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Abstract

Targeting host cell factors required for virus replication provides an alternative to targeting
pathogen components and represents a promising approach to develop broad-spectrum antiviral
therapeutics. High-throughput screening (HTS) identified two classes of inhibitors (2 and 3) with
broad-spectrum antiviral activity against ortho- and paramyxoviruses including influenza A virus
(IAV), measles virus (MeV), respiratory syncytial virus (RSV), and human parainfluenza virus
type 3 (HPIV3). Hit-to-lead optimization delivered inhibitor, 28a, with ECgq values of 0.88 and
0.81 M against IAV strain WSN and MeV strain Edmonston, respectively. It was also found that
compound 28a delivers good stability in human liver S9 fractions with a half-life of 165 minutes.
These data establish 28a as a promising lead for antiviral therapy through a host-directed
mechanism.
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The orthomyxovirus and paramyxovirus families comprise many pathogens that cause
common respiratory illnesses; among them are measles virus, mumps virus, respiratory
syncytial virus, human parainfluenza virus (paramyxoviruses) and influenza viruses A and B
(orthomyxoviruses). Together, the acute respiratory illnesses caused by these viruses
represent a major medical need.! In particular, the likelihood of pandemic from influenza A
makes developing new and broadly active therapies a pressing global need.2 Our research
group has undertaken a program of discovering and developing antivirals that target host
factors implicated in virus reproduction. Although this runs counter to the prevailing virus-
targeted mechanistic approach to discovering antivirals, the potential benefits of such a
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strategy include decreased incidence of resistance, because host factors mutate less readily
than viral factors, and a broadened spectrum of antiviral activity, because many of the same
host factors are co-opted by different viruses.3 4 A potential drawback to this approach is
the nontrivial efforts required to define mechanism of action, since we use a whole-cell
phenotypic screen to identify these antivirals.®> To date, our most successful compound
series has been exemplified by the broadly active benzimidazole 1 (JMN3-003), which has
low nanomolar activity against a number of different viruses in cell culture.® 7 In our efforts
to develop a backup to 1, we have re-examined two different hits (scaffolds 2 and 3, Figure
1) that were described in the same high-throughput screening paper in which we first
disclosed benzimidazole 1.° This report details our attempts to simultaneously improve
potency against both an orthomyxovirus (influenza A) and paramyxovirus (measles)
representative and to understand the metabolic profile in liver S9 fractions for 2 and 3.

To confirm the biological activity of series 2 and 3, these two hits along with a small set of
analogs were synthesized, and tested in reporter gene assays. In the case of IAV assays, a
firefly luciferase minireplicon reporter was driven by superinfection of cells with influenza
A/swiTexas/2009 or influenza A/Aichi/1968. 50%-inhibitory concentrations were calculated
by means of four-parameter non-linear regression-fitting; values in parentheses represent
95% confidence intervals. Syntheses of 2 and closely related analogs were initiated by
treatment of commercially available benzimidazolylacetonitrile (4) with sodium nitrite in
acetic acid. The resulting cyano oxime 5 was combined with hydroxylamine and cyclized to
afford furazan 6. The latter was further coupled with acyl chlorides 7 to deliver 8, followed
by alkylation to give compound 2 and its analogs (Scheme 1). Analogs with a thiazole,
pyrazole, or pyrazine instead of the furazan moiety, were also synthesized (Scheme 2 - 5,
SI).

Compound 2 and analogs were re-tested against both AV and MeV. Replacement of the
ethyl ester with a 4-aminophenyl moiety (2b) led to a slight loss of activity, while
replacement with hydrogen caused a complete loss of potency against both viruses (2a). All
series 2 analogs featuring an altered central ring system lost bioactivity (2c-g, Table 1).
Active compounds 2 and 2b were subjected to further chemical and metabolic stability
testing against human and hamster liver S9 fractions (T1/» <5 min in presence or absence of
cofactors). Although the potency of compound 2 is good, we speculate that the biological
activity of this compound might arise from its metabolic or chemical instability, which
ultimately led us to drop pursuit of this series in favor of alternative scaffold 3.

