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Abstract:

Inhibition of angiogenesis is a promising stratdgy the treatment of cancer. Herein, we
describe the design and synthesis of thienof$rimidine-1,3,4-thiadiazole-aryl urea
derivativeslla-m to evaluate their efficacy in the chick chorioatt@io membrane (CAM) assay.
Among target agent4,li had a considerable activity against prostate caceleline, PC3 (I1G

= 3.6 uM). Moreover, induction of apoptosis, good inhibjtaactivity against the growth of
capillary blood vessels, and inhibition of VEGFR2osphorylation were noticeable parameters
which convinced us thdtli could be considered as a promising candidatehrdtscovery of

novel drugs to treat tumors, particularly prostaacer.
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1. Introduction

Cancer is the second lethal disease all aroundwhbdd. According to World Health

Organization (WHO) reports, 9.6 million cancer dtwsatoccurred in 2018. Regarding the
increasing rate of cancer prevalence, a greatafezffort in medicinal chemistry has been taken
toward design and synthesis of potential anti-caagents [1]. A considerable part of ongoing
research has been focused on providing novel srgattrolling certain signaling pathways
attributed to cancer cell proliferation and prodama Angiogenesis, process of new blood
vessel formation, is vital for cell development asgdroduction. Considering the similar function
in cancerous cells, angiogenesis plays a significale in tumor progression and metastasis.
Therefore, efficient anti-angiogenesis agents cdugdconsidered as promising strategy for

cancer treatment [2].

Growth factors, including vascular endothelial giiowactors (VEGFs) and their receptors
(VEGFRS) regulate angiogenesis. Among three subtghd/EGFRs, VEGFR-2 plays the most
substantial role in the tumor angiogenesis. VEGFS¥R-2 interaction leads dimerization and
subsequently autophosphorylation of tyrosine (Tgdl@nd Tyr1059) in receptor resulted into
angiogenesis signaling pathways in tumor environm@). Therefore, antitumor agents
interfering with tyrosine phosphorylation have inikory activity in angiogenesis. In addition to
VEGFR-2, tyrosine-protein kinase receptor (Tie-2)d aerythropoietin producing hepatocyte
receptor B4 (EphB4) taking participation in matigat of blood vessels have recently
received interest in medicinal chemistry [4].

Over decades, different scaffolds showing VEGFRyRikitory activity have been reported.
Among them, compounds having quinazolines, thieriopglines, indolines, urea derivatives, as
well as pyridine and pyrimidine derivatives haveememore prevalent [5-13]. Thieno[2,3-
d]pyrimidines, in particular, have been found in mamatural products and drugs, including
Relugolix, PRX-08066, and DDP-225. Moreover, thayérshown wide spectrum of biological
activities, for example anticancer, kinase inhdsit(like VEGFR-2 inhibition, FGFR1 inhibition,
B-Raf inhibition, FLT3 inhibition, and EGFR kinagehibition), antioxidant, anti-inflammatory,
antimicrobial, antiviral, antituberculosis, and CNi$tection activities [14, 15].

Some drugs containing diaryl urea, including soréferegorafenib, and tivozanib have been

approved and marketed as VEGFR-2 inhibitors (FigDlaryl ureas have played important role



in VEGFR-2 inhibitory potency; however, they haveeb modified to evaluate their activities.
For example, urea functional group has been reglagehiourea moiety, as well as oxadiazole,
1,3,4thiadiazole, and 1,2,3-triazole rings to aohimore binding affinity with receptor [16-18].
Additionally, quinazolinones, indazolines, and tlof2,3d]pyrimidines have been utilized as
aryl ring substituent [19-21].

SKLB1002, quinazoline bearing 1,3,4-thiadiazoles Hezeen identified as potent VEGFR-2
inhibitor with minimum toxicity [22-23]. In preserstudy, SKLB1002 and sorafinib have been
employed to design a novel series of thienofBaimidine-1,3,4-thiadiazole-aryl urea
derivatives1la-m (Fig. 2). Two major modifications have been intoedd based on known
VEGFR-2 inhibitors: quinazoline ring of SKLB1002 shdbeen replaced with its bioisoster,
thieno[2,3d]pyrimidine. Moreover, aromatic ring linker in S@rab has been replaced with
1,3,4-thiadiazole moiety.

2. Chemistry

The synthetic approach toward target prodddism has been outlined in Scheme 1. Gewald
reaction using 4-acetylpyriding, ethyl cyanoacetatg, and sulfur3 was applied to prepare
multi-substituted thiopher#[24,25] which subsequently underwent cyclizatignfidrmamidine
acetate to form thieno[2@pyrimidin skeleton5. The chlorination of carbonyl group in this
moiety with phosphoryl chloride was carried outtatain compound. On the other hand, the
reaction between thiosemicarbaziland carbon disulfid8 afforded 5-amino-1,3,4-thiadiazole-
2-thiol 9 followed by condensation with substituted phengtignates to obtain compounds.
Finally, nucleophilic aromatic substitution betweerhlorine moiety compoundé and

corresponding diaryl urel) was performed to synthesize desirable prodidasm.

3. Results and Discussion

3.1. The cytotoxic activity

Synthesized thieno[2,8}pyrimidine-1,3,4-thiadiazole-aryl urea derivative¥la-m were
evaluated for their anti-proliferative activitiegaanst PC3, HepG2, T47D, and HUVEC. The
results were summarized in Table 1. TheglZalues against the PC3 cell line revealed that the
target compounds showed significant cytotoxic égtiat concentrations less than @ig. In
other words, all final products, without exceptiavere more potent than the positive control.

Compoundllh, bearing a fluorine substituent at the para pmsitiad the best anti-proliferative



activity against PC3. Furthermore, the other tldesvatives {1e, 11g, and11i) were effective
against PC3 and their cytotoxicity should not beorgd. Given that compoundde and 11g
could favorably inhibit the proliferation of PC3lisg the placement of methyl substituent at the

para position contributes presumably to the opticydtoxicity against this cancer cell line.

To evaluate the anti-proliferative activity agaifiger cancer, the HepG2 cell line was selected.
What Table 1 does imply is thaid, 11e and11f were the best compounds against HepG2. In
comparison to the positive control, the final datives had a moderate cytotoxic effect against
HepG2. Besides, disubstituted derivatives beatiegchlorine atom at the para positiddi(and

11k) were the weakest ones against HepG2.

The comparison of 1§ values against T47D cells revealed that most efdbmpounds had
minimal potency. Neither para nor meta-methoxy stuted derivatives{1f and11l) had good
anti-proliferative activity against T47D and as Tl implies, the Ig values of these
derivatives were more than %0. HUVEC (human umbilical vein endothelial cell)llseare
exposed to VEGF and involved in the process of@ayenesis. Thus, through the evaluation of
cytotoxic effects of the corresponding compoundsresy HUVEC, their anti-angiogenic activity
would be predictable to some extent. The presehéeuo derivatives 11b, 11i, 11j, and11m)
owning IGs values less than 1M is an indication of how structures bearing thardi urea
functionality can affectionately inhibit the praiation of HUVEC cells and presumably

angiogenesis. Compourddi was the most potent one withsfG 7.8uM.

