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N-3-Substituted Imidazoquinazolinones: Potent and Selective PDE5 Inhibitors
as Potential Agents for Treatment of Erectile Dysfunction
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Phosphodiesterase type 5 (PDE5) inhibitors with improved PDE isozyme selectivity relative
to sildenafil may result in agents for the treatment of male erectile dysfunction (MED) with a
lower incidence of PDE-associated adverse effects. This paper describes the discovery of 14, a
PDE5 inhibitor with improved potency and selectivity in vitro compared to sildenafil. This
compound shows activity in a functional assay of erectile function comparable to that of
sildenafil.

Introduction
The utility of sildenafil (1, Viagra; Chart 1) as an

efficacious, orally active agent for the treatment of male
erectile dysfunction (MED)1 has created significant
interest in the discovery of additional phosphodiesterase
type 5 (PDE5) inhibitors.2 PDE5 is the primary cGMP-
hydrolyzing enzyme activity present in the corpus
cavernosum, the smooth muscle in the penis which helps
control vascular tone. When a man is sexually stimu-
lated, nitric oxide is released from the cavernosal nerve.
This activates soluble guanylyl cyclase in the corpus
cavernosum, causing an increase in intracellular cGMP,
which is normally hydrolyzed by PDE5. Inhibition of
PDE5 elevates levels of the cyclic nucleotide, leading
to enhanced relaxation of smooth muscle, increased
arterial inflow, venous congestion, and ultimately an
erection. Despite the efficacy of 1 as a treatment for
MED, there are notable drawbacks associated with its
use. Clinically significant adverse effects such as nau-
sea, headache, cutaneous flushing, and visual distur-
bances have been noted, and their incidence is dose-
dependent. Certain of these are thought to be due to
nonspecific inhibition of other PDEs, specifically PDE1
and PDE6.3,4 Thus, the identification of potent and more
selective PDE5 inhibitors is of primary interest. This
paper describes the discovery of an N-3-(fluorobenzyl)-
imidazoquinazolinone that is more potent and selective
in vitro as a PDE5 inhibitor compared to sildenafil. This
compound demonstrates activity comparable to 1 in a
functional assay of erectile dysfunction using rabbit
corpus cavernosum tissue strips.

Results and Discussion
Using the prototypical PDE5 inhibitor zaprinast (2;

Chart 1)5 as a template, directed screening identified 3

(Chart 1) as a moderately active but nonselective lead
(Table 1). The potency of compound 3 was improved 10-
fold by incorporation of an N-methylpiperazinesulfona-
mide in the pendant alkoxybenzene ring, leading to
compound 7 (Scheme 1). This SAR observation was
analogous to that described by Terrett et al.1b in the
development of sildenafil. While this improved activity
was encouraging, it was apparent that this modification
did not enhance isozyme selectivity compared to sildena-
fil (Table 1).

In an attempt to improve the potency and selectivity
of this series, modification of the imidazole ring was
investigated. The synthesis of an N-3-benzyl derivative
of 7 was carried out as shown in Scheme 2. Key to the
synthesis of 11 was the selective formation of the
imidazole ring in 9 that did not also lead to quinazoli-
none formation. This was achieved by stirring the
diamine intermediate derived from 8 in formic acid
overnight at room temperature. The formyl group on
the amine ortho to the primary amide which also
resulted from this transformation was cleaved by brief
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treatment with acid, leading to 9 in good overall yield
from dinitro intermediate 8. Acylation of the aniline
with acid chloride 12 gave piperazine 10, which without
purification was cyclized using potassium tert-butoxide
in refluxing tert-butyl alcohol to furnish 11. In vitro, 11
maintained PDE5 potency (relative to 7) and also
substantially improved the selectivity profile of the
series (Table 1). Specifically, 11 was 20-fold selective
for PDE6, 3400-fold selective for PDE1, and 600-fold
selective for PDE4.

Compounds 7 and 11 were compared to 1 in a
secondary in vitro assay to evaluate their functional
effects on smooth muscle relaxation in rabbit cavernosal
tissue strips.6,7 This model measures potentiation of the
normal smooth muscle relaxation process and reflects
the indirect effect that a PDE5 inhibitor exerts on the
target tissue. It is important to note that administration
of sildenafil does not directly result in an erection (vide
supra), rather an external stimulus is required to
initiate the cascade. The data in Table 2 indicate that
the unsubstituted benzimidazole 7 exhibited a dose-
related effect and was as efficacious as sildenafil as
measured by the potentiation of relaxation enhance-
ment. The N-3-benzyl derivative 11 was less active than
both 1 and 7. We speculated that a contributing factor
to this reduced activity was the significantly higher
molecular weight of 11 (MW ) 572), compared to either
1 (MW ) 474) or 7 (MW ) 482). This may reduce
diffusion of the compound into smooth muscle cells of
the corpus cavernosum where the drug must act.

Carboxamides offer an alternative, lower molecular
weight handle for incorporation of potency-enhancing
substituents in the alkoxybenzene moiety.8 Making use
of this variation, along with further optimization of the
N-3-benzyl substituent, led to the synthesis of compound
14 (Scheme 3). Benzimidazole 9b was coupled with
4-bromo-2-propoxybenzoic acid to furnish an intermedi-
ate amide, which was cyclized to afford 13. Cyanide
substitution, hydrolysis to the corresponding carboxylic
acid, and amide formation afforded 14 in good yield.

