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with dramatically enhanced bioactivity




Short-step Synthesis and Structure-activity Relationship of

Cortistatin A Analogs

Naoyuki Kotoku™ T, Aoi Ito T, Shunichi Shibuya, Kanako Mizuno, Aki Takeshima,

Masaki Nogata, and Motomasa Kobayashi

Graduate School of Pharmaceutical Sciences, Osaka University, 1-6 Yamada-oka, Suita,

Osaka 565-0871, Japan

“Corresponding authors: Tel.: +81-6-6879-8215; F®&t-6-6879-8219;
E-mail: kotoku@phs.osaka-u.ac.jp and kobayasi@phkasu.ac.jp

"These authors contributed equally to this work.



Abstract

An improved method for synthesizing structurallyplified analogs of cortistatin A
(1), a novel anti-angiogenic steroidal alkaloid franmarine sponge, was developed. In
contrast to previous methods, step- and redox-enaab synthesis was achieved using
a known a-bromoketone as the starting material. The streeaativity relationship
study revealed that the isoquinoline portion wasctyy recognized by the target
molecule. Surprisingly, the introduction of the @reide moiety on the A-ring structure
dramatically enhanced the selective antiprolifemtactivity against endothelial cells.
This new method can be easily applied to gram-ssgighesis and enabled us to
prepare various analogs, which were focused ormpanicipation of the side chain and

A-ring structure.

Keywords. Cortistatin A; Anti-angiogenesis; Marine spongAnalog synthesis;
Structure-activity relationship.



1. Introduction

Marine natural products have garnered considetdation as a rich and promising
source of drug candidates, especially in the fidldnticancer drug discove®?In most
cases, however, the sustainable supply of activepoands has been a challenge for
further evaluation and drug development. Generaltyy small amounts of bioactive
compounds can be isolated from the extracts ofmaasrganisms such as sponges and
tunicates. Chemical synthesis of bioactive natpratucts and their analog compounds
can often overcome this drawback. The synthesasinéated natural products based on
structure-activity relationship (SAR) studies woub expected to facilitate the
development of more accessible and promising deagd with optimized activity or
chemical stability>*

In our study of bioactive substances from maringanisms, we have focused on
identifying anti-angiogenic substances and isolatedistatins, a family of novel
abeo-9(10-19)-androstane-type steroidal alkaloids, fritw@ Indonesian marine sponge
Corticium simplex. Cortistatin A (, Figure 1), a major constituent &. simplex,
showed a potent and highly selective antiprolifgeatctivity against human umbilical
vein endothelial cells (HUVECsTortistatin A () was also revealed to exhibit a potent
inhibitory activity againstn vitro migration and tubular formation of HUVECs induced
by vascular endothelial growth factor (VEGF) oribdgroblast growth factor (bFGF).
% Because of their unique chemical structure andgiring biological properties,
cortistatins are expected to be an emerging novemaal entity for use as

anti-angiogenic drug leads.



However, the extremely scarce supply of naturakistatins has hampered our
validation of the feasibility of their use as pdiaehpractical drug leads. There have
been a number of reports of the synthesis of ¢atiiis including six total synthese$
however, the yields were low in most cases. Theeefwe engaged in a synthetic study
of structurally simplified analog compounds andduced a useful analog,(Figure 1.

89 Analog 2 exhibited a comparable antiproliferative activity that of cortistatins
against HUVECSs, good selectivity, and potantivo antitumor activity following oral
administration. To develop a more practical andwpsing anticancer drug lead based
on the core structure of anal@as a scaffold, we focused on establishing a more
efficient synthetic method than the existing methodin this report, our
second-generation synthetic method for producintstatin analogs and the generation

of a novel and potent anal89 are presented.

simplified analog (2)

Figure 1 (revised)

2. Results and Discussion

The first-generation synthetic method for producitige cortistatin analog?



developed by our group is depicted in SchenfeWle were able to prepare >100 mg of
analog 2 using this method without any difficulty to examints in vivo efficacy.
However, it was far from being an efficient metH8d because it had the following
drawbacks: (1) The number of reaction steps aral toeld were not satisfactory; in
particular, six reaction steps are needed for caimge the cyclohexanon& to the
a,B-unsaturated aldehyd®) (Scheme 1). (2) The aforementioned problematipsste
include iterative redox reactions. (3) The sideirmhportion of the structure was
introduced in an earlier step of the synthesis, @glit reaction steps were needed to
prepare each analogous compound for the optimizatiady of the side chain structure.
Therefore, we developed a second-generation syatléghe cortistatin analog to

modify the process for mass production and strattystimization.
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Scheme 1

The retrosynthetic analysis of the second-generayomthesis is depicted in Scheme
2. The most significant modification was the usehafa-bromoketonell as a starting
material. Compoundl can be obtained from Hajos-Parrish ketaB)é4at a large scale
(>100 g) through atert-butyl cuprate ttBuCu)- or SiCu-catalyzed stereoselective
conjugate reduction and subsequent brominationguaifknown method, which was
previously used to generate a precursor for théhegis of vitamin-D and its analogs.
13 The problematic functionalizations encounterethifirst-generation synthesis, such
as the one-carbon homologation and regioseleativeduction of a double bond (from
7 t0 10 in Scheme 1), could be resolved through a shaltsequence. Specifically, the
one-carbon homologation through the Wittig reactigining vinyl ether 14, and
subsequenB-elimination of the bromide (fromi2 to 10) could provide the requisite
a,B-unsaturated aldehyde functionality (Scheme 2). piatection/deprotection steps

for the carbonyl group were also eliminated, whietiuced the overall number of steps.




Scheme 2 (revised)

Initially, a one-carbon homologation reaction ofe tkx-bromoketonell was
attempted (Scheme 3). A Wittig reaction using (ragyimethyl)triphenylphosphonium
chloride provided am,B3-unsaturated aldehyds in place of the desired vinyl ether in
moderate yield. In contrast, the use of the OhieatBiann reagent in methanol in the
presence of potassium carbondteprovided another product in good vyield. Spectral
analysis revealed that this product weg-unsaturated acetdb. A plausible reaction
mechanism leading t&6 is shown in Scheme 3. The homologation producthef
Ohira-Bestmann reaction, methyl vinyl etligl, might be formedn situ, from which
the bromide group would be eliminated as depidiegteby providing an oxocarbenium
ion (17). Finally, the nucleophilic addition of the solteNMeOH would yield the
a,B-unsaturated acetal6. The serendipitous but elegant reaction perforrmede
achieved the requisite transformation around thmbargyl group in a single reaction

step.
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Scheme 3 (revised)

Next, the introduction of an isoquinoline moietythvthe desired stereochemistry
was successfully achieved using the Suzuki-Miyaurmss-coupling reaction between
isoquinolin-7-yl boronate and the enol triflal®, obtained from16 in good yield,
followed by subsequent hydrogenation of the dobloled in19 using the palladium on
carbon (Pd-C) catalyst (Scheme 4). To our deligltpmplete chemoselectivity between
the two double bonds 19 was fortuitously achieved in this hydrogenatioepst
providing 20 as the sole product. Following the hydrolysis bé tacetal moiety,
treatment of the resulting aldehyd® with 1,3-cyclohexanedione in the presence of
ethylenediamine yielded the desired anafgrhus, the second-generation synthetic
method for the generation of cortistatin analogs \waveloped. All the non-strategic
transformation steps in the first-generation sysihevere eliminated. This redox-,

atom-, and step-economical synthetic method caappéed to sub-gram or gram-scale



synthesis without substantially decreasing thedyidleach reaction.

