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1. Preface

Johann Mulzer

Institut für Organische Chemie der Universtät Wien, Wien, Austria

This volume is dedicated to the epothilones, which have received
unusual attention over the past ten years. Epothilones are novel anti-
tumor drugs which very much like their predecessor paclitaxel (Taxol)
act via microtubule stabilization. In comparison to paclitaxel and a
number of alternative drugs with a similar mode of bioactivity (e.g.
laulimalide, eleutherobin, peluroside, and discodermolide) the epothi-
lones have significant advantages, above all ready availability, combined
with high activity in the nanomolar range and low susceptibility towards
multidrug resistance. Epothilone B and several derivatives thereof are in
Phase I–III clinical trials; one of them (ixabepilone, BMS) is already on
the market, others are supposed to appear on the market in the near
future. All naturally occurring epothilones have been isolated from
Sorangium cellulosum (Fig. 1); as mentioned above their antitumor action
is traced back to the stabilization of microtubules. In consequence, the
formation of the mitotic spindle is inhibited and the cell undergoes
apoptosis (Fig. 2).

In the current publication, five experts in the field (Karl-Heinz
Altmann, Gerhard Höfle, Rolf Müller, Johann Mulzer, and Kathrin
Prantz) provide a comprehensive state of the art overview of history,
discovery, biosynthesis, total synthesis, and industrial application of the
epothilones.



Fig. 1. Myxobacteria

2 J. Mulzer



Fig. 2. Normal tubulin structure (a) extensive tubulin polymerization e.g. by taxol and

epothilone (b)
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2. General Aspects�
Gerhard Höfle

Helmholtz-Zentrum für Infektionsforschung (formerly: GBF,

Gesellschaft für Biotechnologische Forschung), Braunschweig, Germany
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2.1. History of Epothilone Discovery and Development

2.1.1. The Early Days

Epothilone is a microbial product, and thus its history may be traced
back to the discovery of the respective microbe, Sorangium cellulosum, a
bacterium belonging to the taxonomic group of myxobacteria, which
originally has been described by Roland Thaxter in 1892 (1). Today this
group of organisms comprises around 40 species, one of which is
Sorangium cellulosum. For a long time, myxobacteria were only known

�Non-published papers and documents used for this article are in the possession of the

Helmholtz-Center for Infection Research (formerly GBF, Gesellschaft für Biotechnolo-

gische Forschung).



for their gliding motility and sophisticated life cycle, although it had been
occasionally speculated that theymight produce secondarymetabolites like
actinomycetes or bacilli (2). In 1975 Hans Reichenbach and his group at
the German Centre for Biotechnology (GBF; now called the Helmholtz
Centre for Infection Research) set out to isolate strains of myxobacteria
from soil samples collected all over the world, and to examine their sec-
ondary metabolism. In 1978, while work was already ongoing, I joined
them and took over the chemistry part. In the same year the first structure of
a myxobacterial metabolite, ambruticin, was published by a group from
Warner-Lambert (3) making us very confident of being on the right track.
Ambruticin had been isolated from a Sorangium cellulosum strain, and
was identified as a unique cyclopropane polyketide structure exhibiting
potentially useful antifungal properties. Ambruticin and its derivatives
had been developed for medical application for some time, and recently
gained new interest (4). Meanwhile we had been working at GBF quite
successfully with the easily handled Myxococcus, Corallococcus, and
Stigmatella strains, and only slowly shifted our focus to Sorangium. It
took us considerable time to establish large-scale isolation and cultivation
procedures of this slowly growing species. As soon as several hundred
strains of Sorangium cellulosum had been accumulated by 1985, the
screening for biological activity became productive, and a constant flow
of unusual secondary metabolites came into our hands. Up to now, ap-
proximately 50 novel basic structures have been isolated from the various
strains of this species, often with outstanding antifungal properties. The
predominance of antifungal activity may be attributed to the fact that
Sorangium cellulosum grows on cellulose as carbon source, and thus has
to compete through chemical warfare (and other means) with fungi for its
ecological niche.

In July 1985 Sorangium cellulosum, strain So ce90, the first producer
of epothilone, was isolated by Hans Reichenbach from a soil sample
collected at the banks of the river Zambesi in southern Africa in August
1980. Only two years after isolation, the strain was introduced in an
antifungal screening of Sorangium strains by Klaus Gerth and identified
as one of several hits in January 1987. Later, Florenz Sasse, responsible for
cell culture tests, noticed high cytotoxicity of the culture extract. From
these and other preliminary tests we were dealing with a new compound
and Norbert Bedorf from the chemistry group immediately started to
isolate the compound and elucidate its structure. Guided by biological
activity, he isolated two closely related antifungal compounds later named
epothilone A and B (5), and a structurally non-related family of polyene
carboxylic acids, later named spirangiens in May 1987 (5, 6). This was not
an easy task, as epothilones were only formed in the order of 1–2mg/L;
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however, spirangiens form in excess of 20 to 50-fold. After a preliminary
structure had been deduced from spectroscopic data, an X-ray structural
analysis of the nicely crystalline epothilone B was performed, which not
only confirmed the structure but also revealed the configuration of the
seven stereocenters in June 1987. Their absolute assignment was later
corroborated for C-15 by degradation to (S)-malic acid (7, 8).

Biological properties of pure compounds were re-examined, with the
result that excess amounts of spirangiens were basically responsible for the
toxicity of the culture extract. Epothilone A and B, in addition to antifungal
activity, exhibited also significant toxicity in cell culture assays which
seemed prohibitive for an application as a fungicide in medicine or
agriculture. On the other hand, the cytotoxic activity did not seem to be of
sufficient selectivity for an anticancer application. Nevertheless, Johannes
Gruner from Ciba-Geigy, our industrial partner at that time, suggested
checking this after receiving the first test samples in June 1989. Nothing
happened, however, and the compound became dusty on the shelf and
was forgotten. Moreover, at that time, we and Ciba-Geigy were extremely
busy with the development of soraphen, another non-toxic macrolide from
Sorangium cellulosum, to an agricultural fungicide (9).

2.1.2. Industry Becomes Interested in Epothilones –
and Loses Interest Again

It was not before late 1990 that Ciba Geigy’s plant protection de-
partment noticed a selective activity of epothilones against oomycetes,
such as Phytophthora, still a threatening crop pest (10). At that time, the
name epothilone was coined from the structural features epoxide,
thiazole, and ketone. In spite of the apparent toxicity, greenhouse and
small field trials were planned and carried out after the requested amount
of 12 g of epothilones had been produced. This was, however, only
possible after a clone had been selected from the genetically in-
homogeneous wild strain by Klaus Gerth, increasing production more
than 10-fold. Thus, with the help of the GBF Pilot Plant, the desired
amount was produced with a single 1000L fermentation batch by the
end of 1991. Concurrently, in November 1991 a German patent, and a
year later an international PCT application were filed, claiming matter
and applications on the basis of the antifungal and cytotoxic properties
(11). To our great disappointment, field trials revealed a phytotoxic side
effect at the end of the growing season in 1992, and further development
of epothilone A and B for plant protection was terminated.

At GBF we continued work with a limited semi-synthesis program to
elucidate the structure/activity relationships in the hope of separating
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desired and undesired properties. Michael Kiffe synthesized around 30
derivatives of the functional groups around the macrocyclic ring of
epothiloneA andB in early 1993.Disappointingly, none of these derivatives
showed appreciable biological activity. Nevertheless, investigations of
the pharmacological properties of epothilones continued at Ciba-Geigy.
Among others, the in vitro inhibition of lymphocyte proliferation at very
low concentrations was investigated with regard to immunosuppression in
animal models. However, compared with cyclosporine, epothilones only
showed low selectivity and were therefore no longer investigated. At this
time, at the latest, a mouse xenograft study would have been appropriate
to discover the in vivo anticancer activity of the epothilones; it can only be
speculated why this has not been done. In spite of the emerging clini-
cal success of taxol, cytotoxic compounds had no future in anticancer
therapy at that time. Various target-oriented approaches, by definition soft
and without unwanted side effects, were en vogue and first promising
successes were published. While we were waiting for possible further
results from our industrial partner, the deadline for nationalizing the PCT
patent application was approaching, and eventually forced us to abandon
the international patent applications in May 1994. Only the German
application was kept, for which a patent was granted October 17, 1995 (11).

Our very last action to rescue the compound was sending samples
to the NCI (National Cancer Institute, USA) to be tested in the 60-cell
line panel. First, the natural 4:1 mixture of epothilones A and B was
submitted to the NCI via the European Liaison Office in January 1994.
Five months later the NCI reported interesting activity, suggested re-
peated testing of the individual compounds in September 1994, and to
refer the results to the NCI Biology Evaluation Committee in November.
In December 1994, GBF also agreed to give the experts of the European
Organisation for Research and Treatment of Cancer (EORTC) access to
structural and biological information on the epothilones. However, as there
was no follow-up action, interest in the epothilones faded. Moreover,
because there was no visible advantage of epothilones over several
other cytotoxic myxobacterial compounds supplied to the NCI (12), the
epothilones have been ranked with low priority in our laboratory.
Unfortunately, at that time the COMPARE program (13) for the analysis
of inhibition profiles was not yet available from the NCI, and thus the
close mechanistic relationship of epothilone and taxol was not uncovered.

2.1.3. Re-Discovery of Epothilone in the Nineties

It was serendipity that epothilone was rescued once more. In 1993
Merck Sharp and Dohme (MSD) decided, against the trend, to set up a
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screening of natural products for taxane-like activity (14). At that time,
taxol was the only compound known to inhibit cell division by sta-
bilization of microtubules, and it seemed unlikely that taxanes would
remain the only chemical class of compounds doing so. Moreover, taxol
had just been registered for the treatment of ovarian cancer after a long-
lasting development due to supply problems and unwanted side effects.
Thus, more accessible and better tolerated alternatives were being
sought for in several pharmaceutical companies in those days. Whereas
67,000 synthetic compounds and 70,000 extracts from natural sources
were screened for taxol mimics with no direct hit by the Upjohn
company, MSD had one confirmed hit for an extract from a Sorangium
cellulosum strain coded SMP44. In contrast to Upjohn, MSD had a col-
lection of only 7000 extracts from plants, and marine organisms, insects,
and microorganisms including approximately 300 strains of myxobac-
teria from the strain collection of John E. Peterson from Emporia State
University in Kansas (15, 16). To their great surprise, the compounds
responsible turned out to be epothilone A and B, known already from
our published patent application. Epothilone B appeared to be even more
active than taxol in the tubulin polymerization assay; it replaced bound
taxol from microtubules, and, most remarkably, its activity against
cancer cells was hardly impaired by the resistance to taxol and other
cytostatics. These exciting results were published by Bollag et al. in July
1995 (16), and immediately triggered a variety of activities in pharma-
ceutical companies and academia.

At GBF the production of epothilones by fermentation was started
again, and the derivatization program continued with more deep-seated
transformations. In November 1995 a patent was filed for semisynthetic
epothilones (17). At the same time the absolute configuration was passed
on to interested colleagues who immediately started with the total
synthesis of these apparently less complicated molecules. Parallel to
that, we contacted pharmaceutical companies and distributed test sam-
ples in order to find a partner for joint development. While talks went on
for more than one year, the first three total syntheses of epothilone A
were completed and published at the end of 1996 and early 1997 by the
groups of S. J. Danishefsky (18), K. C. Nicolaou (19), and D. Schinzer
(20); those of epothilone B followed soon. These first papers created the
basis for a broad variation of the natural structure independent of
biological sources for the investigation of the structure/activity relation-
ships and in vivo studies. Danishefsky’s and Nicolaou’s groups produced
up to a thousand structural analogs, of which a large proportion was
synthesized using a combinatorial approach. Meanwhile we had come to
a license and joint development agreement with Bristol-Myers Squibb
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(BMS) on May 12, 1997 and started to work on scale-up of fermentation
and isolation of epothilones. Klaus Gerth and colleagues again improved
the production strain, optimized nutrients and the fermentation process,
while Heinrich Steinmetz in the chemistry department streamlined the
extraction process and the large-scale purification by chromatography.
From side fractions he and Ingo Hardt isolated epothilones C and D as
major biosynthesis by-products and 36 minor epothilones (21). Also the
basics of biosynthesis were investigated by feeding studies with labelled
precursors and intermediates (22). By the end of 1997 more than 100 g of
epothilone A and 50 g of epothilone B had been produced and supplied
for the derivatization program and biological studies at BMS and GBF.

2.1.4. Development of Epothilones as Anticancer Drugs

Starting in fall 1995 the patent strain Sorangium cellulosum So ce90
was ordered from the German Strain Collection (DSMZ, Braunschweig)
by pharmaceutical companies and academic groups, and used for pro-
duction and genetic analysis by companies such as Novartis and Kosan
Biosciences. This was in accordance with international patent laws, after
our PCT application had been abandoned (now products derived from
this strain may even be sold freely outside Germany). Meanwhile at GBF
the collection of Sorangium cellulosum had expanded to more than 1700
strains, of which 40 were identified to produce epothilones. Thus, there
is a good chance to find one’s own producer in a small collection of, e.g.,
100 strains. Interestingly, most of these strains in addition to epothilones
produce spirangiens and/or other secondary metabolites, often in large
quantities. For that reason, a mutation program was established at the
GBF in early 1996, yielding the first spirangien-negative mutant in
September 1996. By the end of 1998 more than 30,000 HPLC runs from
mutants had been carried out monitoring the stepwise improvement of
the epothilone titer to more than 100-fold. Culture media, process, and
isolation were concomitantly adapted, providing a technically useful
production process. At this point it should be noted that epothilones have
neither been observed in another myxobacterium other than Sorangium
cellulosum, nor in any other organism.

Parallel to strain improvement by classical mutation we and others
had been working on the identification of the biosynthesis genes, which,
according to feeding studies, were expected to consist of a polyketide
synthase/non-ribosomal peptide synthetase hybrid. During this time,
Novartis and Kosan Biosciences published the cloning of the complete
biosynthesis gene cluster from the GBF strain So ce90 (23) and the
Merck/Peterson strain SMP44 (24), in August 2000. This opened the
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door to an extensive manipulation of the epothilone structure by genetic
engineering pursued primarily by Kosan Biosciences. However, in spite
of great efforts, it was not possible to improve the productivity of strains
by genetic engineering and to shut down formation of the nondesired
epothilone A. The latter is by a factor of ten less active in vitro and, due
to its chromatographic behavior, complicates the isolation of epothilone
B considerably.

Initial reports on in vivo activity of epothilones in mouse xenograft
studies came from the Sloan Kettering Cancer Research Center in
October 1998. As soon as epothilones A and B were available from total
synthesis, the behavior of sensitive and resistant human tumors was
investigated by Danishefsky’s group. Only epothilone B was found to be
effective, and only at 5mg/kg, close to the maximum tolerated dose (25).
Surprisingly, the significantly less active epothilone D showed a much
broader therapeutic window, allowing extended treatments and observa-
tion of complete cures in mice (26). Later epothilone D was licensed to
Kosan Biosciences, where it was produced with a genetically engineered
strain, and introduced in clinical trials in July 2000. Hoffmann La Roche
took a sub-license in August 2002 and since then has supported further
development. Danishefsky’s group modified the structure of epothilone D
by introducing an extra 9,10-double bond (dehydelone) and in addition
replacing the 12-methyl by a trifluormethyl group (fludelone) (27). Both
compounds show impressive in vivo activity and are going to replace
epothilone D in clinical studies.

Similarly, Schering AG from the beginning relied on the total
synthesis of epothilones, despite our offer to collaborate on the basis of
the natural material. Based on their own total synthesis using Schinzer’s
6,7-aldol coupling, the structure-activity relationships with a variety of
modifications were analyzed, focusing on activity in resistant tumor
models. Impressive results have been reported since 2000 for the analog
ZK-EPO whose structure was successfully kept secret until December
2006 (28). The superior properties result from two modifications of
epothilone B – the 8-methyl replaced by allyl, and the C-15 side-chain
replaced by a benzothiazole. ZK-EPO (Sagopilone) entered clinical
trials in March 2002; the first results of a Phase I study were reported re-
cently (29).

