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the halo diols were obtained which were contaminated with
unreacted epoxy alcohol (ca. 50%) and unidentified
products. However when an equivalent amount of Ti(O-
i-Pr), was added, the good regioselectivity and yield re-
ported in Table I (entry 1) were obtained, without con-
taminated products.?

The method is not applicable when groups highly sen-
sitive to acid are present. Thus, while epoxy alcohol 2 was
treated with I, under the reported conditions and the iodo
diols were obtained with good yields (85%) and a C-3/C-2
regioselectivity of 7:1 (entry 2), the treatment at the same
conditions of epoxy alcohols 3 yielded a nonisolable mix-
ture (entry 3), probably by acidic deprotection of the THP
group and competitive intramolecular openings of the
epoxides.2a?

The opening procedure (I,) is also applicable to lineal
homoallylic epoxy alcohols from E-olefins with even greater
regioselectivity than with allylic epoxyalcohols {entry 4).
However when homoallylic epoxy alcohols from Z-olefins
(entry 5) are opened, a 1:1 mixture of iododiols was ob-
tained.

Lineal erythro- and threo-1,2-epoxy alcohols yield
cleanly the primary halide without any contamination of
other regioisomers (entries 6 and 7). The reaction is also
applicable to other epoxy alcohols when such a unit is
located in a ring. However, in such cases, stereochemistry
and the relative position of the epoxide and the hydroxy
group should receive special consideration. Thus, while
cis-2,3-epoxycyclohexan-1-o0l (4) was submitted to the
described conditions with I, and Br,, giving rise to the
expected 3-halo 1,2-diol (entry 8) as the only detectable
product, the trans isomer 5 yielded the isopropyl ether 6.
In the homoallylic epoxycyclohexanol, however, both iso-
mers (entries 9 and 10) yielded the opening in C-4 as in
the acyclic cases.

The increase in rate and regioselectivity of the opening
reaction of trans-allylic and homoallylic epoxy alcohols
with halogen in presence of Ti(O-i-Pr), suggests that the
complexation of the epoxy alcohol to the metal center
proposed by Sharpless et al. in other Ti-assisted openings®
also occurs in our system, with further delivery of the
halogen. The clear effect of the free hydroxy group on
access to the metal is shown by the fact that epoxy alcohol
acetates scarcely react under the described conditions (I,
0.5 h) (entry 12). In order to clarify such halogen delivery

(8) To the best of our knowledge the opening of epoxides with bromine
or iodine not precedented.

(9) (a) Doherty, A. M,; Ley, S. V. Tetrahedron Lett. 1986, 27, 105. (b)
Evans, D. A,; Bender, S. L.; Morr, J. J. Am. Chem. Soc. 1988, 110, 2506.

we have performed the Ti(O-i-Pr),~X; (1:1 molar) mixture,
in CDCl, and observed it by 'H NMR spectroscopy. When
Br, was used, after 10 min (the deep red color of the
bromine changed to yellow) the presence of acetone was
detected in a ratio of ~1:6 of the integrals corresponding
to the methyl in the acetone and the isopropyl groups.
These data led to the conclusion that some halo-Ti-alk-
oxide species!® are formed by a redox reaction of the type

Ti(0-i-Pr), + xBr, —
Br, Ti(0-i-Pr),_, + xHBr + x(CH;)C=0
7

where 7 would be responsible for the regioselectivity ob-
served, in accordance with other halo-Ti-assisted open-
ings.®® Thus when to the performed mixture Ti(O-i-
Pr)~Br, (1 h aged, in CH,Cl,) was added the olefinic epoxy
alcohol 8, the bromo diol 9 was the observed product with
the expected regioselectivity (>20:1), with no trace of
bromine added to the double bond. When similar ex-
periments were performed with the Ti(O-i-Pr),~I, mixture
(even after 24 h of standing) only traces of acetone were
observed by NMR and the cyclic compound 10 was the
only product!? showing the presence of free I,. Studies of
the described procedure directed to proposing a more
complete mechanistic scheme together with synthetic ap-
plications to the enantioselective synthesis of natural
compounds are in due course and will be published else-
where.
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(10) The low value of the integral for the methyl in the acetone is
interpreted by its conversion to aldolic condensed products in the HBr
medium formed. Although the equilibrium

HX + X, Ti(0-i-Pr)y, = X,4+,Ti(0-i-Pr);_, + i-PrOH

is well known,!! we have not observed 2-propano! in our NMR experi-
ments.

