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Abstract: A novel class of small-molecule inhibitors of MI2M53 interaction with a
(E)-3-benzylideneindolin-2-one scaffold was identifieising an integrated virtual
screening strategy that combined both pharmacophamed structure-based
approaches. The hit optimisation identified severampounds with more potent
activity than the hit compound and the positivegdnutlin-3a, especially compound
1b, which exhibited both the highest binding affiniyMDM2 (K; = 0.093 uM) and
the most potent antiproliferative activity agaikkET116 (wild type p53) cells (& =
13.42 uM). Additionally,1b dose-dependently inhibited tumor growth in BALB/c
mice bearing CT2@olon carcinoma, with no visible sign of toxicitphy summary,
compoundlb represents a novel and promising lead structuréhtodevelopment of
anticancer drugs as MDM2-p53 interaction disruptors
Keywords: small-molecule inhibitors; MDM2-p53 interactiomantiproliferative
activity;
1. Introduction

The tumor suppressor protein p53 plays a pivota iro DNA repair, cell cycle
regulation and apoptosis [1, 2]. Moreover, thist@iro is an attractive anticancer

therapeutic target because it can be functionaltiwaed to eradicate tumor. It has



been established that the p53 protein is mutatetkl@ted in half of human cancers.
In the remaining cases, p53 retains its wild typent but its activity is inhibited by
the human murine double minute 2 (MDM2, also knasnHDM?2) oncoprotein via
the following mechanisms: a) binding to the p53iseactivation domain to inhibit its
transcriptional activity, b) exporting p53 out dhet nucleus, and c) promoting
proteasome-mediated degradation of p53 [3]. Coresgty) blocking the MDM2-p53
interaction to reactivate p53 is a promising amit&a therapeutic strategy.

One successful approach for targeting protein-pratgeractions (PPIs) is the
rational design of small-molecules that mimic théeraction of a few key residues
(i.e., hot spots) at the protein-protein interfidle Unlike common PPIs, in which the
interface is large, shallow and nondescript [5¢ MDM2-p53 interface consists of a
cluster of narrow and deep hydrophobic clefts tlauld be targeted by
small-molecule inhibitors. Mutational analysis aaddnine scanning of p53 peptides
revealed that the Phel9, Trp23 and Leu26 resichasspots) play an important role
in the interaction between p53 and MDM2 (Figurg6l) Hence, these residues could
be used as a template to design small-moleculéitors. To date, there are over 20
different chemotypes that have been shown to antsgdhe MDM2-p53 interaction,
including nutlins [7], benzodiazepinediones [8pimlolinones [9], chalcones [10],
piperidinones [11], pyrrolidones [12], pyrrolopyitimes [13], spiro-oxindoles [14],
and chromenotriazolopyrimidine [15], xanthones [18mong these, the nutlins,
spiro-oxindoles (MI derivatives), and piperidinor(@d-8553) have shown the most
potential for development as clinical agents tatteancer (Figure 1). Although these
compounds share different scaffold structures, tha#yinhibit the MDM2-p53
interaction by mimicking the three hot spots res&laf p53 (Figure 1).

The nutlins were identified as the first class oftgmt, non-peptide, specific
inhibitors of the MDM2-p53 interaction by high thughput screening [7]. One of
nutlin derivatives, nutlin-3a, binds with high afiy to MDM2, and it is orally active
with no visible sign of toxicity in mouse models biman cancer containing

wild-type p53 [7, 17]. One nutlin derivative, ROSB87, has already entered phase |



clinical trials [18]. Using a computational structtbasedde novodesign strategy,
Wang’s group discovered a new class of inhibitdrshe MDM2-p53 interaction,
spiro-oxindoles [14]. Further optimisation leadtih® compound MI-219, which has
potent inhibitory activity ;= 13.2 nM) and superior pharmacokinetics (PK) pesfi
(oral bioavailability F = 65%) [19]. Compound MI-3,7which was derived from this
scaffold, has also entered phase | clinical trj[dR]. Recently, another promising
inhibitor, AM-8553, containing a piperidinone sadff was designed using a
structure-basede novastrategy. This compound was reported to have paigivity
bothin vitro andvivo, along withan oral bioavailability of 100% in rats [11].

In summary, the interaction between MDM2 and p53rgsents a promising
target for the development of novel anticancer drtigat could be targeted by
small-molecule inhibitors. To date, although oversnall-molecule inhibitors with a
diversity array scaffolds have been discoveredpurad 6 candidate compounds with
potent inhibitory activity and superior PK profileave entered clinical development
[18]. It would therefore be highly desirable to atigser a novel small-molecule
inhibitor with potent activity and an improved ADMBprofile.

In this study, we sought to discover novel smallenole inhibitors of the
MDM2-p53 interaction with potent affinity. We idefed a novel class of
MDM2-p53 inhibitors with a 3-benzylidene-indolineie scaffold by combining both
pharmacophore- and structure-based methods astumlvscreening strategy. Hit
optimisation was also conducted, and the prelinyirsiructure-activity relationships
were assessed. Additionally, a compound with negdfi potent activityin vitro was

chosen to further assay its antitumor actiutyivo

2. Resultsand discussion
2.1 Virtual screening and hit identification

Computer-aided drug design (CADD) plays an indispéie role both in the
discovery and optimisation of hit/lead compoundsrréntly, two computational 3D
database-screening approaches are available, pt@phwme- and structure-based

approaches. The primary advantages of the pharrhaoeypased method are its high
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screening speed and rapid elimination of compownti®ut critical binding elements.

However, this method suffers from a high false fesirate because it does not
consider the receptor. Alternatively, the structbased method (docking) can

guantitatively assess the binding affinity of a @mund for its target protein, but this

process is rather time-consuming. Clearly, thesermethods complement each other
in terms of screening speed and accuracy of sargeasults; hence, combining these
two complementary approaches is a valid screerrategy. [20, 21]

In this study, we employed an integrated screenstigategy combining
pharmacophore- and structure-based methods. It igelyv accepted that the
interaction between inhibitors and MDM2 primarilpvolve three hydrophobic
pockets (Phel9, Trp23 and Leu26). Based on thiornwtion, a simple
pharmacophore model was constructed manually icdvery studio 3.0 (DS 3.0).
First, the crystal structure of a known inhibitoPig-1, a derivative of the
piperidinones) complexed with MDM2 (PDB ID: 2LZG)aw employed as reference,
and four hydrophobic features (Figure 2, blue spdlewere constructed manually
based on its interaction with MDM2. Additionallyy &void receptor interactions, the
a-C atoms of the amino acids within 5 A of the ligamere selected and marked as
exclusion volumes (Figure 2, grey spheres).

To validate the generated pharmacophore hypothasest set consisting of 16
active compounds and 48 inactive compounds wasatetl. The active compounds
were all extracted from the PDB database and therted literature, and the inactive
compounds, also known as the decoy set, were demeeording to Wallach’'s
method [22]. The compounds in the decoy set hagtigfy the following constraints
with respect to the reference drug (Pip-1): a) makr weight of +40 Da; b) the exact
same number of rotational bonds, hydrogen bond ™@ofBDs), and hydrogen bond
acceptors (HBASs); ¢) a CLogP of £1.0 (ALogP wasdukere); and d) a Tanimoto
coefficient of less than 0.9. The “Screen libragiid “Calculate ROC Curve”
modules in DS 3.0 were used, and 15 of 16 inhibiteere enriched from the test set;

however, 12 non-inhibitors were also retrieveds@apositives). The area under the



ROC curve was 0.798, and the ROC evaluation was'.“fehese results indicate that
this pharmacophore was sufficiently good to be uasda 3D query to retrieve
potential hit compounds.

The validated pharmacophore hypothesis was thed asea 3D query for
retrieving potential inhibitors from S406-SETA, $48ETB, Maybridge and the NCI
database in Catalyst. The “Screen library” moduie DS 3.0 was used. The
“Conformation generation” was set to “fast”, ane tbther parameters were set as
default. The identified compounds were furthelefigtd by the Lipinski’s rule of five.
Lastly, a total of approximately 6000 compoundsenegtrieved for further docking

studies (structure-based approach).

2.2 Docking study and biological assay in vitro

To further verify the compounds identified by phaaophore mapping, the 6000
retrieved compounds were docked into the p53 bmginckets of MDM2. The
protein structure PDB ID 3LBL was chosen as therezice receptor because its
ligand had high binding affinityk; = 32 nM) and high resolution (1.6 A). Docking
was performed using sybyl 7.3, and the Surflex-Doddule (SFXC) was employed.
All the parameters were set as default. After dogkithe potential hits were
cherry-picked for synthesis and biological assayvitro based on their docking
scores, scaffold diversity, synthesizability, andsiimportantly, their docking poses.
Based on their docking poses predicted by SFXCpevormed a visual inspection to
confirm that all the chosen potential hits mimickbd three hot spot residues of p53
and occupied the three main hydrophobic pocketsM@iM2. Ultimately, 10
compounds with diversity of scaffolds (Please rdfersupplementary data) were
selected for synthesis, and each was subjecteldidoe$cence polarization assay to
validate their inhibitory activity against the MDMS53 interaction; nutlin-3a, which
is one of the most potent inhibitors of the MDMZ3pihiteraction, was used as the
positive control.

