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Abstract: The C7 hydroxy group of cytotoxic epothilone A was selectively oxidized using PDC. A selective
oxidation of the C3 hydroxy group was accomplished with Me,;S/(PhCOy), after in situ protection of C7-OH.
Reduction of epothilone A or of a CS5, C7 dioxo derivative with NaBH, proceeded at the C5 carbonyl group.
Oxidation and hydrogenation of the C16—C17 double bond proved to be difficult but it was easily cleaved with
ozone and the resulting keto derivative was transformed to epothilone analogs with different side chains. ® 1998
Elsevier Science Ltd. All rights reserved.

Since our initial reports,’ the highly cytotoxic epothilones A (1a) and B (1b) (Scheme 1) have gained much
attention by either biologists and medicinal” and synthetic organic chemists. The race for the first total synthesis
immediately started and in less than six month after appearence of our articles the first synthesis of epothilone A
was published by Danishefsky et al.” To date three groups have successfully completed their syntheses of
epothilone A and/or B.>* Recently Danishefsky ez al® and Nicolaou et al.” reported that they obtained and
identified a variety of synthetic derivatives of epothilones during their syntheses of the natural products.
Furthermore, a route to a synthetic epothilone library was presented in the latter paper.” This prompted us to
communicate our efforts on modification of epothilones A and B obtained by fermentation.

Scheme [ Epothilone A (1a) and B (1b).
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1a, R = H, Epothilone A
1b, R = Me, Epothilone B

In this and the accompanying letter we wish to present some of our results on derivatization of all functional
groups of epothilones (1), except the lactone and the thiazole moiety. For clarity, we devided the molecule in
two regions of action: 1) oxidative and reductive modifications of the ,southern hemisphere” including the
exocyclic double bond and 2) transformations of the C12-C13 epoxide function. In this paper we describe our
studies on regioselective variations of the oxidation state at C3—C7 and C16—C17 of epothilone A (1a).
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The epothilones contain two secondary hydroxy groups with similar stereochemical environment. Both
occupy a pseudoaxial position in the macrocycle and form no hydrogen bond to carbonyl groups.'® Therefore, we
did not expect a strong preference for one of the two hydroxy groups under any alcohol oxidizing conditions.
Indeed, treatment of epothilone A (1a) with the acidic pyridinium chlorochromate (PCC)8 afforded a complex,
unseparable product mixture. The neutral pyridinium dichromate (PDC),’ instead, oxidized regioselectively the
hydroxy group at C7 either in dichloromethane or DMEF. ' Surprisingly, the product isolated in over 80% yield
was not the expected bis-oxo derivative but its hemiacetal 2 (8c; = 104.1 ppm in CDCl;). The immediate
formation of an acetal apparently protected the C3 hydroxy group from further oxidation.'' Only traces (less than
2%) of the C3 mono oxidized derivative 3 or the double oxidized compound 4 were detected by HPLC-MS of
the crude reaction mixture (Scheme 2).12

Oxidation of 1a using the Swern protocol [(COCl);, DMSO, Et:N]"* was much less selective, producing 2, 3
and 4 in 50, 10 and 15% yield along with some other, not identified compounds. Interestingly, all derivatives
having a C3 oxo group exhibit keto-enol tautomerism with a predominant enol form (*H NMR; CDCls:enol: 8,.4
=5.41 ppm; Son = 12.10 ppm; keton: AB 8;.4 3.41 and 3.70 ppm, Jap = 16.2 Hz).

Scheme 2 Oxidation of the hydroxy groups at C3 and C7.
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A selective C3 oxidation of epothilone A was accomplished using a different approach. With the intention to
protect both hydroxy groups as their methylthiomethyl (MTM) ether, epothilone A (1a) was treated with a
mixture of dimethylsulfide and dry dibenzoyl peroxide in acetonitrile." However, a very slow etherification rate
of the C3 hydroxy group made it amenable for oxidation, a known side reaction of this method for MTM ether
formation, while the C7 position was already completely blocked as the MTM ether (Scheme 3). Thus, we
obtained three major compounds, mono and bis MTM ethers 5 and 6 and via in situ protection of C7-OH the
C3-oxo derivative 7 (2:3 mixture of keto and enol form), each in ca. 30% isolated yield.

Scheme 3 Selective protection of the C7 hydroxy group.
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Reduction of the C5 oxo group of epothilone 1a proceeded smoothly with sodium borohydride in a THF/pH 7
buffer solvent system providing alcohol 8 as an approximately 1:1 mixture of epimers in 70% yield (Scheme 4).
Without pH control the reaction mixture soon turned basic and rapid saponification of the lacton moiety occured
(halflife at pH 13 is less than 10 min). Exposure of hemiacetal 2 to similar conditions (NaBH4, MeOH) reduced
regioselectively the C5 oxo group affording alcohol 9 (85%) as an easily seperable 3:2 mixture of epimers. No
products containing a reduced C7 moiety were found although, according to the 'H NMR spectrum of 2, about
three percent of the 7-keto form are present under these reaction conditions.

