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Abstract:

We reported herein the design, synthesis and hiabgvaluation of a series of
5-hydroxypyrido[2,3b]pyrazin-6(5H)-one derivativesas HIV-1 reverse transcriptase
(RT) ribonuclease H (RNase H) inhibitors using &if@ged structure-guided scaffold
refining strategy. In view of the similarities beten the pharmacophore model of
RNase H and integrase (IN) inhibitors as well asirttcatalytic sites, we also
performed IN inhibition assays. Notably, the majonf these derivatives inhibited
RNase H and IN at micromolar concentrations. Amitregnm, compounda exhibited
similar inhibitory activity against RNase H and (ICso""2*¢ "= 1.77 uM, 1G" =
1.18 uM, ratio = 1.50). To the best of our knowledthis is the first reported dual



HIV-1 RNase H-IN inhibitor based on a 5-hydroxymgi2,3b]pyrazin-6(54)-one
structure. Molecular modeling has been used toigréde binding mode ofa in
complex with the catalytic cores of HIV-1 RNase HdalN. Taken together these
results strongly support the feasibility of devetap HIV-1 dual inhibitors from
analog-based optimization of divalent metal ionlatues. Recently, the identification
of dual inhibitors proved to be a highly effectigtrategy for novel antivirals
discovery. Therefore, these compounds appear wsetil leads that can be further
modified to develop more valuable anti-HIV-1 drwgsh drug-like profiles.

Keywords. HAART; HIV-1 dual inhibitors; HIV-1 IN; RNase H;
5-hydroxypyrido[2,3b]pyrazin-6(31)-one derivatives; privileged structure

1. Introduction

Acquired immunodeficiency syndrome (AIDS) still rams one of the most
severe public health challenges worldwide. The humamunodeficiency virus type
1 (HIV-1) is the etiological agent responsible fiwe disease [1]. Highly active
antiretroviral therapy (HAART), including antivial with different targets and
mechanisms, has transformed the AIDS into a chrdisiease [2]. However, the long
duration of HAART treatments poses important riskeeh as the emergence of
drug-resistant variants [3, 4], drug-drug interacs, and serious long-term toxicity
[5]. Therefore, the search for novel anti-HIV-1 atgeacting on new targets or on
several targets simultaneously is urgent and ess§it

The HIV-1 RT is a validated biological target ftrettreatment of AIDS and the
most important target in current antiretroviral rdpges. RT is a multifunctional
enzyme with multiple activities, such as RNA- andAdependent DNA polymerase,
strand displacement synthesis, strand transferRiNmke H [7]. However, only drugs
targeting the RT-associated DNA polymerase fundtiave been approved for clinical
use. The RNase H activity plays a critical roleHitv-1 replication, by degrading the
RNA strand in RNA-DNA hybrids generated during tteverse transcription. The

RNase H active site features a highly conserved DEDotif containing four



carboxylate residues D443, E478, D498 and D549¢hvbould chelate two catalytic
Mg** ions [8]. To date, even though none of the RNasénttibitors has been
approved for the treatment of HIV, the continuedcdvery and development of
RNase H inhibitors led to the identification ofewfchemotypes targeting the RNase
H active site [figure 1). The relevant structures are hydroxyisoquinolioed (HID)
[9], p-thujaplicinol (BPT) [10], diketoacid (DKA) [11], ywimidinol carboxylic acid
[12], naphthyridinone [13], pyridopyrimidinone [14]hydroxypyrimidine [15],
hydroxylisoquinoline [16], and hydroxypyridonecaxlgbc acid [17]. All those
chemotypes contain a coplanar chelating triad ¢batpetitively binds to the divalent
cations in the RNase H active site. Those compouraisng a terminal biaryl
substituent proved to be much more effective, wslilaring a similar pharmacophore

“T" conformation.
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Figure 1. Structures of the representative RNase H inhibieord schematic illustration of the



scaffold hopping-based small-molecule library desigrocedure derived from an ambident
scaffold (with two different chelating configuratiec A and B) described in this work (by
alternative privileged motifs and modifying branufimoieties in the known active molecules).

Each inhibitor features a chelating triad (red) artdrminal hydrophobic aryl group (blue).

We report herein the design of the 5-hydroxypyrdb]pyrazin-6(34)-one
scaffold as an ambident chelating core using dadafopping strategy in medicinal
chemistry Figure 1). In addition, we selected different biaryl sutstnts from potent
RNase H inhibitors to construct a small library of
5-hydroxypyrido[2,3b]pyrazin-6(3H)-one derivatives. Key to this design is the
introduction of biaryl substituents at C-4 positibinough a NH linker to keep the “T”
conformation, with the goal of achieving RNase Hilnition.

Besides, numerous divalent metal ion chelators wecently identified as
miscellaneous inhibitors targeting bridged dinucleeetalloenzymes, indicating that
such chemotypes have a wide range of biologicaliaies [18-20]. Like the RNase H,
the HIV-1 integrase (IN) is a metalloenzyme with iamportant function in the viral
life cycle. It catalyzes the integration of thealiDNA into the genome of infected
host cells by the coordinated action of two enzyawtvities. First, IN catalyzes a
3’-end processing (3'-P) reaction on the provirdlA) and second, it facilitates
strand-transfer (ST) to complete the integratiomcpss [21]. Three highly conserved
catalytic residues in the catalytic core domain Q3 amely, D64, D116, and E152
(DDE motif) coordinate the two divalent cations esgary for the ST function [22].
The catalytic domains of the HIV-1 IN and RNase khre a similar folding,
composed of a central five-stranded mixesgheet flanked by severathelices, and
having a similar topology [23]. The geometries loé tatalytic sites of HIV-1 RNase
H and IN are similar, with their active site res@duand magnesium ions located at
structurally equivalent positions in both enzym@d4][ Up to now, there are four
strand transfer IN inhibitors (INSTIs) approved blye U. S. Food and Drug
Administration (FDA) Figure 2). These drugs are raltegravir (RAL) [25],
elvitegravir (EVG) [26], dolutegravir (DTG) [27],nd bictegravir [28]. All of them



share similar structural features with RNase Hbitbrs, including the coplanar triad
of heteroatoms and a terminal hydrophobic aryl tyoie

Therefore, based on the overlapping pharmacopheatifes shown by HIV-1
RNase H and IN inhibitors, we also determined tmhibitory activity of
5-hydroxypyrido[2,3-b]pyrazin-6(5H)-one derivatives IN ST assays. We describe
herein the chemical synthesis and biochemical etial of these newly designed

derivatives.
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Figure 2. Structures of U. S. FDA-approved INSTIs, eachufestt a chelating triad (red) and a
terminal hydrophobic aryl group (blue).
2. Resultsand discussion
2.1. Chemistry

The target compoundga-7k were preparediia a concise synthetic route as
outlined in Scheme 1 [29]. Commercially  available methyl
3-chloropyrazine-2-carboxylatel)( was treated as the primary starting material to
produce all derivatives using well-established rod#h Treating with benzoxylamine
in DMSO and DIPEA to give2, followed by an acylation with methyl
3-chloro-3-oxopropanoate yielded the intermed&t&®ing closure of3 by reacting
with sodium methoxide in methanol solution to preelihe cyclized produet This
heterocyclic scaffold was then tosylated with tokesulfonyl chloride to obtain

intermediate5. Subsequent reaction with corresponding aminegetterate6a-6k.



Finally, the desired compounds were obtained bydadgenolytic deprotection of the

N-hydroxyl group.
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Scheme 1. Reagents and conditions: i) BnOWNHDIPEA, DMSO, Mw 100 °C; ii)
CICOCH,COOCH;, TEA, DCM, 0 °C to 45 °C; iii) MeOH, MeONa, r.tv) TsCl, DIPEA, MeCN,
DCM, r.t.; v) Corresponding diaryl amine, DIPEA, 60 °C; vi) H, 10% PdC, DCM, MeOH,
r.t..

2.2. Biological activity

Table 1. Anti-RNase H, anti-IN, antiviral activities and oyxicity of compounds
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7h . . , 472117  0.22+0.04 21.45 >1.32 1.32 +0.33
o
7i 4.30 +1.20 > 25 >1.38 1.38 +0.14

7j 511+129  6.74+157 0.76 >7.15  7.15+0.94
7k 5.25 +0.81 > 25 >7.00  7.00+0.49

BPT 2.50+0.78

(1.17 +0.36)

RAL 0.20 £ 0.05 ,
X 10

>56.25

%Concentration required to inhibit by 50% the inwiRNase H activity.

®Concentration required to inhibit by 50% the imwioverall IN activity.

