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A B S T R A C T

Phosphodiesterase-5 (PDE5) inhibitors have been approved for the treatment of erectile dysfunction and

pulmonary hypertension, but enthusiasm on discovery of PDE5 inhibitors continues for their potential

new applications. Reported here is discovery of a series of new PDE5 inhibitors by structure-based

design, molecular docking, chemical synthesis, and enzymatic characterization. The best compound, 3-

(4-hydroxybenzyl)-1-(thiophen-2-yl)chromeno[2,3-c]pyrrol-9(2H)-one (57), has an IC50 of 17 nM

against the PDE5 catalytic domain and good selectivity over other PDE families. The crystal structure

of the PDE5 catalytic domain in complex with 57 was determined at 2 Å resolution and showed that 57
occupies the same pocket as other PDE5 inhibitors, but has a different binding pattern in detail. On the

basis of the binding pattern of 57, a novel scaffold can be proposed as a candidate of PDE inhibitors.

� 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Cyclic nucleotide phosphodiesterases (PDEs) are sole enzymes
hydrolyzing cellular adenosine and guanosine 30,50-cyclic mono-
phosphate (cAMP and cGMP) [1–3]. Cyclic AMP and cGMP are the
second messengers mediating many physiological processes,
including cardiac and smooth muscle contraction, steroid hormone
function, adrenal hyperplasia, inflammation, axon guidance and
regeneration, memory, and circadian regulation [4–8]. For the
critical roles of cAMP and cGMP in cellular processes, PDE
inhibitors have been widely studied as therapeutics for treatment
of human diseases, such as diabetes, Alzheimer’s disease, asthma,
and erectile dysfunction [9–14].
§ PDB Accession Codes: The atomic coordinates and structure factors have been depo

Chemical compounds studied in this article: tert-Butyl-2-(9-oxo-1-phenyl-2,9-dihydroch

phenylchromeno[2,3-c]pyrrol-9(2H)-one (ACP42; PubChem CID: 49784789); 3-(4-(tert-

54770536); 3-(9-Oxo-1-phenyl-2,9-dihydrochromeno[2,3-c]pyrrol-3-yl)propanoic acid

meno[2,3-c]pyrrol-9(2H)-one (ACP57; PubChem CID: 71765666); 3-(4-Hydroxybenzyl)

(4-Hydroxybenzyl)-2-methyl-1-phenylchromeno[2,3-c]pyrrol-9(2H)-one (ACP62; PubC
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The most successful examples of this drug class are the PDE5
inhibitors that have been approved for the treatment of several
diseases: sildenafil (Viagra), vardenafil (Levetra), tadalafil (Cialis),
avanafil (Stendra), udenafil (Zydena, Korean only), and mirodenafil
(Mvix, Korean only) (Fig. 1) for erectile dysfunction [15–19];
sildenafil (Revatio) and tadalafil (Adcirca) for pulmonary arterial
hypertension [9,20]; and tadalafil for benign prostatic hyperplasia
[21]. In addition, preclinic and clinic trials have shown that PDE5
inhibitors are potent for treatment of many other human diseases,
including lower urinary tract symptoms [22], benign prostatic
hyperplasia [23], cardiovascular diseases [24–27], heart failure and
coronary artery disease [28–30], second Raynaud’s phenomenon
[31], Duchenne muscular dystrophy [32], Peyronie’s disease [33],
sited into the RCSB Protein Data Bank with accession number 4MD6.
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Butoxy)benzyl)-1-phenylchromeno[2,3-c]pyrrol-9(2H)-one (ACP43; PubChem CID:
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Fig. 1. Chemical structures of PDE5 inhibitors.
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neurological disorders [34]. Moreover, PDE5 inhibitors have been
used for anti-platelet therapy [35], wound healing [36], cognition
enhancement [37], and improvement of sperm quality [38].
However, PDE5 inhibitors have been shown to have some adverse
side effects such as vision disturbance [39] and hearing loss [40].
Thus, study of PDE5 inhibitors still attracts great attention of both
academic and industrial researchers, to discover new compounds
that may have potential new applications and also less severe side
effects.

Reported in this paper are the structure-based design, chemical
synthesis, and structural and enzymatic characterization of the
PDE5 inhibitors. The best compound 3-(4-hydroxybenzyl)-1-
(thiophen-2-yl)chromeno[2,3-c]pyrrol-9(2H)-one (57) exhibits
strong inhibitory affinity (IC50 = 17 nM) against PDE5 and good
selectivity over other PDE families. The crystal structure of the
PDE5A1 catalytic domain in complex with 57 was solved and the
molecular docking suggested a novel scaffold that may be used as a
molecular core for development of new PDE5 inhibitors.

2. Materials and methods

2.1. Reagents and synthesis

All reagents used were commercially available. Amino acids,
DMAP (dimethylaminopyridine) and DCC (dicyclohexylcarbodii-
mide) were bought from GL Biochem (Shanghai) Ltd. Acetophe-
nones, aryl chlorides and all other chemicals were bought from
Alfa Aesar (Tianjin) chemical Ltd. Amino acids were treated
as follows: a-amino groups were protected with Fmoc (9-
fluorenylmethoxycarbonyl), the side chains of lysine and trypto-
phan were protected with Boc (tert-butyloxy carbonyl), and the
side chains of aspartic acid, glutamic acid and tyrosine were
protected as tBu (tert-butyl). Reactions were monitored by thin
layer chromatography (TLC) on a glass plate coated with silica gel
with fluorescent indicator (GF254). Column chromatography was
performed on silica gel (200–300 mesh). 1H NMR and 13C NMR
spectra were recorded using TMS as an internal standard with a
Burker BioSpin Ultrashield 400 NMR system at 400 MHz and
100 MHz, respectively. The purity of targeted compounds
was determined on a DIONEX Ultimate 3000 HPLC System
(Chromeleon SR9 Build 2673); column, Acclaim1 120 C18,
5 mm, 4.6 � 250 mm; mobile phase, solvent A: water, solvent B:
CH3CN, flow rate, 1 ml/min; UV wavelength, 254 nm; tempera-
ture, ambient. The linear gradient procedure was used to purify
the compounds: 65%–99% B for 16–26, 33–49, and 60; 40% B + 1/
1000 TFA to 80% B for 50, 52, 54, and 56; 45% to 95% B for 51, 53, 55,
57–59, 61, and 62. Most compounds have purity >95%, as
calculated with the percentage peak area of the analyzed
compounds in the HPLC system. High resolution mass spectra
(HRMS) were recorded on Shimadzu LCMS-IT-TOF.

The syntheses of the new compounds 16–26, 33–36, 38–40, and
48–62 are diagramed in Scheme 1 and described as follows.
Compounds 37, 41–47 were previously reported [41].

2.1.1. 1-(2-Hydroxyphenyl)-3-phenylpropane-1,3-dione (1)

1.36 g 2-Hydroxyacetophenone (10 mmol) and 2.1 g benzoyl
chloride (15 mmol) were dissolved in pyridine (25 mL) with stir at
25 8C. When 2-hydroxyacetophenone was consumed as deter-
mined by using TLC in about 4–5 h, excess of water was added and
the pH of the mixture was adjusted to 5.0 with 10% HCl. The
precipitated product was collected by filtration, giving the ester
intermediate in the form of white powder. The crude product was
dissolved in 50 mL pyridine and 1–1.5eq KOH was added. After the
mixture was heated to 60 8C for 6–8 h, excess of water was added
and the pH of the solution was adjusted to 5.0 with 10% HCl. The
product was precipitated and collected by filtration. The yellow
powder was purified by recrystallization with alcohol to afford
1.99 g product 1, yield 83%; 1HNMR (400 MHz, CDCl3), d 15.53 (1H),
12.08 (1H), 7.93 (d, J = 7.5 Hz, 2H), 7.77 (d, J = 8.0 Hz, 1H), 7.55 (t,
J = 7.3 Hz, 1H), 7.47 (dd, J = 16.5, 8.1 Hz, 3H), 7.00 (d, J = 8.4 Hz, 1H),
6.92 (t, J = 7.6 Hz, 1H), 6.83 (1H).

2.1.2. 1-(Furan-2-yl)-3-(2-hydroxyphenyl)propane-1,3-dione (2)

1.36 g 2-Hydroxyacetophenone (10 mmol) and 1.95 g furan-2-
carbonyl chloride (15 mmol) were treated by the procedure used
for the synthesis of 1, giving 2.07 g 2 as yellow crystal, yield 90%;
1H NMR (400 MHz, CDCl3), d 15.09 (1H), 12.08 (1H), 7.78
(d, J = 8.1 Hz, 1H), 7.62 (s,1H), 7.47 (dd, J = 8.2, 7.3 Hz, 1H), 7.19
(d, J = 3.5 Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 6.93 (dd, J = 8.0, 7.2 Hz,
1H), 6.79 (s,1H), 6.61–6.59 (m, 1H).



Scheme 1. Syntheses of 16–26, 33–36, 38–40, 48–62. Only the non-H groups are described as follows. 16: R2 = CH3, R3 = furan-2-yl, R4 = CH2COOtBu; 17: R2 = OCH3,

R3 = furan-2-yl, R4 = CH2CH2COOtBu; 18: R2 = CH3, R3 = furan-2-yl, R4 = CH2CH2COOtBu; 19: R2 = CH3, R3 = furan-2-yl, R4 = CH2C6H4(p-OtBu); 20: R3 = furan-2-yl,

R4 = CH2C6H4(p-OtBu); 21: R3 = furan-2-yl, R4 = CH2CH2COOtBu; 22: R2 = Br, R3 = furan-2-yl, R4 = CH2CH2COOtBu; 23: R3 = 4-Br-C6H4, R4 = CH2C6H4(p-OtBu); 24:

R2 = OCH3, R3 = thiophen-2-yl, R4 = CH2CH2COOtBu; 25: R2 = OCH3, R3 = thiophen-2-yl, R4 = CH2C6H4(p-OtBu); 26: R3 = C6H5, R4 = CH2CH2COOtBu; 33: R3 = naphthalen-2-

yl, R4 = CH2C6H5; 34: R3 = naphthalen-2-yl, R4 = CH2C6H4(p-OtBu); 35: R2 = OCH3, R3 = thiophen-2-yl, R4 = CH2COOtBu; 36: R3 = 4-Br-C6H4, R4 = CH2C6H5; 38: R3 = 4-F-C6H4,

R4 = CH2COOtBu; 39: R2 = CH3, R3 = 4-F-C6H4, R4 = CH2COOtBu; 40: R3 = 4-F-C6H4, R4 = N-Boc-1H-indol-3-yl; 48: R2 = OCH3, R3 = thiophen-2-yl, R4 = CH2(CH2)3NHCOOtBu;

50: R2 = OCH3, R3 = thiophen-2-yl; 51: R2 = OCH3, R3 = thiophen-2-yl; 52: R3 = C6H5; 53: R2 = CH3, R3 = 4-F-C6H4; 54: R2 = Br, R3 = thiophen-2-yl; 55: R2 = Br, R3 = thiophen-2-

yl; 56: R2 = CH3, R3 = 4-F-C6H4; 57: R3 = thiophen-2-yl; 58: R3 = 4-OCH3-C6H4; 59: R3 = naphthalen-2-yl; 61: R3 = C6H5.
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2.1.3. 1-(Furan-2-yl)-3-(2-hydroxy-5-methylphenyl)propane-1,3-

dione (3)

1.5 g 1-(2-Hydroxy-5-methylphenyl)ethanone (10 mmol) and
1.95 g furan-2-carbonyl chloride (15 mmol) were treated by the
procedure used for the synthesis of 1, giving 1.83 g 3 as yellow
powder, yield 75%; 1H NMR (400 MHz, CDCl3), d 15.17 (1H), 11.89
(1H), 7.64 (dd, J = 1.6, 0.7 Hz, 1H), 7.55 (1H), 7.31–7.28 (m, 1H),
7.20–7.18 (m, 1H), 6.91 (d, J = 8.5 Hz, 1H), 6.78 (1H), 6.62 (dd,
J = 3.5, 1.7 Hz, 1H), 2.35 (3H).

