Directional 1-D inclusion networks: self-assembly of
unsymmetrical koilands into directional koilates in the crystalline
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An unsymmetrical koiland 5 based on the double fusion of two different calix[4]arenes by two silicon atoms has
been prepared and structurally characterised. Using p-xylene and phenylpropyne as symmetrical unsymmetrical
connectors, respectively, directional 1-D inclusion networks have been obtained and structurally characterised by
X-ray diffraction methods on single crystals. In both cases, the 1-D networks were packed in a parallel fashion.
However, the linear arrays were oriented in opposite directions, thus leading to non-directional systems.

Introduction

Non-covalent molecular networks are infinite architectures
formed by the self-assembly of molecular units possessing in
their structure the assembling algorithm which may be coded
within building blocks using energy and geometry criteria. The
driving force leading to the formation of molecular networks
lies on the construction of specific interaction patterns which
may be termed assembling nodes and their translation into one
(1-D), two (2-D) or three (3-D) directions of space. The design
of the assembling node may be based on molecular recognition
processes between the complementary molecular building
blocks composing the system. For the self-assembly processes,
in principle, any type of reversible interaction may be used. We
have previously reported molecular networks based on the use
of van der Waals interactions,! hydrogen bonding combined
with electrostatic charge/charge interactions? and coordination
bonds.?

Dealing with 1-D networks based on a single translation of
the assembling node, the control of directionality is an import-
ant and rather challenging issue. In particular, such control is
crucial for the exploitation of directional physical properties
such as dipolar interactions.

In the present contribution we report the design and struc-
tural characterisation of two directional 1-D inclusion
networks.

The formation of inclusion complexes between concave and
convex molecules has been investigated over the last three dec-
ades. We have extended the concept of inclusion to the con-
struction of inclusion networks in the solid state.! The proposed
strategy was based on the design of koilands**? (from Greek
koilos: hollow) which are defined as multicavity systems bearing
at least two receptor cavities arranged in a divergent fashion
(Fig. 1). The ability of koilands to form discrete binuclear
complexes with molecular units acting as stoppers [Fig. 1(a)]
has been demonstrated.*”*!"1> Since each individual cavity is
designed to form inclusion complexes with convex molecules,

1 Based on the presentation given at Dalton Discussion No. 3, 9-11th
September 2000, University of Bologna, Italy.
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Fig. 1 Schematic representation of discrete binuclear inclusion com-
plexes which may be formed between koilands and stopper molecules
(a) and of koilates (1-D inclusion networks) which may be obtained in
the presence of connector molecules. The 1-D networks may be non-
directional (b, ¢) or directional (d, e).

fusing, in a rigid framework, two or more such cavities has
been shown to lead, in the presence of appropriate connectors,
to a non-covalently assembled inclusion network termed a
koilate. For example, linear koilates (one-dimensional linear
molecular arrays) were obtained in the solid state using mainly
van der Waals interactions between rigid koilands possessing
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Fig. 2 Calix[4]arene derivatives (top) and a schematic representation
of their cone conformation (bottom).
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Fig. 3 Schematic representation of symmetrical (a) and unsymmet-
rical koilands (b, ¢, d). Electronically differentiated koilands may be
formed by a double fusion of two identical calix[4]arenes by two differ-
ent elements (b) whereas geometrically differentiated koilands may be
based on the double fusion of two different calix[4]arenes by two iden-
tical fusing elements (c). Unsymmetrical koilands may also show both
electronic as well as geometrical differentiation (d).

two divergent cavities with an angle of 180° between them and
linear connectors, possessing two extremities each capable of
being included within the cavities of the direceptor [Fig. 1(b)].

