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I. Introduction

The polyene macrolide antibiotics are a large group
of natural products with over 200 members. Several
members of this class, such as amphotericin B,
nystatin, and pimaricin, are important antifungal
agents and have been used extensively in medicine.
The resurgence of life-threatening fungal infections
has renewed the interest in antifungal agents,! and
polyene macrolides are still some of the most effective
clinical antifungal agents known. All of these natu-
ral products are macrolides that incorporate a con-
jugated polyene ranging from three to seven double
bonds in length. They also contain a polyol section
made up of a sequence of 1,2-, 1,3-, and 1,4-diols, with
1,3-diols being the most common. Several members
of this class have a sugar, usually the amino sugar
D-mycosamine, attached by a §-linkage to one of the
alcohols in the macrolide ring. The polyene mac-
rolide antibiotics can be further divided into two
groups: those that have the polyene across the ring
from the lactone carbonyl and those that have the
polyene in conjugation with the lactone. This review
will be restricted to the latter group, usually de-
scribed as the oxo polyene macrolides, and covers the
period from 1984 through 1994.

Several reviews have been published describing the
isolation, synthesis, and biological activity of the
polyene macrolide antibiotics. A definitive review on
the isolation and structure of the polyene macrolide
antibiotics was published by Omura in 1984.2 Poly-
ene macrolide antibiotics such as amphotericin B are
believed to exert their antifungal activity by forma-
tion of ion channels in cell membranes. The biologi-
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cal activity of amphotericin B and other polyene
macrolides has been extensively reviewed.? Small
polyene macrolide antibiotics do not form ion chan-
nels but rather disrupt membranes through less
specific interactions.? Most of the oxo polyene mac-
rolides fall into this category with the notable excep-
tion of roflamycoin, which has been shown to form
sterol-dependent ion channels similar to those ob-
served with amphotericin B.* These articles should
be consulted for more information on the biological
activity and antifungal activity of the oxo polyene
macrolide antibiotics.

The structure and especially the stereochemical
configuration of the polyene macrolides has been an
area of active research since Omura’s review. At that
time amphotericin B was the only polyene macrolide
for which a complete three-dimensional structure was
known; its X-ray crystal structure was reported in
1970.5 By 1984 the constitution of approximately 40
other polyene macrolides had been established through
classic degradation studies, NMR spectroscopy, and
analyses of mass spectra fragmentation patterns.?
Since 1984 the stereochemical configuration of 10
polyene macrolide antibiotics have been determined
by a variety of methods, and structures for all of these
except the oxo polyenes are illustrated in Chart 1.
An excellent review article by Beau summarizes this
work through 1989.7 The partial configuration of
lienomycin was established by degradation, NMR

© 1995 American Chemical Society
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Chart 1. Structures and Configurations of Polyene Macrolide Antibiotics
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spectroscopic analysis, synthesis and correlation of
fragments, and CD analysis of a derivative.! The
complete structures of mycoticin A and B were
determined by Schreiber’s group, and their analysis
is described in detail below.® The stereochemical
structure of roxaticin was determined by Maehr's
group in only the second X-ray crystal structure of a
polyene macrolide antibiotic derivative.l® The con-
figuration of both nystatin and pimaricin were de-
termined by Beau’s group using chemical degradation
and extensive NMR spectroscopic analysis.!! The
configuration of pentamycin was determined by Oishi
and Nakata using a systematic degradation of the
polyol chain combined with NMR analysis.!? The
configuration of roflamycoin was determined by
Rychnovsky’s group using degradation and 13C NMR
acetonide analysis, and is described in more detail
below.!® In an impressive display of the advances in
NMR techniques, the configuration of candidin was
determined by Borowski’s group using only NMR
spectroscopic analysis.!* Most recently, the config-
uration of filipin III was identified by Rychnovsky’s
group using ¥C NMR acetonide analysis.'> Recent
structural work on the oxo polyene macrolides will
be described below; for other polyene macrolide
structure assignments, Beau’s review and the origi-
nal literature should be consulted.

The polyene macrolide antibiotics are challenging
targets for synthetic chemists. The early work in this

area focused exclusively on amphotericin B because
it was the only polyene macrolide with a completely
established structure from 1970 until 1987. Many
groups worked on the synthesis of amphotericin B,
but the only total synthesis was reported by Nicolaou
in 1987.16 Another notable achievement in this area
was the total synthesis of amphoteronolide B by
Masamune’s group in 1988.17 The synthetic work
directed toward the preparation of amphotericin B
has been reviewed.”'® Recent developments in the
synthesis of alternating polyol chains have also been
reviewed.!®

Il. Isolation and Constitution of Oxo Polyene
Macrolides

The oxo polyene macrolide antibiotics have been
isolated from actinomyces soil bacteria, usually of the
genera Streptomyces. The oxo polyene macrolides are
listed in Table 1, and their structures, where known,
are presented in Chart 2. Table 1 is organized by
molecular formula so that stereocisomers are grouped
together. The molecular formulas for AB 3152 and
nigrofungin?' have not been reported, but each was
classified as an oxopentaene macrolide on the basis
of its UV spectrum. The smallest member of the
class is roxaticin, which is coproduced with the
mycoticins.!® RK-397 was recently isolated by Osa-
da’s group and has the constitution of 14-desmethyl
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mycoticin A, although its configuration has not been
established.??

