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Abstract

Natural cardiac-active principles built upon thelB8-dihydroxy-33,14p-androstane core and
bearing a heterocyclic substituent atf1i particular, a cardenolide - oleandrin and a
bufadienolide - bufotalin, are receiving a greaald# attention as potential anticancer drug.
The densely substituted and sterically shielded bBnis the particular structural feature of
these compounds. The first synthesis of oleandimggom easily available steroid starting
material is reported here. Furthermore, selectefi-(4-butenolidyl)- and 1F-(3-furyl)-
14,18-dihydroxy-androstane derivatives wesa routesynthesized and examined for their
Na'/K*-ATP-ase inhibitory properties as well as cytotoaativities in normal and cancer cell
lines. It was found that the furyl-analogue of ol@agenin/bufatalin{) and some related 17-
(3-furyl)- derivatives 19, 21) show remarkably high N&*-ATP-ase inhibitory activity as
well as significant cytotoxicityn vitro. In addition, oleandrigeni@ compared to derivatives
21 and 25 induced strong apoptosis in human cervical camadielLa cells after 24 h of

treatment.

Introduction

Steroid cardiac-active principfegmbracing cardenolides and bufadienolides areewtiyr
considered a promising source of anti-cancer dfigdoth these groups of compounds are
built on the 1#-androstane skeleton bearing an oxygen functioralgat position 14 and a
heterocyclic substituent at position3t B-butenolidyl for cardenolides and &{fyranoyl) for
bufadienolides. Cardenolides are known primarilyptent-derived compounds where they
occur as 3-glycosides in combination with specific sugars velas bufadienolides occur in
plants as glycosides as well as in certain animadsnly amphibians as free 3-hydroxy

derivatives, hemisubarates or conjugates with araans.



Recent researchers' attention has focused on siedfdFig. 1), a glycoside of oleandrigenin
(2) and oleandrose, a cardenolide isolated from dieer shrubNerium oleanderL.,*>*°
preparations which have been used in therapy sincient times. Two herbal preparations of
Nerium oleander Anvirzel"* (a hot water extract) and Breasfifa cold water extract) are
developed for cancer treatment.

The distinctive structural feature of the steroadecofl is the presence of the acetoxy group
at position 18 that makes ring C densely substituted and stérishielded. Closely related
to 1 is gitoxin 3 isolated® from Digitalis purpurealL. along with its aglycone, gitoxygeni)
and its respective 16-formyl derivatives. Gitoxin and its 16-formate are consider&t
pharmacologically the most important component®jitalis medications. The cytotoxic
activity of 3 and4 against various malignant cell cultures has régdmten determinetf

Much attention is also pdid’to bufadienolides in the Chinese traditional miegicirug

Ch’an Su which is obtained from the secretion efdlaricular and skin glands of the toad,
Bufo bufo gargarizansCh’an Su is a complex mixture of compounds ofchiderivatives of
16B3-acetoxy- and 16-hydroxy-androstane, bufotaliB, and desacetylbufotali® are

prominent ingredient® %

The structural differences between cardenolkdand bufadienolidés are reduced to the
nature of the heterocyclic unit. Although synthetiterconversion of butenolide anepyrone
moieties appears rather ambiguous, there are agngimdications in the literature that both
these heterocycles may be related through suitatleyl precursors’?? The presumed
common synthetic precursor, (3-furyl)-androstanevdéve (7) is interesting in its own
rights. Some 17-furyl cardenolide/butadienolide lagaes are reported to exhibit cardiac
activity.>*?* Their cytotoxic activity has not been explored.

It has been shown that cardenolides bind to thela&wy site on the extracellular surface of

the Nd/K*-ATP-ase and trigger processes responsible, eorghdart muscle and blood



pressure regulation, motility, cell proliferaticapoptosis and othef$?’ It has been suggested
that thea3 isoform of N&/K*-ATP-ase may serve as a target for the cardiacogige
treatment of cancer and that synthetic analoguesledndrin are likely to provide more
specific anti-cancer agerfs.

The cytotoxic activities of oleandrii) and oleandrigenin2] have been extensively studied
and reviewed: ** #¥?Bufotalin () has been recently reported to inhibit U20S odtstbma
cell growthin vivo,*® inducing TNFe- and TRAIL-induced apoptosis in HelLa ceffdt also
inhibits the growth of multidrug resistant Hep G&ls through G/M cell cycle arrest and
induces apoptosfS. As one of the most effective suppressants of huosarer cells, it is
considered a novel drug candiddte.

Insight into the biological activity of IBfunctionalized cardenolides and bufadienolides is
based entirely upon studies of isolated naturalpmmd and their simple derivativés*
Although cardenolide synthesis is receiving consibie attentioh ™’ no synthetic approach
to these compounds has been reported to date. Uhpese of this study was to develop a
synthetic route to oleandrigenZnfrom a common steroid starting material through3ifuryl
counterpart7 and to investigate the cytotoxic and ‘M&-ATP-ase inhibiting activity of
selected 1B-functionalized 18-(4-butenolidyl)- and 1f-(3-furyl)-androstane derivatives.

Our model work aiming at 8-methoxy-5-oleandrigenin was recently report&éd*®
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1, R' = Oleandrosyl, R? = Ac, X = But, Oleandrin
2,R" = H, R? = Ac, X = But, Oleandrigenin

3, R = Tridigitoxose, R? = H, X = But, Gitoxin

4, R' = R? = H, X = But, Gitoxigenin

5,R" = H, R?= Ac, X = Pyr, Bufotalin

6, R = R? = H, X = Pyr, Desacetylbufotalin
7.R'=H, R?= Ac, X = Fur

Fig. 1. Structures of selected cardenolides, bafaaides and their 3-furyl analogues.

Results and discussion

Chemistry

The synthesis of oleandrigenif) (commenced from 8-tert-butyldimethylsilyl (TBS) $-
androstan-g-ol-17-one 8, Scheme 1), which was prepared from testosteroogignate in
five steps, essentially following the reported muares (see, Supporting Information).
Ketone 8 was converted to vinyl iodid® according to Barton’s protocdl. The Suzuki-
Miyaura cross-coupling reactith of 9 and (3-furyl)boronic acid applyingetrakis
(triphenylphosphine)palladium (0) (10 mol%) andNaHCG; afforded10 in a 74 % vyield.
Hydroboration of10 using borane-THF complex in THF following by oxiide® 2 of the
immediate product with alkaline hydrogen peroxidéorded 1G-hydroxy derivativell
which was subsequently oxidized with the Dess-Maperiodinan® to providel2. Ketone
12 was treated with LDA in THF at -105 °C to form é&ate which was then trapped with

TMSCI to provide silyl enol ethel3 as a crystalline solid.



Scheme 1. The synthesis of trimethylsilyl enol ettg

Testosterone
propionate —
TBSO

Scheme 1. Reagents and conditions: a;MH-H,O, EtOH, EfN, reflux; b. b, TMG, THF-
Et,O; c. (3-furyl)boronic acid, (PRBJPd(0), toluene-MeOH, aqg NaHGQI. BH;: THF, THF,
-30 °C to rt and then #D,, NaOH, ag MeOH; e. Dess-Martin periodinane; f. LOAIF, -105

°C and then TMSCI.

With silyl enol etherl3 in hand a sequence of steps employing organosefechemistry*
was carried out in order to introduce a double banthe 14,15-position (Scheme 2). First,
the reaction ofl3 with phenylselenyl chloride in THF at -105 °C t¢© gave phenylselenyl
derivatives14 as a 3:1 mixture of 15 and 1B-epimers, respectively, as determined’bly
NMR (95% vyield). A solution ol4 in DCM was then treated witin-CPBA at -78 °C and the
mixture was allowed to warm to rt. Under these dimas formation and thermal
fragmentation of the respective phenylselenoxidesiwed furnishing,pf-unsaturated ketone
15, which was isolated in a 55% yield from ketdrze

Reduction of carbonyl group itb was carried out using K-Selectride in@t— THF at -50
°C to provide16 in a 75% yield. Sharpless epoxidafio™ of 16 using titanium(IV)

isopropoxide andert-butylhydroperoxide in DCM in the presence of 4Alewnlar sieves at -



50 °C followed by column chromatography gave epexid in 73% yield along with some
unchangeds.

