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ABSTRACT: Ryanodol (1) exists in nature in the form of
the 1H-pyrrole-2-carboxylate ester derivative known as
ryanodine, which is a potent modulator of the calcium
release channel. The pentacyclic ABCDE-ring system of 1
is fabricated with eight oxy groups, three methyl groups,
and one isopropyl group. All the eight tetrasubstituted
stereocenters are concentrated within the 10-carbon
ABDE framework. The total synthesis of this exceptionally
complex molecule was achieved in 22 steps from the
simple C,-symmetric tricycle 8. The synthetic route is
based on installation of the seven stereogenic centers and
formation of the four C—C bonds within the highly
congested multicyclic format. The novel and flexible
strategy developed here will enable the generation of
chemical derivatives with different functional properties
toward calcium release channels.

he South American plant Ryania speciosa has long been

recognized for its insecticidal properties.
compound, an alkaloid known as ryanodine (2, Scheme 1),
alters the function of a high-conductance intracellular calcium
channel known as the ryanodine receptor.” Since only a limited
number of molecules have been reported to act by modifying
the receptor, 2 and its derivatives are valuable tools for
biological investigation of receptors and potential therapeutic
agents for treating receptor-associated diseases.

A series of chemical degradation reactions of ryanodine (2)
were discovered by Wiesner et al. during the course of their
structural elucidation study.' The basic hydrolysis of 2 gave rise
to the complex pentacyclic diterpenoid ryanodol (1) along with
1H-pyrrole-2-carboxylic acid. Further treatment of 1 under
acidic conditions generated tetracyclic anhydroryanodol (3)
through Grob-type fragmentation. On the other hand, the
chemical assembly of ryanoids 1 and 2 has proven challenging:
the de novo synthesis of 1 by Deslongchamps and co-workers
in 1979 is the only successful synthesis reported to date, despite
many attempts over the ensuing 30 years.3’4 In their ingenious
route, the degradation product 3 was constructed from
(+)-carvone (4) and $5,6-dimethoxyindane (5) in 41 steps,
and 3 was derivatized into 1 by Cl-epoxidation and reductive
C1—C15 bond formation. Herein, we describe the develop-
ment of new methodologies and strategies for assembling the
entire pentacycle of the ryanoids and the achievement of a
second total synthesis of ryanodol (1). The present flexible
route is highly suited for the generation of novel ryanoid
derivatives with distinct biological activities.®

Its active
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Scheme 1. Structure, Reactions, and Synthetic Plan of
Ryanodol®
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The complex molecular architecture of ryanodol (1) includes
S rings, 11 contiguous stereogenic centers, and 8 oxygenated
carbons (Scheme 1). The ABDE-ring moiety of 1 in particular
heightens the synthetic challenge because all 8 tetrasubstituted
carbons are concentrated within this 10-carbon framework. In
our retrosynthesis, recognition of the embedded symmetric
structure allowed the design of the significantly simplified C,-
symmetric tricycle 8 from the densely functionalized ABDE-
ring of 1. By taking advantage of its symmetric nature, the
synthesis of (+)-8 from 9 and 10 was previously realized in
only 13 steps, including the installation of the four
tetrasubstituted carbons (C1, C4, CS, and C12).® Therefore,
the most critical issue for the total synthesis of 1 from 8 was to
accommodate the remaining seven stereocenters in a highly
congested format. We envisioned employing the a-alkoxy
bridgehead radical reaction for stereospecific formation of the
hindered C11-center from 7, which would be prepared through
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the oxidative desymmetrization of the ClS-olefin of 8. After
radical bond formation from 7, stereoselective C6-functional-
ization and C-ring formation would give the entire ring skeleton
6, to which the four stereocenters (C2, C3, C9, and C10)
would be stereoselectively introduced to construct the target
structure 1.

