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Abstract

Fixing conformation by introducing a ring structui® a common strategy in drug development. We

demonstrate a synthesis that installs a small cgdiio ring as a structurally-rigid unit in drugale

compounds. Botlirans-and ciscyclobutane rings were constructed in excellergctrlities by controlling

the reaction temperature of an EtAlChtalyzed [2+2] cycloaddition between a silyl embher and an

o,B-unsaturated ester. Spirocyclopropane rings wereeaspecifically formed by our previously reported

ring-contraction rearrangement of fused cyclobulsnbhis strategy allowed stereodivergent accessrew

class of steroidal derivatives bearing a small.ring
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1. Introduction

Rational drug design using protein crystal strueguis a rapidly growing area in which several
drug discovery success stories have emerged imtrdeeades. Once the structure of the bindingafitbe
receptor or enzyme is identified, discovery of n@wall molecule drug leads can be accelerated bygusi
computer simulations such as docking studies. ThayXcrystallographic structure also provides aagre
opportunity for the optimization of the structurklate-stage leads. For example, the spatial aenaegt of
the functional groups can be finely tuned at sufpstom (A) resolution in accordance with the
crystallographic structure of the binding site. @womational fixation of flexible drug leads is amdar
tactic used to increase activity and/or reduce sitects. A rotatable side chain on the drug staféan be
restricted by incorporating a structurally rigid iety such as a double bond, alkyne, amide or atiemag.
Small-membered carbocycles such as cyclopropaneyidbutane rings are also used to restrict rbtata
side chains in drug development, owing to theinctrral rigidity: However, limited numbers of these exist,
probably because of the lack of practical and ss=tective synthetic methods.

We have reported several unique synthetic methadsonstruct a cyclobutane ring or a
spirocyclopropane ring bearing several functionabugs with high stereoselectivity. Catalytic [2+2]

cycloaddition of readily available silyl enol etseanda,3-unsaturated esters in the presence of an acid



catalyst, such as EtAlghnd triflic imide (TENH), affords functionalized cyclobutanes (Schemd.dA&he
cycloaddition occurs through a stepwise Michaelelaltidition pathway in a diastereoselective manAer
stereospecific ring-contraction rearrangement seflcyclobutanols to give spirocyclopropanes wae al

reported (Scheme 1B)This rearrangement proceeds through a tertiariyocationic intermediate, which

then undergoes rearrangement of the adjacent cachdyon bond with release of strain energy.

Scheme 1. Our Methods for Constructing Small Rings
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We envisaged application of this methodology to stexeoselective synthesis of drug derivatives

incorporating a cyclobutane ring or a spirocyclggaiee moiety to restrict the conformation. A steabid
4



scaffold was chosen as a model drug lead. Stewielsa family of bioactive compounds composed of a
unique fused ring system and are widely used agsdrdowever, the side effects sometimes become a
limiting problem because they have diverse biolalgiactivities. For example, calcitriol, which has a
steroidal backbone with an opened B-ring, modulatdsoad range of biological functions such as bone
homeostasis, immunity, cellular growth and diffeiation through binding to the vitamin D receptor.
Although synthetic analogues of calcitriol are efiiee in the treatment of osteoporosis and psafasieir
therapeutic use is limited by severe side effesth sis hypercalcemia and hypercalcidfihus, a number

of calcitriol analogues have been synthesizeddoadier which ones display biological activities aeduced
side effects better than natural steroid hormahéBlourifio reported calcitriol analogues with a lodkside
chain by introducing an unsaturated bond or antimaail ring® Some of the analogues exhibited significant
biological activities, such as the induction of tin@nscriptional activity of vitamin D receptors lhuman
colon cancer cell& Herein, we report a stereodivergent synthesistabilal derivatives bearing a small
ring using a [2+2] cycloaddition and stereospedifng-contraction rearrangement. During the cowfseur
synthetic study, switching the diastereoselectivfythe [2+2] cycloaddition depending on the reacti

temperature was observed. The mechanistic insfghiis also discussed.



2. Results and discussion

At the outset of the study, the [2+2] cycloadditiohsilyl enol etherl, prepared from estrone
3-methyl etherwith methyl acrylateZa) was investigated (Table 1). When silyl enol etheras treated with
1.3 equivalents ofa at =78 °C in the presence of 1.0 mol% o0fNHl, cyclobutanecis-3a was afforded in
only 5% yield (entry 1). There was a decrease ighsincrease in yield when using more equivalesits
Tf,NH and methyl acrylate (entries 2—4). Reaction Mith,3,3-tetrakis(triflyl)propane (JEHCH,CHTf,)™°
resulted in no significant improvement in yield {fgn5), whereas EtAlGlwas an effective catalyst and

affordedcis-3a in 77% yield (entry 6).

Table 1. Catalyst Screening for the [2+2] Cycloadditiorilafith 2a

‘ r(302|\/|e catalyst

CH,Cl,
—78 °C, time
MeO
2a
0 i yield of
entry catalyst (mol%)  2a(equiv) time (h) C|s-3a(%)
1 Tf,NH (1.0) 1.3 2.5 5
2 Tf,NH (5.0) 1.3 2.5 4
3 Tf,NH (5.0) 2.5 1.0 33
4 TH,NH (20) 2.5 2.0 10



5  THLCHCH,CHTF, (20) 2.5 2.0 17
6 EtAICI, (20) 2.0 2.0 77

2 |solated yields.

Interestingly, when using hexafluoroisopropyl (Hf-#erylate 2b) instead ofa, we observed that

the diastereoselectivity in the [2+2] cycloadditismitched depending on the reaction conditions IET2l.

Treatment of silyl enol ethdrwith 2b in the presence of EtAlght —78 °C producettans-3b in 85% yield

with high diastereoselectivity (entry 1). Tlrans-selectivity remained approximately constant rebgssl of

the reaction time (entries 1 and 2). In contrast, ttans-selectivity of3b decreased with an increase in

reaction temperature (entries 1, 3-5). When thetismawas carried out at room temperatuns;3b was

obtained exclusively in 74% vyield along with 12%eldi of the Michael adduet (entry 5). The reaction

conducted at —78 °C for 10 min, followed by stigiat room temperature for an additional 10 mingraléd

only thecis-adduct (entry 6). The results clearly indicatet tthans-3b is the kinetically favored product

whereagis-3b is the thermodynamically more stable one. Reastigith methyl acrylate2g) at both room

temperature (rt) and —78 °C affordeid-3a exclusively (entry 8 and Table 1 entry 6). Even whw®e reaction

temperature was lowered to —90 t#&ns-3a was obtained only as a minor diastereomer (entrit @ppears

that the activation energy required for isomer@aftrans-3to cis-3 is dependent on the ester substituent.



Table 2. Effect of Acrylate and Reaction Temperature in[2v¥2] Cycloaddition

CO5R EtAICI5 (20 mol%)

T+ W CH,Cl
temp., time

2a: R =Me
2b: R = CH(CF3)2

(0]
TBS.  YOR 0
O :
CO5R
qo " H
MeO
trans-3 4

entry acrylate temp. (°C) time (min) yield 03 (%) transcis

1 2b -78 10 85 95:5
2 2b -78 120 89 94:6
3 2b -60 10 86 64:36
4 2b -40 10 89 5:95
5 2b rt 120 72 0:100
6 2b —-78 then rt 10 then 10 70 0:100
7 2a -90 10 77 35:65
8 2a rt 120 72 0:100

2 |solated yields® Michael adduct was obtained in 5-12 % yield.

Crossover experiments were performed to investighte diastereoselectivity switch further.

Treatment oftrans-3b with EtAICIl, at ambient temperature resulted in complete caimerinto cis-3b



(Scheme 2, eq 1), whereas no reaction occurreteirabsence of EtAlgl Using the same catalyst at the

same temperaturejs-3b did not isomerize tarans-3b. When a mixture of the methyl est@s-3a and an

equimolar of HFIP acrylate2) was treated with EtAlGlat ambient temperature, the crossover adduct

cis-3b was afforded in 35% yield as a single diasterepaieng with 35% vyield of recovereats-3a (eq 2).

These results indicate that EtA}JQbromotes the retro [2+2] process to reproducd sihpl etherl and

acrylate2. HFIP acrylateZb) competes witlin situ generated methyl acrylatgd) in the [2+2] cycloaddition

of the regenerated silyl enol ethi&rwhich results in the isolation of a mixture @é-3a and cis-3b. In

contrast, the reaction of methyl estés-3a at —40 °C did not provide the crossover adduct,rather the

ring-opened producda in 30% vyield (eq 3). In the reaction of a mixtwktrans andcis-3a at —40 °C,

epimerization otrans-3a into cis-3a occurred along with the formation 4, but no crossover product was

observed (eq 4).



Scheme 2. Mechanistic Insights into the EtAl&Catalyzed [2+2] Cycloaddition
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Based on the above results, a possible mechanisthefdtAlICh-catalyzed [2+2] cycloaddition of
1is shown in Figure 1. Michael addition of silyla@retherl to acrylate2 proceeds predominantly at the less
hindered a-face to give zwitterionic intermediaté. At lower temperatures, intramolecular aldol-type
addition of5 takes place via the preferred transition s@®el to givetrans-3, whereas less favoredS-| |
affordscis-3 because of steric effects. The produahs3 would be less stable thais-3 because of steric

repulsion between the axial hydrogen atom at thé @isition and the ester moiety, which is suppobtged

10



DFT calculations ofis- andtrans-3b (AG°sis_rans= —12.6 kJ/mol)* The epimerization process is rather
complicated. At ambient temperatuteans and cis-3 equilibrate through a retro [2+2] cycloadditioravi
silyl enol etherl to provide the thermodynamically more staldis-3. In contrast, the retro [2+2]
cycloaddition does not proceed at —40 °C, whichcaigs that the epimerization ¢-3 at this temperature
occurs via siloxonium io® through a retro aldol reaction. In addition, ketdnwas presumably formed by

desilylation of ketene silyl acet@lduring work-up.

11



Figure 1. Possible Mechanism for the EtAlCatalyzed [2+2] Cycloaddition under Kinetic and

Thermodynamic Conditions
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With the cyclobutane scaffolds constructed, we nemvestigated the ring-contraction

rearrangement of cyclobutanols to give spirocyadppnes (Scheme 3). To prepare the substrate for the

ring-contraction rearrangemerntans-3b was treated with Red-Al to afford cyclobutanicdns-7 in 89%

yield. Removal of theert-butyldimethylsilyl (TBS) group on the tertiary hykyl function followed by
12



benzoyl protection of the primary hydroxyl grouprfishedtrans9. Cis-9 was also prepared through the
same procedure fromis-3b. With the substrate8 for the ring contraction reaction in hands, thact®mn
conditions was firstly screened by usicig-9. According as our previous conditichsis-9 was treated with
methanesulfonyl chloride (MsCl) in 2,6-lutidine, ih resulted in the formation of the mesylated picid
(ca. 30%), along with recovered starting matefied. 40%). We tried other conditions such as oxalyl
chloride/triethylamine and triflic anhydride/trigflamine to convert the tertiary hydroxyl group tayeod
leaving group; however, these attempts proved wesstul, and no spirocyclopropane product was webder
The ring contraction rearrangementais-9 was finally achieved bysing thionyl chloride/triethylamine to
afford (2059-10 in 87% vyield (18:16a = 4:1), the relative configuration was determirigd the NOE
Spectroscopy. The same conditions were successipipyied to the rearrangement wéans9 to afford
(20R)-10 in a stereospecific manner, albeit in lower yigd$%, 1:16a = 7:3). In these reactions, the
carbocationic intermediates predominantly undengdeophilic attack by the chloride ion to afford§}- or
(20R)-10, and no elimination products are observed. Thierdifice in yield between (2P and (2&R)-10
was due to the formation of byprodudi. We do not fully understand why the ring-contrawcti
rearrangement ofrans9 yielded this unusual product, but it may be infloed by the dihedral angle

between the migrating carbon—carbon bond and thpyeprorbital of the carbocationic intermediate.
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Scheme 3. Construction of a Spirocyclopropane Ring by Ringiaction Rearrangement
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With the estrone derivatives bearing a small ringhiand, our attention turned toward the

installation of a cholestane side chain (Scheméndjally, removal of the benzoyl group and dedciniation

of (209-10 were performed in one-pot using Red-Al to give logoopanol (2@)-12, which was then

subjected to Swern oxidation to afford aldehydeSJ2B8. Extension of the carbon chain was accomplished

by one-pot Julia olefination of the aldehyde usbenzothiazolyl sulfond5, which was prepared from

