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Abstract—5-Hydroxy-3(2 H)-pyridazinone derivatives were investigated as inhibitors of genotype 1 HCV NS5B polymerase. The
synthesis, structure—activity relationships (SAR), metabolic stability, and structure-based design approach for this new class of com-

pounds are discussed.
© 2008 Elsevier Ltd. All rights reserved.

Hepatitis C virus (HCV) infection is a major health
problem worldwide and is a leading cause of liver dis-
ease. It is estimated that over 170 million people are in-
fected with HCV with 3-4 million individuals becoming
newly infected each year.! The current standard therapy
is a combination of pegylated interferon (peg-IFN) and
ribavirin (RBV). Unfortunately, response rates to this
therapy are sub-optimal and are particularly low in
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patients infected with genotype 1 HCV.? In addition,
this standard of care is often associated with significant
side effects.> The drawbacks of current HCV therapy
necessitate the development of more effective anti-
HCYV agents, especially for treatment of patients infected
with genotype 1 HCV.

The HCV NS5B protein is a virally encoded RNA-
dependent RNA polymerase (RdRp), the activity of
which is critical for the replication of the virus.?
Inhibitors of this enzyme therefore have potential to
become novel direct antiviral agents for the effective
treatment of HCV infection. Several nucleoside and
non-nucleoside NS5B inhibitors are currently in clini-
cal trials.* Most non-nucleoside NS5B inhibitors are
known to bind to one of three allosteric pockets of
the protein that are distinct from the active site.*
Our computational analysis of these pockets indicated
that a binding site at the palm domain was highly
conserved across various genotype 1 HCV sequences.
We therefore concentrated our efforts on the develop-
ment of non-nucleoside small molecule inhibitors of
genotype 1 HCV NS5B polymerase which bind at this
location.
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Figure 1. HCV NS5B polymerase inhibitors.

Several classes of inhibitors are known to bind at the
NS5B palm site.*>>¢ Of these, compound 1, containing
the 1,1-dioxo-benzo[l,2,4]-thiadiazine moiety, exhibits
potent NS5B inhibition (Fig. 1).° As evident from the
X-ray co-crystal structure of compound 1 bound to
the NS5B polymerase, this class of molecules has a rel-
atively planar conformation with a minor (20°) rotation
between the quinolinedione and benzothiadiazine rings
governed by intramolecular H-bonding.® These struc-
tural features are highly favorable for binding to the
NS5B palm site. However, we reasoned that they may
lead to some undesirable pharmaceutical properties
including poor aqueous solubility. We envisioned that
removing the fused benzene ring from the quinolinedi-
one core could afford a molecule with increased flexibil-
ity and reduced lipophilicity to improve overall
physicochemical properties. Therefore, we were inter-
ested in replacing the quinolinedione core of compound
1 with a 5-hydroxy-3(2H)-pyridazinone, leading to
structures of type 2. We were encouraged by the modest
NS5B inhibition activity displayed by an early lead com-
pound 3.

The co-crystal structure of compound 3 bound to the
NS5B protein was determined in order to facilitate our
subsequent lead optimization process (Fig. 2). The co-
crystal structure revealed several tightly bound water
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Figure 2. Co-crystal X-ray structure of compound 3 bound to the
NS5B protein (2.65 A).7 Apparent hydrogen bond interactions with N-
and O-atoms with distance less than 3.2 A and favorable geometries
are shown as dashed lines.
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molecules surrounding compound 3. Two of these water
molecules mediated important hydrogen bonds between
the inhibitor and the protein. One water molecule
bridged a sulfonamide O-atom to the NS5B residues
Ser556 and Ser288, while the other formed H-bonds be-
tween the pyridazinone enolic OH and amino acid resi-
due Gly449. These H-bond networks are believed to be
an important contributing factor for NS5B binding
affinity. In addition, the pyridazinone and benzothiadi-
azine rings in compound 3 adopted a geometry that
was within 25° of being co-planar, similar to the corre-
sponding orientation observed between the quinolinedi-
one and benzothiadiazine moieties of compound 1.4
Another key feature of the co-crystal structure was a
deep hydrophoblc pocket in the enzyme that was occu-
pied by the R? isoamyl group. The R! phenyl ring filled
a somewhat shallow cavity in proximity to the Met414
side chain by rotatmg up to 45° out of plane relative
to the pyridazinone ring. The geometry of the R! phenyl
group suggested that a smaller ring, such as a thiophene
moiety, might be better accommodated in this region.
The methoxy R® substituent of 3 was deemed to be
sub-optimal due to a lack of appropriate space filling.
However, the oxygen atom at 7’-position could be fur-
ther elaborated to increase the NS5B binding affinity
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Figure 3. Schematic diagram of compound 3 bound in the NS5B palm
site. Hydrogen bonds are represented as dashed lines, and the residues
which make up the enzyme binding subsites are depicted.®
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by filling up more space in the R? region of the binding
pocket. A schematic diagram shown in Figure 3 summa-
rizes the interactions observed in the co-crystal structure
of compound 3 complexed with the NS5B protein.

