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Inclusion of volatile guests by a tetrapedal host: structure and kinetics
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The host compound tetra(3-hydroxy-3,3-diphenyl-2-propynyl)ethene, TET, forms inclusion compounds
with acetone, dimethyl sulfoxide, dioxane and pyridine. All the structures were successfully solved in the
triclinic space group P1̄. We found variable host : guest ratios for the acetone (TET·ACE, H : G = 1 : 4),
dimethyl sulfoxide (TET·DMSO, H : G = 1 : 4) and pyridine compounds (TET·PYR, H : G = 1 : 5).
Solutions of the host compound and dioxane formed TET·2DIOX, H : G = 1 : 2 when left to crystallise
at room temperature, whereas TET·4DIOX, H : G = 1 : 4 was formed during crystal growth at low
temperature. We have correlated the structures with their thermal stabilities and kinetics of desolvation.

Introduction

The concept of multipedal hosts is well established, and MacNicol
has reviewed the synthetic strategy of designing hexa-hosts,
including the Piedfort idea as well as the more complex spider
hosts.1 These hosts are particularly useful when they contain
the diphenylhydroxymethyl moiety, which adds bulk and has the
hydroxyl group which acts as a hydrogen bond donor. Thus Weber
has synthesised a variety of such compounds where this moiety
forms part of roof-shaped hosts,2 is contained in hosts derived
from malic and mandelic acids,3,4 and in bulky compounds derived
from anthracene.5,6 Toda has employed the same moiety in the
synthesis of his wheel-and-axle compounds, which he discovered
in 1968, and whose enclathrating abilities have been summarised.7,8

We now present the structures, thermal analysis and kinetics
of desolvation of five clathrates of the host tetra(3-hydroxy-3,3-
diphenyl-2-propynyl)ethene, TET, with acetone (TET·ACE, H :
G = 1 : 4), dimethylsulfoxide (TET·DMSO, H : G = 1 : 4), 1,4-
dioxane (TET·2DIOX, H : G = 1 : 2 and TET·4DIOX, H : G = 1 :
4) and pyridine (TET·PYR, H : G = 1 : 5). The atomic numbering
scheme of the inclusion compounds is given in Scheme 1.

Experimental

Structure analysis

Crystallographic data, experimental and refinement parameters
for all structures are given in Table 1.

Suitable crystals of each of the inclusion compounds were
grown by slow evaporation of a solution of the host in the
relevant guest at room temperature. The one exception was
TET·4DIOX which was grown at low temperature (277 K).
Cell dimensions for each inclusion compound were established
from the intensity data measurements on a Nonius Kappa-CCD
diffractometer using graphite-monochromated MoKa radiation,
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Scheme 1

and an Oxford Cryostream cooling system (Oxford Cryostat)
was used to control the temperature. The strategy for the data
collections was evaluated using the COLLECT9 software and,
for all structures, data were collected using the standard φ- and
x-scan techniques, and were scaled and reduced with DENZO-
SMN10 software. The structures were solved by direct methods
using SHELX-8611 and refined by least-squares with SHELX-9712

refining on F 2. The program X-Seed13 was used as a graphical
interface for structure solution and refinement using SHELX, and
the program PovRay, included in the graphical interface X-Seed,
was used to produce the packing diagrams.

The mapping of the cavities in which the guest molecules reside
was carried out using the program MSRoll.14 The technique uses
a spherical probe which sweeps the volume of the vacant space
and estimates its size and topology. The results are sensitive to the
radius of the sphere, which has to be chosen with care, in order
to yield representative results. This process has been discussed in
detail in a recent paper by Barbour.15
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For each structure the non-hydrogen atoms were refined
anisotropically, and the aromatic hydrogens on the host and the
methyl hydrogens on the guest were placed in geometrically con-
strained positions with isotropic temperature factors. The hydroxyl
hydrogens on the host were located in difference electron density
maps and refined with simple O–H bond length constraints.16

Hydrogens were not placed on disordered atoms.
In the TET·4DIOX and TET·PYR structures there are some

disordered atoms in the guest molecules. In each case the site
occupancy factors of the two partial atoms were initially assigned
based on peak heights and the temperature factors of the partial
atoms forced to refine to the same value. This value was then fixed
and the site occupancy factors allowed to refine to give a total
site occupancy of one. The refined site occupancy factors were
then fixed and the isotropic temperature factors of the two partial
atoms were allowed to refine independently.