Amide 14 displayed enhanced PDE5 potency (IC50 )
0.48 nM), compared to sildenafil and further improved
the PDE selectivity profile of 11 (Table 1). Significant
inhibition (PDE IC50 < 1 µM) of other PDEs is limited
to PDE6. In this instance, compound 14 was 60-fold
selective for PDE5, compared to less than 10-fold
selective for sildenafil. Note that the improved selectiv-
ity of 14 can be attributed to both an increase in PDE5
potency and a decrease in affinity for PDE6 (Table 1).
Evaluation of 14 (MW ) 472) in rabbit corpus caver-
nosum tissue clearly showed a positive dose-related

effect and improved efficacy compared to the higher
molecular weight sulfonamide 11. Compound 14 proved
to be similar in efficacy to both 1 and 7 as measured by
the increase in the relaxation integral relative to the
control (Table 2). This information suggests that 14 is
better able to penetrate cells in the target tissue,
compared to 11, but also shows that the improved in
vitro potency relative to sildenafil did not lead to a
measurable increase in functional efficacy. Neverthe-
less, the data in Table 2 indicate that this group of N-3-
benzylbenzimidazoles is worthy of further study as
potential agents for the treatment of MED.

Conclusion

In summary, we have identified a quinazolinone
template that provides potent PDE5 inhibitors. Addition
of a benzyl moiety at N-3 of this template confers
substantial improvement in PDE selectivity and potency
compared to sildenafil. This improved selectivity should
translate into an improved PDE-related side effect
profile in vivo, based on experience to date with sildena-
fil. In a functional assay of erectile function, the more
selective PDE5 inhibitor 14 demonstrated activity com-
parable to sildenafil based on the ability of the com-
pound to relax rabbit corpus cavernosum tissue. Addi-
tional studies with this series of molecules will be
reported in due course.

Experimental Section
General. NMR spectra were obtained at 400 MHz (1H) and

100 MHz (13C) on a Varian DRX-400 spectrometer. Chemical
shifts are reported in ppm downfield from TMS as an internal
standard. Thin-layer chromatography was carried out using
2.5 × 7.5-cm silica gel 60 (250 µM layer) plates with UV
detection. Magnesium sulfate was employed to dry organic
extracts prior to concentration by rotary evaporation. Flash
chromatography was done using EM Science silica gel 60
(230-400 mesh). Standard solvents from EM Science were
used as received. Anhydrous solvents from EM Science or
Aldrich and all other commercially available reagents were
used without further purification. Melting points were taken
using a Thomas-Hoover MelTemp apparatus. Microanalysis
was carried out by the Analytical Chemistry department at
Bristol-Myers Squibb. Preparative HPLC was carried out on
a Shimadzu LC8A system using a YMC ODS-A 30 × 250-mm
column eluting with a 30-min linear gradient from 90% solvent
A to 90% solvent B (solvent A: 90% water/10% MeOH with
0.1% TFA, solvent B: 90% MeOH/10% water with 0.1% TFA).
Low-resolution mass spectra were recorded using an LC-MS
system consisting of a Micromass ZMD mass spectrometer in
electrospray (M + H) mode and a Shimadzu LC10AT HPLC
using a YMC ODS-A 3 × 50-mm column using the same
solvents as noted above in a 2-min linear gradient.

2-Amino-4-chloro-5-nitrobenzamide (4). 4-Chloroan-
thranilic acid (10.0 g, 56.5 mmol) was dissolved at room
temperature with stirring in 190 mL of distilled water
containing 8.98 g (84.7 mmol) Na2CO3. When the 4-chloroan-
thranilic acid was completely dissolved, a 20% w/v solution of
phosgene in toluene (84 mL) was added dropwise via a
dropping funnel over 45 min. The resulting suspension was
stirred at room temperature overnight under nitrogen. The
product was collected by filtration and washed well with water.
The resulting gray-white solid was dried in a vacuum oven at
60 °C overnight to provide 7-chloro-1,4-dihydro-2H-3,1-ben-
zoxazine-2,4-dione (10.3 g, 52.3 mmol, 93%): 1H NMR (DMSO-
d6) δ 11.93 (br s, 1H), 7.17 (d, J ) 1.5 Hz, 1H), 7.28 (dd, J )
1.6 and 8.2 Hz, 1H), 7.91 (d, J ) 8.2 Hz, 1H).

A portion of this material (5.1 g, 25.9 mmol) was added in
portions over 40 min to a cold (0 °C) solution of concentrated
(96-98%) sulfuric acid (15 mL) and concentrated (70%) nitric

Table 1. PDE5 IC50 and Selectivity Ratios for Other PDEsa

IC50 ratio
compd

PDE5
IC50 (nM)b PDE1/5 PDE2/5 PDE3/5 PDE4/5 PDE6/5

1 1.6 ( 0.5 140 >104 3500 2600 8
3 44 ( 19 200 360 300 100 1
7 5.3 ( 0.6 90 1300 5900 1600 2
11 5.3 ( 1.1 3400 >104 8800 600 20
14 0.48 ( 0.1 >105 >105 >105 4200 60
a Enzyme sources: PDE1, bovine heart; PDE2, rat kidney;

PDE3, human platelet; PDE4, rat kidney; PDE5, human platelet;
PDE6, bovine retina. b All IC50 determinations are averages based
on 3 determinations; PDE5 values are represented as IC50 ( SD
for at least 3 independent experiments.
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acid (15 mL). The reaction was stirred at 0 °C for 1 h, then
filtered through a sintered glass funnel. The filtrate was
cautiously poured into crushed ice (250 g) to precipitate a
yellow-tan solid. This solid was washed well with water and
dried overnight in a vacuum oven (60 °C) to furnish 7-chloro-
1,4-dihydro-6-nitro-2H-3,1-benzoxazine-2,4-dione (3.09 g, 12.7
mmol, 49%): 1H NMR (DMSO-d6) δ 12.30 (br s, 1H), 7.28 (s,
1H), 8.53 (s, 1H).

This product (6.5 g, 26.8 mmol) was suspended in glacial
acetic acid (70 mL). Ammonium acetate (6.2 g, 80.6 mmol) was
added, and the resulting mixture was heated to 100 °C with
stirring for 3 h. After cooling to room temperature, the brown
solution was poured into distilled water (200 mL) to precipitate
a yellow solid which was collected by filtration and washed
well with water and ether. This material was first air-dried,
then dried overnight under high vacuum to provide 4 (4.9 g,
23.0 mmol, 86%): 1H NMR (DMSO-d6) δ 6.92 (s, 1H), 7.49 (br
s, 1H), 7.89 (br s, 2H), 8.22 (br s, 1H), 8.53 (s, 1H).