°ICs0"** IC5o" ratio.

dConcentration of compound required to achieve 50@teption of MT-4 cell cultures against
HIV-1-induced cytotoxicity, as determined by the Mimethod.

“Concentration required to reduce the viability obakvinfected cell cultures by 50%, as

determined by the MTT method.

2.2.1. Inhibition of HIV-1 RNase H activity

All newly synthesized compounds-7k were testedn vitro for their inhibition



ability to RNase H function of HIV-1 RT and resultere analyzed by denaturing
polyacrylamide gel electrophoresis [30]. In generat7k were all potent RNase H
inhibitors with 1Go values ranging from 1.77 — 13.32 uNVable 1). Compound¥a
and 7f were the most active derivatives of this serieish WCso values of 1.77 and
1.85 uM, respectively, slightly more potent thane theference compound
S-thujaplicinol (BPT) (IGo = 2.50 uM). The least potent compound was(ICs
value of 13.32 uM), in which the 4-CN phenyl @& was replaced by a 3-CN phenyl
moiety, causing a reduction of one order of maglgtun RNase H inhibition.

Among thepara-substituted benzene derivativé®,(7c, 7e, 7g, 7k), taking the
least substituted compourtit (ICso value of 5.25uM) as reference, substitution of
the phenyl on the C-4 of the benzene rifn)(with a 4-CN phenyl {a) or a
5-pyrimidyl group 7e), lead to 3.0 and 1.6-fold increases in RNase Ikbitory
activity, respectively. However, the replacementtioé phenyl on the C-4 of the
benzene ring k) with 3,4-diOCH phenyl (g) or 3-CN phenyl Tc) groups,
decreased their RNase H inhibitory activity. Thedewsr of potency of the
para-substitutions was as follows: 4-CN pheng&) > 5-pyrimidyl (7€) > phenyl {k) >
3,4-diOCH; phenyl {7g) > 3-CN phenyl {c).

While within the metasubstituted benzene derivatives, the 4-CN phenyl
derivative b, ICso value of 5.56:M) was the least active compound. When the 4-CN
phenyl on the C-3 of the benzene riffp)(was replaced with a 5-pyrimidy¥f(, 1Cso
value of 1.85uM), 3-CN pheny(7d, ICsp value of 4.02uM) and 3,4-diOCHphenyl
(7h, 1Csp value of 4.72uM), potencies were increased 3, 1.4 and 1.2 times,
respectively. The order of potency of thmeetasubstitutions was as follows:
5-pyrimidyl (7f) > 3-CN phenyl 7d) > 3,4-diOCH; phenyl h) > 4-CN phenyl {b).

The shift of the 3-CN phenyl from position 4cj to 3 of the benzene gavd,
causing a 3.3-fold increase in anti-RNase H agtivitterestingly, the same trend was
also observed when the groups in position 4 oftirezene e, 7g) were shifted to
position 3 {f, 7h), inhibitory activities increased in 1.8, 1.3-fpldespectively.
However, the 4-CN phenyl shifted from position74)(to 3 of the benzene gave,
leading to a 3.1-fold decrease in RNase H inhiitactivity. As for the naphthyl



derivatives, the 1-naphthyl derivativé,(ICso value of 4.3QuM) proved to be slightly
better than 2-naphthy¥y, ICso value of 5.11uM).

The structure-activity relationships (SARs) anaysased on the results obtained
showed that: i) Thenetasubstituted benzene derivatives proved to be reffeetive
than para-substituted benzene ones; i) among tharasubstituted benzene
derivatives, the CN position has a significantlffatent effect in RNase H inhibition
(exemplified by7a and 7c), while the introduction of an electron donor nweth
group has little influence in its anti-RNase H pmte (exemplified byrg and7k).

2.2.2. Inhibition of HIV-1 1N activity

The IN inhibitory activities of all newly synthegid
5-hydroxypyrido[2,3b]pyrazin-6(8H)-one derivatives were determined by using an
ELISA method [31]. The obtained 4¢values are shown ifiable 1.

Among all analogueg/d and7h were the most active compounds of this series,
with remarkable IN inhibitory activity in submicrastar level (IGo value of 0.25,
0.22 uM, respectively), comparable to the reference dRéd- (ICso value of 0.20
uM). In striking contrast, four compound3c( 7g, 7i, 7k) were considered to be
almost inactive (I values of > 25uM). The remaining five compoundgg, 7b, 7e,
7f, 7)) were moderate IN inhibitors since theirs§@alues ranged from 1.18 to 22.80
uM.

Among thepara-substituted benzene analogu&s, (7c, 7e, 7g, 7k), the most
active one was the 4-CN phenyl derivativa)(with an 1G, value of 1.18.M. The
replacement of the 4-CN phenyl on the C-4 of th@zkbee ring 1a) with a
5-pyrimidyl (7e, 1Cso value of 1.49uM), resulted in a 1.3-fold reduction of the
observed inhibition. The same behaviour had beso abserved in RNase H
inhibition assays. However, the other three deireat (/c, 79, 7k) were found
inactive even up to 2oM. The order of potency of thpara-substituted benzene
derivatives was as follows: 4-CN phenyl derivat{va) > 5-pyrimidyl (7€) > >3-CN
phenyl {c), 3,4-diOCH phenyl {g), phenyl {k).

Within the metasubstituted benzene derivative®(7d, 7f, 7h), 7h and7d were

found to be the most active compounds. The subistitwf the 3,4-diOCklphenyl on



the C-3 of the benzene ringh) with 5-pyrimidyl (7f, 1Cso value of 10.85uM), and
4-CN phenyl Tb, ICs value of 22.8QuM), led to a loss of inhibitory activity that was
estimated in 49.3 and 103.6 times for compoufidsd7b, respectively. Interestingly,
7b was also the least active compound of thetasubstituted benzene series in
RNase H inhibition assays. The IN inhibitory potgnt themetasubstituted benzene
derivatives followed the order: 3,4-diOGHbhenyl {h) > 3-CN phenyl(7d) >
5-pyrimidyl (7f) > 4-CN phenyl Tb).

The shift of the 3-CN phenyl from position 3d( 7h) to 4 of the benzene gave
the corresponding compoundsgc,( 7g) that almost lost the IN inhibitory activity.
However, the shift of the 4-CN phenyl from positi®ri/b) to 4 of the benzene gave a
compound Ta) showing a significantly increased (19.3-fold) ilmitory activity. The
same trend was also seen when the substitution3np@sition {f) of the benzene
was shifted to C-4 positiorv€), leading to a 7.3-fold increase in inhibitory iaity.

As for the naphthyl derivatives, the 2-naphthigjl, ICso value of 6.74uM) showed
much higher potency than the 1-naphthyl derivatfelCso value of > 25uM).

Analysis of SARs in inhibiting HIV-1 IN revealed ah i) generally,
metasubstituted benzene derivatives were better itdrbithan thepara-substituted
benzene compounds, as exemplified 7olyand 7h; ii) among thepara-substituted
benzene derivatives, the 4-CN phenyl substitutemdered more potent drugs than
the 3-CN phenyl group, while the opposite was tinle metasubstituted benzene
derivatives.

Compounds with low 167V 1ICso™ ratio (~ 1) indicate that they have the
suitable balance in inhibiting RNase H and IN, &odld be considered as efficient
inhibitors of both targets [32, 33]. As shownTiable 1, it is worth noting tha?a, 7e
and7j, with the ratio values of 1.50, 2.17 and 0.76peesively, were deemed to be
dual RNase H-IN inhibitors. Concerning the supeiridribition activities of7a in
blocking both targets, there’s no doubt tiatis best dual inhibitor of this series. A
concise SARs analysis of the three dual inhibigdlrewed that althouglj featured
the lowest ratio (0.76) among the dual inhibitdhe naphthyl derivative?|) proved

to be less effective than inhibitors having bipHegrpups 7a, 7€).



2.2.3. Invitro anti-HIV assay

All the derivatives were tested for their antivigadtivity and cytotoxicity using
MT-4 cells infected by HIV-1 (strain B). EG, and CGy values for compounds
7a-7k were shown inTable 1. RAL was used as the reference drug. Unfortunately,
none of tested compounds inhibited HIV-1 replicatia cell culture at the highest
tested concentrations, hindering their potentigliaption as antiviral drugs.

As shown inTable 1, among the newly synthesized series, the best ®MNas
inhibitor 7a and the best IN inhibitorh, showed the relatively highest cytotoxicity,
with CGsy values of 0.34 and 1.32iM, respectively. An investigation of
structure-cytotoxicity relationships (SCRs) revaait: i) when the terminal aromatic
group was fixed, the cytotoxicity of theetasubstituted benzene derivatives proved
to be higher than that gfara-substituted benzene ones (exemplified7byand 7d);
while ii) 5-pyrimidyl derivatives {e, 7f) showed minimal cytotoxicity in each group.