Preclinical data have revealed that VEGF has austiting effect on the proliferation of prostate
cancer cells and angiogenesis [26]. In other wovlSGF as an angiogenic factor is involved in
the process of neovascularization observed in gi®stancer [27]. Moreover, in present study,
results revealed that PC3 cells were more sensiiv®mpounddla-m in comparison to other
three cell lines (HepG2, T47D, and HUVEC). Compario sorafinib, compoundli was
efficiently inhibit PC3, T47D, and HUVEC cell pr&dration; however, it did not show good
cytotoxic activity against HepG2 cells g&£= 61.9uM). Additionally, the cytotoxic effect of
compoundlli against normal fibroblast HuO2 cell line ¢§& 34.3 £ 0.3uM) was comparable to
that of sorafenib (I65=40.0 + 0.5uM) (Table 2).

3.2. Apoptosis-inducing activity



Apoptosis, the programmed cell death, causes thegead cells to eliminate. Any perturbation
in this physiological process leads to various @asss including cancer. In a general sense, the
cell death pathway conducted by anticancer agsrd&zided into two more pathways: apoptosis
and necrosis. In an attempt to figure out whicthwaty, apoptosis or necrosis, is responsible for
killing the cells, a double staining flow cytometassay using Annexin V-FITC/propidium
iodide was carried out. Dimethyl sulfoxide was uasdsolvent and sorafenib as positive control.
Derivatives selected for this purpose includéd and1li and they were evaluated at theigdC
on the PC3 cell line. PC3 cells were affected matddy by compoundllh so that the
population of apoptotic cells was 24.47%. It shdvédmentioned that one-third of cells (32.2%)
were affected by the necrosis. On the other hdredireatment of PC3 cells with compoutidl
gave rise to severe apoptosis so that nearly 448éllsf were influenced by the programmed cell
death. Dimethyl sulfoxide and sorafenib resulted188% and 18.52% cell apoptosis. As

shown in Fig. 3, compouritli provoked cell death in an apoptotic pathway.

Given the role of endothelial cells in vascular lemstasis and cancer pathogenesis, the HUVEC
cell line was selected to assess the apoptosisimglactivity of11i. As illustrated in Fig. 4, the
apoptotic elimination of HUVEC cells was occurreddarately bylli (28.45%) which was
more than apoptotic cells provoked by sorafenib.qa%). The percentage of HUVEC cells
apprehended in the necrosis phase treated Withwas comparatively lower than that of
sorafinib (21.0% in comparison with 16.4%).

3.3. Cdll cycleanalysis

In accordance with the kgvalues obtained from Table 1, compouddk and11i were selected
to be further examined in respect of their effecttbe cell cycle progression (Figs.5 and 6).
Interference with the normal cell cycle distributiof the PC3 cell line caused byh was noted.
A glimpse of the chart as demonstrated in Fige@eals that compountlh could increase the
percentage of cells in the G1-phase by 1.26-fa@dpectively compared to the control (55.92%
vs 44.11%). Of course, in comparison with the confddl.12%), the percentage of cells in the S-
phase was lower (29.76%). Simultaneously, an iseréa the number of cancerous cells in the
G1l-phase and a decrease in the S-phase is usoditgative of the cell cycle arrest in the G1-
phase. Thus, a quantity of PC3 cells treated ith were imprisoned in the G1-phase and

couldn’t enter the next one. The cell cycle disttibn of PC3 cells exposed to sorafenib showed



similar results so that, it could tremendously @ase the number of G1-cells (66.19%) and
decrease S-cells (22.32%) as compared with thealq@1= 44.11%, S= 44.12%). However, no
meaningful difference was observed between therabiiGl= 44.11%, S= 44.12%, G2=
15.97%) and.li (G1= 45.23%, S= 40.58%, G2= 12.85%) categories.

In terms of the cell cycle analysis, we often ptse question, whether the cells imprisoned in

the subG1-phase are apoptotic or not?

An elevated subG1 cell count has a low predictiaiei® for apoptosis and there is no direct link
between the percentage of cells halted in the syfif@%e and the number of apoptotic cells.
Analyzing the inducing-apoptosis activity (Fig. 8phd the cell cycle assay (Figs. 5 and 6)
indicated the interesting outcomes. As Fig. 7 ieglicompoundli induced the more significant
apoptosis (44%) as compared witth (24.5%). However, the percentage of PC3 cellsstede

in the subGl-phase bidi (4.38%) was fewer thatlh (9.73%). Also, in conformity with
findings obtained from Fig. 3, it is understandatsiat in comparison witlili (12.6%), the
induction of the necrosis phase byh (32%) was more significant. Thus, there is no dire
relation necessarily on every occasion betweercéfiepopulation arrested in the subG1-phase

and the amount of induced apoptosis.

The corresponding analysis was performed to ewaltla® extent of DNA damage and the
percentage of HUVEC cells in various phases (sub&ll, S, and G2/M) of the cell cycle.
Interestingly, the results of the HUVEC cell cyeealysis were the same one observed in the
PC3 cell line. As shown in Fig. 8, sorafenib ina@@ tremendously the number of G1-cells
(58.69%) and decreased S-cells (27.1%) as compartd the control (G1= 40.93%, S=
41.49%). However, no meaningful difference was ol between the control (G1= 40.93%,
S=41.49%, G2= 6.25%) aridi (G1= 48.3%, S= 49.8%, G2= 5.53%) categories. Aitfiothe
apoptosis was induced i in PC3 and HUVEC cell lines, the subG1-peak wasohservable

in the corresponding diagrams of the cell cycldyamis (Figs. 5¢ and 8b). On the other hand, as a
result of the treatment of PC3 and HUVEC cells wiifla, the cell cycle distribution was not
altered as compared with the control. In this mantie apoptosis is induced probably in all cell

subpopulations (G1, S, and G2/M) equally.

3.4. Anti-vascular effects



With regard to the anti-proliferative activity airget compounds against the HUVEC cell line
and the analysis of Kgvalues, superior derivative$lp, 11h, 11i, 11j, and11m) were selected

to survey the vascular disrupting effect. The chabkrioallantoic membrane (CAM) assay was
utilized to assess two aspects of the capillargdbieessels; the number and the length of vessels.
As illustrated in Fig. 9, compouridli could tremendously reduce the number of capiltdopd
vessels (65%), which was comparable to sorafenthegositive control (64%). The inhibitory
activity of 11m was partially satisfactory (35%), even though bssantial reduction was not
observed when CAM was exposedlid (29%),11h (27%), andLlj (21%) (Fig. 10a).

The effects of corresponding compounds on the keafjthe capillary blood vessels were nearly
identical to those illustrated in Fig. 10a. As Fi@b does implylli could reduce the length of
the vessels to a degree (46%) not seen with otlauated derivatives. In this context, the effect

of sorafenib was almost similar 1di.

3.5. Effect on VEGFR-2 phosphorylation
Disruption in the VEGF signaling pathway is a keyerpquisite for the inhibition of

angiogenesis. On the other hand, as demonstrai@agththe CAM assay, it was confirmed that
11i is capable of inhibiting angiogenesis. Thus, thesW&rn blot analysis was implemented to
identify the mechanism of action by whithi prevents the growth of the capillary blood vessels
As Fig. 11 does imply, in a time-dependent mant#ir,could reduce massively the levels of
phosphorylated form of VEGFR-2. The nearly same=atffwas achieved with sorafenib.

