
Assembly of the Limonoid Architecture by a Divergent Approach:
Total Synthesis of (±)-Andirolide N via (±)-8α-Hydroxycarapin
Alexander W. Schuppe and Timothy R. Newhouse*

Department of Chemistry, Yale University, 275 Prospect Street, New Haven, Connecticut 06520-8107, United States

*S Supporting Information

ABSTRACT: We report the first total synthesis of the
limonoid andirolide N using a 12-step sequence from
commercially available materials. The final step of this
route demonstrates the chemical feasibility of our
biosynthetic proposal that andirolide N arises from 8α-
hydroxycarapin. The strategic use of a degraded limonoid
as a platform for the synthesis of more structurally
complex congeners may be a general approach to obtain
limonoids with diverse functional properties.

Andirolide N (5), a limonoid tetranortriterpenoid natural
product isolated from the flowers of a mahogany tree

indigenous to the Amazonian rainforest (Carapa guianensis),
possesses a synthetically demanding bicyclo[3.3.1]nonane ring
systemwith a bridging tetrahydrofuran ring appended.1,2Decades
of limonoid synthetic investigations3 have been motivated by the
wide range of their biological properties,4 including antimalarial,1

anticancer,5 and anti-inflammatory activities.6 Recent reports
have also demonstrated exciting neuroprotective and regener-
ative properties.7 Herein, the first total synthesis of the limonoid
andirolide N (5) is reported by chemical conversion from the
limonoid 8α-hydroxycarapin (6), which demonstrates the
chemical feasibility of this pathway as a possible mode of
biosynthesis (Figure 1). To generate these limonoids, as well as to
allow access to a multitude of limonoids with differing A-ring
structures, this approach utilizes a late-stage introduction of the
limonoid A-ring: a location of great chemical diversity in this class
of natural products as exemplified by compounds 1−6.8
While many limonoids, including andirolide N (5), are trace

isolates from threatened rainforest environments, availability
from citrus and neem fruits has allowed for investigations of some
members of the limonoid class through the use of semisynthesis
and relay synthesis.9 Independent, contemporaneous studies in
the early 1970s by the groups of Connolly and Ekong10 examined
the biomimetic oxidative fragmentation of the limonoid B-ring
and reassembly through a 1,6-conjugate addition to form
mexicanolide (3). Williams and co-workers recently completed
a total synthesis of mexicanolide (3) through employment of an
analogous 1,6-conjugate addition strategy.11 Additionally, a relay
synthesis of azadirachtin reported by Ley took advantage of the
availability of this natural product from neem oil.12

A landmark total synthesis of azadiradione was reported by
Corey and Hahl that used a polyene cyclization to form the
skeleton of azadiradione in a stereocontrolled manner.13 An
alternative polycyclization strategy was developed for the
groundbreaking synthesis of limonin (1) by Yamashita, Hayashi,

Hirama and co-workers.14 Additionally, Corey and Behenna
reported the synthesis of a protolimonoid by polyolefin
cyclization; the protolimonoid was suggested to be a precursor
to all known limonoids through systematic biomimetic oxidation
and rearrangement reactions.15

Wedeveloped a general synthetic approach to access limonoids
with differing A-ring structures, such as those in Figure 1, by
envisioning that these materials might arise from the degraded
limonoid iso-odoratin (7),16 the Δ8(14) isomer of the natural

Received: November 28, 2016
Published: December 21, 2016

Figure 1. Synthetic approach to andirolide N (5) via iso-odoratin (7).
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product odoratin.17 For the synthesis of 8α-hydroxycarapin (6),
the bicyclo[3.3.1]nonane could be forged through an acylation−
Michael addition strategy using a suitable electrophile. Retro-
synthetic design via 8α-hydroxycarapin (6) would provide a
means to test our hypothesis that this material can lead to
andirolide N (5). To study the feasibility of this biosynthetic
relationship and forming a bicyclo[3.3.1]nonane by this
approach, we developed a route to iso-odoratin through the
assembly of three simple building blocks (8−10).
The synthesis of iso-odoratin (7) is described in Scheme 1 and

