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The synthesis of strophanthidin (4) starting with pregnenolone acetate (1) is described. 19-Hydroxylation and
introduction of a 14 double bond afforded 9, which was then transformed into the cardatrienolide 13. By stepwise
introduction of 58- and 148-hydroxy groups, strophanthidol (22) was obtained. Conversion of strophanthidol to .
strophanthidin was successfully carried out by the oxidation with chromic trioxide in hexamethylphosphoric tri-

amide.

Since Sondheimer’s first synthesis of digitoxigenin in
1962,2 there have been recorded the syntheses of several other
natural cardenolides—periplogenin,324 xysmalogenin,3®
uzarigenin,3¢4 and canarigenin.3d4 However, the synthesis of
more complex 19-oxygenated cardenolides represented by
strophanthidin (4)° has not been accomplished, seemingly due
to the difficulty in assembling unstable functionalities on the
steroid nucleus.® We now describe the synthesis of stro-
phanthidin, starting with readily available pregnenolone ac-
etate (1).

Our synthetic approach to strophanthidin involved the
following principal phases of conversion (Scheme I): (1) der-
ivation of a 19-hydroxy group and a 14 double bond from 1
leading to the dihydroxydienone 2, (2) transformation of 2 to
the cardatrienolide 3 without affecting functional groups in
the steroid skeleton, (3) formation of two tertiary 8-hydroxy
groups at the 5 and 14 positions, followed by selective oxida-
tion of the 19-hydroxymethyl moiety to an aldehyde group.
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Preparation of the 3-acetate of the dihydroxy ketone 2 is
outlined in Chart I. 5-Bromo-6,19-oxidopregnenolone acetate
(5) prepared from pregnenolone acetate (1) by an established
method” was brominated with 2 equiv of bromine to give the
17,21-dibromo compound 6 in 63% yield. It was then subjected
to lithium bromide catalyzed dehydrobromination in N,N-
dimethylformamide® to furnish the conjugated dienone 7 in
70% yield. Treatment of 7 with zinc dust in weakly acidic 2-
propanol at reflux temperature generated the 5 double bond,
yielding the trienone 8 in 89% yield. Selective hydrogenation
of the 16 double bond of 8 leading to the dienone 9 was ac-
complished in 82% yield by heating with triphenylstannane
in toluene, a convenient method for the partial reduction of
conjugated dienones developed in our laboratory.?

The next task—construction of the cardatrienolide struc-
ture 13—was then performed by the reaction sequence (Chart
II) which had been developed during our digitoxigenin syn-
thesis.? First, the 21-methylthio derivative 10 was obtained
in 44% yield by the base-catalyzed reaction of 9 with diethyl
oxalate followed by the reaction of the resulting 21-oxalyl
derivative with methyl thiotosylate in the presence of excess

Chart I
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Chart II
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potassium acetate in ethanol.82 Reaction of the diacetate of
ketone 10 with methyl bromoacetate and zinc dust in boiling
benzene for a short period gave the Reformatsky product (11)
as a mixture of 20-epimers. Treatment of 11 with an equiva-
lent amount of trimethyloxonium tetrafluoroborate in ni-
tromethane at room temperature gave the corresponding
methylsulfonium salt, which was stirred in dichloromethane
with dilute sodium hydroxide to produce the 8,y-epoxy ester
12. The latter compound was then absorbed on an alumina
column, and after 1 to 5 h the column was eluted to furnish
anhydropachygenol diacetate (13).1° The steps from 11 to 13
were carried out without purification of the intermediates in
an overall yield of 61%. The structure of 13 was confirmed by
comparisons of the spectral data and TLC with those of an
authentic sample prepared from dianhydrostrophanthidin
(14)1 by sodium borohydride reduction followed by acety-
lation.

With the synthesis of the cardatrienolide 13 in hand, effort
was directed to the introduction of two tertiary and $-oriented
hydroxyl groups at the 5 and 14 positions (Chart III). Selective
hydrolysis of 13 under weakly basic condition produced the
19-monoacetate 15, which, on chromic acid oxidation and
subsequent treatment of the product with oxalic acid, afforded
the conjugated ketone 16 in 60% yield.

Now, according to an established procedurel? for the in-
troduction of the 148-hydroxy group, 16 was subjected to the
addition of hypobromous acid with aqueous N-bromoace-
tamide followed by hydrogenolysis of the intermediate bro-
mohydrin with Raney Ni to give a bromine-free product. Al-
though TLC of the product showed a single spot under a va-
riety of solvent systems, MS clearly indicated that it was a
mixture of two components showing two molecular ion
peaks—m/e 428 (Co5H3306) ascribable to the desired product
17 and m/e 426 (Co5H3006). The byproduct having two hy-
drogen atoms less than the 143-hydroxy cardenolide 17 could
not be the 14,15-epoxide, since in the NMR spectrum no peak
due to 15-hydrogen was observed; nor could it be the 15-ke-
tone,18 since the intense peak observed in the MS at m/e 408
(M* — H30) was not compatible with that structure. Based
on these facts, the structure of an 8(14)-en-15-0l was tenta-
tively assigned to the Cy5H3z00s product.!* Although the
mixture was resolved by high-pressure liquid chromatography,
revealing an ca. 75% content of 17, isolation of 17 was suc-
cessfully carried out by oxidative destruction of the by product
with Jones reagent followed by preparative TLC. The 143-
hydroxy compound 17 thus obtained in 72% yield was identical
with an authentic samplel® prepared from strophanthidol (22)
(comparisons of spectral data and TLC). Hydrolysis of the
19-acetate group by potassium bicarbonate afforded the
19-hydroxy compound 18 in almost quantitative yield.