(11) McAuliffe, C. A,; Barrat, D. 8. Comprehensive Coordination
Chemistry; Wilkinson, G., Ed.; Pergamon Press: Oxford, 1987; Vol. 3, p
333.

(12) The exact stereochemistry of this compound has not yet been
completely established. Afiorbe, B.; Nufiez, M. T.; Martin, V. S, un-
published results.
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Summary: Cycloaddition of «a-(acyloxy)-y-methylene-3-
tetronate 16, obtained by condensation of three segments
((£)-11, 12, and 15), affords four diastereomeric macrolides
17a-d (1:2.8:1.9:0.9 ratio). The exo mode adduct 17a has
been converted to (£)-24-O-methylchlorothricolide (19).

*Showa University.

Chlorothricolide (1) is the aglycon of antibiotic chloro-
thricin isolated from the culture of Streptomyces anti-
bioticus in 1969.1 This structurally novel macrolide as well
as the closely related aglycons, tetronolide (2)? and kija-
nolide (3),® have long been highly attractive targets for total
synthesis. In spite of extensive efforts directed toward
the synthesis of 1, including pioneering works by Ire-

0022-3263/90/1955-3431302.50/0 © 1990 American Chemical Societv
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land*™P and Roush,**¥! its total synthesis has not been
reported to date. Herein we describe the first synthesis
of (£)-chlorothricolide as its 24-O-methy! derivative 19.

For the synthesis of the macrolide structure, we first
investigated® an internal alkylation of a bifunctional in-
termediate 5% prepared via connection of an a-hydroxy-

(1) (a) Brufani, M.; Cerrini, S.; Fedeli, W.; Mazza, F.; Muntwyler, R.
Helv. Chim. Acta 1972, 55, 2094-2102. (b) Muntwyler, R.; Keller-
Schierlein, W. Ibid. 1972, 55, 2071-2094. (c¢) Muntwyler, R.; Widmer, J;
Keller-Schierlein, W. Ibid. 1970, 53, 1544-1547. (d) Keller-Schierlein, W.;
Muntwyler, R.; Pache, W.; Zahner, H. Ibid. 1969, 52, 127-142.

(2) (a) Tamaoki, T.; Kasai, M.; Shirahata, K.; Tomita, F. J. Antibiot.
1982, 35, 979-984. (b) Hirayama, N.; Kasai, M.; Shirahata, K.; Ohashi,
Y.; Sasada, Y. Tetrahedron Lett. 1980, 21, 2559-2560. (c) Tomita, F.;
Tamaoki, T. J. Antibiot. 1980, 33, 940-945. (d) Tamaoki, T.; Kasai, M.;
Shirahata, K.; Ohkubo, S.; Morimoto, M.; Mineura, K. Ishii, S.; Tomita,
F. Ibid. 1980, 33, 946-950. (e) Tomita, F.; Tamaoki, T.; Shirahata, K,;
Kasai, M.; Morimoto, M.; Ohkubo, S.; Mineura, K.; Ishii, S. Ibid. 1980,
33, 668-670.

(3) (a) Mallams, A. K.; Puar, M. S.; Rossman, R. R.; McPhail, A. T.;
Macfarlane, R. D.; Stephens, R. L. J. Chem. Soc., Perkin Trans. 1 1983,
1497-1534. (b) Mallams, A. K.; Puar, M. S.; Rossman, R. R. J. Am.
Chem. Soc. 1981, 103, 3938-3940. (c) Mallams, A. K.; Puar, M. S;
Rossman, R. R.; McPhail, A. T.; Macfarlane, R. D. Ibid. 1981, 103,
3940-3943.

