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characterise selected inclusion compounds. The kinetics of desolvation were studied

using isothermal or programmed temperature thermogravimetry.

The selective inclusion properties of both the two diol host compounds in solution
were investigated. Selectivity trends for a given group of guest compounds were
established by carrying out series of two- or three-component competition
experiments. These groups of guest compounds studied are isomers of xylidine by
both the two hosts, isomers of picoline and lutidine, pairs of solvents such as 1,4-
dioxane and morpholine, acetone and THF, all by the host BINAP. Attempts were
made to correlate the selectivity with the structures and thermal properties of the
appropriate inclusion compounds. In the case of the inclusion compounds formed
having the same stoichiometries, good correlation between the selectivity trend and
complementarity of the host and guest in the structure, lattice energies of the host-
guest systems and thermal stability in term of onset temperature of guest desolvation

were observed.

All the desolvation reactions of the inclusion compounds investigated showed
Arrhenius behaviour. Attempts were made to describe the kinetic behaviour in terms
of the crystal structures of these compounds. The Arrhenius parameters for the
desolvation of the inclusion compounds containing the same host (BINAP) were found

to show the compensation effect.
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2 Introduction Chapter 1

1400 abstracts in the year of 2000, comparing to only about 100 abstracts twenty years
ago (1980). Numerous books, monographs, journals and series have been dedicated
to this field, to name a few: the five-volume series Inclusion Compounds (1984 and
1991)', the eleven-volume Comprehensive Supramolecular Chemistry (1996)°, seven

series of Monographs in Supramolecular Chemistry (2000) 3,

The very vigour and breadth of this topic has made it difficult to present a
comprehensive review in this single chapter. Therefore only the topics of particular
interests to this study are presented here. In the following sections, the basic concepts
and principles relevant to this study are outlined, representative examples are

accompanied if available, and the literature related to this study is briefly reviewed.

The classification of host-guest compounds

Host-guest compound or inclusion compound are all general terms that refer to a
supermolecule. Two distinct categories of supermolecules are identified among host-
guest compounds according to the relative topological relationship between host and
guest, as proposed by Desiraju®: (1) those of which the host is a single molecule within
which the whole guest molecule or molecules reside, and (2) those where several host
molecules are assembled to form a host framework containing voids which can
accommodate the guest molecule or molecules. The distinction between the two
classes is schematically illustrated in Figure 1.1. The hosts from the first category
possess intramolecular cavities and the complex formed can exist both in solution and
in the solid state. Examples of these are crown ethers, cyclodextrins, corands,
cavitands and cryptands. The hosts from the second category form host-guest
aggregates called clathrates, the process is called lattice inclusion, which is of
relevance only in the crystalline or solid state. Some of the early examples of this kind

of host compounds include water, Dianin's compound, Urea and tri-o-thymotide.
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the host lattice cavity, as shown in Figure 1.6. Consequently, this change resulted in a
modified selectivity.

Based on the knowledge obtained from the study of X-ray crystallographic structures of
known host systems with various guests, an increasing number of new compounds,
unrelated to known hosts, have been designed directly. The various concepts of
efficient host molecule design have been reviewed and evaluated"®**. MacNicoi
pioneered the area of rational host design with the class of compounds called
“hexahosts” (e.g. compound 4)*% . This group of compounds was designed by analogy
to the host lattice formed by quinol or Dianin’s compounds, as shown in Figure 1.7.

CHs

(a) (b) (c)

Figure 1.6 (a) The structure of unsolvated 4~p—hydroxyphenyl—2,2,4—trimethylchroman
(1); The sections through the van der Waals surface of the cavity: (b) 4-p-
hydrophenyl-2,2 4-trimethylthiachroman (2) and (b) 4-p-hydrophenyl-
2 2.4,8-tetramethylthiachroman (3). Taken from reference 38.
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Based on the above principles, diol derivatives, which have a rigid molecule with
hydroxyl moieties and sterically bulky groups (e.g. a hydrophobic group such as
phenyl) may turn out to be good hosts. Toda*, Weber*" and Bishop® have specifically
designed and synthesised diverse diol host compounds and found that they have a
high inclusion affinity for a wide variety of organic solvent molecules, mostly due to the
formation of hydrogen bonding between the host and guest. Some examples of diol
host compounds are 7a, 7b, 7¢, 8, 9 and 10.

5 6 7an=2
bn=1
Q cn=0
e COOH
00 HOOC~
7\ L <_‘>
_/ T T TN/
OH OH

(c) (d)

Figure 1.9 The typical overall shapes of the host molecules in host design: (a) a pair
of scissars, (b) a roof, (c) @ dumb-bell and (d) a propeller. The shaded
balls represent functional group. Taken from reference 6.
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(a) (b)
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Figure 1.13 (a) Stereoview of one channel generated by urea host molecules, Taken
from reference 55.
{(b) Van der Waals cross-section of the cavity in the urea channel
compared with the size of (I) n-octane (II) benzene (1) 3-methylthaptane
(IV) 2,2 4-trimethylpentane, taken from reference 56.

The urea molecules hydrogen bond to one another forming long helical chains. This
produces hollow channeis in which the guests can be accommodated. The guest is
weakly held in the channel mainly by van der Waals interaction, resulting in the
formation of an inclusion compound which is often non-stoichiometric. The inclusion
selectivity is simply assessed by inspecting the size of the guest. Benzene is found to
be slightly wider than the channel and the inclusion is quite difficult. Interestingly,
however, increasing chain lengths allow the toleration of larger endgroups, for
example, 1-phenyloctane does not form a clathrate, but the much longer 1-
phenyleicosane does, due to the enthalpy gain by about 10 kJ mol” for each -CH,-
group added to the linear chain. It indicates that the additional stabilisation gained upon
complexation of the longer chain outweights the unfavourable steric interactions with

the channel wall.

For many host-guest systems, particularly those with both host and guest having
limited flexibilities and irregular shapes, the molecular recognition is governed not only
by complementary shape and size, but also, to a certain degree, by complementarity
with respect to functionality. Such an example is given by the formation of carceplexes
as shown below®.

14
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Waals and specific directional intermolecular interactions with the cavity walls make the
most effective templates.

Figure 1.14 X-ray crystal structure (stereoview) of the pyrazene carceplex of 18.
Taken from reference 59.

The selective incorporation of the guest molecules into the host frame work through
intermolecular interactions is a matter of fine tuning. It requires the correct manipulation
of the energetic and sterecchemical features of the non-covalent, intermolecular forces

within a defined molecular architecture.

Apart from the shape and size recognition and functionality selectivity, kinetic and
thermodynamic aspects also contribute to the dynamic process of molecular
recognition. In some case within the solid state supramolecular systems, the guest
molecules that bind with host faster may well predominated over those that form most
stable complex with host. In solution, the preorganisation effect as well as chelate
effect is enhanced by means of guest binding kinetics and thermodynamic stability of
host-guest complex®.

16
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Stoichiometry

Clathrates are mostly formed with stoichiometrically well defined host.guest ratio. The
non-stoichiometric inclusion compounds often result from weak binding between host
and guest. For example the Urea clathrates, because the urea molecules do not have
'spare’ hydrogen bonding functionality for the guest, resulting in the guest being located
in channels formed by urea molecules mainly with weak van der Waals forces’™. The
other well-known non-stoichiometric inclusion compounds include Werner clathrates?®,

cyclodextrins with water etc.

A important parameter for controlling the host:guest ratio is the crystallisation
temperature. Previous reports have appeared detailing the possibility of growing
inclusion compounds with varying host-guest ratios by changing the crystallisation
temperature. Reports of this phenomenon include the two compounds of trans-3,3'-
bis(diphenylhydroxymethyl)azobenzene with acetone, which yields a host:guest ratio of
1:2 when crystallised at room temperature, but forms a different compound of 1:1
stoichiometry when the former compound is melted and cooled to 80°C under reduced
pressure’®. Varying the crystallisation temperature has been used to control the
selectivity of xylene isomers by binaphthyl dicarboxylic acid’®, and to change the
host:guest ratio of the inclusion compounds formed between an alicyclic diol and 1,2-
dichlorobenzene” . In general the number of guest molecules entrapped by a host will
decrease with increasing crystallisation temperature, but in the case of
binaphthyldicarboxylic acid with DMSO, the host:guest ratio changes from 1:1 to 1:2
when the crystallisation temperature is raised from 50°C to 60°C. Disorder in both the
host and guest molecules are apparent in these structures, and are important factors in
the formation of the clathrates’. The general rules on how topology is likely to change
with crystallisation temperature have been formulated’®.

18
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While the design, synthesis and structures of a large number of host molecules and
their inclusion compounds have been extensively studied, their physical properties,
such as thermal stability, kinetics of enclathration and desolvation, have received
relatively little attention. Thermodynamics and kinetics in solid state clathrates have

been reviewed recently®®%

. Most of the thermal stability studies of inclusion
compounds have employed techniques such as thermogravimetric analysis (TG) and
differential scanning calorimetry (DSC), both of which are well-established®®. For
solid-solid reactions, X-ray powder diffraction, solid-state UV spectroscopy, solid state
NMR and so on may be employed to investigate the kinetics; for solid-gas reaction, TG
is the most convenient technique to study the kinetics of decomposition by isothermal

or non-isothermal methods®.

