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ABSTRACT

Initial efforts toward the total synthesis of the antifungal antibiotics spirofungins A and B are reported. A short and efficient synthesis of the
C9−C20 6,6-spiroketal fragments of both compounds is described. This asymmetric approach uses a very efficient alkylation of a lithiated
N,N-dimethylhydrazone followed by spiroketal formation under acidic conditions.

Spirofungins A (1) and B (2) were isolated (as a∼4:1
mixture, respectively) from the culture filtrate and extracts
of StreptomycesViolaceusnigerTü 4113 as new polyketide-
spiroketal-type antibiotics related to reveromycins, antibiotics
produced by anotherStreptomycesstrain (Figure 1).1,2

Spirofungins A and B showed high inhibition activity
against yeasts such as the human pathogenCandida albicans
and a moderate antifungal activity against filamentous fungi
such asBotrytis cinereaandMucos miehei. Their mode of
antifungal action may be the same as for reveromycin, in
which activity is related to the inhibition of protein synthesis
in eukaryotic cells.

Spirofungins A (1) and B (2) are polyketide-spiroketals
with seven stereogenic centers, two diene systems, and
carboxylic acid residues at both side chain termini. The
structure of spirofungins A and B (determined using the∼4:1
mixture) was determined by NMR spectroscopic methods
in combination with HR-FAB-MS data. The structures of

spirofungins A and B resemble those of reveromycin A (3),
except for the C18 position, since spirofungins lack the
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Figure 1. Spirofungins A and B and reveromycin A.
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succinate residue and have a methyl group instead of an
n-butyl group (Figure 1).1,2 By analogy to reveromycins, it
was assumed initially that the absolute configuration of the
spiroketal fragments of spirofungins A and B possessed
11R,12S,15S,18S,19Rand 11R,12S,15S,18R,19Sconfigura-
tions, respectively. The stereogenic centers at C4 and C5 in
both 1 and 2 were not determined initially but can be
proposed as having 4S,5Sconfigurations in analogy to the
reveromycins.

In very elegant work, Rizzacasa et al.3 recently proposed
a reassignment of the stereochemistry for spirofungin B with
the proposed corrected structure corresponding to 15-epi-
spirofungin A (structure2a, 11R,12S,15R,18S,19R), having
a spiroketal with one less anomeric stabilization and not
epimeric at C18 and C19, as suggested earlier (Figure 1).1-3

We also were very intrigued by the fact that the initially
proposed structure for spirofungin B possesses different
absolute configurations at C18 and C19, when compared to
spirofungin A and the reveromycins. As the natural supply
is extremely restricted, and attracted by their promising
anticancer activity, we initiated a project directed toward the
total synthesis of spirofungins A and B.3,4

An efficient and flexible synthesis of their spiroketal parts
is essential to confirm the absolute configurations at C4, C5,
C18, and C19 as well as to provide further material for more
extensive biological studies, along with access to novel
analogues.5

Our disconnection strategy summarized in Scheme 1 (for
spirofungin A) involved cleavage of the C8-C9 as well as
the C20-C21 double bonds to give spiroketal4.6 The latter
contains five of the seven stereogenic centers of the spiro-
fungins. Our synthetic strategy for the 6,6-spiroketal system,

having the functional groups for the synthesis of both1 and
2a, was based on the treatment of5 under acidic conditions.
Ketone 5 may be further dissected in a straightforward
manner to giveN,N-dimethylhydrazone6 and primary alkyl
iodide 7. Of the available options, we speculated that the
desired syn stereocenters at C18 and C19 in6 might be
established through a boron enolate-mediated aldol reaction
and that the anti stereocenters at C11 and C12 in7 might
arise from atrans-epoxide opening reaction.6

Our approach began with an asymmetric aldol addition
of the boron enolate derived from oxazolidinone (R)-8with
aldehyde9 to give aldol adduct10 in 94% yield and>95:5
diastereoselectivity (Scheme 2).7,8 Exchange of the oxazo-
lidinone auxiliary in thesyn-aldol10 with N,O-dimethylhy-
droxylamine9 followed by protection of the alcohol func-
tionality as its TBS ether cleanly provided the Weinreb amide
11, in 86% yield (over two steps). This amide was smoothly
reduced to the aldehyde on treatment with diisobutylalumi-
num hydride at 0°C (Scheme 2).

