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ABSTRACT

The multiply oxygenated ABC-ring system of the dihydro-β-agarofurans was synthesized by employing two highly stereoselective reactions.
The quinidine-catalyzed Diels�Alder reaction between a chiral dienophile and 3-hydroxy-4-methyl-2-pyrone simultaneously installed the
C2-stereogenic center and two contiguous tetrasubstituted carbon centers (C5 and C10) of the A-ring. After 12 additional transformations, the
aldol reaction of the resulting spiral AC-ring cyclized the B-ring with stereoselective introduction of the C7- and C8-centers.

Numerous dihydro-β-agarofuran sesquiterpenoids have
been isolated from plants of the Celastraceae family over
the years (Scheme 1A).1 While dihydro-β-agarofurans
share a common tricyclic skeleton comprised of a trans-
decalin (A- and B-rings) and a tetrahydrofuran ring
(C-ring), these compounds differ in the oxidation states,
stereochemistries, and functionalization patterns of the

oxygen-based functional groups.Reflecting these structur-
al variations, they exhibit diverse biological activities, such
as antitumor promoting, cytotoxic, anti-HIV, multidrug
resistance reversing, anti-inflammatory, and immunosup-
pressive activities. To develop a general synthetic route
applicable to these pharmacologically useful agarofurans,
triptofordin F-22 and emarginatine B3 were chosen as
initial synthetic targets.4,5 Here we report the development
of an expeditious route to the fused ABC-ring system 1

with multiple oxygen functional groups.
The densely functionalized structures of triptofordinF-2

and emarginatine B pose a formidable synthetic challenge.
We designed tricycle 1 as an advanced intermediate for
the total synthesis (Scheme 1B). As the five stereocenters
(C5, 7, 8, 9, 10) of the ABC-ring of 1 correspond directly
to those of the targets, appropriate functional group ma-
nipulations of 1 at the C3-olefin, C2-alkoxy, and C6- and
C11-carbonyl groupswould lead to the targetedmolecules.
Compound 1 would in turn be assembled by the step-
wise ring formation from chiral R,β-unsaturated ester 2

and 3-hydroxy-4-methyl-2-pyrone 3, which possess the
C9-alkoxy and C15-methyl groups in place, respectively.
Diels�Alder reaction between 2 and 3would construct the
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A-ring structure 4a with establishment of the three new
stereocenters (C2, 5, 10).6 Next, the C-ring would be
attached to 4a via introduction of the C7,11-carbon unit
at the C6 position to produce spiral bicycle 5. Lastly,
intramolecular aldol reaction of 5 would form the B-ring
through stereoselective introduction of the C7,8-centers.

After preparation of both dienophile 27 and diene 38

from (R)-glyceraldehyde acetonide in three steps, their
Diels�Alder reaction was investigated (Scheme 2). This
intermolecular reactionwas envisioned to stereoselectively
introduce the two contiguous tetrasubstituted (C5 and 10)
and C2-hydroxylated carbons. To realize this demanding
task, 2 and 3were first heated to 150 �C in xylene.However,

significant amounts of 2 and 3were recovered, and cyclo-
adduct 4 underwent decarboxylative retro-Diels�Alder
reaction, resulting in formation of undesired 7 (21%yield).

Acceleration of the cycloaddition was apparently neces-
sitated to prevent thermal CO2-loss from the adduct 4. We
thus adopted the base-promotedDiels�Alder reaction.9 A
base was expected to enhance the reactivity of 3 by
increasing its HOMO energy through deprotonation of
the hydroxy group. In fact, treatment of 2 (1.2 equiv) and 3
with 1 equivofEt3N inCHCl3 at rt resulted inhigh yielding
formation of the two diastereomeric adducts 4a and 4b

(4a:4b=2.4:1, 87% combined yield, entry 1),10 and 7was
not detected. To further improve the stereoselectivity of the
desired isomer 4a over 4b, a set of tertiary amines were
screened. Among DABCO (entry 2), quinine A (entry 3),
and its pseudoenantiomer quinidine B (entry 4), B was
found to be superior in terms of selectivity. The
Diels�Alder reaction was also promoted by the presence
ofA or B in catalytic amounts (20 mol%, entries 5 and 6).
Remarkably, the conditions in entry 6 exclusively pro-
duced 4a in almost quantitative yield (4a:4b = 29:1).
On the other hand, replacement of CHCl3 with MeOH
(entry 7) and use of methylated quinidine C11 instead of B
(entry 8) lowered the selectivity for 4a.
The correct constructions of the C2-, C5-, and C10-

stereochemistries of 4a reflected the high regio-, face-, and
exo-selectivity of the quinidine-catalyzed Diels�Alder re-
action. The regioselectivity is controlled by the favorable

Scheme 1. Structures of Multiply Oxygenated Dihydro-
β-agarofurans and Synthetic Plan of 1

