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Highlights

* 25 new furanopyrimidine analogs were designedsymthesized.

» The designed compounds were evaluated for Aukcaad Aurora-B inhibition activity.
» Derivatization on the phenylurea modulates isofselective kinase inhibition.

» Molecular docking studies were performed.
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Abstract

Twenty five novel chemical analogs of the previgusported Aurora kinase inhibitor
BPR1K 653 (1-(4-(2-((5-chloro-6-phenylfuro[2,3-d]pyrimidin-yl)amino)ethyl)phenyl)-
3-(2-((dimethylamino)methyl)phenyl)urea) have bealesigned, synthesized, and
evaluated by Aurora-A and Aurora-B enzymatic kinassivity assays. Similar to
BPR1K 653, analogs3b-3h bear alkyl or tertiary amino group at the orthgifion of the
phenylurea, and showed equal or better inhibitictividy for Aurora-B over Aurora-A.
Conversely, preferential Aurora-A inhibition actwiwas observed when the same
functional group was moved to the meta positiothefphenylurea. Compoun8m and
3n, both of which harbor a tertiary amino group a theta position of the phenylurea,
showed 10-16 fold inhibition selectivity for Aurefaover Aurora-B. Then vitro kinase
inhibition results were verified by Western bloaéysis, and indicated that compourdis
and 3n were more than 75-fold superior in inhibiting T4p@utophosphorylation of
Aurora-A (Thr288), compared to Aurora-B (Thr232)HCT116 colon carcinoma cells.
The computational docking analysis suggested tiatertiary amine at the meta position
of the phenylurea formed a more stable interactwih residues in the back pocket of
Aurora-A than in Aurora-B, a possible explanatian the observed discrepancy in the

selectivity. These results support an alternativals molecule design strategy targeting



the back pocket of Aurora kinases for selectivéoiso inhibition.
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Introduction

Aurora kinases are serine/threonine kinases whetfulate mitotic progression,

centrosome maturation, and spindle assembly [D@rexpression of Aurora kinases has

been associated with increased tumor progressmahtraus they are appealing targets for

the development of anti-cancer therapies [3-7].

Despite similarities in protein sequence, the selhilar localization, expression

patterns, timing, and activity of Aurora-A are medky different to Auroras -B and -C [1].

Aurora-A primarily localizes to centrosomes and ati¢ spindles where it regulates

centrosome duplication, centrosome maturation, antotic spindle formation.

Disruption of Aurora-A kinase activity arrests eeilh the G2/M stage of the cell cycle,

thereby activating the spindle assembly checkp@AC) and thus growth inhibition [8,

9]. On the other hand, Aurora-B is part of the chosomal passenger complex (CPC), a

hetero-tetrameric complex composed of Aurora-Beintentromere protein (INCENP),

Borealin and Survivin [10, 11]. In prometaphases @PC localizes at the centromeric

region of the chromosome, monitoring proper attamfinof microtubules emanating from

opposite poles of the cell, activating SAC, as waslbromoting chromosome congression

to the metaphase plate [12-14]. Inhibiting the Eeactivity of Aurora-B or depleting

INCENP results in dephosphorylation of histone HiBserine 10 and override of SAC



[15, 16], leading to premature decondensation efdhromatin, an increased degree of

polyploidy, cell senescence, and apoptosis [17, 18]

Aurora -A or -B selective and pan-aurora inhibitbk@ve demonstrated different

preclinical and clinical therapeutic efficacies 18-23]. For example, clinical trials for a

pan-Aurora inhibitor VX-680 (developed by Vertexgm halted at phase Il for toxicity

reasons (one case of heart failure) [6, 24]. VX;G8®%ewer version of VX-68Which

showed higher Aurora-A selectivity, has enterechase | clinical trial [25]. MLN8237,

developed by Millennium, exhibited better Aurora@ectivity over MLN8054. A clinical

trial of MLN8054 was terminated due to severe rapgnia, while MLN8237 has entered

phase llI clinical trials [25, 26]. These clinigatbservations suggest that development of

Aurora-A selective compounds may be beneficialtertreatment of solid tumors due to

the reduced toxicity to cells in the myeloid linea@n the other hand, higher response

rates against hematologic malignancies have besaradd in clinical trials for drugs

with better Aurora-B inhibition efficacy [27].

We previously discovered a pan-Aurora kinase itbibhamedBPR1K 653 (i.e.

1-(4-(2-((5-chloro-6-phenylfuro[2,3-d]pyrimidin-4h@amino)ethyl)phenyl)-3-(2-((dimeth

ylamino)methyl)phenyl)urea, Fig. 1) which showedtgmey against various tumors

independent of the expression of MDR1 (multidrugis&nce protein 1) [28]. By synthesis
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of a series of furanopyrimidine analogs followedawyivity validation using enzymatic

and cellular assays, and molecular docking, thesal snolecules were determined to

interact differently with residues in the back petc&f Aurora-A and Aurora-B, accounting

for their selective inhibition activities.

Fig. 1. Molecular structure dPR1K 653, a pan-Aurora kinase inhibitor.

2. Results and Discussion

2.1. Chemistry

The preparation of compoun@s-3y bearing modifications on the urea side chain was

achieved by modifying strategies in previous rep@®chemel]29, 30]. S Ar reaction of

dichlorofuranopyrimidinel [30] with 4-(2-aminoethyl)aniline in ethanol gatree desired

intermediate compoun@, which was converted to the corresponding ureapoomd

3a-3y by reaction with various isocyanates or carbamatspectively.
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Scheme 1. Synthesis of compound8a-3y. Reaction conditions and reagents: (a)
4-(2-aminoethyl)aniline, EtOH, reflux, 1 h, 86%) (D various isocyanates, G8l,, rt, 4
h, 34-66%; or (ii) various carbamates;NEt1,4-dioxane, 120C, 8 h, 20-64%.
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2.2. Biological evaluation
2.2.1. Aurora inhibition activity of the compounds

Enzymatic inhibition activities of compoun@a-3y to Aurora-A and Aurora-B were
evaluated by ATP consumption assays. Table 1 sumpesarthe structure-activity
relationship (SAR) results for different substittgeat the ortho, meta or para position of
the phenylurea. The results indicated that remoalhgubstitutions on the phenylurea (i.e.
compound3a) resulted in near equal inhibition activity to Auva-A and Aurora-B. On the
other hand, replacing thid,N-dimethyl tertiary amino group d8PR1K 653 (Aurora-A

ICs0 = 124.0 nM; Aurora-B 16 = 45.0 nM) with an isobutyl group (compoufd)

8



dramatically reduced inhibition activity of Aurofa-and Aurora-B (Aurora-A IG =

3000.0 nM; Aurora-B Ig = 700.3 nM). This effect was less significant whiee number

of carbon atoms in R1 is less than four (i.e. commois 3b-3d). Compound3h, which

contains a 4-hydroxypiperidinyl group at the orghasition of the phenylurea showed

increased Aurora-B inhibition activity compared 3band 3g, implying that improved

hydrophilicity may be beneficial for the interactibbetween the functional groups and

residues in the back pocket of Aurora-B.

Relocation of the isobutyl group 8& from the ortho position to the meta position of

phenylurea gaval, which was a much more potent inhibitor of Auréréghan Aurora-B

(Aurora-A 1Gso = 247.0 nM; Aurora-B 16 >10000 nM). Our results fori-3| suggested

that Aurora-B inhibition potency drastically decsed with increased number of carbons at

the meta position of the phenylurea. The AurorayAibition potency was increased 12

fold in 3m (Aurora-A 1Gso = 20.0 nM), which bears M,N-dimethyl tertiary amino group

at the meta position of phenylurea (Table 1), cawgb#o3l (Aurora-A 1G, = 247.0 nM),

which contains an isobutyl group. Similar AurorarAibition potency was observed3n

(Aurora-A 1Gso = 9.0 nM) ando (Aurora-A 1G5 = 21.5 nM). However, further extension

of the carbon chain on the tertiary amino gro8p-3q) reduced the Aurora-A inhibition

potency compared tgo.



We also synthesized compounds bearing the samkealkytertiary amino groups at
the para position of the phenylurea, and measidinhibition activity to Aurora-A and
Aurora-B. As indicated in Table 1, addition of tary amino groups at the para position of
phenylurea (i.e. compoundyv-3y) did not improve inhibition selectivity to Auror-
compared to the meta derivatives (i.e. compoumis3q), or the inhibition selectivity to

Aurora-B compared to the ortho derivatives (i.enpounds3f-3h andBPR1K 653).
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Table 1. Structure and enzymatic evaluation of the prepaoedpounds.