With a rich supply of epothilones from GBF from 1997 to 1999,
and thereafter from their own production, Bristol-Myers Squibb relied
exclusively on semi-synthesis to improve the pharmacological properties
and therapeutic window of epothilone B. All functional groups including
the epoxide were modified in a joint BMS/GBF project. From our early
results on the rapid cleavage of the lactone by esterases (17) and the
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short half life in mouse serum, one of the primary goals was to improve
metabolic stability. This was achieved by a change to the corresponding
lactam, for which a short and practical synthesis from the lactone was
developed (30). Unexpectedly, also remote modifications of the C-21-
methyl group, such as aminomethyl, stabilized the lactone with the wel-
come improvement of water solubility and pharmacological properties
(31). The epothilone B lactam, now called ixabepilone, was introduced
in clinical trials in March 1999, and the 21-aminoepothilone B in
the following year. Later, trials with 21-aminoepothilone B were ter-
minated in favor of ixabepilone, which on October 16, 2007 received
FDA approval for the treatment of metastatic or advanced breast
cancer (32). It is marketed in the US by BMS under the trade name
Ixempra+ (33).

Novartis, the fourth big player in the game, was able to start its own
production of epothilone as early as July 1996 with the GBF patent
strain So ce90 and the in-house experience with large scale cultivation of
Sorangium cellulosum gained during the soraphen project mentioned
above. They stayed with epothilone B, renamed patupilone, as devel-
opment candidate, and apparently managed the problems of unfavorable
side effects by special formulation and application regimes. Next to
ixabepilone, patupilone is the second most advanced epothilone and is in
Phase III clinical trials. Nevertheless, also a backup candidate carrying a
2-methylsulfanyl substituted thiazole was developed by semi-synthesis
and introduced in Phase I clinical trials in December 2004 (34a), which,
however, were terminated recently (34b).

Apart from work directed toward the development of clinically
useful drugs, the biochemistry of the epothilone/tubulin interaction and
the resistance mechanisms of cancer cells against various epothilones
have been extensively studied since 1995. The observation that epo-
thilones can displace tubulin-bound taxol (16) immediately triggered
speculations about a common pharmacophore for these two unrelated
groups of compounds. Later, after the structure of the taxol-tubulin
complex had been published, attempts were made to model epothilone
within the taxol binding site; however, these results were controversial.
A first more realistic picture was obtained by NMR experiments with a
soluble form of the epothilone A-tubulin complex in 2003 (35). Soon
after, this was questioned, however, by the electron-crystallographic
structure of the complex on zinc-induced sheets (36), and recently by
NMR experiments in solution (37). Because these results were obtained
from artificial systems, the biological relevant conformation and binding
site information may differ appreciably from both of these proposed
forms (38).
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Finally, a non-toxicity related activity of epothilones discovered re-
cently should be mentioned. Based on the primary effect of epothilones
to stabilize microtubules, experiments with a mouse model carrying in-
herent destabilized brain microtubules were performed in 2003. The
phenotype of this mutant showed the typical signs of schizophrenia
in humans which could be alleviated with a sub-toxic dose of epothilone
D (39).

2.1.5. Epilogue

Today, exactly 20 years after the discovery of epothilones, we look
back at a protracted and often interrupted development, reminiscent of
paclitaxel in the seventies and eighties. In fact there are many similar
cases, such as camptothecin, podophyllotoxin, conotoxins, and strobilurin,
giving the false impression that retarded development is an inherent
fate of natural products. However, other major products such as the
Vinca alkaloids, the avermectins, and the statins were rapidly developed
and brought to the marketplace soon after their discovery. So what is
making the difference? Clearly, the supply issue is often a problem with
natural products as we learned from the history of paclitaxel and more
recently from numerous highly potent compounds from marine or-
ganisms. Even if supply is not the problem, recovery from the natural
source and separation of complex mixtures make natural products less
attractive than small synthetic compounds. Due to their complex struc-
tures peppered with stereocenters, total synthesis of natural products
even on a small scale is often a time-consuming and expensive endeavor.
The same applies for semisynthesis in lead optimization programs.
Another disadvantage of natural products is their often untimely dis-
covery and lack of information on the mode of action. In addition, while
the compound is sitting around, intellectual property rights deteriorate
which was exactly the case with the epothilones. The best chances of a
speedy development occur when natural products are discovered on
demand and in-house as was the case with the examples mentioned
above. Thus, natural products, handicapped by their discovery outside
the industry, should be as early as possible characterized with respect
to their mode of action and simultaneously introduced in secondary
screenings and application tests of different industrial partners.
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5. Höfle G (1991) Biologically Active Secondary Metabolites from Myxobacteria –

Isolation and Structure Elucidation. In:Walsdorff H-J (ed.) Scientific Annual Report of

the GBF, p. 65

6. Niggemann J, Bedorf N, Flörke U, Steinmetz H, Gerth K, Reichenbach H, Höfle G
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2.2. Natural Epothilones

2.2.1. Isolation and Large Scale Production

The first producer of epothilones, Sorangium cellulosum, strain So
ce90 has been isolated by Hans Reichenbach from a soil sample
collected at the banks of the Zambesi River in southern Africa, and was
deposited at the German Culture Collection (Deutsche Sammlung von
Microorganismen und Zellkulturen, DSMZ) under number DSM 6773
(1, 2). A second strain, SMP44, isolated from a cotton field in Southern
Missouri, came from the strain collection of John E. Peterson from
Emporia State University, Kansas (3, 4). Contrary to So ce90 it has
never been available to the public; however, was passed on to certain US
pharmaceutical companies (4, 5). Both strains exhibit the characteristic
nutrient requirements of Sorangium cellulosum, and grow even on
cellulose and mineral salts, the preferred conditions for the isolation of
this species (6). For production of epothilones, So ce90 was cultivated
in a complex carbohydrate/protein medium in the presence of 2% of the
neutral adsorber resin XAD-16 (1, 2). During cultivation, excreted
epothilones and other reasonably lipophilic metabolites are adsorbed on
the resin (inner surface 800m2/g) and thus kept from re-absorption and
metabolism by the organism. For harvest the resin is separated from the
culture broth by filtration with a sieve and eluted with methanol to give a
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crude extract. Under these conditions combined yields of 1–2mg/L of
epothilone A (1) and B (2) were obtained with the wild strain at the
variable A/B ratio of 3:1 to 2:1. In addition, the spirangiens, a struc-
turally nonrelated group of polyketides, are formed by the strain So ce90
in excess of 20- to 50-fold, which seriously complicated separation by
chromatography (7). In contrast, at the Merck Research Laboratories, a
solid agar medium in large Petri dishes was used for production of
epothilones with strain SMP 44 (4). After 10 days, cell mass and residual
agar from 80 plates (1.4m2) were extracted with methyl ethyl ketone
from which 2.7mg of epothilone A and 0.9mg of epothilone B could be
recovered by chromatography.

Remarkably, the ratio of epothilone A and B was approximately the
same as had been observed with strain So ce90; however, there was no
indication on the formation of other metabolites, such as the spirangiens.

Optimization of strain So ce90 was first achieved by cloning.
Wild strains and originally homogeneous laboratory strains, after longer
periods of cultivation, often consist of a genetic mosaic of high and low
producer cells. By picking colonies from So ce90 plates, cultures were
established producing 22mg/L and 11mg/L of epothilone A and B on
the 350L scale (1, 8). Further substantial improvements were achieved
by mutation with either UV light or nitrosoguanidine (NTG) followed
by high-performance liquid chromatographic (HPLC) analysis. Several
of these mutants not only showed strongly increased production of
epothilones, but were also spirangien-negative, which greatly simplified
isolation of the epothilones (9). Other mutants produced only epothilone A;
however, none of the more than 24,000 mutants that were analyzed
produced epothilone B only, nor had the ratio A:B shifted significantly in
favor of B (10, 11). With the high-producing mutant So ce90/B2 on the
700L scale, 30 g of epothilone A (1), 10 g of B (2), several grams of the
epothilone congeners C (3) and D (4) (deoxyepothilones A and B) and
small-to-trace amounts of 31 other structural variants 5–36 were isolated
(see Fig. 1). In addition, open chain epothilone fragments 37–42 were
recovered from So ce90/B2 and So ce90/D13 mutants (12). From the
P450 defective mutant So ce90/D48, up 100mg/L of epothilones C and
D were obtained (10, 13).

Isolation of pure epothilones from crude extracts usually requires
consecutive chromatography on various sorbents with different separa-
tion characteristics like silica gel, Florisil, Sephadex LH20 and RP silica
gels (2, 3, 8, 12). Good separation of the homologous pairs like epo-
thilone A/B or C/D is only achieved by reversed-phase chromatography.
However, on a larger scale, epothilones A and B may be partially sep-
arated by fractional crystallization using either ethyl acetate/petroleum
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ether (13) or ethyl acetate/toluene (14), whereby the less soluble epo-
thilone B is enriched in the first batch, and epothilone A is enriched in
the mother liquor.

Epothilones B and D or their derivatives emerged as clinical candi-
dates for the development of an anticancer drug during early preclinical
studies (15, 16). Thus, kilogram amounts of these compounds had to be
made available, and in case one of the epothilones should reach the
market, hundreds of kilograms over the long term would be required.
Even though total synthesis has made great advances it is not competitive
with a fermentation process for the natural epothilones. Nevertheless,
improvements of strain, fermentation process, and product recovery were
necessary to achieve a cost-effective production of such quantities.

In 1998 Bristol-Myers Squibb (BMS) started out with the GBF mu-
tant So ce90/B2, which in their hands produced approximately 50mg/L
of epothilone B at an epothilone B/A ratio of 0.6:1 (14). By NTG
mutagenesis, strains SC16408 and SC16449 (deposited as ATCC Nos.
PTA-3880 and PTA-3881) were generated, which produced at least
100mg/L of epothilone B. Further improvements were achieved by

Fig. 1. HPLC analysis of a crude extract of Sorangium cellulosum strain So ce90/B2. In

addition to the signals for epothilonesA–D (1–4) retention times for structural variants 5–36 are
marked (Nucleosil C18 (column 125�2mm, 5�m, 0.3ml/min acetonitrile/ammonium acetate

buffer pH 6.5, gradient 50:50 to 60:40 in 15min, then isocratic, diode array detection) (12)
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modifications of the culture medium and feeding strategies, which, most
importantly, includes feeding of sodium propionate during the produc-
tion phase to stimulate epothilone B formation. In this way B/A ratios of
1.5:1 or better were achieved allowing direct crystallization of the crude
extract obtained from the adsorber resin by elution with methyl-t-butyl
ether. Scale-up to a 40,000 L production stage bioreactor in the presence
of 550 kg of XAD-16 yielded 3.09 kg of epothilone B after final pu-
rification by RP-18 chromatography. From this material the semisyn-
thetic lactam ixabepilone, the 21-amino derivative BMS-310705, and
epothilone D by reduction of the epoxide, were prepared (14).

Similarly, for process optimization, Novartis started out with the
GBF strain So ce90 obtained from the DSMZ culture collection. By a
3-step UV mutation program, strain So ce90 BCE33/10 (deposited at
the DSMZ under No. DSM 11999) was generated, which is claimed to
produce more epothilone B (17). For large-scale production with this
strain, the XAD-16 adsorber resin was abandoned despite having great
advantages for high yields and simple recovery procedures. Too many
problems have been encountered with sterilization and breakdown of the
resin beads, clogging tubes, valves, and stirrer bearings. Instead, a water-
soluble adsorber was discovered from the cyclodextrins; its lipophilic
molecular cavity accommodates a single epothilone molecule. During
harvest, the culture is cleared by centrifugation and the epothilones are
extracted from the cyclodextrin in the water phase by the stronger
adsorbent XAD-16, which then is further processed following established
lines. From a 450L culture containing 10 g/L of 2-hydroxypropyl-�-
cyclodextrin, more than 85% of the epothilones formed were recovered
yielding 1.44 g of crystalline epothilone B after separation. This represents
certainly a model study and not a later stage of optimization.

Kosan Biosciences, after cloning the epothilone biosynthesis gene
cluster from Sorangium cellulosum SMP44, focused on the heterologous
expression of natural and genetically modified epothilone variants in
Myxococcus xanthus (see Chapter 3). The primary goal was the
production of epothilone D, which, according to animal studies from
Danishefsky’s group, had not only superior antitumor properties, but also
a convenient therapeutic window (16). To this end a deletion mutant was
constructed with an inactive epoK P450 epoxidase, resulting in a re-
combinant Myxococcus xanthus strain K111-40-1, incapable of con-
verting epothilone C and D to the corresponding epoxides A and B
(18). Even though the initial production was below 1mg/L, as with the
Sorangium cellulosum wild strain, the Myxococcus xanthus strain re-
sponded remarkably well to media and fermentation process optimiza-
tion. Starting at a very favorable epothilone D to C ratio of 6:1 (19),
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addition of trace elements and intermittent feeding of casitone and
methyl oleate as nitrogen and carbon sources increased production of
epothilone D by 140-fold (20). A 1000 L fermentation batch in the
presence of XAD-16 with modified work-up to remove residual methyl
oleate yielded 63 g of crystalline epothilone D (21).

2.2.2. Structure of Epothilones and Related Compounds

Natural epothilones, in a strict sense, are 16-membered lactones with
a thiazolylethylene side chain both spiked with methyl and oxygen
groups in positions typical for polyketides. In principle, all these epo-
thilones appear as pairs of homologues carrying on C-12 either a proton
or a methyl group due to indiscriminate incorporation of an acetate or
propionate unit in biosynthesis. However, both homologues could not be
isolated in all cases because of low abundance and overlap with other
strong peaks during chromatography (12). In general, the higher ho-
mologues are more active by a factor of 5–20, and thus of the most
abundant epothilones only B (2) and D (4) are of practical interest.

Characteristic structural features are two �-hydroxy carbonyl sys-
tems located in the south-eastern ring-segment, isolated from each other
by a geminal dimethyl group. Probably for conformational reasons these
groups are remarkably resistant to elimination of water and retroaldol
reaction. Whereas four stereocenters are clustered in this lower part of

20 G. Höfle
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the molecule, three others are located in the northwestern ring segment
as �-acyloxyepoxide in epothilone A and B. In epothilones C and D the
position of the epoxide is taken by a (Z) configured double bond, its
biosynthetic precursor. The double bond linker in the side chain is in the
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(E) configuration in all epothilones. Hydroxylation, a very common
secondary modification in natural product families, is also observed in
the epothilone series. Thus C-21 is hydroxylated in epothilones E (5) and
F (6), C-23 in A9 (10), C-14 in C7 (21), and C-27 in C9 (23). All other
structural variations may be considered as the result of infidelity of the
biosynthetic machinery, which, however, is observed only at the very
low level of 0.01 to 0.1%. Frequently, methyl groups are missing (7–9,
12–17, 22, 24, 25), or an additional one is present (11). An additional
double bond is found in the 8- and 10-position (18/19, and 20, re-
spectively). Additional acetate or propionate units, incorporated in the
northeastern ring segment, result in ring-enlarged 18-membered lactones
(30–35), and, on the other hand, skipping of the C-3/C-4 building block
leads to a ring-contracted 14-membered lactone (36).

Replacement of the cysteine in the construction of the thiazole ring
for serine leads to the oxazole analogs 26–29. Finally six open-chain
fragments 37–42 were identified which presumably are derived from
intermediates escaping at different stages from the biosynthetic enzyme
complex. Most remarkably, not even traces of stereoisomers at tetra-
gonal carbon centers have been observed.

The biological activity, as judged by the IC50 for the L929 mouse
fibroblast cell line, is highest for epothilone B (0.7 ng/mL), and only a
little less for the oxazole analog G2 (27), the 21-hydroxy and 20-ethyl
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analogs F (6) and B10 (11). Replacement of one of the geminal methyl
groups or the 27-methyl group by hydrogen (A2 8, D2 15 and A8 9) re-
duces activity 2–5-fold. All other analogs and partial structures 37–42
are of low activity or essentially inactive.