When a suitable host compound (H) is dissolved in a liquid guest (G) or is exposed to a
guest vapour, an inclusion compound is formed.

H (s,0) + nG (g) — H-G, (5,B8)
The crystal structure of the inclusion compound (B-phase) is different from the non-
porous a-phase of the apchost. Under certain conditions of temperature and pressure
of the guest, the inclusion compound may decompose in several possible ways, as

schematically illustrated in Figure 1.17.

The inclusion compound may lose all the guests and revert back to the original non-
porous o-phase. Alternatively, it may lose only part of the guests and form a
metastable intermediate, y-phase. Thirdly, it may lose all the guests without
rearrangement of the host structure, resulting in the retention of the host framework,
forming the so-called B,-phase. Generally, the collapse of the B-phase back to the a-

phase is most often encountered.

For the purpose of this study, TG has been used for the determination of host.guest
ratios and in the investigations of kinetics of desolvation. DSC has been employed to
measure the onset temperatures of guest desorption and the enthalpy changes
accompanying the loss of guest, phase transformations and melting of guest-free host.
in general, the onset temperature of the guest-loss process, when compared with the
boiling point of the guest, is a crude measure of the stability of the inclusion compound.
In the case when more than one species of the guest components may released from
the inclusion compound, other analytical techniques, ie. mass spectroscopy (MS) or
infrared spectroscopy (IR), has also been used in combination with TG to determine

the identity and amount of desolvated evolved gaseous products.

20
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Solid state kinetics

For a homogeneous reaction, the rate of reaction is conveniently measured by the
decrease in concentration of reactants or the increase in concentration of products at
constant temperature and can be expressed as

Rate = k f (concentration of reactants or products)
where k is the rate coefficient which is a function of temperature. The relationship
between the rate constant and the absolute temperature

k=Ae"RT or  Ink=-E/RT+InA
was first given quantitatively by Arrhenius®, and is generally referred to as the
Arrhenius law. Based on the theory of collisions, the Arrhenius parameters are defined
as follows. £, is identified as the activation energy which reactant molecules must have
in order to react. While A, the pre-exponential factor or frequency factor refers to the
number of collisions®”. The Arrhenius law is one of the most important relationships in

chemical kinetics, and one that provides much information as regards to mechanism.

For a heterogeneous reaction of the general form

A (s) +nB (g) < AB, (s)
the concept of concentration no longer has the same significance as in the
homogeneous reaction, so that the rate of reaction cannot be defined in the same
way®®. Since gas-solid reactions involve gas release or gas uptake, the rate of reaction

can be measured by the loss or gain of mass of the sample during reaction. Usually, at
, —m,

mf—m

0

time {, the extent of reaction, ¢, is defined as a = , where m, is the initial

mass of the reactant, my is the final mass of the product, and m, is the mass of the
sample at time f. The kinetic analysis of isothermal gas-solid reactions involves
attempting to relate the experimentally measured o and ¢ values with values predicted
for a limited set of models based on processes of nucleation and growth, diffusion or
geometrical progress of the reactant/product interfaces® The expressions derived from
these ideal geometrical models can all be written in their integral forms: fla) = kt, at

constant temperature T, as summarised in Table 1.2.

22
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Table 1.2 Broad classification of solid state rate expressions®.

fla)=k g(e) = 1/k(do/dt)

Acceleratory o-time curves

P1 power law a n{e)™"
E1 exponential law na «

Sigmoid o-time curves

A2 Avrami-Erofe’ev Fin(1-a)]"? 2(1-a)f-In(1-e)]"?
A3 Avrami-Erofe’ev [Hn(1-a)]"? 3(1-a)[-in(1-)°
A4 Avrami-Erofe’ev [Fin(1-a)]™" 4(1-a)f-In(1-)**
B1 Prout-Tompkins Info/(1-a)} of1-a)

Deceleratory o-time curves
Geometrical models

R2 contracting area 1-(1-c)"? 2(1-a)™?

R3 contracting sphere 1-(1-0)™ 3(1-a)*®
Diffusion controlled models

D1 one-dimensional & 12 &

D2 two-dimensional (1-a)in(1-a)+a FHn(1-a)]"

D3 three-dimensional [1-(1-)"°F 2 (1-0)?f(1-0)" "

D4 Ginstling-Brounshtein (1-20/3)-(1-a)*> 3/2 [(1-a) -1}
“Order” of reaction

F1 first order -in(1-cx) -

F2 second order 1/(1-¢) (1-a)*

F3 third order [1/(1-a)F (1-a)’

Fn n-th order [1/1-a)f (1-a)"

All above rate expressions can be summarised into the combined equation®:
do/dt = k " (1-a)” [Hin(1-a)F

23



24 infroduction Chapter 1

in the general case, the experimental a-time curve under isothermal conditions has the
features illustrated in Figure 1.18, though, any of these features except the maximum
rate may be absent in specific cases®, From the typical a-time curve, we can get
information about the mechanism of the reaction, which is often complex, as described
below®®:

1. Surface adsorption or desorption, yield initial section a,

2. The formation of nuclei, termed the induction period (section b), which is regarded
as being terminated by the development of stable nuclei,

3. The growth of such nuclei, perhaps accompanied by further nucleation, extends to
the maximum rate of reaction at d, yielding an acceleratory section ¢,

4. Thereafter, due to overlapping of nuclei and consumption of reactant, a deceleratory

section e is yielded and continues until completion of reaction, f.

Extent of Reaction
S—- .

Time -

Figure 1.18 The generalised isothermal o-time curve for a solid state reaction

it is generally accepted that the nucleation and growth processes play an important role
in the decomposition of a solid to yield a second product phase. The formation and
growth of nuclei is depicted in Figure 1.19. The nuclei grow initially from “germ nuclei”,
which generally occurs at the defects existing in the crystalline reactant. Grains of
product phase are formed in the reactant and these increase in size. The
reactant/product interface advances and the growth of the product continues until no

more reactant is left over.

24
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[Hn(1-)]"" = kt

with the exponent n = g + 4, where g is the number of steps involved in nucleus
formation and A is the number of dimensions in which the nuclei grow.

In application of the rate equations contained in Table 1.2, caution must always be
taken in giving geometrical interpretation to the mathematical models®. If, for a specific
reaction, a given set of (¢, f) values obeys a particular kinetic expression, it does not
mean that the reaction follows the same mechanism from which that rate equation was
derived. The different mechanistic models can lead to the same kinetic equation®. The
converse is also true®®®. Other factors may also reduce the accuracy of interpretation
of kinetic data, e.g. particle size effects, reactant pre-treatment or concentration of
defects. The reaction rate can be inhomogeneous within the reaction mass, if for
example, melting occurs®. It is also possible that the mechanism may change during
reaction, or vary with the «. In view of these problems, geometric interpretations must
be supported by independent evidence, e.g. microscopic cbservations or measurement
of the nuclei.

The variation of the rate constant, &, with temperature is generally assumed to be
governed by the Arrhenius equation, In k = -E,R/T + In A, which was originally derived
for homogeneous reactions based on well-established theories. Being analogous to the
homogeneous reaction, the activation energy, &, is identified as the energy barrier
which must be surmounted during transformation of reactants into products during the
rate-limiting step. The frequency factor, A, was identified as a molecular encounter or
as a specific vibration in the reaction co-ordinate. This assignment, as well as the
concept of rate constants for solid state reactions have been challenged® % Some
scientists prefer to regard both £, and A as having empirical rather than theoretical
significance and refer to them as “apparent kinetic parameters™®'°*'"" However, the
Arrhenius equation has been successfully applied to numerous reactions involving
solids. The Arrhenius parameters do have practical value as suggested by Brown®,

even though there is still no satisfactory theoretical explanation.
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2. The inclusion compounds of diol hosts

This part of the work is concerned with an exploratory investigation of
structure/thermodynamic/selectivity relationships of the inclusion compounds of two
diol hosts. Both the host 2,2'-dihydroxy-1,1'-binaphthyl (BINAP) and the host 1,1'-bis-
(4-hydroxyphenyl)cyclohexane (DHPC) conform to the principles of directed host
design'®, in that they are bulky, with a rigid backbone and contain hydroxyl moieties

which facilitate the formation of coordinato-clathrates.

The host BINAP has been studied extensively in the literature. The structures of the

non-porous a-phase, the apohost, have been elucidated for the racemic''® and both

111,112

enantiomerically pure forms . The structures of its inclusion compounds with a

variety of small guests have been solved. Of interest are the structures carried out with

the resolved host with a chiral guest such as methyl m-tolyl-sulfoxide',

114 115

dimethylphenylphosphinate , proline™®, ethylmethyl (m-

117

, ethyl m-tolyl selenoxide
tolyl) amine oxide'"” and 1,2-cyclohexane-diamine''®. This host was employed in this
study in an attempt to separate the close isomers of picoline, lutidine and xylidine. Its
inclusion compounds formed with a number of volatile guest solvents were also

investigated.

