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Abstract

The class of compounds known as the dibenzotetraaza[14]annulenes have been of particular interest

over the past 25 years, with the initial impetus for research being the relationship they hold with the

naturally occuring porphyrins.

The main aim of the work undertaken was to establish the potential of dibenzotetraaza[14]annulene
type systems for the development of novel materials whose applicable behaviour was likely to fall into
one of the following three categories; liquid crystals, organic conductors, and chelating systems.
Additionally the chemistry involved with the synthesis of these types of materials was interesting in its

own right and provided a platform for the author to increase his own knowledge of chemistry.

The research undertaken may be broadly classified into the following areas : 1. The preparation of
linear Schiff base polymers, 2. The preparation of dibenzotetraaza[14]annulenés (metal complexes
and free ligands), 3. The preparation of 1-D and 2-D unsymmetrical macrocyclic complexes, and 4.
The preparation of polymeric materials incorporating dibenzotetraaza[14]annulenes both as part of

the polymeric backbone and as pendant side chains in a comb type polymer.

1. The preparation of linear Schiff base polymers

The Schiff base condensation of phenylenediamines with malondialdehydes has enabled the

preparation of materials of the type illustrated below.

|: | R
NH-CH=C—CH=N-
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Examination of the materials by differential scanning calorimetry has shown that many of the
materials exhibit interesting thermal transitions from one crystalline state to another. However the use

of thermal microscopy has not shown any of these phases to be liquid crystalline transitions.

2. The preparation of dibenzotetraaza[14]annulenes (metal complexes and free ligands)

An extensive array of dibenzotetraaza[14]annulenes have been prepared, generally by a one step
process involving the reaction of ortho-phenylenediamine and various 2-substituted

malondialdehydes in the presence of a suitable acid Catalyst and solvent.
@IN HN@ @L @
NH N

3. The preparation of 1-D and 2-D unsymmetrical macrocyclic complexes

The introduction of unsymmetricality into the dibenzotetraaza[14]annulenes has been of interest since
dipole-dipole interactions between molecules may lead to enhanced crystalline stacking, which in turn
has a direct effect on ahy liquid crystalline or semiconducting properties the material may exhibit.
Consequently the preparation of unsymmetrical dibenzotetraaza[14]annulenes has been undertaken,
which has often required extended stepwise synthetic reaction pathwaysv involving the use of
protecting reagents. Small quantities of pure méterials have been prepared and are believed to be the

first of their type.



4. The preparation of polymeric dibenzotetraaza[14]annulenes

The incorporation of dibenzotetraaza[14]annulenes into a polymeric system has been examined in
two ways. The initial study concentrated on the incorporation of the macrocycle directly into the
polymer backbone and involved the reaction of suitably functionalised dibenzotetraaza[14]annulenes
with linking groups such as para-phenylenediamine. The additional study has focussed on a method
of forming polymers which include the macrocyclic complexes as pendant side chains in a comb type

polymeric arrangement (illustrated below).

Polymer backbone

Spacer——

Macrocycle———>

At present the prepartion of a polymer of this type has not been achieved. However an extensive
study into the attachment of groups to the macrocycles which are capable of undergoing
polymerisation has been undertaken which has established the potential use of the Gabriel synthesis

of amines and the Wittig reaction as potential methods of attachment.



Chapter 1

General Introduction

The class of compounds known as the dibenzotetraaza[14]annulenes has been of particular interest
over the last 25 years, with the initial impetus for research being the relationship that they hold with

the naturally occuring porphyrins’-2 and metalloporphyrins34.

The main aim of the work reported here is an investigation into the potential of
dibenzotetraaza[14]annulene type systems for the development of novel materials (particularly
polymeric materials) whose applicable behaviour is likely to fall into one of three categories; liquid

crystals, organic conductors , and chelating systems.

In terms of general structural parameters the dibenzotetraaza[14]annulene ring system (Fig. 1) is
formally a cyclic dimer (Fig. 2, x=2), whose corresponding cyclic monomer is a diazepine (Fig. 3) and

whose repeating polymer unit is that shown in Fig. 2.

Fig. 1 Dibenzotetraaza[14] Fig. 2 Repeat unit of the Fig. 3 Benzodiazepine

annulene ring DBTAA ring

A variety of linear and branched-linear polymers can be envisaged in which features related to the
repeat unit of the dibenzotetraaza[14]annulene ring system are present. Accordingly a series of

synthetic objectives was identified at the start of the project. The targets included two series of main-
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chain polymers. In the first series (Fig. 4) repetitive malondialdehyde bis-imines can be connected by
either inflexible ary! rings (e.g. from ortho-, para- or meta-phenylenediamines (Fig. 4 a.) or flexible

alkyl chains (Fig. 4 b.).

*ﬁX—NﬁY\N% a.X= @ (o, m orp)
R X

b. X = (CHa)n

Fig.4  Main chain polymers.

In the second series (Fig. 5) the dialdehyde imine components are provided by appropriate
dibenzotetraaza[14]annulenes (e.g. Fig. 1 where R = CHO). Schiff base condensation with
appropriate diamines could then provide polymer chains that incude o-, m-, p-aryl (Fig. 5 a.), alkyl

(Fig. 5 b.) or even dibenzotetraaza[14]annulene (Fig. 5 c.) components.

axs= @ (o, m orp)

b. X = (CHo)n

NH N—=
=N HN H

X

X NH N=

ox=~C O
=N HN /

Fig.5 Main chain polymers incorporating the dibenzotetraaza[14]annulene ring.

Alternatively a series of side-chain polymers can be envisaged where the components of interest (e.g.
dibenzotetraaza[14]annulene rings) are present in each repeat unit, but as lateral substituents
connected to the polymer backbone (e.g. polysiloxane) via a decoupling spacer and an appropriate

linking group (x), as summarised in Fig. 6. The decoupling spacer is necessary if the
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dibenzotetraaza[14]annulenes are to have any freedom to form ordered domains in materials based

on polymer backbones whose preferred conformations are highly randomised.

NH N

N HN

Fig. 6  Side chain polymer.

The foregoing synthetic objectives (Fig. 4-6) define a major program of work implying, as they do,
precursor syntheses that involve a variety of dibenzotetraaza[14]Jannulenes (some entirely novel) and,
therefore, a variety of the highly labile malondialdehydes. It was also hoped to undertake limited
evaluation studies on at least some of the target materials. The evaluations would address potential
liquid crystallinity, conductivity and chelating ability in appropriate products, where there are grounds
for predicting such properties. Some known structure - property correlations for known liquid

crystalline and conductive polymers are discussed later (chapters 2 and 3).

Discotic liquid crystallinity has been demonstrated in phthalocyanine materials®-10, Simple
phthalocyanines tend to crystallise too well for mesophase formation to be favourable, but the
inclusion of thermally mobile substituents (e.g. long alky! chains) seems to provoke mesophase
formation in stepwise melting of suitable phthalocyanine derivatives. Dibenzotetraaza[14]annulenes
have not previously been evaluated in comparable ways and so, although liquid crystalline behaiour

was not a particular aspiration of our molecular designs, some thermal characterisation was carried



out. Side chain polymers (Fig. 6) may be the most promising liquid crystalline targets (there is an
interest in the liquid crystalline properties of side chain porphyrin and phthalocyanine polymers
also1), but considerable optimisation studies of the structural variables (e.g. x, n, X and R in Fig. 6)
would be required to evaluate the possibilities thoroughly. The main chain polymers could also offer
liquid crystallinity since both of the designs illustrated in Figs. 4 and 5 include rigid units and cyclic
structures that are relevant to the generation of mesophases in several known main-chain liquid

crystal polymers12,

Some degree of electrical conductivity seems a realistic possibility for each of the three polymer
types, and is already established for certain dibenzotetraaza[14]Jannulene derivatives (see chapter 3)
albeit at very low o values. Likely applications for such materials are certainly not related to power
transmission or any other 'metallic’ property. However, sensor properties of metallated
dibenzotetraaza[14]Jannulenes are promising and the potential for fabrication into operable sensors
has been shown to exist!3-15. There is also the potential for the use of the polymers of interest in the

areas of antistatic coatings and electromagnetic shielding.

The conduction of charge carriers (e.g. electrons) requires the formation of a conduction band by the
overlap of appropriate molecular orbitals to fofm delocalised, supramolecular orbitals. A structural
requirment of charge carriers that follows from the above, is a fully conjugated n-system in the ground
state representation of the polymer (e.g. as in polyacetylene or polypyrrole). The conjugation is
essential for the transmission of the charge-carrying defects, such as solitons or polarons, which are
implicated in polymer conductivity. Suitable conjugation is not immediately apparent in the
conventional representation given for dibenzotetraaz[14]annulenes (e.g. Fig. 5) or linear polymeric
counterparts (e.g. Fig. 4). These simplified representations, however, overlook the known planarity of
the Hiller type dibenzotetraaza[14]annulenes (ie. those prepared using dialdehydes) or the known
bond lengths in the propanediiminato bridges?. A more complete representation of these structural
segments is shown in Fig. 7, where delocalisation of the n-system and sharing of the amino hydrogen
(and thus the metal in metallated derivatives) implies that both nitrogens are sp2 hybridised giving

three coplanar bonds and one p-orbital extending the potential conjugation of the system. Thus
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polymers of the type illustrated in Fig. 4 (although not in the zig-zag conformation shown) and Fig. 5
seem potentially conductive although careful doping may be required to optimise the electron

population.

N N

~ ™~

~ g
~
~ '
s| Iz

Fig. 7  Structural representation of the propanediiminato bridge of dibenzotetraaza[14]annulene.

Polymers of the type illustrated in Fig.6 are different, and offer intriguing possibilities for
semiconducting dibenzotetraaza[14]annu|ene derivatives. Spacer manipulation in studies of side-
chain liquid crystals'® has shown that in side-chain polymers with long spacers, e.g. (CH»)14,
terminal substituents that crystallise well as small molecules also form highly crystalline domains in
polymers. Since crystalline domains in ordered films of macrocyclic materials can sustain electrical
conductivity, side-chain architectures based on molecules of the type illustrated in Fig. 6, but

metallated and further doped , may mimic that behaviour but in polymeric materials.

The development of new macromolecular chelates is of great interest due to their thermal Stability,
electrical conductivity and good catalytic activity in many organic reactions’7-19, Recent studies have
involved the synthesis2? and characterisation?! of chelating poly(vinylketone) materials.
Poly(vinylketone) is prepared by the oxidation of poly(vinylalcohol) with potassium permanganate in
alkaline media (pH>12). The polymer exists as a 1,3-dione and, hence, the structure facilitates the
formation of chelated complexes via keto-enol tautomerism. The possible keto-enol forms are |

illustrated below (Fig. 8).
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Fig.8 Keto-enol tautomerism within poly(vinylketone).

The polymer ligand may chelate to a metal ion through one or two electron donor groups and the
geometrical structure of the obtained chelates depends upon the manner of attachment. Three types

of chelation may be considered-

1. The enolate anion formed by the weakly acidic enol tautomer of poly(vinylketone) may allow
coordination to metal ions via the oxygen atom to form six-membered complexes?2.

2. An oxygen-chelated complex may be considered that is the simple Lewis acid-base adduct,
formed from the donation of electrons from the oxygen atoms of the carbonyl groups to
acceptor species?3.

3. Interpolymeric complexes may be formed by chelation from bridging enolate ligands.

Coordination polymers of this type have been prepared with the metal ions Cu2*, Ni2*, Co2*, Cd2*
and H92+. The metal content in the polymers was found to be consistent with 1:2
metal:poly(vinylketone) stoichiometry. The proposed structure for the polymeric chelates is illustrated

below, (Fig. 9), and involves a monobasic bidentate coordination mechanism.

P

Ny
o” No

Ny

NCH

n

Fig.9  Structure of the polymeric complexes of poly(vinylketone), M = Cu(lt), Ni(ll), Co(ll), Cd(i ),

Hg(l).
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Analogies may be drawn from this work and applied to the systems that have been discussed. Metal
complexes of main chain and side chain polymers may be envisaged that invblve the chelation of the
metal ion by the four nitrogen atoms that are situated in a plane. This type of complex has been
extensively studied?4, and indeed the involvement of metal template effects during the formation by
ring closure of tetraazamacrocycles may be important in terms of yield and the kinetics of the ring

closure, as well as playing an integral part in the control of side reactions.

Chelation of metal ions by polymers of the type illustrated in Fig. 4 may result in the formation of
interesting inter- and intramolecular polymeric compounds, (Fig. 10), that are clearly related to the
poly(vinylketone) system. The chelating species are the nitrogen atoms that are situated within the
polymer backbone. The conformation of the main-chain system is a determinant of the faesibility of

this idea (cf. figs. 4 and 10).

R R

— —

|
{’ N\M/N\Xﬂln jr N\M/N\X/h"““f‘\
XN \IN/} n P ST/

. =
R R
Intermolecular " Intramolecular

Fig. 10 Intermolecular and intramolecular polymers.



Chapter 2
Liquid Crystals

1. Introduction

The term liquid crystal signifies a state of molecular aggregation that exists as an intermediate
between the crystalline solid and amorphous liquid states. Predominately, substances that exist in this
state show a high degree of anisotropic character in many of their properties, and yet are still capable
of a certain degree of fluidity. Liquid Crystalline or mesomorphic behaviour was first observed by
Reinitzer25 and Lehmann26 towards the end of the last century and since then many organic
compounds have been shown fo exhibit liquid crystalline behaviour2?.28, Molecular shape is an
extremely important requirement for mesomorphism to be exhibited. In order for molecular ordering
to occur there must be a high geometric anisotropy, and the molecule should generally be rod shaped
(i.e. long and relatively narrow) although disc shaped systems are now of interest also. The detailed
molecular geometry of the liquid crystalline material has a pronounced effect on the number and type

of mesophases which it may pass through before it is transformed into the isotropib liquid.

Transitions of liquid crystals from anisotropic solid through the mesomorphic state to the isotropic

liquid may be brought about by two processes:

Thermotropic Mesomorphism The transition through the liquid crystalline state is
brought about by purely thermal processes.
Lyotropic Mesomorphism The transition through the liquid crystalline state is

brought about by the influence of solvents.
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2. Structural classification of liquid crystals

The classification of liquid crystalline phases has given rise to a great deal of confusion. This is
largely a consequence of the underlying phenomena which make liquid crystals so interesting in
themselves, namely the wide variation of phase behaviours which are exhibited. However, the
progress now achieved in the study of liquid crystalline materials has given us enough firm

understanding of the subject to outline the basic structural classifications.

2.1 Thermotropic liquid crystals

Nomenclature2® proposed for the classification of thermotropic liquid crystals broadly separates them

into three types: nematic, smectic and cholesteric.

2.1.1 Nematic liquid crystalline phases

The nematic phase exists as a semi-isotropic quuid30, which shows only short-range order in all
directions. However, a long-range orientational order of the molecular long axes is exhibited by the
molecules which tends to be parallel to a common axis calied the director n (Fig. 2.1). Thus it differs
from the isotropic phase in that the molecules are spontaneously oriented with their long axes

approximately parallel.
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Fig. 21 Representation of the molecular order in the crystalline, nematic and isotropic phases.

The orientation of the director varies from point to point in the medium and studies have indicated
that the composition of some nematic phases is of the order of 102 molecules which are called
cybotactic groups33,however it should be noted that in most nematics any cybotactic groups which
may exist are too small to be detected by X-ray methods. In specimens where the alignment is
homogenous, it is observed that optical uniaxiality is exhibited along with strong, positive
birefringence. The nematic phase shows no periodicity of molecular arrangement as the centres of

the molecules are distributed at random as is seen in the amorphous liquid.

The viscocity of the mesophase is relatively low (compared with other mesophases), as is shown by
the high fluidity of the nematic phase, which is sometimes more fluid than the corresponding isotropic
liquid formed on heating of the specimen. The fluidity of the mesophase can be attributed to the ease
" with which the molecules can slip by each other whilst the parallel arrangement of the mesogens is
retained. In contrast, a log-jam effect may be considered for isotropic liquids that do not exhibit the

orientational alignment found within the nematic phase. This results in a loss of fluidity.

10



TFIIAPI AW mm RmIM e sy e

2.1.2 Cholesteric liquid crystalline phases

As the name suggests, cholesteric liquid crystals can be observed if the molecule is a cholesterol

derivative, e.g. various cholesteryl fatty acid esters. Non-sterol derivatives can also exist in a

cholesteric liquid crystalline state, the only condition being a requirement for optical activity to be

exhibited by the molecule; a more general phase descriptor is therefore chiral nematic. If a chiral

molecule forms a nematic phase or if it may be incorporated into the phase in appropriate

concentration, then the structure itself becomes chiral and contains a helical twist30. The helical

structure contained by materials which exhibit cholesteric mesophases (Fig. 2.2) possesses a screw

axis that is normal to the preferred molecular direction. The pitch of
the twist results in the Bragg scattering of light and characteristic
colour effects. Thermodynamically, the cholesteric phase is very
similar to the true nematic as the energy of the twist forms only a
minute part of the total energy associated with the parallel alignment
of the molecules. An illustration of this fact often arises when a small
quantity of a cholesteric substancezg, or a non-mesomorphic
optically active substance34 is added to a nematic phase, whereupon
the mixture adopts a helical configuration. Unique optical properties
are exhibited by cholesteric molecules due to the spiral arrangement
of the molecules such as a rotatory power about a thousand times

greater than that of an ordinary optically active substance.

Fig. 2.2 Schematic representation of the helical structure of cholesteric liquid crystals.

11
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2.1.3 Smectic liquid crystalline phases

The classification of mesophases described as smectic may be further sub-classified into three

groups-

® Uniaxial smectic liquid crystals with unstructured layers - Smectic A
e Biaxial smectic liquid crystals with tilted unstructured layers - Smectic C

® Smectic liquid crystals with structured layers - Smectic B

Smectic liquid crystals have stratified structures but a variety of molecular arrangements are possible
within each stratification. Smectic A phases have an infinite fold symmetry axis perpendicular to the
layers, that is to say that the molecules in each layer are upright with their centres irregularly spaced

in a liquid like fashion (Fig. 2.3 i.).

WY 2777074077 7/
W 7770774777
LIRS S y7/ 7 14/4

RN N7 7 797/707 2 24

i. Smectic A ii. Smectic C

Fig. 2.3 Schematics illustrating ordering of molecules in smectic structures.

The orientational order is of the same kind as that exhibited in the nematic mesophase, but the
degree of order is higher and the smectic A mesophase less temperature dependent. The thickness of
the layer is of the order of the length of the free molecule. The interlayer attractions are weak in
comparison with the lateral forces between molecules in the layers'and as a consequence the layers

are easily able to slide over one another. As we might expect the mesophase exhibits fluid properties,

12



~although as a rule it is very much more viscous than the nematic mesophase. Often it may be the
case that additional smectic phases are formed by the compound, however it is always the case that
smectic A is the highest temperature smectic phase that exists. On heating, the mesophase

transforms accordingly to either a nematic or cholesteric liquid crystal or into the isotropic liquid state.

Differences in the packing of the moleculés accounts for the types of smectic phases which exist. The
molecular centres in each layer of the smectic B phase differ from those of the smectic A phase in
that they have a hexagonally close packed structure. The schematic illustration of the smectic C
phase (Fig. 2.3 ii.) shows the incline of the molecules with respect to the layers i.e., the smectic C
phase is a tilted form of the smectic A phase. However, differences do exist in the axial symmetry
between the two phases. Since the molecules within a smectic A phase are aligned parallel to the
layer normal, at thermal equilibrium the smectic A phase is optically uniaxial. This is due to the
rotational symmetry exhibited about an axis paralle! to the layer normal. Examination of the structure
of the smectic C phase appears to indicate a uniaxial symmetry about the preferred molecular
direction, this however is not the case3%. In the tilted structure the continuous rotational axis about
the director is replaced by a twofold axis and as a result the liquid crystal phase exhibits biaxiality In
addition to the tilt there may be an ordered arrangement within the layers and the phase is
accordingly labelled B. At least four other smectic modifications have been identified36 but their

structures have not yet been fully defined.

2.1.4 Discotic liquid crystalline phases

The synthesis and characterisation of the first discotic liquid crystal was éarried out in the 1970's and
a good understanding of the structures of the various phases exists37-39, These phases are generally
formed from molecules having more or less flat aromatic cores with usually six, but sometimes four,
lateral substituents, normally alkoxy or ester groups, with at least five carbon atoms (Fig. 2.4). The

structures are based on the tendency of the molecular discs to align with their short axes (the normals

13



to the average molecular planes) parallel. The steric driving force is as clear as it is for the elongated

molecules which form the phases previously examined.

R
R= n'CnH2n+1 0

R
R = r»anZnHo—@—coo—
R

Fig. 2.4 Structure of typical discotic molecules.

P

The presence of the disordered side chains is crucial to the formation of discotic mesophases. The
particular molecular disc-like shape determines the basic types of liquid crystal formed and is used in

the nomenclature that describes the phases. These are of two types : nematic and columnar.

Discotic nematics (Np) are anisotropic fluids which show phases that exhibit a single order parameter
associated with the tendency of the discs to align parallel. The disc normals thus tend to point along a
common direction thus giving rise to a director n (Fig. 2.5). Re-entrant behaviour has also been
observed in discotic materials40, with an Np phase appearing, with change of temperature, both
above and below a columnar phase. The difference in the two N phases is not clear, but may be

connected with molecular association as for rod-like re-entrant behaviour.

14
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Fig. 2.5 lllustration of the structure of discotic mesophases.

Columnar phases are characterised by stacked columns of molecules, the columns being stacked
together to form a two-dimensional crystalline array. Within the columns, the molecular positions may
have short or long range order, but the columns are not in register along their axes, and as such these

phases are not three-dimensionally crystalline.

All of the phases currently known can be characterised by the order (0) or disorder (d) of the

molecular stacking in the orbitals (Fig. 2.5) and by the two-dimensional lattice symmetry of the

columnar packing.

Finally, it should be noted that chiral versions of these phases also exist4041, the Np phase being

clearly analogous to the conventional cholesteric phase.

2.2 Lyotropic liquid crystals

Lyotropic liquid crystals are formed from compounds that possess amphiphilic properties (i.e. the

molecule possesses a polar head group attached to one or more long hydrocarbon chains) in the



presence of suitable solvents at appropriate concentrations. At certain concentrations of the
amphiphile in the solvent, between the pure amphiphile and the isotropic solution of the amphiphile in
an excess of solvent, there may exist ordered arrangements of both amphiphile and solvent. These
structured phases are known as micelles, and they exhibit the anisotropic characteristics of liquid

crystal phases.

Examples of lyotropic liquid crystals are those produced from the dissolution of soaps and other
detergents in water. As the concentration of the detergent is increased the system passes through a
series of mesophases, which can be explained by the molecular packing that is exhibited by the

mesogens.

The ordering of the mesogens is generally due to the environmental distribution of charge that exists
within each molecule which leads to either an alignment of the molecular chains or to the occurrence
of aggregation of the mesogens. The simplest lyotropic liquid crystal is created by the molecules
aligning and forming layers with watér sandwiched between them, and it is therefore known as the

lamellar or neat phase (Fig. 2.6).

Non-polar tails Polar head groups

Fig. 2.6 The lamellar liquid crystalline phase.

16



The lyotropic nature of the hydrocarbon tails causes them to come together in a disordered and hence
liquid -like fashion, resulting in a layer with the hydrotropic polar end groups at the surface which are
able to sandwich the water molecules.

It is possible for these types of molecules to aggregate in another form where spherical micelles are
constructed, the polar heads providing the surface of the sphere and the hydrocarbon chains filling
the inside; this is known as the cubic or viscous isotropic phase. The spherical units form a body-
centred cubic arrangement42 which has water in the space between the units. It is possible to imagine
that the layers observed in the lamellar phase could indeed roll up to form cylinders. This is actually
observed in the hexagonal or middle phase. The cylindrical units are arranged in a hexagonal array

with all units parallel to each other (Fig. 2.7).

Fig 2.7  The hexagonal liquid crystalline phase

In systems where the hydrophobic compositions dominate, for example the OT-water system43, then
inversion of the molecules can occur resulting in inverted middle and inverted viscous isotropic
phases in which the tails point outward towards the hydrophobic medium while water is trapped inside

the micelle, associated with the polar head groups.

17



The abundance of lyotropic liquid crystals is truly amazing and extensive, particularly in living
organisms44. The structure of these bioliquid crystals are extremely complex and elucidation of their

structures extremely difficult.

2.3 Textures of liquid crystalline phases

Deformation of the liquid crystalline phase is extremely easy, in fact distortion of the liquid crystalline
structure can be caused, for example, by a dust particle. As a result, the interference patterns
observed, when the liquid crystal phase is examined under a microscope between crossed polarised
filters, are not the ordered interference patterns that may be expected from a superficial look at the
structures but are more complex optical patterns. These textures are extremely useful in the
identification of mesophases as the birefringent interference patterns observed are characteristic of

the mesophases themselves4°.

3 Polymorphism - multiple mesophases in thermotropic liquid crystals

it can be common for a liquid crystal to exhibit more than one type of mesophase upon transition
between the ordered solid and the isotropic liquid state. The occurrence of these multiple
mesophases is known as polymorphism. The order of stability of the mesophases can be predicted on
a scale of increasing temperature by consideration of the fact that progressive destruction of
molecular order results when the temperature of any material is raised. Therefore, the higher ordered
mesophases exist at temperatures closer to the solid phase. From the types of order previously
described in section 1.2.1, it can be concluded that for a material which exhibits nematic and smectic

mesophases the order of stability with increasing temperature would be-

Solid—>Smectic B—»>Smectic C—»>Smectic A—>Nematic—Isotropic
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This order of stability is in complete agreement with experimentally obtained results from thermal

microscopy.

The transitions which occur may be enantiotropic, i.e., they take place reversibly on both heating and
cooling (although transition to the anisotropic solid phase is often exhibited by supercooling) or
monotropic where the mesophase is only observed on either heating or as is more usual, cooling of

the sample. An example of a polymorphic liquid crystal is shown below (Fig. 3.1).

HC CH,
CH
CH,
CH
2
CH3(CH,);—C~0
351.6K 364.2 K
SOLID—— CHOLESTERIC<——> ISOTROPIC
348.5 K
SMECTIC A

Fig. 3.1  Anillustration of Cholesteryl myristate46 and the monotropic and enantiotropic

mesophases exhibited.
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4 Liquid crystalline behaviour in relation to molecular structure

Consideration of molecular structure does not allow the prediction of the formation of liquid crystalline
mesophases with any certainty. However, the presence of common structural features in the vast
majority of thermotropic liquid crystal mesogens allows certain generalisations to be made concerning
the types of molecules which are likely to exhibit liquid crystalline behaviour. The two structural

features which appear to be essential to the occurrence of calamitic liquid crystalline behaviour are-

® The constituent molecules must be elongated.

® The constituent molecules must be rigid.

It should be noted however that these are only generalisations and exceptions do exist.

One group of structurally related compounds that often form liquid crystals are the substituted
cholesterols of which cholesteryl myristate (Fig.3.1) is an example. From a structural examination of
these molecules it is evident that this series of molecules are elongated with the interconnected rings

providing rigidity, thus both criteria previously mentioned are satisfied.

4.1 Microstructural aspects of the liquid crystal core - terminal, linking and lateral groups

All liquid crystalline mesogens (excluding plastic crystals and discotic materials) have a characteristic
geometric molecular shape which gives rise to anisotropic intermolecular forces with the interactions
between the termini of the molecules being weaker than the lateral associations. The structure of a
typical aromatic liquid crystal is shown below (Fig. 4.1) where A, B, C and D are the terminal, linking
and lateral substituents of the molecule. It can be shown that in general, any structural feature such
as increased core length (e.g. changing n from 1 to 2), terminal groups (A or C) which gives rigidity to
an almost linear molecule should be conducive to liquid crystal formation. Even the presence of small
lateral groups (D) may be tolerated and indeed used to manipulate the detailed mesophase

behaviour.
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Fig. 41  Structure of a typical aromatic liquid crystal.

The presence of larger lateral groups leads to a decrease in the longitudinal interactions of the
molecules and hence results in a reduction of the thermal stability of the mesophase. Conversely,
terminal groups (A or C) which extend the molecule along its axis without increasing its breadth tend

to increase the thermal stability of the mesophase.

The geometrical shape of the mesogen has a pronounced effect on the occurrence of mesophases.
The introduction of kinks into the molecule, along the axis, decreases the transition temperatures of
the mesophases. However, the extent to which the mesogen can be bent and still exhibit liquid
crystallinity is limited since ordering of the mesogens is hindered at a certain degree from the original

linear liquid crystal, and mesophase formation is suppressed (Fig. 4.2).

Mesogen Mesophase
4©>_ Yes
No

Fig. 4.2 Effect of geometric shape on mesophase stability.
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4.2 Aromatic liquid crystals

Aromatic liquid crystals form the largest group of compounds known to exhibit mesomorphism. In
accordance with the rules governing mesomorphism stated previously, it was proposed47 that for an

aromatic molecule to exhibit mesomorphism it should possess the following structure-

® The molecules should be geometrically anisotropic and either rod-shaped or flat.

® There should be no more than one group in the molecule that contains a high dipole.

® The molecules should contain moderately active groups (in terms of their effect on the
anisotropy of molecular polarisability, Aa) such as -CCl, -COC-, -CH=N-,and -OCO»-

towards the extremities of the molecule.
These structural requirements are considered to be the basic requirements for the formation of

mesophases. The basic structure of aromatic type liquid crystals can be represented by the diagram

shown below (Fig. 4.3).

AROMATIC
GROUP

Fig. 4.3 General structure of aromatic liquid crystals.

LINKAGE GROUP

AROMATIC
GROUP
n

Many of these molecules exhibit nematic, smectic and, if optically active, chiral nematic mesophases.
It is apparent even from this crude representation that the requirement of elongated molecules is
satisfied by this structure. The need for rigidity is satisfied by the restriction of the linkage groups to

those containing n character.

Figs. 4.4 and 4.5 show a series of molecules in which the structure of the linkage groups and end

groups are listed.



X = Central Group Type
Symmetrical Molecules
—— Biphenyl
—CH=CH— trans-Diphenylethylene
—C=C— Diphenylacetylene
—N=N—

trans-Azobenzene

—CH=CH—CH=CH—

Diphenylbutadiene

(@) (@)

Dibenzaldephenyldiamine

O---HO
7 ¢
T Carboxylic Acids (Double Molecule)
“oH --—o/
N N
Diphenylpyridazine
\C H—-C H/
Unsymmetrical Molecules
—CH=N— Benzalaniline
@)
—(%—O— Phenyl ester of benzoic acid
0]
I?I—N— Azoxy benzene

—CH=N—©—N=N——

Benzal-p-aminoazobenzene

—CH=N @ N=N—
©

Benzal-1-aminonapthtalene-4-azobenzene

Fig. 4.4 The composition of the central group in some of the aromatic type molecules that exhibit a

mesomorphic state.
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The forces responsible for the formation of a liquid crystalline mesophase are primarily due to the
permanent and induced dipole - dipole interactions between the individual molecules. These
electronic interactions are associated with the molecular structure since, unlike in the crystalline solid,
the molecules in the mesophase or melt are free to rotate. If the mesophase is to exist at
temperatures surpassing those that have already exceeded the lattice energy of the crystal, then
intermolecular polar attractions are required. Examples of terminal groups are listed below (Fig. 4.5).
These may be used to illustrate the relative efficiency of various structures to stabilise a mesophase
with respect to the mesomorphic thermal stability. This may be defined as the maximum temperature
at which liquid crystalline behaviour is observed (i.e. smectic - nematic, nematic - isotropic
transitions). Generally, for a mesophase to exist it is necessary for the termini to contain permanent
dipoles. The polarity of the termini frequently gives rise to strong intermolecular forces which stabilise
the mesophase formed. However, the polarity of the termini can give rise to adverse effects as the
melting points of the compound may be raised so high that the mesophase collapses to the isotropic

liquid.

It has been shown that polymorphism may be exhibited by a liquid crystalline polymer upon heating.
The presence of polar interactions under these conditions is not the only important factor to be
considered for these compounds. It is also necessary to examine the direction of the dipole
interactions also. Hence, the stabilisation of smectic states by multiple dipoles acting transversely to
the molecular axis (lateral attractions), while terminal attractions appear to be more important in the
determination of nematic thermal stability. This is confirmed by the observation that for homologous
series, the lower members show purely or predominately nematic ordering, whilst the higher members
exhibit smectic mesophases since the ratio of lateral to terminal attractions increases as the series is

extended.

The geometrical anisotropy associated with mesogenic compounds is obviously their most common
feature. It has already been mentioned that lateral attractions between molecules are important when
considering the formation and stability of a mesophase. The size of the lateral substituents must also

be considered, and as a rule molecular broadening has a more pronounced effect on the mesophase

24



hdhie

e s g e

stability of smectics than of nematics and the literature is peppered with the effects of molecular

broadening and changes in dipole attractions48.

OO

Y = End Group Type
CH3(CH2)p— Alkyl
(CH3)2CH(CHz2)n— Branched alky!
CH3(CH2)nO— Alkoxy
CH30(CH2),0— Dialkoxy
Cl— Br— I— Halogen
CH3(CH2)nCO0— Carboxylic acid ester
CH3(CH2)n0OCO— Phenol acidic ester
—CN Cyano
—NO; Nitro
—NH; Amine, substituted amine

Fig. 4.5 The composition of the terminal groups in some of the aromatic type molecules that

exhibit the mesomorphic state.

The abundance of liquid crystalline materials that contain the aromatic ring system may also be

attributed to the high thermal stability of the mesophases obtained49.
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4.3 Aliphatic liquid crystals

Due to the deviation of aliphatic molecules from the required structural criteria for mesomorphism, the
number of aliphatic liquid crystals is small in comparison to aromatic systems. However, they do exist
and compounds such as monocarboxylic aliphatic acids, palmitates and stearates have been shown

to exhibit mesomorphism.
4.4 Homologous series

Extended investigations into the structure - property relationships has led to the synthésis of groups of
molecules that differ only by the number of methylene groups incorporated in a terminal substituent.
The inability to predict mesophase stability ranges by modelling techniques has led to this type of
investigation being the most fruitful. Also, many liquid crystal devices are at present based upon
mixtures of mesogenic compounds. In many cases, these mixtures are based upon homologous

series used to obtain eutectic mixtures.