2.2.3. Physical and Chemical Properties

In pure state the epothilones are colorless oils; only epothilones A, B,
and D have been crystallized. Epothilone A (1) is well soluble in polar
organic solvents like methanol, ethyl acetate, acetone, diethyl ether
and DMSO, whereas epothilone B is distinctly less soluble. Both are
sparingly soluble in benzene, toluene and petroleum ether. Aqueous
solubility at room temperature ranges from 722mg/L for epothilone A
(1) down to 24mg/L for epothilone D (4) which is thus approximately as
soluble as taxol (Table 1) (1, 8, 11, 13). Generally, solubilities in D2O
are even lower making NMR experiments in this solvent very time-
consuming. A variety of melting points have been reported ranging from
76 to 128�C depending on crystal form and nature of the solvate (8, 14,
15, 21). Thus, epothilone A crystallized from ethyl acetate/toluene melts
at 76–78�C, and, after more rigorous drying, at 95�C. Epothilone B
crystallized from ethyl acetate melts at 93–94�C, from methanol/water at
85–87�C, and from methanol at 126–128�C (13, 15). The latter was
characterized by the X-ray diffraction pattern as crystal form A, another

Fig. 2. (a) X-ray crystal structures of epothilone B (2) from dichloromethane/petroleum

ether (8) and (b) methanol/water (22) (modelling by W.-D. Schubert)
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sample, obtained by treatment of form Awith isopropanol, as crystal form
B, for which unfortunately no melting point is given (17). Similarly, no
melting points are given for solvates of epothilone B with ethyl acetate,
toluene, isopropanol, and acetonitrile. However, in addition to X-ray
diffraction patterns, X-ray crystal structures have been obtained showing
very similar unit cells with a lipophilic solvent channel occupied by 2
solvent molecules (14). The original X-ray crystal structures of epothilone
B from dichloromethane/petroleum ether and methanol/water were 2:1
solvates with dichloromethane and methanol (Fig. 2) (8, 22).

Remarkably, in these structures the thiazole side-chain adopts different
conformations, whereas the macrocycle is nearly identical. Epothilone D
has been crystallized only from ethanol/water, melting point 120 to
121�C, but no crystal structure has been reported at this time (21). Mass
spectrometry has not made a major contribution to structure elucidation,
except of high-resolution electron ionization measurements of M+ ions
for the determination of molecular compositions (8, 12). However,
HPLC/electrospray ionization mass spectra were extremely important
for the detection and quantitation of trace components in complex
matrices like fermentation broths and biological fluids. From ammonium
acetate buffered HPLC solvents, positive molecular ions and negative
cluster ions with acetate are observed with a sensitivity two orders of
magnitude higher than UV detection at 210 nm (13). Proton and carbon
NMR spectra of epothilones in methanol and chloroform (Fig. 3) (12), or
DMSO (8) are well resolved at 600/150MHz. Signal assignments have
been made by 2D techniques, and, in case of ambiguity, spectra from
13C labelled samples (23) were consulted. Occasionally, signals in the
vicinity of the thiazole ring are more or less broadened due to partial
protonation of the nitrogen (13). Therefore, care should be taken to use
acid-free NMR solvents – in particular chloroform – and eliminate acids
from chromatography fractions and reaction products during work-up.

The preferred solution conformation of epothilone B in DMSO –
analyzed by Nuclear Overhauser Effects and proton coupling con-
stants – was found to be very similar to that in crystal structure from
dichloromethane/petroleum ether (8). Only the thiazole side-chain ro-
tates around both its single bonds, and the vicinal coupling constants in
the ABX system at C-2/C-3 are significantly different from those ex-
pected, indicating some conformational freedom.

In a detailed conformational analysis, Taylor and Zajicek (24)
defined a second minor conformer B in which the 3-OH is rotated from
an axial to an equatorial position. Concomitantly, the torsion angle
around C-6/C-7 is changed by 120�. Whereas conformer A dominates in
DMSO/D2O, conformer B is more prevalent in CD2Cl2.
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Fig. 3. 1H NMR spectra of (a) epothilone A (1) in CDCl3 and (b) epothilone B

(2) in CD3OD (for better presentation of coupling patterns 400MHz spectra are

depicted)
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Lactone and epoxide are the most sensitive groups in the chemical
reactivity of epothilones; however, in pH 7 buffered aqueous/methanolic
solution, they have been found stable at room temperature for weeks
(13). Whereas the lactone in epothilones A and B is rapidly hydrolyzed
in aqueous systems above pH 11, the epoxide is acid sensitive and hy-
drolysed or rearranged below pH 3 (Table 1) (25). At neutral pH, pig liver
esterase rapidly cleaves the lactone, whereas the epoxide is only attacked
very slowly (26, 13). In pure state, epothilones are perfectly stable at room
temperature and in the presence of air; crystalline epothilone B after
melting turns slightly yellow at 140�C. However, only traces of de-
composition products are formed after one hour at this temperature.
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3.1. Introduction

Although a variety of chemical syntheses for the epothilones and
various derivatives have been described, modifying the backbone of
those natural products remains a major challenge. One alternative to
chemical alteration is the elucidation and subsequent manipulation of the
biosynthetic pathway via genetic engineering in the producing organism.
This type of approach is known as ‘‘combinatorial biosynthesis’’ and
holds great promise, especially in conjunction with semi-synthesis
methods to alter the structure of the natural product. In parallel, pro-
duction can be optimized in the natural producer if the regulatory
mechanisms governing the biosynthesis are understood. Alternatively,
the entire gene cluster can be transferred into a heterologous host, more
amenable both to genetic alteration and overexpression.

In order to modify the structure of a metabolite in a rational way, the
biosynthetic pathway within the producing organism – in this case, the



Fig. 1. Comparison of basic steps during assembly directed by polyketide synthases (left)

and nonribosmal peptide synthetases (right). Active domains in each step are shown in

grey. 40-PP, 40-phosphopantetheinyl; ACP, acyl carrier protein; KS, �-keto synthase

domain; AT, acyl transferase domain; PCP, peptidyl carrier protein; C, condensation

domain; A, adenylation domain
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myxobacterium Sorangium cellulosum – must be known in detail. One
essential step is to identify the building blocks used as precursors to
assemble the compound. Together with the compound’s structure, this
information can be used to postulate a reasonable biosynthetic pathway.
From such experiments it was originally speculated that the epothilones are
assembled jointly by polyketide synthase (PKS) and non-ribosomal peptide
synthetase (NRPS) multienzymes. These complex protein assembly lines
catalyze the condensation of activated short chain carboxylic acids and
amino acids via a thiotemplated mechanism (illustrated in Figs. 1 and 2).
Natural product assembly on such multimodular megasynthetases has been

Fig. 2. Biochemistry performed by optional domains in PKS and NRPS assembly lines

a) reduction of the �-keto intermediate by domains of the reductive loop. Active domains

in each step are shown in grey. KR, �-keto reductase domain; DH, dehydratase domain;

ER; enoylreductase domain. b) epimerization of L-amino acids to D-amino acids by

epimerization (E) domains c) N-methylation on NRPS performed by methyltransferase

(MT) domains. SAM, S-adenosyl methionine. d) Formation of heterocycles (oxazole,

thiazole) from serine, threonine or cysteine exemplified by oxazole formation starting

from serine in a hybrid PKS/NRPS. HC, heterocyclization domain; Ox, oxidation domain.

For the description of minimal domains, see Fig. 1
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described in a number of excellent reviews (1, 2, 3). Basically, the activated
monomeric building blocks are selected as CoA esters in PKS by
acyltransferase (AT) domains or selected plus activated as adenylates in
NRPS by adenylation (A) domains. The activated acids are then covalently
tethered to carrier proteins (acyl carrier proteins – ACPs – in PKS and
peptidyl carrier proteins – PCPs – in NRPS) and then condensed with each
other via the action of ketosynthase (KS) domains in aClaisen type reaction
(PKS) or by condensation (C) domains in NRPS forming peptide bonds. A
minimal module responsible for one chain elongation is thus comprised of
KS-AT-ACP in PKS and of C-A-PCP domains in NRPS. Additional do-
mains are frequently used in both types of enzymatic systems. Examples are
ketoreductase (KR) domains, dehydratase (DH) domains, enoylreductase
(ER) domains, andO-methyltransferase (O-MT)domains inPKS. InNRPS,
heterocyclization (HC) domains forming thiazoline and oxazoline rings
from cysteine and serine, respectively, can be employed. Additional chem-
ical diversity is generated by using oxidation (Ox) domains generating the
respective thiazole and oxazole structures. Additionally, N-methyltransfer-
ase (N-MT) domains or epimerization (E) domains forming D-amino acids
from the natural L-forms are found frequently. Typically, the fully extended
intermediate is released from the final carrier protein by the action of a
thioesterase (TE) domain forming free acids, lactones, or lactams.

From the sequencing of many biosynthetic gene clusters, it has be-
come increasingly clear that the co-linearity between gene sequence and
product structure, which once seemed characteristic of these systems, is
not the rule. Such ‘‘deviations from textbook logic’’ (4, 5) are partic-
ularly prevalent among myxobacterial biosynthetic systems, including
that responsible for epothilone assembly (6).

It must be mentioned at this stage, that although hybrid systems
incorporating both PKS and NRPS elements are now commonplace, at
the time that the epothilone biosynthetic genes were discovered, only a
few examples of such mixed assembly lines were known (e.g. for rapa-
mycin (7), mycosubtilin (8), and myxothiazol (9)). It only became clear
through later sequencing efforts that many microorganisms assemble
their secondary metabolites using hybrid biosynthetic machineries (10).
Myxobacteria, in particular, are rich in such systems (6).

3.2. Feeding Studies and the Discovery
of Natural Epothilone Variants

Based on the structure of the natural epothilones, the compounds
were expected to arise from polymerization of short chain carboxylic
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acid monomers, as well as the amino acid cysteine. These expectations
were confirmed through feeding studies carried out by Gerth et al. (11)
in the natural host Sorangium cellulosum So ce90, using labelled pre-
cursors. These experiments revealed that the carbon atoms in the epo-
thilone backbone are derived from acetate (from malonyl-CoA; mCoA),

Fig. 3. a) Incorporation of isotope labelled precursors into epothilone A. b) Naturally

occurring epothilones isolated from S. cellulosum So ce90 fermentation broth
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propionate (from methylmalonyl-CoA; mmCoA), the methyl group of
S-adenosyl-methionine (SAM), and cysteine (which also introduces the
sulfur and nitrogen atoms; see Fig. 3a). The authors also concluded that
epothilone biosynthesis begins with the formation from acetate and
cysteine of the thiazole portion of the molecule. Furthermore, they
showed that epothilones A (1) and B (2) are formed from the alternative
incorporation of mCoA or mmCoA at position C11–C12. Finally, these
studies demonstrated that the epoxide functionality of the epothilones
arises from molecular oxygen.

In a subsequent study, the same authors investigated non-producing
mutants of the strain S. cellulosum So ce90, to evaluate whether epo-
thilones A (1) and C (11) were generated by a different biosynthetic
apparatus than that responsible for epothilones B (2) and D (12). As a
single mutation was sufficient to abolish biosynthesis of both epo-
thilones A (1) and B (2), this work showed that both metabolites are

Fig. 3 (continued)
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constructed by the same assembly line. In addition, the authors dem-
onstrated that the first enzyme-free products of the PKS, epothilones
C (11) and D (12), compete for the active site of a constitutively
synthesized monooxygenase, which is regulated by product inhibition
(12). The same group also provided evidence that the conversion of
epothilones A (1) and B (2) to epothilones E (3) and F (4) by hy-
droxylation, is accomplished by a monooxygenase (13).

Taken together, this set of experiments showed that epothilone A (1)
is assembled from one molecule of acetate, four molecules of malonyl-
CoA, four units of methylmalonyl-CoA, one SAM-derived methyl car-
bon, and one cysteine. Epothilone B derives from the same precursors,
with the exception that it incorporates an additional unit of methylma-
lonate in place of malonate, giving rise to a methyl branch at position 12.
Based on the model for the biosynthesis of these metabolites, one would
predict assembly of these compounds by multienzymes composed of a
series of enzymatic modules, each of which carries out a single round of
chain extension. Indeed, almost all of the expected modules (and their
constituent domains) were found in the gigantic proteins encoded by the
epothilone biosynthetic gene cluster (see below).

The biosynthesis of natural products in microorganisms is a multi-
step process, whose fidelity depends on the substrate specificity of every
active site. If some of the activities exhibit promiscuity towards alternative
substrates, and if subsequent modules tolerate ‘‘non-natural’’ chain ex-
tension intermediates, a mixture of compounds can result. In the case
of epothilone biosynthesis, the result is the production of both epothilones
A (1) and B (2), by alternative incorporation of mmCoA or mCoA
at positions C11–C12. To assay for additional epothilone variants in
S. cellulosum So ce90, Hardt et al. (14) performed a detailed analysis of a
multitude of metabolites in the culture broth of a 700 L fermentation
(a volume sufficient to isolate and characterize even compounds produced
at very low levels). This experiment revealed an astonishing variety of
epothilones: in addition to epothilones A (1) and B (2), 37 natural
epothilone variants and epothilone-related compounds were isolated (see
Fig. 3b). However, only the 12,13-deoxyepothilones and epothilones C (11)
and D (12) were produced at significant levels (3–6mg/L). Almost all
of the other epothilones, including the C21-hydroxy derivatives and
epothilones E (3) and F (4) were obtained in low yields (1–100�g/L).

While it remains a formal possibility that some of these compounds
resulted from degradation processes in the producing organism, others
almost certainly derived from alternative operation of the epothilone
assembly line. For example, among the variants (shown in Fig. 3b) were
analogues incorporating an oxazole moiety in the side chain instead
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of a thiazole (most likely produced by activation, incorporation and
cyclization of serine instead of cysteine), as well as a ring-expanded
18-membered macrolide (epothilone I (30)), and a ring-contracted
14-membered macrolide, epothilone K (36). The formation of the
epothilones I (30) and K (36) can be explained by repeated use of a
single module (termed ‘‘stuttering’’) and by module skipping, respec-
tively, both processes which have been shown to happen in other
multimodular assembly lines. For example, module skipping in the
erythromycin PKS was shown to occur by direct transfer of the chain
extension intermediate from an acyl carrier protein (ACPn) to a down-
stream carrier protein (ACPnþ 1), in the absence of chain extension by
module nþ 1 (15). A similar process has been described for the NRPS
responsible for myxochromide biosynthesis, although in this case, an
active carrier protein in the skipped module was not required (16).

One mutant strain analyzed in the study by Hardt et al. did not
produce macrolactones, but instead short-chain carboxylic acids bearing
the characteristic thiazole side chain, indicating that the mutagenesis had
affected the assembly line in a module needed for chain extension after
thiazole ring assembly. The yields of these compounds were surprisingly
robust, given that the failure to process the intermediates was expected
to block the biosynthesis at a particular step, limiting turnover to a single
round. However, Yu et al. (17) have shown that strains of Amycolatopsis
mediterranei in which release of fully-processed ‘‘pre-rifamycin’’ by lac-
tamization has been disabled, nonetheless hydrolyse alternative chains
bound to the PKS, yielding all the predicted intermediates as their free
acids. Similar hydrolytic activities may be present in S. cellulosum,
and therefore release of the short-chain carboxylic acids isolated by
Hardt et al., may have been enzyme-catalyzed.

Hardt et al. also tested the new epothilone variants in cytotoxicity
assays, establishing structure-activity relationships. Several of the
natural epothilone variants exhibited activity comparable to epothilone
A (1) and B (2), but none exceeded that of epothilone B (2), the most
active natural variant.