The protective TBS- group ia7 was removed using tetrabutylammonium fluoride he t
usual way, to give the respective 3-hydroxy demwatl8 needed for biological activity
testing. Reduction a7 with Red-Al in THF at 60 °C afforded a mixture @fd products that
were separated by chromatography and identifieth@sequired dioll9 (80% vyield) and a
side product23 (11% yield).

The secondary hydroxyl group in the di®lwas selectively acetylated using acetic anhydride
and DMAP in DCM at 0C to furnish20. The TBS protective group 20 was removed using
poly(pyridinium fluoride) [Pys(HF)] to afford the (3-furyl)-analogue of oleandrigefiinOn
the other hand, desilylation &9 with TBAF smoothly afforded tria21 which was further
transformed into hydroxyl-diaceta?2.

Scheme 2. The synthesis (3-furyl)-analogue of alegenin7 and related furyl-androstane

derivatives.

19, R'=TBS, R =H h 23
20, R' = TBS, R2—Ac 100%

—>21 R'=R?= i

7,R'=H, R2 = Ac

22, R'"=R?=Ac



Scheme 2. Reagents and conditions: a. PhSeCl, -id6,°C; bm-CPBA, DCM, -78 °C and
then rt, ca. 1.5 h; c. K-Selectride, THF, -50 °Gttal. Ti(Q-Pr)s, t-BuO;H, MS 4A, -50 °C;
e. TBAF, THF, 60 °C, 2-3 days; f. Red-Al, tolueg®,°C, chrom.; g. as e.; h. A8, DMAP,

DCM; i. Pys(HF), THF; j. as h.

Photochemical oxidation of the furyl derivative20 in the presence of
diethyl(isopropyl)aminé® which was followed by NaBH reduction of the 5-
hydroxybutenolide intermediafé>® acidification and chromatography, afford24l (Scheme
3) in 66% yield. Removal of the TBS protective gvon 24 using Pys(HF) in THF provided
oleandrigenin2 (91% yield). Diactetat@5 was then obtained fror@ in the usual wayH-
and®*C-NMR spectra, and elemental analyse® @hnd?24 confirmed their structures. M. p.
and specific rotation fo2 were also in an agreement with those reportetiéditerature’: >

60

In complimentary experiments, isolation of TBS-etP¢was skipped carrying desilylation of
the crude product of the furan ring transformatiohus,20 was subjected consecutively to
photochemical oxidation, reduction with NaBlnd acidification, and then treatment with
Pye(HF). Column chromatography of the resulting mixtur@egaleandrigenir? along with
14,21-ethel6 in 59% and 27% yields, respectively.

*C NMR spectra 026 showed the presence of the following high fielghsis §, ppm)

which were supplemented with assignments madeegribunds of the calculated speca:
(ppm) 170.6 (C23), 170.1 (C20), 166.8[MeC(0)0], FLE22), 98.4(C21). In thtd NMR
spectrum oR6, the following high field signals were recordédppm) 5.95 (s, 1H), 5.84 (s,
1H), 5.52 (dddJ = 9.7, 5.5, 3.9 Hz, 1H). The one bond proton-carbarrelation spectrum
(ghsqc) indicated thdH signal at 5.95 ppm correspondsi6 at 98.50 ppm (C21) and that at

'H 5.86 ppm corresponds 1 at 117.04 ppm (C22).



The structure 026 was confirmed by its UV and IR spectra, and eldaleanalysis.
Mechanistically (Scheme 3) photooxidation of theafuring in20 leads to intermediate
peroxide of the partial structuiethat under the action of the bulky base (B) undesg

rearrangement to acid-aldehyde salbccurring, presumably, in the cyclic fonm. NaBH,

result of this process and, simultaneously, liberabf the C3 hydroxyl group, the final
chromatography afford® along with aceta26.

Scheme 3. Concluding steps of the synthesis ohdlggenin @).

20
24, R=TBS b 91% 26
2, R=H %l g
25 R=Ac
~H o o ®
\ \ \
H CHO OH
vwH oH H
OAc OAc OAc
OH OH ji OH i

Scheme 3. Reagents and conditions: a. ¢1h&) DIPEA, rose bengal, (2) NaBHVIeOH

then HSQ,, MeOH and then chromatography; b. Pys(HFHF; c. AcO, DMAP, DCM.

Biological activities



Cytotoxicity in human cancer and noncancerous catid ATP-ase inhibiting activities of
oleandrin 1), oleandrigenin Z) and the synthesized compounds bearing a hetdiocyc
substituent at the P7position and oxygen substituents at positiong-1dnd 16 were
determined. Cytotoxic activity was tested in threancer cell lines: human chronic
lymphoblastic leukemia (CEM), human breast adermwcama (MCF7), human cervical
adenocarcinoma (HeLa) and on human normal fibrebi@sl) (Table 1). Oleandrigenin@-
acetate Z5) was the most active derivative of all tested coomuls.25 showed similar
activity to oleandrigenin2). The most sensitive adherent cancer cell lined@érived from
cervical carcinoma was chosen for subsequent arpats to detect apoptosis using different
methods (flow cytometry, caspase activity, westblotting) compared to the activity of
oleandrigeninZ) as a positive control.

Table 1. Cytotoxic (I16y; LM; 72 h) and relative ATP-ase inhibiting actie# at 50 uM

concentration of the synthesized compounds beantggen function at C14.

ICso (UM) ATP-ase
Compound CEM MCF7 Hela BJ Rel. Act.(%)1
1 0.019 + 0.002 0.033 £ 0.008 0.062 £ 0.002 0.026 + 0.006 59.2+3.9
2 0.2+0.0 0.8+0.3 0.2+0.0 0.1+0.0 64.8+5.5
7 94+1.7 16.1+0.4 142+0.4 4.0+0.7 42.4+4.7
17 34.7 +11.5 14.0+0.3 32.3+4.2 16.3+0.5 74.4+10.1
18 >50 >50 >50 >50 75.5+3.7
19 9.9+4.0 19.4+16 26.7+3.8 5.8+2.38 15.1+2.1
20 >50 >50 >50 >50 69.1+7.3
21 3601 10.6+3.6 145+1.2 1.9+0.9 7911
22 14.2+0.0 20.2+0.2 43.1+4.1 6.2+0.5 79.9+5.7
24 17.3+1.7 20.3+35 34.1+3.3 10.6+1.8 79.3+3.3
25 0.4+0.0 1.7+0.7 1.1+£0.1 0.2+0.1 100.6 + 2.7
26 >50 >50 >50 >50 83.9+3.0

Tcontrol 100%, S.D. 3.16

10



Interaction with isolated N&K*-ATPase revealed that all tested species exce@sfor
are able to inhibit enzyme ATPase activity. Furgtidatives7, 19 and 21 turned out to be
even more potent inhibitors than oleandtiand oleandrigeni2 (Fig. 2), the most efficient
21 exhibiting 1Go = 7.9 + 1.1 uM, and inhibition of N&K*-ATPase activity may explain the
mechanism of cytotoxicity of these groups of ddrnxes (Table 1). On the other hand, our
experiments cannot explain the submicromolar cyioity of butenolidesl, 2 and25, since
some other molecular interactions related to NKgnaling rol&* are probably responsible

for these cytotoxic effects.

