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Abstract—An enantioselective total synthesis of (+)-digitoxigenin is described. This total synthesis is accomplished in a convergent
manner using two chiral fragments prepared via the catalytic asymmetric intramolecular cyclopropanation and baker’s yeast medi-
ated reduction developed by us, respectively. This convergent synthesis would be useful for preparing some new derivatives of digi-
toxigenin for SAR studies and could be applied for the total synthesis of other cardenolides left unprepared.

© 2007 Elsevier Ltd. All rights reserved.

(+)-Digitoxigenin (Fig. 1), produced by Digitalis purpu-
rea and Digitalis lunata, has clinically been used for the
treatment of congestive heart failure.! Recently, it was
reported that (+)-digitoxigenin and its glycosides
strongly inhibited the proliferation of the HT-1080 cell
line (ICsy, values, 54-1600 nM)? and also exhibited
strong cytotoxic activities against oral human epider-
moid carcinoma (KB), human breast cancer cell (BC),
and human small cell lung cancer (NCI-H187).3 In addi-
tion, the congeners of (+)-digitoxigenin, toad poison
bufadienolides and their derivatives, have been reported
to show potent cytotoxicity toward primary liver carci-
noma cells PLC/PRF/S, too.*

(+)-Digitoxigenin has a steroid-like framework; how-
ever, cis A/B and C/D ring junctions, a tertiary 14p-
hydroxyl group, and a 17B-unsaturated lactone are
characteristic structural features different from common
steroids. Consequently, this unique structure as well as
the potent bioactivities have drawn much attention from
synthetic chemists, many synthetic studies have been
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reported;> however, most of them are partial syntheses
and started from a commercially available steroid com-
pound. Furthermore, an enantioselective total synthesis
of cardenolides has been limited to the total synthesis
of (+)-digitoxigenin reported by Stork’s group.® For
example, ouabain (Fig. 1),” which has also been used
for the treatment of congestive heart failure® and
possesses a highly oxygenated digitoxigenin skeleton,
remains unsynthesized.’

Since modification of cardenolides has been concen-
trated on their sugar moiety,'? we conceived of the con-
vergent synthetic approach to (+)-digitoxigenin for SAR
studies of the structurally divergent cardenolides and
their derivatives that were inaccessible from natural
products, and herein we report the enantioselective total
synthesis of (+)-digitoxigenin in a convergent manner.

Our retrosynthetic analysis is outlined in Scheme 1. We
expected that the advanced intermediate 1, which incor-
porated a furan as a surrogate butenolide at the C17
position, would be prepared via a stereoselective
intramolecular aldol reaction of 2 and subsequent deoxy-
genation. Diketone 2 was expected to be obtained via
the coupling of enone 3 and bromide 4.

Enone 3 was expected to be converted from tri-
cyclo[4.4.0.0>"]decene derivative 5 because we have
reported enantioselective preparation of 5 via the
CuOTf-ligand 9 catalyzed asymmetric intramolecular
cyclopropanation of 8 (Scheme 2).!!

Bromide 4 was envisioned to be derived from alkene 6
via Suzuki-Miyaura coupling reaction and subsequent
hydroxyl-directed stereoselective hydrogenation. Alkene
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Scheme 1. Retrosynthetic analysis of (+)-digitoxigenin.
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Scheme 2. Catalytic asymmetric intramolecular cyclopropanation of 8.

6 was anticipated to be obtained from previously
prepared 7 by baker’s yeast mediated reduction of the
corresponding 1,3-cyclopentanedione derivative.'?