3.3. Identification of the Epothilone
Biosynthesis Gene Cluster

The most common approach to identify biosynthesis genes in the
natural producer organism is to carry out gene inactivation studies.
Mutant strains are screened for the absence of the desired metabolite,
and then analyzed to identify the site of mutagenesis, thereby revealing
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the associated biosynthesis gene cluster. The success of genome se-
quencing projects has revealed that numerous bacterial and fungal
secondary metabolite producers harbor an enormous variety of bio-
synthesis gene clusters of both known and unknown function, typically
including PKS, NRPS, and/or hybrid megasynthetases (18). Thus,
searching for genes of mixed PKS/NRPS origin has a low likelihood of
revealing the cluster responsible for a particular metabolite. Indeed, such
an approach uncovered a number of hybrid systems in a cosmid library
of S. cellulosum So ce90 (19), but the epothilone genes were not
reported to be found among them.

Spurred on by the fact that total synthesis of natural epothilones
could not provide an economically viable alternative to fermentation, a
group at the pharmaceutical giant Novartis again attempted to identify
the epothilone cluster in S. cellulosum So ce90 (the strain was obtained
from the GBF collection). After analysis of a number of mutants, they
discovered a gene cluster spanning 68,750 bp of the genome, and
incorporating 22 open reading frames (20). Sequencing of the cluster
revealed nine PKS modules, one NRPS module, a cytochrome P450, and
two putative antibiotic transport proteins. Disruptions in the genes
encoding the PKS abolished epothilone production, providing strong
evidence for the clusters identity (Fig. 4).

From knowledge of the sequence of biosynthetic transformations
required to generate epothilone, the authors were able to hypothesize
roles for the various components within the gene cluster. Thus, the first
PKS module and the NRPS module were proposed to co-operate in
forming the thiazole heterocycle of epothilone from an acetate and a
cysteine by condensation, cyclodehydration and subsequent dehydroge-
nation (see Figs. 1, 2, and 4). The remaining eight PKS modules were
suggested to elaborate the rest of the epothilone carbon skeleton, as well
as forming the macrolactone through thioesterase-catalyzed cyclization.

Overall, the domain organization of the epothilone biosynthesis gene
cluster is highly consistent with the set of reactions required to generate
the molecule, except for the absence of a dehydratase function in module
4, which appears to be required for formation of the double bond
between C12 and C13. In addition, some domains found in modules 8
and 9 seem to be inactive.

In a parallel study, Tang et al., at the biotech company Kosan, cloned
an almost identical gene cluster from S. cellulosum SMP44 (21).
Unfortunately, a different enzyme and gene nomenclature were report-
ed, which has generated some confusion in the literature. As both
publications appeared essentially simultaneously, and the postulated
biosynthesis routes are almost identical, reference is given to both
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nomenclatures as shown in Fig. 4. Interestingly, the sequences reported
by both groups show high identity on the nucleotide level (less than 1%
of the nucleotides are different, a discrepancy which may even be
explained by sequencing errors; R. M., unpublished data). This level of
identity is astonishing, because the S. cellulosum strains were isolated
from different continents. As an alternative to disrupting the gene clus-
ter in order to confirm its identity, the Kosan group reconstituted the
complete gene set in the heterologous host Streptomyces coelicolor,
where transcription was driven by an engineered promoter system. The
resulting strain assembled epothilone at a very low yield (no exact
data are available), suggesting (although not proving) that all of the
genes associated with its biosynthesis were in the transferred cluster.
The choice of alternative host strain was motivated by the fact that
S. coelicolor is more amenable to strain improvement and grows about
10-fold more rapidly than the natural producer. Thus, it was claimed that
expression in S. coelicolor would allow for industrial-scale production
of epothilones by fermentation. However, the epothilones are toxic to
S. coelicolor (R. M., unpublished results) and therefore the minor amounts
of epothilones identified in their study presumably represent the quantity
needed to kill the heterologous host.

Shortly thereafter, the Kosan group reported how they actually iden-
tified the epothilone genes within a gene library of S. cellulosum SMP44
in an alternative, statistical approach prior to heterologous expression
(22). In the same work, they also expressed the P450 enzyme EpoK in
Escherichia coli, and demonstrated that the purified protein converts
epothilone D to B in vitro. Thus EpoK is also likely to be the activity re-
sponsible for epoxidation of epothilone C (11) to generate epothiloneA (1).

3.4. Studies in Vitro into the Biochemistry
of Epothilone Assembly

The availability of the epothilone genes set the stage for studies to
uncover the molecular details of the biosynthesis. Such experiments are
typically performed in vitro, using intact multienzymes or protein
fragments expressed in recombinant form in E. coli, and purified to
homogeneity. Although this approach is not expected to yield significant
amounts of epothilones and/or new analogues, these studies can help to
shed light on biosynthetic mechanisms, and to indicate which alternative
substrates might be used by the megasynthetase in vivo.

In an initial study, Chen et al. (23) generated the chain-initiating
methylthiazole ring of epothilone in vitro as an acyl-S-enzyme interme-
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diate, using five domains derived from two modules of the mega-
synthetase. As EpoA could not be expressed in soluble form, the acyl
carrier protein domain from EpoAwas expressed as a discrete protein in
E. coli, purified in its apo form, and then post-translationally primed
with acetyl-CoA using a broad spectrum phosphopantetheinyl trans-
ferase, Sfp (24). The four-domain 150 kDa EpoB subunit harboring
cyclization, adenylation, oxidase and peptidyl carrier protein domains
was also expressed and purified. Sfp was again used to introduce the
prosthetic group onto the apo-PCP, enabling subsequent loading with
L-cysteine to generate the Cys-S-PCP acyl enzyme intermediate.

When acetyl-S-ACP (EpoA) and cysteinyl-S-EpoB were mixed, the
cyclization domain of EpoB catalyzed acetyl transfer from EpoA to
the amino group of the Cys-S-EpoB, generating a transient N-acetyl-
Cys-S-EpoB intermediate that was cyclized and dehydrated to the
five-membered ring methylthiazolinyl-S-EpoB. Subsequently, the FMN-
containing oxidation domain of EpoB oxidised the thiazolinyl ring to
the heteroaromatic oxidation state. Intriguingly, other acyl-CoAs could
be substituted for acetyl-CoA in the priming of the EpoA apo-ACP,
resulting in the production of additional alkylthiazolylcarboxy-S-EpoB
acyl enzymes (Fig. 5). Taken together, these experiments established that
chain transfer occurs across the EpoA and EpoB subunits of the epo-
thilone megasynthetase, and showed that a cysteine group is converted
into a methyl-substituted heterocycle during chain growth.

Fig. 5. Biosynthesis intermediates detected as free acids in in vitro studies with purified

enzymes after loading of the carrier proteins with natural and unnatural precursors
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At the time this report appeared in literature, the mechanism by
which internal cysteine residues are converted into thiazolines and sub-
sequently oxidized to heteroaromatic thiazole rings, was completely
uncharacterized. Schneider et al. (25) addressed this question by excising
the EpoB oxidase domain, EpoB-Ox, proposed to be responsible for
thiazoline to thiazole oxidation in epothilone biosynthesis, and ex-
pressed it in soluble form in E. coli. The authors then showed that the
purified domain represents an FMN-containing flavoprotein, which ex-
hibits thiazoline to thiazole oxidase activity when incubated with thio-
ester substrate mimics. The physiological electron acceptor in this
reaction is not yet known, but molecular oxygen is needed in in vitro
assays to enable reoxidation of reduced FMN.

In subsequent work reported from the Walsh group (26, 27), the ACP
of EpoA, along with the subunits EpoB and EpoC were expressed in
recombinant form and characterized. In this way, the authors were able
to reconstitute both the PKS/NRPS interface (EpoA-ACP/EpoB) and the
NRPS/PKS interface (EpoB/EpoC) for epothilone biosynthesis in vitro.
Additionally, a number of alternative substrates were shown to be
incorporated into epothilone biosynthetic intermediates (Fig. 5). These
experiments again raised the question as to whether these modified ACP
bound precursors would also be processed by the complete mega-
synthetase, resulting in novel, biologically active epothilone analogues.

Another study by the same group addressed the question of the
role of so called ‘‘linker’’ (28, 29) or ‘‘docking domains’’ (30, 31) in
epothilone assembly. These domains were identified in other PKS sys-
tems and shown to play an essential role in protein-protein interactions,
facilitating the transfer of biosynthetic intermediates between subunits
of the megasynthetase (29, 32). In light of their function in PKSs, the
N- and C-terminal sequences of EpoB were examined for their roles
in propagating the developing natural product. Eight amino acid residues
at the EpoB C-terminus, of which six are positively charged, were found
to be key components in chain transfer mediated by the C-terminal
docking domain (33). A minimal sequence of 56 residues at the EpoB
N-terminus was also required for transferring the acetyl group from the
EpoA ACP to EpoB, to form methylthiazolyl-S-EpoB.

Based on the three enzymes discussed above (ACP of EpoA,
EpoB and EpoC), Schneider et al. (34) showed that some oxazole and
imidazole intermediates can be processed (Fig. 5). However, activated
precursors of such derivatives have not yet been fed to the natural
producer to prove the applicability of these findings.

In a follow-up study from the Walsh group (34, 35), the docking
domains were manipulated to enable chain transfer between proteins
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derived from the yersiniabactin, enterobactin, and rapamycin biosyn-
thesis pathways, and subunits from the epothilone synthetase. These
experiments generated not only the native thiazole intermediates of
epothilone assembly, but additionally novel methylpyridine derivatives
(Fig. 5).

However, although the feasibility of generating analogues has been
demonstrated in vitro, it remains to be established whether such feeding
experiments will work in vivo using the complete megasynthetases. One
way to address this issue would be to attempt to reconstitute the entire
biosynthesis in vitro, but the complexity of the pathway has so far
precluded this approach.

Traditionally, thioester-templated reaction intermediates and pro-
ducts have been characterized by quantifying the radioactivity incor-
porated from biosynthetic precursors, either when the chains are bound
to the multienzymes, or following release by chemical hydrolysis. More
recently, analysis by mass spectrometry has emerged as a viable al-
ternative methodology, generating data on the relative amounts of free
enzyme compared to that bound to intermediates or products. This
technology was applied to the multienyme EpoC, where direct detection
of thioester intermediate mixtures bound to the enzyme was achieved
using limited proteolysis coupled with Fourier-transform mass spectro-
metry (FTMS) (36). Incubation of EpoC with various N-acetylcyste-
amine thioester (NACS) substrate mimics produced mass increases on
the ACP domain consistent with condensation of the introduced sub-
subtrate with an enzyme-bound carbanion produced by the decarbox-
ylation of methylmalonyl-S-EpoC. Reconstitution of the assembly line
including EpoA ACP, EpoB, and EpoC (see above) resulted in a further
mass shift on EpoC consistent with the formation of the methylthiazolyl-
methacrylyl product by incorporation of acetyl-CoA, cysteine, and
methylmalonyl-CoA.

The Khosla group (37) reported the production of the excised epo-
thilone thioesterase as a recombinant protein in E. coli. The enzyme was
characterized kinetically and employed to generate epothilone B from
seco-epothilone activated as its NAC thioester. With the thioesterase at
hand, it should now be possible to probe the substrate tolerance of the
enzyme using artificial NACS-derivatized substrates, (3, 38) with the
aim of generating novel epothilone analogues from linear precursors.
However, such studies have not been reported to date.

The first insights into the mechanism of formation of the epothilone
epoxide came from experiments in which a P450 encoded in the cluster
was deleted (22). As the resulting metabolite lacked the epoxide, this
study identified the enzyme responsible for introducing this function-
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ality. The enzyme, EpoK, was then expressed in recombinant form and
characterized, and its crystal structure solved (39, 40). Structures were
reported for substrate-free EpoK and EpoK bound to epothilone D and
B, at 2.10, 1.93, 2.65, and 2.1 Å resolution. Although the substrate for
EpoK is the largest yet identified for a P450 enzyme whose X-ray
structure has been solved, the changes to the structure upon substrate
binding or product release were found to be minor, and the overall
fold in all binding states was very similar to other P450s. Interestingly,
the interactions between epothilone and EpoK appear to resemble those
between paclitaxel and tubulin (39). Based on these structural simi-
larities, Nagano et al. have proposed a possible binding mode for
epothilone with tubulin.

The crystal structure of EpoK was reported before the enzyme was
kinetically characterized. This delay may have been due to the diffi-
culties in obtaining the natural interaction partners required for efficient
catalysis by the enzyme. For example, P450 enzymes are known to often
require specific ferredoxins as well as reductases, which would have to
be isolated from S. cellulosum (41). This fact may explain the very low
enzymatic activity reported for EpoK employing as surrogates, spinach
ferredoxin and spinach ferredoxin reductase (40). In this study, Ogura
et al. reported that the natural substrate can prevent and even reverse
denaturation of the protein. Ligands and surrogate substrates were
described, as well as a high throughput fluorescence assay (based on the
oxidation of H2O2 dependent of 7-ethoxy-4-trifluoromethylcoumarin) to
identify inhibitors of EpoK.

3.5. Heterologous Expression and Genetic Engineering
of the Epothilone Biosynthesis Gene Cluster

The in vitro studies provided very significant insights into the
molecular basis for epothilone assembly. However, exploiting this in-
formation to generate new analogues requires genetic manipulation of
the producing organism, a task which remains challenging (42). In fact,
to date no study has been published in which the genes for epothilone
biosynthesis were manipulated in S. cellulosum to yield an active
modified assembly line. S. cellulosum is also very slow growing (16 h
doubling time), making the transfer of the complete biosynthesis system
into a favorable heterologous host organism an even more desirable
experiment. Ideally, this host would grow more quickly, and additionally
allow for the efficient manipulation of the gene cluster.
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Fig. 6. Novel epothilone derivatives generated after heterologous production of epothilone

in M. xanthus and genetic engineering of the epothilone megasynthetase. a) Inactivation

of the ER domain of module 5. b) Inactivation of the KR domain of module 6. c) Inactivation

of the KR domain of module 4. d) Inactivation of the DH domain of module 5. For a

description of the domain abbreviations and the assembly line see Figs. 1, 2, and 4
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A number of approaches have been used to heterologously express
complex megasynthetases, including some from myxobacteria (21, 43,
44, 45, 46, 47, 48, 49). Although the epothilone cluster was successfully
relocated to S. coelicolor (see above), the resulting strain yielded only
very small amounts of the metabolite, and so no follow-up work has
been reported.

To address this shortcoming, the Kosan group also transferred the
gene cluster into the well-studied myxobacterium Myxococcus xanthus,
by splitting it into two parts (48). As genetic manipulation in this host
is more difficult than in Streptomyces and no plasmids are available for
myxobacteria, this was a significant achievement. Briefly, a 65.4 kb
fragment of S. cellulosum DNA encompassing the entire epothilone gene
cluster was inserted into the chromosome of M. xanthus by a series of
homologous recombination events. The resulting strain produced epo-
thilones A and B in yields of 0.16mg/L (production from S. coelicolor
was approximately 0.05�g/L (21)). Construction of a strain that con-
tained a mutation in epoK, encoding the P450 epoxidase, resulted in
production of epothilones C (11) and D (12). Further studies to increase
yields were only reported in M. xanthus (see below).

Heterologous expression in M. xanthus allowed for more straight-
forward genetic manipulation of the megasynthetase. Analysis of a
strain engineered to produce epothilone D (12) by deletion of epoK, also
revealed a new epothilone, 10,11-didehydro-epothilone D (53) (see
Fig. 6) (50). The epothilone PKS was further modified by inactivating
the ER domain of module 5 in a recombinant M. xanthus strain to
produce 10,11-didehydro-epothilone D (53) as the major epothilone-
related metabolite. The cytotoxicity of this compound against a panel of
tumor cell lines and the effects on tubulin polymerization, were com-
parable to those of epothilone D (12).