However, after 48 h, the reduced level of p-VEGFRy21i was a little more than sorafenib.

The Western blotting was performed also in a commagan-dependent manner. The PC3 cells
were exposed to three different concentrationslbf (2.4 uM, 3.6 uM, and 5.4 pM) and
incubated for 48 h. Cell lysates were blotted agfaMfEGFR-2 and p-VEGFR-2. As reflected in
Fig. 12, the phosphorylation of VEGFR-2 was diséatlin a concentration-dependent manner so

that a perceptible reduction of band size has oedun the term of 5.4M concentration.

These outcomes give an explanation to the senshtmti-angiogenic activity afli and show a
logical connection between the inhibition of angingsis and disruption of the VEGF signaling.

Ideally, the normalization controBfactin) was present at constant levels in everyptam

3.6. Molecular docking study



Docking runs were carried out by AutoDock 4.2 witimarckian genetic algorithm (LGA) and
each Lamarckian job compromised of 50 runs. Thergetal structure of VEGFR-2 and
sorafenib (3WZE) with 1.90 A resolution was seldcémd compoundli was docked into the
active site of the receptor.

The scientific results reported by Okamoto et abvle an admirable overview of the binding
mode of sorafenib and lenvatinib. Across the soiaifand lenvatinib molecules, two hydrogen
bonding interactions can be observed between & earbonyl and Asp1046 and the urea NH
and Glu885 [28]. Molecular dynamics (MD) simulaticuggests that the hydrogen bond
engaging Aspl1046 is sufficiently stable and is atmmeserved throughout the MD simulation
time. However, the bifurcated hydrogen bonds inNm@gvGIlu885 occur occasionally [29]. As
illustrated in Fig. 13, the same interactions doseovable betweefhli and the receptor. The
MM2 methodology was used to determine the freeggnef binding. The calculated free energy
of binding for 11i and sorafinib were -8.49 and -8.57 kcal/mol, resipely. It confirmed
compound 11i would form greater interactions withiee site of the receptor.

4. Conclusion

In conclusion, a novel series of thienopyrimidiresséd agents possessing 1,3,4-thiadiazole-aryl
urea derivativedla-m were designed, synthesized, and evaluated astj@btemhibitors of cell
proliferation and angiogenesis. The MTT assay destnated that all synthesized compounds
had more potent anti-proliferative activity tharrafenib against the PC3 cell line. Compound
11i (ICso= 3.6 uM) was efficiently induced apoptosis (44% in PC8scand 28.45% in HUVEC
cells) comparing to standard drug sorafenib. Moeepoeompoundlli showed the noticeable
angiogenesis and VEGFR-2 inhibitory activity. Retyag our results, compountili can be
considered as a promising candidate for the traatofenetastatic prostate cancer. However, the

tumor xenograft model can be helpful to obtain newreurate information.
5. Experimental section

5.1. General chemistry

All starting materials, reagents and solvents vgenehased from Merck and Aldrich companies
without any purification. The reaction progress dhe purity of synthesized compounds were
monitored by thin-layer chromatography (TLC) oncsilgel 250-micron F254 plastic sheets.

Flash chromatography was performed for more puatifon of chlorine intermediat&) by using



230-400 mesh silica gel and the indicated solvgstesn. The melting points were determined
by Electrothermal 1A9100 apparatus and are unctadedR spectra were obtained Barkin-
Elmer Spectrum Versionl0.03.06 (potassium bromide disks). Nuclear magnetic resoma
(NMR) spectra were performed on Varian 500, Bruk80, and Bruker 300 (TMS as IS).
Chemical shifts were reported in parts per millignpm), downfield from tetramethylsilane.
Proton coupling patterns were described as sin@t doublet (d), triplet (t), quartet (q),
multiplet (m), and broad (b). The mass spectra wareon a Finigan TSQ-70 spectrometer
(Finigan, USA) at 70 eV. The elemental analysis @rH, and N was carried out with an

elemental analyzer GmbH VarioEL.
5.1.1. Ethyl 2-amino-4-(pyridin-4-yl)thiophene-3-carboxylate (4)

A mixture of 4-acetylpyridinel) (14.5 ml, 130.2 mmol), ethyl cyanoaceta?g (5.3 ml, 143.2
mmol) and morpholine (2.25 ml, 26 mmol) was stirledEtOH at 60-70C for 30 min. Then,
sulfur B) (5 g, 156.25 mmol) was added portion by portimeros min. The resulting mixture
was refluxed under an argon atmosphere overnigitér £he consumption of starting materials,
cool water was added and the precipitated solidfikased, washed with n-hexane and allowed
to dry to acquire compound] 22.6 g in 70% vield. Yellow solid; mp: 26C€; IR (KBr, cm?):
3396, 3039, 1660, 1607, 1499,1474, 13683NMR (500 MHz, DMSQOd) §: 8.49 (d, 2H, H-
2,6 pyridine,d = 4.5 Hz), 7.48 (bs, 2H, Nlj 7.25 (d, 2H, H-3,5 pyridine]l = 4.5 Hz), 6.37 (s,
1H, H-5 thiophene), 3.98 (q, 2H, GH = 7.1 Hz), 0.92 (t, 3H, CKJ = 7.1 Hz);*C NMR (125
MHz, DMSO-Ug) 6: 165.89, 164.73, 150.28, 149.01 (2C), 146.10,338124.07 (2C), 118.49,
107.60, 102.75, 59.33, 14.11; Anal. Calcd. FapHzN.O,S: C, 58.05; H, 4.87; N, 11.28.
Found: C, 58.22; H, 5.05; N, 11.41.

5.1.2. 5-(Pyridin-4-yl)thieno[ 2,3-d] pyrimidin-4(3H)-one (5)

As compoundt (8.26 g, 33.3 mmol) was dissolved in DMF (90 ml)180 °C, formamidine
acetate (24.26 g, 233.1 mmol) was added over 60amththe mixture was stirred for 16 h. A
yellow solid was precipitated, when cold water vaasled to the reaction mixture slowly. The
precipitated solid was separated by filtration, mesb with ether and allowed to be dry to give
desired compound, 5.66 g in 74% vyield. Off-white solid; mp: 304-306; IR (KBr, cmi):
3048, 1692, 1451, 1442, 1420,13%8; NMR (400 MHz, DMSQds) §: 12.62 (bs, 1H, NH),
8.58 (d, 2H, H-2,6 pyridine] = 4.5 Hz), 8.19 (s, 1H, H-2 thienopyrimidine), 7., 1H, H-6



thienopyrimidine), 7.56 (d, 2H, H-3,5 pyriding= 4.5 Hz);"*C NMR (125 MHz, DMSQOds) §:
166.43, 157.73, 149.37 (2C), 146.60, 142.86, 136129.45 (2C), 123.61, 121.25; Anal. Calcd.
For Gi1H/N30OS: C, 57.63; H, 3.08; N, 18.33. Found: C, 57.513122; N, 18.50.

