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Graphical abstract
Through a structure-guided core-refining approach, a series of novel
imidazo[1,2-a]pyrazine derivatives were designed, synthesized and identified as

inhibitors of wild-type HIV-1 strain in this paper.
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Abstract: Through a structure-guided core-refining approaghseries of novel
imidazo[1,2a]pyrazine derivatives were designed, synthesized aewaluated as
HIV-1 non-nucleoside reverse transcriptase inhibiflINRTIs). Biological results of
antiviral assay in MT-4 cell cultures showed th&t thrget compounds displayed
moderate activities against wild-type (wt) HIV-1rash (Illg) with EGs values
ranging from 0.26:M to 19 uM. Among them4a and5a were found to be the two
most active analogues possessingB@lues of 0.2uM and 0.32uM respectively,
comparable to delavirdine (DLV, E&= 0.54uM) and nevirapine (NVP, Ef= 0.31
uM) in a cell-based assay. Additionally, 9 compousllewed RT inhibitory activity

superior to that of NVP. Moreover, some predictedugeike properties of
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representative compounds and 5a, as well as the structure-activity relationship
(SAR) analysis were discussed in detail. The bigdimode of compounda was
investigated by molecular simulation studies.
Keywords: HIV-1 RT, Imidazo[1,2a]pyrazines, Core-refining, NNRTIs, Biological
activity, Molecular simulation.
1. Introduction

According to the newly releasedNAIDS Gap report there were approximately 35
million people living with HIV, 2.1 million new HIMnfections and 1.5 million deaths
due to AIDS in 2013 In spite of the introduction of highly active @atroviral
therapy (HAART) dramatically decreasing the moryidand mortality caused by
HIV-1 infection, the AIDS prevalence remains ondled world’s most serious public
health problems. Owing to the excellent antiviratgmcy, high specificity and low
cytotoxicity, HIV-1 non-nucleoside reverse tranptaise inhibitors (NNRTIS) have
become inherent ingredients of HAARTHowever, drug resistance due to reverse
transcriptase (RT) mutations inevitably emergerdéteg-term use of NNRTIs. Thus,
further development of novel inhibitors with eficit anti-HIV activity against both
wild-type (wt) and mutated HIV strains, is undoutiferequired for the successful
application of NNRTIs in drug combination regim&fs

Among NNRTIs, diarylpyrimidine (DAPY) derivativesith remarkable activity
have attracted considerable attention over the gexside. As the most representative
series of second generation NNRTIs, DAPY derivatieelminated with the US
FDA's approval of Etravirine (ETR, TMC125) and Ripine (RPV, TMC278) for
their prominent potency against a large panel of-tilmutant strairs (Fig. 1).
However, most DAPY derivatives suffered from unsfatitory pharmacokinetic
profiles. For instance, the clinical advancementEdfR and RPV was hindered
initially by poor aqueous solubility and bioavailitlg ®. Besides, ETR proves to be an
inducer of cytochrome P450 3A4 enzyme (CYP3A4),levkiiis an inhibitor of CYP
2C9 and CYP 2C19 on the contrarfhus, a number of drug-drug interactions must
be considered when prescribing etravirine, whiahit§ its clinical application.
Taking into account these drawbacks, efforts haeenbfocused on exploring
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additional heterocyclic scaffolds as next-generafdAPY-like NNRTIs to improve
pharmacokinetic and druggable properties. For mt&a pyrrolopyrimidines
RDEA427 and RDEA640 have been disclosed to exlelitarkable antiviral potency
against wt HIV-1 (with Eg values of 0.9 and 0.8 nM, respectively) and a dbroa
spectrum of HIV-1 mutants with low potential for ®¥nduction Fig. 2) ®°. In 2014,
two series of fused heterocyclic compounds beatwiggehead nitrogen were
reported by our group as DAPY-like NNRTIs . Excetlanti-HIV-1 activities were
displayed by some compounds, such as pyrazola{lpyrimidine Y T-5a (ECso= 70
nM)'* and 1,2,4-triazolo[1,3] pyrimidine LW-7¢c (ECso = 50 nMY (Fig. 2). In
addition to furnishing highly potent NNRTIs, thebiyclic systems also provided
additional diversification points for structure-&iy relationship (SAR) studies and
for improvement of the inhibitor’s overall pharmatieal properties.

The advances in structural biology further gaveigims into the important
interactions between the NNRTI-binding pocket (NR)Band the inhibitors, which
could provide new guidelines for improving the sedpsent structure-based molecular
design of potent NNRTIs. Recently, another reldivmexplored open region termed
“entrance channel” in NNIBP extending into the solirexposed region, which was
surrounded by Leu100, Lys101, Glu138 and Valf79as been initially identified by
Prof. W.L. Jorgensen’s group. Based on the detasgection of the binding mode
revealed by the crystallographic structure of ETRits complex with RT, it was
found that the amino and bromo groups on the cegpyramidine ring of ETR exactly
pointed to the entrance channel. The amino groumdd a hydrogen bond with
Glu138 while the bromo group developed electrasiateraction with Val179.

