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?(a) K,CO,, MeOH, H,0; 2,4,6-(CH,),PhSO,Cl, THF; DMAP, 9;
(b) acetone, (TsOH); (¢) KN(TMS),, 11, THF; (d) Pd(PPh,),, PPh;,
HOACc, THF; (e) toluene, 110 °C, 4 h; (f) H, (1 atm), 5% Pd-BaSO,,
quinoline; (g) 48% HF, CH;CN; (h) CH;0C(O)NSO,NEt,;, C¢Hq, A;
(i) -BuOK (1 equiv), +-BuOH; (j) CF;CO,H, 65 °C, 10 min.

(58%, Scheme I1I). Transketalization with dry acetone, conditions
found necessary to avoid concomitant deblocking of the silyl ether
functionality, made possible condensation with phosphonate 11"
and ensuing cleavage of the allyl carbamate under mild conditions
[catalytic (Ph;P),Pd!? in the presence of HOAc;'> THF solution].
Heating dilute solutions of 12 in boiling toluene for 4 h liberated
the acyl ketene and induced smooth macrocyclization (65% from
10). Semisaturation of the acetylenic double bond was next
achieved by the Lindlar method (76%). Successive desilylation
with 48% hydrofluoric acid (85%) and dehydration of 14b with
the Burgess reagent!* (40%) proceeded to introduce the requisite
B ring double bond.’

Completion of the total synthesis was realized by Dieckman
cyclization in t-BuOH containing 1 equiv of -BuOK* (70%)
followed by CF;COOH-promoted removal of the 2,4-(MeO),-
benzyl group (45%).'* The IR and 'H NMR spectra of the
synthetic material were identical with those recorded for the
natural product.>!6

(11) (a) Boeckman, R. K., Jr.; Thomas, A. J. J. Org. Chem. 1982, 47,
2823. (b) Boeckman, R. K., Jr.; Perni, R. B.; McDonald, J. E.; Thomas, A.
J. Org. Synth. 1987, 66, 194.

(12) Jeffrey, P. D.; McCombie, S. W. J. Org. Chem. 1982, 47, 587.

(13) The presence of acetic acid was necessary to preclude nucleophilic
attack by the liberated allylamine on the reaction product.

(14) Burgess, E. M.; Penton, H. R, Jr.; Taylor, E. A. J. Org. Chem. 1973,

, 26.

(15) (a) Schlessinger, R. H.; Bebernitz, G. R.; Lin, P.; Poss, A. J. J. Am.
Chem. Soc. 1988, 107, 1777. (b) DeShong, P.; Ramesh, S.; Elango, V.; Perez,
J. Ibid. 1988, 107, 5219. (c) Boeckman, R. K., Jr.; Starrett, J. E., Jr.; Nickell,
D. G.; Sum, P.-E. Ibid. 1986, 108, 5549.
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With completion of this convergent and stereoselective route
to (+)-ikarugamycin, the focus of attention may perhaps be di-
rected to the preparation of capsimycin, a related natural tetramic
acid of some note.'’
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In 1981 Hirayama and co-workers! reported the isolation and
characterization of echinosporin (1), a new antibiotic-antitumor
agent produced by Streptomyces echinosporus MK-213.2 The
novel, highly oxygenated tricyclic structure, initially deduced by
chemical derivatization and NMR analysis, was later confirmed
by single-crystal X-ray analysis;® however, the absolute configu-
ration remained undefined. Intrigued by the unique tricyclic
skeleton, we initiated a program directed toward the enantiose-
lective total synthesis of 1. Given the unknown absolute stereo-
chemistry, a unified strategy leading to both enantiomers was
considered highly desirable (vide infra). Herein we disclose the
first total synthesis of natural (-)-echinosporin.

From the retrosynthetic perspective, lactol 2 appeared to be
an ideal penultimate intermediate. Of concern here were the three
contiguous stereocenters which punctuate the cyclopentene ring.
Two of these were anticipated to arise via a [2 + 2] photo-
cycloaddition of cyclopentenone (5) to dihydrofuran 6.5 Ela-
boration of the functionality at C(8) in 4 would then involve a
palladium-catalyzed carbomethoxylation of the derived enol
triflate,® followed by a stereocontrolled deconjugative a-hy-
droxylation. Removal of the acetonide, oxidation of the diol, and
ammonolysis of the resultant a-ketolactone (i.e., 3) were then

(1) Iida, T. N,; Hirayama, N.; Shirahata, K. Abstracts of Papers, 44th
Annual Meeting of Japan Chemical Society, Oct. 12, 1981, 1E-18, p 403.
Okachi, R.; Kawamoto, L; Sato, T. (Kyowa Hakko) Japan Kokai. 1981,
59,777, May 23, 1981.