In order to systematically explore the SAR of the R',
R? and R? substituents to optimize this series of com-
pounds several methods were developed to synthesize
compounds 2. Of these, methods A and B are the most
preferred approaches to construct the core structure of 2
as shown in Scheme 1.°

When method A was used, 5-hydroxy-3-oxo-pyridazine-
4-carboxylic acid ethyl esters (4)”!° were condensed with
2-amino-sulfonamides (5)'! in pyridine at 120 °C to
form amide intermediates which underwent cyclization
in the presence of DBU to give the desired products
(2). When method B was applied, DCC-mediated cou-
pling of hydrazone (6)!° with carboxylic acids (7)!! at
room temperature afforded amide intermediates which
were cyclized under basic conditions using Et;N or a
21% wiw solution of NaOEt in EtOH to give the desired
products (2). Both methods furnished 2 with reasonable
yields (20-65%).

We started our lead opt1m12at1on efforts by replacing the
R! phenyl ring present in compound 3 w1th a 2-thio-
phene moiety while keeping the R? and R? substituents
unchanged (8a, Table 1). This modification afforded a
9-fold improvement in NS5B inhibition activity as com-
pared with the lead compound 3. This result is consis-
tent with the X-ray structure analysis of compound 3
complexed w1th the NS5B proteln We then kept 2- thlo-
phene as R! and isoamyl as R? constant but varied R to
study the SAR at this position. The inhibitory activities
against genotype 1b in both enzyme and cell culture rep-
licon assays were measured. In addition, the stability of
the compounds toward human liver microsomes (HLM)
was determined. The data are listed in Table 1.

Removal of the methoxy R* substituent present in 8a led
to a 3-fold increase in NS5B inhibition activity (8b), and
its replacement with a hydroxyl moiety (8¢) significantly

Method A
1 OH O O\\S// s
R NP O RN
N +
N” 0 HoN
Lo
R 4 5
Method B

R2

improved enzyme inhibition properties. Importantly,
extension of the R? substituent along with the addition
of a polar acetamide group at its terminus afforded a
compound (8d) with substantially improved enzyme
inhibition activity. This molecule also exhibited good
antiviral potency in the replicon cell culture assay that
was clearly distinct from cytotoxicity. The significant in-
crease in potency (>50-fold) for 8d compared with 8a
can likely be attributed to the formation of additional
hydrogen bonds between the acetamide moiety and the
NS5B protein. Such interactions were observed in the
crystal structure of 8d complexed with the NS5B protein
(Fig. 4). They involved the terminal NH of the acetam-
ide moiety and amino acid residues Asp318 and Asp225
(via water molecules) as well as the acetamide O-atom
and residues Asn291 and Asp225 (via another water
molecule) of the NS5B protein. In addition, the in-
creased length of the OCHZCONHZ (required for filling
the space in the R® region of the binding pocket) may
also contribute to the increased affinity.

Analysis of the 8d-NS5B co-crystal structure suggested
that small alkyl groups could be appended to one face
of the R methylene moiety present in 8d without nega-
tively impacting NS5B interactions. Accordingly, we
introduced a single methyl group at this location with
the expectation that this modification might reduce the
polarity of the R* moiety and increase cell permeability.
The resulting compound (8e) exhibited equipotent NS5B
inhibition in enzyme assays compared with the non-
methylated analog 8d, and displayed comparable cellu-
lar activity. The X-ray crystal structure of 8e complexed
with the NSSB protein in the R? region clearly showed
that the R® conformation and interactions with the
NS5B protein were very similar to that of 8d (Fig. 4).

In addition, as anticipated from the 8d-NS5B co-crystal
structure, substitution with a geminal dimethyl moiety
or larger alkyl groups (8f and 8g, respectively) resulted
in a significant loss of NS5B inhibition activity.

Analysis of the 8d NS5B co-crystal structure also sug-
gested that the R® acetamide moiety would tolerate the
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Scheme 1. General methods for the synthesis of pyridazinone derivatives (2).
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Table 1. Pyridazinone NS5B inhibitors with O-linked R* substituents
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Compound® R} ICs (1b), pM® ECs (1b), pM® CCso (GAPDH), uM°® HLM 1), (min)®
8a OMe 3.8 26 78 10
8b H 13 7.1 >33 12
8c OH 0.34 6.5 >25 5.6
8d OCH,CONH, 0.07 0.41 78 23
8¢° OCH(Me)CONH, 0.062 0.21 68 13
8f 0OC(Me),CONH, 1.6 8.2 >33 21
8g° OCH(Et)CONH, 1.55 7.6 >33 21
8h OCH,CONHCHj, 0.092 0.71 >33 20
8i OCH,CONHOH 0.1 1.1 >33 >60
'/\
8i o/\,vaNH'HCI 0.34 2.1 >100 42
o}

8k° OCH(Me)CO,Et 6.3 >10 >10 25
8I° OCH(Me)CO,H 0.37 53 >100 >60
8m OCH,CN 0.57 0.54 >33 15

#See Ref. 12.

®See Ref. 13.

