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ABSTRACT

This work is predominantly concerned with the structural analysis of the
coordinatoclathrates formed by the host compound trans-9,10-dihydroxy-9,10-diphenyl-
9,10-dihydroanthracene (1) with compounds containing neutral nitrogen atoms (Lewis
bases).

‘The structures of inclusion compounds with two nitriles (acetonitrile and 3-
| hydroxypropionitrile), with pyridine and with three substituted pyridines (3-
methylpyridine, 2,4-dimethylpyridine and 2,6-dimethylpyridine) have been solved by
single crystal X-ray diffraction methods. The crystal packing modes and hydrogen
bonding schemes have been elucidated, while the guest cavities have been investigated.

The thermal stability of the complexes was analysed by thermogravimetric analyses and
differential scarining calorimetry. These techniques were employed in determining the
guest content, in investigating the thermal properties of the compounds and in
establishing the activation energies for the desorption processes. Desorption studies,
~ utilising X-ray powder diffraction, were used to investigate the structures resulting from
the desorption of guestl from the complexes. |

The selectivity of the host for either of the isomers 2,4- and 2,6-dimethylpyridine was
investigated. |
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ABBREVIATIONS USED IN THE TEXT

“bp Boiling point
CFOM | Combined figure of merit
DSC Differential scannihg calorimetry
G Guest
H Host
- HG Hbst to guest ratio
m.p. melting poiﬁt
sof , | site occupancy factbr
TG ' Thermbgravimetric Analysis

XRD ‘ X-ray powder diffraction



CODE NAMES OF INCLUSION COMPOUNDS OF (1)

Code Name Guest (Common Name)
NITRANN Acetonitrile

- PROP 3-Hydroxypropionitrile
PYD Pyridine
3PIC 3-Methylpyridine - (3-Picoline)
24LU 24-Dimethylpyridine -~ (24-Lutidine)
26LU 2,6-Dimethylpyr'idine - (2,6-Lutidine)
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CHAPTER 1.

INTRODUCTION



1. INTRODUCTION

1.1. INCLUSION COMPOUNDS: AN HISTORICAL OVERVIEW

Inclusion Compounds are not an human invention. Many, like zeolites or hydrate
inclusion compounds have been present in nature for millions of years in the form of
minerals and various different forms of ice. Most, as was the case with Werner
clathrates, Hofmann type inclusion compounds and crown ethers, were discovered by
chance.

The honour for discovering the first inclusion compound goes to H. Davies! who
prepared the chlorine gas hydrate in 1811. But because M. Faraday? was the first to
prepare and characterise this gas hydrate in 1823, this date is usually taken to represent
the beginning of inclusion chemistry3.

Other inclusion compounds discovered in the same century include the graphite
intercalates in 1841 (C. Schafhiutl)4, the g-quinol H,S clathrate in 1849 (F. Wohler)3,
the cyclodextrin inclusion compounds in 1891 (A. Villiers)é and the cyanide ammonia
inclusion compound of benzene - or Hofmann’s complex- in 1897 (K. A. Hofmann and
F. Kiispert)?.

Thus, though a number of inclusion compounds had been discovered during the
nineteenth century and more followed during the first half of the twentieth, their
significance was not recognised. In some cases their discoverers realised that, though-a
new compound with unique properties was obtained, no chemical reaction as such had
occurred between the components. Instead they described one component of their
compounds as being ’some how locked in’ 8 by the other(s) without being able to
clarify the interaction between the constituents. Instead, they evaded the issue by
making use of the as yet undefined dot (-) to indicate the formula of their compounds.
The first Hofmann type compound, for example, was denoted by Ni(CN),:NH3.CsHs -
though Hofmann later added an explanation that "strict spatial requirements
conditioned the uptake of benzene by the "liickenhafte Komplex Ni(CN),NH;™, 9

This inability to describe the nature of the interaction between molecules was more
than partly due to the fact that experimental techniques for structural investigations had
not yet been developed. Only with the discovery of X-rays and of the reciprocal
relationship between crystal lattice dimensions and diffraction patterns, was the way
cleared for the development of crystallographic techniques. Thus, for the first time



' information on atoms, and the 1nteract10ns between atoms and molecules, could be .
obtained d1rectly ‘

By 1945 crystallographic techniques had advanced sufficiently for H. M. Powell and D.
E. Palin 1011 to establish the structure of the complex discovered 86 years previously 12,
known until then as "an addition complex of quinol (hydroquinone) and sulphur
dioxide". The complex was recognised to demonstrate an unusual packing of the quinol
molecules. In fact, the hydroquinone molecules, as depicted in figure 1.1 below, link up
to give two infinite, interlocking frameworks. Each of the frameworks is held tdgether
by approximately planar hexagons of hydrogen bonded oxygen atoms. The two |
hydroquinone frameworks are shifted half a unit cell (in the direction perpendicular to
the hydroxylic hexagons) in relation to each other, thereby giving rise to cavities
between the successive oxygen rings. These cavities, sufficiently large to accommodate
small molecules (sulphur dioxide in this case), are laterally bounded by the aromatic
- rings of hydroquinone molecules, which prevent the guest molecules from escaping.
The empty hydroquinone structure was named ‘B-quinol’, in place of the complex
clathrate of methanol and hydroquinone, 3CsHy(OH),-CH;0H, that had previously
been referred to as f-quinol 1314,

Figure 1.1 The ,B-hydroquinone structure as discovered by H. M. Powell (only
one. of the interlocking frameworks is shown). The hydroquinone
aromatic rings are indicated by thick lines for clarity.