N
o A 3a-3y

Compound R, R, Rs Aurora-A IC502 ("M)  Aurora-B ICxqP (nM)
BPR1K653 ‘&/\I]l’ H H 124.0 45.0
3a H H H 52.0 66.3
3b CH, H H 83.2 60.2
3c g H H 178.0 66.2
3d ’i)\ H H 525.0 335.9
3e ’(ﬁ/ H H >1000° 700.3
3f 1/\"(\ H H 461.9 526.1
3g *{‘ro H H 198.0 121.6
N
3h ¥ O\OH H 228.0 78.9
3 H CHs H 52.6 74.9
3 H N H 66.3 86.1
3k H 3‘)\ H 233.0 657.1
31 H W H 247.0 >1000°
3m H w7 hll’ H 20.0 199.0
3n H *(‘I}l’\ H 9.0 140.4
30 H I\(\ H 215 1215
3p H ) H 90.2 102.3
3q H EA“O\OH H 67.8 83.6
3r H H CH, 55.5 73.3
3s H H YN 139.3 443.0

3t H H ,\)\ >1000° >1000°
3u H H “‘\/j/ >1000¢ >1000°

3v H H ’(\flﬂ’ 98.3 4555
N
3w H H ’(\NK 232.0 835.2
3x H H "(‘"O 451.0 975.9
YN
3 H H 150.0 352.5
y O\OH

#1Csg values are calculated from duplicated ATP consiongssays of 9 titration points.
P 1Cso values are calculated from duplicated ATP consionpssays of 7 titration points.

¢ Less than 50% inhibition at 27000 nM.
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2.2.2 Aurora-A and Aurora-B inhibitory activity of the synthesized compoundsin cells

Autophosphorylation of Aurora kinases has been dotnbe indispensable for their
activation [31, 32]. To test the inhibition seledly of the synthesized compounds in cells,
we profiled phosphorylated Aurora-A (Thr288), AuadB (Thr232) and Aurora-C (Thr198)
using Western blotting. Compoun8 and3n were found to be more potent inhibitors of
autophosphorylation of Aurora-A than Aurora-B, vehitompounds8h and BPR1K 653
favored Aurora-B inhibition (Fig. 2 and Table 2)h&se data are consistent with our
observations made in the enzymatic kinase actassays (Table 1). We noted that the
inhibition potency of compound3m and3n to Aurora-B (Thr232) phosphorylation is
much less than compourdth in HCT116 cells (Table 2) though the cell-free enayic
inhibition activity is only 2-fold less (Table 1)This discrepancy may be due to
preference of compounddn and3n to interact with Aurora-A than Aurora-B in cells
which preserve authentic complex interactions.

Inhibiting the kinase activity of either Aurora-Ar cAurora-B can halt cell
proliferation, though the mechanisms of actiondifierent [1]. In addition, inhibiting the
kinase activity of Aurora-B has been shown to beerefficient than Aurora-A for cell

growth arrest and apoptosis [33-37]. That is propalhy compound$8a, 3h, 3m and3n

12



all inhibited proliferation of HCT116 human coloarcinoma cells at the sub-micro molar

range (Table 2), although they possess varioushitidn activities against Aurora

isoforms. BPR1K653 showed the best anti-proliferatactivity, perhaps because it is

also the most potent Aurora-B inhibitor amongst éinalyzed compounds (Tables 1-2).

To determine if the compounds are cytotoxic to naneerous cells, we tested

proliferation inhibition of the compounds to Detr6b1 (normal human skin fibroblasts).

The inhibition concentrations of compourts 3h, 3m and3n to the growth of Detroit

551 are more than|BVl, suggesting that these compounds are less toxiortmal human

skin fibroblasts compared to HCT116 colorectal eamells (Table 2).

13
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ACTIN
Fig. 2. Representative cellular inhibition profile of tikempounds to Aurora kinases.
Immunoblot of phosphorylated Aurora-A (Thr288), Ata-B (Thr232) and Aurora-C
(Thr198). HCT116 cells were arrested in the M phagb 24 h treatment of 200 nM
nocodazole, followed by 1 h treatment with the @ated compounds at various
concentrations. ACTIN immunoblot was included dsaaling control.

Table 2. Biological evaluation of the prepared compounds.

pAURKA pAURKB Cellular HCT116 Detroit 551
Compd. R1 R2 R3 ICs0” ICso” IC, Ratio viability  viability
(nM) (nM) AB  ICs¢ (NM) ICso” (UM)

BPR1K 653 ""\_,( H 734 237 311 70 3.1
3a H H H 3806 1912 2/1 153 7.3
3h Aol yowH H 15130 1326 1141 310 3.5
3m H “\_,( H  59.9 >10,0001/(>166.9) 578 5.0
3n H ‘J\_Ni_ H 1322 >10,000 1/(>75.6) 342 9.7

#1Csg values are calculated from Western blot profilég.(2) of 9 titration points.
b |Cso values are calculated from a duplicated, 10-pitiration.



2.2.3 Effect of the synthesized compounds on mitotic progression

Phosphorylation on the serine 10 of histone H3 (BBeér10) is widely used as an

immunomarker specific to cells undergoing mitod8][ To determine the effect of the

newly synthesized compounds on mitotic progressianmeasured pHH3Ser10-positive

(i.e. mitotic index, MI) HelLa cells released frohymidine block at various time points

(Fig. 3A). We used Hela instead of HCT116 in magiogression analysis due to the high

synchronization efficiency of this cell line by thydine block [39]. Compared to mock and

DMSO-treated controls, treatment with compo@nasignificantly increased Ml at 10-12

hours post thymidine block (Fig. 3B-C), suggestoumpound3m can delay mitotic

progression — an effect which should be attribut@dAurora-A kinase inhibition. In

contrast,BPR1K 653 and compoun@h drastically reduced MI (Fig. 3B-C), suggesting

that these two compounds are more potent AuroraBsk inhibitors. Compounga,

which does not possess isoform-inhibition selewtiglightly increased, Ml at 10-12 hours

post thymidine block, but to a lesser degree cosgpdao compoundm. These data

indicate that the cellular phenotype of the compisuan mitotic progression correlated

with their inhibition selectivity to Aurora-A or Aora-B.

15
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Fig. 3. (A) Schematic illustration of the protocol for tHenctional study of the
compounds on mitotic progression. (B) Immunofluoegse staining of pHH3Ser10 (red)
on compound-treated cells fixed at 12 hours afgase from thymidine block. Nuclei
were counterstained with Hoechst 33342 (blue). Esprtative images were shown.
Percentage of pHH3Ser10-positive cells were queadtih (C) as shown as mitotic index
(MI). About 2000-3000 cells were quantified usingetsMorph software in each
experimental condition.
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2.3. Molecular docking study
2.3.1. Structure alignment of Aurora-A and Aurora-B

A typical ATP binding pocket of a kinase can beidin into six sub-pockets: the
adenine pocket, ribose pocket, phosphate pockelropfiobic pocket-1, hydrophobic
pocket-1l and back pocket [40, 41]. The proteinusages in the ATP-binding site of
Aurora-A and Aurora-B are highly conserved. Onlyeth amino acids are not aligned:
Leu215, Thr217, and Arg220 in Aurora-A; and Argl&3y161, and Lys164 in Aurora-B
(Fig. S1, supplementary data) [42]. The interaction between
imidazo[4,5b]pyridine-derived small molecules with the Thr2¥8idue of Aurora-A has
been reported to play a critical role in governthg isoform selectivity for Aurora-A
inhibition [43]. How the other sub-pockets conttibuo the inhibition selectivity of
Aurora isoforms is not clear.

Our previous structural analysis suggested thatptmenylurea derivative on the
4-position of furanopyrimidine extended to the badcket of Aurora-A [29, 44]. To
understand the structural differences in the badket of Aurora isoforms, we compared
X-ray profiles of human Aurora-A (PDB ID: 2W1C, aomplex with an Aurora inhibitor)
and Aurora-B (PDB ID: 4AF3, in complex with INCEN#nd VX-680) (Fig. 4) [10, 45].

The protein sequences of Aurora-A and Aurora-Bhim tegion of back pocket are very

17



well aligned (Fig. 4A). However, a surface modelaplysis determined that the spatial
vacancy in the back pocket is about 70% greatduiora-B than in Aurora-A (179.59%A

in Aurora-A; 310.33 & in Aurora-B, Fig. 4B). In addition, residues Gl %Glu181,
GIn185 in theaC-helix of Aurora-A and the corresponding GIn121u125, GIn129 in
Aurora-B showed more significant deviation tharndess in the33-p4-p5 three-stranded

antiparallel beta sheet (Fig. 4C).

(A)
162 164 174 177 181 185 208210
Aurora-A FILALKVLFKAQLEKAGVEHQLRREVEIQSHLRHPNILRLYGYFHDATRVYLILEY
106 108 118 121 125 129 152 154

Aurora-B FIVALKVLFKSQI EKEGVEHQLRRE | EIQAHLHHPNILRLYNYFYDRRRIYLILEY

(8) \ | ©

- Back pocket

Lys162:A
Lys106:B 3 Leu164:A

Leu108:B
Leut 54:Bd .
Leu210:A Leu208:A \
Leu152:B

b~
(\' Val174:A
GIn185:A Val118:B
Gin129:8 c :

) GIn177:A
Suista " Gimzie

Fig. 4. (A) Alignment of partial amino acid sequence of réua-A and Aurora-B.
Residues that contribute to the back pocket arbligiged in yellow background. (B)
Structure alignment of Aurora-A (PDB ID: 2W1C, kine&nd Aurora-B (PDB ID: 4AF3,
cyan). Surface modeling of ATP-binding site andkopocket are presented in the same

color. (C) Conformation variation in the back pocké Aurora-A (khaki) and Aurora-B
18



(blue).