The design of koilands may be based on calix[4]arene deriv-
atives ! since these molecules in cone conformation offer a pre-
organised and tuneable pocket surrounded by four aryl moieties
as well as four hydroxy groups for further functionalisation
(Fig. 2). Furthermore, the calix[4]arene backbone offers the
possibility of tuning both the entrance and the depth of the
preorganised cavity via the nature of the substituents R located
at the para position. Linear koilands were obtained upon fusion
of two calix[4]arenes derivatives in the cone conformation by
two silicon atoms (Fig. 3).! Examples of fused calix[4]arenes
using titanium(1v), niobium(v), aluminium(ir) and, more
recently, zinc have been reported." Using thiacalix[4]arene
derivatives for which the CH, groups are replaced by S
atoms ¢ koilands based on fusion of such units by Cu(i),"”
Zn(1) or Co(i)'™® atoms have been obtained and structurally
characterised in the solid state by X-ray analysis.

Dealing with 1D-networks, the control of the directionality
remains an important and challenging issue. In particular, for
all cases of koilates obtained so far,”*''? owing to the sym-
metrical nature of koilands and connectors used, no particular
directionality or orientation could be obtained [Fig. 1(b)]. In
order to control the directionality of koilates, one may take
advantage of molecular recognition processes governing the
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Fig. 4 Schematic representation of the unsymmetrical koiland 5
obtained upon fusion of compounds 1 and 4 by two Si atoms (top) and
of symmetrical koilands 6 and 7 resulting from the homofusion of calix
1 or 4 by two silicon atoms, respectively.

formation of inclusion networks through the recognition of the
connector by the cavity of the koiland. Thus, by using
appropriate sets of cavities and connectors, one should be able
to design directional koilates using unsymmetrical molecular
units. In principle, using unsymmetrical koilands and sym-
metrical connectors, one may obtain either non-directional
[Fig. 1(c)] or directional koilates [Fig. 1(d)], whereas using
unsymmetrical koilands and connectors, only the formation of
directional koilates may be expected [Fig. 1(e)].

The design of unsymmetrical koilands may be based on
either electronic or geometric differentiation of the two cavities
(Fig. 3). Electronic differentiation [Fig. 3(b)] may be achieved
using two different fusing atoms with the same oxidation state
1v such as Si and Ti.’ The unsymmetrical nature of the Si-Ti
heterobinuclear koiland is based on the induced difference
between the two calix units by their coordination to two differ-
ent metals with different electronegativities. Indeed, one of the
calix units is triply coordinated to a Si atom whereas the other
unit is triply coordinated to a Ti atom.

Geometric differentiation [Fig. 3(c)] may be accomplished,
while keeping the same fusing element such as Si, by connecting
two different calix units.'® Finally, one may use both electronic
and geometrical differentiation to design unsymmetrical
koilands [Fig. 3(d)].

As an unsymmetrical koiland, compound 5 based on the
double fusion of two different calix derivatives 1 and 4 by two
Si atoms was designed. The rationale behind the choices of
compound 1 and 4 was based on our previous observations.”*!?
Indeed, it has been demonstrated by X-ray structural analysis in
the crystalline phase that whereas the koiland 6 composed of
two p-tert-butylcalix[4]arenes formed a koilate in the presence
of hexadiyne,” the other symmetrical koiland 7 based on two
p-allylcalix[4]arenes formed another koilate in the presence of
p-xylene.’

The general strategy for the synthesis of koilands was based
on treatment of calix derivatives with NaH in dry THF fol-
lowed by addition of SiCl,.* The desired compounds are usually
obtained after chromatography on silica or by crystallisation.
The same type of procedure was employed for the preparation
of unsymmetrical koiland 5 (Fig. 4). Upon treatment of an
equimolar mixture of two different calix[4]arenes 1 and 4%
with NaH as base in dry THF followed by addition of SiCl,, as
expected, the reaction affords, in addition to the desired
unsymmetrical koiland 5 composed of both compounds 1 and 4
[1-4]in 12% yield, two other symmetrical koilands 6 [1-1] and 7



Table 1 X-Ray data“

5.2C4H,,

5-2C,H,

5-3CH,Cl,
Chemical formula Cqg,Hg304S1,-3CH,Cl,
M 1536.60
alA 11.4684(5)
blA 17.5630(7)
clA 20.4767(5)
al® 97.489(2)
pr 101.974(2)
yI° 97.733
VIA? 3944.3(5)
Crystal dimensions/mm 0.20 X 0.16 x 0.10
a/mm™! 0.305
No. of data measured 30386
No. of data with 7> 3a(1) 10852
R 0.063
R 0.092

