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Ouabain (1a), a cardioactive glycoside isolated from the bark
of the African ouabio tree (Acokanthera ouabio) by Arnaud
in 1888), has received considerable attention since it was
discovered that an ouabain-like compound occurs naturally in
mammals and acts as an endogenous digitalis as proposed by
Szent-Gyorgyi.”! After some debate, it was established that
the endogenous and plant derived ouabain are in fact
identical.”! Ouabagenin (1b), the aglycone of ouabain, was
isolated for the first time in 1942 by Mannich and Siewert,"!

a-L-rhamnoside

OH
1a: ouabain, R=q-L-rhamnoside
1b: ouabagenin, R=0OH

who proposed a structure for the aglycone, and the structure
for ouabain, which was later proven to be correct.

Progress towards the construction of these highly oxy-
genated steroids has been made recently,’™® but to date no
total synthesis has been reported. Our foray into this field was
based on a hypothesis that the polyanionic cyclization
(double-Michael addition followed by aldol condensation)
methodology developed by our research group!” would allow
facile access to an appropriately functionalized tetracyclic
intermediate with the desired A/B cis, B/C trans, and C/D cis
ring junctions. Our initial studies®!” suggested a promising
synthetic route towards 14-3-OH steroidal intermediates, and
herein we report the completion of the first total synthesis of
ouabagenin (1b) and in turn ouabain (1a).

Our strategy was based on the initial rapid construction of
densely functionalized tetracycle D, (Scheme 1), which con-
tains, in principle, the functionalities required for ouabagenin
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E=CHO
PG=protecting group

1a and 1b

Scheme 1. Synthetic plan for ouabagenin and ouabain.

(1b) and in turn ouabain (1a). Tetracycle D would be readily
available from tricycle C, which in turn could be produced
from the condensation of chiral building blocks A and B.

The initial steps of the synthesis, drawn from our previous
studies on steroid skeleton synthesis,*'! were successful
(Scheme 2). Thus, the union of Nazarov substrate 31'® with
freshly prepared cyclohexenone 2"'7 in the presence of
Cs,CO; at 0°C followed by decarboxylation afforded tricycle
4 with an overall yield of 78 %. Reduction of the resulting
aldehyde with Li(Et;CO);AIH™! and then protection of the
alcohol as its PMB ether!" afforded aldol precursor 5 in 74 %
yield over two steps The aldol reaction to form the desired
tetracycle 6 in 83% vyield occurred in the presence of
KHMDS. In order to reduce the ketone at Cl to give the
desired P stereochemistry, it was necessary to first deprotect
the alcohol at C11, by saponification of the acetate, which
assisted the subsequent surprisingly facile reduction of the C1
ketone with NaBH, in EtOH at —78°C to produce 7 with an
overall yield of 95%.

Oxidation of PMB ether 7 was carried out in a CH,Cl,
solution, which was rigorously dried with molecular sieves
prior to addition of DDQ, to afford orthoester 8 in 84 %
yield.'>!*l From orthoester 8, formation of a silyl enol ether
using excess TBSOTf and oxidation to the enone with
DDQ!"" proceeded smoothly to afford the desired enone 9
with an overall yield of 90 % . Reduction of the enone by using
sodium borohydride afforded the p-allylic alcohol, which
upon exposure to mCPBA underwent selective 3-face epox-
idation to afford epoxide 10 with an overall yield of 81 %. The
structure of 10 was ultimately confirmed by X-ray crystallog-
raphy."®

Mesylation of the epoxy alcohol was followed by treat-
ment with excess LiBH, in DME and subsequent hydrolysis
on silica gel, to afford 11. Thus, hydrogenolysis of the
mesylate took place as well as the desired reductive opening
of the epoxide. The resulting orthoester intermediate was
found to be unstable and was therefore hydrolyzed under
mild acidic conditions with silica gel producing mainly the
p-methoxybenzoate at the C1 position.'”! The overall yield for
these operations was 58 %. Attempts to protect the C19 and
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Scheme 2. Synthesis of key fragment 14. Reagents and conditions: a) Cs,CO;, CH,Cl,, 0°C, 85%; b) [Pd(PPh;),], morpholine, THF, 92 %;

