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RK-397, a member of a large family of polyene macrolides that addition of dienol ethe6. The remaining C(27#C(31) fragment
includes amphotericins, nystatin, mycoticins, and roxaticins, was would be synthesized by use of Evans’ chiral acyl oxazolidinone
isolated and structurally characterized by Osada et al. in 1993. technology?

All of these macrolides contain a highly conjugated polyene and a  This synthesis plan was reduced to practice with the preparation
long 1,3-polyol chain. These compounds show variable degrees ofof key building block 2 (Scheme 2). Stereoselective Red-Al
antifungal activity; in particular, amphotericin B has been used reduction of 3-benzyldimethylsilyl propargy! alcohdi® provided
clinically as one of the most effective antifungal agenBecause the E-allyl alcohol* which was oxidized to 3-benzyldimethylsilyl-

of their potent biological activity and structural complexity, these 2-propenal%) in good yield (61%, two steps). The vinylogous aldol
natural products have attracted interest as targets for total syntheseaction of ketene acetélusing chiral bisphosphoramid® R-9
sis34 The foremost challenges in the synthesis of RK-397 are the smoothly providedt! in good yield with excelleny-selectivity and
stereocontrolled assembly of the polyol chain and construction of enantioselectivity (75%, er 98/2) The protected syn-diol function
the pentaenoate backbone. We felt that both of these challengesvas installed using the tandem alkoxide addition/conjugate addition
could be efficiently addressed by ongoing methodological programs sequence developed by Evdfsinally, the synthesis of building

in our laboratories on the enantioselective, Lewis base-catalyzedblock 2 was completed by conversion of the ester group into a
aldol additiort and silicon-based cross-coupling reacti®hterein, methyl ketone in excellent yield (58%, three steps) via the Weinreb
we report an efficient, enantioselective total synthesis of RK-397 amide!* The C(27)-C(31) fragment was prepared from the known
utilizing these recently developed methods as key strategic steps.aldehydel0' by a Wittig olefination/reduction/oxidation sequence

To maximize synthetic convergency, the target was divided into in good yield (61%, three steps, Scheme 3). On the basis of previous
four modules (Scheme 1). The disconnections at the lactone linkagestudies® we initially chose to test the aldol addition of the
and the C(10)C(11) bond provide the known polyene phosphonate trichlorosilyl enolate derived fror2 (Scheme 4). TMS enol ether
fragmentl.” Clearly, the polyol fragment lends itself to a myriad 11 (prepared from methyl keton2 with TMSOTf}” 94%) was
of aldol/reduction disconnectiofiglowever, by carefully examining  transformed to the corresponding trichlorosilyl enolate using Hg-
the pattern of stereogenic centers on the polyol chain, we concluded(ll)-catalyzed transsilylatio® By the use of R,R-13as the catalyst,
that the most efficient synthesis might be achieved by the aldol productl2 was obtained in good yield (81%); however, the
disconnections at C(18)C(19) and C(26)C(27) bonds, which diastereoselectivity was only 2/1 favoring the desired diastereomer
provide C(11)-C(18) and C(19)C(26) fragments as an identical  (27R)-12. Interestingly, by use of the enantiomeric catal\&i¥-
building block. In forward sense, these disconnections require an 13, diastereomer (5J-12 was obtained in good yield (72%) with
aldol addition with 1,5-anti stereoinduction from the methyl ketone a 4/1 diastereomeric ratio. These results indicate th&){2Z arises
2. The aldehyde functionality at C(11) and C(19) was masked as afrom the matched case resulting from 1,5-syn stereoinduction in
vinylsilane for better functional group compatibility. The key the aldol additior}? Deeper analysis of this triple diastereoselective
building block 2 was envisioned to arise from vinylogous aldol process is difficult without exploring all pairwise combinations of

components. Better 1,5-anti stereoinduction could be achieved by
Scheme 1 substrate-controlled aldol addition using the dibutylboron enolate

RPN NN 10, OH derived from2 (Scheme 5521 The boron aldol addition a2 to 3
2 S S gl e “
o)

afforded 12 with excellent diastereoselectivity (85%, &r19/1).
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The configuration at C(27) was confirmed to Rédy Mosher ester

analysis of the aldol produét. The C(25) carbonyl group id2

Scheme 6 2
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a Conditions: (a) NaH; Pddbay—CHCI; (77%, dr 3/1); (b) TBAF; ethyl
(E)-3-iodopropenoate, Pd(dba)79%, dr 5/1); (c)p-TsOH; kL (88%); (d)
PBrs, pyridine; (e) P(OE® (93%).

