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Abstract

A series of novel polycyclic spiro-fused carboagakindoles were synthesized
and investigated for thein vitro antiproliferative activities against nine humanaan
cell lines. Five compound4@i, 10l, 10n, 10p, and10r) demonstrated anticancer
activities against A2780s cells withdévalues of less than 3M. In particular,
compoundLOi showed anticancer activities against seven caratkelines and stronger
activities than cisplatin in A2780s, A2780T, CT26d HCT116 cells. Further studies
illustrated that compountOi arrested cell cycle in G1 phase and induced apsptd
HCT116 cells. This compound also effectively insegthe protein levels of cleaved
caspase-3, p53, and MDM2. Molecular docking resekgaled that compouridi could
bind well to the p53-binding site on MDM2, indiaadi that it might work by blocking the

MDM2-p53 interactions.

Keywords: polycyclic spiro-fused carbocyclicoxindsi antiproliferative activity; p53

inducer; MDM2



1. Introduction

The p53 protein is a well-known tumor suppresadrich has a pivotal role in
defending against tumor-associated DNA damage eguaating cell division.[1, 2]
Under non-stressed conditions, p53 is maintainéohatevels mainly by its negative
regulator MDM2 protein through an auto-regulatagdback loop.[3, 4] In response to
cellular stresses including DNA damage and hypdifpration, the protein levels of p53
are elevated, leading to cell cycle arrest, apaptos senescence. The outcome of these
events blocks cell proliferation or eliminates taacer cells, and thus suppresses the
development of cancer.[5]

Dysregulation of the p53 pathway, through mutationTP53 (the human gene
that encodes p53) or inactivation of the componehtke p53 pathway, is a common
feature in human cancers.[6, 7] In about 50% ofdrenp53 is nonfunctional as a result
of mutations inTP53.[7] The mutations iTP53 inactivated p53 by altering the DNA-
binding ability of p53 or changing the interactiafg53 with other proteins.[8] In
cancers in whicAP53 is not mutated or deleted, thelm2 gene is usually found
amplified or overexpressed to inhibit the functadrp53.[9] As the primary negative
regulator of p53, MDM2 deregulates the protein Isand the activity of p53 by
promoting p53 degradation and blocking the binaihg53 to its targeted DNA.[10, 11]
Thus, blockade of MDM2-p53 interaction may provalaovel method for the treatment
of a broad spectrum of cancers.

The X-ray crystal structure of MDM2 with a trang8aation domain peptide of
p53 revealed that the p53 peptide binds to a hyaroigc cleft on MDM2.[12] Three p53

residues Phel9, Trp23, and Leu26, which are alsuhiad in the transactivation, insert



deeply into the hydrophobic cavity on MDM2. Althdutargeting protein-protein
interactions is usually viewed as a challenging thge to the typical flat binding sites,
the existence of the well-defined p53-binding caeim MDM2 suggests the possibility of
the design of non-peptide inhibitors that bind tBMR2 and disrupt the MDM2-p53
interactions.[13]

In the past years, intensive efforts have beewotdevto the search for efficient
small-molecule inhibitors of the MDM2-p53 interamis.[1, 14, 15] A breakthrough in
this field came from the discovery of the firstiserof small-molecule inhibitors Nutlins.
The crystal structure of MDM2/Nutlin-2 complex ditrated that the inhibitor mimicked
the structure of p53 peptide where the imidazadicesfold of Nutlin-2 replaced the p53
peptide backbone and three substituents of Nutpoesitioned into the MDM2 pockets
which were normally occupied by residues Phel1923rand Leu26 of p53. To date, ten
small-molecule inhibitors have advanced into chhicials as anticancer agents.[16-22]
The representative structures of these inhibitoesshown in Figurd. Among them, the
spirooxindole-based inhibitor SAR405838 (MI-7736@mpound3, Figurel)
demonstrated a high binding affinity to MDM2 witiKavalue of 0.88nM.[20]
Researchers found that the spirooxindole core tstrelof SAR405838 was essential for
its binding affinity. The spirooxindole structunéied the Trp23 (p53) pocket on MDM2
and positioned other substituents to occupy thd ®g53) and Leu26 (p53) pockets on
MDM2.

To us, spirooxindole-based inhibitors such as S#g888 represented a good
opportunity for further investigations due to ifigthpotency.[20, 23, 24] Based on the

strategy of diversity-oriented synthesis, we depetba methodology for the efficient



construction of functionalized polycyclic spiro-&gscarbocyclicoxindoles via an
asymmetric organocatalytic quadruple-cascade waf2b] We postulated that by
keeping the spirooxindole scaffold, the compoundslipced by our methodology should
retain the ability of mimicking the Trp23 residuiep®3 and positioning other
substituents to fill the pockets on MDM2. In adaiitj by using fused ring systems, we
imposed structural constraints onto the liganddclwimay reduce the entropic cost
associated with the binding event. Herein, we retha anticancer activity of these
polycyclic spiro-fused carbocyclicoxindoles and geliminary mechanism studies of

their anticancer effects.

2. Results and Discussion
2.1. Chemistry

The general synthetic route for the targeted camgsl0a-sis outlined in
Schemel. The easily accessible oxindd@avas treated with salicylaldehyd@eo obtain
the key intermediateE]-3-(2-hydroxybenzylidene)oxindol8), The commercially
available starting material crotonaldehy@gthen reacted witB in the presence af,a-
L-diphenylprolinol trimethylsilyl ether and 2-(tnifbromethyl)benzoic acid in a
guadruple-cascade manner to yield the polycycliogpsed carbocyclicoxindol&.
The reactions provided the targeted compounds thenade to high yields (up to 90%).
All the products were characterized %Y/ NMR, *C NMR, and ESI-MS analysis. The
absolute configuration of compou@@i was determined by X-rayrystallography. [26]

Details of the discussions of this methodology was under separate cover.[25]



2.2. Biological evaluation
2.2.1. Invitro antiproliferative activity

Thein vitro antiproliferative activities of the compounti8a-swere evaluated
against multiple cell lines. The 4g(the concentration causing 50% inhibition of the
tumor cell proliferation) values or percent inhibit (if the 1G;, of the corresponding
compound was greater than 8d) of the tested compounds against A2870s and
A2870T cells were listed in Table The 1G, values of the tested compounds against
H1299, BGC823, CT26, HCT116, A549, MCF7, and H16&Hs were listed in Tabl2,
Several compounds (compouridy, 10l, 10n, 10p, and10r) demonstrated moderate to
favorable anti-proliferative activities against #h2780s cell line. Steric hindrance of the
substituents on the carbocyclic group of the patlicyportion decreased the activities of
these compounds (compouri@p vs. 10a, 10g¥ The chlorine atom on the oxindole
ring enhanced the compound potency (compod®tigs. 108 in A2780s cells.
Substituents on the distal phenyl ring of the pgtyic moiety did not affect the activity
of the compounds dramatically in most cases (com@gei0b-hvs. 103, with the
bromide group enhancing the potency the mbgt ¥s. 10ain A2780s cells. The percent
inhibition of compound.0o (47.2%) against A2780s was much larger than that o
compoundlOa(23.5%), indicating that the dihydro-pyridine strbsture worked better
than dihydro-pyran in A2730s cells. In additiorreda compound$0i, 10n, and10p
showed activities of less than @M in multiple cell lines (Figure 2). Particularly,
compoundLOi exhibited IGp values ranging from 7,8M to 23.4uM against a broad
spectrum of cancer cell lines including A2780s, 82¥, CT26, HCT116, A549, MCF7,

and H1975. It also showed stronger activity thangbsitive control cisplatin in A2780s,



A2780T, CT26, and HCT116 cells. However, it did mttibit the p53-deficient cell line
H1299 with an |G value of less than 3@M, probably because compouh@i worked by
blocking the interactions between MDM2 and p53 diadnot exert inhibitory effects on
the p53-deficient cell lines. Interestingly, therqgwound10n showed antiproliferative
activities against the the p53-deficient H1299 ke#, which indicated it might act
through additional non-p53-related inhibitory metisans. Because of the strong
activities of compoundOi in multiple cell lines, the mechanisms of its priiiferative

effects were further investigated.

