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Abstract: The total synthesis of (+)-nakadomarin A is described. A three-component cycloaddition of a
hydroxylamine, aldehyde, and cyclopropane to form a highly functionalized tetrahydro-1,2-0xazine serves
as the foundation for this synthesis. The resulting oxazine is formed as a single diastereomer with the
absolute configuration being dictated by the chirality of the cyclopropane. Cther key steps include:
desymmetrization of a malonate by reduction, Heck cyclization and pyrrolidine formation, and ring-closing
metathesis to form both cycloalkenes. Overall, the synthesis required 23 linear steps from the cyclopropane,
which in tum is available (six steps) in optically pure form from commercially available o-mannitol.

Introduction

The manzamines represent one of the most architecturally
beautiful classes of alkaloids and have presented the synthetic
chemist with a formidable challenze. ! Nakadomarin A (Figure
1), 1solated by Kobayashi from an Okinawan sea sponge in
1997 % 15 unique, as it is the only known member of the
manzamine family to contain a furan nng. Kobayashi has
postulated that ircinal 1s a2 common intermediate in the biosyn-
thesis of both nakadomarin A* and the manzamines * although
the route to nakadomann A 15 much less obvious. Nakadomann
A contains a range of potentally useful bioactivities (anticancer,
antifunzal and antibactenal), but the limited avalabihity of
natural matenal (6 mg 1sclated from 1 kg of wet sponge) has
prohibited further screening

In addition to the potentially useful biological activities,
nakadomarin A appeals to us as synthetic chemists due to its
unique and demanding structure. The tetracyclic core consists
of an angularly fused 6/3/5/5 nng system (contaiming three
different heterocycles) and 15 flanked with fused 8-membered
and bndzing 13-membered nngs. The tetracyclic core contains
4 stereogenic carbons including an all-carbon stereocenter. The
mimgue of nakadomann A has not gone unnoticed in the
synthetic commumty, and sewveral model studies have been
reported.* Only recently has Nishida reported syntheses of both
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Figure 1. Nakadomarin A and related manzamines.

the unnatural and the natural enantiomers * Herein, we present
a concise and efficient asymmetnc synthesis of nakado-
marin &

In 2003, we reported that mirones 1 react with cyvclopro-
panediesters 2 under the influence of Y b(OT1)3 to form hghly
functionahized tetrahydro-1,2-oxazines 3, as single regioisomers
and diastereomers (dr = 135:1 3,6-cis).®™ The imitial publication
was followed by an improved protocol in which the nitrone 15
zenerated in situ from a hydroxylamine and aldehyde *® This
three-component procedure greatly increased the substrate scope
of this methodology and allowed for the incorporation of a wide
vanety of substtuents. Becanse of the hmited number of natural
products that contain the oxazine motuf (phyllantdine and the
FR900482 family being the most well-known examples), a
methodology to convert the oxamne nng to a more prevalent
heterocycle was developed.” Through reductive cleavage of the
nitrogen—oxvgen bond of 4 and treatment of the resulting
aminoalcohol 5 with MsCl, pyrrolidines 6 beanng a 2 5-frans
relationship were produced (Scheme 1).” Examination of the
natural product literature revealed that nakadomann A contains
the exact subshtution pattern (2 5-frans relabonship and qua-
temmary center) present in the pyrmolidines generated by this
methodolozy.
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Scheme 1. Pymolidine Synthesis
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Scheme 2. Retrosynthesis of Nakadomarin A
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A retrosynthesis of nakadomann A 1s shown in Scheme 2.
Clearly (as illustrated by Nishida),” the most expedient method
for the formation of both the 8- and the 15-membered cyclic
alkenes 15 wia nng-closing metathesis (RCM). While the
formation of the macrocyele by this method results in the
formation of a greater amount of the unnatural frans-alkene,
the sheer step economy afforded by RCM makes this method
superior nonetheless. Our plan then was not to improve on the
formation of the cyclic alkenes, but to showcase an extremely
efficient and rapid synthesis of a tetracyclic core switable for
elaboration to the target. Our imital disconnection leads to 7,
the tetracyclic core beaning the four requsite vinyl (or latent
vinyl) groups. Excision of the mfrogen leads to a compound
such as 8, which could anse from 9 by our pymrolidine synthesis
(reductive N—0 bond cleavage and nng closure) and a Heck-
type nng cyclizabon. The Heck substrate would anse from the
oxazine 10, which 15 denived from the three-component coupling
of a 1 1-cyclopropanediester 11, hydroxylamine 12, and furfural
13. The chirality of 11 (used in homochiral form) would
establish the stereogemcity of the natural product.

