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to the isomerization of the cis and trans forms of the aldimine.
To prevent the isomerization, the aldimine derived from
cyclohexanecarbaldehyde and 2-amino-3-methylphenol was
used. It was exciting to find that the enantiomeric excess of
the corresponding pyridone derivative improved to 86 %.

In summary, the first catalytic, enantioselective aza-Diels—
Alder reactions of imino dienophiles with Danishefsky’s
dienes have been achieved on using our original chiral
zirconium catalyst. Optically active 2,3-dihydro-4-pyridone
derivatives were prepared in high yields with good to high
enantiomeric excesses. Further investigations to use the
zirconium catalyst in other enantioselective reactions as well
as to apply the present enantioselective reactions for the synthesis
of biologically active compounds are now in progress.

Experimental Section

A typical experimental procedure is described for the reaction of the
aldimine obtained from o-tolualdehyde and 2-aminophenol with 3: 6,6'-
Dibromo-1,1"-bi-2-naphthol  (0.088 mmol) in toluene (0.5mL) and
N-methylimidazole (0.12 mmol) in toluene (0.25mL) were added to
Zr(OtBu), (0.04 mmol) in toluene (0.25mL) at room temperature. The
mixture was stirred for 1 h at the same temperature, and then cooled to
—45°C. Solutions of the aldimine (0.4 mmol) and 3 (0.6 mmol) in toluene
(0.75 mL each) were successively added. The mixture was stirred for 35 h at
the same temperature, and saturated NaHCO; was added to quench the
reaction. The aqueous layer was extracted with CH,Cl,, and the crude
adduct treated with THF/IN HCI (20/1) at 0°C for 30 min. After a usual
work-up, the crude product was purified by chromatography on silica gel to
give the desired adduct (83%). '"H NMR (CDCl;): 6 =2.10 (s, 3H), 2.68
(dd, 1H, J =176, 16.6 Hz), 3.06 (dd, 1H, J=76, 16.6 Hz), 5.15 (d, 1H, /=
75 Hz),5.52 (t,1H,J=75Hz), 6.57 (t, 1H, /=70 Hz), 6.76-7.00 (m, 6 H),
7.38-743 (m, 2H), 9.57 (brs, 1H); BC NMR (CDCl;): 6 =19.0, 42.7, 58.6,
98.2, 1171, 119.6, 126.1, 126.2, 126.6, 127.7, 128.3, 130.9, 131.5, 134.8, 136.6,
151.8, 156.8, 192.0; HR-MS calcd for CgH;,NO, [M*]: 279.1259, found:
279.1271. The optical purity was determined to be 82% ee after methyl-
ation (Mel, K,COs/acetone) by HPLC analysis with a chiral column. HPLC
(Daicel Chiralcel OD, hexane/iPrOH (24/1), flow rate 1.0 mLmin'): =
44.2 (major enantiomer), tr = 50.6 min (minor enantiomer).

Received: September 19, 1997 [Z109471E]
German version: Angew. Chem. 1998, 110, 1026-1028

Keywords: asymmetric catalysis - cycloadditions - homoge-
neous catalysis « Lewis acids « zirconium

[1] a) H. Waldmann, Synthesis 1994, 535-551; b) Organic Synthesis
Highlights II (Ed.: H. Waldmann), VCH, Weinheim, 1995, pp. 37-48;
¢) L.F Tietze, G. Kettschau, Top. Curr. Chem. 1997, 189, 1-20;
d) S. M. Weinreb in Comprehensive Organic Synthesis, Vol. 5 (Eds.:
B. M. Trost, L. Fleming, M. F. Semmelhock), Pergamon, Oxford, 1991,
p.401-449; e¢) D.L. Boger, S.M. Weinreb, Hetero Diels-Alder
Methodology in Organic Synthesis, Academic Press, San Diego,
1987, chap. 2, 9.

For example, a) E. Borrione, M. Prato, G. Scorrano, M. Stiranello, J.

Chem. Soc. Perkin Trans. 1 1989, 2245-2250; b) H. Waldmann, M.

Braun, M. Driger, Angew. Chem. 1990, 102, 1455-1457; Angew.

Chem. Int. Ed. Engl. 1990, 29, 1468-1471; c) P.D. Bailey, D.J.

Londesbrough, T. C. Hancox, J. D. Heffernan, A. B. Holmes, J. Chem.

Soc. Chem. Commun. 1994, 2543 -2544; d) A.K. McFarlane, G.

Thomas, A. Whiting, J. Chem. Soc. Perkin Trans. 1 1995, 2803 —2808;

e) E. P. Kiindig, L. H. Xu, P. Romanens, G. Bernardinelli, Synlett 1996,

270-272.

[3] a) K. Hattori, H. Yamamoto, J. Org. Chem. 1992, 57, 3264 -3265;
b) Tetrahedron 1993, 49, 1749-1760; c) K. Ishihara, M. Miyata, K.
Hattori, T. Tada, H. Yamamoto, J. Am. Chem. Soc. 1994, 116, 10520 -
10524.