2.2.2. Cdll cycle analysis

To elucidate the molecular mechanism by which caumnpl 10i suppressed
proliferation of HCT116 cells, the effects of conupol 10i on cell cycle distribution were
examined using flow cytometry. As shown in Figurafder exposure to compoudd@i at
7.5uM and 10uM for 24 h, significant accumulation of HCT116 selh G1 phase,
accompanied by a decrease of cells in S and GZ2phags observed. The percentage of
cells in G1 phase increased from 43.79% in theckelgroup to 46.10% and 75.18% in
the groups treated with compouhdi at concentrations of 7,8V and 10uM,
respectively. When treated with compouti for 48 h, the HCT116 cells in G1 phase
increased more dramatically. 82.32% of cells wigatment of compountOi at 10uM
for 48 h accumulated in G1 phase. These resuligestiegd that compouridi inhibited
proliferation of HCT116 cells through inducing Giigse arrest in a concentration- and

time-dependent manner. Nutlin-3a, a selective itdrlof MDM2-p53 interactions also



effectively arrested cell-cycle progression in H@& Tells, but it induced both G1 and

G2 arrest.[27]

2.2.3. Induced apoptosis by compound 10i

The ability of compoundOi to provoke apoptosis in HCT116 cells was then
evaluated. After 24 h of treatment with compo@d HCT116 cells displayed the
morphological features of apoptotic cells includosdl shrinkage (Figure 4A). The
fluorescence microscopic examination of Hoechs#233aining cells further confirmed
the apoptosis-inducing effects of compouiiil As shown in Figure 4B, nuclei
condensation, cell-volume reduction, and nucleagrfrentation were observed in
HCT116 cells after 24 h of treatment with compodfd The flow cytometric analysis
with Pl-staining was then used to quantitativelyess the apoptotic effects of compound
10i. As illustrated in Figure 5, the percentage of-&ibHCT116 cells in th&Oi-treated
group increased in a concentration- and time-deg@naanner. The apoptosis rate
increased from 1.73% (control) to 3.18%, 15.92%, 3n.03% when cells were treated
with compoundL0i at 7.5, 10 and 124oM for 24 h, respectively. The apoptosis
augmented more dramatically with a rate up to 6¥.2@er 48 h of treatment wittDi at
12.5uM. In addition, the flow cytometric analysis witmAexin V-FITC/PI fluorescence
staining in HCT116 cells was used to further exanire apoptosis-inducing ability of
compoundLOi. The experimental results indicated that the tneat with10i
significantly induced concentration-dependent apsigtin HCT116 cells (Figure 6). The
percentage of apoptotic HCT116 cells treated Wiitfor 48 h increased from 6.27% to

66.06% when the concentrationiddi increased from 7.pM to 12.5uM. Similar results



were observed in HCT116 cells with treatment@iffor 24 h. These data confirmed that

10i induced apoptosis of HCT116 cells in a concemnatand time-dependent manner.

2.2.4. Upregulation of caspase-3, p53, and MDM2 by 10i

The protein levels of procaspase-3, caspase-3,gnsBMDM2 in HCT116 cells
treated with10i was monitored through western blot analysis. Wedl known that
caspase-3 plays an essential role in apoptosisi28common events in apoptosis
including cell shrinkage, chromatin condensatiord BNA fragmentation all require
caspase-3. The results of the western blotting deimated that the treatment withi for
24 h resulted in significant increase of the clebe@spase-3 in a concentration-
dependent manner (Figure 7). The activation of @se3 suggested thHdi induced
apoptosis in HCT116 cells through a cascade-depempa¢hway. It was also observed
that the treatment withOi enhanced the protein levels of p53 and MDM2. Ngtabl
small-molecule inhibitors of MDM2-p53 interactionss expected to activate p53 and to
increase the levels of p53 in cells with wild-type3. Moreover, the activation of p53 by
these inhibitors led to the inductionmfim2, a p53targeted gene, and as a result the
protein levels of MDM2 were increased.[24] Thug pglhenomenon of enhanced levels
of p53 and MDM2 byl 0i was consistent with that of the reported MDM2-p&8raction
inhibitors, suggesting thda0i may work by blocking the MDM2-mediated p53
degradation and consequently lead to accumulatiph® and transcriptional activation

of themdm?2 gene.[24, 29]

2.2.5. Molecular docking analysis



The docking study ofQi into the p53-binding site on MDM2 was then perfetm
using GOLD software (version 5.0)[30]. The predicbending mode 010i was
illustrated in Figure 8. Similar to the reportedrgpxindole-based MDM2-p53
interaction inhibitors, the NH on the oxindole gpoaf 10i exerted hydrogen-bonding
interactions with the Leu54 backbone carbonyl gronpMDM2. The oxindole group of
10i extended into the Trp23 (p53) pocket on MDM2 amtdracted with the hydrophobic
sidechains of Leu54 and 11€99. In addition, theypgtlic portion of10i overlaid the
Phel9 residue of p53 afatmed intensive hydrophobic interactions with le®et62,
Try67, Val75, Phe91, and Val93. Importantly, thstali phenyl group of the naphthalenyl
moiety filled the Phel9 (p53) pocket. The other poonds without the naphthalene
group presumably lacked the favorable hydrophattractions and shape
complementarity, which may explain why those comqutsuhave lower anticancer

activities compared withOi.

3. Experimental Section
3.1. Synthesis
3.1.1. Materials and methods

'H NMR and**C NMR spectra were recorded on a Bruker 400 MHz NMR
spectrometer (Bruker BioSpin AG, Fallanden, Switzs) at 400 and 100 MHz,
respectively. Chemical shift§)(were reported in ppm with tetramethylsilane as an
internal standard. ESI-HRMS spectra were recorded W/aters SYNAPT G2.
Methanol was used to dissolve the sample. Meltmigtp were recorded at SGW X-4

Melting point instrument (Shanghai precision & stiic instrument Co., Ltd, Shanghai,
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China). All reagents and solvents were obtaineohfAdfa, Aldrich, and Energy
Chemical and used without further purification. @oh chromatography was performed
on silica gel (300—400 mesh, Qingdao Marine Chehtitth Qingdao, China).
3.1.2. General procedures for the preparation of substituted oxindole

Substituted isatin (10 mmol) was dissolved in laytre hydrate (98%, 10 mL,
32.5 mmol) and refluxed for 15-30 min (130 °C). Thaction mixture was then poured
into cold water, extracted with ethyl acetate. ©hganic layer was then dried over
sodium sulfate. Evaporation of the solvent andysetlization from hexane/ethyl acetate
provided the substituted oxindole.
3.1.3. General procedures for the preparation of substituted (E)-3-(2-
hydroxybenzylidene)oxindole

The reaction mixture of the substituted oxinddlequiv), the substituted
salicylaldehyde (1.2 equiv) and piperidine (0.1liepun ethanol (1-2 mL/1 mmol) was
stirred at 90 °C for 3-5 h. After the reaction nupd cooled down, the precipitate was
filtered and washed with cold ethanol and dietllgee successively. Allowed to dry, the
product was used in subsequent reaction withothduipurification.
3.1.4. General procedures for the preparation of polycyclic spiro-fused
carbocyclicoxindoles

The crotonaldehyde (0.244 mmol) was added to auliry containing a
suspension ofF)-3-(2-hydroxybenzylidene)oxindol@®.1 mmol),a,a-L-diphenylprolinol
trimethylsilyl ether (0.02 mmol), 2-(trifluoromethipenzoic acid (0.06 mmol) and dry

solvent (1 mL). The reaction mixture was stirred@t’C for 24 h and then heated up to
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60 °C for 12 h. The reaction mixture was subjettesilica gel column chromatography
to yield the corresponding product (petroleum dtbtryl acetate, 2/A/V).