Subsequently, the epothilone PKS genes were engineered to generate
novel unnatural natural products that might be useful as new scaffolds
for chemical modification (51). Inactivation of the KR domain in module 6
of the epothilone PKS resulted in accumulation of 9-oxo-epothilone D (54)
and its isomer 8-epi-9-oxo-epothilone D (55) as the major products (see
Fig. 6). Modification of the KR domain in module 4 yielded the expected
compound 12,13-dihydro-13-oxo-epothilone C (57), in trace amounts.
Interestingly, the major product of the fermentation was 11,12-dehydro-
12,13-dihydro-13-oxo-epothilone D (56), whose biosynthesis was unantici-
pated. The other predicted compound, 12,13-dihydro-13-oxo-epothilone D,
was not detected. The authors speculated that production of the unanticipat-
ed 13-oxo derivative indicates that the ER domain of module 5 has substrate
specificity requirements, suggesting a second role for the domain (51).
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As discussed earlier, the domain organization of the epothilone gene
cluster is consistent with the chemical structure of the molecule, except
for the absence of a dehydratase function in module 4 which would
be expected to produce the cis double bond between carbons 12 and 13.
To elucidate a possible function of the dehydratase of module 5 in this
biosynthetic step, Tang et al. (52) performed three different deletions/
replacements of this domain. The three recombinant strains did not
produce detectable amounts of 11-hydroxy epothilones (the compounds
expected if the dehydratase of module 5 were not involved in forming
the double bond between carbons 12 and 13). However, the resulting
strains produced compounds lacking the double bond at the positions
introduced by module 4, thus confirming the role of the module 5 DH
domain in dehydration. Interestingly, the novel compound, (E)-10,11-
didehydro-12,13-dihydro-13-hydroxy-epothilone D (58) (see Fig. 6)
found in these mutants was also unanticipated because dehydration oc-
curred forming the C10–C11 double bond in spite of the inactivation of
the module 5 DH domain. These findings indicate an iterative function
of the dehydratase in module 5 but the generation of the particular novel
metabolite cannot be explained by iteration only. The iterative use of
domains and modules has been proposed for type I PKS systems from
both Streptomycetes and myxobacteria (53, 54, 55).

Recently, Kosan researchers took this work a step further, and en-
gineered epothilone production in E. coli (56). To accomplish this, the
genes encoding the entire gene cluster, epoABCDEF, were redesigned
in silico and then synthesized to allow for improved expression. The
motivation behind synthesizing more than 50,000 base pairs, was to
allow for a change in codon usage from that preferred by S. cellulosum,
to codons which were optimal for expression in E. coli. Expression of
the largest of the proteins, EpoD, further required that the protein be
separated into two subunits carrying compatible docking domains. By
optimizing expression using low temperature and alternative promoters,
as well as co-expressing chaperones, the researchers succeeded in pro-
ducing soluble protein from all genes in the epothilone cluster. Expression
of the cluster in a strain of E. coli modified to enable polyketide bio-
synthesis, resulted in the production of epothilones C (11) and D (12). In
addition, feeding of an activated thioester of the normal substrate for
EpoD to cells expressing only the epoDEF genes, also led to the gen-
eration of epothilones C (11) and D (12).

Based on these results, the authors argued that the design of the
synthetic epothilone genes together with E. coli expression provides an
ideal platform for both the biochemical investigation of the epothilone
PKS and the generation of novel biosynthetic epothilone analogues. In
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light of the yields reported (0.01�g/L; see Table 1), however, it remains
to be seen whether the E. coli host can be used effectively in such
experiments.

3.6. Nutrient Regulation in S. cellulosum and M. xanthus

Nutrient regulation has been studied in the heterologous host
M. xanthus as well as in S. cellulosum with the aim of increasing
secondary metabolite production (58). It is known that S. cellulosum
species producing the same secondary metabolite can exhibit striking
differences in their physiology, and therefore optimal production con-
ditions have to be established for each strain (59, 60). Differences in
physiology were also detected with the epothilone producer strains So
ce90 and So ce1198. Production of epothilone by So ce90 is stimulated
by increasing concentrations of glucose, while the same compound
inhibits biosynthesis by strain So ce1198 (59). The initial amount of
epothilones produced by the two strains vary from 0.3 to 25mg/L.

As a result of a strain improvement programme at the German Centre
for Biotechnology (GBF) involving conventional methods, production of
epothilones was increased approximately 25-fold (K. Gerth, personal
communication). Recently, it has become possible to study the reg-
ulation of secondary metabolite biosynthesis in S. cellulosum in a more
rigorous way as a result of a functional genome project with strain So
ce56. In an initial study, a specific regulator of chivosazol biosynthesis –
ChiR – was identified and overexpressed, resulting in 5-fold over-
production of chivosazol (61). It remains to be seen, however, whether

Table 1. Heterologously produced myxobacterial secondary metabolites

Compound Producing

organism

Host strain Yield References

Soraphen S. cellulosum S. lividans 0.3mg/L (47)

Epothilone S. cellulosum S. coelicolor 50–100�g/L (21)

E. coli� 10�g/L (56)

M. xanthus 1–23mg/L (48, 57)

Flaviolin S. cellulosum P. putida 10mg/L (49)

Myxochromid S S. aurantiaca P. putida 40mg/L (45)

M. xanthus >1 g/L S. C. Wenzel and

R. M., unpublished

Myxothiazol S. aurantiaca P. putida� 0.8mg/L (43)

M. xanthus 20mg/L (44)

� After genetic engineering of the host strain.
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information gleaned from the genome of strain So ce56 can be applied to
study and optimize the epothilone producer So ce90.

Research has also addressed the effects of media components on
epothilone yields. For example, scientists at Kosan investigated epo-
thilone production by S. cellulosum and M. xanthus in fermentation
media containing various initial concentrations of ammonium and phos-
phate salts, in order to identify possible inhibitory effects of these
additives (58). S. cellulosum was more sensitive to ammonium and
phosphate than the heterologous producer in terms of epothilone yields.
The effect of iron supplementation in the fermentation medium was also
investigated. These studies employed an oil-based medium, which would
obviously cause problems in industrial large-scale work up procedures.
Nevertheless, a production process was developed based on this work,
resulting in the crystallization of epothilone D (12) from the crude
product in 97% purity (62).

The heterologous production of epothilone D (12) in M. xanthus was
improved significantly from an initial titer of 0.16mg/L, by the addition
of adsorber resin XAD into the fermentation medium, the identification
of a suitable carbon source, and the implementation of a fed-batch
process (57). XAD was added to bind epothilone D (12) and thus re-
duce the degradation in the medium via stabilization of the compound
(13, 59). In general, this procedure facilitates the recovery of secondary
metabolites, and enhances overall production levels in myxobacteria.
In addition, the potential of using oils as a carbon source for cell
growth and product formation was evaluated. This study revealed that
among the oils tested (e.g.methyl oleate, coconut oil, sesame oil) methyl
oleate had the most significant effects: at a concentration of 7ml/L in
a batch process, the maximum cell density was increased 5-fold, to 2 g
dry cell weight/L. Metal ions were also shown to play a significant role
in cell metabolism and in epothilone biosynthesis. To further increase
the product yield, a continuous fed-batch process was developed to
generate a higher cell density and to maintain an extended production
period. All of these improvements resulted in an optimized fed-batch
culture process, consistently yielding an average production titer of
23mg/L.

Addition of biosynthesis precursors of epothilone, such as acetate
and propionate to the fermentation media, resulted in alterations of the
epothilone D:C ratio (63). Interestingly, addition of L-serine along with
either acetate or propionate, yielded the oxazole containing epothilones
H1 (28) and H2 (29) (see Fig. 2) as the major products, indicating that
oxazole formation in M. xanthus is substrate limited and not caused by a
preference of the enzyme complex for L-cysteine over L-serine.
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A further study addressed the effects of oxygen limitation on epo-
thilone production (64). In general, limiting the concentration of dissolved
oxygen during cultivation of microbial strains decreases the activity
of cytochrome P450 monooxygenases required for the processing of
pathway intermediates into their final forms, which can result in the
accumulation of these intermediates as the primary products. Cultivation
of the recombinant M. xanthus strain with excess oxygenation resulted in
the production of epothilones A (1) and B (2) as the primary products,
while the same strain cultivated under oxygen depleted conditions yielded
epothilones C (11) and D (12) as the primary products. In addition, the
peak cell density in the oxygen-depleted cultures was found to be 60%
higher than that observed in cultivations in which oxygen was present in
excess. The same strategy was applied to the strain of M. xanthus har-
boring a genetically altered epothilone megasynthetase (see above) which
generates 10,11-didehydro-epothilone D (53) (see Fig. 6). Fermentation
of this strain under excess oxygenation revealed that EpoK catalysed
production of a novel epothilone, 10,11-didehydro-epothilone B.

3.7. Conclusions

Over the past decade, significant progress has been made towards
elucidating many aspects of epothilone biosynthesis, as well as pro-
ducing the metabolite in heterologous hosts. In future, these advance-
ments may allow alterations to the epothilone backbone, which would be
difficult, if not impossible, to achieve by traditional synthetic methods.
Such modified backbones could subsequently be employed as scaffolds
for elaboration by medicinal chemists, towards the generation of new
drug leads. However, a number of challenges must be overcome to
achieve this goal. As production of engineered epothilones currently
relies on heterologous expression hosts, yield improvements will be
absolutely essential. Such gains may be achieved using alternative host
organisms and/or by metabolic engineering of existing host strains.
Rational construction of novel epothilone analogues should also be
enabled by further deepening our understanding of the biosynthesis,
which may result from studies of the pathway proteins in vitro, coupled
with analysis by high-resolution mass spectrometry. Alternatively,
methods for sophisticated genetic engineering in S. cellulosum may be
developed, allowing productive pathway manipulation in the original
host where production titers are much higher. Given the promise of
epothilone as an anticancer agent, the next few years should see exciting
developments in this already productive area.
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4.1. Introduction

Although epothilones A–F are available from fermentation, their
potential for broad refunctionalization and structural modification is
rather limited. Therefore, from early on, the demand of more detailed
SAR studies and the search of more specific and higher activity epo-
thilone derivatives have stimulated very intensive synthetic investiga-
tions world wide, all the more so as the epothilones possess a far simpler
overall chemical structure than, for instance, the taxanes.

A succession of reviews has appeared over the past six years high-
lighting the progress in the total synthesis of epothilones A and B (1a
and 1b) and their deoxy-analogues C and D (2a and 2b) (1–26). This
overview attempts to give a comprehensive description of all the various
approaches that have been developed until the end of 2006. Altogether,
16 complete and formal approaches have been reported for 1a, 2a and 20
for 1b, 2b: Many of the approaches follow quite similar strategies and
feature analogous key reactions and C,C-disconnections. Some of them
even use the same key fragments, so that the number of the truly
independent syntheses is relatively low.

Over the years, a standard retrosynthesis has been developed (Chart 1)
(2, 15, 17, 18, 20). The last step in the synthesis is the more or less
stereocontrolled epoxidation of the 12,13-double bond in 2a–2d. If

Fig. 1. Naturally occurring epothilones
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DMDO is used for the epoxidation, a diastereomeric ratio of up to 9:1
may be achieved. The penultimate step in the synthesis of 2a and 2b
is the macrolactonization of seco-acid I, normally performed at high
dilution (10�3 to 10�4 M) via the Yamaguchi protocol (27). Seco-acid I
is generated by an aldol addition of the C21–C7-aldehyde II and the (Z)-
enolate of ketone III (28–30). This addition can be performed to get
the desired relative configuration for the C6–C8-stereotriad with high
stereocontrol. The asymmetric induction crucially hinges on the presence
and the configuration of the stereocenter at C3 and the functionalization of
the C1–C3-segment in III. A second, more general access to 2a–2d is via
RCM of diolefin ester IV, which is obtained from alcohol V and acid VI.
For the preparation of VI, an aldol reaction between III and aldehyde VII
is normally used, similar to the one between III and II.

4.2. Synthesis Approaches to both the Epothilone
A/C- and B/D-Series

The first three syntheses (Danishefsky, Nicolaou, and Schinzer) ini-
tially all aimed for 1a, 2a. However, the underlying strategies were so
designed as to access also 1b, 2b without major alterations.

4.2.1. Danishefsky Syntheses (31–42)

The Danishefsky group has been particularly imaginative in develop-
ing a variety of different syntheses. Their first approach (31–33) started
with the preparation of the C21–C12-segments 9 and 10 (Chart 2).

Chart 2. Danishefsky’s synthesis of epothilone building blocks
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Thiazole ester 3 was reduced to aldehyde 4, which was converted into 5
by aWittig olefination. Compound 5 was subjected to an enantiocatalyzed
allylation to 6 whose acetylation furnished fragment 7. From 7 aldehyde 8
was prepared from which the (Z)-vinyl iodides 9 and 10 were available in
moderate yields.

The C3–C11-segment 19 was prepared along a route (Chart 3) de-
viating from the general strategy described in Chart 1. Thus, the C6–
C8-stereotriad was prepared via a hetero-Diels-Alder reaction between
chiral aldehyde 11 and Danishefsky diene 12, which proceeds to di-
hydropyranone 13 with high Felkin Anh-selectivity. The gem-dimethyl
group at C4 was installed via cyclopropanation to 14 and ring opening
to iodide 15, which after deiodination, was converted into the acyclic
C3–C9-fragment 16. Two successive one-carbon chain elongations gave,
via 17, the C3–C11-fragment 18, which was connected with vinyl iodide
9 via a B-alkyl-Suzuki-coupling to complete the epothilone A/C seco-
intermediate 20 (Chart 4). Ring closure was achieved between C2 and
C3 via macroaldolization to give 21 with a 6:1 diastereomeric ratio
at C3. Oxidation at C5 and desilylation led to 2a. The regio- and ste-
reoselective epoxidation of the C12,13-double bond to 1a was achieved
with DMDO (37).

A second approach to 2a (34) used macrolactonization as the ring
closing step (Chart 5). Hence, acetal 18 was converted into the aldehyde,
which was subjected to an aldol addition with t-Bu-acetate to give 22
as a separable 1:1-diastereomeric mixture at C3. After oxidation and
silylation 23 was obtained whose Suzuki-coupling with 9 as before
furnished seco-acid 24. Yamaguchi-lactonization and deprotection gave

Chart 4. Danishefsky’s macroaldolization of epothilones A and C, Part II
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2a. Although this second route is four steps longer, the overall yield is
about the same (23 vs. 25%).

Ring closing metathesis (RCM) was tested as a third mode of
macrocyclization (38), this time for both 2a and 2b (Chart 6). In fact, the
epothilones were the first relatively complex substrates for this, at the
time, rather novel methodology. Thus, intermediate 16 was converted
into C9-aldehyde 25, which after chain elongation gave olefinic al-
dehydes 26a and 26b. Aldol addition with 8 furnished 27a and 27b as
1:1-diastereomeric mixtures at C3. The configuration at C3 was rectified
to (3S) via an oxidation-reduction sequence after which some further
modifications led to the diastereomerically pure ketones 28a and 28b.
Epothilone A precursor 28a was cyclized with Grubbs’ first generation
RCM catalyst to 29 as a 1:1.7-(E)/(Z)-mixture that was separated and
desilylated to give 2a. In contrast, the RCM of epothilone B intermediate
28b had to be performed with Schrock’s catalyst to furnish 30 as a 1:1-
E/Z-mixture. Separation and desilylation gave 2b.

After these very early reports the Danishefsky group concentrated
on improvements of their epothilone B syntheses. To this end, OTES-
protected vinyl iodide 32 was prepared from 6 via 31 along the es-
tablished route (Chart 7) (39). However, the overall yield turned out
to be unacceptably low (43%). Therefore, an improved synthesis was
develoved using Evans’ auxiliary 33 for a highly diastereoselective
allylation with di-iodide 34 to give 35, which was converted into 32 over
five steps in 63% overall yield (40).

For the B-alkyl Suzuki coupling the preparation of olefinic ester 44
was required, which was based on an aldol addition between aldehyde
40 and the diisopropyl acetal of aldehyde 39, which gave 41 with

Chart 5. Danishefsky’s macrolactonization synthesis of epothilones A and C
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moderate diastereoselectivity (Chart 8). A number of other aldol variants
were tried, however without significant improvement. Hence, the main
isomer of 41 was separated, Troc-protected to 42 and converted into
aldehyde 43, which was used for another aldol addition, this time with
t-Bu-acetate, in the presence of Duthaler’s complex to give the (3S)-
epimer 44 after silylation with high stereocontrol. Suzuki coupling of
44 with vinyl iodide 32 furnished seco-intermediate 45. Deprotection
gave the seco-acid 46, which was macrolactonized and deprotected to
give 2a.

