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Abstract

This thesis reports the synthesis of heteroleptic Ru(Il) complexes featuring aryl bromide or boronic ester
groups which are suitable for Pd(0)-catalysed cross-coupling reactions. These complexes are
characterised in detail by ESI-MS, 'H-NMR, *C-NMR and several by elemental analysis. The reactivity
and stability of these complexes is established allowing these to find applications as versatile building
blocks for large metallosupramolecular structures. In particular their use as reagents for Suzuki coupling
reactions are explored and reaction conditions and purification procedures are optimised. These
complexes are then linked via Suzuki or Sonogashira coupling reaction to form very large dimetallic
complexes. These dimetallic complexes feature pendant pyridyl groups and can therefore act as expanded
analogues of the small bent organic molecules used by Fujita for forming large molecular cages with
Pd(II) ions. A second goal is to prepare planar, tetrameric ruthenium(Il) metalloligands which can act as
molecular ‘panels’ to assemble large, box-like assemblies via self-assembly with palladium(II) ions, and

preliminary results towards this goal are presented.
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bpy 2,2’-bipyridine
Calcd calculated
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1. Chapter 1

1.1.Introduction

1.1.1. Molecular cages

Nature has exploited intermolecular interactions for the assembly of everything from lipid bilayers for
compartmentalisation within cells to the formation of highly symmetrical clusters of proteins such as the
clathrin protein'! which assembles into vesicle coats to transport cargoes. These self-assembled
structures of Nature provide inspiration for the design and preparation of synthetic supramolecular

architectures which may be capable of useful functions.

One of the most attractive classes of artificial containers is large, hollow cage molecules. These can be
difficult to synthesize by conventional covalent methods. However, molecular cages can be readily
prepared by self-assembly of preorganized small molecules using non-covalent interactions such as
hydrogen bonds and coordinate bonds. The first synthetic molecular cage, a “diamantanoid” assembly'*,
was prepared by Saalfrank (see Figure 1) from dimethyl malonate, MeLi/MCl,,oxalyl chloride,NH4Cl and
Mn(II), Co(II) and Ni(II) ions, which was characterized by X-ray crystallography.”! Understanding of the
donor atom and coordination geometry preferences of metal ions and the geometric restrictions imposed

by ligands is critical in design of molecular cages.

/
o)
H3CO0C —Q
H3CO0C \
/o N @ = Mn(), Co(l), Ni(ll)
o \ = Ligand

Figure 1 : A “diamantanoid” cage by Saalfrank’s group!”

The synthesis of a supramolecular cage is not always straightforward. The use of reversible reactions

allows a degree of self-correction to occur in the assembly process through dissociation and



recombination, to allow thermodynamics to take control and drive the system to the lowest energy
distribution of structures.'” Intermediate, high energy structures can rearrange during this process to form
the lowest energy structure(s) as the final product can show greater thermodynamic stability among all
intermediates.*"*) Many coordination cages of different shapes such as tetrahedra®, octahedra,'®
spheres,'”! cubes,® have been successfully synthesized by self-assembly and extensively studied. Of these,
most rely on the combination of relatively labile metal ions with ligands of differing topologies and donor
types. The most significant classes include Pd(Il) ions with pyridyl ligands,[(’a’ ?1 Fe(11), Co(II) or Ni(II)

ions with imine ligands''®! and AI(III), Ga(III), In(III) Fe (III) and Ge(IV) with catechol based ligandS[Sb’

1]

(@ =metal center: AI(Ill), Ga(lll), In(lll), Fe (Ill), Ge(IV),

=== =Ligand[N,N'-bis(2,3-dihydroxybenzoyl)1-5-
diaminonaphthalene]

Figure 2 : Representative tetrahedral cage by Raymond’s group!'

These cages can demonstrate selective guest binding based on size, shape and hydrophobic properties in
particular. Due to the different environments inside and outside of the self-assembled host, guest

molecules can have a significantly different chemical and physical behaviour inside the cage.”” The

isolated microenvironment of the cavity can make it possible for controlled molecular isomerization,'>’

[8a, 14 [5¢, 15] [16]

for catalysis, I'to stabilize reactive species, or to generate of unusual reaction products.

10



Increasing attention is also being paid to enantiomeric purity of molecular cages,!'” especially tetrahedral
cages formed with octahedral metal centres which can have chiral configurations. In the solution or solid
state, four octahedral metal ions with six bidentate ligands can result in a mixture of isomeric cages.
Optically pure cages are required for uses such as enantioselective catalysis of organic reactions''®! and
chiral separations."” One direct way to tackle this stereoselectivity problem is to decorate of the vertex of
the ligands which chiral groups to direct the stereochemistry of the metal centres.'”! Another way to
resolve the cages is based on the formation of diastereomeric ion pairs. If the cage is anionic a cation

resolving reagent such as an encapsulated guest is needed.'* >

1.1.2. Expanded ligands and metalloligands

Expanded ligands'*'! could become one of the most useful design principles in supramolecular and
metallosupramolecular chemistry. Expanded ligands and their parent ligands are structurally and

topologically related (Figure 3) and can be used for the formation of large supramolecular structures.

N
| N
N =
| h 7.1A
~2.8A — ’
N = | 18A
X
N
conventional
expanded ligand
from pyrazine

metalloligand
from pyrazine

Figure 3 : The expanded ligand for comparison.

Expanded ligands are organic molecules containing metal-binding domains separated by spacer units such

as aryl rings which extend the length of the ligands. In other words, the distance between donor sites to

11



donor sites is increased. Oxalic acid and terephthalic acid can be taken as an example, whose topologies

are related. The utility of conventional spacers can be varied to form well-defined building blocks.

This concept has been widely applied in metallosupramolecular chemistry in the form of ‘metalloligands,’

2"22] The expansion of ligands relies on

also described as “complexes as metals, complexes as ligands”.!
the addition of metal centres to link the multiple binding domains. It is worth mentioning even as metal-
containing moieties are introduced the pendant pyridyl sites of expanded ligands still retain the geometry
of the parent ligand. This introduction of a central metal-containing moiety, rather than conventional

organic groups, in the expanded ligands delivers redox, magnetic, photophysical and other useful

chemical properties to the ligand which can be exploited in larger structures.

There are chemical analogies between metalloligands and parent structures. One, two and three
dimensional structures are formed based on the parent ligands. For example, it has been shown that 4,4’-
bipyridine can be replaced by bis(4'-(4-pyridyl)-2,2":6',2"-terpyridine)ruthenium(Il) complexes in the
formation of macrocycles with 2,6-bis(bromomethyl)pyridine.'””! Many other analogies can be found in
]

the terpyridine based extended ligands such as phthalic acids,’**! polyphosphines® and polyacetylenes!*®
py g

which are used for preparation of large metallosupramolecular structures.

12



1.1.3. Ru(ll) polypyridyl complexes

Sunlight as an endless, green, non-toxic energy source has long been considered as an ideal ‘ingredient’
for chemical reactions. In conventional organic photochemical synthesis most reactions require the use of
high energy UV light as most simple organic molecules do not absorb light in the visible part of the
spectrum. This limitation has constrained development of visible light catalysed chemistry. However, a
new strategy is to incorporate inorganic and organometallic compounds which are capable of catalysing

organic reactions using visible light.

Among these transition metal complexes, ruthenium polypyridyl complexes have been especially well
studied.”””"Photochemical catalysis by tris(bipyridine) ruthenium(II) complex (Figure 4) takes advantages
of the strong absorbance of visible light (Anax= 450 nm) by this complex, its predictable intermediates,
functional group tolerance and stability to reaction conditions, such as high temperature or strongly acidic

or basic conditions.

Figure 4 : Tris(bipyridine) ruthenium(II) complex, the prototypical photoactive coordination complex.