3.1.5. Analytical and Spectral Characterization Data
6,9-dimethyl-2'-0x0-6,6a,9,10a-tetrahydrospiro[benz[c]Jchromene-10,3'-indoline]-8-

carbaldehyde (109

Light yellow solid; 80% yield; >99% ee;:81 dr; m.p. 125 °C -127 °CyJp**= -49.8 (c

= 1.53 in CHCY); HPLC (DAICEL CORPORATION AS-H), 2-propanol/n-hexe =
10/90, flow rate = 1.0 mL/min}, = 254 nm, retention time: 13.69 min (major) andB07
min (minor);*H NMR (400 MHz, CDCJ) & = 9.53 (s, 1H), 8.86 (s, 1H), 7.28 (s, 1H),
7.13 (dJ=7.2 Hz, 1H), 6.98 (] = 7.2 Hz, 2H), 6.90 (d] = 7.6 Hz, 1H), 6.86-6.73 (m,
2H), 6.41 (tJ = 7.6 Hz, 1H), 5.99 (d] = 7.6 Hz, 1H), 4.40 (dg} = 11.6, 6.0 Hz, 1H),
3.67 (d,J = 10.4 Hz, 1H), 3.21 (] = 10.4 Hz, 1H), 2.81 (g} = 6.4 Hz, 1H), 1.60 (d] =
6.0 Hz, 3H), 1.19 (d] = 6.8 Hz, 3H)**C NMR (100 MHz, CDGJ)) § = 193.0, 179.1,
154.6, 147.0, 143.7, 140.0, 131.0, 128.6, 127.6,A0225.8, 124.2, 122.1, 120.4, 117.2,
110.2, 77.7, 50.6, 44.0, 36.5, 34.8, 20.8, 18.9M3RESI-TOF) calcd for &H2:NOs

[M+Na]* = 382.1414, Found 382.1415.

4-fluoro-6,9-dimethyl-2'-0x0-6,6a,9,10a-tetrahydrogiro[benzo[c]chromene-10,3'-
indoline]-8-carbaldehyde(10b)

White solid; 75% yield; >99% ee; 6:1 dr; m.p. §3-81 °C; p]o**= -50.0 (c = 0.074 in
CHCI3); HPLC (DAICEL CORPORATION AS-H), 2-propanathexane = 15/85, flow
rate = 1.0 mL/minj = 254 nm, retention time: 11.99 min (major) anddZ4min (minor);

'H NMR (400 MHz, CDCY) 8 = 9.54 (s, 1H), 7.95 (s, 1H), 7.32Jt= 7.6 Hz, 1H), 7.17

12



(d,J = 7.6 Hz, 1H), 7.07-6.94 (m, 2H), 6.88-6.77 (m) 26137 (td,J = 8.0, 5.2 Hz, 1H),
5.79 (d,J = 8.0 Hz, 1H), 4.48 (dg} = 12.0, 6.0 Hz, 1H), 3.69 (d,= 10.4 Hz, 1H), 3.24
(t, J=10.8 Hz, 1H), 2.84 (g} = 6.8 Hz, 1H), 1.68 (d] = 6.0 Hz, 3H), 1.21 (dl = 7.2
Hz, 3H).**C NMR (100 MHz, CDGJ) & = 192.9, 179.3, 146.3, 143.8, 142.7, 140.0,
130.8, 128.7, 128.3, 125.9, 122.2, 119.9, 119.3,8,114.6, 110.4, 78.3, 50.7, 43.9,
36.5, 34.8, 20.7, 18.9. HRMS (ESI-TOF) calcd fegHGoFNOs[M+Na]™ = 400.1319,

Found 400.1325.

3-methoxy-6,9-dimethyl-2'-0x0-6,6a,9,10a-tetrahydrgpiro[benzo[c]chromene-10,3'-
indoline]-8-carbaldehyde(100

Light yellow solid; 65% yield; >99% ee; 5:1 dr; 0 °C-72 °C; §]p*?= -42.3 (C =
0.40 in CHC}); HPLC (DAICEL CORPORATION AS-H), 2-propanakhexane =
10/90, flow rate = 1.0 mL/mirk= 254 nm, retention time: 17.63 min (major) and3381.
min (minor);*H NMR (400 MHz, CDCY) & = 9.53 (s, 1H), 7.31 (8= 7.6 Hz, 1H), 7.19
(d,J=7.6 Hz, 1H), 7.03 () = 7.6 Hz, 1H), 6.96 (d] = 7.6 Hz, 1H), 6.83 (d] = 2.4 Hz,
1H), 6.38 (d,J = 2.4 Hz, 1H), 6.00 (dd} = 8.8, 2.4 Hz, 1H), 5.88 (d,= 8.8 Hz, 1H),
4.38 (dgJ = 12.2, 6.0 Hz, 1H), 3.65 (s, 4H), 3.23)t 10.4 Hz, 1H), 2.81 (g} = 6.8
Hz, 1H), 1.62 (dJ = 6.0 Hz, 3H), 1.19 (d] = 4.8 Hz, 3H)»*C NMR (100 MHz, CDGJ)
0 =193.0, 179.4, 159.5, 155.7, 146.9, 143.9, 14181,1, 128.6, 126.0, 124.9, 122.1,
117.5, 110.3, 106.0, 102.8, 77.6, 55.2, 50.9, 860, 34.7, 20.7, 19.0. HRMS (ESI-

TOF) calcd for GsH23NO4 [M+Na]™ = 412.1519, Found 412.1533.
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2-fluoro-6,9-dimethyl-2'-0x0-6,6a,9,10a-tetrahydrogiro[benzo[c]Jchromene-10,3'-
indoline]-8-carbaldehyde(10d)

White solid; 72% yield; 98% ee; 7:1 dr; m.p. 6168°C; [u]p**= -24.5 (c = 0.33 in
CHCls); HPLC (DAICEL CORPORATION AS-H), 2-propanathexane = 10/90, flow
rate = 1.0 mL/minjA = 254 nm, retention time: 15.51 min (major) and®%8min (minor);
'H NMR (400 MHz, CDC)) & = 9.53 (s, 1H), 8.00 (s, 1H), 7.34Jt= 7.6 Hz, 1H), 7.18
(d,J = 7.6 Hz, 1H), 7.08-6.97 (m, 2H), 6.81 (& 2.4 Hz, 1H), 6.76-6.66 (m, 2H), 5.73
(dd,J = 10.0, 2.4 Hz, 1H), 4.37 (dd= 12.0, 6.0 Hz, 1H), 3.64 (d,= 10.4 Hz, 1H), 3.18
(t, J=10.8 Hz, 1H), 2.83 (q} = 6.8 Hz, 1H), 1.59 (d] = 6.0 Hz, 3H), 1.21 (d]1 = 6.8

Hz, 3H).**C NMR (100 MHz, CDGJ) & = 192.9, 179.2, 150.6, 146.6, 143.7, 140.1,
130.4, 129.0, 127.1, 127.1, 126.0, 122.3,117.9,81114.3, 114.1, 111.5, 111.3, 110.6,
77.5, 50.6, 43.8, 36.5, 34.8, 20.7, 18.8. HRMS {ESF) calcd for GsH20FNO;

[M+Na]* = 400.1319, Found 400.1329.

