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group and the second by the (p-aminobenzoyl)-L-glutamate. These
planes meet at an angle of 84°. The a-carboxylate lies nearly
in the latter plane while the y-carboxylate is folded back and lies
roughly parallel to the same plane. The conformation of the
glutamate portion of methotrexate is different than that seen for
the bound forms.® Considerable variability is observed in the
confomation of the bound forms so there is evidently a large degree
of conformational freedom in this part of the molecule.

The conformational parameters of most direct relevance to the
binding of methotrexate are the three torsion angles (74, 75, and
74) through the pteridine to p-aminobenzoyl linkage. Two of these
angles, 7, and 7,, are similar to those observed in methotrexate
bound to DHFR while 7, is approximately 180° different.’ Thus,
the conformation observed here, for methotrexate, is similar to
that suggested for bound dihydrofolate? that is, with the pteridine
ring flipped over. It is possible that the conformation in the crystal
is stabilized by the ring stacking or hydrogen bonding interactions
described above. However, the constancy of the 7, and 7, torsion
angles over three independent determinations of methotrexate
bound to DHFR? and in the present structure suggests that this
conformation is a potential energy minimum. Likewise, the two
alternative dispositions of the pteridine ring appear to represent
preferred geometries. These results are in disagreement with
theoretical studies,’ and are therefore of importance to those
attempting to design new inhibitors of DHFR.
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The polyepoxide cyclization mechanism of Westley and Cane
for the biosynthesis of polyether antibiotics is appealing because
of the simplicity with which the stereochemically complex poly-
tetrahydrofuranoid segments are assembled from a basically
achiral polyolefinic precursor.! While several previous synthesis
of these materials have used such cyclizations in a stepwise
manner,? the most effective route of this type would require only
two steps from polyolefin, namely, polyepoxidation and poly-
cyclization. In this paper we describe the direct preparation of
a triepoxide closely related to the C9—C23 segment of monensin
B from a triene precursor and its acid-catalyzed polycyclization
to tristetrahydrofuranoid material (Scheme 1).}
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The key synthetic problem of the polyene—polyepoxide—polyether
approach is stereochemical control of the polyepoxidation. While
enantioselective epoxidation offers a potential solution, current
chiral epoxidation methodology necessitates adjacent hydroxyl
groups and the fact that the disubstituted C20-C21 epoxide differs
from the two trisubstituted epoxides enantiomerically in monensin
makes such a scheme impractical. A more effective approach
would use resident chirality at C18 and C22 of the monensin B
triene for epoxidation stereocontrol.

Preparation of the appropriate triene follows established
methodology and begins with hydroxypentenoic ester 1. The
second chiral center is established by 8-hydroxy ester dianion
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alkylation (stereoselection ca. 20:1),% and ester enolate Claisen
rearrangement® via the Z-enol silyl ether separates the two
asymmetric centers to give 3. Stereocontrol in the rearrangement
sequence was modest yielding a 4:1 mixture of diastereomers as
a result of production of both Z and £ ketene acetals (4:1) im-
mediately prior to the rearrangement step. The identity of the
major product as 3 was established by its conversion to meso-
2,6-dimethylheptane-1,7-diol.® Standard Claisen methodology
via 4 and 5 gave the triene 6.

To allow the two chiral centers of triene 6 to control the required
epoxidations efficiently, conversion to the corresponding 16-
membered macrolide was carried out via the Mukaiyama pro-
cedure’ (1 mM in CH,CN, reflux, 1 h) yielding 7 in 68% yield
(Scheme II). The macrolide was still a 4:1 diastereomeric
mixture, but when it was epoxidized (MCPBA, NaHCO,,
CH,Cl,), a single triepoxide 8 was isolated by crystallization in
59% yield (74% based on diastereomerically pure 7). Its X-ray
structure is shown in Figure 1 and indicates that the two tri-
substituted epoxides have the correct stereochemistry for monensin
B and that the disubstituted epoxide is epimeric. The origin of
the stereoselection observed is difficult to ascribe with confidence
due to the kinetically controlled nature of the epoxidations.
Furthermore, the flexibility of our 16-membered macrolide with
its nine independent low-barrier torsional angles makes even a
60° resolution conformational analysis of the triene ground state
impractical on a .34 MFLOP computer like a VAX 11/780.

To distinguish more clearly the product distribution from 7
itself, triepoxide 8 was deoxygenated (N,C(CO,Me),, Rhy(OAc),,
PhCH,)® back to diastereomerically pure 7 and reepoxidized.
High-field NMR showed a 20:1:1 mixture of triepoxides and
demonstrates that the triepoxidation is highly stereoselective for
8.

Although our triepoxide differs stereochemically from monensin
B at one of the three epoxides, its polycyclization behavior provides
strong support for the feasibility of the polyepoxide cyclization
approach to the polyether antibiotics. Thus when 8 was saponified
and worked up with excess HOAc, spontaneous cyclization to
crystalline 9 (mp 89-90 °C) occurred in 94% yield.* The tricyclic
structure shown was confirmed by X-ray crystallography (Scheme
11I).

To use such a scheme for natural ionophore synthesis, it will
be necessary to alter the conformation of the macrocyclic triene
and this will be the subject of further papers.!°
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There has been considerable interest in the chemistry and
biology of the polyether class of ionophores.> Recent studies on
the biosynthesis of these materials by Cane, Celmer, and Westley
led to the proposal that ether ring formation proceeds via polyene
epoxidation and subsequent epoxide ring opening (eq 1).°
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Nonbiological methods to mimic this process in a direct manner
must address the absence of polar “directing” functionality? (e.g.,
hydroxyl substituent) in the vicinity of the olefin. One such method
has emerged from a combination of studies on the conformational
preferences and stereoselective reactions of macrocycles® and the
directing property of a methyl substituent at allylic positions of
unsaturated macrocycles. In the latter study Vedejs and Gapinski
reported that the epoxidation of an olefin containing the sub-
stitution pattern shown in eq 2 provided a single epoxide with the
indicated stereochemistry. To address the problem of ionophore
synthesis, we reasoned that a macrocycle containing a 1,5-diene
could adopt the local conformation 2 (eq 3) that is free of torsional
strain. Peripheral epoxidation® would result in the preferential
formation of the syn-bisepoxide, a structural unit contained within
the putative biogenetic intermediate. Herein we report on several
applications of these principles that employ macrolides as templates
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