OTf

Scheme 4 (revised)

To analyze the detailed SAR of the cortistatinl}y (ve then focused our attention
on analog synthesis. From previous SAR analysteehaturally occurring cortistatins,
we determined that the isoquinoline side chaimusial for the potent growth inhibitory
activity against HUVEC, and that the functionabktien the core structure, such as the
hydroxyl group on the A-ring portion, might be restsential but importart: However,
scope and limitation on the modification of thosetp remained unclear. To acquire
additional information, we synthesized several agslwith modified isoquinoline or
A-ring moieties.

Firstly, compounds with a varied side chain weregpared from the enol triflati8.

As shown in Scheme 5, Suzuki coupling with the esponding boronate es@t*® and
25, *® followed by hydrogenation, hydrolysis of the atetand Knoevenagel

condensation, yielded analog&3a and 23b with an isoquinolin-6-yl or an



isoquinolin-1-one-7-yl side chain, respectively, comparable vyields with those
obtained in the synthesis &f In the hydrogenation dflb, an additional reduction on
the a,3-unsaturated acetal moiety was observed at exterssedion times, whereas a
complete chemoselectivity was obtained in thos&%énd2la. The basic nitrogen in
the isoquinoline moieties df9 and21a might coordinate with the Pd and weaken its

reactivity in the hydrogenation reaction.
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Scheme 5 (revised)

Secondly, functionalization of the A-ring portionasy attempted. Considering the
o-symmetric property of 1,3-diketone, 5-hydroxyméthy-cyclohexanedion¥ was

used to prepare analogs with a polar substituehe Knoevenagel condensation

10



reaction between théeert-butyldiphenylsilyl (TBDPS)-protected dione€6) and the
a,B-unsaturated aldehyde 10 proceeded smoothly, and the subsequent
tetran-butylammonium fluoride (TBAF) treatment yielded amalog 28 with a
hydroxymethyl moiety (Scheme 6). The hydroxyl gron@28 was further converted to
an acetamide moiety in a three-step sequence iimgpla Mitsunobu reaction with
diphenylphosphoryl azide (DPPA§, a Staudinger reaction, and acetylation, thereby

providing analogO.

27: R = TBDPS
28:R=H

29

Scheme 6 (revised)

The antiproliferative activities of the synthetitadogs against HUVECs and KB3-1
cells were subsequently evaluated (Table 1). Thelterevealed that analog3a and

23b showed quite weak antiproliferative activities iagah HUVECs (half-maximal

11



inhibitory concentration (I16z), 18 or 90 uM), which were even weaker than those
against KB 3-1 cells (163, 10.5 or 25 uM). These results clearly indicat the target
molecule (protein) strictly recognized the isoqulim® moiety; only the analog with the
isoquinolin-7-yl moiety was able to interact wittettarget moleculé.In contrast, the
introduction of the additional functionality on th&-ring portion enhanced the
compound’s potency against the HUVECs. Therefooepounds28 and 29 with a
hydroxymethyl and an azidomethyl moiety, respetyj\&howed strong antiproliferative
activities against the HUVECs (46; 0.016 or 0.015 pM) with a high selectivity (>
500-fold) over the KB 3-1 cells (Kg 21.2 or 10.9 uM). Furthermore, the acetamide
analog,30, surprisingly exhibited a highly potent activitganst the HUVECs (I,
0.0026 uM) as well as an excellent selectivity aver KB 3-1 cells (I1G, 8.2 uM, >
3000-fold), which is comparable to that of cortistaA (1). This evidence clearly
indicates that the acetamide moiety dramaticallya@eed the growth inhibitory activity

against HUVECs.

Table 1. Antiproliferative activities of cortistatin analogs.

1 2 23a 23b 28 29 30
Cellline IC;, SI  IC, SI  IC, SI  ICyp Sl G, SIL ICy, Sl ICq S
HUVEC 0.0018 1 0035 1 18 1 90 1 0016 1 0015 1 00026 1

KB3-1 7.0 3900 10.5 300 10.5 0.58 25 028 212 1325 109 727 8.2 3125

ICso= UM; S.1.= Selective index: ICy, against KB3-1 cells/IC;, against HUVECs.

3. Conclusion

In summary, we developed a second-generation syntheethod for producing

12



cortistatin A analogs. The high-yielding and sh&idp synthetic method also provided
us with the opportunity to prepare various analoghgounds, and we produced the
acetamide analog0 as a promising anti-angiogenic drug lead compotrudther lead
optimization studies anth vivo evaluations of the active compounds are currently

underway.

4. Experimental
4-1. General experimental

JEOL ECA-500 {H: 500 MHz,**C: 125 MHz), JEOL ECS-400H: 400 MHz,**C:
100 MHz), and Agilent NMR systeniH: 600 MHz,**C: 150 MHz) spectrometer was
used to obtaifH- and**C-NMR data using tetramethylsilane as an interteaidard. A
JASCO FT/IR-5300 infrared spectrometer was usedofataining IR spectra. Mass
spectra were obtained with a Waters Q-Tof Ultimd Asthg MeOH as a solvent. Silica
gel (Kanto, 40-100 um) and pre-coated thin layeoctatography (TLC) plates (Merck,
60F,54) were used for column chromatography and TLC. Spot TLC plates were
detected by spraying phosphomolybdic acid solufiog phosphomolybdic acid in 100
mL of EtOH) and acidig-anisaldehyde solutiorp{anisaldehyde: 25 mlc-H,SOy: 25
mL, AcOH: 5 mL, EtOH: 425 mL) with subsequent hegtiUnless otherwise noted, all
the reactions were performed undeg Btmosphere using purchased reagents and

solvents without further purification. After workughe organic phases were dried over

NapSOs.
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4.2.
(3aS,7aS)-5-(Dimethoxymethyl)-7a-methyl-2,3,3a,6,7,7a-hexahydro-1H-inden-1-on

e (16)

Dimethyl (1-diazo-2-oxopropyl)phosphonate (0.44 819 mmol) and KCO; (537 mg,
3.9 mmol) were added to a solution1df***(476 mg, 1.9 mmol) in MeOH (15.5 mL) at
0 °C, and the whole mixture was stirred for 1 Intat,O was added to the mixture, and
the whole mixture was extracted with AcCOEt. Remavalhe solvent from the AcOEt
extract under reduced pressure gave a crude prodinath was purified by Si©
column @-hexane/AcOEt = 4:1) to giv&6 (350 mg, 80%) as colorless amorphous
solid.