the resulting anti-diol was protected as an acetonide (87%, two
stepsy®

The stage was now set to introduce the polyene fragment which
required unveiling the vinylsilane to reveal the aldehyde at C(11)
as described previously. Before the installation of polyene fragment,
the PMB group was removed using DDQ to afford hydroxy
aldehyde 16 (77%, two steps}® Although several routes are
available to prepare polyene phosphonafe?°a we elected to
employ our sequential palladium-catalyzed, cross-coupling of a 1,4-
bissilyl-1,3-butadiend7 for the construction of the tetraene moiety
of 1 (Scheme B2’ In the first cross-coupling, silandl7 was
activated with NaH, and the resulting silanolate reacted smoothly

was reduced in the presence of diethylmethoxyborane and sodium(?7%) with the THP igher of 3-iodo-2-properid¥®in the presence
borohydride, and the resulting syn-diol was protected as a ben-©f Pd(dbay—CHCL.?% In the second coupling, benzylsilari®

zylidene acetal (86%, two steps).

reacted with ethyli)-3-iodopropenoaf8in the presence of TBAF

With the coupling of two modules successfully completed, we @nd Pd(dba)to afford tetraenoat@0 in good yield (79%). The
turned our attention to the next key aldol reaction. Oxidative un- | HP protecting group was removed under acidic conditions to give
masking of the vinyl silane revealed the aldehyde function at C(19) the hydroxy ester, and then treatment of this mixture of olefin

(73%)2* With anticipation of 1,5-anti stereoinduction to establish

isomers with a small amount of iodine during workup gave the all

the C(19) stereogenic center, we carried out the second iterationE-tetraenoate in good yield (88%).The hydroxy enoate was

of boron aldol addition using. Aldol product15was obtained in
high yield and excellent selectivity (88%, dr19/1) for 1,5-anti

converted to phosphonateas described in the literatufe The
final fragment coupling brought together the phosphonate and the

stereoinduction. Th& configuration at C(19) was again confirmed ~ Polyol chain using the standard HorréVadsworth-Emmons

by Mosher ester analysf3.The carbonyl group at C(17) was re-

olefination protocol (Scheme 7). From this stage to the final product,

duced using tetramethylammonium triacetoxyborohydride, and all reactions and purifications were performed with careful exclusion
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(73%); (e)2, Bu,BOTf, DIPEA (88%, dr>19/1); (f) Me;NHB(OAC)3; (9)

Me,C(OMe), CSA (87%, dr>19/1); (h) TBAF, HO,, KHCO;3 (86%); (i)
DDQ (90%).

8972 J. AM. CHEM. SOC. = VOL. 127, NO. 25, 2005

of light due to the extreme photosensitivity of the polyene. The
olefination proceeded smoothly with the aid of LiIHMDS to afford
pentaenoat®1 in good yield (77%). The macrolactonization of
the seco hydroxy acid (prepared fratd by saponification with
LiOH) was efficiently effected via the mixed anhydride from 2,4,6-
trichlorobenzoyl chloridé! Closure of the mixed anhydride in the
presence of DMAP in high dilution successfully afforded a good
yield of fully protected RK-397 with a minimum of larger oligomers
(71% over three steps). Although the acetonide was easily
hydrolyzed under mildly acidic conditions, removal of the more
stable benzylidene acetals was problematic. Surprisingly, the use
of concentrated HCI in MeOH was found to be the most effective
method for the global deprotection (93%). It was crucial to remove
the acid at the end of the reaction with polymer-bound piperidine
to avoid decomposition of the final product during purification.
The product was stable under silica gel chromatography; however,
to obtain the natural product in a state of high purity for thorough
and unambiguous structural verification, further purification was
carried out using preparative reverse-phase HPLC. Synthetic RK-
397 exhibited spectroscopic and physical properties identical to
those reported for the natural material (HNMR, CNMR, ORD,
HRMS)! In conclusion, RK-397 was synthesized by employing a
convergent synthetic strategy that features the use of an 8-carbon
building block for 16 carbons in the polyol chain. The synthesis
highlights the enantioselective vinylogous aldol addition using chiral
phosphoramid® for the construction of the key intermedia2e

The stereogenic center created by this reaction established 8 of the
10 stereogenic centers in RK-397 by substrate control. This
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Scheme 7 @ M.; Kawabe, J.; Furukawa, Hretrahedron1995 51, 5315-5330.

