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Cyclic ether containing natural products represent
important synthetic targets owing to their unique struc-
tural and biological properties.! The development of new
methodology for the synthesis of this ubiquitous class of
compounds has been the focus of extensive investigation
for the last 20 years. However, the development of new
and general methods capable of accessing this class of
compounds continues to dominate this area of investiga-
tion.2 A number of radical methods®~® have recently been
developed for the stereoselective synthesis of cyclic
ethers. Methods that utilize acyl radicals® have, however,
not been forthcoming. In this paper, we describe the first
example of the intramolecular addition of an acyl radical

(1) (a) Doblem, M. lonophores and Their Structures; Wiley-Inter-
science: New York, 1981. (b) Westley, J. W., Ed. Polyether Antibiotics;
Marcel Dekker: New York, 1982; Vols. | and II. (c) Erickson, K. L. In
Marine Natural Products; Scheuer, P. J., Ed.; Academic Press: New
York, 1983; Vol. 5, Chapter 4, pp 131—-257.

(2) For recent reviews on cyclic ether syntheses see: (a) Boivin, T.
L. B. Tetrahedron 1987, 43, 3309. (b) Moody, C. J.; Davies, M. In
Studies in Natural Product Chemistry; Atta-ur-Rahman, Ed.; Elsevi-
er: Amsterdam, 1992; Vol. 10, pp 201-239. (c) Harmange, J.-C.;
Figadére, B. Tetrahedron: Asymmetry 1993, 4, 1711. (d) Alvarez, E.;
Candenas, M.-L.; Perez, R.; Ravelo, J. L.; Martin, J. D. Chem. Rev.
1995, 95, 1953.

(3) (@) Giese, B. Radicals. In Organic Synthesis: Formation of
Carbon—Carbon Bonds; Pergamon Press: Oxford, 1986. (b) Jasperse,
C. P.; Curran, D. P.; Fevig, T. L. Chem. Rev. 1991, 91, 1237. (c)
Motherwell, W. B.; Crich, D. Free Radical Chain Reactions in Organic
Synthesis; Academic Press: San Diego, 1992. (d) Curran, D. P. In
Comprehensive Organic Synthesis; Trost, B. M., Fleming, 1., Eds.;
Pergamon: Oxford, 1992; Vol. 4, pp 715, 779. (e) Ryu, I.; Sonoda, N.;
Curran, D. P. Chem. Rev. 1996, 96, 177 and pertinent references
therein.

(4) For representative recent examples of cyclic ether synthesis via
radical cyclizations see: (a) Ueno, Y.; Chino.; Watanabe, M.; Moriya,
O.; Okawara, M. J. Am. Chem. Soc. 1982, 104, 5564. (b) Stork, G.;
Mook, R., Jr.; Biller, S. A.; Rychnovsky, S. D. J. Am. Chem. Soc. 1983,
105, 3741. (c) Hutchinson, J. H.; Pattenden, G.; Myers, P. L. Tetrahe-
dron Lett. 1987, 28, 1313. (d) Lolkema, L. D. M.; Hiemstra, H.; Al
Ghouch, A. A.; Speckamp, W. N. Tetrahedron Lett. 1991, 32. 1491. (e)
Rawal, V. H.; Singh, S. P.; Dufour, C.; Michoud, C. J. Org. Chem. 1993,
58, 7718. (f) Burke, S. D.; Jung, W.-J. Tetrahedron Lett. 1994, 35, 5837
and pertinent references within these articles.

(5) (a) Araki, Y.; Endo, T.; Arai, Y.; Tanji, M.; Ishido, Y Tetrahedron
Lett. 1989, 30, 2829. (b) Lee, E.; Tae, J.-S.; Lee, C.; Park, C.-M.
Tetrahedron Lett. 1993, 34, 4831. (c) Lee, E.; Tae, J.-S.; Chong, Y.-S.;
Park, C.-M.; Yun, M.; Kim, S. Tetrahedron Lett. 1994, 35, 129. (d) Lee,
E.; Park, C.-M. J. Chem. Soc., Chem. Commun. 1994, 293. (e) Lee, E.;
Park, C.-P.; Yun, J. S. 3. Am. Chem. Soc. 1995, 117, 8017.

