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Abstract :

Four series ofthiopyranopyrimidine AZD9291 derivatives containiracrylamide structure were designed,
synthesized and evaluated for their antiprolifeeafictivity against A549 and Hela cancer cells. Midghe compounds
exhibited excellent antiproliferative activity agai A549 cells. Moreover, the compounds with indotey fluorine
substituted exhibited better antiproliferative wityi against Hela cells. The most promising compb@8g exhibited
excellent enzymatic inhibitory activity and seleitii for EGFR®®*T°M qoyble mutations. The & value against
EGFR®RTMinase was 16 nM. The compou8g inhibits selectively against the mutated form GRR, with the
selectivity more than 125-fold. Furthermore, commpb23g also inhibited A549 cells, Hela cells and H197%Isce
proliferation at a low concentration, and thed@alues were 0.054M, 0.104uM and 0.916.M, respectively. To further
investigate the QSARs of thiopyranopyrimidine datives, the CoMFA (g= 0.765, ¥= 0.965) and CoMSIA @ 0.875,
r’= 0.956) models on Hela cancer cells were estalisfihe generated 3D-QSAR model was validated treleble

and can be used for further design and optimizatfamovel and selective EGFR inhibitors.

Keywords: Thiopyranopyrimidine; EGFR; inhibitor; 3D-QSARp®IFA; CoMSIA

1. Introduction

Epidermal growth factor receptor (EGFR) is widekpeessed in most human cells and plays a vital iroleaintaining

normal life activities®. Ras-Raf-MARK signaling pathwayPI3K/Ak/mTOR signaling pathway and JAK-STAT
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signaling pathway are the main EGFR downstreamatiigm pathways reported in the litereatdresThese signaling
pathways coordinate with each other and jointlytemra series of life activities such as cell sualj proliferation and
differentiatiorf”. It was reported by the World Health OrganizationH®@) that the incidence of overexpression or
mutation of EGFR signaling pathway in lung canceryical cancer, breast cancer and other malignambr cells was
as high as 808 Consequently, deregulation or mutation of EGFgnaling pathway will lead to the occurrence of
diseases or malignancy.

Lung cancer ranks the first place in the worldtaltoancer mortality rate. The annual incidenc&ing cancer is as
high as 1.8 million and the death toll is closelté million”*°. More than 85% of lung cancer patients belong to
non-small cell lung cancer (NSCLC) sub-types, wétB-year survival rate of less than 1898 The researches have
shown that the EGFR kinase mutations were the fgacuse of NSCLC, for example, the T790M mutafjon858R
mutatiort®>, C797S mutatiol! and other mutation$ In the past decades, a number of EGFR-target kiimduigitors (L,
Gefitinb; 2, Afatinib and3, AZD9291) have been approved by Food and Drug Adstmation (FDA) for treatment of
EGFR mutations in NSCLC patiefitd® As the first FDA-approved third-generation irresible EGFR inhibitor,
AZD9291 has high selectivity for EGER® mutation and remains the most widely used mediftinelinical treatment
of EGFR"*mutation and advanced metastatic NS&t*€ However, the clinical therapeutic effect of AZD9281not
satisfactory. Some patients developed drug-registautation (C797S) and serious side effects (cadioity, diarrhea

and rash) after treated with AZD9781
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Figure 1 Representative EGFR inhibitors«3) and PI3k/mTOR inhibitors4¢6).
However, in addition to lung cancer, cervical canisealso the cancer with the highest mortalityttie world,
accounting for 33% of the total number of femalaasa deaths, and more than 100,000 women die wice¢rcancer
every year worldwid®. There is no effective medicine can cure cerviealoer completelyHuman papillomavirus

(HPV) vaccine is the most effective vaccine fory@ating cervical carcinoma at presénBut it still has many safety



problems (skin allergy and peripheral neuropatfiyjedisorder in PI3K/mTOR signal pathway was consideicele the
main cause of cervical canéerIn recent years, manypyrimidine heterocyclic derivatives were reported a
PI3K-Akt-mTOR signal pathway inhibitors4 (BMC-20142422-7¢ 5, §?°% The compound5 (GDC0941) and
compounds (PF-05139962) were effective PI3K signaling pativenibitors, which can significantly inhibit theawth

of cervical cancer cells (HelaYhe 1G, values of compound and 6 against PI3K kinase were 3 nM andub,
respectively’?® The compoundt (BMC-20142422-7e) had a good inhibitory ability oiTOR kinase, with the I
value of 0.27uM?. These inhibitors have achieved remarkable effigieincpre-clinical trials and are currently being
studied in the clinical trial. Consequently, thezelepment of EGFR inhibitors based on EGFR sigiggfiathways will
greatly improve the accuracy of drug design andtshdhe drug development of period.

In this research, the structure-based drug deS@DD) strategy was applied to further study thacttre-activity
relationship of lead compounds. Based on the sirestof the reported potent leading compoundshatip heterocycles
were introduced into pyrimidine ring by expansionngiple and combination principle. Finally, fouerges of
thiopyranopyrimidine derivatives containing acryldm structure Z1a-g 22a-g 23a-gand 24a-g were designed and
synthesized. It is desirable to obtain EGFR inbitsitwith highly selectivity and potent inhibitorgtavities against
EGFR*mutant kinaseln addition, it is also expected to obtain inhibitevith dual cancer cells inhibitory activities of

A549 cancer cells and Hela cancer cells.

2. Results and discussion

2.1. Chemistry

Scheme 1Synthetic routes of the compour3a-band14a-h Reagents and conditions: (a) NaH, THF, rt., tbhUreg
C,HsONa, GHsOH, 70C, 2.5 h; (c) POG| 100%C, 3 h; (d) CHI, NaH, THF, rt., 1.5 h; (e) AlG] DME, 80%C, 3 h; (f)

NaWO,2H,0, H,0,, THF, rt., 0.5 h.

The synthetic routes of the compourid3a-b and 14a-b were shown irScheme 1 Commercially available starting

material 5-fluoroindole7a or indole 7b reacted with iodomethane to gga-b. 10 was obtained by the reaction of



self-ester condensation from commercially avail&blblext, 10 cyclizated with urea to obtaitl. Then,11 reacted with
phosphorus oxychloride to obtdimtermediatel 2. Intermediatel 2 and8a-b undergone Friedel-Crafts alkylation reaction

to obtain intermediat&3a-h. 14a-bwere obtained by the reaction of oxidation fra8a-h.
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Scheme 2Synthetic routes of the compoundta-g 22a-g 23a-g and 24a-g Reagents and conditions: (a) TsOH,
1,4-dioxane, 85C, 3 h; (b) N,N,N-trimethylethylenediamine, DIPE®MA, 110 C, 2.5 h; (c) Zn, NKCI, C,Hs0OH,

H,0, 105C, 3 h; (d) Oxalyl chloride, DMF, DCM, €, 0.5 h; (e) NaHCg DCM, 0<C, 0.5-2 h.

The synthetic routes of the compoundsay 22a-g 23a-gand 24a-gwere shown ircheme 2 The starting material
4-fluoro-2-methoxy-5-nitroanilind 5 reacted with intermediatels3a-b and 14a-bto get16a-d 18a-d were got by the
reaction of reductiofrom 17a-d with 16a-d as raw materials. Different substituted acid ddi®r20a-g were got from
the corresponding acrylic acid$9a-g) by the reaction of chlorination. Finallg0a-greacted withl8a-d to obtain the

target compoundgla-g 22a-g 23a-gand24a-g
2.2. Docking study of lead compounds

Thesilico molecular docking strategy was applied to studyliimding modes between compound skeletons angtoece
proteins. Sybyl 8.1 software (Tripos Associates,IlSA) was used to simulate the binding pattefilsad compounds
AZD9291 and BMC-20142422-7e(4, Figure 1) with EGFR"® protein (PDB code: 3IKA, www.rcsb.org)The
Surflex-Dock Geom was used to optimize the dockmugiel results. Only the model with the best CSeeams selected
to generate protein-ligand complexes for furtherleamalar docking research. As depicted Rigure 2, the whole
AZD9291 skeleton embedded into hydrophobic pock&®FR"*°Mprotein with a “U-shape” structuf&igure 2C) and
closely combined with EGFR™ protein. The pyrimidine ring was far away from gatekeepesidiee Met790. The
pyrimidine ring and the amino bridge formed a bidém hydrogen bond with hinge region residue Met7Bi3e
acrylamide side chain extended to the conservetbmegesidue Cys797 and formed a hydrogen bond végidue

Cys797. As illustrated in theigure 2B, the compound BMC-20142422-7e also combined with ®GFR *® protein



and formed a strong bidentate hydrogen bond witigéniregion residue Met793.he phenolic hydroxyl structure
extended to the conserved residue Cys797, but withydrogen bond formed:he orientation of the whole molecular
skeleton of BMC-20142422-7e in the EGFR proteinityawas basically the same as that of AZD9Zdyre 2D), and
the thiopyranopyrimidine ring also formed hydrogeonding forces with EGFR protein. The molecular igation

results further indicated that the thiopyranopydimé structure can be used to design novel EGFRitobs.
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Figure 2 Binding site of leading compounds. (A) The dockiegult of AZD9291 (green) bound to EGFE protein

(PDB code:3IKA). (B) The docking result of BMC-2(4R2-7e (cyan) bound to EGFR™ protein. (C) The spatial
orientation of AZD9291 (green) bound to EGFRT790Mtein. (D) The patial orientation of BMC-201424282-(cyan)

bound to EGFRT protein.
2.3 Sructure-based drug design strategy

First of all, we conducted the computer simulatitotking of the leading compoundsccording to the docking results
(Figure 2), we can know that the pyrimidine ring of AZD928nd the thiopyranopyrimidine ring of BMC-20142422-7
all formed a bidentate hydrogen bond with the hireggon residue Met793 of EGER™ protein. It was clearly that any
modifications to the structures of those two pavit change the biological activity of the targedbrapounds.The
thiopyranopyrimidine structure of PI3BK/mTOR inhilnitBMC-20142422-7e formed a bidentate hydrogen bwarittl
EGFR M protein, which inspired us to firstly introduceiphlatic heterocycle into pyrimidine ring of AZD9291
Through this strategy, the space volume of pyrimadiing could be further expanded to fully occupg protein cavity.
In addition, it is possible to retain the PISK/mT@HRase inhibitory activity of thiopyranopyrimidirskeleton. Secondly,
the halogen and small molecular alkyl side chaiesewintroduced in the ortho position of acrylamglée chain of

AZD9291 to weaken the covalent binding ability dfttarget compounds to non-target proteins. In way, the



cytotoxicity and side effects of the target commbuwrill be greatly reducedrinally, the electron-withdrawing group
F-atom was introduced into indole ring to change dtectron cloud distribution of the indole ringdaimprove the
overall physical and chemical properties of the pound. Thus, it is hopeful to discover novel intobé with selectivity
and potent inhibition over EGER® protein, and also expect to discover inhibitorshwdual cancer cells inhibitory

activities.
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Figure 3 Structure based drug design strategy from cherstoadtures of lead compounds.

2.4. Biological evaluation

2.4.1. Invitro antiproliferative activity against A549 and Hela cells

The invitro antiproliferation activity of compound&la-g 22a-g 23a-gand24a-gwere shown iffable 1 As expected,
most of the thiopyranopyrimidine derivatives retrthe excellently antiproliferative activity agsim549 cells with the
ICso values range from 0.05/M to 7.568uM. To our surprise, the majority of thiopyranopyiitime derivatives also
exhibited potent antiproliferation activity agai#la cells, especially compounds with 5-fluoroiledstructure (the 165
values of compounds against Hela cells range frobv®uM to 7.096 uM). In general, compounds containing
5-fluoroindole structure 21a-g and 24a-g had a higher antiproliferative activity againselal cells than that of
compounds Z2a-g and 23a-g without fluorine-substituted indole ring struaur~urthermore, compound23a-g and
24a-g containing a thiopyran dioxides ring structurke(t_ogD; 4 values range from 1.8 to 3.1) had a better LagD
value than that of compound®l@-gand22a-g without thiopyran ring double oxidated (the Log{¥alues range from
3.8 to 5.2). However, the antiproliferative actvishow that the double oxidation strategy hadelitffect on the
antiproliferative activity of the target compoumk the volume of acrylamide side chain increase,ahtiproliferative
activity of the target compounds against A549 cgtlsdually increased. But the antiproliferativeivty of the target

compounds against Hela cells remained unchangeven éecrease slightly. The introduction of Cl-atam the



acrylamide was beneficial to increase the antifexdiive activity of the target compound agains#8xells. The 16
values of compound8la 223 23a and24a against A549 cells were 4.5484, 0.506 uM, 8.685uM and 4.635uM,
respectively. And the 1§ values of chlorine substituted compourtdd, 22b, 23b and 24b against A549 cells were
0.864uM, 0.716uM, 00.881uM and 3.183:M, respectivelyHowever, as shown ifablel, the introduction of Cl-atoms
was not conducive to increase the biological astieif the compounds against Hela cells and thepenitierative
activities of compound21b,22b, 23b and24b against Hela cells were weaker that of compo@idg22a 23aand24a
The preferred compoun@sb (the 1Gg values against A549 and Hela cells were 0 881and 0.205uM) and23g (the
ICso values against A549 and Hela cells were 0. 087and 0.104uM) both exhibited a excellent dual antiproliferativ
activity against A549 and Hela cells.

