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Compound 21

CCso > 100 uM

ECs0 on BVDV = 1.3 uM

Details of Compound 21 in the BVDV RdRp binding pocket
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Abstract

Linear aromatid\-tricyclic compounds with promising antiviral adtiw and minimal cytotoxicity
were prepared and analyzed in the last years. B@lyi, the pyrido[2,3g]quinoxalinone nucleus
was found endowed with high potency against seystiogenic RNA viruses as etiological agents
of important veterinary and human pathologies. dwilhg our research program on new antiviral
agents we have designed, synthesized and assayedar@s of imidazo[4,§jquinoline and
pyrido[2,3-g]quinoxalinone derivatives. Lead compountigl were further modified to enhance
their antiviral activity and reduce their cytotoyc Thus, different substituents were introduced o
N atom at position 1 or the O atom at position 2@ leads; contextually, several groups were
inserted on the nitrogen atom at position 7 of dilerguinoline intermediates. Title compounds
were tested in cell-based assays for cytotoxiaitg antiviral activity against RNA virus families
containing single-stranded (either positive-senseRNA+) or negative-sense (ssRNA-)), and

double-stranded genomes (dsRNA), and against tpesentatives of DNA virus families. Some



derivatives emerged as potential leads for furthevelopment as antiviral agents against some
viruses of public health significance, such as RB¥p, BVDV and HCV. Particularly, compounds
4, 11b, 11c, 13c, 15a, 18 and21 resulted active against BVDV at concentrationgyiragn from 1.3

to 5 puM. Compoun@1 was also evaluated for its activity on the BVDVH{d Compound! was
also tested as potential anti-HCV compound in agsobmic replication assay. Molecular

simulation results provided a molecular rationalethe anti-BVDV activity of these compounds.

1. Introduction
Over 200 species of DNA and RNA viruses are knowibé able to infect and cause significant
diseases in humans [1, 2]. Examples of DNA pathogarses areHerpesvirusese.g., Herpes
simplex virugype 1 (HSV-1) andPoxviruseq3], which can infect both vertebrate and inversb
animals, or, fromOrthopoxvirusgenus the/accinia virus(VV). The latter emerged in recent years
for its potential use as an attractive bioterrorispon [4]. This menace to public health increased
our awareness around human vulnerability to thieciion, especially since smallpox vaccination
was discontinued in 1980 [5-9]. RNA viruses inclugany highly pathogens affecting humans,
several of them showing the ability to cross thecggs barrier and resulting in zoonotic-human
epidemics [10]. Examples of RNA pathogen viruses Elaviviruses which can cause life-
threatening diseases in both humans and animals WVitus family includes three genera:
Pestiviruses Flavivirusesand Hepaciviruses The Pestivirusgenus includes animal pathogens of
major economic impact for the livestock industnycls as thdBovine viral diarrheavirus (BVDV).
Hepatitis C virus(HCV) is the sole representative of thiepacivirusgenus and constitutes the
major cause of human hepatitiger se [11]. Other important RNA viruses belong to the
Picornaviridaefamily. These viruses induce a variety of maladietuding meningitis, cold, heart
infection, conjunctivitis, and hepatitis. This fayincludes nine genera, some of which comprise
major human pathogens (e.Bgliovirus andCoxsackievirug[12]. At present, no specific antiviral
therapy is available for the treatmentRaornaviridaeinfections.
In this scenario, there is an urgent need for read compounds that either target distinct stages of
the viral replication cycle in a virus-specific wdave a broader spectrum of activity or act thioug
novel mechanisms of action. In this context, acogydo a long-lasting antiviral research program
our group designed and synthesized three new slagfsknear aromatid\-tricyclic compounds
endowed with promising antiviral activity and seieity index against several pathogenic RNA
viruses: triazolo[4,5j]quinolines, imidazo[4,%quinolones, and pyrido[2,3-g]quinoxalines [13].

All three molecular classes share the same keynadiate: a 6,7-diaminoquinoline scaffold



variously substituted on the nitrogen at positionSpecifically, the pyrido[2,8]quinoxalinone
nucleus was found particularly active against BlestivirusBVDV and partly against theluman
respiratory syncytial virugRSV). Both these two viruses are of major intefes livestock and
human therapies, respectively. In antiviral drugcdivery, BVDV is commonly used as a surrogate
model for Hepatitis C virus[14]. Thus, given their interesting activity agstnBVDV, the
pyrido[2,3-g]quinoxalinones were also tested against HCV imlagenomic replication assay that
allows viral replication in a human hepatoma dek|(GS4.1). Furthermore, the lead compounds of
that series were evaluated in enzyme assays paxtomith the recombinant BVDV and HCV
RNA-dependent RNA polymerases (RdRps) [13]. Unfaately, both the pyrido[2,3-
glquinoxalines and pyrido[2,8lquinoxalinones resulted more active against theDB\than the
HCV enzyme. Moreover, they showed slight cytotdyieigainst several cell lines.

In the light of these results, and with the aimeahancing the antiviral activity and reducing the
cytotoxicity of these molecules, in this work wéested lead compoundsand?2 from the previous
molecular seriesFig. 1), which bear a phenyl and a benzyl substituent asitipn 3 of the
pyrazinone moiety, respectively, for further deyei®nt. Furthermore, we adopted derivatd/e
which contains an isopropyl side chain at the same posdnd is totally devoid of activity on all
tested viruses and cell lines, as a negative beadhnFinally, as shown irfScheme 1, we
synthesized and assayed the thienyl derivatisgce no derivative bearing a heterocycle moiety a

position 3 was previously reported and its interiadib is readily available on the market.

This study is divided in three parts. In the fipsirt we modified the structure of lead compodnd
by inserting a propyl, cyclohexyl or methylcyclolyexyroup on the nitrogen at position 7 of the

diaminoquinoline intermediatéa-c, as reported ischeme 2.

Unexpectedly, the subsequent cyclization reactioth \®-oxo-2-phenylacetic acid provided, in
addition to the desired pyrido[2d}quinoxalinone derivatives with the phenyl ring m@sition 2
(11a-c), the imidazo[4,5]quinolines9a,b. Interestingly, the same molecular scaffold wasioled
in the past by another chemical route [13]. Tofyetine reproducibility of this mechanism the
diaminoquinolinesBb,c were submitted to cyclization reaction with 2-axdgthiophen-2-yl) acetic
and 2-oxo-3-phenylpropanoic acids, respectively. the first case both the pyrido[2,3-
glquinoxalinone bearing the thiophene ring at posit2 (12b) and the corresponding imidazo[4,5-
glquinoline 10b were obtained. In the second case the reactioardaffl the pyrido[2,3-

g]lquinoxalinonel3c and only non-isolable traces of the corresponiinidazo[4,5¢g]quinoline 9c.



In the second part of this study we introduced ssdvsubstituents - methyl, ethyl, acetonitrile,
benzyl and 4-nitrobenzyl group - either on theagiém atom at position 1 or on the oxygen atom at
position 2, as shown iBcheme 3. Through direct alkylation of compourid N-alkyl derivatives

(14a-e) were always obtained, while the isomeric O-deies were not always obtained.

Antiviral evaluation of the N and O alkyl derivatisz14 and15 highlighted N-methyl 14a) and O-
methyl (l5a) derivatives as the only compounds endowed o¥matiactivity against BVDV, with
ECsp values for compountiba comparable to that of lead compoundVoreover, these compounds
showed activity also against CVB-5 and Sht4aj, RSV and Reo-116a) viruses.

Consequently, we submitted the other three leadpoomds 2, 3 and4) only to a methylation

reaction to dissect the relevance of the diffesettstituents at position 3, as showrsaheme 4.

All synthesized compounds were tested for cytoibx@nd for activity in cell-based assays against
ssRNA' viruses Human immunodeficiency virgsllV-1), Coxsackie virusype B5 (CVB-5),Polio
virus (Sb-1), Yellow Fever virugYFV), Bovine Viral Diarrhea virus(BVDV)], ssSRNA' viruses
[Human respiratory syncytial virugRSV), Vescicular stomatitis virugVSV)], dsRNA viruses
[Reovirus(Reo-1)], and DNA virusesHerpes simplex virug/pe 1 (HSV-1)Vaccinia virus(VV)],

with the aim of comparing their antiviral activityith that of the former molecular series. In
addition, compound was submitted to the HCV subgenomic replicatiompss assess the activity

of this new lead compound against this critical aarpathogen. Finally, a molecular-base rationale
for the anti-BVDV activity of these compounds i®posed based on the results of computer-based

simulations.

All viruses selected were among those most hartoftluman health. With the exception of YFV,
there is no vaccine available against the abovetioreed Flaviviruses to date, and only a few new
drugs are currently under successful pre-clinicatetbpment in this field [12, 15-19]. This
perspective indeed emphasizes the compelling neethé identification of new molecules with

therapeutic potential against RNA viruses.
2. Resultsand discussion
2.1 Chemistry

The synthetic route to obtain compoudds illustrated inScheme 1. The key intermediate 8-
chloroquinoline-6,7-diaminda, obtained as reported in [20], was submitted tdizgtion reaction
with 2-oxo0-2-(thiophen-2-yl)acetic acidlf) in 10% sulfuric acid to give the expected 5-cbi3r
(thiophen-2-yl)pyrido[2,3-g]quinoxalin-2(1H)-oned)( (yield 43%) but not the 2-thiophen-2-yl



isomer @c). As shown inScheme 1 and previously reported in [21], the reaction ctinds
determine its regioselectivity. In fact, the simankous presence of the acidic environment and an
electron-withdrawing group on thecarbonyl of4b leads to the exclusive formation of the desired

isomer4.

The diamine intermediate®a-c, crucial for the preparation of quinoxalingsa-c, 12b and 13c,
were generally obtained in good yield through nopgtlelic substitution of the chlorine at position 7
of the known 7,8-dichloro-6-nitroquinoliné)([22] with the aminesa-c. The nitro derivatives
intermediatesfa-c) were subsequently submitted to reduction reaatith 10% Pd/C in ethanol,

as depicted irscheme 2.

The succeeding condensation reaction of the diasyBaec with the appropriater-ketoacids in
refluxed ethanol led not only to the expected pyj¢3-glquinoxalinones I1a-c, 12b and13c), but
also to the imidazo[4,§}quinolines derivativeQa-c and10b. This behavior is somewhat different
from that previously discussed for compouhdn fact, the lack of an acidic environment and th
presence of an alkyl group on the nitrogen at msi? of the diaminoquinoline8a-c - which
increase the steric hindrance around that siteh t®verse the reactivity providing only the 2-aryl
isomerslla-c, 12b and13c. On the other hand, this reaction is in competitioth the formation of

the imidazo[4,5g]quinoline nucleus, as previously reported by aaug [21].

Scheme 3 reports the synthesis of the pyrido[gjJguuinoxalinones 14a-e and pyrido[2,3-
glquinoxalinesl5a,b,e. The lead compountiwas subjected to alkylation reaction with methydlan
ethyl sulfate, acetonitrile, benzyl bromide andi#ebenzyl chloride in dimethylformamide (DMF)
and CsCOsz at 60 °C for 1-16 hours. From these reactions #peeted N alkyl derivativeslda-e)
were isolated, with yields ranging from 67% to 93#hen the alkylating agents were methyl and
ethyl sulfate or 4-nitrobenzyl chloride, even Oydlerivatives {5a,b,e) were isolated, even if the

yields in this case were rather low (7% - 23%).

Finally, as confirmation of the observed behaviloe, methylation of the remaining lead compounds
(2-4) provided both products of N-alkylation and O-d#étion with yields of 26-30%16-18) and
13-23% (19-21), respectively $cheme 4).

2.2 Biology

Title compounds were evaluated in cell-based askaysytotoxicity and antiviral activity against
ssRNA+ viruses representative of tRéaviviridae and Picornaviridae families. In particular,

representative viruses of two of the three genéthed-laviviridae family, YFV (Flaviviruseg and



BVDV (Pestivirusey and one genus of thdlicornaviridae family, CVB-5 and Sb-1
(Enteroviruse} were tested. Compounds were also tested agztimst representatives of sSRNA
sSRNA and DNA viruses.

Table 1 shows the overall results of the cell-based assaysined for imidazo[4,5}quinolines
(9a-c and 10b), pyrido[2,3g]quinoxalinones 4, 1la-c, 12b, 13c, 14a-e, 16-18) and pyrido[2,3-
glquinoxalines 15a,b,e, 19-21). Efavirenz (EFV), 2C-methyl-guanosine (Met-Gua)'-€-methyl-
cytidine (Met-Cyt), 2C-ethynyl-cytidine (Eth-Cyt), 6-azauridine (Aza}jdofovir (CDF) and
acyclovir (ACG) were used as reference compoundsohcerns the antiviral activity, none of title
compounds turned out to be active against HIV-1Y Y¥SV, VV and HSV-1, although somég,
11a, 14a) show a modest and scattered activity against GVBad Sh-1. On the contrary,
compounds belonging to all classes proved to bewed with an interesting anti-BVDV activity.
Among these compounds (boldTable 1), only 9c, 11a, 11c, and13c exerted cytotoxic effects on
exponentially growing MT-4 cell lines, anoth MDBK and BHK cells in stationary growth, at
concentrations< 40 uM. However, as expected, the imidazo[d]§uinolines derivatives showed
only moderate activity against BVDV. Indeed, inra\pous paper our research group demonstrated
the need of the presence of a chlorine atom omui®line ring for activity against this virus [13]
Conversely, pyrido[2,8]quinoxalines derivatives exhibited moderate to dyaxtivity towards
BVDV, especially when an aryl substituent at positB is present in addition to the chlorine atom

at position 5.