Myecoticin played an important role in the under-
standing of the oxo polyene macrolides. Mycoticin
was the first of the oxo polyene macrolides isolated,?
and it was the first to have its flat structure deter-
mined.?* The biosynthesis of mycoticin was studied
by Wasserman who found, not unexpectedly, that the
carbon skeleton was made up of acetate and propi-
onate units.?®> Mycoticin was also the first oxo
polyene to have its stereochemical configuration fully
elucidated.? Myecoticin A and B are apparently
widespread secondary metabolites in soil bacteria.
Although originally isolated from Streptomyces ruber,
they have subsequently been isolated from Strepto-
myces flavofungini and called flavofungin A and B.%6
The flavofungins were later found to be identical with
the mycoticins.?’” They have also been isolated from
Streptomyces sp. B1829 and called fulongmycin A and
B.22 The structure diagram in the fulongmycin
isolation paper shows a (Z)-C10—C11 double bond,
but it is clear from the discussion that fulongmycin
A and B are identical with mycoticin A and B. The
structures of faeriefungin A and B, isolated form
Streptomyces griseus var. autophicus, present a prob-
lem.?? They are described as stereoisomers of the
mycoticins on the basis of differences in their biologi-
cal activity, CD spectrum, and optical rotation. The
optical rotations and CD spectra can be very mis-
leading in oxo polyenes because of the presence of
olefin isomers. For example, the mycoticins undergo
E/Z isomerization on exposure to light, and the
optical rotation has been reported to range between
+63.4° and —41.3° depending upon the duration of
light exposure.?® Thus the optical rotation and CD
spectra are very misleading indicators for structural
comparison. On the other hand, the reported 3C
NMR spectrum for faeriefungin A in DMSO is virtu-
ally superimposable with that reported for flavofun-
gin A (mycoticin A) with the largest difference in
chemical shift only 0.6 ppm.3! Without a clear-cut
difference in an easily reproducible physical mea-
surement, one must conclude that faeriefungin A and
B are identical to mycoticin A and B.

The structure of surgumycin was determined by
Shenin and contains a 1,2,4-triol unit reminiscent of
amphotericin B.32 Shenin also determined the struc-
ture of roseofungin,?® which undoubtedly exists as a
cyclic hemiacetal rather than as a diketone. The
structures of dermostatin A and B were worked out
by Reinhart’s group and appear to be higher ho-
mologs of the mycoticins.?* Indeed, Maehr’s group
has proposed that the dermostatins share the same
stereochemical structure as roxaticin and the myco-
ticins, but the configurations of the dermostatins
remain unknown.’® Roflamycoin, originally called
flavomycoin, was first isolated by Schlegel’s group
from Streptomyces roseoflavus,®® and has been reiso-
lated from Streptomyces maghwi.?® The flat struc-
ture was determined in collaboration with Borowski’s
group,’” and the configuration of roflamycoin was
determined by Rychnovsky’s group.!? The molecular
formulas for brunefungin and flavopentin have been
reported, but their constitutional structures have not
been determined.38
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Chart 2. Structures of Oxo Polyene Macrolide Antibiotics
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In Omura’s 1984 review the constitutional struc-
tures were known only for mycoticin, dermostatin,
and roflamycoin, and the stereochemical configura-
tions were all unknown. In the last 10 years four
more constitutional structures have been determined.
New methods and strategies have been developed for
the stereochemical elucidation of polyol chains, and
this has resulted in configurational assignment for
four oxo polyene macrolide antibiotics since 1984.

lll. Configuration of Oxo Polyene Macrolides

A. Configuration of Mycoticin

The configuration of mycoticin was determined in
Schreiber’s lab by a combination of chemical deriva-
tization, NMR spectroscopic analysis, and synthesis
of degradation fragments. Several derivatives were
prepared as illustrated in Scheme 1 and studied by
NMR spectroscopy.®»® The most informative of these
was the tetraformal 5 (R = H and Me). All of the
carbinol methine signals were resolved in the 'H
NMR spectrum and each could be assigned by COSY
analysis. It was assumed that each of the four 1,3-
dioxane rings adopted a chair conformation, and the
relative configuration of the two stereogenic centers
in each ring were assigned by NOE experiments.
NOE studies also showed that the C14 methyl group
was anti to both the C13 and C15 oxygens, which
confirmed the assignment on the basis of coupling
constants in the tetraacetonide 3.

OH OH OH OH OH OH
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Oxidative degradation was used to produce smaller
fragments for NMR study and direct correlation
(Scheme 1). Myecoticin A and B were protected as
tetraacetonides and then oxidized with ozone. Re-
duction with NaBH, and acetylation gave a single
tetraacetonide 3 and two acetylated diols, 1 and 2.
The isolation of a single tetraacetonide indicates that
both mycoticin A and B share a common partial
structure in the C11—C28 region. Mycoticin A and
B differ by the presence of an extra methylene group
in mycoticin B; the degradation fragment 1 arose
from mycoticin B while the degradation fragment 2
arose from mycoticin A. The structure and configu-
ration of both 1 and 2 were determined by direct
correlation with derivatives prepared by the Evans
aldol reaction. Tetraacetonide 8 was too complex to
have its structure confirmed by correlation with
synthetic material, and so a new degradation se-
quence was developed.

The octaacetate of mycoticin was prepared and
treated with DBU to eliminate the C13 acetate
(Scheme 1). Ozonolysis followed by reduction and
acetylation gave the saturated peracetate 4. Com-
pound 4 was further degraded by hydrolysis and
periodate cleavage of the C27—C28 bond. Reduction
and acetonide formation gave the key tetraacetonide
8. The relative configuration of C13—C14, C14—C15,
C17-C19, and C21-C23 were known from analysis
of tetraformal 5. What remained to be determined
were the relationships between C15—C17, C19—C21,
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Scheme 1
1. Acetone, TsOH Me Me svn antl . anti
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and C23—C25 and the absolute configuration of the
material. Thus degradation product 6 was one of 16
possible stereoisomers and one of 8 possible diaster-
eomers. Schreiber and Goulet choose to assign these
centers by stereoselective synthesis of the likely
isomers and direct correlation with the degradation
fragment 6. The first stereoisomer of 6 that they
synthesized had an anti relationship between C15
and C17 and did not match the natural material. The
NMR spectra of synthetic and natural 6 showed
significant differences in the protons around C15, and
Schreiber concluded that the synthetic anti configu-
ration between C15 and C17 was incorrect. Thus
four possible stereocisomers of tetraacetonide 6 with
a syn relationship at C15—C17 remained: tetraacet-
onides 17—20 in Scheme 3.