3-methyl-1,3-butanediol in five steps (Scheme 5)ethylsilyl (TES) protection ofl5 was necessary for

complete conversion of the starting aldehydes m alefination reactions. Reduction of olefi® was

14



unsuccessfully attempted by hydrogenation usingCHd/ ethyl acetate, which resulted in simultaneous
ring-opening of the cyclopropane. Accordingly, savecatalysts were tested for the chemoselective
hydrogenation. Reduction with Pd/Fib or Pd/C(en)ega cyclopropane ring-opened product with thecinta
carbon—carbon double bond. No reaction occurrengugd/MS5A® or Pd/BN* in methanol. In the reaction
with Rh/alumina in ethyl acetate, the double boras weduced without ring-opening of the cyclopropémg

the aromatic A-ring was also reduced to a cyclohexang. Although these efforts using heterogeneous
catalysts were unfruitful, chemoselective reductithe olefin was achieved by diimide reductidnyhich
was followed by removal of the TES group to give3217. The final deprotection of the methyl group was
troublesome. Treatment with BBor reagents such as TMSI, NaSEt, or Al&l'® gave a complex mixture,
probably due to instability of the spirocyclopropamNevertheless, the deprotection was accomplifiyed
usingn-BuLi/PPhH’ to give the final product (Z)-18 in 76% yield. (2®)-18 was also synthesized by the
similar procedure. It is worth noting that treatmeh(20R)-10 with Red-Al gave a considerable amount of
byproducts. Reduction with sodium borohydride in 8®1at 130 °C gave (B)-12 in 53% vyield with less

byproduct formatiort?

Scheme 4. Installation of a Side Chain and Completion of 8ymthesis of (28- and (2(R)-18
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Scheme 5. Preparation of Benzothiazolyl Sulfoad
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HO TsClI TSO\/\’(
OH pyridine OH
73% 14

1) Nal, acetone, reflux

? ©:2\>—SH

NEts, THF, reflux

15
3) mCPBA, CH,Cl,
4) TESOTF, NEts, CH,Cl, 72% (4 steps)

Installation of the side chain onto the cyclobutaimg was also accomplished using a similar
strategy (Scheme 6). Swern oxidation followed by-pot Julia olefination ofrans and cis-7 afforded
cyclobutanegrans andcis-19, respectively. Reduction of the resulting olefmdaemoval of the TES group
were carried out in one-pot by hydrogenation widtilgglium on carbon. Cleavage of the methyl and TBS
groups completed the synthesis thns and cis-22, and the structures were verified by X-ray

crystallography.

Scheme 6. Installation of a Side Chain and Completion of 8yathesis ofrans andcis-22
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3. Conclusion

We have demonstrated the synthesis of four chaledige steroidal compounds bearing a cyclobutaree o

spirocyclopropane skeleton. The described routieifes a diastereo-switchable [2+2] cycloadditicact®n

and a stereospecific ring-contraction to constrgatall rings in a stereo-divergent manner.

diastereoselectivity in the [2+2] cycloaddition wiaserted under kinetic or thermodynamic conditioAs

carbon side chain was installed on the small riugjag a one-pot Julia olefination followed by retime of

18



the resulting olefin. This strategy provides aliaooute to access a new class of steroid deriemtbearing a

small ring. Biological evaluation of the synthesiteroids is currently underway.

4. Experimental Section

4.1. General Remarks

All non-aqueous reactions were carried out undegositive atmosphere of argon in dried glassware.
Dehydrated solvents were purchased for the reactma used without further desiccation. Reagente we
purchased and used without further purificationless otherwise stated. Reactions were monitored by
thin-layer chromatography (TLC) carried out on Mefd_C silica gel 60 bs4. Column chromatography was
performed using Fuji Silysia BW-200 silica gel. Near magnetic resonance (NMR) spectra were recorded
on a JEOL JNM-ECA 500 instrument. The chemical shifts were calibrated with internataetethylsilane
(TMS, 0 ppm) in deuterated organic solvents. Fi@& chemical shifts are reported relative to CP@I7.0
ppm), DMSOeés (39.5 ppm), acetonés;(206.7 and 30.4 ppm), MeO#i- (49.0 ppm) or THFRg (67.4 and
25.3 ppm). The following abbreviations were usedexplain NMR peak multiplicities: s = singlet, d =
doublet, t = triplet, g = quartet, m = multiplett b broad. Low-resolution mass spectra (LRMS) were

recorded on a SHIMADZU GCMS-QP2010 SE spectrom@ér or a JEOL MS700 spectrometer (FAB).
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High-resolution mass spectra (HRMS) were recorded ao JEOL MS700 spectrometer (FAB) or a
SHIMADZU LCMS-IT-TOF fitted with an ESI. IR experiemts were recorded on a SHIMADZU
IRAffinity-1 spectrometer. The wave numbers of mmaxim absorption peaks of IR spectroscopy are
presented in cm. All melting points were determined using a YamitB-21 melting point apparatus and
are uncorrected. Optical rotations were obtained GASCO P-1030 polarimeter. X-ray diffraction datxe
recorded on a RIGAKU R-AXIS RAPID system. Compourid$ cis-3a,” trans-3b,? cis-3b,° 4a° and

dipotassium azodicarboxylafavere prepared according to previous procedures.

4.2 Experimental Procedures

4.2.1. Synthesis of
((6bS,8aS,8bR,9S,10aS,11aS,11bR)-8b-((tert-butstdynsilyl)oxy)-4-methoxy-8a-methyl-2,6b,7,8,8208b,
0,10a,11,11a,11b-dodecahydro-1H-cyclobuta[3,4]cygelutal1,2-a]phenanthren-9-yl)methanol (trans-To
a solution of a mixture dfans andcis-3b (21.0 g, 33.8 mmol, 9:1) in tolue(E35 mL) was added a 3.6 M
solution of Red-Al in toluene (24 mL, 86 mmol) at©® under argon. After being stirred for 3 h, tkagation
mixture was quenched with saturated aqueous Rosak)land stirred vigorously for 30 min. The aqueo

layer was extracted with EtOAc, and the combineghoic layers were washed with brine, and dried over

20



NaSQO,. Concentration under reduced pressure gave a wgabel, which was purified by column
chromatography (hexane/EtOAc 9:1) to afftrahs7 (12.4 g, 80%) as a white solid along wiils-7 (1.39 g,
9%). Analytical sample was obtained by recrystatian from hexane/EtOAc as white blocks; Found: C,
73.38; H, 9.93. @H4405Si requires C, 73.63; H, 9.71%; Mp 189-191 °@pf°+14.2 € 1.00, CHCA); Vimax
(CHCl3) 3494 (br), 2949, 2855, 1250 thdy (500 MHz, CDC3) 7.21 (d,J = 8.6 Hz, 1H), 6.72 (ddl = 8.6,
2.6 Hz, 1H), 6.64 (d] = 2.6 Hz, 1H), 4.01 (ddd} = 10.0, 10.0, 6.0 Hz, 1H), 3.86 (ddbz 9.7, 9.7, 5.8 Hz,
1H), 3.78 (s, 3H), 2.89-2.77 (m, 3H), 2.58-2.51 {id), 2.36 (ddd,) = 12.0, 12.0, 9.8 Hz, 1H), 2.30-2.22
(m, 2H), 1.98-1.89 (m, 1H), 1.81-1.71 (m, 2H), £634 (m, 6H), 1.22 (br s, 1H), 0.97 (ddds 12.9, 8.6,
4.9 Hz, 1H), 0.90 (s, 9H), 0.74 (s, 3H), 0.22 (d),0.13 (s, 3H)dc (125 MHz, CDC}) 157.4, 138.0, 132.6,
126.4, 113.8, 111.5, 90.4, 62.7, 55.2, 50.6, 48(%, 43.9, 41.6, 38.9, 33.2, 31.9, 29.9, 27.%,2%6.8, 24.6,

18.2, 17.2, —2.7, =3.1)/z(El) 456 (M), 441 (M—-Me).

4.2.2. Synthesis of
((6bS,8aS,8bR,9R,10aS,11aS,11bR)-8b-((tert-butgttiisilyl)oxy)-4-methoxy-8a-methyl-2,6b,7,8,8208b,
0,10a,11,11a,11b-dodecahydro-1H-cyclobuta[3,4]cpelutal1,2-a]phenanthren-9-yl)ymethanol (als-To a

solution ofcis-3b (8.04 g, 13.0 mmol) in toluer§5 mL) was added 3.6 M Red-Al in toluene (9.0 rBR,
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mmol) at 0 °C under argon. After being stirred Boh, the reaction mixture was quenched with satdrat
aqueous Rochell salt, and stirred vigorously fom38. The aqueous layer was extracted with EtOAd, a
the combined organic layers were washed with bianel, dried over N&O,. Concentration under reduced
pressure gave a white solid, which was purifiedcbjumn chromatography (hexane/EtOAc 9:1) to afford
cis-7 (5.17g, 87%) as a white solid. Analytical sampbkswebtained by recrystallization from hexane/EtOAc
as white blocks; Found: C, 73.36; H, 9.93¢HG40sSi requires C, 73.63; H, 9.71%; Mp 204—205 °@pf°
+29.2 € 1.00, CHCY); Vinax (CHCL) 3500 (br), 2929, 2856, 1253 thdy (500 MHz, CDC3) 7.22 (d,J =

8.6 Hz, 1H), 6.72 (dd] = 8.6, 2.6 Hz, 1H), 6.64 (d,= 2.6 Hz, 1H), 3.83 (ddd}, = 10.9, 10.9, 2.3 Hz, 1H),
3.78 (s, 3H), 3.49 (ddd = 10.9, 10.9, 5.8 Hz, 1H), 2.89-2.86 (m, 2H), 2287 (m, 1H), 2.66-2.59 (m,
1H), 2.41-2.31 (m, 1H), 2.25 (dd#i= 10.9, 10.9, 3.4 Hz, 1H), 1.94-1.83 (m, 2H), 1(@d,J = 10.9, 1.7 Hz,
1H), 1.71-1.59 (m, 3H), 1.53—-1.40 (m, 5H), 1.29d(db= 12.4, 9.2, 2.9 Hz, 1H), 0.94 (s, 9H), 0.73 (4),3
0.30 (s, 3H), 0.16 (s, 3HJc (125 MHz, CDCY) 157.4, 137.9, 132.7, 126.4, 113.8, 111.4, 90378,655.2,
47.9, 46.4, 44.1, 39.3, 38.9, 38.4, 31.9, 29.87,287.7, 26.1, 26.0, 24.2, 18.4, 14.5, -1.2, -&%,(FAB)

457 (M+H).