On the basis of this analysis, and in continuatibour pursuit of the exploitation
of novel biologically potent fused heterocycledDa#sPY-like NNRTIs, we designed a
series of synthetically feasible imidazo[Bpyrazind* NNRTIs via a
structure-guided core-refining approach to exphaiditional interactions with the
entrance channel region of NNIBP. Concretely, atiogr to the bioisosterism
principle, we employed the privileged bridgeheadtrogen heterocycle
imidazo[1,2a]pyrazine as the central ring of new NNRTIs, asvamon Figure 2.
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Meanwhile, theNH linker connecting the central ring with the righrtg, which could
make a crucial hydrogen-bond interaction with thekibone of Lys101 especially in
the cases of the Lys101 mutant, was maintainedeiv of its paramount importance.
Besides, the diverse substituents (including tlep@nderant groups) on the left and
right rings were introduced. The overall molecudanformation of DAPYs which is
required for the antiviral potency should be rezdinAdditionally, compared to ETR,
the extra imidazole ring instead of the amino amomm groups, was installed to
occupy the NNIBP entrance channel more effectivelgich was expected to have
potentially enhanced interactions with the keydess inside the entrance channel.
Herein, to validate these hypotheses, we repohedsynthesisin vitro anti-HIV
potency, HIV-1 RT inhibitory activity and some preted drug-like properties of
these novel imidazo[1,8}pyrazine derivatives. The SAR and molecular sirioia
studies were also discussed in detail to gain éuartimsight into this series of
analogues.
2. Results and discussion
2.1. Chemistry
The synthetic route of imidazo[1&pyrazine derivatives as target compounds is
depicted inScheme 1. The intermediate 6,8-dibromoimidazo[BRpyrazine @) was
prepared from commercially available 3,5-dibromegzyn-2-amine 1) by cyclizing
with 2-chloroacetaldehyd® Subsequently, different substituted phenols were
connected to the relatively active 8-position af thsed imidazo[1,2pyrazine ring
by a nucleophilic substitution reaction in the pmse of KCOs'® providing
intermediates3-8. Finally, 3-8 underwent a Pd(OAgkatalyzed Buchwald—Hartwig
reactiort’” with corresponding anilines to yield 18 title comopds 8a-d, 4a-d, 5a-d,
6a, 6b, 7a, 7b, 8a, 8b). Both physicochemical and spectral data of aldjinthesized
compounds were found to be in full agreement withgroposed structures.
2.2. In vitro anti-HIV activity
The newly synthesized imidazo[ladpyrazine derivatives were tested for their
anti-HIV activity in MT-4 cell cultures infected #i the wt HIV-1 (strain IIIB), the
double RT mutant (K103N+Y181C) HIV-1 strain (RESP5#s well as HIV-2 (strain
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ROD), using the MTT method as previously describElde biological results are
presented as Egvalues, CgVvalues and Sl values as showiTigble 1. Zidovudine
(AZT), Didanosine (DDI), Lamivudine (3TC), Nevirag (NVP), Delavirdine
mesylate (DLV), Efavirenz (EFV) and Etravirine (E)lRere used as reference drugs.

In total, 12 compounds displayed anti-HIV-1 (llIBtivity in the micromolar
range (EGo = 0.26 — 19uM) with selectivity index (Sl) values ranging frognto >
224. Among them4a and 5a were found to be the two most active analogues
possessing B values of 0.26uM and 0.32uM respectively, which were much
lower than the reference drugs DDI @€ 23 uM) and 3TC (EGy= 2.2 uM), and
comparable to DLV (E€= 0.54uM) and NVP (EGo= 0.31uM), while much higher
than for AZT (EGo= 0.007uM), EFV (EGp= 0.006puM) and ETR (EGy= 0.004uM)
against IlIB strain. Compoundis and5a also exhibited high selectivity indexes (Sl =
126,> 224, respectively). Also, two compounds,(EGy= 0.98uM; 8a, EGo= 0.87
uM) showed better potency than the control drugs B 3TC. Unfortunately, none
of the new compounds was active against the daunbkant HIV-1 strain RES056 at
subtoxic concentrations. Based on the anti-HIV41BJl assay results, preliminary
SAR analysis was as follows.

First of all, to elucidate the SAR profiles of thabstitutents R different goups
were introduced on the right ring of these imiddzap]pyrazine analogues, while
keeping other positions unchanged. Comparing thg B CGyvalues of theda-d
sub-series characterized by a 2,4,6-trimethyl swiestt on the left wing, we found
that compoundta bearing a 4-cyano-substituent on the right ringsessed the best
activity and highest Sl value (Sl = 126). The sewas of potency and 8alues in
this case indicated the same declining trend: 4wya 4-nitro > 4- cyano
methylene > 4-chlorine. Compoun8@a and5a also showed best potency and safety
profiles in the3a-d and5a-d sub-series, respectively. On the whole, 4-cyarlnan
substitution was found to be the optimal functiogadup for R in these derivatives.
The results were in agreement with those of the ©#\previously reported.

Next, the nature of substitutions ;(Rnd R) on the left wing was explored.
Comparing the E& values of those analogues with sames@bstituents, compounds
4a-d, it was seen that a 2,4,6-trimethyl substituent tbe left wing was most
favorable to the anti-HIV-1 (1lIB) activity, supen to 2,6-dimethyl-4-cyano group
and the others. Besides, by comparing compdianahd8a with 3a (ECso= 6.5uM),



we can conclude that adding a bromine or chloritmmaat the 4-position of
2,6-dimethylphenoxy moiety was beneficial for theiddlV-1 potency. It was also
interesting to observe the “magic methyl phenom&nby comparing3a to 4a, an
additional methyl group with its lipophilic surfaceell buried into a hydrophobic
pocket of NNIBP is anticipated to provide bindingeegy up to 1.5 kcal/mol, so give
up to a 10-fold improvement in binding constafy™® (or equivalent to EG).
Certainly, a 25-fold increase for potencyd4af (ECso= 0.26uM) over 3a (ECsp= 6.5
uM) was observed . With a 2,4,6-trifluorine subsition the left ring6a exhibited
the worst anti-HIV-1 profile in the 4-cyano-subgént (R) sub-series. In short, the
decreased order of substituents on the left wirgethaon the antiviral activity was:
2,4,6-trimethyl 4a) > 2,6-dimethyl-4-cyano5g) > 2,6-dimethyl-4-bromo 7a) ~
2,6-dimethyl-4-chloro&a) > 2,6-dimethyl 8a) >2,4,6-trifluoro Ga).

Moreover, in the3a-d, 4a-d and5a-d sub-series, it is noteworthy that the lowest
cytotoxicity was always found in the compounds beprcyano methylene at the
R3-position Bc: CCso= 156 uM; 4c: CCsp= 117uM; 5¢: CCsp= 282uM),

Taken together, our preliminary SAR analysis ofhese novel
imidazo[1,2a]pyrazine derivatives revealed the key structuragifnents to maintain
high activity against wt HIV-1: (i) The optimal neiy for the right wing was a
4-cyano-aniline group; (i) The best group for thieft wing was a
2,4,6-trimethyl-phenoxy group. (iii) Furthermoreuro study revealed that the
cytotoxicity was directly related to the nature tbe R substituent groups. Most
importantly, in spite of the fact that these imidgz2-a]pyrazines did not exhibit
improved activity in comparison with ETR, they repented a novel class of
anti-HIV-1 agents with great potential for furtheptimization. It must be said, the
new imidazo[l,2a)pyrazine derivatives can be readily derivatizedgilftating
extensive SAR studies in the future.

Moreover, all the target compounds were alsoes@é for their inhibition against
HIV-2 (strain ROD) in MT-4 cells, but none was falreffective at a subtoxic
concentration, indicating that the newly synthesizempounds were only specific
for HIV-1.

