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Abstract:

Phosphatidylinositol 3-kinase (PI3Ka) is the most frequently mutated kinase in
human cancers, making it an attractive therapeatiget for cancer treatmente
identified a structurally novel PI3KH1047R mutant inhibitoHit-01 (EGs = 76.0
KM) through a high-throughput screening campaigrerfiical optimizations enabled
us to discover compourb, which strongly inhibited PI3& H1047R mutant with an
ECsp value of 0.137 uM, over 500-fold more potent th4ut-01. Western blotting
analysis suggested tha@b could decrease the phosphorylation level peAKT,
another proof thatb inhibited PI3ka H1047R function. Cell viability assay revealed
that 7b inhibited HCT116 cancer cell growth with ans§Gralue of 11.23 pM. In
addition, 7b was found to arrest cell cycle at G1 phase anddedell apoptosigia
up-regulation of caspase-3, caspase-8 and caspasteth expressions. Collectively,
all these data demonstrated tiatcould be a promising lead for the development of

structurally novel PI3K inhibitors.
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1. Introduction

The phosphatidylinositol-3-kinase (PI3K) signalipgthway plays key regulatory
roles in multiple cellular functions including cejrowth, survival, proliferation,
differentiation and invasion [1-5]. The PI3Ks faynitould be divided into several
different subtypes according their structural chieastics and substrate specificity
[6-9]. Among which, the PI3K is frequently activated, amplified and mutated in
human cancers, which could be an attractive thetapéarget [8, 10-13]. PI3K
comprises a catalytic subunit, ptl0and a regulatory subunit, p85The pll@
subunit consists of five domains, namely adaptodinig domain, RAS-binding
domain, and the C2, helical, and kinase domaing [IH4e gene encoding pldQ0s
frequently mutated in a variety of human tumors;luding breast, colon and
endometrial cancers, and glioblastomas [15-20].rie&0% of the mutations were
clustered in two hotspots [21-23]. One is locatedthe helical domain of pl&0
(E542K, E545K and Q546K), which activates Pi3By relieving the auto-inhibition
imposed by the p8nSH2 domain on the pldGubunit [24-26]. Another hotspot
(H1047R) is located in the kinase domain, whichuoebs conformational changes that
increase PI3K membrane association and lipid binding [27-29]eJé two hotspot
mutations act synergistically, but work indepentetd induce aberrant PI3K activity
and malignantransformation in cancer cells [30]. Inhibition BI3Ka is a promising
approach to kill or, at least, greatly inhibit p@wth of cancer cells [31-36].

To date, several inhibitors targeting PI3K haverbdeveloped, some of them are
under preclinical evaluation or early clinical sesl[37-40].BKM 120, a pan-PI3K
inhibitor, is one of the most advanced drug leadlimical trials for solid tumors [41,
42], which is active against a number of tumor $/p43], however, such broad
anticancer activities usually result in potentiggkr of adverse events, including
hyperglycemia and liver toxicity [41, 44BYL-719, a PI3ku inhibitor, exhibited
strong antitumor activitiegn vitro and tumor xenograft models, and is particularly
effective against cancer cell lines with mutanaoplified PIK3CA (PI3K, catalytic,

alpha polypeptide) [45-47]. Therefore, targeting BI3Ka. mutant enzyme may be a
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promising approach to develop efficacious inhiEt¢48]. Recently, many groups
have demonstrated that PIK3CA mutations occur gh liiequency in all kinds of
solid tumors [40, 49]. Moreover, most of the muwa# concentrate on the two
hotspots [40, 50, 51]. Specific inhibitors thatgetrthe mutant forms of PI3Kcould
enhance treatment efficiency while decreasing uargde-effects [52].

Although mutant selective inhibitors have signifitadvantages, the discovery of
such inhibitors remains a great challenge [2Zh a high-throughput screening
campaign, an in-house library with diverse chemstalictures was screened against
the PI3ka H1047R mutant protein, from whidHit-01 (Figure 1) was identified to
weakly inhibit the enzyme function [53]. Herein, waport the synthesis, biological
evaluation and structuractivity relationship analysis of a seriestit-01 analogues

as novel P13k H1047R mutant inhibitors with greatly improved g@aty.
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Figure 1 Chemical structures of reported PI3Ks inhibitand Hit-01

2. Results and discussion

2.1 Chemistry

Hit-O1 contains a quinoxaline core with two appendingafurings. First, we
synthesizedHit-01 and its analogues with the reaction of furoiB) (using
3,5-dichlorobenzene-1,2-diamine catalyzed by armgbed5 Scheme 1). To identify
the optimal substitutions on the quinoxaline commalogues with various
halo-substitutions3a-h) were synthesized with yields ranging from 46 &%/ In
addition, to explore whether the two furan groupesessential for biological activities,
we preparedda-c, with thienyl @a), phenyl @b), and morpholinyl 4c) moieties

attaching to the quinoxaline core respectively.
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Scheme 1 Reagents and conditions: (a);Mt THF/H,O = 1/4, 1,3-dimethylbenzimidazolium
iodide, reflux, overnight, 83%; (lAmberlyst-15, HO, reflux, 6 h, 46-78%; (c) Btlba), BINAP,

K,CQ;, dioxane, overnight.

With the improved enzymatic potencies féd, 3g and 3h (Table 1), we made
further efforts to enhance their activities. As whan Scheme 2, target compounds
5a-d and6a-c were successfully prepared by the Suzuki reaaifodd with various
benzyl borates using Hdba} as the catalyst and XPhos as a ligand, respegtivel
However, we failed to obtain compoun@sn and8a-e using the same reagents and
conditions. The reaction led only to bis-substdntiof the two bromine atoms or
elimination of bromine ir8h. Significant efforts were made to optimize thectemn,
and we eventually found that Pd(OAc3-phos and ¥PO, were the best combination
to accomplish the transformation smoothly, afadn and 8a-e were thus obtained

with satisfactory yields (32-59%).



(6] \ 0 \
0\ Q N~ N~
N a 9 /©:
N R N/ \O or v N/ le)
7 0 / | /
Br N \ o R8 R®
/ R® B~g Y
3d 5 6
R8 R®
R7
o)
(0] \ A fe)
N\
O OIS«
_ R? N0 or j@:
Br N 0 N A0
) o / Y N \
7 RS R® /
3h

sa RO=F  R'=H R'=H R'=H 6 y-v_)% 8a y- )} 8dy={ )
5b R°=OMe R’=H R'=H R’=H ¢ y= 5 8 Y=(CU9 8 yo 04
S¢ RS=OH R’=H R'=H R'=H ¢ _ : 8¢ Y= U Z):o
sd R°=CF; R’=H R®=H R°-H o
7a R®=H R’=H R®=H R°=H 7nh R®=Cl R’=H R¥®=H R°=H

7b R6=F R’=H R¥=H R°-H 7i R®=Br R’=H R®=H R°=H

7¢ R°=H R’=F R!=-H R°=-H 7j R°=OH R’=H R®=H R°=H

7d R®=H R’=H R¥}=F R°-H 7k R°=OMe R’=H R®=H R°=H

7e R6=F R’=F R¥}=H R°-H 71 R°=H R’=H R®=CF; R°=H

7t RO=F R’=H R¥3=F R°-H 7m R°=H R’=H R®=OMe R°=H

7g R°=CF; R’=H R¥=H R°=H 7n R°=H R’=0Me R®=H R’°=0OMe

Scheme 2 Reagents and conditions: (a).Ribay XPhos, KCO;, dioxane, overnight, yields:
38-57%. (b) Pd(OAg) s-Phos, KPO, t-BuOH/H,0 = 20/1, 80°C, 2.5-4 h, yields: 32-59%.

2.2 Inhibition of PI3Ka H1047R mutated kinase and cell proliferation

All synthesized compounds were evaluated for thatrproliferative activities on
PI3Ka H1047R mutated cell line HCT-116 and a Pé3H1047R non-mutation cancer
cell line MCF-7, as well as their inhibitory potgnagainst P13l H1047R mutated
kinase. The ZSTK474 and DOX were used as positiveral compounds in the cell
viability assay, and results of the biological exion are summarized reble 1.