[0]?%5 +71.8° € = 1.38 in CHCY). IR (KBr): 1742, 1071, 1051 cth *H-NMR (500
MHz, acetoneds) 6: 5.87 (1H, s), 4.53 (1H, s), 3.25 (6H, s), 2.5872(1H, m), 2.47
(1H, dd,J = 18.9, 8.6 Hz), 2.16-2.08 (3H, m), 2.03-1.99 (1), 1.80-1.69 (2H, m),
1.48 (1H, dd,J = 18.9, 10.9 Hz), 0.83 (3H, s)’C-NMR (125 MHz, acetones)
217.7,136.7, 125.9, 106.3, 53.6, 53.4, 48.0, 4363, 29.1, 23.1, 22.6, 13.2. ESI MS:

m'z 247 (M+Na). HR-ESI MS:m/z 247.1310, calcd for GH.00sNa. Found: 247.1314.

4.3. (3aS,7aS)-6-(Dimethoxymethyl)-3a-methyl-3a,4,5,7a-tetr ahydro-1H-inden-3-yl
trifluoromethanesulfonate (18)

KHMDS (0.5 M in toluene, 1.3 mL, 0.65 mmol) was addiropwise to a solution @b
(100 mg, 0.45 mmol) and-phenyltriflimide (207 mg, 0.58 mmol) in THF (4.5Unat

—78 °C, and the whole mixture was stirred at teatgerature for 30 min. J@ was

14



added to the mixture at O °C, and the whole mixtuas extracted with ED. Removal

of the solvent from the KD extract under reduced pressure gave a crude grodhich
was purified by Si@ column -hexane/AcOEt = 5:1) to givé8 (148 mg, 93%) as a
colorless oil.

[0]?%5 +51.2° € = 1.61 in CHQY). IR (KBr): 1213, 1144, 1059 cth *H-NMR (500
MHz, CDCE) &: 5.93 (1H, s), 5.59 (1H, s), 4.51 (1H, s), 3.38,(8), 3.30 (3H, s), 2.76-
2.71 (1H, m), 2.36 (1H, ddd] = 14.9, 6.3, 3.5 Hz), 2.26-2.21 (1H, m), 2.19-2.14
(1H,m), 1.84-1.75 (2H, m), 0.94 (3H, $JC-NMR (125 MHz, CROD) &: 160.3, 137.1,
125.7, 116.9, 107.4, 54.3, 54.0, 47.8, 46.4, 33010, 22.3, 15.3. ESI MSn/z 379

(M+Na)’. HR-ESI MS:m/z 379.0803, calcd for GH190sFzSNa. Found: 379.0836.

4.4.

7-((3aS,7aS)-6-(Dimethoxymethyl)-3a-methyl-3a,4,5,7a-tetr ahydr o-1H-inden-3-yl)
isoquinoline (19)

7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)isowpline (147 mg, 0.65 mmol),
Pd(PPh)4 (72.1 mg, 0.062 mmol) and,RO; (172 mg, 1.25 mmol) were added to a
solution of 18 (148 mg, 0.42 mmol) in DMF (4.2 mL), and the whaohexture was
stirred at 50 °C for 90 min. # was added to the mixture at rt, and the wholetuméx
was extracted with ED. Removal of the solvent from the,@textract under reduced
pressure gave a crude product, which was purifie®i, column (toluene/acetone =
10:1) to givel9 (101 mg, 72%) as a colorless oil.

[0]?%> +73.3° € = 0.91 in CHGJ). IR (KBr): 2932, 1103, 1073 cth 'H-NMR (500

15



MHz, acetoned) &: 9.31 (1H, s), 8.46 (1H, d,= 5.7 Hz), 8.13 (1H, s), 7.89 (2H, &=
1.1 Hz), 7.73 (1H, d) = 5.7 Hz), 6.25 (1H, s), 6.03 (1H, s), 4.56 (1H,3P9 (3H, s),
3.28 (3H, s), 2.79-2.71 (1H, m), 2.43 (1H, dd&; 14.9, 6.9, 3.4 Hz), 2.39-2.35 (1H, m),
2.28-2.21 (3H, m), 1.78 (1H, dd,= 19.5, 8.5 Hz) 1.12 (3H, s)’C-NMR (125 MHz,
acetoneds) &: 153.7, 153.5, 143.8, 136.7, 136.2, 135.5, 1304.9, 129.8, 127.2,
126.2, 124.6, 120.7, 106.7, 53.5, 53.4, 50.3, 4823, 32.8, 22.9, 16.6. ES| M8z

336 (M+H)". HR-ESI MS:m/z 336.1964, calcd for SHeNO,. Found: 336.1989.

4.5.
7-((1S,3aS,7aS)-5-(Dimethoxymethyl)-7a-methyl-2,3,3a,6,7,7a-hexahydro-1H-inden
-1-yhisoquinoline (20)

Pd/C (11.0 mg) was added to a solutiod®{36.8 mg, 0.11 mmol) in AcOEt (2.0 mL),
and the whole mixture was stirred underaatinosphere for 20 h. The reaction mixture
was filtered through Celite pad, and the solvens wamoved from the filtrate under
reduced pressure to gi2é (37.1 mg, quant.) as a colorless oil.

[a]*5 +17.3° € = 1.98 in CHGJ). IR (KBr): 2932, 2876, 1196, 1073, 849 ¢m
H-NMR (500 MHz, acetonek) &: 9.27 (1H, s), 8.45 (1H, d,= 5.7 Hz), 7.98 (1H, s),
7.87 (1H, dJ = 8.6 Hz), 7.73 (1H, d] = 5.7 Hz), 7.68 (1H, d] = 8.6 Hz), 5.88 (1H, s),
4.49 (1H, s), 3.24 (1H, s), 3.23 (1H, s), 3.07 (1H] = 9.7 Hz), 2.46-2.44 (2H, m),
2.15-2.13 (2H, m), 1.96-1.93 (2H, m), 1.65-1.63 (24}, 1.60-1.56 (1H, m), 0.50 (3H,
S). ¥C-NMR (125 MHz, acetonds) 6: 153.1, 143.3, 141.4, 135.7, 135.3, 133.0, 129.6,

127.3, 126.8, 126.5, 120.7, 106.7, 55.8, 53.4,,58930, 45.3, 34.7, 27.1, 25.6, 22.9,

16



12.4. ESI MS:m/z 338 (M+H)". HR-ESI MS:m/z 338.2120, calcd for GHysNOs.

Found: 338.2100.

4.6.

(1S,3aS,7aS)-1-(I soquinolin-7-yl)-7a-methyl-2,3,3a,6,7,7a-hexahydro-1H-indene-5-c
arbaldehyde (10)

Pyridinium p-toluenesulfonate (27.6 mg, 0.11 mmol) was added solution 0f20
(37.1 mg, 0.11 mmol) in acetonef® (20:1, 2.1 mL), and the whole mixture was stirred
for 1 h. Sat. NaHC®aq. was added to the mixture, and the whole mextuas
extracted with AcOEt. Removal of the solvent frone tAcOEt extract under reduced
pressure gave a crude product, which was purifie8if, column f-hexane/AcOEt =
1:1) to givelO (31.3 mg, 98%) as a colorless oil.

