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Abstract: The construction of a molecular cavity for
recognition and catalysis requires either covalent syn-
thesis or intermolecular self-assembly of complementary
units. Intramolecular hydrogen bonding is another tool to
control the cavity-forming process. When properly posi-
tioned within the same molecular structure, hydrogen
bonding sites are responsible for the formation, preorga-
nization, and binding ability of the host. The most typical
examples from the supramolecular chemistry of calixar-
enes, the key cavity-containing building blocks, and
derived from them receptor molecules are discussed.
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Introduction

“Molecule-within-molecule” complexes are an extreme form
of molecular recognition!!! and within the last decade, a
sizable number of supramolecular complexes have been
prepared: open-ended cavitands,” covalently sealed carcer-
andsP! and self-assembled hydrogen-bonded capsules.[ All of
these hosts are able to capture smaller organic molecule
guests within their interiors. Calixarenes, in particular, have
had a great impact in the history of supramolecular cavities.
Their three-dimensional, concave surface, commercial avail-
ability, and relatively rigid structure make them convenient
platforms for elaboration.

Though covalent bond formation still dominates the design
of molecular hosts[®) noncovalent assembly appears with
increasing frequency. Intermolecular forces, especially hydro-
gen bonding, are capable of effectively organizing multi-
component supramolecular assemblies (e. g. cavities, surfaces,
receptor sites) in a reversible and accurate fashion using error-
correcting mechanisms. While this topic has been widely
discussed in the literature and has inspired a number of
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excellent reviews,! the role of intramolecular hydrogen
bonding in the cavity-forming processes has been largely
ignored. Nonetheless, a steadily growing number of publica-
tions clearly demonstrate that much control over the size and
shape, and therefore the complexing ability of host molecules
can effectively be achieved through intramolecular hydrogen
bonding. We address these issues here, taking the most
striking examples from calixarene chemistry.

Discussion

Cavity shaping: Intramolecular hydrogen bonding is largely
responsible for the three-dimensional shape of calixarenes
and the deeper/larger cavities derived from them. Already at
the earliest stages of calixarene research, it became clear that
the unsubstituted hydroxy groups at the lower rim are
involved in strong intramolecular hydrogen bonding, both in
solution (IR and NMR spectroscopy) and in the solid state
(X-ray analysis). Gutsche proposed circular arrays of O—H -
O bonds for calixarenes 1 (Figure 1) almost twenty years ago,
using as analogy the cyclic intramolecular (“flip-flop”) hydro-
gen bonding in cyclodextrins.!

Today, this is accepted as a general property of unsubsti-
tuted and partially substituted calixarenes, and is responsible
for the conformational features of their macrocyclic skele-
tons.P! For example, solid-state (X-ray) structures of calix[4]-
and calix[5]arenes with free hydroxy groups adopt the cone
conformations exclusively. ! Unsubstituted calix[6]arenes
also possess a maximum number of hydrogen bonds. In
chloroform, the IR frequency of the OH is always situated
below 7=23300 cm™! and the corresponding 'H NMR shifts
are generally downfield of 6 =9. The hydrogen bonds are
arranged in a cycloenantiomeric fashion: the cyclic array may
be either clockwise or counterclockwise.'”! Computational
studies with calix[4]arenes suggested that the hydrogen bonds
are rather permanently oriented and not of a “flip-flop”
character." The hydrogen bond reversal may occur either via
sequential breaking or in a concerted fashion by a proton-
tunneling mechanism.['”l In the absence of the hydrogen
bonding, for example in the lower rim per-methylated
calixarenes, significant conformational flexibility of the mac-
rocyclic skeleton results.['?]

