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Abstract
Exploration of the chemical space of known influenza polymerase PB2 inhibitor Pimodivir, was
performed by our group. We synthesized and identified compounds 16a and 16b, two novel
thienopyrimidine derivatives displaying anti-influenza A activity in the single digit nanomolar
range in cell culture. Binding of these unique compounds in the influenza polymerase PB2 pocket
was also determined using molecular modeling.
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Introduction:

Seasonal influenza outbreaks are estimated to impact more than 3.5 million people every
year and be responsible for over 290,000 to 650,000 death worldwide. Although influenza
vaccines remain the most effective means to prevent seasonal influenza, they typically
provide suboptimal protection. Moreover, they may be completely ineffective in the event of
an antigenic mismatch between viruses in the seasonal vaccine and those circulating in the
community, and their utility in response to rapid and pandemic spreads remain uncertain.
Only three classes of antiviral agents are currently approved in the US for the treatment of
influenza: Adamantanes (amantidine, rimantadine), neuramidinase (NA) inhibitors
(Oseltamivir, Peramivir, Zanamivir) and baloxavir marboxil (BXM), which is the prodrug of
baloxavir acid (BXA), an endonuclease (PA) inhibitor. However, adamantanes, which target
the viral M2 protein involved in the uncoating of the virus during replication, are not part of
the standard of care for seasonal influenza A viruses due to widespread viral resistance.? The
use of NA inhibitors, which impair the release of virus from infected cells, is also limited
since their antiviral potency is relatively modest. Importantly, oseltamivir, the most
prescribed NA drug, was completely ineffective during the 2008-2009 H1N1 flu outbreak.
3.4 BXM is the only endonuclease inhibitor approved for the treatment of both influenza A
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and B. Even though a single dose of BXM proved to positively improve outcomes,
treatment-emergent monitoring in the phase 2 study identified PA 138T/F substitutions in A/
H3N2 viruses conferring more than 10-fold reduction in BXM susceptibility.> Furthermore,
this loss of susceptibility occurred in 10% of the persons treated with BXM in phase 1|
trials.® Drugs targeting viral proteins are currently in the influenza drug pipeline, including
Pimodivir, an influenza polymerase PB2 inhibitor which is now in phase 111 clinic trials.”:8
The PB2 subunit specifically plays a role in generating 5’-capped RNA fragments from
cellular pre-mRNA molecules that are used as primers for viral transcription. Known
inhibitors bind to active site of the PB2 cap-binding domain preventing the binding of the
natural ligand, 7-methyl GTP, thereby preventing viral RNA synthesis.? It is worth noting
that because of major sequence difference between influenza A and B PB2 domains, PB2
inhibitor remains only active against influenza A.10 As part of our influenza research
program, we divided Pimodivir into 3 key components (Parts A, B and C, Figure 1) and
evaluated the influence of novel structural modifications for each part. Herein, we wish to
report the synthesis of a small library of influenza polymerase PB2 inhibitor along with their
antiviral evaluation.

Key amine 9d was purchased while amines 9a and 9c were prepared by following reported
proceduresll. 9b was synthesized according to the chemistry described in scheme 112,

Dichloropyrimidine 10 was treated with amines 9a-d and DIPEA to give intermediates 11a-
d which were then reacted with fluoro-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-
tosyl-1H-pyrrolo[2,3-b]pyridine 1213 in presence of Pd,(dba)s, X-Phos and K3PO,. Final
saponification and deprotection with LiOH afforded the desired derivatives 13a-d (Scheme
2).

Compounds 16a-f were synthesized from dichloro heteromatic moieties 14a-f14 following
the same coupling, saponification, deprotection sequence (Scheme 3)

Compound 21 was prepared by following the chemistry described in Scheme 4. Dichloro
pyrimidine 17 was treated with KSCN under acidic condition to form 18. Compound 18 was
further brominated and then coupled with amine 9a in presence of DIPEA. Finally, Suzuki
type coupling with 5-fluoro-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-tosyl-1H-
pyrrolo[2,3-b]pyridine 12 in presence of X-Phos and K3PQOy,, followed by treatment with
LiOH gave compound 21.