The host DHPC has been extensively employed previously in separating benzene-
substituted organic compounds. The closely related isomers, which we have attempted
to separate by this host in our laboratory, are listed in Table 1.3, together with the
selectivity trend given as references. In this study the host DHPC was employed to
selectively enclathrate close isomers of xylidine. The inclusion compounds formed
were of different stoichiometries depending on crystallisation temperatures. The
structure relationship of the inclusion compounds of various stoichiometries was
studied.

Table 1.3 Separation resuits by employing the host DHPC from previous studies.

Separation of Results Reference
Isomers of phenylenediamine 4-> 2- ~ 3- 119
Isomers of bezenediol 2-~3->4- 120
Isomers of picoline 3-m 4> 2 121
Isomers of lutidine 3,5->2,4->26- 122
Isomers of xylenol 3,5->23-%226- 123
Phenol and isomers of cresol 3- > 4- > phenol > 2- 124
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Experimental and Computation

Guest compounds

Chapter 2

The guest compounds were bought from various manufacturers, namely Sigma-
Aldrich, Merck, Unilab, Orion and B & M Scientific Chemical Company. All of the guest

compounds are of more than 99% chemical purity and were used as supplied without

further distillation, purification or other preparative works. The volatile guest solvents,

e.g. THF, actone, DMSO and 1,4-dioxane etc. were stored over dried molecular sieves.

The relevant physical properties of the guest compounds are given in Table 2.1,

together with their chemical formulae and molecular weights.

Table 2.1 Relevant physical properties of the guest compounds studied.

Guest Structural mol wt bp* mp* | Density’
compounds Code formula {gmol™) (°C) (°C) (g cm™)
2-Methoxyethanol - HOCH,CH,OCH; | 76.09 124.4 -85 0.9663
Ethanol - C,HsOH 46.07 78.5 -114.1 0.789
Water - HO 18,02 100 0 1.000
2,6-Xylidine 28X (CH3)2CsHaNH, 121.18 214 10 0.962
3,5-Xylidine 35X {CH3)CsHaNH, 121.18 221 8 0.960
2,3-Xylidine 23X {CH3),CeHaNH, 121.18 223 -15 0.993
3,4-Xylidine 34X (CH3),CaHaNH; 121.18 225 49 1.134
2-Picoline 2PiC CH3CsHIN 83.12 128-129 -70 0.950
3-Picoline 3PIC CH3CsH4N 93.12 | 143-144 18 0.958
4-Picoline 4PIC CH3CsH4N 93.12 145 3.8 0.957
2.6-Lutidine 2BLUT {CH3)CsH3N 107.15 144 -5.8 0.925
2.4-Lutidine 24L.UT {CH;),CsHsN 107.15 159 -60 0.927
3.5-Lutidine 35LUT (CHa),CsH3N 107.15 | 169-170 -G 0.939
1.4-Dioxane DOX C4HgO, 88.10 101.1 11.80 1.0329
Dimethylsulfoxide | DMSO (CH3),08 7813 189 18.45 1.100
Morpholine MOP CaHoNO 87.12 128.8 -4 G 1.007
Acetone ACT CH;COCH, 58.08 56.5 -94 0.788
Tetrahydrofuran THF CiHsO 72.10 66 -108.5 0.889

* bp and mp at 101.3kPa (760mmHg) are quoted either from The Merck Index (11"
Edition) if possible, or from The Chemist's Companion (Gordon & Ford, 1972).

* Densities of solvents, measured at 25°C, are quoted from the reagent bottles.
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photographs were captured and edited using program analySIS (Soft Imaging System
GmbH, version 3.1).

Desolvation kinetic studies

Kinetics of desolvation of the inclusion compounds were studied using either isothermal

methods or non-isothermal methods. Both methods employ TG techniques.

Isothermal TG was performed using the same Perkin Elmer PC series 7 system as the
programmed TG under dry nitrogen gas purge with a flow rate of 30 cm®min™. Samples
were taken out from the mother liquor, dried between filter paper and crushed to very
fine powder. A series of isothermal TG experiments were carried out at selected
temperatures. The samples were rapidly heated to the selected temperature, which
was then maintained until guest desorption was complete. The experiments were
repeated at a series of different temperatures, which were chosen so that the total
reaction time ranged typically from 0.5 to 18 hours and were usually lower than the
onset temperature for the guest release, as obtained from the programmed TG
experiments. Data obtained from these experiments were reduced to extent of reaction,
a, versus time curves, and were fitted to various kinetic equations until appropriate
models were determined (Brown, 1988). The extent of reaction, «, is described by a =
(m; — my) | (m; — my), where m; is the initial mass of the compound, myis the final mass
and my is the mass at any time, {, during the mass loss process. Various kinetic models,
of the form fla) = ki, were fitted to the a-time data using the program KINETIC, written
by Barbour (1994). The kinetic model for which the function, ), was linear over the
largest range of « was chosen as the best fit model. The judicious choice of the final
equation should take into account both the correlation coefficient and the « range over
which the model fitted (Byrn ef al. 1999).

Details of the non-isothermal kinetic studies using programmed TG are described in the
appropriate chapter.
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Lattice energy calculation

When interpreting the selectivity trend obtained from the competition experiments for a
given set of guest compounds, lattice potential energies were evaluated for the
appropriate host-guest systems. The lattice potential energy of a crystal structure is
represented by a pairwise sum over atoms in different molecules. For all calculations, a
representative of host and guest molecules was selected and appropriate summations

were carried out for all intermolecular non-bonded interactions.

The empirical atom pair potentials were calculated using the program MPA (Williams,
1999), using a force field of the type

ae™” ¢
},a’ ’,6

V(r)=

where r is the interatomic distance and the coefficients a, b, ¢ and d are those given by
Gavezzotti (1998).

In addition a hydrogen bonding potential was incorporated into the calculations which is
a simplified form of that given by Vedani and Dunitz (1985), and is expressed as
A C 2
Vhb == (F—F{}—JCOS G

where R is the distance between the hydrogen atom and the acceptor atom, 6 is the
donor—H---acceptor angle and the cos®9 term is the energy penalty paid by the bond for
non-linearity. The constants A and C are related to the well-depth Vi, and the
equilibrium distance Ry by A = -5Ry"*Vinin and C = -6Ry"° Vinin.

In the case of the crystal structure being disordered, the potential energy contributions
of each component of the disordered model was calculated separately, and the
resultant energy was weighted according to the site occupancy factors refined in the

structure solution and summed accordingly.
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Crystal structure analysis

Preliminary unit cell parameters and space group symmetry were determined by X-ray
photography for all inclusion compounds for which sufficiently good and relatively
stable crystals had been grown. Oscillation and Weissenberg photographs were taken

on a Stée goniometers using nickel filtered Cu-K,, radiation (A = 1.5418 A).

For data collection, single crystals of suitable size (between 0.2 - 0.5mm in three
dimensions) were selected based on their ability to extinguish plane polarised light
uniformly. For the data collections carried out at room temperature (293K, 20°C), the
crystals were mounted in Lindemann capillary tubes of internal diameter 0.3 or 0.5 mm,
together with a drop of mother liquor to minimise deterioration of the crystal caused by
guest desorption. Where the data collections were carried out at low temperature
(173K, -100°C), the crystals were glued on glass fibres with Paratone N oil, bought
from Exxon Chemical Co., TX, USA. If conditions permitted data collections were
always carried out at low temperature. In the case of BINAP inclusion compounds with
DMSO, the crystals cracked at low temperature, therefore the data collections were
performed at room temperature.

For data collections at low temperature, the crystals were cooled and maintained at
173{(2)K produced by a Cryostream cooler (Oxford Cryostreams) with a constant
stream of nitrogen gas drawn up from a liquid nitrogen pool.

X-ray intensity data were collected on a Nonius Kappa-CCD diffractemeter using
0.7107 A). The strategy for data
collection was evaluated using the COLLECT software (1999). For all structures data

I

graphite-monochromated MoK, radiation (A

were collected by the standard phi scan and omega scan techniques and were scaled
and reduced using DENZO-SMN software (Otwinowski & Minor, 1997). Accurate unit
cell parameters were refined on all data.

All structures were solved by direct methods using SHELXS-86 (Sheldrick, 1985) and
refined employing full-matrix least-squares with the program SHELXL-97 refining on F2
(Sheldrick, 1997). The program X-seed (Barbour, 1999a) was used as a graphical
interface for structure solution and refinement using SHELX.

Direct methods vielded the positions of all non-hydrogen atoms in the asymmetric unit.
Equivalent reflections were merged and those with [ < 2o (I) were suppressed. Mean
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Experimental and

Computing packages

Besides the program SHELXS for structure solution and SHELXL for structure
refinement, a number of other programs are also included in the graphic interface
software X-seed (Barbour, 1999a). Those of which were used in this study are listed

here:

Layer (Barbour, 1999b). This was used to investigate the systematic absences from
the X-ray intensity data. It displays the intensity data as simulated procession
photographs of all levels of the reciprocal lattice.