5.1.3. 4-Chloro-5-(pyridin-4-yl)thieno[ 2,3-d] pyrimidine (6)

Under the ice-bath condition, PQCI8 ml) was added dropwise to a solution of
compoundb (920 mg, 4 mmol) and DIPEA (3 ml). After completiohthe addition, the reaction
mixture was warmed to room temperature and stiwe@0 min. Subsequently, the mixture was
heated to 45C for 2 h. When the starting material was consuntiegl,reaction was cooled to
room temperature. It was neutralized with saturatetium bicarbonate solution and taken up in
ethyl acetate and water. The organic layer wasratgh dried over anhydrous 0,
concentrated under vacuo and chromatographed tasha gilica gel column (EtOAc/petroleum
ether = 1:1) to obtain the desired prodéict20 mg in 42% vyield. Pale yellow solid; mp: 173-
175°C; IR (KBr, cmi'): 3031, 1602, 1545, 14944 NMR (400 MHz, DMSQds) 6: 9.01 (s, 1H,
H-2 thienopyrimidine), 8.68 (d, 2H, H-2,6 pyriding, = 4.4 Hz), 8.19 (s, 1H, H-6
thienopyrimidine), 7.56 (d, 2H, H-3,5 pyriding= 4.4 Hz); MS vz, %): 249 (M +2, 33), 247
(M*, 100), 212 (56); Anal. Calcd. For GHeCINsS: C, 53.34; H, 2.44; N, 16.96. Found: C,
53.48; H, 2.58; N, 16.84.

5.1.4. 5-Amino-1,3,4-thiadiazole-2-thiol (9)

Thiosemicarbazide7j (5 g, 54.94 mmol) and N@O; (5.76 g, 54.94 mmol) were dissolved in
dry ethanol and the mixture was heated td@®@or 30 min. Carbon disulfides) (8.35 g, 109.88
mmol) in dry ethanol was added dropwise and thelta® mixture was refluxed overnight.
When the completion of the reaction was detected b@, the solvent was evaporated under
reduced pressure. The residue was diluted throbhghatdition of 100 ml water and then
concentrated HCI solution was added carefully ttaiobyellow precipitate known as 5-amino-
1,3,4-thiadiazole-2-thiol or compoud 6.2 g in 84% yield. Yellow solid; mp: 233-23€; IR
(KBr, cm): 3401, 3273, 1595, 1533, 1496§ NMR (300 MHz, DMSQOdg) §: 13.11 (s, 1H,
NH), 7.05 (s, 2H, NB); *3C NMR (75 MHz, DMSOs) §: 180.93 (C-2, Thiadiazole), 161.48
(C-5, Thiadiazole); MSn/z, %): 133 (M, 100), 74 (37.5), 57 (50); Anal. Calcd. FoiHaNsS;:

C, 18.04; H, 2.27; N, 31.55. Found: C, 18.16; B62N, 31.50.



5.1.5. General procedure for synthesis of intermediates 10a-m

Compound (200 mg, 1.5 mmol) was dissolved in dry DCM aridet at room temperature for

30 min. Then, appropriate phenyl isocyanate davigatl.5 mmol) in dry DCM was added and
the resulting yellowish mixture was allowed to stinder an argon atmosphere at room
temperature overnight. The final white precipitatas kept in a vacuum oven for 2 h to give
corresponding urealQa-m). The product was used for the next step withaw &urther

purification.

5.1.6. General procedure for synthesis of final compounds 11a-m

A mixture of appropriate urea derivatividg-m) (0.60 mmol) and KOH (33.6 mg, 0.60 mmaol)

in EtOH was stirred at 8Q for 45 min, and then compouBd150 mg, 0.60 mmol) was added

portion by portion over 5 min. The resulting miéuwvas refluxed overnight. The precipitated
solid was filtered, washed with water and driedaimacuum oven for 24 h to obtain the target

compound {1a-m).

5.1.6.1. 1-Phenyl-3-(5-((5-(pyridin-4-yl)thieno[ 2,3-d] pyrimidin-4-yl)thio)-1,3,4-thiadiazol -2-
yhurea (11a)

Cream solid; yield: 63%; mp: 237-28@; IR (KBr, cni®): 3037, 1711, 1620, 1598, 1543, 1499;
'H NMR (500 MHz, DMSQds) 6: 9.12 (bs, 1H, NH urea), 8.94 (s, 1H, H-2 thiemapidine),
8.75 (d, 2H, H-2,6 pyridine] = 4.5 Hz), 8.10 (s, 1H, H-6 thienopyrimidine), Z @, 2H, H-3,5
pyridine,J = 4.5 Hz), 7.48 (d, 2H, H-2,6 pheny,= 7.95 Hz), 7.33 (t, 2H, H-3,5 pheny,=
7.95 Hz), 7.07 (t, 1H, H-4 pheny, = 8.05 Hz):"*C NMR (125 MHz, DMSOdg) §: 167.67,
160.19, 152.39, 150.02 (2C), 142.94, 138.58, 1321£3.37 (2C), 128.72, 125.72, 125.46,
123.72, 119.50 (2C); Anal. Calcd. FopB13N;0Ss: C, 51.82; H, 2.83; N, 21.15. Found: C,
51.13; H, 2.73; N, 20.97.

5.1.6.2. 1-(5-((5-(Pyridin-4-yl)thieno[ 2,3-d] pyrimidin-4-yl)thio)-1,3,4-thiadiazol-2-y1)-3-(m-
tolyl)urea (11b)

Cream solid; yield: 68%; mp: 231-236; IR (KBr, cm'): 3381, 2917, 1712, 1634, 1600, 1495;
'H NMR (500 MHz, DMSQds) §: 11.20 (bs, 1H, NH urea), 9.03 (bs, 1H, NH ur&4 (s, 1H,
H-2 thienopyrimidine), 8.74 (d, 2H, H-2,6 pyriding, = 4.5 Hz), 8.09 (s, 1H, H-6
thienopyrimidine), 7.64 (d, 2H, H-3,5 pyriding= 4.5 Hz), 7.31 (s, 1H, H-2 m-tolyl), 7.25 (dd,



1H, H-6 m-tolyl,J = 8.2, 1.15 Hz), 7.19 (t, 1H, H-5 m-tolyl,= 7.55 Hz), 6.87 (d, 1H, H-4 m-
tolyl, J = 7.35 Hz), 2.28 (s, 3H, G *°C NMR (75 MHz, DMSO#dg) §: 167.11, 163.96, 159.58,
151.85, 151.37, 149.50 (2C), 148.75, 142.41, 138183.99, 131.87, 128.70, 128.23, 125.12,
124.95 (2C), 123.89, 119.32, 116.02, 21.07; Analc@ For GiH:sN;0Ss: C, 52.81; H, 3.17;
N, 20.53. Found: C, 52.64; H, 3.42; N, 20.31.

