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ABSTRACT

The mosquito-borne viruses belonging to the gerdasgiirus such as Dengue virus (DENV) and Zika
virus (ZIKV) cause human infections ranging fromdrfiu-like symptoms to hemorrhagic fevers, hepstit
and neuropathies. To date, there are vaccines fonlfew flaviviruses while no effective treatmerdse
available.

Pyridobenzothiazole (PBTZ) derivatives are a clasgompounds endowed with a promising broad-
spectrum anti-flavivirus activity and most of thdrave been reported as potent inhibitors of theivilial
NS5 polymerase. However, synthesis of PBTZ ana®gméails a high number of purification steps,uke
of hazardous reagents and environmentally unsadimeneration of waste.

Considering the promising antiviral activity of PBRnalogues which require further exploration,hiis t
work, we report the development of a new and susbde three-component reaction (3CR) that can be
combined with a basic hydrolysis in a one-pot pdoce to obtain the PBTZ scaffold, thus reducing the
number of synthetic steps, improving yields andirgatime. 3CR was significantly explored in order t
demonstrate its wide scope by using different isigrmaterials. In addition, taking advantage ofsthe
procedures, we next designed and synthesized aeteoi PBTZ analogues that were tested as anti-DENV
and anti-ZIKV agents. Compour2R inhibited DENV-2 NS5 polymerase with angj®f 10.4 uM and
represented the best anti-flavivirus compound efriew series by inhibiting DENV-2- and ZIKV-infedte
cells with EGo values of 1.2 and 50M, respectively, that translates into attractiviesivity indexes (Sl -

83 and 20, respectively). These results stronghffirem PBTZ derivatives as promising anti-flaviviru
agents that now can be synthesized through a canteand sustainable 3CR in order to obtain motergo

compounds for further pre-clinical development stad

Keywords: three-component reaction (3CR), antiviral agentS5 folymerase, one-pot procedure, Dengue

inhibitors, Zika inhibitors.
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1. Introduction

The genus Flavivirus, famillflaviviridae consists of over 70 positive-sense single-stramdA viruses
that are transmitted by insect (arthropod) vectomesquitos (of the genersedes andCulex) and ticks, and
these viruses are therefore also classified asviadses (arthropod-borne) [1,2]. The most studied
flaviviruses are Zika virus (ZIKV), Dengue virus ENV), West Nile virus (WNV), Japanese encephalitis
virus (JEV), Yellow fever virus (YFV) and tick-bagnencephalitis virus (TBEV) [2]. About 400 million
cases of DENV infections occur annually, 100 milliof which develop symptoms ranging from mild flu-
like illness to severe hemorrhagic fever and shegkdrome [3]. Moreover, ZIKV caused a widespread
epidemic leading to congenital Zika syndrome (CZf}he Americas that raised alarm bells as it was
occurring at the same time as Brazil was prepaorpst the 2016 Olympic games [4]. With about B0O,
suspected cases only between 2015 and 2016, Zlxesents a serious threat for the public health,
especially due to its association with microcephalynewborns [4]. For these reasons, in 2019 WHO
included DENV and ZIKV in the list of “10 Threats Global Health” [5]. There are no antiviral drugs
available for these infections and the live-atteéedatetravalent vaccine Dengvaxia (CYD-TDV, Sanofi-
Pasteur), approved in 20 endemic countries, shomgetl efficacy with some safety concerns [1].
Therefore, new anti-flavivirus drugs are requiread acompounds with broad-spectrum anti-flavivirus
activity would be particularly desirable in the ggective to treat cases of flavivirus coinfectidhat can
impact close to two-thirds of the world’s populatio

The flavivirus RNA genome encodes for structuratl aon-structural proteins having different roles
during the viral life cycle and among them, the Rié&pendent RNA polymerase (RdRp) is particularly
appealing for the development of anti-flavivirusrgmunds [1,6-9]. The flaviviral RdRp is locatedla C-
terminal portion of the NS5 protein and shows acgipright-hand orientation with three subdomains:
fingers, palm and thumb [10,11]. The flaviviral Ruli& essential for the viral replication cycle highly
conserved and lacks a eukaryotic homologue, theréfoepresents an attractive target for the dgorakent
of broad-spectrum anti-flavivirus agents [1,12].

We previously identified and optimized a class éf-{dyrido[2,1b][1,3]benzothiazol-1-ones (PBTZs)

which displayed a promising broad-spectrum antiiffaus activity by acting within the framework tiie
3
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replication complex [13-16]. This peculiar modeaction (MoA) is characterized by the dual inhihitiof
NS5 RdRp and NS3-NS5 protein-protein interactiayetber with the production of multiple variantstire
3’-untranslated region (UTR) of DENV genome. Indesichilarly to NS3-NS5 interaction-defective mutants
that showed an impairment in the infectious virusdpiction [17], PBTZ derivatives were also able to
significantly reduce the infectivity of releasedions in the second round of infection [14]. Inwegly, by
RNA-Electrophoretic Mobility Shift Assay (REMSA), evalso observed the appearance of unbound RNA
following the addition of a PBTZ analogue to NS3/8'R RNA mixture, thus suggesting that PBTZs may
interfere with the NS5-RNA interaction [15]. Ourudies demonstrated that the PBTZ class is very
promising and further optimization is desirable diotain molecules suitable for pre-clinical evalaati
However, the development of new PBTZ analoguessfaegeral challenging synthetic drawbacks relaied t
time-consuming procedures, use of hazardous remgantd room temperature instability of some
intermediates.

The synthesis of the PBTZ nucleus was reportethioffirst time by Kato and colleagues in 1979 aad i
preparation entailed a two-step procedure [18Eynthesis of intermediate benzothiazole acry{@jevia
condensation of the in-situ prepared Vilsmeier esagand benzothiazole acetald in 78% yield andi)
cyclization via reaction of acrylat@)(with an anhydride, such as acetic anhydride jwte §TBZ derivative
3 in 62% yield (Scheme 1a). Criticisms related ts throcedure entail waste production and hazardous
reagent use such as the in-situ preparation o¥/ilseneier reagent from POgand DMF in an excess ratio
(2:1) with respect to the benzothiazole aceta)eirf the first step, and a large excess of theydritie (20:1)
with respect to the benzothiazole acryl&®g in the second step.

In order to synthesize anti-HCV PTBZs [19], we a&gblthe synthetic route reported by Kato and
colleagues, and, starting from cyclohexyloxy beheaole acetatetf, ethyl 1-oxo-2-phenylHl-pyrido[2,1-
b][1,3]benzothiazole ester analogu® (vas obtained in 68% overall yield (Scheme 1b).d@®plying this
procedure, we sought to overcome the above-mentimsees, by reducing, in the second step, the amou
of phenylacetic anhydride from 20 to 2 equiv., @litey compound in good yield (83% yield).

Nevertheless, the synthetic procedure still sufférem other issues, in particular during the friesiction

(indicated in Scheme 1b as “rate-limiting step))the agueous work-up required the use of a langeuat

4
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of halogenated solvent (CH{to extract the benzothiazole acrylate analdgdiem water; i) the reaction
always yielded a side product, never characteizefdre and resulting in a fluorescent spot underlight

on thin layer chromatography (TLC), which needed¢haomatography purification to isolate the pure
intermediate §); and iii) compound was poorly stable at room temperature and diffitulbe stored over
time.

Considering the great societal expectation thatenemvironmentally sustainable chemical processes
should be developed, green chemistry has beconarestmeam research topic and its 12 principles plase
way towards a more sustainable chemistry [20].his regard, multicomponent reactions (MCRS) are
reactions in which three or more starting materieégt to form the desired product, thus beingaittarized
by atom economy, limited numbers of synthetic stepaplified-product isolation procedures, time isgv
and sustainability [21]. Therefore, the identifioatof new MCRs, to synthesize more complex scdff@ind
extend the chemical space of the modern organimiciiy in respect of the environment, represents a
relevant and challenging topic.

In this study, we describe a more convenient praeetbr the synthesis of PBTZ core. In particulse,
merged more synthetic steps into one, performinguliicomponent reaction (MCR) (Scheme 1d) aimed at
reducing the reaction time, limiting the use ofgeats and matching the principles of the green ctem
[20,22]. In addition, we performed an optimized tsytic procedure in which the MCR could be coupled
with a basic hydrolysis. Through this one-step pduwre, acid PBTZ scaffold was easily obtained and
functionalized with different amino acids affordidgrivatives able to inhibit the DENV-2 NS5 RdRpdan

endowed with a potent anti-flavivirus activity.

2. Results and discussion

2.1. Planning and optimization of the MCR to achieg the PBTZ key synthon

The replacement of the Vilsmeier reagent withNié-dimethylformamide dimethyl acetal (DMF-DMA)
in the reaction with benzothiazole acetétefforded acrylate intermediat)((Scheme 1c) preserving good
yields (85%) and reducing the formation of the fegzent by-product that was easily removed byitrgat

the reaction crude with EtOAc. The characterizatiérihe fluorescent product, never characterizetd un
5
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now, ethyl 1-oxo-H-pyrido[2,1b][1,3]benzothiazole-4-carboxylater (- Scheme 1c), suggested us that
PBTZ core could be formed in the same reaction itiomd as acrylate formation. Thus, we attempted to
optimize the procedure to obtain PTBZ analogues avighree-component reaction (3CR) between a

benzothiazole acetate, the DMF-DMA and an anhydi&theme 1d).

