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This review describes covalent and non-covalent combi- arenes, cyclodextrins, porphyrins, and cyclotriveratrylenes,
leading to well-defined large (receptor) molecules.nations of building blocks, e.g. calix[4]arenes, resorcin[4]-

Introduction pense of a high molecular weight which might be even
larger when the biologically active species is composed ofNature constructs receptor molecules by the combination

of a limited number of building blocks. Amino acids are several subunits that are organized by non-covalent bonds.
Nowadays a large variety of synthetic receptor moleculescombined to proteins, nucleosides to DNA and RNA, and

monosaccharides to carbohydrates. Systematic variation of for the binding of relatively small guest species e.g. cations,
anions, and small neutral molecules has been described inthe monomer sequence gives access to an almost infinite

number of different receptors. This is achieved at the ex- the literature. Most synthetic receptors have been prepared
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Willem Verboom (right), born in Goes, The Netherlands in 1954, studied chemistry at Utrecht University (The Netherlands) where he also
received his PhD in 1980 with Professor H. J. T. Bos. Subsequently, he joined the group of David Reinhoudt at the University of Twente,
where he now is an associate professor in organic chemistry. His present research interests focus on supramolecular chemistry and in particular
the application of suitable molecular building blocks for the development of specific receptors and larger (non-)covalent assemblies. He is the
author of more than 230 scientific publications.

MICROREVIEWS: This feature introduces the readers to the authors’ research through a concise overview of the
selected topic. Reference to important work from others in the field is included.

Eur. J. Org. Chem. 1998, 268922702  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 14342193X/98/121222689 $ 17.501.50/0 2689



I. Higler, P. Timmerman, W. Verboom, D. N. ReinhoudtMICROREVIEW
using the modern methodologies of classical organic syn- nations of medium-sized building blocks leading to well-

defined structures. Not included are polymeric products,thesis, which allows an almost unlimited variation. This
strategy focuses on the complementarity of functional dendrimers[9], metal-coordinated structures[10], and rotax-

anes[11]. Special emphasis will be on combinations involvinggroups in receptor and guest. This approach is always gu-
est-directed and the drawback is that it requires for each calix[4]arenes and resorcin[4]arenes (and the combination

of these two). This review is divided into three parts: (i)individual guest a new synthetic pathway. With increasing
size and structural complexity of the guest species, this ap- covalently linked homocombinations, (ii) covalently linked

heterocombinations, and (iii) non-covalently linked combi-proach becomes increasingly demanding in terms of design
and the number of steps in the synthesis of a complemen- nations.
tary host (i.e. receptor) molecule.

In recent years, we and others have developed an alterna-
tive strategy for the synthesis of artificial receptors. This Covalently Linked Homocombinations of Building Blocks
approach is a compromise between the two extremes de-

Covalently linked homocombinations of building blocksscribed above, and is based on the proper combination of
are structures in which two (or more) identical building(different) molecular building blocks to which functional
blocks are connected. This section describes three differentgroups can be attached. Coupling of these building blocks
possibilities viz. double resorcin[4]arenes (or carcerands),via covalent and non-covalent bonds gives rise to molecules
double calix[4]arenes, and combinations of other buildingwith large well-defined cavities and hydrophobic surfaces.
blocks.The most important building blocks which are included

in this review are calix[4]arenes (1, for n 5 4 see 2) [1], resor-
cin[4]arenes (3 and 4) [2], cyclodextrins (5) [3], cyclotrivera-
trylenes (6) [4], and porphyrins. Carcerands

Calix[4]arenes have been combined with other functional
units e.g. polyethyleneglycols, terphenyls, metallosalo- The pioneer in the area of carcerands and carceplexes is

undoubtedly Donald Cram. He combined two cavitands viaphenes, and metallosalenes to give calixcrown ethers [5], ca-
lixspherands[6], and anion and ditopic receptors[7], respec- their broader sides to give closed-surface, globular-shaped

molecules with enforced hollow interiors large enough totively[8].
In this review, we will illustrate the modular approach to incarcerate simple organic molecules, inorganic ions, or

both. Carcerands (see 7) were obtained e.g. by reaction ofsynthetic receptor molecules with examples of combi-
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The cavity of carcerands was called by Cram et al. [18] a

“new phase of matter”. Since the inner phases are not bulk-
phase-dependent, they are one discrete molecular inner
phase and molecules behave differently inside a carcerand.
Striking examples are cyclobutadiene and ortho-benzyne
which can normally only be isolated at very low tempera-
tures but are stabilized by incarceration inside a carcerand.
Also the photophysical properties of molecules imprisoned
in a (hemi)carcerand are different from those in the bulk;
e.g. the electron and energy transfer of biacetyl inside a
cage[19].