For the first series of compoung@a-h, the substitutions of RR* played important
roles for exerting their enzymatic inhibitory adties. Compared withHit-01,
compound3a with a chlorine atom relocated from position 2tof the quinoxaline
core totally lost its biochemical activity. Howeyeemoval of the chlorine atom at
position 1 of the quinoxaline core afford8d with much improved activity. This

observation suggested that substitutions at pasi@iomight enhance compounds’
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potencies. Thus, different groups were introduaegbdsition 2 on the quinoxaline
core. CompoundS8c, 3e and 3f were inactive, whiledd, 3g and 3h exhibited weak
activities. In addition, to explore whether the tWiran rings appending to the
guinoxaline core are essential for biological atiég, heterocyclic or aryl groups
were incorporated intblit-01. To our disappointment, all these analogukesd) lost

their inhibitory properties.

Table 1 Inhibitory activities of quinoxalines against twarcer cell lines and PI3KH1047R
mutated kinase

ECso (uM) ICsp (uM)*
Compound PI3Ko (H1047R) HCT-116 MCF-7
Hit-01 76.0 £ 5.7 > 50 > 50
3a > 100 > 50 > 50
3b 18.1 £3.9 > 50 > 50
3c > 100 > 50 > 50
3d 33.5+3.6 > 50 > 50
3e > 100 > 50 > 50
3f > 100 >50 > 50
3g 47.8+45 > 50 > 50
3h 39.3+5.2 > 50 > 50
da > 100 > 50 > 50
4b > 100 > 50 > 50
4c > 100 > 50 > 50
5a 12.7+£2.7 39.7+3.2 > 50
5b 87.3+4.8 > 50 > 50
5c 43.5+£4.2 > 50 > 50
5d 11.8+1.1 453+ 3.9 > 50
6a > 100 > 50 > 50
6b > 100 > 50 > 50
6c > 100 > 50 > 50
7a 205+£2.3 > 50 > 50
7b 0.137 £ 0.03 11.23+1.33 13.66 £2.18
7c 29+0.5 43.07 £ 2.35 19.56 + 3.96
7d 1.9+0.4 38.05+3.12 35.07 £ 2.76
e 7.3x0.7 > 50 > 50
7f 3.2+0.7 16.55+1.02 27.94 + 3.28
79 0.169 + 0.06 13.46 £ 2.77 1551 +£2.54
7h > 100 > 50 > 50
7i > 100 > 50 > 50
7 > 100 > 50 > 50
7K > 100 > 50 > 50
7l 0.516 + 0.07 14.9 £ 1.69 25.18 £+1.32



m > 100 > 50 > 50

n > 100 > 50 > 50
8a 108+1.1 457 £ 2.21 > 50
8b > 100 > 50 > 50
8c 1.2+0.4 38.5 +4.67 40.9 £ 3.36
8d 13.5+£0.9 > 50 > 50
8e 186 +1.0 > 50 > 50
ZSTKA474 0.05+0.01 1.31+0.24 5.27 +£0.73
DOX ND 1.96 £ 0.09 3.28 £ 0.52

#Values are average of three independent experiineaasurements and expressed as Mean *
SD. ND: not determined.

Inspired by the above observations, we conductathdu modifications on
compounds3d and3h. As shown inTable 1, compound$a-d displayed moderate
enzyme inhibitory activities, andh and5d showed improved activities as compared
to Hit-01. Replacing the substituted-phenyl group at pasi®oof the quinoxaline
core by polar heterocyclic moieties generated camgs6a-c, which lost their ability
to inhibit the enzymatic function as well as cancelt growth. In this round of SAR
campaign, the most potent compoubd)(showed an E& value of 11.8 uM against
PI3Ka H1047R protein, which is far from satisfaction. ush we continued our
structural modifications oilit-01 with the aim to further improve its biochemical
potency.

As shown inTable 1, compounds/a-g and 7l displayed not only improved kg
value for inhibiting the mutated kinase functionytbalso showed enhanced
anti-proliferative activities against cancer celfsmong this series, compourith
demonstrated the best inhibitory activity for P8KI1047R mutant (Eg = 0.137
uM). Moreover, 7b exhibited potent antiproliferative activities fBlICT116 (IGo =
11.23uM) and MCF-7 (I1Go = 13.66uM) cells, respectively. However, compouritts
and 7d, with a fluorine atom at meta- and para- positioih the phenyl ring
respectively showed reduced activities, suggestiag) fluorine substitutions on the
phenyl ring had a detrimental effect on the poteBegides, compoundg (EGCso =
0.169uM for PI3Ka H1047R mutant) also showed a similar inhibitiofeef as7b,
which means trifluoromethyl group was another fabbe substitution. To figure out

whether para-substitution on phenyl ring affect #duotivity, compounds/l and 7m

8



were synthesized and the results suggested thateatron-drawing R (71, EGs =
0.516uM) was beneficial for the potency, while introdwctiof an electron-donating
group (-OCH) resulted in a complete loss of activign(). At last, polar heterocyclic
groups were introduced int8h, the resulting compound®a-e showed decreased
activities. In all, we modifiedHit-O1 and identified two potent compounds and7g,
which strongly inhibited PI3K H1047R mutant and cancer cell proliferation. Since
these compounds displayed similar anti-prolifetiactivities on both PI3K
H1047R mutated cell line HCT-116 and PtBKon-mutation cancer cell line MCF-7,
these compounds may inhibit both PtBKI1047R mutant and PI3Kwild-type

proteins.

Table 2. Inhibitory activity (EGo, pM) against P13k wild type and H1047R mutant.

PI3Ka wild-type  PI3Ka H1047R

Compounds SIP
ECso (uM) ° ECso (uM) °

Hit-01 546 +£6.5 76.0 £ 5.7 1.39
3d 27.6 £3.5 33.5+£3.6 1.21

39 124+2.1 47.8+4.5 3.83

5d 128+1.8 11.8+1.1 0.92

7b 0.093 £ 0.05 0.137 £ 0.03 1.47

79 0.097 £0.02 0.169 = 0.06 1.74

®Values are average of three independent experiingetarminations and the E£values were
expressed as Mean + SESI stands for selectivity index, which was caloetaby comparing the
ECso values of compounds inhibiting PIakKH1047R mutant against the i&alue of the same
compound inhibiting PI3K wild-type in a biochemical assay.

To verify our hypothesis, some of the synthesizechmounds were selected and
measured for their inhibitory activity against Pt8Kvild-type and the mutant. As
expected, all selected compounds showed similabitohy activities against PI3&
wild-type and H1047R mutan® &ble 2). Of note, compoundgb and7g displayed
the best potencies against these two proteins,BEty values of 0.093 and 0.097 uM
against PI3k wild type, and 0.137 and 0.167 uM against RI3K1047R mutant,
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respectively. Although compound® and7g did not exhibit selectivity index on the
PI3Ka wild type and mutant proteins, they could be usgdovel and potent PI3K
inhibitors. Then we compared the biochemical atéigiof 7b with other isoforms of
PI3K and mTORCL1. As summarized in Tabl&gB displayed relative weak inhibitory
potencies against other PI3K isoforms, with oveifal@ selectivity fora overf, and
over 100-fold fora overy andd. Meanwhile,7b have little effect on mTORCL1

function when the tested concentration up to 30 uM.

Table 3. Enzymatic activities of compouril against PI3Ks and mTORC1 g&uM ?)

Kinase Compound/b BEZ-235 ZSTKA474
PI3Ka 0.093 +£0.05 0.040+0.01 0.050 £ 0.017
PI3Kp 3.34+£0.13 0.015 £ 0.003 0.044 £ 0.014
PI3Ky 9.80+041 0.067 £0.021 0.051 +£0.018
PI3K3 15.67 £ 0.52 0.093 + 0.032 0.010 + 0.004
MTORC1 > 30 0.079 £ 0.024 ND

#Values are average of three independent experifrdgteErminations. ND: not determined.

2.3 Cdl cyclearrest

Since 7b showed the highest potency, we next conductedtiaddi studies to
investigate its biological roles in HCT116 canceil.cWe examined the effect of
compound7b on cell cycle distribution using the propidium iddi(PI) staining Kit.
HCT116 cells were treated with compourd (5, 10, 20uM) or control for 24 h,
stained with Pl and then analyzed on a flow cyt@met

As shown inFigure 2, compound/b led to a significant accumulation of cells at
G1 phase from 38.72% to 44.42% \(M), 57.67% (10uM) and 70.72% (2QuM),
accordingly. At the same time, it reduced the call§ phase from 29.81 to 18.28%,
and G2 phase from 31.47% to 11.00%, respectiveBarwnhile, we found that cell
cycle arrest at G1 phase induced by compoidindwvas concentration-dependent,

which might be one of the possible mechanismstéocytotoxicity.
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Figure 2 Compound7b induced cell cycle arrest in the HCT-116 cell.|I€&lere treated with 5,
10 and 2QuM of 7b for 24 h, which were then harvested, washed with PBS fiaad with 70%
ice-cold ethanol at 4C. After overnight incubation, the cell pellets reecollected by
centrifugation, resuspended in p@/mL of RNase Ain PBS, and incubated at@7or 1 h. Next,
Pl dye (50 ug/mL) was added, and the mixture was incubate®l7 &€ for 15 min. Cell cycle
analysis was performeda PI fluorescence and flow cytometer. Data were esged as Mean +
SD (n=3). < 0.05 and *p < 0.01vs. the control.