80

B (@)
o o
1 ]

Relative ATPase activity (%)
S

o

inhibitor concentration (uM)

Fig. 2. Relative activity of NaK™ ATP-ase after treatment with(circles),19

(squares) o21 (triangles) normalized to the activity of untrehnzyme.
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We also examined whether our analogues of cardie®land bufadienolides could
induce apoptosis and influence the cell cycle iman cancer cells compared to the positive
control, oleandrigenin2j. Cervical carcinoma HelLa cells were treated férh?2 harvested,
fixed and stained with propidium iodide which viBmes the DNA. The cell cycle and
apoptosis of HelLa cells were then measured using BECS Verse. Cells in the
corresponding phases of the cell cycle were condparth untreated cells (0) and cells with
DMSO only (0+DMSO). The number of cells in/G; phase decreased after treatment with
all tested compound concentrations by 4.4 — 14.dftpared to untreated controls. SybS
phase cells and 44V cells increased after the treatment with bothrdenaolides and
bufadienolides. Subcells increased to 2-times compared to DMSO canirbe largest
increase (by 13.1% or 11.9%, respectively) iIMccells was detected after the 24 h of
treatment with 1 and 10 uM @56 (Fig. 3).

A

100%
90% -—I I
80% I

70% —
60% I I
50% I

40%

number of cells (%)

30%

20%

10%

0%

0 0+ 1 10 1 10 1 10
2 * 21 * 25 *

concentration of compound (uM)
B G,/M phase 0O phase O Go/Gs phase
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Fig. 3. Flow cytometric analysis of the cell cyaled induction of apoptosis in HeLa
cells after treatments with 1 or 10 uM of differeatdenolides1l and25) and oleandrigenin
as a positive controPj for 24 h. (A) Columns show the distribution oflsen Gy/G, S,

G./M phase of the cell cycle. Error bars are omittacclarity. (B) Graphs represent
percentage of subGapoptotic) cell population. O refers to contrells, 0+ refers to control
cells treated with DMSO only. (A, B) Analysis ofnance (one-way ANOVA) between

control and treated cells were significant(p.05) marked by *.

In contrast, &-butenolides (3-methyl S-oleandrigenin, 16-hydroxy derivative,
140,150-epoxide, and 14,JBepoxy-derivative) at 15 uM concentration induceghigicant
accumulation of apoptotic CEM cells (subdGfter 24 h (up to 37% for 14,p%poxy-
derivative)*? Oleandrigenir? and derivative®1 and25 also induced twice as high caspase-
3/7 activity compared to control untreated cellgg(F). In our previous work, b415u-
epoxide increased the activity of caspase-3/7 U@ttmes>> Thus, the pro-apoptotic activity

was weaker than the activity of butenolides puleltsbarlier.
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Fig. 4. Activity of caspase-3/7 in HelLa cells testvith selected cardenolidéXd (and
25) or oleandrigening) as a positive control for 24 h. 0+ refers to cohnwith added DMSO
only. The experiment was repeated three timesphdate. * Differences between control and

treated cells were significant {p0.05).

In addition, Western blotting with immunodetectiom the membrane was used for the
detection of apoptotic markers in HelLa cells aftex treatment for 24 h. The initiation of
apoptosis was performed by caspases-3, 6, 7 amat @leave poly-ADP-Ribose-Polymerase-
1 (PARP-1) into fragmenf&.In HeLa cells, the cleavage of PARP-1 was deteafest the
treatment with 10 uM o, 21 and 25 after 24 h (Fig. 5). Fragmentation of executioner
caspase-7 was also demonstrated in the treatexdvwéil the same compounds 21 and25).
Interestingly, oleandrigeni2 induced more pronounced apoptosis of HelLa cells a&nd
lower 1 uM concentration compared to 10 pM. Thitedf may be due to the high
cytotoxicity of 10 pM2, which renders apoptosis initiators virtually dysttianal. The Bcl-2

family of proteins regulates the induction or intdn of apoptosis. Anti-apoptotic Bcl-2 was

14



downregulated after 24 h treatment with 1 and 10 @fM1 and 1 pM of25. Furthermore,
treatment with the tested compounds decreasedetred bf anti-apoptotic protein Mcl-1
which acts as an apical molecule in apoptosis ogmiromoting cell survival by interfering at
an early stage in the cascade of events leadingelwase of cytochrome c¢ from
mitochondri®® p53 is a tumor suppressor gene (like Rb) whiclibithtumor development.
Retinoblastoma protein (Rb) is thought to be inetdéd by CDK- and cyclin-mediated
phosphorylation during the late; @hase by preventing entry into the S phase ofctie
cycle®® In Hela cells, there was reduction in the expressif phosphoRb (pRb) observed
after the application of all three tested compouf2d21 and25) except for 1uM o1 (Fig.

5). The total Rb also decreased in these treatmisisems that these concentrations attained
cytotoxicity towards human cervical carcinoma cdlsHelLa cervical carcinoma cells, tumor
suppressor protein p53 is inactivated by the \aradoprotein E6 that plays an important role
in human papilloma viruses induced tumorigen&sis.our experiment, treated HelLa cells by
2, 21 and25 for 24 h were analyzed for level of p53. We showet all tested compounds in
both concentrations (1 and 10 pM) downregulatecestpression of p53 that can lead to loss
of the tumorigenic activity of this suppressor. Tamily of protein tyrosine kinases includes
Src kinase, which plays an important role in thgutation of growth and differentiation of
eukaryotic cells. The phosphorylation at Tyr416 egpidates the enzyme activity of Src
kinase®® After the application of 1 pM1 and 25 for 24 h, the activity of Src kinase was
downregulated, which indicates inhibition of cetbliferation. In comparison, the level of
total Src kinase was unchanged after the sameanesdt In summary, oleandrigenthand
butenolide21 and25 showed interesting pro-apoptotic properties; comps2l and25 also

reduced cell proliferation.

15
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Fig. 5. Western blot analysis of apoptotic marK@®&RP-1, zymogen and fragment of

caspase-7, Mcl-1, Bcl-2, p53, pRb, Rb, pSrc, Srd¢JeLa cells after the treatment with 1 and
10 uM cardenolide2( and25) compared to positive control oleandrige8ifor 24 h. 0+
refers to control with added DMS@-Actin was used as protein loading control. The

experiment was repeated three times.

Conclusions

A synthetic approach to oleandrigenin and, potéptito bufalin from testosterone

propionate has been developed. Several analogueteandrigenin/bufalin differing from

16



natural products in the heterocyclic ring, O3usbstituent or the mode of the ring C-
functionalization were prepared and examined fototoxic and ATP-ase - inhibiting
activities. It is shown that oleandrigerinand cardenolid@5 as well as the furyl derivative
21 induced strong apoptosis in human cervical carcmétalLa cells after 24 h of treatment.
Furyl analogues?( 19, 21) exhibit remarkably strong N&*-ATP-ase inhibitory activity as
well as significant cytotoxicity in the examinedhcar cell lines. In addition, some derivatives
bearing bulky and hydrophobtert-butyldimethylsilyloxy-group at the CB-position, asl9,

are shown to exhibit strong Nig*-ATP-ase inhibitory and cytotoxic activities.
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Experimental Part

General comments

Melting points were determined on a hot-stage agiparand are uncorrected. NMR spectra
were recorded in CDg@holutions (if not otherwise indicated}d at 400 MHz and>C at 100
MHz on Varian Mercury 400 instrument. Chemical &hdre quoted on thescale taking the

solvent signal as the internal standard (GH&# NMR 7.26 ppm; CDG| **C NMR 77.00

17



ppm). IR spectra were taken on Jasco FTIR-6200 @Gddon Jasco J-715 spectrometers.
HRMS (El) were recorded using AutoSpecPremier (\Wéatanit. Column chromatography
was performed on Merck silica gel 60, 230-400 neasth TLC - on aluminium sheets, Merck
60F 254. Anhydrous solvents were obtained by thttih from benzophenone ketyl (THF),
LiAIH 4 (EO) or calcium hydride (DCM). Air-sensitive react®owere performed in flame-
dried glassware under argon using anhydrous salvédtganic extracts were dried over
anhydrous Nz50O, and solvents were evaporated using a rotary esggorPoly(pyridinium
fluride) [Pys(HF)] (Py ca. 30%, HF, ca. 70%) was purchased fromig&diThe reagents and

common solvents were used as they were purchased.

17-1odo-3p-hydroxy-58-andr ost-16-ene 3-O-tert-butyldimethylsilyl (9).

