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pothilones are macrocydic bacterial natural products with potent microtubule-stabilizing and antiproliferative activity. They

have served as successful lead structures for the development of several dinical candidates for anticancer therapy. However,
the structural diversity of this group of dinical compounds is rather limited, as their structures show little divergence from the orig-
inal natural product leads. Our own research has explored the question of whether epothilones can serve as a basis for the devel-
opment of new structural scaffolds, or chemotypes, for microtubule stabilization that might serve as a basis for the discovery of
new generations of anticancer drugs. We have elaborated a series of epothilone-derived macrolactones whose overall structural
features significantly deviate from those of the natural epothilone scaffold and thus define new structural families of microtubule-
stabilizing agents. Key elements of our hypermodification strategy are the change of the natural epoxide geometry from dis to
trans, the incorporation of a conformationally constrained side chain, the removal of the C3-hydroxyl group, and the replace-
ment of C12 with nitrogen. So far, this approach has yielded analogs 30 and 40 that are the most advanced, the most rigor-
ously modified, structures, both of which are potent antiproliferative agents with low nanomolar activity against several human
cancer cell lines in vitro. The synthesis was achieved through a macrolactone-based strategy or a high-yielding RCM reaction. The
12-aza-epothilone (“azathilone” 40) may be considered a “non-natural” natural product that still retains most of the overall struc-
tural characteristics of a true natural product but is structurally unique, because it lies outside of the general scope of Nature’s
biosynthetic machinery for polyketide synthesis. Like natural epothilones, both 30 and 40 promote tubulin polymerization in vitro
and at the cellular level induce cell cyde arrest in mitosis. These facts indicate that cancer cell growth inhibition by these com-
pounds is based on the same mechanistic underpinnings as those for natural epothilones. Interestingly, the 9,10-dehydro analog
of 40 is significantly less active than the saturated parent compound, which is contrary to observations for natural epothilones B
or D. This may point to differences in the bioactive conformations of N-acyl-12-aza-epothilones like 40 and natural epothilones.
In light of their distinct structural features, combined with an epothilone-like (and taxol-like) in vitro biological profile, 30 and 40
can be considered as representative examples of new chemotypes for microtubule stabilization. As such, they may offer the same
potential for pharmacological differentiation from the original epothilone leads as various newly discovered microtubule-stabiliz-
ing natural products with macrolactone structures, such as laulimalide, peloruside, or dictyostatin.
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1. Introduction

Microtubules are dynamic subcellular structures that are cen-
tral to a multitude of cellular processes, including the main-
tenance of cell shape, cell motility, intracellular transport, and
cell division. Upon entry of a cell into mitosis, the microtu-
bule network undergoes a fundamental rearrangement, which
produces the mitotic spindle as the structural scaffold for chro-
mosome alignment and subsequent chromatid separation. In
light of this fundamental role in cell division, it is not surpris-
ing that the modulation of microtubule function has emerged
as an important mechanistic principle in cancer chemother-
apy, with a number of microtubule-interacting agents being
routinely employed in clinical practice’ and many others
being evaluated in clinical trials or undergoing advanced pre-
clinical development.? Anticancer drugs targeting the tubulin/
microtubule system include the tubulin polymerization
inhibitors vinblastine, vincristine, and vinorelbin, as well as the
microtubule stabilizers taxol (paclitaxel, Taxol) and docetaxel
(Taxotere).! The distinction between tubulin polymerization
inhibitors and microtubule stabilizers (which also promote
tubulin polymerization from soluble tubulin under otherwise
nonpolymerizing conditions) is based on clearly discernible
differences between these groups in their effects on the
polymerization state of tubulin in vitro (i.e., in experiments
with isolated tubulin or microtubule protein), but the antipro-
liferative activity of both types of compounds in cells at low
concentrations appears to arise from the suppression of micro-
tubule dynamics (in the absence of measurable changes in
tubulin polymer mass).> Microtubule-interacting agents (or
tubulin modulators) are classical cytotoxics acting on a ubig-
uitous cellular target and therefore are associated with a num-
ber of sometimes severe clinical side effects. Nevertheless, and
despite the emergence of many “cancer-specific” targets over
the last 20 years, research into new (improved) tubulin mod-
ulators still represents an important part of modern antican-
cer drug discovery and development. Because the major types
of solid human tumors (breast, lung, prostate, ovarian, and
colon), which represent the vast majority of cancer cases
today, are multicausal in nature, it is increasingly recognized
that their treatment with “mechanism-based” agents alone is
unlikely to be successful. Instead, improved treatment strate-
gies are likely to involve combinations of, for example, sig-
nal transduction inhibitors with new and better cytotoxic
drugs.

