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Abstract—5-Hydroxy-3(2H)-pyridazinone derivatives were investigated as inhibitors of genotype 1 HCV NS5B polymerase. Lead
optimization led to the discovery of compound 3a, which displayed potent inhibitory activities in biochemical and replicon assays
[IC50 (1b) < 10 nM; IC50 (1a) = 22 nM; EC50 (1b) = 5 nM], good stability toward human liver microsomes (HLM t1/2 > 60 min), and
high ratios of liver to plasma concentrations 12 h after a single oral administration to rats.
� 2008 Published by Elsevier Ltd.
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Hepatitis C virus (HCV) is a major cause of chronic liver
disease, including cirrhosis and liver cancer. Globally,
an estimated 170 million individuals, 3% of the world’s
population, are chronically infected with HCV and an
estimated 4 million people are newly infected each year.1

Currently, there is no vaccine available to prevent hepa-
titis C nor a direct antiviral agent available for the treat-
ment of chronic hepatitis C.

The current standard of care is a combination of pegy-
lated interferon (IFN) with ribavirin.2 Inadequate re-
sponse rates, in particular for patients infected with
genotype 1 HCV, along with significant side-effects of
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current HCV therapy result in an urgent medical need
for improved treatments.3

As part of our efforts to develop small molecule, non-
nucleoside inhibitors of the HCV NS5B enzyme, a vi-
rally encoded RNA-dependent RNA polymerase
(RdRp) essential for HCV replication,4 we previously
described the discovery and structure-based optimiza-
tion of a series of 5-hydroxy-3(2H)-pyridazinone deriva-
tives which bind to the NS5B ‘palm’ site (1, Fig. 1).5,6 In
the course of this work, we identified compound 2
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Figure 1. HCV NS5B polymerase inhibitors.
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(Fig. 1) bearing an acetamide R3 moiety as one of the
most potent NS5B inhibitors and antiviral agents.

Here, we report the further optimization and prelimin-
ary pharmacokinetic profiling of this series of pyridazi-
none-containing NS5B inhibitors. Since during our
previous studies we observed that R3 substitution had
the most significant impact on inhibitor potency,5 we
chose to continue making modifications at this position.

As shown in Table 1, when the –OCH2CONH2 moiety
present in compound 2 was replaced by a –NHSO2Me
fragment, the resulting compound (3a) displayed dra-
matically improved NS5B inhibitory potency and antivi-
ral activity.10 This significant increase in potency could
be explained with the aid of the co-crystal structure of
3a bound to the NS5B protein.

As is depicted in Figure 2, the –NHSO2Me R3 moiety of
3a formed H-bonds with NS5B residues Asn291 and
Asp318. Similar H-bonding interactions were also ob-
served in the 2–NS5B co-crystal structure between the
acetamide moiety of compound 2 and NS5B.6 Impor-
tantly, the –NHSO2Me R3 moiety of 3a formed a third
H-bond network with the residue Ser288 via a water
molecule that was absent in the 2–NS5B co-crystal
structure. This additional H-bond network, which com-
plements a similar interaction from the –SO2– moiety in
the benzothiadiazine ring of 3a (Fig. 2), is likely respon-
sible for the potency differences observed between com-
pounds 2 and 3a.12

Although the above co-crystal structure indicated that
the methyl substituent of the –NHSO2Me R3 moiety
present in 3a was oriented away from the NS5B surface,
increasing the size of this fragment was generally detri-
mental to anti-NS5B and antiviral properties (Table 1,
compounds 3b–3g). However, this methyl group could
be replaced with an –NH2 moiety without sacrificing
antiviral potencies (3h). Other, often drastic, losses in
NS5B inhibition activity and antiviral properties were
noted for compounds in which the NH of the R3 sulfon-
amide moiety was alkylated (3i–l) or removed (com-
pounds 3m–q). Such unfavorable property alterations
are likely due to the loss of the H-bond noted in Figure
2 between the R3 sulfonamide NH and the NS5B
Asp318 residue.13 The results described above confirmed
the large impact that R3 variation had on the anti-NS5B
and antiviral properties of this series of inhibitors and
identified the –NHSO2Me and –NHSO2NH2 fragments
as optimal R3 moieties.