A mixture of8 (see, SlI, 5.126 g, 12.7 mmol), hydrazine hydr@@&4, 20.8 mL), BN (10.4
mL) and EtOH (48 mL) was heated under reflux fdr. After heating was discontinued, to
the hot stirred solution, water (400 mL) was added stirring was continued for 1 h. The
crystalline solid was then filtered off, washedhwitater (400 mL) in several portions, and air
dried. The crude hydrazone was obtained (5.36 Ipxless crystals). To a solution of that
intermediate (5.36 g) in THF (50 mL) was added disp, within 1 h, to a solution o4 |
(6.47 g) in E4O (90 mL) containing TMG (9.5 mL, 76.6 mmol) stdrat O °C. After the
addition was completed, the cooling bath was rempsérring was continued for 1 h and
then the solid material was filtered off, washedhvwktO (3 x 20 mL) and discharged. The
combined filtrates were evaporated and the oildteswas heated at 80 °C (oil bath) for 4 h,

cooled and dissolved in a mixture hexane — EtOAR, (B50 mL) and then partitioned with
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5%HCI (100 mL). The organic layer was separatedveashed consecutively with aq 20;
and brine, and dried. The solvent was evaporatédtlam residue was chromatographed on
silica gel (20 g, hexane) to gi®5.820 g, 89%) as colorless crystals: m. p. A38acetone);

'H NMR, 6.11 (ddJ = 3.2, 1.7 Hz, 1H), 4.04 (br.s, 1H), 2.12 (ddd; 14.9, 6.3, 3.2 Hz, 1H),
1.96 — 1.76 (m, 4H), 1.67 — 1.00 (m, 15H), 0.973(4), 0.89 (s, 9H), 0.72 (s, 3H), 0.02 (s,
6H); °C NMR, 137.5, 113.0, 67.3, 55.1, 50.2, 40.5, 3865, 35.3, 34.9, 34.5, 33.7, 29.9,
28.6, 26.8, 26.2, 25.9, 23.9, 21.0, 18.1, 15.8, 4..9.

Anal. Calcd for GsH431OSi: C, 58.35; H, 8.42. Found: C, 58.22; H, 8.61.

TBSO

17-(3-Furyl)-3p-hydr oxy-58-andr ost-16-ene 3-O-tert-butyldimethylsilyl (10).

A mixture, of9 (2.235 g, 4.32 mmol), Pd(PBh (0.495 g, 0.43 mmol), 3-furylboronic acid
(0.626 g, 5.59 mmol), ag NaHG@2M, 6.45 ml), toluene (40 mL) and MeOH (8 mL),
prepared in a Schlenk flask under an argon atmesptvas heated on an oil bath at’80for

28 h. It was then (after cooling) poured into wadad extracted with a mixture of hexane —
EtOAc, 3:2, 60 mL). The organic layer was separatealshed with brine and dried. The
solvent was evaporated and the residue was takansmall volume of DCM, diluted with
hexane and transferred to a silica gel column {1Jlge column was eluted with hexane (120
mL). The eluate was evaporated to a residue (1.W&gy¢h was dissolved in hexane and
transferred to a subsequent silica gel column (80'ge column was eluted with hexane to
give a crudelO (1.467 g, 74%) as colorless crystals. THeNMR, spectrum of this product

showed signals in the range 7.6 — 6.7 ppm indigatite presence of contamination. An
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analytical sample was prepared as follows: a cprdduct (145 mg) was dissolved in EtOH
(5 mL). A cloudy suspension was removed by filoati The filtrate was concentrated to the
residual volume of ca. 2 mL of and set aside fgstailization. The crystalline material was
collected and air dried to givi® (63 mg): m. p. 94C; *H NMR, 7.46 (s, 1H), 7.35 (8= 1.6

Hz, 1H), 6.47 (ddJ = 1.8, 0.8 Hz, 1H), 5.80 (dd,= 3.1, 1.8 Hz, 1H), 4.04 (br.s, 1H), 2.18
(ddd,J = 15.5, 6.4, 3.3 Hz, 1H), 2.04 — 1.77 (m, 5H),11-71.33 (m, 11H), 1.26 — 1.07 (m,
3H), 0.99 (s, 3H), 0.92 (s, 3H), 0.89 (s, 9H), 0(826H); *C NMR, 146.2, 142.5, 137.5,
125.2,121.4,109.4, 67.4, 57.5, 47.2, 40.5, 3N, 35.3, 34.5, 34.3, 31.4, 29.9, 28.62 26.90
26.5, 25.9, 23.9, 21.2, 18.1, 16.3, -4.8, -4.9.

Anal. Calcd for GgH460-Si: C, 76.25; H, 10.59. Found: C, 76.29 H, 10.39.

17-(3-Furyl)-58-androstan-3p,16a-diol 3-O-tert-butyldimethylsilyl (11).

BH3z*THF (1M, 8.0 mL, 8 mmol) was added to a solutidrcmude 10 (1.467 g, ca 3.2 mmol)
in THF (30 mL) stirred at -36C. Stirring was continued at -3C for 15 min., at 6C for 6 h
and then at rt for 18 h. After that time, the mietwas cooled to -38C again and added
consecutively was: EtOH (10.5 mL), ag NaOH (3M/5161L), and HO, (30%, 11 mL). The
cooling bath was removed and the mixture was vigslsostirred for 2 h. It was then diluted
with a mixture of hexane — EtOAc (3:2, 200 mL) grattitioned with water (100 mL). The
organic layer was separated and washed with water Y00 mL) and brine, and dried. The

solvent was evaporated and the residue was chrgnagioed on silica gel (50 g, hexane —

20



EtOAc, 92:8, ca. 1 L) to givél (1.322 g, 87%) as colorless crystals: m. p. X1{MeOH -
H,0); *H NMR, 7.38 (t,J = 1.5 Hz, 1H), 7.29 (br.s, 1H), 6.30 (t= 0.8 Hz, 1H), 4.52 — 4.44
(m, 1H), 4.05 (br. s, 1H), 2.44 (d= 7.5 Hz, 1H), 1.94 — 1.75 (m, 4H), 1.73 — 1.04 {H),
0.93 (s, 3H), 0.89 (s, 9H), 0.56 (s, 3H), 0.026(d); °*C NMR, 142.7, 139.5, 123.0, 111.0,
76.8, 67.4, 58.4, 53.7, 44.9, 40.3, 38.0, 36.67,385.5, 35.2, 34.5, 29.9, 28.6, 26.8, 26.5,
25.8,24.0,20.4, 18.1, 14.4, -4.8, -4.9.

Anal. Calcd for GgH4503Si: C, 73.67; H, 10.23. Found: C, 73.41 H, 10.06.

17-(3-Furyl)-3p-hydr oxy-58-andr ostan-16-one 3-O-tert-butyldimethylsilyl (12).

Dess-Martina periodinane (1.78 g, 4.20 mmol) wadeddo a solution ofl (1.003 g, 2.11
mmol) in DCM (50 mL) stirred at 8C. The mixture was stirred at°C for 15 min and then
the cooling bath was removed and stirring was ooetil for 2 h. After that time, EtOAc (60
mL) was added and the mixture was partitioned wghNaSGO; (40 mL). The organic layer
was separated, washed with water and brine, aed.dfihe solvent was evaporated and the
residue was chromatographed on silica gel (12 xgriee— EtOAc, 97:3) to givi2 (863 mg,
86%) as colorless crystals. p. 194°C (MeOH); IR(film from DCM), 1740 cit; *H NMR,
7.39 — 7.36 (M, 2H), 6.24 (dd= 1.5, 0.8 Hz, 1H), 4.06 (br.s, 1H), 3.08 (s, 1286 (ddJ =
18.4, 6.9 Hz, 1H), 2.00 — 1.78 (m, 5H), 1.69 — 1(rh] 14H), 0.97 (s, 3H), 0.89 (s, 9H), 0.62
(s, 3H), 0.03 (s, 6H)]',3C NMR, 216.1, 142.4, 141.0, 117.9, 111.0, 67.34,630.6, 43.5, 40.3,
38.6, 37.9, 36.4, 35.3, 35.2, 34.4, 29.7, 28.6{,2%.7, 25.8, 23.9, 20.5, 18.1, 14.2, -4.9, -4.9.

