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Inclusion compounds were formed with 1,1,6,6-
tetraphenylhexa-2,4-diyne-1,6-diol (H) and carbon tetra-
chloride, chloroform, dichloromethane and acetonitrile.
1 (H·1/2CCl4), 2 (H·1/2CHCl3) and 3 (H·1/2CH2Cl2) are true
clathrates with the guest molecules situated in cages
created by the host. 4 (H·2CH3CN) exhibits a different
packing arrangement with the guest molecules located in
channels. The crystal structures and stability of these
inclusion compounds were investigated.

Keywords: Inclusion compounds; Clathrates; Kinetics;
Isostructurality

INTRODUCTION

Diol hosts have been shown to be highly versatile
in the preparation of a large variety of inclusion
compounds. This particular host, 1,1,6,6-tetra-
phenylhexa-2,4-diyne-1,6-diol (H), is an example
of a wheel-and-axle compound and includes a
large number of different guests. The structure of
the non-porous form of the host compound, the
apohost, has been elucidated [1] and the kinetics
of complexation with acetone and the solid-state
reaction with benzophenone have been described.
The host–guest complexes obtained with apolar
molecules cyclohexane and the xylene isomers
have been studied [2]. The structures of its
inclusion compounds with the lutidine [3] and
picoline [4] isomers have been solved and its
selectivity of aminobenzonitrile isomers both from
solution and by solid–solid reaction has been
studied [5]. The dynamics of guest exchange

occurring between this host and the guests
tetrahydrofuran (THF) and thiophene (THIO)
have been discussed, and a mechanism for the
exchange reaction has been proposed [6]. We now
present the results of the structural analyses and
kinetics of desorption obtained from the inclusion
of carbon tetrachloride, chloroform, dichloro-
methane and acetonitrile by the host, (H). The
atomic numbering is shown in Scheme 1 (all
hydrogens except the host hydroxyl hydrogens
have been omitted for clarity).

STRUCTURE DETERMINATION AND
REFINEMENT

Suitable crystals of 1 ðH·1=2CCl4Þ and
4 ðH·2CH3CNÞ were obtained by slow evaporation
of dilute solutions of the host H in the liquid
guest at room temperature, while inclusion
compounds 2 ðH·1=2CHCl3Þ and 3 ðH·1=2CH2Cl2Þ

were grown at 48C. Preliminary cell dimensions
and space group symmetry were determined
photographically. These unit cell dimensions were
subsequently refined on a Nonius Kappa CCD
diffractometer using graphite-monochromated
MoKa radiation. The strategies for the data
collections were evaluated using the COLLECT
[7] software. The data were scaled and reduced
using DENZO-SMN [8]. The crystal data and
important experimental details of the
data collections are given in Table I. All four
structures were solved by direct methods using
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SHELXS-97 [9] and refined using full-matrix least-
squares with the program SHELXL-97 [10] refining
on F 2. The non-hydrogen atoms were treated
anisotropically and the aromatic hydrogens were
geometrically constrained with a common tem-
perature factor. All the hydroxyl hydrogens were
located in the difference electron density maps and
were refined with a simple bond length restraint
and independent isotropic thermal parameters.

Compounds 1 and 2 crystallize in the space group
C2/c with Z ¼ 8: In both structures the host was
located in general positions with the guest molecules
situated on a twofold axis at Wyckoff position e.
For 2 the carbon and chlorine atoms of the guest are
disordered over two positions with site occupancy
factors of 50% and the hydrogen atoms were omitted
from the final model.

Compound 3 crystallizes in the space group P21/n
with Z ¼ 8: Consequently the asymmetric unit
consists of two host molecules and one guest molecule
with both the hosts and guest in general positions.

Compound 4 crystallizes in the space group P21/n
with Z ¼ 2: The host molecule was located on a
centre of inversion at Wyckoff position a, with the
guest in general positions. Crystallographic data for
compounds 1 to 4 have been deposited with the
Cambridge Crystallographic Data Centre as sup-
plementary publication CCDC nos 209472 (3), 209473
(4), 209474 (2) and 209475 (1). Copies of the data can
be obtained free of charge from the Director, CCDC,

12 Union Road, Cambridge CB2 1EZ, UK (fax: þ44-
1223-336-033; E-mail: deposit@ccdc.cam.ac.uk).

THERMAL ANALYSIS

Thermogravimetry (TG) and differential scan-
ning calorimetry (DSC) were carried out on a Perkin-
Elmer PC7-series system. TG analyses were used to
determine accurate host:guest ratios, while DSC
measurements yielded the onset temperatures of
guest release and allowed the monitoring of any
phase changes that may occur in the structures during
heating. Crystals were blotted dry and crushed before
analysis. Experiments were performed over a
temperature range of 30–2008C at a heating rate of
108C min21 with a purge of dry nitrogen at
40 ml min21.