Powe'll was the first to realise that molecules in a crystal do not necessarily pack as

tightly as their shapes would permit, corresponding to a potential energy minimum. He '
concluded that a cage structure could be formed by one type of molecule including a

second component in the process, even though very little attraction existed between the

enclosing and enclosed species. Such special reasons were found to be given only if

forces stronger than van der Waals forces, such as hydrogen bonds, existed between the -
molecules.



To describe these riew aggfegate compounds Powell introduced the term
’clathrate’ 151617 (from the Latin clatratus enclosed or protected by the crossbars of a
grating) thereby 1mt1at1ng the study of inclusion compounds

Other researchers quickly realised that the novel type of association between molecules
proposed by Powell could be used to describe many other previously unexplamed
phenomena.

In the following years the study of inclusion compounds expanded rapidly. New groups
of compounds were discovered and added to those alréa‘dy being investigated. A
number of reviews on the subject, that have appeared in the last few years, are listed in
the reference section 3181920,

A range of inclusion compounds based on inorganic and organometallic host lattices
have been studied over the years. Some prominent examples include:

The gas hydrates or clathrate hydrates:22, the first inclusion compounds to be
discovered were only identified as true clathrates!s in 195 1/2, after the crystal
structures of the two types of gas hydrate had been solved 222324, They are characterised
by a regular arrangement of water molecules arising from the tetrahedrally coordinated
oxygen atoms of the water molecules (eéch oxygen atom donates two and accepts two
hydrogen bonds). This leads to the formation of three-dimensional four-connected
néts, based on various polyhedra, the pentagonal dodecahedron (see figure 1.2) being
the most common. The structural stability of the host lattice is dependent upon the
polyhedral cavities being occupied by one or more types of gas molecule (the guest).

Oy H
H N e
AR 20
\H\ /H H’_o. ‘a I \\HO’H
[¢) M
[ | e
H TESVSNT T TR el
'o—r—H-—,‘-q*
v H

Figure 1.2 The pentagonal dodecahedron formed by water molecules in gas
hydrates.



Approximately eighty compounds are known to form clathrate hydrates, with the guest
ranging in size from argon to dioxane and containing at maximum a single strong (or a
number of moderately strong) hydrogen-bdnding functional group(s). Thus, while
acetone 25, ethanol?27, most ethers? and cyclic imines? form clathrate hydrates
polyhydric alcohols and carbohydrates do not.

Though Zeolites3, a large family of aluminosilicates, have been studied by
mineralogists for more than 200 years 3!, their chemical properties were first studied in
185032, Structurally zeolites are characterised by their intricate networks of cavities and
channels and by their structural stability. These properties have combined to make
zeolites indusfrially attractive. Their applications include shape-selective catalysis,
molecular sieving, uses as storage media for certain types of nuclear waste, for
producing high vacuums and for intensive drying of gases and liquids.

Both groups of compounds referred to as Hofmann type 3 inclusion compounds and
Werner clathrates3 are characterised by their combination of an aromatic guest and a
metal coordination complex as the host.

Hofmann’s benzene compound, Ni(NH3):Ni(CN)4+2CsHs, was discovered in 18977,
However, only when its structure was solved by Powell in 1949353, was it recognized
that it consisted of infinite layers of alternate square planar four and octahedral six
coordinate nickel(Il) ions connected by bridging CN-ligands, with benzene trapped
between the layers by the ammine ligands. Variations of this compound were achieved
by replacing the six coordinated Ni(II) by M (where M = Mn, Fe, Co or Cu), the four
coordinated Ni(II) by M’ (where M’ = M or a platinum group metal) and the guest by
other small organic molecules.

Werner clathrates were discovered by Schaeffer and his co-workers in 195737, The host
component coordination compounds have the general formula MX;A; (where M
denotes a divalent cation: Fe, Co, Ni, Cu, Zn, Cd, Mn, Hg or Cr; X is an anionic ligand:
NCS, NCO, CN, NO;, NO;, CI, Br, I'; A represents an electrically neutral
substituted ligand.)

As is the case in Hofmann type inclusion compounds, no coordination is possible
between the host complex and the guest molecule in the inclusion compounds formed
by Werner coordination complexes. Thus both groups of inclusion compounds are true
clathrates since the guest is retained solely by steric barriers created by the host lattice.



12  ORGANIC INCLUSION COMPOUNDS

In the last two decades a new trend in inclusion chemistry has been discernible. This
trend involves the attempt by chemists to imitate the highly specific molecular
recognition observed 'in biological systems. Thus for example enzymes and carriers
bind their substrates selectively and in doing so enhance their conversion, or transport
them through membranes. | |

Essentially two routes have been employed in achieving this aim. These can best be
described by the terms supramolecular and multi-supramolecular research 38, The first of -
these terms describes host-guest. éompounds in which the guest is enclosed within a
cavity formed by the host compound, while a multi-supramolecular species refers to a
system in which the guest is included in the crystal matrix. Neither of these systems
relies on covalent or ionic interactions forstability. Instead the aggregates are
stabilised exclusively by van der Waals interactions and hydrogen bonds.

Enormous progress has been made in the field of supramolecular systems. This was
acknowledged by the 1987 Nobel prize for chemistry being awarded to three chemists .
for their pioneering work in the field: To C. J. Pedersen®, for his discovery of
macrocyclic polyethers (crown ethers)*41, to D. J. Cram“ for his work on designing
suitable host compounds (spherands, cryptands, corands and podands)43 and to
J-M.Lehn # for his work in synthesising the first macrobicyclic ligands

(cryptands) 45:4, | - :

The first crown ether (2), which was discovered in 1967 is depicted in figure 1.3. The
common feature of crown ethers is that they are ring structures composed of oxygen
- atoms which are linked by ethano-bridges. Because of the inward facing oxygens (Lewis
bases) these rings have the unique property of being able to bind metal and other small,
positive ions.

e

L 0

oS

Figure 1.3 The first crown ether,'Dibenzo[IS]Crown-G (2), synthesised in 1967.



