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Abstract

Aiming to explore novel BRAF®F and VEGFR-2 dual inhibitors, a series of
1H-pyrazolo[3,4d]pyrimidine derivatives were designed, synthesiaed biologically evaluated in
this study. Most of the synthesizeHi-pyrazolo[3,4d]pyrimidine compounds displayed moderate to
high potent activity in both enzymatic and cellytaoliferation assays. Among these compougds,
9g, 9m and9u showed remarkably high inhibitory activities agaihsth BRAF®®fand VEGFR-2
kinase comparable to positive control Sorafenibrti®darly, compound9u also showed potent
anti-proliferative activity against BRAE**=expressing A375 (1§ =1.74uM) and H-29 (IG, = 6.92
uM) as well as VEGFR-2-expressing HUVEC {G= 5.89 uM), which was also comparable to
Sorafenib. Furthermore, kinase selectivity profleowed thaBu had almost poor or no significant
inhibitory activity against wild-type BRAF and 1%her tested protein kinases. Flow cytometric
analysis showed that compoufd mainly arrested the A375 and HUVEC cell lines le 1G/G;

stage with a concentration-dependent effect. Initiathd the molecular docking and molecular



dynamics simulations suggested tiat adopted a similar binding pattern with Sorafenibtlat
ATP-binding sites of BRAF®Fand VEGFR-2. Taken together, these results indictitet compound
9u may serve as novel lead compound in research oe eftective BRAE®*F and VEGFR-2 dual

inhibitors.

Keywords: dual inhibitor; BRAF®% VEGFR-2; H-pyrazolo[3,4d]pyrimidine; tyrosine kinase

1. Introduction

The mitogen activated protein kinase (MAPK) signglpathway was the first signaling pathway
elucidated from the cell surface receptors to thelaus [1]. It consists of the RAS-RAF-MEK-ERK
signal transduction cascade which is a vital drieéra number of cellular fates, including
proliferation, differentiation and survival, makifitgan attractive pathway to target in several eanc
types [2-4]. The RAF includes three subtypes of ARBRAF and CRAF, and related studies have
shown that the formation of complexes by theseerdfit isoforms has an important role in their
activation [5-7]. BRAF isoform is more easily aetted by RAS and has higher basal kinase activity
than the other two isoforms, which provides a reabte explanation for the mutational activation of
BRAF frequently observed in human tumors. The npostalent mutation of BRAF, accounting for
more than 90% of the detected mutations in BRABnhismino acid substitution of glutamic acid for
valine at residue 600 (V600E). The BRAPF mutation leads to constitutive kinase activity
500-700fold greater than wild-type BRAF, which resultsamplification of the MAPK pathwaynd
this mutation is most frequently associated witHamema [8]. Besides, activating mutations are also
present in a range of other human cancers, paatiguhyroid (30%), colorectal (10%), and ovarian
(35%) cancers [9]. Importantly, targeting this pedly, especially through inhibition of BRAF, is

becoming more important in many current human catiegapeutic approaches.

However, angiogenesis plays a crucial role in snlidor progression because the tumors require
significantly more oxygen, glucose, and other euis to sustain their rapid growth than do normal

tissues [10]. Many cancer tissues secrete vasaudothelial growth factor (VEGF) to promote
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angiogenesis from adjacent blood vessels [11]. MIBE&FR-2 (VEGF receptor-2) is expressed on the
surface of blood vessels, and it plays an impomaletin tumor angiogenesis. Its activation by VEGF
initiates downstream signaling, ultimately leading angiogenesis, vascular permeability
enhancement, tumor proliferation, and tumor migrat{11]. Inhibition of the VEGF signaling
pathway has become a valuable approach in thentesaitof cancers [12-16]Therefore, targeting

VEGFR-2 has been considered a rational approacatefucer treatment.

Moreover, recent studies showed that BRAF and VE@HRwe a certain synergistic effect on

00E and

the occurrence and development of tumor [17-18JusTithe dual inhibition of BRA
VEGFR-2 represents a promising approach to canceatmient. In recent years, some
BRAF'*§VEGFR-2 dual inhibitors have been approved or regtelinical trials, such as Sorafenib
and RAF265. Sorafenib (Fig. 1) was developed a@mhibitor of multi-kinases, including tyrosine
and serine/threonine kinases [18hd it has been launched for the treatment of reglhicarcinoma
(RCC) and hepatocellular carcinomas (HCC) [20]. Heer, its lack of activity in metastatic
melanoma phase 3 clinical trials may because itvshimsufficient RAF inhibition in melanoma
tissues [21]. Another RAF inhibitor, RAF265 (Fig, has also been reported as an RAF/VEGFR dual
kinase inhibitor [22]. These two compounds aresifeesl as type Il inhibitors [23,24], which bind to
and stabilize the DFG-out “inactive” conformatiomhey not only bind at the adenosine triphosphate
(ATP) binding site, but also extend to the hydrdghdback pocket” of protein created by the flip of
the DFG motif. In contrast, Vemurafenib (PLX4032%-27] and Dabrafenib (GSK-2118436) (Fig. 1)
[28] are classified as type | inhibitors, which bindtke DFG-in active conformation of the ATP
binding site. These type | inhibitors of RAF arglily BRAF selective against other kinases,
particularly VEGFR-2. Current researches illustdateat Vemurafenib and Dabrafenib cause rapid
development of squamous cell carcinoma (SCC) amdtd@canthoma, which may be caused by
paradoxical activation of the MAPK pathway by aeséive inhibitor in cells bearing wild-type (WT)
BRAF [29-31]. This feedback activation was sigrfitly suppressed by DFG-out type multi-kinases

inhibitors, but not by DFG-in type inhibitors. Irddition, compared with type | inhibitors, type Il
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inhibitors have higher effectiveness [32]. Therefowe aimed at discovering DFG-out type

BRAF'®%E and VEGFR-2 dual inhibitors.

0 N
. O o Cl F3C/[\ O N Q/
N )% B \©i\>_NH
Z NN CF, N~ N
H H \

CF;

Sorafenib RAF265
i

F

N
H Ny =
Y ]@

N ™

|

0

Vemurafenib, PLX4032 Dabrafenib, GSK-2118436

Fig. 1. Structure of BRAP5VEGFR-2 dual inhibitors and selective BRA®F inhibitors.

At the time our program began, we have reporteemiddFG-out type pan-RAF inhibitors and
identified 1H-pyrazolo[3,4d]pyrimidine 1 as an inhibitor of pan-RAF (BRAE™F IC, 23.6 nM;
wild-type BRAF, 51.5 nM and C-RAF kg = 8.5 nM) (Fig. 2) [33]. Compoundl also showed
effective anti-proliferative activities against RAEIl lines comparable to the efficacy of the pusit
control Sorafenib and significant suppression ofwvastream target MEK phosphorylation in
BRAFY®%E cell lines (A375 and HT-29) in a concentration-elegent manner. However, compouhd
showed poor inhibition activity on VEGFR-2 @< 1000 nM). These results imply that compound
could be exertindRAF inhibition on cancer cells rather thantiangiogenesis activity on vascular
endothelial cells. On the basis of these results,saught to increase the antiangiogenesis activity
while retaining RAF kinase activity. As a meanatalerstand the binding mode and generate a new
chemotype for VEGFR-2 inhibition in addition to BRXF inhibition, we dockedl into the
co-crystal structure of Sorafenib and VEGFR-2 niify the key interactions between this molecule

and the protein. Model of in the active site of VEGFR-2 (PDB code: 3WZE [34¥hich was



reported to be in the DFG-out inactive conformatiaas constructed by using Glide in the XP mode
[35-37] according to literature [38]. The best diogkconformation based on the Glide score (G-score)

was selected as the most probable binding confawmat

As shown in Fig. 2A, the model suggested thadverlapped well with the co-crystal ligand
Sorafenib in the active site of VEGFR-2. Thd-ftyrazolo[3,4d]pyrimidine ring in1 occupied the
ATP-binding pocket, and formed hydrogen bonds Wls 919 in the hinge region of VEGFR-2. The
diaryl urea portion extended into the large hydapb back pocket created by the rearrangement of
the DFG motif, and the urea CO and NH moiety forradaydrogen bond with the backbone-NH of

Asp 1046 and side-chain carboxylate of Glu 855 DFG motif, respectively.
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Fig. 2 (A) Model of compound. (green) overlaid with co-crystal structure of Serab (orange) in
the active site of VEGFR-2. (B) The design of BRARF and VEGFR-2 dual inhibitors.

In order to improve inhibition activity of VEGFR-&hile retaining RAF kinase activity, on the
basis of the above binding mode analysis, we pmgbdbe cyclization ofl to the corresponding
2-aminobenzimidazole to enhance conformational diigi while maintaining the key
hydrogen-bonding interactions (Fig. 2B). Reducexkibiility is expected to improve potency and
physicochemical properties [39]. Guided by the ditral information, we focus on the substitution
on the terminal phenyl to investigate their effemiskinase inhibitory activities in this paper.drder
to illustrate the effect of the 2-aminobenzimidazolring on the inhibitory activity,
2-aminobenzoxazole compounds were also designemirblave would like to report the synthesis
and biological evaluation of these new compoundBRAF*“%VEGFR-2 dual inhibitors. The
binding modes were disclosed by docking and moscdynamics (MD) simulation, which verified

our design strategy and displayed the structurigigctelationship.



2. Results and Discussion

2.1 Chemistry

The 2-aminiobenzimidazole compounds were easilgitooted (Schemes 1). The intermediate
was synthesized with starting material 4,6-dichbyramidine-5-carbaldehyde?) as described in our
earlier research [33], which was undgR2Slisplacement reaction with iodoalkane to gikeThe
intermediateb was obtained by they&r displacement reaction dfwith 4-amino-3-nitrophenol. The
intermediates was achieved in a one-pot procedure by employirgitu protection of the amine with
the trifluoroacetate group d, followed by methylation with dimethyl sulfate ngi phase transfer
catalysis [40]. Then subsequent reduction of theo rgroup of intermediat® or 6 using 10% Pt/C
and hydrazine hydrate afforded the desired phemytkamines7. Then phenylene-diaminégswere
treated with various isothiocyanates to afford ting@a intermediates, which were directly cyclized

employing N,N-diisopropylcarbodiimide (DIC) to gitiee desired product8<1) in moderate yields.

The synthetic strategy to prepare the 2-aminobexzaig compounds was illustrated in Schemes
2. Intermediat8a was treated with 4-benzyloxyphenol to yield biatlybr 12, which was deprotected
using trifluoroacetic acid (TFA) to give correspargl phenoll13. Regioselective nitration of phenol
13 using nitric acid afforded compourigt. Reduction of the nitro group followed by addition
various isothiocyanates using the similar procedasedescribed for the preparation of 2-aminio

benzimidazole compounds provided the target comg®im
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Scheme 1. Reagents and conditions: (a) MH,-H,O, NEt, MeOH, —65TC, 4 h; (b) iodoalkane,
CsCOs;, DMF, rt, overnight; (c) 4-amino-3-nitrophenol, £8;, DMF, rt, overnight; (d) (i) TFAA,
DCM, 0°C, 45 min; (ii) MeSQ,, hexadecyl trimethyl ammonium bromide (CTMAB), 50840H, rt,
overnight; (e) 10% Pt/C, NiNIH,- H,O, EtOH, rt., 2-3 h; (f) (i) phenylisothiocyana@i;CN, rt, 18 h;

(i) DIC, 120°C, 3-6 h.
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50 17, overnight; (c) faming HNg) AcOH, 3071, 2 h; (d) 10% Pt/C, NiNH,- H,O, EtOH, r.t., 1 h; (e)
(i) phenylisothiocyanate, GEN, rt, 18 h; (ii) DIC, 1207, 3-6 h.

2.2 Biological Activities and Discussion
2.2.1. Kinase Inhibitory Activity and SARs Study

The target compounds were evaluated for their itdip activities against BRA®®F and
VEGFR-2 kinase using Sorafenib as positive confdble 1). Based on the kinase activity
evaluation, a preliminary structure-activity retatship (SAR) in this work was summarized in Fig 3.
Unfortunately, closing the urea onto the internia¢émyl led to8a with lower inhibitory activity for
both the BRAF®®F and VEGFR-2Adding the substituent on the terminal phenyBafgiving 8b-e

led to a slightly increased inhibitory activity f&RAF'°°F

only. Guided by the molecular docking
that NH of benzimidazole filled the small hydropimbubpocket partially defined by the “gatekeeper”
residue (Thr 529 for BRA£Y5), introduction of a methyl on the 2-aminobenzinzidle NH was

explored givingla-e. Compared to the unmethylated analogse®, 9a-e exhibited better inhibitory
9



activities against BRAF®F and VEGFR-2. In addition, the replacement of NH Z&mino

benzimidazole with O gave compound 2-aminobenzdrazmmmpoundsl16, which displayed

decreasedinhibitory activities against BRAE™® and VEGFR-2, particularly for VEGFR-2.
Apparently, the N-Me of benzimidazole turned outhe optimal for BRAE®F and VEGFR-2

inhibition.

Then, systematic evaluation of various substituahte terminal phenyl was conducted. Almost
all compounds with substitution at the terminal pHecan improve the inhibitory activity compared
to unsubstituted compounga, indicating substitution on the aryl ring was edis# for potent
BRAF"®®®and VEGFR-2 inhibition. It also indicated the imporce of the hydrophobic interaction
between the inhibitor and the hydrophobic aminal aeisidues of the back pocket created by the
rearrangement of the DFG motif. Compoudfdwith the same substitution on the terminal phenyl
with Sorafenib andl displayed potent inhibition of VEGFR-2, while thehibition of BRAF/®F
decreased significantly. In general, introductidgnsabstituents on the 4-position of the terminal
phenyl led to higher inhibitory activities for BRAEF and VEGFR-2 than substitution on the 2- and
3-positions. For example, compoufid exhibited higher inhibition against both the BRA®F and
VEGFR-2 than9b and 9c. A variety of substituents at thgaraposition, including both
electron-donating and electron-withdrawing groupsrew tolerated, which suggested that the
electronic interaction of the substituent had ditéffect on the kinase inhibitory activities. For
example, introduction of the electron-donating gramethyl and methyloxy in compounélg and St
increase the inhibitory activities, and substitatieith electron-withdrawing groups such as CI, Br,
and Ck on the phenyl ring also led to enhancement ofdeniahibitory activities 9e, 9m and 9s).
Particularly, compoun®m with a 4-bromo substituent exhibited kinase inlibjit activity against
VEGFR-2 that was about 30-fold better thrwhile with slightly weaker potency for BRAF°F
compared to that of compoudThe necessity of the terminal aryl in retaininghhpotency was also
evidenced by the fact that substituting with alifhaesidue, such as benz@v(and9w), led to the
decrease of inhibitory activities. This SAR was sistent with the molecular modeling that the

terminal phenyl group i projected into the large hydrophobic pocket credgdhe rearrangement
10



of the DFG motif.