[0]%5 +55.8° € = 2.10 in CHCY). IR (KBr): 2965, 2922, 1680, 850 ch'H-NMR (500
MHz, CDCh) &: 9.43 (1H, s), 9.24 (1H, s), 8.49 (1H, s), 7.8H,(%), 7.76 (1H, dJ =
8.6 Hz), 7.63 (1H, dJ = 5.2 Hz), 7.59 (1H, dd] = 8.6, 1.7 Hz), 6.87 (1H, d,= 1.7
Hz), 3.03 (1H, tJ = 9.7 Hz), 2.69-2.64 (1H, m), 2.45-2.38 (2H, mR&2.22 (1H, m),
2.17-2.09 (2H, m), 1.80-1.73 (2H, m), 1.67-1.61 (hh), 0.48 (3H, s)'*C-NMR (125
MHz, CDCk) &: 194.1, 152.3, 151.8, 142.5, 141.3, 139.6, 13432.0, 128.6, 126.1,
125.9, 120.1, 55.0, 50.0, 44.9, 33.1, 26.4, 240065,212.3. ESI MSm/z 292 (M+HY)'.

HR-ESI MS:m/z292.1701, calcd for £H,,NO. Found: 292.1695.

4.7.

17



(3S,3aR,11aS,11bR)-3-(I soquinolin-7-yl)-3a-methyl-1,3,3a,4,5,8,9,10,11a,11b-decahy
drocyclopenta[c]xanthen-7(2H)-one (2)

Cyclohexane-1,3-dione (16.2 mg, 0.15 mmol) andletiediamine (7.2L, 0.11 mmol)
were added to a solution 4D (21.0 mg, 0.072 mmol) in AcOEt (1.0 mL), and the
whole mixture was stirred for 19 h.,8 was added to the mixture, and the whole
mixture was extracted with GBIl,. Removal of the solvent from the @El, extract
under reduced pressure gave a crude product, whash purified by Si@ column
(n-hexane/AcOEt = 1:3) to giv&(19.3 mg, 70%) as a colorless oil.

All the spectral data were identical to those ef pinevious report.

4.8.

6-((3aS)-6-(Dimethoxymethyl)-3a-methyl-3a,4,5,7a-tetr ahydro-1H-inden-3-yl)isoqu
inoline (21a)

6-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)isotpline @4, 214.3 mg, 0.84 mmol),
Pd(PPh)s (97 mg, 0.084 mmol) and KOz (232 mg, 1.70 mmol) were added to a
solution of 18 (200 mg, 0.56 mmol) in DMF (5.6 mL), and the whohexture was
stirred at 50 °C for 1 h. ¥ was added to the mixture, and the whole mixtuas w
extracted with EO. Removal of the solvent from the,Bt extract under reduced
pressure gave a crude product, which was purifie8i®, column -hexane/acetone =
2:1) to give2la (177.8 mg, 75%) as a colorless oil.

[0]?5 +9.5° € = 0.60 in MeOH). IR (KBr): 2929, 2844, 1626, 11aB73, 1053 cih.

'H-NMR (600 MHz, acetone) 5: 9.22 (1H, s), 8.47 (1H, d,= 5.4 Hz), 8.03 (1H, dJ

18



= 8.4 Hz), 7.98 (1H, s), 7.79 (1H, m), 7.78 (1H,6R0 (1H, s), 6.03 (1H, s), 4.56 (1H,
s), 3.29 (3H, s), 3.28 (3H, s), 2.75 (1H) & 7.8 Hz), 2.44 (1H, ddd} = 15.6, 7.2, 3.0
Hz), 2.35 (1H, ddJ = 12.0, 7.2 Hz), 2.28-2.21 (3H, m), 1.79-1.74 (i), 1.12 (3H, s).
13C-NMR (125 MHz, acetonegll : 153.7, 152.6, 144.1, 139.4, 136.6, 136.1, 131.0,
128.4, 128.0, 127.5, 126.0, 123.4, 121.1, 106.5,58.3, 50.1, 48.2, 32.7, 32.7, 22.7,
16.5. ESI MS:m/z 336 (M+H)". HR-ESI MS:m/z 336.1964, calcd for SHoeNO..

Found: 336.1955.

4.9.
(1S,7aS)-1-(isoquinolin-6-yl)-7a-methyl-2,3,3a,6,7,7a-hexahydro-1H-indene-5-car b
aldehyde (22a)

Pd/C (10%, 14.2 mg) was added to a solutio2laf (42.5 mg, 0.13 mmol) in AcOEt
(2.2 mL), and the whole mixture was stirred unded.zatmosphere for 22 h. The
reaction mixture was filtered through Celite paagl ghe solvent was removed from the
filtrate under reduced pressure to give a hydrogema product,
6-((1S,789-5-(dimethoxymethyl)-7a-methyl-2,3,3a,6,7,7a-heygib-1H-inden-1-yl)iso
quinoline(40.9 mg, 96%) as a colorless oil.

[0]®5 +17.7° € = 1.19 in MeOH). IR (KBr): 2927, 2876, 1630, 1108)72 cni-
'H-NMR (600 MHz, acetonek) &: 9.20 (1H, s), 8.43 (1H, d,= 5.4 Hz), 7.96 (1H, d]
=8.7 Hz), 7.76 (1H, s), 7.69 (1H, d= 5.4 Hz), 7.54 (1H, t) = 8.7 Hz), 5.84 (1H, s),
4.45 (1H, s), 3.20 (3H, s), 3.18 (3H, 8)94 (1H, t,J = 9.6 Hz), 2.39-2.34 (2H, m),

2.11-2.04 (2H, m), 1.93-1.85 (2H, m), 1.60-1.58 (24, 1.56-1.48 (1H, m), 0.44 (3H,

19



s). ®*C-NMR (150 MHz, acetones) 5: 152.6, 144.5, 143.7, 136.3, 135.5, 129.9, 128.4,
127.3, 127.0, 125.7, 120.8, 106.5, 55.8, 53.2,,58819, 45.2, 34.5, 26.8, 25.4, 22.7,
12.3. ESI MS:m/z 338 (M+H)". HR-ESI MS: m/z 338.2120, calcd for GHosNOs.

Found: 338.2104.

Pyridinium p-toluenesulfonate (20.4 mg, 0.081 mmol) was added solution of an
aliquot of the above product (27.4 mg, 0.081 mnwlacetone/HO (10:1, 1.65 mL),
and the whole mixture was stirred for 12 h. Satdi8&; aq. was added to the mixture,
and the whole mixture was extracted with AcCOEt. Beah of the solvent from the
AcOEt extract under reduced pressure gave a cnadkigt, which was purified by SO
column @-hexane/AcOEt = 1:1) to giv&a (22.0 mg, 93%) as a colorless oil.