The synthesis of the sterecisomers of tetraacet-
onide 6 were designed using Schreiber’s two-direc-
tional chain strategy®® and Brown’s enantioselective
allylboron reagents.®® Syntheses of all four isomers
was planned so as to proceed through the common
intermediate 11. The preparation of 11 followed the
route outlined in Scheme 2.4' A random mixture of
all possible stereoisomers of diepoxide 7 was treated
with vinylmagnesium bromide and Cul. The result-
ing mixture of stereoisomers was separated, and the
syn isomer was protected as an acetonide. Ozonoly-
sis, addition of vinylmagnesium bromide, and repro-
tection using Noyori’s procedure*? gave tetraacet-
onide 9. The all-syn relative configuration was set
by equilibration of the corresponding dialdehydes
before reduction to give diol 10. Both Stork*® and
Schreiber? had previously used this strategy with
aldehydes or ketones adjacent to 1,3-dioxane rings
to establish syn 1,3-diol relationships, and Nakata
and Oishi’s convergent synthesis of alternating polyol
chains was based on the same equilibration strat-
egy.® Details for the conversion of 10 to 11 have not
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6

been reported.*! Acetonide 10 could also have been
prepared by dual 1,2-Wittig rearrangement of the
corresponding diallyl ether, but this rearrangement
has not been reported for the tert-butyldimethylsilyl
(TBS)-protected substrate that would give 11.46 Meso
diol 11 was desymmeterized using the Sharpless
asymmetric epoxidation (SAE).#” Payne rearrange-
ment followed by cuprate addition gave triol 12, the
last common intermediate for tetraacetonides 17—
20.

All of the remaining stereogenic centers were
introduced using the enantioselective B-allyldiisopi-
nocampheylborane reagents developed by Brown,
4IpceB(allyl) or UpcyB(allyl).#® The synthetic routes
are very similar for each of the tetraacetonides and
only the synthesis of 19 will be discussed in detail.
The configuration at C21 in 12 was incorrect; it was
inverted by cleaving the C21—C22 diol with periodate
and adding ‘IpcsB(allyl) to the resulting aldehyde.
Reprotection gave alkene 15. A standard homologa-
tion sequence was used next: ozonolysis, allylation,
in this case with 4Ipc,B(allyl), and reprotection gave
16 in 60% overall yield as a 11:1 mixture of stereoi-
somers at the newly formed C23 center. Repeating
this sequence once more on 16 introduced the final
stereogenic center for tetraacetonide 19 (Scheme 3).
Oxidative cleavage of the alkene followed by reduc-
tion and reprotection under vigorous conditions gave
the tetraacetonide 19. Tetraacetonide 19 had a 'H
NMR spectrum identical with that of the natural
degradation fragment 6. This established the rela-
tive configuration of the stereogenic centers in 6, and
the absolute configuration was determined by com-
paring the CD spectra of the corresponding octaac-
etate. Compound 6 turned out to be the enantiomer
of 19. The complete stereochemical assignments for
mycoticins A and B are illustrated in Chart 2. The
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stereochemical determination of the mycoticins dem-
onstrated the power of modern synthetic methods in
structure assignments.

B. Configuration of Roxaticin

The structure determination of roxaticin was un-
ambiguous. Maehr’s group at Hoffmann-La Roche
solved the X-ray crystal structure of the roxaticin
heptaacetate, Figure 1.1° This was only the second
X-ray structure reported for any polyene macrolide
antibiotic, the first being that of an amphotericin B

OH4 OR OR OH

3. Og; then NaBH4
,H* (81%)

Rychnovsky
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20

derivative in 1970.5 The absolute configuration was
assigned by chemical degradation rather than crys-
tallography as outlined in Scheme 4. Ozonolysis of
natural roxaticin followed by hydrogenation of the
ozonide and borohydride reduction gave a mixture
of polyols from which the diol 21 was isolated in 13%
overall yield. Comparison of the optical rotation with
that reported in the literature allowed 21 to be
assigned the (S,S) configuration, and roxaticin the
configuration shown in Scheme 4.

Maehr recognized that mycoticin and roxaticin had
the same relative and absolute configurations in the
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Figure 1. Roxaticin heptaacetate X-ray crystal structure.
The acetates have been omitted for clarity.

Scheme 4
CHa

! NN AOH
1. Og; ) OH

3
29
H,, PA/C L o

< - 2.NaBH, O
OH OH OH OH OH (13%) 21

Natural (+)-Roxaticin

polyol chain and suggested that other polyene mac-
rolides might share the same stereochemical pattern.
Presumably the oxo polyene macrolides were as-
sembled by similar enzymatic pathways that would
lead to identical polyol configurations. Maehr sug-
gested that roflamycoin and dermostatin may share
the same configuration as mycoticin and roxaticin in
the overlapping polyol sequence. The stereochemical
assignment of roflamycoin, described below, showed
that Maehr’s proposal was incorrect, and the question
remains unresolved with respect to the configurations
of dermostatin A and B.

Chemical Reviews, 1995, Vol. 95, No. 6 2027
C. Configuration of Roflamycoin

The stereochemical assignment of roflamycoin was
carried out in Rychnovsky’s group using chemical
degradation and the 3C NMR acetonide method to
assigning relative configurations.!® Rychnovsky’s
group has shown that the 3C NMR signals of the
methyl groups in syn 1,3-diol acetonides occur at 19
and 30 ppm, whereas the 13C NMR signals of the
methyl groups in anti 1,3-diol acetonides occur at 25
ppm.*® The syn 1,3-diol acetonides adopt a chair
conformation with one methyl axial (19 ppm) and one
methyl equatorial (30 ppm).* The anti 1,3-diol
acetonides adopt a twist-boat conformation with
“local” Cy symmetry, and both methyl groups have
the same chemical shift at about 25 ppm. This
analysis was later extended to polypropionate chains
by Evans.5®

Natural roﬂamycom was treated with Dowex and
methanol to form the C17—C21 spiroacetal and then
acetylated to give 22. Coupling constants were
analyzed to determine that the relative configura-
tions at C13—15 and C19—C21 are anti, and NOESY
analysis on spiroacetal 23, vide infra, allowed the
relative configuration at C15—C19 to be assigned as
syn. Diacetonide 23 was prepared from the spiro-
acetal by treatment with acetone, 2,2-dimethoxypro-
pane (2,2-DMP) and camphorsulfonic acid (CSA)
followed by acetylation. A mixture of three isomeric
diacetonides was produced, and isomer 23 was sepa-
rated from the other two by reversed-phase HPLC.
The position of the acetate in the C23—C31 section

Scheme 5
1. Dowex (HY)
MeOH
2. Ac,0, DMAP >
OH OH OH OH OH OH OH OAc OAc OAc OAc OAc O° OAc
Natural Roflamycoin 22
.-~OAC 31 27 21 OAc
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351 o
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< MK 150
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1. NaBH, EI 4. TBSOTH, lutidine
2. Separate 5.LAH 1. Acetone, PPTS
3. Acetone, CSA g- _"r'f'BSE": DMAP 2. Bz,0, DMAP

OOOOOOOO

NN XX

1 syn and 4 anti
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26
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Figure 2. Summary of the relative stereochemical assignments for natural roflamycoin. An “S” indicates a syn relative
configuration and an “A” indicates an anti relative configuration.

