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The structures of the inclusion compounds formed by the host H = 9,9'-(biphenyl-4,4’-diyl)bis(fluoren-9-ol) with N,N-
dimethylacetamide (H-2DMA and H-4DMA), 1,4-dioxane (H-3DIOX), methyl ethyl ketone (H-2MEK), as well as that of
the apohost have been elucidated. The compounds were characterised by thermal analysis and solid state NMR, and the
kinetics of desorption of H-4DMA, H-2DMA and H-3DIOX have been examined.

Introduction

The field of inclusion phenomena has grown dramatically in the last
twenty years and clathrate compounds are an important aspect of
supramolecular chemistry.'* Much of the effort has been directed
at the synthesis of novel host compounds® with specific properties
and the elucidation of their structures.® We have concentrated our
endeavours on understanding the macro-properties of such com-
pounds, and have analysed their thermal stabilities, selectivity pro-
files and kinetics of enclathration and desorption.”® The changes in
the elastic properties of Dianin’s compound brought about by guest
inclusion have been analysed.!® The control of guest selectivity
by changes of pH have been demonstrated by the host binaphthol
and its enclathration of substituted quinolines.!! Host compounds
containing the fluorenyl moiety have been studied extensively, as
they have the capacity to enclathrate a variety of guest molecules.!?
They conform to Weber’s host design specifications in that they
are rigid, bulky and contain the hydroxyl moiety, which facilitates
the formation of coordinato-clathrates via hydrogen bonding.”> A
series of such host compounds, in which the fluorenyl moieties are
separated by spacers of different lengths, have been synthesised,
and their crystalline inclusion compounds with a large number of
guests have been reported.'

In this study we report on the structures of the inclusion com-
pounds formed by the host H = 9,9'-(biphenyl-4,4'-diyl)bis(fluoren-
9-ol) with N,N-dimethylacetamide (H-2DMA and H-4DMA),
1,4-dioxane (H-3DIOX), methyl ethyl ketone (H-2MEK), as well as
that of the non-porous a-phase, the apohost. The compounds were
characterised by Thermal Gravimetry (TG), Differential Scanning
Calorimetry (DSC) and 13C solid state CP/MAS NMR. The kinetics
of desorption of HH4DMA, H-2DMA and H-3DIOX, were measured
by a series of isothermal runs at specific temperatures, yielding esti-
mates of the activation energies of decomposition. The atomic num-
bering scheme of the inclusion compounds is given in Scheme 1.

Results and discussion

Crystal structures

Suitable crystals of the apohost H were obtained by slow evapora-
tion from a solution of H in acetonitrile. The crystals of H4DMA
were obtained by evaporating a solution of H at 25 °C, while those
of H-2DMA were formed by evaporating a solution of H at 62 °C.

T Electronic supplementary information (ESI) available: NMR spectra and
assignments. See http://www.rsc.org/suppdata/ob/b4/b400721b/
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Scheme 1

In all cases the host—guest ratios were confirmed by Thermal
Gravimetry (TG) and details of the crystal data, intensity data col-
lections and refinements are given in Table 1.} Cell dimensions
were established from the intensity data measurements on a Nonius
Kappa CCD diffractometer using graphite-monochromated Mo-Ka
radiation. The strategy for the data collections was evaluated using
the COLLECT'S software. For all structures, data were collected by
the standard phi- and omega-scan techniques, and were scaled and
reduced using DENZO-SMN!¢ software. The structures were solved
by direct methods using SHELX-86'7 and refined by least-squares
with SHELX-97,"® refining on F?. The program X-Seed'? was used
as a graphical interface for structure solution and refinement using
SHELX, as well as to produce the packing diagrams.

In each of the structures the positions of all non-hydrogen host
atoms were obtained by direct methods and the non-hydrogen guest
atoms were located in difference electron density maps. All non-
hydrogen atoms were refined with anisotropic temperature factors.
Hydrogen atoms were placed with geometric constraints and refined
with isotropic temperature factors.

The non-porous a-phase, the apohost, crystallises in the space
group P2,/n with Z=2. The host molecule is located on a centre
of inversion at Wyckoft position d. There is no hydrogen bonding
between the molecules, which are packed in layers perpendicular to
the g-axis. In a particular layer, the packing pattern approximates
the plane group c2mm. Within this pattern, the molecules orientated
in one direction are displaced half a unit cell length along [100], up-

1 CCDC reference numbers 229154-229158. See http://www.rsc.org/
suppdata/ob/b4/b400721b/ for crystallographic data in .cif or other elec-
tronic format.
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Fig. 1 Packing diagram of the apohost viewed along [100].

ward or downward from those orientated in the other direction. The
structure shows a sawtooth pattern along [101]. The crystal packing
viewed down the a-axis is shown in Fig. 1.