The first compound ever discovered to stabilize microtu-
bules was the plant-derived diterpenoid taxol,* whose suc-
cessful development into an effective anticancer drug arguably
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represents one of the major milestones in the history of can-
cer chemotherapy.® Following the elucidation of taxol's mech-
anism of action in 1979,* it took 16 years until the bacterial
natural products epothilones A and B (whose antiprolifera-
tive effects on human cancer cells had been known for sev-
eral years prior,® Figure 1) were established as the first non-
taxane-based microtubule stabilizers in 1995 by Bollag et al.
at Merck Research Laboratories.” In addition, and in marked
contrast to taxol, epothilones were found to exhibit very low,
if any, susceptibility to P-glycoprotein (P-gp)-mediated drug
efflux, thus leading to virtually equivalent growth inhibitory
activity against drug-sensitive and multidrug-resistant human
cancer cells in vitro and in vivo. Based on these attributes,
epothilones have been widely pursued as lead structures for
the development of a new generation of non-taxane-derived
microtubule stabilizers for cancer treatment.® These efforts
have included the synthesis and semisynthesis of several hun-
dred analogs for the investigation of structure—activity rela-
tionships (SAR), and most importantly, they have led to the
discovery of at least six compounds that have entered clini-
cal trials in humans (in addition to the natural product
epothilone B (Epo B) itself).® One of these compounds (ixa-
bepilone) has recently been approved by the FDA for clinical
use in humans (http://www.cancer.gov/cancertopics/druginfo/
fda-ixabepilone). However, the structural diversity represented
by this group of clinical compounds is rather limited because
most of them exhibit little structural divergence from the orig-
inal natural product leads. While such small structural changes
can in fact suffice to produce meaningful favorable changes in
overall pharmacological profile (at least at the preclinical level),
the availability of more structurally diverse analogs would still
be highly desirable because they may offer a higher a priori
potential for pharmacological distinction from the starting nat-



ural product. In general, structural diversity in the field of
microtubule stabilizers has significantly increased over the past
decade through the discovery of a series of structurally dis-
tinct natural products from a variety of sources,? but with one
exception (discodermolide),'® these compounds (or analogs
thereof) are still at the stage of preclinical evaluation.
Natural products have been the most productive source of
potent microtubule stabilizers by far,® and the screening of
large natural products collections or of libraries of natural-
product-related compounds obtained through diversity-orient-
ed'" or biology-oriented'? synthesis may uncover new
templates for microtubule stabilization in the future. Alterna-
tively, such templates may be evolved from existing microtu-
bule stabilizers, such as epothilones, through extensive
structural modification (and perhaps simplification), provided
such modifications do not produce an unacceptable loss in the
desired biological activity. Thus, our own research in the area
of natural-product-based microtubule stabilizers has been
directed toward the evolution of hypermodified epothilone
analogs (i.e., molecules with very limited, if any, structural sim-
ilarity to the original epothilone scaffold) that would ultimately
represent new chemotypes for microtubule inhibition. In a
very general sense, this strategy could be viewed as the syn-
thesis-based equivalent to the discovery of a new natural
product with a specific biological activity. In this Account, we
will highlight some of the structural changes of the epothilone
scaffold that we have investigated within this conceptual
framework and that have led to analog structures that may be
regarded as prototypical examples of new templates for micro-
tubule stabilization and, at a more general level, as “non-
natural” natural products. A large part of this work was based
on two specific SAR features for epothilones that we had pre-
viously elucidated in our laboratory and that involve (i) the
effect of changing the geometry of the C12,C13 epoxide moi-
ety from cis to trans and (i) the rigidification of the C15 side
chain through incorporation of a phenyl linker between the
heterocycle and the macrolactone ring. Thus, we have dem-
onstrated that 12S,13S-trans-Epo A (3) (Figure 1) has virtu-
ally equipotent (if not slightly more potent) effects on tubulin
assembly and cancer cell growth in vitro as natural Epo A (1),
while the corresponding 12R,13R isomer is several hundred
fold less active.'? Rigidification of the C15 side chain as in
analogs of type 4 or 5 (Figure 1) generally leads to enhanced
cellular potency; among the limited set of modifications inves-
tigated, this effect was most pronounced for a dimethyl-ben-
zimidazole side chain (Figure 1, X = N(CHs), R = CH5),"*
which was thus selected as the standard structure in the
design of hypermodified epothilone analogs. In addition to
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this side chain modification and the incorporation of a trans
epoxide moiety into the macrocycle, a third strategic entry
point into the creation of potent hypermodified epothilone
analogs was the removal of the hydroxyl group in the 3-po-
sition of the epothilone scaffold, which would also lead to
structural simplification and improved synthetic accessibility.
This modification will be discussed in more detail in the
following.

2. 3-Deoxyepothilones

While the biological properties of 3-deoxyepothilones (with a
C—C single bond between C2 and C3) had not been evalu-
ated prior to our own work, a number of related modifica-
tions had been described in the literature. In particular, it had
been demonstrated by the BMS group that dehydration across
the C2—C3 bond (leading to trans-3-deoxy-2,3-didehydro
epothilones) is well tolerated as is the replacement of the (35)-
hydroxyl by a (3S)-cyano group.'® The BMS group’s findings
on trans-3-deoxy-2,3-didehydro epothilones are suggestive of
an anti-periplanar conformation of the C2—C3 bond in the
tubulin-bound state of epothilones, which has also been pro-
posed by Carlomagno et al. on the basis of NMR transfer NOE
experiments.'® Given the conformational constraints imposed
by the cyclic structural framework of epothilones, we surmised
that the preference for an antiperiplanar conformation about
the C2-C3 bond might not critically depend on the presence
of a hydroxyl group at C3 (even without desaturation between
C2 and C3), especially in light of the sterically demanding qua-
ternary nature of C4. In order to provide experimental sup-
port for this hypothesis, we embarked on the synthesis and
biological evaluation of 3-deoxyEpo B (13),'” a compound
that had not been previously described in the literature. Key
transformations in the synthesis of 13 (Scheme 1) comprised
the Suzuki—Miyaura coupling of olefin 9 with vinyl iodide 10,
Yamaguchi macrolactonization of seco acid 11, and finally
epoxidation of the C12—C13 double bond in deprotected
macrolactone 12. Unexpectedly, macrolactonization was
accompanied by partial epimerization at C15, which later
necessitated purification of 12 by preparative HPLC (in order
to remove the minor isomer)."”