Anal. Calcd for GgH46035Si: C, 73.99; H, 9.85. Found: C, 74.09 H, 9.87.
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17-(3-Furyl)-3p-hydroxy-58-andr ost-15-en-16-one 3-O-tert-butyldimethylsilyl (15).

A solution of LDA (4.5 mL, 1.1 eq), prepared fraaPr,NH (0.616 mL) and BuLi (2.35 M,
1.56 mL) in THF (6 mL), was added to a solutiorl®f(863 mg, 1.83 mmol) in THF (10 mL)
stirred at -105C (acetone-dry ice-lig Nbath). The mixture was stirred at -1% for 1 h and
TMSCI (0.254 mL, 2.01 mmol) was added. After 15 ntlve cooling bath was removed, the
mixture was allowed to warm to rt and then cooled® fC. EtN (1 mL) and aq NaHC€(3
mL) were consecutively added. The mixture was wagsly stirred for 5 min, poured into
water and extracted with hexane (50 mL). The ektnaxs washed with water and brine and
dried. The solvent was evaporated to give crudg ailol etherl3 [17-(3-furyl)-53-androst-
15-en-3,16-diol 3O-tert-butyldimethylsilyl 16O-trimethylsilyl ether] as a crystalline mass
(1.22 g); m. p. 117C (MeOH - BO) Anal. Calcd for GoH4g03Si: C, 73.67; H, 10.23. Found:
C, 73.41 H, 10.06.

A solution of PhSeCl (350 mg, 1.82 mmol) in THFnfk) was added dropwise to a solution
of crude silyl enol ethet3 (1.22 g) in THF (15 mL) stirred at -106. Stirring at -105C was
continued for 1h, the cooling bath was removedthadnixture was allowed to warm td0.
The solvent was then evaporated on a rotary evapanad the residue was chromatographed
on silica gel column (18 g, hexane — EtOAc, 98a2give 14, containing a small amount &2

as an oil, (1.82 g, 95% frotR); the ratio of epimers 13153 was determined as 3:1 by

NMR.
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A solution ofm-CPBA (77%, 387 mg, 1.73 mmol) in DCM (5 mL) waglad to a solution of
14 (1081 mg, ca 1.73 mmol) DCM (15 mL) in stirred-@8 °C. Stirring at -78°C was
continued for 1 h, the cooling bath was removed thedmixture was allowed to warm to rt.
After 1.5 h, it was poured into aq pEO; and extracted with a mixture of hexane — EtOAc,
6:4, 100 mL. The organic layer was washed with watel brine, and dried. The solvent was
evaporated and the residue was chromatographedlioa gel (37 g, hexane — EtOAc,
97.5:2.5) to givel5 as a crystalline solid containing (by TLC) a minl@ss polar
contamination (500 mg, 58% frof#): m. p. 180°C (hexane); UVAmax (MeCN): 233.0 nm;
IR(film from DCM), 1704, 1610 ciy *H NMR, 7.39 (t,J = 1.6 Hz, 1H), 7.37 — 7.35 (m, 1H),
6.19 (ddJ = 1.5, 0.5 Hz, 1H), 5.86 (d,= 1.6 Hz, 1H), 4.05 (br.s, 1H), 3.34 (s, 1H), 2(¢8
J=11.6, 2.3 Hz, 1H), 2.07 (d1,= 12.5, 2.8 Hz, 1H), 1.99 (if,= 13.8, 4.3 Hz, 1H), 1.91 —
1.20 (m, 15H), 1.02 (s, 3H), 0.89 (s, 9H), 0.883(d), 0.02 (s, 6H)*C NMR, 206.6, 190.6,
142.7, 141.2, 123.5, 119.2, 111.3, 67.0, 58.2,,44161, 40.3, 37.1, 36.0, 35.8, 34.1, 29.7,
28.6, 26.1, 25.8, 24.0, 23.6, 22.9, 21.1, 18.8,-4.9.

Anal. Calcd for GgH4403Si: C, 74.31; H, 9.46. Found: C, 74.21; H, 9.29.

/O /O

— —
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SO H SO H

17-(3-Furyl)-5p-andr ost-14-en-3p,16p-diol 3-O-tert-butyldimethylsilyl (16).
K-Selectride (1M in THF, 4.3 mL) was added to ausoh of 15 (406 mg, 0.86 mmol) in
Et,O (40 mL) stirred at -56C. Stirring was continued at -5C for 6 h and then at rt for 16 h.

The mixture was then cooled to -30 and MeOH (5 mL), aq NaOH (3M, 5 mL) and®4
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(30%, 5.5 mL) were consecutively added. The codhath was removed and the mixture was
vigorously stirred for 1 h. It was then poured imater and extracted with a mixture of
hexane — EtOAc (6:4, 30 mL). The organic extract weashed with water and brine, and
dried. The solvent was evaporated and the resicdissolvromatographed on silica gel (16 g,
hexane — EtOAc, 97:3, 450 mL) to gilé as colorless crystals (306 mg, 75%): m. p. 131
(MeOH); °C'H NMR, 7.49 — 7.47 (m, 1H), 7.40 (= 1.6 Hz, 1H), 6.44 (d] = 1.1 Hz, 1H),
4.62 — 4.57 (m, 1H), 4.02 (s, 1H), 2.79 J&& 5.7 Hz, 1H), 2.23 (tdd] = 11.7, 3.0, 2.0 Hz,
1H), 1.96 (ttJ = 13.8, 3.9 Hz, 2H), 1.90 — 1.77 (m, 3H), 1.73ddb= 13.2, 6.7, 3.9 Hz, 1H),
1.65 — 1.15 (m, 15H), 0.99 (s, 3H), 0.98 (s, 3H390(s, 9H), 0.02 (s, 6H}’C NMR, 162.2,
142.0, 140.78, 121.3, 119.8, 112.8, 77.0, 67.37,%48.0, 40.9, 40.5, 36.3, 35.7, 35.4, 34.2,
29.8, 28.7, 26.5, 25.8, 24.2, 23.7, 23.7, 21.31,18.8, -4.9.

Anal. Calcd for GgH4603Si: C, 73.99; H, 9.85. Found: C, 73.97 H, 9.70.

TBSO

I i 16 TBSO
H

17-(3-Furyl)-14$,15p-epoxy-5p-andr ostan-3p,16p-diol 3-O-tert-butyldimethylsilyl (17).

Dried and powdered molecular sieves 4A (200 mgeveeided to a solution 46 (293 mg,
0.62 mmol) in DCM (6.5 mL) and the stirred suspensivas cooled to -50C. Ti(Oi-Pr)
(0.276 mL, 0.93 mmol) andBuO,H (4.0 M in toluene, 0.233 mL) were consecutivedyed
and stirring -50C was continued for 21 h. M@ (0.45 mL) was then added followed, after 1
h, by brine (15 mL) containing NaOH (0.6 g). Thelog bath was removed and the mixture
was allowed to warm to rt, and poured into watdre Tixture was extracted with JX-

hexane (4:1, 3 x 30 mL). The organic extract wasddand the solvent was evaporated. The
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residue was was chromatographed on silica gel (béxane — EtOAc, 93:7, 450 mL) to give
consecutively unchangetb (25 mg, 9%) and7 as an oil (220 mg, 73%jH NMR, 7.38-
7.36 (m, 1H), 7.34 (s, 1H), 6.55 (@ = 0.9 Hz, 1H), 4.54 (br.] = 9.6 Hz, 1H), 4.06 (s, 1H),
3.50 (s, 1H), 2.93 (dJ = 8.9 Hz, 1H), 2.03 (tdJ = 11.9, 3.8 Hz, 1H), 1.90-1.10 (m, 16H),
0.96 (s, 3H), 0.88 (s, 9H) overlapping 0.95-0.82 {i), 0.81 (s, 3H), 0.02 (s, 6HYC NMR,
143.0, 142.9, 120.7, 113.8, 72.7, 72.6, 67.1, 6484), 44.4, 39.6, 39.2, 36.0, 35.4, 34.2, 33.0,
29.6, 28.7, 26.0, 25.8, 23.9, 21.0, 20.8, 18.13,1-4.9, -4.9.