(2) Sato, T.; Kawamoto, L.; Oka, T.; Okachi, R. J. Antibiot. 1982, 35, 266.
Morimoto, M.; Imai, R. J. Antibiot. 1985, 38, 490.

(3) (a) Hirayama, N.; lida, T.; Shirahata, K.; Ohashi, Y.; Sasada, Y. Bull.
Chem. Soc. Jpn. 1983, 56, 287. (b) For convenience we have employed the
X-ray structure numbering system.

(4) For related synthetic studies, see: Taschner, M. J.; Rach, N. L.
Presented at the 190th National Meeting of the American Chemical Society,
Chicago, IL, Sept. 8, 1985; ORGN 97. Also, see: Taschner, M. J.; Smith,
J. C; Rach, N. L. 2Ist Midwestern Regional Meeting of the American
Chemical Society, Cleveland, OH, June 2, 1989; ORGN 295. Deprez, D.;
Margraff, R.; Bizot, J.; Pulicani, J. P. Tetrahedron Lett. 1987, 28, 4679.

(5) For an example of a [2 + 2] photocycloaddition of cyclopentenone to
dihydrofuran, see ref 29 in: Bauslaugh, P. G. Synthesis, 1970, 287. Also,
see: Eaton, P. E. J. Am. Chem. Soc. 1962, 84, 2454.

(6) Cacchi, S.; Morera, E.; Ortar, G. Tetrahedron Lett. 1985, 26, 1109.
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(42-45% overall yield)

expected to serve as prelude to the cornerstone of the synthetic
strategy, namely fragmentation of the derived cyclobutanol ring
followed by cyclization. Hydrolysis of the methyl ester would then
furnish lactol 2.7

The dextrorotary enantiomer of dihydrofuran 6 proved to be
especially amenable to large-scale preparation. Accordingly, the
synthesis (+)-6 began with L-methyl threonate (7), readily
available from L-ascorbic acid in three steps as described by
Weigele (Scheme I1).2  Following the straightforward conversion
of 7 to (+)-10,%1° formal dehydration of the latter to (+)-di-

(7) For a review of the related de Mayo enone photoannulation-cyclobu-
tanol fragmentation tactic, see: de Mayo, P. Acc. Chem. Res. 1971, 4, 41.

(8) Wei, C. C.; De Barnardo, S.; Tengi, J. P.; Borgese, J.; Weigele, M. J.
Org. Chem. 1988, 50, 3462.

(9) (a) For a similar synthesis of (+)-10, see: Gitzi, K.; Reichstein, T.
Helv. Chim. Acta 1938, 21, 195. (b) The enantiomer (-)-10 is available in
twc‘)5 8steps from D-galactose: Perlin, S. A, Methods Carbohydr. Chem. 1968,
1, 68.

(10) (a) The structure assigned to each new compound is in accord with
its infrared and high field (250 or 500 MHz) 'H NMR spectra as well as
appropriate parent ion identification by high-resolution mass spectrometry.
(b) In addition, an analytical sample of this new compound, obtained by
recrystallization or liquid chromatography, gave satisfactory C and H com-
bustion analysis within 0.4%.
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hydrofuran 6!% was best achieved via Swern oxidation,!!'2 followed
by Bamford-Stevens reduction of the derived tosylhydrazone.'?
The sequence proceeded in 42-45% overall yield for the six steps.

With a viable synthesis of dihydrofuran in hand, photocyclo-
addition of cyclopentenone (8) to (4)-6 provided three adducts. /!5
As expected from earlier work,’ the major product (ca. 50% yield)
was the desired cis—anti—cis adduct 4,' the structure of which was
confirmed by single-crystal X-ray analysis.'® The minor adducts
proved to be the cis—syn—cis (15%) and the cis—anti~cis (14%)
isomers (-)-12!° and (-)-13,'0 respectively.!’

Introduction of the carbomethoxy and hydroxyl groups com-
prising the C(8)-stereogenic center required three steps. First,
generation of the enolate of 4 (LDA, THF, =78 °C) followed by
treatment with Tf,NPh (-78 to =20 °C, 12 h)'® provided enol

(11) Omura, K.; Swern, D. Tetrahedron 1978, 34, 1651. Omura, K,;
Sharma, A. K.; Swern, D. J. Org. Chem. 1976, 41, 957.

(12) Ireland, R. E.; Norbeck, D. W. J. Org. Chem. 1985, 50, 2198.