Intriguingly, 3-deoxyEpo B (13) showed potent tubulin-
polymerizing and antiproliferative activity, despite the absence
of a hard conformational constraint between C2 and C3, such
as a C=C double bond.'” The cellular activity of the com-
pound against the human cervical cancer cell line KB-31 is
only ca. 25-fold lower than that of Epo B (IC5y-values of 7.4
nM and 0.29 nM for 13 and Epo B, respectively (Table 1)) and
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@ Conditions: (i) LDA, =78 °C, 2 h, 58% (dr = 2.5/1). (i) TBSOTT, 2,6-lutidine, —10 °C, 1 h, 82%. (jii) H,/Pd-C, MeOH, 1 h, 97%. (iv) 0-NO,PhSeCN, BusP, NaHCO;,
H,0,, RT, 2 h, 69%. (v) (a) Olefin 9, 9-BBN, THF, RT, 2 h (solution A); (b) Solution A added to mixture of Cs,CO5 (2 equiv), PdCl,(dppf), (0.2 equiv), Ph;As (0.2
equiv), vinyl iodide 10, DMF, —10 °C— RT, 16 h, 55%. (vi) LiOH (6 equiv), i-PrOH/H,0 4/1, 60 °C, 3 h, 98%. (vii) 2,4,6-Cl;C¢H,C(O)Cl, Et;N, THF, 0 °C, 15 min,
then diluted with toluene and added to a solution of DMAP in toluene, RT, 1 h, 80% (2/1 mixture of epimers). (viii) HF - pyridine, THF, RT, 6 h, 90% (2/1 mixture
of isomers; pure 12 obtained through purification by preparative HPLC). (ix) MeReOs, H,O,/pyridine/H,0, RT, 90 min, 72% (9/1 mixture of epoxide isomers; pure

13 obtained through purification by preparative HPLC).

TABLE 1. Tubulin-Polymerizing and Antiproliferative Activity of
Natural and Modified Epothilones

% tubulin
compound polymerization® 1C5q KB-31 (nM)?  IC5o KB-8511 (nM)?
Epo A 62.6 2.15+0.07 1.91 £0.07
Epo B 95.8 0.29 +0.05 0.22 +£0.05
Epo C¢ nd¢ 24.9¢ 9.9¢
Epo D¢ 81.0 2.70 £ 1.31 1.44 +0.78
taxol 53.7 3.68 +0.68 805 + 144
13 92.2 74422 40+1.6
12 78.7 114+7 74+ 3
17 nd< 0.58 1.89
16 nd¢ 499 +2.15 5.75+3.24
25 95 0.25 +0.02 1.36 +0.36
28 nd¢ 0.17 £ 0.04 0.13 +£0.02
30 82.0 3.16 + 0.55 7.60 +2.44
40 nd¢ 0.34 +0.15 222 +48

“9Epo C = 12,13-deoxyepothilone A; Epo D = 12,13-deoxyepothilone B.
b Induction of polymerization of bovine brain tubulin by 5 M test compound
relative to the effect of 25 uM Epo B, which gave maximal polymerization
(100% value). ©nd = not determined. % ICs, values for growth inhibition of
the human cervical carcinoma cell lines KB-31 and KB-8511, respectively. KB-
8511 is a P-glycoprotein 170 (P-gp170)-overexpressing multidrug-resistant
subline of the KB-31 line. Cells were exposed to compounds for 72 h.
Numbers are means of =3 independent experiments (+SD). °Single
determination. / Average values for two determinations. Individual values:
0.54/0.62 (KB-31) and 1.61/2.16 (KB-8511). Data are from refs 17 (12, 13,
16, 17, 30), 19 (25), 21 (28), and 25 (40).

is thus comparable with that of taxol, Epo A, or trans-3-deoxy-
2,3-didehydro-Epo B. Compound 13 also retains activity
against multidrug-resistant KB-8511 cells. The reduction in
antiproliferative activity is more pronounced for deoxy com-
pound 12, which is ca. 40-fold less potent than Epo D (12,13-
deoxyEpo B) (Table 1).