An overwhelming number of derivatives of the original crown ether have been
synthe'sise'd over the years by varying the ring size, the nature and number of the donor
sites, the molecular flexibility, by adding bridges and by opening the ring. While open-
chain compounds are referred to as podands, monocyclic molecules are called
coronands and oligocyclic representatives are named cryptands. Only coronands
exclusively containing ether oxygens are still referred to as crown ethers. (For alist of
recent reviews on crown ethers see reference 47.)

Apart from crown ethers and their three dimensional macrobicyclic ligand derivatives
(cryptands, spherands etc.), cyclodextrins and cyclophanes are also important host
compounds in the study of molecular recognition. Cyclodextrins are permanent cyclic
oligosaccharides formed by the junction of six (), seven (8) or eight (y)
D(+)-glucopyranose molecules. They are torus-shaped, with a height of not less than
8 A, and display a confined cavity or a channel at their centre, depending on the
arrangement of the successive sugar units. (see figure 1.4) They are soluble in water
but, because of their large hydrophobic cavity or channel they include (though rather
unspecifically) a large range of non-polar guest molecules.

Figure 1.4 The truncated-cone shapé of B-cyclodextrin.

Numerous macrocyclic rings containing one benzene ring had been synthesised during
the first half of the twentieth century4®4%. Synthesis of the first ring containing two
benzene rings was achieved in 194950 (3), though more systematic work on a range of
such compounds had been under way for some time 3! (4),(5). Varying the size of the
rings by changing the number of aromatic units as well as the size and nature of the



bridging groups, led to the birth of the cyclophaness?, molecules characterised 'by
intramolecular, but functionally neutral cavitiesS3. Their ability to include a large
variety of non-polar molecules with varying degrees of specificity has ensured that they
are amongst the most studied host compounds today 45,

| X
_ A
{2.2)paracyclophane

©) - “ ®)

Until fairly recently not nearly as much succéss had been achieved in the study of multi-
supramolecular (lattice-type inclusion) systems, as has been outlined above for the
supramolecular (molecular inclusion) systems. This applied in particular to clathrate
hosts (ie. host without functional groups), whose. irregular, yet rigid shape generally
resulted in so-called solvates being formed. Solvates are those inclusion compounds
which enclathrate solvent molecules solely to fill intermolecular voids in the host lattice
and thereby achieve thermodynamic stability. Because this often leads to poor
matching between host and guest% the guest molecules are positionally disordered
within their cavities. |

@%@
o 5 Qo

(6) - ()

In the early seventies McNicol designed the first new clathrate host family, the so-called
hexahosts 37 (6). He had noticed that both the famous g-hydroquinone structures and
the inclusion compounds of Dianin’s compound (7) were based on an hexagonal ring of
hydrogen bonded hydroxyl groups. He imitated this arrangemeni by synthesising hexa-
| substituted benzene derivatives. The distance between the a-atoms (carbon or others)
of the substituents, which are coplanar with the benzene ring, is appr_oximately equal to
the distance between the oxygen atoms in the hexagonal hydroxyl rings.

Recently a number of empirical rules that govern the formation of clathrates have been
_proposed 38596061, This has led to the design of host molecules with shapes conducive to



improved packing in the presence of suitable guests. So far these rules have been
applied successfully in designing tetraaryl-substituted allene hosts (8), Qarious,
chemically diverse ’scissor-shaped’ (9) and ’‘wheel-and-axle’  hosts® (10) and to
Spirotriphosphazenes ¢ (11).

@ 25 8
Q @OO R-@-c-c-c-c-c‘-:c)-@f? :’:'{:
< S e

¥ e
©) (10) (11)

However, chemoselective inclusion of a guest, be it polar or not, by clathration alone is
difficult to achieve. Consequently researchers in the field started exploring the concept
of coordinatoclathration instead . This, in broad terms, involves linking a host, with a
functional group (COOH, OH, NH,, etc.) and a suitable (often polar) guest by means of
hydrogen bonds. The resulting inclusion compounds are referred to as
coordinatoclathrates. Though Dianin’s compound and hydroquinone both have
hydroxyl groups, these are generally not involved in bonding to the guest molecules.
Instead, the inclusion of ethanol by 1,1’-binaphthyl-2,2’-dicarboxylic acid % gave impetus
to this development.

Theoretical considerations® indicated that the features required for an efficient
- coordinatoclathrand (the host) are that it have a bulky hydrocarbon skeleton (ideally a -
number of phenyl rings), that it be structurally rigid and that it have a functional group
(or sensor group) which can hydrogen bond to the guest.

A o

Figure 1.5 Some examples of coordinatoclathrands

By applying these criteria an overwhelming number of host compounds, especially diol
hosts, have been synthesised over the past few years 9676869 (see figure 1.5 for a few
examples). These have generally been shown to include a large series of guest species
with matching functional groups, through coordination by hydrogen bonds 7747, and/or
of nonpolar guests by clathration . However, despite the fact that each host compound



B . includes such a varied group of guests; it generally displays a marked selectivity for one

chemica_l species above others, when two or more solvents are present during
crystallisation74. As a consequence enclathration of solvents has been employed in the
isolation and optical resolution of materials ™5 especially whére_ this is difficult to

~ achieve by other methods. ' |
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1.2. THE HOST COMPOUND

Any elementary textbook on Organic Chemistry will explain that anth-racene,‘ a tricyclic
aromatic is essentially a planar molecule. * This is due to the spz-hybridised carbon
atoms of its three fused hexagonal rings.

