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ABSTRACT

Novel substituted purine isosters, were designed aynthesized as potential
inhibitors of the Epidermal Growth Factor Recepii6GFR). The compounds were
rationally designed through bioisosteric replacenoénhe central quinazoline core of
lapatinib, an approved drug that inhibits both EG&iirl HER2, another important
member of this family of receptors. The new targeilecules were evaluated as
inhibitors of receptor phosphorylation at the deltuevel, for their direct inhibitory

action on the intracellular receptor kinase donaaud for their cytotoxicity against the
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non-small cell lung cancer cell line A549 and bteeancer HCC1954, cell lines
which are associated with overexpression of EGRRHIBR2, respectively. The most
potent derivatives were further studied for thestldar uptake levels anth vivo
pharmacokinetic properties. One compoun@3) ( displayed a noteworthy
pharmacokinetic profile, and higher intracellulascamulation in comparison to
lapatinib in the A549 cells, possibly due to itsggher lipophilicity. This lead
compound 23) was assessed for its efficacy in an EGFR positemograft model,
where it successfully inhibited tumor growth, wighsimilar efficacy with that of

lapatinib and with minimal phenotypic toxicity.

Keywords: lapatinib, purine analogues, EGFR inhibitorsp4sonall cell lung cancer,

breast cancer, pharmacokinetic studies

1. Introduction

The human epidermal growth factor family of celtfage receptors consists of four
members (HER1-4, ErbB1-4), which serve as main atedi of cell signaling by
extracellular growth factors and play key regubataples in essential cellular
functions [1, 2]. They share the typical receptoosine kinase architecture, with an
extracellular ligand binding region, a single traesnbrane segment and an
intracellular tyrosine kinase domain [3]. Upon hgabinding, the receptors form
homo and heterodimers and undergo a conformatahrzaige that activates the kinase
domain, resulting in trans autophosphorylation amtiation of signal transduction
cascades [4-7]. The abnormal overexpression opitegence of activating mutations
of the HER family members cause malignant cellife@tion [8] and are implicated
in a number of the most lethal solid tumors, sushnan-small cell lung cancer
(NSCLC), breast, ovarian, prostate, stomach, bi@igrectal cancer and melanoma
[9-16]. Furthermore, increased levels of EGFR gexgression is particularly linked
with higher cancer aggressiveness, tumor angiogenasstoperative adverse effects
as well as with chemotherapy and radiotherapyteesie. Therefore, all existing data
support the rational for the development of antibbdsed or small molecule
inhibitors as EGFR-targeted therapeutics and ptlgseaifective blockage of EGFR



and HER-2 has been clinically validated in can¢erdapy. Monoclonal antibodies
targeting the extracellular region of these receptbave been developed, with
trastuzumab (Herceptin®) being the first one appdof17-21]. In parallel, several
strategies involving small molecule tyrosine kinaslibitors have been widely
investigated in recent years resulting in six iftoits approved so far, mainly
targeting the EGFRHFg. 1) [22-27]. All of the approved inhibitors act as RT
competitive inhibitors and bind to the ATP bindisife of EGFR, effectively
preventing receptor phosphorylation and subsequativation of downstream
pathways. They share a central 4-anilinoquinazotinee, which serves as hinge
adenine pocket binder, with the exception of osimir, which is structurally
different, presenting instead, a core anilinopydimé scaffold. The first EGFR-
targeted drugs are reversible inhibitors, offeragtelerability, and clinical outcome.
However, the emergence of acquired resistanceetintient by the first generation
inhibitors, prompted the discovery of next generatirreversible inhibitors such as
afatinib (Fig. 1). Afatinib, bears an electrophilic functional gmwcapable of covalent
Michael addition to a non- catalytic cysteine regidCys 797) of the enzyme [26].
Unfortunately, these drugs present a poor therap&inhdow, as they are equally
active against wild type and mutant EGFR [28].

On the other hand, recently approved third germratilrugs exemplified by
osimertinib Fig. 1) are mutant selective irreversible inhibitors, aalp of
overcoming the previously observed toxicity limibais [27]. They bind covalently to
Cys 797 and target different sensitizing EGFR miutiomms, including those
harboring the gatekeeper T790M point mutation [A9¢spite initial encouraging
results, additional resistance occurs rapidly, vatie of the potential mechanisms
being the appearance of additional EGFR mutatiamsh sas C797S [11, 30].
Consequently, continuous research efforts in ikld fire ongoing, aiming to discover

new drug candidates in order to improve patient@aues [31-34].
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Fig. 1. Approved EGFR inhibitors.

Among the approved drugs, lapatiniig. 1) bears a suitably selected 4-(3-
fluorobenzyloxy)-3-chloroanilino-substitution in der to act as dual EGFR/HER2
inhibitor [35-37]. It was developed based on th@sideration that dual inhibition
may lead to increased antitumor activity, since HERverexpression potentiates
EGFR signaling [38]. Indeed, lapatinib is indicatéatr HER2 overexpressing
advanced or metastatic breast cancer [39, 4(. dtassified as 11/2 inhibitor, which
binds reversibly to the inactive conformation ot tBGFR kinase, displacing the
characteristic aC-helix to the “out” conformationdagiving the 3-fluorobenzyloxy

group access to the hydrophobic back pocket oétizgme [41].



Taking into account the intriguing features of kipéd and related inhibitors
described in the literature [42-46], we have desijand synthesized a number of
modified purines falling under the general formplasented irFig. 2. All of them
possess the hydrophobic 3-chloro-4-(3-fluorobengganilino-group, which
interacts with the selectivity pocket and extents ithe back pocket of the enzyme,
considered an essential feature for dual EGFR aB&ZHinhibition. The central
quinazoline core of lapatinib was replaced by paiigoster Fig. 2, I-1ll) or purine
(Fig. 2, IV) hinge binders. The hydrophilic and solvenpeged 5-substituted furan
side chain of the drug was maintained, in ordesgtimize the drug-like properties of
the molecules. In parallel, the corresponding S4funsubstituted derivatives were
synthesized, in order to evaluate the contributidnthe furan side chain to the

potency of the compounds.
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Fig. 2. General structure of the target compounds

2. Results and discussion
2.1. Theoretical studies

The design of the new analogues was based on fighinoffered by the crystal
structure of lapatinib in complex with EGFR (pdh iiXKK). The inhibitor binds the
inactive conformation of the kinase positioning 8¥luorobenzyloxy side-chain in a
hydrophobic pocket formed next to the ATP bindimgket of the inactive-like kinase
by rearrangement afC helix (Fig. 3A). In this case, lapatinib is mainly stabilized in
the kinase by a hydrogen bond formed at the enzyimge between the quinazoline
nitrogen N1 and the backbone amide of M793, whemast additional interactions



that contribute to the binding of the specific inikor are related to the substituents of
the quinazoline scaffold. The crystallographic dateow that the 3-fluorobenzyl
group is critical for binding to the inactive kimasand hence for the inhibitor
selectivity, as it facilitates cationand extensive stacking interactions accommodated
within the additional pocket aside the binding sifethe nucleotide. In a similar
fashion, the methanesulfonyl group is exposeddorsiderable extent to the solvent,
further stabilizing the bound inhibitor by hydrogleonds with polar sidechains of the
protein surface, including D800, R803 and R841. Tetailed inspection of the
interaction mode between lapatinib and EGFR prothgtee investigation of an
isosteric replacement of the quinazoline core byng system with the capacity to
accommodate additional hydrogen bonds with the d@nhinge. The imidazole-
containing fused scaffolds I-IVIF{g. 3B, 3Q were considered based on the above
strategy. Molecular simulations were performed aaldl four new scaffolds
representing stepwise isosteric replacements wersably docked to the EGFR
pocket and theoretically evaluated utilizing thed&ISP algorithm (Schrodinger Inc.)
[47-49]. The purine scaffold IV was expected to e a model for directly
comparing the new isosteric heterocyclic systenm Yepatinib and assess whether an
additional hydrogen bonding site could potentialhteract with the backbone
carbonyl of M793 in a bidentate fashion and furtsibilize the inhibitor compared
to the original active lead. Furthermore, the eitbyp which either of the two
guinazoline nitrogens, N1 and N3, are critical bording would be investigated from
the permutation by an aromatic carbon in scaffétls whereas the addition of a
fluorosubstituted carbon along the vector of thg kgdrogen bonding interaction
stabilizing lapatinib in EGFR would offer structurpustification as to whether
replacement of a hydrogen bond acceptor by a fieacbuld have a favourable effect
to binding. Likewise, to probe for the importandetlte methanesulfonyl substituent
to affinity, we prepared analogues that do not beiargroup. Conversely, the anilino-
substituent of the drug was maintained, as the cotde modelling results
undoubtedly indicated its key importance for bindio the inactive state of EGFR,

thus providing selectivity over similar kinase teig
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Fig. 3. A) A simplified depiction of the experimental bindimgode of lapatinib in
EGFR. The inhibitor anchors into the enzyme podkebugh a hydrogen bond
between the backbone of M793 and N1 of quinazalinereas the 3-fluorobenzyloxy
side-chain is oriented toward an adjacent to thieesite hydrophobic cavity and the
methanesulfonate group in the direction of bulkvent. B) The designed isosteric
modification of quinazoline into a purine-like sgst carried by the novel analogues
aimed at achieving an additional hydrogen bond wesgpect to the original lea@)
The four distinct heterocyclic ring systems consdeand evaluated in this study with
the sites demonstrating hydrogen bond potentiatlepécted as red directed arrows.

2.2. Chemistry

In order to prepare compounds of the general stredt(Fig. 2), we used 4-amino-2-
chloropyridine {, Scheme ] as starting material, which was nitrated and the
resulting nitro-isomer® and 3 were chromatographically separated. Then, the 3-
nitroderivative3 was reduced to give the diamidewhich was ring-closed using 2-
furancarbaldehyde, to provide the substituted izoggridine 5 [50, 51]. This
compound was treated with 3-chloro-4-(3-fluorobdoxy)aniline ©), which was



prepared according to a literature procedure, upantion of 2-chloro-4-nitrophenol
with 3-fluorobenzylchloride and reduction of thesu#ing nitroderivative [45].
However, the attempted nucleophilic substitutionswet successful, despite the
variety of applied conditions (high temperaturecmvave assistance, use of aniline

anion).
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Scheme 1 Reagents and conditions. a. HN®,SQ,, 60°C, 4h; b. Zn, NHCI,
MeOH, 60C, 2h; c. 2-furancarbaldehyde, DMSO, 00 24h; d. 3-chloro-4-(3-
fluorobenzyloxy)aniline(6), EsN, EtOH, reflux, 8h; e. 2-furancarbaldehyde 1f,
DMSO, 106C, 3h.

Consequently, the synthetic procedure was modédretithe substituted anilifiewas
treated with the extremely reactive nitroderivatBiethus providing the substituted
pyridine 7. Compound/ was then reduced and the resulting aminoderivaives
ring-closed using either 2-furancarbaldehyde, eslity prepared suitably substituted
carbaldehydel7 (Scheme 2 The latter was prepared using the commercially
available dioxolan€el3, which was converted to the carbaldehyidefollowing a
literature procedure [52]. Compouridl was then subjected to reductive amination
using 2-(methylsulfonyl)ethylamine [45] followed laygldition of sodiumborohydride



to give the furanacetall6. Acidic hydrolysis of the acetal resulted in the

corresponding aldehyde.
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Scheme 2Reagents and conditions. a. (i) LDA in THF/n-lze@/ethylbenzene 2.0M,
DMF (dry), THF (dry), -78C, 1h, (i) rt, 24h; b. 2-(methylsulfonyl)ethylanain
NaSOy, MeOH, reflux, 3h; c. NaBi MeOH, rt, 2h; d. HCI 0§, CH,Cly, rt, 1h.

The ring-closure of compoun8& (Scheme ), provided the target imidazo[4,5-
c]pyridines9 and 11, together with the isomeric 7-aminoimidazo[#)pyridines 10
and 12 respectively. Both isomers of each reaction weheomatographically

separated and characterized.

The conditions of the cyclization reaction weredstd, concerning compoun@sand
10, applying a range of temperature values and @adimes Table 1). It was
assumed that the highest yield of the target prio8luas well as the optimum ratio of

9 overl1l0were achieved when the reaction was carried oLO@C for 3h.

