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ABSTRACT ?

In light of the emergence of resistance against ¢haently available EGFR
inhibitors, our study focuses on tackling this peob through the development of dual
EGFR/HERZ2 inhibitors with improved enzymatic affias. Guided by the binding mode
of the marketed dual EGFR/HER2 inhibitor, Lapatjnie proposed the design of dual
EGFR/HERZ2 inhibitors based on the 6-phenylthier®fpyrimidine as a core scaffold
and hinge binder. After two cycles of screeningiagrto identify the optimum aniline
headgroup and solubilizing group, we eventuallyntdied 27b as a dual EGFR/HER2
inhibitor with 1G5 values of 91.7 nM and 1.2M, respectively. Notably,27b
dramatically reduced the viability of various patielerived cancer cells preferentially
overexpressing EGFR/HER2 (A431, MDA-MBA-361 and SRBBwith ICso values of
1.45, 3.5 and 4.83uM, respectively). Additionally,27b efficiently thwarted the
proliferation of lapatinib-resistant human non-dnhahg carcinoma (NCI-H1975) cells,
harboring T790M mutation, with Kg of 4.2uM. Consistently27b significantly blocked
EGF-induced EGFR activation and inactivated its nlstneam AKT/mTOR/S6 signaling
pathway triggering apoptotic cell death in NCI-HESZIls. The present study presents a
promising candidate for further design and develepnof novel EGFR/HER2 inhibitors
capable of overcoming EGFR TKiIs resistance.

Keywords: Dual EGFR/HERZ2 inhibitors, EGFR inhibitors Resmt@, Thieno[2,3-
d]pyrimidine

Abbreviations: Akt, Protein kinase B (PKB), also known as AR ogP, Atomic logP;BSA, bovine
serum albumin; CDOCKER, CHARMm-based docker; CHARMm, Chemistry at Harvard
Macromolecular Mechanics (force fieldpCM, dichloromethaneDMAP, 4-(Dimethylamino)pyridine;
DMF, Dimethylformamide;DMF-DMA , N,N-dimethylformamide dimethyl acetaDMSO, Dimethyl
sulfoxide; EDCI, N-Ethyl-N'-(3-dimethylaminopropyl)carbodiimideEGFR, Epidermal Growth Factor
Receptor;FDA, Food and Drug AdministrationdER2, human epidermal growth factor receptor 2;
NSCLC, non-small cell lung cancePDB, protein data bankRTK, receptor tyrosine kinasSAR,
structure-activity relationshipSRB, sulforhodamine B;THF, Tetrahydrofuran;TKI, tyrosine kinase
inhibitor; TPSA, Topological polar surface area.
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1. Introduction

The Epidermal Growth Factor Receptor (EGFR) farb#yongs to receptor tyrosine
kinases (RTKs) which acts as a key regulator oferdig critical cellular functions
pertaining to cell proliferation and differentiati¢l]. The EGFR family comprises four
structurally-related RTKs: EGFR (HER1), HER2, HERBd HER4 [2-4]. Notably,
EGFR dysregulation through either receptors ovemsgoon or activating gain-of-
function mutations [5,6], typically prompts proligion upsurge, alters cell
differentiation, confers apoptosis resistance asglsés neoangiogenesis and metastasis,
ultimately leading to tumorigenesis and progresgBupplementary Figure S) [7,8].
Not surprisingly, EGFR dysregulation was reportedbgociated with a number of the
most lethal cancers worldwide such as non-smallleefj cancer (NSCLC), colorectal
cancer, breast cancer and pancreatic cancer [5.8@jsequently, promoted by the
tremendous efforts invested in developing small evole EGFR tyrosine kinase
inhibitors (EGFR TKiIs), first-generation EGFR TK(as gefitinio and erlotinib) are
currently used as the front-line standard therapytreating NSCLC patients with
sensitizing EGFR mutationsFigure 1) [10]. Nevertheless, despite achieving initial
promising clinical responses, most EGFR TKiIs-trégbatients eventually relapse and
progress secondary or acquired resistance.

Cancer cells can develop resistance to EGFR TKisugh adopting several
mechanisms that can be classified into three cetego(1l) resistance mechanisms
involving alterations in the primary drug targeGGER), (2) alterations in the downstream
signaling pathways, (3) or bypass mechanisms ermgather RTKs to compensate for
EGFR blockade [11]. The most prevalent acquiredstasce mechanism is the EGFR
mutation T790M, accounting for 50-60% of the cagey. The second most frequent
mechanism is HER2 amplification as a bypass meshathat accounts for around 12%
of the cases [13]. Hence, there is ultimate neediéoeloping novel EGFR inhibitors to
overcome the untiring resistance emerged agairstuirently used ones. Premised on
these findings, we proposed that developing inbibithat can dually inhibit EGFR and
HER2 and can overcome EGFR-T790M mutation as waljhtnoverwhelm the
development of resistance, and consequently prdyatter treatment options.

Herein, we present the development of thienof@@4imidine-based dual
EGFR/HER?2 inhibitors with improved anticancer aitéds. Two screening cycles led to
the identification of27b with potent dual EGFR/HER2 inhibitory activity andproved
cytotoxicity against diverse patient-derived cancells preferentially overexpressing
EGFR or HER2 (A431, MDA-MB361 and SKBr3) as well lapatinib-resistant human
NSCLC (NCI-H1975) cell line harboring the T790M ration.
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Figure 1 FDA-approved EGFR inhibitors

2. Rationale and Design

In addition to overcoming the bypass resistancehaaism of HER2 amplification,
dual EGFR/HER2 inhibition is proposed to potentiBt8@FR pathway blockade and to

enhance the anticancer activity for the followiegsons [14];

(1) HER2, which has no known ligands, is the favoradatization partner for the

activation of other members of the EGFR family.][15

(2) HER2-containing heterodimers are more stable withlopged and enhanced
signaling potential. Those heterodimers demonssiatggish ligand dissociation,
delayed endocytosis, diminished EGFR degradatiahrapid receptor recycling
[15-17], therefore HER2 overexpression usually jgtegoor prognosis [5,16].

Based on these benefits, lapatindigyre 1) was developed to be the first FDA-
approved reversible dual EGFR/HER2 inhibitor intkchfor advanced and metastatic
breast cancer [18], however, resistance to lagmsoon developed [19]. Subsequently,
Afatinib (Figure 1), an irreversible dual EGFR/HERZ2 inhibitor, waspegved for
metastatic NSCLC [20], which also encountered aeguiresistance through the
progression of T790M mutation [21-23], hence theedhdo develop novel dual

EGFR/HERZ2 inhibitors that can combat resistance.

Our design of dual EGFR/HER2 inhibitors was basedtlee binding mode of
lapatinib in the ATP binding site of EGFIRigure 2). It is assumed that lapatinib adopts a
very similar binding mode in HER2 kinase domain rogvio the high sequence homology
of the two kinase domains§0%) [24,25] and the binding mode observed for othel
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inhibitors in both binding sites [26], however, dinget critical, differences in the
sequence of the amino acids in ti@helix of both enzymes attenuate the stabilityhef

active conformation of HER2 kinase domain compadrethat of EGFR, which in turn
render thenC-helix of HER2 more flexible with higher accessiiito the back pocket
[26], therefore, dual EGFR/HER?2 inhibitory activityjostly requires bulky 4-anilino
derivatives that can extend into the back pocke2@.

Based on the analysis of the binding shigufe 2 and Figure 3), our approach to
design dual EGFR/HER2 inhibitors with the potentialovercome resistance was as
follows;

(1) The main mechanism by which T790M mutation causssstance to the EGFR
inhibitors is through increasing the receptor'snéff to ATP with respect to the
tyrosine kinase inhibitors [29,30]. Therefore, wegnsed increasing the affinity
of the inhibitors to the binding site by using #ghenylthieno[2,3#]pyrimidine
as a core scaffold and a hinge binder. The pheopltiene is assumed to bind in
the hydrophobic pocket Il fulfilling the hydrophabiinteractions with the
surrounding residues Figure 4), the increased hydrophobicity of the
phenylthiophene compared to the corresponding pheayg in lapatinib is
hypothesized to increase the ligand affinity thtougtrengthening the
hydrophobic interactions contributing to the enpi@lcomponent of the binding
free energy, in addition to an entropic contribntithrough its favorable
desolvation effect [31]. Meanwhile, the N-1 of tphgrimidine is proposed to
interact with Met793/EGFR or Met801/HER2 of the d¢enregion through
hydrogen bonds, and N-3 is expected to form a watstiated hydrogen bond
with Thr854/EGFR or Thr862/HERZigure 4).

(2) In order to identify the optimum 4-anilino deriwagi that can fit into the back
pocket of EGFR and HER2 and attain desirable duaibitory activity in vitro
and in vivo, we constructed and screened a small targetedryibof aniline
derivatives Kigure 5) that were selected based on the review of teelitire of the
reported dual EGFR/HERZ2 inhibitors [11].

(3) Finally, with the aim of optimizing the dual inhibry activity and the
pharmacokinetic profile of the elected compoundnfrthe first screening cycle,
we assembled and screened a small library of ddimgy groups Eigure 5)
employing variable functionalities (such as amisidfonamide, carbamate, urea
and Michael acceptor moieties).
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3. Results and Discussion

3.1. Chemistry

The construction of the targeted library of aniliderivatives (B) is outlined in
scheme Si(see supplementary). The benzyloxyaniline derivatived-d) (Scheme
S19, the phenoxyaniline derivativedg,b) (Scheme Slpand the 1-benzylH-indazol-
5-amine 6) (Scheme Si1c were prepared following similar previously remuoit
procedures da-d [32,33], 4a,b [34,35], 6 [36]). The 4-(benzdthiazol-2-ylthio)-3-
chloroaniline 8) was prepared through a nucleophilic aromatic tsulisn (SAr)
between 2-chloro-1-fluoro-4-nitrobenzene and betfjifoipzole-2-thiol by heating in
presence of potassium carbonate in dimethylformanfmlowed by the reduction of the
nitro derivative {) with stannous chloride dihydrate in ethyl acetate

The synthetic route for the preparation of the eax@mpoundsi13-20 for the first
screening cycle is shown ischeme 1 Firstly, the core scaffold, 4-chloro-6-(4-
nitrophenyl)thieno[2,3]pyrimidine (12), was synthesized starting with a Batcho-
Leimgruber-like condensation between 4-nitrotolueaed N,N-dimethylformamide
dimethyl acetal in dimethylformamide affording tlemamine @) [37], followed by
Gewald's 2-aminothiophene synthesis through a obhegaction between the enamine
(9), ethyl cyanoacetate, elemental sulfur and moipboin ethanol giving the 2-
aminothiophene 1) [38] which was then cyclized by heating with famide into the
thieno[2,3d]pyrimidinone (1), eventually, {1) was activated for nucleophilic
substitution by chlorination with phosphorus oxymide producing the activated 4-
chloro-6-(4-nitrophenyl)thieno[2,8}pyrimidine  (12). Subsequently, the target
compounds13-18 were obtained by nucleophilic substitution of thehloro derivative
(12) with varied aniline derivatives {Rin i-propanol or n-butanol.

With the aim of further optimization of the solubihg group, compound$4a 17a
and 18a were reduced into their corresponding aniline \@gives 21, 19 and 20,
respectively, using iron and ammonium chloridethmaaol/water.

Finally, varied solubilizing groups @Rwere installed in compoun@4-27 following
the synthetic pathways illustratedsoheme 2
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Reagents and Condition&@) DMF-DMA, DMF, 110°C, 48 h, 70%(b) Ethyl cyanoacetate, Sulfur powder, morpholine,
EtOH, reflux 24 h, 85%(c) Formamide, 200C, 5 h, 90%(d) POCE, reflux 24 h, 50%(e) aniline derivatives, i-propanol,
reflux 24-72h, 20-80%(f) 4a,b, n-butanol, reflux 24 h, 32-54%g) 6, i-propanol, reflux 48 h, 40%h) 8, i-propanol, reflux
72 h, 43%(i) amine, i-propanol, reflux 24-48 h, 53-808), 2a-d, n-butanol, reflux 24-48 h, 25-41%k) Fe, NH,Cl, EtOH,
H,0, reflux 3 h, 20%(l) Fe, NHCI, EtOH, HO, reflux 2 h, 100%.
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Scheme 2Synthesis of Compoun@4-27

Reagents and Conditionga) Fe, NHCI, EtOH, HO, reflux 2 h, 100%(b) Acetic
anhydride, THF, rt, 24 h, 35%g) Methanesulfonyl chloride, pyridine, rt, 24 h, 35&b)
Ethyl chloroformate, pyridine, rt, 24 h, 40%&) 4-methyl-pent-2-enoic acid, EDC.HCI,
DMAP, DMF, rt, 24 h, 10%(f) Maleic anhydride, THF, rt, 24 h, 59%g) Triphosgene,
THF, reflux 4 h,(h) amine, THF, reflux 24 h, 35%.
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3.2. Screening cycle (1): identifying the aniline detiva

3.2.1. Invitro EGFR/HERZ2 kinase inhibitory activity at 10/

In order to identify the aniline derivative thatncafford dual inhibitory activity,
compoundsl3-18 — bearing variable 4-anilino derivatives — werelipninary screened
for their dual inhibitory activity through deternmg their % inhibition at 1@M against
EGFR and HER2. Based on the results shownTable 1, the compounds were
categorized into four groups that reflect certdamcure-activity relationships (SAR) for
theR' moiety:

(a) Compounds with good EGFR inhibition (80-86%) & good HERZ2 inhibition (63-
72%): compoundd4a 15, 18aand18d showed good dual inhibitory activities of
80%, 85%, 86% and 82% against EGFR, respectively,64%, 63%, 72% and
65% against HERZ2, respectively. It can be obsetliatlall these compounds are
bearing bulky aniline headgroups*jRthat are capable of extending into the back
pocket such as phenoxyanilinel4g), N-benzyl indazole X5 and
benzyloxyanilines 18a,d, conforming to the reported SAR of dual inhibgor
[27,28].