The syntheses of of analogs of 3 were modified based on the procedures of Laufer er a/8
Briefly, 4,5-diphenyl-2-thioimidazole was treated with alkyl bromides to give thioethers 10.
The thioether was either oxidized to the sulfone 11 first and alkylated® or, alternatively,
alkylated and then oxidized to yield 13.19 Deprotonating the benzylic a-carbon and
fluorinating once or twice gave analogs 14a and 14b. (Scheme 2)

To obtain differentially substituted analogs, the acetophenones 15 were brominated (16),
coupled with methylamine, and acidified to give a-ammonium ketones 17.8 These analogs
were cyclized using sodium thiocyanate to give the thioimidazoles 18.8 11 Alkylation
delivered the thioethers 19, and bromination gave the 5-bromoimidazoles 20.8 12 mCPBA
oxidation provided the sulfone 21, and Suzuki coupling yielded the tetra-substituted
imidazoles 22 (Scheme 3). The synthesis of 28a and analogs is shown in Scheme 4 starting
with treatment of 1-methyl-4,5-diphenylimidazole 29 with r-butyllithium and DMF to
afford 2-formyl imidazole 30.13 Reductive amination of 30 with different aromatic amines
delivered amines 31, which underwent either a second reductive amination with
formaldehyde or benzaldehyde or LIHMDS-mediated alkylation to furnish 28a-d,
respectively.
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In exploring the SAR around 3, we found that replacing the propargyl group with a
hydrogen atom (13a) or a benzyl group (13€) led to a complete loss of potency against both
IAV and MeV (13a), replacement with an ethyl (13d) or allyl group (13f) led to reduced
potency, and replacement with a methyl group (13b) yielded analogs with comparable
potency to unmodified 3 against influenza, particularly, indicating a preference for small
alkyl substituents at the 1-position. Trifluoro analog 13c was synthesized and found to have
reduced potency against IAV and MeV as compared to 3. In an attempt to increase potency,
solubility, and metabolic stability, two of the three phenyl rings were independently replaced
with pyridine (13g, 13h), and both compounds completely lost activity.

Having demonstrated promising activity within this series, we turned our attention to the
metabolic stability of the compounds. We assayed a subset of the compounds for metabolic
stability in human and hamster liver S9 fractions, the latter species chosen for its likely use
in a potential efficacy study. We selected a panel of compounds for this study to probe likely
metabolic transformations: nucleophilic addition into the heterocyclic sulfone and
subsequent elimination of the sulfinate, oxidation of the aromatic rings, oxidation of the A-
alkyl group, or oxidation of the methylene group a to the sulfonyl. While rapidly
metabolized in pooled hamster liver S9 fractions (T2 < 2.5 min), compounds 3, 13a, and
13b showed a slightly prolonged half-life in the pooled human liver S9 fractions with half-
lives of 19, 14, and 2-12 min, respectively (Table 2). Surprisingly, the tris-fluorophenyl
analog 13c showed rapid breakdown in human and hamster liver S9 fractions with both half-
lives less than 2.5 min (Table 2). Common to these four analogs is a sulfonylmethylene
moiety, which links the left-most imidazole and right-most aryl rings of the molecule,
presenting a potential metabolic instability. We observed no metabolism in the absence of
cofactors, implying that the compounds were chemically stable and that elimination of the
sulfone as a sulfinate, were it to occur, must be cofactor-mediated. Towards understanding
the role of the methylene carbon in the metabolism, we introduced one or two fluorines into
the molecule at the methylene carbon. Although incorporation of one fluorine at that
position (14a) conferred no additional S9 stability, introduction of a second fluorine (15)
resulted in good stability in pooled hamster S9 fractions (T1/,= 54 min) and excellent
stability in the human system (T1, > 90 min). These results suggest that the
sulfonylmethylene represents a substantial metabolic liability for this compound class (Table
2).

We attempted to determine the identity of the metabolite(s) using LC-MS/MS. After
incubating 13b (100 M) with pooled human liver S9 fractions for 20 minutes, we observed
a peak (91% of total area) in the LC-MS that corresponded to a mass with m/z of 576 (+187
Da) and 531 (+142 Da; data not shown). Enhanced Product lon (EPI) of the metabolite with
m/z 576 produced a fragment with /2298 which is consistent with the mass of the 4,5-
diphenylimidazole sulfone structure. Taken together, these data are consistent with our
hypothesis of an unstable species, perhaps a reactive metabolite that arises from hydrolysis
of an a-hydroxysulfone intermediate or a product of secondary metabolism.