2.1.4. 1-(5-Bromo-2-hydroxyphenyl)-3-(furan-2-yl)propane-1,3-

dione (4)

2.15 g 1-(5-Bromo-2-hydroxyphenyl)ethanone (10 mmol) and
1.95 g furan-2-carbonyl chloride (15 mmol) were treated by the
procedure used for the synthesis of 1, giving 2.84 g 4 as yellow
powder, yield 92%; 1H NMR (400 MHz, CDCl3) d 14.98 (1H), 12.02
(1H), 7.85 (s,1H), 7.65 (s,1H), 7.52 (d, J = 8.9 Hz, 1H), 7.21 (d,
J = 3.0 Hz, 1H), 6.90 (d, J = 8.3 Hz, 1H), 6.70 (s,1H), 6.63–6.60 (m,
1H).

2.1.5. 1-(5-Bromo-2-hydroxyphenyl)-3-(thiophen-2-yl)propane-1,3-

dione (5)

2.15 g 1-(5-Bromo-2-hydroxyphenyl)ethanone (10 mmol) and
2.19 g thiophene-2-carbonylchloride (15 mmol) were treated by
the procedure used for the synthesis of 1, giving 3.12 g 5 as yellow
powder, yield 96%; 1H NMR (400 MHz, CDCl3) d 15.59 (1H), 11.91
(1H), 7.85–7.83 (m, 1H), 7.81 (d, J = 2.4 Hz, 1H), 7.65 (d, J = 4.9 Hz,
1H), 7.52 (dd, J = 8.9, 2.4 Hz, 1H), 7.21–7.18 (m, 1H), 6.91 (dd,
J = 8.9, 3.0 Hz, 1H), 6.61 (s,1H).
2.1.6. 1-(4-Fluorophenyl)-3-(2-hydroxyphenyl)propane-1,3-dione

(6)

1.36 g 2-Hydroxyacetophenone (10 mmol) and 2.37 g 4-fluor-
inebenzoyl chloride (15 mmol) were treated by the procedure used
for the synthesis of 1, giving 2.2 g 6 as yellow crystal, yield 86%; 1H
NMR (400 MHz, CDCl3) d 15.60 (1H), 12.02 (1H), 7.98–7.91 (m, 2H),
7.76 (d, J = 8.1 Hz, 1H), 7.47 (dd, J = 8.3, 7.2 Hz, 1H), 7.18 (dd,
J = 12.4, 4.9 Hz, 2H), 7.00 (d, J = 8.4 Hz, 1H), 6.92 (t, J = 7.6 Hz, 1H),
6.78 (1H).

2.1.7. 1-(4-Fluorophenyl)-3-(2-hydroxy-5-methylphenyl)propane-

1,3-dione (7)

1.5 g 1-(2-Hydroxy-5-methylphenyl)ethanone (10 mmol) and
2.37 g 4-fluorinebenzoyl chloride (15 mmol) were treated by the
procedure used for the synthesis of 1, giving 2.36 g 7 as yellow
powder, yield 87%; 1H NMR (400 MHz, CDCl3) d 15.68 (1H), 11.83
(1H), 8.00–7.94 (m, 2H), 7.53 (s,1H),7.29 (d, J = 8.5 Hz, 1H), 7.18
(dd, J = 12.0, 5.2 Hz, 2H), 6.91 (d, J = 8.5 Hz, 1H),6.77 (s,1H), 2.34
(3H).

2.1.8. 1-(Furan-2-yl)-3-(2-hydroxy-5-methoxyphenyl)propane-1,3-

dione (8)

1.66 g 1-(2-Hydroxy-5-methoxyphenyl)ethanone (10 mmol)
and 1.95 g furan-2-carbonyl chloride (15 mmol,) were treated by
the procedure used for the synthesis of 1, giving 2.36 g 8 as yellow
powder, yield 91%; 1H NMR (400 MHz, CDCl3) d 15.19 (s, 1H), 11.64
(s, 1H), 7.62 (d, J = 0.9 Hz, 1H), 7.20 (d, J = 3.0 Hz, 1H), 7.19 (dd,
J = 3.5, 0.5 Hz, 1H), 7.10 (dd, J = 9.0, 3.0 Hz, 1H), 6.94 (d, J = 9.0 Hz,
1H), 6.72 (s, 1H), 6.61 (dd, J = 3.5, 1.7 Hz, 1H), 3.84 (s, 3H).
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2.1.9. 1-(2-Hydroxy-5-methoxyphenyl)-3-(thiophen-2-yl)propane-

1,3-dione (9)

1.66 g 1-(2-Hydroxy-5-methoxyphenyl)ethanone (10 mmol)
and 2.19 g thiophene-2-carbonyl chloride (15 mmol) were treated
by the procedure used for the synthesis of 1, the yielded crude
product 9 (2.34 g) was subjected to the following synthesis
without further purification and characterization.

2.1.10. 1-(2-Hydroxy-5-methylphenyl)-3-(thiophen-2-yl)propane-

1,3-dione (10)

1.5 g 1-(2-Hydroxy-5-methylphenyl)ethanone (10 mmol) and
2.19 g thiophene-2-carbonylchloride (15 mmol) were treated by
the procedure used for the synthesis of 1, giving 1.95 g 10 as yellow
powder, yield 75%; 1H NMR (400 MHz, CDCl3) d 15.74 (s, 1H), 11.75
(s, 1H), 7.80 (dd, J = 3.8, 1.1 Hz, 1H), 7.61 (dd, J = 5.0, 1.0 Hz, 1H),
7.49 (d, J = 1.3 Hz, 1H), 7.26–7.29 (m, 1H), 7.18 (dd, J = 4.9, 3.9 Hz,
1H), 6.90 (d, J = 8.5 Hz, 1H), 6.68 (s, 1H), 2.34 (s, 3H).

2.1.11. 1-(2-Hydroxy-4-methoxyphenyl)-3-(thiophen-2-yl)propane-

1,3-dione (11)

1.66 g 1-(2-Hydroxy-4-methoxyphenyl)ethanone (10 mmol)
and 2.19 g thiophene-2-carbonylchloride (15 mmol) were treated
by the procedure used for the synthesis of 1, giving 2.5 g 11 as yellow
powder, yield 91%; 1H NMR (400 MHz, CDCl3) d 15.45 (s, 1H), 12.47
(s, 1H), 7.75 (dd, J = 3.8, 1.1 Hz, 1H), 7.64 (d, J = 8.9 Hz, 1H), 7.57 (dd,
J = 5.0, 1.1 Hz, 1H), 7.16 (dd, J = 5.0, 3.8 Hz, 1H), 6.57 (s, 1H), 6.48 (dd,
J = 8.9, 2.5 Hz, 1H), 6.45 (d, J = 2.5 Hz, 1H), 3.85 (s, 3H).

2.1.12. 1-(4-Bromophenyl)-3-(2-hydroxyphenyl)propane-1,3-dione

(12)

1.36 g 2-Hydroxyacetophenone (10 mmol) and 3.28 g 4-bro-
mobenzoyl chloride (15 mmol) were treated by the procedure used
for the synthesis of 1, giving 2.39 g 12 as yellow crystal, yield 75%;
1H NMR (400 MHz, CDCl3) d 15.49 (1H), 12.00 (1H), 7.78 (dd,
J = 13.9, 7.6 Hz, 3H), 7.63 (d, J = 8.0 Hz, 2H), 7.47 (t, J = 7.8 Hz, 1H),
7.01 (d, J = 8.4 Hz, 1H), 6.93 (t, J = 7.6 Hz, 1H), 6.81 (1H).

2.1.13. 1-(2-Hydroxyphenyl)-3-(thiophen-2-yl)propane-1,3-dione

(13)

1.36 g 2-Hydroxyacetophenone (10 mmol) and 2.19 g thio-
phene-2-carbonylchloride (15 mmol) were treated by the proce-
dure used for the synthesis of 1, giving 1.62 g 13 as yellow powder,
yield 66%; 1H NMR (400 MHz, CDCl3) d 15.65(1H), 11.96 (1H), 7.79
(d, J = 3.8 Hz, 1H), 7.73 (d, J = 8.1 Hz, 1H), 7.61 (d, J = 4.9 Hz, 1H),
7.46 (t, J = 7.8 Hz, 1H), 7.17 (t, J = 4.3 Hz, 1H), 6.99 (d, J = 8.4 Hz, 1H),
6.92 (t, J = 7.6 Hz, 1H), 6.69 (s,1H).

2.1.14. 1-(2-Hydroxyphenyl)-3-(4-methoxyphenyl)propane-1,3-

dione (14)

1.36 g 2-Hydroxyacetophenone (10 mmol) and 2.56 g 4-
methoxybenzoyl chloride (15 mmol) were treated by the proce-
dure used for the synthesis of 1, giving 1.67 g 14 as yellow crystal,
yield 62%; 1H NMR (400 MHz, CDCl3) d 15.76 (1H), 12.13 (1H),7.95
(dd, J = 31.0, 7.8 Hz, 2H), 7.76 (d, J = 7.9 Hz, 1H), 7.44 (t, J = 7.6 Hz,
1H), 6.98 (d, J = 7.2 Hz, 3H), 6.91 (t, J = 7.4 Hz, 1H), 6.76 (s,1H), 3.88
(3H).