The key point here is that the triplet MLCT state of photoexcited ruthenium(Il) complex can serve as an
electron donor, which means the [Ru*(bpy)s]*" is oxidized to [Ru(bpy)s;]*". The ground state catalyst can
be regenerated by accepting an electron from a sacrificial electron donor, typically an amine. For example,
two decades ago research with [Ru(bpy):;]*" inspired the pioneering work of Fukuzumi.*®! After
[Ru(bpy)s]*" is excited an electron is transferred to an alkyl halide to form a Ru(III) complex. The halide
group is lost as a negatively charged ion and the resulting organic radical is used for further reactions. The

13



Ru(IIT) complex can be reduced to Ru(Il) complex by accepting an electron from the substrate or another

reagent, either of which could act as electron donors.

ve_.----Rujbpy)s®- o
. photoexcited state  ~

interaction with
electron donor

R3 +
|
R1\/I\‘+\R

B-amino radical

Rs
| '
R1\/N\R Ru(bpy);*  reductive cycle
. 2 '
l \ absorb visible light
\ at 452nm
3+ i

Ru(bpy)s* acting as strongly Ru(bpy)s la.ct'lng asa
reducing catalyst towards .. strongly oxidizing catalyst
organic substrates TTt---Ru(bpy)g¥--- T towards organic substrates

Ground state

Figure 5 : Ru[(bpy);]*" complex works as a catalyst in the visible light photocatalysis.!*’"

Alternatively, a reductive cycle is possible where the photoexcited ruthenium(II) complex is reduced to
[Ru(bpy)s]” by accepting an electron from electron donor. The amine intermediates can be further treated
with acid to form amino radicals and iminium ions for other organic reactions (Figure 5).**'The
regeneration of the ground state Ru[(bpy)s;]*" from the reduced Ru[(bpy)]" can be achieved by transferring
an electron to another suitable substrate which acts as an electron acceptor. As it can be seen from the
Figure 5, the Ru[(bpy)s]*" complex which can catalyse the organic reactions without being bound to any

of the reactants.
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E A MC E A
IMLCT IMLCT  [g¢ \
— ISC — MC
A X A Y
3
visible light SMLCT visible light MLCT
(hv) (hv)
Q & hy' radiationless
hv’ v deactivation
GS Y GS
[Ru(bpy);]** [Ru(tpy),]**

Figure 6 : Energy level diagrams of [Ru(bpy)3]2+ and [Ru(tpy)z]2+ (MLCT = metal to ligand charge transfer, ISC = intersystem
crossing, MC = metal-centered, GS = ground state, bpy = 2,2’-bipyridine, terpy = 2,2°:6’,2”’-terpyridine)

Apart from tris(2,2’-bipyridine)ruthenium(Il), the related complex bis(terpyridine)ruthenium(Il)
[Ru(tpy)2]*" and its derivatives are one of the most prominent classes of ruthenium(Il) complexes.””
Whether heteroleptic or homoleptic the formation of diastereomers is avoided due to the meridional
coordination imposed by these tridentate rigid and planar ligands. Therefore, ruthenium(Il) terpyridine
based ligand units are used as potential building blocks for metallosupramolecular chemistry. Another
significant difference between these two related complexes is the differences in their excited-state
photophysical properties. [Ru*(bpy):]*" complexes have a less accessible *MC state due to alarge energy
gap between the "MLCT and *MC state (Figure 6). However, in the case of [Ru*(tpy),]*" the energy of
these two states is similar, leading to a short excited state lifetime after being activated to the lowest
excited "MLCT state. Most of the energy efficiently transfers to the *MC state from which deactivation to
the ground state is rapid via a radiationless process. Extensive work has been done to improve the
stability of MLCT state or to increase the energy gap to the MC state in [Ru(tpy).]*" complexes.

30b, 31]

Additional electron-withdrawing groups such as COOH and COOEt! on the 4’-position of

terpyridine units stabilize the "MLCT state and lead to a longer excited lifetime. Another approach is to

introduce an electron-donating group to destabilize the *MC state such as NH, and NHCOMe.?% 3!

15



X=
X=
X=
X=

Figure 7 : Homoleptic bis(terpyridine) ruthenium(Il) complexes

H
COOH,COOEt
N
N
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Strategies toward the long-lived and highly emissive excited state can be achieved by the introduction of
a chromophore system on the terpyridine ligand which can stabilize the "MLCT state.**! The phenyl ring
attached to the 4’-position of the terpyridine ligand in the Ru complex has been realized to enhance the

) [30b

low quantum yield (less than 0.0007%).”"! While replacement of thephenyl rings with pyrimidine in the

complex further improves the stability of *"MLCT state,**"!

although both of their photo-properties are
still far from that of Ru[(bpy)s;]*". The straightforward approach to substantially extend the excited-state
lifetimes can be achieved by enlargement of multichromophore system. Taking pyrene as an example,
pyrene-based ruthenium complexes have been prepared which have triplet intraligand excited states
CIL)P%® with similar energies to the MLCT state. In this case, the *IL state can work as an excited state
reservoir for prolonging the excited time of MLCT state. As a result, the complex relax to the ground

state via the phosphorescence.**"!

1.1.4. Ru(ll) complexes in cages, networks and polymers

With the widespread interest in building large structures using metal directed self-assembly, kinetically

inert ruthenium(Il)complexes have been widely used in many areas.

There is a growing realization in self-assembling metal-organic cages incorporating ruthenium(II)

metalloligands via binding other metal ions to form mixed-metal cages, although very few cages have

g.[6c. 331134

been reporte I Two different approaches have been taken. The first is the expanded ligand
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approach, where inert Ru(II) complexes are formed which act as ligands for labile metals to allow the
self-assembly of cage structures under thermodynamic control. This method can prevent the scrambling
of metal ion binding which would occur when only kinetically labile metal ions are used during the self-
assembly. The second approach has been to use geometric restrictions to direct the formation of cages

under kinetic control.

The Ward group have prepared bimetallic cages using pre-formed tris(bidentate) ruthenium complexes
(Figure 8).°* All of their cages rely on the stepwise assembly of cages by control of the coordination
geometry of metal ions which occupy vertex positions in the cage structure. As an example, the
adamantane-like RusAge cage is formed from kinetically stable [Ru(L)3]*" units which have fac and mer
configurations which must be separated before formation of mixed-metal cage. The geometrically pure
metalloligands have three pendant bidentate binding sites, attached via flexible linkers, which are suitable

for further coordination.

fac- R

Figure 8 : Left: fuc-[Ru(L);][PF¢],. Right: the adamantane-like RusAg, cage.**!

The fac-[Ru(L);]*" complexes are combined with Ag(I) ions to self-assemble into a RusAgs cage. The
advantage of this stepwise method is that the Ag(I) ions cannot interact with the ruthenium binding

domain during self-assembly to the expected cage.

Another bimetallic cage complex from the Ward group is based on Ru(II) and Cd(II) ions”*". The ligand
is similar to that mentioned above with kinetically labile Cd(Il) ions instead of Ag(I) ions to form a

17



RusCd4 cubic coordination cage which incorporates both fac and mer isomers of the Ru(Il) complex. The

3] Therefore,

synthesis of bis(pyrazolyl-pyridine) ruthenium(II) gives fac/mer isomers in a ratio of 1:3.!
no separation of the geometric isomers of the pre-formed [Ru(L);]*" is needed in this case because one fac
and three mer metalloligands meet the requirement of formation of the cage. The four Cd(II) ions have

the same fac and mer ratio imposed by Ru(II) centres and are bound to the twelve remaining binding sites

from ligands.

g [ /N\hlll\/“‘N\ / /’\{(I:/N‘N\ /
N " Q\Iu / M% \/\

Figure 9 : Left: Free ligand [Ru(L);][PF¢],. Middle: RusCd, cubic cage showing geometric isomerism at all the vertexes (F =

fac, M = mer) Right: metal center of the RuyCd,4 cubic cage.[34b]

The first example of single-step self-assembly of a single nuclear ruthenium organic cage was reported
recently, using tridentate terpyridine building blocks.”*”! In this example, the assembly is under kinetic
control and the high degree of preorganization and rigidity of the ligand is key to the synthesis. This 3D
structure has a better stability towards strong acids and bases compared with bimetallic cages assembled
with labile metal ions (such as those by Ward). The relatively low yield (35%) may be attributed to the
inert nature of the Ru(Il) centres, which offer little opportunity for error-correction during complex

formation, which is of course the major drawback of attempting self-assembly directed by these ions.
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Figure 10 : The tristerpyridine ligand"**”

used to assemble dimeric cages with Ru(II) ions.

Highly symmetric multidimensional arrays and networks in supramolecular chemistry can be achieved
via interplay of coordinative, hydrogen bonding and m-mstacking interactions.”” Rigid polypyridine
ligands are amongst the most interesting ligands used in building 3D metal coordination networks. If the
network is only built via coordinate bonds, the final frame depends on the preferred coordination

geometry of the metal ions and relative orientations of the donor groups of the ligands.

)

Q

O =center of the ligand

o = ruthenium(ll) center

Figure 11 : Left: tetrakis[4-(4’=phenyl-2,2°:6’,2”’-terpyridine)phenyl]methane ligand. Right: tetrahedral ligand coordinating to

the ruthenium(II) center in the coordination network."*
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A diamonded coordination network has been reported based on the tetrahedral terpyridine-based ligand as
a building block shown in Figure 11.P° High temperature (150 °C) or microwave conditions are used to
force the reaction and the product precipitates from the solvent.”® Compared with single discrete
[Ru(tpy)2]*" complex which has very weak room-temperature luminescence, the solid coordination
network shows strong luminescence. After the ruthenium(II) centres in the network are excited, the rigid
nature of the lattice limits the accessibility of the *MC state from the *MLCT state, which prevents loss of

energy via non-radiative pathways and therefore improves the excited state lifetime.