Fortunately, one compoundk, Figure 3) showed relatively high binding affinity



(Ki= 0.23 pM) to MDM2 with E)-3-benzylideneindolin-2-one scaffold, and hence

compounddb was identified as hit compound for further optiatisn.

2.3 Design
To gain a better understanding of the interactietwben compoundb and

MDM2, we proposed a possible binding mode of conmgietb and MDM2 based on
its docking pose generated by Autodock, which ige af the most widely used
docking programmes [23]. As shown in Figure 4, lem@zring A and the propoxyl
groups on the 2- and 4-positiofiR; & Rs) of benzene ring B occupied the
hydrophobic pockets of Phel9, Trp23, and Leu26peesvely. By analysing the
binding modes of known inhibitors to MDM2, we camtéd that hydrophobic
aromatic rings with halogen substituents favourabbcupied the Trp23 pocket.
Additionally, given that the biphenyl scaffold ispaivileged structure in medicinal
chemistry, we designed and synthesised a seriexoafpounds with phenyl
substituted at the 2-positigR3) of benzene ring Bl1{-3f, 1h and2h).Given that there
were no substituents on the ring A, which likelydeat vulnerable to metabolism,
compounds with substituents on ring A were syneebio make them metabolically
stable and to investigate the SAR on ring A. Hahsgelay a vital role in drug
development, and around 25% of the “top 200 brasmendrugs by retail dollar in
2009” possesses halogens in their chemical stestédditionally, halogens show a
potential ability to form halogen bonding with tharget. Consequently, the
substituents chosen here were primarily halogensn(FCl) [24]. In addition, other
compounds with various substituents on benzeneBil{h-7b) were synthesised to
assay their binding affinity to MDM2 using fluoreswe polarization assay.
2.4 Chemistry

As shown in Scheme 1, compoudiol and several derivatives were synthesised.
2, 4-Dihydroxybenzaldehyde was used as the startiaterial, and it was used in
reactions with alkyl iodide to yield compoundia-3a. These compounds were then
condensed with substituted indolin-2-one in ethamader reflux using piperidine as

the base to afford the target compouflos/b.
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The configuration of the double bond in compoudbs/b was assigned t&
based on the results of the NOESY experiment. is #xperiment, a strong
interaction between the hydrogen atom at the 4tposof ring A and the 2-position
(R3) of ring B was observed, and there was no intevadietween the hydrogen atom
on the double bond and the hydrogen bond at thes#ipn (Rs) of ring A (scheme 1).
Additionally, the X-ray single crystal structure e@dmpoundlb was determined. As
shown in Figure 5, benzene rings A and B were enstime side of the double bond,
as expected.

Based on the binding mode of compoutidto MDM2, a series of derivatives
with substituted phenyl at the 2-positi@iRs) of benzene ring B were designed and
synthesised. As depicted in scheme 2, substitutechdoenzene was coupled with
bis(pinacolato)diboron using tetrakis(triphenylpplose)palladium as the catalyst to
produce compoundkd and2d. Under the conditions of the Suzuki coupling react
compound2d was reacted with substituted 2-bromobenzaldehydgetd compounds
1e and2e, which were further condensed with the substitunelblin-2-one to afford
the target compound$f-3f. However, when compountld was coupled with the
substituted 2-bromobenzaldehyde, no trace of theegponding target compounds
was detected. We therefore adjusted the reactiaquesee. The substituted
indolin-2-one was first condensed with 2-bromo-4im&ybenzaldehyde to produce
compoundslg and 2g, which were then coupled with compoudd under the
conditions of the Suzuki coupling reaction to affdhe desired compounds. The
configuration of the double bond of all the targeinpounds was confirmed using the

NOESY experiment.

2.5MDM2 Binding Affinity and structure activity relationships

The MDM2 binding affinity of all the target compads was determined by
fluorescence polarization assay. Nutlin-3a was @seplositive control to validate our
assay, and the results were summarized in table 1.

As shown in table 1, our assay was validated bytstive control nutlin-3a, of
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which thekK; value (0.11pM) was comparable to the reported (028 puM). [12] In
general, all of the synthesized compounds showghl hinding affinity to MDM2,
and this was especially true for compoudtds2b, 1f, 2f, 1h and2h, which exhibited
superior or comparable activity to nutlin-3a. Unesiedly, of all the synthesized
compounds1lb showed the most potent activity withka value of 0.093 uM. This
effect was not consistent with the binding moddlmto MDM2 given that the Trp23
pocket was less occupied in the presence of théaxgt group compared to its
n-propoxyl substituted counterpart. The only reabtsaxplanation is that compound
1b displayed a distinct binding mode to MDM2. As dépitin Figure 6, a binding
mode of compoundb to MDM2 was proposed based on its docking posergeed
by Autodock. A hydrogen bond was formed between-3disof MDM2 and the
carbonyl group of compountb, and the ring A and B just occupied the Phel9 and
Trp23 pocket, respectively. The Leu26 pocket was tEcupied.

In terms of the structure-activity relationshipgty@duction of the chloro group at
5-position (Rz) of the indolin-2-one ring 2p) had little influence on the binding
affinity compared tdlb. However, decreased inhibitory activity was obsdrwhen
replacing the H atom at 6-positigR1) of the indolin-2-onep) with a fluoro group
(3b). Replacing the methoxyl group at 2-positiéty) of B ring 2b) with a bromine
atom (lg) also slightly decreased the activity. In the casecompound4b, both
introduction of a chloro substituent at 5 or 6-fiosi (R, & R3) and substitution the
iso-propoxyl group for ther-propoxyl group did not alter the binding affinity/'hen
the n-propoxyl groups at the 2- and 4-posit@s & Rs) of the B ring were replaced
by 4-chlorophenyl or 4-cyanphenyl substituents and a methoxyl group, respelgtiv
we observed an slight increase in the binding &ffito MDMZ2, which was in
consistence with the binding mode of compoulidto MDM2. Migration of the
methoxyl group from 4-positio(Rs) to 3-position(R,4) of ring B @3f) showed little
influence on the binding affinity.

The binding mode of compourith to MDM2 was also proposed based on its

docking pose generated by Autodock. As depictdeéiganre 7, compoungh shared a



similar binding mode to that of compoudbl. As expected, the 4-chlophenyl group

occupied the Trp-23 hydrophobic pocket, but thehmeyl group left the Phe-19
pocket less occupied, and this may explain why aamgs with substituted phenyl at
ring B only showed slight increase in binding atfincompared to their propoxyl

substituted counterparts.

2.6 In-vitro antiproliferative activity

The synthesized compounds were further assayedhtr antiproliferative
activity in human colon cancer (HCT116 with wildogy p53), HCT116 (p53 null),
lung adenocarcinoma (A549) and breast adenocarenoetls (MCF7) cells using
MTT assay with 48 h exposure time of the testedpmumds, and nutlin-3a was used
as positive control. The results were summarizedhie 2.

In general, all of the synthesized compounds showaedertain degree of
antiproliferative activity against HCT116 (both dilype p53 and p53 null) cells, and
the majority of the target compounds also presestade antiproliferative activity
against the A549 and MCF7 cell lines. The diffeeent cytotoxicity of synthesized
compounds between tumor cells with wild type p5&8TH16, A549, MCF7) may be
attributed to: firstly, as the target, the amountsendogenous MDM2 in three cell
lines are different, so the cytotoxicity of selecmmpounds to the three cancer cell
lines varied; secondly, the three cell lines acenfrdifferent tissues; last but not least,
other tumor suppressor genes may be present i Abd MCF-7, which may lead
to reduced activity. Notably, compoundb, 3b-7b, 1f, 2f, 1h and 2h exhibited
superior or comparable activity against HCT116 (pb9 to nutlin-3a. In particular,
compoundlb with the most potent inhibitory activity againsOWi2-p53 interaction
(Ki = 0.093 uM) also showed the best inhibitory attivgainst HCT116 (wild type
p53). Additionally, all the tested compounds showelhtively lower Gy values
against HCT116 (wild type p53) compared to HCT1l6thwp53 deleted,
demonstrating the selectivity of the synthesizethpounds over cancer cell lines

with deleted p53. Since compoudd showed both the highest binding affinity to



MDM2 and the most potent antiproliferative actiyity was chosen for further

mechanism study.

2.4 Western blotting analyses

p53 is activated by the inhibition of the MDM2-pbRferaction, resulting in the
increased expression of wild-type p53 in cells. sgjuently, p53 activation results in
increased levels of p21 and MDM2. [7] To furtherifyethe anticancer mechanism of
this class of compounds, western blotting was ugexbsess the effects of compound
1b in HCT116 cells. The cells were treated with comqubib or the positive control
nutlin-3a for 48 h. Next, the cells were lysed gmdtein extracts were analysed by
western blotting to determine the levels of p531 pad MDM2. As shown in Figure
8, compoundlb increased the levels of p21, p53 and MDM2 in aeddspendent

manner in HCT116 cells.