(4) (a) Okumura, K.; Okazaki, K.; Takeda, K.; Yoshii, E. Tetrahedron
Lett. 1989, 30, 2233-22386. (b) Roush, W. R.; Riva, R. J. Org. Chem. 1988,
53, 710~712. (c) Marshall, J. A.; Grote, J.; Audia, J. E. J. Am. Chem. Soc.
1987, 109, 1186-1194. (d) Marshall, J. A.; Audia, J. E.; Shearer; B. G. J.
Org. Chem. 1986, 51, 1730-1735. (e) Ireland, R. E.; Varney, M. D. Ibid.
1986, 51, 635-648. (f) Boeckman, R. K., Jr.; Barta, T. E. Ibid. 1985, 50,
3421-3423. (g) Marshall, J. A.; Audia, J. E.; Grote, J. Ibid. 1984, 49,
5279-5280. (h) Schmidt, R. R.; Hirsenkorn, R. Tetrahedron Lett. 1984,
25, 4357-4360. (i) Snider, B. B.; Burbaum, B. W. /. Org. Chem. 1983, 48,
4370-4374. (j) Hall, S. E.; Roush, W. R. Ibid. 1982, 47, 4611-4621. (k)
Takeda, K.; Shinagawa, M.; Koizumi, T.; Yoshii, E. Chem. Pharm. Bull.
1982, 30, 4000-4005. (1) Roush, W. R.; Hall, S. E. J. Am. Chem. Soc. 1981,
103, 5200-5211. (m) Ireland, R. E.; Thompson, W. J.; Srouji, G. H.; Etter,
R. J. Org. Chem. 1981, 46, 4863-4873. (n) Ireland, R. E.; Thompson, W.
J. Tetrahedron Lett. 1979, 4705. (o) Ireland, R. E.; Thompson, W. J,;
Mandel, N. S.; Mandel, G. S. J. Org. Chem. 1979, 44, 3583-3585. (p)
Ireland, R. E.; Thompson, W. J. ibid. 1979, 44, 3041-3052.

(5) Unpublished work by K. Okumura in this laboratory.

(6) All compounds containing chiral centers are racemic. One enan-
tiomer is depicted for graphic simplicity.

Communications

spirotetronate (top half) and an appropriate octalin car-
boxylic acid (bottom half). Unfortunately, however,
treatment of 5 with various bases resulted in extensive
degradation of the spirotetronate nucleus, although the top
half sulfone 6° was uneventfully alkylated with ethyl
bromide. We therefore turned our attention to an intra-
molecular Diels—Alder (IMDA) reaction of y-methylene-
B-tetronate derivative 16, by which simultaneous con-
struction of the macrolide and spirotetronate structures
would be achieved.” We had utilized the same IMDA
technique for the total synthesis of ircinianin (4),2 a marine
sponge sesterterpene, and an intermolecular version in the
synthesis*? of functionalized top halves of 1 and 3.

OMOM
CHg
PASO; AN g
cHio "0
6 )

The IMDA substrate 16 (racemic) was prepared as
follows. Cycloaddition of hexatrienal 74 in refluxing
toluene in the presence of Yb(fod); (0.01 equiv) afforded
in 87% yield a mixture of four stereoisomeric octalins
(8a/8b/9a,b = 2.2:1:1.4). These diastereomers could be
separated by MPLC, but much better separation for the
desired trans-fused epimer (eq-OMOM) was obtained after
conversion to the corresponding carboxylic acids by Na-
ClO, oxidation!® and then esterification with CH,N, to give
10a in 29% vyield from 7 (16% for 10b). Compound 10a
was then converted to aldehyde 11 in 79% yield by de-
benzylation (H,, Pd-C, EtOH-HCI) followed by oxidation
with pyridinium chlorochromate. A n-BuLi-mediated
Horner-Emmons reaction of 11 with dienyl phosphonate
121 provided triene 13 in 60% yield as a 1.1:1 mixture of
9Z/YE isomers. The mixture, which was difficult to
separate, was used for the next step, since it has been found
that Z/E isomerization of the terminal olefin occurs during
the key IMDA reaction of 16. The carboxylic acid 14
obtained by saponification of 13 (20% KOH in MeOH-
H,0, reflux) (95% yield based on the recovered ester) was
treated with a-hydroxy-vy-methylenetetronate 15% in the
presence of DCC and DMAP, 2 affording 16 in 54% vyield.