2.3.2. Molecular docking for selective inhibitors

The biological evaluation results indicated tb@tpound3a (which does not contain

substitution on the phenylurea) showed near eaumibition to Aurora-A and Aurora-B,

and the addition of substituents on the ortho alarpesition of the phenylurea resulted in

increased selectivity for Aurora-B or Aurora-A, pestively (Table 1). The molecular

docking analysis of compour8a in complex with Aurora-A and Aurora-B suggestedtth

the ortho position of the phenyl group 8 presented more space in complex with

Aurora-B than in Aurora-A, while the meta-positiofithe phenyl group was more distant

from Aurora-A than Aurora-B (Fig. 5). Therefore temding moieties at the ortho or meta

positions of the phenylurea Ba may affect the inhibition selectivity for Aurora-é

Aurora-B.

The molecular docking structure of Aurora-A in cdexp with compound3n

suggested that the ethyl amino group not only hstsomg CH= hydrophobic interaction

with Phel44 of Aurora-A, but also forms an intraemllar CHg interaction with its

phenyl group (Fig. 6A). This intramolecular hydropit interaction enables better fitting

of compound3n in the back pocket of Aurora-A. On the other hafohctional groups

such as the piperidinyl and 4-hydroxypiperidinybigps in compound3p and3g may be

19



too large to be accommodated in the back pock&usbra-A, thereby decreasing the

potency with which they inhibit Aurora-A (Table 1n contrast, compoungh (which

bear a 4-hydroxypiperidinyl derivative on the orgimsition of the phenylureg)resented

about 3-fold better enzymatic activity to Aurorattian Aurora-A (Table, 1). A molecular

docking analysis of compourgh with Aurora-A and Aurora-B suggested that the -&H

the 4-position of the piperidine Bh may form hydrogen bonding with residue GIn121 in

Aurora-B (Fig. 6B), while causing a steric obstaslth GIn177 of Aurora-A. Conversely,

compounds$f and3g (which fail to form hydrogen bonding with GIn12f Aurora-B) did

not show an inhibition preference to either Aurdrar Aurora-B (Table 1).

20



(A)

(B) .
___ &

Aurora-B back pocket

Fig. 5. (A) The docking analysis for compour3d with Aurora-A. The back pocket of
Aurora-A is displayed in transparent surface. (Be Tocking analysis for compoud
with Aurora-B. The back pocket of Aurora-B is dapéd in transparent surface.
Approximate distance of the molecules at the inddgositions are shown.
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(A)

(B)

Fig. 6. (A) The docking analysis for compou8d (yellow) with Aurora-A. Compounan
forms hydrogen bonding with Lys162, Glul81, and24la. Compoundn has a strong
hydrophobic effect with Phel144. (B) The dockinglgsia for compoun@h (yellow) with
Aurora-B. Compoundh forms hydrogen bonding with Lys106, GIn121, Glulahd

Alal57.
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3. Conclusions

The molecular and cellular functions of Aurora lges -A, -B and -C are distinct in space

and time. Therefore, small molecules that selelgtivahibit Aurora isoforms are

expected to show different mechanisms of actiom, #us potentially target different

subsets of patients in clinical applications. listBtudy, we discovere8PR1K 653

(2-(4-(2-((5-chloro-6-phenylfuro[2,3-d]pyrimidin-yhamino)ethyl)phenyl)-3-phenyl)ure

a) derivatives3m and3n bearing substituents at the meta position of thenplurea, and

found that they displayed a high degree of inlobitiselectivity for Aurora-A over

Aurora-B in both enzymatic and cellular assays,levthe superior Aurora-B inhibition

selectivity was maintained in an ortho derivatBre The molecular docking analysis of

the compounds with Aurora-A and Aurora-B suggedted the spatial variation in the

back pocket can be used as a design principle simiorim-specific inhibitors. This

selectivity design strategy is different from pmw compounds which target the

non-conserved amino acids in the ATP-binding siteAorora-A and Aurora-B. The

pharmacokinetic and pharmacodynamic propertieh®fléad compounds with the best

Aurora-A selectivity are currently being evaluafedin vivo animal multi-drug resistant

tumor xenograft models.
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4. Experimental
4.1. Chemistry

Commercially available reagents were used as =wgplinless otherwise stated.
Reactions requiring anhydrous conditions were paréd in flame-dried glassware, and
cooled under an argon or nitrogen atmosphere. édctions were carried out under
positive pressure of argon or nitrogen, and moedoby analytical thin layer
chromatography using glass-backed plates (5 x J)Qpeceacoated with silica gel 604,
as supplied by Merck; zones were detected visuedtjer UV irradiation (254 nm) or by
spraying with phosphomolybdic acid reagent (Signi@réh, USA) followed by heating
to 80 C. Flash column chromatography was used routinely garification and
separation of product mixtures using silica gelod@30-400 mesh size as supplied by
Merck. *H and *C NMR spectra were recorded on Varian Mercury-300Varian
Mercury-400 (Fig. S3 supplementary data). Chlonwfor or dimethyl sulfoxideds was
used as the solvent and TM&(Q.00 ppm) as an internal standard. Chemical shlfies
are reported in ppm relative to the TMS in deflaunits. Multiplicities are recorded as s
(singlet), brs (broad singlet), d (doublet), t dkeit), g (quartet), quint (quintet), sep
(septet), dd (doublet of doublets), dt (doubletirgilets), and m (multiplet). Coupling

constantsJ) are expressed in hertz. Electrospray mass sp@&ailS) were recorded as
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m/z values using an Agilent 1100 MSD mass spectremiigh-resolution mass spectra
were recorded under ESI-TOF mass spectroscopy toamsli All test compounds
displayed more than 95% purity as determined byitacHi 2000 series HPLC system
using a C-18 column (Agilent Eclipse XDB-C18 5 pdr§ mm x 150 mm, USA). Mobile
phase A: acetonitrile; mobile phase B: 2 mM ammoniacetate aqueous solution
containing 0.1% formic acid. The gradient systeantet! from A:B (10% : 90%) to A:B
(90% : 10%) with a flow rate of 0.5 mL/min and timgection volume was 2QL. The
system was operated at 25. Peaks were detected at 254 nm. IUPAC nomenelatiur
compounds was determined with ACD/Name Pro software

4.2. N-(4-aminophenethyl)-5-chloro-6-phenyl furo[ 2,3-d] pyrimidin-4-amine (2)

Compound T) [30] (1 g, 3.77 mmol) and 4-(2-aminoethyl)aniliggl2 mg, 3.77 mmol)
in EtOH (20 mL) were heated to reflux for 1 h. Ti@action mixture was poured into
water, the precipitate was filtered and washed wiler several times to affo®(1.18 g,
86%); *H NMR (400 MHz, CDCJ) 6 8.29 (s, 1H), 8.00 (d] = 7.2 Hz, 2H), 7.51 (1] =
7.2 Hz, 2H), 7.44 (t) = 7.2 Hz, 1H), 7.05 (d] = 8.4 Hz, 2H), 6.71 (d] = 8.4 Hz, 2H),
3.79 (t,J = 7.0 Hz, 2H), 2.88 (] = 7.0 Hz, 2H); LCMS (ESIjnz 365.2 [M+HT.

4.3. General procedure for the synthesis of compounds 3a, 3c, 3d, 3i, 3r-3t

The general procedure is illustrated below with poond3a as a specific example.
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1-(4-(2-((5-chloro-6-phenyl furo[ 2,3-d] pyrimidin-4-yl)amino)ethyl ) phenyl )-3-Phenyl )urea
(3a)

A mixture of compoun@ (100 mg, 0.27 mmol) and phenyl isocyanate (0.05Drb4
mmol) in CHCI, (2 mL) was stirred under an argon atmosphere @nrtemperature.
After 4 h, the reaction mixture was concentrattedacuo. The residue was purified by
silica gel column chromatography with MeOH/DCM @)%0 give the title compoungh
(86 mg, 66%);H NMR (400 MHz, DMSOd6) § 8.63 (dd,J = 9.6, 3.6 Hz, 2H), 8.37 (s,
1H), 7.98 (dJ = 8.3 Hz, 2H), 7.57 (1 = 8.3 Hz, 2H), 7.48 (J = 8.3 Hz, 1H), 7.44 (d]
= 8.4 Hz, 2H), 7.39 (d] = 8.0 Hz, 2H), 7.29-7.25 (m, 3H), 7.19 (& 8.4 Hz, 2H), 6.97
(t, J = 8.0 Hz, 1H), 3.73 (q) = 7.6 Hz, 2H), 2.87 (t) = 7.6 Hz, 2H):**C NMR (100
MHz, DMSO-6) ¢ 163.46, 156.45, 154.91, 152.54, 144.08, 139.75,8837132.56,
129.35, 129.12, 139.00, 128.76, 127.61, 125.66,742118.39, 118.14, 104.47, 100.56,
42.23, 34.20; LCMS (ESIWz 484.2 [M+HT; HRMS (ESI) calcd for &H,,CINsO,
[M+H]* m/z 484.1540; found: 484.1546; HPLC purity = 99.7R= 42.99 min.

