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Abstract—5-Hydroxy-3(2 H)-pyridazinone derivatives were investigated as potent inhibitors of genotype 1 HCV NS5B polymerase
focusing on the optimization of their drug metabolism and pharmacokinetics (DMPK) profiles. This investigation led to the discov-

ery of potent inhibitors with improved DMPK properties.
© 2008 Elsevier Ltd. All rights reserved.

An estimated 3% of the world’s population is chroni-
cally infected with the hepatitis C virus (HCV), a posi-
tive single strand RNA virus of the Flaviviridae
family.!? In the United States alone, HCV is estimated
to cause 8000-10,000 deaths annually and is now the
most common reason for liver transplantation.® The
current standard of care for the treatment of HCV infec-
tion is a combination of pegylated interferon (IFN) with
ribavirin.* Low response rates, in particular for patients
infected with genotype 1 HCV, along with significant
side-effects of this therapy result in an urgent medical
need for improved HCV treatments.’

The discovery of novel, direct antivirals to effectively
treat HCV infection therefore remains an area of intense
focus for the pharmaceutical industry. The HCV NS5B
enzyme, a virally encoded RNA-dependent RNA poly-
merase (RdRp), is viewed as an attractive target for
the development of such direct antiviral agents due to
its central role in the replication of the viral genome.®®
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Accordingly, our research efforts have been focused on
developing small molecule, non-nucleoside NS5B inhib-
itors especially for use in patients infected with HCV
genotype 1.

We previously described the discovery and structure-
guided optimization of a series of 5-hydroxy-3(2H)-
pyridazinone-containing NS5B inhibitors that bind to
the ‘palm’ site (1, Fig. 1).°'! As part of these efforts,
compound la (Fig. 1) was identified as one of the
most potent molecules in this series with low nanomo-
lar inhibition activity in both enzymatic (genotypes la
and 1b) and cell-based (1b replicon) assays. Interest-
ingly, compound 1la accumulated to relatively high
levels in rat liver following oral dosing.!! However,
la also exhibited very low bioavailability and low
plasma exposures when orally administered to both
rats and cynomolgus monkeys.!! Although we believe
that the accumulation of 1a at a major site of HCV
replication could facilitate its use as an anti-HCV
agent, we also wished to identify other compounds
that afforded more robust plasma exposures following
their oral administration. We therefore pursued the
further optimization of this series of pyridazinone-con-
taining inhibitors in an effort to improve oral
bioavailability.
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Figure 1. HCV NS5B polymerase inhibitors.

In our previous work, we concluded that the low oral
bioavailability exhibited by 1a was likely due to poor
intestinal absorption caused by its highly polar nature
and/or its ability to serve as an efficient efflux sub-
strate.!! To further test this hypothesis, we prepared a
metabolically stable control compound (2) whose calcu-
lated polar surface area (PSA) was much closer to the
range typically associated with the well-absorbed mole-
cules (PSA < 140 A%).'213 This compound displayed sig-
nificantly improved Caco-2 permeability relative to 1a, a
reduced potential for efflux, and dramatically increased
oral bioavailability properties in monkeys (Figs. 1, 2,
and Table 1). The improvement in oral bioavailability
likely resulted from a significant increase in the fraction
of 2 that was absorbed following oral administration as
compared with 1a (FA,, Table 1).

Encouraged by these results, we focused our pyridazi-
none optimization strategy on identifying potent NS5B
inhibitors with reduced PSA values relative to that of
compound 1a.!*!5> We therefore designed molecules that
incorporated R', R?, and R fragments that were (1) less
polar than those present in 1a and (2) known from our
previous work to impart potent anti-NS5B properties
against both genotypes la and 1b polymerases.®!! To
further differentiate designs with identical PSA values,
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Figure 2. Plasma concentrations of compound 2 in monkeys at various
times after a single 1 mg/kg dose (administered both IV and PO).

we also calculated the corresponding fraction absorbed
parameter (cFA) using a recently-developed computa-
tional algorithm that afforded good correlation with
experimental fraction absorbed for a large number of
existing drugs (Table 1).!7 Although our previous work
suggested that inclusion of the less polar moieties might
reduce the metabolic stability of the resulting com-
pounds,”!! we believed that the described strategy of-
fered a good opportunity to more optimally balance
the overall biological profiles of the inhibitors under
study.

As shown in Table 1, N-methylation of the terminal
sulfonamide present in la afforded improvements in
Caco-2 permeability, efflux ratio, and in vivo fraction
absorbed (FA,, = 33%) (compare compound 1b with
la). As anticipated from our earlier work, these
improvements were realized at the expense of meta-
bolic stability (in addition to loss of antiviral potency),
and this detriment likely attenuated the extent of in-
crease in observed oral bioavailability as compared
with 1a (f,, = 12%, relatively low due to high clear-
ance caused by metabolic instability). Interestingly,
replacing the isoamyl R?> moiety present in 1b with a
tert-butyl ethyl group worsened the corresponding oral
bioavailability of the resulting compound 1c. Consis-
tent with this result, compound lc¢ exhibited signifi-
cantly lower P,,, and FA,, values suggesting that
poor absorption was responsible for the observed bio-
availability differences. However, since the chemical
structures and calculated PSA and cFA values of
these two inhibitors are quite similar, we presently
do not understand why they exhibit such divergent
permeability properties.?!