(b) Compounds with moderate EGFR inhibition (67-81%) & moderate HER2
inhibition (46-56%): compoundsl4b, 17a 17b and18b showed moderate dual
inhibitory activities of 81%, 76%, 67% and 70% agalEGFR, respectively, and
51%, 56%, 46% and 43% against HER2, respectivedmg@bundsl4b and18b,
though they are structurally-related to compoufhida and 18a with the same
bulky headgroups, showed weaker dual inhibitoryéis than their respective
analogues. This discrepancy in activities can he&bated to the only structural
variability which is the substituent at the 3' pisi. It can be inferred that the
presence of a fluoro substituent at the 3' pos#tidi-CF in 14a opposite to 3'-
CHz in 14b and 3'-F in18a opposite to 3'-Cl irl8b — greatly enhanced the dual
inhibitory activity which might be attributed toghextra hydrogen bonding that
fluoro can establish with the gatekeeper in thekbaacket (Thr790/EGFR or
Thr798/HER?2) figure 3) [39]. As for compoundsl7a and 17b bearing the
aromatic amines (benzylamine fé7a and phenethylamine fdt7b), they also
demonstrated moderate dual inhibitory activitiespite having much less bulkier
headgroups.

(c) Compounds with good EGFR inhibition (68-87%) & poor HERZ2 inhibition (19-
35%): compoundd 3a 13cand13d showed selectivity towards EGFR with good
EGFR inhibitory activities of 86%, 87% and 68%, pestively, while showing
poor HER2 inhibitory activities of 28%, 35% and 19%espectively. Also
conforming to the SAR of dual inhibitors, these @munds bearing simple
monocyclic anilines failed to maintain activity aggt HER2, emphasizing the
importance of back pocket-binding in order to attdER?2 activity.
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(d) Compounds with poor EGFR inhibition (18-21%) & poor HERZ inhibition (8-
16%): compoundsl3b, 16 and18c showed poor activities towards both enzymes
of 18%, 18% and 21% against EGFR, respectively,8#00d10% and 16% against
HERZ2, respectively.

Firstly, compound13b showed very poor activities albeit carrying a dienp
monocyclic aniline likel3a,c,d Attempting to explain its inactivity would reqair
us to draw a comparison between the structurefieffdur structurally-related
compounds X3a-d. The main difference between the four anilinesthe
substituent at the 3 position. The three EGFR-aatvmpounds have 3-Bt3a),
3-ethynyl 3¢ and 3-Cl {3d), while the inactive one has a 3-C@3b). A
common factor between the three active moietieschviidoesn’t apply to the
inactive one is their abilities to form halogen denBr and Cl (especially when
associated with an electron-withdrawing group tike 4-F in13d) are capable of
forming halogen bonds while F can't [40]. The etflyrgroup (as a
‘supramolecular halogen’ [41]) is capable of forgia hydrogen bond equivalent
to the halogen bond [42]. Based on these assungptiva can hypothesize that
the activity against EGFR requires the formationaofhalogen bond in the
hydrophobic pocket |.

Compoundl6 with the 4-(benza]thiazol-2-ylthio)-3-chloroaniline also showed
very poor activity against both enzymes despitarigaa bulky aniline resembling
the active phenoxyaniline derivative$4@,b. This might be attributed to the
difference between the biaryl ethefstd,b) and the thioetherlg) in the bond
angles between the linker atom and the biaryl #ulests. C-S-C angle
approaches 90°, while the C-O-C angle is approxeipdtl10° [43], therefore, the
conformation of the benzothiazolylthioaniline mbt different from that of the
phenoxyaniline, and the sulfur linker might be g the second ring into clash
with the gatekeeper residue hindering it from prhpextending into the back
pocket.

Finally, the inactivity of the benzyloxyaniline-b@ay compoundl8c was quite
surprising compared to the activities of the otbenzyloxyaniline analogues
18a,b,d It seems that the additional 4'-Cl abolished dl&vity which can be
ascribed to a steric clash with the binding sitssarby the extra 4'-substituent.

Based on these results, compoudds, 15, 18a and17a were selected for further
anticancer activity testing. These were the mosivaaepresentatives from the four
classes of dually active compounds determined durihis screening 14a for
phenoxyanilines,15 for N-benzyl indazole,18a for benzyloxyanilines and.7a for
aromatic amines).
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3.2.2. Invitro antiproliferative activity against A431 and MDA-MB51 cancer cell
lines

The anticancer activities of these compounds waréhdr tested using the SRB
cytotoxicity assay on patient-derived epidermoic434) and breast (MDA-MB-361)
cancer cell lines which overexpress EGFR and HEBSpectively [44]. Lapatinib was
used as a reference compound. As shovimabre 1, compoundl4aevidently reduced the
viability of A431 cells with 1G, of 1.72uM which was comparable to that of lapatinib
(1.69 uM). Also, in alignment with the inhibitory effectsm HER2, compound$4a and
18aexhibited more potent cytotoxicity against MDA-MB-B cells (with 1Gy values of
3.65 and 7.91M, respectively) compared to lapatinib G 13.73uM). Compoundl5
showed minimal potency as an antiproliferative agagainst A431 and MDA-MB-361
cells though it exhibited appreciated inhibitorfeets on EGFR and HER2 assayitro.
This could be secondary to reduced cellular uptdkbis compound. Compourid’aon
the other hand demonstrated more notable cytotgxagainst A431 cells thath8a
though not as potent 444 while showed minimal activity against MDA-MB-3@#lls.

3.2.3. Reduction of the nitro group R

Emerging from the previous results, we selectedpmmdsl4a 17a and18a for
further optimization. With the aim of improving tHenase inhibitory activity of the
compounds, the reduction of the nitro group atgblebilizing group position (& into
the corresponding NHderivative was sought. The nitro group, albeithlygpolar, is
considered to be "hydroneutral® rather than beiygrdphilic [45], and since the
solubilizing group extends into the solvent acddssfront pocket, we proposed that a
more hydrophilic moiety (such as the NBroup) would offer a better physicochemical
complementarity.

As presented iffable 1, transforming the Rfrom NO, (in compoundd4a 17aand
18a) into the more hydrophilic NH (compounds2l, 19 and 20, respectively)
dramatically improved the dual kinase inhibitoryiaties of the compounds with a more
pronounced effect on their HER2 activities, fortamce, 19 exhibited superior dual
inhibitory activities of 99% (EGFR) and 96% (HER&@mpared to its N®parent, 173
that displayed activities of 76% (EGFR) and 56% 2l and similar patterns were
observed fo20 (HER2; 90% versus 72% fd8a) and21 (97% and 96% versus 80% and
67% of 14a against EGFR and HERZ2, respectively). These obtiens accentuate the
influence of optimizing the solubilizing group orhet kinase inhibitory activity.
Moreover, compound$8a (NSC: D-793249/1) and its aniline derivati2® (NSC: D-
793254/1) were submitted to the Developmental Tgeracs Program (DTP) of the
National Cancer Institute (NCI) for screening agaitme NCI-60 panel of human cancer
cell lines. The two compounds were tested at arairli-dose (1uM) assay determining
the growth percent of the full NCI-60 panel. Theulés of the assaySUpplementary
Figures S2, S3illustrate an overall enhancement of cytotoxicigon reducing the NO

Page 13 of 49



(183 into NH, (20) subsiding from a mean growth percent of 7984 to 42% Q0).
Focusing on the lapatinib-sensitive cell lines [4§ted in Table 2), we can notice a
consistent improvement in the cytotoxicity @80 against these particular cell lines
compared tol8a (Table 2), again affirming the significance of optimizinget
hydrophilicity of the solubilizing group for duathibitory activity.

Finally, the cytotoxicity of the three compound®,(20 and21) against A431 and
MDA-MB-361 cell lines was determined. In contrasttheir kinase inhibitory effects,
compoundsl9 and 21 exhibited anticancer activities inferior to theagspective N@
parents 17aand14a). This highlights the need to further optimize gwotubilizing group
— balancing its hydrophilicity and the overall patkaof the compound — in order to attain
optimum cellular activities. While compoun@® and21 showed comparable cytotoxic
activities, compoun@1 was selected for optimization through the secaméening cycle
since its aniline headgroup (3-chloro-4-(3-(trifftamethyl)phenoxy)aniline) was
previously identified through a fragment-based ddegign approach as being effective
against EGFR-T790M [47].

Table 1 % inhibitory effect on EGFR/HER2 kinase activitias 10 uM and anticancer
activity against A431 and MDA-MB-361 of compounb3-21

R1
2 /Y "N
R s | N J
Comp R R? % inhibition at 10 pM = Cytotoxicity (IC 50)* — pM
EGFR HER2 A431 MDA-MB-361
13a HNQB, NO, 86 28
ke
Cl
13b HN/@CF;, NO, 18 8
ke
13c '_*_T_Q\ NO, 87 35
F
13d HN/©:CI NO, 68 19
dee
o CF,
14a HNJ@(;@ NO, 80 67 1.72£0.03  3.65+1.62
ke

o CH;
14b HNQCU NO, 81 51
L
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R2

R1
)

/)

% inhibition at 10 pM

Cytotoxicity (IC 50)* — pM

comp R —EGFR | HER2 A431 | MDA-MB-361
15 NO, 85 63 >20 >20
16 NO, 18 10
17a NO, 76 56 487+0.17 >20
17b NO, 67 46
18a NO, 86 72 11.00+0.98  7.50 +2.94
180 NO, 70 43
18¢ NO, 21 16
18d NO, 82 65
19 NH, 99 96 >20 >20
20 NH, 87 90 076 +1.18  5.70+0.53
21 NH, 97 96  11.37+2.20  5.85+0.90
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R2 am

S N/)

% inhibition at 10 pM = Cytotoxicity (IC 50)* — pM

Comp R* R?
EGFR HER2 A431 MDA-MB-361
Staurosporine (1uM) 86% 94%
Lapatinib di-p-toluenesulfonate 1.69 +£0.26 13.73+2.32

* ICso values are expressed as mean + SD and were abtasieg Graphpad prism
software based on the data obtained from triplcadé at least two independent
experiments

Table 2% inhibition of18aand20 at 10uM against selected NCI-60 cancer cell lines

Lapatinib-sensitive | % inhibition* of 18aat 10uM | % inhibition* of 20 at 10uM
cancer cell lineqd46] | against the selected cell lines against the selected cell lines
Lung EKVX 20% 80%
Lung NCI-H322M 15% 75%
Ovarian IGROV1 12% 60%
Ovarian SK-OV-3 0% 100%
Renal ACHN 23% 70%
Renal TK-10 30% 70%
Breast MDA-MB-468 40% 85%

* Approximated values calculated from the growthceat values shown in the one dose
mean graph provided by NCI-developmental therapsufirogram $upplementary
Figures S2, S3

3.3. Screening cycle (2): optimizing the solubilizingpgp

3.3.1. Invitro EGFR/HERZ2 kinase inhibitory activity at 10/

During the second screening cycle, we were on atdodind the solubilizing group
that could afford the desirable balance betweerrg¢haired hydrophilicity for optimum
kinase activity and the hydrophobicity needed fellutar permeability. Deriving from
compound2l, a series of compound2%27) decorated with varied solubilizing groups
(R%) was synthesized and their kinase inhibitory ditis at 10pM were determined
(Table 3). Compounds26 and 27b maintained inhibitory activities comparable 24,
while 22 and 23 only exhibited similarly potent EGFR inhibition 8% and 92%,
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respectively) and much less potent HER2 inhibiti@% and 65%, respectively).
Finally, 24, 25 and27a showed reduced dual inhibitory activities compatiedl with a
more prominent decline in HER2 inhibition (52%, 468%d 44%, respectively). One
factor that might be contributing to this patternaativity is the hydrophilicity of the
solubilizing group. Evidently the solubilizing gnosi of compound24, 25 and27ahave
the highest logP values in this seri€sigplementary Table S}, and so they showed the
least potent HER2 activities, whi and27b have lower logP values closerad, hence
their potent HER2 inhibitory activities. ApparentyER2 inhibition, and accordingly
dual inhibition, requires certain hydrophilicity ihe solubilizing group.

