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ABSTRACT

Intramolecular Diels −Alder (IMDA) reactions of 2-pyrones containing an alkyne tether occur with remarkably high diastereofacial selectivity to
provide medium-sized macrolactones. Because of the strain in the alkyne-tethered macrocyclic system, a single methyl group in the tether
provides sufficient conformational bias to generate medium-sized macrocycles with unusually high selectivity.

Intramolecular Diels-Alder (IMDA) reactions have proven
to be powerful tools for forming carbocycles, which have
been utilized in the synthesis of natural products of varying
molecular complexity.1 One of the most important challenges
in these transformations is control of the stereoselectivity
between the two diastereotopic faces of the diene (Scheme
1). In contrast to IMDA reactions that form five- or six-
membered fused cycles,2 diastereofacial control for medium-
and large-sized rings has presented a formidable task. One
apparent obstacle is the large degree of conformational
freedom associated with the tethered chain.3 Unlike its Type-
II intramolecular counterpart, Type-I IMDA reactions that form medium-sized macrolactones have remained much

unexplored and are often unsatisfactory with respect to both
stereoselectivity and yield.4 For instance, Stork and Naka-(1) For recent reviews and monographs on the Diels-Alder cycloaddition,

see: (a) Carruthers, W.Cycloaddition Reactions in Organic Synthesis;
Pergamon Press: Oxford, 1990. (b) Fringuelli, F.; Tatichi, A.Dienes in
the Diels-Alder Reaction; Wiley: New York, 1990. (c) Oppolzer, W. In
ComprehensiVe Organic Synthesis; Trost, B. M., Fleming, I., Paquette, L.
A., Eds.; Pergamon Press: Oxford, U.K., 1991; Vol. 5, p 315. (d) Kagan,
H. B.; Riant, O.Chem. ReV.1992,92, 1007. (e) Pindur, U.; Lutz, G.; Otto,
C. Chem. ReV. 1993, 93, 741. (f) Deloux, L.; Srebnik, M.Chem. ReV. 1993,
93, 763. (g) Togni, A.; Venanzi, L. M.Angew. Chem., Int. Ed. Engl. 1994,
33, 497. (h) Corey, E. J.Angew. Chem., Int. Ed. 2002, 41, 1650. (i) Nicolaou,
K. C.; Snyder, S. A.; Montagnon, T.; Vasillikogiannakis, G. E.Angew.
Chem., Int. Ed.2002,41, 1668. (j) Takao, K.-I.; Munakata, R.; Tadano,
K.-I. Chem. ReV.2005, 105, 4779. For some recent examples, see: (k)
Njardarson, J. T.; Gaul, C.; Shan, D.; Huang, X.-Y.; Danishefsky, S. J.J.
Am. Chem. Soc.2004,126, 1038.

(2) (a) Cayzer, T. N.; Wong, L. S.-M., Turner, P.; Padden-Row, M. N.;
Sherburn, M. S.Chem. Eur. J.2002,8, 739. (b) Kim, K.; Maharoof, U. S.
M.; Raushel, J.; Sulikowski, G. A.Org. Lett.2003,5, 2777.

(3) For conformational analysis of medium and large-sized macro-
lactones, see: (a) Clyne, D. S.; Weiler, L.Tetrahedron2000,56, 1281. (b)
Kraft, P.; Cadalbert, R.Chem. Eur. J.2001,7, 3254. (c) Qadir, M.; Cobb,
J.; Sheldrake, P. W.; Whitetall, N.; White, A. J. P.; Hii, K. K.; Horton, P.
N.; Hursthouse, M. B.J. Org. Chem.2005, 70, 1545. For synthetic examples,
see: (d) Lemiegre, L.; Stevens, R. L.; Combret, J.-C.; Maddaluno, J.Org.
Biomol. Chem.2005,3, 1308.

(4) For a recent example of Type I IMDA, see: (a) Snyder, S. A.; Corey,
E. J.J. Am. Chem. Soc. 2006, 128, 740. For a monograph on Type II IMDA,
see: (b) Bear, B. R.; Sparks, S. M.; Shea, K. J.Angew. Chem., Int. Ed.
2001, 40, 820. An effective chelation controlled type-II IMDA reaction
was reported: (c) Smil, D. V.; Laurent, A.; Spassova, N. S.; Fallis, A. G.
Tetrahedron Lett.2003,44, 5129. For recent examples, see: (d) Zapf, C.
W.; Harrison, B. A.; Drahl, C.; Sorensen, E. J.Angew. Chem., Int. Ed.
2005,44, 6533. (e) Snider, B. B.; Zou, Y.Org. Lett.2005,7, 4939.

