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Abstract

Research into inorganic supramolecular chemistry is burgeoning, in
particular that which focuses on the formation of capsular molecules and the
effects that these unique environments have on catalytic reactions. With the
aim of producing new ligand designs that could not only support reactive
metals, but also partake in supramolecular aggregation to provide a capsular
microenvironment, new tripodal ligands and wide span imines and amines
have been synthesised. Furthermore, the exploitation of hydrogen-bonding
motifs formed through pyrrole-imine tautomerisation upon metallation of
these ligands has been explored, with the aim of enhancing reactivity and
stabilising reactive intermediates.

In Chapter one, the concept of covalent and non-covalent capsules is
introduced, and includes the different aspects affecting the encapsulation of
molecules and their use as nanoreactors. The use of secondary interactions,
e.g. hydrogen-bonding in metal complexes of tetrapodal and tripodal ligands
is discussed.

Chapter two describes the synthesis of a tripodal pyrrole-imine ligand
and the formation of its multi-metallic complexes of Group one metals,
transition metal and the f-block elements. The complete and partial
tautomerisation of this ligand upon metal complexation is also examined.

In Chapter three, the formation of hangman complexes of the tripodal
pyrrole-imine ligand is described and is extrapolated to the chemistry of a
new pyrrole-amide ligand. The synthesis of this latter ligand and its
properties with regards to anion binding are also explored.

Chapter four describes the formation of wide span diamine and
diimine ligands and their propensity to form adducts with cobalt and zinc

chlorometallates and unusual multimetallic palladium complexes.

Vi



The final conclusions of the work presented in this thesis are drawn in
Chapter five.
Chapter six presents experimental details and characterising data for

all of the new compounds presented in this thesis.

Vi
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Chapter 1
Chapter 1: Introduction

1.1 Supramolecular chemistry and the forces at our disposal

Supramolecular chemistry, described as “chemistry beyond the
molecule”, has been a burgeoning area in recent years and consists of the
investigation of molecular systems held by intermolecular forces instead of
covalent bonds.l! Encompassing all major areas of chemistry, the inspiration
behind the synthesis of these systems is usually based on biological systems,
especially enzymes, due to the drive to mimic their catalytic properties.
This has led to the observance of the primordial concept of complementarity,
also known as the “lock and key” principle as postulated by Fisher in 1894,5!
between the host molecule (lock) and its guest (key) which is best illustrated
by the base pairing in the DNA double helix. A single DNA strand is made of
purine and pyrimide bases linked together by a backbone of alternating
phosphates and sugars. The DNA double helix is constituted of two
antiparallel strands held together by complementary hydrogen bonds
between each base pair.¥! Adenine interacts with thymine through two

hydrogen bonds whilst cytosine and guanine use three (Figure 1).
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Adenine Thymine Guanine Cytosine

Figure 1: Complementary hydrogen bonded base pairs in DNA.
Although the “key” needs to have a certain shape to fit the “lock” in
sterical terms, the electronic interactions between the two also need to be

matched to maximise the complementarity. These need to be reversible so
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that enzymes can act as catalysts. The architecture of supramolecular entities
is therefore based on non-covalent interactions such as electrostatic
interactions, hydrogen bonding, n—n stacking, van der Waals forces and

hydrophobic effects.

Raymond and co-workers have studied the formation of host guest
complexes driven by electrostatic interactions such as ionic interactions.?!
The formation of the tetrahedral host from four Ga'" cations representing the
corners (Gal-Ga2, 12.63 A) and six deprotonated di-catechol ligands
representing the edges resulted in the highly negatively charged complex
[Ga(L)]"> shown in Figure 2. This high negative charge and the
hydrophobicity of the cavity provided by the multiple arenes of the capsule
make the host the ideal vessel to encapsulate aromatic cations. This attraction
has been shown by adding 4-methoxybenzenediazonium chloride to an
NMR sample containing [Gasls]'> and 2,4-pentanedione. The diazonium
cation is encapsulated faster than the spontaneous reaction with the diketone
can occur. Although the encapsulation of related azonium cations was
attempted, it was shown that those without hydrophobic aliphatic groups
were not encapsulated within the tetrahedral host. This is the result of
greater hydrophobic interactions between the two ethyl groups of 4-
(diethylamino)benzenediazonium chloride and the hydrophobic walls of the
capsules compared to the smaller interactions developed by a single methyl

in 4-methoxybenzenediazonium chloride.
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Figure 2. Schematic drawing of the [Ga4L6]12' tetrahedron showing the structure of the
catechol ligand; lines represent the additional ligand molecules and the circles represent
gallium cations. Hydrogen atoms omitted for clarity.

Since its first synthesis, this Ga-based tetrahedron has been studied
towards numerous applications such as a vessel for the protection of solvent
sensitive species,”! the stabilisation of reactive intermediates!®), a vessel for
catalystl”? and as a catalyst in its own right.!'% These possibilities are the result
of the formation of a special environment within the hydrophobic cavity

protected by the catechol ligands.

The directionality of hydrogen bonds makes them one of the most
widely used types of non-covalent interactions. They allow chemists to
predict the architecture that larger entities will display. Atwood and co-
workers have demonstrated their use by the development of large
calix[4]arene derivatives held together by hydrogen bonds derived from
water molecules.l'll The first example of this effect was the self-assembly of
six calix[4]resorcinarenes and eight water molecules through sixty hydrogen
bonds in a snub cube structure akin to viral capsids (Figure 3). Alternating
hydroxide groups of the individual resorcinarene hydrogen bond to a water
molecule whereas the others are binding with other resorcinarene molecules

(both 2.73(1) A). Further hydrogen bonds are observed within each unit with
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neighbouring hydroxides interacting with each other (2.64(1) A). The capsule

formed has an internal volume of 1.374 A3 which at the time was 4.5 times

larger than any other reported.

Figure 3: Calix[4]resorcinarene used in the capsule observed by Atwood and co-workers
(left) represented as squares in the snub cube (rightg with triangle occupied by water
molecules in grey.™**

Hydrogen bonds cannot only be used to form capsules but also to
stabilise guest molecules within a host as has been observed by Beer and co-
workers during the synthesis of the pyrrole-imine cryptands shown in Figure
4.021 The Schiff base condensation reaction between two equivalents of 5, 5,

5”-triformyl-2,2",2" tripyrrylethane and three equivalents of diaminoalkanes

led to the formation of the cryptand, templated around a single diamine

molecule and resulting in a host-guest complex.
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Figure 4: Encapsulation of 1,2-ethylenediamine by a pyrrole-imine cryptand observed by
Beer and co-workers. Hydrogen atoms not irlll\é]olved in hydrogen bonding omitted for
clarity.
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Seven hydrogen bonds were observed in the solid state between the
two elements of the complex. At each end of the guest, two out of the three
pyrrole NH groups orientate themselves towards the guest molecule and
interact with the amine nitrogen with bond distances ranging from 3.04 to
3.06 A (NhostNguest) . The other interactions arising from guest amine donors
towards the host’s imine nitrogens with bond distances ranging from 3.17 to
3.20 A (Nhose+Nguest). Although the host/guest binding constant is 1500(140) M-
!, the diamine-free cryptand can be obtained by stirring the complex in
methanol overnight. New guests such as ethane-1,2-diol can then be

introduced within the host’s cavity (K =1060(29) M™1).

Face-to-face n—n stacking is well known for its role in the stacking
adopted by carbon nanosheets and also well illustrated by the stacking of
bis(n®-benzene)chromium with molecules of hexafluorobenzene reported by
Perutz and co-workers.['®] The X-Ray crystal structure of this self-assembled
compound depicts an infinite stacking of alternating units of CeFs and
chromium complex as displayed in Figure 5. With the centre of each unit
slightly offset from one another, the column is best thought of as a staircase
with a step height of 3.48 A. This offset is the result of the m orbital of
neighbouring units interlocking with each other. Edge-to-face n-stacking,
also known as t-shaped n-interactions, has also been exploited in interactions
between quinone guests and macrocyclic hosts by Hunter with a view to
better understand the binding domain of bacterial photosynthetic reaction
centres."¥ Hunter used a macrocycle containing four hydrogen-bonding sites
and six arenes for m—m interactions and observed that p-benzoquinone
formed only four edge-to-face m—m interactions instead of forming the
remaining two, four hydrogen bonds formed between its oxygens and the

amido nitrogen of the host (Figure 5 right). This allows a maximisation of
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interactions and provides a stable complex even in the presence of competing

solvents.

Figure 5: Face to face & stacking described by Perutz and co-workers between CgFg and
bis(n°-benzene)chromium (left) and the edge to face = interactions described in the host
guest complex described by Hunter (right)rgvdit.ﬂs(clj]nteractions in blue and hydrogen bonds in

Van der Waals attraction forces are the result of the random motion of
electrons around an atom’s nucleus. At any one point, there can be more
electrons on one side of the nucleus than on the other forming an
instantaneous dipole. The atom will have on one side a partial negative
dipole and on the other a partial positive dipole. If a second atom comes in
proximity of this negative dipole, its electrons are repelled forming a positive
dipole on this new atom. An attractive charge is therefore formed between
the atoms. The nature of van der Waals forces makes it difficult to design
capsules taking full advantage of them. Capsules of this type would also
show stability difficulties as in solution solvation forces might exceed van

der Waals forces. Ananchenko and co-workers have reported the formation

of such a capsule formed by the arrangement of two tail-to-tail para-
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hexanoylcalix[4]arenes as displayed in Figure 6.0% Although the capsule is
unstable, whether it is the result of van der Waals forces holding the capsule

together or the polar chloroform guests doing so is debatable.

Figure 6: Capsule formed by two molecules of para-hexanoylcalix[4]arene held together
through van der Waals forces reported by Ananchanko and co-workers.™

Sometimes mistaken as a force, the hydrophobic effect is the driving
force behind the binding of two apolar molecules within an aqueous medium.
Water molecules around an apolar host will form a highly ordered network
through hydrogen bonding leading to the encapsulation of the host by water
molecules. Upon guest complexation, the hydrogen bond network is broken,
releasing disordered water molecules into the reaction medium which
increases the entropy of the reaction. A clustering of apolar molecules such
as oil molecules in water is therefore favourable and leads to guest

encapsulation.

The ability to form capsules and provide an environment protecting
guest molecules from the surrounding media has been intensively studied.
Harnessing nature’s ability to selectively promote reactions and protect guest

molecules through encapsulation can lead to advances in enzyme mimics
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and drug delivery systems. Host molecules are differentiated by the type of
bonding by which the capsule is held together, either covalently or non-

covalently.

1.2 Covalent Capsules

Early covalent nanoreactors involved low molecular weight catalysts
containing a substrate binding site capable of recognising the substrate
adjacent to an active site. The catalytic properties of cyclodextrin derivatives
were extensively studied by Breslow and co-workers who developed and
studied a ribonuclease A mimic consisting of two imidazoles joined
covalently to the binding cavity shown in Figure 7.0 This nanoreactor,
which combines a hydrophobic binding site with two acid-base catalytic
groups, has been seen to catalyse numerous reactions such as the hydrolysis
of cyclic phophodiesters at rates a hundred fold faster than compared to the
uncatalysed reaction.!'”! Larger capsules including multiple cyclodextrins or a
mixture of cyclodextrin cavities and transition metals have also been studied
and have been shown to catalyse the hydrolysis of esters that all show
varying catalytic accelerations.!’¥! The Zn" derivative shown in Figure 7 has

been found to accelerate the hydrolysis of esters 1 400 000 fold.""!

N\ /N 2-

& o Oy
q
O\Acyl

Figure 7: Ribonuclease A mimic capable of catalysing a wide range of reactions (left);
cyclodextrin zinc derivative capable of catalysing the hydrolysis of esters 1 400 000 fold.
Cyclodextrin units highlighted in blue.
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This type of small catalyst has one major drawback in that being
relatively small; they can only catalyse unimolecular reactions. In order to
circumvent this difficulty, larger receptors have been designed.?! Most of
these catalysts have been constructed in such a way that the receptor’s
reaction chamber encapsulates the guest molecule(s) shielding it from its
gross environment. However, other setbacks have been observed in this new
type of nano-reactor, in particular, they are not truly catalytic, but merely
arrange the molecules in the correct orientation for the reaction to proceed.
By doing so, the product generally becomes strongly bound to the capsule
and the turnover hence becomes non-existent. The cucurbit[6]uril capsule
(shown in Figure 8) formed by the addition of formaldehyde to glycouril
under acidic conditions, designed by Mock and co-workers, was seen to

accelerate 1,3-dipolar cycloaddition reactions and illustrates this issue.!!

4 | \
/ «/\-.v/\\"* A N

— — sy
b ¢ J

Figure 8: X-Ray crystal structure of cucurbit[6]uril. Hydrogen atoms omitted for clarity.
The cycloaddition reaction between propargyl ammonium and
azidoethyl ammonium, shown in Scheme 1, is accelerated 55000 times in the

presence of cucurbit[6]uril.
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HN=N=N Cat.
+ /
H3N N \ +H3N/\(\/N/\/NH3+

NH,* N=N

Cat. = cucurbit[6]uril

Scheme 1: Reaction scheme for the regioselective cycloaddition catalysed by cucurbit[6]uril.

Although the uncatalysed reaction produces the 1,2 and 1,3 diazole
isomers in equal amounts, the catalysed reaction is regiospecific and only
forms the 1,3 isomer as shown in Scheme 1. However, the product has a
greater affinity for the cavity of the capsule than any of the starting materials,
making the release of the product the rate determining step of the catalytic
cycle. Since this early success, glycourils of different sizes have been
synthesised and have been used in a wide variety of applications including

molecular switches, ! drug delivery, and catalysis.*!

A further example of the problems associated with the non-lability of
the product has been observed in the cyclic zinc porphyrin host designed by
Sanders and co-workers consisting of three zinc porphyrins held together by
alkyl groups (shown in Figure 9).24 This proximity and the convergent
geometry of the binding sites allow substrate molecules to bind as ligands to

the metal centres and react with each other.[?]

R = CH,CH,CO,CH; \—%—/

Figure 9: Monomer unit of the zinc prophyrin dimer (left) and the trimer macrocycle
representation (right).”"

10
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In the presence of the zinc porphyrin macrocycle, the Diels-Alder
reaction between the furan and the maleimide derivatives shown in Scheme

2, is accelerated two hundred fold.

o ( \ o)
\
NI N p Zn trimer — O N N
= + —
= N N
% (@]

Scheme 2: Reaction scheme for the accelerated Diels-Alder reaction using the zinc trimer
designed by Sanders and co-workers."?!

Control reactions showed that the reaction was not accelerated in the
sole presence of zinc porphyrin monomers and that the presence of
tripyritriazine, which binds extremely strongly within the cavity of the
macrocycle, has the same result. From these results it can be concluded that
the simultaneous binding of the starting materials added to their proximity
within the cavity of the host is the leading factor for the faster reactivity. The
capsule is shown to be regioselective as only the exo-product is formed at any
stage of the reaction and is hence acting as a template, forcing the starting
materials in the correct arrangement to form this product. The high affinity
between the product and the cavity, demonstrated by the high binding
constant (4 x 10° dm®mol?), is a hundred fold higher that of the starting
material and makes the rate determining step of the catalytic cycle the
ejection of the product from the nanoreactor. In this case, the problem arose
from the product binding with two metal centres whereas each starting
material molecule only binds to one. Indeed, using alternative starting
materials and looking at forming products able to bind to a single zinc atom,
showed that the capsules was catalysing, albeit moderately, the acyl transfer

between 4-pyridinylmethanol and 1-acetylimidazole as shown in Scheme 3.1l

11
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Scheme 3: Reaction scheme for the catalytic acyl transfer reaction unsing the zinc trimer
designed by Sanders and co-workers.”®!

Two different approaches have been taken to solve the problem of
product-capsule separation. The first is to redesign the capsule binding site
so that they (a) bind more weakly to the products than the reactants or (b)
target products that are either too small or large to fit in the guest molecule.
The second approach is to completely redesign the ligand so that the guest
can reversibly associate and disassociate itself. This has given rise to the

construction of non-covalent capsules.

1.3 Non-covalent capsules

Non-covalent capsules can be defined as receptors with enclosed
cavities that are formed by reversible non-covalent interactions (primarily
hydrogen-bonding) between two or more complimentary molecules.
Numerous different, relatively small molecules, such as calixarenes and
resorcinarenes have been used to form larger capsules. However, the “soft-
ball” capsule, held together by sixteen hydrogen bonds designed by Rebek
and co-workers is one that has shown the most interest.?”! Consisting of two
“U” shaped molecules made of a linear arrangement of aliphatic and
aromatic rings ended by glycouril units, the seam of each molecule is lined
with hydrogen bond donors and acceptors (Figure 10). The glycouril
carbonyls are the complementary hydrogen-bonding sites for the four

phenolic donors.

12
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(0] 0]
OH ‘ '
HN/U\N N N N)LNH ‘L‘w .""‘
R R ! | R R | /
N N \ [
HN_ N N NH | /
T T

OH

o) O \ /
\
R = 4-n-heptylphenyl \_/

Figure 10: Structure of the self-complementary units designed by Rebek and co-workers
(left) and a schematic rendering of their self-assem[tz)%/ (right) with the glycouril units
represented as balls.

Importantly, the guest encapsulation increases with temperature
suggesting that the process is favoured entropically,?® a characteristic rarely
observed as it is usually disfavoured.®! The large host cavity allows for the
encapsulation of multiple solvent molecules (in this case CDCls) which
would be required for a maximisation of van der Waals interactions between
the capsule and its guests. By encapsulating a single guest large enough to

fill the cavity (e.g. ferrocene), multiple solvent molecules are released within

the reaction media, so increasing the entropy.

The possibility of encapsulating more than one guest makes the
capsule a potential nano-reactor. Indeed, the capsule has later been shown to
accelerate the Diels-Alder reaction between para-quinone and cyclohexadiene
(shown in Scheme 4).5% Although the reaction is accelerated two hundred-
fold at room temperature, several days are required prior to product being
observed outside the capsule, showing that again product inhibition is a
problem and prevents turn-over. Replacing cyclohexadiene with 2,5-
dimethylthiophene, however, afforded a product with poorer affinity to the
capsule and resulted in a catalytic cycle with modest (ten-fold) rate

enhancement compared to the uncatalysed reaction.3!l

13
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© "softball"
+ —_—>

O O

Scheme 4: Diels-Alder reaction promoted by the “softball” designed by Rebek and co-
workers.F

Although hydrogen-bonded capsules are predominant in non-
covalent capsules, metallo-organic capsules have been synthesised.
Hydrogen bonds are linear and curvature is needed somewhere in the
building block to promote capsule formation, whereas the angles between
metal and ligands can be used to form the curvature required. Fujita and co-
workers have been the pioneers of metal-organic polyhedra, boxes and cages.
They reported the self-assembly of four tris(4-pyridyl)triazine ligands and six
palladium complexes, regardless of the ratio of the starting material used,

into an octahedron (shown in Scheme 5).[3?

. AN
e o @/”\\@\Q

12+

|
6 HN-Pd—ONO, *

Cﬁ*@ %«Q

SN
Pd

Pd = Pd(en)

Scheme 5: Formation of an octahedral metallo-capsule with six Pd" corners and four tris(4-

pyridyl)triazine faces.®

Each corner consists of a Pd" metal centre bound by two pyridyl units

in a cis configuration whilst the other two coordination sites are occupied by

14
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a single bidentate ethylenediamine molecule. Due to its solubility in water as
well as its ability to bind to large neutral organic species,® it was first
developed as a reverse phase-transfer catalyst,* bringing organic substrates
into the aqueous phase and taking out the product away from the same
phase. In conjunction with Pd(en)(NOs): acting as the oxidation catalyst, the
capsule was found to promote the oxidation of styrene to acetophenone in a
fashion not dissimilar to that described in the Wacker process (as shown in
Scheme 6).5%! In this case however, the oxidation of the substrate takes place
within the capsule by the action of the Pd" catalyst, reoxidation of which is
aerobic. The difference in hydrophobicity between styrene and acetophenone
promotes the substitution of the product by new substrate molecules

illustrating that the capsule acts as a nano-reactor.

Organic phase Aqueous phase

o i

oA

Scheme 6: Schematic representation of the reverse phase transfer catalysis for the Wacker
oxidation of styrene by the metallo-capsule developed by Fujita and co-workers (represented
by circles).*¥

The ability of this type of capsules to act as a transport agent and
protect substrate molecules from the reaction medium has been used to form

similar receptacles with a view to create cancer drug delivery systems,*!

catalysts, and to provide safe ways to transfer highly reactive molecules.?”)
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Although complete encapsulation is not always necessary, shielding
the catalytic site from its environment and providing high substrate
reactivity is paramount. Reek and co-workers have designed what can be
pictured as a giant tripodal molecule where each side consists of zinc
porphyrins attached by their metal centre to the pyridyl group of a binding
site, in this case tris(m-pyridyl)phosphine (Figure 11).%81 The phosphorus
atom is free to coordinate to catalytically active transition metals, whilst the
bulkiness of the porphyrin groups prevents the metal centre binding to

multiple ligands.

Figure 11: Schematic rendering of the tripodal nano-reactor synthesised by Reek and co-
workers (left) and its X-Ray crystal structure (right) in which the hydrogen have been omitted
for clarity.[38]

With the phosphine bound to a rhodium metal centre, the complex
was tested as a catalyst in the hydroformylation of 1-octene (Scheme 7 top).
At room temperature, the protected metal centre showed a ten-fold increase
of turnover frequency, favoured the branched product, and showed a lower
isomer ratio compared to the rhodium phosphine that was not bound to
porphyrins. The formation of a special environment protecting the active

metal centre is clearly the driving force behind the increased catalytic activity
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and the regioselectivity of the reaction. With the metal centre replaced by
palladium, the potential to catalyse the Heck reaction between iodobenzene
and styrene was investigated (Scheme 7 bottom). Adding Pd! to the
phosphine unit in the absence of zinc porphyrin resulted in the formation of
a phosphine tetramer which had no catalytic impact on the reaction. In
contrast, the addition of zinc porphyrins formed a monophosphane

palladium complex which accelerated the reaction forty-fold.

RhP

o R
R/\/ — R/\/\f + /I + R/\/
H

H,, CO

P = trisporphyrin(m-pyridyl)phosphane

Scheme 7: Hydroformylation of 1-octene (top) and Heck reaction of iodobenzene and
styrene (bottom) catalysed by rhodium and palladium nano-reactors designed by Reek and
co-workers.*®

Reek and co-workers have developed many more confined-metal-
centre catalysts in which large planar ligands are used to protect highly
active metal centres of various geometries.® Nano-reactors in which the
reaction is promoted by an active metal centre such as the aforementioned
example have shown far less product inhibition issues than their organic

covalent counterpart.

1.4 Tripodal capsules

Many tripodal ligands are known. However not all of them are large
enough to form capsules. When considering tripodal capsules, two different

concepts can be imagined; (i) a metal centre is linked by the tripodal branch
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of two different tripods. (ii) the tripod is large enough to accommodate the

metal centre so that it can shield the substrate from the environment.

Trinuclear capsules are still in their early development and very few
have been synthesised. Their study arises from a scientific effort to form
predetermined structures by using a suitable metal ion. The vast majority of
these capsules involve the use of Ag!, Pd" or Pt! with tris(pyridyl) related
ligands,*l and can be illustrated by the recently formed capsule by Lindoy
and co-workers in which two 1,3,5-tris((pyridine-4-ylthiol)methyl)benzene
molecules are held together by three silver ions acting as bridges between the

pyridyl units of different ligands as shown in Figure 12.141]

@f »

N
| A NO3)3

@@ : @@%

Figure 12: Solution state structure representation (left) and solid state X-Ray crystal
structure of the tri-silver metallo-capsule designed by Lindoy and co-workers. The third
nitrato ion and hydrogen atoms were omitted for clarity. 1)

Although a symmetrical structure is observed in solution by 'H NMR
experiments, the crystal structure shows only two equivalent silver cations
interacting with each other at 3.16 A which is smaller than the van der Waals
diameter (3.44 A) which is not uncommon.? Both equivalent silver atoms
are connected to the third metal centre through a single nitrato group.

Although a single metal centre was originally intended to coordinate to the
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three sulphurs donors, steric effects between the aromatic rings prevent this
coordination mode. Additionally, the strong coordination of pyridyl ligands
to Ag! has been reported before.*’l Indeed the use of a very similar ligand
where the central benzyl was replaced by a nitrogen and the pyridyl arms
were replaced with benzyl groups, resulted in the formation of a complex
where the metal centre is located within the ligand between the three
sulphur atoms as displayed in Figure 13. This could also be the result of the
sulphur donors residing closer to the centre of the cavity, increasing their
interactions with the metal centre.[*

S

S-AIT Ty
l ! Vi

@ ON 02 Nz

]

/

Figure 13: Silver complex developed by Lindoy and co-workers showing a different binding
motif to the metallo-casule displayed in Figure 12 owing to minor ligand alterations.

Using a similar ligand to that described above, Gloe and Lindoy
synthesised a trinuclear metallo-capsule using three Cu' centres. Although
copper is in the same triad as silver and gold, it has not been as widely
employed in the formation of metallo-capsules.[! Each square planar metal
centre is bound to the diketone derivative of a single branch of each ligand
which are all bound to a central 1,3,5-triazine unit through sulphur bridges
as seen in Scheme 8. Metal-B-diketone binding is of great interest to the area
of metallo-cryptands and more generally to capsules due to the pH
dependent nature of ligand which could be used for selective guest inclusion

and release by pH control.
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O
OH
s A
HO N*\N Cu(OAc),
—_—
@) | S lN/ s pyridine
W
OH O

Scheme 8: Synthesis of the tris-copper metallocapsule designed by Gloe and co-workers.!*®!

Although metallo-cryptands are of great interest due to the
directionality of the metal/ligand binding, organic cryptands are also a
popular research area in organometallic and catalytic chemistry. Their design,
in the latter case, is usually driven by the possibility of binding a highly
reactive metal centre at both ends of the molecule, encapsulating a substrate
molecule and promoting a reaction within the newly formed nano-reactor.
Nocera and co-workers have recently developed a tetrapodal cryptand
consisting of two tris(2-aminoethyl)amine (TREN) metal binding sites linked

through three aryl dicarbonyl groups as displayed in Figure 14.14¢!

Figure 14: Crystal structure of the dicobalt cryptand prepared by Nocera and co-workers.
Solvent molecules of crystallisation, K* counterions, dipropoxg/phenoxyl groups and
hydrogen atoms are omitted for clarity.[4 ]
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Upon metallation with two equivalents of Co", the complex did not
show substrate molecules within the capsule. The addition of cyanide at
75 °C over two days leads to the binding of the small molecule between the
two metal centres. The insertion of cyanide within the complex results in the
Co'' cations being pulled towards the guest (Co--Co, 6.41 A; MeCN bridged
Co-Co, 5.33 A) showing that the complex has the potential to activate small
molecules. This is also supported by the change of electrochemical properties
of the complex in the absence and presence of cyanide, which display an
irreversible oxidation at 1090 mV for the former and irreversible reduction

and oxidation at -1200 mV and -225 mV (vs Fc/Fc*) respectively for the latter.