While these data were highly encouraging, the removal of
the 3-hydroxyl group was meant to represent only one ele-
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ment in our overall strategy toward hypermodified epothilone
analogs, which were envisioned to incorporate additional
modifications that would not further diminish biological
potency. Based on our previous work on conformationally
constrained side chain modifications, this quest led to the
design of analog 17,'” which combines the 3-deoxyEpo B
scaffold with a potentially potency-enhancing dimethyl-benz-
imidazole side chain. The synthesis of this analog is summa-
rized in Scheme 2 and again proceeds through Pd(0)-catalyzed
Suzuki—Miyaura coupling of olefin 9 with an appropriate vinyl
iodide (i.e., 14) as a key step. As in the synthesis of 13, the
coupling product was converted into the corresponding seco
acid 15 by ester saponification and selective TES removal
from O—C15. Yamaguchi macrolactonization with 15 followed
by deprotection of O—C7 and epoxidation of the resulting
3-deoxyEpo D analog 16 then led to analog 17 as the final
target structure. Again, macrolactonization produced a side
product, which based on spectroscopic data was identified as
the C15-R epimer and which was separated by flash chroma-
tography at the stage of the free 12,13-deoxy compound 16
(i.e., after TBS removal from O—C7). The epoxidation of 16
with catalytic MeReO5 and H,0,/pyridine in CH,Cl,'® pro-
ceeded with >10/1 selectivity (85% vyield for the mixture of
isomers), and pure 17 was obtained in 54% isolated yield
after purification by preparative HPLC. In contrast to 16 , the
epoxidation of the corresponding Epo C analog (3-deoxyEpo
C; Epo C = 12,13-deoxyEpo A) under identical conditions
proved to be much less selective (2/1 selectivity in favor of the



SCHEME 2¢

@ Conditions: (i) (a) Olefin 9, 9-BBN, THF, RT, 2 h (solution A); (b) solution A
added to a mixture of Cs,CO5 (2 equiv), PdCl,(dppf), (0.2 equiv), PhsAs (0.2
equiv), vinyl iodide 14 (1 equiv), DMF, 0 °C— RT, 2 h, 77%. (ii) LiOH (6 equiv),
i-PrOH/H,0 4/1, 60 °C, 3 h, 90%. (iii) TBAF, THF, RT, 24 h, 75%. (iv) 2,4,6-
Cl5CeH,C(O)CI, Et5N, THF, 0 °C, 15 min, then diluted with toluene and added
to solution of DMAP in toluene, RT, 1 h, 85% (10/1 mixture of epimers). (v)
HF - pyridine, CH5CN, RT, 3 h, 54% (single isomer; 87% for mixture of epimers).
(vi) MeReO,, H,O,/pyridine/H,O, RT, 30 min, 64% (10/1 mixture of epoxide
isomers).

desired epoxide isomer) and the (12R,13S)-epoxide could only
be obtained in 16% isolated yield (after purification by pre-
parative TLC)."”

The benzimidazole side chain in 17 leads to a significant
potency increase over 13, such that the activity of 17 against
the drug-sensitive KB-31 line becomes comparable with that
of Epo B, which is the most potent natural epothilone (Table
1).!7 Thus, the side chain modification can largely compen-
sate for the removal of the 3-hydroxyl group from the natu-
ral epothilone core structure. In contrast to the drug-sensitive
KB-31 cells, a smaller activity difference between 17 and 13
is observed for the multidrug-resistant KB-8511 line; in fact,
compound 17 shows a small (3—4-fold), but clearly detect-
able activity differential between the sensitive and the resis-
tant cell lines, indicating that it may be a weak substrate for
the P-gp efflux pump. We have made similar observations for
other benzimidazole-based epothilone analogs,'*'® and
reduced activity against KB-8511 cells has also been noted for
a variety of structurally unrelated (i.e., non-benzimidazole-
based) analogs, if they were more polar (reduced clogP) than
the corresponding parent epothilone (M. Wartmann, K.-H. Alt-
mann, A. Florsheimer, unpublished data). This point will be
addressed in more detail below. Similar conclusions as dis-

cussed here for compound 17 can also be derived for the ben-
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zimidazole-based analogs of 3-deoxyEpo D (16; Table 1)),
3-deoxyEpo A, and 3-deoxyEpo C.