2

—

Angew. Chem. Int. Ed. 1998, 37, No. 7

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

[4] H. Ishitani, S. Kobayashi, Tetrahedron Lett. 1996, 37, 7357 —7360.
[5] H. Ishitani, M. Ueno, S. Kobayashi, J. Am. Chem. Soc. 1997, 119,
6984 -6985.

[6] For the use of 6,6'-dibromo-1,1"-bi-2-naphthol, see a) M. Terada, Y.

Motoyama, K. Mikami, Tetrahedron Lett. 1994, 35, 6693 —6696; b) H.

Sasai, T. Tokunaga, S. Watanabe, T. Suzuki, N. Itoh, M. Shibasaki, J.

Org. Chem. 1995, 60, 7388 -7389.

a) S. Danishefsky, T. Kitahara, J. Am. Chem. Soc. 1974, 96, 7807 -

7809; b) J. F. Kerwin, Jr., S. Danishefsky, Tetrahedron Lett. 1982, 23,

3739-3742.

We have already determined the importance of the free hydroxyl

group of the aldimine for the selectivity.*> When the aldimine

prepared from aniline or 2-methoxyaniline was used under the same
reaction conditions, the corresponding pyridone derivatives were
obtained in good yields but low enantiomeric excesses (aniline: 68 %
yield, 4% ee; 2-methoxyaniline: 74 % yield, 25 % ee).
[9] S.Danishefsky, M. Bednarski, T. Izawa, C. Maring, J. Org. Chem. 1984,
49,2290-2292.

[10] The solvents influence the structure of the catalyst; details of the
structure are now under investigation. See also L. F. Tietz, P. Saling,
Chirality 1993, 5, 329 -333.

[11] S. Kobayashi, S. Komiyama, H. Ishitani, unpublished results.

[12] Titanium(v)-1,1"-bi-2-naphthol complexes were used in some asym-
metric reactions: a) M. T. Reetz, S.-H. Kyung, C. Bolm, T. Zierke,
Chem. Ind. 1986, 824; b) S. Aoki, K. Mikami, M. Terada, T. Nakai,
Tetrahedron 1993, 49, 1783-1792; c) A.L. Costa, M. G. Piazza, E.
Tagliavini, C. Trombini, A. Umani-Ronchi, J. Am. Chem. Soc. 1993,
115,7001-7002; d) G. E. Keck, K. H. Tarbet, L. S. Geraci, ibid. 1993,
115,8467-8468; ¢) G. E. Keck, D. Krishnamurthy, M. C. Grier, J. Org.
Chem. 1993, 58, 6543 -6544; f) S. Matsukawa, K. Mikami, Tetrahe-
dron: Asymmetry 1995, 6, 2571-2574; g) D. R. Gauthier, Jr, E. M.
Carreira, Angew. Chem. 1996, 108, 2521 —-2523; Angew. Chem. Int. Ed.
Engl. 1996, 35, 2363 -2365; h) C.-M. Yu, H.-S. Choi, W.-H. Jung, S.-S.
Lee, Tetrahedron Lett. 1996, 37, 7095 —7098.

[13] For deprotection of the N-substituent of the products, see ref. [5].

[14] a) D.L.J. Clive, R. J. Bergstra, J. Org. Chem. 1991, 56, 49764977,
b) S. Sugawara, S.-I. Yamada, M. Narahashi, J. Pharm. Soc. Jpn. 1951,
71,1345-1355.

[7

—

=

Cs and C,, Compounds in the Pincerlike Jaws
of Calix[6]arene**

Jerry L. Atwood,* Leonard J. Barbour, Colin L.
Raston, and Ida B. N. Sudria

Construction of supramolecular architectures involving
electron-deficient fullerenes is of interest in crystal engineer-
ing, the synthesis of novel nanostructures, and the develop-
ment of host—guest chemistry for use in the purification of
fullerenes.''7 Host molecules that form discrete, albeit
inherently weak, complexes with Cq and/or C,, include
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calix[5]-, calix[6]-, and calix|[8]arenes,>!!l cyclotriveratrylene
(CTV),4 5] y_cyclodextrin,!'®! and azacrown ethers.l'] Two
complexes based on the rigid cup-shaped CTV with Cg, have
been structurally authenticated, and both contain “ball and
socket” local host —guest structures dominated by fullerene —
fullerene interactions. For calix[6]- and calix[8]arenes the
nature of the local structures is difficult to predict!"! because
of possible preorganization of the calixarene molecules
through torsion along the C,-CH,-C,, bonds prior to com-
plexation.

