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The identification of a novel hit compound inhibitor of the protein–protein interaction between the influ-
enza RNA-polymerase PA and PB1 subunits has been accomplished by means of high-throughput screen-
ing. A small family of structurally related molecules has been synthesized and biologically evaluated with
most of the compounds showing micromolar potency of inhibition against viral replication.

� 2013 Elsevier Ltd. All rights reserved.
Human influenza viruses belong to the Orthomyxoviridae
family, which consists of the genera influenza A, B, and C viruses.
The Orthomyxoviridae are enveloped viruses containing a seg-
mented, single-stranded, negative-sense RNA genome. While
influenza A (FluA) viruses naturally infect a variety of animal as
well as humans, influenza B (FluB) and C (FluC) viruses have been
isolated predominantly from humans so far.1 The recent
emergence of the novel H1N1 influenza virus of swine origin2–4

has directed the world’s attention towards influenza A viruses
due to their ability to cause global pandemics, such as the 1918
‘Spanish’ flu. Over the past century, mankind has relied mainly
on vaccination in the fight against viral pathogens. As a conse-
quence, very few antiviral drugs are available to date. However,
in the absence of vaccines during the first wave of infections,
antivirals are the only direct medical intervention for providing
both protection against disease and therapeutic benefit to in-
fected persons. Of the two classes of drugs approved for clinical
use against influenza, the oldest and most affordable molecules
are the M2 inhibitors, amantadine 1 and rimantadine 2.5 How-
ever, their use is actively discouraged due to huge viral resistance
worldwide. The second class of anti-influenza drugs is repre-
sented by the neuraminidase (NA) inhibitors, namely the
oseltamivir (3, Tamiflu�) and the zanamivir (4, Relenza�) pos-
sessing an improved safety profile when compared to M2 inhibi-
tors (Fig. 1).

Nevertheless, many influenza A strains, including the H1N1
strains circulating in Europe and in the US, are already resistant
to oseltamivir,6,7 suggesting a limited range of use for this type
of drug. Moreover, the drug resistance is not restricted to FluA
only, since the emergence of FluB viruses with reduced sensitivity
to neuraminidase inhibitors has been recently demonstrated.8,9

Hence, due to the continued emergence of new influenza
variants, drug-resistant mutants and potential pandemic strains,
our interest was directed toward the identification and develop-
ment of new effective antiviral therapeutics. Over the last two
decades, an increasing research effort has focused on the modu-
lation of protein–protein interactions (PPIs) in order to develop
novel therapeutic approaches and target-selective agents in drug
discovery. The trimeric influenza RNA polymerase complex,
consisting of the PB1, PB2 and PA subunits, is an attractive target
for inhibition of viral replication due to the high level of conser-
vation among different viruses and the low risk of resistance
development. Since the N-terminal PA-interaction domain is
highly conserved in different virus strains, molecules able to
block the crucial PA–PB1 interaction can be expected to inhibit
most, if not all, influenza viruses. Recently, Schwemmle et al.10

reported the feasibility of targeting the protein–protein
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Scheme 1. Reagents and conditions: (i) catalytic amount of pyridine or KOAc, EtOH
reflux, 20 min; (ii) Fe, HCl, DCM/MeOH, rt, 25 min; (iii) (a) R1 = CH3: paraformal-
dehyde, Na, NaBH4, MeOH, reflux, 1 h; (b) R1 = Bn/benzaldehyde, NaBH4/PTSA, DCE,
rt, 16 h; (iv)8, CuCl2, tert-butyl nitrite, CH3CN, 65 �C, 3 h.

Figure 1. Commercially available antiviral compounds and the hit compound 5.

5576 U. Kessler et al. / Bioorg. Med. Chem. Lett. 23 (2013) 5575–5577
interaction domain between the PB1 and PA subunits using a
small peptide derived from the PA-binding domain of PB1.