Table 1 Study of the cyclization reaction conditions.
Temperature Yield of 9 Yield of 10 Ratio9/10 Region time
Rt 10 % 62 % 1/6 24 h

70°C 33 % 17 % 2/1 24 h



100°C 34 % 10 % 3/1 3h

130°C 17 % 8 % 2/1 3h

The second group of target compounds (compound§&idl, 2) was synthesized
according to the above described procedure, ustagnifo-4-chloropyridine 18,
Scheme 3 as starting material. This pyridine provided umitnation both isomer9
and 20 which were easily separated and identified [53pmPounds23 and 25,
together with the corresponding derivative$ and 26 were prepared accordingly

from the nitroderivativR0, and then separated and fully characterized.
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Scheme 3 Reagents and conditions. a. H)®,SO,, 60°C, 4h; b. 3-chloro-4-(3-
fluorobenzyloxy)aniling(6), EtN, EtOH, reflux, 8h; c. Zn, NkCIl, MeOH, 66C, 2h;
d. 2-furancarbaldehyde &7, DMSO, 106C, 3h.
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The synthesis of the fluorosubstituted analoguesmfounds Ill, Fig. 2) was
accomplished as depicted 8cheme 4 using 2-chloro-5-fluoropyridine2{). This
compound was converted to the correspondiirgxide 28, which was successively
nitrated and reduced to give the aminopyrids@e Following a second nitration step,
this pyridine was converted to the nitro-compoudd [54] that served as key
intermediate for the preparation of the imidazogiyes 34 and 36, which were

obtained together with compoun8s and37 respectively

Cl Cl Cl Cl Cl
N \N*'O_ b \N"'O c ~y a ON Ny
- O O O 0
O,N H,N H,N
F F F F F
27 28 29
Je

Javsed QJ@ OQ
QR o X0

. 32: R=NO,
- 34: R=H l
35:R=H 33: R=NH,

37: R=CH,NHCH,CH,S0,CH; 36: R=CH,NHCH,CH,S0,CH;

Scheme 4 Reagents and conditions. &4 30%, TFA, 76C, 4h; b. KNQ, H,SO,,
120°C, 2h; c. Fe, HCI, EtOH, reflux, 3h; d. KNOH,SO,, rt, 24h; e. 3-chloro-4-(3-
fluorobenzyloxy)aniling(6), EsN, DMSO, 150C, 24h; f. Zn, NHCI, MeOH, 60C,
2h; g. 2-furancarbaldehyde b7, DMSO, 100C, 3h.

The synthesis of the purine analogues (compoundsFly. 2) was performed
according to the procedure illustratedSoheme 5 starting from the nitropyrimidine
38. This compound was treated in an one-pot readtitim the substituted anilin®,
followed by the addition of ethanolic ammonia smint This resulted in a mixture of
compound 39, together with an amount of the disubstituted \@give 41. The

chromatographic separation of these compounds gravde very difficult, due to
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their extremely low solubility, thus, only a smaimount of each derivative was
isolated in pure form using preparative thin laydgwomatography, in order to
elucidate their structure. The mixture was intraetlitco the next, reduction step and
the aminoderivativeg}0 and42, were isolated in pure form. Compou#d was then
used for the preparation of the target derivatd@sand45, which resulted together

with 44 and46, following the previously described methodology.
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~ 0 R
f J
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Cl N
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39: R=NO,
b l 41: R=NO,
40: R=NH, b
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R H N O

43:R=H 44:R-H
45: R=CH,NHCH,CH,S0,CH; 46: R=CH,NHCH,CH,S0,CH;

Scheme 5Reagents and conditions. a. (i) 3-chloro-4-(fbbenzyloxy)aniling6),
NaHCQ;,, EtOH, 76C, 1h (ii) NHs in EtOH 4M, 76C, 2h; b. Zn, NHCI, MeOH,
60°C, 2h; c. 2-furancarbaldehyde br, DMSO, 100C, 3h.

2.3. Inhibition of Isolated Kinase and cell-based Phosphorylation Inhibition

Thein vitro kinase inhibitory activity of the eight new compais against EGFR was
evaluated using a biochemical assay measuring thleility to inhibit EGFR
autophosphorylation. The autophosphorylation intlahi potential of the derivatives

in comparison with lapatinib was investigated ab f@presentative concentrations of
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10 uM and 1uM (Fig. 4). Three compounds showed potent inhibitory agtiggainst
EGFR (L1, 23 and45), with the effect being in direct comparison taresponding

inhibition levels obtained by lapatinib.

Inhibitory Activity

100

90
80 L
70
60 -
0 ] |
30
20 i

10

0 i T T i T L T i T

23 25 34 36 43

Lapatinib 9 11 45

H 10 uM 1uM

Fig. 4. EGFR-TK inhibitory activity of lapatinib and test compounds derived by the
in vitro evaluation of the EGFR inhibitory activity in isdéd enzyme. Compounds
were tested in duplicate and the reported % EGFRHbition represents the

average of three independent experiments (xSD).

Inhibition of phosphorylation of EGFR by the newngq@ounds was further assessed in
the NSCLC cell line A549 and in the BrCa cell lIHEC-1954, using a Western Blot
based assayFig. 5). Four derivatives4b, 25, 23 and 11) were found to possess
interesting inhibitory potencies, both in cell-fraed cell-based experiments. The
compounds were also evaluated against the closgthted HER2 kinase anfl
demonstrated the highest potency compared to tabafollowed by43 (Table SJ).
The ability of the compounds to inhibit HER2 phospfation in cells was also
investigated at two representative concentratioh? awM and 0.02uM. Four

compounds 1, 25, 36 and43) displayed the highest potencies compared toilapat
(Fig. SJ).
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Fig. 5. In vitro inhibition of the phosphorylation of ERRn A549 cells by Lapatinib
(1 uM & 0.01 uM) and the new analogues (A & 1 puM).

2.4. Docking simulations

Flexible docking calculations using the Embrace ud@f Maestro were performed
to provide a possible explanation for the obsemd/ity of the new derivatives [55].

With respect to the most active compoud8sand23, docking suggested that indeed
the N9 of novel cores Il and IV demonstrates higedcted capacity to form an
additional hydrogen bond inside the kinase, in egrent with the rational design
discussed previously. This particular hydrogen bisnanticipated to further stabilize
the purine analogues in the enzyme pocket.(6) and possibly counterbalance
unfavorable entropic contributions originating fraitme restructuring of the water
network that might result by the isosteric replaeatn thus preserving the original
kinase inhibitory potency of the quinazoline ledbreover, simulations provided a
clear explanation for the diminished inhibition afre Il and the fluorosubstituted
derivatives34 and36, as this limited structural modification resuliedhe disruption

of one out of the two hydrogen bonds stabilizing ligand into the protein cavity.

Nevertheless, docking failed to fully explain th#eet of the methanesulfonate
substituent of cores | and Il to EGFR kinase bigdaffinity, with the results

indicating the chain bearing derivativé4 and 25 as more active than their nor

counterpart® and23, in contrast to thén vitro results suggesting that more than one
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binding geometries may be involved. Of note, theveed binding modes of the new
derivatives were regarded of high confidence, a¥ thredicted binding geometries

demonstrated excellent agreement with the oridapatinib modeKig. 6).

Fig. 6. A superposition of the crystallographic binding droof lapatinib (cyan
carbons, pbd id: 1XKK) and the predicted modes dfva analogue3 (green
carbons) and5 (orange carbons) as derived by docking calculatinside the EGFR
kinase domain in a ribbon representation of thetgmo In the inlet, a detailed
representation of the additional hydrogen bond thg®ized to further stabilize the
newly synthesized derivatives bearing an imidaziojpye 23) or purine scaffold45)

at the kinase hinge, in comparison to the isostguioazoline core accommodating

only one favorable interaction inside the cavitygG3FR.

2.5. In vitro cytotoxic effect

The antiproliferative activity of the new compounaas investigated in the NSCLC

cell line A549 and in the BrCa cell line HCC-195ding lapatinib as the reference

15



compound(Fig. 7 a,b andFig. S2. Four representative concentrations (6, 40
uM, 10 uM and 1uM) were used in order to identify the most poteainpounds,
based on their overall cytotoxicity. Three compautB, 23 and45) were found to
possess high cytotoxicities against both A549 a@CH 954 cell linesKig. 7 a,h.
Overall, based on th& vitro evaluation results, derivative8 and45 were selected
for furtherin vitro and pharmacokinetic evaluation in mice. These aamgds were
potent inhibitors of EGFR phosphorylation (ELISAdaWestern blot assays) and at
the same time cytotoxic against both cell lines4@and HCC-1954). On the other
hand, compoun® was found to display inhibitory effect in the bin@enical tyrosine
kinase pHER2 assay, where25 was found potent inhibitor in the Western Blot
Assay. However, neither of the two compounds showedng antiproliferative
activity against the two cell lines (A549 and HC@51).

A549

120

100 1 i
s
2= 0
3
A w ) u Lapatinib
= 7 ma3
@
O L ki)
) IlII -

20

ol -
Untreated 60 uM 40uM 10 uM 1uM

Drug Concentration (uM)

HCC-1954

. ]  Lapatinib
! T
. s
1 I . I mas
_anl IR
M 40uM ™M

Untreated 60 ul 10 uM 1ul

E 8 &

g

% Cell Survival

o 8 & 8 8

Drug Concentration (uM)

Fig. 7. Antiproliferative activity of lapatinib and seked potent new derivatives was
evaluated in (a) A549 and (b) HCC-1954 cellsy(d) 40 uM, 10 uM & 1 uM) by
MTT cytotoxicity assay.

The full antiproliferative activity profile of thewo selected compound23 and45)

was further evaluated in comparison to lapatinilthi@ two NSCLC cell lines A549

16



and NCI-H1975 and the two BrCa cell lines HCC-1@w MCF-7. Comparative

ICs0 values are presentedTiable 2

Table 2. Antiproliferative effect of lapatinib23 and 45 against NSCLC cell lines
A549 and NCI-H1975 and BrCa cell lines HCC-1954 M@F-7.

IC 50 values tM)*
Cell lines
Lapatinib 23 45
A549 11 (£2) 3 (1) 33 (x10)
NCI-H1975 9 (1) 10 (£3) 30 (x6)
HCC-1954 5 (1) 9 (£3) 14 (+6)
MCF-7 95 (29) 126 (£13) 105 (x10)

*Each 1Go value is the average of three independent expatsnperformed in
triplicate (xSD).

2.6. Characterization of selected compounds using Liquid Chromatography-Mass
Spectometry (LC-MSMS) and Prediction of Key Efficacy Related Properties

LC-MS/MS characterization and method developmgritntzation was used for the
detection and quantification of lapatinib and te selected compound23 and45).
The identification of the characteristics of mapecs (MS) features (precursor and
product ions, table S2) helped us to proceed wvdhrt vitro andin vivo studies that
were performed in order to assess the biologicatufes of the molecules under
investigation (i.e. cellular uptake, in vivo biogibution). Selective LC-MRM
(multiple reaction monitoring) methods were develbpfor the three compounds
(lapatinib, 23, 45) based on their characteristi§ Matures and the methodologies
were validated in the matrix of interest (i.e. salbllected from cell culture or mouse
blood) with respect to limit of quantification, &arity, and reproducibility. The

developed methodologies were utilized in cell uptakudies and pharmacokinetic
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evaluation of lapatinib and the two compounds.ddition, in silico predictions were
made for some key molecular properties concerriegefficacy of these compounds
(Table S2. Among them23 displayed higher cLogP (4.7) than lapatinib 48d3.7
and 2.9 respectively) therefore being the mostpliplac, while its polar surface area
was 67.2 & (<100 4), a desired feature for drug candidates, knowinftaence cell

membrane permeability [56].

2.7. Cell uptake of 23 and 45 in A549 cells

The cell uptake o023 and45 in A549 cells was evaluated in comparison to lajjat
(Fig. 8). Compound23 exhibited higher cellular uptake in A549 cellsriHapatinib,
especially with respect to the late time points2dh and 48h of incubation time
(AUC(148ny 1.5 nmol/100.000 cells x h versus AldGgny :1.06 nmol/100.000 cells x h
for lapatinib). It could be suggested that the pbgrsemical properties of this
compound (higher lipophilicity, lower total polanrface area) are responsible for its

higher accumulation [57].