2.1.15. 1-(2-Hydroxyphenyl)-3-(naphthalen-2-yl)propane-1,3-dione

(15)

1.36 g 2-Hydroxyacetophenone (10 mmol) and 2.85 g 2-
naphthoyl chloride (15 mmol) were treated by the procedure
used for the synthesis of 1, giving 2.4 g 15 as brown powder, yield
83%; 1H NMR (400 MHz, CDCl3) d 15.62 (1H), 12.11 (1H), 8.49 (s,
1H),7.96–7.93 (m, 1H), 7.91 (s,2H), 7.87 (d, J = 7.6 Hz, 1H), 7.82 (d,
J = 7.5 Hz, 1H), 7.60–7.52 (m, 2H), 7.46 (t, J = 7.3 Hz, 1H), 7.01 (d,
J = 8.3 Hz, 1H), 6.96–6.91 (m, 2H).
2.1.16. tert-Butyl 2-(1-(furan-2-yl)-7-methyl-9-oxo-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl)acetate (16)

244 mg 3 (1 mmol), 741 mg Fmoc-Asp(OtBu)-OH (1.8 mmol) and
49 mg DMAP (0.4 mmol) were dissolved in pyridine (10 mL), and
then 412 mg DCC (2 mmol) was added. The mixture was stirred at
room temperature about 3 h until 3 disappeared as monitored by
TLC. The reaction temperature was raised to 50 8C for 4–6 h, and a
major yellow spot could be observed by TLC. After the reaction
mixture was evaporated under vacuum, 15 mL EtOAc was added and
side product DCU was filtered. The filtrate was evaporated and
subjected to column chromatography to afford 133 mg 16 as yellow
powder, yield 35%; 1H NMR (400 MHz, CDCl3) d 9.76 (s, 1H), 8.10 (s,
1H), 7.87 (d, J = 3.4 Hz, 1H), 7.45 (s, 1H), 7.39 (dd, J = 8.5, 2.1 Hz, 1H),
7.23 (d, J = 8.5 Hz, 1H), 6.55 (dd, J = 3.4, 1.8 Hz, 1H), 3.82 (2H), 2.43
(3H), 1.53 (9H); 13C NMR (101 MHz, DMSO)d 173.47, 168.77, 154.26,
146.03, 142.56, 142.07, 134.94, 132.03, 125.67, 121.63, 118.33,
117.18, 112.21, 109.35, 106.98, 106.38, 80.57, 30.36, 27.71 � 3,
20.23; HRMS calcd. for C22H21NO5[M+H]+: 380.1492, found,
380.1509.

2.1.17. tert-Butyl 3-(1-(furan-2-yl)-7-methoxy-9-oxo-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl)propanote (17)

260 mg 8 (1 mmol), 766 mg Fmoc-Glu(OtBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for the synthesis of 16 to afford 225 mg 17
as yellow powder, yield 55%, 1H NMR (400 MHz, CDCl3) d 9.86 (1H),
7.86 (d, J = 3.4 Hz, 1H), 7.75 (d, J = 3.1 Hz, 1H), 7.46–7.44 (m, 1H),
7.29 (d, J = 9.2 Hz, 1H), 7.20 (dd, J = 9.0, 2.9 Hz, 1H), 6.55 (dd, J = 2.9,
1.8 Hz, 1H), 3.91 (3H), 3.10 (2H), 2.68 (2H), 1.50 (9H); 13C NMR
(101 MHz, DMSO) d 173.28, 171.21, 154.64, 150.66, 146.19, 142.37,
141.24, 122.34, 122.26, 118.75, 117.80, 112.18, 112.08, 108.99,
106.89, 106.10, 79.61, 55.46, 34.31, 27.57 � 3, 19.47; HRMS calcd
for C23H23NO6[M+H]+: 410.1598, found, 410.1610.

2.1.18. tert-Butyl 3-(1-(furan-2-yl)-7-methyl-9-oxo-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl)propanoate (18)

244 mg 3 (1 mmol), 766 mg Fmoc-Glu(OtBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 118 mg 18 as yellow powder,
yield 30%; 1H NMR (400 MHz, CDCl3) d 9.82 (1H), 8.11 (s, 1H), 7.86 (d,
J = 3.4 Hz, 1H), 7.45 (d, J = 1.0 Hz, 1H), 7.40 (dd, J = 8.5, 2.1 Hz, 1H),
7.25 (d, J = 8.5 Hz, 1H), 6.56 (dd, J = 3.4, 1.8 Hz, 1H), 3.10 (2H), 2.68
(2H), 1.50 (9H); 13C NMR (101 MHz, DMSO) d 173.54, 171.20, 154.32,
146.16, 142.39, 141.12, 134.86, 131.84, 125.64, 121.60, 118.02,
117.22, 112.18, 109.10, 106.41, 79.60, 34.31, 27.56 � 3, 20.23, 19.47;
HRMS calcd. for C23H23NO5[M+H]+:394.1649, found, 394.1644.

2.1.19. 3-(4-(tert-Butoxy)benzyl)-1-(furan-2-yl)-7-

methylchromeno[2,3-c]pyrrol-9(2H)-one (19)

244 mg 3 (1 mmol), 827 mg Fmoc-Tyr(tBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 106 mg 19 as yellow
powder, yield 25%; 1H NMR (400 MHz, DMSO) d 12.57 (1H), 7.95
(s,1H), 7.84 (s,1H), 7.74 (d, J = 3.4 Hz, 1H), 7.54–7.49 (m, 1H), 7.36
(d, J = 8.5 Hz, 1H), 7.19 (d, J = 8.3 Hz, 2H), 6.90 (d, J = 8.3 Hz, 2H),
6.68–6.65 (m, 1H), 4.10 (2H), 2.40 (3H), 1.25 (9H); 13C NMR
(101 MHz, DMSO) d 173.59, 154.38, 153.28, 146.13, 142.45, 141.22,
134.92, 134.14, 131.98, 128.55 � 2, 125.65, 123.67 � 2, 121.67,
118.01, 117.32, 112.79, 112.22, 109.20, 106.58, 77.62, 28.47 � 3,
20.25; HRMS calcd. for C27H25NO4[M+H]+: 428.1856, found,
428.1863.

2.1.20. 3-(4-(tert-Butoxy)benzyl)-1-(furan-2-yl)chromeno[2,3-

c]pyrrol-9(2H)-one (20)

230 mg 2 (1 mmol), 828 mg Fmoc-Tyr(tBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
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with the procedure used for 16 to afford 194 mg 20 as yellow
powder, yield 47%; 1H NMR (400 MHz, DMSO) d 12.60 (1H), 8.19
(dd, J = 7.9, 1.6 Hz, 1H), 7.83–7.81 (m, 1H), 7.79–7.76 (m, 1H), 7.71
(dt, J = 6.5, 2.7 Hz, 1H), 7.47 (d, J = 8.4 Hz, 1H), 7.37–7.31 (m, 1H),
7.21 (d, J = 8.5 Hz, 2H), 6.91 (d, J = 8.5 Hz, 2H), 6.69 (dd, J = 3.4,
1.8 Hz, 1H), 4.12 (2H), 1.25 (9H); 13C NMR (101 MHz, DMSO) d
173.51, 156.18, 153.28, 146.09, 142.51, 141.13, 134.12, 133.98,
128.56 � 2, 126.21, 123.69 � 2, 122.87, 122.04, 118.18, 117.51,
112.95, 112.24, 109.31, 106.50, 77.60, 28.45 � 3; HRMS calcd. for
C26H23NO4[M+H]+: 414.1700, found, 414.1719.

2.1.21. tert-Butyl 3-(1-(furan-2-yl)-9-oxo-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl)propanoate (21)

230 mg 2 (1 mmol), 766 mg Fmoc-Glu(OtBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 170 mg 21 as brown
powder, yield 45%; 1H NMR (400 MHz, DMSO) d 12.36 (1H), 8.15
(dd, J = 7.9, 1.5 Hz, 1H), 7.80 (s, 1H), 7.74–7.67 (m, 2H), 7.46 (d,
J = 8.2 Hz, 1H), 7.32 (t, J = 7.5 Hz, 1H), 6.66 (dd, J = 3.3, 1.8 Hz, 1H),
3.02 (2H), 2.68 (2H), 1.31 (9H); 13C NMR (101 MHz, DMSO) d
173.96, 171.69, 156.61, 146.56, 143.00, 141.50, 134.49, 126.68,
123.30, 122.44, 118.67, 117.96, 112.88, 112.71, 109.71, 106.80,
80.16, 34.79, 28.07 � 3, 19.97; HRMS calcd. for C22H21NO5[M+H]+:
380.1492, found, 380.1506.

2.1.22. tert-Butyl 3-(7-bromo-1-(furan-2-yl)-9-oxo-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl)propanoate (22)

309 mg 4 (1 mmol), 766 mg Fmoc-Glu(OtBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 342 mg 22 as yellow
powder, yield 75%; 1H NMR (400 MHz, DMSO) d 12.19 (1H), 8.18 (d,
J = 2.5 Hz, 1H), 7.83 (dd, J = 7.6, 3.7 Hz, 2H), 7.71 (d, J = 3.1 Hz, 1H),
7.44 (d, J = 8.9 Hz, 1H), 6.68 (dd, J = 3.3, 1.7 Hz, 1H), 3.00 (2H), 2.89
(2H), 1.33 (9H); 13C NMR (101 MHz, DMSO) d 171.99, 171.16,
155.08, 145.85, 142.67, 140.80, 136.36, 128.24, 123.57, 120.06,
118.55, 114.72, 112.66, 112.23, 109.48, 105.80, 79.65, 34.19,
27.57 � 3, 19.41; HRMS calcd. for C22H20NO5Br[M+H]+: 458.0598,
found, 458.0592.

2.1.23. 1-(4-Bromophenyl)-3-(4-(tert-butoxy)benzyl)chromeno[2,3-

c]pyrrol-9(2H)-one (23)

319 mg 12 (1 mmol), 828 mg Fmoc-Tyr(tBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 280 mg 23 as yellow
powder, yield 56%; 1H NMR (400 MHz, DMSO) d 12.47(1H), 8.13
(dd, J = 32.4, 7.9 Hz, 3H), 7.69 (dd, J = 18.7, 7.7 Hz, 3H), 7.49 (d,
J = 8.5 Hz, 1H), 7.34 (t, J = 7.1 Hz, 1H), 7.21 (d, J = 8.2 Hz, 2H), 6.91
(d, J = 8.2 Hz, 2H), 4.14 (2H), 1.25 (9H); 13C NMR (101 MHz, DMSO)
d 174.10, 155.91, 153.36, 141.91, 133.99, 133.89, 131.02 � 2,
130.06, 129.49 � 2, 128.54 � 2, 126.40, 126.03, 123.72 � 2, 122.79,
121.90, 120.72, 117.40, 113.68, 107.65, 77.62, 28.52, 28.46 � 3;
HRMS calcd. for C28H24NO3Br[M+H]+: 502.1012, found, 502.0999.

2.1.24. tert-Butyl 3-(7-methoxy-9-oxo-1-(thiophen-2-yl)-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl)propnoate (24)

276 mg 9 (1 mmol), 766 mg Fmoc-Glu(OtBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 297 mg 24 as yellow
powder, yield 70%; 1H NMR (400 MHz, DMSO) d 12.15 (1H), 8.00
(d, J = 3.6 Hz, 1H), 7.57 (dd, J = 8.6, 4.0 Hz, 2H), 7.44 (d, J = 9.1 Hz,
1H), 7.32 (dd, J = 9.1, 3.1 Hz, 1H), 7.17–7.13 (m, 1H), 3.02 (2H),
2.69 (2H), 1.33 (9H); 13C NMR (101 MHz, DMSO) d 173.57, 171.18,
154.64, 150.58, 141.23, 133.25, 127.25, 126.05, 125.94, 122.41,
122.17, 121.37, 118.71, 112.07, 107.02, 106.59, 79.71, 55.50,
34.36, 27.61 � 3, 19.54; HRMS calcd. for C23H23NO5S[M+H]+:
426.1370, found, 426.1378.
2.1.25. 3-(4-(tert-Butoxy)benzyl)-7-methoxy-1-(thiophen-2-

yl)chromeno[2,3-c]pyrrol-9(2H)-one (25)

276 mg 9 (1 mmol), 829 mg Fmoc-Tyr(tBu)-OH(1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 353 mg 25 as yellow
powder, yield 77%; 1H NMR (400 MHz, DMSO) d 12.35 (1H), 8.02
(d, J = 3.5 Hz, 1H), 7.57 (dd, J = 13.4, 3.9 Hz, 2H), 7.43 (d, J = 9.1 Hz,
1H), 7.31 (dd, J = 9.0, 3.0 Hz, 1H), 7.20–7.13 (m, 3H), 6.91 (d,
J = 8.4 Hz, 2H), 4.11 (1H), 3.85 (3H), 1.25 (9H); 13C NMR (101 MHz,
CDCl3) d 175.34, 155.11, 154.23, 151.58, 142.37, 133.19, 132.81,
128.88 � 2, 127.84, 126.35, 125.23, 124.52 � 2, 123.28, 122.69,
122.56, 118.63, 111.71, 107.98, 106.77, 78.51, 55.77, 29.32,
28.82 � 3; HRMS calcd. for C27H25NO4S[M+H]+: 460.1577, found,
460.1564.

