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Abstract—A novel class of inhibitors of pestiviruses (5-substituted 2-phenyl-5H-imidazo[4,5-c]pyridines) is described. Modification
of the substituent in position 5 resulted in analogues with high activity (ECsy < 100 nM) and selectivity (SI > 1000) against the

pestivirus BVDV (bovine viral diarrhea virus).
© 2006 Elsevier Ltd. All rights reserved.

The bovine viral diarrhea virus (BVDYV) belongs togeth-
er with viruses such as the classical swine fever virus
(CSFV) and the border disease virus (BDV) to the
genus Pestivirus that is classified along with the genus
Hepacivirus and Flavivirus in the family of the
Flaviviridae.!

Pestiviruses cause important diseases of livestock such
as bovine viral diarrhea in cattle,? classical swine fever
in pigs,> and border disease in sheep. Regardless of
the availability of vaccines against BVDV and CSFV,
and the implementation of eradication or control pro-
grams,*> both viruses remain an agronomical burden.
An alternative approach to combat BVDV and CSFV
infections could be the use of antiviral agents that specif-
ically inhibit the replication of the virus. Although likely
not suited to treat large herds, it may be important to
have selective anti-pestivirus compounds at hand. Possi-
ble uses for anti-pestivirus drugs could be (i) to treat
valuable animals in zoologic collections, (ii) to treat
expensive animals in breeding programs and in vitro
embryo production,® (iii) to cure established cell lines
from contaminating pestiviruses,”® or (iv) as a means
to rapidly control outbreaks of classical swine fever.
Current control measures in case of an CSF outbreak
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consist of massive culling of healthy animals in farms
surrounding the infected farm. Although emergency
vaccination could be considered, it takes about 2 weeks
before the animals have mounted a protective immune
response. BVDV is also considered to be a surrogate
virus for hepatitis C virus (HCV),? although adequate
HCYV replicon and HCV cell culture systems are now
available.!0-12

Worldwide 170 million people are chronic carriers of
HCV. This virus is a major cause of cirrhosis and pri-
mary hepatocellular carcinoma, and the main reason
for liver transplantations among adults in Western
countries.'® The current standard therapy for hepatitis
C, that is, the combination of pegylated interferon-o
and the nucleoside analogue ribavirin, is only effective
in about 50-60% of patients that suffer from chronic
HCYV infection, and is associated with important side-
effects.'* Consequently, there is an urgent need for high-
ly effective and selective inhibitors of HCV replication.

In the course of a screening effort dedicated to the search
for new classes of inhibitors of BVDV (as a surrogate
for HCV) compound 1 was found to elicit antiviral
activity.!> It was obtained as the main product from
the reaction of 2-(2,6-difluorophenyl)-1(3)H-imidazo-
[4,5-c]pyridine with 2,6-difluorobenzyl bromide in 65%
yield together with the isomers 2 and 3 (15% yield each;
Fig. 1). The crude product mixture was separated by
column chromatography (silica gel; eluent: dichloro-
methane/methanol = 12:1). Alternatively, pure 1 can be
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Figure 1. Synthesis of compounds 1, 2, and 3. Structures of compounds 4 and 5.

obtained by recrystallization of the crude isomer
mixture from a mixture of diisopropyl ether and ethyl
acetate. The assignment of the structures of the three
products was achieved by one-dimensional NOE differ-
ence spectroscopy (irradiation at the resonance frequen-
cies of the CH, linkers). Compounds 2 and 3 showed
reduced anti-BVDV (NADL) activities in MDBK cells,
as did the imidazo[4,5-b]pyridine analogues 4 and 5
(Table 1). Therefore, compound 1 was selected as the
lead compound.

In a first attempt to understand the structural require-
ments for the antiviral activity, the defluorinated
analogues 6, 7 and 8 were prepared (Fig. 2). The biolog-
ical results showed that removal of the 2 fluorines on the
2-phenyl results in more active antiviral compounds
(Table 2).

To further investigate the influence of substituents on the

benzyl group on the anti-BVDV activity, a set of 26
analogues was prepared (compounds 9-35, see Table 3).

Table 1. Anti-BVDYV activity and cytotoxicity for compounds 1-5

Compound ECso" (UM) CCsp® (LM) S.Ib
1 1.5+0.7 >100 >65
2 16.20 >100 >6
3 >48 99 +2 <2
4 =32 >100 <3
5 >88 >100 <l.1

#Values are means of six independent experiments * standard
deviation.
®In vitro selectivity index (CCso/ECsg).
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Figure 2. Structures of compounds 6, 7, and 8.

Table 2. Anti-BVDYV activity and cytotoxicity for compounds 6-8

Compound ECso* (M) CCsp" (UM) S.Ib
6 4+1 >100 >25

7 0.23£0.02 >100 >435
8 0.25%0.05 >100 >400

#Values are means of four independent experiments * standard
deviation.
®In vitro selectivity index (CCso/ECs).