A brief SAR investigation of N1-substitution ofHipyrazolo[3,4d] pyrimidine ring was also

conducted. In our previous work [33], N-methylatimmpounds exhibited higher inhibitory

activities than the unsubstituted counterpartsthis work, introduction of larger groups led to

deterioration of the potency, with the degree sfloorrelation with the steric size of the introetlic

groups,implying that the methyl substitution at the N1 fiosi of 1H-pyrazolo[3,4-d]pyrimidine was

beneficial for the inhibitory activity against BRA®® and VEGFR-2. For example, the inhibitory

activity of 10a and11a gradually decreased with the increase of alkykstuents on the N1H of the

1H-pyrazolo[3,4d] pyrimidine.

O
N~ X"\

8, 9a-u, 10, 11, 16

kl
9v-w

Table 1. The kinase inhibitory activities aindvitro anti-proliferative effects of target compounds.

kinase inhibitory activitied

in vitro anti-proliferative

X R! R? effects(ICso, uM)°
BRAFY6%%F VEGFR-2 A375  HT-29 HUVEC
1 97(23.6)f 56 14.72  23.41 5.21
8a NH Me H 10.1 15.6 >100 >100 >100
8b NH Me 2-Me 41.1 36.5 >100 >100 >100
8c NH Me 3-Me 49.6 10.4 >100 >100 >100
8d NH Me 3-Cl 45.3 7.2 >100 >100 >100
8e NH Me 4-Cl 82.0 14.6 >100 22.87 >100
9a NMe Me H 49.4 78.2 >100 >100 >100
9 NMe Me 2-Me 62.6 77.3 >100 >100 >100
9c NMe Me 3-Me 72.1 90.6 (90.5 >100 87.11 >100
9d NMe Me 3-Cl 485 68.4 >100 99.38 79.09
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9% NMe Me 4-Cl
of NMe Me 4-CI-3-Ck
99 NMe Me 4-Me
%h NMe Me 4-CN
9i NMe Me  3,4,5-tri-OCH
9 NMe Me 4+-Bu
9k NMe Me 2-Cl

9l NMe Me 3-Br
9m NMe Me 4-Br
9n NMe Me 4-F
90 NMe Me 3,4-di-Cl
9p NMe Me 2-Br-5-F
9q NMe Me 4-N(CH),
or NMe Me 3-ChH
9s NMe Me 4-ChH
ot NMe Me 4-OCH
Su NMe Me 4-OChH

9v NMe Me H

9w NMe Me 4-OCH
10a NMe Et 4-OCh
10b NMe Et 4-Me
10c NMe Et 4-Cl-3-Ck
10d NMe Et 4-Br
1la NMe i-Pr 4-OCRH
11b NMe i-Pr 4-Me
11c NMe i-Pr 4-CIl-3-CR
11d NMe i-Pr 4-Br
16a @] Me 4-0OCHh
16b O Me 4-Me
16¢c @) Me 4-CI-3-Ck
16d o Me 4-Br
Sorafenib

91.1(105.6f
55.1
90.1 (85.2f
70.7
26.8
50.8
65.4
65.7
102.3 (40.99
85.6 (407.2¥
68.1 (487.8Y
51.4
67.2
80.5 (476.3Y
74.4 (215.6¥
79.6
83.1 (171.5¥
6.66
53.6
19.6
68.0
10.9
69.4
13.2
36.0
7.5
33.3
56.1
81.6
20.0
60.1

94.5 (52.3f

105.6 (49.8%
97.7 (134.5Y
96.6 (17.1f
88.7
40.7
84.2 (140¥
84.2
73.7
108.9 (29.9%
94.0 (41.70
82.2 (120.4%
48.6
94.5 (111.5f
88.1 (150.2f
97.4 (63.2f
93.6 (73.4f
96.4 (77.99
9.12
102.3 (424§
59.6
85.5
44.7
81.1
15.1
35.2
6.1
385
223
53.1
15.6
18.9

94.3 (17.6§

>100
1.99
25.36
>100
>100
1.23
>100
82.18
30.25
68.42
66.68
>100
5.19
10.08
4.11
13.72
1.74
>100
9.31
8.52
4.82
5.19
7.12
7.46
33.06
15.71
12.82
>100
44.92
4421
>100

8.33

73.56
14.38
6.13
>100
>100
75.41
80.36
64.29
>100
79.14
81.20
>100
65.44
>100
63.21
>100
6.92
32.48
>100
12.25
6.71
8.51
8.01
9.51
13.89
36.85
9.01
>100
28.25
34.02
41.07

2.58

84.32
13.47
15.71
62.7
>100
53.51
78.62
74.24
7.89
12.81
>100
>100
>100
29.23
12.56
90.89
5.89
>100
20.36
54.42
5.25
8.17
10.15
5.96
29.58
37.64
15.86
61.62
35.37
>100
17.19

2.69

#Values indicate the kinase inhibition % af\M ,which are the average of two independent expamts

PValues in the parentheses indicatg,lCnM ), which are the average of two independepeements.

1Cxo values are presented as mean values of at leastitidependent experiments.
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2.2.2 In vitro Anti-proliferative Activities

The cell growth inhibitory activities of target cpounds were evaluated against human cancer
A375 and HT-29 cell lines highly expressing the BRR® protein as well as the HUVEC cell line
highly expressing the VEGFR-2 protein by the stadddTT assay, with Sorafenib as the positive
control. Theanti-proliferative activities were reported in TablelL.can be noted that most of the
target compounds displayed moderate to high potageynst A375, HT-29 and HUVEC cell, some
of the compounds showed parallel anti-proliferatetivities as Sorafenib. For example, compounds
of, 9j, 9q, 9s, 9u, 9w, 10a-d, 11a and compoundSg, 9u, 10b-d, 11a, 11d displayed significant
potency against BRAE=expressing A375 and H-29 with JCvalues of 1.23-9.3uM and
6.13-9.51uM, respectively, which turned out to be similarthat of Sorafenib (8.33 and 2.581 for
A375 and HUVEC, respectively). In addition, compdsarem, 9u, 10b-c and 1la displayed
significant potency against VEGFR-2- expressing HARQ/with 1G, values of 5.25-8.1%M, which
was similar to that of Sorafenib (2.681). Nevertheless, the cellular responses of soméhsgized
compounds were not consistent with the enzymaseayasabsolutely. For example, althou8gh 9g,
and 9m exhibited good enzyme potencies against BRXE and VEGFR-2, they showed moderate

cell growth inhibitory activities compared to Saaib. This discrepancy between biochemical and

13



cell potency could be explained that in the bioclairassay purified kinase domains of BRAR®
and VEGFR-2 were being tested compared to thelaelassay in which kinases exist as a complex
with chaperons, cytoskeleton, phosphatases angdsn@l]. In contrast, compounti@a-d and1la
with poor kinase inhibitory activities showed sifjgant cell growth inhibitory activities, which may
be related to the complicated mechanism of tumdrscevival or proliferation that is regulated by
several different factors [42], or through altemamechanism but not by targeting BRAEF or

VEGFR-2 [43-44].

2.2.3 Kinase Inhibitory Profile of Compougd

Compound9u exhibited high inhibitory activity against BRX® (ICs, = 0.171uM) and
VEGFR-2 (1Go = 0.779uM), and effective anti-proliferative potencies agaithree cell lines (A375,
HT-29, and HUVEC), which were comparable to thécaffy of Sorafenib. Therefore, we selecged
for further investigation. The kinase selectivityofile of 9u was assessed over 17 different protein
kinases (Table 2). As shown in Table 2, compo8unt¢had moderate inhibitory activity against CRAF
(inhibition % = 87.6), almost poor or no significanhibitory activity against wild-type (WT) BRAF
and 15 other tested protein kinases even at caatiemt of 1000 nM, which revealed that compound

9u had a very good selectivity profile and was a BRRE/VEGFR-2 kinases dual inhibitor.

Table 2. Kinase selectivity profile of compouéud

Kinase tested Inhibition % at;iM 2 Kinase tested Inhibition % atyM 2
BRAF (WT) 13.7 SRC 14.0
CRAF (RAF-1) 87.6 AURKB (Aurora B) -11.6
PDGFRA (PDGFRy) 21.9 LCK 5.9
PDGFRB (PDGFR) 35.6 ALK -11.7
FGFR3 -4.9 MET (c-Met) 24.9
KIT 25.4 PTK6 (Brk) -6.7
CSF1R (FMS) 40.5 FGR -6.9
FLT1 (VEGFR-1) 54.7 SRMS 7.1
FLT4 (VEGFR-3) 52.0

#Values are the average of two independent expatane
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2.2.4 Flow Cytometric Analysis of Cell-cycle Arrest

To study the effect of these target compounds dis cgcle progression, flow-activated cell
sorting analysis was performed. The most promigiampound9u was tested against A375 and
HUVEC cell lines at given concentrations, respesiivInterestingly, very similar changes in cell
cycle distribution were observed. A375 and HUVEAd tires were arrested by compou®d in
Go/G; phase with a concentration-dependent effect coatpsr untreated control cells. As shown in
Figure 4-5 and Table 3-4, theyJG;' peak in A375 cell line significantly increasedrr 62.83% to
70.33% (0.87uM), 75.34% (1.74uM), 84.97% (3.48uM), and the 'GG; peak of HUVEC
significantly increased from 53.18% to 69.74% (2,98), 77.70% (5.8uM), 83.26% (11.78M)

after 48 h of incubation with the compou®ul

Table 3. Effect of compour@l on cell cycle distribution in A375 cell line.

Concentration Sub-3%) G/G, (%) S (%) G/M (%)
0 2.32 62.83 14.8 19.75
0.87pumol/L 3.21 70.33 10.78 14.92
1.74pumol/L 4.36 75.34 9.97 10.09
3.48umol/L 3.05 84.97 7.02 4.38
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Fig. 4. Flow cytometric analysis of cell cycle distition in A375 cell line treated witbu for 48 h.
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(A) Control; (B) 0.87umol/L (1/2 1G); (C) 1.74umol/L (1 1Csg); (D) 3.48umol/L (2 1Csq).

Table 4. Effect of compour@l on cell cycle distribution in HUVEC cell line.

Concentration Sub-@%) G/G; (%) S (%) G/M (%)
0 1.36 53.18 24.3 20.11
2.95umol/L 2.68 69.74 12.54 14.92
5.89umol/L 1.94 77.70 9.24 10.34
11.78umol/L 2.63 83.26 9.89 3.85
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Fig. 5. Flow cytometric analysis of cell cycle disttion in HUVEC cell line treated witBu for 48 h
(A) Control; (B) 2.95umol/L (1/2 1Gsg); (C) 5.89umol/L (1 1Csp); (D) 11.78umol/L (2 1Csp).
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2.4 Molecular Modeling

In order to understand the interaction betweensymhesized compounds and kinases, docking
experiments of the representative compou8as9u, 9w, 10a, 11a and 16a into the active site of
BRAF'® and VEGFR-2 (PDB code: 1UWJ [45] and 3WZE [34kpectively), which were reported
to be in the DFG-out inactive conformation of kieaeas constructed using Glide (Grid-based Ligand
Docking with Energetics) in Extra-Precision (XP) aeq[35-37]. The docking results indicated that all
the representative compounds could dock intoaitteve site of BRAE*®F and KDR (Figure 6) and
adopt a similar binding mode with the compourahd Sorafeniexcept for compounéiw with benzyl
group on the termingFig. S1 of supporting information). The compouhdwas taken as an example
to illustrate the binding modes. Thél-pyrazolo[3,4d]pyrimidine moiety inserted into the deep cleft
of ATP-binding site and formed hydrogen-bond witle thackbone-NH of Cys532 and Cys919 from
hinge region of BRAFF and VEGFR-2, respectively, and the 2-aminobenzimitia formed
hydrogen-bond interactions with the DFG motif of BR°°F and VEGFR-2, respectively. The
terminal 4-trifluoromethoxylphenyl portion extendiatio the large hydrophobic back pocket created by
the rearrangement of the DFG motif, which was cest with the structure-activity relationship
(SAR) that the introduction of hydrophobic groupssabeneficial for potency. The N-Me on the
2-aminobenzimidazole filled the small hydrophobibgocket partially defined by the “gatekeeper”
residue (Thr 529 for BRA¥5), which can partially explain the decreased irthityi activities of
compounds 8a-e with unmethylated benzimidazole scaffold and coomus 16a-d with
2-aminobenzoxazole scaffold. The introduction ofrgéa groups in the N1 position of
1H-pyrazolo[3,4-d]pyrimidine led to deterioration thie potency because of the steric hindrance effect
with the hinge region. The compouBd adopted a distinct binding mode that cannot forshard
with the backbone-NH of Cys532 from hinge regionBRAF'°°*f which gave explanation for the

VOOE
A

decreased activity for BR (Fig. S1 of supporting information).
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Fig. 6 (A) The docked binding modes of compouhdgreen) and®u (cyan) overlaid with co-crystal
structure of Sorafenitorange) in the active site of BRAE (A) and VEGFR-2 (B). (BRAF®F and
VEGFR-2 in colored cartoon, ligand in stick modalahe key residues in line model. Yellow dots

represent hydrogen bonds.)

The best docking conformations of the potent compdu based on the Glide score (G-score)
were selected as the most probable binding confitmmavhich were subjected to molecular dynamics
(MD) simulation to explore in depth the binding pss MD simulations were then carried out in
explicit aqueous solution for 50 ns. For comparjsdid simulations of positive control Sorafenib in

IiIBOOE

complex with BRA and VEGFR-2 were also performed. The stabilityfamfr systems under

simulation was evaluated by the root-mean-squavétien (RMSD) of the backbone atoms relate to
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the starting structures (Fig. 7). As can be sedharmplot, all systems were stable during the 504Bs
simulation. Moreover, we compared the represerdativapshots of each complex taken from the last
10 ns MD trajectories with the initial structurdgF8). As illustrated in Figure 8, the binding nesdof

9u from MD were nearly the same as the docked strestu

The hydrogen bond plays an important role in tmglioig of inhibitor with kinase. As we expected,
the 1H-pyrazolo[3,4d]pyrimidine moiety can form H-bond with the backlegeNH of Cys532 and
Cys919 from hinge region of BRAF*®and VEGFR-2 with very high hydrogen-bond occupamcie
91.76 and 91.04 %, respectively (Table 5). Unlite tompoundu, Sorafenib could form a pair of
H-bonds with Cys532 and Cys919 of BRA®® and VEGFR-2, respectively. In comparison to
Sorafenib, compoun@u formed moderate hydrogen bond interactions witp5®l and Asp1046 of
BRAF*Fand VEGFR-2, respectively, which could partiallypkin that compoundu displayed
lower inhibitory activity than Sorafenib. Besiddmth compoundu and Sorafenib form hydrogen
bond interactions with side-chain carboxylate ofu%Bll and Glu885 from the DFG motif of

BRAF"**Fand VEGFR-2 with very high hydrogen-bond occupasiaiespectively.