XPrep (Version 5.1, 1997). This was used to determine or input the space group
and set up SHELX input files. It was also used for unit cell transformations in the
case of structures of both formsof BINAP«1.5MOP.

Lazy Pulverix (Yvon et al. 1977). This was used to calculate the theoretical X-ray
diffraction pattern following the procedure described in the previous section.
Section (Barbour, 1999c). This was used to view the shapes and sizes of the voids
in which the guest molecules were situated in the inclusion compound structure.
After the guest molecules were removed from the crystal structure solution, the host
molecules were viewed with atoms given their van der Waals radius. Using this
program, a series of slices, which are all parallel to any chosen cell face, were
presented by cutting the unit cell at selected intervals. This enables one to
investigated the three dimensional shape of channels or cavities formed by the host
molecules.

PovRay. This was used to produce molecular structures and crystal packing
diagrams for all the structures presented in this thesis.

In addition, the following programs, which are not included in X-seed, were also used

for the analysis of crystal structures:
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Platon (Spek, version 10500) was used to calculate molecular parameters from
results of crystal structure analyses.

ConQuest (CCDC, version 1.3) was used to search the Cambridge Structural
Database (CSD) for selected crystal structures which were used for comparison
purposes.
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Thermal analysis and Evolved Gas Analysis

Thermal analysis results of MGDAME, CADAME and SRDAME are shown in Figure
3.13. The TG and DSC traces showed similar features for all of the three inclusion
compounds. The TG shows a two-step decomposition. The percentage mass loss of
the first step corresponds to the first endothermic peak of the DSC curve, and is
associated with the total mass loss of guest molecules. The second decomposition
step, however, corresponds to an exothermic peak in the DSC, and could not, at first,
be interpreted. Therefore Evolved Gas Analysis (EGA) for CADAME was carried out.
The sample was send to Professor M. E. Brown's laboratory at Rhodes University,
South Africa, and thermal analysis was done under the same condition as in the TG
run, but recorded the IR spectrum of the gases evolved during the decomposition. The
IR spectrum corresponding with the first decomposition step is shown in Figure 3.14a,
and that corresponding with the second step is shown in Figure 3.14b. The first
spectrum clearly shows all the features of the 2-methoxyethanol guest, in that the
stretching modes, v{O-H), v(C-H) and v(C-O), as well as the bending &(C-H) are clearly
present (Pouchert, 1990). In the second spectrum, the bands for CO, stretch and CO,
bend are clearly identified (Atkins, 1998), showing that CO; is a decomposition product
of the host. This explains the presence of the exotherm on the DSC, and the mass loss
of the second step. The decomposition of CADAME was followed by hot stage
microscopy, with similar results observed for MGDAME and SRDAME. This is shown
in Photo 3.1. During the first step the translucent crystal evolves gas bubbles between
150°C and 190°C and tums opaque white. The bubbling is resumed in the second step
at about 200°C and the crystal turns brown. This second decomposition step of host

proceeds up to 550°C and produces a dark brown residue. The relevant TG and DSC
data are given in Table 3.5.
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Kinetics of desolvation

The kinetics of the first step decomposition reaction, which corresponding to the
release of the guest molecules from the metal salts of dibenzoyl! tartaric acid host
molecules, for complexes MGDAME and CADAME were investigated. The data were
obtained from a series of isothermal TG experiments over a temperature range of 95°C
to 135°C. The mass loss versus time curves were converted to the extent of reaction,
o, versus time curves. The typical a-time curves for both compounds are illustrated in
Figure 3. 15. For MGDAME, the o-time curves were best described by the first order
kinetic law F1: -In(1- o) = At, over an o range of 0.10 to 0.90. The Arrhenius plot of In k
versus 1/T yields 128(10)kJ mol” as the activation energy (Ea) and 38(4) as the
logarithm of pre-exponential factor (In A) over the temperature range of 95°C to 130°C.
For CADAME, the o-time curves show the desolvation process to be deceleratory and
the data at an o range of 0.10 to 0.90 best fitted the equation corresponding to the
contracting volume mechanism (R3): 1-(1-c 3 = kt. The plot of In k versus 1/T yields E,
=133 (6) kJ mol™ and In A = 35.9(2) over the temperature range of 95°C to 135°C. The

Arrhenius plots for the first step decomposition reacticns for MGDAME and CADAME
are shown in Figure 3.16.

Table 3.6 Kinetic parameters for the first step desolvations of MGDAME and
CADAME.
Temp. o Kinetic E, inA
Reaction* range range model | (kJ mol™)
(°C)
MGDAME — CigHioMgOs + 95-130 | 0.1-0.9 F1 128(10) | 38(4)
C3HsO,T + C,Hs0T + 3H,07
MGDAME — CisH:,MgOs + 90-135 | 01-09 R3 133(6) | 35.9(2)
2C3Hs0,T + H,0T

CsHsO,: 2-Methoxyethanol

C.Hs;O: Ethanol
H-O: Water
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Discussion

The coordination complexes with guests, such as 2-methoxyethanol, water or ethanol
which contain oxygen atoms with a lone pair of electrons, were discussed in this
chapter. Despite being crystallised under virtually identical conditions, the calcium and
strontium salt of O,0'-dibenzoy! tartaric acid, the so-called host molecules, coordinated
to 2-methoxyethanol and water guest molecules, whereas the magnesium salt
coordinated to ethanol, 2-methoxyethanol and water. In the structure of MGDAME, the
Mg?* ion forms an irregular octahedral coordination with 6 oxygens. This is the most
favoured coordination geometry by Mg? ion, with approximately 90% of the 245
magnesium complexes retrieved from the CSD (Version 5.22, 2001) found in this
geometry. In both structures of CADAME and SRDAME, the Ca®"/Sr*" ion coordinates
to 7 oxygens with capped trigonal prismatic geometry. The factors that affect the
natural coordination preferences of the metal are complicated, but it is noted that the
increased coordination number in the Ca®* / Sr** salts correlates with their larger ionic

radii.

MGDAME crystallise in the space group P2, with Z = 2. Extensive hydrogen bonds,
which form between the carboxyl moiety of the host and hydroxyl group of
water/ethanol molecules, link the Mg?" metal centre, resulting in the formation of two
dimensional network perpendicular to the ¢ axis. The structures of CADAME and
SRDAME are isostructural. They both crystallise in the orthorhombic space group
C222, with Z = 4. Their cell dimensions are all similar with the ¢ axis of SRDAME being
about 0.27A longer which renders the volume of unit cell of SRDAME 68.5A° larger.
This is mainly due to the ionic radius of Sr** being larger than that of Ca®. In both
structures, the carboxyl moieties of the host molecules act as bridging ligands linking
the coordination metal centre along the direction [100]. The coordination bonds, as well
as the hydrogen bonds that formed between the host and methoxyethanolfwater
molecules generate two two-dimensional networks perpendicular to [001]. All of the
three structures are characterised by columns of guest molecules and metal ions
located in channels, running parallel to one of the cell axes, as a result of the stacking

of the dibenzoyl tartrate moiety of host molecules around the metal centre.

Thermal analysis (TG and DSC) and EGA results show that the three complexes lose
all their guest species in an single endothermic step, followed by the exothermic
decomposition of metal salts, which give rise to CO; as product. The desolvation of

guests began at a higher temperature than the boiling points of the pure guests, with
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Table 3.7 Crystal data, data collection and final refinement parameters.

Farth-metal Complexes

Chapter 3

inclusion compound MGDAME CADAME SROAME
Molecular formula C13H12M9080 C18H13C303' C13H123f080
C3H302’CzH5003H20 2C3H302’H20 2C3H302¢H20

Guest

Formula weight (g mol™)

Crystal Data
Crystal system

Space group
a(A)

b (A)

c(A)

a(’)

A

7 ()

Volume (A%)
Z

Calculated density D (gcm’s)

g (mm’™)
F(000)

Data collection
Temperature (K)

Range scanned, #(*)
Range of indices, b, k, /
No. of measured reflections
No. of unique reflections
No. of reflections observed

with! > 26(/)
Rint

Structure refinement

Data / restraints / parameters

R indices Ry / wR; [/ > 20(/)]
Ry / wR, (all data)

Goodness of fiton F2. S

Weighting scheme

[where P = (Fo"+2F2)/3]
Max. / Mean shift (esd)

Flack x parameter

Extinction coefficient
Max./Min. height in difference
electron density map (e A™)

2-Methoxyethanol
Ethanol and water
556.80

Monoclinic
P2,
10.9056(5)
11.4855(3)
11.3693(5)
a0
105.09(3)
80
1374.9(1)
2

1.345
0.132

588

293 (2)
3.01 — 26.40
0,13/0,14/-14,13
7977

2948

2465
0.033

2948 /111388
0.0366 /7 0.0014
0.04707 0.084¢
1.008

W = 1/[c*(Fo)+

(0.0666P)*+0.0000 P]

0.086 / 0.005
0.1(3)
0.001(4)

0.1857-0.221

2-Methoxyethanol
Water
566.65

Orthorhombic
C222,
9.1946(2)
14.0300(3)
20.8825(5)
80

g0

20

2695 141
4

1.366
0.298
1192

293 (2)