Further investigation revealed that a range of first row transition
metals could be accommodated within the ligand to form dimetallic
complexes (Mn", Fe!, Ni! and Zn").*] Although it has not unambiguously
been proven that the aforementioned complex can be used as a nano-reactor,
the unmetallated ligand itself can reduce O: to O2* which is found as a
host/guest complex within the cryptand.®® The three step reversible
mechanism proposed for this chemistry consists of (i) reduction of O: to the
superoxide (Oz), (ii) superoxide encapsulation and (iii) reduction of the

encapsulated Oz to the peroxide (O2*) (shown in Scheme 9).

0] _ (i) R (iii) _
02+ D 02 + = 02 = 022

Scheme 9: Proposed mechanism of the reversible O, reduction to encapsulated 022'.[48]

The formation of encapsulated O2* was confirmed by X-Ray

diffraction studies with O-O bond distances of 1.504(2) A which is
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comparable to those found for Na:0: (1.49 A) and its 1,6-anhydro-f-maltose
adduct (1.50 A).#) The stabilisation of this active species within the capsule
can be explained by the six hydrogen bonds formed between the TREN NHs
and O2*.

1.5 Pyrrolic tripods and tetrapods

The lower n-donation of pyrrole N donors compared to amides, as
well as the possibility to functionalise the fifth position of pyrrole make it an
attractive unit for transition metal co-ordination. A TREN derivative where
all primary amines have been replaced by mesityl-substituted pyrroles was
synthesised by Chang and co-workers in a single step through the Mannich
reaction between 2-mesitylpyrrole, formaldehyde, and ammonium
chloride.’ Addition of Fe to the ligand resulted in a highly symmetric
complex where the metal centre is bound in a trigonal pyramidal geometry
to three deprotonated pyrroles in the equatorial position and the tertiary
amine, linking the three branches of the ligand together, in the axial site.
Exposure of this complex to an atmosphere of nitrous oxide (N:0) resulted in
the co-ordination of a terminal oxo ligand on the last axial site of the now
trigonal bipyramidal FeV metal centre. This intermediate abstracts a
hydrogen atom from the surrounding media to form an Fe™ hydroxide

complex (as shown in Scheme 10).

Scheme 10: Activation of N,O with the non-heme iron tris-pyrrole complex synthesised by
Chang and co-workers to form an Fe" oxo complex followed b}/ hydrogen abstraction
leading to an Fe " hydroxide complex.®
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This ability to activate N2O is the result of accessing a metal geometry
different from the four-fold symmetry commonly observed in nature and
which has profound effects on the reactivity of the metal centre. Indeed
Nocera and co-workers have commented on the effect the metal centre

geometry can have on the activation of small molecules, in particular the oxo

ligand. b
| & Os o o)
: M- "M M
7| 7| 7 7Y
. a1 @) or  a@  a @)
I —
(22, x2-y?) by (x2-y2, xy) 0% - ——— /e (xz,yz)
e (X2-y?, xy)o* //
“ ‘ // \\\//
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. // \\ A
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Figure 15: Molecular orbital splitting diagrams for a metal — oxo group in tetragonal, trigonal
bipyramidal, and tetrahedral ligand fields compared to the octahedral ligand field. The d
electron count and respective bond order shown regresent a possible configuration for a d*
metal centre.®"

The substitution of an axial ligand of an octahedral metal centre by an
oxo group leads to the destabilisation of the bonding dx- and dy- orbitals, as
well as the anti-bonding d.? orbitals (Figure 15). This results in the metal oxo
triple bond to be observed only with metal centres of d electron counts of
four or less. The first two electrons populate the non-bonding d. orbital
before the next electrons start occupying the dxz and dy- orbitals, which are
now anti-bonding. As a result, an elongation of the triple bond will be
observed with d® and d* metal and adding further d electrons will lead to a
M=0O double bond. For a trigonal bipyramidal complex, such as that

described in the non-heme iron tris-pyrrole complex described above, the
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two lowest orbitals (dxy and dy-) are anti-bonding. A metal oxo triple bond
will only be obtained with d° metals, with double bond character being
retained for metals with a d electron count of two and single bonds observed
above this. The presence of two non-bonding orbitals (d:%y*> and dx) in the
tetrahedral geometry allows for metals with larger d electron count (up to d*)

to retain a metal oxo triple bond with no destabilisation of the ¢ or = bonding.

Recently, efforts have been made to access highly reactive metal ions
derived from the tetrahedral binding geometries using pyrrolic ligands.
Betley and co-workers have demonstrated that a range of late first row
transition metal (Mn', Fe!, Co', Ni' and Zn") complexes of
tris(pyrrolyl)ethane ligands adopt pseudo-tetrahedral geometries through the
axial coordination of a pyridine ligand (Scheme 11).52 Electrochemical
investigations showed that although oxidations are observed, these are
ligand driven with the metal shifting the oxidation wave by up to 1.1 V
compared to that of the free ligand (Ep = 375 mV vs. Fc/Fc*). Only the Fe!

complex displays an extra quasi-reversible redox event at -750 mV (vs Fc/Fc).

+ 3 PhH
+ 2 LiCl

Scheme 11: Transition metal complexes of the tripodal pyrrole ligand developed by the
Betley group.®?

The chemical oxidation of the Li[(Mestpe)Fe(THF)] by Fc'PFes led to a
different solid state structure in which only two arms of the ligand are bound
to the metal centre whilst the remaining branch is pendant. The two residual

co-ordination sites on the metal are occupied by solvent molecules (pyridine)
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and the pendant arm’s pyrrole has regained its hydrogen atom through H-

atom abstraction from the reaction medium as shown in Figure 16.

Figure 16: [&I;Z-MestpeH)Fe(Py)z] synthesised from the chemical oxidation of
Li[("**tpe)Fe(THF)] by Fc'PF¢ by Betley and co-workers.

The reactivity of the tripodal iron complex THF adduct was further
probed by the addition tert-butylisocyanide which resulted in the co-
ordinated solvent being substituted by three cyano groups as well as the
tautomerisation of a single pyrrolide unit (N-C: 1.333(3) A) which is rotated
away from the metal centre and interacting with the lithium cation.®® The X-
Ray crystal structure of this complex, shown in Figure 17 , depicts the iron
metal centre in an octahedral geometry with the additional co-ordination
sites occupied by the nitrogen atom of two pyrrolide units in addition to a
carbon donor from the tautomerised arm. It was suggested that this
arrangement arises from the steric pressure encountered whilst trying to
accommodate the three isocyanide ligands as this change in binding provides
a greater volume better able to fit the additional ligands. Another concurrent
driving force for this reorganisation is the change in spin state observed

between the high spin tetrahedral and the low spin octahedral Fe! centre.

25



Chapter 1

Figure 17: Solid state structure of Li[("**tpe)Fe(THF)] (left) and its product, [N,N,C-
tpe)Fe-(CN'Bu)s]Li(THF) (right), after addition of tert-butylisocyanide. Hydrogen atoms and
mesityl groups for [N,N,C-""**tpe)Fe-(CN'Bu)s]Li(THF) are omitted for clarity.**

Mes.

1.6 Outlook

In conclusion, catalytic properties are greatly enhanced by the
encapsulation of substrate molecules within a large host molecule shielding
it from the reaction media. Covalent and organic capsules have shown their
limitation with issues surrounding not only host guest dissociation but also
the rate of reaction. Non-covalent inorganic capsules have been seen to form
catalysts of high turnover number and frequency. These could, however, be
improved through the use of metal centres that adopt highly reactive
tetrahedral geometries. Capsular complexes can concurrently provide a host
environment in which to protect the substrate molecule and a metal in a

highly reactive geometry capable of promoting catalytic reactions.

This thesis first describes the synthesis and characterisation of tripodal
ligands, investigates their metal chemistry and the development of a
substrate binding pocket proximate to the metal binding site. In a second
part, the development of wide-span ligands is discussed and their metal
chemistry assessed. The ultimate aim of this research is the formation of
capsular complexes that are able to encapsulate substrate molecules in the
vicinity of a highly reactive metal to induce small molecule activation such as

the reduction of dinitrogen to ammonia.
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Chapter 2: Tripodal ligand and unexpected
multimetallic complexes.

2.1 Introduction

Numerous tripodal pyrollyl host molecules have been designed by
Beer and co-workers including the pyrrole dithiocarbamate cryptands which
have been investigated for their anion binding properties.!l Developed
through the reaction of a pyrrolyl-amine tripod, carbon disulphide and a
metal precursor under high dilution condition the metallo-cryptand, shown
in Figure 1, is able to co-ordinate to metals favouring either a tetrahedral or a

square planar geometry.

if R = benzyl: M = Ni, Cu, Zn-pyr
if R = cyclohexyl: M = Ni

Figure 1: Metallo-cryptand developed by Beer and co-workers.

Although the anion binding studies of the tri-nickel complexes is not
reported as they were deemed unsuitable due to the broadness of their 'H
NMR spectrum resonances, the copper metallo-cryptand properties were
studied and showed the formation of a 1:1 host/guest complex with chloride,
benzoate and dihydrogen anions. Only the cryptand benzoate binding
constant could be calculated (logiK = 5.73 (0.18) as it was the only one
producing a significant shift in the UV-Vis absorption spectrum suggesting

that the host preferentially binds benzoate anions.
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The cyclohexane functionalised tris(pyrrolyl)ethane, shown in Figure
2 and precursor to the aforementioned metallo-cryptand, is potentially better
suited for guest encapsulation than the pro-ligand developed by Betley and
co-workers described in Chapter 1. Indeed the rotation of one arm away
from the metal centre upon binding as well as the size and the angle of the
mesityl cavity in the latter does not allow for the formation of a fully

encapsulated space in which a small molecule could be activated.

Figure 2: Tris(pyrrolyl)ethane functionalised with cyclohexyl imine.

Hydrogen bonding interactions between the guest and the three imine
nitrogens promotes a trans-configuration, forcing the arms of the ligand to
remain proximate to the cavity. Furthermore, the imine nitrogen can engage
in secondary interactions with metal ions or small molecules. Last but not
least, the size of the cyclohexyl substituents and their spatial flexibility could
provide a fully isolated, hydrophobic cavity. While the anion binding
properties and some cryptand derivatives of this tripyrrole imine have been

studied, its metal binding potential has been overlooked.

2.2 Synthesis of H;L
The tripodal pyrrole HsL is straightforwardly prepared by reacting an

excess of pyrrole with triethyl orthoacetate under acidic conditions following
a preparation developed by Lindsey and co-workers and modified by Wang

and Bruce.? The identity of the resulting tripod (HsL?) was confirmed by its
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'H NMR spectrum which showed a distinctive desymmetrisation of the
pyrrolic resonances (6.06, 6.19 and 6.65 ppm). HsL* was then formylated
under Vilsmeier-Haack conditions affording the triformylpyrrole (HsL<) in
good yield. The presence of a singlet at 9.43 ppm in the 'H NMR spectrum
was indicative of successful formylation. Further functionalisation was
achieved by the addition of a primary amine to the trialdehyde affording the

imine derivative HsL as delineated in Scheme 1.

3aR='Bu
3b R = cyclohexane

Scheme 1: Synthesis of HsL.

The absence of aldehyde resonance at 9.43 ppm and the presence of a
single imine resonance at 7.62 ppm in the 'H NMR spectrum of HsL
displayed in Figure 3 clearly show the absence of any starting material. This
is supported by the presence of a single set of two pyrrole doublets at 6.26
and 6.02 ppm as well as the presence of a lone cyclohexyl CH multiplet at

2.84 ppm.
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H
N
] pyrrole \ A
[ / NO Cy
imine 3 Me
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Figure 3: NMR of HsL in CDCls, *’ denotes residual protio solvent.

Re-crystallisation of HsL from a hot saturated solution of MeCN
afforded crystals of the monohydrate HsL.H.O suitable for X-ray
crystallography. The solid state structure was determined and is shown in
Figure 4, with selected bond lengths and angles detailed in Table 1 and
crystal data in Table Chl Tabl. In the solid state structure of HsL.H20 a
single water molecule is found to be encapsulated by the tripodal ligand,
with the oxygen atom O1 situated in the plane P: of the imine nitrogens N2,
N4 and N6. This feature demonstrates the propensity of the pyrrole and
imine groups to act as hydrogen bond donors (N1--O1: 3.12(2) A) and
acceptors (N2--O2: 2.87(2) A), respectively. With an imine bond length
indicative of double bonding (N2-C7: 1.24(2) A) not to mention the pyrrole
bond lengths and angles common to those observed in the literature,® it is

reasonable to assume that the imine-pyrrole tautomer is retained upon water
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binding. The structure holds a crystallographically-enforced Csv symmetry.
The interplanar distance between the planes P: and P: (the latter defined by
the pyrrolo nitrogens N1, N3 and N5) of 2.60 A supports the idea that the
cavity could fit most transition metals and still have space to accommodate
other guest molecules. This cavity could potentially be used to encapsulate a

small molecule stabilised by interactions with the imine nitrogens.

Figure 4: Ball and stick (left) and space-filled representations (right) of the solid state crystal
structure of HiL-H,O. For clarity, disorder components and all hydrogen atoms except on N1,
N3, and N5 are omitted.

N1-C3 1.35(2) N1--O1 3.12(2)
C3-C4 1.31(3) N2--O1 2.87(8)
C4-C5 1.41(3) N1--N3 2.84(4)
C5-C6 1.34(3) N2--N4 5.01(2)
C6-N1 1.33(3) P:--O1 0.064
C6-C7 1.48(3) PP 2.60
C7-N2 1.24(2) P2--O1 2.67
C8-N2 1.51(2) Priomz>Prsois 120

°

Table 1: Selected bond lengths (A) and angles (°) of HsL-H.O.
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The directionality of hydrogen bonding has resulted in the three arms
of the proligand HsL to be oriented around the water molecule thus forming
a sterically-protected hydrophilic pocket. This characteristic of hydrogen
bonding has allowed for the use of water as a design element in molecular
engineering.! Water has been found to act as a host that can encapsulate
guest molecules such as fullerene through hydrogen bonding between the
water molecules and the m system of the fullerene as well as hydrogen
bonding between water molecules.! It has been observed as an integral part
of the structure by Atwood and co-workers in a chiral molecular assembly
where six calix[4]resorcinarenes and eight water molecules self assemble into
a sphere held through sixty hydrogen bonds.[l As observed with HsL.H:0O, it
can also act as a guest molecule.

A large proportion of capsules, calixarenes and cucurbiturils for
example, are achiral and offer hydrophobic cavities to their guests, limiting
their selectivity and activity. Host molecules incorporating internal polar or
hydrogen bonding sites are much less common owing to difficulties
encountered in their construction. However, recently, Szumna and co-
workers have developed a non-covalent inverted capsule, shown in Figure 5,
comprising numerous polar and non-polar functionalities shielded from the
environment by hydrophobic phenylalanine chains.”? The internal walls of
the capsule (L-1): are made of hydrogen bond donors as well as hydrogen
bond acceptors, amino and carboxyl groups respectively, which in this case
encapsulate two nitromethane molecules in addition to four water molecules

as described in Figure 6.
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CH,
HO OH e CO,-----HNH5------ COy-----
® i R =
HNHA oo COy-----HNH- -
CH, CH,

HO ! OH HO ! OH
L-1

Figure 5: (a) molecular structure of the ligand reported by Szumna and co-workers; &b)
binding motif with marked possible steric repulsions for the self-assembled capsule.!”!

Figure 6: X-ray structure of (L-1),: (a) capsule with encapsulated (MeNO,),>(H.0),; (b) space

fill representation.”

2.3 Group 1 complexes of HiL

Group 1 dipyrromethane complexes have been previously reported by

the Love group.®! Although potassium complexes are observed as polymeric

chains of alternating ligand and metal cations, the lithium deprotonation of

the ligand on the pyrrole and imines nitrogens leads to the formation of

{LiN}s chains which interlock to form a twelve-rung lithium amide circular

ladder (Figure 7 left). This core, represented in Figure 7 right, is surrounded

by a helical arrangement of the three ligand anions.
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Figure 7: ORTEP representation of the solid state structure of [Lis(L)]4 (left) and its {LiN}1»
core with carbon, nitrogen and lithium atoms represented in grey, blue and purple
respectively. For clarity, all hydrogen atoms are omitted.

Although lithium amide circular ladders derived from singly
deprotonated amines are the result of edge to edge LiN ring combination, the
nature of the ligand precludes the formation of this repeating unit. Instead,
the formation mechanism for the structure previously displayed, consist of
the association of three laterally-shifted chains coordinated with the
cyclisation of the motif, as described in Figure 8.

m m /_\(\, cyclisation

N—Li—l@u N—Li—l@u N—Li—rQ;Li \
| + I * |

K& Li—=N—-1LIi N Lic=N—-o=Li N Liz=N—-Li——N
cyclisation O O

Figure 8: Possible mechanism for the formation of the dipyrromethane LiN ladder.
Deprotonation of HsL with strong bases was attempted with a view to
prepare the Group 1 metal salts required for the formation of transition metal

complexes through salt elimination reactions as displayed in Scheme 2.
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Scheme 2: Synthesis of KzL and LisL.

The reaction between HsL and a large excess of KH under anaerobic
conditions resulted in the deprotonation of the ligand and the formation of
the potassium salt KsL in quantitative yields. Full deprotonation of HsL was
supported by the absence of the NH resonance in the 'H NMR spectrum (a
broad singlet at 8.47 ppm for the proligand spectrum) as well as the lack of
NH stretch in the IR spectrum (v 3288 cm? for the proligand). Attempts to
crystallise KsL were unsuccessful.

The reaction between HsL and three equivalents of LiN(SiMes): under
anaerobic conditions resulted in the formation of the lithium salt LisL in good
yield. As for KsL, full deprotonation was supported by the lack of NH
resonance in the 'H NMR spectrum and the absence of NH stretch in the IR
spectrum.

Crystallisation of a sample of [LisL] by the diffusion of hexane into a
saturated solution of THF afforded crystals of the new lithium hydroxide
cluster, [Lis(THF)s(LiOH)s(L)]> suitable for X-ray crystallography. The
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formation of this hydroxide cluster is likely the result of either an
adventitious amount of water inside the N2 atmosphere of the glovebox or a
result of the strong coordination of the water molecule inside the pyrrole-
imine cavity, with the ligand remaining hydrated even after drying under
high vacuum. The solid state structure was determined and is shown in
Figure 9, with selected bond lengths and angles detailed in Table 2 and
crystal data in Table Ch1 Tabl. In the structure of [Lis(THF)s(LiOH)s(L)]2 two
ligands are found in a staggered conformation linked by six {Li-O-Li}
bridges. The six cyclohexyl substituents adopt chair-conformations and fully
encapsulate a Li-OH core. This core is best described as two superimposed
LisOs six-membered rings that adopt chair conformations, as shown in Figure
10. Two lithium environments are observed in the structure, designated as
edge (Lil, Li2 and Li3) and core (Li4, Li5 and Li6) lithium atoms. The edge
lithium atoms are bound in a tetrahedral geometry by the nitrogen atoms of
two pyrrolides (Lil-N1: 2.069(6) A and Lil-N3: 2.076(6) A), to a hydroxide
group (Li1-O6: 1.920(5) A) and the oxygen atom of a THF adduct molecule
(Li1-O1: 2.058(6) A). The core lithium atoms are bound in a tetrahedral
geometry by two intra (Li4-O5 and Li4-O6, 1.928(6) and 1.915(6) A
respectively) and one inter-ring (Li4-O4’: 2.063(5) A) hydroxide groups as
well as the nitrogen atom (Li4-N4: 2.078(6) A) of an imine group.
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Figure 9: X-ray crystal structure of [Li3(THF)3(LiOH)3(L)]o. For clarity, cyclohexyl carbon
atoms, disorder components, and all hydrogen atoms except those on 04, O5, and O6 are

omitted (50% probability displacement ellipsoids where drawn).

Lil-N1 2.069(6) N2---N4 6.535

Lil-N4 2.072(6) N1-Li1-N3 100.9(2)
Li1-O1 2.058(6) Li4-06-Li6 117.9(3)
Li1-06 1.920(5) Li4-06-Li2’ 80.9(2)
Li4-N4 2.078(6) Lil-N1-Li3 99.0(2)
Li4-O4’ 2.063(5) 05-Li4-06 116.7(3)
Li4-O5 1.928(6) O1-Lil-O6 102.4(2)
Li4-06 1.915(6) Pi--P2 8.143

o

Table 2: Selected bond lengths (A) and angles (°) of [Liz(THF)3(LiOH)s(L)]2

Li N
:'7 g’

NS Li——0—=t

A\ TTTVE N

Li—o0

ST
L':i—(j.—Ll

Figure 10: Representation of the Li hydroxide core from the structure of
[Lis(THF)3(LIOH)3(L)]
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With a Cs axis of rotation, three vertical planes, and six Cz axes
perpendicular to the main axis of rotation, the structure possesses a Dsa point
group with the inversion centre located at the centre of the {LisOs} core in the
solid state. The two pyrrolide nitrogen planes, P1 and P>, are separated by
8.143 A. Although the arms of the tripod are long enough to encapsulate the
core of [Lis(THF)s(LiOH)s(L)]2, they do not protect the capping lithiums
atoms; coordination sphere of which is therefore completed by the binding of
THF solvent molecules. The area between the imine nitrogens (N2, N4 and
N6) of 21.35 A2, extrapolated from the distance separating N2 and N4 (6.535
A) compared to that of HsL (12.6 A2 extrapolated from N2--N4 = 5.01 A)
shows that the ligand is highly flexible. Added to the possibility that
multiple ligands can come together to interact with a single larger molecular
entity shows that the ligand can encapsulate molecules of varying sizes, 19.93
A3 in this case (extrapolated from the hexagonal prism defined by {LiOHJs).
Comparatively, the softball developed by the Rebek group can encapsulate

guest of size ranging from 145 to 226 A3, a selection of which is displayed in

Br
?%/ °

B
o r

@) 0]

Figure 11.5

145 A3 164 A3 205 A3 226 A3
Figure 11: Sample of the guests and their corresponding volume encapsulated by the
softball developed by Rebek and co-workers. Molecular modelling of assemblies and guest
was carried out using MacroModel 6.5
Li(OR) compounds assemble into a variety of motifs, the most
common being ladders and Li3(OR)s rings. More unusual structures include
distorted prisms and step-form structures.'” Increasing the number of

Li(OR) units can lead to more complex architectures such as octameric

structures and octahedral cages (Lii2012) which can be regarded as two
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parallel Lis(OR)s single rings linked by six Li(OR) units.'!] {LiOH}e structural
motifs have been observed in various forms, with examples including
octahedrons as observed by Shilov and co-workers as well as the “S” shaped
twelve-membered rings described by Scott and Dinger and displayed in
Figure 11.1' Possible intermediate structures between these include Lis(OR)s
single rings that stacked on top of one another of which the {LiOH}s structure

described above is an example.[™*!

Figure 11: {LiOR},, octahedron observed by Shilov and co-workers with oxygen atoms in
red and lithium atoms in green (left); {Li(OR)}¢ ?12 membered ring described by Scott and
Dinger.

Examples of the {LiOH}s motif are displayed in Figure 12. It has been
observed monocapped on a single side (left) of the hexagonal faces as part of
an aggregate formed by 1-methyl-(5)-2-(hydroxymethyl)pyrrolidines by the
Strohmann group a or capped on both sides (centre) and acting as a
countercation to a tetra-tellurium complex formed by the Davies group.!'¥ In
these structures, the capping lithium atom is bound to all three hydroxo
groups from the closest ring. On the other hand, the bi-capped {LiOH}s motif
observed by Girolami and co-workers displayed in Figure 12 (right), shows
that the core is capped on both sides by a lithium cation bound to a single

hydroxyl oxygen and a second lithium cation bound to the two remaining
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hydroxo groups of the Li3(OR)s hexagon.!® It is noteworthy that this last
motif possesses an inversion centre as the lithium atoms that are terminally-
bound to a single hydroxyl oxygen are on opposite sides of the core. In
contrast, the structure of [Lis(THF)s(LiOH)sL]> represents the first {LiOH}s
stacked rings motif that is triply-capped by lithium cations on both of its
hexagonal faces. The complete encapsulation of this core by the two tripodal

pyrrole imine ligands presumably stabilises this motif.

Li——O0——1Li
::'l ::'/
§ L= O | |
Pl i |
L|{-O/O -------- L/Li
li——0—Li

Figure 12: Representation of {LiOH}s mono-capped on 1 side (left), mono-capped on both
sides (centre), bi-capped on both sides (right).

Synthetic pathways have been formulated to synthesise some of these
aggregates.l®l It is thought that the choice of solvent influence the type of
structure observed. Only species containing dimeric Li(OR) units are
produced when wusing pyridine as a solvent, whereas the use of
tetrahydrofuran leads to the formation of four or six membered rings of Li-O
atoms of various shape and size including square, cube, hexagon and
hexagonal prisms. The formation of [Lis(THF)s(LiOH)s3(L)]2 in which one
{LiOH}s ring has formed within each ligand as a THF adduct supports these

conclusions.

2.4 Synthesis of the cobalt complex [Co(HsL),][Cl]s

With an aim to form a cobalt complex with a ligand to metal ratio of
1:1, HsL was reacted with CoCl: under aerobic conditions. The intended

result was the promotion of the tautomerisation of the pyrrole-imine ligand
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into its azafulvene-amine form by complexation of the metal centre to the
pyrrole-nitrogens. This was expected to result in the formation of a
hydrogen-bonding pocket able to partake in anion binding. Instead, as
described in Scheme 3, the reaction led to the formation of the new Co™

complex [Co(HsL)2][Cl]s in 88 % yield after workup as a green solid.

=8 L

] ) PN

MeOH

\J

CoCl,

Cyclohexyls and
Chloride anions
omitted for clarity

Scheme 3: Synthesis of [Co(H3L),][Cl]s.

The diamagnetism of the 'H NMR spectrum displayed in Figure 13, is
concordant with oxidation of Co" to Co!. Tautomerisation of the ligand
from the pyrole-imine into the azafulvene upon metallation is indicated by
the appearance of new doublet resonances at 7.45 and 6.89 ppm as well as the
imine CH proton shifting from 8.47 to 5.60 ppm and appearing now as a

doublet. This coupling pattern was confirmed by 'H-'H COSY experiment.
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Figure 13: 'H NMR spectrum of [Co(HsL)][Cl]sin MeOD, *’ denotes residual protio solvent.