By contrast the shape of a closely related molecule, 9,10-dihydroxyanthracene and its
derivatives is not ne‘arly as well defined. In fact the conformation of the 14-
- cyclohexadiene ring, forming the centre of the 9,10-dihydroxyanthracene molecule has
for a long time been the source of much controversy 7677, Surprisingly this debate could
only be laid to rest fairly recently 7.

EsSentially three categories of nm.olecules need to be considered in this context: The
1,4-dihydrobenzenes, the 1,4-dihydronaphthalenes and the 9,10-dihydroanthracenes.

Initially it was assumed that the two parent compounds 1,4-dihydrobenzene and 1,4-
dihydronaphthalene could best be described as existing in a boat-shaped and highly
puckered conformation ™ respectively.

A planar structure for 1,4-dihydrobenzene was first proposed in 19498, This was later
supported by results obtained by various techniques including Raman and Infrared
analyses 81, electron diffraction 8 as well as ab initio calculations 83, But this conclusion
was contradicted by a conflicting electron diffraction report 8 as well as semi-empirical
calculations & and NMR studies on substituted 1,4-cyclohexadienes %.

Only advances in NMR techniques could finally» settle the question 8788 showing
conclusively that 1,4-dihydrobenzene is a planar molecule.

As mentioned, the 1,4-dihydronaphthalene molecule was initially assigned a boat-
shaped conformation®. On closer inspection this interpretation was replaced by the
view that the molecule was planar®. More accurate measurements finally reversed this
trend by revealing that the molecule was not in fact planar but slightly puckered .

In contrast to 1,4-dihydrobenzene and 1,4-dihydronaphthalene, whose conformations
were difficult to resolve, early X-ray diffraction studies of the conformation of 9,10-
dihydroanthracene performed in 1954 %! (and repeated more recently %2) clearly showed
it to be a folded molecule. The central ring was found to correspond to a boat-shaped
or Cy conformation, while the dihedral angle between the two benzene rings was
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reported to be 144,7°. Recent calculations have demonstrated that this conformation
corresponds to a shallow potential minimum in both the gaseous and solid states *.

Complexation of a guest such as 1,3,5-trinitrobenzene can however lead to a flattening
of the molecule as was observed in the 9,10-dihydroanthracene:bis(1,3,5-
trinitrobenzene) complex 2. .

As may be expected, the introduction of any substituents in the 9 and 10 positions of the
9,10-dihydroanthracene moiety are accommodated by a deformation of the molecular
conformation.

In an effort to reconcile the conformational preference of the central ring to the degree |
of substitution and the nature of the substituents, a large number of crystal structures of
mono- and disubstituted 9,10-dihydroanthracenes has been reported over the past 30

years %4955,

The first example of a planar 9,10-dihydroanthracene structure was that of 9,10-
dihydro-1,2,5,6-dibenzanthracene reported in 195897, However, closer scrutiny of-this
structure 8 revealed this to be an incomplete interpretation. In fact, the two
‘naphthalene’ groups situated on either side of the central 1,4-cyclohexadiene ring,
though planar and parallel to each other were not coplanar. In other words, the central
ring was slightly inclined in relation to the 'naphthalene’ moieties with the result that
the planes described by them were parallel but separated‘ by a perpendicular distance of
0,18 A. )

Recent research % has indicated that t'rans‘-9,10-dialkyl-9,10-dihydroanthracenes further
substituted in the 9,10 or meso-positions are constrained by meso-peri interactions into
planar conformations. Thus a large number of compounds following this criterion
“should in theory be achievable by synthesis.

(1)

Even though its phenyl substituents are not aliphatic, the compound trans-9,10-
dihydroxy-9,10-diphenyl-9,10-dihydroanthracene (1) is similar enough to the group of
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compounds described above for it to conform to the structure predicted for these
compounds. And, indeed, itscentral 1,4-cyclohexadiene ring has been found to adopt a
planar or near planar conformation in the solid state 1% or in crystalline adducts 101,102,

However, as part of the work presented here, it will be tested to what degree this
conformation can be said to be the norm for the complexes of this molecule. As in the
case of the parent compound 9,10-dihydroanthracene, where the complexation of a

guest by the host leads to a dramatic change in host conformation, the conformation of
the host compound of this thesis can be expected to be affected by the inclusion of a

guest.

The host compound trans-9,10-dihydroxy-9,10-diphenyl-9,10-dihydroanthracene was first
synthesised by Haller and Guyot in 1907193, At the time, a percentage yield of 10% was
reportedly obtained, while the melting point of the new compound was given as 242°C.

During their analysis of "The Structure of the Benzene Nucleus" in 1926, C. Ingold and
P. Marshall 1 modified this process with the object of improving the yield. They
reported a yield of 34% while they observed the melting point of this compound to be
252-4°C.

Only in 1983 as part of their efforts to extract ethanol and other alcohols from aqueous
solutions did a research group at the Japanese University of Ehime under the
leadership of F.Toda1051% discover the ability of this compound to form inclusion
complexes with a wide variety of solvents. '

The search for host compounds with useful inclusion properties has long been
concentrated on diol molecules. Generally, molecules with hydroxyl groups in an anti
arrangement are considered to be a prerequisite for efficient guest inclusion 1,
However, it is just as important that the host be rigid and have a molecular geometry
that is not conducive to efficient packing which results in voids being formed that can be
filled by suitable guests. |

Furthermore, hosts designed for the extraction of organic solvents, such as alcohols
from aqueous solutions, should contain a large proportion of aromatic rings since this
would result in these compounds being highly hydrophobic and lead to efficient solvent
~ separation. |

(1) was found to comply with all the stipulated criteria. Of especial relevance is the
relative inaccessibility of the hydroxyl groups and the rigidity of the structure which
permits a large variety of small organic solvent molecules to be included.
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1.3, CLASSIFICATION OF INCLUSION COMPOUNDS

Ever since D. E. Palin and H. M. Powell determined the stméture of the 8-
hydroquinone complex!%!l, and Powell coined the term clathrate 151617, thereby
initiating the study of inclusion phenomena, a large variety of such molecular complexes
have been discovered. With time the name ’clathrate’ lost its original meaning and
came, instead, to be used as generic term to denote any inclusion compound
whatsoever 1%, In attempting to describe the structures of the novel, but hugely diverse
complexes, researchers invented new words which, though often descriptive - not to say
exotic - were usually only poorly defined.

