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Inclusion processes based on molecular recognition proc-
esses may be used as a design principle for the generation of
molecular networks in the solid state. Hollow tuneable
molecular modules (koilands) based on fusion of pre-
organised cavities were shown to be assembled in the solid
state into one-dimensional molecular arrays (koilates) either
by self-inclusion or by interconnection using connector
molecules. The formation of the molecular networks in the
crystalline phase was established by X-ray studies.

Introduction

Molecular solids are defined by the chemical nature of their
molecular components and by their interactions with respect to
each other in the crystalline phase. With our present level of
knowledge, the complete understanding and therefore predic-
tion of all intermolecular interactions in the crystalline phase
seems unreachable. Therefore, it appears that crystal structures
are not predictable.1 However, following the statement by Jack
Dunitz:2 ‘A crystal is, in a sense, the supramolecule par
excellence’, using appropriate molecular modules, one may
predict some of the intermotive interactions. Molecular net-
works are defined as supramolecular structures, theoretically
composed of infinite number of molecules, possessing transla-
tional symmetry.3 Whereas molecules are described as assem-
blies of atoms interconnected by covalent bonds, by analogy,
one may describe molecular networks as hypermolecules in
which the connectivity between the elementary components
(molecular modules) is ensured by non-covalent intermotive
interactions.

The construction of large molecular networks (1026–1023 m
scale) with predicted and programmed structure may hardly be
envisaged through step by step type strategy. However, the
preparation of such higher-order materials may be reached
through iterative self-assembling processes engaging individual
modules. This strategy relies on a double analysis. One is at the
molecular level, dealing with the individual modules compos-
ing the solid, and the other is at the supramolecular level,
dealing with the intermotive or intermolecular interactions.4,5

Obviously the latter type of analysis is more subtle. For the
design and synthesis of molecular networks, the approach called
molecular tectonics,6 which is based on the self-assembly7 of
structurally defined and energetically programmed complemen-
tary tectons8 (from Greek tekton: builder), seems to be the most
viable one. The synthesis of solids based on iterative assembling
of individual complementary tectons still remains a challenge.
A strict control of the self-assembly of molecular modules in the
solid state should lead to structurally strictly controlled
molecular networks (one-, two- and three-dimensional solids).

Dealing with design, whereas an endo molecular receptor
forms discrete molecular complexes with a selected exo-
substrate, an exo-receptor may form either discrete species with
substrates acting as stoppers or molecular networks in the
presence of appropriate connectors (Fig. 1). Thus, in order to
achieve an iterative assembling process, the building blocks or

tectons must fulfil both structural and energy criteria. In
particular, the complementary tectons must recognise each
other (molecular recognition) and furthermore should allow the
repetition of the recognition patterns which may be designed as
assembling cores. These two requirements lead to molecular
modules possessing connecting points or interaction sites
located in a divergent fashion. We have previously reported
exo-ligands based on mercaptocalix[4]arenes,9a calix-
[4]arene,9b tetraarylporphyrin9c bearing bidentate catechol units
and macrocyclic frameworks containing bipyridine units.9d

Thus, the most important operational concepts in molecular
tectonics are molecular recognition between tectons and
geometrical features, encoded within their frameworks, allow-
ing the iteration of the recognition processes. Molecular
networks may be obtained by an iterative assembling process of
either self-complementary, or of several complementary tec-
tons.

In terms of interaction energy between molecular modules
governing the recognition and assembling processes, hydro-
gen10 and coordination11 bonds have been almost exclusively
used for the formation of molecular networks. However, some
time ago, we proposed the use of rather weak van der Waals
interactions responsible for the inclusion processes between
concave and convex molecules.12,13 Although, based on the
above mentioned approach, molecular networks were obtained
using all three types of interactions, i.e. hydrogen bond,14

coordination bond15 and van der Waals interactions12,13 the
present article shall be mainly devoted to molecular networks
based on inclusion phenomena in the solid state.