begins with a diastereoselective aldol reaction with 3-furaldehyde
(9) and 6-methylcyclohexenone (8), the latter prepared from
commercially available dihydrocarvone in one step,18 to provide
12 in 72% yield after the intermediate alkoxide, 11, was treated
with AcCl. Use of a Rawal-type diene (10)19 elicited a thermal
Diels−Alder reaction with 12 to form the adduct 13, as an
uncharacterized mixture of diastereomers. An intramolecular
acetate aldol and β-elimination of the dimethylamino group was
performed with KHMDS to form the intermediate 14. Upon
treatment of the organic extracts with TsOH, 15 was formed by
desilylation anddehydration. The conversion of12 to15over two
steps proceeds in an excellent 40%overall yield to provide15 as an
inconsequential mixture of diastereomers at C10 (1:1 dr). The
structures of 15 and epi-15 were confirmed by X-ray
crystallography and NOESY NMR experiments, respectively.
This mixture of diastereomers was subjected to Karstedt’s

catalyst (tris(tetramethyldivinyldisiloxane)diplatinum)20 and
Et3SiH, which cleanly afforded iso-odoratin (7) as a single
diastereomer in 77%yield after acidic aqueousworkup. The use of
Et3SiH was more efficient than the use of other silanes (TIPSiH,
DMPSiH, TMDS, or PMHS), which correlates with previously
observed differences in rates of hydrosilylation with Karstedt’s
catalyst.20,21 It is noteworthy that commonly employed
conditions for enone reduction were not successful for reducing
the doubly vinylogous 1,7-dicarbonyl compound, in part owing to
the propensity for many reagents to deprotonate this substrate
(15), rather than effect an alkene reduction. Formation of the
extended enolate of 15 was confirmed by quenching purple

reactionmixtureswith deuterated solvent resulting in loss of color
and incorporation of deuterium. The four-step sequence to
convert 6-methylcyclohexenone (8) to iso-odoratin (7) proceeds
in 22% overall yield and can produce decagram quantities of 7 per
batch.
The regio- and stereoselective hydroxylation of C8 of the

limonoid framework is a well-established problem in the
semisynthesis literature.22 Specifically, the oxidation of odoratin
is known to lead to aromatization of the leftmost ring of odoratin,
the limonoid B-ring. This established challenge guided us to
employ iso-odoratin (7) as an alternative synthetic intermediate.
Detailed, empirical studies established that theC8hydroxyl group
could be installed directly by treating the crude reductionmixture
that contains iso-odoratin (7) with O2, P(OMe)3, and DBU
(Scheme 2). This formal alkene hydration results in the formation
of 16 as a single regioisomer and diastereomer after TMS ether
formation. The product of hydroxylation to form the cis-decalin
arrangement present in 8α-hydroxycarapin (6) was confirmed by
analysis of NOESY and X-ray diffraction data.
Installation of the bicyclo[3.3.1]nonane was initiated by

acylation of the lithium enolate derived from 16 and the acyl
cyanide 1723 to provide 18 in 76% yield. The use of an acylation
strategy24 rather than an aldol and oxidation approach allowed for
a redox-neutral25 installation of the 1,3-dicarbonyl functionality,
as well as preclusion of retro-aldol and aldol condensation side
reactions. Before the Michael addition to construct the bicyclo-
[3.3.1]nonane could be performed, the 1,3-diketone group
required a blocked α-position, such that the γ-position (C10)
could be deprotonated and subsequently engage the pendant
enoate. Although numerous conventional blocking groups were
investigated (e.g., −OR, −SR, or −X),26 it was eventually found
that a carbon-based blocking group allowed for formation of the
bicycle. Thus, α-allylation with allyl iodide and Cs2CO3 provided
the intermediate 19 as a single diastereomer, where allylation
occurred from the less hindered convex face, enforcing the
necessary geometry for the bicyclo[3.3.1]nonane synthesis. The
allylation product 19 underwent palladium-catalyzed carbome-

Scheme 1. Scalable Synthesis of iso-Odoratin (7)a

aReagents and conditions: (a) i-Pr2NH (1.25 equiv), n-BuLi (1.1 equiv), 3-furaldehyde (9) (1.05 equiv), −78 °C, THF, 0.5 h, then AcCl (1.3 equiv),
−78 to −30 °C, 72%; (b) 10 (2.5 equiv), PhCF3, 120 °C, 14 h; (c) KHMDS (2.0 equiv), −78 °C, 1.5 h, then TsOH (1.0 equiv), 1 h, 23 °C, 40%
over 2 steps; (d) Karstedt’s Catalyst (0.3 mol %), Et3SiH (2.0 equiv), PhMe, 90 °C, 2.5 h, 77%.
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thoxylation with Pd(dppf)Cl2, CO, and methanol to afford the
precursor to the Michael addition (20).
In addition to the challenge associated with forming a