2-chloro-6,9-dimethyl-2'-0x0-6,6a,9,10a-tetrahydrgsro[benzo[c]chromene-10,3'-
indoline]-8-carbaldehyde(10€

White solid; 65% yield; 98% ee; 6:1 dr; m.p. 5456°C; |u]p*?= -61.3 (c = 0.266 in
CHCls); HPLC (DAICEL CORPORATION AS-H), 2-propanathexane = 5/95, flow
rate = 1.0 mL/minjA = 254 nm, retention time: 31.17 min (major) andd39min (minor);
'H NMR (400 MHz, CDC)) & = 9.53 (s, 1H), 7.36 (8= 7.6 Hz, 1H), 7.18 (d]= 7.6
Hz, 1H), 7.10-6.99 (m, 2H), 6.95 (d#i= 8.4, 2.0 Hz, 1H), 6.82 (d,= 2.4 Hz, 1H), 6.72
(d,J = 8.4 Hz, 1H), 5.94 (d] = 1.2 Hz, 1H), 4.38 (dq} = 12.0, 6.0 Hz, 1H), 3.63 (d,=

10.4 Hz, 1H), 3.21 () = 10.4 Hz, 1H), 2.84 (g} = 6.8 Hz, 1H), 1.60 (d] = 6.0 Hz, 3H),
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1.21 (d,J = 6.8 Hz, 3H)*C NMR (100 MHz, CDG)) § 192.9, 178.8, 153.3, 146.3,
143.8, 140.1, 130.4, 129.0, 127.8, 126.9, 126.8,012424.7, 122.3, 118.3, 110.4, 77.7,
50.5, 43.5, 36.5, 34.7, 20.6, 18.9. HRMS (ESI-TEd&ld for GaHaCINOs[M+Na]* =

416.1024, Found 416.1033.

2-bromo-6,9-dimethyl-2'-0x0-6,6a,9,10a-tetrahydrospo[benzo[c]chromene-10,3'-
indoline]-8-carbaldehyde(10f)

White solid; 70% yield; 98% ee; 7:1 dr; m.p. 9496 °C; [1]p**=-72.6 (c = 1.15in
CHCls); HPLC (DAICEL CORPORATION AS-H), 2-propanathexane = 5/95, flow
rate = 1.0 mL/minA= 254 nm, retention time: 32.81 min (major) and337/min (minor);
'H NMR (400 MHz, CDCY) § = 9.54 (s, 1H), 7.70 (s, 1H), 7.37Jt 7.6 Hz, 1H), 7.19
(d,J = 7.6 Hz, 1H), 7.12-7.00 (m, 3H), 6.82 (o5 2.4 Hz, 1H), 6.67 (d] = 8.8 Hz, 1H),
6.08 (d,J = 1.2 Hz, 1H), 4.38 (dg} = 12.0, 6.0 Hz, 1H), 3.64 (d,= 10.4 Hz, 1H), 3.21
(t, J=11.2 Hz, 1H), 2.85 (4} = 6.8 Hz, 1H), 1.61 (d] = 6.0 Hz, 3H), 1.22 (d] = 7.2
Hz, 3H).*C NMR (100 MHz, CDGJ) § = 192.9, 178.9, 153.8, 146.3, 143.8, 140.0,
130.7, 130.4, 129.0, 127.7, 127.3, 126.0, 122.8,71112.4, 110.4, 77.7, 50.6, 43.4,
36.5, 34.6, 20.6, 18.9. HRMS (ESI-TOF) calcd fegtGBrNO; [M+Na]* = 460.0519,

Found 460.0525.

2-nitro-6,9-dimethyl-2'-0x0-6,6a,9,10a-tetrahydrospo[benzo[c]chromene-10,3'-
indoline]-8-carbaldehyde(109)
White solid; 35% yield; 98% ee; 4:1 dr; m.p. 10426 °C; p]p**= -87.1 (c = 0.31 in

CHCls); HPLC (DAICEL CORPORATION AD-H), 2-propanaifhexane = 20/80, flow
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rate = 1.0 mL/minjA = 254 nm, retention time: 11.05 min (major) and2Z/min (minor);
'H NMR (400 MHz, CDCY) § = 9.58 (s, 1H), 7.93 (dd,= 9.2, 2.4 Hz, 1H), 7.78 (s, 1H),
7.43 (t,J = 7.6 Hz, 1H), 7.22 (d] = 7.6 Hz, 1H), 7.17-7.07 (m, 2H), 7.04 (s 1.6 Hz,
1H), 6.86 (d,) = 8.8 Hz, 2H), 4.53 (dd} = 12.4, 6.0 Hz, 1H), 3.70 (d,= 10.4 Hz, 1H),
3.31 (t,J = 10.8 Hz, 1H), 2.92 (¢} = 6.8 Hz, 1H), 1.71 (d] = 6.0 Hz, 3H), 1.26 (d] =

7.2 Hz, 3H)°C NMR (100 MHz, CDGJ) & = 192.7, 178.7, 160.4, 145.0, 144.3, 140.9,
140.3, 129.9, 129.4, 125.8, 125.0, 124.3, 122.5,1217.3, 111.1, 79.0, 50.5, 42.7,
36.6, 34.4, 20.4, 19.1. HRMS (ESI-TOF) calcd fogtBoN,0s[M+Na]* = 427.1264,

Found 427.1277.

2,6,9-trimethyl-2'-0x0-6,6a,9,10a-tetrahydrospiro[lenzo[c]chromene-10,3'-indoline]-
8-carbaldehyde(10h)

White solid; 75% yield; >99% ee; 5:1 dr; m.p. T5-77 °C; p]o?’=-44.3 (c = 0.33in
CHCls); HPLC (DAICEL CORPORATION AS-H), 2-propanathexane = 10/90, flow
rate = 1.0 mL/minA= 254 nm, retention time: 10.61 min (major) and352min (minor);
'H NMR (400 MHz, CDCY) = 9.54 (s, 1H), 7.71 (s, 1H), 7.32Jt 7.6 Hz, 1H), 7.18
(d,J = 7.6 Hz, 1H), 7.07-6.94 (m, 2H), 6.82 (dcs 14.8, 5.2 Hz, 2H), 6.69 (d,= 8.0
Hz, 1H), 5.78 (s, 1H), 4.37 (dd= 12.0, 6.0 Hz, 1H), 3.66 (d,= 10.4 Hz, 1H), 3.20 (1]
=10.4 Hz, 1H), 2.83 (gl = 7.2 Hz, 1H), 1.84 (s, 3H), 1.60 @@= 6.0 Hz, 3H), 1.22 (d]
= 7.2 Hz, 3H)*C NMR (100 MHz, CDGJ) 6 = 193.1, 179.3, 152.3, 147.2, 143.7, 140.2,
131.1, 129.3, 128.6, 128.3, 126.2, 125.3, 125.2,11216.8, 110.0, 50.7, 44.1, 36.5,
34.7, 20.7, 20.7, 18.9. HRMS (ESI-TOF) calcd festGsNOs [M+Na]" = 396.1570,

Found 396.1575.
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2,5-dimethyl-2'-0x0-2,4a,5,12c-tetrahydrospiro[dibazo|c,flchromene-1,3'-indoline]-
3-carbaldehyde(10i)

White solid; 65% yield; >99% ee; 1:4 dr; m.p. 60682 °C; [o]o**= 55.6 (c = 0.16 in
CHCI3); HPLC (DAICEL CORPORATION AD-H, 2-propanai/hexane = 20/80, flow
rate = 1.0 mL/minA = 254 nm, retention time: 8.20 min (major) and39&n (minor);

'H NMR (400 MHz, CDCY) § = 9.71 (s, 1H), 7.60-7.50 (m, 2H), 7.33)& 7.2 Hz, 1H),
7.15 (t,J = 7.6 Hz, 1H), 7.05 (dd} = 16.0, 8.4 Hz, 4H), 6.72 (d,= 7.8 Hz, 1H), 6.62 (q,
J=8.4 Hz, 2H), 4.92 (ddl = 6.4, 4.0 Hz, 1H), 3.66 (dl,= 12.0, 4.4 Hz, 1H), 3.50-3.44
(m, 1H), 3.17 (dJ = 6.8 Hz, 1H), 1.33 (d] = 6.8 Hz, 4H), 0.98 (d] = 7.2 Hz, 3H)*C
NMR (100 MHz, CDCY) 6 = 191.1, 178.6, 152.3, 151.9, 142.2, 141.8, 13438,0,
129.3, 129.2, 128.5, 128.0, 124.3, 123.8, 123.2,81A422.5, 120.1, 114.5, 109.9, 70.7,
56.4, 43.3,42.5, 41.4, 22.7, 14.1. HRMS (ESI-T€did for G/H23NO3[M+Na]* =

432.1570, Found 432.1585.