W

CsyHg30451,°2CH,
1494.14

CiHys05S1,-2C, H
1514.13

12.7530(6) 15.3269(5)
14.5330(6) 17.4756(6)
25.010(1) 19.0824(6)
100.191(5) 65.355(5)
98.867(5) 72.286(5)
106.834(5) 64.786(5)
4261.7(9) 4152.84(5)
0.20 x 0.15 x 0.15 0.20 X 0.20 x 0.14
0.098 0.102
57465 18973
10123 11390
0.088 0.056

0.11 0.065

“ Details in common: radiation: Mo-Ka (graphite monochromated) (4 = 0.71073 A); diffractometer: KappaCCD; triclinic, space group PI, Z =2;

colourless crystals; 7= 173 K.

Fig. 5 Structure of the binuclear complex 5-3CH,Cl, obtained from
koiland 5 and CH,Cl,. H atoms and the third solvent molecule omitted
for clarity.

[4-4] resulting from the homo coupling of the two different
calix units in 65 and 7% yields, respectively. Both koilands 6*
and 7° have been previously obtained and fully characterised.

The starting compounds for the synthesis of 5 were the
p-tert-butylcalix[4]arene 1 which was prepared according to the
published procedure ® and the calix 4 which was synthesised in
three steps from compound 1 following reported procedures.?

For compound 5, as expected for unsymmetrical hetero-
dimers, ?Si NMR studies in CHCI, revealed the presence of two
signals at 6 —111.73 and —112.78, whereas for the symmetrical
koilands 6 and 7 unique signals at 6 —111.95 and —112.94,
respectively, were observed.

In the solid state, the structure of compound 5 was confirmed
as its CH,Cl, binuclear inclusion complex (Fig. 5). X-Ray
analysis data on a single crystal of 5-3CH,Cl, is provided in
Table 1. As expected from its design, compound 5, composed of
two different calix units in cone conformation, indeed contains
two geometrically different cavities oriented in a divergent
manner. The fusing Si atoms show tetrahedral geometry (aver-
age O-Si-O angle of ca. 109.5°) with an average Si-O distance
of ca. 1.61 A, whereas the distance between the two Si atoms is
3.68 A. These values are similar to those previously observed
for compounds 6* and 7. In the lattice, in addition to the koil-
and 5, three CH,Cl, molecules are present. Among these, two
are located within the two cavities (each cavity contains one
CH,Cl, molecule), thus acting as stoppers, whereas the third
CH,Cl, molecule is disordered and localised between discrete
binuclear complexes thus occupying empty spaces.

Fig. 6 A portion of the X-ray structure of the inclusion network
formed between the koiland 5 and p-xylene showing the assembling
core composed of two consecutive koilands 5 encapsulating a p-xylene
molecule which acts as the connector. H atoms are omitted for clarity.

Turning to the connectors, p-xylene which was previously
shown to form a koilate with compound 7 was used as a sym-
metrical connector while phenylpropyne appeared to be an
interesting candidate as an unsymmetrical connector. The
choice of the latter was again based on our previous observ-
ations on koiland 6 which was found to form a koilate in the
presence of hexadiyne.”