Cram et al. showed that guest hydroquinones are oxid-
ized to their corresponding incarcerated quinones, and
these hemicarcerand quinones are again reduced to their
original hemicarcerand hydroquinones[20].

two tetrahydroxycavitands with four equivalents of bromo-
chloromethane.

Covalently Linked Double Calix[n]arenesIn a carceplex the carcerand cavity is occupied by a guest
molecule and the guest cannot escape the molecular prison

Calix[4]arenes are able to complex neutral molecules al-
without breaking covalent bonds. Carceplexes with a vari-

though the association constants are moderate[21]. To ob-
ety of guests such as 2-butanone, DMF, methanol, aceto-

tain receptor molecules with better complexation proper-
nitrile, and DMSO have been synthesized. The 1H-NMR

ties, several groups synthesized double calix[4]arenes with
spectra show a 124 ppm upfield shift for the signals of

enforced cavities [1b] [22]. There are three possibilities, viz.,
the hydrogen atoms of incarcerated guests caused by the

connected via both upper rims, head-to-head (9) [23], via
shielding by the resorcin[4]arene moieties. In hemicarcer-

both lower rims, tail-to-tail (10) [24], or via connecting the
ands and hemicarceplexes there are only two[12] or three

upper rim of one with the lower rim of another, head-to-
linkages between the two parts or the four linkages are long

tail (11) [25].
and flexible enough for prisoner molecules to escape their

We found that a very short head-to-head linkage can be
cages at high temperatures, but to remain incarcerated at

achieved by reaction of 1,3-diaminocalix[4]arenes with 1,3-
temperatures which allow their isolation, purification, and

diformylcalix[4]arenes to give the Schiff base based double
characterization (see 8) [2c] [13].

calix[4]arenes (9, X 5 2NCH2) in high yields
Shell closures occurring during the synthesis of carcer-

(74292%)[26]. They show a high affinity for silver(I) ions
ands show structural recognition for inclusion of polar mol-

(Kass 5 9.5·105 21 in CDCl3/CD3OD, 4:1, v/v).
ecules in the medium. Cram et al. [14] assumed that the shell-

For energy-transfer studies between two different lantha-
closing reactions occur by an SN2 mechanism and that the

nide ions, we prepared double calix[4]arenes (10) linked tail-
more polar components solvate the anion and therefore end

to-tail via one linkage using different spacers. These bisca-
up incarcerated.

lix[4]arenes contain carboxylic ester and/or amido functions
Recently, in a general study Mecozzi and Rebek[15] dem-

at their remaining phenolic oxygen atoms (OR9) to complex
onstrated that molecular recognition through encapsulation

the lanthanide ions[27].
processes is largely determined by the volumes of the guest

Reactions between lower-rim 1,3-difunctionalized calix-
and host. Binding of molecules of suitable dimensions in

[4]arenes and difunctional reagents such as diacid di-
the cavity of a receptor can be expected when the packing

chlorides gave double and triple calix[4]arenes, the ratio de-
coefficient, the ratio of the guest volume to the host volume,

pending on the reaction conditions[28]. Three to eight
is in the range of 0.55 ± 0.09 (the “55% solution rule”).

calix[4]arenes were combined by Shinkai et al. [29] in a
However, when strong intermolecular forces are involved

cyclic array[30].
the packing coefficients are higher.

Sherman et al. investigated the influence of templates
(guests) on the carceplex formation; a template effect that Covalently Linked Homocombinations of Other Building Blocks
ranged one million-fold for good and poor template mol-
ecules was found[16]. They demonstrated that the same for- Several groups have prepared cyclodextrin dimers for the

complexation of guest molecules. Comparable to the calix-ces which facilitate the formation of carceplexes drive the
formation of hemicarceplexes, despite the presence of a por- [4]arenes, these can be divided into three types: dimers con-

nected via (i) two spacers linked at the primary side, (ii) twotal in the hemicarceplex, its lower symmetry, and its poten-
tial to misalign[17]. The driving forces include favorable van at the secondary side, or (iii) one at the primary and one at