Scheme 6

OH OH OH OH OH OH OH

Natural Roflamycoin
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31 27
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’Tsyn and 1 anti acetonides I
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was identified as C27 by COSY analysis. The 3C
NMR analysis showed peaks at 30.65, 30.48, 19.54,
and 19.47 ppm that are only consistent with a syn
stereochemical relationship at C23—C25 and C29—
C31. Reduction of the ketone at C17 in roflamycoin
followed by separation of the C17 epimers and
acetonide formation gave pentaacetonide 26. Pen-
taacetonide 26 showed four anti and one syn 1,3-diol
acetonide rings by 13C NMR analysis, The C29—-C31
relationship had already been shown to be syn, so
the remaining four relationships (C13—-C15, C17—
C19, C21-C23, and C25—C27) must be anti.

A more elaborate oxidative degradation sequence
was developed to identify the relative configuration
at C34 and C35. Spiroacetal formation, silylation,
and ozonolysis followed by sodium borohydride re-
duction cleaved the polyene chain and left the C35
alcohol protected as a lactate ester. Reduction with
LAH removed the C35 ester and mesylation followed
by treatment with tetrabutylammonium fluoride
solution (TBAF) led to the formation of a C31-C35
tetrahydropyran 24. Acetylation gave compound 25,
and analysis of the coupling constants in the tet-
rahydropyran fragment led to the assignments shown
for the relative configuration between C31, C34, and
C35. The final assignment between C27 and C29
was made by preparing diacetonide 27 from tetrahy-
dropyran 24. Diacetonide 27 showed 3C NMR

«OH 4 NaBH,
: 2. Separate
\\\\ C17 epimers

3. Acetone, CSA

28 2 syn and 3 anti
acetonides

1. Qg NaBH,
2. TBSOT, 2,6-lutidine
3. LAH
4, MsCl, DMAP

1. Dowex ~OMs TBSO o) \A

35
MeOH 0
2. TBAF 27 21 15
3. Acetone,

2,2-DMP,CSA O0_ O

~ oxé éxo éxé
29

signals characteristic of two syn 1,3-diol acetonide
rings, and this final determination completed the
relative stereochemical assignment of roflamycoin.
The analysis is illustrated in Figure 2, where five
derivatives led to the assignment of the indicated
stereochemical relationships. Overlapping acetonide
rings in different derivatives are the key to assigning
the relative configuration of a polyol chain using the
13C NMR acetonide method. The absolute configu-
ration at C35 was determined to be S by the ad-
vanced Mosher method,5! and the complete configu-
ration of natural roflamycoin is illustrated in Chart
2.

The configuration of roflamycoin was confirmed by
the total synthesis of the degradation fragment 30.1%
The degradation sequence leading to 26 also gave
pentaacetonide 28 (Scheme 6). Oxidative degrada-
tion of 28 followed by reduction and mesylation gave
mesylate 29. Deprotection and treatment with base
led to cyclization of the C31 alcohol onto the C35
mesylate to give pentaacetonide 30 after protection.
As expected, 3C NMR analysis showed 1 anti and 4
syn acetonides (including the terminal acetonide) and
was consistent with the assigned configuration. The
synthesis of 30 is outlined in Schemes 7—9.

Syntheses of the optically pure fragments leading
to 30 are shown in Schemes 7 and 8. Noyori
enantioselective hydrogenation of diketone 31 gave
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the optically pure, crystalline anti diol 32. KOH
treatment gave diepoxide 38 that could be further
converted into dibromide acetonide 34. Diepoxide 33
is a very useful precursor to anti 1,3-diols, and
dibromide 34 is an important precursor to protected
anti 1,3-diols.?? The preparation of dinitrile 37 began
with the addition of hexynyllithium to diepoxide 33.
Protection, Lindlar’s hydrogenation, and ozonolysis
gave the dialdehyde 36. Cyanohydrin formation and
acetonide protection gave a mixture of dinitrile
stereochemical isomers 87. Tetrahydropyran 44 was
prepared from diol 38 as illustrated in Scheme 8. Diol
38, which can be prepared by Evans’s aldol chemis-
try, was converted to sulfone 39 using standard
methods. The anion of 39 was alkylated with bro-
mide 40, itself prepared from D-mannitol. Reductive
desulfonation followed by standard transformations
gave bromo tetrahydropyran 44. The final fragment,
cyanohydrin 48, was synthesized from hydroxy ester
45. Ester 45 was prepared using a Noyori asym-
metric hydrogenation.5® Reduction, acetonide forma-
tion, and hydrogenolysis of the benzyl ether gave the
chiral alcohol 46. Oxidation and enantioselective
allyl addition using ‘Ipc;B(allyl) introduced the sec-
ond stereogenic center. Oxidation of alkene 47 to an
aldehyde, cyanohydrin formation, and reprotection
with 2,2-dimethoxypropane (2,2-DMP) and camphor-
sulfonic acid (CSA) gave diacetonide 48. These four
compounds were the precursors to 30.

The preparation of 30 used the cyanohydrin acet-
onide chemistry previously developed by Rych-
novsky’s group.5* Deprotonation of 37 and alkylation
with 44 gave the coupled fragment 49 in modest yield
as illustrated in Scheme 9. Effective monoalkylation
of dinitrile 37 remains an unsolved problem. The
other half of 30, bromide 50, was prepared by
deprotonation of 48 and alkylation with dibromide
34. The two halves were coupled by deprotonation
of 49 and alkylation with 50 to give 51. Reductive

decyanation of 51 gave 30 in very good yield. Syn-
thetic pentaacetonide 30 was identical to degradation
product 30 by 'H NMR spectroscopy, confirming the
stereochemical assignment of roflamycoin. The syn-
thesis of 80 appeared in 1995, making it the most
recent approach to a complex polyol chain to be
discussed in this review.