A variation of the original RCM approach (Chart 9) (37) was ini-
tiated by preparing the terminal olefins 47, 48 from 32, 44 and con-
necting them via esterification to the seco-intermediate 49, which on
RCM with Grubbs’ second-generation catalyst gave a 3:1-mixture of
the desired macrocycle 50 and the ring-contracted derivative 51. After
separation, 50 was deprotected to give epothilone 490 (52) as a highly
active non-natural epothilone derivative. Selective hydrogenation of the
C10,11-double bond with diimide led to 2a (39–41).

In a second approach to 52 (Chart 10) the Duthaler aldol addition of
acetate 53 to aldehyde 43 was used as the connecting step. Compound
54 was obtained stereoselectively and macrocyclized by RCM to furnish
55. In this case, no ring contraction was observed. After removal of the
Troc-group 52 was obtained.

Chart 7. Danishefsky’s B-alkyl Suzuki approach to epothilone B, Part I
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4.2.2. Nicolaou Syntheses (43–49)

The Nicolaou group was second to complete total syntheses of both
epothilones A and B. Their strategy was focused on an aldol addition
between a C6 ketone enolate and a C7 aldehyde. The C12,13-double
bond was formed via metathesis in the A-series (43–45) and via Wittig
olefination in the B-series (47).

Chart 11. Nicolaou’s synthesis of epothilone building blocks

Chart 12. Nicolaou’s synthesis of epothilone fragment 71
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The preparation of the building blocks was different from the
Danishefsky approach. Thus (Chart 11), the C1–C6 fragment 59 was pre-
pared via a regio-and enantiocontrolled Brown allylation of aldehyde 39
to form 57 after silylation. Ozonolysis led to 58 that was either oxidized to
carboxylic acid 59 or reduced to diol 60. The C7–C12-aldehyde 63 was
obtained via alcohol 62 by an Oppolzer alkylation with sultam 61.

An alternative route to the C7–C12-fragment (Chart 12) started with
an Enders alkylation of 64 to form 65 enantioselectively, which was
converted into aldehyde 67 (epothilone A series) and ketone 68 (epo-
thilone B series). The C13–C21-phosphonium iodide 71 was prepared via
a Brown allylation of aldehyde 5 to 6. Silylation to 69 and subsequent
oxidation gave aldehyde 70, from which 71 was obtained in three steps.

Nicolaou’s first route to 1a (43) started with a non-stereoselective
aldol-type addition of the dianion of 59 to aldehyde 63 (Chart 13).
A mixture of diastereomers 72a and 72b was obtained, which was
esterified with alcohol 6 to give a separable mixture of the di-olefins 73a
and 73b. RCM of 73a with Grubbs’ first-generation catalyst furnished
an (E)/(Z)-mixture of the macrolides 74, which was separated and
desilylated to give 2a. Epoxidation with DMDO as before led to 1a.

The RCM approach was also used for a solid-phase supported
synthesis of 2a (Chart 14) (48). The ring closure served to disconnect

Chart 13. Nicolaou’s RCM synthesis of epothilones A and C
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the substrate from the solid support by a cyclorelease process. The
synthesis started with the Merrifield resin attached chloride 75, which
was converted via alcohol 76 into phosphonium salt 77. Wittig reaction
of 77 with aldehyde 67 followed by desilylation and Swern oxidation

Chart 14. Nicolaou’s solid-phase synthesis of epothilone C

Chart 15. Nicolaou’s macrolactonization approach to epothilone A and C
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furnished aldehyde 78, which was subjected to an aldol addition with
keto acid 59 to give carboxylic acid 79 as a mixture of diastereomers.
Esterification of 79 with alcohol 6 led to diene 80, which was converted
into 2a ((E)/(Z)-mixture) via RCM and desilylation.

As an alternative to the RCM, Yamaguchi macrolactonization was
also used for the synthesis of 1a, 1c (Chart 15) (46). Thus, Wittig reaction
of phosphonium salt 71 with aldehyde 67 gave a 9:1-(Z)/(E)-mixture
of olefins 81. Conversion into aldehyde 82 followed by aldol addition
with keto acid 59 led to a 1:1-diastereomeric mixture of aldol adducts
83, which were separated and subjected to Yamaguchi lactonization.
Compound 84 was obtained, desilylated to 2a and then epoxidized to 1a.

A related protocol was also applied to the synthesis of 1b, 2b
(Chart 16) (46). The only modification was the unselective Wittig re-
action of 71 with ketone 68, to give 85 as a 1:1-(E)/(Z)-mixture that was
converted to aldehyde 86. Aldol addition of 86 with 59 delivered an
equimolar mixture of four stereoisomers. The (6S,7R)-(E)/(Z)-fraction
was removed at this stage and the remaining (6R,7S)-(E)/(Z)-olefin
mixture was lactonized and then separated into isomers 88 and 89. The
(Z)-isomer 88 was then converted into 1a, 2a, as usual.

To improve the stereocontrol of this sequence two alterations were
undertaken (46, 47). First, aldehyde 86 was prepared as a pure (Z)-olefin
via the sequence shown in Chart 17. The (E)-selective Wittig olefination
of aldehyde 70 with phosphorane 90 gave pure (E)-enoate 91 that was
reduced to alcohol 92 and deoxygenated to (Z)-olefin 93. Regioselective
hydroboration/iodination of the terminal olefin gave iodide 94, which
was used for an enantiocontrolled alkylation with SAMP derivative 64 to
furnish 95 selectively. Oxidative removal of the hydrazone gave nitrile
96, which was reduced to aldehyde (Z)-86 with DIBAL-H.

The aldehyde (Z)-86 was subjected to aldol addition with ketone 60
(Chart 18) to give a 3:1-diastereomeric mixture of 97 in favor of the desired
(6R,7S)-diastereomer. Without separation, the 7-OH group was silylated,
the primary alcohol at C1 was deprotected selectively and oxidized to
the acid 99. Selective deprotection of the 15-OTBS group followed by
Yamaguchi lactonization gave 88, which was separated into the diaste-
reomers. Deprotection gave 2b and epoxidation led to 1b eventually.

4.2.3. Schinzer Synthesis (50–54)

Schinzer’s group was chronologically third to complete syntheses
of both 1a, 1b and 2a, 2b, which were conceptually very similar to the
Nicolaou’s approaches. However, the preparation of the key fragments
was different (50). For instance the C21–C13-fragment 6 was syn-
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thesized from aldehyde 100 (Chart 19), which was converted to the non-
racemic alcohol 101 in two steps. Next, the ketone 102 was prepared and
subjected to an (E)-selective Horner olefination with phosphonate 38 to
give 103, which was transformed into C15-alcohol 6 via 70 in four steps.
The C1–C5-acetonide 108 was available from 100 via Brown allylation
with borane 105 to provide 106, which was then converted into 108.
A longer yet more convenient preparation of 108 was started with
Reformatsky addition of 109 to 3-pentanone to give ester 110, which was
reduced to aldehyde 111 and converted into 112 via a Braun aldol
addition. Four more steps gave 108.

The acetonide moiety in 108 turned out to be crucial for the ste-
reoselectivity of the aldol addition to aldehyde 63 (Chart 20). In contrast
to Nicolaou’s experiment a high selectivity in favor of adduct 114 was
achieved. The rest of the synthesis (51, 52) closely resembles Nicolaou’s
RCM approach. Thus, conversion of 114 to acid 116 was followed by
esterification with alcohol 6 to give di-olefin 117, which was cyclized to
Nicolaou’s intermediate 84 as an 1:1-E/Z-mixture.

Schinzer’s synthesis of 1b, 2b (Chart 21) (53, 54) uses a Zn-
modification of Danishefsky’s B-alkyl Suzuki coupling by converting
olefin 120 (obtained via allylation of Evans’ oxazolidinone 118) into the
Zn-derivative 122. Palladium-assisted coupling of 122 with vinyl iodide
123 gave (Z)-85, which was transformed into (Z)-aldehyde 86. The aldol
addition of (Z)-86 with ketone 108 again was highly stereoselective to
form adduct 124 with a d.r. of 9:1. Acetonide hydrolysis followed by
global O-silylation delivered Nicolaou’s intermediate 125.

4.2.4. Sinha Syntheses (55–58)

In their synthesis of 2a, which incorporates modifications of both
Nicolaou’s RCM and Danishefsky’s macrolactonization approach, the
Sinha group has made use of ‘‘in-house’’ catalytic antibody methodology
(Charts 22, 23) (55–57). Thus, a racemic mixture of aldol adducts 127a
and 127b was prepared and subjected to retro-aldol cleavage catalyzed
by antibody AB 38C2. Enantiomer 127a was obtained in 96% ee.
Conversely, aldehyde 5 was converted into adduct 128 via antibody-
catalyzed aldol addition with acetone, however in low conversion and only
75% ee. Compound 127awas converted into the C1–C10-segment of 1 via
catalytic hydrogenation to give a separable mixture of diastereomers 129,
130. Pure 129, after O-silylation and methylation was subjected to an aldol
addition to give after silylation and diastereomer separation intermediate
131 in unspecified yield. The phenol ring was oxidized to the carboxylic
acid and then converted into C1–C10-aldehyde 132 (Chart 23).
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Chart 22. Sinha’s synthesis of epothilone C, Part I

Chart 23. Sinha’s synthesis of epothilone C, Part II
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Via Horner olefination and hydrogenation 132 was transformed into
ester 133, which was then elaborated via 134 into the olefinic carboxylic
acid 135 (Chart 24). Aldehyde 6 was prepared from 128 via enol ether
136 and hydroxyl ketone 137 and olefinated to alcohol 69. Esterification
with acid 135 followed by RCM and desilylation led to 2a, by analogy to
Nicolaou’s earlier approach (Chart 13).

In a second approach to 2a (Chart 25), which parallels Danishefsky’s
synthesis (Chart 4), the Sinha group prepared olefin 138 from 132 and
used this material for a Suzuki coupling with the (Z)-vinyl iodide derived
from 70 to give, after desilylation and oxidation Danishefsky’s seco-acid
24. For all steps described so far yields are missing.

Chart 25. Sinha’s first synthesis of epothilone B

Chart 26. Sinha’s second synthesis of epothilone B, Part I
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For their synthesis of 2b, the Sinha group avoided antibody meth-
odology and applied a esterification-RCM sequence (Charts 26 and 27)
(58). The novel feature of this synthesis is the early introduction of the
12,13-epoxide function. However, the authors failed to mention that this
approach has been pioneered by the Mulzer group (21). Following a
protocol by Taylor (59), Sinha started with a highly selective aldol-type
addition of ketone 60 to aldehyde 139 to give adduct 140, which was
then transformed via aldehyde 141 and olefin 142 into olefinic acid 143
(Chart 26). Alcohol 145, which is required for the esterification with
143, was obtained from Nicolaou’s intermediate 92 (Chart 17) and
epoxidized to 144 via a highly stereoselective Sharpless’ asymmetric
epoxidation reaction. The superfluous primary OH group was removed
reductively to give 145, after desilylation of the 15-OTBS group. Ester
146 was then formed from 143 and 145 and cyclized to macrolide 147
with Grubbs second-generation catalyst. The conversion to 1b was not
described in detail.

4.2.5. Carreira’s Synthesis of 2a and 2b (60–62)

The Carreira group has also opted for the ‘‘early epoxide’’ approach
originally introduced by the Mulzer group (86, 87). Moreover, they

Chart 27. Sinha’s second synthesis of epothilone B, Part II
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developed a highly innovative nitrile-oxide-olefin cycloaddition to es-
tablish the C12–C15 section in both the epothilone A and B series. Thus
(Chart 28), olefin 148 was oxidized to the aldehyde and treated with
3-methylbutyn-3-ol under asymmetric catalysis to give 149 with high
selectivity. Additions of this type have been developed earlier in the
group. Removal of the terminal teriary alcohol and reduction gave the

Chart 28. Carreira’s synthesis of epothilone A and B, Part I

Chart 29. Carreira’s synthesis of epothilone A and B, Part II
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Chart 30. Carreira’s synthesis of epothilone A and B, Part III

Chart 31. Carreira’s synthesis of epothilone A and B, Part IV
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vinyl alcohol 150, which was subjected to a stereocontrolled 1,3-dipolar
cycloaddition with nitrile oxide 152, prepared in situ from oxime 151.
The resulting isoxazoline 153 was olefinated with aldehyde 4 to give the
C21–C7-epothilone A fragment 154a.

The corresponding epothilone B intermediate 154b (Chart 29) was
obtained starting from the addition of 152 to (R)-3-buten-2-ol. Adduct
155 was converted to ketone 157. Chelate-Cram induced addition of
Grignard derivative 158 gave 154b selectively.

In parallel sequences (Charts 30 and 31) intermediates 154a and
154b were processed towards the formation of 1a/1b. Specifically, the
isoxazoline ring was cleaved reductively to give triol 159, which was
converted into epoxide 161 via the cyclic sulfite 160. Ditesylation followed
by selective mono-detesylation and oxidation of the primary OH-function
gave aldehyde 162, which underwent a highly selective aldol addition
with ketone 57 to give aldol adduct 163 after Troc-protection of the
resulting C7-alcohol function. The endgame was modelled after Mulzer’s
synthesis (86, 87) to provide 166 via seco-acid 164 and macrolactone 165.
The final desilylation required elaborate conditions to give 1a and 1b
eventually.

4.2.6. Shibasaki Approach (63–68)

The Shibasaki group has developed a variety of chiral multi-
functional catalysts (e.g. 167–169, Fig. 2) that they apply to natural
product synthesis (63). Their epothilone A/B synthesis (Charts 32–35) is
an adaptation of Danishefsky’s B-alkyl Suzuki reaction of vinyl iodides
9, 10 and terminal olefin 187 (64). Thus (Chart 32), aldehyde 5
underwent a highly enantioselective cyanosilylation with catalyst 167
(Fig. 2) (65) to form 170, which was converted into aldehyde 171 and
then alkyne 173. Hydromagnesiation-iodination of 173 was used to
generate Danishefsky’s epothilone A vinyl iodide 9 stereoselectively.
The preparation of the epothilone B vinyl iodide 10 (66) involves
a homologation of aldehyde 171 to Schinzer’s aldehyde 70, which was
then elaborated into 10 following the Danishefsky/Schinzer precedence.

Fig. 2. Shibasaki’s catalysts
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Chart 32. Shibasaki’s synthesis of epothilones C and D, Part I

Chart 33. Shibasaki’s synthesis of epothilones C and D, Part II
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The synthesis of 187 (Charts 33 and 34) started with a 1,4-addition of
4-tBuPh-SH to thiol ester 174 under the enantiocatalysis of 168 to give
175. Reduction of the thiol ester and O-protection gave thioether 176,
which was converted into 177 via Pummerer oxidation-reduction. Chain
elongation to olefin 178 was followed by oxidation to the labile aldehyde
179, which was added to enolate 180 to give the epothilone A/B C3–C11-
fragment 181 (Chart 33). Standard methodology was used to convert
181 into acetonide 182 and then aldehyde 183 (Chart 34). Aldol addition
with acetophenone under the catalysis of 169 gave phenyl ketone 184,

Chart 34. Shibasaki’s synthesis of epothilones C and D, Part III

Chart 35. Shibasaki’s synthesis of epothilones C and D, Part IV
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which was converted to phenyl ester 186 via a novel Baeyer-Villiger
oxidation, catalyzed by diamide 185. In three additional steps ketone
187 was prepared, which was the coupling partner of 9 and 10 to give the
2a-precursor 188 and the 2b-precursor 189 (Chart 35).