2.4 Céell apoptosis

To explore the mechanism of cancer cells de#dthwas used to induce HCT116
cell apoptosis, which were examined with AnnexinFM-C/Pl FACS assay. As
shown inFigure 3, the percentages of apoptotic population in HCTadls treated
with 7b at 6.25, 12.5 and 39M for 24 h were 14.60, 18.50, and 37.74%, respelstiv
suggesting a dose-dependent apoptosis inducti@b.by

To further explore the apoptosis mechanism by cam@@b in HCT116 cells, we
examined expression of caspase-3, caspase-8 apases® after7b treatment.
Caspase-8 is the most upstream protease. Oncatadticaspase-8 would cleave and
activate downstream effector caspases like caspased caspase-3, which are
recognized as bio-markers for cell apoptosis. Aeashin Figure 4, expression of
caspase-3, caspase-8 and caspase-9 were increaselbse-dependent manner after
7b treatment, suggesting that the caspase activgi@dhway was involved in the

induction of apoptosis in HCT116 cancer cells hg tompound.
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cytometry. HCT116 cell were treated with compouidat Q 6.25, 12.5, and 2GM for 24 h.
Then cells were stained with Annexin V-FITC / Plen detected by a flow cytometer. Cells in the
upper right quadrant indicate PI positive / AnneXipositive, late apoptotic, or necrotic cells, and
cells in the lower right quadrant indicate earlypaiotic cells. (B) Bar graph represents statistics
of total apoptotic cell percentages from three depat experimentsp*< 0.05 and *p < 0.01vs.
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Figure 4 Effects of compoundb on caspase-3, caspase-8 and caspase-9 expressisnwére
treated with compoundb for 72 h, then total protein was extracted andextbd to Western blot
analysis,B-actin was used as an internal control. Bar gragipsesent the expression level of
Caspase proteins, which was quantified by an InJaggftware. Data were expressed as Means *

SD (n=3). < 0.05 and *p < 0.01,vs. the control.
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2.5 Inhibition of PI3K o H1047R mutant enzymatic activity by 7b

Since7b inhibited PI3ke H1047R mutant, we docketb into the PI3kt H1047R
protein structure (PDB code: 3hhm), and found tAatformed hydrogen bond
interactions with two important amino acids Lys& 0l Asp933 (Figure 5). As both
Lys802 and Asp933 play crucial roles in PtBikhosphorylation, these interactions
could potentially explain the inhibitory activitieg 7b on PI3Ko function. To verify
this hypothesis, we assessedvitro PI3Ka inhibitory activity of compound/b in
cultured HCT116 cells. The cells were treated with at 5, 10 and 20uM,
respectively, and subjected to Western blottingysma As expected/b caused a
decrease ip-AKT phosphorylation levelRigure 6), demonstrating that it is capable

of inhibiting PI3Ka H1047R activities.

A B
£
. <~
/1 )
-~ Yask ¥

Vet TN / 4 ’/ J
Figure 5 Molecular docking of compoungb with the PI3Ko H1047R mutantprotein (PDB
code: 3hhm)A, Docking model ofb in the binding pocket. B, Stereo viewf in the binding

pocket. Amino acid residues and compoihdare shown as stick models, H-bonds are shown as

yellow dashed lines. The 3D graphical presentatresre drawn by PyMol.
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Figure 6 Effects of compoundb on the AKT phosphorylation. Cells were treated veittmpound
7b for 24 h, total protein was extracted and subgetweWestern blot analysig;actin was used as
an internal control. Bar graphs represent the esgima level of AKT and p-AKT proteins, which
were gquantified by an Image J software. Data wepeessed as Mean + SD (n= 3p.< 0.05 and

**p < 0.01vs. the control.

3. Conclusion

In conclusion, several series of novel compound#aining a quinoxaline core
were synthesized and evaluated for their inhibiteffgcts on PI3l& H1047R mutant
protein. Heterocyclic or aryl groups were incorgedaintoHit-01 to replace the two
furan rings appending to the quinoxaline core. Hamvethe resulting analoguetafc)
lost their inhibitory properties, suggesting thae two furan groups are critical for its
potency. This observation is in line with our doakistudies. While keeping the furan
rings and the quinoxaline core, we modifigal The resulting analogués and 5d
bearing electron-withdrawing groups at the 2-positiof benzene ring exhibited
stronger inhibitory activities than the related lagaes5b-c with electron-donating
groups at the 2-position of benzene ring. FurtbeRSanalysis enabled us to discover

compound7b, which strongly inhibited both PI3& H1047R mutant and wild-type
14



proteins with EGp values of 0.137, and 0.093 uM, respectively, whad little effect
on other PI3K isoforms. Western blotting assayadatid tha7b reduced the-AKT
phosphorylation level, demonstrating its inhibitoactivity against the PI3K
H1047R mutant. Moreoveflb was docked well into the PI3KH1047R mutant
active site and formed strong hydrogen bonds wiik protein. In additiony/b
reduced HCT116 cancer cell proliferation with arolGf 11.23 puM. Furthermore,
studies on potential cytotoxic mechanisms indicated compound’b could arrest
cell cycle at G1 phase. Annexin V-FITC assay andtéfa blotting analysis revealed
that compoundb induced HCT116 apoptosis by up-regulating caspasaspase-8
and caspase-9 expressions. Wortmannin is a knownpatent covalent pan-PI3K
inhibitor. Its non-specificity led to side / offsiget effects. Our results suggest that
is a selective PI3K inhibitor, which reversibly bind to the Pl3Kpocket. With these
superior properties, compourt could be a promising lead for developing potent

PI3Ka inhibitors for cancer treatment.

4. Experimental section

4.1 Materialsand methods

All chemicals were purchased from commercial saaraad used as received.
Reactions were monitored by thin-layer chromatogyafrLC) and carried out on
Merck Kieselgel 60 §s4 plates, which could be visualized under UV lighR&4 nm.
Column chromatography was performed on silica §6-120 mesh). AlfH NMR
spectra were obtained on an Agilent 400 MR speatermat ambient temperature and
reported in ppm downfield from TMS (0 ppm). AfiC NMR spectra were obtained
with proton decoupling on an Agilent 400 MR DD2 Q1MHz) or 600 MR DD2
spectrometer and reported in ppm relative to GIITT.16 ppm). Coupling constants
were reported as Hz with multiplicity denoted asiaglet), d (doublet), t (triplet), q
(quartet), m (multiplet), and br (broad). The NMRBtal was processed by software
Mest Re-Nova (Ver. 9.0.0.12821, Mestrelab Rese&dh). High resolution mass
spectra (HRMS) were obtained on a Bruker SolardXI &pectrometer. Melting point

was recorded on a WRS-2A digital melting point apps. Compounds exhibited
15



purities of more than 95% as determined by peal arggration in reverse phase
chromatography. The mobile phase is the mixturesd @ind B, where A is 0.05%

TFA water and B is acetonitrile, with a flow rate7omL/min.

4.2 Chemical synthesis

4.2.1 General procedure for the preparation of
1,2-di(furan-2-yl)-2-hydroxyethan-1-ong)(
Furfural (10.0 mmol, 960 mg) and 1,3-dimethylbendimzolium iodide (5.0 mmol,

1370 mg) were dissolved in 25 mL THR®I (1/4). Then TEA (0.25 mL) was added,
the mixture was heated to reflux for 5 h and codtecbom temperature. Ethyl acetate
(50 mL) was added, the organic phase was washé&dwaiter (3x 50 mL), dried over
MgSQO,, and concentrated. The crude products were pdriftley column
chromatography, affording (530 mg, 55% yield) as yellow solitH NMR (400
MHz, CDCk) 6 7.61 (dd,J = 1.7, 0.8 Hz, 1 H), 7.37 (dd,= 1.8, 0.8 Hz, 1 H), 7.25
(dd,J = 3.7, 0.8 Hz, 1 H), 6.40 (d,= 3.3 Hz, 1 H), 6.54 (dd] = 3.7, 1.7 Hz, 1 H),
6.35 (dd,J = 3.3, 1.9 Hz, 1 H), 5.80 (s, 1 H), 4.19 (s, 1 H)e data is in line with the

literature reported previously [54].