3.3.2. Invitro antiproliferative activity against A431 and MDA-MB51 cancer cell
lines

Like the first series of compounds, the anticaraivities of the second series of
compounds were also determined using SRB cytotgxassay on A431 and MDA-MB-
361 cancer cell lines. As demonstratedrable 3, compound®27a and27b diminished
A431 viability with 1G5, values of 2.34 and 1.4%M, respectively, which were
comparable to that of lapatinib. Additionally, thexhibited superior antiproliferative
activities on MDA-MB-361 cells as compared to lapin with 1Cs, values of 3.83 and
3.5 uM, respectively. The strong anticancer activitiéscompound27a on A431 and
MDA-MB-361 cells are inconsistent with its kinasgsay data. This could be due to the
inhibitory effects of compoun®7a on other crucial prosurvival signalling kinases
involved in A431 and MDA-MB-361 proliferation, siadhe cyclopropyl urea moiety is
reported to be encountered in other kinase inhibitdike the multikinase inhibitor
lenvatinib, or the Aurora kinase inhibitor AT92848]. Not only did the cytotoxicity of
27b conform to its kinase inhibition, but also in agent with its evident
antiproliferative activityon MDA-MB-361 cells,27b induced apoptotic cell death in
those cells in a concentration-dependent pattentiussrated by Annexin V/PI staining
(Figure 6). Interestingly, compoun#5 demonstrated remarkable antiproliferative activity
on A431 cells compared to lapatinib withsGralue of 0.23uM, while showed minimal
activity against MDA-MB-361 cells (165 >20 uM). Compound=22 and23 showed dual
cellular inhibition though with lower potencies #d31 compared to lapatinib with ¢
values of 10.5 and 5.2pM, respectively. Consistently, compoung@$, 22 and 27b
significantly decreased the proliferation of SKBr@nother human breast cancer cell line
which overexpresses HER2 [44] - withsiGralues of 6, 4.7 and 4.88M respectively
(Table 5). Despite its potent kinase inhibitory activitiesmpound26 showed negligible
antiproliferative activities against A431 and MDABVB61 cells, this might be attributed
to its high polarity hampering its cell permealilitFinally, compound24 showed
minimal cytotoxicity against both cancer cell linegen though it exhibited appreciated
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inhibitory effects on EGFR and HER2 which couldoalse ascribed to the reduced
cellular uptake of this compound.

Live cells
Early apoptotic cells

Late apoptotic and necrotic
cells

[
o
Q

% MDA-MB-361 cells
<)
@

C ] ] ] ]
N
v
o N <o RS
Figure 6 Compound 27b induces apoptosis in human breast cagic(MDA-MB-361)
cells. Twenty four hours after treatment witb, MDA-MB-361 cells were subjected to
Annexin V/PI staining and percent of live cellstlgaas well as late apoptotic and

necrotic cells were analysed using flow cytometry.

3.3.3. Potential EGFR/HERZ2 kinase inhibitory activity gfcdetermination

Hinging upon the previous assays, five compourds 22, 23, 27a and27b) that
maintained dual inhibitory activities both enzymoatly and cellular were selected for
kinase G, determination. Their dose-related EGFR/HER?2 irttuhiat 5 concentrations
(2 nM, 10 nM, 100 nM, 1iM and 10uM) were measured in order to determine theipI1C
values. The five compounds showed EGFR, i@ the nanomolar range, and HER2JC
in low to sub-micromolar rangddble 4), except for the two compoun@8 and27athat
exhibited less potent HER2 inhibition with dCvalues >20uM. Eventually, the three
compound=21, 22 and27b were identified as potent dual EGFR/HER2 inhilstarth
good cytotoxic activities against cancer cell liragrexpressing EGFR and/or HER2,
representing promising candidates.

3.3.4. Inhibitory activities of tested compounds on EGFRR2 signaling in human
cancer cells
In addition to the kinase inhibitory and anticanaetivities of the tested compounds,
we further evaluated whether these compounds cmiidhit EGFR/HER2 signalling
pathways in A431 and SKBr3 cells which overexpre&FR and HER2, respectively.
Compound£1, 22 and27b were selected for further experiments. A431 celise serum
starved overnight and then incubated with varyingcentrations o1 and27b for 3h
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before being stimulated with EGF. Potent and comagaon-dependent inhibition of
phosphorylation of EGFR was observed after treatmdth 21 and 27b (Figure 7).
Moreover, 21 and 27b evidently inhibited EGF-induced activation of dastream
signalling effectors as shown by reduced phosphtioft of AKT, p70 S6 kinase and
ribosomal S6Kigure 7). Furthermore22 inactivated AKT/mTOR/S6 signalling in HER2
overexpressing SKBr3 cellsigure 8).

A431 - .
£ =
= =
21 = 27b o
- 3
Concentration(uM) 0 0 51020 20 Concentration (uM) 0 025510 10
EGF(50 ng/ml) - + + + + + EGF50ng/ml) - + + + + + Longer exposure
PEGFRYI™S | s g e e PEGFRYS | s s s -
PAKTS -— * PAKTS |
Total AKT | = w o mom o e Total AKT _——_——— =
P-P70S6K T8 p-p70S6K™ | (e
Total p70S6K — ———— Total p70S6K —— - ——
PSOESTVI | - - — PSOSETE0 | i ———
Total S6 | " EREDES e - Total S6 m
p-actin | D —— p-actin - e = = . e

Figure 7 Effect of compounds 21 and 27b on EGF-induced EGFRhosphorylation

in EGFR overexpressing human epidermoid carcinomaX431) cells.A431 cells were
serum-starved overnight and then treated withnbdeeated concentrations of compounds
21 and27b for 3h before being stimulated with EGF for 10 nfRepresentative western
blot analysis of inhibition of EGFR and its dowmstm targets b1 and27b in A431
cell line.B-actin served as the loading control.
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Figure 8 Effect of compound 22 on AKT/mTOR/S6 signalling patway in HER2
overexpressing human breast cancer (SKBr3) cellsRepresentative western blot
analysis of AKT/mTOR/S6 signalling in cell lysateESKBr3 treated with the indicated
concentrations d22 for 72h.p-actin served as the loading control.

3.3.5. Inhibition of EGFR signaling in lapatinib-resistaman-small lung cancer
(NCI-H1975) cells harboring T790M mutation

Drug resistance is a critical and frequently entered issue in cancer therapy, and
T790M mutation in EGFR has been reported to coutilto lapatinib, gefitinib and
erlotinib resistance [29]. Hence, development otahdEGFR inhibitors is ultimately
needed. We then questioned whether these compaeon@isinhibit the growth of human
non-small lung cancer cells (NCI-H1975) which hanbdEGFR T790M mutation.
Intriguingly, compound27b dramatically impeded NCI-H1975 proliferation wit@s
value of 4.2uM (Figure 9A and Table 5) and increased % of apoptotic and necrotic cells
in NCI-H1975-treated cellFigure 9B).

We then examined the ability of compoudb to inhibit EGFR T790M signalling
pathway in NCI-H1975 cells. Indeed, compow2ith robustly inactivated AKT/S6K/S6
signalling in treated NCI-H1975 cells in a concatitm-dependent patterfigure 9C). In
addition, compoun@7b thwarted EGF-induced activation of EGFR and ita/iglstream
signalling molecules including AKT, p70 S6 kinasedaibosomal S6 in NCI-H1975
cells which were serum starved overnight and thenbated with compour@7b for 2.5
h followed by EGF stimulatiorSupplementary Figure S4.
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Figure 9 Apoptotic effects of compound 27b in human non-smhlcell lung
carcinoma (NCI-H1975) cells harbouring T790M mutaton are associated with
inhibition of EGFR downstream signalling effectors (AKT/S6K/S6). A) Anticancer
activity of compound27b against NCI-1975 cells following 72h of treatmenthathe
indicated concentrations were assessed using SRBogicity assayB) Seventy two
hours after treatment witl27b, NCI-H1975 cells were subjected to Annexin V/PI
staining and percent of live cells, early as wslll@e apoptotic and necrotic cells were
analysed using flow cytometrZ) Representative western blot analysis of AKT/S6K/S6
signalling in cell lysates of NCI-H1975 treated lwthe indicated concentrations 27b

for 72h.p-actin was used as the loading control.
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Table 3 % inhibitory effect on EGFR/HERZ2 kinase activitias 10uM and anticancer
activity against A431 and MDA-MB-361 of compourz-27

: :0. : CF3
HN (o]
R_< >_</ | N

S I /)

N
com R % inhibition at 10 pM | Cytotoxicity (IC s0)* — pM
P EGFR HER2 A431 MDA-MB-361
O
22 P 08 74 10.50 +1.41  10.45 + 3.06
H
H
23 og/‘)‘S/N—i 92 65  525+035  9.86+2.74
H
24 SO 85 52 17.00 + 0.98 >20
O
H
25 N 81 46 0.23 +0.04 >20
O
O O
26 HoUH—Q 92 08 >20 >20
H H
27a V/N\H/N—{ 76 44 2.34+0.17  3.83+0.23
(e}
/~\
27b O\_/N_\_m_'z\'“_f 100 97 145+021  3.50+0.73
O
Staurosporine (10pM) 100% 100%
Lapatinib di-p-

1.69 +£0.26 13.73+2.32
toluenesulfonate

* 1C5o values are expressed as mean = SD and were abtasieg Graphpad prism
software based on the data obtained from triplecadé at least two independent
experiments
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Table 41Cs values of compoundal, 22, 23, 27aand27b against EGFR and HER2

Compound ID EGFR ICso (nM) HER2 IC 50 (uM)
21 21.4 nM 1.5 uM
22 47.7 nM 0.879M
23 47.1 nM 19.2 uM
27a 112 nM 37.1 uM
27b 91.7 nM 1.2 uM
Staurosporine 47 nM 60.8 nM

Table 5 Anticancer activity of tested compound’l(22 and27b) against SKBr3 and
NCI-H1975 cancer cell lines

Cytotoxicity (IC 5)* — pM

Compound ID
SKBr3 NCI-H1975
21 6.00 £ 1.10 13.90 + 2.40
22 4.70 £ 2.08 12.69 + 3.98
27b 4.83 +1.06 4.20+0.19
Lapatinib di-p-toluenesulfonate 0.17 £0.04 11.46 £ 2.45

* ICso values are expressed as mean + SD and were abtasieg Graphpad prism
software based on the data obtained from triplcadé at least two independent
experiments

3.4. Molecular modeling studies

3.4.1. Molecular docking study

Molecular docking was performed using CDOCKER pecoton Accelrys Discovery
Studid® 2.5. This docking study was performed to gain insigto the SAR of the target
compounds, and as an attempt to interpret the wbdemzymatic activities of the tested
compounds on the basis of the ligand-protein icteyas. The enzymatic activity of
kinase inhibitors depends on the ability of the poomd to properly dock into the
binding site and to establish strong enough interas with the key amino acids (ligand
affinity) in order to compete with the ATP for thending site. Accordingly, the active
compounds in this study should attain the sameitgndhode observed for lapatinib
(Figure 2 and Figure 3) and kinase inhibitors in general, and to esthblise key
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interactions with the binding site, while the inaet compounds would fail either to

achieve the correct pose and/or to establish tkeedkinteractions. The results of the
docking study $upplementary Table S2 will be discussed in order of the activity of the
compounds as follows:

Compounds with good EGFR inhibition (80-86%) & good HER2 inhibition (63-
72%): compoundsl4a, 15 and18a showed the same binding modes as lapatinib in
both EGFR (PDB: 3POZ) and HER2 (PDB: 3RCD) (exefigali by the binding
modes of compoundl in Figure 10 andFigure 11), that are also conforming to the
proposed binding modeigure 4), where the hinge binder is correctly positioned i
the hinge region properly directing the aniline dggaup into the back pocket and
conveniently extending the solubilizing group todathe solvent accessible region.
Additionally, the three compounds successfully ldsthed all the key interactions
with the binding site of EGFR, such as the HB ofWth the hinge region (Met793),
and the HB of N3 through the water bridge, alsothieinteraction of the aniline
ring with the Lys745 that interrupts the salt bedgith the Glu762 and hampers the
active protein conformation, in addition toras interaction between the thiophene
ring and Leu718 (hydrophobic region 1), also th&angroup formed a charge
interaction with the Asp800 in the solvent accdssibgion. Similar binding modes
and interactions were observed in HER2, in additotine extra HB of the GK144a)
and 3-F 184 with the gatekeeper residue Thr798 in the badke which explains
their higher activities on HER2 compared to othalagues.

Compounds with moderate EGFR inhibition (67-81%) & moderate HER2
inhibition (46-56%): represented by compoudda the compound showed the same
binding mode and interactions in EGFR but it wassimg the key HB with Met793,
which might explain its lower EGFR activity, whilke docking protocol could only
generate a flipped pose for the compound in thdibgnsite of HER2 with the amine
and the solubilizing groups exchanging positionkjcW could also be a probable
explanation for the lower HER2 inhibition.

Compounds with good EGFR inhibition (68-87%) & poor HER2 inhibition (19-
35%): compoundd 3a 13cand13d achieved similar binding modes and interactions
like lapatinib with both EGFR and HER2. Their paativities on HER2 couldn’t be
explained through their docking results which sdenbe about right, however, in
our experience, HER2 inhibitors usually have arilireadgroups extending into the
back pocket which they don't have.