2.5 Cédl cycleanalysis

To gain a better understanding of the mechanismat thnderlie the
antiproliferative activities of this series of cooynds, we investigated the effect of
compoundlb on the cell cycle in HCT116 (wild type p53) celMCT116 cells were
treated with compoundkb and nutlin-3a for 48 h. The fixed cells were stgiwith
propidium iodide (PI) and detected using flow cy&irg. As shown in Figure 9, both
compoundlb and nutlin-3a arrested cells in G2/M phase anddadwapoptosis in a
dose-dependent manner in HCT116 cells. Moreoverthatsame concentrations,

compoundlb induced more apoptosis than nutlin-3a in HCT11Bce

2.6 In vivo antitumor activity

To further test the therapeutic potential for thgntkesized compounds,
compoundlb was chosen to evaluate its antitumor activity he BALB/c mice
bearing colon carcinoma cell line CT26 (CT26 ratbean HCT116 cell line was

chosen to evaluate the antitumor activity Iif preliminarily, and the HCT116
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xenograft model will be employed to further invgate than-vivo antitumor activity
of 1b in near future). Before the experiment, the camfagjon of double bonds of
compoundlb was confirmed again by NOE experiment, and the esaation of the
double bond was not observed.

First, compoundlb was dissolved in 10% DMSO and administered via an
intraperitoneal injection to two groups of BALB/dar (10 mice for each group) at
doses of 500 mg/kg and 1000 mg/kg, respectivelydetermine the maximum
administration dosage. No death or visible sidea# were observed in the 500
mg/kg dosage group over 8 days. However, all ofntiee died within 24 h after the
injection of 1000 mg/kg compountb. Therefore, the doses used to evaluate the
efficacy of compoundlb were initially set at 50 mg/kg and 100 mg/kg, and
oxaliplatin (1.5 mg/kg) was used as the positivetic.

CT26 cancer cell suspensions were implanted subeotely into the right axilla
region of the mice, and all the mice were divideddomly into the following 5
groups (10 mice/group): compourddd (50 mg/kg and 100 mg/kg), oxaliplatin (1.5
mg/kg), vehicle and control groups. The BALB/c mimaring CT2&olon carcinoma
were treated with compourtb (100 and 50 mg/kg), oxaliplatin (1.5 mg/kg) or the
vehicle via an intraperitoneal injection, and tlaete treatment was given once daily
for 10 days. At the end of the study, all of theemvere weighed and sacrificed, and
the tumor s were excised and weighed for analy’ie ratio of tumor growth
inhibition was calculated using the following forlau(A-B)/Ax100% (where A is
the average tumor weight of the control group, Bnd the average tumor weight of
the experimental group). The results were sumnuhiisdable 3.

As shown in Table 3, compourtb effectively inhibited tumor growth in a
dose-dependent manner, with a tumor growth inleibi(iTGI) of 18.1% and 32.4%
for the low and high-dose group, respectively. Tiids observed for compourib
were inferior to those for the positive control,abiglatin, but were superior to
oxaliplatin in terms of drug tolerance, as deteediby the difference in body weight

before and after treatment. The body weight of dkaliplatin group decreased by
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4.01 g, whereas it only decreased by 1.02 and@fé4 the high- and low-dose group

of 1b, respectively.

3. Conclusion

In this study, an integrated virtual screening tegg combining both
pharmacophore- and structure-based approachedfigtra hit compound with a
(E)-3-benzylideneindolin-2-one scaffold as novel tdar of the MDM2-p53
interaction. Further optimization led to severakivktives with potent inhibitory
activity, among whicHb showed both the highest binding affinity to MDM2daime
most potent antiproliferative activity against HABL(wild type p53). Additionally, it
possesses lg; value of 0.093 pM with only 21 non-hydrogen atombjch means it
possesses the highest ligand efficiency value (UE45pIGo/N non-hydrogen atoms[25, 26]
among all the synthesized compounds. Consequeotipppound 1b represents
promising lead compound for the development of hoaeticancer drugs as
MDM2-p53 inhibitors and shows potential for opti@ion to improve its activity
without sacrificing its druggability. The detailetiuctural optimisation based on its

binding mode to MDM2 proposed in this work is beaagried out in our laboratory.

4. Experimental section
5.1 Synthesis and characterisation

'H and*C NMR spectra were recorded using TMS as the iatestandard in
DMSO-dsor CDCk with a Bruker BioSpin GmbH spectrometer at 400 66d MHz,
respectively. The mass spectra (MS) were recorde&d dhermo Scientific LTQ
ORBITRAP instrument with an ESI mass selective cetre Melting points (m.p.)
were determined using an SRS-OptiMelt automatedimggboint instrument, without
correction. Flash column chromatography was peréarwith silica gel (200-300
mesh) purchased from Qingdao Haiyang Chemical @b. L
5.1.1 General procedure A for the preparationla3a

2, 4-Dihydroxybenzaldehyde (200 mmol) and alkykatiagent (440 mmol) were
12



dissolved in 200 ml anhydrous DMF, and potassiurbarzate (600 mmol) was added.
The mixture was heated at 85 °C for 3.5 h, and Hr@lysis indicated that the
reaction was complete. The mixture was filtered] dre filtrate was concentratéa
vacua The resulting residue was slowly dissolveceihyl acetate, and was rapidly
washed with distilled water. The organic layer Wan dried over anhydrous MgsO
for 2 h and evaporated. The residue was recrystdllusing anhydrous ethanol to give
the corresponding product.

5.1.1.12,4-Dimethoxy-benzaldehydiaj

2, 4-Dihydroxybenzaldehyde and Methyl iodide weissdlved in DMF, and the
mixture was treated with & O3 according to general procedure A to afford thgetr
compound as a white solid with the following chaeastics: 95% vyield; m.p.
69.1-71.2 °C*H NMR (600 MHz, DMSOsg): 5 10.16 (s, 1H), 7.64 (dl = 8.4 Hz,
1H), 6.66 (dJ = 2.4 Hz, 1H), 6.62 (dd] = 2.4 Hz, 8.4 Hz, 1H), 3.89 (s, 3H), 3.86 (s,
3H); MS (ESI):[M+H] *m/z 167.1.

5.1.1.22,4-Dipropoxy-benzaldehyd2a)

2, 4-Dihydroxybenzaldehyde and 1-bromopropane wissolved in DMF, and the
mixture was treated with & O3 according to general procedure A to afford thgetr
compound as a pale yellow solid with the followidgaracteristics90% vyield; *H
NMR (600 MHz, DMSOeg): 5 10.33 (s, 1H), 7.79 (d, = 9.0 Hz, 1H), 7.12 (dd] =
1.8 Hz, 9.0 Hz, 1H), 6.42 (d,= 1.8 Hz, 1H), 3.96-4.01 (m, 4H), 1.80-1.88 (m, 4H)
1.03-1.07 (m, 6H)MS (ESI):[M+H] " m/z 223.3.

5.1.1.3 2, 4-Diisopropoxy-benzaldehy@8a)(

2, 4-Dihydroxybenzaldehyde and 2-bromopropane wissolved in DMF, and the
mixture was treated with & O3 according to general procedure A to afford thgetr
compounds as a colourless oil with the followingrettteristics90% yield;*H NMR
(600 MHz, DMSO#e): § 10.17 (s, 1H), 7.61 (d, = 8.4 Hz, 1H), 6.61 (d] = 2.4 Hz,
1H), 6.56 (ddJ = 2.4 Hz, 8.4 Hz, 1H), 4.72-4.78 (m, 2H), 1.26-1(81, 12H);MS
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(ESI):[M+H] " m/z 223.3.

5.1.2 General procedure B for the preparatioribf/b, 1f-3f, and1g-2g

Piperidine (14.4 mL) was slowly added to a suspensif indolone (70 mmol)
and substituted aldehyde (84 mmol) in 80 mL ethafloé mixture was heated under
reflux for 1.5 h, and TLC analysis indicated whée teaction was complete. After
concentrationn vacuq the resulting residue was redissolveckthyl acetate. Next,
the mixture was successively washed with water lane. The organic layer was
dried over anhydrous MgS(¥iltered and concentrated, and the resultingdtesiwas

recrystallised from anhydrous ethanol to give theesponding product.

5.1.2.1 3-(2,4-Dimethoxy-benzylidene)-1,3-dihydradei-2-one {b)

2,4-Dimethoxy-benzaldehyde and 1,3-dihydro-indar® were dissolved in
ethanol, and the mixture was treated with pipedadimccording to general procedure
B to afford (b) as a yellow solid with the following characteigst 88% vyield; m.p.
206.4-208.1 °C*H NMR (600 MHz, CDCY): 6 7.95 (s, 1H), 7.73(d] = 8.4 Hz, 1H),
7.66 (d,J = 8.4 Hz, 1H), 7.55 (br, 1H), 7.18 @,= 8.4 Hz, 1H), 6.85-6.89 (m, 2H),
6.53 (dd,J = 1.8 Hz, 8.4 Hz, 1H), 6.52 (d,= 1.8 Hz, 1H), 3.90 (s, 3H), 3.87 (s, 3H);
3C NMR (100 MHz, DMSOds): & 168.93(C), 162.70(C), 159.42(C), 142.44(C),
131.71(C), 130.66(C), 129.44(CH), 125.21(CH), 18(CH), 121.37(CH),
120.99(CH), 115.31(C), 109.93(CH), 105.32(CH), 983H), 55.81(CH),
55.53(CH); HRMS (ESI): Calculated for [M+H] (Ci7H16N103), requires m/z
282.1130, found 282.1116.