Intracellular levels of Lapatinib, 23 and 45 in A549 cells
0.067

2
3
S 0.041
=] & Lapatinib
S - 23
=
3 0.021 - 45
£
=
0.00+ r . '
0 20 40 60
Time (h)
Compounds Levels at 48h AUC(; 451
{nmol/100.000 cells) (nmol/100.000 cells x h)
Lapatinib 0.02 (+0.01) 1.06 (£0.30)
23 0.04 (+0.01) 1.50 (+£0.20)
45 0.01 0.35 (+0.10)

Fig. 8. Cellular uptake o023 and45 in the NSCLC cell line A549, in comparison to
Lapatinib. Cells were incubated with ™M Lapatinib, 23 and 45 for selected time
points (1h, 4h, 8h, 24h and 48h) and were thendlyse order to determine
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intracellular levels of the three compounds by LG/MS. Experiments were

performed in triplicate (zSD)

2.8. Pharmacokinetic evaluation of 23 and 45

Assessment of thie vivo pharmacokinetics (PK) of the two selected compsu@ad
and45) was performed in mice. The PK parameters of bwdlecules were compared
to lapatinib after oral administration, using aentical solubilizing vehicle and an
equimolar dose of 3dmol/kg (Fig. 9). Lapatinib maximum concentration in blood
was achieved at 2h post administration (u#) with an AUGgo.2an)0f 6.7 X h xuM.
Similarly, 23 and 45 reached highest blood concentrations at 2h posirastration
(0.30 uM and 0.07uM for 45). Overall, both compounds had no advantages over
lapatinib in oral dosing. However, the pharmacokimexperiment was used as a
guide for subsequent studies for compo@8dFrom the two compound23 had only
marginally improved bioavailability compared 48 (AUC q.24n) 0f 2.1h x uM for 23
compared to 0.87 x h xM for 45). Based on the above mentioned d&@ was
selected as lead candidate for subsequent effstadyes in mice.

Lapatinib, 23 and 45 levels in blood

E 11 @ Lapatinib
c
S = 23
S + 45
=
@
o
S
I 0.1
=]
(=]
2
m
0.01 T T T r T T T { | r |
0 1 2 3 4 5 6 7 8 15 20 25
Time (h)
Compounds | Oral Dose Equimolar Cmax (uM) | tmax AUC (g1, 2an)
(mg/kg) Oral Dose (h) (h x pM)
{nmol/kg)
Lapatinib 20 34 1.47 (x0.30) 2 6.70 (+2.50)
23 14.8 34 0.30 (£0.10) 2 2.10 (+1.40)
45 19.4 34 0.07 (+0.04) 2 0.87 (£0.60)
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Fig. 9. Pharmacokinetic evaluation @8 and45 versus Lapatinib. Male C57BL/6N
mice (n = 5) were dosed orally with either Lapdiji@3 or 45 at a dose of 3gmol/kg
and blood samples were collected at selected timap Lapatinib23 and45 levels
were monitored by LC-MS/MS. The areas under thee(AUCSs) for each treatment

were calculated as a measure of drug exposureiovel(+ SD).

2.9. Invivo antitumor efficacy of 23 and Lapatinib

The efficacy 0f23 was evaluated on a EGFR positive xenograft lungceamodel
using the NSCLC A549 cell line. Efficacy was congshrto equimolar dose of
lapatinib under a selected dosing scheme (@®ol/kg, once daily oral
administration). Pharmacological treatment wittheitlapatinib or23 was initiated
when tumors reached approximately 150 famd was continued for a total period of
27 days. At the end of the treatment period (day 2% average tumor volume in
mice treated witl23 (1311 + 458 mrf) P= 0.01) or with lapatinib (1338 + 358 Mim
P=0.001) was significantly lower compared to tlze ®f tumors for vehicle (1869 *
134 mnf) mice Fig. 109 suggesting that the two compounds (lapatinib 28)chave
similar efficacy profiles in the specific animal de. No signs of discomfort or
evidence of drug-induced toxicity was observed a&asured by changes in animal
total body weight Eig. 10b). Concentrations of lapatinib ar&3 in blood and tumor
tissue were measured at 2 h after the final doggatinib’s blood concentrations were
2.81uM, whereas the blood levels 28 were 0.64uM (Fig. 109Q. These results are
consistent with the pharmacokinetic evaluation led two compounds, where an
equimolar dose of 3gmol/kg was used. Although, we were able to mealsyratinib
levels in tumor tissue, levels of compou®8 had great variation, possibly due to a
different tumor uptake profile due to its differgaitysiochemical properties that could
lead to differences in the tumor uptake mechanigeng. P-gp efflux, passive

diffusion) or the formation of metabolites that it be identified.
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Figure 10. Therapeutic efficacy o23. (a) Tumor growth inhibition in NOD/SCID mice xegrafted with
A549 cells and treated with daily gavage adminigtreof 23, lapatinib and vehicle. Each point represents the
mean of at least 8 tumor volumes resulting frofeast 4 micet SD ***, P < 0.001 vs controls ant SD **,

P < 0.01 vs controls. (b)bsence of toxicity was assessed by total body mieigeasurements of all treated
mice. (c)Average blood drug concentrations were measurdd®bMS/MS at 2h post a final dose on d27, (£

Overall, this study deals with the synthesis, lmatal and pharmacokinetic evaluation
of a number of new lapatinib analogues, designesksess the potential of applying
rationally selected isosteric replacements on #aal Iquinazoline core of the drug.
The results could assist in expanding the SAR leaqgs of EGFR inhibition and,

moreover probe for the importance of specific dtiad features on the activity

against the target kinase. Thevitro evaluation of the synthesized compounds in a

cell free assay showed that derivatdf possessing a purine central core instead of

the quinazoline ring of lapatinib, showed a higplypmising efficacy, which was
perfectly anticipated by docking simulations. Replaent of the quinazoline N1 by a

fluorosubstituted carbon perturbed the pharmacophomdrogen bond acceptor and

thus resulted in inactive analogu@egl,(36). However, a consistent trend with respect

to the presence of the furan side chain on inloibipotency could not be established,
as23 andl11 were determined to be equally active against EGRRse, regardless of
their difference with respect to the aforementiorsedbstitution. In addition, the

corresponding derivative?5 (carrying substitution on the furan ring) a@dwithout

substitution) both showed diminished potency.
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To further confirm the biological activities obtanh in the isolated enzyme, the
inhibitory activity of the novel derivatives againsGFR was carried out in a cell-
based assay. The observed inhibitory effect of mleev analogues on EGFR
autophosphorylation was in good agreement withréiselts obtained at the cell free
assay asll, 23 and 45 were the most effective in inhibiting phospho-EGFR
formation, with the exception of derivati&s. In order to study the effect that the
new analogues could exert on cell proliferatio $ame cells were treated with the
synthesized compounds and their cytotoxic effect maasured, showing th2s, 43
and45 were the most potent in this respect. Whereasafitbe compound23 and
45, were well expected to exert potent cytotoxic Mssiased on their already
confirmed EGFR inhibition potency, the discrepamegween the EGFR inhibitory
potential and cytotoxic potency d@f3 was an indication of considerable off-target
activities, possibly leading to the observed cytatity. In light of those observed
biological responses and aiming to assist the atial, the antiproliferative effect of
the most promising derivativés3 and45 was studied in a more extensive protocol
using relevant cell lines, in order to obtain a endetailed description of tha vitro
cytotoxic landscape of the studied molecules. Camg@3 exhibited higher potency
than45 in both NSCLC cell lines, as well as against Bigd line HCC-1954, and
most importantly it displayed greater potencysgl€ 3 uM) compared to lapatinib
(ICs0 = 11 uM) in the A549 cell line. In line with lapatinibhbse two compounds
could not inhibit strongly MCF-7 cell proliferatiprpresenting comparable J€
values, approximately equal to 1@d1. As this breast cancer cell line does not
express EGFR, the finding suggests that both comgmuwcould be regarded as
considerably selective for EGFR4 and45 were then subsequently assessed for their
bioavailability and cellular uptake ar#8 resulted in high measured levels, both in
cells and blood, suggesting t28 could lead to more sustainable intracellular Isyel
compared to lapatinib. Importantly, the improvediphacokinetic profile o3 was

in line with the more relevant drug-like physicontieal properties such as cLogP of
the specific substance. ThiZg could be perceived as a valuable drug candidate, w
enhanced tumor bioavailability, more importantiysilering the comparabia vivo

efficacy to lapatinib.

3. Conclusion
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In conclusion, we have designed and synthesizesivaseries of lapatinib analogues,
inducing modifications in the central quinazolir@es and taking care to preserve, or
not extensively modify, the original substituentgree drug. The chemical procedure
for the preparation of the compounds involved thee uof a suitable
aminonitrochloropyridine (or pyrimidine), which wa#rst substituted with a
preformed aniline and then reduced and ring-clogpdn reaction with selected
furancarbaldehydes. This procedure resulted in gheparation of a series of
corresponding isomeric side-products as well, bgad primary amino-group, thus
considered as adenine isosters. These compoundsalgerintroduced in the primary
screening tests, albeit they did not possess sitege inhibitory activity against
EGFR in the biochemical assays and thus, were urttdr investigated. Following
the evaluation of the biochemical and cellulanatgtiof the target compounds against
EGFR and HER2, two derivative®3 and45 were selected for furthén vitro andin
vivo evaluation. We have shown tt28 had greater potency than lapatinib against the
A549 cells based on the cell toxicity studies. Imaotly, 23 presented satisfactory
pharmacokinetic properties and higher intracellldgels than lapatinib in the A549
cells, possibly due to its higher lipophilicity aedhanced tumor penetration. Tiine
vivo efficacy study of23 in an EGFR xenograft animal model showed thatait ¢
successfully inhibit tumor growth, with a simildfieacy profile with that of lapatinib
and with minimal phenotypic toxicity.

In conclusion, compoun@3 possessing an altered, nitrogen rich central sicaffo
compared to lapatinids a potent and promising novel anticancer compouwitd
adequate physiochemical properties and interesbiofpgical activity in EGFR

inhibition.

4. Experimental Section
4.1. Chemistry

Melting points were determined on a Biichi apparan are uncorrectedH NMR
spectra and 2D spectra were recorded on a BrukandevIll 600 or a Bruker Avance
DRX 400 instrument, whered3C NMR spectra were recorded on a Bruker Avance
[l 600 or a Bruker AC 200 spectrometer in deutedasolvents and were referenced
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to TMS ¢ scale). The signals 6H and**C spectra were unambiguously assigned by
using 2D NMR techniquesHH COSY, NOESY, HMQC, and HMBC. Mass spectra
were recorded with a LTQ Orbitrap Discovery instant) possessing an lonmax
ionization source. Flash chromatography was perdron Merck silica gel 60 (0.040

- 0.063 mm). Analytical thin layer chromatographyLC) was carried out on

precoated (0.25 mm) Merck silica gel F-254 plates.

4.1.1. 4-Chloro-2-(furan-2-yl)-1H-imidazo[ 4,5-c] pyridine (5). To a solution of
compound4 (300 mg, 2.09 mmol)[51] in dimethylsulfoxide (1rOL) was added
under Ar a solution of 2-furaldehyde in dimethyfsulde (0.5 mL, 2.09 mmol) and
the mixture was heated at 180 for 24 h. The solvent was then vacuum-evaporated
and the residue was purified using silica gel calunthromatography
(cyclohexane/ethyl acetate: 1/2), in order to patewd as a light brown solid (240 mg,
52%). M.p. > 215C dec. (E£0). *H NMR (600 MHz, DMSOdg) & 13.95-13.35 (brs,
1H, NH), 8.11 (dJ = 5.5 Hz, 1H, H-6), 8.03 (dd,= 1.8, 0.6 Hz, 1H, H-5"), 7.55 (4,

= 5.5 Hz, 1H, H-7), 7.39 (dl = 3.4 Hz, 1H, H-3"), 6.78 (dd] = 3.4, 1.8 Hz, 1H, H-
4’). °C NMR (151 MHz, DMSOQdg) 5 145.90 (C-5'), 144.27 (C-2’), 141.99 (C-2),
141.60 (C-4), 141.01 (C-6), 139.44 (C-7a), 1360864), 112.92 (C-3’), 112.70 (C-
4'), 107.95 (C-7).