7-Chloro-6-nitro-2-(2-propoxyphenyl)-4(3H)-quinazoli-
none (5). Compound 4 (3.50 g, 16.3 mmol) was dissolved in
pyridine at room temperature (1 mol equiv). o-Propoxybenzoyl
chloride (4.51 g, 22.8 mmol) was partially dissolved in a small
quantity (<10 mL) of DMF, and this mixture was added to
the pyridine solution. The resulting brown solution was heated
to 80 °C for 2.5 h. The reaction mixture was cooled to room
temperature and poured into distilled water to precipitate a

Scheme 1a

a (a) Phosgene/PhCH3/aq Na2CO3, rt 18 h, 93%; (b) HNO3/H2SO4, 0 °C 1 h, 49%; (c) HOAc, NH4OAc, 100 °C 3 h, 86%; (d) 2-propoxybenzoyl
chloride/DMF/pyridine, 80 °C 2.5 h, 93%; (e) NaOH/H2O2, aq EtOH, reflux 2 h, 89%; (f) (i) chlorosulfonic acid, 0 °C to rt 4 h, (ii)
4-methylpiperazine, CH2Cl2, rt 2 h, 85%; (g) 2 M NH3/EtOH, sealed tube, 130 °C overnight, 72%; (h) 40 psi H2, EtOH/aq HCl, 10% Pd-C,
rt overnight, 59%; (i) formic acid, reflux 3 h, 93%.

Scheme 2a

a (a) H2SO4/KNO3, 40-145 °C, 45%; (b) (i) (COCl)2, CH2Cl2, cat. DMF, 1 h, (ii) NH4OH, acetone, 0 °C 45 min, 75%; (c) (X)-benzylamine,
THF, Et3N, reflux 1-2 h, 81-84%; (d) (i) 25 psi H2, PtO2, MeOH, 3-5 h; (ii) formic acid, rt overnight, (iii) 10% aq HCl/EtOH, rt 3 h,
90-93%; (e) 5-[(4-methylpiperazinyl)sulfonyl]-2-propoxybenzoyl chloride, pyridine/DMF, 75 °C 1-2 h; (f) tBuOK-tBuOH, reflux 2 h,
39% (two steps); (g) propyl iodide, K2CO3/DMF, rt overnight; (h) HSO3Cl/SOCl2, 0 °C 30 min, 28% net; (i) 4-methylpiperazine, triethylamine,
CH2Cl2, 0 °C 1.5 h, 100%; (j) LiOH, THF-H2O, reflux 16 h, 96%; (k) (COCl)2, CH2Cl2, cat. DMF, 2 h.

Table 2. Rabbit Corpus Cavernosum Functional Assay

% control relaxation integral

compd 30 nMa 300 nMa

1 150 ( 20 220 ( 25
7 140 ( 10 210 ( 30
11 120 ( 10 150 ( 13
14 140 ( 12 190 ( 32

a Control (untreated) response ) 100%.
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brown solid. This suspension was stirred at room temperature
overnight. In the morning, the solid was collected by filtration
and washed with water, 10% HCl, and then ether. The product
(4-chloro-2-[(2-propoxybenzoyl)amino]-5-nitrobenzamide) was
obtained in 93% yield (5.70 g, 15.2 mmol) after drying in a
vacuum oven: mp 177-178 °C; 1H NMR (DMSO-d6) δ 9.04 (s,
1H), 8.55 (s, 2H), 8.05 (s, 1H), 7.88 (d, J ) 6.5 Hz, 1H), 7.59
(apparent t, J ) 6.2 Hz, 1H), 7.23 (d, J ) 6.5 Hz, 1H), 7.10
(apparent t, J ) 6.2 Hz, 1H), 4.19 (t, J ) 7.2 Hz, 2H), 1.84 (m,
2H), 0.92 (t, J ) 7.4 Hz, 3H).

This material was suspended in absolute ethanol (15 mL
ethanol), and water was added (7 mL). Sodium hydroxide (0.73
g, 18.2 mmol) was then added, followed by 0.86 mL (0.26 g,
7.6 mmol) of 30% (w/v) aqueous hydrogen peroxide. The
reaction mixture was then heated to reflux, and the starting
material gradually dissolved. When the starting material was
consumed as determined by TLC analysis (generally in less
than 2 h), the reaction was cooled to room temperature and
concentrated by rotary evaporation to furnish a yellow-brown
solid which was washed with water and triturated with ether
to provide an 89% yield (4.38 g, 12.2 mmol) of 5: mp 178-181
°C; 1H NMR (DMSO-d6) δ 8.80 (s, 1H), 8.59 (apparent d, J )
8 Hz, 1H), 7.91 (s, 1H), 7.57 (apparent t, J ) 8 Hz, 1H), 7.19
(apparent t, J ) 7.4 Hz, 1H), 7.09 (d, J ) 8 Hz, 1H), 4.24 (t, J
) 6.5 Hz, 2H), 2.04 (m, 2H), 1.18 (t, J ) 7.4 Hz, 3H).