[0]®5 +64.1° € = 0.62 in MeOH). IR (KBr): 2964, 2924, 2878, 167528 cnf.
'H-NMR ( 600 MHz, CDC}) &: 9.43 (1H, s), 9.22 (1H, s), 8.50 (1H, Hz 6.0 Hz),
7.91 (1H, dJ = 8.4 Hz), 7.66 (1H, s), 7.61 (1H, 8= 6.0 Hz), 7.51 (1H, d] = 8.4 Hz),
6.87 (1H, s), 3.03 (1H, f] = 9.6 Hz), 2.67-2.58 (1H, m), 2.47-2.39 (2H, mR522.22
(1H, m), 2.17-2.09 (2H, m), 1.80-1.74 (2H, m), 1682 (1H, m), 0.48 (3H, s).
¥3c-NMR (150 MHz, CD{) &: 194.1, 151.9, 151.7, 143.2, 142.8, 141.3, 13R29,0,
127.7, 127.0, 125.2, 120.4, 55.3, 50.1, 45.1, 3313, 24.0, 20.5, 12.4. ESI M8vz

292 (M+H)". HR-ESI MS:m/z292.1701, calcd for £H2,NO. Found: 292.1690.

4.10.

(3S,3aR,11a9)-3-(isoquinolin-6-yl)-3a-methyl-2,3,3a,4,5,8,9,10,11a,11b-decahydrocy

20



clopenta[c]xanthen-7(1H)-one (23a)

Cyclohexane-1,3-dione (4.0 mg, 0.034 mmol) andlettgdiamine (fuL, 0.08 mmol)
were added to a solution @a (5.0 mg, 0.017 mmol) in AcOEt (0.2 mL), and the
whole mixture was stirred for 2 h,8 was added to the mixture, and the whole mixture
was extracted with Ci€l,. Removal of the solvent from the @El, extract under
reduced pressure gave a crude product, which wafiedu by SiQ column
(n-hexane/AcOEt = 1:2) to giv&3a (4.6 mg, 69%) as a colorless oll.

[0]% +1.7° € = 0.57 in MeOH). IR (KBr): 2928, 2880, 2854, 164531, 1604, 1406,
1381, 1218, 1168,754 ¢m'H-NMR (600 MHz, CDCJ) &: 9.21 (1H, s), 8.49 (1H, d,

= 5.7 Hz), 7.90 (1H, d] = 8.4 Hz), 7.63 (1H, s), 7.60 (1H,d= 5.7 Hz), 7.47 (1H, d]

= 8.4 Hz), 6.19 (1H, s), 4.92 (1H, 3= 10.2 Hz), 3.01 (1H, t) = 9.6 Hz), 2.42-2.27
(7H, m), 2.16-2.12 (3H, m), 1.99-1.93 (2H, m), +T742 (1H, m), 1.61-1.58 (1H, m),
1.50-1.47 (1H, m), 0.60 (3H, sY’C-NMR (150 MHz, CDCJ) &: 194.9, 171.4, 152.0,
143.0, 142.6, 135.6, 129.1, 128.8, 127.7, 126.9,312120.3, 110.9, 110.7, 80.7, 56.9,
55.4, 46.8, 36.8, 36.4, 29.1, 28.0, 26.3, 23.96,202.4. ESI MSm/z 386 (M+HY)".

HR-ESI MS:m/z386.2120, calcd for £H-sNO,. Found: 386.2102.

4.11.

7-((3aS)-6-(Dimethoxymethyl)-3a-methyl-3a,4,5,7a-tetr ahydro-1H-inden-3-yl)isoqu
inolin-1(2H)-one (21b)
7-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)isotplin-1(2H)-one @5, 93.3 mg,

0.34 mmol), Pd(PRJy (78.6 mg, 0.06 mmol) and,KO; (158.8 mg, 1.15 mmol) were

21



added to a solution d8 (82 mg, 0.23 mmol) in DMF (2.3 mL), and the whotexture
was stirred at 50 °C for 6 h.,8 was added to the mixture, and the whole mixtuss w
extracted with EO. Removal of the solvent from the,Bt extract under reduced
pressure gave a crude product, which was purifie8i®, column -hexane/acetone =
4:1) to give2lb (39.7 mg, 49%) as a colorless oil.

[0]%5 +25.3° € = 1.11 in MeOH). IR (KBr): 3165, 2926, 2848, 168835, 1613, 1101,
1073 cnt. *H-NMR (600 MHz, CROD) &: 8.31 (1H, s), 7.74 (1H, d,= 8.1 Hz), 7.55
(1H, d,J = 8.1 Hz), 7.13 (1H, d] = 7.2 Hz), 6.62 (1H, d] = 7.2 Hz), 6.09 (1H, s), 5.98
(1H, s), 4.52 (1H, s), 3.31 (3H, s), 3.30 (3H,X§8-2.66 (1H, m), 2.37-2.33 (1H, ddd,
J=15.0, 7.2, 3.0 Hz), 2.27-2.16 (3H, m), 2.15 (8{,1.71-1.65 (1H, m), 1.05 (3H, s).
13C-NMR (150 MHz, CROD) &: 165.0, 154.1, 138.5, 136.9, 136.3, 132.7, 129.8,52
127.5, 127.2, 126.8, 124.7, 107.8, 107.7, 54.10,%0.7, 48.5, 33.2, 33.1, 23.0, 16.7.
MALDI MS: m/z 352 (M+H)". HR-MALDI MS: nmVz 352.1907, calcd for £H2NOs.

Found: 352.1917.

4.12.

(1R,7aS)-7a-M ethyl-1-(1-ox0-1,2-dihydroisoquinolin-7-yl)-2,3,3a,6,7,7a-hexahydr o-
1H-indene-5-carbaldehyde (22b)

Pd/C (10%, 6.3 mg) was added to a solutioMf (18.9 mg, 0.054 mmol) in AcOEt
(1.0 mL), and the whole mixture was stirred undekatmosphere for 5 h. The reaction
mixture was filtered through Celite pad, and thivesat was removed from the filtrate

under reduced pressure to give a hydrogenation  uptpd
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7-((1S,785)-5-(dimethoxymethyl)-7a-methyl-2,3,3a,6,7,7a-heygib-1H-inden-1-yl)iso
quinolin-1(2H)-one(17.6 mg, quant.) as a colorless oil.

[0]?5 +18.8° € = 0.83 in MeOH). IR (KBr): 3164, 2926, 2874, 283652, 1636, 1614,
1103, 1070 cm. *H-NMR (600 MHz, CROD) &: 8.18 (1H, s), 7.58 (1H, d,= 8.1 Hz),
7.55 (1H, dJ = 8.1 Hz), 7.11 (1H, d] = 7.2 Hz), 6.63 (1H, d] = 7.2 Hz), 5.85 (1H, s),
4.45 (1H, s), 3.26 (3H, s), 3.25 (3H, s), 2.88 (1H] = 9.6 Hz), 2.38-2.36 (1H, m),
2.33-2.31 (1H, m), 2.12-2.06 (2H, m), 1.94-1.88 (24}, 1.58-1.51 (3H, m), 0.44 (3H,
S). ¥C-NMR (150 MHz, CROD) &: 165.1, 141.5, 138.18, 138.17, 135.8, 135.2, 128.4
128.1, 127.0, 126.6, 107.9, 107.8, 56.2, 54.00%®49.5, 45.5, 35.1, 27.6, 27.4, 26.0,
23.0, 12.5. ESI MS1/z 354 (M+H)". HR-ESI MS:nmvz 354.2069, calcd for SHogNOs.