4.2.3. Synthesis of
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(6bS,8aS,8bR,9S,10aS,11aS,11bR)-9-(hydroxymethydt¥bxy-8a-methyl-1,2,6b,7,8,8a,9,10,10a,11,11a,11
b-dodecahydro-8bH-cyclobuta[3,4]cyclopenta[l,2-adplanthren-8b-ol (tran§). A mixture oftrans7 (7.74

g, 16.9 mmol) and a 1.0 M solution of TBAF in TH¥FL(mL, 51 mmol) was heated under reflux for 46 h.
After cooling to room temperature, the resulting«tmie was diluted with CHGJ and washed with water.
The aqueous layer was extracted with C#i@tied over NgS0O,. Concentrationn vacuoand purification by
column chromatography (EtOAc) gatrans-8 (4.30 g, 75%) as a pale yellow solid. Analyticaingpée was
obtained by recrystallization from EtOAc as a whitedle; Found: C, 77.16; H, 8.83,,d3,03 requires C,
76.88; H, 9.00%; Mp 199-201 °Cq]p?°+25.2 € 1.00, THF);Vmax (CHCL) 3287 (br), 2974, 2924, 2859,
1709, 1636, 1501, 1350, 1254, 1184ty (500 MHz, CDC3) 7.21 (d,J = 8.9 Hz, 1H), 6.72 (dd] = 8.5,
2.4 Hz, 1H), 6.64 (d) = 2.3 Hz, 1H), 4.04 (dd] = 8.9, 8.9 Hz, 1H), 3.84 (dd,= 8.6, 8.6 Hz, 1H), 3.78 (s,
3H), 2.89-2.76 (M, 3H), 2.42—2.25 (m, 4H), 1.9621(®, 2H), 1.88 (ddd) = 11.5, 11.5, 5.7 Hz, 1H), 1.79
(ddd,J = 12.0, 3.6, 3.3 Hz, 1H), 1.72 (dd#i= 12.7, 12.7, 3.9 Hz, 1H), 1.57-1.36 (m, 6H), 1M35 (m,
1H), 0.84 (s, 3H)dc (125 MHz, DMSOeg) 157.0, 137.5, 132.2, 126.2, 113.4, 111.5, 870X9,664.8, 50.2,
47.9, 46.7,43.4,41.1, 38.6, 32.7, 31.6, 29.44,226.2, 25.0, 16.4n/z(El) 342 (M), 324 (M-HO), 309 (M-

H,O—Me).
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4.2.4. Synthesis of
(6bS,8aS,8bR,9R,10aS,11aS,11bR)-9-(hydroxymethydtdoxy-8a-methyl-1,2,6b,7,8,8a,9,10,10a,11,11a,11
b-dodecahydro-8bH-cyclobuta[3,4]cyclopenta[l,2-adplanthren-8b-ol (ci$). A mixture of cis-7 (34.4 g,
75.4 mmol) and a 1.0 M solution of TBAF in THF (226, 226 mmol) was stirred at room temperature for
20 h. The resulting mixture was diluted with CHGInd washed with water. The aqueous layer waa&rut
with CHCl;, dried over NgS0O,. Concentrationin vacuo and purification by column chromatography
(hexane/EtOAc 3:2) gaveis-8 (15.0 g, 83%) as a white solid. Analytical samplaswobtained by
recrystallization from EtOAc as a white needle; RduC, 77.43; H, 8.89. £H3:0srequires C, 77.16; H,
8.83%; Mp 203-205 °C (dec.)a[*°+36.5 € 1.00, CHCY); vimax (KBr) 3264 (br), 2932, 2920, 2859, 1609,
1499, 1236 cri; & (500 MHz, CDCY) 7.23 (d,J = 8.6 Hz, 1H), 6.73 (dd] = 8.6, 2.9 Hz, 1H), 6.64 (d,=

2.6 Hz, 1H), 3.85-3.74 (m, 2H), 3.78 (s, 3H), 2282 (m, 2H), 2.62-2.55 (m, 1H), 2.50 (s, 1H), 2282
(m, 2H), 2.28-2.20 (m, 2H), 2.17-2.09 (m, 1H), £BB9 (m, 1H), 1.69 (ddd} = 11.2, 11.2, 5.5 Hz, 1H),
1.56-1.36 (M, 7H), 1.27 (ddd= 12.6, 9.5, 3.5 Hz, 1H), 0.80 (s, 3H); (125 MHz, DMSO€g) 157.0, 137.4,
132.3, 126.2, 113.4, 111.4, 86.6, 62.3, 54.9, 4854, 43.6, 40.4, 38.3, 37.9, 31.5, 29.4, 29.33,245.8,

24.9, 13.9m/z(El) 342 (M), 324 (M—HO).
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4.2.5. Synthesis of
((6bS,8aS,8bR,9S,10aS,11aS,11bR)-8b-hydroxy-4-xgeBhemethyl-2,6b,7,8,8a,8b,9,10,10a,11,11a,11b-do
decahydro-1H-cyclobuta[3,4]cyclopenta[1,2-a]phenfanein-9-yl)methyl benzoate (tra8- To a suspension
of trans8 (3.10 g, 9.05 mmol) and DMAP (112 mg, 0.917 mmiol) CH,Cl, (36 ml) were added
triethylamine (2.5 mL, 18 mmol) and benzoyl chlerid.3 mL, 11 mmol). After being stirred for 2 hrabm
temperature, the reaction mixture was quenched sathrated aqueous NaHg(O'he aqueous layer was
extracted with EtOAc, and the combined organic iayeere washed with brine, and dried ovep®@,, and
concentratedin vacuo to give a brown solid. The residue was purified dglumn chromatography
(hexane/EtOAc 4:1 to 1:1) to yietthns9 (3.85 g, 95%) as a white solid. Analytical sampbswbtained by
recrystallization from hexane/EtOAc as a white talysFound: C, 77.84; H, 7.67.,8134,0, requires C,
78.00; H, 7.67.%; Mp 168—169 °Qy]p2°+23.3 € 1.00, CHCY); Vmax (CHC) 3491 (br), 2936, 2866, 1713,
1609, 1501, 1450, 1273, 1219 ¢mdy (500 MHz, CDCJ) 8.04 (dd,J = 7.9, 1.3 Hz, 2H), 7.56 (t,= 7.5,
1.3 Hz, 1H), 7.44 (dd] = 7.7, 7.7 Hz, 2H), 7.19 (d,= 8.6 Hz, 1H), 6.70 (dd} = 8.7, 2.7 Hz, 1H), 6.63 (d,

= 2.6 Hz, 1H), 4.63 (dd] = 11.2, 7.7 Hz, 1H), 4.58 (dd,= 10.9, 8.9 Hz, 1H), 3.78 (s, 3H), 3.10-3.03 (m,
1H), 2.93-2.83 (m, 2H), 2.49-2.41 (m, 2H), 2.3372, 2H), 1.96-1.91 (m, 2H), 1.85-1.80 (m, 1HY11.

(ddd,J = 12.4, 12.4, 2.3 Hz, 1H), 1.62-1.56 (m, 2H), £538 (m, 3H), 1.18-1.10 (m, 1H), 0.86 (s, 368;
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(125 MHz, CDC}) 166.6, 157.4, 137.8, 132.9, 132.4, 130.2, 12828.3, 126.3, 113.7, 111.4, 88.5, 64.4,
55.1, 48.7, 47.2, 45.7, 43.6, 42.2, 38.9, 32.76,329.8, 27.7, 26.3, 24.1, 1611z (El) 446 (M), 428 (M—

H,0).

4.2.6. Synthesis of
((6bS,8aS,8bR,9R,10aS,11aS,11bR)-8b-hydroxy-4-xyeBaesmethyl-2,6b,7,8,8a,8b,9,10,10a,11,11a,11b-do
decahydro-1H-cyclobuta[3,4]cyclopenta[1,2-a]phenamen-9-yl)methyl benzoate (c®-To a suspension of
cis-8 (5.32 g, 15.5 mmol) and DMAP (191 mg, 1.56 mmoICiH,ClI, (62 mL) were added triethylamine (4.3
mL, 31 mmol) and benzoyl chloride (2.2 mL, 19 mmédijter being stirred for 3 h at room temperatuhe
reaction mixture was quenched with saturated acgétaHCQ. The aqueous layer was extracted with
EtOAc, and the combined organic layers were wastitddbrine, and dried over N80, and concentrated
in vacuoto give a brown solid. The residue was purifiedcbiumn chromatography (hexane/EtOAc 4:1) to
yield cis-9 (6.25 g, 90%) as a white solid. Analytical samplaswobtained by recrystallization from
hexane/EtOAc as a white crystal; Found C, 77.917.Bll. GoH3404requires C, 78.00; H, 7.67%; Mp 126—
128 °C; 1]p?°+38.6 € 1.00, CHCY); Vmax (CHCl) 3464 (br), 2932, 2862, 1713, 1605, 1501, 1450712

L 84 (500 MHz CDC}) 8.03 (dd,J = 8.3, 1.4 Hz, 2H), 7.58 (if,= 7.5, 1.4 Hz, 1H), 7.45 (dd,= 8.0, 8.0 Hz,
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2H), 7.15 (dJ = 8.6 Hz, 1H), 6.68 (dd] = 8.6, 2.9 Hz, 1H), 6.63 (d,= 2.9 Hz, 1H), 4.75 (dd] = 11.5, 9.8

Hz, 1H), 4.24 (ddJ = 11.2, 4.0 Hz, 1H), 3.76 (s, 3H), 2.92-2.77 (id),2.43-2.38 (m, 1H), 2.26-2.16 (m,

2H), 2.10-2.02 (m, 1H), 1.95-1.88 (m, 1H), 1.75711®, 1H), 1.60 (ddd] = 12.3, 12.3, 8.3 Hz, 1H), 1.55—

1.34 (m, 7H), 0.80 (s, 3Hpc (125 MHz, CDCY) 167.1, 157.4, 137.9, 133.0, 132.5, 130.1, 12928.4,

126.2, 113.7, 111.3, 87.1, 65.2, 55.1, 49.7, 48400, 40.0, 38.6, 35.3, 31.4, 29.8, 29.6, 27.60,2B4.4,

13.8:m/z(El) 446 (M).

4.2.7. Synthesis of

((2's,8S,9S,13S,14S,16S,17R)-16-chloro-3-methexryetldyl-6,7,8,9,11,12,13,14,15,16-decahydrospio[cy

lopentala]phenanthrene-17,1'-cyclopropan]-2'-yl)imgtbenzoate ((20S)0). To a solution oftis-9 (6.15 g,

13.8 mmol) in dichloroethane (69 mL) were addegttlamine (3.8 mL, 28 mmol) and thionyl chloride(

mL, 28 mmol) under argon. After being stirred at®&for 2 h, the reaction was quenched with satgrat

aqueous NaHC® The aqueous layer was extracted with EtOAc, dmeddombined organic layers were

washed with brine, dried over p&0,, and concentrateth vacuo The residue was purified by column

chromatography (hexane/diethyl ether 10:1) to dff{@05-10 (5.60 g, 87%, dr 4:1) as a white solid. The

diastereomers were partially separated upon cacefumn chromatography to obtain an analytical damp
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Data for the major diasteromer: Mp 177-179 °@}pf°+54.7 € 1.00, CHCY); Vmax (CHCL) 2932, 2859,
1717, 1609, 1501, 1450, 1258, 1177, 11118, (500 MHz, CDCY) 8.09 (dd,) = 8.3, 1.2 Hz, 2H), 7.56 (i,
J=75, 1.5 Hz, 1H), 7.45 (dd,= 8.1, 8.1 Hz, 2H), 7.19 (d,= 8.6 Hz, 1H), 6.71 (dd] = 8.6, 2.9 Hz, 1H),
6.64 (d,J = 2.6 Hz, 1H), 4.74 (dd] = 11.7, 6.0 Hz, 1H), 4.44 (dd,= 11.5, 8.6 Hz, 1H), 4.32 (dd,= 8.3,

5.2 Hz, 1H), 3.78 (s, 3H), 2.94-2.82 (m, 2H), 2(@8d,J = Hz, 13.5, 8.0, 8.0 Hz, 1H), 2.34-2.26 (m, 1H),
2.25-2.17 (m, 1H), 2.00 (ddd;= 13.5, 13.5, 5.4 Hz, 1H), 1.93-1.85 (m, 1H), 585 (m, 5H), 1.31-1.22
(m, 2H), 1.17 (s, 3H), 1.08 (ddd,= 12.9, 12.9, 4.1 Hz, 1H), 0.49 (dii= 5.7, 5.7 Hz, 1H)dc (125 MHz,
CDCl) 166.7, 157.5, 137.8, 132.8, 132.2, 130.6, 12928.3, 126.2, 113.8, 111.6, 67.0, 66.8, 55.2, 52.5,
43.8, 43.7, 42.4, 39.6, 39.0, 32.8, 29.7, 27.6{,289.3, 18.9, 17.Mm/z(El) 464 (M), 429 (M-CI), 342 (M-

BzOH), 307 (M—CI-BzOH); HRMS (ESI): [M+N&]found 487.2018. £H33ClOsNa requires 487.2010.