Thermal analysis and kinetics of desolvation

Thermogravimetry (TG) and differential scanning calorimetry
(DSC) were performed on a Perkin–Elmer Pyris 6 system. The
TG and DSC experiments were performed over the temperature
range 303 K to 523 K at a heating rate of 10 K min−1 with a purge
of dry nitrogen flowing at 30 ml min−1. The samples were crushed,
blotted dry and placed in open ceramic pans for TG and in crimped
but vented pans for DSC. Isothermal kinetics was determined by
performing TG experiments at a series of constant temperatures.

Results and discussion

The TET·ACE structure crystallises in the space group P1̄ with
Z = 2, with the host and four acetone guests all located in
general positions. The structure is stabilised by four (host)–O–
H · · · O(guest) hydrogen bonds (average O · · · O = 2.810(2) Å).
All five structures have a very similar hydrogen bonding pattern;
the hydrogen bonding of TET·ACE is illustrated in Fig. 1 and
the metrics of the hydrogen bonds for all the structures are given
in Table 2. The packing of the structure, displayed in Fig. 2, is
characterised by layers of host molecules lying in the (1̄02) plane
and resulting in the formation of three types of cavities in which
the acetone guests are located. One of these is a dumbell-shaped
cavity, containing four guest molecules, which has a length of
approximately 12.5 Å and maximum diameter of approximately

Fig. 1 Molecular structure of TET·ACE, showing hydrogen bonding
interactions.

Fig. 2 Packing of TET·ACE viewed down [010].

9.0 Å × 4.2 Å. The second type of cavity contains two guest
molecules and is approximately 10.4 Å in length with a maximum
diameter of 6.9 Å × 4.9 Å, and the third type contains one guest
and is approximately 6.9 Å × 5.5 Å × 4.6 Å in size.

Table 2 Hydrogen bonding details

Inclusion compound Donor (D) Acceptor (A) D · · · A/Å D–H/Å H · · · A/Å D–H · · · A/◦

TET·ACE O4 O1G 2.824(1) 0.955(9) 1.870(9) 176(2)
O19 O4G 2.830(2) 0.950(9) 1.90(1) 165(2)
O35 O7G 2.745(1) 0.960(9) 1.80(1) 170(2)
O50 O10G 2.841(2) 0.960(9) 1.92(1) 161(2)

TET·DMSO O4 O1G 2.710(2) 0.97(1) 1.74(1) 173(3)
O19 O3G 2.687(2) 0.97(1) 1.73(1) 168(3)

TET·2DIOX O4 O1G 2.752(1) 0.959(9) 1.81(1) 165(2)
O19 O3G 2.806(1) 0.948(9) 1.86(1) 172(2)

TET·4DIOX O4 O3G 2.795(2) 0.96(1) 1.84(1) 177(3)
O19 O1G 2.691(2) 0.98(1) 1.75(1) 161(2)

TET·PYR O4 N1G 2.731(2) 0.99(3) 1.74(3) 176(3)
O19 N6G 2.740(2) 0.97(3) 1.77(3) 172(3)
O35 N11G 2.729(2) 0.94(3) 1.80(3) 169(3)
O50 N16G 2.816(2) 0.94(2) 1.86(1) 176(2)
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Fig. 3 Packing of TET·DMSO viewed along [100] highlighting the
cavities containing the guest molecules (cavities calculated using probe
size of 1.5 Å).14

The TET·DMSO structure crystallises in the space group P1̄
with Z = 1, and with the host molecule located on a centre of
inversion and the guest molecules located in general positions.
This structure is also stabilised by intermolecular (host)–O–
H · · · O(guest) hydrogen bonds (average O · · · O = 2.699(2) Å).
In this structure the host molecules stack along [100], resulting
in elongated cavities, each of which contain four DMSO guest
molecules. These cavities (shown in Fig. 3) are approximately
18.4 Å in length and have a maximum diameter of approximately
8.2 Å × 8.2 Å in the centre, where two guest molecules are located.

The TET·2DIOX and TET·4DIOX structures both crystallise in
the space group P1̄ with Z = 1, and both structures are stabilised
by (host)–O–H. . .O(guest) hydrogen bonds (average O · · · O =
2.779(1) Å for TET·2DIOX and average O · · · O = 2.744(2) Å
for TET·4DIOX). In TET·2DIOX the host and guest molecules
are located on centres of inversion. In the packing of the structure,
displayed in Fig. 4, the host molecules stack along [100], resulting
in two rows of cavities in the unit cell along the same direction,
in which the guests are located. These two types of cavities have
dimensions of 7.5 Å × 7.3 Å × 6.9 Å and 7.6 Å × 7.6 Å × 4.3 Å,
with all cavities containing one guest molecule.