quaternary center at C10, theMichael addition is further impeded
by the presence of syn-pentane interactions with the axially
disposed B-ring substituents. However, the reactive potassium
enolate proved to be effective for forming the sterically congested
bicyclo[3.3.1]nonane: the bridgehead allylated analog of 8α-
hydroxycarapin (21) was obtained in 56% yield by treatment of
20 with KHMDS. Additionally, this protocol conveniently
resulted in concomitant TMS deprotection. Removal of the
allyl group present in 21 was planned through alkene isomer-
ization, oxidative cleavage, and Barton decarboxylation to reach
8α-hydroxycarapin. The alkene isomerization reaction was
performed using PdCl2(MeCN)2 in benzene to provide the
internal alkene isomer, iso-21.27,28

Subjection of the alkene isomer of 21 to oxidative cleavage
conditions developed by Borhan and co-workers29 resulted in
smooth conversion of the starting material, which after acidic
aqueous workup provided andirolide N (5) directly in 48% yield.
Although several mechanistic explanations could be advanced for
the preceding observation, we propose that decarboxylation of 22
occurs spontaneously under the reaction conditions to give 8α-

hydroxycarapin (6), which upon workup with aqueous 3 M
H2SO4 undergoes a stereochemical inversion via a stabilized
carbocation conjugated to the neighboring enoate to lead to the
diastereomeric alcohol of 8α-hydroxycarapin, 23. The diastereo-
meric alcohol 23 may then undergo ketalization to form the
thermodynamically favored ketal isomer.
Support for this hypothesis derives from a series of

experimental observations. Aqueous workup of the oxidative
cleavage reaction with saturated aqueous NaHCO3 provided 8α-
hydroxycarapin (6), demonstrating the intermediacy of this
natural product. When 8α-hydroxycarapin (6) was subjected to
conditions analogous to the aqueous workup of the oxidative
cleavage reaction, andirolide N (5) was produced as the major
product. As an alternative possibility, the opposite order of events
could occur, wherein hydration of the ketone precedes the
inversion of configuration of the C8 stereocenter. However,
further studies are required to distinguish between these
mechanistic pathways.
In conclusion we have developed a 12-step synthesis of the

limonoid andirolide N (5) from commercially available
dihydrocarvone through employment of an acylation-Michael
strategy for bicyclo[3.3.1]nonane construction from the
degraded limonoid iso-odoratin (7). The unique tetrahydrofuran

Scheme 2. Total Synthesis of Andirolide N (5) via the Presumed Biosynthetic Precursor 8α-Hydroxycarapin (6)a

aReagents and conditions: (a) Karstedt’s Catalyst (0.3 mol %), Et3SiH (2.0 equiv), PhMe, 90 °C, 2.5 h, then DBU (2.0 equiv), P(OMe)3 (1.5 equiv),
O2 (1 atm), MeCN, 35 °C, 2 h, 52%; (b) TMSCl (1.5 equiv), imid. (3.5 equiv), CH2Cl2, 23 °C, 3 h, 60%; (c) LiHMDS (1.5 equiv), 17 (1.1 equiv),
Et2O−THF (4:1), −78 to 0 °C, 1 h, 76%; (d) Cs2CO3 (2.5 equiv), allyl iodide (1.7 equiv), acetone, 56 °C, 12 h, 86%; (e) Pd(dppf)Cl2 (6 mol %),
Et3N (1.5 equiv), CO (1 atm), MeOH−DMF (5:1), 60 °C, 0.5 h, 85%; (f) KHMDS (2.0 equiv), PhMe−THF (1:3), −78 to 23 °C, 0.5 h, 56%; (g)
PdCl2(MeCN)2 (15 mol %), PhH, 60 °C, 2 h, 80%; (h) OsO4 (5 mol %), Oxone (2.5 equiv), 23 °C, 7 h, then aq. H2SO4, 0.5 h, 48%.
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appended to the bicyclic structure of the carbocyclic skeleton of
andirolide N was installed via an acid-mediated reorganization of
8α-hydroxycarapin (6). While these studies demonstrate the
chemical feasibility that 8α-hydroxycarapin could be the
biosynthetic precursor to andirolide N, whether or not the
polycyclic structure of andirolide N is formed in nature by this
pathway remains unknown.
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