4.2.8. Synthesis of
((2'R,8S,9S5,13S,14S,16S,17R)-16-chloro-3-methoxyetByl-6,7,8,9,11,12,13,14,15,16-decahydrospim[cy
lopenta[a]phenanthrene-17,1'-cyclopropan]-2'-yl)imgat benzoate ((20R19) and
2-chloro-2-((6bS,8aS,8bS,9aS,10aS,10bS)-4-methaxryehyl-1,6b,7,8,8a,9,9a,10,10a,10b-decahydrocyclo

propa[3,4]cyclopenta[1,2-a]phenanthren-8b(2H)-yhgt benzoate 11). To a solution oftrans9 (1.51 g,
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3.38 mmol) in dichloroethane (17 mL) were addeethylamine (0.93 mL, 6.7 mmol) and thionyl chloride
(0.49 mL, 6.8 mmol) under argon. After being stir@ 50 °C for 2 h, the reaction was quenched with
saturated aqueous NaHgOhe aqueous layer was extracted with EtOAc, &edcbombined organic layers
were washed with brine, dried overJS&y, and concentrateid vacuo The residue was purified by column
chromatography (hexane/diethyl ether 10:1) to dff@0R)-10 (1.03 g, 66%, dr 7:3) as a white solid ad
(173 mg, 11%) as a pale yellow oil. The diasterasmeere partially separated upon careful column
chromatography to obtain an analytical sample. Batahe major diasteromer: Mp 60—63 °@]§*° +29.3

(c 1.00, CHCY); Vimax (CHCL) 2936, 1717, 1609, 1501, 1450, 1273, 111T'cdy (500 MHz, CDC}) 8.09 (d,
J=7.2 Hz, 2H), 7.57 (t) = 6.9 Hz, 1H), 7.46 (dd] = 8.0, 8.0 Hz, 2H), 7.19 (d,= 8.6 Hz, 1H), 6.72 (dd]

= 8.3, 2.6 Hz, 1H), 6.64 (d,= 2.3 Hz, 1H), 4.51 (dd] = 11.2, 8.3 Hz, 1H), 4.40 (dd,= 11.5, 7.5 Hz, 1H),
3.96 (ddJ = 8.0, 6.3 Hz, 1H), 3.78 (s, 3H), 2.94-2.82 (m),2M470-2.63 (m, 1H), 2.34-2.21 (m, 2H), 1.98-
1.82 (m, 3H), 1.65 (ddd, = 11.8, 3.2, 3.2 Hz, 1H), 1.58-1.36 (m, 5H), 1(4,73H), 1.13 (dd] = 5.2, 5.2 Hz,
1H), 0.79 (ddJ = 9.5, 4.9 Hz, 1H)d¢ (125 MHz, CDCY) 166.6, 157.5, 137.7, 132.9, 132.1, 130.3, 129.6,
128.3, 126.2, 113.7, 111.5, 69.5, 64.8, 55.2, 5833, 43.3, 41.9, 38.5, 38.3, 36.7, 29.6, 27.59,282.7,
19.2, 17.5:m/z (El) 464 (M), 429 (M—Cl), 342 (M-BzOH), 307 (M—@zOH); HRMS (ESI): [M+Nal,

found 487.2011. &H33CIOsNa requires 487.2010. Data for compoudaddy (500 MHz, CDCY) 8.05 (d,J =
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7.8 Hz, 2H), 7.58 (t) = 7.5 Hz, 1H), 7.46 (dd] = 7.8, 7.8 Hz, 2H), 7.18 (d,= 8.6 Hz, 1H), 6.71 (dd] =

8.6, 2.9 Hz, 1H), 6.62 (d,= 2.6 Hz, 1H), 4.93 (dd} = 7.2, 7.2 Hz, 1H), 4.29 (dd,= 11.5, 7.8 Hz, 1H), 4.23

(dd,J = 11.5, 6.1 Hz, 1H), 3.77 (s, 3H), 2.91-2.80 (i), 2.36-2.29 (m, 1H), 2.21-2.08 (m, 2H), 1.87—1.80

(m, 1H), 1.72-1.64 (m, 2H), 1.55-1.48 (m, 3H), 1(ddd,J = 11.8, 11.8, 4.0 Hz, 1H), 1.37—1.30 (m, 1H),

1.14 (d,J = 6.3, 4.0 Hz, 1H), 1.10-1.04 (m, 1H), 1.01 (s),3H68 (ddJ = 8.3, 6.9 Hz, 1H)dc (125 MHz,

CDCl) 166.0, 157.5, 137.8, 133.3, 132.7, 129.72, 12988.5, 126.1, 113.8, 111.4, 66.2, 60.4, 55.9,45.

44 .3, 42.9, 39.0, 37.4, 35.0, 29.7, 27.9, 26.63,2B4.6, 17.7, 10.5m/z (FAB) 464 (M), 429 (M-CI), 307

(M-CI-BzOH); HRMS (ESI): [M+Nal, found 487.2021. £H3sClOsNa requires 487.2010.

4.2.9. Synthesis of

((2'S,8S,9S,13S,14S,17S)-3-methoxy-13-methyl911,3,2,13,14,15,16-decahydrospiro[cyclopentaajphe

anthrene-17,1'-cyclopropan]-2'-yl)methanol ((20%)- To a solution of compound (3310 (2.09 g, 4.50

mml) in toluene (23 mL) was added a 3.6 M Red-Auson in toluene (6.3 mL, 23 mmol) under argon at

0 °C. After being stirred at room temperature foh,6the reaction was quenched with saturated agueou

Rochell salt. The aqueous layer was extracted BiMAc, and the combined organic layers were washed

with brine, dried over N&Q,, and concentrated under reduced pressure to giedl@av oil. The crude
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material was purified by column chromatography @ve{diethyl ether 7:3) to afford (8012 (1.17 g, 79%)
as a white solid; Found: C, 80.68; H, 9.54,H3,0, requires C, 80.94; H, 9.26%; Mp 112-113°@]f°
+27.1 € 1.00, CHCY); Vmax (CHCL;) 3410 (br), 3009, 2932, 2866, 1609, 1501, 145a91em™; &, (500
MHz, CDCk) 7.19 (d,J = 8.6 Hz, 1H), 6.70 (dd] = 8.6, 2.3 Hz, 1H), 6.63 (d,= 2.3 Hz, 1H), 3.77 (s, 3H),
3.64 (br m, 1H), 3.53 (br m, 1H), 2.91-2.82 (m, 2{P8-2.18 (m, 2H), 2.10-2.03 (m, 1H), 1.94-1187 (
2H), 1.50-1.39 (m, 6H), 1.25-1.18 (m, 2H), 1.11d(db= 12.6, 12.6, 4.0 Hz, 1H), 0.99-0.92 (m, 2H), 0.81
(s, 3H);dc (125 MHz, CDCY) 157.4, 138.0, 132.8, 126.2, 113.7, 111.4, 65511,553.3, 43.9, 41.4, 39.5,

36.3, 33.2, 29.9, 29.0, 27.8, 26.1, 24.6, 19.8,116.2;m/z(El) 326 (M), 308 (M-HO).

4.2.10. Synthesis of
((2'R,8S,9S,13S,14S,17S)-3-methoxy-13-methyl8,11,8,2,13,14,15,16-decahydrospiro[cyclopentalajphe
anthrene-17,1'-cyclopropan]-2'-yl)methanol ((20B): A mixture of (2(R)-10 (1.59 g, 3.42 mmol), NaBH
(776 mg, 20.5 mmol) and DMSO (14 mL) was stirredZ0 h at 130 °C. After cooling to room temperafure
water was added to the mixture. The aqueous layes extracted with hexane/EtOAc (4:1), and the
combined organic layers were washed with brinesddover NgSOy, and concentrateid vacuo The residue

was partially purified by column chromatographyxéee/diethyl ether 1:1) to give (Rp12 (584 mg, 53%)
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as a white gum;d]o?° +19.6 € 1.00, CHCY); Vmax (CHCL) 3383 (br), 2928, 2862, 1609, 1574, 1501, 1454,
1281, 1018 cnt; &y (500 MHz, CDCY) 7.19 (d,J = 8.6 Hz, 1H), 6.71 (dd} = 8.3, 2.6 Hz, 1H), 6.63 (d,=

2.6 Hz, 1H), 3.87 (dd] = 10.9, 6.3 Hz, 1H), 3.77 (s, 3H), 3.54 (dds 10.9, 10.9 Hz, 1H), 2.93-2.78 (m,
2H), 2.31-2.17 (m, 2H), 2.14-2.03 (m, 1H), 1.9791(1®, 1H), 1.88-1.78 (m, 1H), 1.58-1.30 (m, 8H),7%
1.11 (m, 1H), 0.89 (s, 3H), 0.67 (ddl= 4.6, 4.6 Hz, 1H), 0.42 (dd,= 8.3, 4.3 Hz, 1H)dc (125 MHz,
CDCl) 157.3, 137.9, 132.6, 126.2, 113.7, 111.4, 6511,%54.5, 43.5, 41.4, 39.1, 36.6, 35.8, 29.8, 27664,
25.0, 24.6, 17.1 (two signals missingjyz (El) 326 (M); HRMS (ESI): [M+Na], found 349.2145.

Ca2H3002Na requires 349.2138.

4.2.11. Synthesis of
(2'S,8S,9S5,13S,14S,17S)-3-methoxy-13-methyl-614,8,8,13,14,15,16-decahydrospiro[cyclopenta[a]phen
anthrene-17,1'-cyclopropane]-2'-carbaldehyde ((2@8)) To a solution of oxalyl chloride (0.32 mL, 3.7
mmol) in CHCI, (4.0 mL) was dropwise added a solution of DMSQGIQOmL, 5.6 mmol) in ChkCl, (5.0
mL) at —78 °C. After being stirred for 5 min, awdn of (2(5)-12 (601 mg, 1.84 mmol) in Cil, (9.0 mL)
was dropwise added. After being stirred for 10 atir-78 °C, triethylamine (1.5 ml, 10.8 mmol) wasledl

After being stirred for 20 min, the resulting mis¢uwas allowed to warm to ambient temperature tefilu
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with CHCl;, and quenched with saturated aqueoug@®HThe aqueous layer was extracted with CH@hd

the combined organic layers were washed with brned over NgSO,, and concentrated under reduced
pressure. The crude material was purified by coluthnomatography (hexane/EtOAc 10:1) to afford
(209-13 (490 mg, 82%) as a white solid. Analytical samplas obtained by recrystallization from
hexane/EtOAc as a white needle; Found C, 81.1B.55. G,H»g0,requires C, 81.44; H, 8.70%; Mp 148—
149 °C (dec.); d]p2°+47.7 € 1.00, CHCY); Vmax (CHCL) 2932, 2913, 2866, 1701, 1609, 1501, 1238, 1172,
1042 cm; 3 (500 MHz, CDCY) 9.12 (d,J = 6.3 Hz, 1H), 7.19 (d] = 8.6 Hz, 1H), 6.71 (dd] = 8.6, 2.6 Hz,
1H), 6.63 (dJ = 2.3 Hz, 1H), 3.77 (s, 3H), 2.97-2.83 (m, 2HR322.17 (M, 3H), 2.00-1.93 (m, 2H), 1.79—
1.70 (m, 2H), 1.52-1.39 (m, 6H), 1.26 (ddds 12.1, 3.4, 3.4 Hz, 1H), 1.18-1.15 (m, 2H), O(833H); ¢
(125 MHz, CDC}) 201.8, 157.5, 137.9, 132.3, 126.2, 113.8, 118541, 52.4, 43.80, 43.78, 42.6, 39.3, 32.9,

31.0, 29.8, 29.5, 27.7, 25.9, 24.7, 21.0, 1ifz(El) 324 (M), 309 (M—Me), 291 (M-Me—D).

