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Epothilones are a new class of macrolides that were first isolated
from the myxobacterium Sorangium cellulosum by Héfle, Reich-
enbach and co-workers!" at the Gesellschaft fiir Biotechnologi-
sche Forschung (GBF) in Braunschweig (Germany) in 1993. In
1995, they were independ-

ently rediscovered by Bollag R

and co-workers™® in a gen- S Q.
eral screening program for _<\ ]\)
compounds with a taxol-like N s
biological activity. Upon o
more detailed biological
profiling, these investiga-
tors found that epothilones 1
are  powerful  cytotoxic
agents that—Ilike taxol—
function through stabiliza-
tion of celluar microtu-
bules.? 3 However, unlike
taxol, epothilones are capa-
ble of inhibiting the growth
of multidrug-resistant hu-
man cancer cell lines, a
finding that has generated
tremendous excitement in
the scientific community.*”!

Due to their relatively
simple structure, combined with a unique biological in vitro
profile and their enhanced solubility in water (as compared to
taxol), epothilones are highly attractive lead structures for
synthetic chemists, biologists, and clinical researchers in the
search for useful new anticancer drugs.® Epothilone B itself
exhibits potent antitumor activity in vivo, even in human tumor
models that respond poorly or not at all to taxol.®!

Besides the total syntheses of the naturally occurring epothi-
lones, numerous studies have been directed at the design and
synthesis of nonnatural epothilone analogues and the elucida-
tion of structure —activity relationships (SARs) for this class of
microtubule inhibitors.”) Although no analogue with more
potent in vitro activity than epothilone B has been identified
to date, deoxyepothilone B (which is also a minor fermentation
product; Figure 1) possesses an attractive pharmacological
profile in vivo.'?

In this paper, we report on the synthesis and biological
evaluation of a new type of epothilone A analogues 3, which are

CHEMBIOCHEM 2000, 1, No. 1

epothilone A: R = H; epothilone B: R = Me
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based on a macrolactam rather than the natural macrolactone
scaffold (“aza-epothilones”). Similar findings were reported in a
patent application while this study was in progress.""! Replace-
ment of the ester bond in natural epothilones by an amide
linkage as in the aza-epothilones 3 may lead to metabolically
more stable compounds with an improved pharmacological
profile in vivo.

The synthesis of the target structures 3 according to our
previously developed building block strategy for the synthesis of
epothilones® required an efficient access to the aza-fragments
10 (Scheme 1).'? To this end, commercially available allylglycine
4 was first converted into the desired Weinreb amidel' 6, which
was subsequently transformed into the optically active methyl
ketone 7 by addition of two equivalents of methyllithium.
Reaction of 7 with the ylide 8 provided the stereochemically
homogeneous trisubstituted olefin 9 in high yield. In contrast,
the corresponding phosphonate gave no reaction with 7.4

RN

3a:R=H;3b:R=Me

Figure 1. Structures of selected naturally occurring epothilones and aza-epothilones A.

Compound 9 can be directly deprotected with trifluoroacetic
acid (TFA) to give the primary amine 10a; alternatively, alkylation
of 8 with methyl iodide prior to TFA treatment furnishes the
secondary amine 10b. The stereoselective synthesis of fragment
C1-C12 11 has been previously reported by our laboratory.>®

Compound 11 was coupled with 10a and 10b in the presence
of pyBOP!! in DMF to generate the fully functionalized amides
12a and 12b, respectively (Scheme 2). Olefin metathesis em-
ploying Grubbs’ catalyst'® provided the protected lactams 13 in
very high yield, but as a 1:1 mixture of Z and E isomers which
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Scheme 1. Synthesis of thiazole-containing aza-fragments 10. Boc = tert-butoxycarbonyl; EDCl = N'-(3-dimethylaminoprop-

yl)-N-ethylcarbodiimide.
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Scheme 2. Coupling of aza-fragments 10 with epothilone fragment 11 to construct aza-epothilones 3. Cy = cyclohexyl;
DiPEA = diisopropylethylamine; pyBOP = benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate; TBS = tert-

