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A Convergent Total Synthesis of 19-Hydroxysarmentogenin™**
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Crossopetalum gaumeri (Loes.), a medical plant among the
Yucatec Mayan community, contains various highly cytotoxic
natural products, including 19-hydroxysarmentogenin-3f3-O-
B-6-deoxyguloside (Figure 1).!"" This compound belongs to
a family of cardenolides and bufadienolides, which are

19-hydroxysarmentogenin O
-3p-O-B-6-deoxyguloside o

Figure 1. Structures of cardenolides and bufadienolides.

typified by ouabain® and bryophilin C.** Cardenolides and
bufadienolides have been used for hundreds of years in both
Western and Eastern medicine, and share the capacity to slow
the heart rate and to increase the force of contraction of heart
muscle tissue.” The positive inotropic activity is attributed to
a high affinity inhibitory interaction with the extracellular
surface of the membrane-bound sodium pump (Na*/K*-
ATPase) responsible for Na*/K* exchange. In addition to
their cardiac activity, these molecules exhibit strong cytotoxic
activity against various cultured human cancer cells.”!
Accordingly, their potential use in oncology has been inves-
tigated. Furthermore, cardenolides and bufadienolides have
been identified in mammalian tissues and plasma, and thus
these compounds are also considered as endogenous factors
to regulate physiological phenomena.
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Cardenolides and bufadienolides share a characteristic
steroid-like framework that is distinct from conventional
androstane/pregnane-type steroids in that they have cis A/B
and C/D ring junctions, a tertiary 14f3-hydroxyl group, and
a 17pB-unsaturated lactone. The unusual structural features
render these natural products formidable targets for total
synthesis. Numerous laboratories have reported synthetic
studies on these natural products,”-* which has culminated in
the successful total syntheses of ouabain by the Deslong-
champs group and ouabagenin, its aglycon, by Baran.”!

We became interested in devising a unified convergent
strategy that would be applicable to the various biologically
important cardenolide/bufadienolide structures alike. To
establish such a strategy, we selected 19-hydroxysarmentoge-
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Scheme 1. Synthetic plan for 19-hydroxysarmentogenin (1).
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nin (1, Scheme 1), an aglycon of 19-hydroxysarmentogenin-
3B-0O-p-6-deoxyguloside, as the initial target. Herein, we
report the total synthesis of 1 through the coupling of three
readily available fragments.

The structural differences among the cardenolides and
bufadienolides mainly arise from the substitutions at C1, C3,
and C5 of the A ring, and the unsaturated lactone at C17,
whereas the structures from C6 to C19 are conserved
(Figure 1). Recognition of these varied and common motifs
allowed us to retrosynthetically divide these molecules into
two-variable (color-coded in cyan and purple) and one-
consensus substructures (color-coded in pink). As shown in
Scheme 1, the three simple fragments, chiral AB ring 7 (cyan),
meso-D ring 6 (pink), and butenolide 2 (purple), were
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specifically designed for 1, and were to be assembled into the
entire structure in a convergent fashion. It was envisioned
that other cardenolides and bufadienolides would be obtained
by use of structural variants of 7 and 2 with the same 6.

This convergent strategy required the correct introduction
of six stereocenters (C8, 9, 11, 13, 14, 17) in the transformation
from 7 into 1 (Scheme 1). Stereoselective construction of the
C ring through formation of the two C—C bonds from chiral 7
and meso-6 was especially challenging and was expected to
require two key intramolecular reactions: 1) radical cycliza-
tion of bromide 5, which was prepared by acetal tethering of 7
and 6, would install the C9-stereocenter of 4, and 2) the aldol
reaction of 4 would simultaneously control the stereochem-
istry at C8, C13, and C14 of 3a. Stereoselective attachment of
butenolide 2 to 3a would then lead to the target structure, 1.

ABring 7 was prepared in nine steps from (S)-peril-
laldehyde 8 (Scheme 2 A). Diels—Alder reaction between 8
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Scheme 2. Reagents and conditions: a) toluene, reflux; HCl (1 m),

THF, RT, 78%; b) LiAIH,, Et,0, —78°C to RT; c) MnO,, CH,Cl,, RT,
66% (2 steps); d) Ac,0, Et;N, CH ,Cly, RT, 99%; e) OsO,, NalO,, 2,6-
lutidine, H,0, dioxane, RT, 94 %; f) m-CPBA, CH,Cl,, RT, 67 %;

g) K,CO;, MeOH, RT, 92%; h) TBSOTF, 2,6-lutidine, CH,Cl,, RT;

i) PPTS, H,0, MeOH, 0°C, 99% (2 steps); j) DIBAL-H, CH,Cl,, —78°C,
63%; k) TBSOTY, 2,6-lutidine, CH,Cl,, RT, 96%; 1) O, CH,Cl,, —78°C;
Ph,P, RT, 80%; m) A, LDA, THF, RT, 71% (E/Z=1:1.2); n) TBAF, THF,
60°C; o) Ac,O, pyridine, DMAP, RT, 84% (2 steps). DIBAL-H =diiso-
butylaluminum hydride, DMAP = N,N-dimethyl-4-amino pyridine,