1-[[3-(7-Chloro-3,4-dihydro-6-nitro-4-oxo-2-quinazoli-
nyl)propoxyphenyl]sulfonyl]-4-methylpiperazine (6). Chlo-
rosulfonic acid (10 mL) was cooled to 0 °C in ice under nitrogen.
Compound 5 (0.81 g, 2.3 mmol) was added portionwise over
20-30 min. The reaction was stirred at 0 °C for 5 h then, very
cautiously, poured slowly into crushed ice. The resulting yellow
precipitate was collected by filtration, washed thoroughly with
water and sucked dry with a water aspirator. This material
was used without further purification for sulfonamide forma-
tion. The resulting sulfonyl chloride was partially dissolved
in 20 mL of methylene chloride/2 mL of THF. Triethylamine
(0.31 g, 3.04 mmol, 423 µL) was added. This was followed by
0.24 g (264 µL, 2.39 mmol) of 4-methylpiperazine. The reaction
mixture was stirred at room temperature for 2 h then diluted
with additional methylene chloride and washed twice with
water, dried over magnesium sulfate and concentrated to
furnish the product as a yellow solid in 72% yield (0.86 g, 1.66
mmol): mp 225-228 °C; LRMS [MH+] 522; 1H NMR (CDCl3)
δ 8.94 (d, 1H, J ) 2.4 Hz), 8.79 (s, 1H), 7.98 (s, 1H), 7.92 (dd,
1H, J ) 2.4, 8.7 Hz), 7.22 (d, 1 H, J ) 8.7 Hz), 4.32 (t, 2H, J
) 6.6 Hz), 3.08-3.12 (m, 4H), 2.43-2.56 (m, 4H), 2.28 (s, 3H),
2.05-2.10 (m, 2H), 1.40 (t, 2H, J ) 7.2 Hz), 1.19 (t, 3H, J )
7.2 Hz).

1-[[3-(7,8-Dihydro-8-oxo-1H-imidazo[4,5-g]quinazolin-
6-yl)-4-propoxyphenyl]sulfonyl]-4-methylpiperazine (7).
Compound 6 (0.65 g, 1.24 mmol) was suspended in equal
volumes of absolute ethanol and 28% aqueous ammonium
hydroxide in a pressure bottle (total volume 25 mL) with a
stirring bar. After the bottled was tightly sealed, the contents
were heated at 140 °C overnight. The reaction mixture was
cooled to room temperature, and the resulting suspension was
diluted with water. The resulting mixture was filtered to afford
a bright yellow solid. This solid was washed with water,
ethanol, and ether to provide 1-[[3-(7-amino-3,4-dihydro-6-
nitro-4-oxo-2-quinazolinyl)-4-propoxyphenyl]sulfonyl]-4-meth-
ylpiperazine (0.44 g, 0.87 mmol, 70% yield): mp 270-271 °C;

LRMS [MH+] 503; 1H NMR (DMSO-d6) δ 8.75 (s, 1H), 7.94 (d,
1H, J ) 2.3 Hz), 7.86 (dd, 1h, J ) 2.3, 8.6 Hz), 7.72 (s, 1H),
7.41 (d, 1H, J ) 8.7 Hz), 7.12 (s, 1H), 4.13 (t, 2H, J ) 6.2 Hz),
2.90 (br s, 4H), 2.37 (br s, 4H), 2.15 (s, 3H), 1.71-1.77 (m, 2H),
0.95 (t, 3H, J ) 6.2 Hz).

This material was partially dissolved in 5 mL of 10%
aqueous HCl and added to a suspension of 10% palladium on
charcoal (50 wt %) in absolute ethanol (20 mL) in a Parr bottle.
The mixture was hydrogenated on a Parr shaker at room
temperature under 40 psi H2 overnight. The suspension was
filtered through Celite and the cake washed well with ethanol.
The filtrate was evaporated to provide 1-[[3-(6,7-diamino-3,4-
dihydro-4-oxo-2-quinazolinyl)-4-propoxyphenyl]sulfonyl]-4-me-
thylpiperazine as the hydrochloride salt (0.21 g, 0.44 mmol,
50% yield). This material was used without further purifica-
tion: LRMS [MH+] 473; 1H NMR (CD3OD) δ 8.22 (s, 1H), 8.18
(d, 1H, J ) 8.6 Hz), 8.00 (s, 1H), 7.58 (d, 1H, J ) 8.6 Hz), 7.15
(s, 1H), 4.24 (t, 2H, J ) 6.2 Hz), 3.94 (br d, 4H, J ) 8.2 Hz,
D2O exchangeable), 3.24 (m, 4H), 2.85-3.05 (m, 7H), 1.80-
1.93 (m, 2H), 1.00 (t, 3H, J ) 6.2 Hz).

This diamine (0.20 g, 0.39 mmol) was dissolved in 10 mL of
concentrated formic acid and heated to reflux under nitrogen.
The reaction was followed by HPLC, and generally conversion
to product was complete in 2 h or less. The reaction was cooled
to room temperature and formic acid was removed in vacuo.
Residual water was azeotropically removed with ethanol
leaving a light brown to reddish brown solid. The solid was
dissolved in 10% aqueous HCl and washed with three portions
of ethyl acetate. The pH of the water layer was adjusted to 12
with sodium hydroxide solution and extracted five times with
ethyl acetate. The collected organic extracts were washed twice
with brine, dried and concentrated. Further purification was
accomplished by dissolving this material in 20 mL of EtOAc,
which was cooled in ice before HCl gas was passed through
the solution to deposit fine tan needles of the hydrochloride
salt of the product (0.14 g, 0.26 mmol, 66% yield): mp (free
base) 164-167 °C; LRMS [MH+] 483; 1H NMR (CD3OD) δ 9.59
(s, 1H), 8.66 (s, 1H), 8.22 (d, 1H, J ) 2.4 Hz), 8.17 (s, 1H),
7.96 (dd, 1H, J ) 2.4, 8.7 Hz), 7.40 (d, 1H, J ) 8.7 Hz), 4.16 (t,
2H, J ) 6.3 Hz), 3.87 (br d, 2H, J ) 12.8 Hz), 3.50 (br d, 2H,
J ) 12.8 Hz), 3.1-3.2 (m, partially obscured by MeOH, 2H),
2.8-2.92 (m, 5H), 1.75-1.88 (m, 2H), 0.95 (t, 3H, J ) 7.4 Hz).
Anal. Calcd for C23H27ClN6O4S: C, 53.22; H, 5.24; Cl, 6.83; N,
16.19; S, 6.18. Found: C, 53.20; H, 5.25; Cl, 6.79; N, 16.14.