The results of cytotoxicity tests revealed thatstheompounds might not only
target HIV-1 metalloenzymes (IN and RNase H), hunhbhn metalloenzymes as well,
indicating that selectivity between virus enzymesd auman cellular targets should
be improved through systematic and precise drumués future drug optimization.

2.2.4. Molecular Docking
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Figure 3. Predicted binding modes @& (green) in the HIV-1 RNase H active site PDB code:
5J1E) and PFV IN active sitd,(PDB code: 30YA). Predicted binding mode7bf (green) in the
PFV IN active sited, PDB code: 30YA). Amino acid residues important figand binding are
represented in lines. Magnesium ions are depictedjyraen spheres. Chelating and H-bond
interactions are indicated by red dashed lines.rétyehs (nonpolar) are not shown. Figures were

prepared with the PyMOL visualization program (Httgww.pymol.org).




For a better interpretation of SAR T (ICs0¥ 2 "= 1.77 pM ICso™ = 1.18 M,
ratio = 1.50), considered as the best RNase H itohibf the series, as well as the
most effective dual RNase H-IN inhibitor, we perfd molecular docking studies
using the software SurflexDock Sybyl-X 2.0.

As shown inFigure 3a, the predicted binding mode of compoura in the
RNase H active site suggests an interaction betwien chelating core (in
configurationA, Figure 1) and the two divalent catalytic metal cations, eithare
coordinated to catalytic residues D443, E478, D48®] D549 (PDB code: 5J1E).
The hydroxyl group at the 5-position @& can form an H-bonding interaction with
the carbonyl group of D498, while the nitrogen atat-position of7a can make
another hydrogen bond with the amino group of Q5D@ese interactions would
position 7a close to the active site. Besides, additional Hebdog was established
between the CN group at the terminal of biaryl sitlesnt and the amino group of
K540, also essential for RNase H inhibition. Thexible NH moiety at the 8-position
of the scaffold introduces conformational flexityiliand allows the establishment of
n-n interactions between the biphenyl moiety 7af and the imidazole ring of the
highly conserved residue H539. This interactiontrigs the conformational
flexibility of H539 and therefore has an influenae the catalytic efficiency of the
RNase H. The predicted molecular model was comgistéth the mechanism of
active site inhibition.

In the absence of a crystal structure of full-léngtV IN, we used the prototype
foamy virus (PFV) IN as a reliable model of the HIN active site [34, 35]. The
obtained model for PFV IN in complex wiffa was constructed by using the PDB
structure 30YA. As shown irigure 3b, the model predicts chelating interactions
between our chemotype core (in configura#onand the two magnesium ions which
are coordinated by conserved residues (D128, DE831) in the PFV IN active site,
corresponding to the D64, D116, and E152 in the -HIWW catalytic core,
respectively. In addition, the conserved terminatiéoxyadenosine 17 in the DNA
also stacks with the chelating core of our scaffalsl it does for approved INSTIs.

Furthermore, the terminal biaryl substituent coyp@rticipate in n-stacking



interactions with the benzene ring of Y212. Thesteractions seem to be of vital
importance for the IN inhibitory potency @&.

For a better understanding of how these derivatintsact with the IN active
site, we also performed docking analysisZbf(the best IN inhibitor in our series) in
complex with PFV IN (PDB code: 30YA). As shown kigure 3c, the binding
pattern of7h is different from that of7a. First, the metal chelating core acts in
configurationB (Figure 1), not A. Second, the methoxy at position 7 could make
stacking interactions with the benzene ring of Y_2%hile the terminal biaryl
substituent showed T-stacking interactions with glgemidine ring of cytosine 16 in
the DNA substrate. In addition, the chelating cor@ntains ther-n interaction with
the purine ring of adenosine 17 in the DNA substra&n additional H-bonding
interaction was predicted for the NH linker at piosi 8 and the purine ring of
adenosine 17.

These docking analysis are consistent with the raxeatal observations
showing that7a is a potent HIV-1 RNase H-IN dual inhibitor, vaithg the
advantages of ambident scaffolds in metal ion ¢imglaThese findings will provide a
basis for further rational drug optimization in filaéure.

3. Conclusion

In this study, we have designed, synthesized, aatli@ted a novel series of
5-hydroxypyrido[2,3b]pyrazin-6(31)-one derivatives as RNase H inhibitors with an
ambident chelating core. In addition, concerning tsimilarities between the
pharmacophore model of RNase H and INST inhibiéarsvell as their catalytic sites,
we also performed their inhibitory assay on recorabt IN. The results showed that
most of the newly designed compounds exhibited rpatghibitory activity against
RNase H and IN.

Among all analogue&a and7f were the most remarkable RNase H inhibitors of
this series (I values of 1.77 and 1.85 uM, respectively), sligimiore potent than
the control drugs-thujaplicinol BPT) (ICso value of 2.50 pM). Compound&l and
7h exhibited the most prominent IN inhibitory actwifiCso values of 0.25 and 0.22

uM, respectively), similar to that shown by a refere approved drug such as



raltegravir RAL) (ICso value of 0.20uM). The best dual inhibito7a in blocking
RNase H and IN achieved suitable balanced micraniohabition (ICsg~ %€ "= 1.77
UM, ICso™ = 1.18 pM, ratio = 1.50), validating the feasilyilof identifying dual
HIV-1 RNase H-IN inhibitors through the modificatioof chelating privileged
structures. The analyses of SARs and SCRs are texperoffer beneficial guidance
for further rational optimization. Molecular modwaji also predicted the possible
binding patterns of dual RNase H-IN inhibitor withe ambident chelating scaffold.
Regrettably, none of novel compounds inhibited Héylication when performed in
MT-4/MTT assays, while their high cytotoxicity caulbe related to a lack of
selectivity of these metal binding compounds addinst metalloenzymes. Therefore,
improved druggability and selectivity of these gatives are future research goals.

Currently, the development of dual inhibitors is emovative approach to
improve the efficiency of HAART therapies [6]. Duahibitors have been reported to
play an important role in the treatment of sevaliseases (e.gAlzheimer [36],
Parkinson [37], inflammation [38], and cancer [39]) the field of anti-HIV drug
research, HIV-1 IN and RNase H represent very @tir@ pharmacological targets,
and the development of HIV-1 dual RNase H-IN intals is expected to be a highly
effective strategy with more therapeutic benef][Z2onsequentlyfa, the best dual
inhibitor of this series, could serve as a lead ftother modification to get more
potent dual RNase-IN inhibitors, of important pre&k significance.
4. Experimental Section
4.1. Chemistry

'H NMR and**C NMR spectra were recorded on a Bruker AV-400 spateter
using solvents as indicated (DM3f)- Chemical shifts were reported énvalues
(ppm) with tetramethylsilane as the internal refiess and) values were reported in
hertz (Hz). Melting points (mp) were determinedaomicromelting point apparatus.
TLC was performed on Silica Gel GF254 for TLC (M@rand spots were visualized
by iodine vapor or by irradiation with UV lightx (= 254 nm). Flash column
chromatography was performed on column packed Siltba Gel60 (200-300 mesh).

Thin layer chromatography was performed on preembat



HUANGHAI_HSGF254, 0.15-0.2 mm TLC-plates. Solvemtsre of reagent grade
and were purified and dried by standard methodsnwiezessary. Concentration of
the reaction solutions involved the use of rotargp®rator at reduced pressure. The
solvents of CHCI,, EN and methanol etc. were obtained from Sinopharmen@tal
Reagent Co., Ltd (SCRC), which were of AR gradee Key reactants including
3-chloro-3-oxopropanoate, methyl 3-chloropyrazireaboxylate,
4-methylbenzene-1-sulfonyl chlorid€-benzylhydroxylamine etc. were purchased
from Bide Pharmatech Co. Ltd.