4.1.2. 2-N-[3-Chloro-4-(3-fluorobenzyl oxy)phenyl] -3-nitropyridine-2,4-diamine (7).
To a solution of the pyridind (300 mg, 1.73 mmol)[51] in absolute ethanol (10)mL
were added triethylamine (0.5 mL, 3.58 mmol) and #niline6 (500 mg, 1.99
mmol)[45] and the mixture was heated at reflux 8oh. The solvent was vacuum-
evaporated, water was added to the residue angréogpitate was filtered, washed
with water, dried and purified using silica gel wwin chromatography
(dichloromethane) to give purg (440 mg, 65%). M.p. = 159-168C (EtOAch-
hexane)’H NMR (400 MHz, DMSOsg) 5 10.39 (s, 1H, NH), 8.20 (s, 2H, NH7.91
(d,J = 2.4 Hz, 1H, H-2"), 7.69 (d] = 5.9 Hz, 1H, H-6), 7.46 (m, 2H, H-6", H-5"),
7.30 (m, 2H, H-2", H-6"), 7.17 (m, 2H, H-5', H-4, 6.30 (d,J = 5.9 Hz, 1H, H-5),
5.22 (s, 2H, Ch). *C NMR (151 MHz, DMSOdg) & 162.99, 161.37 (C-3"), 153.04
(C-2), 151.53 (C-4), 149.88 (C-6), 149.58 (C-4'39171, 139.66 (C-1"), 133.10 (C-
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1'), 130.55, 130.49 (C-5"), 124.30 (C-2’), 123.96-6"), 122.50 (C-6’), 121.05 (C-
3), 116.50 (C-3), 114.71, 114.57 (C-4"), 114.2C-%)), 114.03, 113.89 (C-2"),
103.77 (C-5), 69.35 (Chl

4.1.3. 2-N-[3-Chloro-4-(3-fluorobenzyl oxy)phenyl] pyridine-2,3,4-triamine (8). To a
solution of the nitroderivativg (900 mg, 2.32 mmol) in methanol (10 mL) were
added zinc dust (2.60 g, 39.8 mmol) and ammoniuloricle (2.90 g, 54.2 mmol) and
the mixture was heated at 80 for 2 h. It was then filtered through a celited @and
the filtrate was concentrated under vacuum. Th&lueswas purified by silica gel
column chromatography (GBl./MeOH: 85/15) to give8 as an oil (600 mg, Yield:
72%).'H NMR (600 MHz, DMSO€g) 6 7.76 (d,J = 2.6 Hz, 1H, H-2'), 7.59 (s, 1H,
NH), 7.44 (m, 1H, H-5"), 7.33 (dd] = 9.0, 2.6 Hz, 1H, H-6"), 7.31-7.26 (m, 3H, H-6,
H-2", H-6"), 7.15 (m, 1H, H-4"), 7.07 (dJ = 9.0 Hz, 1H, H-5"), 6.20 (d] = 5.4 Hz,
1H, H-5), 5.36 (s, 2H, 4-N}), 5.14 (s, 2H, Ch), 4.13 (s, 2H, 3-Nb). *C NMR (151
MHz, DMSO-dg) 6 162.99, 161.38 (C-3"), 146.47 (C-4"), 143.87 ({5-242.39 (C-4),
140.09, 140.04 (C-1"), 137.83 (C-1"), 136.22 (G-6B0.47, 130.42 (C-5"), 123.28
(C-6"), 121.44 (C-3’), 119.01 (C-2'), 117.34 (C¥6’'115.24 (C-5'), 115.17 (C-3),
114.60, 114.47 (C-4"), 114.04, 113.89 (C-2"), 168 (C-5), 69.74 (CH).

4.14. N-[ 3-Chlor o-4-(3-fluor obenzyl oxy) phenyl] -2-(furan-2-yl)-1H-imidazo[ 4,5-

c] pyridin-4-amine (9) and 3-[3-chloro-4-(3-fluorobenzyl oxy)phenyl] -2-(furan-2-yl)-
3H-imidazo[ 4,5-b] pyridin-7-amine (10). To a solution of8 (120 mg, 0.33 mmol) in
dimethylsulfoxide (1.0 mL) was added under Ar ausoh of 2-furaldehyde (28 uL,
0.34 mmol) in dimethylsulfoxide (0.1 mL) and thesu#ing solution was heated at
100 °C in a preheated oilbath for 3 h. The solvent wasuum-evaporated and the
residue was purified using silica gel column chrtogeaphy (cyclohexane/EtOAc:
1/2), to provide both isomers, which were separatsithg preparative thin layer

chromatography (cyclohexane/EtOAc: 2/3).

Data for9: 50 mg, 34%, M.p. = 110-1°C (MeOH).'H NMR (400 MHz, DMSOl)
6 13.21 (s, 1H, imidazole NH), 9.13 (s, 1H, anilMH#), 8.33 (d,J = 2.5 Hz, 1H, H-
2), 7.96 (d,J = 1.3 Hz, 1H, H-5), 7.87 (m, 2H, H-6, H-6"), 45 (m, 1H, H-5"),
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7.31 (m, 2H, H-2", H-6"), 7.20 (d,J = 3.4 Hz, 1H, H-3"), 7.15 (m, 2H, H-5', H-
4"), 6.96 (d,J = 5.7 Hz, 1H, H-7), 6.75 (dd,= 3.4, 1.3 Hz, 1H, H-4""), 5.19 (s, 2H,
CH,). °C NMR (50 MHz, DMSO#ds) & 164.62, 159.78 (C-3"), 147.58 (C-4), 147.39
(C-4), 145.08 (C-2"), 144.72 (C-5™), 142.11 (@), 140.08, 139.93 (C-1"), 139.75
(C-6), 138.65 (C-7a), 136.06 (C-1’), 130.58, 130(€15"), 128.14 (C-3a), 123.28
(C-6"), 121.14 (C-3"), 120.34 (C-2'), 118.71 (C)6'114.79 (C-5'), 114.79, 114.37
(C-4"), 114.20, 113.77 (C-2"), 112.36 (C-4™),10.62 (C-3™), 99.77 (C-7), 69.56
(CH,). HR-MS (ESI)m/z: calcd for GsH;7CIFN4O,, [M+H]" = 435.1019, found
435.1010.

Data for10: 15 mg, 10%, M.p. = 200-26°C (EtOAch-hexane)'H NMR (400 MHz,
DMSO-dg) 6 7.80 (s, 1H, H-5"), 7.74 (dJ) = 5.4 Hz, 1H, H-5), 7.67 (s, 1H, H-2"),
7.50 (m, 1H, H-5"), 7.41 (m, 2H, H-5’, H-6’), 7.3@n, 2H, H-2", H-6"), 7.21 (m,
1H, H-4"), 6.58 (brs, 2H, Nk), 6.55 (s, 1H, H-4™), 6.42 (d) = 5.4 Hz, 1H, H-6),
6.20 (d,J = 3.1 Hz, 1H, H-3™), 5.36 (s, 2H, CH.*C NMR (151 MHz, DMSOds) &
163.03, 161.42 (C-3”), 153.79 (C-4’), 149.46 (C}3446.90 (C-7), 145.16 (C-5),
144.55 (C-5™), 144.26 (C-2""), 140.20 (C-2), 13®6, 139.21 (C-1"), 130.67, 130.62
(C-5"), 129.90 (C-27), 128.82 (C-1"), 128.47 (C)6'123.42 (C-6"), 122.33 (C-7a),
121.79 (C-3’), 114.92, 114.78 (C-4"), 114.46 (O;5114.21, 114.07 (C-2"), 111.78
(C-4™), 111.64 (C-3), 103.09 (C-6), 69.52 (CH HR-MS (ESI)m/z calcd for
Ca3H1sCIFN4O,, [M-H]™ = 433.0862, found 433.0876.

4.1.5. 2-{5-[ 2-(Methylsulfonyl)ethylamino] methyl)furan-2-yl}-1,3-dioxolane (16). To
a solution of carbaldehyd® (310 mg, 1.85 mmol)[52] in dry methanol (7.0 mL)
were added under Ar sodium sulfate (1.20 g, 8.45olhnfollowed by 2-
(methylsulfonyl)ethylamine (310 mg, 2.52 mmol) atice mixture was heated at
reflux for 3 h. Then, the reaction was alloweddturn at rt, sodium borohydride (370
mg, 9.78 mmol) was added under cooling and stiraagtinued at rt for 2 h. The
solvent was vacuum-evaporated, water was adddtetoesidue and it was extracted
with dichloromethane. The organic layers were d(gmlium sulfate) and evaporated
to dryness to give puréé as a yellow oil (500 mg, 98%fH NMR (600 MHz,
DMSO-dg) § 6.44 (d,J = 3.1 Hz, 1H, H-4), 6.24 (d,= 3.1 Hz, 1H, H-3), 5.81 (s, 1H,
H-2"), 4.03 — 3.88 (m, 4H, H-4’, H-5), 3.68 (s, 2BH,(a)), 3.21 (tJ = 6.6 Hz, 2H,
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CHy(c)), 3.00 (s, 3H, CH), 2.91 (t,J = 6.6 Hz, 2H, CK(Db)), 2.40 — 2.30 (brs, 1H,
NH). 3C NMR (151 MHz, DMSOde) & 154.66 (C-2), 149.87 (C-5), 109.58 (C-4),
107.28 (C-3), 96.80 (C-2), 64.46 (C-4', C-5'), B6B.(CH(C)), 44.95 (CH(a)), 42.05
(CHy(b)), 41.45 (CH).

4.1.6. 5-{[ 2-(Methyl sulfonyl)ethylamino] methyl }furan-2-carboxal dehyde (17). A 0.5N
HCI solution (5.0 mL, 2.5 mmol) was added dropwisgler cooling to a solution of
the acetall6 (220 mg, 0.80 mmol) in dichloromethane (10 mL) dimel mixture was
stirred vigorously at rt for 1 h. Then, a 25% ammanhydroxide solution was added
until pH 11-12. Upon extraction with dichlorometlearthe organic layer was dried
(sodium sulfate) and evaporated to dryness to geopurel?7 as a yellow oil (170
mg, 93%).'H NMR (600 MHz, DMSOsdg) & 9.52 (s, 1H, CHO), 7.49 (d,= 3.5 Hz,
1H, H-3), 6.60 (dJ = 3.5 Hz, 1H, H-4), 3.82 (s, 2H, Gf)), 3.24 (tJ = 6.7 Hz, 2H,
CHa(c)), 3.00 (s, 3H, CH), 2.93 (t,J = 6.7 Hz, 2H, Ckb)). **C NMR (151 MHz,
DMSO-dg) § 177.72 (CHO), 161.34 (C-5), 151.75 (C-2), 124.613}, 110.05 (C-4),
53.59 (CH(c)), 45.02 (CH(a)), 42.12 (CK(b)), 41.51 (CH).

4.1.7. N-[3-Chloro-4-(3-fluorobenzyloxy)phenyl]-2-{5-[ 2-
(methylsulfonyl)ethylaminomethyl]furan-2-yl}#1-imidazo[4,5€]pyridin-4-amine
(11 and 3-[3-chloro-4-(3-fluorobenzyloxy)phenyl]-2{2-

(methylsulfonyl)ethylaminomethyl]furan-2-yl}43-imidazo[4,5b]pyridin-7-amine

(12). These compounds were prepared using a methodalmjogous to that &and
10 respectively and purified first by silica gel colo chromatography
(EtOAc/MeOH: 8/2) resulting to a mixture of bottopgucts, which were then isolated
pure using semi-preparative reverse phase higlonpeshce liquid chromatography
(H.O/MeOH: 2/8 to 1/9).

Data for11: 30 mg, Yield: 20%, M.p. = 101-1FZ (MeOH).'H NMR (600 MHz,
DMSO-tg) 6 13.56 — 12.56 (brs, 1H, imidazole NH), 8.97 (s, &Hiline NH), 8.33
(d,J =25 Hz, 1H, H-2"), 7.82 (m, 2H, H-6, H-6"), 7.46, 1H, H-5"), 7.31 (m, 2H,
H-2", H-6"), 7.19 — 7.06 (m, 3H, H-5', H-4", H-3), 6.94 (d, J = 5.6 Hz, 1H, H-7),
6.51 (d,J = 3.1 Hz, 1H, H-4""), 5.19 (s, 2H, OCHi 3.83 (s, 2H, Ck{a)), 3.27 (tJ =
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6.8 Hz, 2H, CH(c)), 3.02 (s, 3H, CH), 2.98 (t,J = 6.8 Hz, 2H, Ck(b)), 2.48 — 2.40
(brs, 1H, ethylamine NH)*C NMR (151 MHz, DMSOdg) § 163.04, 161.43 (C-3"),
156.14 (C-5"), 147.51 (C-4), 147.41 (C-4’), 140.1C-2""), 142.25 (C-2), 140.05,
140.01 (C-17), 139.72 (C-6), 138.70 (C-7a), 136(*1"), 130.57, 130.52 (C-5"),
128.22 (C-3a), 123.35 (C-6"), 121.21 (C-3’), 12B.8C-2"), 118.70 (C-6'), 114.88
(C-5), 114.70, 114.56 (C-4"), 114.09, 113.95 (Cr2111.49 (C-3™), 109.56 (C-
4", 99.83 (C-7), 69.60 (OCh), 53.67 (CH(c)), 45.14 (CH(a)), 42.12 (CH(b)),
41.49 (CH). HR-MS (ESI)mVz calcd for G7H24CIFNsO,S, [M-H] = 568.1216,
found 568.1193.