Compounds with poor EGFR inhibition (18-21%) & poor HER2 inhibition (8-
16%): Unexpectedly, compound3b showed the correct pose and the correct
interactions in both EGFR and HER2 comparable écaittive compounds, however,
the docked pose is of a high energy conformer (CMAR Energy= 9.58482)
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(compared to its global minimum conformer with CHMR Energy of 4.41552),
hence its minimal inhibition. Compouri® showed a skewed pose in EGFR due to
the improper fitting of the benzothiazole in theekhg@ocket, so it failed to establish
any of the essential interactions, while in HERfaited to achieve the correct pose
also due to the lower flexibility of the benzotheddthioaniline that hinders the
proper positioning of the hinge binder and so tkenaining moieties. Again,
compound18c showed the correct pose and all the proper intierec in EGFR
though it is inactive on EGFR which might be atitdd to that the docked pose is of
a high energy conformer (CHARMmM Energy= 32.1588jnpared to the global
minimum with CHARMmM Energy of 14.1322. On the othleaand, 18c showed a
flipped pose in HERZ2, failing to achieve the propese and interactions.

LEUB58A
PHE856A

LEU788A
VAL726A

LEU718A S
MET766A

THR790A - EU777A

MET793A  pop11GkA743A
THR854A

Figure 10 Docking pose of compoundl in EGFR (PDB: 3POZ) along with its 2D
interaction diagram illustrating the interactingiamacids. Interactions are illustrated as
follows; red arrow= hydrogen bond acceptor, yelgpheres= hydrophobic interactions.
The diagrams were generated using LigandScout 4.2.

Page 25 of 49



LEU7264 I"IH2

AT THRE75A

N/
k\ | LEUES2A
N NH
LEU796A
~ 1E7S2A
d
ALATEIN PHEBE4A
LEUE70A
LEU785A '
THR798A SERTEIA THREG2A

Figure 11 Docking pose of compoundl in HER2 (PDB: 3RCD) along with its 2D
interaction diagram illustrating the interactingiamacids. Interactions are illustrated as
follows; red arrow= hydrogen bond acceptor, yelgpheres= hydrophobic interactions.
The diagrams were generated using LigandScout 4.2.

3.4.2. Molecular properties affecting the cellular actvit

The cellular activity of an enzymatically activengpound is affected by other factors
governing the cellular permeability of the compounthe balance between the
hydrophobicity/hydrophilicity of the compound is enf the main factors affecting its
cellular permeability. The hydrophobicity/ hydroltity of a compound can be
described in terms of different molecular properlike, for instance, the LogP. In order
to identify the molecular properties affecting tlellular activity of our target
compounds, the correlation between the cellulaviact{Log(A431_1GCsp)) and different
molecular properties was calculated and a coroglatnatrix was generated using
Accelrys Discovery Studio 2.5S(pplementary Figure S5. The correlation matrix
shows that the molecular properties of highestetation with the cellular activity are the
LogP and the Polar Surface Area (PSA), where baodpesties directly reflect the degree
of hydrophobicity/hydrophilicity of the compoundsssuring the influence of the
hydrophobicity on the cellular permeability and berthe cellular activity. The two
properties $upplementary Table S3 were plotted against Log cellular activity. The
plots show a positive correlation between the tallactivity and the ALogPFigure 12),
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and a negative correlation between the cellulaviactind the PSAKigure 13), meaning
that increasing the ALogP and/or decreasing the BSthe compounds would increase
the cellular activity.
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Figure 12 The correlation between the cellular activity #&idbgP of the compounds
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Figure 13 The correlation between the cellular activity &%®A of the compounds
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4. Conclusion

We developed a series of thieno[2]jpyrimidine-based dual EGFR/HER?2 inhibitors
with the aim of overcoming the resistance agairGFRE inhibitors. Building on the 6-
phenylthieno[2,3H]pyrimidine as a core scaffold and a hinge binder,screened a small
targeted library of aniline derivatives in orderigentify the aniline headgroup that can
attain optimum dual inhibition. Compoundsla and 18a bearing the bulky aniline
headgroups  (3-chloro-4-(3-(trifluoromethyl)phencayijine  and  3-chloro-4-((3-
fluorobenzyl)oxy)aniline, respectively) that camdbiefficiently in the back pocket (as
proposed through the docking study), showed thé deal inhibitory activities both
enzymatically (with % inhibition at 10M against EGFR of 80% and 86%, respectively,
and against HER2 of 67% and 72%, respectively) @ililarly (IG5, against A431 of
1.72uM and 11uM, respectively, and against MDA-MB-361 of 3.6M and 7.5uM,
respectively). The impact of increasing the hydrbgty of the solubilizing group on the
dual inhibitory activities of the compounds was destrated through the improved
activity of the aniline analogu2l (97% and 96% inhibition against EGFR and HER2 at
10 uM, respectively) compared to its NOparent 14a however, its cellular
antiproliferative activity was hampered by the gased hydrophilicity (165 of 11.37uM
and 5.85uM against A431 and MDA-MB-361, respectively) withspect to its N@
parent. Therefore, a small library of diverse sdizing groups was screened in order to
optimize the enzymatic and cellular activities2if Throughout a series of enzymatic
and cell-based assay&/b maintained potent dual EGFR/HER2 inhibitory adyivvith
consistently robust anticancer cellular activitiBg.virtue of its solubilizing group (1-(2-
morpholinoethyl)urea),27b provided the desirable balance between the degfee
hydrophilicity of the solubilizing group requiredrf optimum dual enzymatic activity,
and the overall extent of polarity of the compourekded to attain optimum cellular
activities.27b showed potent dual EGFR/HER2 inhibition withsd@©f 91.7 nM and 1.2
uM, respectively. Additionally27b induced apoptotic cell death in MDA-MB-361 cells
with 1Cso of 3.5 uM and an 1G, of 1.45uM against A431, exhibiting superior anti-
proliferative activities compared to lapatinib agsi these cell lines. Moreove?,7b
potently inhibited the EGF-induced activation of BH&G as well as its downstream
signaling effectors (AKT/S6K/S6) in A431 cells incancentration-dependent manner.
Finally, in accordance with our proposed designackle the T790M mutation27b
dramatically impeded the proliferation of NCI-H19¢8ll line, harboring the T790M
mutation, with 1G, of 4.2 uM. Evidently, 27b inhibited the EGFR T790M signaling
pathway in NCI-H1975 cells as illustrated by westbtot analysis. On these grounds,
27b represents a promising candidate for further agrekent of dual EGFR/HER2
inhibitors that can overcome the resistance againmséntly used EGFR inhibitors.
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5. Experimental

5.1. Chemistry

Chemicals were purchased from Sigma-Aldrich (GeypamMerck (Darmstadt,
Germany), Alfa Aesar (Germany) and Loba Chemie iélndand were used as such
without further purification. Solvents used for ewin chromatography were redistilled
prior to use on BUCHI Rotavapor. Flash column chatography was performed using
silica gel (230-400 mesh particle size) purchasecthfSigma-Aldrich. Reactions were
followed using analytical thin layer chromatograp{i.C), performed on Aluminum
silica gel 60 Es4 TLC plates, purchased from Merck, with visualiaatunder UV light
(254 nm). Melting points were recorded on Stuaiei@dic apparatus and are reported
herein uncorrectedHNMR spectra and°CNMR spectra were determined énscale
(ppm) and J (Hz) on a Bruker 400 MHz spectrophotemand referred to TMS at Center
for Drug Discovery Research and Development, AiarBé University. Electrospray-
impact ionization mass (EI-MS) spectra were obthinsing Thermo Scientific ISQ LT
mass spectrometer at the Regional Center for Mggobend Biotechnology, Al-Azhar
University. Elemental analyses were carried outaoifthermo Scientific Flash 2000
elemental analyzer at the Regional Center for Myggland Biotechnology, Al-Azhar
University. Intermediates2@-d [32,33], 4a,b [34,35], 6 [36]) were prepared following
similar previously reported procedures (sapplementary).

5.1.1. 2-((2-Chloro-4-nitrophenyl)thio)benzo[ d] thiazole (7)
A mixture of 2-chloro-1-fluoro-4-nitrobenzene (1 udg, 2.85 mmol, 0.5 Q),
benzofl]thiazole-2-thiol (1 equiv., 2.85 mmol, 0.47 g) amdhydrous KCO; (1.1 equiv.,
3.13 mmol, 0.43 g) in dry DMF (10 mL) was heate®@@fC for 24 hours. After cooling,
the reaction mixture was poured into ice/water (b30). The precipitated solid was
filtered, washed with water, and then washed witld ©-hexane to afford the designated
compound7) as pale yellow powder (0.53 g, 58%); MP 104-106

5.1.2. 4-(Benzo[ d] thiazol-2-ylthio)-3-chloroaniline (8)

A mixture of compound7) (1 equiv., 1.54 mmol, 0.5 g) and Stannous chlodithgydrate
(5 equiv., 7.74 mmol, 1.74 g) in EtOAc (25 mL) wasated at reflux temperature (8D)
for 24 hours. After cooling, ice-cold water was addo the reaction mixture and moved
to a separating funnel, where the organic layer washed multiple times with aqueous
NaOH (10%), then washed with brine. The organicetaywas dried over anhydrous
NaSO, and evaporated under vacuum giving the designatedpound(8) as buff
powder (0.32 g, 71%); MP 128-130.

5.1.3. (E)-N,N-Dimethyl-2-(4-nitrophenyl)ethenamine (9)
A mixture of 4-Nitrotoluene (1 equiv., 0.036 mol,d andN,N-Dimethylformamide
dimethyl acetal (2 equiv., 0.072 mol, 8.57 g) iy &MF (15 mL) was heated at 12G
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under N for 48 hours. After cooling, the reaction mixtuvas poured into ice/water (150
mL). The precipitated solid was filtered, washedhwivater and recrystallized from
acetone/HO to afford the enamin@®) as red crystals (4.83 g, 70%); MP 146-2@8'H
NMR (400 MHz, DMSO-dg) 6 7.95 (d,J = 9.0 Hz, 2H, ArH), 7.50 (d] = 13.5 Hz, 1H, -
CH=CH-N), 7.27 (dJ = 9.0 Hz, 2H, ArH), 5.19 (d] = 13.5 Hz, 1H, -CH=CH-N), 2.92
(s, 6H, CH); °C NMR (101 MHz, DMSO-ds) & 149.49, 146.21, 141.32, 124.79,
122.48, 94.89.

5.1.4. Ethyl 2-amino-5-(4-nitrophenyl)thiophene-3-carboxylate (10)

A mixture of the enaminedj (1 equiv., 0.037 mol, 7.15 g), ethyl cyanoacefatequiv.,
0.037 mol, 4.2 g) and elemental sulfur (1 equivd;3@ mol, 1.2 g) in absolute ethanol (75
mL) was treated with morpholine (7.5 mL) and heatedeflux temperature (8{C) for
24 hours. After cooling, the reaction mixture wamied into ice/water (250 mL). The
precipitated solid was filtered over a Celite padd then the total solid mass was
extracted by EtOAc. The organic layer was driedr @arénydrous Ng5O, and evaporated
under vacuum giving the designated thiophene digrevél0) as brick red powder (9.2 g,
85%); MP 164-165C; *H NMR (400 MHz, DMSO-dg) & 8.15 (d,J = 8.9 Hz, 2H, ArH),
7.81 (s, 2H, NH), 7.69 (d,J = 8.8 Hz, 2H, ArH), 7.60 (s, 1H, thiophene), 4(84J = 7.1
Hz, 2H, -CH-), 1.30 (t,J = 7.1 Hz, 3H, -Ch); *C NMR (101 MHz, DMSO-dg) &
165.68, 164.54, 145.00, 140.94, 126.43, 124.87.572419.90, 106.45, 59.85, 14.92.

5.1.5. 6-(4-Nitrophenyl)thieno[ 2,3-d] pyrimidin-4(3H)-one (11)
The thiophene derivativelQ) (1 equiv., 8.55 mmol, 2.5 g) was suspended imémide
(25 mL) and heated at 20Q for 5 hours. After cooling, the reaction mixtuvas poured
into ice/water (250 mL). The precipitated solid viidtered, washed with water, and then
washed with petroleum ether to afford the desigh&teeno[2,3d]pyrimidine derivative
(11) as golden brown powder (2.1 g, 90%); MP > 300'H NMR (400 MHz, DMSO-
de) 6 12.64 (s, 1H, NH), 8.23 (d,= 8.8 Hz, 2H, ArH), 8.17 (s, 1H, pyrimidinone)(8.
(s, 1H, thiophene), 8.03 (d,= 8.8 Hz, 2H, ArH);"*C NMR (101 MHz, DMSO-ds) &
164.92, 157.15, 146.96, 146.74, 139.03, 136.66,6628.26.27, 124.44, 120.99.

5.1.6. 4-Chloro-6-(4-nitrophenyl)thieno[ 2,3-d] pyrimidine (12)

The thieno[2,3]pyrimidine (11) (1 equiv., 11 mmol, 3 g) was cooled in an icéhp#ten
phosphorous oxychloride (18 equiv., 198 mmol, 18l5 was added dropwise, then the
mixture was heated at reflux temperature (£0) for 24 hours. After cooling, the
reaction mixture was slowly poured into ice/wat@6q mL), then neutralized with
ammonia solution (33%). The precipitated solid Vigered, washed with water, and
then extracted with EtOAc. The organic layer wakdover anhydrous N8O, and
evaporated under vacuum giving the designated congid2) as orange powder (1.6 g,
50%); MP 216-218C; 'H NMR (400 MHz, DMSO-ds) & 8.99 (s, 1H, pyrimidine H),
8.35 (d,J = 8.9 Hz, 2H, ArH), 8.32 (s, 1H, thiophene), 8(84J = 8.9 Hz, 2H, ArH);*C
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NMR (101 MHz, DMSO-dg) 6 154.08, 148.27, 142.86, 138.42, 132.39, 131.18,4R2
125.00, 124.96, 119.04.