Crystallisation of [Co(HsL)2][Cl]s by the diffusion of Et2O into a MeOH
solution of the complex afforded crystals suitable for X-ray crystallographic
studies. The solid state structure was determined and is shown in Figure 14,
with selected bond lengths and angles detailed in Table 3 and crystal data in
Table Ch1 Tabl. In the solid state structure of [Co(HsL)2][Cl]s, two ligands are
found to bind to the single metal cation in a manner similar to
tris(pyrazolyl)borates, with the three pyrrole nitrogens of each ligand
binding to the Co™ centre that adopts an octahedral geometry. A shortening
of C6-C7 and C4-C5 bonds from 1.48(3) and 1.41(3) to 1.395(7) and 1.380(7) A
respectively as well as an elongation of N2-C7 and C5-C6 from 1.24(2) and
1.34(3) to 1.290(6) and 1.416(6) respectively is observed. These differences are
concordant with the ™M NMR spectrum in that they support the

tautomerisation of the ligand into the azafulvene. The imine bonds are
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clearly shown in an E conformation, pointing outwards with hydrogen

bonding interactions observed between the azafulvene NH and the

surrounding chloride anions (N2--ClI2, 3.167(6) A).

Figure 14: Ball and stick representation of the X-ray crystal structure of [Co(H3L)2][Cl]s. For
clarity, all hydrogen atoms, cyclohexyl carbons and disorder components are omitted.

The structure has a Dz« point group in its solid state. Due to the small
splitting of the alkene CH in the 'H NMR spectrum, it is unclear whether this
is retained in solution. As in the X-ray structure of HsL, each vertical plane
cuts the other two at an angle of 120°, bisecting the metal centre which is also
the structure’s inversion centre. The interplanar distance between the
pyrrolide planes of each ligand P1 and P: is 2.325 A with the cobalt metal
centre equidistant to the two planes (1.162 A). Each chloride anion is
hydrogen bonded to imine nitrogens of two different complexes, forming an

extended supramolecular network.
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Col-N1 1.953(3) C6-C7 1.395(7)
Co1-N3 1.956(3) C7-N2 1.290(6)
Co1-N5 1.945(3) N2--Cl2 3.167(6)
N1-C3 1.344(5) N4---Cl2 3.149(5)
C3-C4 1.380(6) N6--Cl1 3.167(6)
C4-C5 1.380(7) N1-Col-N3 88.44(14)
C5-C6 1.416(6) Pi--Ps 2.325
C6-N1 1.405(6) P:--Col 1.162

o

Table 3: Selected bond lengths (A) and angles (°) of [Co(HsL)2][Cl]s.

It was hoped that HsL would bind to the metal centre in a fashion not
dissimilar to that observed in tris(pyrazolyl)borate complexes. A particular
example of this was reported by Wolowiec and co-workers and displayed in
Figure 15 left,'”l in which a single tris(pyrazolyl)borate ligand binds to the
metal centre through the equivalent of the pyrrole nitrogens of HsL in a
trigonal pyramidal geometry. The coordination sphere of the cobalt is then
completed by a thiocyanate anion and a THF molecule resulting in a
distorted trigonal bipyramidal geometry. It is important to note in this case
that when only two arms of the tripodal ligand are equivalent, and the third
arm support less sterically demanding groups than the others, the THF
adduct was not formed. Indeed, the ligand binds more tightly to the metal
centre preventing the formation of the adduct. Another anticipated binding
mode of HsL is that shown in Figure 15 right, observed by Ward and co-
workers who obtained a six coordinate cobalt metal centre bound to their
hexadentate ligand hydrotris[3-(2-pyridyl)pyrazol-1-yl]borate.!¥! The metal is
bound to the six ligand nitrogens, three from the tris(pyrazolyl)borate part of

the ligand and one from each of the pyridyl groups. Although six
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coordinated metal centres favour an octahedral geometry for Ligand Field
Stabilisation Energy (LFSE) and steric reasons,”! the rigidity of the ligand’s
arms enforces a rare trigonal prismatic geometry onto the Co" cation.*® The
two ligands:one metal motif observed in [Co(HsL):][Cl]s is well known and
complexes in which two ligands bind to an octahedral metal centre in a

staggered arrangement have been observed by Trofimenko and Reglinski. !

S1

C30

N7

Figure 15: Wolowiec’s tris(pyrazolyl)borate binding to the metal centre via three nitrogen
atoms (left); Ward’s octahedral cobalt complex (right).

The tautomerisation of pyrrole imine upon metallation has been
observed previously by the Love group.? This is achieved by reacting
imine-functionalised dipyrromethanes with metal halides as depicted in
Scheme 4. Contrary to [Co(HsL)2][Cl]s, the chloride ions are still bound to the
metal centre which maintains a tetrahedral arrangement. A more stable
octahedral arrangement with three ligands probably involves too many steric
constraints to be feasible. The X-ray crystal structure therefore shows that
only one arm of the ligand partakes in intramolecular secondary interactions
between the azafulvene NH and the chloride ion. The second branch
participates in intermolecular H-bonding with the chloride ions of a second

molecule.
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M =Fe, X =Br
M = Co, X =CI
M =Zn, X =CI

Scheme 4: Pyrrole imine tautomerisation upon metallation.??”’

This behaviour is likely driven by a maximisation of the covalent and
non-covalent number of bonds with metal cations upon metallation as
observed by Sessler and co-workers with the imine-amine tautomerisation of
a Schiff-base expanded prophyrin and Tasker and co-workers with the H-
migration from the phenol oxygen to the amine nitrogen of a

salicylaldoximine ligand. !

2.5 Synthesis of the zinc complex [Zn,(H,L),][Cl]2>

The use of ZnCl: was directed by the desire to enforce a tripodal
geometry whilst preventing the motif previously observed in [Co(HsL)2][Cl]s.
Unfortunately, the reaction of ZnCl: with HsL under neutral conditions
produced multiple products that could not be isolated. However, the
addition of a ZnClz solution in EtOH to a solution of HsL in EtOH under

basic conditions led to the formation of the new binuclear complex,

[Zn2(H2L):][Cl]2 as a colourless solid in 26 % yield as described in Scheme 5.

R % /i ZnCl, mixture of products

N

ZnCl,
EtOH, NEt3

[Zna(HoL),][Cl],

Scheme 5: Synthesis of [Zny(H.L),][Cl]..

Crystallisation of [Znz(H:L)2][Cl]: by the diffusion of Et:O in a

saturated MeOH solution of the complex afforded crystals suitable for X-ray
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diffraction studies. The solid state structure was determined and is shown in
Figure 16, with selected bond lengths and angles detailed in Table 4 and
crystal data in Table Ch1 Tab2. In the solid state structure of [Zn2(H:L):][Cl]2,
two tetrahedral Zn! cations are found to be separated by 4.2448(8) A,
coordinated to the pyrrolide and imine nitrogens of one ligand and to two
pyrrole nitrogens of the other. This is the result of one arm of each ligand
being deprotonated whilst the other two are tautomerised into the
azafulvene-amine. This is supported by the elongation of the imine bonds
N2-C7 (1.327(6) A) and N4-C18 (1.312(6) A) compared to N6-C29 (1.291(6) A)
and the shortening of C6-C7 (1.395(7) A) and C17-C18 (1.381(7) A) compared
to C28-C29 (1.424(8) A). The proximity of the amine nitrogens and chloride
anions that are present in the superstructure, with N4---Cl1 and N2--CI1” of
3.173(4) and 3.198(5) A respectively, suggest the presence of hydrogen-
bonding interactions between the two.

The structure has a Czv point group passing through an inversion
centre located between the two zinc atoms. The planes P: defined by Zn1, N1
and N3 (double pyrrolide binding) and P: delineated by Znl, N5 and N6
(imine pyrrole binding) bisect each other at right angles. The relatively small
interplanar distance between P1 and Ps, the latter defined by Zn2, N7 and N9,
of 3.547 A can be interpreted as 7- & stacking between the different pyrrole
and imine bonds of the two ligands. This could very well be the driving

factor for the formation of this bimetallic bis(ligand) complex.
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Figure 16: Ball and stick representation of the crystal structure of [Zn,(H.L)][Cl].. For clarity,

disorder components and all hydrogen atoms except those on N2 and N4 are omitted.

Zn1-N1 1.977(4) C17-C18 1.381(7)
Zn1-N3 1.963(4) N6-C29 1.291(6)
Zn1-N5 2.006(4) C28-C29 1.424(8)
Zn1-N6 2.063(4) N1-Zn1-N3 96.0(2)

Znl-Zn2 4.2488(8) N1-Zn1-N5 122.5(2)
N2--Cl1 3.173(4) N1-Zn1-N6 116.1(2)
N4---Cl1 3.198(5) N5-Zn1-N6 83.8(2)

N2-C7 1.327(6) P:--Ps 3.547
C6-C7 1.395(7) PiP2 89.5
N4-C18 1.318 (6)

Table 4: Selected bond lengths (A) and angles (°) of [Zna(HoL)2][Cllo.
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The 'H NMR spectrum of [Zn:(H:L):][Cl]2, depicted in Figure 17,
shows that the solid state structure is retained in solution as two sets of
resonances are observed in a 2:1 ratio. A set of pyrrole resonances is seen at
7.65 and 5.98 ppm and correlate to the alkene CH shifted to 6.50 ppm
appearing as a doublet that is associated to a doublet at 10.2 ppm for the NH
protons with the coupling constant 3Jur= 15.1 Hz. This is consistent with the
tautomerisation of the pyrrole-imine into an azafulvene-amine. The size of
the CH-NH coupling suggests an anti-configuration (180 °) which is in
agreement with the X-ray crystal structure. The resonances of the singly-
deprotonated imine-pyrrolide are all shifted downfield compared to the
resonances of HsL (8.10 ppm for the imine resonance and 6.80 and 6.67 ppm

for the pyrrolic resonances).
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A L

10.5 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 0.5 O.

f1 (ppm)
Figure 173: 'H NMR spectrum of [Zn,(H.L).][Cl]»in CDCls, **’ denotes residual protio
solvent.

Linked iminopyrroles have been reported by the Love group to form
binuclear zinc complexes bridged by two ligands, the vast majority forming
helical structures. The introduction of a chiral imine substituents such as (R)-
CH(Me)Bu results in the formation of chiral mesocates instead of
diastereomers of helicates, though chirality does not seem to be the main
reason behind the geometry adopted by the complex.?¥ Indeed, the addition
of (R)-CH(Me)Ph leads to the formation of a racemic mixture of
diasteromeric helicates. It should be noted that the chain length of the imine
is not a deciding factor either as both long and short chains lead to the

formation of the helical structure as shown in Scheme 6.
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(i) (i) (i)

helical rac-[Zny(L"),] helical rac-[Zn(L2),] meso-[Zny(L3),]

Scheme 6: Synthesis of dinuclear, double-stranded helicates and mesocates [Ma(L,)].
Reagents and conditions: (i) ZnMe,, toluene, A.

The energy difference between the two geometries was determined
using molecular mechanics calculations and even though the difference in
global minimum energy is marginal (<10 kcal mol?), it does correlate to the
products observed. For L' and L? the helicate structure displayed in Figure
18 is of lower energy; AE = 6.51 and 4.75 kcal mol! respectively whereas in

the case of L3, the mesocate form is favoured (AE =-1.26 kcal mol?).

Figure 18: Solid-state structure of the mesocate [Zny(L,)] (left). For clarity, only one
molecule per asymmetric unit is shown, all hydrogen atoms are omitted, and the thermal
displacement ellipsoids are drawn at 50% probability; spaced-filled diagrams of meso-[Zn-
2(L2)] (centre) and rac-[Zn,(L,)] (right) are included for comparison.
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The reasons behind the formation of mesocates rather than helicates is
still unclear and although this type of geometry would be difficult to observe
in the case of HsL, it shows that Zn!' preferentially binds to two different
ligands rather than a single one in a tetrahedral geometry. The partial
tautomerisation of the ligand in [Zn2(H2L):][Cl]2 which allows the complex to
partake in secondary interactions sets this complex clearly apart from its

dipyrromethane predecessors.

2.6 Synthesis of cerium complex [Ce,(L),THF,]

f-block elements have a propensity to form complexes of high
coordination number due to their large covalent radii (Ce': between 115 and
128 pm compared to Ti": 81 pm),®! the product of the addition of Ce' to the
ligand was expected to result, as in Scheme 7, in the cerium bound not only
to the three pyrroles nitrogen, but also to the three imine nitrogens of a single
ligand. The complex observed after X-ray analysis has, however structural
traits similar to that of [Znz(H:L):][Cl]> in which a two ligands:two metals

motif is seen.

[Cea(L)o(THF),]

Scheme 7: Synthesis of [Ce,(L)o(THF)J]; (i): Ce[N(SiMes)sls

Crystallisation of [Cez(L)(THF):] by the diffusion of hexane into a
saturated THF solution of the complex afforded crystals suitable for X-ray

crystallography. The solid state structure was determined and is shown in
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Figure 19, with selected bond lengths and angles detailed in Table 5 and
crystal data in Table Chl Tab2. In the solid state structure of [Cez(L)(THF):],
two 7 coordinate Ce™ are held in distorted pentagonal bipyramidal
geometries and are separated by 5.472(1) A. The coordination sphere of each
metal centre is made up of one pyrrolide and imine nitrogen of one ligand
and two pyrrolide and imine nitrogens of the other. This is the result of the
tripodal ligand being fully deprotonated. The seventh coordination site of the
Ce centre is occupied by a solvent molecule (THF).

Overall the structure is similar to that of [Zn2(H:L):][Cl]. with the
major difference observed in the metal to metal bond distance which has
increased by 1.224 A. The planes delineated by Cel, N1 and N3 (P1) and Ce2,
N7 and N9 (P2) are parallel with an interplane distance of 3.643 A. This is
only marginally longer than that observed with the zinc analogue (3.547 A)
and still in the range of n—= stacking. The last resemblance with the structure
described previously is the co-planarity of the branches binding to a different
cerium than the two other branches of the tripod. The interplanar angle
between P1 and the lone arm binding defined by Cel, N5, N6 is distorted to
79.5° in this structure. One coordination site on the metal centres was
disordered and was modelled as 60/40 occupancy of THF and H20. A second
THF molecule was modelled with 40 % occupancy and was found to

hydrogen-bond to the water molecule.
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Figure 19: Ball and stick representation of the crystal structure of [Cex(L)o(THF),]. For clarity,

disorder components and all hydrogen atoms are omitted.

Cel-N1 2.525(4) C18-N4 1.297(6)

Cel-N2 2.641(4) C28-C29 1.430(6)

Cel-N5 2.494(4) C29-N6 1.292(6)

Cel-N6 2.702(4) N1-Cel-N2 67.03(11)
Cel-0200 2.510(13) N5-Cel-N6 65.69(12)
Cel-Cel’ 5.472(1) N1-Cel-N5 137.23(13)

C6-C7 1.414(6) N5-Ce1-0200 141.8(3)

C7-N2 1.301(6) Pi--Ps 3.643
C17-C18 1.452(6)

Table 5: Selected bond lengths (A) and angles (°) of [Cex(L)2(THF),].

Gambarotta has previously reported an example of two identical

tripodal pyrrolide ligands bridging two lanthanides by binding through two

arms of the first ligand and one arm of the second (Figure 20).l However, as
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the basic tripod is unable to provide enough electrons to stabilise the low-
valent niobium metal centres through n': n': n! coordination, the two ligands
adopt a bridging motif between the two metal centres. Each tripod uses two
arms to bind to both metal centres through ¢ bonds with the pyrrolide
nitrogens. The last pyrrolyl ring forms a © bond with a first niobium and a ¢

bond with the second.

Figure 204: Gambarotta’s di-niobium complex.?®!

However, the deprotonation of the ligand with KH or LiMe also
afforded a minor product in which the niobium metal centres formed bonds
with the three pyrrolo nitrogens of two ligands forming a structure not
dissimilar to that previously observed in [Co(H3L),][Cl]; (Figure 21 left). It is
interesting to note that the lithium cation only partakes in charge balancing
and binds to four THF molecules whereas the potassium cations binds to the
ligand forming an infinite zig-zag shaped anionic polymer (Figure 21 right).
The ionic complex is formed by two octahedral niobium complexes which

are charge balanced by the (TMEDA )sNb4Cl11K2(THF)s dication.
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Figure 21: Partial ORTEP representation of [Nb(LA)2]2' from the lithium precursor (left) and
K[Nb(LA)g]' from the potassium precursor (right). Thermal ellipsoids are drawn at the 30%
probability level.”®!

The formation of the multinuclear complexes [Zn:(H:L):][Cl]. and
[Cex(L)2(THEF):] is not surprising. Indeed dipyrromethanes are well known
within the Love and Gambarotta groups for their propensity to form
multinuclear complexes with a range of transition metals as well as f-block
elements.””l Although Love and co-workers have reported the formation of
binuclear complexes with early transition metals such as zirconium, a larger
tetranuclear iron complex has also been observed and is displayed in Figure

221
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Figure 225: Tetranuclear Fe' dipyrromethane complex observed by Love and co-workers.
For clarity, all hydrogen atoms were omitted.

The iron metal centres present themselves in a diamond arrangement
linked by four dipyrromethane ligands. The axial cations are bound to four
pyrrolide nitrogens in a tetrahedral arrangement through four ¢ bonds
whilst the remaining metal centres form diazaferrocene units by forming 77
bonding with two pyrrolide rings. The mechanism behind the formation of

this metallo-cycle is yet to be determined.

2.7 Conclusions
The HsL pro-ligand developed by Beer and co-workers has been

found to have a strong propensity to encapsulate small molecules such as
water on a 1:1 ratio as well as larger entities such {LiOH}sstacked rings in a
2:1 ratio.

Reaction between HsL and metals adopting octahedral or tetrahedral
derived geometries result either in mono-metallic multi-ligand complexes
such as [Co(HsL)2][Cl]s or multi-metallic multi-ligand complexes as seen with

[Lis(THF)s(LiOH)s(L)]2, [Zn2(H2L)2][Cl]2 and [Cez(L):(THF)2].
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Although the reaction with CoClL led to the complete and partial
tautomerisation of the ligand into the aza-fulvene, this was only partial (two
branches out of three) for the equivalent reaction with ZnClz. This shows the

potential of HsL to develop a substrate binding pocket upon metallation.
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Chapter 3: Hangman complexes of HsL and a new
tripodal amide ligand.

3.1: Introduction

Ligands that are capable of providing further, peripheral binding sites
upon complexation with a transition metal to stabilise and direct reactivity
have been of great interest to chemists looking to design new catalysts and
enzyme mimics.!! The majority of these complexes have been used in the
multiproton-electron transfer reactions which are required for the activation
of small molecules.’! Nocera and co-workers have developed numerous
“hangman” porphyrins and corroles that promote the four electron-four
proton reduction of oxygen to water.®! Cobalt corroles are known for
reducing oxygen and producing hydrogen peroxide through a two
proton/electron process despite efforts to achieve the formation of water.™
The “hangman effect”, however, in which the pendant arm can act as a
proton channel (Figure 1), is shown to promote the formation of water over
hydrogen peroxide.P’! In these systems, the lack of a proton on the pendant
arm results in a drop of 25 % in the formation of water which shows its
importance in the proton transfer mechanism that results in the O-O bond

cleavage.

Figure 1: Hangman corrole designed by Nocera and co-workers and observed to
preferentially reduce dioxygen to water.®!
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The use of metals preferentially adopting a tetrahedral or octahedral
derived geometry with HsL showed the development of substrate binding
elements, such as hydrogen bond donors, through ligand tautomerisation.
The multi-ligand/multi-metal complexes observed prevented the formation
of a guest binding pocket proximate to the metal centre. Transition metal
complexes favouring square planar or square planar derived geometry
should provide not only a metal coordination site with two arms chelating to
the ligand but also a substrate binding site with hydrogen bond donors and

acceptors located on the pendant arm.

3.2: Synthesis of [Pd(HL)] and [Cu(HL)]

The formation of a hangman complex from the pro-ligand HsL
requires the use of transition metals that preferentially adopt a square planar
or square planar derived geometry such as Pd"™ and Cu". As such, it was
discovered that the addition of Pd(OAc): or Cu(OAc): to a solution of HsL
under basic conditions led to the formation of hangman complexes in 62 and

60 % respectively, as shown in Scheme 1.

CH,Cl,, 2 NEt,

M(OAc),

M = Pd or Cu

Scheme 1: Synthesis of hangman complexes [Pd(HL)] and [Cu(HL)]

The 'H NMR spectrum of [Pd(HL)] (Figure 2) contains two different
sets of resonances in a 2:1 ratio in the aromatic region. The pyrrolide-imine
resonances are observed at 7.57, 6.65 and 6.16 ppm whilst the pendant
pyrrole-imine resonances are observed at 7.59, 6.60 and 5.89 ppm. Although

a single multiplet is observed for all three cyclohexyl methine CHs, the
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complexity of the multiplet suggests that the expected two sets of signals are
overlapping. This is supported by an integral worth three hydrogens for the
resonance observed at 3.24 ppm. The ESI spectrum supports the coordination
of the metal centre to the ligand with a molecular ion peak observed at 657.36

m/z for [PA(HL)].

30 75 70 6.5 60 55 50 40 35 30 25 20 15

1 Gom)
Figure 2: "H NMR spectrum of [Pd(HL)] in CDCls.

Re-crystallisation of [Pd(HL)] from hot acetonitrile afforded crystals
suitable for X-ray diffraction studies. The solid state structure, which
supports the structure in solution, was determined and is shown in Figure 3,
with selected bond lengths and angles detailed in Table 1 and crystal data in
Table Ch3 Tabl. The Pd" cation is held in a distorted square planar geometry
by two deprotonated pyrrole-imines of the tripodal ligand (Pd1- N1, 1.944(2)
and Pd1-N2, 2.084(2) A) with the metal centre residing slightly above the
plane (P3) of the four chelating nitrogens (Pd---P3, 0.065 A). This has resulted

in an upward tilt of the two pyrrolyl-imines with their planes, defined by
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their respective nitrogens and imine carbon, bisecting each other at an angle
of 17°. The pendant imine bond distance of 1.263(3) A shows that unlike
[Co(HsL)2] and [Zn2(HL):], the azafulvene-amine tautomer is not favoured in
this case with the pyrrole-imine tautomer retained. The torsion angle defined
by Pd1, C2, C25 and N5 of 5° shows that the pendant arm resides above the
axial coordination site of the metal centre which leads to the formation of a

hydrophobic cavity by the cyclohexyl substituents.

Figure 3: X-Ray crystal structure of [Pd(HL)]. For clarity, all hydrogens atoms except the
pyrrolyl NH are omitted and the plane defined by the chelating nitrogens N1, N2, N3 and N4
is referred to as P3.

Pd1-N1 1.944(2) Pd1--N6 5.240(4)
Pd1-N2 2.084(2) Pd1--P3 0.065
N2-C7 1.301(3) N1-Pd1-N2 80.43(7)
N4-C18 1.299(3) N1-Pd1-N3 87.23(7)
N6-C29 1.263(3) N1-Pd1-N4 167.34(7)
Pd1--N5 3.938(4) Pd1--C2-C25-N5 491

Table 1: Selected bond lengths (A) and angles (°) of [Pd(HL)]. For clarity, the plane defined
by the four chelating nitrogens N1, N2, N3 and N4 is referred to as P3.

The extended structure shows numerous interactions between

adjacent complexes. The bulky hydrophobic cyclohexyl substituents
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interdigitate forming a dimeric structure similar to a stretched analogue of
[Zno(HaL)2] in which the shortest C-C interaction is 3.74 A and the two Pd"
atoms are separated by 10.89 A (Figure 4). The pendant arm is also seen to
interact with the vacant axial site of a third complex through its cyclohexyl

CHs (C33--Pd1’, 3.73 A).

Figure 4: Extended structure of [Pd(HL)].

The addition of Cu(OAc): to HsL in MeCN led to the formation of a
mixture of products. Pure [Cu(HL)] was obtained by redissolving the
residual solids in THF and precipitating the product as a green powder by
the addition of hexanes. Although no crystals of [Cu(HL)] could be obtained,
the ESI spectrum displays a molecular ion peak at 614 m/z which confirms
coordination of the ligand around the metal centre with all acetate ion
displaced as acetic acid. The solution magnetic moment of 2.23 BM supports
the presence of the d° metal centre which is concordant with a structure
similar to that of [Pd(HL)]. Elemental analysis is concordant with the

obtention of a pure material.
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3.3 Synthesis of the ion pair receptors [Pd(H,L)][CI] and
[CuCI(H,L)].

The presence of hydrogen bond donors and acceptors in novel
coordination compounds is significant and allows for the development of
proton channels that could mimic enzymatic catalytic function. The
protonation of the pendant arm in [M(HL)] complexes can be achieved by the
use of an alternative metal precursor such as metal halides rather than metal
acetates. As such, the addition of PdCl2(MeCN): or CuCl: to a solution of HsL
under basic conditions led to the formation of [Pd(H:L)][Cl] in 60 % as a
yellow solid and [CuCl(HzL)] in 65 % as a green solid as described in Scheme
2.

/4

CH,Cl,, NEt,

PdCl,(MeCN),

MeOH, NEt,
CuCl,

Scheme 2: Synthesis of the ion pair receptors [Pd(H,L)][CI] and [CuCI(H,L)].

In solution, [Pd(H:L)][CIl] shows similar characteristics to [Pd(HL)].
The 'H NMR spectrum, displayed in Figure 5 and 6, contains two distinct
pyrrole-imine environments in a 2:1 ratio. Two arms of the tripodal ligand
are deprotonated (no pyrrolic NH resonance worth two hydrogens is seen)
and can be observed at 7.57, 6.65 and 6.35 ppm. The pyrrolic resonances
corresponding to the third arm are observed at 13.34 (unbound NH), 6.72

and 571 ppm. The imine resonances comprise a doublet at 7.38 ppm

68



Chapter 3

correlating in the 'H-'H COSY spectrum to a multiplet at 12.86 ppm which
supports the protonation of the imine nitrogen. The large splitting pattern of
the resonance associated with the protonated imine (15.5 Hz) suggest that the
imine and pyrrole protons adopt an anti configuration at the C=N bond.
Furthermore, the cyclohexyl CHs can now be seen as two distinct resonances

at 3.42 and 3.23 ppm, integrating for 1 and 2 protons, respectively.

CyH
3
NH } }\
\l| I ‘ | JR ‘ ||| |
L e Mt JLJA.»-' wll_,__J l.__._ e
135 125 115 105 95 90 85 380 75 70 65 60 55 50 45 40 35 20 25 20 15
f1 (ppm)

Figure 5: *H NMR spectrum of [Pd(H,L)][CI] in CDCl,.
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Figure 6: Expansion of the aromatic region of the "H NMR of [Pd(H,L)][CI] in CDCl,.