While these inventions proved to make the study of inclusion compounds linguistically
intriguing, they did not help in making the subject accessible to other researchers.
Whereas one term would be used by different researchers to describe vastly different
structures, similar structural properties were often denoted by various unrelated terms.
A few of the names in general use will suffice to prove the point: addition compound,
associate, cage compound, cascade complex, clathrate complex, coronand 109 clathrate
‘hydrate, gas hydrate, hydrocarbon clathrate, interlamellar sorbent, lock and key
complex, loose addition complex, Mobius Strip molecules 1%, molecular complex
associate, octopus molecules!, podand, supermolecular complex, speleate, tweezer
molecules....112

As a consequence of this plethora of terms E. Weber and H.-P. Josel proposed a new
system of nomenclature applicable to all inclusion compounds 3861113, It was devised to
classify and name all host-guest-type compounds on the basis of the host to guest
interactions and topographical considerations. Because the system does not classify
host guest complexes on a strictly chemical basis it is remarkably flexible. Thus it not
only covers all host to guest interactions discovered to date but simultaneously makes
provision for any types that will be discovered in the future.

~ Initially any host-guest compound is classified on the basis of a) the type of host-guest
interaction and b) the topology of the host-guest interaction. Figure 1.6 is particularly
useful in demonstrating the relationship between the alternative categories.

'a) The host-guest interactions are best illustrated by the following two extremes : The
guest may be bound to the host by coordination as exists between a metal and its
ligands. -Such host-guest aggregates are termed complexes. In this context metal ion
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complexes of crown ethers ¢an be mentioned as an example. Alternatively no
interactions (other than weak van der Waals forces) bind the guest to the host. Thus .
the guest is retained within the host lattice by purely steric barriers. These aggregates
are called clathrates (or cavitates).

T

Interaction

X

Inclusion
compound

~—— Topology ———pm

Figure 1.6 Classification of host-guest-type compounds, (1) coordinative
interaction, (2) lattice barrier interaction, (3) momno-molecular
shielding interaction, (I)  coordination-type inclusion compound
(inclusion complex), (II) lattice-type (multi-molecular) inclusion
compound, (IIT) cavitate-_typé (mono-moleéular) inclusion compound.
(taken from reference 58.)

Host-guest aggregates which do not fall into either of these categories may be described
as coordinatoclathrates if they display a dominant clathrate character with a certain "
degree of coordination (eg. hydrogen bonds) between host and guest. The inclusion -
compounds generally formed by hydroxy hosts constitute an example of this group.
Alternatively clathratocomplexes are host-guest aggregates in which the guest molecules
are predominantly bound to the host by weak coordinative forces. Crown ether
complexes with uncharged guests can be mentioned in this connection.

b) Topologically one distinguishes between cavitates and clathrates. The first term
denotes intra-molecular aggregates in which the guest occupies a cavity inside the host,
while the second describes extra-molecular inclusion compounds in which the guest
occupies voids in the host lattice.
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* Further ' topological features of inclusion. compounds, where = significant, are
incorporated into the names in the form of prefixes. Thus sandwich-type aggregates'
consisting of alternate host and guest layer'S are denoted by the prefix intercalato.
Similarly the prefixes tubulato, aediculato and cryptato describe cavities that are
channel-shaped, pdcket-shaped or completely closed off respectively, while coronato
and podato define ring-shaped or open-chain hosts. | '

The incorporation of a three part code to denote the number of hosts, guests and
chemical constituents respectively rounds off the system: the total number of chemical
constituents of the aggregate is indicated by a’b’ (binary) or ’t’ (térnary) in front of the
name, while the number of host molecules (eg. monomolecular = 1m) and guest
molecules (eg. binuclear = 1n) follow.

Thus, for example, of the inclusion compounds presented in this study NITRANN, PYD
and 3PIC are  identified as  binary = monomolecular binuclear
(tubulato)coordinatoclathrates (b, 1Im, In-tubulato-coordinatoclathrates).



CHAPTER 2.

AIM AND SCOPE
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2. AIM AND SCOPE

This project has been undertaken 1n order to characterlse the 1nc1u51on compounds
‘formed between the host (1) and a variety of guest ‘molecules, all of which contain
nitrogen as a potential acceptor for the formation of O-H- - «N hydrogen bonds.

A more general study of the geometry of these hydrogen bonds has been carried out .

The thermal sté.bility of these inclusion compounds has been investigated and the
results rationalised as far as possible in terms of their structure.

Competition experiments between two closely related guests have been carried out in
~ order to test the selectivity of the host compound.



CHAPTER 3.

EXPERIMENTAL PROCEDURES AND
INSTRUMENTATION
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3.  EXPERIMENTAL PROCEDURES AND IN STRUMENTATION

3.1. PREPARATIVE PROCEDURES

3.1.1. Hdst Synthesis

The: host compound trans-9,10-dihydroxy-9,10-diphenyl-9,10-dihydroanthracene was
synthesised according to an improved version 14 of the method of Ingold and Marshall
(1926) 1% which itself was a modification of the earlier process of Haller and Guyot
(1904) 103; | '

Preparation of the Grignard reagent: A solution of 10,4 ml (98,8 mol) bromobenzene
in 30 ml dry diethylether was prepared. An initial volume of 5 ml of this was added to a
heated and stirred mixture of 2,4 g (98,7 mmol) of magnesium (previously washed in
diethylether) in 10 ml of absolute diethylether. When it was apparent that the reaction
had commenced, the remainder of the solution was added dropwise to the reaction
mixture over a time span of half an hour.