Table 1 The antiproliferative activities of compoun@$a-g 22a-g 23a-gand24a-g

/
N
Ri 2 Ry
NH |
X /j\J\ N\/\N/
N |
"y
0

Cellular activity IC 5 (uM)?

Compd. Ry R, X LogD7.8
A549 Hela
o
21a F s S 4545 0.728 4.0
(0]
21b F no' S 0.864 0.980 4.2
Cl
(o]
21c F oA S 0.902 0.284 4.3
(o]
21d F SN S 5.312 0.275 46
o
21e F o S 1.451 0.839 48
(o]
21f F Ho)%/ S 1.154 1.327 5.1
(o]
219 F PN S 5.187 0.966 5.2
0]
22a H ol S 0.506 1.297 3.8
o
22b H Ho' S 0.716 1.005 4.3
Cl
(o]
22¢ H oA S 0.583 2.361 4.2
(o]
22d H J S 6.863 1.648 45




(0]
22e H o S 0.236 0.799 46
o
22f H HOJ%/ S 0.788 0.711 4.9
(0]
229 H N S 0.571 0.652 5.1
(0]
23a H . SO, 8.685 0.115 1.8
0]
23b H o' N SO, 0.881 0.205 2.2
Cl
(0]
23c H oAl SO, 0.787 4519 2.2
(0]
23d H S N SO, 4.257 6.011 25
(0]
23e H o SO, 1.351 5.224 2.7
o
23f H HOJ%/ SO, 0.038 2.964 2.9
(0]
239 H N SO, 0.057 0.104 2.6
(0]
24a F . SO, 4.635 0.175 2.0
0]
24b F o' N SO, 3.183 2.931 2.4
Cl
(0]
24¢ F o PPN SO, 2.138 5.916 2.4
(0]
24d F N PN SO, 3.986 2.471 2.6
(0]
24e F o SO, 5.832 7.096 2.8
o
24f F HOJ%/ SO, 3.754 0.261 3.1
(0]
24g F N SO, 7.568 2.333 3.3
AZD9291° - - - 0.462 0.975 3.0

2The values are an average of two separate detdionisa
® LogD; 4 values were calculated online on the chemaxon iteefygww.chemaxon.com);

¢ Used as a positive control.

2.4.2. Invitro EGFR kinase ELISA assay

Based on the results of cellular antiproliferatactivities of the target compounds, a partial repn¢ative compounds
were selected to test for EGFR kinase activity. EBFR enzymatic activities of representative conmgsuwere shown
in Table 2. Most of the tested compounds showed potent EGP¥Rkinase inhibitory activity and weak EGFRkinase

inhibitory ability. In particular, compound2a, 22b, 23b and23g showed excellent EGFRE® mutant kinase inhibitory



activity. Their 1G, values over EGFR™ mutant kinase were 35 nM, 31 nM, 990 nM and 16 mdpectively. The
compounds with indole ring unsubstituté®4 22b and23g) showed excellerselectivity to EGFR**mutant kinase.
Especially the selectivity of compou8g against EGFR*™ mutant kinase to EGFR kinase was more than 125-fold.
The compound®2a, 22b, 23b and24c had higher inhibitory activity against EGERkinase with the 1§ values of 511
nM, 570 nM, 104 nM and 201 nM, respectivdlyindicated that the acrylamide side chain withainaolume structures
substituted were more beneficial to increase thavigc of the compounds on EGFR kinase, while large volume
substituted groups were more beneficial to incretageinhibitory activity of the compound on EGFRM kinase.
Consequently, the results of cellular antiprolifere activity and kinase activity indicated thatngmounds22b and23g
had the excellent dual antiproliferative activityA549 and Hela cells and EGFR’™ mutant kinase inhibitory ability,
which can be used as potential EGFR inhibitordufdher research.

Table 2 The EGFR enzymatic activities of representativegounds.

Fse,

EGFR IC5, (nM)a

Compd. Selectivity
WTP TL® (WT/TL)
21e >2000 1128 >1.8
21f >2000 1689 >1.2
22a 511 35 14.6
22b 570 31 18.4
22e >2000 1248 >1.6
22f >2000 1621 >1.2
23b 104 990 1.1
23f >2000 1753 >1.2
23g >2000 16 >125
24c 201 >2000 -
AZD9291° 16 8 2.0

2Enzymatic assays were performed by using the EldS#ed EGFR-tyrosine kinase (TK) assay;
®Wide type EGFR kinase;
¢T790M and L858R double mutation EGFR kinase;

4 Used as a positive control.

2.4.3 Invitro antiproliferative activity against H1975 cells

The results of EGFR enzymatic activities of repnéstive compounds inspired us to further inveséghe inhibitory



activity of the target compounds on H1975 cells FRG *85R qoyble mutation). The in vitro inhibition rates of
H1975 cells at 10 uM concentration of representatimpound were first conducted to explore tharthibitory ability
against H1975 cellsAs shown inTable 3, all the representative compounds inhibit H197Ib gewth well. Except for
compound22a, the inhibition rates of other compounds were c®@%. The results indicated that the representative
compounds almost completely inhibited the growtiH&B75 cells at a concentration of 1BI. Next, we tested the kg
value of compound2b, 23b and 23g in detail with the AZD9291 as a positive contrdhe most representative
compound 23g showed potent inhibitory ability o975 cells with the I value of 0.916:M. The antiproliferation
activity results of H1975 cells further indicatatlhe thiopyranopyrimidine derivative have mukigkll inhibitory
activities, which can be used not only as EGPR/-#*8R double mutation inhibitors, but also as potenteivical
cancer inhibitors.

Table 3 The antiproliferative activities of compoun@if, 223, 22b, 23b, 23g and24f.

H1975 Cellular activity

Compd.

Inhibition 2 ICs0 (uM)"®
21f 99.68 % -
22a 55.61 % -
22b 99.56 % 4.211
23b 99.05 % 4.230
23g 99.45 % 0.916
24f 99.44 % -

AZD9291° - 0.073

8 nhibition rate of H1975 cells at 10 uM conceritat
®The values are an average of two separate deteforiaa
¢ Used as a positive control;

~ Means not conduct experiment.

2.4.4 Insilico molecular docking study

The molecular docking studies were performed toluste the structure-activity relationship betweeiffetent
thiopyranopyrimidine derivatives at the moleculewdl. As shown irFigure 4, compound22b, 23b, 23g and24c were
well embedded in the hydrophobic cavity of the EGE®' protein and formed multiple hydrogen bonds witk th
EGFR "M protein. The thiopyranopyrimidine structure of qmund22b formed a bidentate hydrogen bond with the
hinge region residue Met793 of the EGER" protein with the hydrogen bond lengths of A.@nd 2.64, respectively.
The thiopyran skeleton was far away from the Meti@@ant residue, indicating that the T790M mutatieii not
impact the combination of the compounds and the E'GE" protein. Furthermore, the O-atom of the acrylamide side

chain also formed a hydrogen bond with the consimevaegion residue Cys797. The hydrogen bond lemgis 1.84.



The binding modes of compoun@8b and 24c to EGFR"*®™ protein were similar to the compour®®c and the
difference was that the ethanediamine side chagoofpound®3b formed a weaker hydrogen bond with residue Leu718
with the hydrogen bond length of 1331However, the hydrogen bonding force of compou2ls and24cwas weaker
than the compoun®2c In particular, the hydrogen bond length betweenmmmd24cand hinge region residue Met793
were only 2.0 and 2.54, respectively, and the length of hydrogen bondhfd with Cys797 was only 2& which was
obviously weaker than the other compourigh( 23b and23g). The compoun@3g had the strongest binding ability to
EGFR M protein.The length of the hydrogen bond formed with resiMet793 was only 1.% and 2.43, respectively,
and the length of the hydrogen bond formed witldres Cys797 was only 14 The results of molecular docking study
further indicated that the binding modes of compm22b and23gto EGFR"*®™protein were similar to those of the

leading compound AZD9291, and the binding abilitiese stronger.

Aty

MET-790

Ccvs-797 / cvs-797

Figure 4 The docking results of potent compounds boundG&E "*°M protein (PDB code:3IKA). (A: compourRb,

B: compound®3b, C: compoun®3g, D: compound®4¢)

245 Effect on apoptosis

The promising antiproliferative activity of compals22b and 23g inspired us to further investigate the growth
inhibition mechanism of tumor cells. After A549 Iselvere treated with potent compouriizh and23g for 48 h, the
flow cytometric apoptosis experiments were caroetl The results were shown figure 5. Compared with the blank
group Figure 5A, the total apoptosis rate was 5.25%), the leadpoaumd AZD9291 Figure 5B) significantly induced
A549 cells apoptosis at the concentration of 0.4BR and the total apoptosis rate was 15.24%e same results were
found in compound22b and23g The apoptosis occurred in A549 cells when treatgd 0.716uM compound22b

and 0.057uM compounds23g, respectively. The total apoptosis rates of comgsi22b and 23g were 13.55% and



11.79%, respectivelyThe results of apoptosis indicated that the tacgempounds22b and 23g significantly induced

apoptosis. The inhibition effect was similar tottb&the lead compound AZD9291.
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Figure 5 Cell cycle progression analyses of A549 cellste@avith target compounds for 24 h. (A: blank groBp0.462

uM AzD9291, C: 0.716M compound22b, D: 0.057uM compound23g)

2.4.6 Effect on cell cycle progression

To further investigate the mode of cell prolifeoatinhibition by compoun@2b and23g, cell cycle distribution analyses
were implemented on A549 cancel cells. The resultse presented ifrigure 6. Except for the blank group, the
experimental concentrations of all compounds wheelG;, values for A549 cells (See Table 1 for detailethjidAs
shown inFigure 6A, the G2/M phase population of the blank group ®&@&%. After treatment with AZD92E{gure
6B), compound22b (Figure 6C) and compoun@3gFigure 6D), the G2/M phase population of the A549 cancelscel
were all increased, with the G2/M phase populatib©4.29%, 12.35% and 10.63%, respectively. Howeaber S phase
not found significant changes. The results indiddtet compoun@2b and compoun@3g successfully inhibited A549

cells proliferation at a low concentration.