the secondary side[31]. Primary-side-linked dimers complexder Waals interactions between the template molecule and
the forming cavity with minimum strain being imparted to neutral guest molecules in aqueous solutions[32]. To bind

porphyrinoid derivatives in water cyclodextrins were cou-the complex. Moreover, hydrogen bonding may assist in
bringing the different parts together. pled via the broader secondary side[33].
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Cryptophanes (12) [34], dimers of two CTV subunits Sanders et al. [37] prepared rigid porphyrin dimers and tri-
mers by Glaser2Hay coupling of preformed monomers (forlinked via the wider side, complex methane, small halocar-

bons, and noble gases[35]. Water-soluble cryptophanes, ob- an example of a trimer complex see 13). Inside the cavity
of a porphyrin trimer a stereoselective acceleration of atained by introduction of acid derivatives at the R positions

(see 12; n 5 3 or 5; R 5 2CH2CO2H) complex acetylcho- Diels2Alder reaction was achieved by proper positioning
of the reactants by perpendicular coordination to the zincline and ammonium ions[36].
porphyrins[38].

Covalently Linked Heterocombinations of Building Blocks

Covalently linked heterocombinations, structures in which
two (or more) different building blocks are connected, are
described in three parts: combinations of (i) calix[4]arenes
and resorcin[4]arenes, (ii) calix[4]arenes and other building
blocks, and (iii) heterocombinations of other building
blocks.

Combinations of Calix[4]arenes and Resorcin[4]arenes

We synthesized calix[4]arene-based carceplexes by com-
bining one calix[4]arene and one resorcin[4]arene (see 14
in Figure 1). These container molecules are different from
carcerands described above because the cavity of calix[4]ar-
ene-based carcerands have a different upper and lower
halve and consequently, different orientations of incarcer-
ated non-symmetrical guest molecules give different dia-
stereoisomers. The incarcerated guest molecules show con-
siderable upfield shifts in the 1H-NMR spectrum with re-
spect to the neat guests as is illustrated in Figure 1 for the
carceplex of 14 (R 5 2C3H7, R9 5 2C11H23) with DMF.

The energy barriers for interconversion between the vari-
ous orientations of the guest molecules inside the carcer-
ands were determined with 2D EXSY NMR. The acti-
vation energies calculated with molecular modeling using
the TRAVEL module in CHARMM, showed good quanti-
tative agreement with the experimental results. Although
the differences between the calculated and the experimental
values range from 3.5 to 0.3 kcal mol21 for NMP and
DMA, respectively, the trend in the calculated energy bar-
riers follows the experimental values. For instance in the
case of calix[4]arene-based carcerand 14 (R 5 2C3H7,
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Figure 1. 1H-NMR spectrum of calix[4]arene-based carceplex 14 in CDCl3 at room temperature; the positions of proton signals for neat

DMF are indicated with dashed arrows, the signals corresponding to incarcerated DMF are indicated with solid arrows

Table 1. Templating ability of potential guests during the synthesis a rough indication for the rate of carceplex formation. The
of calix[4]arene-based carceplexes by doped inclusion results as a whole indicate that DMA provides the best sol-

vation of the transition state during the closure of the final
Guest Templating ability[a] Yield (%)[b]

two bridges. This might be due to the guest polarity as well
as the size and shape of guest [39].DMA 100 27

Solid-state NMR indicated that the behavior of incarcer-DMSO 63 16c

DMF 27 13c ated guests in the solid state differs from that in solution[40].
2-Butanone 27 16 13C-CP/MAS dipolar dephasing experiments revealed that

the cavity of the calix[4]arene-based carcerands is probably[a] DMA is set at 100. 2 [b] Isolated carceplex when only one guest
not as flexible as in solution. This will increase the energyis used during doped inclusion. 2 [c] Yield of deuterated guests.
barriers for rotation between different stereoisomers with
respect to the values determined in solution.R9 5 2C11H23) for the interconversion between different

When the amide bridges of the calix[4]arene-based carce-orientations of encarcerated DMA and NMP energy bar-
plexes were converted into thioamide bridges, the energyriers (∆G°