We next explored the systematic variation of the R1 and
R2 substituents attached to the pyridazinone ring of the
inhibitors (1). Due to its relative ease of synthesis, we
employed the –NHSO2Me moiety in lieu of the
–NHSO2NH2 fragment as the preferred R3 substituent.

As shown in Table 2, when the 2-thiophene R1 group
present in 3a was replaced by other unsubstituted five-
membered heterocycles identified during our previous
studies,6 the resulting compounds (4a–c) retained good
NS5B inhibition activity and antiviral properties in cell
culture. As we also previously observed,6 appending
substituents to such heterocycles were detrimental to
the associated biological potencies (4d–e) as was the
incorporation of a six-membered aromatic ring at this
location (4f). Introduction of alkyl and alkenyl groups
(both cyclic and acyclic) at the R1 position of the inhib-
itor design (4g–4s) generally afforded compounds with
significantly poorer anti-NS5B and/or antiviral proper-
ties relative to 3a. The most notable exceptions were
compounds 4l and 4m, which exhibited replicon poten-
cies that were only about fourfold weaker than that dis-
played by 3a. While the exact reasons for these
structure–activity relationships are not all known, the
results described above confirmed that unsubstituted
five-membered heterocycles represent ideal R1 substitu-
ents that confer the most potent anti-NS5B and antiviral
properties to this series of NS5B inhibitors.

Table 3 summarizes the results obtained from varying
the R2 substituent of pyridazinones containing optimal
2-thiophene R1 and –NHSO2Me R3 moieties.

As previously observed,6 a R2 alkyl fragment in linear 4–
5 carbon chain length led to both good anti-NS5B and
antiviral activities (5a–f) comparable to that of 3a. How-
ever, more polar R2 groups with a methoxy moiety at
the terminus led to less potent compounds (5g and 5h)
(compared with 5c). Introducing branching at the C-
atom of the R2 fragment adjacent to the pyridazinone
N-2 atom was highly detrimental to both anti-NS5B
and antiviral properties (compounds 5i–k). Consistent
with what we observed previously,6 shorter R2 groups
such as iso-butyl and 2,2-dimethylpropyl (5l–m) resulted
in significant potency loss in 1b replicon assays as com-
pared with 3a. In general, the saturated cyclic alkyl
methyl/ethyl R2 groups (5n–t) led to less potent inhibi-
tors as compared with 3a with the exception of 5p. Inter-
estingly, analogs containing a benzyl moiety (with or
without substitution) or a 2-pyridyl methylene R2 group
(5u–x) all displayed poor antiviral potency in the 1b rep-
licon assay. Such inhibition properties could be im-
proved by the introduction of a 3-thiophene methylene
R2 group (5y). Collectively, the above results demon-
strate that numerous aliphatic moieties tethered to the
pyridazinone N-2 atom by a methylene group could
serve as effective R2 substituents for this series of
NS5B inhibitors.

In general, the pyridazinone-containing NS5B inhibitors
described in this work displayed somewhat weaker inhi-
bition activities when tested against genotype 1a HCV
polymerase than that against genotype 1b enzyme (Ta-
bles 1–3). The difference in these inhibition levels was
within sixfold for most compounds, although larger
and smaller variations were noted. All of the smaller
deviations were detected during the exploration of the
pyridazinone R1 moieties (Table 2: 4i, 4m, 4p, and 4s)
while the larger differences were mostly observed during
variation of the R2 substituents (Table 3: 5g, 5l, 5n–o,
5r–s, and 5u–x). Although the structural basis for these
potency differences is not known, these results suggest
that the described pyridazinone-containing molecules
have good potential to inhibit HCV polymerases derived



Table 1. Optimization of R3 substituents
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Compounda R3 IC50 (1b)b (lM) IC50 (1a)c (lM) EC50 (1b)b (lM) CC50
b (lM) HLM t1/2

b (min)
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H
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OO
<0.01 <0.025 0.005 >33 >60
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0.045 0.054 0.098 >33 >60d
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0.027 0.092 0.043 >1 >60
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0.03 0.16 0.25 >1 NDe

3e S
H
N

OO
0.038 0.14 0.15 >1 ND
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NH2 0.019 0.026 0.069 >1 >60
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N 0.17 0.49 0.76 >33 >60