Scheme 1
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125 As initial survey of the 3CR, we used as a tempthte unsubstituted benzothiazole acetd)e Thus,
126  ethyl 2-(benzdf]thiazol-2-yl)acetate 1), DMF-DMA and phenylacetic anhydride, preparedpasviously
127  reported [14], were mixed in a flask and dipped edmately into a pre-heated oil bath at 110 °C (€abl

128 entry 1). After 6h, although in low yield (8%), threaction furnished compoun8l No traces of any
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fluorescent spot attributable to a potential bydoret derived from the reaction of benzothiazoletatee(l)

and the acrylate intermediate were observed. litiaddsince only EtOH was used to crystallize cownpd
8, the use of solvents such as EtOAc an®DEnd the need of a chromatography purificationevearoided
in line with a green approach.

Subsequently, in order to improve the reactiondyigle performed the 3CR by using different reaction
conditions (Table 1, entries 2-12).

We initially evaluated the effect of different @tbetween the reactants (entries 2 and 3). Theioaac
performed by using 2 equiv. of both DMF-DMA and phacetic anhydride (entry 2) was more
advantageous (35% yield). On the other hand, theticn performed with 3 equiv. of DMF-DMA (entry 3)
led to the formation o8 less efficiently (12% yield) and of traces of tldesfluorescent product (compound
9), close analogue afobserved in the previous reactions.

Then, we evaluated the effect of the addition ahewn catalysts used in organic chemistry such as
AcOH, CuBk and Cul (entries 4-6). AcOH was used because \tidely employed as acid catalyst in
cyclization reactions, while CuBand Cul were selected due to the ability of cogpecatalyze carbon—
carbon and carbon-heteroatom bond formation. Nnifgignt reaction was observed in presence of the
AcOH (entry 4) after 12h. Differently, the presemfeCuBr,or Cul (entries 5 and 6) led to the formation of
the compound® after 3h, as detected by TLC. We were unable t@venCuBg during the reaction work-up
by using EtOH, while the removal of Cul (entry 6y bltering the boiling EtOH allowed to recover
compoundB in 37% vyield. Although the presence of Cul as lgatasshowed a slight benefit, we focused on
the optimization of the reaction conditions of griztrwith the aim to respect the atom economy.

Based on the observation that the increase ofdhir.eof DMF-DMA was detrimental (entry 3) while a
more efficient reaction was obtained by enhancirgdquiv. of phenylacetic anhydride (entry 2), \aene
back to study the effect of different ratio betweke reactants (entries 7-12). In particular, weegtigated
the effect of 1.1 equiv. of DMF-DMA and rising equof anhydride (from 2 to 5 equiv., entries 7-20d 2
equiv. of DMF-DMA with 4 or 5 equiv. of anhydriderftries 11 and 12). We were pleased to find thi, w
the exception of the reaction performed by usirg)@iv. of anhydride, all the reactions furnishechpound

8 rapidly (2h), efficiently (from 56 to 71% vyield) and withbthe formation of side produ& The best

8



156  results were obtained by reacting 1 equiv. of teezbthiazole acetatd)( 1.1 equiv. of DMF-DMA and 3
157  equiv. of phenylacetic anhydride at 110 °C (eniyT®is 3CR furnished compoudafter 2h in 71% yield.

Table 1.Optimization of 3CR conditions f@&:?

o) 0
o e Cog
s OEt MeO._OMe 0 N N
OO = 0 () — -
N Me~ "Me o ) o) s
7
N
-9

2

' ourows  Fleeeete

Entry Ratio” Temperature Catalyst Time (h) Yield (8)/(9)°
1 1:1:1 110 °C - 6 8%/ND
2 1:2:2 110 °C - 6 35%/ND
3 1:3:1.2 110 °C - 4 12%/trace
4 1:2:2 110 °C AcOH (1 eq) 12 ND/ND
5 1:2:2 110 °C CuBI(1 eq) 3 ND/ND
6 1:2:2 110 °C Cul (1 eq) 3 37%/ND
7 1:1.1:2 110 °C - 2 45%]/trace
8 1:1.1:3 110 °C - 2 71%/ND
9 1:1.1:4 110 °C - 2 56%/ND
10 1:1.1:5 110 °C - 2 62%/ND
11 1:.2:4 110 °C - 2 62%/ND
12 1:2:5 110 °C - 2 56%/ND
13 1:1.1:3 90 °C - 2 59%ltrace
14 1:1.1:3 rt - 2 46%/ND

®The reaction was performed on 0.9 mmol scale lof’Referred to the ratio betweeh:DMF-
DMA:phenylacetic anhydridélsolated yieldsND: not detected by TLC.

158 In order to undertake a greener approach, we abtb reduce the temperature of the reactiorrigant
159 13 and 14). Interestingly, both the reactions penéal at 90 °C and rt were equally rapid (2h) altioless
160 efficient (59% and 46% yield, respectively) anccés of the side produétwere observed in the reaction

161 conducted at 90 °C.
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Of note, the reaction crudes were only treated #witbH (25 mL) and refluxed, and the target compasund
were then collected as pure solids after precipitat When traces of the insolulflevere detected, filtration
of the boiling EtOH enabled us to collect pure ¢girgpmpounds. To compare the yield of the 3CR using
optimized conditions (Table 1, entry 8) with thasdic two-step procedure, we synthesi@extarting from
benzothiazole acetafe by using the classic method. Initially, benzotbile acetatd (1 equiv.) was reacted
with 3 equiv. of DMF-DMA in dry DMF at 90 °C. AfteRh, intermediate benzothiazole acryla®g Was
isolated in 76% yield by treating the crude wittOBt and filtering. Then, acrylat2 was reacted with 2
equiv. of phenylacetic anhydride for 2h at 110 1@l aafter treatment with ED and following filtration,
target compoun8 was obtained in 53% yield.

These data highlighted significant advantages ef3GR over the multi-step procedure (MSP): i) iswa
more efficient showing a 71% yield with respecthie MSP showing an overall yield of 40%; ii) it wasre
rapid (2h of the 3CRs 4h of the MSP); iii) it required a lower use ofv@mts. In particular, no solvent was
used in the 3CR and only 25 mL of EtOH were neddethe work-up to obtain pure compou8dOn the
contrary, MSP necessitated the use of solvents asi@®MF during the reaction and EtOAc anglEtiuring
the work-up to remove the side prod@&nd recover compour] respectively.

In order to compare the optimized 3CR and MSP leegmparameters, indicators commonly applied in
sustainable green chemistry such as atom econorgy, (&action mass efficiency (RME), process mass
intensity (PMI), simple E-factor (sEF) and complEtéactor (CEF) were evaluated.

The first parameter (AE), regarding the ratio betwéhe molecular weight (MW) of the target compound
and the MW of the starting materials for the usediealents, shows a similar behavior between M43
and 3CR (31%). Conversely, when masses of reacantproducts are considered in the RME, difference
between the two procedures starts getting sigmfifdSP = 13%; 3CR = 22%). To be noted, when sdfven
used for the reaction and work-up are taken intoaet, green parameters (PMI, sEF and cEF) widely
support the use of the 3CR (92.96, 3.50 and 9te@pectively) with respect to the MSP (292.44, 94&hd
291.44, respectively). Therefore, 3CR seems moveréal than MSP even considering approved green

parameters.

10
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In a successive step of this study, we decidedvestigate the role of both anhydride and DMF-DNMA i
the 3CR. Thus, we repeated the reaction by usiegoftimized conditions and replacing phenylacetic
anhydride with the corresponding ethyl 2-phenylaieetor replacing DMF-DMA with trimethyl
orthoformate. Both reactions did not furnish commb8 after 2h, while led to the formation of the side
product9 in traces and in 58% yield, respectively. Theda déearly suggested that both the anhydride and
DMF-DMA are required for the positive outcome oetheaction and, in particular, to allow cyclization
Moreover, the replacement of DMF-DMA with trimethytthoformate strongly promoted the formation of

the side produd.

2.2. Scope evolution of the 3CR and one-pot procedu

2.2.1. Variation of the anhydride

Utilizing the optimized conditions, we then studibe@ scope of the reaction (Table 2). The firgp stas
to replace the phenylacetic anhydride with theia@thydride {08), firstly used by Kato and colleagues for
the PBTZ formation [18], with the aim to furtherropare 3CR with MSP. Interestingly, acetic anhydride
10a (entry 1) was a suitable substrate for this reactreacting smoothly with and DMF-DMA to give
product3 in 55% yield after 2h. The same reaction perfortmedugh the MSP (entry 2) was both less rapid
(2 + 8h) and efficient (43% yield). In addition etlevaluation of the three key green parameters BEH,
and cEF (Table 2) highlighted the greater sustaihabf the 3CR than the MSP.

Subsequently, succinic anhydride0b) and 3-phenylpropanoic anhydride0f) were chosen to extend
the scope of the reaction and a set of phenylaeetiydrides 10d-i) was selected in view of their use for
medicinal chemistry purpose such as functionabiretif the phenyl at PBTZ C-2 position.

Anhydrides 10c-i were prepared starting from the corresponding sa@idcording to the literature
protocols [14,23-25], while succinic anhydrid®i) was purchased.

When succinic anhydriddOb was used (entry 3), no significant reaction waseobed after 12h.
However, the reaction did not even occur by MSRwshg that compound1b could not be obtained
regardless of the conditions used. On the contrasghenylpropanoic anhydridéOc and differently

substituted phenylacetic anhydridd9d-i) (entries 4-10) afforded target compourids-i in moderate to

11
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good vyields (from 19 to 58%). In particular, 3-pigmopanoic anhydriddOc furnished the worst results
(entry 4), suggesting that a greater reactivitthefo carbon of the anhydride is required during thetiea.