Scheme 1. Diastereofacial Control in IMDA Reactions
Containing an Alkyne-Tethered 2-Pyrone System
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mura reported the use of a Type-I IMDA strategy in their
synthesis of cytochalasins F and B, affording the tetracyclic
adduct in 35% yield as a 4:1 mixture ofendo:exoproducts.5

The total synthesis of pinnatoxin reported by Kishi and co-
workers also showcased the adventurous nature of the Type-I
IMDA approach, providing a key intermediate in 34% yield,
along with two other isomers.6 We envisioned that introduc-
ing an sp2- and/or sp-hybridized carbon(s) would reduce
conformational flexibility and thereby lead to a high level
of stereocontrol. In this report, we describe a surprisingly
high diastereofacial andendo/exo-selective Type-I IMDA
macrolactonization of alkyne-tethered 2-pyrones bearing a
steric directing group (Scheme 1).

As a part of our ongoing research program on 3,5-dibromo-
2-pyrone1,7 we recently reported that1 undergoes regio-
and chemoselective Sonogashira coupling reactions at C3,
to provide3a-3d in good to excellent yields (Scheme 2).7a

The resulting coupling products were also shown to undergo
IMDA reactions, with highexo/endoselectivity, to afford
macrocycles4a-4d with a carbon skeleton reminiscent of
the cyclohexane-based macrocyclic musks.7a,8 During our
continued study on the selective ring opening of the bicyclic

lactone unit with methoxide, we observed that the selectivity
depends on the size of macrolactone. In the cases of 10-
and 11-membered macrocycles4cand4d, the more strained
[2,2,2]-bicyclic lactone opening was achieved in an exclusive
fashion to produce only5c and5d, respectively. However,
for the nine-membered-ring homolog, the opening of the mac-
rolactone became competitive to give6b, implicating substan-
tial ring strain in the alkyne-tethered macrocycle (Scheme 2).
For more selective lactone ring opening, we prepared several
analogues of4 bearing an alkyl group adjacent to the macro-
cyclic ester oxygen. A representative synthetic procedure for
these series is outlined in Scheme 3 for (R)-11a. Opening

of (R)-propylene oxide7a with pentyne anion, followed by
isomerization of the triple bond,9 delivered (-)-9ain 80%
overall yield with greater than 98% ee. Acylation of the
resulting secondary alcohol provided (-)-10a. Their enan-
tiomeric purity was confirmed by chiral HPLC analysis.
Subsequent chemo- and regioselective Pd-catalyzed Sono-
gashira coupling reactions with 3,5-dibromo-2-pyrone led to
(R)-11a, which was directly subjected to the IMDA cycload-
dition reaction because of the instability of11a.

To our surprise, heating11aat reflux in toluene provided
a single 11-membered macrolactone, (-)-12a, in 68% yield
(95% based on 72% conversion, Scheme 4). Examination

of the NMR spectra of crude12a as well as purified12a,
indicated that no other diastereomers were produced. To
eliminate the possibility that any two of the other possible

(5) Stork, G.; Nakamura, E.J. Am. Chem. Soc. 1983,105, 5510.
(6) McCauley, J. A.; Nagasawa, K.; Lander, P. A.; Mischke, S. G.;

Semones, M. A.; Kishi, Y.J. Am. Chem. Soc. 1998,120, 7647.
(7) (a) Shin, J.-T.; Shin, S.; Cho, C.-G.Tetrahedron Lett.2004, 45, 5857.

(b) Kim, W.-S.; Lee, J.-H.; Kang, J.; Cho, C.-G.Tetrahedron Lett.2004,
45, 1683. (c) Kim, W.-S.; Kim, H.-J.; Cho, C.-G.J. Am. Chem. Soc. 2003,
125, 14288. (d) Lee, J.-H.; Cho, C.-G.Tetrahedron Lett.2003,44, 65. (e)
Pang, S.-J.; Min, S.-H.; Cho, C.-G.J. Org. Chem. 2003, 68, 10191. (f)
Lee, J.-H.; Park, J.-S.; Cho, C.-G.Org. Lett.2002,4, 1171. (g) Lee, J.-H.;
Kim, W.-S.; Lee, Y. Y.; Cho, C.-G.Tetrahedron. Lett.2002,43, 5779. (h)
Kim, W.-S.; Kim, H.-J.Tetrahedron Lett.2002,43, 9015. (i) Lee, H.-S.;
Kim, D.-S.; Won, H.; Choi, J. H.; Lee, H.; Cho, C.-G.Tetrahedron Lett.
2002,43, 5591. (j) Cho, C.-G.; Kim, Y.-W.; Lim, Y.-K.; Park, J.-S.; Lee,
H. J. Org. Chem. 2002,67, 290. (k) Min, S.-H.; Kim, Y.-W.; Choi, S.;
Park, K. B.; Cho, C.-G.Bull. Korean Chem. Soc.2002,23, 1021. (l) Cho,
C.-G.; Park, J.-S.; Jung, I.-H.; Lee, H.Tetrahedron Lett.2001,42, 1065.
(m) Cho, C.-G.; Kim, Y.-W.; Kim, W.-K.Tetrahedron Lett. 2001, 42, 8193.