butyldimethylsilyl.
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could be separated by chro-
matography. Deprotection
according to our standard
protocol (HF - pyridine, pyri-
dine) gave the desired aza-
epothilones 3 in pure form
and excellent yields.
Attempts to synthesize
the corresponding epoxides
under various conditions
failed and generated only
decomposed  material.'¥
Epothilone analogues 3a
and 3b were evaluated for
their ability to promote tu-
bulin polymerization in vitro
as well as for antiprolifera-
tive activity in a cell growth
inhibition assay with human
epidermoid carcinoma cell
lines KB-31 and KB-8511.
While KB-31 cells are highly
sensitive to growth inhibi-
tion by taxol, the derived
subline KB-8511 is ca. 250-
fold more resistant to the
action of this drug due to
overexpression of the P gly-
coprotein  (P-gp)  efflux
pump. As illustrated by the
data in Table 1, 3a and 3b
are significantly less potent
inducers of tubulin poly-
merization in vitro than
epothilone A or even de-
oxyepothilone A. Likewise,
both compounds are also
less potent inhibitors of cell
proliferation, although 3a
(with a secondary amide
bond) is only 10-15-fold
less potent than the corre-
sponding reference com-
pound deoxyepothilone A.
In contrast, the N-methyl
derivative 3b is at least
400-fold less active than
deoxyepothilone A. It is thus
clear that the replacement
of the ester moiety in epo-
thilones by a more polar
amide group causes a drop
in biological activity of at
least one order of magni-
tude, even in the most fa-
vorable case. However, it
should be kept in mind that
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within the epothilone B structural framework (which we have
not addressed in this work), any analogue with a 10-20-fold
reduced activity is still an inhibitor of human cancer cell

Table 1. Induction of tubulin polymerization and inhibition of human cancer
cell proliferation by epothilones and aza-epothilones 3.

compound Tubulin poly- 1C5 (KB-31) ICs, (KB-8511)
merization [%]®  [nm]®! [nm]®!

epothilone A 63 2.10 1.90
epothilone B 85 0.19 0.19
deoxyepothilone A9 50 24.70 9.90
deoxyepothilone B! 93 2.70 1.44
3a 26 464 285

3b <10 > 10000 > 10000

[a] Induction of tubulin polymerization was determined by using a modified
version of the microtubule protein centrifugation assay!'” at 2 um com-
pound concentrations for a 20 min incubation period. Percentage numbers
indicate the relative degree of polymerization compared to 25um
epothilone B, which under our experimental conditions caused >95% of
the total tubulin to polymerize. [b]ICs, values for growth inhibition of
human epidermoid cancer cell lines KB-31 and KB-8511. Antiproliferative
assays were performed as previously described."'® Briefly, cells were seeded
at 1.5 x 10% per well into 96-well microtiter plates and incubated overnight.
Compounds were added in serial dilutions on day 1. Subsequently, the
plates were incubated for two population doubling times (3 -5 days) and
then fixed with 3.3% (v/v) glutaraldehyde, washed with water, and stained
with 0.05% methylene blue. After washing, the dye was eluted with 3% (v/
v) HCl and the optical density measured at 665 nm. ICs, is defined as the
drug concentration that leads to 50% of viable cells per well compared to
control cultures (100%) at the end of the incubation period. The data
represent the mean of three independent experiments. [c] See Figure 1 for
structures.

proliferation in the low nanomolar range (cf. the IC, value for
epothilone B in Table 1). Such analogues could still be sufficiently
potent to produce relevant pharmacological effects in vivo.
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It is now generally acknowledged that cell surface protein-
carbohydrate interactions play a crucial role in a wide range of
biological processes™ necessary for both normal physiological
function and the onset of disease. Although protein —carbohy-
drate interactions typically display high dissociation constants
with K, values in the mm to um range,”? Nature can still attain
physiologically useful avidities through the cooperative bind-
ing® of multiple copies of the ligands and receptors—the so-
called multivalent effect.