2,4-Dinitro-5-chlorobenzoic Acid. 3-Chlorobenzoic acid
(12.5 g, 80 mmol) was dissolved in 145 mL of concentrated
sulfuric acid with stirring, while warming to 40 °C. Potassium
nitrate (8.0 g, 78 mmol) was added in divided portions over
30 min. The reaction mixture was then warmed to 100 °C and
an additional 14 g of potassium nitrate was added over 20 min.
The reaction mixture was warmed to 145 °C and held at this
temperature for 15 min. The reaction was cooled to room
temperature and poured into 1 kg of ice to precipitate a faintly
yellow solid. This material was collected by filtration and
washed with water. The resulting solid was then suspended
in 500 mL of distilled water and stirred at room temperature
for 45 min. The undissolved solid was collected by filtration
and dried under high vacuum to obtain 8.9 g (36%) yield of
product as a faintly yellow solid: 1H NMR (acetone-d6) δ 8.76
(s, 1H), 8.26, (s, 1H).

2,4-Dinitro-5-chlorobenzamide. 2,4-Dinitro-5-chloroben-

Scheme 3a

a (a) 2-Propoxy-4-bromobenzoic acid, HOBt, EDAC, cat. DMAP, DMF, 4 h; (b) tBuOK, tBuOH, reflux 2 h, 82%; (c) CuCN,
N-methylpyrrolidinone, reflux 18 h, 91%; (d) NaOH, EtOH, reflux 5 h, 75%; (e) NH3/THF, EDAC, HOBt, cat. DMAP, pyridine, 82%.
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zoic acid (7.00 g, 28.4 mmol) was suspended in 40 mL of thionyl
chloride containing 3 drops of DMF. The suspension was
warmed to reflux for 4 h. After cooling to room temperature,
solvent was removed by rotary evaporation leaving a golden
yellow liquid. This was diluted with 30 mL of acetone and
added dropwise over 20 min to a 0 °C solution of 20 mL of
concentrated ammonium hydroxide. The reaction was stirred
at 0 °C for 30 min, then poured into 250 g of ice. The yellow
orange precipitate was collected by filtration and washed well
with water. The solid was dried first by water aspirator then
under high vacuum to furnish 5.9 g (24 mmol, 84% yield) of
product: 1H NMR (acetone-d6) δ 8.75 (s, 1H), 8.25 (s, 1H); mp
201-203 °C.

General Procedure for Preparation of 5-Benzylamino-
2,4-dinitrobenzamides. 2,4-Dinitro-5-chlorobenzamide (2.00-
14.25 mmol) was suspended in 15-70 mL of THF and 1.2 equiv
of triethylamine was added, followed by 1.2 equiv of the
appropriate benzylamine. The reaction was heated to reflux
until TLC indicated starting material had been consumed. The
cooled reaction mixture was filtered and the filtrate was
concentrated in vacuo leaving a solid which was triturated
with ether. This solid was collected by filtration, washed with
ether and dried affording the product.

5-[(Phenylmethyl)amino]-2,4-dinitrobenzamide (8a):
95% yield; mp 143-146 °C; 1H NMR (acetone) δ 9.21 (br s,
1H), 8.90 (s, 1H), 7.31-7.49 (m, 5H), 7.13 (s, 1H), 7.02 (br s,
1H), 4.90 (d, 2H, J ) 6 Hz).

5-[[(4-Fluorophenyl)methyl]amino]-2,4-dinitrobenza-
mide (8b): 81% yield; mp 178-180 °C; 1H NMR (DMSO) δ
9.44 (br t 1H, exchangeable with D2O), 8.72 (s, 1H), 8.35 (br s,
2H, exchangeable with D2O), 7.40-7.44 (m, 2H), 7.15-7.21
(m, 2H), 7.02 (s, 1H), 4.75 (d, 2H, J ) 6.3 Hz).

General Procedure for Synthesis of 5-Amino-1-[(phe-
nylmethyl)amino]-1H-benzimidazole-6-carboxamides. The
appropriate 5-benzylamino-2,4-dinitrobenzamide (8a or 8b
from above) (0.50-3.5 g) was partially dissolved in methanol
(20-200 mL) containing 25 wt % platinum oxide. Hydrogen
was introduced using a balloon and the flask was evacuated
and filled several times before leaving the suspension stirring
under an atmosphere of hydrogen at room temperature. The
mixture was stirred until HPLC analysis showed consumption
of starting material and conversion to the desired diamine
product (typically 5 h). The suspension was filtered through
Celite and the filter cake was washed with methanol. The
filtrate was concentrated to furnish the crude diamine. This
material was then dissolved in concentrated (96%) formic acid
and stirred at room temperature overnight. Formic acid was
removed at room temperature under vacuum, leaving a brown
solid. This material was dissolved in absolute ethanol (10-50
mL) and 10% aqueous HCl (3-10 mL) and stirred at room
temperature for 3 h. Solvent was removed by rotary evapora-
tion to furnish the product as the hydrochloride salt. This
material was sufficiently pure for further transformation. The
yield stated is the net for this three-step sequence.

5-Amino-1-[(phenylmethyl)amino]-1H-benzimidazole-
6-carboxamide (9a): 90% yield; LRMS [MH+] 267; 1H NMR
(CD3OD) δ 9.68 (s, 1H), 8.55 (s, 1H), 7.98 (s, 1H), 7.40-7.52
(m, 5H), 5.81 (s, 2H).

5-Amino-1-[[(4-fluorophenyl)methyl]amino]-1H-benz-
imidazole-6-carboxamide (9b): 93% yield; LRMS [MH+]
286; 1H NMR (CD3OD) δ 9,73 (s, 1H), 8.64 (s, 1H), 7.60-7.68
(m, 2H), 7.19 (apparent t, 2H, J ) 8.5 Hz), 5.83 (s, 2H).