4.2.2 General procedure for the preparation of @amgs3a-h andHit-01

Furoin2 (1.0 mmol, 192 mg) and-phenylenediamines (1.0 mmol) were dissolved
in 3 mL H,O. Amberlyst-15 (100 mg) was added, the mixture Wesn heated to
reflux for 10 h and cooled to room temperature yE#ltetate (10 mL) was added, the
organic phase was washed with water X310 mL), dried over MgS{) and
concentrated. The crude products were purifieddbynan chromatography, affording

3a-h andHit-01.

4.2.2.1 5,7-Dichloro-2,3-di(furan-2-yl)quinoxalifiit-01)

Hit-01 was obtained as brown solid. Yield 6931 NMR (400 MHz, CDCY) &
8.04-7.84 (m, 1H), 7.61 (d, = 15.8 Hz, 3H), 6.91-6.44 (m, 4HYC NMR (100
MHz, CDCk) ¢ 150.55, 150.15, 144.92, 144.55, 143.61, 142.48,2741136.01,
135.29, 133.87, 130.58, 126.94, 114.40, 114.12,161212.11. HRMS (m/z): calcd
for C16HoCIoN,0, 330.9963 [M+H]; found 330.9971.
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4.2.2.2 5,6-Dichloro-2,3-di(furan-2-yl)quinoxaliga)

The product was obtained as brown solid. Yield 78%NMR (400 MHz, CDCJ)
5 7.98-7.88 (m, 1H), 7.66—7.52 (m, 3H), 6.82 (d¢; 3.5, 0.8 Hz, 1H), 6.71 (d,=
3.6, 0.9 Hz, 1H), 6.64-6.49 (m, 2jC NMR (100 MHz, CDG)) § 150.61, 150.24,
144.76, 144.68, 142.60, 142.60, 139.70, 138.74,1¥738134.50, 131.35, 127.97,
114.32, 114.00, 112.21, 112.07. HRMS (m/z): calod @;sHoCIN,O, 330.9963
[M+H]™; found 330.9971.

4.2.2.3 6-Chloro-2,3-di(furan-2-yl)quinoxalinghl)
The product was obtained as brown solid. Yield 72%NMR (400 M, DMSOdk):
08.19 (1HJ = 2.1 Hz, d), 8.16 (1H] = 9.0 Hz, d), 7.94-7.87 (3H, m), 6.78-6.72 (4H,

m). The data is in line with the literature repdrf@eviously [55].

4.2.2.4 6-Fluoro-2,3-di(furan-2-yl)quinoxalin&dj

The product was obtained as brown solid. Yield 784%NMR (400 MHz, CDCJ)
5 8.11 (m, 1H), 7.74 (dd] = 9.3, 3.1 Hz, 1H)7.64-7.57 (m, 2H), 7.50 (td,= 8.5,
2.8 Hz, 1H), 6.74—6.61 (m, 2H), 6.56 (m, 2EC NMR (100 MHz, CDGJ) § 163.11
(J =252 Hz), 150.60, 150.50, 144.53, 144.14, 143128,93, 141.51, 141.38, 137.74,
131.19, 120.82, 113.60, 112.87, 112.68, 112.01.dEta is in line with the literature

reported previously [56].

4.2.2.5 6-Bromo-2,3-di(furan-2-yl)quinoxaling&d)

The product was obtained as brown solid. Yield 55%\MR (400 MHz, CDG})
5 8.31 (d,J = 2.1 Hz, 1H), 7.98 (dJ = 8.9 Hz, 1H), 7.80 (dd] = 8.9, 2.1 Hz, 1H),
7.62 (d,J = 1.6 Hz, 2H), 6.70 () = 3.3 Hz, 2H), 6.57 (dd] = 3.5, 1.8 Hz, 2H)'*C
NMR (100 MHz, CDCY) ¢ 150.55, 150.49, 144.52, 144.41, 143.20, 142.71,1%
139.30, 133.84, 131.32, 130.29, 124.31, 113.63,3B1312.03, 112.00. The data is

in line with the literature reported previously [57

4.2.2.6 2,3-Di(furan-2-yl)-6-methylquinoxalin8e)
The product was obtained as brown solid. Yield 5894NMR (400 MHz, CDC})
0 7.99 (d,J = 8.6 Hz, 1H), 7.92-7.82 (m, 1H), 7.59 (&= 0.9 Hz, 2H), 7.54 (dd] =

8.6, 1.9 Hz, 1H), 6.61 (d, = 3.5 Hz, 2H), 6.53 (m, 2H), 2.56 (s, 3H)C NMR (100
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MHz, CDCk) ¢ 150.92, 144.05, 143.93, 142.55, 141.81, 141.04.6B4 139.08,
132.71, 128.59, 127.93, 112.75, 112.50, 111.8380121.87. The data is in line with

the literature reported previously [58].

4.2.2.7 2,3-Di(furan-2-yl)-6-(trifluoromethyl)quinaline @f)

The product was obtained as brown solid. Yield 46BA\MR (400 MHz, CDCJ) &
8.42 (s, 1H), 8.21 (d] = 8.8 Hz, 1H), 7.88 (ddl = 8.9, 2.0 Hz, 1H), 7.63 (dd,= 4.2,
1.7 Hz, 2H), 6.76 (dd) = 7.5, 3.5 Hz, 2H), 6.58 (df,= 3.4, 1.6Hz, 2H)**C NMR
(100 MHz, CDCY) ¢ 150.34, 144.84, 144.65, 144.10, 143.60, 139.47,923 131.59,
130.17, 127.05, 127.01, 125.86, 125.83, 114.23871312.14, 112.09. HRMS (m/z):
calcd forCi7H10FsN20, 331.0616 [M+H]; found 331.0610.

4.2.2.8 2,3-Di(furan-2-yl)-6-phenylquinoxalingg)

The product was obtained as brown solid. Yield 55%NMR (400 MHz, CDCJ)):
J 8.39-8.35 (d, 1HJ = 2.0 Hz), 8.22-8.17 (d, 1H,= 8.7 Hz), 8.06-8.01 (m, 1H),
7.80-7.75 (d, 2HJ = 7.2 Hz), 7.66-7.63 (s, 2H), 7.55—7.40 (m, 3HJ066.54 (m,
4H); The data is in line with the literature realpreviously [57].

4.2.2.9 6,7-Dibromo-2,3-di(furan-2-yl)quinoxalingh

The product was obtained as brown solid. Yield 6FEANMR (400 MHz, CDCJ) &
8.40 (s, 2H), 7.61 (d] = 1.8 Hz, 2H), 6.72 (d] = 3.5 Hz, 2H), 6.56 (dd] = 3.6, 1.8
Hz, 2H). °C NMR (100 MHz, CDGJ) ¢ 150.33, 144.68, 143.31, 139.69, 132.95,
126.83, 113.96, 112.11. HRMS (m/z): calcd @wHoBroN,O, 418.8953 [M+HT;
found 418.8968.

4.2.3.1 General procedure for the preparation ofpmundda

Thenoin (1.0 mmol, 225 mg) ar@dphenylenediamine (1.0 mmol) were dissolved
in 3 mL H,O. Amberlyst (100 mg) was added, the mixture was theated to reflux
for 10 h and cooled to room temperature. Ethyl atee{10 mL) was added, the
organic phase was washed with water X310 mL), dried over MgS{) and
concentrated. The crude products were purifieddbynan chromatography, affording
4a. Yield 49%.M.p. 129-130 °C*H NMR (400 MHz, CDC}) 6 8.10-8.07 (m, 2H),

7.75-7.72 (m, 2H), 7.50 (d,= 5.2 Hz, 2H), 7.27—7.24 (m, 2H), 7.03—7.06 (m).2H
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The data is in line with the literature reporteé\pously [59].

4.2.2.9 2,3-Diphenylquinoxalinglf)

The product was obtained as brown solid. Yield 58#6.NMR (400 MHz,
DMSO-dg): 6 8.19-8.14 (2H, m), 7.95-7.81 (2H, m), 7.50—7.4R, (th), 7.45-7.33
(6H, m). The data is in line with the literatur@ogted previously [60].