Fig. 1 Schematic representation of the formation of discrete molecular
complexes by an endo-receptor and a substrate (top), by an exo-receptor and
two stoppers (middle) or of a linear molecular network by an exo-receptor
and a connector (bottom)
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Design of koilands

The chemistry of inclusion complexes based on concave and
convex molecules, i.e. the inclusion of a substrate within the
cavity of a receptor molecule, is an established area. One may
extend the concept of inclusion in solution to the construction of
new networks in the solid state. Koilands12,13 (from Greek
koilos: hollow) were defined as multicavity receptor molecules
composed of at least two cavities arranged in a divergent
fashion. Since each individual cavity offers the possibility of
forming inclusion complexes with a convex molecules, fusing,
in a rigid framework, two or more of such cavities may lead in
the presence of an appropriate connector to a non-covalently
assembled polymeric species which may be called a koilate. For
example, linear koilates (one dimensional linear molecular
arrays or a-networks) may be assembled in the solid state using
non-covalent van der Waals interactions between a rigid and
compact direceptor possessing two divergent cavities with an
angle of 180° between them (linear koiland) and a linear
connector, possessing two extremities each capable of being
included within the cavities of the direceptor (Fig. 2).

For the design of koilands, calix[4]arene derivatives16

appeared to be candidates of choice (Fig. 3). Indeed, these
compounds offer a preorganised and tuneable hydrophobic
pocket surrounded by four aryl moieties as well as four hydroxy
groups for further functionalisation. Furthermore, both the
entrance and the depth of the preorganised cavity of calixarenes
may be controlled by the nature of the substituent R at the para
position (Fig. 4), i.e. But (1), H (2), Me (3), Ph (4). Whereas for
the parent compounds 1, 2 and 4 the cone conformation was
established in the solid state by X-ray studies, to our knowledge,
for compound 3 no X-ray data are available so far. The basket-
type cavity of calix[4]arene derivatives such as 1 resulting from
the cone conformation has been shown to accommodate in the
solid state a variety of neutral guests.17

The design of koilands was based on the fusion of two
calix[4]arenes derivatives in the cone conformation by two
silicon atoms (Fig. 4).12 Examples of fused calix[4]arenes using
titanium(iv), niobium(v), aluminium(iv) and more recently zinc
have been reported.18 Two calix[4]arenes have also been
interconnected by organic19 and organometallic bridges.20

Tuning the cavity

The general strategy for the synthesis of koilands was based on
treatment of the calix derivatives by NaH in dry THF followed
by addition of SiCl4. The desired compounds were usually
obtained after chromatography on silica or by crystallisation.
The starting material for the synthesis of all koilands reported

was the p-tert-butylcalix[4]arene 1 prepared according to the
published procedure.21 The calix[4]arene 2 was obtained by
aluminium chloride de-tert-butylation of 1.22 The latter was the
common starting material for the synthesis of both
p-methylcalix[4]arene 3 and p-phenylcalix[4]arene 4. Although
the syntheses of 323 and 424 were first reported by Gutsche et al.,
the procedures by Ungaro and coworkers25 and by Atwood and
coworkers26 respectively were found to be more convenient.
The koilands 927 (42%), 1212 (60%) and 1427 (17%) based on
the double fusion of two p-methylcalix[4]arenes 3, p-tert-
butylcalix[4]arene 1 and p-phenylcalix[4]arenes 4, respectively

Fig. 2 Schematic representation of the formation of centrosymmetric (top) and directional (bottom) koilates (linear molecular network) by centrosymmetric
(top) or non-centrosymmetric (bottom) linear koilands and connectors

Fig. 3 Calix[4]arene derivatives (top left) and schematic representations of
its cone conformation (top right) and of linear koilands obtained by fusion
of two such units by two silicon atoms (bottom)
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with two silicon atoms were obtained as colourless stable
crystalline solids.

The solid state structures of 927 and 1212 were confirmed by
X-ray studies which revealed that both compounds were indeed
centrosymmetric aryloxy dimers consisting of two Si and two
calixarenes. Both calixarene units were in cone conformation,
thus presenting two divergent cavities (Fig. 5).