¢) Li(Et,CO),AIH, THF, —78°C, 89%; d) PMBOC(NH)CCl;, La(OTf); (0.1 equiv), Et,0, 0°C, 83%; ) KHMDS, THF, 63°C, 83 %; f) K,COs, THF,
MeOH, 98%; g) NaBH,, EtOH, —78°C, 97%; h) DDQ, 4 A M.S., CH,Cl,, 84%; i) TBSOTY, Et;N, CH,Cl,, 90%; j) DDQ, 2,6-di-tert-butyl-4-
methylpyridine, MeCN, 100%; k) NaBH,, EtOH, THF, —30°C, 96 %; |) mCPBA, NaHCO,, CH,Cl,, 85%; m) MsCl, py, CH,Cl,, 98 %; n) LiBH,,
DME, RT, 24 h then reflux 8 h, then silica, 58 %; 0) Ac,O, py, DMAP, RT, 24 h, 90%; p) TBAF, THF, 0°C—RT, 6 h, 88%; q) Hg(OAc),, AcOH/
AcOOH (1:1), RT, 4 h, 93%; r) TBDPSCI, imidazole, CH,Cl,, 0°C, 4 h, 75%; s) Ac,O, py, DMAP, CH,Cl,, 40°C, 24 h, 65%. DDQ =2,3-dichloro-5,6-
dicyano-1,4-benzoquinone, DMAP = 4-dimethylamino pyridine, DME = 1,2-dimethoxyethane, KHMDS = potassium bis (trimethylsilyl)amide,
mCPBA = m-chloroperoxybenzoic acid, M.S.=molecular sieves, Ms =methanesulfonyl, PMB = p-methoxybenzyl, PMP = p-methoxyphenyl, py = pyr-
idine, TBAF =tetra-n-butylammonium fluoride, TBDPS = tert-butyldiphenylsilyl, TBS = tert-butyldimethylsilyl, Tf=trifluoromethanesulfonyl,

THF =tetrahydrofuran.

C11 hydroxy groups of 11 as acetates afforded only the C19
acetate. We considered this to be a suitable stage for
unmasking the C3 hydroxy group. Removal of the TBDPS
group followed by Tamao oxidation of 12 neatly furnished
13 in 93% yield. The primary hydroxy group of 13 was
reprotected as TBDPS ether and the secondary hydroxy
groups as acetates to give 14.

At this stage, with all the required stereochemistry
installed, we wanted to secure completely unambiguous
structure confirmation. For that, we opted for the degradation
of natural ouabain (1a)?! to obtain the intermediate 14 and
compare it with the synthetic intermediate. Accordingly, the
acidic hydrolysis of natural ouabain™®! and selective acety-
lation™ of secondary alcohols gave 15 which upon hydrolysis
of the acetonide group with HCl in MeOH produced tetraol
16 in 52 % yield over three steps (Scheme 3).

