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Synthesis of the spiroisoxazoline natural product (  +)-calafianin is reported using asymmetric nucleophilic epoxidation and nitrile oxide

cycloaddition as key steps. Synthesis and spectral analysis of all calafianin stereoisomers led to unambiguous assignment of relative and
absolute stereochemistry.

The bromotyrosine-derived spiroisoxazolines are a structur- anti- and syn-bromohydrins, respectively. It is noteworthy
ally diverse class of physiologically active natural products. that the agelorins were co-isolated with the natural product
The family contains a number of structural types, including 11-epi-fistularin-3 (2), implying a biogenetic relationship
both monomeric and dimeric compounds derived from

brominated tyrosine precursors (Figure?1A subset of _
molecules in this class (cf. aerothionii) possesses a
brominated spiro-cyclohexadienyl isoxazoline cbidote-

ably, an oxidized derivative, 11-hydroxyaerothionin, has been \C(
shown to inhibitMycobacterium tuberculosfsAdditional ©
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ketone moiety, and agelorins A and B 8,° which possess °

aerothionin 1
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between aerothionin- and agelorin-type natural products. || NG

Previous synthetic studies toward the spiroisoxazoline alka-
loids include oxidative cyclization of phenolic oxime esters
as well as Diels—Alder cycloaddition of a chiral cyclopen-
tadiene to produce enantiomerically pure cyclohexadienbnes.
A recent synthesis and structural revision of racemic cala-
fianin'© utilized acidic hydrolysis of an aerothionin- to an
agelorin-type core structufé.Iln this paper, we report the
total synthesis and stereochemical assignment of (+)-
calafianin3 and a derived agelorin-type structure featuring
asymmetric nucleophilic epoxidation and nitrile oxide cy-
cloaddition as key steps.

Our retrosynthesis is illustrated in Figure 2. We envisioned
the preparation of agelorin core structudefrom epoxy
ketone7 via regio- and stereoselective bromohydrin forma-
tion.® Compound7 may be obtained from nitrile oxide
cycloadditior? of vinyl epoxide8 to afford the spiroisoxa-
zoline core followed by acetal hydrolysis. We planned to
utilize zirconium-catalyzed ester amide exchange methodol-
ogy developed in our laboratdéyto convert monomeric
spiroisoxazolines to both monomeric and dimeric calafianin/
agelorin structures.
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core 6 core 7 epoxide 8 monoketal 9

Figure 2. Retrosynthetic analysis.

The synthesis of (—)-calafianin core precursbrwas
initiated by enantioselective tartrate-mediated nucleophilic
epoxidatiod* of the readily available quinone monokegt
(Scheme 1). We have also prepaestt-1G° in high yield
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T. R.; Harburn, J. J.; Spilling, C. Dl. Org. Chem2001, 66, 3111. (e)
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Goldenstein, K.; Fendert, T.; Proksch, P.; WinterfeldtT &trahedror2000,
56, 4173.
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Scheme 1. Spiroisoxazoline Core Constructin

a Arrows indicate key NOE enhancements observedLfband
13. See the Supporting Information for details.

and enantioselectivity (82%, 98% ee) usm@IPT as chiral
controller!® We next considered methylenation of epoxy
ketone 10 to prepare the exocyclic vinyl epoxid8.t’
However, Wittig olefination proved to be challenging due
to the lability of both starting material and vinyl epoxide
product. Accordingly, methyltriphenylphosphonium halides
were evaluated in conjunction with various bases, solvent,
and concentrations at low temperatiitdJse of lithium-
derived bases (e.g'BuLi, LIHMDS) led to considerable
decomposition presumably due to epoxide chelation effects.
An optimal condition was found for olefination employing
KO'Bu as base and methyltriphenylphosphonium bromide
(THF, 0.03 M, —40 °C). This method was found to be
practical for production of gram quantities of key intermedi-
ate8.

We next explored 1,3-dipolar cycloaddition of vinyl
epoxide 8 for spiroisoxazoline constructiof.Dipolar cy-
cloaddition (Scheme 1) using a nitrile oxide generated in
situ from ethyl chlorooximinoacetatél and diisopropyl-
ethylaminé®led to significant formation of a furoxan dimer
with low yields of the desired spiroisoxazoling® and13.
Use of DBUW?! or inorganic bases such as KHg&®or

(17) For methylenation of cyclic epoxyketones and subsequent trans-
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NaHCG; cleanly afforded spiroisoxazolines albeit in low The synthesis of calafianin commenced with an extrapola-
yields and moderate selectivity. Recently, Kobayashi and co- tion of the esteramide exchange methodology. However,
workers have reported use of Zr(IV) alkoxides for highly model amidation conditions resulted in low yields of the
stereoselective [3- 2] cycloaddition of acylhydrazones and diamide producl?7. Further optimization involved screening
alkenes® We thus considered use of group IV metal of metal co-additives including MgBg?® Sc(OTf),?6 and La-
alkoxides for 1, 3-dipolar cycloaddition of nitrile oxides with  (OTf)s, along with other commercially available metal
alkenes. After considerable experimentation, we found usetriflates. Gratifyingly, we found that addition of Zn(O#°

of Zr(O'Bu), to be optimal, affording a moderate to high (20 mol %) in addition to Zr(IV)-2-HYP afforded increased
yield (85-93%) of12/13 (dr = 1.8:1) and minimal formation yields of acetal-protected calafiariii@ (Scheme 3). However,