Data for12: 10 mg. Oil. Yield: 7%*H NMR (600 MHz, DMSOgg) § 7.73 (d,J = 5.5
Hz, 1H, H-5), 7.66 (m, 1H, H-2’), 7.50 (m, 1H, H%'7.40 (m, 2H, H-5', H-6"), 7.35
(m, 2H, H-2", H-6"), 7.21 (m, 1H, H-4"), 6.53 (t5, 2H, NH), 6.41 (d,J = 5.5 Hz,
1H, H-6), 6.33 (dJ = 3.4 Hz, 1H, H-4"), 6.00 (d,] = 3.4 Hz, 1H, H-3"), 5.37 (s,
2H, OCHp), 3.69 (s, 2H, Ch{a)), 3.21 (tJ = 6.6 Hz, 2H, Ck(c)), 3.00 (s, 3H, CH),
2.90 (t,J = 6.6 Hz, 2H, Cib)), 2.35 — 2.29 (brs, 1H, NH}*C NMR (151 MHz,
DMSO-ds) § 163.07, 161.46 (C-3"), 155.92 (C-5""), 153.85 4€), 149.73 (C-7),
146.74 (C-3a), 145.27 (C-5), 143.21 (C-2"), 149.&C-2), 139.29, 139.24 (C-1"),
130.73, 130.67 (C-5"), 130.05 (C-2"), 128.91 (Q;1128.63 (C-6'), 123.47 (C-6"),
122.34 (C-7a), 121.87 (C-3"), 114.97, 114.83 (Q;4114.57 (C-5'), 114.25, 114.10
(C-27), 112.35 (C-3"), 108.92 (C-4), 103.14 C-6), 69.56 (OCH), 53.65
(CHy(C)), 44.93 (CH(a)), 42.08 (CH(b)), 41.55 (CH). HR-MS (ESI)mvz calcd for
CaH26CIFNsO,S, [M+H]* = 570.1373, found 570.1346.

4.1.8. 4-N-[ 3-Chloro-4-(3-fluorobenzyl oxy)phenyl] -3-nitropyridine-2,4-diamine (21).
This compound was prepared using a methodologyogoat to that of7, starting
from the aminopyridine€0 [53]. The compound was purified by silica gel cotum
chromatography (C¥Cl,/MeOH: 95/5). Yield: 89%. M.p. > 218C dec. (EtOAat-
hexane)’H NMR (600 MHz, DMSOds) 5 10.06 (s, 1H, NH), 7.86 (s, 2H, NH7.69
(d,J=5.9 Hz, 1H, H-6), 7.50 — 7.45 (m, 2H, H-2’, H)57.34 — 7.25 (m, 4H, H-5’,
H-6’, H-2", H-6"), 7.18 (m, 1H, H-4"), 5.91 (dJ = 5.9 Hz, 1H, H-5), 5.27 (s, 2H,
CH,). °C NMR (151 MHz, DMSOds) & 163.02, 161.40 (C-3"), 156.16 (C-2),
153.00 (C-6), 151.89 (C-4’), 150.51 (C-4), 139.489.39 (C-1"), 131.78 (C-1’),
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130.65, 130.59 (C-5"), 128.01 (C-2"), 126.33 (Q,6123.36 (C-6"), 121.88 (C-3),
116.46 (C-3), 114.85, 114.73 (C-4"), 114.73 (C;51)L4.13, 113.98 (C-2"), 98.05
(C-5), 69.40 (CH).

4.1.9. 4-N-[ 3-Chloro-4-(3-fluorobenzyloxy)phenyl] pyridine-2,3,4-triamine (22). This
compound was prepared using a methodology analagotiiat of8. The compound
was purified using silica gel column chromatogragyH,Cl,/MeOH: 85/15) and
obtained as an oil. Yield: 729+ NMR (600 MHz, DMSOeg) & 8.45 (s, 1H, NH),
7.46 (m, 1H, H-5"), 7.33 — 7.27 (m, 4H, H-6, H-}1-2", H-6"), 7.25 (d,J = 8.9 Hz,
1H, H-5"), 7.17 (m, 1H, H-4"), 7.14 (dd] = 8.9, 2.6 Hz, 1H, H-6"), 6.93 (s, 2H, 2-
NH,), 6.39 (d,J = 7.0 Hz, 1H, H-5), 5.23 (s, 2H, GH4.94 (s, 2H, 3-Nb. *C NMR
(151 MHz, DMSOsdg) 6 163.07, 161.45 (C-3"), 150.43 (C-4’), 143.33 (§-240.51
(C-4), 139.61, 139.56 (C-1"), 133.46 (C-1"), 139,6130.63 (C-5"), 126.23 (C-6),
124.79 (C-27), 123.40 (C-6"), 123.04 (C-6’), 122.1C-3’), 115.22 (C-5’), 114.93
(C-3), 114.87, 114.74 (C-4™), 114.15, 114.00 (C};2100.79 (C-5), 69.57 (CH.

4.1.10. N-[ 3-Chlor o-4-(3-fluor obenzyl oxy) phenyl] -2-(furan-2-yl)-3H-imidazo[ 4,5-

b] pyridin-7-amine (23) and 1-[ 3-chloro-4-(3-fluorobenzyl oxy)phenyl] -2-(furan-2-yl)-
1H-imidazo[ 4,5-c] pyridin-4-amine (24). These compounds were prepared using a
methodology analogous to that®and10 respectively and purified first by silica gel
column chromatography (GBIl,/MeOH: 95/5 to 8/2) resulting to a mixture of both
products, which were then isolated pure using pegp@ thin layer chromatography
(CH.CIy/MeOH: 93/7).

Data for23: Yield: 26%, M.p. = 190-192C (EtO). *H NMR (600 MHz, DMSO#dg)
6 13.23 (s, 1H, imidazole NH), 8.99 (s, 1H, anilNg), 7.94 (d,J = 4.5 Hz, 1H, H-
5), 7.91 (s, 1H, H-5"), 7.47 (m, 2H, H-6’, H-5")7.32 (m, 3H, H-2’, H-2", H-6"),
7.23 (d,J = 8.8 Hz, 1H, H-5"), 7.19 (m, 2H, H-4”, H-3"")6.71 (m, 2H, H-6, H-4""),
5.23 (s, 2H, CH). **C NMR (151 MHz, DMSOdg) § 163.01, 161.40 (C-3"), 149.32
(C-4"), 145.73 (C-2""), 145.11 (C-5), 144.59 (C9, 142.21 (C-3a), 142.16 (C-7),
139.76, 139.71 (C-1"), 134.69 (C-1"), 130.59, 13®(C-5"), 124.60 (C-7a), 123.42
(C-6"), 123.31 (C-6"), 121.83 (C-3"), 121.41 (C)2'115.01 (C-5'), 114.75, 114.61
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(C-4"), 114.08, 113.93 (C-2"), 112.20 (C-4""),10.45 (C-3"’), 99.95 (C-6), 69.52
(CHy). HR-MS (ESI) m/z calcd for GsHisCIFN,O,, [M-H]™ = 433.0862, found
433.0878.

Data for24: Yield: 13%. M.p. = 195-198C (EtO).'H NMR (600 MHz, DMSOds)

8 7.80 (d,J = 1.4 Hz, 1H, H-5""), 7.77 (d) = 2.5 Hz, 1H, H-2’), 7.68 (d] = 5.8 Hz,
1H, H-6), 7.53 — 7.48 (m, 2H, H-6', H-5"), 7.46,(d = 8.8 Hz, 1H, H-5), 7.37 (m,
2H, H-2", H-6"), 7.22 (m, 1H, H-4"), 6.58 (brs2H, NH,), 6.56 (ddJ = 3.5, 1.4 Hz,
1H, H-4™), 6.34 (d,J = 5.8 Hz, 1H, H-7), 6.22 (d] = 3.5 Hz, 1H, H-3"), 5.36 (s,
2H, CHp). **C NMR (151 MHz, DMSOds) & 163.04, 161.42 (C-3"), 154.27 (C-4"),
152.00 (C-4), 144.78 (C-5""), 143.82 (C-2™), 1480 (C-6), 141.45 (C-7a), 140.85
(C-2), 139.12, 139.07 (C-1"), 130.70, 130.65 (C)5129.30 (C-2’), 128.83 (C-1"),
127.91 (C-6'), 125.60 (C-3a), 123.58 (C-6"), 128.@C-3'), 115.00, 114.85 (C-4"),
114.85 (C-5'), 114.34, 114.20 (C-2”), 111.98 (C)3'111.87 (C-4"), 96.12 (C-7),
69.65 (CH). HR-MS (ESI)m/z calcd for GaH1sCIFN,O,, [M-H]™ = 433.0862, found
433.0878.

4.1.11. N-[ 3-Chloro-4-(3-fluor obenzyl oxy) phenyl] -2-{ 5-[ 2-
(methyl sulfonyl)ethylami nomethyl] furan-2-yl}-3H-imidazo[ 4,5-b] pyridin-7-amine
(25) and 1-[ 3-chlor o-4-(3-fluor obenzyl oxy)phenyl] -2-{5-[ 2-

(methyl sulfonyl)ethylaminomethyl] furan-2-yl}-1H-imidazo[ 4,5-c] pyridin-4-amine

(26). These compounds were prepared using a methodot@iggous to that & and
10 respectively and purified first by silica gel colo chromatography
(CH.CIlx/MeOH: 95/5 to 8/2) resulting to a mixture of baitoducts, which were then
isolated pure using preparative thin layer chromaphy (CHCl,/MeOH: 9/1).

Data for25: Yield: 10%. M.p. = 124-128C (Et0). 'H NMR (600 MHz, DMSOd)
6 13.38 — 13.00 (brs, 1H, imidazole NH), 9.00 (s, &Hiline NH), 7.93 (dJ = 5.6
Hz, 1H, H-5), 7.47 (m, 2H, H-2’, H-5"), 7.32 (m}B H-6", H-2", H-6"), 7.23 (d, J
=8.9 Hz, 1H, H-5), 7.18 (m, 1H, H-4"), 7.13 (d= 3.0 Hz, 1H, H-3™), 6.70 (dJ =
5.6 Hz, 1H, H-6), 6.51 (d] = 3.0 Hz, 1H, H-4""), 5.23 (s, 2H, OC#} 3.82 (s, 2H,
CHa(a)), 3.26 (tJ = 6.7 Hz, 2H, CHc)), 3.02 (s, 3H, Ch), 2.98 (t,J = 6.7 Hz, 2H,
CHa(b)). **C NMR (151 MHz, DMSOdg) & 163.01, 161.39 (C-3"), 155.96 (C-5™),
149.26 (C-4), 145.12 (C-5), 144.66 (C-2"), 149.4C-3a), 142.07 (C-7), 139.76,
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139.71 (C-1"), 134.73 (C-1), 130.58, 130.53 (C)5124.58 (C-7a), 123.39 (C-2)),
123.30 (C-6"), 121.82 (C-3"), 121.38 (C-6"), 118.C-5), 114.74, 114.60 (C-4"),
114.07, 113.93 (C-2"), 111.24 (C-3™), 109.25 (€2), 69.51 (OCH), 53.63

(CHx(c)), 45.07 (CH(a)), 42.08 (CiADb)), 41.46 (CH). HR-MS (ESm/z calcd for

CaH24CIFNsO,S, [M-H] = 568.1216, found 568.1229.