3. trans-Epothilone A analogs

While compounds 13 and 17 deviate from natural
epothilones in the structure of the core macrocycle and the
heterocycle-bearing side chain, they are still characterized by
a cis configured epoxide moiety at positions 12 and 13, which
is a major structural hallmark of the natural products. On the
other hand, synthetic (12S,13S)-trans Epo A (but not the cor-
responding (12R,13R)-isomer) is an equally potent tubulin
polymerization inducer and cancer cell growth inhibitor as Epo
A (vide supra),'® which suggested that the trans-Epo A macro-
cycle could serve as a basic template for the development of
new chemotypes for microtubule inhibition. In this context, it
was important to understand whether the combination of the
trans-Epo A scaffold with modifications that had proven to
enhance potency or be reasonably well tolerated in cis-ep-
oxide-based structures would still lead to potent analogs or
whether the SAR pattern of trans- and cis-epothilones might in
fact be different. In a first step, this question was addressed by
the replacement of the natural epothilone side chain in trans-
Epo A with a dimethyl-benzimidazole moiety, leading to com-
pound 25 (Scheme 3) as an initial target structure for synthesis
and biological evalution.'® As illustrated in Scheme 3, the syn-
thesis of 25 according to the strategy employed for 13 and 17
required trans-vinyl iodides 19 or 20 as the coupling partner
for the Suzuki—Miyaura coupling with olefin 9. These inter-
mediates were obtained by Takai reaction with aldehyde 18,
which produced an inseparable 5/1 mixture of (TBS-protected)
E- and Z-vinyl iodides (19). However, conversion of 19 into the
corresponding mixture of free alcohols enabled the isolation
of the desired E-isomer through careful crystallization in
almost pure form (E/Z-ratio >15; 43% yield). Reprotection of
the free homoallylic hydroxyl group provided TES-ether 20,
which underwent smooth Suzuki—Miyaura coupling with ole-
fin 9 to produce 21. Subsequent ester saponification was
accompanied by concurrent loss of the TES group on O—C15
and the resulting seco acid 22 was converted into trans-Epo
Canalog 23 through Yamaguchi macrolactonization and TBS-
ether cleavage. Treatment of 23 with an excess of oxone in
the presence of 0.8 equiv of ketone 242° produced an 8/1
mixture of epoxide isomers (70% yield after flash chromatog-
raphy), from which 25 was isolated in pure form and 53%
overall yield through preparative HPLC.'® The yield of the
epoxidation step (23—25) significantly exceeded the yield
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@ Conditions: (i) CHI5, CrCl, (8 equiv), dioxane/THF 6/1, 62%. (ii) CSA, CH,Cl,/
MeOH, crystallization from CH,Cl,/hexane/MeOH, 43% (92% for 5/1 mix-
ture of E/Z isomers before crystallization). (iii) TES-CI, imidazole, DMF, 0 °C, 90
min, 97%. (iv) (a) Olefin 9, 9-BBN, THF, RT, 2 h (solution A); (b) addition of solu-
tion A to a mixture of Cs,CO5, PdCl,(dppf),, Ph;As, vinyl iodide 20, DMF, —10
°C — RT, 16 h, 55%. (v) LiOH (6 equiv), i-PrOH/H,0 4/1, 50 °C, 7 h, 78%. (vi)
2,4,6-Cl;CH,C(O)C, Et;N, THF, 0 °C, 15 min, then dilution with toluene and
addition to solution of DMAP in toluene, RT, 1 h, 93%. (vii) HF - pyridine, THF,
RT, 8 h, 80%. (viii) Oxone, ketone 24, Bu,N(HSO,) (cat), K,CO5;, MeCN/DME/
0.05M Na,B,0,+10H,0 in 4 x 10~* M Na,EDTA 1/1/1.3, 0 °C, 3 h, 70%.

obtained for the conversion of trans-Epo C into trans-Epo A (3)
under similar conditions (13%)."3

trans-Epo A analog 25 is a potent inducer of tubulin polym-
erization, and it exhibits high antiproliferative activity against
the drug-sensitive human cervical cancer cell line KB-31 (Table
1)."? Significantly, compound 25 is a more potent inhibitor of
KB-31 cell growth than the parent compound trans-Epo A (3)
(IC5 values of 0.25 and 2.15 nM, respectively (Table 1)); in
fact, the activity of 25 against this drug-sensitive cell line is
comparable with that of Epo B as the most potent natural
epothilone, which further attests to the activity-enhancing
effect of the dimethyl-benzimidazole moiety. In contrast to
KB-31 cells, a significantly different picture emerged for the
P-gp-overexpressing, multidrug-resistant KB-8511 cell line,
where 25 (like 17 and other dimethyl-benzimidazole-based
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SCHEME 4¢

ii - iv

OH O

@ Conditions: (i) (a) Et,Zn (9 equiv), CH,l, (9 equiv), CF;COOH (9 equiv), —13
°C, 30 min; (b) + 26, —13 °C, 20 min, 77%. (i) LiOH, i-PrOH/H,0 4/1, 60 °C,
3 h, 91%. (i) PPh, DIAD, toluene, —13 °C, 90 min, 40% (57% based on
recovered SM). (iv) HF - pyridine, CH;CN, RT, 2 h, 42% (after HPLC purifica-
tion, 83% crude).

epothilone analogs) showed reduced growth inhibitory activ-
ity (compared with its effects against the drug-sensitive KB-31
line). This finding suggests that 25 may be a (moderate) sub-
strate for the P-gp efflux pump, which seems not to be the
case for trans-Epo A (3) itself."> It should be noted, however,
that benzimidazole-based analog 25 is still far less suscepti-
ble to P-gp-mediated efflux than taxol, for which the activity
differential between KB-8511 and KB-31 cells is ca. 230-fold.

As indicated above, reduced activity against the P-gp-over-
expressing KB-8511 cell line had been observed in our labo-
ratory for a variety of epothilone analogs with enhanced
polarity, including Epo B analog 17 (Table 1). Based on this
observation, we speculated that the activity of 25 (and other
benzimidazole-based epothilone analogs) against P-gp-over-
expressing cells might be restored through appropriate adjust-
ments in compound polarity, and we felt that in the case of 25
this could possibly be achieved by the isosteric replacement
of the epoxide moiety with a cyclopropane ring. This type of
modification had previously been shown to be well tolerated
in natural Epo A and B® and was predicted to produce a
change in clogP from 2.87 for 25 to 4.15 for the correspond-
ing cyclopropyl analog 28 (Scheme 4).