However, the study of homologous series has a more fundamental aim. Most molecular structure -
property studies involve changes in the polarity of groups, polarisability and molecular geometry. This
requires substantial differences to be present within a group of compounds, for example, methyl,
cyano and nitro terminal groups impart very different polarity to a given molecule. However, due to
fhe difference in molecular size and shape of these termini, interpretation of their structural effects is
difficult. In following a homologous series, only very small changes are made at each step and
therefore ch?nges in structure - property relationships can be more clearly attributed. This was
demonstrated by Grays' studies®0. These showed that when the mesomorphic transition temperatures
for a homologous series of compounds were plotted against the number of carbon atoms in the alky!
chain, e.g. ina homolbgous series of n-alkyl ethers, a smooth curve relationship for like transitions
was found. To an extent this is true for mesophase to mesophase transitions, but deviations can occur

due to the complex molecular attractions that can occur.
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4.5 Discotic liquid crystals from mesogenic phthalocyanines

Over recent years a new series of phthalocyanine derivatives with purpose designed substitiution
patterns has been developed. The synthesis of some of these has been stimulated by an interest in
devising structures that generate liquid crystalline phases. Examples of these mesogenic
’phthalocyanines generally fall into two broad categories depending upon the location of the
substituentsabout the ring. The peripherally substituted compounds bearing typically eight long chain
substituents at the 2, 3, 9, 10, 16, 17, 23 and 24 positions, constitute the first category and have been
extensively investigated51'53. The second category studied are a series of non-periphally substituted
derivatives (Fig. 4.6), where the substituents are located at the 1, 4, 8, 11, 15, 18, 22 and 25 sites.
Both the metal free and the metallated species have been shown to exhibit liquid crystalline

behaviour®4-58 and show mesophases which have been identified as columnar discotic in nature.

R R
R N \N XN R

/4

Vo~
N—~M—N

—

¢
N /N _N
R R

1. R=Alkyl; M=H, Hor Cu, Zn, Ni
2.R=CH,0O alkyl; M=H, Hor Cu

Fig. 4.6 Non-periphally substituted mesogenic phthalocyanines.

Further studies have been undertaken to examine the effect of reduction of symmetricality within the
- phthalocyanine molecules on the exhibited liquid crystalline behaviour. The incorporation of

unsymmetricality into the phthalocyanine has been achieved by the stepwise base catalysed
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cyclisation of the appropriate phthalonitriles59 to produce the structures illustrated below (Fig. 4.7i.
and ii.). Compounds of type i. exhibited discotic mesophases regardless of the reduction in alkyl
chains compared with the molecule illustrated in Fig. 4.6. The incorporation of a side chain
funtionality into the type ii. phthalocyanine provided a degree of amphiphilic character to the

molecule, discotic liquid crystalline mesophases were also observed for this system.

N R
4
—
/
W N
R N 7
Rl Rll

7< Type ii.
Type i 1.R = (CH,)nCHs; R = R" = (CH,)OH
R = (CHo)nCHs 2. R=R' = (CHy)CHs; R" = (CHp);0H

Fig. 4.7 Unsymmetrical non-peripherally substituted mesogenic phthalocyanines.

5 Polymer liquid crystals

Liquid crystalline polymers are high molecular mass materials, containing repeating sub-structures,
which exhibit mesomorphism. Traditionally the occurrence of such materials has been in one of two
states, either the liquid cryétal main chain polymer or the liquid crystal side chain polymer (although
other macromolecular systems have been identified, notably the combined liquid crystal polymers
and the rigid rods). The study of liquid crystal properties in polymer systems has afforded new

knowledge on both the polymeric system and the mesophase60
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5.1 Thermotropic liquid crystalline polymers
5.1.1 Main chain liquid crystalline polymers

The design and synthesis of liquid crystalline polymers that incorporate suitable mesogenic groups as
part of the polymer backbone can be achieved by consideration of the structural requirements of
liquid crystals previously discussed (section 4). By the connection of suitable mesogenic monomers
and a linking entity, a polymer backbone can be created which is connected by suitable functionalities
situated at each end of the mesogenic monomer. Synthesis usually proceeds via a condensation

" reaction to form a polymer of the type illustrated below (Fig. 5.1)

- )-AB—{__}-AB—{ )

Mesogen Linkage Molecule

Fig. 5.1 Main chain thermotropic liquid crystalline polymer.

The linkages between A and B and the mesogens may be direct giving a rigid polymer backbone (c.f.
biphenyl), or be of a more flexible nature which affords a polymer that contains an alternating series
of rigid and flexible units. Both of these are described as liquid crystalline main chain polymers and
each preserves the original liquid crystalline moieties of the monomers. This suggests that the
mesogenicity of the monomer can be preserved in the polymer chain, and there are many examples

of this being the case, although a polymer effect leads to changes in the absolute thermal parameters.
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5.1.1.1 Synthesis of main chain liquid crystals

Main chain liquid crystalline polymers are normally synthesised by step-growth reactions, such as
condensation. In this type of polymerisation, the reactant monomers usually contain two functional
groups. Suitably substituted mesogenic compounds may be used but it is also possible to use non-
mesogenic compounds. The mesogenic segm\ent of the polymer chain is created from these
monomers during the polymerisation process. If a high molecular weight material is required then the
functional groups are limited to those which may be used ih procedures involving high yield
reactions®1. This generally reqUires the use of polymerisation procedures that create polyester or
polyamide systems, which tend to be high molar mass materials. In fact it was the practical
application of lyotropic polyamides in the form 6f Kevlar®, obtained by the solution spinning of an
aromatic polyamide in the lyotropic state, that provided the incentive for the initial research into the
area of main chain liquid crystalline polymers. A study of the historical development of polyamides
and other similar molecular systems has shown that mesomorphism is exhibited by those structures
that retain the linearity and rigidity of the p-phenylene group62; thus, e.g., the p-phenylene groups
may be connected by trans-azo or trans-vinylene groups and still retain their rigid, and approximately

linear conformations.

As previously discussed the mesogens may be connected either directly or via semiflexible units. The

different models are shown schematically below (Fig. 5.2)
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2. Semiflexible

Fig. 5.2 Schematic structure of liquid crystalline main chain polymers. 1. Directly connected

mesogens form a rigid rod-like polymer. 2. Mesogens are connected via flexible linkages.

(1). Rigid main chain polymers
A large number of polymers containing a rigid rod-like main chain have been prepared and are
documented in the literature®3. One of the best known examples of a polymer of this type that has a

commercial application is Keviar®.

HOOC@COOH + HzN@NHz

-HO HO——@@-@—N H@—NH—-—H
L

Fig. 5.3 Reaction scheme for the preparation of Keviar®.

The polymer is formed by the condensation of terephthalic acid and p-phenylenediamine to form the
polyamide illustrated (Fig 5.3). Although the material is infusible and cannot therefore exhibit
thermotropic mesomorphism, it is soluble in concentrated sulphuric acid in which a nematic phase
occurs. The phase may be processed in such a way that highly oriented fibres may be prepared from

the material.
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This example demonstrates that polymers that are rod-like with a symmetrical structure are unsuitable
for obtaining thermotropic mesophases since decomposition occurs prior to the event. As the number
of repeat units, n, in the polymer increases so the difference between the melting point and the
decomposition temperature increases. The problem posed by the high temperatures that are required
to transform the polymer from the crystalline to the mesomorphic phase can be approached in two
ways, both involving modifications to the main chain of the polymer. Firstly, the linearity of the
polymer backbone may be reduced by the introduction of non-linear yet rigid components, and this
has the effect of deforming the cylindrical shape of the polymer. As the amount of the non-linear
comonomer unit increases, the melting point of the polymer decreases due to the loss of order

caused by the reduction in stacking efficiency of the molecules.

X

OXO O O
o—< >—o—%—< »—& /10 o-C¢-z-¢
Y Y

xy=H,Br.cHy z=— »——O)-0<O)—

Fig. 5.4 Examples of copolymers that contain non-linear monomer units®4.

At a certain level the melting point falls below the decomposition temperature and thermotropic liquid
crystallinity is observed. Examples of copolymers that contain non-linear monomer units are shown

above (Fig. 5.4).

The substitution of lateral alkyl chains onto the mesogenic monomer units provides the second
possibility, these acting as lubricants between the rod-like polymers. This concept has been
successfully applied to cellulose derivatives which become thermotropic liquid crystals when they

contain long-chain, lateral substituents®S.
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(2). Semifiexible main chain polymers

The problems of high melting points in polymers that contain only rigid, rod-like segments may be
overcome by the introduction of flexible moieties like alkylene or alkyleneoxy chains into the main
chain of the polymer. A variety of polymeric systems is conceivable by altering the chemical
structures of the mesogens, the lengths of the flexible spacers or the number of different monomer

units in the copolymer63.

5.1.1.2 Phase behaviour related to molecular structure.

Liquid crystalline main chain polymers have been found to exist in all of the common mesomorphic
states i.e. nematic, cholesteric and smectic. The relation between phase behaviour and molecular
structure is complex due to the polydispersity of the material which is determined by the
polymerisation process. This is in contrast to lyotropic liquid crystalline materials where, in a
homogenous mesophase of one component, all molecules have the same size or molar massEb.
Consideration of the structure of rigid, rod-like polymers allows the basis for the formation of nematic

mesophases to be understood (Fig. 5.5 a.).
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Fig. 5.5 Nematic and smectic phases of rigid rod and semiflexible polymers.
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Essentially, the length and polydispersity of the rod-like macromolecules causes a statistical
arrangement of the centres of gravity which causes the nematic ordering of the molecules. For a
smectic phase to occur the polymer should consist of an ordered sequence of monomer units to allow
for an ordered arrangement about thé centres of the monomer units (Fig. 5.5 b.). It therefore follows
that the formation of smectic phases is suppressed and the formation of nematic phases promoted in
statistically irregular copolymers and polymers with non-linear backbones and laterally substituted

monomer units.

In semiflexible main chain polymers, the flexible spacer allows some freedom to the mesogenic
moieties resulting in a pronounced effect on the stability of the mesophase formed. In homopolymers
where there is a regular sequence of rigid, mesogenic moieties and flexible spacers, the structure of
the mesophase is determined by the mesogens within the main chain (Figs. 5.5 ¢. and d.). Short
flexible spacers favour nematic mesophases, whilst longer spacers favour the smectic phase. In
statistically irregular copolymers where the lengths of the mesogenic moieties or the lengths of the

spacers may vary a nematic mesophase is generally observed.

5.1.2 Side chain liquid crystalline polymers67

As the name suggests, side chain liquid polymers are quite simply polymeric materials that carry the
mesogenic moieties as side chains. These are generally synthesised by a polymer modification
reaction that involves the hydrosilylation of mesogenic alkenes onto the backbone of siloxane
polymers (see section 5.1.2.1 c¢), this creates a polymer backbone with the mesogens as the pendant

side chains (Fig 5.6).
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Fig. 5.6 Structural representation of a typical side chain liquid crystalline polymer.

There is the possibility of the mesogenic units being attached directly to the polymer backbone or via
flexible spacers, alkyl chains for example. This in fact is the a crucial factor in the design and
synthesis of side chain liquid crystals. Direct linkage except in a few casesb8 gives only glasses with
an anisotropy of structure that is lost at the glass transition temperature. Coupled with the steric
interactions between the side chain groups , the tendency towards a statistical distribution of the chain
conformations hinders the ordered arrangement of the pendant groups and liquid crystallinity in the
polymer is suppressed. The side groups may be significantly decoupled by the introduction of a
flexible spacer between the main chain and the pendant group, this allows the main chain motions to
occur without disturbance of_ the anisotropic arrangement of the side chains. The polymer may then

exhibit liquid crystalline characteristics and mesophases may occur.

5.1.2.1 Synthesis of side chain liquid crystals

Liquid crystalline side chain polymers consist of two components, the mesogens themselves and the
polymeric main chain to which they are attached. The spacers are thought to contribute to the
characteristics of both components. A wide variety of both mesogenic moiety and polymer main chain
are available thus the combination of these components allows many different types of mesogenic
side chain polymers to be prepared. The synthesis of liquid crystalline side chain polymers follows

polymerisation procedures that are well established in polymer chemistry (Fig. 5.7).
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Principle Reaction Examples

Polyacrylates
iti Poly-
Addition
Polymerisation /—:] —_— methacrylates
Polystyrene
Derivatives
---A—BA—BA—BA—B---
Condensation Polvest
Polymerisation A—B—{_ )— olyesters

Co—o—>—
—L
o>

Modification of

Polysiloxanes
Polymers y

—
—CR
—R

Fig. 5.7 Methods for the synthesis of side chain liquid crystalline polymers.

It is possible to apply both step-growth reaction (e.g. polycondensation reactions) or chain-growth
reactions (e.g. radical or ionic addition polymerisation) to the formation of mesogenic side chain
polymers with the only limitations being the occurrence of side reactions, such as chain transfer or
reactions involving the initiator and mesogenic functionalities. The modification of polymeric materials
by the attachment of mesogenic units to create liquid crystalline side chain polymers is also a viable

method and leads to the important polysiloxane liquid crystal polymers.

(a) Chain-growth reactions

This is a frequently used polymerisation procedure for the preparation of side chain liquid crystal
polymers and involves the radical initiated polymerisation of mesogenic monomers (Fig. 5.8). Typical
systems are based upon derivatives of acrylic or methacrylic acid with mesogenic moieties such as
substituted benzoic acid phenyl esters, aromatic azo or azoxy compounds, aromatic Schiff bases,

biphenyls and cholesterol®9.
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CHs;

CHs
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)\n/o_(CHz)n—(:J — ‘PCHZ_?%CHZ_
0 7
O—(CH)n— ()

(C_) = Mesogenic moiety n= length of flexible spacer

Fig. 5.8 Chain growth polymerisation of side chain liquid crystalline polymers.

(b) Step-growth reactions
Step-growth polymerisation forms the basis for the preparation of main chain liquid crystalline
polymers; however this process has not been so successfully applied to liquid crystalline side chain

polymers. An example is the polycondensation of substituted malonic acids with diols”0 (Fig.5.9).

HOOC—CH—COOH {z—ooc—CH—coo
| |
((I; Ha)n ((|3H2)n
(@) + HO—Z—0OH ——» (@)

Z= eg. —(CHp)e— ——CH2—©—CH2——-

Fig. 5.9 Step-growth polymerisation of side chain liquid crystalline polymers.
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(c) Polymer modification

Formation of side chain liquid crystalline polymers may be achieved by polymer modification using
polymers which contain a functional group in the repeating unit’1. An example of this type is the
smooth addition of vinyl substituted mesogenic monomers to poly(hydrogenmethylsiloxane) (Fig.

5.10), commonly known as the hydrosiliylation of alkenes.

The procedure for the hydrosilylation of alkenes involves the addition of a Si-H bond, e.g. of a
poly(hydrogenmethylisiloxane), across the double bond of an alkene. The reaction is normally

catalysed by Pt(ll) but care must be taken with the quality of the catalyst otherwise side reactions are

probable.
(|3H3 (|3H3
---—8$i—0--- +CH=CH—(_ ) ——> ---—Si—0---
H (|3H2
CH,

Cj = Mesogenic molecule

Fig. 5.10 Polymer modification for the formation of side chain liquid crystalline polymers.

5.1.2.2 Relationships between phase behaviour and molecular structure for side chain liquid
crystalline polymers

The characterisation of liquid crystalline side chain polymers analyses a combination of both polymer

specific and liquid crystal specific properties. In comparing the phase behaviour of the mesogenic

monomer with that of the polymer two important changes are observed-
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e The increased tendency towards the formation of smectic phases.

® The increased liquid crystalline phase transformation temperatures of the polymers72.

The increased tendency for the formation of smectic phases can be explained by the reduced mobility
of the mesogenic side chains, which are connected to the polymer backbone. This results in a
reduction in the rotational and translational motions associated with the molecuie, and as a result the
formation of a smectic state is favoured. This is particularly noticeable in polymers that lack a flexible
spacer between the main and side chains, in these cases either no liquid crystalline phase is obtained
or a smectic phase is obtained. The presence of a long spacer chain also may favour the formation of
smectic mesophases, but this is often in addition to the formation of crystalline and nematic phases.
These smectic polymers are characterised by high clearing temperatures and high glass transition
temperatures73. Stiffening of the backbone by the mesogens results in high Tg values for the side

chain polymer compared with the corresponding unsubstituted polymer.

5.3 Characterisation of thermotropic liquid crystalline polymers

The characterisation of liquid crystalline polymers is usually via a comparison of the mesophase
transitions. The mesbphases are commonly characterised in terms of the types of structural transition
they exhibit and the temperatures at which these transitions occur. Studies in\)blve the examination of
materials using techniques such as thermal microscopy and differential scanning calorimetry; x-ray

methods may also assist.
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5.3.1 Differential scanning calorimetry

The essential features of the phase behaviour of liquid crystalline side-chain polymers are well

established’4. Commonly, a DSC trace will contain various features as follows-

® A glass transition that is characteristic of the polymer backbone.
® A glass to mesophase transition.
® A transformation from the mesophase to the isotropic phase due to the mesogenic side-

chains.

Studies of liquid crystalline side-chain polymers have resulted in the identification of systematic
trends that exist between liquid crystal phase behaviour and changes in molecular structure. This
suggests that changes in molecular structure and molecular weight have a pronounced effect on the
thermal stabilities of the mesophases themselves. It has previously been discussed that the
attachment of mesogenic side groups, via flexible spacers of the same length, to different polymer
backbones results in a liquid crystalline mesophase that exhibits a reduced thermal stability with an
increase in the flexibility of the polymer main-chain’4. Thermal studies of liquid crystalline polymers
compared with their corresponding monomers show a stabilisation of the mesophase for polymeric

materials as well as a shift in the phase transition of the polymers to higher temperatures.
Liquid crystalline main-chain polymers exhibit a far more complicated thermal behaviour. Multiple

transitions may be exhibited and commonly include a glass transition and a melting (endotherm), as

well as mesophase-mesophase and mesophase-isotropic liquid transitions (endotherms).
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Rapidly quenched samples may demonstrate the so-called cold crystallisation (exotherm) when
reheated above the glass transition temperature75. However, for low molecular weight materials, the
cooling rate has a pronounced effect on the behaviour of the material at low temperatures76. Slower
cooling rates result in smaller glass transitions and cold crystallisation exotherms. At lower

temperatures additional transitions may be observed’’ which occur as a result of-

® Recrystallisation of the polymer chains during the melting of the original crystalline
structure. The implication of this is the co-existence of two interconvertible forms of
polymer that differ only in terms of crystal size and perfection.

e Differences in chain morphologies. The morphologies are assumed to be so different that
no structural changes occur during the thermal scan, and as a consequence the melting
endotherms obtained are assumed to be dependent only on the initial structure of the
material.

® Polymorphism.
These effects render the interpretation of DSC curves for liquid crystalline main-chain polymers

difficult, and the 'nature of transitions are usually éstablished by a combination of thermal studies,

optical observations and X-ray studies.
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Chapter 3

Organic Conductors
1. Introduction

During the last 25 years there has been a rapid development in the syntheses and characterisation of
novel organic conductors, which exhibit high or metallic like electrical conductivities. While theb
understanding of the mechanism of electrical conduction in such systems may be compared to that of
inorganic semiconductors, the opportunity for tailoring the electrical properties of a material through
the utilisation of synthetic organic chemistry has been a major driving force for extensive research

activity.

For many years, it has been possible to develop a wide range of mechanical properties in organic
solids through the preparation of specific molecular structures. The extension of this technique to the
control of electrical properties has since allowed the scope of semiconductor applications to be

expanded.

A primary motivation for the research activities into the development of organic semiconductors has
been the potential technological applications that these substances may possess. The primary aim of
this research has been the isolation and development of a high temperature superconductor, which
may be defined as a material which exhibits a complete lack of electrical resistance below a certain
critical temperature. The industrial potential for materials exhibiting shperconductivity is indeed

extensive when the potential applications are considered, for example-
® Increased efficiency in electrical power transmission.

® [ncreased efficiency in electrical motors.

® The possibility of more powerful and efficient computers.
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The application of organic materials as conducting solids is of interest in respect of the properties and
fabrication of the material. Comparisons may be made with both metals and ceramics, thus enabling

the identification of key areas in which organic materials have advantageous properties, for example-

e Low density compared to metals.
® Potentially cheaper and simpler to fabricate into materials by comparison with
ceramics.
® Possibility of polymeric systems that may be compatible with both biological systems

and with familiar engineering materials.

It should be noted that materials do exist that exhibit superconductivity; however extreme cryogenic
temperatures are generally required and consequently the costs of maintaining superconducting

conditions are prohibitive.

Synthetic organic semiconductors generally fall into two major classes; molecular crystals and

polymers. The classical example of a semiconducting molecular crystal is anthracene’8.79 (Fig 1.1).

Fig1.1  Molecular structure of anthracene.

In the crystalline state, anthracene exists in structured [ayers and is capable of exhibiting dark dc

conductivityso.The unit cell is monoclinic and contains two molecules.

The potential applications of semiconducting polymers are extensive as it is desirable to have a
material in which the electrical conductivity could be variably controlled, whilst exhibiting

characteristics that facilitate ease of processability. This would lead to a successful mouldable
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conductive material which would combine the excellent electrical properties of a metal with the
processing ease of a polymer. This area of research led to the discovery of the semiconducting

characteristics of doped polyacetylene81'85 (Fig 1.2), which will be discussed later in this chapter.

The semiconducting properties of polymers and similar organic materials are not nearly as well
defined as those of molecular crystals, partly due to the lack of physical/chemical structural

characterisation of the polymers compared with the molecular crystals.
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Fig1.2 Cis and trans molecular structures of polyacetylene.



2. Semiconductors

2.1 The conduction process

The most important characteristic about semiconductors is quite simply their ability to allow the
passage of electrical current. The current is dependent on both the number of charges free to move
and the speed at which they move. An important consideration is that the currents generally
measured are the results of motions of a large number of individual charge carriers and not the

component current produced by the motion of any one charge.

The ability of materials to conduct electricity may be explained by the use of band gap models to
describe the energy levels resulting from the combination of appropriéte molecular orbitals for the

material, and the situation of the electrons® (Fig 2.1).

Conduction band

]

Forbidden band

Insulator Metal Intrinsic
semiconductor

Valence band

Fig. 21 Schematic band models of solids classified according to their electronic properties.

The theory most often used to describe the way electrons bind nuclei together to form molecules is
the molecular orbital theory. The association of molecules to form a new molecular material is
achieved by the combination of molecular orbitals (from the original component species). This
combination of molecular orbitals may occur in phase to give a bonding molecular orbital, or out of
phase to give an anti-bonding molecular orbital. The bonding molecular orbital is lower in energy than
the original molecular orbitals, and the antibonding molecular orbital higher in energy. The amount by
which the energy is reduced for the bonding molecular orbital is dependent on the amount of overlap

of the component molecular orbitals; for example a decrease in the overlap results in a decrease in
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the energy difference between the original and bonding molecular orbitals. At the simplest level, if we
consider a hypothetical molecule, M, that contains one bonding and one anti-bonding molecular
orbital for the component molecule, where AE is the energy gap between them, it is found that for

succesive additions of molecules to the lattice-

1. The energy separation between the Iowesf energy bonding molecular orbital and highest
energy antibonding molecular orbital does not greatly increase (remains at approximately A
E). |

2. New molecular orbitals are situated in the gap between the two original molecular orbitals

(Fig. 2.2).

o ———

- —
- —

» —Energy Bands

» ——»Energy Bands

Fig. 2.2 Orbital energies for a chain of molecules, M of increasing length.

As stated above, it may be noted from the diagram that as the chain length increases the number of
levels increases but the spread of energies seems to increase only very slowly. For extremely long
chains, it may be seen that a very large number of levels exist within a comparatively small range of
energies. The range of energy levels is in fact so small that the set of levels may be thought of as a

continuous range of energies known as an energy band.

Comparison of the energy level diagrams of different molecular structures gives an insight into the
electrical properties that are exhibited. The energy required for the c-¢* transition of an electron is

much greater than the n-n* transition (AE_5+»AE,_+). Consequently, saturated systems tend to have
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a large band gap and exhibit insulating or semiconducting electrical properties. Within = systems
there is often the potential for narrow or non-existent band gaps which can allow access to the band
levels abbve the Fermi level (Eg). The Fermi level is the highest occupied energy level in the ground
state. In accordance with conventional band theory, electrons in levels above the Fermi level are not

bound to the lattice and may therefore act as charge carriers for electrical conduction.

Thus, conductors are characterised either by the partial filling of bands or'by an overlapping of the
topmost bands. Conversely insulators have completely filled lower bands with a wide energy gap
between the topmost filled ‘band and the lowest empty band. The range of conductivity values shown
below (Fig. 2.3) illustrates the classification of materials according to their ability to conduct electrical

charge.

Graphite
Conductors
10°  Doped polyacetylene

Semi-conductors
Silicon, trans-polyacetylene

Insulators 1012
Polyethylene

Fig. 2.3 lllustration of the conductivity values (Q-1cm=1) for a range of materials.
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2.2 Semiconductors

Two types of semiconductivity may be exhibited by a material; these are known as intrinsic or

extrinsic semiconduction.

2.2.1 Intrinsic semiconduction

A semiconductor is a material that shows an increase in electrical conductivity as the temperature is
increased, (in a metal the opposite is true as an increase in temperature results in an increase in the
vibrations of the ions in the crystal lattice , which interferes with the motion of the delocalised
electrons, hence reducing conductivity). In an extremely pure form semiconductors exhibit what is
known as intrinsic semiéonductivity, this is essentially the facilitation of electrical conduction by
means of electrons which are present only by virtue of the material itself and not the presence of any

contaminants. Examples of this type are pure silicon or germanium.

Upon examination of the energy band structure of intrinsic semiconductors it is possible to see a
similarity with insulating materials, the obvious difference being the smaller size of the energy gap
between the valence and conduction bands in semiconducting materials (Fig 2.1). Electrons in a
completely filled valence band can make no contribution to the overall conductivity of the material.
Thermal excitation of the valence electrons in a semiconductor may result in the promotion of
electrons to the conduction band. As soon as holes are formed in the valence band the remaining
electrons are able to make a contribution to the conductivity by migration between vacant sites. A
hole in a band of negative electrons may be considered essentially as a point of positivé charge and
the jump of an electron into a vacant hole is equivalent to the jump of a positive charge into the
position vacated by the electron. We can therefore treat the motions of electrons in an almost filled

band as if the holes were positive charges moving in an almost empty hole band.
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2.2.2 Extrinsic semiconductors

As previously explained, the thermal excitation of electrons across the band gap of a material results
in the exhibition of semiconductivity. However, for most practical semiconductors the electrical
conductivity is controlled chiefly from thermal excitation by localised imperfections. Since the density
and ionisation energy of these imperfections may be varied by the choice of different additives
(dopants that may be either electron donors or electron acceptors), a large degree of variation is

made possible by this use of extrinsic semiconductivity.

The simplest kind of additives or contaminants (that cause Iattice imperfections) are those that differ
in valency by one in comparison to the atom for which they substitute. Such imperfections generally
provide new energy levels that are close to either the conduction or valence bands. Additives donate
electrons to the conduction band if the number of their valence electrons exceeds those of the atom
for which the additive is substituting. The impure or doped semiconductor is called n-type because the
negative charges are responsible for an increase in conductivity. Imperfections accept electrons from
the valence band if the number of their valence electrons is less than those of the atom for which the
imperfection is substituting. In this case the enhanced conduction is primarily due to the positive holes

and the doped semiconductor is designated p-type.
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2.2.3 One dimensional organic semiconductors

There are many examples of one-dimensional organic semiconductors. For instance the uses of
transition element - macrocyclic ligand complexes87 and organic charge transfer molecules88 have

been studied extensively.

One-dimensional organic semiconductors are produced by the partial transfer of an electron from a
donating molecule of low ionisation potential to an electron accepting molecule of high electron
affinity86. It must be stressed that it is only the non-stoichiometric transfer of electrons that gives rise

to relatively highly semiconducting solids.

After the partial transfer of charge, the subsequent consideration for a one-dimensional organic
semiconductor is that of crystal structure. High conductivity is associated with a crystal structure that
exhibits a stack of donor molecules with an adjacent stack of acceptor molecules (Fig. 2.4). This

configuration of molecules is known as segregated stacking.

Segregated Mixed
Stacking Stacking
oD OO
- <
OO OO
> o
=2 S8 =
P P > Acceptor molecule
OO () <> Donor molecule
) )
Donor Acceptor Mixed
stack stack stacks

Fig. 2.4 lllustration of the molecular stacking exhibited by one-dimensional organic semiconductors.
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There is no conclusive reason why segregated stacking should arise, but it is generally accepted that
segregation yields more highly conductive materials than one dimensional organic semiconductors of
mixed stacks with alternating donor and acceptor specie386'88'90; the explanation of this will b_e
given after consideration of the orbital overlap within the stacks. Stacking may not be direct but may

involve displaced or tilted molecules within the stacks.

The final requirement for conduction to be exhibited is the existence of a conduction path along the
molecular crystal. Such a path would occur if the molecules formulating the stacks possess
delocalised n-orbital electrons over the carbon skeleton in orbitals which are able to overlap with the n
-orbitals of adjacent molecules in the stack thus leading to long range overlap throughout the stack.
Asa consequénce, anisotropic conductivity occurs along these delocalised electron orbitals and gives
rise to the term 'quasi one-dimensional organic conductors’. The lack of orbital overlap expected
within mixed stacks can now be seen as the reason for the formation of more highly conductive
species by segregated stacking. Since conduction cannot occur through the =-orbitals, conduction
may only occur by the hopping of electrons or holes BETWEEN stacks. This leads to a material of

high resistance.
In summary, the prerequisites for high conductivity in a charge transfer complex are-

® Partial charge transfer from donor to acceptor stacks.
® Segregated stacks of donor and acceptor molecules.

® Delocalisation of n-electron orbitals within the stacks.
Other factors that may Cdntribute to increased conductivity are-

® Lack of solvent inclusion in the molecular crystals.
® Donor and acceptor species of a similar size and geometry.
e Uniform intermolecular spacing, regular overlap of orbitals.

® Planar molecules with significant n densities.
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Electrical conduction can therefore occur due to the transfer of electrons from the donor to the
acceptor stack. Once in the acceptor stack, conduction proceeds through the stack in a one-
dimensional direction via the delocalised n-electron orbitals of adjacent molecules. Alternatively,
conduction can occur via the holes that remain in the donor stack. In either case the number of

charge carriers will depend on the relative donor and acceptor powers of the components.

3. Synthetic organic semiconductors

There are currently many areas of research interest in the field of synthetic organic semiconductors.
Ongoing development is being carried out in the areas of organic charge transfer complexes, novel
superconductors, conductive organic polymers, Krogmann salts and related materials, transition
element macrocyclic ligand complexes and polymer-salt complexes. All of these are well
documented87, but it has been our research into polymeric and macrocyclic Schiffs' bases that has
led us to consider electrical conductivity as a second point of interest (c.f. liquid crystals) in the study |
of the materials reported in this work. Accordingly the following sections concentrate on n’iacrocyclic

and polymeric conductors.

3.1 Transition element - macrocyclic ligand complexes

The development of transition element - macrocyclic ligand complexes as conductive molecular
solids has been in progress since the 1970's. These materials which solidify as stacks of
metallomacrocyclic molecules, become conductive when oxidised with for example I or Bra. This
produces lattices which contain one-dimensional arrays of planar donor molecules with fractionally
occupied electronic valence shells. The assumption of a partial oxidation state by the metal cation

radical in the stacks of the metallomacrocycle results in the parallel formation of polyhalide ions in the

52



structure. The types of macrocyclic structure that exhibit this type of behaviour are illustrated below

(Fig 3.1).
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Fig. 3.1  Transition element - macrocyclic ligand complexes.



The general oxidation process in these complexes follows the equation-
M(Macrocycle) + ¥z I - M(Macrocycle)l

Data obtained from resonance Raman, Méssbauer (iodine), x-ray diffuse scattering, electron spin
resonance, magnetic susceptibility, and charge transport measurements indicate that the iodine or
bromine moieties are polyhalide species (I3, Ig , Brg’, Brg ). As a consequence , the formal oxidation
state of the metal is retained and thus plays only a secondary role in the conduction process, whilst
the charge carriers are associated with the delocalised n-orbitals on the macrocycle itself. Therefore,

the electron charge carriers are associated with the ligand n-system and not with the metal itself.

When considerihg the utilisation of the halogens as oxidising species for the formation of
semiconducting complexes of this type there must be consideration of the halogenic species used in
this procedure. The high capability of the halogens to accept electronic charge from donor molecules
is related to the oxidising power of the halogens themselves (i.e. Fo>Clo>Bro>l5). However, the less
powerfully oxidising halogens are of greater value in terms of the ease of formation of polyhalide

chains.

3.1.1 Diphenylglyoximates

The tetragonal structures of metal-halogen-diphenylglyoxime derivatives, [M(dpg)>X] have been
studied from as early as 196791. Conducting stacks are formed by square coplanar M(dpg)s units
which form columnar stacks with equivalent M-M distances. Thé halogen atoms are situated in
channels which run parallel to the metal chains and are surrounded by the phenyl groups of the
ligand. The halogenic oxidation of the diphenylglyoximates increases the conductivity of the materials

by about six orders of magnitude.



3.1.2 Bis(benzoquinone)dioximates

Bis(benzoquinone)dioximates (bqd) are closely related to the diphenylglyoximatesgz. The existence
of a quasi-one-dimensional material of stoichiometry M(qu)2I6_5 (M = Ni or Pd) was established by
Endres93.94 and it was noted that in some cases the incorporation of solvent molecules into the
lattice was observed. Electrical conductivities for some bis(diphenyl)Qlyoximates and
bis(benzoquinone)dioximates are given in Fig. 3.295 and they illustrate the effect of the halogenic
oxidation and the inclusion of different solvent molecules into the crystal lattice on the conducting

characteristics of the material.

Compound dc conductivity at 300k (Qcm)-1
Ni(bqd)o : <9x10°
Ni(bad)>lo.52-Sp (1.8-11) x10°
Pd(bad)olo.50-Sc (7.8-810) x 10"
Ni(dpg)o <8x 10"
Ni(dpg),! (2.3-11) x 10"
Ni(dpg)2Brq o 1.8x10°
Pd(dpa)o <8x10°
Pd(dpg)ol (7.7-47) x 10"
Pd(dpg)oBrq 1 L (8.9-13) x 10°

Fig. 3.2 Single crystal electrical conductivities for bis(diphenyl)glyoximates and
bis(benzoquinone)dioximates (S, Solvent is 0.32 toluene, S, Solvent is 0.52 1,2-

dichlorobenzene.
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3.1.3 Dihydrodibenzo[b,i][1,4,8,11]tetraazacyclotetradecine complexes

The metallic-like properties of doped conjugated macrocyclic n-electron systems has led to an interest
in the class of compounds based upon the dihydrodibenzo[b,i]{1,4,8,11]tetraaza cyclotetradecine
molecule®® (otherwise known as the dibenzotetraaza[14]annulenes). A sizeable range of
dibenzotetraaza[14]annulenes has been synthesised (see chapter 3). The redox properties of these
molecules are in some wéys similar to those of the metalIophthalocyaninesg7. Research data
indicates98 that upon halogenic oxidation the polyhalide species is present in the material as both I3'
and l5' implying only partial oxidation in the complex. Upon substitution of the molecule the general
trend is towards a reduction in the conductivity of the material, and this has been associated with a
buckling of the molecule that occurs to avoid close intermolecular stackin999' 100, Replacement of
the metal with Hy in these type of compounds generally results in large losses in conductivity, a

behaviour that differs from the phthalocyanines.

It has been reported that more complex dibenzotetraaza[14]annulenes exhibit high electrical
conductivity upon dopiﬁg with iodine101.102, The synthesis of two particular molecules, namely a
dibenzotetraaza[14]annulene derived from 4-dodecylthio-1,2-phenylendiamine and a nickel complex
of dibenzotetraaza[14]annulene with tetradecyloxy groups (Fig. 3.3), has allowed the determination

and study of the conductivities by the formation of Langmuir-Blodgett films103.