3hf NH2S
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<0.01 0.028 0.007 >1 >60
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0.023 0.46 0.13 >33 28
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0.25 ND 0.42 >1 11
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3.2 ND ND ND ND
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0.29 ND 4.8 >33 27

3mg
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O

0.15 0.29 0.11 >33 22
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Table 1 (continued)

Compounda R3 IC50 (1b)b (lM) IC50 (1a)c (lM) EC50 (1b)b (lM) CC50
b (lM) HLM t1/2

b (min)

3n S
OO

0.24 ND 1.8 >33 28

3o S
OO

0.3 ND ND ND 5.6

3p S
OO

NH2
0.076 1.8 1.5 >33 13d

3q S
OO

N 3.2 ND ND ND 11

a See Ref. 7.
b See Refs. 5 (for assay methods and experimental errors) and 8.
c See Refs. 6 (for assay method and experimental error) and 9.
d Compounds were screened at 5 lM and the other compounds were screened at 1 lM.
e ND, not determined.
f R2 = 3,3-dimethylbutyl (R2 where shown in compound 1).
g Racemic.

Figure 2. R3 region of the co-crystal structure of 3a bound to the

NS5B protein.11 Other protein–ligand interactions were similar to

those previously observed between compound 2 and NS5B.6
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from both 1a and 1b genotypes. However, the data also
caution that the selection of truly optimal inhibitor sub-
stituents, particularly at the pyridazinone R2 position,
should be made using inhibition values obtained from
both genotype 1a and 1b enzymes.

In addition, the antiviral potencies (EC50) of the inhibi-
tors under study measured against genotype 1b HCV
replicon were usually weaker (2- to 20-fold) than the
corresponding genotype 1b NS5B IC50 values (Tables
1–3).14 However, several exceptions to this general trend
were noted (compounds 3m, 4l–m, 4p, 5b–d, 5g–h, and
5p). The differences in the EC50/IC50 ratios are likely
caused by variations in compound cell permeability
and/or protein binding properties. The stability of many
pyridazinone-containing inhibitors toward human liver
microsomes was also assessed (Tables 1–3), and most
compounds tested exhibited moderate to long half-lives
(t1/2 > 30 min). Notable exceptions included molecules
in which the R3 sulfonamide NH was alkylated or re-
moved (Table 1: 3i–q) and the inhibitors bearing alkyl
or alkenyl R1 moieties (Table 2: 4g–s). Importantly,
many examples of pyridazinone-containing compounds
were identified that combined potent NS5B inhibition
properties with good stability toward human liver
microsomes.

Encouraged by the above results, we examined the phar-
macokinetic properties of two very potent and metabol-
ically stable NS5B inhibitors (3a and 5a) in monkeys
after both oral (po) and intravenous (iv) administration
of a 5 mg/kg single dose (Table 4).

As expected based on its good in vitro stability toward
monkey liver microsomes (MLM), compound 3a exhib-
ited a low in vivo clearance value after iv administration
(Table 4). Somewhat surprisingly, 5a displayed similar
in vivo clearance properties in spite of its reduced
MLM stability relative to 3a (Table 4 and Fig. 3). These
results suggested that the in vivo clearance of one or
both compounds may not be primarily affected by
CYP-mediated biotransformation. Both inhibitors also
exhibited low distribution volumes in the iv experiments.

Unfortunately, the bioavailabilities of both compounds
(3a and 5a) after oral administration to cynomolgus
monkeys were very low. Since the molecules displayed
low in vivo clearance values and reasonable solubilities
in H2O at pH 7.4, we believe that their undesirable oral
PK properties primarily result from poor gut permeabil-
ity. Accordingly, both inhibitors displayed very low Papp

values in Caco-2 permeability assessments (Table 4).
These poor permeability properties are consistent with
the highly polar nature of both 3a and 5a (polar surface



Table 2. Optimization of R1 substituents
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Compounda R1 IC50 (1b)b (lM) IC50 (1a)c (lM) EC50 (1b)b (lM) CC50
b (lM) HLM t1/2

b (min)