2.3. Inhibition of HIV-1 RT



In order to further confirm the binding target, tile compounds were tested in
enzymatic assays against HIV-1 RT (WT), using pp\ ¢ oligo [dT];s as
template/primer (RT kit, Roche). NVP and ETR wesedias reference drugs in this
assay. As shown ifable 2, on the whole, most compounds displayed moderdte R
inhibitory activity. Among them, 9 compounds showr inhibitory activity superior
to that of NVP. In particular, compouig (ICso= 0.17uM) demonstrated the highest
potency compared to that of ETR G 0.13 uM). Admittedly, the enzymatic
activity and SARs of these analogues exhibited sdifference compared to their
anti-HIV (11IB) results, especially for cyano metape-containing compouncge, 4c
and 5c with the recovered RT inhibition. In summary, itesasonable that the newly
synthesized imidazo[1,8}pyrazine derivatives could specifically target HIVRT,
and thus belonged to the class of the HIV-1 NNRTIs.

2.4. Molecular modeling analysis

Molecular modeling (docking) was performed using 8ybyl-X 1.1 software to
get deeper insight into the molecular bases ofrthibitory potency and to rationalize
SARs of these analogues. The most potent compéaiia anti-HIV-1 (11IB) in vitro
assay was selected to be docked into the NNIBPI'GfIHRT (taken from the crystal
structure of the RT/ETR complex, PDB entry: SMEC).

As shown inFigure 3, 4a was displayed in overlap with ETR by PyMOL version

1.5 (http://www.pymol.org/).4a had nearly the same binding mode as etravirine.

Notable features of4a in the NNIBP were summarized as follows: The
trimethylphenyl fitted into the aromatic-rich subgket consisting of residues Tyr181,
Tyrl88, Phe227 and Trp229, developing positive tackace n—n interactions with
the aromatic rings of Tyr181 and Tyr188. The righhzonitrile moiety extended to a
solvent exposure region, which was surrounded Isydues His235 and Pro236.
Additionally, one hydrogen bond was formed betwteNH linked to the 6-position
of the core ring and the backbone carbonyl of resibdys101. Moreover, the fused
imidazole ring actually occupied the entrance clehreffectively, giving rise to
favorable Van der Waals interaction. However, lagkbne polar interaction (like
hydrogen bond interaction) between the central rbeyelic moiety and Glul38
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observed in ETR may be one reason for the inferbivity of 4a. On the whole, the
modeling analysis was able to support our origidesign hypothesis and of the
information provided above will be taken full adtage for further structural
optimization.

2.5. In silico prediction of physicochemical propes

Furthermore, some physicochemical properties 4af 5a (as representative
compounds) an&DEA427, LW-7c, ETR (as control), like LogP, molecular weight
(MW), topological polar surface area (TPSA), molacuvolume (MV), were

determined using free on-line software (http://wwwlinspiration.com/) for their

compliance with the Lipinski’s rule of five. Theqaticted resultsT{able 3) suggested
that compounddgla, 5a and reference compounds conformed well to thenkidis
rule of five. In addition, imidazo[1,3}pyrazine derivatives and ETR shared similar
properties. Physicochemical propertiesdafand 5a may not be mainly responsible
for their moderate activity against wt HIV-1. Inesh considering all of the results,
compoundsda and5a have a better balance of moderate activity agautgtV-1
and reasonable physicochemical properties, and ¢busidered as the two most
promising leads for further lead optimization.
3. Conclusions

Based on the crystallographic structures of reporf®APY (or DAPY-like)
analogues, a series of novel imidazo[d]@yrazines were designedria a
structure-guided core-refining approach, synthesamed evaluated for their activities
against wt HIV-1 (strain 1l1IB), K103N+Y181C doubitautated HIV-1 (strain
RES056) and HIV-2 (strain ROD) in MT-4 cells. Amottigem, 12 compounds
exhibited moderate anti-HIV-1 (IlIB) activity in miomolar range (Ef = 0.26 — 19
uM). Especially, compoundda and 5a were identified as the two most active
analogues in inhibiting HIV-1 possessing s@alues of 0.26uM and 0.32uM
respectively, which were much better than thoseetdrence drugs DDI (Eg= 23
uM) and 3TC (EGp= 2.2uM), comparable to DLV (E&= 0.54uM) and NVP (EGo
= 0.31uM). In addition, all the compounds were tested nzyenatic assays against
HIV-1 RT (WT), and 9 compounds showed RT inhibitactivity superior to that of

NVP. Furthermoresome physicochemical properties of representativepoundsia



andb5a were predicted, and the results suggesteddthahd5a could be considered as
the two most promising leads for next-step optitiara Preliminary SARs based on
anti-HIV-1 activities were discussed in detail, amblecular modeling studies
performed supported our initial design hypothdsé the fused imidazole ring of new
compounds could occupy the entrance channel of HRF effectively, but lacking
one polar interaction with Glu138 as observed iaw@tine may be one reason for the
inferior activity of this series of derivatives. 8¢e valuable information and the initial
results immensely encourage us to further optirtiee priviledged structure, which
will be reported in due course.

4. Experimental section

4.1. Chemistry

All melting points (mp) were determined on a micedtimg point apparatus and are
uncorrected. Mass spectra were taken on a LC Anmtpla Device: Standard
G1313A instrument by electrospray ionizatidd. NMR and®*C NMR spectra were
obtained on a Bruker AV-400 spectrometer (Brukeo3giin, Switzerland) in the
indicated solvent DMS@s. Chemical shifts were expresseddimnits (ppm), using
TMS as an internal reference addvalues were reported in hertz (Hz). TLC was
performed on Silica Gel GF254. Spots were visudlizg irradiation with UV light
254 nm). Flash column chromatography was performedcolumns packed with
silica gel 60 (200-300 mesh). Solvents were ofe@atigrade, and if necessary, were
purified and dried by standard methods. The keyents were purchased from
commercial suppliers and not further purified whesed. Rotary evaporators served

in concentration of the reaction solutions undduced pressure.
4.1.1. General procedure for  the synthesis of midiates
6-bromo-8-substitutedphenoxy imidazo[1,2-a]pyragi(®e8)
6,8-Dibromoimidazo[1,&]pyrazine @): 2-chloroacetaldehyde (0.79 g, 4 mmol )
was slowly added to a freshly prepared solutior8,6fdibromopyrazin-2-aminel)
(0.51 g, 2 mmol) in 2-propanol (20 mL). The mixtweas stirred at reflux under a
nitrogen atmosphere for 24 h. After cooling, L (25 mL) and EN (1 mL) were
added to the reaction solution. Thereafter, theestlwas evaporated under reduced

pressure, and then the residue was washed with 1Imired solution (water:



2-propanol = 10:1) for 2 times, filtered and driachder vacuum to give
6,8-dibromoimidazo[1,2pyrazine @) as a brown solid, which was pure enough to
be used in the next step without further purificati

6-Bromo-8-substitutedphenoxy imidazo[Bpyrazines 8-8): A mixture of
appropriate substituted phenols (7 mmol) and patassarbonate (1.93 g, 14 mmol)
in 30 mL DMF was stirred for 30 min at room tempgera. Then,
6,8-dibromoimidazo[1,2]pyrazine @) (1.94 g, 7 mmol) was added and the mixture
reacted overnight at room temperature. After trectien was completed, 100 mL
H,O was added to the mixture. The resultant preceiteere filtered and dried in
vacuo to obtain the crude products of 6-bromo-8sttedphenoxy
imidazopyrazines 38), which could be used in the next step withoutther
purification.

4.1.2. General procedure for the synthesis of taogenpounds3a-d, 4a-d, 5a-d, 6a,
6b, 7a, 7b, 8a, 8b)

Pd(OAc) (11.2 mg, 0.05 mmol) and Xantphos (28.9 mg, 0.08oth were added
to 1,4-dioxane (5 mL) in a Schlenk-type flask. Afsirring for 30 min at room
temperature, 6-bromo-8-substitutedphenoxy imida2efjpyrazines 8-8) (1 mmol),
different 4-substitued anilines (1.1 mmol) and@3; (651.6 mg, 2 mmol) were
added to the mixture. The solution was allowedtitoas reflux under N protection,
and the reaction was followed by TLC until its cdetjpn. After cooling to room
temperature, the reaction solution was filtered awmhcentrated under reduced
pressure. The residue was purified by flash chrography using proper eluant and
then recrystallization to afford the target compds3a-d, 4a-d, 5a-d, 6a, 6b, 7a, 7b,
8a, 8b).
4.1.2.1. 4-((8-(2,6-dimethylphenoxy)imidazo[1,2yajzin-6-yl)amino)benzonitrile
(3a)

White solid, yield: 51%. Decomposed at 187 %€ NMR (400 MHz, DMSO)
0. 9.19 (s, 1H, NH), 8.18 (s, 1H, imidazole-H), 7@6 1H, pyrazine-H), 7.74 (s, 1H,
imidazole-H), 7.34 (dJ=8.80 Hz, 2H, PhH), 7.24-7.20 (m, 3H, OPh-H), 7(d8
J=8.84 Hz, 2H, PhH), 2.11 (s, 6H, @2). °C NMR (100 MHz, DMSOds) 6:
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150.81, 150.09, 147.50, 137.65, 134.87, 133.22,8030130.18, 129.25, 126.25,
120.26, 117.22, 116.04, 102.28, 100.10, 16.48; MSi-m/z 356.5 (M+1), 378.6
(M+23), G1H17NsO (355.14).

4.1.2.2. 8-(2,6-dimethylphenoxy)-N-(4-nitrophenyl)imidaz@th]pyrazin-6-amine
(3b)

Yellow solid, yield: 27%. mp: 259-261 °@4 NMR (400 MHz, DMSOd) J: 9.62
(s, 1H, NH), 8.22 (s, 1H, imidazole-H), 8.03 (s,, ¥yrazine-H), 7.82 (d, J=9.28 Hz,
2H, PhH), 7.77 (s, 1H, imidazole-H), 7.28-7.22 @h, OPh-H), 7.10 (d)=9.28 Hz,
2H, PhH), 2.12 (s, 6H, Gpi2). 1*C NMR (100 MHz, DMSOdg) 6: 150.87, 150.12,
149.83, 138.78, 137.22, 135.02, 130.86, 130.28,2529126.23, 125.47, 117.40,
115.13, 103.15, 16.46; ESI-MSn/z 376.5 (M+1), 398.4 (M+23), fH17/NsOs
(375.13).
4.1.2.3.
2-(4-((8-(2,6-dimethylphenoxy)imidazo[1,2-a] pyrasityl)amino)phenyl)acetonitrile
(3¢)

White solid, yield: 31%. mp: 98-100 °éH NMR (400 MHz, DMSO#dg) 6: 8.47 (s,
1H, NH), 8.11 (d,J=0.52 Hz, 1H, imidazole-H), 7.84 (s, 1H, pyrazing-M.68 (d,
J=0.56 Hz, 1H, imidazole-H), 7.22-7.16 (m, 3H, OP)p-MA.03-6.95 (m, 4H, PhH),
3.84 (s, 2H, Ch), 2.11 (s, 6H, Ckk2). °C NMR (100 MHz, DMSOdg) d: 150.72,
150.12, 142.64, 139.44, 134.54, 130.85, 129.98,1%29128.78, 126.06, 121.94,
120.03, 117.13, 116.77, 99.65, 22.02, 16.54. ESI-M% 370.4 (M+1), 392.4
(M+23), G2H19NsO (369.16).
4.1.2.4. N-(4-chlorophenyl)-8-(2,6-dimethylphenaxydazo[1,2-a]pyrazin-6-amine
(3d)

White solid, yield: 21%. mp: 167-169 °éH NMR (400 MHz, DMSO#d) J: 8.61
(s, 1H, NH), 8.12 (s, 1H, imidazole-H), 7.84 (s,,1lpyrazine-H), 7.69 (s, 1H,
imidazole-H), 7.24-7.18 (m, 3H, OPh-H), 7.02-6.9%, (4H, PhH), 2.10 (s, 6H,
CH3x2). **C NMR (100 MHz, DMSOdg) d: 150.72, 150.13, 142.16, 139.15, 134.61,
130.84, 129.95, 129.19, 128.61, 126.13, 122.96,.1518116.84, 99.86, 16.52.
ESI-MS:m/z365.4 (M+1), 367.4 (M+3), £H17CIN4O (364.11).
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4.1.2.5. 4-((8-(mesityloxy)imidazo[1,2-a]pyrazin/gamino)benzonitrile4a)