Further reduction in the PSA values of the compounds
under study was achieved by replacing the R thiophene
moiety present in 1a—c with alkyl or alkenyl groups (Table
1, 1d-n). Not unexpectedly, the increased lipophilicities of
these molecules almost always afforded increased Pipp
values and reduced HLM/MLM stabilities relative to
1a. One exception was compound 1f that exhibited t;,, >
60 min in the MLM assay (compare 1f with 1e).
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Table 1. In vitro and in vivo biological properties of pyridazinone NS5B inhibitors

Compound R! R? R  PSA cFA® ECs HLM 11, MLM 11, Py’ Papp FApf  Fpo®
a A»® (%) (b)4 nM  (min) (min)® (cm/s) x107®  BA/AB (%) (%)
(AB) ratio

A\
1 @ H 203 18 5 >60 >60 0.02 2,375 4 2
a IS % ELL\)\

A\
1b QE h\)\ CH; 19 26 130 28 10 0.20 175 33 12

N i
e QE koo e 30 30 26 6.7 0.1 ND' S 3

1d 3“1\)\ H 174 26 320 11 30 0.58 10 17 15

le h\)\ H 174 31 54 23 32 0.29 62 8 6

1g A\/k H 174 33 6 10 7 0.15 100 4 4
}i\)\ H 174 25 370 19 53 0.49 ND 9 7
h\)\ H 174 34 110 73 10 0.85 27 18 15
1 A :m/k H 174 36 170 6.4 7.8 ND ND 18 10
1k > }L\X H 174 2 47 11 6.4 0.95 15 5 4
1 5 }L\X H 174 33 30 25 24 0.03 433 7 4
Im @? WA H 14 25 2 31 41 0.59 36 6 4

_h
In = w ko H 1 3 6 21 17 1.0 17 2 2

2 | Y- 3%“@ NA 148 59  ND >60 >60 13 6 36 33

1h

1i

S
S

1f %—\HJ\J }1\/& H 174 26 69 10 >60 0.70 24 7 6
S
D_/”%
E>_/”"\—L

#See Refs. 18 and 19 . The aqueous solubility limit for most compounds was >100 pM except compounds 1k (>50 pM) and 2 (>80 pM).

®Polar surface areas (PSA) were calculated using ACD/Labs, version 10.0, Advanced Chemistry Development, Inc., Toronto ON, Canada,
www.acdlabs.com, 2006.

“See Ref. 17.

9 For human liver microsomes (HLM) assay conditions and the experimental error, see Ref. 9. For compounds 1a-b, 1d, 1h—j, CCso (GAPDH)
>33 puM; for compounds le-g, 1k—n, CCsy > 1 uM (the highest concentration tested); for compound 1d, CCsy > 17 uM (the highest concentration
tested).

¢ For monkey liver microsomes (MLM) assay condition and the experimental error, see Ref. 10.

f Controls: P,;,, (apparent permeability coefficient) Atenolol (low) = 0.4 x 107° (cm/s), P,;,, Propranolol (high) = 10 x 1076 (cm/s). AB, apical-to-
basolateral; BA, basolateral-to-apical.

€FA,,: Experimental fraction absorbed. It was estimated based on the measured oral bioavailability (Fy,”) and clearance of the compound in
animals according to the following formula. FA,, = F,,,/(1 — CL/Q) where Q = 44 mL/min/kg (hepatic blood flow in cynomolgus money).>°

"Dose: 1 mg/kg for all the compounds in cynomolgus monkeys (n = 2-8). Formulation (for both PO and IV administrations): 1% DMSO, 9.9%
Cremophor EL in 50 mM sodium phosphate buffer, pH 7.4.

IND = not determined.

JNA = compound 2 does not have a 7’-substituent.
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Table 2. PK parameters for selected compounds dosed in cynomolgus monkeys

Compound n?* Foo (%) AUCGi, (ng/h/mL)  Cpax (PO)  Thax Cion CL (IV) Vs IV) MLM
PO/IV (ng/mL) (PO) (h) (POYEC 5y (mL/min/kg) (L/kg) t1/> (min)
la 8x (PO)8x(IV) 2 30/1334 3.8 6.3 0.54 13.7 0.18 >60
1b 4x(PO)2x (V) 13 72/605 11 6 0.032 27.8 0.57 10
1d 2x(PO)4x (V) 15 611/3977 294 1.5 0.007 44 0.17 30
1i 2x(PO)2x(IV) 15 370/2541 113 1.3 0.09 6.6 0.15 10
1j 2x(PO)2x(IV) 10 89/851 13 6 0.02 19.6 0.57 7.8
2 2x(PO)4x (V) 33 3654/10897 673 2 ND 1.9 0.21 > 60 >60

#n, number of monkeys used in the PK study. Dose: 1 mg/kg. Formulation (for both PO and IV administration): 1% DMSO, 9.9% Cremophor EL in

50 mM sodium phosphate buffer, pH 7.4.
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Figure 3. Plasma concentrations of compound 1d in monkeys at
various times after a single 1 mg/kg dose (administered both IV and
PO) in cynomolgus monkeys.