4.2.12. Synthesis of
(2'R,8S,9S,13S,14S,17S)-3-methoxy-13-methyl-§11,8,2,13,14,15,16-decahydrospiro[cyclopenta[a]phen
anthrene-17,1'-cyclopropane]-2'-carbaldehyde ((20QRB). To a solution of oxalyl chloride (0.37 mL, 4.3

mmol) in CHCI; (5.0 mL) was dropwise added a solution of DMS@Unl, 6.5 mmol) in CkCl, (5.0 mL)
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at —78 °C. After being stirred for 5 min, a soluatiof (2(R)-12 (584 mg, 1.80 mmol) in Ci€l, (12 mL) was
dropwise added. After being stirred for 20 min @8-=C, triethylamine (1.8 mL, 13 mmol) was addefteA
being stirred for 10 min, the resulting mixture wakbwed to warm to ambient temperature, dilutethwi
CHCI;, and quenched with saturated aqueous@®HThe aqueous layer was extracted with CH&hd the
combined organic layers were washed with brineeddover NaSOy, and concentrated under reduced
pressure. The crude material was purified by colurthnomatography (hexane/EtOAc 10:1) to afford
(20R)-13 (471 mg, 81%) as a white solid; Found C, 81.508192. G,H,sO.requires C, 81.44; H, 8.70%;
Mp 128-129 °C; ¢]p*°+42.7 € 1.00, CHCY); Vinax (CHCL) 2932, 2866, 1694, 1609, 1501, 1161, 1038'cm
3y (500 MHz, CDC4) 9.16 (d,J = 7.2 Hz, 1H), 7.19 (d] = 8.6 Hz, 1H), 6.72 (dd} = 8.5, 2.4 Hz, 1H), 6.64
(d,J = 2.0 Hz, 1H), 3.78 (s, 3H), 2.93—2.83 (m, 2HB72:2.15 (m, 3H), 1.95-1.85 (m, 3H), 1.75 (dd; 5.2,
5.2 Hz, 1H), 1.62-1.37 (m, 8H), 1.10 (dds 7.9, 5.0 Hz, 1H), 0.89 (s, 3H)k (125 MHz, CDC}) 200.4,
157.5, 137.8, 132.2, 126.2, 113.8, 111.5, 55.2,5#.9, 43.4, 42.0, 39.2, 36.3, 36.2, 35.4, 28785, 26.3,

24.4, 21.9, 18.0n/z(El) 324 (M), 309 (M—Me), 291 (M—Me—®).

4.2.13. Synthesis of 3-hydroxy-3-methylbutyl 4-gileémzenesulfonatel4). To a stirred solution of

3-methyl-1,3-butanediol (4.19 g, 40.2 mmol) in pyme (100 mL) was added tosyl chloride (9.15 g048.
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mmol) at 0 °C. After being stirred for 12 h at rodemperature, the reaction mixture was quenchel wit
water. The aqueous layer was extracted with EtORw combined organic layers were washed with
saturated aqueous NaHg@nd brine, dried over N8Q,, concentratedn vacuq and azeotroped with
toluene. The resulting pale yellow oil was purifieg column chromatography (hexane/EtOAc 3:2 to 1ol)
afford 14 (7.62 g, 73%) as a colorless ail;ax (neat) 3518 (br), 2970, 1597, 1465, 1354, 1172%cby (500
MHz, CDCk) 7.80 (d,J = 8.3 Hz, 2H), 7.35 (d] = 8.1 Hz, 2H), 4.21 () = 6.9 Hz, 2H), 2.45 (s, 3H), 1.86 (t,
J=6.9 Hz, 2H), 1.22 (s, 6HJic (125 MHz, CDC}) 144.7, 132.7, 129.7, 127.7, 69.3, 67.5, 41.54,281 .4;
m/z (FAB) 259 (M+H), 241 (M-OH).; HRMS (FAB): [M+H] found 259.0975. GH:140:S requires

259.0999.

4.2.14. Synthesis of 2-((3-methyl-3-((triethyl3dyly)butyl)sulfonyl)benzo[d]thiazolel%). To a solution of

14 (7.62 g, 29.5 mmol) in acetone (98 mL) was added (1.2 g, 74.7 mmol). The mixture was heated
under reflux for 2 h. The resulting mixture wasoaled to cool to room temperature, and concentrated
vacua The residue was dissolved in EtOAc, and washéld water. The aqueous layer was extracted with
EtOAc, and the combined organic layers were washtdbrine, dried over N&O,, and concentrated under

reduced pressure to give a brown oil (5.79 g). Bolation of the brown oil (5.79 g) in THF (90 mjere
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added triethylamine (5.6 mL, 41 mmol) and 2-mercbphzothiazole (5.67 g, 33.9 mmol). After being
heated under reflux for 12 h, the reaction mixtwaes allowed to cool to room temperature , dilutethw
EtOAc ,and washed with water. The aqueous layer exéicted with EtOAc, and the combined organic
layers were washed with brine, and dried oves9T. Concentration under reduced pressure gave awello
oil (6.87 g). To a solution of the yellow oil (6.8 in CHCl, (135 mL) was addethCPBA (75%, 18.8 g,
81.7 mmol) at 0 °C. After being stirred for 6 hrabm temperature, the reaction mixture was quenehtd
saturated aqueous NaHgOhe organic layer was washed with brine, driedrdvaSQ;, and concentrated

in vacuo The residue was dissolved in CHChnd passed through a short pad of silica gel with
hexane/EtOAc (1:1) to give a white solid. (7.67 T).a solution of the white solid (7.67 g) in &, (67

mL) were added triethylamine (7.5 mL, 54 mmol) dnidthylsilyl trifluoromethanesulfonate (7.3 mL, 32
mmol) at 0 °C under argon. After being stirred #bth at room temperature, the reaction mixture was
guenched with water. The aqueous layer was exttastth ether, and the combined organic layers were
washed with brine, dried over p&0y, and concentrateth vacuoto give a brown solid. The residue was
purified by column chromatography (hexane/EtOAcl1)Qo afford15 (8.49 g, 72%, 4 steps) as a white
solid; Found C, 53.90; H, 7.31; N, 3.4788,0N0OsS,Sirequires C, 54.10; H, 7.31; N, 3.50%; Mp 57-59 °C;

Vmax (N€@L) 2951, 2873, 1470, 1327, 1304, 1146'chy (500 MHz, CDCY) 8.23 (dd,J = 8.2, 1.4 Hz, 1H),
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8.02 (ddJ = 8.1, 1.4 Hz, 1H)7.65 (dddJ = 8.2, 7.0, 1.4 Hz, 1H), 7.60 (dd#l= 7.8, 6.6, 1.5 Hz, 1H), 3.65—
3.62 (m, 2H), 1.95-1.92 (m, 2H), 1.23 (s, 6H), 0(83 = 8.0 Hz, 9H), 0.51 (q] = 8.0 Hz, 6H):5¢ (125
MHz, CDCk) 65.6, 152.7, 136.7, 127.9, 127.5, 125.4, 122128,751.2, 36.9, 29.7, 6.9, 615z (FAB) 400

(M+H), 370 (M-Et), 268 (M-TES).

4.2.15. Synthesis of
triethyl(((E)-5-((2'R,8S,9S,13S,14S,17S)-3-metldynethyl-6,7,8,9,11,12,13,14,15,16-decahydrosgyo|
lopenta[a]phenanthrene-17,1'-cyclopropan]-2'-yr2ethylpent-4-en-2-yl)oxy)silane  ((20H). To a
solution of15 (352 mg, 1.08 mmol) in THF (6.0 mL) was added aM.Solution of LIHMDS in toluene (1.6
mL, 1.6 mmol) at —78 °C under argon. After beinget for 30 min, a solution of (&)-13 (352 mg, 1.08
mmol) in THF (10 mL) was added, and stirred for.IThe reaction mixture was diluted with EtOAc, and
guenched with saturated aqueous,NH The aqueous layer was extracted with EtOAc, taedcombined
organic layers were washed with brine, dried ovasS®;, and concentrateih vacuoto give a yellow oil.
The crude material was purified by column chromedpgy (hexane/diethyl ether 50:1) to afford an
inseparableE/Z mixture of (209-16 (470 mg, 86%E/Z 9:1) as a colorless oil. The following data were

collected as a 9:E/Z mixture; [o]p*° +23.3 € 1.00, CHCY); Vmax (Neat) 2954, 2909, 2874, 1609, 1501, 1238,
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1042, 1018 cri; &y (500 MHz, CDCJ) 7.20 (d,J = 8.6 Hz, 1H), 6.70 (dd] = 8.6, 2.6 Hz, 1H), 6.63 (d,=
2.0 Hz, 1H), 5.52 (dtJ = 15.2, 7.5 Hz, 0.9H), 5.50 (dt,= 10.9, 3.7 Hz, 0.1H), 5.08 (dd,= 15.2, 8.9 Hz,
0.9H), 5.01 (dd,) = 10.3, 10.3 Hz, 0.1H), 3.77 (s, 3H), 2.95-2.75 2i), 2.34-2.02 (m, 5H), 1.97-1.84 (m,
2H), 1.50-1.28 (m, 7H), 1.27-1.18 (m, 1.6H), 1.482.7H), 1.17 (s, 2.7H), 1.15-1.05 (m, 2H), 09I €
8.1 Hz, 9H), 0.78 (s, 3H), 0.57 (@,= 8.0 Hz, 6H), 0.15 (dd] = 5.5, 5.5 Hz, 1H)dc (125 MHz, CDC))
157.4,138.1, 134.3, 132.9, 126.3, 125.5, 113.841%73.5, 55.2, 53.5, 48.4, 43.9, 41.9, 39.4, 38X, 29.9,
29.7, 29.6, 27.8, 26.1, 24.7, 20.9, 19.2, 16.7, .8 (Signals of the minor isomer were not obséxve/z
(El) 508 (M), 493 (M—Me), 479 (M—Et), 450 (M—2E8B76 (M—TESOH); HRMS (ESI): [M+N4] found

531.3631. GsHs5:0,SiNa requires 531.3629.

4.2.16. Synthesis of
triethyl(((E)-5-((2'S,8S,9S,13S,14S,17S)-3-meti@rethyl-6,7,8,9,11,12,13,14,15,16-decahydrospyd]|
opentala]phenanthrene-17,1'-cyclopropan]-2'-yl)-2tiylpent-4-en-2-yl)oxy)silane  ((20R9). To a
solution of15 (747 mg, 1.87 mmol) in THF (5 mL) was added aNl.8olution of LIHMDS in toluene (1.9
mL, 1.9 mmol) at —78 °C under argon. After beingatl for 30 min, a solution of (&)-13 (463 mg, 1.43

mmol) in THF (10 mL) was added, and stirred for.IThe reaction mixture was diluted with EtOAc, and
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guenched with saturated aqueous,8H The aqueous layer was extracted with EtOAc, taedcombined
organic layers were washed with brine, dried ovasS®,, and concentrateith vacuoto give a yellow oil.
The crude material was purified by column chromedpgy (hexane/diethyl ether 50:1) to afford an
inseparableE/Z mixture of (2R)-16 (667 mg, 92%F/Z 4:1) as a colorless oil. The following data were
collected as a 4:E/Z mixture; [a]p?® +28.6 € 1.00, CHCY); Vmax (CHCL) 2932, 2913, 2874, 1609, 1501,
1458, 1234, 1153, 1038, 1015 ¢ndy (500 MHz, CDCJ) 7.20 (d,J = 8.6 Hz, 1H), 6.71 (ddl = 8.3, 2.3 Hz,
1H), 6.63 (dJ = 2.3 Hz, 1H), 5.54 (dt] = 15.2, 7.2 Hz, 0.8H), 5.43 (dt,= 10.4, 7.8 Hz, 0.2H), 5.29-5.18
(m, 1H), 3.77 (s, 3H), 2.92-2.79 (m, 2H), 2.33-2A®5 5H), 1.95-1.78 (m, 2H), 1.60-1.26 (m, 9H),21(&,
1.2H), 1.18 (s, 4.8H), 0.95 (,= 8.0 Hz, 9H), 0.88 (s, 2.4H), 0.87 (s, 0.6H),33:8.78 (m, 1H), 0.57 (d} =
8.0 Hz, 6H), 0.54-0.51 (m, 1H): (125 MHz, CDC}) 57.4, 138.0, 133.3, 132.9, 126.3, 125.5, 11317,4]
73.7, 55.2, 54.6, 48.6, 43.6, 41.7, 39.1, 37.92,385.7, 29.9, 29.8, 29.5, 27.7, 26.4, 25.7, 224083, 16.0,
7.1, 6.8 (Signals of the minor isomer were not oled); m/z(EI) 508 (M), 493 (M—Me), 479 (M-Et), 450

(M=2Et). 376 (M=TESOH); HRMS (ESI): [M+N&]found 531.3619. £Hs,0,SiNa requires 531.3629.