Re-crystallisation of [Pd(H:L)][Cl] from hot MeCN afforded yellow
crystals suitable for X-ray diffraction studies. The solid state structure was
determined and is shown in Figure 7, with selected bond lengths and angles
detailed in Table 2 and crystal data in Table Ch3 Tabl. In the solid state
structure of [Pd(H:L)][Cl], the metal centre is held in a square planar
geometry by the deprotonated pyrrole nitrogens (Pd1-N1, 1.952(4) A and
Pd1-N3, 1.955(4) A) and imine nitrogens (Pd1-N2, 2.108(4) A and Pd1-N4,
2.116(4) A) of two branches of HsL. Compared to [Pd(HL)] the palladium
metal centre is contained within the plane (P1) of the four nitrogen atoms
resulting in the co-planarity of both pyrrolide-imine arms making it a similar
mode of bonding to porphyrins. The third arm is protonated by a molecule
of HCI that is formed intrinsically during the course of the reaction and is
rotated away from the metal binding site. The chloride counter anion is

partaking in hydrogen bonding interactions with both the pyrrole and imine
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NHs (3.175(4) and 3.138(3) A respectively). Although the pendant arm imine

bond has lengthened significantly on protonation compared to that of HsL

(1.305(6) and 1.24(2) A respectively), the pyrrole-imine tautomeric structure

is retained (C28-C29, 1.405(6) A). The presence of a CH--Cl interaction

between C1 and the anion (3.902(7) A) prevents the third arm from being

rotated 180° away from the metal centre and adds to the asymmetry of the

molecule in the solid state. Instead, the torsion angle defined by Pd1, C2, C25

and N5 is of 137°. It is noteworthy that the overall structure also contains a

molecule of chloroform hydrogen bonding to the chloride anion (C50--Cl1,

3.425(4)).

Figure 7: X-Ray crystal structure of [Pd(H,L)][CI]. P1 is the plane defined by the four
chelating nitrogens (N1, N2, N3 and N4). For clarity, all hydrogens not partaking in H---Cl
interactions are omitted.

Pd1-N1 1.952(4) C6-C7 1.415(7)
Pd1-N2 2.108(4) N6-C29 1.305(6)
N5--Cl1 3.175(4) C28-C29 1.405(6)
N6--Cl1 3.138(3) N1-Pd1-N2 80.12(16)
C50--Cl1 3.425(4) N1-Pd1-N3 87.03(16)
C1--Cll 3.902(7) N1-Pd1-N4 167.10(16)
N2-C7 1.301(6) N2-Pd1-N4 112.64(15)

Table 2: Selected bond lengths (A) and angles (°) of [Pd(H,L)][CI].
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Re-crystallisation of [CuCl(H:L)] from hot MeCN afforded crystals
suitable for X-ray diffraction studies. The solid state structure was
determined and is shown in Figure 8, with selected bond lengths and angles
detailed in Table 3 and crystal data in Table Ch3 Tabl. The solid state
structure shows the metal centre held by the four nitrogen atoms of two
deprotonated arms of the ligand in a pseudo square planar arrangement (N1-
Cul, 1.946(3) and N2-Cul, 2.085(3) A) in which similarly to [Pd(HL)], the
metal centre sits above the plane of the four nitrogens P1 (P1-+Cul, 0.56 A).
This results in an upward tilt of the two pyrrole-imine arms the planes of
which (P2 defined by N1, N2 and Cul and Ps defined by N3, N4 and Cul)
intersects each other at an angle of 33.6°. As in [Pd(H:L)][C]], the third arm
takes no part in the coordination of the metal and has been protonated by a
molecule of HCI (N6--Cl1, 3.099(3) A) formed during the course of the
reaction. However the propensity of Cu" to form five coordinate complexes
leads to the formation of a covalent bond with the Cl- anion (Cul-Cl1, 2.583(1)
A) resulting in the square pyramidal geometry. As a consequence, the
pendant arm resides above the metal centre, fully encapsulating the chloride
ion in an overall structure similar to that of [Pd(HL)]. Furthermore, the anion
also partakes in CH--Cl interactions with a cyclohexyl carbon (Cl1--C20,
3.711(5) A) and a molecule of acetonitrile which was used as solvent for the

crystallisation process (Cl1---C402, 3.810(10) A).

72



Chapter 3

Figure 8: X-ray crystal structure of [CuCI(H,L)]. For clarity, all hydrogens not partaking in
H---Cl interactions are omitted.

Cul-N1 1.946(3) N1-Cul-N2 80.87(11)
Cul-N2 2.085(3) N1-Cul-N3 84.76(12)
Cul-Cl1 2.583(1) N2-Cul-N4 108.15(12)
Cl1--N5 3.270(3) N1-Cul-N4 161.15(12)
Cl1--N6 3.099(3) N1-Cul-Cl1 99.91(9)
Cl1--C20 3.711(5) N2-Cul-Cl1 89.76(9)
Cl1---C402 3.810(10) N5---Cl1--N6 56.46(8)

Table 3: Selected bond lengths (A) and angles (°) of [CuCI(H,L)].

The ESI mass spectrum displays a molecular ion peak at 650 m/z

which confirms the coordination of the ligand around the metal as well as

the presence of a chloride anion. The isotopic pattern is concordant with a

complex containing both Cu and Cl ions with the presence of an ion peak at

652 m/z worth 9 % (3/4 of the [M+H'] ion peak) corresponding to the

combination of ®Cu and ¥Cl. The solution magnetic moment of 1.94 BM
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supports the presence of the d° metal centre which is concordant with the

solid state structure.

It is clear from the last two complexes that HsL can act as an ion pair
receptor. The metal cation, however, dictates the type of binding that will
ensue. The use of the four coordinate Pd" resulted in a “host-separated” ion
pair (Figure 9 right) in which the anion and cation are separated by the host
molecule (HsL). In contrast, the use of Cul, due to its ability to form five
coordinate complexes, favours the formation of a “contact” ion pair (Figure 9
left) in which the anion and cation are bound. In the case of metals favouring
square planar derived geometry, HsL can be seen as having two different
binding sites: a porphyrin-like site consisting of two deprotonated pyrrole-
imine arms of the tripodal ligand as well as a hydrogen donor/acceptor site
constituted by the pendant arm.[! A solvent-bridged ion pair has not been

observed with HsL thus far.

C+

&

Figure 9: Types of ion-pair to receptor binding observed in HsL with HsL in blue, anion
represented as A” and cation as C*. Contact ion pair (left) observed in ECuCI(HZL)] and host-
separated ion pair observed in [Pd(H,L)][C]] (right)."®

3.4 Investigation into the redox chemistry of [Pd(HL)],
[Pd(H,L)][CI], [Cu(HL)] and [CuCI(H,L)].

The reduction/oxidation potential of the above complexes was
investigated to ascertain their possible use in redox catalysis, in particular in

proton-coupled-electron-transfer chemistry. All experiments were conducted
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in dry THF with BusNBFs electrolyte (0.2 molL") and referenced to ferrocene
(Fc/Fct = 0 V). Scans were conducted at 500, 300 and 100 mVs', and all

features were scanned starting from the most positive vertex point.

As a reference, the CV of the ligand (HsL) was investigated as shown
below in Figure 10, and displays no electrochemical redox features between

+0.33 and -2.66 V.

Hs;L -2.66 V to 0.33 V in THF relative to Fc/Fc*

2.00E-06 -
1.00E-06 -
-3.00E-20 -
<
-1.00E-06 - r
-2.00E-06 - —100 mV/s
=300 mV/s
500 mV/s
-3.00E-06 : : : : : : )
-3 -25 -2 -1.5 -1 -0.5 0 0.5
E/V

Figure 10: Cyclic voltammogramof HsL in THF (Bus;NBF,, Fc/Fc").
Similarly, [Pd(HL)] showed no features within the THF window (ca. -
2.66 to 0.33 V) (Figure 11).
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[Pd(HL)] -2.66 V to 0.33 V in THF relative to Fc/Fc*

1.00E-06 -
7 00E-21 | /+/
/
< v
-1.00E-06 -
-2.00E-06 -
100 mV/s
=300 mV/s
-3.00E-06 : : ——500 mVis . . .
-3 -25 -2 -1.5 -1 -0.5 0 0.5
E/NV

Figure 11: Cyclic voltammogram of [Pd(HL)] in THF (BusNBF,, Fc/Fc").

[Pd(H2L)][Cl] shows three scan-rate dependent features including two
oxidations that migrate from -0.82 to -0.68 V and 0.04 to 0.17 V and a single
reduction -1.37 to -1.46 V (vs Fc/Fc) as the scan rate was increased from 100
to 500 mV/s suggesting that these are irreversible (displayed in Figure 12).
Undoubtedly, the differences observed between the cyclic voltammograms of
[Pd(HL)] and [Pd(H:L)][CI] are due to the presence of HCl. Investigating
each feature independently led to only the oxidation at -0.68 V being
observed. This is most likely the oxidation of chloride anions into chlorine
gas which afterwards allows the reduction at -1.46 V of hydrogen into
dihydrogen gas through the deprotonation of the imine as shown in Scheme

3.
2 [PA(H,L)][C]] —— 2 [Pd(H,L)]"+Cl, +2 ¢

2 [PdH,L) +2¢ ——» 2[PdHL)]+H,

Scheme 3: Species formed during the electrochemical study of [Pd(H,L)][CI].
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[Pd(H,L)][CI] -2.66 V to 0.33 V in THF relative to Fc/Fc*

3.00E-06 -
2.00E-06 -
1.00E-06 -
< 0.00E+00 -
-1.00E-06 - 7
-2.00E-06 1 ——100mV/s
e 300 mV/s
-3.00E-06 . . 500 mvis . . .
-3 25 2 ‘15 gy -l 05 0 0.5

Figure 12: Cyclic Voltammogram of [Pd(H,L)][CI] in THF (Bu,;NBF,, Fc/Fc")

The redox characteristics of [Pd(H:L)][C]] in the presence and absence

of CO: were also investigated, but did not show any reactivity (Figure 13).

Comparison of [Pd(H,L)][CI] in the presence and
absence of CO, -2.66 V to 0.33 V in THF relative to

Fc/Fc*
3.00E-06 -
2.00E-06 -
1.00E-06 -
0.00E+00 -
<

-1.00E-06 -
-2.00E-06 -
-3.00E-06 - —— |n the absence of carbon dioxide 500 mV/s

- |n the presence of carbon dioxide 500 mV/s
'4.00E'06 T T T T T T 1

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5

E/V

Figure 13: Cyclic Voltammogram of [Pd(H,L)][CI] in the absence and presence of CO, in
THF (BusNBF,, Fc/Fc")
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The cyclic voltammogram of [Cu(HL)] shows a single feature different
from that of HsL and [Pd(HL)] at -2.25 V (vs Fc/Fc*) which can therefore be
attributed to the metal centre (Figure 14). Although this irreversible redox
feature was not substantial enough to be fully analysed, it is highly likely to

involve the reduction of Cu! to Cul.

[Cu(HL)] -2.66 Vto 0.33 Vin THF relative to Fc/Fc*

2.00E-06 -
1.00E-06 -
0.00E+00 -
< -1.00E-06 -
-2.00E-06 -
-3.00E-06 - =100 mvis
= 300mV/s
500 mV/s
-400E'06 T T T T T T 1
-3 2.5 -2 -1.5 -1 -0.5 0 0.5
E/V

Figure 14: Cyclic Voltammogram of [Cu(HL)] in THF (Bu,NBF,, Fc/Fc").

The cyclic voltammogram of [CuCl(H:L)] (Figure 15) is similar if not
identical to that of [Pd(H:L)][Cl] confirming that the reduction/oxidation
potentials observed are due to the protonation of the ligand with HCl and
are not metal dependent. Once again, it can be inferred that the observed
oxidation is the result of the formation of chlorine from chloride and that the
reduction is the result of the formation of H: from the deprotonation of the

pendant arm imine as shown in Scheme 4.
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2 [CUCI(H,L)] ———>  2[Cu(H,L)]* +Cly+ 2 &

2[Cu(HL)"+2e0 ——— 2 [Cu(HL)] + 2 H,

Scheme 4: Species formed during the electrochemical study of [CuCI(H,L)].

[CuCI(H,L)] -2.66 V to 0.33 Vin THF relative to Fc/Fc*

3.00E-06 -
2.00E-06 -
1.00E-06 -
< 0.00E+00 -
-1.00E-06 - 7
-2.00E-06 - f ——100mVis
=300 mV/s
500mV/s
-3.00E-06 ; ; . . . . .
-3 2.5 -2 -1.5 -1 -0.5 0 0.5
E/V

Figure 15: Cyclic Voltammogram of [CuCI(H,L)] in THF (BusNBF,, Fc/Fc").

Comparison of the cyclic voltammogram of [CuCl(H:L)] in the

presence and absence of CO: again does not show any further reactivity

(Figure 16).
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[CuCI(H,L)] in the presence and absence of CO, in THF
relative to Fc/Fc*

3.00E-06

2.00E-06

1.00E-06

0.00E+00

/A

-1.00E-06

-2.00E-06

-3.00E-06

- |n the absence of carbon dioxide 500 mV/s

——In the presence of carbon dioxide 500 mV/s

-4.00E-06 . . . . . . .
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5

E/NV

Figure 16: Cyclic Voltammogram of [Pd(H,L)][CI] in THF (Bu,NBF,, Fc/Fc").

3.5: Synthesis of the tripodal pyrrole-amide ligand HelL.

Recently, Cohen and co-workers have demonstrated the binding
versatility of dipyrrin ligands that incorporate the amide functionality.”
Reactions involving the complexation of metal halides (CuCl: or NiClz) with
a diamidodipyrrin ligand demonstrated that metals can choose whether to
bind to the amide oxygen or to the deprotonated amide nitrogen as shown in

Scheme 5.

For example, the reaction between CuCl: and the amide-dipyrrin HsX
formed the Cu complex [CuCl(H2X)] which shows the coordination of the
metal centre in a square pyramidal geometry with the two pyrrin nitrogens
and the amide oxygens occupying the equatorial sites and a single chloride
anion occupying the axial site. The ligand has been deprotonated a single
time and the metal centre retains a d° electron count. On the other hand,
reaction between HsX and NiClz results in the metal centre binding to the

doubly deprotonated ligand through three nitrogens (two pyrroles and one
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amide) and one amide oxygen with no chloride anion present and the metal

has retained its d8 electron count.

Scheme 5: Coordination of Ni'' and Cu" metal salts with diamidopyrrins as observed by
Cohen and co-workers.”!

The potential of pyrrole-amides towards anion binding has been
extensively studied.®! Their coordination chemistry with transition metals
has, however, been relatively overlooked despite the expectation that the
amide functionality would alter the electronic and structural properties of
complexes.! It is also well known that amide ligands are less sensitive to
aqueous conditions and compared to HsL, pyrrole-imine tautomerisation of
the ligand into the aza-fulvene cannot be observed. The most likely ligand
rearrangement would be the formation of an amino-alcohol through an H-

migration from the amide nitrogen to the oxygen.

An amide variant of HsL was synthesised by forming the
trichloroacetyl derivative (HsL“®) of HsL2 through a preparation adapted
from Schmuck and co-workers as described in Scheme 6.0 Three equivalents
of trichloroacetyl chloride were added to HsL® at 0°C under a flow of N

resulting in the formation of the product as a dark pink powder in a 65 %
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yield. The formation of HsL““® was confirmed by ESI-MS and IR
spectroscopy by the presence of a molecular ion peak at 659.1 m/z and of a
C=0 stretch at 1642 cm! respectively. The 'H NMR spectrum shows a broad
singlet resonance corresponding to the pyrrole NH at 10.07 ppm as well as
two doublet resonances at 7.37 and 6.27 ppm due to the pyrrolic CHs

resonances, confirming that the reaction took place at the 5 position.

Scheme 6: Synthesis of HgL?.

The final step of the overall synthesis required the addition of three
equivalents of neat amine to the tricholoroacetyl pyrrole precursor at 0 °C
and resulted in the formation of the ligand HeL? in 95 % yield. The formation
of HeL? was confirmed by IR spectroscopy with the presence of two separate
NH stretches at 3436 and 3288 cm for the amide and pyrrole NH and the
C=0 stretch shifted to 1633 cm™. The ESI-MS displays a molecular ion peak at

600.8 m/z and is concordant with the formation of the ligand.

3.6: S_ynthesis of titanium hangman complexes
[Ti(O'Pr),(HsL*%)] (R = Me, Cy)

The complexation of Ti'V by pyrrole-imine ligands has been well
studied. A recent example includes the synthesis of heterobimetallic
Sm"Y/TiV complexes described by Li and co-workers.'2l Having previously
reported the use of pyrrolo samarium complexes in polymerization

reactions,!3! and knowing that titanium pyrrolo complexes have shown high
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catalytic activity for the hydroamination of alkynes;!'! they designed and
studied the polymerisation and hydroamination potential of the

heterobinuclear complex shown in Scheme 7 (Compound 2).

2 N(\m N Sm{N(SiMe3),}3, THF E?”‘/\]/\ I/\I
oo o D)
Z "NH

HNTY, -3 HN(SiMes), C/NE,N//SP‘\\\N
=N/~ H

— /m|| NH
G4
Y
1
Ti(NMey)s, THF | -2 HNMe, Ti(NMe,),, THF | -2 HNMe,
K\N/W
N N |
/N\I/N\ /4 \Sm/N\
Ti ™\ —NET I~
NN =N N—/_/ N\\/N N
N—-Ti
3 N\ AN
N/ N— Q

Scheme 7: Synthesis of a Ti-Sm heterobinuclear complex as reported by Li and co-
workers.™

The hydroamination of phenylacetylene was observed to be catalysed
by the binuclear complex (2) in good yield compared to Ti(NMe2)s and to the
titanium complex (3) shown in Scheme (7). Regioselectivity was also
improved compared to Ti(NMe2z)s but similar or worse compared to 3
depending on the amine used. The polymerisations of e-Caprolactone using 1
and 2 were compared and showed that whilst there is little difference
between the polymers formed, 2 has higher activity than the mononuclear
samarium complex, achieving nearly quantitative yields at much lower

temperatures.
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Pyrrole-amides can be highly versatile ligands as the oxophilicity of
the metal will dictate whether the metal will interact with the carbonyl or the
NH group. Despite this, complexation of titanium by pyrrole-amide ligands
has not been reported and very few examples exist with other transition
metals.” 1 As such, [Ti(OPr)(HsL?¢)] and [Ti(O'Pr)2(HsL?%)] (see below)

represent the first two pyrrolo-amido titanium complexes.

The addition of Ti(O'Pr)s to HeL?M¢/%y in THF, under an atmosphere of
Nz, led to the formation of [Ti(O™Pr)(HsL?™M%)] and the elimination of two
equivalents of HO'Pr, as shown in Scheme 8, in 66 and 62 % yield for HelL?Ve
and H¢L* respectively . Attempts to remove further HOPr and fully
encapsulate the metal centre proved unsuccessful, even at elevated

temperatures.

Scheme 8: Synthesis of [Ti(O'Pr),(HsL?)].

The 'H NMR spectra of both [Ti(O'Pr)2(HsL?"¢)] and [Ti(OPr)2(HaL2)]
(Figure 17) confirm the formation of an asymmetric complex similar to that
of [Pd(HL)] and [Pd(H:L)][Cl], displaying two sets of resonances in a 2:1 ratio
and supporting the coordination of two arms to the metal centre whilst the

third tripodal arm remains pendant.
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Figure 17: Expansion of the aromatic region of the *H NMR of [Ti(O'Pr),(H4L*“")] in CgDe.

The first set of resonances, corresponding to the two identically bound
branches of the complex, contains two pyrroles and a single NH resonance at
6.57, 6.02 and 7.07 ppm and 6.65, 6.42 and 6.36 ppm for [Ti(OPr)2(HsL?Ve)]
and [Ti(OPr)2(HsL2%)] respectively. This latter resonance indicates that the
pyrroles have been deprotonated and are now binding to the metal centre
whilst the amide nitrogens are not partaking in ligand-metal interactions.
The four '"H NMR resonances corresponding to the pendant arm of the tripod
are observed at 6.25 and 5.82 ppm for the pyrrolic resonances and 8.57 and
6.29 ppm for the two separate NHs in [Ti(O'Pr)2(HsL?M¢)] and 5.90, 5.33, 9.32
and 6.36 ppm for the corresponding resonances in [Ti(O'Pr)(HsL?>®)]. The
presence of both NHs in the spectrum confirms that this branch is not taking
part in metal-ligand coordination. Additionally, two set of isopropyl

resonances are observed in each complex at 4.65, 4.53, 1.16 and 1.00 ppm and
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5.08, 4.95, 1.35 and 1.20 ppm in [Ti(OPr)2(HsL?¢)] and [Ti(OPr)2(HsL2w)]
respectively. These multiple resonances arises, as in [Pd(H:L)][Cl], from a
de-symmetrisation of the complex by the pendant arm. The IR spectra show
two separate C=O stretches at 1591 and 1540 cm™ and 1600 and 1558 cm™ in
[Ti(OPr)2(HsL™e)]  and [Ti(O'Pr)2(HsL>®)] respectively. This does not
necessarily indicate asymmetry and could also be caused by symmetric and
asymmetric stretches of the bound carbonyls which could be overlapping

with the pendant carbonyl stretch.

Slow cooling of a saturated solution of [Ti(O'Pr)(HsL?M¢)] in MeCN
resulted in the formation of crystalline material suitable of X-ray diffraction
studies. The solid state structure was determined and is shown in Figure 18,
with selected bond lengths and angles detailed in Table 4 and crystal data in
Table Ch3 Tab2. The solid state structure of [Ti(O™Pr)2(HsL?)] shows that the
metal centre adopts a distorted octahedral geometry. Two branches of HsL2
occupy the equatorial binding sites of the TiV anion through the pyrrolide
nitrogen (Til-N1 = 2.05(2) A) and the amide oxygens (Til-O1 = 2.07(3) A).
This binding motif is preferred from one that would see a binding through
the amide nitrogens due to the oxophilicity of titanium. The two axial
binding sites are occupied by two isopropoxide ligands which have not been

removed during the reaction (Ti-O4 = 1.78(2) A).

The third branch of HeL?M¢ is turned away from the metal centre, but
as with [Pd(HL)], it is not co-planar with the plane defined by Til, C1 and C2;
instead, a torsion angle set by Til, C2, C15 and N5 is of 124.9 °. This can only
be explained by steric interactions between the unbound pyrroles and the

methyl constituting the base of the tripod.
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Figure 18: X-Ray crystal structure of [Ti(OiPr)z(H4L2Me)]. For clarity, all hydrogens not
partaking in H---Cl interactions are omitted.

Til-N1 2.05(2) 04-Til-05 150.3(2)
Til-N3 2.06(2) N1-Ti1-O2 155.7(1)
Ti1-O1 2.07(2) N1-Ti1-O1 76.1(2)
Ti1-02 2.11(2) O1-Til-O2 128.1(1)
Ti1-O4 1.78(2) N1-Ti1-O5 104.2(2)
Ti1-O5 1.81(2) O1-Til-O5 84.4(2)
Til--C2-C15-N5 124.9 N1-Ti1-N3 79.3(2)

Table 4: Selected bond lengths (&) and angles (°) of [Ti(O'Pr),(H,L?)].

In the extended structure, the amide NHs are partaking in hydrogen
bonding interactions with the nitrogen atom of acetonitrile solvent molecules
(N4--N8, 3.05(3) A and N2:-N7, 2.93(3) A). The pendant arm of the ligand
interacts through hydrogen bonding interactions with the unbound arm of
two neighbouring complexes as shown in Figure 19. The carbonyl group (O3)

and amide NHs (N6’) of proximate molecules are separated by 2.79(5) A.
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2Me

Figure 19: Extended X-ray crystal structure of [Ti(OiPr)z(H4L
bonding interactions between the amide groups of neighbouring complexes. MeCN
molecules and hydrogen atoms omitted for clarity

) showing the hydrogen

3.7: Anion binding studies of HgL*®.

Anion binding receptors play a central role in many fields of
chemistry from pollutant detection to transportation of anions through cell
membranes.l'®! Loeb and co-workers have studied the anion binding
capabilities of a tetrapodal Pt complex.l'”] Although addition of di-hydrogen
phosphate and sulphate anion resulted in the expected encapsulation of the
tetrahedral species in a 1:1 ratio, this is not the case with spherical halide
anions. With spherical guests, the tetrapod forms a 2:1 guest host complex in
which each halide coordinates, through hydrogen bonds to the urea groups
of two separate arms of the host, on opposite sides of the metal centre as
displayed in Figure 20. Although it shows a 1,3 alternate structure, the 1,2

alternate has also been observed.
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Figure 20: Full encapsulation and “two up, two down” binding motif adopted by the complex
reported by Loeb qnd co—work_ers with tetrahedral (left) and spheric;al [gr7i]ght) anions
respectively. All anions represented as spheres for clarity.

The result of these difference in terms of encapsulation of guest as
well as the number of donors interactions between the host and the guest
result in a vast spread of stability constants. Unsurprisingly the 1,3 alternate
complexes shows the lowest stability constant (as small as 52 M for I') which
can be explained by longer hydrogen bonds compare to those that would be
expected in the 1,2 alternate. The full encapsulation of the tetrahedral anions

results in values of K upwards from 10° which are the result of the host using

all four arms to bind to a single anion.

The combined presence of numerous hydrogen bond acceptors and
donors on the ligand as well as the propensity of HsL to encapsulate small
molecules such as water, lead to an investigation of the anion binding

potential of Hel. 2.

Determining the stoichiometry of the chemical equilibrium of
reactions in solution can be done through a variety of techniques such as the

slope ratio method and the mole ratio method.® Job’s method of continuous

89



Chapter 3

variations is, however, the most widely used due to its simplicity.'” It
involves determining the coefficients 4, b and c in the following equation
where H¢L2 and A- are the free ligand and anion and (HsL?)aA%b is the product

formed by the complexation of HsL? with the anion.2!

aHgl?+b A ¢ (HeL?),A%,

As the ratio of A- for any one HeL? is to be calculated, the previous equation

can be written as:

Hgl? + k A m (HgL?),A}

where k =b/a and m = ¢/a

If a series of solutions is prepared, each containing the same total
number of moles of HeL.2 and A- but a different mole fraction f of HelL2 to A",
the maximum amount of product (HeL?).Ab is obtained in a solution in
which f = k (stoichiometric ratio). Following the first part of this statement,

then the mole fraction x of HsL.2 and A-can be written as below:

moles of HgL? = a = x

molesof A A=b=1-x

Therefore:

After measurements, one plots the number of moles of product c
against f. When f> k, HeL? is limiting reagent; as f decreases, c increases until f

= k with c given by the following relationship:

c =mx
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Alternatively, when f < k, A- is limiting reagent; as f increases, c decreases

until f =k and this time ¢ can be expressed by the following equation:

1—x
k

c=m

A plot of both equations over a series of sample should give two lines
of which the intersection is the point where f = k. The intersection can be
expressed in terms of x by solving the following equation:

1—x
k

mx =m

okx=1-x

Sk=--1
X

ox(1+k)=1

oy 1
*T1rk
Therefore:
1
1-x_1-15%
f="=—gtE=k
1+k

The concentration of the complex can be measured by any parameter
proportional to the concentration such as UV/vis or an NMR integral if the
system is under slow exchange conditions and two distinct chemical shifts
can be observed for the starting material and the product. If the system
exchanges rapidly, a single signal will be observed in the 'H NMR spectrum

at an averaged chemical shift/?!!