—— 1UWJ-9u

—— 3WZE-9u
Su
—— 3WZE-Sorafenib

Su
4 1UWJ-Sorafenib

Sorafenib Sorafenib

RMSD (ANG)
RMSD (ANG)

0 10 20 30 40 50
Time (ns) Time (ns)

Fig. 7. Root-mean-square deviations (RMSDs) of baok atoms (C, €and N) of protein, and
the heavy atoms of the ligand for the simulatedesys.

20



Fig.8. Structural comparison between docked (gream)l molecular dynamics simulated
representative snapshots (cyan)9ofin the active site of BRAE™E (A) and VEGFR-2 (B).
(BRAF'5E and VEGFR-2 in colored cartoon, ligand in stickdmband the key residues in line
model. Yellow dots represent hydrogen bonds.)
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Table 5. Main hydrogen-bond interactions betwedibitors and BRAE®°F and VEGFR-2.

BRAFV600E VEGFR-2
Acceptor Donor Qccupancy Acceptor Donor Qccupancy
(%) (%)

Lig @N3 Cys532@NH 91.76 Lig @N3 Cys919@NH 91.04

Lig @N4 Asp594@NH 66.12 Lig @N4 Asp1046@NH 57.11
Su Glu501@O0E1 Lig @N6H 59.05 Glu885 @OE1 Lig @N6H 656.
Glu501@OE2 Lig @N6H 39.34 Glu885 @OE2 Lig @N6H 637.

Lig @02 Asp594@NH 99.07 Lig @02 Aspl046@NH 96.83
Glu501@OE1 Lig @N2H 63.16 Glu885 @OE1 Lig @N2H 384.
Glu501@OE2 Lig @N3H 62.73 Glu885 @OE2 Lig @N3H 523.
Sorafenib Glu5S01@OE1  Lig @N3H 37.07 Glu8ss @OE1 Lig @N3H 645.
Glu501@0OE2  Lig @N2H 36.90 Glu885 @OE2 Lig @N2H 696.

Lig @N4 Cys532@NH 27.88 Lig @N4 Cys919@NH 79.28

Cys532@0 Lig @N1H 42.63 Cys919@0 Lig @N1H 61.10

#Occupancy is in unit of percentage of the inves#d time period.

The binding-free energies were calculated by usiMdI-PBSA (molecular mechanics
Poisson-Boltzmann surface area) and MM-GBSA (mdéecmechanics Generalized-Born surface
area) programs in AMBER (Table 6). As can been sé#-PBSA and MM-GBSA calculations
verified that9u showed decreased potency ligand compared to thabrafenib, which was in good
agreement with the experimental data. Accordingthe energy individual components of the
binding-free energies, the favorable contributardigand binding were van der Waals (vdW) terms,
electrostatic and nonpolar salvation energies, edeerpolar solvation and entropy terms oppose
binding. The favorable electrostatic interactiorerevcounteracted by the unfavorable electrostafics
desolvation upon binding. Consequently, the totlcteostatic interaction contributions were

unfavorable to binding in all systems.

Table 6. Binding-free energies féu and Sorafenib in complex with BRAE’ and VEGFR-2
obtained by MM-PBSA and MM-GBSA (kcal/md)

u Sorafenib
BRAFV600E VEGFR-2 BRAFV600E VEGFR-2
AE, gy -62.51 (2.72) -68.80 (2.55) - 57.10 (2.75) -59.92 (2.63)
AEge -25.57 (3.48) -21.35 (2.79) -35.27 (3.72) -36.33 (3.35)
AEyy -88.08 (3.82) -90.15 (3.26) -92.37 (4.11) - 96.25 (3.68)
AGgie 501(GB) 42.20 (2.34) 39.21 (1.76) 45.71 (2.66) 44.67 (2.18)
AGpp s01(GB) -7.51(0.17) -7.77 (0.15) -7.78 (0.18) -7.93(0.17)
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AGs, (GB) 34.69 (2.24) 31.45 (1.80) 37.93 (2.63) 36.74 (2.20)

AGeie.s0/(PB) 47.84 (2.51) 43.77 (2.14) 49.93 (3.01) 47.64 (2.54)
AGrp.s0l(PB) -4.52 (0.09) ~ 4.39 (0.08) - 4.57 (0.09) -4.55 (0.08)
AGsy (PB) 43.32 (2.51) 39.38 (2.12) 45.36 (2.99) 43.08 (2.52)
AHpreq (GB) -53.38 (3.01) - 58.70 (2.83) - 54.44 (2.98) - 59.52 (3.10)
AHyreq (PB) -47.75(3.25) - 50.77 (3.10) — 47.01 (3.60) - 53.17 (3.24)
TAS -27.73(5.66) - 27.46 (2.64) -25.39 (6.27) - 25.20 (2.31)
AGyreq (GB) - 25.65 -31.24 - 29.05 -34.32
AGyreq (PB) - 20.02 -23.31 - 21.62 -27.97

% AGpred the calculated binding-free energy by MM-PBSA atibl-GBSA method
AHpred = AGeIe + AGvdW + Aan,soI+ AGele,sol
AGpred = AGeIe + AGvdW + Aan,soI+ AGeIe,so]’ TAS

3. Conclusion

In conclusion, a series ofHtpyrazolo[3,4d]pyrimidine derivatives were designed, synthesized
and evaluated for their BRAF°®and VEGFR-2 inhibitory activity as well as theirtiaproliferative
activity. The preliminary investigation showed mos$tthe synthesizedH-pyrazolo[3,4d]pyrimidine
compounds displayed moderate to high potent agtivitboth enzymatic and cellular proliferation
assays. Among these compounéls, 9g, 9m and 9u showed remarkably high inhibitory activities
against both BRAP®Fand VEGFR-2 kinase comparable to positive contaianib. Particularly,
compound9u also showed poternti-proliferative activity against BRAE-expressing A375 and
H-29 as well as VEGFR-2-expressing HUVEC, which ak® comparable to Sorafenib. Furthermore,
9u showed almost poor or no significant inhibitoryity against wild-type BRAF and 15 other tested
protein kinases, implying a very good selectivitsoffle. Flow cytometric analysis showed that
compound 9u mainly arrested the A375 and HUVEC cell lines ime tG/G; stage with a
concentration-dependent effect. In addition, thdeewar docking and MD simulations suggested a
similar binding pattern with Sorafenib at the ATRding sites of BRAE*®Fand VEGFR-2. Taken

together, these results indicated that compdiindhay serve as novel lead compounds in research on

more effective BRAE®E and VEGFR-2 dual inhibitors.

4. Experimental

4.1. Chemistry
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All starting materials, reagents, and solvents warechased from commercial vendors and were
used without further purification. All oxygen-setig or moisture-sensitive reactions were run under
nitrogen atmosphere. Yields were not optimized. dReas were monitored by thin-layer
chromatography (TLC) on silica gel plates at 254 ummder an ultraviolet (UV) light. Flash column
chromatography separations were performed on nophase silica gel (200-300 mesh, Merck) or
reverse phase silica gel by using Yamazen Al-588hflchromatography (Yamazen Co., Osaka, Japan)
with UV detection at 254 nntH and*3*C NMR spectra were recorded on a BRUKER AVIII 406i#/
and 101 MHz spectrometer with tetramethylsilane §)Ms the internal standard, the values of the
chemical shiftsd) are given in ppm, and coupling constad}safe given in Hz. Mass spectra (ESI-MS)
were performed on WATERS ZQ4000 (Waters Co., MifaviA, USA). High resolution mass spectra
(HRMS) were recorded on a Thermo Fisher Scientlibitrap Fusion Tribrid (Q-OT-qIT) mass
spectrometer (Thermo Fisher Scientific, Bremen,n@ar). FT-IR spectra were recorded on a Thermo
Scientific Nicolet 6700 spectrometer. Melting psinere determined using an X-4 melting-point

apparatus with microscope (Gongyi Yuhua Instrun@mt Ltd., Henan, China) and were uncorrected.

4.1.1. 4-chloro-1H-pyrazolo[3,4-d]pyrimidin&X

To the solution of 4,6-dichloropyrimidine-5-carbalyde2 (1.0 g, 5.6 mmol) in methanol (20 mL)
at —65 °C, triethylamine (0.97 mL) was added. Aifioh of hydrazine monohydrate (0.274 mL 1.0 eq.)
in methanol (10 mL) was slowly dripped into abow#&red solution by using a constant-pressure
dropping funnel. The mixture was allowed to warmréom temperature and stirred for 2-3 h. The
reaction mixture was concentratedvacuoand crude product was diluted with water (20 rdd
extracted with EtOAc (60 mL x 3). The combined migdayer was washed with saturated solution of
NaCl (60 mL x 3), dried over MgS(and concentrated to give compou@0.602 g, yield: 68.9%. )
'H NMR (400 MHz,deuteriated dimethyl sulfoxid®MSO-ds)) 5 14.51 (s, 1H), 8.84 (s, 1H), 8.45 (s,
1H). ESI-MSn/z 153.00 [M - HJ.

4.1.2. General procedure A for the synthesis ofpmmmds 4)

A suspension of compourgi(6.5 mmol) and GE£0; (13.0 mol) in dry DMF (25 mL) was stirred
at 0J for 30 min, and then iodide alkane (7.8 mmol) wdded. After stirring overnight, the reaction
mixture was extracted with EtOAc (60 mk 3), washed with water, dried over j$&, and

concentratedh vacuoto give compound.

4.1.2.1. 4-chloro-1-methyl-1H-pyrazolo[3,4-d]pyruime @a)

24



Compound3 (1.0 g, 6.5 mmol) was reacted with iodomethane (@.17.8 mmol) to give
compoundda (0.42 g, yield: 38.5%)"H NMR (400 MHz, DMSOds) & 8.83(s, 1H), 8.41(s, 1H), 4.06(s,

3H). ESI-MS,m/z 169.3[M+H]".

4.1.2.2. 4-chloro-1-ethyl-1H-pyrazolo[3,4-d]pyrinme @b)
Compound3 (1.0 g, 6.5 mmol) was reacted with iodoethane ¢1.8.1 mmol) to give compound
4b (0.40 g, yield: 33.6%)"H NMR (400 MHz, CDCJ) & 8.77(s, 1H), 8.17(s, 1H), 4.57(@= 7.2 Hz,

2H), 1.56(tJ = 7.2 Hz, 3H). ESI-MSmz 183.4 [M+HT.

4.1.2.3. 4-chloro-1-isopropyl-1H-pyrazolo[3,4-d]pyidine @c)

Compound3 (1.0 g, 6.5 mmol) was reacted with 2-iodopropané (@, 8.8 mmol) to give
compound4b (0.28 g, yield: 21.7%)H NMR (400 MHz, CDCJ) 6 8.77(s, 1H), 8.17(s, 1H), 4.57(d,
= 7.2 Hz, 2H), 1.56(t) = 7.2 Hz, 3H). ESI-MSz 183.4 [M+H]. *H NMR (400 MHz, CDC})) &
8.69(s, 1H), 8.10(s, 1H), 5.19-5.29(m, 1H), 1.56(¢,6.8 Hz, 6H). ESI-MSmz 197.3 [M+H].

4.1.3. General procedure B for the synthesis ofpmmmds §)

To the mixture of 4-amino-3-nitrophenol (1.0 g, &nol) in DMF (50 mL), Cs£05(3.12 g, 9.6
mmol) was added under the protection of nitrogdre fleaction mixture was stirred at r.t. for 1.5+2 h
and then compound (6.4 mmol) was added slowly. After stirring oveyimi, the reaction mixture was
diluted with EtOAc (50 mL), washed with water anthb, dried over Ng5O,and concentrated to give

compoundb as an orange solid.

4.1.3.1. 4-((1-methyl-1H-pyrazolo[3,4-d] pyrimidiry)oxy)-2-nitroaniline §a)

Compound4a (1.08 g, 6.4 mmol) was reacted with 4-amino-3emtrenol (0.99 g, 6.4 mmol) to
give compoundsa as an orange solid (1.51 g, yield: 82.3%j.NMR (400 MHz, CDC}) & 8.55 (s,
1H), 8.09 (s, 1H), 8.07 (d, = 2.4 Hz, 1H), 7.32-7.35 (m, 1H), 6.94 (#= 8.8 Hz, 1H), 6.20 (s, 2H),

4.16 (s, 3H). ESI-MS, m/z: 287.5 [M+H]

4.1.3.2. 4-((1-ethyl-1H-pyrazolo[3,4-d]pyrimidinyd}oxy)-2-nitroaniline 5b)
Compound4b (1.05 g, 5.7 mmol) was reacted with 4-amino-3amtrenol (0.88 g, 5.7 mmol) to
give compoundb as an orange solid (1.36 g, yield: 79.7%) NMR (400 MHz, CDCJ) & 8.54(s, 1H),

8.09(s, 1H), 8.07(d) = 2.8 Hz, 1H), 7.34(dd) = 2.8, 9.2 Hz, 1H), 6.93(d] = 9.2 Hz, 1H), 6.17(s,
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2H), 4.57(qJ = 7.2 Hz, 2H), 1.57(t) = 7.2 Hz, 3H). ESI-MSmz 301.4 [M+HT.

4.1.3.3. 4-((1-isopropyl-1H-pyrazolo[3,4-d] pyrimidid-yl)oxy)-2-nitroaniline §c)

Compound4c (1.25 g, 6.4 mmol) was reacted with 4-amino-3agitrenol (0.99 g, 6.4 mmol) to
give compoundc as an orange solid (1.49 g, yield: 74.3%) NMR (400 MHz, CDCJ) & 8.53(s, 1H),
8.09(s, 1H), 8.07(d) = 2.4 Hz, 1H), 7.34(dd] = 2.4, 9.2 Hz, 1H), 6.93(d] = 9.2 Hz, 1H), 6.16(s,
2H), 5.19-5.29(m, 1H), 1.63(d,= 6.8 Hz, 6H). ESI-MSm/z 315.7[M+H]".

4.1.4. General procedure C for the synthesis ofpmmmds §)

To a cooled (001) flask charged with CCl, (18 mL) and compound (3.49 mmol),
trifluoroacetic anhydride (0.93 mL, 6.59 mmol) wadded dropwise over 15 min and the mixture was
stirred for 45 min. After that, hexadecyl trimetlaihmonium bromide (0.63 g, 1.73 mmol), dimethyl
sulfate (0.66 mL, 6.94 mmol), and 50% NaOH aqud@dsmL) were added. The mixture was allowed
to warm to rt and stirred for 16 h. Then the migtwas diluted with CkCl,, washed with water, dried
over NaSQ,, filtered, and concentratad vacuo The crude residue was purified by recrystallaati

from ethanol-water to givé as fine red needles.