Scheme 2. Thermal Diels�Alder Reaction of 2 and 3
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interaction of the large coefficient of the LUMO at C1 of
dienophile 2 and that of the HOMO at C2 of diene 3,12

while the sterically cumbersome C9-TBS-oxy group of 2
blocks one face of the C1-olefin to induce complete face
selectivity (Figure 1). These two selectivities dictate gen-
eration of only exo-adduct 4a and endo-adduct 4b out of
the eight potentially generating isomers of the reaction.
The excellent exo-selectivity in the presence of quinidine B
would be influenced by the tight complex between B and 3

through the hydrogen-bonding (OH of B and CdO of 3)
and ion-pair interactions (NR2 of B and OH of 3). The
endo-approach via TS-2 would be impeded by the steric
repulsion between the 3/B-complex and the C8-oxymethy-
lene group of 2,9b and the more sterically favorable exo-
approach via TS-1 resulted in exclusive generation of 4a.
The lower exo-selectivity upon employing the alcoholic
solvent (Table 1, entry 7) or the amines bearing no hydrox-
yl group (entries 1, 2, and 8) supported the importance of
the hydrogen bond between the secondary hydroxy group
ofB and the carbonyl group of 3. Judging from the similar
stereochemical outcome in entries 3�6, the proper distance
of the hydroxy and tertiary amino groups appears to be
more consequential than the chiral centers withinA andB.
Having constructed the A-ring structure with the C5-

and C10-tetrasubstituted carbons, introduction of the car-
bon unit at C6 corresponding to the C-ring was the next

task (Scheme 3). Before doing so, it was necessary to dif-
ferentiate the oxidation levels of the C6- and C14-carbons.
The more sterically exposed C14-carbonyl group of 4a

was chemoselectively reduced with LiBH4 in the presence
of the C6-carbonyl group. Under these conditions, the
six-membered C6-lactone was reorganized into the five-
membered one to produce 8. TIPS-protection of the lib-
erated C2-hydroxy group of 8, followed by selective
removal of the TBS group at C80�OH, afforded 9. The
C80-primary hydroxy group was in turn converted to the
bromide by mesylation and subsequent LiBr treatment.
The zinc-induced reductive openingof the cyclic ether of 10
in refluxing THF gave 11, and the C14-hemiacetal of 11
was reduced by the action of NaBH4 to deliver the five-
membered C6-lactone 12.
With C6-lactone 12 in hand, C6-homologation and

subsequent C-ring construction were investigated. Despite
the negligible reactivity of the C6-carbonyl group toward
a number of carbon nucleophiles, allylmagnesium bro-
midewas found to react with 12 to provide the adduct 13 in
83% yield. Next, osmylation transformed the most steri-
cally accessibleC11-olefin of triene13 to the corresponding
1,2-diol, which was oxidatively cleaved to generate the
C11-hemiacetal 14. The cyclized lactol of 14was then con-
verted to the corresponding lactone of 15a, thereby com-
pleting the construction of the C-ring.
The last remaining challenge for assembly of the ABC-

ring system was cyclization of the B-ring through the ste-
reoselective aldol reaction between C7 and C8. To do so,
the C8-olefin had to be oxidized into the corresponding
aldehyde. However, ozonolysis of diene 15a led to non-
site selective cleavage of the monosubstituted C8- and
trisubstituted C3-olefins, presumably because the bulky

Table 1. Amine-Promoted Diels�Alder Reaction of 2 and 3a

entry amine solvent yield (4a:4b)

1 Et3N CHCl3 87% (2.4:1)

2 DABCO CHCl3 71% (4.0:1)

3 A CHCl3 99% (8.3:1)

4 B CHCl3 92% (15:1)

5 Ab CHCl3 91% (8.3:1)

6 Bb CHCl3 99% (29:1)

7 Bb MeOH 68% (3.5:1)

8 C CHCl3 80% (4.0:1)

aConditions: 2 (1.2 equiv), 3 (1 equiv), amine (1 equiv), solvent (1M),
rt. b 20 mol % of amine was used.

Figure 1. Rationale for the stereoselectiveDiels�Alder reaction.
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reported; see:Mulzer, J.; Schollhorn, B.Angew. Chem., Int. Ed. 1990, 29,
431.
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C9-TBS ether shielded the neighboring C8-olefin. After
extensive efforts, we found an appropriate structural
isomer of 15a for the C8-selective ozonolysis. Namely,
t-BuOK in t-BuOH effected the TBS-transposition of
15a from the C9-secondary OH to the less hindered
C14-primary OH to produce 15b,13 and subsequent ring
closure from 15b generated 15c. The isomeric structures
of 15a and 15c were determined by the HMBC correla-
tions shown in Scheme 3. Migration of the TBS group
enabled discrimination of the reactivity between the C8-
andC3-olefins, since theC8-olefin of 15cwas free from the
steric interference of the TBS ether. Treatment of 15cwith
ozone in hexane14 and the following reductive workup
with PPh3 indeed promoted the requisite C8-oxidation.
Furthermore, the aldol reaction between the aldehyde and
the highly enolizable 1,3-dicarbonyl moiety occurred in
situ, giving rise to 1 as the sole isomer (5af5bf1).15 In
this cyclization, the C7�H of the presumed intermediate
5b is structurally fixed to the pseudoequatorial position by
the C5-spiral ring system, and the C8-carbonyl group
adopts the pseudoequatorial conformation to avoid un-
favorable steric interaction with the C14-oxymethylene
group. These two controlling factors likely realized intro-
duction of the contiguous C7- and C8-stereocenters of the
ABC-ring system.

In conclusion, we developed a synthetic route to the
fused ABC-ring system of agarofurans 1 in 14 total steps
from the known material 2 with the correct C9-stereo-
chemistry. The key features of the route include (i) the
quinidine-catalyzedDiels�Alder reaction between 2 and 3
to establish the C5- and C10-tetrasubstituted and C2-
alkoxy-substituted stereocenters of the A-ring, (ii) a highly
chemoselective reaction sequence to construct the C-ring
structure, and (iii) a B-ring annulation by the intramole-
cular aldol reaction to install theC7- andC8-stereocenters.
Further efforts on the total synthesis of highly oxygenated
dihydro-β-agarofurans from 1 are currently underway in
our laboratory.
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Scheme 3. Synthesis of the Multiply Oxygenated ABC-Ring 1 of Dihydro-β-agarofurans
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