A rhombododecahedral cage has been recently reported using tris(bidentate) metalloligands formed by
functionalising phenanthroline ligands with a pendant pyridine group. This ligand selectively binds Ru(II)
via the phenanthroline moiety, leaving the pendant pyridyl group free for complexation to additional
metal ions (Figure 12).1°? Subsequent reaction with square planar Pd(II) ions leads to the self-assembly of
a bimetallic cage structure consisting of six octahedral ruthenium(II) centres and eight square planar Pd(II)
centres. One advantage of employing this metalloligand is the ligand is proposed to interact with electron
rich aromatic guests via n—m interactions and the ligand can absorb the UV radiation. As edges of the cage
system, it acts as a photoprotector to stabilize the photosensitive guests trapped inside over long time

scales.

AN
I /
=z~ Nz

Figure 12 : Left: Tris(phenanthroline) Ru(II) derived metalloligand. Right: metalloligand in the rhombododecahedral metal-

organic cage!®.
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Other examples of the use of [Ru(tpy)2]2+ units as expanded ligands include the incorporation of

[Ru(pytpy)]*" units into polymers via metal ion coordination to the pendant pyridyl groups.’”! The

bimetallic coordination polymer can be prepared by reaction of parent complexes with Ag(I) or Cu(Il)

[37-38]

ions to give 1D polymer chains (Figure 13).

from CH3CN

both from NO3”
Head

Figure 13 : Homoleptic [Ru(pytpy)]*" one dimensional polymer linked by coordination bond from silver(I).

Another example is the homoleptic 4’-(hydrazones)tpy ruthenium(II) complex which can be assembled

into 1D chains via coordination to Fe(Il) centres which form heterometallomacrocycles. These chains are

associated via m— interactions to form 3D networks.”’!

Head Tail

Figure 14 : Left: Homoleptic 4°-(2,2°:6’,2”’-terpyridyl)hydrazones ruthenium(Il) complex. Right:

heterometallomacrocycle which forms part of a 1D coordination polymer chain.

Banana shape
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1.2.Chapter summary and conclusion

Ruthenium (II) polypyridyl complexes play important roles in supramolecular chemistry, principally as
redox and photo-active structural elements, in addition to organic synthesis where their ability to act as
photosensitisers and photoredox catalysts is proving to have versatile applications. Terpyridine-based
ruthenium(Il) complexes can be used for building large structures such as cages, polymers and networks
via self-assembly with labile metal ions. The ruthenium(Il) terpyridine complexes are substitutionally
inert and labile metals therefore do not disturb the ruthenium(Il) centre. Tridentate bipyridine-based
ruthenium(Il) complexes are applied in many organic chemistry. They have been shown to act as both
electron donors and electron acceptors and can catalyse many organic reactions using visible solar energy.

Introduction of ruthenium centres into large structures will have many applications in the future.

1.3.Project and its significance

In this project, the focus of interest is to introduce functionality to new heteroleptic ruthenium (II)

complexes to enable these to be built into molecular cages and other extended structures.

Many different polypyridyl ruthenium(Il) complexes have been synthesized and well-studied, especially
homoleptic complexes. Relatively few contain ligands with pendant pyridyl groups and heteroleptic
ruthenium(II) polypyridyl complexes contain pendant pyridyl groups. Additionally, to the best of our
knowledge there are no examples of dimetallic Ru(Il) complexes which can act as expanded ligands to

form extended structures.
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Figure 15 : Examples of known heteroleptic pyridyl terpyridine ruthenium(II) complexesmb’ 31

This thesis reports the synthesis of heteroleptic Ru(Il) complexes featuring aryl bromide or boronic ester
groups which are suitable for Pd(0)-catalysed cross-coupling reactions. These complexes are
characterised in detail by ESI-MS, '"H-NMR, *C-NMR and several by elemental analysis. The reactivity
and stability of these complexes is established allowing these to find applications as versatile building
blocks for large metallosupramolecular structures. In particular their use as reagents for Suzuki coupling
reactions are explored and reaction conditions and purification procedures are optimised. These
complexes are then linked via Suzuki or Sonogashira coupling reaction to form very large dimetallic
complexes. These dimetallic complexes feature pendant pyridyl groups and can therefore act as expanded
analogues of the small bent organic molecules used by Fujita for forming large molecular cages with
Pd(IT) ions."*” A second goal is to prepare planar, tetrameric ruthenium(II) metalloligands which can act

as molecular ‘panels’ to assemble large, box-like assemblies via self-assembly with palladium(II) ions.
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bent ligands used by Fujita to
form molecular spheres

Example of expanded ligand
developed in this project

Figure 16 : Examples of dinuclear expanded ligand prepared in this project as a dimetallic analogue of small organic linkers

used to self-assemble molecular spheres by Fuijtal”

The mixed-metal cages which are targeted in this project could find applications as molecular

photoreactors by combining the photophysical properties of the Ru(Il) complexes with potential guest

binding within the cavities of the cages.
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2. Chapter 2

New ruthenium(Il) complexes of 2,2':6',2"'-terpyridine derivatives as
supramolecular building blocks

This chapter is based on the published work

C. Shen, P. Wang, J. E. Beves, Polyhedron, 2015, accepted

2.1.Introduction

Ruthenium(Il) complexes of 2,2":6',2"-terpyridine are substitution-inert complexes with redox- and photo-
properties suitable for applications as photosensitizers.*”! This class of complexes are also suitable

[42]

building blocks!*"! for large supramolecular assemblies, such as coordination polymers,'*? coordination

[34a-c]

networks,”® metallomacrocycles'®! or large cage structures and other metallosupramolecular

structures.*” In order to assemble larger structures additional metal ion binding groups are appended to

211 \which can be combined with labile metal ions to self-assemble into the

form ‘expanded ligands
desired architectures. With this goal in mind, our approach was to use Pd(0)-mediated cross-coupling
reactions on inert ruthenium(I) complexes*! to prepare large bridging units which feature metal ion
binding groups on the periphery. Pyridyl donor groups are particularly appealing due to their ability to
coordinate to a wide range of metal ions, including to square planar Pd(II) centres'*! and are the basis of
this work. In this chapter, eight new heteroleptic ruthenium(Il) complexes of 4'-substituted 2,2":6',2"-
terpyridine ligands featuring either pendant pyridyl units, aryl bromides or aryl boronic acids which can

act as supramolecular building blocks.[*>*"!

2.2.Ligand and ruthenium(II) complex Synthesis and Characterization

The 2,2':6',2" terpyridine ligands (1-4) were prepared using the one-pot method of Hanan (Scheme 1).1**!
Specifically, reaction of 2-acetyl pyridine, the appropriate aryl aldehyde, aqueous ammonia and
potassium hydroxide in ethanol gave ligands 1-4 as pure white microcrystalline solids in isolated yields of

33-43%.
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AN aqueous NH3
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N KOH, EtOH

Br OH
Br N N\
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1 2 3 4 7
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Scheme 1 : Ligands 1-4 and 7 were prepared using the one-pot method by Hanan.**!

7] Wwere prepared from the corresponding 3-bromophenyl (1) or 4-

The boronic esters 5a and 6a
bromophenyl (2) functionalised terpyridine ligands following reported procedures.*’*'Specifically, 3- or
4-bromophenyl terpyridine (ligands 1 or 2) was treated with potassium acetate, bis(neopentyl
glycolato)diboron and Pd(dppf)Cl, in DMSO at 80°C for 5.5 h under argon under argon to yield white
solids in 55% and 60% respectively.*’” Bis(neopentyl-glycolato)diboron was used in preference to
bis(pinacolato)diboron as it has been reported to readily hydrolyse to the boronic acid,'’ increasing the

reactivity of this functional group. The ligands used in this study are shown in Figure 17, and have all

been reported previously.!*”!

Br —
9 Br Y g N
5 7 2 5 NN 2 AN
Ar = | ¢ | c
4 2 3 A2 3N A
3 4 3 4
| I |
2 3 4

' 1
6 B 1
5 1 \o ) 2
4 2 3 3
3 4 nn
| | [
5a 6a 7
HO OH
(|JH ~B”
6 1
B
5 “OH 2
4 2 3
3 4
| |
5b 6b

Figure 17 : Ligands used in this study and the numbering scheme adopted. Ligands 1,002 5113 5214 33155 13415, B4clgy 4701 53]

and 7°° have been previously reported.
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The reaction of “RuCls.3H,0”, a starting material of ill-defined composition“and one equivalent of a
terpyridine ligand (Xtpy = a tpy derivative) in refluxing alcohols (ethanol, n-butanol etc.) typically results
in complexes of the type Ru(Xtpy)Cls as insoluble brown/black solids (Figure 18a). Characterization of
these materials is difficult due to solubility problems, and therefore these are normally used in subsequent

steps without further purification or analysis,”"

as is the case in this study. The reaction of a suspension
of Ru(Xtpy)Cls and one equivalent of a second terpyridine derivative (Ytpy) in ethylene glycol at 150 °C
for 2h gave intensely colored red solutions. Anion exchange with potassium hexafluorophosphate,

followed by column chromatography and work up gave pure ruthenium complexes of the type

[Ru(Xtpy)(Ytpy)](PF¢)2 in yields of 20-33% over two steps (Figure 18b).