White solid, yield: 28%. mp: 163-165 °& NMR (400 MHz, DMSOsdg) d: 9.20
(s, 1H, NH), 8.17 (s, 1H, imidazole-H), 7.98 (s, ,1lpyrazine-H), 7.73 (s, 1H,
imidazole-H), 7.35 (dJ=8.76 Hz, 2H, PhH), 7.10 (d=8.80 Hz, 2H, PhH), 7.03 (s,
2H, OPh-H), 2.32 (s, 3H, G 2.06 (s, 6H, Ckk2).*C NMR (100 MHz, DMSOds)
0: 150.97, 148.84, 147.60, 137.55, 135.12, 134.88,.28, 130.36, 130.27, 129.68,
120.29, 117.20, 116.07, 102.39, 100.11, 20.82,3L661-MS: m/z 370.5 (M+1),
392.5 (M+23), GzH19NsO (369.16).
4.1.2.6. 8-(mesityloxy)-N-(4-nitrophenyl)imidaz@h]pyrazin-6-amine4b)

Yellow solid, yield: 55%. mp: 138-140 °&4 NMR (400 MHz, DMSOds) J: 9.60
(s, 1H, NH), 8.21 (dJ)=0.68 Hz, 1H, imidazole-H), 8.03 (s, 1H, pyrazing-A83 (dd,
J=7.52 Hz,J=1.84 Hz, 2H, PhH), 7.76 (d=0.68 Hz, 1H, imidazole-H), 7.10 (dd,
J=7.40 Hz,J=2.00 Hz, 2H, PhH), 7.06 (s, 2H, OPh-H), 2.34 &, BHs), 2.07 (s, 6H,
CH3x2). **C NMR (100 MHz, DMSOdg) d: 151.02, 149.85, 147.93, 138.76, 137.16,
135.17, 134.95, 130.46, 130.33, 129.70, 125.44,3B]17115.22, 103.10, 20.80, 16.39.
ESI-MS:m/z390.4 (M+1), 412.5 (M+23), £H19N503 (389.15).
4.1.2.7. 2-(4-((8-(mesityloxy)imidazo[1,2-a]pyrafiryl)amino)phenyl)acetonitrile
(4c)

White solid, yield: 38%. mp: 185-187 °éH NMR (400 MHz, DMSOsd) J: 8.50
(s, 1H, NH), 8.11 (s, 1H, imidazole-H), 7.84 (s, ,1lpyrazine-H), 7.68 (s, 1H,
imidazole-H), 7.05-6.96 (m, 6H, OPh-H, PhH), 3.872H, CH), 2.32 (s, 3H, Cb),
2.06 (s, 6H, Ckx2). **C NMR (100 MHz, DMSQdg) J: 150.86, 147.90, 142.58,
139.43, 135.01, 134.46, 130.40, 129.99, 129.62,7028121.90, 120.02, 117.20,
116.73, 99.43, 22.05, 20.84, 16.48. ESI-M8/z 384.4 (M+1), 406.6 (M+23),
Co3H21Ns0 (383.17).
4.1.2.8. N-(4-chlorophenyl)-8-(mesityloxy)imidaz@Fa]pyrazin-6-amine4d)

White solid, yield: 56%. mp: 105-107 °é4 NMR (400 MHz, DMSOs) d: 8.59
(s, 1H, NH), 8.11 (dJ=0.72 Hz, 1H, imidazole-H), 7.84 (s, 1H, pyrazing-A68 (d,
J=0.72 Hz, 1H, imidazole-H), 7.04-6.98 (m, 6H, OPh#hH), 2.31 (s, 3H, C}j
2.05 (s, 6H, Ckk2). **C NMR (100 MHz, DMSQds) d: 150.88, 147.90, 142.19,
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139.12, 134.98, 134.53, 130.40, 130.04, 129.63,6128123.01, 118.29, 116.81,
99.83, 20.82, 16.46. ESI-MSm/z 379.5 (M+1), 381.4 (M+23), £H;sCIN,O
(378.12).

4.1.2.9.
4-((6-((4-cyanophenyl)amino)imidazo[1,2-a]pyraziydoxy)-3,5-dimethylbenzonitr
ile (5a)

White solid, yield: 66%. decomposed at 184 %€ NMR (400 MHz, DMSO#)
9.19 (s, 1H, NH), 8.21 (d}=0.84 Hz, 1H, imidazole-H), 8.03 (s, 1H, pyrazing-H
7.79 (s, 2H, OPh-H), 7.76 (d70.64 Hz, 1H, imidazole-H), 7.40 (d=8.84 Hz, 2H,
PhH), 7.04 (d,J=8.84 Hz, 2H, PhH), 2.16 (s, 6H, @2). °C NMR (100 MHz,
DMSO-0g) 6: 153.92, 150.14, 147.40, 137.24, 135.18, 133.28,1B, 129.97, 120.22,
119.01, 117.47, 115.97, 109.11, 103.20, 100.3L01&ESI-MS:m/z 381.5 (M+1),
403.5 (M+23), GH16N6O (380.14).
4.1.2.10.
3,5-dimethyl-4-((6-((4-nitrophenyl)amino)imidazd}ia]pyrazin-8-yl)oxy)benzonitril
e (5b)

Yellow solid, yield: 30%. mp: 133-135 °¢H NMR (400 MHz, DMSOd) : 9.61
(s, 1H, NH), 8.24 (s, 1H, imidazole-H), 8.10 (s,, Yrazine-H), 7.88 (d]=9.28 Hz,
2H, PhH), 7.83 (s, 2H, OPh-H), 7.79 (s, 1H, imidazd), 7.05 (d,J=9.24 Hz, 2H,
PhH), 2.17 (s, 6H, Cp2). *C NMR (100 MHz, DMSOdg) 6: 153.91, 150.20,
149.72, 138.90, 136.78, 135.33, 133.32, 133.19,08630125.53, 118.97, 117.66,
115.02, 109.13, 104.09, 16.19. ESI-M&z401.5 (M+1), 423.4 (M+23), £H16N¢O3
(400.13).
4.1.2.11.
4-((6-((4-(cyanomethyl)phenyl)amino)imidazo[1,2ajgzin-8-yl)oxy)-3,5-dimethylb
enzonitrile bc)

White solid, yield: 19%. mp: 174-176 °é4 NMR (400 MHz, DMSO«) : 8.48
(s, 1H, NH), 8.13 (d, J=0.44 Hz, 1H, imidazole-RAP1 (s, 1H, pyrazine-H), 7.76 (s,
2H, OPh-H), 7.70 (s, 1H, imidazole-H), 7.01 (m, #4hH), 3.86 (s, 2H, Ch, 2.16 (s,
6H, CHsx2). °C NMR (100 MHz, DMSOds) 6: 153.97, 150.06, 142.45, 139.12,
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134.86, 133.30, 133.06, 129.73, 128.82, 122.28,9#19119.01, 117.24, 117.04,
109.02, 100.31, 22.08, 16.26. ESI-M8/z395.4 (M+1), 417.5 (M+23), £8H15NsO
(394.15).

