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ABSTRACT: An appropriately functionalized [S—7-6]
tricyclic framework of tigliane and daphnane diterpenes
containing seven contiguous stereocenters has been prepared
in 10 steps from very simple building blocks in a modular and
stereocontrolled fashion. The key features of this approach
involve an efficient visible light-induced singlet oxygen
oxidative dearomatization and an array of substrate-controlled
highly diastereoselective transformations. This work provides a
model strategy for rapid and diverted synthesis of natural and
unnatural molecules sharing the common skeleton.

iglianes and daphnanes (Figure 1) are two families of
diterpene natural products that share a characteristic [S—

resiniferatoxin (3)

stelleralide A (4)

Figure 1. Representative tigliane and daphnane deterpene natural
products and their common tricyclic core structure.

7—6] tricyclic carbon framework with a congested substitution
pattern and extensive oxygenation." Members of these families
exhibit a remarkable range of biological activities and have
attracted significant research interest in drug discovery.
Prostratin (1, Figure 1), for example, is under preclinical
development for its potential to eliminate latent HIV viruses.”
Phorbol (2) and its esters are potent tumor promoters that
activate protein kinase C (PKC).*> Resiniferatoxin (3) holds
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promise as an analgesic agent through the desensitization of
nociceptive neurons." Stelleralide A® (4) is an extremely potent
and selective anti-HIV agent. Importantly, more and more
natural products exhibiting antitumor,® anti-HIV,” and antivirus
activities® have been recently added to these two families. The
structural complexity and the biological activities of these
molecules, therefore, continuously render them highly attractive
targets for organic synthesis.

Since the late 1980s, a number of elegant approaches have
been reported to construct the tricyclic core structure,” and
total syntheses of phorbol (2) and resiniferatoxin (3) by
Wender and co-workers'® and a formal synthesis of phorbol (2)
by Cha'' have been accomplished. Recently, we have
commenced a research program aiming at development of
efficient and flexible synthetic approaches to natural and
unnatural tiglianes and daphnanes. Because the highly
substituted C ring poses significant challenges for all synthetic
efforts and the substitution pattern on the C ring often shows
dramatic impacts on the biological activities,”>*'? we were
particularly interested in addressing these issues by a late-stage
C-ring functionalization approach on an appropriate inter-
mediate. We proposed molecule 5 (Scheme 1) as a key model
to test our synthetic strategy because it includes not only the
tricyclic core but also a cross-conjugated cyclohexadienone
moiety for further multiple functionalizations. Moreover,
variations of the building blocks and/or later stage trans-
formations might produce a series of analogues. Retrosyntheti-
cally, 5 would be an oxidative dearomatization product of
phenol 6 which in turn might be assembled from three simple
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Scheme 1. Synthetic Plan of the Tricyclic Framework
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building blocks, aryl bromide 8, cyclopentene oxide 7, and
allylmagnesium bromide 9, by epoxide opening, allylation
reaction, and ring-closing metathesis (RCM). In this paper, we
describe our synthetic studies that lead to a rapid access to §
and preliminary explorations of chemo- and stereoselective
functionalizations on the C ring.

In the forward direction of our synthesis (Scheme 2), the
Grignard reagent derived from aryl bromide 8'* was mixed with
cyclopentene oxide 7 in the presence of copper(I) iodide to
effect the epoxide opening reaction, affording the desired
product in quantitative yield. The resulting alcohol was
subsequently treated with Dess—Martin periodinane'* to
form the racemic a-aryl ketone 10 in high yield (85%).
Addition of allyl magnesium bromide (9) to a solution of 10
produced the tertiary alcohol 11 in excellent yield (95%) and
good diastereoselectivity (dr = 10:1 based on crude '"H NMR).
After formation of the seven-membered B ring by a ring-closing
metathesis (RCM) using 0.1 mol % of the Grubbs second-
generation catalyst," the two diastereomers were separated by
column chromatography and the major isomer 12 was isolated
in 84% yield. Its relative configuration was then confirmed as
the desired 4,10-trans relationship by X-ray diffraction analysis.
Attempted removal of the methyl group by heating 12 or its
trimethylsilyl ether 13 together with sodium ethylthiolate led to
variable yields (30—60%) of the corresponding demethylation
products accompanied by side products derived from
competitive dehydration at the tertiary alcohol and thiol
addition to the alkene. Other methods using boron tribromide,
lithium iodide, etc. led to decomposition of the starting
materials. Finally, we found that the methyl group of 13 could
be efliciently cleaved by treatment with lithium diphenylphos-
phide,'® and the resulting phenol 6 was isolated in excellent
yield (96%).