CHs; C1sHaq
%ﬁ “
N N. SC4oH C14H290 N N OCq4H.
\_ ¥ 12H2s 14H29 \ ¥ 14H29
4 AN

H25C12S N N Ci4H2g N N OC14Hz9

| |

CHs C1sHaq

Fig. 3.3 Dibenzotetraaza14]annulenes used in the formation of Langmuir-Blodgett films.
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Results of the study have shown that, as expected, conductivity increases upon halogenic oxidation

and that the nature of the oxidant is of prime importance in tailoring the conductivity.

The use of this series of compounds as semiconducting devices has already provided applications as
gas sensors that operate by measurement of the fluctuations in dark dc conductivity that occur when
an analyte gas (e.g. NOy) is absorbed at the surface of thin films of copper complexes of the

macrocycles104'1 08,

3.1.4 Phthalocyanines

Investigations of highly conjugated planar n-electron systems led to an interest in
metallophthalocyanines. These metal complexes have readily accessible redox states and
demonstrate an increased planar flexibility over the macrocyclic complexes previously discussed.
Partiai oxidation of these macrocycles (either metallophthalocyanines or the free ligands) with iodine
resulted in the formation of a series of molecular conductors107-111 that exhibited varied ratios of

halogen to phthalocyanine depending on the experimental conditions used in their fabrication.

Efforts to obtain increased understanding of the fundamental properties of such materials has resulted
in the synthesis of an extensive class of highly conductive molecular solids that contain stacks of
metallophthalocyanine molecules (Fig. 3.4). The molecules were prepared by a procedure which
involves iodine oxidation to produce lattices composed of one-dimensional arrays of planar donor
molecules (metallophthalocyanine units), with fractionally occupied electronic valence shells and
chains of polyiodide counterions. The general structure of such lattices is shown schematically (Fig.

3.4).
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Fig3.4 The molecular structure of metallophthalocyanine illustrating the crystal structure.

The electrical conductivities of pressed microcrystalline powder samples are comparable to those of
other molecular metals, with single crystal conductivities being metallic-like in the

metallophthalocyanine stacking direction.

3.1.5 Benzoporphyrinates

The utility of porphyrinic metallomacrocycles?12 as building blocks for partially oxidised conducting
molecular solids lies in the great scope they offer for modifications in the molecular architecture of
both the porphyrin macrocycle and peripheral substituents. Porphyrins closely resemble the
phthalocyanines in both structural and electronic aspects and thus are promising materials for new

molecular conductors.

The materials are prepared by the reaction of metal-ligand complexes with iodine, and as with other
systems previously discussed, partially oxidised complexes result113-116_ Analogous to the
phthalocyanines, there are two necessary requirements for obtaining high electrical conductivity,

which are -
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1. The structure should contain infinite stacks of closely packed planar molecules.

2. The occurrence of a partial oxidation of the constituents.

Concordance with these requirements has allowed the synthesis of partial oxidation state crystals

through the substoichiometric oxidation of planar metalloporphyrinates.

An example of a study of this type is the preparation and subsequent I oxidation of transition metal
complexes of 1,4,5,8,9,12,,13,16-octamethyltetrabenzoporphyrin, M(OMTBP) (Fig.3 5), to form the
partially oxidised M(OMTBP)(l),. Examination of the nickel complex has led to the isolation of

conductive single crystals with two distinct degrees of partial oxidation, namely Ni(OMTBP)(I3)g.35

and Ni(OMTBP)(I3')0.97, both of which exhibit metallic-like conductivity.

CHs HsC
Metallo-1,4,8,9,12,13,16- HsC CHs
octamethyttetrabenzoporphyrin
(M= Ni, Cu, Pb, Zn, Sn) HaC CHjy
CH3 HsC

Fig. 3.5 Transition metal complexes of the benzoporphyrinates.

4. Conducting organic polymers
The study of conducting organic polymers gained particular attention following the discovery that

polyacetylene could be prepared as thin films having a metallic luster which were able to conduct

electricity. The subsequent study of polyacetylene established that the conductivity could be
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increased by doping with various electron donating and accepting species to give p-type or n-type
semiconductors81-85, Although many other polymers have been researched no other materials have
yet been found that exhibit conductivity that approaches that of doped polyacetylene which, as a

result, remains the most extensively studied of the conducting organic polymers1 17,

4.1 Polyacetylene

4.1.1 Synthesis

The synthesis of polyacetylene, like that of many other polymers, is beset by numerous side reactions
that occur (e.g. cyclisation, branching, cross-linking). The degree of polymerisation is also variable
and many approaches can be used. Initiation of the polymerisation procedure may be carried out by
radiation, anionic, cationic and radical procedures.

The preparation of mostly linear, high molecular weight material is best achieved by the use of the
catalyst Ti(OBu)4-AlEtz, with control of both the solvent and the temperature18 utilised to achieve

the required cis or trans isomer (Fig. 4.1).

H H H H H H 4 H H H H H

bbb b b, = e=d e
J N7 N/ \ /J \N 7 \ /
YO e
/ \ / \ \
H H H H H H H W H 4 H H
TRANS cis

Fig. 41 Cis and trans isomers of polyacetylene.

Degrees of polymerisation from 500 to 220,000 have been reported. However, as polyacetylene is

insoluble in most solvents, conventional molecular weight studies cannot be employed.
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The Durham route for the synthesis of polyacetylene.

A unique approach that overcomes the problems associated with the intractability of polyacetylene is
the Durham route119-121_ Utilising a non-chain scission reaction, the method involves the synthesis
of a reasonably stable, tractable precursor polymer that can be purified and fabricated before a
thermal convertion to polyacetylene. An example involves the tricyclic monomer illustrated below
(Fig. 4.2), which undergoes metathesis polymerisation to give the soluble precursor polymer. Thermal
degradation of films of the precu‘rsor polymer occurs by an elimination reaction and the resultant loss

of a hexafluoroxylene molecule. The polyacetylene is isolated in a fully dense form.

/ WCs ; / CFs
FaC / H :
’ “Sn(CHa) B ¥ @

CF3

Fig4.2 Durham route for the synthesis of polyacetylene.

4.1.2 Doping polyacetylene

Pure cis and trans-polyacetylenes have room temperature conductivities of 10-10 and 10~ (Qcm)”
1respectively, but this can be increased by doping with oxidising or reducing agents. Doping can be
seen as a charge-transfer process. P-type doping is achieved using an electron acceptor such as
iodine , where a monovalent anion and stabilised polycarbonium ion are created, conduction in this
case involving positive charge carriers. N-type doping is achieved with a donor species e.g. Li, and
from this 2 monovalent cation and stabilised polycarbanion are formed. Conversely, conduction in this

case involves negative charge carriers.
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Several methods are available for the doping of polyacetylene but due to the inherent insolubility of
the material in common solvents most methods result in an inhomogenousely doped material. Doping

procedures involve the following techniques -

° Doping with gaseous vapours - exposure to AsFg, SbFg, 1 or Bra.

° Doping with oxidised cations - the use of NO* or NO5™ ions to produce p-type
polyacetylene

o Photo-initiated doping - triarylsulphonium salts which decompose under UV to the

protonic acid117.

L] Solution dogl ing - e.g. n-doped polyacetylene produced by the addition of sodium
naphthalide in THF.

] Electrical doping - The use of a cié—polyacetylene film as the anode in the electrolysis
of 0.5M KI solution with the conductivity being monitored during the electrolysis. This
method has the advantage of producing both p and n-type polyacetylene, and it

allows the precise control of doping levels.

4.1.3 Derivative polymers of polyacetylene

Derivatisation of polyacetylene has been achieved by the replacement of hydrogen atoms with
different pendant groups. This tends to increase the solubility in non-polar solvents whilst retaining the
conjugation of the polymer backbone. Examples of the derivatives prepared are shown below (Fig.

4.3).

Poly(phenylacetylene)  Poly(propiolonitrile)  Poly(3-chloro-1-propyne)  Poly(3,3,3-trifluoro-1-propyne)

ook orgy o) ~{oro;
(l% (|:H2 CF3
N Cl

Fig. 4.3 Derivative polymers of polyacetylene.
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4.2 Other conducting organic polymers

A number of derivatives of the polyacetylene chain, other organic polymers and their doped
derivatives have been prepared and evaluated as conductors. Many of these are based upon
aromatic ring systems, such as polypyrrole, polythiophene, poly(p-phenylene) and
poly(phenylacetylene) (Fig. 4.4). Unless doped, all of these conjugated polymers remain insulators

(with the exception of polyacetylene).

_CH—
eory {OF O {0

Polyacetylene Polyparaphenylene Polyparaphenylene sulphide Polyparaphenylene vinylene
=N N / \ / \ H
S S
Polyaniline Polyisothianapthene Polythiophene Polypyrrole

Fig. 44 Conducting organic polymers (after doping).

4.2.1 Polypyrrole

Polypyrrole (Fig. 4.5) produces a conductive organic polymer when doped with p-type
dopants122,123 The electrochemical polymerisation of pyrrole occurs on platinum, carbon or silicon

surfaces124,125,

Fig. 4.5 Polypyrrole.
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The polymer is believed to form by the linkage of the pyrrole units via the a-carbon atoms, thus
keeping the pyrrole rings intact. The pyrrole units can be doped to p-type semiconductors by the use

of (Et4N)BF 4 with the pyrrole units carrying the positive charge which is balanced by the BF4 ions.

4.2.2 Polyphenylacetylene

As a derivative of polyacetylene, polyphenylacetylene has a structure where one of the hydrogens on
the polyacetylene chains is replaced by a phenyl group. As might be expected the addition of this
substituent results in an increase in the solubility of the molecule which is found to dissolve in several
nonpolar solvents. Advantages of polyphenylacetylene are thus obvious in respect of methods of

study that require a solution of the polymer, for example, doping and processing techniques.

The polymerisation procedure can be achieved by the use of catalysts e.g. WClg, TiCly, with the
average molecular weight falling in the range 300 - 15000126, Polymerisation solvents and the
precise nature of the catalyst have a large influence on the polymer formed127. The isomeric
configuration of polyphenylacetylene can be controlled by the shrewd control of temperature, solvent
and catalyst to produce pure cis or trans forms as well as the amorphous mixture of the polymer.
Extensions to the isomeric forms shown to exist for polyacetylene have been discovered 128, The
trans isomer has two forms that are interconvertible by a 180° rotation about the C-C single bond to
alter from the trans transoid state to the trans cisoid (Fig. 4.6). Within the cis polymers a sequence of
three double bonds in the cis transoid state limits the rotation about the C-C bonds, the formation of a

helical structure then becomes possible (Fig. 4.7).
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Trans transoid Trans cisoid Cis transoid
Fig. 4.6 Isomeric states of the trans isomer of Fig. 4.7 Cis transoid isomeric state
polyphenylacetylene (R=Ph). leading to helical structure (R=Ph).

4.2.3 Poly(p-phenylene sulphide)

Poly(p-phenylene sulphide) is of great interest due to the unique properties that it exhibits. At present
it is the only melt and solution processible polymer that can be doped to produce a conducting
polymer. Theoretically it has great value since it is the first polymer that conducts without a

continuous system of overlapping C-n orbitals.

Evidence exists129 that the doping process with AsFg and SbF 5 promotes the formation of C-C links
bridging the sulphur linkages to form thiophene rings leading to a system of overlapping orbitals. In
these systems, the sulphur atoms contr_ibute to a delocalised electronic structure due to the significant
overlap of sulphur p-orbitals and aromatic n-orbitals on the neighbouring rings even where the
configurations are non-planar. This illustrates that highly conducting polymers are not restricted to

conjugated polymers with extended = systems if the doping process alters the electronic structure.
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4.2.4 Poly(p-phenylene)

This polymer is an example of a non-acetylenic, hydrocarbon polymer that can be doped with either
electron donors or acceptors to give conducting polymers1 30, The polymer is synthesised by the

oxidative cationic polymerisation of benzene using an AlCl3-CuCl, catalyst at 35°C.

4.2.5 Polyaniline

Polyaniline has been studied fﬁr many years and its synthesis has been described in various
papers131'1 33, Recently, a novel synthesis heas been described134 that involves an oxidation of the
monomer to produce the polyaniline. The oxidation of the monomer is carried out in hydrochloric acid
(1M) in the presence of ammonium peroxydisulphate, (NH4)2S20g. The polymer is illustrated below

in its various forms (Fig.4 8).

Insulating Metallic
Free Amine Fom. Ammonium Salt Form.

— A e
/ \ aq. HA g
) \H NH P— NH—@—NHZ
L X aq.KOH X
Ox lT Red Ox l] Red
e
aq. HA g
v—{ Yt = )
X  aq.KOH X

Fig.48 Insulating and conducting forms of polyaniline.
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4.3 Polymeric compounds and the incorporation of macrocyclic complexes

The incorporation of macrocyclic species into a polymer backbone, either as a main or side chain, is
of great interest in the ongoing development of highly conducting materials that are easily processed.
The introduction of conducting macrocyclic species into the polymeric environment serves to
introduce an ordered constraint on the macrocyclic units that, as previously discussed, allows orbital
overlap of the macrocycle. Even the formation of the polymeric species may serve to increase the

conductivity if an extension of the delocalised n-system results as part of the backbone.

Examples of this type include the porphyrin system and range from simple oligomeric systems to

extended polymer chains103,135 (Fig. 4.9).

©)

Fig. 4.9 Polymeric and oligomeric macrocyclic polymer systems.

5. Applications of organic conductors

A number of potential applications for organic semiconductors have been suggested, but by far the
largest number have been those involving doped polyacetylene polymer systems. Applications
include their uses as antistatic coatings, fuel cells catalysts, solar electrical cells, photoelectrodes in

photogalvanic cells and lightweight batteries 136,137
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The most promising application has been the potential use of polyacetylene as a rechargeable
battery. Advances over conventional battery systems have been developed and include lighter, less

expensive batteries and improved charging - discharging characteristics 138,
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Chapter 4

Macrocycles and Macrocyclic Complexes
1. Introduction

Since the turn of the century extensive research has been channelled into the study of chelating
macrocycles and their complexes. The area of conjugated tetraazamacrocyclic ligands has been one
of the chief areas of study since the turn of the century, and their occurrence has been established in
heme proteins 139 chlorophyll and vitamin B12140. This would suggest that the conjugated
macrocyclic ligand is crucial to the multiple roles afforded by the above ligands. The preparation of
synthetic analogues of the natural macrocycles has led to a vast array of molecules that have allowed
characteristic studies to be made in terms of structure, tautomerism, template effects of co-ordinated
metals, synthetic aspects and potential applications. This has led in recent years to an interest ina
series of compounds based upon the dibenzotetraaza[14]annulene ring system, the parent

macrocycle of the series being illustrated below (Fig. 1.1).

R

=

N N

N\

R

Fig. 1.1  Structure of the parent macrocycle for the Dibenzotetraaza [14]annulene ring system.
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2. Phthalocyanines

Prior to the 1960's the number and variety of conjugated tetraazamacrocycles was limited; the
biological ring systems previously mentioned were well known but few examples of synthetic
macrocycles existed. During this period Linstead was notable for research in the field of
phthalocyanines141 and related compounds such as tetraazaporphin142 and

tetracyclohexenatotetraazaporphin1 43(Fig. 2.1).

NN
\ N =
N N
YN HN—Y
N AN

Phthalocyanine Porphin Ring

Fig. 2.1  Phthalocyanine and Porphin ring systems.

Due to the complex nature of the structures, the study of natural macrocycles did not provide a
simple means of assessing the advantages that this type of macrocyclic structure may offer. For
example, the porphyrin ring may provide an aromatic dianion with an extensive n-system, and its
reactions with metal ions are complex. Redox interactions are complicated by electron transfers that
may involve the metal ion, the ligand, or both. However, it was recognised that synthetic macrocyclic
ligands could be used as potential models for studying the behaviour of natural macrocycles and may

provide interesting properties in their own right.
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3. Historical background to synthetic macrocycles

During the early 1960's a great deal of research was directed towards the synthesis of new
macrocyclic ligands that utilised diamines co-ordinated to a transition metal precursor. The reaction
between tris-ethylenediaminenickel(ll)perchlorate and acetone (Fig. 3.1) was first described by

Curtis144.

"<CH3)2|c|> c“:<CH3)z'

N N
N ¥
Ni
N/ \N

[Ni(en)s](ClO4) + (CH3)2CO  —

I |
(CHa3)C C(CHga)2 | CIO4

Fig. 3.1 Complex formed from the reaction of tris-ethylenediaminenickel(l)perchlorate and

acetone.

Whilst in itself the complex is not macrocyclic, certain analogies could be drawn from the structure
that were applicable to the tetraazamacrocycles themselves. Notably the position of the four
nitrogens in the square planar configuration directly relates to the square planar metallomacrocycles
that were synthesised later. Upon examination of the molecule, steric problems can be isolated due to
the planar nature of the azomethine groups (CH3)oC=N- coupled with the planarity induced by the
nickel complexation. This planar model with standard covalent radii indicates that there would be
considerable steric interference between the methyl groups of adjacent isopropylidene units. Skewing
of the molecule would introduce distortions which would markedly reduce the stability of the

molecule. In fact, n-bonding by the nickel atom using suitably oriented d-orbitals results in resonance

involving forms such as that illustrated below (Fig. 3.2).
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Fig. 3.2 Resonance structures of the nickel(ll) complex of the N-Isopropylidene-ethylenediamine

Schiff base.

This resonance has two resultant effects, the first effect being an increase in the co-ordinate bond
strength. Secondly, due to the reduction in the double bond character of the azomethine groups there

is a decrease in the strain associated with the carbon and nitrogen atoms.

The interest in this area was further developed by Thompson and Busch 14% with the development of

the reaction illustrated below (Fig. 3.3) leading to the formation of a new macrocycle.

N S o N S |
Z \N/ + _ ~ \Ni/
o\ N N\

__/ Br / Bry

Fig. 3.3 Thompson and Busch macrocycle.

The introduction of new terminology accompanied these developments, most notably the term
template effect, which reflects the controlling influence of the metal ion in a particular synthesis. Two
template effects have been noted; in the kinetic template effect the metal ion is utilised to hold the
reactive groups in the correct geometry for a selective multistep reaction to occur. The
thermodynamic template effect involves a perturbation of the existing equilibrium in a system by the

metal ion, which has the effect of producing the required product in a high yield as its metal complex.
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The synthesis of macrocyclic ligands and their complexes was extended into the area of cyclic
polyethers and their metallic complexes in 1967 by Pedersen146. These so called crown ethers (Fig.
3.4) were derived from aromatic vicinal diols that contained from 9 to 60 atoms in the ring (including
3 to 20 oxygen atoms). Many of the cyclic polyethers formed complexes with the cations of salts of
the elements belonging to the following groups of the periodic table: all in la and Ib; most in lla; some
in Iib; and a few in llia, llIb and IVb. These compounds are salt-polyether complexes formed by ion-
dipole interaction between the cation and the basic oxygen atoms symmetrically placed in the

polyether ring.

Fig. 3.4 Cyclic polyether.

Conditions necessary for the formation of polyether complexes, and factors affecting their stability
include-~

e The relative sizes of the ion and of the hole in the polyether ring.

® The ﬁumber of oxygen atoms in the polyether ring.

® The coplanarity of the oxygen atoms.

® The basicity of the oxygen atoms.

® Steric hindrance in the polyether ring.

® The electrical charge on the ion.
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However, the majority of such ligands show a limited tendency to form stable complexes with

transition metal ions and are therefore of little use as model systems for natural ligands such as the

porphyrins.

In recent years a great deal of research has been directed towards the synthesis of macrocycles
containing square planar nitrogen atoms as the co-ordinating species in the macrocyclic framework.
Ligands based upon the macrocyclic framework illustrated below (Fig. 3.5) have been prepared1‘47
and have been found to co-ordinate with chromium(lll)148, iron(lll)149, cobalt(lll)150, rhodium(lll)151

and nickel(ll)152.

H / \ H
HoN N N
H\ / H

Fig. 3.5 6,13-dimethyl-1,4,8,11-tetraazacyclotetradecane-6,13-diamine.

However, it has been argued1 53 that saturated tetraazamacrocycles of this type are too flexible to
show genuine size match selectivity towards a particular ion and hence the possible applications of
any such ligand are certainly limited. An attempt to overcome this problem has involved the synthesis

of a variety of reinforced macrocycles1 54-157 (Fig. 3.6).

CH

m CH:’ +CHs
)\ H " H
L= /
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NN NN NN
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CHy~ “NH, CHs CHjs

CHa

Fig- 3.6 Reinforced macrocycles.



Rigidity in these molecules is induced by cross-bridging or the use of steric influence to induce the
square planar nature of the four nitrogen atoms. Selectivity of the molecule towards particular ions is
achieved by the control of ring size of the ligand which is also achieved by enforcing rigidity within the

molecule.

The synthesis and subsequent polarographic behaviour of similar tetraazamacrocyclic complexes has
also been undertaken198. Basic and reinforced macrocycles were used in the study with the latter
being implemented by the use of introduction of steric and muitiple bond constraints within the
molecule (Fig. 3.7). Variation in ring size of the tetraazamacrocycles was also undertaken to

determine ring size effect on the redox properties of the molecule.

The macrocycles1 59-163 themselves have been shown to complex with Cu(ll), Ni(ll) and Co(lll) ions.
The subsequent polarographic reduction at a dropping mercury electrode ,and the resulting half-wave
potentials have been correlated to the ligand field stabilisation and the ring size of the macrocycle.
Upon reduction of the copper(ll) complexes, waves were obtained that corresponded to a single
electron transfer electrode process. Similar one electron transfer waves were obtained in the case of

nickel(ll) and cobalt(lil) complexes.

G Gy ]

NH HN
NH,

Fig. 3.7 Reinforced macrocycles.



The general reduction process for a copper(il) complex can be represented as164.

[CuLR* _._e_> [CuL]* _e_, [Cul]
However, only the first reduction of Cu(ll) to Cu(l) occurs as the waves are associated with only a
single electron transfer process. The half-wave potentials of these complexes show a marked
dependence on the macrocyclic ring size and are related to the match between the structural features
of the ligand and the stereochemical requirements of the incorporated cation164. The relative stability
of the Cu(ll) and Cu(l) states in these complexes is determined by the ability of the ligand to establish
strong in-plane interactions. The large ligand field stabilisation effect in such macrocyclic complexes
(also termed the macrocyclic effect) makes electron uptake more difficult and limits the reduction to

Cu(l).

The synthesis of polyazamacrocycles from so cal!ed crab-like cyclisation reactions has allowed the
preparation of a series of macrocycles with varying ring éizes, that incorporate an amide linkage as
part of the ring165. The reaction sequence uses the combination of a diamine with chloroacetyl
chloride to form the starting crab-like bis(a-chloramide) intermediate. These materials resemble a
crab with two reactive alkyl chloride groups positioned ready to react with a primary amine or diamine
to form a macrocyclic diamide (Fig. 3.8). This diamide may then be reduced to form the polyaza-

crown ligands.

CH,3 /CH3
o\ / \ 0 H,
|
N + —_ N + SOME 2:2 PRODUCT
s WP
Cl ClI NH, CHs” “CH,

(44%)

Fig. 3.8  Crab-like cyclisation reaction for the formation of cyclic amides.
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The advantages of this cyclisation procedure over similar techniqués are-

® The process is a simple one-step procedure from simple starting materials.
® The amide nitrogen is unreactive under the reaction conditions utilised thus eliminating the
need for nitrogen protecting agents.

® The process is shorter and the yield is higher than when protecting agents are used.

The intermediate ligands with two amide moieties are useful in their own right as ligands for the
complexation of metal ions and the amide containing macrocycles show chelating properties with
various metal ions166-169_ A key feature of the macrocycles has been the selectivity exhibited
toward particular ions. Upon reduction of the amide functionality with diborane, this selectivity was
lost and a broader range of ions were complexed. This may be due to the rigidity enforced by the
amide linkage which encourages a molecule with a defined N4 plane in terms of nitrogen-nitrogen

distance and planarity, which therefore limits the size of the ion that can be accommodated.

An interest in the modification of tetraazamacrocycles in terms of symmetry and ligand type has led
to several new developments. The introduction of heteroaromatics, not only into the macrocycle itself
but as a complexing species has resulted in the preparation of pendant arm macrocycles170 that

incorporate species such as pyridine into their structure (Fig. 3.9).

AN AN

Z l / | p O

N ‘N CHoCI HZC N CH2
&/ \) OO &/ \)

Fig. 3.9 Pendant arm heteroaromatic macrocyclic ligand.




Selective alkylation has enabled the synthesis of macrocycles that contain non-equivalent pendant
arms. Preferential alkylation of occurs at the two secondary amine groups flanking the pyridine ring,
with little or no attack at the third secondary amine group. This preference is attributed to steric
hindrance, the lone pairs of the amine groups flanking the pyridine ring being less hindered by the

backbone carbon framework than that of the third secondary amine.

The use of heteroaromatics has been extended intq an exciting area of research in which the
molecule forms a macrocycle that is incorporated into a polymer backbone to create macrocyclic
metal complexes built upon polyethylenimine171. Polyethylenimine and its derivatives have been
used as synthetic enzymes172, since complex formation with substrates and catalytic turnovers of
the bound substrates are achieved172-176_ polyethylenemine (Fig. 3.10) is obtained by
polymerisation of ethyleneimine and therefore contains the ethylamine as the repeat unit. About 25%
of the nitrogen atoms of the molecule are primary amines, 50% are secondary amines, and 25% are
tertiary amines. The tertiary nitrogen atoms are the branching points on the polymer skeleton. A
polycationic microenvironment is provided by the positive chargés located on the nitrogen atoms of
the polymer backbone, and hydrophobic microenvironment is achieved on the polymer domain by the
attachment of alkyl chains to the nitrogen atoms. Some polar organic functional groups are
introduced to the polymer by alkylation or acylation- of the nitrogens and these behave as catalytic

groups.
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Fig. 3.10 Polyethyleneimine.

Catalytic activity of macrocyclic metal complexes177 has been intensively investigated. Aldehyde
hydration178:179, ester hydrolysis1 80 phosphate hydrolysis1 81 and molecular recognition of small
organic molecules 182 are among the reactions in which macrocyclic metal complexes mimic

metalloenzymes.

Many of the polyaza metal complexes are prepared by the complexation of carbonyl compounds with

polyamines using template procedures 177 as illustrated below (Fig. 3.11).

]
NH2 HZN \N
X Mt N- v
N NH HN— —> g
o 0
N N

Fig. 3.11 Condensation of dicarbonyl with polyamine to produce macrocyclic complex.
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In this regard polyethyleneimine can be regarded as a synthon of the macrocyclic complex as well as
the backbone of polymeric macrocycles. This thinking enabled the preparation of polyaza cyclic
complexes with polyethyleneimine where the macrocycles existed as domains built on to the polymer

backbone (Fig. 3.12).

(\ PEI
N---—Fe----N
N ----Co----N N
H H >
N

Fig. 3.12 Macrocyclic complexes incorporated into a polymer network.

PE| PEI

The use of heteroaromatic units and imine chemistry to create ligand structures that maintain donor
atoms in planar configurations around the metal ion has been utilised183. Such work represents an
important current objective in the study of transition metal systems since, as previously mentioned,
these materials can serve as simple models for biological systems. Such complexes are implicated in

a number of metal-catalysed enzymatic reactions 184,185,

The reaction of 3,4-thiophenedicarboxaldehyde and 1,3-diaminopropane in ethanol gave the

tetraazamacrocyclic ligand illustrated below (Fig. 3.10).

Fig. 3.13 Tetraazamacrocyclic ligand.
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Nickel complexes of the molecule have been prepared by both template and non-template
procedures and slight modifications have been made to the ring itself to extend the series. The
complexes formed can be described as six co-ordinate octahedral structures with two molecules of

ethanol as the additional ligands.

The synthesis of macrocyclic rings that contain a mixed donor set186 as the complexing species has
led to the development of macrocyclic complexes that have both the characteristics of the crown
ethers and the polyaza macrocycles. The use of macrocyclic ligands in the area of metal-ion
discrimination has been the subject of a considerable number of studies187-190_ An example is the
use of crown ethers for the selective co-ordination of a number of non-transition metal ions such as
individual alkali and alkaline earth metals. The development of macrocyclic systems that selectively
discriminate towards particular transition metal ions191 has been approached by placing an emphasis

on structural aspects of the molecule which lead to mixed donor macrocyclic ligands (Fig. 3.14).

m and n between 2 and 4

(CHy)
§

CH,CH,OH
RandR = H
NR R'N and k= CH,CH,CN
\(CHz)nJ CH,CH,CONH,

Fig. 3.14 Macrocycle containing mixed donor sets as the ligands.

These macrocycles are structurally intermediate between the cyclic crown ethers and the tetraaza
category of macrocycles. Mixed donor macrocycles were employed since they do not usually yield
metal complexes with the extreme thermodynamic and kinetic stabilities that are shown by certain

complexes of the tetraazamacrocycles 192,193,

The preparation of an extensive series of simple tetraazamacrocycles that vary considerably in terms
of ring size194 has been carried out in an attempt to identify any resemblances they may have in

relation to the porphyrins. The macrocycles studied (Fig. 3.15). consist of ring sizes of 14, 18, and 22
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atoms respectively; this has the obvious effect of increasing the distance between the co-ordinating

nitrogen atoms and subsequent differences in complexation arise.

_N/—\/N < _Nf ;N ¢ N N
HH " H H H H
\ N’\_/N— N\ N = YN N=

Fig. 3.15 Chemical structure of 14, 18, and 22-membered tetraazamacrocycles.

It was discovered that the 14-membered macrocycle forms mononuclear Cu(ll) complexes with a
planar structure, whilst the 18-membered macrocycle forms a mononuclear Cu(ll) complex with a
pseudo tetrahedral structure, and the 22-membered macrocycle forms di- and trinuclear complexes of
Cu(ll). This suggests that conformational preference of the macrocyclic complex is dependent on ring

size.

As indicated in earlier discussions in this chapter, there have been extensive studies into materials
that may mimic the characteristics of natural occurring molecules such porphyrins and important
synthetic systems such as the phthalocyanines. An obvious extension of this area of research was the
development of materials that contained the naturally occurring materials substituted with the
synthetic analogues. The preparation of novel copper phthalocyanine complexes substituted with four

14-membered tetraazamacrocycles1 95 has enabled the study of this type of molecule.
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Fig. 3.16 Tetraaza macrocycle substituted phthalocyanine.

The substitution of planar, rigid phthalocyanine cores with flexible chains has been cited as leading to
highly ordered systems196. An example of this type is the substitution of crown ethers onto a
phthalocyanine substrate molecule. The molecule then gains the ability to form ion channels allowing
the migration of alkali and alkaline-earth cations197-199_ |n addition, polyaza macrocycles have
recently gained recognition because of the abilities of the polyaza cavity to co-ordinate transition
metals200 (Fig. 3.16). Studies of these types of molecule have suggested that a suitable combination
of polyaza macrocycle and phthalocyanine may allow new functionalised materials to be prepared
which are of importance for both biochemistry and materials science. For example, water soluble
pentanuclear complexes of phthalocyanines are relevant as sensitisers in photodynamic cancer
therapy201 and their symmetry properties can be considered in connection with optical behaviour202,
The synthesis of porphyrin analogues has received particular attention due to the potential utility of
these compounds in photodynamic tumour therapy203. A particular area of porphyrin chemistry that

has received a great deal of attention has been the formation of a molecule that has thiophene or
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furan moieties substituted for some of the pyrrole rings in the porphyrin molecule204-206_ For
example, the synthesis of a difurylporphyrin analog from diformy! difurylmethane and dipyrylmethane,

utilising the Macdonald condensation, has been noted207 (Fig. 3.17).

OHC CHO

H+
HO,C HH COH —— g

R4
I:\,2 R2

R1 = CH3 Ry = CH3CH2

Fig. 3.17 Porphyrin related macrocycle containing furan moieties.

The idea of incorporating synthetic macrocycles into natural systems has been further investigated
and the synthesis of the so called quadruply two and three atom, aza bridged, cofacial bis(tetraphenyl
porphyrins) (Fig. 3.18) has been developed208. These compounds are related to those in nature that

are involved in metabolic processes relating to catalysis by multimetal proteins.
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Fig. 3.18 Bridged cofacial porphyrins.

Partially cofacial bis-porphyrins have been used in studies to mimic aspects of energy storage and
electron transfer processes that occur in the photosynthetic reaction centre209. The dimers with
relatively large cavities have been used as molecular receptors and also as models of n-n

aggregation by natural metallated and freebase porphyrins and by metalloporphyrin n-cation radicals.

4. Synthetic macrocyclic tetraaza ligands - The dibenzotetraaza[14] annulenes
Historical studies of synthetic macrocyclic ligands led to the preparation of a series of compounds

based upon the non-porphyrin tetraazamacrocycles known as the dibenzotetraazaf14]Jannulenes. The

simplest molecule of this class of compound is illustrated below (Fig. 3.19).
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Fig. 3.19 Nickel complex of the parent molecule of the dibenzotetraaza[14]annulene series (R=H).

This family of synthetic macrocyclic ligands shares many common characteristics with the naturally
occurring porphyrins, but also features some important differences. Thus, while it is of bio-inorganic

interest, it also has many other characteristics which make it of fundamental interest in its own right.

Derivatives of the dibenzotetraaza[14]annulene ring system are of particular interest in a variety of
application areas. Thus derivatives with various substituents situated either on the aryl rings or on the
propanediiminato bridges have provided metal complexes of interest as toxic gas sensors210,
electrical conductors211, electroactive Langmuir-Blodgett films212, conductive polymer films and
surface modified eIectrodeAs21 3, redox catalyst3214v215 and as models for natural metallocycle

systems such as vitamin B45140 and heme proteins39.
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The similarities of the dibenzotetraaza[14]annulenes to the porphyrin ring system are as follows -

® The four nitrogen atoms of the macrocycle are rigidly confined to a plane.
e Upon metal complexation, the ligand usually deprotonates to give a dianion.

® The macrocycles have a conjugated system of double bonds.

However, the differences between the dibenzotetraaza[14]annulenes and naturally occurring systems
account for the non-bioinorganic system and hence for the proliferation of new and interesting
compounds. The 14-membered ring size of the dibenzotetraaza[14]annulenes compared to the 16-
membered ring of the porphyrins favours shorter metal-nitrogen co-ordination bond distances.
Secondly, in contrast to the completely delocalised framework of the porphyrins, each of the two
negative charges of the dibenzotetraaza[14]annulenes tends to be localised only over the
propanediiminato bridges that connect the two aryl rings. Lastly, even though the
dibenzotetraazal14]annulenes can be described as conjugated, they would have an anti-aromatic (4n)
= system, whereas porphyrins exhibit a (4n+2)n electron aromaticity if the conjugation encompasses

the whole molecule.