In order to identify chemical compounds that efficiently block
the PA–PB1 interaction, the novel biochemical ELISA-based screen-
ing approach described for influenza peptides10,11 was adapted to
screen a set of chemical libraries and natural and antiviral com-
pounds collections. A total of 15,000 molecules was subjected to
binding assays to PA subunit.10,12 The inhibitory concentration
(IC50) was determined only for compounds that reported a positive
outcome in the ELISA prescreen. A Plaque Reduction assay on
MDCK cells infected with the virus A/WSN/33 (H1N1) was used
for the determination of IC50.13 This approach lead us to the iden-
tification of the hit benzofurazan compound 5 that showed inhibi-
tion of viral replication at micromolar level (IC50 = 5 lM) (Fig. 1).
Benzofurazans are a class of compounds known for their fluores-
cent properties thus possessing broad application in medicinal
chemistry and biology. However, no examples of benzofurazans
endowed with anti-influenza activity have been reported so far.
Thus, in order to explore the chemical space around the benzofura-
zan core, evaluate the structure–activity relationships (SARs) and
increase the activity of the hit compound 5, the synthesis of a ser-
ies of analogues was planned. In particular, modifications at posi-
tion C4, such as the displacement of nitro group with amines or
chlorine, and at C7, such as the introduction of different benzylic
and (thio)phenolic substituents, were carried out (Fig. 1). Herein,
we report our preliminary studies on the evaluation of the anti-
influenza A activity and cytotoxicity of a series of novel benzofura-
zan compounds.

The hit compound 5 and the corresponding analogues 7a–v were
rapidly obtained in high yields through an aromatic nucleophilic
substitution reaction on the commercially available 4-chloro-7-ni-
tro benzofurazan 614 under fairly mild conditions. Refluxing of 6
with an equimolar amount of the appropriate nucleophile
(benzylthiol, thiophenol, phenol) for 20 min in presence of cata-
lytic amount of pyridine or KOAc afforded the desired compounds
7a–v (Scheme 1). Unsurprisingly, the reaction of nucleophiles
2-aminophenol, 4-aminophenol and 2-aminothiophenol with 6
led to the formation of the corresponding amino-derivatives 7t,
7u, and 7v in place of the desired O or S benzofurazan derivatives,
presumably due to the higher nucleophilicity of the amine group
under these reaction conditions. The synthesis of the O-benzyl ben-
zofurazan 11 proved to be challenging (Table 1). Attempts to syn-
thesize 11 by nuclophilic substitution on 6 under standard
conditions were unsuccessful (entry 1). Neither the use of benzyl
alcohol sodium salt as nucleophile led to desired 11 (entries 2
and 3). Finally, a Ullman type reaction was planned: benzofurazan
6 was reacted with benzyl alcohol in the presence of 20% CuI and
Cs2CO3 under microwave irradiation, affording desired derivative
11 in acceptable 24% yield (entry 7). Comparable yields were ob-
tained reacting 6 with BnOH in the presence of 2% Pd(AcO)2 (entry
8). Finally, modifications at C4 were carried out treating thiobenzyl
derivative 5 with Fe in HCl which led to the formation of the cor-
responding amine 8. Reductive amination of 8 with benzaldehyde
or paraformaldehyde afforded alkyl derivatives 9a–b, whilst treat-
ment of 8 with CuCl2 in the presence of tBuONO led to the chloro-
derivative 10.

The synthesized compounds were then assayed to evaluate
their inhibitory activity toward influenza virus strain A/WSN/33
(H1N1). Results are reported in Table 2.

Compounds 7a–c (entries 2–4), bearing a fluoro/chloro-benzyl
or benzyl chain, resulted inactive, while the bromo derivative com-
pound 7d prove to be as active as the hit compound 5. However, 7d
showed higher cytotoxicity than 5. On the other hand, the presence
of a nitro group on the benzylic chain of compound 7e (entry 6)
produced an increase of the anti-viral activity. Compound 7e
proved to be active at 1–2.5 lM and showed a cytotoxic profile
similar to 5. In general the replacement of the thiobenzyl chain
with substituted thiophenol moieties resulted in compounds (en-
tries 9–14) displaying medium/good activity. Interestingly, all
thiophenol derivatives 7h–m showed a better cytotoxic profile