Formation of discrete binuclear inclusion complexes

In order to ascertain the possibility of double inclusion, discrete
binuclear complexes composed of koiland 12 and CHCl3,12

anisol28 and p-xylene28 were prepared (Fig. 6). The crystal
study showed that in all three cases, each cavity accommodates,

in a inclusive fashion, a solvent molecule. For the anisol co-
crystals, amongst the four anisol molecules present in the
lattice, only two of them, one at each side, were deeply inserted
through their Me groups into the cavities of the hollow module
[Fig. 6(a)]. In the case of p-xylene, although a sandwich
complex composed of the parent compound 1 and the solvent
with a 1 : 1 ratio was reported in the solid state,29 with the
koiland 12, again a discrete binuclear inclusion complex in the
solid state was obtained [Fig. 6(b)]. Again, amongst the three
p-xylene molecules present, two of them penetrate deeply into
the cavities of 12 through one of their Me groups. Whereas the
formation of discrete binuclear complexes with CHCl3 and
anisol may be explained by their restricted dimension and
unfavourable geometry, in the case of p-xylene possessing the
right topology, one could, a priori, expect the formation of a
koilate. However, it appeared from the X-ray study that the
distance between the two Me groups (dC–C = 5.83 Å) was too
short to allow the interconnection of two consecutive units and
thus the formation of the koilate.

Formation of koilates

Hexadiyne, a rod type molecule, possessing both the requested
linear geometry and distance between its two terminal Me
groups (dC–C = 6.65 Å) leads indeed to the formation of the
desired koilate (Fig. 7). The latter crystallises out from either

CHCl3–MeOH or CHCl3–hexane mixtures of koiland 12 and
hexadiyne in large excess.28 The X-ray analysis revealed that in
the crystal, in addition to 12 and hexadiyne present in 1 : 1 ratio,
two CHCl3 molecules were also present. The lattice is indeed
composed of molecular linear arrays of koilates formed between

Fig. 4 Schematic representation of parent calix[4]arene derivatives 1–4 used
as preorganised cavities and of centro-symmetric (5, 9, 12, 14) and non-
centrosymmetric (6–8, 10, 11, 13) koilands formed by fusion of two calix
units by two silicon atoms

Fig. 5 X-Ray structures of linear koilands 9 (a) and 12 (b) showing the
interconnection of two cavities in a linear fashion. For the sake of clarity,
solvent molecules and hydrogen atoms are not presented.

Fig. 6 X-Ray structures of discrete binuclear inclusion complexes formed
by the linear koiland 12 and anisol (a) and p-xylene (b). For the sake of
clarity, the carbon atoms of the substrate are coloured in green and the
hydrogen atoms are not presented.

Fig. 7 A portion of the X-ray structure of the koilate formed between the
koiland 12 and hexadiyne as the connector. The one-dimensional network is
obtained by a single translation of the assembling core defined by the
inclusion of the connector into the cavity of the receptor. For the sake of
clarity, the carbon atoms of the connector are coloured in green and the
hydrogen atoms are not presented.
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koilands 12 and hexadiyne as connectors. Each connector
bridges two consecutive hollow bricks by penetrating their
cavities through its terminal Me groups. The methyl groups of
hexadiyne are deeply inserted into the cavity of the koiland.
Indeed, the shortest distance between the Me group of the
connector and the aromatic carbon atom (CO) of the koiland is
3.64 Å. It is worth noting that the hexadiyne molecules are
extremely well encapsulated by two consecutive koilands 12
forming a sandwich, the shortest distance between the Me
groups of the tert-butyl moieties of 12 being 3.51 Å.