°See Ref. 14.

dSee Ref. 15.

¢ Racemic.
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Figure 4. The overlay of X-ray crystal structures of 8d (2.4 A, yellow
carbon) and 8e (2.3 A, orange carbon) complexed with the NS5B
protein highlighting the R* region.”

addition of small appendages to its terminus. This
hypothesis was confirmed by the preparation of the cor-
responding N-methylated compound 8h and the
hydroxamic acid derivative 8i which both displayed
comparable NS5B inhibition activities to that exhibited
by 8d. Interestingly, alkylation of the polar NH, group
of 8d with the expectation of possibly enhancing cell per-

meability!® did not improve the compound’s antiviral
properties (ECs¢/ICso =2 6-8 for both compounds 8h
and 8d). The inclusion of a larger cyclic moiety at the
R? terminus (8j) diminished the enzyme inhibition activ-
ity by 5-fold compared with 8d, which was consistent
with our prediction based on the 8d-NS5B co-crystal
structure.

Furthermore, replacement of the terminal amide moiety
with an ester significantly reduced NS5B inhibitory po-
tency (compare 8k with 8e) likely due to the loss of
the hydrogen bonds formed between the 8¢ R* terminal
NH moiety and the NS5B protein. In addition, the lar-
ger R? ethyl ester group may be too voluminous to fit
well in the binding pocket. However, the inhibition
activity could be partially restored by incorporation of
the corresponding carboxylic acid moiety into the termi-
nal R? group (as in compound 8l). This result may be
due to the reduction in size of the R? group and the pos-
sible formation of hydrogen bonds between the OH
group of the carboxylic acid and the surrounding
NS5B residues.

Other modifications of the R® substituents, that are
either C- or N-linked to the benzothiadiazine ring at
the 7’-position (8n-8y), are summarized in Table 2.
None of the variations including ketones, amides, het-
eroaromatics, and cyano moieties led to any improve-
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Table 2. Pyridazinone NS5B inhibitors with C- and N-linked R®
substituents

Compound® R3 ICso (1b), HLM 1),
pM® (min)©

8n CH,CH,CONH, 34 >60

80 CH=CHCONH, 0.23 31

8p NHCO-¢-Pr 8 5.0

8q NHCOCH; 1.1 3.3

0
8r ‘5\% 72 4.3
8s° I> 11 44

(0]
8t j/i> 5.3 3.6
(0]
\f -
8u [0) 2.1 30
~_ 7/
8v COCH3; 2.5 4.3
8w CN 0.71 9.6
8x CONH, 0.58 3.7
D
8y N 0.29 16
N
#See Ref. 12.
®See Ref. 13.
©See Ref. 15.
9Not determined.
¢ Racemic.

ment in NS5B inhibitory potency as compared with
compounds 8d or 8e. Therefore, no further evaluation
was performed on these molecules other than metabolic
stability assessment. The difference in activity of 8d, 8o,
and 8n could be explained by the difference in the pre-
ferred conformation of the R* groups. To allow for
the favorable hydrogen bonding interactions (Fig. 4),
the R? group needs to be close to co-planar to the ben-
zothiadiazine ring. In 8d and 8o this is the preferred con-
formation. However, in 8n the lowest energy
conformation will have the second methylene group ro-
tated out of the plane of the aromatic system.

In anticipation of assessing the in vivo PK properties of
potent pyridazinone-containing NS5B inhibitors, we
also examined the stability of these compounds toward
human liver microsomes (HLM). As shown in Tables
1 and 2, the measured HLM half-lives for a majority
of the compounds (8a-h, 8k, 8m, 8p-r, 8t, 8v—y) were rel-
atively short (<30 min). However, compounds 8j and 8s
bearing either a polar cyclic acetamide moiety via an O-
linkage or a cyclic ketone group via a C-linkage exhib-
ited moderate half-lives (42 and 44 min, respectively).
The most stable compounds (8i, 81, and 8n) possessed
a hydroxamic acid or a carboxylic acid or a C-linked
acetamide moiety and exhibited long half-lives

(>60 min). These results implied that the very hydro-
philic pyridazinone compounds might have poor/non-
productive interactions with CYPs and suggested that
R? substitution could impact the human liver micro-
somal stability of the molecules under study.

In summary, we discovered a new class of 4-(1’,1’-dioxo-
1’,4’-dihydro-1’. A%-benzo[1’,2’,4']thiadiazin-3'-yl)-5-hy-
droxy-2H-pyridazin-3-one derivatives as potent inhibitors
of genotype 1b HCV NS5B polymerase using a struc-
ture-based design approach. The synthesis of this new
class of pyridazinone compounds was developed with
reasonable yields using either methods A or B. In addi-
tion, optimization of the R? substituents in this series re-
sulted in NS5B inhibitors with sub-micromolar
potencies in both biochemical and cell culture replicon
assays. Furthermore, the R* substitution also affected
the stability of the molecules toward human liver micro-
somes. In a separate communication, we will describe
the SAR of R! and R? substituents in this series focusing
on potency and HLM stability.!”
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