At the synthetic level, the most straightforward approach to
target structure 28 would consist in the direct cyclopropana-
tion of the corresponding 12,13-deoxy precursor 23 (Scheme
3), and this reaction was investigated under a variety of con-
ditions. Cyclopropanation of 23 could indeed be achieved with
Et,Zn/CH,l, in the presence of equimolar amounts (relative to
Et.Zn and CH.l,) of CF;CO,H, but a large excess (120 equiv)
of cyclopropanating agent was necessary to drive the reac-
tion to completion.?' In addition, these conditions were asso-
ciated with a complete lack of stereoselectivity and both
cyclopropane isomers were formed in a 1/1 ratio. Other
approaches to convert 23 into 28 either gave no conversion
(Et,Zn/CH,I5/CIsPhOH or CH,N,/Pd(OAQ),) or only led to the
formation of degradation products (CHBr5/NaOH/BnEt;NCl).?"
The stereoselective incorporation of the cyclopropane moi-
ety in analog 28 could finally be accomplished through the
directed cyclopropanation of homoallylic alcohol 26 (Scheme
4), an approach that was suggested by prior work on the cis-
cyclopropane isomer of 28.2" Thus, the treatment of 26 with
9 equiv of Et,Zn/CH,I,/CF3CO,H for 20 min produced cyclo-
propane 27 in 77% yield and essentially as a single isomer
(Scheme 4).2" It should be noted that the C15 stereocenter in
26 and 27 exhibits the “non-natural” R configuration, which is
required for the cyclopropanation to provide the desired abso-
lute configuration at C12,C13. Seco ester 27 could be elabo-
rated into trans-Epo A analog 28 through ester saponification
with LiOH in iPrOH/H,0, Mitsunobu macrolactonization (which
enables the concomitant inversion of stereochemistry at C15),
and deprotection with HF-pyridine in 17% overall yield
(including HPLC purification of the final product; Scheme 4).'
The cis-cyclopropane isomer of 28 could be obtained in an
analogous way, and both compounds were found to be
extremely potent antiproliferative agents, which inhibit the
growth of the drug-sensitive human cervical carcinoma cell
line KB-31 with sub-nanomolar ICs, values (Table 1; data for
the cis-isomer not shown).?! Thus, 28 (ICs, = 0.17 nM) inhib-
its the growth of drug-sensitive KB-31 cells with at least the
same potency as the corresponding epoxide 25 (IC5, = 0.25
nM), and it is clearly more potent than its epoxide-based par-
ent compound trans-Epo A (3). Most importantly, however, 28
retains full activity against the P-gp-overexpressing KB-8511
variant of the KB-31 line (IC5q = 0.13 nM), which is in marked
contrast to the situation with epoxide-based analog 25. The
data indicate that 28 is significantly less susceptible to P-gp-
mediated drug efflux than 25, and the same applies to the
corresponding pair of cis-cyclopropane/epoxide isomers.?’

The potent biological activity of analogs 25 and 28 sug-
gested that further modification of these structures by the
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SCHEME 5¢

9 Conditions: (i) (a) Olefin 9, 9-BBN (0.8 equiv), THF, RT, 2 h (solution A); (b)
addition of solution A to a mixture of Cs,CO; (1.5 equiv), PdCl,(dppf), (0.1
equiv), Ph;As (0.2 equiv), vinyl iodide 20 (Scheme 3, 1 equiv), DMF, —10 °C—
RT, 16 h, 58%. (ii) LiOH (6 equiv), THF/H,O 7/1, RT, 24 h, 76%. (iii) 2,4,6-
Cl;,CsH,C(O)Cl, Et5N, THF, 0 °C, 15 min, then diluted with toluene and added
to a solution of DMAP in toluene, RT, 1 h, 71%. (iv) HF - pyridine, THF, RT, 6 h,
949%. (v) Oxone, ketone 24 (0.8 equiv), Bu,N(HSO,) (cat), K,CO5, MeCN/DMM/
0.05M Na,B,0,-10 H,0 in 4 x 10~* M Na,EDTA 1/1/1.3, 0 °C, 3 h, 65%
(86% based on recovered starting material; single isomer).

removal of the C3-hydroxyl group would likely produce new
hypermodified epothilone analogs that would retain signifi-
cant biological activity. So far, this suggestion has been exper-
imentally addressed with epoxide-based analog 30, which
was obtained from 9 via Suzuki—Miyaura coupling with vinyl
iodide 20, elaboration of the coupling product into deoxy ana-
log 29, and final epoxidation of the C12—C13 E double bond
(Scheme 5).'7 As for the transformation of 23 to 25 (Scheme
3), the epoxidation step involved the use of catalyst 242° and
provided 30 as single isomer in 65% isolated yield after sim-
ple flash chromatography (86% based on recovered starting
material).