RuCl3.3H,0
E;g&?;:BUOH HOCH,CH,OH
150 °C, 2h
Complex X= Y= | Yield* Complex X= Y = Yield*
Ru()B)(PFo), EQ )| s RUGHIGNPF), %@ N | 2%
N B—OH
Br Ho/
[Ru(1)(4)(PFs). ‘EQ -§ NN 34% [Ru(5b)(4)](PFe), %Q '% N\ /" 24%
Br /B—OH
HO
— OH | ¢ /7= .
[Ru(2)(3)1(PFs)2 %@Br ‘§ \ N/ 29% [Ru(6b)(3)](PFs)s —?@78\ g \ N/ 26%
OH
— /OH _g — N .
[Ru(2)(4)I(PFg), f@*Br -§ NN 32% [Ru(6b)(4)](PFg), —g@fB\OH \ 30%

Figure 18 : Synthetic route to heteroleptic Ru(Il) complexes prepared in this study. *Yields are given over 2 steps.

In the case of complexes prepared from ligands 5a or 6a, which feature boronic ester groups, 'H NMR
and electrospray ionization mass spectrometry (ESI-MS) confirmed the hydrolysis of the ester groups to
form boronic acids. Similar behavior has been reported previously."'The addition of the reducing agent

4-ethylmorpholine to the second complexation reaction, as is commonly performed,”*'was found to result
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poor yields in the cases of boronic ester substituted terpyridine ligands. In all cases short reaction times
proved important for the isolation of the desired heteroleptic complexes. The ruthenium(II) complexes

were characterized by 'H and °C NMR, ESI-MS and elemental analysis.

2.3.Mass Spectrometry Characterization

Electrospray ionization mass spectrometry (ESI-MS) was used to identify charged ions for each complex.
For complexes not containing boronic ester groups, peaks corresponding to [M—PF4]" and [M—2PF4]*"
were observed when ionized from acetonitrile solutions, with isotope patterns matching that for the
calculated ions. By comparison, complexes containing boronic acids were only found to show meaningful
signals when methanol was used as the solvent for ESI-MS, with the adducts corresponding to [M-
B(OMe), + PF¢]",[M-B(OH)(OMe) + PF4]", [M-B(OMe),]*", [M-B(OH)(OMe)]*" being observed, where
M = the complex in question. For example, for [Ru(6b)(4)](PFe), the series of peaks were observed (calc.)
at m/z 938.12 (938.16), 924.16 (924.15), 396.72 (396.60) and 389.72 (389.59) m/z with isotope

distributions and peak separations consistent with the theoretical values.

2.4.Nuclear Magnetic Resonance(NMR) Characterization

NMR spectra of all new compounds were assigned using 'H NMR, B NMR, COSY, HSQC, HMBC and
NOESY techniques in CD;CN. The 'H NMR spectra of all complexes are shown in Figure 19. The proton
NMR signals for the metal binding terpyridine units show a very similar pattern across all complexes
studied. Due to closely overlapping multiplets, the assignment of signals corresponding to the terminal
pyridyl rings of the terpyridine units (H**, H**, H* and H"®) to each ligand was generally not feasible.
The H® signals, which are expected to be more influenced by substituents in the B4 position, show
greater variation and could be assigned for the 3-bromophenyl- or 4-bromophenyl- ligands (1 and 2).
However for the boronic acid analogues (ligands 5b, 6b), these H®® signals invariably occurred very close

to the H® of the 3-pyridyl or 4-pyridyl functionalized terpyridine on the other side of the Ru(II) centre.
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Figure 19 : 'H NMR spectra (400 MHz, CD;CN, 298K) for Ru(I) complexes synthesised in this study. Top to bottom:
[Ru(1)(3)](PFe)2; [Ru(2)(3)](PFe)s; [Ru(Sb)(3)](PFe)2; [Ru(6b)(3)](PF)2; [Ru(1)(4)](PF)2; [Ru(2)(4)1(PFe)2; [Ru(Sb)(4)1(PFe)2;
[Ru(6b)(4)](PF¢), and [Ru(7),](PFs),. See Figure 17 for labelling scheme adopted.

Ligands 3 and ligand 4 both have two coordination domains: the pendant pyridyl group and the
terpyridine domain. In each example containing the 3-pyridyl functionalised ligand 3 the '"H NMR signals
(8 /ppm: H 9.39; H® 8.86; H* 8.53; H®* 7.69) are effectively independent of the other terpyridine
ligand coordinated to the Ru(II) centre. Similarly, the "H NMR signals corresponding to the pendant 4-
pyridyl group of ligand 4 are constant for each complex containing this ligand (8 /ppm: H* 8.97; H®
8.13). °C NMR also confirmed both of these pyridyl units are independent of the other ligand
coordinated to the metal centre. For complexes containing the 4-bromophenyl functionalized ligand
2,signals corresponding to H* and H®> were distinguished by the appearance in the NOESY spectrum of
a cross peak between H> and H®'. Similar analysis can also distinguish the signals for H**and H*® of
the 3-bromophenyl functionalised ligand 1, which appear at 8.19 ppm and 7.86 ppm. For the 3- or 4-
boronic acid functionalized phenyl rings of ligands Sb and 6b, the signals around the phenyl ring were

identified based on chemical shift and coupling patterns, and NOESY cross peaks similar to those
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discussed above. The B(OH), protons of this complexes, which are pH dependent, appear in the 'H NMR

as a sharp singlet in the range from 6.2 ppm and 6.6 ppm.
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Figure 20 : NOESY (400 MHz, CD;CN) spectrum of [Ru(6b)(3)](PF),

2.5.Stability of ruthenium(II) complexes

All new compounds were found to be stable during the workup (column chromatography with silica gel,
washing with water, ethanol and ether) at room temperature. Aryl bromo functionalized complexes were
stable in air, at room temperature for months. The synthesis of boronic acid functionalized ruthenium(II)
complexes was repeated reliably many times. However, anion exchange using ammonium
hexafluorophosphate was appeared to result in decomposition of the boronic acid groups, confirmed by
the disappearance of the "H NMR signals for B(OH), and the appearance of new aromatic signals, which

do not correspond to the hydroxylated product (Figure 21), and were identified.
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Figure 21 : "H NMR (CDsCN, 400 MHz) of (top to bottom): [Ru(7),]*"; [Ru(6b)(4)]* precipitated with NH,PF¢; [Ru(5b)(4)]*"

precipitated with NH,PF¢ (different sample) and (bottom) [Ru(5b)(4)]*" precipitated with KPFe. The large 1:1:1 triplet at 6.1
ppm is NH,".

No such decomposition products were observed when potassium hexafluorophosphate was used for anion
exchange. Complexes with boronic acid groups were routinely collected as red solids which could not be
redissolved in acetonitrile. Attempts to dissolve these materials by addition of dilute hydrochloric acid or
trifluoroacetic acid also led to decomposition of the boronic acid group. Most importantly, the boronic
acid functionalized complexes were found to be unstable when stored for weeks, even in the fridge.

Previous reports show that the oxidative hydroxylation of aryl boronic acids to form phenols can be

[59] [60]

photocatalyzed by Ru(bpy);Cls (bpy = 2,2'-bipyridine) and visible light,””" as well as by CuCl,,

]

palladium(I) phosphine complexes,® or non-metal oxidants such as hydrogen peroxide,®

eroxysulfate,'**!N-oxides!®” or hydroxylamine.!*”
p y y y

Similar reactions appear to occur to the Ru(II)
complexes presented here which feature boronic acid groups, although the exact mechanism remains

unclear. Due to the hydroxylation, the result of elemental analysis was not always satisfactory, but NMR

spectra are consistent with the assigned structures.
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To confirm isolated complexes are indeed the boronic acid derivatives, and not the phenol decomposition
products, 4'-(4-phenol)-2,2":6',2"-terpyridine was synthesised and the homoleptic compound
[Ru(7)2](PFs), was prepared as a reference using the same method as for the other complexes reported

661 except the pH sensitive OH peak

here. The spectroscopic data was consistent with the literature,
(Figure 19). The '"H NMR signals of the H** protons of [Ru(6b)(3)]*" and [Ru(6b)(4)]*" both occur at
8.14 ppm, whereas the equivalent peak for [Ru(7),]*" appears at 7.17 ppm, overlapping with the signal of
H"'. The broad peak which integrates as 1H at 7.70 ppm corresponding to the OH group is significantly
different to the signal integrating as 2H for B(OH), which is observed between 6.6 — 6.2 ppm and

provides additional evidence for the isolation of the boronic acid functionalised complexes.