After heating under reflux for a further hour the Grignard reagent (now brown) was
itself added dropwise to a stirred and heated mixture of 4g (19,2 mmol) of
anthraquinone, (recrystallised from glaéial acetic acid) in 100 ml dry ether. The
reaction (initially luminescent green) was permitted to continue for 15 to 20 hours
under reflux conditions. ) |

Acidification to a pH of 2 with 2 M hydrochloric acid and cooling on ice resulted in a
grey-green pfecipitate. - This was initially dissolved in 300 ml of acetone. On being
cooled in ice, crystals of the acetone inclusion compound formed within a few minutes.
~The resulting material (after desorption of the acetone from the unstable acetone
complex) was repeatedly recrystallised from benzene, until a pure white crystalline
powder with a melting point of 262°C was obtained. The composition of this compound
was verified by microanalysis and was deemed to be acceptable only when its
percentage composition (%C and %H) differed by no more than 0,4% from the
theoretical values of: |

CoHyO: : C859% HS52% 099 % (%0 by difference)

 Avyield of jusf under 40% was generally obtained.
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3.1.2. Crystal Growth

Crystals were obtained by slow evaporation of dilute solutions of host (1) in the solvent
that was to be included. Generally, a proportion of 20 mg of host to 2,5 ml of solvent -
was found to be optimal. '

The host powder was added to boiling solvent in a sample tube. The boiling solution
was then filtered with the help of a syringe and a 0,45 pm MILLEX-HV filter unit to
prevent possible dust parﬁcles from providing an excessively large number of nucleation
sites. The solution was allowed to cool to room temperature. Slow evaporation of the
solvent resulted in the formation of suitable crystals over periods varying from a few
days in the case of 3PIC (3-methylpyridine) to as much as three weeks for 24LU
(2,4-dimethylpyridine) and PROP (3-hydroxypropionitrile). '

For experiments where superior crystal quality was not of prime importance (for
example in the case of X-ray powder diffraction patterns, Chapter 7), more
concentrated solutions resulted in time required for crystal formation being appreciably .

reduced.
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32. GENERAL ANALYSIS AND CHARACTERISATION

3.2.1. Density Measurement

Density measurements were obtained using the flotation method. Crystals were
~ suspended in mixtures of saturated aqueous potassium iodide solution and distilled
water and the density of the mixture was then determined using a Paar DMA 35 Digital
Densitymeter. Where crystals had visibly decayed due to loss of guest during the course
of the experiment, they were replaced by fresh crystals before densities were
determined.

Measurements were repeated at least once. If this resulted in significantly different
values ( > 0,03 g.cm3) being obtained or if the experimental values deviated
appreciably from the calculated values further measurements were made. ’

3.2.2. Melting Point Determination and Optical Observation

For optical observations of crystals a Nikon Stereoscopic Microscope SMZ-10 was used.
Polarisation filters meant that the quality of crystals could be verified by checking their
ability to extinguish plane polarized light.

Observations - for example the melting point determination of the host compound and
the thermal decomposition of the crystals - requiring crystals to be heated were made by
using the microscope in conjunction with a Linkam Hot Stage TH600 coupled to a
Linkam CO 600 Controller. A Nikon FX-35 camera operated via a Nikon Microflex
AFX-II Photomicrographic Attachment made for simple photographic capture of any
important observations.

3.2.3. Microanalysis

The percentage composition ( C, H and N) of crystals were determined using a Heraeus
Universal combustion analyser (Model CHN-Rapid). The samples, which were
unstable, were prepared as follows: after removing the crystals from their mother liquor
they were placed on filter paper. A few drops of diethylether were dropped onto the
crystals to remove excess solvent and to dry them. Thereafter they were rapidly
analysed. The usual technique of drying crystals by subjecting them to vacuum could
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not be employed as this would have led to guest desdrptioh and inaccurate results
would have been obtained.

3.24. 'THNMR

1H NMR was only applied to test the purity of the host. Because of the overlap of the
aromatic signals of the host and a number of the guests this method was not employed
~ to determine the host to guest ratio.

The samples were dissolved in CDCl; and their spectra recorded on a Varian 200
multinuclear spectrometer. The reference compound used was sodium 2-dimethyl-2-
silapentane (DSS).

3.2.5. Mass Spectrometry

The system used for the determination of mass spectrographs consisted of a
VG Micromass 16F mass spectrometer run in cooperation with a VG System 2000
PDP-8/a microprocessor. Measurements were obtained at an operating potential of
70 eV and an emission control level of 185 pA.

Small samples of uncrushed matérial were dried before being placed in the opening
port of the spectrometer.

This technique was only employed in the case of the complex PYD to test the
assumption that desorption of the guest is not accompanied by a reaction between the
host and guest compounds. This assumption proved to be justified as only the m/e peak
of pyridine was observed at temperatures ranging from 80 to 150°C. |
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33, THERMODYNAMIC STABILITY AND SELECTIVITY

3.3.1. THERMAL ANALYSIS |

Thermogravimetric analysis (TG) and Differential Scanning Calorimetry (DSC) were
performed on a Perkin-Elmer PC 7-Series Thermal Analysis System.  This consisted of
a PETGAT7 Thermogravimetric Analyser, a PE DSC7 Dynamic Differential
Calorimeter, a PE TAC 7/PC Thermal Analysis Instrument Controller, controlled by
means of an Epsom PC AX2 personal computer which in turn was equipped with a
Hewlett-Packard Color Pro plotter. "

‘Calibration procedures as recommended by the manufacturers were employed.