Quite remarkably, the tubulin-polymerizing and antiprolif-
erative activity of 30 is virtually identical with that of Epo A or
taxol, despite its harboring major structural alterations rela-
tive to the native epothilone scaffold (Table 1).'” As for ana-
log 25, the growth inhibitory activity of 30 is slightly lower
against the multidrug-resistant KB-8511 cell line than the
taxol-sensitive KB-31 line. However, as demonstrated above,
this shortcoming may be correctable through the replacement
of the epoxide ring by a cyclopropane moiety, and studies
along these lines are currently in progress in our laboratory.

4. 12-Aza-epothilones

As an alternative to the iterative modification approach
described above, which does not alter the polyketide charac-
ter of the core macrocycle, our efforts to develop new struc-
tural templates for microtubule stabilization have also included
the design of different types of aza-epothilones. These ana-
logs are characterized by the replacement of a backbone car-
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31a: R = O-tert.-C4Hg
31b: R = OCHyPh
31c: R=0C;Hs

31e: R=CHa

31e: R = CH,CHj3

FIGURE 2

bon atom with nitrogen, which disrupts the regular polyketide
structure of the macrocyclic backbone. As a result such aza-
epothilones may be appropriately described as “non-natural”
natural products: They still retain most of the (two-dimen-
sional) structural features of the natural product lead, but at
the same time they are structurally unique, because they are
outside of the general scope of Nature’s biosynthetic machin-
ery for polyketide biosynthesis, which is not programmed for
the incorporation of single nitrogen atoms in a regular
polyketide backbone.?? Among different classes of aza-
epothilones investigated,3~2> 12-aza analogs of type 31
(termed “azathilones”; Figure 2) proved to be of particular
interest, because they can retain much of the antiprolifera-
tive activity of natural epothilones, depending on the nature
of the acyl substituent attached to the backbone nitrogen
atom.?3 The most potent analog identified so far (out of a lim-
ited collection of structures with varying N-substituents; Fig-
ure 2) is tert-butyl carbamate 31a, whose antiproliferative
activity is still in the 100 nM range (i.e., only 15-50-fold lower
than the activity of Epo A). Considering the absence of any
hard conformational constraint from the Northern part of the
macrocycle, these results were highly intriguing; at the same
time the question arose whether and how the activity of aza-
thilone 31a could possibly be improved, such as to approach
the potency range of natural epothilones. Based on the sig-
nificant potency enhancement associated with a dimethyl-ben
zimidazole side chain attached to polyketide-based,
epothilone-derived macrocycles, the replacement of the nat-
ural epothilone side chain in 31a with a dimethyl-benzimida-
zole moiety presented itself as an obvious approach toward
the creation of highly potent new azathilones, thus leading to
compound 40 as an initial target for total synthesis and bio-
logical investigation (Figure 2).

28 = ACCOUNTS OF CHEMICAL RESEARCH = 21-31 = January 2008 = Vol. 41, No. 1

SCHEME 6
OPMB

N i-ii
—

35 36

@ Conditions: (i) 33, LDA, —78 °C, 5 h, then addition of 32, —90 °C, 75 min,
76%, dr = 8/1. (ii) PPTS, MeOH, RT, 20 h, 86%. (iii) (@) TBSOTf, 2,6-lutidine,
—78 °C —RT, 1.5 h; (b) flash chromatography, 76% (single isomer). (iv) (a)
H,/Pd—C, MeOH, RT, 20 h; (b) TPAP, NMO, 4-A MS, CH,CL,, RT, 1 h; (9
MePPhBr, LIHMDS, THF, 0 °C, 1.5 h, 79% (three steps). (v) CSA (1.0 equiv),
CH,Cl,/MeOH 1/1, 0 °C, 1 h, 87%. (vi) PDC (11 equiv), DMF, RT, 64 h, 85%.

Our synthesis of 40 was based on macrocycle formation
through ring-closing olefin metathesis (RCM) between C9 and
C10. Apart from the high chemical efficieny generally associ-
ated with RCM-based macrocyclizations,?® this strategy offered
the additional advantage that it would also provide the cor-
responding 9,10-didehydro analog of 40 (as the immediate
cyclization product). Because previous work by Danishefsky
and co-workers had shown the E-9,10-didehydro analogs of
Epo B and D to be even more active in cancer cell prolifera-
tion assays than the respective saturated parent compounds,*’
it was of interest to assess this modification in the context of
an aza-macrolide scaffold.

The RCM-based synthesis of azathilone 40 is summarized
in Schemes 6 and 7 and involved three key strategic steps,
namely, (i) the stereoselective aldol reaction between alde-
hyde 32 and ketone 33 (dr = 8:1) (Scheme 6), (i) esterifica-
tion of carboxylic acid 36 with the unsaturated alcohol 37,
and (iii) RCM with diene 38 (Scheme 7). While the treatment
of diene 38 with the first generation Grubbs catalyst*® gave
no measurable conversion, the use of the dihydroimidazol-2-
ylidene-based second generation catalyst*® produced the
cyclic olefin in excellent yield (85%) and with exclusive E
selectivity. A similar degree of selectivity had been observed
previously for the RCM-based cyclization of the analogous
diene 41 (Figure 3), which incorporates the natural epothilone
side chain. The efficiency of the cyclization reaction was some-
what thwarted by difficulties encountered in the subsequent
reduction of the 9,10-double bond, which proved to be
extremely sluggish under all experimental conditions investi-
gated (thus leading to low yields and also side reactions such