A cooperative network of intramolecular hydrogen bonds
also accounts for the crownlike conformation of unsubstituted
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Figure 1. Arrays of intramolecular hydrogen bonds in unsubstituted calixarenes 1 and resorcinarenes 2.

resorcinarenes 2 (Figure 1), both in solution and in the solid
state,l' and it essentially defines the structure of larger,
intermolecular hydrogen-bonding assemblies of resorcinar-
enes. For example, six molecules of 2 may assemble to form a
spectacular spherical cavity with a diameter of 17.7 A and an
internal volume of about 1375 A3. [5] This is the biggest cavity
synthesized to date from organic materials. Complete acyla-
tion of resorcinarene 2 transforms the skeleton into the
corresponding C,, boatlike structure, as the circle of hydrogen
bonds is broken. [°]

Properly attached hydrogen bonding sites can effectively
control the conformation and binding properties of calixar-
ene-based receptors. For example, an intramolecular C=O ---
H—N bridge keeps calix[4]arene bis-urea 3 in a pinched-cone
conformation (Figure 2), and prevents its complexation of
anions; no Cl- or Br~ binding was detected in CDCl,;
solution.l'> 81 Addition of a Na* source breaks the intra-
molecular “lock” at the upper rim, and the 3-Na* complex
readily exhibits effective anion binding and extraction in
chloroform. An impressive (100%!) solubilization of NaX
(X=CI-, Br, I") salts was thus achieved.

In another example, sodium-free diamidopyridine-contain-
ing calixarene 4 is surprisingly inert towards base-pairing
(Figure 2), while its Na™ complex binds complementary
thymines; the K,, values as high as 1.7 x10°M~! were
calculated in [Dg]toluene.l') Addition of Na* disrupted the
intramolecular hydrogen bonding; the calixarene C=O groups
now turn around to coordinate the cation, thus exposing the
diamidopyridine for intermolecular binding.

Sherman’s “bis-bowl” 5, in which two cavitand molecules
are bridged with two methylene units, forms kinetically stable
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host — guest complexes with neutral molecules (e.g. pyrazine,
dioxane, etc.).?”l Upon addition of 1,8-diazabicyclo[5.4.0]un-
dec-7-ene (DBU), deprotonation of two phenolic hydroxyl
groups occurs and two charged hydrogen bonds (CHBs) form
(Figure 3). At room temperature in CDCl;, neutral complex
5-CHCI; releases CHCl; within a few minutes, while doubly
charged 5+ CHCI, is relatively stable within four days.

In unimolecular capsule 6, two calix[4]arene tetraureas are
covalently connected through their upper rims.?!l Upon
dimerization—through a cyclic array of complementary
hydrogen bond donors and acceptorst**<l—all the hydrogen
bonds involved become intramolecular (Figure 3). When the
linker is short enough to minimize the loss of entropy due to
restriction of freely rotating single bonds, stronger dimeriza-
tion is expected. With the hexamethylene -(CH,)4 spacer,
only the intramolecularly folded capsule 6 was detected by
electrospray mass spectrometry. For detection, the N-methyl
quinuclidinium cation (of a tetrafluoroborate salt) was
encapsulated and provided a charge for the whole complex
in the gas phase. In CDCI; solution, signals for the encapsu-
lated quinuclidinium CH protons appeared upfield at 6 =
—0.2 to —0.4 in the '"H NMR spectra.!

A cyclic array of eight intramolecular secondary amide
hydrogen bonds was found in self-folding cavitands 7 (Fig-
ure 4).221 The result is a deepened C, symmetrical vase
possessing a unique property in solution: exchange between
complexed and free guest species is slow on the NMR time
scale. Most probably, the circle of hydrogen bonds slows this
process by resisting the opening of the cavity required for
guest exchange. Upon complexation with adamantanes, cyclo-
hexanes, and lactams, the '"H NMR spectra exhibit two sets of
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Figure 2. Intramolecular hydrogen bonding at the upper or lower rims in calix[4]arene based receptors 317 and 41 prevents recognition processes but can
be broken by Na* complexation.
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Figure 3. Unimolecular capsular structures 5% and 62! and their complexes.
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Figure 4. Top: intramolecular hydrogen bonding in self-folding cavitands 7. Two cycloenantiomeric C, stuctures are presented. Bottom: diastereomerism in

caviplexes of 7 with 1-[N-(1-adamantyl) Jadamantanecarboxamide.??> 23!

