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It has been said that the active components in theDigitalis
extracts have been “the most ingested drugs in medicine”.1 These
substances, usually called cardenolides, differ from ordinary
steroids in three major respects: the C/D ring system is cis rather
than trans fused, there is a tertiary hydroxyl at C-14, and the
substituent at C-17 (a butenolide) is in the thermodynamically
less stableâ orientation.2 As might be expected, many partial
syntheses of cardenolides have been described starting with
readily available steroids.3,4

We now report the total synthesis of natural (+)-digitoxigenin
(1), the biologically active cardenolide which, as its trisaccharide
derivative digitoxin, is one of the most frequently used of the
active principles isolated fromDigitalis species.
We divided the synthesis, which we carried out both to

racemic and to natural (+)-digitoxigenin, in three parts: syn-
thesis of the tricyclic enone2; elaboration of the fused
5-membered ring D to produce a tetracyclic system bearing both
a 14-â-hydroxy substituent and a substituent at C-17 capable
of further transformation; and, finally, elaboration of that
substituent to theâ-oriented butenolide system.
We chose to approach the construction of the tricyclic enone

2 via an intramolecular [4+ 2] cycloaddition, as schematized
in Figure 1.
We initiated the synthesis from the monoketal (-)-3, prepared

by applying to the readily available (S)-enantiomer of the
Wieland Miescher ketone,5 the sequence previously described6

using its racemate. Ozonolysis of the trimethylsilyl enol ether
of 3 gave, in a not unprecedented reaction,7 a mixture of
R-hydroxy ketones which was reduced (NaBH4) to the corre-
sponding glycols, followed by cleavage with periodate to the
dialdehyde4 (71% overall yield from3). The two aldehyde
groups in4 now had to be differentially elaborated.

We found the aldehyde alcohol5, which was formed (57%)
by the selective reduction of4 with sodium triacetoxyborohy-
dride, to be useful for that purpose. Its condensation by the
method of Yamamoto8 with the lithio carbanion from (E)-2-
butenyldiphenylphosphine oxide9 cleanly led (77%) to the
desired (E,E)-1,3- pentadienyl substituent,10 which, after Swern
oxidation, gave us the proper enantiomer6 of the dienyl
aldehyde that we had previously made by a different route in
thedl series (vide supra). A variety of dienophiles could easily
be made from the aldehyde function of6. However, even
though some obvious candidates (cf.,A, Figure 1, E) CN or
NO2) underwent ready intramolecular [4+ 2] cycloaddition,
we were unable to transform these adducts into the required
enone. Fortunately, the conjugated dithiane7, easily prepared
by reaction of6 with the appropriate dithiane phosphonate,11

solved the problem, since it underwent the required cycload-
dition (61%) at 180°C.12 Two new asymmetric centers are
formed in the cycloaddition process, but the required orientation
shown in8 was anticipated from the endo transition state8a
which we expected to be the lowest energy conformation. The
high temperature required for the cycloaddition suggested that
this expectation be viewed with some caution, but the stereo-
chemistry shown in8 was confirmed by X-ray analysis.13

Conversion of the cyclic ketal at C-3 to aâ-hydroxyl group
was performed at this stage: acid hydrolysis to9, followed by
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Figure 1.

Key: (a) NEt3, DMF; 95%; (b) CH2Cl2/MeOH; DMS; 80% ketol; (c)
MeOH,-20 °C to room temp.; (d) CH2Cl2/H2O, 0 °C; 71% from3;
(e) benzene; 67%.
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sodium borohydride reduction, gave the 3-R-hydroxy compound
10 which was then inverted to the 3-â-trifluoroacetate by a
Mitsunobu reaction.14 Cleavage of the dithiane by reaction with
trimethyloxonium fluoborate15 gave theâ,γ-unsaturated ketone
11, and the ring C double bond was now brought into
conjugation by short treatment with sodium ethoxide, simulta-
neously releasing the required 3-â hydroxyl group. Protection
of the latter as itstert-butyldimethylsilyl derivative finally gave
the substance which had been the goal of the first phase of our
digitoxigenin synthesis, the siloxyenone2.

Elaboration of the C/D system began by addition of the
Grignard reagent from the 1-trimethylsilyl derivative of 4-bromo-
1-butyne. After selective desilylation (TBAF in ether), the
butynylcyclohexenol12was obtained, stereospecifically, in 67%
yield. This was the expected result because we had established
earlier16 that unhindered Grignard reagents undergo selective
axial 1,2-addition to rigid cyclohexenone systems like2. The
butyne side chain had been chosen because it appeared uniquely
suitable for the application of the vinyl radical cyclization
process.17 In fact, reaction of12with tributylstannane, under
radical conditions, led after destannylation with silica gel to the
desired tetracyclic system13, mp 134-136°C, in 40% yield.18

It remained only to transform the exocyclic methylene at C-17
into the required 17-â-butenolide to complete the synthesis.
A sequence involving oxidation of the methylene of13with

perbenzoic acid, followed by BF3-catalyzed rearrangement of
the resulting epoxide to an aldehyde, led (66% overall yield) to
a 17-aldehyde, but this proved, however, to be largely (9:1)the
unwanted, more stable,R epimer14.19 Transformation of that
unwanted mixture into a 17-â substituent followed realization
that increasing the effective size of the 14-â hydroxyl (pseudo-
axial to ring D) should result in kinetic protonation from theR
face, even though it is the concave face of the C/D system:
Conversion of14 to the correspondingR-nitrile 15 (93%),
followed by formation of the dianion and protonation with 2,6-
di-tert-butyl-4-methylphenol21 gave the desired 17-â-cyano
compound16as the major component of the recovered nitriles
(90%;â/R > 4:1). The same result was obtained by performing
the deprotonation-protonation sequence on thetrimethylsilyl
etherof the 14-hydroxyl (TMS triflate, 100%). In either case,
the undesired isomer was easily separated and recycled.21

Now that the C-17 stereochemistry problem had been solved,
completion of the total synthesis required only three additional
high-yield steps. Reaction of16 with (benzyloxy)methyl-
lithium,22 followed by hydrogenolysis over Pd/C, gave (∼75%)
the 21-hydroxy-20-ketone17, mp 169-171°C, [R]24D + 38.5.
Reaction of the latter with triphenylphosphoranylidene ketene23

and liberation of the 3-hydroxyl group from its silyl ether, gave
(+)-digitoxigenin (1), identical in all respects (1H and13C NMR,
high- and low-resolution mass spectrum, and rotation [R]23D +
18.0 (c ) 0.87, MeOH); reported [R]17D + 19.0 (c ) 1.36)24)
with authentic material.
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