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ABSTRACT
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Geldanamycin (GA), an antitumor Hsp90 inhibitor, was made for the first time by using an oxidative demethylation reaction as the final step.
A biaryldioxanone auxiliary set the anti C11-12 hydroxy-methoxy functionality and a methylglycolate auxiliary based on norephedrine was

used for the syn C6—7 methoxy-urethane. p-Quinone-forming oxidants, CAN and AgO, produced an unusual aza-quinone product. Nitric acid
gave GA from a trimethoxy precursor in 55% yield as a 1:10 mixture with nonnatural o-quino-GA.

Unlike the related anasamycin antibioticejacbecin | and ~ most potent family member, shows broad activity with the
herbimycin which have received considerable synthetic NCI 60 cell-line panel (13 nMj.Its cellular target has only
attention including total syntheséthe synthesis of geldana- recently been uncovered. GA binds to the ATP binding site
mycin (S. hydroscopicushas not been reportédThese of the chaperone heat shock protein 90 (Hsp90), inhibiting
compounds possess various biological activities, including its folding and ATPase activity leading to cell cycle
great potential as antitumor agents. Geldanamycin (GA), thedisruption® Hsp90 inhibition by geldanamycin significantly
. and selectively lowers cellular levels of various oncogenic
8 Eg‘fm%g- AL:-A(;‘;-,\(I:;L%T&, 'ﬁf?ﬁ%y‘? " Ueno, A: Kimura, 7. 1Yr0sine kinases including v-Src, Ber/Abl, and ErbB-2, while
Tamai, T.; Tatsuda, KTetrahedron Lett1991,32, 6015. Macbecin I: (b)  the serine/threonine-specific kinases, PKA and PKC, remain

Baker, R.; Castro, J. L1. Chem. SocPerkin Trans.1990, 47. (c) Evans,  ynaffected.In addition, recent X-ray structures of the Hsp90
D. A; Miller, S. J.; Ennis, M. DJ. Org. Chem1993,58, 471. (d) Panek,
J. S.; Xu, F.; Rondon, A. CJ. Am. Chem. S0d.998,120, 4413.
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GA complex suggest modifications that may lead to en- || NN

hanced activity. These findings together with its distinct Scheme 2

structural features clearly warrant the development of a total o

synthesis. We now report the first total synthesis of GA along MeO Hk (c-Hex),BOTY.
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followed by oxidative benzyl ether removal with CAN (ceric

chemistry and resolves the ambiguity of the C14 methyl ammonium nitrate)? Various options were considered and
substituent. The structure of Pavletich indicated Rn  €xplored for the installation of the C10 methyl group. Finally,
configuration, while that of Pearl waBat C148 Key steps the established route with asymmetric hydroboration was
to access seco acitinclude a noveanti-selective glycolate  followed? The aldehyde derived frorif was treated with
aldol reaction using the recently developed diaryldioxanone trimethylaluminum, followed by Dess—Martin periodinane

auxiliary and a newsyn-selective glycolate aldol using a 10 give a ketone that was treated under Wittig conditions to
norephedrine based approach. provide9. Removal of the silyl ether and hydroboration gave

diol 10 with the C10 methyl possessing the proger
gonfiguration (Scheme 3). Protection of the primary and
secondary hydroxyls dsrt-butyldimethylsilyl (TBS) ethers
followed by treatment with aqueous camphor sulfonic acid

Unlike the herbimycins and macbecins, the methoxy-
quinone of GA requires the use of a pentasubstituted benzen
precursorl (Scheme 1). On the basis of previous ansamycin

syntheses, including other trimethoxybenzenes, oxidative . )
removal of the 1,4-disposed methoxyls at C18,21 efas to remove the primary TBS ether gave a primary alcohol

anticipated to directly generate GA with high selectivity. intermediate. Oxidation to the aldehyde and Wittig homolo-