5.1.6.3. 1-(3-Chlorophenyl)-3-(5-((5-(pyridin-4-yl)thieno[ 2,3-d] pyrimidin-4-yl)thio)-1,3,4-
thiadiazol-2-yl)urea (11c)

Cream solid; yield: 64%; mp: 236-23€; IR (KBr, cmi'): 3375, 1731, 1596, 1498, 1454
NMR (500 MHz, DMSOdg) 6: 9.37 (bs, 1H, NH urea), 8.96 (s, 1H, H-2 thiemopyidine), 8.75

(d, 2H, H-2,6 pyridine,) = 4.5 Hz), 8.10 (s, 1H, H-6 thienopyrimidine), 0.{&, 1H), 7.65 (d,
2H, H-3,5 pyridineJ = 4.5 Hz), 7.35 (d, 2H), 7.12 (d, 1HfC NMR (125 MHz, DMSOd) §:
167.65, 164.47, 159.97, 152.35, 150.00 (2C), 149142.94, 140.24, 133.73, 132.39, 130.97,
128.76, 125.67, 125.45 (2C), 123.32, 118.86, 117A4%l. Calcd. For gH1;CIN,OSs: C,
48.24; H, 2.43; N, 19.69. Found: C, 48.42; H, 2)6319.52.

5.1.6.4. 1-(5-((5-(Pyridin-4-yl)thieno[ 2,3-d] pyrimidin-4-yl)thio)-1,3,4-thiadiazol-2-y1)-3-(3-
(trifluoromethyl)phenyl)urea (11d)

Cream solid; yield: 67%; mp: 238-24G; IR (KBr, cm): 3380, 1728, 1599, 1497, 1240, 1205,
1165, 1108, 1071H NMR (500 MHz, DMSQdg) §: 11.54 (bs, 1H, NH urea), 9.58 (bs, 1H, NH
urea), 8.95 (s, 1H, H-2 thienopyrimidine), 8.75 2#l, H-2,6 pyridine,J = 4.5 Hz), 8.10 (s, 1H,
H-6 thienopyrimidine), 7.99 (s, 1H, H-2 (3-triflmnethyl)phenyl), 7.69 (d, 1H, H-6 (3-
trifluoromethyl)phenylJ = 7.25 Hz), 7.64 (d, 2H, H-3,5 pyridingé= 4.5 Hz), 7.55 (t, 1H, H-5
(3-trifluoromethyl)phenylJ = 7.95 Hz), 7.39 (d, 1H, H-4 (3-trifluoromethyl)yamyl, J = 7.25
Hz); *C NMR (125 MHz, DMSOds) §: 167.67, 152.42, 150.03 (2C), 142.93, 132.42, 3480.
128.76 (qJc.F = 2.31 Hz), 125.46 (2C), 123.16, 121.69J8F = 7.4 Hz), 120.14 (Glcr = 16.15
Hz), 115.41 (qJcr = 4.81 Hz); MS ifvz, %): 531 (M, 0.6), 187 (50), 161 (100); Anal. Calcd.
For GiH1,FN;0Ss: C, 47.45; H, 2.28; N, 18.45. Found: C, 47.602H0; N, 18.73.

5.1.6.5. 1-(3-Chloro-4-methylphenyl)-3-(5-((5-(pyridin-4-yl)thieno[ 2,3-d] pyrimidin-4-yl)thio)-
1,3,4-thiadiazol-2-yl)urea (11€)



Yellow solid; yield: 68%; mp: 231-13%; IR (KBr, cmi'): 3257, 3183, 3041, 2976, 2920, 1606,
1498; '"H NMR (500 MHz, DMSQOde) &: 9.28 (bs, 1H, NH urea), 8.95 (s, 1H, H-2
thienopyrimidine), 8.75 (d, 2H, H-2,6 pyriding= 4.5 Hz), 8.10 (s, 1H, H-6 thienopyrimidine),
7.68 (s, 1H, H-2 (3-chloro-4-methyl)phenyl), 7.68 2H, H-3,5 pyridine,) = 4.5 Hz), 7.27 (s,
2H, H-5,6 (3-chloro-4-methyl)phenyl), 2.25 (s, 36Hs); *C NMR (125 MHz, DMSQdg) §:
167.67, 160.06, 152.38, 150.02 (2C), 142.94, 139186.86, 133.65, 132.42, 131.74, 131.57,
130.29, 128.75, 125.70, 125.46 (2C), 119.42, 11812#9; Anal. Calcd. For £H;,CIN;OSs:

C, 49.26; H, 2.76; N, 19.15. Found: C, 49.10; 842N, 18.97.

5.1.6.6. 1-(4-Methoxyphenyl)-3-(5-((5-(pyridin-4-yl)thieno[ 2,3-d] pyrimidin-4-yl)thio)-1,3,4-
thiadiazol-2-yl)urea (11f)

White solid; yield: 65%; mp: 235-23&; IR (KBr, cm'): 3381, 3322, 2918, 1713, 1601, 1511;
'H NMR (400 MHz, DMSQdg) §: 11.24 (bs, 1H, NH urea), 9.00 (bs, 1H, NH ur8a7 (s, 1H,
H-2 thienopyrimidine), 8.78 (d, 2H, H-2,6 pyridind, = 4.5 Hz), 8.13 (s, 1H, H-6
thienopyrimidine), 7.67 (d, 2H, H-3,5 pyriding= 4.5 Hz), 7.40 (d, 2H, H-2,6 methoxyphenyl,
= 8.8 Hz), 6.93 (d, 2H, H-3,5 methoxyphenyk 9.2 Hz), 3.74 (s, 3H, OG)} Anal. Calcd. For
C21H15N7O,Ss: C, 51.10; H, 3.06; N, 19.86. Found: C, 50.932H1; N, 19.68.

5.1.6.7. 1-(5-((5-(Pyridin-4-yl)thieno[ 2,3-d] pyrimidin-4-yl)thio)-1,3,4-thiadiazol-2-yl)-3-(p-
tolyl)urea (119)

Cream solid; yield: 67%; mp: 234-23C; IR (KBr, cmi®): 3396, 1707, 1597, 1420, 131%J
NMR (500 MHz, DMSOdg) 6: 11.20 (bs, 1H, NH urea), 9.04 (bs, 1H, NH ur8#83 (s, 1H, H-

2 thienopyrimidine), 8.75 (d, 2H, H-2,6 pyridinel = 4.5 Hz), 8.09 (s, 1H, H-6
thienopyrimidine), 7.63 (d, 2H, H-3,5 pyridingé= 4.5 Hz), 7.35 (d, 2H, H-2,6 p-toly,= 8.2
Hz), 7.12 (d, 2H, H-3,5 p-tolyl) = 8.2 Hz), 2.24 (s, 3H, G} **C NMR (125 MHz, DMSO-
ds) 6: 167.67, 160.22, 152.39, 150.02 (2C), 142.95,086132.74, 132.43, 129.76 (2C), 129.56,
128.71, 125.72, 125.45 (2C), 119.55 (2C), 20.81alAGalcd. For gH1sN/0Ss: C, 52.81; H,
3.17; N, 20.53. Found: C, 52.99; H, 3.42; N, 20.43.