Unfortunately, the majority of these compounds also
exhibited minimal improvements relative to 1a in both
in vivo fraction absorbed (FA,,) and bioavailability
properties (f,,) following oral administration to mon-
keys. Notable exceptions included inhibitors 1d, 1i,
and 1j each of which displayed improved in vivo bio-
availability and in vivo FA,, values as compared with
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Figure 5. Plot of calculated fraction absorbed (cFA) versus in vivo
FA,, (%).

the lead molecule (1a). In addition to lower PSA proper-
ties, all these compounds had significantly higher cFA
and P,,, values as compared with 1a. While we believe
that these differences likely contributed to their im-
proved oral bioavailabilities, related improvements in
bioavailability were not observed for compounds 1k
and In which also possessed similarly favorable PSA,
cFA and even higher P,,, values.
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Figure 4. Correlations between in vitro Pyyp, in vivo FA

po» calculated PSA, and calculated log D values for the compounds listed in Table 1. The size

of the solid circles represents the value of the log D at pH 6.0 calculated using ACD/Labs software, version 10.0, Advanced Chemistry Development,
Inc., Toronto ON, Canada, www.acdlabs.com, 2006. For the smallest solid circle, logD = — 2.25 (pH 6), and for the largest solid circle, log D = 0.29
(pH 6). The low (0.4 x 10~% cm/s) and high (10 x 10~ cm/s) P,,,, values for the controls are marked with purple lines. Compound 1j was not included
in this Figure as its P,p, value was not determined. This figure was generated using the Miner3D software.
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Table 2 details the PK parameters for selected inhibitors
(1b, 1d, 1i-j) that exhibited F,, > 10% when dosed in
cynomolgus monkeys at 1 mg/kg. The IV and oral PK
curves associated with inhibitor 1d are also shown in
Figure 3. All these compounds exhibited low to moder-
ate clearance and low steady-state volumes of distribu-
tion (<1 L/kg) with moderate to good antiviral
potency (1b ECsq =110-320 nM). Although these mol-
ecules showed an improvement in both oral bioavailabil-
ity and C,,x parameters as compared with la, they
exhibited significantly lower Cj,,/ECsq ratios. In addi-
tion, MLM stability for these compounds did not corre-
late well with the corresponding clearance data
suggesting that this process may not be primarily medi-
ated via biotransformation. Collectively, these results
illustrate the challenges we faced in optimizing the
DMPK properties of the molecules in this series.

In order to further improve the oral bioavailability and
retain the antiviral potency of this series of pyridazinone
compounds, we performed several analyses (Figs. 4 and
5) to help identify which calculated parameter, mea-
sured property, or combination thereof conferred the
beneficial in vivo performance to the molecules shown
in Table 1.

As shown in Figure 4, molecules that possessed lower
PSA values had a greater chance of exhibiting Caco-2
permeabilities in excess of the low control (0.4 x 107°
cm/s). The more permeable compounds (P,p, > low con-
trol), in turn, had an increased likelihood of displaying
in vivo FA,,, values above 10%. Collectively, this analy-
sis confirmed that reduction in PSA values could favor-
ably impact the permeability properties of the
pyridazinone-containing NS5B inhibitors described in
this work. However, for compounds with identical
PSA characteristics (e.g., 174 A”), the in vivo fraction
absorbed (FA,,) varied from 2% to 18%. In addition,
there was little correlation noted between logD values
and the in vivo fraction absorbed. Consistent with this
observation, the calculated fraction absorbed (cFA) val-
ues (which were based on both calculated PSA and cal-
culated logD) associated with the above compounds
showed little to no correlation with the corresponding
experimental fraction absorbed parameters (Fig. 5).2?
Caveats associated with the described analyses of Fig-
ures 4 and 5 include (1) the relatively small number of
data points examined and (2) the lack of compounds
with moderate to high permeability properties (needed
to better define trends over a wide range of P,,, and
cFA values).

In summary, a number of potent inhibitors of genotype
1 HCV NS5B polymerase derived from pyridazinones
were evaluated in both in vitro assays and in vivo animal
PK studies. The described optimization focused on
DMPK properties and led to potent inhibitors (1b
ECs5o = 110-320 nM) with improved oral bioavailabili-
ties (10-15%) relative to the lead compound (1a, 2%).
In addition, analysis of the correlation between calcu-
lated parameters, in vitro biological properties, and
the measured fraction absorbed or oral bioavailability
in animals defined relationships that could be applied

in the further optimization of the DMPK properties of
the molecules in this series.
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