Found: 354.2083.

Pyridinium p-toluenesulfonate (11.0 mg, 0.044 mmol) was added solution of an
aliquot of the above product (15.4 mg, 0.044 mnmBcetone/KLO (10:1, 1.1 mL), and
the whole mixture was stirred for 1 h. Sat. NaHG@Q. was added to the mixture, and
the whole mixture was extracted with ACOEt. Remavalhe solvent from the AcOEt
extract under reduced pressure gave a crude prodinath was purified by Si©
column @-hexane/acetone = 2:1) to gi22b (16.3 mg, quant.) as a colorless oll.

[1]% +36.8° € = 1.44 in MeOH). IR (KBr): 3163, 2968, 2923, 281880, 1651, 1635,
754 cm’. 'H-NMR (600 MHz, CDC}) &: 11.80 (1H, s), 9.41 (1H, s), 8.28 (1H, s), 7.55
(1H, d,J = 7.8 Hz), 7.51 (1H, d] = 7.8 Hz), 7.18 (1H, d] = 6.9 Hz), 6.85 (1H, d] =

1.2 Hz), 6.56 (1H, dJ = 6.9 Hz), 2.98 (1H, d] = 9.6 Hz), 2.62 (1H, m), 2.44-2.40 (2H,
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m), 2.20-2.15 (1H, m), 2.06-2.05 (1H, m), 1.76-1(2H, m), 1.61-1.60 (1H, m), 0.46
(3H, s)."*C-NMR (150 MHz, CDGJ) &: 194.1, 164.5, 152.1, 141.3, 139.2, 136.6, 133.6,
127.2, 126.2, 125.7, 125.6, 106.5, 54.9, 50.0,,4337, 29.2, 26.4, 23.9, 20.5, 12.9.
ESI MS: mvz 308 (M+H)". HR-ESI MS:nvz 308.1651, calcd for £H.,NO,. Found:

308.1664.

4.13.

7-((3S,3aR,11aS)-3a-M ethyl-7-oxo0-1,2,3,3a,4,5,7,8,9,10,11a,11b-dodecahydr ocyclop
enta[ c]xanthen-3-yl)isoquinolin-1(2H)-one (23b)

Cyclohexane-1,3-dione (8.0 mg, 0.071 mmol) andnupee (10uL, 0.16 mmol) were
added to a solution d#2b (10.9 mg, 0.035 mmol) in 1,4-dioxane (0.7 mL), ahd
whole mixture was stirred for 13 h.,8 was added to the mixture, and the whole
mixture was extracted with CHELIRemoval of the solvent from the CHGdxtract
under reduced pressure gave a crude product, whash purified by Si@ column
(n-hexane/AcOEt = 1: 2) to giv#g8b (7.3 mg, 51%) as a colorless oil.

[0]?5 —8.6° € = 0.64 in MeOH). IR (KBr): 3184, 2961, 2925, 283651, 1613, 1598,
1261, 800 crt. *H-NMR (400 MHz, CDC}) &: 10.78 (1H, brs), 8.26 (1H, s), 7.54-7.49
(2H, m), 7.14 (1H, brs), 6.57 (1H, 3= 6.8 Hz), 6.18 (1H, s), 4.91 (1H, 3= 10.0 Hz),
2.96 (1H, t,J = 9.4 Hz), 2.43-2.35 (7H, m), 2.12-2.11 (3H, M)8:1.92 (2H, m),
1.72-1.69 (1H, m), 1.59-1.55 (1H, m), 1.47-1.40 (hh}, 0.59 (3H, s)**C-NMR (150
MHz, CDCk) &: 194.0, 170.4, 163.3, 137.9, 135.6, 132.9, 12826,.1, 125.4, 124.7,

124.6, 109.9, 109.7, 105.6, 79.8, 55.6, 54.4, 4363, 35.4, 28.1, 27.1, 25.4, 22.9, 19.6,

24



11.3. ESI MS:m/z 424 (M+NaJ. HR-ESI MS:m/z 424.1889, calcd for £H,7NOsNa.

Found: 424.1886.

4.14. 5-(((tert-Butyldiphenylsilyl)oxy)methyl)cyclohexane-1,3-dione (26)

Imidazole (40 mg, 0.59 mmol) angrt-butylchlorodiphenylsilane (0.08 mL, 0.32
mmol) were added to a solution of (3,5-dimethoxyolgexa-2,5-dien-1-yl)methanol
(50 mg, 0.29 mmol) in DMF (2.9 mL), and the whole&tare was stirred for 1 h. Sat.
NH,Cl ag. was added to the mixture, and the wholgurgxwas extracted with #.
Removal of the solvent from the ;Ex extract under reduced pressure gave a crude
product, which was purified by Sj)Ocolumn @-hexane/AcOEt = 20:1) to give
tert-butyl((3,5-dimethoxycyclohexa-2,5-dien-1-yl)metlydiphenylsilane (50 mg,
53%) as a colorless oil.

IR (KBr): 2953, 2933, 2901, 2857, 1694, 1206, 114811, 703 cil. *H-NMR (500
MHz, CDCk) &: 7.62-7.60 (4H, m), 7.35-7.28 (6H, m), 4.68-4.861(m), 3.46 (2H, d,
J=6.9 Hz), 3.41 (6H, s), 3.13-3.08 (1H, m), 2.5872(2H, m), 0.95 (9H, s}*C-NMR
(125 MHz, acetonek) o: 153.7, 136.3, 134.6, 130.5, 128.5, 93.3, 70.5,,503), 32.1,
27.2, 19.8. MALDI MS:m/z 409 (M+H)". HR-MALDI MS: m/z 409.2194, calcd for

CxoH26NOs. Found: 409.2200.

1IN HCI (0.19 mL) was added to a solution of anwdigof the above product (39.5 mg,
0.097 mmol) in THF (0.48 mL), and the whole mixtuvas stirred for 3 h. Removal of

the solvent from the reaction mixture under redysexsure gave6 (43.9 mg, quant.)
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as a colorless ail.

Mixture of keto-form and enol-form. IR (KBr): 2932896, 2858, 1588, 1224, 1112,
703 cm'. 'H-NMR (500 MHz, CDC}) &: 7.66-7.64 (4H, m), 7.44-7.35 (6H, m), 5.38
(0.5H, s), 3.70 (1.5H, s), 3.64-3.59 (2H, m), 3%34 (0.5H, m), 2.73-2.60 (0.5H, m),
2.47-2.26 (4H, m), 1.07 (9H, s ’C-NMR (150 MHz, CDC)) &: 203.6, 199.8, 178.5,
135.5, 135.4, 134.8, 133.2, 133.12, 133.09, 13129,8, 129.7, 129.67, 129.4, 127.7,
127.6, 127.5, 101.9, 67.1, 66.5, 66.3, 60.3, 5568, 43.4, 39.5, 36.3, 36.2, 33.4, 31.7,
26.7, 26.6, 26.5, 21.0, 19.2, 19.0, 14.1. MALDI M8z 403 (M+Na). HR-MALDI

MS: m/z403.1700, calcd for £Ho6NOs. Found: 403.1697.