(6) Crich, D.; Fortt, S. M. Tetrahedron Lett. 1987, 28, 2895. Boger,
D. L.; Mathvink, R. J. J. Org. Chem. 1988, 53, 3377. Crich, D.; Fortt,
S. M.; Tetrahedron Lett. 1988, 29, 2585. Crich, D.; Eustace, K. A.;
Richie, T. J. Heterocycles 1989, 28, 67. Batty, D.; Crich, D.; Fortt, S.
M. J. Chem. Soc., Chem. Commun. 1989, 1366. Crich, D.; Fortt, S. M.
Tetrahedron 1989, 45, 6581. Batty, D.; Crich, D.; Fortt, S. M. J. Chem.
Soc., Perkin Trans. 1 1990, 2875. Boger, D. L.; Mathvink, R. J. J. Am.
Chem. Soc. 1990, 112, 4003. Boger, D. L.; Mathvink, R. J. 3. Am. Chem.
Soc. 1990, 112, 4008. Boger, D. L.; Mathvink, R. J. J. Org. Chem. 1990,
55, 5442, Astley, M. P.; Pattenden, G. Synthesis 1992, 101. Batty, D.;
Crich, D. Tetrahedron Lett. 1992, 33, 875. Boger, D. L.; Mathvink, R.
J. J. Org. Chem. 1992, 57, 1429. Batty, D.; Crich, D. J. Chem. Soc.,
Perkin Trans. 1 1992, 3193. Chen, L.; Gill, B.; Pattenden, G. Tetra-

0022-3263/96/1961-2252$12.00/0

to a vinylogous carbonate for the efficient and stereose-
lective construction of 5-, 6-, and 7-membered cyclic
ethers (eq 1).”
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Table 1 summarizes the results for the intramolecular
acyl radical cyclizations. Treatment of the acyl selenides
la—c with triphenyltin hydride and triethylborane at
reflux, in the presence of air, furnished the 2,5-disubsti-
tuted tetrahydrofuran-3-ones 2/3a—c in 93—97% yield
with high cis-diastereoselectivity (Table 1, entries 1-3).
The stereochemical outcome of these cyclizations is fully
in accord with the Beckwith transition state model, which
has been used extensively to predict and rationalize the
outcome of 5-hexenyl-type radical cyclizations.® The
model predicts that the favored transition state | (n = 0)
has an overall chairlike conformation in which the alkyl
substituent is pseudoequatorial and the vinyl ether
s-trans (Figure 1).° The disfavored transition state has
a boatlike conformation in which the vinyl ether is s-cis.

The synthesis of tetrahydropyran-3-ones was initiated
by treating the acyl selenide 1d under analogous condi-
tions to those described above to afford the 2,6-disubsti-
tuted tetrahydropyran-3-ones 2/3d in modest yield with
poor diastereoselectivity (Table 1, entry 4). The major
diastereoisomer was assigned as the cis-2,6-disubstituted
tetrahydropyran-3-one 2d from NOE studies. The mod-
est yield was attributed to competitive reduction to afford
the aldehyde 4. This is presumably the result of a slower
rate of cyclization for the 6-exo- vs 5-exo-trigonal cycliza-
tion.® Reversion to the more classical syringe pump
addition of tributyltin hydride to the acyl selenide 1d
avoided reduction and furnished the cyclic ethers 2/3d
in excellent yield (Table 1, entry 4). The lower diaste-
reoselectivity was attributed to the disfavored transition
state Il (n = 1), in which the vinyl ether adopts an s-cis
orientation in the transition state leading to the product
(Figure 1).° Nonetheless, treatment of the diastereomeric
mixture 2/3d with a catalytic amount of 1,8-diazabicyclo-
[5.4.0]Jundec-7-ene (DBU) in refluxing benzene improved
the diastereoselectivity (11—19:1) in 95% vyield.

In order to enhance the formation of the cis-diastereo-
isomer, the effect of temperature on the diastereoselec-
tivity of the cyclization was examined. Treatment of the
acyl selenides 1d—f with tris(trimethylsilyl)silane and
triethylborane at room temperature, in the presence of
air, furnished the 2,6-disubstituted tetrahydropyran-3-
ones 2/3d—f in 85—94% vyield as a 5.7:1 mixture of
diastereoisomers (Table 1, entries 4—6).2° Indeed, the
ratio could be further improved by carrying out the
reaction at even lower temperature. Treatment of the
acyl selenide 1d with tris(trimethylsilyl)silane and tri-
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Table 1. Intramolecular Acyl Radical Cyclization of the
Acyl Selenides!® 1a—i