4.1.4.1. N-methyl-4-((1-methyl-1H-pyrazolo[3,4-djipyidin-4-yl)oxy)-2 -nitroaniline §a).

Compoundba (1.0 g, 3.49 mmol) was reacted with dimethyl gelf@®.66 mL, 6.94 mmol) to give
6a as fine red needles (0.88 g, yield: 84.3%) NMR (400 MHz, CDCJ) & 8.56 (s, 1H), 8.13 (dl =
2.8 Hz, 2H), 8.09 (s, 1H), 7.46 (d#iF 9.2, 2.8 Hz, 1H), 6.98 (d, = 9.2 Hz, 1H), 4.16 (s, 3H), 3.10 (s,

3H). ESI-MS m/z: 301.5 [M+H]

4.1.4.2. 4-((1-ethyl-1H-pyrazolo[3,4-d]pyrimidinyd}oxy)-N-methyl-2-nitroanilinegp)

Compoundbb (1.0 g, 3.33 mmol) was reacted with dimethyl galfg0.32 mL, 3.33 mmol) to give
6b as fine red needles (0.84 g, yield: 80.6%).NMR (400 MHz, CDC)) & 8.54(s, 1H), 8.13(d] =
2.8 Hz, 2H), 8.08(s, 1H), 7.45(dd,= 2.8, 9.2 Hz, 1H), 6.98(d] = 9.2 Hz, 1H), 4.57(q) = 7.2 Hz,

2H), 3.11(dJ = 5.2 Hz, 3H), 1.57(t) = 7.2 Hz, 3H). ESI-MSmz 315.3 [M+HT"

4.1.4.3. 4-((1-isopropyl-1H-pyrazolo[3,4-d] pyrimidi4-yl)oxy)-N-methyl-2-nitroanilines€)
Compoundse (1.0 g, 3.18 mmol) was reacted with dimethyl self@.31 mL, 3.18 mmol) to give

6¢ as fine red needles (0.81 g, yield: 77.8%).NMR (400 MHz, CDC}) & 8.53(s, 1H), 8.13(d] =
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2.4 Hz, 3H), 8.07(s, 1H), 7.45(dd,= 2.8, 9.2 Hz, 1H), 6.98(d] = 9.2 Hz, 1H), 5.19-5.29(m, 1H),

3.10(d,J = 5.2 Hz, 3H), 1.63(d] = 6.8 Hz, 6H). ESI-MSm/z 329.7[M+HJ".

4.1.5. General procedure D for the synthesis offgmumds 7)

To a flask charged with compousdr 6 (17.4 mmol) in EtOH (300 mL), 10% Pt/C (1.56 g)swa
added, then a solution of hydrazine hydrate (4.228@ mmol) in EtOH (70 mL) was added dropwise
over 30 min, and the mixture was stirred for 3 htafrhe mixture was filtered, diluted with EtOAc
(100 mL), washed with water and brine, dried ovesS0, and concentrated to give compouhds a

brown solid.

4.1.5.1 4-((1-methyl-1H-pyrazolo[3,4-d]pyrimidinyd}oxy)benzene-1,2-diaminéa)

Compoundba (5.0 g, 17.4 mmol) was reacted with hydrazine htgl(4.22 mL, 87 mmol) to give
compound7a as a brown solid (3.42 g, yield: 76.7 %. NMR (400 MHz, DMSOds) 6 8.54 (s, 1H),
7.42 (s, 1H), 6.57 (d] = 8.4 Hz, 1H), 6.42 (d) = 2.4 Hz, 1H), 6.30 (dd] = 2.4, 8.4 Hz, 1H), 4.75 (s,

2H), 4.56 (s, 2H), 4.00 (s, 3H). ESI-MS, m/z: 25[\B-H]".

4.1.5.2 N-methyl-4-((1-methyl-1H-pyrazolo[3,4-d]pyrimidinyd)oxy)benzene-1,2-diamin@h)
Compoundbsa (5.0 g, 16.7 mmol) was reacted with hydrazine htel(4.02 mL, 83 mmol) to give
compound7b as a brown solid (3.38 g, yield: 74.8%)L NMR (400 MHz, DMSOd) & 8.53 (s, 1H),

7.45 (s, 1H), 6.40-6.48 (m, 3H), 4.82 (s, 3H), A8BH), 2.76 (s, 3H). ESI-MS, m/z: 271.6 [M+H]

4.1.5.3 4-((1-ethyl-1H-pyrazolo[3,4-d]pyrimidin-4}gxy)-N-methylbenzene-1,2-diamirigc)
Compoundsb (5.0 g, 15.9 mmol) was reacted with hydrazine higl(3.83 mL, 79 mmol) to give

compound7c as a brown solid (3.22 g, yield: 71.4%)H NMR (400 MHz, CDCJ) & 8.53(s, 1H),

7.44(s, 1H), 6.41-6.47(m, 3H), 4.79(s, 3H), 4.4 7.2 Hz, 2H), 2.76(s, 3H), 1.57@,= 7.2 Hz,

3H). ESI-MS,m/z 285.4 [M+H]".

4.1.5.4 4-((1-isopropyl-1H-pyrazolo[3,4-d]pyrimidiryl)oxy)-N-methylbenzene-1,2-diamingdy
Compoundse (5.0 g, 15.2 mmol) was reacted with hydrazine htel{3.64 mL, 75 mmol) to give

compound7d as a brown solid (3.14 g, yield: 71.4%) NMR (400 MHz, DMSOsdq) & 8.53(s, 1H),

7.42(s, 1H), 6.46-6.47(m, 1H), 6.43-6.44(m, 2HD75.14(m, 1H), 4.78(s, 3H), 2.76(s, 3H), 1.47(d,
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= 6.4 Hz, 6H). ESI-MSm/z 299.7[M+H]J".
4.1.6. General procedure E for the synthesis ofpmmds §, 9, 10, 11)

To a solution of compound (0.78 mmol) in CHCN (15 mL), a solution of isothiocyanate (0.78
mmol) in CHCN (1 mL) was added dropwise over 5 min. The reacthixture was stirred 18 h at rt.
After that, the reaction was diluted with additibr@H;CN (10 mL), followed by addition of DIC
(0.147 g, 1.17 mmol). Then, the reaction was heatel0°C for 6 h, cooled to rt, and concentratad
vacua The crude mixture was then partitioned betweddMetand water. The combined organic layer
was washed with brine, dried over JS&,, and concentrateth vacuo The residue was purified by
silica gelcolumn chromatography using petroleuneeftOAc to yield the title compound as a white

solid.

4.1.6.1. 5-((1-methyl-1H-pyrazolo[3,4-d]pyrimidiry)oxy)-N-phenyl-1H-benzo[d]imidazol-2-amine
(8a)

Compoundra (0.2 g, 0.78 mmol) was reacted with phenyl isathigmate (0.105 g, 0.78 mmol) to
give 8a as a white solid (0.086 g ,yield: 31.2%). mp: 123-C. '"H NMR (400 MHz, DMSOd) 5
11.06 (s, 1H), 9.53 (s, 1H), 8.55 (s, 1H), 7.70¢7m, 3H), 7.24-7.40 (m, 4H), 6.93-6.96 (M, 2HP3.
(s, 3H).13C NMR (101 MHz, DMSOdg) 8 164.5, 155.5, 155.3, 140.9, 131.4, 129.2, 1211.3,68 102.1,
34.4. FT-IR pmax, cm'): 3649 (NH), 3629 (NH), 3064 (CH, aromatic). ESB¥h/z 358.6 [M+H]".

HRMS (ESI,m/3 calcd. for GgHysN,O [M+H] * 358.1411; found, 358.1412.

4.1.6.2. 5-((1-methyl-1H-pyrazolo[3,4-d]pyrimidiny#)oxy)-N-(o-tolyl)-1H-benzo[d]imidazol-2-amine
(8b)

Compound7a (0.2 g, 0.78 mmol) was reacted with 2-methylphédsgthiocyanate (0.12 g, 0.78
mmol) to give8b as a white solid (0.10 mg, yield: 35.3%). mp: 136 C. *H NMR (400 MHz,
DMSO-dg) 8 11.00 (s, 1H), 8.47-8.54 (m, 2H), 8.11-8.23 (m),1H69-7.72 (m, 1H), 7.36 (d,= 7.6
Hz, 1H), 7.21-7.22 (m, 3H), 6.90-6.98 (m, 2H), 403 3H), 2.31 (s, 3H)"*C NMR (101 MHz,
DMSO-dg) & 164.5, 155.5, 155.2, 138.6, 131.4, 130.8, 12623,0, 120.6, 102.1, 34.4, 18.2. FT-IR
(vmax, cm'): 3650 (NH), 3563 (NH), 3050 (CH, aromatic). ESBNh/z 372.5 [M+H]. HRMS (ESI,

m/2) calcd. for GgHq7;N;O [M+H]* 372.1368; found,372.1570 .

4.1.6.3.
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5-((1-methyl-1H-pyrazolo[3,4-d]pyrimidin-4-yl)oxy§-(m-tolyl)-1H-benzo[d]imidazol-2-amin8&d)
Compound7a (0.2 g, 0.78 mmol) was reacted with 3-methylphédsgthiocyanate (0.12 g, 0.78
mmol) to give8c as a white solid (0.099 g, yield: 34.9%). mp: 1E® 1. *H NMR (400 MHz,
DMSO-dg) 5 11.04 (s, 1H), 9.44 (s, 1H), 8.55 (s, 1H), 7.7267(m, 1H), 7.55-7.58 (m, 2H), 7.18-7.42
(m, 3H), 6.92 (s, 1H), 6.77 (d, = 7.2 Hz, 1H), 4.03 (s, 3H), 2.32 (s, 3HJC NMR (101 MHz,
DMSO-dg) 6 164.4, 155.5, 155.3, 152.1, 146.6, 140.8, 1384,4, 129.1, 122.2, 118.3, 115.1, 114.1,
102.1, 34.4, 21.7. FT-IRofax, cnt): 3627 (NH), 3587 (NH), 3004 (CH, aromatic). ESEM

miz 372.5 [M+H]. HRMS (ESI;m/2 calcd. GoHi7N;0 [M+H]* 372.1368; found,372.1572.

4.1.6.4. N-(3-chlorophenyl)-5-((1-methyl-1H-pyra#8l,4-d] pyrimidin-4-yl)oxy)-1H-benzo[d]imidazol
-2-amine 8d)

Compound7a (0.2 g, 0.78 mmol) was reacted with 3-chlorophdegthiocyanate (0.13 g, 0.78
mmol) to give8d as a white solid (0.11 g, yield: 37.2%). mp: 1301. '"H NMR (400 MHz,
DMSO-dg) 5 11.2 (s, 1H), 9.76-9.80 (m, 1H), 8.55 (s, 1H),78($, 1H), 7.75-7.81 (m, 1H), 7.58 M=
8.4 Hz, 1H), 7.26-7.48 (m, 3H), 6.97-6.99 (m, 3K)03 (s, 3H)*C NMR (101 MHz, DMSOdg) &
164.3, 155.4, 155.2, 151.2, 146.9, 141.9, 133.8,3,3130.9, 121.4, 117.4, 116.6, 114.8, 102.1,.34.4
FT-IR (bmax, cnmt): 3675 (NH), 3640 (NH), 3092 (CH, aromatic). ESBNh/z: 392.5 [M+H]. HRMS

(ESI,m/2 calcd. for GgH1.N;O Cl [M+H] " 392.1022; found,392.1020 .

4.1.6.5. N-(4-chlorophenyl)-5-((1-methyl-1H-pyra#8l,4-d] pyrimidin-4-yl)oxy)-1H-benzo[d]imidazol
-2-amine 8e)

Compound7a (0.2 g, 0.78 mmol) was reacted with 3-chlorophdegthiocyanate (0.13 g, 0.78
mmol) to give8e as a white solid (0.11 g, yield: 36.4%). mp: 1&B1]. *H NMR (400 MHz,
DMSO-dg) 8 11.16 (s, 1H), 9.71 (s, 1H), 8.54 (s, 1H), 7.7837(m, 3H), 7.25-7.42 (m, 4H), 6.94 (s,
1H), 4.03 (s, 3H)**C NMR (101 MHz, DMSOdq) & 164.4, 155.5, 155.3, 140.0, 131.4, 129.0, 124.6,
119.1, 102.1, 34.4. FT-IRvhax, cnt'): 3652 (NH), 3558 (NH), 3052 (CH, aromatic). ESBM

m/z: 392.5 [M+H]. HRMS (ESI,m/2 calcd. for GgH1.N;O Cl [M+H] " 392.1022; found,392.1025.

4.1.6.6.1-methyl-5-((1-methyl-1H-pyrazolo[3,4-d]jpgidin-4-yl)oxy)-N-phenyl-1H-benzo[d]imidazol
-2-amine 9a)

Compoundrb (0.2 g, 0.74 mmol) was reacted with phenyl isathigmate (0.10 g, 0.74 mmol) to
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give 9a as a white solid (0.081 g, yield: 29.8%). mp: 27 (1. *H NMR (400 MHz, DMSOds) &
9.02 (s, 1H), 8.54 (s, 1H), 7.87 = 8.4 Hz, 2Hz), 7.74 (s, 1H), 7.39 @= 8.8 Hz, 1H), 7.33 (tJ =
8.0 Hz, 3H), 6.94-7.00 (m, 2H), 4.03 (s, 3H), 3(73H).°C NMR (101 MHz, DMSOd,) 5 164.4,
155.5, 155.3, 152.1, 147.2, 142.7, 141.1, 132.9,4,329.0, 121.6, 118.5, 113.6, 109.8, 108.7,11,02.
34.4, 29.6; FT-IR{max, cnt): 3304 (NH), 3100 (CH, aromatic). ESI-MS, m/z: & M+H]*. HRMS

(ESI,m/2 calcd. for GgH7;N;O [M+H]* 372.1568; found, 372.1571.