273) of 12.7 and 15.7 kcal mol21 were experimen-
barriers for interconversion between the various orien-tally obtained, while the corresponding calculated values
tations of the guest molecule inside these thiacarcerands,∆Ecalcd. are 9.8 and 13.0 kcal mol21, respectively[39].
are higher than for the corresponding carcerands with am-The most straighforward method for the synthesis of ca-
ide bridges (for DMA and NMP carceplexes 2.5 and 1.8lix[4]arene-based carceplexes comprises the closure of the
kcal mol21, respectively, at 273 K). This may be due to thefinal two bridges in solvents such as amides, e.g. N,N-di-
stronger hydrogen-bond-donating character of the thioam-methylacetamide and N-methylpyrrolidin-2-one, and sulf-
ide group. Furthermore, molecular-modeling simulationsoxides, e.g. ethyl methyl sulfoxide (so-called solvent in-
indicated that the thiacarcerand cavity is smaller [39].clusion). In these cases the yield of the carceplex decreases

with increasing guest size. However, the disadvantage of this The combination of calix[4]arenes and resorcin[4]arenes
with the largest cavity synthesized by our group[41] is themethod is that carceplexes can only be formed in highly

polar solvents with a hydrogen-bond-accepting group. so-called holand 15 (Figure 2). This molecule is formed by
the cyclic combination of two calix[4]arenes and two resor-Therefore, a method, called doped inclusion, was developed

which allows the use of a large variety of guests, such as 2- cin[4]arenes via highly organized amido spacers. This mol-
ecule has a shielded cavity of nanosize dimensions (1000butanone and 3-sulfolene. In this case 1,5-dimethyl-2-pyrro-

lidinone, which itself is a poor template for incarceration, is Å3). A systematic search for suitable guest molecules using
the computer simulation program DOCK[42] revealedused as a solvent and potential guests are added in 5215

vol-%. In several doped inclusion competition experiments among others a good fit for different steroids, aromatic
compounds, and sugar derivatives. However, no com-the templating ability of different guests was studied. From

Table 1 it is clear that DMA is the best template for the plexation of such molecules in CDCl3 could be detected.
Molecular modeling (Figure 2) revealed that probably fourcarceplex synthesis.

Since the carceplexes can only be formed when the guest solvent molecules (chloroform or tetrahydrofuran) are lo-
cated in the cavity, and the interaction energy of the fouroccupies the calix[4]- and resorcin[4]arene cavity, the tem-

plating ability is comparable to the association strength be- solvent molecules has to be overcome by the binding energy
of a guest molecule. Furthermore, the extreme rigidity oftween host and guest. Furthermore, the observed yields are
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holand 15 might prevent the structural deformations that
are necessary for complexation.

U-shaped receptor molecules 16 and 17, composed of
either two calix[4]arenes and one resorcin[4]arene[43] or of
one calix[4]arene and two resorcin[4]arenes[44], have a cavity
similar to that of holand 15, but are more flexible than ho-
land 15. This allows them to accommodate the structural
deformations probably necessary for complexation.

Receptor molecules 16, 18, and 19 were obtained by reac-
tion of 1,2-bis(chloroacetamido)calix[4]arenes with tetra-
hydroxycavitand. Polar substituents at the remaining 3- and
4-positions of the calix[4]arenes such as nitro, acetamido,
and phthalimido groups, favor the exclusive endo orien-
tation of the first coupled calix[4]arene. A favorable intra-
molecular interaction during the formation of the second
bond between the building blocks leads to an orientation of
the calix[4]arene which enables only the formation of endo-
coupled combinations. The 2:1 diastereoisomers are formed
according to a statistical distribution.

These 2:1 receptor molecules selectively complex certain
corticosteroids with association constants of (0.929.5) 3
102 21 in CDCl3. Complexation studies with structurally
related corticosteroids revealed that the acetate group at C21

and the two hydroxy groups at C11 and C17 are crucial func-
tionalities for complexation of the steroids by this group of
receptor molecules in CDCl3[43].