SCHEME 7¢

@ Conditions: (i) DCC (1.2 equiv), DMAP (0.3 equiv), CH,Cl,, 0 °C, 15 min, RT,
15 h, 60%. (ii) 2nd generation Grubbs catalyst (0.15 equiv, incremental addi-
tion), CH,Cl,, reflux, 8 h, 85%. (i) HF - pyridine, pyridine, THF, RT, 4 h, 70%.
(iv) KO,C—N=N—CO,K (excess), AcOH, CH,Cl, refl., 31%; pure 40 obtained
through purification by preparative HPLC.

FIGURE 3

as reductive ester cleavage with H,/Pd—C without reduction of
the double bond). The only viable approach for the transfor-
mation of 39 into 40 involved the use of in situ generated
diimide, which had been successfully employed in the trans-
formation of 9,10- and 10,11-didehydroEpo D, respectively,
into Epo D (12,13-deoxyEpoB)?” and which produced 40 in
319% yield from 39 after purification by preparative HPLC.
Azathilone 40 was found to be a highly potent antiprolif-
erative agent that inhibits the growth of different types of
drug-sensitive human cancer cell lines (KB-31, A549, HCT-
116, PC-3M) with low nanomolar ICs, values (Table 1; ICs,-
values against the A549, HCT-116, and PC-3 M cell lines are
1.9, 1.6, and 1.3 nM, respectively, vs 3.2, 2.2, and 3.4 nM for
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Epo A). The antiproliferative activity against drug-sensitive
human tumor cells is thus comparable to that of Epo A. Like-
wise, 40 induces tubulin polymerization in vitro with similar
potency to Epo A (ECs, values for the induction of tubulin
polymerization of 3.9 and 4.6 «M for 40 and Epo A, respec-
tively), 2> which strongly suggests that inhibition of human can-
cer cell proliferation by 40, as for natural epothilones, is a
consequence of interference with microtubule functionality.
This view is further corroborated by the fact that treatment of
cancer cells with 40 results in cell cycle arrest at G2/M, which
mirrors the effects on the cell cycle observed upon treatment
with Epo A or B.®

Compound 40 is >60-fold more potent against drug-sen-
sitive human cancer cells than the corresponding parent aza-
thilone 31a (Figure 2); this potency increase dramatically
exceeds the potency-enhancing effects previously observed for
the dimethyl-benzimidazole side chain in combination with
polyketide-based macrocycles (2—15-fold).'” Perhaps even
more intriguing is the fact that the 9,10-didehydro analog 39
is significantly less potent than the fully saturated azathilone
40, both at the level of tubulin polymerization and in cellu-
lar activity.?® This finding is in strong contrast with effects
observed for Epo B and D (vide supra),?” and it may be indic-
ative of differences in the bioactive conformation between
azathilone-type analogs and natural epothilones. NMR stud-
ies to determine the bioactive conformation of 40 are cur-
rently ongoing in our laboratory.

Unfortunately, azathilone 40 is significantly less potent
against the multidrug-resistant cervical carcinoma cell line
KB-8511 than the drug-sensitive KB-31 line, which indicates
that 40 is a substrate for the P-gp efflux pump (Table 1). How-
ever, as illustrated above for polyketide-based epothilone ana-
logs, the susceptibility to P-gp-mediated drug efflux may be
modulated through adjustments in compound lipophilicity,
and this strategy will also be explored for lead structure 40.

5. Conclusions

In the first part of this Account, we have shown how the iter-
ative modification of an appropriate natural product scaffold
can lead to highly potent analogs with significantly altered
structural features relative to the natural product lead. As such,
30 and related compounds can be considered as representa-
tive examples of a new chemotype for microtubule stabiliza-
tion, which may offer the same potential for pharmacological
differentiation from the original epothilone leads as various
newly discovered microtubule-stabilizing natural products with
macrolactone structures, such as laulimalide, peloruside, or
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dictyostatin. While this assumption will have to be substan-
tiated by future pharmacological studies, it should be noted
that preliminary similarity analyses on the basis of Tanimoto
coefficients have indicated 30 to be structurally equally dis-
similar from Epo A or B as are laulimalide or peloruside.?®
Similar conclusions apply for 40 and related 12-aza-
epothilones.?® While the conception of these aza-macrolides
is closely connected to the structure of natural epothilones
(hence the name “azathilones”), given the degree of structural
divergence from the natural epothilone template, they may be
considered as members of a distinct group of “non-natural”
natural products with unique structural features. Work cur-
rently ongoing in our laboratory aims at a better understand-
ing of the SAR associated with structures of type 30 and 40,
which may not parallel the SAR associated with natural
epothilones (as indicated by the activity difference between 40
and 39). At the same time, more extensive biological profil-
ing of selected analogs is required in vitro and in vivo, in order
to establish whether compounds such as 30 or 40 are in fact
pharmacologically distinct from Epo A and B.
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