2.6.Examples of protonation of bromo and boronic acid functionalized ruthenium

(IT) complex

[Ru(1)(4)](PFs), complex was used for protonation analysis to investigate the NMR peak shifts as a result
of protonation state. As shown in the middle NMR spectrum in Figure 22, the pendant pyridyl group in
the complex was protonated by trace acid in the solvent. The doublet of doublets peak of peak of H®
becomes a broad singlet peak which shifts from 8.96 ppm to 8.98 ppm. The H’ signal shifted downfield
(8/ppm: +0.07) as well. The complex was fully protonated by adding TFA until the H®® and H* signals

were constant which have chemical shiftsof8.76 ppm and 9.06 ppm.
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Figure 22 : 'H NMR (CD;CN, 400 MHz) of (top to bottom): deprotonated [Ru(1)(4)](PF¢),; protonated[Ru(1)(4)](PFs), by
trace acid in solvent; Fully protonated [Ru(1)(4)](PF¢), by TFA.

The protonation of boronic acid functionalized complex was investigated as well. Taken Ru(6b)(4)(PFs),
as an example, the NMR spectrum in from the protonation by diluted trifluoroacetic acid in CD3;CN (See
Figure 23). The boronic acid peak didn’t exist which means this complex decomposed upon protonation.
H® peak overlapping with H® peak shifted downfield by 0.96 ppm to 9.11 ppm. While the H® signal

shifted downfield from 8.52 ppm to 8.96 ppm

Protonation by trace amount of acid in the solvent made the H® signal and H* signal broader, both of
which shifted upfield from 8.55 ppm to 8.13 ppm and 9.01 ppm to 8.96 ppm, respectively. In these two

cases, the Ru(II) complex solution changed into dark red after protonation.
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Figure 23 : 'H NMR (CD;CN, 300 MHz) of (top to bottom): deprotonated [Ru(6b)(4)](PF),; Protonated [Ru(6b)(4)](PF),"
by trace amount of acid in the solvent; Protonated [Ru(6b)(4)](PF), by adding TFA.

2.7.Chapter summary and conclusion

Eight new heteroleptic Ru(Il) complexes of terpyridine ligands are reported. Those terpyridine ligands
featuring boronic esters were hydrolysed to form boronic acids upon coordination to Ru(Il) center.
Furthermore, the resulting boronic acid functionalized complexes were unstable with respect to
hydroxylation to form the corresponding phenols. Boronic acid functionalized Ru(II) complexes should
be prepared from ethylene glycol. Anion exchange with NH4PF¢ resulted in decomposition, but using
KPF¢ anion exchange gave clean products. Protonation of boronic acid functionalized the new Ru(II)
complexes resulted in decomposition. The complexes reported here are suitable for Suzuki cross coupling
reactions to form dimetallic expanded ligands, provided they are reacted soon after preparation. The
bromo functionalised complexes are stable and also suitable for other Pd(0) catalysed cross coupling
reactions. The construction of large supramolecular structures from these building blocks is investigated

in the next chapter.
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2.8.Experimental Section

2.8.1. General procedure

2-Acetylpyridine (2.42 g, 20 mmol) was added into a solution of benzaldehyde (1.06 g, 10 mmol) in
EtOH (50 mL). KOH pellets (1.54 g, 85%, 20 mmol) and aqueousNH; (29 mL, 25 mmol) were then
added to the solution. The solution was stirred at room temperature for 4-12 hr. The pale green solid was
collected by filtration and washed with EtOH (3 x 15 mL). Recrystallization for CH3CI-MeOH gave

white solid.

The terpyridine ligands are synthesized and NMR data also agrees with literature."*”!

2.8.2. Ligand 1: 4'-(3-bromophenyl)-2,2':6",2"-terpyridine
Yield: 27%. "H NMR (300 MHz, CDCl3) & 8.84 — 8.74 (m, 6H), 8.09 (t, J = 1.8 Hz, 1H), 8.05 — 7.92 (m,
3H), 7.60 (d, J = 7.8 Hz, 1H), 7.44 (dt, J = 15.8, 7.2 Hz, 3H)

2.8.3. Ligand 2: 4'-(4-bromophenyl)-2,2":6',2"-terpyridine
Yield: 43%. "H NMR (300 MHz, DMSO-ds) 5 8.77 (ddd, J = 4.8, 1.8, 0.9 Hz, 2H), 8.71 (s, 2H), 8.68 (dt,
J=8.0, 1.1 Hz, 2H), 8.05 (td, J= 7.7, 1.8 Hz, 2H), 7.91 (d, J = 8.5 Hz, 2H), 7.79 (d, J = 8.4 Hz, 2H), 7.54
(dd, J= 7.4, 4.8 Hz, 2H).

2.8.4. Ligand 3: 4'-(3-pyridyl)-2,2':6",2"-terpyridine
Yield: 33%.'H NMR (300 MHz, CDCl3) § 9.16 (dd, J = 2.4, 0.9 Hz, 1H), 8.81 (s, 2H), 8.76 (ddd, J = 4.8,
1.8, 0.9 Hz, 2H), 8.74 — 8.69 (m, 3H), 8.31 (d, J= 7.9 Hz, 1H), 7.94 (td, J= 7.7, 1.8 Hz, 2H), 7.53 (ddd, J
=7.9,4.9,0.9 Hz, 1H), 7.42 (ddd, J = 7.5, 4.8, 1.2 Hz, 2H).

2.8.5. Ligand 4: 4'-(4-pyridyl)-2,2':6",2"-terpyridine
Yield: 35%.'H NMR (300 MHz, CDCl3) & 8.81 (s, 2H), 8.78 (d, J = 1.3 Hz, 2H), 8.75 (ddd, J = 4.8, 1.8,
0.9 Hz, 2H), 8.70 (dt, J= 7.9, 1.1 Hz, 2H), 7.97 — 7.87 (m, 4H), 7.41 (ddd, J = 7.5, 4.8, 1.2 Hz, 2H).

2.8.6. Ligand 7: 4'-(4-hydroxyphenyl)-2,2':6",2"-terpyridine
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Yield: 35%."H NMR (300 MHz, Acetonitrile-ds) & 8.97 (s, 2H), 8.65 (d, J = 8.1 Hz, 2H), 8.13 (d, J = 8.4

Hz, 2H), 7.96 (t, J = 7.8 Hz, 2H), 7.72 (s, 1H), 7.45 (d, J = 5.3 Hz, 2H), 7.25 — 7.16 (m, 4H).

Ligand 1: -3Br Ligand 5a
Ligand 2: -4Br Ligand 6b

2.8.7. 4'-[3-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)phenyl]-2,2':6',2"-terpyridine

Ligand 5a: DMSO (20 mL) was added into dry Schlenk flask and degassed by three freeze-pump-thaw
cycles before use. 4'-(3-bromophenyl)-2,2":6"2"-terpyridine (1.1 g, 3.0 mmol), dry potassium acetate
(1.10 g, 11 mmol), neopentyl glycolato diboron (0.89 g, 4.0 mmol) and [(dppf)PdCl,] (92 mg, 0.13 mmol)
were added and the mixture stirred at 80°C for 5.5 h under an argon atmosphere. The reaction cooled to
room temperature and the mixture was diluted with toluene (200 mL). The toluene layer was washed by
H,O (4 x 200 mL), and the organic layer was dried over Na,SO4. After filtration and removal of the
solvent in vacuo, the grey solid was collected. DCM (30 mL) was added, followed by methanol (30 mL).
DCM was removed in vacuo, and the solid was collected by filtration to yield 4'-[3-(5,5-dimethyl-1,3,2-
dioxaborinan-2-yl)phenyl]-2,2":6" 2"-terpyridine (0.80 g, 1.9 mmol, 63%) as a white solid."H NMR (300
MHz, CDCls) 6 8.86 — 8.68 (m, 6H), 8.33 (s, 1H), 8.04 — 7.87 (m, 4H), 7.51 (t, J= 7.5 Hz, 1H), 7.39 (t, J

= 6.1 Hz, 2H), 3.82 (s, 4H), 1.06 (s, 6H).

2.8.8. 4'-[4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)phenyl]-2,2':6',2"-terpyridine
Ligand 6a: Same scale and conditions as for 4'-[4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)phenyl]-
2,2":6',2"-terpyridine: "H NMR (300 MHz, CDCls) & 8.80 (s, 2H), 8.77 (ddd, J = 4.9, 1.9, 0.9 Hz, 2H),
8.71 (dt, J= 8.0, 1.1 Hz, 2H), 7.97 — 7.87 (m, 6H), 7.39 (ddd, J = 7.5, 4.9, 1.2 Hz, 2H), 3.81 (s, 4H), 1.06

(s, 6H).