Among lead compounds, thienyl derivative showed BVDV selectivity, good potency and
selectivity index. For this reason, compouhgas also tested as potential anti-HCV compoural in
subgenomic replication assay. Experimental reqilable 2) showed tha#t was indeed able to
inhibit HCV replication (EGp = 7.5 £0.5 pM), but was also cytotoxic for GS4ells (CGp = 21 +
2.0 uM), overall resulting in poor selectivity ind€s.1.= 3).

Biological analysis further confirmed that N-alkigd and O-alkylated derivatives were in general
devoid of cytotoxicity. Among them, compount and21 not onlyshow activity greater than the
corresponding unmethylated leddout also are the most potent and selective madscabgainst

BVDV with ECs values of 2 and 1.3 uM, respectively.

Compound2l1 was finally evaluated for its activity on the BVDRdRp (Figure 2).n vitro
enzymatic assay demonstrated that this compounibii;mhthe BVDV RNA-dependent RNA
polymerase activity with an kg value of 0.64uM, thus confirming both compound potency and

viral target protein.



2.3 Modeling results

Previous enzymatic assays clearly showed thatethe ¢ompounds and2 [13] and21 target one

of the most important enzymes involved in the BVD#&plication-cycle, namely the RNA-
dependent RNA-polymerase (RdRp). Molecular simokastudies were then performed on a subset
of 12 present compounds including the le&dbswith two specific purposes: i) to dissect the efffe
of the substitution of the quinoxalin-2(1H)-one féol in the corresponding N-methylated
compoundsl4a and16-18 or the 2-methoxy-quinoxaline moiety in compouidfia and19-21; and

i) the role of a bulky aromatic substituent at ifoa 3 of the double-nitrogen ring. For this
purpose, a preliminary search for a putative bigdiiie for our compounds on the BVDV RdRp
was first conducted [23-28]. In line with previotindings [26-28], the resulting portion of the
enzyme making up the binding pocket for our molacskt is located between the RdRp Fingers
domains 1 and 2 (residues 139-313 and 351-itfure 3A). Accordingly, all molecules were
docked within the selected protein cavity accordioga well-validated procedure, and the
corresponding protein/drug free energies of binditGuing) Were scored by applying molecular
dynamics (MD) simulations based on the MM/PBSA apph [23-34]Table 3 shows the result of
the MM/PBSA analysis, from which a direct corresatibetween enzyme/drug affinity amdvitro
ECso values is apparent. As seen in this Table, contiputa data confirm that lead compourid®
and4 all bind the BVDV polymerase with highly comparalaiffinity, while compoun@®, chosen as
negative reference, does not. The critical presef@bulky aromatic substituent at position 3 of
all compounds for their optimal BVDV RdRp bindirgyalso confirmed by the other data in Table
3. Indeed, for both series of compouridg,16-18 and15a,19-21 a marked decrease in the value of

AGyping is predicted when an isopropyl group is founchat position.

To investigate in more detail the BVDV RdRp bindingpde of these selected compounds, we
proceeded and analyzed the main interactions iedolin the stabilization of the relevant
enzyme/drug complexes. Taking the quinoxaline deinre 21 as proof-of-concept, the analysis of
the corresponding equilibrated MD trajectory resettlat 21 is nestled in the detected RdRp
binding pocket, where it occupies two cavities iy the side chains of residues A221, 1261, 1287,
and Y289 and residues V216, Y303, V306, K307, P408 A412, respectivelyF{gure 3B).
Contextually, three stabilizing hydrogen bonds (HBee identified between donor atoms on the
side chain of protein residues R295, S411 and Y&#®4the corresponding counterparts in the
compound structure represented by the N-pyrido ative nitrogen atom at position 1 of the

quinozaline moiety, and the sulfur atom of thergleing, respectivelyKigur e 3B).



A quantitative analysis of the drug/protein intéime was performed via a per-residue
deconvolution of the enthalpic contribution to binglafforded by each single residue involved [32-
38], as reported iMable 4. To facilitate reading, the values AHyingres fOr the critical RARp
residues were clustered according to a specifietyidg interaction type as follows: A221, 1261,
1287, and Y289 belong to the first hydrophobic ta{HC1), and were considered for hydrophobic
(HI) and r-interactions £). Analogously, amino acids V216, Y303, V306, K3?408 and A412
were clustered in the other hydrophobic caviyC@) and considered for analogous interaction
types. On the other hand, R295, Y674 and S411esgonsible for H-bond interactions, were
classified a$iB1, HB2,andHB3, respectively.

The permanent hydrogen bond between the N-pyrioim atf 21 and the side chain of R29BR1,
average dynamic length (ADL) = 1.96 + 0.05 A) reflein a stabilizing contribution of -2.03
kcal/mol. Concomitantly, the second stable H-bontkraction detected between the hydroxyl
group of Y674 and the quinoxaline nitrogen atd#2, average dynamic length (ADL) = 1.94 +
0.03 A) provides a favorable contribution to birgliof -1.98 kcal/mol. The third polar interaction
HB3, involving the —OH on the side chain of S411 amel $ atom of the thiophene ring 2 is
decidedly weaker, as confirmed by &Blping resvalue of -0.58 and the corresponding longer ADL
(2.15 = 0.05 A). Finally, the network of HI andinteractions, originated among the aromatic
portions of21 and the two identified receptor cavitiekC1 and HC2, considerably concur in

stabilizing the protein/drug binding with an ové@ntribution of -5.95 kcal/mol.

With the aim of finding a molecular rationale faetpoints i) and ii) above, the same computational
analysis was then applied to all remaining 11 campis in Table 3. As can be seen by
reconsidering alAGying values listed in this Table, the modification bEtamide group in lead
compoundsl-4 did not substantially affect their binding affynitowards the target protein. Taking
the thienyl derivativedl, 18, and21 as proof-of-concept, the relevanGyig Values are all very
similar, being in the range -8.00 + -8.19 kcal/ribble 3). In keeping with these results, the same
compound trio exhibits an utterly comparable intdoms profile against the RdRp of BVDV, as

confirmed by their interaction spectf@dur e 4A) and their binding posé-igur e 4B).

It is worth noting how the interactions involvinget second hydrophobic cavitiC2) are not
negligible, as they afford a stabilization to compd binding comparable to those originating from
HCL1. Further, taking the quinoxaline series as a nmedini example, the corresponding interaction
spectra inFigure 5A well illustrate the importance of the presencea diulky, aromatic substituent
able to fulfill theHC2 HI andn network. As indeed illustrated figure 5A, both the phenyl and

benzyl derivatived5a and19 respectively show a similar interactions spectnagared to the best



compound?2l; this, in turn, reflects in a good estimated affiragainst the target RARp dble 3).
Notably, the presence of a further polar interactio the thienyl derivative2l (HB3) is not a
pivotal requirement for BVDV RdRp binding, but @& be eventually exploited to optimize it. On
the other hand, the isopropyl group in compof@ds too small to aptly fit the second hydrophobic
cavity: this is reflected in a plummet of bothiRdRp binding affinity Table 3) and (even more so)
in the relevant interactions with each residue ive in the binding siteHigure 5A). Furthermore,
since the small aliphatic substituent cannot eisialihe required network of hydrophobic and
interactions with the side chains of the residuglerging to theHC2, the compound assumes an
ineffective pose, which, in turn, exerts a negaiividuence also on the remaining portion of the
BVDV RdRp binding siteKigur e 5A-B).

2.4 Computer Aided Drug Design

Based on the computational results reported ini@e&.3, we designed 4 new potential BVDV
RdRp inhibitors. Focusing on the position 3 of thelecular scaffold, we propose the replacement
of the thienyl ring of lead compourii with other (hetero)cyclic entities theoreticallyie to fulfill

the determined network of intermolecular interatsioFor this purpose, the following moieties
were selected: 2-Furany23), 2-Naphtyl @4), and 2-Benzofuranyp). Compound?2, featuring a
cyclohexyl as the substituent, was also includethéendesign as a sort of negative control. In fact,
based on the results obtained ffx we surmised that the presence of a flexible ngoxth no
heteroatoms available for hydrogen bonding with ¢heyme and with a non-aromatic character
should ultimately result in a drop of the corregfiog enzyme/drug affinity. Applying the same
computational protocol, we docked compouB85 in the enzyme binding site and calculated the
corresponding enzyme affiniyAGping). As seen from Table 5, the new derivati@s25 are
endowed with excellent BVDV affinities (-8.43, -8,1land -8.72 kcal/mol, respectively), whereas

compound22 shows a remarkable lowAGgvalue (-6.36 kcal/mol), as expected.

From the deconvolution of the enthalpic componérihe binding free energyAHuing, Figure 6A),
the higher affinity of the furanyl derivativ@8 compared t@1 is justified by a shorter and stronger
hydrogen bond detected between the oxygen atonthenldydroxyl group of S411 (ADL = 2.08
0.04 A). while all other interactions within the opgin binding site remain unperturbed.
Contextually, in the case of compourd, the lack of HB3 pharmacophoric requirement is
compensated by an improvement of the hydropholicpainteraction network, ultimately resulting
in the preservation of the drug affinity towards BY RdRp (Figure 6A). Compoungb represents
the best structural combination in that the oxygeam of the furanyl group is engaged in a strong
H-bond with S411 (ADL = 2.06 + 0.03 A) whereas #m®matic portion of the moiety is nicely



encased in thelC2, thereby increasing the strength of the specifidrdphobic interactions (Figure
6A). Figure 6B shows a comparison of the bindingden@f compounds 21 and 25 within the
BVDV RdRP binding pocket.

3. Conclusions

In this work, starting from a set of lead compoutés different series of molecules based on the
5-chloro-pyrido[2,3-g]quinoxalin-2(1H)-one nucleave been synthesized, tested as antiviral agents
on a series of RNA- and DNA-viruses. Overall, theults suggest that this tricyclic nuclei appear
to be interesting scaffolds in the drug discoverg development processes of new antiviral agents
actives against important animal and human pattogech as BVDV and HCV.

Specifically, biological evaluation of N-methylatét¥a, 16-18) and O-methylated1ba, 19-21)
derivatives demonstrated that these compoundsratened with good anti-BVDV activity only
when they bear a phenyl or a thienyl group at posi®. Molecular modeling studies confirmed that
some modifications in the structure of the synthesi quinoxalinonesl-4 are beneficial in
decreasing the lead compound toxicity profiles withaffecting their affinity against their target
polymerase. Additionally, and maybe more import&om drug development point of view, the
computational approach allowed to identify impottarolecular determinants for the BVDV RdRp
binding that could be exploited to further optimthe structure of new derivatives provided with a
more potent antiviral activity. Accordingly, furthéevelopments could interest position 3 either
through the introduction of different electron dorar electron withdrawing substituents on the
phenyl moiety or its replacement with other hetgobes able to fulfill the determined network of
intermolecular interactions. In this perspective, aesigned and tested in silico 4 new derivatives
(22-25) featuring different (hetero)cyclic substituents @osition 3 of the general molecular
scaffold. The results confirmed that compourg®25, which can preserve or ameliorate the
network of protein/drug intermolecular interactipase endowed with a high affinity towards the
viral enzyme. On the other hand, the free energpindling for compound®2 plummets in the
presence of a flexible, cycloaliphatic group a®sult of a global detriment of the corresponding
interaction network. The synthesis and the subseqegaluation of the antiviral activity of
compound£3-25 are in progress in order to develop and charaeterinew series of a more potent
BVDV RdRp inhibitors. More, compourl is currently undergoing assays to test its drudibi
profile.
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4. Experimental
4.1. Chemistry
4.1.1. General remarks

Melting points were carried out with a Kofler haage or Digital Electrothermal melting point
apparatus and are uncorrected. Infrared spectra weeorded as nujol mulls with a Perkin-Elmer
781 IR spectrophotometer and are expressed (em?). Nuclear magnetic resonanc#{NMR)
spectra were determined in CRADMSO-ds, CDCL/DMSO-ds (1:3 ratio) and were recorded with a
Bruker Avance lll 400 NanoBay. Chemical shift¢ §cale) are reported in parts per million (ppm)
downfield from tetramethylsilane (TMS) used aslin& standard. Splitting patterns are designated,
as follows: s, singlet; d, doublet; t, triplet;quadruplet; m, multiplet; br s, broad singlet; dduble
doublet. The assignment of exchangeable protoht d@d NH) was confirmed by the addition of
D-0.

13C NMR were determined in DMSQsdnd were recorded at 100 MHz with Bruker Avan¢®0
NanoBay. Ms spectra were performed on combined ilig¢hromatograph-Agilent 1100 series
Mass Selective Detector (MSD). Analytical thin-layehromatography (TLC) was performed on
Merck silica gel F-254 plates. Pure compounds shkiowe single spot in TLC. For flash
chromatography, Merck silica gel 60 was used withatticle size 0.040-0.063 mm (230-400 mesh
ASTM). Elemental analysis were performed on a PeBtmer 2400 instrument at Laboratorio di
Microanalisi, Dipartimento di Chimica e Farmaciapitersita degli studi di Sassari, Italy, and the

results were withirt0.4% of theoretical values.

4.1.2.Starting material and known intermediates

The intermediates 8-Chloro-N-cyclohexylquinolin@-gliamine {b), 8-chloroquinoline-6,7-
diamine @a) and 7,8-dichloro-6-nitroquinoliné&) were prepared according to procedure previously
reported by us [13, 20, 22]. 2-Oxo-2-(thiophen-gagetic acid 4b), propan-l-amine 6g),

cyclohexanaminegp), cyclohexylmethanaminég), were commercially available.