The presence of four nitrogen donor atoms situated in a planar configuration around the metal ion
leaves two axial sites on the metal that are available for interaction with substrates. Starting with a
few basic macrocyclic frameworks it is considered possible to alter the substituents and degree of
saturation within the limits of normal functional group reactivity such that certain properties, for
example redox potential, ligand field strength and co-ordination geometry, may approach those found
in natural environments. Additionally such manipulations could engender materials with wholly novel

properties.
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4.1 Synthetic development of the dibenzotetraaza[14]Jannulenes

Macrocyclic ligands derived from aromatic diamines and B-dicarbonyl compounds via condensation
reactions have been prepared using a limited number of synthetic routes. The study of reactions
between diamines and B-ketoaminato complexe3216 of the type illustrated below (Fig. 4.1) has led to
the production of dibenzotetraaza[14]annulenes. In this first preparation217, the macrocycle was
prepared as its nickel(ll) complex under severe conditions by reacting the p-ketoaminato complex
with molten ortho-phenylenediamine. However, at this early stage of interest in this particular area,
problems arose with the condensation of the diamine with the carbony! of the 3-carbon bridge. These

problems were later overcome by the use of suitable substituents at this position.

Fig. 4.1 Tetraazamacrocycle formation by the condensation of diamines with B-ketoaminato

complexes.
The extension of this type of synthesis and the initial preparation of the parent macrocycle of the

series was achieved by Hiller218, using a reaction of propargylaldehyde with ortho-phenylenediamine

producing yields of up to 27% (Fig. 4.2).
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Fig. 4.2 Hiller preparation of the parent molecule in the dibenzotetraaza[14]annulene series.

Subsequent reaction of the ligand with Ni(ll) or Cu(ll) acetates gave rise to neutral complexes.
However, the same complexes could be prepared directly by the reaction of ortho-phenylenediamine,
propargylaldehyde and the appropriate metal salt in dimethylformamide resulting in yields of between

50% and 60%.

During the 1970's the synthetic development of these type of materials was spearheaded by
HoneybourneZ19'222 and co-workers. The new procedure involved the introduction of electron
withdrawing substituents at the B-position of the diimine bridge by the implementation of substituted
malondialdehyd93223'225. Electron withdrawing groups such as halogens and carbonyls are required
to facilitate the formation of the imine linkage between the aldehyde and amine moieties of the
reagents by making the aldehyde more susceptible to nucleophilic attack by the nitrogen of the
amine. Attempts were made at both template and non-template syntheses of the macrocycle, and as
might be expected, higher yields were achieved with the utilisation of template procedures (60% cf.
15-20% for non-template procedures). The normal reaction procedure for the preparation of this type
of macrocycle involved stirring the substituted malondialdehyde and ortho-phenylenediamine, with or
without a suitable nickel(ll) salt in ethanol to produce the free ligand or the hydrated neutral complex

(Fig. 4.3).
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Fig. 4.3 Free ligand and tetraazamacrocylic complex produced via the Honeybourne procedure.

R

As might be éxpected the reaction times for template procedures were very short in comparison to
non-template where the reaction times could approach sixty hours. A reduction in the length of time
these reactions require can be achieved by the addition of a suitable proton donor. For example,
para-toluenesulphonic acid or 0.01M acetic acid catalyses the formation of the imine linkage.(Fig.

4.4), thus reducing reaction times.

@
0 H GOH OH o
R_< == R—<<«—:NH; R——NH; DI
H H H
e .
oM H,0 ® H
R+NH—© R—CH=NH—©> R—CH=N@
Y,

Fig. 4.4 Mechanism for the formation of the imine linkage.

The synthetic procedures for the preparation of dibenzotetraaza[14]annulenes have been developed
into other areas by Goedken et al226,227 \who used a modification of the Jager procedure217. This
involved preparation of the macrocycle by a template condensation of ortho-phenyleﬁe diamine with
pentane-2,4-dione in the presence of nickel(ll) ions to create the 14-membered macrocyclic ligand

illustrated below (Fig. 4.5). Demetallation of the complex with HCI affords the free ligand (Fig. 4.5).
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Fig. 4.5 Free ligand and macrocyclic complex prepared via the Goedken procedure.

In an attempt to obtain a better understanding of the binding of small molecules, such as O, CO and
NO, to iron in biological systems, Goedken then attempted a study of the macrocyclic complex to
establish the effect that structural parameters have in influencing the ion reactivity of the Iigand228'
230, The complex was first prepared as detailed above and then stripped of nickel(ll) with anhydrous
HCl in ethanol and isolated as the hydrochloride salt. Neutralisation with base afforded the neutral
ligand. Mono(carbon monoxide) complexes of the type [Fe(CooHooN4)(base)CO], where the base
was pyridine, 4-picoline or hydrazine, were prepared by reaction of the free ligand with an anhydrous

source of iron(ll) usually as the amine complex, under an atmosphere of carbon monoxide.

The formation of these carbon monoxide complexes suggests that co-ordination of mono(carbon
monoxide) to iron(ll) is not unique to porphyrin type ligands, but is probably a general phenomenon

characteristic of a large class of macrocyclic ligands.

Other procedures for the preparation of nickel(ll) complexes of substituted dibenzotetraaza[14]
annulenes have been repbrted by Cutler and Dolphin231v232. The first employed the 1,5-
benzodiazepinium salt (Fig. 4.6, 1)233:234 which in the presence of nickel (Il) acetate gave, in either
refluxing DMF or methanol, a brown precipitate from which the chelate(Fig. 4.6) was isolated in up to
20% yields. However an alternative in-situ process proved to be more efficient and after refluxing an
aqueous solution of ortho-phenylenediamine, 1,1,3,3-tetramethoxypropane and nickel(ll) acetate
(2:2:1) (Fig. 4.6, 2) an analytically pure chelate was obtained within a three hour period in greater

than 85% yield. It should be noted that both procedures entail metal-template mediated mechanisms,
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the absence of nickel salts from either reaction resulting in intractable yellow solids devoid of

macracyclic product.

NH2  cH,0
2 + 2 \q
NH, CH;O  OCH,
+Ni(OAC),

Fig. 4.6 Template synthesis of dibenzotetraaaz[14]annulene macrocyclic complexes.

A further source of the diiminato ring, namely substituted acroleins, has been described235,:236_ The
dibenzotetraaza[14]annulene is synthesised from ortho-phenylenediamines and 3,4-dihydro-2H-

pyran-5-carbaldehyde as a cyclic 3-alkoxy acrolein.
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Fig. 4.7 Synthesis of dibenzotetraaza[14]annulenes from substituted acroleins.

The nickel(ll) chelates may also be obtained directly by metal template condensation of the aldehyde,

the diamine and the nickel salt.

By far the least efficient process for the synthesis of the dibenzotetraaza[14]annulenes is the non-
template reaction of ortho-phenylenediamine with B-diketones and B-dialdehyde3237. Yields can be
very low and often the reaction products cannot be separated. However, this approach is still pursued
since it enables the study of the free ligand when demetallation may be difficult. Undoubtedly polymer
formation is a competing process in non-template reactions; however, this may not be a problem, and

indeed can be a desirable aspect of some procedures.
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4.2 Structure and properties of the dibenzotetraaza[14]annulenes

As already introduced the parent macrocycle for the dibenzotetraaza[14]annulene series is simply

1,4,8,11-dibenzotetraazal14]annulene (Fig. 4.8), illustrated below.

H

Fig. 4.8 Parent molecule of the 1,4, 8,11-dibenzotetraazal14]annulene series.

The nickel(ll) complex of the molecule is planar and contains delocalised propanediiminato chelate
bridges separated from benzenoid rings by single C-N bonds. The molecule may be substituted on
the bridges in the R position of the dialdehyde, and in a series of Japanese patent applications over

300 tetraaza[14]annulene compounds were described (Fig. 4.9).

This illustrates the increasingly large number of dibenzotetraaza[14]aﬁnulene macrocyclic complexes
that has appeared over recent years, and emphasises the versatility of metal ion assisted Schiff base
cyclisation reactions. However, limits on the number and type of substituents are imposed since
condensation reactions of B-diketones and aromatic diamines in the presence of a metal ion appear

to be sensitive to steric effects238.



N
| H
R, N N R,
\_/
Co R, R1, R2 = C1_8 Alkoxy
P
Rz N {" Rz Cy.s Alkyl
N
R

Fig. 4.9 Tetraaza[14]annulenes prepared under Japanese patent.

The tetramethylated Goedken derivative of the parent macrocycle (Fig. 4.5) is, however, different in
conformation. Studies of the structure of these molecules by X-ray crystallographic techniques239-
245 haye shown that the macrocycle and its metal complexes are not planar but are in fact saddle
shaped. The adoption of this conformation is due to inherent internal steric constraints resulting from
methyl-phenyl brepulsions between the side groups and the aryl rings. The enforced saddle shape

causes a displacement of any co-ordinated metal from the N4 plane (Fig. 4.10).

Fig. 410 X ray structure showing the saddle deformation of the Goedken macrocycle
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The class of dianionic ligands we have been discussing has the systematic name 7,16-
dihydrodibenzolb,i][1,4,8,11]tetraazacyclotetradecine which, for convenience, is often shortened to

1,4,8,11-tetraaza[14]annulene or simply DBTAA.

Unlike the porphyrins and phthalocyanines which satisfy the Hickel (4n+2)n electron rule and have
aromatic character with extensive double bond delocalisation, the derivatives of the DBTAA series

with 16x electrons have nominal antiaromatic character.

H
=
1 I1
N
Ny
| Ni b
7\
N N
8| 4
=
H

Fig. 4.11 Nickel(ll) complex of the parent macrocycle in the DBTAA series.

The nickel(ll) complex of the parent macrocycle of the series (Fig. 4.11) is planar and contains
delocalised six membered propane-1,3-diiminato chelate rings separated from the benzenoid rings by
single C-N bonds, that appear to show little or no preference for n delocalisation227. By contrast, the
tetramethylated lead derivative226 (Fig. 4.10), adopts a saddle shaped conformation. As previously
discussed this is due to interactions between the methyl groups and the adjacent aromatic rings which
causes the distortion from planarity (n.b. since the n-system is not delocalised the distortion does not
need to affect the electronic structure of the molecule). A consequence of the saddle shape of the
molecule is that the ortho-phenylenediamine rings and the diiminate framework are displaced in

opposite directions; this has the effect of making the two remaining co-ordination sites chemically
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non-equivalent. The single C-N bonds permit a much greater range of torsional motion than is
possible for the related porphyrin systems (the extensive double bond delocalisation in the porphyrins
impedes any twisting motion about any of the C-N bonds). A large number of derivatives containing
various metals , such as Co(I1)217, Ni(11)238, Ru(11)241, Co(111)243, Mn(111)243, Ti(1V)246, Al(111)249,
Fe(11)246, Mn(11)247 and Zn(11)247, has been synthesised, and these often exhibit uncommon co-
ordination geometries. In all of these examples, tetramethyl substitution results in a saddle shaped
molecule with the metal ion displaced from the Ng4 plane. The degree of warping is also strongly
influenced by the size of the metal ion248: and it has been shown that there is an ideal ring size for
any metal ion having a given metal-donor atom distance. Ring sizes slightly smaller than the best fit
show abnormally strong metal-donor bonds as a result of the strain energy being distributed over the
whole complex, effectively shortening the metal-donor distance. Similarly, oversized rings result in
markedly lower ligand fiéld strengths. For complexes of the DBTAA series (14 membered rings) the
best fit is observed for complexes of Co(lll)248. Constraints placed on the macrocyclic ring system
with respect to expansion and contraction of the N4 donor core, together with the steric requirements
of metal ions with varying radii, often result in unusual co-ordination geometries and uncommon

oxidation states240.

4.3 Reactions of the dibenzotetraaza[14]Jannulenes

The chelate rings in metal acetyl acetonates (pentane-2,4-dionates) and related complexes undergo
the reactions that are typical of aromatic systems. The hydrogen at the central position (cf. C-3 of
pentane-2,4-dione) of these chelate rings can be substituted with a variety of electrophilic reagents.
Halogenation249 and nitration250 reactions have been effected in this system with no rupture of the
chelate ring. As stated préviously, the diiminato chelate rings of the DBTAA complexes are similar to
those of metal acetyl acetonates and have been found to react with various acyl chlorides291 (Fig.
4.12). The products were formulated as the hydrochloride salts and were sensitive to moisture, in

some extreme cases reverting to the starting materials.
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Fig. 412 Reaction of the DBTAA series with acyl chlorides.
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Tetramethyl substituted DBTAA is known to react with diazonium salts to give bis-azo macrocyclic

ligands (Fig. 4.13 2)252-254. The ligand undergoes tautomerism to give the hydrazone (Fig. 4.13 b),

but complexation to a metal ion at this stage results in the reformation of the bis-azo structure.
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Figs.4.13aand 413 b

DBTAA.

Diazonium and hydrazone derivative obtained from the tetramethylated
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The reaction of the cobalt(ll) complex of the tetramethylated DBTAA with oxygen has been
described255 with extremely interesting results (Fig. 4.14). The oxidation reaction resulted in the
formation of a Co(lll) complex, in which one of the 2,4--propanediiminato bridges is converted into a

B-imine donor function with an adjacent a,3-unsaturated carbony!l.

[ NH3 7%

0]
7
AN /N 1.0, N
4C°\ 2. NHsPF o
N N AT N/ \N
|

HsN

Fig. 4.14 Oxidation of the Co(lll) tetramethylated DBTAA complex.

4.4 Applications of the dibenzotetraaza[14]annulenes

Although the initial impetus for research into the dibenzotetraaza[14]Jannulenes was drawn from the
desire to create synthetic mimics of naturally occurring biological systems such as the porphyrins and
phthalocyanines, the DBTAA series has also received the attention of researchers in several other
areas, particularly for their potential use as catalysts213,256 and as precursors for electrically
conductive polymersz‘”)r21 1,237,258, Honeybourne259 has reported that thin films of complexes of
the DBTAA series exhibit increases in conductance when they are exposed to environmentally
deleterious and toxic mixtures of NOy gases, and that the magnitude and reversibility of the response
is dependent on both the concentration of the NO, gases and the nature of the peripheral
substituents of the macrocycle. Films of these macrocyclic compounds coated on non-conducting
supports have been examined as toxic gas sensors260.261 pased on the surface dark d.c

conductivity changes.
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Bereman et al213 have described a series of surface modified electrodes based dn the oxidative
electropolymerisation of the monomeric complexes Ni[Me4(RBzos)[14]tetraene Nyj, (R= CH3, H, CI,
NO,, CO,CH3). Repetitive scanning in the oxidative region during cyclic voltammetric
measurements on the complexes resulted in the growth of reproducible films on the electrode surface
which remained electroactive. Oxidation results in the formation of a dimeric compound composed of
two macrocyclic units joined via a carbon-carbon single bond bridge in @ manner similar to that found

in the formation of binuclear complexes (Fig. 4.15), reported by Dabrowiak262.

2.8,
o

2+

Ni
\

@

Fig. 4.15 Dimeric macrocyclic compound.

4.5 Unsymmetrical macrocycles based upon the dibenzotetraaza[14]annulenes
The present investigation into the DBTAA series is aimed at the development of syntheses of new

macrocycles related to those discussed previously, but where the target molecules are

unsymmetrically substituted (Fig. 4.16).
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Fig. 416 Unsymmetrical macrocycle

Although the attempted modelling of biological systems appears to be possible by implementation of
the DBTAA series, there is an inherent problem with the molecules so far discussed in that their
potential applications are limited by their symmetrical nature. Symmetry has two major effects on the
properties of these molecules; firstly, solubility of the molecule is poor due to the lack of interaction
between the solvent molecules and the macrocycles themselves. Secondly, the potential applications
of these molecules in the areas of semiconduction and liquid crystals depend upon the ability of the
molecules to pack closely together in an ordered microcrystalline environment. For this to occur the
macrocycles must have the correct molecular shape and have a dipole moment which allows the
molecules to align in an ordered configuration - essentially there is a requirement for an
unsymmetrical macrocycle. It is proposed that the introduction of these key features into new
macrocycles may provide improved structures with regard to applications in the broad areas of co-

ordination chemistry and molecular electronics263,
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The macrocyclic Schiff base ligand is most commonly synthesised as its metal complex in a one step

procedure leading to a symmetrical complex (Fig. 4.17).

R NH . . 2 R N N R
2 R R M2 </
' ' M

R NH, 60 O R N~ N R

Fig. 4.17 Synthetic procedure for symmetrical macrocyclic complexes.

The metal ion may be envisaged as acting as a thermodynamic template producing the required
product, often in high yield, as its metal complex. Non-template synthesis of macrocyclic imine
ligands is less favoured and lower yields are obtained.

The conventional procedures offer poor synthetic routes to the target DBTAA's with major problems
arising from the number of possible by-products that may occur if procedures similar to that
discussed previously are followed (Fig. 4.18), e.g. consider the condensation of two different

diamines with two different dicarbonyl compounds.

NH, NH2
~ l

+ Other macrocyclic products

Fig. 4.18 Adoption of the symmetrical scheme for the preparation of unsymmetrical macrocycles

may lead to problems!!
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The extensive side reactions lead to the formation of 1,5-benzodiazepines, which themselves are
formed by the condensation of ortho-phenylenediamines with B-dicarbonyI3264,265, benzimidazoles

and linear or branched chain polymeric material (Fig. 4.19).

Ry
N N
\
@4 } O+ |
3

Benzodiazepines =~ Benzimidazoles Polymeric Material

Fig. 4.19 Side products from the attempted simple preparation of unsymmetrical DBTAA's.

However, one procedure reported by Cutler, Dolphin and Alleyne232 does allow the preparation of
macrocycles that exhibit non-symmetrical features through one of the molecular planes. The
procedure involves the hydrolytic ring opening of a 1,5-benzodiazepinium salt266-268 o the
corresponding monoanil, or the more usual ortho-phenylenediamine and B-dicarbonyl, but the
significant point is that the procedure allows the isolation of an uncyclised nickel(ll) chelate which
may then undergo further reaction to yield the unsymmetrical macrocycle (Fig. 4.20). The isolation of
the uncyclised nickel(ll) chelate is achieved by the addition of an excess of ammonium
hexafluorophosphate which then allows the purification of the salt from an acetone-ether solution in

high yield.
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Fig. 4.20 Scheme for the preparation of unsymmetrical macrocycles.

However, it has been found that the construction of a more completely unsymmetrical DBTAA (i.e.
two different aryl substituents also), is best achieved by a stepwise synthesis which involves the
protection of the amino and/or carbony! functionality of the precursors at various stages of the
procedure, and the subsequent selective reaction of the acquired building blocks. The methodology of

the procedure is discussed in chapter 5.
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Chapter 5

Experimental Procedures

1. Introduction

The course of research into the synthesis and development of novel macrocyclic and polymeric
materials, that have been structurally tailored to exhibit liquid crystalline and semi-conducting
characteristics, has necessitated the use of a wide variety of synthetic procedures. In particular the
preparation of substituted malondialdehyde3269'271, free ligand macrocycles and metal complexes
of substituted dibenzotetraaza[14]annulenes, and the use of established synthetic procedures such as
the Gabriel synthesis of amines272 and the Wittig reaction2/3,274 has allowed the synthesis of an

extensive array of new materials.

2. Apparatus and Techniques

Infra-red spectra were obtained on either a Pye- Unicam SP3-100 or Philips PU9700
spectrophotometer. TH and 3P NMR spectra were recorded on a Bruker 250 MHz, Bruker WP80SY
and Jeol PMX 60 SI NMR spectrometers; CPMAS solid state 13C NMR was recorded on a Bruker
UXR400 NMR spectrometer using a silicon reference probe. Samples were prepared in the solvent
stated in each method. Microanalyses were performed by MEDAC Ltd of Brunel University. Melting
points were determined on an electrothermal melting point apparatus. Mass spectra were recorded on
a VG micromass instrument. Thermal characterisation was performed using a Mettler TC 10A
themogravimetric analyser and a Mettler TA 3000 differential scanning calorimeter. Themal

microscopy was investigated through crossed polarising filters.

Infra-red data are recorded as cm~1 of peak maxima. NMR data is expressed on the PPM scale with

TH spectra recorded against tetramethylsilane as the internal reference standard.
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bbreviations used for the form of the signal are as follows:

s singlet

d doublet
t triplet

q quartet
m multiplet

Flash chromatography and column chromatography were performed on Merck 7734 and Merck 7730

silica gel respectively. Thin layer chromatography was performed on Merck 5554 Autofolien Kieselgel

60F 54 plates.

When required anhydrous solvents were prepared according to established faboratory procedures. All

reactions requiring inert atmospheres were performed under nitrogen.

3. Synthetic Procedures

Malondialdehydes and reaction intermediates

3.1 Ethyl 3,3-diethoxypropionate275 (1)

CO,CH,CH;
CH,CH,0

CH3CH,0 (1)

"Activated" zinc - Zinc dust (40g, 0.625mol.) was washed succesively with aqueous NaOH, water,
aqueous acetic acid, water, ethanol, acetone and finally ether. The dust was then dried under vacuum

at 100°C prior to use.
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‘Activated” zinc dust (34g, 0.53mol.) was suspended in dry benzene (40ml) and a crystal of iodine
added. The mixture was brought to reflux and agitated by means of an overhead mechanical stirrer. A
solution of ethyl bromoacetate (60.24g, 0.36mol.) and triethylorthoformate (53.5g, 0.36mol.) in dry
benzene (340ml, 3.8mol.) was then added dropwise at a reasonably rapid drip rate with continued
stirring, under reflux. After addition of the mixture was complete, heating and stirring was continued
for one hour after which stirring was discontinued and the solution gently refluxed overnight. The zinc
residues were decanted from the subsequently cooled solution which was then filtered, whilst the zinc
residues were leeched using hot 40/60 petroleum spirits (5 extractions) and filtered before addition to
the benzene solution. The combined product mixture was evaporated fo yield the crude product (50g,
0.26mol.) as a reddish brown oil. Vacuum distillation (50°C/0.1mmHg) afforded the main fraction as a

colourless liquid (30g, 0.16mol., yield: 44%).

3.2 2-Carboethoxymalondialdehyde276 {2) - The Pannizzi Reaction

CO,CHyCH3

==

|
O OH 2)

Under a super dry nitrogen atmosphere, a solution of ethyl-3, 3—diethoxypropionateT (1) (11.8g,
0.06mol.) and ethyl formateT (9.259, 0.12mol.) in anhydrous ether (6ml.) was added to small pieces
of freshly cut sodium metal (2.88g, 0.13mol.) in anhydrous ether (50ml.). The flask was gently heated
using a hair drier and once initiated the reaction proceeded satisfactorily at room temperature. The
mixture was stirred for 4 hours and then gently refluxed for 1 hour. After cooling the residual sodium
was destroyed by the CAREFUL addition of water (dropwise until all the sodium was destroyed).
Water (100ml.) was added to the reaction mixture and the ether layer separated and set aside. The
aqueous layer containing the product as its sodium salt was washed with ether (2 x 50ml.) and then
carefully acidified with concentrated HCI(aq.). Re-extraction with ether (3 x 50ml.) gave the crude

product in the ether solution. The ether extract was dried (MgSOg4) and evaporated to yield a
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ed/brown oil (6.55g,0.05mol.). The oil was purified by capillary air bleed vacuum distillation to give a

ale yellow liquid (5g9,0.034mol., yield: 57%).

- Esters must be dry. Pretreat with molecular sieves if necessary

Infra-red spectra 3200-3500cm™1 O-H stretch
1720cm-1 C=0 stretch
1670cm-" C=C stretch

Mass spectra 144 ‘ [m1*

116

99 [M-OCHoCH3J*
88

73 [CO5CHoCHal*

TH NMR spectra 515 ‘ t 3H

Solvent - CDCl3 ' 53.8 q2H
87.5 s 2H
5111 s 1H
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3 2-Cyanomalondialdehyde275 3)

=

O OH 3)

Under a super dry nitrogen atmosphere, a solution of 3,3-diethoxypropionitrile1' (8.58¢, 0.06mol.) and
ethyl formatet (9.25g, 0.12mol.) in anhydrous ether (5ml.) was added to small pieces of freshly cut
sodium metal (2.88g, 0.13mol.) in anhydrous ether (50ml.). The flask was gently heated using a hair
drier énd once initiated the reaction proceeded satisfactorily at room temperature. The mixture was
stirred for 4 hours and then gently refluxed for 1 hour. After cooling the residual sodium was
destroyed by the CAREFUL addition of water (dropwise until all the sodium was destroyed). Water
(100ml.) was added to the reaction mixture and the ether layer separated and set aside. The aqueous
layer containing the product as its sodium salt was washed with ether (2 x 50ml.) and then carefully
acidified with concentrated HCl(5q ). Re-extraction with ether (3 x 50ml.) gave the crude product in
the ether solution. The ether extract was dried (MgSO4) and evaporated to yield a red/brown oil
(6.559,0.05mol.). The oil was purified by capillary air bleed vacuum distillation to give a red liquid

(3.69,0.04mol., yield: 62%).

T - Esters and nitriles must be dry. Pretreat with molecular sieves if necessary

infra-red specira 3200-3550cm™1 O-H stretch
- 2250cm-1 C=N stretch
1680cm-1 C=C stretch
Mass spectra 97 M
96 [M-HJ*
69/68/52
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.4 2-Dimethylamino-1,3-bis(dimethylimino)propane bis-perbromide277 (4)

®
{‘I(CHs)z
(CH3),N—==

O o
N(CHz)2 2Bry”  (4)

To a stirred solution of bromoacetic acid (13.19g, 0.1mol.) in dimethylformamide (30.9ml., 0.4mol.)
as added phosphory! chloride (28ml., 0.3 mol.) over a period of 30 mins. at a temperature of 15°C.
The mixture was allowed to stand for 30 min., and then heated with an oil bath to a temperature of S0
°C for 2 hours and 110°C for 7 hours. After cooling to room temperature the mixture was poured with
stirring onto ice (300g). A solution of bromine (32g, 0.2 mol.) and sodium bromide (30.6g, 0.3 mol.) in
water (70ml.) was added, and the stirring continued for 1 hour at approximately 10°C. The resulting

orange precipitate was separated by suction, washed well with water, and dried in a vacuum
desiccator over NaOH to give the required product (58.4g, 0.088mol. yield = 88%; m.p. 105-113°C.
The crude salt was purified by dissolving it in acetonitrile, filtering and subsequently adding 1,2-

dichloroethane. However it was often found that reactions proceeded satifactorily using the crude

product.
TH NMR spectra §3.40 s 9H
Solvent - CDClg 53.55 s 9H

5 8.45 s 3H

Melting point 107-112°C
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5 Triformylmethane277 (5)

®
{‘J(C Hs)2 o OH
(CHg)pN™ ™ —> y 7 H

[N O
N(CHs), | 2Brs @ o”

To a stirred ice-cooled suspension of the perbromide salt (4) (6.63g, 0.01 mol.) in HyO (15ml.) was
added solid sodium metabisulphite (2.85g, 0.015 mol.). After 15 mins. the pale yellow solution was
made strongly alkaline by the gradual addition of excess solid sodium hydroxide (4g) at 20°C. After
45 mins. the mixture was cooled with an ice bath and dichloromethane (50ml.) along with conc. aq.
HCI (10ml.) was added. A small portion of solid salts was removed by suction and the product
extracted with dichloromethane (3 x 50ml.) and the combined extracts were dried with MgSOy,
filtered (charcoal) and evaporated to dryness to leave a residue (0.91g) that was purified by

sublimation (0.82g, 0.008mol., yield = 82%; m.p. 104-106°C).

Infra-red spectra 3200-3600cm-1 O-H stretch
2890cm-1 C-H stretch, aldehyde
1700cm™1 C=0 stretch
1680cm-1 C=C stretch

Mass spectra 100 M+
72
71 [M-cHOT*

43
TH NMR spectra 59.1 broad s, 3H
Solvent - CDCl3 6126 s1H
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.6 Mucobromic acid278.279 (6)

Brﬁ—CHO .
BrC—COOH (6)

mixture of freshly distilled furfural (50g, 0.52 mol.) énd water (500ml.) was placed in a 2-1. three
necked round bottom flask fitted with a thermometer and dropping funnel. The flask was immersed in
an ice/salt bath and bromine (450g, 2.81mol.) was added whilst the temperature was kept below 5°C.
fter addition was complete, the thermometer was replaced by a reflux condenser and the reaction
mixture stirred and boiled for 30 mins. The reflux condenser was subsequently replaced by a still
head and condenser, and the excess bromine was removed by distillation until the distillate was
almost colourless. The reaction mixture was evaporated to dryness under reduced pressure on a
ater bath using a liquid nitrogen cooled trap to condense the hydrobromic acid. The solid residue
as cooled in an ice bath and triturated with 30-50ml of ice water. A few grams of sodium bisulphite
ere added to discharge a slight yellow discolouration. The cold mixture was filtered by suction to
separate the crude mucobromic acid, which was washed with two small portions of cold water. The
crude mucobromic acid (125g, 0.49mol., yield = 93%) was dissolved in boiling water (110ml.),
decolourising carbon was added (2g), and the hot mixture stirred for 10 mins. after which it was
filtered, and the filtrate cooled to 0-5°C. Colourless crystals of mucobromic acid were separated from

the filtrate (100g, 0.39mol., yield = 75%; m.p. 124-125°C.)

Infra-red spectra 2700-3250cm-? O-H stretch, carboxylic acid
C-H stretch, aldehyde
2710cm™1 , C=0 stretch
1725¢m-1 C=C stretch

1640cm-1
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ass spectra 258 Myt

212 | [M-COOH]*
1771179 [M-Br]*

133

131 [M-COOH-Br]*

3.7 Sodium 2-nitromalondialdehyde monohydrate280 {7)

GHO ©
BIG—CHO L_no,
BrC—COOH (6) &ro o
' (7)

In 2 100ml. three necked round bottom flask, equipped with a thermometer, dropping funnel and a
gas vent was placed sodium nitrite (8.6g, 0.12 mol.) and water (10ml.). The contents of the flask were
heated to dissolve the solid. Mucobromic acid (6) (8.6g, 0.03 mol.) in warm 95% ethanol (10ml.) was
then placed in the dropping funnel and added dropwise with constant stirring over a period of 30 mins
with the temperature kept at between 52-56°C. An exothermic reaction occurred with the solution in
the flask becoming deep red and evolving gas. The mixture was stirred for an additional 10 mins at
52-56°C and then cooled to 0-5°C by the application of an ice bath under constant stirring. A fine
yellow precipitate was collected on a previously chilled Biachner funnel. The slightly moist cake of
crude product was transferred to a 50ml. flask and heated to boiling with 95% ethanol (15ml.) and
water (4ml.). The hot solution was filtered to remove a fine yellow solid and the clear red filtrate
cooled to 0-5°C. The recrystallised product was carefully collected on a Biichner funnel and dried in

air at room temperature to yield the product as salmon pink needles (2.2g, 0.012mol.; yield = 41%).
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.8 2-Bromomalondialdehyde281,282 (g)

Br

I

O OH (8

o a vigorously stirred solution of malonaldehyde bis-(diethyl acetal) (100ml., 0.34mol.) in water
(100ml.), was added concentrated hydrochloric acid (20ml.). To this brpmine (17.5ml., 0.34ml.) was

dded dropwise with a resultant immediate decolourisation of the bromine (note- the rate of addition

as kept sufficiently slow so that no increase in temperature was observed). The reaction mixture was
aken down to a slush on a rotary evaporator (50°C), and filtered through a glass sinter. The pale

yellow crystalline solid (29.35g, 0.19mol., §7%) was dried by suction and stored under nitrogen.

Infra-red spectra 3200-3550cm™" O-H stretch, alcohols
1750cm-1 C=0 stretch
1690cm" C=C stretch

Microanalysis Theory Found

Calculated for C3H30,Br C 23.87% C 24.05%

H 2.00% H 2.10%
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.9 2-Carboethoxymalondialdehyde bis(diethylacetal)283 (9)

CO,CH,CHs CO,CH,CHs
Q CHsCH,0 OCH,CHs
|

Method 1 2-Carboethoxymalondialdehyde (2) (2.45g, 0.017mol.) and dry ethanol were placed in a
100ml. flame dried round bottom flask fitted with a CaCly guard tube and a septum. Dry HCI gas
(prepared by the addition of concentrated hydrochloric acid to concentrated sulphuric acid) was
bubbled through the solution, with stirring, resulting in a colour change frorﬁ yellow to deep red. The

solution was used "as is" in further reactions.

Method 2 2-carboethoxymalondialdehyde (2) was distilled to yield a pale yellow product and stored
over molecular sieve. Ethanolic HCI was prepared by bubbling dry HCI gas through dry ethanol for 90

minutes, and was stored over molecular sieve.

Ethanolic HCI (20ml.) was placed in a flame dried 100ml. round bottom flask fitted with a CaCl, guard
tube. To this was added distilled 2-carboethoxymalondialdehyde (2) (0.7g, 4.9mmol.) resulting in the
formation of an instantaneous red colouration; the solution was stirred overnight. The excess HCI was
neutralised by the addition of a suspension of solid sodium carbonate in a saturated sodium
bicarbonate solution resulting in a colour change from red to yellow. The solution was filtered to
remove excess sodium carbonate and the ethanol was removed under reduced pressure on a rotary
evaporator at 50°C. The evaporation resulted in the isolation of a yellow solid which was assumed to
be a mixture of sodium carbonate, sodium bicarbonate and the required acetal. The solid was
dissolved in a mixture of water (50ml.) and dichloromethane (50ml.) and the solution placed in
separating funnel. The aqueous layer was removed and the dichloromethane was washed with
saturated brine (2 x 50ml.) before being dried with MgSO,4 and evaporated under reduced pressure to

yield an amber liquid (0.12g). Examination of the product by TLC using dichloromethane as the
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eveloping solvent shows reaction to have occured but that the product contains many components.

ertain spots gave a positive test for aldehydes when sprayed with dinitrophenylhydrazine.

ass spectra The mass spectra was very
complex. High molecular
weith fragments were
observed

Base peak 103 [(CH3CH2)20CHI*

Method 3 2-carboethoxymalondialdehyde (2) was distilled to yield a pale yellow product and stored
over molecular sieve. Ethanolic HCI was prepared by bubbling dry HCI gas through dry ethanol for S0
minutes and was stored over molecular sieve.

Ethanolic HCI (20ml.) was placed in a flame dried 100ml. round bottom flask fitted with a CaCly
guard tube. To this was added distilled 2-carboethoxymalondialdehyde (2) (0.6g, 4.2mmol.) resulting
in the formation of an instantaneous red colouration; the solution was stirred for 48 hours. The ethanol
and HCI gas was then removed by evaporation under reduced pressure at 50°C to yield a beige
viscous semi-solid. This was triturated under dry ether to give a beige powder (0.8g) which was

hydroscopic and soon became wet in appearance.

Mass spectra 313
38 [HCit
36 [HCI]*- Isotope splitting

pattern for chlorine.