(8) (a) QOishii, T.; Nakata, TSynthesis199Q 635-645. (b) Paterson, I.;
Cowden, C. J.; Wallace, D. J. Modern Carbonyl ChemistryOtera, J.,
Ed.; Wiley-VCH: Weinheim, Germany, 2000; Chapter 9.

(9) Evans, D. A.; Gage, J. FOrg. Synth., Coll. Vol. V1111993 339-343.

(10) Karaev, S. F.; Kuliev, R. M.; Guseinov, Sh. O.; Askerov, M. E.;
Movsumzade, M. MJ. Gen. Chem. USSF982 52, 1016-1019.

(11) (a) Denmark, S. E.; Jones, T. &rg. Synth., Coll. Vol. VII199Q 524—

527. (b) Ostwald, R.; Chavant, P.-Y.; Stadtmuller, H.; Knochel. ®rg.
Chem.1994 59, 4143-4153.

(12) (a) Denmark, S. E.; Beutner, G. B.Am. Chem. So2003 125 7800~
7801. (b) The reaction could be carried out at 50 mmol scale without loss
of yield and enantioselectivity.

(13) Evans, D. A.; Gauchet-Prunet, J.JA.Org. Chem1993 58, 2446-2453.

(14) Williams, J. M.; Jobson, R. B.; Yasuda, N.; Marchesini, G.; Dolling, U.-
H.; Grabowski, E. J. JTetrahedron Lett1995 36, 5461-5464.

(15) Evans, D. A.; Dart, M. J.; Duffy, J. L.; Yang, M. @. Am. Chem. Soc.
1996 118 4322-4343.

(16) For studies on chiral trichlorosilyl enolates beaifiaglkoxy groups, see:

(a) Denmark, S. E.; Fujimori, SOrg. Lett. 2002 4, 3477-3480. (b)
Denmark, S. E.; Fujimori, SOrg. Lett.2002 4, 3473-3476. (c) Denmark,
S. E.; Fujimori, S.Synlett2001, 1024-1027.

(17) Dreher, S. D.; Leighton, J. l1. Am. Chem. SoQ001, 123 341-342.

(18) Denmark, S. E.; Stavenger, R. A.; Winter, S. B. D.; Wong, K.-T.; Barsanti,
P. A.J. Org. Chem1998 63, 9517-9523.

(19) A survey of various chiral and achiral Lewis bases showed that the desired
diastereomer could not be obtained with appropriate selectivity using this
process.

OH OH OH OH OH OH

aConditions: (a) LIHMDS (77%); (b) LiOH; (c) 2,4,6-trichlorobenzoyl
chloride, EtN; (d) DMAP (71%, three steps); (e) concentrated HCI, MeOH
(93%).

synthesis also illustrated the sequential cross-coupling of bissilyl
dienel7to construct the conjugated polyeheThe application of
Lewis base-catalyzed aldol additions in syntheses of more complex

molecules is currently under investigation.

Acknowledgment. We are grateful to the National Science

Foundation (NSF-0414440) for generous financial support. S.F. also
thanks Johnson and Johnson and Abbott Laboratories for Graduate 1)

Fellowships. We thank Dr. H. Koshino (RIKEN) for providifl
and3C NMR spectra of the natural product.

Supporting Information Available: Full experimental procedures

(20) (a) Evans, D. A.; Cote, B.; Coleman, P. J.; Connell, BJTAm. Chem.
So0c.2003 125 10893-10898. (b) Evans, D. A.; Coleman, P. J.; Cote,
B. J. Org. Chem.1997, 62, 788-789. (c) Paterson, |.; Collett, L. A.
Tetrahedron Lett2001, 42, 1187-1191. (d) Paterson, I.; Gibson, K. R;
Oballa, R. M.Tetrahedron Lett1996 37, 8585-8588. (e) Paterson, |.;
Oballa, R. M.; Norcross, R. Dletrahedron Lett1996 37, 8581-8584.
This strategy has been used successfully by Evans in his elegant synthesis
of roxaticin. Evans, D. A.; Connell, B. 0. Am. Chem. So003 125,
10899-10905.
(22) (a) Dale, J. A.; Mosher, H. S. Am. Chem. S0d.973 95, 512-519. (b)
Seco, J. M.; Quinoa, E.; Riguera, Rhem. Re. 2004 104, 17—117. (c)
See Supporting Information.

and characterization data for intermediates and synthetic natural product (23) Chen, K.-M.; Hardtmann, G. E.; Prasad, K.; Repic, O.; Shapiro, M. J.

described. This material is available free of charge via the Internet at

http://pubs.acs.org.