4.4. General procedure for the synthesis of compounds 3b, 3e-3h, 3j-3q, 3u-3y
The general procedure is illustrated below with poond3b as a specific example.
1-(4-(2-((5-chloro-6-phenyl furo[ 2,3-d] pyrimidin-4-yl)amino)ethyl) phenyl)-3-(o-tolyl)

urea (3b)
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To a solution of compouné (100 mg, 0.27 mmol) in 1,4-dioxane (2.0 mL) atnoo
temperature were added phenstiolylcarbamate (246 mg, 1.08 mmol) and triethylaeni
(0.38 ml, 2.7 mmol). The mixture was stirred undegon atmosphere for 10 h at 120
After the reaction was completed, the reaction wmxtwas poured into water and
extracted with ethyl acetate. The organic layer washed with brine, dried over
anhydrous Nz50,, and concentrateth vacuo. The residue was purified by silica gel
column chromatography with MeOH/DCM (2:98) to gibe title compound@b (47 mg,
35%); 'H NMR (400 MHz, DMSOd6) 5 8.97 (s, 1H), 8.38 (s, 1H), 7.99 @= 7.2 Hz,
2H), 7.88 (s, 1H), 7.84 (d,= 7.7 Hz, 1H), 7.57 () = 7.2 Hz, 2H), 7.49 (t) = 7.2 Hz,
1H), 7.40 (d,J = 8.4 Hz, 2H), 7.28 (brs, 1H), 7.20-7.18 (m , 3AL3 (t,J = 7.7 Hz, 1H),
6.93 (t,J = 7.7 Hz, 1H), 3.75 (q] = 7.3 Hz, 2H), 2.89 (t) = 7.3 Hz, 2H), 2.30 (s, 3H);
13C NMR (100 MHz, DMSQd6) & 163.44, 156.43, 154.90, 152.66, 144.05, 138.08,
137.47, 132.43, 130.17, 129.33, 129.10, 129.06,622227.36, 126.14, 125.63, 122.56,
120.91, 118.21, 104.47, 100.56, 42.25, 34.20, 14.GMS (ESI)m/z 498.2 [M+HT;
HRMS (ESI) calcd for gH24CINsO, [M+H]™ m/z 498.1697; found: 498.1711; HPLC
purity = 96.8%¢R = 43.71 min.

44.1.  1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(2-

ethylphenyl)urea (3c)
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Following the similar reaction and workup procedurfer 3a, the residue was
purified by silica gel column chromatography witle®H/DCM (2:98) to giveSc. Yield:
47%;*H NMR (400 MHz, DMSOd6) 6 8.98 (s, 1H), 8.38 (s, 1H), 7.99 @z 7.2 Hz,
2H), 7.87 (s, 1H), 7.80 (d,= 7.6 Hz, 1H), 7.57 () = 7.2 Hz, 2H), 7.49 (t) = 7.2 Hz,
1H), 7.41 (d,J = 8.4 Hz, 2H), 7.28 (brs, 1H), 7.20-7.17 (m, 3”4 (t,J = 7.6 Hz, 1H),
6.99 (t,J = 7.6 Hz, 1H), 3.75 (q] = 7.4 Hz, 2H), 2.89 (t] = 7.4 Hz, 2H), 2.60 (4] = 7.6
Hz, 2H), 1.17 (tJ = 7.6 Hz, 3H);"*C NMR (100 MHz, DMSOd6) ¢ 163.45, 156.43,
154.91, 152.87, 144.05, 138.11, 136.59, 133.61,403229.34, 129.12, 129.06, 128.39,
127.62, 126.04, 125.64, 123.07, 121.94, 118.18,4104100.56, 42.26, 34.20, 23.80,
14.29; LCMS (ESIMWz 512.3 [M+H]; HRMS (ESI) calcd for @H2CINsO, [M +Na]*
m/z 534.1673; found: 534.1682; HPLC purity = 99.5R0= 45.37 min.

44.2.  1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl ) phenyl)-3-(2-
isopropylphenyl)urea (3d)

Following the similar reaction and workup procedurfer 3a, the residue was
purified by silica gel column chromatography witle®H/DCM (2:98) to givedd. Yield:
34%;*H NMR (400 MHz, DMSOd6) & 8.90 (s, 1H), 8.38 (s, 1H), 7.99 (@= 8.0 Hz,
2H), 7.90 (s, 1H), 7.66 (d,= 7.6 Hz, 1H), 7.57 () = 8.0 Hz, 2H), 7.49 (t) = 8.0 Hz,

1H), 7.40 (d,) = 8.0 Hz, 2H), 7.28-7.26 (m, 2H), 7.19 (ds 8.0 Hz, 2H), 7.14 (1 = 7.6
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Hz, 1H), 7.06 (tJ = 7.6 Hz, 1H), 3.75 (q] = 7.6 Hz, 2H), 3.14 (sep,= 6.8 Hz, 1H),
2.89 (t,J = 7.6 Hz, 2H), 1.19 (t) = 6.8 Hz, 6H);**C NMR (100 MHz, DMSOd6) §
163.44, 156.42, 154.88, 153.14, 144.04, 139.28,1838.35.56, 132.33, 129.30, 129.08,
129.03, 127.61, 125.70, 125.61, 125.21, 123.80,442318.16, 104.47, 100.56, 42.25,
34.20, 26.79, 23.12; LCMS (ESliWz 526.3 [M+H]; HRMS (ESI) calcd for
C30H28CIN5O, [M+H]™ m/z 526.2010; found: 526.2025; HPLC purity = 97. 7R, =
46.35 min.

443.  1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl )amino)ethyl)phenyl)-3-(2-
isobutyl phenyl)urea (3€)

Following the similar reaction and workup procedufer 3b, the residue was
purified by silica gel column chromatography witle®H/DCM (2:98) to givee. Yield:
34%;*H NMR (400 MHz, DMSOd6) 5 8.95 (s, 1H), 8.37 (s, 1H), 7.98 @= 7.4 Hz,
2H), 7.78 (s, 1H), 7.74 (d, = 7.4 Hz, 1H), 7.57 (t) = 7.4 Hz, 2H), 7.48 (t) = 7.4 Hz,
1H), 7.41 (dJ = 7.6 Hz, 2H), 7.25 (brs, 1H), 7.19 (s 7.6 Hz, 2H), 7.16-7.11 (m, 2H),
6.98 (t,J = 7.4 Hz, 1H), 3.75 (] = 7.2 Hz, 2H), 2.89 (1] = 7.2 Hz, 2H), 2.47 (d] = 6.8
Hz, 2H), 1.88-1.81 (m, 1H), 0.88 (d= 6.8 Hz, 6H)}*C NMR (100 MHz, DMSQd6) &
163.45, 156.43, 154.91, 152.91, 144.06, 138.14,8634.32.38, 131.55, 130.30, 129.33,

129.10, 129.03, 127.61, 126.09, 125.64, 122.88,782218.23, 104.47, 100.56, 42.25,
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39.72, 34.20, 28.22, 22.25; LCMS (ESWz 540.3 [M+H]; HRMS (ESI) calcd for
C31H30CIN5O, [M+H]™ m/z 540.2166; found: 540.2161; HPLC purity = 98.53R,=
48.37 min.

444.  1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl )amino)ethyl)phenyl)-3-(3-
((diethylamino)methyl)phenyl)urea (3f)

Following the similar reaction and workup procedurfer 3b, the residue was
purified by silica gel column chromatography witre®H/DCM (5:95) to givesf. Yield:
62%;H NMR (400 MHz, DMSO€6) 5 9.35 (s, 1H), 9.08 (s, 1H), 8.37 (s, 1H), 7.97)(d,
= 7.4 Hz, 2H), 7.76 (d] = 7.8 Hz, 1H), 7.56 (] = 7.4 Hz, 2H), 7.48 (] = 7.4 Hz, 1H),
7.40 (d,J = 8.0 Hz, 2H), 7.26-7.18 (m, 5H), 6.94 Jt= 7.8 Hz, 1H), 3.75 (q] = 6.2 Hz,
2H), 3.53 (s, 2H), 2.89 (§ = 6.2 Hz, 2H), 2.44 (q] = 6.8 Hz, 4H), 0.96 () = 6.8 Hz,
6H); 1*C NMR (75 MHz, DMSOd6) § 163.49, 156.48, 154.96, 152.82, 144.12, 138.97,
138.15, 132.80, 129.63, 129.42, 129.17, 128.96,7P27127.64, 127.28, 125.69, 122.10,
121.54, 119.52, 104.52, 100.61, 55.30, 45.88, 4232724, 10.73; LCMS (ESlnwz
569.3 [M+H]; HRMS (ESI) calcd for gH33CINgO> [M+H]" m/z 569.2432; found:
569.2436; HPLC purity = 96.6%R = 29.25 min.