3a
S

<0.01 <0.025 0.005 >33 >60

4a
N

S
0.01 0.048 0.008 >33 >60e

4bd
S <0.01 0.047 0.005 >1 31

4c HN 0.01 0.05 0.007 >1 30

4d N 0.047 0.34 0.24 >1 38

4ed

S
Cl 0.14 0.22 1.5 >33 >60

4f 0.031 0.18 0.36 >1 38

4g 0.061 0.19 0.53 >1 7

4h 0.057 0.51 0.41 >1 17

4i 0.071 0.097 0.12 >33 19

4j 0.13 0.4 0.21 >33 25

4k 0.22 NDf 0.56 >33 9

4l 0.049 0.21 0.023 >1 56

4m 0.029 <0.025 0.020 >1 33

4n
CF3

0.13 0.3 0.81 >33 10
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Table 2 (continued)

Compounda R1 IC50 (1b)b (lM) IC50 (1a)c (lM) EC50 (1b)b (lM) CC50
b (lM) HLM t1/2

b (min)

4o 0.029 0.093 0.16 >1 6

4p 0.1 0.075 0.1 >1 7.4

4q 0.18 0.6 0.8 >1 6

4r 0.28 ND 1.1 >33 10

4s F3C 0.17 0.26 1.04 >33 31

a See Ref. 7.
b See Refs. 5 (for assay methods and experimental errors) and 8.
c See Refs. 6 (for assay method and experimental error) and 9.
d R2 = cyclopropyl ethyl group (R2 where shown in compound 1).
e Compound was screened at 5 lM and the other compounds were screened at 1 lM.
f ND, not determined.

Table 3. Optimization of R2 substituents
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Compounda R2 IC50 (1b)b (lM) IC50 (1a)c (lM) EC50 (1b)b (lM) CC50
b (lM) HLM t1/2

b (min)

3a <0.01 <0.025 0.005 >33 >60

5a 0.01 0.059 0.016 >1 >60

5b 0.024 0.054 0.008 >1 >60

5c 0.019 0.076 0.009 >1 >60

5dd 0.011 0.072 0.005 >1 >60

5e <0.01 0.026 0.004 >33 >60

5f <0.01 <0.025 0.019 >1 >60

5g
O

0.027 2.5 0.06 >1 >60e

5h O 0.027 0.11 0.030 >33 >60

(continued on next page)
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Table 3 (continued)

Compounda R2 IC50 (1b)b (lM) IC50 (1a)c (lM) EC50 (1b)b (lM) CC50
b (lM) HLM t1/2

b (min)

5id 0.59 NDf 15 >33 >60

5jd 1 ND 16 >33 ND

5kd 0.45 ND 11 >33 >60

5l <0.01 0.3 0.041 >1 >60

5m 0.014 0.077 0.016 >1 >60

5n 0.01 1.2 0.015 >1 >60

5o <0.01 0.38 0.034 >1 >60

5p
CF3

0.013 0.07 0.007 >1 >60

5q
CF3

0.023 0.1 0.032 >1 60

5r <0.01 0.2 0.08 >1 >60

5s 0.018 0.21 0.040 >1 >60

5t 0.19 0.69 3.3 >17 >60

5u 0.011 0.45 0.19 >1 >60

5v
N

0.033 0.48 0.75 >1 >60

5w
F

Cl
0.012 0.15 0.26 >1 >60

5x F <0.01 0.12 0.14 >1 >60

5y S 0.03 0.091 0.046 >33 >60e

a See Ref. 7.
b See Refs. 5 (for assay methods and experimental errors) and 8.
c See Refs. 6 (for assay method and experimental error) and 9.
d Racemic.
e Compounds were screened at 1 lM and other compounds were screened at 5 lM.
f ND, not determined.
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Table 4. In vitro and in vivo (monkeys) DMPK parameters for compounds 3a and 5a

Compounda Solb (lM) Papp
c (cm/s)

·10�6 (AB)

MLMd t1/2

(min)

Papp BA/AB

ratio

n CL (iv)

(mL/min/kg)

Vss (iv)

(L/kg)

AUCinf

(ng/h/mL)

C12h(po)/

EC50

Fpo
e (%)

3a 55 0.016 >60 2375 2 (po) 9.0 0.096 124 (po) 0.96 1f

2 (iv) 10,543 (iv)