4.1.3. 5-chloro-3-(thiophen-2-yl)pyrido[2,3-g]quiralin-2(1H)-one 4)

The intermediate, 6,7-diamino-8-chloroquinolid)((2.06 mmol) of scheme 1, was dissolved in 8
mL of H,SO, 10% followed by the addition of 2.06 mmol of 2-e2gthiophen-2-yl)acetic acid
(4b). The mixture was heated at 60°C under stirring Tb. After cooling, the orange crude
precipitate was filtered off and purified by flashromatography over silica gel eluting with a 9:1
mixture of chloroform/methanol (43% vyield); m.p.OBC (from EtOH); IR (nujol)3 3300, 1672
cm’; '"H NMR (CDCk + DMSO-ds): ™ 12.90 (1H, br s, NH), 9.00 (1H, d, J = 4.4 Hz, H-9.58
(1H, d, J = 4.8 Hz, H-5'), 8.43 (1H, d, J = 8.4 H#9), 7.82 (1H, d, J = 3.6 Hz, H-3"), 7.73 (1H, s,
H-10), 7.62 (1H, dd, J = 8.4 and 4.4 Hz, H-8), 424, dd, J = 4.8 Hz and 3.6 Hz, H-4JC-NMR
(DMSO-dg): 6 121.2 (CH), 122.3 (CH), 123.3 (C),124.3 (CH), BgC), 126.4 (CH), 126.2 (CH),
127.3 (C),132.2 (CH), 133.8 (C),135.2 (C), 139.81¢4.8 (CH), 154.2 (C), 156.3 (C). LC/MS: m/z
316 [M + 1]. Anal. Calcd. for GHsCIN3OS: C, 57.42; H, 2.57; N, 13.39; found C, 57.282H19;

N, 13.28.

4.1.4. General procedure for the preparation of ititermediate§a,c.

To a solution of 7,8-dichloro-6-nitroquinoling)((1 g, 4.1 mmol) in DMF (10 mL) an excess of the
required substituted aminéa,c (16 mmol) was added dropwise with stirring. Thigon was then
stirred for further 8 h at 100°C. After cooling, \awas added (10 mL) and the solution was
extracted with CHGl The organic extracts were dried on sodium sulfdileered, and the
chloroform solution concentrated under reducedsues The oil residues were purified by flash

chromatography eluting with a 8:2 mixture of pedrgh ether/ethyl acetate.

4.1.4. 1. 8-Chloro-6-nitro-N-propylquinolin-7-amirféa) This compound was obtained in 25% yield
by the protocol above described; m.p. 91-93 °CnffetOH); IR (nujol):3 3388, 1612, 1525, 1345,
cm’; 'H NMR (CDCk): ™ 9.05 (1H, dd, J = 4.2 and 1.6 Hz, H-2), 8.37 (8H-5), 8.14 (1H, dd, J
= 8.2 and 1.6 Hz, H-4), 7.35 (1H, dd, J = 8.2 artiMdz, H-3), 5.94 (1H, br s, NH), 3.36 (2H, m,
NH-CH,-CH,-CHs), 1.78-1.60 (2H, m, NH-CHCH,-CHs), 0.99 (3H, t, J = 7.4 Hz, G} **C-NMR
(CDCly): 6 11.0 (CH), 22.2 (CH), 46.0 (CH), 114.8 (C), 121.5 (C), 122.5 (CH), 124.0 (CH)7 13
(CH), 137.8 (C), 139.5 (C), 142.5 (C), 154.2 (CHEL/MS: m/z 268 [M + 1]. Anal. Calcd. for
C1oH1oCIN3Os: C, 54.25; H, 4.55; N, 15.82; found C, 54.05; H684 N, 15.69.



4.1.4. 2. 8-Chloro-N-(cyclohexylmethyl)-6-nitroqaiim-7-amine {c)

This compound was obtained in 58% yield by the quok above described; m.p. 87-89 °C (from
EtOH); IR (nujol):{ 3404, 1613, 1525, 1345, &m'H NMR (CDChk): ™ 9.04 (1H, dd, J = 4.2 and
1.6 Hz, H-2), 8.34 (1H, s, H-5), 8.13 (1H, dd, 8.2 and 1.6 Hz, H-4), 7.34 (1H, dd, J = 8.2 and 4.2
Hz, H-3), 5.97 (1H, br s, NH), 3.20 (2H, t, @H1.76-0.9 (11H, m, cyclohexylfC-NMR (CDCEk):

5 24.8 (2 x CH), 26.2 (CH), 30.8 (2 x CH), 37.7 (CH), 54.0 (Ch), 113.8 (C), 120.8 (C), 121.70
(CH), 123.1 (CH), 136.9 (CH), 137.0 (C), 138.7 (€42.3 (C), 153.6 (CH). LC/MS: m/z 322 [M +
1]. Anal. Calcd. for GgH1gCIN3O.: C, 60.09; H, 5.67; N, 13.14; found C, 60.32; E8& N, 13.40.

4.1.5. General procedure for the preparation of dieemines3a,c.

The 8-chloro-N-(substituted)-6-nitroquinolin-7-aragva,c (2.07 mmol) were dissolved in 70 mL of
ethanol followed by the addition of 10% Palladium activated charcoal. This mixture was
hydrogenated in Parr at 20-25°C at 3 atm. Aftaeffihg and washing the catalyst thoroughly with

ethanol, the filtrates were concentratedacuoto give the desired intermediai@ssc.

4.1.5.1. 8-Chloro-Ntpropylquinoline-6,7-diamines)

This compound was obtained, as an oil, in 90% yl®tdthe protocol described in the general
procedure starting froriia (550 mg, 2.07 mmol); IR (nujol); 3450, 3330, 3240 chm *H NMR
(CDClg): ™ 8.73 (1H, dd, J = 4.2 and 1.6 Hz, H-2), 7.86 (d#,J = 8.2 and 1.6 Hz, H-4), 7.25 (1H,
dd, J =8.2 and 4.2 Hz, H-3), 6.87 (1H, s, H-5254(3H, br s, NH), 3.13 (2H, t, J = 7.2 Hz, N-g§H
1.73-1.60 (2H, m, CHCHs), 1.03 (3H, t, J = 7.2 Hz, G} *C-NMR (CDCE): 5 11.0 (CH), 23.2
(CHy), 46.3 (CH), 111.8 (C), 117.8 (CH), 118.9 (CH), 122.5 (C)0B3(CH), 132.9 (C), 133.6 (C),
136.2 (C), 144.0 (CH). LC/MS: m/z 238 [M + 1]. An&lalcd. for G;H14CINg: C, 61.15; H, 5.99; N,
17.83; found C, 61.01; H, 5.88; N, 17.66.

4.1.5.2. 8-chloro-N(cyclohexylmethyl)quinoline-6, 7-diamirfc)

This compound was obtained in 42% yield by the qumot described in the general procedure
starting from7c (662 mg, 2.07 mmol) after flash chromatographytieg with a 8:2 mixture of
petroleum ether/ethyl acetate.M.p. 88-90 °C (frot®H); IR (nujol):{ 3425, 3298, 3250 cm *H
NMR (CDCk): ™ 8.74 (1H, dd, J = 4.4 and 1.6 Hz, H-2), 7.87 (tid, J = 8.2 and 1.6 Hz, H-4),



7.24 (1H, dd, J = 8.0 and 4.4 Hz, H-3), 6.86 (1Hi5), 4.24 (3H, br s, NH), 2.94 (2H,d,J=7.4
Hz, CHy) 1.95-1.04 (11H, m, cyclohexy$>C-NMR (CDCE): § 24.6 (2 x CH), 25.8 (CH), 30.0 (2

x CHyp), 37.0 (CH), 54.7 (Ch), 111.0 (C), 117.3 (CH), 118.0 (CH), 121.8 (C)0B3(CH), 132.8
(C), 132.0 (C), 136.2 (C), 144.2 (CH). LC/MS: m@22[M + 1]. Anal. Calcd. for gH20CIN3: C,
66.31; H, 6.96; N, 14.50; found C, 66.17; H, 7.11614.22.

4.1.6. General procedure for the preparation of-&®stituted 3H-imidazo[4,5-g]quinolinéa-c,
10b and the 5-chloro-2,4-substituted-pyrido[2,3-g]goxalin-3(4H)-oned 1a-c, 12b and 13c.

A solution of the quinolines8a-c) (1.38 mmol) in ethanol (6 mL) was obtained by tiepunder
reflux, then an excess of either required acidex@-2-phenylacetic acid, 2-oxo-2-(thiophen-2-yl)
acetic acid or 2-oxo-3-phenylpropanoic acid) wadeald Heating was maintained for different times
as reported below. After cooling, the solution veasporated and the crude products were purified
by flash chromatography using as eluent a mixtdrpetroleum ether/ethyl acetate or acetone in
different ratios, as reported below. The imidazZe{gjquinolines9a, 9b, 9¢c, and10b were obtained

associated with the pyrido[2@guinoxalineslla, 11b, 13c, and12b, respectively.

4.1.6.1. 2-Phenyl-3-propyl-3H-imidazo[4,5-g]quineéi @a) and  5-chloro-2-phenyl-4-
propylpyrido[2,3-g]quinoxalin-3(4H)-onel(a)

9a was obtained in 66% yield by the protocol desatibethe general procedure starting fr&a
(367 mg, 1.38 mmol) and 2-oxo-2-phenylacetic a@#8(mg, 1.52 mmol) for 12h. The reaction
mixture was purified by silica gel column chromatgghy eluting with a 7:3 mixture of petroleum
ether/ethyl acetate. M.p. 128-130 °C (from EtOH)CT(petroleum ether/ethyl acetate 7:3):0RLO;
IR (nujol):{ 1652 cnt; *H NMR (CDCk): ™ 8.91 (1H, dd, J = 3.8 and 1.6 Hz, H-6), 8.36 (d, J

= 8.1 and 1.6 Hz, H-8), 8.24 (1H, s, H-4), 8.13 ($HH-9), 7.82-7.77 (2H, m, H-2', 6), 7.59-7.55
(3H, m, H-3", 4', 5'), 7.33 (1H, dd, J = 8.1 anB3Hz, H-7), 4.32 (2H, t, J = 7.6 Hz, N-GH2.01-
1.90 (2H, m, CHCHs), 0.91 (3H, t, J = 7.4 Hz, G °C-NMR (CDCL): 5 11.4 (CH), 22.3 (CH),
51.7 (CH), 109.7 (CH), 116.9 (CH), 118.4 (CH), 124.3 (CQ38T (2 x CH), 129.6 (2 x CH), 130.3
(CH), 130.9 (C), 136.3(CH), 136.9 (C), 143.6 (O4% (C), 150.0 (CH), 158.4 (C). LC/MS: m/z
288 [M + 1]. Anal. Calcd. for gH17N3: C, 79.41; H, 5.96; N, 14.62; found C, 79.19; kB& N,
14.96.



11a was obtained fron8a in 4% vyield by the protocol above described. MLP0-102 °C (from
EtOH); TLC (petroleum ether/ethyl acetate 7:3):0R4; IR (nujol):{ 1742, 1627 ci *H NMR
(CDClg): ™ 9.06 (1H, dd, J = 4.4 and 2.0 Hz, H-7), 8.36 (d#,J = 8.2 and 2.0 Hz, H-9), 8.19 (1H,
s, H-10), 7.79-7.74 (2H, m, H-2’, 6’), 7.60-7.5H@3m, H-3’, 4', 5), 7.44 (1H, dd, J = 8.2 Hz and J
= 4.4 Hz, H-8), 4.66 (2H, t, J = 7.4 Hz, N-@H1.93-1.80 (2H, m, CHCH), 0.79 (3H,t, J =7.4
Hz, CHs). **C-NMR (CDCk): & 11.2 (CH), 19.90 (CH)), 44.1 (CH), 113.0 (C), 109.9 (CH), 123.0
(CH), 128.2 (C), 130.1 (2 x CH), 129.7 (2 x CH)912 (C), 130.8 (CH), 134.8 (CH), 138.2 (C),
139.0 (C), 143.0 (C), 151.8 (CH), 155.4 (C), 156>9. LC/MS: m/z 352 [M + 1]. Anal. Calcd. for
CooH16CIN3O: C, 68.67; H, 4.61; N, 12.01; found C, 68.394H19; N, 11.79.

4.1.6.2. 3-Cyclohexyl-2-phenyl-3H-imidazo[4,5-gjupline @©b) and 5-chloro-4-cyclohexyl-2-
phenylpyrido[2,3-g]quinoxalin-3(4H)-ond.1b)

9b was obtained in 57% vyield by the protocol descatibethe general procedure starting fr8m
(380 mg, 1.38 mmol) and 2-oxo-2-phenylacetic a@#8(mg, 1.52 mmol) for 12h. The reaction
mixture was purified by silica gel column chromatguhy eluting with a 7:3 mixture of petroleum
ether/ethyl acetate;m.p. 183-185 °C (from EtOH)CT(petroleum ether/ethyl acetate 7:3):0RL1,;
IR (nujol):{ 1654 cm’;'H NMR (CDCk): ™ 8.90 (1H, dd, J = 4.2 and 1.6 Hz, H-6),8.45 (LHHs
9), 8.36 (1H, dd, J = 8.8 and 1.6 Hz, H-8), 8.24,(%, H-4), 7.74-7.70 (2H, m, H-2', 6’), 7.60-7.56
(3H, m, H-3', 4, 5", 7.36 (1H, dd, J = 8.8 and?2Hz, H-7), 4.42 (1H, m, cyclohexyl), 2.60-1.25
(10H, m, cyclohexyl)**C-NMR (CDCk): & 25.1 (CH), 25.9 (2 x CH), 30.8 (2 x CH)), 57.4 (CH),
110.2 (CH), 116.3 (CH), 118.8 (CH), 124.50 (C), B@ x CH), 129.4 (2 x CH), 130.3 (CH), 130.4
(C), 136.7 (CH), 136.9 (C), 143.7 (C), 144.1 ()93 (CH), 158.8 (C). LC/MS: m/z 328 [M + 1].
Anal. Calcd. for G:H2:1N3s: C, 80.70; H, 6.46; N, 12.83; found C, 80.50; FB® N, 12.67.