Sobs = fsmOsm + fp6p
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where f represents the mole fraction, sm is starting material and p is product.

Since fin=1 - f;, the previous equation can be rewritten as:

Sobs = fsmOsm + 1- fsm)6p = fsm(65m - 617) + 617

Sobs - 6p

G =5,

The concentration of product is therefore given by:

6ob5 - 6p

host = [host]| ————

The interactions between HsL? and spherical anions such as halides
and trigonal planar anions such as acetates have been studied. Unfortunately,
tetrahedral anions could not be represented as the host-guest adduct formed
during the reaction was insoluble and hence no data were available for the
construction of a Job plot. Comparison between spherical and trigonal planar
anions should establish whether the binding motif is geometry dependent.
Size dependence was also investigated through the study of multiple halides
(F, CI,, Br- and I'). The Job plot representation of the acetate anion (displayed
in Figure 21) shows an apex at 0.5 mole fraction of ligand. This is translated
as the formation of 1:1 anion to ligand complex. The lack of asymmetry in
the "TH NMR spectrum upon addition of TBAOAc to HeL? suggests that the
anion interacts with the ligand in a similar manner to HsL.H20O and is fully

encapsulated.
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5.0E-03 T+
4.5E-03 +
4.0E-03 +
3.5E-03 +
3.0E-03 +
2.5E-03 +
2.0E-03 +
1.5E-03 -
1.0E-03 -
5.0E-04 -

0.0E+00 \ \ \
0 0.2 0.4 0.6 0.8 1

HqL2 Mole Fraction

[complex]

Figure 21: Job Plot of TBAOAC

The Job plot of the halide series, displayed in Figure 22, shows that in
solution, the chloride, bromide and iodide anion all preferentially form 1:1
complexes with HsL?>®. It is reasonable to assume that these complexes are of
a form similar to that of HsL.H20 and that the anion is fully encapsulated by
the ligand. HsL*> shows an uptake of 1.5 fluoride anions per ligand. A
potential structure for this uptake involves two hangman HeL>< fluoride
complexes linked together through a hydrogen bonding interactions between
the pendant arm of each complex and a third fluoride anion as displayed in

Figure 23.

93



Chapter 3

5.0E-03
4.5E-03 -
4.0E-03 -
3.5E-03 +
3.0E-03 +

2.5E-03 +

[complex]

2.0E-03 +
1.5E-03 -
1.0E-03 -
5.0E-04 -

0.0E+00 \ \ \ \ \
0 0.2 0.4 0.6 0.8 1

HsL? Mole Fraction

Figure 22: Job plot of the halide series (F': purple; CI': blue; Br™: red; I': green).

Figure 23: Plausible form for the 2:3 H6L2cy to fluoride complex.

Slow diffusion of hexane into a saturated dioxane solution of 1:1
HeL>*> and TBACI resulted in the formation of crystalline material suitable of
X-ray diffraction studies. The solid state structure was determined and is
shown in Figure 24, with selected bond lengths and angles detailed in Table 5
and crystal data in Table Ch3 Tab2. Although the above liquid state, anion-
binding studies shows the propensity of 1:1 binding between spherical
anions and HeL?, possibly encapsulated in the same manner as seen in
HsL.H20, the solid state structure shows the ligand partakes in hydrogen

bonding interactions with three chloride anions. Each branch of the tripod
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interacts with a single anion through both the pyrrole and amide NHs (3.285
and 3221 A respectively). This structure is surrounded by three
tetrabutylamine counter anions. The molecule has a Cs point group (C3-C2-
C25, 111.2(2)°) in the solid state and each branch is angled such that the HeL.2
takes a propeller-like shape (N1-C3---C14-N3, 99.43°).

Figure 24: X-Ray crystal structure of HGLZCV(CI)3(TBA)3. TBA molecules omitted for clarity

N1--CI1 3.285 C7-N2 1.350(4)
N2---CI1 3.221 C3-C2-C25 111.2(2)
01-C7 1.231(3) N1-C3--C14-N3 99.43

Table 5: Selected bond lengths (&) and angles (°) of HsL>®Y(Cl)3(TBA)s.

The anion binding properties of tripodal ligands has been investigated
by numerous research groups.”? Bowman-James and co-workers have
developed acyclic TREN derived anion receptors (as shown in Figure 25 left)
and studied their binding selectivity for different anions.*! N, N’, N”"-Tris(2-
benzylaminoethyl)amine (HsZ), displayed in Figure 25 right, has shown

similar anion binding properties to those displayed by HsL>.
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AL e

NR NR RN NH NH NH

R’ NHR® ~ R

R' = alkyl or aromatic substituents
X=0,S

Figure 25: TREN derived ligands developed by Bowman-James and co-workers as anion
receptors (left) and N, N’, N”-Tris(2-benzylaminoethyl)amine (H3Z) which displays similar
properties to HeL? (right).””

'H NMR studies indicated a 1:1 host guest association with anions of
various geometries such as spherical halides, tetrahedral phosphate and
trigonal planar nitrate. However, in the solid state, the crystal structures of
the phosphate and bromide salts showed the formation of 3:1 anion to ligand

complexes. [HsZ][Br]s (Figure26) displays a structure not dissimilar to that of
[Pd(H:L)][CI].

Figure 26: X-Ray crystal structure of [HsZ][Br]; synthesised by Bowman-James and co-
workers. All hydrogens not partaking in Hydrogen bonding interactions are omitted for clarity.

Two arms are partaking in hydrogen-bonding interactions with a

central bromide anion whilst a second bromide is located on the outer side of
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this pocket interacting with a single branch of the ligand. The third arm is
rotated away from the central pocket and partakes in hydrogen-bonding

interactions with the final anion.

The solid state crystal structure of the phosphate salt displayed in
Figure 27 showed that not only each branch interacts with a single phosphate
anion through a hydrogen-bond but also with a central phosphoric acid
molecule formed by the presence of acid within the crystallisation medium.
The latter prevents the formation of a hangman type structure in

[HsZ][H2POs4]3.H3POea.

Figure 27: X-Ray crystal structure of [H3Z][H,PO,]; observed by Bowman-James and co-
workers. All hydrogens not partaking in Hydrogen bonding interactions are omitted for clarity.

3.8: Conclusion

The new mono-metallicc mono-ligand complexes [Cu(HL)] and
[PA[HL] have been synthesised by the addition of Group 10 and 11 transition

metals (Pd" and Cu") to the tripodal pyrrole-imine ligand HsL.
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Tautomerisation of the ligand into the aza-fulvene was not observed when
using these metals, and square planar or square pyramidal geometries were
favoured. The two arms of the ligand chelating to the metal centre are
deprotonated whilst the third branch is pendant, resulting in a hangman
structure. The type of metal precursor used also influenced the overall shape
of the complex. The addition of PdCl> or CuCl: to HsL resulted in the
formation of the ion pairs [CuCl(H:L)] and [Pd(H:L)][Cl] due to the uptake of
HCl formed during the reaction. In both cases, the pendant arm is
protonated at the imine nitrogen and is hydrogen bonding with the chloride
anion. [CuCl(HzL)] is observed as a contact ion pair in which the chloride
anion binds to the metal centre whereas [Pd(H:L)][Cl] is seen as a host
separated ion pair with the pendant arm rotated away from Pd". Although
the redox chemistry of [Cu(HL)], [Pd[HL], [CuCl(H:L)] and [Pd(H:L)][CI]
was investigated, most significant observations involved the formation of Clz

and H: from the incorporated HCI within [CuCl(H:L)] and [Pd(H-L)][CI].

New tripodal pyrrole-amide ligands (HeL?) were synthesised in good
yields from readily available precursors. Reactions with Ti'V resulted in the
formation of hangman complexes with two arms of the ligand occupying the
equatorial sites of the octahedral metal centre through the pyrrole nitrogen
and amide oxygen donors. The axial sites have retained the isopropoxide
groups present in the metal precursor. The anion binding potential of HeL2<¥
was investigated and showed in solution the formation of 1:1 anion to ligand
complexes for trigonal planar and spherical anions except fluoride which
showed the formation of a 3:2 anion to ligand complex. In the solid state
however, the formation of a 3:1 anion to ligand complex is observed with

chloride anions.
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Chapter 4: Chlorometallate and palladium cluster
complexes of wide-span diimine and diamine ligands

4.1 Introduction

The formation of ligands capable of promoting the assembly of
multiple metal cations into precise arrangements such as metallo-cycles,
metallo-cryptands and metallo-capsules is of great interest. These motifs can
have an impact on a wide range of chemical topics, including catalysis.[!!
Mirkin and co-workers have demonstrated, with a metallo-cycle complex
containing four binding sites, how these arrangements can lead to catalysts
that can be switch on and off (Figure 1).2! Two binding sites are used as
structural domains and contain two Rh! cations linking the two sides of the
metallo-cycle. The other two binding sites are used as catalytic domains, each
containing a Zn" metal centre. This complex has been shown to have the
capacity to catalyse the acyl transfer reaction between acetic anhydride and

pyridyl carbinol to form 4-acetoxymethylpyridine and acetic acid.

s = —\

PPh,

,./
Ph,P 1+ CO

Rh*
CI,R? mz
Ph,P. $
s N
= — HO +
| PR \II’OY \g/ Kg (9]
o O O'Jk
OH

<2
i = O
- u Bu

Figure 1: Multimetallic metallo-cycles catalyst designed by Mirkin and co-workers.”
Although in Figure 1, the catalyst is shown in a reactive form, it first

presents in its “switched oft” form where the sulphur donors replace the
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carbonyl and chloride ligands on the rhodium cation. This brings the two
catalytic domains closer and halts the catalytic cycle. Addition of CO gas in
the presence of chloride anion breaks the sulphur metal bonds moving the

zinc metal centres further apart, and switching the reaction on.

Other highly ordered complexes such as metallo-enzymes have been
observed in the field of bio-inorganic chemistry.®l Babcock and Wilkstrom
described the transformation of O: into H20O across the inner mitochondrial
membrane, or the cell membrane in prokaryotes. This reduction is achieved
by the bimetallic haem iron-copper reaction centre within cytochrome
oxidases, such as that displayed in Figure 2. Dioxygen is sandwiched
between an octohedral haem iron, with its remaining axial site occupied by a
histidine, and a tetrahedral copper metal centre ligated to three histidines
and its last binding site free to interact with O:. The introduction of electrons
and protons into the binuclear centre results in the formation of two water
molecules. The method employed by enzyme to carry such a reaction is still
under investigation due to very rapid reduction of O: (<0.2 ms) which

prevents the study of reaction intermediates with current technologies.

Figure 2: Bimetallic haem iron-copper reaction centre in cytochrome oxidases with O,
bound.™!
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A vast array of arranged multimetallic complexes with application to
medicine have been described by Therrien and co-workers.’! These can have
numerous uses ranging from diagnostic agents for MRI to chelation therapy.
A particular example is that depicted by Vincent and co-workers in which
the trinuclear complex [CrsO(O2CCH2CHzs)s(H20)3]* is formed from the self-
assembly of three Cr'! cations and six propionate anions (Figure 3).1° This
complex, first synthesised by Earnshaw and co-workers for its magnetic
properties, has been found to activate the tyrosine kinase activity of insulin
receptor proteins.”! It comprises of a planar triangular arrangement of
chromium ions surrounding a central /s-oxide. The metal centres are linked
to one another through two bridging carboxylate ligands and their
coordination spheres are completed by water molecules. Investigation into
the complex’s activation of insulin receptors showed that the ligands play an
important role. Indeed, if the ligands are acetates, the activation is inhibited
whereas if they are propionate the activation is stimulated by 100 %. This
clearly demonstrates the difficulties of the “lock and key principle” and the
issues surrounding the release of substrate within the reaction medium. The
acetate complex is a very good fit to the receptors, is preferentially bound
and inhibits the reaction whereas the propionate complex which is not as

good a fit, is released into the reaction medium.

X

@) @)
//\\

k / = acetate

Figure 3: Earnshaw and co-workers chromium complex.m
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Last but not least, ordered self-assembled multimetallic complexes
have been widely used in the field of single molecule magnetism. These
complexes, commonly referred to as SMMs, are generally rich in metal
centres that can easily adopt different oxidation states.®l. The first example of
a SMM was the cluster [Mni2012(O2CME)1s(H20)4], also referred to as
Mni120Ac, discovered in the 1990’s, and comprises an inner core of twelve -

oxo ions assembling eight Mn!! and four Mn' ions, as shown in Figure 4.1

Figure 4: Representation of [Mn1,0,,(0,CMe);15(H,0),4] from the top (left) and from the side
(right). Hydrogen atoms are omitted for clzgit[g/a.] Code for atoms: purple, Mn; red, O; grey,

The core is encapsulated by sixteen bridging acetate anions and four

water molecules. Exchange interactions between the metal centres leads to a
total spin ground state S = 10 for the whole molecule. The appliance of an
external magnetic field results in the Zeeman effect in which the previously
degenerate electron configurations are split. Electron configurations with a
positive spin quantum number (ms) are destabilised whereas those with
negative ms are stabilized. Although most complexes regain their
unperturbed energy states upon removal of the external magnetic field, and
paramagnetic complexes do so rapidly, in Mni120Ac this is very slow. This is
attributable to the presence of an energy barrier (AE) which completely

blocks this return to degeneracy below a certain temperature, and is of
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extreme importance as it suggests that SMMs should be capable of storing
magnetic information. Since this discovery, numerous homo and hetero

multi-metallic examples of various sizes have been observed.[

Recently, ligands such as acyclic imines and amines, macrocycles and
cryptands containing 1,4-disusbstituted arenes have been under much
scrutiny as they favour the formation of bi- and multinuclear complexes due
to the inability of the two donor groups to chelate to a single metal cation.!!
This is exemplified by the dicopper complex developed by Brooker and co-
workers in which 1,2-diazine moieties have been functionalised to form a (2 +

2) Schiff-base macrocycle upon metallation, shown in Figure 5.012!

Figure 5: Crystal structure of the dicopper complex [Cu,L(MeCN)»(ClO,4),][CIO,], developed
by Brooker and co-workers.™?

The crystal structures of the dicopper complex shows both metal
centres binding to two identical chelating sites on opposite sides of the
diazine moieties in a square pyramidal geometry. Each Cu" anion is held by

two bridging pyridazine donors from opposite sides of the macrocycle and
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two imine nitrogen donors; the final coordination site being occupied by the

solvent of crystallisation (MeCN).

The acyclic Schiff-base reported by Puddephatt and co-workers is
another noteworthy example.['® In this ligand, the central 1,4-disusbstituted
arene is functionalised by side chains containing both an imine and an amine
group. The addition of dimethylplatinum to the complex resulted in the
formation of a binuclear complex in which each platinum metal centre is held
in a square planar arrangement through the chelating N-donor groups of a
single arm of the ligand, as shown in Figure 6. It is important to note that this
is the sole product and that no metallo-cycle is observed. The imines adopt a
trans-configuration to alleviate steric interactions which would otherwise

incur between the two extremities of the complex.

Figure 6: Ortep view of the diplatinum acyclic complex observed by Puddepphat and co-
workers.™

Wide-span ligands similar to those developed by Puddepphat and co-
workers can lead to the formation of metallo-macrocycles and metallo-

cryptands under the right conditions. The metal centres can act both as a
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structural domain, linking the sides of the capsule, and as a catalytic domain,

binding to substrates and activate small molecules.

4.2 Synthesis of wide-span diimines and diamines

(i) NHR
—_— >
RHN
LAmR/Ar

(iii)

Br
Br
1
/O (ii) /NR
—_—
4 7
o) RN
| ImR/Ar
2

R = Bu, Ar = 2,6-Pr,(CgH5)

Scheme 1: Synthesis of wide-span diimine (L'm) and diamine (LAm) ligands. Reagents and
conditions: (i) H,NR/Ar, MeCN; (ii) H,NR/Ar, MeCN; (i) NaBH,, MeOH, R = 'Bu.

The wide-span diimine and diamine pro-ligands L™ and LA™ have
been synthesised in high yielding reactions from the readily available
precursors 1,4-dibromomethyl-2,3,5,6-tetramethylbenzene (1) and 2,3,5,6-
tetramethylterephthalaldehyde (2) respectively (Scheme 1). Durene was used
in the ligand design in order to ensure that cyclometallation reactions were

minimised.

Both 2,6-diisopropylaniline (L'™Ar) and tert-butyl amine version of
these ligands (L'™R) were obtained through a Schiff-base condensation in high
yield (86 and 70 % respectively). The formation of both compounds was
supported by 'H NMR spectroscopy in which imine resonances at 8.67 and
8.55 ppm for LmAr and L™R respectively were observed, as shown in Figure 7
for L'mAr The simplicity of the 'H NMR spectrum is concordant with the

formation of a highly symmetrical compound.
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Figure 7: *"H NMR spectrum of L™

Although both equivalent secondary amine proligands can be
synthesised through nucleophilic substitution of the bromide by either 2,6-
diisopropylaniline (LA™A") and tert-butyl amine (LA™R), they can also be
obtained through borohydride reduction of the imines L'™A* and L™k, While
the most reproducible route to LAmAR js through the bromide substitution
route (53 % yield as opposed to 17 % over two steps), LA™ is best obtained
through the previously mentioned reduction (62 % over two steps compared
to 40 %). This is most likely due to the lack of solubility of L'mAr in MeOH, the
solvent in which the best results for borohydride reduction were obtained.
The use of a mixture of solvents and of a large excess of NaBH: did not
improve yields. The synthesis of the amine proligands was supported, by the
presence of CH: groups resonances 4.22 and 3.73 ppm in the 'H NMR spectra

of LAmAr and LA™R respectively, and showed the loss of the imine resonances

of their respective precursors. An NH resonance at 3.07 ppm is also observed
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in the 'H NMR spectrum of LAm4r, Although this is not observed in LAmR, FT-
IR analysis supports the formation of a secondary amine with an NH stretch

at 3334 cm™ which is similar to that observed in L'™4r (3400 cm).

Re-crystalisation of LimAr, LImR and LAmAr from hot saturated solutions
of MeCN afforded crystals suitable for X-ray crystallography studies. The
solid state structures were determined and are shown in Figures 8 and 9,
with selected bond lengths and angles detailed in Table 1, 2 and 3 as well as
crystal data in Table Ch4 Tabl. All three compounds are found to crystallise
in the solid state without any solvent present within the unit cell, and rely

either on H-n or hydrogen bonding supramolecular interactions to aggregate.
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Figure 8: Ball and stick representation of the X-ray crystal structures of the imines L™" (top)
and L™ (bottom). For clarity, all hydrogen atoms are omitted.

The formation of imine bonds is supported by the bond lengths of N1-
C13 (1.236(2)) and N1-C5 (1.237(5)) observed in the solid state structures of
Limar and LI™R respectively which are concordant to those usually seen in the
literature.'¥l The crystal structures can be considered identical, but for the
amine derivatives, with the imine bonds adopt an anti-conformation
(178.0(2)° and 172.2(3)° for LmA* and LR respectively). The torsion angle
defined by N1, C13, C14 and C16 and N1, C5, C6 and C7 in LmAr and L=
respectively could have been expected to be of 90° to minimise steric

interactions between the methyl groups of the durene and the imine group.
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They are, however, offset by 29.8(3)° in L'™mAr and 57.3(5)° in L™R. These angles
are likely to be related to the steric interactions between the terminal
appendages present on the two different ligands and that of the durene
methyl substituents of neighbouring molecules. It is noteworthy that in the
case of L'mAr the torsion angle between the imine and the isopropyl arene is of
72.7(2)°, which is much closer to the expected 90°, and that the planes
defined by the end and central arene units (P2 and P1 respectively) bisect

each other at 80.0° and can be considered orthogonal.

The extended structure does not show any n-n interactions which
would have been expected between the multiple aryl units of adjacent
molecules. Instead, H-n interactions are observed between C16" and C10 in
LimAr and C3 and C7 in L=k (C16"--C10 = 3.745 A and C3--C7 =3.850 A in LimAr
and LR respectively). Although the distance between the H-n interaction is
similar in both ligands, the distance between the planes of the central aryl
units between adjacent neighbouring molecules is almost doubled when the
tertiary-butyl appendages are replaced by 2,6-Pr:(CsHs) (P1-+P1" = 6.772 A
and P2--P2’ =3.666 A for LmAr and LI"R respectively).

N1-C12 1.427(2) /N1-C13-C14-C16 29.8(3)

N1-C13 1.236(2) /C8-C12-N1-C13 72.7(2)

C16--C10’ 3.745 P1--P1’ 6.772
/C12-N1-C13-C14 178.0(2)

Table 1: Selected bond lengths (A) and angles (°) of L'mAr (£ denotes dihedral angle).

N1-C4 1.480(4) / C4-N1-C5-C6 172.2(3)
N1-C5 1.237(5) / C7-C6-C5-N1 90.6(3)
C3--C7 3.850 P2--P2’ 3.666

ImR

Table 2 Selected bond lengths (A) and angles (°) of L™ (£ denotes dihedral angle).
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In the solid state, LAmAr does not pack in the same neat arrangement
observed with the two imine ligands; owing to the added flexibility of the
amine bond (N1-C13 = 1.489(2) A). The two amines adopt a syn-conformation
with torsion angles of 79.9(2)° (N1-C13-C14-C19) and 84.0(2)° (N2-C24-C17-
C18) with respect to the durene unit. This allows, in the extended structure,
for the durene units of two adjacent molecules to interact with one another
through n-n stacking. Other supramolecular interactions involving the
opposing syn-side of the molecule (occupied by the amine appendages) can

be observed in the extended network.

AmAr

Figure 9: Ball and stick representation of the X-ray crystal structures of L™ . For clarity, all
hydrogen atoms and disordered components are omitted.
N1-C12 1.430(2) ZN2-C24-C17-C18 84.0(2)
N1-C13 1.489(2) ZN1-C13-C14-C15 79.9(2)
N1--N1’ 3.264 /£ C4-C12-N1-C13 76.1(2)
ZC12-N1-C13-C14 82.99(18) £ C26-C25-N2-C24 68.3(2)

AmAr

Table 3: Selected bond lengths (A) and angles (°) of L (£ denotes dihedral angle).

As in LmAr the steric demand of the CsHs-2,6-Pr2 substituent results in
an approximately orthogonal orientation of the amines with regard to this
group (76.1(2)° and 68.2(2)°). The added flexibility of the amine, however,
allows for greater variety of position to minimise the interactions between

these groups, which does not result in a 90° angle between the terminal arene
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substituent, and the central arene. This geometrical freedom permits the
amines of adjacent molecules to be proximate and interact through hydrogen
bonding (N1---N1" = 3.264 A). Last but not least, interactions between the CHs
substituents of the central durene and the iso-propyl CHs groups of adjacent

molecules are also observed (C3--C20’" = 3.937 A).

4.3 Synthesis of cobalt and zinc chlorometallates

The coordination chemistry of these wide span ligands was
investigated (Scheme 2). Reactions between L™ and LA™ and either CoCl: or
ZnCl2 in THF showed no change in the ligand resonances in the '"H NMR
spectrum. The use of bench CDCls as the NMR solvent resulted in the
formation of crystals of the chlorometallate salts [H:LA™R][CoCls] and

[HzLmAr][Zn4Clio], most likely due to the presence of adventitious HCL.

NHR ;
(l) AmR:
- ———— [HLA™R][CoCl,]
LAmRIAr

/ M) [HL™AZn,Clyg]

7
RN
LImR/Ar

R = Bu, Ar = 2,6-iPry(CgHa)

Scheme 2: Synthesis of L' and L*™ chlorometallates. Reagents and conditions: (i) 2
HCI, Et,0, CoCly; (ii) 2 HCI, Et,0, 4 ZnCl,.

Scaled up reactions were carried out in which the ligands were
protonated by two equivalents of HCl in Et2O followed by the addition of
one or four equivalents of CoCl: or ZnClz in Et20, respectively. This resulted

in the formation of analytically pure material according the C, H, N
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elemental analysis. No NMR spectra of these chlorometallate compounds

were recorded due to their insolubility.

The solid state structures of [H:LA™R][CoCls](H20)(CDCls) and
[H2LmAr][ZnsClio] were determined and are shown in Figures 10 and 12
respectively, with selected bond lengths and angles detailed in Tables 4 and 5
and crystal data in Table Ch4 Tab2. Both solid state structures show that the
protonated ligand and the chlorometallate interact through numerous
hydrogen bonding interactions; all hydrogens involved in hydrogen-bonding
were located in the difference Fourier map and refined with riding thermal

parameters and bond distance restraints.

In the solid state structure of [H2LA™R][CoCls](H20)(CDCls), displayed
in Figure 10, a water molecule was found to be hydrogen bonding between
the protonated amine of one arm of the ligand (N1-+O1 = 2.817 A) and the
chlorometallate (O1--Cl4 = 3.165 A). The remaining N1 hydrogen as well as
both N2 hydrogens partake in “direct” hydrogen-bonding interactions with
[CoCLJ>™ (N1--CI2 = 3.357 A, N2--Cl1 = 3.215 A and N2--Cl4 = 3.255 A). One
C-H--Cl interaction is also observed between one of the durene CHs
hydrogens and Cl1 (C14--Cll = 3.656 A). As described above in the
discussion about the solid state structures of the free ligands, other intra- and
intermolecular contacts are present in the extended structure, especially with
the solvent of crystallisation (CHCls). The chloro-metallate/ligand
interactions result in the adoption of a syn-conformation of the ligand,
resulting in both imine arms being orientated towards the single
chlorometallate. This leads to the formation of a hydrogen-bonded cavity

that appears to be preferentially suited for chlorometallate recognition over

chloride.
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Figure 10: Ball and stick representation of the X-ray crystal structures of
[H,L ™ [CoCl4](H,0)(CHCIs). For clarity, CHCI; solvent of crystallisation and all hydrogen
atoms except those involved in hydrogen bonding are omitted.

N1-C4 1.522(4) O1---C2 3.363
N1-C5 1.517(4) O1---C13 3.325
N1---O1 2.817 Col-Cl1 2.2703(9)
N1---Cl2 3.357 N1--O1---Cl4 109.78
N2---Cl1 3.215 Cl1-Co1-CI2 110.89(4)
N2---Cl4 3.255 / C4-N1-C5-C6 172.2(3)
Cl1---C14 3.656 /N1-C5-C6-C7 90.6(3)

O1---Cl4 3.165

Table 4: Selected bond lengths (&) and angles (°) of [H,L*™][CoCl,](H,0)(CHCls) (£
denotes dihedral angle).