] | GO/G1=74.31%

{ GO/G1=73.81%

250 300 350

G0/G1=60.51% ¢ |

G0/G1=69.17%

.1 A S=22.24% B fl sS=11.90% T C S=27.14% { D $=20.20%
1 | G2/M=3.45% % G2/M=14.29% - G2/M=12.35% * G2/M=10.63%
‘ 0.462 puM 58 0.716 pM 0.057 M

Mumbe:

2
Ee ]
2

200

200 o 50 00 L) E o 0 100 1580 200 1) L 100 1=
F2APRA FI2APFA CERE-

= |
o 50 e 150
FI7APF.A

200

Figure 6 Apoptosis analyses of A549 cells treated withéampmpounds for 24 h. (A: blank group, B: 0.462

AZD9291, C: 0.71M compound22b, D: 0.057uM compound?23g)

2.4.7 Effect on EGFR signal pathway in Hela cells
To further investigate the effect of the target poomd on EGFR signal pathway in Hela cells, thetévasBlot assays
were carried out. We tested the inhibitory effefcpotent compoun@3gon EGFR signal pathway in Hela cells for 24h

with the AZD9291 as a positive control. The westblot assays resultd-igure 7) showed both AZD9291 and



compound23g could inhibit the expression of EGFR protein inldleells, but the inhibitory effect on phosphorigatof
EGFR protein was not obvious. The expression of EGfotein was significantly inhibited as the cortcation of
compound?3gincreased. In addition, we also observed thatrthibitory effect of AZD9291 was twice as potenttlast
of compound23g, which was consistent with their kinase activitgttresults imfable 2 The kinase activity test results

and western blot assays results further showecttimpound3gis a potent EGFR inhibitor

AZD9291 23g
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Figure 7 Effect on EGFR signal pathway in Hela cells foh24

2.5. 3D-QSAR study

251 3D-QSAR model

All structures of thianopyrimidine derivatives wereonstructed and aligned onto the common subsirictu
2-((3-aminophenyl)amino)-7,8-dihydro-5H-thiopyraad-d]pyrimidine 6,6-dioxide nucleus, with the pat&ompound
23gas templateHigure 8A). As shown inFigure 8B, the structures of all compounds were alignedttageIn order to
further study the SARs of thianopyrimidine derivas, the in vitro anti-proliferative activity datd Hela cells were
chose to construct the 3D-Quantitative structurévigg relationship (3D-QSAR) models. Based on thetailed
operation manual reported in the literafd® the 1G, values of all compounds against Hela cells weresehand

converted to plgyvalues.

Figure 8 (A) Structure of the template compou8g (B) 3D-QSAR structure alignment and superpositignall

compounds using compou@g as the template.

25.2 CoMFA and CoMS A analysis



The detailed PLS statistics results of the CoMFA &MSIA models were showed Trable 3. The experimental and
the predicted plgy values of the target compounds against Hela carelés are listed iffable 5 Furthermore, the
graphical relationships of CoMFA and CoMSIA modal® illustrated inFigure 9. The cross-validation correlation
coefficient (d) and correlation coefficient3rare two key parameters for evaluating the qualftLS analysis, which
represented the predictive ability and the selfsistence of the modeh g2 value of more than 0.3 will be considered
statistically as the chance of significant coriielatbeing <95%The detailedPLS data were shown ifable 3. The ¢
and F of the COMFA model were 0.765 and 0.965, respebivand the §and f of the CoMSIA model were 0.875 and
0.956, respectively. The statistical results res@dhat the models of CoMFA and CoMSIA had religiedictive ability.
The optimal nhumbers of components used to geneZatdFA and CoMSIA models was 8 and 5, respectivély.
indicated that the number of compounds used torelédhie models were reasonablée Fisher test results of CoMFA
and CoMSIA models were 65.657 and 94.497, respadgtiln addition, the estimated standard errorhefCoMFA and
CoMSIA models were also reasonably low, reachin@.t?3 and 0.129, respectively. As illustratedTable 4, the
contribution of the electrostatic argteric fields of the CoMFA model was 51.6% and 28.4espectively. The
contribution of the steric, electrostatic, hydropiog hydrogen bond donor and acceptor fields of Godi1SIA model
were 5.0%, 44.3%, 33.0%, 15.5% and 2.2%, respégtiVbe PLS data revealed that the CoMFA and CoMSIAetsd
established are reliable and can be used to geslearchers to carry out in-depth and reasonabléfioadbn of the

target molecules for obtaining better activity.

Table 4PLS statistics of CoMFA and CoMSIA 3D-QSAR models.

o NP ¥ £ F°© Fraction
Steric Electrostatic  Hydrophobic  Donor  Acceptor
CoMFA 0.765 8 0.965 0.123 65.657 0.484 0.516 - - -
CoMSIA 0875 5 0.956 0.129 94.497 0.050 0.443 0.330 0.155 0.022

& Cross-validated correlation coefficient;

b Optimum number of components obtained from crosglad PLS analysis and same used in final norserakdated
analysis;

¢ Non-cross-validated correlation coefficient;

d Standard error of estimate;

® F-test value. f Field contributions.

Table 5Experimental and predicted pjralues against Hela cell line of compounds for E&\nd CoMSIA models.

CoMFA CoMSIA
Compd. plGo(experimental) . . - .
plCsq(predicted) Residuals pigtpredicted) Residuals
2l1a 9.138 9.126 0.0166 9.092 0.0462
21b 9.008 9.058 -0.05 9.124 0.116
21c 9.547 9.558 -0.011 9.415 0.1319

21d 9.561 9.594 -0.0329 9.458 0.1032




21e 9.076 9.063 0.0129 9.115 -0.0388

21f 8.877 8.850 0.0275 8.976 -0.0993
219 9.015 8.975 0.0400 8.944 0.0710
22a 8.887 9.000 -0.1134 9.030 -0.1432
22b 8.998 8.940 0.0581 9.066 -0.0682
22¢ 8.627 8.661 -0.0342 8.592 0.0353
22d 8.783 8.750 0.0329 8.891 -0.1080
22e 9.097 9.098 -0.0013 9.055 0.0418
22f 9.148 9.059 0.0886 9.006 0.1420
229 9.186 9.337 -0.1514 9.288 -0.1022
23a 9.939 9.798 0.1409 9.780 0.1592
23b 9.688 9.784 0.096 9.844 0.156

23c 8.345 8.233 0.1121 8.267 0.0782
23d 8.221 8.447 -0.2264 8.322 -0.1007
23e 8.282 8.368 -0.0857 8.353 -0.0706
23f 8.528 8.359 0.1694 8.303 0.2246
23¢9 9.984 9.981 0.0027 10.049 -0.0646
24a 9.758 9.883 -0.1253 9.820 -0.0616
24b 8.533 8.666 -0.1332 8.540 -0.0073
24c 8.228 8.129 0.0989 8.291 -0.0626
24d 8.607 8.503 0.1042 8.400 0.2070
24e 8.149 8.311 -0.1621 8.395 -0.2461
24f 9.583 9.649 -0.0655 9.741 -0.1576
249 8.632 8.595 0.0372 8.622 0.0095

The linear correlation results Figure 9 revealed that the calculated gi@nd the experimental pigvalues of the
CoMFA and CoMSIA models had a good linear relatigps In addition, due to structural differences,small

amplitude fluctuations were observed between theutzed plGy and the experimental pigvalues.
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Figure 9 Calculated plG, versus experimental pigvalues for the target compounds obtained by PL&8yais using

CoMFA (Figure 9A) and CoMSIA Figure 9B) models.

2.5.3 Countour analysis



In order to better reveal the effect of variouddfieon the target property, by Sybyl 8.1 softw&eMSIA and COMFA
contour maps were generated to identify the effettdifferent fields (the steric field, electrostafield, hydrophobic
field, hydrogen bond donor and acceptor fields)thon activity data of compoundStDev*Coeff mapping option was
used to convert CoMFA and CoMSIA models into viseggults. All contour maps represented 8@¥el contributions
for favored and 20%evel contributions for disfavored. As showedFigure 10 andFigure 11, the template compound
23g (with the highest pl§ value) and the compourllb were selected to better reveal the 3D-QSAR infoionaof

CoMFA and CoMSIA models. The results can betteeatthe relationship between structure and biokdgctivity.

Figure 10 CoMFA contour maps of target compounds. (A: Th&EA model of compoun@1b, B: The CoMFA model
of compound23g CoMFA steric contours: the green contours inéidae areas that are conducive to steric intemactio
the yellow contours indicate the areas that arecnotlucive to steric interaction. CoMSIA electréisteontours: the
blue contours indicate the regions that are faJerab the positively charged groups, the red cortandicate the

regions that are favorable to the negatively chhigreups?.)

Figure 11 CoMSIA contour maps of representative compoRBd (A: The CoMSIA hydrogen bond donor and acceptor



contours: the cyan and the purple contours reptefmrorable and unfavorable hydrogen bond donotiorey
respectively. The magenta and the red contouresept favorable and unfavorable hydrogen bond &mceggions,
respectively. B: The CoMSIA electrostatic contouttse blue contour indicates electropositive chaage the red
contour electronegative charge. C: The CoMSIA hgtabic contours: the yellow contours representomgiwhere
hydrophobic groups increase activity, while the tetdontours highlight regions that would favor hyghilic groups. D:
The CoMSIA steric contours: the green contour fawateric or bulky group and the yellow contour deadalisfavored

regiori2)

2.5.4 CoMFA contour analysis.

According to the COMFA contour maps showrFigure 10, it can be clearly seen that the thiopyran ring wavered
with a green contour. The results indicated thateasing the volume of this site (pyrimidine ringds beneficial to
improving the antiproliferative activitgf the target compound over Hela cells . Therefiiris, reasonable to introduce
the thiopyran structure on the pyrimidine ringabidition, the result also illustrated the impor&o€ the ring expansion
strategy in drug design. The benzene ring struatfitbe indole ring was covered with a red contal@noting that the
introduction of an electronegative group into ireldhg was beneficial to enhance the activity. Asven inFigure 10,
compound2la-g (indole ring with fluorine substitution) had highanti-proliferative activity of Hela cells than
compound23a-g (indole ring without fluorine substitution)The results were consistent with the predictionshef
CoMFA model. A big red contours appeared aroundNketom of pyrimidine ring and the S-atom of thiogy ring,
respectively, indicating that the thiopyranopyrimi structure played a key role in maintaining #rgiproliferation
activity of the target compound3he appearance of the yellow contours around thglaawide side chain further
explained why the antiproliferative activity of therget compound decreased as the volume of tlytaatdde side chain
increased. In brief, the CoMFA results are coneisteith the antiproliferation activity results of eta cells

(21c21e>21g 23b>23c>236 obtained from our experiments.

255 CoMSA contour analysis

The steric contours and electrostatic contoursa¥8IA models were similar to the CoMFA models, there are some
differences between CoMSIA and CoMSIA modétsthe CoMSIA model, we observed that the blue corg Figure
11B) and the yellow contourd-igure 11D) appeared around the N-methylindole ring, indigatihat this region would
be not suitable for bulkier and more electronegasivbstituents.

additionalhydrogen bOO6Fnd donor and acceptor contours adbpiiobic contourgrigure 11A showed the hydrogen

bond donor and acceptor contours of the CoMSIA mo#lébig magenta contour appeared around the S-atotheof



thiopyran ring indicated that the thiopyran ringys a key role imaintaining the antiproliferative activity of tharget
compounds.The Figure 11C showed that a large number of yellow contours lapged around the acrylamide side
activity against Hela cellsSimilarly, the results of CoMSIA hydrophobic contours are atsmsistent with the
antiproliferation activity results of Hela cell2leg>21b, 22a22b, 23a23b and 24&24b). In addition, the appearance
of a small amount of yellow contours around theoladring indicated that the hydrophobicity of thelole ring was

conducive to maintaining the proliferative activitithe compounds against Hela cells.

3. Conclusions

In summary, the structure-based drug design styategs used to design and synthesize four series
thiopyranopyrimidine AZD9291 derivatives containiagrylamide structure. First, the structure of kanyde warhead
was modified to regulate the reactivity of Michaelvalent addition so that the affinity of the medéto non-target
proteins were reduced. Next, the ring expansioncpie was applied to expend the volume of themighine ring. By

this way, the affinity of compounds to EGFR protean be increased. Finally, fluorine element was altroduced into
the indole ring to get the optimized compowtgl with the 1Gg values of 0.057M and 0.104uM against A549 cells
and Hela cells, respectively. The 3D-QSAR resuliggested that the introduction of thiopyran skelet@s favorable
for increasing the antiproliferative activity ofrg@t compounds against Hela cefsirthermorethe introduction of bulk
alkyl structure on the acrylamide side chain cosignhificantly increase the antiproliferative actyviof the target
compounds against Hela celhe data of COMFA’=0.765,r>=0.965) and CoMSIA(?=0.875,r°=0.956) models were
statistically reliable and could be used in theiglesf novel and potent double antitumor agents fiither studies on

the mechanism of action of these compounds remginagress and will be published in the future.