4.1.1. General procedure for the synthesis of nethy
3-((benzyloxy)amino)pyrazine-2-carboxyla®) (

A mixture of 1 (504 mg, 2.9 mmol) an@-benzylhydroxylamine (1073 mg, 8.72
mmol) in diisopropylethylamine (1.44 mL, 8.72 mmalas irradiated in microwave
at 100 °C for 1 h. The reaction mixture was corneged in vacuo and the residue was
purified by silica gel chromatography using ethggtate and petroleum ether (1:4) as
an eluent to provid@ as a yellow solid in 16% yield, mp: 60-62 %L NMR (400
MHz, DMSO-dg) 5 10.33 (s, 1H, N-H), 8.50 (d,= 2.3 Hz, 1H, pyrazine-H), 8.13 (d,
J = 2.3 Hz, 1H, pyrazine-H), 7.47 (ddi= 8.2, 1.6 Hz, 2H, Ph-H), 7.42 — 7.33 (m, 3H,
Ph-H), 4.96 (s, 2H, C}), 3.82 (s, 3H, Ch. °C NMR (100 MHz, DMSOdg) &
165.51, 155.09, 146.75, 136.19, 134.63, 128.69 J2k28.30 (2xC), 128.18, 125.53,
76.85, 52.44. ESI-MS: m/z 260.3 (M+1), 282.4 (M+23)H13N305[259.3].

4.1.2. General procedure for the synthesis of nethy
3-(N-(benzyloxy)-3-methoxy-3-oxopropanamido)pyrazineazboxylate 8)

To a solution of2 (1897 mg, 7.29 mmol) and triethylamine (2.02 mu,5P
mmol) in CHCIl, (40 mL) was added methyl 3-chloro-3-oxopropand&té2 mL,
29.18 mmol) dropwise at 0 °C, and the mixture wased at 45 °C (24 h). The
mixture was then extracted (@El,) and washed sequentially with brine and dried
(N&SOy). The organic phase was filtered and concentrated the crude residue was
purified by silica gel chromatography using ethggtate and petroleum ether (1:3) as
an eluent to provid® as a yellow solid in 90% yield, mp: 81-82 %L NMR (400
MHz, DMSO-) 6 8.80 (d,J = 2.3 Hz, 1H, pyrazine-H), 8.71 (d,= 2.3 Hz, 1H,



pyrazine-H), 7.42 — 7.35 (m, 5H, Ph-H), 5.04 (s, &), 3.81 (s, 3H, Ck), 3.78 (s,
2H, CH), 3.63 (s, 3H, Ch). **C NMR (100 MHz, DMSOds) & 166.82(2xC), 163.85,
145.65, 142.72, 140.07, 133.84, 129.68, 128.92 \2428.34, 77.76, 52.74, 52.08,
40.73. ESI-MS: m/z 360.2 (M+1), 382.3 (M+23), 398\39). G7H17N306[359.3].
4.1.3. General procedure for the synthesis of nethy
5-(benzyloxy)-8-hydroxy-6-0x0-5,6-dihydropyrido[2ipyrazine-7-carboxylatedj

To a solution of3 (212 mg, 0.557 mmol) in MeOH (10 mL) was addedisod
methanolate (74 mg, 1.376 mmol) at room temperaturd the resulting suspension
was stirred at room temperature (overnight). Aadiion to pH 4 by the addition of
aqueous 2 N HCI gave a precipitate, which was ctdte and dried to providéas a
white solid in 93% vyield, mp: 195-197 °&4 NMR (400 MHz, DMSO#s) 5 8.88 (d,
J= 2.3 Hz, 1H, pyrazine-H), 8.70 (d= 2.3 Hz, 1H, pyrazine-H), 7.64- 7.62 (m, 2H,
Ph-H), 7.46-7.39 (m, 3H, Ph-H), 5.17 (s, 2H, £;8.84 (s, 3H, Ch). **C NMR (100
MHz, DMSO-dg) 6 164.33, 158.58, 156.48, 146.58, 144.82, 139.24,3P3 129.51
(2xC), 128.94, 128.37 (2xC), 127.15, 108.94, 7758238. ESI-MS: m/z 328.4
(M+1), 350.4 (M+23). GeH15N305[327.3].

4.1.4. General procedure for the synthesis of nhethy
5-(benzyloxy)-6-0x0-8-(tosyloxy)-5,6-dihydropyridyB-b]pyrazine-7-carboxylate
©)

To a suspension d@f (101 mg, 0.306 mmol) in GGEN (6 mL) and CHCI, (2 mL)
were added diisopropylethylamine (0.303 mL, 1.834 maf) and
4-methylbenzene-1-sulfonyl chloride (175 mg, 0.9fihol), and the mixture was
stirred at room temperature (overnight). The rasgllmixture was purified by silica
gel chromatography using ethyl acetate and petnolether (1:3) to providé as a
yellow solid in 75% vyield, mp: 162-164 °8&4 NMR (400 MHz, DMSOdg) & 8.90 (d,
J=2.3 Hz, 1H, pyrazine-H), 8.64 (@= 2.3 Hz, 1H, pyrazine-H), 7.90 (d= 8.4 Hz,
2H, Ph-H), 7.64 (dd) = 7.4, 2.0 Hz, 2H, Ph-H), 7.52 (@= 8.1 Hz, 2H, Ph-H ), 7.47
— 7.43 (m, 3H, Ph-H), 5.24 (s, 2H, ©H3.66 (s, 3H, Ch), 2.46 (s, 3H, Ch). 1°C
NMR (100 MHz, DMSOeg) 6 161.10, 155.06, 149.49, 146.91, 146.51, 145.06,
140.90, 133.97, 132.08, 130.17 (2xC), 129.67 (24@%.15, 128.49 (2xC), 128.47,



127.47 (2xC), 123.42, 78.12, 53.00, 21.25. ESI-M& 482.4 (M+1), 504.4 (M+23),
520.4 (M+39). GaH19N307S [481.5].
4.1.5. General procedure for the synthesis of camgs6a-6k

A solution of5 (1.454 mmol, 1 eq), diisopropylethylamine (4.36&hah, 3 eq)
and corresponding diaryl amine (2.181 mmol, 1.5ied)MF (6 mL) was heated to
50 °C (2 h). The mixture was then extracted {Cli) and washed sequentially with
brine and dried (N&QOy). The organic phase was filtered and concentrated,the
crude residue was purified by silica gel chromaipyy using MeOH and DCM
(1:100) as an eluent to provide amidés—©k).

Methyl
5-(benzyloxy)-8-((4'-cyano-[1,1'-biphenyl]-4-yl)ann)-6-0x0-5,6-dihydropyrido[2,3-
blpyrazine-7-carboxylate6g): yellow solid, yield 63%, mp: 225-226 °¢H NMR
(400 MHz, DMSO€6) § 9.74 (s, 1H, N-H), 8.89 (d,= 2.4 Hz, 1H, pyrazine-H), 8.68
(d,J = 2.4 Hz, 1H, pyrazine-H), 7.92 (s, 4H, Ph-H),77(d,J = 8.6 Hz, 2H), 7.66 —
7.64 (m, 2H, Ph-H), 7.47- 7.40 (m, 3H, Ph-H), 7(82) = 8.6 Hz, 2H, Ph-H), 5.18 (s,
2H, CHp), 3.13 (s, 3H, Ch. *C NMR (100 MHz, DMSOdg) & 164.32, 156.97,
146.45, 144.99, 144.60, 143.84, 139.81, 138.51,7B34134.48, 132.87 (2xC),
129.51 (2xC), 128.90, 128.37 (2xC), 127.42, 12724C), 127.21 (2xC), 124.54
(2xC), 118.89, 109.82, 102.85, 77.65, 51.32. ESI-M8z 504.4 (M+1), 526.5
(M+23), 542.5 (M+39). GH,:Ns04 [503.5].

Methyl
5-(benzyloxy)-8-((4'-cyano-[1,1'-biphenyl]-3-yl)ana)-6-0x0-5,6-dihydropyrido[2,3-
b]pyrazine-7-carboxylate6b): yellow solid, yield 59%, mp: 239-241 °¢H NMR
(400 MHz, DMSOdg) § 9.72 (s, 1H, N-H), 8.89 (d,= 2.3 Hz, 1H, pyrazine-H), 8.68
(d, J = 2.3 Hz, 1H, pyrazine-H), 7.96 (d,= 8.5 Hz, 2H, Ph-H), 7.88 (d,= 8.5 Hz,
2H, Ph-H), 7.65 (dd] = 7.7, 1.6 Hz, 2H, Ph-H), 7.59 (@= 8.0 Hz, 1H, Ph-H), 7.53
— 7.50 (m, 2H, Ph-H), 7.47 — 7.41 (m, 3H, Ph-H317(d,J = 8.0 Hz, 1H, Ph-H), 5.18
(s, 2H, CH), 2.99 (s, 3H, Ch. ESI-MS: m/z 504.4 (M+1), 526.5 (M+23).
Ca9H21N504 [503.5].