Transformation of the primary hydroxy group of 16 into
an acetate and the secondary hydroxy group into p-meth-
oxybenzoate gave 17 with an overall yield of 67 %. Ozonolysis
of 17 followed by mild hydrolysis (KHCO; solution) of the
resulting glyoxalate resulted in the somewhat less stable
hydroxy ketone 18. Reduction of 18 using NaBH, in MeOH
followed by NalO,-mediated oxidative cleavage of the
resulting 1,2-diol produced aldehyde 19. Again reduction of
17 and protection of the resulting primary hydroxy group as
the TBDPS ether cleanly furnished 14 in 37 % overall yield.
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This degradation product was identical to the synthetic
material and was used as a relay to complete the total
synthesis of ouabagenin (1b) and in turn ouabain (1a).
Thus, silyl ether cleavage of 14 with TBAF in THF and
then oxidation of the resulting primary hydroxy group again
gave aldehyde 19, which was transformed into 20 by rhodium-
catalyzed methylenation (Scheme 4).*! After dihydroxyl-
ation of the olefin moiety in 20 with OsO, and NMO, the
selective oxidation of the secondary hydroxy group to afford
18 was achieved with NBS through the cyclic tin ether 21.¥
Construction of the butenolide ring to obtain 17 was achieved
by exposing hydroxyketone 18 to triphenyl phosphorany-
lidene ketene! and subsequent hydrolysis of the ester groups
gave ouabagenin (1b). Since literature data needed to
confirm the structure is limited,*>?* we decided to obtain a
pure sample of the natural product for an unambiguous
comparison. Ouabagenin acetonide 22,°??! which was
obtained by degradation of ouabain (1a) was hydrolyzed by
using conc. HCI in MeOH to provide an authentic sample of
ouabagenin (1b). For further confirmation of the structure it
was then reprotected to give ouabagenin acetonide 22 by
using conc. HCI in acetone. The synthetic ouabagenin was
identical with the one obtained from degradation.””
Completion of the total synthesis of ouabain (1a) is
described in Scheme 5. Accordingly, we required suitably
functionalized coupling partners 25 and 26. Thus, perbenzo-
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Scheme 3. Degradation of natural ouabain. Reagents and conditions:
a) Conc. HCl, acetone, 0°C, 10 days, 70%; b) Ac,0, py, DMF, 50°C,
48 h, 83%; c) 1N HCI/MeOH (1:4), 36 h, 90%; d) Ac,O, py, CH,Cl,,
0°C—RT, 6 h, 89%; e) p-anisoyl chloride, py, DMAP, CH,Cl,, 40°C,
18 h, 76%; f) O,, CH,Cl,, —78°C, 2 h, then Ph,P, RT, 15 h; g) KHCO;,
MeOH:H,0 (1:1), RT, 3 h; h) NaBH,, MeOH, 0°C, 30 min, 51 % over
3 steps; i) NalO,, EtOH/H,O (95:5), RT, 1 h, 82%; j) NaBH,, MeOH,
0°C, 30 min, 88%; k) TBDPSCI, imidazole, CH,Cl,, 0°C—RT, 4 h,
90%. DMF = N,N-dimethylformamide.

Scheme 4. Completion of the synthesis of ouabagenin (1b). Reagents
and conditions: a) TBAF, THF, 0°C—RT, 2 h, 90%,; b) Dess—Martin
periodinane, CH,Cl,, 0°C, 40 min, 75%,; c) [(PPhs);RhCI], PPhs, iPrOH,
TMSCHN,, THF, 16 h, 67 %; d) OsO,, NMO, acetone/H,O (95:5), 6 h,
82%; e) nBu,SnO, benzene, reflux, 12 h; f) NBS, CHCl;, 10 min, 73%
over 2 steps; g) Ph;PCCO, TEA, benzene, RT, 12 h, 68%,; h) 0.5N
Na,CO;, MeOH, 2 h, RT, 85%; i) Conc. HCl, MeOH, 50°C, 4 h, 88 %;
j) Conc.HCl, acetone, RT, 4 h, 80%. NBS = N-bromosuccinimide,
NMO = 4-methylmorpholine N-oxide, TEA =triethylamine, TMS =tri-
methylsilyl.

ylation of vrL-rhamnose gave 23, which upon anomeric
bromination using acetyl bromide and MeOH, followed by
hydrolysis with Ag,CO; in aqueous acetone, produced lactol
24. Treatment of 24 with K,CO; and CI3;CCN exclusively
afforded 25.% The aglycone 26 was easily obtained from 22
by diacetylation®” followed by selective hydrolysis of the C3
acetate group. It was necessary to block the C11-OH group
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ouabain (1a)

OH
26

Scheme 5. Preparation of glycoside partner 25 and completion of the
total synthesis of ouabain (1a). Reagents and conditions: a) BzCl, py,
DMAP, CH,Cl,, RT, 82%; b) AcBr, MeOH, CH,Cl,, RT; c) Ag,CO;,
acetone, H,O, RT, 58 % over 2 steps; d) K,CO;, CI;CCN, CH,Cl,, RT,
68%; €) Ac,0, py, DMF, DMAP, 50°C, 78%; f) 0.5 N Na,CO;, MeOH,
1 h, RT, 70%; g) TMSOTY, 4 A M.S., CH,Cl,, RT, 90%; h) 2n HCl,
MeOH, RT, 2 h, 92%,; i) 0.5N Na,CO;, MeOH, 2 h, RT, 88%. Ac=ace-
tyl, Bz=benzoyl.

because our initial glycosylation trials of 22 were not
regioselective.