5.1.6.8. 1-(4-Fluorophenyl)-3-(5-((5-(pyridin-4-yl)thieno[ 2,3-d] pyrimidin-4-yl)thio)-1,3,4-
thiadiazol-2-yl)urea (11h)



White solid; yield: 60%; mp: 235-23%C; IR (KBr, cni'): 3393, 1717, 1599, 1509, 145%
NMR (500 MHz, DMSOde) 6: 11.25 (bs, 1H, NH urea), 9.19 (bs, 1H, NH ur8#83 (s, 1H, H-

2 thienopyrimidine), 8.75 (d, 2H, H-2,6 pyridinel = 4.5 Hz), 8.09 (s, 1H, H-6
thienopyrimidine), 7.63 (d, 2H, H-3,5 pyriding, = 4.5 Hz), 7.48-7.50 (m, 2H, H-2,6
fluorophenyl), 7.15 (t, 2H, H-3,5 fluorophenyl,= 8.7 Hz);"*C NMR (75 MHz, DMSOds) §:
167.14, 164.42, 159.52, 152.33, 151.89, 149.51,(2€8.80, 142.43, 139.29, 131.89, 130.02,
129.77, 129.35, 128.26, 125.82, 125.15, 124.95,(222.59, 119.30 (d, 2Qc.F = 7.86 Hz ),
114.87 (d, 2CJcr = 14.41 Hz); MSifVz, %): 481 (M, 3), 137 (67), 111 (100), 83 (42), 57 (30);
Anal. Calcd. For gH1,FN;OSs: C, 49.89; H, 2.51; N, 20.36. Found: C, 50.10;2%0; N,
20.18.

5.1.6.9. 1-(3,4-Dichlorophenyl)-3-(5-((5-(pyridin-4-yl)thieno[ 2,3-d] pyrimidin-4-yl)thio)-1,3,4-
thiadiazol-2-yl)urea (11i)

Cream solid; yield: 64%; mp: 233-238; IR (KBr, cm'): 3361, 1719, 1599, 1585, 1531, 1494;
'H NMR (500 MHz, DMSQds) §: 11.55 (bs, 1H, NH urea), 9.44 (bs, 1H, NH ur&95 (s, 1H,
H-2 thienopyrimidine), 8.74 (d, 2H, H-2,6 pyriding, = 4.5 Hz), 8.10 (s, 1H, H-6
thienopyrimidine), 7.87 (d, 1H, H-2 dichlorophenylz 2 Hz), 7.63 (d, 2H, H-3,5 pyriding,=
4.5 Hz), 7.55 (d, 1H, H-5 dichlorophenyl= 8.65 Hz), 7.43 (dd, 1H, H-6 dichlorophenyl=
8.85, 1.85 Hz);*C NMR (75 MHz, DMSOds) §: 167.13, 164.03, 159.36, 152.04, 151.82,
149.47 (2C), 148.97, 142.43, 138.49, 131.84, 1311@®.61, 128.29, 125.12, 124.94 (2C),
124.55, 120.11, 119.08; M$&Wz, %): 531 (M, 0.2), 233 (17), 191 (4), 189 (24), 187 (40), 165
(10), 163 (60), 161 (100); Anal. Calcd. Foi11CIoN,OSs: C, 45.12; H, 2.08; N, 18.42. Found:
C,44.84;H, 2.87; N, 18.26.

5.1.6.10. 1-(4-Chlorophenyl)-3-(5-((5-(pyridin-4-yl)thieno[ 2,3-d] pyrimidin-4-yl)thio)-1,3,4-
thiadiazol-2-yl)urea (11j)

White solid; yield: 67%; mp: 236-23%: IR (KBr, cni'): 3389, 1720, 1597, 1493, 10764
NMR (500 MHz, DMSOdg) 6: 11.39 (bs, 1H, NH urea), 9.36 (bs, 1H, NH ur884 (s, 1H, H-
2 thienopyrimidine), 8.75 (d, 2H, H-2,6 pyridinel = 4.5 Hz), 8.09 (s, 1H, H-6
thienopyrimidine), 7.63 (d, 2H, H-3,5 pyridingF= 4.5 Hz), 7.51 (d, 2H, H-2,6 chlorophenyk
7.6 Hz), 7.37 (d, 2H, H-3,5 chlorophenyl,= 7.8 Hz);**C NMR (125 MHz, DMSOds) &:



167.67, 164.50, 160.11, 152.37, 150.01 (2C), 1421%3.70, 132.42, 129.21 (2C), 129.03,
128.72, 127.32, 125.70, 125.44 (2C), 121.03 (2€(,27; Anal. Calcd. For gH:.CIN;OS;: C,
48.24; H, 2.43; N, 19.69. Found: C, 48.07; H, 218619.42.

5.1.6.11. 1-(4-Chloro-3-(trifluoromethyl)phenyl)-3-(5-((5-(pyridin-4-yl)thieno[ 2,3-d] pyrimidin-
4-yhthio)-1,3,4-thiadiazol-2-yl)urea (11k)

White solid; yield: 67%; mp: 239-24C; IR (KBr, cm'): 3389, 1720, 1597, 1546, 1493, 1458,
1340, 1310, 1093, 1076H NMR (300 MHz, DMSQde) &: 11.89 (bs, 1H, NH urea), 9.99 (s,
1H, NH urea), 8.92 (s, 1H, H-2 thienopyrimidine){48 (d, 2H, H-2,6 pyridine] = 4.2 Hz), 8.07
(s, 2H), 7.75 (d, 1HJ = 10.1 Hz), 7.62 (d, 3H)*C NMR (75 MHz, DMSO€s) &: 167.14,
164.40, 159.45, 152.50, 151.87, 149.51 (2C), 14818@.42, 138.11, 132.08, 131.87, 128.29,
125.51 (qJc.F = 158.85 Hz), 125.13, 124.95 (2C), 123.72, 123183,.50 (g Jc-F = 5.49 Hz);
MS (m/z, %): 565 (M, 0.5), 456 (18), 244 (24), 223 (23), 221 (69), 18@), 195 (100); Anal.
Calcd. For GiH1:CIFN;0Ss: C, 44.56; H, 1.96; N, 17.32. Found: C, 44.742H.3; N, 17.51.

5.1.6.12. 1-(3-Methoxyphenyl)-3-(5-((5-(pyridin-4-yl)thieno[ 2,3-d] pyrimidin-4-yl)thio)-1,3,4-
thiadiazol-2-yl)urea (111)

White solid; yield: 62%; mp: 238-24; IR (KBr, cmi'): 3373, 1725, 1597, 1545, 1494, 1300,
1237, 1216, 1163H NMR (500 MHz, DMSQdg) &: 11.20 (bs, 1H, NH urea), 9.14 (bs, 1H, NH
urea), 8.94 (s, 1H, H-2 thienopyrimidine), 8.75 2Z#i, H-2,6 pyridine,J = 4.5 Hz), 8.09 (s, 1H,
H-6 thienopyrimidine), 7.64 (d, 2H, H-3,5 pyriding, = 4.5 Hz), 7.22 (t, 1H, H-5
methoxyphenyl,J = 8.2 Hz), 7.14 (s, 1H, H-2 methoxyphenyl), 6.99d,( 1H, H-6
methoxyphenylJ = 7.2, 1.25 Hz), 6.63 (dd, 1H, H-4 methoxyphery; 8.2, 2.1 Hz), 3.73 (s,
3H, OCH); **C NMR (125 MHz, DMSQdg) §: 167.68, 160.21, 160.16, 152.39, 150.01 (2C),
142.94, 139.78, 132.43, 130.19, 128.71, 125.71,452%C), 111.75, 109.17, 105.33, 55.55;
Anal. Calcd. For gH1sN70,Ss: C, 51.10; H, 3.06; N, 19.86. Found: C, 51.273k24; N, 19.69.