The substituted phenylacetic anhydridé®d, 10e 10g and 10i) afforded target compounds without
traces of by-produd@ (entries 5, 6, 8 and 10), differently from anhy@sdOf and10h (entries 7 and 9), both
having an ortho substituent that likely impaired thaction owing to the steric hindrance. Howewdh the
exception of compountilc all the target compounddd-i were obtained with acceptable green parameters
(Table 2) and collected as pure solids after clyzation of the reaction crude by EtOH.

Table 2.Scope of 3CR using different anhydridl=f‘.5.a—i.a

>} OFt MeO OMe Anhydrldes @[
Me §1£§u:3, ¥ side product

1.1 equiv 110°C
3, 11b-i
. Yield
Entry Anhydride Compd. — Time Ll PMI  SEFICEF
(R) (h)
/(9)°
1 3CR 2 55%/N0  150.18 3.38/149.18
10a(acetic) 3R=H
2 MSP 2+8 43%/IND  345.79 14.65/344.79
11bR =
3 3CR 10b (succinic) 12 ND/ND - -/-
(-CH,COH)
4 3CR 10c¢ R = -CH-CgHs 1llc 3 19%/ND  334.76 16.36/333.76
5 3CR 10d, R = 4CI-GH,4 11d 2 53%/ND 114.23 5.50/113.23
6 3CR 10e R =40Me-GH, 1lle 2 46%/ND 132.99 6.42/131.99
7 3CR 10f, R = 2F-GHg, 11f 2 45%l/trace  139.76 6.39/138.76
8 3CR 10g R = 3F-GH, 119 2 58%/ND 108.43 4.73/107.43
9 3CR  10h R =2Me-GH, 11h 2 36%/trace  176.68 8.16/175.68
10 3CR 10i, R = 3Me-GH,4 11i 3 449%/ND 14455 6.50/143.55

®The reaction was performed on 0.9 mmol scale. BAll yields related to 3CRs have been calculatedraft
crystallization by EtOHND: not detected by TLEThe yield of the reaction has been calculated after
purification by chromatography.

2.2.2. Variation of the benzothiazole

12
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Subsequently, we investigated the role of sometguésts on the benzothiazole core (Table 3). Thus,
using our optimized conditions, we performed thdR3Zarting from C-5 substituted benzothiazole aeeta
derivatives4, 12 and 13 (entries 1-3), prepared according to the literapreocols [19], to obtain the PBTZ
derivatives6, 14 and15. The use of cyclohexyloxy benzothiazole acetateas prompted by the need to
develop a suitable procedure for the synthesioofpound6, a key intermediate useful for the synthesis of
anti-flavivirus PBTZs. Interestingly, the 3CRs shamlvgood yields (ranging from 63% to 80%) and ideal
green parameters, bringing out that also subsdtitbé:zothiazole acetate derivatives are suitalilstsates

for the 3CR aimed at building substituted PBTZ core

Table 3.Scope of 3CR using three different benzothiazotdaes 4, 12and13).?
(0} (0}

(PhCH,CO),0
@[%—}OH MeOYOMe 3 ot J@[S OEt
4 + —_— =
R N Me N Me 110°C R N
4,12,13 1.1 equiv o
6,14,15
Entry R Benzothiazole  Compd. Time (h) Yield® PMI SEF/cEF

1 3CR -OCy 4 6 6 71% 72.79 2.82/71.79
2 3CR -OMe 12 14 2 63% 96.48 3.79/95.48
3 3CR -Cl 13 15 2 80% 75.12 2.74/74.12

®The reaction was performed on 0.9 mmol scalé, 42 or 13. "All yields related to 3CRs have been calculatedraft
crystallization by EtOH.

2.3. One-pot procedure: 3CR and in-situ basic hydrolysis

Strongly motivated from these good results, we atsempted a one-pot procedure to directly obtaén t
corresponding PBTZ acid derivativé§ and17 (Scheme 2), key intermediates useful to perforfiemint
kinds of reaction couplings. Indeed, compourfdrepresents a key synthon to afford potent antinflavs
PBTZ analogues by amide functionalization at C-4ifan. The achievement of the key synthibhin a
one-pot procedure would be time saving and mayngtyaeduce the amount of solvents used for mtégp-s
reactions and purifications of chemical intermeshkatlThus, once performed the 3CR to ob@and8, we

directly added EtOH and 10% aqueous NaOH in thetiavessel and after 2h, we observed complete

13



238  conversion. Compountlé and17 were smoothly recovered following acidificationdafiltration as a pure

239  solid in good 65 and 73% overall yields, respetyive

240 Scheme 2.

one-pot procedure

o}
s>_>~0Et DMF-DMA, s
PhCH,CO),0
@[ 4% (PCHCORO 1094 NaoH @[
R N R N

110°C,26h  EioH, reflux,

2h, 65-73% o

1R=H 16R=H

241 4R =0Cy 17 R = OCy

242 3. Design, synthesis and anti-flavivirus evaluation ofiew PBTZ derivatives

243 Based on the promising results of the recentlyipbhbt PBTZ analogu#8 having ag-alanine moiety at
244  C-4 amide position [15], we decided to investighe introduction of some chemical modificationstioa-
245  alanine chain and how those could impact on thevieadtactivity of the new derivativesl9-26— Table 4).
246 Intriguingly, since the removal of the carboxylimttion from the PBTZ C-4 portion led to the lo$fkdRp
247  inhibition while retaining good cell-based antivietivity, as for derivativR7 [15], we also designed three
248  different alcohol PBTZ derivative28-30.

249 Synthetic procedures to afford the target compourii&6 and 28-30 starting from synthon$§ or 17,
250 obtained by 3CR and one-pot procedures, have lmmorted in the Supplementary Material (Schemes S1
251 and S2). For a first survey of biological evaluaficompoundd9, 21, 22, 24, 25 and 28 having a chiral
252  centre, were synthesized using racemic amino acids.

253 All compounds were initially subjected i vitro DENV-2 de novo initiation and elongation polymerase
254  assays as previously described [26] employing jaarifecombinant NS5 full-length protein (Table Aljter
255  evaluation of 1G, values of RdRp elongation inhibition for those gamnds exhibiting an inhibition 70%
256  at 30 uM, single point inhibition experiments at i against both DENV-2 and ZIKV infected Huh7 sell
257  were performed for all PBTZ analogues. For compsuhdt were unable to reduce the viral titer deast
258  70%, the percentage of inhibition at 10 pM is régwrin Table 4, while the active compounds (virtrt

259  reduction > 70%) were subjected to a dose-respm@steg from 0.01 to 100M in order to calculate the
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282

effective concentration that results in 50% redurcin infective virus particles (k&g for both DENV-2 and
ZIKV. In parallel, toxicity was determined on Hub@Ils to obtain C¢; values, and the selectivity index (SI;

CGso/ECsp) was calculated (Table 4).

The introduction of a methyl group on thearbon of the-alanine portion afforded derivativié® with a
comparable RdRp inhibition (just below the 70% shi@d in elongation inhibition and re novo initiation
inhibition) as the hitLl8 (77.6%). On the other hand, a reduction of the-REINV-2 and -ZIKV activity in
cell-based assays was observed, with compdigntthat did not reach in both cases the 70% of vitet
reduction at 1QuM, differently from18 showing EGyvalues of 3.5 and 1,0M, respectively. When the size
of the group on thg carbon was increased (derivati&322, a significant improvement in terms of RdRp
inhibition was obtained. All three derivatives read almost the 100% inhibition at 3 in elongation
activity and gained RdRp inhibition alsode novo phasex70% at 3QuM) with respect td.8 (no significant
inhibition observed). CorrespondingsiGralues of the elongation polymerase activity rieslfrom 1.6 to
3.6-fold better thari8. However, improvements with respect1® in the cell-based anti-DENV-2 activity
were observed only for the phenyl derivatB&(EG;, = 1.2uM, CCso = 100uM, SI = 83).

When shifting the introduction of an alkyl groupttee o carbon of thgs-alanine portion, compour23
having a cyclopropyl exhibited a comparable agtitid 21 (isopropyl on thes carbon) both in RdRp
inhibition and cell-based anti-DENV-2 activity. Tieéore, there are evidences that the introductibn o
lipophilic moieties on thes-alanine chain led to an improvement in RdRp irtlohj which was not
translated in an increase in anti-DENV-2 activititharegard tol8, except for compoun#2. However, the
introduction of these lipophilic portions signifrddy impaired anti-ZIKV activity, with only phenyl
derivative22 reaching the 70%iral titer reduction and showing an E®f 5.0uM (S| = 20), 5-fold higher

than that ofL8 (ECso = 1.0uM, SI > 100).

Table 4. DENV-2 RdRp biochemical assay and antiviral (DEN#l ZIKV) evaluation in HuH7 cells of compounds
19-26 28-30and reference compound8, 27 and NITDOOS.

15



Compd

18]15]

19

20

21

22

23

24

25

26

27[15]

28

29

30

NITD-
008

/{N/\/COZH
H

Me
/iN)VcozH
H
Mﬁw
EKN)CcozH
H
Me Me
£ L cos
H
g/(N £ _COLH
H

AH/XCOQH
,iUcozH
~ NQ/COZH

,iN/\/CONHZ
H

/iN/\/OH
H

;@\N OH
o

N ~OH
H

Me
A oH
H

Polymerase assay against
DENV-2 full-length NS5

Inhibition % @

De
novo
ND'
22.7

81.5

75.9

79.3

68.1

ND'

11.0

ND'

10
ND'
ND

ND

Elong.