The lack of a benzylic C15-hydroxyl together with the added gation in refluxing toluene provided unsaturated e$fewith

hindrance of an additional C17-methoxyl precludes the use 16:1E:Z selectivity in 98% yield. Enal2was produced by
of an aldol reaction for GA C1415 bond formation as  USing DIBAL reduction followed by Swern oxidation condi-

employed previously with herbimycin and mache®iAlso, tiqns. The boron enolate of the n_ewly developed no_rephe-
C11 bears a hydroxy group, not a methoxy as with herbi- drine-based glycolat&3 reacted withl2 to generatel4 in

mycin and macbecin, thus requiring a distinct approach for 9reater than 20:1 selectivity and 90% isolated y#éith
formation of theanti-C11—12 hydroxy-methoxy functional- accord with the norephedryl propionate boron aldol reactions
ity. reported by Masamune and co-work&rglycolate13 gives

The preousy eportetadenyaed was eated win /OGS VI % e ange of subsvatcs etdng
the boron enolate 08,S-bis-4-methoxyphenyldioxanode yaes. y

to generate thanti-glycolate aldol adduds in 70% yield removed with LIOH followed by acidification with HCI (pH

with 10:1 selectivity (Scheme 2)A four-step sequence was ~2) and the crude mixture was converted to efwith
used to generate the differentially protectedi-diol ester7 (10) Andrus, M. B.; Mendenhall, K. G.: Meredith, E. L.; Soma Sekhar,

in high overall efficiency, using catalytic sodium methoxide B. B. V. Tetrahedron Lett2002,43, 1789—1792.

(11) Andrus, M. B.; Soma Sekhar, B. B. V.; Turner, T. M.; Meredith,
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U.; Pavletich, N. PCell 1997,89, 239. (b) Roe, S. M.; Prodromou, R. O.; 119, 2586. (b) Yoshimitsu, T.; Song, J. J.; Wang, G.-Q.; Masamung, S.
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trimethylsilyldiazomethane in 4:1 benzene/methanol solu-

tion.’® The norephedrine auxiliary was also recovered at this 1 228_,3
stage of the sequence. Protection as the triethylsilyl (TES) T
ether, followed by half reduction with DIBAL, and treatment 1:10
of the resultant aldehyde with the StilGennari phosphonate
gave Z-16 with 13:1 Z:E selectivity in 81% vyield? In

contrast, asymmetric aldol reaction withbranched endl2

using the well-known methylglycolate oxazolidinone boron procedure of Kocovsk}? Previous ansamycin routes have
enolate gave a much reduced 2:1 mixture of diastereomeric sed excess sodium cyanate for this transformatibinese
syn-aldol product? _ _ conditions, in the case of the GA intermediate, gave urethane
Z-Enal from16 was generated by using DIBAL reduction product in less than 50% yield. Aqueous HF in acetonitrile
and Dess Martin periodinane. Treatment with the allyl ester \yas then used to remove the C11-TBS ether generating
phosphonate shown in the presence of DBU and lithium trimethoxy-GA 1 in high yield. Use of either Hfpyridine
chloride gaves, zdienel7with 19:1E:Z selectivity in high  or tetrabutylammonium fluoride for this step failed to provide
yield (Scheme 4)¢ Hydrolysis of the analogous methyl ester 1 The sensitivity of GA to aqueous acid and base has been
of 17 with aqueous base led only to decomposition, not to poted previously.
the desired unsaturated carboxylic acid. The nitro group was Unlike the previous ansamycin routes involving dimethoxy

first reduced to the aniline through the action of NaB#ith intermediates and other trimethoxy model substrates, silver

added sulfur, following the precedure of Lalancéttas or manganese oxide impregnated with HN@acted rapidly
employed recently by Panék.The allyl ester was then with 1 to give aza-quinone GA8 in 77 and 40% yields,

removed by using catalytic Pd(P§hin the presence of o0 tively. The desireg-quinone GA, as anticipated by
morpholine FO glvg the sego a}cﬁj Qeneraﬂon ol Pro"ed the precedent noted above, was not formed with these
uneventful, including cyclization with BOP-CI (bis(2-0X0-  o54ents under all conditions investigate@ther reagents,