4.2.3.2 General procedure for the preparation ofpmmund4c

2,3-Dibromoquinoxaline (1.0 mmol, 285 mg) and maipte (2.0 mmol, 180 mg)
were dissolved into 5 mL dioxane, theny(@thay (0.01 mmol), BINAP (0.02 mmol),
K2CGOs (2.0 mmol) were added to the mixture, respectivEhe reaction was carried
out at 80°C in N, atmosphere. After completion of the reaction, thigture was
cooled to room temperature and evaporated the olveder reduced pressure. The
affording crude product was purified by column chedography to givelc. Yield
49%.M.p. 200-201 °C*H NMR (400 MHz, DMSOY 7.77-7.52 (m, 2H), 7.49-7.28
(m, 2H), 3.75 (tJ = 4.5 Hz, 8H), 3.56-3.41 (m, 8H). The data matctiedreported

literature [61].

4.2.4 General procedures for the preparation ofpmamdsSa—d and6a—.

Compound3d (1.0 mmol) and its borate (1.0 mmol) were adde8 toL dioxane.
Pd(dba} (0.01 mmol), BINAP (0.02 mmol), ¥CO; (2 mmol) were added to the
mixture, respectively. The reaction was carried auB0°C in N, atmosphere. After
cooling to room temperature, the solvent of thetorexwas evaporated under reduced
pressure to afford crude product. Purification wasade through column

chromatography to give compoungts-d and6a—c.

4.2.4.1 6-(2-Fluorophenyl)-2,3-di(furan-2-yl)quiredie 6a)

The product was obtained as brown solid. Yield 51%NMR (400 MHz, CDCJ)
58.32 (s, 1H), 8.18 (dl = 8.7 Hz, 1H), 7.97 (d] = 8.9 Hz, 1H), 7.61 (dl = 13.6 Hz,
3H), 7.39 (qJ = 6.9 Hz, 1H), 7.32-7.16 (m, 3H), 6.68Jt 3.6 Hz, 2H), 6.58-6.48
(m, 2H). *C NMR (100 MHz, CDGJ) 6 161.14, 158.66, 150.80, 144.27, 144.23,
142.97, 142.70, 140.53, 139.96, 138.03, 131.69,6631130.83, 130.80, 130.02,

129.94, 128.91, 128.87, 128.84, 127.68, 127.55,6824124.66, 116.52, 116.29,
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113.13, 113.09, 111.9HRMS (m/z): calcd for @H14FN,O, 357.0973 [M+H];
found 357.0979.

4.2.4.2 2,3-Di(furan-2-yl)-6-(2-methoxyphenyl)qukadine Gb)

The product was obtained as brown solid. Yield 51%NMR (400 MHz, CDCJ)
0 8.30 (d,J = 2.0 Hz, 1H), 8.15 (d) = 8.7 Hz, 1H), 7.99 (dd] = 8.7, 2.0 Hz, 1H),
7.78-7.68 (m, 2H), 7.67-7.57 (m, 2H), 7.13-6.97 Zi), 6.66 (dd,J = 6.4, 3.4 Hz,
2H), 6.56 (dt,J = 3.2, 1.5 Hz, 2H), 3.87 (s, 3H)*C NMR (100 MHz, CDGJ) §
159.96, 150.88, 150.82, 144.21, 144.10, 142.95,6642142.06, 140.96, 139.68,
131.86, 129.82, 129.27, 128.49, 125.41, 114.56,0013112.82, 111.90, 55.38.
HRMS (m/z): calcd for gH17N,0O3 369.1158 [M+H]; found 369.1163.

4.2.4.3 2-(2,3-Di(furan-2-yl) quinoxaline-6-yl)ph&n5c)

The product was obtained as brown solid. Yield 42¢h.NMR (400 MHz,
DMSO-ds) 6 9.89 (s, 1H), 8.22 (df = 1.8, 0.9 Hz, 1H), 8.09 (d,=1.1 Hz, 2H), 7.89
(g, J = 1.2 Hz, 2H), 7.48 (dd] = 7.6, 1.6 Hz, 1H), 7.35-7.22 (m, 1H), 7.11-6.80 (
2H), 6.81-6.58 (m, 4H)*C NMR (100 MHz, DMS@®ds) § 155.15, 150.89, 150.87,
145.31, 145.29, 142.62, 142.16, 141.56, 140.33,35639133.16, 131.07, 130.08,
128.30, 128.25, 126.43, 120.24, 116.80, 113.21,651212.62. HRMS (m/z): calcd
for CooH15N203 355.1004 [M+H]; found 355.1005.

4.2.4.4 2,3-Di(furan-2-yl)-6-(2-(trifluoromethyl) gmyl)quinoxaline %d)

The product was obtained as brown solid. Yield 5946NMR (400 MHz, CDC})
5 8.15 (d,J = 8.7 Hz, 1H), 8.09 (dJ = 1.9 Hz, 1H), 7.81 (ddl = 7.9, 1.3 Hz, 1H),
7.71 (m, 1H), 7.66—7.59 (m, 3H), 7.58-7.49 (m, 1H%3 (dd,J = 7.6, 1.4 Hz, 1H),
6.69 (m, 2H), 6.57 (m, 2H}*C NMR (100 MHz, CDCI3)y 150.78, 144.30, 144.25,
143.12, 142.88, 142.07, 139.96, 139.89, 139.81,7839131.86, 131.83, 131.81,
131.54, 128.97, 128.96, 128.69, 128.39, 128.30,08628126.32, 126.27, 125.37,
122.65, 113.16, 113.13, 111.94RMS (m/z): calcd for &H;14F3N2O, 407.1001
[M+H]*; found 407.1004.

4.2.4.5 2,3-Di(furan-2-yl)-6-(pyridin-4-yl)quinoxake 6a)

The product was obtained as brown solid. Yield 3894NMR (400 MHz, CDCJ)
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5 8.85-8.69 (m, 2H), 8.42 (d,= 2.0 Hz, 1H), 8.23 (d] = 8.7 Hz, 1H)8.02 (dd,J =
8.8, 2.1 Hz, 1H), 7.71-7.66 (m, 2H), 7.64 Jd5 1.7 Hz, 2H), 6.73 (dd] = 5.3, 3.5
Hz, 2H), 6.58 (ddJ = 3.5, 1.8 Hz, 2H)}*C NMR (100 MHz, CDGCJ) ¢ 150.64,
150.44, 149.27, 148.55, 146.87, 144.49, 143.31,0943140.66, 140.59, 139.73,
129.95, 128.98, 127.27, 121.73, 113.55, 113.46,051212.03. HRMS (m/z): calcd
for C1H14N30, 340.1012 [M+H]; found 340.1006.

4.2.4.6 6-(Benzofuran-2-yl)-2,3-di(furan-2-yl)quiadine ©b)

The product was obtained as brown solid. Yield 489NMR (400 MHz, CDC})
5 8.56 (s, 1H), 8.13 (g = 8.8 Hz, 2H), 7.68-7.45 (m, 4H), 7.38-7.04 (m),46169
(dd,J = 10.2, 3.4 Hz, 2H), 6.57 (d,= 4.0 Hz, 2H);**C NMR (100 MHz, CDG)) &
155.28, 154.36, 150.79, 144.27, 143.16, 142.35,7940140.54, 132.02, 129.49,
128.93, 127.17, 125.13, 124.20, 123.20, 121.29,2013111.96, 111.93, 111.34,
103.80. HRMS (m/z): calcd f&@,4H15N,05 379.1004 [M+H]; found 379.1002.

4.2.4.7 6-(Benzo[b]thiophen-2-yl)-2,3-di(furan-2gliinoxaline 6c)

The product was obtained as brown solid. Yield 4594NMR (400 MHz, CDC})
 8.39 (s, 1H), 8.09 (ql = 8.8 Hz, 2H), 7.87—7.58 (m, 5H), 7.34 (o= 6.0, 4.9 Hz,
2H), 6.68 (t,J = 3.9 Hz, 2H), 6.57 (s, 2H}*C NMR (100 MHz, CDGJ) 6 150.77,
150.69, 144.34, 144.27, 143.20, 142.54, 142.36,8P40140.48, 140.38, 139.97,
136.10, 129.48, 128.64, 125.60, 125.03, 124.73,9823122.34, 121.41, 113.26,
113.19, 111.97, 111.95. HRMS (m/z): calcd ©H1sN,0,S 395.0783 [M+H;
found 395.0779.