5-[(4-Methyl-4-piperazinyl)sulfonyl]-2-propoxybenzo-
ic Acid, Lithium Salt. To a solution of methyl salicyclate
(25.00 g, 0.16 mol) in 200 mL of DMF were added potassium
carbonate (34.00 g, 0.25 mol) and 1-iodopropane (84.00 g, 0.49
mol). The mixture was stirred at room temperature for 24 h.
The reaction was diluted with 400 mL of water and extracted
with 5 × 100 mL of ether. The combined organic extracts were
washed twice with brine, dried and concentrated to give a
faintly yellow liquid that contained the product, methyl-2-
propoxybenzoic acid and excess 1-iodopropane. This mixture
was added dropwise at 0 °C to a mixture of 35 mL of
chlorosulfonic acid and 10 mL of thionyl chloride over 30 min.

The dark red reaction was allowed to slowly warm to room
temperature overnight. The mixture was cautiously poured
over 1 kg of ice and stirred to deposit a yellow solid that was
recrystallized from cyclohexane to furnish 13.00 g (0.045 mol,
28% yield) of the corresponding sulfonyl chloride: mp 58-59
°C; 13C NMR (CDCl3) δ 164.7, 163.9, 135.6, 132.7, 131.8, 121.5,
113.6, 71.6, 52.9, 22.6, 10.7.

1.3 g of this compound (6.23 mmol) was dissolved in 20 mL
of methylene chloride and cooled to 0 °C in ice; 0.82 g (8.10
mmol) of triethylamine was added, followed by 0.69 g (6.86
mmol) of 4-methylpiperazine. The reaction was stirred in ice
for 1.5 h, then diluted with 50 mL of methylene chloride and
washed twice with water and dried. The organic phase was
concentrated in vacuo leaving a clear colorless oil which
partially solidified under vacuum to give 2.21 g (6.23 mmol,
100% yield) of the desired sulfonamide: 1H NMR (CDCl3) δ
8.15 (d, 1H, J ) 2.5 Hz), 7.81 (dd, 1H, J ) 2.5, 8.9 Hz), 7.05
(d, 1H, J ) 8.9 Hz), 4.07 (t, 2H, J ) 6.4 Hz), 3.90 (s, 3H), 3.03
(br apparent s, 4H), 2.47 (apparent t, 4H, J ) 4.8 Hz), 2.26 (s,
3H), 1.86-1.91 (m, 2H), 1.09 (t, 3H, J ) 7.3 Hz).

This ester was dissolved in 45 mL of THF with 5 mL of
water and 0.27 g (6.23 mmol) of lithium hydroxide monohy-
drate. The solution was heated to reflux overnight and in the
morning, solvents were removed in vacuo leaving the product
as a white solid (2.17 g, 6.23 mmol, 100%): 1H NMR (D2O) δ
7.62 (dd, 1H, J ) 2.5, 8.7 Hz), 7.57 (d, 1H, 2.5 Hz), 7.09 (d,
1H, J ) 8.7 Hz), 3.97 (t, 2H, J ) 6.5 Hz), 2.89 (br s, 4H), 2.38
(br, s, 4H), 2.06 (s, 3H), 1.60-1.69 (m, 2H), 0.84 (t, 3H, J )
7.5 Hz).

1-[[3-[7,8-Dihydro-8-oxo-1-(phenylmethyl)-1H-imidazo-
[4,5-g]quinazolin-6-yl]-4-propoxyphenyl]sulfonyl]-4-me-
thylpiperazine (11). 5-[(4-Methyl-4-piperazinyl)sulfonyl]-2-
propoxybenzoic acid, lithium salt (1.4 g, 3.9 mmol) was
dissolved in 20 mL of methylene chloride containing 3 drops
of DMF at 0 °C. Oxalyl chloride (0.70 g, 5.11 mmol, 0.48 mL)
was added dropwise over 20 min. The cold bath was removed
and the reaction stirred at room temperature for 2 h. Solvents
were removed on a rotary evaporator and the residue was
suspended in 25 mL of pyridine and 2 mL of DMF. To this
was added 9a (0.91 g, 3 mmol) and the reaction was heated to
75 °C for 30 min. The reaction was poured into cold water and
extracted with methylene chloride (4 × 25 mL). The organic
extract was washed with water and brine and dried, then
concentrated in vacuo to afford a dark brown semisolid (1.2 g)
that was used without further purification for the next
reaction.

This crude material was suspended in 15 mL of dry tert-
butyl alcohol and 4.4 mL of KOtBu (1.0 M in tBuOH) was
added. The solution was heated to reflux under argon for 45
min. Water (25 mL) was added to the reaction to precipitate
a brown solid that was collected by filtration, washed with
water and dried to furnish 0.45 g (0.78 mmol, 39% yield)
of product: mp 125-127 °C; 1H NMR (CD3OD) δ 8.63 (s,
1H), 8.32 (s, 1H), 8.25 (d, 1H, J ) 2.3 Hz), 7.90 (d, 1H, J )
2.3 Hz), 7.88 (d, 1H, J ) 2.4 Hz), 7.29-7.39 (m, 5H), 5.60
(d, 2H, J ) 13 Hz), 4.19 (t, 2H, J ) 6.3 Hz), 3.07 (br s, 4H),
2.51 (m, 4H), 1.81-1.90 (m, 2H), 1.03 (t, 3H, J ) 7.4 Hz).
An analytical sample was obtained following preparative
HPLC. Anal. Calcd for C30H32N6O4S‚1.3H2O: C, 51.73; H, 4.97;
N, 11.10; S, 4.24. Found: C, 51.52; H, 5.00; N, 11.09; S, 4.52.