4.1.6.7.
1-methyl-5-((1-methyl-1H-pyrazolo[3,4-d]pyrimidinyd)oxy)-N-(o-tolyl)-1H-benzo[d]imidazol
-2-amine 9b)

Compound7b (0.2 g, 0.74 mmol) was reacted with 2-methylphdsgthiocyanate (0.11 g, 0.74
mmol) to give9b as a white solid (0.10 g, yield: 35.2%). mp: 19611. *H NMR (400 MHz,
DMSO-dg) 5 8.52 (s, 1H), 8.27 (s, 1H), 7.73 (s, 1H), 7.58](¢,8.0 Hz, 1H), 7.36 (d) = 8.4 Hz, 1H),
7.18-7.25 (m, 3H), 7.06 (8, = 7.6 Hz, 1H), 6.95 (dJ = 8.4 Hz, 1H), 4.02 (s, 3H), 3.74 (s, 3H), 2.27 (s,
3H). **C NMR (101 MHz, DMSOd,) § 164.5, 155.5, 155.3, 153.9, 147.2, 143.0, 1383,5, 131.7,
131.46, 130.8, 126.7, 124.5, 124.2, 113.3, 109086,6, 102.2, 34.4, 29.6, 18.4. FT-IR(ax, cnt):
3340 (NH), 3094(CH, aromatic). ESI-MS m/z: 386.5[M+. HRMS (ESI,m/32 calcd. for G;H;N;O

[M+H] * 386.1724; found, 386.1727.

4.1.6.8.1-methyl-5-((1-methyl-1H-pyrazolo[3,4-d]pyidin-4-yl)oxy)-N-(m-tolyl)-1H-benzo
[d]imidazol-2-amine 9c)

Compound7b (0.2 g, 0.74 mmol) was reacted with 3-methylphdsgthiocyanate (0.11 g, 0.74
mmol) to give9c as a white solid (0.09 g, yield: 33.4%). mp: 2Z82C. *H NMR (400 MHz,
DMSO-dg) & 8.92 (s, 1H), 8.53 (s, 1H), 7.73 (s, 1H), 7.70)(¢,8.0 Hz, 1H), 7.65 (s, 1H), 7.38 (@=
8.4 Hz, 1H), 7.32 (s, 1H), 7.2 @,= 7.6 Hz, 1H), 6.99 (dJ = 8.4 Hz, 1H), 6.79 (dJ = 7.2 Hz, 1H),
4.03 (s, 3H), 3.75 (s, 3H), 2.50 (s, 3HC NMR (101 MHz, DMSOd,) § 164.5, 155.5, 155.3, 152.2,
147.2, 142.8, 141.0, 138.1, 132.9, 131.4, 128.9,4,2118.9, 115.7, 113.6, 109.8, 108.7, 102.1,,34.4
29.6, 21.7. FT-IR{max, cn): 3278 (NH), 3092 (CH, aromatic). ESI-MS, m/z: 38fM+H]*. HRMS

(ESI,m/2 calcd. for G;H1gN;O [M+H] *386.1724; found, 386.1726 .

4.1.6.9. N-(3-chlorophenyl)-1-methyl-5-((1-methid-ftyrazolo[3,4-d]pyrimidin-4-yl)oxy)-1H-benzo
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[d]imidazol-2-amine €d).

Compound7b (0.2 g, 0.74 mmol) was reacted with 3-chlorophdagthiocyanate (0.13 g, 0.74
mmol) to give9d as a white solid (0.117g, yield: 38.9%). mp: 248821. '"H NMR (400 MHz,
DMSO-dg) & 9.25 (s, 1H), 8.54 (s, 1H), 8.13 (s, 1H), 7.7677(@m, 2H), 7.33-7.43 (m, 3H), 6.99-7.03
(m, 2H), 4.03 (s, 3H), 3.78 (s, 3HYC NMR (101 MHz, DMSOdg) 5 164.4, 155.5, 155.3, 151.5,
147.3, 142.6, 142.4, 133.5, 132.8, 131.4, 130.6,112117.6, 116.8, 114.1, 110.1, 109.0, 102.2,,34.4
29.7. FT-IR pmax, cnt): 3353 (NH), 3096 (CH, aromatic). ESI-MS, m/z: 40fM+H]*. HRMS (ESI,

m/2) calcd. for GgH1gN;OCI[M+H] " 406.1178; found, 406.1181.

4.1.6.10. N-(4-chlorophenyl)-1-methyl-5-((1-methid-pyrazolo[3,4-d] pyrimidin-4-yl)oxy)-1H-benzo
[d]imidazol-2-amine 9e)

Compound7b (0.2 g, 0.74 mmol) was reacted with 4-chlorophdagthiocyanate (0.13 g, 0.74
mmol) to give9e as a white solid (0.115g, yield: 38.3%). mp: 24B21. '"H NMR (400 MHz,
DMSO-dg) 5 9.25 (s, 1H), 8.54 (s, 1H), 8.13 (s, 1H), 7.7677(i, 2H), 7.33-7.43 (m, 3H), 7.00-7.04
(m, 2H), 4.03 (s, 3H), 3.78 (s, 3HFC NMR (101 MHz, DMSOds) & 164.4, 155.5, 155.3, 151.5,
147.3, 142.6, 142.4, 133.5, 132.8, 131.4, 130.6,112117.6, 116.8, 114.1, 110.1, 109.0, 102.2,,34.4
29.7. FT-IR ¢max, cnit): 3289 (NH), 3095 (CH, aromatic). ESI-MS, m/z: 40fM+H]*. HRMS (ESI,

m/2) calcd. for GgH1gN;OCI[M+H]* 406.1178; found, 406.1179.

4.1.6.11. N-(4-chloro-3-(trifluoromethyl)phenyl)methyl-5-((1-methyl-1H-pyrazolo[3,4-d] pyrimidin-4
-yl)oxy)-1H-benzo[d]imidazol-2-amin&fj

Compound 7b (0.2 g, 0.74 mmol) was reacted with 4-chloro-8(toromethyl)phenyl
isothiocyanate (0.176 g, 0.74 mmol) to gi%€ as a white solid (0.132 g, yield: 37.6%). mp:
272-275C.*H NMR (400 MHz, DMSOd) 6 8.53 (s, 1H), 8.42 (s, 1H), 8.31 (= 9.2 Hz, 1H), 7.79
(s, 1H), 7.68 (dJ = 8.8 Hz, 1H), 7.45 (dJ = 8.4 Hz, 1H), 7.38 (s, 1H), 7.05 (@ = 8.4 Hz, 1H), 4.03
(s, 3H), 3.79 (s, 3H)*C NMR (101 MHz, DMSOdg) & 164.4, 155.5, 155.3, 151.1, 147.4, 142.2, 140.6,
132.7, 132.3, 131.4, 126.8, 122.7, 121.7, 116.9,411110.3, 109.2, 102.2, 34.4, 29.7. FT-IRnéx,
cm?): 3290 (NH), 3098 (CH, aromatic). ESI-MS, m/z: 4/4M+H]". HRMS (ESI,m/2 calcd for

C21H1sN;OCIF; [M+H] " 474.1051; found, 474.1045.

4.1.6.12.
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1-methyl-5-((1-methyl-1H-pyrazolo[3,4-d]pyrimidinyd)oxy)-N-(p-tolyl)-1H-benzo[d]imidazol
-2-amine 90)

Compound7b (0.2 g, 0.74 mmol) was reacted with 4-methylphasgthiocyanate (0.110 g, 0.74
mmol) to give9g as a white solid (0.110 g, yield: 38.8%). mp: 223 (1. '"H NMR (400 MHz,
DMSO-dg) & 8.98 (s, 1H), 8.53 (s, 1H), 7.73-7.74 (m, 3H),6¢7338 (d.J = 8.0 Hz, 1H), 7.29 (s, 1H),
7.12-7.14 (m, 2H), 6.97-6.99 (m, 1H), 4.02 (s, 3Bi}5 (s, 3H), 2.26 (s, 3HY*C NMR (101 MHz,
DMSO-dg) 6 164.5, 155.5, 155.3, 152.3, 147.2, 138.4, 13239,4, 130.6, 129.4, 118.8, 113.6, 109.6,
108.6, 102.1, 34.4, 29.6, 20.8. FT-IRm@x, cm'): 3290 (NH), 3091 (CH, aromatic). ESI-MS,

m/z: . +HT. .m/2 calcd. for G;H;gN; + . : found, ) .
/z: 386.5 [M+H]. HRMS (ESI,m/3 calcd. for GH,N;O [M+H]* 386.1724; found, 386.1726

4.1.6.13. 4-((1-methyl-5-((1-methyl-1H-pyrazolofsipyrimidin-4-yl)oxy)-1H-benzo[d]imidazol-2
-yl)amino)benzonitrilegh)

Compound7b (0.2 g, 0.74 mmol) was reacted with 4-cyanophésgthiocyanate (0.118 g, 0.74
mmol) to giveSh as a white solid (0.092 g, yield: 31.5%). mp: 288- 1. *H NMR (400 MHz,
DMSO-dg) 5 9.61 (s, 1H), 8.54 (s, 1H), 8.07 (W= 8.8 Hz, 2H), 7.82 (s, 1H), 7.78 (@8= 8.8 Hz, 2H),
7.47 (d,J = 8.4 Hz, 1H), 7.41 (d] = 2.0 Hz, 1H), 7.07 (dd] = 8.4, 2.0 Hz, 1H), 4.04 (s, 3H), 3.81 (s,
3H). **C NMR (101 MHz, DMSOd,) & 164.3, 155.5, 155.3, 150.7, 147.4, 145.4, 14283,8, 132.7,
131.4, 120.0, 118.1, 114.6, 110.4, 109.4, 102.2,21084.3, 29.9; FT-IRvfnax, cnt'): 3282 (NH),
3090 (CH, aromatic). ESI-MS, m/z: 395.4 [M¥HHRMS (ESI,m/2 calcd. for G;H;¢ONg[M+H]"

397.1520; found, 397.1520.

4.1.6.14. 1-methyl-5-((1-methyl-1H-pyrazolo[3,4-giimidin-4-yl)oxy)-N-(3,4,5-trimethoxyphenyl)-1H
-benzo[d]imidazol-2-amined)

Compound7b (0.2 g, 0.74 mmol) was reacted with 3,4,5-trimesfphenyl isothiocyanate (0.167
g, 0.74 mmol) to givéi as a brown solid (0.103 g, yield: 30.1%). mp: 232-2.. '"H NMR (400 MHz,
DMSO-dg) & 8.94 (s, 1H), 8.53 (s, 1H), 7.76 (s, 1H), 7.381(¢,8.4 Hz, 1H), 7.31 (s, 3H), 7.29 (@=
2.4 Hz, 1H), 6.99 (dd] = 8.4, 2.0 Hz, 1H), 4.03 (s, 3H), 3.79 (s, 6H), 3(353H), 3.64 (s, 3H)*C
NMR (101 MHz, DMSO+dg) 6 164.5, 155.5, 155.3, 153.2, 152.2, 147.2, 14233.2, 132.8, 132.6,
131.4, 113.6, 109.9, 108.6, 102.2, 96.7, 60.6,,58424, 29.6. FT-IR{max, cn'): 3304 (NH), 3017

(CH, aromatic). ESI-MS, m/z: 462.4 [M+H]HRMS (ESI, m/2 calcd. for GzH,30,N; [M+H]"
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462.1885; found, 462.1886.

4.1.6.15. N-(4-(tert-butyl)phenyl)-1-methyl-5-((tmyl- 1H-pyrazolo[3,4-d]pyrimidin-4-yl)oxy)-1H
-benzo[d]imidazol-2-amined))

Compound7b (0.2 g, 0.74 mmol) was reacted withtett-butylphenyl isothiocyanate (0.141 g,
0.74 mmol) to givedj as a white solid (0.099 g, yield: 31.3%). mp: 1D (1. *H NMR (400 MHz,
DMSO-dg) & 8.93 (s, 1H), 8.54 (s, 1H), 7.74-7.76 (m, 3H) 377338 (m, 3H), 7.28 (dl = 2.0 Hz, 1H),
6.97 (ddJ = 8.4, 2.4 Hz, 1H), 4.03 (s, 3H), 3.75 (s, 3H), 1(289H)."°C NMR (101 MHz, DMSOdj)

5 164.5, 155.5, 155.3, 152.5, 147.2, 144.0, 14238,5|, 133.0, 131.4, 125.6, 118.5, 113.4, 109.7,6108
102.2, 34.4, 34.3, 31.7, 29.6. FT-IRnfax, cm"): 3280 (NH), 3092 (CH, aromatic), 2961(CH,
aliphatic). ESI-MS, m/z: 428.7 [M+H] HRMS (ESI,m/? calcd. for GH,sON; [M+H] " 428.2194;

found, 428.2195.

4.1.6.16. N-(2-chlorophenyl)-1-methyl-5-((1-methid-pyrazolo[3,4-d] pyrimidin-4-yl)oxy)-1H-benzo
[d]imidazol-2-amine 9k)

Compound7b (0.2 g, 0.74 mmol) was reacted with 2-chlorophasgthiocyanate (0.125 g, 0.74
mmol) to give9k as a white solid (0.098 g, yield: 32.6%). mp: 243 (1. *H NMR (400 MHz,
DMSO-dg) 5 8.53 (s, 1H), 8.45 (s, 1H), 8.00 (Hz= 8.0 Hz, 1H), 7.80 (s, 1H), 7.51 (@ = 7.6 Hz, 1H),
7.44 (d,J = 8.4 Hz, 1H), 7.36 () = 7.6 Hz, 1H), 7.30 (dJ = 1.6 Hz, 1H), 7.12 (t) = 8.4 Hz, 1H),
7.02 (dd,J = 8.8, 2.4 Hz, 1H), 4.03 (s, 3H), 3.78 (s, 3H}C NMR (101 MHz, DMSOdq) & 164.4,
155.5, 155.3, 152.5, 147.3, 142.4, 137.7, 133.2,413129.9, 128.1, 125.4, 124.7, 123.8, 114.1,2110.
109.2, 102.2, 34.4, 29.7. FT-IRnax, cnt): 3419 (NH), 3098 (CH, aromatic). ESI-MS m/z: 406.

[M+H]*. HRMS (ESI,m/2 calcd. for GeH1gN,OCI[M+H] * 406.1178; found, 406.1180.

4.1.6.17.
N-(3-bromophenyl)-1-methyl-5-((1-methyl-1H-pyraZ8|d-d] pyrimidin-4-yl)oxy)-1H-benzo[d]imidaz
ol-2-amine 9l)

Compoundrb (0.2 g, 0.74 mmol) was reacted with 3-bromophésgthiocyanate (0.158 g, 0.74
mmol) to give9l as a white solid (0.122 g, yield: 36.5%). mp: 24% (1. ‘H NMR (400 MHz,
DMSO-dg) 5 9.30 (s, 1H), 8.54 (s, 1H), 8.26 (s, 1H), 7.85)@; 9.2 Hz, 1H), 7.77 (s, 1H), 7.38-7.43
(m, 2H), 7.29 (tJ = 8.0 Hz, 1H),7.13 (dJ = 8,0 Hz, 1H), 7.02 (dd] = 8.4, 2.4 Hz, 1H), 4.03 (s, 3H),

3.79 (s, 3H)13C NMR (101 MHz, DMSOdg) 5 164.4, 155.5, 155.3, 151.5, 147.3, 142.8, 14233,8,
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131.4, 130.9, 124.0, 122.0, 120.4, 117.2, 114.0,111109.0, 102.2, 34.4, 29.7. FT-IRr@ax, cm):
3338 (NH), 3095(CH, aromatic). ESI-MS, m/z: 448.B1+H]". HRMS (ESI, m/? calcd. for

CogH1eN;,OBr [M+H] * 450.0673; found, 450.0672.