HRMS calcd for GoH4604Si (M*) 486.3165. Found: 486.3158.

17-(3-Furyl)-14$,15p-epoxy-5p-andr ostan-3p,16p-diol (18).

In a 10 mL round bottomed flask was pladad(15 mg), THF (2 mL) and TBAF (60 mg).
The flask was closed with a stopcock and immersedn oil bath heated at 6. The
progress of reaction was monitored by TLC. After lubstrate was consumed (2-3 days) the
solution was allowed to cool to rt and then it widated with EtOAc (20 mL), and partitioned
with water (20 mL). The organic layer was separaed washed consecutively with water
and brine, and dried. The solvent was evaporatedtlam residue was chromatographed on
silica gel (1 g, hexane- EtOAc, 6:4) to gi¥® as an oitH NMR, 7.38 (t,J = 1.6 Hz, 1H),
7.34 (br.s, 1H), 6.55 (dl = 1.0 Hz, 1H), 4.54 (t) = 8.7 Hz, 1H), 4.15 (t) = 2.5 Hz, 1H),
3.51 (s, 1H), 2.94 (d] = 8.9 Hz, 1H), 2.05 (td] = 11.9, 3.9 Hz, 1H), 1.97 — 1.81 (m, 2H),

1.81 — 1.18 (m, 14H), 0.99 (s, 3H), 0.92 dds 11.9, 4.3 Hz, 1H), 0.82 (s, 3H}'C NMR,
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143.0, 142.9, 120.7, 113.8, 72.6, 72.6, 66.8, 6186), 44.4, 39.4, 39.1, 36.0, 35.5, 33.3, 32.9,

29.6, 27.9, 25.7, 23.8, 21.0, 20.7, 17.3.

TBSO

17-(3-Furyl)-5p,14p-andr ostan-3p,14,16p-triol 3-O-tert-butyldimethylsilyl (19) and 17-(3-
furyl)-5p-androstan-3p,15p,16p-triol 3-O-tert-butyldimethylsilyl (23).

Red-Al (50% in toluene, 0.9 mL) was added to atsmhuof 17 (220 mg, 0.45 mmol) in THF
(9 mL) and the mixture was heated at°’60for 21 h. It was then cooled and diluted withCEt
(20 mL). The reagent excess was destroyed with @8®} and the precipitate was filtered
off. The filtrate was evaporated and the residus slromatographed on silica gel (32 g,
hexane — EtOAc, 92:8, 1.2 L) to give consecutivEyas colorless crystals (177 mg, 80%)
and23 as colorless crystals (23 mg, 11%).

19: m. p. (hexane) 178C; 'H NMR, 7.38 (t,J = 1.5 Hz, 1H), 7.30 (br.s, 1H), 6.41 (brXs
1.0 Hz, 1H), 4.36 (dd] = 11.7, 5.8 Hz, 1H), 4.05 (br.s, 1H), 3.02d& 6.9 Hz, 1H), 2.70 (s,
1H, OH), 2.37 (dJ = 5.8 Hz, 1H, OH) overlapping 2.33 (dii= 14.4, 5.9 Hz, 1H), 1.96 —
1.11 (m, 18H), 0.92 (s, 3H), 0.88 (s, 9H), 0.813(d), 0.02 (s, 6H)*C NMR, 142.5, 141.4,
121.4, 113.8, 85.8, 73.6, 67.2, 54.8, 48.3, 41194,440.8, 36.1, 35.7, 35.4, 34.3, 29.7, 28.7,
26.9, 25.8,23.9,21.9,21.3,18.1,17.1, -4.9.-4.

Anal. Calcd for GgH4g0sSi: C, 71.26; H, 9.90. Found: C, 74.27; H, 9.81.

23: m. p. 141 (hexaneJC *H NMR, 7.44 (br.s, 1H), 7.39 (§,= 1.6 Hz, 1H), 6.40 (d] = 1.1
Hz, 1H), 4.38 — 4.31 (m, 2H), 4.05 (br.s, 1H), 2(67J = 4.1 Hz, 1H, OH), 2.50 (d} = 2.9

Hz, 1H, OH), 2.43 (br.d] = 6.5 Hz, 1H), 2.06 — 1.78 (m, 5H), 1.63 — 0.97, (BH
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overlapping 0.99 (s, 3H), 0.92 (s, 3H), 0.89 (s),9H02 (s, 6H);*C NMR, 141.9, 140.9,
120.0, 113.0, 73.5, 70.9, 67.4, 59.1, 54.4, 43X48,439.8, 36.5, 35.3, 34.5, 31.9, 30.1, 28.6,
26.8, 26.1, 25.8, 24.0, 20.4, 18.1, 17.4, -4.8.-4.

Anal. Calcd for GgH4503Si: C, 71.26; H, 9.90. Found: C, 71.16; H, 9.87.

17-(3-Furyl)-5p,14p-andr ostan-3p,14,16p-triol 16-O-acetyl 3-O-tert-butyldimethylsilyl

(20).

Ac,0O (0.8 mL) and DMAP (25 mg) were added to a solutd19 (177 mg, 0.36 mmol) in
DCM (8 mL) stirred at 0C. The mixture was stirred at’G@ for 15 min and then set aside at 5
°C (refrigerator) for 20 h. It was then cooled t8@ again, MeOH (2 mL) was added and
(after 15 min) the cooling bath was removed. Thetune was allowed to warm to rt, poured
into water and extracted with the mixture of hexan&tOAc (6:4, 60 mL). The organic
extract was washed consecutively with water, aq G@kand brine, and dried. The solvent
was evaporated to give0 as a crystalline mass (192 mg, 100%): m. p. A5 1hexane);
IR(film from DCM), 1734 cnit; *H NMR, 7.27 (br.tJ = 1.5 Hz, 1H), 7.19 (br.s, 1H), 7.19
(br.s, 1H), 5.53 (td) = 8.7, 1.7 Hz, 1H), 4.05 (br.s, 1H), 3.22 Jd 8.5 Hz, 1H), 2.61 (dd]
=15.4, 8.9 Hz, 1H), 1.91 — 1.75 (m, 4H) overlagping0 (s, 3H), 1.61 — 1.10 (m, 15H), 0.92
(s, 3H), 0.88 (s, 9H), 0.76 (s, 3H), 0.02 (s, 6H¢ NMR, 170.2, 142.0, 141.4, 121.7, 114.3,
84.5, 74.1, 67.2, 52.9, 49.0, 42.0, 40.2, 40.20,385.7, 35.2, 34.3, 29.7, 28.7, 26.7, 25.8,
23.8,21.3,21.1, 21.0, 18.1, 16.6, -4.9, -4.9.

Anal. Calcd for GiHs0OsSi: C, 70.14; H, 9.49. Found: C, 70.23; H, 9.41.
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TBSO

17p-(3-Furyl)-58,14p-andr ostan-3p,14,16p-triol (21).

The described above procedure (preparatiod8fwas applied, eluent hex-EtOAc, 6:4 to
give 21 as crystalline filmH NMR, 7.40 (t,J = 1.5 Hz, 1H), 7.31 (s, 1H), 6.41 @= 1.0
Hz, 1H), 4.38 (t) = 6.3 Hz, 1H), 4.14 (br.f] = 2.5 Hz, 1H), 3.04 (d] = 6.9 Hz, 1H), 2.75 (s,
1H), 2.34 (dd,) = 14.4, 5.9 Hz, 1H), 2.00 — 1.85 (m, 4H), 1.75db# = 13.6 Hz, 1H), 1.66 —
1.12 (m, 13H), 0.95 (s, 3H), 0.82 (s, 3H}C NMR, 142.6, 141.5, 121.3, 113.8, 85.7, 73.6,

66.9, 54.8, 48.4, 41.8, 41.3, 40.8, 36.1, 35.%,38.7, 27.9, 26.6, 23.8, 21.8, 21.3, 17.1.