The unpurified aldehyde was directly subjected to a
Horner-Wadsworth-Emmons homologation with the re-
quired phosphonate reagent to give theR,â-unsaturated
ketone12 in 90% isolated yield (E:Z > 95:05) over the two-
step sequence.10 Selective hydrogenation11 of the double bond
proceeded smoothly, leaving the PMB group intact to give
the corresponding methyl ketone, which, after treatment with
N,N-dimethyl hydrazine in the presence of TMSCl as a
dehydrating agent, gave the corresponding hydrazone13
(18S,19R) in 87% yield for the two-step sequence.12 Starting
from oxazolidinone (S)-8, we were able to prepare hydrazone
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Scheme 1. Retrosynthetic Analysis Scheme 2. Synthesis of the C14-C20 Fragment
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14 (18R,19S), with the intention of preparing the initially
proposed spiroketal of spirofungin B (see Scheme 6).

To check the best conditions for carrying out the required
hydrazone coupling as well as the spiroketalization reactions
leading to analogues of spirofungins lacking the stereocenter
at C11, we first prepared the two enantiomeric primary alkyl
iodides (R)-15and (S)-15from commercially available
methyl (R)- and (S)-3-hydroxy-2-methylpropionate esters.13

The lithiatedN,N-dimethylhydrazone derived from hydrazone
13 was used for a very efficient subunit coupling with alkyl
iodides (R)-15and (S)-15(Schemes 3 and 4).11 After exten-
sive experimental work, we found that the best conditions
for this coupling involved treatment of hydrazone13 with
n-BuLi (1.1 equiv) in THF at-78 °C, to give a lithiated
hydrazone that participated in a smooth alkylation reaction
with primary iodide (R)-15. This reaction led to a coupled
product that was directly subjected to hydrazone hydrolysis
using silica gel in CH2Cl2 for 48 h to provide ketone16 in
87% overall yield.

Removal of the TBS protecting groups with HF-pyridine
followed by spirocyclization gave the desired spiroketal17
as the only isolated product, in 78% yield.14 The relative
stereochemistry for spiroketal17 was confirmed by the
illustrated NOESY interactions as well as by NMR analysis

(Scheme 3). The13C chemical shift of the spiro carbon C15
(95.7 ppm) was typical for a bis-axial orientation with two
anomeric stabilizations. In addition, the13C chemical shift
of the methyl group at C18 (11.3 ppm) was appropriate for
an axial position, although the13C chemical shift of the
methyl group at C12 (16.5 ppm) was more deshielded than
expected for a methyl group in an axial position. The axial
orientation for the methyl group was confirmed by NOESY
interactions and the observed coupling constants for Ha (3.93,
dd, J 11.1, 2.6 Hz) and Hf (3.28, brd,J 11.0 Hz).

We next investigated the coupling of hydrazone13 with
alkyl iodide (S)-15(Scheme 4). Treatment of hydrazone13
with n-BuLi (1.1 equiv) in THF at-78 °C, followed by
addition of the primary iodide (S)-15 and hydrazone hy-
drolysis provided ketone18 in 87% overall yield (Scheme
4).11 Removal of the silicon protecting groups with HF-
pyridine followed by spiroketalization gave the desired
spiroketal19as the only isolated product, in 82% yield. The
relative stereochemistry for spiroketal19 was confirmed by
the illustrated NOESY interactions as well as by NMR
analysis (Scheme 4). The13C chemical shift of the spiro
carbon C15 (95.1 ppm) was typical for a bis-axial orientation
with two anomeric stabilizations. The13C chemical shifts
of the methyl groups at C12 (17.3 ppm) and C18 (11.2 ppm)
were appropriate for equatorial and axial positions, respec-
tively. The equatorial orientation of the methyl group at C12
was confirmed by the illustrated NOESY interactions and
the observed coupling constants for Ha (t,J ) 11.0 Hz).
We have also observed that hydrogens Ha (3.93 ppm) and
Hb (3.80 ppm) in spiroketal17 are more deshielded than
the same hydrogens, Ha (3.80 ppm) and Hb (3.35 ppm), in
spiroketal19, which further supports the assignment of the
methyl group in an axial position at C12 in spiroketal17.

Having established the best conditions for hydrazone
coupling and spiroketal formation, we next moved to the
preparation of alkyl iodide7 (Scheme 5).