The newly designed strategy first necessitated desymmetriza-
tion of C,-symmetric intermediate 8 by oxidation of the C15-
olefin to the C1S5-ketone (Scheme 2). Before doing so, the two

Scheme 2. Development of the C15-Oxidation Protocol”
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(b) OsO,, pyridine; aq NaHSO3, 85%; (c) NaH, CS,, THF; Mel, 90%;
(d) n-BuySnH, 2,2’-azobis(isobutyronitrile) (AIBN), benzene, reflux,
86%; (e) O, Co(acac), (0.2 equiv), Et;SiH (2.2 equiv), +BuOOH
(0.08 equiv), (CH,Cl),; (f) C,FoSO,F (NfF), 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU), MeCN, —30 °C; SiO,, 58% (2 steps); (g)
BnOH, 4A MS, SiO,, 80 °C; (h) KH, A, THF, —78 to —40 °C, 68% (2
steps).

hydroxy groups of (+)-8 were protected as their methox-
ymethyl (MOM)-ethers to yield 11. Although the olefin was
sterically surrounded by the AB-ring structure, introduction of
the C15-oxygen functional group was attained via osmylation of
the C14—C1S double bond of 11, leading to diol 12. The
unnecessary C14-secondary alcohol of 12 was in turn removed
via methyl xanthate formation and subsequent n-Bu;SnH
reduction to afford 13.” Conversion of the thus-obtained
hemiacetal 13 into triketone 17 or its hydrated derivative 14
was, however, unsuccessful under a variety of oxidation
conditions. The extremely low concentration of the keto-
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alcohol form 13’ impeded its oxidation to 17, while direct
C15—H oxidation was not possible due to the presence of the
more reactive C—H bonds in 13.

It was necessary to install the Cl1S5-ketone into olefin 11
without the intermediacy of the C15-free-alcohol because of the
strong tendency of the alcohol to cyclize into the unreactive
hemiacetal (Scheme 2). After many unsuccessful approaches,
we developed a new two-step oxidation protocol from 11 to 17.
First, 11 was subjected to Et;SiH and a catalytic amount of
Co(acac), and +BuOOH under an oxygen atmosphere8 to
generate Et;Si-peroxide 1S. Then, the Et;Si group of 15 was
directly exchanged to the nonafluoro-1-butanesulfonyl (Nf)
group of 16 by the action of NfF° and DBU."® DBU induced
the elimination of NfOH, providing the requisite C15-ketone
17 in one pot. During the silica gel purification, 17 was
converted to bis-hemiacetal 14 through hydration.

To prepare for the a-alkoxy bridgehead radical reaction, the
two hydroxy groups of 14 were differentially capped. In situ
formation of triketone 17 from 14, and subsequent attack of
benzyl alcohol on the least hindered C15-ketone, were induced
by acidic silica gel and 4 A molecular sieves at 80 °C to generate
hemiacetal 18. Then, the remaining sterically congested C11-
OH of 18 was converted to its potassium alkoxide, which
reacted with the potently electrophilic pyridinium salt A,
furnishing thiocarbonate 7.'" Non-ejection of benzyl alkoxide
from the tertiary alkoxide of 18 again reflected the unusual
stability of the six-membered hemiacetal structure.

Construction of the ABCDE-ring system 6 was accomplished
from 7 in seven steps (Scheme 3). The first reaction
demonstrated the efficiency of the bridgehead radical strategy
for stereospecific C—C bond formation within this sterically
demanding environment.®>'>"? Specifically, under these radical
conditions, homolytic cleavage of the C11-O bond of
thiocarbonate 7 proceeded to give a-alkoxy bridgehead radical
19, which reacted with allyltributyltin'* to set the Cl1-
tetrasubstituted stereocenter of the ABDE-ring 20. Next, the
C6-hydroxy group was selectively liberated"® from bis-MOM-
ether 20 using BF;-OEt, and Me,S" to generate alcohol 21,
which was oxidized with Dess—Martin reagent to afford C6-
ketone 22. Prior to further C6-functionalization, the terminal
olefin of 22 was isomerized to the internal (E)-olefin of 23
using PdCl,(MeCN),."” The MOM group of 23 was detached
by applying the same reagent system to 21 at higher
temperature, leading to 24. Then, addition of (3-methylbut-3-
en-1-yl)lithium"® occurred regio- and stereoselectively at the
Cé6-ketone of diketone 24 to produce 25, presumably because
the top face of the C6-ketone and both faces of the C3-ketone
were sterically shielded by the highlighted functional groups in
Figure 1. The C9-olefin of the elongated chain in turn
underwent the ring-closing metathesis reaction with the
isomerized C10-olefin upon use of second-generation Hovey-
da—Grubbs catalyst (B),'”*° resulting in formation of the six-
membered C-ring 6.