IV. Syntheses of Oxo Polyene Macrolides
A. Synthesis of Mycoticin

The first total synthesis of an oxo polyene mac-
rolide antibiotic was the synthesis of mycoticin
reported by Schreiber’s group in 1993.5% As with
Schreiber’s earlier preparation of mycoticin degrada-
tion fragments, his total synthesis was designed
around a two-directional chain synthesis strategy.?®
The mycoticin synthesis has appeared only as a
communication, and routes for the preparation of
compounds 52, 53, and 54 have not been reported.
However Mori subsequently reported a synthesis of
roxaticin that made use of both 53 and 54, and he
has published a route to 53 that is summarized in
the roxaticin discussion.

The central fragment of mycoticin was prepared
using a class B (C; symmetric) two-directional chain
synthesis as illustrated in Scheme 10.3? The sodium
anion of a-keto sulfone 55 was acylated with mixed
anhydride 56 followed by reductive desulfonation
with zinc metal to give the symmetric S-diketone 57
in 64% overall yield. Noyori asymmetric hydrogena-
tion gave a Cz symmetric 1,3-diol that was protected
as a cyclic acetaldehyde acetal. Birch reduction
followed by ozonolysis gave the bis S-keto ester 58.
A second Noyori asymmetric hydrogenation followed
by protection of the polyol as a diacetonide, in situ
DIBAL-H reduction and trapping with excess vinyl
Grignard reagent, and reprotection gave the triacet-
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onide 59 as a mixture of stereoisomers in 30% overall
yield. The stereochemical mixture was equilibrated
to a single dialdehyde stereocisomer by ozonolysis and
treatment with base. This strategy was used previ-
ously in the synthesis of syn diol 11. Reduction gave
a C, symmetric diol that was desymmetrized by
treatment with 1 equiv of TBSCI in 49% yield. This
statistical monoprotection gave unprotected and bis-
protected diol that could be recycled. Sharpless RuQ,
oxidation followed by coupling with N,O-dimethyl-
hydroxylamine gave the Weinreb amide 61 in 15
steps from the sulfone 55.

The components of mycoticin were brought to-
gether in the series of reactions illustrated in Scheme
11. Vinyl bromide 52 was metalated with ¢-BuLi and
added to Weinreb amide 61 in 71% yield. Luche
reduction gave a 1:1 mixture of stereoisomers at the
C16 alcohol center. Ozonolysis and mesylation of the
C16 alcohol set up a lithium in ammonia reduction
that removed the C16 mesylate and the p-methoxy-
benzyl (PMB) ether at C13. The C15 ketone was also
reduced in this unusual dissolving metal reduction
to give the R alcochol with >15:1 selectivity. A
multistep reprotection followed by Swern oxidation
gave the aldehyde 63. Aldehyde 63 was identical to
material prepared from natural mycoticin (see Scheme
1) and the remainder of the synthesis was completed
with material derived from degradation. Julia cou-
pling with the sulfone 53 proceeded in 30% overall
yield to give the E alkene 64. The C11 aldehyde was
prepared in several steps and coupled with the
polyene phosphonate 54 to give the pentaene ester
65. The macrolactonization was carried out on the
corresponding hydroxy acid using Yamaguchi’s pro-
cedure in 20% overall yield. Final deprotection with
1,3-propanediol and acidic Dowex resin completed the
synthesis of (+)-mycoticin. The synthesis was com-
pleted in 35 steps from sulfone 55. Most of the

14“0 2. CI3H206COC|, Eth
- Me
3. Toluene, A (20%)
4., 1,3-Propanediol,
Dowex-H* (75%)

Chemical Reviews, 1995, Vol. 95, No. 6 2031

1. Li°, NHz, NaH,PO,
2. 2,2-DMP, H* (58%)

3. TBAF
4. TBSC!
5. Swern Oxidation (39%)

2. Dess-Martin

3. DDQ (69%)
4. LHMDS, 54

OH OH OH OH OH OH
Mycoticin A

stereochemistry was set using Noyori asymmetric
hydrogenations and substrate-based stereoselective
reactions. Protecting group manipulations added a
number of steps to the synthesis, and the macrolac-
tonization proceeded in modest yield. The synthesis
of mycoticin demonstrates the advantages of a two-
directional chain synthesis strategy but leaves room
for improvement in the handling of protecting groups
and in the cyclization strategy.

B. Synthesis of (—)-Roxaticin

The first total synthesis of roxaticin was reported
in 1994 by Rychnovsky’s group.5¢ The synthesis used
a highly convergent strategy based on the alkylation
and reductive decyanation of cyanohydrin ace-
tonides.?* Three components were coupled to prepare
the optically pure polyol chain: dibromide 84 and
cyanohydrin acetonides 69 and 75. The preparation
of 34 was described in Scheme 7, and the prepara-
tions of 89 and 75 are outlined in Scheme 12. The
preparation of roxaticin was carried out prior to the
synthesis of 30, the degradation fragment of rofla-
mycoin, but used a similar strategy.

The C11—-C17 fragment of roxaticin was prepared
beginning with the optically pure 8-hydroxy ester 45.
Frater—Seebach alkylation introduced the a-methyl
group with 10:1 anti to syn selectivity.’” LAH reduc-
tion, acetonide formation, and hydrogenolysis of the
benzyl ether gave the alcohol 67 in excellent yield.
The third stereogenic center was introduced by
adding %IpcsB(allyl) to the corresponding aldehyde.*
Oxidative cleavage of the alkene with OsO, and
periodate followed by cyanohydrin formation and diol
protection gave cyanohydrin acetonide 69 in 10 steps
from hydroxy ester 45. The synthesis of the C23—
C29 fragment began with a modification of Helquist’s
preparation of unsaturated ester 72.5 Enantiose-
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lective aldol reaction with isobutyraldehyde, silyla-
tion, DIBAL-H reduction, and a modified Wittig
reaction gave optically pure 72. The third stereo-
genic center was introduced by adding ?Ipc,B(allyl)
to the corresponding aldehyde. The terminal alkene

