22N3O6S

+ [M+H]+ 492.1224, 
found 492.1223. 
 
Protein expression and purification. The recombinant 
pET-PDE5A1 plasmid (catalytic domain, 535-860) was 
subcloned and purified by protocols reported previous-
ly.14,22,23 After being  transferred into the E. coli strain BL21 
(Codonplus, Stratagene) for overexpression and growing 
in TB medium at 37°C until OD600 = 3-4, 0.1 mM isopro-
pyl-β-D-thiogalactopyranoside (DTT) was added to in-
duce PDE5A1 protein expression. The induced cells were 
collected after growing at 12°C for an additional 40-48 h. 
The PDE5A1 protein was purified through a Ni-NTA col-
umn (QIAGEN), Q-column (GE Healthcare) and Super-
dex 100 column (GE Healthcare). A typical batch of cells 
yielded over 10 mg of the PDE5A1 protein from 2 L of TB 
cell culture with a purity greater than 95% as shown by 
SDS−PAGE. The catalytic domains of PDE1B (10−487), 
PDE2A (580−919), PDE3A (679−1087), PDE4D (86−413), 
PDE7A (130−482), PDE9A (181−506), PDE8A (480−820), 
PDE10A (449−770), and PDE11A (588-911) were purified 
with similar protocols as previously reported.13,24-27 PDE6C 
was purchased from BPS Bioscience. 
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Figure 1. Optimization of chromeno[2,3-c]pyrrol-9(2H)-ones as novel PDE5 inhibitors with improved 
inhibitory activity and pharmacodynamic profile.  
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Figure 2. Co-crystal structure of the PDE5-11b and PDE5-17c complexes (PDB ID: 5ZZ2 and 6ACB). (A) 
Surface model for 11b (yellow sticks) binding. The dotted lines represent hydrogen bonds. (B) Surface 

model for 17c (green sticks) binding. The dotted lines represent hydrogen bonds.  
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Figure 3. Pharmacodynamic effect of compound 3 on rats with PAH. (A) Reduction of pulmonary artery 
pressure by 3 and sildenafil citrate, which was induced by monocrotaline (MCT). The data is shown as the 
mean ± S.E.M (n = 6-9/group). Comparison of mPAP between groups: (##) p < 0.01 compared to the 
control group; (∗∗) p < 0.01 compared to the model group. (B) Effects of 3 and sildenafil citrate on RVHI 

(Index of Right Ventricle Hypertrophy) of rats with PAH. Comparison of RVHI% between groups: (##) p < 
0.01 compared to the control group; (∗) p < 0.05 compared to the model group. (C) Effects of 3 and 

sildenafil citrate on the thickness of small pulmonary arteries of rats with PAH. Comparison of WT % 
between groups: (##) p < 0.01 compared to the control group; (∗∗) p < 0.01 compared to the model group. 
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