The two stereocenters at C9 and C10 were simultaneously
introduced by hydroboration of the thus-constructed C9—C10
double bond (Scheme 3). Before hydroboration, protection of
the C6-OH of 6 with its TMS ether was required to ensure the
desired stereoselectivity.”' Thus, diol 6 was first converted to
bis-TMS-ether 26 using TMSOTf and pyridine. As the bulky
TMS group of 26 blocked the top face (Figure 1), BH; THF
approached from the concave face of the CD-ring, producing
27 as the sole isomer after oxidative work-up. TMS-
introduction to the concomitantly deprotected C2-OH and
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Scheme 3. Total Synthesis of Ryanodol”
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acetonide and CS$-methyl groups (Figure 1). TAS-F** then
removed the TMS group at C6—OH of 31, and the acetonide,
which functioned as a robust protective group up to this stage,
was cleaved using aqueous HCl to produce 32.* Although the
| C3-ketone of the acetonide-protected intermediates was inert
HB_ /) throughout the sequence 8 — 31, NaBH(OAc), reduction®® of

TMSO

o the C3-ketone of the deprotected tetraol 32 proceeded from

241025 261027 301031 the top face via a hydroxy-directed mechanism to produce
Figure 1. Rationale for three regio- and stereoselective reactions. pentaol 33 with the desired C3-stereochemistry. Lastly,
Sterically cumbersome groups are highlighted in pink. hydrogenation of the Cl13-olefin and hydrogenolysis of the

C10- and C15-Bn-ethers transformed 33 into fully synthetic

. ; 1
the newly generated C10-OH of 27 was followed by acid- ff )-ryanodol (1). Synth'e tie 1 was determined by "H NMR’
C NMR, and MS to be identical in all respects to an authentic
promoted regioselective liberation of ClO OH to afford 28. ] ) ]
Treatment of 28 with BnO(C=NPh)CF,22 in the presence of sample of (+)-1 obtained from the hydrolysis of (+)-ryanodine

Sc(OTf); and subsequently with aqueous NaOH realized the (2, Scheme 1). )
preparation of 29 with C10-benzyloxy and C2-hydroxy groups. In summary, ryanodol (1) was synthesized from the Cy-

Dess—Martin oxidation of C2-alcohol 29 gave rise to C2- symmetric tricycle 8 in 22 steps by judiciously controlling the
ketone 30. intrinsic reactivities of the three-dimensional structures of the

The total synthesis of ryanodol was accomplished from polycyclic intermediates. Salient methodologies employed in
appropriately protected 30 in five steps, including the our synthesis include (i) desymmetrizing C15-oxidation (11 —
construction of C2, C3-consecutive stereocenters. A reagent 14); (ii) differential functionalizations of bis-hemiacetal (14 —
combination of isopropenyllithium and CeCl,** enabled 7); (iii) a-alkoxy bridgehead radical reaction for stereospecific
nucleophilic addition of an isopropenyl unit to the C2-ketone introduction of the C11-tetrasubstituted carbon (7 — 20); (iv)
of 30 from the opposite face of the acetonide. This reaction installation of the C6-carbon chain (24 — 25) and subsequent
installed the correct C2-tetrasubstituted carbon of 31 without ring-closing metathesis reaction (25 — 6); (v) regio- and
touching the C3-ketone that was kinetically protected by the stereoselective hydroboration/oxidation (26 — 27); (vi)
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attachment of the C2-carbon chain using a cerium reagent (30
— 31); and (vi) hydroxy-directed reduction of the C3-ketone
(32 — 33). In addition, facile synthesis of the ketone from the
olefin using Co-catalyzed hydroperoxidation and NfF-pro-
moted elimination should have wider application for the
preparation of various hindered ketones beyond this target. The
novel synthetic route developed here will accelerate the
synthesis and biological studies of ryanodine and its artificial
analogues for investigating the channel-mediated biological
phenomena.
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