2.82 - 28.26
+12/418/427
12412

3341

2775
0.633

3341/4/186
0.0363 / 0.0732
0.0516 / 0.0780
1.042

w = U[o*(F A+

(0.0351P)*+0.2884P]

0.001 / 0.000
-0.01(3)
0.0006(5)

0.207 1 -0.167

2-Methoxyethanol
water
614.10

Orthorhombic
2224
9.2324(1)
14.3012(2)
20.9313(3)
80

a0

90
2763.7(1)
4

1.476
2.014
1264

293 (2)
2.03 - 25.94
+12 / 418/ 427
10946

3299

3114
0.023

3299/ 41186
0.0229 / 0.0541
0.0256 / 0.0552
1.080

w = 1[HF)+
(0.025P)*+1.1496P)
0.001 / 0.000
0.010(6)

0.0000(3)

0.2057-0.278
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Preparation of the inclusion compounds

The inclusion compounds were obtained by dissolving the host DHPC in excess
amount of guest xylidines by warming and allowing the solution to crystallise at
different controlled temperatures by concentration. The mole ratio of host to total guest
used was about 1:15 in both crystallisation experiments and competition experiments.
Crystals appeared within periods varying from 24 hours to 7 days. In the case of the
guest 3,4-xylidine, which is solid at ambient temperature, toluene was used as a non-
competitive solvent when crystallisation was carried out at room temperature (~25°C)
and inclusion of water occurred from the wet toluene solvent. The crystallisation
temperatures at 1°C, 4°C, 60°C and 80°C could be controlled about +1°C. The inclusion
compounds obtained are listed in Table 4.1, together with the host:guest ratios,
crystallisation temperatures and compound code names.

Table 4.1 List of the inclusion compounds obtained.

Code name of Guest Host:guest | Crystallisation
inclusion compound temperature
DHPC«26X 2,6-Xylidine 1:1 80°C
DHPC»1.5(26X) (26X) 1:1.5 ~25°C /1 60°C
DHPC-2.5(26X) 1:.2.5 4°C
DHPC+3(26X) 1:3 1°C
DHPC+0.5(23X) 2,3-Xylidine 1.0.5 80°C
DHPC-2(23X) (23X) 1.2 ~25°C

DHPC-0.5(34X)H,O 3,4-Xylidine 1:0.5:1H,0 | ~25°C (in toluene)

DHPC-34X (34X%) 11 80°C
DHPC-35X 3,5-Xylidine 1:1 ~25°C
(35X)
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For DHPC#1.5(26X), apparently the guess loss takes place in two overlapping steps,
with a total mass loss of 40.4%, corresponding to the loss of one and half 2,6-xylidine
molecules per host molecule (calc. 40.4%). The DSC trace shows a sharp endotherm
A with an onset temperature of 90.5°C and a small step B at 119.8°C, both of which
corresponding to the overlapping desolvation processes. No peak in the DSC trace is
associated with the melt of the host alone, though the melting was observed on a

single crystal sample by Hot Stage Microscopy.

Similar to DHPC+1.5(26X), the desolvation of DHPC+2.5(26X) follows multiple steps.
The TG trace exhibits three steps with no stable intermediates. The mass loss for each
step could not be assigned with simple stoichiometry, however the total mass loss of
52.9% is in good agreement with the requirement of host:guest ratio of 1.3 (calc.
53.03%). Only one sharp endothermic peak, A, is observed in the DSC ftrace,
corresponding to the overlapping desolvation processes. No melt endotherm is present
for the melting of the desolvated host.

The TG results for the desolvation of DHPCe3{26X), carried out at different heating
rates, are shown. The TG trace resulting from the TG run at a standard heating rate of
10°C min™ exhibits a single, but slightly uneven mass loss step. The TG trace at a
increased heating rate, 40°C min™, shows fwo steps but with no simple stoichiometry
being associated with each mass loss step. The total mass losses observed are in
good agreement with the host:guest ratio of 1:3 requirement (see Table 4.3).

431 DHPC#0.5(23X) | 00 26 DHPC+2(23X)
£ x—v\\-m E o 4 80
-~ A § ~
L - e w3k -
¥ "B B

24 - - 40 0 40

ﬁ L] 1 ¥ ¥ m 5 ¥ L} T T

30 7O T B0 w0 280 &0 70 0 k-] k) 280
Temperatize /7 C Temperatire 7 C

The TG for DHPC=0.5(23X) indicates a one-step desolvation reaction. While the DSC
exhibits one sharp endothermic peak (A} and two broad peaks (B and C),
corresponding to the desorption process. No endotherm corresponds to the melt of
apohost.
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DHPC»2(23X) decomposed in multiple steps and therefore the isothermal temperature
method of analysis is not suitable. A series of thermal desolvation at different heating
rates were carried out and the data obtained were analysed by a non-isothermal
method described by Flynn and Wall {(1966). The rate of desolvation is given by
do/dT = (A/B)g(e)exp(-E/RT)
where gis the constant heating rate. This equation was differentiated with respect to o
with the assumption that constant A, g(«) and £, are independent of temperature and
that A and &, are independent of g{«), and the following equation was derived:
dllog B) / d(1/T) ~ (0.457/R)E,
Thus, from weight loss versus temperature curves at several heating rates, g, the
corresponding temperatures at a constant weight loss (or a) may be read off. A plot of
log p versus 1/T yields a straight line with slope = (R/0.457)E,. The procedure is

repeated at several values of o, to give a more precise average vaiue of £,

In the desolvation of DHPC-2(23X), the TG runs were performed at heating rates of 1,
2.5, 5, 10 and 20°C per minute. The weight losses versus temperature data, shown in
Figure 4.27a, were reduced and analysed for various percentages of decomposition
ranging from 5% to 45%. The logarithm of the heating rate (8) versus 1/T for various
percentage decomposition were plotted and are shown in Figure 4.27b, which yielded
activation energies calculated from these slopes vary from 64(8) to 75(6) kJ mol™,
averaging in 70 kJ mol™. The results obtained from this non-isothermal method are less
satisfactory, since the slopes display a poor consistency which resulted in the
activation energies lying in a relatively big range. This behaviour is an indication that
the reaction of desolvation of DHPC+2(23X) proceeds as non-single, multiple steps.
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The ability of acting as both hydrogen bond acceptor and donor by both the hydroxyl
group of the host DHPC and the amino group of the guest xylidines give rise to these
versatile inclusion compounds with various host.guest ratios. Intermolecular hydrogen
bonds are formed between molecules of host and host, host and guest, and guest and
guest with the hydrogen bonding types of (host)O-H.-O(host), (host)O-H---N(guest),
(guest)N-H---O(host) and (guest)N-H---N(guest). Among them, the relatively strong
hydrogen bond, (host)O-H--O(host) with O---O distance varying from 2.668(1)A to
2.759(2)A, is present in all structures except DHPC*3(26X). The weakest hydrogen
bond is (xylidine)N-H--N(xylidine), which is only present in the structures of
DHPC+1.5(26X) and DHPC«2(23X), with NN distance in the range of 3.392(3)A -
3.789(3)A. The hydrogen bond interactions between host and xylidine guest are
present in all structures except DHPC+=0.5(34X)*H,0, in which the water molecules act
as hydrogen bonding bridges between the host and xylidine molecules.

Versatile hydrogen bonding pattems are observed in these structures, some of which
are schematically shown in Figure 4.29. The most frequently occumred hydrogen
bonding motif is type 1, found in the structures of DHPC-26X, DHPC+34X and
DHPC-38X, in which two-dimensional hydrogen bonds network formed with chains of
(host)O-H---O(host) and --(host)O-H---N(guest)-H---O(host)-- running along two of the
crystallographic axes. The hydrogen bonding pattern in DHPC+2{23X) is similar to type
1, with one addition in that each guest molecule is hydrogen bonded to another guest,
conforming to the host:.guest ratio of 1:2. A similar patten is observed in
DHPC-0.5(34X)*H,0, with water molecules substituted for the xylidine molecules. The
five structures mentioned above are characterised by similar crystal packing pattern
with respect to host molecules. In all cases, the host molecules pack back to back to
form double ribbons by convenient steric fit of the cyclohexyl ring systems of adjacent
single host ribbon, which is linked via O-H---O hydrogen bond. These doubie ribbons of
host molecules form a layer with the hydrophilic side facing the guest molecules.