4.2.5 General procedures for the preparation ofpmamds/a— and8a—e

Compound3h (1.0 mmol) and its relative borates (1.0 mmol) evadded to 5 mL
dioxane. Pd(OAg)(0.01 mmol), s-phos (0.02 mmol)gRO, (2.0 mmol) were added
to the mixture, which were then heated t0°80in N, atmosphere. After completion
of the reaction, the mixture was cooled to room pgerature and evaporated the
solvent under reduced pressure. The affording croieelucts were purified by

column chromatography to give compoundsn and8a—e.

4.2.5.1 6-Bromo-2,3-di(furan-2-yl)-7-phenylquinoxe (7a)
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The product was obtained as brown solid. Yield 43964NMR (400 MHz, CDCJ)
5 8.49 (d,J = 1.0 Hz, 1H), 8.09 (d] = 1.0 Hz, 1H), 7.63 (m, 2H), 7.55-7.39 (m, 6H),
6.72 (dd,J = 3.5, 0.9 Hz, 2H), 6.58 (m, 2HY’C NMR (100 MHz, CDGJ) § 150.64,
150.56, 144.73, 144.52, 144.42, 143.18, 140.05,8439139.46, 132.72, 130.34,
129.50, 128.24, 128.09, 125.49, 113.61, 113.42041212.01, 109.99. HRMS (m/z):
calcd for GoH14BrN,O, 417.0173 [M+H]J; found 417.0168.

4.2.5.2 6-Bromo-7-(2-fluorophenyl)-2,3-di(furan-Bguinoxaline {b)

The product was obtained as brown solid. Yield 48%NMR (400 MHz, CDCJ)
5 8.49 (s, 1H), 8.08 (s, 1H), 7.63 (db= 7.5, 1.7 Hz, 2H), 7.53-7.39 (m, 1H), 7.42—
7.34 (m, 1H), 7.32-7.14 (m, 2H), 6.73 Jt= 3.2 Hz, 2H), 6.58 (td] = 3.9, 1.8 Hz,
2H). °C NMR (100 MHz, CDGJ) 6 160.72, 158.25, 150.56, 144.59, 144.44, 143.41,
143.10, 140.42, 139.37, 139.24, 132.37, 131.26,1831130.55, 130.47, 126.16,
123.99, 115.89, 115.67, 113.76, 113.47, 112.04. BRNm/z): calcd for
C23H13BrFN,O, 435.0138 [M+H]; found 435.0141

4.2.5.3 6-Bromo-7-(3-fluorophenyl)-2,3-di(furan-Bguinoxaline {c)

The product was obtained as brown solid. Yield 38%NMR (400 MHz, CDCJ)
5 8.49 (s, 1H), 8.07 (s, 1H), 7.63 (b= 5.7Hz, 2H), 7.51-7.41 (m, 1H), 7.31-7.22 (m,
3H), 7.15 (tdJ = 8.5, 2.5 Hz, 1H), 6.73 (d,= 3.4 Hz, 2H), 6.59 (d] = 4.3 Hz, 2H).
¥C NMR (100 MHz, CDGJ) ¢ 163.50, 161.05, 150.56, 150.49, 144.61, 144.50,
143.37, 143.30, 143.22, 141.81, 141.73, 140.19,38639132.89, 130.41, 129.76,
129.68, 125.33, 125.30, 124.87, 116.81, 116.59,3#15115.13, 113.80, 113.57,
112.08, 112.05. HRMS (m/z): calcd for4#:3BrFN,O, 435.0138 [M+H]; found
435.0141

4.2.5.4 6-Bromo-7-(4-fluorophenyl)-2,3-di(furan-Bguinoxaline {d)

The product was obtained as brown solid. Yield 419NMR (400 MHz, CDCJ)
5 8.47 (s, 1H), 8.05 (s, 1H), 7.63 (@= 4.8 Hz, 2H), 7.49 (dd] = 8.3, 5.3 Hz, 2H),
7.17 (t,J = 8.5 Hz, 2H), 6.72 (t) = 4.1 Hz, 2H), 6.65-6.50 (m, 2HC NMR (100
MHz, CDCk) ¢ 163.96, 161.50, 150.58, 150.52, 144.56, 144.48.614 143.25,

143.18, 140.07, 139.41, 135.80, 135.77, 132.79,3B31131.25, 130.36, 125.34,
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115.27, 115.05, 113.70, 113.52, 112.06, 112.04. BRNm/z): calcd for
Ca3H13BrFN,O, 435.0138 [M+H]; found 435.0141

4.2.5.5 6-Bromo-7-(2,3-difluorophenyl)-2,3-di(fur@ryl)quinoxaline 7€)

The product was obtained as brown solid. Yield 38%NMR (400 MHz, CDCJ)
§ 8.49 (s, 1H), 8.07 (s, 1H), 7.63 (db= 7.0, 1.7 Hz, 2H), 7.34-7.24 (m, 1H), 7.20
(m, 1H), 7.13 (m, 1H), 6.74 (d, = 3.4 Hz, 2H), 6.58 (td] = 3.8, 1.8 Hz, 2H)'*C
NMR (100 MHz, CDC}) 6 150.55 { = 287.8 Hz), 150.54, 150.47, 147.87<247.4
Hz), 144.67, 144.50, 143.60, 143.21, 140.57, 139.37.99, 132.55, 131.20, 129.84,
126.15, 123.99, 117.73, 117.56, 113.91, 113.60,081212.05HRMS (m/z): calcd
for CooH12BrFoN,O, 453.0044 [M+H]; found 453.0047.

4.2.5.6 6-Bromo-7-(2,4-difluorophenyl)-2,3-di(furayl)quinoxaline {f)

The product was obtained as brown solid. Yield 489%NMR (400 MHz, CDCJ)
5 8.48 (s, 1H), 8.05 (s, 1H), 7.63 (¥= 6.6 Hz, 2H), 7.35 (q] = 7.7 Hz, 1H), 6.99 (dt,
J=18.0, 8.1 Hz, 2H), 6.73 (d,= 3.5 Hz, 2H), 6.58 (d] = 4.2 Hz, 2H)*C NMR
(100 MHz, CDC}) 6 150.55, 150.47, 144.64, 144.50, 143.51, 143.13.,4774 139.20,
138.35, 132.47, 132.27, 132.22, 132.17, 132.13,3131126.07, 113.86, 113.57,
112.09, 112.05, 111.47, 111.44, 111.26, 111.22,58)404.28, 104.02. HRMS (m/z):
calcd for GsH1aBrFN,O, 435.0138 [M+H]; found 435.0141

4.2.5.7 6-Bromo-2,3-di(furan-2-yl)-7-(2-(trifluoragthyl)phenyl)quinoxaline7g)

The product was obtained as brown solid. Yield 48%NMR (400 MHz, CDCJ)
5 8.47 (s, 1H), 8.02 (s, 1H), 7.82 @= 7.7 Hz, 1H), 7.69-7.51 (m, 4H), 7.35 (d
7.6 Hz, 1H), 7.26 (d) = 1.9 Hz, 1H), 6.73 (dd} = 6.2, 3.5 Hz, 2H), 6.58 (m, 2HyC
NMR (150 MHz, CDCY) ¢ 150.58, 150.49, 144.61, 144.44, 143.51, 143.22,064
140.40, 138.83, 138.42, 131.94, 131.63, 131.39,3B30128.83, 128.63, 128.58,
126.18, 126.15, 126.11, 126.08, 113.78, 113.50,061212.03. HRMS (m/z): calcd
for CosH13BrFsN,O, 485.0107 [M+H]; found 485.0102.

4.2.5.8 6-Bromo-7-(2-chlorophenyl)-2,3-di(furan-Beginoxaline h)
The product was obtained as brown solid. Yield 48%NMR (400 MHz, CDCJ)

§ 8.49 (s, 1H), 8.02 (s, 1H), 7.63 (dbi= 9.1, 1.7 Hz, 2H), 7.53 (dd,= 7.6, 1.8 Hz,
23



1H), 7.45-7.29 (m, 4H), 7.26 (s, 2H), 6.77-6.67 @H), 6.58 (m, 2H)*C NMR
(100 MHz, CDC}) ¢ 150.64, 150.54, 144.59, 144.43, 143.41, 143.08,564 140.44,
139.27, 138.95, 133.43, 132.21, 130.94, 130.59,8029129.54, 126.65, 126.21,
113.73, 113.46, 112.06, 112.04. HRMS (m/z): caled G,2H1sBrCIN,O, 450.9843
[M+H]™; found 450.9851.