TBSO

17-(3-Furyl)-5p,14p-andr ostan-3p,14,16p-triol 16-O-acetyl (7).

In a 10 mL round bottomed flask was plac$i(10-30 mg), THF (1 mL) and HF<Py (0.1
mL). The flask was closed with a stopcock and dsfte at rt. The progress of reaction was
monitored by TLC. After the substrate was consul2e8 days) the mixture was diluted with
EtOAc (20 mL) and partitioned with water (20 mL)hd& organic layer was separated and
washed consecutively with ag Cu§@q NaHCQ and brine, and dried. The solvent was
evaporated and the residue was chromatographediangel (1 g, hexane —EtOAc, 6:4) to

give 7 as a crystalline film*H NMR, 7.27-7.25 (m, 1H), 7.18 (br.s, 1H), 6.49.¢b0 = 1.1
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Hz, 1H), 5.51 (tdJ = 8.7, 1.8 Hz, 1H), 4,14-4.08 (m, 1H), 3.21 J& 8.5 Hz, 1H), 2.60 (dd,
J=15.4, 8.9 Hz, 1H), 1.78 (s, 3H) overlapping 1-9%.70 (m, 4H), 1.69 — 1.12 (m, 15H),
0.93 (s, 3H), 0.75 (s, 3HJ°C NMR, 170.1, 141.9, 141.4, 121.6, 114.3, 84.40,786.7, 52.8,

48.9, 41.8, 40.2, 40.0, 36.0, 35.5, 35.3, 33.%,28(.9, 26.4, 23.7, 21.1, 21.0, 20.9, 16.6.

HO

17-(3-Furyl)-5p,14p-andr ostan-3,14,16p-triol 3p,16-di-O-acetyl (22).

Ac.0 (0.1 mL) was added to a solutionzif (19 mg) and DMAP (2.5 mg) in DCM (1 mL),
stirred at 0 C°. The mixture was stirred &C5for 18 h and then MeOH (0.2 mL) was added
and the cooling bath was removed. After 1 h thetunéxwas partitioned with EtOAc (20 mL)
and water (20 mL). The organic layer was separat@edhed consecutively with 3% HCI, aq
NaHCG; and brine, and dried. The solvent was evaporategpve diacetat@2 (21 mg) as an
oil: *H NMR, 7.28 (tJ = 1.5 Hz, 1H), 7.19 (s, 1H), 6.50 @z= 1.1 Hz, 1H), 5.54 (td] = 8.7,
1.6 Hz, 1H), 5.09 (br.s, 1H), 3.23 (@= 8.4 Hz, 1H), 2.61 (dd] = 15.4, 8.8 Hz, 1H), 2.04 (s,
3H), 1.94 — 1.81 (m, 4H), 1.80 (s, 3H), 1.71 — 1(¥ 19H), 0.95 (s, 3H), 0.77 (s, 3H).

¥C NMR, 170.6, 170.1, 142.0, 141.4, 121.6, 114.34884.0, 70.4, 52.8, 48.9, 41.8, 40.2,

40.0, 36.8, 35.7, 35.1, 30.5, 30.4, 26.3, 25.17,281.4, 21.1, 21.1, 20.9, 16.6.
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3B,14,16B-Trihydr oxy-58,14p-car d-20(22)-enolide 16-O-acetyl 3-O-tert-

butyldimethylsilyl (24).

A Schlenk flask (50 mL) was equipped an efficietntring bar and a tungsten incandescent
lamp (20 W, 140 Im, 2800 K, L4) and connected t@euum line and an oxygen cylinder. In
the flask there were placed DIPEA (0.4 mL) and rosegal (10.1 mg), and a solution26f
(98.0 mg, 0.19 mmol) in DCM (16 mL). The mixture sveooled to -78C and vigorously
stirred in an atmosphere of oxygen while irradiatedil the starting material was consumed
(by TLC, hexane — EtOAc, 4:1, ca. 4 h). The irridmwas then halted and the cooling bath
was removed. The mixture was allowed to warm t&nd it was then flushed with argon and
set aside for 16 h. The solvent was evaporatedrotasy evaporator. The residue was briefly
dried on an oil pump vacuum and dissolved in MeQ@®6ifiL). The solution was cooled to O
°C and NaBH (515 mg) was added in small portions, within 1whijle the mixture was
vigorously stirred. The cooling bath was removed #re mixture was allowed to warm to rt
and stirred for 1 h. After that time, it was cooled0 °C again and 20% #$0O, was added
dropwise until the mixture has decolorized. Thaugoh was diluted with EtOAc (100 mL)
and partitioned with water (100 mL). The organigelawas separated, washed consecutively
with ag NaHCQ and brine, and dried. The solvent was evaporateoh oily residue. TLC of
this material indicated the presence of the maiadpect @4) and poorly developing
contaminations. Its chromatographed on silica §aj,(hexane — EtOAc, 3:1) ga2é as an

oil (66.3 mg, 66%)*H NMR, 5.96 (tJ = 1.6 Hz, 1H), 5.47 (td] = 9.4, 2.6 Hz, 1H), 4.99 (dd,

J=18.2, 1.7 Hz, 1H), 4.85 (dd,= 18.2, 1.7 Hz, 1H), 4.04 (br.s, 1H), 3.18 Jds 8.7 Hz,
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1H), 2.72 (dd,J) = 15.6, 9.7 Hz, 1H), 1.96 (s, 3H), 1.91 — 1.10 {®H), 0.92 (s, 3H), 0.91 (s,
3H), 0.87 (s, 9H), 0.01 (s, 6HY'C NMR, 174.1, 170.36, 167.86, 121.31, 84.24, 756494,
67.02, 56.16, 49.97, 41.84, 41.17, 39.28, 35.8858B535.15, 34.18, 29.62, 28.62, 26.53,
25.79, 23.75, 21.10, 20.99, 20.81, 18.05, 15.988:44.90.

HRMS calcd for GiHs00sSiNa (M+Na) 569.3274. Found: 569.3272.

3B,14,16B-Trihydr oxy-58,14p-car d-20(22)-enolide 16-O-acetyl (oleandrigenin) (2).

(1) Poly(pyridinium fluride) [Pys(HF) 0.5 mL] was added to a solution 2f (66.3 mg) in
THF (5 mL) stirred at rt. The mixture was set adwle4 days and then poured into water (30
mL) and extracted with EtOAc (50 mL). The organktract was washed consecutively with
5% HCI, ag NaHC®and brine, and dried. The solvent was evaporateldtlze residue was
chromatographed on silica gel (3 g, hexane — EtQAD, to give2 as colorless crystals (47.5,
91%): m. p. 232C (EtOAc — hexane)a]p"® -10.1 (¢ 0.68, MeOH):UWM max (MeCN): 214.7
nm; IR (KBr), 3525,(br.s), 3379 (br.s), 1789(m),54{s), 172shows the presence of 5(s),
1613(w) cni; *H NMR, 5.96 (br.s, 1H), 5.47 (td,= 9.4, 2.2 Hz, 1H), 4.99 (d,= 18.1 Hz,
1H), 4.85 (dJ = 18.1 Hz, 1H), 4.13 (br.s, 1H), 3.19 (M= 8.7 Hz, 1H), 2.73 (dd] = 15.6,
9.7 Hz, 1H), 1.96 (s, 3H), 1.96 — 1.09 (m, 20H®50(s, 3H), 0.93 (s, 3H}*C NMR, 174.0,
170.4, 167.8, 121.4, 84.2, 75.6, 73.9, 66.7, 3010, 41.8, 41.2, 39.2, 35.9, 35.4, 35.3, 33.3,
295, 27.9, 26.3, 23.7, 21.0, 21.0, 20.8, 15.9.

Anal. Calcd for GsH3606: C, 69.42; H, 8.39. Found: C, 69.46; H, 8.27
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Reported (i. a.): m. p. 225-230, [0]p**-6.9+3 (c 0.89 MeOHY’ m. p. 223C, [0]p*®-8.5 (¢

1.65 MeOH}

3B,14,16B-Trihydr oxy-5p,14p-car d-20(22)-enolide 16-O-acetyl (2, oleandrigenin) and
3p,16p-dihydroxy-14,21-epoxy-58,148,21(R)-car d-(20,22)-enolide 16-O-acetyl (26).