445.  1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl )amino)ethyl)phenyl)-3-(2-

(piperidin-1-ylmethyl)phenyl)urea (3g)
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Following the similar reaction and workup procedufer 3b, the residue was
purified by silica gel column chromatography witle®H/DCM (5:95) to give3g. Yield:
20%;*H NMR (300 MHz, DMSO€6) 6 9.10 (s, 1H), 9.06 (s, 1H), 8.38 (s, 1H), 7.99X(d,
= 7.3 Hz, 2H), 7.93 (d] = 7.6 Hz, 1H), 7.58 () = 7.3 Hz, 2H), 7.49 (§ = 7.3 Hz, 1H),
7.40 (d,J = 8.4 Hz, 2H), 7.28 (brs, 1H), 7.22-7.19 (m, 3”6 (d, 7.6 Hz, 1H), 6.93 (t,
J=7.6 Hz, 1H), 3.76 (q] = 7.2 Hz, 2H), 3.46 (s, 2H), 2.90 Jt= 7.2 Hz, 2H), 2.38-2.24
(m, 4H), 1.57-1.44 (m, 4H), 1.44-1.34 (m, 2HJC NMR (100 MHz, DMSOd6) &
163.47, 156.44, 154.91, 152.85, 144.08, 138.89,063832.82, 129.86, 129.35, 129.13,
120.98, 127.62, 127.46, 126.27, 125.66, 121.84,672019.45, 104.47, 100.56, 60.97,
53.58, 42.22, 34.22, 25.22, 23.88; LCMS (E®Ix 581.3 [M+H]; HRMS (ESI) calcd
for CasH33CINgO, [M +H]™ m/z 581.2432; found: 581.2428; HPLC purity = 99.2R=
29.55 min.

446. 1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl )phenyl)-3-(2-
((4-hydroxypiperidin-1-yl)methyl )phenyl)urea (3h)

Following the similar reaction and workup procedufer 3b, the residue was
purified by silica gel column chromatography withe®H/DCM (10:90) to givesh.
Yield: 30%;*H NMR (300 MHz, CDC}) 6 8.40 (s, 1H), 8.03 (d} = 7.5 Hz, 2H), 7.98 (d,

J=7.4 Hz, 1H), 7.48 (1) = 7.5 Hz, 2H), 7.40 (] = 7.5 Hz, 1H), 7.37 (d] = 8.2 Hz, 2H),
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7.32 (d,J = 7.4 Hz, 1H), 7.26 (d] = 8.2 Hz, 2H), 7.20 (brs, 1H), 7.07 M= 7.4 Hz, 1H),
6.98 (t,J = 7.4 Hz, 1H), 6.46 (brs, 1H), 5.94 (brs, 1H),(8(§,J = 6.4 Hz, 2H), 3.55-3.53
(m, 1H), 3.53 (s, 2H), 2.99 (8 = 6.4 Hz, 2H), 2.54-2.52 (m, 2H), 2.03-2.01 (m,)2H
1.42-1.35 (m, 2H), 0.88-0.83 (m, 2HJC NMR (100 MHz, DMSOd6) 5 163.45, 156.44,
154.91, 152.97, 144.07, 138.89, 138.07, 132.82,2430129.34, 129.12, 129.01x2,
127.63%x2, 125.64, 122.17, 121.16, 119.32, 104.80,5B, 65.73, 59.81, 50.34, 42.25,
34.25, 33.64; LCMS (ESIvz 597.3 [M+H]; HRMS (ESI) calcd for §HzsCINgOs
[M +H]™ m/z 597.2381; found: 597.2379; HPLC purity = 99.0R0= 27.22 min.

4.4.7. 1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl Jamino)ethyl) phenyl)-3-
(m-tolyl)urea (3i)

Following the similar reaction and workup procedurfer 3a, the residue was
purified by silica gel column chromatography witle®H/DCM (2:98) to givesi. Yield:
39%;'H NMR (400 MHz, DMSO€6) ¢ 8.69 (brs, 1H), 8.65 (brs, 1H), 8.38 (s, 1H), 7.99
(d,J=7.7 Hz, 2H), 7.57 () = 7.7 Hz, 2H), 7.49 () = 7.7 Hz, 1H), 7.40 (d] = 8.0 Hz,
2H), 7.29 (s, 1H), 7.27 (brs, 1H), 7.22 &= 7.7 Hz, 1H), 7.18 (d] = 8.0 Hz, 2H), 7.14
(t, J= 7.7 Hz, 1H), 6.77 (d] = 7.7 Hz, 1H), 3.75 (g] = 7.6 Hz, 2H), 2.89 () = 7.6 Hz,
2H), 2.27 (s, 3H)™C NMR (100 MHz, DMSOd6) ¢ 163.44, 156.43, 154.90, 152.53,

144.05, 139.67, 137.93x2, 132.52, 129.32, 129.19.01, 128.61, 127.62, 125.63,
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122.49, 118.65, 118.34, 115.32, 104.47, 100.5684234.20, 21.24; LCMS (EShvz
498.2 [M+HJ; HRMS (ESI) calcd for gH24CINsO, [M+H]" m/z 498.1697; found:
498.1686; HPLC purity = 96.1%R = 44.29 min.

448. 1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl )amino)ethyl)phenyl)-3-(3-
ethylphenyl)urea (3))

Following the similar reaction and workup procedurer 3b, the residue was
purified by silica gel column chromatography witre®H/DCM (2:98) to givej. Yield:
64%;H NMR (400 MHz, DMSO€6) 6 8.77 (brs, 1H), 8.76 (brs, 1H), 8.38 (s, 1H), 7.99
(d,J = 7.5 Hz, 2H), 7.57 () = 7.5 Hz, 2H), 7.49 () = 7.5 Hz, 1H), 7.40 (d] = 8.6 Hz,
2H), 7.32 (s, 1H), 7.27 (brs, 1H), 7.24 {d= 7.9 Hz, 1H), 7.18 (d] = 8.6 Hz, 2H), 7.16
(t, J= 7.9 Hz, 1H), 6.80 (d] = 7.9 Hz, 1H), 3.75 (q] = 8.0 Hz, 2H), 2.89 (] = 8.0 Hz,
2H), 2.56 (gJ = 7.6 Hz, 2H), 1.17 (] = 7.6 Hz, 3H);*C NMR (100 MHz, DMSOd6)
0163.44, 156.42, 154.89, 152.55, 144.33, 144.04,783 137.94, 132.52, 129.31, 129.09,
129.01, 128.67, 127.62, 125.62, 121.29, 118.35,5117115.60, 104.47, 100.56, 42.25,
34.21, 28.31, 15.58; LCMS (ESliwWz 512.3 [M+H]; HRMS (ESI) calcd for
C29H26CIN5O, [M+H]™ m/z 512.1853; found: 512.1868; HPLC purity = 97.5R,=
46.54 min.

449. 1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(3-
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isopropylphenyl)urea (3Kk)

Following the similar reaction and workup procedufer 3b, the residue was
purified by silica gel column chromatography witle®H/DCM (2:98) to give3k. Yield:
45%; *H NMR (400 MHz, CDCJ) 6 8.41 (s, 1H), 8.01 (d] = 7.2 Hz, 2H), 7.47 () =
7.2 Hz, 2H), 7.40 (t) = 7.2 Hz, 1H), 7.34 (d] = 8.4 Hz, 2H), 7.30 (&) = 8.0 Hz, 1H),
7.24 (d,J = 8.4 Hz, 2H), 7.22 (s, 1H), 7.15 @= 8.0 Hz, 1H), 7.03 (d] = 8.0 Hz, 1H),
6.56 (brs, 1H), 6.47 (brs, 1H), 5.89 (brs, 1H)93(&,J = 6.8 Hz, 2H), 2.98 (] = 6.8 Hz,
2H), 2.89 (sepJ = 6.8 Hz, 1H), 1.24 (dJ = 6.8 Hz, 6H);*C NMR (100 MHz,
DMSO-d6) ¢ 163.46, 156.44, 154.91, 152.56, 149.01, 144.09,703 137.92, 132.52,
129.35, 129.12, 129.0, 128.66, 127.62, 125.65,841918.37, 116.12, 115.77, 104.47,
100.56, 42.25, 34.89, 33.50, 23.88; LCMS (B8 526.3 [M+H]; HRMS (ESI) calcd
for CaoH26CIN5O, [M +H]™ m/z 526.2010; found: 526.2025; HPLC purity = 99.7R=
47.87 min.