By combining 1:1 calix-resorcin[4]arenes with a second
cavitand, 1:2-coupled products (17) were obtained. The
stereochemistry of these 1:2-calix-resorcin[4]arenes is per-
haps influenced by intramolecular interactions leading ex-
clusively to endo-endo isomers. The tetrahydroxy endo-endo
isomer (17, R 5 2H) forms a spherical dimeric assembly,
which may be held together by eight hydrogen bonds be-
tween the hydroxy groups and the amido bridges. From a
dilution experiment a dimerization constant of Kdimer of 11 tain corticosteroids, sugar derivatives, and alkaloids with

association constants of (1.026.0) 3 102 21 in CDCl3. For± 2 21 in CDCl3 was determined. Molecular-dynamics
simulations showed that this dimer is stable in chloroform the complexation of corticosteroids it is necessary that the

guest has the acetate moiety and hydroxy groups as men-and the cavity is large enough to accommodate eight mol-
ecules of chloroform (Figure 3). tioned above. Receptor molecule 17 (R 5 2H) is selective

for acylated five-membered sugars and quinine deriva-According to 1H-NMR spectroscopy, these 1:2-calix-re-
sorcin[4]arene receptor molecules selectively complex cer- tives[44].

Figure 2. Time-averaged structure of holand 15 (hydrogen atoms not shown for clarity) and snapshot of typical CHCl3 positions in a
MD simulation
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Figure 3. Typical structures from the MD simulations of the dimer
of 1:2-endo-endo-17 (R 5 2H) with eight chloroform molecules
inside the cavity, (a) van-der-Waals representation and (b) ball-and-

stick representation; for a color view, see ref. [44]

arenes which led to 1:1- and 2:1-coupled products, respec-
tively (for the 2:1 combination see 24) [47].

Combinations of Calix[n]arenes with Other Building Blocks

Chemo- and regioselective monofunctionalization of the
secondary hydroxy face of β-cyclodextrins makes it possibleA new class of building blocks, crown[n]cavitands, was

obtained by alkylation of tetrahydroxycavitands with poly- to couple β-cyclodextrins with at the upper-rim mono-
functionalized calix[4]arenes. The hydrophobic cavities ofethyleneglycol ditosylates. The combination of 1,2-crown-

[6]cavitands with calix[4]arenes (20) and resorcin[4]arenes the β-cyclodextrins of the resulting water-soluble host mol-
ecules are shielded by flexible calix[4]arene moieties (25).(21; x 5 2CH22m-C6H42CH22 and 2[CH2]42) resulted

in molecules with large hydrophobic surfaces[45]. We[48] found that these molecules show enhanced binding
of fluorescent guests compared with non-derivatized β-We[46] also combined two 1,3-bis(isothiocyanato)calix[4]-

arenes with two 1,3-bis(aminomethyl)resorcin[4]arenes in a cyclodextrin (Kass value up to 1.5·105 21 in pH 5 7.0 buf-
fered aqueous solution). Pappalardo et al. [49] linked a mo-cyclic array in 35242% yield.

Combination of upper-rim 1,3-difunctionalized calix[4]- nofunctionalized β-cyclodextrin with a calix[4]arene via the
lower rim of a tetrafunctionalized calix[4]arene.arenes with tetrahydroxycavitands resulted in 2:1-coupled

products 23 in yields up to 47%. The flexibility of calix[4]- The flexibility of calix[6]arene can be restricted by cap-
ping to give conformationally more defined structures.arenes and their rapid interconversion between two

pinched-cone conformations prevents the formation of a 1,3,5-Trimethoxy-para-tert-butylcalix[6]arenes with bulky
substituents in the 2-, 4-, and 6-positions exist in a flat-1:1-coupled product in which the calix[4]arene reacts with

two hydroxy groups at opposite aromatic rings of the tened-cone conformation[50]. Starting from this confor-
mation a three-point capping leads to symmetric, bowl-resorcin[4]arene[41a].

Upper-rim 1,3-difunctionalized calix[4]arenes were also shaped molecules. We[51] synthesized in situ a cyclotrivera-
trylene unit at the lower rim of the calix[6]arene. First threecombined with tribridged and A,C-dibridged resorcin[4]-
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veratryl units were coupled to a 1,3,5-trimethoxycalix[6]ar-
ene and subsequently these were intramolecularly cyclized
giving cryptocalix[6]arenes 26 with an increased rigidity
which mainly have C3 symmetry.

Several groups combined calix[4]arenes with porphy-
rins[52]. We[53] used in situ synthesis of the porphyrin skel-
eton by attaching two benzaldehyde groups at the upper
rim as well as at the lower rim of calix[4]arenes. Conden-
sation with pyrrole led to porphyrins substituted with two
calix[4]arenes, both attached via two linkages. Recently, Collet reviewed a number of heterocombina-

tions of cyclotriveratrylenes with other building blocks,Capped biscalix[4]arene-Zn-porphyrin 27 (Figure 4) was
prepared in two steps[54]. One calix[4]arene with two benzal- which he called hemicryptophanes[4].