The reaction of 18 with cold alkaline hydrogen peroxide
proceeded smoothly to give the 48,55-epoxide 19 in'87% yield.
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The g orientation of the epoxy group expected from the lit-
erature precedents® was firmly supported by the circular
dichroism which showed a positive Cotton effect.!” Reductive
cleavage of the epoxide ring was then carried out on the 19-
acetate of 19 by treatment with chromium(II) acetate in
ethanol. The product consisted of an easily separable mixture
of the 8-hydroxy ketone 20152 and of the conjugated ketone
17 (ca. 1:1). Treatment of 20 with Urushibara nickel A18 in
refluxing ethanol provided strophanthidol 13-acetate (21).
Strophanthidol (22) was obtained by saponification of 21 with
potassium bicarbonate at room temperature. The identity of
the synthetic and natural specimens was proved by compar-
isons of spectral data and TLC.

The final step in our strophanthidin synthesis consisted in
the selective oxidation of the 19-hydroxy group of strophan-
thidol. Literature precedents concerned with the oxidation
of strophanthidol and related systems indicate that chromic
acid,!%2 N-haloamide!%Pb and Pt0,15b:19¢ a1l favor the oxida-
tion of the secondary 3-hydroxy group in preference to the
19-primary alcohol. In our hands also, oxidation with both
pyridinium chlorochromate?® and sulfur trioxide—pyridine-
dimethyl sulfoxide?! proceeded in the same fashion, and
therefore the protection of the 3-hydroxy group seemed to be
essential.1% Fortunately, we found, however, that chromic
trioxide in hexamethylphosphoric triamide?? was an excellent
reagent for this particular oxidation. Although the rate of the
oxidation was very slow, strophanthidin was obtained in good
yield, no ketonic product being noticed. The synthetic and
natural specimens of strophanthidin were completely identical
in IR, NMR, MS, and TLC behavior.

Experimental Section

All melting points were determined on a Yanagimoto micro melting
point apparatus and are uncorrected. Proton nuclear magnetic reso-
nance spectra were recorded on a Jeol PMX-60 or a Varian EM-390
instrument. Chemical shifts are reported in vnits § (ppm) from in-
ternal tetramethylsilane. Infrared spectra were taken on a Jasco IRA-1
spectrometer and ultraviolet spectra on a Hitachi 124 instrument.
Mass spectral data were obtained on a Jeol JMS-01SG-2 instrument
at an ionization potential of 75 eV. Optical rotations were measured
on a Jasco DIP-4 automatic polarimeter, and circular dichroism
spectra were recorded on a Jasco J-20 spectrometer. Combustion
analyses were carried out at the Microanalytical Laboratory of this
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university. Dry argon was used in reactions requiring an inert at-
mosphere. Most reactions were followed by thin-layer chromatogra-
phy over Merck precoated silica gel plates. Preparative TLC was
carried out on Merck silica gel (0.06-0.20 mm). High-pressure liquid
chromatography was performed on a Toyo Soda HLC-803 instru-
ment.

38-Acetoxy-68,19-0xido-5a,17a,21-tribromopregnan-20-one
(6). A solution of 5.43 g of bromine in 200 mL of acetic acid was added
slowly to a stirred solution of 7.44 g of 578 in 75 mL of acetic acid at
40-45 °C over a period of 1 h, After consumption of bromine was
complete, the pale yellow solution was poured into ice—-water. The
white precipitate was filtered, washed well with water, and dried. The
crude product (8.95 g) was crystallized from acetone-methanol to give
6.31 g of 6, mp 172.5-175.5 °C, which was contaminated with a trace
amount of impurities as evidenced by TLC (probably 5,17-dibromide
and 5,17,21,21-tetrabromide) and was used for the next step without
further purification. An analytical sample was obtained by chroma-
tography over silica gel (elutions with benzene-ether) followed by
recrystallization from acetone as colorless needles: mp 178-179 °C;
[@]?*"p =8.0° (¢ 0.68, CHCl3); IR (KBr) 1730, 1705 cm~!; NMR
(CDCl3) 6 0.90 (s, 18-H), 2.07 (s, OAc), 3.86 (AB q, J = 10, 32 Hz,
19-H), 4.34 (AB q, J = 14, 32 Heg, 21-H), 5.20 (m, 3-H).

Anal. Caled for Co3H3,04Brs: C, 45.20; H, 5.11. Found: C, 45.43; H,
5.28.

38-Acetoxy-5a-bromo-68,19-oxidopregna-14,16-dien-20-one
(7). To a solution of 6.95 g of 6 in 55 mL of dry N,N-dimethylform-
amide was added 2.72 g of anhydrous lithium bromide, and the mix-
ture was stirred and heated at 90-95 °C under an Ar atmosphere.
After 4 h the dark brown reaction mixture was poured into water. The
precipitate was filtered, washed with water, and dried. The crude
product (4.55 g) was dissolved in 150 mL of hot ether, decolorized with
active charcoal, and concentrated to a small volume. The pale yellow
crystals of the dienone 7 which had separated were collected, mp
169-171 °C (3.53 g). An analytical sample was obtained by chroma-
tography over silica gel (elutions with benzene-ether) and crystalli-
zation from ether as prisms: mp 174-175 °C; [«]2"p +297.6° (¢ 0.39,
CHCly); IR (KBr) 1735, 1640, 1520 cm™1; UV Ayax (MeOH) 206 (e
6430) and 306 nm (12 800); NMR (CCly) 6 1.20 (s, 18-H), 1.98 (s, OAc),
2.25 (s, 21-H), 3.89 (AB q,J = 9,12 Hz, 19-H),4.09 (d, J = 5 Hz, 6-H),
5.07 (m, 3-H), 5.95 (br d,J = 3 Hz, 15-H), 7.08 (d, J = 3 Hz, 16-H); MS
m/E (rel abundance) 448, 450 (M*, 8), 369 (19), 309 (100).