36



2.8.9. Ru(l)Cl; and Ru(2)Cl;

Ligand 1 Ru(1)Cl3
Ligand 2 Ru(2)Cly

Ligand 1 (0.33 g, 0.85 mmol) and RuCl;-xH,0 (0.18 g, 0.85 mmol) was suspended in EtOH 95% (30 mL)
and heated at reflux for 4h. After cooling to r.t., the precipitate was collected, washed with CH3CN (2 x 5
mL), EtOH (5 mL) then Et,O (5§ mL) and dried in air to afford Ru(1)Cls as a brown solid. Yield 0.42 g,

0.70 mmol, 82%.

Same scale and conditions as for Ru(2)Cls. Yield: brown solid, 0.38 g, 0.64 mmol, 75%.

Ligand (5a)
Ligand (6a)

2.8.10. Ru(5a)Cl; and Ru(6a)Cl;

Ligand 5a (0.20 g, 0.47 mmol) and RuCls-xH,0 (97 mg, 0.47 mmol) were suspended in n-butanol (15
mL) and heated at reflux for 6h. After cooling to r.t., the precipitate was collected, washed CH3;CN (2 x 5
mL), EtOH (5 mL) then Et,O (5 mL) and dried in air to afford Ru(5a)Cl; as a brown solid. Yield 0.20 g,
0.32 mmol, 69%. Due to difficulties characterizing this intermediate, it is unclear whether the boronic

ester remains intact, or is hydrolyzed to form the boronic acid.
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Same scale and conditions as for Ru(6a)Cls. Yield: brown solid, 0.21 g, 0.33 mmol, 71%. Due to
difficulties characterizing this intermediate, it is unclear whether the boronic ester remains intact, or is

hydrolysed to form the boronic acid.

Ru(1)Cls Ru(1)(3)(PFe)2
Ru(2)Cl, Ru(2)(3)(PFe)2
Ligand 5a Ru(5b)(3)(PFg)2
Ligand 6a Ru(6b)(3)(PFg)2

Ru(1)Cl; (0.10 g, 0.17 mmol) and ligand 3 (0.05 g, 0.17 mmol) was suspended in ethane-1, 2-diol (8 cm’).
The suspension heated at 150 °C for 2 h. The deep red solution was poured into excess aqueous KPF¢ (20
mL). A red precipitate formed and was collected on Celite, washed with H,O (5 mL), EtOH (2 mL), Et,O
(5 mL), and dissolved in CH3CN. The product was purified by chromatography (SiO,, CH;CN: H,O:
saturated aqueous KNO; 14: 1.2: 0.5). Addition of excess aqueous saturated KPF¢ solution and removal of
CH3CN under reduced pressure gave a red precipitate which was collected on Celite, washed with H,O (5

mL), EtOH (2 mL), Et,O (5 mL) and dissolved in CH3CN. Removal of solvent gave [Ru(1)(3)](PFs).as a
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red solid (74 mg, 68 pmol, 40%). "H NMR (400 MHz, CDsCN) & 9.39 (dd, J = 2.5, 0.9 Hz, 1H, H*),
9.04 (s, 2H, H?), 9.01 (s, 2H, H*), 8.86 (dd, J= 4.8, 1.6 Hz, 1H, H®), 8.65 (m, 4H, H*™%), 8.53 (ddd,
J=18.0,2.5,1.6 Hz, 1H, H), 8.43 (t, J= 1.8 Hz, 1H, H?), 8.19 (ddd, /= 7.8, 1.9, 1.0 Hz, 1H, H*"),
8.02-7.94 (m, 4H, H*™*), 7.86 (ddd, J= 8.0, 1.9, 0.9 Hz, 1H, H®), § 7.75 (dd, J = 8.0, 4.8 Hz, 1H, H®),
7.69 (t, J=7.9 Hz, 1H, H®), 7.46 — 7.38 (m, 4H, H**™%), 7.25 — 7.14 (m, 4H, H*™). 3C NMR (101
MHz, CD;CN) & 159.0 (C*¥*%), 159.0 (C***%), 156.6 (CB¥B%), 156.5 (CB¥BY), 153.5 (CA™49), 152.0
(C%), 149.6 (C?), 147. 7 (C), 146.3 (CP%), 140.0 (CBY), 139.15 (CA¥A%), 139.12 (CA™%), 136.4 (C™),
134.1 (C), 133.8 (C), 132.5 (C), 131.7 (C™?), 128.6 (C*'*%), 128.6 (C*¥5), 127.7 (C™*), 125.64
(CHAY), 125.62 (CM'™), 125.4 (C), 124.1 (C1), 122.8 (C*B%), 122.8 (C*®*). LR-ESI-MS (in
CH3;CN): m/z 945.98 [M-PF¢]" requires 946.03; 400.64 [M-2PF¢]*" requires 400.53. Anal. Calc. for
C41HasF 15N;P,Ru-4.5H,0- 1CH;CN: C, 45.63; H, 3.56; N, 9.90. Found: C, 45.51; H, 3.70; N, 9.95%.

2.8.11. Synthesis of [Ru(2)(3)] (PFg),

The preparation of [Ru(2)(3)](PFs). was the same as for [Ru(1)(3)](PF)a, starting with Ru(2)Cl; (0.10 g,
0.17 mmol) and ligand 3 (0.05 g, 0.17 mmol). [Ru(2)(3)](PFe). was isolated as a red solid (72 mg, 66
umol, 39%). 'H NMR (400 MHz, CD;CN) § 9.39 (dd, J = 2.5, 0.9 Hz, 1H, H%), 9.04 (s, 2H, H??), 8.99 (s,
2H, H?*), 8.86 (dd, J= 4.8, 1.6 Hz, 1H, H®), 8.64 (d, J = 8.0 Hz, 4H, H*"), 8.53 (dt, J= 8.1, 1.9 Hz,
1H, H*Y), 8.12 (d, J = 8.1 Hz, 2H, H), 8.00 — 7.91 (m, 6H, 2H* + 4H*"*"), 7.74 (dd, J = 8.0, 4.8 Hz,
1H, H®), 7.46 — 7.40 (m, 4H, H**™%), 7.23 — 7.17 (m, 4H, H*™*). °C NMR (101 MHz, CDsCN) &

159.1 (CM1%), 159.0 (CM1%), 156.6 (“B¥B), 156.5 (CBB?), 153.5 (CA0™A9), 152.2 (C*°), 149.7 (C),
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148.1 (C™), 146.3 (C®%), 139.14 (C*™%), 139.12 (C*),137.0 (CBY), 136.2 (C™), 133.7 (C%), 130.6
(C), 128.6 (CM'*), 128.5 (CH¥), 125.6 (CM), 125.4 (C1), 125.3 (C), 122.8 (CP?), 122.6 (CB*).
LR-ESI-MS (in CH3;CN): m/z 945.98 [M-PF4]" requires 946.03; m/z 400.64 [M-2PF¢]*" requires 400.53.

Calc. for C4HpsF oN7P>Ru-6.5H,0: C, 43.70; H, 3.67; N, 8.70. Found: C, 43.19; H, 3.30; N, 8.65%.

2.8.12. Synthesis of [Ru(5b)(3)] (PF)

The preparation of [Ru(5b)(3)](PF¢), was the same as for [Ru(1)(3)](PFs),, starting with “Ru(5a)Cl;”
(0.10 g, 0.16 mmol) and ligand 3 (0.05 g, 0.17 mmol). [Ru(5b)(3)](PFs), was isolated as a red solid (50
mg, 46 pmol, 29%). '"H NMR (400 MHz, CD;CN) & 9.39 (d, J= 2.1 Hz, 1H, H), 9.06 (s, 2H, H*®), 9.03
(s, 2H, H®*), 8.86 (dd, J=4.8, 1.5 Hz, 1H, H®), 8.72 — 8.62 (m, 4H, H**™%), 8.59 (s, 1H, H*%), 8.53 (d,
J=28.1 Hz, 1H, H**), 8.26 (d, J = 8.1 Hz, 1H, H**), 8.07 (d, J = 7.4 Hz, 1H, H®), 8.00 — 7.90 (m, 4H,
HAYAY 7.82 - 7.69 (m, 2H, H®™®), 7.51 — 7.39 (m, 4H, HA°™%), 7.23 — 7.14 (m, 4H, H*™)), 6.42 (s,
2H, B(OH),). *C NMR (75 MHz, CDsCN) & 159.2 (C*¥4%), 159.1 (C“***%), 156.7 (CB¥B%), 156.4
(CP¥BY), 153.50 (CA9A%), 153.45 (CA9A%), 152.1 (C®®), 149.9 (CBY), 149.7 (C*?), 146.2 (CBY), 139.1
(CAMEAYY 1372 (C™), 136. 9 (C%), 136.2 (CY), 134.5 (C%), 133.8 (C™Y), 133.1 (C"), 130.8 (C),
130.0 (C®), 128.6 (C*¥*), 128.4 (C**), 125.6 (CM'A), 1253 (C), 122.83 (C*®*), 122.78
(C®B%). LR-ESI-MS (in MeOH): m/z 938.10 [(MeOBOMe)PF, adduct]” requires 938.16; 924.16
[(MeOBOH)PF; adduct]” requires 924.15; 396.72 [(MeOBOMe) adduct]*" requires 396.60; 389.74

