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Previously we reported the optimization of antiviral scaffolds containing benzimidazole and related het-
erocycles possessing activity against a variety of arenaviruses. These series of compounds were discov-
ered through an HTS campaign of a 400,000 small molecule library using lentivirus-based pseudotypes
incorporated with the Lassa virus envelope glycoprotein (LASV GP). This screening also uncovered an
alternate series of very potent arenavirus inhibitors based upon an acylhydrazone scaffold. Subsequent
SAR analysis of this chemical series involved various substitutions throughout the chemical framework
along with assessment of the preferred stereochemistry. These studies led to an optimized analog (ST-
161) possessing subnanomolar activity against LASV and submicromolar activity against a number of
other viruses in the Arenaviridae family.

� 2013 Elsevier Ltd. All rights reserved.
The viral family Arenaviridae encompasses a number of viruses
that have been implicated in hemorrhagic fever. These enveloped
RNA viruses are found globally and are broadly categorized into
two lineages, Old World and New World.1 Of the large number of
viruses belonging to this family, five in particular have garnered
more interest due to the ability to cause hemorrhagic fever and
their classification as Category A pathogens.2 These are comprised
of Old World arenavirus Lassa and four New World arenaviruses
Machupo (MACV), Junín (JUNV), Guanarito, and Sabiá viruses. Cur-
rently, prevention and treatment options are very limited for hem-
orrhagic fever viruses.

Previous work performed by our group led to the optimization
of a high-throughput screening (HTS) hit based upon a benzimid-
azole scaffold with potent, broad-spectrum arenavirus activity.3

Further expansion of this scaffold led to additional analogs built
on related heterocycles, many of which possessed equipotent or
enhanced antiviral activities.4 The previously described HTS
campaign yielded additional hits with distinct structures and a
particular scaffold emerged that was built upon a central cyclopro-
pyl N-acylhydrazone linker shown in Figure 1. Structurally similar
analogs containing this linkage have recently been disclosed as
possessing phosphodiesterase-10 inhibition activity for use in the
treatment of CNS disorders.5 More generally, the acylhydrazone
scaffold has been associated with a number of activities including
potential treatment of the following: hypertension,6 tuberculosis,7

human immunodeficiency virus type 1,8 leukemia,9 muscle tissue
diseases,10 hyperglucagonemia/hyperglycemia,11 neuropathic
pain,12 along with inflammatory disorders such as asthma and
chronic obstructive pulmonary disease through phosphodiester-
ase-4 inhibition.13 The acylhydrazone group has also been utilized
as an acid-sensitive linker for applications such as antibody conju-
gation14 and gene delivery.15 As we discovered, the acylhydrazone
moiety possessed stability characteristics suitable for our in vitro
antiviral assays and this group is certainly more stable than a
regular imine due to resonance contributions.16

With the acylhydrazone-based HTS hit (Fig. 2), we were pre-
sented with an advantageous starting point given the low nanomo-
lar antiviral potency (25 nM) observed in the LASV pseudotype
assay and the degree of selectivity (EC50 > 50 lM for non-arenavi-
rus pseudotypes). In fact, all of the antiviral potency data provided
herein were derived from assays utilizing lentivirus-based pseudo-
types incorporating LASV GP for which descriptions and methods
have previously been disclosed.17 The use of a pseudotype assay
was necessary since working with live LASV requires a Biosafety
Level 4 (BSL-4) facility, exceeding our BSL-2 rated laboratory. As
will be mentioned, live LASV in BSL-4 facilities at The United States
Army Medical Research Institute for infectious diseases (USAM-
RIID) was used to confirm antiviral activity against authentic virus
and to follow up on results of the pseudotype-based assay in order
to compare in vitro antiviral potency for our lead molecule. SAR
analysis involved all areas of the acylhydrazone scaffold along with
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Figure 2. HTS hit.

Table 1
Favored positioning of Ar2 substituent(s)

N
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Compound R LASV EC50 (nM)

3a H 47
3b 2-Cl 320
3c 4-Cl 20
3d 3-Br 56
3e 4-Br 470
3f 3-NO2 250
3g 4-NO2 62
3h 2-OH 570
3i 3-OH 94
3j 4-OH 2.3
3k 3-OMe 42
3l 4-OMe 4.0
3m 3-Me 58
3n 4-Me 9.0
3o 2,3-diMe 800
3p 2,4-diMe 170
3q 3,4-diMe 3.9
3r 3,4-diCl 72
3s 3,4-diOMe 450
3t 4-cyclohexyl 24
3u 4-phenyl 1.3
3v 4-NHAc 2.6
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Figure 1. Cyclopropyl N-acylhydrazone-linked scaffold.
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the distal rings to determine the groups vital to antiviral potency.
These studies also included a number of various substitutions
along with stereochemical analysis of the cyclopropyl ring. All of
the EC50 values provided are averages (geometric mean) of at least
three experiments unless otherwise noted.18