5',6,9-trimethyl-2'-0x0-6,6a,9,10a-tetrahydrospiropenzo[c]chromene-10,3'-
indoline]-8-carbaldehyde(10j)

White solid; 67% yield; 98% ee; 6:1 dr; m.p. 122224 °C; p]p**= -56.4 (c = 0.69 in
CHCls); HPLC (DAICEL CORPORATION AS-H), 2-propanathexane = 5/95, flow
rate = 1.0 mL/minjA = 254 nm, retention time: 20.85 min (major) andBémin (minor);
'H NMR (400 MHz, CDCY) § = 9.53 (s, 1H), 8.34 (s, 1H), 7.08 (tk 8.0 Hz, 1H), 7.03-
6.95 (m, 2H), 6.82 (] = 8.0 Hz, 3H), 6.45 (t] = 7.6 Hz, 1H), 6.03 (d] = 7.6 Hz, 1H),

4.40 (dg,J = 12.0, 6.0 Hz, 1H), 3.65 (d,= 10.4 Hz, 1H), 3.20 (f] = 10.4 Hz, 1H), 2.80
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(q,J = 6.8 Hz, 1H), 2.28 (s, 3H), 1.61 @= 6.0 Hz, 3H), 1.20 (d] = 7.2 Hz, 3H)*C
NMR (100 MHz, CDC}) & = 193.1, 179.9, 154.6, 147.0, 143.9, 137.8, 131134,0,
128.9, 127.8, 126.6, 126.0, 124.5, 120.5, 117.0,2,77.7, 50.8, 44.1, 36.5, 34.8, 21.3,
20.8, 19.0. HRMS (ESI-TOF) calcd fopEl,3NOs[M+Na]” = 396.1570, Found

396.1581.

5'-fluoro-6,9-dimethyl-2'-0x0-6,6a,9,10a-tetrahydrepiro[benzo[c]chromene-10,3'-
indoline]-8-carbaldehyde(10Kk)

White solid; 80% yield; 96% ee; 6:1 dr; m.p. 1@211 °C; p]o**= -43.7 (c = 0.35 in
CHCls); HPLC (DAICEL CORPORATION AS-H), 2-propanathexane = 10/90, flow
rate = 1.0 mL/minA= 254 nm, retention time: 13.96 min (major) and320min (minor);
'H NMR (400 MHz, CDCY) § = 9.54 (s, 1H), 7.96 (s, 1H), 7.02 (dt 8.8, 4.4 Hz, 2H),
6.96-6.87 (m, 2H), 6.88-6.76 (m, 2H), 6.48)(t 7.6 Hz, 1H), 6.00 (d] = 7.6 Hz, 1H),
4.40 (dgJ = 12.0, 6.0 Hz, 1H), 3.63 (d,= 10.4 Hz, 1H), 3.19 (] = 10.8 Hz, 1H), 2.84
(q,J = 6.8 Hz, 1H), 1.61 (dl = 6.0 Hz, 3H), 1.21 (d] = 6.4 Hz, 3H)!*C NMR (100
MHz, CDCk) 6 = 192.8, 179.2, 159.8, 154.6, 146.8, 143.4, 13632,7, 128.0, 125.5,
124.0, 120.5, 117.3, 115.0, 113.8, 110.8, 92.8%,51..2, 44.1, 36.6, 34.8, 20.8, 18.8.

HRMS (ESI-TOF) calcd for &H20FNO; [M+Na]® = 400.1319, Found 400.1320.

6'-chloro-6,9-dimethyl-2'-0x0-6,6a,9,10a-tetrahydrepiro[benzo[c]chromene-10,3'-
indoline]-8-carbaldehyde(10Il)
Light yellow solid; 90% yield; >99% ee; 7:1 dr;pn139 °C-141 °C:d]p**= -29.0 (c =

1.12 in CHC}); HPLC (DAICEL CORPORATION AS-H), 2-propanathexane =
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10/90, flow rate = 1.0 mL/mirk, = 254 nm, retention time: 13.96 min (major) ancb89
min (minor);*H NMR (400 MHz, CDCJ) § = 9.53 (s, 1H), 8.99 (s, 1H), 7.09-6.92 (m,
4H), 6.84 (dd,) = 12.4, 5.2 Hz, 2H), 6.48 @,= 7.6 Hz, 1H), 5.99 (dl = 7.6 Hz, 1H),
4.40 (dgJ =12.0, 6.0 Hz, 1H), 3.65 (d,= 10.4 Hz, 1H), 3.18 (1 = 10.4 Hz, 1H), 2.80
(q,J = 6.8 Hz, 1H), 1.63 (dl = 6.0 Hz, 3H), 1.17 (d] = 6.8 Hz, 3H)!*C NMR (100
MHz, CDCk) 6 = 193.0, 180.1, 154.6, 147.0, 143.5, 141.5, 13®W9,4, 128.1, 126.6,
125.6, 124.0, 122.1, 120.6, 117.3, 111.3, 77.7],531.1, 36.4, 34.8, 20.8, 18.9. HRMS
(ESI-TOF) calcd for gzH20CINO3z[M+Na]” = 416.1024, Found 416.1023.
1',6,9-trimethyl-2'-0x0-6,6a,9,10a-tetrahydrospiropenzo[c]chromene-10,3'-
indoline]-8-carbaldehyde(10m)

White solid; 31% yield; 94% ee; 10:1 dr; m.p. €264 °C; p]p**= -52.0 (c = 0.10 in
CHCls); HPLC (DAICEL CORPORATION AS-H), 2-propanathexane = 10/90, flow
rate = 1.0 mL/min}= 254 nm, retention time: 17.80 min (major) anddZ2nin (minor);
'H NMR (400 MHz, CDCY) § = 9.53 (s, 1H), 7.41 (= 7.6 Hz, 1H), 7.28 (s, 1H), 7.08
(t, J=7.6 Hz, 1H), 6.99 (ddl = 7.2, 4.0 Hz, 2H), 6.79 (d,= 8.8 Hz, 2H), 6.41 (] =

7.6 Hz, 1H), 5.86 (d] = 7.6 Hz, 1H), 5.02-4.87 (m, 1H), 3.79-3.69 (m)2Bi19 (s, 3H),
2.69 (dd,J = 14.0, 6.8 Hz, 1H), 1.42 (d,= 6.4 Hz, 3H), 1.24 (d] = 7.2 Hz, 3H)*°C
NMR (100 MHz, CDCY) 6 = 192.8, 177.5, 154.9, 146.9, 143.4, 143.2, 1328,7,
127.9, 125.6, 125.6, 124.2, 122.1, 120.1, 117.8,8.47.3, 77.2, 77.0, 76.7, 73.5, 58.5,
50.4, 41.4, 34.7, 19.1, 18.4, 17.8. HRMS (ESI-T€did for GsH2aNO3[M+Na]* =

396.1570, Found 396.1573.
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6,9-dimethyl-2'-oxo-1'-phenyl-6,6a,9,10a-tetrahydrspiro[benzo[c]chromene-10,3'-
indoline]-8-carbaldehyde(10n)