CoCls*” ions are very well known and their properties have been

extensively studied in a wide range of sciences such as in geochemistry in

which its behaviour in hydrothermal solution has been established and

electrochemistry where cobalt halides have been studied for their potential as

electrolyte.'™ A noteworthy example of a use for this anion is the formation

of a supramolecular network observed by Brammer and co-workers.!'*! The

propensity of metal halides to act as directional Lewis bases and organic

halogens to behave as Lewis acids has previously been observed.[!

115




Chapter 4

Assembling these two characteristics is of interest to the field of crystal
engineering due to its potential to form networks through reversible
interactions.!’®® 81 Whether the formation of these networks is the result of
weak attractive intermolecular interactions or the molecules are simply
taking positions with the least repulsive forces has been the subject of

debate.[5 1¢]

Figure 11: X-ray crystal structure of one of the networks observed by Brammer and co-
workers.™ In red: CoCl,%; in green: organic halogen atom; in blue: all other atoms.

The network formed by Lee Brammer (Figure 11) is self-assembled
through M-X and C-X" interactions (X and X’ can be either Cl or Br). CoCls*
and CoBrs” were used as M-X and halo-pyridiniums were used as linkers.
The networks formed are iso-structural but showed that C-X"---X interactions
are linear whereas Co-X:-X’ interactions are bent with an angle ranging from
120.3 and 123.7°. Hydrogen bonds have also been observed from the NH
group and two chloride anions with H:-X bond distances ranging between
2.300 and 2.825 A. The metal cluster is clearly deformed with some of the X-
M-X angles as low as 98° compared to 110° in the case of
[H2LA™R][CoCls](H20)(CHCs). This is the result of a local electric field formed
by the surrounding ions which ultimately generates a dipole moment along
the twofold axis of the anion. This conclusion was supported by
computational analysis. Although the formation of a network is not seen in
[H2LA™R][CoCls](H20)(CHCs), it is clearly observed in the zincate example

that follows.
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In contrast with that of [H2LA™R][CoCls](H20)(CHCls), the solid state
structure of [HoL™A"][ZnsClio] shows that the protonated imine (N1-C13 =
1.274(3) A) appendages of the ligand adopt an anti-configuration (torsion
angle = 176.0(2)°). Each arm of the ligand interacts with a different
chlorometallate through hydrogen bonding leading to the formation of a
network of alternating protonated ligands and metallates in the extended

structure.

Figure 12: Ball and stick representation of the X-ray crystal structures of [HZL'mAr][Zn4CI10].
For clarity, all hydrogen atoms except those involved in hydrogen bonding are omitted.

The torsion angle formed between the terminal arene rings and imine
bond can, as with the pro-ligand, be consider as orthogonal (C5-C4-N1-C13 =
88.1(3)°). On the other hand, the torsion angle N1-C13-C14-C16 between the
imine and the central durene unit has increased from 29.8(3)° in the pro-
ligand to 53.3(4)°. This is attributable to the NH:-Cl hydrogen bonds
(N1--ClI3 = 3.152 A) holding the two supramolecular components proximate,

in addition to the multiple CH-Cl interactions observed that range from
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3.446 to 3.759 A. This latest set of interactions involves either the bridging
chlorine atoms and the isopropyl CH units (CI1--C10 = 3.759, CI2"---C10" =
3.745 A) or terminal chlorine atoms and the imine CH (Cl4’--C13’ = 3.529 A).
It is also important to note that one anion-n interaction is seen between Cl2’
and C15 (3.446 A) of the central durene ring. As a result of a decrease in the
angle between the central (P1) and the terminal (P2) arenes by half (down to

42.0°), interactions between the ligand and [Zn4Clw]*” are maximised.

Zn1-Cl1 2.3074(8) CI3---N1 3.152
Zn1-Ci3 2.1996(7) Cl2---C15 3.745
Zn1-Cl5 2.2730(7) CI2---C10’ 3.842
N1-C13 1.274(3) C13---Cl4 3.529
Cl1---C10 3.759 Zn1-Cl1-Zn2 85.30(2)
Cl1-Zn1-CI2 94.69(3) CI3-Zn1-CI5 109.65(3)

Table 5: Selected bond lengths (&) and angles (°) of [H.L™][Zn,Cl1c.

Contrary to previous examples, the chlorometallate [Zn«Clio]*" is
observed in a rectangular arrangement.lI72 1% On its longest side (3.834 A), the
zinc cations are singly bridged by a chloride anion (Zn1-Cl5 = 2.2730(7) A;
Zn1-Cl5-Zn2 = 114.24(3)°), whereas on its shortest side (3.140 A) the zinc
atoms are bridged by two anions (Znl-Cl1 = 2.3074(8) A; Zn1-Cl1-Zn2 =
85.30(2)°). Each metal centre is coordinated to a fourth terminal chlorine

anion (Zn1-ClI3 = 2.1996(7) A).

The numerous ZnsClio*™ clusters reported have always been shown to
adopt either adamantane or open chain structures. This is, however, the first
example of a rectangular arrangement of Zn cations.'”?! One of the earliest
adamantane Zni«Clo?" clusters to be reported was that observed by Bottomley

and co-workers illustrated in Figure 13.12!
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Figure 13: Example of Zn,Cl,,> adamantane observed by Bottomley and co-workers.?"

In this example, the cluster anion is not the counter-anion of a
protonated ligand, but of clusters of niobium chloride and oxide. The cluster
can be better described as [{ZnCl}4(x-Cl)s]*” consisting of four tetrahedral zinc
atoms each with a terminal chloride and bridged by three Cl anions to the
three remaining metal centres. Although the Zn-Cl bond distances are similar
to those of the rectangular cluster presented in this work, at 2.181(12) A and
2.1996(7) A respectively, in the former complex a single type of u#-Cl is
observed with average Zn-Cl bond distance of 2.298(12) A. This correlates to
the Zn-x—Cl bond distances involved in the bridging of the small side of the
ZnuClio* rectangle.

Seddon and co-workers have described synthetic methods to prepare
chloro-zincate clusters ranging from [ZnCls]” to [ZnsClio]* .2 In this example,
the cluster exists as an open framework structure in which the building units
bind to one another through bridging chlorides. This leads to the first
example of a five co-ordinate zinc. A previous report claiming the existence

of this anion was interpreted incorrectly and actually contained [ZnCl4]*
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with positional disorder.l"®! A cut-out taken from the crystal structure of the
{Zni«Clo} framework, displayed in Figure 14, clearly shows two trigonal
bipyramidal zinc anions (Zn5 and Zn6) bridged by two Cl atoms instead of
one for the other brindging chlorides. The Zn-(u-Cl) bond distances for the
tetrahedral zinc atoms range between 2.225(4) and 2.302(3) A. Although these
are similar to that of the equatorial Zn-Cl of the five coordinate metal centres
(from 2.216(4) to 2.329(3) A), a net elongation of the equatorial Zn-Cl is
observed with bond distances ranging from 2.510(4) to 2.741(4) A. Figure 15
clearly demonstrates the propensity of the building units to assemble around
the imidazolium guest molecule through hydrogen bonding interactions,

forming a cavity of diameter ranging from 9.9 to 10.5 A.

Figure 14: Cutout from the framework structure of [Comim]»{Zn,;Cl;o} showing the building
units with corner-sharing tetrahedral and edge-sharing trigonal pyramids.[zzl
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Figure 15: Framework structure of [C,mim]»{Zn,Cl,o} with an anion in the centre of the
cavity.

The propensity for LA™ and LmmAr to extract metals through
supramolecular interactions is of particular interest within the field of
hydrometallurgy and a study was carried out by Jennifer Turkinton of the
Tasker group to evaluate their ability as zinc extractants. Unfortunately, in
the case of LA™R, the formation of a third phase at low acid concentration was
observed and prevented further analysis. Furthermore, L™A* was only
observed to extract relatively low amounts of cations (up to 0.36 ppm) before
the formation of a third phase was observed. It is therefore clear that more
organic soluble versions of these compounds need to be made in order to

circumvent third phase formation.

4.4 Synthesis of palladium clusters

The planar geometry enforced by Pd" onto its surrounding ligands can
be exploited to form a metallo-macrocycle. Indeed the addition of equimolar
amounts of Pd" and to a bidentate ligand unable to chelate both binding sites
to a single metal cation should lead to the formation of a [2+2] macrocycle.

This was expected to lead to the formation of a complex of nature similar to
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that observed by Steel and O’Keefe as well as many other examples reported
in the literature.!”’! The Steel group developed a ligand consisting of a central
para substituted arene ring functionalised by four donor sites made of a
sulphide and an imine on both sides. The addition of four Pd(OAc): to two
equivalents of ligand in acetic acid led to the double C,N-cyclopalladation of
both ligands. Although one acetate ligand is displaced from the starting
material, the four others bridge the two metal centres as shown in Scheme 3.
It is thought that n-n stacking of the pro-ligand prior to metallation results in
the formation of [PdsL2(OAc)s]. Although the ligand developed for the
formation of this complex shares similarities with L'mAr such as the distance
between the two metal binding sites (one arene unit), the use of durene as a

central unit will prevent the cyclopalladation.

w
\N
pd

+ 4 AcOH
AcOH

:,"Pd.‘-‘

Scheme 3: Synthesis of [Pd4L,(OAc),].*

O"': o
4 Pd(OAc), pd
5 0O N
—_—
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The reaction between three equivalents of PdCl:(MeCN): and either
Lmar or LImR jn CH2Cl2 as described in Scheme 4, led to the formation of the
trinuclear palladium chloride cluster [PdsCls(L)], the formulations of which
are supported by elemental analysis. Addition of only one or two equivalents
of the metal precursor was attempted, but resulted solely in a mixture of free

ligand and the tripalladium product.
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/ % g Y —> [Pd Cl (LImR/Ar)]
L!mR/Ar

= Bu, Ar = 2,6-Pr,(CgH3)

Scheme 4: Synthesis of L' palladium clusters. Reagents and conditions: (i) 3
PdCl,(MeCN),, CH,Cl..

Re-crystallisation of [PdsCls(L'™4r)] and [PdsCls(L'™R)] by the cooling of
saturated CH:Cl: solutions afforded crystals of the aforementioned
complexes that were suitable for X-ray diffraction studies. The solid state
structures of both compounds were determined and are shown in Figures 16
and 17, with selected bond lengths and angles detailed in Tables 6 and 7 and
crystal data in Table Ch4 Tab2. The imine appendages adopt a synclinal
conformation (torsion angle N1-C5--C16-N2 = 6° in [PdsCls(L™R)]) similar to
that observed in [H:LA™R][CoCls] that allows for the chelation of a single
PdsCle cluster through the imine nitrogens N1 and N2. Even though each Pd
cation is held in a square planar geometry in both complexes, the cluster
itself is not linear due to the short distance between the chelating imines.
This leads to the formation of a cradle-like arrangement in which the angle
formed by Pd1, Pd2 and Pd3 is 128.0° with each Pd cation being bridged by
Cl atoms through an angle of approximately 90° and Pd-p~Cl bond lengths
varying between 2.370(6) and 2.304(4) for [PdsCls(L'™A")] and 2.350(1) and
2.2901(2) for [PdsCle(L™R)].
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Figure 16: Ball and stick representation of the X-ray crystal structures of [Pd3CI6(L'mA’)]. For
clarity, all hydrogen atoms and disordered components are omitted.

N1-C13 1.219(9) Pd2-CI2 2.307(5)
N1-Pd1 2.023(14) Pd1-Pd2-Pd3 127.98
Pd1-Cl1 2.279(6) Pd2-Paurene 3.939

Pd1-CI2 2.351(6) Pd1-Cl3 2.343(6)

Table 6: Selected bond lengths (A) and angles (°) of [Pd3CI6(L'mAr)] (£ denotes dihedral

Figure 17: Ball and stick representation of the X-ray crystal structures of [Pd;Clg(L'™)]. For
clarity, all hydrogen atoms and disordered components are omitted.
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N1-C5 1.277(7) Pd2-CI2 2.301(1)
N1-Pd1 2.025(4) Pd1--Pd2--Pd3 122.79
Pd1-Cl1 2.286(2) Pd2-Paurene 4.126
Pd1-CI2 2.341(1) Pd1-ClI3 2.337(1)

Table 7: Selected bond lengths (A) and angles (°) of [PdsClg(L'"™"]..

The 'H NMR spectra of [PdsCls(L'™Ar)] and [PdsCle(L™R)] show that the
structures are retained in solution (displayed in Figure 16 and 17
respectively). The two spectra and solid state structure being similar, for
clarity purposes, only the 'H NMR spectrum of [PdsCle(Lm4r)] will be
discussed. The asymmetry of the PdsCls cluster is reflected by the presence of
a single imine resonance observed at 8.38 ppm as well as the presence of two
distinct methyl resonances for the durene at 3.75 and 2.09 ppm. The
asymmetry of the central aryl unit is further enhanced by a tilt of 73.4°
relative to the imine bond resulting in one side of the durene being closer to
the metal cluster. Additionally the 'H NMR spectrum shows the presence of
two isopropyl CH resonances at 3.56 and 3.49 ppm and four resonances for
the methyl environments at 1.85, 1.48, 1.25 and 1.23 ppm. The bulkiness of
the isopropyl groups and their proximity to the terminal Cl anion results in
the hindrance of the free rotation around the N-C bond of the terminal
groups. This feature is not observed in [PdsCls(L'™)] as a single resonance for

the ‘Bu substituent is seen at 1.22 ppm as shown in Figure 17.
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Figure 18: 'H NMR spectra of [PdsCls(L"™")] in CDCl; (* residual CHCl; and H,0). Top: full
spectrum; bottom: expansion of 2.0-1.0 ppm region.
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Figure 19: *H NMR spectrum of [Pd;Cls(L'™")] in CDCl; (* residual CHCl; and H,0)

Although it is well known that PdCl: exists as a polymer, the PdsCls
clusters such as that observed in [PdsCls(L™%)] and[PdsCle(L™R)] are rare.?¥
Even though they have been postulated a handful of times, structural
evidence for this cluster formulation has been demonstrated only once prior
to this investigation by Kawashima and co-workers.[*! When reacted with
palladium (II) halides, tertiary phosphines usually produce the 2:1 complexes
[PdX2(PRs)2] or 2:2 complexes [(PdX2)2(PRs)2]. However, the addition of PdCl2
to the tertiary phosphine ligands developed by the Kawashima group solely
afforded the unprecedented 2:3 complex [(PdX2)s(PRs)] shown in Figure
20.2]
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Figure 20: X-ray crystal structure of [(PdCl,)3(PRs)2] (PRs = (2,2”,6,6"-tetraalkyl[1,1:3'1"-
terphenyl]-5’-yl)phosphine (top) and its core (bottom) developed by Kawashima and co-
workers.” For clarity, all hydrogen atoms and disordered components are omitted.

Three major differences can be observed in the PdsCls clusters of
Kawashima and co-workers and that presented in this thesis. The terminal
chloride anions in the former are in a trans-conformation which is due to the
steric interaction which would otherwise arise if the ligands came into
proximity. The clusters presented in this work afford a cis conformation
which enables chelation to the two imine nitrogen appendages of a single
ligand. This coordination mode also results in the cradle arrangement
described above, whereas the phosphine ligand system provides a planar

cluster. The sole discrepancy in Pd-Cl bonds between the two complexes is

arising from the trans effect of the phosphorus which induces the
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lengthening of the trans bridging Pd1-Cl3 bond to 2.421(5) A compared to
2.343(6) and 2.337(1) A in [PdsCle(L™A)] and [PdsCls(L™R)], respectively. The

terminal Pd-Cl bond and Pd-(u-Cl) cis to a phosphorus are of similar lengths
to those discussed in [PdsCle(L™Ar) and [PdsCls(L™R).

Although the first PdsCls bridging clusters were structurally
characterised by Kawashima, related clusters with varying amounts of
palladium (II) cations and chloride anions have also been characterised.
Hughes and co-workers have demonstrated the self-assembly of both
bridging Pd2Cl2 and PdsCls.?! In this example, the ligand (1,2,3-tri-tert-butyl-
3-vinyl-1-cyclopropene) is ring opened to form a dimeric 7?-cyclobutenyl
complex resulting in two chlorides migrating onto the ligand as shown in

Figure 21.

‘Bu Cl

'/\\Pd/CI\Pd/CI\
\Cl/ \CI/

Cl

Figure 21: Hughes and co-workers bridging Pd,Cl, cluster (left) and PdsCl, cluster (right).[%]

Other examples of bridging PdsCls clusters include those observed by
Maitlis and co-workers as well as Wing and co-workers, and which contain
2-methylallyl and endo-9-methylbicyclo[6.1.0]Jnon-4-ene ligands
respectively.?”! These ligands all bind to the PdsCls clusters through an 7°
coordination mode and as in the above Hughes and co-workers example, all
the clusters are planar which sets them apart from the PdsCls cradle
described here. This suggests that the latter can only be formed with
binucleating ligands in which distances between the binding sites are short

enough to enforce this motif.
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4.5 Synthesis of H,L°P

Cycloaromatic ligands such as cyclopentadienes make highly versatile
ligands capable of interacting with most metals.> %! An important example to
the field of catalysis is that reported by Chirik and co-workers in which the
binding preferences of N2 with a variety of bis(cyclopentadienyl)titanium
complexes was investigated (Figure 22).! Although the binding preference
is dependent on the size of the ring substituent, in the presence of excess

group four metals, such as titanium, N2 will form binuclear complexes.

NN

/@\i %/\Fé
\4* L

Figure 22: Some structurally characterised examples of disubstituted
bis(cyclopentadienyl)titanium dinitrogen complexes.[zgl

The N: binding mode was investigated by IR spectroscopy save for
centrosymmetric, bridging end-on complexes for which cases, solid state
characterisation was necessary. In order to assess the electron density of the
multiple ligands and differentiate it from their steric contributions, the
dicarbonyl derivatives of each titanocene complex were formed following a

method developed by Parkin and co-workers as well as Chirik and co-
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workers. This showed that the relative electronic donation of the different
cyclopentadienyl substituents increases with smaller electropositive
substituents. Chirik and co-workers have also investigated the activation of
N2 with bis(cyclopentadienyl) complexes with metals such as zirconium and

halfnium. B!

In an effort to bind a wider variety of metals and help enforcing a
binding motif leading to the formation of metallo-macrocyles, the imine and
amine group that were previously used to functionalise 1,4-dibromomethyl-
2,3,5,6-tetramethylbenzene were replaced by cyclopentadienes. This reaction
was carried out under an atmosphere of dry nitrogen and involved the
nucleophilic substitution of each bromide by a cyclopentadienyl and yielded

H:L as a colourless powder in over 93 % yield (shown in Scheme 5).

Br 2 NaCp O

P O + 2 NaBr
Br THF s

Scheme 5: Synthesis of H,L".

The 'H NMR spectrum shows a multitude of resonances between 6.55
and 5.69 ppm corresponding to the multiple diene isomers of H2LP. A single
resonance is observed for the durene’s CHs supporting the formation of a
pure material. The purity of this pro-ligand was also corroborated by the

elemental analysis.
4.6 Synthesis of [Li,L°"]

The addition of Li[N(SiMes)2] to H:L under an atmosphere of dry
nitrogen led to the formation of [Li2L] as a colourless powder in 95 % yield

(as seen in Scheme 6).
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O 2 Li[N(SiMe3),] “Li
O — O + 2 HN(SiMe3),

C CgHg L|\@

Scheme 6: Synthesis of [Li,L"]

The 'H NMR spectrum confirms the formation of the complex with
the presence of only two resonances corresponding to the cyclopentadienyl
rings being once again aromatic. The singlet CH2 resonance, as well as the
lack of CH-CH: resonance is concordant with the deprotonation of both CpH

rings.

(nS—Cp)Li complexes are well known and used to synthesise a variety
of sandwich and half-sandwich complexes through either trans-metallation
or salt elimination reaction.*? Although no crystals of Li2L suitable for X-
ray crystallography were obtained, most [LiCp:] structures can be viewed as
fragments of polymeric lithium cyclopentadienyl (Figure 23 a). These,
recently described by Long include: the lithocene sandwich anion; the
inverted sandwich cation (two lithium atoms binding to a single ring); and
the piano chair monomeric 1:1 lithium cyclopentadienyl, displayed in Figure

23 b, c and d respectively.!
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| Wi

Figure 23: Solvated fragments of polymeric [CpLi]
Salt elimination reactions with titanium and zirconium precursors
were attempted but produce either an inextricable mixture of products or
highly insoluble materials which could indicate the formation of a polymeric

structure.
4.5 Conclusions

New wide-span imine and amine ligands have been synthesised in
good yields from readily available precursors. Although reactions between
these pro-ligands and first row transition metals salts has proven to be
unsuccessful under neutral conditions, under acidic conditions, the ligand is
protonated and promotes the formation of the chlorometallates
[H2LA™R][CoCls] and [H2L™A1)[ZnsClio]. The latter tetrazincate structure has

been observed, for the first time, in a rectangular arrangement.

Further investigation into the use of these ligands has led to the
preferential assembly of the trinuclear complexes [PdsCls(L'™4%)] and
[PdsCls(L'™R)]. The rarely observed PdsCle cluster was found to chelate to the

imine-nitrogen binding sites of a single ligand. The proximity of these
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chelation sites enforced a cradle motif onto the cluster which has not been

reported in prior studies.

New wide-span cyclopentadienyl ligands have been synthesised in
order to bind a wider variety of metals. Although the solid state structure of
[Li2L¢] is unclear, its reactivity with transition metals through salt
elimination reactions needs to be further investigated, and could lead to the

formation sandwich complexes and 2+2 or larger metallo-macrocyles.
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Chapter 5: Conclusions

Capsular complexes associating metal centres in a highly reactive
geometry along with proximate substrate secondary binding sites have been
seen to mimic enzymes and their catalytic properties. The formation of
capsules through the non-covalent approach is the most efficient in terms of

host guest dissociation leading to higher turnover numbers and frequency.

The encapsulation of substrate molecules is paramount to isolate them
from the reaction medium and enhance the catalytic activity of the host. HsL
has not only shown a propensity to encapsulate small molecules such as H20,
but also the ability to encapsulate larger entities, including the stacked six-

membered rings {LicOs} through the co-operation of two ligand molecules.

The development of secondary substrate binding sites in pyrrole-

imine complexes can be achieved by two different methods:
- tautomerisation into the aza-fulvene
- protonation of the imine through the addition of acid

Ligand tautomerisation was achieved through the addition of both
octahedral and tetrahedral transition metals. The formation of the aza-
fulvene isomer was observed on every branch of the ligand upon metallation
with Co" whereas only two branches were tautomerised with Zn". However,
the ligand geometry adopted by these two complexes did not lead to the
encapsulation of a small molecule in the vicinity of the metal centre but
rather to the formation of the mono-metallic multi-ligand complex

[Co(HsL)2][Cl]s and multi-metallic multi-ligand complex [Zn2(H:L):][Cl]2.
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Ligand protonation was achieved on a single branch of the tripod
through the intrinsic formation of HCI upon addition of MCl: (M = Pd or Cu)
to HsL. This resulted in the formation of hangman type ligands with two
deprotonated branches of the tripod bound to the metal centre whilst the
third arm is pendant. The ligand protonation through the insertion of HCl
within the molecule led to the formation of a hydrophobic pocket around the
anion. In the case of [CuCl(H:L)] this also resulted in the full encapsulation of
the anion with all three branches of the tripod orientated in the same
direction. The replacement of MCl. by M(OAc): (M = Pd or Cu) led to the
formation of similar complexes without any protonation observed. It infers
that acetic acid formed during the course of the reaction is not strong enough

to protonate HsL.

The need to form secondary interaction sites upon metallation was
avoided with the development of a new tripodal pyrrole-amide ligand (HeL?).
Reactions with TiV resulted in the formation of another hangman complex
through the binding of the pyrrolide nitrogens and amide oxygens of two
branches of the tripod. The presence of two isopropoxide groups bound to
the metal centre prevented potential encapsulation of a substrate molecule

between the pendant arm and the metal centre.

The synthesis of new wide-span di-imine, di-amine and bis-
cyclopentadienyl ligands with a view to form highly ordered complexes such
as metallo-cycles and metallo-cryptands was achieved in high yields.
Probing of their transition metal chemistry resulted in the formation of cobalt
and zinc chlorometallates. Although extraction reactions were attempted, the
formation of a third phase early in the investigation limited the results

available. The addition of further solubilising groups could in the future
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result in good metal extraction as predicted by the formation of the four
metal one ligand chlorometallate of zinc. Upon reaction of Pd" with the di-
imine ligands, the void between the two chelation sites was bridged by a
cluster of three PdCl> molecules. Although so far the formation of a metallo-
cycle with these ligands has not been observed further investigation on the

bis-Cp ligand needs to be carries out.

In summary, the formation of a substrate binding pocket proximate to
a metal centre within HsL is best achieved with square planar or square-
planar derived transition metal precursors. Further investigation in this area
include the binding of a second metal to the pendant arm to establish a
red/ox relationship between the two metals and study the new bimetallic
complex’s potential towards small molecule activation. New wide-span di-
imine and di-amine ligands have been synthesised, but require further
development to increase their solubility and metal extraction potential. The
metal chemistry of the bis-Cp ligand should be further probed with a view to

form metallo-cryptands and metallo-cycles.
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Chapter 6: Experimental details and characterising
data

6.1 General methods and instrumentation
The synthesis of [Liz(L)], [Ka(L)], [Cez(L)2(THF):], [Ti(OiPr)z(HLCy)], and

[Ti(O'Pr),(HLM®)] were carried out using standard Schlenk procedures or dry
box techniques under an atmosphere of dry dinitrogen and using solvents
dried by a Vacuum Atmospheres solvent purification assembly. Deuterated
CsDs was dried over potassium, trap to trap vacuum distilled, and freeze-
pump-thaw degassed three times prior to use. All other synthetic procedures
were carried out using commercial-grade solvent in air. Pyrrole was distilled
under reduced pressure prior to use. All other chemicals were used as
purchased.

'H NMR spectra were recorded at 298 K, unless otherwise stated on
Bruker DPX 250, DPX 360, AVA 400, DMX 500, AVA 500 and AVA 600
spectrometer at operating frequencies of 250.13, 360.13, 399.90, 500.13, 500.12
and 599.81 MHz, respectively. *C{'H} spectra were recorded on the same
spectrometers at operating frequencies of 62.90, 90.55, 100.55, 125.76, 125.76
and 150.82 MHz, respectively. 'H and *C{'H} spectra were referenced
internally to residual protio solvent ('H) or solvent (*C) resonances and are
reported relative to tetramethylsilane (8 = 0 ppm) and with coupling
constants in Hertz.