Several groups incorporated porphyrins into supramo-dehyde groups was treated with pyrrole to give a bis(dipyr-
romethane), followed by reaction with another calix[4]arene lecular structures because they mimick biochemical func-

tions. Mostly, only the synthesis of these systems is de-with two benzaldehyde groups leading to the biscapped
porphyrin. This receptor binds N-heterocycles circa 10-103 scribed; porphyrins were combined with steroid building

blocks[57], with bicyclo[2.2.2]octane units [58], with azacrowntimes stronger than unsubstituted porphyrins, reflecting the
shielding effect of the calix[4]arene moieties. moieties [59], with peptide fragments[60], and with cyclo-

dextrins[61].

Covalently Linked Heterocombinations of Other Building Blocks
Non-Covalently Linked Combinations of Building Blocks

Resorcinarenes were relatively recently introduced in
supramolecular chemistry and they are not widely used in Non-covalently linked combinations of building blocks

can be divided into three classes: (i) double calix[4]arenes,combination with other building blocks. Okazaki et al. [55]

combined a cavitand, functionalized with four phenol (ii) double resorcin[4]arenes, and (iii) non-covalently linked
combinations of other building blocks.groups, with tetrabromoterphenyl to obtain lantern-shaped

molecules, which are very effective for the stabilization of Recently, Conn and Rebek[62] published a review on self-
assembling capsules, including systems based on hydrogenhighly reactive species such as monosubstituted simple

enols. Sherman et al. [56] used a cavitand as a platform to bonding of cyclodextrins, calix[4]arenes, and cavitands. A
few of these structures are also included in this review. Co-organize peptides. Alkylation of tetrathiol cavitand with

amino acid derivatives afforded a fixed four-helix bundle ordination chemistry has also been used to assemble cage
compounds [63] but this is not within the scope of this article.(a so-called cavitein).
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Figure 4. Complexation of N-heterocycles by biscalix[4]arene-Zn-porphyrin 27 in CDCl3; (*) binding is very strong, 2∆G > 33.0 kJ 21

Figure 5. Dimerization of tetraureacalix[4]arene 31; at the right the hydrogen-bonding pattern is shown

Non-Covalently Linked Calix[4]arene Dimers (R 5 2CH2CO2CH2CH3) showed an array of eight urea
moieties (see right side of Figure 5). By using a calix[4]arene

A class of calix[4]arenes that form homodimers are the with two different ether functionalities at the lower rim
tetraurea derivatives. A head-to-tail hydrogen-bonding pat- (2CH3 and 2C5H11) a dimer was obtained with C2 instead
tern containing sixteen hydrogen bonds holds the two units of C4 symmetry. In that case the exchange rates for four sets
together (see 31 in ; R 5 2CH2C6H5). Slow rotation of protons could be determined by NOESY experiments.
around the aryl2urea bonds introduces asymmetry in the The rate constant for the dimerization is kd 5 0.26 ± 0.06
dimer. Inclusion of solvent molecules can be observed with s21 [67].
1H-NMR spectroscopy, smaller molecules such as benzene
or chloroform fit better than xylenes or ethylbenzene[64]. Also the interaction between a carboxylic acid and a

pyridine allows the association of two different componentsThe flexible tetramethoxycalix[4]arene with four nitro
groups at the upper rim mainly adopts the partial-cone con- via hydrogen bonds. We[68] have connected a calix[4]arene

functionalized at the upper rim with four carboxylic acidformation. However, conversion of the nitro into urea moi-
eties (31 in Figure 5; R 5 2CH3) leads to dimerization of units with lower-rim-substituted tetrapyridylcalix[4]arene

(meta and para) to give well-defined 1:1 hydrogen-bondedtwo calix[4]arenes in the cone conformation[65]. Böhmer et
al. [66] have shown that in apolar solvents a mixture of two associates in chloroform (see formula 28). The formation of

these adducts was studied by extraction experiments indifferent urea derivatives forms beside homodimers AA and
BB, a heterodimer AB. X-ray analysis of homodimer 31 which the rather insoluble tetracarboxylic acid component
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is extracted into the chloroform layer by the tetrapyridylca-
lix[4]arene. Association constants determined by 1H-NMR
dilution experiments in CDCl3 are 7.6·103 and 1.3·103 21

for the para-pyridyl and the meta-pyridyl derivative, respec-
tively.