4. Experimental section
4.1. General methods of chemistry

Unless otherwise required, all solvent and chemiqalrchased were analytical grade and used withartier
purification. Frequently used solvents (DCM, PE &#l etc.) were resteamed to remove water. All dbahreactions
were monitored through Gi; thin-layer chromatography plate and spots werealized with iodine or light (in 254 nm
or 365 nm). The structure of the target compouns eenfirmed by'H NMR and™*C NMR spectra at room temperature
on Bruker 400 MHz spectrometer (Bruker Bioscieridlerica, MA, USA) with tetramethylsilane (TMS) a8 internal
standard. Mass spectrometry (MS) was performed atei/ High Resolution Quadrupole Time of Flight deam Mass

Spectrometry (QTOF). The purity of the compound determined by Agilent 1260 liquid chromatograptefi with an

of



Inertex-C18 column. All target compounds had atgwf >95%.

4.1.1. General procedure for the synthesis of 21a-g

Commercially available starting material 5-fluordate 7b reacted with iodomethane to . 10 was obtained by the
reaction of self-ester condensation from commdscetailable9. Next, cyclizationl0 with urea to obtaidl Then,11
reacted with phosphorus oxychloride to obtaitermediatel12. Intermediatel2 and 8b undergone Friedel-Crafts
alkylation reaction to obtain intermediat8b. 14b were obtained by the reaction of oxidation reducfimm 13b. The
detailed preparation proccess of the target comgp®ean be found in our previous reseéictor the patent published

by AstraZenec’.

41.1.1. N-(2-((2-(dimethylamino)ethyl) (methyl yamino)-5-((4- (5-fluoro-1-methyl-1H-indol -3-yl)-7,8-dihydro-5H-
thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)-4-methoxyphenyl)acrylamide (21a)

Light grayish powder. 48.3% yield, m.p: 268.7-2692'H NMR (400 MHz, DMSOdg) 6 9.72 (s, 1H, -CO-NH-), 8.60

(s, 1H, -NH-), 8.06-7.93 (m, 2H, indole-H, Ar-H),78 (s, 1H, indole-H), 7.44 (s, 1H, indole-H), 6.@3 2H, indole-H,

Ar-H), 6.91 (s, 1H, -CHCH-), 6.12 (d,J = 16.4 Hz, 1H, -CH=C}), 5.61 (d,J = 8.2 Hz, 1H, -CH=C}H), 3.85 (s, 2H,

-S-CHy-), 3.82 (s, 3H, -OCH), 3.78 (s, 3H, indole-C#), 3.12 (s, 4H, -S-CHCH,-, -N-CH;-CH,-), 2.95 (s, 5H, -S-CH,

-N-CHs), 2.57 (d,J = 11.8 Hz, 8H, N-(Ch),, -CH,-). TOF MS ES+ (m/z): (M + H) calcd for GgH3,FN;O,: 590.2713,

found, 590.2735.

41.1.2. 2-chloro-N-(2-((2-(dimethylamino)ethyl ) (methyl)amino)-5-((4-(5-fluoro- 1-methyl-1H-indol-3-y1)-7,8-
dihydro-5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)-4-methoxyphenyl) acrylamide (21b)

Light grayish powder. 49.7% yield, m.p: 273.2-272C7*H NMR (400 MHz, DMSO#dg) 6 9.84 (s, 1H, -CO-NH-), 8.75
(s, 1H, -NH-), 8.07 (s, 1H, indole-H), 8.03 (s, 1Ar-H), 7.80 (d,J = 10.4 Hz, 1H, indole-H), 7.50-7.46 (m, 1H,
indole-H), 7.04 (tJ = 9.2, 2.6 Hz, 1H, indole-H), 6.99 (s, 1H, Ar-l§)82-6.73 (m, 1H, -C=C}}, 6.03 (d,J = 15.3 Hz,
1H, -C=CH), 3.90 (s, 2H, -S-CH), 3.87 (s, 3H, -OC}j, 3.80 (s, 3H, indole-C§), 3.00 (dt,J = 10.2, 5.2 Hz, 6H,
N-(CHa)2), 2.89 (s, 3H, -N-Ch), 2.68 (s, 4H, -S-CH, -N-CHy-CH,-), 2.36 (s, 2H, -S-CHCH,-), 2.21-2.15 (m, 2H,
-CHy). ®C NMR (400 MHz, DMSOdg) ¢ 164.07, 161.95, 160.28, 157.20, 155.46, 147.19,483 136.09, 135.86,
133.25, 127.59, 127.29, 126.84, 122.84, 115.06,6513111.94, 111.81, 108.36, 107.97, 97.79, 57F615, 52.17,
45,74, 45.71, 38.75, 32.76, 32.33, 30.67, 28.0F M3 ES+ (m/z): (M + H), calcd for GgH3,FN;O,: 624.2324, found,

624.2313.

41.13. (2)-N-(2-((2-(dimethylamino)ethyl) (methyl )Jamino)-5-((4-(5-fluoro-1-methyl - 1H-indol -3-y1)-7,8-dihydro-5H-

thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)-4-methoxyphenyl)but-2-enamide (21c)



Light grayish solid. 50.9% yield, m.p: 271.3-2738@ 'H NMR (400 MHz, DMSO¢) 5 9.86 (s, 1H, -CO-NH-), 8.76 (s,
1H, -NH-), 8.07 (s, 1H, indole-H), 8.03 (d, J = #2, 1H, Ar-H), 7.48 (dd, J = 8.6, 4.6 Hz, 1H, ihel®d), 7.03 (s, 1H,
indole-H), 7.00 (d, J = 3.4 Hz, 1H, indole-H), 6.8, J = 15.3, 6.3 Hz, 1H, Ar-H), 5.99 (d, J =3l5lz, 1H, -CH=C-),
3.90 (s, 2H, -S-CH), 3.87 (s, 3H, -OC}, 3.81 (s, 3H, indole-C§), 3.05 — 2.97 (m, 5H, -N-CH-N-CH;-CH,-), 2.89 (s,
2H, -S-CH-), 2.68 (s, 4H, -Cht, -S-CH-CH,-), 2.50 (s, 6H, N-(CH),), 2.28 (s, 6H, C-(CH,). **C NMR (400 MHz,
DMSO-dg) § 166.22, 161.95, 160.28, 157.20, 155.46, 153.52,014 139.73, 134.92, 133.19, 128.26, 127.25, ¥26.8
115.31, 115.00, 113.65, 111.88, 111.80, 109.40,1B)87.85, 57.71, 56.15, 52.20, 45.74, 45.71,28832.76, 32.31,

30.67, 28.02, 25.32, 20.70.

4.1.1.4. N-(2-((2-(dimethylamino)ethyl) (methyl yamino)-5-((4-(5-fluoro-1-methyl-1H-indol -3-yl)-7,8-dihydro-5H-
thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)-4-methoxyphenyl)-3-methyl but-2-enamide (21d)

Light grayish solid. 47.8% vyield, m.p: 274.8-27€1% NMR (400 MHz, DMSO#dg) 6 9.72 (s, 1H, -CO-NH-), 8.69 (s,
1H, -NH-), 8.06 (s, 1H, indole-H), 8.03 (s, 1H, A}, 7.83—-7.78 (m, 1H, indole-H), 7.48 (ddl,= 9.0, 4.5 Hz, 1H,
indole-H), 7.06-7.00 (m, 1H, indole-H), 6.98 (s,,1&-H), 6.70 (dt,J = 13.9, 7.0 Hz, 1H, -CH-C}l 6.17 (s, 1H,
-CO-CH-), 3.90 (s, 2H, -S-CH), 3.86 (s, 3H, -OCH), 3.81 (s, 3H, indole-C§), 3.03—2.97 (m, 6H, -S-GFCH,-,
-N-CH;-CH,-), 2.65 (s, 5H, -N-Chl -CH,-), 2.50 (s, 3H, -CH-CHJ, 2.36 (s, 6H, N-(Ch),). TOF MS ES+ (m/z): (M +

H)*, calcd for GgH3,FN;O,: 618.3026, found, 618.3108.

41.15. (2)-N-(2-((2-(dimethylamino)ethyl) (methyl Jamino)-5-((4-(5-fluoro-1-methyl - 1H-indol -3-y1)-7,8-dihydro-5H-
thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)-4-methoxyphenyl ) pent-2-enamide (21€)

Light grayish solid. 47.2% yield, m.p: 273.8-278@*H NMR (400 MHz, DMSO¢j) § 9.76 (s, 1H, -CO-NH-), 8.75 (s,
1H, -NH-), 8.10 (s, 1H, indole-H), 8.07 (s, 1H, H}; 7.84 (d,J = 11.2 Hz, 1H, indole-H), 7.51(dd,= 8.5, 4.8 Hz, 1H,
indole-H), 7.07-7.03 (m, 1H, indole-H), 6.95 (d= 5.1 Hz, 1H, Ar-H), 6.77 (df = 13.2, 6.3 Hz, 1H, -CO-CH=CH-),
6.15 (s, 1H, -CO-CH=), 3.92 (s, 2H, -S-H 3.89(s, 3H, -OC}Hj, 3.82 (s, 3H, indole-C}, 3.09 (ddJ = 7.7, 4.2 Hz,
5H, -N-CH;, -S-CH-), 2.68 (s, 4H, -CH, -S-CH-CH,-), 2.35 (s, 6H, N-(CH),), 2.14 (gq,J = 6.3 Hz, 4H, -CHCHj,
-N-CH3z-CH,-), 1.01 (t,J = 7.3 Hz, 3H, -CHCH,). ®C NMR (400 MHz, DMSOd;) J 165.14, 161.95, 158.27, 157.20,
155.42, 147.84, 147.07, 139.73, 135.03, 133.35,142827.25, 126.91, 120.58, 115.09, 113.65, 112.00.80, 109.40,

108.13, 97.79, 57.85, 56.15, 51.77, 45.74, 45.84773 32.73, 32.17, 30.69, 28.09, 22.95, 12.08.

4.1.1.6. (2)-N-(2-((2-(dimethylamino)ethyl)(methyl)amino)-5-((4-(5-fluoro-1-methyl - 1H-indol -3-y1)-7,8-dihydro-
5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)-4-methoxyphenyl)-4-methyl pent-2-enamide (21f)
Light grayish solid. 51.8% yield, m.p: 278.4-279@ 'H NMR (400 MHz, DMSO#dg) § 9.87 (s, 1H, -CO-NH-), 8.76 (s,

1H, -NH-), 8.07 (s, 1H, indole-H), 8.03 (s, 1H, AJ; 7.79 (d,J = 11.0 Hz, 1H, indole-H), 7.48 (dd= 8.9, 4.6 Hz, 1H



indole-H), 7.04 (dJ = 8.7 Hz, 1H, indole-H), 6.99 (s, 1H, Ar-H), 6.7@, J = 15.1, 6.4 Hz, 1H, -CO-CH=), 5.99 (@@=
16.1 Hz, 1H, -CO-CH=CH-), 3.90 (s, 2H, -S-€H 3.87 (s, 3H, -OCH), 3.81 (s, 3H, indole-Cj, 3.05-2.97 (m, 4H,
-N-CHg-CH,-, -S-CH-), 2.89 (s, 2H, -S-CHCH,"), 2.68 (s, 3H, -N-Ck), 2.45 (s, 2H, -Cht), 2.28 (s, 6H, N-(Ch),),
2.18 (t,J = 7.5 Hz, 1H, CH-(CH),), 1.05 (d,J = 6.8 Hz, 6H, CH-(Ch),). *°C NMR (400 MHz, DMSQd) 5 164.50,
161.95, 158.25, 157.20, 155.46, 147.07, 146.71,553435.04, 133.25, 128.15, 127.25, 126.84, 121.98.07, 113.65,
112.02, 111.76, 109.36, 108.36, 97.79, 57.79, 56285, 45.74, 45.71, 38.72, 33.04, 32.19, 3130538, 27.97, 21.52,

21.18.