5.1.2.2 5-Chloro-3-(2,4-dimethoxy-benzylidene)-dif8tdro-indol-2-one Zb)
2,4-Dimethoxy-benzaldehyde and 5-chloro-1,3-dihyididol-2-one  were

dissolved in ethanol, and the mixture was treat#ld piperidine according to general

procedure B to afford2p) as a yellow solid with the following characteigst 86%

yield; m.p. 238.3-239.6 °CH NMR (600 MHz, CDCY): 5 8.01 (s, 1H), 7.68 (br, 1H),
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7.62 (d,J = 1.8 Hz, 1H), 7.16 (dd] = 1.8 Hz, 8.4 Hz, 1H), 6.80 (d,= 8.4 Hz, 1H),
6.61 (dd,J = 2.4 Hz, 8.4 Hz, 1H), 6.53 (d,= 2.4 Hz, 1H), 3.91 (s, 3H), 3.87 (s, 3H);
3C NMR (100 MHz, DMSOdg): § 168.56 (C), 163.11 (C), 159.37 (C), 141.16
(CH), 133.65 (C), 130.83 (C), 128.92 (CH), 124(8), 124.23 (CH), 122.80 (C),
121.21 (CH), 114.92 (CH), 111.30 (CH), 105.54 @3.,62 (CH), 55.80 (Ck), 55.65
(CHs); HRMS (ESI): Calculated for [M+H](C17H1sCl1N1O3), requires m/z 316.0741,
found 316.0738.

5.1.2.3 3-(2,4-Dimethoxy-benzylidene)-6-fluoro-dildydro-indol-2-one b)

2,4-Dimethoxy-benzaldehyde and -fléoro-1,3-dihydro-indol-2-one  were
dissolved in ethanol, and the mixture was treat#ld piperidine according to general
procedure B to affor@b as a yellow solid with the following charactertsti 86%
yield; m.p. 226.3-227.6 °CH NMR (600 MHz, CDCJ): & 8.01 (s, 1H), 7.86 (br, 1H),
7.67 (d,J = 9.0 Hz, 1H), 7.37 (dd] = 2.4 Hz, 9.0 Hz, 1H), 6.91 (d,= 2.4 Hz, 1H),
6.79 (d,J = 8.4 Hz, 1H), 6.59 (dd] = 2.4 Hz, 8.4 Hz, 1H), 6.52 (d,= 2.4 Hz, 1H),
3.90 (s, 3H), 3.87 (s, 3H}*C NMR (100 MHz, DMSOdq): 5 168.91(C), 163.07(C),
159.55(C), 158.34(C), 138.76(C), 133.38(C), 13@C}5(124.92(CH), 122.36(CH),
116.06(CH), 114.92(C), 110.60(CH), 105.50(CH), @8&&H), 97.61(CH),
55.87(CH), 55.66(CH); HRMS (ESI): Calculated for [M+H] (Cy7H15F1N1Os),
requires m/z 300.0958, found 300.1036.

5.1.2.4 3-(2,4-Dipropoxy-benzylidene)-1,3-dihydndal-2-one 4b)

2, 4-Dipropoxy-benzaldehyde and 1, 3-dihydro-inBaine were dissolved in
ethanol, and the mixture was treated with pipegdincording to general procedure B
to afford 4b as a yellow solid with the following characteristi 86% yield; m.p.
162.3-163.4 °C*H NMR (600 MHz, CDCJ): & 7.99 (s, 1H), 7.72 (dl = 7.8 Hz, 1H),
7.69 (d,J = 7.8 Hz, 1H),7.18 (d] = 8.4 Hz, 1H ), 6.87 (m, 2H), 6.54 (dil= 2.4 Hz,
8.4 Hz, 1H), 6.50 (d) = 2.4 Hz, 1H), 4.00 (] = 6.6 Hz, 2H), 3.97 (t] = 6.6 Hz, 2H),
1.87-1.81 (m, 4H), 1.75 (f, = 7.2 Hz, 3H), 1.02 () = 7.2 Hz, 3H);**C NMR (100
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MHz, DMSOds): & 168.98(C), 162.09(C), 158.85(C), 142.36(C), 13(Cj9
130.73(C), 129.35(CH), 125.04(CH), 121.93(CH), 22{CH), 120.94(CH),
115.34(C), 109.88(CH), 105.75(CH), 99.49(CH), 6933), 69.30(CH),
22.03(CH), 21.96(CH), 10.44(CH); HRMS (ESI):; Calculated for [M+H]
(C21H23N103) requires m/z 338.1756, found 338.1761.

5.1.2.5 5-Chloro-3-(2,4-dipropoxy-benzylidene)-diBydro-indol-2-one %b)

2,4-Dipropoxy-benzaldehyde and 5-chloro-1,3-dihyddol-2-one  were
dissolved in ethanol, and the mixture was treat#ld piperidine according to general
procedure B to affordb as a yellow solid with the following charactertsti 86%
yield; m.p. 171.1-172.2 °CH NMR (600 MHz, CDCY):  8.03 (s, 1H), 7.65 (d] =
8.4 Hz, 1H), 7.63 (dJ = 2.4 Hz, 1H ), 7.15 (dl = 2.4 Hz, 8.4 Hz, 1H), 6.82(d,= 8.4
Hz, 1H ) 6.58 (dd,) = 2.4 Hz, 8.4 Hz, 1H), 6.51 (d,= 2.4 Hz, 1H), 3.97-4.02 (m,
4H), 1.79-1.88 (m, 4H), 1.10 @,= 7.8 Hz, 3H), 1.02 () = 7.2 Hz, 3H)°C NMR
(100 MHz, DMSO#€): & 168.69(C), 162.55(C), 159.00(C), 141.10(C), 13@¥0
130.95(C), 128.80(C), 124.81(CH), 124.20(CH), 198CH), 121.51(CH),
114.94(CH), 111.22(CH), 105.93(C), 99.57(CH), 69@d,), 69.40(CH),
22.05(CH), 21.94(CH), 10.44(CH); HRMS (ESI): Calculated for [M+H]
(C21H23CI1N1O3), requires m/z 372.1367, found 372.1354.

5.1.2.6 5-Chloro-3-(2,4-diisopropoxy-benzylideng-dihydro-indol-2-one@b)
2,4-Dipropoxy-benzaldehyde and 5-chloro-1,3-dihyddol-2-one  were
dissolved in ethanol, and the mixture was treat#ld piperidine according to general
procedure B to affordb as a yellow solid with the following charactertsti 86%
yield; m.p. 170.8-172.1 °GH NMR (600 MHz, CDCJ): & 8.05 (s, 1H), 8.01 (s, 1H),
7.66 (d,J = 8.4 Hz, 1H), 7.44 (d] = 2.4 Hz, 1H), 7.13 (dd] = 2.4 Hz, 8.4 Hz, 1H),
6.76 (d,J = 8.4 Hz, 1H) 6.52 (dd] = 2.4 Hz, 8.4 Hz, 1H), 6.42 (d,= 2.4 Hz, 1H),
4.58-4.67 (m, 2H), 1.40 (d,= 6.0 Hz, 6H), 1.36 (d] = 6.6 Hz, 6H):}*C NMR: (100
MHz, DMSO<s): & 168.75(C), 161.34(C), 158.09(C), 141.07(C), 13)4
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131.09(C), 128.73(C), 124.76(CH), 123.94(CH), 188CH), 121.48(CH),
115.42(CH), 111.20(C), 106.80(CH), 101.46(CH), 1I(GH), 69.67(CH),
21.83(CH); HRMS (ESI): Calculated for [M+H] (C:H23:CliN1Os) requires m/z
372.1367, found 372.1385.

5.1.2.7 6-Chloro-3-(2,4-diisopropoxy-benzylidengg-dihydro-indol-2-one1b)
2,4-Diisopropoxy-benzaldehyde and 6-chloro-1,3-dibyindol-2-one were
dissolved in ethanol, and the mixture was treatggiperidine according to general
procedure B to affordb as a yellow solid with the following characteristi 86%
yield; m.p. 173.1-173.9 °CH NMR (600 MHz, CDCJ): § 7.91 (s, 1H), 7.62 (dl =
8.4 Hz, 1H), 7.52 (dJ = 8.4 Hz, 1H), 6.90 (dd] = 2.4 Hz, 8.4 Hz, 1H), 6.85 (d,=
8.4 Hz, 1H), 6.78 (dd] = 2.4 Hz, 8.4 Hz, 1H), 6.58 (d= 2.4 Hz, 1H), 4.71-4.75 (m,
2H), 1.33 (d,J = 6.0 Hz, 6H), 1.28 (dJ = 6.6 Hz, 6H);**C NMR (100 MHz,
DMSO-dg): & 169.01(C), 161.17(C), 158.08(C), 143.63(C), 136C)3131.01(C),
123.59(C), 123.21(CH), 120.71(CH), 120.42(CH), 60%C), 109.80(CH),
106.83(CH), 101.47(CH), 70.35(CH), 69.58(CH), 21G8:); HRMS (ESI):
Calculated for [M+H] (C,1H23Cl:N1O3) requires m/z 372.1367, found 372.1352.