4.2.17. Synthesis of

5-((2'S,8S,9S,13S,14S,17S)-3-methoxy-13-meth@l%11,,12,13,14,15,16-decahydrospiro[cyclopentala] p

39



enanthrene-17,1'-cyclopropan]-2'-yl)-2-methylpentaol ((20S)17). To a suspension of (316 (166 mg,
0.326 mmol E/Z 9:1) and dipotassium azodicarboxylate (317 mg3 inénol) in CHCI, (1.0 mL) was added

a 1 M solution of acetic acid in GBI, (3.3 mL, 3.3 mmol) dropwise at reflux. Additiondipotassium
azodicarboxylate (317 mg, 1.63 mmol) and a 1.0 Mtsm of acetic acid (3.3 mL, 3.3 mmol) were added
after 3, 6, 22, 25, 28, 31, 34, 43 h, respectivEle reaction mixture was stirred under refluxddotal 46 h,
and the resulting mixture was filtered through @elrhe eluent was concentrated under reducedyrects
give the spirocyclopropane (166 mg) as a pale yedld. To a solution of the spirocyclopropane (168§) in
THF (2 mL) was added a 1.0 M solution of TBAF (IaL, 1.7 mmol), and the solution was heated under
reflux for 6 h. After cooling to room temperatutlee resulting mixture was diluted with EtOAc, andshed
with water. The aqueous layer was extracted witbAgt dried over Ng&50O,, and concentrateih vacuoto
give a yellow oil. The crude material was purifieg column chromatography (hexane/EtOAc 4:1) to give
(209)-17 (92.3 mg, 71% for 2 steps) as a white solid; Mp-2@B °C; p]p*° +21.1 € 1.00, CHCY); Vinax
(CHCls) 3333 (br), 2970, 2924, 2901, 1501, 1454, 1388410049 cri; &y (500 MHz, CDCY) 7.20 (d,J =

8.6 Hz, 1H), 6.70 (ddJ = 8.5, 2.4 Hz, 1H), 6.63 (d,= 2.0 Hz, 1H), 3.77 (s, 3H), 2.92—2.82 (m, 2HR7>
2.18 (m, 2H), 2.04-2.01 (m, 1H), 1.95-1.87 (m, 2H54-1.16 (m, 20H), 1.10 (ddd= 13.2, 13.2, 4.0 Hz,

1H), 0.85 (dd,) = 8.9, 4.3 Hz, 1H), 0.77 (s, 3H), 0.58-0.52 (m, 1+0.26 (dd,J = 4.9, 4.9 Hz, 1H)dc (125
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MHz, CDCk) 157.3, 138.0, 132.9, 126.2, 113.7, 111.3, 70501,553.6, 43.9, 43.8, 41.3, 39.4, 36.0, 33.3,
31.6, 29.9, 29.2, 29.1, 29.0, 27.8, 26.1, 24.%,247.4, 17.1, 17.0n/z(El) 396 (M), 378 (M=HO), 363 (M—

H,O-Me); HRMS (ESI): [M+H], found 397.3096. £H4,0, requires 397.3101.

4.2.18. Synthesis of
5-((2'R,8S,9S,13S,14S,17S)-3-methoxy-13-methgl%,17,,12,13,14,15,16-decahydrospiro[cyclopentala] p
enanthrene-17,1'-cyclopropan]-2'-yl)-2-methylpentanl ((20R)47). To a suspension of (R)-16 (483 mg,
0.949 mmol E/Z 4:1) and dipotassium azodicarboxylate (922 md; #mol) in CHCI, (5.0 mL) was added
a 1.0 M solution of acetic acid in GEl, (9.4 mL, 9.4 mmol) dropwise at reflux. Additiondippotassium
azodicarboxylate (922 mg, 4.75 mmol) and a 1.0 Mtsm of acetic acid in CpCl, (9.4 mL, 9.4 mmol)
were added after 3, 17, 29, 42, 47, 53, 67, 70774, respectively. The reaction mixture was atirander
reflux for a total 89 h, and the resulting mixtweas filtered through Celite. The eluent was corneded
under reduced pressure to give a pale yellow 62 (@g, only about 50% conversion % NMR). Again, to
a suspension of the pale yellow oil (402 mg) amgbtiissium azodicarboxylate (768 mg, 3.95 mmol) in
CH,CI; (4.0 mL) was added a 1.0 M solution of acetic ati@H,Cl, (8.0 mL, 8.0 mmol) dropwise at reflux.

Additional dipotassium carboxylate (770 mg, 3.96 sijnand a 1.0 M solution of acetic acid in &, (8.0
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ml, 8.0 mmol) were added after 5, 9, 12, 32, 36,58, respectively. The reaction mixture wasetirunder
reflux for a total 72 h, and the resulting whitesgension was allowed to cool to room temperatund, a
diluted with water. The aqueous layer was extraetgkd CHCk, and washed with brine, dried overJS&y.
Concentration under reduced pressure gave a phdsvyail (390 mg). To a solution of the pale yellavil
(390 mg, 0.763 mmol) in THF (5.0 mL) was added@NMl.solution of TBAF in THF (2.3 mL, 2.3 mmol).
After being refluxed for 13 h, the resulting mix@uwas allowed to cool to room temperature, andtetilu
with water. The aqueous layer was extracted witbA€t twice. The combined organic layers were washed
with brine, dried over N&Q,, concentrated under reduced pressure to givelewyell. The residue was
purified by column chromatography (hexane/EtOAC) Balafford (2@R)-17 (284 mg, 75% for 2 steps) as a
white solid. Mp 95-96 °C;qf]p®° +13.0 € 1.00, CHCY); Vimax (CHCL) 3333 (br), 2970, 2924, 2901, 1501,
1454, 1381, 1084, 1049 cndy (500 MHz, CDCY) 7.19 (d,J = 8.6 Hz, 1H), 6.71 (dd] = 8.6, 2.6 Hz, 1H),
6.63 (d,J = 2.6 Hz, 1H), 3.77 (s, 3H), 2.92-2.80 (m, 2HRR-2.16 (M, 2H), 2.04-1.98 (m, 1H), 1.94-1.89
(m, 1H), 1.84-1.73 (m, 2H), 1.56-1.24 (m, 13H)21(&, 6H), 1.13-1.05 (m, 1H), 0.91 (s, 3H), 0.72 {i),
0.42 (dd,J = 4.9, 4.9, Hz, 1H), 0.27 (dd,= 8.6, 4.0 Hz, 1H)dc (125 MHz, CDC4) 157.4, 138.1, 132.9,
126.2, 113.7, 111.4, 71.1, 55.2, 54.7, 43.9, 4817, 39.1, 36.7, 36.2, 35.6, 29.92, 29.90, 2993,27.7,

26.5, 25.4, 24.8, 22.6, 18.4, 1618z (EI) 396 (M), 378 (M—HO), 363 (M—HO—-Me), 348 (M—HO—2Me);
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HRMS (ESI): [M+HT, found 397.3115. £H410, requires 397.3101.

4.2.19. Synthesis of
(2'S,8S,9S5,13S,14S,17S)-2'-(4-hydroxy-4-methyIpdi3ymethyl-6,7,8,9,11,12,13,14,15,16-decahydro§pi
cyclopenta[a]phenanthrene-17,1'-cyclopropan]-3-¢2qS)48). To a solution of diphenylphosphine (0.12
mL, 0.69 mmol) in THF (1.0 mL) were added a 2.5 dluson of n-BuLi in hexane (0.27 mL, 0.68 mmol)
and a solution of (29-17 (52.0 mg, 0.132 mmol) in THF (1.0 mL). After thedrsolution was heated under
reflux for 25 h, the resulting mixture was allowtdcool to room temperature. The mixture was dduiath
EtOAc, washed with 10% HCI, saturated aqueous Na#81@ brine, and dried over p&0y. Concentration
under reduced pressure gave a pale yellow oil, whicas purified by column chromatography
(hexane/EtOAc 7:3) to give (318 (38.2 mg, 76%) as a white solid; Mp 80-83 °@}sf° +9.85 ¢ 0.50,
CHCl); Vimax (KBr) 3717 (br), 3292 (br), 2968, 2932, 2864, 161485, 1501, 1452, 1375, 1287, 1240 tm
3y (500 MHz, CDC4) 7.15 (d,J = 8.6 Hz, 1H), 6.62 (ddl = 8.3, 2.6 Hz, 1H), 6.56 (d,= 2.3 Hz, 1H), 4.71
(br s, 1H), 2.90-2.77 (m, 2H), 2.30-2.13 (m, 2HP921.99 (m, 1H), 1.97-1.83 (m, 2H), 1.55-1.21 (m,
19H), 1.16 (dddJ = 12.3, 2.9, 2.9 Hz, 1H), 1.08 (ddHz= 12.6, 12.6, 4.0 Hz, 1H), 0.85 (dbi= 9.2, 4.3 Hz,

1H), 0.76 (s, 3H), 0.58-0.51 (m, 1H), —=0.26 (dcs 4.9, 4.9 Hz, 1H)pc (125 MHz, CDCY) 153.4, 138.4,
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132.9, 126.4, 115.2, 112.6, 71.5, 53.7, 44.0, 48184, 39.5, 36.0, 33.3, 31.6, 29.7, 29.2, 29.10,297.8,
26.2, 24.9, 24.6, 17.5, 17.11, 17.0@(z (EI) 382 (M), 364 (M—HO), 349 (M—HO-Me); HRMS (ESI):

[M+H] ", found 383.2931. £H340, requires 383.2945.

4.2.20. Synthesis of
(2'R,8S,9S,13S,14S,17S)-2'-(4-hydroxy-4-methylper@ymethyl-6,7,8,9,11,12,13,14,15,16-decahydrogpi
cyclopenta[a]phenanthrene-17,1'-cyclopropan]-342(R)-8). To a solution of diphenylphosphine (0.33 ml,
1.90 mmol) in THF (1 ml) were added a 2.5 M solat@f n-BuLi in hexane (0.76 ml, 1.90 mmol) and a
solution of (2®R)-17 (151 mg, 0.381 mmol) in THF (3 ml). After the realigion was heated under reflux for
21 h, the resulting mixture was allowed to cootdom temperature. The mixture was diluted with E6QA
washed with 10% HCI, saturated aqueous Naki@@l brine, and dried over p&0,. Concentration under
reduced pressure gave a pale yellow oil, which puagied by column chromatography (hexane/EtOAc 4:1
to 7:3) to give (2B)-18 (133 mg, 91%) as a white solid; Mp 192-193 °@pf® +14.1 € 1.00, THF);Vmax
(KBr) 3319 (br), 2968, 2857, 2816, 1614, 1585, 1500, 1375, 1283, 1213, 1148, 895ty (500 MHz,
CDCly) 7.14 (d,J = 8.3 Hz, 1H), 6.62 (dd] = 8.3, 2.0 Hz, 1H), 6.56 (d,= 2.3 Hz, 1H), 2.88-2.78 (m, 2H),

2.26-2.15 (m, 2H), 2.05-1.98 (m, 1H), 1.93-1.87 1i), 1.84-1.73 (m, 2H), 1.56-1.29 (m, 14H), 1.83 (
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6H), 1.10-1.05 (m, 1H), 0.91 (s, 3H), 0.72 (m, 16942 (dd,J = 4.3, 4.3, Hz, 1H), 0.27 (dd,= 8.6, 4.0 Hz,

1H); dc (125 MHz, acetonés) 156.5, 139.0, 132.7, 127.5, 116.5, 114.1, 70672,545.4, 45.2, 43.0, 40.9,

38.2, 37.5, 37.0, 31.5, 31.0, 30.4, 29.1, 27.98,286.0, 24.1, 19.5, 17.8)/z (El) 382 (M), 364 (M—-HO),

349 (M—-HO—-Me); HRMS (ESI): [M+Na], found 405.2772. £H3s0,Na requires 405.2764.