2.1.26. tert-Butyl 3-(9-oxo-1-phenyl-2,9-dihydrochromeno[2,3-

c]pyrrol-3-yl)propanoate (26)

240 mg 1 (1 mmol), 766 mg Fmoc-Glu(OtBu)-OH
(1.8 mmol), 49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol)
were treated with the procedure used for 16 to afford 318 mg
26 as yellow powder, yield 82%; 1H NMR (400 MHz, DMSO) d
12.16 (1H), 8.11 (dd, J = 29.6, 7.1 Hz, 3H), 7.68 (d, J = 6.7 Hz, 1H),
7.46 (s, 3H), 7.33 (dd, J = 14.5, 7.0 Hz, 2H), 3.04 (2H), 2.70 (2H),
1.32 (9H); 13C NMR (101 MHz, DMSO) d 174.01, 171.23, 155.91,
141.56, 133.84, 130.96, 128.08 � 2, 127.66 � 2, 127.56, 127.37,
126.37, 122.61, 121.92, 117.32, 112.58, 107.14, 79.67, 34.34,
27.58 � 3, 19.56; HRMS calcd. for C24H23NO4[M+H]+: 390.1700,
found, 390.1697.

27–32 were used as intermediates and not characterized.

2.1.27. 3-(4-(tert-Butoxy)benzyl)-1-(4-fluorophenyl)-7-

methylchromeno[2,3-c]pyrrol-9(2H)-one (27)

272 mg 7 (1 mmol), 828 mg Fmoc-Tyr(tBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 254 mg 27.

2.1.28. tert-Butyl3-(7-bromo-9-oxo-1-(thiophen-2-yl)-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl) propanoate (28)

325 mg 5 (1 mmol) and 766 mg Fmoc-Glu(OtBu)-OH
(1.8 mmol), 48.8 mg DMAP (0.4 mmol) and 412 mg DCC
(2 mmol) were treated with the procedure used for 16 to afford
142 mg 28.

2.1.29. 7-Bromo-3-(4-(tert-butoxy)benzyl)-1-(thiophen-2-

yl)chromeno[2,3-c]pyrrol-9(2H)-one (29)

325 mg 5 (1 mmol), 828 mg Fmoc-Tyr(tBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 142 mg 29.

2.1.30. tert-Butyl 3-(1-(4-fluorophenyl)-7-methyl-9-oxo-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl) propanoate (30)

272 mg 7 (1 mmol), 766 mg Fmoc-Glu(OtBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 193 mg 30.

2.1.31. 3-(4-(tert-Butoxy)benzyl)-1-(thiophen-2-yl)chromeno[2,3-

c]pyrrol-9(2H)-one (31)

246 mg 13 (1 mmol), 828 mg Fmoc-Tyr(tBu)-OH(1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 280 mg 31.

2.1.32. 3-(4-(tert-Butoxy)benzyl)-1-(4-

methoxyphenyl)chromeno[2,3-c]pyrrol-9(2H)-one (32)

270 mg 14 (1 mmol), 828 mgFmoc-Tyr(tBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 100 mg 32.
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2.1.33. 3-benzyl-1-(naphthalen-2-yl)chromeno[2,3-c]pyrrol-9(2H)-

one (33)

290 mg 15 (1 mmol), 697 mg Fmoc-Phe-OH (1.8 mmol), 49 mg
DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated with the
procedure used for 16 to afford 148 mg 33 as yellow powder, yield
37%; 1H NMR (400 MHz, DMSO) d 12.56 (1H), 8.66 (s, 1H), 8.25–
8.19 (m, 2H), 8.02–7.92 (m, 3H), 7.73 (ddd, J = 8.6, 7.1, 1.7 Hz, 1H),
7.57–7.49 (m, 3H), 7.38–7.32 (m, 5H), 7.21 (dd, J = 9.4, 4.3 Hz, 1H),
4.23 (2H); 13C NMR (101 MHz, DMSO) d 174.10, 155.98, 141.96,
139.48, 133.95, 132.76, 132.24, 128.49 � 2, 128.10 � 2, 128.08,
127.51, 127.42, 127.38, 126.46, 126.43, 126.29, 126.22, 126.17,
125.96, 122.79, 122.03, 117.42, 113.40, 107.71, 29.35; HRMS calcd.
for C28H19NO2 [M+H]+: 402.1489, found, 402.1506.

2.1.34. 3-(4-(tert-Butoxy)benzyl)-1-(naphthalen-2-

yl)chromeno[2,3-c]pyrrol-9(2H)-one (34)

290 mg 15 (1 mmol), 828 mg Fmoc-Tyr(tBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 203 mg 34 as yellow
powder, yield 43%; 1H NMR (400 MHz, DMSO) d 12.55 (1H), 8.69
(1H), 8.28–8.20 (m, 2H), 8.03–7.92 (m, 3H), 7.71 (d, J = 7.0 Hz, 1H),
7.58–7.47 (m, 3H), 7.40–7.33 (m, 1H), 7.25 (d, J = 7.6 Hz, 2H), 6.93
(d, J = 7.7 Hz, 2H), 4.19 (2H), 1.25 (9H); 13C NMR (101 MHz, DMSO)
d 174.10, 155.98, 153.36, 141.94, 134.04, 133.95, 132.76, 132.23,
128.58 � 2, 128.48, 128.07, 127.51, 127.38, 126.47, 126.43, 126.27,
126.22, 125.94, 123.74 � 2, 122.78, 122.04, 117.41, 113.55, 107.70,
77.63, 28.60, 28.47 � 3; HRMS calcd. for C32H2NO3[M+H]+:
474.2064, found, 474.2051.

2.1.35. tert-Butyl 2-(7-methoxy-9-oxo-1-(thiophen-2-yl)-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl)acetate (35)

276 mg 9 (1 mmol), 741 mg Fmoc-Asp(OtBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 279 mg 35 as yellow
powder, yield 68%; 1H NMR (400 MHz, DMSO) d 12.31 (1H), 8.03 (d,
J = 2.8 Hz, 1H), 7.61–7.56 (m, 2H), 7.43 (d, J = 9.1 Hz, 1H), 7.32 (dd,
J = 9.0, 3.1 Hz, 1H), 7.18–7.14 (m, 1H), 3.85 (3H), 3.77 (2H), 1.44
(9H); 13C NMR (101 MHz, DMSO) d 173.49, 168.77, 154.72, 150.46,
142.18, 133.10, 127.38, 126.26, 126.16, 122.52, 122.19, 121.82,
118.69, 106.98, 106.82, 106.52, 80.72, 55.50, 30.42, 27.72 � 3;
HRMS calcd. for C22H21NO5S[M+H]+: 412.1213, found, 412.1228.

2.1.36. 3-Benzyl-1-(4-bromophenyl)chromeno[2,3-c]pyrrol-9(2H)-

one (36)

319 mg 12 (1 mmol), 697 mg Fmoc-Phe-OH (1.8 mmol), 49 mg
DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated with the
procedure used for 16 to afford 270 mg 36 as yellow powder, yield
63%; 1H NMR (400 MHz, DMSO) d 12.48 (1H), 8.17 (dd, J = 7.9,
1.5 Hz, 1H), 8.09 (d, J = 8.6 Hz, 2H), 7.74–7.69 (m, 1H), 7.67 (d,
J = 8.6 Hz, 2H), 7.48 (d, J = 8.3 Hz, 1H), 7.35 (d, J = 7.9 Hz, 1H), 7.32
(d, J = 4.1 Hz, 4H), 7.21 (dd, J = 8.4, 4.6 Hz, 1H), 4.19 (2H); 13C NMR
(101 MHz, DMSO) d 174.58, 156.40, 142.41, 139.81, 134.51,
131.52 � 2, 130.54, 130.00 � 2, 128.96 � 2, 128.54 � 2, 126.89,
126.67, 126.54, 123.30, 122.38, 121.24, 117.91, 114.03, 108.14,
29.78; HRMS calcd. for C24H16NO2Br [M+H]+: 430.0437, found,
430.0431.

The synthesis of compounds 37, 41–47 was previously reported
[41].

2.1.37. tert-Butyl 2-(1-(4-fluorophenyl)-9-oxo-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl)acetate (38)

258 mg 6 (1 mmol), 741 mg Fmoc-Asp(OtBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 122 mg 38 as yellow
powder, yield 31%; 1H NMR (400 MHz, DMSO) d 12.34 (1H), 8.14
(dd, J = 8.6, 5.8 Hz, 3H), 7.70 (t, J = 7.1 Hz, 1H), 7.45 (d, J = 8.3 Hz,
1H), 7.31 (dd, J = 12.1, 5.7 Hz, 3H), 3.78 (2H), 1.43 (9H); 13C NMR
(101 MHz, DMSO) d 173.97, 168.78, 162.92, 160.48, 155.84, 142.42,
133.98, 129.82, 129.74, 127.37, 127.34, 126.82, 126.38, 122.79,
121.86, 117.28, 115.18, 114.97, 107.34, 107.05, 80.70, 30.45,
27.70 � 3; HRMS calcd. for C23H20NO4F [M+H]+: 394.1449, found,
394.1464.

2.1.38. tert-Butyl 2-(1-(4-fluorophenyl)-7-methyl-9-oxo-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl)acetate (39)

272 mg 7 (1 mmol), 741 mg Fmoc-Asp(OtBu)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 260 mg 39 as yellow
powder, yield 64%; 1H NMR (400 MHz, DMSO) d 12.31 (1H), 8.13
(dd, J = 8.4, 5.6 Hz, 2H), 7.93 (s, 1H), 7.51 (d, J = 8.4 Hz, 1H), 7.32
(dd, J = 16.3, 8.4 Hz, 3H), 3.77 (2H), 2.38 (3H), 1.43 (9H); 13C NMR
(101 MHz, DMSO) d 174.04, 168.80, 162.88, 160.44, 154.06, 142.52,
134.94, 131.87, 129.79, 129.71, 127.44, 127.41, 126.64, 125.83,
121.50, 117.09, 115.17, 114.96, 107.17, 80.69, 30.46, 27.71 � 3,
20.28; HRMS calcd. for C24H22NO4F [M+H]+: 408.1606, found,
408.1605.