5.1.2.8 2'-(5-Chloro-2-oxo-1,2-dihydro-indol-3-ydidemethyl)-5'-methoxy-biphenyl
-4-carbonitrile @f)

2'-Formyl-5'-methoxy-biphenyl-4-carbonitrile artdchloro-1,3-dihydro-indol-2-
one were dissolved in ethanol, and the mixture tnested with piperidine according
to general procedure B to affotflas a yellow solid with the following characteristi
86% vyield: m.p. >280°C*H NMR (600 MHz, CDCJ): 5 7.81 (d,J = 8.4 Hz, 2H),
7.70 (d,J = 8.4 Hz, 2H), 7.60 (s, 1H), 7.59 @@= 1.8 Hz, 1H), 7.46 (d] = 8.4 Hz,
1H), 7.21 (dd, = 1.8 Hz, 8.4 Hz, 1H), 7.07 (dd= 2.4 Hz, 8.4 Hz, 1H), 7.01 (d,=
2.4 Hz, 1H), 6.82 (d) = 8.4 Hz, 1H), 3.95 (s, 3H}*C NMR: (100 MHz, DMSOd):
8 168.80(C), 168.16(C), 144.10(C), 142.23(C), 14(CH0 136.56(C), 132.35(C),
131.19(CH), 130.84(CH), 130.52(CH), 129.39(CH), .128C), 126.21(C),
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124.93(CH), 124.30(CH), 122.85(CH), 121.82(CH), .B88CH), 115.40(C),
114.44(CH), 111.45(CH), 110.80(CH), 55.69(HHRMS (ESI): Calculated for
[M+H]™ (C3H15CliN2O,) requires m/z 387.0900, found 387.0895.

5.1.29 2'-(6-Fluoro-2-oxo-1,2-dihydro-indol-3-yéidemethyl)-5'-methoxy-biphenyl
-4-carbonitrile @f)

2'-Formyl-5'-methoxy-biphenyl-4-carbonitrile and flGero-1,3-dihydro—indol
-2-one were dissolved in ethanol, and the mixturas vireated with piperidine
according to general procedure B to aff@fdas a yellow solid with the following
characteristics: 86% vyield).p.>280°C;*H NMR (600 MHz, CDG}): & 7.91 (s, 1H),
7.70 (d,J = 8.4 Hz, 2H), 7.60 (d] = 2.4 Hz, 1H), 7.51 (d] = 8.4 Hz, 1H), 7.46 (d]
= 8.4 Hz, 2H), 7.21 (dd] = 2.4 Hz, 8.4 Hz, 1H), 7.07 (dd,= 1.8 Hz, 8.4 Hz, 1H),
7.01 (d,J = 2.4 Hz, 1H), 6.82 (d] = 8.4 Hz, 1H), 3.88 (s, 3H}’C NMR (100 MHz,
DMSO-dg): & 168.43(C), 160.71(C), 158.39(C), 155.75(C), 144C)2 142.14(C),
139.07(C), 136.34(CH), 132.36(CH), 131.14(CH), 53(CH), 126.79(CH),
124.27(CH), 122.13(C), 118.66(CH), 116.30(CH), 0T€C), 115.46(CH),
114.41(CH), 110.79(C), 109.53(CH), 109.26(CH), B¥®E+); HRMS (ESI):
Calculated for [M+H] (CaaH15F1N20O5) requires m/z 371.1196, found 371.1201.

5.1.2.10 2'-(6-Chloro-2-oxo0-1,2-dihydro-indol-3gdinemethyl)-6'-methoxy-biphenyl-
4-carbonitrile @f)

2'-Formyl-6'-methoxy-biphenyl-4-carbonitrile and cbloro-1,3-dihydro—indol
-2-one were dissolved in ethanol, and the mixtures vireated with piperidine
according to general procedure B to aff@das a yellow solid with the following
characteristics: 86% vyield; m.p. >280%€; NMR (400 MHz, DMSO): 5 10.72 (s,
1H), 7.94 (dJ = 8.0 Hz, 2H), 7.83 (d] = 8.0 Hz, 2H), 7.61 (d] = 8.0 Hz, 1H), 7.42
(d, J = 2.0 Hz, 1H), 7.29-7.32 (m, 1H), 7.23 (dt= 2.0 Hz, 8.0 Hz, 1H), 7.17-7.19
(m, 1H), 6.90 (d,J = 8.0 Hz, 1H), 3.92 (s, 3H}*C NMR: (100 MHz, DMSOdg): 5
168.61(C), 166.88(C), 143.13(C), 141.50(C), 139341(136.52(C), 135.32(C),
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135.07(C), 129.46(CH), 128.51(CH), 128.07(C), 104CH), 124.43(CH),
122.62(CH), 122.31(CH), 121.64(CH), 113.90(C), 528CH), 112.53(CH),
110.77(CH), 110.09(CH), 57.04(CH). HRMS (ESI): Gaéted for [M+H]
(Cz3H15CIiN2O,) requires m/z 387.0900, found 387.0890.

5.1.2.11 3-(2-Bromo-4-methoxy-benzylidene)-5-chibB®dihydro-indol-2-onelQ)
2-Bromo-4-methoxy-benzaldehyde and 6-chloro-1,3ulib—indol-2-one were
dissolved in ethanol, and the mixture was treat#l piperidine according to general
procedure B to affordg as a yellow solid with the following characteristi 74%
yield; m.p. 247.5-249.2 °CH NMR (600 MHz, CDCY): 5 7.82 (s, 1H), 7.70 (br, 1H),
7.65 (d,J = 8.4 Hz, 1H), 7.41 (d] = 2.4 Hz, 1H), 7.25-7.26 (m, 1H), 7.18 (s 2.4
Hz, 1H), 6.97 (dd) = 2.4 Hz, 8.4 Hz, 1H), 6.81 (d,= 8.4 Hz, 1H), 3.89 (s, 3H}’C
NMR (100 MHz, DMSO€s): & 168.07(C), 161.26(C), 141.73(C), 135.65(C),
131.40(C), 129.83(C), 126.95(C), 126.02(CH), 12630%), 124.93(CH), 122.36(CH),
121.82(C), 118.22(CH), 114.23(CH), 111.66(CH), 26dH:); HRMS (ESI):
Calculated for [M+H] (C16H1,Br1Cl1N1O,) requires m/z 363.9740, found 363.9725.

5.1.2.12 3-(2-Bromo-4-methoxy-benzylidene)-5-fle@ dihydro-indol-2-oné€2g)

2-Bromo-4-methoxy-benzaldehydend 5-fluoro-1,3-dihydro-indol-2-one were
dissolved in ethanol, and the mixture was treatil piperidine according to general
procedure B to affor@g as a yellow solid with the following characteristi 92%
yield; m.p. 273.7-274.2 °GH NMR (600 MHz, CDCY): & 7.84 (s, 1H), 7.65 (d] =
8.4 Hz, 1H), 7.41 (d) = 1.8 Hz, 1H), 7.30 (d] = 8.4 Hz, 1H), 7.19 (dd] = 1.8 Hz,
8.4 Hz, 1H), 6.97 (dd] = 2.4 Hz, 8.4 Hz, 1H), 6.80 (d,= 2.4 Hz, 1H), 3.88 (s, 3H);
%C NMR (100 MHz, DMSOds): § 168.61(C), 156.60(C), 144.91(C), 136.52(C),
135.07(C), 129.46(C), 128.51(C), 124.50(CH), 12448, 122.62(CH), 122.31(CH),
121.64(C), 113.52(CH), 112.53(CH), 110.09(CH), B{QHs); MS (ESI): [M+H]*
m/z 350.0.
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5.1.3 General procedure C of preparationldfand 2d

Substituted bromobenzene (80 mmol), bis(pinacad@#oyon (120 mmol),
potassium acetate (160 mmol) and triphenylphospipakadium (8 mmol) were
dissolved in anhydrous DMSO undes Motection. The mixture was heated to 85°C
for 4 h, and TLC analysis indicated when the resctvas complete. Next, distilled
water was added. The mixture was extracted by etbgtate, dried over anhydrous
MgSQ, for 2 h and evaporated. The residue was chromapbed on silica gel and
eluted with Petroleum ether/Ethyl acetate to preducand2d.

5.1.3.1 2-(4-Chloro-phenyl)-4,4,5,5-tetramethyld,2]dioxaborolane 1d)

1-Bromo-4-chloro-benzene was treated wid{pinacolato)diboron according to
general procedure C to affofd as a white solid with the following characteristics
60% vield; m.p. 50.1-51.1 °CH NMR (600 MHz, DMSOd): 5 7.68 (d,J = 8.4 Hz,
2H), 7.46 (d,) = 8.4 Hz, 2H), 1.28 (s, 12HMS (ESI):[M+H] *m/z 239.1.