Method 4 2-carboethoxymalondialdehyde (2) was distilled to yield a pale yellow product and stored
over molecular sieve. Ethanolic HCI was prepared by bubbling dry HCI gas through dry ethanol for 90

minutes and was stored over molecular sieve.
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thanolic HCI (20ml.) was placed in a flame dried 100ml. round bottom flask fitted with a CaCl, guard
ube. To this was added distilled 2-carboethoxymalondialdehyde (2) (3.15g, 0.021mol.) resulting in the
ormation of an instantaneous red colouration; the solution was refluxed for 2 hours under nitrogen.

he excess HCI was neutralised by the addition of a suspension of solid sodium carbonate in a

aturated sodium bicarbonate solution resulting in a colour change from red to yellow. The solution

as filtered to remove excess sodium carbonate and the ethanol was removed under reduced
pressure on a rotary evaporator at 50°C. The evaporation resulted in the isolation of a yellow solid

1ich was assumed to be a mixture of sodium carbonate, sodium bicarbonate and the required

cetal. The solid was dissolved in a mixture of water (60ml.) and dichloromethane (50ml.) and the
olution placed in separating funnel. The aqueous layer was removed and the dichloromethane was

ashed with saturated brine (2 x 50ml.) before being dried with MgSO4 and evaporated under
reduced pressure to yield a dark liquid (1.0g, 3.4mmol., Yield = 16%). Examination of the product by

LC using dichloromethane as the developing solvent shows two spots at Rf values of 0.36 and 0.44
additional feint tailing peak at an Rf of 0.21 which was found to be 2-carboethoxymalondialdehyde).

Both spots show a negative response to dintrophenylhydrazine indicating the absence of aldehydes.

Mass spectra 279
103 [(CH3CH9),OCHI*
75147

Infra-red spectra 3200-3600cm™1 O-H str.
2970cm-1 and 2920cm1 C-H str. - aliphatic
1730cm™1 C=0 str. - esters
1440cm-1 and 1370cm-1 C-H bend - aliphatic
1110cm-1 and 1050cm-1 C-O str. - esters
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ethod 5 - Acetalisation via the Arnold procedure2?7 2-Carboethoxy malondialdehydeT (2) (0.72g,

mmol.) was stirred in a mixture of triethylorthoformate (5ml., 30mmol.) and ethanol (1ml.) for 6
minutes. To this was added 70% HCIO4 (approx. 10mg) and the mixture was allowed to stand
overnight. The acid was neutralised with a 1M solution of NaOH in methanol. Volatile material was
removed under reduced pressure on a rotary evaporator and the product purified by vacuum

distillation to give a colourless liquid (1.04g, 3.6mmol., 72%).

Mass spectra 241/201/169
103 [(CH3CH9),OCH]*
75/41 |
TH NMR spectroscopy 51.2 t, 12H - (CH3CH50),-CH
513 t, 3H - COOCHoCHg
51.55 s - (CH3CH,0)>-CH*
5 3.45 s - (CH3CH50),-CH*
537 q, 8H - (CH3CH50)>-CH
54.2 g, 2H - COOCH,CH3
6 8.05 s, 1H - OH, Hydrogen bonded
.. lower field.
* Appropriate chemical shift
but incorrect multiplicity.
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.10 2-Hydroxymethylenemalondialdehyde bis(diethyl acetal) (10)

CO,CH,CHs CH,OH
CH,CH,0O OCH,CH; LAH,  CHs;CHO OCH,CH;,
———— .

Method 1 2-Carboethoxymalondialdehyde bis(diethylacetal) (9), (3.9 method 1), was placed in a
flame dried 100ml.round bottom flask fitted with a CaCl, guard tube. A suspension of LiAlHg in dry
ether (20ml.) was prepared and added dropwise to the flask with stirring and cooling (ice bath) which
resulted in the formation of a greyish blue solution. Excess LiAlH4 was destroyed by the addition of
ethyl acetate (20ml.) and liberation of the free alcohol achieved by the addition of concentrated NaOH
(5ml.); this resulted in the formation of a deep red/black colour. The resulting solution was extracted
ith ether (3 x 50ml.) and dried with MgSO4 before the ether was removed under reduced pressure

by rotary evaporation to give a deep red/black liquid (1.1g, 4.4mmol., Yield = 26%).

Infra-red spectra 3450cm-" O-H str. - alcohols
2970cm-1 C-H str. - aliphatic
1720cm-1 C=O0 str. - carbonyls

TH NMR spectroscopy §1.2 t, 12H - OCHoCH3
51.3 quintet, 1H - CH-CHoOH
§3.25-4.0 g, 8H - OCHyCH3
536 d, 2H - QZQH
54.2 d, 2H - (CH3CH20)o-CH
80-4.5 CH,0H abéent, may be

hidden under other peaks
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ass spectra 242/225/211/197/183169

103 [(CH3CH9)oOCH]*

ethod 2 2-Carboethoxymalondialdehyde bis(diethy! acetal) (9) (1g, 3.4mmol.) [3.9 method 4] was

issolved in dry tetrahydrofuran (10ml.) and the mixture was cooled in ice in a flame dried 50ml.
round bottom flask fitted with a CaCly guard tube. Reduction of the ester was attempted by the
CAREFUL addition of LiAlHg4 (0.3g, 8mmol) in portions over a period of 30 minutes. The reaction
mixture was stirred for 30 minutes before the excess LiAlH4 was destroyed by the dropwise addition
of 2M NaOH until effervesence ceased. The solution was then made strongly alkaline by further
addition of 2M NaOH and extracted with ether (2 x 50ml.). The ether layer was dried with MgSO4 and

evaporated to yield a yellow liquid (0.15g, 0.6mmol., Yield = 18%).

Mass spectra 2771195
103 [(CH3CHo)oOCH]*
75147

Infra-red spectra 3600-3200cm-1 (weak) O-H str. - alcohol
2970-2925cm"" C-H str. - aliphatic
1440cm-1 and 1330cm-" C-H bend - aliphatic
1240-950cm-"1 C-O str. - ether or esters

Method 3 2-Carboethoxymalondialdehyde bis(diethyl acetal) (9) (0.5g, 1.7mmol.) [3.9 method 5] was
dissolved in dry ether (20ml.) and placed in a flame dried 50ml. round bottom flask fitted with a CaCly
guard tube. The reduction of the ester was attempted by the CAREFUL addition of LiAlH4 in portions
and the mixture was stirred overnight. Excess LiAlH4 was destroyed by the dropwise addition of water

until effervesence ceased. The reduced acetal (10) was isolated by the dropwise addition of 2M
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aOH (20ml.), followed by isolation of the ether layer. The ether layer was dried with MgSO4 and

vaporated under reduced pressure to give a colourless liquid (0.38g).

Infra-red spectra 3600-3100cm-1 O-H str. - alcohol
2970cm-1 C-H str. - aliphatic

1375¢cm-1, 1445cm-1 and

1340cm-1 C-H bend - aliphatic
TH NMR spectroscopy 861.2 t-CHg

53.35 ' s-OH

3.5 q-CHop

The above data indicated that
the liquid is a mixture of

ethanol and ether

Agueous layer work up Half of the aqueous layer was extracted with dichloromethane (56 x 30ml.) to

attempt to afford the reduced acetal. No product was isolated.

The remaining half of the aqueous layer was acidified with 2M H,SO4 and extracted with ether (3 x
30ml.). The ether layer was dried with MgSO4 and evaporated to yield a colourless liquid with some

solid precipitate (0.46g).

Mass spectra 98/81/80/64/48 Expected molecular ion at

m/z of 102.
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H NMR spectroscopy 61.25 t, 2H

$1.65 s, 15H
$3.75 q, 1.5H
5.0 s, 106H
$7.25 s, 3H

vmmetrical macrocyclic ligands

.11 6,13-dibromodibenzo[b,i][1,4,8,11]tetraazacyclotetradecine284 (11)

Br

Br (11)

2—Brorﬁomalondialdehyde (8) (1.08g, 0.01 mol.) in cold ethanol (20ml.) was added to a stirred solution
of ortho-phenylenediamine (1.51g, 0.01mol.) in cold ethanol (30ml.). The mixture was stirred in the
dark overnight, after which a precipitate appeared that was filtered and washed ﬁth cold ethanol to
yield a brown solid (0.42g, 1.0mmol, Yield = 19%). A sacrificial recrystallisation with chloroform

(100ml.) and the required amount of methanol produced the pure crystalline macrocycle.
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Mass spectra The mass spectra is complex and difficult to analyse. The
expected high molecular weights are absent although the

splitting pattern of bromine is observed at lower molecular

weights.
Microanalysis Theory Found
Calculated for C1gH14N4Bro C 48.45% C 48.49%
H 3.16% H281%
N 12.55% , N 12.90%

3.12 6,13-dicarboethoxy-dihydrodibenzo[b,i}[1,4,8,1 1]tetraazacyclotetradecine1 04 (12).

CO,CH,CH;

CO,CH,CH3 (12)

2-Carboethoxymalondialdehyde (2) (4g, 0.027mol.) was dissolved in dry methanol (45ml.). To this

as added a solution of ortho-phenylenediamine (3.0g, 0.027mol.), along with a catalytic quantity of
para-toluenesulphonic acid, dissolved in dry methanol (60ml.). The reaction mixture was stirred in the
dark for 60 hours, and then filtered to yield a bright orange solid. A sacrificial recrystallisation with
chloroform (100ml.) and the required amount of methanol produced the pure crystalline macrocycle

(0.65g, 1.5mmol., Yield = 11%). Conventional recrystallisation led to a contaminated product.
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ass spectra 432 vt
359 [M-CO5CHoCHal*
313/241/174/119
icroanalysis Theory Found
alculated for C1gH14N404 C 66.65% C64.78%
H 5.59% H 6.99%
N 12.96% - N11.88%

3.13 6,13-dinitro-dihydrodibenzo[b,i][1,4,8,11]tetraazacyclotetradecine 104 (13)

NO, (13)

The sodium salt of 2-nitromalondialdehyde (7)’(0.99, 6.5mmol.) was dissolved in dry methanol (16ml.)
containing glacial acetic acid (1ml.). To this was added a solution of ortho-phenylenediamine (0.7g,
6.5mmol.) in dry methanol (16ml.). The reaction mixture was stirred in the dark for 60 hours. The
precipitated macrocycle was filtered and purification achieved by a sacrificial recrystallisation with
chloroform (50ml.) and methanol , to yield a sparingly soluble red powder (0.25g, 0.7mmol.; Yield =

11%).
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ass spectra 378 M+
285/168/119

icroanalysis Theory Found

alculated for C4gH14NgO4 C61.71% C 61.53%
H 4.02% H 4.29%
N 15.99% N 14.84%

.14 6,13-diformyl-dihydrodibenzo[b,i][1,4,8,11]tetraazacyclotetradecine (14)

CHO (14)

Method 1 Ortho-phenylenediamine (0.27g, 2.5mmol.) was placed in a 50ml. round bottom flask along
with dry tetrahydrofuran (10ml.) and a catalytic quantity of para-toluenesulphonic acid. The mixture
was brought to reflux under nitrogen, and triformylmethane (5) (0.25g, 2.5mmol.} in tetrahydrofuran
(10ml.) was added. The reaction mixture was refluxed under nitrogen for a further 1% hours. The
solution was cooled in ice and filtered to yield a red/brown solid (0.22g, 0.6mmol., Yield = 24%, m.p.
272-274°C). A sacrificial recrystallisation with chloroform (100ml.) and the required amount of

methanol failed to produce the pure crystalline macrocycle.
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ass spectra 344 UM

225/197/158/118

icroanalysis The data did not correspond to the expected formula

CogH16N402 presumeably due to the presence of impurities.

ethod 2 Triformylmethane (5) (0.9g, 9mmol.) was dissolved in dry ethanol (40ml.), with slight
arming. This was added to a slight excess of ortho-phenylenediamine (1.08g, 0.01mol.) in dry
thanol (40ml). The reaction mixture was stirred in the dark, overnight, at room temperature. Isolation
f the macrocycle (1.4g, 4mmol., Yield = 44%) by filtration, was followed by a sacrificial

recrystallisation using chloroform (50ml.) and ethanol.

Mass spectra 344 mr*
225/197/158/118
Microanalysis The data did not correspond to the expected formula

CooH16N402 presumeably due to the presence of impurities.
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.15 6,13-dicyano-dihydrodibenzo[b,i][1,4,8,11]tetraazacyclotetradecine (15)

CN (15)

Ortho-phenylenediamine (0.26g, 2.5mmol.) was placed in a 50ml. round bottom flask along with dry
tetrahydrofuran (10ml.) and a catalytic quantity of para-toluenesulphonic acid. This was brought to
reflux under nitrogen, and 2-cyanomalondialdehyde (3) (0.25g, 2.5mmol.) in tetrahydrofuran (10ml.)
was added. The reaction mixture was refluxed under nitrogen for a further 1%z hours. The solution was
cooled in ice and filtered to yield a red/brown solid (0.24g, 0.6mmol., Yield = 24%). A sacrificial
recrystallisation with chloroform (100ml.) and the required amount of methanol failed to produce the

pure crystalline macrocycle.

Mass spectra 338 M+
310 [M-CNJ*
Microanalysis The data did not correspond to the expected formula

CogH14Ng presumeably due to the presence of impurities.
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rmmetrical macrocyclic complexes of nickel and reaction intermediates

.16 6,13-dinitro-dihydrodibenzo[b,i][1,4,8,11]tetraazacyclotetradecine Nickel (11)28° (16)

NO,

| X

N N
W
N/ \N
S I

NO, (16)

The sodium salt of 2-nitromalondialdehyde (7) (0.9g, 6.5mmol.) was dissolved in dry methanol (16ml.)
containing glacial acetic acid (1ml.). To this was added a solution of ortho-phenylenediamine (0.7g,
6.5mmol.) in dry methanol (16ml.), and a solution of nickel(ll) acetate tetrahydrate (0.81g, 3.3mmol.)
in dry methanol (10ml.). The reaction mixture was stirred in the dark for 60 hours. The precipitated
macrocycle was filtered and purification achieved by a sacrificial recrystallisation with chloroform

(50ml.) and methanol , to yield a sparingly soluble red powder (1.33g, 3.1mmol., Yield = 68%).

Mass spectra The spectrum was complex with no discernible molecular ion

Microanalysis The data did not correspond to the expected formula
C18H12NgO4Ni presumeably due to the presence of

impurities.
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A7 6,13-dicarboethoxy-dihydrodibenzo[b,i][1,4,8,11]tetraazacyclotetra decine Nickel (1l) (17)

CO,CH,CHs

| X

N N
N/ \N
“ |

CO,CH,CH3 (17)

ickel(ll) acetate tetrahydrate (0.06g, 0.24mmol.) in dimethylformamide (10m|.) was added to a

tirred solution of 6,13-dicarboethoxy-dihydrodibenzolb,i] [1,4,8,11] tetraazacyclotetradecine (12)
(0.1g, 0.23mmol.) in dimethylformamide (50ml.). The reaction mixture was stirred in the dark
overnight to yield an orange solid (0.06g, 0.12mmol., Yield = 50%), this was later purified by soxhlet

extraction with dichloromethane.

Mass spectra 488 Myt
432 [M-NiJ*
313/241/174/119

Microanalysis The data did not correspond to the expected formula

CogHooN4O4Ni presumeably due to the presence of

impurities.
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.18 [N,N"-(1,3-propanediylidene)bis(1,2-benzenediaminato)-[N,N',N", N"Inickei(ll)

exafluorophosphate286 (18)

R e PFS (1)

n aqueous suspension (150ml.) of ortho-phenylenediamine(4.3g, 0.04 mol.), 1,1,3,3-tetramethoxy
propane (3.4ml., 0.02mol.), nickel(l}) chloride hexahydrate (4.8g, 0.02mol.), and ammonium
hexafluoro phosphate (10g, 0.06mol.) was heated in a 250ml. round bottomed flask. The blue/grey
suspension became a dark green solution after 15 mins. of heating, before turning reddish/brown and
producing a purple/brown suspension and foam after refluxing for a further 20 mins. Cooling ahd then

iltering the thick suspension gave a red/brown solid and lemon yellow filtrate. The solid was washed
with cold water (3 x 30ml.), air dried for 18 hours, and redissolved in acetone (40ml.). Dropwise
addition of the filtered solution into excess ether (450ml.) precipitated a granular red/brown solid

which was dried under vacuum (6g, 0.013mol., Yield = 65%).

1H NMR spectra 63.3 . Broads, 4H, -NHy
Solventf Acetone-dg 6 5.62 t and broad s, 3H, C-CH-C
866.9-7.9 m, 8H, Ar-H
Microanalysis Theory Found
Calculated for C 39.60% C 40.05%
C15H15N4NiPFg H 3.32% H 3.43%
N 12.31% N 12.60%
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.19 Dihydrodibenzo [b,i][1,4,8,11]tetraazacyclotetradecine Nickel (11)287 (19)

Ne N CH,CH, OCH,CH, N\N/N
Ni CH,CHO OCH,CH, Y, '\
N N > N N

PFg |
Hy  H ° (18 K) (19)

[N,N"-(1,3-propanediylidene) bis(1,2-benzene diaminato)-N,N',N",N"|nickel(ll) hexafluorophosphate
(18) (1g, 2.2mmol.) was dissolved in a 90% aqueous solution of dimethylformamide (40m!.). To this
was added 1,1,3,3-tetramethoxypropane (0.36g, 2.2 mmol.) dropwise with stirring, and the whole was
refluxed for 10 hours under nitrogen . The solution was cooled and filtered to yield a dark purple solid

which was washed with water (3 x 30ml.) and the solid product air dried (0.4g, 2.16 mmol., Yield =

98%).
Mass spectra 345 My
344 [M-HT*
172/58
1H NMR spectra The sample was found to be insoluble in available NMR
solvents.
Microanalysis Theory - Found
Calculated for C1gHq4N4Ni C 62.66% C62.44%
H 4.09% H4.12%

N 16.24% N 16.18%
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-D Unsymmetrical macrocyclic complexes of nickel (Il)

.20 6-Carboethoxy-dihydrodibenzo[b,i][1,4,8,11]tetraazacyclotetra decine Nickel (ll) (20)

\

@II@

AN

[N,N"-(1,3-propanediylidene) bis(1,2-benzene diaminato)-N,N',N",N"]nickel(ll) hexafluorophosphate
(18) (1g, 2.2mmol.) was dissolved in a 90% aqueous solution of dimethylformamide (40ml.). To this
carboethoxymalondialdehyde (2) (0.32g, 2.2mmol.) dissolved in 90% aqueous dimethylformamide
(10ml.) was added dropwise with stirring and the whole was refluxed under nitrogen for 10 hours. The
resulting solution was cooled and poured into water (400ml.). The precipitated solid was filtered under
suction, washed with watér (3 x 30ml.) and subsequently air dried to yield the macrocycle as a brown

solid (0.6g, 1.4mmol., Yield = 64%).

Mass spectra 417 M+

402 [M-CHgJ*

388 [M-CHyCHgl*

344 ‘ . [M-COOCH,CHgJ*
Microanalysis The data did not correspond to the expected formula

C21H18N402Ni presumeably due to the presence of

impurities.

132



3.21 6-Bromo-dihydrodibenzo[b,i][1,4,8,11]tetraazacyclotetradecine Nickel () (21)

(Y
N N
$/
M
N N

[
X

[N,N"-(1,3-propanediylidene) bis(1,2-benzene diaminato)-N,N',N",N"]nickel(ll) hexafluorophosphate
(18) (1g, 2.2mmol.) was dissolved in a 90% aqueous solution of dimethylformamide (40mL.). To this
bromomalondialdehyde (8) (0.33g, 2.2mmol.) dissolved in 90% aqueous dimethylformamide (10ml.)

was added dropwise with stirring and the whole was refluxed under nitrogen for 10 hours. The

resulting solution was cooled and poured into water (400ml.). The precipitated solid was filtered under
suction, washed with water (3 x 30ml.) and subsequently air dried to yield the macrocycle as a brown

solid (0.53g, 1.3mmol., Yield = 59%).

Mass spectra 344 [M-Br]*

Microanalysis The data did not correspond to the expected formula
C1gH13N4BrNi presumeably due to the presence of

impurities.
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3.22 6-Formyl-dihydrodibenzo[b,i][1,4,8,11]tetraazacyclotetradecine Nickel (ll) (22)

[N,N"-(1,3-propanediylidene) bis(1,2-benzenediaminato)-N,N',N",N"]nickel(ll) hexafluorophosphate
(18) (1g, 2.2mmol.) was dissolved in a 90% aqueous solution of dimethylformamide (40ml.). To this
triformylmethane (5) (0.22g, 2.2mmol.) dissolved in 90% aqueous dimethylformamide (10ml.) was
added dropwise with stirring and the whole was refluxed under nitrogen for 10 hours. The resulting
solution was cooled and poured into water (400ml.). The precipitated solid was filtered under suction,
washed with water (3 x 30ml.) and subsequently air dried to yield the macrocycle as a brown solid

(0.5g, 1.3mmol., Yield = 76%).

Mass spectra 373 M+
372 [M-H]*
344 [M-CHOT*
l
Microanalysis The data did not correspond to the expected formula

C1gH14N4ONi presumeably due to the presence of

impurities.
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3.23 6-Cyano-dihydrodibenzo[b,i][1 ,4,8,11]tetraazacycldtetradecine Nickel (1) (23)

Y
N N
N/
M
N N

|
x

[N,N"-(1,3-propanediylidene) bis(1,2-benzene diaminato)-N,N',N",N"nickel(ll) hexa fluorophosphate
(18) (1g, 2.2mmol.) was dissolved in a 90% aqueous solution of dimethylformamide (40ml.). To this
cyanomalondialdehyde (3) (0.21g, 2.2mmol.) dissolved in 90% aqueous dimethylformamide (10ml.)
was added dropwise with stirring and the whole was refluxed under nitrogen for 10 hours. The
resulting solution was cooled and poured into water (400ml.). The precipitated solid was filtered under
suction, washed with water (3 x 30ml.) and subsequently air dried to yield the macrocycle as a brown

solid (0.32g, 0.9mmol., Yield = 41%).

Mass spectra 370 M

344 [M-CN]*
Microanalysis The data did not correspond to the expected formula
Analytically calculated for C1gH13N5Ni presumeably due to the presence of impurities.
C21H1gN4OoNi
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2-D Unsymmetrical macrocyclic complexes of nickel (ll) and reaction intermediates

3.24 6-Carboethoxy-13-bromo-dihydrobenzo-4,5-dimethylbenzo[b,i}[1,4,8,11]

tetraazacyclotetradecine nickel (1) (24)

Br
N
N, N
olxIor
N/ \N NH,
. I
NH—C—OCH,CH=CH,
COCHCHy (o4 & (25)

Stage 1 Ortho-phenylenediamine (2.8g, 0.026mol.) dissolved in dichloromethane (26ml.) was stirred
vigorously with a solution of sodium hydroxide (1M, 1.12g in 28ml. water). To this a solution of allyl
chloroformate (3.2g, 0.027mol.) in dichloromethane (10ml.) was added dropwise. After complete
addition the mixture was stirred for a further % hour, then extracted with dichloromethane, dried and
the solvent removed under vacuum to leave an orange/brown oil. This was triturated under petrol to
give a beige powder (3.98g). The crude product contained a mixture of mono- and bis-protected
derivatives. The required mono-protected product (25) was isolated after chromatography on silica gel
with an eluant of ethyl acetate/petrol/chloroform (20:30:50). The solvent was removed by rotary

evaporation to yield the product as an off-white powder (2.3g, 0.012mol., Yield = 46%)
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Melting point

81-82°C

Infra-red spectra 3460cm-1 N-H stretch
3380cm-1 N-H stretch
1720cm" C=0 stretch
1640cm-1 C=C stretch
TH NMR spectra 8637 s, 2H, exchange by D50,
Solvent - CDCli3 NH»>
546 d, 2H, CH=CH»
§5.26.2 m, 3H, CH=CHp
56.5 broad s, 1H, NH - Urethane
66.7-7.4 m, 4H, Aryl-H
Mass Spectra 192 M+
134
107 [M-C4H5051*
80/41
Microanalysis Theory Found
Calculated for C 62.49% C 62.52%
C10H12N209 H 6.29% H 6.24%
N 14.57% N 14.63%
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Stage 2 Bromomalondialdehyde (8) (0.24g, 1.59mmol.) was dissolved in tetrahydrofuran (10m!.) and
heated to boiling, under nitrogen, with a catalytic quantity of para-toluenesulphonic acid. Mono-
protected diamine (25) (0.3g, 1.66mmol.) in tetrahydrofuran was added to the refluxing mixture,
giving an immediate red solution, which was refluxed overnight, under nitrogen. The cooled mixture
was poured, with stirring into petroleum spirits (40/60) (100ml.) and the resultant pale yellow solid (26)

was filtered and washed with ether, then air dried (0.45g, 1.41mmol., Yield = 89%).
Br
g I
NH O

NH—C”‘,—OCHZCH=CH2

(26)

TH NMR spectra 847 d, 2H
Solvent - CDClg 85.2-6.2 m, 3H

6 6.85 brdad s,1H

87.2 m, 4H

877 d, 1H

586 broad d, 1H

8 9.1 s, 1H
Mass Spectra 324 my*

239 [M-C4H500]*

203/159/131/119/41
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Stage 3 A mixture of the mono-protected mono-anil (26) (0.2g, 0.62mmol.), triphenylphosphine
(0.0664) and tetrakis (triphenylphosphine)paliadium (0) (0.015g) was stirred in dry ether (2ml.) before
the addition of 2-ethylhexanoic acid (0.22g, 1.52mmol.) in ether (1ml.). The resultant yellow
suspension was then stirred under nitrogen, in the dark for 1 hour. The product could then be
identified by TLC when sprayed with a solution of Ehrlichs reagent (para-

- dimethylaminobenzaldehyde). The crude mixture was purified by column chromatography using silica
gel and ethyl acetate/petrol/chloroform (20/30/50) as the eluant. On evaporation of the solvent a pale

orange bowder (27) was obtained (52mg., 0.22mmoal., Yield = 35%).

Br
~ l
NH O
NH, (27)
Infra-red spectra 3390cm-" N-H stretch
3320cm-" N-H stretch
Mass Spectra 240 M+
161 [M-Br]*
132/119/65

Stage 4 The mono-anil (27) (0.26g, 1.08mmol.) was dissolved in warm tetrahydrofuran (7 ml.) and
added to a refluxing solution of 2-carboethoxymalondialdehyde (2) (0.78g, 5.4mmol.) in
tetrahydrofuran (10ml.) under nitrogen. Reflux was continued for 3 hours after which the solution was
cooled and then added dropwise, with stirring into petrol (100ml.). The resulting beige coloured

precipitate was filtered under vacuum, washed several times with petrol and ether, and then air dried,
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to yield the product (28) (0.30g, 0.82mmol., Yield = 76%). The crude product was used in subsequent

reactions without further purification.

0” “OCH,CH; (28)

Mass Spectra 366 M+
287 [M-Br]*
277/241/213/119

Stage 5 A solution of nickel(ll) acetate tetrahydrate (0.3g, 1.2mmol.) in methano! (10ml.) was poured
into a solution of the bis-anil (28) (0.4g, 1.1mmol.) in methano! (10ml.). The mixture was stirred for %2
hour, during which time a bright red solid formed. This was filtered under vacuum and washed several
times with methanol before being air dried. The orange/red powder (29) (0.25g, 0.59mmol., Yield =
54%) was shown to be pure by TLC.

Br

d I
N\ ;O
Ni
/X
0

N
AN

07 SOCH,CH; (29
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1H NMR spectra 51.3 t, 3H

Solvent - CDCl3 4.3 q, 2H
8§714-1.7 m, 4H
68.3 s, 2H

Mass Spectra 422 '[M]+
350/211/183/155/58

Microanalysis Theory Found

Calculated for C 42.30% C 41.33%

C15H13Np04BrNi H 3.09% H 3.21%
N 6.61% N 6.25%

Stage 6 The nickel complex (29) (0.25g, 0.59mmol.) was mixed thoroughly with 4,5-dimethyl-ortho-
phenylenediamine (0.25g, 1.4mmol.), and then heated to 130-140°C under nitrogen for 2 hours. The
resulting dark brown solid was allowed to cool before ethanol was added, and the solid mass was
broken up into a powdered form. The solid was filtered under vacuum, washed with ethanol, and air
dried. The product was passed through a short silica gel column by elution with ethyl
acetate/petrol/chloroform (20/30/50). Evaporation afforded the pure product as a brown powder (24)

(0.20g, 0.38mmol., Yield = 65%).
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| X
N\ /N
VAN
N N
I
AN
COCH.CH (g
Melting point >300°C
TH NMR spectra 51.3 t, 3H
Solvent - CDClg 520 s, 6H
54.2 q.2H
572 m, 6H
Mass Spectra 5227524 [M]* - Bromine isotopes
494 [M-CH2=CH2]+, Mclafferty
rearrangement
444 - weak [M-Br]*
416/108/44
Microanalysis Theory Found
Calculated for C52.71% C 53.80%
Co3Hp1N4OoNiBr H 4.04% H 4.24%
N 10.69% N 10.76%

Br 15.24% Br 14.68%
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3.25 Preparation of alternative anils and reaction intermediates for the formation of 2-D

unsymmetrical macrocyclic complexes of nickel (ll)

In an attempt to synthesise the molecule iIIustrated (30),the sodium salt of 2 -nitromalondialdehyde
(7) (0.7g, 5mmol.), glacial acetic acid (1ml.) and dry tetrahydrofuran (20ml.) were placed in a 50ml.
round bottom flask fitted with a pressure equalising dropping funnel. The mono-anil (27) (0.24g,
1mmol.) was dissolved in dry tetrahydrofuran (10ml.) and placed in the dropping funnel. The reagents
were brought to reflux under nitrogen before the mono-anil was added dropwise. Heating was
continued for three hours before being allowed to cool and added dropwise, with stirring into petrol.
The resulting precipitate was filtered by vacuum,washed several times with ether and petrol, and then

allowed to air dry to yield a brown solid (0.82g, 2.4mmol., Yield = 48%).

Br
~ I
NH O
NH O
I
A
NOz (30)
Infra-red spectra 3560cm-1, 3490cm-1 and
3420cm-1 N-H str. - primary amine
1640cm-1 and 1620cm-" C=0 str.

Synthesis of the mono-protected mono-anil (31) was attempted by condensation of the

allyloxycarbonyl protected ortho-phenylenediamine (25) with 2-cyanomalondialdehyde'|' (3).
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CN
~ I
NH O

NH—COOCH,CH=CH, (31)

T 2-Cyanomalondialdehyde was triturated under petrol prior to use to yield a beige solid, which was

air dried.

Method 1 Mono-protected ortho-phenylenediamine (25) (0.3g, 1.56mmol.) and a catalytic quantity of
para-toluenesulphonic acid was dissolved in dry tetrahydrofuran (10ml.) and placed in a 50ml. 3-
necked round bottom flask fitted with a reflux condenser and pressure equalising dropping funnel. 2-
Cyanomalondialdehye (3) (0.15g, 1.56mmol.) was dissolved in dry tetrahydrofuran (10ml.) and placed
in the dropping funnel. The contents of the flask were brought to reflux under nitrogen before the
malondialdehyde was added dropwise and the solution refluxed overnight. An orange solution was
obtained which contained an orange precipitate. The solution was allowed to cool and the precipitate
removed by filtration (0.11g). The orange filtrate was added with stirring into petrol (100ml.) resulting
in the precipitation of an orange solid which was isolated by filtration (0.08g). Examination of the
solids by TLC indicated that they consisted of mono-protected ortho-phenylenediamine (25) [positive
test for amines when sprayed with iodo-platinic acid], and the required mono-protected mono-anil

(31).
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Mass spectra 271 Myt

244 [M - CH=CH,J*
243/202
192 [Allyloxycarbonyl OPDJ*
186 [M - COOCHyCH=CHo]*
185/158/131/107
41 [CHyCH=CHoJ*

Infra-red spectra 3600cm-1 -3200cm~1 broad N-H str. - amines

1710cm™? (shoulder peak) C=0 str. - aldehydes
1645cm-1 C=0 str. - amides and/or
C=C str. alkenes
Note - absence of C-H str. -

aldehyde, and C=N str.

Method 2 Mono-protected ortho-phenylenediamine (25) (0.3g, 1.56mmol.) and a catalytic quantity of
para-toluenesulphonic acid was dissolved in dry dimethylformamide (10ml.) and placed in a 50ml. 3-
necked round bottom flask fitted with a reflux condenser and pressure equalising dropping funnel. 2-
Cyanomalondialdehye (3) (0.15g, 1.56mmol.) was dissolved in dry dimethylformamide (10ml.) and
placed in the dropping funnel. The contents of the flask were brought to reflux under nitrogen before
the malondialdehyde was added dropwise and the solution refluxed overnight. The solution was
poured with stirring into petrol (100ml.), resulting in the formation of a beige precipitate which was

isolated by filtration (0.32g, 1.2mmol. Yield = 77%).
Examination of the product by TLC showed a single spot at an Rf lower than that of the initial mono-

protected ortho-phenylenediamine (25), and gave a negative response for amines when sprayed with

iodo-platinic acid.
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Mass spectra 271 My
203
186 [M - COOCH,CH=CHyJ*
185/159/157/166/119
41 [CHyCH=CH,]*

Infra-red spectra 3250cm-" N-H str. - 2° amine or amide
2200cm-1 C=N str. - nitrile
1700cm™1 C=O0 str. - aldehyde
1650cm-1 C=0 str. - amide .
1620cm- C=C str. - aliphatic alkene
1600cm-1, 15680cm-1 and C=C str. - aromatic and/or N-
1520cm-1 H bend - amide

The mono anil (32) was prepared, as might be expected, by the deprotection of the mono-protected

mono-anil (31).

A mixture of the allyloxycarbony! protected mono-anil (31) (0.17g, 0.62mmol.), triphenylphosphine
(0.066g, 0.256mmol.) and tetrakis (triphenylphosphine) palladium (0) (0.015g) was stirred in dry ether
(2ml.). To this was added 2-ethylhexanoic acid (0.22g, 1.52mmol.) in dry ether (1ml.) and the mixture
was stirred under nftrogen, in the dark for one hour. Examination of the mixture by TLC led to the
identification of the product spot (positive test for amines when sprayed with para-
(dimethylamino)benzaldehyde [Ehrlichs reagent]. The crude mixture was purified by column
chromatography on silica gel with ethyl acetate/petrol/chloroform (20:30:50) as the eluant.