4.1.2.12.
4-((6-((4-chlorophenyl)amino)imidazo[1,2-a]pyraziayl)oxy)-3,5-dimethylbenzonitr
ile (5d)

White solid, yield: 20%. mp: 195-197 °é4 NMR (400 MHz, DMSO«) : 8.63
(s, 1H, NH), 8.15 (dJ=0.52 Hz, 1H, imidazole-H), 7.89 (s, 1H, pyrazing-A.80 (s,
2H, OPh-H), 7.72 (dJ=0.52 Hz, 1H, imidazole-H), 7.04-6.95 (m, 4H, PhRI}5 (s,
6H, CHsx2). °C NMR (100 MHz, DMSOds) 6: 154.01, 150.04, 141.95, 138.86,
134.93, 133.31, 133.14, 129.69, 128.65, 123.24,0619118.23, 117.10, 109.00,
100.53, 16.23. ESI-MSn/z390.4 (M+1), 392.4 (M+3), 412.4 (M+23)2£116CINsO
(389.10).
4.1.2.13.
4-((8-(2,4,6-trifluorophenoxy)imidazo[1,2-a]pyrazéiyl)amino)benzonitrilega)

White solid, yield: 19%. decomposed at 269 %€ NMR (400 MHz, DMSO#) &
9.32 (s, 1H, NH), 8.24 (s, 1H, imidazole-H), 8.K] {H, pyrazine-H), 7.80 (s, 1H,
imidazole-H), 7.58 (tJ4.=8.64 Hz, 2H, OPh-H), 7.50 (d=8.80 Hz, 2H, PhH), 7.13
(d, J=8.80 Hz, 2H, PhH)}*C NMR (100 MHz, DMSOdg) 6: 154.38, 149.51, 147.24,
136.60, 135.63, 133.43, 129.59, 120.22, 117.74,0016.04.25, 102.38 (@c.=27.00
Hz, 3C, OPh-C), 100.60. ESI-M$n/z 382.4 (M+1), 404.4 (M+23), fgH10F3NsO
(381.08).
4.1.2.14. N-(4-nitrophenyl)-8-(2,4,6-trifluoropheqyimidazo[1,2-a]pyrazin-6-amine
(6b)

Yellow solid, yield: 16%. mp: 268-270 °éH NMR (400 MHz, DMSOdg) 0: 9.71
(s, 1H, NH), 8.28 (s, 1H, imidazole-H), 8.18 (s,, Yrazine-H), 7.97 (d)=9.24 Hz,
2H, PhH), 7.83 (s, 1H, imidazole-H), 7.62 J4r=8.64 Hz, 2H, OPh-H), 7.15 (d,
J=9.28 Hz, 2H, PhH).*C NMR (100 MHz, DMSOds) 4: 160.82, 158.37 (t,
Jc.=14.00 Hz, 2C, OPh-C), 155.61 (ddi4,=248.00 Hz,Jc.r=14.00 Hz,Jc.=6.00
Hz, 2C, OPh-C), 149.61, 139.18 (@,-=5.00 Hz, 1C, Ph-C), 136.17, 135.76, 129.72,
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126.82, 125.64, 117.90, 115.07, 105.20, 102.38Jd+=28.00 Hz, 1C, OPh-C).
ESI-MS:m/z402.4 (M+1), 424.4 (M+23), {fgH10F3sNsO3 (401.07).

4.1.2.15.
4-((8-(4-bromo-2,6-dimethylphenoxy)imidazo[1,2-ajmin-6-yl)amino)benzonitrile
(7a)

Light yellow solid, yield: 29%. decomposed at 268. *H NMR (400 MHz,
DMSO-dg) d: 9.20 (s, 1H, NH), 8.19 (d}=0.60 Hz, 1H, imidazole-H), 7.99 (s, 1H,
pyrazine-H), 7.74 (dJ=0.60 Hz, 1H, imidazole-H), 7.48 (s, 2H, OPh-H)3& (d,
J=8.80 Hz, 2H, PhH), 7.08 (d=8.84 Hz, 2H, PhH), 2.10 (s, 6H, G%2). *C NMR
(100 MHz, DMSO¢dg) J: 150.43, 149.49, 147.45, 137.45, 135.00, 133.33,20,
131.64, 130.08, 120.24, 118.33, 117.34, 116.12,640200.26, 16.20. ESI-M$n/z
436.4 (M+3), GiH16BrNsO (433.05).
4.1.2.16.
8-(4-bromo-2,6-dimethylphenoxy)-N-(4-nitrophenyidiazo[1,2-a]pyrazin-6-amine
(7b)

Yellow solid, yield: 32%. decomposed at 223 *8.NMR (400 MHz, DMSO#)

0. 9.60 (s, 1H, NH), 8.22 (d)=0.80 Hz, 1H, imidazole-H), 8.05 (s, 1H, pyrazing-H
7.89 (dd,J=7.40 Hz,J=2.00 Hz, 2H, PhH), 7.77 (d=0.76 Hz, 1H, imidazole-H),
7.51 (s, 2H, OPh-H), 7.09 (dds7.36 Hz,J=2.00 Hz, 2H, PhH), 2.11 (s, 6H, @k2).

¥C NMR (100 MHz, DMSOds) 6: 150.48, 149.72, 149.49, 138.87, 137.06, 135.15,
133.83, 131.65, 130.14, 125.51, 118.41, 117.51,16]1503.37, 16.18. ESI-M$/z
454.3 (M+1), 456.3 (M+3), &H16BrNsO; (453.04).