11b was obtained frong8b in 8% yield by the protocol above described. MLF9-170 °C (from
EtOH); TLC (petroleum ether/ethyl acetate 7:3):0R1; IR (nujol):4 1716, 1633 ci; *H NMR
(CDCl): ™ 9.07 (1H, dd, J = 4.4 and 1.6 Hz, H-7), 8.35 (d#,J = 8.2 and 1.6 Hz, H-9), 8.17 (1H,
s, H-10), 7.79-7.60 (2H, m, H-2’, 6’), 7.59-7.48H3m, H-3’, 4’, 5’), 7.42 (1H, dd, J = 8.2 and 4.4
Hz, H-8), 4.23 (1H, m, cyclohexyl), 2.20-1.10 (10, cyclohexyl).”*C-NMR (CDCE): 5 24.9
(CH,), 26.4 (2 x CH), 33.5 (2 x CH)), 58.7 (CH), 109.4 (CH), 123.6 (CH), 127.4 (C)BB(2 X
CH), 129.4 (2 x CH), 129.8 (C), 130.3 (CH), 13039,(135.7 (C), 136.8 (CH), 137.4 (C), 141.4 (C),
149.8 (CH), 153.0 (C), 160.8 (C). LC/MS: m/z 392 HV1]. Anal. Calcd. for gH20CIN3O: C,
70.85; H, 5.17; N, 10.78; found C, 70.62; H, 5.82:10.56.



4.1.6.3. 2-Benzyl-3-(cyclohexylmethyl)-3H-imidazb{g]quinoline ©c) and 2-benzyl-5-chloro-4-
cyclohexylpyrido[2,3-g]quinoxalin-3(4H)-oné&3c)

9c was obtained in 9 % yield by the protocol desatiloe the general procedure starting fr@m
(399 mg, 1.38 mmol) and 2-oxo-3-phenylpropanoid 249 mg, 1.52 mmol) for 6h. The reaction
mixture was purified by silica gel column chromatgohy eluting with a 8.5:1.5 mixture of
petroleum ether/aceton; m.p. 67-69 °C (from EtOH)C (petroleum ether/aceton 8.5:1.5).(RL6;

IR (nujol):{ 3451, 2360, 1632, 1600 &n'H NMR (CDCh): ™ 8.87 (1H, dd, J = 4.2 and 1.8 Hz, H-
6), 8.33 (1H, dd, J = 8.4 and 1.8 Hz, H-8), 8.1H,(4, H-9), 8.00 (1H, s, H-4), 7.37-7.20 (6H, m, H-
7 and H-Ph), 4.41 (2H, s, GHPh), 3.94 (2H, d, J = 7.6 Hz, N-Gidyclohexyl), 2.00-0.85 (11H, m,
cyclohexyl). *C-NMR (CDCL): § 25.6 (2 x CH), 26.0 (CH), 31.1 (2 x CH), 38.0 (CH), 31.1
(CHy), 50.6 (CH), 107.2 (CH), 115.8 (CH), 118.6 (CH), 127.2 (CH28.5 (2 x CH), 128.9 (2 x
CH), 124.6 (C), 135.6 (C), 136.81 (CH), 139.1 (©§2. 7 (C), 144.5 (C), 149.2 (CH), 158.7 (C).
LC/MS: m/z 356 [M + 1]. Anal. Calcd. for £H2:sN3s: C, 81.09; H, 7.09; N, 11.82; found C, 79.90;
H, 7.06; N, 11.64.

13c was obtained fron8c in 33 % yield by the protocol above described. MeB-55 °C (from
EtOH); TLC (petroleum ether/aceton 8.5:1.5): (R25; IR (nujol):{ 1740, 1604 cm; 'H NMR
(CDCls): ™ 9.05 (1H, dd, J = 4.4 and 1.6 Hz, H-7), 8.38 (dtf,J = 8.2 and 1.6 Hz, H-9), 8.19 (1H,
s, H-10), 7.37-7.20 (6H, m, H-8 and H-Ph), 4.41 (8HN-CH), 3.94 (2H, s, CkPh), 2.00-0.85
(11H, m, cyclohexyl)*C-NMR (CDCE): 5 24.9 (CH), 26.1 (2 x CH), 33.80 (2 x CH), 52.6
(CHy), 57.5 (CH), 58.8 (CH), 109.9 (CH), 123.1 (CH), 126.8 (C)BIR(2 x CH), 129.7 (2 x CH),
129.3 (C), 130.4 (C), 130.9 (CH), 136.1 (C), 13@8), 137.7 (C), 141.0 (C), 150.4 (CH), 153.6
(C), 155.2 (C). LC/MS: m/z 420 [M + 1]. Anal. Calcfbr CosHo4CINsO: C, 71.85; H, 5.79; N,
10.05; found C, 71.59; H, 5.97; N, 10.29.

4.1.6.4. 3-Cyclohexyl-2-(thiophen-2-yl)-3H-imidag&®&-g]quinoline  {Ob) and 5-chloro-4-
cyclohexyl-2-(thiophen-2-yl)pyrido[2,3-g]quinoxaiB{4H)-one 12b)

10b was obtained in 8% yield by the protocol describethe general procedure starting fr@&m

(380 mg, 1.38 mmol) and 2-oxo-2-(thiophen-2-yl)a&cetcid (237 mg, 1.52 mmol) for 12h. The
reaction mixture was purified by silica gel columhromatography eluting with a 6:4 mixture of
petroleum ether/ethyl acetate; m.p. 152-154 °Cn{fietOH); TLC (petroleum ether/ethyl acetate



7:3): R 0.15; IR (nujol):{ 2360, 1671 ci; *H NMR (CDCk): ™ 8.89 (1H, dd, J = 4.0 and 1.6 Hz,
H-6), 8.39 (1H, s, H-4), 8.32 (1H, dd, J = 8.0 dn@ Hz, H-8), 8.22 (1H, s, H-9), 7.63 (1H, d, J =
5.2 Hz, H-5), 7.48 (1H, d, J = 3.8 Hz, H-3'), 7.8tH, dd, J = 8.0 and 4.0 Hz, H-7), 7.25 (1H, dd, J
= 5.2 and 3.8 Hz, H-4’), 4.79 (1H, m, cyclohexy)72-2.50 (2H, m, cyclohexyl), 2.06-1.42 (8H, m,
cyclohexyl). ®*C-NMR (CDCE): & 25.6 (CH), 26.0 (2 x CH), 32.0 (2 x CH), 57.9 (CH), 105.0
(CH), 121.3 (CH), 126.70 (C), 127.1 (CH), 128.5 (CH8.70 (C), 128.6 (CH), 129.2 (CH), 129.10
(C), 136.0 (CH), 138.1 (C), 143.7 (C), 149.8 (CHI58.8 (C). LC/MS: m/z 334 [M + 1]. Anal.
Calcd. for GoH19NsS: C, 72.04; H, 5.74; N, 12.60; found C, 71.885t52; N, 12.85.

12b was obtained fron8b in 30 % yield by the protocol above described. Mp5-217 °C (from
EtOH); TLC (petroleum ether/ethyl acetate 7:3):0R6; IR (nujol):{ 2368, 1744, 1679 ch 'H
NMR (CDCk): ™ 9.07 (1H, dd, J = 4.4 and 1.6 Hz, H-7), 8.34 (@i, J = 8.2 and 1.6 Hz, H-9),
8.16 (1H, s, H-10), 7.63 (1H, dd, J = 5.0 and 120 H-5’), 7.57 (1H, dd, J = 4.0 and 1.0 Hz, H-3’),
7.43 (1H, dd, J = 8.2 and 4.4 Hz, H-8), 7.24 (1d, d = 5.0 and 4.0 Hz, H-4"), 4.28 (1H, m,
cyclohexyl), 2.72-1.32 (10H, m, cyclohexylfC-NMR (CDCk): & 24.9 (2 x CH), 25.6 (CH), 31.1

(2 x CH), 60.9 (CH), 113.0 (C), 109.2 (CH), 120.3 (CH)3®(C), 124.1 (C), 125.3 (CH), 127.1
(CH), 127.3 (CH), 134.9 (CH),137.6 (C), 138.3 (@GR4 (C),149.3 (CH), 152.4 (C), 159.0 (C).
LC/MS: m/z 398 [M + 1]. Anal. Calcd. for gH1sCIN3OS: C, 63.71; H, 4.58; N, 10.61; found C,
63.98; H, 4.26; N, 10.85.

4.1.6.5. 5-chloro-4-(cyclohexylmethyl)-2-phenyldgiR, 3-g]quinoxalin-3(4H)-onel(lc)

This compound was obtained in 68 % yield by thetquol described in the general procedure
starting from8c (399 mg, 1.38 mmol) and 2-oxo-2-phenylacetic g2@8 mg, 1.52 mmol) for 2h
and 45’; the compound was purified by silica gdluomn chromatography eluting with a 6:4 mixture
of petroleum ether/ethyl acetate; m.p. 129-131ff@n{ EtOH); IR (nujol)3 1732, 1627, 1604 ciy

'H NMR (CDCk): ™ 9.05 (1H, dd, J = 4.4 and 1.6 Hz, H-7), 8.38 (d#,J = 8.2 and 1.6 Hz, H-9),
8.19 (1H, s, H-10), 7.80-7.72 (2H, m, H-2’, 6")62-7.50 (3H, m, H-3', 4’, 5’), 7.41 (1H, dd, J =28.
and 4.4 Hz, H-8), 4.59 (2H, d, J = 7.2 Hz, £iH4.12 (1H, m, cyclohexyl), 1.95-0.85 (10H, m,
cyclohexyl). *C-NMR (CDCE): & 25.3 (2 x CH), 25.9 (CH), 30.9 (2 x CH), 45.1 (CH), 48.3
(CHy), 115.9 (CH), 119.0 (CH), 126.1 (C), 128.2 (2 x)C#29.9 (2 x CH), 130.4 (C), 131.1 (CH),
130.2 (C), 136.3 (C), 136.8 (CH), 138.4 (C), 14¢C), 148.9 (CH), 154.2 (C), 159.5 (C). LC/MS:
m/z 406 [M + 1]. Anal. Calcd. for £H2,CIN3O: C, 71.37; H, 5.49; N, 10.40; found C, 71.06; H,
5.68; N, 10.14.



4.1.7. General procedure for the preparation of Hbeco-1-substituted-3-phenylpyrido[2,3-
glquinoxalin-2(1H)-onesl4a-e and the 5-chloro-2-substituted-3-phenylpyrido[8jguinoxalines
15ab.e.

To a mixture of the 5-chloro-3-phenylpyrido[2,3-gigoxalin-2(1H)-one @) [13] (492 mg, 1.60
mmol) and C8C0O3(521 mg, 1.60 mmol)) in anhydrodN-dimethylformammide (DMF) (10 mL)
an excess of the required alkylant agents (dimettifate, diethyl sulfate, bromomethylbenzene, 1-
chloromethyl-4-nitrobenzene) (1.60-7.07 mmolNmN-dimethylformammide (5-10 mL) was added
dropwise. The mixture was stirred at 60°C for 1-1tBien allowed to cool to room temperature and
water (50 mL) was added. The resulting precipitatese collected by filtration, washed with water
and the crude products were purified by flash clatmgraphy using a mixture of ethyl
ether/methanol as eluent in different ratios asonep below. The 1-substituted-pyrido[2,3-
glquinoxalin-2(1H)-ones 14a,b,ewere obtained associated with the 2-substitutedipjz,3-

glquinoxalinesl5a,b,e respectively.

4.1.7.1. 5-Chloro-1-methyl-3-phenylpyrido[2,3-g]gakalin-2(1H)-one 14a) and 5-chloro-2-
methoxy-3-phenylpyrido[2,3-g]quinoxaling5g)

14a was obtained in 77 % yield by the protocol destiin the general procedure starting fribm
(492 mg, 1.60 mmol), GEO;3(521 mg, 1.60 mmol) and dimethyl sulfate (393 mgd,23mmol) in
DMF (10 mL) for 16h; the mixture was purified byich gel column chromatography eluting with a
9.5:0.5 mixture of ethyl ether/methanol; m.p. 2582°C (from EtOH); TLC (petroleum
ether/aceton 8.5:1.5);R.65; IR (nujol):3 1651, 1624 ci; *H NMR (CDCk): ™ 9.00 (1H, d, J =
4.4 Hz, H-7), 8.52 (1H, d, J = 8.6 Hz, H-9), 8.1H(d, J = 8.6 Hz, H-8), 7.60-7.45 (5H, m, H-Ph),
7.42 (1H, s, H-10), 3.78 (3H, s, @H*C-NMR (CDCk): § 35.3 (CH), 109.1 (CH), 122.9 (CH),
128.1 (2 x CH), 128.7 (C), 129.2 (2 x CH), 130.8,(T31.5 (CH), 133.4 (C), 135.8 (C), 136.9 (CH),
137.9 (C), 139.2 (C), 150.0 (CH), 152.8 (C), 15&7. LC/MS: m/z 324 [M + 1]. Anal. Calcd. for
Ci8H12CIN3O: C, 67.19; H, 3.76; N, 13.06; found C, 67.033H15; N, 12.96.