4.1.6.18.
N-(4-bromophenyl)-1-methyl-5-((1-methyl-1H-pyraZ8|d-d] pyrimidin-4-yl)oxy)-1H-benzo[d]imidaz
ol-2-amine 9m).

Compoundrb (0.2 g, 0.74 mmol) was reacted with 4-bromophésgthiocyanate (0.158 g, 0.74
mmol) to give9m as a white solid (0.112 g, yield: 36.5%). mp: Z5B 1. ‘*H NMR (400 MHz,
DMSO-dg) 5 9.20 (s, 1H), 9.53 (s, 1H), 7.88 (= 8.8 Hz, 2H), 7.76 (s, 1H), 7.50 (@= 8.8 Hz, 2H),
7.41 (d,J = 8.8 Hz, 1H), 7.34 (d) = 1.6 Hz, 1H), 7.01 (dd] = 8.4, 2.0 Hz, 1H), 4.03 (s, 3H), 3.77 (s,
3H). *C NMR (101 MHz, DMSOdg) 6 164.4, 155.5, 155.3, 151.7, 147.3, 142.6, 14(83,8, 131.7,
131.4, 120.3, 113.9, 112.9, 109.9, 108.9, 102.2,38.7. FT-IR {max, le): 3278 (NH), 3094 (CH,
aromatic). ESI-MS, m/z: 448.3[M+H] HRMS (ESI,m/2 calcd for GgH1gN;OBr[M+H] " 450.0672;
found, 450.0670.
4.1.6.19.

N-(4-fluorophenyl)-1-methyl-5-((1-methyl-1H-pyraaid,4-d] pyrimidin-4-yl)oxy)-1H-benzo[d]imidazo
[-2-amine @n).

Compound7b (0.2 g, 0.74 mmol) was reacted with 4-fluoropheisgthiocyanate (0.113 g, 0.74
mmol) to give9n as a white solid (0.107 g, yield: 37.1%). mp: Z74- ‘C. '"H NMR (400 MHz,
DMSO-dg) § 9.06 (s, 1H), 8.53 (s, 1H), 7.87-7.91 (m, 2H)47(3, 1H), 7.38 (dJ = 8.4 Hz, 1H), 7.31
(s, 1H), 7.17 (t] = 8.6 Hz, 2H), 6.99 (dd] = 8.4, 2.4 Hz, 1H), 4.03 (s, 3H), 3.76 (s, 3C NMR
(101 MHz, DMSO€dg) 6 164.5, 155.5, 155.3, 152.3, 147.3, 142.7, 13732,9, 131.4, 120.1, 115.6,
115.4, 113.7, 109.8, 108.7, 102.1, 34.4, 29.6; FTémax, cm'): 3298 (NH), 3099 (CH, aromatic).
ESI-MS, m/z: 390.4 [M+H] HRMS (ESI, m/2 calcd. for GgHigN;OF [M+H]" 390.1473; found,

390.1473.

4.1.6.20.
N-(3,4-dichlorophenyl)-1-methyl-5-((1-methyl-1H-pyolo[3,4-d]pyrimidin-4-yl)oxy)-1H-benzo[d]imi

dazol-2-aminedo)
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Compound7b (0.2 g, 0.74 mmol) was reacted with 3,4-dichlorp}l isothiocyanate (0.151 g,
0.74 mmol) to givedo as a white solid (0.125 g, yield: 38.4%). mp: 278 1.'H NMR (400 MHz,
DMSO-dg) § 9.38 (s, 1H), 8.53 (s, 1H), 8.33 (= 2.4 Hz, 1H), 7.85 (dd] = 8.8, 2.4 Hz, 1H), 7.78 (s,
1H), 7.57 (dJ = 8.0 Hz, 1H), 7.40-7.44 (m, 2H), 7.04 (diz 8.8, 2.4 Hz, 1H), 4.03 (s, 3H), 3.78 (s,
3H). ¥C NMR (101 MHz, DMSQdg) 6 164.4, 155.5, 155.30, 151.2, 147.4, 142 .3, 14132,7, 131.4,
131.3, 130.9, 122.7, 119.2, 118.4, 114.3, 110.8.110102.1, 34.41, 29.7. FT-IRrax, cn):
3289(NH), 3097 (CH, aromatic). ESI-MS, m/z: 438.M+H]*. HRMS (ESI, m/? calcd. for

Con15N7OC|2 [M+H] * 439.0710; found, 439.0712.

4.1.6.21.
N-(2-bromo-5-fluorophenyl)-1-methyl-5-((1-methyl-phrazolo[3,4-d] pyrimidin-4-yl)oxy)-1H-benzo[
d]imidazol-2-amine p)

Compoundrb (0.2 g, 0.74 mmol) was reacted with 2--bromo-®faphenyl isothiocyanate
(0.172 g, 0.74 mmol) to giv@p as a white solid (0.118 g, yield: 38.4%). mp: &+21. 'H NMR (400
MHz, CDCL) 8 8.58 (s, 1H), 8.42 (dl = 10.4 Hz, 1H), 7.75 (s, 1H), 7.52-7.55 (m, 2H), 7(811H),
7.12 (ddJ = 8.4, 1.6Hz, 1H), 6.70 (td, = 8.4, 2.4 Hz, 1H), 4.14 (s, 3H), 3.77 (s, 3HL NMR (101
MHz, CDCL) 8 164.3, 163.8, 161.4, 155.3, 149.3, 147.8, 13239,8, 131.9, 131.3, 115.2, 111.1,
110.5, 110.2, 108.4, 107.0, 106.7, 102.5, 34.2,. F9-IR max, cn'): 3406 (NH), 3094 (CH,
aromatic). ESI-MS, m/z: 468.3 [M-HJHRMS (ESI,m/2 calcd. for GoH1sN;OBrF[M+H] * 468.0580;

found, 468.0582.

4.1.6.22.
N N™-dimethyl-N-(1-methyl-5-((1-methyl-1H-pyrazolo[3,4-d]pyrimidiyl)oxy)-1H-benzo[d]imidaz
ol-2-yl)benzene-1,4-diamin8éd)

Compoundrb (0.2 g, 0.74 mmol) was reacted with 4-dimethylawpimeny! isothiocyanate (0.132
g, 0.74 mmol) to givéq as a white solid (0.097 g, yield: 31.8%). mp: 24=21. 'H NMR (400 MHz,
DMSO-dg) § 8.70 (s, 1H), 8.54 (s, 1H), 7.68 (s, 1H), 7.64)(&,9.2 Hz, 2H), 7.32 (d] = 8.4 Hz, 1H),
7.23 (d,J = 2.4 Hz, 1H), 6.93 (dd] = 8.4, 2.4 Hz, 1H), 6.76 (d, = 9.2 Hz, 2H), 4.02 (s, 3H), 3.72 (s,
3H), 2.85 (s, 6H)**C NMR (101 MHz, DMSOdg) 5 164.5, 155.5, 155.3, 153.2, 147.1, 146.6, 143.2,

133.2, 131.4, 131.1, 120.7, 113.5, 112.9, 109.8,2,0.02.1, 41.2, 34.4, 29.4. FT-IBnfax, cnt):
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3283 (NH), 3097 (CH, aromatic). ESI-M8Yz: 415.5[M+H]+. HRMS (ESI,m/2 calcd. for

CaH2oNgO[M+H] * 415.1989; found,415.1988.

4.1.6.23.
1-methyl-5-((1-methyl-1H-pyrazolo[3,4-d]pyrimidiny#)oxy)-N-(3-(trifluoromethyl)phenyl)-1H-benzo
[d]imidazol-2-amine 9r).

Compound7b (0.2 g, 0.74 mmol) was reacted with 3-(trifluoramd)phenyl isothiocyanate
(0.150 g, 0.74 mmol) to giv@r as a white solid (0.117 g, yield: 35.9%). mp: 224-11. *H NMR (400
MHz, DMSO-dg) § 9.40 (s, 1H), 8.54 (s, 1H), 8.31 (s, 1H), 8.22)(¢, 8.0 Hz, 1H), 7.79 (s, 1H), 7.57
(t, J = 8.0 Hz, 1H), 7.44 (dJ = 8.4 Hz, 1H), 7.38 (dJ = 1.2 Hz, 1H), 7.30 (dJ = 7.6 Hz, 1H), 7.04
(dd,J = 8.4, 1.6 Hz, 1H), 4.03 (s, 3H), 3.80 (s, 3t NMR (101 MHz, DMSOds) & 164.4, 155.5,
155.3, 151.5, 147.4, 142.4, 141.9, 132.8, 131.8,23121.7, 117.7, 114.2, 110.2, 109.1, 102.2,,34.4
29.7. FT-IR pmax, cni): 3297 (NH), 3094 (CH, aromatic). ESI-MS, m/z: 4(M+H]*.HRMS (ESI,
m/2) calcd for G;HgON,F3 [M+H]" 440.1441, found 440.1445.
4.1.6.24.
1-methyl-5-((1-methyl-1H-pyrazolo[3,4-d]pyrimidiry#)oxy)-N-(4-(trifluoromethyl)phenyl)-1H-benzo
[d]imidazol-2-amine 9s)

Compound7b (0.2 g, 0.74 mmol) was reacted with 4-(trifluordmd)phenyl isothiocyanate
(0.150 g, 0.74 mmol) to giv@s as a white solid (0.125 g, yield: 38.5%). mp: 274 1. 'H NMR (400
MHz, DMSO-ds) & 9.48 (s, 1H), 8.54 (s, 1H), 8.08 (= 8.8 Hz, 2H), 7.80 (s, 1H), 7.69 (@= 8.8 Hz,
2H), 7.45 (d,J = 8.8 Hz, 1H), 7.39 (dJ = 2.0 Hz, 1H), 7.05 (dd] = 8.4, 2.4 Hz, 1H), 4.03 (s, 3H),
3.81 (s, 3H)**C NMR (101 MHz, DMSOdg) § 164.4, 155.5, 155.3, 151.2, 147.4, 144.7, 14233,8,
131.4, 126.3, 117.9, 114.4, 110.2, 109.2, 102.24,30.8. FT-IR §max, Crfll)i 3344 (NH), 3098 (CH,
aromatic). ESI-MS, m/z: 440.4 [M+H]HRMS (ESI,m/7 calcd. for G;H160ON;F; [M+H]" 440.1441,

found 440.1443. .

4.1.6.25.
N-(4-methoxyphenyl)-1-methyl-5-((1-methyl-1H-pyta4-d] pyrimidin-4-yl)oxy)-1H-benzo[d]imida
zol-2-amine §t)

Compound7b (0.2 g, 0.74 mmol) was reacted with 4-methoxyphéuthiocyanate (0.122 g,
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0.74 mmol) to givedt as a white solid (0.117 g, yield: 39.3%). mp: 28 (1. '"H NMR (400 MHz,
DMSO-ds) & 8.85 (s, 1H), 8.53 (s, 1H), 7.76 (= 8.8 Hz, 2H), 7.71 (s, 1H), 7.35 (@ = 8.4 Hz, 1H),
7.26 (s, 1H), 6.91-6.97 (m, 3H), 4.02 (s, 3H), 3(336H).*C NMR (101 MHz, DMSOd,) 5 164.5,
155.5, 155.3, 154.6, 152.8, 147.2, 143.0, 134.3,113.31.4, 120.4, 114.3, 113.2, 109.5, 108.4,11,02.
55.6, 34.4, 29.5, 26.7. FT-IRrhax, cm'): 3316 (NH), 3094 (CH, aromatic). ESI-MS, m/z: 492

[M+H]*. HRMS (ESI,m/2 calcd. for G;H160,N;[M+H] " 402.1673; found, 402.1675.

4.1.6.26.
1-methyl-5-((1-methyl-1H-pyrazolo[3,4-d]pyrimidinyd)oxy)-N-(4-(trifluoromethoxy)phenyl)-1H-benz
o[d]imidazol-2-amine Qu)

Compound7b (0.2 g, 0.74 mmol) was reacted with 4-(trifluorghexy)phenyl isothiocyanate
(0.162 g, 0.74 mmol) to givau as a white solid (0.134 g, yield: 39.7%). mp: 242(1.*H NMR (400
MHz, DMSO-ds) 5 9.25 (s, 1H), 8.53 (s, 1H), 7.98 (t= 8.8 Hz, 2H), 7.77 (s, 1H), 7.41 @ = 8.4 Hz,
1H), 7.33-7.35 (m, 3H), 7.01 (dd,= 8.4, 2.0 Hz, 1H), 4.03 (s, 3H), 3.78 (s, 3T NMR (101 MHz,
DMSO-dg) 6 164.4, 155.5, 155.3, 151.8, 147.3, 142.5, 14(82,9, 131.4, 122.0, 119.5, 114.0, 110.0,
108.9, 102.2, 34.4, 29.7. FT-IRnjax, cnt): 3290 (NH), 3099 (CH, aromatic). ESI-MS, m/z: 456
[M+H]". HRMS (ESI,m/3 calcd. for G;H160,N;F5;[M+H] " 456.1390; found, 456.1395.
4.1.6.27.
N-benzyl-1-methyl-5-((1-methyl-1H-pyrazolo[3,4-djipyidin-4-yl)oxy)-1H-benzo[d]imidazol-2-amine
(9v)

Compoundrb (0.2 g, 0.74 mmol) was reacted with benzyl ismthanate (0.110 g, 0.74 mmol) to
give 9v as a white solid (0.049 g, yield: 17.1%). mp: 158 (1. '"H NMR (400MHz, DMSO-¢) &
8.59(s, 1H), 8.02(s, 1H), 7.51(s, 1H), 7.28-7.314M), 7.17-7.23(m, 1H), 7.06(d, = 8.4 Hz, 1H),
6.70(d,J = 2.8 Hz, 1H), 6.52(dd] = 2.4, 8.4 Hz, 1H), 5.31(s, 2H), 4.04(s, 3H), 3.48(3). 1*C NMR
(101MHz, DMSO-@) 6 182.8, 163.3, 155.5, 155.3, 152.7, 146.2, 140325, 129.8, 128.4, 127.3,
126.7,110.2, 108.8, 102.2, 48.7, 34.4. FT4Rdx, cn'): 3321 (NH), 3032 (CH, aromatic), 2940 (CH,
aliphatic). ESI-MS, m/z: 386.4 [M+H] HRMS (ESI,m/2 calcd. for G;H;sON; [M+H]" 386.1724;
found, 386.1726 .
4.1.6.28.
N-(4-methoxybenzyl)-1-methyl-5-((1-methyl-1H-pytaf@4-d]pyrimidin-4-yl)oxy)-1H-benzo[d]imida
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zol-2-amine (9w

Compoundrb (0.2 g, 0.74 mmol) was reacted with benzyl ismtianate (0.132 g, 0.74 mmol) to
give 9w as a white solid (0.048 g, yield: 15.8%). mp: 19B-C. '"H NMR (400 MHz, DMSOdq) &
8.52(s, 1H), 7.67(s, 1H), 7.32-7.38(m, 3H), 7.23(¢;, 8.4 Hz, 1H), 7.09(d) = 2.0 Hz, 1H), 6.89(d)
= 8.4 Hz, 2H), 6.84(dd] = 8.4, 2.0Hz, 1H), 4.53(d] = 6.0 Hz, 2H), 4.02(s, 3H), 3.73(s, 3H), 3.58(s,
3H). ¥%C NMR (101MHz, DMSO+dg) 6 164.6, 158.6, 156.7, 155.5, 155.3, 146.9, 134302,41, 131.4,
129.0, 114.0, 112.1, 108.7, 107.7, 102.1, 55.4,4%.4, 28.9. FT-IRymax, cn'): 3451 (NH), 3236
(CH, aromatic), 2921 (CH, aliphatic). ESI-MS, n¥4:6.5 [M+H]. HRMS (ESI,m/2 calcd. for

CyoH2105N7 [M+H] * 416.1830; found, 416.1832.