Mass spectra were recorded by Mr Alan Taylor of the mass
spectrometry service of the University of Edinburgh’s School of Chemistry
using a Thermo LCQ instrument. Samples were prepared as solutions of

MeCN and/or DCM and analysed using electrospray. IR spectra were
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recorded on a Perkin Elmer Spectrum 65 FTIR or a JASCO FT/IR-410
spectrometer as solids or KBr disks. UV-Vis spectra were recorded on a Varian
Cary 50 scan UV-Visible spectrophotometer. Elemental analyses were carried
out by Mr Stephen Boyer at London Metropolitan University.

Cyclic voltamograms were obtained using an Autolab ECO CHEMIE
PGSTAT 12 using tetrabutylammonium tetrafluoroborate electrolyte (0.2 M)
and complex (1 mM) in dry THF under Nz. A platinum working electrode
with a silver wire reference electrode and a platinum foil counter electrode
were used for the measurements and values were referenced against
ferrocene (Fc/Fc Ei2=0V).

Single-crystal X-ray diffraction data were recorded on one of four
machines:

At 100 K using an Oxford Cryosystems low temperature device
attached to an Oxford diffraction SuperNova dual wavelength diffractometer
equipped with an Atlas CCD detector and an operating mirror
monochromated CuKa radiation mode (A = 1.54184 A).

At 150 K using Oxford Cryosystems low temperature device attached
to an Oxford diffraction Eos diffractometer equipped with an Eos detector
and operating graphite monochromated MoKa radiation mode (A = 0.71073
A).

At 150 K on a Bruker SMART APEX diffractometer equipped with a
CCD area detector using graphite monochromated MoKa radiation mode (A
=0.71073 A).

At 170 K on a Rigaku MMO007 diffractometer equipped with a high
brilliance Saturn 70 CCD detector using graphite monochromated MoKa
radiation mode (A =0.71073 A).
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The structures were solved by direct methods using the WinGX suite
of programs!!l and refined using full-matrix least square refinements on |F?|
using SHELXTL-97.12I Unless otherwise stated, all non hydrogen atoms were
placed at calculated position and included as part of a riding model.

The synthesis of 2,2',2"-tripyrrylethane and tris(5,5,5”-formyl-2,2",2”-
pyrryl)ethane,® 1,4-dibromomethyl-2,3,5,6-tetramethylbenzenel* and 2,3,5,6-
tetramethylterephthalaldehydel®! were carried out as described in the

literature.

6.2 Synthetic procedures as described in Chapter 2

6.2.1 Synthesis of HsL

To a mixture of tris(5,5",5”-formyl-2,2’,2”-pyrryl)ethane (0.48 g, 1.8 mmol) in
MeCN (20 mL) was added cyclohexylamine (0.61 g, 6.2 mmol). The mixture
was stirred for 16 h during which a colourless precipitate formed which was
filtered, washed with MeCN and dried under vacuum to yield 0.89 g, 92 % of
HsL as a colourless solid. Single crystals were grown by cooling a saturated
MeCN solution. The symmetry-generated structure of HsL.H20 exhibited
three-fold rotational disorder of the pyrrole-imine arms from the apical
carbon atom C2 and was best refined with anisotropic atomic displacement
parameters using a two site 50:50 occupancy protocol. The cyclohexyl carbon
were disordered and were refined using a restrained anisotropic model. The

hydrogen atoms on the molecule of water were neither located nor placed
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geometrically, but were added to the formula; this has resulted in an A-alert
in the CIF check.

'H NMR (500 MHz, CsDe): 61 8.47 (br. s, 3H, NH), 7.62 (s, 3H, CH imine), 6.26
(d, 3H, ¥Jun = 3.57 Hz, pyrrole), 6.02 (d, 3H, 3Jun = 3.57 Hz, pyrrole), 2.84 (tt,
3H, 3Jun = 10.28 Hz, */un = 3.63 Hz, CH cyh), 1.70 (s, 3H, CHzs), 1.68 (m, 6H,
cyh), 1.62 - 1.50 (m, 12H, cyh), 1.26 - 1.08 (m, 12H, cyh) ppm; *C{*H} NMR (91
MHz, CeDs): dc 149.1, 141.3, 130.6, 128.0, 114.7, 107.9, 68.23, 40.8, 34.7, 25.8,
24.8 ppm; Analysis. Found: C, 75.99, H, 8.89, N, 15.16% CssHisNe requires C,
76.05, H, 8.75, N, 15.20 %; ESMS (+ve ion): m/z 553.73 ([M+H]", 100%); IR
(KBr): v 3288 (pyrrole NH), 1639 (C=N) cm-!.

6.2.2 Synthesis of [Lis(L)]

To a solution of HsL (0.11 g, 0.20 mmol) in THF (5 mL), was added a solution
of LiN(SiMes)2 (0.11 g, 0.70 mmol) in THF (5 mL). The mixture was boiled for
16 h under N: after which the solvents were removed under reduced
pressure to afford 0.10 g, 88 % of [Lis(L)] as a colourless powder.

'H NMR (500 MHz, CsDs/THF): &1 7.55 (s, 3H, CH imine), 6.85 (d, 3H, 3/uu=
3.68 Hz, pyrrole), 6.66 (d, 3H, 3Juu = 3.68 Hz, pyrrole), 2.78 (s, 3H, CH cyh),
1.62 (s, 3H, CHs), 1.60 (m, 6H, cyh), 1.55 - 1.42 (m, 12H, cyh), 1.15 - 0.86 (m,
12H, cyh) ppm; BC{'H} NMR (126 MHz, CsDes): ¢ 149.09, 131.03 (q), 127.6,
114.1 (q), 108.7, 69.5, 41.1, 35.7, 30.0 (q), 26.12, 25.2 ppm; IR (nujol): v No NH
present, 1639 (C=N) cm™.
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6.2.3 Crystal formation of [Lis(THF)3(LiOH)3(L)]-

Single crystals were grown by diffusion of hexane into a THF solution of
[Lis(L)] at -25 °C under an atmosphere of N2. The hydrogen atoms H100,
H101, H102, located on O4, O5 and O6 respectively, were located on the
difference Fourier map and refined with bond length restraints and riding
thermal parameters. In this structure, one cyclohexyl group and THF ligand
were disordered and were refined with variable two-site occupancies and
with isotropic atomic displacement parameters. Also, the THF solvent of
crystallisation was disordered and was refined with restrained bond

distances and isotropic atomic displacement parameters.

6.2.4 Synthesis of [K3(L)]

To a solution of HsL (0.20 g, 0.36 mmol) in THF (10 mL), was added a slurry
of KH (0.062 g, 1.6 mmol) in THF (5 mL). The mixture was boiled for 16 h
under N2 after which the solvent was evaporated under reduced pressure to
afford 0.22 g, 90 % of [Ks(L)] as a colourless solid.

'H NMR (500MHz, CsD¢/THF): 64 8.13 (s, 3H, CH imine), 6.53 (d, 3H, 3Juu =
2.78 Hz, pyrrole), 6.15 (d, 3H, 3Jun= 2.78 Hz, pyrrole), 3.08 (m, 3H, CH cyh),
2.10 (m, 9H, CHs and cyh), 1.76 - 1.48 (m, 24H, cyh) ppm; *C{'"H} NMR (126
MHz, ds-pyr): 8¢ 161.9 (q), 156.4, 135.0, 116.0 (q), 105.7, 69.1, 48.7, 35.9, 31.1
(q), 26.0, 25.6 ppm; IR (nujol): v No NH present, 1605 (C=N) cm™.
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6.2.5 Synthesis of [Co(H3L)2][Cl3]

2

To a solution of HsL (0.10 g, 0.18 mmol) in EtOH (5 mL), was added a
solution of CoCl: (0.024 g, 0.19 mmol) in EtOH (10 mL) and a mixture of
NaCl (0.011 g, 1.8 mmol) in EtOH (2 mL). The resulting solution was stirred
at room temperature for 16 h after which the mixture was filtered. The filtrate
was dried under reduced pressure and the residues were washed with
EtOAc to afford 0.10 g, 88 % of [Co(HsL):][Cls] as a green powder. Single
crystals were grown by slow diffusion of Et:O into a saturated MeOH
solution. All three cyclohexyls groups were disordered and were modelled
with variable two-site occupancy and anisotropic atomic displacement
parameters. The SQUEEZE routine of PLATON® was used to evaluate the
void space and it was found that 1070.4 A? of void space was present in the
unit cell, yet this contained only 20 electrons. The primary electron density
was found to be within hydrogen-bonding distance to the Cl atoms, so it is
likely that it is due to poorly-described water of crystallisation within the
void structure. Due to the poor modelling of this electron density, no atoms
have been added to the formula.

'H NMR (500 MHz, CDsOD): 6y 7.45 (d, 6H, *Jun = 4.57 Hz, pyrrole), 6.89 (d,
6H, 3Jun=4.57 Hz, pyrrole), 5.60 (s, 6H, CH imine), 2.62 (m, 12H, CHs and CH
cyh), 1.87 - 0.67 (m, 60H, cyh) ppm; BC{H} NMR (126 MHz, CDsOD): &¢
160.4 (q), 152.8, 129.6 (q), 125.0, 111.5, 59.6, 47.0, 32.3, 24.5, 24.2, 17.2 (q) ppmy;
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Analysis Found: C, 58.71, H, 571, N, 12.73 % CnHsClsCoN12 requires C,
66.15, H, 7.61, N, 13.23 %; ESMS (+ve ion): m/z 1161 ([M+H]*, 100%); ESMS (-
ve ion): m/z 1159 (IM], 15.90 %), 1195 ([M+Cl], 76.88 %), 1231 ([M+2Cl];, 100
%); IR (KBr): v 3419 (NH), 1636 (C=N) cm'.

6.2.6 Synthesis of [Zny(H3L),][Cl]2

2

To a solution of HsL (1.0 g, 1.9 mmol) in EtOH (50 mL), was added NEts (0.38
g, 3.8 mmol) and a solution of ZnCl (0.26 g, 1.9 mmol) in EtOH (10 mL). The
resulting solution was stirred at room temperature for 16 h after which the
solvents were evaporated under reduced pressure. The residual solids were
extracted into CHCIs (50 mL), filtered, and the filtrate dried under reduced
pressure to afford 0.32 g, 26 % of [Zn2(HsL):][Cl]z as a colourless solid. Single
crystals were grown by slow diffusion of Et2O into a saturated MeOH
solution. One cyclohexyl group was disordered and was modelled over two
sites with 0.52:0.48 occupancy, bond restraints, and anisotropic atomic
displacement parameters. Solvent of crystallisation could not be modelled
satisfactorily and the SQUEEZE routine of PLATON!® was used which found
646.3 A3 of void space with 148.5 electrons in the unit cell, which equates to
the presence of approximately two molecules of THF per asymmetric unit;
the appropriate number of C, H and O atoms were added to the UNIT

instruction; this has resulted in an A-alert in the CIF check. The relatively
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high residual electron density was located 0.916 A from Zn1 and is attributed
to absorption problems.

'H NMR (400 MHz, CDsOD): éu 10.2 (dd, 4H, 3Jun = 15.1 Hz, */un = 3.8 Hz,
NH), 8.10 (s, 2H, imine), 7.65 (d, 4H, 3Juu= 4.4 Hz, pyrrole), 6.80 (d, 2H, 3Juu=
3.7, pyrrole), 6.67 (d, 2H, */un = 3.7 Hz, pyrrole), 6.50 (d, 4H, 3/un = 15.1 Hz,
alkene), 5.98 (d, 4H, 3/un= 3.9 Hz, pyrrole), 3.20 (m, 6H, CH cyh), 2.10 — 0.66
(m, 60H, cyh), 1.94 (s, 6H, CHs) ppm; “C{'H} NMR (101 MHz, CDsOD): 8¢
160.5, 155.9, 155.0, 149.0, 136.0, 128.1, 124.8, 117.3, 117.1, 109.0, 65.7, 57.3, 45.1,
34.9,32.6, 31.6, 25.3, 25.1, 24.7, 24.6 ppm; Analysis Found: C, 64.49, H, 7.24, N,
12.72 % CnHouClNi2Zn: requires C, 64.41, H, 7.26, N, 12.88 %; ESMS (+ve
ion): m/z 617.70 ([M-Zn-ligand]*, 100%), 1233.7 ([M]*, 59.92%); IR (KBr):
v 3419 (NH), 1652 (C=N), 1586 (C=C), 1281 (C-N) cm™.

6.2.7 Synthesis of [Cex(L)2(THF),]

< 7\ | N\
] N N \
~N N~
YN/ N
C:O-----)Ce\ /Ce-\----o:j
Cy\N\ N N /N/Cy
N\ ,

To a cold (0°C) solution of Ce{N(SiMes)z}s (0.11 g, 0.18 mmol) in THF (5 mL),
was added a solution of HsL (0.097 g, 0.18 mmol) in THF (20 mL). The
mixture was allowed to warm to room temperature and stirred for 8 hours.
The solvents were removed under reduced pressure to afford 0.087 g of
[Cex(L)2(THF)2] as a yellow powder. Single crystals were grown by slow
diffusion of hexane into a saturated THF solution. One coordination site on

the cerium atom was disordered and was modelled as 60/40 occupancy of
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THF and H:0. A second THF molecule was modelled with 40% occupancy
and was found to hydrogen-bond to the water molecule. All disordered
atoms were modelled with isotropic displacement parameters. Solvent of
crystallisation could not be modelled satisfactorily and the SQUEEZE routine
of PLATON® was used which found 1124 A 3 of void space with 338
electrons in the unit cell, which equates to the presence of approximately two
molecules of THF per asymmetric unit; the appropriate number of C, H and
O atoms were added to the UNIT instruction. Attempts to repeat the reaction
proved fruitless and led to the formation of an inextricable mixture of
products. "H NMR spectra did not show the 2:1 splitting that would be
expected for the formation of [Cez(L)2(THF):].

6.3 Synthetic procedures as described in Chapter 3

6.3.1 Synthesis of [Pd(HL)]

To a mixture of HsL (0.50 g, 0.91 mmol) in MeCN (10 mL) and NEts (2 mL),
was added a solution of Pd(OAc):(0.21 g, 0.94 mmol) in MeCN (50 mL). The
reaction was stirred for 2 h at room temperature. The precipitate was filtered,
washed with MeCN (2 x 10 mL) and dried overnight under high vacuum
affording 0.39 g, 62 % of [Pd(HL)] as a yellow solid. Single crystals were
obtained by cooling of a saturated solution of MeCN.

'H NMR (400MHz, CDCl): éu 7.59 (s, 1H, imine), 7.57 (s, 2H, imine), 6.65 (d,
2H, 3Jun= 3.4 Hz, pyrrole), 6.60 (d, 1H, 3Jun= 3.9 Hz, pyrrole), 6.16 (d, 2H, 3Jun
= 3.4 Hz, pyrrole), 5.89 (d, 1H, 3/un = 3.9 Hz, pyrrole), 3.24 (m, 2H, CH cyh),
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3.23 (m, 1H, CH cyh), 2.06 (s, 3H, CHs), 2.22 - 1.00 (m, 30H, cyh) ppm; BC{*H}
NMR (126 MHz, CDCls): 6c 156.4 (q), 149.2, 147.5, 142.0 (q), 136.8 (q), 129.8,
116.1 (q), 114.3, 107.7, 106.5, 69.3, 63.2, 46.9 (q), 34.5, 34.1, 31.0, 26.2, 25.8, 25.0;
Analysis. Found: C, 63.81, H, 6.93, 12.67 % CssHsNsPd requires C, 63.96, H,
7.05, N, 12.79 % ; ESMS (+ve ion): m/z 481.29 ([PdL]* loss of free arm, 52 %),
657.36 ([Pd(HL)]*, 100 %); IR (KBr): v 3410 (NH), 1637 (C=N), 1569 (C=C); UV-
Vis (CHCls, 25 °C): 390 nm (e =11851 dm®mol-cm), 295 nm (& = 22734 m>*mol-

1 Cm-l)

6.3.2 Synthesis of [Cu(HL)]

To a suspension of HsL (1.1 g, 1.9 mmol) in MeCN (50 mL), was added a
solution of Cu(OAc): (0.38 g, 1.9 mmol) in MeCN (20 mL). The reaction was
stirred at room temperature 2 h after which the solvents were evaporated
under reduced pressure. The residual solids were dissolved in THF (10 mL)
and precipitated by the addition of hexane (50 mL). The liquors were
decanted and the precipitate was washed with hexane (3 x 10 mL) and dried
under reduced pressure affording 0.71 g, 60 % of [Cu(HL)] as green solids.
Analysis Found: C, 68.43, H, 7.55, N, 13.68 % CssHsNeCu requires C, 68.37,
H, 7.46, N, 13.59 %; ESMS (+ve ion): m/z 438.29 ([CuL]*, loss of protonated
arm, 37 %), 614.26 ([M]*, 100 %); IR (KBr): v 3446 (NH), 1653 (C=N), 1576
(C=C) cm’; UV-Vis (CHCIs, 25 °C): 280 nm (& = 64693 dm®mol'cm™), 290 nm
(e= 32237 dm’mol'cm?), 320 nm (g¢= 40570 dm®mol'cm?); petr (Evan’s
method) = 2.23 BM.
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6.3.3 Synthesis of [Pd(H,L)][Cl]

el

To a mixture of HsL (0.099, 0.18 mmol) in CH2Cl (10 mL) and NEts (0.70 mL),
was added a solution of PdCl2(MeCN): (0.052 g, 0.20 mmol) in CH2Clz (15
mL). The resulting mixture was stirred at room temperature for 3 h after
which the addition of hexane (20 mL) ensured the precipitation of the
product which was filtered, washed with hexane (2 x 10 mL) and dried
under reduced pressure affording 0.075 g, 60 % of [Pd(H:L)][Cl] product as a
yellow powder. Single crystals were grown by slow diffusion of hexane into
a saturated CH2Cl2 solution.

'"H NMR (400 MHz, CDCls): 6113.34 (br. s, 1H, pyrrole NH), 12.86 (br. m, 1H,
NH), 7.57 (s, 2H, imine), 7.38 (d, 1H, 3/uu = 15.5 Hz, protonated imine), 6.72
(dd, 1H, 3Jun = 4.1 Hz, 4Jun = 2.0 Hz, pyrrole), 6.65 (d, 2H, 3/un = 3.91 Hz,
pyrrole), 6.35 (d, 2H, 3/un=3.91 Hz, pyrrole), 5.71 (dd, 1H, 3Jun= 4.1 Hz, *Jun=
2.0 Hz, pyrrole), 3.42 (m, 1H, CH cyh), 3.23 (m, 2H, CH cyh), 2.31 (s, 3H,
CHs), 2.24 - 1.13 (m, 30H, Cyh) ppm; BC{*H} NMR (126 MHz, CDCls): ¢ 158.3
(q), 156.5, 147.3, 145.5 (q), 137.1 (q), 129.8, 121.6 (q), 116.4, 113.1, 108.5, 63.2,
61.3, 47.2 (q), 34.1, 32.7, 27.3, 26.2, 26.1, 24.7 ppm; Analysis Found: C, 60.47,
H, 6.68, N, 11.92 % CssHa7NePdCl requires C, 60.60, H, 6.83, N, 12.12 %; ESMS
(+ve ion): m/z 481.29 ([PdL]* loss of protonated arm, 19.1 %), 657.27
([Pd(H2L)]*, 100 %); IR (KBr): v 3417 (NH), 1658 (C=N), 1568 (C=C) cm.
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6.3.4 Synthesis of [CuCI(H,L)]

To a mixture of HsL (0.48 g, 0.87 mmol) in MeOH (50 mL) and NEts (0.48 g,
4.8 mmol), was added a solution of CuClz (0.11 g, 0.82 mmol) in MeOH (20
mL). The resulting solution was stirred for 8 h at room temperature after
which it was filtered and solvents were evaporated under reduced pressure
to afford 0.37 g, 65 % of [CuCl(H:L)] as a green powder. Single crystals were
grown by slow diffusion of Et20 into a saturated CHCls solution.

Analysis Found: C, 64.69, H, 7.32, N, 12.84 % CssH47CuClINe requires C, 64.59,
H, 7.28, N, 1291 %; ESMS (+ve ion): m/z 438.34 ([CuL]* loss of protonated
arm, 46 %), 614.17 ([Cu-H:L]*, 100 %), 650.05 ([M+H*], 12 %); IR (KBr): v 3417
(NH), 1660 (C=N), 1581 (C=C) cm; UV-Vis (CHCIs, 25 °C): 314 nm (& = 28478
dm®mol’cm™), 370 nm (¢ = 19739 dm®mol'cm™). pett (Evans” method) = 1.94

BM.

6.3.5 Synthesis of HgL.

To a degassed solution of trichloroacetyl chloride (12 g, 67 mmol) in Et-O (10
mL) at 0 °C under N2, was slowly added a solution of 2,2',2"-tripyrrylethane
(3.0 g, 13 mmol) in Et20 (200 mL). The mixture was allowed to warm to room

temperature and stirred for 2 h after which the precipitate was filtered,
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washed with Et20 (3 x 25 mL) and dried in air to yield 5.6 g, 65 % of HsL
as a dark pink solid.

'H NMR (250 MHz, CDCls): 61 10.07 (br. s, 3H, NH), 7.37 (dd, 3H, 3Jun=4.13
Hz, 4[un = 2.31 Hz, pyrrole), 6.27 (dd, 3H, 3Juu = 4.13 Hz, */un = 2.81 Hz,
pyrrole), 2.23 (s, 3H, CHs) ppm; *C{'H} NMR 96 MHz, CDCls): 6c 173.4 (q),
143.5 (q), 123.1, 122.6 (q), 110.8, 94.4 (q), 41.8 (q), 27.7 ppm; Analysis. Found:
C, 36.76, H, 1.62, N, 6.26 % C20HsClsNsO:s requires C, 36.49, H, 1.38, N, 6.38 %;
ESMS (+ve ion): m/z 659.1 (M, 100 %); IR (KBr): v 3331 (pyrrole NH), 1642
(C=0) cm™!

6.3.6 Synthesis of HeL®Y

Neat cyclohexylamine (4.5 g, 45 mmol) was added to HsL3 (3.0 g, 4.5 mmol)
and the resulting solution stirred at room temperature for 16 h. The
colourless precipitate was filtered and washed with Et2O (3 x 10 mL)
affording 2.6 g, 95 % of HsL® as a colourless powder.

'H NMR (360 MHz, d®-DMSO): 8y 10.9 (br. s, 3H, pyrrole NH), 7.78 (d, 3H,
amido NH), 6.71 (s, 3H, pyrrole), 5.77 (s, 3H, pyrrole), 3.78 (br. s, 3H, CH
cyh), 1.84 (s, 3H, CHs), 1.90 - 1.33 (m, 15H, cyh), 1.13 - 0.75 (m, 15H, cyh)
ppm; BC{H} NMR (96 MHz, d®-DMSO): &c 159.7 (q), 139.7 (q), 126.4 (q),
110.0, 106.9, 47.6, 32.9, 26.7, 25.4, 25.1 ppm; Analysis. Found: C, 69.97, H, 8.05,
N, 13.99 % CssHusNeOs requires C, 69.91, H, 7.93, N, 13.87 %; ESMS (+ve ion):
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m/z 644.8 ([M+2Na]*, 100 %), 600.8 (M*, 45 %); IR (KBr): v 3436 (amide NH),
3288 (pyrrole NH), 1633 (amide C=0O) cm™.

6.3.7 Synthesis of [Ti(O'Pr),(HL®)]

To solution of HeL™ (0.23 g, 0.38 mmol) in THF (15 mL), was added a
solution of Ti(O™Pr)s (0.12 g, 0.42 mmol) in THF (5 mL) at -20 °C. The mixture
was stirred for 2 h and allowed to warm to room temperature after which the
solvent was evaporated under reduced pressure to afford 0.18 g, 62 % of
[Ti(OPr)2(HL)] as a pale yellow powder.

'H NMR (360 MHz, CDCls): 819.32 (br. s, 1H, NH), 6.65 (d, 2H, 3Jun= 3.67 Hz,
pyrrole), 6.42 (d, 2H, 3Juu= 3.67 Hz, pyrrole), 6.36 (d, 1H, 3/un=18.1 Hz, amide
NH), 5.90 (d, 1H, 3Juu=7.34 Hz, pyrrole), 5.33 (d, 1H, 3Jun=7.34 Hz, pyrrole),
5.08 (sep, 1H, 3Jun = 5.79 Hz, CH), 4.95 (sep, 1H, 3Jun= 5.36 Hz, CH), 4.08 (m,
2H, CH cyh), 4.01 (m, 1H, CH cyh), 2.31 (s, 3H, CHs), 1.35 (d, 6H, 3Jun= 5.36
Hz, CHs), 1.20 (d, 6H, 3Jun = 5.79 Hz, CHs), 2.00 - 0.80 (m, 30H, cyh) ppm;
BC{'H} NMR (126 MHz, CsD¢/THF): &c 164.8, 159.5 (q), 148.4, 143.0 (q), 134.4,
125.7 (q), 109.4 (q), 107.8, 105.4 (q), 105.0, 100.4 (q), 83.7, 71.3, 67.4, 62.6, 60.9,
58.9, 58.5, 56.8, 50.6, 49.2, 47.4, 42.5, 33.5, 29.5 (q), 13.0 ppm; Analysis. Found:
C, 64.25, H, 8.02, N, 10.90 %; Cs1HeaNeOsTi requires C, 64.05, H, 8.39, N, 10.93
%; IR (KBr): v 3290 (pyrrole NH), 1591 (C=0 free), 1540 (C=Obound ) cm
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6.3.8 Synthesis of HeLM®

A 40 % solution of methylamine in water (3.5 g, 45 mmol) was added to
HsLc5 (3.0 g, 4.5 mmol). The resulting solution was stirred at room
temperature for 2 h after which the precipitate was filtered and washed with
Et20 (3 x 10 mL) affording 1.6 g, 89 % of HsL.M¢ as colourless solids.

'H NMR (360 MHz, CDsOD): 6y 6.44 (d, 3H, */un= 3.42 Hz, pyrrole), 5.77 (br.
s, 3H, pyrrole), 2.69 (s, 9H, branch CHs), 1.96 (s, 3H, CHs) ppm; *C{'H} NMR
(91 MHz, CDsOD): &c 162.3 (q), 139.9 (q), 124.9 (q), 109.7, 106.2, 40.2 (q), 25.8,
24.4 ppm; Analysis. Found: C, 60.46, H, 5.98, N, 21.07 %; C20H24Ne«Os requires
C, 60.59, H, 6.10, N, 21.20 %; ESMS (+ve ion): m/z 418.92 ([M+Na]*, 46.62 %),
814.46 ([2M+Na]*, 100 %); IR (KBr): v 3306 (NH), 1612(C=0), 1538 (C=C) cm!