Methyl



5-(benzyloxy)-8-((3'-cyano-[1,1'-biphenyl]-4-yl)anm)-6-0x0-5,6-dihydropyrido[2,3-
blpyrazine-7-carboxylate6€): yellow solid, yield 64%, mp: 219-220 °¢H NMR
(400 MHz, DMSOsdg) 69.72 (s, 1H, N-H), 8.89 (d = 2.4 Hz, 1H, pyrazine-H), 8.68
(d,J = 2.4 Hz, 1H, pyrazine-H), 8.20 (s, 1H, Ph-H),8(@,J = 8.0 Hz, 1H, Ph-H),
7.83 (d,J = 8.0 Hz, 1H, Ph-H), 7.77 (d,= 8.6 Hz, 2H, Ph-H), 7.70 — 7.64 (m, 3H,
Ph-H), 7.47 — 7.40 (m, 3H, Ph-H), 7.31 {d= 8.6 Hz, 2H, Ph-H), 5.18 (s, 2H, GH
3.13 (s, 3H, Ch). ESI-MS: m/z 504.4 (M+1), 526.5 (M+23), 542.5 (B).
CooH21N504 [503.5].

Methyl
5-(benzyloxy)-8-((3'-cyano-[1,1'-biphenyl]-3-yl)ana)-6-0x0-5,6-dihydropyrido[2,3-
b]pyrazine-7-carboxylate6(l): yellow solid, yield 78%, mp: 215-217 °¢H NMR
(400 MHz, DMSOdg) § 9.70 (s, 1H, N-H), 8.90 (d,= 2.4 Hz, 1H, pyrazine-H), 8.69
(d, J = 2.4 Hz, 1H, pyrazine-H), 8.14 (s, 1H, Ph-H),3(@,J = 8.5 Hz, 1H, Ph-H),
7.86 (d,J = 7.7 Hz, 1H, Ph-H), 7.70 (§,= 7.8 Hz, 1H, Ph-H), 7.65 (dd,= 7.7, 1.6
Hz, 2H, Ph-H), 7.60 (d] = 8.0 Hz, 1H, Ph-H), 7.55 (s, 1H, Ph-H), 7.5Q, 7.8 Hz,
1H, Ph-H), 7.47 — 7.40 (m, 3H, Ph-H), 7.29 J&& 7.9 Hz, 1H, Ph-H), 5.19 (s, 2H,
CH,), 2.99 (s, 3H, Ch). ESI-MS: m/z 504.4 (M+1), 526.5 (M+23), 542.5 (BB).
CooH21N504 [503.5].

Methyl
5-(benzyloxy)-6-0x0-8-((4-(pyrimidin-5-yl)phenyl)ano)-5,6-dihydropyrido[2,3]p
yrazine-7-carboxylate6€): yellow solid, yield 91%, mp: 198-199 &4 NMR (400
MHz, DMSO-dg) 6 9.77 (s, 1H, N-H), 9.18 (s, 3H, pyrimidine-H), 8.@1,J = 2.4 Hz,
1H, pyrazine-H), 8.68 (dl = 2.4 Hz, 1H, pyrazine-H), 7.83 (di= 8.5 Hz, 2H, Ph-H),
7.65 (dd,J = 7.7, 1.6 Hz, 2H, Ph-H), 7.47 — 7.39 (m, 3H, Ph-H34 (d,J = 8.5 Hz,
2H, Ph-H), 5.18 (s, 2H, G 3.15 (s, 3H, Ch.*C NMR (100 MHz, DMSOds) &
164.37, 157.12, 157.00, 154.44 (2xC), 146.49, 314114.62, 139.99, 138.54,
134.50, 132.54, 130.28, 129.55 (2xC), 128.93, 1P&4C), 127.46, 127.07 (2xC),
124.66 (2xC), 102.89, 77.67, 51.47. ESI-MS: m/z.48§M+1), 503.4 (M+23), 519.4
(M+39). GogH20NeO4 [480.5].

Methyl



5-(benzyloxy)-6-o0x0-8-((3-(pyrimidin-5-yl)phenyl)ano)-5,6-dihydropyrido[2,3]p
yrazine-7-carboxylatesf): yellow solid, yield 70%, mp: 220-222 °¢H NMR (400
MHz, DMSOdg) 6 9.76 (s, 1H, N-H), 9.21 (s, 1H, pyrimidine-H ),19. (s, 2H,
pyrimidine-H), 8.90 (d,J = 2.4 Hz, 1H, pyrazine-H), 8.69 (d, = 2.4 Hz, 1H,
pyrazine-H), 7.66 — 7.62 (m, 4H, Ph-H), 7.54)(& 7.8 Hz, 1H, Ph-H), 7.47 — 7.39
(m, 3H, Ph-H), 7.37 — 7.31 (m, 1H, Ph-H ), 5.192d, CH,), 3.00 (s, 3H, Ch). **C
NMR (100 MHz, DMSO€) 6 164.47, 157.51, 157.01, 154.65 (2xC), 146.54,2515.
144.59, 139.99, 138.54, 134.49, 134.00, 132.63,8B529129.54 (2xC), 128.92,
128.39 (2xC), 127.39, 125.00, 123.69, 122.16, 1027/4.68, 51.15. ESI-MS: m/z
481.5 (M+1), 503.4 (M+23), 519.4 (M+39)2¢E1,0NsO4 [480.5].

Methyl
5-(benzyloxy)-8-((3',4'-dimethoxy-[1,1'-biphenyllyd)amino)-6-oxo-5,6-dihydropyri
do[2,3b]pyrazine-7-carboxylate6(): yellow solid, yield 60%, mp: 200-201 °¢H
NMR (400 MHz, DMSOds) & 9.65 (s, 1H, N-H), 8.89 (dJ = 2.4 Hz, 1H,
pyrazine-H), 8.67 (dJ = 2.4 Hz, 1H, pyrazine-H), 7.65 (d,= 8.5 Hz, 4H, Ph-H),
7.47 — 7.41 (m, 3H, Ph-H), 7.25 — 7.21 (m, 4H, Bh#04 (dJ = 8.2 Hz, 1H, Ph-H),
5.17 (s, 2H, CH), 3.86 (s, 3H, Ch), 3.79 (s, 3H, Ch), 3.11 (s, 3H, ChH). **C NMR
(100 MHz, DMSO¢€g) 6 164.40, 157.08, 149.10, 148.53, 146.42, 145.08,564
138.46, 137.62, 137.15, 134.52, 132.17, 129.53 J2k28.92, 128.39 (2xC), 127.36,
126.34 (2xC), 124.91 (2xC), 118.63, 112.23, 110112.07, 77.65, 55.60 (2xC),
51.29. ESI-MS: m/z 539.5 (M+1), 561.4 (M+23), 57{M#39). GsoH26N4Og [538.6].

Methyl
5-(benzyloxy)-8-((3',4'-dimethoxy-[1,1'-biphenyly8)amino)-6-o0xo-5,6-dihydropyri
do[2,3b]pyrazine-7-carboxylatesh): yellow solid, yield 59%, mp: 159-161 °¢H
NMR (400 MHz, DMSOds) &6 9.64 (s, 1H, N-H), 8.89 (dJ = 2.4 Hz, 1H,
pyrazine-H), 8.67 (dJ = 2.4 Hz, 1H, pyrazine-H), 7.65 (dd,= 7.7, 1.6 Hz, 2H,
Ph-H), 7.49 (d,) = 8.0 Hz, 1H, Ph-H), 7.47- 7.40 (m, 5H, Ph-H),47-27.22 (m, 2H,
Ph-H), 7.16 (dJ = 7.7 Hz, 1H, Ph-H), 7.05 (d,= 8.4 Hz, 1H, Ph-H), 5.18 (s, 2H,
CH,), 3.85 (s, 3H, Ch), 3.79 (s, 3H, CHh), 3.02 (s, 3H, CH.**C NMR (100 MHz,
DMSO-dg) 6 164.40, 157.07, 149.03, 148.70, 146.45, 145.08,584 140.50, 139.27,



138.45, 134.52, 132.28, 129.53 (2xC), 129.21, 128198.38 (2xC), 127.35, 123.44,
122.94, 122.04, 118.85, 112.16, 110.37, 102.045/A5.58 (2xC), 51.16. ESI-MS:
m/z 539.6 (M+1), 561.4 (M+23), 577.4 (M+39)3082,6N4O¢ [538.6].