41.1.7. (2)-N-(2-((2-(dimethylamino)ethyl)(methyl)amino)-5-((4-(5-fluoro-1-methyl - 1H-indol -3-y1)-7,8-dihydro-
5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)-4-methoxyphenyl )hex-2-enamide (219)

Light grayish solid. 50.4% yield, m.p: 279.6-2822 'H NMR (400 MHz, DMSQ¢) 6 9.78 (s, 1H, -CO-NH-), 8.72 (s,
1H, -NH-), 8.07 (s, 1H, indole-H), 8.03 (s, 1H, Aj; 7.80 (d,J = 10.7 Hz, 1H, indole-H), 7.48 (dd= 8.9, 4.6 Hz, 1H,
indole-H), 7.07-7.01 (m, 1H, indole-H), 6.99 @= 5.5 Hz, 1H, -CO-CH=CH-), 6.71 (df = 14.7, 6.8 Hz, 1H,
-CO-CH=), 6.12 (s, 1H, Ar-H), 3.90 (s, 2H, -S-€H 3.87 (s, 3H, -OC}H}, 3.81 (s, 3H, indole-C¥, 3.00 (ddJ = 7.8,
4.4 Hz, 5H, -S-Cht, -N-CHg), 2.66 (s, 4H, -S-CHCH,-, -N-CH;-CH,-), 2.33 (s, 6H, N-(Ch),), 2.18 (qJ = 6.5 Hz, 4H,
-CH,-CH,-CHg, -CH,-), 1.46 (d,J = 7.3 Hz, 2H, -CH-CHjy), 0.91 (t,J = 7.3 Hz, 3H, -CHCHs). TOF MS ES+ (m/z): (M

+ H)", calcd for GgH3FN,O,: 632.3183, found, 632.3195.

4.1.2. General procedure for the synthesis of 22a-g
The synthetic methods of compoung®a-g are similarly to21la-g The difference is that we need to replace the

5-fluoroindole with indole and the rest of the dyagis conditions are the same.

41.2.1. N-(2-((2-(dimethylamino)ethyl)(methyl )amino)-4-methoxy-5-((4-(1-methyl-1H-indol-3-y1)-7,8-dihydro-5H-t
hiopyrano[ 4,3-d] pyrimidin-2-yl)amino)phenyl)acrylamide (22a)

Light yellow solid. 51.2% yield, m.p: 256.8-258(@.8H NMR (400 MHz, DMSO#dg) 6 9.90 (s, 1H, -CO-NH-), 9.20 (s,
1H, -NH-), 8.40 (s, 1H, indole-H), 8.34 (s, 1H, ate-H), 8.03 (s, 1H, indole-H), 7.51 (@= 6.8 Hz, 1H, Ar-H), 7.23 (t,
J = 7.0 Hz, 2H, indole-H), 7.09 (§,= 8.0 Hz, 1H, Ar-H), 7.00 (s, 1H, -CH=GH 6.18 (d,J = 17.1 Hz, 1H, -CH=C}),
5.66 (d,J = 10.9 Hz, 1H, -CH=-C}), 3.97 (s, 2H, -S-CH), 3.89 (s, 3H, -OC}}, 3.83 (s, 3H, indole-C}}, 3.33 (s, 2H,
-N-CHz-CH,-), 3.13 (s, 2H, -S-CH), 3.00 (s, 2H, -S-CHCH,"), 2.71 (d,J = 14.2 Hz, 8H, -Cht, N-(CHy),), 2.63 (s, 3H,
-N-CHs). **C NMR (400 MHz, DMSOdg) 6 164.73, 161.95, 157.20, 154.43, 147.80, 139.76,388 132.41, 128.24,
127.84, 127.18, 127.16, 126.03, 122.99, 121.92,0820115.66, 113.62, 110.18, 109.38, 97.81, 575B115, 52.20,

45.78, 45.74, 38.72, 32.73, 32.34, 30.63, 28.02.

41.2.2. 2-chloro-N-(2-((2-(dimethylamino)ethyl ) (methyl)amino)-4-methoxy-5-((4-(1-methyl-1H-indol-3-y1)-7,8-



dihydro-5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)phenyl)acrylamide (22b)

Light yellow solid. 52.4% yield, m.p: 258.6-2590.%H NMR (400 MHz, DMSO#ds) 6 9.80 (s, 1H, -CO-NH-), 8.67 (s,
1H, -NH-), 8.10-8.05 (m, 2H, indole-H), 7.51 (ts 8.1 Hz, 1H, indole-H), 7.22 (s, 1H, Ar-H), 7.4d, J = 9.2 Hz, 2H,
indole-H), 7.04 (s, 1H, Ar-H), 6.52 (s, 1H, -C=¢)H6.08 (s, 1H, -C=C}J, 3.94 (s, 2H, -S-CH), 3.90 (s, 3H, -OC¥j,
3.88 (s, 3H, indole-CH), 3.17 (s, 2H, -N-CKCH,-), 3.07 (s, 2H, -S-CH), 3.02-3.00 (m, 2H, -S-GHCH,-), 2.77 (s,
6H, N-(CHy),), 2.73 (s, 2H, -Cht), 2.63 (s, 3H, -N-Ch). *C NMR (400 MHz, DMSOdg) § 164.07, 161.95, 157.20,
154.38, 147.90, 139.48, 136.64, 135.86, 132.49.5827127.29, 126.03, 122.84, 122.42, 121.98, 12018.66, 113.64,
110.18, 108.51, 97.66, 57.79, 56.15, 52.15, 4518672, 38.75, 32.73, 32.31, 30.64, 28.02. TOF M$ HB/z): (M +

H)*, calcd for GgH3,FN,O,: 606.2418, found, 606.2411.

41.23. (2)-N-(2-((2-(dimethylamino)ethyl) (methyl Jamino)-4-methoxy-5-((4-(1-methyl- 1H-indol -3-y1)- 7,8-dihydro-
5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)phenyl)but-2-enamide (22c)

Light yellow solid. 47.9% yield, m.p: 257.2-2593.°H NMR (400 MHz, DMSOd;) § 10.22 (s, 1H, -CO-NH-), 9.11 (s,
1H, -NH-), 8.11 (dJ = 8.0 Hz, 1H, indole-H), 7.85 (dd,= 8.2, 4.3 Hz, 1H, indole-H), 7.68 (d~= 8.4 Hz, 1H, Ar-H),
7.25 (t,J = 7.7 Hz, 1H, indole-H), 7.18 (s, 1H, indole-H)88 (s, 1H, indole-H), 6.47 (s, 1H, Ar-H), 6.09 (4,
-CO-CH), 3.87 (s, 3H, -OCHi 3.72 (s, 3H, indole-C}), 3.68 (s, 2H, -S-CH), 3.36 (s, 4H, -N-CHCH,-, -S-CH>-),
3.20 (d,J = 5.9 Hz, 2H, -S-CHCHj,-), 2.96 (s, 3H, -N-CH), 2.72 (s, 2H, -Cht), 2.65 (s, 6H, N-(Ch),), 2.34 (s, 3H,
-CH-(CHy),), 2.21 (s, 3H, -CH-(CH,). ®*C NMR (400 MHz, DMSOd;) ¢ 166.15, 161.95, 157.20, 154.43, 153.52,
147.80, 139.74, 136.52, 132.51, 128.56, 127.17,0826.22.49, 121.89, 120.03, 115.71, 115.39, 113.64.13, 109.38,

97.79, 57.79, 56.15, 52.15, 45.74, 45.71, 38.75,3382.34, 30.63, 28.02, 25.32, 20.76.

4.1.24. N-(2-((2-(dimethylamino)ethyl ) (methyl)amino)-4-methoxy-5-((4-(1-methyl-1H-indol-3-yl)-7,8-dihydro-
5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)phenyl)-3-methyl but-2-enamide (22d)

Light yellow solid. 47.3% yield, m.p: 256.7-258@.°H NMR (400 MHz, DMSO#dg) § 10.23 (s, 1H, -CO-NH-), 9.85 (s,
1H, -NH-), 8.67 (s, 1H, indole-H), 8.08 (@= 8.0 Hz, 1H, indole-H), 8.03 (s, 1H, Ar-H), 7.6&,J = 8.0, 4.7 Hz, 1H,
indole-H), 7.51 (d,) = 8.1 Hz, 1H, indole-H), 7.22 (8,= 7.7 Hz, 1H, indole-H), 7.13 @= 7.7 Hz, 1H, =CH-C}), 6.92
(s, 1H, Ar-H), 6.78 (dJ = 5.9 Hz, 1H, -CO-CH=), 3.95 (s, 2H, -S-6H 3.90 (s, 3H, -OCH), 3.88 (s, 3H, indole-C#),
3.35 (s, 4H, -N-CHCH,-, -S-CH>), 3.13 (d,J = 6.8 Hz, 3H, -N-CH), 3.02 (d,J = 6.3 Hz, 2H, -S-CKHCH,-), 2.75 (s,
6H, N-(CHy),), 2.72 (s, 2H, -Ch), 2.66 (s, 3H, -CH-CE.TOF MS ES+ (m/z): (M + H) calcd for GgHaFN,Oy:

600.3121, found, 600.3231.

4125 (2)-N-(2-((2-(dimethylamino)ethyl) (methyl Jamino)-4-methoxy-5-((4-(1-methyl-1H-indol-3-y1)-7,8-dihydro-

5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)phenyl)pent-2-enamide (22€)



Light yellow solid. 49.1% yield, m.p: 261.3-1263@."H NMR (400 MHz, DMSOdj) 6 10.55 (s, 1H, -CO-NH-), 9.59
(s, 1H, -NH-), 8.64 (s, 1H, indole-H), 8.06 (t+ 8.0 Hz, 1H, indole-H), 8.02 (s, 1H, Ar-H), 7.64d,J = 8.0, 4.7 Hz, 1H,
indole-H), 7.48 (dJ = 8.3 Hz, 1H, indole-H), 7.19 @ = 7.6 Hz, 1H, indole-H), 7.09 {d,= 7.5 Hz, 1H, =CH-CKCHs),
6.92 (s, 1H, Ar-H), 6.78 (d) = 5.4 Hz, 1H, -CO-CH=), 3.91 (s, 2H, -S-@H 3.87 (s, 3H, -OCH), 3.85 (s, 3H,
indole-CHy), 3.25 (s, 2H, -N-CKCH,-), 3.01 (dd,J = 12.8, 5.3 Hz, 4H, -S-CH -S-CH-CH,-), 2.74 (s, 2H, -Ch),
2.71 (s, 6H, N-(CH),), 2.57 (s, 3H, -N-CH), 2.20 (pJ = 6.7 Hz, 2H, -CHCH), 1.05 (t,J = 7.4 Hz, 3H, -CHCH,). “*C
NMR (400 MHz, DMSOd,) 6 165.06, 161.95, 157.20, 154.38, 147.80, 147.79,783 136.47, 132.45, 128.40, 127.17,
126.09, 122.36, 121.89, 120.54, 119.60, 115.82,6#1310.13, 109.38, 97.64, 57.79, 56.15, 52.20H645.37, 38.72,
32.73, 32.35, 30.63, 27.97, 22.96, 12.22. TOF MS E8/z): (M + HY, calcd for GgHs,FN;O,: 600.3121, found,

600.3120.

4126 (2)-N-(2-((2-(dimethylamino)ethyl) (methyl Jamino)-4-methoxy-5-((4-(1-methyl-1H-indol -3-y1)-7,8-dihydro-
5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)phenyl)-4-methyl pent-2-enamide (22f)

Light yellow solid. 42.9% yield, m.p: 260.8-262@.°H NMR (400 MHz, DMSO#dg) § 10.32 (s, 1H, -CO-NH-), 9.21 (s,
1H, -NH-), 8.08 (d,) = 8.0 Hz, 1H, indole-H), 7.81 (dd,= 8.0, 4.7 Hz, 1H, indole-H), 7.61 (d= 8.3 Hz, 1H, Ar-H),
7.21 (t,J = 7.6 Hz, 1H, indole-H), 7.13 (s, 1H, indole-H)98 (s, 1H, indole-H), 6.51 (s, 1H, Ar-H), 6.21 (&, 5.4Hz,
2H, -CO-CH=CH-), 3.97 (s, 3H, -OGH 3.80 (s, 3H, indole-C§), 3.78 (s, 2H, -S-CH), 3.40 (s, 4H, -N-CHCH,-,
-S-CHy-), 3.22 (dJ = 5.9 Hz, 2H, -S-CHCH,-), 3.02 (s, 3H, -N-Ch), 2.75 (s, 6H, N-(Ch)), 2.72 (s, 2H, -CH), 2.68
(s, 1H, -CH-(CH),), 1.03 (s, 3H, -CH-(CH),), 1.01 (s, 3H, -CH-(CH,). ®C NMR (400 MHz, DMSOde) & 164.50,
161.95, 157.20, 154.38, 147.80, 146.75, 139.54,3r34.32.51, 128.14, 127.25, 126.09, 122.81, 121198.34, 119.86,
115.72, 113.64, 110.13, 109.40, 97.85, 57.79, 5&220, 45.92, 45.35, 38.61, 32.73, 32.01, 3130048, 28.02, 21.52,

21.06.

