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Total synthesis of (+)-kalafungin using a tandem
Michael–Dieckmann approach
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Abstract—A stereoselective synthesis of the antibiotic kalafungin 1 is reported. A key step involved the tandem Michael–Dieckmann
reaction between methyl 2-methoxy-6-methylbenzoate 11 and the a,b-unsaturated lactone (R)-6-(2-(tert-butyldimethylsilyl-
oxy)ethyl)-4-methoxy-5,6-dihydropyran-2-one 10, which was prepared from (S)-aspartic acid. The C5 alkyl substituent was intro-
duced by the use of methylmagnesium bromide and subsequent stereoselective reduction. A sequence of oxidations followed by
acid-catalyzed epimerization delivered (+)-kalafungin 1.
� 2007 Elsevier Ltd. All rights reserved.
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The pyranonaphthoquinone family of compounds is a
class of antibiotics widely dispersed in nature, having
been isolated from a variety of bacterial, fungal, plant
and insect sources.1 The various members of this group
of natural products display an interesting array of
biological activities.2 For example, kalafungin 1 is an
inhibitor of pathogenic fungi, protozoa, yeasts and
Gram-negative bacteria as well as possessing cytotoxic
activity. Frenolicin B 2 possesses antifungal and anticoc-
cidial activity, whilst more complex substitution of the
pyran ring is seen in griseusin A 3, which shows modest
cytotoxic activity. Although the mode of action of these
antibiotics is not known with certainty it has been pro-
posed that such naphthoquinones may undergo bio-
reduction to the corresponding hydroquinone followed
by opening of the c-lactone to generate a highly reactive
ortho-quinone methide alkylating species.3 Alterna-
tively, quinones are also known to undergo one-electron
reduction in vivo to generate reactive oxygen radicals
via redox cycling that can cause oxidative stress leading
to cell death.4

Kalafungin 1 was first isolated in 1968 from Strepto-
myces tanashiensis5 and has since been isolated from
numerous Streptomyces species. The structure and
stereochemistry of 1 was determined by a combination
of chemical6 and spectroscopic7 techniques. It is worth
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noting that the enantiomer of kalafungin, nanaomycin
D 4, is also known to occur naturally having been iso-
lated from Streptomyces rosa.8 Being the simplest c-lac-
tone-containing member of the pyranonaphthoquinone
family, (+)-kalafungin 1 has been the subject of total
synthesis using a variety of approaches. The first stereo-
specific synthesis was achieved by Tatsuta and co-work-
ers9 employing an enantiodivergent approach that
delivered both kalafungin 1 and nanaomycin D 4 from
a common optically active intermediate derived from
LL-rhamnose. More recently, Fernandes and Brückner10

reported a stereoselective synthesis of kalafungin 1, the
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enantioselectivity (99.5% ee) being controlled by asym-
metric dihydroxylation of a b,c-unsaturated ester to
generate the c-lactone ring found in 1 followed by
oxa-Pictet–Spengler cylization to form the tetracyclic
framework.

Despite there being many reported syntheses of pyrano-
naphthoquinone antibiotics,11 the majority of
approaches developed to date have delivered only race-
mic products and/or are not conveniently adaptable to
the preparation of other naturally occurring members
of this family or related analogues. Reported here is a
stereoselective synthesis of (+)-kalafungin 1, which uses
(S)-aspartic acid as the source of chirality and employs a
strategy that should be readily applicable to the prepara-
tion of a variety of C5 substituted analogues.

The synthesis of kalafungin 1 began with (S)-aspartic
acid 5 (Scheme 1) that was converted to the (R)-epoxide
6 following standard procedures.12 The (R)-epoxyalco-
hol 6 was subsequently protected as its tert-butyldimeth-
ylsilyl (TBS) ether 7 {½a�24

D +11.0 (c 2.00, CHCl3), lit.13

½a�26
D +12.5 (c 2.11, CHCl3)} by exposure to TBSCl in

dichloromethane. Treatment of epoxide 7 with the anion
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Scheme 1. Reagents and conditions: (a) (i) NaNO2, H2SO4, KBr, H2O, 0 �C;
CH2Cl2, 72 h (96%); (b) TBSCl, imidazole, CH2Cl2, 4 h (98%); (c) 8, nBuLi, B
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Scheme 2. Reagents and conditions: (a) LDA, THF, �60 �C, 30 min (52%); (
THF, 2 M HCl, 16 h (64%, three steps); (c) (i) NBS, DMF, 16 h; (ii) CAN, H2

PhI(OAc)2, TEMPO, CH2Cl2, 20 h; (ii) NaClO2, tBuOH, H2O, NaH2PO4, 3 h
Et3SiH, CH2Cl2, �45 �C, 30 min (65%, two steps); (g) H2SO4, PhH, 30 min
of methyl propiolate (8), using the Yamaguchi–Hirao
protocol,14 gave the acetylenic alcohol 9. Exposure of
acetylene 9 to sodium methoxide led to formation of
the (R)-lactone 10 {½a�26

D �46.7 (c 2.00, CHCl3)} in an
overall yield of 48% for the six steps from (S)-aspartic
acid 5.