Evaporation of the solvent led to the isolation of an orange solid (37mg, 0.20mmol., Yield = 32%).
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d |
NH O
NH; (32)
Mass spectra 278 [PhgP=0]*
277
262 [Ph3PT*
158 [M - CHOT
131/69
Infra-red spectra 3380cm-1 and 3320cm™1 N-H str. - amines

Polymeric Schiff bases

3.26 Schiff base polymer from 2-carboethoxymalondialdehyde and para-phenylenediamine

(33)

2-Carboethoxymalondialdehyde (2) (1.0g, 7mmol.) was placed in a three necked round bottom flask
and dissolved in tetrahydrofuran (10ml.). To this Was added a catalytic quantity of para-
toluenesulphonic acid and the solution bought to reflux under nitrogen. Para-phenylenediamine
(0.75g, 7mmol.) was dissolved in tetrahydrofuran (7ml.) and added to the reaction mixture via a
pressure equalising dropping funnel. The solution was refluxed for one hour after which time the
solution was cooled and the precipitated solid isolated by vacuum filtration. The crude solid was
purified by soxhlet extraction with dichloromethane for 24 hours, after which the product was removed

and air dried (0.73g).
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O§C _OCH,CHjs

I
—@NH—CH=C—C H=N——m—

3 4 n (33)
Melting point >340°C
Infra-red spectra 3450cm-1 N-H stretch
1690cm-1 C=0 stretch
1630cm-1 C=N stretch

3.27 Schiff base polymer from 2-carboeth6xymalondialdehyde and meta-phenylenediamine

(34)

O o~ OCH:CHs

|
/ NH—CH=C—CH=N—"}

L I n (34

Method 1 2-Carboethoxymalondialdehyde (2) (1.0g, 7mmol.) was placed in a three necked round
bottom flask and dissolved in tetrahydrofuran (10ml.). To this was added a catalytic quantity of para-
toluenesulphonic acid and the solution bought to reflux under nitrogen. Meta-phenylenediamine
(0.75g, 7mmol.) was dissolved in tetrahydrofuran (7ml.) and added to the reaction mixture via a
pressure equalising dropping funnel. The solution was refluxed for one hour after which time the

solution was cooled and the precipitated solid isolated by vacuum filtration. The crude solid was
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purified by soxhlet extraction with dichloromethane for 24 hours, after which the product was removed

and air dried (0.40g). .
Melting point 231-234°C
I Infra-red spectra 3440cm™1 N-H stretch
{
| 2965¢cm™1 C-H stretch
1630cm-" C=C stretch
1595¢cm~1 C=C stretch (aromatics)

Method 2 Meta-phenylenediamine (0.75g, 7mmol.) was dissolved in dry dimethylformamide (20ml.)
along with a catalytic quantity of lithium chloride. to this was added 2-carboethoxymalondialdehyde
(2) (1.0g, 7mmol.) in dry dimethylformamide (10ml.). The reaction mixture was stirred for 24 hours
,under nitrogen, in the dark. Upon filtration of the of the solution a solid was obtained that was washed

with water (1 x 30ml.) and methanol (2 x 30ml.) (0.08g).

Melting point >340°C
Infra-red spectra 3440cm-" N-H stretch
2965cm-1 C-H stretch
1630cm-" C=C stretch
1595¢cm™1 C=C stretch (aromatics)
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3.28 Schiff base polymer from 2-bromomalondialdehyde and para-phenylenediamine (35)

Br

I
—@—NH—CH=C—CH=N——

N (39)

2-Bromomalondialdehyde (8) (1.0g, 6.6mmol.) was placed in a three necked round bottom flask and
dissolved in tetrahydrofuran (10ml.). To this was added a catalytic quantity of para-toluenesulphonic
‘acid and the solution bought to refiux under nitrogen. Para-phenylenediamine (0.71g, 6.6mmol.) was
dissolved in tetrahydrofuran (7ml.) and added to the reaction mixture via a pressure equalising

dropping funnel. The solution was refluxed for one hour after which time the solution was cooled and
the precipitated solid isolated by vacuum filtration. The crude solid was purified by soxhlet extraction

with dichloromethane for 24 hours, after which the product was removed and air dried (1.18g).

Melting point >340°C

Infra-red spectra 3460cm-1 N-H stretch
1615cm-1 C=0 stretch
1585cm™"1 C=0 stretch
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3.29 Schiff base polymers from 2-bromomalondialdehyde and meta-phenylenediamine (36)

Il3r
/| NH—CH=C—CH=N—!—

i 1n (36)

2-Bromomalondialdehyde (8) (1.0g, 6.6mmol.) was placed in a three necked round bottom flask and
dissolved in tetrahydrofuran (10ml.). To this was added a catalytic quantity of para-toluenesulphonic
acid and the solution bought to reflux under nitrogen. Meta-phenylenediamine (0.71g, 6.6mmol.) was
dissolved in tetrahydrofuran (7ml.) and added to the reaction mixture via a pressure equalising
dropping funnel. The solution was refluxed for one hour after which time the solution was cooled and
the precipitated solid isolated by vacuum filtration. The crude solid was purified by soxhlet extraction

with dichloromethane for 24 hours, after which the product was removed and air dried (0.95g).

Melting point >340°C
Infra-red spectra 3460cm-’ N-H stretch
1615cm™1 C=0 stretch

1585¢cm-1 C=0 stretch
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3.30 Polymer from the Schiff base condensation of 6,13-diformyldihydrodibenzo[b,i]

[1,4,8,11]tetraazacyclotetradecine and para-phenylenediamine (37)

{ ”:}CH=N@N=CH-_

n @7

6,13-diformyldihydrodibenzolb,i][1,4,8,11]tetraazacyclotetradecine (14) (0.26g, 0.8 mmol.) and a

catalytic quantity of para-toluenesulphonic acid, were suspended in tetrahydrofuran (10ml.) in a

100ml. 3-necked round bottom flask. The solution was bought to reflux under nitrogen, at which time

para-phenylenediamine (0.08g, 0.8mmol.) in tetrahydrofuran (10ml.) was added via a dropping

funnel. The mixture was refluxed for one hour after which the reaction mixture was cooled and the

precipitate was filtered off. Purification of the material by soxhlet extraction allowed the isolation of a

red/brown solid (0.23g).

Melting point >340°C

Infra-red spectra 3420cm-"1 N-H stretch
3020cm-1 C-H stretch
1610cm-" C=C stretch
1565cm-1 N-H bend
1460cm-1 C-H bend
1375cm-1 C-H bend
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3.31 Polymers from the Schiff base condensation of 6,13-diformyldihydrodibenzo[b,i]

[1,4,8,11]tetraazacyclotetradecine and meta-phenylenediamine (38)

6,13-diform'y|dihydrodibenzo[b,i][1 ,4,8,11]tetraazacyclotetradecine (14) (0.45g, 1.3 mmol.) and a

catalytic quantity of para-toluenesulphonic acid, were suspended in tetrahydrofuran (10ml.) in a

100ml. 3-necked round bottom flask. The solution was bought to reflux under nitrogen, at which time

meta-phenylenediamine (0.14g, 1.3mmol.) in tetrahydrofuran (10ml.) was added via a dropping

funnel. The mixture was refluxed for one hour after which the reaction mixture was cooled and the

precipitate was filtered off. Purification of the material by soxhlet extraction allowed the isolation of a

red/brown solid (0.30g).

—N HN \
——<\: }CH=N N=CH-—
NH N=—
- 4 n (38)

Melting point >340°C

Infra-red spectra 3460cm-1 N-H stretch
3000cm-1 C-H stretch
1610cm™"1 C=C stretch
1570cm-1 N-H bend
1460cm-1 C-H bend
1375cm-1 C-H bend
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Preparation of quaternary phosphonium salts

3.32 5-lodo-1-pentene (39)

NN (39)

5-Chloro-1-pentene (1g, 0.01mol.) was placed in a 50ml.round bottom flask and dissolved in dry
acetone (10ml.). the solution was brought to reflux under nitrogen before the addition of sodium
iodide (1.43g, 0.01mol.) dissolved in dry acetone (10ml.). The resulting mixture was refluxed
overnight under a nitrogen atmosphere, cooled, and then filtered to remove the NaCl precipitate. The
acetone was removed by rotary evaporation to yield a yellow solid (1.96g, 0.01mol., Yield = 100%).

“The product was found to be pure by TLC.

3.33 Benzyltriphenylphosphonium bromide (40)

® O
@—CHZ——PPhg,Br
(40)

Benzyl bromide (2.5g, 0.015mol.) was dissolved in dry toluene (10ml.) in a 50ml. round bottom flask
and the mixture brought to reflux under nitrogen. To this was added triphenylphosphine (3.8g,
0.015mol.) in dry toluene (10ml.), and the whole was refluxed under nitrogen for 2 hours. The solution
was cooled and the toluene evaporated. The remaining solid was added to dry ether (150ml.), stirred,
and filtered before being allowed to air dry to yield a white solid (5.4g, 0.012mol., Yield = 83%). No

data available
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3.34 1-Pentenyl-5-triphenylphosphonium iodide (41)

| PPhsl”
AN @4)

5-lodo-1-pentene (39) (1.96g, 0.01mol.) was dissolved in dry acetonitrile (20ml.) in a 50ml. round
bottom flask. To this was added triphenylphosphine (2.6g, 0.01mol.) and the reaction mixture was
refluxed overnight under a nitrogen atmosphere. After allowing to cool the acetonitrile was taken

down to approximately 5ml. and then poured into dry ether (150ml.). The white precipitate formed

was filtered and dried by suction (1.77g, 4mmol., Yield = 39%).

Mass spectra 332 [M+H-I]*

lonisation - FAB 277
185
93

Infra-red spectra 3040cm-1 C-H stretch, aromatic
2900cm™1 C-H stretch, aliphatic
1670cm-1 C=C stretch, alkenes
1495cm-1 C=C stretch, aromatics
1450cm-" C-H bend, aliphatics
995¢m-1 C-H bend, alkenes
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3.35 Phenacycltriphenylphosphonium bromide (42)

0

¢ cH,—BPh.E]
2 3T (42)

Method 1 Triphenylphosphine (13g, 0.05mol.) and phenacy! bromide (9.95g, 0.05mol.) were dissolved
in dry acetonitrile (40ml.) and refluxed under nitrogen for 1% hours. After cooling, the reaction mixture
was poured into ether (150ml.) and the precipitated solid filtered by suction and allowed to dry

overnight (12.7g, 0.027mol., Yield = 55%).

31P NMR Spectroscopy 522
Solvent CDCl3 842
Mass spectra 557
lonisation - FAB 381 Mp*
279 Base peak

Method 2288 Phenacy! bromide (8.35g, 0.04mol.) was added in portions to a stirred chloroform
solution of triphenylphosphine (10.89g, 0.04mol.). After approximately 15-20 minutes a beige
precipitate occurred and the reaction mixture was filtered into 1I. of dry ether to yield a precipitate that
fumed on contact with the air and changed in appearance from a beige powder to a brown syrup. The

product was not isolated. No data available.

Method 3 Phenacyl bromide (8.35g, 0.04mol.) was dissolved in dichloromethane (35ml.) and was
slowly added to a refluxing solution of triphenylphosphine (10.89g, 0.04mol.) in dichloromethane
(40ml.). Upon continued refluxing for 20 mins. colour changes from khaki — amber — beige

precipitate. The solution was cooled and the dichloromethane removed by rotary evaporation and the
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isolated solid added to dry ether (500m!.) and then filtered to yield a beige solid (15.3g, 0.033mmol.,
Yield = 83%, m.p. 295-299°C c.f. Lit. 269-271°C and 279-280°C - however the occurrence of different

crystalline forms has been verified288 which is dependent upon the reaction conditions.

TH NMR spectroscopy 533 s, 1H
Solvent - CD30D 549 s, unknown

6 7.55 t

87.7 m*

5785 m*

5 8.1 ' d*

*Total - 20H

31p NMR spectroscopy 522

Solvent - CD30D

Mass spectra 381 [M-Br]*
lonisation - FAB 185 [M-Br-CgH5CH0-CgHsl*
93
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Preparation of phosphorous ylides

3.36 Phosphorous ylide of 1-pentenyl-5-triphenyl phosphonium iodide (43)

)
/\/\S/PPh3 (43)

Method 1 The phosphonium salt, 1-pentenyl-5-triphenylphosphonium iodide (41) (1.5g, 3.3mmol.),
was dissolved in dry tetrahydrofuran (20ml.) in a 50ml. round bottom flask, the mixture was stirred
under nitrogen. To this was added n-buty! lithium (3.24ml. of 1.02M soln., 3.3mmol.) by syringe and

the mixture was stirred for % hour. Material not isolated, used "as is" for reaction with aldehyde.

Method 2 1-Pentenyi-5-triphenylphosphonium iodide (41) (1.5g, 3.3mmol.) was placed in a 50ml.
round bottom flask and dissolved in dry benzene (20ml.). The mixture was stirred under nitrogen
while sodium hydride (0.08g, 3.3mmol.), after complete addition the reaction was stirred for a further

30 mins. Material not isolated, used "as is" for reaction with aldehyde.

Method 3 Dimethyl sulphoxide (50ml., 565.05g, 0.7mol.) was placed in a 250ml. round bottom flask
and stirred under nitrogen. To this was added, in portions, sodium hydride (0.06g, 0.005mol.) to give a

solution of dimsy! sodium (0.01M).

0 0
I I e e 1
CH;—S—CH; + NaH ——> CH;—S—CH,Na + '/2H2

1-Pentenyl-5-triphenylphosphonium bromide (41) (0.33g, 0.7mmol.) was dissolved in
dimethylsulphoxide (2ml.) and placed in a 100ml. 3-necked round bottom flask, fitted with a stirrer,
septum, and 50ml. pressure equalising dropping funnel, under nitrogen. From a syringe was added
dimsy! sodium (10ml. of 0.1M, 1mmol.) and the mixture stirred for ¥z hour. Material not isolated, used

"as is" for reaction with aldehyde.
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3.37 Phosphorous ylide of benzyltriphenylphosphonium bromide (44)

=) @
@4)

In a 50ml. 3-necked round bottom flask fitted with a 50m!. pressure equalising dropping funnel, a
septum and a stirrer bar was placed dry ethanol (10ml.). To this was added, in portions, sodium
(0.11g, 4.6mmol.) and the apparatus flushed with nitrogen. From the dropping funnel was added
benzyltriphenylphosphonium bromide (40) (2g, 0.46mmol.) dissolved in dry ethanol (10ml.). Stirring

was continued for 30 mins. Material not isolated, used "as is" for reaction with aldehyde.

3.38 Phosphorous ylide of phenacyltriphenylphosphonium bromide (45)

O

C—CH—P(Phj)
(45)

To a 100ml. round bottom flask fitted with a stirrer was added phenacyltriphenylphosphonium
bromide(42 - 3.35 method 1) (4g, 0.01mol.), ethanol (20ml.) and water (10ml.). To the reaction
mixture was added a solution of sodium carbonate (2g, 0.02mol.) in water (10ml.). Stirring was
continued for 60 mins. after which the solution was extracted with dichloromethane (3 x 50ml.), dried
(MgSOy), and evaporated to give the ylide as a viscous orange liquid (2.57g, 7mmol.). The liquid was

scratched under dry ether to yield the product as an off white powder (2.57g, 7mmol., Yield = 70%)
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Melting point 179-181°C Literature : 179-180°C
31P NMR spectroscopy 517
Solvent - CDClg 629
Mass spectra 381 [M+H]*
lonisation - FAB 279
185 [M-C6H5CH20-C6H5]+
93

The above procedure was repeated with the phenacyltriphenylphosphonium bromide (42) isolated
from 3.35 method 3 and gave slightly different results. The material was evaporated under reduced
pressure to yield a viscous solid/liquid mix that expanded during evaporation. The material was

triturated under dry ether and filtered to yield a pale beige product (2.89, 7.6mmol., Yield = 76.3%.)

Melting point 179-181°C Literature : 179-180°C
TH NMR spectroscopy 63.3 s, 1H
Solvent - CD30D 64.9 s, unknown

57.35 m*

57.65 m*

879 m*

*Total 20H

31p NMR spectroscopy 6 16.5
Solvent - CDClg
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Mass spectra 381 [M+H]*
lonisation - FAB 279
185 [M-06H5CH20-C6H5]+

93

Reaction of carbonyl compounds with phosphorous ylides
3.38 2-(1,5-Hexadiene)malondialdehyde (46)

Method 1 To the tetrahydrofuran solution containing the 1-pentenyl-5-triphenylphosphonium ylide (43)
(3.36 Method 1), was added triformylmethane (5) (0.33g, 3.3mmol.) in dry tetrahydrofuran (5ml.). The
reaction mixture was stirred under nitrogen for 1 hour. TLC (10% ethanol in dichloromethane) at this
stage showed the presence of a new spot and the disappearance of the spot due to the phosphonium
salt. Solvent extraction with dichloromethane and water (3 x 50ml.) was attempted, however, TLC

showed that the reliberation of the phosphonium salt had occured.

O OH
l/

/ 7 (46)

Method 2 To the benzene solution containing the 1-pentenyl-5-triphenylphosphonium ylide (Séct. 3.36
Method 2), was added triformylmethane (5) (0.33g, 3.3mmol.) in dry benzene (10ml.). The flask was
stirred under nitrogen for 1 hour, with a yellow colouration being observed after 30 mins. The reaction
mixture was filtered and a TLC study performed (10% ethanol in dichloromethane) which showed the
presence of a new spot, which was assumed to be the required product. Isolation of pure product

could not be attained.
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3.40 6-(1,5-Hexadiene)dihydrodibenzo[b,i][1 ,4,8,11]tetraazacyc|otetra decine nickel(ll) (47)

D

N)I-\i ,N
Ni
A X
N HN
I
F
AN

X 47)

To the dimethylsulphoxide solution of 1-pentenyl-5-triphenylphosphonium ylide (section 3.36 method
3), was added 6-formyl-dihydrodibenzo[b,i}[1,4,8,11] tetra azacyclotetradecine nickel(ll) (0.27g,
0.7mmol.) dissolved in dimethyisulphoxide (10ml.). The flask was stirred under nitrogen for 1 hour
and the product isolated by evaporation under reduced pressure (0.55g). Mass spectral data showed

the material to be predominately the macrocycle containing the formyl functionality, [M]*=372

3.41 2-(2-Phenylethyl-1-ene)malondialdehyde (48)

—0
(Op—on=on—_
\ OH (48)

To the ethanolic solution of benzyltriphenylphosphonium ylide (44) was added triformylmethane (5)
(0.46g, 4.6mmol.) dissolved in dry ethano! (5ml.) with stirring. The solution was stirred for 1 hour and
the reaction mixture studied by TLC (10% ethanol in dichloromethane), which showed an additional
spot to be present in addition to the expected triphenylphosphine oxide (a side product of the Wittig

reaction).
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3.42 3-ch|oro-2-(dichIoromethyl)propenal277 (49)

O OH 0] Cl O
| | |
H N H SOCL CF™ + Y
Z
O" "H ClI~ ~ClI CI” ~CIl (49)

Triformylmethane (5) (1g, 0.01mol.) was added, with stirring and cooling (with an ice bath), to excess
thionyl chloride (7ml.). The mixture was stirred overnight at room temperature and then heated to
60°C for 1 hour. Excess thionyl chloride was removed under reduced pressure and the product

(mixture of E and Z isomers) was isolated by distillation (1.18g, 6.8mmol., Yield = 68%)

Mass spectra 195/193/191
176/174/172 M+
141/139/137 [m-cirt
110/108 [M-CicHC*
90
73

TH NMR spectra 8 3.05 d, 1H

Solvent - CDCl3 56.6 d, 2H
56.85 s, 3H
57.05 s, 1H
873 s, 2H
579 s, 1H
69.6 s, 2H
5 10.1 s, 1H
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3.43 Reaction of phenacyltriphenylphosphonium ylide with 3-chloro-2-(dichloromethyl)

propenal2’7 (50)

Method 1 Phenacyltriphenylphosphonium ylide (45) (1.3g, 3.5mmol.) fisolated from the phosphonium
salt prepared as described in section 3.35 method 1] in dry tetrahydrofuran (10ml.) was placed into a
100ml round bottom flask and stirred. to the solution was added 3-chloro-2-(dichioromethyl)propenal
(0.5g9, 3mmol.) (49) which'immediately resulted in the production of an orange colouration. The
reaction mixture was stirred for 30 minutes and then monitored by TLC (10% ethanol in
dichloromethane) which illustrated the presence of a product spot in addition to a spot with the same
Rf as triphenylphosphine oxide and the starting ylide. The solution wés filtered to yield an orange
solid (0.35g), the filtrate was poured into excess ether with stirring which resulted in the isolation of
further orange solid (0.5g) which gave the same results by TLC but also showed a slight impurity. The
purification of the material was attempted by flash chromatography (10% ethanol in
dichloromethane), but the procedure yielded material that was slightly contaminated (0.41g,

1.5mmol., Yield = 50%).

Cl__ClI

Cé') I/Cl
@/ SCHCH S

plus isomers (50)
Mass spectra 379 [Phosphorous ylide]* = X
lonisation - El 303 [X-Phj*
277 - Chlorine isotope vt
262 [PPha]*
201/183/152/108
77 [Ph]*
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Mass spectra 381 [Phosphorous ylide]* = X
lonisation - FAB 303 ' [X-Ph]*
2791275 [MI*
201/185
105 [PhcOJ*
93
31p NMR spectroscopy 521.7
Solvent - CDCl3 3 29.4 - extremely faint

Method 2 To the phenacyltriphenylphosphonium ylide (45) (1.3g, 3.5mmol.) [isolated from the
phosphonium salt prepared as described in section 3.35 method 3] in dry dichloromethane (10ml.)
was added to a 100ml. round bottom flask containing 3-chIoro-2-(dichlorométhyl)propenal (49) (0.5g,
3mmol.) dissolved in dry dichloromethane (10ml.). The reaction mixture was then stirred overnight
under nitrogen, resulting in the formation of a bright orange solution. A TLC study of the solution was
performed (10% ethanol in dichloromethane). The dichloromethane was taken down to 5ml. after
which the solution was poured with stirring into excess ether (300ml.) to yield a bright orange
crystalline product (1.5g). Examinatioﬁ of the material by TLC (10% ethanol in dichloromethane)
illustrated the presence of a product spot with the same Rf as the phosphonium ylide which showed a

negative response to dinitrophenylhydrazine.

Mass spectra ‘ 379
302
277
183
152

108
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31p NMR spectroscopy 56216

Solvent - CDCl3 5286

TH NMR spectroscopy 56.3

Solvent - CDCl3 874-8.0 Aromatics
583
592
69.8 br s, Aldehyde

Numerous smaller peaks at &
1.25, 3.0, 5.3, 6.55, 6.8, 7.0,

7.25

The Gabriel synthesis of amines272

3.44 N-Pentylphthalimide (51)

0O=0

:N—(CH2)4CH3

@)

0 (51)

Potassium phthalimide (5g, 0.027mol.) was added to a solution of 1-bromopentane (4.0g, 0.027mol)
in dimethylformamide (20ml.), in a 100ml. round bottom flask. The flask was stirred and heated by a
hotplate until hot to the touch. The heat was removed and the mixture heated for a further 30
minutes. The solution was cooled before chloroform (30ml.) was added, and the solution transferred
to a separating funnel containing water (100ml.). The aqueous phase was extracted with chloroform

(2 x 10ml.). The chloroform extracts were combined before being washed with NaOH (20ml., 2M) and
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then water (20ml.). The chloroform solution was dried with MgSO4 and then evaporated under

reduced pressure to give a clear yellow liquid (5.14g, 0.024mol., Yield = 88%).

Mass spectra 217 Myt
160 [M-CHoCHoCHoCHgl*
73 [DMF*
57 [CHoCHoCHoCHal*
43 [CHoCHoCH3J*
THNMR spectroscopy 60.8 t, 3H - CH3-
Solvent - CDCl3 51.25 m, 4H - CH3CH,CH>CHy
51.6 g, 2H - (CHp)9CHoCHoN
528 d - DMF
54.6 t, 2H - CHoCHoN
$7.65 m, 2H- Aryl H
87.75 m, 2H- Aryl H
57.95 s- DMF

The yellow liquid was redissolved in chloroform (10ml.) and placed in a 100ml separating funnel. In
an attempt to remove the residual dimethylformamide the solution was then washed with saturated
brine (3 x 40ml.) before being dried with MgSO4 and evaporated under reduced pressure to yield a

clear yellow liquid (5.0g, 0.023mol., Yield = 85%).
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TH NMR spectroscopy 60.8 t, 3H - CH3-
Solvent - CDCl3 51.25 m, 4H - CH3CH>CH->CH»
516 q, 2H - (CH2)2CH>CHoN
84.6 t, 2H - CHoCHoN
57.65 m, 2H- Aryl H
87.75 m, 2H- Aryl H
3.45 N-Decylphthalimide (52)
O
|
C\
'N—(CH,)eCHs
T
0] (52)

Potassium phthalimide (5g, 0.027mol.) was added to a solution of 1-bromodecane (5.9g, 0.027mol) in

dimethylformamide (20ml.), in a 100ml.- round bottom flask. The flask was stirred and heated by a

hotplate until hot to the touch. The heat was removed and the mixture heated for a further 30

minutes. The solution was cooled before chloroform (30ml.) was added, and the solution transferred

to a separating funnel containing water (100ml.). The aqueous phase was extracted with chloroform

(2 x 10ml.). The chloroform extracts were combined before being washed with NaOH (20mi., 2M) and

then water (20ml.). The chloroform solution was then washed with saturated brine (3 x 40ml.) before

being dried with MgSO4 and then evaporated under reduced pressure to give a clear yellow liquid

which crystallised upon standing to give a white solid (6.0g, 0.021mol., Yield = 77%).

Mass spectra

287

160

[M1*

[M-(CH2)gCH3]*
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3.46 n-Hexyl para-toluenesulphonate (53)

Into a 100ml. round bottom flask was weighed 1-hexanol (5.11g, .06mol.), para-toluenesulphonyl
chloride (10.5g, 0.55mol.) and pyridine (7.91g, 0.1mol.). To this was added dichloromethane (20ml)
and the solution was stirred for 1 hour which resulted in the development of a precipitate of pyridinium
hydrochloride. The precipitate was removed by filtration before the filtrate was transferred to a 100ml.
separating funnel and washed with hydrochloric acid (3 x 50ml., 2M) and water (1 x 50ml.).
Evaporation of the chloroform under reduced pressure resulted in the isolation of a clear liquid (9.47g,

0.037mol., Yield = 74%).

O

CH3~©»§—O—(CH2)5CH3
o) (53)

Mass spectra 256 M+
173
155 [M- O(CHp)5CH3]*
91 [M-CgH4CHal*
84

3.47 10-undecenyl para-toluenesulphonate (54)

I
C H3—©fﬁ—00 Hz(C H2)80H=CH2
0]

10-Undecen-1-ol (8.5g, 0.05mol.), para-toluenesulphonyl chloride (10.5g, 0.055mol.) and pyridine

o

(54)

(4.7g, 0.06mol.) were dissolved in dichloromethane (20ml.) in a 100ml. round bottom flask. The
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reaction mixture was stirred overnight. Pyridine was removed by solvent extraction with HCI (2M, 3 x
40ml.) and water (1 x 40ml.). The dichloromethane layer was dried (MgSO,4) and evaporated under
reduced pressure to yield the crude product (9.1g). This was purified on a silica column (ethyl

acetate/petrol 30:70) to isolate the product as a colourless liquid (5.4g, 0.02mol., Yield = 35%).

Mass spectra 368/256
185 [M-(CH2)gCH=CHoJ*
171 [M-(CH2)gCH=CHo]*
155 [M-O(CH3)gCH=CHaI*
152
91 [CH3CgH4l*
68
55 [CHy=CHCH,CH,J*

3.48 11-bromoundec-1-ene (55)

Br(CH;)gCH=CH, (55)

Method 1 10-undecenyl para-toluenesolphonate (54) (1.34g, 4mmol.) and sodium bromide (0.5g,
3mmol.) were placed in 50ml. round bottom flask and dissolved in dry tetrahydrofuran (10ml.). The
reaction mixture was refluxed for 1 hour under nitrogen. The cooled solution was filtered to yield a
milky white liquid (0.81g), this was refiltered through celite to yield the colourless product 11-

bromoundec-1-ene (55) (0.6g, 2.6mmol., Yield = 65%).
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Mass spectra 152 [M-BrT*

139 (weak) [M-CHoBr]*
97 [M-(CHo)4BrT*
91

83 [M-(CHg)5Br]*
69 [M-(CH,)gBr*
55 [M-(CHg)7Br]*
41 [M-(CHo)gBI*

Method 2 10-undecenyl para-toluenesulphonate (54) (4.0g, 12mmol.) and tetra-n-butylammonium
bromide (5g, 16mmol.) were placed in a 50ml. round bottom flask and dissolved in dry
tetrahydrofuran (20ml.). The reaction mixture was refluxed under nitrogen for 1 hour. The
tetrahydrofuran was removed under reduced pressure. N-butylammonium tosylate was removed from
the sample by solvent extraction with water (1x 50ml.) and ether (4 x 50ml.). The ether layer was
dried (MgSOy4) and evaporated to yield a slightly yellow liquid product of 11-bromoundec-1-ene (55)

(2.5g, 11mmol., Yield = 89%).

Mass spectra 277/209/183/157/121/91
67 [M-(CH9)gBI*
55 [M-(CHp)7BrT*

41 [M-(CHy)gBIT*
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1H NMR spectroscopy 51.35 Brs, 12H, R-CHo>-R
Solvent - CDCl3 51.85 quin, 2H, CHyCHoBr
$2.05 quart, 2H, CH,-CH=CH,
53.4 t, 2H, CHoBr
$4.95 t?, 2H, CH=CHyp
55.8 m, 1H, CH=CHy

The material produced via both the above methods was found to give the same reaction products in

subsequent reactions.

3.49 N-Undec-1-enylphthalimide (56)

=0

N—(C Hz)gC H=—C H2

O\ e

O=

(56)

11-Bromoundec-1-ene (55) (2.5g, 11mmol.) was dissolved in dimethylformamide (10ml.) and placed
in a 50m!. round bottom flask. To this was added potassium phthalimide (2.0g, 11mmol.) and the
flask was heated until hot to the touch. The heat was removed and the flask stirred for 30 mins. The
solution was allowed to cool before adding chloroform (30ml.), and transferring the products to a
separating funnel containing water (100ml.). The aqueous phase was extracted with chloroform (3 x
20ml.) and the resultant extracts combined. These combined extracts were washed with NaOH (2M,
20ml) and then water (20ml.). The chloroform was evaporated to 10ml. under reduced pressure and
washed with saturated sodium chloride (3 x 40ml.) to remove excess dimethylformamide. The
chloroform layer was dried (MgSQO4) and evaporated under reduced pressure to give a yellow liquid

that solidified to an off-white powder (2.22g, 7.5mmol., Yield = 68%).
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Mass spectra

299

202

188

174

160

55

41

M

[M-(CHg)5CH=CHo]*
[M-(CHp)gCH=CH,]*
[M-(CHo)7CH=CHo]*
[M-(CHo)gCH=CHoJ*
[CHo=CHCHoCHol*

[CHy=CHCH,J*

TH NMR spectroscopy

Solvent - CDCl3

61.3
81.75
862.0
629
5 3.65
54.95
5568
672
578

58.05

Brs, 12H, R-CHy-R

Brs, 2H, CHo,CHoN
Quart, 2H, CHy-CH=CH»
Dimethylformamide

t, 2H, CHoN

t?, 2H, CH=CH»

m, 1H, CH=CH,

m, 4H, Aryl-H

Dimethylformamide
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3.50 1-Pentamine (57)

CH3(CH2)aNH,  (57)

N-pentylphalimide (51) (2.14g, 0.01mol.), and hydrazine monohydrate (1.2ml., 0.02mol) were
weighed into a 100ml round bottom flask fitted with a reflux condenser. The reagents were dissolved
in methanol (50ml.) and the solution refluxed under nitrogen for 1 hour. The solution was cooled
before standing overnight, during which a white solid was found to precipitate (1.5g). This was found
to be the phthalhydrazide side product by mass spectrometry. No trace of the 1-pentamine (57) was

found although the material had the characteristic odour of amines.

Mass spectra 162 Myt
132 [M-NHNH]*
104 [M-NHNHC=0]*
76 CgHa
50 HoNNH5.H,0

3.51 1-Decylamine (58)

CH3(CH2)gNH,  (58)

N-decylphthalimide (52) (2.87g, 0.01mol.) and hydrazine monohydrate (1.2ml., 0.02mol.) were
weighed into a 100ml. round bottom flask fitted with a reflux condenser. The reagents were dissolved
in methanol (50ml.) and refluxed under nitrogen for 1 hour. The solution was allowed fo cool before
standing overnight, resulting in the precipitation of a white solid which was isolated by filtration.

Analysis by mass spectra showed this to be the phthalhydrazide side product.
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Mass spectra 162 M+

132 [M-NHNH]*

104 [M-NHNHC=0]*
76 CeHy

50 HoNNHy.HoO

The methanol from the filtrate was removed by rotary evaporation to yield an off white solid (1.4g).

Mass spectral data showed the material to be a mixture of 1-decylamine (51) absorbed onto

phthalhydrazide.

Mass spectra

1-decylamine 157 M+
142 [M-CHg]*
128 [M-CHyCHgl*
114 [M-(CH5)>CH3]*
100 [M-(CHp)3CH3]*
86 [M-(CHp)4CHal*
69 [M-(CH5)5CH3]*
57 [M-(CH2)gNHoT*
44 | [M-(CHo)7CH3]*

Phthalhydrazide 162 ' M+
132 [M-NHNH]*
104 [M-NHNHC=0]*
76 | CgHa
50 HoNNH5.HoO
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Purification of the solid by soxhlet extraction with chloroform was found to be only parly effective
since some of the phthalhydrazide was found to extract. Solvent extraction was attempted by washing
the chloroform solution with 2M hydrochloric acid (1 x 100ml.). This resulted in the formation of a
soapy aqueous phase which was diffiéult to separate. The mixture was made alkaline by the addition
of NaOH which had the effect of removing the phthalhydrazide impurity. The chloroform was

evaporated under reduced pressure to yield a clear liquid (0.45g, 2.9mmol., Yield = 29%).

Mass spectra 157 M+
100 [M-(CHg)3CH3l*
86 [M-(CH2)4CH3]*
69 [M-(CH2)5CH3]+
44 [M-(CH2)7CH3]+

Infra red spectra 3305cm-1 N-H str.
2885cm™1 C-H str. - aliphatic
2820cm-" C-H str. - aliphatic
1550cm™1 N-H bend - primary amines
1455¢m™1 C-H bend - aliphatic

3.52 11-Aminoundec-1-ene (59)

H,N(CH,)gCH=CH, (59)

N-undec-1-enyl-11-phthalimide (566) (2.22g, 7.5mmol.), methanol (30ml.) and hydrazine hydrate

(1.2ml., 0.025mol.), were refluxed for 1 hour under nitrogen. After this time the heat was removed
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and the mixture allowed to stand overnight which resulted in the formation of an abundance of white
crystals. The methanol was removed under reduced pressure, and the solid was extracted, using a
soxhlet apparatus, with petrol for 24 hours. The petrol was dried (MgSO4) and evaporated to yield the

desired 11-aminoundec-1-ene (52) as a pale yellow liquid (0.9g, 5.3mmol., 71%).

Mass spectra 169 M+
128 [M-CHoCH=CHo]*
112 [M-(CH2)>,CH=CHo]*
100 [M-(CH2)3CH=CHo]*
86 [M-(CHg)4CH=CHol*
72 [M~(CHg)5CH=CHoJ*
69 [M-(CH2)gNHI*
55 [M-(CH5)7NHo]*
44 [M-(CH5)7CH=CHo]*
41 [M—(CH2)8NH2]+
Infra red spectra 3310cm-" N-H str.
2885cm™1 | C-H str. - aliphatic
2815cm1 C-H str. - aliphatic
1620cm™1 C=C str - alkenes
1550cm™1 N-H bend - primary amines
1455/1470cm-1 C-H bend - aliphatic
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Chapter 6

Discussion

1. Introduction

The research undertaken may be broadly classified into four key areas:

1. The synthesis of existing and novel malondialdehydes.

2. The synthesis of both symmetrical and unsymmetrical macrocycles.

3. the preparation of linear Schiff base polymers.