Anal. Caled for Co3Ho904Br: C, 61.47; H, 6.50. Found: C, 61.45; H,
6.30.

38-Acetoxy-19-hydroxypregna-5,14,16-trien-20-one (8). To
a solution of 3.36 g of 7 in 200 mL of 2-propanol was added 1.84 g of
zinc dust and 1 mL of acetic acid. The mixture was stirred and heated
under reflux for 5.5 h. After cooling to room temperature, it was fil-
tered and evaporated in vacuo. The residue was dissolved in dichlo-
romethane, washed with water, dried (MgSQy,), and evaporated. The
residual crystalline mass was recrystallized from methanol-dichlo-
romethane to give 2.47 g of 8: mp 236-237.5 °C; [«])27p +305.3° (c 0.38,
CHCl3); IR (KBr) 3490, 1730, 1710, 1640, 1520 em™!; UV Amax
(MeOH) 206.5 (e 6950), 310 nm (11 150); NMR (CDCl3) 6 1.23 (s,
18-H), 2.02 (s, OAc), 2.32 (s, 21-H), 3.87 (AB q, J = 10, 21 Hz, 19-H),
4.60 (m, 3-H), 5.87 (br s, 6-H), 5.97 (t,JJ = 3 Hz, 15-H),7.20 (d, J =
3 Hz, 16-H).

Anal. Caled for CosHs004: C, 74.56; H, 8.16. Found: C, 74.34; H,
8.31.

38-Acetoxy-19-hydroxypregna-5,14-dien-20-one (9). To a so-
lution of 3.7 g of triphenylstannane in 40 mL of toluene was added 2.18
g of 8 and few milligrams of azobis(isobutyronitrile) and the mixture
was heated under reflux with occasional additions of the radical ini-
tiator (1-2-h interval). After 10 h (disappearance of 8 on TLC, chlo-
roform-ethyl acetate, 10:3), the solution was allowed to cool and the
precipitate of white crystals of hexaphenylditin was removed by fil-
tration. The filtrate was evaporated in vacuo and the residual viscous
oil was subjected to silica gel chromatography (elutions with ben-
zene—~chloroform). Crystalline fractions showing a single spot on TLC
were collected (1.79 g, mp 148-152 °C) and recrystallized from iso-
propyl ether to give 1.45 g of 9: mp 154-155 °C; [«]27p —9.5° (¢ 0.53,
CHCl3); IR (KBr) 3410, 1730, 1695 cm~!; NMR (CDCl3) 6 0.92 (s,
18-H), 2.07 (s, OAc), 2.20 (s, 21-H), 4.60 (m, 3-H), 5.15 (m, 15-H), 5.80
(m, 6-H); MS m/e (rel abundance) 372 (M*, 14), 312 (82), 294 (30),
281 (100).

Anal. Caled for Co3H3904: C, 74.16; H, 8.66. Found: C, 74.19; H,
8.80.

38,19-Dihydroxy-21-methylthiopregna-5,14-dien-20-one (10).
Potassium methoxide was prepared in 30 mL of dry benzene by the
reaction of 0.90 mL of dry methanol with 4.0 g of 22.7% KH (mineral
oil was removed by washing with benzene) under an Ar atmosphere.

Yoshii et al.

To the resulting suspension were added 1.56 g of diethyl oxalate and
2.02 g of 9in 20 mL of benzene, and the mixture was stirred overnight
at room temperature. After the addition of 2 M NaH,PQ,, the organic
product was isolated by extraction with a mixture of ether-methanol
and dried in vacuo over P205. The crude 21-oxalyl derivative obtained
was dissolved in 40 mL of dry ethanol followed by the addition of 1.32
g of methyl thiotosylate and 3.20 g of anhydrous potassium acetate.
The solution was then heated at 60 °C for 8 h, cooled, mixed with 10
mL of 10% KOH, and stirred for 1.5 h at room temperature. The
mixture was diluted with ether, and the organic solution was washed
with water, dried (MgSOy), and evaporated to give 885 mg of 10 as a
pale yellow solid (mp 154158 °C; essentially one spot on TLC, ethyl
acetate—chloroform, 1:1) which without further purification was
employed for the next step. An analytical sample was obtained by
silica gel chromatography (elutions with chloroform—ethyl acetate,
3:7) followed by crystallization from isopropyl ether-methanol: mp
159-160 °C; IR (KBr) 3400, 1680 cm™!; NMR (CDCls) 6 0.92 (s, 18-H),
2.08 (s, SMe), 3.20 (br s, 21-H), 3.70 (AB q,J = 12, 18 Hz, 19-H), 5.12
(m, 15-H), 5.75 (m, 6-H); MS m/e (rel abundance) 376 (M, 68), 358
(32), 346 (36), 239 (100).

Anal. Caled for CooH320458: C, 70.18; H, 8.57. Found: C, 70.02; H,
8.74.