LDA =lithium diisopropylamide, m-CPBA = meta-chloroperoxybenzoic
acid, PPTS =pyridinium p-toluenesulfonate, TBAF =tetra-n-butylammo-
nium fluoride, TBS =tert-butyldimethylsilyl.

and the Rawal diene 9,'” followed by acidic treatment,
resulted in stereoselective formation of cis-fused enone 10
with the requisite C5 and C10 stereocenters.”!! The two
carbonyl groups of 10 were reduced with LiAlH, to give the
corresponding hydroxy groups, and chemoselective oxidation
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of the C7 allylic alcohol afforded 11. After acetylation of the
primary alcohol of 11, the C3 isopropenyl group was
oxidatively converted into the methyl ketone of 12. A
Bayer—Villiger reaction of 12 using meta-chloroperoxyben-
zoic acid stereoselectively introduced the C3 acetoxy func-
tional group. Next, the two acetyl groups of 13 were removed
by methanolysis to provide the diol, the treatment of which
with  tert-butyldimethylsilyl  trifluoromethanesulfonate
(TBSOTY) and 2,6-lutidine gave rise to bis(TBS) ether 14.
Finally, the internal acetal of 14 was transformed into the
corresponding keto alcohol of the requisite fragment 7 by the
action of pyridinium para-toluenesulfonate (PPTS) in meth-
anol.

Because of its meso symmetry, D ring 19 was readily
synthesized through six functional group manipulations from
the known meso diketone 1517 (Scheme 2B). Stereoselective
diisobutylaluminum hydride reduction of 15 and subsequent
TBS protection of the resultant hydroxy groups afforded 16.
Ozonolysis of 16 produced aldehyde 17, which was subjected
to the Horner—Wittig reaction with A to provide enol ether
18. A two-step manipulation of the protecting group con-
verted TBS-protected 18 into acetyl-protected 6.

Pentacycle 3a was obtained from the prepared AB and
D ring fragments 7 and 6 in only seven steps involving two
cyclizations (Scheme 3). Before the first radical cyclization,
the acetal tether of 5§ was formed. Enol ether 6 was treated
with bromine to give dibromide 19. The bromine atom of 19
adjacent to the methoxy group was highly reactive towards
nucleophiles, and thus was replaced in situ by the C19 oxygen
of 7 in the presence of dimethyl aniline to furnish acetal 5.1
The remaining C11 bromine atom of 5 was then homolytically
cleaved by treatment with (TMS),SiH (TMS = trimethylsilyl)
and Et;B,' and the resultant C11 carbon radical 20 reacted
with the C8=C9 bond from the top face of the molecule owing
to the constraint of the acetal linkage. As a result, the C9—C11
bond was formed in the desired fashion, leading to the fused
tricycle 21.

Having successfully installed the C9 stereocenter, the
substrate of the second cyclization was synthesized from 21.
The diastereomers 21 at the acetal and C11 positions were
merged into the single isomer 22 by acid-induced vinyl ether
formation,™ thus generating 22 after reprotection of the
partially desilylated C3 hydroxy group. Deacetylation of 22
and oxidation of the liberated hydroxy groups with Dess—
Martin reagent!'® provided triketone 4, the substrate for the
crucial aldol reaction. Cyclization of the Cring required
chemoselective C8 enolate formation and subsequent regio-
and stereoselective attack on the C14 ketone in the presence
of the C17 ketone for the correct installation of the C8, C13
and Cl14 stereocenters. To realize these selectivities, we
screened the reagents and conditions, and found that a cata-
lytic amount of KN(TMS), (10 mol%) in refluxing THF
induced C8—C14 bond formation to deliver the desired 3a as
the major product (3a/3b =8.6:1) in a quantitative combined
yield. Treatment of the isolated minor isomer 3b with
KN(TMS), led to 3a, thus indicating the thermodynamically
controlled nature of the present aldol reaction. X-ray
crystallographic analysis of 3a established its characteristic
three-dimensional structure. Interestingly, the B ring of 3a
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Scheme 3. Reagents and conditions; a) 6 (2 equiv), Br,, CH,Cl,,
—78°C; 7 (1 equiv), PANMe,, —78°C to RT; b) Et,B, (TMS),SiH, O,,
toluene, —65°C; c) B, toluene, reflux; d) TBSOTY, 2,6-lutidine, CH,Cl,,
—78°C, 65% (4 steps from 7); e) K,COs;, MeOH, RT; f) Dess—Martin
periodinane, NaHCO;, CH,Cl,, RT, 86 % (2 steps); g) KN(TMS),

(10 mol %), THF, reflux, 100% (3a/3b=8.6:1); h) KN(TMS),

(30 mol %), THF, reflux, 66 % (3a/3b=12:1). TMS =trimethylsilyl.