Functionalisation of koilands

Calix[4]arene, in addition to the features stated above, presents
further advantages by being readily modified at the para
position by a large variety of substituents bearing functional-
ities. In particular, one may introduce at the para position
functional groups such as allyl moieties.30 It has been shown
previously that although the compound 15 shows temperature-
dependent conformational mobility, below room temperature it
adopts a cone conformation.30 The design of the new koiland 16
[Fig. 8(a)] possessing functional groups at both faces of the

molecule was based on the double fusion of the parent
compound 15 with two silicon atoms.31 Compound 15 was
prepared according to published procedures30 starting from
compound 121 which was dealkylated leading thus to the
compound 2 and the latter was first converted into the allyl ether
and then, by a Claisen rearrangement, to the desired compound
15. The doubly fused compound 16 was obtained after column
chromatography in 53% yield upon treatment of compound 15
in dry THF by NaH followed by addition of SiCl4.31

Since it has been previously observed that p-xylene, a rigid,
compact and ditopic molecule, forms in the solid mononuclear
and binuclear inclusion complexes with p-tert-butylcalix-
[4]arene17,29 1 and with the koiland 1228 respectively, the
formation of a one-dimensional network using compound 16 as
the koiland and p-xylene as the connector was investigated [Fig.
8(b)]. Suitable crystals were obtained from a mixture of
compound 16 and p-xylene in excess and PriOH at room
temperature. The X-ray analysis31 showed the following
features (Fig. 9). The crystals were composed exclusively of 16
and p-xylene disposed in an alternate fashion. Both the
connector and the koiland were centrosymmetric, the latter
offering two divergent cavities. The coordination geometry
around the silicon atoms was tetrahedral. As predicted, a linear
koilate was formed through the interconnection of two cavities
belonging to consecutive koilands 16 with the p-xylene
molecule. In the crystal one could identify an assembling core
which could be defined as the inclusion of a Me group of the
connector within a cavity of 16. The shortest C–C distance of
3.63 Å between the Me groups of the connector and one of the
carbon atoms belonging to one of the phenolic group at the
bottom of the cavity indicated a high degree of inclusion. The
formation of the a-network resulted from a single translation of
the assembling core.

Although the formation of the a-network was predicted, the
X-ray analysis revealed another unexpected feature. Due to the
large number of rotations available for the allyl moieties, one
cannot in fact predict their conformations in the crystal lattice.
Interestingly, when looking at lateral packing of consecutive
linear koilates, it was observed that among the eight allyl groups
present in each koiland 16, two of them were oriented
centrosymmetrically in a peculiar manner (Fig. 10). Indeed, two

alkene moieties belonging to two consecutive koilands were
located perfectly parallel to each other with a alkene-to-alkene
distance of 4.52 Å between them. Although the observed
distance seems slightly too long, the proximity of the two
double bonds suggests the possibility to interconnect covalently
the koilates by performing a [2 + 2] cycloaddition reaction in the
solid state.

It is interesting to notice that although, using compound 12
and hexadiyne, the first fully characterised linear koilate was
obtained in the solid state,28 one could nevertheless argue that,
owing to the presence of CHCl3 molecules in the lattice, the
formation of the koilate was governed by solvent molecules.
The formation of the koilate with compound 16 and p-xylene
precludes this objection since in that case the linear koilate was
formed in the solid without the presence of any solvent
molecules in the lattice.

Formation of koilates by self-inclusion

As demonstrated above, koilands may lead in the solid state
either to discrete molecular complexes in the presence of
molecules acting as stoppers [Fig. 11(a)] or to linear molecular
networks in the presence of appropriate connectors [Fig. 11(b)].
Another alternative route to the formation of linear koilate may
be based on the use of self-complementary koilands possessing
simultaneously two divergent cavities and connecting moieties
[Fig. 11(c)]. Compound 16 fulfils these requirements. Indeed,
the latter possesses two preorganised cavities resulting from the
fusion of two calix units in cone conformation, as well as allyl
groups at both faces of the molecule which may act as
connectors.32

Fig. 8 Schematic representations of the doubly fused tetraallylcalix[4]arene
16 (a) and of the linear koilate formed in the presence of connector
molecules (b)

Fig. 9 A portion of the X-ray structure of the koilate formed between the
koiland 16 and p-xylene as the connector. The one-dimensional network is
obtained by a single translation of the assembling core defined by the
inclusion of the connector into the cavity of the receptor. For the sake of
clarity, the carbon atoms of the connector are coloured in green and the
hydrogen atoms are not presented.