At this stage, the crucial oxidative dearomatization reaction
was investigated. Hypervalent iodine reagents are arguably the
most widely used oxidants for dearomatization reactions of
phenols.'” In the case of phenol 6, however, we did not observe
the desired product § using various hypervalent iodine oxidants.
When it was treated with PhI(OAc), in a mixture of acetonitrile
and water, oxetane 14 was formed as the only isolable product.
To the best of our knowledge, this represents the first example
of oxetane ring formation by an oxidative dearomatization. The
result clearly demonstrated the unique reactivity of this rigid
substrate. Consequently, other oxidative dearomatization
methods were tested. A ruthenium-catalyzed peroxidation'® of
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Scheme 2. Synthesis of the Cyclohexadienone $§
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6 afforded the peroxide 15 in 49% yield. Unfortunately, neither
reductive cleavage of the O—O bond to form the desired tert-
alcohol'? nor direct use of this peroxide for next investigations
was successful.

Singlet oxygen has been reported to react with phenols to
produce peroxy quinols which, after reductive cleavage of the
0O—-0 bond, produce tert-alcohols.”® Therefore, using 6 as the
substrate, we tested several protocols to effect such a
transformation. Finally, to our delight, when an oxygen-
saturated solution of 6 in chloroform containing tetraphenyl-
porphyrin (TPP) as a photosensitizer was irradiated by strong
visible light (400 W sodium lamp), the unstable peroxy quinol
was observed in high yield by crude '"H NMR. Therefore, after
full conversion, triphenylphosphine was added to reduce the
peroxy quinol, and the hydroxylated cyclohexadienone § could
be directly isolated in 74% yield as a single diastereoisomer. A
single crystal of § suitable for X-ray diffraction was obtained,
and thus, the relative configuration was unambiguously
established as the desired one. Probably because the
trimethylsilyl ether moiety occupies the concave space and
strongly shields one of the two faces of the phenol plane, singlet
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oxygen preferably reacts from the less hindered convex side to
exclusively form $.

With the oxidative dearomatization product § in hand, we
explored the possibility of stereocontrolled transformations on
the C ring (Scheme 3). Most tigliane and daphnane natural

Scheme 3. Chemo- and Stereoselective Functionalizations of
the Tricyclic Core
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products incorporate an 11-methyl group which is cis to the 9-
hydroxyl group, and sometimes, such as with stelleralide A (4),
the methyl group is further oxidized. Therefore, 1,4-addition of
alkyl metallic reagents onto 5 was investigated. After extensive
experimentation, we were able to stereoselectively introduce
the methyl group using a substrate-controlled 1,4-addition of
methylmagnesium bromide.”’ Other methods based on
copper,”**" zin¢,**? and aluminum®*® reagents did not give
any desired product. Thus, after deprotonation with lithium
hexamethyl disilazide, the resulting 9-alkoxide directs the
reaction’s regioselectivity as well as facial selectivity probably
via complexation with the magnesium reagent. The product 16
was isolated in 67% yield as a single isomer, and the relative
configuration was again confirmed by X-ray diffraction analysis.
The 13-carbonyl group was then reduced under the Luche
conditions,” producing the secondary alcohol in excellent yield
and diastereoselectivity (dr 24:1). Treatment of the
secondary alcohol with m-chloroperoxybenzoic acid (m-
CPBA) formed an unstable epoxide intermediate which, upon
silica gel chromatography, transformed into a triol 17 as the
sole isolable product. The cis relationship between the 13-OH
and 14-OH was proposed because the 13-OH might direct the
facial selection of the epoxidation reaction. Together with the
facile epoxide opening process presumably via Sy2 type attack,
we reasoned that the 13-OH should be cis to the 9-OH and 11-
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Me groups too. This deduction was consistent with the
observed H-13/H-14 coupling constant (°] = 4.8 Hz) of the
acetal 18 and further confirmed by the crystal structure of 17,
which unambiguously established the relative configurations of
the seven contiguous stereocenters.

In summary, we have described a rapid and modular
synthetic approach for construction of the highly functionalized
tricyclic framework of tigliane and daphnane diterpenoids
containing multiple stereocenters. The synthetic route features
several substrate-controlled highly stereoselective reactions
including the key visible light-induced singlet oxygen oxidative
dearomatization, directed 1,4-addition of methylmagnesium
bromide, and the 13-carbonyl reduction using the Luche
protocol. The applications of this approach in synthesis of
relevant natural products and their analogues are underway in
our laboratory and will be reported in due course.
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