The diacetate of 10 (not crystallizable) was obtained by the usual
procedure employing acetic anhydride and pyridine: IR (film) 1735,
1700 ecm™~1; NMR (CCly) § 0.87 (s, 18-H), 1.93 (s, OAc), 2.00 (s, SMe),
3.01 (brs, 21-H), 4.15(AB q, J = 12, 36 Hz, 19-H), 5.10 (m, 15-H), 5.60
(m, 6-H); MS m/e 460 (M*), 400, 340, 251.

Methyl 38,19-Diacetoxy-20-hydroxy-21-methylthio-24-nor-
chola-5,14-dienoate (11). To a solution of 730 mg of the diacetate
of compound 10 in 25 mL of dry benzene was added 0.5 mL of methyl
bromoacetate and 124 mg of freshly activated zinc dust. The mixture
was heated with stirring and the solvent was slowly distilled. When
ca. 15 mL of benzene was removed, vigorous reaction occurred. After
continued heating and stirring for 10 min, the homogeneous reaction
mixture was cooled, washed with dilute HCl and water, dried
(MgS80y), and evaporated. The residual viscous oil was chromato-
graphed over silica gel (30 g), eluting with mixtures of chloroform-
benzene to give 280 mg of 11 as a pale yellow gum which could not be
induced to crystallize and was shown by spectral data to be a mixture
of 21-epimers: NMR (CCly) 4 1.13 (s, 18-H), 2.00 (br s, OAc), 2.08, 2.12
(s, SMe), 2.60, 2.72 (br s, 21-H), 3.67 (br s, COOMe), 4.18 (AB q,J =
12, 34 Hz, 19-H), 4.47 (br m, 3-H), 5.12 (m, 15-H), 5.63 (m, 6-H); MS
m/e 534 (M*), 518, 503, 473, 460, 413, 400, 353, 340, 251.

38,19-Diacetoxycarda-5,14,20(22)-trienolide (13). (A) From
11. A solution of 207 mg of 11 in 2 mL of nitromethane was treated
with 64 mg of trimethyloxonium tetrafluoroborate at room temper-
ature. After 40 min the solvent was evaporated in vacuo at 20-25 °C.
The residual S-methyl compound was dissolved in 7 mL of dichlo-
romethane and the solution was vigorously stirred with 7 mL of 0.5
N NaOH at room temperature for 1 h. The organic layer was sepa-
rated, washed with water, dried (MgSQy), and evaporated. The
gummy 8,v-epoxy ester (12) which on TLC (benzene-ethyl acetate,
10:1) showed two partially overlapping spots originating from 20-
epimers was dissolved in a small volume of benzene and charged on
an alumina column (basic, activity II, 27 g). After 5 h the column was
eluted with benzene-ether (5:1) to give 108 mg of crystalline product
{13), which showed a single spot on TLC. Recrystallization from
methanol produced white needles: mp 193-194.5 °C; {]?%p —92.9°
(¢ 1.32, CHCl;); IR (KBr) 1785 (sh), 1740, 1625 cm™!; UV Amax
(MeOH) 217 nm (e 12 700); NMR (CDCl;) 6 0.86 (s, 18-H), 2.05 (s,
OAc), 4.28 (AB q, J = 12, 54 Hz, 19-H), 4.78 (br s, 21-H), 5.30 (m,
15-H), 5.72 (m, 6-H), 5.92 (br s, 22-H); MS m/e 454 (M), 394, 334,
321, 319. The spectral data were completely identical with those of
an authentic sample (below).

Anal. Caled for Co7H3404: C, 71.34; H, 7.54. Found: C, 71.61; H,
7.73.

(B) From Dianhydrostrophanthidin (14). To a solution of 90 mg
of 1411 in 4.5 mL of 80% dioxane was added 32 mg of sodium borohy-
dride in 3 mL of 80% dioxane. After 2 h at room temperature, the
mixture was acidified by the addition of 4 N H,SO4 and diluted with
water. The white precipitate was collected and crystallized from ac-
etone to give a quantitative yield of the 3,19-diol (anhydropachyge-
nol),'® mp 240-243 °C.

The diacetate 13 was obtained by the usual manner as white nee-
dles: mp 194.5-196 °C; [a]22p —99.2° (¢ 1.32, CHCl3).

Anal. Caled for Co7Hj3406: C, 71.34; H, 7.54. Found: C, 71.38; H,
7.32.

19-Acetoxy-38-hydroxycarda-5,14,20(22)-trienolide (15). To
a solution of 86 mg of the diacetate 13 in 8.6 mL of methanol was
added 0.2 mL of 2 M KHCOj3 and the mixture was stirred for 14 h at
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room temperature. Extraction with chloroform and crystallization
of the product from methanol afforded 44 mg of 15 as white needles:
mp 212-215 °C; IR (KBr) 3460, 1778, 1745, 1695, 1623 cm~1; NMR
(CDClg) 6 0.84 (s, 18-H), 2.03 (s, OAc), 8.5 (br m, 3-H), 4.20 (AB q, J
= 12, 34 Hz, 19-H), 4.71 (br s, 21-H), 5.20 (m, 15-H), 5.60 (m, 6-H),
5.85 (brs, 22-H).

Anal. Caled for Co5H300s: C, 72.79; H, 7.82. Found: C, 72.80; H,
8.05.