2.1.39. tert-Butyl 3-((1-(4-fluorophenyl)-9-oxo-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl)methyl)-1H-indole-1-

carboxylate (40)

258 mg 6 (1 mmol), 948 mg Fmoc-Trp(BOC)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 213 mg 40 as yellow
powder, yield 42%; 1H NMR (400 MHz, DMSO) d 12.36 (1H), 8.16
(dd, J = 7.9, 1.5 Hz, 1H), 8.11 (dd, J = 8.8, 5.5 Hz, 2H), 8.03 (d,
J = 8.1 Hz, 1H), 7.74 (t, J = 6.3 Hz, 2H), 7.56–7.50 (m, 2H), 7.36–7.28
(m, 4H), 7.24 (t, J = 7.2 Hz, 1H), 4.21 (2H), 1.61 (9H);13C NMR
(101 MHz, DMSO) d 174.05, 155.95, 149.03, 141.32, 134.78, 134.03,
129.99 � 2, 129.91 � 2, 129.68, 127.37, 126.67, 126.38, 124.44,
123.37, 122.80, 122.57, 121.88, 119.11, 118.24, 117.32, 115.09,
114.87, 114.73, 111.86, 107.14, 83.61, 27.63 � 3, 19.21; HRMS
calcd. for C31H25N2O4F [M+H]+: 509.1871, found, 509.1859.

2.1.40. tert-Butyl (4-(7-methoxy-9-oxo-1-(thiophen-2-yl)-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl)butyl) carbamate (48)

276 mg 9 (1 mmol), 843 mg Fmoc-Lys(BOC)-OH (1.8 mmol),
49 mg DMAP (0.4 mmol) and 412 mg DCC (2 mmol) were treated
with the procedure used for 16 to afford 351 mg 48 as brown
powder, yield 75%; 1H NMR (400 MHz, DMSO) d 12.14 (1H), 8.00 (s,
1H), 7.59 (s, 1H), 7.55 (d, J = 3.4 Hz, 1H), 7.44 (d, J = 8.9 Hz, 1H), 7.31
(d, J = 9.0 Hz, 1H), 7.16 (s, 1H), 6.78 (1H), 3.85 (3H), 2.98 (2H), 2.79
(2H), 1.68 (2H), 1.47 (2H), 1.36 (9H); 13C NMR (101 MHz, DMSO) d
173.65, 155.55, 154.59, 150.66, 141.04, 133.35, 127.21, 125.89,
125.79, 122.37, 122.18, 120.90, 118.75, 113.86, 106.94, 106.64,
77.28, 55.49, 29.13, 28.20 � 3, 26.39, 23.15; HRMS calcd. for
C25H28N2O5S [M+H]+: 469.1792, found, 469.1793.

2.1.41. 1-([1,10-biphenyl]-4-yl)-3-(4-(tert-
butoxy)benzyl)chromeno[2,3-c]pyrrol-9(2H)-one (49)

250 mg 23 (0.5 mmol), 79 mg phenyl boronic acid (0.65 mmol)
and 25 mg dichloro(1,10-bis(diphenylphosphino)ferrocene) palla-
dium(II)-dichloromethane adduct (PdCl2 (dppf), 0.03 mmol) were
dissolved in 2 ml dioxane, and 2 ml 2 M K2CO3 was added. React in
microwave at 150 8C for 20 min, monitored by using TLC. Then
20 ml ethyl acetate was added and washed with water, organic
layer was evaporated and subjected to column chromatography to
afford 205 mg 49 as yellow powder, yield 82%; 1H NMR (400 MHz,
DMSO) d 12.45 (1H), 8.22 (dd, J = 19.5, 8.0 Hz, 3H), 7.82–7.69 (m,
5H), 7.50 (t, J = 7.7 Hz, 3H), 7.43–7.32 (m, 2H), 7.23 (d, J = 8.2 Hz,
2H), 6.92 (d, J = 8.2 Hz, 2H), 4.16 (2H), 1.25 (9H); 13C NMR
(101 MHz, DMSO) d 174.06, 155.93, 153.35, 141.89, 139.52, 139.04,
134.05, 133.91, 130.00, 128.91 � 2, 128.56 � 2, 128.09 � 2, 127.50,
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127.09, 126.48 � 2, 126.27 � 2, 123.73 � 2, 122.74, 122.04, 117.38,
113.35, 107.56, 77.62, 28.56, 28.47 � 3; HRMS calcd. for C34H2NO3

[M�H]�: 498.2075, found, 498.2068.

2.1.42. 3-(7-methoxy-9-oxo-1-(thiophen-2-yl)-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl)propanoic acid (50)

212 mg 24 (0.5 mmol) was dissolved in 20 ml CH2Cl2 and 5 ml
TFA was dropped in. The mixture was stirred at room temperature
until reactant disappeared as monitored by using TLC. Then the
reaction mixture was evaporated in vacuum and subjected to
column chromatography to yield 107 mg 50 as red powder, yield
58%; 1H NMR (400 MHz, DMSO) d 12.23 (1H), 12.16 (1H), 8.00 (s,
1H), 7.58 (s, 2H), 7.44 (d, J = 8.3 Hz, 1H), 7.32 (d, J = 7.5 Hz, 1H), 7.15
(s, 1H), 3.85 (3H), 3.04 (2H), 2.72 (2H); 13C NMR (101 MHz, DMSO)
d 173.59, 173.49, 154.63, 150.62, 141.15, 133.25, 127.24, 126.02,
125.94, 122.39, 122.17, 121.23, 118.76, 112.37, 106.97, 106.67,
55.50, 33.11, 19.39; HRMS calcd. for C19H15NO5S [M+H]+:
370.0744, found, 370.0759.

2.1.43. 3-(4-hydroxybenzyl)-7-methoxy-1-(thiophen-2-

yl)chromeno[2,3-c]pyrrol-9(2H)-one (51)

The tert-butyl protection of 25 (229 mg, 0.5 mmol) was
removed by dissolving 25 in 20 ml CH2Cl2 and 5 ml TFA with
stir at room temperature until the reactant disappeared as
monitored by TLC. The reaction mixture was evaporated in
vacuum and subjected to column chromatography to afford
91 mg 51 as yellow powder, yield 45%; 1H NMR (400 MHz, MeOD)
d 7.92 (d, J = 3.7 Hz, 1H), 7.66 (d, J = 3.0 Hz, 1H), 7.41 (d, J = 5.1 Hz,
1H), 7.35 (d, J = 9.1 Hz, 1H), 7.26 (dd, J = 9.1, 3.1 Hz, 1H), 7.10 (d,
J = 8.6 Hz, 3H), 6.72 (d, J = 8.4 Hz, 2H), 4.09 (2H), 3.88 (3H); 13C
NMR (101 MHz, DMSO) d 173.61, 155.69, 154.67, 150.62, 141.25,
133.26, 129.52, 128.92 � 2, 127.26, 126.05, 125.97, 122.43, 122.23,
121.26, 118.79, 115.19 � 2, 113.11, 106.98, 106.73, 55.51, 28.32;
HRMS calcd. for C23H17NO4S [M+H]+: 404.0951, found, 404.0951.

2.1.44. 3-(9-Oxo-1-phenyl-2,9-dihydrochromeno[2,3-c]pyrrol-3-

yl)propanoic acid (52)

195 mg 26 (0.5 mmol) was treated with the procedure used for
50 to afford 117 mg 52 as yellow powder, yield 70%; 1H NMR
(400 MHz, DMSO) d 12.18 (1H), 8.12 (dd, J = 30.4, 7.9 Hz, 3H), 7.72
(t, J = 7.6 Hz, 1H), 7.48 (dd, J = 14.7, 7.8 Hz, 3H), 7.38–7.30 (m, 2H),
3.07 (2H), 2.76 (2H); 13C NMR (101 MHz, DMSO) d 174.03, 173.55,
155.99, 141.46, 133.84, 130.95, 128.08 �2, 127.70 � 2, 127.57,
127.24, 126.35, 122.63, 121.92, 117.39, 112.89, 107.21, 33.12,
19.41; HRMS calcd. for C20H15NO4 [M+H]+: 334.1074, found,
334.1081.

2.1.45. 1-(4-Fluorophenyl)-3-(4-hydroxybenzyl)-7-

methylchromeno[2,3-c]pyrrol-9(2H)-one (53)

227 mg 27 (0.5 mmol) was treated with the procedure used for
50 to afford 112 mg 53 as yellow powder, yield 56%; 1H NMR
(400 MHz, DMSO) d 12.30 (1H), 9.20 (1H), 8.13 (s, 2H), 7.94 (s, 1H),
7.51 (d, J = 8.2 Hz, 1H), 7.37 (d, J = 8.3 Hz, 1H), 7.30 (t, J = 8.3 Hz,
2H), 7.10 (d, J = 7.6 Hz, 2H), 6.70 (d, J = 7.7 Hz, 2H), 4.04 (2H), 2.40
(3H); 13C NMR (101 MHz, DMSO) d 174.17, 162.79, 160.34, 155.69,
154.21, 141.53, 134.87, 131.74, 129.86, 129.78, 129.58, 128.96 � 2,
127.56, 127.54, 126.09, 125.80, 121.54, 117.22, 115.18 � 2, 115.07,
114.86, 113.50, 107.28, 28.43, 20.29; HRMS calcd. for C25H18NO3F
[M+H]+: 400.1343, found, 400.1345.

2.1.46. 3-(7-Bromo-9-oxo-1-(thiophen-2-yl)-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl)propanoicacid (54)

237 mg 28 (0.5 mmol) was treated with the procedure used for
50 to afford 135 mg 54 as yellow powder, yield 65%; 1H NMR
(400 MHz, DMSO) d 12.26 (2H), 8.21–8.17 (m, 1H), 8.01 (m,1H),
7.86–7.81 (m, 1H), 7.58 (t, J = 4.5 Hz, 1H), 7.46 (dd, J = 8.8, 5.0 Hz,
1H), 7.16 (dd, J = 8.7, 5.0 Hz, 1H), 3.02 (2H), 2.72 (2H); 13C NMR
(101 MHz, DMSO) d 173.47, 172.34, 155.02, 140.72, 136.40, 132.85,
128.30, 127.37, 126.44, 126.37, 123.50, 122.03, 120.11, 114.68,
112.97, 106.40, 33.03, 19.33; HRMS calcd. for C18H12NO4S
Br[M+H]+: 417.9743, found, 417.9741.

2.1.47. 7-Bromo-3-(4-hydroxybenzyl)-1-(thiophen-2-

yl)chromeno[2,3-c]pyrrol-9(2H)-one (55)

254 mg 29 (0.5 mmol) was treated with the procedure used for
50 to afford 72 mg 55 as yellow powder, yield 32%; 1H NMR
(400 MHz, DMSO) d 12.41 (1H), 9.21 (1H), 8.20 (d, J = 2.4 Hz, 1H),
8.02 (d, J = 3.2 Hz, 1H), 7.84 (dd, J = 8.8, 2.4 Hz, 1H), 7.58 (d,
J = 4.9 Hz, 1H), 7.45 (d, J = 8.9 Hz, 1H), 7.19–7.14 (m, 1H), 7.08 (d,
J = 8.3 Hz, 2H), 6.70 (d, J = 8.3 Hz, 2H), 4.04 (2H); 13C NMR
(101 MHz, DMSO) d 172.39, 155.73, 155.06, 140.87, 136.41,
132.88, 129.29, 128.94 � 2, 128.35, 127.37, 126.43, 123.59,
122.08, 120.11, 115.20 � 2, 114.71, 113.69, 106.51, 28.28; HRMS
calcd. for C22H14NO3SBr[M+H]+: 451.9951, found, 451.9961.