The structure of H-4DMA was found to undergo a phase change
when cooled to 113 K. Single crystal X-ray data were collected at
both 298 K and 113 K. The structure at 113 K shows an effective
doubling of the a-axis, however this structure could not be refined
to a satisfactory level and so we only report the unit cell parameters
and space group for this structure. The structure of H-4DMA at
298 K crystallises in the space group P1 with Z = 2. Due to the data
being collected at 298 K, the values of the U, of the guest atoms
are high. Both the host molecules and guest molecules are located
in general positions. There are layers of host molecules parallel to
the ac plane located at y = 0.25 and y = 0.75, giving rise to an open
structure. The crystal packing viewed along [100] is shown in Fig.
2. Each host molecule is hydrogen bonded to two of the guest mol-
ecules via the hydroxyl groups with O---O distances of 2.729(3) A
and 2.756(3) A.

Fig. 2 Packing diagram of H-4DMA viewed along [100].

The other two guest molecules are not involved in hydrogen
bonding. H2DMA crystallises in the space group P1 with one
host and two guest molecules per unit cell. The host molecules are
located on a centre of inversion at Wyckoff position d and the guest
molecules are located in general positions. The host molecules pack
to form channels along [-101] in which the guest molecules are lo-
cated. These channels are shown in Fig. 3. The cross-sectional area
of the channels is approximately 5.9 A x 7.1 A where the guests are
located and varies only slightly from this size. The crystal packing
viewed along [010] is shown in Fig. 4. Each host molecule is hy-
drogen bonded to two guest molecules via the hydroxyl groups with
O---O distances of 2.747(3) A.

Fig. 3 View down the channels of H-2DMA along [-101] with guests
omitted and host molecules represented with van der Waals radii.

Fig. 4 Packing diagram of H-2DMA viewed along [010].

H-3DIOX crystallises in the space group P2,/c, with Z=2. The
host molecules are again located on a centre of inversion at Wyckoff
position d. Some of the guest molecules are located on centres of
inversion at Wyckoff position ¢, while some are located in general
positions. The structure is very open and the host molecules pack
to form zigzagged layers perpendicular to the a-axis giving rise to
channels along [001] in which the 1,4-dioxane guest molecules are
located. These channels shift in position and also change in size
along the c-axis, with a maximum cross-section of approximately
9.4 A x 7.4 A and a minimum cross-section of 7.4 A x 4.6 A. The
crystal packing viewed down [001] is shown in Fig. 5. The guest
molecules located in general positions are hydrogen bonded to the
host molecule with O---O distances of 2.746(2) A, whereas the
guest molecules located on centres of inversion are not involved in
hydrogen bonding.

Fig. 5 Packing diagram of H-3DIOX viewed down [001].

H-2MEK crystallises in the space group P2,/c with four host and
eight guest molecules per unit cell. The four host molecules are
located in pairs at different centres of inversion, Wyckoff positions
b and d, while the guest molecules are located in general positions.
The host molecules pack to form a distorted version of the pattern
seen in the structure of the apohost, resulting in undulating channels
along [101] which contain the guest molecules. The channels are
restricted, with maximum cross sections of 8.0 A x 8.2 A and mini-
mum cross-sections of 2.0 A x 2.4 A. The crystal packing viewed
down [010] is shown in Fig. 6. The guest molecules are hydrogen
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Table 2 Torsion angles (°) describing host conformation

Compound T 7, T3
H —45.3(1) 0 —
H-4DMA —23.4(4) 24.3(4) 0.8(3)
H-2DMA 10.6(4) 0 —
H-3DIOX 23.5(2) 0 —
H-2MEK -12.5(2) 0 -29.0(2)

Fig. 6 Packing diagram of H-2MEK viewed down [010], with the guest
molecules shown in ball-and-stick representation for clarity.

bonded to the host molecules via their hydroxyl groups, with O---O
distances of 2.775(1) and 2.790(2) A.

The host conformation is defined by three torsion angles, 7, 7,
and 73, shown in Scheme 1. Table 2 compares these torsion angles
of the host molecules in each of the structures.

Thermal analysis

The results of the thermal analysis are shown in Fig. 7. For both
H-3DIOX and H-2MEK, the TG trace shows a one step desolva-
tion, with a corresponding single endotherm in the DSC trace. The
TG trace of H-4DMA shows a two step mass loss, with each step
corresponding to the loss of two guest molecules. The DSC trace
for this compound exhibits two endotherms corresponding to the
two step mass loss. In each case the observed mass losses from the
TG traces are in good agreement with the calculated value for that
particular host: guest ratio. The final endotherm in the DSC trace of
each compound corresponds to the melting of the apohost. We have
noted that the difference between the onset temperature, 7,,, and
the normal boiling point of the guest, Ty, is a measure of the relative
stability of an inclusion compound.?