77.6

69.3

95.9

92.8

96.2

96.7

64.9

64.6

37.2

63.3

36.9

42.7

42.5

Elong.
ICs0 (UM)”

37.7+1.75

ND
23.2 +2.60

22.1+0.09

10.4 £0.09

17.8+1.14
ND

ND

ND
ND

ND
ND

ND

CCso (UM)°

HuH7 cells

>100

ND'

~100

~100

~100

~100

ND'

>100

52.3

86.3

22.2

17.9

21.7

100

Infection cell-based assay

ECso (M),“(SI)°

DENV-2

3.5 +0.45 (>30)

68.1%

3.1 +0.38 (32)

8.4 +0.48 (12)

1.2 +0.36 (83)

7.5 +3.48 (13.3)

65.3%

6.4 + 2.8 (15.6)

0.9 +0.02 (58)

1.9 +0.03 (43)

1.3+0.13 (17)

5.8 +0.81 (3)

1.1 +0.62 (20)

1.0 (100)

ZIKV

1.0 + QC4200)

29.0%

10.6%

47P4%

5.0 4.2 (20)

15.8%¢

26.3%*

8.2 +0.08(12.2)

7.3+4.20 (7.1)

1.8 +0.68 (43)

11.1+1.13 (2)

7.3+0.49 (2.4)

8.1 +3.13 (2.6)

0.2 (>100)

%% inhibitory activity against RdRp ide novo (primer independent) and elongation (primer depatjdpolymerase
assays at single 30 uM concentratitilong. 1G is the concentration that inhibits 50% of RdRpvétstin elongation
assay; values represent average + SE from a seagleriment carried out with duplicat€sCCs, is the cytotoxic
concentration that affects 50% of cell viabilitydetermined by CellTiter-Glo Luminescent Assay (Rega).? ECy, is
the effective concentration that inhibits 50% viingection as determined by plaque assay again$i\DE EDEN
3295 (GenBank accession: EU081177.1) after 48hnted and ZIKV H/PF/2013 (GenBank accession: KJB1&2)
after 24h treatment; values represent average #r@B a single experiment carried out with duplisateSl is
selectivity index calculated as ratio ECs. 'ND: not determined due to poor or no activity i ttorresponding

assay?Percentage of viral inhibition at gM.
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The decrease in the degree of flexibility of thiplatic side chain, obtained by two different coaisis,
furnished the 3-carboxy piperidine derivati4 and theps-proline derivative25, both showing a moderate
RdRp elongation inhibition=(65%) while not exhibiting any inhibition of ttée novo polymerase activity,
similarly to 18. An opposite trend was instead observed for the analogues when considering the cell-
based anti-flavivirus activity. Piperidine deriwadi24 at 10uM showed a 65.3% of DENV-2 viral titer
reduction but only a 26.3% of reduction for ZIKVn@he other hand, pyrrolidine analog2®g at 10 uM
reached the 70% of viral titer reduction againghbdruses and exhibited E£values of 6.4 and 8.2M
against DENV-2 and ZIKV, respectively, and a tob#eaSI| (15.6 and 12.2, respectively).

Interestingly, when carboxylic function @B was replaced with an amide portion resulting in ¢huse
analogue?6, we observed the loss of RdRp inhibition but atrease in anti-DENV-2 activity (Eg= 0.9
uM). However, anti-ZIKV activity (EG = 7.3 uM) was about 7-fold less than that &B. Despite
cytotoxicity evaluation o226 on Huh7 cells displayed a lower €{52.3 uM) than 18 (>100 uM), the
resulting Sl is suitable for anti-DENV-2 activit§g) and slightly under the accepted threshold fdir 21KV
activity (7.1).

As expected, derivatives having the alcoholic fiomality (28-30 did not show any significant RdRp
inhibition at 30uM, as their analogu7 [15], thus confirming the key role of the carboxyfiroup in the
PBTZ derivatives to inhibit flavivirus RdRp. Regarg the cell-based anti-flavivirus activity 88-3Q low
EGCs, values were obtained for all three compoundshmiet/aluation of Cég values often yielded unsuitable
Sls (ranging from 2 to 20). Best results were of@di against DENV-2, with compoun@8 and 30
displaying EG, values of 1.3 (SI = 17) and 1uM (S| = 20), respectively. However, all three datives
showed an anti-flavivirus profile worse than (EGsp penv-2 = 1.9uM, SI = 43; EGp zikv = 1.8uM, Sl = 43).
Taken together, these results highlighted thatrttieduction of a methyl group or an increase @f tigidity

on the ethanolic chain @7 reduced the antiviral activity.

5. Conclusions

In conclusion, we report on the exploration andimiziation of the synthesis of the ethyl 1-oxd-1

pyrido[2,1b][1,3]benzothiazole-4-carboxylate and its corregpiog acid, a scaffold found on several broad-
17
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334

spectrum anti-flavivirus agents. Through a 3CR andne-pot procedure, both environment-friendly
approaches, we quickly and easily obtained the P&%&#fold that was further functionalized to syrsilae a
set of eleven PBTZ analogues. Through the evaluaifothe NS5 RdRp inhibition and antiviral activity
against DENV-2- and ZIKV-infected cells of the PBTErivatives, we identified compour®, having a
phenyl moiety on thg carbon of thegg-alanine chain, as the best compound of the ssiries endowed with

a potent antiviral activity against both DENV-2 aAtKV (ECso = 1.2 and 5.QuM, respectively) and a
suitable Sl (83 and 20, respectively). Worthy mamtig, the amidic derivativ@6 showed the best anti-
DENV-2 activity (EGo = 0.9 uM, SI = 58) among the series of the PBTZ analogliesking the free
carboxylic function, compoun®b6 did not inhibit the NS5 RdRp, but its very promigiactivity on DENV-2-

infected cells deserves further investigation tderatand its mechanism of action.

4. Experimental section

4.1. Chemistry

Unless otherwise indicated, all starting materiseye commercially available. Reagents and solvents
were purchased from common commercially supplies \were used as received. Organic solutions were
dried over anhydrous N&Q, and concentrated with a Blichi rotary evaporatatennmeduced pressure. All
reactions were routinely checked by TLC on silied 60F254 (Merck) and visualized by using UV and
iodine. Flash column chromatography separation® warried out on Merck silica gel 60 (mesh 230-400)
Yields are referred to purified products and areapimized. Melting points were determined in dapy
tubes using a Stuart SMP8I NMR and"C NMR spectra were recorded at 400 and 101 MHpegi#/ely,
with a Bruker Advance DRX- 400 instrument. Chemislaifts ¢) are reported in ppm relative to TMS and
calibrated using residual undeuterated solvenn#snal reference. Coupling constants re reported in
Hz. Spectra were acquired at 298 K. Data processarg performed with MestReNova software, and the
spectral data are consistent with the assignedtates. Compound$9-26 and28-30 were>95% pure as
determined by LC/MS using an Agilent 1290 InfinBystem machine equipped with DAD detector from
190 to 640 nm. The purity was revealed at 254 nimgus Phenomenex AERIS Widepore C4, 4.6 mm, 100

mm (6.6 Im) with flow rate: 0.85 ml/min; acquisiticime: 10 min; gradient: acetonitrile in water taning
18
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349

350
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352

353

354

355

356

357

358

359

360

0.1% of formic acid (0 100% in 10 min); oven tengiare, 30 C. Peak retention time is given in misute
Detection was based on electrospray ionization)(EBSiegative polarity using Agilent 1290 Infini§ystem
equipped with a MS detector Agilent 6540UHD Accardflass Q-TOF. Optical rotatory power was

determined using DIP-360 JASCO digital polarimeter.

4.1.1. General procedure for the 3CR of compounds, &, 11c-i, 14 and 15 (Method A)ln a round-
bottom flask, benzothiazole acetate derivatidiegt(12 and13) (0.90 mmol), DMF-DMA (0.99 mmol) and
phenyl acetic anhydride or anhydride3a-i (2.70 mmol) were added and the mixture was platedl10 °C
pre-heated oil bath under stirring. After the dissgrance of benzothiazole acetate derivatives mjtoring
TLC, EtOH (25 mL) was added. When trace® efere detected by TLC, the boiling EtOH was immesdia
filtered and the desired compound was collectegt &ftaporation of the filtrate as pure yellow selid/hen
traces of9 were absent by TLC, after cooling of the reacnamture, crystallization was allowed, and pure

yellow compounds were collected following filtratio

4.1.2. General Procedure for the amidation reactiotior compounds 25 26 and 40-44 (Method B).
Under N atmosphere, to a mixture of the appropriate d&i®@ mmol), and the appropriate amino acid
methyl ester hydrochloride or the desired aming fdmol) in dry DMSO (15 mL), TBTU coupling reagent
(2.3 mmol), and DIPEA (4.6 mmol) were added. Afierring at room temperature, the reaction mixtwes
poured into ice/water and acidified with 2N HCI (pH4-5) to give a precipitate which was filtereddan
vacuum to give the relative solid which was pudfi@s described below for each compound, in omer t

obtain the desired PBTZ derivative.