2.1.48. 3-(1-(4-Fluorophenyl)-7-methyl-9-oxo-2,9-

dihydrochromeno[2,3-c]pyrrol-3-yl)propanoic acid (56)

210 mg 30 (0.5 mmol) was treated with the procedure used for
50 to afford 63.8 mg 56 as yellow powder, yield 35%; 1H NMR
(400 MHz, DMSO) d 12.23 (2H), 8.15–8.09 (m, 2H), 7.93 (s, 1H),
7.53 (d, J = 8.3 Hz, 1H), 7.39 (d, J = 8.4 Hz, 1H), 7.31 (t, J = 8.8 Hz,
2H), 3.06 (2H), 2.74 (2H), 2.40 (3H); 13C NMR (101 MHz, DMSO) d
174.13, 173.55, 162.78, 160.34, 154.16, 141.45, 134.80, 131.64,
129.80, 129.72, 127.58, 127.55, 126.02, 125.75, 121.46, 117.17,
115.05, 114.84, 112.64, 107.19, 33.10, 20.27, 19.38; HRMS calcd.
for C21H16NO4F[M+H]+: 366.1136, found, 366.1137.

2.1.49. 3-(4-Hydroxybenzyl)-1-(thiophen-2-yl)chromeno[2,3-

c]pyrrol-9(2H)-one (57)

tert-Butyl protection of 31 (215 mg, 0.5 mmol) was removed
with the procedure used for 51 to afford 112 mg of 57 as red
crystal, yield 60%; 1H NMR (400 MHz, DMSO) d 12.33 (1H), 9.21
(1H), 8.16 (dd, J = 7.9, 1.4 Hz, 1H), 8.04–8.00 (m, 1H), 7.74–7.67 (m,
1H), 7.56 (d, J = 5.0 Hz, 1H), 7.47 (d, J = 8.2 Hz, 1H), 7.33 (t,
J = 7.5 Hz, 1H), 7.15 (dd, J = 5.0, 3.8 Hz, 1H), 7.08 (d, J = 8.4 Hz, 2H),
6.69 (d, J = 8.5 Hz, 2H), 4.05 (2H); 13C NMR (101 MHz, DMSO) d
173.80, 156.06, 155.71, 141.03, 133.99, 133.16, 129.48, 128.93 � 2,
127.30, 126.27, 126.16, 122.79, 121.93, 121.65, 117.45, 115.20 � 2,
113.40, 106.98, 28.32; HRMS calcd. for C22H15NO3S [M�H]�:
372.0700, found, 372.0703.

2.1.50. 3-(4-Hydroxybenzyl)-1-(4-methoxyphenyl)chromeno[2,3-

c]pyrrol-9(2H)-one (58)

226 mg 32 (0.5 mmol) was treated with the procedure used for
50 to afford 111 mg 58 as brown crystal, yield 56%; 1H NMR
(400 MHz, DMSO) d 12.16 (1H), 9.20 (1H), 8.10 (dd, J = 39.1, 6.3 Hz,
3H), 7.69 (t, 1H),7.46 (d, J = 6.9 Hz, 1H), 7.31 (t, 1H),7.06 (dd,
J = 26.7, 6.2 Hz, 4H), 6.69 (d, J = 6.1 Hz, 2H), 4.04 (2H), 3.82 (3H);
13C NMR (101 MHz, DMSO) d 174.47, 159.42, 156.48, 156.16,
141.73, 134.29, 130.22, 129.66 � 2, 129.45 � 2, 128.22, 126.88,
124.07, 123.08, 122.51, 117.83, 115.67 � 2, 114.04 � 2, 113.26,
107.19, 55.67, 28.91; HRMS calcd. for C25H19NO4 [M�H]�:
396.1241, found, 396.1257.

2.1.51. 3-(4-Hydroxybenzyl)-1-(naphthalen-2-yl)chromeno[2,3-

c]pyrrol-9(2H)-one (59)

237 mg 34 (0.5 mmol) was treated with the procedure used for
50 to afford 52 mg 59 as brown powder, yield 25%; 1H NMR
(400 MHz, DMSO) d 12.51 (1H), 9.24 (1H), 8.67 (1H), 8.24 (ddd,
J = 9.9, 8.3, 1.7 Hz, 2H), 8.01–7.92 (m, 3H), 7.72 (t, J = 8.6 Hz, 1H),
7.57–7.48 (m, 3H), 7.35 (dd, J = 11.1, 3.9 Hz, 1H), 7.16 (d, J = 8.5 Hz,
2H), 6.72 (dd, J = 6.6, 4.7 Hz, 2H), 4.12 (2H); 13C NMR (101 MHz,
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DMSO) d 174.12, 156.00, 155.71, 141.72, 133.94, 132.76, 132.20,
129.59, 129.02 � 2, 128.52, 128.06, 127.50, 127.35, 127.18, 126.46,
126.42, 126.24, 126.20, 125.98, 122.75, 122.02, 117.43, 115.22 � 2,
114.22, 107.69, 28.50; HRMS calcd. for C28H19NO3 [M+H]+:
418.1438, found, 418.1446.

2.1.52. 3-Benzyl-2-methyl-1-phenylchromeno[2,3-c]pyrrol-9(2H)-

one (60)

176 mg 3-Benzyl-1-phenylchromeno[2,3-c]pyrrol-9(2H)-one
(42, 0.5 mmol) was dissolved in 20 ml CH3CN or acetone, and
207 mg K2CO3 (1.5 mmol) was added. 355 mg CH3I (2.5 mmol) was
dropped into the mixture quickly, refluxed at 50 8C for 3 h until
reactant disappeared, as monitored by using TLC. The reaction
mixture was evaporated in vacuum, and then 20 ml EtOAc was
added. The resulted solution was washed with 50 ml water and
saturated salt solution. The organic layer was dried over anhydrous
sodium sulfate, and the filtrate was evaporated and subjected to
column chromatography to afford 142 mg 60 as light yellow
powder, yield 78%; 1H NMR (400 MHz, DMSO) d 8.09 (d, J = 7.7 Hz,
1H), 7.70 (t, J = 7.6 Hz, 1H), 7.53 (t, J = 6.1 Hz,2H), 7.52–7.44 (m,
4H), 7.37–7.31 (m, 3H), 7.31–7.20 (m, 3H), 4.30 (2H), 3.48 (3H); 13C
NMR (101 MHz, DMSO) d 173.03, 156.07, 141.47, 138.57, 133.80,
131.02 � 2, 129.70, 129.10, 128.68 � 2, 128.24, 127.99 � 2,
127.79 � 2, 126.34, 126.10, 122.74, 122.07, 117.54, 113.71,
107.23, 32.08, 28.18; HRMS calcd. for C25H19NO2 [M+H]+:
366.1489, found, 366.1503.

2.1.53. 3-(4-Hydroxybenzyl)-1-phenylchromeno[2,3-c]pyrrol-9(2H)-

one (61)

The tert-butyl protection of 43 (212 mg, 0.5 mmol) was
removed with the procedure used for 51 to afford 152 mg of 61
as yellow powder, yield 83%; 1H NMR (400 MHz, DMSO) d 12.39
(1H), 9.20 (1H), 8.17 (dd, J = 7.9, 1.6 Hz, 1H), 8.09 (d, J = 7.4 Hz, 2H),
7.71 (ddd, J = 8.6, 7.2, 1.7 Hz, 1H), 7.52–7.41 (m, 3H), 7.34 (dd,
J = 14.6, 7.2 Hz, 2H), 7.11 (d, J = 8.4 Hz, 2H), 6.70 (d, J = 8.4 Hz, 2H),
4.06 (2H); 13C NMR (101 MHz, DMSO) d 174.05, 155.96, 155.69,
141.52, 133.88, 130.94, 129.61, 128.98 � 2, 128.07 � 2, 127.71 � 2,
127.57, 127.26, 126.40, 122.69, 121.98, 117.40, 115.19 � 2, 113.74,
107.30, 28.44; HRMS calcd. for C24H17NO3 [M+H]+: 368.1281,
found, 368.1281.

2.1.54. 3-(4-Hydroxybenzyl)-2-methyl-1-phenylchromeno[2,3-

c]pyrrol-9(2H)-one (62)

110 mg 61 (0.3 mmol) was dissolved in 10 ml acetone, and
124 mg K2CO3 (0.9 mmol) was added. 213 mg CH3I (1.5 mmol) was
dropped into the mixture quickly and refluxed at 50 8C for 3 h until
reactant disappeared as monitored by using TLC. The reaction
mixture was evaporated in vacuum, and 20 ml EtOAc was added.
The resulted solution was washed with 50 ml water and saturated
salt solution. The organic layer was dried over anhydrous sodium
sulfate, and the filtrate was evaporated and subjected to column
chromatography to afford 39 mg 62 as yellow powder, yield 34%;
1H NMR (400 MHz, CDCl3) d 8.27 (d, J = 7.8 Hz, 1H), 7.60 (t,
J = 7.6 Hz, 1H), 7.52 (d, J = 7.4 Hz, 2H), 7.47 (t, J = 7.1 Hz, 2H), 7.43
(d, J = 6.8 Hz, 1H), 7.38 (d, J = 8.3 Hz, 1H), 7.24 (d, J = 7.7 Hz, 1H),
7.10 (d, J = 7.9 Hz, 2H), 6.79 (d, J = 7.9 Hz, 2H), 5.02 (1H), 4.23 (2H),
3.46 (3H); 13C NMR (101 MHz, DMSO) d 173.05, 156.09, 155.82,
141.24, 133.78, 131.02 � 2, 129.73, 128.93 � 2, 128.49, 128.20,
127.78 � 2, 126.09, 122.70, 122.06, 117.55, 115.44 � 2, 114.39,
107.17, 32.05, 27.35; HRMS calcd. for C25H19NO3 [M�H]�:
380.1292, found, 380.1296.

2.2. Protein expression and purification

The subcloning and protein expression of human PDE5A1
catalytic domain (residues 535–860) were previously published
[42] and are briefly described as follows. The recombinant plasmid
of pET15b-PDE5A1 (535–860) was transferred into E. coli. strain
BL21 (CodonPlus, Stratagene). The E. coli cell carrying the pET15-
PDE5A1 plasmid was grown in LB medium at 37 8C to absorption
A600 = 0.6–0.8, and then 0.1 mM isopropyl b-D-thiogalactopyrano-
side was added to induce the expression at 15 8C for 40 h. The
recombinant PDE5A1 protein was purified by column chromatog-
raphy of Ni-NTA affinity (Qiagen), thrombin cleavage, Q-sepharose
ionic exchange, and Sephacryl S200 gel filtration (GE Healthcare). A
typical batch of purification yielded 20 mg PDE5A1 from 2-L cell
culture. The PDE5A1 protein has purity >95%, as shown by SDS-
PAGE.

The catalytic domains of PDE4D2 (86–413), PDE7A1 (130–482),
PDE8A2 (480–820), PDE9A2 (181–506), and PDE10A2 (448–789)
were purified by using similar protocols previously published [43–
47]. PDE1B (1–516) was partially purified (unpublished data).