4.1.6.29. 5-((1-ethyl-1H-pyrazolo[3,4-d]pyrimidiryd)oxy)-1-methyl-N-(4-(trifluoromethoxy)phenyl)
-1H-benzo[d]imidazol-2-aminelQa)

Compoundrc (0.2 g, 0.70 mmol) was reacted with 4-(trifluorahwxy)phenyl isothiocyanate
(0.153 g, 0.70 mmol) to givEda as a white solid (0.100 g, yield: 28.9%). mp: Z&8°C. '"H NMR
(400 MHz, DMSOd) 5 9.26(s, 1H), 8.53(s,1H), 7.99@ = 9.2 Hz, 2H), 7.77(s, 1H), 7.42(d = 8.4
Hz, 1H), 7.33-7.35(m, 3H), 7.02(dd = 2.4, 8.4 Hz, 1H), 4.46(q), = 7.2 Hz, 2H), 3.78(s, 3H), 1.42(t,
J=7.2Hz, 3H).13C NMR (101 MHz, DMSOdg) 6 164.4, 155.4, 154.8, 151.8, 147.3, 142.5, 140.4,
132.9, 131.5, 122.0, 119.5, 114.0, 110.0, 108.9,21212.4, 29.7, 15.1. FT-IRMax, cnt): 3295 (NH),
3106 (CH, aromatic), 2924 (CH, aliphatic). ESI-M$z470.4 [M+H]. HRMS (ESI,m/2 calcd. for

CyoH180oN7 F3[M+H] * 470.1548; found, 470.1550.

4.1.6.30. 5-((1-ethyl-1H-pyrazolo[3,4-d]pyrimidiryd)oxy)-1-methyl-N-(p-tolyl)
-1H-benzo[d]imidazol-2-aminelQb)

Compoundrc (0.2 g, 0.70 mmol) was reacted with 4-methylphésgthiocyanate (0.110 g, 0.70
mmol) to givelOb as a white solid (0.072 g, yield: 24.5%). mp: 23® °C. '"H NMR (400 MHz,
DMSO-dg) & 8.91(s, 1H), 8.53(s, 1H), 7.72-7.76(m, 3H), 7.33(d 8.4 Hz, 1H), 7.30(s, 1H), 7.14(d,
= 8.0 Hz, 2H), 6.98(dd] = 1.6, 8.4 Hz, 1H), 4.46(q} = 7.2 Hz, 2H), 3.76(s, 3H), 2.27(s, 3H), 1.42(t,
J = 7.2 Hz, 3H)."*C NMR (101 MHz, DMSOde) & 164.5, 155.4, 154.8, 152.4, 147.2, 142.9, 138.6,
133.0, 131.5, 130.4, 129.4, 118.7, 113.5, 109.8,61.02.2, 42.4, 29.6, 20.8, 15.1. FT-{tRn@x, le)i

3289 (NH), 3083 (CH, aromatic), 2919 (CH, aliphptESI-MS,m/z400.4 [M+H]". HRMS (ESI,m/2
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calcd. for G,H»,0ON; [M+H] © 400.1881; found, 400.1883.

4.1.6.31. N-(4-chloro-3-(trifluoromethyl)phenyl)(gt-ethyl-1H-pyrazolo[3,4-d]pyrimidin-4-yl)oxy)
-1-methyl-1H-benzo[d]imidazol-2-amin&Q0g)

Compound 7¢c (0.2 g, 0.70 mmol) was reacted with 4-chloro-#(toromethyl)phenyl
isothiocyanate (0.166 g, 0.70 mmol) to gi¥6c as a white solid (0.091 g, yield: 26.7%). mp:
277-2790). 'H NMR (400 MHz, DMSOds) & 9.54(s, 1H), 8.53(s. 1H), 8.42(s, 1H), 8.32(¢; 8.8 Hz,
1H), 7.79(s, 1H), 7.68(d] = 8.8 Hz, 1H), 7.45(dJ = 8.8 Hz, 1H), 7.06(ddJ = 1.2, 8.4 Hz, 1H),
4.46(g,d = 7.2 Hz, 2H), 3.80(s, 3H), 1.43(t,= 7.2 Hz, 3H).*C NMR (101 MHz, DMSQdy) & 164.4,
155.4, 154.8, 151.2, 147.4, 142.3, 140.6, 132.2,313131.4, 122.7, 114.4, 110.3, 109.2, 102.3,,42.4
29.7, 15.0. FT-IR{max, cm®): 3283 (NH), 3085 (CH, aromatic), 2911 (CH, aliptla ESI-MS,m/z:

488.5 [M+H]". HRMS (ESI,m/7 calcd. for G,H17;ON,CIF;[M+H] " 488.1208; found, 488.1211.

4.1.6.32.
N-(4-bromophenyl)-5-((1-ethyl-1H-pyrazolo[3,4-d]pyidin-4-yl)oxy)-1-methyl-1H-benzo[d]imidazol
-2-amine 10d)

Compoundrc (0.2 g, 0.70 mmol) was reacted with 4-bromophésythiocyanate (0.150 g, 0.70
mmol) to give10d as a white solid (0.095 g, yield: 29.3%). mp: 289 1. '"H NMR (400 MHz,
DMSO-dg) & 9.19(s, 1H), 8.53(s, 1H), 7.89(d = 8.4 Hz, 2H), 7.75(s, 1H), 7.50(d,= 8.4 Hz, 1H),
7.41(d,J = 8.4 Hz, 1H), 7.35(s, 1H), 7.02(dd,= 1.2, 8.4 Hz, 1H), 4.45(q] = 7.2 Hz, 2H), 3.78(s,
3H), 1.42(t,J = 7.2 Hz, 3H).2*C NMR (101 MHz, DMSOds) & 164.4, 155.4, 154.8, 151.7, 147.3,
142.6, 140.5, 132.8, 131.7, 131.4, 120.3, 114.@,911110.0, 108.9, 102.2, 42.4, 29.7, 15.1. FT-IR
(bomax, cm'): 3284 (NH), 3099 (CH, aromatic), 2913 (CH, alifitp ESI-MS, m/z:465.3 [M+H].

HRMS (ESI,m/2 calcd. for G;HsON,Br [M+H]* 464.0830; found, 464.0833.

4.1.6.33.
5-((1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-4-yl)@¥1-methyl-N-(4-(trifluoromethoxy)phenyl)-1H-b
enzo[d]imidazol-2-aminel{a)

Compound7d (0.2 g, 0.67 mmol) was reacted with 4-(trifluoraghexy)phenyl isothiocyanate
(0.147 g, 0.67 mmol) to giv&la as a white solid (0.083 g, yield: 25.7%). mp: 2Z&-1. '"H NMR

(400 MHz, DMSOdy) 5 9.26(s, 1H), 8.52(s, 1H), 7.98@@= 9.2 Hz, 2H), 7.75(s, 1H), 7.42(d,= 8.4
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Hz, 1H), 7.34-7.35(m, 3H), 7.02(dd,= 2.0, 8.4 Hz, 1H), 5.10-5.17(m, 1H), 3.78(s, 3HKA(d,J =
6.8 Hz, 6H).”*C NMR (101 MHz, DMSOde) & 164.4, 155.2, 154.3, 151.8, 147.3, 142.5, 14(82,9,
131.3, 122.0, 119.5, 114.0, 110.0, 108.9, 102.34,429.7, 22.2. FT-IRvfax, le): 3304 (NH),
3099(CH, aromatic), 2943 (CH, aliphatic). ESI-M&z 484.6[M+H]". HRMS (ESI,m/2 calcd. for

CoaH200ON;F3 [M+H] * 484.1704; found, 484.1705.

4.1.6.34.
5-((1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-4-yl)@X-1-methyl-N-(p-tolyl)-1H-benzo[d]imidazol-2-a
mine (1b)

Compoundrd (0.2 g, 0.67 mmol) was reacted with 4-methylphésgthiocyanate (0.100 g, 0.67
mmol) to givellb as a white solid (0.059 g, yield: 21.3%). mp: 286 C. 'H NMR (400 MHz,
DMSO-dg) & 8.91(s, 1H), 8.52(s, 1H), 7.75@ = 8.4 Hz, 2H), 7.70(s, 1H), 7.37(d,= 8.4 Hz, 1H),
7.3(d,J = 2.4 Hz, 1H), 7.14(d) = 8.4 Hz, 2H), 6.98(dd] = 2.4, 8.4 Hz, 1H), 5.10-5.17(m, 1H), 3.75(s,
3H), 3.75(s, 3H), 1.50(d] = 6.8 Hz, 6H)."*C NMR (101 MHz, DMSOds) & 164.5, 155.2, 154.3,
152.4, 147.2, 142.9, 138.5, 133.0, 131.3, 130.9,4,2118.6, 113.5, 109.7, 108.6, 102.3, 49.3, 29.6,
22.2, 20.8. FT-IR{max, cm®): 3305 (NH), 3089 (CH, aromatic), 2921 (CH, alifita ESI-MS,m/z:

414.6[M+HT". HRMS (ESI,m/2 calcd. for GsH,.ON; [M+H]* 414.2037; found, 414.2040.

4.1.6.35.
N-(4-chloro-3-(trifluoromethyl)phenyl)-5-((1-isopeyl-1H-pyrazolo[3,4-d] pyrimidin-4-yl)oxy)-1-meth
yl-1H-benzo[d]imidazol-2-aminel{c)

Compound 7d (0.2 g, 0.67 mmol) was reacted with 4-chloro-8(toromethyl)phenyl
isothiocyanate (0.159 g, 0.67 mmol) to gitéc as a white solid (0.089 g, yield: 26.6%). mp:
271-273°C. *H NMR (400 MHz, DMSOds) & 9.54(s, 1H), 8.52(s, 1H), 8.42(d,= 2.4 Hz, 1H),
8.31(dd,J = 2.8, 9.2 Hz, 1H), 7.77(s, 1H), 7.68(1= 8.8 Hz, 1H), 7.45(d) = 8.8 Hz, 1H), 7.39(d] =
2.0 Hz, 1H), 7.06(dd] = 2.0, 8.4 Hz, 1H), 5.10-5.17(m, 1H), 3.80(s, 3H50Ld,J = 6.8 Hz, 6H).X°C
NMR (101 MHz, DMSOsdg) 6 164.4, 155.2, 154.3, 151.1, 147.4, 142.3, 14032,7, 132.3, 131.2,
127.1,124.7,122.7,121.7, 117.0, 114.4, 110.8,210.02.4, 99.9, 49.4, 29.7, 22.2. FT-{Rn@x, le):
3329 (NH), 3103 (CH, aromatic), 2967 (CH, aliphptESI-MS,m/z: 502.6[M+H]". HRMS (ESI,m/2

calcd. for GsH,6ON,CIF;[M+H] * 502.1365; found, 502.1367.
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4.1.6.36.
N-(4-bromophenyl)-5-((1-isopropyl-1H-pyrazolo[3,fpsirimidin-4-yl)oxy)-1-methyl-1H-benzo[d]imid
azol-2-amine 11d)

Compoundrd (0.2 g, 0.67 mmol) was reacted with 4-bromophésgthiocyanate (0.143 g, 0.67
mmol) to givelld as a white solid (0.094 g, yield: 29.4%). mp: 23 °C. 'H NMR (400 MHz,

DMSO-dg) 6 9.19(s, 1H), 8.52(s, 1H), 7.88(@,= 8.8 Hz, 2H), 7.74(s, 1H), 7.50(d,= 8.8 Hz, 2H),
7.41(d,J = 8.4 Hz, 1H), 7.35(dJ = 2.0 Hz, 1H), 7.02(ddJ = 2.0, 8.4 Hz, 1H), 5.10-5.17(m, 1H),
3.77(s, 3H), 1.50(d) = 6.4 Hz, 6H).**C NMR (101 MHz, DMSOde) & 164.4, 155.2, 154.3, 151.7,
147.3, 142.6, 140.5, 132.8, 131.7, 131.3, 120.3,011112.9, 110.0, 108.9, 102.3, 49.3, 29.7, 22.2.
FT-IR (dmax, cnmt): 3257 (NH), 3095 (CH, aromatic), 2972 (CH, alipta ESI-MS, m/z

478.6[M+HJ". HRMS (ESI,m/2 calcd. for G,H,ON;Br [M+H]* 478.0986; found,478.0988.

4.1.7. 4-(4-(benzyloxy)phenoxy)-1-methyl-1H-pyrai@¥-d] pyrimidine (2)

Compound4a (2.0 g, 11.9 mmol) was reacted with 4-(benzylox@pdl (2.38 g, 11.9 mmol)
according to general procedure B to g2 (3.2 g, yield: 82.6%. JH NMR (400 MHz, CDC}) &
8.59(s, 1H), 7.81(s, 1H), 7.37-7.42(m, 5H), 7.2Qd; 8.8 Hz, 2H), 7.09(dJ = 8.8 Hz, 2H), 5.12(s,

3H), 4.14(s, 3H). ESI-MSWz 333.7 [M+HT.

