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An efficient synthesis of the octahydro-14-2,4-methanoindene core of phragmalin-type limonoids,
such as xyloccensins O and P, is reported. The success of the synthetic route is predicated on the
use of network analysis in the retrosynthetic analysis and a Diels-Alder reaction for the synthesis

of a key hydrindanone derivative.

The phragmalin-type limonoids (e.g., xyloccensin O and P, 2 and 3, and trichagmalin A and
C, 4and 5, Figure 1) 1 are highly oxygenated triterpenoid derivatives of daunting molecular
complexity that, to date, have not succumbed to total synthesis. The intricate polycyclic and
highly oxygenated nature of these compounds constitutes a significant challenge for modern
chemical synthesis.2 Central among the challenges associated with the chemical synthesis of
this subset of limonoids is identifying effective approaches to the unusual octahydro-1+-2,4-
methanoindene framework (highlighted in Figure 1). We reasoned that a synthetic endeavor
aimed at this unique carbon skeleton would lead to the discovery of novel strategies and
tactics applicable to the synthesis of a variety of the phragmalin-type limonoids. An efficient
synthetic route could enable further investigation into the already diverse bioactivities of the
limonoid family (e.g., anticancer,3 anti-HIV,* antibiotic, anti-inflammatory® and
antifeedent® properties) and potentially, improvement of their pharmacological profiles by
derivitization.

Biosynthetically, the phragmalin-type limonoids likely arise from the related mexicanolide-
type natural products (e.g., 7, Scheme 1). A possible biogenetic connection between the
mexicanolide-type (7) and corresponding phragmalin derivatives (e.g., 9), proposed by Hao
and coworkers,” is outlined in Scheme 1. This process may begin with a photo-initiated
Norrish type 11 reaction to afford the strained octahydro-14-2,4-methanoindene framework.
Given that the Norrish type Il product (9) likely represents the photostationary state, highly
strained systems of this type may be accessed.
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Biomimetic syntheses can often bring an unprecedented level of simplication to a
challenging synthetic target;® however, the unique environs of an enzyme, should one be
required, is not easily emulated by synthetic chemists. For the phragmalin-type limonoids in
particular, the strict conformational requirements regarding the proximity of reacting
partners in photo-reactions, including the Norrish type Il process, makes it unclear how high
yielding conversion of 7 to 9 would be outside of a biological context. As such, we decided
to pursue alternative, more robust, strategies for the formation of the caged phragmalin
framework.

Foremost among our considerations as to how to access the architecturally intricate
phragmalin-type tricyclic skeleton was to apply the method of network analysis.® To forge
the caged methanoindene polycycle (see 6 in Figure 1), a disconnection of any of the bonds
shown in red would realize the main goal of network analysis—namely, the simplification of
the complex caged structure to a fused ring system.8? Despite the powerful reduction in
complexity in the retrosynthetic sense that this approach offers, we were cognizant of the
significant challenge that the forward C-C bond construction posed due to the accompanying
increase in strain.10

In this communication, we report the successful implementation of network analysis
guidelines for forming functionalized octahydro-1/-2,4-methanoindene frameworks (14 and
26, Scheme 2 and 6, respectively), which serve as models for the challenging phragmalin-
type caged architecture (e.g., in xyloccensin O, 2).

Initial studies focused on the construction of 14. This undertaking would demonstrate the
feasibility of the intramolecular cylization by using an irreversible alkylation before
attempting the bond construction using a potentially reversible Michael addition (vide infra).
We envisioned that 14 could arise from conformer 13A of hydrindanone derivative 13 by an
alkylative C-C bond formation. Although conformations of hydrindane and hydrindanone
systems have been studied,! there are no reports that describe these dynamics in highly
functionalized systems. Despite preliminary computations suggesting conformer 13B to be
lower energy, the irreversibility of the alkylation step arising from conformer 13A was
expected to lead to productive formation of 14.12 Hydrindanone derivative 13 could in turn
arise from a Diels-Alder cycloaddition between cyclopentenone 11 and diene 12.