(13) Gianturco, M. A.; Friedel, P.; Flanagan, V. Tetrahedron Lett. 1965,
1847. Shapiro, R. H. Org. React. 1976, 23, 405.

(14) de Mayo, P.; Pete, J.-P.; Tchir, M. J. Am. Chem. Soc. 1967, 89, 5712.
Eaton, P. E. Acc. Chem. Res. 1968, 1, 50. Termont, D.; De Keukeleire, D.;
Vandewalle, M. J. Chem. Soc., Perkin Trans. 1 1977, 2349,

(15) A degassed solution of § and 6 (10 equiv) in pentane (0.1 M in 5§) was
irradiated for 22 h through a uranium glass filter with a 450-W Hanovia
source, Unreacted 8 could be recovered by flash chromatography (81%).

(16) Unpublished results of Dr. P. Carroll, University of Pennsylvania
X-ray Crystallographic Facility.

(17) A similar synthetic strategy is expected to provide (+)-echinosporin
(1) from the cis-syn—cis photoadduct (-)-12.
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(-)-12 (-)-13

triflate 14,10 Palladium-catalyzed carbomethoxylation was then
achieved via the protocol described by Ortar.5 Finally, oxidation
of the dienolate derived from 15'° [KN(SiMe,),, 20% HMPA/
THF, -78 °C]'® with the Davis (+)-(camphorsulfonyl)oxaziri-
dine? furnished carbinol 16.!° The overall yield for the three steps
was 55%. Removal of the isopropylidene group (Bio-Rad
AGgOzw-XZ acidic resin, 50% aq CH,CN) then afforded triol
17.1 2,21

We next confronted the task of oxidizing the diol unit in 17.
This transformation was best accomplished in a stepwise fashion,
first by using the palladium-catalyzed dehydrogenation developed
by Tsuji [Pd,(DBA)s-CHCI; (10 mol %), diallyl carbonate,
acetonitrile at 80 °CJ;?? the result was hydroxylactone 181% ob-
tained in 50-55% yield. Subsequent oxidation of 18 with MnO,
provided a-ketolactone 3,!% albeit with variable efficiency. These
results, in conjunction with the general instability of 3, prompted
us to explore a useful variation of the oxidation—fragmentation
tactic. Thus, ammonolysis of 18 (NH,OH in MeOH)?* provided
cyclobutanol 19'%%24 (86%) which in turn was subjected to oxi-
dation.?® The latter led via fragmentation’ and recyclization to
20,19 gbtained as a 20:1 anomeric mixture.?® The structure of
20, and in particular the a-configuration of the anomeric hydroxyl,
was secured by preparation of the corresponding acetates (21),
exploiting the Mitsunobu protocol (DIAD, Ph;P, HOAc in
THF).?” The major acetate was assigned the 8-configuration
(i.e., 218)'% on the basis of an observed 6% nuclear Overhauser
enhancement between H, and H,.2

The success of the latter transformation suggested that an
intramolecular Mitsunobu lactonization would lead to echinosporin
(1). After considerable experimentation, acid 2!% was prepared
by hydrolysis of methyl ester 20 (3.6 N HCI, 2 days), followed
by ion-exchange chromatography (DEAE Sephadex) and im-
mediate lyophilization. Without further purification, 2 was

(18) Mc Murry, J. E.; Scott, W. J. Tetrahedron Lett. 1983, 24, 979.
Stang, P. J.; Treptow, W. Synthesis 1980, 283.

(19) Herrmann, J. L.; Kieczykowski, G. R.; Schlessinger, R. H. Tetrahe-
dron Letr. 1973, 2433. Rathke, M. W,; Sullivan, D. Tetrahedron Lett. 1972,
4249,

(20) Davis, F. A.; Haque, M. S,; Ulatowski, T. G.; Towson, J. C. J. Org.
Chem. 1986, 51, 2402. Davis, F. A.; Haque, M. S. J. Org. Chem. 1986, 51,
4083. Davis, F. A_; Ulatowski, T. G.; Haque, M. S. J. Org. Chem. 1987, 52,
5288.

(21) Nicolaou, K. C.; Pavia, M. R.; Seitz, S. P. J. Am. Chem. Soc. 1982,
104, 2027.

(22) Minami, 1.; Tsuji, J. Tetrahedron 1987, 43, 3903. Minami, I,
Shimizu, I.; Tsuji, J. J. Organomet. Chem. 19858, 296, 269.

(23) Sueda, N.; Ohrui, H.; Kuzuhara, H. Tetrahedron Lett. 1979, 2039.