Triazolopyrimidine derivative 27 was synthesized by first reacting dichlorofluoro pyrimidine
22 with hydrazine followed by coupling of intermediate 23 with carboxylic acid derivative
2413 in presence of EDCI and DMAP. Subsequent reaction with POCI3 gave chlorinated
intermediate 26 which was reacted with 5-fluoro-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1-tosyl-1H-pyrrolo[2,3-b]pyridine 12 in presence of X-Phos and K3zPOy,.
Final treatment with LiOH afforded the desired compound 27 (Scheme 5).
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Compound 32 was prepared by first reacting trichloropyrimidine 28 with formic hydrazide
and cyclization of intermediate 29 in presence of POCI3. Subsequent coupling of 30 with 9a
in presence of DIPEA, followed by palladium mediated coupling with 5-
fluoro-3-(4,4,5,5tetramethyl-1,3,2-dioxaborolan-2-yl)-1-tosyl-1H-pyrrolo[2,3-b]pyridine 12
and treatment with LiOH gave targeted compound 32 (Scheme 6).

Compound 3315 was first protected with a THP group then reacted with bis(pinacolato)
diboron in presence of potassium acetic and Pd(dppf),Cl, to form boronic ester derivative
35. Compound 35 was then coupled with chlorinated scaffolds 11a or 15a-b to give, after
deprotection under acid condition and saponification of the ester group with LiOH, the
desired compounds 36a-b and 37 (Scheme 7).

The synthesized compounds were evaluated against influenza A virus PR8-GLuc (HLN1)
strain. Briefly, A549 cells were seeded at a density of 40,000 cells/well and incubated at 37
°C and 5% CO» overnight followed by inoculating with 0.1 MOI of the virus for 1 h and
then were washed with 2 acidic washes (PBS, pH 2.2) and 3 neutral washes (PBS, pH 7.4) to
remove unbound virus. Infected cells then were treated with test compound in a single
concentration lower than maximum non-toxic concentration. (MNTC is defined as the
maximum concentration at which at least 90% of the treated cells are viable and is
determined by treating cells with increasing concentrations of tested compound). Those
which showed 50% inhibitory activity against virus replication were then retested in a dose
response manner to determine ECsg and ECgqq values. In addition, cytotoxicity was assessed
against a panel of cell lines including A459 cells, primary human peripheral blood
mononuclear (PBM) cells, human lymphoblastoid cells (CEM), and African Green monkey
Vero cells to determine therapeutic indexes. The results are summarized in Table 1.

Increasing the size of Pimodivir’s bicyclic part A (Figure 1) by adding another ring led to a
12-230 times decrease of potency (compounds 13b and 13d). A similar pattern was
observed when the bicyclooctane ring of Pimodivir was changed to a smaller bicycloheptane
ring (compound 13c, ECsg = 0.05 uM). On the other hand, introduction of an unsaturated
bicylooctane ring led to the discovery of compound 13a which displayed an activity profile
similar to Pimodivir (ECgg = 0.027 uM for both compounds). However, unlike Pimodivir,
which displays a CCsgq of 20 pM in A549 cells, 13a did not display toxicity in A549 cells to
100 pM. Further optimization of compound 13a was performed by evaluating the
replacement of the central pyrimidine moiety (Figure 1 - Part B) by various bicylic
heterocyclic rings. Introduction of a triazolopyrimidine ring in compounds 27 and 32, an
imidazolopyrimidine in compound 16e and 16f or a thiazolopyrimidine ring in compound 21
was counterproductive and led to a significant loss of activity. However introduction of a
thienopyrimidine (compounds 16a16 and 16b17) or a methylated thienopyrimidine
(compounds 16c¢ and 16d) was well tolerated and compounds 16a and 16b displayed
activities similar to that of Pimodivir (ECsg = 0.006 and 0.017 uM respectively). It is worth
noting that despite their high potencies, compounds 16a and 16b exhibited toxicity in the
micromolar range in our panel of cell lines. Because oxidation of the 2-position of the 7-
azaindole ring v/a aldehyde oxidase has been previously established in that series of
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compounds,® introduction of a nitrogen at this position, to eventually block the formation of
metabolites, was also evaluated (Figure 1 - Part C). Unfortunately, this modification led to
significant loss of potency as seen in compounds 36a-b and 37.

Based on the high potency and unusual structures of the thienopyrimidine derivatives 16a
and 16b, we used molecular modeling to establish how these compounds bind to the
influenza A PB2 pocket. The crystal structure of the PB2 subunit complexed with Pimodivir
served as a locus for induced fit docking (PDBID 6EUV).19 The results of induced fit
docking yielded poses that maintain key interactions observed for Pimodivir (Figure 2). The
azaindole ring of 16a/16b acted as a hydrogen bond donor to Glu361 and a hydrogen bond
acceptor from Lys376 while the bicyclic carboxylate formed an electrostatic interaction with
Arg355. Interestingly, to accommaodate the thienopyrimidine ring in both compounds,
Leu512 rotated away from the agent thereby enlarging the pocket. The model also suggested
that in the case of 16b, Arg508 and Arg332 position closer to the inhibitor than observed in
the crystal structure.