5.1.7. General procedure for the preparation of compounds (13a-d)
To a solution of the 4-chlorothieno[2ddpyrimidine derivative 12) (1 equiv., 0.34
mmol, 0.1 g) in i-propanol, the respective aniliderivative (iz, 3-bromoaniline, 4-
chloro-3-(trifluoromethyl)aniline, 3-ethynylaniling-chloro-4-fluoroaniline) (1.2 equiv.,
0.4 mmol) was added. The mixture was heated atxdéimperature (85C) for 24-72
hours. After cooling, the reaction mixture was camtcated under vacuum into a residue
that was purified by flash column chromatographytiey with CHCl,/MeOH (99:1)
yielding the designated compoundS84&-d).

5.1.7.1. N-(3-Bromophenyl)-6-(4-nitrophenyl)thieno[ 2,3-d] pyrimidin-4-amine (13a)
The designated compound was obtained as goldeowyeltystals (0.06 g, 41%); MP
279-281°C; 'H NMR (400 MHz, DMSO-dg) 5 9.89 (s, 1H, NH), 8.60 (s, 1H, pyrimidine
H), 8.51 (s, 1H, thiophene), 8.39 (s 7.3 Hz, 2H, ArH), 8.23 (s, 1H, ArH aniline), 7.9
(d,J = 8.7 Hz, 2H, ArH), 7.85 (d] = 8.2 Hz, 1H, ArH aniline), 7.38 (§ = 8.0 Hz, 1H,
ArH aniline), 7.30 (d,) = 8.0 Hz, 1H, ArH aniline)**C NMR (101 MHz, DMSO-d) &
167.49, 154.97, 154.52, 147.41, 141.23, 139.60,08371.31.09, 127.08, 126.32, 125.24,
123.65, 121.89, 120.14, 119.20, 118.98S : (Mwt.: 427.27) :m/z, 429 [M'+2,
(5.39%)], 427 [M, (73.93%)], 426 (100%)Anal. Calcd for GgH11BrN4O,S: C, 50.60;
H, 2.59; Br, 18.70; N, 13.11; O, 7.49; S, 7.50; kauC, 50.48; H, 2.71; N, 13.45; S,
7.66.

5.1.7.2. N-(4-Chloro-3-(trifluoromethyl)phenyl)-6-(4-nitrophenyl)thieno[ 2,3-
d] pyrimidin-4-amine (13b)

The designated compound was obtained as brightwetirystals (0.03 g, 20%)H
NMR (400 MHz, DMSO-dg) 6 10.15 (s, 1H, NH), 8.65 (s, 1H, pyrimidine H), 8.5,
1H, thiophene), 8.44 (d,= 2.5 Hz, 1H, ArH aniline), 8.40 (d,= 8.8 Hz, 2H, ArH), 8.29
(dd,J = 8.8, 2.3 Hz, 1H, ArH aniline), 8.00 (@~ 8.8 Hz, 2H, ArH), 7.77 (d] = 8.8 Hz,
1H, ArH aniline);MS : (Mwt.: 450.82) 1z, 452.8 [M'+2, (8.99%)], 450.9 [M, (51%)],
449.9 (100%)Anal. Calcd for GoH10CIFsN4O,S: C, 50.62; H, 2.24; Cl, 7.86; F, 12.64;
N, 12.43; O, 7.10; S, 7.11.

5.1.7.3. N-(3-Ethynylphenyl)-6-(4-nitrophenyl)thieno[ 2,3-d] pyrimidin-4-amine
(13c)
The designated compound was obtained as brighgerenystals (0.08 g, 63%); MP 258-
260°C; *H NMR (400 MHz, DMSO-dg) & 9.82 (s, 1H, NH), 8.56 (s, 1H, pyrimidine H),
8.48 (s, 1H, thiophene), 8.36 = 8.9 Hz, 2H, ArH), 8.07 (s, 1H, ArH aniline), 4.9d,
J=8.9 Hz, 2H, ArH), 7.87 (dd} = 8.3, 1.3 Hz, 1H, ArH aniline), 7.42 t= 7.9 Hz, 1H,
ArH aniline), 7.23 (dJ = 7.7 Hz, 1H, ArH aniline), 4.22 (s, 1H,=CH); MS : (Mwt.:
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372.40) :miz, 372.8 [M, (19.85%)], 370.9 (100%)Anal. Calcd for GoH1N4O,S: C,
64.50; H, 3.25; N, 15.04: O, 8.59; S, 8.61; Foudd64.82; H, 3.49; N, 15.37; S, 8.49.

5.1.7.4. N-(3-Chloro-4-fluorophenyl)-6-(4-nitrophenyl)thieno[ 2,3-d] pyrimidin-4-
amine (13d)

The designated compound was obtained as brighgerenystals (0.11 g, 80%); MP 315-
316°C; 'H NMR (400 MHz, DMSO-dg) 6 10.19 (s, 1H, NH), 8.70 (s, 1H, pyrimidine
H), 8.56 (s, 1H, thiophene), 8.35 (U= 8.8 Hz, 2H, ArH), 8.26 (dd] = 6.8, 2.6 Hz, 1H,
ArH aniline), 7.96 (dJ = 8.8 Hz, 2H, ArH), 7.89 — 7.81 (m, 1H, ArH anén 7.44 (tJ =
9.1 Hz, 1H, ArH aniline)MS : (Mwt.: 400.81) :mVz, 402.9 [M+2, (7%)], 400.9 [M,
(44.46%)], 398.9 (100%)Anal. Calcd for GgH10CIFN4O,S: C, 53.94; H, 2.51; Cl, 8.85;
F, 4.74; N, 13.98; O, 7.98; S, 8.00; Found: C, 342, 2.72; N, 14.29; S, 7.68.

5.1.8. General procedure for the preparation of compounds (14a,b)
To a solution of the 4-chlorothieno[2ddpyrimidine derivative 12) (1 equiv., 0.34
mmol, 0.1 g) in n-butanol, the respective phenomijiree derivative 4a,b) (1.2 equiv.,
0.4 mmol) was added. The mixture was heated aixdféémperature (126C) for 24
hours. After cooling, the reaction mixture was camtcated under vacuum into a residue
that was purified by flash column chromatographytiey with CHCIl,/MeOH (99:1)
yielding the designated compound44d,b).

5.1.8.1. N-(3-Chloro-4-(3-(trifluoromethyl)phenoxy)phenyl)-6-(4-
nitrophenyl)thieno[ 2,3-d] pyrimidin-4-amine (14a)

The designated compound was obtained as brighgerenystals (0.06 g, 32%); MP 220-
222°C; 'H NMR (400 MHz, DMSO-dg) & 9.99 (s, 1H, NH), 8.62 (s, 1H, pyrimidine),
8.49 (s, 1H, thiophene), 8.39 (@,= 8.8 Hz, 2H, ArH), 8.31 (d) = 2.5 Hz, 1H, ArH
aniline), 7.98 (dJ = 8.8 Hz, 2H, ArH), 7.87 (dd] = 8.9, 2.6 Hz, 1H, ArH aniline), 7.63
(t, J=8.0 Hz, 1H, ArH phenoxy), 7.49 (d~ 7.8 Hz, 1H, ArH phenoxy), 7.37 (@~ 8.9
Hz, 1H, ArH aniline), 7.27 (s, 1H, ArH phenoxy)24.(dd,J = 8.2, 2.2 Hz, 1H, ArH
phenoxy);MS : (Mwt.: 542.92) :m/z, 544 [M'+2, (60%)], 542 [M, (100%)]; Anal.
Calcd for GsH14CIF3N4O3S: C, 55.31; H, 2.60; ClI, 6.53; F, 10.50; N, 10.82;8.84; S,
5.91; Found: C, 55.49; H, 2.45; N, 10.6; S, 6.04.

5.1.8.2. N-(3-Chloro-4-(m-tolyloxy)phenyl)-6-(4-nitrophenyl)thieno[ 2,3-
d] pyrimidin-4-amine (14b)

The designated compound was obtained as brownaigercrystals (0.09 g, 54%); MP
162-164°C; '"H NMR (400 MHz, DMSO-dg) & 10.19 (s, 1H, NH), 8.73 (s, 1H,
pyrimidine), 8.55 (s, 1H, thiophene), 8.33 {ds 8.8 Hz, 2H, ArH), 8.28 (d] = 2.5 Hz,
1H, ArH aniline), 7.94 (dJ = 8.7 Hz, 2H, ArH), 7.86 (dd) = 8.6, 2.1 Hz, 1H, ArH
aniline), 7.23 (tJ = 7.9 Hz, 1H, ArH phenoxy), 7.16 (d,= 8.9 Hz, 1H, ArH aniline),
6.91 (d,J = 7.5 Hz, 1H, ArH phenoxy), 6.75 (s, 1H, ArH pheyp 6.70 (ddJ = 8.1, 2.5
Hz, 1H, ArH phenoxy), 2.27 (s, 3H, -GH MS : (Mwt.: 488.95) :m/z, 488 [M',
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(6.79%)], 398 (100%)Anal. Calcd for GsH17/CIN4OsS: C, 61.41; H, 3.50; ClI, 7.25; N,
11.46; O, 9.82; S, 6.56; Found: C, 61.28; H, 31%811.64; S, 6.7.

5.1.9. N-(1-Benzyl-1H-indazol-5-y1)-6-(4-nitrophenyl)thieno[ 2,3-d] pyrimidin-4-
amine (15)

To a solution of the 4-chlorothieno[2ddpyrimidine derivative 12) (1 equiv., 0.34
mmol, 0.1 g) in i-propanol, the indazol-5-amineidative 6) (1.2 equiv., 0.4 mmol, 0.09
g) was added. The mixture was heated at reflux ézatpre (85°C) for 48 hours. After
cooling, the reaction mixture was concentrated undeuum into a residue that was
purified by flash column chromatography eluting wiCH,Cl,/MeOH/TEA (99:1:0.1)
yielding the designated compourib) as brick red crystals (0.065 g, 40%); MP 259-262
°C; 'H NMR (400 MHz, DMSO-ds) & 9.89 (s, 1H, NH), 8.51 (s, 1H, pyrimidine), 8.48
(s, 1H, thiophene), 8.37 (d,= 8.9 Hz, 2H, ArH), 8.25 (d] = 1.5 Hz, 1H, ArH indazole),
8.12 (d,J = 0.7 Hz, 1H, ArH indazole), 7.96 (d,= 8.9 Hz, 2H, ArH), 7.72 (d) = 8.9
Hz, 1H, ArH indazole), 7.64 (dd,= 9.0, 1.9 Hz, 1H, ArH indazole), 7.33 — 7.20 G&Hi,
ArH benzyl), 5.65 (s, 2H, -CH benzyl);**C NMR (101 MHz, DMSO-ds) § 167.23,
155.65, 154.85, 147.28, 139.78, 138.05, 137.17,4636.33.54, 132.47, 129.02, 127.99,
127.80, 126.95, 125.24, 124.25, 123.32, 119.41,5618113.48, 110.33, 52.48/S :
(Mwt.: 478.53) :m/z, 478 [M', (100%)]; Anal. Calcd for GeH1gNeO2S: C, 65.26; H,
3.79; N, 17.56; O, 6.69; S, 6.70; Found: C, 65H23.87; N, 17.89; S, 6.58.

5.1.10. N-(4-(Benzo[ d] thiazol - 2-ylthi0)-3-chlor ophenyl)-6-(4-nitrophenyl )thieno[ 2,3-
d] pyrimidin-4-amine (16)

To a solution of the 4-chlorothieno[2ddpyrimidine derivative 12) (1 equiv., 0.34
mmol, 0.1 g) in i-propanol, the bengithiazole derivative & (1.2 equiv., 0.4 mmol,
0.12 g) was added. The mixture was heated at réfimperature (88C) for 72 hours.
After cooling, the reaction mixture was concentlateder vacuum into a residue that
was purified by flash column chromatography elutmwih CH,Cl,/MeOH (99:1)
yielding the designated compourib) as reddish brown crystals (0.08 g, 43%); MP 286-
288°C; 'H NMR (400 MHz, DMSO-dg) & 10.21 (s, 1H, NH), 8.72 (s, 1H, pyrimidine),
8.56 (s, 1H, thiophene), 8.51 @= 2.2 Hz, 1H, ArH aniline), 8.42 (d,= 8.9 Hz, 2H,
ArH), 8.08 — 8.03 (m, 2H, ArH aniline), 8.02 (@= 7.4 Hz, 2H, ArH), 7.96 (dJ = 7.5
Hz, 1H, ArH benzothiazole), 7.87 (d,= 8.1 Hz, 1H, ArH benzothiazole), 7.47 (td, 1H,
ArH benzothiazole), 7.36 (td, 1H, ArH benzothiaptéC NMR (101 MHz, DMSO-ds)
o 167.74, 154.60, 154.28, 153.98, 147.44, 143.93.413 139.08, 137.60, 135.36,
127.12, 126.98, 126.96, 125.22, 125.00, 122.30,002221.91, 120.59, 120.51, 119.29,
118.93;MS : (Mwt.: 548.06) :m/z, 550 [M'+2, (1.68%)], 548 [M, (4%)], 512 (100%);
Anal. Calcd for GsH14CINsO.Ss: C, 54.79; H, 2.57; Cl, 6.47; N, 12.78; O, 5.84; S
17.55; Found: C, 54.47; H, 2.68; N, 13.04; S, 17.82
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5.1.11. General procedure for the preparation of compounds (17a,b)
To a solution of the 4-chlorothieno[2d¥pyrimidine derivative 12) (1 equiv., 0.34
mmol, 0.1 g) in i-propanol, the respective amivig; (benzylamine, phenethylamine) (1.2
equiv., 0.4 mmol) was added. The mixture was heataéflux temperature (8%) for
24-48 hours. After cooling, the reaction mixtureswancentrated under vacuum into a
residue that was purified by flash column chromedpgy eluting with CHCIl,/MeOH
(99:1) yielding the designated compountigg,h).