signals—both for the complexes (caviplexes) and the free
guest. The complexed guest species are clearly observed
upfield of =0, a feature characteristic of inclusion in a
shielded magnetic environment. With guests containing both
cyclohexyl and adamantyl groups in the same molecule,
diastereomeric caviplexes were observed upon complexation
with 7% The guest can spin about the long axis of the cavity
but is too large to tumble within it (Figure 4). The high kinetic
stability of the caviplexes was subsequently employed in the
synthesis of self-complementary cavitands bearing covalent
tethers to adamantane guests.?! Self-complementarity results
in noncovalent dimers and higher oligomers of both kinetic
and thermodynamic stability in apolar solvents. In compet-
itive solvents such as [D;]DMF, no aggregation was observed.

Even in the context of large hydrophobic surfaces, secon-
dary amide C=0O---H—N hydrogen bonds can significantly
rigidify molecular structure. For example, concave surface 8,
obtained by combination of one calix[4]arene and two
resorcinarene cavitands, possesses four such intramolecular
hydrogen bonds—between the bridging acetamide
CH,C(O)-NH and the oxygen atoms of the cavitand acetal
bridges (Figure 5). The N—H chemical shift is seen downfield
of 0 =9 in CDCl;. For their nanoscale dimensions, structures
such as 8 are very rigid. Compounds 8 selectively bind certain
steroids, carbohydrates and alkaloids (—AGyg=13-
15 kJmol~! for 1:1 complexation) in CDCl,; hydrogen bond-
ing and CH-m interactions are the main driving forces for the
complexation.?’]

Two self-folding cavitands (see structure 7, Figure 4) were
covalently attached to afford a rigid cylindrical host 9 of
nanoscale dimensions (10 x 23 A, ca. 800 A3 internal volume)
(Figure 5).29 The molecule ressembles a Cram’s hemicarcer-
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and but the internal cavity is held in place by a seam of
intramolecular C=O---H—N hydrogen bonds rather than
covalent bonds. Access to the cavity is facile under ambient
conditions and the uptake and release of guests is reversible.
High kinetic stability of the complexes was achieved for long
(ca. 18 A) and rigid adamantyl-containing guests. This behav-
ior of 9 is unprecedented for unimolecular cavities of such
dimensions.

Cavity syntheses: That intramolecular hydrogen bonding
influences chemical reactivity has been known for decades.??”)
Recently, such effects were detected in the syntheses of
functionalized calixarenes, cavitands and carcerands.

One of the most striking examples is alkylation of calix[4]-
arene with alkyl tosylates or halides using a weak base, such as
K,CO;, in MeCN.®l Almost quantitative yields of the 1,3-
dialkylated products 10 held in a cone conformation were
obtained (Figure 6). The first step is undoubtedly the mono-
alkylation, then a second proton must be abstracted. Mono-
anion 11, with the phenolate optimally stabilized by two
(charged) intramolecular hydrogen bonds, is formed. This
keeps the whole structure in a cone conformation, as the
second electrophile attacks the distal oxygen atom. Similar
alkylations and acylations using weak bases, where the
phenolate anions are stabilized by the maximum number of
hydrogen bonds, have also been reported for larger calixar-
enes.® The remarkable regioselectivity that results at the
lower rim oxygens opens broad possibilities for selective
transformations at the upper rim.