4.2.21. Synthesis of

tert-butyl(((6bS,8aS,8bR,9S,10aS,11aS,11bR)-4-med8 methyl-9-((E)-4-methyl-4-((triethylsilyl)oy@nt

-1-en-1-yl)-1,2,6b,7,8,8a,9,10,10a,11,11a,11b-dabgdro-8bH-cyclobuta[3,4]cyclopenta[1,2-a]phenarghr

n-8b-yl)oxy)dimethylsilane (trar9). To a solution of oxalyl chloride (0.38 mL, 4.4 mmai CH,CI, (5.0

mL) was dropwise added a solution of DMSO (0.47 ®l6 mmol) in CHCI, (6.0 mL) at —78 °C. After

being stirred for 5 mintrans-7 (1.00 g, 2.19 mmol) in C¥l, (11 mL) was dropwise added. After being

stirred for 40 min at —78 °C, triethylamine (1.8 nil3 mmol) was added. After being stirred for 20 nthe

resulting mixture was allowed to warm to ambienhperature, diluted with CHgl and quenched with

saturated aqueous NEI. The aqueous layer was extracted with Gi1@hd the combined organic layers

were washed with brine, dried over 48&4, and concentrated under reduced pressure. Thaueesvas

dissolved in CHGland passed through a short pad of silica gel hatkane/diethyl ether (10:1) to obtain a
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crude aldehyde (936 mg) as a white solid, which wasd directly in the next step without further
purification. To a solution of5 (1.07 g, 2.69 mmol) in THF (7 mL) was added a 1.@dution of LIHMDS

in toluene (2.7 mL, 2.7 mmol) at —78 °C under arghifter being stirred for 30 min, a solution of tabove
crude aldehyde (936 mg, 2.06 mmol) in THF (13 mlasvadded, and stirred for 1 h. The reaction mixture
was diluted with EtOAc, and quenched with saturatgdeous NECI. The aqueous layer was extracted with
EtOAc, and the combined organic layers were wastigd brine, dried over N&O,, and concentrateth
vacuoto give a yellow solid. The crude material was fiedi by column chromatography (hexane/diethyl
ether 50:1) to afford an inseparall& mixture oftrans19 (1.18 g, 84% for 2 stepE/Z 3:2) as a colorless
oil. The following data were collected as a BfZ mixture; [o]p*° +11.5 € 1.00, CHCY); Vimax (CHCL) 2955,
2928, 1501, 1458, 1254, 1238, 1045ty (500 MHz, CDCJ) 7.22 (d,J = 8.6 Hz, 0.4H), 7.21 (d = 8.6
Hz, 0.6H), 6.71 (dd] = 8.6, 2.9 Hz, 1H), 6.63 (d,= 2.9 Hz, 1H), 5.86-5.77 (m, 1H), 5.49 (d#it 10.9, 7.5,
0.9 Hz, 0.4H), 5.43 (ddfl = 15.5, 7.2, 1.4 Hz, 0.6H), 3.77 (s, 3H), 3.446318, 0.4H), 3.26-3.18 (m, 0.6H),
2.93-2.81 (m, 2H), 2.60-2.54 (m, 0.4H), 2.51-242 {H), 2.38-2.28 (m, 1H), 2.27-2.13 (m, 4H), 2.06
(ddd,J = 3.8, 3.8, 3.2 Hz, 0.6H), 1.97-1.90 (m, 1H), £BJ8 (m, 1H), 1.60-1.33 (m, 6H), 1.20 (s, 1.2H),
1.18 (s, 1.2H), 1.17 (s, 3.6H), 1.08-0.89 (m, 19HJ0 (s, 1.8H), 0.69 (s, 1.2H), 0.57 Jo& 8.1 Hz, 2.4H),

0.56 (q,J = 8.0 Hz, 3.6H), 0.27 (s, 1.2H), 0.21 (s, 1.8H)}L33 (s, 1.8H), 0.127 (s, 1.2H) (125 MHz,
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CDCl;) 157.4, 157.3, 138.1, 138.0, 133.02, 133.0, 13326, 127.0, 126.5, 126.4, 125.6, 113.7, 111.41,

111.38, 92.0, 91.7, 73.6, 73.4, 55.2, 50.5, 4848745, 48.3, 47.1, 47.0, 45.8, 44.0, 43.8, 43.35,441.0,

38.87, 38.85, 33.7, 33.6, 31.2, 30.0, 29.94, 229185, 29.7, 28.7, 27.89, 27.85, 26.42, 26.37),285.9,

25.8, 18.3, 17.01, 16.95, 7.1, 6.8, —2.4, —2.71,—33.3 (some signals missing)/z (El) 638 (M), 623 (M—

Me), 609 (M—Et), 581 (MtBu), 506 (M~TESOH): HRMS (ESI): [M+N&] found 661.4428. &He:0:SiNa

requires 661.4442.

4.2.22. Synthesis of

tert-butyl(((6bS,8aS,8bR,9R,10aS,11aS,11bR)-4-me8e-methyl-9-((E)-4-methyl-4-((triethylsilyl) oy@&nt

-1-en-1-yl)-1,2,6b,7,8,8a,9,10,10a,11,11a,11b-dabgdro-8bH-cyclobuta[3,4]cyclopenta[1,2-a]phenarghr

n-8b-yl)oxy)dimethylsilane (ci9). To a solution of oxalyl chloride (0.49 mL, 5.7 minimmn CH,Cl, (7.0 mL)

was dropwise added a solution of DMSO (0.61 mL,r8r6ol) in CHCI, (6.0 mL) at —78 °C. After being

stirred for 5 min, a solution ais-7 (1.30 g, 2.85 mmol) in Cil, (15 mL) was dropwise added. After being

stirred for 40 min at —78 °C, triethylamine (2.4 nil7 mmol) was added. After being stirred for 2@ nthe

resulting mixture was allowed to warm to ambienhperature, diluted with CHgl and quenched with

saturated aqueous NEI. The aqueous layer was extracted with Gi1@hd the combined organic layers
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were washed with brine, dried over J8&y, and concentrated under reduced pressure. Theéuessvas
dissolved in CHGl and passed through a short pad of silica gel héttane/EtOAc (20:1) to obtain a crude
aldehyde (1.21 g) as a white solid, which was wBegttly in the next step without further purificat. To a
solution of15 (1.39 g, 3.48 mmol) in THF (8.0 mL) was added @M. solution of LIHMDS in toluene (3.5
mL, 3.5 mmol) at —78 °C under argon. After beingatl for 30 min, a solution of the above crudeslgbe
(1.21 g, 2.66 mmol) in THF (19 mL) was added, amadesl for 1 h. The reaction mixture was dilutediwi
EtOAc, and quenched with saturated aqueousQH he aqueous layer was extracted with EtOAc, taed
combined organic layers were washed with brineeddover NgSQ,, and concentrateth vacuoto give a
yellow oil. The crude material was purified by coln chromatography (hexane/EtOAc 50:1) to afford an
inseparablee/Z mixture ofcis-19 (1.29 g, 71% for 2 step&/Z 1:1) as a colorless oil. The following data
were collected as a 18/Z mixture; [o]p?° +4.95 € 1.00, CHCY); Vmax (CHCL) 2951, 2928, 2878, 2855,
1501, 1462, 1234, 1153, 1099, 1045, 1018'¢dx (500 MHz, CDCY) 7.23 (d,J = 8.9 Hz, 1H), 6.72 (dd} =
8.6, 2.3 Hz, 1H), 6.64 (d,= 2.3 Hz, 1H), 5.74 (df] = 10.0, 7.9 Hz, 0.5H), 5.43 (ddi= 15.5, 6.1 Hz, 0.5H),
5.45-5.32 (m, 1H), 3.78 (s, 3H), 3.27-3.21 (m, 0,511-3.04 (m, 0.5H), 2.96-2.82 (m, 2H), 2.60, (Hd
7.5, 7.5 Hz, 0.5H), 2.54 (dd,= 8.0, 8.0 Hz, 0.5H), 2.35-2.05 (m, 5H), 1.99-1(80) 1H), 1.74-1.64 (m,

1H), 1.62—1.38 (m, 8H), 1.20 (s, 1.5H), 1.19 (5H), 1.18 (s, 1.5H), 1.16 (s, 1.5H), 0.95)t 8.0 Hz, 9H),
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0.92 (s, 4.5H), 0.90 (s, 4.5H), 0.70 (s, 1.5H)90(& 1.5H), 0.574 (g] = 7.7 Hz, 3H), 0.569 (gl = 8.1 Hz,
3H), 0.26 (s, 1.5H), 0.22 (s, 1.5H), 0.10 (s, 1,50iD8 (s, 1.5H)c (125 MHz, CDCY) 157.4, 137.9,134.1,
132.90, 132.87, 132.8, 126.3, 126.1, 125.3, 111384, 90.7, 90.5, 73.6, 73.5, 55.1, 48.4, 48.842 47.0,
46.9, 44.31, 44.27, 43.4, 40.8, 40.5, 40.3, 38876,335.9, 32.1, 31.9, 30.4, 30.0, 29.9, 29.807€929.6,
29.5, 29.3, 28.3, 27.8, 26.14, 26.10, 18.64, 18186, 14.5, 7.11, 6.8, —-1.46, —1.51, —2.4 ppm €seignals
missing); m/z (El) 638 (M), 609 (M-Et), 581 (MBu), 506 (M-~TESOH); HRMS (ESI): [M+N4] found

661.4439. GoHesO3SiNa requires 661.4442.

4.2.23. Synthesis of
5-((6bS,8aS,8bS,9R,10aS,11aS,11bR)-8b-((tert-humgdklylsilyl)oxy)-4-methoxy-8a-methyl-2,6b,7,8,8:08
,10,10a,11,114a,11b-dodecahydro-1H-cyclobuta[3,4fmyenta[1,2-a]phenanthren-9-yl)-2-methylpentan-2-ol
(trans20). A mixture oftrans19 (1.18 g, 1.85 mmoE/Z 3:2), 10% Pd/C (200 mg) and EtOAc/MeOH (1:1,
18 mL) was stirred underH1 atm) at room temperature for 10 h. The reaatixture was filtered through
Celite, and concentrated under reduced pressugevéoa pale yellow oil, which was purified by colom
chromatography (hexane/diethyl ether 3:2) to aftoads-20 (626 mg, 64%) as a white solid; Mp 52-55 °C;

[a]p?° +9.64 € 1.00, CHCY); Vimax (CHCL) 3422 (br), 2940, 2862, 1612, 1485, 1454, 1238112103 cnt;
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84 (500 MHz, CDCY) 7.22 (d,J = 8.6 Hz, 1H), 6.71 (dd] = 8.6, 2.6 Hz, 1H), 6.67 (d,= 2.3 Hz, 1H), 3.78

(s, 3H), 2.90-2.82 (m, 2H), 2.59 (dddbz 12.6, 12.6, 8.0, 5.5 Hz, 1H), 2.48-2.44 (m, 1M36-2.22 (m,

3H), 1.95-1.88 (m, 2H), 1.84-1.72 (m, 2H), 1.6841(H, 2H), 1.56—1.38 (m, 7H), 1.36-1.28 (m, 1HPIL.

(s, 6H), 1.16-1.09 (m, 1H), 0.89 (s, 9H), 0.82 (did 12.9, 8.6, 4.9 Hz, 1H), 0.72 (s, 3H), 0.18 &),9.11

(s, 3H);dc (125 MHz, CDCY) 157.3, 138.1, 132.9, 126.4, 113.7, 111.4, 90140,755.2, 48.8, 48.6, 47.5,

44.0, 43.9, 41.5, 39.0, 33.3, 31.9, 31.4, 30.03,229.2, 27.9, 27.4, 26.5, 25.9, 23.1, 18.3, 145/, -3.0;

m/z (El) 526 (M), 511 (M-Me), 411 (M=TBS); HRMS (ESIM+Na]*, found 549.3752. §&Hs.OsSiNa

requires 549.3734.