4.1.2.17.
4-((8-(4-chloro-2,6-dimethylphenoxy)imidazo[1,2-alazin-6-yl)amino)benzonitrile
(8a)

Light yellow solid, yield: 33%, decomposed at 256. “H NMR (400 MHz,
DMSO-dg) 0: 9.19 (s, 1H, NH), 8.19 (d}=0.84 Hz, 1H, imidazole-H), 8.00 (s, 1H,
pyrazine-H), 7.74 (dJ=0.68 Hz, 1H, imidazole-H), 7.38 (d=8.80 Hz, 2H, PhH),
7.35 (s, 2H, OPh-H), 7.08 (d=8.84 Hz, 2H, PhH), 2.10 (s, 6H, G¥2). °C NMR
(100 MHz, DMSO¢dg) J: 150.49, 148.94, 147.47, 137.41, 135.00, 133.3B.20,
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130.09, 130.00, 128.70, 120.25, 117.34, 116.08,700200.23, 16.30; ESI-M$n/z
390.3 (M+1), 412.4 (M+23), ££H16CINsO (389.10).

4.1.2.18.
8-(4-chloro-2,6-dimethylphenoxy)-N-(4-nitrophenylidazo[1,2-a]pyrazin-6-amine
(8b)

Yellow solid, yield: 40%, mp: 184-186 °H NMR (400 MHz, DMSO#k) ¢: 9.60
(s, 1H, NH), 8.22 (s, 1H, imidazole-H), 8.05 (s,, razine-H), 7.88 (d]=9.32 Hz,
2H, PhH), 7.77 (s, 1H, imidazole-H), 7.37 (s, 2HRHeH), 7.09 (dJ=9.28 Hz, 2H,
PhH), 2.11 (s, 6H, C#2). *C NMR (100 MHz, DMSOdg) 6: 150.55, 149.75,
148.96, 138.66, 137.04, 135.15, 133.43, 130.16,0830128.72, 125.49, 117.51,
115.14, 103.45, 16.28; ESI-M3n/z 410.4 (M+1), 432.4 (M+23), £H1CINsOs
(409.09).

4.2. Biological activity evaluation
4.2.1. In vitro anti-HIV assay

Evaluation of the antiviral activity of the newlyrghesized compounds against
HIV-1 wt strain (l1IB), double mutant strain (RESE)5and HIV-2 strain (ROD) was
performed using the MTT method as previously désct?° Stock solutions (10 x
final concentration) of test compounds were adde2SiuL volumes to two series of
triplicate wells so as to allow simultaneous evaaraof their effects on mock- and
HIV-infected cells at the beginning of each expenim Serial five-fold dilutions of
test compounds were made directly in flat-bottorBéelvell microtiter trays using a
Biomek 3000 robot (Beckman instruments, Fullerté). Untreated control HIV-
and mock-infected cell samples were included fehesample.

HIV-1 wt strain (llIB), HIV-1 double mutant strai(RES056) or HIV-2 strain
(ROD) stock (5QuL) at 100-300 CCIEy (50% cell culture infectious dose) or culture
medium was added to either the infected or mockeitefd wells of the microtiter tray.
Mock-infected cells were used to evaluate the eféédest compound on uninfected
cells in order to assess its cytotoxicity. Exporadlyt growing MT-4 cells were
centrifuged for 5 min at 1000 rpm and the supemiatas discarded. The MT-4 cells
were resuspended at 6 x°1¢ells/mL, and 5QuL volumes were transferred to the
microtiter tray wells. Five days after infectionhet viability of mock- and
HIV-infected cells was examined spectrophotomeltsicay the MTT method. The
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50% cytotoxic concentration (G was defined as the concentration of the tested
compound that reduced the viability of the mocleatéd MT-4 cells by 50%. The
concentration achieving 50% protection from theopwgthic effect of the virus in

infected cells was defined as the 50% effectiveceatration (EG).

4.2.2. HIV-1 RT inhibition assay
Inhibition of HIV-1 RT was performed by using honubpmer template/primer

linked to a microtiter plate, biotin-dUTP and RT thvidetection by ELISA for
quantifying HIV-1 RT expression. The incorporategaqtities of the biotin-dUTP
into the template represented the activity of HN\NRT. IG5y values corresponded to
the concentration of the imidazo[laPpyrazine derivatives required to inhibit
biotin-dUTP incorporation by 50%. The procedure ®T inhibition assay was
performed as depicted in details by the kit (Rochejtocof. The percentage
inhibitory values were calculated by the followifogmula:

%Inhibition = [O.D. value without inhibitors (witlRT) -O.D. value with RT and
inhibitors]/[O.D. value without inhibitors (with RT O.D. value without RT and

inhibitors].
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Figure captions

Fig. 1. Structures of etravirine and rilpivirine.

Fig. 2. Design of 6,8-disubstituted imidazo[1,2-a]pyraziterivatives as HIV-1 NNRTIsia a
structure-guided core-refining approach.

Fig. 3. Predicted binding mode @k (orange) docked into wt RT (PDB code: 3MEC) in risje
with ETR (yellow). Hydrogen bonds are indicatedhaitashed lines in red, and hydrogen atoms

are omitted for clarity.

Tables

Table 1. In vitro anti-HIV-1 activity and cytotoxicityof title compounds3a-d, 4a-d, 5a-d, 6a, 6b,

7a, 7b, 8a, 8b).
R, Rs3
Ri : R1
(0] N NH
= ]/
N” N
\—/



Compd Rt R. Rs EGso * (uM) CCsg’ (uM) SI°

B RES056 1B RES056
3a CH; H CN 6.5+ 2.6 >32 32+7.0 5 <1
3b CH; H NO >5.3 nd 5.3+0.77 <1 nd
3c CH; H CHCN >156 >156 156 + 34 <1 <1
3d CH; H <l >57 >57 57 + 65 <1 <1
4a CH; CH; CN 0.26 + 0.09 >33 33+1.7 126 <1
4b CH; CH; NO, 1.3+0.16 >34 34+3.7 25 <1
4c CH; CH; CH,CN 9.2+47 >117 117 + 60 13 <1
4d CH; CH; CI >12 >12 12+6.2 <1 <1
5a CH; CN CN 0.32+0.11 >73 >73 >224 <orXf
5b CH; CN NO 23+13 >29 29+5.3 13 <1
5c CH; CN CHCN 19+3.0 >282 282 +31 15 <1
5d CH; CN CI >13 nd 13+7.1 <1 nd
6a F F CN 72+1.7 >38 38+16 5 <1
6b F F NG >28 >28 28+2.8 <1 <1
7a CH; Br CN 0.98+0.18 >28 28+15 28 <1
7b CH; Br NO 4.0 +0.46 >28 28+6.1 7 <1
8a CH; CI CN 0.87+0.18 >34 34+26 39 <1
8b CH; CI NO 4.6+0.54 >33 33+3.0 7 <1
AZT 0.007 +0.002 0.01+0.009 >94 >13144 >9149
DDI 23+7.6 nd >212 >9 nd
3TC 2.2+0.82 nd >87 >39 nd
NVP 0.31+0.06 >7.6 >15 48 >0rxX2
DLV 0.54+0.51 >36 >36 >67 X1
EFV 0.006 +0.002 0.16+0.01 >6.3 >1014  >41
ETR 0.004+ 0.0002 0.02 +0.003 >4.6 >1127  >184