15a was obtained froniin 19 % yield by the protocol above described. ML.$8-150 °C (from
EtOH); TLC (petroleum ether/aceton 8.5:1.5): ®46; IR (nujol):3 1732, 1665 cm; 'H NMR
(DMSO-dg): ™ *H NMR (DMSO<dg): ™ 9.13 (1H, d, J = 4.2 Hz, H-7), 8.35 (1H, d, J 2 Bz, H-9),
8.26 (1H, s, H-10), 8.10 (2H, m, H-2', 6"), 7.53H4m, H-8, H-3", 4, 5'), 4.23 (3H, s, CilL °C-



NMR (DMSO-dg): 6 54.3 (CH), 120.5 (CH), 123.9 (CH), 126.1 (C), 127.0 (2 x)CH28.3 (CH),
129.0 (2 x CH), 130.1 (CH), 130.8 (CH), 131.2 (€31.9 (C), 134.8 (C), 136.0 (CH), 140.1 (C),
150.1 (CH), 151.9 (C), 154.0 (C). LC/MS: m/z 324 HV1]. Anal. Calcd. for gH12CIN3O: C,
67.19; H, 3.76; N, 13.06; found C, 67.06; H, 3.5H412.84.

4.1.7.2. 5-chloro-1-ethyl-3-phenylpyrido[2,3-g]qokalin-2(1H)-one 14b) and 5-chloro-2-ethoxy-
3-phenylpyrido[2,3-g]quinoxalinelpb)

14b was obtained in 71 % vyield by the protocol destiin the general procedure starting frbm
(492 mg, 1.60 mmol), GEOG; (521 mg, 1.60 mmol) and diethyl sulfate(284 md@4lmmol) in
DMF (10 mL) for 4h; the mixture was purified byisd gel column chromatography eluting with a
9:1 mixture of ethyl ether/methanol; m.p. 252-283(from EtOH); TLC (petroleum ether/aceton
8.5:1.5): R0.70; IR (nujol){ 1664, 1597 cih; *H NMR (CDCk): ™ 'H NMR (DMSO-ds): ™ 9.00
(1H, s, H-7), 8.51 (1H, d, J = 7.6 Hz, H-9), 8.28i(m, H-2', 6'), 8.09 (1H, s, H-10), 7.60 (4H, m,
H-8, H-3', 4’, 5"), 4.38 (2H, q, J = 6 Hz, GH 1.48 (3H, s, t, J = 7.2 Hz, GH®*C-NMR (DMSO-
de): 8 11.9 (CH), 37.6 (CH), 109.3 (CH), 123.1 (CH), 127.9 (2 x CH), 128.3,(C29.0 (2 x CH),
130.9 (C), 131.0 (CH), 131.2 (C), 132.6 (C), 13&5, 136.2 (CH), 139.9 (C), 151.0 (CH), 153.1
(C), 154.8 (C). LC/MS: m/z 338 [M + 1]. Anal. Calcfbr CigH1.CINsO: C, 67.96; H, 4.20; N,
12.51; found C, 68.31; H, 4.08; N, 12.88.

15b was obtained froml in 23 % yield by the protocol above described. M§0-162 °C (from
EtOH); TLC (petroleum ether/aceton 8.5:1.5):(38; IR (nujol):{ 1733, 1669 ci; 'H NMR
(DMSO-dg): ™ 9.04 (1H, d, J = 4.2 Hz, H-7), 8.51 (1H, d, J 4 Bz, H-9), 8.27 (1H, s, H-10), 8.17
(2H, m, H-2', 6"), 7.48 (4H, m, H-8, H-3’, 4’, 5’4.55 (2H, 9, J = 6.8 Hz, G} 1.33 (3H, t, J = 6.8
Hz, CHs). *C-NMR (DMSO«e): 5 13.9 (CH), 63.3 (CH), 122.2 (CH), 122.7 (CH), 127.8 (C),
128.18 (2 x CH), 128.8 (C), 129.9 (2 x CH), 130§, 131.0 (CH), 131.2 (C), 132.6 (C), 135.5
(C), 136.2 (CH), 139.9 (C), 151.0 (CH), 153.1 (€%4.8 (C). LC/MS: m/z 338 [M + 1]. Anal.
Calcd. for GgH14CIN3O: C, 67.96; H, 4.20; N, 12.51; found C, 67.634t08; N, 12.22.

4.1.7.3. 5-chloro-1-(4-nitrobenzyl)-3-phenylpyri@d-g]quinoxalin-2(1H)-one 14e) and 5-chloro-
2-(4-nitrobenzyloxy)-3-phenylpyrido[2,3-g]quinoxadi (L5€)

14e was obtained in 67 % yield by the protocol destiin the general procedure starting frbm
(492 mg, 1.60 mmol), GEO; (521 mg, 1.60 mmol) and 1-(chloromethyl)-4-nitrobene (806 mg,



4.70 mmol) in DMF (10 mL) for 4h; the mixture wagrified by silica gel column chromatography
eluting with a 9:1 mixture of ethyl ether/methanol;p. 268-270 °C (from EtOH); TLC (petroleum
ether/aceton 8.5:1.5):¢(M.61; IR (nujol):3 1652, 1602 cm; *H NMR (CDCk): ™ 'H NMR
(DMSO-dg): ™ 9.09 (1H, d, J = 4.4 Hz, H-7), 8.51 (1H, d, J 2 Mz, H-9), 8.61 (2H, m, H-2', H-6’
Ph), 8.22 (2H, d, J = 8.0 Hz, H-3’, H-5' benzyl)18 (1H, s, H-10),7.69 (2H, d, J = 8.4 Hz, H-2,
H-6' benzyl), 7.60 (4H, m, H-8, H-3", H-4', H-5' Bh7.28, 5.75 (2H, s, CHl *C-NMR (DMSO-
ds): 8 45.5 (CH), 109.6 (CH), 123.2 (CH), 123.6 (2 x CH), 128.0x(ZH), 128.1 (2 x CH), 128.8
(C), 130.0 (2 x CH), 131,1 (C), 131.15 (CH), 131Cj, 132.9 (C), 135.9 (C), 136.1 (CH), 140.1
(C), 143.4 (C), 146.7 (C), 151,1 (CH), 153.8 (34D (C). LC/MS: m/z 445 [M + 1]. Anal. Calcd.
for Co4H15CIN4Os: C, 65.09; H, 3.41; N, 12.65; found C, 64.91; F2& N, 12.39.

15e was obtained fronl in 7 % vyield by the protocol above described. M2@1-223 °C (from
EtOH); TLC (petroleum ether/aceton 8.5:1.5): (R25; IR (nujol):{ 1698, 1642 c; 'H NMR
(DMSO-dg): ™ 9.19 (1H, d, J = 4.4 Hz, H-7), 8.73 (2H, m, H8&6’ Ph), 8.45 (2H, d, J = 8.6 Hz,
H-3’, H-5" benzyl), 8.10 (1H, d, = 8.2 Hz, H-9),@-7.85 (5H, m, H-8, H-10, H-3", H-4’, H-5' Ph),
7.36 (2H, d, J = 8.6 Hz, H-2', H-6’ benzyl), 5.9H, s, CH). *C-NMR (DMSO-dq): § 51.9 (CH),
121.8 (CH), 124.1 (CH), 124.0 (2 x CH), 126.8 (€27.6 (2 x CH), 128.6 (2 x CH), 128.6 (CH),
129.1 (2 x CH), 131.4 (C), 131.8 (C), 135.0 (C)7.B3(C), 136.4 (CH), 138.6 (C), 142.6 (C), 144.1
(C), 146.6 (C), 150.3 (CH), 153.3 (C). LC/MS: mAAM + 1]. Anal. Calcd. for gH;1sCIN4Os: C,
65.09; H, 3.41; N, 12.65; found C, 64.91; H, 3.8312.88.

4.1.7.4. 2-(5-chloro-2-oxo-3-phenylpyrido[2,3-g]gokalin-1(2H)-yl)acetonitrile 14c)

To a solution of the 5-chloro-3-phenylpyrido[2,33gjnoxalin-2(1H)-oneX) (492 mg, 1.60 mmol)

in 2-chloroacetonitrile (12.63 mL) was added@3S; (658 mg, 2.02 mmol). The reaction was
stirred at 60°C for 1h and then allowed to coaldom temperature. Water (50 mL) was added and
the resulting precipitate was collected by filtoati washed with water and dried in a oven to give a
crystalline solid. Yield: 95 %:; m.p. 293-295 °Cafin EtOH); IR (nujol):{ 1653, 1602 cf; 'H
NMR (DMSO-dg): ™ H NMR (DMSO-dg): ™ 9.09 (1H, d, J = 4.4 Hz, H-7), 8.55 (1H, d, J 6 8.
Hz, H-9), 8.39-8.26 (2H, m, H-2’, H-6"), 8.24 (1ld, H-10), 7.75 (1H, dd, J = 8.6 Hz and J = 4.4
Hz, H-8), 7.60-7.44 (3H, m, H-3', 4', 5), 4.08 (214, CH). **C-NMR (DMSO-dg): & 30.8 (CH),
109.2 (CH), 115.2 (C), 123.6 (CH), 128.11 (2 x CH)8.8 (C), 129.9 (2 x CH), 130.8 (C), 131.3
(CH), 133.1 (C), 135.0 (C), 136.14 (CH), 140.4 (©§1.4 (CH), 153.0 (C), 154.5 (C). LC/MS: m/z
349 [M + 1]. Anal. Calcd. for gH1:CIN4O: C, 65.81; H, 3.20; N, 16.16; found C, 65.54;3#2;

N, 16.02.



4.1.7.5. 1-benzyl-5-chloro-3-phenylpyrido[2,3-g]gokalin-2(1H)-one X4d)

This compound was obtained in 30 % yield by thetqual described in the general procedure
starting from1 (492 mg, 1.60 mmol), GE€0Os; (521 mg, 1.60 mmol) and (bromomethyl)benzene
(1209 mg, 0.84 mL, 7.07 mmol) in DMF (10 mL) for;4h.p. 228-230 °C (from EtOH); IR (nujol):
{1663, 1597 ci; *H NMR (DMSO-<ds): ™ 9.06 (1H, d, J = 4.4 Hz, H-7), 8.62 (2H, m, H-Fh)|2
(1H, d, J = 8.2 Hz, H-9), 7.50-7.30 (10H, m, H-81B, H-Ph + benzyl), 5.56 (2H, s, QHC-
NMR (DMSO-dg): & 45.7 (CH), 109.8 (CH), 123.1 (CH), 126.9 (2 x CH), 127.3H()C128.0 (2 x
CH), 128.4 (2 x CH), 128.6 (CH), 129.8 (2 x CH),1.13B(C), 131.6 (C), 132.8 (C), 135.4 (C), 136.1
(©), 139.9 (C), 151,08 (CH), 153.7 (C), 154.9 (CE/MS: m/z 400 [M + 1]. Anal. Calcd. for
Co4H16CIN3O: C, 72.45; H, 4.05; N, 10.56; found C, 72.153t87; N, 10.26.

4.1.8. General procedure for the preparation of Heco-1-methyl-3-phenylpyrido[2,3-
g]quinoxalin-2(1H)-ones 16-18) and the 5-chloro-2-methoxy-3-phenylpyrido[2,3gjtpxalines
(19-212).

To a mixture of the opportune 5-chloro-3-(thiopHeghpyrido[2,3-g]quinoxalin-2(H)-one @),
prepared as above reported, (502 mg, 1.60 mmdignzyl-5-chloropyrido[2,3-g]quinoxalin-2ki)-
one @) [1] (515 mg, 1.60 mmol), and 5-chloro-3-isoprapyido[2,3-g]quinoxalin-2(H)-one @)
[13] (438 mg, 1.60 mmol) and one mole equivalent G&CO; in anhydrous N,N-
dimethylformammide (10 mL) was dropwise added aceex of dimethyl sulfate (393 mg, 3.12
mmol) in N,N-dimethylformammide (10 mL). The mixéuwas stirred at 60°C for 16h, then allowed
to cool to room temperature and water (50 mL) waded. The resulting precipitates were collected
by filtration, washed with water and the crude prctd were purified by flash chromatography using
a mixture of ethyl ether/methanol 95:5 as eluertte TL.-methyl-pyrido[2,3-g]quinoxalin-2(1H)-
ones(6-18) were obtained associated with the 2-methoxy-py#B-g]quinoxalines(9-21)

respectively.

4.1.8.1. 3-benzyl-5-chloro-1-methylpyrido[2,3-g]gokalin-2(1H)-one 16) and 3-benzyl-5-chloro-
2-methoxypyrido[2,3-g]quinoxalined.9)



16 was obtained in 26 % yield by the protocol desdilin the general procedure starting frédm
[13]. M.p. 275-277 °C (from EtOH); IR (nujolj: 3315, 1652, 1607 cfip 'H NMR (DMSO-dg): ™
9.56 (1H, d, J = 4.6 Hz, H-7), 9.35 (1H, d, J = B H-9), 9.01 (1H, s, H-10), 8.61 (2H, m, H-2,
6'), 7.89 (1H, dd, J = 8.6 and 4.6 Hz, H-8), 7.3H(m, H-3', 4’, 5'), 3.84 (2H, s, C}), 3.60 (3H, s,
CHs). ®C-NMR (DMSO<g): § 37.5 (CH), 44.8 (CH), 109.3 (CH), 123.5 (CH), 125.3 (CH), 126.1
(C), 127.8 (C), 128.4 (2 x CH), 128.9 (2 x CH), IB{C), 133.5 (CH), 134.1 (C), 136.1 (C), 140.6
(C), 145.8 (CH), 154.6 (C), 155.3 (C). LC/MS: m&83[M + 1]. Anal. Calcd. for @H1.CIN;O: C,
67.96; H, 4.20; N, 12.51; found C, 67.67; H, 4.R7,12.27.