19-Acetoxy-3-oxocarda-4,14,20(22)-trienolide (16). To a stirred
suspension of 62 mg of pyridinium chlorochromate in 0.5 mL of di-
chloromethane was added 78 mg of 15 in 2 mL of dichloromethane.
Usual workup of the reaction mixture afforded a resinous material,
which was then treated with 1 mL of 1% ethanolic oxalic acid at 70 °C
for 2 h. The mixture was extracted with chloroform, washed with 5%
NaHCOs, dried (MgS0y), and evaporated. The residual pale yellow
gum was subjected to preparative TLC (chloroform-methanol, 100:3),
affording 47 mg of crystals which on recrystallization from acetone
gave 45 mg of 16 as prisms: mp 181.5-183 °C; IR (KBr) 1780, 1750,
1735, 1660, 1620 cm~1; NMR (CDCl3) 5 0.86 (s, 18-H), 2.02 (s, OAc),
440 (AB q,J = 11, 33 Hz, 19-H), 4.75 (br s, 21-H), 5.29 (m, 15-H), 5.91
(brs, 4-H and 22-H); MS m/e 410 (M), 350.

Anal. Caled for Co5H3O0s: C, 73.15; H, 7.37. Found: C, 73.15; H,
7.31.

19-Acetoxy-148-hydroxy-3-oxocarda-4,20(22)-dienolide (17).
To a stirred solution of 90 mg of 16 in 3.6 mL of acetone was added
0.3 mL of water, 37 mg of N-bromoacetamide, and 90 uL of 70%
HCIO4 at 0 °C. After continued stirring and cooling for 20 min, the
reaction mixture was treated with 5% NagS;03 and extracted with
dichloromethane. The organic solution was washed with cold brine,
dried (MgS0Qy), and evaporated in vacuo at room temperature. The
pale yellow resinous residue (essentially homogeneous to TLC,
chloroform-methanol, 25:1) was then dissolved in a mixture of 7 mL
of methanol and 7 mL of dichloromethane, and the solution was added
to a suspension of ca. 3 g of Raney Ni (W-4, Hy saturated at 2 atm) in
20 mL of methanol containing an acetate buffer for controlling pH
at 6.7. The suspension was stirred for 2 h at 20 °C, filtered, and ex-
tracted with chloroform. The extract was washed with water, dried
(MgS0Oy), and evaporated to give 90 mg of a semicrystalline residue.
Although TLC showed the product to be essentially homogeneous
(chloroform-methanol, 20:1), MS and high-pressure liquid chroma-
tography (4 mm X 30 ¢cm, Toyo Soda L.S-410 ODS packing, MeOH)
indicated that it was a mixture of two products (ca. 3:1), 17 (major
product) and presumably the compound having the 8(14)-en-15-0l
structure: MS (obtained by subtraction of the peaks due to 17 from
those of the mixture) m/e (rel abundance) 426 (M, 11), 408 (100),
366 (17), 348 (38). A 20-mg portion of the mixture was titrated with
Jones reagent in acetone at 0 °C. The product isolated by chloroform
extraction was then subjected to preparative TLC (chloroform-
methanol, 20:1) to give 17 (15 mg) which was crystallized from ethanol
as prisms; mp 189-190 °C (lit.'58 mp 185-187 °C, 1it.!3b mp 186-187
°C); [a]¥p +118.2° (c 0.18, MeOH) (lit.152 +101°); UV Ayax (MeOH)
227 nm (e 24 200);1%2 IR, (KBr) 3500, 1780, 1755 (sh), 1740, 1660, 1615
c¢cm~1; NMR (CDCl3) 6 0.93 (s, 18-H), 2.01 (s, OAc), 4.37(AB q,J =
12, 32 Hz, 19-H), 4.87 (brs, 21-H), 5.89 (brs, 4-H and 22-H); MS m/e
(rel abundance) 428 (M™, 96), 410 (12), 408 (24), 368 (61), 356 (65),
350 (37), 245 (35), 215 (100).

Anal. Caled for CosH3206: C, 70.07; H, 7.563. Found: C, 69.81; H,
7.55.

144,19-Dihydroxy-3-oxocarda-4,20(22)-dienolide (18). (A)
From 17. To a solution of 10 mg of 17 in 1 mL of methanol was added
30 uL of 2 M KHCO3, and the solution was stirred at room tempera-
ture for 48 hr. Extraction of the mixture with chloroform followed by
drying (MgS0,) and evaporation of the solvent afforded 9.2 mg of 18,
mp 248-251 °C, from acetone-ether (lit.15b mp 247-251 °C, lit.1% mp
232-240°C): NMR (CDCly) 5 0.93 (s, 18-H), 3.98 (br s, 19-H), 4.90 (br
s,21-H), 5.90 (br s, 4-H and 22-H); MS m/e (rel abundance) 386 (M+,
5), 368 (40), 356 (30), 350 (18), 338 (100).

Anal. Caled for Co3Hzg05: C, 71.48; H, 7.82. Found: C, 71.24; H,
7.59.

(B) From Strophanthidol (22). To a solution of 500 mg of 2223.2¢
in 12.5 mL of tert-butyl alcohol was added 2.5 mL of water and 207
mg of N-bromoacetamide. The mixture was kept in the dark and at
20 °C overnight. After decolorization by the addition of 10% NaS203
and dilution with 15 mL of water, the solution was extracted thor-
oughly with chloroform. The organic layers were washed with 5%
NaHCOj3 and brine, dried (MgSOQy), and evaporated. The residue was
dissolved in 10 mL of acetic acid, and the solution was refluxed for
18 min. After dilution with 5 mL of water, the solution was concen-
trated in vacuo and extracted with chloroform. The chloroform so-
lution was washed with 5% NaHCOj and brine, dried (MgS0Qy,), and
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evaporated. On trituration of the residue with acetone, 494 mg of a
pale yellow solid was obtained and recrystallized from acetone-ether:
mp 251-252 °C; []?"p +83.6° (¢ 0.79, MeOH) (lit.15® +91°); UV Apax
(MeOH) 222 nm (e 22 700);15* IR (KBr) 3500, 3430, 1780, 1740,
1650-1630 cm™1.