4.4.10. 1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(3-
isobutyl phenyl)urea (3l)

Following the similar reaction and workup procedufer 3b, the residue was

purified by silica gel column chromatography witle®H/DCM (2:98) to givedl. Yield:

57%:'H NMR (400 MHz, DMSOd6) § 8.70 (s, 1H), 8.69 (s, 1H), 8.38 (s, 1H), 7.98)(d,
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= 7.6 Hz, 2H), 7.57 (t) = 7.6 Hz, 2H), 7.49 () = 7.6 Hz, 1H), 7.40 (d] = 8.4 Hz, 2H),
7.28 (s, 1H), 7.26 (brs, 1H), 7.23 (b= 7.9 Hz, 1H), 7.18 (d] = 8.4 Hz, 2H), 7.16 (1] =
7.9 Hz, 1H), 6.75 (dJ = 7.9 Hz, 1H), 3.75 (q] = 7.9 Hz, 2H), 2.89 (U = 7.9 Hz, 2H),
2.40 (d,J = 6.8 Hz, 2H), 1.85-1.77 (m, 1H), 0.87 = 6.8 Hz, 6H);**C NMR (100
MHz, DMSO-d6) ¢ 163.41, 156.40, 154.85, 152.54, 144.02, 141.68.583 137.92,
132.50, 129.26, 129.04, 128.98, 128.42, 127.60,582922.48, 118.63, 118.35, 115.65,
104.46, 100.55, 44.79, 42.23, 34.20, 29.62, 22LTMS (ESI) m/z 540.3 [M+HJ;
HRMS (ESI) calcd for gHsoCINsO, [M+H]" m/z 540.2166; found: 540.2173; HPLC
purity = 98.2%¢R = 49.37 min.

44.11. 1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(3-
((dimethylamino)methyl) phenyl)urea (3m)

Following the similar reaction and workup procedufer 3b, the residue was
purified by silica gel column chromatography witle®H/DCM (5:95) to givem. Yield:
60%; *H NMR (400 MHz, CDCJ) 6 8.40 (s, 1H), 7.99 (d] = 7.2 Hz, 2H), 7.45 (t) =
7.2 Hz, 2H), 7.38 (t) = 7.2 Hz, 1H), 7.33-7.30 (m, 3H), 7.27-7.26 (m)2H24 (s, 1H),
7.20 (d,J = 8.6 Hz, 2H), 7.03-6.99 (m, 2H), 5.88 (brs, 18185 (q,J = 6.4 Hz, 2H), 3.36
(s, 2H), 2.95 (tJ = 6.4 Hz, 2H), 2.01 (s, 6H}*C NMR (100 MHz, CDGJ) J 163.83,

157.29, 155.11, 153.62, 145.62, 140.31, 138.41,9¥3d.34.60, 129.89, 129.39, 129.35,
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128.97, 128.31, 126.23, 125.02, 121.67, 121.51,8619104.52, 101.79, 64.33, 45.46,
42.41, 35.13 ; LCMS (ESI)z 541.3 [M+H]: HRMS (ESI) calcd for GH2CINGO
[M+H]" m/z 541.2119; found: 541.2120; HPLC purity = 98.7R0= 27.29 min.

4.4.12. 1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(3-
((ethyl (methyl)amino)methyl)phenyl)urea (3n)

Following the similar reaction and workup procedurfer 3b, the residue was
purified by silica gel column chromatography witle®H/DCM (5:95) to givedn. Yield:
54%;'H NMR (400 MHz, CDCJ) 6 8.59 (brs, 1H), 8.39 (s, 1H), 8.29 (brs, 1H), 801
J = 8.0 Hz, 2H), 7.60 (dJ = 7.6 Hz, 1H), 7.50-7.44 (m, 5H), 7.40-7.36 (m,).1H
7.21-7.16 (m, 3H), 6.92 (d,= 7.6 Hz, 1H), 5.89 (brs, 1H), 3.84 (b= 6.6 Hz, 2H), 3.79
(s, 2H), 2.94 (tJ = 6.6 Hz, 2H), 2.87 (gl = 7.2 Hz, 2H), 2.47 (s, 3H), 1.29 }t= 7.2 Hz,
3H); *C NMR (100 MHz, DMSOd6) 6 163.44, 156.41, 154.87, 152.66, 144.05,
140.25%2, 137.96, 132.48, 129.32, 129.09, 128.29,5D, 125.63x2, 123.71, 119.82,
118.40, 118.16, 104.46, 100.54, 58.69, 49.99, 432189, 34.20, 9.66; LCMS (EStyz
555.2 [M+H]; HRMS (ESI) calcd for gHz1CINgO> [M+H]" m/z 555.2275; found:
555.2272; HPLC purity = 97.8%R = 27.39 min.

44.13.  1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(3

-((diethylamino)methyl) phenyl)urea (30)
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Following the similar reaction and workup procedufer 3b, the residue was
purified by silica gel column chromatography witle®H/DCM (5:95) to give3o. Yield:
52%;H NMR (400 MHz, DMSO€6) 6 8.80 (brs, 1H), 8.71 (brs, 1H), 8.38 (s, 1H), 7.99
(d,J=7.2 Hz, 2H), 7.57 () = 7.2 Hz, 2H), 7.87 (] = 7.2 Hz, 1H), 7.41 (s, 1H), 7.40 (d,
J=8.4 Hz, 2H), 7.33 (d] = 7.6 Hz, 1H), 7.27 (brs, 1H), 7.18 (t= 8.4 Hz, 2H), 7.18 (t,
J=7.6 Hz, 1H), 6.89 (d] = 7.6 Hz, 1H), 3.75 (g] = 8.0 Hz, 2H), 3.47 (s, 2H), 2.89 {t,
= 8.0 Hz, 2H), 2.45 (q) = 7.2 Hz, 4H), 0.98 (t) = 7.2 Hz, 6H):**C NMR (100 MHz,
DMSO-d6) ¢ 163.44, 156.42, 154.90, 152.53, 144.05, 140.69,663 137.93, 132.53,
129.31, 129.09, 129.01, 128.43, 127.62, 125.62,982118.37, 118.12, 116.48, 104.48,
100.56, 57.02, 46.14, 42.26, 34.22, 11.68; LCMS)YE®z 569.4 [M+H]; HRMS (ESI)
calcd for GoH33CINO, [M+H] " m/z 569.2432; found: 569.2425; HPLC purity = 98.8%,
tR = 27.83 min.

4.4.14. 1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(3-
(piperidin-1-ylmethyl)phenyl)urea (3p)

Following the similar reaction and workup procedufer 3b, the residue was
purified by silica gel column chromatography witre®H/DCM (5:95) to give3p. Yield:
21%;*H NMR (400 MHz, DMSO€6) 6 8.65 (s, 1H), 8.57 (s, 1H), 8.38 (s, 1H), 7.99)(d,

= 7.2 Hz, 2H), 7.57 (t) = 7.2 Hz, 2H), 7.49 () = 7.2 Hz, 1H), 7.40-7.38 (m, 3H), 7.32
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(d, J = 8.0 Hz, 1H), 7.28 (br, 1H), 7.22-7.17 (m, 3HB®B(d,J = 8.0 Hz, 1H), 3.75 (q]

= 7.6 Hz, 2H), 3.38 (s, 2H), 2.89 @t,= 7.6 Hz, 2H), 2.36-2.28 (m, 4H), 1.50-1.48 (m,
4H), 1.42-1.36 (m, 2H)**C NMR (100 MHz, DMSOd6) § 163.48, 156.46, 154.93,
152.60, 144.09, 139.78, 137.96x2, 132.55, 129.2%.14, 129.03, 128.56, 127.63,
125.66, 122.54, 118.64, 118.39, 116.95, 104.50,580®2.61, 53.72, 42.27, 34.23, 25.24,
23.75; LCMS (ESIWz 581.4 [M+H]; HRMS (ESI) calcd for @HssCINgO, [M+H]*
m/z 581.2432; found: 581.2433; HPLC purity = 97.6R0= 28.19 min.

4.4.15.  1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(3
-((4-hydroxypiperidin-1-yl)methyl ) phenyl )urea (3q)

Following the similar reaction and workup procedufer 3b, the residue was
purified by silica gel column chromatography withe®H/DCM (10:90) to give3q.
Yield: 25%;*H NMR (400 MHz, DMSOs6) 6 8.73 (s, 1H), 8.65 (s, 1H), 8.38 (s, 1H),
7.98 (d,J = 7.6 Hz, 2H), 7.57 () = 7.6 Hz, 2H), 7.49 () = 7.6 Hz, 1H), 7.41-7.38 (m,
3H), 7.32 (dJ = 8.4 Hz, 1H), 7.27 (brs, 1H), 7.20 (= 7.6 Hz, 1H), 7.18 (d] = 8.4 Hz,
2H), 6.86 (d,J = 7.6 Hz, 1H), 4.53 (dJ = 4.0 Hz, 1H), 3.75 (qJ = 8.2 Hz, 2H),
3.48-3.40 (m, 1H), 3.78 (s, 2H), 2.89Jt= 8.2 Hz, 2H), 2.67-2.64 (m, 2H), 2.03-1.98 (m,
2H), 1.71-1.68 (m, 2H), 1.42-1.33 (m, 2HJC NMR (100 MHz, DMSOd6) § 163.44,

156.42, 154.90, 152.53, 144.04, 139.69, 139.37,9P37132.53, 129.32, 129.09, 129.00,
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128.48, 127.62, 125.63, 122.20, 118.37, 118.30,6616104.47, 100.56, 66.37, 62.24,
50.93, 42.25, 34.45, 34.21; LCMS (ESWz 597.3 [M+H]; HRMS (ESI) calcd for
Cs3H33CINgOs [M+H]" m/z 597.2381; found: 597.2375; HPLC purity = 99.2,=
25.73 min.