19 was obtained fron2in 23 % yield by the protocol above described. MLp8-160 °C (from
EtOH); IR (nujol):{ 3306, 1643 ci; 'H NMR (DMSO-dg): ™ 9.71 (1H, d, J = 4.6 Hz, H-7), 9.38
(1H, d, J = 8.6 Hz, H-9), 8.95 (1H, s, H-10), 8(8H, m, H-2', 6), 7.96 (1H, dd, J = 8.6 and 4.6,Hz
H-8), 7.71 (3H, m, H-3', 4, 5), 4.18 (3H, s, GK3.82 (2H, s, Ch). **C-NMR (DMSOds): & 44.6
(CHy), 49.8 (CH), 109.6 (CH), 123.7 (CH), 125.6 (CH), 126.8 (381 (2 x CH), 128.9 (C), 130.2
(2 x CH), 132.4 (C), 135.3 (C), 136.6 (C), 135.#JC139.5 (C), 147.5 (CH), 150.6 (C), 181.5 (C).
LC/MS: m/z 338 [M + 1]. Anal. Calcd. for {gH14CIN3O: C, 67.96; H, 4.20; N, 12.51; found C,
68.25; H, 4.07; N, 12.81.

4.1.8.2. 5-chloro-3-isopropyl-1-methylpyrido[2,3egiinoxalin-2(1H)-one X7) and 5-chloro-3-
isopropyl-2-methoxypyrido[2,3-g]quinoxalingQ)

17 was obtained, in 27 % yield by the protocol dézextiin the general procedure starting frem
[13]. M.p. 261-263 °C (from EtOH); IR (nujol}: 3319, 1632 ci; *H NMR (DMSO-ds): ™ 8.71
(1H, d, J = 4.0 Hz, H-7), 8.38 (1H, d, J = 7.2 H29), 7.91 (1H, s, H-10), 7.74 (1H, dd, J = 7.2 and
4.0 Hz, H-8), 3.61 (1H, m, CH), 3.48 (3H, s, N4JHL.32 (6H, d, J = 6.4 Hz, 2 x GH™C-NMR
(CDCly): 8 18.2 (2 x CH), 37.8 (CH), 39.6 (CH), 109.3 (CH), 123.3 (CH), 125.1 (C),712(C),
133.2 (CH), 134.3 (C), 135.2 (C), 140.9 (C), 14&81), 154.6 (C), 155.2 (C). LC/MS: m/z 290 [M
+ 1]. Anal. Calcd. for @H14CIN3O: C, 62.61; H, 4.90; N, 14.60; found C, 62.38480; N, 14.34.

20 was obtained fron8 in 18 % vyield by the protocol above described. NI§8-155 °C (from
EtOH); IR (nujol):{ 3342, 1629 ci; 'H NMR (DMSO-dg): ™ 8.64 (1H, d, J = 4.0 Hz, H-7), 8.60
(1H, d, J = 7.2 Hz, H-9), 8.04 (1H, s, H-10), 7(&#, dd, J = 7.2 Hz and J = 4.0, H-8), 4.21 (s, 3H,
OCHg), 3.61 (1H, m, CH), 1.32 (6H, d, J = 6.4 Hz, 2 M4 *C-NMR (DMSO-dg): & 19.2 (2 x
CHg), 39.7 (CH), 54.1 (Chj, 123.0 (CH), 124.9 (C), 126.9 (CH), 128.3 (C)2B3(CH), 135.2 (C),



136.1 (C), 142.0 (C), 147.6 (C), 149.3 (CH), 188 LC/MS: m/z 290 [M + 1]. Anal. Calcd. for
C15H14CIN3O: C, 62.61; H, 4.90; N, 14.60; found C, 62.575H,2; N, 14.91.

4.1.8.3. 5-chloro-1-methyl-3-(thiophen-2-yl)pyri@g-g]quinoxalin-2(1H)-one 18) and 5-chloro-
2-methoxy-3-(thiophen-2-yl)pyrido[2,3-g]quinoxali(fl)

18 was obtained in 30 % yield by the protocol desttilin the general procedure starting frdm
M.p. 247-249 °C (from EtOH); IR (nujol}: 3300, 1652 cf; *H NMR (CDCk): ™ 9.01 (1H, d, J =
4.0 Hz, H-7), 8.50 (1H, d, J = 7.0 Hz, H-5"), 84H, d, J = 8.0 Hz, H-9), 8.04 (1H, s, H-10), 7.96
(AH, d, J = 4.2 Hz, H-3'), 7.67 (1H, dd, J = 8.@ah0 Hz, H-8), 7.31 (1H, dd, J = 7.0 and 4.2 Hz,
H-4"), 3.77 (3H, s, Ch. *C-NMR (CDCE): & 41.58 (CH), 109.4 (CH), 122.6 (CH), 124.0 (C),
125.1 (CH), 125.7 (C), 127.2 (CH), 127.5 (CH), 2{C), 132.7 (CH), 134.4 (C), 135.7 (C), 140.2
(C), 145.6 (CH), 153.8 (C), 157.6 (C). LC/MS: m&0O3M + 1]. Anal. Calcd. for gH10CIN3OS: C,
58.63; H, 3.07; N, 12.82; found C, 58.96; H, 2.81,12.68.

21was obtained fron# in 13 % vyield by the protocol above described. MLp8-150 °C (from
EtOH); IR (nujol):3 3321, 1663 cit, *H NMR (CDCL): ™ 9.07 (1H, d, J = 4.4 Hz, H-7), 8.34 (1H,
d, J=7.0 Hz, H-5"), 8.32 (1H, d, J = 8.0 Hz, H-8)07 (1H, s, H-10), 7.61 (1H, d, J = 4.2 Hz, }-3’
7.41 (1H, dd, J = 8.0 and 4.4 Hz, H-8), 7.15 (1#, &= 7.0 and 4.2 Hz, H-4’), 4.23 (3H, s, §H
¥C-NMR (CDCE): § 54.26 (CH), 109.1 (CH), 124.0 (CH), 125.8 (C), 126.3 (CH)B (C), 128.3
(CH), 128.6 (CH), 129.1 (C), 134.2 (CH), 136.6 (C38.2 (C), 139.8 (C), 144.9 (C), 149.4 (CH),
158.2 (C). LC/MS: m/z 330 [M + 1]. Anal. Calcd. f@¢H10CIN3OS: C, 58.63; H, 3.07; N, 12.82;
found C, 59.01; H, 2.86; N, 12.94.

4.2. Biology

4.2.1 Test compounds

Compounds were dissolved in DMSO at 100 mM, and thikted in culture medium.
4.2.2. Cells and Viruses

Cell lines were purchased from American Type Celt@ollection (ATCC). The absence of
mycoplasma contamination was checked periodicallfHe Hoechst staining method. Cell lines

supporting the multiplication of RNA and DNA virusevere the following: CD4human T-cells



containing an integrated HTLV-1 genome (MT-4); Madarby Bovine Kidney (MDBK) [ATCC
CCL22 (NBL-1) Bos Taurus Baby Hamster Kidney (BHK-21) [ATCC CCL10 (C-13)
Mesocricetusauratdsand Monkey kidney (Vero 76) [ATCCCRL 158ZercopithecusAethiops
Viruses were purchased from American Type CultuodleCtion (ATCC), with the exception of
Yellow Fever Virus (YFV) and Human Immunodeficiendyirus type-1 (HIV-1). Viruses
representative of positive-sense single stranded<R{$sRNA) were: (i) Retroviridae the g
laboratory strain of HIV-1, obtained from the supsant of the persistently infected H3lktells
(NIH 1983); (ii) Flaviviridae: yellow fever virus (YFV) [strain 17-D vaccine €baril Pasteur
JO7B01)] and bovine viral diarrhoea virus (BVDV)trien NADL (ATCC VR-534)]; (iii)
Picornaviridae human enterovirus B [coxsackie type B5 (CV-BSjais Faulkner, (ATCC VR-
185)], and human enterovirus C [poliovirus typeSb-l), Sabin strain Chat (ATCC VR-1562)].
Viruses representative of negative-sense, singidéd RNAs (ssRNA-) were: (iv)
Paramyxoviridae human respiratory syncytial virus (RSV) [strair2 AATCC VR-1540)]; (v)
Rhabdoviridae vesicular stomatitis virus (VSV) [lab strain ladia (ATCC VR 158)]. The virus
representative of double-stranded RNAs (dsRIRapviridaewas reovirus type-1 (Reo-1) [simian
virus 12, strain 3651 (ATCC VR- 214)]. DNA viruspresentatives were: (Vijoxviridae vaccinia
virus (VV) [strain Elstree (Lister Vaccine) (ATCCR¥1549)]; and (vii)Herpesviridae human
herpesvirus 1 (HSV-1) [strain KOS (ATCC VR- 1493)].

4.2.3. Cytotoxicity Assays

Cytotoxicity assays were run in parallel with amtV assays. Exponentially growing MT-4 cells
were seeded at an initial density of 1XX®lls/mL in 96-well plates in RPMI-1640 medium,
supplemented with 10% foetal bovine serum (FBSY afits/mL penicillin G and 100 mg/mL
streptomycin. Cell cultures were then incubate87afC in a humidified, 5% CfQatmosphere, in
the absence or presence of serial dilutions ofc@stpounds. Cell viability was determined after 96
h at 37 °C by the 3-(4,5- dimethylthiazol-2-yl)-Zjphenyl-tetrazolium bromide (MTT) method
[39]. MDBK and BHK cells were seeded in 96-well ek at an initial density of 6x1@nd 1x16
cells/mL, respectively, in Minimum Essential Mediwmth Earle’s salts (MEM-E), L-glutamine, 1
mM sodium pyruvate and 25 mg/L kanamycin, suppleésemvith 10% horse serum (MDBK) or
10% foetal bovine serum (FBS) (BHK). Cell culturesre then incubated at 37 °C in a humidified,
5% CQ atmosphere in the absence or presence of sdu#ibds of test compounds. Cell viability
was determined after 72 hrs at 37 °C by the MTThoe{39]. Vero-76 cells were seeded in 96-
well plates at an initial density of 4x1@ells/mL, in Dulbecco’s Modified Eagle Medium (D-



MEM) with L-glutamine and 25 mg/L kanamycin, suppkented with 10% FBS. Cell cultures were
then incubated at 37 °C in a humidified, 5% Jfmosphere in the absence or presence of serial
dilutions of test compounds. Cell viability was elehined after 48-96 h at 37 °C by the MTT
method.

4.2.4. Antiviral assays

Antiviral activity against HIV-1 was based on inhibn of virus-induced cytopathogenicity in MT-
4 cells acutely infected with a multiplicity of edtion (m.o.i.) of 0.01. Briefly, 50 uL of RPMI
containing 1x1MT-4 cells were added to each well of flat bottorizrotitre trays, containing 50
puL of RPMI without or with serial dilutions of tesbmpounds. Then, 20 pL of a HIV-1 suspension
containing 100 CCIEywere added. After a 4-day incubation at 37 °C, wability was determined
by the MTT method. Antiviral activity against YF\hd Reo-1 was based on inhibition of virus-
induced cytopathogenicity in BHK-21 cells acutehfeccted with am.o.i. of 0.01. Activity of
compounds activity against BVDV was based on intabiof virus-induced cytopathogenicity in
MDBK cells acutely infected with am.o.i. of 0.01ri&fly, BHK and MDBK cells were seeded in
96-well plates at a density of 5¥18nd 3x10 cells/well, respectively, and were allowed to form
confluent monolayers by incubating overnight inwgito medium at 37 °C in a humidified GO
(5%) atmosphere. Cell monolayers were then infegtgéd 50 uL of a proper virus dilution in
maintenance medium [MEM-Earl with L-glutamine, 1 m#bdium pyruvate and 0.025 g/L
kanamycin, supplemented with 0.5% inactivated F®Sjive an m.o.i of 0.01. After 2 hrs, 50 pL
of maintenance medium, without or with serial ddas of test compounds, were added. After a 3-
/4-day incubation at 37 °C, cell viability was deténed by the MTT method [39].

Antiviral activity against CVB-5, Sb-1, VV, HSV-IYSV and RSV was determined by plague
reduction assays in infected cell monolayers. Tie émd, Vero 76-cells were seeded in 24-well
plates at a density of 2x16ells/well and were allowed to form confluent miayers by incubating
overnight in growth medium [Dulbecco’s Modified Eadgledium (D-MEM) with L-glutamine and
4500 mg/L D-glucose and 0.025 g/L kanamycin, supplated with 10% FBS] at 37 °C in a
humidified CQ (5%) atmosphere. Then, monolayers were infecte@ flo with 250 pL of proper
virus dilutions to give 50 to 100 PFU/well. Follows removal of unadsorbed virus, 500 pL of
maintenance medium [D-MEM with L-glutamine and 43%00/L Dglucose, supplemented with 1%
inactivated FBS] containing 0.75% methylecelluloséthout or with serial dilutions of test
compounds, were added. Cultures were incubated &CJor 2 (Sb-1 and VSV), 3 (CVB-5, VWV



and HSV-1) or 5 days (RSV) and then fixed with P&®itaining 50% ethanol and 0.8% crystal

violet, washed and air-dried. Plaques were themteal

4.2.5. Linear regression analysis

The extent of cell growth/viability and viral muydtication, at each drug concentration tested, were
expressed as percentage of untreated controls.e@tations resulting in 50% inhibition (G&or

ECs0) were determined by linear regression analysis.