The majority of the analogs to be presented in this letter were
purchased from commercial sources. For these molecules, the ste-
reochemistry for the cyclopropyl ring was not specified by the cor-
responding vendor. Accordingly, the cis/trans configuration is not
defined in the structures below with the exception of the lead mol-
ecule, ST-161, and the corresponding cis isomer (5g). We believe
the remaining compounds all share the trans configuration based
upon antiviral activity and the patterns observed during SAR anal-
ysis of this series. The definitive stereochemical designation for ST-
161 and cis isomer 5g was made possible by custom synthesis
which was initiated with the proper configuration already in place
for a one-step procedure (Scheme 1). ST-161 was readily isolated
from the reaction of trans-hydrazide 1 and methyl ketone 2 in
78% yield.19 This same reaction sequence was used for 5g starting
with cis-configured hydrazide 1.

The SAR study encompassing the largest number of analogs in-
volved substitution of the Ar2 phenyl ring and included groups
with various electronic and steric attributes (Table 1). The goal
was to find a preferred group type and also the favored position
on the phenyl ring. Disubstitution and additional ring incorpora-
tion were also explored. To this end, analogs were procured and
several groups of compounds emerged in which substitution ran-
ged from simple halogen groups to amide linked heterocycles. Sin-
gle digit nanomolar EC50 values were achieved with substitution in
the para-position of the phenyl ring with the following smaller
moieties: hydroxyl (3j), methoxy (3l) and methyl (3n). Concerning
these particular analogs, a decrease in potency of 6- to 40-fold was
observed when the same groups were moved from the para-posi-
tion (3j, 3l, 3n) to the meta-position (3i, 3k, 3m). Albeit a small
data set, substitution at the ortho-position proved to be the most
disfavored location on the Ar2 phenyl ring (3b and 3h). This may
be due to an alternate geometry that is adopted which results from
steric interactions of the ortho-group and the methylhydrazone
moiety. In most cases the di-substituted analogs did not outper-
form their mono-substituted counterparts except for the 3,4-di-
methyl substituted analog (3q), which was about twice as potent
as the para-substituted analog (3n). Substitution of the Ar2 phenyl
ring was also made with larger groups including cyclohexyl (3t),
a
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Scheme 1. Reagents and conditions: (a
phenyl (3u) and various amide-linked moieties (3v–z), mostly at
the para-position with the exception of meta-substituted analog
3x. This particular study led to the emergence of two major trends.
Firstly, it appeared that the suspected hydrophobic pocket corre-
sponding to this region of the scaffold (Ar2) was rather sizeable.
This observation was based upon the high antiviral potency among
the sterically bulky analogs containing a planar aromatic ring sub-
stituent (3u, 3y–z). Secondly, increased activity tracked well with
the presence of an amide-linked group at the para-position
ST-161

O
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) EtOH, rt, 18 h, reflux, 4 h (78%).



Table 2
Effect of bulky Ar1 substituent

N
H
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N

R
R'

Compound R R’ LASV EC50 (nM)

3a H H 47
4a t-Bu H 15
3c H 4-Cl 20
4b t-Bu 4-Cl 6.6
4c H 4-F 52
4d t-Bu 4-F 16

4e H N
H

O F

3- 9100

4f t-Bu N
H

O F

3- 770

5842 J. R. Burgeson et al. / Bioorg. Med. Chem. Lett. 23 (2013) 5840–5843
(3v–w, 3y–z) which may serve as a hydrogen bond donor and
acceptor. With the combination of these two structural modifica-
tions, we were able to achieve subnanomolar potency as observed
with 3y and 3z. The reduced antiviral activity of the cyclohexyl ring
analog (3t) may be due to the preferred conformation of this satu-
rated ring and subsequent fit at the site of interaction. Overall, we
found that substitution in the para-position was favored more than
all other patterns and disubstitution typically resulted in a
Table 3
Diverse substitutions and stereochemical analysis

Compound Structure LASV EC50 (nM) Com

5a N
N

O

O >50,000 5b

5c N
N

O

25 5d

5e N
N

O
NH2

>50,000 5f

5 g N
N

O

850 ST-1

Table 4
Broad-spectrum arenavirus activity for compound ST-161

Compound LASV EC50 (nM) MACV EC50 (nM) JUNV EC50 (nM)

ST-161 0.34 730 800

a Average value from only two experiments.
detrimental effect in terms of antiviral activity. We were able to
achieve subnanomolar potency through the combination of opti-
mal positioning on the phenyl ring, increased steric bulk, and addi-
tion of an amide linker.