White solid; 45% yield; 92% ee; 12:1 dr; m.p. 72P€°C; []p**= -25.6 (c = 0.50 in
CHCls); HPLC (DAICEL CORPORATION AS-H, 2-propanathexane = 3/97, flow
rate = 1.0 mL/minjA = 254 nm, retention time: 32.66 min (major) and37/min (minor);
'H NMR (400 MHz, CDCY) § = 7.49 (t,J = 7.6 Hz, 2H), 7.39 (d] = 7.6 Hz, 1H), 7.34
(t, J= 6.8 Hz, 4H), 7.10 () = 7.2 Hz, 1H), 7.03 (t] = 7.2 Hz, 1H), 6.95 (d] = 7.6 Hz,
1H), 6.83 (dJ = 7.6 Hz, 1H), 6.79 (d] = 2.0 Hz, 1H), 6.49 (] = 7.2 Hz, 1H), 6.14 (d]
= 7.6 Hz, 1H), 5.05-4.87 (m, 1H), 3.86-3.74 (m, 291 (qJ = 6.8 Hz, 1H), 1.44 (d]
= 6.4 Hz, 3H), 1.31 (d] = 7.2 Hz, 3H)*C NMR (100 MHz, CDG)) 6 = 192.8, 177.0,
155.1, 146.8, 143.3, 134.2, 130.4, 129.6, 128.8,2228.0, 126.7, 125.9, 125.8, 124.2,
122.6, 120.1, 117.3, 110.1, 73.6, 50.4, 41.5, 319, 19.0, 17.8. HRMS (ESI-TOF)

calcd for GoHsNOz[M+Na]* = 458.1727, Found 458.1728.

6',9'-dimethyl-2-ox0-6',6a',9',10a'-tetrahydro-5'H-spiro[indoline-3,10'-
phenanthridine]-8'-carbaldehyde (100

Light orange solid; 83% yield; >99% ee; 2.5:1 drpmi21 °C-123 °C;d]p**= -88.8 (c =
0.55 in CHC}); HPLC (DAICEL CORPORATION AD-H), 2-propanai/hexane =

20/80, flow rate = 1.0 mL/mirh= 254 nm, retention time: 19.96 min (major) and3#7.
min (minor);*H NMR (400 MHz, CDCJ) § = 9.54 (s, 1H), 8.37 (s, 1H), 7.24 (b= 7.6
Hz, 1H), 7.12 (dJ = 7.2 Hz, 1H), 7.00-6.89 (m, 3H), 6.86Jt 7.6 Hz, 1H), 6.48 (d] =
7.6 Hz, 1H), 6.21 () = 7.6 Hz, 1H), 5.94 (d] = 7.6 Hz, 1H), 3.65-3.46 (m, 2H), 2.92 (t,

J=10.0 Hz, 1H), 2.80 (g} = 6.8 Hz, 1H), 1.47 (d] = 6.0 Hz, 3H), 1.18 (d] = 6.8 Hz,
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3H).*C NMR (100 MHz, CDGJ) & = 193.4, 180.2, 149.0, 144.5, 143.3, 140.1, 131.5,
128.3, 127.2, 125.8, 124.1, 123.0, 121.9, 117.8,5,1110.3, 53.8, 51.0, 43.3, 37.8, 35.0,
22.4,18.9. HRMS (ESI-TOF) calcd fop4E,oN0, [M+Na]* = 381.1573, Found

381.1584.

2'-0x0-6,6a,9,10a-tetrahydrospiro[benzo[c]chromené&0,3'-indoline]-8-carbaldehyde
(10p)

Light yellow solid; 55% yield; 64% ee; 1:2.5 dr;pm98 °C-100 °C;d]p**= 14.6 (c =
0.35 in CHC}); HPLC (DAICEL CORPORATION AS-H), 2-propanakhexane =
20/80, flow rate = 1.0 mL/min}, = 254 nm, retention time: 16.65 min (major) and)83
min (minor);*H NMR (400 MHz, CDCJ) & = 9.57 (s, 1H), 8.28 (s, 1H), 7.32Jt 7.6
Hz, 1H), 7.22 (dJ = 7.6 Hz, 1H), 7.12 (] = 7.6 Hz, 1H), 7.06-6.93 (m, 2H), 6.82 (s,
1H), 6.78 (dJ = 8.0 Hz, 1H), 6.44 (] = 7.2 Hz, 1H), 6.18 (d] = 8.0 Hz, 1H), 4.68 (dd,
J=10.0, 4.0 Hz, 1H), 4.18-4.07 (m, 1H), 3.95)( 11.2 Hz, 1H), 3.51 (d] = 10.4 Hz,
1H), 2.78 (dJ = 18.8 Hz, 1H), 2.65 (d} = 18.8 Hz, 1H)*C NMR (100 MHz, CDGJ) &
=192.7,179.7, 154.8, 146.3, 139.9, 138.3, 13¥8,7, 128.4, 125.4, 123.6, 122.9,
122.6, 120.4,117.1, 110.4, 70.2, 47.5, 41.4, 3816}. HRMS (ESI-TOF) calcd for

C21H17NOz[M+Na]* = 354.1101, Found 354.1103.

6,9-diethyl-2'-0x0-6,6a,9,10a-tetrahydrospiro[benZa]chromene-10,3'-indoline]-8-
carbaldehyde(100q)
Yellow solid; 60% vyield; >99% ee; 3:1 dr; m.p. 33-35 °C; ]p**= -86.3 (c = 0.23 in

CHCls); HPLC (DAICEL CORPORATION AD-H, 2-propanalhexane = 5/95, flow
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rate = 1.0 mL/minA= 220 nm, retention time: 22.05 min (major) and30min (minor);
'H NMR (400 MHz, CDC)) § = 9.58 (s, 1H), 8.03 (s, 1H), 7.31Jt= 7.6 Hz, 1H), 7.21
(d,J = 7.6 Hz, 1H), 7.00 (ddl = 16.4, 7.6 Hz, 3H), 6.85 (dd= 13.6, 5.2 Hz, 2H), 6.46
(t, J=7.6 Hz, 1H), 5.99 (d] = 7.6 Hz, 1H), 4.33-4.17 (m, 1H), 3.70 (s 10.4 Hz, 1H),
3.19 (t,J = 10.0 Hz, 1H), 2.74 (f] = 5.8 Hz, 1H), 2.12-2.03 (m, 1H), 1.93-1.84 (m)1H
1.78 (dt,J = 14.4, 7.2 Hz, 1H), 1.54-1.45 (m, 1H), 1.17)( 7.2 Hz, 3H), 0.73 (] =

7.2 Hz, 3H)*C NMR (100 MHz, CDGJ) 6 = 193.1, 179.5, 154.9, 147.6, 142.6, 140.1,
131.0, 128.6, 127.8, 126.7, 125.7, 123.9, 122.8,51217.2, 110.3, 82.1, 51.2, 42.2,
40.8, 37.6, 27.3, 26.4, 13.1, 9.2. HRMS (ESI-TOdd for GsHosNOs[M+Na]* =

410.1727, Found 410.1725.