4.4.16. 1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(p
-tolyl) urea (3r)

Following the similar reaction and workup procedurfer 3a, the residue was
purified by silica gel column chromatography witle®H/DCM (2:98) to givesr. Yield:
45%:;'H NMR (400 MHz, CDCJ) 6 8.41 (s, 1H), 8.02 (dJ = 7.6 Hz, 2H), 7.48 (U =
7.6 Hz, 2H), 7.40 (tJ = 7.6 Hz, 1H), 7.34 (dJ = 8.4 Hz, 2H), 7.24 () = 8.4 Hz, 2H),
7.23 (d J = 8.4 Hz, 2H), 7.16 (dJ = 8.4 Hz, 2H), 6.48 (s, 1H), 6.38 (s, 1H), 5.885(b
1H), 3.88 (qJ = 6.8 Hz, 2H), 2.98 (1] = 6.8 Hz, 2H), 2.34 (s, 3H}*C NMR (100 MHz,
DMSO-d6) ¢ 163.45, 156.42, 154.91, 152.59, 144.05, 138.00,183 132.44, 130.54,
129.33, 129.16, 129.11, 129.00, 127.62, 125.64,311818.22, 104.48, 100.56, 42.26,
34.21, 20.34; LCMS (ESIivz 498.2 [M+H]; HRMS (ESI) calcd for @H»4CINsO,
[M+H]* m/z 498.1697; found: 498.1711; HPLC purity = 99.8%= 44.51 min.

4.4.17.  1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(4

-ethylphenyl)urea (3s)
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Following the similar reaction and workup procedurfer 3a, the residue was
purified by silica gel column chromatography witle®H/DCM (2:98) to gives. Yield:
60%:;*H NMR (400 MHz, DMSO€6) 6 8.59 (s, 1H), 8.56 (s, 1H), 8.37 (s, 1H), 7.98)(d
= 7.6 Hz, 2H), 7.57 () = 7.6 Hz, 2H), 7.48 (00 = 7.6 Hz, 1H), 7.38 (d) = 7.8 Hz, 2H),
7.34 (d 3= 7.8 Hz, 2H), 7.27 (brs, 1H), 7.18 (= 7.8 Hz, 2H), 7.10 (dJ = 7.8 Hz, 2H),
3.75 (qJ = 7.2 Hz, 2H), 2.88 (1 = 7.2 Hz, 2H), 2.56-2.52 (m, 2H), 1.15 Jt= 7.6 Hz,
3H); *C NMR (100 MHz, DMSQd6) 6 163.47, 156.45, 154.92, 152.63, 144.09, 138.01,
137.38, 137.14, 132.47, 129.37, 129.13x2, 129.QZ,6B, 125.66, 118.34x2, 104.50,
100.58, 42.26, 34.23, 27.53, 15.83; LCMS (B8 512.3 [M+H]; HRMS (ESI) calcd
for CogH26CINSO, [M +H]™ m/z 512.1853; found: 512.1868; HPLC purity = 97.6R=
46.64 min.

4.4.17.  1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(4
-isopropylphenyl)urea (3t)

Following the similar reaction and workup procedurfer 3a, the residue was
purified by silica gel column chromatography witre®H/DCM (2:98) to givest. Yield:
40%;H NMR (400 MHz, DMSO€6) 6 8.56 (s, 1H), 8.53 (s, 1H), 8.37 (s, 1H), 7.981(d
= 7.2 Hz, 2H), 7.57 (0 = 7.2 Hz, 2H), 7.48 (0 = 7.2 Hz, 1H), 7.39 (dJ = 8.4 Hz, 2H),

7.34 (d J = 8.4 Hz, 2H), 7.26 (brs, 1H), 7.18, (= 8.4 Hz, 2H), 7.13 (dJ = 8.4 Hz, 2H),
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3.75 (q J = 8.0 Hz, 2H), 2.88 (1 = 8.0 Hz, 2H), 2.82 (sef = 7.0 Hz, 1H), 1.17 (dJ =
7.0 Hz, 6H);**C NMR (100 MHz, DMSQd6) § 163.44, 156.42, 154.89, 152.62, 144.04,
141.78, 138.02, 137.45, 132.41, 129.31, 129.08,982827.61, 126.45, 125.62, 118.33,
118.30, 104.47, 100.56, 42.24, 34.20, 32.76, 24.GNS (ESI)m/z 526.3 [M+H];
HRMS (ESI) calcd for gH2sCINsO, [M+H]™ m/z 526.2010; found: 526.2026; HPLC
purity = 99.4%¢R = 47.78 min.

4418  1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(4
-isobutyl phenyl)urea (3u)

Following the similar reaction and workup procedufer 3b, the residue was
purified by silica gel column chromatography witre®H/DCM (2:98) to giveu. Yield:
63%;*H NMR (400 MHz, DMSO€6) 6 8.55 (s, 1H), 8.52 (s, 1H), 8.37 (s, 1H), 7.98)(d
= 7.6 Hz, 2H), 7.57 () = 7.6 Hz, 2H), 7.48 (00 = 7.6 Hz, 1H), 7.38 (d) = 8.0 Hz, 2H),
7.33 (d J = 8.0 Hz, 2H), 7.27 (brs, 1H), 7.18, (H= 8.0 Hz, 2H), 7.05 (dJ = 8.0 Hz, 2H),
3.75(qJ = 6.8 Hz, 2H), 2.88 (U = 6.8 Hz, 2H), 2.37 (d) = 6.8 Hz, 2H), 1.82-1.74 (m,
1H), 0.85 (dJ = 6.8 Hz, 6H)*C NMR (100 MHz, DMSOH6) § 163.48, 156.46, 154.94,
152.63, 144.10, 138.02, 137.44, 134.49, 132.40,3829.29.20, 129.16, 129.04, 127.64,
125.68, 118.34, 118.15, 104.51, 100.59, 44.02,84232.23, 29.76, 22.16; LCMS (ESI)

m/z. 540.3 [M+H]; HRMS (ESI) calcd for €H3CINsO, [M +H]* m/z 540.2166; found:

42



540.2172; HPLC purity = 99.7%R = 49.41 min.
4.4.19. 1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(4
-((dimethylamino)methyl ) phenyl )urea (3v)

Following the similar reaction and workup procedufer 3b, the residue was
purified by silica gel column chromatography witle®H/DCM (5:95) to givev. Yield:
57%;*H NMR (400 MHz, DMSO€6) 6 8.61 (s, 1H), 8.60 (s, 1H), 8.35 (s, 1H), 7.96)(d
= 8.0 Hz, 2H), 7.55 (1] = 8.0 Hz, 2H), 7.46 (U = 8.0 Hz, 1H), 7.39 (d = 7.6 Hz, 2H),
7.38 (d J = 7.6 Hz, 2H), 7.29-7.14 (m, 5H), 3.74 (o= 7.6 Hz, 2H), 3.29 (s, 2H), 2.88 (t
J=7.6 Hz, 2H), 2.10 (s, 6H}°C NMR (100 MHz, DMSOd6) 5 163.48, 156.48, 154.91,
152.63, 144.11, 138.54, 137.98, 132.55, 132.17,3729.29.26, 129.13, 129.04, 127.64,
125.67, 118.42, 117.99, 104.51, 100.60, 63.00,64442.26, 34.23; LCMS (ESinz
541.3 [M+H]; HRMS (ESI) calcd for gH29CINgO> [M+H]" m/z 541.2119; found:
541.2126; HPLC purity = 91.8%R = 26.43 min.

4.4.20. 1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(4
-((diethylamino)methyl) phenyl)urea (3w)

Following the similar reaction and workup procedufer 3b, the residue was

purified by silica gel column chromatography witle®H/DCM (5:95) to givedw. Yield:

47%;*H NMR (400 MHz, CDCY) 6 8.41 (s, 1H), 8.02 (dl = 7.2 Hz, 2H), 7.52-7.44 (m,
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7H), 7.44-7.38 (m, 3H), 7.21 (d,= 8.4 Hz, 2H), 5.90 (brs, 1H), 3.88 (= 6.8 Hz, 2H),
3.83 (s, 2H), 2.97 () = 6.8 Hz, 2H), 2.86 (q] = 6.8 Hz, 4H), 1.25 (d] = 6.8 Hz, 6H);

13C NMR (100 MHz, DMSQd6) ¢ 163.41, 156.39, 154.86, 152.65, 144.00, 139.73,
137.99, 132.46, 130.36, 129.26, 129.04x2, 128.99,.6D, 125.58, 118.21, 117.82,
104.47, 100.55, 55.44, 45.72, 42.23, 34.21, 10l@MYS (ESI) m/z 569.3 [M+HJ;
HRMS (ESI) calcd for gHs3CINgO> [M+H]™ m/z 569.2432; found: 569.2444; HPLC
purity = 95.6%¢R = 26.43 min.