5.1.11.1. N-Benzyl-6-(4-nitrophenyl)thieno[ 2,3-d] pyrimidin-4-amine (17a)

The designated compound was obtained as brighdwadtystals (0.1 g, 80%); MP 221-
222°C; *H NMR (400 MHz, DMSO-dg) 5 8.64 (t,J = 5.8 Hz, 1H, NH), 8.36 (s, 1H,
pyrimidine H), 8.32 (dJ = 6.5 Hz, 2H, ArH), 8.30 (s, 1H, thiophene), 7@7J = 8.7
Hz, 2H, ArH), 7.37 (dJ = 7.0 Hz, 2H, ArH benzyl), 7.32 (1 = 7.5 Hz, 2H, ArH
benzyl), 7.24 (t) = 7.1 Hz, 1H, ArH benzyl), 4.75 (d,= 5.8 Hz, 2H, CH benzyl);**C
NMR (101 MHz, DMSO-dg) 6 157.40, 155.31, 153.05, 147.16, 139.91, 139.5%,783
128.88, 127.93, 127.48, 126.81, 125.21, 119.43,97143.94;MS : (Mwt.: 362.41) :
m/z, 362 [M', (90%)], 105.9 (100%)Anal. Calcd for GgH14N4O.S: C, 62.97; H, 3.89; N,
15.46; O, 8.83; S, 8.85; Found: C, 63.3; H, 3.9715l62; S, 8.93.

5.1.11.2. 6-(4-Nitrophenyl)-N-phenethylthieno[ 2,3-d] pyrimidin-4-amine (17b)

The designated compound was obtained as yellowaisyf.067 g, 53%); MP 239-242
°C; 'H NMR (400 MHz, DMSO-de) 6 8.42 (s, 1H, NH), 8.37 (d}, = 8.9 Hz, 2H, ArH),
8.29 (s, 2H, pyrimidine and thiophene), 7.91Jd; 8.9 Hz, 2H, ArH), 7.34 — 7.19 (m,
5H, ArH phenethylamine), 3.77 (4,= 14.0, 6.4 Hz, 2H, -NHC¥CH,-), 2.97 (t, 2H, -
NHCH,CH,-); MS : (Mwt.: 376.43) m/z, 376 [M', (95.5%)], 284.9 (100%)nal. Calcd
for CooH16N4O,S: C, 63.81; H, 4.28; N, 14.88; O, 8.50; S, 8.52r: C, 64.14; H, 4.33;
N, 15.12; S, 8.67.

5.1.12. General procedure for the preparation of compounds (18a-d)
To a solution of the 4-chlorothieno[2ddpyrimidine derivative 12) (1 equiv., 0.34
mmol, 0.1 g) in n-butanol, the respective benzylaxiline derivative Za-d) (1.2 equiv.,
0.4 mmol) was added. The mixture was heated aixeéfimperature (128C) for 24-48
hours. After cooling, the reaction mixture was camtcated under vacuum into a residue
that was purified by flash column chromatographytiey with CHCIl,/MeOH (98:2)
yielding the designated compound84-d).

5.1.12.1. N-(3-Chloro-4-((3-fluorobenzyl)oxy) phenyl)-6-(4-nitrophenyl)thieno[ 2,3-
d] pyrimidin-4-amine (18a)
The designated compound was obtained as chocalaentrrystals (0.04 g, 25%); MP
256-258°C; 'H NMR (400 MHz, DMSO-dg) 5 9.84 (s, 1H, NH), 8.55 (s, 1H, pyrimidine
H), 8.48 (s, 1H, thiophene), 8.40 = 8.9 Hz, 2H, ArH), 8.06 (d] = 2.6 Hz, 1H, ArH
aniline), 7.98 (dJ = 8.9 Hz, 2H, ArH), 7.70 (dd} = 8.9, 2.6 Hz, 1H, ArH aniline), 7.51 —
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7.45 (m, 1H, ArH benzyloxy), 7.32 (dd= 16.5, 8.3 Hz, 3H, ArH benzyloxy), 7.19 (t,
= 8.8, 2.5 Hz, 1H, ArH aniline), 5.26 (s, 2H, €benzyloxy);MS : (Mwt.: 506.94) m/z,
508 [M'+2, (4%)], 506 [M, (12%)], 397 (100%)Anal. Calcd for GsH1¢CIFN4OsS: C,
59.23; H, 3.18; Cl, 6.99; F, 3.75; N, 11.05; O,R.8, 6.33; Found: C, 59.5; H, 3.24; N,
11.34; S, 6.29.

5.1.12.2. N-(3-Chloro-4-((3-chlorobenzyl)oxy) phenyl)-6-(4-nitrophenyl )thieno[ 2,3-
d] pyrimidin-4-amine (18b)

The designated compound was obtained as goldeowyeltystals (0.05 g, 28%); MP
262-264°C; 'H NMR (400 MHz, DMSO-dg) & 9.78 (s, 1H, NH), 8.47 (s, 1H,
pyrimidine), 8.42 (s, 1H, thiophene), 8.30 {ds 7.7 Hz, 2H, ArH), 8.00 (d] = 0.4 Hz,
1H, ArH aniline), 7.88 (dJ = 7.6 Hz, 2H, ArH), 7.65 (d] = 8.6 Hz, 1H, ArH aniline),
7.51 (s, 1H, ArH benzyloxy), 7.40 (d,= 9.4 Hz, 3H, ArH benzyloxy), 7.22 (d,= 8.7
Hz, 1H, ArH aniline), 5.19 (s, 2H, Gtbenzyloxy);**C NMR (101 MHz, DMSO-dg) &
161.41, 154.61, 154.22, 154.21, 149.52, 146.87,3P4239.30, 139.22, 136.29, 133.17,
133.10, 130.47, 127.90, 127.89, 127.15, 126.54,01264.24.76, 122.97, 121.13, 114.57,
69.39; MS : (Mwt.: 523.39) :mVz, 523 [M', (10.5%)], 511 (100%)Anal. Calcd for
CosHi16CIN4OsS: C, 57.37; H, 3.08; Cl, 13.55; N, 10.70; O, 9.57;6.13; Found: C,
57.61; H, 3.25; N, 10.89; S, 6.01.

5.1.12.3. N-(3-Chloro-4-((3,4-dichlorobenzyl)oxy)phenyl)-6-(4-
nitrophenyl)thieno[ 2,3-d] pyrimidin-4-amine (18c)

The designhated compound was obtained as orangilsry8.19 g, 41%); MP 260-262
°C; 'H NMR (400 MHz, DMSO-dg) 5 9.82 (s, 1H, NH), 8.53 (s, 1H, pyrimidine), 8.45
(s, 1H, thiophene), 8.38 (d,= 8.8 Hz, 2H, ArH), 8.05 (d]) = 2.5 Hz, 1H, ArH aniline),
7.95 (d,J=8.7 Hz, 2H, ArH), 7.75 (dl = 1.5 Hz, 1H, ArH benzyloxy), 7.69 (dd= 8.7,
3.0 Hz, 2H, ArH aniline and benzyloxy), 7.48 (dds 8.4, 1.4 Hz, 1H, ArH benzyloxy),
7.27 (d,J = 9.1 Hz, 1H, ArH aniline), 5.23 (s, 2H, GHenzyloxy);MS : (Mwt.: 557.84)

: m/z, 557.9 [M, (3.12%)], 512 (100%)Anal. Calcd for GsH1sClsN4OsS: C, 53.83; H,
2.71; Cl, 19.07; N, 10.04; 0O, 8.60; S, 5.75; Found54.07; H, 2.88; N, 10.31; S, 5.89.

5.1.12.4. N-(3-Chloro-4-(pyridin-2-ylmethoxy)phenyl)-6-(4-nitrophenyl)thieno[ 2,3-
d] pyrimidin-4-amine (18d)
The designated compound was obtained as orangelsry8.06 g, 36%); MP 256-258
°C; 'H NMR (400 MHz, DMSO-dg) 5 9.84 (s, 1H, NH), 8.58 (dl = 4.7 Hz, 1H, ArH
pyridinyl), 8.52 (s, 1H, pyrimidine), 8.47 (s, lihiophene), 8.37 (d) = 8.8 Hz, 2H,
ArH), 8.05 (d,J = 2.6 Hz, 1H, ArH aniline), 7.96 (d,= 8.8 Hz, 2H, ArH), 7.87 (td] =
7.7, 1.7 Hz, 1H, ArH pyridinyl), 7.67 (dd,= 9.0, 2.5 Hz, 1H, ArH aniline), 7.57 (d~=
8.0 Hz, 1H, ArH pyridinyl), 7.35 () = 8.0, 4.5 Hz, 1H, ArH pyridinyl), 7.28 (d,= 9.0
Hz, 1H, ArH aniline), 5.27 (s, 2H, -OGH; **C NMR (101 MHz, DMSO-dg) & 156.83,
154.93, 154.57, 154.56, 149.97, 149.55, 147.17,603937.58, 136.62, 133.54, 126.82,
125.09, 123.51, 123.27, 121.83, 121.52, 121.42,1%119118.54, 114.73, 71.6R4S :
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(Mwt.: 489.93) :nvVz, 489.8 [M, (6.9%)], 397 (100%)Anal. Calcd for G4H16CIN5OsS:
C, 58.84; H, 3.29; CI, 7.24; N, 14.29; O, 9.80;6%4; Found: C, 59.01; H, 3.37; N,
14.58; S, 6.72.

5.1.13. 6-(4-Aminophenyl)-N-benzylthieno[ 2,3-d] pyrimidin-4-amine (19)
A mixture of the nitro derivativg¢l7a) (1 equiv., 1 mmol, 0.36 g), reduced iron powder
(3 equiv., 3 mmol, 0.16 g) and NEI (9 equiv., 9 mmol, 0.48 g) in 70% EtOHMI (20
mL) was heated at reflux temperature () for 3 hours. The reaction mixture was
filtered over a Celite pad to remove the insolulid@ oxides. The filtrate was evaporated
under vacuum to residue, to which EtOAc was adtiesh the resulting suspension was
filtered to remove the inorganic salts. The fikratas dried over anhydrous 1$&, and
evaporated under vacuum into a residue that wadgfigourby flash column
chromatography eluting with GBl,/MeOH (98:2) yielding the designated compound
(19) as brown crystals (0.06 g, 20%); MP 136-288'H NMR (400 MHz, DMSO-de) &
8.25 (s, 1H, NH), 8.21 (s, 1H, pyrimidine), 7.66 181, thiophene), 7.26 (dd,= 15.4, 7.4
Hz, 6H, ArH and benzyl), 7.18 (t, 1H, ArH benzy$)58 (d,J = 7.9 Hz, 2H, ArH), 5.42
(s, 2H, NH), 4.67 (d,J = 5.0 Hz, 2H, CHbenzyl);MS : (Mwt.: 332.42) :m/z, 332 [M',
(100%)]; Anal. Calcd for GgH3gN4S: C, 68.65; H, 4.85; N, 16.85; S, 9.65; Found: C,
68.91; H, 4.92; N, 17.23; S, 9.72.