With both building blocks 25 and 26 in hand, our next task
was to tether the two parts of the molecule through an acetal
bridge. Thus coupling of 25 and 26 was carried out using
TMSOTTf in CH,CI, at 0°C to obtain 27 as the exclusive
isomer in 90% yield. Not unprecedented, the pleasing
outcome with glycosylation was a result of anchimeric
assistance.”® For the global deprotection, we first treated 27
with mild acidic and then with mild basic conditions (the
reverse treatment did not work out to our satisfaction) to
furnish ouabain (1a) in 80 % yield over the last two steps. The
synthetic compound was identical with an authentic sample of
the natural material.*-%7

In conclusion, we have successfully completed the long-
awaited first total synthesis of ouabagenin (1b) and in turn
ouabain (1a) through a polyanionic cyclization strategy via a
key tetracyclic intermediate 14 in 19 steps. This in turn led to
the preparation of ouabagenin (1b) in eight steps. Finally,
ouabagenin (1b) was converted into ouabain (1a) in six steps.

Received: October 26, 2007
Published online: January 8, 2008

Keywords: cardioactive agents - cycloaddition - glycosylation -
steroids - total synthesis

[1] a) L. F. Fieser, M. Fieser, Steroids, Reinhold, New York, 1959,
chap. 20; b) A. Arnaud, C. R. Hebd. Seances Acad. Sci. 1888,
106, 1011; A. Arnaud, C. R. Hebd. Seances Acad. Sci. 1888, 107,
1162.

[2] a) A. Szent-Gyorgyi, Chemical Physiology of Contraction in
Body and Heart Muscle, Academic Press, New York, 1953,
pp- 86-91; b) W. Schoner, Eur. J. Biochem. 2002, 269, 2440 —
2448.

Angew. Chem. 2008, 120, 1292 -1295


http://dx.doi.org/10.1046/j.1432-1033.2002.02911.x
http://dx.doi.org/10.1046/j.1432-1033.2002.02911.x
http://www.angewandte.de

[3] a) A. Kawamura, J. Guo, Y. Itagaki, C. Bell, Y. Wang, H. T.
Garner, S. Magil, R. T. Gallagher, N. Berova, K. Nakanishi,
Proc. Natl. Acad. Sci. USA 1999, 96, 6654 -6659; b) A. Kawa-
mura, J. Guo, F. Maggiali, N. Berova, K. Nakanishi, Pure Appl.
Chem. 1999, 71, 1643-1648; c) B.-C. Hong, S. Kim, T.-S. Kim,
E.J. Corey, Tetrahedron Lett. 2006, 47, 2711 -2715.

[4] C.Mannich, G. Siewert, Ber. Dtsch. Chem. Ges. A 1942, 75,737 -
750.

[5] K. Florey, M. Ehrenstein, J. Org. Chem. 1954, 19, 1174-1195.

[6] a) S. Laschat, F. Narjes, L. E. Overman, Tetrahedron 1994, 50,
347-358; b) W. Deng, M.S. Jensen, L.E. Overman, P. V.
Rucker, J.-P. Vionnet, J. Org. Chem. 1996, 61, 6760-6761;
c) P. V. Rucker, L. E. Overman, Tetrahedron Lett. 1998, 39,
4643-4646; d)J. H. Hynes, L. E. Overman, T. Nasser, P. V.
Rucker, Tetrahedron Lett. 1998, 39, 4647-4650; ¢) L. E. Over-
man, P. V. Rucker, Heterocycles 2000, 52, 1297 -1314.

[7] a) M. E. Jung, P. Davidov, Angew. Chem. 2002, 114, 4299 -4302;

Angew. Chem. Int. Ed. 2002, 41, 4125-4128; b) M. E. Jung, G.

Piizzi, J. Org. Chem. 2003, 68, 2572-2582; c) M. E. Jung, G.

Piizzi, Org. Lett. 2003, 5, 137-140.

For a review on enantioselective synthesis of steroids: A.-S.

Chapelon, D. Moraléda, R. Rodriguez, C. Ollivier, M. Santelli,

Tetrahedron 2007, 63, 11511-11616.