3-oxazolidinyl)phosphinic chloride, 0.001 M) to form the . ding CAN (ceric ammonium nitrate) in acetonitrile used

lactam in 76% yield. Urethane formation, following TES 556 or under phase transfer catalysis conditions, led only
ether removal at C7, was performed by using 2 equiv of 4 qecomposition. In these cases not a traca®br GA

trichloroacetylisocyanate then treatment with potassium .« observed. The unique aza-quindréawas confirmed

carbonate in methanol in 89% vyield according to the by treatment with sodium hydrosulfite to give phed@|®
13) Hiral. Y.~ Alda. T In S5 Am. Chem. Sod987 111 3062 Use of CAN with a TBS, TES-protected lactam derived from
g14g s{irlil'w."c.;l génh’ari,oéﬁétrahedrbn thtigg%’zél’ 4405. ' 1 also led to the formation of an aza-quinone product without

(15) For a typical use of this approach see: Keck, G. E.; Palani, A.; a trace ofp-quinone. The hypervalent iodine based oxidants
McHardy, S. F.J. Org. Chem1994,59, 3113. 2-Methylcinnamaldehyde
gave a 3:2:2:1 mixture of products with the methoxyacetyloxazolidinone

geldanamycin +

boron enolate. (18) Kocovsky, P Tetrahedron Lett1986,27, 5521.
(16) Roush, W. R.; Sciotti, R. J. Am. Chem. S0d.998,120, 7411. (19) Compoundl9 was formed by using the conditions found in ref 4b.
(17) Lalancette, J. M.; Freche, A.; brindle, J. R.; Laliberte Syinthesis nOe enhancements f&@: C17—OH and C18-OMe 1.54%, C26-NH and
1972, 526. C21—-OMe 4.1%.
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bis(trifluoroacetoxy)- and bis(acetoxy)iodobenzene have alsooxidation. Gratifyingly, simple treatment @fwith nitric acid
been used for oxidative demethylation to form quinones from in acetic acid for 1 mi#? followed immediately by sodium
1,4-dimethoxy aryl compound8These reagents also failed bicarbonate quenching produced both (+)-geldanamycin,
to produce geldanamycin from intermedidte identical (NMR, TLC, UV) to authentic material, and the
Production of the aza-quinone in the case of silver and new nonnatural compounatquino-GA 20, [o]p?? —26.7°,
manganese oxide is most likely due to nitrogen lone-pair in a 1:10 ratio. While the selectivity of the final step proved
donation to the adjacent trimethoxybenzene moiety. The disappointing, the biological activities of the new geldana-
bound conformation of GA indicates a loss of resonance of mycin variantsl, 18, 19, and20 can now be evaluated by
the nitrogen lone pair with the amide carbonyl that is twisted using cytotoxicity and Hsp90 client protein lowering assays.
out of plane as seen in the Hsp@MA X-ray structuré? It is Efforts are also underway to solve the selectivity of the
reasonable to assume that, in solutidnwould also adopt  p-quinone formation step by using labile protecting groups
conformations with reduced amide resonance and enhanceét C18,21 together with improved, convergent routes to
nitrogen-aryl interaction. Upon oxidation with this arrange-  designed analogues.
ment, the intermediate radical cation is stabilized by the

available nitrogen lone pair and demethylation occurs at C17 - acknowledgment. We are gratefulto The NIH (GM57275),
to generatel8 instead of C18,21 as anticipated. Indeed, an the American Cancer Society, and BYU for funding, Bruce
acyclic N-acetyl model substrate produced ookjuinone  j4ckson for MS assistance, and Prof. Chaitan Khosla, Kosan

upon treatment with CAN or silver oxide, not aza-quinéhe. Biosciences, for a sample of authentic geldanamycin.
In an effort to deactivate nitrogeraryl delocalization, BOC

and AlocN-protected lactams were formed frdimIn both

. : Supporting Information Available: Experimental pro-
cases neither substrate produced the deghguinone upon bp 9 P P

cedures and characterization for all compounds and spectral
data for numbered compounds. This material is available free
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