Unfortunately, having repaired the metabolic liability in 13b, we found that fluorinating the
metabolically labile methylene resulted in complete loss of antiviral activity (14b and 15,
Table 3). Understanding this key weakness within the molecule, we replaced the
sulfonylmethylene moiety altogether with a variety of two-atom linkers. Replacing the
sulfone with a thioether moiety led to analog 12, which exhibited not only reduced anti-viral
activity against 1AV, but also shortened compound half-life in both hamster and human liver
S9 fractions (12, Table 3), a curious finding when one considers the difference in electron
density at the a-carbons of 13a and 12. Further modification by replacing the sulfone with a
carbonyl group led to analog 25, which showed much improved stability in human liver S9
fractions (human S9 Ty, > 90 min) but diminished potency (Table 3). Replacing the
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sulfonylmethylene with a sulfonamide (23) or a 1,2-disubstituted ethanol (26) caused not
only complete loss of activity but also failed to confer metabolic stability. Compounds 24a
and 24b, in which an amide linker replaces the sulfonylmethylene, were about 100 fold less
potent than compound 3. A similar result was found with replacement by an ethane linker
(27, Table 3). Strikingly, we found analog 28a, with an aminomethyl linker, to return good
potency with ECsq values of 0.88 1M against IAV-WSN and 0.81 uM against MeV-Edm.
Compound 28a was also found to be metabolically stable in pooled human liver S9 fractions
with a half-life of 165 min. While the potency and metabolic stability of 28a are very
promising, the solubility of 28a is quite poor (<15 pg/mL at pH=7.4). We attempted to
address this issue by either generating salts of 22 or incorporating hydrophilic groups in the
right-hand portion of the molecule. Compound 28b with a hydroxyl group, 28c with a
carboxyl group, and 28d with pyridine instead of a phenyl ring, were synthesized and
subjected to solubility testing based on nephelometry. Analog 28c showed superb solubility
of greater than 300 pg/mL at pH=7.4 (Table 3).

In conclusion, we have described two new series of analogs that may have broad-spectrum
anti-myxovirus activity, albeit with higher ECsq values than with our previously reported
scaffold 1.6: 7. 14 While the first of these series, based on furazan 2, delivered potent
compounds, this series was chemically and metabolically unstable. The second series, based
on imidazole 3, yielded bioactive compounds that were compromised, however, by
metabolic liabilities likely arising from the benzylic methylene group a to the sulfone.
Replacing the sulfonylmethylene with a methyleneamine moiety leads to a bioactive (ECsg
value for 28a approximately 0.8-0.9 pM against different myxovirus family members) and
metabolically stable analog (human S9 Ty, = 165 min). Once solubility is further improved,
the series would appear suitable for /n vivo efficacy testing studies.
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Table 1
Analogs of hit series 2.
N Het
\
R1
ECso (l"-M)a
Cmpd Ry Het X
Influenza MeV-Edm
A/MWSN(HIN1)
2
=~ 0.012 _
r\"<_COO Et \ I}l 2-fluoro ((%)1132) 0-0%3.0(%())19
N-©O
2a
H = N 2-fluoro >10 >10
\-O
N -
2 NH,
M\_Q = N 2-fluoro 0.7 0.4
\-0
0 N~
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a
ECso (kM)
Cmpd Ry Het X
Influenza MeV-Edm
A/WSN(H1N1)
2c
'J{—COOEt / S 2,6-fluoro ~10 ~10
N/J
2d b"LL
N\
iPr 2,6-difluoro 4.0 ~10
\_S
2e ‘121.
N\
-CH,COCH 2,6-difluoro >10 >10
\_S
2f
~I
H \ 2-fluoro >10 >10
N
N™""Me
2
>10 >10