Methyl
5-(benzyloxy)-8-(naphthalen-1-ylamino)-6-oxo-5,éwgiropyrido[2,3b]pyrazine-7-c
arboxylate 6i): yellow solid, yield 89%, mp: 213-214 °GH NMR (400 MHz,
DMSO-dg) § 9.71 (s, 1H, N-H), 8.92 (d, = 2.4 Hz, 1H, pyrazine-H), 8.71 (d= 2.4
Hz, 1H, pyrazine-H), 8.01 — 7.94 (m, 2H, Ph-H),07(8,J = 8.2 Hz, 1H, Ph-H), 7.64
(dd,J = 7.7, 1.7 Hz, 2H, Ph-H), 7.59 — 7.49 (m, 3H, Ph-H47 — 7.41 (m, 3H, Ph-H),
7.38 (d,J = 7.3 Hz, 1H, Ph-H), 5.17 (s, 2H, GH2.59 (s, 3H, Ch). *C NMR (100
MHz, DMSO-dg) 6 164.15, 157.10, 146.39, 146.10, 144.40, 138.58,653 134.51,
133.78, 130.40, 129.53 (2xC), 128.92, 128.39 (24€7,91, 127.23, 127.13, 126.39,
126.26, 125.29, 124.68, 123.53, 101.93, 77.68, BHHBI-MS: m/z 453.5 (M+1),
475.4 (M+23). GgHooN4O4 [452.5].

Methyl
5-(benzyloxy)-8-(naphthalen-2-ylamino)-6-oxo-5,6rgilropyrido[2,3b]pyrazine-7-c
arboxylate 6j): yellow solid, yield 87%, mp: 185-186 °CH NMR (400 MHz,
DMSO-dg) § 9.79 (s, 1H, N-H), 8.90 (d, = 2.3 Hz, 1H, pyrazine-H), 8.69 (d= 2.3
Hz, 1H, pyrazine-H), 7.92 — 7.90 (m, 2H, Ph-H),37(8,J = 7.7 Hz, 1H, Ph-H), 7.67
—7.65 (m, 3H, Ph-H), 7.54 — 7.38 (m, 6H, Ph-H).95(s, 2H, CH), 2.80 (s, 3H, Ch).
13C NMR (100 MHz, DMSOdg) & 164.39, 157.09, 146.48, 145.26, 144.58, 138.53,
136.63, 134.51, 132.88, 130.84 (2xC), 129.53, 128198.39 (2xC), 128.33, 127.56,
127.39 (2xC), 126.53, 125.60, 123.98, 121.27, H)273.67, 51.00. ESI-MS: m/z
453.5 (M+1), 475.4 (M+23), 491.4 (M+39)¢E1,0N4O4 [452.5].

Methyl
8-([1,1'-biphenyl]-4-ylamino)-5-(benzyloxy)-6-oxa&dihydropyrido[2,3b]pyrazine
-7-carboxylate gk): yellow solid, yield 69%, mp: 185-187 °&H NMR (400 MHz,
DMSO-ds) § 9.69 (s, 1H, N-H), 8.89 (d, = 2.4 Hz, 1H, pyrazine-H), 8.68 (d= 2.4
Hz, 1H, pyrazine-H), 7.70 — 7.64 (m, 6H, Ph-H),97.2.41 (m, 5H, Ph-H), 7.37 {,
= 7.3 Hz, 1H, Ph-H), 7.28 (d,= 8.5 Hz, 2H, Ph-H), 5.18 (s, 2H, GH3.12 (s, 3H,



CHs). *C NMR (100 MHz, DMSOdg) & 164.38, 157.05, 146.43, 145.08, 144.56,
139.45, 138.48, 138.34, 137.12, 134.51, 129.53,9828128.91, 128.38, 127.40,
127.38, 126.76, 126.46, 124.92, 102.28, 77.65, AIESI-MS: m/z 479.5 (M+1),
501.5 (M+23), 517.4 (M+39). H2:N404 [478.5].

4.1.6. General procedure for the synthesis of camgs/a-7k

Amides Ga—6k; 0.208 mmol) were dissolved in MeOH (5 mL) and CH (5
mL) and the solution degassed and stirred at rewnpérature undergover 10% Pd
*C (10%w/w, 2h). The mixture was filtered and the filtratesn@ncentrated, and the
resulting residue were dissolved in MeOH and,Cl] addition ofn-hexane gave a
precipitate, which was collected and dried to pdevine target compoundsaf7k).

Methyl
8-((4'-cyano-[1,1'-biphenyl]-4-yl)amino)-5-hydrox6roxo-5,6-dihydropyrido[2,3]p
yrazine-7-carboxylate7): yellow solid, yield 32%, mp: 262-264 °&H4 NMR (400
MHz, DMSO-<ds) § 10.98 (s, 1H, OH), 9.60 (s, 1H, N-H), 8.82 {d= 1.6 Hz, 1H,
pyrazine-H), 8.68 (d) = 1.6 Hz, 1H, pyrazine-H), 7.94-7.89 (m, 4H, Ph-HY6 (d,J
= 8.4 Hz, 2H, Ph-H), 7.29 (d, = 8.4 Hz, 2H, Ph-H), 3.11 (s, 3H, @H*C NMR
(100 MHz, DMSOe€k) 6 164.51, 157.60, 146.42, 144.96, 144.11, 143.88,.983
137.90, 134.49, 132.88 (2xC), 127.23 (2xC), 12{2%C), 126.86, 124.38 (2xC),
118.9, 109.77, 103.25, 51.32. ESI-MS: m/z 414.5 I\M+436.5 (M+23), 452.5
(M+39). GooH1sNsO4 [413.4].

Methyl
8-((4'-cyano-[1,1'-biphenyl]-3-yl)amino)-5-hydrox6roxo-5,6-dihydropyrido[2,B]p
yrazine-7-carboxylate7p): yellow solid, yield 61%, mp: 29-241 °¢H NMR (400
MHz, DMSO-<ds) § 10.94 (s, 1H, OH), 9.55 (s, 1H, N-H), 8.83 {d= 2.2 Hz, 1H,
pyrazine-H), 8.61 (dJ = 2.2 Hz, 1H, pyrazine-H), 7.94 (d,= 8.4 Hz, 2H, Ph-H),
7.88 (d,J = 8.4 Hz, 2H, Ph-H ), 7.57 (d,= 7.8 Hz, 1H, Ph-H), 7.52 — 7.49 (m, 2H,
Ph-H), 7.29 (dJ = 7.8 Hz, 1H, Ph-H), 2.97 (s, 3H, @HC NMR (100 MHz,
DMSO-dg) 6 164.59, 157.61, 146.42, 144.93, 144.39, 144.08.,913 138.45, 137.84,
132.88 (2xC), 129.65, 127.47 (2xC), 126.83, 124123.73, 122.46, 118.84, 110.25,
102.78, 51.08. ESI-MS: m/z 414.5 (M+1)::815N50, [413.4].



Methyl
8-((3'-cyano-[1,1'-biphenyl]-4-yl)amino)-5-hydrox8rox0-5,6-dihydropyrido[2,3]p
yrazine-7-carboxylate7€): yellow solid, yield 54%, mp: 237-238 4 NMR (400
MHz, DMSO-<ds) § 10.97 (s, 1H, OH), 9.57 (s, 1H, N-H), 8.83 {d= 1.8 Hz, 1H,
pyrazine-H), 8.61 (d) = 1.8 Hz, 1H, pyrazine-H), 8.18 (s, 1H, Ph-H),3(d,J = 7.8
Hz, 1H, Ph-H), 7.82 (d] = 7.8 Hz, 1H, Ph-H ), 7.75 (d,= 8.5 Hz, 2H, Ph-H), 7.67 (t,
J = 7.8 Hz, 1H, Ph-H), 7.28 (d,= 8.5 Hz, 2H, Ph-H), 3.11 (s, 3H, GH*C NMR
(100 MHz, DMSO¢€g) 6 164.55, 157.65, 146.43, 144.96, 144.16, 140.58.5113
137.91, 134.43, 131.19 (2xC), 130.91 (2xC), 130129,92, 127.07, 126.86, 124.52,
118.85, 112.16, 103.07, 51.38. ESI-MS: m/z 414.41M 436.4 (M+23), 452.5
(M+39). GoH1sNsO4 [413.4].