1-[3-[1-[(4-Fluorophenyl)methyl]-7,8-dihydro-8-oxo-1H-
imidazo[4,5-g]quinazolin-6-yl]-4-propoxyphenyl]carbox-
amide (14). 2-Propoxy-4-bromobenzoic acid (2.60 g, 10.0
mmol) was dissolved in 25 mL of pyridine. To this were added
9b (3.20 g, 10 mmol), EDAC (2.30 g, 12 mmol), DMAP (0.18 g
1.5 mmol) and HOBt (1.84 g, 12 mmol). The reaction was
stirred at room temperature for 2 h. Most of the pyridine was
removed in vacuo and 50 mL of water was added to precipitate
the product which was collected by filtration, washed with
water and dried to afford 4.57 g of material which was used
without further purification. This material was cyclized as
described above for the preparation of 11 to furnish compound
13 as a beige solid in 82% yield (3.47 g): mp 295-297 °C;
LCMS [MH+] 508; HPLC (YMC S5 ODS 4.6 × 50-mm column,
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4-min gradient of 0% B to 100% B, 4 mL/min flow, solvent A:
10% MeOH-90% H2O-0.2% H3PO4, solvent B: 90% MeOH-
10% H2O-0.2% H3PO4) retention time 4.19 min (94% pure).

Without further purification, 1.50 g of this material was
dissolved in 15 mL of N-methyl-2-pyrrolidinone containing
copper(I) cyanide (0.53 g, 5.9 mmol). The reaction was heated
to reflux overnight, then cooled to room temperature and
poured into 100 mL of 2 N aqueous ammonia solution. The
solid that precipitated was collected by filtration and washed
first with 2 N aqueous ammonia then water and dried in a
vacuum oven at 45 °C overnight to afford the product 1-(4-
fluorophenylmethyl)-6-(4-cyano-2-propoxyphenyl)-1H-imidazo-
[4,5-g]quinazolin-8(7H)-one as a yellow solid (1.20 g, 2.69
mmol, 91% yield): LC-MS [MH+] 454; HPLC (YMC S5 ODS
4.6 × 50-mm column, 4-min gradient of 0% B to 100% B, 4
mL/min flow, solvent A: 10% MeOH-90% H2O-0.2% H3PO4,
solvent B: 90% MeOH-10% H2O-0.2% H3PO4) retention time
3.65 min.

This compound (0.50 g, 1.10 mmol) was added to 10 mL of
absolute ethanol containing 10 mL of 10% (w/v) NaOH. The
reaction mixture was heated to reflux for 5 h then cooled to
room temperature. Undissolved solids were removed by filtra-
tion and ethanol was removed under reduced pressure. Water
(100 mL) was added and the solution was acidified with 10%
HCl to pH 2-3. The resulting precipitate was collected by
filtration and washed with distilled water, then dried under
vacuum at 45 °C overnight to provide the corresponding
carboxylic acid in 75% yield (0.39 g, 0.83 mmol) as a sand-
colored solid: mp 295 °C; LC-MS [MH+] 473.

This carboxylic acid (0.083 g, 0.18 mmol) was dissolved in
3 mL of pyridine containing 0.040 g (0.22 mmol) of EDAC-
HCl, 0.032 g (0.22 mmol) of HOBt, ammonia (0.42 mL of a 0.5
M solution in dioxane) and 0.004 g (0.03 mmol) of (dimethy-
lamino)pyridine. The reaction was stirred at room temperature
for 2-5 h. Most of the pyridine was removed under reduced
pressure and the residue was poured into water. The precipi-
tated solid was collected by filtration and washed with water
then dried. This material was added to 10 mL of MeOH, to
which was added 10 drops of 10% aqueous HCl. The undis-
solved solids were removed by filtration and the filtrate was
concentrated. This solid was triturated with ether then
recrystallized from MeOH to furnish 0.058 g of 14 (82% yield)
as a light tan solid: mp 204-206 °C; LRMS [MH+] 473; 1H
NMR (DMSO) δ 9.29 (br s, 1H), 8.48 (s, 1H), 8.27 (s, 1H), 8.00-
8.12 (m, 3H), 7.50-7.60 (m, 2H), 7.37 (s, 1H), 7.22-7.27 (m,
3H), 5.78 (s, 2H), 4.10 (t, 2H, J ) 6.3 Hz), 1.67-1.76 (m, 2H),
0.94 (t, J ) 7.3 Hz). Anal. Calcd for C26H22N5O3F‚HCl‚H2O:
C, 55.57; H, 5.20; N, 12.46; Cl, 6.31. Found: C, 55.62; H, 5.18;
N, 12.61; Cl, 6.45.

PDE Enzyme Assay Procedure. PDE activity assay:
Enzymatic activity was assayed using a commercially available
PDE scintillation proximity (SPA) assay kit with either [3H]-
cGMP or [3H]cAMP as the substrate depending on the PDE of
interest (Amersham product #TRKQ 7090 for cAMP kit,
#TRKQ 7100 for cGMP kit). The manufacturer’s protocol was
followed explicitly except that the reactions were carried out
at room temperature and 3 mM nonradioactive cyclic nucle-
otide was included in the suspension of SPA beads to stop the
synthesis of additional radioactive products. The radioactive
product of the reaction, [3H]nucleotide monophosphate, pref-
erentially bound to the SPA beads, excited the scintillant
embedded in the beads, and was quantified on a Packard
TopCount liquid scintillation counter. Nonspecific binding to
the beads (the assay blank) was quantified by adding a 10000-
fold excess of nonradioactive substrate to the reaction mixture
prior to the addition of enzyme to prevent the synthesis of
radioactive product. The assay blank was subtracted from the
activity of the enzyme measured using the SPA kit as
described above. The activity in samples that received test
compound was calculated as a percent of the control activity
measured in samples that only received the vehicle.