The endotherm due to guest release for H-3DIOX occurs at
Ton= 104 °C (T,, — T, = +3 °C). This is more stable than the di-
oxane inclusion compound formed with triphenylsilanol?' (T, —
T, =—16 °C), but less stable than the clathrate with 10,11-dihydro-
S-phenyl-5H-dibenzo[a,d]cyclo-hepten-5-01%%(T,, — T, = +21 °C).20
For H-2MEK, T,,=51 °C (T,, — T, = —29 °C), and compares with
the MEK inclusion compounds formed with 1,1,6,6-tetraphenyl-
hexa-2,4-diyne-1,6-diol*?> (7,,— T,=-30 °C) and cholic acid®
(T, — T, =-10 °C). In the case of H4DMA the two endotherms
occur at 7,, = 65 °C and 153 °C, corresponding to T,, — T, values
of =100 °C and —12 °C, showing that the intermediate H-2DMA is
more stable.

BC solid state NMR

B3C solid state CP/MAS NMR was used to obtain spectra of the
apohost, H-4DMA, H-2DMA, H-3DIOX and H-2MEK. The spectra
were obtained at room temperature on a Tecmag 200 MHz spec-
trometer equipped with a Doty Scientific 7 mm CP/MAS rotor using
a standard CP pulse program with fixed amplitude 'H decoupling
during signal acquisition. The spectra of H-4DMA, H-2DMA and
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Fig. 7 TG and DSC traces of (a) H-4DMA, (b) H-3DIOX and (c)
H-2MEK.

H-2MEK are shown first in each of the series given in Fig. 8(a)
and (b) and Fig. 9 and the assignments of these spectra are given in
Table 3. Due to the increased number of splittings in the solid state,
the spectra are complicated and in each case partial assignments
are given for the host resonances. The spinning sidebands in each
spectrum are indicated by stars and the guest resonances are shown
by arrows. The resonances in each spectrum which disappear under
dipolar dephasing conditions are highlighted by a box.

Desorption of the inclusion compounds was also monitored using
13C solid state CP/MAS NMR. This was carried out by running a
spectrum, then removing the sample from the rotor and heating it
for a period of time in the oven, then repacking and running another
spectrum. This was repeated a number of times for each sample
at intervals along the curve obtained by TG analysis. Fig. 8(a)
shows the series of spectra obtained during the partial guest loss of
H-4DMA, resulting in the H2DMA complex. Through the series
a change in the guest resonances can be seen. The host resonances
also change significantly through the series, indicating a phase
change which accompanies the partial guest loss.

Fig. 8(b) shows the series of spectra obtained during the guest
loss from H-2DMA to form the guest-free host compound. As the
sample is heated, the guest resonances decrease in size until they
disappear completely. The host resonances also show a change of
phase occurring simultaneously to the guest release.

Fig. 9 shows the series of spectra obtained during the release of
guest from H-2MEK. Through the series the guest peaks decrease
and then disappear to form guest-free host compound. Once again
a simultaneous phase change is shown by the host resonances. The
desorption of H-3DIOX was studied in the same manner and a simi-
lar series of spectra to that of H-2MEK was obtained.

The final spectra in each of the above series are identical, indi-
cating that in each case the guest-free host compound formed by
desorption has the same structure, which is also the same as the
original host compound. These results show that in each case the
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Fig. 8 13C CP/MAS spectra during desorption of (a) H4DMA (800 scans
at 15 s intervals) and (b) H-2DMA (300 scans at 10 s intervals, 5 us 90° 'H
pulse, contact time = 2 ms).
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Fig. 9 13C CP/MAS spectra during desorption of H-2MEK (600 scans at
5 sintervals, 5 pus 90° 'H pulse, contact time = 2 ms).

guest loss and the phase change to the structure of host alone are
intimately connected and occur simultaneously.
Kinetics of desorption

The kinetics of desorption of both H-4DMA and H-3DIOX were ana-
lysed by carrying out a series of isothermal TG runs. The data were

Table3 '3C solid state NMR isotropic shifts and assignments of host—guest
compounds®
Shift Assignment C atom
H-4DMA
H
152.5 1A, 8A Q
145.1-135.2 4A, 5A, 10, 13 Q
128.7-118.4 1-8, 11,12, 14, 15 CH
84.0 9 Q
DMA
169.7 1 Q
38.5 4 CH;
36.1 3 CH;
23.8-20.5 2 CH;
H-2DMA
H
154.1,152.4 1A, 8A Q
145.9-136.1 4A,5A,10, 13 Q
130.3-118.8 1-8, 11,12, 14, 15 CH
84.4 9 Q
DMA
171.3 1 Q
40.4 4 CH;
35.8 3 CH;
20.1 2 CH;
H-2MEK
H
151.2 1A, 8A Q
144.3-135.6 4A,5A,10, 13 Q
127.9-120.5 1-8, 11,12, 14, 15 CH
82.8 9 Q
MEK
219.7 1 Q
36.1 3 CH,
27.8 2 CH,
6.6 4 CH;