Methyl
8-((3'-cyano-[1,1'-biphenyl]-3-yl)amino)-5-hydrox§roxo-5,6-dihydropyrido[2,3]p
yrazine-7-carboxylate7(l): yellow solid, yield 60%, mp: 226-227 °éH NMR (400
MHz, DMSO-ds) § 10.94 (s, 1H, OH), 9.53 (s, 1H, N-H), 8.83 {d= 2.3 Hz, 1H,
pyrazine-H), 8.61 (dJ = 2.3 Hz, 1H, pyrazine-H), 8.13 (s, 1H, Ph-H N3(d,J =
7.8 Hz, 1H, Ph-H), 7.85 (dl = 7.8 Hz, 1H, Ph-H), 7.69 (§ = 7.8 Hz, 1H, Ph-H),
7.58 — 7.47 (m, 3H, Ph-H), 7.27 @z= 8.5 Hz, 1H, Ph-H), 2.97 (s, 3H, @HC
NMR (101 MHz, DMSOeg) 6 164.62, 157.64, 146.43, 144.93, 144.39, 140.67,
139.86, 138.17, 137.85, 131.37, 131.26, 130.20,1830129.59, 126.83, 124.48,
123.60, 122.34, 118.78, 112.11, 102.74, 51.09. SI-m/z 414.4 (M+1), 431.5
(M+18), 436.5 (M+23), 452.5 (M+39).,68H15Ns04 [413.4].

Methyl
5-hydroxy-6-0x0-8-((4-(pyrimidin-5-yl)phenyl)amind),6-dihydropyrido[2,3s]pyraz
ine-7-carboxylate7e): yellow solid, yield 57%, mp: 249-250 °&4 NMR (400 MHz,
DMSO-dg) 5 10.99 (s, 1H, OH), 9.61 (s, 1H, N-H), 9.17 (s, Jistrimidine-H), 8.83
(d,J=2.0 Hz, 1H, pyrazine-H), 8.62 (d= 2.0 Hz, 1H, pyrazine-H), 7.82 (d= 8.4
Hz, 2H, Ph-H), 7.32 (dJ = 8.4 Hz, 2H, Ph-H), 3.13 (s, 3H, @HC NMR (100
MHz, DMSO-ds) 6 164.54, 157.60, 157.07, 154.39(2xC), 146.42, ¥l4194.07,
140.15, 137.88, 132.54, 130.01, 127.02 (2xC), 126124.47 (2xC), 103.30, 51.43.



ESI-MS: m/z 391.4 (M+1), 413.5 (M+23) 168114N604 [390.4].

Methyl
5-hydroxy-6-0x0-8-((3-(pyrimidin-5-yl)phenyl)amind),6-dihydropyrido[2,33]pyraz
ine-7-carboxylate): yellow solid, yield 51%, mp: 223-224 °84 NMR (400 MHz,
DMSO-dg) 5 10.98 (s, 1H, OH), 9.59 (s, 1H, N-H), 9.20 (s, pyrimidine -H), 9.13
(s, 2H, pyrimidine -H), 8.83 (d] = 1.3 Hz, 1H, pyrazine-H), 8.62 (d= 1.1 Hz, 1H,
pyrazine-H), 7.64 — 7.60 (m, 2H, Ph-H), 7.52)(t 7.8 Hz, 1H, Ph-H), 7.32 (d,=
7.7 Hz, 1H, Ph-H), 2.98 (s, 3H, GHC NMR (100 MHz, DMSOds) & 164.65,
157.61, 157.47, 154.63 (2xC), 146.46, 144.94, B141310.12, 137.87, 133.97,
132.66, 129.80, 126.83, 124.86, 123.48, 122.10,98051.11. ESI-MS: m/z 391.4
(M+1), 413.5 (M+23), 429.4 (M+39).16H14N¢O4 [390.4].

Methyl
8-((3',4'-dimethoxy-[1,1'-biphenyl]-4-yl)amino)-5¢tiroxy-6-o0xo0-5,6-dihydropyrido[
2,3b)pyrazine-7-carboxylater(): yellow solid, yield 52%, mp: 213-215 °@&4 NMR
(400 MHz, DMSO#l) & 10.92 (s, 1H, OH), 9.46 (s, 1H, N-H), 8.82 Jd& 2.0 Hz, 1H,
pyrazine-H), 8.61 (dJ = 2.0 Hz, 1H, pyrazine-H), 7.64 (d,= 8.5 Hz, 2H, Ph-H),
7.23 = 7.21 (m, 4H, Ph-H), 7.03 @z= 8.2 Hz, 1H, Ph-H), 3.86 (s, 3H, @H3.79 (s,
3H, CHy), 3.10 (s, 3H, Ch). *C NMR (100 MHz, DMSOds) & 164.56, 157.70,
149.10, 148.50, 146.35, 144.90, 144.19, 137.80,7¥37136.95, 132.20, 126.77,
126.31 (2xC), 124.80 (2xC), 118.59, 112.24, 11012.44, 55.60, 55.59, 51.25.
ESI-MS: m/z 449.5 (M+1), 471.5 (M+23), 487.4 (M+3@)3H»0N4Og [448.4].

Methyl
8-((3',4'-dimethoxy-[1,1'-biphenyl]-3-yl)amino)-5¢troxy-6-o0xo0-5,6-dihydropyrido[
2,3b]pyrazine-7-carboxylate 7h): yellow solid, yield 36%, mp: 165-166 °CH
NMR (400 MHz, DMSOdg) § 10.96 (s, 1H, OH), 9.48 (s, 1H, N-H), 8.82 Jc& 1.2
Hz, 1H, pyrazine-H), 8.61 (d, = 1.2 Hz, 1H, pyrazine-H), 7.47 (d,= 7.7 Hz, 1H,
Ph-H), 7.42 — 7.38 (m, 2H, Ph-H), 7.23 — 7.19 (M, Ph-H), 7.14 (dJ = 7.7 Hz, 1H,
Ph-H), 7.04 (d,J = 8.2 Hz, 1H, Ph-H), 3.84 (s, 3H, @H3.79 (s, 3H, Ch), 3.00 (s,
2H, CHs). *C NMR (100 MHz, DMSOdg) § 164.58, 157.70, 149.03, 148.66, 146.40,
144.93, 144.21, 140.44, 139.42, 137.80, 132.32,1829126.79, 123.21, 122.82,



121.89, 118.82, 112.16, 110.34, 102.38, 55.57,5%5H.11. ESI-MS: m/z 449.5
(M+1). CoaHooN4Og [448.4].

Methyl
5-hydroxy-8-(naphthalen-1-ylamino)-6-oxo0-5,6-dihgdyrido[2,3b]pyrazine-7-carb
oxylate {7i): yellow solid, yield 62%, mp: 211-213 °&4 NMR (400 MHz, DMSO#dg)

§ 10.91 (s, 1H, OH), 9.51 (s, 1H, N-H), 8.85Jd 1.4 Hz, 1H, pyrazine-H), 8.64 (d,
J=1.4 Hz, 1H, pyrazine-H), 7.98 (d= 7.7 Hz, 2H, Ph-H), 7.88 (d,= 8.2 Hz, 1H,
Ph-H), 7.76-7.47 (m, 3H, Ph-H), 7.36 (= 7.2 Hz, 1H, Ph-H), 2.58 (s, 3H, GH

3%C NMR (100 MHz, DMSOdg) 6 164.31, 157.73, 146.32, 145.28, 144.79, 137.88,
134.76, 133.79, 130.43, 127.91, 127.09, 126.54,3B626126.23, 125.30, 124.68,
123.49, 102.29, 50.65. ESI-MS: m/z 363.4 (M+1), .88%M+23). GoH14N4O4
[362.3].

Methyl
5-hydroxy-8-(naphthalen-2-ylamino)-6-oxo-5,6-dihgdyrido[2,3b]pyrazine-7-carb
oxylate {7j): yellow solid, yield 25%, mp: 212-214 °CH NMR (400 MHz,
DMSO-ds) 6 10.97 (s, 1H, OH), 9.63 (s, 1H, N-H), 8.83 @,= 2.2 Hz, 1H,
pyrazine-H), 8.62 (d) = 2.2 Hz, 1H, pyrazine-H), 7.91- 7.88 (m, 2H, Ph-H81 (d,

J = 7.7 Hz, 1H, Ph-H), 7.64 (s, 1H, Ph-H), 7.52 457(m, 2H, Ph-H), 7.37 (dd, =
8.7, 2.0 Hz, 1H, Ph-H), 2.79 (s, 3H, @H*C NMR (100 MHz, DMSOdg) § 164.57,
157.70, 146.42, 144.94, 144.38, 137.88, 136.78,9132130.74, 128.28, 127.54,
127.34, 126.82, 126.48, 125.49, 123.96, 121.09,78050.98. ESI-MS: m/z 363.4
(M+1), 385.3 (M+23), 401.4 (M+39).16H14N40, [362.3].