4.15.
(3S,3aR,11a9)-9-(((tert-Butyldiphenylsilyl)oxy)methyl)-3-(isoquinolin-7-yl)-3a-meth
yl-2,3,3a,4,5,8,9,10,11a,11b-decahydrocyclopenta[ c]xanthen-7(1H)-one (27)
5-(((tert-Butyldiphenylsilyl)oxy)methyl)cyclohexane-1,3-dien 26, 23.0 mg, 0.06
mmol) and ethylenediamine (&, 0.08 mmol) were added to a solutionl6f(11.7 mg,
0.04 mmol) in AcOEt (0.8 mL), and the whole mixtwras stirred for 19 h. 0 was
added to the mixture, and the whole mixture wasaeie¢d with CHG. Removal of the
solvent from the CHGlextract under reduced pressure gave a crude grodhich was
purified by SiQ column (-hexane/AcOEt = 1:2) to giv87 (14.0 mg, 53%) as a
colorless oil.

IR (KBr): 2957, 2929, 2856, 1648, 1607, 1111, 768'c'H-NMR (600 MHz, CDCY)

5. 9.24 (1H, s), 8.49 (1H, d,= 4.8 Hz), 7.80 (1H, s), 7.77 (1H, 8= 8.4 Hz), 7.65 (4H,
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d,J=6.6 Hz), 7.58 (1H, d] = 8.4 Hz), 7.45-7.38 (6H, m), 6.19 (1/2H, s), 6(12H, s),
4.97 (1/2H, d,J = 10.2 Hz) , 4.93 (1/2H, d,= 10.2 Hz), 3.63-3.57 (2H, m), 3.02 (1H, t,
J = 9.0 Hz), 2.48-2.28 (7H, m), 2.19-2.12 (3H, my7£1.70 (1H, m), 1.61-1.58 (1H,
m), 1.51-1.46 (1H, m), 1.06 (9H, s), 0.62 (3/2H,6H1(3/2H, s)**C-NMR (150 MHz,
CDCly) &:194.5, 194.2, 170.8, 170.7, 151.9, 141.9, 139.9,413135.5, 135.5, 134.8,
133.3, 133.2, 133.2, 132.4, 129.7, 129.0, 128.8,5227.7, 126.4, 126.4, 125.8, 120.3,
111.1, 110.6, 110.6, 110.0, 81.0, 80.8, 66.6, G4, 55.6, 55.2, 46.8, 46.6, 39.4, 39.1,
37.0, 36.6, 35.9, 35.3, 31.0, 30.7, 29.2, 29.08,2B6.3, 26.3, 24.0, 23.8, 19.3, 12.4,
12.3. ESI MSm/z 676 (M+NaJ. HR-ESI MS:m/z 676.3223, calcd for 5H4NOsNaSi.

Found: 676.3249.

4.16.
(3S,3aR,11a9)-9-(Hydroxymethyl)-3-(isoquinolin-7-yl)-3a-methyl-2,3,3a,4,5,8,9,10,1
1a,11b-decahydrocyclopentalc]xanthen-7(1H)-one (28)

Acetic acid (1.8uL, 0.032 mmol) and tetra-butylammonium fluoride (1.0 M in THF,
32 uL, 0.032 mmol) were added to a solution2@f(14.0 mg, 0.021 mmol) in THF (0.2
mL), and the whole mixture was stirred for 16 ht. $8aHCQ aq. was added to the
mixture, and the whole mixture was extracted wittGQls. Removal of the solvent from
the CHC} extract under reduced pressure gave a crude groglich was purified by
SiO, column (CHCYMeOH/H,O = 60:3:1, lower phase) to gi28 (9.7 mg, 100%) as a
colorless oil.

IR (KBr): 3367, 2925, 2880, 1639, 1601, 1420, 141881, 1208, 754 cth 'H-NMR
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(600 MHz, CDCY) & 9.22 (1H, s), 8.47 (1H, s), 7.79 (1H, s), 7.78,(1, J = 8.4 Hz),
7.65 (1H, s), 7.57 (1H, d,= 7.8 Hz), 6.17 (1/2H, s), 6.16 (1/2H, s), 4.9RH, d,J =
10.2 Hz), 4.91 (1/2H, d] = 10.2 Hz), 3.67-3.58 (2H, m), 3.03-2.99 (1H, MF1-2.10
(11H, m), 1.73-1.69 (1H, m), 1.59-1.58 (1H, m),@t545 (1H, m), 0.61 (3/2H, s), 0.60
(3/2H, s).*C-NMR (150 MHz, CDCJ) §: 194.2, 194.0, 170.7, 170.5, 152.0, 142.0,
139.3, 134.8, 132.4, 129.1, 128.7, 126.4, 125.8,3,2111.0, 110.6, 110.5, 110.1, 81.0,
80.9, 65.8, 65.5, 56.7, 55.5, 55.3, 46.7, 46.62,388.9, 37.0, 36.6, 35.8, 35.2, 31.0,
30.6, 29.2, 29.0, 26.3, 26.3, 23.9, 23.7, 12.33.12S| MS:mz 416 (M+H)". HR-ESI

MS: m/z416.2226, calcd for £H3oNOs. Found: 416.2231.

4.17.
(3S,3aR,11a9)-9-(Azidomethyl)-3-(isoquinolin-7-yl)-3a-methyl-2,3,3a,4,5,8,9,10,114a,
11b-decahydrocyclopentalc]xanthen-7(1H)-one (29)

Diphenylphosphoryl azide (48.) was added to a solution 88 (66.1 mg, 0.16 mmol),
diethyl azodicarboxylate (2.2 M in toluene, g4, 0.21 mmol) and triphenylphosphine
(54.3 mg, 0.21 mmol) in THF (1.6 mL), and the whoieture was stirred for 40 min.
MeOH was added to the mixture, and the solvent frioenwhole mixture was removed
under reduced pressure to give a crude productifidation by SiQ column
(CHCI3/MeOH/H,O = 100:3:1, lower phase) to gi28 (70.1 mg, quant.) as a colorless
oil.

IR (KBr): 2961, 2925, 2882, 2854, 2100, 1646, 160807, 1382, 1209, 755 ¢m

'H-NMR (400 MHz, CDC}) & 9.22 (1H, s), 8.49 (1H, d,= 5.8 Hz), 7.79 (1H, s), 7.76
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(1H, d,J = 8.2 Hz), 7.63 (1H, dJ = 5.8 Hz), 7.56 (1H, d] = 8.2 Hz), 6.17 (1/2H, s),
6.16 (1/2H, s), 4.97 (1/2H, d,= 10.6 Hz), 4.93 (1/2H, d = 10.6 Hz), 3.41-3.31 (2H,
m), 3.02 (1H, tJ = 9.4 Hz), 2.53-2.10 (11H, m), 1.75-1.71 (1H, MF2-1.57 (1H, m),
1.52-1.47 (1H, m), 0.62 (3/2H, s), 0.61 (3/2H,"¥x-NMR (125 MHz, CDCJ) &: 193.0,
192.7, 169.7, 169.5, 152.2, 142.4, 139.1, 134.7,21329.5, 129.1, 128.5, 126.3, 125.8,
120.1, 110.8, 110.7, 110.3, 110.2, 81.2, 81.1,, 77720, 76.8, 56.7, 56.6, 55.5, 55.3,
55.2, 46.8, 46.6, 40.0, 39.7, 37.0, 36.6, 33.50,331.7, 31.4, 29.7, 29.3, 29.0, 26.3,
26.3, 23.9, 23.7, 22.7, 12.4, 12.3. ES| M#z 441 (M+H)". HR-ESI MS:m/z 441.2291,

calcd for G7H»9N4O,. Found: 441.2292.