5.1.14. 6-(4-Aminophenyl )-N-(3-chloro-4-((3-fluor obenzyl )oxy) phenyl)thieno[ 2,3-
d] pyrimidin-4-amine (20)

A mixture of the nitro derivativg¢l8a) (1 equiv., 0.4 mmol, 0.2 g), reduced iron powder
(3 equiv., 1.2 mmol, 0.07 g) and NEl (9 equiv., 3.6 mmol, 0.2 g) in 70% EtOH®I
(20 mL) was heated at reflux temperature @) for 2 hours. The reaction mixture was
filtered over a Celite pad to remove the insolulb@ oxides. The filtrate was evaporated
under vacuum to residue, to which EtOAc was adtlesh) the resulting suspension was
filtered to remove the inorganic salts. The fikratas dried over anhydrous J$&, and
evaporated under vacuum affording crystals of theighated compoun(®0), then the
crystals were washed with n-hexane. The designetegpound 20) was obtained as
yellowish green crystals (0.14 g, 100%); MP 236-238'"H NMR (400 MHz, DMSO-
de) 6 9.49 (s, 1H, NH), 8.43 (s, 1H, pyrimidine H), 8 @6J = 2.2 Hz, 1H, ArH aniline),
7.88 (s, 1H, thiophene), 7.71 (dd= 8.9, 2.2 Hz, 1H, ArH aniline), 7.47 (dd= 14.2,
7.8 Hz, 1H, ArH benzyloxy), 7.40 (d,= 8.4 Hz, 2H, ArH), 7.32 (i1 = 7.8 Hz, 2H, ArH
benzyloxy), 7.26 (dJ = 9.0 Hz, 1H, ArH aniline), 7.18 (t) = 7.4 Hz, 1H, ArH
benzyloxy), 6.67 (dJ = 8.4 Hz, 2H, ArH), 5.57 (s, 2H, N 5.24 (s, 2H, CH
benzyloxy);MS : (Mwt.: 476.95) vz, 478 [M'+2, (8.33%)], 476 [M, (25.2%)], 366.9
(100%);Anal. Calcd for GsH1sCIFN4OS: C, 62.96; H, 3.80; ClI, 7.43; F, 3.98; N, 11.75;
0, 3.35; S, 6.72; Found: C, 63.22; H, 3.89; N, 129, 6.87.
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5.1.15. 6-(4-Aminophenyl)-N-(3-chloro-4-(3-
(trifluor omethyl) phenoxy)phenyl)thieno[ 2,3-d] pyrimidin-4-amine (21)

A mixture of the nitro derivativél4a) (1 equiv., 1 mmol, 0.5 g), reduced iron powder (3
equiv., 3 mmol, 0.16 g) and N8I (9 equiv., 9 mmol, 0.48 g) in 70% EtOH/BI (20
mL) was heated at reflux temperature () for 2 hours. The reaction mixture was
filtered over a Celite pad to remove the insoluli@ oxides. The filtrate was evaporated
under vacuum to residue, to which EtOAc was adtiesh the resulting suspension was
filtered to remove the inorganic salts. The fikratas dried over anhydrous 7$&, and
evaporated under vacuum affording crystals of theighated compoun®1), then the
crystals were washed with n-hexane. The designetegpound 21) was obtained as
brownish orange crystals (0.47 g, 100%); MP 210-2L2H NMR (400 MHz, DMSO-
de) 6 9.66 (s, 1H, NH), 8.48 (s, 1H, pyrimidine), 8.30 {H, thiophene), 7.99 — 7.79 (m,
2H, ArH aniline), 7.60 (tJ = 7.8 Hz, 1H, ArH phenoxy), 7.45 (d,= 7.5 Hz, 1H, ArH
phenoxy), 7.40 (dJ = 8.1 Hz, 2H, ArH), 7.32 (d] = 8.9 Hz, 1H, ArH aniline), 7.27 —
7.15 (m, 2H, ArH phenoxy), 6.66 (d,= 8.2 Hz, 2H, ArH), 5.56 (s, 2H, N *C NMR
(101 MHz, DMSO-&) 6 165.51, 158.21, 153.68, 152.57, 150.40, 145.32.114
138.43, 131.87, 127.47, 125.68, 123.27, 122.50,3P2120.68, 120.58, 119.89, 119.84,
119.36, 114.58, 113.29, 113.25, 111.M& : (Mwt.: 512.93) :m/z, 514 [M'+2, (8.4%)],
512 [M', (92.5%)], 396.9 (100%)Anal. Calcd for GsH1¢CIF:N4OS: C, 58.54; H, 3.14;
Cl,6.91; F, 11.11; N, 10.92; O, 3.12; S, 6.25; maiLC, 58.67; H, 3.22; N, 11.24; S, 6.17.

5.1.16. N-(4-(4-((3-Chloro-4-(3-(trifluoromethyl) phenoxy) phenyl )Jamino)thieno[ 2,3-
d] pyrimidin-6-yl)phenyl)acetamide (22)

A solution of the 4-aminophenyl thieno[2dByrimidine derivative 21) (1 equiv., 0.2
mmol, 0.1 g) in THF was cooled in an ice bath, thertic anhydride (1.2 equiv., 0.24
mmol, 0.025 g) was added dropwise &) The reaction mixture was stirred at room
temperature for 24 hours. Upon completion of thectien, the reaction mixture was
concentrated under vacuum into a residue that wasdfigd by flash column
chromatography eluting with GBl,/MeOH (97:3) yielding the designated compound
(22) as golden yellow crystals (0.037 g, 35%); MP 252-°C; 'H NMR (400 MHz,
DMSO-dg) 6 10.11 (s, 1H, NH amide), 9.76 (s, 1H, NH anilin®48 (s, 1H,
pyrimidine), 8.24 (s, 1H, thiophene), 8.07 (s, BfH aniline), 7.81 (dJ = 9.1 Hz, 1H,
ArH aniline), 7.67 (dJ = 8.3 Hz, 2H, ArH), 7.61 (d] = 8.2 Hz, 2H, ArH), 7.55 (1) =
7.7 Hz, 1H, ArH phenoxy), 7.41 (d,= 7.3 Hz, 1H, ArH phenoxy), 7.28 (d,= 8.8 Hz,
1H, ArH aniline), 7.21 — 7.11 (m, 2H, ArH phenoxg)01 (s, 3H, Cklamide);**C NMR
(101 MHz, DMSO-&;) 6 169.03, 166.29, 158.16, 154.24, 153.37, 145.56.5%4
140.51, 140.22, 138.19, 131.91, 127.97, 126.88,672923.28, 123.26, 122.72, 121.52,
120.65, 119.95, 119.08, 114.34, 113.35, 113.33324MS : (Mwt.: 554.97) :n/z, 554
[M*, (21%)], 398.9 (100%)Anal. Calcd for GsH1gCIFsN4O,S: C, 58.43; H, 3.27; Cl,
6.39; F, 10.27; N, 10.10; O, 5.77; S, 5.78; Found58.75; H, 3.39; N, 9.98; S, 5.91.
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5.1.17. N-(4-(4-((3-Chloro-4-(3-(trifluor omethyl ) phenoxy)phenyl )Jamino)thieno[ 2,3-
d] pyrimidin-6-yl)phenyl) methanesul fonamide (23)

A solution of the 4-aminophenyl thieno[2dByrimidine derivative 21) (1 equiv., 0.2
mmol, 0.1 g) in pyridine was cooled in an ice babien methanesulfonyl chloride (1.2
equiv., 0.24 mmol, 0.026 g) was added dropwise’at,The reaction mixture was stirred
at room temperature for 24 hours. Upon completibthe reaction, the reaction mixture
was poured into acidified ice/water (250 mL), theedracted with EtOAc. The organic
layer was dried over anhydrous JS&, and concentrated under vacuum into a residue
that was purified by flash column chromatographytiey with CHCIl,/MeOH (99:1)
yielding the designated compourB) as buff crystals (0.035 g, 35%); MP 266-263
'H NMR (400 MHz, DMSO-ds) 5 10.04 (s, 1H, NH sulfonamide), 9.85 (s, 1H, NH
aniline), 8.56 (s, 1H, pyrimidine), 8.31 (d,= 2.5 Hz, 1H, ArH aniline), 8.16 (s, 1H,
thiophene), 7.87 (ddl = 8.9, 2.5 Hz, 1H, ArH aniline), 7.71 (d,= 8.6 Hz, 2H, ArH),
7.62 (t,J = 8.0 Hz, 1H, ArH phenoxy), 7.48 (d= 7.8 Hz, 1H, ArH phenoxy), 7.35 (dd,
J=8.7, 1.8 Hz, 3H, ArH and aniline), 7.28 — 7.1, @H, ArH phenoxy), 3.07 (s, 3H,
CHjs sulfonamide)*C NMR (101 MHz, DMSO-ds) 5 166.39, 158.15, 154.34, 153.52,
143.48, 139.85, 139.65, 138.14, 138.13, 131.94.,642827.48, 125.66, 123.29, 122.84,
122.56, 121.67, 121.66, 120.70, 120.69, 120.31,0419114.70, 40.10MS : (Mwt.:
591.02) :m/z, 592.9 [M+2, (4.73%)], 590.9 [M (14.9%)], 511 (100%)Anal. Calcd for
Ca6H18CIFNAOsS,: C, 52.84; H, 3.07; CI, 6.00; F, 9.64; N, 9.48; 12; S, 10.85;
Found: C, 53.07; H, 3.23; N, 9.21; S, 10.93.

5.1.18. Ethyl (4-(4-((3-chloro-4-(3-

(trifluor omethyl) phenoxy)phenyl)amino)thieno[ 2,3-d] pyrimidin-6-

yl)phenyl)carbamate (24)
A solution of the 4-aminophenyl thieno[2dByrimidine derivative 21) (1 equiv., 0.2
mmol, 0.1 g) in anhydrous pyridine was cooled ini@bath and purged with,Nthen
ethyl chloroformate (1.2 equiv., 0.24 mmol, 0.025n@s added dropwise at°G, The
reaction mixture was stirred under, ldtmosphere at room temperature for 24 hours.
Upon completion of the reaction, the reaction nmetwas poured into acidified ice/water
(250 mL), then extracted with EtOAc. The organigelawas dried over anhydrous
NaSO, and concentrated under vacuum into a residuenthatpurified by flash column
chromatography eluting with 50% EtOAc in hexanev)vyielding the designated
compound 24) as bright yellow crystals (0.046 g, 40%); MP 192°C; *H NMR (400
MHz, DMSO-dg) 6 9.87 (s, 1H, NH carbamate), 9.84 (s, 1H, NH ag)lir8.54 (s, 1H,
pyrimidine), 8.30 (dJ = 2.5 Hz, 1H, ArH aniline), 8.12 (s, 1H, thiophgneé.87 (ddJ =
8.9, 2.5 Hz, 1H, ArH aniline), 7.66 (d,= 8.8 Hz, 2H, ArH), 7.60 (dd] = 8.3, 5.0 Hz,
3H, ArH and phenoxy), 7.46 (d,= 7.4 Hz, 1H, ArH phenoxy), 7.33 (d,= 8.9 Hz, 1H,
ArH aniline), 7.26 — 7.17 (m, 2H, ArH phenoxy), 4.(q,J = 7.1 Hz, 2H, -OCKCHy),
1.25 (t,J = 7.1 Hz, 3H, -OChCHs); **C NMR (101 MHz, DMSO-ds) & 166.25, 158.22,
158.16, 154.23, 153.92, 153.34, 145.55, 140.53,2D41.38.20, 131.92, 127.36, 126.99,
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125.66, 123.28, 122.73, 121.76, 121.57, 121.55,6820.20.65, 119.10, 119.08, 114.16,
60.85, 14.96MS : (Mwt.: 585.00) :mVz, 587 [M'+2, (1.89%)], 585 [M, (6.4%)], 538
(100%);Anal. Calcd for GgH2oCIF3N4OsS: C, 57.49; H, 3.45; Cl, 6.06; F, 9.74; N, 9.58;
0, 8.20; S, 5.48; Found: C, 57.23; H, 3.67; N, 98%.62.

5.1.19. (E)-N-(4-(4-((3-Chloro-4-(3-

(trifluor omethyl) phenoxy)phenyl)amino)thieno[ 2,3-d] pyrimidin-6-yl)phenyl)-

4-methyl pent-2-enamide (25)
A mixture of the 4-aminophenyl thieno[2d3pyrimidine derivative 21) (1 equiv., 0.2
mmol, 0.1 g), 4-methyl-pent-2-enoic acid (1 equi¥2 mmol, 0.022 g), EDC.HCI (2
equiv., 0.4 mmol, 0.074 g) and DMAP (2 equiv., Ghol, 0.047 g) in dry DMF was
stirred under KN atmosphere at room temperature for 24 hours. Woompletion of the
reaction, the reaction mixture was poured intowed¢r (250 mL), then extracted with
EtOAc. The organic layer was dried over anhydrowsSK), and concentrated under
vacuum into a residue that was purified by flashumm chromatography eluting with
50% EtOAc in hexane (v/v) vyielding the designatemmpound 25) as light brown
crystals (0.025 g, 10%JfH NMR (400 MHz, DMSO-dg) § 10.14 (d,J = 41.2 Hz, 1H,
NH amide), 9.81 (s, 1H, NH aniline), 8.52 (s, 1HKrimidine), 8.28 (s, 1H, thiophene),
8.12 (s, 1H, ArH aniline), 7.84 (d,= 8.6 Hz, 1H, ArH aniline), 7.78 (d,= 8.4 Hz, 2H,
ArH), 7.69 (dd,J = 20.3, 8.4 Hz, 2H, ArH), 7.58 @,= 7.9 Hz, 1H, ArH phenoxy), 7.44
(d,J=7.1 Hz, 1H, ArH phenoxy), 7.31 (d= 8.8 Hz, 1H, ArH aniline), 7.24 — 7.13 (m,
2H, ArH phenoxy), 6.80 (dd] = 15.3, 6.2 Hz, 1H, -CH-CH=CH-CO), 6.05 7 15.4
Hz, 1H, -CH-CH=CH-CO), 3.05 (dJ = 6.6 Hz, 1H, -CH(CH)2), 1.68 (s, 1H, -
CH(CH)2), 1.62 (s, 1H, -CH(CEHJ,), 1.02 (dJ = 6.7 Hz, 4H, -CH(CH)>).