JH3H4ax =10.3 HZ, JH3H4eq =40Hz
JHsHeax = 13.7 HzZ, JysHgeq = 2.9 Hz

JH3H4ax = 2.3 HZ, Jy3H4eq = 2.3 Hz
JHaaxHs = 13.2 HZ, Jpgeqhs =15-7 Hz
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Figure 2. Eight isomers potentially generated by the aldol reaction of
4.

adopts the boat conformation in the X-ray and NMR
structures, whereas the NMR data indicated the chair
conformation of the B ring of 3b (Figure 2).
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The aldol reaction generated only one major product, 3a,
out of the eight diastereomers (3a-h) possible under the
thermodynamic conditions (Figure 2).'" The cis-fused BC
rings of diastereomers 3e-h cause an unfavorable steric
interaction between the Cring and the enol ether ring, and
the trans-fused 6/5 ring system of 3¢ or 3d is more strained
than its cis counterpart in 3a or 3b."® Thus, 3a and 3b are
preferred over the other six diastereomers 3c¢-h. Although
compounds 3a and 3b would both be stabilized by hydrogen
bonding, the lone pair of the C7 carbonyl group is more
properly oriented toward the proton of the proximal hydroxy
group in 3a than in 3b, and this factor is attributed to the
selective formation of 3a over 3b.

Our total synthesis of 1 was completed from pentacycle 3a
through a 12-step sequence including attachment of the
butenolide moiety (Scheme 4). The C7 ketone of 3a was first
chemoselectively reduced using NaBH, in the presence of the
C17 ketone to produce 23. Treatment of alcohol 23 with NaH,
CS,, and Mel led to the corresponding xanthate 24, which
underwent deoxygenation by the action of Ph;SnH and 2,2'-
azobisisobutyronitrile to provide 25.! Ozonolysis of the vinyl
ether of 25 liberated the C11 oxygen functional group as the
ketone, giving rise to 26, which was deformylated with
NH,OH to afford hemiacetal 27. When 27 was subjected to
the reagent mixture of TBSOTY, Et;N, and LiN(TMS),,?” the
C19 primary alcohol and the C17 ketone were protected to
give 28. The remaining C11 ketone of 28 in turn underwent
a stereoselective Birch reduction, and the TBS-enol ether was
selectively desilylated with tetra-n-butylammonium fluoride
in the presence of the other two TBS ethers to regenerate the
C17 ketone of 29. Ketone 29 was then transformed into vinyl
iodide 30 using hydrazine and iodine.! Stille coupling™! of
iodide 30 and stannane 2% using Pd(PPh;),, LiCl, and
CuCl1?¥ introduced the butenolide onto the steroid structure
to furnish the adduct 31.

The last requisite stereoselective transformation was
hydrogenation of the C16=C17 bond to obtain the (3-oriented
butenolide. However, hydrogen in the presence of Pd/C
added from the convex B-face of the cis-fused CD ring
structure of 31, resulting in the formation of 17-epi-19-
hydroxysarmentogenin 32 after deprotection. Thus, to invert
the face selectivity of the hydrogenation, the convex face of
the CD ring was sterically shielded by the introduction of
a bulky TMS group at the C14 tertiary alcohol to generate 33.
Hydrogenation of 33 under the same conditions indeed
proceeded from the o face to give rise to the desired
compound in high selectivity (d.r.=6:1). Finally, the four
silyl groups were removed under acidic conditions to deliver
19-hydroxysarmentogenin (1). The stereostructure of 1 was
unambiguously confirmed by X-ray crystallographic analysis
of the corresponding C19-p-bromobenzoate 34.

In summary, the total synthesis of 19-hydroxysarmento-
genin (1) was accomplished in a convergent fashion using
three simple fragments: AB ring 7, D ring 6, and butenolide 2.
Salient methods employed in our successful synthesis include:
1) radical cyclization to install the C9 stereocenter of 21,
2) intramolecular aldol reaction to form thermodynamically
stable 3a out of eight possible stereoisomers, and 3) stereo-
selective hydrogenation of 33 by controlling the steric bias of
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95%; g) TBAF, THF, —78°C, 94%; h) (H,N),-H,0, Et;N, EtOH, 50°C; I,, Et;N, THF, RT, 919%; i) 2, Pd(PPh,), (20 mol%), LiCl, CuCl, DMSO,
60°C, 89%; j) Pd/C, H,, AcOEt, RT; k) HCI (3 M), MeOH, RT, 78% (2 steps); ) TMSOT, 2,6-lutidine, CH,Cl,, RT; SiO,, 81%; m) Pd/C, H,, AcOEt,
RT, 73%,; n) HCl (3 m), MeOH, RT, 82%,; o) p-BrBzCl, DMAP, CH,Cl,, RT, 65%. AIBN =2,2-azobisisobutyronitrile, Bz=benzoyl, DMSO =dime-

thylsulfoxide.

the substrate. Overall, the polycyclic architecture of 1 with
nine stereocenters was efficiently constructed from (§)-peril-
laldehyde 8 with one chiral center in 28 steps. Application of
this convergent strategy to other cardenolides and bufadie-
nolides by changing the fragment structures is currently
underway in our laboratory.
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