Entry Acyl Selenide 1 Cyclic Ether 2/32 Method® Ratio of  Yield
2:3¢ (%)
1 0 la R=Me o 0 A 10:1 97
2 R/( SePh yp R=Ph R’CX * R’zoj““q A 219:1 90
3 le R=iPr CO2Me COMe A 7.1 o
COMe Y3ac
4 1d R=Me A 35:1 63
/(\fo o ,(\fo B 35:1 92
N
R No SePh R0 R707 ™ C 57:1 94
COM COM
k\ 2ne M p 11 o
COMe 2/3d-t
5 le R=Ph C  57:1 85
6 1If R=iPr C 57:1 94
7 1g R=Me B 10:1 70
COSePh 0 o
+ C  19:1 89
R RO R7TO07™
8 N 1h R=Ph SogMe dome B 210:1 48
COMe 23g-i c =219:1 80
9 1i R=ipr C 219:1 9

a All the cyclizations were carried out on a 1 mmol reaction
scale. P Method A: Ph3SnH, Et3B, PhH, A. Method B: "BusSnH,
AIBN, PhH, A. Method C: (TMS)sSiH, Et;B, PhH, RT. Method
D: (TMS)sSiH, EtsB, PhMe, —20 °C. ¢ Ratios of diastereoisomers
determined by 'H-NMR integration. 9 Isolated yields.
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Figure 1.

ethylborane, at —20 °C in toluene, furnished the tetrahy-
dropyran-3-ones 2/3d in 94% yield as a 7.1:1 mixture of
diastereoisomers (Table 1, entry 4). The ability to
improve the selectivity in this manner adds an element
of control to radical reactions of this nature. The modest
diastereoselectivity in this particular cyclization is rather
intriguing, especially in view of the fact that the corre-
sponding alkyl radical addition is completely cis-selective.>
This result suggests that it may be the radical geometry
that is responsible for the lower selectivity. Further work
is underway to elucidate the reason for the modest
diastereoselectivity.

The methodology was also applied to the synthetically
more demanding 2,7-disubstituted oxepan-3-ones 2/3g—
i. Treatment of the acyl selenides 1g,h with tributyltin
hydride, delivered via syringe pump, and a catalytic
amount of AIBN in refluxing benzene afforded the
oxepan-3-ones 2/3g,h in a 48—70% yield, as a 10 to >19:1
mixture of diastereocisomers (Table 1, entries 7 and 8).
NOE studies established the major diastereoisomer to be
the cis-2,7-disubstituted oxepin-3-one 2g. The modest
yields were attributed to decarbonylation of the acyl
radical to produce the corresponding alkyl radical, which
underwent smooth cyclization to produce the cis-2,6-
disubstituted tetrahydropyrans 5a and 5b. Decarbony-
lation is an inconvenient side reaction which is often
encountered in acyl radical cyclization reactions. This
can often be suppressed by employing a high pressure of
carbon monoxide.3* However, the high pressures (~30—
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75 atm) dictate that a specialized apparatus be employed
which limits the practicality of the method. The rate of
decarbonylation is known to increase as a function of
temperature.’? Therefore, the formation of the 2,7-
disubstituted oxepin-3-ones 2g—i was carried out at lower
temperature. Treatment of the acyl selenides 1g—i with
tris(trimethylsilyl)silane and triethylborane, in the pres-
ence of air, at room temperature afforded the 2,7-
disubstituted oxepan-3-ones 2/3g—i in 80—90% yield as
a =19:1 mixture of diastereocisomers (Table 1, entries
7-9).

CO,Me

In order to confirm this result, the reaction was carried
out under analogous conditions, at elevated temperature.
Treatment of the acyl selenide 1g with tris(trimethylsi-
lyl)silane and AIBN, in refluxing benzene, afforded the
2,7-disubstituted oxepan-3-ones 2/3g in 65% yield as a
8.5:1 mixture of diastereoisomers and the cis-2,6-disub-
stituted tetrahydropyran 5a in 24% yield from competi-
tive decarbonylation and in situ cyclization.

The excellent regiochemical control in the cyclization
reactions described herein is presumably the result of the
intramolecular addition of a nucleophilic acyl radical to
the LUMO of the vinylogous carbonate.** The stereo-
control is the result of the favored transition state | (n =
0, 1, and 2) having the alkyl substituent pseudoequatorial
with the vinyl ether s-trans to presumably alleviate A®3-
type allylic strain in the transition state leading to the
product (Figure 1).°

In conclusion, we have demonstrated the first example
of the intramolecular addition of an acyl radical to a
vinylogous carbonate for the efficient and stereoselective
synthesis of 5-, 6-, and 7-membered cyclic ethers. The
tris(trimethylsilyl)silane/triethylborane reagent combina-
tion is a particularly attractive method for both improving
stereocontrol and suppressing decarbonylation.
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