Using koiland 5, the formation of directional 1-D networks
was investigated using either p-xylene as a symmetrical con-
nector or phenylpropyne as a directional connector. Upon slow
diffusion of isopropyl alcohol into a solution of § in p-xylene as
solvent, colourless crystals of 5:2C4H,, were obtained. X-Ray
diffraction data on a single crystal thus obtained are provided
in Table 1. As in the case of 5-3CH,Cl,, 5:2C34H,, crystallises
in the triclinic crystal system with space group PI; of the two
p-xylene molecules present, one acts as a connector by bridging
through inclusion processes consecutive koilands so leading to
the formation of the koilate, whereas the other did not partici-
pate in the formation of the koilate but instead occupies the
empty space between them. For the koiland 5, the coordination
geometry around the fusing Si atoms is again tetrahedral
(average O-Si-O angle of ca. 109.46°) with an average Si-O
distance of ca. 1.62 A, whereas the distance between the two Si
atoms is 3.82 A similar to those for 5-3CH,Cl,. For the koilate,
the assembling core which leads to the 1-D network by a
single translation is defined by the encapsulation of a p-xylene
molecule by two consecutive koilands 5 in an unsymmetrical
manner (Fig. 6). In other words, one methyl group of p-xylene
is included within the cavity of 5 bearing p-allyl groups, whereas
the other methyl group penetrates the cavity of a consecutive
koiland 5 bearing tert-butyl groups. The shortest distance
between the connector and cavities of koilands ranges from
3.5t0 3.7 A. For the Me group of p-xylene included within the
cavity bearing the allyl groups, two van der Waals contacts of
ca. 3.7 A are observed, whereas for the other methyl group
included within the cavity bearing the fert-butyl groups, eight
van der Waals contacts (<3.7 A) are observed. Furthermore,
two van der Waals contacts of ca. 3.7 A between consecutive
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Fig.7 A portion of the X-ray structure of two parallel linear inclusion
networks formed by connection through inclusion of consecutive koil-
ands 5 by p-xylene showing the packing in opposite directions of the
linear arrays. H atoms and solvent molecules are omitted for clarity.

koilands, i.e. C---C distance between allyl and tert-butyl
groups, are observed. Owing to the unsymmetrical nature of
the assembling core, upon translation, a 1-D directional koilate
is obtained (Fig. 7). The directional linear koilates are posi-
tioned in a parallel fashion, however the packing is sym-
metrical, i.e. consecutive linear koilates are oriented in opposite
directions, thus generating centres of symmetry. Consequently,
the overall system is non-directional. The centrosymmetric
packing of directional koilates may be due to cancellation of
dipolar moments.

As stated above, another alternative for the preparation of
directional linear koilates may be based on the use of unsym-
metrical koiland 5 and phenylpropyne as an unsymmetrical
connector [Fig. 1(e)]. Again, upon slow diffusion of isopropyl
alcohol into a solution of 5 in phenylpropyne as solvent,
colourless crystals were obtained. X-Ray diffraction data on a
single crystal of 5-2C,Hy thus obtained are provided in Table 1.
As in the above two examples, 5-2C,Hjy crystallises in the tri-
clinic crystal system with space group P1. Again, one of the two
phenylpropyne molecules present acts as a connector leading to
the formation of the koilate by bridging consecutive koilands
through inclusion processes, whereas the other occupies the
empty space between koilates. For the koiland 5, the coordi-
nation geometry around the fusing Si atoms is again tetrahedral
(average O-Si-O angle of ca. 109.45°) while the average Si-O
distance is ca. 1.61 A, whereas the distance between the two Si
atoms is 3.78 A. These values are similar to those for the koilate
using p-xylene. The assembling core is again defined in terms
of the encapsulation of a phenylpropyne molecule by two
consecutive koilands 5 (Fig. 8). Whereas the propyne moiety of
the connector is included within the cavity of 5 bearing tert-
butyl groups with five van der Waals contacts being observed,
the phenyl moiety penetrates the cavity of a consecutive koiland
5 bearing p-allyl groups leading to fifteen van der Waals con-
tacts. The shortest distance between the connector and cavities
of koilands is ca. 3.34 A. Again, due to the unsymmetrical
nature of the assembling core, upon translation, a 1-D direc-
tional koilate is obtained (Fig. 9). However, as for 5-2CgH,,, the
directional linear koilates are positioned in a parallel fashion
but with opposite orientation, thus leading to a non-directional
packing.
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Fig. 8 A portion of the X-ray structure of the inclusion network
formed between koiland 5 and phenylpropyne showing the assembling
core composed of two consecutive koilands 5 encapsulating a phenyl-
propyne molecule which acts as the connector. H atoms are omitted for
clarity.