A small library of influenza polymerase PB2 inhibitors were designed by evaluating novel
structural modifications of the 3 key portions of reference compound Pimodivir. Antiviral
activity along with cytotoxicity of each compounds was assessed. Among them,
thienopyrimidine derivatives 16a and 16b showed antiviral activities in the low nanomolar
range, similar to that of Pimodovir. Further modifications of compounds 16a and 16b are
currently being investigated in order to further improve potency and decrease observed
toxicities.
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Figure 1.
Structure of approved drugs oseltamivir, amantadine, baloxavir marboxil and experimental

drug Pimodivir.
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Figure 2.
Molecular model of (A) 16a or (B) 16b bound to the influenza PB2 pocket obtained from

induced fit into Pimodivir complexed crystal structure (PDBID 6EUV).
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Scheme 1. Reagents and conditions:
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a) quinine, toluene, EtOH, —15 °C, two days; b) i) 6N HCI, toluene, rt, 1 h; ii) KOtAmyl,

toluene, =20 °C to —10 °C, 2.5 h; iii) HOAc, HCI, 45 min, 41 % over 2 steps; c) Et3N,

DPPA, BnOH, toluene, 96 °C, overnight, 71 %; d) Pd(OH), /C, H,, HCI/EtOH, overnight,

80 %.
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a) DIPEA, dichloroethane, 70 °C, overnight, for 11a, 67%; for 11b, 74%; for 11c, 56%; for
11d, 45%; b) i) 12, Pdy(dba)s, X-Phos, K3POy4, 2-methylTHF/H,0, 110 °C, overnight, 45—
70%; ii) LiOH, THF, 70 °C, 48 h, for 13a, 50%; for 13b, 65%; for 13c, 35%; for 13d, 67%.
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Scheme 3. Reagents and conditions:
a) DIPEA, dichloroethane, 70 °C, overnight, for 15a, 55%; for 15b, 62%; for 15c, 54%; for

15d, 50%; for 15e, 36%; for 15f, 40%; b) i) 12, Pdy(dba)s, X-Phos, K3POy4, 2-methylTHF/
H»0, 110 °C, overnight, 25-67%; ii) LiOH, THF, 70 °C, 2 days, for 16a, 65%; for 16b,
64%; for 16c, 58%; for 16d, 60%; for 16e, 21%; for 16f, 18%.
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Scheme 4. Reagents and conditions:

Page 12

a) KSCN, acetic acid, reflux, 3 h, 89%;b) #Buty! nitrite, CHBr3, 60 °C for 1 h then 90 °C
for 1 h, 50%); c) 9a, DIPEA, dichloroethane, 70 °C, overnight, 65%; d) i) 12, Pdy(dba)3, X-
Phos, K3PQy, 2-methylTHF/H,0, 110 °C, overnight, 43%; ii) LiOH, THF, 70 °C, 2 days,

42%.
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Scheme 5. Reagents and conditions:
a) NH2NHZ2, ethanol, 0°C to rt, overnight, 68%; b) EDCI, DMAP, dichloromethane,

overnight, 51%; c) POCI3, 80 °C, overnight, 80%; d) i) 12, Pd2(dba)3, X-Phos, K3PO4, 2-
methylTHF/H20, 110 °C, overnight, 25%; ii) LiOH, THF, 70°C, 2 days, 40%.
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Scheme 6. Reagents and conditions:

a) NH,NHCHO, ethanol, rt, overnight, 54 %; b) POCls, 80 °C, 10 h, 78%; c) 9a, DIPEA,
dichloroethane, 70 °C, overnight, 50 %. d) i) 12, Pdy(dba)s, X-Phos, K3PQy, 2-

methyl THF/H,0, 110 °C, overnight, 56%; ii) LiOH, THF, 70°C, 2 days, 42%.
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Scheme 7. Reagents and conditions:
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a) dihydropyran (DHP), TsOH, dichloromethane, rt, overnight, 65%; b)
bis(pinacolato)diboron, potassium acetic, Pd(dppf),Cl,, 80 °C, overnight, 70%; c) i) 11a or
15a-b, Pdy(dba)s, X-Phos, K3POy, 2-methylTHF/H,0, 110°C, overnight, 30-40%; ii)
trifluoroacetic acid, dichloromethane, rt, overnight, 63-72%; iii) LiOH, THF, 70°C, 2 days,

for 36a, 35%; for 36b, 45%; for 37, 40%.
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