4.1.3. 1-{[8-(Cyclohexyloxy)-1-ox0-2-phenylH-pyrido[2,1-b][1,3]benzothiazol-4-
yllcarbonyl}pyrrolidine-3-carboxylic acid (25). Following the general procedure (Method B), startin
from acid 7) and using methyl pyrrolidine-3-carboxylate hydrlaeide 37), compound25 was obtained,
after purification by flash column chromatographytiag with CHCE/MeOH (100 to 97:3), as a yellow
solid in 27% vyield. Reaction time: 4h; m.p. 118-1Z0 '"H NMR (400 MHz, [Q]DMSO0): § = 12.71 (brs,
1H, COOH), 8.85 (dJ = 2.3 Hz, 1H, H-9), 8.03 (s, 1H, H-3), 7.88 (= 8.7 Hz, 1H, H-6), 7.72 (d= 7.5

Hz, 2H, H-2" and H-6’), 7.41 (1) = 7.8 Hz, 2H, H-3' and H-5), 7.32 @,= 7.3 Hz, 1H, H-4’) 7.19 (dd] =
19
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379

380

381

382

383

384

385

386

2.4 and 8.8 Hz, 1H, H-7), 4.41-4.36 (m, 1H, I@C3.77-3.66 (M, 4H, pyrrolidine Gkt 2), 3.10-3.03 (m,
1H, pyrrolidine @), 2.15-1.92 (m, 2H, pyrrolidine Gl 1.90 (m, 2H, cyclohexyloxy Ch 1.70-1.67 (m,
2H, cyclohexyloxy CH), 1.50-1.23 (m, 6H, cyclohexyloxy Gk 3). **C NMR (101 MHz, [R]DMSO): § =
174.41, 165.51, 160.97, 156.55, 151.77, 139.34,86361L35.04, 129.18, 128.48, 127.70, 123.01, 121.74
120.35, 116.81, 108.18, 107.41, 76.13, 50.45, 4742273, 31.66, 28.80, 25.55, 23.42. HPL(5.844,

HRMS (ESI) calculated for H,gN,0sS [M+H]* 517.1796 found 517.1802.

4.1.4. N-(3-amino-3-oxopropyl)-8-(cyclohexyloxy)-1-oxo-2-pényl-1H-benzo[4,5]thiazolo[3,2-
alpyridine-4-carboxamide (26). Following the general procedure (Method B), stagrtfrom acid17 and
using p-alaninamide hydrochloride3g), compound26 was obtained, after purification by flash column
chromatography eluting with CHZMeOH (97:3), as a yellow solid in 25% yield. Reawcttime: 4h; m.p.
204-205 °C (d)*H NMR (400 MHz, [Q]DMSO): § = 8.84 (dJ = 2.0 Hz, 1H, H-9), 8.72 (] = 5.4 Hz, 1H,
CONH), 8.38 (s, 1H, H-3), 7.87 (d,=8.7 Hz, 1H, H-6), 7.76 (dl = 7.6 Hz, 2H, H-2’ and H-6"), 7.43 (§,=
7.4 Hz, 2H, H-3' and H-5'), 7.35-7.31 (m, 2H, H-dnd CONHx ,), 7.16 (ddJ= 2.1 and 8.7 Hz , 1H, H-
7), 6.84 (brs, 1H, CONkk /), 4.37-4.33 (m, 1H, OB), 3.44 (q,J = 6.65 Hz, 2H, NIEH,CH,CONH),
234 (t,J = 7.1 Hz, 2H, NHCHCH,CONH,), 1.89 (m, 2H, cyclohexyloxy CH 1.68-1.66 (m, 2H,
cyclohexyloxy CH) 1.46-1.23 (m, 6H, cyclohexyloxy Gkt 3). °C NMR (101 MHz, [R]DMSO): § =
172.82, 164.31, 161.25, 156.18, 151.34, 138.88,74361L33.86, 129.27, 128.33, 127.69, 123.02, 122.22
121.02, 116.40, 107.46, 105.84, 75.58, 36.44, 333440, 25.46, 23.41. HPLC; 5.976, HRMS (ESI)

calculated for GH,gN30,S [M+H]" 490.1800 found 490.1796.

4.1.5. Methyl 3-({[8-(cyclohexyloxy)-1-oxo0-2-phenylH-pyrido[2,1-b][1,3]benzothiazol-4-
yl]carbonyl}amino)butanoate (40).Following the general procedure (Method B), stgrfiom acidl7 and
using methyl 3-aminobutanoate hydrochlori@&)( compound40 was obtained, after purification by flash
column chromatography eluting with Cy/EtOAc (8:2% a yellow solid in 59% yield. Reaction time: 4h;
m.p. 178-180 °C*H NMR (400 MHz, [R]DMSO): 6 = 8.85 (d,J = 1.9 Hz, 1H, H-9), 8.76 (f] = 5.5 Hz,
1H, CONH), 8.38 (s, 1H, H-3), 7.89 (d,= 8.7 Hz 1H, H-6), 7.76 (dJ = 7.9 Hz, 2H, H-2’ and H-6'), 7.46-

7.42 (m, 2H, H-3' and H-5'), 7.36-7.32 (m, 1H, H}47.18 (dd,J= 1.7 and 8.8 Hz, 1H, H-7), 4.39-4.35 (m,

20



387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

1H, OH), 3.57 (s, 3H, CECHy), 3.51-3.44 (m, 1H, C}¥HCH,H,), 3.36-3.29 (m, 1H, C#CHCHHy),
2.79-2.70 (m, 1H, NBHCH,), 1.91 (m, 2H, cyclohexyloxy Cji 1.78-1.67 (m, 2H, cyclohexyloxy GH

1.56-1.18 (m, 6H, cyclohexyloxy GK 3), 1.08 (d,J = 7.0 Hz, 3HCH;CHCH,).

4.1.6. Methyl 3-({[8-(cyclohexyloxy)-1-ox0-2-phenylH-pyrido[2,1-b][1,3]benzothiazol-4-
yl]carbonyl}amino)-3-methylbutanoate (41).Following the general procedure (Method B), startirom
acid 17 and using methyl 3-amino-3-methylbutanoate hydardae 32), compound4l was obtained, after
purification by flash column chromatography elutiwgh Cy/EtOAc (8:2), as a yellow solid in 39% ydel
Reaction time: 3h; m.p. 176-178 °&&1 NMR (400 MHz, [Q]DMSO): § = 8.56 (brs, 1H, H-9), 8.40 (s, 1H,
H-3), 7.99 (s, 1H, CON), 7.86 (d,J = 8.6 Hz, 1H, H-6), 7.73 (dl = 7.5 Hz, 2H, H-2' and H-6'), 7.45-7.41
(m, 2H, H-3' and H-5'), 7.35-7.32 (m, 1H, H-4"),17. (d,J = 8.2 Hz, 1H, H-7), 4.36-4.28 (m, 1H, G,
3.50 (s, 3H, C@CHs), 2.89 (s, 2H, Ch), 1.94 (m, 2H, cyclohexyloxy CH 1.68-1.58 (m, 2H,

cyclohexyloxy CH), 1.46-1.17 (m, 12H, cyclohexyloxy GK 3 and CHx 2).

4.1.7. Methyl 3-({[8-(cyclohexyloxy)-1-oxo0-2-phenylH-pyrido[2,1-b][1,3]benzothiazol-4-
ylJcarbonyl}amino)-4-methylpentanoate (42).Following the general procedure (Method B), startirom
acid 17 and using methyl 3-amino-4-methylpentanoate hydmide @3), compound2 was obtained, after
purification by flash column chromatography eluti@y/EtOAc (8:2), as a yellow solid in 77% yield.
Reaction time: 3h; m.p. 162-164 °& NMR (400 MHz, [Q]DMSO): & = 8.89 (brs, 1H, H-9), 8.39 (s, 1H,
H-3), 8.29 (dJ = 8.5 Hz, 1H, CONH), 7.87 (d,= 8.7 Hz, 1H, H-6), 7.29 (d] = 7.5 Hz, 2H, H-2’ and H-
6'), 7.46-7.42 (m, 2H, H-3' and H-5"), 7.36-7.32 (&H, H-4"), 7.18-7.16 (m, 1H, H-7), 4.36 (m, 1HCA),
4.23-4.22 (m, 1H, NBHCH,), 3.51 (s, 3H, CgCHj), 2.68-2.59 (m, 2H, NHCEH,), 1.88 (m, 2H,
cyclohexyloxy CH), 1.81 (m, 1H,iPr CH), 1.77-1.68 (m, 2H, cyclohexyloxy ©@H1.47-1.18 (m, 6H,

cyclohexyloxy CHx 3), 0.86 (d,J =6.7 Hz, 6H,iPr CH; x 2).

4.1.8. Methyl 3-({[8-(cyclohexyloxy)-1-oxo0-2-phenyl-H-pyrido[2,1-b][1,3]benzothiazol-4-
ylJcarbonyl}amino)-3-phenylpropanoate (43).Following the general procedure (Method B), stgrtirom
acid 17 and using methyl 3-amino-3-phenylpropanoate hyoride (34), compoundt3 was obtained, after

purification by column chromatography eluting wi@y/EtOAc (8:2), as a yellow solid in 60% yield.
21



413  Reaction time: 4h; m.p. 143-145 °{& NMR (400 MHz, [R]DMSO0): & = 8.96 (d,J = 8.0 Hz, 1H, COM),
414  8.84 (d,J = 2.4 Hz, 1H, H-9), 8.44 (s, 1H, H-3), 7.87 (M= 8.8 Hz, 1H, H-6), 7.75-7.72 (m, 2H, Ar-H),
415  7.48-7.46 (m, 2H, Ar-H), 7.44-7.36 (m, 3H, Ar-H)3%-7.29 (m, 2H, Ar-H), 7.24-7.22 (m, 1H, Ar-H)14.
416  (dd,J= 2.4 and 8.7 HzlH, H-7), 5.52-5.46 (m, 1H, NEHCH,), 4.39-4.35 (m, 1H, OB), 3.54 (s, 3H,
417 COCHz 3.01-2.95 (m, 1H, NHCHBH,), 2.91-2.86 (m, 1H, NHCHCiH}), 1.95-1.90 (m, 2H,

418  cyclohexyloxy CH), 1.70-1.67 (m, 2H, cyclohexyloxy G} 1.51-1.21 (m, 6H, cyclohexyloxy GK 3).