Bohmer and co-workers recently discovered that the
reaction of resorcinarene 2 with primary amines and form-
aldehyde affords surprisingly high yields (up to 90 %) of the
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Hydrogen Bonding

Figure 5. Intramolecular preorganization in the extended concave surface 85! and nanoscale semi-capsular structure 9.%°) The hydrogen bonds were
detected by IR and NMR techniques and modeled by molecular mechanics calculations.
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Figure 6. Regioselective alkylation of calix[4]arenes via the stabilized monoanion 11.2%I

C, symmetrical tetrabenzoxazine cavitands 12.)) It was
proposed that the regioselectivity is due to the maximum
number of intramolecular hydrogen bonds O—H -+ O formed
(Figure 7). Their presence was indeed confirmed by semi-
empirical calculations and the X-ray analysis: the hydrogen
bonds were within a 2.8-2.9 A range (O---O distances).
Subsequently, this approach was utilized in the elegant
synthesis of more extended supramolecular structures: C,-
symmetrical clefts 13 and even carcerand 14 (of D, or C,,
symmetry) were obtained in one (!) step by the reaction of
resorcinarene 2 with formaldehyde and diamines.%

In the Cram-Sherman syntheses of carcerands (e.g. 15),
mono-bridged “bis-bowl” 16 seems to be a key intermediate
(Figure 8). Deprotonation of the phenolic hydroxyl groups at
the initial reaction stage results in charged intramolecular
hydrogen bonding which preorganizes two cavities for the
shell closure.P!

Chem. Eur. J. 2000, 6, No. 15
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In the synthesis of the Reinhoudt’s carcerand 17, two
hydrogen bonds between the N-H protons of the bridging
acetamide groups and the oxygen atoms of the acetal bridges
must be broken for the cavity closure event, and this process is
facilitated by hydrogen bond accepting solvents (amides,
sulfoxides).’?l Furthermore, once encapsulated the guest/
solvent forms hydrogen bonds with the acetamide N-H
protons, thus allowing the final covalent closure (Figure 8).
In the 'H NMR spectra of the carceplexes with DMEF,
dimethylamine (DMA), DMSO, the host N-H singlets were
found downfield 6 =7.7 indicating their involvement in the
hydrogen bonding with the polar guest.[*?

Conclusion and Outlook

In Nature, intramolecular hydrogen bonds help proteins to
fold and are responsible for the structures of enzyme’s
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Figure 8. Hydrogen bonding is involved in the shell closure step in the syntheses of carcerands 158! and 1772
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catalytic pockets. We have shown that in the cavity-forming
processes, intramolecular hydrogen bonds are just as impor-
tant as the intermolecular ones. Their formation and dissipa-
tion can reversibly change the host conformation, shape and
therefore its binding ability. Cooperative (cyclic) arrays of
hydrogen bonds seem to be an important feature here, that
controls even more extended, nanoscale frameworks.

In contrast to the synthetic intermolecular assemblies,
where the hydrogen bonding sites are placed in a self-
complementary fashion and exposed to another approaching
molecule, intramolecular hydrogen bonding is usually self-
sufficient and frequently takes place inside the host molecule.
This often requires different strategy to the syntheses. Intra-
molecular hydrogen bonds are fully expected to work in more
polar media, even in aqueous solution since they are shielded
within the receptor/host hydrophobic environment.

The entropic cost for an intramolecular hydrogen bond is
usually low, so intramolecular geometrical organization of the
molecular surface or cavity is thermodynamically reasonable.
Unimolecular capsules provide the early examples in this
direction.

The influence of intramolecular hydrogen bonding on the
synthesis of cavitands and carcerands has only recently been
uncovered, and some supramolecular control over reactivity
has been established. Further exploration of intramolecular
hydrogen bonding in host-guest chemistry is likely as its
effects in covalent synthesis and self-assembly.

Acknowledgement

I am grateful to Prof. Dr. J. Rebek, Jr. for his support and encouraging
discussions. The Skaggs Research Foundation is acknowledged for financial
support.

[1] D.J. Cram; J. M. Cram, Container Molecules and their Guests, Royal
Society of Chemistry, Cambridge, 1994.

[2] a) D.J. Cram, Science 1983, 219, 1177-1183; b) D. M. Rudkevich, J.
Rebek, Jr. Eur. J. Org. Chem. 1999, 1991 -2005.

[3] a) A.Jasat,J. C. Sherman, Chem. Rev. 1999, 99,931 -967;b) A. Collet,
J.-P. Dutasta, B. Lozach, J. Canceill, Top. Curr. Chem. 1993, 165, 103 —
129.