1. LiCl, DBU (20%)

2. Dowex 50W (H*)
MeOH (50%)

CHg

OH OH OH OH OH
(-)-Roxaticin

was selectively cleaved by OsO4 oxidation of the TES-
protected allylic alcohol followed by oxidation with
periodate. Cyanohydrin acetonide formation gave
the C23—C29 fragment 75 in a total of 12 steps from
isobutyraldehyde.
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The three optically pure fragments, 34, 69, and 75,
were coupled to form roxaticin as outlined in Scheme
13. The anion of 69 was alkylated with an excess of
C; symmetric dibromide 34 to give bromide 76 in 63%
yield. A modest excess of the anion of 75 was used
to alkylate 76 to give the dinitrile 77 in 91% yield.
Reductive decyanation was carried out using lithium
di-tert-butylbiphenylide in THF to make the bis-anion
before protonation with methanol. This reductive
decyanation gave the same stereochemical outcome
as a lithium in ammonia reduction, axial protonation
of the acetonide anion, but avoided reduction of the
allylic ether at C25. An unusual deprotection se-
quence gave compound 78 with a free alcohol at C13
that was reprotected as a 1,3-benzodithiolan-2-yl
(BDT) ether. The BDT protecting group was chosen
because it could be introduced under neutral condi-
tions, was stable to base, and could be removed with
mild acid. Removal of the silyl groups gave the
expected 11,29-diol. Selective esterification of the
more hindered C29 alcohol was accomplished in a
one-pot transformation: complete esterification with
diethyl phosphonoacetic acid and removal of the
primary ester with ammonia-saturated methanol
gave alcohol 79 in excellent yield. The polyene chain
was introduced using a modification of Wollenberg’s
procedure® on the corresponding aldehyde to prepare
the dienal and then the tetraenal 80. Cyclization
using the Roush—Masamune conditions, LiCl and
DBU, gave the pentaene ester in 20% yield. Depro-
tection with Dowex 50W resin in methanol gave (—)-
roxaticin in about 50% yield. The synthesis was
completed in 26 steps from isobutyraldehyde. Most
of the stereogenic centers were introduced using the
Noyori asymmetric hydrogenation, Brown’s enan-
tioselective allylation, or Rychnovsky’s reductive de-
cyanation methodology. The macrocycle formation
proceeded in about the same low yield as the Yamagu-
chi macrolactonization used by Schreiber in the
synthesis of mycoticin. Synthetic (—)-roxaticin is the
enantiomer of the naturally occurring (+)-roxaticin,
and it was selected as a synthetic target to act as a
probe of sterol interactions associated with its anti-
fungal activity. Sterol interactions in amphotericin
B ion channels were evaluated by the Rychnovsky

group using a complementary strategy with synthetic
ent-cholesterol &

C. Synthesis of (+)-Roxaticin

Mori’s report on the synthesis of (+)-roxaticin®! was
the culmination of a series of papers describing the
development of his convergent approach to polyol
chains.%? Mori’s convergent method began with (S)-
malic acid that was converted to the optically pure
1,3-diol synthon 83 as shown in Scheme 14. Esteri-
fication and selective reduction of (S)-malic acid,
gave methyl (S)-3,4-dihydroxybutanoate. Protection,
DIBAL-H reduction, dithiane formation, and repro-
tection completed the synthesis of dithiane acetonide
83. To prepare polyol chains, 83 was deprotonated
and added to an epoxide. The dithiane was hydro-
lyzed and the resulting S-hydroxy ketone was re-
duced to a syn or anti 1,3-diol using a hydroxyl-
directed reduction. The 1,3-diol was protected and
the 1,2-acetonide was converted into an epoxide in
several steps, setting up the next dithiane anion
addition. This iterative sequence has been used to
prepare polyol chains of differing configurations.62d

The synthesis of (+)-roxaticin began with the
preparation of an improved 1,3-diol synthon, dithiane
84. It was presumably synthesized in a sequence
analogous to the preparation of 83. Synthesis of the
two other fragments, 53 and 91, are illustrated in
Scheme 14. Sulfone 53 was prepared from Evans’s
aldol product 86 by standard protecting group
manipulations and introduction of the sulfone.
Schreiber’s synthesis of mycoticin made use of sulfone
53 without describing its preparation. The synthesis
of epoxide 91 also began with (S)-malic acid.®®
Frater—Seebach alkylation of dimethyl (S)-malate
followed by protection and LAH reduction gave the
diol 89. Deprotection and reprotection with benzal-
dehyde and zinc chloride gave the 1,3-dioxane in
preference to the 1,3-dioxolane. LAH—AICI; reduc-
tion cleaved the dioxane ring and gave the primary
benzyl ether 90 as the major product in excellent
yield.8® Details for conversion of the diol 90 into the
epoxide 91 have not been reported. The fragments
were coupled as illustrated in Scheme 15. The anion
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of dithiane 84 was added to epoxide 91, and the
resulting dithiane was deprotected to give 8-hydroxy
ketone 92. Syn selective reduction using the method
of Prasad, NaBH, with Et:BOMe, gave the diol 93
in excellent yield and >99:1 selectivity.®* Reprotec-
tion gave compound 94 that was selectively depro-
tected by reduction with lithium in ammonia. Se-
lective deprotection was possible because the acetonide
in synthon 83 had been replaced by a benzophenone
acetal in the improved synthon 84. Epoxide forma-
tion set up the next dithiane anion addition with 96,

3. Toluene, A
4. Dowex 50W-X8
MeOH (62%)

(24%)

OH OH OH OH OH
(+)-Roxaticin

the enantiomer of synthon 84. Hydrolysis of the
dithiane and selective reduction using tetramethy-
lammonium triacetoxyborohydride as described by
Evans gave the expected anti diol.5> Protection gave
the diacetonide 98 in excellent yield.