419 4.1.9. Methyl 1-({[8-(cyclohexyloxy)-1-oxo-2-phenyl-H-pyrido[2,1-b][1,3]benzothiazol-4-
420  vyl]carbonyllamino)cyclopropanecarboxylate (44).Following the general procedure (Method B), stayti
421  from acid17 and using methyl 1-(aminomethyl)cyclopropanecaytair hydrochloride35), compound44
422  was obtained, after purification by flash colummarhatography eluting with Cy/EtOAc (5:5), as a gell
423 solid in 16% yield. Reaction time: 3h; m.p. 235-2&7 '"H NMR (400 MHz, [Q]DMSO0): § = 8.85 (d,J =
424 2.3 Hz, 1H, H-9), 8.57 (f] = 5.2 Hz, 1H, COM), 8.42 (s, 1H, H-3), 7.87 (d= 8.7 Hz, 1H, H-6), 7.74 (d}
425 =7.3 Hz, 2H, H-2' and H-6") 7.43 (§ =7.5 Hz, 2H, H-3' and H-5'), 7.34 (m, 1H, H-4"), 7.1dd,J= 2.3
426 and 7.2 Hz, 1H, H-7), 4.39-4.35 (m, 1H, B 3.57-3.54 (m, 5H, C&H; and NHGH,), 1.90 (m, 2H,
427  cyclohexyloxy CH), 1.70-1.67(m, 2H, cyclohexyloxy GH1.50-1.25 (m, 6H, cyclohexyloxy Gkt 3),

428  1.09-1.06 (m, 2H, cyclopropyl G 1.00-0.97 (m, 2H, cyclopropyl GH

429 4.1.10. Ethyl 1-{[8-(cyclohexyloxy)-1-ox0-2-phenylH-pyrido[2,1-b][1,3]benzothiazol-4-
430  vyl]carbonyl}piperidine-3-carboxylate (45). Under N atmosphere, to a solution of adid (0.3 g 1.4 mmol)
431  in dry CHCI,, EDCI*HCI (0.32 g, 2.1 mmol), HOBt (0.19 g, 1.4 ralpy DIPEA (0.7 mL, 4.2 mmol) and
432  ethyl nipecotate36 (0.2 mL, 1.4 mmol) were subsequently added andrélagtion was stirred at room
433  temperature for 4h. After evaporation of the sotvender vacuum, the reaction mixture was poured int
434  ice/water and the resulting solid was filtered undgcuum to give a yellow solid in 53% yield. Reaiat
435  time: 4h; m.p. 133-135 °C () NMR (400 MHz, [R]DMSO): 6 = 8.83 (dJ = 2.2 Hz, 1H, H-9), 7.87 (d]
436  =8.7 Hz, 1H, H-6), 7.83 (s, 1H, H-3), 7.71 (&= 7.4 Hz, 2H, H-2’ and H-6’), 7.42-7.38 (m, 2H, H-&8hd
437  H-5'), 7.33-7.30 (m, 1H, H-4’), 7.18 (dd,= 2.3 and 8.8 Hz, 1H, H-7), 4.39-4.35 (m, 1H, {9)C4.09-4.03

438  (m, 1H, piperidine @), 3.98-3.91 (m, 2H, C&«H,CH,), 3.81-3.78 (m, 1H, piperidineH), 2.65-2.62 (m,
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1H, piperidine @), 1.95-1.93 (m, 3H, cyclohexyloxy GHand piperidine &), 1.70-1.66 (m, 3H,
cyclohexyloxy CH and piperidine &), 1.49-1.20 (m, 10H, cyclohexyloxy Gk 3 and piperidine Ckk 2),

1.07 (t,J = 7.1 Hz, 3H, CGCH,CH.).

4.1.11. 8-(Cyclohexyloxy)-4-[(3-hydroxypiperidin-1-yl)carbonyl]-2-phenyl-1H-pyrido[2,1-
b][1,3]benzothiazol-1-one (28).Following the procedure used fet5 and using 3-hydrossipiperidine
hydrochloride39 (0.03 g, 0.24 mmol), compoun®@8 was obtained, after purification by flash column
chromatography eluting with CHgZMeOH (99:1), as a yellow solid in 32% yield. Reacttime: 8h; m.p.
167-169 °C'H NMR (400 MHz, [Q]DMSO): & = 8.84 (dJ = 1.8 Hz, 1H, H-9), 7.88-7.86 (m, 2H, H-3 and
H-6), 7.73 (dJ = 7.8 Hz, 2H, h-2’ and H-6’), 7.41 (§,= 7.6 Hz, 2H, H-3’ and H-5"), 7.31 (§ = 7.3 Hz,
1H, H-4"), 7.17 (ddJ= 1.9 and 8.7 HZLH, H-7), 4.89 (brs, 1H, OH), 4.40-4.36 (m, 1H, @C3.74 (m, 1H,
piperidine @), 3.73-3.56 (m, 2H, piperidine G} 3.49-3.43 (m, 1H, piperidine HJ, 3.15 (m, 1H,
piperidine G4), 1.95-1.90 (m, 2H, cyclohexyloxy GH 1.77-1.68 (m, 4H, piperidine GHand
cyclohexyloxy CH), 1.55-1.24 (m, 8H, cyclohexyloxy Gtk 3 and piperidine C}l. *C NMR (101 MHz,
[De]DMSO): 6 = 167.26, 160.98, 156.31, 150.77, 139.48, 136188,82, 129.16, 128.52, 127.75, 123.26,
122.2, 119.31, 116.45, 107.78, 107.27, 75.66, 65282, 45.35, 33.79, 32.77, 25.52, 23.47, 22BU.C:

1.6.377, HRMS (ESI) calculated forgis;N,0,S [M+H]* 503.2004 found 503.2004.

4.1.12. General procedure for hydrolysis of methyksters for compounds 19-24. (Method C)A
solution of the appropriate methyl ester compoutii4g (1 mmol) in 1,4 dioxane and 1N LiOH (5 mmol)
was stirred at room temperature for 3/4h. Then,rdaetion mixture was poured into ice/water, a@dif
with 2N HCI (pH = 3-4) to give a precipitate thatsvfiltered and purified as described below forheac

product.

4.1.13. 3-({[8-(Cyclohexyloxy)-1-oxo-2-phenylH-pyrido[2,1-b][1,3]benzothiazol-4-
yl]carbonyl}amino)butanoic acid (19). Following the general procedure (Method C), startiinom
derivative40, compoundl9 was obtained, after purification by flash columramatography eluting with
CHCIl/MeOH (97:3), as a yellow solid in 50% yield. Reawsttime: 3h; m.p.: 198 °CH NMR (400 MHz,

[DIDMSO): § = 12.30 (brs, 1H, Cs1), 8.85 (d,J = 2.3 Hz, 1H, H-9), 8.75 (1| = 5.8 Hz, 1H, COM), 8.40
23
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(s, 1H, H-3), 7.88 (d] = 8.7 Hz, 1H, H-6), 7.75 (dl = 7.3 Hz, 2H, H-2' and H-6), 7.44 (@,= 7.8 Hz, 2H,
H-3' and H-5"), 7.33 (m, 1H, H-4’), 7.10 (dd,= 2.4 and8.7 Hz, 1H, H-7), 4.39-4-35 (m, 1H, G}, 3.50-
3.23 (m, 1H, NHCH@Ei,Hy), 3.42-3.23 (m, 1H, NHCHC}H,), 2.68-2.63 (m, 1H, NBHCH), 1.96-1.92 (m,
2H, cyclohexyloxy CH), 1.70-1.66 (m, 2H, cyclohexyloxy GH 1.49-1.23 (m, 6H, cyclohexyloxy Gk

3), 1.06 (dJ = 7.1 Hz, CH). *®C NMR (101 MHz, [R]DMSO): 5 = 176.43, 164.50, 161.27, 156.22, 151.50,
138.91, 136.75, 133.85, 129.30, 128.35, 127.72,0623122.28, 120.99, 116.43, 107.48, 105.73, 75.60,
52.58, 42.81, 31.52, 25.47, 23.43, 15.42. HPL.E5i74, HRMS (ESI) calculated for,gE,0N,0sS [M+H]*

505.1796 found 505.1797.