4.3. Syntheses of Epothilone A/C (1a, 2a)

4.3.1. Fürstner’s Alkyne RCM (67, 68)

The early RCM approaches to 1 byDanishefsky,Nicolaou, and Schinzer
were all flawed by the missing (E)/(Z)-selectivity. In their synthesis of 2a,
Fürstner et al. (Chart 36) remedied the situation by applying an alkyne RCM
approach to generate macrolide 198, which was converted into the (Z)-
olefin exclusively via Lindlar hydrogenation. The synthesis started from
keto ester 190, which was converted into acetonide 191 via Noyori hydro-
genation. The addition of ethyl magnesium bromide led to Schinzer’s ketone
108, which was used for an aldol addition with aldehyde 192, prepared via
methylation of the corresponding Oppolzer sultam. Adduct 193 was ob-
tained with good selectivity and then converted into acid 194. Esterification
of 194 with alcohol 195, prepared from Nicolaou’s intermediate 6 via
Corey-Fuchs homologation to introduce the alkyne moiety, gave seco-inter-
mediate 196. The RCM was achieved in good yield with Mo-catalyst 197.

4.3.2. Liu Synthesis (69, 70)

The Liu approach to epothilone A (Chart 37) follows the Nicolaou
retrosynthesis. Original contributions consist in a novel approach to
Nicolaou’s aldehyde 82 and the use of the PMB protecting group for the
3-OH function.

The synthesis started with the preparation of the epoxide 199 (frag-
ment C14–C16) from buten-2-ol. Geraniol (200) was then converted
into diol 201 via a known sequence. Routine steps via alcohol 203
led to alkyne 204 that was coupled with 199 to give 205. Lindlar
hydrogenation generated the C12,13-olefin 206 Z-selectively. Debenzyl-
ation, oxidation to ketone 207 and (E)-selective Wittig olefination with
the tributyl phosphorane generated from 208 gave acetonide 209, which
was converted into aldehyde 82 by glycol cleavage of the terminal diol
function. In a second sequence (Chart 38), keto-acid 214 was prepared
from 210 via racemic epoxide 211 and Jacobsen kinetic resolution (71,
72) to give 212. Cobalt carbonyl induced carbonylation in methanol led to
methyl ester 213, which was converted into 214, and connected with
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aldehyde 82 via an unselective aldol addition. In this way, seco-acid 215
was generated, lactonized to macrolide 216 and deprotected to furnish 2a.
The epoxidation to 1a, however, was performed in a totally stereocon-
trolled manner via PMB – derivative 217.

4.3.3. Panek Approach (73–75)

Danishefsky’s B-alkyl Suzuki coupling was used to form the
(Z)-12,13-double bond. Original methodology, based on asymmetric
crotylation with chiral silanes, was applied to generate the stereogenic
centers at C6 and C7 (Charts 39 and 40). In a novel approach, vinyl
iodide 9 was prepared from aldehyde 5 by adding vinyl magnesium
bromide and resolving the resulting racemic allylic alcohol via a lipase-
catalyzed acetylation. The unreacted alcohol (90% ee) was converted
into the TBS-ether 218. Hydroboration and oxidation gave aldehyde 70
that was converted into vinyl iodide 9 as before (Chart 2). For the
coupling the C3–C11-olefin fragment 228 was prepared from aldehyde
219 whose di-benzyl-acetal 220 was subjected to a highly stereoselective
crotylation with Panek’s chiral silane 221. The resulting olefin 222
was oxidized to aldehyde 223. Mukaiyama addition of ketene acetal
224 led to hydroxyl-ester 225, from which enoate 226 was prepared.
Hanessian’s protocol was used to add the methyl group at C6 and the
resulting ester 227 was transformed into the desired olefin 228. Coupling
with 9 was achieved by the Danishefsky procedure to generate the C3–
C21-intermediate 229 (Chart 40). Conversion into aldehyde 230 was
followed by another Mukaiyama aldol addition, now with ketene acetal
231, to generate hydroxy ester 232, which was transformed into seco-
acid 233 and then into 2a along the familiar route. Epoxidation to 1a
was performed with imino peracetate 234 (generated in situ from
acetonitrile and hydrogen peroxide) with good selectivity.

4.3.4. Wong’s DERA Approach (76, 77)

TheWong synthesis of 1a also focuses onDanishefsky’s B-alkyl Suzuki
coupling by using vinyl iodide 9 and the C1–C11-olefin 244 (Chart 41). The
synthesis of both fragments employs Wong’s 2-deoxyribose-5-phosphate
aldolase (DERA)-catalyzed formation of furanose and pyranose fragments.
Thus, addition of acetaldehyde to aldehyde 235 yielded pyranose 236 with
high diastereoselectivity. Oxidation to lactone 237 and stereocontrolled
allylation gave 238, which was transformed to ester 239. Reduction of
the ester group gave acetal 240 with correct configurations at C6–C8.
Conversion to aldehyde 241 followed by addition of the dianion from
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keto ester 242 led to adduct 243, which was refunctionalized to 244. For
the synthesis of 9 (Chart 42), DERA-catalyzed addition of acetaldehyde
to aldehyde 246, generated in situ from dimethyl acetal 245, gave
furanose 247. Straightforward transformation to thioketal 248 was
followed by Swern oxidation and Horner olefination with phosphine
oxide 38 to give 249. After deprotection to the aldehyde, Wittig-Stork
olefination led to 9, which was coupled with 244 to give 250, and was
converted into via seco-acid 251 and transformed into 2a, as usual.

4.3.5. Ley’s Approach (78, 79)

In pioneering studies to avoid tedious workup and purification pro-
cedures, the Ley group focuses on the use of immobilized reagents and
scavengers to improve large-scale preparations of complex natural
products. This philosophy is reflected in an approach to 1a in which
(Charts 43 and 44) the key steps are the aldol addition of ketone 60 to
aldehyde 63 to form 267 and the (Z)-selective Wittig reaction of aldehyde

Chart 43. Ley’s synthesis of epothilone A and C using immobilized reagent and

scavengers, Part I
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268 and the ylide generated from the immobilized phosphonium salt 266.
The preparation of ketone 60 and fragment 103 are adapted from the
Mulzer synthesis of 1b (83) and the Wittig reaction between 268 and 266
stems from Nicolaou synthesis of 1a (Chart 15). Ley’s novel contribution
lies in the fact that the acids, bases and the di-phenyl phosphine previously
required for catalyzing reactions, destroying intermediates and isolating
reaction products, are fixed to a solid support. In this way aqueous workup,
filtration or chromatography are largely avoided and the yields are ex-
tremely high, in most steps nearly quantitative.

4.4. Synthesis of Epothilones B/D (1b, 2b)

4.4.1. Mulzer Syntheses (80–87)

TheMulzer group has published three different approaches to 1b, 2b.
The first one (Chart 45) (80–83), although it was carried through to the

Chart 44. Ley’s synthesis of epothilone A and C using immobilized reagent and

scavengers, Part II
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final target, is a formal one and aims for an easier access to compounds 60
and (Z)-86, which have been used by Nicolaou for the aldol addition to
give key intermediate 97 (Chart 18). The Mulzer contribution lies in a
facile introduction of the stereogenic center at C3 in ketone 60, which
has later been used by the Ley group in their solid-phase synthesis of 1a
(Chart 45) and a stereocontrolled synthesis of the (Z)-12,13-olefin moiety
in aldehyde (Z)-86. Thus, commercially available hydroxyl lactone 262
via hemiketal 263 andWittig olefination with 208 gave alcohol 264. These
steps have subsequently also been used by Ley (78, 79) (Chart 44). For the
introduction of the (Z)-olefin a Still-Gennari olefination was employed to
give enoate 269, which was converted to iodide 270. Sulfone 273 was
obtained in good yield from ester 271 via tosylate 272. Alkylation of 273
with iodide 270 furnished sulfone 274 that was desulfonylated and con-
verted to (Z)-86, in which both stereogenic centers at C15 and C8 have
thus been derived from the chiral carbon pool.

In an alternative approach to (Z)-86 (84, 85) a silicon tethered RCM
reaction of di-olefin 276, easily available from known alcohol 275
was employed (Chart 46). Cycloolefin 277 was obtained as an easily
separable 5:1-(Z)/(E)-mixture that was converted to alcohol 278. Chain
elongation to the nitrile, Wittig olefination with 208 and reduction

Chart 47. Mulzer’s early epoxide approach to epothilone B
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with DIBAL-H gave aldehyde 281, which was olefinated to 283 with
Oppolzer’s sultam 282. Enamide 283 was converted into 284 by 1,4-
hydride addition/diastereoselective methylation. Reductive removal of
the auxiliary gave (Z)-86.

Whereas these two approaches led to 2b first, the third approach
directly furnished 1b (early epoxide approach, Chart 47) (86, 87). By this
concept, which was later adopted in Sinha’s and Carreira’s syntheses,
the low-yielding nonselective epoxidation of 2b with peroxides was
avoided. The synthesis started with the chain elongation of intermediate
285–286, and its conversion into ketone 287, which originally was
obtained as an epimeric mixture. Base-catalyzed epimerization gave
diastereomerically pure 287. A chelate Cram-induced Grignard addition
furnished tertiary alcohol 288 selectively from which mesylate 289 was
easily available. Base-induced cyclization gave the desired epoxide from
which aldehyde 162b was obtained after ozonolysis. The conversion into
1b has later been used in identical form by the Carreira group and has
already been described in Section 1.5.

4.4.2. Grieco’s Formal Synthesis of 2b (88)

The Grieco group aimed for a synthesis of Danishefsky’s RCM of
intermediate 28b (Chart 6) via a different route (Chart 48). To introduce
the stereogenic center at C6 they started with a Sharpless epoxidation
of allylic alcohol 290 to give epoxide 291 with >95% ee. The formation
of enoate 292 was followed by a regioselective epoxide opening to
introduce the 7-Me under inversion of configuration. The stereogenic
centers at C8 and C9 were introduced via a Roush crotylation of
the 8-aldehyde to give 294, which contains the stereotetrad C-6,7,8,9
in correct absolute and relative configuration. Protection, hydrobo-
ration and chain elongation led to enone 295, and after hydro-
genation and Wittig methylenation olefin 296 was formed. In four
additional steps aldehyde 298 was obtained. Following Danishefsky’s
precedent, 298 was converted into tri-olefin 299 and then into inter-
mediate 28b.

4.4.3. White’s Syntheses (89–92)

The White group made novel contributions with respect to the
formation of the (Z)-12,13-olefin moiety and the Wittig-olefination of
phosphorane 308 and aldehyde 312 (Charts 49 and 50). The synthesis of
308 (Chart 49) started with a conjugate addition of the cuprate derived
from vinyl iodide 300 to Evans’oxazolidinone 301 to give the C11–C16-
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fragment 302. The missing C15–OH-function was introduced with d.r.
98:2 by Davis’ reagent 303 to give 304. Removal of the auxiliary gave
ketone 305. Horner olefination with phosphonate 38, deprotection and
conversion to the bromide gave intermediate 307. Chain elongation with
Wittig ylide led to the C10–C21-phosphorane 308. Aldehyde 312 was
available (Chart 50) from an aldol addition of ketone 57 and aldehyde
309, first reported by Mulzer (80), to give 310 with 4:1-selectivity.
Oxidation of the double bond furnished carboxylic ester 311. Formation
of the 9-aldehyde led to 312, whose reaction with 308 gave the (Z)-9,10-
olefin which was converted to the seco-acid. Yamaguchi lactonization
furnished 313 which was desilylated and selectively hydrogenated with
diimide to provide 2b. In an alternative connection (Chart 51) alkyne
314, easily available from aldehyde 312 with the Gilbert-Seyferth re-
agent, was alkylated with bromide 307. The resulting alkyne 315 was
hydrogenated to the (Z)-9,10-olefin with Lindlar catalyst, which was
elaborated into 313 as before.

4.4.4. Ermolenko Variation of the White Synthesis (93)

The Ermolenko approach (Charts 52 and 53) is a close variation of
White’s synthesis. It uses analogous fragments 308 and 327 (identical
with 312 except for the t-Bu-ester moiety) that are both prepared from
D-glucose. Thus, in the synthesis of 308 (Chart 52), pyranose 316,
available from D-glucose in four steps, was converted into olefin 317, the
C11–C16-fragment of 2b via Chugaev elimination. Removal of the ace-
tates and oxidation to ketone 318 was followed by Horner olefination
with 38 to give 319. Acidic opening of the acetal followed by reduction

Chart 51. White’s synthesis of epothilone D, Part III
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to the alcohol and bromination led to bromide 307, which was then con-
verted into phosphorane 308 according to the White protocol. Pyranose
316 contains also the C5–C9 fragment of 327. First, the configuration at
C8 was inverted via equilibration of the 7-ketone. Then, the methyl
group at C6 was introduced regioselectively via a diaxial ring opening
of epoxide 322, available under retention of configuration from diol
321. Further elaboration gave bromide 323, whose reductive opening
(Chart 53) afforded acyclic olefin 324, which was converted to ketone
325. Oxidation of the olefin to the 5-aldehyde and unselective aldol
addition gave 326 as a 7:3-mixture of C3-diastereomers. Separation and
oxidation to aldehyde 327 followed by Wittig olefination with 308 led to
seco compound 328, which was converted to White’s intermediate 313.

4.4.5. Synthesis by E. J. Thomas (94)

Thomas’ contribution lies in a novel stereoselective approach to the
(Z)-12,13-double bond (Charts 54, 55). The sequence started with an
alkylation of stannane 330 with iodide 329 to give 331 as a mixture of
diastereomers. Deprotection and reprotection via 332 followed by an
SR2

0 addition of tributylstannane gave 333, which was added to aldehyde
334 under twofold allylic Thomas rearrangement to give the homoallylic
alcohol 335 as a diastereomeric mixture, however with purely (Z)-olefin
geometry. From 335, the superfluous OH function was removed in a
Barton-McCombie sequence to furnish 336, which was converted into

Chart 53. Ermolenko’s modification of White’s synthesis, Part II
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alcohol 337 and then ketone 338 by conventional methodology. Usual
Horner olefination with 38 followed by deprotection and oxidation gave
aldehyde 339, which is identical with Nicolaou’s intermediate (Z)-86
except for the 15-OSEM protecting group. Aldol addition with ketone
340, prepared from pantolactone analogously to Schering’s synthesis

Chart 54. E. J. Thomas’ synthesis of epothilone D, Part I

Chart 55. E. J. Thomas’ synthesis of epothilone D, Part II
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(134) gave adduct 341 with high diastereoselectivity. The conversion
into 84 is essentially identical with Nicolaou’s precedence (Chart 15).
In a second, yet uncompleted approach to 339, crotonaldehyde was
added to 333 to give a 4:1-mixture of 342, which was separated by
crystallization. Ireland-Claisen rearrangement was then used to convert
ester 343 to 344 stereoselectively. The undesired C9,10-olefin was re-
moved by hydrogenation after protection of the C12,13-double bond as
an epoxide. Ester 345 was reduced to diol 346 that was then converted
into alcohol 347 via glycol cleavage and reduction (Chart 56).

4.4.6. Avery’s Synthesis (95–99)

Avery’s contribution lies in a novel approach to the (Z)-12,13-
olefin moiety by carbo-cupration. First, the C14–C16-epoxide 349 was
prepared by Sharpless kinetic resolution (SKR) of allylic alcohol 348. In
the key step, bromide 351 was converted into the cuprate and treated
with propyne and hexynyl lithium to give cuprate 352 as an interme-
diate, which was trapped with epoxide 349 to furnish C7–C16-fragment
353. The synthesis then aimed for Thomas’ aldehyde 339 by conversion
of 353 into ketone 354, which was olefinated with 38 to give 355.
Regioselective asymmetric hydroboration of the C7,8-olefin followed by
Swern oxidation led to 339 (Chart 57). In a parallel sequence, Nicolaou’s
keto acid 59 was prepared via aldol addition of Oppolzer’s sultam 350 to

Chart 56. E. J. Thomas’ synthesis of epothilone D, Part III
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aldehyde 39. Aldol addition of 59 to aldehyde 339 gave seco-acid 356
with low stereocontrol. Protection of the C9–OH function followed by
deprotection of the 15-position and Yamaguchi lactonization furnished
357, which was deprotected to give 2b.