4.4.21. 1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(4-
(piperidin-1-ylmethyl)phenyl)urea (3x)

Following the similar reaction and workup procedufer 3b, the residue was
purified by silica gel column chromatography witle®H/DCM (5:95) to give3x. Yield:
36%;H NMR (400 MHz, DMSO€6) § 9.26 (brs, 1H), 9.07 (brs, 1H), 8.37 (s, 1H), 7.98
(d, J = 8.0 Hz, 2H), 7.57 (t) = 8.0 Hz, 2H), 7.52 (d] = 8.4 Hz, 2H), 7.48 () = 8.0 Hz,
1H), 7.42 (dJ = 8.4 Hz, 2H), 7.40 (d] = 8.4 Hz, 2H), 7.26 (brs, 1H), 7.19 (s 8.4 Hz,
2H), 4.20-4.12 (m, 2H), 3.75 (4,= 7.6 Hz, 2H), 3.29-3.25 (m, 2H), 2.89 Jt= 7.6 Hz,
2H), 2.85-2.76 (m, 2H), 1.82-1.63 (m, 6HJC NMR (100 MHz, DMSOd6) & 163.43,
156.41, 154.88, 152.64, 144.04, 141.04, 137.91,5432132.07, 129.31, 129.08%2,

129.00, 127.60, 125.62, 118.20, 117.67, 104.67.580B8.74, 51.40, 42.22, 34.21, 22.26,
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21.45; LCMS (ESIymz 581.3 [M+H]; HRMS (ESI) calcd for @HssCINgO, [M+H]*
m/z 581.2432; found: 581.2435; HPLC purity = 97.7R0= 27.99 min.

4.4.22.  1-(4-(2-((5-chloro-6-phenylfuro[ 2,3-d] pyrimidin-4-yl)amino)ethyl)phenyl)-3-(4
-((4-hydroxypiperidin-1-yl)methyl ) phenyl )urea (3y)

Following the similar reaction and workup procedufer 3b, the residue was
purified by silica gel column chromatography witle®H/DCM (10:90) to giv8y. Yield:
21%;*H NMR (400 MHz, DMSO€6) & 8.64-8.58 (m, 2H), 8.37 (s, 1H), 7.98 {&= 7.6
Hz, 2H), 7.57 (t) = 7.6 Hz, 2H), 7.48 () = 7.6 Hz, 1H), 7.39 (d] = 8.0 Hz, 2H), 7.37
(d, J = 8.0 Hz, 2H), 7.25 (brs, 1H), 7.18 @@= 8.0 Hz, 2H), 7.16 (d] = 8.0 Hz, 2H),
4.52 (d,J = 3.2 Hz, 1H), 3.75 (q] = 7.2 Hz, 2H), 3.48-3.39 (m, 1H), 3.35 (s, 2HRX(t,

J = 7.2 Hz, 2H), 2.68-2.60 (m, 2H), 2.03-1.95 (m))2H72-1.65 (m, 2H), 1.41-1.32 (m,
2H); °C NMR (100 MHz, DMSQd6) § 163.44, 156.43, 154.90, 152.57, 144.05, 138.46,
137.96, 132.48, 131.88, 129.32, 129.24, 129.09,002927.62, 125.63, 118.33, 117.96,
104.47, 100.56, 66.46, 61.71, 50.80, 42.25, 3431B21, LCMS (ESI)m/z 597.3
[M+H]"; HRMS (ESI) calcd for gH33CINgOs [M +H]" m/z 597.2381; found: 597.2382;
HPLC purity = 97.8%tR = 24.43 min.

4.5. Docking analysis of compounds with Aurora-A and Aurora-B

The human Aurora-B structure (PDB ID: 4AF3) is rmgssome residues around the
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DFG loop [10, 45]. The missing residues in the ¥Xs&ucture of Aurora-B were restored

using Discovery Studio 201Bdild homology modeling program (BIOVIA, Inc., San

Diego, CA, USA) (Fig. S2, supplementary data). phaein structures of Aurora-A (PDB

ID: 2W1C) and the repaired Aurora-B were used fog tocking study. The docking

analysis was conducted using the Discovery Stu@b6ZLigandFit program with the

CHARMmM force field [46]. The number of docking peseas set as 100 with default

parameters. The decision of the best conformatias @etermined according the complex

binding structure from our previous Aurora kinagedges [29, 44, 47, 48].

4.6. Aurora kinase assays.

Inhibitory activities of the compounds against Auar@ and Aurora-B were measured

by Kinase-Glo® Luminescent Kinase Assays as preshodescribed [28, 29]. Briefly,

the recombinant GST-tagged human Aurora-A (amindlsa@23-401) containing the

kinase domain was expressed in Sf9 insect cells pumdied by glutathione affinity

chromatography. The recombinant full length humamofa-B (residues 1-344) produced

in Sf9 insect cells was obtained from Invitrogenv{frogen, USA). The reactions were

carried out in 96-well plates in a final volume 5 L solution per reaction containing

50 mM Tris-HCI pH 7.4, 10 mM NacCl, 10 mM Mg£I10.01% BSA, 5.uM ATP, 1 mM

DTT, 15 uM tetra(-LRRASLG) peptide, the tested compound, 268 ng recombinant

46



Aurora-A or 40 ng recombinant Aurora-B. The plate=e incubated at either 37 °C for
120 minutes for Aurora-A or at 30 °C for 90 min f#duarora-B). Then, Kinase-Glo Plus
Reagent (5Q.L; Promega, USA) was added, and the mixture washiated at 25 °C for
20 minutes. A 7QiL aliquot of each reaction mixture was transfetieed black microliter
plate, and luminescence was measured on a Wallamivé420 multilabel counter
(PerkinElmer, USA).
4.7. Cdl culture

Human colorectal cancer HCT116 and human cerviescer HelLa cells were
maintained in high glucose Dulbecco's Modified Eeagedium (DMEM, Invitrogen, USA)
supplemented with 10% fetal bovine serum (FBS, &jaal Industries, USA), 2 mM
L-glutamine and antibiotics. Human normal skin dblasts Detroit 551 (ATCC, USA)
were maintained in high glucose Eagle's MinimumeB#ial Medium (MEM, Invitrogen,
USA) supplemented with 10% FBS, 2 mM L-glutamind antibiotics.
4.8. \estern blot

HCT116 cells were first synchronized in mitosis280 nM nocodazole treatment for
24 hours. After one hour of compound treatmentsagére washed withxXlphosphate
buffered saline (PBS) and then lysed smlaemmli protein sample buffer and boiling at

100 °C for 10 minutes. Lysates were analyzed by SDS-PA®&nsferred to
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polyvinylidene fluoride (PVDF, Millipore, USA) mennane and blotted with antibodies.

For Western blotting of phosphorylated  Aurora-A  1(d88)/Aurora-B

(Thr232)/Aurora-C(Thr198), the antibody (Cell Signg, USA) was diluted in 5% BSA

(bovine serum albumin, Sigma-Aldrich, USA). Afteashes with £ TBST (Tris-buffer

saline + 0.1 % Tween-20), horseradish peroxidagd(tonjugated secondary antibodies

(Sigma-Aldrich, USA) were added, and the blots wreeloped by chemiluminescence.

4.9. Immunofluorescence staining

Cells were fixed in 4% paraformaldehyde in PBS30rminutes and permeabilized

with 0.1% TritonX-100 for 10 minutes at room temggere. Cells were incubated with 1%

BSA in PBS for 30 minutes to block nonspecific bingd An antibody specific to

phosphorylated histone H3 at serine 10 (pHH3Se&Mh6am, UK) was added at a dilution

of 1:500 and incubated for 1.5 hours at room teatpee. After three washes with PBS,

cells were probed with an Alexa-594-conjugated sdaoy antibody (Invitrogen, USA).

Cell nuclei were counterstained with Hoechst 3334hvitrogen, USA).

Immunofluorescence signals were visualized usihgiea microscope (DM2500, Leica,

Germany) equipped with an Olympus CCD (DP73, Olysypdapan). Images were

processed by MetaMorph software (Molecular Devit#SA) for the quantifying number

of cells stained positive for pHH3Ser10.
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Appendix A. Supplementary data

Figure S1. Protein sequence alignment of Aurora-A (2W1C) andofa-B (4AF3) in the
X-ray structure.

Figure S2. Repair of the missing residues of Aurora-B in theaX structure (PDB ID:
4AF3) using homology modeling

Figure S3. 'H and**C spectra of the synthesized compounds in Table 1.
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