As shown in Scheme 3, we commenced the synthesis of 3
starting with the conversion of 5 to the previously re-
ported 10''? by the improved one-pot procedure, which
is a cyclopropane-ring opening reaction with lithium
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Scheme 3. Synthesis of 3 from 5.

thiophenoxide, followed by the subsequent removal of
the phenylthio group and the phenylsulfonyl group with
lithium naphthalenide (60%).!3 Stereoselective reduction
of 10 with the readily available reducing reagent'* gave
an undesired product; however, the reduction of 10 with
L-Selectride provided the desired isomer stereoselec-
tively (94%, dr = 5/1), which was protected as a TBDPS
ether 11 (98%). Allylic oxidation at the C7 position of 11
was widely surveyed, and the reagent reported by Ochiai
et al. successfully furnished the desired ketone 3 in a
good yield (63%).13

Synthesis of another fragment 4 was started from 7
(Scheme 4).'2 Although 7 contained a small amount of
the regioisomeric hydroxyl ketone which was derived
from the baker’s yeast reduction of the corresponding
1,3-dione, the ethylene ketal prepared from 7 was suc-
cessfully separated by silica gel chromatography as a
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Scheme 4. Synthesis of 4 from 7.
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pure form (84%), which was converted to a TBS ether 12
(97%). Ozonolysis of the terminal alkene in 12 with a
reductive workup using NaBH,4, followed by a TBDPS
ether formation of the primary alcohol and selective
deprotection of the ketone as an ethylene ketal under
acidic conditions to afford 13 (81%, three steps). The
reaction of 13 with hydrazine, and then with I, and
DBU,'® provided iodide 6 (93%, two steps). Suzuki-
Miyaura coupling reaction of 6 with 3-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)furan'’ successfully
afforded the desired coupled product (100%), which
was globally deprotected with TBAF to afford diol 14
(100%). The hydroxyl group-directed hydrogenation of
14 with Crabtree’s catalyst'® successfully provided 15
(100%). Selective conversion of the primary alcohol of
15 to the corresponding halide failed because the cis diol
system of 15 was easily converted to a THF ring. Fur-
thermore, selective oxidation of the secondary alcohol
was fruitless. Consequently, the primary alcohol of 15
was protected as a TBS ether and the remaining second-
ary alcohol was oxidized by Dess—Martin oxidation to
afford ketone 16, followed by the deprotection of the
TBS group with TBAF and subsequent reaction of the
resulting alcohol with CBr4 and PPh; to provide bro-
mide 17 (78%, four steps). Finally, the ethylene ketal
formation of bromide 17 under conventional conditions
furnished 4 (91%, 86% conv).

With 3 and 4 in hand, we examined the coupling reac-
tion of these fragments (Scheme 5) and found that the
higher order cuprate derived from 4 by the use of rert-
BuLi and lithium 2-thienylcyanocuprate'® was effective
for this 1,4-addition reaction, providing the desired
product 18 as a single diastereomer (91%). The ethylene
ketal in 18 was cleanly removed under the acidic condi-
tions to afford the corresponding diketone 2 (99%),
which was subjected to the intramolecular aldol reac-
tion. Although most of the bases generated a mixture
of 19 and its dehydrated product, the use of Cs,COj;
in CH3CN?° afforded the desired product 19 as a single
product (82%, 40% conv). All attempts in the direct
deoxygenation reaction of ketone 19 failed to afford
the corresponding methylene compound; hence, this
deoxygenation reaction was carried out via the conven-
tional three steps; that is, DIBAL-H reduction (100%) of
19, a methyl xantate formation, and tin-hydride reduc-
tion (73%, two steps). The TBDPS group in the product
was removed by TBAF to provide 1 (98%), which was
reacted with singlet oxygen in the presence of DIPEA
under photo-irradiation conditions using Rose bengal
as a sensitizer,?! followed by the reduction of the result-
ing hemiacetal with NaBH,4 to furnish (+)-digitoxigenin
(61%, two steps). Synthetic (+)-digitoxigenin proved to
be identical in all respects to the natural product, indi-
cating that we succeeded in the enantioselective total
synthesis of (+)-digitoxigenin.

In summary, enantioselective total synthesis of (+)-digi-
toxigenin was achieved by effectively utilizing chiral
building blocks prepared via the catalytic asymmetric
intramolecular cyclopropanation developed by us. This
convergent synthesis would be useful for preparing some
new derivatives of digitoxigenin for SAR studies and
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Scheme 5. Enantioselective total synthesis of (+)-digitoxigenin.

could be applied for the total synthesis of other cardeno-
lides left unprepared.
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