In TET·4DIOX the host molecule and two of the four guest
molecules are located on centres of inversion, and the remaining
two guest molecules located in general positions. The crystal
packing displays layers of host molecules in the (101) plane,
resulting in the formation of undulating channels along [1̄01],
which can be seen in Fig. 5, in which the 1,4-dioxane guests are

Fig. 4 Packing of TET·2DIOX viewed down [100].

Fig. 5 View down the channels of TET·4DIOX along [101] with guest
molecules omitted and host molecules represented with van der Waals
radii.

located. The diameter of these channels remains fairly constant at
approximately 6.1 Å × 4.8 Å.

The TET·PYR structure crystallises in the space group P1̄ with
Z = 1, and with both the host and guest molecules located in
general positions. In this structure four of the guest molecules are
hydrogen bonded to the host molecule via intermolecular (host)–
O–H · · · O(guest) hydrogen bonds (average O · · · O = 2.754(2) Å),
while the fifth guest molecule is not involved in hydrogen bonding.
This guest molecule is disordered over two positions, with both
partial molecules sharing a common nitrogen atom. One of the
hydrogen-bonded guest molecules also has two carbon atoms
disordered over two positions. In this structure the host molecules
pack in layers similar to those observed in TET·ACE, in this case
parallel to the (101) plane, resulting in narrow channels along [100]
which link a series of cavities, each containing five guest molecules.
These cavities (illustrated in Fig. 6) have an irregular shape and are
restricted by the channel diameter, which is approximately 3.6 Å ×
5.9 Å.

The pseudotorsion angles defining the position of each hydroxyl
group relative to the central ethene bond of the host molecule
are displayed in Scheme 1, and Table 3 compares these angles in
each of the inclusion compounds, as well as with those found in
the inclusion compounds of the same host with cyclohexanone17

(TET·CHO) and dimethyl acetamide18 (TET·DMA). It can be
seen that in TET·ACE and TET·PYR, on one side of the central
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Fig. 6 Packing of TET·PYR viewed along [001], highlighting the cavities
containing the guest molecules (cavities calculated using probe size of
1.5 Å).14

Table 3 Pseudotorsion anglesa describing host conformation

Inclusion compound s1/
◦ s2/

◦ s3/
◦ s4/

◦

TET·ACE 165.6 170.0 −47.5 −46.9
TET·DMSO −176.3 42.5 — —
TET·2DIOX 178.6 28.1 — —
TET·4DIOX −168.4 −64.8 — —
TET·PYR 176.9 165.0 −55.1 −40.2
TET·CHO16 −176.9(3) 45.1(3) 50.5(3) 179.7(3)
TET·DMA17 8.7(3) 20.3(3) — —

a e.g. O4–C4–C1–C32

double bond there is one hydroxyl group pointing upwards and
one downwards, while on the other side of the double bond
the two hydroxyl groups are relatively flat, with the O–H vector
pointing away from the central double bond in each case. This
conformation of the host is very similar to that observed in the
inclusion compound with cyclohexanone. The conformation of the
host molecules in TET·DMSO, TET·2DIOX and TET·4DIOX are
very similar. On one side of the double bond there is one hydroxyl
group pointing upwards and one which is relatively flat, while on
the other side there is one pointing downwards and one which is
relatively flat. The two which are relatively flat are not adjacent to
each other and point away from the central double bond, while
the other two have the O–H vector pointing inwards towards the
central double bond. The conformation of the host in TET·DMA
is different to those described above, with all O–H vectors directed
inwards towards the central double bond.

The results of the thermal analysis experiments are given in
Table 4. The TG results confirmed host : guest ratios of 1 : 4 for
TET·ACE, TET·DMSO and TET·4DIOX and a host : guest ratio
of 1 : 5 for TET·PYR. Overall, there is good agreement between the
calculated and experimental results. For the TET·ACE compound
the TG curve shows a single desolvation step corresponding to the
loss of guest. The corresponding DSC trace exhibits an endotherm
due to guest desorption (Ton = 333 K) followed by the endotherm
due to the melt of the host immediately followed by rapid host
decomposition. The TET·DMSO compound decomposes via a
multistep pathway. TG analysis of the individual steps indicated
an initial loss of one guest followed by the loss of two guests and
finally the release of the last guest molecule. The DSC curves show
the endotherms corresponding to the first two guest desorptions.
The TG curve for the TET·4DIOX compound shows two steps,
with each individual step corresponding to the loss of two
guests.