Data for26: Yield: 5%. Oil.*H NMR (600 MHz, DMSOedg) & 7.76 (d,J = 2.4 Hz,
1H, H-2"), 7.67 (dJ = 5.7 Hz, 1H, H-6), 7.53 — 7.43 (m, 3H, H-5', H-61-5"), 7.39
—7.33 (m, 2H, H-2”, H-6"), 7.22 (m, 1H, H-4")6.39 (brs, 2H, NH), 6.34 (d,J =
3.4 Hz, 1H, H-4"), 6.29 (dJ = 5.7 Hz, 1H, H-7), 6.02 (d] = 3.4 Hz, 1H, H-3"),
5.36 (s, 2H, OCh), 3.69 (s, 2H, Chk{a)), 3.21 (tJ = 6.6 Hz, 2H, Ck(c)), 2.99 (s,
3H, CHy), 2.88 (t,J = 6.6 Hz, 2H, Ckb)). *C NMR (151 MHz, DMSOds) &
163.03, 161.41 (C-3"), 156.03 (C-5), 154.25 (&}, 152.27 (C-4), 142.83 (C-2"),
141.60 (C-6), 141.35 (C-7a), 139.12, 139.07 (C;130.68, 130.63 (C-5"), 129.38
(C-2), 128.93 (C-1’), 127.99 (C-6"), 125.62 (C-3dR3.55 (C-6"), 122.28 (C-3),
114.98, 114.84 (C-4"), 114.90 (C-5"), 114.32, 118(C-2"), 112.50 (C-3""), 108.90
(C-4"), 95.87 (C-7), 69.63 (OC}h), 53.61 (CH(c)), 44.88 (CH(b)), 42.06 (CH(a)),
41.52 (CH). HR-MS (ESI)m/z calcd for G/H»6CIFNsO,S, [M+H]" = 570.1373,
found 570.1350.

4.1.12. 2-N-[ 3-Chloro-4-(3-fluor obenzyl oxy)phenyl] -5-fluor o-3-nitropyridine-2,4-
diamine (32). This compound was prepared using a methodologygoas to that of
7, starting from the aminopyridir#l [54] with a slight modification using DMSO as
solvent and heating at 15C for 24 h.The compound was purified by silica gel
column chromatography (cyclohexane/EtOAc: 3/1).1¢i&1%. M.p. = 188-189C
(EtOAch-hexane)H NMR (400 MHz, DMSOeg) & 10.09 (s, 1H, NH), 8.18 (s, 2H,
NH,), 7.96 (d,J = 2.4 Hz, 1H, H-6), 7.84 (d, = 2.6 Hz, 1H, H-2"), 7.44 (m, 2H, H-
6’, H-5"), 7.29 (m, 2H, H-2", H-6"), 7.17 (m, 2HH-5’, H-4"), 5.21 (s, 2H, CH).
13C NMR (151 MHz, DMSOds) & 163.04, 161.42 (C-3"), 149.65 (C-4'), 148.31 (C-
2), 143.35, 141.76 (C-5), 142.92, 142.83 (C-4),.189139.69 (C-1"), 135.35,
135.22 (C-6), 133.06 (C-1"), 130.60, 130.55 (C-51p4.28 (C-2’), 123.31 (C-6"),
122.56 (C-6’), 121.12 (C-3), 116.97 (C-3), 114.718,4.62(C-4"), 114.33 (C-5),
114.07, 113.93 (C-2"), 69.40 (CH
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4.1.13. 2-N-[3-Chloro-4-(3-fluorobenzyl oxy)phenyl] -5-fluoropyridine-2,3,4-triamine
(33). This compound was prepared using a methodologygoast to that 08. The
compound was purified using silica gel column chatomgraphy (CHCl,/MeOH:
85/15) and obtained as an oil. Yield: 617%4.NMR (400 MHz, DMSOedg) & 7.65 (d,
J=2.6 Hz, 1H, H-2’), 7.49 (s, 1H, NH), 7.44 (m, 1H-5"), 7.38 (d,J = 1.5 Hz, 1H,
H-6), 7.29 (m, 2H, H-2", H-6"), 7.25 (dd] = 9.0, 2.6 Hz, 1H, H-6"), 7.16 (m, 1H, H-
4"), 7.06 (d,J = 9.0 Hz, 1H, H-5"), 5.38 (s, 2H, 4-NH 5.13 (s, 2H, Cb), 4.50 (s,
2H, 3-NH,). °C NMR (151 MHz, DMSOds) & 162.98, 161.37 (C-3”), 146.44,
144.88 (C-5), 146.34 (C-4’), 140.09, 140.04 (C-11839.89 (C-2), 138.09 (C-1",
130.47, 130.42 (C-5"), 130.12, 130.03 (C-4), 1383(E2-6"), 121.47 (C-3’), 121.32,
121.18 (C-6), 118.46 (C-2), 118.09 (C-3), 116.&*+§), 115.32 (C-5"), 114.60,
114.46 (C-4"), 114.03, 113.89 (C-2"), 69.75 (gH

4.1.14. N-[ 3-Chloro-4-(3-fluorobenzyl oxy) phenyl] - 7-fluor o-2-(furan-2-yl)- 1H-
imidazo[ 4,5-c] pyridin-4-amine (34) and 3-[ 3-chloro-4-(3-fluor obenzyl oxy)phenyl] -6-
fluoro-2-(furan-2-yl)-3H-imidazo[ 4,5-b] pyridin-7-amine (35). These compounds were
prepared using a methodology analogous to th@tasfd10 respectively and purified

by silica gel column chromatography (cyclohexan€Ac: 1/1 to 1/2).

Data for34: Yield: 13%. M.p. = 107-108C (EtOAch-hexane)H NMR (600 MHz,
DMSO-dg) 6 13.96-13.56 (brs, 1H, imidazole NH), 9.03 (s, &Hiline NH), 8.22 (s,
1H, H-2'), 8.00 (s, 1H, H-5™), 7.86 (dJ = 1.4 Hz, 1H, H-6), 7.80-7.70 (brs, 1H, H-
6’), 7.46 (m, 1H, H-5"), 7.31 (m, 3H, H-2", H-6,"H-3"), 7.17 (m, 2H, H-5’, H-
4"), 6.77 (dd,J = 3.1, 1.5 Hz, 1H, H-4™), 5.19 (s, 2H, GH *C NMR (151 MHz,
DMSO-dg) & 162.99, 161.38 (C-3"), 147.43 (C-4), 145.17 (C)5144.52 (C-2"),
139.98, 139.93 (C-1"), 135.96 (C-1'), 130.52, 180(C-5"), 124.02, 123.83 (C-6),
123.30 (C-6"), 121.30 (C-3’), 119.80 (C-2"), 118.4C-6"), 114.95 (C-5’), 114.65,
114.51 (C-4"), 114.05, 113.91 (C-2"), 112.51 (C% 111.64 (C-3""), 69.57 (CH).
HR-MS (ESI)mVz calcd for GsH14CIF.N4O,, [M-H] ™ = 451.0768, found 451.0789.

Data for35: Yield: 19%, M.p. > 246C dec. (E£0).'H NMR (600 MHz, DMSO#)
6 7.91 (d,J = 4.0 Hz, 1H, H-5), 7.81 (s, 1H, H-5"), 7.69 (d,= 2.2 Hz, 1H, H-2)),
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7.50 (m, 1H, H-5"), 7.43 (m, 2H, H-5', H-6"), 7.3@n, 2H, H-2", H-6"), 7.21 (m,
1H, H-4"), 6.72 (s, 2H, NH), 6.56 (ddJ = 3.3, 1.5 Hz, 1H, H-4""), 6.24 (d] = 3.3
Hz, 1H, H-3™), 5.36 (s, 2H, Ch). **C NMR (151 MHz, DMSOdg) § 163.01, 161.40
(C-3"), 153.88 (C-4’), 146.13 (C-3a), 145.84, 13@.(C-6), 144.81 (C-5"), 144.01
(C-2), 141.92 (C-2), 139.23, 139.18 (C-1"), 131, 134.99 (C-7), 132.05, 131.88
(C-5), 130.66, 130.61 (C-5"), 129.94 (C-2'), 128.68C-6"), 128.44 (C-1"), 123.42 (C-
6"), 123.20, 123.15 (C-7a), 121.81 (C-3'), 114.914.77 (C-4"), 114.48 (C-5),
114.21, 114.07 (C-2"), 112.05 (C-3"), 111.85 (€2), 69.51 (CH,). HR-MS (ESI)
m/z: calcd for GsH14CIFoN4O,, [M-H]™ = 451.0768, found 451.0784.

4.1.15. N-[ 3-Chlor 0-4-(3-fluor obenzyl oxy) phenyl] - 7-fluor o-2-{ 5-[ 2-
(methyl sulfonyl)ethylami nomethyl] furan-2-yl}-1H-imidazo[ 4,5-c] pyridin-4-amine
(36) and 3-[ 3-chloro-4-(3-fluor obenzyl oxy) phenyl] -6-fluor o-2-{5-[ 2-

(methyl sulfonyl )ethylaminomethyl] furan-2-yl}-3H-imidazo[ 4,5-b] pyridin-7-amine

(37). These compounds were prepared using a methodotagggous to that & and
10 respectively and purified first by silica gel colo chromatography
(EtOAc/MeOH: 95/5 to 8/2) resulting to a mixturelmfth products, which were then
isolated pure using semi-preparative reverse phaigd performance liquid
chromatography (bD/MeOH: 2/8 to 1/9).

Data for36: Yield: 10%. M.p. = 134-135C (Et0). 'H NMR (600 MHz, DMSOd)
0 13.96 — 13.38 (brs, 1H, imidazole NH), 9.04 (s, ahiline NH), 8.23 (s, 1H, H-2"),
7.86 (d,J = 0.6 Hz, 1H, H-6), 7.82 — 7.70 (brs, 1H, H-6")46 (m, 1H, H-5"), 7.31
(m, 2H, H-2", H-6"), 7.25 (d,J = 2.8 Hz, 1H, H-3™), 7.16 (m, 2H, H-5', H-4"),
6.57 (d,J = 2.8 Hz, 1H, H-4""), 5.19 (s, 2H, OCHj 3.85 (s, 2H, Ck{a)), 3.27 (tJ =
6.7 Hz, 2H, CH(c)), 3.02 (s, 3H, Ch), 2.98 (t,J = 6.7 Hz, 2H, Ckb)). °C NMR
(151 MHz, DMSOds) 6 163.06, 161.42 (C-3"), 156.87 (C-5"), 147.65 D),
143.61 (C-2), 140.17, 140.09 (C-1"), 136.50 (C), 130.65, 130.54 (C-57),
123.94, 123.87 (C-6), 123.31 (C-6"), 121.28 (C;31R0.09 (C-2’), 118.46 (C-6"),
114.82 (C-5'), 114.67, 114.54 (C-4"), 114.07, 198(C-2"), 112.31 (C-3"), 109.66
(C-4"), 69.58 (OCH,), 53.62 (CH(c)), 45.11 (CH(a)), 42.08 (CH(b)), 41.45 (CH).
HR-MS (ESI)mVz calcd for G7H23CIF.Ns0O4S, [M-H] = 586.1122, found 586.1120.
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Data for37: Yield: 21%. M.p. = 156-15%C (EO). *H NMR (600 MHz, DMSO¢)

5 7.89 (d,J = 4.1 Hz, 1H, H-5), 7.69 (d = 2.2 Hz, 1H, H-2"), 7.50 (m, 1H, H-5"),
7.43 (m, 2H, H-5', H-6"), 7.36 (M, 2H, H-2”, H-§ 7.21 (m, 1H, H-4"), 6.71 (s,
2H, NH,), 6.35 (d,J = 3.4 Hz, 1H, H-4"), 6.03 (dJ = 3.4 Hz, 1H, H-3"), 5.37 (s,
2H, CHp), 3.70 (s, 2H, CKa)), 3.22 (tJ = 6.7 Hz, 2H, Ck{c)), 3.00 (s, 3H, CH),
2.89 (t,J = 6.7 Hz, 2H, Ck{b)). °C NMR (151 MHz, DMSOdg) 5 163.03, 161.42
(C-3"), 156.22 (C-5""), 153.94 (C-4'), 146.21 (Ba), 145.88, 144.34 (C-6), 142.89
(C-2), 142.00 (C-2), 139.24, 139.19 (C-1"), 138, 134.94 (C-7), 131.90, 131.76
(C-5), 130.68, 130.63 (C-5"), 130.06 (C-2'), 128.6C-6), 128.45 (C-1'), 123.44 (C-
6"), 123.20, 123.15 (C-7a), 121.89 (C-3), 114.93,4.79 (C-4"), 114.58 (C-5),
114.22, 114.07 (C-2"), 112.79 (C-3™), 108.98 (€2), 69.52 (CH,), 53.61 (CH(c)),
44.90 (CH(a)), 42.05 (CHDb)), 41.50 (CH). HR-MS (ESI) miz. calcd for
CaH2sCIFoNs0,S, [M-H] = 586.1122, found 586.1131.