Anal. Caled for CosH3z00s: C, 71.48; H, 7.82. Found: C, 71.58; H,
7.79.

148,19-Dihydroxy-48,58-epoxy-3-oxocard-20(22)-enolide (19).
To a solution of 203 mg of 18 in 20 mL of methanol was added 0.30 mL
of 2 N NaOH and 0.75 mL of 30% H207 at 0 °C, and the homogeneous
mixture was stirred at 0 °C for 1 h. Another 0.10 mL of 2 N NaOH and
0.25 mL of 30% Hy02 were added, and the solution was stirred for 45
min at 0 °C. The solution was neutralized by the addition of acetic
acid, diluted with 10 mL of water, and extracted thoroughly with
chloroform. The extracts were washed with aqueous FeSOy4, 5%
NaHCOs3, and brine, dried (MgS0,), and evaporated. The residual
gum (178 mg) which was essentially homogeneous to TLC was crys-
tallized from methanol to give 142 mg of 19 as white needles; mp
198-200 °C; IR (KBr) 3560, 3410, 3320, 1735, 1620 cm~!; NMR
(CDCl3) 60.93 (s, 18-H), 2.93 (s, 4-H), 3.93 (AB q, J = 11, 23 Hz, 19-H),
4.90 (brs, 21-H), 5.90 (br s, 22-H); CD (¢ 0.008, MeOH) [6]345 0, [6]302
+13 020, [#]263 +2000, [f]a3s +11 340, [#]205 +6040.

Anal. Caled for Co3H3oOg: C, 68.64; H, 7.51. Found: C, 68.90; H,
7.44.

The acetate of 19 was obtained by the usual procedure employing
acetic anhydride and pyridine as an amorphous solid: NMR (CDCls)
50.91 (s, 18-H), 2.13 (s, OAc), 2.91 (s,4-H), 4.37 (AB q,J = 11, 24 Hz,
19-H), 4.87 (br s, 21-H), 5.85 (br s, 22-H).

19-Acetoxy-58,148-dihydroxy-3-oxocard-20(22)-enolide (20).
To a stirred suspension of freshly prepared chromous acetate (from
0.3 g of CrCl3-6H20)?% in 1 mL of ethanol was added 70 mg of the
19-acetate of 19 in 7.5 mL of ethanol under an Ar atmosphere. After
30 min, the mixture was filtered, and the filtrate was evaporated in
vacuo and extracted with chloroform. The organic extracts were
washed with brine, dried (MgSQy), and evaporated to give 69 mg of
a mixture of the enone 17 and the desired product 20 (ca. 1:1 by
NMR). Preparative TLC (chloroform-methanol, 8:1) afforded 32 mg
of 20 (not crystallizable):1%8 IR (film) 3480, 1740, 1625 cm~!; NMR
(CDCls) 6 0.90 (s, 18-H), 2.07 (s, OAc), 4.40 (s, 19-H), 4.85 (br s, 21-H),
5.84 (brs, 22-H).

Strophanthidol 19-Acetate (21). To a solution of 15 mg of 20 in
1 mL of ethanol was added an excess amount of freshly prepared
Urushibara nickel A,'8 and the mixture was refluxed gently with
stirring. After 1.5 h the mixture was filtered and evaporated. Pre-
parative TLC (ethyl acetate) of the residue afforded 0.5 mg of 17 and
7.5 mg of strophanthidol 19-acetate (21). The latter product was
crystallized from aqueous acetone as prisms: mp 136-138 °C (lit.158
mp 136-139 °C, 1it.23 mp 134-136 °C); [a]27p +35.7° (¢ 0.75, EtOH)
(lit.152 +34.8°); IR (KBr) 3380, 1780, 1750, 1710, 1615 cm~1; NMR
(CDClg) 4 0.84 (s, 18-H), 2.08 (s, OAc), 4.15 (m, 3-H), 4.39 (br s, 19-H),
4.86 (br s, 21-H), 5.84 (br s, 22-H). The spectral data and TLC were
identical with those of an authentic sample prepared by monoacety-
lation of strophanthidol (22) according to literature, 1523

Strophanthidol (22). To a solution of 10 mg of strophanthidol
19-acetate (21) in 1 mL of methanol was added 20 uL of 2 M KHCOs,
and the homogeneous mixture was stirred at room temperature for
20 h, The mixture was diluted with 50 mL of chloroform, and the or-
ganic layer was washed with a small amount of water and brine, dried
(MgS0y), and evaporated. The residue (one spot on TLC, chloro-
form-methanol, 10:1) was recrystallized three times from acetone-
ether to give 4.5 mg of 22 as granules: mp 138-140 °C (lit.}% mp
138-142/152/222 °C, lit.24 mp 136-140 °C); [«]?"p +38.4° (¢ 0.26,
MeOH) (lit.2¢ +36.9°); IR (KBr) 3400, 1780, 1750-1740, 1620 cm™1;
MS m/e (rel abundance) 402 (M, 100), 384 (14), 372 (17), 368 (22),
354 (17). IR, MS and TLC were completely identical with those of an