Table 3. Anti-BVDYV activity and cytotoxicity for compounds 9-35
-0
N~ N/

R{S 9-35

Compound R ECso* (WM)  CCso® (uM)  S.I.°
9 2-CH; 03+0.1  >100 >333
10 3-CH; 0.6+02  >100 >167
11 4-CH; 0.13+0.02 >100 >769
12 2-OCH; 0.27+0.05 >100 >370
13 3-OCHj, 05+£02  >100 >200
14 4-OCH; 0.14£0.05 >100 >714
15 2-F 0.10+0.01 >100 >1000
16 3-F 0.15+0.07 >100 >667
17 4-F 0.12+0.04 >100 >833
18 2-Cl 0.19+0.04 >100 >526
19 3-Cl 0.21£0.05 >100 >476
20 4-Cl 0.08 £0.05 >100 >1250
21 2-Br 0.28 +0.06 >100 >357
22 3-Br 028 +0.08 85%13 304
23 4-Br 0.07£0.02 8320 1186
24 2-CN 0.76 £0.12  >100 >132
25 3-CN 4%2 >100 >25
26 4-CN 0.23+0.03 >100 >435
27 2-CF, 1.5+03  >100 >67
28 3-CF; 0.24+0.05 98+4 408
29 4-CF, 022004 84+13 455
30 4-ter-Butyl 049020 22+1 45
31 4-Ph 0.08+0.02 18%3 225
32 4-1 0.12+£0.04 22%4 183
33 3,4-Cl, 0.11+0.04 71%8 645
34 4-OCF; 0.27+0.06 66%7 244
35 4-COOH >100 >100 n.a.

#Values are means of four independent experiments * standard
deviation.
®In vitro selectivity index (CCso/ECs).
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In general, all prepared analogues showed activity with
the exception of the 4-carboxy derivative 35, but this
can probably be contributed to the inability of the car-
boxylic acid to penetrate cell membrane rather than loss
of intrinsic binding ability. With respect to the position
of the substituents ortho- and para-substitution is pre-
ferred. Halogen substituents result in the best improve-
ments of activity and selectivity, in particular chlorine
and bromine in position 4 (20 and 23,'®!7 respectively).
Also, the 2-monofluoro analogue 15 showed high
activity and selectivity. Methyl and methoxy substitu-
ents were tolerated in all three positions, whereas intro-
duction of a cyano substituent in position 3 or of a
trifluoromethyl group in position 2 results in reduced
activity (25 and 27, respectively). A bulky substituent
(tert-butyl, Ph or I) in position 4 resulted in analogues
with increased toxicity (compounds 30, 31, and 32,
respectively).

To further explore the structure—activity relationship of
the 5-substituent in this class of compounds a set of ana-
logues was prepared, where (the length of) the linker was
modified (36-39, 47, and 48), where the benzyl group
was replaced by alkyl or alkenyl (41-46) or where the
phenyl ring of the benzyl substituent was replaced by
other (heterocyclic) ring(system)s (49-54) (Table 4).

Increasing the length of the linker to 2 or 4 carbons
resulted in compounds with reduced antiviral activity
(36 vs 6 and 38 vs 8, respectively), whereas a 3-atom
linker was better tolerated (37, 47, and 48). Replacing
one hydrogen of the methylene linker by methyl
(compound 39) resulted in reduced activity. The alkyl

Table 4. Anti-BVDYV activity and cytotoxicity for compounds 36-54

o .

or alkenyl analogues exhibited reduced activity with
the cyclohexylmethyl analogue being the most active
(41-46). The two naphthyl analogues showed different
effects: the 1-naphthyl analogue 49 elicited excellent
activity, but the 2-naphthyl analogue 50 proved almost
inactive. All three pyridine analogues (51-53) had re-
duced activity, but replacing the phenyl by 5-chloro-2-
thienyl resulted in an analogue (54) with high activity
and selectivity. The S5-unsubstituted intermediate 40
proved only slightly active.

The compounds (as exemplified by 23 (BPIP)!®) target
the viral RNA-dependent RNA polymerase and induce
the same mutation (F224S in the fingertip of the
polymerase) as the structurally unrelated compound
(3-[((2-dipropylamino)ethyl)thio]-5H-1,2,4-triazinol[5,6-
blindole).'8

All 54 analogues were also tested against HCV in a
genotype la subgenomic replicon system,'® but proved
inactive against this virus.

In conclusion, 5-substituted 2-phenyl-5H-imidazo[4,5-c]
pyridines represent a class of highly active and selective
anti-BVDV compounds with activities down to below
100 nM and antiviral selectivities >1000. These com-
pounds lack activity against the HCV.
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