@(QQ = quaternary carbon, Partial assignments are given where the complete
assignment is not known.

converted to extent of reaction () versus time curves. In the case of
H-4DMA, the first desorption step resulting in the stable compound,
H-2DMA was separated from the second desorption step by select-
ing appropriate temperatures for these experiments. Once the first
desorption step was complete, the sample was removed and then the
temperature was raised for the second desorption step and the sample
replaced. Fig. 10 shows a typical example in which the mass loss ver-
sus time curve along with the temperature program used is shown.

100 '\
80 - ]
55°C ¥

40 T
(] 20 40

Time: min

95°C

60 -

Weight/ %

Fig. 10 Example of a set of isothermal TG experiments done on H-4DMA
as well as the temperature program.

Isothermal TG experiments were carried out over the temperature
range 40—65 °C at intervals of 5 °C for the first step and over the tem-
perature range 90—110 °C also at intervals of 5 °C for the second step.
The curves obtained for both the first and second desorption steps
were found to fit the Prout-Tompkins equation over an a-range of
0.05-0.95. The semilogarithmic plots of In Ay, versus 1000 K/T are
shown in Fig. 11(a) and (b) and yield activation energies of 79.1 kJ
mol ' and 115.4 kJ mol™! for the first and second steps respectively.

It is interesting to note that in inclusion compounds H-»G which
desorb in two steps:

Org. Biomol. Chem., 2004, 2, 2299-2304
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Fig. 11 Semilogarithmic plots of In &, vs. 1000 K/T for (a) the first step
and (b) the second step of the desorption of H-4DMA.
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the activation energy E, for the first step is smaller than that of
the second step E,. This occurred with the inclusion compound
formed between the host H1 = 2,2'-bis(2,7-dichloro-9-hydroxy-9-
fluorenyl)biphenyl with dioxane? in which the desorption reaction

H1-3.5DIOX — H1:1.5DIOX — H1

yielded values of £, = 34 kIl mol ! and £, = 111 kJ mol!. Similar re-
sults were obtained with the host binaphthol, BINAP, with dioxane,
which formed the inclusion compound BINAP-3.5DIOX that de-
composed to the intermediate BINAP-1.5DIOX and subsequently
to the apohost BINAP. Here the activation energies measured were
E, =61 kI mol! and E, =86 kJ mol . In this latter case both the
starting and intermediate inclusion compounds were isolated by
crystallisation at different temperatures.”> We note that inclusion
compounds with different guest: host ratios may be prepared from
the same host—guest system by changing the crystallisation tem-
perature.

The general rules linking guest/host ratios, the topologies of the
ensuing compounds and crystallisation temperature have been for-
mulated by Ibragimov,?® and state

(i) the guest/host ratio decreases as the crystallisation tempera-
ture increases.

(ii) the topology changes from low to high temperature as inter-
calate — tubulate — cryptate — apohost.

Thus the compounds with high guest/host ratios generally have
the more open structures. These in turn would decay easily to inter-
mediates with lower guest/host ratios by a desorption process of low
activation energy. The intermediate, with a lower guest/host ratio is
then likely to be more stable and decay with a higher activation en-
ergy. This is indeed what occurred in our desorption of H-4DMA —
H-2DMA — H.

The desorption of H-3DIOX takes place in a single step and iso-
thermal TG experiments were carried out over the temperature range
70-90 °C at intervals of 5 °C. The desorption curves obtained were
found to fit the first order equation over an a-range of 0.05-0.95.
The semilogarithmic plot of In ks versus 1000 K/7 is shown in Fig.
12 and yields an activation energy of 95.5 kJ mol ™.

Conclusion

A multiple technique approach to the study of organic inclusion
compounds is useful when relating structure to macro-properties.
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Fig. 12 Semilogarithmic plot of In &y vs. 1000 K/7 for H-3DIOX.

The packing of the host—guest systems formed between the fluo-
renyl host 9,9'-(biphenyl-4,4’-diyl)bis(fluoren-9-0l) and volatile
guests is related to their thermal stability as measured by DSC, and
solid state NMR has shown that, upon desorption, the inclusion
compounds revert to the structure of the apohost. The kinetics of
desorption yield activation energies which are related to the topolo-
gies of the host—guest systems.
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