2.3. Enzymatic assay

The enzymatic activities of the catalytic domains of PDE5A1 and
other PDEs were measured by using cGMP or cAMP as substrates
and sildenafil and other PDE inhibitors as the reference com-
pounds. The assay buffer contains 50 mM Tris–HCl (pH 8.0),
10 mM MgCl2 or 4 mM MnCl2, 1 mM DTT, 10–30 nM 3H-cGMP or
3H-cAMP (20,000–30,000 cpm/assay, GE Healthcare). The reaction
was carried out at room temperature for 15 min and then
terminated by addition of 0.2 M ZnSO4. The reaction product
3H-GMP or 3H-AMP was precipitated by 0.2 N Ba(OH)2, while
unreacted 3H-cGMP or 3H-cAMP was remained in the supernatant.
Radioactivity of the supernatant was measured in 2.5 ml Ultima
Gold liquid scintillation cocktails (Fisher Scientific) by a Perki-
nElmer 2910 liquid scintillation counter. For the measurement of
IC50, at least eight concentrations of inhibitors were used in the
presence of suitable concentrations of 3H-cAMP/3H-cGMP and the
enzymes that hydrolyze up to 70% of the substrates. Each
measurement was repeated three times. The IC50 values were
calculated by nonlinear regression.

2.4. Crystallization and structure determination

The crystals of PDE5A1 were grown by the hanging drop vapor
diffusion method. The unliganded PDE5A1 (535–860) (6–10 mg/
mL in a storage buffer of 50 mM NaCl, 20 mM Tris–HCl pH 7.5,
1 mM b-mercaptoethanol and 1 mM EDTA) was vapor-diffused
against the well buffer of 0.2 M MgSO4, 0.1 M Na cacodylate (pH
6.5), and 18% PEG3350 at room temperature. The crystal size of the
unliganded PDE5A1 was improved by micro-seeding against the
same crystallization buffer. The PDE5A1-57 complex was prepared
by soaking the unliganded PDE5A1 crystals in the crystallization
buffer plus 5 mM 57 at 24 8C for 3 days. The crystals were flash-
frozen in liquid nitrogen by using the well buffer plus 20% (w/v)
glycerol as the cryosolvent. The X-ray diffraction data were
collected at 100 K on Beamline X29 of Brookhaven National
Laboratory (Table 3) and processed by HKL2000 [48]. The structure
of the PDE5A1-57 complex was solved by the molecular
replacement [49]. The resulted model was rebuilt by program O
[50] and refined by CNS [51].

2.5. Docking

The crystal structure of the PDE5A catalytic domain in complex
with sildenafil (PDB code 2H42) was used for the virtual docking by
the CDOCKER protocol embedded in Accelrys Discovery Studio
2.5.5 [52]. In order to validate the reliability of the default
parameters of CDOCKER, the bound sildenafil was docked to the
active site of PDE5, yielding the root-mean-squared deviations
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(RMSDs) of <1.0 Å for 23 out of total 50 poses from the bound
conformation of sildenafil in the crystal. Then, fifty conformations
of each designed compound were randomly generated, optimized,
and evaluated on the basis of both docking score and cluster
population.

The new scaffolds were designed on the basis of the PDE5-57
crystal structure and docked by program AutoDock 4.2 [53] into
the active sites of PDE4D2 (79–413) [43], PDE5A1 (535–860),
and PDE9A2 (191–506) [47]. The rigid monomeric PDE catalytic
domains were used for docking of all scaffolds. The default
docking parameters were verified by docking of 57 into the
crystal structure and then used for the scaffold docking. A typical
box with 60 � 60 � 60 grid points equally spaced at 0.375 Å per
grid was generated using AutoGrid [53]. The following param-
eters and Lamarckian genetic algorithm were used for the
docking: random initial orientation and position, population
size (150), maximum number of energy evaluations (25 million),
maximum number of generations (27,000), mutation rate (0.02),
crossover rate (0.8), and 100 docking runs to output 100 docked
conformations.

3. Results

3.1. Structure-based molecular design

We previously reported the synthesis of a series of 1-aryl
chromeno[2,3-c]pyrrol-9(2H)-one (ACPs) that may have antican-
cer activity [41]. Since these compounds contain a chromeno-
pyrrol core similar to that of Johnson’s PDE5 inhibitors RWJ387273
and RWJ444772 [54,55], we tested their ability to bind to the active
site of PDE5. The docking of the ACP compounds to PDE5A shows
that some of them occupy the same pocket as sildenafil does, and
also are capable of forming a hydrogen bond with invariant Gln817
and p–p stack against conserved Phe820, suggesting that these
compounds may be developed to PDE5A inhibitors. Indeed, the
enzymatic assay confirmed the inhibitory activity of the com-
pounds on PDE5. Thus, the triple ACP ring was chosen as the
pharmacophore and various substitutions on R1 to R5 were
designed to optimize the inhibition on PDE5 (Table 1).

3.2. Discovery of aryl chromeno-pyrrol analogs as PDE5 inhibitors

The inhibitory activities of obtained aryl chromeno-pyrrol
analogs were evaluated by enzymatic assay (Table 1). In summary,
most compounds have the IC50 values less than 1 mM against
PDE5A1, and small substitutions on R1, R2, and R5 (–CH3, –OCH3, or
–Br) do not dramatically improve the inhibitory activity (com-
pounds 16–19, 22, 24, 25, 35, 39, 45, 47, 48, 51, 53–56, 60, and 62).
The activity of the compounds largely depends on the substitutions
on R3 and R4, as discussed as follows.

For substitution on R3, the small modifications such as the
exchanges between furan, thiophen, fluorobenzene, and benzene
do not significantly change the IC50 values, as shown by the
comparisons of 16 vs. 39, 17 vs. 24, 21 vs. 26, 37 vs. 38, 50 vs. 56,
and 57 vs. 61 (Table 1). However, significant improvement is
observed for the cases, in which (1) furan (19 or 20) is better than
4-Br-C6H4– (23) and 4-C6H5-C6H4– (49), and (2) thiophen (57) is
better than 4-O(CH3)-C6H4– (58) or naphthalene (59). These data
suggest that the compounds with small substitutions on R3 have
better activity than those with large substitutions. This conclusion
is also supported by the comparisons of 36 vs. 33 and 61 vs. 59.

For R4, substitution with –CH2C6H4(p-OtBu) (23, 25, 34, 43, and
49) or –CH2(CH2)3NHCOOtBu (41 and 46–48) produces poor
inhibition with IC50 > 10 mM, while the –CH2CH2COOtBu substi-
tution yields IC50 in a range 0.8–4 mM (17, 18, 21, 22, 24, and 26,
Table 1). The –CH2COOtBu substitution results in the moderate
inhibitors of 16, 35, 37, 38, and 39 with IC50 = 446, 122, 381, 217,
and 492 nM, respectively. Thus, the above data suggest that a
smaller group linked to OtBu have better inhibitory activity, and
also imply that the t-butanyl group may be a steric obstacle for
interaction with PDE5 so as to scarify the inhibition. The best
substitution on R4 is –CH2C6H4(p-OH), and compounds containing
this substitution showed the IC50 values of 456 (59), 356 (53), 221
(58), 137 (62), 135 (55), 61 (51), 18 (61), and 17 nM (57),
respectively.

In summary, four compounds 42, 51, 57, and 61 show the
potent IC50 values of 77, 61, 17, and 18 nM, and may thus be
deserved for further pharmacological studies. Compound 57 was
selected for more complete assay and shows reasonably good
selectivity over the catalytic domains of the other PDE families
(Table 2).

3.3. Architecture of the PDE5-57 structure

The crystallographic asymmetric unit contains one PDE5
catalytic domain in complex with 57. The structure of the PDE5-
57 complex (Fig. 2) has the overall similar folding as those of other
PDE5 catalytic domains [42,56–62], as shown by the average
positional differences of 0.24 and 0.26 Å for 286 and 279
comparable Ca atoms when PDE5-57 was superimposed over
the structures of the unliganded PDE5 and its complex with
sildenafil [42]. A significant portion of the H-loop (667–676) and
the M-loop (791–807) is disordered in the PDE5-57 complex. This
is similar to the disorder of the H-loop in the structures of the
unliganded PDE5 and its IBMX complex [42,61], but different from
the ordered conformation of the H-loops in the PDE5 complexes
with sildenafil and vardenafil, in which the H-loops showed large
positional migrations and different conformations [42,59].

3.4. Binding of inhibitor 57

Inhibitor 57 binds to the active site of PDE5 as other PDE5
inhibitors do (Fig. 2). The aryl-chromeno-pyrrol ring of 57 is
sandwiched by the hydrophobic residues of Phe820 on one side
and Val782 and Phe786 on another side (Fig. 2B and C). In addition,
the amine on the pyrrol ring of 57 forms a hydrogen bond with the
amide oxygen of the Gln817 side chain of PDE5 (2.5 Å). This
hydrogen bond with Gln817 and the stack against Phe820 are two
characteristics conserved for the binding of many PDE inhibitors
[62]. The tyrosyl group of 57 interacts with hydrophobic residues
of Val782, Ala783, Phe787, Ile813, and Met816, although the
docking suggested that its OH group may form a hydrogen bond
with the carbonyl oxygen of Leu804 that is disordered in the
crystal. The thiophen ring of 57 forms a hydrogen bond with the
amide nitrogen of Gln817 (3.3 Å to the sulfur), in addition to the
hydrophobic interactions with residues of Ala767, Ile768, Gln775,
and Ile778.

The electron density maps of (2Fo � Fc) and (Fo � Fc) unam-
biguously revealed the conformation of 57, in which the thiophen
ring conjugated with the aryl-chromeno-pyrrol plane, but tilted
slightly (Fig. 2C). However, the B-factor of 57 (86 Å2) is significantly
higher than the average B-factor of the protein atoms (48 Å2,
Table 3), suggesting its low occupancy. A possible explanation to
the low occupancy of 57 might be the unfavorable match of the
polar chromenol ring with the hydrophobic residues Phe820,
Val782, and Phe786 (Fig. 2B and C). Another possibility might be
the close contact of a carbon atom on the aryl ring of 57 with an
oxygen of the bound sulfate group in a hydrogen bond distance.
The sulfate group is not an integrated part of the protein, but may
be recruited from the crystallization buffer containing 0.2 M
MgSO4. The sulfate replaced a chelating water of the zinc ion and
its occupancy at the active site is supported by its comparable



Table 1
Structures of ACPs and their IC50 values (nM) for PDE5A1.