[(MeOBOH) adduct]* requires 389.59.
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2.8.13. Synthesis of [Ru(6b)(3)](PFg),

6
Ru(6b)(3)(PFe),

The preparation of [Ru(6b)(3)](PF¢), was the same as for [Ru(1)(3)](PFs),, starting with “Ru(6a)Cl;”
(0.10 g, 0.16 mmol) and ligand 3 (0.05 g, 0.17 mmol). [Ru(6b)(3)](PFs). was isolated as a red solid (62
mg, 59 pmol, 37%). '"H NMR (400 MHz, CD;CN) & 9.39 (d, J = 2.6 Hz, 1H, H%), 9.04 (s, 2H, H), 9.04
(s, 2H, H?®), 8.86 (dd, J= 4.8, 1.6 Hz, 1H, H®), 8.70 — 8.60 (m, 4H, H**"*"), 8.53 (ddd, J = 8.0, 2.5, 1.6
Hz, 1H, H*Y), 8.21 (d, J= 7.8 Hz, 1H, H*), 8.14 (d, J = 7.7 Hz, 1H, H**), 8.00 — 7.91 (m, 4H, H*™*),
7.74 (dd, J=7.9, 4.8 Hz, 1H, H®), 7.50 — 7.37 (m, 4H,H**%), 7.24 — 7.15 (m, 4H, H*>™"), 6.52 (s, 2H,
B(OH),). >C NMR (101 MHz, CDsCN) & 159.2 (C*¥4%), 159.0 (C*¥A%), 156.7 (C®*®%), 156.4 (CB¥B%),
153.48 (CA949), 153.45 (CA9A9Y), 152.2 (CCY), 149.7 (C%), 149.3 (C™), 146.3 (CPY), 139.6 (CB), 139.1
(CMAY, 139.1 (CA), 136.2 (CTY%), 133.7 (C), 128.6 (CAYA5), 128.5 (CM4), 128.0 (C), 125.6
(CM3)) 1253 (CY), 122.8 (C*®*), 122.7 (CP*®%). LR-ESI-MS (in MeOH): m/z found 938.14
[(MeOBOMe)PFg adduct]” requires 938.16; 924.14 [(MeOBOH)PFg adduct]” requires 924.15; 396.72
[(MeOBOMe) adduct]*" requires 396.60; 389.72 [(MeOBOH) adduct]*" requires 389.59. Anal. Calc. for

C41H30F12N702P2RU.‘2.SHQOI C, 45.23; H, 3.24; N, 9.01. Found: C, 45.55; H, 2.75; N, 9.11%.

2.8.14. Synthesis of [Ru(1)(4)] (PF),
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Ru(1)Cl, Ru(1)(4)(PFe)
Ru(2)Cl, Ru(2)(4)(PFe)
Ligand 5a Ru(5b)(4)(PFe)2
Ligand 6a Ru(6b)(4)(PFe)2

Ru(1)(4)(PFg),

The preparation of [Ru(1)(4)](PF6), was the same as for [Ru(1)(3)](PF¢)2, starting with Ru(1)Cl; (0.10 g,
0.17 mmol) and ligand 4 (0.05 g, 0.17 mmol). [Ru(1)(4)](PFe), was isolated as a red solid (76 mg, 70
umol, 41%). "H NMR (400 MHz, CDsCN) & 9.05 (s, 2H, H?), 9.01 (s, 2H, H>®), 8.97 (d, J= 5.4 Hz, 2H,
H), ), 8.70 — 8.65 (d, J = 8.1 Hz, 4H, H*™**), 8.43 (t, /= 1.8 Hz, |H, H**), 8.19 (d, J = 8.2 Hz, 1H,
H), 8.13 (d, J= 5.4 Hz, 2H, H®), 8.02 — 7.94 (m, 4H, H**"*), 7.86 (d, J= 6.5 Hz, 1H, H®), 7.69 (t, J
= 7.9 Hz, 1H, H®), 7.48 — 7.42 (m, 4H, H**"*%), 7.25 — 7.17 (m, 4H, H**"*). C NMR (101 MHz,
CD;CN) § 159.0 (C*¥?), 158.9 (C*¥*%), 156.9 (CB¥B?), 156.4 (CB¥B%), 153.5 (CA9A9Y), 153.5 (CAOAT),
151.1 (C®%), 147.9 (C*), 146.2 (CY), 145.9 (CPY), 140.0 (CB*), 139.2 (CA*™%), 134.1 (C*°), 132.5
(C®), 131.7 (C), 128.7 (CM'™), 128.6 (CP'*%), 127.74 (C™), 125.7 (CAA), 125.6 (CAA), 124.1
(CY), 123.4 (C%), 122.8 (C**™®¥). LR-ESI-MS (in CH3;CN): m/z 945.98 [M-PF¢]" requires 946.03;
400.62 [M-2PF6]2+ requires 400.53.4nal. Calc. for C4Hy3F12N7P,Ru-1.5H,0: C, 41.08; H, 4.12; N, 8.18.

Found: C, 40.62; H, 3.7; N, 8.49%.

2.8.15. Synthesis of [Ru(2)(4)] (PF),
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Ru(2)(4)(PFe)2

The preparation of [Ru(2)(4)](PFs), was the same as for [Ru(1)(3)](PF)., starting with Ru(2)Cl; (0.10 g,
0.17 mmol) and ligand 4 (0.05 g, 0.17 mmol) to give [Ru(2)(4)](PFs), as a red solid (76 mg, 73 pmol,
43%). "H NMR (400 MHz, CD;CN) & 9.05 (s, 2H, H®), 9.00 (s, 2H, H**), 8.97 (d, J = 5.6 Hz, 2H, H?),
8.65 (m, 4H, H¥™?), 8.18 — 8.07 (m, 4H, H"), 8.02 — 7.90 (m, 6H, 4H**™* + 2H?), 7.49 — 7.36 (mm,
4H, HA™6) 725 — 7.13 (m, 4H, H*™%). °C NMR (101 MHz, CDsCN) & 159.0 (C***?y 158.9
(CA2%),156.8 (CB¥B%), 156.4 (CP¥P%),153.50 (CA9*%),153.46 (CA¥9), 152.1 (C™?), 148.3 (CY), 146.3
(C™), 145.1 (CBY), 139.2 (C**),137.0 (CP*), 133.7 (C™?), 130.6 (C*?), 128.6 (C**%),128.5 (CA¥AY),
125.7 (C*A3), 125.6 (4, 125.5 (CY), 122.9 (C), 122.8 (C®?), 122.6 (C®*). LR-ESI-MS (in
CH;CN): m/z 945.98 [M-PFs]" requires 946.03; 400.62 [M-2PF¢]*" requires 400.53. Calc. for

C41H28F12N7P2RU'2H202 C, 4709, H, 308, N, 9.38. Found: C, 4679, H, 329, N, 9.67%.
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2.8.16. Synthesis of [Ru(5b)(4)] (PF),

Ru(Sb)(4)(PFs),

The preparation of [Ru(Sb)(4)](PF¢), was the same as for [Ru(1)(3)](PFs),, starting with “Ru(5a)Cl;”
(0.10 g, 0.16 mmol) and ligand 4 (0.05 g, 0.17 mmol). [Ru(5b)(4)](PFs), was isolated as a red solid (59
mg, 56 umol, 35%). '"H NMR (400 MHz, CD;CN) & 9.05 (s, 2H, H?®), 9.04 (s, 2H, H**), 8.97 (d, J = 5.2
Hz, 2H, H), 8.70 — 8.62 (m, 4H, H**™?), 8.58 (s, 1H, H**), 8.26 (d, J = 7.8 Hz, 1H, H*), 8.13 (d, J =
5.3 Hz, 2H, H®), 8.07 (d, J = 7.4 Hz, 1H, H*®), 8.01 — 7.90 (m, 4H, H**"*), 7.78 (t, J = 7.6 Hz, 1H,
H), 7.52 — 7.35 (m, 4H, H**™%), 7.25 — 7.14 (m, 4H, H*"), 6.42 (s, 2H, B(OH),). °C NMR (75
MHz, CD;CN) & 159.2 (C*¥*%), 159.0 (C*¥A%), 156.9 (CB¥B?), 156.3 (CB¥/B?), 153.5 (CA*™A9), 152.1
(C), 150.0 (C), 146.2 (C™), 145.1 (CBY), 139.2 (CAA%), 139.1 (CA), 137.2 (CPY), 136.9 (C°),
134.5 (C*), 132.9 (CY), 130.8 (C™), 130.0 (C), 128.6 (C*), 128.4 (CM™), 125.7 (CMA),
125.6 (CM™%), 1229 (C%), 1229 (C*), 122.8 (C®). LR-ESI-MS (in MeOH): m/z 938.12
[(MeOBOMe)PFg adduct]” requires 938.16; 924.16 [(MeOBOH)PF; adduct]” requires 924.15; 396.70
[(MeOBOMe) adduct]*" requires 396.60; 389.74 [(MeOBOH) adduct]*" requires 389.59. Anal. Calc. for