[4] a) K. D. Shimizu, J. Rebek, Jr., Proc. Natl. Acad. Sci. U. S. A. 1995, 92,
12403 -12407; b) O. Mogck, V. Bohmer, W. Vogt, Tetrahedron 1996,
52, 8489-88496; ¢) R. K. Castellano, D. M. Rudkevich, J. Rebek, Jr.,
Proc. Natl. Acad. Sci. USA 1997, 94, 7132-7137; d) T. Heinz, D. M.
Rudkevich, J. Rebek, Jr., Nature 1998, 394, 764 —766.

Monographs: a) C. D. Gutsche, Calixarenes; Royal Society of Chem-
istry: Cambridge, 1989; b) Calixarenes. A Versatile Class of macro-
cyclic Compounds (Eds.: J. Vicens, V. Bohmer), Kluwer, Dordrecht,
1991; c) C.D. Gutsche, Calixarenes Revisited, Royal Society of
Chemistry, Cambridge, 1998; review articles: a) S. Shinkai, Tetrahe-
dron 1993, 49, 8933-8968; b) V. Bohmer, Angew. Chem. 1995, 107,
785; Angew. Chem., Int. Ed. Engl. 1995, 34, 713-745; c) P. Timmer-
man, W. Verboom, D. N. Reinhoudt, Tetrahedron 1996, 52, 2663 —
2704; d) V. Bohmer, D. Kraft, M. Tabatabai, J. Incl. Phenom. Mol.
Recogn. 1994, 19, 17-39; e) A. Pochini, R. Ungaro in Comprehensive
Supramolecular Chemistry, Vol. 2 (Eds.: J. L. Atwood, J. E. D. Davies,
D. D. Macnicol, F. Vogtle), Pergamon, 1996, pp. 103 -142; homoca-
lixarenes: S. Ibach, V. Prautzsch, F. Vogtle, C. Chartroux, K. Gloe,
Acc. Chem. Res. 1999, 32, 729-740; calixpyrroles: P. Gale, J. L.
Sessler, V. Kral, Chem. Commun. 1998, 1-8.

[6] I Higler, P. Timmerman, W. Verboom, D. N. Reinhoudt, Eur. J. Org.

Chem. 1998, 2689 —2702.

=

Chem. Eur. J. 2000, 6, No. 15

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

[7] a) M. M. Conn, J. Rebek, Jr., Chem. Rev. 1997, 97,1647 -1668; b) J. de
Mendoza, Chem. Eur. J. 1998, 4, 1373-1377.

[8] a) C.D. Gutsche, Acc. Chem. Res. 1983, 16, 161-170; b) C.D.
Gutsche, L. J. Bauer, J. Am. Chem. Soc. 1985, 107, 6052—-6059. Flip-
flop hydrogen bonds in cyclodextrins: W. Saenger, C. Betzel, B.
Hingerty, G. M. Brown, Angew. Chem. 1983, 95, 908; Angew. Chem.
Int. Ed. Engl. 1983, 22, 883 -884.

[9] a) M. Perrin, D. Oehler in ref. [5b], pp. 65-85; b) G. D. Andreetti, F.
Ugozzoli in ref. [5b], pp. 87-123.

[10] For the recent NMR studies, see: a) R.G. Janssen, J.P. M. van
Duynhoven, W. Verboom, G.J. van Hummel, S. Harkema, D.N.
Reinhoudt, J. Am. Chem. Soc. 1996, 118, 3666-3675; b) H. Tsue, M.
Ohmori, K. Hirao, J. Org. Chem. 1998, 63, 4866 —4867. See also ref.
[12] and: P. Neri, E. Battocolo, F. Cunsolo, C. Geraci, M. Piattelli, J.
Org. Chem. 1994, 59, 3880-3889. Described here calix[8]arene
tetraamide was shown to exist as a mixture of enantiomers.