‘authentic sample prepared by sodium borohydride reduction of

strophanthidin,23:24

Strophanthidin (4). To 0.2 mL of hexamethylphosphoric triamide
was added 60 mg of chromic trioxide, and the mixture was stirred for
1 h at room temperature to give a homogeneous solution. A solution
of 40.6 mg of strophanthidol (22) in 0.4 mL of hexamethylphosphoric
triamide was then added and the stirring was continued for 24 h. The
reaction mixture was extracted with ethyl acetate, and the extract was
washed with water, dried (MgSQ,), and evaporated. The residue was
subjected to preparative TLC (chloroform-methanol, 9:1) to give 13
mg of strophanthidin (4) and 1 mg of unreacted 22. Strophanthidin
was recrystallized from aqueous methanol as white needles: mp
221.5-228.5 °C, mmp 215-217 °C with Merck strophanthidin (mp
208-212 °C, [a]p +45.4°); [2]2"p + 42.2° (¢ 0.15, MeOH); UV Amax
(MeQOH) 217 nm (¢ 15 500); NMR (CDCl3) 6 0.86 (s, 18-H), 4.16 (m,
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3-H), 4.85 (br s, 21-H), 5.84 (br s, 22-H), 9.93 (s, CHO); MS m/e (rel
abundance) 404 (M, 1), 386 (3), 358 (23), 340 (100), 322 (63).

Anal. Caled for CosH3006: C, 68.29; H, 7.97, Found: C, 68.21; H,
7.71.

Registry No.—4, 66-28-4; 5, 41767-48-0; 6, 67270-86-4; 7, 67270-
87-5; 8, 67270-88-6; 9, 67270-89-7; 9 21-oxalyl derivative, 67270-90-0;
10, 67270-91-1; 10 diacetate, 67270-92-2; 11 isomer 1, 67270-93-3; 11
isomer 2, 67335-50-6; 12 isomer 1, 67270-94-4; 12 isomer 2, 67335-51-7;
13, 67270-95-5; 14, 6785-67-7; 15, 67270-96-6; 16, 67270-97-7; 17,
19667-18-6; 18, 3566-40-3; 19, 67270-98-8; 19 19-acetate derivative,
67270-99-9; 20, 67335-52-8; 21, 17162-14-0; 22, 560-54-3; methyl
thictosylate, 4973-66-4; methyl bromoacetate, 96-32-2; diethyl oxalate,
95-92-1.

References and Notes

(1) For part 3, see E. Yoshii, T. Oribe, T. Koizumi, |. Hayashi, and K. Tumura,
Chem. Pharm. Bull., 25, 2249 (1977).

(2) N. Danieli, Y. Mazur, and F. Sondheimer, J. Am. Chem. Soc., 84, 875
(1962); Tetrahedron, 22, 3189 (1966). For other formal total syntheses of
digitoxigenin based on different strategies in terms of the butenolide ring
formation, see W. Fritsch, U. Stache, W. Haede, K. Radscheit, and H.
Ruschig, Justus Liebigs Ann. Chem., 721, 168 (1969); W. Fritsch, W.
Haede, K. Radscheit, U. Stache, and H. Ruschig, ibid., 621 (1974); E. Yoshii,
T. Koizumi, 8. Mizuno, and E. Kitatsuji, Chem. Pharm. Bull., 24, 3216 (1976);
and ref 9.

(3) (a)R. Deghenghi, A. Phillip, and R. Gaudry, Tetrahedron Lett., 2045 (1963),
(b) E. Yoshii and K. Ozaki, Chem. Pharm. Bull., 20, 1585 (1972); (¢) U.
Stache, W. Fritsch, W, Haede, and K. Radschelt, Justus Liebigs Ann. Chem.,
726, 136 (1969); (d) W. Fritsch, H. Kohl, U. Stache, W. Haede, K. Radscheit,
and H. Ruschig, ibid., 727, 110 (1969); H. P. Albrecht and P. Reichling, ibid.,
2211 (1975).

(4) For the formal synthesis employing digitoxigenin as a relay compound, see
Y. Kamano, G. R. Pettit, and M. Tozawa, J. Org. Chem., 39, 2319
(1974).

(5) For sources, chemistry and biological activity, see L. F. Fieser and M, Fieser,
"*Steroids'’, Reinhold, New York, N.Y., 1959, Chapter 20; P. G. Marshall
in ‘Rodd's Chemistry of Carbon Compounds’’, Vol. 2, Part D, 2nd ed., S.

Krow et al.

Coffey, Ed., Elsevier, London, 1970, Chapter 17; R. Thomas, J. Boutagy,
and A. Gelbart, J. Pharm. Sci., 63, 1649 (1974).

(6) For the discussion on the synthetic problems of natural cardenolides, see
F. Sondheimer, Chem. Br., 454 (1965).

(7) (a) A. Bowers, R. Viliotti, J. A. Edwards, E. Denot, and O. Halpern, J. Am.
Chem. Soc., 84, 3204 (1962); (b) M. Akhtar and D. H. R. Barton, ibid., 86,
1528 (1964).

(8) (a)E. Yoshii, T. Miwa, T. Koizumi, and E. Kitatsuji, Chem. Pharm. Bull., 23,
462 (1975); (b) R. Deghenghi, Pure Appl. Chem., 21, 153 (1970).

(9) E. Yoshii, T. Koizumi, H. Ikeshima, K. Ozaki, and |. Hayashi, Chem. Pharm.
Bull., 23, 2496 (1975).