4, The preparation of linear Schiff base polymers that incorporate macrocyclic

units as part of the main chain and as pendant side chains.

This chapter is dedicated to the research in each of the above key areas.

2. Malondialdehydes

The use of malondialdehydes for the preparation of substituted dibenzotetraaza[14]annulenes has
been well documented in the literature289-295, The development and use of the malondialdehydes
has been of major importance in our attempt to develop novel macrocyclic and polymeric species,

they are ideal for our purpose due to the nature of the dual aldehyde functionalities.

The general structure for a substituted malondialdehyde is shown below (Fig. 2.1), and illustrates the
keto-enol tautomerism that exists within the molecule296. The enol form of malondialdehyde is the
simplest example of a compound with a strong intramolecular hydrogen bond that leads to the

formation of a delocalised chelate.
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Fig. 21 Keto-enol tautomerism exhibited by substituted malondialdehydes.

Procedures documented in the Iiterature297'305, and modifications based upon them, have allowed

an extensive series of malondialdehydes to be prepared (Fig. 2.2).

f
CN
X CO,CH,CHs
NO,302
Br cl 293,305
O//,I/H/O @301
(N

Fig. 2.2Substituted malondialdehydes.

Due to the reactive nature of the malondialdehydes, it has proved necessary in some cases to store
them as acetals. The acetal protection has also led to the synthesis of new substituted
malondialdehydes and allowed the development of novel macrocyles and polymeric species that vary

in the electronic properties they exhibit.

The established literature procedures were followed for the preparation of most malondialdehydes,

however, in some cases modifications were required.

179



2.1 Preparation of 2-carboethoxymalondialdehyde (2).

The preparation of 2-carboethoxymalondialdehyde was initially achieved by the use of our own
modification of the Reformatsky reaction396, and subsequent employment of the Pannizi reaction to
yield the dialdehyde. The modified Reformatsky procedure (Fig. 2.3) utilises the reaction between
ethyl bromoacetate and triethylorthoformate in the presence of an activated zinc catalyst to give the
acetal-ester, ethyl 3,3-diethoxypropionate (1), as well as a by-product. Upon vspectroscopic
examination by NMR, the by-product appears to be an enol-ether that is formed by a thermal

elimination reaction catalysed by the zinc derived Lewis acid species present.

0 0 OCH,CHs;
2 Zn 4
W W OCH,CHs;
Br ZnBr
//O ,/O
CH;CH,0C CH3;CH,OC
OCH,CH3 + \
OCH,CHj OCH,CHs
Ethyl-3,3-diethoxypropionate Enol-ether from thermal elimination

Fig. 2.3 Reformatsky formation of ethyl-3,3-diethoxypropionate.

Assessment of the product purity by gas chromatography showed that at best the molar ratio of ethyl
3,3-diethoxypropionate to enol-ether was 4:1. This ratio was reduced when the reaction temperature
was increased by using toluene as the reflux solvent in place of benzene, as might be expected for a

thermal elimination reaction.

Reaction of the Reformatsky product with sodium and ethyl formate, the Pannizi reaction, enabled the

isolation of the 2-carboethoxymalondialdehyde upon acidification and extraction (Fig. 2.4).The
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Pannizi reaction is a crossed Claisen ester condensation (i.e. involves two different esters) in which
the electrophile is ethyl formate. The presence of the enol-ether does not appear to interfere with the
formation of the malondialdehyde and the reaction mixture obtained is purified by capillary air bleed

vacuum distillation to yield the pure 2-carboethoxymalondialdehyde as a pale yellow liquid.

CO,CH,CHs
CO2CH2CHs Na CH3CH20 5
CH;CH.0 HCO,CHCHs \'
Dry Ether CH3CH,0 H._Y _OCH;CHjs
CH3CH20 4 > C;hl/
0
CO,CH,CHs CO2CHCH; CO,CH,CH;, CO,CH,CHs
CH3CH20 HyO N OCH,CH3
X | —_— +
) > | | |
CHsCH,0 O°Na 0~,H/0 O O O  OCHyCHs

Fig. 2.4 Pannizi reaction for the preparation of 2-carboethoxymalondialdehyde.

The NMR data obtained showed the reaction mixture to contain both the acetal and the 2-
carboethoxymalondialdehyde (as well as the presence of some thermal elimination product from the

first stage).

The preparation of 2-carboethoxymalondialdehyde became simpler as the precursor, ethyl 3,3-

diethoxypropionate became commercially available from several suppliers.

Previous research carried out by this research group identified an alternative method for the
preparation of 2-carboethoxymalondialdehyde, which involved the preparation of ethyl formylacetate
coupled with a subsequent Pannizi reaction to yield the product. Ethyl formylacetate was prepared via
a literature procedure307 from the reaction of a Meldrums acid derivative308 with ethanol in

benzene. The dialdehyde was obtained by a Pannizi reaction on the product formyl ester (Fig. 2.5).
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0]

o \ 0 COZCH20H3

\ Ethanol H H
e
Benzene | |

H 0 o o

O
Fig. 2.5 Preparation of 2-carboethoxymalondialdehyde from a Meldrums acid derivative.

The product yields were consistently poor (maximum 35%) and the procedure time consuming since
the formyl Meldrums acid was prepared by a three stage synthesis prior to the Pannizi formulation to

the ester.

2.2 Preparation of 2-cyanomalondialdehyde (3).

The preparation of 2-cyanomalondialdehyde initially provided problems since there was no simple
literature procedure for its formation. The potential use of 2-cyano-3-dimethylaminoacrolein309 (Fig.
2.6) had previously been investigated by the group but the yield of product was extremely low and
procedure very lengthy. Attempts to form a mono-Schiff base from the illustrated acrolein were

unsuccessful, leading only to a viscous oil of many components.

CN
~
CHN O

Fig. 2.6 2-cyano-3-dimethyl aminoacrolein

Other proposed routes to obtain 2-cyanomalondialdehyde involve the initial isolation of
oxopropanenitrile or its acetal in a Pannizi reaction310 to give the dialdehyde. The generation of 3-
oxopropanenitrile311 required, was achieved by the base promoted ring opening of isoxazole, but

endeavours to isolate this compound were unsuccessful (no C=N stretching was observed in the IR
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spectrum). A one pot ring-opening reaction in the presence of ethyl formate (Fig. 2.7) was also

attempted, but again no discernible C=N stretching was observed.

T

(2]
CH3CH2(£\/ " (\=OCHzCH3 Hci’
—-——> —
] 2 o o
| ?N

Fig. 2.7 Attempted in-situ use of 3-oxopropanenitrile for the preparation of 2-

cyanomalondialdehyde.

A simpler method appeared to be the oxidation of 3-hydroxypropionitrile to the aldehyde with
pyridinium dichromate in dichloromethane312. The reaction mixture was monitored by solution
spectroscopy to observe the appearance of the carbonyl group and the coinciding disappearance of
the alcohol group. Comparison spectra after 1 and 21 hours showed little change in the intensity of
the alcohol peak, although carbony! stretching frequencies were present. An ensuing reaction with
ortho-phenylenediamine in refluxing ethanol provided no products suggesting that no aldehyde had

formed.

The problem of preparing 2-cyanomalondialdehyde was solved when 3,3-diethoxypropionitrile
became commercially available. This underwent the Pannizi procedure used for 2-

carboethoxymalondialdehyde to yield the desired product (Fig. 2.8).
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Fig. 2.8  Preparation of 2-cyanomalondialdehyde via the Pannizi reaction.

2.3 Preparation of triformylmethane (5).

The synthesis of triformylmethane may be achieved in several ways that differ not only in technique
but also in respect of the salt that is isolated as the intermediate to triformylmethane itself. Prior to
1990 the synthesis of triformylmethane had been achieved by the formylation of 3-dimethylamino-2-
propenal313, a malondialdehyde derivative. This starting material can advantageously be replaced by

the commercially available 3-diethylamino-2-propena|314.
The method of choice for the preparation of triformylmethane involved the use of a simple and
efficient two-step procedure277 from bromoacetic acid, phosphoryl chloride and dimethylformamide

with the intermediate isolation of a perbromide salt.

The reaction scheme for the two steps is illustrated below (Fig. 2.9).
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Fig. 29 Reaction scheme for the preparation of triformylmethane.

The mechanism for the preparation of the perbromide intermediate is complicated and involves the
reaction of bromoacetic acid with the reagent formed by the reaction of dimethylformamide and
phosphoryl chloride. This is an example of the so-called Vilsmeier-Haak synthesis of aldehydes315

and the mechanism is illustrated below (Fig. 2.10).

OPOCI,
I POCl3  (CH),N—CH 3
(CHa),N—CH (CH3)N—C —  (CHy)N—CH
: Cl Cl
B A (CHy),N—CH—CH—C (CHN-CH l
OH 32N \ & (CH3)uN—CH—C—CH—N(CHs),
> cl o > Cl BrCl
(CHaN-CH N(CHa)p
(=]
——>  (CHs)N—CH=C—CH=N(CHy), Y, C—CH
Br (CH3);N—CH=C—CH=N(CH3),
_ . -
{‘I(CHa)z

—_— (CHz)N”

8 )
N(CHa)2 2Br3

Fig. 210 Mechanism for the bis-perbromide intermediate.
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2.4 Preparation of sodium 2-nitromalondialdehyde monohydrate (7).

Sodium 2-nitromalondialdehyde monohydrate302 was prepared by the reaction of mucobromic acid
(6) with agueous sodium nitrite to yield the product as salmon pink needles. Caution was taken during
the procedure as hydrogen cyanide was liberated (1g/kg of mucobromic acid used), and care was also
essential for the subsequent storage and handling of sodium 2-nitromalondialdehyde monohydrate as
the material is impact sensitive and thermally unstable. The material should therefore be treated as a

potential explosive.

Mucobromic acid302 was prepared by the reaction of distilled furfural, water and bromine at a
temperature of below 5°C. The reaction was driven to completion by reflux and the excess bromine
removed by distillation of the solution until the distillate was almost colourless (the hydrobromic acid
was condensed using a nitrogen trap). Evaporation of the solution afforded the crude mucobromic
acid which was rec.rystallised from boiling water to enable the isolation of colourless crystals. The

reaction scheme for the preparation is illustrated below (Fig. 2.11).

H/?_C{\4 BrC—CHO
ud - +5Brp + 3H,0 ——» Br(u; —con * CO, + 8HBr
o~ “cHo 2

Fig. 2.11 Reaction for the preparation of mucobromic acid.

Sodium 2-nitromalondialdehyde was prepared by the reaction of the mucobromic acid with agueous
sodium nitrite. A solution of mucobromic acid in 95% ethanpl was added dropwise to the sodium
nitrite at a temperature of 52-56°C resulting in a colour change to deep red and an exothermic
reaction. The evolution of a gas was also observed. The product was carefully collected on a
previously chilled Bichner as a moist cake, which was recrystallised from 75% ethanol to yield the

product as salmon pink needles (Fig. 2.12).
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Fig. 2.12 Reaction for the preparation of sodium 2-nitromalondialdehyde monohydrate.

2.5 Preparation of 2-bromomalondialdehyde(8).

The preparation of 2-bromomalondialdehyde293 was carried out by the bromination of
malonaldehyde bis-(diethyl acetal) in concentrated hydrochloric acid. The reaction yield was found to
be dependent on the rate of addition of bromine to the vigorously stirred solution of the bis-acetal.
Consequently the rate of addition was controlled such that the temperature of the reaction solution did

not rise. The reaction equation is illustrated below (Fig. 2.13).

B
CH3CH.0 OCH,CHs | o '
Bry + +2H,0 H N\ *+4CH3;CHOH + HBr
CH3CH,O  OCH,CHjz — |
O OH

Fig. 2.13 Preparation of 2-bromomalondialdehyde.

2.6 The preparation of 2-Carboethoxymalondialdehyde bis(diethylacetal) (9)

It can clearly be seen that the protection of malondialdehydes as their acetals opens up the possibility
of further derivatives if the initial malondialdehyde contains a reactive substituent at the 2-position of
the molecule. Consequently, attempts were made to manufacture the bis-acetal of 2-
carboethoxymalondialdehyde (Fig. 2.14) in the hope that the reactivity of the ester would enable the

formation of further derivatives.
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CO,CH,CHs CO,CH,CHj
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O OH CH3CH,O  OCH,CHs

Fig. 214 Preparation of 2-Carboethoxymalondialdehyde bis(diethylacetal)

The preparation of acetals is well documented316 and essentially involve the reaction of an aldehyde
or ketone with an alcohol in the presence of an acid or base catalyst. The mechanism for the acid
catalysis preparation of an acetal is illustrated below (Fig. 2.15). Protonation of the carbonyl promotes
the nucleophilic attack by the oxygen atom of the alcohol thus producing the hemiacetal. Protonation
of the tertiary alcohol and the subsequent loss of water leads to the resonance stabilised carbocation,

which may undergo nucleophilic attack by a second alcohol molecule to yield the acetal.

Acetals are extremely useful as protecting agents as they are stable to aqueous bases,

organometallics and hydride reducing agents but are unstable to dilute aqueous acid.

e,
OH OH
? + He T - I
R—C—H R—C—H R—%—H
‘\?_R
H
?H OH ( OH
R—C—H © e
= | R—C—H + H R—C—H
a0—R | ]
| O—R O—R
H
T
RO:
1 J—
®
R—C—H R—C—H @ OR OR
:0—R LO—R R—<|3—-H R—?—H
OR OR

Acetal

Fig. 2.15 Mechanism for acetal formation.
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The protection of the aldehyde functionalities as their acetals was attempted in several ways with
differing success. The experimental section of this thesis has already documented five procedures
that were used in the attempt to prepare the bis-acetal (Chapter 56 - section 3.9). The procedures
essentially involved the dropwise addition of 2-carboethoxymalondialdehyde to a stirred solution of
ethanolic hydrochloric acid, or the bubbling of dry HCI gas to a stirred solution of 2-
carboethoxymalondialdehyde in dry ethanol. In the first method the isolation of the acetal was not
attempted and consequently the product is a solution of the bis-acetal in ethanolic HCI. Spectroscopic
data was not obtained as it was not the pure material. The isolation of the acetal was attempted
during methods 2 and 3. Both of these methods had essentially the same work-up, however, the initial
reaction was slightly different since the acetal formation of method 2 was attempted by simply stirring
the reagents under nitrogen overnight whilst that of method 3 was achieved by refluxing the reagents
for two hours under nitrogen. The work up of the solutions then followed the same line. Firstly excess
HCI was neutralised by the addition of a suspension of solid sodium carbonate in saturated sodium
bicarbonate resulting in a colour change from red to yellow. The purification of the material was
achieved by solvent extraction with water and dichloromethane which afforded the bis-acetal in thé
organic layer. The amber liquid afforded by the stirring procedure provided a mass spectra data that
was complex but did exhibit an ion with a m/z ratio equivalent to that of one of the acetal groups i.e.
[(CH3CH2)ZOCH]+. Examination of the solution by TLC revealed that a reaction had occurred but the
classification of a product spot could not be made. The plate revealed that the product solution
contained both the starting material and the acetal since both positive and negative responses to
dinitrophenylhydrazine were observed. The material produced by the refluxing also had a peak
corresponding to [(CH3CH2)2OCH]+ in the mass spectrum. TLC with dichloromethane as the solvent
showed the presence of two spots with increased Rf values compared with the 2-
carboethoxymalondialdehyde, indicating that both the mono- and bis-acetals had been formed.
However, it was later established that both spots gave a negative response for aldehydes when
sprayed with dinitrophenylhydrazine thus discounting the presence of a mono-acetal. The TLC also
illustrated the presence of a small amount of unreacted starting material which was confirmed by the

presence of an O-H stretch peak in the IR spectrum.
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Method 3 in section 3.9 of chapter 4 details a procedure where the acetal formation is by the basic
addition of 2-carboethoxymalondialdehyde to a stirred ethanolic HCI solution, but the removal of the
ethanolic HCI liquor was attempted by rotary evaporation. The beige solid which was isolated was
found to contain HCI due to the characteristic splitting pattern of chlorine for the ions at m/z ratios of
36 and 38 in the mass spectrum. T>his explains the hygroscopic nature of the material as the

concentrated acid acts as a dessicant.

Acetalisation of 2-carboethoxymalondialdehyde was also attempted by the Arnold proc:edure277
utilising the reaction of the aldehyde functionality with triethylorthoformate in the presence of a
perchloric acid catalyst. Neutralisation of the acid with a methanolic NaOH solution allowed removal
of the volatiles under reduced pressure. The material was purified by vacuum distillation. Mass
spectral examination of the colourless liquid again showed the presence of an ion corresponding to
[(CH3CH2)2OCH]* at a m/z ratio of 103. The TH NMR confirmed the structure of the material
although the multiplicity of methine carbons that had been the carbonyl! functionalities was found to be
a singlet where a doublet may have been expected. The difference between the chemical shifts that
initially may be expected to be identical due to their similar environment, may explained by the
formation of a double bond in the equilibrium system illustrated below (Fig. 2.16). The double bond
stops the free rotation of the unsymmetrical ester portion of the molecule allowing hydrogen bonding
between the alcohol and the oxygen atom of the ether group. The shielding of the Hp atom is

increased and consequently the peak is shifted upfield.

O% _OCH,CHjs _O_ . _OCH,;CHs
Ha| HB : Hall HB
CH5;CH,O OCH,CH3 CH3CH,O OCH,CH3;
CH;CH,0 OCH,CH3 CH3CH,0 OCH,CH3

Fig. 2.16 Equilibrium of 2-malondialdehyde bis(diethylacetal).
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2.7 The preparation of 2-Hydroxymethylenemalondialdehyde bis(diethyl acetal) (10)

2-Carboethoxymalondialdehyde bis(diethyl acetal) (9) (3.9 method 1) was reduced by reaction of the
acetal with LiAlH4 in cold (ice bath), dry ether. The red/black liquid isolated afforded spectral data that
confirmed the reduction of the ester to an alcohol due to the appearance of an O-H str. peak in the
infra-red spectrum. All chemical shifts and peak multiplicities in the TH NMR spectrum correlated with
the theoretical values. Although the hydroxyl proton at a chemical shift of 0 - 4.5 was noticeably
absent. The peak may have been masked by other peaké in the spectrum. Mass spectral data was
complex although an ion corresponding to [(CH30H2)ZOCH]+ was present in the spectrum. It should
be noted that after the experiment had been performed discussion within the research group
established the dangers associated with this procedure. LiAlH, is reckoned to ignite ethanol and

explode with HCI, consequently it is not recommended that the procedure is repeated.

The LiAlH4 reduction of acetals previously described (3.9 methods 4 & 5) was found to be
unsuccessful.

3. Macrocycles and macrocyclic complexes based upon dibenzotetraaza[14]annulenes.

The template and non-template preparation of substituted macrocycles, to produce both the free
ligands and metal complexes, have been developed from established literature procedures as well as

novel methods. The development and use of malondialdehydes has allowed extensions to be made

to the series based upon the dibenzotetraaza[14]annulene ring system (Fig. 3.1).
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1.R=Br 6. R=NO2
2.R=CO02CH2CH3 7.R=CO2CH2CH3
3.R=NO; 8.R=H
4. R=CHO
5.R=CN

Fig. 3.1 Macrocyclic free ligands and complexes prepared.

3.1 Free ligand macrocycles.

The preparation of free ligand macrocycles was achieved in all cases by the Schiff base condensation
of a substituted malondialdehyde with ortho-phenylenediamine (or a derivative). Purification of the
materials utilising conventional recrystallisation techniques was unsuccessful. Soxhlet extraction of
the materials was found to be of some use, but by far the best method was found to be a sacrificial
recrystallisation using chloroform and methanol. The sacrificial method enabled the purification of

only two of the above free ligand macrocycles, namely the nitro and carboethoxy derivatives.
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3.1.1 6,13-Dicarboethoxy-dihyrodibenzo[b,i][1,4,8,11]tetraazacyclotetradecine

The di-carboethoxy substituted macrocycle was isolated as a bright orange solid that was purified by
sacrificial recrystallisation. The peaks observed in the solid state 13c NMR spectra of the material

(Fig. 3.2) were found to correlate to those expected by theory. A peak corresponding to the para-aryl
carbon is absent since that due to the dual amino substitution means the carbon located para to one

amine functionality is located meta to the second amine functionality, and vice versa.

13C NMR spectra 513.8 CHoCHg
$60.9 CHoCH3
51008 Ph-N=C-

5114.8 Ortho aryl C
31251 Meta aryl carbon
5135.9 C-CO5CHoCH3
5144 - 154 Ph-NH

5 166.1 -CO-0-

Infra-red spectra 3450cm-1 N-H str. - 2° amine
3080cm-" C-H str. - aryl
2990cm-1 C-H str. - aliphatic
1700cm-1 C=0 str. - esters
1630cm-1 C=C str. - aryl
1580cm-"1 N-H bend - 2° amine
1450cm-1 C-H bend - anphatic
1255 and 1315¢cm" 'C-O str. -esters
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3.1.2 6,13-Dinitro-dihyrodibenzo[b,i][1,4,8,11]tetraazacyclotetradecine

The di-nitro substituted macrocycle was isolated as a red solid that was purified by sacrificial
recrystallisation. The peaks observed in the solid state 13c NMR spectra of the material (Fig. 3.3)
were found to correlate to those expected by theory. However, due to the broad range given for the
chemical shift of particular functionalities in NMR data tables the attribution of the peaks could not be
made in all cases. A peak corresponding to the para-aryl carbon is absent for the same reason as
previously cited for the di-carboethoxy macrocycle. Essentially that due to the dual amino substitution
means the carbon located para to one amine functionality is located meta to the second amine
functionality, and vice versa. One anomaly noticed in the spectrum was the presence of six peaks

when we might only expect four. This may be due to equilibrium structures of the macrocycle.

13C NMR spectra 5146 Ph-N or -CH=N
$135 Ph-N
5128 Meta aryl C
5 126.5 Meta aryl C
5118
5115 Para aryl C
Infra-red spectra 3440cm1 N-H str. - 2° amine
3050cm-1 C-H str. - aryl
2990cm-1 C-H str. - aliphatic
1580 and 1500cm™1 C=Cstr. - aryl
1555 and 1350cm™" N=Ostr. - nitro
1380 and 1430cm™? C-H bend - aliphatic
645cm-"1 N=0 bend - nitro
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3.2 Symmetrical macrocyclic complexes.

The preparation of the three macrocyclic complexes illustrated previously (Fig. 3.1) was undertaken
by two methods. The preparation of compounds 6 and 7 utilised the procedure adopted for the free
ligands. That is to say equimolar quantities of the appropriate malondialdehyde and ortho-
phenylenediamine along with nickel(ll) acetate were stirred in a suitable solvent in the dark. The solid

isolate was purified by a sacrificial recrystallisation to yield the macrocyclic complex.
The preparation of macrocyclic complexes via the utilisation of uncyclised metal chelates29% allowed
the preparation of macrocycle 8 and has been extended to prepare novel 1-D unsymmetrical

macrocyclic complexes which will be discussed later.

The uncyclised metal chelate of choice, [N,N"-(1,3-propanediylidene) bis(1,2-benzenediaminato)-

N,N',N",N"Inickel(ll} hexafluorophosphate, is illustrated below (Fig. 3.2).

Hy  H PF§

Fig. 3.2 Uncyclised metal chelate.

Preparation of the % macrocyclic complex was achieved by the procedure described by Dolphin,
Alieyne and Cutler295 involving the one stage reaction of ortho-phenylenediamine, nickel(ll) chloride
and malonaldehyde bis(diethyl acetal) in the presence of ammonium hexafluorophosphate. Ring
closure of the complex by reflux under nitrogen with malondialdehyde bis(diethyl) acetal in a 90%

aqueous solution of dimethylformamide afforded the symmetrical macrocycle
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dihydrodibenzolb,i][1,4,8,11]tetraazacyclotetradecine nickel(ll), which is the parent macrocycle of the

Hiller type (Fig. 3.3).

N\ N CH,CH, OCH,CH, @:[ @
Ni CH,C c
PAN H,CH, HCH,
N N

H, Hz PFG—

Fig. 3.3 Preparation of macrocyclic metal complexes from uncyclised metal chelate.

3.3 Unsymmetrical macrocyclic complexes.

The preparation of unsymmetrical macrocyclic complexes is of major interest in current research in
respect of the semiconducting and liquid crystalline characteristics that may be exhibited by this type
of molecule, as well as their relationship to the bio-organic compounds to which they are related. The
synthetic strategy adopted has involved two techniques. The first involves the use of uncyclised metal
chelates which may be reacted with substituted malondialdehydes, and the second utilises various
protecting strategies throughout the synthesis to create macrocyclic complexes that are

unsymmetrical in two dimensions.

3.3.1 Unsymmetrical macrocyclic complexes from uncyclised metal chelates.

The utilisation of the technique described in section 3.2 for the preparation of the parent Hiller
macrocycle may also be used for the preparation of unsymmetrical macrocycles. Essentially the
uncyclised metal chelate (Fig. 3.3) was reacted with the substituted malondialdehyde of choice by
reflux in 90% aqueous dimethylformamide under nitrogen to form the 1-D macrocyclic complex. The

series of macrocyclic complexes studied is illustrated below (Fig. 3.4).
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Fig. 3.4 1-D unsymmetrical macrocyclic complexes.

The mass spectra of the complexes all exhibited the expected molecular ion peak. However, although
this technique was found to be a successful procedure for the preparation of the 1-D macrocyclic
complexes illustrated above the microanalysis of the materials did not conform to the expected C, H
and N ratios. Time constraints did not allow for the investigation into a method for the purification of
the complexes although it might be expected that the sacrificial recrystallisation used successfully in

previous examples may have been employed in this case.

3.3.2 Synthesis of 2-D unsymmetrical macrocyclic complexes.

The requirement for the development of macrocycles that are unsymmetrical in nature has previously
been discussed (chapter 4). Essentially the preparation of such materials has arisen due to the
limitations in terms of solubility and molecular interactions associated with symmetrical macrocycles.
The creation of an unsymmetrical molecule (Fig. 3.5) may lead to the development of a compound

with enhanced solubility, electrical conduction and liquid crystalline characteristics.
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Fig. 3.5 Unsymmetrical Dibenzotetraaza[14]annulene.

These enhanced characteristics are a result of the dipole that is induced by the unsymmetrical nature
of the molecule. This promotes an ordered configuration by the alignment of the dipoles, and as a
result an enhancement of characteristics that are promoted by this feature, such as liquid crystallinity

and electrical conduction may be achieved.

The preparation of 2-D unsymmetrical macrocyclic complexes based upon the
dibenzotetraazal14]annulene ring system has, as might be expected, been approached by the
condensation of two equivalents of different diamine with two equivalents of different dicarbonyl.
Direct attempts at this app’roach resulted in product mixtures that defied attempts to isolate useful
amounts of the unsymmetrical product. The approach to the problem has been the use of protecting

groups and has allowed the synthesis of the nickel(ll) complex of the macrocycle illustrated (Fig. 3.6).

Br

“

N\ /N
N N

-

CO,CH,CH;

Fig. 3.6 2-D unsymmetrical macrocyclic complex.
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3.3.2.1 Synthetic approaches for the formation of unsymmetrical macrocycles.

Many approaches to the formation of unsymmetrical macrocycles may be envisaged and in order to
understand the reasoning behind the eventual solution to the problem the information from available
literature and the research previously undertaken within the group must be discussed.

Previous Work

a. Diamino Compounds

The preparation of unsymmetrical dibenzotetraaza[14]annulenes via the Schiff base condensation of
aldehydes with amines has one major problem, namely that an efficient synthetic approach is not

possible due to the many possible side reactions that may occur. These may result in the formation of

molecules such as imidazoles, benzodiazepines and polymeric material (Fig. 3.7)

»>—R
R' |
@N} ITI “HN NZ
R" H

Benzodiazepines Benzimidazoles Polymeric material

Fig. 3.7 Side products of Schiff bases condensations.

The utilisation of protected diamines (notably ortho-nitroaniline derivatives ) offer a certain degree of

‘control in the synthetic approach to the formation of unsymmetrical macrocycles (Fig. 3.8).
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Fig. 3.8 Use of protected amines for the preparation of unsymmetrical DBTAA's

Ortho-nitroanilines may be viewed as masked diamines since the nitro group may be readily reduced
to the amine317. However, the conditions employed must be mild since the Schiff base contains the
readily reduced C=N linkage. Additionally the stage at which reduction is instigated is important; for
example reduction of the nitro group during the deprotection stage illustrated above may lead to the
formation of benzodiazepines318-319 by a rapid ring closure step that follows the reduction. The
protection and deprotection of primary amine groups is most commonly used in peptide synthesis
where ease of introduction, stability under the reaction conditions employed and subsequent selective
removal are all key factors for successful results. As such the properties of available protecting
groups are well researched and a wide range of strategies are available. A few examples of such
protecting groups are the benzyloxyéarbonyl320, t-butoxycarbonyl321, fluorenylmethoxycarbonyl322

and phthaloyl derivatives323,
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Benzyloxycarbonyl t-Butoxycarbonyl Fluorenylmethoxycarbonyl Phthaloyl

Fig. 3.9 Protecting groups.

Modification of reaction conditions and solvents may be required to accommodate the aromatic
amines utilised during the course of research. Another important consideration is that deprotection

reactions must not effect other labile groups present in the molecule, such as imine linkages

b. B-Dicarbonyl compounds

It has previously been shown (chapter 4) that the preparation of macrocyclic molecules may be
achieved by the condensation of aromatic diamines with B-dicarbonyl compounds. As a result of this,
research was undertaken by the group324 into the efficient preparation of both known and novel
dicarbonyls, in particular B-dialdehydes. Unlike the aromatic diamine components of proposed
macrocycles few malondialdehyde derivatives are available commercially and therefore the majority

have been synthesised.

The reactive nature of malondialdehydes often requires them to be stored as the acetal. It may be
imagined that the protection of malondialdehydes as their acetals allows entry into the preparation of
other malondialdehydes by modification of the substituent at the 2-position. The use of a variety of 2-
substituted malondialdehydes may allow the development of a series of malondialdehydes with
differing electronic properties due to the variation of characteristics such as polarity within the
malondialdehydes. Other properties such as solubility may also be dependent on the nature of the

substituent.
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The development of a method for macrocycle formation may also be approached by the use of

protected carbony! functionalities (Fig. 3.10)

, X X
NH, X KH %\/0
|
@[ mu NH O Protect NH O\>
e = O, X
R N(Prof) R N(Prot)
X X
H\, /
‘/K'/ NH O \) Deprotect
Deprotect \) h
Amine NH O
—_—
R NH;
Y Y

Fig. 3.10 Protection of carbonyl functionalities for the preparation of DBTAA's

Mono-acetalised diamines may undergo reactions that allow a selective synthesis onto one aldehyde
group. However, only a few of general applicability have been reported in the literature325, and these
generally deal with the malondialdehyde itself, not the 2-substituted derivatives which may give
mixtures of products. A method for the preparation of halo-malonaldehyde mono-acetals has been

noted although the procedure is complicated and has not as yet been evaluated.

< >CO,CH,CH;
0

0]

/

Fig. 3.11 Acetal of ethylacetoacetate

The acetal of ethyl acetoacetate (Fig. 3.11) has been prepared using a Dean-Stark apparatus. The
Claisen type condensation326 to yield the 2-carboethoxymalondialdehyde was attempted with several
bases (sodium ethoxide, sodium hydride and lithium di-isopropylamide) but the required product was
not obtained. It was thought that the reason behind this may be steric problems associated with the

methyl group.
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c¢. Protection of the amino group

In order to understand the reasoning for our synthetic strategy toward 2-D unsymmetrical macrocycles

it is necessary to examine the previous research undertaken by the group. Much of this work has until

now been unpublished.

It was thought that the most promising route for the preparation of 2-D unsymmetrical
dibenzotetraaza[14]annulenes was that utilising the protection of the amine groups of ortho-

phenylenediamine in a stepwise synthesis.

Ortho-phenylenediamine reacted with an equimolar quantity of N-carboethoxyphthalimide in ethanol
to yield the mono-protected diamine (Fig. 3.12) in yield of up to 90%. Removal Of the phthalimido
group was facilitated by heating the product in methanol with hydrazine monohydrate (1:1 mixture).

This resulted in the isolation of a product mixture of the original amine and the expected

phthalhydrazide.
0]
O _ | NH
H2N N H2.H20 2
NH
N Methanol |
\ —_— NH
0 Heat I NH;
NH, ©

Fig. 3.12 Phthalimido deprotection

The mono-protected amine illustrated above resulted in the corresponding Schiff base when reacted
with 2-carboethoxymalondialdehyde (Fig. 3.13). The attempted deprotection by removal of the
phthaloyl group resulted in the loss of the imine with the compound illustrated as the starting material

in fig. 3.12 being isolated as the solid product. This may be explained by the transamination reaction
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(discussed later) in which the addition of hydrazine to the imine group occurs in preference to the

intended nucleophilic attack at the carbonyl centres.

O=

N—{ O OWL

@)
HB. _~ 0O

NH O |
| ' NHap O

AN

CO,CH,CHj3 NH,
Fig. 3.13 Fig. 3.14 Meldrums acid derivative

Ortho-phenylenediamine was found to condense, in refluxing ethanol, with an equimolar amount of
formyl meldrums acid327 to give the compound illustrated (Fig. 3.14). The infra-red spectrum was
found to contain peaks at 3350 and 3200cm-1 corresponding to N-H str. The TH NMR spectrum

exhibited the following important peaks:

Ha 11 1H,d
Hp 8.3 1H, d
N-H 3.55 2H, s (broad)

The compound illustrated (Fig. 3.14) was found to form a second Schiff base on reaction with either
2-bromomalondialdehyde or 2-carboethoxymalondialdehyde in tetrahydrofuran. The product of the
reaction is illustrated below (Fig. 3.16). Purification of the materials and characterisation by 1H NMR
and IR spectroscopy confirmed their identity. It was considered that if the molecule could adopt the
above conformation it may be possible to form a macrocycle as the cyclic ester of Meldrums acid.

This could theoretically lose acetone to give an amide linkage (Fig. 3.17)
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yZ O
|
NH O
COOH
NH O
| 0
N
NH HN
X | * £
Fig. 3.16 X = Br, COoCHoCH3 Fig. 3.17

However, no macrocycle was obtained from the reaction, even with the metal ion present to act as
the template. In a further attempt to produce a macrocycle the carbonyl function of the Meldrums acid
derivative was reacted with an amine. A transimination reaction was found to occur resulting in the

formation of the 4,5-dimethyl substituted derivative (Fig. 3.18).

o o\%L\ o) o\¥1\
S AN
NH NH
7 © 2 Ethanol gir © 2
oo et N O
@I H O NH, Heat :(DI H NH,
NH, NH

Fig . 3.18 Transimination reaction

2

It would appear that the 4,5-dimethyl-1,2-phenylenediamine was able to displace the less nucleophilic

ortho-phenylenediamine within a relative short reaction time.
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3.4 Transimination - Amine Exchange328

The process whereby the amine component of an imine or Schiff base is exchanged may be called
‘transimination' or amine exchange. For our purpose the term 'transimination is preferred as an
analogy to the transesterification process. It should be noted that all stages in the acid catalysed
preparation of imines from carbonyl compounds are reversible. Consequently, imines are readily
hydrolysed by aqueous mineral acids to the starting components329. Just as water adds to imines, so
should primary and secondary amines. The intermediate 1,1-diaminoalkane (Fig. 3.19) is not stable
and in the case of secondary amines no reaction occurs because deamination of the intermediate can
only give the starting materials.