4.2.5.9 6-Bromo-7-(2-bromophenyl)-2,3-di(furan-2eglinoxaline {i)

The product was obtained as brown solid. Yield 439NMR (400 MHz, CDCJ)
5 8.49 (s, 1H), 8.00 (s, 1H), 7.75-7.68 (m, 1H), 7163 2H), 7.43 (m, 1H), 7.33 (m,
2H), 6.73 (ddJ = 4.7, 3.6 Hz, 2H), 6.58 (m, 2H)*C NMR (100 MHz, CDCI3)
150.65, 150.55, 144.59, 144.43, 144.10, 143.40,1043140.98, 140.44, 139.28,
132.67, 132.22, 130.83, 130.46, 129.90, 127.25,1826123.45, 113.73, 113.47,
112.06, 112.04. HRMS (m/z): calcd for813BroN,O, 494.9338 [M+H]; found
494.9342.

4.2.5.10 2-(7-Bromo-2,3-di(furan-2-yl)quinoxalineygphenol {j)

The product was obtained as brown solid. Yield 489NMR (400 MHz, CDCJ)
§8.41 (s, 1H), 8.00 (s, 1H), 7.60 (m, 2H), 7.36 {t&, 7.6, 1.8 Hz, 1H), 7.21 (dd,=
7.8, 1.8 Hz, 1H), 7.08-6.98 (m, 3H), 6.71 (m, 2616 (m, 2H), 5.89 (s, 1H}’C
NMR (100 MHz, CDC}) ¢ 152.89, 150.31, 144.63, 144.59, 143.20, 142.80,8H4
140.10, 139.04, 132.56, 131.27, 130.73, 130.22,0827126.93, 120.50, 116.45,
113.90, 113.78, 112.09. HRMS (m/z): calcd forHG4BrN,Os 433.0182 [M+HT;
found 433.0177.

4.2.5.11 6-Bromo-2,3-di(furan-2-yl)-7-(2-methoxyplygquinoxaline Tk)

The product was obtained as brown solid. Yield 489NMR (400 MHz, CDCJ)
J 8.46 (s, 1H), 8.04 (s, 1H), 7.62 (M= 8.0 Hz, 2H), 7.45 (4 = 7.9 Hz, 1H), 7.25 (d,
J=4.0 Hz, 2H), 7.14-6.93 (m, 2H), 6.70 (dd; 5.5, 3.4 Hz, 2H), 6.57 (d,= 4.4 Hz,
2H), 3.80 (s, 4H)*C NMR (100 MHz, CDG)) § 156.68, 150.77, 150.66, 144.41,
144.26, 143.04, 142.84, 142.54, 140.20, 139.48,9431130.76, 130.73, 129.98,
129.20, 127.38, 120.44, 113.40, 113.16, 111.97.9511110.95, 55.53. HRMS (m/z):

calcd for GaH16BrN,O3z 447.0339 [M+H]J; found 447.0335.
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4.2.5.12 6-Bromo-2,3-di(furan-2-yl)-7-(4-(trifluomeethyl)phenyl)quinoxaliner()

The product was obtained as brown solid. Yield 58%NMR (400 MHz, CDCJ)
5 8.51 (s, 1H), 8.08 (s, 1H), 7.75 @z= 8.0 Hz, 2H), 7.71-7.60 (m, 4H), 6.75Jt
3.6 Hz, 2H), 6.59 (m, 2H)}:3C NMR (150 MHz, CDGJ) 6 150.48, 150.43, 144.66,
144.55, 143.48, 143.28, 143.25, 143.09, 140.28,3P39132.99, 130.46, 130.26,
129.92, 125.17, 125.15, 125.12, 125.09, 124.54,9113113.67, 112.10, 112.07.
HRMS (m/z): calcd for gH13BrFsN,0O, 485.0107 [M+H]; found 485.0102.

4.2.5.13 6-Bromo-2,3-di(furan-2-yl)-7-(4-methoxyplyquinoxaline {m)

The product was obtained as brown solid. Yield 444NMR (400 MHz, CDCJ)
5 8.47 (s, 1H), 8.06 (s, 1H), 7.62 (m, 2H), 7.53—(#3 2H), 7.08-6.94 (m, 2H), 6.71
(t, 3= 3.2 Hz, 2H), 6.57 (m, 2H), 3.88 (s, 3HC NMR (100 MHz, CDGJ) 5 159.63,
150.65, 150.59, 144.46, 144.40, 144.39, 143.07,0143139.90, 139.53, 132.70,
132.22, 130.80, 130.17, 125.89, 113.52, 113.37,021212.00, 55.30. HRMS (m/z):
calcd for GsH16BrN,O3 447.0339 [M+H]J; found 447.0335.

4.2.5.14 6-Bromo-7-(3,5-dimethoxyphenyl)-2,3-diéor2-yl)quinoxaline {n)

The product was obtained as brown solid. Yield 34%NMR (400 MHz, CDCJ)
§8.48 (s, 1H), 8.10 (s, 1H), 7.69—7.55 (m, 2H), AL6LH), 6.72 (t) = 3.2 Hz, 2H),
6.65 (d,J = 2.2 Hz, 2H), 6.63-6.50 (m, 3H), 3.84 (s, 7£HC NMR (100 MHz,
CDCl3) ¢ 160.36, 150.62, 150.56, 144.62, 144.52, 144.43,214 143.14, 141.61,
140.06, 139.36, 132.76, 130.20, 125.23, 113.64,4513112.04, 112.03, 107.75,
100.56, 55.46. HRMS (m/z): calcd for,/:1gBrN,O; 477.0518 [M+H]; found
477.0512.

4.2.5.15 6-Bromo-2,3-di(furan-2-yl)-7-(pyridin-4jguinoxaline 8a)

The product was obtained as brown solid. Yield 38%NMR (400 MHz, CDCJ)
0 8.80-8.69 (m, 2H), 8.50 (d,= 2.1 Hz, 1H), 8.06 (d] = 2.1 Hz, 1H), 7.64 (ddl =
5.4, 1.8 Hz, 2H), 7.51-7.40 (m, 2H), 6.76 (dd; 5.4, 3.5 Hz, 2H), 6.59 (m, 2HyC
NMR (100 MHz, CDCY) ¢ 150.44, 150.40, 149.35, 147.83, 144.77, 144.68,7%4
143.40, 141.56, 140.50, 139.30, 133.25, 130.45,3824123.65, 114.09, 113.81,

112.15, 112.11. HRMS (m/z): calcd for,813BrN;O, 418.0185 [M+H]; found
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418.0181.

4.2.5.15 6-(Benzofuran-2-yl)-7-bromo-2,3-di(furaty@quinoxaline 8b)

The product was obtained as brown solid. Yield 344NMR (400 MHz, CDCJ)
5 8.75 (s, 1H), 8.50 (s, 1H), 7.76 (s, 1H), 7.72—11813H), 7.55 (dJ = 8.2 Hz, 1H),
7.42-7.34 (m, 1H), 7.31-7.20 (m, 1H), 6.75 (@¢,9.1, 3.5 Hz, 2H), 6.58 (di,= 3.7,
1.8 Hz, 2H).13C NMR (100 MHz, CDGJ) ¢ 154.63, 152.01, 150.61, 150.54, 144.66,
144.50, 143.49, 143.37, 140.04, 139.28, 134.03,3¥32129.26, 128.70, 125.59,
123.19, 122.00, 121.75, 113.93, 113.62, 112.10041211.23, 108.64. HRMS (m/z):
calcd for G4H14BrN,O3 457.0117 [M+H]; found 457.0113.

4.2.5.16 6-(Benzo[b]thiophen-2-yl)-7-bromo-2,3-didn-2-yl)quinoxaline§c)

The product was obtained as brown solid. Yield 3246NMR (400 MHz, CDCJ)
§8.52 (d,J = 1.8 Hz, 1H), 8.32 (d] = 1.7 Hz, 1H), 7.88 (m, 2H), 7.74—7.57 (m, 3H),
7.53-7.32 (m, 2H), 6.75 (d,= 3.5 Hz, 2H), 6.59 (df] = 4.8, 2.2 Hz, 2H)**C NMR
(100 MHz,CDCl) ¢ 150.51, 150.48, 144.69, 144.56, 143.49, 143.38,504 140.45,
140.26, 139.71, 139.19, 137.27, 133.40, 131.59,6825124.94, 124.93, 124.63,
124.17, 122.13, 113.96, 113.67, 112.12, 112.07. BRNm/z): calcd for
C24H14BrN2O,S 472.9953 [M+H]; found 472.9939.