4.2.24. Synthesis of

5-((6bS,8aS,8bS,9S,10aS,11aS,11bR)-8b-((tert-loastilylsilyl)oxy)-4-methoxy-8a-methyl-2,6b,7,8,8:08

,10,10a,11,114a,11b-dodecahydro-1H-cyclobuta[3,4fmyenta[1,2-a]phenanthren-9-yl)-2-methylpentan-2-ol

(cis-20). A mixture ofcis-19 (1.29 g, 2.02 mmol/Z 1:1), 10% Pd/C (215 mg) and EtOAc/MeOH (1:1, 20

mL) was stirred under H(1 atm) at room temperature for 10 h. The reactoxture was filtered through

Celite, and concentrated under reduced pressumivtd a white gum, which was purified by column

chromatography (hexane/diethyl ether 3:2) to afide20 (847 mg, 80%) as a white solid; Mp 63-66 °C;
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[0]p%° +19.0 € 1.00, CHCY); Vimax (neat) 3325 (br), 2970, 2928, 1612, 1500, 1259210045 cr; &y (500
MHz, CDCk) 7.22 (d,J = 8.6 Hz, 1H), 6.72 (dd] = 8.6, 2.6 Hz, 1H), 6.64 (d,= 2.6 Hz, 1H), 3.78 (s, 3H),
2.89-2.83 (m, 2H), 2.54 (dd,= 7.5, 7.5 Hz, 1H), 2.38-2.30 (m, 2H), 2.23 (dd; 9.9, 9.9 Hz, 1H), 1.93-
1.83 (m, 2H), 1.68-1.21 (m, 15H), 1.20 (s, 6H),10(8, 9H), 0.69 (s, 3H), 0.24 (s, 3H), 0.11 (s, ;3d)(125
MHz, CDCk) 157.4, 138.0, 132.9, 126.4, 113.8, 111.4, 9012],755.2, 48.3, 46.6, 44.4, 44.3, 40.0, 38.6,
38.1, 32.0, 31.9, 29.9, 29.7, 29.5, 29.2, 29.08,276.2, 23.0, 18.6, 14.6, —1.2, —208z (El) 526 (M), 511

(M—Me), 411 (M=TBS); HRMS (ESI): [M+N4] found 549.3737. §Hs40sSiNa requires 549.3734.

4.2.25. Synthesis of
(6bS,8aS,8bS,9R,10aS,11aS,11bR)-8b-((tert-butytluypiaiyl)oxy)-9-(4-hydroxy-4-methylpentyl)-8a-mgth
2,6b,7,8,8a,8b,9,10,10a,11,11a,11b-dodecahydroidibbuta[3,4]cyclopenta[1,2-a]phenanthren-4-ol
(trans21). To a solution of diphenylphosphine (0.53 ml, 3.1 @ijnin THF (4.0 mL) were added a 2.5 M
solution ofn-BuLi in hexane (1.2 mL, 3.0 mmol) and a solutidntrans-20 (533 mg, 1.01 mmol) in THF
(6.0 mL). The red solution was heated under reftux27 h, and the diphenyl phosphine (0.35 mL, 2.0
mmol) and a 2.5 M solution ofBuLi in hexane (0.81 mL, 2.0 mmol) were added adaithe mixture. After

being stirred for additional 19 h under reflux, tlesulting mixture was allowed to cool to room temgture.
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The mixture was diluted with EtOAc, washed with 1®4€I, saturated aqueous NaH&énd brine, and
dried over NaSQ,. Concentration under reduced pressure gave aypdtev oil, which was purified by
column chromatography (hexane/EtOAc 3:1) to dghans21 (458 mg, 88%) as a white solid. Analytical
sample was obtained by recrystallization from Et@&a white powder; Found 74.70; H, 10.29Hzg,0;Si
requires C, 74.94; H, 10.22%; Mp 178-179 °Q}of° +5.35 € 1.00, CHCJ); Vmax (n€at) 3329 (br), 2974,
2928, 2893, 1454, 1088, 1049 ¢rdy (500 MHz, CDC}) 7.17 (d,J = 8.3 Hz, 1H), 6.63 (dd} = 8.5, 2.7 Hz,
1H), 6.57 (dJ = 2.6 Hz, 1H), 2.88-2.79 (m, 2H), 2.62—2.54 (m),12448-2.44 (m, 1H), 2.32 (dddi= 12.0,
12.0, 9.5 Hz, 1H), 2.26-2.20 (m, 2H), 1.94-1.88 2id), 1.84-1.72 (m, 2H), 1.67—1.60 (m, 2H), 1.5251.
(m, 9H), 1.21 (s, 6H), 1.16-1.09 (m, 1H), 0.899H), 0.82 (ddd,) = 12.2, 8.5, 5.2 Hz, 1H), 0.72 (s, 3H),
0.18 (s, 3H), 0.11 (s, 3H¥c (125 MHz, CDCY) 153.4, 138.3, 132.7, 126.6, 115.2, 112.6, 90144,748.8,
48.6, 47.5, 43.9, 41.5, 38.9, 33.3, 31.9, 31.483,229.2, 29.1, 27.8, 27.3, 26.5, 25.9, 23.1, 18735, 18.3,

17.5, —2.7, =3.0m/z(El) 512 (M), 453 (M—2Me—OH), 397 (M-TBS).

4.2.26. Synthesis of
(6bS,8aS,8bS,9S,10aS,11aS,11bR)-8b-((tert-butylditaryl) oxy)-9-(4-hydroxy-4-methylpentyl)-8a-mgth

2,6b,7,8,8a,8b,9,10,10a,11,11a,11b-dodecahydroydibbuta[3,4]cyclopenta[1,2-a]phenanthren-4-ol
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(cis-21). To a solution of diphenylphosphine (0.99 mL, 5.7 ofjmn THF (4.0 mL) were added a 2.5 M
solution ofn-BuLi in hexane (2.3 mL, 5.8 mmol) and a solutidrcs-20 (603 mg, 1.14 mmol) in THF (7.0
mL). After the red solution was heated under refioex20 h, the resulting mixture was allowed to Ictwo
room temperature. The mixture was diluted with EcQWashed with 10% HCI, saturated aqueous NagCO
and brine, and dried over p&0,. Concentration under reduced pressure gave aypHésv oil, which was
purified by column chromatography (hexane/EtOAc) 3d. give cis-21 (455 mg, 78%) as a white solid.
Analytical sample was obtained by recrystallizatioom EtOAc as a white powder; C, 74.79; H, 10.44.
CsoHs0:Sirequires C, 74.94; H, 10.22%; Mp 205-206 °@pf° +21.5 € 1.00, THF)Vmax (Neat) 3314 (br),
2974, 2882, 1088, 1045 cndy (500 MHz, CDCY) 7.17 (d,J = 8.3 Hz, 1H), 6.64 (dd] = 8.2, 2.4 Hz, 1H),
6.57 (d,J = 2.3 Hz, 1H), 4.56 (s, 1H), 2.85-2.82 (m, 2H54(ddd,J = 8.4, 8.4, 1.6 Hz, 1H), 2.35-2.28 (m,
2H), 2.23-2.19 (m, 1H), 1.92-1.83 (m, 2H), 1.6741(ra, 16H), 1.21 (s, 3H), 1.20 (s, 3H), 0.91 (s),9H69

(s, 3H), 0.24 (s, 3H), 0.10 (s, 3 (125 MHz, THF€s) 156.4, 138.1, 131.6, 126.7, 115.9, 113.6, 91947,6
49.3, 47.6, 45.5, 45.4, 41.0, 40.0, 39.2, 33.37,320.7, 30.6, 30.1, 29.4, 28.9, 27.2, 26.7, 2B934, 15.3, —

1.0, —=2.0m/z(El) 512 (M).

4.2.27. Synthesis of
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(6bS,8aS,8bS,9R,10aS,11aS,11bR)-9-(4-hydroxy-4Ametkyl)-8a-methyl-1,2,6b,7,8,8a,9,10,10a,11,11a,1
b-dodecahydro-8bH-cyclobuta[3,4]cyclopenta[l,2-adplanthrene-4,8b-diol (tran®2). To a solution of
trans21 (120 mg, 0.234 mmol) in THF (1.0 mL) was added@M.solution of TBAF in THF (1.2 mL, 1.2
mmol), and the solution was heated under reflutbh. The resulting mixture was allowed to cootdom
temperature, and purified by column chromatografpiexane/EtOAc 2:3) to giveans22 (71 mg, 76%) as
a white solid; Mp 197-198 °Cpp?° +12.8 € 1.00, THF);Vmax (THF) 3348 (br), 1454, 1361, 1288, 1222,
1080 cm’; 84 (500 MHz, MeOHdl,) 7.09 (d,J = 8.6 Hz, 1H), 6.54 (dd] = 8.3, 2.6 Hz, 1H), 6.48 (d,= 1.7
Hz, 1H), 2.81-2.76 (m, 2H), 2.62-2.55 (m, 1H), 2223 (m, 3H), 2.21 (ddd), = 11.1, 11.1, 3.0 Hz, 1H),
2.02-1.91 (m, 3H), 1.80-1.65 (m, 3H), 1.56—1.339H), 1.161 (s, 3H), 1.158 (s, 3H), 0.86 (M, THRMO(S,
3H); oc (125 MHz, MeOHd,) 155.9, 138.8, 132.6, 127.3, 116.0, 113.7, 89124,750.0, 49.6, 48.9, 45.3,
44.8, 42.4, 40.6, 33.9, 33.4, 32.6, 30.8, 29.31,229.0, 28.3, 27.7, 24.1, 17:8/z (El) 398 (M), 380 (M—

H,0); HRMS (ESI): [M+Na], found 421.2720. £H3s0:Na requires 421.2713.

4.2.28. Synthesis of
(6bS,8aS,8bS,9S,10aS,11aS,11bR)-9-(4-hydroxy-4dpeattyl)-8a-methyl-1,2,6b,7,8,8a,9,10,10a,11,114a,1

b-dodecahydro-8bH-cyclobuta[3,4]cyclopenta[1,2-afplanthrene-4,8b-diol (Ci®2). To a solution otis-21
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(138 mg, 0.269 mmol) in THF (1.0 mL) was added@NM.solution of TBAF in THF (2.2 mL, 2.2 mmol),
and the solution was heated under reflux for 5Bfter cooling to room temperature, the resultingtuie
was diluted with EtOAc, and washed with water. Hugleous layer was extracted with EtOAc, dried over
NaSQO,, and concentrateth vacuoto give a yellow oil. The crude material was pedf by column
chromatography (hexane/EtOAc 1:1 to 2:3) to gie22 (70.0 mg, 66%) as a white solid; Mp 222-223 °C
(dec.); p]p®° +66.9 € 1.00, THF);Vmax (THF) 3298 (br), 2932, 1616, 1582, 1454, 1369,91661 " 3 (500
MHz, DMSO-de) 8.98 (s, 1H), 7.04 (dl = 8.6 Hz, 1H), 6.50 (dd] = 8.3, 2.0 Hz, 1H), 6.43 (d,= 2.0 Hz,
1H), 4.46 (s, 1H), 4.02 (s, 1H), 2.78-2.65 (m, 2B{R9—2.09 (m, 4H), 1.85-1.61 (m, 3H), 1.50-1.13 (m
14H), 1.04 (s, 6H), 0.67 (s, 3HJ (125 MHz, DMSOsdg) 154.9, 137.2, 130.6, 126.0, 114.9, 112.7, 86.3,
68.9, 48.8, 45.5, 44.2, 43.6, 40.2, 38.5, 36.4,31.5, 29.5, 29.4, 29.2, 28.8, 27.4, 25.9, 2P411;m/z(El)

398 (M), 380 (M-HO), 365 (M-HO-Me); HRMS (ESI): [M+H], found 399.2882. &H3005 requires

399.2899.
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