5a 44 0.060 22 214 8 (po) 5.0 0.039 241 (po) 0.66 1

6 (iv) 17,640 (iv)

a Dose: 5 mg/kg in cynomolgus monkeys.
b Solubility in H2O at pH 7.4.
c The Caco-2 assay conditions are described in Ref. 15. Controls: Papp Atenolol (low) = 0.40 · 10�6 cm/s, Papp Propranolol (high) = 10 · 10�6 cm/s.
d The monkey liver microsomal (MLM) assay conditions are described in Ref. 16. MLM data were collected with 5 lM of compounds.
e Formulation (both iv and po administrations): 1% DMSO, 9.9% Cremophor EL in 50 mM sodium phosphate buffer, pH 7.4 (compound 3a) or 5%

N,N-dimethylacetamide, 9.5% Cremophor EL in 50 mM sodium phosphate buffer, pH 7.4 (compound 5a).
f Fpo = 2% with 1 mg/kg dose of compound 3a in cynomolgus monkeys; n = 8 (po), 8 (iv).
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area (PSA) = 203 Å2 for both compounds) which
places them considerably outside the polarity range typ-
ically associated with gut-permeable molecules
(PSA < 140 Å2).17 In addition, Papp BA/AB ratios for
both compounds 3a and 5a were very high suggesting
that the low oral bioavailabilities may be partially due
to their ability to serve as efficient efflux substrates. In
spite of the low oral bioavailabilities exhibited by 3a
and 5a, we found that the plasma concentrations of both
compounds 12 h after oral administration to monkeys
were close to their corresponding antiviral EC50 values
(Table 4 and Fig. 3).

As the liver is a major site of HCV replication, we also
conducted a PK study with 3a in Sprague–Dawley rats
in order to measure the liver concentrations of the com-
pound.18 As shown in Figure 4, this study revealed that
the concentration of 3a in rat liver after oral administra-
tion was considerably higher than that in plasma for all
time points examined. The oral liver/plasma (L/P) ratios
declined over time, but consistent with the liver being
the organ initially exposed to orally dosed agents, re-
mained higher than the corresponding L/P ratios ob-
served 12 h after iv administration of 3a. Importantly,
the concentration of 3a in rat liver 12 h after po admin-
istration substantially exceeded its antiviral EC50 value
(C12h/EC50 = 24).19 The high L/P ratio (64:1 12 h post
oral dose) implied the tendency of 3a to accumulate at
a major site of HCV replication and this property may
enhance its ability to function as an effective anti-HCV
agent in vivo.

For the synthesis of the pyridazinone derivatives bear-
ing sulfonamide R3 moieties (1a, 10, and 11), three
routes (A, B, and C) were used most often as shown
in Scheme 1. In Route A, ester 620 was condensed with
2-aminobenzensulfonamide 7a21 by heating in pyridine
to generate the corresponding amide intermediates,
which were then cyclized in the presence of DBU in pyr-
idine to yield the desired compound 1a. In Route B,
hydrazone 820 was coupled with acids 9a22 in the pres-
ence of DCC or EDC to form the corresponding amide
intermediates which were further cyclized in the pres-
ence of NaOEt in absolute ethanol to form the desired
compound 1a. In Route C, compound 1b bearing an
iodo group at the 7-position was transformed to the cor-
responding sulfonamide analogs 10 or 11 via CuI cata-
lyzed displacement of the iodo atom.23 Compound 1b
(R3 = I) was prepared using Route A (from compounds
6 and 7b22) or Route B (from compounds 8 and 9b22).
Alternatively, the N-alkylated sulfonamide analog 11
was also accessed via alkylation of the unsubstituted
sulfonamide 10.
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In summary, we synthesized a number of highly potent
inhibitors of genotype 1 HCV NS5B polymerase, with
single digit nM antiviral potency, derived from pyridaz-
inones with a methylsulfonamide R3 substituent. Our
SAR studies revealed that R1 and R3 substituents signif-
icantly affected the HLM stability of the resulting mole-
cules. A PK study in monkeys with the highly potent
inhibitor 5a (1b EC50 = 16 nM) using a single 5 mg/kg
oral dose showed poor oral bioavailability, but C12h in
plasma was close to its EC50 value. In addition, the ratio
of liver to plasma concentrations in rat of another very
potent inhibitor 3a (1b EC50 = 5 nM) 12 h after a single
oral dose of 3 mg/kg was very high (64-fold), and this
property may be beneficial since liver is a major site of
HCV replication. The further optimization of the PK
properties of this series of inhibitors will be discussed
in a future communication.
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