5.1.20. (2)-4-((4-(4-((3-Chloro-4-(3-
(trifluor omethyl) phenoxy)phenyl)amino)thieno[ 2,3-d] pyrimidin-6-
yl)phenyl)amino)-4-oxobut-2-enoic acid (26)
To a stirred solution of the 4-aminophenyl thiend{@pyrimidine derivative 21) (1
equiv., 0.2 mmol, 0.1 g) in THF, maleic anhydride?(equiv., 0.24 mmol, 0.023 g) in
THF was added dropwise. The reaction mixture waredtat room temperature for 24
hours. Upon completion of the reaction, the reactioixture was concentrated under
vacuum into a residue that was triturated witfOHyiving yellow crystals which was
further purified by flash column chromatographytielg with CHCl,/MeOH (80:20)
yielding the designated compoun2b) as greenish yellow crystals (0.07 g, 59%); MP
230-232°C; 'H NMR (400 MHz, DMSO-dg) & 13.66 (s, 1H, OH acid), 10.13 (s, 1H, NH
aniline), 8.51 (s, 1H, pyrimidine), 8.43 (s, 1Hiopphene), 8.37 (d) = 2.3 Hz, 1H, ArH
aniline), 7.97 (ddJ = 8.9, 2.3 Hz, 1H, ArH aniline), 7.75 (d,= 8.6 Hz, 2H, ArH), 7.68
(d,J =8.5Hz, 2H, ArH), 7.58 (i = 8.0 Hz, 1H, ArH phenoxy), 7.43 (d~= 7.5 Hz, 1H,
ArH phenoxy), 7.30 (d) = 8.9 Hz, 1H, ArH aniline), 7.22 (s, 1H, ArH phey), 7.18 (d,
J = 8.2 Hz, 1H, ArH phenoxy), 6.23 (d,= 12.8 Hz, 1H, -CH=CH-), 6.03 (d,= 12.8
Hz, 1H, -CH=CH-);"*C NMR (101 MHz, DMSO-dg) & 169.00, 166.27, 164.21, 158.24,
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154.34, 153.35, 145.29, 140.55, 139.84, 138.55,9131131.01, 130.95, 128.22, 126.89,
125.58, 123.21, 122.85, 122.69, 121.61, 120.52,1120119.82, 119.24, 115.59, 113.24,
113.20;MS : (Mwt.: 610.99) :mVz, 610 [M, (3.39%)], 351 (100%)Anal. Calcd for
CagH1sCIFsN4O4S: C, 57.01; H, 2.97; CI, 5.80; F, 9.33; N, 9.17:10.47; S, 5.25; Found:
C, 57.34; H, 3.06; N, 9.93: S, 5.37.

5.1.21. General procedure for the preparation of compounds (27a,b)
A mixture of the 4-aminophenyl thieno[2d3pyrimidine derivative 21) (1 equiv., 0.2
mmol, 0.1 g) and triphosgene (1 equiv., 0.2 mmdl58 g) in anhydrous THF was heated
at 70°C under N atmosphere for 4 hours. After cooling, the reactimixture was
concentrated under vacuum into a dry residue ofigheyanate intermediate that was
used directly for the next step without furtheripaation.

A mixture of the isocyanate and the respective anfunz, cyclopropylamine, 4-(2-
Aminoethyl)morpholine) (2 equiv., 0.4 mmol) in amhygus THF was heated at 7Q
under N atmosphere for 24 hours. Upon completion of tlaetien, the reaction mixture
was concentrated under vacuum into a residue tlest purified by flash column
chromatography eluting with GBIl,/MeOH (95:5) yielding the designated compounds
(27a,b.

5.1.21.1. 1-(4-(4-((3-Chloro-4-(3-(trifluor omethyl) phenoxy) phenyl)amino)thieno[ 2,3-
d] pyrimidin-6-yl)phenyl)-3-cyclopropylurea (27a)

The designated compound was obtained as buff ¢sy&a®4 g, 35%); MP 298-30(;
'H NMR (400 MHz, DMSO-dg) & 9.79 (s, 1H, cyclopropyl-NHCONH-Aryl), 8.56 (s,
1H, NH aniline), 8.46 (s, 1H, pyrimidine), 8.24 (U= 1.3 Hz, 1H, ArH aniline), 8.06 (s,
1H, thiophene), 7.81 (dl = 8.3 Hz, 1H, ArH aniline), 7.51 (dd,= 22.1, 8.2 Hz, 5H,
ArH and phenoxy), 7.39 (d,= 6.5 Hz, 1H, ArH phenoxy), 7.27 (d~= 8.3 Hz, 1H, ArH
aniline), 7.19 — 7.08 (m, 2H, ArH phenoxy), 6.45 18i, cyclopropyl-NHCONH-Aryl),
1.14 (s, 1H, -CH(CH),), 0.56 (d,J = 5.7 Hz, 2H, -CH(CH)>), 0.34 (d,J = 1.4 Hz, 2H, -
CH(CH,),); **C NMR (101 MHz, DMSO-ds) 8 170.73, 166.78, 158.12, 156.33, 154.17,
152.47, 145.83, 141.91, 140.92, 140.91, 137.92,983126.90, 125.91, 125.64, 123.21,
123.12,121.94, 120.67, 119.93, 119.32, 118.60,3r1313.36, 22.85, 6.8Bnal. Calcd
for CogH21CIFNsO,S: C, 58.44; H, 3.55; Cl, 5.95; F, 9.56; N, 11.7%;5.37; S, 5.38;
Found: C, 58.67; H, 3.7; N, 11.93; S, 5.47.

5.1.21.2. 1-(4-(4-((3-Chloro-4-(3-(trifluoromethyl) phenoxy) phenyl)amino)thieno[ 2,3-
d] pyrimidin-6-yl)phenyl)-3-(2-mor pholinoethyl)urea (27b)
The designhated compound was obtained as off-whyjtstals (0.045 g, 35%); MP 294-
296 °C; 'H NMR (400 MHz, DMSO-ds) & 9.76 (s, 1H, alkyl-NHCONH-aryl), 8.88 (s,
1H, NH aniline), 8.50 (s, 1H, pyrimidine), 8.28 (sH, ArH aniline), 8.06 (s, 1H,
thiophene), 7.84 (dd] = 8.9, 1.6 Hz, 1H, ArH aniline), 7.54 (ddl= 21.5, 7.3 Hz, 5H,
ArH and phenoxy), 7.44 (d,= 7.6 Hz, 1H, ArH phenoxy), 7.31 (@~ 8.8 Hz, 1H, ArH
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aniline), 7.23 — 7.13 (m, 2H, ArH phenoxy), 6.15Jt= 4.7 Hz, 1H, alkyl-NHCONH-
aryl), 3.56 (s, 4H, O(CKCH,):N-), 3.19 (d,J = 5.4 Hz, 4H, O(CKCHy)2N-), 2.36 (s, 4H,
-NCH,CH,NH-); **C NMR (101 MHz, DMSO-dg) & 166.10, 158.17, 155.38, 154.25,
154.13, 153.22, 145.52, 142.00, 140.69, 138.24,9831.31.03, 126.96, 125.96, 125.67,
123.31, 122.70, 121.52, 120.65, 119.96, 119.15,4P18113.55, 107.11, 66.67, 58.26,
53.72, 36.49MS : (Mwt.: 669.12) :mVz, 669 [M’, (0.99%)], 368 (100%)Anal. Calcd
for CaoHoeCIFNgO3S: C, 57.44; H, 4.22; Cl, 5.30; F, 8.52; N, 12.88;7.17; S, 4.79;
Found: C, 57.71; H, 4.08; N, 12.78; S, 4.85.

5.2. Biological evaluation

5.2.1. Invitro EGFR/HER2 kinase inhibitory assays

The assays were performed in BPS Bioscience CdiporéSan Diego, CA, USA
(www.bpsbioscience.com). Kinases used in this stuelye EGFR (BPS catalog # 40187,
Lot # 160511-G2) and HER2 (BPS catalog # 40230,#.441211-B4). The substrate
Poly-(Glu, Tyr) (Sigma # P7244) and Kinase-Glo Plusninescence kinase assay kit
(Promega # V3772) were used in this study &ggplementary).

5.2.2. Cell-based assays

5221 Materials

Lapatinib di-p-toluenesulfonate (Cat No. L-4804) swgurchased from LC
laboratories (USA). RPMI-1640 medium, DMEM mediumddetal bovine serum were
purchased from Lonza (USA). Sulforhodamine B sodisait (Cat No. S1402) was
purchased from Sigma Aldrich (USA). Trichloroacedicid (TCA) was purchased from
VWR Prolab Chemicals, International LLC (USA). Tfudlowing antibodies were used
in this study: Primary antibodies against p-mTOR4@8) (5536), mTOR (2972), p-p70
S6 kinase (T389) (9234), total S6k, pS6 (S235/Z38)11), total S6 (54D2), pAKT (ser
473) (9271), total AKT (9272), and p-EGFR (Y1068Y77) were purchased from Cell
Signalling Technology. Monoclonal anti-vinculin aadti-actin were purchased from
Sigma Aldrich. Antibody against Annexin V-APC (Cdto. BMS306APC-100) was
purchased from Invitrogen, Thermoscientific Fis¢leBioscience™. All other chemicals
and solvents were of highest grade commerciallylala.

5.2.2.2. Human cancer cell linesand cell culture

Human breast adenocarcinoma (SKBr3 and MDA-MB-3@t)d epidermoid
carcinoma (A431) cells were obtained from Ameridampe Culture Collection (ATCC)
and maintained as monolayer cultures in Dulbeddodified Eagle's medium (DMEM)
supplemented with 2mM L-glutamine, 10% FBS and ¥rigllin-streptomycin. Human
non-small lung cancer (NCI-H1975) cells were cwturin Roswell Park Memorial
Institute medium (RPMI-1640) supplemented with 2raMlutamine, 10% FBS and 1%
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penicillin-streptomycin. Cells were maintained ihwamidified tissue culture incubator at
37°C with 5 % C@ and subcultured to preconfluency after trypsinarat(0.5 %
trypsin/2.6 mM EDTA).

5.2.2.3. Cédl viability assay

Cell proliferation was determined using sulphorhugoee B (SRB) cytotoxicity
assay as previously described [49]. Briefly, cellsre seeded into 96-well plates and
grown for 24h. Cells were then treated with eithdi% DMSO or varying concentrations
(0.3125-20 pM) of the test compounds or lapatimb 72 h. Cells were treated with
either 0.1% DMSO or varying concentrations (0.32254M) of the synthesized
compounds or lapatinib for 72 h. Cells were thewediwith ice cold 50 % TCA for 1 h at
4 °C and stained with 50 ul 0.4 % SRB (Sigma Atdyifor 30 min at room temperature.
SRB was then solubilized with 10 mM tris base (pH5). The optical density (O.D.)
was measured at 560 nm using GloMax® multimicrepl&ader (Promega, USA).The
survival fraction was calculated as follows: O(Deated cells)/ O.D. (vehicle-treated
cells) [49]. The IG, was calculated using GraphPad Prism software (3ago, CA,
USA).

5.2.2.4. Apoptosis detection using Annexin V/PI staining

Cells positive of apoptosis and necrosis were assedsing Annexin V/propidium
iodide assay. Phosphatidyl serine externalizatibithvis used as a marker of early-stage
apoptosis was detected by Annexin V antibody caatie to APC, whereas membrane
damage due to late-stage apoptosis/necrosis wasteety the binding of PI to nuclear
DNA. Cells were treated as indicated. Cells waentharvested, spin down at 3000 rpm
for 5 min and washed in PBS. Cells were then fixed0% ethanol on ice. Cells were
washed in 1% BSA in PBS, stained with propidiumdedovernight at 4°C and analysed
using flowcytometer (FACS Calibur, Beckman Coultépr each sample, 20 000 cells
were analyzed. Live (annexin’ WPI) cells, early apoptotic (annexin*VPI) and late
apoptotic- necrotic (annexin™VPI" and annexin V PI') were expressed as percentages
of the 20 000 cells and were analyzed using Flosadtware.

5.2.3. Western blotting

Serum-starved A431 and NCI-H1975 cells were treatighl varying concentrations
of compound21 and27b and then stimulated with 50 ng/ml EGF for 10 n8KBr3 and
NCI-H1975 cells were treated with2 and 27b, respectively, for 72h. Cell lysis and
immunoblotting were carried out as described presip [50]. Briefly, cells were
harvested and lysed in HEPES lysis buffer [50].t&rmocontent of cell lysates was
determined using Bio-Rad protein assay and thealved on 12% SDS-PAGE and
transferred to nitrocellulose membrane using a wansfer system (Biorad). The
membrane was blocked with 5% skimmed milk in TBST X h and then incubated with
the indicated primary antibodies. The membrane washed twice with TBST and
blotted with horseradish peroxidase-conjugated regay antibody at room temperature
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for 1 h and then washed in TBST twice. Protein Isangere detected with a
chemiluminescence western blot detection kit (Amans Pharmacia Biotech,
Piscataway, NJ, USA).

5.3. Molecular docking study

Molecular Docking was performed using CDOCKER peolo in Accelrys
Discovery Studi 2.5 (Accelrys Inc., San Diego, CA, USA) at the drdgsign
laboratory, Faculty of Pharmacy, Ain Shams Uniugr&@eesupplementary).
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Highlights

e A series of thieno[2,3-d]pyrimidine-based dual EGFR/HER2
inhibitors was developed.

e Screening for the optimum aniline headgroup for dual inhibition
identified 21.

e Optimizing the solubilizing group of 21 identified the promising
dual inhibitor 27b.

e 27b showed dual EGFR/HER?2 inhibition with 1Cs of 91.7 nM and
1.2 uM, respectively.

e 27b impeded NCI-H1975 (with T790M mutation) proliferation with
1Cs0 0f 4.2 uM.