4.1.16. 4-N-[3-Chloro-4-(3-fluorobenzyl oxy)phenyl] pyrimidine-4,5,6-triamine  (40)
and  4-N,6-N-big 3-Chloro-4-(3-fluor obenzyl oxy)phenyl] pyrimidine-4,5,6-triamine
(42). To a solution of the dichloropyrimiding8 (110 mg, 0.57 mmol) in absolute
ethanol (10 mL) were added sodium bicarbonate (6 77 mmol) and a
suspension of the anilir@(150 mg, 0.60 mmol) in absolute ethanol (5.0 mig ¢he
mixture was heated at ?Q for 1 h. Then, a solution of ammonia in absoktteanol
(4 M, 3.0 mL) was added dropwise and heating wadimoed at 70C for 2 h. The
solvent was vacuum-evaporated, water was addekdetoesidue and the precipitate
was filtered, washed with water and dried. A smaaflount of the crude mixture was
purified using preparative thin layer chromatogmagbyclohexane/EtOAc: 1/1) in
order to isolate and identify intermediat8@ and 41 The remaining mixture of the
nitroderivatives was submitted to reduction acamgdio the synthetic procedure
described for compoungl The reduced products were separated by silicaaiehmn
chromatography (C¥Cl./MeOH: 97/3 to 8/2).

Data for 4N-[3-Chloro-4-(3-fluorobenzyloxy)phenyl]-5-nitropynidine-4,6-diamine
(39): M.p. = 230-231°C (EO). *H NMR (600 MHz, DMSO#dg) & 10.69 (s, 1H, NH),
8.63 (s, 2H, NH), 8.01 (s, 1H, H-2), 7.77 (d,= 2.6 Hz, 1H, H-2"), 7.47 (m, 1H, H-
57, 7.44 (dd,J = 9.0, 2.6 Hz, 1H, H-6’), 7.30 (m, 2H, H-2", H-§’ 7.22 (d,J = 9.0
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Hz, 1H, H-5"), 7.17 (m, 1H, H-4"), 5.25 (s, 2H, GH*3C NMR (151 MHz, DMSO-
de) 5 163.02, 161.40 (C-3"), 159.33 (C-2), 158.71 (G-B55.43 (C-4), 150.84 (C-4),
139.59, 139.54 (C-1"), 131.35 (C-1'), 130.63, 1BD(C-5"), 126.25 (C-2), 124.48
(C-6"), 123.32 (C-6"), 121.00 (C-3'), 114.80, 156.(C-4"), 114.08, 113.94 (C-2"),
114.05 (C-5), 112.13 (C-5), 69.33 (GH

Data for 4N,6-N-bis[3-Chloro-4-(3-fluorobenzyloxy)phenyl]-5-nitrgpmidine-4,6-
diamine @1): M.p. > 220°C dec. (E£0). *H NMR (600 MHz, DMSOdg) & 10.75 (s,
2H, NH), 8.12 (s, 1H, H-2), 7.74 (d,= 2.4 Hz, 2H, H-2'), 7.47 (m, 2H, H-5"), 7.44
(dd,J =9.0, 2.4 Hz, 2H, H-6"), 7.33 — 7.28 (M, 4H, H;4-6"), 7.24 (d,J = 9.0 Hz,
2H, H-5'), 7.18 (m, 2H, H-4"), 5.26 (s, 4H, GH °C NMR (151 MHz, DMSOds) &
163.01, 161.40 (C-3”), 159.06 (C-2), 155.47 (C4&-6), 151.10 (C-4’), 139.54,
139.49 (C-1"), 131.18 (C-1"), 130.60, 130.54 (C}p126.48 (C-2), 124.75 (C-6"),
123.27 (C-6"), 121.10 (C-3’), 114.77, 114.63 (C}4114.14 (C-5’), 114.04, 113.90
(C-2"), 112.95 (C-5), 69.43 (CHl.

Data for40: 90 mg, Total yield of 3 steps: 44%. OiH NMR (600 MHz, DMSO#l)

8 8.07 (s, 1H, NH), 7.79 (d, = 2.6 Hz, 1H, H-2"), 7.74 (s, 1H, H-2), 7.45 (nH,1H-
5", 7.42 (dd,J = 9.0, 2.6 Hz, 1H, H-6’), 7.29 (m, 2H, H-2", H§’ 7.16 (m, 1H, H-
4™, 7.14 (d,J = 9.0 Hz, 1H, H-5"), 6.21 (s, 2H, 6-N} 5.18 (s, 2H, Ch), 4.31 (s,
2H, 5-NH,). **C NMR (151 MHz, DMSOdg) & 163.06, 161.45 (C-3"), 151.59 (C-6),
147.99 (C-4"), 147.01 (C-4), 146.39 (C-2), 139.989.90 (C-1"), 135.44 (C-1)),
130.61, 130.56 (C-5"), 123.37 (C-6"), 121.33 (0);3121.26 (C-2’), 119.46 (C-6),
114.91 (C-5"), 114.75, 114.61 (C-4"), 114.11, 19B.(C-2"), 108.65 (C-5), 69.62
(CHy).

Data for42: 10 mg, Total yield of 3 steps: 3.5%. G NMR (600 MHz, DMSO¢s)
8 8.11 (s, 2H, NH), 7.91 (s, 1H, H-2), 7.88 Jc&k 2.6 Hz, 2H, H-2'), 7.48 (ddl= 9.1,
2.6 Hz, 2H, H-6"), 7.45 (m, 2H, H-5"), 7.33 — 7.26, 4H, H-2", H-6"), 7.17 (m,
2H, H-4"), 7.15 (d,J = 9.1 Hz, 2H, H-5"), 5.19 (s, 4H, GH 4.54 (s, 2H, NR). **C
NMR (151 MHz, DMSO#ds) & 163.03, 161.42 (C-3”), 147.90 (C-4, C-6), 147(83
4’), 146.17 (C-2), 139.93, 139.88 (C-1"), 135.6C-{’), 130.56, 130.50 (C-5"),
123.32 (C-6"), 121.31 (C-3"), 121.00 (C-2’), 119.2C-6’), 114.89 (C-5"), 114.70,
114.57 (C-4”), 114.08, 113.94 (C-2"), 110.24 (§-59.59 (CH).
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4.1.17. 6-N-[ 3-Chloro-4-(3-fluor obenzyl oxy)phenyl] -8-(furan-2-yl)-9H-purin-6-amine
(43) and 9-[ 3-chloro-4-(3-fluorobenzyl oxy)phenyl] -8-(furan-2-yl)-9H-purin-6-amine
(44). These compounds were prepared using a methodot@iggous to that & and
10 respectively and purified first by silica gel colo chromatography
(CH.CIl/MeOH: 95/5 to 9/1) resulting to a mixture of bgitoducts, which were then
isolated pure using preparative thin layer chromiaphy (CHCl,/MeOH: 95/5).

Data for43: Yield: 10%. M.p. > 250C dec. (MeOH)H NMR (600 MHz, DMSO-
ds) 0 13.88 — 13.13 (brs, 1H, imidazole NH), 9.88 (s, aHiline NH), 8.37 (s, 1H, H-
2), 8.21 (dJ = 2.1 Hz, 1H, H-2"), 7.95 (d] = 1.2 Hz, 1H, H-5""), 7.82 (ddJ = 8.9,
2.1 Hz, 1H, H-6"), 7.46 (m, 1H, H-5"), 7.31 (m, 2H4-2", H-6"), 7.23 (d,J = 3.3
Hz, 1H, H-3"), 7.20 (d,J = 8.9 Hz, 1H, H-5"), 7.17 (m, 1H, H-4"), 6.74 (dd= 3.3,
1.2 Hz, 1H, H-4™), 5.22 (s, 2H, CH. *C NMR (151 MHz, DMSOdg) 5 163.02,
161.41 (C-3"), 151.95 (C-2), 148.67 (C-4), 145.(40-5""), 144.91 (C-2""), 139.84,
139.80 (C-1"), 134.18 (C-1"), 130.58, 130.53 (C}p123.32 (C-6"), 122.04 (C-2)),
121.13 (C-3’), 120.33 (C-6"), 114.73, 114.59 (C}4114.59 (C-5’), 114.08, 113.94
(C-27), 112.39 (C-4™), 111.30 (C-3™), 69.46 (B,). HR-MS (ESI)m/z: calcd for
CaoH14CIFNsO,, [M-H]™ = 434.0815, found 434.0834.

Data for44: Yield: 10%. M.p. = 232-235C (EtO).'H NMR (600 MHz, DMSOd)
8 8.07 (s, 1H, H-2), 7.82 (d,= 1.5 Hz, 1H, H-5™), 7.74 (dJ = 2.5 Hz, 1H, H-2)),
7.49 (m, 4H, NH, H-6’, H-5"), 7.42 (d,J = 8.8 Hz, 1H, H-5), 7.36 (m, 2H, H-2",
H-6"), 7.22 (m, 1H, H-4"), 6.56 (ddJ = 3.5, 1.5 Hz, 1H, H-4), 6.21 (d] = 3.5 Hz,
1H, H-3™), 5.37 (s, 2H, CH). *C NMR (151 MHz, DMSOds) 5 163.03, 161.41 (C-
3"), 155.85 (C-6), 154.06 (C-4"), 153.23 (C-2),1.95 (C-4), 144.88 (C-5""), 143.85
(C-2), 140.57 (C-8), 139.21, 139.16 (C-1"), 13®, 130.64 (C-5"), 129.80 (C-2)),
128.37 (C-6"), 128.06 (C-1’), 123.46 (C-6"), 125.§C-3), 118.30 (C-5), 114.95,
114.81 (C-4"), 114.50 (C-5'), 114.25, 114.10 (C)2'112.10 (C-3™), 111.88 (C-
4™), 69.53 (CH,). HR-MS (ESI)mVz calcd for GoH16CIFNsO,, [M+H]* = 436.0971,
found 436.0967.

4.1.18. 6-N-[ 3-Chloro-4-(3-fluor obenzyl oxy)phenyl] -8-{5-[ 2-
(methylsulfonyl)ethylaminomethyl] furan-2-yl}-9H-purin-6-amine  (45) and 9-[3-
chloro-4-(3-fluorobenzyl oxy)phenyl] -8-{ 5-[ 2-
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(methyl sulfonyl)ethylami nomethyl] furan-2-yl}-9H-purin-6-amine (46). These
compounds were prepared using a methodology anadog¢om that of9 and 10
respectively and purified first by silica gel colnrohromatography (Ci€l,/MeOH:
95/5 to 8/2) resulting to a mixture of both produowvhich were then isolated pure
using preparative thin layer chromatography (EtQA&CO: 2/8).

Data for45: Yield: 10%. M.p. = 238-238C (EtO). 'H NMR (600 MHz, DMSO#d)
6 13.78 — 12.98 (brs, 1H, imidazole NH), 9.88 (s, &Hiline NH), 8.36 (s, 1H, H-2),
8.22 (d,J = 2.2 Hz, 1H, H-2"), 7.83 (d) = 7.8 Hz, 1H, H-6’), 7.46 (m, 1H, H-5"),
7.31 (m, 2H, H-2”, H-6"), 7.18 (m, 3H, H-5', H-4'H-3""), 6.54 (d, J = 2.9 Hz, 1H,
H-4""), 5.22 (s, 2H, OCH), 3.83 (s, 2H, CKa)), 3.27 (tJ = 6.7 Hz, 2H, CHk(c)),
3.02 (s, 3H, Ch), 2.97 (t,J = 6.7 Hz, 2H, CH{b)). **C NMR (151 MHz, DMSQdg) &
163.00, 161.38 (C-3"), 156.45 (C-5), 151.79 (&); 148.59 (C-4’), 143.90 (C-2™),
139.83, 139.78 (C-1"), 134.24 (C-1"), 130.55, 18D(C-5"), 123.29 (C-6"), 122.03
(C-2), 121.09 (C-3’), 120.27 (C-6'), 114.70, 118.5C-4"), 114.56 (C-5’), 114.06,
113.91 (C-2"), 112.09 (C-3), 109.43 (C-4"), .43 (OCH), 53.62 (CH(c)), 45.06
(CHx(a)), 42.06 (Ck(b)), 41.45 (CH). HR-MS (ESI)m/z: calcd for GeH23CIFN6O4S,
[M-H] " =569.1169, found 569.1183.