2'-0x0-6,9-dipropyl-6,6a,9,10a-tetrahydrospiro[bena[c]chromene-10,3'-indoline]-8-
carbaldehyde(10r)

Yellow solid; 78% vyield; >99% ee; 4:1 dr; m.p. 129-131 °C; j]p**= -84.7 (c = 0.66
in CHCL); HPLC (DAICEL CORPORATION AD-H), 2-propanothexane = 7/93, flow
rate = 1.0 mL/minA = 220 nm, retention time: 13.68 min (major) and2Imin (minor);
'H NMR (400 MHz, CDC)) § = 9.57 (s, 1H), 8.60 (s, 1H), 7.30 (fk 7.6, 0.8 Hz, 1H),
7.19 (d,J = 7.2 Hz, 1H), 7.06-6.93 (m, 3H), 6.83]t= 5.6 Hz, 2H), 6.46 (1] = 7.6 Hz,
1H), 5.98 (dJ = 7.6 Hz, 1H), 4.39- 4.19 (m, 1H), 3.69 {c 10.4 Hz, 1H), 3.16 (td} =
10.8, 1.6 Hz, 1H), 2.76 (8,= 5.6 Hz, 1H), 1.99-1.88 (m, 1H), 1.79-1.72 (m,)3H66-
1.55 (m, 1H), 1.46-1.34 (m, 1H), 1.23-1.15 (m, 1HP5 (t,J = 7.2 Hz, 4H), 0.96-0.79
(m, 3H), 0.75 (tJ = 7.2 Hz, 3H)**C NMR (100 MHz, CDGJ) § = 193.1, 180.3, 154.8,

147.3, 143.1, 140.2, 131.0, 128.6, 127.7, 126.8,41224.0, 122.3, 120.6, 117.3, 110.6,
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80.9, 51.2, 42.7, 39.9, 37.6, 36.6, 36.0, 22.12,184.2, 14.1. HRMS (ESI-TOF) calcd for

Co7H2oNO3 [M+Na] " = 438.2040, Found 438.2042.

6,6,9-trimethyl-2'-0x0-6,6a,9,10a-tetrahydrospiro[lenzo[c]chromene-10,3'-indoline]-
8-carbaldehyde(109

White solid; 50% yield; 97% ee; 5:1 dr; m.p. 656C°C; [u]p**=-59.2 (c = 0.31 in
CHCls); HPLC (DAICEL CORPORATION AS-H, 2-propanathexane = 10/90, flow
rate = 1.0 mL/minjA = 254 nm, retention time: 12.13 min (major) andd24min (minor);
'H NMR (400 MHz, CDCY) § = 9.54 (s, 1H), 8.19 (s, 1H), 7.29Jt 7.6 Hz, 1H), 7.19
(d,J=7.2 Hz, 1H), 7.06-6.91 (m, 3H), 6.81 (dds 14.4, 5.2 Hz, 2H), 6.49 3,= 7.6
Hz, 1H), 6.06 (dJ = 7.6 Hz, 1H), 3.65 (d] = 10.8 Hz, 1H), 3.25 (d} = 10.8 Hz, 1H),
2.81 (q,J = 6.8 Hz, 1H), 1.61 (s, 3H), 1.43 (s, 3H), 1.23Xd 7.2 Hz, 3H)*C NMR
(100 MHz, CDC4) 6 = 192.9, 179.7, 154.5, 147.7, 143.3, 140.1, 13128,5, 128.0,
127.7,125.8, 123.8, 122.1, 120.8, 117.7, 110.3%,8D.7, 48.2, 34.5, 33.0, 28.8, 24.5,

18.8. HRMS (ESI-TOF) calcd for,gH,3NOs [M+Na]* = 396.1570, Found 396.1576.

3.2. Biological evaluation
3.2.1. Antiproliferative activity assay

The MTT method was used to evaluate the antignalifve activities of the
synthesized polycyclic spiro-fused carbocyclicoxledderivatives. Targeted cancer cell
lines (3x16/well) were seeded in 96-well plates and cultu@d®# h, followed by the
treatment with compound®a-s(final concentrations of 30, 15, 7.5, 3.8, 1.9 arb

uM) for 48 h. A solution of 2@L 5 mg/mL MTT was added per well and incubated for
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another 2-4 h at 37 °C, and then the supernataidt\itas removed and 150 DMSO
were added per well for 15-20 min. The absorpti@iB) were measured at 570 nm
using Spectra MAX M5 microplate spectrophotomekéolécular Devices, LLC,
Sunnyvale, CA, USA). The effect of compounds oncearcell viability was expressed
by ICso of each cell line. Each assay was carried owdastlthree times.
3.2.2. Céll-cycle distribution and apoptosi s detection analysis by flow cytometry

Cell cycle distributions in cells were determirtetbugh Pl staining. HCT116
Cells were seeded in 6-well plates at the density<aQ cells/well and cultured for 24 h,
followed by the treatment of compouf@i with concentration of 0, 7.5, 10, and 1214
for another 24 h and 48 h. Next, cells were haegesediments were re-suspended in 1
mL hypotonic fluorochrome solution (5@/mLP1 in 0.1% sodium citrate plus 0.1%
Triton X-100), and then analyzed by flow cytomégtdovo Cyte, ACEA bioscience,
USA). Cell cycle distribution was then estimatedhwaoftware NovoExpress 1.1.2.

The extent of apoptosis induced by compoiifidvas quantitatively measured
using PI staining and Annexin V-FITC/PI stainingags. Following the instructions of
the Pl and Annexin V-FITC/PI detection kits, HCT1ddls (1x16 cells/mL) were
seeded in 6-well plates for 24 h and then werdddeaith compoundQi (O, 7.5, 10, and
12.5uM) for another 24 h and 48 h. Cells were then ctdlé and washed twice with
PBS and stained with @ PI solution or SuL of Annexin V-FITC and JuL of PI (100
ug/mL) in 1xbinding buffer (10 mM HEPES, pH 7.4, 1401 NaOH, 2.5 mM CagG) at
room temperature for 30 minutes in the dark. Apbpicells were quantified using flow
cytometry. The percentages of early apoptotic (Amm¥-FITC positive, Pl negative)

and late apoptotic (double positive of Annexin VIFEland P1) cells were determined
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using software NovoExpress 1.1.2.

3.2.3. Hoechst staining

HCT116 cells (1x18Bwell) were seeded in 6-well plates and culturaih,
followed by the treatment dfOi with different final concentrations (0, 7.5, 10dal2.5
uM) for another 24 h. After rinsing with phosphatéfered saline (PBS), the cells were
fixed using 75% of ethanol. The morphological cren§cells was examined by inverted
microscope. After that, the cells were stained witechst 33342 (gg/mL, in PBS) and
analysed under fluorescence microscope (Zeissv&ri@00, Germany) to identify the

apoptotic cells.

3.2.4 Western blot analysis

After treatment witHL0i, HCT116 cells were lysed in radio-immunoprecipitat
assay (RIPA) lysis buffer (Beyotime Institute obBachnology, Nantong, Jiangsu
Province, China) with 1% cocktail (Sigma-Aldricht, Souis, MO, USA) on ice. Next,
lysates were centrifuged at 13000 g for 20 min &€ 4The supernatant was harvested
and the protein concentration was measured by @ method. Equal amounts of total
proteins were subjected to SDS-PAGE and transfeméal polyvinylidene fluoride
(PVDF) membranes (Millipore, Bedford, MA, USA). Theembranes were incubated
with each antibody and detected by immunoblot aigl\All antibodies were purchased
from Cell Signaling Technology, Inc. (Boston, MASW) and diluted in accordance with
the manufacturer’s instruction. After incubatiorttwihe specific primary and secondary
antibodies, the protein bands were visualized uamgnhanced chemiluminescent

substrate to horseradish peroxidase (Amershamat@isay, NJ).
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3.3. Molecular docking analysis

Predicted bound configurations of compoufdwere obtained using GOLD
software (version 5.0)[30] with 40AS.pdb[21] remre8ng the human MDM2 structure.
The preparation of the protein structure includadgliing hydrogen atoms and removing
water molecules was conducted using the dockingndim GOLD. The three-
dimensional structure of compou@i was constructed and minimized using
ChemBio3D ultra (version 12.0, CambridgeSoft Coation, USA). CHEMPLP was
selected as the scoring function for pose predicfithe docking pose of compoumh@i

was visualized using PyMOL (version 0.99rc6, Scimgdr Inc., New York, NY, USA).