4.2.6. HCV replicon assay

A human hepatoma cell line (Huh-7) bearing the Hg&otype 1b replicon (GS4.1 cells), kindly
provided by C. Seeger (Fox Chase University, Phijglda, PA, USA) through Idenix
Pharmaceuticals, was grown in D-MEM supplementeth WD% FBS, 2 mM L-glutamine, 110
mg/L sodium pyruvate, 0.1 mM non-essential aminasgc100 U/mL penicillin, 100 pg/mL
streptomycin and 0.5 mg/mL G418 (Invitrogen). Foselresponse testing, GS4.1 cells were seeded
in 96-well plates at a density of 7.5 x®1¢ells/well in 50 pL medium containing twofold s#ri
dilutions of test compounds (highest concentrati@uM). Huh-7 cells lacking the HCV replicon
served as negative controls. Plates were then atedtfor 72 h at 37°C in a humidified, 5% £0O
incubator. Inhibition of HCV replication was measdrby quantification of the viral NS4A protein
using an enzyme-linked immunosorbent assay (ELE&Apllows: plates were fixed for 1 min with
1:1 acetone—methanol, washed twice with PBS contgifi.1% Tween 20, left for 1 h at room
temperature with TNE buffer containing 10% FBS, #meh incubated for 2 h at 37°C with the anti-
NS4A mouse monoclonal antibody A-236 (ViroGen, Waten, MA, USA) diluted in the same
buffer. After three washes with PBS containing 0.T%een 20, plates were incubated for 1 h at
37°C with anti-mouse immunoglobulin G-peroxidasenjugate in TNE buffer containing 10%
FBS. After further washing as above, the reacti@s @Weveloped with phenylenediamine (Zymed,
San Francisco, CA, USA). The reaction was stopyied 80 min with 2 N H2SO4 and absorbance
was determined at 492 nm using a Sunrise Tecanh@dur NC, USA) spectrophotometer. 4C
values were determined from % inhibition vs compbuaoncentration data, using a sigmoidal non-
linear regression analysis based on four parameteith a Tecan Magellan software. For
cytotoxicity evaluation, Huh-7 and GS4.1 cells weeated with compounds as described above,

and cellular viability was monitored using the Citier 96 Aqueous One Solution cell proliferation



assay (Promega). G& values were determined from the % cytotoxicity susr compound

concentration data with Tecan Magellan softwarelestribed above.
4.2.7. Expression of the BVDV-NS5BD24 polymerase

Expression and purification of BVDV-NS224 polymerase were performed as described in detall
in our previous work [13]. In brief, the expressiasmid encoding the His-tagged C-terminal 24-
aminoacid-deleted BVDV-NS5B was introduced intee tEscherichia coli strain Rosetta™
2(DE3)pLysS (Novagene) by chemical transformatidmansformant bacteria were cultured
overnight at 30 C in 5 mL of lysogeny broth (LB)glemented with 25ig/mL kanamycin and 30
pg/mL chloramphenicol. Cultures were then dilutet ib L of LB medium additivated by the same
guantities of the two antibiotics, and incubate@@&iC until the A600 reached 0.6-0.7. The culture
was then induced overnight with 1 mM isoprofy>-thiogalactopyranoside, after which cells were

harvested by centrifugation and stored at 80 G patification.
4.2.8. Purification of NS5B proteins

Cell pellets were thawed and immediately lysedh®y addition of 10 mL of CelLytic B (Sigma).
Insoluble material was removed by centrifugatiorl&t000 rpm for 60 min at 4 C. The soluble
extract was applied to a 5-mL column of nickel-tutriacetic acid—agarose (Qiagen), previously
equilibrated with the lysis buffer (50 mM NalPO,, 300 mM NacCl, 10 mM imidazole, pH 8.0). The
column was washed extensively with the wash bu@BeérmM NahPQO, 300 mM NaCl, 20 mM
imidazole, pH 8.0) and the protein was eluted stepwvith the elution buffer containing increasing
concentration of imidazole (50 mM NaPy, 300 mM NaCl, 50-250 mM imidazole, pH 8.0). The
polypeptide composition of each column fraction wasnitored via Coomassie-stained SDS—
PAGE analysis. Fractions enriched in pure 6xHiggagNS5B protein, recovered in the 130-250
mM imidazole eluates, were pooled and dialyzedresja buffer containing 25 mM Tris—HCI, pH
7.5, 2.5 mM MgCJ, 1 mM dithiothreitol, and 50% glycerol. Proteinncentration was determined
by the micro-Bradford method (Bio-Rad) using BoviSerum Albumin (BSA) as standard.
Following dialysis, the purified 6xHis-tagged BVDNS5BA24 protein was divided into aliquots
and stored at -80 C.

4.2.9 RNA-dependent RNA polymerase assay

Enzyme assays were performed in 96-well platesgudid pg/mL poly(rC) (GE Healthcare,
formerly Amersham Biosciences) as template, {@AnL oligo(rG)12 (Invitrogen) as primer, and

80 uM GTP (Invitrogen) as substrate, in a |20 reaction mixture containing 20 mM Tris/HCI, pH



7.0, 1 mM dithiothreitol, 25 mM NacCl, 20 U/mL RNagjPromega), 5 mM MgG|5% DMSO, 5%
glycerol, and 500 ng of the purified protein. Afesizyme/drug pre-incubation for 30 min at room
temperature, reactions were started by the addaioGTP. One microliter of three-fold serial
dilutions of test compounds in DMSO 0.5% were ada@etl the samples were incubated for 120
min at 37 C (BVDV-NS5R24). DMSO alone or the nucleotide analog 30-deoaygsine-50-
triphosphate (30-dGTP) (tebu-bio) were used as tivegand positive controls, respectively.
Reactions were stopped by addingul of 200 mM EDTA. 138 microliters of the PicoGreen
Quantitation Reagent Molecular Probes diluted 1i84bE (Tris’/EDTA) buffer were added to each
sample, followed by incubation for 5 min at roormteerature in the dark. After excitation at 480
nm, fluorescence was measured at 520 nm in a Boeree microplate reader (Infinite F200,
Tecan). Effective fluorescence was calculated bytragting the mean fluorescence of the blank
samples and by converting it into % of activity.ré&nt of residual activity was then plotted vs
compound concentrations. Dose-response curves fitesgith GraphPad Prism (v. 6.00 for
Windows, GraphPad Software, La Jolla California Wspbtain the drug concentration providing
50% inhibition (1Go).

4.3. Computational details

All simulations were carried out using tlmemdmodules of Amber 14 [40], running on own
CPU/GPU calculation cluster. The entire MD simwaatand data analysis procedure was optimized
by integrating Amber 14 in modeFRONTIER, a multuinary and multiobjective optimization
and design environment [41]. Molecular graphicsgesmwere produced using the UCSF Chimera
package (v.1.10) [42]. The interaction spectr&igure 2A and3A were obtained using GraphPad
Prism version 6.00 for Mac OS X Yosemite, GraphBaftware, La Jolla California USA.

4.3.1. Docking procedure

The optimized structures of selected compoukds14a, 15a, 16-18 and19-21 were docked into
the BVDV RdRp binding pockets using the optimizédicture of the RdRp of BVDV taken from
our previous work [23-29]. All docking experimentgre performed with Autodock 4.3/Autodock
Tools 1.4.6 [43] on a win64 platform. The resultidgcked conformations were clustered and
visualized; then, in the absence of any relevaydtalographic information, the structure of each
resulting complex characterized by the lowest Aatddinteraction energy in the prevailing cluster

was selected for further modeling.

4.3.2. Molecular Dynamics simulation



The inhibitor/RdRp complex obtained from the dogkprocedure was further refined in Amber 14
[40] using the quenched molecular dynamics (QMD)hoeé as previously described [23-38].
According to QMD, the best energy configurationeaich complex resulting from this step was
subsequently solvated by a cubic box of TIP3P jMafer molecules extending at least 10 A in each
direction from the solute. The system was neugdliand the solution ionic strength was adjusted
to the physiological value of 0.15 M by adding tleguired amounts of Naand Cl ions. Each
solvated system was relaxed by 500 steps of steelpssent followed by 500 other conjugate-
gradient minimization steps and then gradually éet&bd a target temperature of 300 K in intervals
of 50 ps of NVT MD, using a Verlet integration tinseep of 1.0 fs. The Langevin thermostat was
used to control temperature, with a collision fremey of 2.0 ps. The protein was restrained with a
force constant of 2.0 kcal/((mol A), and all simidas were carried out with periodic boundary
conditions. Subsequently, the density of the systexs equilibrated via MD runs in the isothermal-
isobaric (NPT) ensemble, with isotropic positiomlgty and a pressure relaxation time of 1.0 ps,
for 50 ps with a time step of 1 fs. All restraiois the protein atoms were then removed, and each
system was further equilibrated using NPT MD run30® K, with a pressure relaxation time of 2.0
ps. Three equilibration steps were performed, ehcls long and with a time step of 2.0 fs. To
check the system stability, the fluctuations of tte®t-mean-square-deviation (rmsd) of the
simulated position of the backbone atoms of the BMRIRp protein with respect to those of the
initial protein were monitored. All chemicophysigadrameters and rmsd values showed very low
fluctuations at the end of the equilibration pragemdicating that the systems reached a true
equilibrium condition. The equilibration phase walowed by a data production run consisting of
50 ns of MD simulations in the canonical (NVT) eméde. Only the last 20 ns of each equilibrated
MD trajectory were considered for statistical detdlections. A total of 1000 trajectory snapshots

were analyzed the each molecule/polymerase complex.
4.3.3. Free energy of binding analysis

The binding free energyAGping, between the selected compounds and the BVDV RdBRp
estimated by resorting to the MM/PBSA approach engnted in Amber 14. According to this
well validated methodology [23-38], the free enemggs calculated for each molecular species

(complex, protein, and ligand), and the bindingfemergy was computed as the difference:

AGping= C':'complex— (Gprotein + G|igand) = AEum + AGgq - TAS

in which AEyw represents the molecular mechanics enex@e includes the solvation free energy

and TAS is the conformational entropy upon ligand bindimbe per residue binding free energy



decomposition was performed exploiting the MD tcépey of each given compound/BVDV RdRp
complex, with the aim of identifying the key reseduinvolved in the ligand/protein interaction.
This analysis was carried out using the MM/GBSArapph [45, 46], and was based on the same

snapshots used in the binding free energy caloulati
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CAPTIONS

Fig. 1. Chemical structure of lead compourig4.

Fig. 2. Dose-response curve for compo@idbtained fromn vitro enzyme assay with the BVDV
RNA-dependent RNA polymerase.

Fig.3. (A) Overall representation of the BVDV RdRp molecidarface with compounl docked
into the protein putative binding site. The inhdbiis in orange sphere representation while the
protein is represented by its different domaindlgipted by different colors as follows: N-terminal
(residues 92-138, red), Finger domain 1 (139-318, gray), Palm domain 1 (314-350, green),
Finger domain 2 (351-410, dark slate gray), Palmaia 2 (411-500, spring green), and Thumb
domain (501-679, dark slate blueB)(Details of compoun®l in the RdRp binding pocket.
Compound2l is depicted as atom-colored sticks-and-balls (@y,gN, blue, Cl, green, S, yellow)
Hydrogen bonds are highlighted as black brokerslifidne side chains of all residues that form the
primary binding pocket interacting will are highlighted as colored sticks: A221, 1261,712td
Y289, medium purple; R296, spring green; V216, Y,30306, K307, P408 and A412, magenta;
S411, chartreuse; Y674, green. In both panels, dyair atoms, water molecules, ions and
counterions are omitted for clarity.

Fig. 4. (A) Comparison of the per residue binding enthalpyod®ositionAHping resfOr compounds

4, 18, and21 in complex with the BVDV RdRp. Critical receptasidues are clustered according
to the specific underlying interactionstC (hydrophobic cavity) andHB (hydrogen bond) (see
legend and main text for more detaildp) (Superposition of equilibrated MD snapshots of the
BVDV RdRp in complex witl21 (firebrick) and4 (cyan). Hydrogen atoms, water molecules, ions
and counterions are omitted for clarity.

Fig. 5. (A) Comparison of per residue binding enthalpy deamstijon for compound45a, 19, 20,
and?21 in complex with the BVDV RdRp. Critical receptasidues are clustered according to the
specific underlying interactionsiC (hydrophobic cavity) an#iB (hydrogen bond). (see the legend
and main text for more details)B) Superposition of equilibrated MD snapshots of BM¥DV
RdRp in complex witt21 (firebrick) and20 (olive drab). Hydrogen atoms, water moleculession
and counterions are omitted for clarity.

Fig. 6. (A) Comparison of the per residue binding enthalpyodgositionAHping resfOr compounds
21-25 in complex with the BVDV RdRp. Critical receptarsidues are clustered according to the
specific underlying interactionsiC (hydrophobic cavity) an#iB (hydrogen bond) (see legend and
main text for more details)Bj Superposition of equilibrated MD snapshots of B’MDV RdRp in
complex with21 (firebrick) and25 (dark slate blue). Hydrogen atoms, water molecutes and
counterions are omitted for clarity.