Shinkai et al. [69] attached pyridine ligands at the upper
rim of a calix[4]arene to obtain the head-to-head non-coval-
ent double calix[4]arene 29 in CDCl3. A calix[4]arenetetra-
carboxylic acid was solubilized in chloroform by adding a
tetrastilbazolecalix[4]arene. The associate was characterized
by solubility and molecular-weight measurements and by
fluorescence spectroscopy.

We studied the formation of homodimers of calix[4]ar-
ene-1,3-dicarboxylic acids in the solid state and in apolar
solvents[70] (see 30). NMR studies showed that the dimer
adopts one of the two possible pinched-cone conformations
while in polar solvents the monomer is present in the other
pinched-cone conformation.

Also 1,3-bis(ureido)calix[4]arenes adopt a pinched-cone
conformation in CDCl3 solutions. This pinched-cone con-
formation is the result of diametrical, intramolecular hydro-
gen bonds. According to 1H-NMR and FTIR experiments
these bis(ureido)calix[4]arenes form hydrogen-bonded di-
mers[71].

The position and directionality of hydrogen-bonding Better defined aggregates are formed by combining a bis-
(melamine)calix[4]arene with calix[4]arenes containing onemoieties have a strong influence on the association of calix-

[4]arenes functionalized with uracil or diaminotriazine isocyanuric acid moiety. In these cases self-assembled boxes
are formed with a double-rosette structure in which the ca-moieties. In the case of 1,3-bis(uracil)calix[4]arene 32, self-

association is observed (Kdimer 5 3.4 3 103 21 in CDCl3) lix[4]arene serves as a spacer between the two rosettes (see
Figure 6). The box-like assemblies consist of three calix[4]-whereas, in the case of 1,3-bis(diamidotriazine)calix[4]arene

33 intermolecular association is hampered by the formation arenes and six barbituric acid derivatives and are held to-
gether by 36 hydrogen bonds, these are stable in apolar sol-of intramolecular hydrogen bonds[72].

We have also synthesized larger aggregates of calix[4]- vents at concentrations of up to 1024 . The assemblies are
stereogenic as a result of an antiparallel orientation of thearenes based on the 2,6-diaminotriazinimide system. 1,3-

Bis(diaminotriazine)calix[4]arene formed hydrogen-bonded two rosette motifs [73].
The combination of coordination chemistry and hydro-strands with a barbituric acid derivative resulting in the for-

mation of a gel in chloroform[72]. gen bonding can be used for the non-covalent synthesis of
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Figure 6. Schematic representation of the non-covalently assembled calix[4]arene molecular boxes and top view of the X-ray crystal

structure

nanostructures. The nanosized assemblies consist of a hy-
drogen-bonded rosette of three metallodendrimer
wedges[74].

Non-Covalently Linked Carcerands

Sherman et al. [75] studied the templation and molecular
encapsulation of carceplexes. During the synthesis of a car-
ceplex (see formula 7; X 5 2OCH2O2) starting from two
tetrahydroxycavitands, eight covalent bonds are formed and
seven molecules are brought together, including the guest.

To investigate the guest-determining step they used a self-
assembling structure consisting of two tetrahydroxycavit-
ands with a guest molecule inside, which is formed in the
presence of four equivalents of base (see 34). This complex balls” and “softballs” are not within the scope of this re-

view[79].is reversible and strongly guest-selective; the complex with
pyrazine is 580 times stronger than the benzene complex in
CDCl3[76]. Houk et al. [77] calculated relative free energies of
the complexation of ternary complexes (two cavitands and Concluding Remarks
a guest molecule) and found a good correlation between

The many examples discussed in this review of combi-experimental template ratios and calculated complexation
nations of building blocks, either of identical or of differentenergies.
building blocks, illustrate that this new approach to com-
bine larger subunits is a convenient method to obtain large
(receptor) molecules. The use of relatively rigid, medium-Non-Covalently Linked Combinations of Other Building Blocks
sized, easily accessible building blocks to which functional
groups can be attached simplifies the route to large, well-A non-covalent assembly of a calix[4]arene with a por-

phyrin was described by our group[78]. The melamine-bar- defined structures. Building blocks that are widely used in
the field of supramolecular chemistry are cyclodextrins,biturate structural motif was introduced by attaching the

melamine fragment to the calix[4]arene and the barbiturate cyclotriveratrylenes, cyclophanes, porphyrins, steroids, ca-
lix[4]arenes, and resorcin[4]arenes. For example, covalentfragment to a Zn porphyrin. This assembly was used as a

ditopic receptor for NaSCN, NaN3, and NaI (Kass values combinations of calix[4]arenes and resorcin[4]arenes in a
1:1 ratio led to calix[4]arene-based carceplexes with a non-up to 5·104 21 in CH2Cl2).