[9] a) J.-F. Lavallée, P. Deslongchamps, Tetrahedron Lett. 1988, 29,
6033-6036; b) R. Ruel, P. Deslongchamps, Tetrahedron Lett.
1990, 37, 3961-3964; c) R. Ruel, P. Deslongchamps, Can. J.
Chem. 1992, 70, 1939 -1949.

[10] a) D. Chapdelaine, J. Belzile, P. Deslongchamps, J. Org. Chem.
2002, 67, 5669-5672; b) Z. Yang, D. Shannon, V.-L. Truong, P.
Deslongchamps, Org. Lett. 2002, 4, 4693 -4696; c) L. Chen, P.
Deslongchamps, Can. J. Chem. 2005, 83, 728 —740.

[11] S. Trudeau, P. Deslongchamps, J. Org. Chem. 2004, 69, 832 —838.

[12] Compound 2 was not stable and polymerized when concen-
trated.

[13] S. Krishnamurthy, J. Org. Chem. 1981, 46, 4628 —4629.

[14] A.N. Rai, A. Basu, Tetrahedron Lett. 2003, 44, 2267 —2269.

[15] Y. Oikawa, T. Yoshioka, O. Yonemitsu, Tetrahedron Lett. 1982,
23, 889-892.

[16] A mixture of acetals was also formed, which was isolated and
resubmitted to the oxidation conditions to afford the desired
product, for a total yield of 84 %.

[17] M. E. Jung, Y.-G. Pan, M. W. Rathke, D.F. Sullivan, R.P.
Woodbury, J. Org. Chem. 1977, 42, 3961 —3963.

[8

-_

Angewandte

[18] CCDC 664562 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif. The structure of 10 from X-ray
coordinates is also shown in the Supporting Information.

[19] a) J.-L. Giner, X. Li, J. J. Mullins, J. Org. Chem. 2003, 68, 10079 —
10086; b) R. H. DeWolfe, J. L. Jensen, J. Am. Chem. Soc. 1963,
85, 3264-3268; c) K. C. Nicolaou, E. A. Theodorakis, F. P. J. T.
Rutjes, J. Tiebes, M. Sato, E. Untersteller, X.-Y. Xiao, J. Am.
Chem. Soc. 1995, 117, 1171-1172.

[20] a) I. Fleming, R. Hennings, H. Plaut, J. Chem. Soc. Chem.
Commun. 1984, 29-31; b) L. Fleming, P. E. J. Sanderson, Tetra-
hedron Lett. 1987, 28, 4229-4232; c) K. Tamao, N. Ishida,
Organomet. Chem. 1984, 269, C37-C39; d) K. Tamao, N. Ishida,
T. Tanaka, M. Kumada, Organometallics 1983, 2, 1694-1696;
e) K. Tamao, N. Ishida, M. Kumada, Org. Chem. 1983, 48,2120—
2122; f) G. R. Jones, Tetrahedron 1996, 52, 7599 —7662.

[21] A sample of natural ouabain was obtained from the Sigma-
Aldrich Company.

[22] R.P. A. Sneeden, R.B. Turner, J. Am. Chem. Soc. 1953, 75,
3510-3513.

[23] H. Lebel, D. Guay, V. Paquet, K. Huard, Org. Lett. 2004, 6,
3047-3050.

[24] a) F. D’Andrea, G. Catelani, M. Mariani, B. Vecchi, Tetrahedron
Lett. 2001, 42,1139-1142; b) A. B. C. Simas, K. C. Pais, A. A. T.
da Silva, J. Org. Chem. 2003, 68, 5426-5428, and references
therein.

[25] a) H.J. Bestmann, D. Sandmeier, Chem. Ber. 1980, 113, 2038 —
2039;b) G. Stork, F. West, H. Y. Lee, R. C. A. Isaacs, S. Manabe,
J. Am. Chem. Soc. 1996, 118, 10660-10661.

[26] D.D. Mclntyre, M. W. Germann, H. H. Vogel, Can. J. Chem.
1990, 68, 1263 -1270.

[27] See the Supporting Information.