Fig. 9 A portion of the X-ray structure of two parallel linear
inclusion networks formed by connection through inclusion of con-
secutive koilands 5 by phenylpropyne molecules showing the packing in
opposite directions of the linear arrays. H atoms and solvent molecules
are omitted for clarity.

In conclusion, the unsymmetrical koiland 5 based on the
double fusion of two different calix[4]arenes by two silicon
atoms has been prepared and structurally characterised. Using
p-xylene and phenylpropene as symmetrical and unsymmetrical
connectors, respectively, directional 1-D inclusion networks
were obtained and structurally characterised by X-ray diffrac-
tion methods on single crystals. In both cases, the 1-D net-
works were packed parallel with each other. However, owing to
the opposite orientation of the linear arrays, a non-directional
arrangement was obtained in both cases. The possibility of
controlling both the directionality of 1-D inclusion networks
as well as their unsymmetrical packing is currently under
investigation using chiral calix[4]arene derivatives.

Experimental
Synthesis of compound 5

Compound 4% (270 mg, 4.6 x 10~* mol) and NaH (123 mg,
5.1 x 107 mol) were added under argon to a suspension of
compound 1" (300 mg, 4.6 X 10~* mol) in dry THF (40 ml).
The reaction mixture was stirred for 24 h at room temperature



(r.t.) and a 1 M solution of SiCl, (1.5 ml) in CH,Cl, then added
and the mixture stirred for 3 h at r.t. After the removal
of solvents in vacuo, CHCl; (50 ml) was added to the solid
residue and the solid filtered off. Upon chromatography [solid
deposition of the mixture, SiO,; CH,Cl,—Hexane (2:8)], the
desired heterodimer 5 (12%) and the two possible homodimers
6 (65%) and 7° (8%) were isolated. Both compounds 6 and 7
were identified from previously obtained data. For 5: 6z(CDCl,,
300 MHz, 25°C) 1.12 (s, CH;, 9H), 1.19 (s, CH;, 9H), 1.26 (s,
CH,;, 18H), 3.09-3.44 (m, ArCH,CH, 8H; ArCH,Ar, 8H), 4.44—
4.59 (m, ArCH,Ar, 8H), 4.93-5.12 (m, H,C=CH, 8H), 5.78-
6.04 (m, CH=CH,, 4H), 6.71-7.08 (s, H arom, 16H); 5.(CDCl,,
50.32 MHz, 25°C) 31.27, 31.37, 31.46, 33.27, 33.92, 34.22,
34.87,39.20, 39.53, 39.59, 115.1, 115.61, 116.04, 125.02, 125.12,
126.13, 126.46, 128.30, 128.43, 129.44, 129.57, 130.13, 130.26,
132.33, 132.88, 133.51, 133.93, 135.64, 137.47, 137.64, 137.83,
145.51, 145.87, 146.42, 146.65, 148.16, 148.88; d5,(CDCl;, 59.63
MHz, 25°C): —111.73, —112.78. Calc. for CgHgO4Si,
0.5H,0: C, 78.16; H, 6.95. Found: C, 78.13; H, 7.33%.

Crystallisation

5-3CH,Cl,. Upon slow diffusion at r.t. of MeOH (3 ml) into a
solution of compound 5 (1.5 mg) in CH,Cl, (0.5 ml), suitable
single-crystals were obtained after several weeks.

5-2C410. Upon slow diffusion at r.t. of isopropyl alcohol (2.5
ml) into a solution of compound 5 (4 mg) and p-xylene (1 ml) as
solvent, suitable colourless single-crystals were obtained after
several weeks.

5-2C,H;. Upon slow diffusion at r.t. of isopropyl alcohol (3
ml) into a solution of compound 5 (2.5 mg) and phenylpropyne
(0.5 ml) as solvent, suitable colourless single-crystals were
obtained after several weeks.

Details of X-ray data collection and refinement for
5-3CH,Cl,, 5-2C4H,, and 5.2C,H; are provided in Table 1.

CCDC reference number 186/2088.

See http://www.rsc.org/suppdata/dt/b0/b004538l/ for crystal-
lographic files in .cif format.
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