A Schlenk flask (50 mL) was equipped an efficietntrinag bar and a tungsten incandescent
lamp (20 W, 140 Im, 2800 K, L4) and connected t@euum line and an oxygen cylinder. In
the flask there were placed DIPEA (0.4 mL) and rosegal (10.5 mg), and a solution2ff
(94.1 mg, 0.18 mmol) in DCM (16 mL). The mixture sveooled to -78C and vigorously
stirred in an atmosphere of oxygen while irradiatedil the starting material was consumed
(by TLC, hexane — EtOAc, 4:1, ca. 4 h). The irradiawas then interrupted, and the cooling
bath was removed. The mixture was allowed to warmh &and it was then flushed with argon.
After 15 min, the solvent was evaporated on a yotaaporator. The residue was briefly dried
on an oil pump and dissolved in MeOH (10 mL). Thiigon was cooled to 8C and NaBH
(520 mg) was added in small portions, within 1 lhjlerthe mixture was vigorously stirred.
The cooling bath was removed and the mixture wiasvall to warm to rt and stirred for 1 h.
After that time it was cooled to @ again and 20% 4$0, was added dropwise until the
mixture decolorized. The solution was diluted vEt©Ac (50 mL) and partitioned with water
(100 mL). The organic layer was separated, washedecutively with ag NaHC{and brine,

dried and the solvent was evaporated.
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The residue was dissolved in THF (5 mL) poly(pyridm fluride) [Pys(HF), 0.5 mL] was
added. The mixture was stirred at rt for 4 days treh poured into water (30 mL) and
extracted with EtOAc (50 mL). The organic extragtswashed consecutively with 5% HCI,
ag NaHCQ and brine, and dried. The solvent was evaporated the residue was
chromatographed on silica gel (12 g, hexane — Et{AAL 500 mL) to give6 as colorless
crystals (after triturating with hexane) (20.9 @%) and ther2 (45.1 mg, 59%) identical to
the previously obtained sample.

26: m. p. 239°C (EtOAc — hexane); UVAmax (MeCN), 213.3 nm; IR (film from DCM),
1784, 1738, 1658 ¢ 'H NMR, 5.95 (s, 1H), 5.84 (s, 1H), 5.52 (ddd= 9.7, 5.5, 3.9 Hz,
1H), 4.13 (s, 1H), 3.34 (dl = 5.6 Hz, 1H), 2.90 (dd] = 16.5, 10.3 Hz, 1H), 2.02 (s, 3H)
overlapping 2.14 — 0.98 (m, 19H), 0.95 (s, 4H)50(8, 3H);**C NMR, 170.6, 170.1, 166.8,
116.5, 98.4, 88.8, 72.7, 66.6, 53.4, 48.9, 37.80,385.6, 35.4, 34.6, 33.4, 33.0, 29.7, 27.8,
26.0, 23.5, 21.0, 20.8, 20.0, 16.2.

Comparison of calculated®C NMR spectrum of the heterocyclic moiety with the
experimental indicates for the assignmentf@ signals: 170.6 (C-23), 170.1 (C-20), 166.8
[MeC(0O)0O], 116.5 (C-22), 98.4 (C-21); one bond pretarbon correlation spectrum (ghsqc)
shows that théH signal a> 5.954 ppm corresponds i signald 98.50 ppm (C-21).

Anal. Calcd for GsH3406: C, 69.74; H, 7.96. Found: C, 69.57; H, 8.01
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3B,14,16B-Trihydr oxy-5p,14p-car d-20(22)-enolide 3p,16-di-O-acetyl (oleandrigenin 3-

acetate) (25). 1> ¢’

Ac,0 (0.1 mL) was added to a solution {5 mg) and DMAP (2.5 mg) in DCM (1 mL)
stirred at 0 C°. The mixture was stirred &C5for 18 h and then MeOH (0.2 mL) was added
and the cooling bath was removed. After 1 h thetunéxwas partitioned with EtOAc (20 mL)
and water (20 mL). The organic layer was separateshed consecutively with 3% HCI, aq
NaHCG; and brine, and dried. The solvent was evaporatgive acetat@5 (5 mg) as an oll
film: 'H NMR, 5.97 (t,J = 1.4 Hz, 1H), 5.48 (td) = 9.4, 2.5 Hz, 1H), 5.08 (br.s, 1H), 4.98
(dd,J =18.1, 1.7 Hz, 1H), 4.84 (dd,= 18.1, 1.7 Hz, 1H), 3.19 (d,= 8.7 Hz, 1H), 2.73 (dd,
J=15.7, 9.6 Hz, 1H), 2.05 (s, 3H), 1.97 (s, 3HB21- 1.06 (m, 20H), 0.96 (s, 3H), 0.94 (s,

3H).

Biological activities

Cytotoxicity assay

T-lymphoblastic leukemia CEM, cervix epithelial cemoma Hela, breast carcinoma MCF7
cell lines and human foreskin fibroblasts (BJ) wesed to determine the cytotoxicity of

tested compounds after 72 h of treatment staine@$gzurin as described earlier for Calcein
AM.®®The data shown in Table 1 are means + standaratitavi(SD) obtained from at least

three independent experiments performed in tripdica

Flow cytometry
The cell cycle and apoptosis in HelLa cells treategd cardenolides and bufadienolides for 24
h was measured using flow cytometfyThe distribution of cells in the subGapoptotic

cells), G/G;, S and G/M peaks was analyzed. The data shown are the ma&fatizree

34



independent experiments performed in triplicatee @tiferences between control and treated
cells were analyzed by one-way analysis of varigdd®¢OVA) using Microsoft Excel 2010.

Signification was marked with asterisk<®.05).

Caspase 3/7 activity assay

Activity of caspase 3/7 was determined in HelLa scdlffter 24 h of treatment with
cardenolides and bufadienolides as described prslyi®® The experiments were repeated
three times as biological replicates. The diffeemnbetween control and treated cells were
analyzed by one-way analysis of variance (ANOVA)ings Microsoft Excel 2010.

Signification was marked with asterisk<®.05).

SDS—polyacrylamide gel electrophoresis and immuotbbg

HeLa cells were treated with cardenolides and befadides for 24 h. Gel electrophoresis
and immunoblotting were performed as describedegzaslith minor modifications specified

below®® Detection and visualization of immunoblots wasf@ened using the West Pico

Supersignal chemiluminescent detection reagentr(itid-isher Scientific, Rockford, USA)

and by CCD camera (Fujifilm, Tokio, Japan). Thetgimo expression in treated cells was
compared to that observed in untreated controlsteRr loading control was the level pf

actin. The experiments were repeated three times.

Measurement of N&K"-ATPase activity
Na'/K*-ATPase from porcine kidney was isolated as desdripreviously® The ATPase
activity measurement of solubilized enzyme in migeh plates using pipetting station

Freedom Evo (Tecan, Switzerland) and microplateleealrecan has been described in
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detail’® All data are presented as the specific activitjNaf/K*-ATPase that is standardly
estimated using treatment by 500 uM ouabain, whertres as a highly specific inhibitor of
Na'/K*-ATPase. The residual activity in the presenceusbain is subtracted from the total
ATPase activity in the absence of ouabain, yieldimg specific activity of NaK*-ATPase.

The values represent the means + S.D. of four ieniégnt replicates.
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Highlights
» Thefirst synthesis of oleandrigenin from easily available steroid devel oped.
o 17B-(4-butenolidyl)-, 1703-(3-furyl)-14,163-dihydroxy-androstanes synthesized.
+ Na'/K*-ATP-aseinhibitory and cytotoxic activitiesin vitro of new compounds.

* Derivatives 21 and 25 induced strong apoptosis in HeL a cells after 24 h.

Keywords:. cardenolides; partial synthesis; furan transformation; cytotoxicity; apoptosis;
ATP-aseinhibition
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