4.4.7. R. E. Taylor’s Synthesis (100–102)

The innovation in Taylor’s approach again lies in the preparation of
the (Z)-12,13-double bond. Thus, aiming for Nicolaou’s aldehyde (Z)-86,

Chart 58. Avery’s synthesis of epothilone D, Part II

Chart 59. R. E. Taylor’s synthesis of aldehyde (Z)-86
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Evans’ oxazolidinone 359 was converted into vinyl iodide 360. Nozaki-
Kishi addition of 360 to aldehyde 70 (Chart 12) gave allylic alcohol
361 as a mixture of diastereomers. Allylic rearrangement with thionyl
chloride led to allylic chloride 362 stereoselectively. Reduction with
superhydride removed both the chloride and the auxiliary. The resulting
C7-alcohol was oxidized with PCC to furnish (Z)-86, which was then
converted into 2b according to Nicolaou’s protocol.

4.5. Syntheses of Fragments

4.5.1. Kalesse’s Synthesis of Nicolaou’s Intermediates 60 and 82
(103–107)

The synthesis of ketone 60 started with diol 363 that was converted
into enoate 364. Reduction and SAE gave epoxide 365, which was reduced
to triol 366. Debenzylation and oxidation gave aldehyde 367, from which
ketone 60 was prepared. For the synthesis of aldehyde 82, a highly
innovative RCM approach was developed. In view of the low E/Z-
selectivity of the early RCM approaches theKalesse group chose a tethered
version to enforce the (Z)-geometry via formation of a 10-membered
macrolide 370. Thus, diolefin 369 was prepared from lactic aldehyde 368
via the allyl adduct 275 (which was later also used in Mulzer’s synthesis,
Chart 47), and subjected to a Grubbs I catalyzed RCM that furnished 370
with 12:1 (Z)-selectivity. A similar concept was later pursued in Mulzer’s

Chart 60. Kalesse’s synthesis of epothilone C fragment 60

112 J. Mulzer and K. Prantz
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silicon tethered synthesis of aldehyde (Z)-86 (Chart 46). Conformation
controlled methylation of 370 gave 371 stereoselectively. The conversion
of 371 to alcohol 81 involved olefination of ketone 372with 38 to give 373,
followed by reductive cleavage of the lactone and di-silylation. The
conversion of 81 into aldehyde 82 was already performed by Nicolaou
(Chart 15).

4.5.2. Chandrasekhar’s Synthesis of Keto Acid 378
and C7–C16 Fragment 381 (108)

In an approach aiming for Nicolaou’s key aldol addition (cf. Chart 15),
Chandrasekhar et al. reported alternative syntheses for the C1–C5-
fragment 378 and the C7–C16 fragment 381. Thus, cyclohexane-1,3-
dione (374) was converted into ketone 375, which was dimethylated
and reduced with Corey’s CBS reagent to give enantiomerically en-
riched acetate 376. Allylic oxidation followed by dihydroxylation of
the double bond furnished 377. Glycol cleavage and oxidation led to
keto acid 378. The preparation of fragment 381 is very similar to Liu’s
approach (Chart 37) by alkylating alkyne 379 with epoxide 199 to give
380, which was hydrogenated with Lindlar’s catalyst and silylated
to deliver (Z)-olefin 381.

Chart 61. Kalesse’s synthesis of epothilone C fragment 82
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Chart 62. Chrandrasekhar’s synthesis of epothilone C fragment 381

Chart 63. Ramachandran’s synthesis of epothilone C fragment 390
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4.5.3. Ramachandran’s Synthesis of the MEM-protected
Nicolaou-Aldehyde (390) (109, 110)

To generate the 12,13-olefin (Z)-selectively, Ramachandran made
use of an inverted version of Nicolaou’s Wittig olefination (cf. Chart 15).
Thus, asymmetric Brown crotylation of aldehyde 382 gave adduct 383,
which was converted into (Z)-olefin 384 via Wittig olefination of the C7-
aldehyde. Hydrogenation and iodination gave 385, which was transformed
into phosphorane 386, andWittig olefination with aldehyde 387 led to (Z)-
olefin 388. Debenzylation, oxidation to the ketone and Horner olefination
gave 389, which converted to aldehyde 390 via desilylation and glycol
cleavage.

4.5.4. De Brabander’s Synthesis of Aldehyde 63 and Acid 59 (111)

Aldehyde 63 was prepared in a stereocontrolled manner via
methylation of Oppolzer’s sultam 392, prepared from 391. Similarly,
the aldol addition of ent-350 and aldehyde 39 gave 393, which was O-
silylated and hydrolyzed to 59 (Chart 64).

4.5.5. Wessjohann’s Synthesis of Fragments 398 and 401 (112)

To ensure the 12,13-(Z)-geometry in 2b, Wessjohann et al. used
an alkylation of ketoester 395 with neryl bromide (Chart 65). Allylic
oxidation with SeO2 gave 396 in modest yield. The Noyori-hydrogena-
tion of the C8,9-olefin proceeded with only 21% ee to furnish acetate
397, which was chirally resolved with lipase to deliver keto alcohol 398.
For the synthesis of the C1–C5 keto acid 401 a highly enantioselective
Reformatsky reaction of an Evans bromoacetyl oxazolidinone 399 with
ketoaldehyde 39 was used.

Chart 64. De Brabander’s synthesis of epothilone fragments 63 and 59
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4.5.6. Kulinkovich’s Synthesis of Aldehyde 408 (113)

In application of the Kulinkovich reaction malic ester 402 (Chart 66)
was converted into di-cyclopropanolyl derivative 403, which was
transformed into allylic bromide 404 and coupled with Grignard reagent
405 to give 406 in high yield. The exo double bond was isomerized and
the cyclopropanol moiety was oxidized to give ester 407, which was
converted into aldehyde 408.

4.5.7. Georg’s Synthesis of Aldehyde 70 (114)

Aldehyde 4 was converted into enone 410 by HWE olefination with
phosphonate 409. Enantioselective CBS-reduction gave 411 that was
converted into 70 (Chart 67), previously prepared by Nicolaou (Chart 12).

Chart 66. Kulinkovich’s synthesis of epothilone fragment 408

Chart 67. Georg’s synthesis of epothilone fragment 70
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4.5.8. Lipase-Catalyzed Synthesis of the C1–C6 Fragment 414 (115)

Racemic acetoxy ester 413 was obtained from aldol addition of
412 to 39 and subjected to a lipase-catalyzed deacetylation to give
enantiomerically pure hydroxyl ester 414. A similar enzyme-catalyzed
route was used for the C7–C12 segment (116).

4.6. Semisynthetic Degradation/Reconstruction
of 2b (117, 118)

In a very interesting and novel approach, 2b was degraded to the
acyclic keto ester 415, which still contains the C1–C12 backbone of 2b.
Tebbe methylenation and saponification led to acid 416, which was
esterified with alcohol 6 to give seco-ester 28b. Grubbs RCM reg-
enerated macrocycle 30 as a 1:1-(E)/(Z)-mixture. It was shown that
instead of 6, other olefinic alcohols could also be incorporated.

In addition, several other fragment syntheses have been reported
(119–125), which are not discussed in detail.

Chart 68. Lipase catalyzed synthesis of fragment 414

Chart 69. Synthesis of epothilone fragment 70 by degradation of epothilone D
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4.7. Syntheses of Epothilones E and F (1c, 1d)
and Their 12,13-Deoxy Derivatives (2c, 2d) (126)

4.7.1. Nicolaou’s Synthesis of 1d (Chart 70)

The synthesis started with the Wittig olefination of aldehyde 418
with phosphorane 417 to give ester 419 (E)-selectively. Conversion to
420 was followed by oxidation to aldehyde 421, which was subjected
to an aldol addition with ketone 60 to give adduct 422 with high
diastereoselectivity. Detritylation and Sharpless epoxidation furnished
423 that was elaborated along familiar lines to macrolide 424. Reduction
of the primary alcohol to the methyl group and Stille-cross coupling
with stannane 426 furnished 1d. A similar Stille-coupling of vinyl iodide
425 with pyrazolyl-stannane 427 led to a highly active epothilone B
derivative 428 (127).

4.7.2. Sinha’s Synthesis of 1c, 1d and 2c, 2d (Chart 71, 128)

The synthesis is essentially the same as for 1a, 1b and 2a, 2b (cf.
Charts 22–44). Thus, racemic hydroxyl ketone 427 was resolved chirally
to give the pure enantiomer 428 that was converted into 430 via 429 in
eight steps. Esterification with carboxylic acids 135 and 431 delivered
di-olefin esters 432, 433, which were cyclized by RCM to give 434 and
435. Global desilylation led to 2c and 2d, whose epoxidation finally gave
1c and 1d along with the corresponding �-epoxides (�/� ratio 5:1).

4.8. Nicolaou’s Synthesis of Epothilone Analogues
(1, 129–133)

For SAR studies (see Chapter 6.1.4) a broad variety of epothilone
derivatives was desirable. From early on, the Nicolaou group, together
with the Danishefsky group, applied their synthetic approach for
structural variations in essentially all sections of the epothilone skeleton.
From the methodological viewpoint basically nothing new was de-
veloped. Thus, it may suffice to give one representative example from
the Nicolaou manifold (133) (Chart 72). From a broad library of
analogues cis-(15S)-CP-py epo 447 was the most active one. The syn-
thesis started with a Wittig reaction of phosphonium salt 436 and
O-benzyl-glycol aldehyde to give (Z)-olefin 437 which was converted
into alkynol 438 in four steps. Reduction with nickel boride furnished
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allylic alcohol 439, which was subjected to an asymmetric Charette
cyclopropanation. Cyclopropane alcohol 440 was generated with high
ee, which was then elaborated to aldol aduct 442 in the usual manner.
For the introduction of the C-16-sidechain, aldehyde 444 was generated
from alcohol 443, and subjected to a stereo-uncontrolled Nozaki-Hiyama-
Kishi addition with vinyl iodide 445. A mixture of C-15-diastereomers
was generated that was separated and converted into 447 along the
routine sequence.

4.9. Conclusion and Industrial Application
(ZK-Epo (Sagopilone))

The total synthesis of the epothilones has undoubtedly been one of
the largest efforts ever in the history of organic chemistry. The urgency

Chart 73. Schering synthesis of ZK-Epo (Sagopilone), Part I
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to come up with the first synthesis and to prepare as many derivatives for
pharmaceutical testing was evident from the very beginning. In fact the
first three syntheses (Danishefsky, Nicolaou, Schinzer), published within
a few weeks of each other, were seminal to such a degree that they
established disconnections and key fragments, which were used by later
authors and rendered most of the subsequent approaches formal ones.
At first sight relatively little new methodology has emanated from this
huge worldwide project. However, several advances may be gleaned:
application of RCM reactions to rather complex substrates, all kinds
of stereoselective approaches to generate a (Z)-tri-substituted double
bond, long-range effects on stereoselective aldol additions that connect
oxygenated fragments, the robustness and generality of Yamaguchi
macrolactonization, and last but not least, stereo- and regioselective
epoxidation with DMDO and the stability of epoxides towards a variety
of aggressive reagents.

Chart 74. Schering synthesis of ZK-Epo (Sagopilone), Part II
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It is an interesting point to see how much of the academic contri-
butions has been transferred to the kilogram scale industrial synthesis of
ZK-Epo (Sagopilone) (134), a highly potent unnatural analog of 1b,
which is in phase II clinical trial (see Chapter 5.3) (Charts 73 and 74).
The synthesis essentially is a hybrid of Schinzer and Nicolaou com-
ponents based on three major fragments 452, 457, and 461. The Wittig
olefination of ketone 461 and phosphonium salt 457 is modelled after
Nicolaou’s precedence (Chart 16), and like that, is entirely unselective,
furnishing a 1:1-(E)/(Z)-mixture of 462, which is separated and the
undesired (E)-olefin recycled by photochemical (E)/(Z)-equilibration. The
aldol addition of ketone 452 and aldehyde 463 is adapted from Schinzer’s
approach (Charts 20, 21) to give adduct 464 with ‘‘good selectivity’’, yet
only 64% yield. The endgame also follows the routine protocol, namely,
Yamaguchi lactonization, desilylation, and DMDO epoxidation (selectivity
7:1). The overall sequence is surprisingly long, no less than 44 steps all
told. For instance the laborious preparation of 452 from pantolactone 448
requires nine steps, three different protecting groups and repeated chro-
matographic separations. Similarly, the synthesis of ketone 462makes use
of an expensive Grignard reagent and toxic osmium tetroxide. Never-
theless, the synthesis is an impressive achievement and may be understood
as a general and encouraging signal to the chemical community that
multi-step synthesis can be performed on an industrial scale if so desired.

Abbreviations

Ac, Acetyl; AIBN, 2,20-Acabisisobutyronitrile; 9-BBN, 9-Borobicyclo[3.3.1]nonane;
Bn, Benzyl; Bz, Benzoyl; CBS, Corey-Bakshi-Shibata; CSA, Camphorsulfonic Acid;

DBU, 1,8-Diazabicyclo[5.4.0]undec-7-ene; DCC, Dicyclohexylcarbodiimide; DDQ, 2,3-

Dichloro-5,6-dicyano-1,4-benzoquinone; DERA, 2-Deoxyribose-5-Phosphate Aldolase;

Dess-Martin-PI, Dess-Martin periodinane; DHP, Dihydropyran; DIBAL-H, Diisobutyl-

aluminum hydride; DIC, N,N0-Diisopropylcarbodiimide; DIPEA, Diisopropylethylamine;

DMAP, 4-(Dimethylamino)pyridine; DMDO, Dimethyldioxirane; DMF, N,N0-Dimethyl-

formamide; DMPU, N,N0-Dimethylpropylenurea; DMS, Dimethylsulfide; DMSO,

Dimethylsulfoxide; EDCI, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide; HMPA,

Hexamethylsilylphosphoramide; Ipc, Isopinocamphenyl; KHMDS, Potassium Hexa-

methylsilylazide; LAH, Lithium Aluminum Hydride; LDA, Lithium Diisopropylamide;

LiHMDS, Lithium Hexamethylsilylazide; mCPBA, m-Chlorperoxybenzoic acid; MEM,

2-Methoxyethoxymethyl; MMPP, Magnesium Monoperphthalate; MPM, para-Methoxy-

phenylmethyl; MS, Molecular Sieves; Ms, Methansulfonyl; NaHMDS, Sodium

Hexamethylsilylazide; NBS, N-Bromosuccinimide; NIS, N-Iodosuccinimide; NMO, N-

Methylmorpholine-N-oxide; PBS, Phosphate-buffered Saline; PCC, Pyridinium

Chlorochromate; PDC, Pyridinium Dichromate; PG, Protective Group; Ph, Phenyl;

Piv, Pivaloyl; PMB, para-Methoxybenzyl; PPTS, Pyridinium p-toluenesulfonate; py,

Pyridine; R, Organic Residue; RCM, Ring Closing Metathesis; RedAL, NaAlH2(O–

CH2–CH2–OMe)2; SAE, Sharpless Asymmetric Epoxidation; SEM, 2-(trimethylsilyl)-
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ethoxymethyl; SKR, Sharpless Kinetic Resolution; TBAF, Tetra-n-Butylammonium

Fluoride; TBDPS, tert-Butyldiphenylsilyl; TBHP, tert-Butyl Hydroperoxide; TBS, tert-

Butyldimethylsilyl; TPS, Triphenylsilyl; TCDI, Thiocarbonyl Diimidazole; TES,

Triethylsilyl; Tf, Triflate; TFA, Trifluoroacetic Acid; TFAA, Trifluoroacetic Anhydride;

THP, Tetrahydropyran; TIPS, Triisopropylsilyl; TMS, Trimethylsilyl; TPAP, Tetra-n-

Propylammonium Perruthenate; Tr, Trityl; Troc, 2,2,2-Trichloroethyl Carbonate; Ts,

Tosyl; pTsOH, p-Toluenesulfonyl Acide.
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