The IMDA reaction of 16 was carried out by heating in

(7) For IMDA approach in macrocyclic natural product synthesis, see:
(a) Dyke, H.; Steel, P. G.; Thomas, E. J. J. Chem. Soc., Perkin Trans.
11989, 525-528 and references cited therein. (b) Stork, G.; Nakamura,
E. J. Am. Chem. Soc. 1983, 105, 5510-5512. (c) Stork, G.; Nakahara, Y.;
Greenlee, W. J. J. Am. Chem. Soc. 1978, 100, 7775-7777.

(8) Takeda, K.; Sato, M.; and Yoshii, E. Tetrahedron Lett. 1986, 27,
3903-3906.

(9) Takeda, K.; Yano, S.; Sato, M.; Yoshii, E. J. Org. Chem. 1987, 52,
4135-4137.

(10) Dalcanale, E.; Montanari, F. J. Org. Chem. 1986, 51, 567-569.

(11) This compound was prepared by phosphorylation of 4-[(meth-
oxymethoxy)methyl]-2,4-hexadienol derived from methyl 4,5-dihydroxy-
2-pentenoate:™ (a) Reaction of its p-toluenesulfonate with (EtQ),PONa
(69%, 4E/4Z = 1:6.0). (b) Bromination with NBS and Me,S in CH,Cl,
followed by Arbuzov reaction with (EtQ),P at 120 °C (ca. 60%, 4E/4Z
= 1:1.7-3.8). Stereochemical outcome in the ensuing Horner-Emmons
reaction was essentially independent of the E/Z ratios of 12.
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o-dichlorobenzene at 180 °C for 7.5 h to afford a mixture
of four cycloadducts, from which the desired exo mode
adduct 17a was isolated by MPLC in 9% yield. The ste-
reostructure of 17a was assigned on the basis of 'H NMR
analysis, the chemical shifts and coupling constants of the
macroring olefin protons being quite similar to those re-

(12) Hassner, A.; Alexanian, V. Tetrahedron Lett. 1978, 4475-4476.

éR OR
MOM LiBF.r~ 17d R = MOM <, CICH,OCH
H o i8d R=H :]i-PerzEt ®

ported for 24-O-methylchlorothricolide methyl ester (20).1
Rechromatography of the remaining diastereomeric mix-
ture (17b/17¢/17d = 3:2:1) (51% combined yield) provided
endo adduct 17b, and a mixture of 17¢ (endo adduct) and
17d (exo adduct) which could be separated after removal

(13) 17a: 6 5.39 (H-11, ddd, J = 15.
= 15.2, 8.3 Hz). 20:!® 6 5.41 (H-11,ddd, J
dd, J = 15, 8 Ha).

2, 8.3, 4.0 Hz), 5.13 (H-12,dd, J
= 15, 8, 3.5 Hz), 5.15 (H-12,
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of the MOM protecting group by Lipshutz procedure. !4
The stereochemistries of these three diastereomers were
determined by X-ray crystallographic analysis. The ob-
served endo preference (17a,d/17b,c = 1:2.4), which is
essentially independent of E/Z ratio of the precursor 16
and the reaction conditions, can be explained by secondary
orbital interactions as observed in intermolecular version
and/or less predictable conformational factors.

Finally, reaction of 17a with LiBF, in aqueous MeCN
at reflux for 10 h afforded diol 18a in 73% yield. The diol
was transformed into (%)-24-O-methylchlorothricolide (19)

(14) Lipshutz, B. H.; Harrey, D. F. Synth. Commun. 1982, 12, 267-277.

by sequential oxidation with active MnO, and NaClO,.
The stereostructure was confirmed by X-ray crystallo-
graphic analysis of the methyl ester 20 (CH,N,).

In conclusion, the first synthesis of (+)-24-O-methyl-
chlorothricolide has been achieved. Although the key in-
ternal cycloaddition (16 to 17a) is not efficient in terms
of diastereofacial selectivity, we believe that simplicity of
the overall scheme compensates for the drawback.