5.1.3.2 4-(4,4,5,5-Tetramethyl-[1,3,2]dioxaborolanA)-benzonitrile 2d)

The 4-bromo-benzonitrile was treated whis(pinacolato)diboron according to
general procedure C to affoldl as a white solid with the following characteristic
74% yield; m.p. 93.5-94.3°CH NMR (400 MHz, DMSOd): § 7.66 (d,J = 8.4 Hz,
2H), 7.43 (d,) = 8.4 Hz, 2H), 1.30 (s, 12HMS (ESI):[M+H] *m/z 230.1.

5.1.4.1 2'-Formyl-5'-methoxy-biphenyl-4-carbonér{lle)

Caesium carbonate (350 mmol) was added to a stswsgension oid (150
mmol) and 2-bromo-4-methoxy—benzaldehyde (150 mimdl00 mL DMF, followed
by the addition of triphenylphosphine palladium ¢h#ol). The reaction was heated
at 120 °C for 4 h and then allowed to cool to ra@mperature. The organic solvent
was removedn vacuoand diluted in ethyl acetate. The entire mixtures washed
with ice water (200 mL). The organic layer was tlugied over anhydrous MgS0

The organic solvent was removedrbyary evaporation, and the residue was purified
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using column chromatography with petroleum ethkyledcetate to afforde with the
following characteristics: 70% vyield; m.p. 138.7918 °C; 'H NMR (600 MHz,
CDCl): 6 10.21 (s, 1H), 7.83 (d, = 9.0 Hz, 2H), 7.50 (d] = 9.0 Hz, 2H), 7.38 (dJ

= 2.4 Hz, 1H), 6.77 (dd] = 2.4 Hz, 9.0 Hz, 1H), 6.64 (d= 9.0 Hz, 1H), 3.84 (s, 3H);
MS (ESI):[M+H] " m/z 238.1.

5.1.4.2 2'-Formyl-6'-methoxy-biphenyl-4-carbongr{Re)

Caesium carbonate (350 mmol) was added to a stawsgension old (150
mmol) and 2-bromo-3-methoxy—benzaldehyde (150 mmdl00 mL DMF, followed
by the addition of triphenylphosphine palladium ¢h#ol). The reaction was heated
at 120 °C for 5.5 h and then allowed to cool toomdemperature. The organic solvent
was removedn vacuoand diluted in ethyl acetate. The entire mixtures waashed
with ice water (200 mL). The organic layer was tlugied over anhydrous MgS0
The organic solvent was removedroyary evaporation, and the residue was purified
using column chromatography with petroleum ethkyleacetate to afforde with the
following characteristics: 55% vyield; m.p. 132.7412C;'H NMR (600 MHz,
DMSO-dg): & 9.61 (s, 1H), 7.90 (dl = 7.8 Hz, 2H), 7.60 () = 7.8 Hz, 1H), 7.52 (d
= 7.8 Hz, 2H), 7.46 (d] = 7.8 Hz, 2H), 3.75 (s, 3H); MS (ES[M+H] " m/z 238.1.

5.1.5 General procedure C for the preparatioribfand2h

Caesium carbonate (300 mmol) was added to a stsusgension olg or 2g
(200 mmol) andld in 100 mL DMF, followed by the addition of triph@phosphine
palladium (10 mmol). The reaction was heated at@20r 4 h and then allowed to
cool to room temperature. The organic solvent vemsovedin vacuoand diluted in
ethyl acetate. The entire mixture was washed va¢hwater (200 mL). The organic
layer was then dried over anhydrous MgS®he organic solvent was removed by
rotary evaporation, and the residue was purifiadgusolumn chromatography with

petroleum ether/ethyl acetate to prodtibeand2h.
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5.1.5.1 5-Chloro-3-(4'-chloro-5-methoxy-biphenyyd#ethylene)-1,3-dihydro-indol-
2-one (h)

1g and 1d were dissolved in DMF, according to general procedC to afford
compoundth with the following characteristics: 54% yield; m202.6-204.1 °CH
NMR (600 MHz, CDC}): & 7.80 (d,J = 8.4 Hz, 1H), 7.69 (dJ = 8.4 Hz, 1H), 7.60(d,
J=3.0 Hz, 1H), 7.45 (d] = 8.4 Hz, 2H), 7.20-7.22 (m, 1H), 7.07(t= 3.0 Hz, 1H),
7.01 (dd,J = 3.0 Hz, 9.0 Hz, 1H), 6.81 (d,= 9.0 Hz, 1H), 3.95 (s, 3H}’C NMR
(100 MHz, DMSO#e): & 168.08(C), 160.74(C), 144.05(C), 142.15(C), 14(CA6
136.47(C), 132.26(C), 131.11(CH), 130.45(CH), 1263, 126.20(C), 124.89(CH),
124.27(CH), 122.80(CH), 121.78(CH), 118.57(CH), .BB6CH), 114.38(CH),
111.38(CH), 110.75(CH), 55.62(GH HRMS (ESI): Calculated for [M+H]
(C22H15N10,Cly) requires m/z 395.0480, found 395.0429.

5.1.5.2 3-(4'-Chloro-5-methoxy-biphenyl-2-ylmethge5-fluoro-1,3-dihydro-indol-
2-one gh)

29 and 1d were dissolved in DMF according to general procedd to afford
compound 2h) with the following characteristics: 65% yield; m268.2-269.7°CH
NMR (600 MHz, CDCY): 5 7.79 (s, 1H), 7. 78 (d = 8.4 Hz, 2H), 7.37 (d] = 8.4 Hz,
2H), 7.27 (dJ = 9.0 Hz, 1H), 7.26 (s, 1H) 7.02 (@= 9.0 Hz, 1H), 6.93 (d) = 8.4
Hz, 1H), 6.92 (dJ = 2.4 Hz, 1H), 6.82 (dd] = 2.4 Hz, 8.4 Hz, 1H ) 3.92 (s, 3HJC
NMR (100 MHz, DMSO€s): 5 168.09(C), 160.74(C), 144.06(C), 142.16(C),
141.47(C), 136.47(C), 132.26(C), 131.11(CH), 13(CH), 129.32(CH), 126.21(C),
124.88(CH), 124.28(CH), 122.80(C), 121.79(CH), 588CH), 115.36(CH),
114.38(CH), 111.38(CH), 110.76(CH), 55.63(EHHRMS (ESI): Calculated for
[M+H]" (CxH1sN1 O,CliF;) requires m/z 380.0775, found 380.0849.

5.2 Biological assay
A549, HCT116 and MCF7 cell lines were purchasednfrihe American Type

Culture Collection. MDM2 binding domain (1-118) wasirchased from Creative
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Biomart, and the PMDM-F was obtained from AnaSpex The positive control drug,
nutlin-3a, was purchased from Haoyuan Chempressngblaa All the tested
compounds were dissolved in DMSO to 100 mM stockitems, and they were
further diluted with culture medium prior to use.
52.1MTT assay

The cells were seeded into a 96-well plate at aithenf 5000 (10QuL) per well
for 24 h, followed by drug treatment (1QQ) for 48 h. Next, 2QiL of 5 mg/ml MTT
was added to the medium, and the cells were inedfatr 4 h at 37 °C and 5% GO
After removing the culture medium, 1%@ of DMSO was added. The plates were
read using an enzyme-linked immunosorbent assag pkader at 570 nm. The
viability of untreated cells was set as 100%, dred\iability in the other groups was
calculated by comparing the optical density readuity) the control. The G values
were calculated using nonlinear regression analyi$ie assays were repeated three

times.

5.2.2 MDM2 binding assay

The dose-dependent binding experiments were caoigdwith serial dilution in
DMSO of compounds. A 8L sample of the tested compounds and preincub&bed (
30 min) MDM2 binding domain (1-118) (30 nM) and PMEF peptide (10 nM) in
the assay buffer (100 mM potassium phosphate, pHID0 mg/mL bovine gamma
globulin; 0.02% sodium azide) was added into bl&g&<well microplates with
F-bottom and chimney wells (Corning) to producénalfvolume of 115.L. For each
assay, the controls included the MDM2 binding domand PMDM-F. The
polarization values were measured at room temperaiging Biotek Synergy H2
with a 485 nm excitation filter, a 528 nm statidgolarized filter. Th&; value was

calculated according to a reported method. [27]

5.2.3 Western Blotting

HCT116 cells (wild type p53) were treated with wals concentrations of the
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indicated compound for 48 h. Next, the cells waaesbsted by centrifugation at 1000
g for 5 min. The cell pellets were washed with PBSuspended in lysis buffer (150
mM NacCl, 50 mM Tris (pH 8.0), 0.02% NaNJ.01% PMSF, 0.2% Aprotinin, and 1%
TritonX-100, supplemented with protease inhibitocktail (Thermo Scientific)), and

centrifuged at 12000 g for 10 min. The total pnoteoncentration was determined
using the Bio-Rad protein assay. The proteins wesslved by SDS-PAGE and
transferred to a polyvinylidene fluoride membraA&er blocking with 5% non-fat

milk in blocking buffer (PBS containing 0.1% Twe2@, pH 7.5), the membrane was
incubated with the indicated primary antibody foh Zat room temperature and then
incubated with the appropriate peroxidase-conjubjasecondary antibody. The
immunoreactive bands were visualised using the H@us Western Blotting

Detection System (Piscataway, New Jersey, USA)a-Betin was used as a loading

control.