(10) Structure of pachygenol: L. F. Fieser, T. Golab, H. Jaeger, and T. Reichstein,
Helv. Chim. Acta, 43, 102 (1960).

(11) W. A, Jacobs and A. M. Collins, J. Biol. Chem., §9, 713 (1924).

(12) Ch. R. Engel and G. Bach, Steroids, 3, 593 (1964).

(13) Formation of a 15-ketone In the addition reaction of hypobromous acid to
14-anhydrodigitoxigenin acetate was reported in ref 10. For facile isom-
erization of resibufogenin (a 14,15-epoxybutadienolide) to artebufogenin
(15-ketone), see H. Linde and K. Meyer, Helv. Chim. Acta, 42, 807 (1959);
G. R. Pettit, Y. Kamano, F. Bruschweiler, and P. Brown, J. Org. Chem., 36,
3736 (1971).

(14) This structure could arise from the 14-bromo-15-ol intermediate which is
isomeric with the 15a-bromo-143-ol leading to 17.

(15) (a) E. P. Oliveto, L. Weber, C. G. Finckenor, M. M. Pechet, and E. B.
Hershberg, J. Am. Chem. Soc., 81, 2831 (1959); (b) C. J. Sih, $. M. Kup-
chan, N. Katsui, and O. E. Tayeb, J. Org. Chem., 28, 854 (1963).

(16) C. H. Robinson and R. Handerson, J. Org. Chem., 37, 565 (1972).

(17) K. Kuriyama, H. Tada, Y. Sawa, S. Itoh, and 1. ltoh, Tetrahedron Lett., 2539
(1968).

(18) H. Kondo, M. Ishige, K. Sakai, M. Shiga, |. Motoyama, and K. Hata, Bull.
Chem. Soc. Jpn., 43, 872 (1970).

(19) (a) M. Ehrenstein, G. W. Barber, and M. W. Gordon, J. Org. Chem., 16, 348
(1951); (b) E. J. Becker and M. Shrenstein, ibid., 26, 511 (196 1), and earlier
papers; (¢} Ch. Tamm and A. Gubler, Melv. Chim. Acta, 42, 239 (1958).

(20) E. J. Corey and J. W. Suggs, Tetrahedron Lett., 2647 (1975).

(21) J. R. Parikh and W, von Doering, J. Am. Chem. Soc., 89, 5505 (1967),

(22) G. Cardillo, M. Orena, and S. Sandri, Synthesis, 394 (1976).

(23) S. M. Kupchan, A. D. J. Balon, and E. Fujita, J. Org. Chem., 27, 3103
(1962).

(24) H. Hunger and T. Reichstein, Chem. Ber., 85, 635 (1952).

(25) J. H. Balthis, Jr., and J. C. Bailar, Jr., Inorg. Synth., 1, 122 (1939); E. J. Corey
and J. E. Richman, J. Am. Chem. Soc., 92, 5276 (1970).

Dibenzocyclooctadiene Antileukemic Lignan Synthesis. (+)-Steganone!
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A new route to the unsaturated oxo ester 16, an intermediate in the Raphael synthesis of steganone (4) and its
companion antileukemic lignans steganacin (1) and steganangin (2), is described. Key reactions utilized in the syn-
thetic sequence were photochemical ring closure of a stilbenecarboxylic acid to a phenanthrene, the trimethylsilyl
azide modification of the Curtius rearrangement of carboxylic acids, and a two-carbon ring expansion of a 9-phe-

nanthrylamine with dimethyl acetylenedicarboxylate.

Kupchan? has reported the isolation and structural deter-
mination of the dibenzocyclooctadiene lignan lactones® 1-4
from an alcoholic extract of Steganoctaenia araliacea Hochst.
Because of the significant? antileukemic activity reported for
steganacin 1 and steganangin 2 (the O-acetyl and O-angelyl

1 R =oac R, = B

2 Ry- _ R, = H
00¢

gkl-OH Ry = H

4 By Rymo

derivatives of the $-alcohol steganol 3), there has been con-
siderable interest in the synthesis of this class of diben-
zo[a,c]cyclooctadiene.?# In light of recent publications on the
total syntheses of steganone 4 and its companion lignans 1-3,4
we wish to report our independent synthetic efforts similar
to those of Raphael*®un this area.

The general approach which was conceived for the synthesis

0022-3263/78/1943-3950801.00/0

of the lignans 1-4 is outlined in Scheme I. The critical feature
of our plan was to find a method for the formation of the di-
benzocyclooctadiene skeletal system of these lignans. The
precedent for our synthetic approach was the synthesis of
dibenzocyclooctatetraene 5 by a 2 + 2 cycloaddition utilizing
the 9,10 bond of phenanthrene, followed by electrocyclic ring
opening of an intermediate cyclobutene 6.5 We envisioned the
2 + 2 cycloaddition of an acetylenedicarboxylic acid ester or
masked acetylene equivalent to an appropriately substituted
phenanthrene 7, followed by concomitant thermal ring
opening of an initially formed cyclobutene, would lead to a
dienamine or dienol ether 8. Hydrolysis might afford 9, a
template for elaboration of the lactone ring of steganone 4.
The ketone steganone 4 has been converted by Kupchan? to
steganol 3, the parent alcohol from which steganacin 1 and
steganangin 2 are derivable,24a.b

Ozxidative photochemical ring closure of stilbene «-car-
boxylic acids is a straightforward entry to phenanthrene-9-
carboxylic acids,® and 3,4-methylenedioxy-3’,4',5’-trime-
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