[11] P. D.J. Grootenhuis, P. A. Kollman, L. C. Groenen, D. N. Reinhoudt,
G. J. van Hummel, F. Ugozzoli, G. D. Andreetti, J. Am. Chem. Soc.
1990, 712, 4165 -4176.

[12] M. A. Molins, P. M. Nieto, C. Sanchez, P. Prados, J. de Mendoza, M.
Pons, J. Org. Chem. 1992, 57, 6924 —6931.

[13] a) L. C. Groenen, J.-D. van Loon, W. Verboom, S. Harkema, A.
Casnati, R. Ungaro, A. Pochini, F. Ugozzoli, D. N. Reinhoudt, J. Am.
Chem. Soc. 1991, 113, 23852329, and references therein. See also ref.
[8]-

[14] Solution studies: Y. Aoyama, Y. Tanaka, S. Sugahara, J. Am. Chem.
Soc. 1989, 111, 5397 -5404. The IR frequency for the OH groups 7=
3250 (CCly, 1 x 10-'m); the corresponding 'H NMR chemical shifts
0=9.60 and 9.28 (CDCl;). For the X-ray structures, see: a) L. M.
Tunstad, J. A. Tucker, E. Dalcanale, J. Weiser, J. A. Bryant, J. C.
Sherman, R. C. Helgeson, C. B. Knobler, D.J. Cram, J. Org. Chem.
1989, 54, 1305-1312; b) D. E. Hibbs, M. B. Hursthouse, K. M. A.
Malik, H. Adams, C. J. M. Stirling, F. Davis, Acta Crystallogr. Sect. C
1998, 54, 987 -992.

[15] L. R. MacGillivray, J. L. Atwood, Nature 1997, 389, 469 —472.

[16] For example: A. G. S. Hogberg, J. Org. Chem. 1980, 45, 4498 —4500.

[17] J. Scheerder, J.P.M. van Duynhoven, J.F.J. Engbersen, D.N.
Reinhoudt, Angew. Chem. 1996, 108, 1172—1175; Angew. Chem. Int.
Ed. Engl. 1996, 35, 1090-1093.

[18] In tetra-O-alkylated cone-shaped calix[4]arenes, the pinched C,,
symmetrical structures, with two opposite aromatic rings almost
parallel and two others flattened, are more preferable than the perfect
cone C,, conformation. Usually, the interconversion between two C,,
structures is fast on the NMR time scale. The barrier, however, can be
increased when hydrogen bonding acid, amide or urea sites are
positioned at the upper rim, see: a) M. Conner, V. Janout, S. L. Regen,
J. Am. Chem. Soc. 1991, 113, 9670-9671; b) A. Arduini, M. Fabbi, L.
Mirone, A. Pochini, A. Secchi, R. Ungaro, J. Org. Chem. 1995, 60,
1454 -1458; c) J. Scheerder, R. H. Vreekamp, J. F. J. Engbersen, W.
Verboom, J. P. M. van Duynhoven, D. N. Reinhoudt, J. Org. Chem.
1996, 61, 3476 -3481, and references therein.

[19] a) D. M. Rudkevich, A. N. Shivanyuk, Z. Brzozka, W. Verboom, D. N.
Reinhoudt, Angew. Chem. 1995, 107, 2300-2302; Angew. Chem. Int.
Ed. Engl. 1995, 34,2124-2126; b) H. Murakami, S. Shinkai, J. Chem.
Soc. Chem. Commun. 1993, 1533 -1535. Cation-controlled hydrogen
bonding at the lower rim: a) E. Nomura, M. Takagaki, C. Nakaoka, M.
Uchida, H. Taniguchi, J. Org. Chem. 1999, 64, 3151-3156; b) T. N.
Lambert, L. Dasaradhi, V.J. Huber, A.S. Gopalan, J. Org. Chem.
1999, 64, 6097 -6101.

[20] R.G. Chapman, J. C. Sherman, J. Am. Chem. Soc. 1998, 120, 9818 —
9826.