Synthetic chemists have successfully exploited this trick from
Nature’s toolbox in the synthesis of neoglycoconjugates ranging
from small cluster glycosides®™ through neoglycoproteins®® to
polymers bearing many pendant saccharide residues.”? These
synthetic tools have not only provided inhibitors with greatly
enhanced affinities over monovalent ligands, but they have also
led to considerable advances in our understanding®*® of the
nature of multivalent interactions. Glycodendrimers®” are a
special class of neoglycoconjugates that combines the well-
defined structural homogeneity of small clusters with the
nanoscale dimensions of glycopolymers. Most of the glycoden-
drimer research reported to date has involved the construction
of dendrimers bearing saccharide residues only on their
peripheries through the use of either i) a convergent strategy!'®
or by ii) the divergent modification of preexisting dendrimers.['!
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However, monosaccharides are multifunctional building blocks
and, as such, they are often found in Nature in branched
oligomers and polymers.'™™ Indeed, the use of carbohydrates as
building blocks for dendrimer construction confers a number of
desirable properties on the dendrimer. In addition to water
solubility and biocompatibility, it should be possible to exploit
the known conformational preferences!'? of oligosaccharide
monomers in order to mold the dendrimer’s size and shape in a
predetermined manner.

We recently described™ the synthesis of oligosaccharide
dendrimers based on fS-p-glucopyranosyl repeating units. This
synthesis, however, fell foul of the dogma of chemical carbohy-
drate synthesis—protecting group chemistry. In addition to the
extensive chemical manipulations required to effect both regio-
and stereoselectivity, the bulky appendages associated with the
saccharide unit introduce considerable steric crowding which
restricts the growth of highly branched molecules. Here, we
report a very different strategy for the synthesis of oligosac-
charide-based glycodendrons using reductive amination as a
chemoselective coupling reaction which allows the synthesis to
be undertaken using a minimal number of i) protecting groups
and ii) protecting-group manipulations.

Since one of our aims is to address the synthesis of large
glycodendrimers, it seemed appropriate to base our synthetic
strategy on an oligosaccharide—rather than on a monosacchar-
idel"'—monomer. We chose a linear trisaccharide, in the first
instance, as it leads to the construction of glycodendrons and
glycodendrimers with open and extended branches, while
allowing the key reactions to be performed at the primary
centers on hexopyranose units. In particular, we wanted to
locate amino functions at the C-6 positions of the two non-
reducing saccharide units: These two B groups find a comple-
mentary A function in the masked formyl group associated with
the reducing sugar. Convergent dendron synthesis results™
typically in a higher homogeneity of structure as a consequence
of only a few reactions at a time being performed on each
molecule. To achieve such a synthesis, we require an orthogonal
protecting-group strategy—albeit with a minimal number of
protecting groups present overall. UV-active N-benzoyl groups
were chosen i) to allow easy detection following HPLC, as well as
ii) to provide the necessary orthogonal protection of the primary
amino functions with respect to the reducing terminal isopro-
pylidene acetals, which can be hydrolyzed selectively in the
presence of acid catalysts. We chose a maltosylgalactose
derivative as the first AB, trisaccharide monomer to investigate
because of i) the ease of its synthesis and ii) its relatively simple
"H NMR spectrum that results from having distinctive and well
resolved “signature” resonances associated with the a- and f-
anomeric protons. The result of a molecular modeling study!® of
a first-generation dendrimer, comprising three first-generation
9-mer wedges attached to a trivalent benzeneoid core, is shown
in Figure 1. While the “diameter” of this first-generation den-
drimer is of the order of 8 nm, the second one has a “diameter” in
the region of 11 - 12 nm. The modeling studies also indicate that
such dendrimers have extended open structures which, al-
though flexible about their galactityl linkers, still retain the
conformational preferences of the maltosyl branching units.
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