The calix[6]arenes 1 (R =H, Bu) form fullerene-rich com-
plexes with Cy4 and Cy, all of which were isolated as 1:2
complexes (Scheme 1). The synthesis of two of these com-

R
o
toluene o
6
OH
1 [(calix[6]arene)(Cy).], R=H

[{p-tBu-calix[6]arene)(Cy)s], R=1tBu

x = 60,70
Scheme 1. Reaction of calixarenes with Cq, and Cy.

pounds has been reported; the two new compounds [ (p-fBu-
calix[6]arene)(Cy),] and [(calix[6]arene)(C,,),] were pre-
pared analytically pure in a similar way, but in more
concentrated solutions in toluene. Of the four complexes,
crystals suitable for X-ray diffraction studies were obtained
only for [(calix[6]arene)(Cq,),] and [ (calix[6]arene)(C,),].[%
These were grown by controlled slow evaporation of a 1:1
mixture of toluene and dichloromethane containing 5 mg
each of the fullerene and the calixarene. Large black crystals
deposited over the course of several days as the mixtures
became depleted in the chlorinated solvent. Dichloromethane
itself blocks the complexation of calixarenes with Cq, and C,,
possibly due to the formation of symmetrical nonclassical
hydrogen bonds between hydrogen atoms of the solvent and
the 7 electron clouds of the calixarene aromatic rings.[7]
There is little or no discrimination in complexation of Cg,
relative to C,, for calix[6]arene, but C,, binds preferentially
with p-rBu-calix[6]arene. Subsequent decomplexation with
dichloromethane leads to C,, with a purity as great as 95%.

The complexes [(calix[6]arene)(Cq),] and [(calix[6]ar-
ene)(Cy),] are isostructural despite the anisotropic shape of
Cy, and both crystallize in the space group P4,2,2. The
calixarenes are in the double-cone conformation, and each of
the associated shallow cavities is occupied by a fullerene. The
overall arrangement resembles the jaws of a pincer acting on
two adjacent spheres/ellipsoids (Figure 1).

In both structures, the fullerene molecules are positioned
unsymmetrically above their associated calixarene cavities.
The C4 molecule is situated with its center at distances of
7.06(7), 6.91(7), and 6.65(8) A from the closest ring centroids.
In the C;, complex the principal axis of the ellipsoidal C,
molecule is not directed toward the calixarene cavity. Its
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Figure 1. Projection of the structures of [(calix[6]arene)(Cg),] (a) and
[(calix[6]arene)(C,),] (b) as viewed from below the calixarene double
cone. Atoms and bonds of the calixarene molecules are shown in shaded
ball-and-stick representation, whereas fullerene molecules are shown as
van der Waals surfaces. Hydrogen bonds are indicated by dashed lines.

center is positioned at distances of 6.85(6), 7.23(7), and
7.46(7) A from the closest ring centroids.

Each fullerene molecule is in close proximity to six other
fullerene molecules and is situated at the common vertex of
two fullerene tetrahedra; individual fullerene molecules are
less than 11 A apart. These vertex-sharing tetrahedra form a
three-dimensional array interspersed with molecules of cal-
ix[6]arene and solvent. Distances between independent
centers are 10.04(7), 10.11(7), 10.21(8), and 10.76(7) A for
Cy and 10.53(7), 10.56(8), 10.60(7), and 10.66(8) A for Cy,.
The distances between calixarene and fullerene molecules are
somewhat greater than typical van der Waals distances, as are
the distances between fullerene molecules in the supermole-
cules and between fullerenes in the gross structure. All
hydroxyl groups of the calixarene units are situated on one
side of the molecule and peripherally about the double cone.
This is a similar arrangement to that found in solid-state
structures of p-fBu-calix[6]arene.l'”) The OH stretching bands
for both of the calix[6]arene complexes are shifted from about
3260 to 3080 cm™!, which indicates a significant increase in the
number of hydrogen bonds between hydroxyl groups. In
contrast, p-tBu-calix[6]arene complexes of the two fullerenes
show no significant change in OH stretching bands relative to
uncomplexed calixarene.

In solution, dimerization of fullerenes through the pincer/
polarizing influence of calix[6]arene and p-tBu-calix[6]arene
may lead to higher order fullerene aggregates that are
perhaps similar in structure to a portion of the solid-state
structures described here. Another possibility is a micelle-
like species with a central core of fullerene molecules
surrounded by a sheath of calixarenes. Solutions in toluene
of Cg and these calixarenes mobilized in the 5.4-nm pores
of a mesoporous silica display a new absorption band at
450 nm, which is assigned to interfullerene electronic tran-
sitions.¥] No analogous bands have been identified for
the C,, system, although spectral evidence suggests that
aggregation of C;, molecules occurs in acetonitrile/toluene
mixtures.’]
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For both calix[6]arene and p-fBu-calix[6]arene it appears
that fullerene dimerization is favored over a single fullerene
residing in a single calixarene cavity. An interaction of this
type would disrupt some of the H bonds. This is not the case
for calix[S]arene complexes of Cy, and Cy, for which a cone
conformation is generally favored.?" %!

Our findings represent a major step forward in the
construction of supramolecular assemblies based on calixar-
ene-mediated interlocking of fullerenes. Furthermore, the
results have implications in the rational design of host
molecules for fullerenes and other large clusters such as
icosahedral carboranes, for which the first host — guest species
was recently established.?!
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