(24) Compound 19 was homogeneous by *C NMR; however, the assign-
ment of stereochemistry at C(1) remains tentative.

(25) Parikh, J. R.; Doering, W.v. E. J. Am. Chem. Soc. 1967, 89, 5505.

(26) Prolonged exposure of 20 to either basic oxidation conditions or silica
gel resulted in facile conversion to enal i.!% These observations necessitated
isolation of 20 by reverse-phase chromatography (LOBAR RP-8, gradient
elution, water — 5% CH;CN/water).

Ho, $O:Me

H
: CONH,

(27) Mitsunobu, O. Synthesis 1981, 1. Also, see: Smith, III, A. B.; Hale,
K. J.; Rivero, R. A. Tetrahedron Lett. 1986, 27, 5813 and references cited
therein. .

(28) This assignment was further supported by the chemical shifts and
coupling constants of the anomeric hydrogens. The major acetal hydrogen
displayed a chemical shift of 6 4.84 and a coupling constant J = 7.88 Hz, while
thg minor acetal hydrogen appeared at 6 5.25 with a coupling constant J =
3.05 Hz.

subjected to the Mitsunobu reaction,?® whereupon reverse phase
chromatography provided (—)-echinosporin (1) in 28-31% yield
for the two steps.® That indeed synthetic (—)-echinosporin was
in hand derived from detailed comparison of synthetic (-)-1 with
natural material (i.e., 500 MHz 'H and 125 MHz 1*C NMR, IR,
HRMS, and TLC comparison in four solvent systems).3! The
optical rotation of synthetic echinosporin {[a]%’p —402° (c 0.08,
CH,O0H)} was also identical with that of natural (=)-echinosporin
{{a]®p =400 °C (¢ 0.1, CH;0H)}. Thus the absolute configuration
of (-)-echinosporin is assigned as 3R, 4R, 5S, and 8R.3®

In summary, we have completed an enantioselective total
synthesis of (—)-echinosporin and thereby have defined the absolute
configuration of this potentially important antibiotic-antitumor
agent. Progress concerning the preparation of (+)-echinosporin
from cycloadduct (—)-12 as well as further demonstration of the
synthetic utility of dihydrofurans (+)- and (-)-6 will be reported
in due course.
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(29) The optimal conditions for the desired ring closure entailed prefor-
mation of the Mitsunobu complex at =15 °C [Bu;P (2.5 equiv), DEAD (2.5
equiv), THF] followed by addition of the complex to a solution of 2 in THF
(4 A molecular sieves) at ~15 °C. Addition of the Mitsunobu complex (2.5
equiv) was repeated after 1 h, and the resultant mixture was then stirred
overnight at room temperature.

(30) The low yield obtained in the Mitsunobu ring closure is attributable
to the instability of carboxylic acid 2 and the strained character of the lactone.
With use of the MNDO method, the strain energy incurred upon lactonization
of 2 was calculated to be 17 Kcal/mol.
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Several rational approaches to solid-state synthesis have been
proposed and may lead to a large number of new compounds.!
Such a rational approach is seen in the Zintl concept,>** which
has been applied to intermetallics, >’ ternary main-group com-
pounds,®’ ternary transition-metal chalcogenides,® and ternary
lanthanide transition-metal pnictides.® The Zintl concept can

(1) (a) Simon, A. Angew. Chem. 1981, 93, 23. (b) Simon, A. Angew.
Chem., Int. Ed. Engl. 1981, 20, 1. (c) von Schnering, H.-G. Angew. Chem.
1981, 93, 44. (d) von Schnering, H.-G. Angew. Chem., Int. Ed. Engl. 1981,
20, 33.

(2) Eisenmann, B.; Schifer, H. Rev. Inorg. Chem. 1981, 3, 29.

(3) Sunshine, S. A.; Keszler, D. A.; Ibers, J. A. Acc. Chem. Res. 1987, 20,
395.

(4) Corbett, J. D. Chem. Rev. 1985, 85, 383.

(5) Intermetrallic Compounds; Westbrook, J. H., Ed.; John Wiley & Sons,
Inc.: New York, 1967,

(6) Schifer, H. Ann. Rev. Mater. Sci. 1988, 15, 1.

(7) Schifer, H. J. Sol. State Chem. 1985, 57, 97.

(8) Bronger, W. Pure Appl. Chem. 1985, 57, 1363.

(9) (a) Hofmann, W. K.; Jeitschko, W. J. Less Common Metals 1988, 138,
313. (b) Jeitschko, W.; Reehuis, M. J. Phys. Chem. Solids 1987, 48, 667 and
references cited therein.
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