The synthesis was completed as illustrated in
Scheme 16. Selective deprotection of the benzophe-
none acetal in 98 with lithium in ammonia gave a
1,2-diol that was monoprotected by treatment with
pivaloyl chloride. Mesylation of the secondary alcohol
followed by treatment with potassium methoxide
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gave the epoxide 99 with inversion at the C21
stereogenic center. This epoxide synthesis is comple-
mentary to the preparation of epoxide 95, where
activation of the primary alcohol led to retention of
configuration at the C17 stereogenic center. The
four-step sequence leading from 95 to 98 was re-
peated with 99 to give the triacetonide 100. Selective
deprotection of the benzophenone acetal followed by
a standard reprotection and oxidation sequence gave
the aldehyde 101. Following the precedent in
Schreiber’s mycoticin synthesis, Julia coupling with
sulfone 53 gave E alkene 102 in the improved yield
of 51%. The C11 TBS group was removed with
TBAF, and the alcohol was oxidized to an aldehyde
using the Dess—Martin reagent. Deprotection of the
C29 PMB ether followed by Wittig coupling with
unsaturated phosphonate ester 54 gave the pentaene
103 in good yield. Yamaguchi esterification gave the
macrocyclic ring in 24% yield, and deprotection with
Dowex 50W-X8 in methanol gave synthetic (+)-
roxaticin in 62% yield. The conversion of aldehyde
101 to roxaticin was essentially identical to the
sequence developed by Schreiber to prepare mycoti-
cin. The macrocycle was prepared in about the same
low yield as Rychnovsky’s phosphonate Wittig cy-
clization in the (—)-roxaticin synthesis and Schreiber’s
Yamaguchi cyclization to make mycoticin. Synthetic
(+)-roxaticin was prepared in 24 steps from dithiane
84 and approximately 29 steps from (S)-malic acid.

D. An Approach to all-syn-Roflamycoin

Synthetic approaches to roflamycoin were devel-
oped prior to its stereochemical elucidation with the
result that each research group selected a different
stereoisomer of roflamycoin as its target. The first
published approach to the polyol portion of a rofla-
mycoin was reported by Lipshutz’s group, and their
all-syn-roflamycoin target, 104, is shown in Figure
3. The second and final synthesis reported to date
was carried out in Rychnovsky’s lab, and their target,
105, was based on Maehr’s proposal for the config-
uration of roflamycoin. No one has yet described an
approach to the natural stereoisomer of roflamycoin
beyond the previously described synthesis of degra-
dation fragment 30 reported as part of the structure
elucidation.!3®

The Lipshutz approach to all-syn-roflamycoin was
published in 1989,%¢ between Schreiber’s structure
elucidation of mycoticin and his synthesis of myco-
ticin. Lipshutz’s most advanced intermediate was
the all-syn polyol 121; his group did not synthesize
the polyene or close the macrocyclic ring. Dithiane
anion alkylations were used to couple fragments in
this highly convergent strategy. Mori’s group used
a similar approach to assemble the pieces of roxaticin.
The optically pure building blocks of roflamycoin
were prepared as shown in Scheme 17.

The dithiane 107 was prepared from isobutyral-
dehyde in seven steps. The stereogenic centers were
introduced with a Sharpless asymmetric epoxidation
(SAE). Opening epoxide 108 at the C34 center with
dithiane anion followed by deoxygenation of the
primary alcohol and protection gave 107. Epoxide
110 was a key building block in Lipshutz’s approach
to all-syn-roflamycoin. Benzyl glycidyl ether 108 was

Chemical Reviews, 1995, Vol. 95, No. 6 2035

) 35 Me 11
w, O 2 Y0 Vs VN wOH

W
'

OH OH OH OH OH OH OH
All syn Roflamycoin {104)
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Maehr's Roflamycoin (105)

OH OH OH OH OH OH OH
Natural Roflamycoin

Figure 3. Proposed configurations of roflamycoin.

treated with a higher order vinyl cuprate to give 109.
Stereoselective epoxidation was effected using Car-
dillo’s carbonate iodocyclization followed by base
treatment to give 110.5 This indirect epoxidation
proceeded with 10 to 15:1 selectivity for the syn
isomer.® Epoxide 112 was prepared from 110,
Addition of a higher order vinyl cuprate to 110 gave
syn diol 111. Cardillo’s epoxidation sequence fol-
lowed by protection gave epoxy acetonide 112. The
final fragment, dithiane 114, was also prepared from
epoxide 110. Dithiane anion addition and deprotec-
tion gave triol 113 that was reprotected in three steps
to give dithiane 114. Dithiane 114 was prepared in
about 10 steps from epoxide 108.

The components of all-syn-roflamycoin were as-
sembled as outlined in Scheme 18. Deprotonation
of 107 and alkylation with 112 gave an alcohol that
was protected as a SEM ether. The resulting C26—
C35 fragment 115 was treated with Raney-Ni to
remove the dithiane and the benzyl ether. The C26
alcohol was converted into an iodide by tosylation and
iodide displacement in preparation for coupling.
Iodide 116 was alkylated with the anion of dithiane
117. Transmetalation of the resulting tin dithiane
followed by alkylation with epoxide 112 gave the
dithiane alcohol 118. The yield for this key coupling
reaction was not reported. Deprotection of the
dithiane and stereoselective reduction gave the syn
B-diol 119 in excellent yield and >25:1 selectivity.
This sequence is very similar to the one Mori later
used to prepare 93 (Scheme 15). Acetonide forma-
tion, benzyl deprotection, and introduction of the
iodide at C18 set up the final coupling. The dianion
of 114 was added to iodide 120 to give primary
alcohol 121 in excellent yield. The alcohol of 121 was
converted into an iodide, but no further progress has
been reported. A number of steps would be required
to complete the synthesis assuming the protecting
group strategy was successful. Protected polyol 121
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Scheme 17
1. (MeO),P(O)CH,CO,Me 1. n-BuLi; Dithiane (79%)
/L NaH 2. TsCl!
CHO 2. LAH (85%) 3. LAH
3. SAE, (+)-DET (>90%) OH 4, TBSOTf
106 {no yield reported)
1. Meli
. 2.CO,, THF
BnO/\|7 {CH2=CH),Cu(CN)Li BnOW - BnO
o (86%) OH 4 K00, MeoH 110 _OH ©
108 109 (83%)
1. MeLi
1. CHa=CHL 2 2 CO,, THF Bno/\'/YY
BnO 0. .0 O
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OH O R -2 OH OH 4. K,CO,, (62%) 112 X
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OH O S HO OH 2.2,2-DMP, H <
2 853'%&2(660/) : 3. TBAF (75%) 114
110 G ° 13
Scheme 18
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(] . 1
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O X
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S
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1.2,2- DMP, H*

Meﬁ' n 2. Ll, NH3
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4. Nai, A (81%)

SEMO O_ 0 OH OH 6__0

< PaN

119

OH

SEMOOOOOOO

<X X

(93%)

120

was prepared in 22 steps from benzyl glycidyl ether
108. The stereogenic centers were introduced from
epoxide 108, by the Sharpless asymmetric epoxida-
tion, or by diastereoselective reduction.