Methyl
8-([1,1'-biphenyl]-4-ylamino)-5-hydroxy-6-o0xo-5,8khydropyrido[2,3b]pyrazine-7-c
arboxylate Tk): yellow solid, yield 35%, mp: 221-222 °¢H NMR (400 MHz,
DMSO-ds) & 10.93 (s, 1H, OH), 9.50 (s, 1H, N-H), 8.82 @,= 2.2 Hz, 1H,
pyrazine-H), 8.61 (dJ = 2.2 Hz, 1H, pyrazine-H), 7.69-7.64 (m, 4H, Ph-H}X7 (t,J
= 7.6 Hz, 2H, Ph-H), 7.36 (8, = 7.3 Hz, 1H, Ph-H), 7.26 (d,= 8.4 Hz, 2H, Ph-H),
3.10 (s, 3H, CH). **C NMR (100 MHz, DMSOds) 5 164.54, 157.67, 146.36, 144.91,
144.19, 139.47, 138.48, 137.82, 136.91, 128.96,3427126.78, 126.72, 126.42,



124.80, 102.64, 51.23. ESI-MS: m/z 389.4 (M+1), .41(M+23), 427.4 (M+39).
Co1H16N404 [388.4].
4.2. HIV-1 RNase H inhibition assay

Wild-type (WT) HIV-1 BH10 reverse transcriptase (R¥as expressed iA. coli
and purified as previously described [40, 41]. 8gtit oligonucleotides 31Trna
(5"-UUUUUUUUUAGGAUACAUAUGGUUAAAGUAU-3") and 21P
(5"-ATACTTTAACCATATGTATCC-3") were obtained from &ma. The RNase H
activity was determined using the template-priméfr@a/21P [30]. The template
RNA was labeled at its 5" end with+{2P] ATP (Perkin Elmer) and T4 polynucleotide
kinase (New England Biolabs), and then purifiechvatmini Quick Spifi" column
(Roche). The labeled template was annealed to thet primer (21P) in 50 mM
Tris-HCI (pH 8.0) containing 50 mM NaCl, as prewtudescribed [30]. RNase H
cleavage assays were carried out for 20 s at 3ittC20-40 nM HIV-1 RT in 30 pL
of 50 mM Tris-HCI (pH 8.0), 50 mM NaCl, 5 mM Mg&l25 nM *%P-labeled
template-primer (31Trna/21P), and 5% dimethyl sutfe (DMSO). The potential
RNase H inhibitors were available in 50% DMSO. Aypiate dilutions of those
drugs were preincubated with the RT for 5 min at°87in the assay buffer, and
reactions were initiated by adding the labeled tateporimer. Aliquots were
removed at appropriate times and quenched withqaalesolume of sample loading
buffer [LO mM EDTA in 90% formamide containing xgke cyanol FF (3 mg/mL) and
bromophenol blue (3 mg/mL)] and analyzed by demagumpolyacrylamide gel
electrophoresis. The amounts of uncleaved subgBaiEgna) and products of 25 and
26 nucleotides were determined by phosphorimagiriy a/BAS1500 scanner (Fuiji),
using the program Tina version 2.09 (Raytest Isetopessgerate Gmbh,
Staubenhardt, Germany). gCvalues (uM) were determined from dose-response
curves after calculating the amount of cleaved satesin the absence of inhibitor (5%
DMSO) and in the presence of drug at concentraiiotise range of 0.2 to 100 uM.
4.3. HIV-1 IN inhibition assay

HIV-1 IN inhibition assay was carried out using BblSA method [31] and the
XpressBio HIV-1 Integrase Assay Kit EZ-1700 (purebad from Suzhou Xishan



Biological technology co., LTD, China). Briefly,reptavidin-coated 96-well plates
were coated with a double-stranded HIV-1 LTR U5 atosubstrate (DS) DNA
containing an end-labeled biotin for 30 min at 87 Full-length recombinant HIV-1
IN protein was then added, and the mixture incub&be another 30 min at 37 °C.
Test compounds were added to the enzyme reactmimanbated for 5 min at room
temperature. Then a different double stranded tangastrate (TS) DNA containing a
3'-end modification was added to the reaction nmatwhich was then incubated for
30 min at 37 °C. The HIV-1 IN cleaves the termihab bases from the exposed
3’-end of the HIV-1 LTR DS DNA and then catalyzesteand-transfer recombination
reaction to integrate the DS DNA into the TS DNAeTproducts of the reaction are
detected spectrophotometrically using a horse maghsroxidase (HRP)-labeled
antibody directed against the TS 3-end modifiaatidherefore, HRP antibody
solutions were added to the reaction and incubadieg 30 min at 37 °C. Following
the incubation with the antibody, 100 uL of a 3,53’ -tetramethylbenzidine (TMB)
peroxidase substrate solution is added to eachamellincubated for 10 minutes at
room temperature. The reaction is stopped by adtifg.L of the commercial TMB
stop solution and the absorbance of the producetermined at 450 nm using a
microtiter plate ELISA reader. The percentage iiitb obtained with the tested
compounds was calculated by using the formula:
% Inhibition= [OD value with IN but without inhilbrs — OD value with IN and
inhibitors]/[OD value with IN and inhibitors — ODalue without IN and inhibitors]
Inhibitory concentration 50%uM) determined from dose-response curves.
4.4. In vitro anti-HIV assay

By using the MTT method described previously [43],4the synthesized
compounds were evaluated for their activity agawiStHIV-1 [44] (strain HIV-IIIB),
and in MT-4 cells. At the beginning, stock solusofiOxfinal concentration) of test
compounds were added at 2Bl volumes to two series of triplicate wells to a¥io
simultaneous evaluation of their effects on mockl ahV-infected cells. Serial
five-fold dilutions of the test compounds were madectly in flat-bottomed 96-well

microtiter trays, including untreated control HIVahd mock-infected cells for each



sample, using a Biomek 3000 robot (Beckman instrugye-ullerton, CA). HIV-1
(MmB) (50 pL at 100-300 CClky) (50% cell culture infectious dose) or culture
medium were added to either the mock or HIV-infdcieells of the microtiter tray.
Mock-infected cells were used to evaluate the effiétest compounds on uninfected
cells in order to assess their cytotoxicity. Expuraly growing MT-4 cells were
centrifuged for 5 min at 1000 rpm and the supemataas discarded. The MT-4 cells
were resuspended at 6 XXlls/mL, and transferred 5. volumes to the microtiter
tray wells. Five days after infection the viabilby mock-and HIV-infected cells was
determined spectrophotometrically. The MTT assayg Wwased on the reduction of
yellow colored 3(4,5-dimethylthiazol-2-yl)-2,5-diphyltetrazolium bromide (MTT)
(Acros Organics, Geel, Belgium) by mitochondriahgdrogenase of metabolically
active cells to a blue-purple formazan that cammaasured spectrophotometrically.
The absorbances were read in an eight-channel dempontrolled photometer
(Multiscan Ascent Reader, Labsystems, Helsinkildfid), at the wavelengths of 540
and 690 nm. All data were calculated using the aredD (optical density) value of
two or three wells. The 50% effective antiviral centration (EGy) was defined as
the concentration of the tested compound achiedfgo protection from viral
cytopathicity. The 50% cytotoxic concentration @g)Gvas defined as the compound
concentration that reduced the inability of mocfeated cells by 50%.
4.5. Molecular Docking

Molecular modeling of compound& and7h were performed using the Tripos
molecular modeling packages Sybyl-X 2.0 [45]. Thylouhe Tripos force field7a
and 7h were optimized for 2000-generations till the maximderivative of energy
became 0.005 kcal/(mol*A). The flexible docking mad (Surflex-Dock) docked the
ligand automatically into the receptor ligand binglsite by the use of protocol-based
approach and empirically derived scoring functidie protein was prepared by
removing the ligand, water molecules, and othereagaasary small molecules from
the crystal structure of the ligand protein comp{€®X0B code: 5J1E for RNase H,
3OYA for IN) prior to docking; polar hydrogen atoraad charges were added to the

protein. SurflexDock default settings were used ditver parameters, such as the



maximum number of rotatable bonds per molecule t®€t00) and the maximum
number of poses per ligand (set to 20). The atartharges were recalculated using
the Kollman all-atom approach for the protein ahd Gasteig-Htckel approach for
the ligand. And the binding interaction energy wadculated, including van der
Waals, electrostatic, and torsional energy ternfisiee in the Tripos force field. After
the protocol was generated, the optimizedand 7h were docked into the binding

pockets and to define the binding interactions.
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® A series of 5-hydroxypyrido[2,3-b]pyrazin-6(5H)-one derivatives as HIV-1
RNase H inhibitors were designed and synthesized for the first time.

® 7ashowed the better RNase H inhibitory activity than S-thujaplicinol.

® 7aexhibited the best dual inhibitory activity against HIV-1 RNase H and IN.