5.1.6.13. 1-(3-Fluorophenyl)-3-(5-((5-(pyridin-4-yl)thieno[ 2,3-d] pyrimidin-4-yl)thio)-1,3,4-
thiadiazol-2-yl)urea (11m)

Cream solid; yield: 65%; mp: 234-236; IR (KBr, cni®): 3390, 1716, 1599, 1547 NMR
(300 MHz, DMSOdg) 6: 11.42 (bs, 1H, NH urea), 9.38 (s, 1H, NH urea®08(s, 1H, H-2



thienopyrimidine), 8.73 (d, 2H, H-2,6 pyriding= 4.5 Hz), 8.05 (s, 1H, H-6 thienopyrimidine),
7.60 (d, 2H, H-3,5 pyridine] = 4.5 Hz), 7.45 (d, 1H, H-6 fluorophenyl= 10.95 Hz), 7.28-7.33
(m, 1H, H-5 fluorophenyl), 7.20 (d, 1H, H-2 fluotwgnyl, J = 7.11 Hz), 6.84 (bs, 1H, H-4
fluorophenyl):"*C NMR (75 MHz, DMSO¢g) §: 167.13, 163.93, 161.7 (dc.r = 240.74 Hz),
159.47, 152.04, 151.83, 151.74, 149.50 (2C), 148192.45, 140.01 (dJcr = 10.85 Hz),
131.87, 130.46 (dlc.r = 9.24 Hz), 128.78, 128.28, 124.97 (2C), 114.719.49 (d,Jc.r = 21.06
Hz), 105.69 (dJc.r = 26.24 Hz); Anal. Calcd. ForgH1,FN;OS;: C, 49.89; H, 2.51; N, 20.36.
Found: C, 50.01; H, 2.74; N, 20.18.

5.2. MTT assay

Cytotoxicity of synthesized target compound$atm) was examined with MTT assay. For this
purpose, concerning similar studies, four appréereancer cell lines (PC3, HepG2, T47D, and
HUVEC) were selected provided by the National @dink of Iran (Pastor Institute, Tehran,
Iran). Contents of each well in a 96-well micratiate included 20@ of complete medium
containing 8000 cells, incubated at 37 in a humidified 5% C@incubator overnight. Cells
were exposed to various concentrations of test ooimpls prepared earlier (in DMSO) and
further incubated at 3°C for 48 h. After incubation, the solution contaigi5% MTT was added
to all wells and incubated for another 4 h. Theodsnce was measured with a microplate
reader (Bio-Rad microplate reader, Model 680) tgsh wavelength of 570 nm. The absorbance
measured is directly proportional to the percentaigéve cells. A simple calculation known as
half-maximal inhibitory concentration (kg was used to gauge whether target compounds are
effective or not. As a consequence, particular esinndicating cell survival percentage versus
different concentrations of the compounds were drand analyzed. Herein, sorafenib and 0.1%
DMSO were regarded as positive and negative cantrespectively.

5.3. Analysis of cellular apoptosis

Annexin V-FITC/propidium iodide dual staining assayas implemented to analyze the
induction of apoptosis bylh and11i (tested at 16). PC3 cells were seeded into 6-well plates
and incubated overnight at 3C under 5% CO2. Cells were exposed to the, I target
compounds and then incubated for 48 h. Treated wadte trypsinized, washed with PBS twice,
and centrifuged at 1200 rpm. After that, 500 mbwfding buffer and 5 ml of Annexin V-FITC

and Pl were added to suspended cells. Finallyxamee the cell apoptosis with the assistance



of flow cytometry (FACS Calibur Bectone-Dickinsomsyspended cells were incubated at room
temperature in darkness for 5-15 min. The potepti@apoptotic activity olli was surveyed in

a similar way against the HUVEC cell line. In thesgeriments, sorafenib was utilized as the
positive control [30].

5.4. Cdl cycleanalysis

Through flow cytometry analysis, propidium iodidel) staining assay was implemented as a
challenge to explore the cell cycle distributiorPi@3 cells. Pl attaches to the DNA molecule and
emits a fluorescent, the intensity of which is dilg proportional to the DNA content. The cells
were exposedo ICsp of test compoundslth and 11i), after 48 h, the treated cells were
trypsinized, washed with PBS, and centrifuged &0Lpm for 5 min. As soon as the incubation
with PBS was carried out, prepared PC3 cells wixelfwith 70% cold ethanol (-2@C). The
fixed cells were washed with PBS. After rinsing,an orderly fashion, they were treated with
RNase A (0.1 mg/ml), incubated for half an hourd axposed to 50 mg/ml of PI, continuously
incubated for 15 min more. To calculate the celtleydistribution, the familiar equipment,
Novocyte flow cytometer (ACEA Biosciences) was eoyeld, and the data were analyzed by
NovoExpress 1.1.0 software. All the experimentsengerformed on three samples in parallel.

The cell cycle analysis of HUVEC was performed &anty.

5.5. Chick chorioallantoic membrane (CAM) assay

Since the allantois of the chick embryo appearsalabut 3.5 days of incubation, the
corresponding eggs were incubated (3T.5relative humidity: 55-65%). To decrease the afk
infection, the particular regions of the egg, ethe front side of the embryo were cleaned and
sterilized with 70% EtOH. On thé"éncubation day, a false air sac was created djreger the
CAM, permitting its detachment from the shell meart®. The procedure was continued through
a square incision over the CAM. The prepared windoa square form ¢1 cm), was covered
by a flexible film and then transported to the ipator. On the Bincubation day, the particular
paper discs (Whatman) were coated with target agantl placed in the central area of the
corresponding window. The surface of CAM was vikualaluated on the 2incubation day
using the stereomicroscope. We decided to use uh#her and the length of capillary blood
vessels as the index of anti-angiogenic activitpnggquently, the prepared images were

analyzed by the advantageous software, Image J [31]



5.6. Western blot analysis

When exposed to Kg of corresponding compoundkli and sorafenib, PC3 cells were incubated
for 24, 48, and 72 h. PC3 cells were thawed in @ 0 lysis buffer and immediately lysed.

Then, they were centrifuged at 1200 rpm &C4for 10 min. The obtained total proteins were
loaded and electrophoresed on 12% SDS-PAGE andféraed to a nitrocellulose membrane
(0.45 mm) for 1.5 h at 100 V and blocked with 5%diing buffer. The next step in the western
blotting was the incubation of prepared antibodieg °C for 12 h. The housekeeping protein
utilized in this procedure was beta-actin. Immuotblwere uncovered using the enhanced

chemiluminescence (ECL) method.

5.7. Molecular docking study

The analysis of data prepared by Western blottiag ¢hallenged us to explore the best poses
and interactions of compourtdli in the active site of the receptor and for thispoge, the
AutoDock 4.2 program was implemented. The crysggiphic structure of the VEGFR-2
receptor in complex with ligand sorafenib (3WZE)swtaken from PDB. To prepare 2D
structures, MarvinSketch 15.10.12 was utilized asthg Chem3D ultra 8.0, the corresponding
structures were minimized and converted to pdb &rmhe next step involved the preparation
of the corresponding macromolecule; VEGFR-2, sd thdra molecules of the protein were
removed by the discovery studio software and sules#ty polar hydrogens and electric charges
added by AutoDockTools version 1.5.6. All maps werevided with 0.375 A spacing between
grid points and through the selection of appropriiordinates 81 A (x), 61 A (y), and 64 A (2),
the proper location of the grid box was determif8%]. Discovery Studio Visualizer (Ver. 17.2)
and Pymol (Ver. 1.level) were used to visualizesgae interactions between the receptor and
the ligand. Finally, to validate the docking prathche RMSD was calculated (0.46 A) which

was demonstrating a successfully docked procedhige 14).
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Captions:

Table 1. In vitro anti-proliferative effects (I§3, M) of compounddlla-m against PC3, HepG2,
T47D and HUVEC cell lines.