DISCUSSION

Structures 1, 2 and 3 exhibit a distinctive host
conformation in that the hydroxyl moieties are gauche.
The torsion angles Oð1Þ–Cð1Þ· · ·Cð6Þ–Oð2Þ for these
three compounds were calculated as: 1 — 57.7(3)8, 2 —
56.1(2)8 and 3—54.3(2)8, 57.2(2)8. The host molecules
self-assemble to form a tetrameric hydrogen bond
network and guests are trapped in the resultant
cavities. This is illustrated in Fig. 1. Similar packing

SCHEME 1
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motifs have been observed in the crystal structures of
this host and cyclohexane, the isomers of xylene [2]
and furan [6]. The cavities have been mapped using
the program SECTION [11] and were found to
have approximate dimensions of: (1) 9:8 £ 9:5 £

6:7 �A; (2) 6:5 £ 6:3 £ 5:5 �A and (3) 5:2 £ 6:1 £ 6:7 �A:
Although there is no host–guest hydrogen bonding,
structures 1, 2 and 3 are stabilized by short aromatic
C–H· · ·p contacts [12] less than 3.05 Å between certain
aromatic C–H bonds of one host and the phenyl
rings of a neighbouring host molecule. Compound
3 also has an extra ðGuestÞ–C–H· · ·p-(Host) inter-
action of 3.26 Å. Structures 1 and 2 are isostructural
with respect to the host framework and 3 exhibits
an analogous molecular packing arrangement.

The lengths of the hydrogen bonds are similar,
with O· · ·O distances of: (1) 2.721(4), 2.710(4); (2)
2.689(1), 2.702(1); (3) 2.711(1), 2.689(1), 2.677(1) and
2.673(1) Å. For 4, symmetry requirements dictate that
the host hydroxyl groups adopt the trans confor-
mation. The guest molecules are located in channels
parallel to [010], as shown in Fig. 2a, and are
stabilized by ðHostÞ–O–H· · ·N-(Guest) hydrogen
bonds. A perspective of the host–guest system is
shown in Fig. 2b.

A typical thermal analysis result is shown in Fig. 3.
In all four compounds the TG shows a two-step

desolvation but the individual steps do not corre-
spond to a simple stoichiometry. Overall there is
good agreement between the experimental and
calculated host:guest ratios, with 1:0.5 the host:guest
ratio for compounds 1, 2 and 3 and 1:2 the host:guest
ratio for 4. The DSC curves show three distinct
endotherms, corresponding to the loss of guest and
the host melt. A summary of the thermal analysis
results is given in Table II, where Ton, the endotherm
onset temperature, is compared with Tb, the normal
boiling point for each guest. Note that the highest

FIGURE 2 (a) Space-filling projection of 4 along [010] with guests
omitted, showing the open channels. (b) Perspective of 4.

FIGURE 3 Thermal analysis results for 4.

FIGURE 1 Hydrogen bonding scheme for 1.
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value of Ton/Tb is obtained for compound 3, which
shows a stronger affinity of the host compound for
dichloromethane than for carbon tetrachloride or
chloroform. This is not totally unexpected due to the
additional C–H· · ·p interaction that exists between

the host and the dichloromethane guest. It has been
observed that C–H· · ·p interactions enhance the
stability of inclusion compounds [13].

KINETICS

For compound 4 the kinetics of desolvation were
analysed by carrying out a series of isothermal TG
experiments. The two distinct steps in the TG were
analysed separately and activation energies obtained
for each of them. For step one the mass-time
curves were deceleratory and fitted the first-order
rate law:

2lnð1 2 aÞ ¼ kt

where a is the extent of the reaction and k is the
rate constant [14].

TG experiments were carried out between 508C
and 638C. The corresponding Arrhenius plot is
shown in Fig. 4a, and yielded an activation energy of
174(6) kJ mol21.

The second step also yielded deceleratory curves
but these followed the three-dimensional diffusion
rate law, D3:

1 2 ð1 2 aÞ
1
3

� �2

¼ kt

and the corresponding Arrhenius plot, carried out
over a temperature range of 100–1208C, yielded an
activation energy of 84(5) kJ mol21 (Fig. 4b).

The higher activation energy obtained for the first
desolvation can be explained by the higher diffusion
barrier that has to be overcome, possibly as a result of
the crystallite size.

CONCLUSION

This study illustrates two different conformations of
the host compound 1,1,6,6-tetraphenylhexa-2,4-
diyne-1,6-diol. Inclusion of the chlorinated guests
results in the guests being situated in cavities with
the hydroxyl groups of the host adopting the gauche
conformation, whereas inclusion of acetonitrile
results in the guests being situated in channels
with the host hydroxyl groups adopting the trans
conformation.
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