TGA 7 Analyser : - Temperature calibration is achieved by measuring the magnetic
transitions of two standards, Nickel and Perkalloy.
- A 100-mg Class M calibration standard weight was used for
performing weight calibrations.
- Furnace calibration is accomplished with the help of a special
software’programme.

DSC 7 calorimeter : - Observed melting points and enthalpies of melting of Indium and
Zinc are cornpared to accurately known theoretical values in order
to achieve calibration. '

Samples were prepared as follows: In the case of TG, a crystalline sample of between 2
and 5 mg was removed from the mother liquor, then dried and crushed between two
layers of filter paper. The crushed sample was transferred to a standard pre-weighed
platinum pan which was then suspended from the "hang down" wire of the TGA 7
microbalance by means of its custom-made platinum wire stirrup.

Once the mass of the sample had been determined, the temperature programme was
started without delay in order to minimise the loss of guest due to desorption. The
mass lost from the sample due to evolution of guest was automatically measured to an
- accuracy of 0,1 pg and electronically recorded.

Throughout the scan the sample chamber was purged with high-pufity, dry nitrogen
(H20 < 10,0 vpm) which was passed over the sample at a rate of 35 ml.min, while the
same gas at 70 ml.min! was used as the balance purge gas.

For DSC the cfystalline sample of between 2 -and 5 mg was prepared as above. Once -
placed in a pre-weighed 30 or 50 pl aluminium pan, its mass was determined by



22

difference on a six-place Sartorius Micro Balance 1802. The aluminium crucible
covered with an.aluminium cover was then sealed by cold welding in a Perkin Elmer
Universal Sealing Press. As before this procedure was performed as fast as possible to
prevent deterioration of the sample. Typically, for both TG and DSC experiments no
more than 1 minute elapsed between removing the sample from its mother liquor and
starting the run. |

The energy evolved or absorbed by the sample is determined and compensated for by
the system and the power required to maintain the sample pan temperature at that of
the reference pan is recorded. A baseline previously determined by running an empty
sample pan against the reference pan is automatically subtracted to yield a scan of the
variable thermal behaviour of the sample.

3.3.3. X-Ray Powder Diffractometry

a) Preparation of the sample for X-ray powder diffraction involved grinding the sample
to a fine powder in a mortar and pestle. It was found that the build up of static
electricity frequently encountered during grinding could be overcome by preparing the
sample in the presence of a small amount of solvent without affecting the X-ray
intensity scans. In fact, the results were found to improve through this treatment as
unwanted guest desorption prior to the sample being placed in the sample chamber
could be prevented.

b) The Instrumentation: The crystal powders were pressed firmly into Perspex holders
to prevent crystal alignment due to preferred orientation effects. These were placed
inside the sample chamber of a Philips X-ray Powder Diffraction Assembly. This
consisted of a Philips vertical goniometer PW1050/80 -mounted on a Philips
PW1130/90 X-ray generator operating at 30 mA and 40 kV and controlled by a Philips
PW 1394 motor control unit in conjunction with a Philips PW1390 channel control unit.
This system, being coupled to‘a Bondwell personal computer, ensures direct, electronic
storage of intensity data. ]

‘The reflected X-ray intensity of all samples was scanned over a 26-angle range of 10° to
30°(28). Scanning proceeded in steps of 0,1°(26) with a time constant of 1s.
Divergence and receiving slits both with apertures of 1° were chosen as being most
suited to a sample of width 2 cm because this made for optimal data capture for the
scanning range used. No antiscatter slit was used.
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3.3.4. Gas Chromatography

Three different Gas Chromatographs were employed with varying degrees of success.
Only details concerning the instrumental setup will be given in this section while precise

instrumental settings will be given in Section 6.2.

1)

2)

3)

Chromatograph

Column

Carrier Gas and Flow
Detector

Injector
Chromatograph

Column

Carrier Gas and Flow
Detector

Injector
Chromatograph

Column

Carrier Gas and Flow
Detector
Injector -

Philips Pye Unicam PU4500 Chromatograph equlpped with
a PM8251 Single Pen Recorder

1,5m x 4 mm glass column packed with 10% squalane on
80-100 mesh  Gas-Chrome P = (Applied Science
Laboratories, Inc). Isothermal 180°C115

Nitrogen at 30 ml.min!

Flame Ionization Detector (200°C)

On column standard Injector (200°C)

Carlo Erba Strumentazione Fractovap 4200 series.
FTV/4200-41 Chromatograph equipped with a Spectra-

- Physics sp4290 Integrator

2,0 m x 4 mm glass column packed OV225

Helium at 45 ml.min'!

Flame Ionization Detector (250°C)

On column standard Injector (250°C)

Carlo Erba Strumentazione Vega Series 2 model 6000
Chromatograph in conjunction with an Intelligent Control
Unit ICU 600 equipped with a Spectra-Physics sp4290
Integrator

20m x 1'mm WCOT glass capillary column coated with
OVv225 v

Helium at 1,5 ml.min!

Flame Ionization Detector FID 40 (250°C)

Capillary Cold On Column Injector OC -
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34. SINGLE CRYSTAL X-RAY DIFFRACTION

3.4.1. Crystal Preparation

In each case a suitably sized crystal, chosen for its ability to extinguish plane polarized
light uniformly, was lodged inside a 0,3 mm Lindemann tube which was then sealed by
exposing it to a naked flame. In addition to the crystal, a small amount of mother
liquor was introduced into the capillary before it was sealed in order to prevent or limit
the loss of guest solvent before the capture of information could be completed.