This was accomplished by epoxidation of allylic alcohol
20 using the Sharpless asymmetric procedure15 with D-(-)-
DET, Ti(OiPr)4 andtBuOOH to produce the epoxy alcohol.16

Epoxide opening proceeded smoothly with high regioselec-
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Scheme 3. Synthesis of Spiroketal17

Scheme 4. Synthesis of Spiroketal19

Scheme 5. Preparation of Primary Iodide7
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tivity after treatment of the epoxy alcohol with Me2CuCNLi2
to give diol 21 with good yield and selectivity.17 Selective
protection of the primary OH function as its TBS ether
followed by protection of the secondary alcohol functionality
as the TIPS ether gave22 in 86% overall yield (two steps).

Selective removal of the primary TBS group with HF-pyr
in pyridine followed by treatment with PPh3 and I2 gave pri-
mary alkyl iodide7 in 80% yield for the two-step sequence.

With fragments C11-C13 (7) and C14-C20 (13and14)
in hand, their coupling was undertaken (Schemes 6 and 7).
To prepare the initially proposed structure of spirofungin B,
treatment of hydrazone14 with n-BuLi (1.1 equiv) in THF
at -78 °C, followed by addition of primary alkyl iodide7
and hydrolysis gave ketone23 in 87% overall yield (Scheme
6).11 Compound23 was subjected to acid deprotection and
spiroketal formation by treatment with HF-pyr in THF to
give 24 as the only spiroisomer in 78% yield.

We next moved to the preparation of the desired spiroket-
als of spirofungins A and B (Scheme 7). Treatment of
hydrazone13 with n-BuLi (1.1 equiv) in THF at-78 °C,
followed by addition of primary alkyl iodide7, gave an
intermediate hydrazone that was directly subjected to hy-
drolysis without further purification, providing the ketone
25 in 87% overall yield (Scheme 7).11 At this point, all that
remained was to carry out the necessary spiroketalization.
Compound 25 was subjected to acid deprotection and
spiroketal formation by treatment with HF-pyr in THF to
give a 30:70 mixture of spiroketals4 and4a, respectively,
in 84% combined yield.

It is noteworthy that under these conditions, spiroketal4a,
with only one anomeric stabilization, was isolated as the
major isomer. Although these spiroketals were readily
separated by flash column chromatography, we observed that
each isolated pure spiroketal led to the same 30:70 equilib-
rium mixture of 4:4a during attempts to obtain the NMR
spectra in CDCl3. The relative stereochemistries for spiroket-
als4 and4a were confirmed by NMR analysis (Scheme 7).
For spiroketal4 (needed for the synthesis of spirofungin A),

the 13C chemical shift of the spiro carbon C15 (96.6 ppm)
was typical for a bis-axial orientation with two anomeric
stabilizations. In addition, the13C chemical shifts of the
methyl groups at C12 (13.4 ppm) and C18 (17.9 ppm) were
typical for equatorial positions.

For the major spiroketal4a (needed for the synthesis of
the corrected structure of spirofungin B), the13C chemical
shift of the spiro carbon C15 (97.5 ppm) was typical for an
orientation with only one anomeric stabilization. The13C
chemical shift of the methyl group at C12 (17.4 ppm) was
that expected for an equatorial position, and the13C chemical
shift of the methyl group at C18 (11.0 ppm) was typical for
an axial position. This equilibrium between4 and4a is in
perfect agreement with the fact that spirofungins A and B
were not separated and the structure elucidation was con-
ducted on the 4:1 mixture. On the basis of these results, we
support the assignment of the Rizzacasa group3 that the
spiroketal cores of spirofungins A and B have the same
absolute configurations at C18 and C19 and that spirofungin
B is epimeric at the C15 spiro carbon, being a spiroketal
with one less anomeric stabilization.

Our synthesis requires nine steps from (R)-8 (longest linear
sequence) and produced the 6,6-spiroketal4 and4a in good
yields. This approach is, in principle, readily applicable for
the preparation of spirofungins A and B as well as to
additional analogues. Extension of this work to the synthesis
of spirofungins A and B is underway, and the results will
be described in due course.
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Scheme 6. Synthesis of Spiroketal24 Scheme 7. Equilibrium between Spiroketals4 and4a
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