4.1.14. 3-({[8-(Cyclohexyloxy)-1-oxo-2-phenylH-pyrido[2,1-b][1,3]benzothiazol-4-
yl]carbonyl}amino)-3-methylbutanoic acid (20). Following the general procedure (Method C), starti
from derivative41, compound20 was obtained, after purification by flash coluntmamatography eluting
with CHCl/MeOH (97:3), as a yellow solid in 46% vyield. Reéaattime: 3h; m.p. 168-170 °CH NMR
(400 MHz, [D]DMSO): § = 12.02 (brs, 1H, C1), 8.85 (d,J = 2.2 Hz, 1H, H-9), 8.40 (s, 1H, H-3), 8.04
(brs, 1H, COM), 7.85 (d,J = 8.6 Hz, 1H, H-6), 7.73 (d, = 7.3 Hz, 2H, H-2’ and H-6"), 7.43 ({@,= 7.3 Hz,
2H, H-3" and H-5"), 7.33 (t) = 6.7 Hz, 1H, H-4’), 7.17 (ddl = 1.7 and 8.8 Hz, 1H, H-7), 4.39-4.30 (m, 1H,
OCH), 2.79 (s, 2H, Ch), 1.93-1.90 (m, 2H, cyclohexyloxy GH 1.70-1.67 (m, 2H, cyclohexyloxy GH
1.49-1.17 (m, 12H, cyclohexyloxy Gk 3 and CH x 2). *C NMR (101 MHz, [QIDMSO): § = 172.70,
164.35, 161.28, 156.22, 151.25, 138.87, 136.85,4634129.43, 128.32, 127.63, 122.98, 122.15, 121.09
116.46, 107.49, 106.67, 75.64, 52.66, 43.67, 3129347, 25.46, 23.41. HPLC; 6.893, HRMS (ESI)

calculated for GgH3i:N,OsS [M+H]" 519.1953 found 519.1958.

4.1.15. 3-({[8-(Cyclohexyloxy)-1-oxo-2-phenylH-pyrido[2,1-b][1,3]benzothiazol-4-
yl]carbonyl}amino)-4-methylpentanoic acid (21).Following the general procedure (Method C), starti
from derivative42, compound21 was obtained, after purification flash by coluntiramatography eluting
with CHCl/MeOH (97:3), as a yellow solid in 41% vyield. Reéaattime: 3h; m.p. 146-148 °CH NMR
(400 MHz, [DJDMSO): § = 12.18 (brs, 1H, C®H), 8.86 (d,J = 2.4 Hz, 1H, H-9), 8.43 (s, 1H, H-3), 8.33 (d,

J=28.4 Hz, 1H, COM), 7.88 (d,J = 8.7 Hz, 1H, H-6), 7.73 (dl = 7.4 Hz, 2H, H-2’ and H-6), 7.46-7.42
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(m, 2H, H-3' and H-5'), 7.36-7.32 (m, 1H, H-4),1B (dd,J= 2.4 and 8.7 Hz, 1H, H-7), 4.40-4.35 (m, 1H,
OCH), 4.27-4.20 (m, 1H, NHBCH,), 2.57-2.42 (m, 2H, NHCEBH,), 1.92-1.91 (m, 2H, cyclohexyloxy
CH,), 1.85-1.80 (m, 1HiPr CH), 1.71-1.56 (m, 2H, cyclohexyloxy GH 1.50-1.24 (m, 6H, cyclohexyloxy
CH, x 3), 0.86 (d,J = 6.8 Hz, 6H,iPr CH;x 2). °C NMR (101 MHz, [R]DMSO): § = 173.34, 136.88,
161.28, 156.23, 151.57, 138.94, 136.84, 133.83,3829128.36, 127.69, 122.99, 122.39, 121.12, 116.44
107.51, 105.93, 75.66, 52.24, 36.62, 32.24, 3125316, 23.42, 19.22, 19.07. HPLE61951, HRMS (ESI)

calculated for GgH33N,0sS [M+H]" 533.2109 found 533,2111.

4.1.16. 3-({[8-(Cyclohexyloxy)-1-oxo-2-phenylH-pyrido[2,1-b][1,3]benzothiazol-4-
yl]carbonyl}amino)-3-phenylpropanoic acid (22).Following the general procedure (Method C), startin
from derivative43, compound22 was obtained, after purification by flash coluntiramatography eluting
with CHCl/MeOH (97:3), as a yellow in 58% vyield. Reactiomét 3h; m.p. 155-158 °CH NMR (400
MHz, [Dg]DMSO): & = 12.19 (brs, 1H, CsBi), 9.07 (d,J = 7.7 Hz 1H, COMI), 8.81 (d,J = 2.4 Hz, 1H, H-
9), 8.47 (s, 1H, H-3), 7.87 (d,= 8.8 Hz 1H, H-6), 7.76-7.71 (m, 2H, H-2' and H-6"), 7.46 Jt= 7.4 Hz,
2H, H-3’ and H-5'), 7.41-7.36 (m, 3H, H-4’, H-2"nal H-6"), 7.34-7.29 (m, 2H, H-3” and H-5"), 7.24.20
(m, 1H, H-4"), 7.17 (ddJ = 2.4 and 8.8 Hz, 1H, H-7), 5.48-5.39 (m, 1H, GHCH,), 4.39-4.34 (m, 1H,
OCH), 2.91-2.79 (m, 1H, NHCEBH.H,), 2.76-2.75 (m, 1H, NHCHCH), 1.91-1.90 (m, 2H,
cyclohexyloxy CH), 1.74-1.68 (m, 2H, cyclohexyloxy GH 1.49-1.21 (m, 6H, cyclohexyloxy GK 3).*°C
NMR (101 MHz, []DMSO): 6 = 172.20, 163.59, 161.28, 156.24, 151.83, 143.88,91, 136.82, 133.78,
129.42, 128.77, 128.42, 127.77, 127.47, 126.99,0623122.54, 120.96, 116.46, 107.42, 105.52, 75.61,
50.60, 40.99, 31.51, 25.46, 23.43. HPLC6.064, HRMS (ESI) calculated for ;3 N,OsS [M+H]

567.1953 found 567.1960.

4.1.17. 1-[({[8-(Cyclohexyloxy)-1-oxo0-2-phenyl#1-pyrido[2,1-b][1,3]benzothiazol-4-
yl]carbonyl}amino)methyl]cyclopropanecarboxylic acd (23). Following the general procedure (Method
C), starting from derivativéd4, compound23 was obtained, after purification by column chroogaaphy
eluting with CHCY/MeOH (97:3), as a yellow solid in 19% yield. Reaottime: 3h; m.p. 250-253 °CH

NMR (400 MHz, [Q]JDMSO): § = 12.07 (brs, 1H, C®), 8.83 (dJ = 2.4 Hz, 1H, H-9), 8.58 (] = 5.3 Hz,
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1H, CONH), 8.43 (s, 1H, H-3), 7.87 (d,= 8.7 Hz, 1H, H-6), 7.75-7.73 (m, 2H, H-2’ and H-6743 (t,J =

7.8 Hz, 2H, H-3' and H-5’), 7.35-7.31 (m, 1H, H-47.15 (ddJ= 2.3 and 8.8 Hz, 1H, H-7), 4.38-4.32 (m,
1H, OMH), 3.53 (d,J = 5.2 Hz, 2H, CH), 1.92-1.89 (m, 2H, cyclohexyloxy GH 1.69-1.66 (m, 2H,
cyclohexyloxy CH), 1.42-1.16 (m, 6H, cyclohexyloxy Gk 3), 1.04-1.01 (m, 2H, cyclopropryl G} 0.94-
0.91 (m, 2H, cyclopropyl CH. **C NMR (101 MHz, [RQ]DMSO): & = 175.83, 164.68, 161.28, 156.19,
151.60, 138.92, 136.81, 134.05, 129.38, 128.33,6127123.01, 122.27, 121.03, 116.42, 107.43, 105.76
75.59, 42.14, 31.50, 25.46, 23.42, 23.29, 13.71L.C¢R;6.697, HRMS (ESI) calculated for,£1,gN,OsS

[M+H] *517.1796 found 517.1800.

4.1.18. 1-{[8-(Cyclohexyloxy)-1-oxo-2-phenyli-pyrido[2,1-b][1,3]benzothiazol-4-
yl]carbonyl}piperidine-3-carboxylic acid (24). Following the general procedure (Method C), stgrfrom
derivative45, compound24 was obtained, after purification by flash columramatography eluting with
CHCIy/MeOH (97:3), as a yellow solid in 44% yield. Réaattime: 3h; m.p. 119-120 °CH NMR (400
MHz, [De]DMSO): § = 12.21 (brs, 1H, Csp), 8.83 (d,J = 1.8 Hz, 1H, H-9), 7.87 (d = 8.7 Hz, 1H, H-6),
7.79 (s, 1H, H-3), 7.71 (d,= 7.4 Hz, 2H, H-2' and H-6"), 7.40 (§,= 7.5 Hz, 2H, H-3" and H-5), 7.31 (,
= 7.2 Hz, 1H, H-4"), 7.18 (dd)= 1.9 and 8.6 HzlH, H-7), 4.37-4.29 (m, 1H, Q4), 4.08-4.05 (m, 1H,
piperidine G4), 3.81-3.72 (m, 1H, piperidineH), 3.23-3.16 (m, 2H, piperidine GH 2.51-2.46 (m, 1H,
piperidine @), 1.93 (m, 3H, cyclohexyloxy CHand piperidine &), 1.66 (m, 4H, cyclohexyloxy CHand
piperidine CH), 1.47-1.23 (m, 7H, cyclohexyloxy GHk 3 and piperidine B). *C NMR (101 MHz,
[De]DMSO): 6 = 174.73, 167.15, 160.98, 156.33, 150.91, 139186,67, 135.61, 129.20, 128.53, 127.80,
123.26, 121.90, 119.29, 116.46, 107.79, 107.06677547.59, 45.85, 41.14, 31.55, 27.23, 25.53, 24.52