4.18.

N-(((3S,3aR,11aS)-3-(I soquinalin-7-yl)-3a-methyl-7-oxo-1,2,3,3a,4,5,7,8,9,10,11a,11
b-dodecahydrocyclopenta[ c]xanthen-9-yl)methyl)acetamide (30)

Triphenylphosphine (125 mg, 0.47 mmol) was added swlution of29 (70 mg, 0.16
mmol) in THF/HO (4:1, 2.0 mL), and the whole mixture was stif@d60 h. AcOH ag.
was added to the mixture, and the whole mixture suesessively extracted with Bt
and CHCl,. The aqueous phase was basicified with Sat. NaH&®, and was
extracted with CkHCl,. Removal of the solvent from the @El, extract under reduced
pressure gave a corresponding anf#&2 mg, 73%) as a colorless oil.
N,N-Diisopropylethylamine (0.04 mL, 0.22 mmol) and tcanhydride (0.01 mL, 0.11
mmol) were added to a solution of an aliquot ofdbeve amine (9.1 mg, 0.022 mmol)

in CHCl, (0.4 mL), and the whole mixture was stirred forrath. HO was added to
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the mixture, and the whole mixture was extractetth \@H,Cl,. Removal of the solvent
from the CHCI, extract under reduced pressure gave a crude pgroaich was
purified by SiQ column (CHC{MeOH/H,O = 60:3:1, lower phase) to gi@@ (5.6 mg,
56%) as a colorless oil.

IR (KBr): 3292, 2962, 2926, 2879, 2855, 1644, 160854, 1420, 1407, 1381, 1211,
756 cm'. 'H-NMR (600 MHz, CDC}) &: 9.25 (1H, s), 8.49 (1H, s), 7.81 (1H, s), 7.77
(1H, d,J = 8.7 Hz), 7.67 (1H, s), 7.58 (1H, 3= 8.7 Hz), 6.15 (1/2H, s), 6.13 (1/2H, s),
5.83 (1H, d,J = 7.2 Hz), 4.95 (1/2H, dJ = 10.2 Hz), 4.91 (1/2H, d] = 10.2 Hz),
3.36-3.34 (1H, m), 3.24-3.19 (1H, m), 3.02 (1H] £ 9.6 Hz), 2.50-2.10 (11H, m), 2.01
(3H, s), 1.74-1.71 (1H, m), 1.59-1.57 (1H, m), 1486 (1H, m), 0.61 (3/2H, s), 0.60
(3/2H, S).13C-NMR (150 MHz, CDGJ) ¢: 193.7, 193.5, 170.5, 170.5, 170.3, 151.8,
141.6, 139.4, 134.9, 132.5, 129.3, 128.9, 126.5,9.2120.4, 110.8, 110.7, 110.4, 110.1,
81.1, 81.0, 77.2, 77.0, 76.8, 56.6, 56.6, 55.52,586.8, 46.6, 43.7, 43.5, 40.4, 40.1,
36.9, 36.6, 33.8, 33.1, 32.1, 31.9, 29.6, 29.32,229.0, 26.3, 26.3, 23.9, 23.7, 23.2,
12.3, 12.3. ESI MSWz 457 (M+H)". HR-ESI MS:m/z 457.2491, calcd for £H33N20s.

Found: 457.2506.

4.19. Cdll culture
HUVECs (5x18 cells/vial) was obtained from Kurabo Inc. and gmovn the
HuMedia-EG2 medium with growth supplements (Kuréim). Human KB epidermoid

carcinoma cells (KB3-1) was cultured in the RPMHBQ@6nedium supplemented with
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heat-inactivated 10% fetal bovine serum (FBS) amghaknycin (50ug/mL) in a

humidified atmosphere of 5% G@t 37 °C.

4.20. Growth inhibition assay

A suspension of HUVECs in the proliferation medighuMedia-EG2) with growth
supplements was plated into well of 96-well pl&el@’ cells/well/100uL). After 24 h,
the culture medium was removed and replaced fneh essential minimal medium
(HuMedia-EB2) with growth factor [bFGF (30 ng/mb) VEGF (30 ng/mL)] of
endothelial cells and various concentrations dairtggsompound. Plates were incubated
for an additional 72 h in a humidified atmosphefe5% CQ at 37 °C, and cell
proliferation was detected by WST-8 colorimetriagentKB 3-1 cells in RPMI 1640
medium (2x18 cells/well/100uL) were also inoculated inteell of 96-well plate and
treated as same as in the case of HUVECSs for thli@vonof anti-proliferative effect.
The IGovalue was determined by linear interpolation ftbe growth inhibition curve.
We selectively assessed of anti-proliferative dtstijselective index (S.1.)] from the

differences of IGvalues against HUVECs and KB 34lls.
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L egends

Figure 1. Chemical structures of cortistatin A)( a simplified analog2), and a potent

analog in this work30).

Scheme 1. First-Generation synthetic method for cortistatialag @).
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Scheme 2. Retrosynthetic analysis of second-generation syl cortistatin analogs.

Scheme 3. Synthesis ofl,3-unsaturated acetal) and plausible reaction mechanism.

Scheme 4. Reagents and conditions: (a) PhNTKHMDS, THF, —78°C, 93%; (b)
(isoquinolin-7-yl)pinacolborane, Pd(P$h K.COs, DMF, 50°C, 72%; (c) KW Pd-C,
AcOEt, rt, quant.; (d) PPTS, acetongdy rt, 98%; (e) 1,3-cyclohexanedione,

ethylenediamine, AcOEt, rt, 70%.

Scheme 5. Reagents and conditions @3 or 25, Pd(PPh)4, K,CO;, DMF, 50 °C, 75
and 49% for2la and21b, respectively; (b) B Pd-C, AcOEt, rt; (c) PPTS, acetonglH
rt, 89% and quant. for22a and 22b, respectively; (d) 1,3-cyclohexanedione,

ethylenediamine, AcOEt, rt, 69 and 51% 23a and23b, respectively.

Scheme 6. Reagents and conditions @, ethylenediamine, AcOEt, rt, 53%; (b) TBAF,

AcOH, THF, rt, quant.; (c) DPPA, DEAD, PRITHF, rt, quant.; (d) PRhTHF/HO, rt,

73%; (e) AgO, iPrNEb, CH.CIy, rt, 56%.

35