Given that 2-methoxycarbonylcyclopent-2-enone (11) is readily available in multigram
quantities,13 our synthesis of 13 commenced with the preparation of diene 12 (Scheme 3).
Building on precedent from d’Angelol4 and Grierson,> we began with Ley oxidationl6 of
allylic alcohol 15 (prepared from ethyl propiolate),1’ affording aldehyde 16 in 66% yield.
Wittig olefination using carbomethoxymethylidene phosphorane gave diene ester 17 in 81%
yield as a separable 7:1 mixture of £, £and £, Zisomers. Subsequent reduction of the ester
group (LiAlH,) and silylation using TBSCI and imidazole provided the desired diene (12) in
69% yield over the two steps.

With diene 12 and dienophile 11 in hand, we next pursued the Diels-Alder cycloaddition.
Heating a mixture of diene 12 and freshly prepared 11 (1.45 equiv) provided adduct 18
(Scheme 4) in 89% combined yield (>10:1 endo: exo ratio).18:1° Reduction of the double
bond in 18 could be accomplished under carefully monitored hydrogenation conditions,
which proceeded without hydrogenolytic cleavage of the benzyl ether. Treatment of the
crude hydrogenation product (19) with 1% HCI in MeOH furnished alcohol 20, which was
sulfonated to produce keto-benzenesulfonate 13 in 82% yield over the three steps.

With keto-benzenesulfonate 13 in hand, the stage was set for the key alkylation reaction to
build the tricyclic framework of the phragmalin-type limonoids. As shown in Table 1,
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several conditions were explored with varying levels of success. While excess KHMDS
(Table 1, entry 1) led only to decomposition, the use of 1.1 equivalents of KHMDS gave the
desired octahydro-1A-2,4-methanoindene framework (entry 2). However, the yields were
found to be highly variable, with significant amounts of hydrindene 21 often being formed.
Ultimately, a 74% vyield of 14 could be consistently obtained under carefully controlled
conditions using KHMDS (1.1 equiv) as the base in the presence of triethylamine and
tetrabutylammonium iodide (TBAI; 1 equiv) in THF at =78 °C with warming to room
temperature over 20 minutes (entry 3). The structure of 14 was unambigously confirmed by
X-E%y crystallographic analysis of the corresponding p-bromobenzoate derivative 22 (Figure
2).

The fragmentation product (i.e., hydrindene 21) likely arises through a retro-Claisen reaction
(Scheme 5) where initial nucleophilic attack on the ketone moiety by trace alkoxide
generates tetrahedral intermediate 23, which can collapse to form 21 via ester enolate 24
(E1cB type process).21:22

After the success of the intramolecular alkylative cyclization, we next investigated the
potentially more challenging Michael addition, which would incorporate the required
methylene ester present in the natural products.2® To this end, alcohol 20 was converted to
enoate 25 through sequential oxidation and Wittig olefination in 49% yield over two steps.
Gratifyingly, treating enone 25 with catalytic amounts of KO£Bu in THF (=78 — 0 °C) led
to the desired 1,4-adduct (26) as a single diastereomer in 79% yield.24 Having accomplished
the intramolecular 1,4-conjugate addition, we are currently focused on the preparation of
more highly functionalized caged frameworks.

In conclusion, we have developed a rapid and efficient route to the octahydro-14-2,4-
methanoindene core of the phragmalin-type limonoids. Key to the success of this route was
the synthesis of the highly substituted hydrindanone system 18, which, in turn, provided
access to intramolecular cyclization precursors 13 and 25. This work illustrates the utility of
network analysis in defining a rapid path to architecturally complex frameworks such as the
octahydro-1+-2,4-methanoindene core of the highly complex phragmalin-type limonoids.
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22. Interestingly, fragmentation of the polycyclic framework is not observed upon reduction of the
carbonyl group of 14 with NaBH4. For more information, see the Supporting Information.

23. The success of this cyclization illustrates the potential for further elaboration of this core towards
the phragmalin-type limonoids.

24. Stereochemistry of 26 predicated on AL3 considerations.
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Proposed biogenetic connection between mexicanolide-type and phragmalin-type limonoids
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Table 1
Optimization of alkylation conditions
OBs ’ BnO,C.
o) ‘%
oH
conditions OBn \
———— w
Y 1COzMe H
Me0,C OBn MeO,C
13 14 21
entry conditions result
1 KHMDS (2 equiv), THF, =78 °C to rt decomposition
2 KHMDS (1.1 equiv), THF, =78 °C to rt 14 (38-84%)
3 KHMDS (1.1 equiv), TBAI (1 equiv) THF/NEt;, =78 °Ctort 14 (74%)
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