The anion of toluate 11, generated using LDA, under-
went a tandem Michael–Dieckmann reaction with
lactone 10 (Scheme 2) to deliver the novel naphthopyra-
none 12 in 52% yield (based on consumed lactone 10).
Introduction of the methyl group at C1 in 13 was
achieved by the addition of excess methylmagnesium
bromide to naphthopyranone 12. The intermediate
lactol was reduced stereoselectively using triethylsilane/
trifluoroacetic acid to give the cis-pyran 13 as a single
diastereoisomer. The 1,3-cis relationship between the
C1 and C3 alkyl substituents is expected from the
reported axial delivery of hydride under these reaction
conditions15 and was confirmed in the present case by
the presence of a NOE correlation between the H-1
and H-3 protons, which adopt a 1,3-pseudo-diaxial
arrangement. The (1S,3S)-naphthopyran 13 contains
the complete carbon framework of kalafungin 1.
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4 h (91%); (ii) BH3ÆMe2S, THF, �30 �C to rt, 18 h (97%); (iii) K2CO3,
F3ÆEt2O, THF, �78 �C, 30 min (72%); (d) NaOMe, MeOH, 16 h (80%).
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b) (i) MeMgBr, THF, 4 h; (ii) TFA, Et3SiH, CH2Cl2, �78 �C, 1 h; (iii)
O, MeCN, 30 min (82%, two steps); (d) AlCl3, CH2Cl2, 2 h (94%); (e) (i)
(80%, two steps); (f) (i) O2, MeOH, pyridine, 60 �C, 16 h; (ii) BF3ÆEt2O,
(85%).



8890 C. D. Donner / Tetrahedron Letters 48 (2007) 8888–8890
Final conversion of 13 to the natural product 1 required
epimerization at C1 and a series of oxidations. Firstly,
the naphthol was oxidized to quinone 14 using a 2-step
process involving aromatic bromination using N-bro-
mosuccinimide followed by oxidation of the resultant
p-bromonaphthol with ceric ammonium nitrate
(CAN). Demethylation of 14 with aluminium chloride9

proceeded efficiently (94%) and selectively to give 15.
In contrast, the use of boron tribromide led to partial
epimerization at C1, along with demethylation, to give
a mixture of cis/trans-pyrans 15 and 18. The primary
alcohol in cis-pyran 15 was converted to a carboxylic
acid using a conventional 2-step procedure involving,
firstly, use of TEMPO/PhI(OAc)2 to form the intermedi-
ate aldehyde followed by further oxidation with NaClO2

to give the required acid 16. Cyclization of carboxylic
acids such as 16 to their corresponding c-lactones has
been reported to proceed efficiently under mild condi-
tions in the presence of atmospheric oxygen via an inter-
mediate quinone-methide.16,17 However, this method
was found to form, along with the desired c-lactone
17, product 19 resulting from further oxidation. Treat-
ment of the crude mixture (�1:1) of 17 and 19 with
BF3 Æ Et2O/Et3SiH delivered 5-epi-kalafungin 17 as the
exclusive product in 65% yield over the two steps.

Finally, inversion of the C5 configuration was effected
by exposure of 17 to concentrated sulfuric acid.10,16 This
resulted in almost complete epimerization to the ther-
modynamically favoured 5,3a-trans-pyran 1 (93:7 mix-
ture of 1:17). Importantly, the spectroscopic data18 for
synthetic 1 prepared in this way from (S)-aspartic acid
5 was in good agreement with that reported for (+)-kala-
fungin 1.9

In conclusion, this work constitutes a novel, stereoselec-
tive synthesis of (+)-kalafungin 1. Additionally, the late-
stage introduction of the C5 alkyl group should allow a
variety of other substituents to be incorporated conve-
niently at this position by appropriate selection of Grig-
nard reagent. This idea is currently being explored and
should provide access to other members of this pyrano-
naphthoquinone family, including 2 and 3.
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