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Rhizoxin (1, Scheme 1) and five closely related compounds
have been isolated from Rhizopus chinensis by Iwasaki and
co-workers.[1] In addition to antibiotic and antifungal activity,
these materials have been shown to possess potent antitumor
activity,[2] including activity against vincristine- and adriamy-

Scheme 1. Structures of rhizoxin and rhizoxin D and retrosynthesis of the
latter (see ref. [6] for abbreviations).

cin-resistant cells.[3] These compounds have attracted consid-
erable interest with respect to synthesis, and one total
synthesis of rhizoxin has been reported,[4] as well as three
syntheses of rhizoxin D (2).[5] We describe herein the synthesis
of rhizoxin D by an approach utilizing catalytic asymmetric
allylation as a key strategic element.

The overall approach to this synthesis is illustrated in
Scheme 1 and relied upon disconnections at the C9ÿC10 and
C20ÿC21 disubstituted alkenes to yield the three major
subunits indicated. In the route described herein, both of
these alkene linkages are established by a modified Julia ±
Lithgoe protocol developed previously in our laboratories,[7]

and the macrocycle is closed by an intramolecular Horner ±
Emmons reaction. This strategy provides inherent flexibility
in the timing of the necessary operations and also allows for
other ring closure options to be investigated using the same
basic subunits.

In principle the ªlactoneº subunit could be utilized as either
the sulfone component or the aldehyde subunit in the
proposed Julia coupling; the choice shown was made based
upon model studies. The synthesis of this subunit used a
thermodynamic approach for control of stereochemistry at C5
as we have previously described.[8] Thus, condensation of the
aldehyde 6 with the boron enolate of (S)-3-(1-oxopropyl)-4-
(phenylmethyl)-2-oxazolidinone afforded the aldol product[9]

as a single diastereomer, which was reduced with LiBH4 to
afford the diol 7 (Scheme 2). Elaboration to the sulfone 8
followed by oxidative olefin cleavage provided, upon silyation
with TBSCl, the all-equatorial protected lactol 9. The stereo-
chemistry at C5 is thus set in this sequence by the preference
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Scheme 2. Synthesis of the C1 ± C9 subunit. a) Bu2BOTf, Et3N, CH2Cl2,
ÿ78 8C; pH 7 phosphate buffer, 30 % H2O2, MeOH, 86%; b) LiBH4, THF,
MeOH, 0 8C, 90%; c) TsCl, pyr, CH2Cl2, ÿ10 8C, 87 %; d) PhSH, KOtBu,
DMF, RT, 87%; e) Oxone, MeOH/H2O, 0 8C, 100 %; f) OsO4, NaIO4, THF/
H2O, RT; g) TBSCl, imid, CH2Cl2, 0 8C!RT; h) NaBH4, MeOH, 0 8C;
i) TBSCl, imid, CH2Cl2, 0 8C!RT, 55% (4 steps).

for an equatorial disposition of the side chain at C5 in the
hemiacetal form of the hydroxy dialdehyde, which thus
differentiates the two prochiral formyl groups generated by
oxidative cleavage.

The synthesis of the C10 ± C20 subunit was accomplished by
an approach which formally corresponds to sequential
asymmetric aldol condensations of methyl ethyl ketone with
an enal; for purposes of further elaboration the termini of
these enals were differently protected. The synthesis began by
protection of butene 1,4-diol as either the bis-TBS or the bis-
PMB derivative (Scheme 3). Oxidative cleavage of the

Scheme 3. Preparation of the C10 ± C20 subunit. a) TBSCl, imid, CH2Cl2,
0 8C, 99%; b) O3, CH2Cl2, ÿ78 8C, then Ph3P, RT; c) 2-(triphenylphosphor-
anylidene)propionaldehyde, tol, 80 8C; d) PMB-Br, NaH, DMF, 72%;
e) (S)-BINOL, Ti(OiPr)4, TFA, 4 � MS, CH2Cl2, ÿ78!ÿ 20 8C, 65 h,
78%, 99 % ee ; f) TBSOTf, iPr2NEt, THF, 0 8C, 97%; g) OsO4, NMO,
tBuOH, THF, H2O, RT; h) NaIO4, THF, H2O, RT, 74% (2 steps);
i) (MeO)3CH, MeOH, NH4Cl j) TiCl4, iPr2NEt, CH2Cl2, ÿ90 8C, 52%;
k) 1% HCl, MeOH, RT, 95%; l) TBSCl, imid, CH2Cl2, RT; m) MEMCl,
iPr2NEt, CH2Cl2, 0 8C!RT, 93% (2 steps); n) SmI2, MeOH, THF,
0 8C!RT; o) iPr2NEt, TBSOTf, CH2Cl2, RT, 60 % (2 steps).

bis-TBS alkene by ozonolysis yielded the TBS-protected
glyceraldehyde which was homologated by Wittig reaction
with Ph3P�C(CH3)CHO directly to the E-enal 11 in 73 %
overall yield. This material was then used in a catalytic
asymmetric allylation reaction[10] with tributyl-(2-ethylallyl)-
stannane and BITIP-catalysis to afford the alcohol 13 in 78 %
yield and 99 % ee. It is noteworthy that this reaction proved
very amenable to scale since it could be conducted in very
concentrated solution; thus, to process 65 mmol of 11 requires
only 130 mL of solvent. After protection of the free alcohol as
the TBS ether, the terminal methylene group was oxidatively
cleaved to give the ketone 14 in 74 % yield.