Other examples of complementarity of shape, size, and symmetric cavity showing a novel type of diastereoisomer-
ism. Combinations of these building blocks in a 2:1 or 1:2chemical surface is provided by Rebek but such “tennis
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nated catenanes, see: [10a] D. J. Cárdenas, P. Gaviña, J.-P. Sau-ratio gave receptor molecules selective for certain cortico-
vage, J. Am. Chem. Soc. 1997, 119, 265622664. 2 [10b] B. Mohr,
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metallic rotaxane see: 2 [10d] B. Hasenknopf, J.-M. Lehn, B. O.to non-covalent bonds which makes this approach even Kneisel, G. Baum, D. Fenske, Angew. Chem. Int. Ed. Engl. 1996,
35, 183821840; Angew. Chem. 1996, 108, 198721990. 2 [10e] D.more attractive on account of the often simpler synthesis.
M. Bassani, J.-M. Lehn, G. Baum, D. Fenske, Angew. Chem.
Int. Ed. Engl. 1997, 36, 184521847; Angew. Chem. 1997, 109,

[1] The official name for the unsubstituted [1.1.1.1]metacyclophane 193121933. 2 [10f] G. S. Hanan, D. Volkmer, U. S. Schubert,
without the hydroxy and tert-butyl groups is pentacyclo[19.3.1. J.-M. Lehn, G. Baum, D. Fenske, Angew. Chem. Int. Ed. Engl.
13,7.19,13.115,19]octacosa-1(25),3,5,7(28),9,11,13(27),15,17, 1997, 36, 184221844; Angew. Chem. 1997, 109, 192921931. 2
19(26),21,23-dodecaene. For simplicity reasons we have given [10g] P. N. W. Baxter, H. Sleiman, J.-M. Lehn, K. Rissanen, An-
each of the calix[4]arene aromatic rings a number (124); there- gew. Chem. Int. Ed. Engl. 1997, 36, 129421296; Angew. Chem.
fore, we call a 5,17-difunctionalized calix[4]arene a 1,3-difunc- 1997, 109, 135021352.
tionalized calix[4]arene. [1a] T. Kappe, J. Incl. Phenom. Mol. Re- [11] For reviews see: [11a] D. Philp, J. F. Stoddart, Angew. Chem.
cogn. 1994, 19, 3215. 2 [1b] V. Böhmer, Angew. Chem. Int. Ed. Int. Ed. Engl. 1996, 35, 115521196; Angew. Chem. 1996, 108,
Engl. 1995, 34, 7132745; Angew. Chem. 1995, 107, 7852818. 2 124221286. 2 [11b] D. B. Amabilino, J. F. Stoddart, Chem. Rev.[1c] C. D. Gutsche, Calixarenes, Monographs in Supramolecular 1995, 95, 272522828, and references cited therein. For some
Chemistry, vol. 1 (Ed.: J. F. Stoddart), The Royal Society of examples of cyclodextrin-based rotaxanes see: [11c] S. Anderson,
Chemistry, Cambridge, 1989. 2 [1d] J.-D. Van Loon, J. F. Heida, T. D. W. Claridge, H. L. Anderson, Angew. Chem. Int. Ed. Engl.
W. Verboom, D. N. Reinhoudt, Recl. Trav. Chim. Pays-Bas 1997, 36, 131021313; Angew. Chem. 1997, 109, 136721370. 2
1992, 111, 3532359. 2 [1e] J.-D. Van Loon, W. Verboom, D. N. [11d] M. Born, H. Ritter, Angew. Chem. Int. Ed. Engl. 1995, 34,
Reinhoudt, Org. Prep. Proced. Int. 1992, 24, 4372462. 2 [1f] A. 3092311; Angew. Chem. 1995, 107, 3422344.
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