6.3.9 Synthesis of [Ti(O'Pr),(HLY®)]

To solution of Ti(O™Pr)s+ (0.099 g, 0.35 mmol) in MeCN (5 mL), was added a
solution of HsLMe (0.14 g, 0.35 mmol) in THF (15 mL). The reaction was
stirred for 2 h at -20 °C upon which a precipitate formed. The solvents were

decanted and the crystalline precipitate was washed with hexane (2 x 5 mL)

154



Chapter 6

to afford 0.13 g, 66 % of [Ti(OPr)2(HLM¢)]. Single crystals were obtained by
slow cooling a saturated MeCN solution.

'H NMR (250 MHz, CDsCN): 84 8.57 (br. s, 1H, NH), 7.07 (br. s, 2H, NH), 6.57
(d, 2H, 3Jun=3.79 Hz, pyrrole), 6.29 (br. s, 1H, pyrrole NH), 6.25 (dd, 1H, 3Jun
= 2.65 Hz, ‘[un = 1.08 Hz, pendant pyrrole), 6.02 (d, 2H, 3Jun = 3.79 Hz,
pyrrole), 5.82 (dd, 1H, 3Jux = 2.65 Hz, *Jun = 1.08 Hz, pendant pyrrole), 4.65
(sep, 1H, 3[un= 5.91 Hz, CH), 4.53 (sep, 1H, 3Jun=5.91 Hz, CH), 2.94 (d, 6H,
3Jun=4.61 Hz, CHs), 2.61 (d, 3H, */un= 4.86 Hz, CHs), 1.97 (s, 3H, CHs), 1.16 (d,
6H, 3un = 5.91 Hz, CHs), 1.00 (d, 3H, 3/un = 5.91 Hz, CHs), 0.87 (d, 3H, */uu =
5.91 Hz, CHs) ppm; ®C{'H} NMR (126 MHz, CsDs/MeCN): &c 166.0, 161.3 (q),
147.8, 144.4 (q), 134.4, 125.0 (q), 116.6 (q), 110.2, 108.5 (q), 105.9, 104.3 (q), 77.1,
75.9, 67.4, 63.3, 41.8, 40.8 (q), 29.7, 26.0, 25.2 ppm; IR (KBr): v 3291 (pyrrole
NH), 1600 (C=0 free), 1558 (C=O bound ) cm™!

6.3.10 Anion Binding study of HgL®Y

For each anion studied, a stock solution of set concentration of HsL< and
anion in CDCls was prepared. The required amount of each was added to an
NMR tube which was then topped up with CDCls so as to keep a constant
volume across the samples. Each sample’s value is shown in the following

tables relative to the required mole ratio required.
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Tetrabutylammonium Acetate (TBAOAC)

Concentration of HgL®Y: 6.11x10 mol.L™

Concentration of TBAOAG: 0.270 mol.L™

Chapter 6

Mole fraction Number of moles Volume required/L
. . . . . . Extra
Ligand Anion Ligand Anion Ligand Anion Solvent
0.99999 1E-05 4.80E-06 | 4.80E-11 | 7.86E-04 | 1.78E-10 | 1.44E-05
0.9 0.1 4.32E-06 | 4.80E-07 | 7.07E-04 | 1.78E-06 | 9.12E-05
0.8 0.2 3.84E-06 | 9.60E-07 | 6.28E-04 | 3.56E-06 | 1.68E-04
0.7 0.3 3.36E-06 | 1.44E-06 | 5.50E-04 | 5.33E-06 | 2.45E-04
0.6 0.4 2.88E-06 | 1.92E-06 | 4.71E-04 | 7.11E-06 | 3.22E-04
0.5 0.5 2.40E-06 | 2.40E-06 | 3.93E-04 | 8.89E-06 | 3.98E-04
0.4 0.6 1.92E-06 | 2.88E-06 | 3.14E-04 | 1.07E-05 | 4.75E-04
0.3 0.7 1.44E-06 | 3.36E-06 | 2.36E-04 | 1.24E-05 | 5.52E-04
0.2 0.8 9.60E-07 | 3.84E-06 | 1.57E-04 | 1.42E-05 | 6.29E-04
0.1 0.9 4.80E-07 | 4.32E-06 | 7.86E-05 | 1.60E-05 | 7.05E-04
0.00001 | 1.00E+00 | 4.80E-11 | 4.80E-06 | 7.86E-09 | 1.78E-05 | 7.82E-04
Tetrabutylammonium Fluoride (TBAF)
Concentration of HgL®Y: 6.11x10 mol.L™
Concentration of TBAF: 0.266 mol.L™
Mole fraction Number of moles Volume required/L
Ligand Anion Ligand Anion Ligand Anion Extra
solvent
0.99999 1E-05 4.80E-06 | 4.80E-11 | 7.86E-04 | 1.80E-10 | 1.44E-05
0.9 0.1 4.32E-06 | 4.80E-07 | 7.07E-04 | 1.80E-06 | 9.12E-05
0.8 0.2 3.84E-06 | 9.60E-07 | 6.28E-04 | 3.61E-06 | 1.68E-04
0.7 0.3 3.36E-06 1.44E-06 5.50E-04 5.41E-06 2.45E-04
0.6 0.4 2.88E-06 | 1.92E-06 | 4.71E-04 | 7.22E-06 | 3.21E-04
0.5 0.5 2.40E-06 | 2.40E-06 | 3.93E-04 | 9.02E-06 | 3.98E-04
0.4 0.6 1.92E-06 | 2.88E-06 | 3.14E-04 | 1.08E-05 | 4.75E-04
0.3 0.7 1.44E-06 | 3.36E-06 | 2.36E-04 | 1.26E-05 | 5.52E-04
0.2 0.8 9.60E-07 | 3.84E-06 1.57E-04 1.44E-05 6.28E-04
0.1 0.9 4.80E-07 | 4.32E-06 | 7.86E-05 | 1.62E-05 | 7.05E-04
0.00001 | 1.00E+00 | 4.80E-11 | 4.80E-06 | 7.86E-09 | 1.80E-05 | 7.82E-04
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Tetrabutylammonium Chloride (TBACI)
Concentration of HgL®Y: 6.10x10 mol.L™

Concentration of TBACI: 0.272 mol.L™*
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Mole fraction number of moles/mol Volume/L
Ligand Anion Ligand Anion Ligand Anion Extra
solvent
0.99999 1E-05 4.80E-06 | 4.80E-11 | 7.86E-04 | 1.76E-10 | 1.44E-05
0.9 0.1 4.32E-06 | 4.80E-07 | 7.07E-04 | 1.76E-06 | 9.12E-05
0.8 0.2 3.84E-06 | 9.60E-07 | 6.28E-04 | 3.53E-06 | 1.68E-04
0.7 0.3 3.36E-06 | 1.44E-06 | 5.50E-04 | 5.29E-06 | 2.45E-04
0.6 0.4 2.88E-06 | 1.92E-06 | 4.71E-04 | 7.06E-06 | 3.22E-04
0.5 0.5 2.40E-06 | 2.40E-06 | 3.93E-04 | 8.82E-06 | 3.98E-04
0.4 0.6 1.92E-06 | 2.88E-06 | 3.14E-04 | 1.06E-05 | 4.75E-04
0.3 0.7 1.44E-06 | 3.36E-06 | 2.36E-04 | 1.24E-05 | 5.52E-04
0.2 0.8 9.60E-07 3.84E-06 1.57E-04 1.41E-05 6.29E-04
0.1 0.9 4.80E-07 | 4.32E-06 | 7.86E-05 | 1.59E-05 | 7.06E-04
0.00001 | 1.00E+00 | 4.80E-11 | 4.80E-06 | 7.86E-09 | 1.76E-05 | 7.82E-04
Tetrabutylammonium Bromide (TBABT)
Concentration of HgL®: 6.11x107 mol.L™
Concentration of TBABr: 0.217 mol.L™
Mole fraction number of moles/mol Volume/L
Extra
Ligand Anion Ligand Anion Ligand Anion solvent
0.99999 1E-05 4.80E-06 | 4.80E-11 7.86E-04 2.21E-10 1.44E-05
0.9 0.1 4.32E-06 | 4.80E-07 | 7.07E-04 | 2.21E-06 | 9.08E-05
0.8 0.2 3.84E-06 | 9.60E-07 | 6.28E-04 | 4.42E-06 | 1.67E-04
0.7 0.3 3.36E-06 | 1.44E-06 | 5.50E-04 | 6.64E-06 | 2.43E-04
0.6 0.4 2.88E-06 | 1.92E-06 | 4.71E-04 | 8.85E-06 | 3.20E-04
0.5 0.5 2.40E-06 | 2.40E-06 | 3.93E-04 | 1.11E-05 | 3.96E-04
0.4 0.6 1.92E-06 | 2.88E-06 | 3.14E-04 | 1.33E-05 | 4.72E-04
0.3 0.7 1.44E-06 | 3.36E-06 | 2.36E-04 | 1.55E-05 | 5.49E-04
0.2 0.8 9.60E-07 | 3.84E-06 | 1.57E-04 | 1.77E-05 | 6.25E-04
0.1 0.9 4.80E-07 | 4.32E-06 | 7.86E-05 | 1.99E-05 | 7.02E-04
0.00001 | 1.00E+00 | 4.80E-11 | 4.80E-06 | 7.86E-09 | 2.21E-05 | 7.78E-04
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Mole fraction number of moles/mol Volume/L
Ligand Anion Ligand Anion Ligand Anion Extra
solvent
0.99999 1E-05 4.80E-06 | 4.80E-11 | 8.28E-04 | 1.83E-10 | 2.76E-05
0.9 0.1 4.32E-06 | 4.80E-07 | 7.45E-04 | 1.83E-06 | 5.33E-05
0.8 0.2 3.84E-06 | 9.60E-07 | 6.62E-04 | 3.65E-06 | 1.34E-04
0.7 0.3 3.36E-06 | 1.44E-06 | 5.79E-04 | 5.48E-06 | 2.15E-04
0.6 0.4 2.88E-06 | 1.92E-06 | 4.97E-04 | 7.30E-06 | 2.96E-04
0.5 0.5 2.40E-06 | 2.40E-06 | 4.14E-04 | 9.13E-06 | 3.77E-04
0.4 0.6 1.92E-06 | 2.88E-06 | 3.31E-04 | 1.10E-05 | 4.58E-04
0.3 0.7 1.44E-06 | 3.36E-06 | 2.48E-04 | 1.28E-05 | 5.39E-04
0.2 0.8 9.60E-07 | 3.84E-06 | 1.66E-04 | 1.46E-05 | 6.20E-04
0.1 0.9 4.80E-07 | 4.32E-06 | 8.28E-05 | 1.64E-05 | 7.01E-04
0.00001 | 1.00E+00 | 4.80E-11 | 4.80E-06 | 8.28E-09 | 1.83E-05 | 7.82E-04
Results
Mole fraction d obs/ppm
Ligand Anion TBAOAC TBAF | TBACI TBABr TBAI
0.99999 1E-05 6.15 6.27 6.24 6.25 6.265
0.9 0.1 6.186 6.29 6.25 6.26 6.271
0.8 0.2 6.247 6.31 6.26 6.28 6.276
0.7 0.3 6.298 6.35 6.27 6.29 6.279
0.6 0.4 6.359 6.4 6.28 6.3 6.286
0.5 0.5 6.42 6.52 6.29 6.32 6.291
0.4 0.6 6.47 6.57 6.3 6.33 6.297
0.3 0.7 6.517 6.59 6.31 6.34 6.303
0.2 0.8 6.517 6.6 6.33 6.35 6.324
0.1 0.9 6.517 6.6 6.38 6.39 6.345
0.00001 | 1.00E+00 6.517 6.6 6.38 6.39 6.345
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6.4 Synthetic procedures as described in chapter 4

6.4.1 Synthesis of L'

To solution of 2,3,5,6-tetramethylterephthalaldehyde (2.0 g, 11 mmol) in
MeCN (50 mL), was added diisopropylaniline (3.7 g, 22 mmol).
Trifluoroacetic acid (1 mL) was added to the solution dropwise. The mixture
was stirred for 1 h at room temperature after which it was neutralised using
KOH (aq). The resulting yellow precipitate was filtered and washed with
MeCN (3 x 10 mL) and dried under vacuum to afford 4.8 g, 86 % of L'mAras a
yellow powder. Single crystals were grown by cooling of a saturated MeCN
solution.

'H NMR (400 MHz, CDCls): 6y8.67 (s, 2H, imine CH), 7.27 — 7.15 (m, 6H,
aromatic), 3.18 (sep, 3Jun= 6.81 Hz, 4H, isopropyl CH), 2.55 (s, 12H, CH3s), 1.25
(d, 3Jun = 6.81 Hz, 24H, CHs) ppm; BC{'H} NMR (126 MHz, CDCls): 6c 164.6,
149.6 (q), 137.9 (q), 135.8 (q), 134.6 (q), 124.4, 123.3, 28.0, 24.0, 16.8 ppm;
Analysis Found: C, 84.76, H, 9.57, N, 5.47 %, CssHasN2 requires C, 84.98, H,
9.51, N, 5.51 %; ESMS (+ve ion): m/z 509.22([M+H]*, 100 %); IR (ATR): v 1630
(C=N), 1588 (C=C) cm™.
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6.4.2 Synthesis of LA™

pes
NH

Method 1: To a mixture of 1,4-dibromomethyl-2,3,5,6-tetramethylbenzene
(5.6 g, 18 mmol) in MeCN (150 mL) was added NEts (5 mL) followed by 2,6-
diisopropylaniline (8.0 g, 45 mmol). The mixture was boiled for 8 h, after
which the solvents were evaporated under reduced pressure. The residues
were dissolved in water, extracted into CH2Clz that was then evaporated to
dryness. The crude colourless solids were recrystallised from hot MeCN to
afford 4.8 g, 53 % of LA™Ar as colourless microcrystals. Single crystals were
grown by slow cooling of a saturated solution of MeCN. The amine
hydrogens in LAmAr were located from the difference Fourier map and refined
with riding thermal parameters and bond distance restraints.

Method 2: To a solution of L'™4r (0.10 g, 0.19 mmol) in THF (5 mL) was added
a solution of NaBH4 (0.079 g, 2.1 mmol) in MeOH (5 mL). The mixture was
stirred vigorously for 2 h, after which the solvents were evaporated under
reduced pressure and the residues taken up in water (10 mL) and extracted
with CHxCl.. The organic layer was dried over MgSOs, and the solvents
evaporated under reduced pressure to yield a colourless crude solid that was
recrystallised from MeCN to afford 0.021 g, 20 % of LAmAr as a colourless
solid.

'H NMR (400 MHz, CDCls): 61 7.16 — 7.05 (m, 6H, aromatics), 4.22 (s, 4H,
CH>), 3.30 (sep, 4H, CH), 3.07 (br. s, 2H, NH), 2.35 (s, 12H, CHs), 1.25 (d, 24H,
CHs) ppm; BC{*H} NMR (126 MHz, CDCls): 6c 144.2 (q), 141.7 (q), 136.2 (q),
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133.5 (q), 123.8, 123.3, 50.8, 28.1, 24.4, 16.9 ppm; Analysis. Found: C, 84.46, H,
10.13, N, 5.51 % CssHsNz requires C, 84.32, H, 10.22, N, 5.46 %; ESMS (+ve
ion): m/z 1022.69 ([2M-3H*], 71 %), 513.18 ([M+HJ, 69 %), 336.23 (IM-CH
amine]’, 100 %); IR (KBr): v 3400 (NH), 1442 (C-N) cm™™.

To a solution of 2,3,5,6-tetramethylterephthalaldehyde (4.3 g, 23 mmol) in

6.4.3 Synthesis of L'R

MeCN (100 mL) was added tert-butylamine (4.1 g, 56 mmol). Trifluoroacetic
acid (0.5 mL) was added dropwise and the mixture was stirred for 1 h at
room temperature after which it was neutralised with KOH (aq). The
resulting colourless precipitate was filtered, washed with MeCN (3 x 10 mL),
and dried under vacuum to afford 4.9 g, 70 % of the L'™R,

'"H NMR (400 MHz, CDCls): 6y 8.55 (s, 2H, CH imine), 2.17 (s, 12H, CHs), 1.38
(s, 18H, Bu) ppm; BC{'H} NMR (500 MHz, CDCls): dc 158.1, 136.8 (q), 131.7
(q), 58.2 (q), 29.7, 16.3 ppm; Analysis. Found: C, 80.03, H, 10.57, N, 9.05 %;
C20H3N:2 requires C, 79.94, H, 10.73, N, 9.32 %; ESMS (+ve ion): m/z 301.09
(IM]*, 100 %), 245.10 ([M-Bu]*, 14.5 %); IR (ATR): v 1651 (C=N) cm™.

6.4.4 Synthesis of LA™R

HN~<---'
....}NH

Method 1: To a solution of L™} (2.5 g, 8.2 mmol) in MeOH (40 mL) was
added NaBHs (1.6 g, 41 mmol). The resulting solution was stirred for 2 h at
room temperature after which the solvent was evaporated under reduced

pressure. The residues were extracted into a mixture of CH2Cl> (10 mL) and
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water (10 mL) and the organic phase dried over MgSOa. The solvents were
evaporated under reduced pressure to afford 2.3 g, 92 % of LA™ as a
colourless solid.

Method 2: A mixture of tert-butylamine (0.062 g, 8.5 mmol) and 1,4-
dibromomethyl-2,3,5,6-tetramethylbenzene (0.10 g, 0.31 mmol) was heated to
reflux for 8 h. The resulting precipitate was isolated by suction filtration and
dried under vacuum to afford 0.038 mg, 40 % LA™R as a colourless solid.

'H NMR (400 MHz, CDCls): 8y 3.73 (s, 4H, CH), 2.31 (s, 12H, CHs), 1.22 (s,
18H, Bu) ppm; BC{'H} NMR (126 MHz, CDCl): 3¢ 135.8 (q), 133.2 (q), 50.5
(q), 41.6, 29.1, 15.1 ppm; Analysis. Found: C, 7891, H, 12.00, N, 9.24 %;
C20HssN2 requires C, 78.88, H, 11.92, N, 9.20 %; ESMS (+ve ion): m/z 304.97
([M]+, 100%), 232.05 ([M-Bu-NJ*, 44.1 %); IR (KBr): v 3334 (NH), 1473 (C-C),
1228 (CN) cm™.

6.4.5 Synthesis of [CoCl,][L"™F]

2+

To a solution of LA™R (0.10 g, 0.33 mmol) in Et2O (10 mL) was added a
solution of concentrated (aqueous) HCl (0.024 g, 0.66 mmol) in Et20 (2 mL).
The resulting solution was stirred for 30 min after which a suspension of
CoCl2 (0.043 g, 0.33 mmol) in Et20 (5 mL) was added. The resulting mixture
was stirred at room temperature for 1 h after which the resulting precipitate
was filtered under reduced pressure and washed with Et2O (3 x 5mL) to

afford 0.138 g, 63 % of [H2LA™R][CoCl4] as blue solids.
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Single crystals were obtained by the addition of LAm® and CoCl: to a solution
of bench CDCls. The ammonium hydrogen atoms were located from the
difference Fourier map and refined with riding thermal parameters and bond
distance restraints.

Analysis. Found: C, 47.45, H, 7.58, N, 5.37 % C20H36Cl4«CoNz2 requires C, 47.54,
H, 7.18, N, 5.54 %; IR (KBr): v 3419 (NH), 1635 (C-C aromatic), 1593 (CN)

cmt

6.4.6 Synthesis of [Zn4Clyg][HoL™

C@@ED
o

CI/Zn\CI/zn\CI
To a solution of LmAr (0.14 g, 0.20 mmol) in Et2O (10 mL), was added a
solution of concentrated (aqueous) HCI (0.014 g, 0.40 mmol) in Et20 (2 mL).
The resulting solution was stirred for 30 min after which a solution of ZnCl-
(0.11 g, 0.78 mmol) in Et2O (5 mL) was added. The mixture was stirred at
room temperature for 1 h and the resulting precipitate filtered under reduced
pressure and washed with Et2O (3 x 5 mL) to afford 0.14 g, 63 % of
[ZnsClio][Hz2L™A7] as a colourless solid. Single crystals were grown by
addition of L™4r and ZnCl: to a solution of bench CDCls. The iminium
hydrogens were located in the difference Fourier map and refined with

riding thermal parameters and bond distance restraints.

163



Chapter 6
Analysis. Found: C, 38.46, H, 4.52, N, 2.31 % CssHs0ClioN2Zns requires C,

38.37, H, 4.47, N, 2.49 %; IR (KBr): v 3587 (NH), 1653 (C=N), 1608 (C=C) cm™!

6.4.7 Synthesis of [(PdsCle)L"™

To a solution of L™Ar (0.10 g, 0.19 mmol) in CH2CL (5 mL), was added a

solution of PdCl2(MeCN): (0.15 g, 0.59 mmol) in CH2Clz (15 mL). The mixture
was stirred for 3 h at room temperature, after which the precipitate was
filtered, washed with hexane (3 x 5 mL) and dried under vacuum to afford
0.14 g, 70 % of [(PdsCls)L'™Ar] as a red solid. Single crystals were grown by
cooling of a saturated solution of CH2Cl.. The structure suffers from whole
molecule disorder with an occupancy ratio of 0.89:0.11. Within the minor
component the Pd atoms were refined freely and isotropically, the Cl
positional parameters were refined, but a common isotropic displacement
parameter fixed at 0.06 A2 Both molecules were restrained to be
geometrically similar. Within the major component, only Pd and Cl atoms
were refined anisotropically. Allowing the light atoms to refine with
anisotropic displacement parameters (adps) reduced R1 only modestly, but
led to a number of atoms adopting physically unreasonable adps. This is
probably a consequence of the whole-molecule disorder.

'H NMR (500 MHz, CDCls): 6y 8.38 (s, 2H, imine CH), 7.50 — 7.25 (m, 6H,
aromatic), 3.56 (sep, }Jun = 6.97 Hz, 2H, isopropyl CH), 3.75 (s, 6H, aryl CHs),
3.49 (sep, }Jun= 6.97 Hz, 2H, isopropyl CH), 2.09 (s, 6H, aryl CHs), 1.85 (d, 3Jun
= 6.97 Hz, 6H, CHs), 1.48 (d, */un= 6.97 Hz, 6H, CHs), 1.25 (d, *Juu= 6.97 Hz,
6H, CHs), 1.23 (d, 3Jun = 6.97 Hz, 6H, CHs) ppm; “C{H} NMR (126 MHz,
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CDCls): 8c 180.5, 145.5 (q), 141.7 (q), 141.5 (q), 137.4 (q), 135.7 (q), 133.8 (q),
129.2, 125.3, 124.7, 29.1, 28.6, 26.1, 25.2, 24.4, 23.7, 20.9, 17.0 ppm; Analysis.
Found: C, 41.39, H, 4.58, N, 2.54 %, CssHasCleN2Pds requires C, 41.55, H, 4.65,
N, 2.69 %; ESMS (+ve ion): m/z 507.49 ([ligand-H*], 91.76 %), 613.21 ([ligand +
PdJ, 27 %) 717.17 ([ligand + 2Pd]*, 82.43 %), 757.15 ([ligand + Pd2Cl]*, 79.99
%), 860.96 ([ligand + Pd2Cl4]*, 100 %); IR (ATR): v 1608 (C=N), 1590 (C=C) cm-
1, UV-Vis (CHCIs, 25 °C): 431 nm (¢ = 2711 dm®mol”'cm™).

6.4.8 Synthesis of [(PdsCle)L"™F]

SN IR

Pd;Clg

To a solution of PdCl2(MeCN): (0.26 g, 0.99 mmol) in CH2Cl> (15 mL) was
slowly added to a solution of L™ (0.12 g, 0.33 mmol) in CH2Clz (5 mL). The
mixture was stirred for 3 h at room temperature, after which the resulting
precipitate was filtered, washed with hexane (3 x 5 mL), and dried under
vacuum to afford 0.21 g, 77% of [PdsCls(L'™)] as red solids. Single crystals
were grown by slow cooling a saturated solution of CH2Clz. In the structure,
one tertiary butyl group had three-fold rotational disorder and was modelled
over two sites with 0.66:0.34 occupancy and anisotropic atomic displacement
parameters.

'H NMR (400MHz, CDCls): 61 8.45 (s, 2H, CH imine), 2.94 (s, 6H, CHs), 1.90
(s, 6H, CHs), 1.86 (s, 18H, Bu) ppm; *C{'H} NMR (126 MHz, CDCls): 6c 176.8,
136.4 (q), 134.3 (q), 132.2 (q), 68.0 (q), 32.5, 20.5, 17.2 ppm; Analysis. Found: C,
29.01, H, 3.71, N, 3.26 % C20H3ClsN2Pds requires C, 28.86, H, 3.87, N, 3.37 %;
ESMS (+ve ion): m/z 299.28 ([L-2H*], 100 %), 549.04 ([L+2Pd+Cl]*, 81.38 %),
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682.01 ([L+PdsCls]", 72.90 %); IR (ATR): v 1628 (C=N) cm’}; UV-Vis (CHCls, 25
°C): 310 nm (g = 5422 dm*mol”'cm?).

6.4.9 Synthesis of H,L?

@
(4
S

All manipulations were carried out under an atmosphere of dry nitrogen. To
a solution of 1,4-dibromomethyl-2,3,5,6-tetramethylbenzene (4.5 g, 14 mmol)
in THF (30 mL) was slowly added a solution of NaCp (3.1 g, 35 mmol) in
THEF (30 mL) at 0 °C. The resulting mixture was stirred at room temperature
for 2 h after which the mixture was filtered. Hexanes (100 mL) were added to
the filtrate and the precipitate filtered and dried under reduced pressure
affording 3.8 g, 93 % of H2L? as a colourless powder.

'"H NMR (500 MHz, CsDe): &y 6.55 — 5.69 (m, 10H, Cp), 3.72 (m, 2H, CH Cp),
2.73 (m, 4H, CHy), 2.20 (s, 12H, CHs) ppm; Analysis. Found: C, 90.99, H, 9.12
%; CzHas requires C, 90.98, H, 9.02 %; IR (KBr): v 1610 (C=C), 1434 (CH:
bend).

6.4.10 Synthesis of [Li,L"]

“Li
e

To a solution of H2L (0.11 g, 0.38 mmol) in CsHs (10 mL), was added a
solution of Li(N(SiMes)2) (0.14 g, 0.84 mmol) in CeHs (10 mL). The resulting

mixture was stirred at room temperature for 8 h after which the precipitate
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was filtered and washed with CsHs (2 x 10 mL) affording 0.10 g, 95 % of

[LiL?] as a colourless powder.

'H NMR (400 MHz, C¢Dg/THF): 8y 5.42 (m, 4H, Cp), 5.36 (m, 4H, Cp), 3.77 (s, 4H,

CHy), 2.19 (s, 12H, CHs) ppm; *C{*H} NMR (101 MHz, C¢D¢/THF): ¢ 137.7 (q),
131.0 (q), 117.6 (q), 102.7, 101.2, 31.1, 16.5 ppm.
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