5.2.4 Cdl CycleAnalysis

HCT116 cells were seeded at 22 tells/well in 6-well plates and cultured for 48
h. Next, the cells were incubated with the test poumds for 48 h. The cells were
then treated with cold PBS. After harvest, thescedre fixed in 70% ice-cold ethanol
overnight. Subsequently, the cells were centrifug§@d00 rpm for 5 min), the
supernatant was discarded and the pellet was dreate RNase A (10@g/ml) for 30
min at room temperature. The cells were stainedgupropidium iodide at a final
concentration of 5Qug/mL. The stained cells were then analysed for cgtlle
distribution using flow cytometry (BECKMAN), and éhchanges in the cell cycle
profiles was analysed using CELL QUEST PRO.

5.3 In vivo antitumor assay
Oxaliplatin was obtained from the Cancer Institamel Hospital, Chinese Academy
of Medical Sciences (CAMS). BALB/mice were obtainédm the Institute for

Experimental Animals, Chinese Academy of MedicaleBces & Peking Union
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Medical College, and animal care was in compliawté the regulations issued by
the Beijing Committee of Laboratory Animals.
5.3.1 Exploration of maximum administration dosage

BALB/c mice were randomised into two groups (10 efgcoup), and each group
was administered compountb dissolved in 10% DMSO via an intraperitoneal
injection at doses of 500 mg/kg and 1000 mg/kgpeesvely. The mice were
monitored for visible signs of toxicity for 8 days.
5.3.2 Antitumor efficiency assay

CT26 cancer cell suspensions were subcutaneouglhamed into the right axilla
region of the mice. Next, the BALB/c mice were ramdsed into 5 groups (10
mice/group) that received the following treatmeriisink control, 100 mg/kg or 50
mg/kg of 1b, 1.5 mg/kg of the positive control oxaliplatin wehicle. The treatment
was initiated 24 h after tumor implantation, ane theatments were administered
once per day for ten days. Twenty-four hours dfterfinal administration, the mice
were weighed and sacrificed, and the tumor s wecesed, weighed and recorded for

analysis.

5.4 Computational protocol

The pharmacophore was generated manually in Disg®tedio 3.0 using the crystal

structure of Pip-1 complexed with MDM2 (PDB ID: ZG) as reference and was
validated by calculating the ROC curve of the test. Virtual screening was

performed in the “screen library” module, the “commhation generation” was set to
“fast”, and the other parameters were set as defahé obtained compounds were
further filtered by the “Rule of five”, and they veethen subjected to docking analysis
using sybyl 7.3. The crystal structure with PDB 3DBL was prepared in sybyl 7.3

by removing the ligand and the water molecules adding hydrogen atoms. The
docking parameters were all set as default. Afterdocking was completed, a visual
inspection for potential hit compounds was perfainte identify the top 200

compounds ranked by docking score.
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The binding mode for compoundtb, 1b and 2h were generated by molecular
docking using Autodock 4.2. The receptor and tlyarlds were prepared using
AutoDockTools and saved as pdbqt files. The ceoitrgrid box was set to “-33.547,
16.037 -51.308", and the number of points in thg and z dimensions were 46, 48
and 44, respectively. All the parameters for dogkirere set as default. After docking
was completed, PyMol was used to analyse the dgckioses and generate

publication quality figures.
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Figure captions:

Figure 1. a: The three hot spots residues involredde MDM2-p53 interaction (PDB ID: 1YCR; the
figure was generated using PyMol). b: The chenstaictures of three main inhibitors of the
MDM2-p53 interaction and their modes of bindingM®M2.

Figure 2. a: The manually constructed pharmacopimar@el with exclusion volumes. b: The ROC

curve for the generated pharmacophore.

Figure 3. a: Chemical structure of compoudhbdb: Inhibitory activity of compoundb against the
MDM2-p53 interaction in MCF7 cells (co-immunopreitiion experiment).

Figure 4: The proposed binding mode of compodinto MDM2 (generated using PyMol).

Figure 5. Scheme of compoufild with atom-numbering. The displacement parameterstaown
at the 30% probability level.
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Figure 6: Proposed binding mode of compodihdo MDM2 (generated using PyMol).

Figure 7. Proposed binding mode of compo@hdo MDM?2 (generated using PyMol).

Figure 8. The activation of the p53 pathway in HZ8 tells by compoundk and nutlin-3a (western
blotting).

Figure 9: G2/M phase arrest and the induction opégsis in HCT116 cells after treatment with
compoundlb or nutlin-3a.

Scheme 1: Conditions and reagents: #3®, DMF, alkyl iodide, 60°C, 80-90%; b) EtOH, piperidine,
substituted indolin-2-one, reflux, 4 h, 80-90%.

Scheme 2. Conditions and reagents: a) Bis(pinazaldtoron, KOAc, Pd(PR, DMSO, 85 °C, 4 h,
Ny, 75%; b) substituted 2-bromobenzaldehydeQTs, Pd(PPk)4, Ny, 120 °C, 4 h,

70-80%; c) EtOH, piperidine, substituted indoliroe, reflux, 4 h, 80-90%.

Scheme 3. Conditions and reagents: a) EtOH, piipericdldehyde, reflux, 3 h, 80-90%:; 11j, CeCO;,
Pd(PPh)4, N,, 120 °C, 4 h, 70-80%.

Table 1. The MDM2 binding affinity of the synthesitzcompounds

Compounds R R Rs R, Rs Ki (uM) @
1b° H H OMe H OMe 0.093
2b° H Cl OMe H OMe 0.14
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1g H CI Br H OMe 0.23
3b F H OMe H OMe 0.34
4b H H O-n-Pr H On-Pr 0.23
5b H Cl On-Pr H On-Pr 0.28
6b H CI O4-Pr H Oi-Pr 0.24
7b° Cl H O4-Pr H Oi-Pr 0.20
1f H ClI  4-CN-Ph H OMe 0.15
2f° F H  4-CN-Ph H OMe 0.14
3f Cl  H 4-CN-Ph  OMe H 0.19
1h H ClI  4-ClI-Ph H OMe 0.14
2h H F 4-Cl-Ph H OMe 0.10

Nutlin-3a - - - - - 0.11

a: K; values were determined by fluorescence polariaagsay. b: These compounds were tested as a

mixture of isomers, and the ratio of the Z isomeiigss than 5% (Please refer to supplementary.data

Table 2:In vitro antiproliferative activity of the synthesized comnds

Glso (M) ®
Compounds
HCT116 (p53 +/+) HCT116 (p53 -/-) A549 MCE7
1b 13.42+2.54 28.14%5.0 52.50+7.70 54.13+7.52
2b 49.19+2.82 126.3+33.94 >100 >100
3b 26.94+3.92 65.55+3.13 >100 88.41+6.44
4b 14.39+1.49 21.32+2.99 42.4145.60 54.01+2.44
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5b
6b
7b
1
2f
3f
1h
2h
19
Nutlin-3a

20.96+2.73
29.67+1.58
23.40+0.43
27.10+1.21
17.05+1.64
48.31+2.76
32.19+£3.82
15.31+1.18
53.36+5.97
32.11+£3.37

26.14+2.67
37.72+1.77
41.97+1.98
124.3+34.66
108.9+11.78
109.9+4.43
135.1+49.14
27.28+1.56
115.1+49.14
55.70+4.66

30.19+6.80
42.58+4.51
30.43+2.62
>100
>100
81.58+13.74
86.67+13.05
58.82+18.82
>100
47.59+4.53

58.42+11.0

55.7+£2.32

42.92+1.71
>100
>100
>100
>100
>100
>100

48.74+3.54

a: The antiproliferative activity of each compoumds tested by MTT assdlhe Gk, values were

indicated as mean calculated from three indeperelg@riments. The drug exposure time was 48 h.

Table 3.In vivotumaor growth inhibition in response to compoutiland oxaliplatin

Sroun Dosage NO. of mice Body weight (g) Tumorweighta TGl
(mg/kg) begin end Begin end @ %
Control - 10 10 19.51 20.02 1.93+0.39 -
Oxaliplatin 15 10 10 19.40 15.39 0.92+0.14** 52.3
Vehicle - 10 10 19.77 19.45 1.85+0.24 4.7
1b 100 10 10 19.93 18.91 1.30+0.13** 324
50 10 10 19.69 18.95 1.58+0.27* 18.1

a: Student’s t-test was used to compare the mefatvgoogroups, and analysis of variance was used to

compare the means of multiple groups. For all & tifferences, & value of less than 0.05 was
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considered to be statistically significantP£0.01, #<0.05.
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Highlights

1.
2.
3.
4.