Table 1
Synthesis of O-benzyl derivative 11
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Entry Y Solvent T �C Base Additive Yield (%)

1 OH EtOH 78 KOAc — NRa

2 ONa THF 25 — — NRa

3 ONa THF 78 — — NRa

4 OH Toluene 80 Cs2CO3 5% CuI, 10% Phend NDb

5 OH Toluene 80c Cs2CO3 5% CuI, 10% Phend 9
6 OH Toluene 120c Cs2CO3 5% CuI, 10% Phend 12
7 OH Toluene 120c Cs2CO3 10% CuI, 10% Phend 24
8 OH Toluene 80c Cs2CO3 2% Pd(OAc)2 BINAP 20

a NR No reaction, starting benzofurazan was recovered.
b Not detected. Benzofurazan 6 decomposed
c Carried out under microwave irradiation, 10 min.
d Phenantroline.

Table 2
Activity and cytotoxicty of compounds 5, 7, 9, 10, 11 toward influenza virus strain A/
WSN/33
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Entry Compound X n R IC50 Cytotox.

1 5 S 1 4-OMe 5 lM 20 lM
2 7a S 1 H Inactive 20 lM
3 7b S 1 4-Cl Inactive —
4 7c S 1 4-F Inactive 20 lM
5 7d S 1 4-Br P5 lM >10 lM
6 7e S 1 3-NO2 1–2.5 lM 20 lM
7 7f S 0 4-OMe Inactive 40 lM
8 7g S 0 H Inactive 20 lM
9 7h S 0 4-Cl 10–20 lM 40 lM
10 7i S 0 4-F 5–10 lM 40 lM
11 7j S 0 4-Br 10–20 lM 40 lM
12 7k S 0 4-NO2 10–20 lM 40 lM
13 7l S 0 3-NH2 10 lM 40 lM
14 7m S 0 2-Br >10lM 40 lM
15 7n O 0 4-OMe 30 lM 60 lM
16 7o O 0 4-CN Inactive —
17 7p O 0 4-CH2CH2OH 10 lM 20 lM
18 7q O 0 4-CHO 20–40 lM >40 lM
19 7r O 0 3-Br 20 lM >40 lM
20 7s O 0 3-OMe Inactive —
21 7t NH 0 2-OH Inactive —
22 7u NH 0 2-SH 20–24 lM >80 lM
23 7v NH 0 4-OH Inactive —
25 9a — — — Inactive —
26 9b — — — Inactive —
27 10 — — — Inactive —
28 11 O 1 H Inactive —
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than 5. In particular, compound 7i (entry 10) showed a lower cyto-
toxicity and a biological profile similar to 5 and higher than its par-
ent thiobenzyl derivative 7c. Conversely, the replacement of the
sulphur atom with an oxygen or a nitrogen in compounds 7n–v
and 11 resulted to be detrimental to activity even if those com-
pounds were found to be less cytotoxic than 5. Only compound
7q showed an activity comparable with the other thio-analogues.
However, 7q displayed higher cytotoxicity than its oxygenated or
amino analogues but comparable with 5. Finally the substitution
of the nitro group with an amino moiety or a chlorine atom led
to inactive compounds (entries 25–27).

In conclusion, benzofurazan 5 was identified from high
throughput screening and showed promising antiviral activity as
anti-influenza A (H1N1) compound. A series of analogues bearing
different substituents at C4 and C7 was thus synthesized in order
to preliminary evaluate structure-activity relationships. One of
the compounds, namely 7e, showed higher activity against H1N1
strains and a cytotoxicity profile similar to hit compound 5. A
number of thioaryl derivatives 7h–o showed antiviral activity
comparable to 5 as well as improved cytotoxic profile. Further
modifications have been planned in order to obtain new deriva-
tives with increased activity toward influenza A virus H1N1 and
a better cytotoxic profile. Moreover, biological studies to evaluate
the ability of benzofurazan derivatives to disrupt the RNA poly-
merase PA-PB1 subunit interaction are currently in progress in
our laboratories.
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