References

(1) (a) Kobinata, K.; Koshino, H.; Kudo, T.; Isono, K.; OsadaJHAntibiot.
1993 46, 1616. (b) Koshino, H.; Kobinata, K.; Isono, K.; Osada, H.
Antibiot. 1993 46, 1619-1621.

(2) Bolard, J.Biochim. Biophys. Actd988 864, 257—304.

(3) Rychnovsky, R. DChem. Re. 1995 95, 2021-2040.

(4) For synthetic works on RK-397, see: (a) Burova, S. A.; McDonald, F. E.

J. Am. Chem. So2004 126, 2495-2500. (b) Burova, S. A.; McDonald,
F. E. J. Am. Chem. So2002 124 8188-8189. (c) Schneider, C,;
Tolksdorf, F.; Rehfeuter, MSynlett2002 2098-2100.

(5) (a) Denmark, S. E.; Fujimori, S. IModern Aldol ReactiondVahrwald,
R., Ed.; Wiley-VCH: Weinheim, Germany, 2004; Vol. 2, Chapter 7. (b)
Denmark, S. E.; Stavenger, R. Acc. Chem. Re00Q 33, 432-440.
(c) Denmark, S. E.; Beutner, G. B.; Wynn, T.; Eastgate, MJDAm.
Chem. Soc2005 127, 3774-3789.

(6) Denmark, S. E.; Sweis, R. F. IMetal-Catalyzed Cross-Coupling
Reactions 2nd ed.; de Meijere, A., Diederich, F., Eds.; Wiley-VCH:
Weinheim, Germany 2004; Vol. 1, Chapter 4.

(7) (a) Poss, C. S.; Rychnovsky, S. D.; Schreiber, SJ.LAm. Chem. Soc.
1993 115 3360-3361. (b) Boschelli, D.; Takemasa, T.; Nishitani, Y.;
Masamune, STetrahedron Lett1985 26, 5239-5242. (c) Mori, Y.; Asai,

Tetrahedron Lett1987 28, 155-158.

(24) (a) Tamao, K.; Kumada, M.; Maeda, Retrahedron Lett1984 25, 321—
324. (b) Tamao, K.; Ishida, Nl. Organomet. Chenl984 269 C37—
C39. (c) Miura, K.; Hondo, T.; Takahashi, T.; Hosomi, Retrahedron
Lett. 200Q 41, 2129-2132. (d) Miura, K.; Hondo, T.; Nakagawa, T.;
Takahashi, T.; Hosomi, AOrg. Lett.200Q 2, 385-388. (e) Trost, B.
M.; Ball, Z. T.; Joge, TAngew. Chem., Int. EQ003 42, 3415-3418.

(25) (a) Evans, D. A.; Chapman, K. Tetrahedron Lett1986 27, 5939~
5942. (b) Evans, D. A.; Chapman, K. T.; Carreira, E. MAm. Chem.
Soc.1988 110, 3560-3578.

(26) (a) Evans, D. A.; Connell, B. T. Am. Chem. So2003 125 10899
10905. (b) Horita, K.; Yoshioka, T.; Tanaka, T.; Oikawa, Y.; Yonemitsu,
O. Tetrahedron1986 42, 3021-3028.

(27) Denmark, S. E.; Tymonko, S. A. Am. Chem. So2005 ASAP (DOI:
10.1021/ja0518373).

(28) Rossi, R.; Bellina, F.; Catanese, A.; Mannina, L.; Valensiéxahedron
200Q 56, 479-487.

(29) The olefin geometry was significantly scrambled under the reaction
conditions (3/1).

(30) (a) Takeuchi, R.; Tanabe, K.; TanakaJSOrg. Chem200Q 65, 1558~
1561. (b) Dixon, D. J.; Ley, S. V.; Longbottom, D. @rg. Synth2003
80, 129-132.

(31) Inanaga, J.; Hirata, K.; Saeki, H.; Katsuki, T.; YamaguchiBull. Chem.
Soc. Jpnl1979 52, 1989-1993.

JA052226D

J. AM. CHEM. SOC. = VOL. 127, NO. 25, 2005 8973