Although the majority of the modifications performed during
the SAR studies involved the Ar2 portion of the scaffold, some alter-
nate structural explorations were performed including placement
of a tert-butyl substituent in the Ar1 ring. The effect of this bulky,
lipophilic moiety was compared to the unsubstituted phenyl ring
and results are shown in Table 2. Substitution was also altered in
the Ar2 phenyl ring in order to expand the data set with groups se-
lected from chloro, fluoro and 2-fluorobenzamide. An unsubstitut-
ed phenyl ring in Ar2 was also included. Overall, a three- to
twelvefold shift in potency was observed and increased activity
tracked with the addition of the t-butyl moiety. Similarly found
for the Ar2 ring, a sizeable hydrophobic pocket may be present at
the site of biological interaction for Ar1 as evidenced by improved
antiviral activity for this bulky t-butyl substituent.

A few of the other SAR studies were of a limited scope and
encompassed only one or two analogs derived from structural
modifications of the acylhydrazone core and attached phenyl rings.
Stereochemical analysis of the cyclopropyl ring was also performed
and all of these results are summarized in Table 3. The importance
of the cyclopropyl-substituted phenyl ring (Ar1) was apparent with
the complete loss of activity for analog 5a at a concentration of
50 lM, compared to an EC50 value of 42 nM for the parent com-
pound (3k). The addition of a second phenyl ring, as in analog
5b, was found to be highly detrimental with a greater than 700-
fold decrease in potency observed in the LASV pseudotype assay
when compared to the parent analog (5c). It is possible that the
suspected hydrophobic pocket occupied by the Ar1 phenyl ring
may not be large enough to accommodate the increased steric
bulk. Nearly a 30-fold improvement in the EC50 value was observed
when lipophilic character was introduced to a simple amine func-
tionality at Ar2, switching from NH2 (5c) to NMe2 (5d). The effect of
pound Structure LASV EC50 (nM)
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the methyl group substituent of the acylhydrazone linker was
determined through hydrogen replacement or expansion of steric
bulk with an isopropyl moiety. The analog with hydrogen replace-
ment (5e) was inactive at the highest concentration tested (50 lM)
while the isopropyl analog (5f) resulted in an eightfold reduction in
antiviral potency compared to parent compound 3a. The most po-
tent analog in this acylhydrazone series was discovered during a
study to determine the preferred stereochemistry of the cyclopro-
pyl substituents. It was found that the trans configuration was far
superior to the cis isomer as observed with analogs ST-161
(0.34 nM) and 5g (850 nM), separated by over three orders of mag-
nitude with respect to antiviral potency.

Since all of the data presented above was derived from the LASV
pseudotype assay, we decided to follow up on in vitro potency with
live virus for our most potent inhibitor, ST-161. To this end, a pla-
que reduction assay utilizing live LASV was performed within the
BSL-4 facilities at USAMRIID. We were gratified to find that the
previously observed antiviral activity of ST-161 was confirmed
with live virus.

The previously reported benzimidazole-based arenavirus inhib-
itor ST-193 was found to retain high potency against a number of
viruses in the Arenaviridae family of both New World and Old
World lineages.3 Therefore, a similar study was done with our most
potent analog in the acylhydrazone series, ST-161, to determine
the spectrum of antiviral activity against other arenaviruses. The
potency data was collected from alternate pseudotype assays
incorporating envelopes from MACV, JUNV, Sabiá virus, Guanarito
and Tacaribe viruses (Table 4). While the high potency of ST-161
observed in the LASV pseudotype assay was not observed for the
other viruses, this compound still retains respectable submicrom-
olar activity against these New World arenaviruses. The propensity
of ST-161 for LASV-associated antiviral activity, rather than New
World arenaviruses, was explained by previous studies which
showed specificity for LASV GP in cell–cell fusion assays and re-
duced activity observed with JUNV GP.20

Through the optimization of a HTS hit containing a cyclopropyl
acylhydrazone linker, lead compound ST-161 was discovered
which possessed very high potency against LASV in the pseudotype
assay, which was later confirmed with live virus. As a result of
these efforts, antiviral activity was increased over 70-fold com-
pared to the original hit while also removing a potentially geno-
toxic para-substituted aniline moiety. This molecule was also
found to have antiviral activity against five New World arenavirus-
es warranting the potential use as a broad-spectrum
countermeasure.
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