Data for46: Yield: 20%. M.p. 204-208C (EtO). 'H NMR (600 MHz, DMSOds) &
8.07 (s, 1H, H-2), 7.73 (d, = 2.2 Hz, 1H, H-2’), 7.53 — 7.41 (m, 5H, MHH-5’, H-
6', H-5"), 7.35 (m, 2H, H-2", H-6"), 7.21 (m, 1KHH-4"), 6.35 (d,J = 3.4 Hz, 1H,
H-4"), 6.02 (d, J = 3.4 Hz, 1H, H-3™), 5.37 (s, 2H, OCHi 3.70 (s, 2H, Ck{a)),
3.22 (t,J = 6.6 Hz, 2H, Ck(c)), 2.99 (s, 3H, CH), 2.88 (t,J = 6.6 Hz, 2H, CK(b)).
3C NMR (151 MHz, DMSOdg) & 163.02, 161.40 (C-3"), 156.24 (C-5""), 155.77
(C-6), 154.11 (C-4’), 153.10 (C-2), 152.00 (C-4%2172 (C-2), 140.62 (C-8),
139.19, 139.14 (C-1"), 130.67, 130.62 (C-5"), 189 (C-2’), 128.46 (C-6'), 128.04
(C-1"), 123.43 (C-6"), 121.92 (C-3'), 118.28 (C;5)14.93, 114.79 (C-4"), 114.58
(C-5), 114.22, 114.07 (C-2"), 112.80 (C-3""), BI96 (C-4"), 69.54 (OCH), 53.60
(CHa(c)), 44.88 (CH(a)), 42.03 (CKb)), 41.50 (CH). HR-MS (ESI)mVz calcd for
Co6H23CIFNGO,S, [M-H] = 569.1169, found 569.1190.

4.2 Docking calculations
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Rigid docking was performed with the Glide SP aihon and a scaling factor of 0.8 was
utilized for both the protein and ligand atoms ¢a@unt for possible induced-fit effects upon
inhibitor binding. The best poses were re-docked #re ligand binding affinities were
subsequently evaluated by using the EMBRACE modfleMaestro with the energy
difference option, using the OPLS-2005 force fiafdl the generalized Born model for water

while protein flexibility was permitted in a radio§ 6 A around the binding pocket.

4.3 Biological evaluation
4.3.1. Cdl Cultures

The EGFR positive NSCLC cell lines A549 and NCI-H%%nd breast cancer cell
lines HCC-1954 and MCF-7 used in this study werstett for mycoplasma
contamination on a regular basis using the MycaAfeMycoplasma Detection Kit

(Lonza, USA). Cells were maintained in DMEM and RIRMoswell Park Memorial

Institute) medium, containing glutamine and supmetad with 10% fetal bovine
serum (FBS), penicillin (100 U/mL), and streptommy¢100 mg/mL) at 37 °C and 5%
CQO,. Lapatinib was purchased from MedChem Expresddoina Sweden).

4.3.2. Biochemical Tyrosine Kinase Assay

The trans-phosphorylation activity of EGFR and HER&s evaluated as described
before [58]. Briefly, reactions were performed iB-®ell microtiter plates precoated
(20 pg/well in PBS; incubated overnight at 4 °C) withe theptide substrate poly-
Glu,Tyr (4:1). Excess protein binding sites werecked with the addition of 5%
(w/v) BSA in PBS. Purified GST-fusion proteins wdhen added to the microtiter
wells in 2 x concentration kinase dilution buffemsisting of 100 mM HEPES, 50
mM NaCl, 40uM NaVQ,, and 0.02% (w/v) BSA. The final enzyme concentrafior
each GST-kinase was 200 ng/millable S3. 25uL of diluted lapatinib or each of the
new derivatives were subsequently added to eadtioaavell to produce a range of
inhibitor concentrations (1-10M) appropriate for each enzyme. The kinase reaction

was initiated by the addition of different concaritsns of ATP in a solution of Mn¢gl
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so that the final ATP concentrations spanned the f&inthe enzyme, and the final
concentration of MnGlwas 10 mM. The plates were incubated for 60 meate37
°C before stopping the reaction with the additidnE®@TA. The plates were then
washed three times with TBST. Rabbit polyclonaligmisphotyrosine antisera
conjugated to HRP was added to the wells at a B:Hd@tion in TBST containing
0.75% (w/v) BSA, 0.025% (w/v) nonfat dry milk, ad80 uM NaVO, and incubated
for one hour at 37 °C. The plates were then washexk times with TBST and the
amount of phosphotyrosine in each well was quadifafter the addition of 2;2
azino-di-[3-ethylbenzthiazoline sulfonate] subsiréd1888, Sigma-Aldrich, Munich,

Germany) and measured at 405 nm. Each experimenperéormed in triplicate.

4.3.3. Cellular Kinase Assay based on Western Blot Analysis

A549 cells (for EGFR) and HCC-1954 (for HER2) wesd in studies of inhibition
of autophosphorylation. A549 cells were plated iwel plates and when grown at
60-70% confluence they were serum starved for 2&drum starved cells were
treated with lapatinib (0.04M and 1uM) or with the tested compounds M and
10 uM) for 10 min and then stimulated with 100 ng/mL Ef8F another 10 min at
37°C. After 10 min incubation, the cell medium wamoved and the cells were lysed
in RIPA lysis buffer (50 mM Tris-HCI at pH 7.5, 156M NaCl, 5 mM NaEDTA,
1mM EGTA, 0.1% SDS, 1% NP-40, 0.5 % sodium deoxiatep 8mM sodium
fluoride and 1mM sodium orthovanadate) and Protdak#itor Cocktail (Roche,
UK). HCC-1954 cells were plated in 6-well platesdawhen grown at 60-70%
confluence were treated with lapatinib or the exadiderivatives (0.0@M and 2
uM) for 1 h. After 1h incubation, cells were lysedtlw RIPA lysis buffer as
mentioned above.

Protein concentration was determined using thecPidBCA assay kit (Pierce,
Rockford, IL, USA) according to the manufacturesjgecifications. Protein isolated
from A549 and HCC-1954 cell lysate (approximately (g of protein/cell line),
along with NUPAGE Sample Reducing agent and NUPAGE Sample Buffer (both
from Invitrogen, UK) were separated by SDS page tamalsferred to polyvinylidene
difluoride (PVDF) membranes. The membranes were bhecked in 5% non-fat dry

milk in TBS-T buffer for 1 h at room temperature.
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Phosphorylated and total EGFR and HER2 were detertimg specific antibodies at
1:1000 dilution in TBST Table S4. This process was followed by another
incubation for 1 h at room temperature with theoselary anti-rabbit peroxidase-
conjugated antibody and anti-mouse peroxidase-gatga antibody (Cell Signalling,

UK) at a 1:1000 dilution, followed by Enhanced Chleminescence (GE Healthcare,
UK) visualization. For normalization of protein aamtration, the rabbit monoclonal

antibody b-actin (Abcam, UK) was used.

4.3.4. In Vitro Cytotoxicity Assay

Cells were plated in complete growth medium in S8hplates at a density of 5 x10
cells per well. After 24 h incubation (37°C, 5% B)Othe cell medium was removed,
and compounds were added at various concentra(hbs150 uM), followed by

incubation for 72 h.

The medium was then removed and the MTT solutioB ifg/mL in PBS) was added
to cells for 3 h, after which the MTT solution wasnoved and the formazan crystals
were dissolved in 100L DMSO. The optical density was measured at 57Cancha
reference wavelength of 650 nm using an absorbamc®plate reader (SpectraMax
190, Molecular Devices, Sunnyvale, CA, USA). Thédb0ytostatic concentration
(IC50) was calculated based on a four-parametastlogequation using SigmaPlot
12.5 software (Systat Software, SanJose, CA, U&Arh point was the result of
three experiments performed in triplicate.

4.3.5. Characterization and Quantification of Lapatinib, 23 and 45 Using LC-MSMS
Analysis

For the identification and quantification of lapali, 23 and 45 LC-MS/MS
methodologies were developed. HPLC was performedyws Dionex Ultimate 3000
system (Dionex Corporation, Germering, Germany)mgzpd with three pumps (two
for nano and one for microLC), a temperature cdietlacolumn compartment, and an
autosampler. A dC18 column (Water, Atlantis, 2.D xam, 3uM) was used at a flow
rate of 300uL/min for the separation of analytes of interesheTmobile phase
consisted of A: 10% ACN, 90% water, 2 mM ammoniucetate, and 0.1% FA and
B: 90% ACN, 10% water, 2 mM ammonium acetate, anti¥0 FA. Mass
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spectrometry was performed on an APl 4000 QTRAPM®&/MS system fitted with
a Turbo lon Spray source and a hybrid triple qupdlerlinear ion trap mass

spectrometer (Applied Biosystems, Concord, Ont&emada).

4.3.6. Polar Surface Area and cLogP Predictions

Total polar surface area and clogP values, werdigisgl by Chemdraw Ultra (v10,

PerkinElmer Informatics, USA).

4.3.7. Cellular Uptake of Lapatinib, 23 and 45 using LC-MSMS Analysis

The cellular uptake assay was performed as deschbore [59, 60]. Briefly A549
cells were plated in 6-well plates at a densityld x 1§ cells/well. Cells were
incubated with lapatinil®3 or 45 (1 uM) for selected time points (1 h, 4 h, 8 h, 24 h,
48 h). Incubations were terminated by removing rtiedium and washing the cells
twice with ice-cold PBS to remove unbound lapati2B or 45. The cells were then
lysed by adding an ice-cold solution of ACN-Wat&2) and scraping the cell
monolayer. Cell lysates were subsequently vortesedjcated, and centrifuged for
three minutes at 16,060 g (Heraeus Biofuge Picaaoantrifuge, Thermo Scientific,
Bonn, Germany). The supernatants were collecteabaated, and stored at —20 °C
until the day of analysis. The intracellular leveal§ lapatinib, 23 and 45 were
measured by LC-MS/MS analysis using lapatirdB,and 45 standards and a stable

internal standard for the construction of analytstandard curves.

4.3.8. Pharmacokinetic Study in Mice

All animal procedures were approved by the Proleatluation Committee of the
Institution and the competent Veterinary Servicetlué Prefecture of Athens, in
accordance to the National legal framework on theegtion of animals used for
scientific purposes (Presidential Decree 56/2018amonization to the European
Directive 2010/63). For the pharmacokinetic studimsimals at the age of 10-12

weeks were weighed and fasted overnight beforendoéh = 5 per group, male
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C57BL/6N inbred strain obtained from Charles Riv@ajco, Italy). Equimolar (3.4 x
10° nmol/Kg) dosing solutions for each compound (lapa 23 and 45) were
prepared in 0.5% carboxymethyl cellulose: 0.1% Tw@e in water and administered

via oral gavage.

A serial tail bleeding protocol was used for thdlection of blood samples as
described before [58, 59, 61]. Blood samples(lLPwere collected at selected time
points (0.25 h, 0.5 h, 1 h, 2 h, 4 h, 6 h, 8 hh2# tubes containing 4{L citric acid
(0.1 M, pH 4.5) and stored at —80 °C until sampigaetion. Samples were prepared
for quantification by protein precipitation and pwaation. Lapatinib,23 and 45

levels in blood were measured by LC-MS/MS analysis.

4.3.9. In vivo efficacy of lapatinib and 23

NOD/SCID (Non-Obese Diabetic/Severe Combined Imnefient) mice (n=4 per
group, consisting of 2 male and 2 female) werecieje in each flank with 5 x 20
A549 cells in DMEM medium, 10% FBS. Pharmacologitabtment was initiated
when tumors reached 160 miwy daily oral administrations of lapatinib or eapailar
dose 0f23 (86 umol/Kg). Control mice received 0.5% Carboxymethgll@ose: 0.1%
Tween 80 in water. Mice were weighed regularly phdnotypic signs of discomfort
were monitored. Tumor growth was monitored everye¢h days by caliper
measurements and volumes were calculated basdtedormula: V =z x D x /6

(D and d represent the larger and smaller diamedkerthe tumors, respectively).
The experiment was terminated after 27 days, a@ftéh the last administered dose by
euthanizing the animals under isoflurane anaesth&simors were excised, weighed

and prepared for quantification by LC-MS/MS.

4.4, Satistical analysis

The results presented herein are expressed as m&&h Statistical analyses and
calculation of all 1Gy's were performed by SigmaPlot 12.5 software aradissical

significance was determined using the Studenéstt-t
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