We have previously published a synthesis of the tetracyclic
core, which emploved as its central feature a three-component
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Scheme 3. Synthesis of a Nakadomarin A Core Model
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Scheme 4. Inability To Cleave the N—O Bond®
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s Reaction conditions: (3) 13% YD(OTT),, 4A MS, room temperature,
B2%; (b) DIBAL, CHCl,, —78 °C, 93%; {c) (MeO)P{OWCH.CO:Me,

t-BuQOK, THF, room tempetature, 30%; (d) PA{FPh,),, Ag.50, NEt, DMF,
reflux, 85%.

couphng between hydroxylamine 14, aldehyde 16, and cyclo-
propanediester 13, This 15 summarized in Scheme 3.7 The core
structure 21, however, was a model study used to determine
the relative confizuration of the four stereocenters produced by
our route, and not a viable synthetic intermediate for advance-
ment to the natural product.

Results and Discussion

On the basis of the success of the model system, we naively
tned to incorporate the terminal alkenes required for forming
the azocine by metathesiz directly via the three-component
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Scheme 5. Synthesis of Nakadomarin A as a Mixture of Alkene Geometrical Isomers?
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coupling. This stratezy was attempted with trepidation as 1t was
unknown if a method to reduce the encate double bond in the
presence of the terminal alkenes could be found. Cycloaddiion
of alkylhydroxylamine 22, furfural 24 * and cyclopropane 23°
vielded cycloadduct 25 in 82% wield. Similar to the model
compound, selecive DIBAL reducton to 26 (95%) followed
by Homer—Emmons olefination produced Heck cyclization
substrate 27 m 80% wvield. Heck closure between the bromofuran
and the enoate in the presence of a silver 1on” proceeded without
incident and gave 28 in 85% yield. The stage was set for N—0
bond cleavage and cyclhization to the pyrrolidine. Treatment of
28 under a vanety of condibons known to reduce the mtrogen—
oxygen bond led either to no reaction, or, if forcing conditions
were used, to complete destruction of the molecule {Scheme
4). It was suspected that the terminal alkenes of 28 mizht be
responsible for the extensive decomposition. To circumvent this
problem (and negate the selectivity 1ssue of the encate double
bond reduction), an analogue of 28 was prepared that contained
benzyl-protected alcohols as latent vinyl groups. Unfortunately,
a similar outcome was realized upon attempted N—0O bond
cleavage of the modified substrate. This result i1s not without
precedence, as 1n the development of pyrrohdine cyclization
methodology 1t was observed that oxazines contaimng an alkyl
substhituent on both the mirogen and the 6-position were difficult
to cleave.” It was at this time that we re-evaluated our synthetic
strategy, and it was reasoned that introducing an electron-

(2) The symtheses of furfural 24 and cyvelopropane 23 are readily available via
adopdon of literature methods. Details are in the Supporting Inform ation
(%) Abelman, M M., Oh, T.; Overman, L. E J. Org. Chem. 1987, 32, 4130

withdrawing substituent (such as an amide) on the mitrogen of
the oxazine should facilitate N—0O bond cleavagze.

It was not possible to directly introduce an amide onto the

oxazine through the cycloaddition, so a hydroxvlamine that
would allow for mitrogen deprotecton and acylation at a later
step would serve as a suitable surmogate (Scheme 3). p-
Methoxybenzylhydroxylamine 29 was chosen for this task, and
cycloaddition of 29, furfural 31, and cyclopropane (R)-30 (e
= O7%) furmshed adduct 32 in 87% vield (ee = 97%). Similar
to the approach used in Scheme 4, menoreduction with DIBAL
(87%), Homer—Emmons clefination (93%), and Heck cvcliza-
tion produced 33 mm 82% wield. The product 35 was a single
=eometnical 1Isomer about the enoate double bond; however, the
1dentity was never determined. This ulimately turmed out to be
inconsequential because the olefimic molety would undergo
subsequent reduction. Oxmdative removal of the p-methoxyben-
zyl group on the oxazine mitrogen gave 36 (36%), which was
acylated with an appropnate acid chlu::nde“:' to give amide 37
(89% wield). The deprotechon of 35 proceeded 1n lower than
anticipated yield due to sigmificant over-omdation of the product
to the 1mine.

It was now time to test the amide hypothesis and attempt to
convert the oxazine to a pyrrohidine via our previously described
methodology. Evidence of the effect of the amide on N—O bend
scission was quickly realized, as cleavage was facilitated with
Sml;*! in less than 30 min at 0 °C. It is interesting to note that
the SmI: reduction had the unexpected consequence of 1somer-

(10} Lee the Supporing Inform atom for preparation of this com pound.
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