Supplementary Material Available: Complete experimental
procedure including copies of 'H NMR spectra, X-ray crystal-
lographic data, and ORTEP drawings for compounds 17b, 174, 18c,
and 20 (37 pages). Ordering information is given on any current
masthead page.
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Summary: The valence-bond curve crossing model is used
to analyze the stereochemistry of nucleophilic displace-
ments on one-electron ¢ bonds. The model predicts that
the stereochemistry of cleavage of one-electron ¢ bond by
nucleophiles will be governed by the ¢* orbital of the
one-electron bonds. As a result such nucleophilic cleavages
are predicted to proceed with inversion of stereochemistry
at the center of attack. This prediction is in accord with
recent experimental findings.

The cation radicals of several arylcyclopropanes have
recently been generated by photooxidation and found to
undergo cyclopropane ring cleavage in the presence of a
variety of nucleophiles.! As previously suggested, these
reactions can be rationalized as nucleophilic displacements
on one-electron ¢ bonds. A stereochemical analysis of these
reactions has shown that they occur with essentially com-
plete inversion of configuration at the carbon atom un-
dergoing nucleophilic substitution.

CH, CH,
®Nu . _Ph
Nu: /\‘ ——— e
4.
CH, Ph CH, H
CH, CH,
®Nu . _Ph
Nu: /\ ———- H
R :
CH,' Ph CH, H

These stereochemical results are surprising because
according to perturbational MO reasoning, both the
SOMO o orbital and the LUMO o¢* orbital of the one-
electron bond are capable of undergoing orbital interac-

*Ben-Gurion University.
tUniversity of Rochester.
§ Fellow of the Alfred P. Sloan Foundation, 1988-1990.
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tions with the nucleophile, and with no obvious a priori
preference for either one of these orbitals. At the simplest
qualitative level, the number of electrons in the interaction
(two vs three) will prefer the HOMO(Nu)-LUMO(o*) in-
teraction while the orbital energy gap factor will prefer the
HOMO(Nu)-SOMO(s) interaction. Therefore, no clear
cut general prediction can be made about the stereo-
specificity of these nucleophilic reactions. Understanding
the origins of this stereospecificity is thus required along
with an analysis of the expected stereochemistry in the
broader area of nucleophilic displacements on one-electron
o bonds.?

A theoretical model for nucleophilic attacks on cation
radicals has recently been proposed by Pross based upon
valence-bond curve crossing diagrams.® This model has
subsequently been criticized,* and, despite a rebuttal of
the main critical points,’ there still exist doubts about the
usefulness of the model.? The secondary purpose of this
paper is to reclaim the usefulness of the curve crossing
model by projecting the insight it provides onto the
problem of stereospecificity in nucleophilic cleavages of
one-electron o bonds. As will be shown, the model predicts
that the course of a nucleophilic cleavage of a one-electron
o bond is governed by the ¢* orbital of the one-electron
bond. As a result such nucleophilic cleavages are predicted

(1) Dinnocenzo, J. P.; Todd, W. P.; Simpson, T. R.; Gould, I. R. J. Am.
Chem. Soc. 1990, 112, 2462.

(2) Nucleophilic cleavages of one-electron ¢ bonds in several silane
cation radicals have recently been observed: Dinnocenzo, J. P.; Farid, S;
Goodman, J. L.; Gould, I. R.; Todd, W. P.; Mattes, S. J. Am. Chem. Soc.
1989, 111, 8973. The stereochemistries of these cleavages are not yet
known.

(3) Pross, A. J. Am. Chem. Soc. 1986, 108, 3537.

(4) (a) Parker, V.; Tilset, M. J. Am. Chem. Soc. 1987, 109, 2521. (b)
Drewello, T.; Heinrich, N.; Maas, W. P. M,; Nibbering, N. M. M.; Weiske,
T.; Schwarz, H. J. Am. Chem. Soc. 1987, 109, 4810. (c) Parker, V. D,;
Tilset, M. J. Am. Chem. Soc. 1988, 110, 1649. (d) Reitstoen, B.; Norrsell,
F.; Parker, V. D. J. Am. Chem. Soc. 1989, 111, 8463.

(5) Shaik, S. S.; Pross, A. J. Am. Chem. Soc. 1989, 111, 4306.

(6) O. Hammerich and L. Eberson, private communication to S.5.S.
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