In the type 3 hydrogen bonding motif, the hosts are hydrogen bonded to each other
about a centre of inversion and thus form a dimer, and in addition are hydrogen bonded
to the guest. This type is found in the structures of DHPC+1.5(26X) and
DHPC-2.5(26X), and the latter also has type 4 hydrogen bond motif. Different hydrogen
bonding pattern for structures DHPC-3(26X) (type 2) and DHPC+0.5{23X) (bifurcated
hydrogen bonds, refer to Figure 4.14) are also observed. It is clear that the
stoichiometry is related to the arrangement of hydrogen bonds. However in the case of
DHPC+3{26X) structure, two xylidine guest molecules do not take part in hydrogen
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Table 4.13 (cont.) Crystal data, data collection and final refinement parameters

Inclusion compound

DHPC+0.5(34X)*H,0

DHPC-34X

DHPC-35X

Molecular formula

Guest

Formuta weight (gmol™)

Crystal Data
Crystal system
Space group

a(A)
b (A)
c(A)
a(’)
B0
r (%)

Volume (A%

Zz

Caiculated density Dc (gem™)

w (mm’)
F(000)

Data collection
Temperature (K)
Range scanned, 6(°)

Range of indices, h, k, /

No. of measured reflections

No. of unique reflections

No. of reflections cbserved
with / > 2a(/)

Rint

Structure refinement

Data / restraints / parameters
Rindices Ry /wR;[I> 2a{h]

Ry /7wy (all data)

Goodness of fiton F2. S
Weighting scheme
[where P = (F,2+2F;%)/3]
Max. / Mean shift (esd)
Extinction coefficient

Max./Min. height in difference
Electron density map (eA®)

C13H2302‘0.5C3H1 1 N
UHQO

3,4-xylidine and water

346.05

Triclinic
P1
10.8879(5)
12.5017(7)
15.1701(7)
108.510(4)
09.895(3)
102.559(2)
1872.8(2)
4

1.230
0.081

748

173 (2)
2.63 - 25.42
-13,11/-11,15/-18,15
15055

6747

3622
0.0215

6720 /22 1 497
0.0654 / 0.1232
0.1311/0.1487
1.027

w = Y[ (F, )+

(0.03221P)*+2.1868F)

0.000 / 0.000
0.027(8)

0.818/-0.365

CiaHzoOeCaH N

3, 4-xylidine
389.52

Monaoclinic
C2lc
34.9685(1)
£.2546(3)
20.2035(8)
a0
101.877(1)
a0
4328.5(3)
8

1.185
0.074
1880

173 (2)
2.06 - 28.24
-43,44/-4,8/+25
12807

4699

2949
0.043

4699/7 1278
0.1043/ 0.2539
0.1468 / 0.2823
1.157

w = U[F(F A+

(0.0000P)*+16.4095F

0.000 / 0.000
0.0043(8)

0.393/-0.295

CiaHa0020CsH 4N

3,5-xylidine
389.52

Triclinic
P1
6.327(1)
10.720(2)
16.820(4)
96.48(2)
100.08(2)
890.83(1)
1101.1(4)
2

1175
0.073
420

293 (2)

1.95 - 24.97
0,7/£12/-20,19
7320

3869

2075
0.039

3869 /7 /281
0.0439/0.0927
0.1351/0.1374
1.109

w = [ (FA)+
(0.0323P)*+0.4445F
0.000 / 0.000
0.038(3)

0.202/-0.176
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PART 1
BINAP AND PICOLINES

Preparation of the inclusion compounds

inclusion compounds of the host BINAP with three picoline isomers were obtained by
dissolving the host in excess amount of liquid guest by warming and allowing the
solution to crystallise by slow evaporation. The crystallisation experiments were carried
out at both room temperature (~25°C) and 4°C for each guest solvent and the inclusion
compounds with constant host:guest ratio of 1:2 were obtained. The crystaliisation of
BINAP with 3-picoline was troublesome and crystals were only obtained after
numerous attempts. The mole ratio of host to total guest used was approximately about
1:20 in the crystallisation experiments as well as the competition experiments.

The atomic numbering scheme for the host and guest compounds and the

abbreviations for both the guests and the inclusion compounds obtained are shown in
Scheme 5.1.

Scheme 5.1
16
e NIN2G
16
56 P
4G
BINAP and 2-picoline (2PIC): BINAP2(2PIC)
BINAP and 3-picoline (3PIC): BINAP=2(3PIC)
BINAP and 4-picoline (4PIC): BINAP=2{4PIC)

The atomic numbering scheme used for the host BINAP is consistent throughout all the
structure solutions that contained the same host in this thesis. The hydrogen atoms are
numbered according to their parents atoms to which they are bonded. Where
necessary, crystallographic independent guest molecules are assigned suffixes "A", "B"
etc after the letter "G".
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PART 2
BINAP AND LUTIDINES

Preparation of the inclusion compounds

The host BINAP was dissolved in excess amount of 2,6-, 2,4- and 3,5-lutidine liquid by
warming, and the solutions were allowed to crystallise by slow evaporation at both
room temperature (~25°C) and 4°C. Colourless crystals appeared within period of 24
hours to one week, The mole ratio of host to total guest used was approximately about
1:15 in the crystallisation experiments as well as the competition experiments. The
crystals of inclusion complex with 3,5-lutidine were finally obtained after numerous
attempts, which invariably resulted in a powdery material. The difficulty experienced in
obtaining single crystals of this complex also occurred in competition experiments,
during which attempts to grow crystals were unsuccessful when the mole fraction of

3,5-lutidine in the initial guest mixtures was more than a certain limit.

The host BINAP formed 1:2 inclusion compounds with 2,6 and 2 4-lutidine and 1:1 with
3,5-lutidine. The host:guest ratios were established by TG. The structural skeletons for
the lutidine guests, the numbering scheme used in the structure solutions and the

abbreviations for both the guests and the inclusion compounds obtained are shown in
Scheme 5.2 as follow:

Scheme 5.2
1G 1G 1G
86 N 76 N 76 N

o NS o 6G N 66, NN 26

5G / 3G 56 / 3G % / %
4G

4G

8G

BINAP and 2,6-lutidine (26LUT):  BINAP+2(26LUT)
BINAP and 2,4-lutidine (24LUT): BINAP+2(24LUT)
BINAP and 3,5-lutidine (35LUT):  BINAP35LUT
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[2.815(5) - 2.826(3)A]. The inclusion mode in each case is characterised by
interconnected channels in which the guest molecules are located. The lattice energies
for both structures are practically equal (-262.5 - -263.2 kJ mol”) and their crystal

packing efficiencies are very close.

BINAP-35LUT crystallises in the space group P 1 with Z = 2. In this structure, each
host molecule is hydrogen bonded to an adjacent host, forming a dimer about the
centre of inversion, and in addition hydrogen bonded to a guest molecule. The 3,5-
lutidine molecules are located in channels that running along [010]. On the basis of
hydrogen bonding distances, the (host)O-H:--N(guest) interaction with 3,5-lutidine is
stronger [d{O-~N) = 2.794(2)A], compared with 2 6- and 2 4-derivetives, probably
because of the increase of acidity of the hydroxyl group of the host due to the formation
of (host)O-H---O(host) bond. But, the overall lattice potential energy of BINAP-35LUT is
significantly higher, as a consequence of a fewer number of atom-pair interactions,
arising from the different host:.guest ratios of 1.1 versus 1:2. In fact, the different
host:guest stoichiometry makes a comparison of the lattice energies invalid.

The desolvation of all three inclusion compounds are in a single step and their To, - Ty
{(where T,, < Tp) values are in small range (34.2 - 44.2°C), with that of BINAP-35LUT
being the highest. The desolvation reaction of BINAP-2(26LUT) and of
BINAP-2(24LUT) followed a common kinetic mechanism - the contracting area
geometric model (R2) and activation energies within a small range were obtained
[80(4) - 92(3)kJ mol™]. The desolvation of BINAP+35LUT obeyed the Avrami-Efofe’ev
A3 equation and yielded the relative higher activation energy [101(7)kJ mol™.

The results of competition experiments show that the 3,5-lutidine is less favoured by
the host, whereas the selectivity between the other two isomers is concentration
dependent with parameter Qs urasiur = 0.5, implying one of them is strongly favoured
when its component is greater than 0.5 in mole ratio. The selectivity trend for 2,6-
lutidine and 2,4-lutinde accords with the results obtained by analysing the crystal
structure and thermal stability of their inclusion complexes with the host. However, as
for 3,5-lutidine, its inclusion compound with the host, BINAP<35LUT, shows relatively
high thermal and kinetic stabilities, which do not correspond to its selectivity trénd. This
disagreement is possible due to the difference in stoichiometry, yielding a diiferent
structure made comparison invalid.

BINAP forms 1:1, 1:2 and 1:3 inclusion compounds with 3,5-, 2,6- and 2,3-xylidines

respectively, all crystallised in different crystal systems with varying host-guest
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Table 5.9 Crystal data, data collection and final refinement parameters.