4127 (2)-N-(2-((2-(dimethylamino)ethyl) (methyl Jamino)-4-methoxy-5-((4-(1-methyl-1H-indol -3-y1)-7,8-dihydro-
5H-thiopyrano[ 4,3-d] pyrimidin-2-ylJamino)phenyl )hex-2-enamide (229)

Light yellow solid. 43.6% yield, m.p: 263.4-265@.%H NMR (400 MHz, DMSOds) 6 9.84 (s, 1H, -CO-NH-), 8.89 (s,
1H, -NH-), 8.04 (dJ = 8.1 Hz, 1H, indole-H), 7.99 (s, 1H, indole-H)8Z (s, 1H, Ar-H), 7.47 (d, J = 8.2 Hz, 1H,
indole-H), 7.18 (tJ = 7.6 Hz, 1H, indole-H), 7.04 @,= 7.7 Hz, 1H, indole-H), 6.98 (s, 1H, Ar-H), 6.7#,J = 14.7, 6.9
Hz, 1H, -CO-CH=), 6.07 (d] = 15.2 Hz, 1H, -CO-CH=CH-), 3.90 (s, 2H, -S-EH 3.87 (s, 3H, -OC}}, 3.82 (s, 3H,
indole-CH), 3.06—2.97 (m, 4H, -N-CHCH,-, -S-CH>-), 2.90 (s, 2H, -S-CHCH,-), 2.67 (s, 3H, -N-Ch), 2.42 (s, 2H,
-CHy-), 2.32-2.13 (m, 8H, N-(Ch, -CH,-CH,-CH®), 1.47 (dt, J 14.6, 7.3 Hz, 2H, -CHCH,-CH), 0.92 (t,J = 7.3 Hz,

3H, -CH,-CH,-CHs). TOF MS ES+ (m/z): (M + H) calcd for GgHzFN;O,: 614.3277, found, 614.3276.



4.1.3. General procedure for the synthesis of 23a-g
The synthetic methods of compoun@8a-g are similarly to22a-g The difference is that we need to replace the

intermediatel 3b with intermediatel4aand the rest of the synthesis conditions aredhees

4131 N-(2-((2-(dimethylamino)ethyl)(methyl)amino)-4-methoxy-5-((4-(1-methyl-1H-indol-3-y1)-6,6-dioxido-7,8-
dihydro-5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)phenyl)acrylamide (23a)

Light yellow solid. 38.9% yield, m.p: 238.7-2402.¥H NMR (400 MHz, DMSOdg) ¢ 9.93 (s, 1H, -CO-NH-), 8.70 (s,
1H, -NH-), 8.19 (s, 1H, indole-H), 8.05 (d,= 8.2 Hz, 1H, indole-H), 7.96 (s, 1H, Ar-H), 7.48, J = 8.3 Hz, 1H,
indole-H), 7.20 (tJ = 7.6 Hz, 1H, indole-H), 7.06 (1 = 7.6 Hz, 1H, indole-H), 6.99 (s, 1H, Ar-H), 6.68, 1H,
-CH=CH,), 6.22 (d,J = 16.8 Hz, 1H, -CH=C}}, 5.72 (d,J = 10.4 Hz, 1H, -CH=C}J, 4.48 (s, 2H, -S®CH,-), 3.87 (s,
3H, -OCH), 3.83 (s, 3H, indole-C#), 3.58 (t,J = 7.0 Hz, 2H, -N-CHCH,-), 3.29 (t,J = 7.6 Hz, 4H, -S@CH,-CH,-),
3.06 (d,J = 13.8 Hz, 2H, -CH), 2.65 (s, 3H, -N-Ch), 2.42 (s, 6H, N-(Ch),). TOF MS ES+ (m/z): (M + H) calcd for

CogHaFN,O,: 604.2706, found, 604.2710.

4.1.32. 2-chloro-N-(2-((2-(dimethylami no)ethyl ) (methyl )amino)-4-methoxy-5-((4-(1-methyl-1H-indol -3-y1)-6,6-
dioxido-7,8-dihydro-5H-thiopyrano] 4,3-d] pyrimidin-2-yl)amino)phenyl)acrylamide (23b)

Light yellow solid. 39.7% yield, m.p: 239.8-241@.*H NMR (400 MHz, DMSO#dg) ¢ 9.87 (s, 1H, -CO-NH-), 8.69 (s,
1H, -NH-), 8.14 (s, 1H, indole-H), 8.07 (d,= 8.1 Hz, 1H, indole-H), 7.96 (s, 1H, Ar-H), 7.%0, J = 8.1 Hz, 1H,
indole-H), 7.22 (tJ = 7.5 Hz, 1H, indole-H), 7.11 @,= 7.5 Hz, 1H, indole-H), 7.06 (s, 1H, Ar-H), 6.63 1H, -C=CH),
6.07 (s, 1H, -C=CH), 4.50 (s, 2H, -S®CH,-), 3.89 (d,J = 2.7 Hz, 6H, -OCHl indole-CH), 3.60 (t,J = 6.8 Hz, 2H,
-N-CHz-CH,-), 3.32 (d,J = 6.3 Hz, 4H, -S@CH,-CH,-), 3.00 (s, 3H, -N-Ch), 2.63 (s, 6H, N-(Ch),), 2.53-2.50 (m, 2H,
-CHy). ®C NMR (400 MHz, DMSOdg) d 164.43, 159.93, 157.92, 155.05, 147.19, 139.48,608 135.53, 132.51,
127.59, 127.37, 126.03, 122.84, 122.53, 121.76,1120116.24, 110.13, 108.36, 104.97, 97.79, 575p915, 53.42,
52.20, 48.79, 45.74, 45.57, 38.75, 32.70, 29.64 M3 ES+ (m/z): (M + H), calcd for GgH3,FN,O,: 638.2316, found,

638.2325.

4.1.33. (2)-N-(2-((2-(dimethylamino)ethyl) (methyl Jamino)-4-methoxy-5-((4-(1-methyl - 1H-indol - 3-y1)-6,6-dioxido-
7,8-dihydro-5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)phenyl)but-2-enamide (23c)

Light yellow solid. 36.9% yield, m.p: 234.5-2360.9H NMR (400 MHz, DMSO#dg) 6 9.69 (s, 1H, -CO-NH-), 8.59 (s,
1H, -NH-), 8.16 (s, 1H, indole-H), 8.11 (d,= 8.0 Hz, 1H, indole-H), 7.93 (s, 1H, Ar-H), 7.%d, J = 8.3 Hz, 1H,
indole-H), 7.19 (tJ = 7.7 Hz, 1H, indole-H), 7.07(#,= 7.5 Hz, 1H, indole-H), 6.97 (s, 1H, Ar-H), 6.7#&, J = 14.6, 6.7
Hz, 1H, -CO-CH=), 4.51 (s, 2H, -S@H,), 3.86 (s, 3H, -OCH}, 3.88 (s, 3H, indole-C}), 3.73 (t,J = 6.7 Hz, 3H,

-N-CHy), 3.30 (t,J = 7.6 Hz, 2H, -N-CH-CH,-), 3.22-3.02 (m, 4H, -SECH,-CH,-), 2.72 (s, 6H, N-(CHJ,), 2.64 (dJ =



13.8 Hz, 2H, -Ch¥), 2.54 (s, 3H, =C(CH},), 2.31 (s, 3H, =C(CH},). °C NMR (400 MHz, DMSOdy) J 166.22, 159.93,
157.92, 155.05, 153.52, 147.07, 139.57, 136.55,513428.21, 127.25, 126.03, 122.71, 122.05, 120.08.27, 115.31,

110.05, 109.36, 104.97, 97.85, 57.74, 56.15, 55220, 48.79, 45.74, 45.71, 38.72, 32.73, 29.6488, 20.76.

4.1.34. N-(2-((2-(dimethylamino)ethyl)(methyl)amino)-4-methoxy-5-((4-(1-methyl-1H-indol-3-y1)-6,6-dioxido-7,8-
dihydro-5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)phenyl)-3-methyl but-2-enamide (23d)

Light yellow solid. 40.2% yield, m.p: 235.9-2372.9H NMR (400 MHz, DMSO#dg) ¢ 9.63 (s, 1H, -CO-NH-), 8.58 (s,
1H, -NH-), 8.17 (s, 1H, indole-H), 8.03 (d,= 8.0 Hz, 1H, indole-H), 7.93 (s, 1H, Ar-H), 7.4@, J = 8.3 Hz, 1H,
indole-H), 7.18 (tJ = 7.7 Hz, 1H, indole-H), 7.05 {,= 7.5 Hz, 1H, indole-H), 6.93 (s, 1H, Ar-H), 6.{@t,J = 14.6, 6.7
Hz, 2H, -CO-CH=CH-), 4.46 (s, 2H, -$@H,-), 3.86 (s, 3H, -OC}H}, 3.81 (s, 3H, indole-C§), 3.57 (t,J = 6.7 Hz, 2H,
-N-CHz-CH,-), 3.28 (d,J = 6.5 Hz, 4H, -S@CH,-CH,-), 3.22-3.02 (m, 3H, -N-C§}, 2.59 (s, 8H, N-(CH),, -CH,-),

1.84 (d,J = 6.0 Hz, 3H, =CH-CH). TOF MS ES+ (m/z): (M + H) calcd for GgHg,FN,0,: 632.3019, found, 632.3026.

4.1.35. (2)-N-(2-((2-(dimethylamino)ethyl) (methyl Jamino)-4-methoxy-5-((4-(1-methyl-1H-indol -3-y1)-6,6-di oxido-
7,8-dihydro-5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)phenyl)pent-2-enamide (23€)

Light yellow solid. 33.5% yield, m.p: 237.6-239@.%H NMR (400 MHz, DMSO#ds) 6 9.56 (s, 1H, -CO-NH-), 8.53 (s,
1H, -NH-), 8.16 (s, 1H, indole-H), 8.06 (d,= 7.8 Hz, 1H, indole-H), 7.95 (s, 1H, Ar-H), 7.%0, J = 7.8 Hz, 1H,
indole-H), 7.23-7.17 (m, 1H, indole-H), 7.12—7.0%, (LH, indole-H), 6.94 (s, 1H, Ar-H), 6.87-6.75 (b, -CO-CH=),
6.67 (s, 1H, -CO-CH=CH-), 4.49 (s, 2H, -SOH,-), 3.88 (s, 3H, -OCH), 3.85 (s, 3H, indole-C§), 3.62—3.55 (m, 2H,
-N-CH;-CH,-), 3.31-3.23 (m, 4H, -SECH,-CH,-), 2.71 (s, 6H, N-(Ch),), 2.58 (s, 3H, -N-Ch), 2.26-2.14 (m, 2H,
-CHy), 1.30 (s, 2H, -CRHCHg), 1.06 (t,J = 7.1 Hz, 3H, -Ck-CHs). *C NMR (400 MHz, DMSOdg) 6 165.14, 159.93,
157.92, 155.00, 147.84, 147.07, 139.57, 136.49,5132428.14, 127.25, 126.03, 122.71, 122.05, 120.88.03, 116.27,

110.13, 109.36, 104.97, 97.85, 57.79, 56.15, 55220, 48.79, 45.74, 45.31, 38.75, 32.70, 29.84& 12.29.