23.48. HPLC: 46.485, HRMS (ESI) calculated forEls;N,0sS [M+H]" 531.1953 found 531.1959.

4.1.19. 8-(CyclohexyloxyN-[(1R)-2-hydroxy-1-methylethyl]-1-oxo-2-phenyl-H-pyrido[2,1-
b][1,3]benzothiazole-4-carboxamide (29)A mixture of starting derivativé (0.3 g, 0.67 mmol) andrj-2-
aminopropan-1-oft6 (2 mL) was heated at reflux in neat conditionsShr Then, the reaction mixture was
poured into ice/water and acidified with 2N HCI (pH5) to give a precipitate which was filtered unde

vacuum. After purification by flash column chromgitaphy eluting with CHGIMeOH (98:2), compound
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29 was obtained as a yellow solid in 39% vyield. Reactime: 4h; m.p. 139-140 °GH NMR (400 MHz,
[Dg]DMSO): & = 8.86 (d,J = 2.4 Hz, 1H, H-9), 8.44 (s, 1H, H-3), 7.91 (ts 8.7 Hz, 1H, H-6), 7.76-7.74
(m, 2H, H-2" and H-6"), 7.44 () = 7.7 Hz, 2H, H-3' and H-5"), 7.34-7.32 (m, 1H, 1);47.17 (dd,J= 2.4
and 8.8 Hz, 1H, H-7), 4.76 (t) = 5.8 Hz, 1H, CHCKDH), 4.39-4.35 (m, 1H, O8), 4.07-3.99 (m, 1H,
CHCH,OH), 3.48-3.40 (m, 2H, CEH,0OH), 1.92-1.90 (m, 2H, cyclohexyloxy GH 1.69-1.67 (m, 2H,
cyclohexyloxy CH), 1.50-1.26 (m, 6H, cyclohexyloxy Gk 3), 1.11 (dJ = 6.7 Hz, 3H, CH).”*C NMR
(101 MHz, [B)DMSO): 6 = 163.83, 161.30, 156.17, 151.42, 138.89, 136184.05, 129.38, 128.33,
127.67, 122.99, 122.30, 121.11, 166.42, 107.45,9805/5.59, 64.71, 47.76, 31.50, 25.45, 23.41,117.5
HPLC: ,6.430, HRMS (ESI) calculated for,{E1,0N,0,S [M+H]" 477.1847 found 477.1847]p= - 0.036

(0.5 % p/v, DMSO).

4.1.20. 8-(cyclohexyloxyN-[(1S)-2-hydroxy-1-methylethyl]-1-oxo-2-phenyl-H-pyrido[2,1-
b][1,3]benzothiazole-4-carboxamide (30)Following procedure reported above for compoRfdnd using
(9-2-aminopropan-1-ol47 (2 mL), compound30 was obtained, after purification by flash column
chromatography CH@ MeOH (98:2), as a yellow solid in 11% yield. Reaw time: 4h; m.p. 139-140 °C.
'H NMR (400MHz, MeOD):$ = 8.83 (d,J = 2.4 Hz, 1H, H-9), 8.28 (s, 1H, H-3), 7.76-7.74, @h, H-2’
and H-5'), 7.62 (d)J = 8.7 Hz, 1H, H-6), 7.42-7.36 (m, 2H, H-3' and H;57.33-7.30 (m, 1H, H-4"), 7.05
(dd, J= 2.4 and 8.7 Hz, 1H, H-7), 4.35-4.29 (m, 1H, B)C4.19-4.13 (m, 1HCHCH,OH), 3.62-3.53 (m,
2H, CHCH,OH), 2.00-1.97 (m, 2H, cyclohexyloxy GH 1.78-1.75 (m, 2H, cyclohexyloxy GH 1.57-1.32
(m, 6H, cyclohexyloxy Chix 3), 1.23 (dJ = 6.8 Hz, 3H, CH). **C NMR (101 MHz, DMSOde): & 164.71,
161.84, 156.43, 151.52, 138.50, 136.38, 133.52,7628127.67, 127.11, 122.94, 121.53, 120.47, 116.35
106.79, 105.96, 75.53, 64.64, 47.62, 31.26, 22335, 15.74. HPLC;6.425, HRMS (ESI) calculated for

CorHaoN,0,S [M+H]* 477.1848 found 477.1848&]b = + 0.036 (0.5 % p/v, DMSO).

4.2. Biological part

4.2.1 Cell lines and viruses
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567 BHK-21 cells (baby hamster kidney fibroblast; ATC®@gre grown in RPMI 1640 medium (Gibco)
568  supplemented with 10% (v/v) fetal bovine serum (FBSd 1% (v/v) penicillin/streptomycin (P/S) at 37
569 in 5% CQ. HuH-7 cells (human hepatocarcinoma; ATCC) werkuoed in DMEM medium (Gibco) with

570  4.5g/L glucose, 10% FBS and 1% P/S d\C3ih 5% CQ.

571 DENV-2 EDEN3295 (GenBank accession: EU081177) vedmained from the Early Dengue infection
572  and outcome (EDEN) study [27]. The ZIKV strain H/PFL3 (GenBank accession: KJ776791.2) was a gift
573  from Cécile Baronti at Aix Marseille Université. &se viruses used in this study were grown in C6¢318,

574  titered in BHK-21 cells and stored at 280 Institutional approval has been granted by DNkiS Medical

575  School to perform experiments with ZIKV.

576  4.2.2invitro NS5 polymerase assays

577 The de novo initiation/elongation assay was performed as prgsiipo described [15,17]. Briefly, the
578 initiation assay reaction comprised 100 nM DENV-35\ 100 nM in vitro transcribed DENV-2 5’UTR-
579 3'UTR RNA, 20uM ATP, 20uM GTP, 20uM UTP, 5uM Atto-CTP (Trilink Biotechnologies), in a volume
580 of 15uL of reaction buffer comprising 50 Mm Tris-HCL, P6710 Mm KCI, 1mM MgC{, 0.3 mM MnC},
581 0.001% Triton X-100 and 10M cysteine. The elongation assay reaction comprafetiO0 nM DENV-2
582 NS5, 100 nM U30-3' UTR (Integrated DNA Technologie8 uM Atto-ATP, in a volume of 15uL of
583 reaction comprised of 50 mM Tris-HCL, pH 7.5, 10 I, 0.5 mM MnC}, 0.001% Triton and 1QM
584  cysteine. All reactions were incubated at 37°CXdr and 1QuL of STOP buffer (200 mM NacCl, 25 mM
585  MgCl,, 1.5 M DEA, pH10; Promega) with 25 nM calf intestialkaline phosphatase was added to the wells
586 to stop the reactions. The plate was centrifugéeflprat 1200 rpm, followed by incubation at RT 60
587 mins and the release AttoPhos was monitored byirgadn a Tecan machine at excitafignand

588  emissiopWavelengths 422 nm and 566 nm respectively.

589  4.2.3 Cell cytotoxicity test

590 HuH-7 cells were seeded in a 96-well white opadate{Grenier) at a density of 2 x*1@ompounds

591 were diluted to the indicated concentrations in mhedium and incubated with cells for 48h at 37
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608

609

610
611
612
613
614
615
616
617

Cytotoxicity was determined by CellTiter Glo® Lursscent Assay (Promega) kit according to
manufacturer’s instructions. Cell viability curveepented as percentage of luminescence derived from
treated samples to that of the untreated contdoé 30% cytotoxic concentration (Gf-concentration at

which 50% of the cells are dead) was determineaguSraphPad Prism.

4.2.4 Dose-dependent inhibition assay

Huh-7 cells was seeded at a density of £iri@ 24-well plate. Cells were infected with DENVEDEN
3295 at MOI 0.3 and ZIKV H/PF/2013 at MOI 0.5 foihlat 37(1. Following infection, the cells were then
treated with the compounds at indicated concentratranging from 100 uM to 0.01 uM for 24h (ZIKV
infection) and 48h (DENV infection). Supernatanterev collected, clarified and subjected to plaque
guantification by BHK-21 plaque assay. The efficafythe compounds (&g concentration at which the
virus infection is reduced by 50%) was determingdtliie sigmoidal dose response curve of virus titer

against concentration in GraphPad Prism.
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Abbreviations

3CR three-component reaction

AE atom economy

CEF complete E-factor

DENV Dengue virus

DMF-DMA  N,N-dimethylformamide dimethyl acetal
JEV Japanese encephalitis virus

MCR multicomponent reaction

MoA mode of action
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618
619
620
621
622
623
624
625
626
627
628
629
630
631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

MSP multi-step procedure

MW molecular weight

PBTZ IH-pyrido[2,1b][1,3]benzothiazol-1-one
PMI process mass intensity

RdRp RNA-dependent RNA polymerase
REMSA RNA-Electrophoretic Mobility Shift Assay
RME reaction mass efficiency

sEF simple E-factor

TBEV tick-borne encephalitis virus

TLC thin layer chromatography

UTR untranslated region

WNV West Nile virus

YRV Yellow fever virus

ZIKV Zika virus
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HIGHLIGHTS

»  Three-component reaction for preparing biol ogically active pyridobenzothiazol ones
*  Three-component reaction with wide scope for fast functionalization of the scaffold
»  Pyridobenzotiazolones were quickly obtained by an optimized one-pot procedure

* New pyridobenzothiazol ones displayed a potent anti-flavivirus activity

* New insights on the anti-flavivirus activity of pyridobenzothiazolone series
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