(8) (a) Williams, A. S.Synthesis1999, 1707. (b) Kraft, P.; Bajgrowicz,
J. A.; Denis, C.; Fráter, G.Angew. Chem., Int. Ed. 2000, 39, 2980. (c)
Fehr, C.; Galindo, J.; Etter, O.; Thommen, W.Angew. Chem., Int. Ed. 2002,
41, 4523.

Scheme 2. IMDA-Macrolactonization of 2-Pyrones

Scheme 3. Synthesis of11a

Scheme 4. Highly Diastereoselective IMDA Cycloaddition of
11a
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diastereomers (endo/exoas well as facial diastereomers)
might have overlapping signals, we conducted a derivatiza-
tion study and chiral HPLC analysis as follows. Conversion
of (+)-14ato its corresponding (S)-mandelate ester (+)-15a
was carried out as shown in Scheme 4. Spectroscopic analysis
was consistent with the presence of a single diastereomer.10

Additionally, chiral HPLC analysis [chiralcel OJ, hexane/
isopropyl alcohol (97:3), 1 mL/min] of the crude reaction
mixture revealed no other diaster-
eomers (or enantiomers) present in the IMDA cycloaddition
product. Fortuitously, bicyclic lactone (-)-12awas recrystal-
lized to form a single crystal from Et2O/hexane, and the rela-
tive and absolute stereochemistry of the three new stereo-
centers in (-)-12awas unambiguously established (Figure 1).11

Interestingly, when the methyl group in the tether was
replaced with the bulkier isopropyl ortert-butyl group, the
observed diastereofacial selectivity decreased (Table 1). We

envisioned that the bulkier substituent would exert an
increased level of steric repulsion, diminishing the energy

difference between two corresponding transition states (lead-
ing to 12 and13, respectively).

We then set out to examine the ring size effect on the
diastereofacial selectivity (Table 2). Unlike11a and 16d

(forming 11- and 9-membered macrocycles, respectively),
16b showed some stereochemical leakage during the cy-
cloaddition into the 13-membered lactone (entry 2). More-
over, each of17band18bwas attained as a mixture ofendo/
exo isomers (77/23 and 50/50, respectively) and the
diastereoselectivity (ratio of17b/18b) decreased to 78:22.
In general the observed diastereofacial selectivity was higher
for the smaller macrocycles.

In conclusion, we have demonstrated that alkyne-tethered
2-pyrones undergo highly diastereoselective intramolecular
Diels-Alder cycloaddition reactions to provide 9- to 11-
membered macrolactones fused a bicyclolactone, representing
a rare case of stereocontrolled macrocycle forming Type-I
Diels-Alder reactions. Further studies of asymmetric Type-I
IMDA reactions of other diene systems are currently
underway in our laboratory.
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(9) (a) Brown, C. A.; Ahuja, V. K.J. Chem. Soc., Chem. Commun. 1973,
553. (b) Hamada, T.; Daikai, K.; Irie, R.; Katsuki, T.Tetrahedron:
Asymmetry1995,6, 2441.

(10) Determination of the relative stereochemistry according to the
method of Trost was not successful because of the relatively small chemical
shift difference between the (R) and (S) mandelates of (+)-14a. Trost, B.
M.; Lee, C. B.J. Am. Chem. Soc. 2001,123, 3687.

(11) [R]25
D ) -54 (c 1.00, CHCl3). The mother liquor, after concentra-

tion, contained only (-)-12ahaving the same sense and magnitude of optical
rotation.

Figure 1. X-ray diffraction data for (-)-12a.

Table 1. Effect of Directing Group on Diastereofacial
Selectivity

entry 10
time
(h) 12 endo/exo 13a endo/exo

yieldb

(%)

1 11b (R ) i-Pr) 14 88 (100:0) 12 (100:0) 64
2 11c (R ) t-Bu)c 14 80 (100:0) 20 (100:0) 61

a Minor diastereomers decomposed upon separation with HPLC.b Iso-
lated yields.c A racemate was used.

Table 2. Effect of Ring Size on the Diastereofacial Selectivitya

entry 16
time
(h) 17 endo/exo 18 endo/exo

yield
(%)

1 16a (n ) 1) 16 100 (100:0) 0 57
2 16b (n ) 5) 16 78 (77:23) 22 (50:50) 58

a Stereochemistry of the major diastereomer was deduced from the
analogy to (-)-12a.
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