Inclusion compound BINAP-2(2PIC) BINAP-2(3PIC) BINAP-2(4PIC)
Molecular formula Copt140202CH;N CogH140202CcHyN Con«mOz'zCeH'{N
Guest 2-Picoline 3-Picoline 4-Picoline
Formula weight (gmol'1) 472.56 472.56 472.56
Crystal Data
Crystal system Monoclinic Monoclinic Orthorhombic
Space group C2le P24ic Pbeca
a (A 18.274(3) 12.118(1) 18.1189(3}
b (A) 9.887(2) 13.261(1) 10.812(2)
c(A) 14.021(2) 18.581(1) 25.665(5)
a(®) 80 90 90
A% 80.41(3) 103.448(2) a0
7 () 90 g0 g0
Volume (A3) 2533.2(8) 2591.5(3) 5027.8(2)
4 4 4 8
Calculated density D (gem™)  1.239 1.211 1.249
g (mm™) 0.077 0.076 0.078
{000} 1000 1000 1000
Data collection
Temperature (K) 173 (2) 173 (2} 173 (2}
Range scanned, (%) 2.23-26.41 2.71-26.36 2.25 - 2540
Range of indices, A, &,/ -22,211-12,0/+17 -14,15/+16/-16,19 -20,19/-8,11/-26,28
No. of measured reflections 45883 13104 17012
No. of unique reflections 2461 4286 4135
No. of reflections observed
with /> 20(l) 1727 3380 2669
Rint 0.0238 0.0342 0.0531
Structure refinement
Data / restraints / parameters 2461/7/2/7 165 482674/ 335 4135141334

R indices Ry / wiRy [/ > 20(h)]

Ry 7/ wR; (all data)

Goodness of fiton F2 S
Weighting scheme

[where P = (Fo, +2F2)/3]

Max. / Mean shift (esd)
Extinction coefficient

Max /Min. height in difference
electron density map (eA”)

0.0415/ 0.0989
0.0693 /0.1105
1.035

w = 1[o (Fo)+
(0.0531P)*+0.6403P]
0.048 / 0.000
0.0035(6)

0.170/-0.173

0.0410 / 0.0925
0.0860 / 0.1056
1.021

w = 1o (Fo)+
(0.0463P)*+0.4283P]
0.000 / 0.000
0.0100(9)

0.175/-0.152

0.0430 / 0.0958
0.0860 / 0.1126
1.027

w = [P (FA+
(0.0564P)*+0.3890P]
0.001 / 0.000
0.0027(4)

0.172/7-0.167
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Table 5.9 (cont.) Crystal data, data collection and final refinement parameters.

inciusion compound

BINAP-2(26LUT)

BINAP-2{24LUT}

BINAP-35LUT

Molecular formula

Guest

Formula weight (gmol™)

Crystal Data
Crystal system

Space group
a(A)

b (A)

c(A)

a ()

£C)

¥ ()

Volume (A%
Z

Calculated density D, (gom™)

p(mm™)
F(000)

Data collection
Temperature (K)

Range scanned, 8 (°)
Range of indices, h, k, 1

No. of measured reflections
Mo. of unique reflections
No. of reflections observed

with /> 2o(h)
Rint

Structure refinement
Data / restraints / parameters
R indices R,/ wR; [/ > 206{]
Ry /1 wR; (all data)
Goodness of fiton F~. S
Weighting scheme
[where P = (F,2+2F)13]
Max. / Mean shift (esd)
Extinction coefficient
Max./Min. height in difference
electron density map (eA”)

Con 1402’207H9N

2.6-Lutidine
500.62

Monoclinic
C2lc
14.656(7)
10.703(2)
18.365(5)
80
109.84(3)
80
2710(2)
4

1.227
0.076
1064

293 (2)
2.36-24.95
0,17/+12/-21,20
11874

2376

937
6.072

2376/2/178
0.0540 / 0.1097
0.2208 / 0.1771
1.083

w = Y[ F(F)+

(0.0359P)°+4.2223P]

0.000 / 0.000
0.0032(5)

0.255/-0.222

Con 1 40202C7H9N

2.4-Lutidine
500.62

Maonoclinic
C2le
15.12(2)
10.76(1)
18.19(5)
a0
110.8(1)
80
2764(9)
4

1.203
0.075
1084

173 (2)
2.88-27.27

-11,17/-9,13/-19,16

1356562
2665

1719
0.031

2665121177
0.0472/0.1072
0.0892 / 0.1220
1.037

w = U[A(FA)+

(0.0568P)*+0.4666F)

0.000 / 0.000
0.0035(6)

0.200/-0.161

CaoH140,8CoHgN
3,5-Lutidine
383.48

Triclinic
P1
10.341(1)
10.511(1)
11.868(1)
103.651(5)
113.502(2)
102.486(5)
1077.6(2)
2

1.213
0.076

416

293 (2)
2.01 - 26.31
+12/+9/-14,10
4660

3479

2188
0.021

3479/ 4 /282
0.0515/0.1039
0.0972/

1.024

w = V[ A (FA)+

(0.0401P)*+0.3473F

0.001 / 0.000
0.018(2)

0.171/-0.155
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192 BINAP and Volatile Guests Chapter 6

Crystal structures

BINAP-3.5DOX belongs to the triclinic crystal system ( 1 Laue symmetry) and was
assigned the space group P 1, rather than P1, based on the reflection intensity

statistics (mean | E%-1 | value for the general hk/ reflections = 1.0386).

The crystal structures of BINAP-1.5DOX, BINAP-DMSO, BINAP-2DMSO,
BINAP+1.5MOP(I), BINAP-1.5MOP(IT) and BINAP-ACT belong to monoclinic crystal
system (2/m Laue symmetry). Based on the non-extinction reflection conditions
observed from their crystal reflection data, the structures of BINAP+1.5DOX,
BINAP-2DMSO, as well as the both forms of BINAP+1.5MOP were assigned the space
group P24/c, while the others were assigned the space group P24/n. The two space
group are equivalent to each other, but refer to a different cell choice which results in
the c-glide plane in P2,/c being converted into an n-glide plane in P24/n. The space
group of BINAP«1.5MOP(II) was later transformed from P24/c into P2,/n, so that its unit

cell dimensions correspond with those of the form I for comparison purpose.

Both BINAP+1.5THF and BINAP structures belong to the orthorhombic crystal system
{(mmm Laue symmetry). The reflection data of BINAP+1.5THF exhibit the following non-
extinction conditions:

hkl.  h+k=2nh+l=2n k+/=2n

Okl.  (k+/=2n,k=2n,1=2n)

hol: (h+/1=2n, h=2n,/=2n)

hkO. (h=2n, k=2n)
suggesting the non-centrosymmetric space group Fdd2. This is confirmed by the mean
[ E%1 | value of 0.803 for general hi/ reflections. Whereas the reflection data of BINAP
exhibit

hil.  h+k+1=2n

Okl k=2n,7=2n

hOF  h=2n,1=2n

hkO. (h+ k=2n)
conditions, implying that the space group was either lbam or 1ba2. Inspection of the
intensity statistics (mean [E%1| values for Okl, 0.678; hOl, 0.781; hkO, 1.052, and
0.804 for the general hkl reflections) revealed that the space group was non-centric,
hence Iba2 was assumed to be the correct choice. The choice of the space group for
each compound is vindicated by the successful final refinement of the structure.
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Chapter 6 BINAF and Volatile Guests 193

All the structures were solved by direct methods, which yielded the non-hydrogen
atoms in the asymmetric unit. In most cases, the O atoms on the host and guest
molecules were placed at the locations of the highest peaks. In the case of structures
of BINAP and morpholine, the electron densities at the possible positions of the O and
N atoms were almost equal. In such case the O atoms were placed within hydrogen

bonding distance with respect to the hydroxyl O atoms of the host molecules.

The crystal structure for each inclusion compound is discussed in terms of refinement
and structure analysis. The molecular formula, host:guest ratio, space group, cell
parameters and other crystallographic information are summarised at the beginning of
the discussion of each structure. This is followed by a brief description of the structure
refinement and then by a description of molecular structure and crystal packing. The
host conformation data obtained from all the structure solutions in this part will be
discussed in more detail collectively in Chapter 7. The crystal data and final refinement
parameters are contained in Table 6.5, appearing at the end of this chapter.

For the apohost BINAP, its crystal structure in the space group lba2 has been
elucidated previously and appeared in several reports (Gridunova ef a/. 1982; Mori et
al. 1993; Toda ef al. 1997; Nieger, 1998). The latter solved the structure at low-
temperature with R factor of 4.34%. It was again solved and refined at low temperature
in this study, and the results are present in this chapter, because the structure was
refined to a slightly lower R factor and the result is relevant to the studies of the
inclusion compounds containing this host.
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BINAP-1.5DIOX

CzeHmOz"f .5C4H802

Guest: 1,4-Dioxane

Space group: P2,/c

a=8.938(1HA a = 90°
b=28.013(2)A B =110.213(5)°
c=9137(1H A vy =90°
Volume = 2146.8(4) A®

Z=4

Refinement

BINAP«1.5DIOX crystallises in P2,/c. Determination of the unit cell volume suggested
four host-guest assemblies per unit cell. Since the host:guest ratio is 1:1.5, the space
group requires one dioxane guest molecule to be located on special position about a
centre of inversion, at Wyckoff position d [(20%) or (%4,%,0)]. Therefore the
asymmetric unit contains one host molecule and one and half guest molecules. All the
non-hydrogen atoms were refined with anisotropic temperature factors. The hydroxyl
hydrogen atoms on the host molecule, which were located in difference electron
density maps, were refined with simple bond length constraints according to a function
of O-H versus O---O distances (Schuster ef al. 1976). The rest of hydrogen atoms were
placed in geometrically constrained positions and refined with isotropic temperature
factors 1.2 x Ugq of their parent atoms. The guest molecule B, located in general
position, exhibits relatively high thermal motions, especially the O4GA atom (Ug =
0.168A%). A residual electron density of 0.80eA™ was observed close to O(4GA), but
could not be sensibly modelled. The structure refined successfully to R, = 0.0764.