34.2. X-Ray Photography and Space Group Determination

X-ray oscillation and Weissenberg photographs were used to determine the space group
and prelinﬁnary cell parameters. Space groups were inferred from systematic absences
in Weissenberg photographs. The photographs were captured on X-ray film in a
camera of radius 28,65 mm mounted on a Stoe goniometer. For this purpose nickel-
filtered copper radiation (CuKa, A = 1,5418 A) generated by a Philips PW 1120/00
generator operating at 20 mA and 40 kV was used. B

3.4.3. Data Collection

Data sets were collected through the use of an Enraf-Nonius CAD-4 diffractometer
with graphite-monochromated MoKe radiation (A = 0,7107 A) which was generated by
a Philips PW1730 generator operating at 20 mA and 50 kV.

Accurate lattice constants were determined by least-squares'analysis of 24 reflections in
the approximate range of 16° <8 < 17°. In all cases the data were collected in the w-26
scan mode with a final acceptance limit of 200 at 20°min! and a maximum recording
time of 40 s. The intensities of three reference reflections were monitored throughout
_ the data collections after every 3600 s as a measure of crystal stability while centering
was checked every 100 reflections.

The intensities were corrected by the application of a Lorentz-polarisation factor and
while empirical absorption corrections were not applied, as the ratio pR, where y and
R, respectively, are the linear absorption coefficient and the mean radius of the crystal,
was found to be less than 0,1 in all structures and the absorption correction factors for ¢
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in the range (0° 55545 °) was found to essentially bé-invariant 116, Tables 5.1.1, 5.2.1,
5.3:1,5.4.1,5.5.1 and 5.6.1 list further crystal data and experimental details.

3.4.4. Computation

All structures were solved by direct methods using the SHELXS-86 117 and refined‘ by
full-matrix least-squares using the SHELX-76 118 program system.

Complex neutral atom scattering factors were taken from Cromer and Mann ¥ for
non-hydrogen atoms, from Stewart, Davidson and Simpson'? for hydrogen and
dispersion corrections from Cromer and Liebermann 121,

- Molecular parameters including bond lengths, bond angles, torsion angles, least-square
planes and the dihedral angle spanned by these planes were calculateq by PARST 122
while all drawings were obtained using the plotting program PLUTO 123,

%
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4. PRELIMINARY CHARACTERISATION

4.1. INTRODUCTION

In an effort to accumulate as much information as possible regarding the inclusion
properties of the host compound (1) with nitrogen-containing solvent compounds,
crystals were prepared with a range of aromatic pyridine derivatives as well as short,
branched and unbranched nitriles. | ' |

Compounds for further study would be chosen from these on the basis of the following
criteria:

- Is the solvent included by the host compound?

- Have these complexes previously been studied?

- Are the crystals formed of sufficient quality to warrant further investigation?

Thus only inclusion complexes forming suitable crystals and that had not been subjected
to investigation were to be scrutinized. |

The solvents tested included the following:

Nitriles: Pyridine derivatives:
- Acetonitrile - Pyridine
- Methoxyacetonitrile - 2-Methylpyridine
- Propionitrile - 3-Methylpyridine
- 2-Chloropropionitrile - 4-Methylpyridine
- 3-Chloropropionitrile - 2,4-Dimethylpyridine
- 3-Ethoxypropionitrile - - 2,6-Dimethylpyridine
- 3-Hydroxypropionitrile - 3,4-Dimethylpyridine
- Lactonitrile - 3,5-Dimethylpyridine
- Butyronitrile
- 4-Chlorobutyronitrile R

- Isobutyronitrile
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4.2, IDENTIFICATION OF INCLUSION

4.2.1. Visible Desorption of Guest

A simple yet instructive method of detecting inclusion compounds, especially those in
which the guest is a volatile solvent, is to watch the crystals under a microscope for
various lengths of time at constant or increasing temperature. Initially most crystals of
good quality, whether they include guest molecules or not, are colourless, translucent,
sharp-edged prisms which extinguish plane polarised light. With time and/or increasing
temperature crystals with included solvent will start to deteriorate, the exact events
depending on the individual crystal. Pure host crystals, however, remain translucent
until the crystal breaks up into a mosaic of small crystals due to internal stresses, only to
melt sharply at 262-264°C.

For example the surface of crystals of 26LU start to turn opaque at 80°C. That they
maintain their internal structure is manifested by the fact that the crystals retain their
translucence under plane polarised light. On further heating, this diminishes and
disappears entirely by 130°C. However, the macroscopic shape of the crystal is retained
up to approximately 260°C when it collapses into a pile of microcrystals which then
rapidly dissolve at 262°C. |

By contrast figure 4.1. depicts the isothermal decomposition of NITRANN. The process
takes a few minutes at most, the time being dependent upon the size of the crystals.

Group A: Solvents found not to be included by 1 and thus eliminated on the basis of
the first selection criterion included™™

Methoxyacetonitrile,  propionitrile,  2-chloropropionitrile,  3-chloropropionitrile,
3-ethoxypropionitrile, lactonitrile, butyrom'trile,'4-chlorobutyrom'trile, isobutyronitrile

Group B: Solvents resulting in crystals of insufficiently good quality for 'potehtial
deterioration to be monitored by visual methods:
3,4-dimethylpyridine, 3,5-dimethylpyridine

GroupC:  Solvents found to be included by 1:

Acetonitrile, 3-hydroxypropionitrile, pyridine, 2-methylpyridine, 3-methylpyridine,
4-methylpyridine,  2,4-dimethylpyridine, 2,6-diméthylpyridine. (Of these the
complexes of 2- and 4-methylpyridine had already been subjected to intensive
investigation'? and were consequently dropped from the list. All others were retained
for further analysis.)





































































































































































































































































































































































































































































