E. An Approach to Maehr’s Roflamycoin

Maehr’s proposal for the configuration of roflamy-
coin defined the C19—C35 polyol chain as having the
same stereochemical configuration as roxaticin and

2 eq BuLi, TMEDA

SEMO 0_ &6 6.0 o6_6

<X

121

<

mycoticin.’? The two remaining independent stereo-
genic centers, C13 and C15, were selected on the
basis of the convenience to produce the synthetic
target for the Rychnovsky group’s approach to rofla-
mycoin, compound 105.%° Not surprisingly, the pro-
posed common stereochemical pattern between my-
coticin, roxaticin, and roflamycoin led to some
similarity in the synthetic strategies for these three
targets. Cyanchydrin acetonide chemistry was used
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Scheme 19
Bugsn” 07 Ph oTBS T80
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(77%)

OOOOO
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138

to couple fragments of the polyol chain in both
roxaticin and roflamycoin. The two-directional syn-
thetic analysis applied to mycoticin by Schreiber led
to compound 60 (Scheme 10), and in Rychnovsky’s
analysis of roflamycoin a two-directional, convergent
approach led to compound 133 (Scheme 19).

The building blocks for the synthesis of roflamycoin
were prepared as outlined in Scheme 19. Diepoxide
122, the enantiomer of 33 (Scheme 7) was reacted
with benzyloxomethyllithium and BF3OEt; at —78

Dowex 50W-X1

MeOH (60%)

OH OH OH OH OH 0  OH
139

°C to give the monoepoxide in a better than statistical
ratio.’? Addition of the anion of 2-allyl-1,3-dithiane
gave the unsymmetric anti S-diol 123 in 59% overall
yield. Deprotection of the dithiane using Stork’s
procedure’ followed by protection with TBSOTY gave
tetrahydropyran 124. The double bond in 124 was
cleaved with ozone and the resulting aldehyde was
converted into a cyanohydrin. Treatment with acet-
aldehyde and acid gave spiroacetal 125. The nitrile
129 was prepared from Evans aldol product 126 in a
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simple four-step sequence. The C; symmetric diio-
dide 133 was prepared from the optically active ester
130 previously reported by Noyori.”? Silylation,
reduction, and cyanohydrin acetonide formation gave
chloro cyanohydrin 131 in 73% overall yield. Cyano-
hydrin 131 had been developed as a syn S-diol
synthon by Rychnovsky and Griesgraber.”? Coupling
dibromide 132, the enantiomer of 34 (Scheme 7) with
a modest excess of the anion of 131 gave a C,
symmetric dichloride that was converted into the
diiodide 133 by treatment with potassium iodide in
xylenes at reflux. An X-ray crystal structure of the
dichloride corresponding to 133 confirmed its relative
and absolute configuration.

The three building blocks of roflamycoin were
coupled as illustrated in Scheme 20. Alkylation of
the anion of 125 with excess diiodide 133 gave iodide
134 in 77% yield based on recovered nitrile. Alkyl-
ation of 134 using an excess of the anion from nitrile
129 gave a tetranitrile that was reduced with lithium
in ammonia. Stereoselective cleavage of the nitriles
was accompanied by debenzylation to give diol 135
in modest yield. The remaining steps were very
similar to the sequence in Rychnovsky’s roxaticin
synthesis. Esterification of the more hindered alcohol
followed by oxidation of the primary alcohol with
Dess—Martin reagent gave aldehyde 136. A modified
Wollenberg sequence applied twice converted the
aldehyde 136 to tetraenal 137. A Wittig phosphonate
ester cyclization under the Roush—Masamune condi-
tions proceeded in a remarkable 89% yield to give
pentaene 138. Deprotection with Dowex 50X-X1 in
methanol did not give the desired hemiacetal but
rather the spiroacetal 139 in 60% yield. The syn-
thesis of roflamycoin spiroacetal 139 required 18
steps from diepoxide 122. The yield in the macro-
cyclization was exceptional when compared to the
corresponding yields reported for roxaticin and my-
coticin. Presumably the macrocycle 138 was rela-
tively unstrained and the conformation of 137 favored
cyclization. The stereogenic centers were introduced
using Noyori’s asymmetric hydrogenation, stereose-
lective reductive decyanations, and Evans aldol chem-
istry. The spiroacetal 139 was compared with the
spiroacetal of natural roflamycoin, and the two were
found to differ in the 'H NMR spectra. This com-
parison cast doubt on Maehr’s proposal for the
configuration of roflamycoin and led to the structure
elucidation of natural roflamycoin described above.
No synthetic approach to natural roflamycoin has yet
been reported.

V. Related Synthetic Work

Many groups have developed methods for the
synthesis of polyol chains, and this work has been
recently reviewed.'® A number of groups have syn-
thesized members of the family of permethylated
isotactic alternating polyol first isolated from the
blue-green alga Tolypothrix conglutinata var. chlo-
rata.”® Both Mori’s™* and Rychnovsky’s’2 syntheses
of these natural products led to new methods that
were later applied to the syntheses of oxo polyene
macrolides. Oishi and Nakata developed one of the
first convergent approaches to a permethylated all-
syn polyol,”> and Wang reported a meso two-direc-

Rychnovsky

tional chain synthesis strategy to another member
of the family.” The family of permethylated isotactic
alternating polyols has been a testing ground for
developing convergent methods for the synthesis of
alternating polyol chains.

VI. Conclusions

Significant advances in the structure elucidation
and synthesis of oxo polyene macrolide antibiotics
have been made since Omura’s review in 1984,
Three syntheses of relatively simple oxo polyene
macrolides and a number of partial syntheses have
now been reported, while in 1984 there was no
successful synthesis of any polyene macrolide anti-
biotic. Increasing occurrences of life-threatening
fungal infections have renewed the interest in anti-
fungal agents,! and polyene macrolides are still some
of the most effective clinical antifungal agents known.
The structural and synthetic methods are now in
place to reexamine the role of polyene macrolides and
their analogs in the treatment of fungal infections.
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