4.1.8. 4-((1-methyl-1H-pyrazolo[3,4-d]pyrimidin-4xyxy)phenol {3)

A solution of12 (1.0 g, 3.0 mmol) in TFA (10 mL) was stirred fd B at 5071. Then the mixture
was cooled to rt, basified with the saturated agadeaHCQ (50 mL), and extracted with EtOAc. The
organic layer was washed with water and brine ddoieer NaSQ,, filtered, and concentratéd vacuo
The crude residue was purified by recrystallizat¥®¥ ethanol to givé3 as white needles (0.546 g,
yield: 75.3%)."H NMR (400 MHz, DMSOds) & 9.60(s, 1H), 8.53(s, 1H), 7.89(s, 1H), 7.111d; 8.8

Hz, 2H), 6.85(dJ = 8.8 Hz, 2H), 4.03(s, 3H). ESI-M8yz 243.5 [M+H]".

4.1.9. 4-((1-methyl-1H-pyrazolo[3,4-d]pyrimidin-4yyxy)-2-nitrophenol 14)
To a flask charged with3 (1.0 g, 4.13 mmol) in AcOH (20 mL), fuming HN@0.26 g, 4.13
mmol) was added dropwise. The reaction mixture starsed at rt for 40 min, after that saturated

aqueous NaHC&(50 mL) was poured slowly. Then the reaction mietwas extracted with Ggl,,
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washed with water and brine, dried overn8l@,, filtered, and concentratéd vacuo The residue was
purified by silica gelcolumn chromatography usingetroleum ether-EtOAc to yielti4 as orange
solid (0.612 g yield: 51.6%}H NMR (400 MHz, DMSO#dg) & 11.15(s, 1H), 8.57(s, 1H), 8.29(s, 1H),
7.93(d,J = 3.2 Hz, 2H), 6.85(dd) = 3.2, 8.8 Hz, 1H), 7.24(d} = 9.2 Hz, 1H), 4.07(s, 3H). ESI-MS,

m/z: 288.5 [M+H]".

4.1.10. 2-amino-4-((1-methyl-1H-pyrazolo[3,4-d] pyidin-4-yl)oxy)phenoll5)

Compound14 (1.5 g, 5.23 mmol) was reacted with hydrazine hidrél.26 mL, 26mmol)
according to general procedure D to gh#e(0.921 g, yield: 68.5%)H NMR (400 MHz, DMSO#ds) &
9.23(s, 1H), 8.55(s, 1H), 7.60(s, 1H), 6.7Q1d; 8.4 Hz, 1H), 6.48(dJ = 2.8 Hz, 1H), 6.30(dd] = 2.8,

8.4 Hz, 1H), 4.82(s, 2H), 4.01(s, 3H). ESI-MSz 258.5 [M+H].

4.1.11.5-((1-methyl-1H-pyrazolo[3,4-d]pyrimidin-4ygxy)-N-(4-(trifluoromethoxy)phenyl)benzo[d] ox
azol-2-amine 16a)

Compound15 (0.2 g, 0.78 mmol) was reacted with 4-(trifluorotrety)phenyl isothiocyanate
(0.171 g, 0.78mmol) according to the general praced to givel6a asa white solid (0.095 g, yield:
27.6%). mp: 243-245. 'H NMR (400 MHz, DMSOsdg) 5 10.98(s, 1H), 8.56(s, 1H), 8.08(s, 1H),
7.87(d,J = 8.4 Hz, 2H), 7.61(dJ = 8.4 Hz, 1H), 7.40-7.46(m, 3H), 7.10(@= 8.8 Hz, 1H), 4.06(s,
3H). *C NMR (101 MHz, DMSOdg) 6 163.8, 159.4, 155.4, 155.3, 149.0, 145.4, 14%3,4,, 138.3,
131.4, 122.4, 119.4, 115.8, 111.0, 109.9, 102.25.3&T-IR (max, le)i 3228 (NH), 3033 (CH,
aromatic). ESI-MSz 441.3 [M-H]. HRMS (ESI,m/2 calcd. for GgH1505NgF; [M+H] " 443.1074;

found, 443.1075.

4.1.12. 5-((1-methyl-1H-pyrazolo[3,4-d]pyrimidinyd}oxy)-N-(p-tolyl)benzo[d]oxazol-2-amin&gb)
Compound15 (0.2 g, 0.78 mmol) was reacted with 4-methylpheisgithiocyanate (0.116 g,

0.78mmol) according to the general procedure Ewe $6b asa white solid (0.071 g, yield: 24.5%).

mp: 222-22471. *H NMR (400 MHz, DMSOds) 5 10.64(s, 1H), 8.56(s, 1H), 8.05(s, 1H), 7.64(c;

8.4 Hz, 2H), 7.57(d) = 8.4 Hz, 1H), 7.42(d] = 2.4 Hz, 1H), 7.19(d] = 8.0 Hz, 2H), 7.05(dd] = 2.4,

8.8 Hz, 1H), 4.05(s, 3H) 2.28(s, 3H)*C NMR (101 MHz, DMSOd) & 163.9, 159.7, 155.4, 155.3,

149.0, 145.4, 144.1, 136.4, 131.7, 131.4, 129.8,211115.3, 110.7, 109.6, 102.2, 34.4, 20.8. FT-IR

(bomax, cm'): 3313 (NH), 3038 (CH, aromatic). ESI-MByz 371.7 [M-H]. HRMS (ESI,m/2 calcd.
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for CaoH1602Ng [M+H] * 373.1409; found, 373.1411 .

4.1.13.
N-(4-chloro-3-(trifluoromethyl)phenyl)-5-((1-meth¥H-pyrazolo[3,4-d]pyrimidin-4-yl)oxy)benzo[d]o
xazol-2-amineX6c¢)

Compound 15 (0.2 g, 0.78 mmol) was reacted with 4-chloro-3fi(tdromethyl)phenyl
isothiocyanate (0.185 g, 0.78mmol) according to dheeral procedure E to givéc asa red solid
(0.096 g, yield: 26.8%). mp: 200-202 *H NMR (400 MHz, DMSO#de) & 11.26(s, 1H), 8.56(s, 1H),
8.28(d,J = 2.8 Hz, 1H), 8.06-8.09(m, 2H), 7.76(@= 8.8 Hz, 1H), 7.65(dJ = 8.8 Hz, 1H), 7.52(d)
= 2.4 Hz, 1H), 7.13(dd) = 2.4, 8.4 Hz, 1H), 4.06(s, 3HYC NMR (101 MHz, DMSOds) & 163.8,
158.9, 155.4, 155.3, 149.1, 145.3, 143.3, 138.3,8,331.4, 123.3, 122.8, 116.7, 116.3, 111.4,1110.
102.2, 34.5. FT-IR{max, cm'): 3256 (NH), 3066 (CH, aromatic); ESI-M&/z: 459.4 [M-H]. HRMS

ESI, m/2 calcd. for GoH1,0,NgFsCl [M+H] *461.0737; found,461.0738 .
(

4.1.14.
N-(4-bromophenyl)-5-((1-methyl-1H-pyrazolo[3,4-dilpyidin-4-yl)oxy)benzo[d]oxazol-2-amin&gd)
Compound15 (0.2 g, 0.78 mmol) was reacted with 4-bromophesygithiiocyanate (0.167 g,

0.78mmol) according to the general procedure Eve 16d as an orange solid (0.088 g, yield: 25.7%).
mp: 274-276. *H NMR (400 MHz, DMSOsg) § 10.9(s, 1H), 8.56(s, 1H), 8.08(s, 1H), 7.74(¢; 8.4
Hz, 1H), 7.57-7.62(m, 3H), 7.46(s, 1H), 7.090dz 9.2 Hz, 1H), 4.06(s, 3H)*C NMR (101 MHz,
DMSO-ds) 6 163.8, 159.2, 155.4, 155.3, 149.0, 145.3, 14338,3, 132.2, 131.4, 120.0, 115.8, 114.3,
111.0, 109.8, 102.2, 34.5. FT-IRnfax, cn'): 3341 (NH), 2966 (CH, aromatic); ESI-M8yz 437.4

[M-H]". HRMS (ESI,m/2 calcd. for GgH140.NgBr [M+H] * 437.0357; found, 437.0360.

4.2 Kinase inhibitory activity

The BRAF®®E and VEGFR-2 inhibitory activity was evaluated byings the Z'-LYTE
technology platform (Life Technologies), and Sondfewas employed as the positive control. The
experiments were performed according to the insbms of the manufacturer, and single point
concentration tested with two independent datatpdim= 2). We chose compounds with high percent

inhibition values to evaluate kinase activity ah ®oncentration gradients from 1000 to 0.0508 nM
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(3-fold dilution). The IG, values were calculated from the inhibition curvesnf two separate

experiments.

4.3 Cell proliferation inhibition assay

The anti-proliferative activities of compounds wenealuated against A375, HT-29, and HUVEC
cell lines by the standard MTT assgayvitro, with Sorafenib as the positive control. All clidies were
purchased from Cell Bank of China Science AcadeBhafghai, China). All chemicals and solvents
were purchased from Sigma-Aldrich or Gibco. The B3hd H-29 cell lines were maintained in
DEME and RPMI 1640 medium supplement, respectiveity) 10% fetal bovine serum (FBS) and 1%
Penicillin-Streotomycin, while the HUVEC cell lineas maintained in F-12k medium supplement with
10% fetal bovine serum (FBS), 1% Penicillin-Strenygin, 50 ug/mL heparin and 0.03-0.05 mg/ mL
ECGS. Approximate 5xfCcells, suspended in medium, were plated into eahof a 96-well plate
and grown at 377 in a humidified atmosphere with 5% g@r 24 h. The following day various
concentrations of tested compounds were addedeteuture medium and incubated for 72 h. Fresh
MTT was added to each well at the terminal conegiotn of 5 mg/ mL in PBS, and incubated with
cells at 370J for 4 h. The formazan crystals in each well weissalved in 15QuL DMSO, and the
absorbency at 570 nm was measured with an enzyrkediimmunosorbent assay plate reader. All of

the compounds were tested three times in eacleafet lines.

4.4 Flow-activating cell sorting analysis

The effect of compoun®u on cell cycle phase distribution of A375 was assdsusing flow
cytometry. When the cells grew to about 70 % caarflee in 6-well microplates, they were treated with
compoundOu at given concentrations (0.87, 1.74, 3)480l/L). After 48 h, cells were harvested by
trypsinization, washed with PBS, and fixed in 70 cold (47) ethanol overnight. They were then
washed with PBS, incubated with RNase (50 mg/ malfconcentration) at 3@ for 30 min, stained
with propidium iodide (50 mg/mL final concentratjpnand analyzed by flow cytometry (BD
FACSCanto Il). HUVEC cell line was treated wBh at given concentration (2.95, 5.89, 11i#8ol/L)

with the same procedure as A375 cell line.

4.5 Molecular Modeling
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Docking study was performed on Glide module of 8dimger suite (New York, NY) [46].The
crystal structures of BRAEE (PDB ID: 1UWJ) [45] and VEGFR-2 (PDB ID: 3WZE [34]n

complex with Sorafenib were retrieved from the BroDatabank Bank (http://www.rcsb.org/). Before

starting the docking, the protein structures weaepared and minimized using the protein preparation
wizard of Schrddinger. Hydrogen atoms were addeohqy bond orders were assigned, missing side
chains were generated using prime module while ptaonation states of each side chain were
generated using Epik at pH = 7. Protein minimizatieas performed with the default cutoff root mean
square deviation (RMSD) value of 0.3 A using Optied Potentials for Liquid Simulations (OPLS)
2005 force field. The ligands were prepared usirgltigprep module of the Schrédinger Suite. These
prepared structures were used for molecular docktindies. Protein receptor grid was generatedeat th
center of cocrystalized inhibitor sorafenib actsite region using Receptor grid generation with@G 1
van der Waals radius scaling factor and 0.25 pgatharge cut-off without any constraint. Once the
receptor grid is generated, tBe was docked to the protein using Glide “Extra mieei mode” (XP).
The best docking configurations based on the Gtideres (G-scores) were selected as the most

probable binding conformation and were subjectetid¢ecular dynamics simulation.

The MD simulations were performed using AMBER 12ware package (San Francisco, USA)
[47-48] according to our previously published puaub [49-50]. Geometry optimization and the
electrostatic potential calculations f8u was carried out at the HF/6-31G* level of the Gdaus 09
suite [51]. The atomic partial charge was obtaibgdising the restrained electrostatic potential§RE
fitting technique [52] implemented in AmberTools3]5 The force field parameters fd&u and
Sorafenib were generated by the general amber flietet (GAFF) [54] using the Antechamber
program. The AMBER 99SB force field [55] was usedsimulate the protein structure and the
ionization states of amino acid residues were setraing to the standard protocol. The model was
neutralized by adding suitable counterions and vemilgated in a truncated octahedron box of the
transferable interaction potential (TIP3P) [56] evamolecules with a margin distance of 12 A. The
fully solvated and neutralized system was subjettegnergy minimization. Following minimization,
the system was gradually heated from 0 to 300 KOips using a Langevin thermostat with a coupling
coefficient of 1.0/ps with a force constant 2.0 Ikzel A2 on the complex. Then, 50 ps of density

equilibration with a force constant 2.0 kcalsiiteh  on the complex was performed. Subsequently the
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systems were again equilibrated for 500 ps by sélgaall the restraints. Finally, the 50-ns MD
production was performed at 300 K with 1.0 atm gues. During the MD simulations, the long-range
Coulombic interactions were handled using the glartmesh Ewald (PME) method [57]. The cutoff
distance for the long-range vdW energy term wasaset0.0 A. Periodic boundary conditions were
applied to avoid edge effects in all calculatiombe SHAKE algorithm [58] was employed on all

atoms covalently bond to hydrogen atoms, allowiogdn integration time step of 2 fs. Coordinate
trajectories were recorded every 10 ps throughdutequilibration and production runs. The

binding-free energiesAGying) Were calculated by using MM-GBSA and MM-PBSA [60} procedure

in AMBER12. Average 1000 snapshots were extractech fthe last 10 ns MD trajectory for the

calculations, and only 10 snapshots evenly extdafram the last 10 ns MD trajectory were used to

calculate the entropic contribution.
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Highlights
® A series of 1H-pyrazolo[3,4-d]pyrimidine derivatives were designed and
synthesized as BRAF'®®F and VEGFR-2 dual inhibitors.

FV 600E and

® The compound 9u exhibited potent inhibitory activities against BRA
VEGFR-2, and potent anti-proliferative activity against BRAF'®F-expressing
A375 and H-29 as well as VEGFR-2-expressing HUVEC, respectively.

® Molecular simulations gave a probable molecular explanation for the activity of
compound 9u.

® The structures of compounds are novel and expand the chemical diversity of

BRAF'%%E gnd VEGFR-2 dual inhibitors.