This result is confirmed by the DSC curve, which indicates two
endotherms due to guest desorption followed by host decompo-
sition. The TG trace for TET·PYR also shows two steps, the first
step corresponding to the loss of three guests and the second
step corresponding to release of the last two guest molecules. The
DSC curve is rather complex, with an initial endotherm at Ton =
370.0 K.

We have employed the parameter Ton − Tb as a measure of the
stability of a host–guest compound. In our case, for TET·DMSO
the two endotherms have values of Ton − Tb of −126.5 K and
−68.4 K respectively. These values are summarised in Table 4. On
this basis the TET·4DIOX clathrate is the more stable, but such
comparisons have limited value when the guests have such large
differences in their normal boiling points.

Kinetics of desolvation were determined for the TET·ACE
inclusion compound by performing a series of isothermal TG
experiments between 308 K and 328 K. The resultant mass–
time curves were deceleratory and fitted the first order rate law
(F1): [−ln (1 − a)] = kt where a is the extent of the reaction
and k is the rate constant.19 This equation fitted the first order
law over a wide range (a = 0.05 to 0.98) with high coefficients
of correlation, typically 0.9979. A plot of ln k vs. 1/T (Fig. 7)
gave a linear result. An activation energy of 121 kJ mol−1 for
the desolvation reaction was obtained from the negative slope
due to the relation −Ea/R = slope, where Ea is the activation
energy and R is the universal gas constant. This result compares
favourably with the activation energy obtained for the desolvation

Table 4 Thermal analysis data

Inclusion compound TET·ACE TET·DMSO TET·4DIOX TET·PYR

H : G ratio 1 : 4 1 : 4 1 : 4 1 : 5
TG (calc % mass loss) 21.4 26.8 29.2 31.7

(exp % mass loss) 20.3 26.9 29.1 31.6
DSC Ton/K 333.0 335.5 399.6 370.0

Ton/K — 393.6 444.7 —
Ton/K 477.5 — — —

Tb/Ka 329 462 374 388
Ton − Tb 4 −126.5

−68.4
25.6
70.7

−18.3

a Normal boiling point.
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Fig. 7 Arrhenius plot for the desolvation of TET·ACE.

Fig. 8 Plot of −log b vs. 1/T for TET·PYR indicating (A) step one and
(B) step two.

of the N,N-dimethylacetamide (DMA) clathrate,18 which has an
activation energy of 117 kJ mol−1. In both instances the guests are
held in cavities with similar hydrogen bond parameters. Similar
results were also obtained for the desorption of DMA from
its inclusion compound with the host (H) = 9,9′-(biphenyl-4,4′-
diyl)bis(fluoren-9-ol). This compound, H·4DMA, decomposes in
two steps, each involving loss of two DMA guests. The kinetics
yielded activation energies of 79.1 kJ mol−1 and 115.4 kJ mol−1 for
the first and second steps respectively.20

A non-isothermal kinetics method was used to study the des-
olvation of TET·PYR. Ideally, isothermal methods are preferred,

but in this case the two steps in the TG curve could not be separated
even at very low temperatures. Thus the method of Flynn and
Wall21 was employed to determine the activation energy. A series
of TG experiments over a temperature range of 303–403 K were
performed at heating rates of 1, 2, 5, 10 and 20 K min−1. The TG
curves were analysed at different stages of decomposition ranging
from 5% to 15% for the first step and 22.5% to 30% for the second
step. By convention the corresponding negative log of the heating
rate (b) vs. reciprocal temperature were plotted (Fig. 8). This
allowed us to calculate the activation energy ranges for the two
steps. The results for both steps were similar, with the activation
energy range for step one being 70–77 kJ mol−1 and for step two
being 74–76 kJ mol−1. The lower activation energy for TET·PYR
than for TET·ACE is consistent with the lower Ton − Tb value
obtained for TET·PYR and the observation that for TET·ACE the
guests are trapped in cavities, whereas for TET·PYR the guests lie
in narrow channels.
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