Scheme 4 Reduction of the C5 carbonyl group of epothilone 1a and dioxo derivative 2.
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The exocyclic trisubstituted double bond of the epothilones connects the aromatic thiazole group with the
macrocycle. The resulting stereoelectronic effects significantly decrease the reactivity of this double bond. For
example, bromine in CCly did not attack the double bond, although one equivalent of the halogen was
consumed.'® Nevertheless, epoxidation of the double bond was achieved either with m-chloroperbenzoic acid
(m-CPBA)'® (CH,Cl,, r.t., 1 h) or with dimethyldioxirane (DMDO)'” (acetone, 0 °C —> r.t., 5 h affording bis-
epoxide 10 as a 3:2 mixture of the epimers, albeit in low yields (10% for m-CPBA, 25% for DMDO).'®#"®
Hydrogenolysis of the benzyl-like C17-O bond of the C16-C17 epoxide 10 with 10% palladium on charcoal
(EtOH, r.t., 90 h) gave quantitatively the alcohols 11 (Scheme 5) but hydrogenation of the C16-C17 double
bond of epothilone A (1a) was more difficult. Under several conditions (H, and a: Pt/C, AcOH; b: PtO,, MeOH;
¢: Pd/C, MeOH; d: Pd/C, EtOH or NoHs, Hy0,%° or BusSnH, ZnCly, Pd(PPhs)s2! or Bu;SnH, AIBN?) either no
reaction occured or complex reaction mixtures were formed. Only with 10% Pd/C (EtOH, r.t., 36 h) the

saturated epothilone analogs 12 could be isolated in 8% yield as a 2:1 mixture of epimers.23

Scheme 5 Oxidative and reductive transformations of the C16—~C17 double bond of epothilone 1a.
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Dihydroxylation of epothilone A (1a) under standard conditions (cat. OsOq, N-methylmorpholine-N-oxid, #-
BuOH/THF /water 8:3:1, 1. t.)">%* required 20 h to go to completion affording diol 13 as a 5:3 mixture of epimers
in 80% yield. To our surprise, the minor epimer could not be purified on reversed phase HPLC because it
undergoes rapid transesterfication to a C1-C16 or a C1-C17 macrolacton in protic solvent mixtures.

Ozonolysis (03, CH;Clp, =70 °C, 10 min, then Me;S) of epothilone A (la)25 proceeded smoothly affording
ketone 14. The hydroxy groups of 14 were immediately protected as trimethylsilyl ether (TMS-C], Et;N, DMAP,
CH,Cl,, r.t., 18 h) providing bis-TMS ether 15 in 70% overall yield (Scheme 6). Several attempts to reconstruct
the double bond from the C16 keto group by olefination reactions were undertaken. Unfortunately, the only
successful reaction was the methylenation of ketone 15 (— 16) using the commercially available ,.instant
ylide“.?® Subsequent cleavage of the TMS ether (citric acid, MeOH, 65 °C, 1 h) produced derivative 17 in 15%
overall yield. All other experiments either to rebuild epothilone A using a recently published procedure’’ (2-
methyl-thiazol-4-yl-diphenylthioacetal, Ti(Cp).Cl,, Mg, P(OEt);, THF, r. t., 30 min) or to construct a phenyl
analog of epothilone under crown-ether catalysis”® (PhCH,P(O)(OEt),, NaH, 15-crown-5, THF, 0 °C > r. t., 20
h) failed to give the desired products.

Scheme 6 Side chain modification of 1a via olefination reaction.
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However, with ketone 14 some other transformations at the C16 carbonyl group were carried out. Regio-
selective reduction of the C16 keto group of TMS-protected ketone proceeded with NaBH, in MeOH at room
temperature affording a 1:1 mixture of alcohol epimers (90%), which were (poorly) acylated with benzoyl-
chloride or 2-methyl-thiazole-4-carbonylchloride and pyridine/dimethylaminopyridine (DMAP) in CH,Cl,.
Cleavage of the TMS ethers (citric acid, MeOH, 80 °C) provided the esters 18 and 19 in 10 and 20 % overall
yield (Scheme 7). On the other hand, treatment of the ketone with phenyloxy- or benzyloxyammoniumchloride
and pyridine in EtOH at room temperature gave the corresponding oximes 20 and 21 in 50-60% yield as an
approximately 2.5:1 mixtures of E and Z isomers (Scheme 7).

Scheme 7 Oxime and ester derivatives from C5, C16-diketone 14.
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All derivatives were tested against the L 929 mouse fibroblast cell line."” Modifications of the C16-C17
double bond resulted in a 50-200 times loss (ICso between 100 and 500 ng/ml) in activity, whereas changes at
the macrocycle were more dramatic (ICso between 1000 and 4000 ng/ml, exception acetal 3 (200 ng/ml)).

In conclusion, we have demonstrated, that regioselective oxidations at either C3 or C7 of epothilone A can be
achieved with simple reagents. Reduction of epothilone or its C7 oxo product 2 with sodium borohydride always
occurs preferentially at the C5 carbonyl but with poor stereoselection (d.r.: 50:50 — 60:40). The C16-C17 double
bond of 1a can be easily oxidized, but hydrogenation was difficult and succeeded only as a side reaction with H,
and 10% Pd/C in EtOH. However, ozonolysis of the double bond of epothilone A proceeded smoothly and the
resulting keto group was transformed to epothilone analogs with different side chains (oximes, esters).
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