NH, N
N
‘J\‘J\_Q | /] H
N
O

a S . . . . S . .
50% inhibitory concentration were were calculated using the variable slope (four parameters) non linear regression-fitting algorithm embedded in
the Prism 5 software package (GraphPad Software). Values represent averages of four assessments; highest concentration assessed, 10 .M.
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Table 2

Anti-viral ECgq values for selected sulfone analogs

X
Ry—1

O N>B\\§O s N>8§9 =
N Fe—e—— |7 b
N N \_7Rs

( R

R/
oW

2
3 13a-g

. S0 stability
Cmpd R,Ry, Ry, Rs s0(MM) T (Min)

Influenza MeV  human hamster

3 - 05 0.74 19 <25
13a R|=I§2==g3=H >10 >10 14 <25
13 RFE;’\&:H 03 40 o0 osb
e Rlzrzzzhrlelgezp-F >10 >0 5?5’
o R|=§2:=ERt3=H 20 10 np¢  NDf
13 RI:S;B,{L:H 10 >10 NDc  np©
e R1=R?==Hal,g; =p-F 42 46 np°  NDS
139 RlzR;;’,vFI%i:4—py >10 >0 np¢ NDE
= R1=R22|=‘|’?/||?2=3‘Py >10 o ND° ND*
- R3=F§g;§iz-py >0 >10 npf NDf

22b R=Me,R;=R3=

>10 >10 ¢ ¢
P-F;Ry=3-py ND ND

a S . . . . S . .
50% inhibitory concentration were calculated using the variable slope (four parameters) non-linear regression-fitting algorithm embedded in the
Prism 5 software package (GraphPad Software). VValues represent averages of four assessments; highest concentration assessed, 10 M.

b, . . . . .
Values represent the range of two experiments carried out on different dates. Where only one value is given, the half-lives were calculated to be
the same.

“Not determined (ND) when EC50>10 uM
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Table 3
Analogs of 3 containing different linker moieties.

@ " a%
N QP NN Q
e Y
SN
CH,

ha S

O \CH3 Ror P
3

£ ()P 9 stability
cmpd L Ry, Ry, Rs 50 (WM) Ty (Min)
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3 - - 05 0.74 19 <25
12 S
‘ZCL/ \)& Ri=R,=Ry=4-H 0.4 60 15 3
14a 0
\\S//
‘(( % Ri=Ry=Ry=4-F 8.0 50 <25 <25
14b
N7
51{/ R{=R,=Rs=H >10 >10 np¢ ND
15

N\

”’ic;o

R1=R,=R3=4-F >10 >10 >90 54

\
i{ S N N }& R;=R,=R5=H >10 >10 27 <2.5
H

24a

/EL R;=R,=H, Ry=2-F 10.0 9.0 ND ND
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en P SO stability
Cmpd L Ry, Ry, R 50 (kM) T2 (min)
Influenza MeV  human hamster
24b o)
‘Z(l)kN}gl R1=R,=H, Ry;=2-NO2 6.0 90  ND ND
25 O
L‘i)vl( Ri=R,=Rz=H 10 >10  >90 5
2 OH
N Ri=R,=Rz=H >10 >10 ND ND
27
N Ri=R,=Rz=H 10.0 6.0 ND ND
2% 2(\ /L‘LL
I Ri=R,=Rz=H 0.88 091 165 <5.0
Me
2 ii/\ )i
| R;=R,=H, Ry=4-OH 10 10 ND ND
Me
28 7(,1/\ )‘)z
| Ry=R,=H, Ry=2-COOH 3 3 ND ND
Me
28 Y\ )a
| R1=R,=H, Rg=2-Py 10 10 ND ND
Me
32a ‘?—(\ ){L
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cen P S0 stability
Cmpd L Ry, Ry, R 50 (kM) T2 (min)

Influenza MeV human hamster

R1=R2=R3=H 10 10 ND ND

32b L"(\l}l }14

Et

aLacks 1-methyl group on imidazole ring.

50% inhibitory concentration were calculated using the variable slope (four parameters) non-linear regression-fitting algorithm embedded in the
Prism 5 software package (GraphPad Software). VValues represent averages of four assessments; highest concentration assessed,10 M.

“Not determined when EC50 >10 pM.
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