of the furoxan dimer. Key NOE enhancements were observed

between diagnostic protons (cf. Scheme 1) to enable assign_
ment of thesynandanti spiroisoxazoli.ne diastereo_mers. Zr- Scheme 3. Synthesis of (—)-Calafianin and Stereoisomers
(O'Bu), apparently serves as a mild base which slowly

deprotonates the ethyl chlorooximinoacetate and hence | t
alleviates need for slow addition via syringe pump. o8 OH
We next prepared the corresponding amides from both Y 2ot g
[e) fo) K lamino

butane,
toluene

78%

diastereomeric spiroisoxazolines obtained from 1, 3-dipolar er
cycloaddition. In light of literature precedent citing low
yield$%10(13—-30%) for conventional diamidation of spiro-
isoxazoline carboxylic acids due to facile decarboxylation,
we evaluated our recently developed catalytic eséenide
exchange methodologyin model amidations (Scheme 2).

48% aq HF,
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CH.CI,
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Scheme 2. Synthesis of Model, Monomeric Epoxyketone So%
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Use of nucleophilic activators such as HOBt and HOAt with

10 mol % Zr(OBu), afforded low to moderate yields with
difficult separation of the activator from the desired amide
product. After evaluation of other activators, 2-hydroxypyr- |ate-stage acetal deprotection proved to be complicated by
idine (2-HYPY* afforded a 75% yield ofl4 with facile concomitant amide hydrolysis of the amide and subsequent
separation of the activator. The protected monoarhitias epoxide ring opening. Exhaustive screening of acetal depro-
efficiently deprotected using aqueous HF to afford amide tection conditions (e.g., ag AcOH, 1 N HCI, TFA, CSA,

15 (Scheme 2). The corresponding diastereorh@rwas PPTS?” K-10 clay?8 Bi(OTf)3-4H,0,2° aqueous HF) on bis
prepared using an analogous procedure fsgncycloadduct

15. (25) For use of MgXin direct amidation of ester, see: Guo, Z.; Dowdy,
E. D.; Li, W.-S.; Polniaszek, R.; Delaney, Eetrahedron Lett2001,42,
1843.

(23) (a) Kobayashi, S.; Shimizu, H.; Yamashita, Y.; Ishitani, H.; (26) (a) For use of Sc(OTf)and other transition metal triflates in
Kobayashi, HJ. Am. Chem. So2002,124, 13678. (b) Yamashita, Y.; transesterification, see: Oohashi, Y.; Fukumoto, K.; Mukaiyam&hem.
Kobayashi, SJ. Am. Chem. So2004,126, 11279. Lett.2005,34, 190. (b) For activation af-imino esters using bivalent metal

(24) For use of 2-hydroxypyridine in ester—amide exchange, see: triflates, see: France, S.; Shah, M. H.; Weatherwax, H. W.; Roth, J. P.;
Morley, J. S.; Dutta, A. SJ. Chem. Soc. @971,17, 2896. Lectka, T.J. Am. Chem. So005,70, 1084.

Org. Lett, Vol. 8, No. 5, 2006 929



Scheme 4. Further Transformations to Agelorin B-Type
Compounds
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acetall7 was conducted; most conditions generally led to
product decomposition. Remarkably, we found that use of
48% aqueous HF in a binary solvent mixture of £l and
CH,CI,* effected clean hydrolysis of both cyclic ketals to
afford calafianinl8in high yield and purity with negligible
hydrolysis and side reactions observed. Using the corre-
sponding optimized synthetic route, all other stereoisomers
including (+)- and ¢)-epi-calafianin (Scheme 3, inset),
derived from thesyn-spiroisoxazoline diastereonied, were
synthesized and fully characterized. CD spectroscopy and
optical rotation of all four stereocisomers led to unambiguous
assignment of the absolute configuration fer){calafianin
3.16 Our studies thus confirm th&and aerothionirl have
the same absolute configuration of the spiroisoxazoline core.
Further transformations of an epoxy ketone spiroisoxazo-
line core to agelorin B-type structures are shown in Scheme
4. Agelorins A and B as well as related monomeric
analogue¥ have been shown to possess antitumor activity.
Acetal 12 was hydrolyzed using aqueous HF to afford epoxy

(27) Sterzycki, RSynthesis 979, 724.
(28) Gautier, E. C. L.; Graham, A. E.; McKillop, A.; Standen, S. P;
Taylor, R. J. K.Tetrahedron Lett1997,38, 1881.

ketone7. Treatment of7 with MgBr.%! at low temperature
affordedsynbromohydriné as a single regioisomer (10095).
The latter compound was found to epimerize readily on,SiO
to afford approximately a 1:1 mixture afyn- and anti-
bromohydrin diastereomers. Direct ester-amidation6of
proved difficult due to base sensitivity of the substrate leading
to extensive decomposition. Accordingly, we performed
bromohydrin formation directly on—<)-calafianin to afford
the dimeric agelorin B-type structul (Scheme 4b).

In conclusion, we have accomplished the asymmetric
synthesis of the spiroisoxazoline natural product)-(+
calafianin. Key transformations include asymmetric nucleo-
philic epoxidation, Zr(IV)-mediated nitrile oxide cycload-
dition, and catalytic ester-amide exchange. Unambiguous
stereochemical assignment of the natural product followed
from the preparation of all possible stereocisomers and
comparison of their circular dichroism (CD) spectra. Epoxy
ketone core structures have also been efficiently converted
to agelorin B-type structures using a stereoselective ring-
opening process. Further studies toward the synthesis of
additional spiroisoxazoline natural products are currently in
progress and will be reported in due course.
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