In preparation for the next event, the bis-PMB protected
diol was processed by Wittig homologation as described
above to yield the enal 12. This enal was then converted to the
dimethyl acetal 15 and used in an aldol reaction employing the
Evans TiCl4/NEt3 conditions.[11] This afforded what proved to
be the desired aldol adduct 16 as a single stereoisomer.[12, 13]

Reduction of the C15 oxo group proved problematic, as no
hydride reducing agent could be found which would give the
desired stereochemical outcome. Ultimately, application of a
protocol developed for this specific problem proved success-
ful.[14] Removal of the TBS ether and protection of the
hydroxy group as the MEM ether gave 17 in 88 % yield.
Reduction of the ketone by using SmI2 in THF containing
20 equiv of methanol cleanly gave the desired alcohol with
good stereoselectivity (91:9 on small scale, 88:12 on scale up)
and chemical yield. Protection of this alcohol as the TBS ether
provided the C10 ± C20 subunit 18.

The fragment-assembly sequence deemed most promising
commenced by application of our modified Julia protocol to
the coupling of the sulfone 10 with the enal 19, which was
prepared by removal of the TBS group in 18 followed by
MnO2 oxidation (Scheme 4). Condensation of the lithiated
sulfone 10 (metalation with nBuLi in THF) with 19 led to a
mixture of all four possible diastereomeric b-hydroxy sul-

Scheme 4. The initial approach to rhizoxin D. a) HF ´ pyr, THF, 0 8C;
b) MnO2, CHCl3/hexanes, RT, 89 %, (2 steps); c) nBuLi, C1 ± C9 subunit
10, THF, ÿ78 8C; d) Ac2O, DMAP, pyr, RT; e) DBU, CH2Cl2, RT; f) SmI2,
DMPU, MeOH, THF, RT, 70 % (4 steps); g) DDQ, NaHCO3.
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fones, which were processed without purification through a
sequence of acetylation, elimination with DBU, and finally
reduction with SmI2/DMPU/MeOH in THF to give the
desired E alkene as a single geometric isomer in 70 % overall
yield. However, we were unable to remove the PMB
protecting group in this intermediate and thus were forced
to reverse the order of coupling, thus the oxazole ± triene
segment was incorporated first.

The PMB group in 18, in contrast, was easily removed by
reaction with DDQ and bicarbonate buffer in 98 % yield.
After MnO2 oxidation, condensation with the oxazole ± sul-
fone 3[15] (metalation with Li-HMDS), and processing as
described above afforded the desired triene 23 as a single
geometric isomer and in 73 % overall yield (Scheme 5).

Selective removal of the primary TBS group followed by
oxidation using MnO2 afforded the enal 24, which was utilized
in a second such Julia sequence with the sulfone 10 as
described above (anion formation with nBuLi) to give 25 in
84 % overall yield, again as a single E isomer. Selective
removal of two of the three TBS groups was easily accom-
plished using HF-pyridine, and oxidation with TPAP-NMO in
acetonitrile afforded the desired lactone aldehyde in 51 %
yield from 25. Removal of the final TBS group in the presence
of the aldehyde proved difficult but could be accomplished in
50 % yield using HF-pyridine. Phosphorylation of the ob-
tained alcohol with ClC(O)CH2P(O)(OEt)2 provided the
phosphonate 26 necessary for intramolecular Emmons reac-
tion, which was accomplished in 87 % isolated yield using the
general procedure of Roush and Masamune et al. (LiCl,
Hünig�s base, CH3CN).[16] Finally, removal of the MEM ether
using bromodimethyl borane in 1:1 THF/CH2Cl2 afforded
rhizoxin D, with spectral data in excellent agreement with
those previously reported.[2,17]
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During the past four years, several groups have reported a
diverse array of interesting approaches to the development of
nonenzymatic acylation catalysts for the kinetic resolution of
alcohols, and certain classes of alcohols can now be resolved
with useful levels of stereoselection (selectivity factor s�
10).[1±3] Amines comprise a second important family of
substrates,[4] but, unfortunately, there has been no significant
progress in the development of nonenzymatic acylation
catalysts for their kinetic resolution, although some advances
have recently been made in the discovery of enantioselective
stoichiometric acylating reagents.[5] Here we describe the first
effective nonenzymatic acylation catalyst for the kinetic
resolution of amines [Eq. (1)],[6, 7] and we present preliminary
mechanistic data.
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In earlier studies, we established that planar-chiral DMAP
derivatives such as PPY* can serve as useful catalysts for
several different enantioselective acylation processes, includ-
ing the kinetic resolution of secondary alcohols (DMAP� 4-
dimethylaminopyridine).[8] Our initial efforts to extend this

Fe

R'R'

R' R'

R'

N

R2N

NR2 = dimethylamino, pyrrolidino
R' = Me, Ph

NR2 = pyrrolidino, R' = Me: (–)-PPY* (1)

work to the acylation of amines were stymied by the
nucleophilicity of the amineÐit appears that, rather than
awaiting the intervention of the enantiopure catalyst, the
amine instead reacts directly with the acylating agent. As
illustrated in Table 1, a variety of common reagents acylate
(�)-1-phenylethylamine with essentially no stereoselection in
the presence of (ÿ)-PPY*.[9]

As a fortunate consequence of our studies of enantioselec-
tive rearrangement processes,[8c] we discovered an acylating
agent, an O-acylated azlactone, that reacts much more rapidly
with PPY* than with a primary amine. With this acylating
agent, we observed a significant level of stereoselection in the
kinetic resolution of (�)-1-phenylethylamine catalyzed by
enantiopure PPY* [Eq. (2)].[10]
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Optimization studies produced an enhancement in stereo-
selection, primarily as a result of the temperature dependence
of the selectivity. Thus, by conducting the reaction at ÿ50 8C
and adding the acylating agent in two batches, we can resolve
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Table 1. Reaction of (�)-1-phenylethylamine with common acylating
agents in the presence of (ÿ)-PPY*.
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