[21] M. S. Brody, C. A. Schalley, D. M. Rudkevich, J. Rebek, Jr., Angew.
Chem. 1999, 111, 1738 -1742; Angew. Chem. Int. Ed. 1999, 38, 1640 -
1644.

[22] a) D. M. Rudkevich, G. Hilmersson, J. Rebek, Jr., J. Am. Chem. Soc.
1997, 119, 9911-9912; b) D. M. Rudkevich, G. Hilmersson, J. Rebek,
Jr., J. Am. Chem. Soc. 1998, 120, 12216 -12225.

[23] S.Ma, D. M. Rudkevich, J. Rebek, Jr., Angew. Chem. 1999, 111,2761 -
2764; Angew. Chem. Int. Ed. 1999, 38, 2600 -2602.

[24] a) A. R. Renslo, D. M. Rudkevich, J. Rebek, Jr., J. Am. Chem. Soc.
1999, 121,7459-7460;b) S. Saito, D. M. Rudkevich, J. Rebek, Jr., Org.
Lett. 1999, 1, 1241 -1244.

0947-6539/00/0615-2685 $ 17.50+.50/0 2685



CONCEPTS

(25]

26]

[27]

(28]

2686 ——

D. M. Rudkevich

a) I. Higler, P. Timmerman, W. Verboom, D. N. Reinhoudt, J. Org.
Chem. 1996, 61, 5920-5931; b) 1. Higler, W. Verboom, F. C. J. M. van
Veggel, F. de Jong, D. N. Reinhoudt, Liebigs Ann./Recueil 1997, 1577 -
1586.

F. C. Tucci, A. R. Renslo, D. M. Rudkevich, J. Rebek, Jr., Angew.
Chem. 2000, 112, 1118-1121; Angew. Chem. Int. Ed. 2000, 39, 1076 —
1079.

For the early review, see: I. D. Sadekov, V. 1. Minkin, A. E. Lutskii,
Russ. Chem. Rev. 1970, 39, 179-195.

Calix[4]arenes: a) J.-D. van Loon, A. Arduini, L. Coppi, W. Verboom,
A. Pochini, R. Ungaro, S. Harkema, D. N. Reinhoudt, J. Org. Chem.
1990, 55, 5639-5646; b) J.-D. van Loon, W. Verboom, D. N. Rein-
houdt, Org. Prep. Proc. Int. 1992, 24, 437-462. Calix[6]arenes: R. G.
Janssen, W. Verboom, D. N. Reinhoudt, A. Casnati, M. Freriks, A.
Pochini, F. Ugozzoli, R. Ungaro, P. M. Nieto, M. Carramolino, F.

[29]

(30]

(31]
(32]

Cuevas, P. Prados, J. de Mendoza, Synthesis 1993, 380 —383. Calix[8]-
arenes: P. Neri, G. M. L. Consoli, F. Cunsolo, C. Geraci, M. Piattelli,
New J. Chem. 1996, 20, 433 —446.

K. Airola, V. Bohmer, E. F. Paulus, K. Rissanen, C. Schmidt, I.
Thondorf, W. Vogt, Tetrahedron 1997, 53, 10709 —10724.

a) C. Schmidt, K. Airola, V. Béhmer, W. Vogt, K. Rissanen,
Tetrahedron 1997, 53, 17691 -17698; b) C. Schmidt, I. Thondorf, E.
Kolehmainen, V. Bohmer, W. Vogt, K. Rissanen, Tetrahedron Lett.
1998, 39, 8833 —8836.

R. G. Chapman, J. C. Sherman, J. Org. Chem. 1998, 63, 4103 -4110.
A. M. A.van Wageningen, P. Timmerman, J. P. M. van Duynhoven, W.
Verboom, F. C. J. M. van Veggel, D. N. Reinhoudt, Chem. Eur. J. 1997,
3, 639-654. See also: A.M.A. van Wageningen, Ph. D. Thesis,
University of Twente, Enschede, 1996, pp. 71-72.

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

0947-6539/00/0615-2686 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 15