A novel small-molecule inhibitor of the MDM2-p53taraction was identified.

Hit optimization led to more potent inhibitors.

Compoundlb showed the highest binding affinity to MDM2 (KiGz093 puM).

All compounds were selective between HCT116 (p53+/+) and HCT116 (393 -
cells.

Compoundlb dose-dependently inhibited tumor CT26 growth ma@use model.
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3-benzylideneindolin-2-one derivatives, a novesslaf small-molecule
inhibitors of the MDM2-p53 interaction
Guang-hui Zheng, Jia-jia Shen, Yue-chen Zhan, HOn§i-tu Xue, Zhen
Wang, Xing-yue Ji, and Zhuo-rong Li
Institute of Medicinal Biotechnology, Chinese Acadeof Medical
Science and Peking Union Medical College, Beijifb@0d50, People’s

Republic of China

Contents
Compound characterization

Figureslb-2h



ACCEPTED MANUSCRIPT

:5' .5.5.51535.5.315.5.5.5.5*.57

e

-
—
'l ‘ﬁ ) | —J{
N J
5 7 s
N At i e Lt — [—
Shs zas 1. zee Lo
0.17 1.00 449007 1oam2e 5.53
Sarple 4l = agh 120817
Flluie :&amg.w
X o H
Neuisn =608
Temmp_ge = 1.84c)
Sabvest Zoarsine

L] MJI] ‘ e .

e m i ma |-.- qn m.- 100, s i i wa S0 7‘.; san 300 1

f)"\
sg ; : *!=§§; i i

X ourts sy Ml 13C




JEOL AccuTOF CS (JMS T100CS)

Acq. Data Name: 2gh120817

Experiment Date/Time 1/25/2013 11:42 30 AM

mmzano&uode ESI+

x10” Area (70756)

National Research Center for Analysis of Drugs and Metabolites

701 282.1116
60+ ?;
50 301.1393 “
40
304.0929
301
20
283.1184
274.2756
10 305.0962
267.1221 204.9381
Bl & DO : A IR | A 1L P VP U T
260 280 300 320
miz
DALY H Sge2S4 T8 Maf=380, 100 (J0 HO0T4IL! T BOO0EIE. )
- F
1 I
o] ||
| |
o |
{
1531 | |
100 | II
“ 5 g J \\k
. -0 | / .
# [min] [min] [mMAU*s] [mAU] %
—mem | | === =mmmme |- R — |- |
1 3.971 vv 0.3335 133.11334 5.01820 0.6947
2 4.221 vV 0.1835  40.43653 3.11468 0.2110
3 4.931 vV .2835 127.85201 6.22814  0.6672
4 §.147 vV 0.3750 334.28711 12.22660  1.7445
5  7.660 vV 0.5180 286.51053 7.23488  1.4952
6 B8.806 VV 0.3392 16.75288 6.6216de-1  0.0874
7 18.785 BB 0.6912 1.82233e4  372.21582 95.1000

2

1.91623=4

406.700438

75% M ethanol in Agilent 1200 HPL C C18 Rever sed-phase column



ACCEPTED MANUSCRIPT

H

Cen s S o7
i i
Sample_jd nwﬂl
Creation_time s 3-FEB-2013 21:31:41
Site = ECA400
%_.x'"" :gunE
Soveat Zbheicne
\ ; ; s
o o

i B
T

b S e T

?OBmmE iz @



JEOL AccuTOF CS (JMS T100CS) National Research Center for Analysis of Drugs and Metabolites
Acq. Data Name: zgh121010 Experiment Date/Time 1/25/2013 11:20.31 AM

Lunlza!nﬂ%ﬂodﬁ ESI+

x10° Area (24186)

1 316.0738
20-
15
10 318.0731
5 318.3007 330.3358
319.0812
J 309.2001 l ) I 325.2464 |
PN VSO [T T (PP N | P TP Ve s B St S
iaes= 7 315 320 325 330
m/z
DAD1 B, Sig=254.4 Ref=360,100 (ZGH\20140218000083.D)
250 3
200+
1004
504
s 8% 8 % 8§
u——nii-f——l—r;.iﬁy—di e 2
U fRBEEHTE] 2R 0 U THT AR I 15 I TRTFH
2 [min] [min] [mRU*s] [mA] %
e S R [ e [ Fmmmns, | e I
1 D817 BB 0.2431 24 .632608 1.55320 0.419
2 2.547 BV 0.1785 21..25363 1.52554 0.361l6
3 2.TAS WV 0.0666 5.22845 1.07846 0.08%
4 2.857 VB 0.12¢68 g.76532 1.0141% 0.1491
3 3.950 VB 0.1430 13.61407 1.357&3 0.23186
53 4_.804 BB 0.2453 35.64087 1.94%21 0.60c64
7 5.922 BB 0.2615 63.09729 2.75643 1.1585
8 8.975 EB 0.3077 5700.58e%1 Z260.08B835 96.9847

80% M ethanol in Agilent 1200 HPL C C18 Rever sed-phase column
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ACCEPTED MANUSCRIPT

JEOL AccuTOF CS (JMS T100CS) National Research Center for Analysis of Drugs and Metabolites
Acq Data Name' zgh121222 Experiment Date/Time: 1/25/2013 11:32.62 AM
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JEOL AccuTOF CS (JMS T100CS) National Research Center for Analysis of Drugs and Metabolites

Acq. Data Name: 2gh120919 Experiment Date/Time: 1/25/2013 11:14:54 AM
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85% M ethanol in Agilent 1200 HPL C C18 Rever sed-phase column
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ACCEPTED MANUSCRIPT

JEOL AccuTOF CS (JMS T100CS) National Research Center for Analysis of Drugs and Metabolites
Acq. Data Name: 2gh121011 Experiment Date/Time: 1/25/2013 11:45:25 AM
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ACCEPTED MANUSCRIPT

JEOL AccuTOF CS (JMS T100CS) National Center for Analysis of Drugs and Metaboli
Acqg. Data Name: zgh121104 Experiment Date/Time: 1/26/2013 11:23:38 AM
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JEOL AccuTOF CS (JMS T100CS) National Research Center for Analysis of Drugs and Metabolites
Acq. Data Name: zgh121106 Expenment Date/Time: 1/25/2013 11:09:08 AM
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JEOL AccuTOF CS (JMS T100CS)

Acg Data Name: zgh121016

lumzahﬂ%Mode ESi+

National Research Center for Analysis of Drugs and Metabolites

Experiment Date/Time: 1/25/2013 11:30:00 AM
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80% M ethanol in Agilent 1200 HPL C C18 Rever sed-phase column
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JEOL AccuTOF CS (JMS T100CS)

Acq. Data Name: 2gh121211

lonizatiog, Mode: ESI+

Experiment Date/Time: 1/25/2013 11 06:22 AM

x10” Area (43054)

National Research Center for Analysis of Drugs and Metabolites
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2 2.752 WV 0.1034 11.43636 1.52632 0.0275
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4 3.329 vV 0.2638 25.79166 1.32104 0.0620
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85% M ethanol in Agilent 1200 HPL C C18 Rever sed-phase column
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ACCEPTED MANUSCRIPT
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JEOL AccuTOF CS (JMS T100CS) National Research Center for Analysis of Drugs and Metabolites

Experiment Date/Time: 1/25/2013 11:26:28 AM
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JEOL AccuTOF CS (JMS T100CS) National Research Center for Analysis of Drugs and Metabolites

Experiment Date/Time: 1/25/2013 11:39:32 AM
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85% Methanol in Agilent 1200 HPL C C18 Rever sed-phase column
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19.wife _ Aeq. Tuesday,
l +TOF MS: 0.401 to 0.434 min from Sample 1 (ESI) of 121019.wiff Max. 2372.7 counts.
a=3.50806955149561610e-004, 10=-1.75289722242717580e+001 (Turbo Spray)

s 380.0849

400 C22H16NO2FCI(+); m/z Error: -0.29 ppm; m/z Error: -0.11 mDa
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e [ e e [rremsrm [ I
1 1.870 BV 02123 39.08866 2.60202 il 212
2 2.051 VWV 0.1478 21.45415 2.0884¢ 0.0665
3 2395 NV 01568 41.48067 3.:569010 Bk 2816
4 2.512 NV 0.1576 43.70642 350270 0..1355
15 2.771 W 0.1062 1283121 1.66026 0.0398
3] 3.663 VV 03969 A19.67632 3.74439 0.3710
7 3.988 vv 0.2723 114:13971 5.45037 0.3538
8 4.711 vv 0.1934 65.4478¢6 4.85025 0.2029
9 5.002 vv 0.2832 132.93629 ©.48414 0.4121
10 €.271 vV 0.3780 326.69016 11.83731 1.0127
11 70213 W 0.2613 85.06132 4.,65341 0.2637
12 7.804 VB 0.4194 209.16084 6.04234 0.6484
I3 413.845 BB 0.5427 3.10466e4 825.65283 96.2438

75% M ethanol in Agilent 1200 HPL C C18 Rever sed-phase column



The structure of the compounds from virtual screening
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