Table 2. In vitro cytotoxic effects (I, uM) of compoundLli against Hu02 cell line.
Figure 1. Diaryl urea containing anticancer agents in chhigse or in clinical trials.

Figure 2. Design strategy of final compountita-m.

Figure 3. Flow cytometry analysis of PC3 cells treated wittmpoundsllh and 11i. (a)
Nontreated cells as negative control group; (btee@ with sorafenib as positive control at its
ICs; (c) treated withllh at its IGo; (d) treated withlli at its 1Gg; (e) treated with dimethyl
sulfoxide as solvent. Early apoptotic cells (AnmeX/-positive, propidium iodide-negative)
appear in the lower right quadrant and late apaptlls (positive for both markers) in the
upper right quadrant.

Figure 4. Flow cytometry analysis of HUVEC cells treatediwttompoundLli. (a) Nontreated
cells as negative control group; (b) treated wibhatenib as positive control at its 1C50; (c)
treated withl1li at its IC50; (d) treated with dimethyl sulfoxide solvent. Early apoptotic cells
(Annexin V-positive, propidium iodide-negative) &ap in the lower right quadrant and late
apoptotic cells (positive for both markers) in thgper right quadrant.

Figure 5. Effect of compound41h and11i on the cell cycle distribution of PC3 cells bywvilo
cytometry analysis. (a) Non-treated cells as therobgroup; (b) treated withlh at its 1Gg; (C)
treated withlli at its 1Gg; (d) treated with sorafenib at its46

Figure 6. Quantitative measurement of the cell cycle analysi

Figure 7. The amount of apoptosis mediated bih, 11i, and sorafenib versus the cell
population arrested in the subG1-phase. The grashpresented by separated symbols, trying to

make a logical connection between the dependerablas.

Figure 8. Effect of compoundlli on the cell cycle distribution of HUVEC cells bioW
cytometry analysis. (a) Non-treated cells as therobgroup; (b) treated withli at its 1Gg; (C)
treated with sorafenib at its 46



Figure 9. Screening compounds by chick chorioallantoic memer(CAM) assay. (a) Negative
control; (b) sorafenib; (c}1i.

Fig. 10. a) Quantification of the effects dfib, 11h, 11i, 11j, and11m on the number of CAM
blood vessels. The bars show the mean + SD (n=8jistcal significance: **P< 0.01. b)
Quantification of the effects dfib, 11h, 11i, 11j, and11m on the length of CAM blood vessels.
The bars show the mean + SD (n=5). Statisticalifsigmce: **P < 0.01, **P <0.001.11i

concentration: 3.@M; sorafenib concentration: 15/6/.

Figure 11. Western blot analysis dfli and sorafenib on the VEGFR-2 phosphorylation & th
PC3 cell line after 24, 48, and 72 h.

Figure 12. Expression of VEGFR-2 and p-VEGFR-2 in PC3 ceflsated with different
concentrations ofli for 48 h. Control: treated with no drubtti-L: treated with 2.4M 11i; 11i-
N: treated with 3.¢M 11i; 11i-H: treated with 5.4«M 11i.

Figure 13. a) 2D illustration of compountli and the corresponding interactions with residues
in the active site of VEGFR-2; b) 3D illustratioi compound11i and the corresponding
interactions with residues in the active site ofGHR-2.

Figure 14. Superimposed representation of redocking lowestggnposes into the co-crystalized

ligand sorafenib over 3WZE.

Scheme 1. Reagents and conditions: a) morpholine, refluxh1Z0%; b) formamidine acetate,
DMF, 100°C, 16 h, 74%; c) POGIDIPEA, 45°C, 42%; d) sodium carbonate, dry EtOH, reflux,
8 h, 84%; e) various substituted phenyl isocyardig DCM, rt, 24 h, 45-55%; f) KOH/EtOH,
reflux, 6h, 60-68%.
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Tablel: In vitro anti-proliferative effects (I Csy, uM) of compounds 11a-m against PC3, HepG2, T47D and HUVEC cell
lines.

R1 R2
)
N= N‘N>_ Y-NH
I >—NH
\ )\S
7 h
. 11a-m
S N)
Compouni R; R> PC3 HepG2 T47D HUVEC
1la H H 57+0.8 194+0.5 23.3+0.5 19.3+£0.5
11b CH; H 52+0.8 20.7+0.4 27.2+04 12.2+0.5
1ic Cl H 8.0+£0.7 22904 43.9+£0.2 21.0+04
11d Ck H 11.5+0.6 153+0.5 451+£0.1 22.4+0.3
1le Cl CH; 4.7+0.8 16.0£ 0.6 348+04 23.2+0.5
11f H OCH;, 99+£0.7 146+ 0.5 >100 16.9+£0.5
11g H CH; 21+£0.8 52.0+04 17.8 £0.6 19.3£0.5
11h H F 097+£0.8 31.7+£0.2 18.9+0.5 28.3+0.4
11i Cl Cl 3.6+0.9 61.9+04 14.6 £ 0.7 7.8+0.8
11] H Cl 7.7+0.8 289+0.2 23.3+£04 11.6 £ 0.5
11k Ck Cl 121+£0.6 45.3+£0.2 28.0+£0.2 18.4£0.5

111 OoCH, H 6.8+0.6 284+04 56.9+0.3 67.7+0.2



11m F H 6.6+0.9 64.1+0.1 16.7 £ 0.6

Sor afenib - - 155+04 29.6+0.3 6.4+0.6

13.7+0.5

28+0.8

#Values were the means of three replicates + stdrtiviation (SD).

Table 2. In vitro cytotoxic effects (16, uM) of compoundlli against
Hu02 cell liné

Compound Hu02
11i 34.3+0.3
Sorafenib 40.0+0.5

#Values were the means of three replicates + stdritviation (SD).
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Fig. 3. Flow cytometry analysis of PC3 cells treated with comqutal1lh and11i. (a) Nontreated cells as negative
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the upper right quadrant.
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Fig. 9. Screening compounds by the chick chorioallantoemiorane (CAM) assay. (a) Negative control; (b)

sorafenib; (c)L1i.
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Fig. 14. Superimposed representation of redocking lowestggnposes into the co-crystalized ligand soraferwir
3WZE.
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Thienopyrimidine-based compounds bearing the diaryl urea functionality were designed
and synthesized.

11i could inhibit the proliferation of PC3 cells by nearly 4-fold, respectively compared to
sorafenib

CAM assay revealed that the growth of blood vessels was inhibited by 11i tremendously
Western blot analysis of 11i revealed the inhibition of VEGFR-2 phosphorylation
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