[28] a) R. R. Schmidt, Angew. Chem. 1986, 98, 213-236; Angew.
Chem. Int. Ed. Engl. 1986, 25, 212-235; b) R. R. Schmidt, W.
Kinzy, Adv. Carbohydr. Chem. Biochem. 1994, 50, 21-123;
c) R. R. Schmidt, Front. Nat. Prod. Res. 1996, 1,20-54; d) R. R.
Schmidt, Pure Appl. Chem. 1989, 61, 1257-1270; e¢) A. Hole-
mann, B. L. Stocker, P. H. Seeberger, J. Org. Chem. 2006, 71,
8071-8088; f) K. Toshima, K. Tatsuta, Chem. Rev. 1993, 93,
1503 -1531.

Angew. Chem. 2008, 120, 12921295

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

Chemie

1205


http://dx.doi.org/10.1073/pnas.96.12.6654
http://dx.doi.org/10.1351/pac199971091643
http://dx.doi.org/10.1351/pac199971091643
http://dx.doi.org/10.1016/j.tetlet.2006.02.089
http://dx.doi.org/10.1002/cber.19420750702
http://dx.doi.org/10.1002/cber.19420750702
http://dx.doi.org/10.1021/jo01372a026
http://dx.doi.org/10.1016/S0040-4020(01)80759-6
http://dx.doi.org/10.1016/S0040-4020(01)80759-6
http://dx.doi.org/10.1021/jo961209r
http://dx.doi.org/10.1016/S0040-4039(98)00860-0
http://dx.doi.org/10.1002/1521-3757(20021104)114:21%3C4299::AID-ANGE4299%3E3.0.CO;2-N
http://dx.doi.org/10.1002/1521-3773(20021104)41:21%3C4125::AID-ANIE4125%3E3.0.CO;2-E
http://dx.doi.org/10.1021/jo020454+
http://dx.doi.org/10.1021/ol0270881
http://dx.doi.org/10.1016/j.tet.2007.08.087
http://dx.doi.org/10.1016/S0040-4039(00)94472-1
http://dx.doi.org/10.1016/S0040-4039(00)94472-1
http://dx.doi.org/10.1139/v92-243
http://dx.doi.org/10.1139/v92-243
http://dx.doi.org/10.1021/jo025612b
http://dx.doi.org/10.1021/jo025612b
http://dx.doi.org/10.1021/ol027125o
http://dx.doi.org/10.1139/v05-042
http://dx.doi.org/10.1021/jo0355606
http://dx.doi.org/10.1021/jo00335a082
http://dx.doi.org/10.1016/S0040-4039(03)00282-X
http://dx.doi.org/10.1016/S0040-4039(00)86975-0
http://dx.doi.org/10.1016/S0040-4039(00)86975-0
http://dx.doi.org/10.1021/jo00444a040
http://dx.doi.org/10.1021/jo034566s
http://dx.doi.org/10.1021/jo034566s
http://dx.doi.org/10.1021/ja00903a046
http://dx.doi.org/10.1021/ja00903a046
http://dx.doi.org/10.1021/ja00108a051
http://dx.doi.org/10.1021/ja00108a051
http://dx.doi.org/10.1039/c39840000029
http://dx.doi.org/10.1039/c39840000029
http://dx.doi.org/10.1016/S0040-4039(00)95587-4
http://dx.doi.org/10.1016/S0040-4039(00)95587-4
http://dx.doi.org/10.1021/om50005a041
http://dx.doi.org/10.1021/jo00160a046
http://dx.doi.org/10.1021/jo00160a046
http://dx.doi.org/10.1016/S0040-4020(96)00038-5
http://dx.doi.org/10.1021/ja01110a059
http://dx.doi.org/10.1021/ja01110a059
http://dx.doi.org/10.1021/ol049085p
http://dx.doi.org/10.1021/ol049085p
http://dx.doi.org/10.1021/jo026794c
http://dx.doi.org/10.1021/ja962163m
http://dx.doi.org/10.1139/v90-195
http://dx.doi.org/10.1139/v90-195
http://dx.doi.org/10.1002/ange.19860980305
http://dx.doi.org/10.1002/anie.198602121
http://dx.doi.org/10.1002/anie.198602121
http://dx.doi.org/10.1351/pac198961071257
http://dx.doi.org/10.1021/jo061233x
http://dx.doi.org/10.1021/jo061233x
http://dx.doi.org/10.1021/cr00020a006
http://dx.doi.org/10.1021/cr00020a006
http://www.angewandte.de