Structure analysis

The host-guest arrangement, consisting of two host molecules and three guest
molecules is shown in Figure 6.1. Each host molecule is hydrogen bonded to a single
dioxane (A), via O(2)-H(2)--O(1GA) with d(0--0) = 2.676(3)A, and a second dioxane
(B), located on a centre of inversion, links two host molecules, via two hydrogen bonds
O(1)-H(1)---O(1GB), related by the centre of symmetry, with d(O---O) = 2.760(3)A. The
hydrogen bonding details for this structure and other structures discussed in this
chapter, are given in Table 6.2, appearing at the end of the 'Crystal Structures' section.
The guest molecules lie in channels running in the [011] and [01 1] directions, with
both centred at a = 1/2. The guest channeis are depicted in Figure 6.2. The crystal
packing, viewed down [100] and [001], is shown in Figure 6.3.

194




































CQQH1402’1 SC;;HQON
Guest: Morpholine

i

Space group: P24/c

a=9139(2) A a = 90°
b=27672(6) A B =112.98(3)°
c=9204(2) A y = 90°
Volume = 2143.0(8) A®

L=4

n

Space group: P24/n

a=18.2465(2) A o = 90°
b=27.6212(7) A B =113.851(1)°
¢=9.2313(5) A y = 90°

Volume = 4255.2(3) A®

L=8

Refinement

BINAP+1.8MOP() crystallises in P24/c with Z = 4. The space group requires one
morpholine guest molecule, A, to be located in general position, while another one, B,
to be located at a special position, on a centre of inversion, at Wyckoff position ¢
[(0,0,%) and (0,%,0)]. The guest A is disordered over two sites with no shared atoms.
The two possible arrangements, shown in Figure 6.12, have refined site occupancy
factors of 0.537 and 0.4863 respectively. The guest B, which located on a centre of
inversion, was refined with common positions for the O and N atoms [O(1GB) and
N(4GB)] with site occupancies of 0.5. All of the non-hydrogen atoms of both the host
and guest molecules were treated anisotropically in the final model, even though the
O(1) atom and a number of carbon atoms on the host and guest molecules showed
high thermal motions. The hydroxyl hydrogen atoms on the host molecule were
located in the difference electron density maps and refined with simple bond length
constraints and individual temperature factors. The hydrogen atom of the -NH group on
the guest could not be located and was omitted from the final model. The rest of the
hydrogen atoms on the host and guest molecules were geometrically constrained and
assigned isotropic temperature factors relating to their parent atoms. The structure
refined to Ry = 0.0917.
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The Host Compounds

Chapter 7

Table 7.3 Bond length statistics of host DHPC in the six structures with R, < 0.07.
Minimum/A Maximum/A Median/A' Mean /A? N°
a=Cgp3- Cop3 1.540(3) 1.554(3) 1.545 1.547(4) 14
b = Cgp3 - Csps 1.515(4) 1.632(4) 1.524 1.524(5) 28
€ = Cgp3z- Car 1.531(3) 1.548(4) 1.541 1.540(4) 14
d=Cuz=Cy 1.368(4) 1.402(3) 1.385 1.385(7) 84
e=C,-0 1.371(3) 1.387(2) 1.377 1.378(5) 14

1.

3.

The sample median, m, has the property that half of the observations in the

sample exceed m and half fall short of it.

The unweighted sample mean, calculated as described by Allen et al. (1992)

n, the number of observations in the sample.

Table 7.4 Bond length ranges for
DHPC3{26X) and DHPC=34X.

DHPC+3(26X) / A

host DHPC observed in structures of

DHPCe34X1/ A

Typical range’

a=Cops-Cops _ 1.550(5) - 1.562(5)
b=Ceps-Ceps  1.481(5)-1.530(5)

d=Cu=z=Cyu 1.370(5) - 1.396(4)
e=Cu-0 1.369(4) - 1.373(5)

1.542(6) — 1.549(6)
1.519(6) — 1.539(6)
1.546(6) — 1.551(5)
1.358(6) — 1.401(5)
1.379(4) - 1.383(5)

1.533(10) - 1.544(10)
1.516(14) - 1.532(14)
1.517(16) - 1.539(16)
1.375(13) - 1.391(13)
1.353(15) - 1.373(15)

1.
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Taken from reference Allen ef al. (1992)





















248 Final Remarks Chapters

structures are located in relatively open space, e.g. the structures of DHPC-2{23X) and
BINAP.2DMSO, where the guests are accommodated between host layers and in
channels respectively, whereas in the high temperature structures the guest molecules
are entrapped in more constrained space, e.g. the structures of DHPC+0.5{(23X)
(closed cage) and of BINAP-DMSO (interconnected cage). Moreover, changing
crystallisation temperature has resulted in the formation of polymorphic inclusion
compounds, i.e. the host BINAP and morpholine. In the high temperature polymorphic
form, i.e. BINAP+1.5MOP(I), the morpholine guest on the general position is disordered

over two arrangements,

Thermal stabilities of the inclusion compounds were estimated by measuring onset
temperature, Ton, of guest release from the host framework. The difference between T,
and the boiling point of pure guest compound, Ty, served as an approximate measure
of relative thermal stability for a similar group of inclusion compounds. A feature of the
inclusion complexes of the earth-metal salts was that the desolvation of guests began
at a higher temperature than the boiling points of the pure guests (T,, > Ty), with the
compound MGDAME being an exception with regard to the 2-methoxylethanol guest
(Ton = Ty = -7.2°C). For the inclusion compounds of organic diol hosts, the desolvation
occurred at a lower temperature than the boiling point of the pure guest (To, < Typ),
except in the case of acetone and THF being guests (T,, - T~ 8°C). It is noted that in
the former inclusion compounds of metal salts, the guest molecules form part of the
outer coordination sphere of the metal ions. Whereas in the latter purely organic
inclusion compounds, the only interactions between host and guest are weak van der

Waals interactions, or at most hydrogen-bonded interactions.

The principles of molecular recognition have been applied in this study in the form of
competition experiments. Lattice enclathration competition has a primary application of
separation of solvents with similar physical properties, which could not otherwise be
readily separated using conventional physical methods, e.g. distillation. A series of
competition experiments carried out for specific mixtures yielded a selectivity trend.
Many efforts have been made to interpret the selectivity trend with the physico-
chemical properties of the inclusion compounds formed between the host and the pure
guest competitor. it is noted that the selectivity trend is in good agreement with the
results of the structure analysis, thermal stabilities and lattice energies, obtained from
those inclusion compounds with the same host:.guest ratio, for example, the selectivity
of xylidines by DHPC, picolines by BINAP, 2,6- and 2,4-lutidine by BINAP, as well as
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250 Final Remarks Chapter 8

the separation of 1,4-dioxane and morpholine by BINAP. As discussed in the previous
chapters, the guest, which forms an inclusion compound with the highest thermal
stability in term of T,, - T, and the most negative lattice energy, is always preferentially
enclathrated by the host in the competition experiments.

In this study lattice energies were calculated and compared for the inclusion
compounds of the same stoichiometries with isomeric guests. The lattice energy of an
inclusion compound characterises the overall strength of the intermolecular interactions
in the host-guest system and represents the overall stability of the compound. When
the lattice energies differ substantially the competition results could be readily
predicted. When the difference in the lattice energy values (AE) was small, the
competition results either show selectivity is concentration dependent related to AE,
e.g. separation of 3,5- and 34-xylidine by DHPC [AEpupc.asxonpcaax = 8.1 kJ mol™,
selectivity parameter Qisxaax = 0.68], 2- and 4-picoline by BINAP [AEgmap-2zric)-
anap2apicy = 3.2 kJ mol’, Qupicapic = 0.61], 2,6- and 24-lutidine by BINAP
[AE ginapa@sLun Binaraeaun = 1.3 kd mol™, Qeguurzaur = 0.50], or no selectivity, e.g. 3-
and 4-picoline by DHPC [AEpupc.apiconpcaric = 0.1 kd mol'] (Caira ef af. 1997). In these

situations kinetic effects may play a part during the dynamic inclusion processes.

However the situation was different in the case of the separation of xylidines by BINAP,
where the host:guest ratios of the host with 3,5-, 2,6- and 2,3-xylidine were 1:1, 1:2 and
1:3 respectively. Lattice energy values are dependent on the summation of atom-pair
potentials, and are only comparable in cases where the stoichiometries are the same.
Therefore, no lattice energy calculations were cammed out for these inclusion
compounds and there is also no direct correlation between the selectivity results and
the thermal stabilities and results from structural analysis, as discussed in Chapter 5.
This indicates that selective lattice inclusion is not only subject to thermodynamic and
kinetic factors but is also influenced by stoichiometry. Since the stoichiometry changes
with the crystallisation temperatures, further work needs to be done to carry out
competition experiments at different temperatures, in order to estimate how the
stoichiometry affects the selectivity.
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