NR'R"
>C=N—R + RRNH — ¢’

AN

NHR

Fig. 3.19

In the case of primary amines the intermediate now has two possible means of deamination and
consequently an exchange reaction can occur. A possible mechanism for the acid catalysed

transimination reaction is illustrated below (Fig. 3.20).

+
. e H | o ﬂ I 0
-~ X' C=NH—R === RNH;—CH—NHR' === RNH—CH f?le——R’

RNH, H’

+

-H

R—NH—=CH— + R—NH, R—N=CH—

Fig. 3.20

This exchange was first used by Ruddelelien330 to obtain imines. It was found that amine exchange
occurs more readily when the displacing amine has a greater basicity (or a greater nucleophilicity)

than the liberated amine331 with the rate of displacement being dependent on the steric constraints
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placed upon the incoming and outgoing amines. A few examples of amine exchange reactions at co-

ordinated imine centres have been reported332-334,

3.5 The preparation of a 2-D macrocyclic complex of nickel (ll) : 6-Carboethoxy-13-bromo-

dihydrodibenzo-4,5-dimethylbenzo[b,i][1,4,8,11] tetraazacyclotetradecine nickel (Il) (24)

As previously discussed the synthesis of 2-D unsymmetrical macrocyclic complexes requires the
implementation of a protecting group strategy to prevent the formation of complex product mixtures
that defy all attempts at purification. Using the results gained previously within the group allowed a
procedure to be developed for the preparation of 6-Carboethoxy-13-bromo-dihydrodibenzo-4,5-

dimethylbenzo[b,i][1,4,8,11] tetraazacyclotetradecine nickel (Il) (24) using a six step synthesis.

Br

| X

N N
AN
M

N N

|
X

CO,CHCHy (g

Ortho-phenylenediamine was selected as a suitable starting material onto which the macrocyclic
framework would be sequentially built to yieid the macrocycle. The initial requirement was the
protection of one of the amine groups of the diamine. Selection of the allyloxycarbonyl derivative, as
the protecting agent, produced under Schotten-Baumann conditions proved to be effective and
allowed isolation of the mono-protected diamine (25). The reaction was performed in alkaline
dichloromethane using the dropwise addition of allyl chloroformate which, following evaporation,

trituration and purification by column chromatography (ethyl acetate/petrol/chloroform — 20:30:50) the
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mono-protected anil was isolated as a beige powder at a yield of 46% (Fig. 3.21). Purity was

confirmed by TLC and the material also confirmed to expected MS, IR and microanalysis.

NH,

(o) NaOH
+ _—
H CICOCH,CH=CH, CH,ChL
2
NH, NH>» NHCOOCH=CH,
+ +
NH, NHCOOCH=CH, (25) NHCOOCH=CH,

Fig. 3.21

Condensation of 25 with bromomalondialdehyde (8) in refluxing tetrahydrofuran with a para-

toluenesulphonic acid catalyst allowed isolation of the mono-protected mono-anil as shown in the

remaining synthetic strategy (Fig. 3.22)

. A
NH, h NH O Pd(PPhg3)4
o 2 =
@ NH%OCH20H=CH2 CH3(CH2)3CH(CH2CH3)CE)OH

NH%OCH2CH=CH2
(25) o (26)

Br /I

(H CO,CH,CHy NH O N\ ‘\.O
~ N
NH O hH @[ N(OCH,CHo), @I s,
QL. . 7w T
Weoen ‘3) KH
C020H20H3 (28) 002CH2CH3 (29)

Br

%W
N 0.
Ny
H, /%,
I, N O
N |
CO,CH,CH3 (24)

Fig. 3.22
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The deprotection of the N-protected mono-anil (26) to the free base (27) was found to be the key
stage in the entire synthesis. The deprotection procedure must be very mild as exposure of the free
base to any acidic or basic species involved in the deprotection leads to the formation of a
symmetrical macrocycle where both propanediiminato bridges are substituted with bromine. A very
mild deprotection using 2-ethyl hexanoic acid, triphenylphosphine and tetrakis(triphenylphosphine)
palladium(0) in dry ether335 was performed from which the free base mono-anil (27) crystallised.
Condensation with 2-carboethoxymalondialdehyde (2) in refluxing THF was found to produce the bis-
anil (28) which could not be induced to react directly with a second diamine. A template procedure
was utilised by stirring the substituted ortho-phenylenediamine with Ni(OAc), in methanol, thus
allowing incorporation of a nickel ion into the framework to hold the aldehyde functionalities in the
correct geometry for condensation with the second diamine in the molten state (Jagers
methodology336). Purification by column chromatography was found to yield the desired product.

Mass spectral, 'H NMR and microanalysis of the isolated brown solid confirmed its identity.

It is clear that it may be possible to extend this synthetic route to provide additional 2-D
unsymmetrical macrocycles by varying the functionalities of both the malondialdehyde and diamine
moieties. Investigation into the preparation of such compounds was undertaken and led to the
isolation of some of the required intermediates. Although an additional macrocyclic material was not
isolated due to time constraints it is clear that this technique has great potential for the preparation of

additional 2-D unsymmetrical macrocycles.

The preparation of the bis-anil (30) was attempted by refiuxing the bromo substituted mono-anil (27)
with 2-nitromalondialdehyde (7) in tetrahydrofuran. The isolated brown solid was found to yield a
primary amine stretching peak in the infra-red spectrum indicating the presence of unreacted mono-
anil. This conclusion was confirmed by TLC. The formation of the nickel (Il) complex was attempted
as previously detailed by reaction with nickel (Il) acetate in methanol but no discemnible difference in
the TLC of the material could be detected. The lower yield of bis-anil (30), 48%, compared with the

initial reaction, 76%, may have influenced the outcome of this reaction.
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NHGOCH,CH=CH
(32)

The formation of the cyano-substituted mono-anil (31) was achieved by condensation of 2-
cyanomalondialdehyde (3) with mono-protected ortho-phenylene diamine (25). Two techniques were
examined, both involving refluxing the reagents with a catalytic quantity of para-toluenesulphonic acid
in either THF or DMF. Both techniques proved to be successful, althoﬁgh refluxing in DMF resulted in

improved yield and purity of the product.

CN

NHGOCH,CH=CH,
(31)

An attempt at the deprotection of the DMF prepared mono-anil was undertaken but only resulted in an

impure material that confounded any attempts at purification.

Thus, although success in this initial investigation was somewhat limited, it was shown that the

potential exists for the preparation of additional 2-D unsymmetrical macrocycles.
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4. Main chain polymers.

The preparation of main chain polymers has been of interest in respect of liquid crystalline and
semiconducting characteristics that may be exhibited. Studies on simple polymers based upon the
condensation of meta- and para-phenylenediamine with a series of malondialdehydes have been
undertaken, as well as the study of polymers that incorporate a macrocyclic ring system as part of the

main chain.

4.1 Schiff base polymers from malondialdehydes/phenylenediamines.

Differing combinations of phenylenediamines and malondialdehydes were condensed to provide

Schiff base polymeric materials (Fig. 4.1).

R
I
NH—CH=C—CH=N

n

Para-phenylenediamine/malondialdehyde polymer

R
I
NH—CH=C—CH=N

Meta-phenylenediamine/malondialdehyde polymer

Fig. 4.1  Schiff base polymers.

General Procedures

Method 1 The required malondialdehyde was placed in a three necked round bottom flask and

dissolved in dry tetrahydrofuran (10ml.). To this was added para-toluenesulphonic acid and the
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solution brought to reflux under nitrogen. The required phenylenediamine was dissolved in dry
tetrahydrofuran (7ml.) and added to the reaction mixture. This was then refluxed for 1 hour under
nitrogen after which the solution was cooled and the precipitated solid filtered by vacuum. The crude

solid was purified by soxhlet extraction with dichloromethane for 24 hours, after which the product

was removed and air dried.

Method 2 The required phenylenediamine was dissolved in dry dimethylformamide (20ml.) along with
a catalytic quantity of lithium chloride. To this was added the required malondialdehyde in dry
dimethylformamide (10ml.). The reaction mixture was stirred for 24 hours, under nitrogen, in the dark.
Upon filtration of the solution a solid was obtained, that was washed with water (1 x 30ml.) and

methanol (2 x 30ml.).

Crude Pure Melting
Method | Malondialdehyde | Phenylenediamine yield yield point
2-Carboethoxy Meta-
1 0.5g 0.4g 231-234°C
(1.0g, 7mmol.) (0.75g, 7mmol.)
2-Carboethoxy Meta-
2 N/A 0.08g >340°C
(1.0g, 7mmol.) (0.75g, 7mmol.)
2-Carboethoxy Para-
1 0.91¢g 0.73g >340°C
(1.0g, 7mmol.) (0.75g, 7mmol.)
2-Bromo Meta-
1 1.25¢g 0.95g >340°C
(1.0g, 7mmol.) (0.71g, 7mmol.)
2-Bromo Meta-
1 1.34g 1.189 >340°C
(1.0g, 7mmol.) (0.71g, 7mmol.) :

Both 2-carboethoxymalondialdehyde and 2-bromomalondialdehyde were examined following the
procedures documented (chapter 5). The procedures were essentially one step polymerisation
reactions followed by a simple purification. These polymers are analogous to the DBTAA's as they

may be considered as open chained forms of the macrocycles themselves.
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Of the four main chain polymers produced one in particular proved itself to be of interest (34).

O, OCH,CH;

N

l
NH—CH=C—CH=N
n (34

The preparation of this polymer from 2-carboethoxymalondialdehyde and meta-phenylenediamine

was examined by two procedures:

i. Reflux in tetrahydrofuran using a para-toluenesulphonic acid catalyst

ii. Reflux in dimethylformamide using a lithium chloride catalyst.

The product from these methods not only differed in colour but also in melting point (i. 231-234°C, ii.
>340°C). It is also interesting to note that the use of differing reaction conditions appears to have

affected parameters such as chain length and degree of crystallinity of the compound.

It is apparent that the polymer is analogous in structure to the macrocyclic compound 6,13-
dicarboethoxy-dihydrodibenzo[b,i]tetraazacyclotetradecine (12). A comparison of the IR spectrum of
the two materials has shown each to exhibit all the expected major bands. A more detailed analysis of
the structure of the two materials by solid state CPMAS 13c NMR spectroscopy was then undertaken
in order to more fully explore the functionalities present (spectra are illustrated in appendices 1 and
2). The carbon atoms of the macrocycle itself could be fully assigned. Comparison with the major
peaks of the polymer spectra showed considerable peak matching, allowing us to further illustrate the
similarity between the two structures. It is interesting to note when examining the spectra of these
materials that the chemical shifts of the peaks due to the carbons that form the propanediiminato
bridges match perfectly, whilst there is some discrepancy between the peaks corresponding to the
phenyl carbons. This may by the fact that there is meta-substitution in the polymer whilst ortho-

substitution is present in the macrocycle.
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CO,CH,CH3 (12)

Thermal properties

A study of the thermal properties of the polymer was undertaken and initially appeared to give
promising results. A study of the polymer by differential scanning calorimetry (see appendices 4 and
5) indicated that the molecule exhibited a series of exothermic transitions over a temperature range
of 300°C which wére thought to be due to crystalline ordering. However, thermal gravimetric analysis
(see appendix 6) of the material showed a significant weight loss to occur at each of the DSC

transitions. It was concluded that a thermal decomposition of the product was occurring.

4.2 Polymeric materials incorporating macrocyclic rings.

The incorporation of planar, macrocyclic rings into an ordered polymeric environment is of interest in
the fields of semiconductors and liquid crystals due to the physical characteristics they possess . The
preparation of a linear polymer that incorporates a macrocycle into its structure has been attempted

by the condensation of 6,13-diformyldihydrodibenzo[b,i][1,4,8,11]tetraazacyclotetradecine and meta-

phenylenediamine (38).
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These polymeric materials are analogous in structure to the main chain liquid crystalline polymers
previously described (chapter 2 sect. 5.1.1). The macrocyclic unit may be thought of as the mesogen
whilst the malondialdehyde acts as the linkage molecule. It may therefore be envisaged that this type

of molecule may allow crystalline ordering or semi-conducting behaviour.

5. Side chain polymers.

The preparation of macrocyclic side chain polymers, that have the structural requirements that may

promote the exhibition of liquid crystallinity or semiconductivity, has entailed the use of some detailed

synthetic chemistry.

The concept of molecularly tailoring the structure of polymers to exhibit liquid crystalline or semi-
conducting characteristics has already been discussed in detail (chapter 2 and 3). Essentially the
synthetic strategy adopted by ourselves was to endeavour to prepare a polymeric chain that

incorporated DBTAA rings as pendant side groups (fig. 5.1).
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Polymer Backbone—>

Spacer Groups >

Macrocyclic Rings >
Fig. 5.1 Schematic of a typical side chain polymer.

It was conceived that the possibility may exist of attaching a polymerisible group eg. an unsaturated
linkage, to the macrocycle. This group may then in turn lead to the side chain polymer by utilising the
appropriate polymerisation procedure. The attachment of a polymerisible side chain may itself be

further sub-divided in terms of strategy into two categories
1. The polymerisible group is attached to a fully cyclised macrocyclic ring.
2. The polymerisible group is attached to a malondialdehyde unit that is then

cyclised with an uncyclised metal chelate.

The approach to this synthetic strategy was to use the Wittig reaction and the Gabriel synthesis.

5.1 The Wittig reaction.

The Wittig reaction337-341 has established itself as an important synthetic too! within the field of
organic chemistry, and in its simplest terms may be described as the reaction between a

phosphonium ylide and an aldehyde or ketone to form an olefin and a phosphine oxide.

R3P=CR'; + R'.CO ———»> R;P=0 + R',C=CR,"

The Wittig ylide is generally formed in a two step process that involves the nucleophilic attack by a

phosphine on an alky! halide, followed by the removal of an acidic proton situated on the newly
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formed phosphonium salt (Fig. 5.2). The ylide formation is driven by the ability of the phosphorous

(QBASE

H
|
PhsP+RCH ——>  PhpYCHR

atom to stabilise neighbouring anions.

e
!

@ 9
——> Phs3P=CHR' <«——> Ph3P—CHR
Fig. 5.2 Formation of phosphorous ylide from a phosphine and haloalkane.
Phosphorous ylides react with a wide series of electrophiles, due to their carbanionic character, but in

terms of the Wittig reaction it is their reaction with carbonyls that is of interest. Reaction of the ylide at

the electrophilic centre (i.e. the carbony! functionality), results in the formation of a betaine (Fig. 5.3).

o o R yH
\ Y/
PhsP=CHR' <—>» PhsP—CHR' ¢
b=
o | , PhyP=0
o i
_ O—CHR
O—CHR RCH=CHR'
Betaine Phosphine Oxide and

Alkene Product
Fig. 5.3 The Wittig reaction.
Formation of an intermediate pentacoordinate phosporane by apical attack of the electronegative
ligand, oxygen, results in the formation of the four-membered ring that satisfies the geometrical

demands of phosphorous(V). The decomposition of the phosphorane, in a one step concerted process

results in the formation of a strong P=0 bond and the elimination of the desired alkene product.
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Our approach to the use of the Wittig reaction in the preparation of a polymerisible macrocycle was to
react a suitable triphenylphosphonium iodide (for our purposes 1-pentyl-5-triphenylphosphonium
iodide (41)) with the 1-D unsymmetrically substituted formyl macrocycle (6,13-formyl-

dihydrodibenzofb,ij[1,4,8,11]tetraazacyclotetradecine (22)) (fig. 5.3).

@ o ' @
NP ) B, /\/\e/PPhG @) ~ T AN PP (43)

{} H
%
N N
Ni
/ ",
N N
g @2)

@
PhaP—C/\/\ P hSE?;%_’(I;/\/\ C/\/\
90—&H OXCH CH

r Ring (‘\
N N closure N N N N
—_— “, / —_— "—," / —— '.% /
Ni Ni Ni
/ ", / VA
N N N N N N
|
g

N

Betaine plus PhsP=0

Fig. 5.3 Synthetic strategy

it can clearly be seen from this that the possibility exists for polymerising the terminal alkene group to
produce a polyethylene backbone with pendant macrocyclic side groups separated from the main
chain by a four carbon chain (fig. 5.4). The length of this chain can be critical if the material is to
exhibit liquid crystalline or semi-conducting characteristics. The macrocyclic side groups must be able
to become ordered:; thus a chain that is to short will constrict the movement of the macrocycles and
therefore inhibit ordering, whilst chains that are too long may allow too much free movement which

may also have the effect of inhibiting macrocyclic ordering.
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Fig. 5.4 Polymer with macrocyclic side groups

5.1.1 Synthesis

i. Preparation of the quaternary phosphonium salit

The first stage in the attempted synthesis of the macrocyclic side chain polymer was the preparation

of the quaternary phosphonium salt 1-pentenyl-5-triphenylphosphonium iodide (41)
%Ph?
AN 4

The most widely used process leading to phosphonium compounds is the reaction of the tervalent
phosphorous with a substance of the general formula RX. R may be an H, an alkyl or an acyl radical
whilst X may be a halogen, an acyl radical or an alkoxy substituent. For example esters, ethers or

anhydrides can react (fig. 5.5).

219



Fig. 5.5

By far the simplest procedure for the preparation detailed above utilises halides as the X substituent.
There is however a marked difference in the reactivity of the halides. lodides are more reactive than
bromides, and these in turn are more reactive than chlorides342. it may therefore be understood that
the first stage of our synthesis was the conversion of the commercially available 5-chloro-1-pentene
to 5-iodo-1-pentene (39).

Nal
o NNF > FYNNF (39)  +  NaCl

Dry acetone
N, atmosphere

The procedure involved the reaction of the chloro substituted pentene with Nal to facilitate a
transhalogenation reaction which proceeded with a 100% reaction efficiency to yield a yellow solid

found to be pure by TLC.

Procedures detailed in the literature343 enabled the formation of the 1-pentenyl-5-
triphenylphosphonium iodide (41) by the reaction of 5-iodo-1-pentene (39) with triphenylphosphine in

dry acetonitrile under a nitrogen atmosphere.

PPh;
Acetonitrile

PN ) > Cpp NN @)
N, atmosphere
Heat

The salt was purified by precipitation from dry ether to yield a white solid in 39% yield. Infra-red

spectroscopy revealed all the appropriate peaks to be present.
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ii. Preparation of the phosphorous vlide of 1-penteny|-5-triphenylphosphonium iodide (43)

The preparation of phosphorous ylides is generally achieved by the action of bases upon

phosphonium salts344 (fig. 5.6).

@
R{Ro,CH—PPh3X _— R{R,C—PPhs
+ HX ©

Fig. 5.6 Preparation of phosphorous ylides

The strength of the base necessary to effect deprotonatioﬁ depends upon the acidity of the
phosphonium salt being utilised. For example, the bases placed under investigation for the
preparation of the phosphorous ylide of 1-pentenyl-5-triphenylphosphonium iodide (43) were sodium
hydride, n-butyl lithium and dimsyl sodium whilst the base used for the preparation of the ylide of

phenacyltriphenylphosphonium bromide (see later) was sodium carbonate.

0
@ I e @
N~ TPhs C—CH—PPh;
© (43) (45)

The a-hydrogen of (45) is relatively acidic and therefore is easily removed by a less powerful base.

The resulting ylide is also stabilised by resonance with the carbonyl functionality.

The preparation of the required ylide (43) was attempted in three ways. Firstly 1-pentenyl-5-
triphenylphosphonium iodide (41)was dissolved in dry tetrahydrdfuran under nitrogen. n-Butyl lithium
was added as the base via a syringe and the mixture stirred for 30 minutes. It should be noted that for
this and the following two procedures the ylide was not isolated but used "as is" for reaction with the

aldehyde. The success of this stage of the reaction was measured by our ability to make subsequent

reactions work.
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The next attempted formation of the ylide entailed dissolving the phosphonium salt (41) in dry

benzene and stirring with sodium hydride in a dry nitrogen atmosphere for 30 minutes.

The final procedure for ylide formation utilised dimsyl sodium as the base which was prepared by the

reaction of dimethyl sulphoxide and sodium hydride (fig. 5.6).

o)
I | © @
CH3—S—CH3 + NaH —> CH3—S—CH2N8 + 12 H2

Fig. 5.7 The preparation of dimsyl sodium
The formation of the ylide was attempted by stirring dimsy! sodium with triphenylphosphonium iodide

(41) dissolved in dry dimethylsulphoxide under a dry nitrogen atmosphere for 30 minutes. The

equations for the procedure are shown below (fig. 5.8).

® o ) Dry THF @
A~ PPhE 4 nBuL —— A _~_F"Pl 4 Liland butane
N, atmosphere o)
® e Dry benzene @
/\/\/pphﬂ + NaH _ry____, Mppha + Naland 12 H,
N, atmosphere o)
®@ O le ® DryDMSO @
NP+ CHSCHNa —— >~ _~_PPhs  + DMSOand Nl
N, atmosphere o

Fig. 5.8 The preparation of the ylide of 1-pentenyl-triphenylphosphonium iodide.

The obvious synthetic stage following the formation of the ylide was its reaction with a suitably
substituted malondialdehyde or macrocycle. The former was attempted first by reacting the
phosphorous ylides prepared by methods 1 and 2 i.e. those from n-BuLi and NaH, with

triformylmethane in an attempt to produce 2-(1,5-hexadiene) malondialdehyde (46)
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The procedure involved stirring the 1-pentenyl-5-triphenylphosphonium ylide solution with
triformylmethane under nitrogen for one hour. TLC of both reaction solutions showed the
disappearance of the ylide spot and the occurrence of a new spot which was initially thought to be the
Wittig product. However, attempts to isolate the product by solvent extraction with water and
dichloromethane were unsuccessful with TLC of the organic layer indicating that reliberation of the

phosphonium salt had occurred.

The initial theory that the Wittig product, 2-(1,5-hexadiene)malondialdehyde, had been formed was
re-evaluated and found to be open to question. There was the possibility that rather than acting as a
nucleophile the ylide was in fact behaving as a base. This would have facilitated the removal of an
acidic proton from the triformylmethane which could indeed be favoured due to the resonance

stabilisation which would exist on the resultant enolate ion (Fig. 5.9)

@ @
/\/\/Pph3 /\/\/Pphfg
©

ﬂ e

O O—H o O & o c? 7
| I

'/ —_— ij/ > f <> jf‘
x ©
o H So H Yo H” ™0

Fig. 5.9 Resonance stabilisation in the triformylmethane enolate ion

It was identified that potentially the removal of the problem of resonance stabilisation could be

achieved by reaction of the appropriate ylide with formyl 1-D unsymmetrical macrocycle (22) to yield
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the target molecule 6(1,5-hexadiene)dihydrodibenzo[b,i][1,4,8,11]tetraazacyclotetradecine nickel(ll)
(47). This procedure was adopted using the phosphorous ylide prepared with dimsyl sodium and the
appropriate 1-D unsymmetrical macrocycle which had been purified by soxhlet extraction with

dichloromethane.

A

N (™
N'H N NH - N
 / N
/N! %Ph 4 % o)
L AN NG L] _— 1 + PhyP=
N H;\I 7 3 43) U" "o
N

¢Ho 22) . S~ @)

The reaction was again attempted by stirring for one hour under a nitrogen atmosphere followed by
evaporation under reduced pressure. Mass spectral analysis of the resultant solid showed it to be

predominately the macrocyclic starting material.

It had become apparent at this stage that under the current set of reaction conditions our target
molecule would not be attained. Re-evaluation of the options available to us suggested that the
formation of a stabilised phosphorous ylide may have allowed us to consolidate the data and propose

a reasonable synthetic approach to the target molecule.

For this purpose two potential halogenated starting materials were selected; benzyl bromide and

phenacyl bromide. The use of benzyl bromide shall be discussed first.

Stabilised phosphorous ylide from benzyl bromide

The formation of the stabilised ylide of benzyltriphenylphosphonium bromide (44) was approached by
initially producing the phosphonium salt of benzyl bromide (40) by refluxing benzy! bromide with
triphenyl phosphine in dry toluene for two hours under a nitrogen atmosphere. The resulting white

solid was washed with dry ether before being air dried (fig. 5.10).
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Dry acetone

Heat @ o
CH,—Br + PPhy ——— » CH,—PPh;Br
N, atmosphere (40)

Fig. 510 Formation of benzyltriphenylphosphonium bromide

Preparation of the ylide of the phosphonium salt was attempted by reaction with the ethoxide anion
formed by the reaction of sodium with dry ethanol in a dry nitrogen atmosphere for 30 minutes (fig.

5.11). The material was not isolated but used as-is for the next stage.

[ X=3
NaOCH,CH;

® © Ethanol ®
CH>—PPh3Br _ CH—PPh; + NaBr + CH3;CH,OH
(40)  Dry nitrogen (€] (40)

Fig. 5.11 Formation of the benzyltriphenylphosphonium ylide

The ethanolic ylide was reacted with triformylmethane in an attempt to produce 2-(2-phenylethyl-1-
ene)malondialdehyde (48). The resultant solution Was examined by TLC and found to contain the
product spot in addition to triphenylphosphine oxide (a side product of the Wittig reaction. Since the
validity of the reaction scheme had now been proven and attention was switched to the preparation of

the stable ylide of phenacyltriphenylphosphonium bromide (45)

Stabilised ylide from phenacy! bromide

The preparation of the stabilised ylide of phenacyltriphenyl phosphonium bromide (42) was
approached in much the same way as benzyltriphenylphosphonium bromide, but by three different
methods. Initially triphenylphosphine and phenacyl bromide were refluxed in a dry nitrogen
atmosphere for 1% hours to yield the phosphonfum salt which was precipitated from ether and air

dried. The isolated solid was examined by mass spectrometry which indicated the presence of the
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expected molecular ion. However, an examination of the 31p NMR spectra revealed the presence of

two different phosphorous environments at chemical shifts of 22 and § 42.

5.2 The Gabriel synthesis of amines.

The Gabriel synthesis of amines might be used as a method for the preparation of a macrocyclic side
chain polymer, although as will be discussed later the complete synthetic procedure to such a
molecule was not attained. As for the Wittig reaction the attachment of a polymerisible side chain to a

* macrocycle may be approached by-

1. Direct reaction with a suitable macrocycle, or,
2. Reaction with a suitably functionalised malondialdehyde which is then used to cyclise a

part formed macrocyclic complex.

The target molecule of the synthetic procedure was 11-aminoundec-1-ene (59). It may be seen that
this molecule may react with the aldehyde group of either triformylmethane or the 1-D
unsymmetrically substituted macrocyclic complex (22) via a Schiff base condensation to produce a

side chain macrocyclic monomer of the type previously discussed.

) | ()

X
NH N NH N
|

! N

CHO 22) CH=N—(CH,)oCH=CH,

Fig. 5.12 The preparation of the side chain macrocyclic monomer
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11-Aminoundec-1-ene was commercially unavailable and therefore a suitable synthesis had to be
determined. Our approach was to use the Gabriel synthesis of amines from appropriate starting

materials.

The preparation of primary amines may be achieved in good yield by the application of the Gabriel
synthesis345. The method involves the alkylation of phthalimide (a protected form of ammonia),
which itself is prepared from ammonia and dicarboxylic phthalic acid. The imides, of which phthalic
acid (Fig. 5.13) is a member, have acidic properties because the negative charge on the conjugate
base can be delocalised over both oxygens and the nitrogen. in aqueous basic solution the compound

is converted almost completely to the anion.

&
/ J
e A\
NH + OH —_—> N <«—— N { + HO
\ \ \
O O

Fig. 5.13 Anion formation of phthalimide.

The phthalimide anion exhibits nucleophilic properties and may enter into displacement reactions with
suitable molecules, such as alkyl halides (Fig. 5.14). In theory, reaction may occur at either the
oxygen or the nitrogen, but due to the higher nucleophilicity of the nitrogen atom it is the favoured
site. The product of the reaction is an N-alkylphthalimide, and the hydrolysis product of this molecule

is the amine and phthalic acid.
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0] 0]
4 !
e
Ne + CH3CH,CH,CH.Br —> N—CH,CHoCH,CHoCHs +Br
\ \
0 0]
cos
NaOH 2
_— + HoNCH,CHoCH>CH3
H.0O <}
CO;

Fig. 5.14 Gabriel synthesis of primary amines.

One of the major benefits of this synthesis is the absence of contamination by secondary and tertiary
amines. The reaction may be slow but can be speeded up by the use of dipolar aprotic solvents such
as dimethylformamide346.347 or with the application of a crown ether348. However, hydrolysis
procedures, whether acid or base catalysed is generally slow and more efficient procedures are
available. An example of this is the Ing-Manske349 procedure (Fig. 5.15), in which the phthalimide is
heated with hydrazine in an exchange reaction with hydrazine to produce the product amine and

phthalhydrazide.

e} (@]
) |
' NH
N_CH2CH2CH2CH2CH3 + H2NNH2 —_— [le + RNH,
\ I
0 o)

Fig. 5.15 Ing-Manske procedure.

Initial experiments were centered around the examination of the use of the Gabriel synthesis for the
conversion of bromoalkanes of varying chain length to the corresponding amine in order to confirm

our ability to produce amines by this method.
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1-Bromopentane was found to yield the corresponding N-pentylphthalimide (51) when heated with

potassium phthalimide in Dimethylformamide (fig. 5.16).

0 0
/ / ,
o® DMF
NK + Br(CHz),CHs o N—(CH,)4CHj + KBr
dl
! \ (51)

O O

Fig. 5.16 The preparation of N-pentylphthalimide

Liberation of the expected 1-pentamine (57) was achieved by reaction of N-pentylphthalimide with

hydrazine monohydrate in refluxing methanol under a nitrogen atmosphere for one hour (fig. 5.17)

o) 0o

/ |
H,NNH,.H,O NH

N—(CH,)4CH3 —_— | + HoN(CH2)4CH3z (57)
MeOH NH
\ Heat

0 (51) 0

Phthalhydrazide

Fig. 5.17 The preparation of 1-pentamine

This initial study into the potential for using the Gabriel synthesis proved to be good. A further study
into the effect of increasing the chain length of the initial bromoalkane was undertaken using 1-
bromodecane. Reaction procedures were identical to that used for 1-bromopentane, which firstly
enabled the isolation of a white solid that was found to be the expected N-decylphthalhydrazide (52)
(mass spectra corresponded to that expected). Continuation of the reaction procedure resulted in the

liberation of the expected 1-decylamine (58) which was also found to conform to mass spectral

analysis.
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N—(CH;)oCHs HaN(CH,)oCH3  (58)

\
0 (52)

Isolation of 1-decylamine was found to be somewhat more difficult than for 1-pentamine as it was
found to adsorb onto the surface of the crystals of phthalhydrazide side product. Solvent extraction
with chloroform and water was found to be the most effective purification technique, but problems
were still encountered due to the formation of a soapy layer at the solvent interface presumably due

to the presence of the 1-decylamine cation (fig. 5.18).

@
H3N(CH3)gCH3

Fig. 5.18

After basifying the product and evaporation of the chloroform a clear liquid was isolated which
conformed to mass spectral and infra-red scrutiny. The mass spectra was found to clearly show the

subsequent alkyl fragments from the break down of the molecule.

The selected starting material on which the Gabriel synthesis was performed was 11-bromo-undec-1-

ene (fig. 5.19), a long chain molecule with terminal allyl and bromo groups.

Br—(C H2)9C H=C H2

Fig. 5.19

However, this material (or others like it) were commercially unavailable or extremely expensive. With

this in mind attempts were made to prepare the material from the appropriate reagents.

The method utilised for the preparation of 11-bromoundec-1-ene involved conversion of the 11-

hydroxy derivative using the sulphonate ester approach. The hydroxyl group of 11-hydroxyundec-1-
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ene may not be substituted directly by the bromide ion due to its inability to behave as a good leaving
group. Conversion of the hydroxy group to the sulphonate ester (54) by reaction with para-
toluenesulphony! chloride in the presence of pyridine was found to facilitate an SN2 attack by the

bromide ion producing the required 11-bromoundec-1-ene (55) (fig. 5.20)

10O o »
HO—(CH3)gCH=CH2 + CHs; S—Cl —> CH; S—O(CH2)eCH=CH. + =
| [ o
O &)
NaB I © &
-—-a—L Br—(CH,)oCH=CH, (55) + CHs@ﬁ—O Na
(0]

O_

Fig. 5.20

The initial formation of the sulphonate ester was first of all examined on the shorter chain length 1-
hexanol and was found to be successful, resulting in the isolation of a clear liquid with a 74% yield.
The mass spectra of the material was found to conform with the expected result. Transfer of the
technique to 11-hydroxyundec-1-ene necessitated the use of solvent extraction with 2M hydrochloric
acid to facilitate the removal of pyridinium hydrochloride. An additional purification on a silica column
was required to yield the product, 10-undecenyl-para-toluenesulphonate (54) as a colourless liquid

that was also found to conform to the expected mass spectral resuit.
Nucleophilic attack of the sulphonate ester with a bromide ion was attempted in two ways.

The first utilised sodium bromide in refluxing tetrahydrofuran to produce a milky solution which upon
filtration through celite was found to yield 11-bromo-undec-1-ene (55) as a colourless liquid that

agreed with mass spectral analysis.

The second method utilised the same conditions but used tetra-n-butylammonium bromide as a
replacement for sodium bromide. The resultant N-butylammonium tosylate was removed from the

sample by solvent extraction resulting in the isolation of 11-bromo-undec-1-ene (55) as a pale yellow
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liquid. Analysis of the liquid by mass spectrometry and TH NMR spectroscopy agreed with the

expected data.

Both of the samples from the above two methods were found to give the same products in further

reactions.

The Gabriel synthesis described earlier afforded the expected N-undec-1-enylphthalimide (56) which
was purified by solvent extraction with chloroform, 2M sodium hydroxide and water before
evaporation of the organic layer to a volume of approximately 10 mls before a final wash with

saturated brine to remove residual dimethylformamide.

Complete evaporation of the chloroform produced a yellow solid that solidified to an off-white powder
upon cooling. Mass spectral and TH NMR examination of the product showed it to be slightly

contaminated with DMF.

0 o)
/ |
H,NNH,. H,0 NH
N—(CH,)gCH=CH, ™ rle + CH;=CH(CH)gNH, (59)
\ Heat |
o) (56)

11-Aminoundec-1-ene (59) was liberated from N-undec-1-enylphthalimide as previously discussed.
The precipitated phthalhydrazide crystals were isolated and extracted with petrol under soxhlet
extraction for 24 hours. Evaporation of the soxhlet layer gave the required product as a pale yellow

liquid that conformed with mass and infra-red spectra.
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