Fig. 10 A portion of the X-ray structure of the koilate formed between the
koiland 16 and p-xylene as the connector showing the lateral packing of
linear koilates leading to parallel disposition of the allyl moieties
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A study based on X-ray diffraction on single crystals
obtained under various conditions for the compound 16
revealed indeed the formation of an a-network in the solid state.
Upon slow liquid–liquid diffusion at room temperature of EtOH
into a CHCl3 solution of compound 16, suitable large,
colourless, air stable at room temperature, mono-crystals of the
same morphology (rhombic) were obtained. The X-ray analysis
revealed that the crystal was exclusively composed of com-
pound 16. The latter, offering two divergent cavities, was
centrosymmetric. As in the case of other koilands presented
above, the coordination geometry around the silicon atoms was
tetrahedral. In the crystalline phase, the self-complementary
koiland 16 formed a linear koilate (Fig. 12) through the

interconnection of two cavities belonging to consecutive
koilands 16 by van der Waals interactions. The assembling core
leading by a single translation to the a-network, could be
identified as the inclusion of one of the four allyl groups located
at one of the two faces of the molecule 16 by one of the two
cavities of the consecutive self-complementary compound 16.
The shortest C–C distance between the terminal CH2 of the allyl
group acting as connector and carbon atoms of one of the
aromatic moieties of the cavity belonging to the next unit varied
from 3.63 to 3.92 Å, including a rather high degree of inclusion.
Interestingly, when crystals of compound 16 were grown from
other solvent systems such as toluene–EtOH, CHCl3–PriOH
and toluene–PriOH, in all cases, crystals of the same morphol-
ogy and stability were obtained and their investigation by X-ray
(lattice parameters) confirmed that they were the same.
However, when crystals of 16 were grown by the same
technique from a CH2Cl2–EtOH mixture, two types of crystals,

one with a rod-type morphology and the other with rhombic
shape, were observed. Whereas the crystals with rhombic
morphology were stable at room temperature and proved by
X-ray analysis to be of the same type as those mentioned above,
the rod-shape crystals were unstable outside the solution. Their
analysis by X-ray diffraction revealed the presence of 16 and
three molecules of CH2Cl2. In the lattice two types of discrete
inclusion complexes were present and therefore no network
based on inclusion processes could be identified (Fig. 13). The

two types of units were a binuclear [Fig. 13(a)] and a
tetranuclear [Fig. 13(b)] CH2Cl2 inclusion complex. For the
binuclear complex, both cavities of compound 16 were
occupied by a CH2Cl2 molecule. For the tetranuclear species,
among the four CH2Cl2 present, as in the case of the binuclear
complex, two of them occupied the two preorganised cavities,
whereas the remaining solvent molecules were located within
the two ‘pockets’ resulting from the positioning of the allyl
groups. The difference between the two discrete complexes
observed in the lattice may be assigned to two different
conformations adopted by the allyl groups.

It is worth noting that in the case of the self-complementary
compound 16 depending on composition of the solution, all
three situations (Fig. 11), i.e. discrete inclusion complexes and
one-dimensional networks formed either by interconnection of
consecutive units by connectors or by self-interconnection,
were obtained.

Towards directional koilates

In dealing with one-dimensional networks, the control of the
directionality of the assembly remains an important and

Fig. 11 Schematic representation of discrete binuclear inclusion complexes
formed between koilands and stopper molecules (a) or of infinite linear
molecular networks formed by koilands in the presence (b) and absence (c)
of connector molecules

Fig. 12 A portion of the X-ray structure of the koilate formed by self-
inclusion of the koiland 16. The one-dimensional network is obtained by a
single translation of the assembling core defined by the inclusion of the allyl
moieties acting as internal connector into the cavity of the consecutive
koiland 16. For the sake of clarity, the carbon atoms of the consecutive
koilands are differentiated by colour and the hydrogen atoms are not
presented.