4.1.3.6. (2)-N-(2-((2-(dimethylamino)ethyl) (methyl Jamino)-4-methoxy-5-((4-(1-methyl - 1H-indol - 3-y1)-6,6-dioxido-
7,8-dihydro-5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)phenyl )-4-methyl pent-2-enamide (23f)

Light yellow solid. 32.4% yield, m.p: 241.5-243@.H NMR (400 MHz, DMSO#dg) 6 10.08 (s, 1H, -CO-NH-), 9.31 (s,
1H, -NH-), 8.37 (d,J = 8.9 Hz, 1H, indole-H), 7.71 (d} = 10.9 Hz, 1H, indole-H), 7.55 (dd,= 8.2, 4.7 Hz, 1H
indole-H), 7.44-7.32 (m, 1H, indole-H), 7.08 (s,, &t-H), 6.95 (s, 1H, indole-H), 6.53 (s, 1H Ar-H,39-6.20 (ddJ =
15.2, 6.2 Hz, 2H, -CO-CH=CH-), 4.49 (s, 2H, -SCH,-), 3.88 (s, 3H, -OC}}, 3.82 (s, 3H, indole-C), 3.60 (t,J= 6.6
Hz, 3H, -N-CH), 3.31 (d,J = 5.3Hz, 6H, -S@CH,-CH,-, -N-CH;-CH,-), 2.72 (s, 6H, N-(Ch),), 2.61 (s, 3H, -CH,
-CH-(CH,),), 1.01 (d,J = 6.3 Hz, 6H, -CH-(Ch),). "°C NMR (400 MHz, DMSOds) 6 164.97, 161.93, 158.92, 154.97,

147.07, 146.74, 139.57, 136.60, 132.51, 128.09,2627126.09, 122.73, 122.04, 121.87, 120.08, 114.248.13, 109.36,



104.97, 97.80, 57.79, 56.15, 53.39, 52.20, 48.3%4 45.48, 38.72, 32.73, 31.12, 29.61, 21.5421.

4.1.37. (2)-N-(2-((2-(dimethylamino)ethyl) (methyl Jamino)-4-methoxy-5-((4-(1-methyl - 1H-indol - 3-y1)-6,6-dioxido-
7,8-dihydro-5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)phenyl )hex-2-enamide (23g)

Light yellow solid. 34.5% yield, m.p: 243.2-245@.%H NMR (400 MHz, DMSOdg) ¢ 9.62 (s, 1H, -CO-NH-), 8.58 (s,
1H, -NH-), 8.16 (s, 1H, indole-H), 8.05 (d,= 8.0 Hz, 1H, indole-H), 7.95 (s, 1H, Ar-H), 7.48, J = 8.0 Hz, 1H,
indole-H), 7.19 (tJ = 7.5 Hz, 1H, indole-H), 7.08 (1 = 7.5 Hz, 1H, indole-H), 6.93 (s, 1H, Ar-H), 6.15, 2H,
-CO-CH=CH-), 4.48 (s, 2H, -SECH,-), 3.87 (s, 3H, -OC}}, 3.83 (s, 3H, indole-C§), 3.58 (t,J = 6.6 Hz, 2H,
-N-CHz-CH,-), 3.28 (t,J = 6.5 Hz, 2H, -S@CH,-), 3.26-3.16 (m, 2H, -SECH,-CH,-), 2.65 (s, 6H, N-(Chk),), 2.58 (s,
3H, -N-CH), 2.16 (q,J = 6.5 Hz, 2H, -CH), 1.47 (h,J = 6.3, 5.9 Hz, 2H, -CHCH,-CHy), 1.24 (d,J = 8.9 Hz, 2H,
-CH,-CH,-CHy), 0.92 (t,J = 7.2 Hz, 3H, -CH+CH,-CHs). *C NMR (400 MHz, DMSOde) § 163.87, 162.00, 161.50,
158.83, 147.87, 143.34, 139.51, 136.70, 133.42482826.07, 125.43, 124.43, 122.11, 121.99, 120.864.14, 110.55,
109.96, 108.97, 104.54, 56.02, 50.54, 46.69, 424824, 33.39, 32.90, 32.14, 31.13, 29.83, 28.9512 13.61. TOF

MS ES+ (m/z): (M + H), calcd for GgH3,FN;O,: 646.3175, found, 646.3196.

4.1.4. General procedure for the synthesis of 24a-g
The synthetic methods of compourzi&sa-gare similarly to23a-g. The difference is that we need to replace thelendo

with 5-fluroindole and the rest of the synthesiaditions are the same.

4.1.4.1. N-(2-((2-(dimethylamino)ethyl) (methyl)amino)-5-((4- (5-fluoro- 1-methyl-1H-indol-3-yl)-6,6-di oxido-7,8-
dihydro-5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)-4-methoxyphenyl)acrylamide (24a)

Light yellow solid. 35.8% yield, m.p: 254.4-256@.%H NMR (400 MHz, DMSOds) 6 9.74 (s, 1H, -CO-NH-), 9.13 (s,
1H, -NH-), 8.39 (s, 1H, indole-H), 8.24 (d= 4.0 Hz, 1H, indole-H), 7.76 (s, 1H, Ar-H), 7.&&, J = 8.9, 4.4 Hz, 1H,
indole-H), 7.42-7.33 (m, 1H, Ar-H), 7.08 (&= 9.0, 4.1 Hz, 1H, indole-H), 6.99 (@= 7.6 Hz, 1H, -CH=C}), 6.15 (d,
J=16.1 Hz, 1H, -CH=C}), 5.64 (d,J = 9.2 Hz, 1H, -CH=CBh), 4.56 (s, 2H, -S©CH,-), 3.89 (s, 3H, -OCH}, 3.81 (s,
3H, indole-CH), 3.62 (d,J = 6.6 Hz, 3H, -N-CH), 3.38 (d,J = 6.5 Hz, 2H, -S@CH,-), 3.32 (s, 4H, -S@CH,-CH,-,
-N-CH3-CH,-), 2.71 (d,J = 4.5 Hz, 6H, N-(Ch),), 2.60 (s, 2H, -CH). °C NMR (400 MHz, DMSOdg) 6 164.82,
159.93, 159.00, 157.92, 155.15, 147.07, 139.74,00133.33.39, 127.96, 127.84, 127.25, 127.16, 126.83.96, 111.88,
111.80, 109.40, 108.13, 104.98, 97.85, 57.71, 5&3%2, 52.20, 48.79, 45.74, 45.71, 38.75, 329%H4. TOF MS ES+

(m/z): (M + HY', calcd for GgH3,FN;O,: 622.2612, found, 622.2615.

4.1.4.2. 2-chloro-N-(2-((2-(dimethylamino)ethyl ) (methyl)amino)-5-((4-(5-fluoro-1-methyl-1H-indol-3-yl)-6,6-di oxido-
7,8-dihydro-5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)-4-methoxyphenyl)acrylamide (24b)

Light yellow solid. 32.9% yield, m.p: 259.8-261@.°H NMR (400 MHz, DMSO#dg) § 10.02 (s, 1H, -CO-NH-), 9.32 (s,



1H, -NH-), 8.41 (s, 1H, indole-H), 8.31 (@= 3.9 Hz, 1H, indole-H), 7.82(s, 1H, Ar-H), 7.6d,(J = 8.8, 4.2 Hz, 1H,
indole-H), 7.44-7.35 (m, 1H, Ar-H), 7.08 (&= 9.3, 4.0 Hz, 1H, indole-H), 6.99 (@z= 7.8 Hz, 1H, -C=Ch), 5.79 (dJ

= 8.8 Hz, 1H, -C=Ch), 4.59 (s, 2H, -SOCH,-), 3.91 (s, 3H, -OCH}, 3.83 (s, 3H, indole-C#), 3.64 (d,J = 6.2 Hz, 3H,
-N-CHg), 3.41 (d,J = 6.8 Hz, 2H, -S@CH,-), 3.36 (S, 4H, -S@CH,-CH,-, -N-CH,-CH,-), 2.75 (d,J = 4.5 Hz, 6H,

N-(CHa),), 2.61 (s, 2H, -Cht). TOF MS ES+ (m/z): (M + H) calcd for GgHa,FN,O,: 656.2222, found, 656.2238.

4.1.43. (2)-N-(2-((2-(dimethylamino)ethyl)(methyl)Jamino)-5-((4-(5-fluoro-1-methyl - 1H-indol -3-y1)-6,6-dioxido-
7,8-dihydro-5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)-4-methoxyphenyl ) but-2-enamide (24c)

Light yellow solid. 35.6% yield, m.p: 257.9-259@.9H NMR (400 MHz, DMSOdg) ¢ 9.83 (s, 1H, -CO-NH-), 8.89 (s,
1H, -NH-), 8.08 (dJ = 7.8 Hz, 1H, indole-H), 7.93 (d,= 8.3 Hz, 1H, indole-H), 7.86 (d,= 8.5 Hz, 1H, indole-H),
7.18 (s, 1H, Ar-H), 7.09(s, 1H, indole-H), 6.79 1#1, Ar-H), 6.08 (s, 1H, -CO-CH=), 4.56 (s, 2H, -SCH,-), 3.91 (s,
3H, -OCH), 3.87 (s, 3H, indole-C#)l, 3.77 (t,J = 6.9 Hz, 3H, -N-CH), 3.33 (t,J = 7.1 Hz, 2H, -S@CH,-), 3.25-3.08
(m, 4H, -SQ-CH,-CH,-, -N-CHs-CH,-), 2.74 (s, 6H, N-(Ch)»), 2.63 (d,J = 13.1 Hz, 2H, -Ckt), 2.52 (s, 3H, =C(CH},
2.28 (s, 3H, =C(CH)). °C NMR (400 MHz, DMSOdy) ¢ 166.31, 159.93, 159.28, 157.92, 155.12, 153.61,0747
139.57, 135.04, 133.32, 128.21, 127.25, 126.84,901815.25, 111.97, 111.80, 109.36, 107.89, 100989, 57.79,

56.15, 53.39, 52.15, 48.71, 45.74, 45.71, 38.75,68329.61, 25.38, 20.76.

4.1.4.4, N-(2-((2-(dimethylamino)ethyl) (methyl)amino)-5-((4- (5-fluoro- 1-methyl-1H-indol-3-yl)-6,6-di oxido-7,8-
dihydro-5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)-4-methoxyphenyl)-3-methyl but-2-enamide (24d)

Light yellow solid. 33.9% yield, m.p: 258.1-260@.%H NMR (400 MHz, DMSO#ds) 6 9.86 (s, 1H, -CO-NH-), 8.48 (s,
1H, -NH-), 8.12 (s, 1H, indole-H), 7.83 (@= 9.9 Hz, 1H, indole-H), 7.59 (d,= 5.8Hz, 1H, indole-H), 7.49-7.34 (m,
1H, Ar-H), 7.30 (dJ = 8.4 Hz, 1H, indole-H), 7.12 (,= 9.2 Hz, 1H, =CH-CH), 7.03 (s, 1H, Ar-H), 6.83 (dl = 14.9
Hz, 1H, -CO-CH=), 4.51 (s, 2H, -S@H,-), 3.89(s, 3H, -OCH), 3.83 (s, 3H, indole-C¥), 3.63 (s, 2H, -N-CKCH,-),
3.36-3.24 (m, 4H, -SECH,-CH,-), 2.71 (s, 3H, -N-Ch), 2.60 (s, 2H, -Ch), 2.46 (s, 6H, N-(Ch),), 2.38 (s, 3H,
:CH-%).BC NMR (400 MHz, DMSOdg) ¢ 165.19, 159.93, 159.44, 157.92, 155.19, 147.07,014 139.57, 135.11,
133.39, 128.14, 127.25, 126.84, 121.26, 115.89,8811111.80, 109.36, 107.92, 104.98, 97.85, 5756115, 53.42,
52.15, 48.79, 45.74, 45.65, 38.75, 32.76, 29.5F96IOF MS ES+ (m/z): (M + H) calcd for GgH3,FN;O,: 650.2925,

found, 650.2931.

4.1.45. (2)-N-(2-((2-(dimethylami no)ethyl ) (methyl yamino)-5-((4-(5-fluoro-1-methyl - 1H-indol-3-y1)-6,6-dioxido-7,8-
dihydro-5H-thiopyrana[ 4,3-d] pyrimidin-2-yl)amino)-4-methoxyphenyl) pent-2-enamide (24€)
Light yellow solid. 36.3% vyield, m.p: 262.3.-2636.*H NMR (400 MHz, DMSOdg) § 9.49 (s, 1H, -CO-NH-), 8.39 (s,

1H, -NH-), 8.03 (s, 1H, indole-H), 7.79 @= 10.3 Hz, 1H, indole-H), 7.50 (d,= 5.6 Hz, 1H, indole-H), 7.42-7.32 (m,



1H, Ar-H), 7.26 (dJ = 8.5 Hz, 1H, indole-H), 7.05 (§,= 8.7 Hz, 1H, =CH-CH), 6.96 (s, 1H, Ar-H), 6.78 (d = 15.3
Hz, 1H, -CO-CH=), 4.48 (s, 2H, -S@H,-), 3.87 (s, 3H, -OCH}, 3.82 (s, 3H, indole-C§), 3.58 (s, 2H, -N-CHCH,-),

3.30-3.19 (M, 4H, -SECH,-CH,-), 2.67 (s, 3H, -N-CH), 2.59 (s, 2H, -Cht), 2.48 (s, 6H, N-(Ch),), 2.23-2.14 (m, 2H,
-CH,-CHg), 1.04 (t,J = 7.6 Hz, 3H, -CHCHjz). TOF MS ES+ (m/z): (M + H) calcd for GgH3,FN;O,: 650.2925, found,

650.2928.