Enzyme preparations: For either PDE3 or PDE5 activity,
the enzyme source was sonicated human platelet homogenates
prepared by the method of Seiler et al. (Seiler, S.; Gillespie,

E.; Arnold, A. J.; Brassard, C. L.; Meanwell, N. A.; Fleming,
J. S. Imidazoquinoline derivatives: potent inhibitors of platelet
cAMP phosphodiesterase which elevate cAMP levels and
activate protein kinase in platelets. Thromb. Res. 1991, 62,
31-42). PDE5 accounted for approximately 90% of the [3H]-
cGMP hydrolytic activity in the homogenates and PDE3
accounted for over 80% of the [3H]cAMP hydrolytic activity.
PDE1 from bovine heart was purchased from Sigma and
assayed with 1 µM calmodulin and 4 mM calcium present in
the reaction buffer and [3H]cGMP as the substrate. PDE2 and
PDE4 were purified from rat kidney cytosol by Mono-Q anion-
exchange chromatography as described (Hoey, M.; Houslay,
M. D. Identification and selective inhibition of four distinct
soluble forms of cyclic nucleotide phosphodiesterase activity
from kidney. Biochem. Pharmacol. 1990, 40, 193-202). The
substrate for both of these isoforms was [3H]cAMP. Nonra-
dioactive cGMP (1 µM) was also included in the reaction buffer
for the PDE2 assay because the cAMP hydrolytic activity of
this isoform is stimulated by cGMP. Rod outer segment
membranes were purified from bovine retinas as described
(Fung, B. K.-K.; Stryer, L. Photolyzed rhodopsin catalyzes the
exchange of GTP for bound GDP in retinal rod outer sefments.
Proc. Natl. Acad. Sci. U.S.A. 1980, 77, 2500-2504). PDE6 was
stripped from the rod outer segment membranes by hypotonic
washes and trypsin-activated prior to the assay as described
(Berger, A. L.; Cerione, R. A.; Erickson, J. W. Real time
conformational changes in the retinal phosphodiesterase γ
subunit monitored by resonance energy transfer. J. Biol.
Chem. 1997, 272, 2714-2721).

Data analysis: Each data set was fit to a curve for
inhibition at a single site using the nonlinear regression
analysis in the Activity Base/XLFit software package, and IC50

values were calculated by this analysis. Selectivity values were
calculated as the ratio of the IC50 value for inhibition of one
PDE divided by the IC50 value for inhibition of PDE5.

Rabbit Corpus Cavernosum Strip Assay. Physiologi-
cal salt solutions: A bicarbonate-buffered salt solution (PSS)
was used, containing (in mM): 118.4 NaCl, 4.7 KCl, 1.2
MgSO4, 1.2 KH2PO4, 1.9 CaCl2, 25.0 NaHCO3, and 10.1
D-glucose. The solution additionally contained 3 µM indometha-
cin, 1 µM atropine, and 5 µM guanethidine. Concentrated stock
solutions (10 mM) of test compounds were prepared and
serially diluted to the appropriate concentrations in DMSO.
Appropriate solvent/time controls were run in parallel.

Tissue preparation: Adult male New Zealand white
rabbits weighing 3.4-3.7 kg were sacrificed by intravenous
Nembutal injection. The entire penis (up to pelvic bone) was
quickly removed and placed in ice-cold aerated PSS. The skin
and connective tissue were carefully removed. The corpus
spongiosum was cut from the groove under the corpus caver-
nosum. The tunica albuginea was dissected from the corpus
cavernosum. The corpus cavernosum was carefully cut along
the midline and connective tissue was cleaned from the
“septal” region. The two corpora were longitudinally cut in half;
each of these strips was then cut in half along the transverse
axis, resulting in eight strips approximately 2 × 5 mm. Each
strip was individually mounted for isometric force recording
using silk suture in 10-mL tissue baths. One end was secured
between the two platinum plates of a field-stimulating elec-
trode, which in turn was connected to a micrometer for control
of tissue length. The field-stimulating electrode was attached
to a Stimu-splitter and Grass stimulator. The other end of the
suture was connected to a Grass FT.03 force displacement
transducer. The strips were bathed in PSS maintained at 37
°C and bubbled with 95% O2 and 5% CO2. Data were
simultaneously recorded on a Grass recorder and a Biopac
System which additionally allowed measurement of the inte-
gral at each frequency. A preload tension of 1 g was applied
to each strip. Following the equilibration period, the strips
were contracted with 3 µM PE until a steady state level of
force was attained. For the first frequency/response curve, 3
µM DMSO (solvent control) was added to each strip for 10 min.
A frequency/response curve of the following parameters was
then performed: 24 V in the form of square wave pulses of
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0.2-ms duration delivered as 10-s train and a 4-min interval
between stimuli. A frequency of 32 Hz was chosen to measure
the effects of test compounds based on the signal-to-noise
response. After a 4-min recovery at 32 Hz, the strips were
washed extensively and allowed at least 50 min to recover
during which time tension adjustments and several washes
were done. The frequency/response curve was repeated in the
presence of test compound. Following another recovery period,
a third frequency/response curve was performed in the pres-
ence of a higher concentration of test compound.

Data analysis: All force determinations were made assum-
ing that the lowest level of force following a washout period
defined 100% relaxation and the phenylephrine contraction
prior to DMSO or test compound addition was 0% relaxation.
The direct relaxation induced by test compound, measured
after the 10-min incubation period, was calculated relative to
these values. The peak relaxation responses at 32 Hz was also
measured relative to these values. Values were then normal-
ized to the maximum peak relaxation attained during the
control frequency response curve. The integral for the area
under the curve at 32 Hz was determined for a set time period
(3.66 s from immediately prior to stimulation). The integral
for the relaxation response was then calculated as the differ-
ence between the integral for the time period immediately
prior to the start of stimulation and that for the frequency.
All responses were normalized to the maximum attained
during the first frequency/response curve.

Each data set was fit to a sigmoidal dose-response curve
by nonlinear regression using the GraphPad Prism software
package.
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