Fig. 13 X-Ray structures of the discrete bi- (a) and tetra-nuclear (b)
inclusion complexes formed by the linear koiland 16 and CH2Cl2. For the
sake of clarity, the hydrogen atoms are not presented.
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challenging issue. In all cases of koilates mentioned above,
although the dimensionality of the molecular assembly could be
controlled (a-network) by the geometrical features of the
building blocks, due to their centrosymmetric nature, no
particular directionality could be obtained (Fig. 1). In order to
control both the dimensionality and the directionality of
koilates, one may use non-symmetric koilands (Fig. 14). The
design of non-centrosymmetric koilands may be based either on
electronic or on geometric differentiation.

Electronic differentiation [Fig. 14(a)] may be achieved by
using two different fusing atoms with the same oxidation state
iv such as Si and Ti or with different oxidation states iii and iv
such as B and Si. The non-symmetric nature of the Si–Ti
heterobinuclear koiland is based on the induced difference
between the two calix units by their coordination to two
different metals with different electronegativity. Indeed, one of
the calixes is triply coordinated to a Si atom whereas the other
unit is triply coordinated to a Ti atom. The synthesis of the Si–Ti
heterobinuclear koiland 17 [Fig. 15(a)] was achieved.33 The
stepwise strategy used was based on the preparation of the
mono-fused compound 18 [Fig. 15(b)] which was shown by
NMR ROESY experiments to adopt a face to face ‘syn’
conformation. Upon treatment of the latter by TiCl4 the desired
compound 17 was obtained in high yield.

Geometric differentiation [Fig. 14(b)] may be accomplished,
while keeping the same fusing element such as Si, by
connecting two different calix units. Mixed compounds based
on the double fusion of two different calix units by two Si atoms
have been prepared. The general strategy for the preparation of
non-symmetric koilands 6–8, 10, 11 and 13 (Fig. 4) was based
on a combinatorial approach. Upon treatment of a combination
of two different calix[4]arenes [X,Y] (X = Y = 1–4) with base,
followed by reaction with SiCl4, as expected, three different
koilands [X–X], [Y–Y] of the homo type (centrosymmetric) and
[X–Y] of the hetero type (non-centrosymmetric) were ob-
tained.34

In solution, as expected, 29Si NMR studies revealed the
presence of two signals for the non-centrosymmetric hetero-
dimers, whereas for the centrosymmetric koilands a unique
signal was observed. In the solid state structures of compounds
6 and 7 were confirmed by X-ray analysis (Fig. 16). For both

compounds, the coordination geometry around the silicon
atoms was tetrahedral. The Si–Si distance varied only slightly
from 3.84 Å for 6 to 3.77 Å for 7. These values are similar to
those previously observed for compounds 9 and 12.

Formation of directional koilates using the non-centrosym-
metric koilands mentioned above is under current investiga-
tion.

Conclusions

In conclusion, it has been demonstrated that hollow molecular
modules may be assembled in the solid state into one-
dimensional molecular arrays either by self inclusion or by
interconnection using connector molecules. Thus, inclusion
processes based on van der Waals interactions may be used as
a design principle for the generation of molecular networks in
the solid state. Although at the present state of affairs, this
approach remains essentailly structural, by using molecular
building blocks possessing specific magnetic, photonic or
electric properties, one may extend this strategy to the
preparation of functional solids. Work along these lines is in
progress.
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10 C. B. Aakeröy and K. R. Seddon, Chem. Soc. Rev., 1993, 22, 397;
S. Subramanian and M. J. Zaworotko, Coord. Chem. Rev., 1994, 137,
357; D. Braga and F. Grepioni, Acc. Chem. Res., 1994, 27, 51;
V. A. Russell and M. D. Ward, Chem. Mater., 1996, 8, 1654.

11 R. Robson, in Comprehensive Supramolecular Chemistry, ed. J. L.
Atwood, J. E. D. Davies, D. D. Macnicol and F. Vögtle, Pergamon, New
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