4.1.4.6. (D)-N-(2-((2-(dimethylamino)ethyl) (methyl Jamino)-5-((4-(5-fluoro-1-methyl-1H-indol-3-y1)-6,6-dioxido-7,8-
dihydro-5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)-4-methoxyphenyl)-4-methyl pent-2-enamide (24f)

Light yellow solid. 35.4% yield, m.p: 263.8-265Q2.°H NMR (400 MHz, DMSO#dg) 6 10.12 (s, 1H, -CO-NH-), 9.42 (s,
1H, -NH-), 8.37 (s, 1H, indole-H), 8.02 (s, 1H, Aj; 7.79 (d,J = 10.6 Hz, 1H, indole-H), 7.50 (dd= 8.9, 4.6 Hz, 1H,
indole-H), 7.43-7.34 (m, 1H, indole-H), 7.07-7.04, LH, Ar-H), 6.95 (s, 1H, -CO-CH=), 6.73 (dtz 15.2, 6.2 Hz, 1H,
-CO-CH=CH), 4.48 (s, 2H, -SECH,-), 3.87 (s, 3H, -OC}j, 3.83 (s, 3H, indole-C¥), 3.58 (t,J = 6.6 Hz, 3H, -N-CH),
3.27 (d,J = 5.4 Hz, 6H, -N-CH-CH,-, -SO,-CH,-CH,-), 2.73 (s, 6H, N-(Ch),), 2.58 (s, 3H, -Cht, -CH-(CH),), 1.04 (d,
J = 6.7 Hz, 6H, -CH-(CH),). ®C NMR (400 MHz, DMSOde) ¢ 164.97, 160.28, 159.93, 157.92, 155.17, 147.06,744
139.55, 135.04, 133.32, 128.04, 127.25, 126.84,902115.90, 112.41, 111.82, 109.36, 107.77, 108981, 57.77,
56.15, 53.42, 52.15, 48.71, 45.74, 45.71, 38.756231.23, 29.60, 21.52, 21.46. TOF MS ES+ (n{i)+ H)", calcd

for CogHFN,O,: 664.3081, found, 664.3088.

4.1.4.6. (D)-N-(2-((2-(dimethylamino)ethyl) (methyl Jamino)-5-((4-(5-fluoro-1-methyl-1H-indol-3-y1)-6,6-dioxido-7,8-
dihydro-5H-thiopyrano[ 4,3-d] pyrimidin-2-yl)amino)-4-methoxyphenyl )hex-2-enamide (249)

Light yellow solid. 30.8% yield, m.p: 264.4-266®.¥H NMR (400 MHz, DMSOdg) ¢ 9.60 (s, 1H, -CO-NH-), 8.48 (s,
1H, -NH-), 8.37 (s, 1H, indole-H), 8.02 (s, 1H, Aj; 7.78 (dJ = 10.5 Hz, 1H, indole-H), 7.49 (dd= 8.9, 4.5 Hz, 1H,
indole-H), 7.43-7.32 (m, 1H, Ar-H), 7.04 (td= 9.0, 2.7 Hz, 1H, indole-H), 6.97 (s, 1H, -CO-GE+), 6.72 (dtJ =
14.5, 6.9 Hz, 1H, -CO-CH=), 4.48 (s, 2H, -SCH,-), 3.87 (s, 3H, -OC}}, 3.81 (s, 3H, indole-C}), 3.58 (t,J = 6.7 Hz,
3H, -N-CH), 3.28 (t,J = 6.7 Hz, 4H, N-CHCH,-, -SO-CHy-), 3.11 (s, 2H, -S@CH,-CH,-), 2.62 (s, 2H, -Cht), 2.54
(t, J = 10.4 Hz, 8H, N-(Ch),, -CH,-CH,-CHj), 1.48-1.43 (m, 2H, -CHCH,-CH3), 0.90 (t,J = 7.3 Hz, 3H,

-CH,-CH,-CHs). TOF MS ES+ (m/z): (M + H) calcd for GgH3,FN,O,: 664.3081, found, 664.3085.
4.2 Molecular docking study

The Sybyl 8.1 software packges (TRIPOS Associates, IUSA) were applied to carry out the moleculacking

simulation. All the docking approaches used ingkgeriment can be found in tAgipos bookshelf. The crystal structure

of EGFR-T790M (PDB code: 3IKA) used in the dockiwgre downloaded from the website http://www.rcsty.of he

protein preparation procedures implemented by usiagstructure Preparation Tool in Sybyl, mainlgluding fixing the



residues, removing hetero-atoms and water molecatiing hydrogen atoms and optimizing the whalecstire of the
reconstruction proteirgtc. The inhibitor 3 was first removed from the BGGF790M crystal structure. Then the target
compounds were put into the binding site. The surflock algorithm was used to calculate the engagyes between

the ligands and protein. Only the best-scoring dermpvas used for the further bingding site analy§tse Pymol 1.8x

(https://pymol.org). software was used to modfid anocess the final docking results.
4.3. 3D-QSARon Helacell line

4.3.1. Data set

In this research, in order to further investigde antiproliferative activity of target compoundgast Hela cells, the in
vitro antiproliferative activity data of Hela cellwere chose to construct the 3D-Quantitative StmectActivity
Relationship (3D-QSAR) model3able 4 listed the structures of all target compounds #edIG,values against Hela
cell. CoMFA and CoMSIA analysis were performed usingyl@lues for all target compounds against Hela c&len,

the 1Gyvalues were converted to pjvalues according to the following formula:

4.3.2. Sructure optimization

Construction of all target compounds, structurdirojzation, and 3D-QSAR modeling were all performed Sybyl 8.1
(Tripos Associates Inc.) softwarghe Tripos force field and conjugate gradient mdtiigere used to minimize the
structure of all target compounds. The target ahavgs set to the Gasteiger-hiicker charge. The ogewvee criterion
was 0.05 kcal/(mol-A), and the maximum optimizatfoequency was 10000. Subsequently, Compa2®g with the
highest plG, value was chosen as the template molecule, andskbketon N-(7,8-dihydro-5H-thiopyrano[4,3-d]

pyrimidin-2-yl) benzene-1,3-diamine was set asratignt template to carry out molecular superposition

4.3.3. CoMFA and CoMS A studies
3D-QSAR analyses of target compounds were perforomsgdg the Sybyl 8.1 software default settings.riStand
electrostatic fields energy (COMFA mode) were chaltd using a positively charged ‘S/bridization C atom with a
van der Waals force radius of 1.52 A as the prabengdefault probe atom in SybyiJhe interaction energy values
between C atom and target compounds were calculatechlculating the interaction energy values oatGm and
compounds according to the Lennard-Jones and Cdulootential energy functions with the thresholdueabf 30
KJ/mol.

According to the Lennard-Jones and Coulomb poteerti@rgy functions. The electrostatic field eneeqnd the

steric field energy around the target compound wdetermined. The threshold was set to 30 kcal/@oMSIA model



used Gaussian function as the main optimizatioaratgm. This method can minimize data fluctuatieasised by sharp
changes in the potential energy of the moleculdiasa.In addition, in order to compensate for the sharticmys of the
CoMFA model, the CoMSIA model also added hydrophdigild, donor and acceptor field.

Both CoMFA and CoMSIA models were used partial tespuares (PLS) regression analysis to performggner
analysis of various fieldsThe "Leave-One-Out" mode was used for cross-vatidaanalysis to obtain the optimal
principal component numbét and the cross-validation coefficieqft, which mainly reflect the prediction ability ofeh
current modelFinally, CoMFA and CoMSIA models of the target caupds were established and the corresponding
contour maps were display8d® The cross-validated coefficiegt (or r’) was evaluated as:

2_1- Z(ypred - Yexp)z
Z(Yexp - Y‘mean)2

The valves of %es Yexp Ymeanf€present the pligof the predicted, experimental, and mean valuspesively.
The standard error of estimate SE and the FislseéfRtealue were also derived to evaluate the ptiedigquality of the

models.
4.4 Invitro enzymatic activity assay

The mobility shift assay was applied to test thtvitg for the target compounds against EGFRand EGFR/%O™L8%8R
kinases. The kinase activity test was determineth whzyme-linked immunosorbent assay (ELISA). Tietalied

experimental operation can be found in our previessarcft.
4.5 Invitro antiproliferative activity assay

Hela, A549 and H1975 cell were obtained from th# Celtures Collection of Chinese Academy of Sciem¢Shanghai
Institutes for Biological Sciences, Chinese AcadeofySciences). All the cancer cells were treateth wiifferernt
concentrations of the target compounds, and thiared and propagated in 96-well plates for 72 le MTT assay was
used to tested the in vitro antiproliferative aitiéds of target compounds over Hela, A549 and H1&&t#cer cellsyith

the EGFR inhibitor AZD9291 as positive control. Tiesults expressed assiGhalf-maximal inhibitory concentration)
and all the IG, values were the averages of three determinationscalculated by using the Bacus Laboratories

Incorporated Slide Scanner (Bliss) software. Thalil experimental operation can be found in aevipus research
4.6 Céll cycle progression assay

A549 cells were seeded and incubated in a 6-watkpior 24 h. Next, the A549 cells were treatechWitl% dimethyl
sulfoxide (vehicle group)22b and23g for 24 hours, respectively. Cells were collected arepared as monolayer cell

suspensions. After fixation with 70% ice-cold etblafor 12 h, the fluorochrome Pl was added into mi@nolayer cell



suspensions and incubated for the specified tirhe.ONA contents were measured by FACS Calibur igtemeter (B.

D. Accuri C6, BD Biosciences, USA). The detaliegherimental operation can be found in our previmsearct.
4.7 Ceéll apoptosis assay

A549 cells were seeded and incubated in a 6-watkpior 24 h. Next, the A549 cells were treatechWitl% dimethyl
sulfoxide (vehicle group)22b and23g for 24 hours, respectively. Cells were collected arepared as monolayer cell
suspensions. Finally, the fluorochrome PI and AmimeéxFITC were added into the monolayer cell suspems and
incubated for the specified time.The results aredylzy FACS Calibur flow cytometer (B. D. Accuri 8D Biosciences,

USA) using Cell Quest software.
4.8 Western blot analysis

Hela cells were treated with positive control AZ[¥92or different concentration @83gfor 24 h. The whole cell proteins
were extracted by RIPA lysis buffer. The conceidrabf the cell lysates was measured by Bio-Radifiaia, USA)
BCA Pro-tein Quantitation Assay Kit (California, By The Equal amount of protein was subjected t8618DS
polyacrylamide gel electrophoresis and then trarsfieto PVDF membrane under ice bath conditionxtNbBe PVDF
membranes were incu-bated with different proteintaxfjet proteins (EGFR, p-EGFR, GAPDH). Finallypesure
development was carried out with film in a darkmodrhe density of the bands were analyzed by Inhadesoftware

(Molecular Dynamics, Sunnyvale, CA, USA), and tlexpressed as the percentage of the density of lfeDE band.
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compound 23g exhibited more than 125-fold selectivity againsBFER®***7"°M double mutations. Furthermore,
compound23g also inhibited A549 cells, Hela cells and H1978scproliferation at a low concentration, and ti&l
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Research Highlights

®  Four series of potent and selective EGFR-®¥XT*™M jnhibitors were designed and characterized.

® The sdectivity of 23g against wild-type EGFR was near to 125-fold.

® 20g aso inhibited A549 cells, Hela cells and H1975 cells proliferation at a low concentration, and the 1Cs, values
were 0.057 uM, 0.104 uM and 0.916 uM, respectively.

® 3D-QSAR analysis employed by CoMFA and CoMSIA model on Hela cell line was investigated.