% EGse: concentration of compound required to achieve G@¥%iection of MT-4 cells against
HIV-1-induced cytopathicity, as determined by th& Mmethod.
P CGs: concentration required to reduce the viability mbck-infected cells by 50%, as
determined by the MTT method.
¢ SlI: selectivity index (C&/ECsy).
9 nd: not determined.

¢ X1: stands for1 or <1.

Table 2. Inhibitory activity of target compounds, NVP andEE#&gainst HIV-1 RT (WT)

Compd 1Go™ (uM) Compd 1Go™ (uM)
3a 0.82 5c 0.17

3b 334 5d 55

3c 57 6a 0.47

3d 15 6b 11
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4a
4b
4c
4
5a
5b

0.40
4.7
0.36
5.9
0.26
14

Ta
7b
8a

8b
NVP

ETR

0.41
4.1
11
13
2.4
0.13

% ICse: The inhibitory concentration of the tested compisi required to inhibit biotin
deoxyuridine triphosphate (biotin-dUTP) incorparatinto the HIV-1 RT by 50%.

Table 3. Prediction of physicochemical properfies 4a, 5a and reference compounds.

Compd EGo nViol natoms miLogP MW nON nOHNH nrotb TPSA MV

(M)
Accepted <500 <10 <5 <10 <140

<5 5

range Da A
4a 0.26 1 28 5.35 36943 6 1 4 75.25 335.84
5a 0.32 0 29 4.66 38041 7 1 4 99.04 336.14
RDEA427 0.0009 1 29 5.00 38041 7 2 4 110.42  335.75
LW-7c 0.(5 1 28 5.01 370.4: 7 1 4 88.1¢ 331.6¢
ETR 0.004 1 28 5.03 43528 7 3 4 120.65 335.95

& nViol = number of violations; natoms = no. of agymMmiLogP = molinspiration predicted LogP;
MW= molecular weight; nON = no. of hydrogen bondegtors; nOHNH = no. of hydrogen bond
donors; nrotb = no. of rotatable bonds; TPSA = logical polar surface area; MV = molar

volume.

Figures
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CN CN N
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NH,
Etravirine (ETR, TMC125) Rilpivirine (RPV, TMC278)

Fig. 1. Structures of etravirine and rilpivirine
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RDEA640 RDEA427 (preclinical)
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N N .

NS N
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YT-5a LW-7¢

Fig. 2. Design of 6,8-disubstituted imidazo[1,2-a]pyraziuberivatives as HIV-1 NNRTIvia a

structure-guided core-refining approach.
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GLU-138

Fig. 3. Predicted binding mode df (orange) docked into wt RT (PDB code: 3MEC) in riee
with ETR (yellow). Hydrogen bonds are indicatedhaditashed lines in red, and hydrogen atoms

are omitted for clarity.

Schemes

R3

Ry R
Ry : R4 Ry i R i
O__N

2
Br /N Br O. _N_ PBr NH
’ -
S 8 Ty
Ly S
Br~ “N” “Br =
1

N N —_— N
\—/ R, \—/ Rs N\a
2 3-8 3a-d, 4a-d, 5a-d,
6a, 6b, 7a, 7b, 8a,8b
R4 R4
OH NH,

Scheme 1. The synthetic route for imidazo[1eé}pyrazine derivatives. Reagents and conditions: (a)
CICH,CHO, 2-propanol, reflux in Natmosphere, 24 h; (b) ArOH,&O;, DMF, r.t., overnight; (c)

ArNH,, Pd(OAc), Xanphos, G£0;, 1,4-dioxane, reflux in Natmosphere.
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Highlights
‘Novel imidazo[1,2a]pyrazines were identified as HIV-1 inhibitors.
-4a and5a exhibited anti-HIV-1 (lIk) activity with EG values of 0.2@M and 0.32

uM respectively.
-Some drug-like properties & and5a were predicted.
-Preliminary SARs and molecular simulation of these analogues were detailed.
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Acq. Time: 10:08

Batch Name: New Batch.dab
Sample Number: N/A

Sample Name: MP-2a
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Ton Energy: N/A
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Acq. File: 131120-lu.wiff

Acq. Date: Wednesday, November 20
Acqg. Time: 12:41

Batch Name: New Batch.dab
Sample Number: N/A

Sample Name: MP-2D

Scan Mass(es): Start: 100.0, Stop

Collision Energy: N/A

Operator: Gao Yanhui

Drug Analysis Center
lon Energy: N/A School of Pharmaceutical Science

Shandong University
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Acq. File: 131030-liu.wiff
Acq. Date: Wednesday, October 30,

Scan Mass(es): Start: 100.0, Stop

Collision Energy: N/A
ITon Energy: N/A

Operator: Gao Yanhui

Drug Analysis Center
School of Pharmaceutical Science:
Shandong University
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Sample Number: N/A Ton Energy: N/A School of Pharmaceutical Science
Sample Name: MP-4D Shandong University
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文本框
Corresponding to compound 8a (CNMR)


|Corresponding to compound 8a (MS) |

W +Q1: 0.568 to 0.668 min from Sample 3 (MP-7A) of 131108-liu.wiff (Turbo Spray), subtracted (0.067 to 0.201 min), Centroided
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Acq. File: 131108-Tiu.wiff

Acq, Date: Friday, November 08, 2
Acq. Time: 10:50

Batch Name: New Batch.dab
Sample Number: N/A

Sample Name: MP-TA

Scan Mass(es): Start: 100.0, Stop

Collision Energy: N/A
Ton Energy: N/A
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