4.2.5.17 6-Bromo-2,3-di(furan-2-yl)-7-(pyrimidinyg}quinoxaline @d)

The product was obtained as brown solid. Yield 3296NMR (400 MHz, CDCJ)
§9.31 (s, 1H), 8.95 (s, 2H), 8.52 (s, 1H), 8.091(8), 7.64 (dd,J) = 5.3, 1.7 Hz, 2H),
6.78 (t,J = 3.7 Hz, 2H), 6.59 (td] = 3.9, 1.8 Hz, 2H)**C NMR (100 MHz, CDGJ) §
158.18, 156.82, 150.36, 150.33, 144.86, 144.73,8743143.50, 140.72, 139.37,
137.28, 133.75, 133.37, 130.87, 124.15, 114.27.9¥1312.19, 112.14. HRMS (m/z):
calcd for GoH12BrN4O, 419.0096 [M+HJ; found 419.0102.

4.2.5.18
Tert-butyl-2-(7-bromo-2,3-di(furan-2-yl)quinoxalirgyl)-1H-pyrrole-1-carboxylate
(8e)

The product was obtained as brown solid. Yield 339%NMR (400 MHz, CDCJ)

0 8.38 (s, 1H), 8.08 (s, 1H), 7.63 (dbiz 4.4, 1.8 Hz, 2H), 7.48 (dd,= 3.4, 1.8 Hz,
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1H), 6.73 (ddJ) = 12.2, 3.4 Hz, 2H), 6.58 (dd= 3.5, 1.8 Hz, 2H), 6.39-6.16 (m, 2H),
1.28 (s, 10H)1*C NMR (100MHz, CDCJ) § 150.63, 150.54, 148.75, 144.55, 144.39,
143.10, 142.93, 140.35, 139.26, 138.81, 131.46,3631130.25, 128.37, 122.35,
115.58, 113.67, 113.38, 112.06, 112.03, 110.75,2827.49. HRMS (m/z): calcd for
CasH21BrN30, 506.0697 [M+HJ; found 506.0700.

4.3 Céll culture

HCT116 and MCF7 cancer cell lines were purchasesh f6hanghai Cell Bank of
Chinese Academy of Sciences (Shanghai, China).c€he were cultured in DMEM
supplemented with 10% FBS, 1% penicillin and stvapicin at 37 °C in a 5% GO
humidified atmosphere. Cells grown at exponentialges were used for all the

biological experiments.

4.4 Céell viability

Cell viability was assessed by Cell Counting Ki(Beyotime, Jiangsu, China)
following manufacturer’s instructions. Compoundsrevalissolved in DMSO and
diluted with culture medium. Cells at a densitySok 10 per well were seeded in
96-well plates and cultured overnight, which werert treated with either vehicle (1%
DMSO PBS buffer) or desired concentrations of coamals (50, 25, 12.5, 6.25, 3.12,
1.56, 0.78 and 0.39 uM) for 72 h at 37 °C. Celbility was measured by the CCK-8
kit and the absorbance was measured using a miteofgader (Bio-Rad Laboratories)
at 450 nm. At last, resultant Qf3 ,m values were expressed as;d®@alues, which

were the mean values derived from three indeperelgrdriments.

4.5 Céll cycle

Cells were seeded in 6-well plates at density &f1I0° cells/well and treated with
different concentrations of compouid (5, 10 and 20 pM) for 24 h at 37 °C. Then,
cells were harvested and fixed in 70% precooledreth The cells were then treated
with RNase A, and stained by PI (Product #: C10B@yotime, Jiangsu, China).
Finally, the suspended cells were analyzed wittoa ftytometer (Accuri C6, BD

Biosciences), a minimum total of 10,000 events wereorded. The data were
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analyzed with the FlowJo.

4.6 Cell apoptosis

HCT116 cells were seeded at a density of 1 %cklis/well on each well of 6-well
plates and allowed to grow overnight. Then thescetre treated witfib (5, 10 and
20 puM) for 24 h, cells without treatment were usedcontrol group. Then the cells
were trypsinized, washed with cold PBS for threees, centrifuged at 1200 rpm for 5
min, and the supernatants were discarded. Thers ocg#re stained by an
Annexin-V-fluorescein isothiocyanate (FITC) kit the binding buffer for 15 min at
room temperature. Subsequently, the cells werddddey Pl and the apoptotic cells
were measured by a flow cytometer (Accuri C6), dedae analyzed with BD Accuri

C6 Plus.

4.7 Western blotting

After treating HCT116 cells witfib (5, 10 and 20 uM) for 24 h, the total proteins
were extracted and their concentrations were bathno the same level using BCA
Protein Assay Reagent (Beyotime, Jiangsu, Chingljpwed by 8 min protein
denaturation with SDS loading buffer at 100 °C.t€irs (30ug) were separated by
sodium dodecyl sulfate-polyacrylamide (SDS-PAGExcebphoresis and transferred
onto polyvinylidene fluoride (PVDF) membranes, whigvere blocked with 5%
fat-free dry milk in 1 x Tris-buffered saline (TB&ntaining 0.05% Tween 20 for 2 h
at room temperature. Then the membranes were itenilvath AKT (Beyotime, no:
AA326), caspase-3 (Beyotime, no: AC030), caspag®8&yotime, no: AC056),
caspase-9 (Beyotime, no: AC062) gidctin (Beyotime, no: AF0003) antibodies at
4 °C for overnight, followed by treatment with  sadary
horseradish-peroxidase-conjugated anti-rabbitig@y@me, no: A0208) for 2 h.
Membranes were finally scanned in a ChemiDoc MPginga System (Bio-Rad) after

2 min incubation in Clarity Western ECL Substrdde(Rad).

4.8 ECspof PI3Ka H1047R mutant and wide-type kinases activity
ECso values of the selected compounds against &#13K047R mutant were

determined using the HTRF assay as described ilitén&ture [53]. Compounds were
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dissolved in DMSO as stocking solution, and serialluted in PBS to a final
concentration of DMSO as 2.5%. The results wereainbtl using an EnSpire
Multimode Plate Reader (PerkinElmer; 320/620/66%) analyzed using GraphPad
Prism 6 nonlinear regression (curve fit), log (mtor) vs. response variable slope
(four parameters) with constraints added at O &td 1

4.9 ECgpof PI3Kskinase activity

The assay was carried out as described previoG2ly All of the enzymatic reactions
were conducted at 30 for 40 min. First, we prepared 50 pL reaction mnigs
containing 40 mM Tris (pH = 7.4), 10 mM Mg£D.1 mg/mL BSA, 1 mM DTT, 0.2
ug/mL PI3Ks and 100 uM lipid substrate. Compounéseadiluted in 10% DMSO,
then 5 pL of the dilution with 100 uM ATP was addedhe 50 pL reaction mixtures
so that the final concentration of DMSO is 1% ihadireactions. The assay was then
performed by using Kinase-Glo Plus luminescencedenassay kit (Promega, no:
V3771) to measure the kinase activity by quantigathe amount of ATP remaining in
solution after kinase reaction. The luminescemaligs correlated with the amount of
ATP remaining in the solution, and is inverselyretated with the amount of kinases
activity. The EGp values were calculated using nonlinear regressitimnormalized

dose-response fit using Prism GraphPad software.

4.10 Molecular docking

Molecular docking was performed using a Sybyl-X 2d&ftware. The crystal
structure of PI3lk H1047R mutant protein was downloaded from the dfnoData
Bank (PDB ID: 3hhm). The crystal structure of P&3ias optimized with H added
and charge added by AMBER7 FF99 method. The strestof small molecular
database were subjected to the polar H adding amd kenergy optimized with a

tripos force field and charged optimized with GaggeHuckel method.

4.11 Statistical analysis

Data are reported as means + SD. Statistical asalyas performed using
GraphPad Prism versionp* 0.05 and *p < 0.01 were considered as statistically
significant.
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Highlights
» Compound 7b displayed a potent PI3Ka H1047R inhibitory activity
» Compound 7b strongly inhibited HCT116 cancer cell proliferation

» Compound 7b had little effect on other PI3K isoforms