Scheme 1. Synthesis of lead compoudd(i) H,SO, 10%, 60°C, 1h.

Scheme 2. Synthesis of compoundia-c, 10b, 11a-c, 12b, and13c. Reagents and conditions) (
DMF, 100°C, 8h.if) 10% Pd/C, H, EtOH. {ii) EtOH, reflux for 2 h to 12 h.

Scheme 3. Synthesis of compoundBla-e and 15a,b,e. Reagents and conditions) ((CHs),SQ,,
DMF, CsCO;, 60°C for 16h. lf) (C,Hs).SOy, DMF, CsCQO;, 60°C for 4h. ¢) CICH,CN, 60°C,
CsCO;, for 1h. ¢) BrCH,Ph, DMF, CsCOs;, 60°C for 4h. ) CICHx-4-(NO,)Ph, DMF, CsCO;,
60°C for 4h.

Scheme 4. Synthesis of compound$-21.

Table 1. Cytotoxicity and antiviral activity of pyrido[2,8}quinoxalines {-4, 11a-c, 12b, 13c, 14a-
e, 15a,b,e, 16-21) and imidazo[4,§quinolines Pa-c and 10b) against sSRNA (HIV-1, BVDV,
YFV, CV-5, Sb-1), ssRNA(RSV, VSV), dsRNA (Reo-1) and DNA (VV, HSV-1) vsas.

Table 2. Comparative activity of compounds 2, and4 against BVDV and HCV in cell-based
assays.

Table 3. Free energy componensHying and —TAS) and total binding free energiés3ying) for the
12 selected compounds in complex with the BVDV RdRpe last raw shows the correlation
between the predicteliGyinq values (kcal/mol) and the corresponding experialeB€s, (M) (R?
=0.89).

Table 4. Clustered per-residue enthalpy contribution todimig (AHpingred fOor compound2l in
complex with the BVDV RdRp. All values are in keabl. Errors are in the range 0.01-0.04.

Table 5. Free energy componenSHying and —TAS) and total binding free energiesGying) for 21
and the 4 new designed compounds in complex w&lB¥MDV RdRp.



Table 1. Cytotoxicity and antiviral activity of pyrido[2,8}quinoxalines {-4, 11a-c, 12b, 13c, 14a-e, 15a,b,e, 16-21) and imidazo[4,§]quinolines
(9a-c and10b) against sSRNA(HIV-1, BVDV, YFV, CV-5, Sb-1), ssRNA(RSV, VSV), dsRNA (Reo-1) and DNA (VV, HSV-1) vias.

Comnd MT-4%  HIV-1® MDBK® BVDV? BHK-21" YFV' Reo-19 Vero-76" CVB-5 Sb-1'  RSV™ VSV vV° Hf;’ )

om

P CCs ECsx CCsy ECx CCs ECs CCs ECso
1 61 >61 >100 5 >100 >100 >100 >100 >100 >100 >100 >164A00 >100
2 15 >15 >100 2.6 >100 >100 >100 88 >88 >88 >88 >88 >88 >88
3 >100 >100 >100 >100 >100 >100 >100 >100 >100 >100 100> >100 >100 >100
4 >100 >100 >100 5 >100 >100 >100 >100 >100 >100 >100 >100>100 >100
9a 62 >62 >100 >100 >100 >100 >100 90 13 >90 >90 >90 >90 >90
9% 50 >50 >100 29 >100 >100 67 35 >35 >35 >35 >35 >35 >35
9c 10 >10 >100 10 71 >71 >71 25 >25 >25 >25 >25 >25 325
10b 18 >18 >100 65 45 >45 >45 15 >15 >15 >15 >15 >15 5>1
1lla 40 >40 40 33 >100 >100 >100 50 7 >50 >50 >50 >50 >50
11b 48 >48 >100 4 >100 >100 >100 70 >70 >70 >70 >70 >70 >70
11c 23 >23 50 4 15 >15 >15 20 >20 >20 >20 >20 >20 >20
12b >100 >100 >100 15 >100 >100 >100 >100 >100 >100 >100 >16400 >100
13c 34 >34 >100 5 20 >20 >20 20 >20 >20 >20 >20 >20 >20
14a >100 >100 >100 16 >100 >100 >100 >100 17 38 >100 >100 >100 >100
14b >100 >100 >100 >100 >100 >100 >100 60 >60 >60 >60 >60 >60 >60
14c >100 >100 >100 >100 >100 >100 >100 90 >90 >90 >90 >90 >90 >90
14d 88 >88 >100 46 >100 >100 >100 90 >90 >90 >90 >90 >90 >100
1l4e >100 >100 >100 >100 >100 >100 >100 >100 >100 >100 >100 >164A00 >100
15a >100 >100 >100 4 >100 >100 21 >100 >100 73 9 >100 >100 >100
15b >100 >100 >100 73 >100 >100 >100 50 >50 >50 >50 >5G0 >50
15e >100 >100 >100 >100 >100 >100 >100 >100 >100 >100 100> >100 >100 >100

16 >100 >100 >100 10 >100 >100 >100 >100 >100 >100 >100 >100>100 >100




17 >100 >100 >100 >100 >100 >100 >100 >100 >100 >100 100> >100 >100 >100

18 >100 >100 >100 2 >100 >100 >100 >100 >100 >100 >100 >16400 >100
19 >100 >100 >100 6 >100 >100 >100 >100 >100 >100 >100 >16400 >100
20 >100 >100 >100 >100 >100 >100 >100 >100 >100 >100 100> >100 >100 >100
21 >100 >100 >100 1.3 >100 >100 >100 >100 >100 >100 >100 >16400 >100
EFV 40 0.002
Met-Gua >100 1.1 >100 1.9
Met-Cyt >100 16
Eth-Cyt >100 27 23
Aza >12.5 1.2
CDF >100 19
ACG >100 3

Data represent mean values for three independésrndeations. Variation among duplicate samples less than 15%.

In bold the compounds with higher activity.

ND = Not determined.

& Compound concentrationN) required to reduce the proliferation of mockdafed MT-4 cells by 50%, as determined by the MTethad.

® Compound concentration¥) required to achieve 50% protection of MT-4 céitsm HIV-1 induced cytopathogenicity, as deternditby the MTT method.
“Compound concentratiopi) required to reduce the viability of mock-infectedBK (Bovine normal kidney) cells by 50%, as detéred by the MTT method.
4 Compound concentration)l) required to achieve 50% protection of MDBK celism BVDV-induced cytopathogenicity, as determitgcthe MTT method.
¢ Compound concentratiopi) required to reduce the viability of mock-infectBHK (Hamster normal kidney fibroblast) monolaybys50%, as determined by the MTT
method.

" Compound concentratiop1) required to achieve 50% protection of BHK céitsm YFV-induced cytopathogenicity, as determingdhe MTT method.
9Compound concentratiop) required to achieve 50% protection of BHK céitsm Reo-1-induced cytopathogenicity, as determimgthe MTT method.
_hCompound concentratiopi) required to reduce the viability of mock-infedt¢ ERO-76 cells by 50% as determined by the MT Thoet

' Compound concentration1) required to reduce the plaque number of CVB-%0% in VERO-76 monolayers.

' Compound concentratiop) required to reduce the plaque number of Sh-5@8% in VERO-76 monolayers.

™ Compound concentrationi) required to reduce the plague number of RSV @ 5n VERO-76 monolayers.

" Compound concentratiop) required to reduce the plague number of VSV 8%65n VERO-76 monolayers.

° Compound concentrationN) required to reduce the plaque number of VV b%58 VERO-76 monolayers.

P Compound concentration!) required to reduce the plaque number of HSV-50% in VERO-76 monolayers

EFV =Efavirenz

MetGua = 2’-C-methyl-guanosine

Met-Cyt = 2’-C-methyl-cytidine



ACCEPTED MANUSCRIPT

Eth-Cyt= 2’-C-ethynyl-cytidine
Aza = 6-aza-uridine

CDF = Cidofovir

ACG = Acycloguanosine



Table 2: Comparative activity of compounds2, and4 against BVDV and HCV in cell-based assays.

Cps Cell-baséed
BVDV HCV-1b
(1M) (1M)
CGCyq EGo S.l. CG/’ ECq S.l.
1 >100 5+0.1 >20 11+1.3 >11
2 >100 2.6+0.3 >34 65+ 9.0 >65
4 >100 6+0.2 >16 21+2.0 7.5+0.6 3

Data represent mean values for three independent determinations.

b Compound concentration (IM) required to reduce the viability of mock-infected MDBK cells by 50%, as determined by the MTT method.

¢ Compound concentration (IM) required to achieve 50% protection of MDBK cells from BVDV-induced cytopathogenicity, as determined by the MTT method.
d Compound concentration (IM) required to reduce the viability of GS4.1 cells by 50%, as described in the Section 4.2..

e Compound concentration (IM) required to achieve 50% protection of GS4.1 cells from cytopathogenicity, as described in the Section 4.2.



Table 3. Free energy componentaHyng and —TAS) and total binding free energieAG,g) for the 12 selected
compounds in complex with the BVDV RdRp. The last/rshows the correlation between the predi&t€g,4 values
(kcal/mol) and the corresponding experimentakdE@EM) (R? = 0.89).

AHying -TAS AGying
Scaffold Compound R (kcal/mol) (kcal/mol) (kcal/mol)
) o 2150  13.47 8.03
) 0.18)  (0.26)  (0.32)
N o 2158  13.42 8.16
o~ f 2 Bz 019)  (0.28) (0.34)
- - 1833  12.98 5.35
N N R
! 3 CH(CHy), 0.16)  (0.26) (0.31)
. 2139  13.39 -8.00
4 2-Thienyl ——515)  (025)  (0.29)
2097 1351 7.46
GHy 14a Ph 019 (027 (033
Lo 2110 1354 -7.56
N r 16 B2 (0.19 (0.29 (0.35
P _ 1834 13.09 5.25
N NT R 17 CH(CH)Y 177 (025  (0.30
¢l . 2136 13.28 :8.08
18 2-Thienyl 5 1g)  (026)  (0.32)
2137 13.45 7.92
15a i\ 020)  (0.24) (0.31)
“ N(__-OCH 1 =~ 2142 1359 7.83
I 018)  (0.28)  (0.33)
= =
N NT R ” dicy 1828  12.88 5.40
cl 2 (0.16) (0.29) (0.33)
_ 2156  13.37 8.19
21 2-Thienyl 517y (025  (0.30)
-7.0
E‘T.S-
@E-am
]
-8.5

0 5 10 15 20
ECsp (uM)




Table 4. Clustered per-residue enthalpy contribution todlig AHpingred for compound2l in
complex with the BVDV RdRp. All values are in keabl. Errors are in the range 0.01-0.04.

Clustered
energy

AHying res -2.98 -2.03 -1.98 -2.97 -0.58

HC1 HB1 HB2 HC2 HB3




Table 5. Free energy component&Hui,q and —TAS) and total binding free energie&Qig) for 21 and the 4 new

designed compounds in complex with the BVDV RdRp.

AHyi, -TAS DGy,
Scaffold Compound R (kcal/bmdol) (kcal/mol) (kcaj/bmgl)
) -21.56 13.37 -8.19

21 2-Thienyl
(0.17) (0.25) (0.30)
-20.01 13.65 -6.36

22 Cyclohexyl
(0.16) (0.29) (0.33)

oo

-21.85 13.42 -8.43

' e 23 2-Furanyl
a (0.15) (0.27) (0.31)
-21.63 13.49 -8.14

24 2-Naphtyl
(0.18) (0.26) (0.32)
- 2- -22.12 13.40 -8.72
Benzofuranyl (0.15) (0.25) (0.29)
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Cl Cl H cl |1|
5 6a-c 7a-c 8a-c

a) R = C3H7
b) R = cyclohexyl R4 COOH
¢) R = -CH,-cyclohexyl iii

R, = Ph; Th; CH,-Ph

A N N N_ Ry

CC>—=~  CCLX

~ N Z

N \ N N“~o
R Cl R

9a,b) R1 =Ph 11a-c) R1 =Ph

90) R1 = 'CHQ'Ph 12b) R1 =Th
10b) R;=Th 13c) R;=-CHy-Ph



a)R=CH,

b) R =C,H;s

c) R=CH,-CN

d) R = benzyl

e) R =4-nitrobenzyl

Cl

14a-e




" cHy
SN N O  (CH;0),50, DMF N N__O N N._OCH;
| B - i f o I
N N” "R Cs,CO3, 60°C for 16h N/ N/ R N/ N/ R
cl & )¢

2) R = -CH,-Ph 16) R = -CH,-Ph 19) R =-CHy-Ph
3) R = -CH(CHs), 17) R = -CH(CH3), 20) R = -CH(CHj3),
4)R=Th 18) R=Th 21) R=Th



Highlights
In this study we prepared imidazo[ 4,5-g] quinoline and pyrido[ 2,3-g]quinoxaline derivatives.

All derivates have been investigated for their antiviral activity.
Several compounds showed micromolar activity against BVDV.
Molecular simulation results offer amolecular rationale for the anti-BVDV activity.

Some compounds were evaluated for their activity on the BVDV RdRp.



COMPOUND 14B - *H-NMR
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COMPOUND 14D - *H-NMR
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COMPOUND 14E - *H-NMR
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COMPOUND 15B - *H-NMR
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COMPOUND 14B — **C-NMR
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COMPOUND 14D - **C-NMR
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COMPOUND 14E — ®C-NMR
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