Cpd. R1 R2 R3 R4 R5 IC50� SDa

16 H CH3 Furan-2-yl CH2COOtBu H 446 � 6

17 H OCH3 Furan-2-yl CH2CH2COOtBu H 4379 � 450

18 H CH3 Furan-2-yl CH2CH2COOtBu H 1667 � 80

19 H CH3 Furan-2-yl CH2C6H4(p-OtBu) H 240 � 44

20 H H Furan-2-yl CH2C6H4(p-OtBu) H 1997 � 315

21 H H Furan-2-yl CH2CH2COOtBu H 2071 � 213

22 H Br Furan-2-yl CH2CH2COOtBu H 823 � 246

23 H H 4-Br-C6H4 CH2C6H4(p-OtBu) H >10,000 (26%)

24 H OCH3 Thiophen-2-yl CH2CH2COOtBu H 1913 � 60

25 H OCH3 Thiophen-2-yl CH2C6H4(p-OtBu) H �10,000

26 H H C6H5 CH2CH2COOtBu H 2142 � 290

33 H H Naphthalen-2-yl CH2C6H5 H >10,000 (28%)

34 H H Naphthalen-2-yl CH2C6H4(p-OtBu) H >10,000 (3%)

35 H OCH3 Thiophen-2-yl CH2COOtBu H 122 � 27

36 H H 4-Br-C6H4 CH2C6H5 H 319 � 78

37 H H C6H5 CH2COOtBu H 381 � 61

38 H H 4-F-C6H4 CH2COOtBu H 217 � 25

39 H CH3 4-F-C6H4 CH2COOtBu H 492 � 35

40 H H 4-F-C6H4 N-Boc-1H-indol-3-yl H >10,000 (21%)

41 H H C6H5 CH2(CH2)3NHCOOtBu H �10,000

42 H H C6H5 CH2C6H5 H 77 � 11

43 H H C6H5 CH2C6H4(p-OtBu) H >10,000 (40%)

44 OCH3 H Thiophen-2-yl CH2CH(CH3)2 H 836 � 17

45 H CH3 Furan-2-yl CH2CH(CH3)2 H 576 � 7

46 OCH3 H Thiophen-2-yl CH2(CH2)3NHCOOtBu H �10,000

47 H CH3 Thiophen-2-yl CH2(CH2)3NHCOOtBu H >10,000 (41%)

48 H OCH3 Thiophen-2-yl CH2(CH2)3NHCOOtBu H 2463 � 426

49 H H 4-C6H5-C6H4 CH2C6H4(p-OtBu) H >10,000 (6%)

50 H OCH3 Thiophen-2-yl CH2CH2COOH H 4166 � 76

51 H OCH3 Thiophen-2-yl CH2C6H4(p-OH) H 61 � 3

52 H H C6H5 CH2CH2COOH H �10,000

53 H CH3 4-F-C6H4 CH2C6H4(p-OH) H 356 � 34

54 H Br Thiophen-2-yl CH2CH2COOH H 2818 � 370

55 H Br Thiophen-2-yl CH2C6H4(p-OH) H 135 � 17

56 H CH3 4-F-C6H4 CH2CH2COOH H 4626 � 725

57 H H Thiophen-2-yl CH2C6H4(p-OH) H 17 � 1

58 H H 4-OCH3-C6H4 CH2C6H4(p-OH) H 221 � 3

59 H H Naphthalen-2-yl CH2C6H4(p-OH) H 456 � 24

60 H H C6H5 CH2C6H5 CH3 902 � 31

61 H H C6H5 CH2C6H4(p-OH) H 18 � 4

62 H H C6H5 CH2C6H4(p-OH) CH3 137 � 16

a The percentiles in parentheses indicate the inhibitory rate at 10,000 nM of the inhibitors.
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B-factor (35 Å2) with the overall B-factor for protein atoms (48 Å2)
from the structural refinement (Table 3). The last possibility might
be due to the fact that 57 does not fit well to the pocket of the
unliganded PDE5 by the soaking experiments since at least 6
conformations of the H-loop at the active site of PDE5 have been
identified [42,59–62].

The structural information is ready for explanation of the
activity data. The attachment of a methyl group to R5 of 57 would
abolish the hydrogen bond between the nitrogen of pyrrol of 57
and Gln817 (Fig. 2) and thus scarify the potency of the inhibitors 60
and 62 (Table 1). The contact of thiophen with the hydrophobic
residues of Ala767, Ile768, Ile778, and Phe820, may explain the
observation that the benzyl replacement produced an inhibitor
with a similar IC50 (18 nM for 61, Table 1). The dead end location of
Table 2
Enzymatic activity of 57 (IC50, mM) against catalytic domains of PDEs.

PDEs 1B2 (10–487) 4D2 (86–413) 5A1 (535–860) 7A1 (

57 2.00 � 0.27 1.45 � 0.11 0.017 � 0.001 0.99 �
the thiophen ring of 57 in PDE5 would predict that a large
substitution at R3 results in poor inhibitors, and this indeed
happens to compounds 33 and 34 (IC50 > 10 mM, Table 1). The fit of
the tyrosyl ring of 57 to the hydrophobic environment in the
crystal structure might explain that the compounds containing a
polar ester group at R4 (16–18, 21, 22, 24, 26, 37–39, 41, 46–48, 50,
52, 54, and 56) would not be highly potent inhibitors due to its
polarity or steric hindrance.

3.5. Similarities and differences of 57 binding from those of other

PDE5 inhibitors

Superposition of PDE5-57 over the other PDE5-inhibitor
structures [42,56–62] reveals an overall similar binding between
130–482) 8A1 (480–820) 9A2 (181–506) 10A2 (447–789)

 0.06 2.76 � 0.73 11.68 � 0.16 0.75 � 0.19



Fig. 2. Structure of the PDE5-57 complex. (A) Ribbon presentation of the PDE5 catalytic domain (cyan ribbons) in complex with 57 (yellow stick). The red and green ribbons

show the conformations of the H- and M-loops of the unliganded PDE5 and its complex with sildenafil, respectively. The comparable portions of the three structures are

represented by the cyan ribbons. (B) Surface model for the 57 (yellow sticks) binding. The dotted lines represent hydrogen bonds. (C) Interaction of 57 with PDE5. The blue

mesh is the electron density map of (Fo � Fc) that was calculated from the structure with omission of 57 and contoured at 2.5s. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of the article.)
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57 and other PDE5 inhibitors, but different interactions in detail.
When 57 is compared with sildenafil and tadalafil, the binding of
57 to PDE5 shows a pattern closer to that of tadalafil than sildenafil
(Fig. 3). The interactions of the triple ACP ring of 57 with conserved
Phe820 and invariant Gln817 are closely simulated by the stack of
pyrazolo-pyrimidine ring of sildenafil against Phe820 and two
hydrogen bonds with Gln817 in the PDE5-sildenafil structure [42].
However, the ethoxy group of sildenafil makes much less
contribution to the hydrophobic interactions with a small pocket
made up of Phe787, Ile813, and Met816, than the tyrosyl group of
57 in the PDE5-57 structure, although they occupy the same
location (Fig. 3). Besides, sulfonyl-4-methylpiperazine of sildenafil
and pyrrol of 57 occupy different locations and interact with
different residues.

In comparison, the chromeno-pyrrol and thiophen rings of 57
are well superimposed over the four conjugated ring of pyrazino-
pyrido-indole of tadalafil (Fig. 3). These rings in the structures of
PDE5-tadalafil and PDE5-57 commonly fit to the hydrophobic slot
Table 3
Statistics on diffraction data and structure refinement.

Data collection PDE5-57
Space group P3121

Unit cell (a, c, Å) 74.1, 132.3

Resolution (Å) 50–2.0 (2.07–2.0)

Total measurements 666,527

Unique reflections 29,180

Completeness (%) 100.0 (100.0)

Average I/s 14.0 (5.2)

Rmerge 0.065 (0.688)

Structure refinement

R-factor/R-free 0.217/0.248

Reflections 28,434/2830

Resolution (Å) 15–2.0

RMS deviations for

Bond length 0.0052 Å

Bond angle 1.18
Average B-factor (Å2) (atoms)

Protein 47.5 (2420)

Inhibitor 85.6 (23)

Zn 38.3 (1)

Mg 41.8 (1)

SO4 35.0 (5)

Water 44.0 (75)

Ramachandran plot

Most favored 91.0%

Allowed 7.9%

General allowed 1.1%
made up of Val782, Phe786, and Phe820, and form a hydrogen
bond with invariant Gln817. The tyrosyl ring of 57 and benzodioxol
ring of tadalafil occupy the same hydrophobic pocket consisted of
Phe787, Ile813, and Met816, although their detailed interactions
are not exactly comparable (Fig. 3). However, Gln817 forms only
one hydrogen bond with the amine on the indole ring of tadalafil, in
comparison to two hydrogen bonds with the pyrrol amine and
thiophen sulfur of 57.

4. Discussion

4.1. Implication on a new scaffold for development of PDE inhibitors

While the enzymatic and structural studies have shown that 57
is a PDE5 selective inhibitor, its potency may be further improved.
For example, replacement of the triple ACP ring of 57 with a small
ring system may avoid of the unfavorable interactions of the
hydrophobic aryl group with the hydrophilic solvent molecules at
the metal binding pocket. Another possible modification is
replacement of the polar chromeno group of 57 with a hydrophobic
ring in order to favorably fit to the hydrophobic slot of PDE5, which
is composed of Phe820, Val782, Phe786, and Phe787.

On the other hand, since 57 has a different chemical skeleton
from other PDE5 inhibitors (Fig. 1), a fragment of our inhibitors
might be taken as a scaffold for development of PDE inhibitors. An
example of the scaffolds may be methoxyl-phenyl-pyrrol-thio-
phen (5R3, Fig. 1). The docking of 5R3 into the catalytic domains of
cGMP-specific PDE5A1 and PDE9A2, and cAMP-specific PDE4D2
shows that 5R3 binds to the PDEs with the predicted Ki values at
micromolar level. The best poses from the dockings showed the
similar interactions of 5R3 with PDE5 and PDE9, such as stacking
against the conserved phenylalanine and hydrogen-bonding with
the invariant glutamine (Fig. 4). Thus, 5R3 could be used as a
scaffold that has the basic binding affinity with PDE5 and PDE9
while the selectivity may be achieved by targeting at non-
conserved residues in the PDE5 and PDE9 pockets. On the other
hand, 5R3 binding to cAMP-specific PDE4 is completely different
from those of cGMP-specific PDE5 and PDE9 (Fig. 4C). While the
stack against the phenylalanine (Phe372 in PDE4D2) is still
conserved, the pyrrol amine of 5R3 forms a hydrogen bond with
Asn321, instead of the invariant glutamine (Gln369 in PDE4D2). In
short, on the basis of the different binding patterns, 5R3 might be
redesigned to lead to inhibitors for various PDE families.



Fig. 3. Comparison on binding of the PDE5 inhibitors. (A) Superposition of the PDE5-57 complex (cyan ribbons and yellow sticks) over the PDE5-sildenafil structure (green

ribbons and salmon sticks). (B) Comparison on the binding of 57 (yellow sticks) and tadalafil (green). Since the PDE5-tadalafil structure (PDB code 1XOZ) contains a

replacement of the H-loop with the PDE4 fragment, no comparison on the protein structures is shown. (C) Surface model on the binding of inhibitors of 57 (yellow), sildenafil

(salmon), and tadalafil (green). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Fig. 4. Docking of a new scaffold 5R3 to cGMP-specific PDE5A1 (A) and PDE9A2 (B), and cAMP-specific PDE4D2 (C). Dotted lines represent hydrogen bonds. It is visible that the

scaffold 5R3 binds to the PDEs in different orientations and has different patterns of hydrogen bonding in the structures of PDE4, PDE5, and PDE9, but the stacking against the

conserved phenylalanine is retained. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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