4. Concluding Remarks

In conclusion, we synthesized a novel series bfgyalic spiro-fused
carbocyclicoxindoles and evaluated their anticamcéirities against multiple cancer cell
lines. Five compoundd4.0i, 101, 10n, 10p, and10r) exhibited 1G values of less than 30
uM in A2780s cells. The most potent compoudin A2780s cells (Igo = 7.9uM) also
displayed inhibitory activities against a panebtier cancer cell lines including
A2870T, CT26, HCT116, A549, MCF7, and H1975. NoyatDi outperformed cisplatin
in A2870s, A2870T, CT26, and HCT116 cells. The H®83342 staining assays and
the flow cytometric analyses with Pl staining amahaxin V-FITC/PI staining indicated
that10i induced apoptosis. The western blotting resulistiiated that the treatment of
10i led to upregulation of cleaved caspase-3 in HCTEEIB and suggested tHEi
induce apoptosis through a cascade-dependent path@ialso enhanced the protein
levels of p53 and MDM2, indicating it blocked MDM#gediated p53 degradation. The

molecular docking study df0i into the p53-binding site on MDM2 further suppadrtbat
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10i might work as an MDM2-p53 interaction inhibitoroever, the exact molecular

mechanism of the upregulation of p53 and MDM2 rezpiadditional investigation.
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Figure Captions:

Figure 1. Representative MDM2 inhibitors in clifdidgvelopment.

Figure 2. Antiproliferative activities of the comypads10i, 10n, 10p, and cisplatin
against H1299, BGC823, CT26, HCT116, A549, MCFd HA975 cellgn vitro.

Figure 3. Effects of compouridi on cell cycle distribution: DNA fluorescence
histograms of Pl-stained HCT116 cells. Cells wesated with 7.5uM, 10 uM, 12.5uM
for 24 h and 48 h.

Figure 4. Effects of compouridi on cell morphology: (A) bright-field microscopy
images and (B) fluorescence microscopic appearainideechst 33342 staining nuclei of
HCT116 cells, after incubation with compout@i for 24 h at varying concentrations: 7.5
uM, 10uM, 12.5uM. Apoptosis cells were observed in treated callgtaining
condensed and fragmented fluorescent nuclei.

Figure5. Compound.Oi induces apoptosis in HCT116 cells. Flow cytomednalysis of
Pl-stained HCT116 cell lines after treatment with g, 10 uM, 12.5uM for 24 h and
48 h.

Figure 6. Flow cytometric analysis of cells stainagth Annexin V-FITC/PI after
treatment with various concentrations (4, 10 uM, 12.5uM) of compoundLOi for 24
h and 48 h.

Figure 7. The effects of compound 10i on levelproicaspase-3, cleaved caspase-3,
MDM2, and P53 determined by western bfpactin levels served as loading controls.
Figure 8. Predicted binding configuration of compd®0i (non-polar hydrogen atoms
undisplayed) into the p53-binding site on MDM2 (48Adb[21]).

Scheme 1Synthetic route to spirooxindole derivativE3a-s
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Figures:

Figure 1. Representative MDM2 inhibitors in clifdidevelopment
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Figure 2. Antiproliferative activities of the comyads10i, 10n, 10p, and cisplatin

against H1299, BGC823, CT26, HCT116, A549, MCF, HA975 cellsn vitro.
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Figure 3. Effects of compouridi on cell cycle distribution: DNA fluorescence

histograms of Pl-stained HCT116 cells. Cells wesated with compoundiOi at

concentrations of 7.pM and 10uM for 24 h and 48 h, respectively.
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Figure 4. Effects of compouridi on cell morphology: (A) bright-field microscopy
images and (B) fluorescence microscopic appearainideechst 33342 staining nuclei of
HCT116 cells, after incubation with compoub@i for 24 h at concentrations of 7u,

10uM, and 12.5uM.
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Figure 5. CompoundOi induces apoptosis in HCT116 cells. Flow cytomednalysis of
Pl-stained HCT116 cell lines after treatment witnpoundlOi at concentrations of 7.5

uM, 10 uM, and 12.5uM for 24 h and 48 h.
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Figure 6. Flow cytometric analysis of cells staimath Annexin V-FITC/PI after

treatment with compountOi at concentrations of 7,8M, 10 uM, and 12.5uM for 24 h

and 48 h, respectively.
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Figure 7. The effects of compout@i on levels of procaspase-3, cleaved caspase-3,

MDM2, and p53 determined by western bdfactin levels served as loading controls.
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Figure 8. Predicted binding configuration of compad®0i (non-polar hydrogen atoms

undisplayed) into the p53-binding site on MDM2 (4©Adb[21]).
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Scheme 1Synthetic route to spirooxindole derivativE3a-s
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Table 1. Antiproliferative activities of the compuis10a-sagainst A2780s and A2780T

cellsin vitro.
Percent Inhibition at 30 pM
Entry Structure or ICs (uM)?
A2870s A2870T
1 23.5% 17.3%
2 22.2% 5.7%
3 9.3% 3.9%
4 22.7% 2.6%
5 16.5% 5.8%
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2.3%
0.2%
10.4%
23.4
7.1%
4.4%

35.9%
25.2%
28.2%
7.9
12.8%
14.5%
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18 25.7 33.1%
19 10s 14.4% 3.8%
20 cisplatin 20.9 27.3

#/alues were average of three determinations anidtiav from the average is less than 5% of theagewalue.
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Table 2. Antiproliferative activities of the compuis10a-sagainst H1299, BGC823,

CT26, HCT116, A549, MCF7, and H1975 cefisiitro.

ICso (HM)a
Entry Compounds H1299 BGC823 CT26 HCT116 A549 MCF7 H1975
1 10a > 30 > 30 > 30 > 30 > 30 >30 >30
2 10b > 30 > 30 > 30 > 30 > 30 > 30 > 30
3 10c > 30 > 30 > 30 > 30 > 30 > 30 > 30
4 10d > 30 > 30 > 30 > 30 > 30 > 30 > 30
5 10e > 30 > 30 > 30 > 30 > 30 > 30 > 30
6 10f > 30 > 30 > 30 > 30 > 30 > 30 > 30
7 10g > 30 > 30 > 30 > 30 > 30 > 30 > 30
8 10h > 30 > 30 > 30 > 30 > 30 > 30 > 30
9 10i > 30 > 30 9.5 8.6 18.3 16.2 13.7
10 10j > 30 > 30 > 30 > 30 > 30 >30 > 30
11 10k > 30 > 30 > 30 > 30 > 30 >30 >30
12 10l > 30 > 30 > 30 > 30 > 30 > 30 > 30
13 10m > 30 > 30 > 30 > 30 > 30 >30 >30
14 10n 30 25.7 > 30 > 30 > 30 > 30 > 30
15 100 > 30 > 30 > 30 > 30 > 30 > 30 > 30
16 10p > 30 > 30 27.1 25.8 > 30 > 30 > 30
17 10q > 30 > 30 > 30 > 30 > 30 > 30 > 30
18 10r > 30 > 30 > 30 > 30 > 30 > 30 > 30
19 10s > 30 > 30 > 30 > 30 > 30 > 30 > 30
20 cisplatin 8.9 19.8 23.7 17.4 15.6 7.8 9.7

alues were average of three determinations aniti@v from the average is less than 5% of theagewvalue.
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Highlights:

1. Nineteen novel polycyclic spiro-fused carbocyclicoxindoles were investigated.
2. Compound 10i displayed inhibitory activities against seven cancer cell lines.
3. 10i arrested cell cycle in G1 phase and induced apoptosis.

4. 10i enhanced the protein levels of cleaved caspase-3, p53, and MDM2.

5. Docking studies showed 10i might block the MDM2-p53 interactions.