C41H30F1oN70,P,Ru-2.4H,0: C, 45.30; H, 3.23; N, 9.02. Found: C, 44.81; H, 2.70; N, 8.84%.
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2.8.17. Synthesis of [Ru(6b)(4)] (PFg),

The preparation of [Ru(6b)(4)](PF¢), was the same as for [Ru(1)(3)](PFs),, starting with “Ru(6a)Cl;”
(0.10 g, 0.16 mmol) and ligand 4 (0.05 g, 0.17 mmol). [Ru(6b)(4)](PFs), was isolated as a red solid (71
mg, 67 umol, 42%). "H NMR (400 MHz, CD;CN) & 9.05 (s, 2H, H?®), 9.04 (s, 2H, H**), 8.97 (d, J = 5.2
Hz, 2H, H®), 8.70 — 8.62 (m, 4H, H*™?), 8.24 — 8.10 (m, 6H, 2H*+ 4H“* "), 8.01 — 7.91 (m, 4H,
HAYAY, 7,50 — 7.37 (m, 4H, HA™®), 7.24 — 7.14 (m, 4H, H*™), 6.23 (s, 2H, B(OH),). >C NMR (151
MHz, CD;CN) § 159.1 (C*¥4%), 158.9 (C**%), 156.9 (CB¥B%), 156.4 (CB¥B?), 154.3 (C"), 153.5
(CAASY 1521 (C), 149.5 (C™), 146.2 (C™), 145.1 (CBY), 139.5 (CBY), 139.2 (CAAY), 139.1 (CAAY),
136.2 (C%), 128.6 (C**%), 128.5 (CM*%), 128.0 (C™), 125.7 (CH¥A), 125.6 (CH¥AY), 122.9 (CB/B),
122.8 (C®®%). LR-ESI-MS (in MeOH): m/z 938.12 [(MeOBOMe)PF; adduct]" requires 938.16; 924.16
[(MeOBOH)PF; adduct]” requires 924.15; 396.72 [(MeOBOMe) adduct]*" requires 396.60; 389.72

[(MeOBOH) adduct]*" requires 389.59.
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2.8.18. Synthesis of [Ru(7),] (PFs),

RuCI3-xH,0

Ru(7),(PFg)2

Ligand 7 (0.20 g, 0.62 mmol) and RuCl;-xH,O (64 mg, 0.31 mmol) was suspended in ethane-1, 2-diol (10
cm’). The suspension heated at 150°C for 2 h. The deep red solution was poured into excess aqueous
KPFs (10 mL). A red precipitate formed and was collected on Celite, washed with HO (10 mL), EtOH (5
mL), Et,O (10 mL), and dissolved in CH3CN. Removal of solvent gave Ru(7),(PFs), as a red solid (0.48
g, 0.46 mmol, 74%). "H NMR (400 MHz, CD;CN) & 8.94 (s, 4H), 8.63 (ddd, J = 8.2, 1.4, 0.8 Hz, 4H),
8.11 (d, J= 8.2 Hz, 4H), 7.93 (td, /= 7.9, 1.5 Hz, 4H), 7.70 (s, 2H), 7.42 (ddd, J = 5.6, 1.5, 0.7 Hz, 4H),

7.21—7.12 (m, 8H).
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3. Chapter three: Dinuclear Ru(ll) complexes as expanded ligands

3.1.Introduction

The dinuclear ruthenium(Il) complex with one bridging ligand on the one side and one capping ligand on

#7a. 971 (Figure 24),but its capping ligand with no

the other side were investigated two decades agol
functionality limits its application in metallosupramolecular chemistry. Similar to the mononuclear
complex, the disadvantage of [Ru(tpy),]*" complex and its dinuclear [(tpy)Ru(bridging ligand)Ru(tpy)]*"
complex compared with the [Ru(bpy)s]*" analogues is its limitation as a photoactive unit due to the short

excited lifetime and low quantum yield. However, the advantage of this motif is that it has well-defined

molecular axes and no fac arrangements are found to give a single achiral complex.

Figure 24 : Bridging ligand, 6°,6’-di(pyridin-2-yl)-2,2":4',4":2" 2" -quaterpyridine and capping ligand, 4'-(4-methylphenyl)-
2,2":6',2"-terpyridine

The bridging ligand in supramolecular chemistry can be used for building large structures with pendent

pyridines which act as donor sites. The spacer group plays an important role in the angular orientation of

[43b, 68 69]
b

the building blocks, such as 60 angles for triangular structure, 1180 angles for rodlike structure!®’, etc.

The bridging ligand can also self-assemble into coordinating cage with labile metals such as palladium(II).

The linkers and bending part composed of aromatic ring are the key to the formation of the different

[70a, 71]

shaped cages,’” properties of coordination cages itself such as photoproperties , electronic

[72]

properties'' as well as the implementation of functionality of the coordination cages such as inclusion of

[72b, 73] [73a]

guests, structural conversion of guests'’ Jand drug delivery
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Banana shaped ligands such as 1,3-di(pyridin-4-yl)benzene and 1,3-bis(pyridin-3-ylethynyl)benzene
which have a 60 bending angle can be self-assembled into a Pdj,L,s spherical cage land Pd,L,
coordination cage (Figure 25), respectively.’" In the cage, each four donor sites of the each four bridging
ligands share one naked palladium to form the Pd,L,, (n=2, 3, 4, 5). Anion of the Pd (II) precursor should
have a weak coordination, such as BF4 or NO3". Weak coordinating solvent such as CH;CN, DMSO and

acetone are employed.

Figure 25: Coordination cage based on the banana shaped ligand, bis(pyridin-3-ylethynyl)benzene!””

In order to extend the utilization of the dinuclear complexes and introduction of pendent pyridyl sites,
goals of this project were: 1) the expanded ligands contain two ruthenium(II) cores and 'back-to-back'’
2,2": 6',2"-terpyridine ligands and are the first expanded ligands to contain multiple Ru(Il) centres; 2) use
ruthenium(Il) dinuclear angular expanded ligands for self-assembling of large structures. All compounds
synthesized and characterized here have the same general structure via Sonogashira crossing coupling or

Suzuki cross coupling reactions.
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3.2.Synthesis of ruthenium(II) dinuclear complex

13

Figure 26 : Ligands used in this study and the numbering scheme adopted.

Prior to building dinuclear banana-shaped ruthenium(Il) based expanded ligands with pendant pyridyl
sites at the ends, the model compound [(8)Ru(12)Ru(8)](PFs)s was prepared for optimization of the
coupling reaction. 1,3-Dibromobenzene was chosen as a benzene ring spacer to introduce a 120 degree
angle suitable to build large and intricate structures. With the help of methyl groups at the ends, all peaks
in the NMR spectrum were not challenging to assign. Standard Suzuki coupling reaction conditions were
used: 1,3-dibromobenzene (1 equivalent), DMF, CS,COs (20 equivalent), Pd(PPh3)4 (10% equivalent ),
[Ru(6b)(8)](PF¢)2 (2 equivalent), 70°C and an argon atmosphere for two days. The reaction was followed
by TLC plate after KPF¢ anion exchange and dissolving crude product in CH3CN. TLC showed three
spots: starting materials, decomposed starting materials (probably lost the boronic acid) and a very polar

product. The compound was purified by chromatography (SiO,, CH3CN: H,O: saturated aqueous KNO3 5:
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1: 1). The band of [(8)Ru(12)Ru(8)](PFs)s on the TLC plate was found to have a long tail which
contributes to the difficult purification by column. After the second purification by chromatography using

the same concentration of eluent, anion exchange by PF¢ salt gave the red solid in 27% yield.

[Ru(6b)(8)1(PFe).

[(8)RU(12)Ru(8)I(PFe)s

Scheme 2 : Suzuki cross coupling of [Ru(6b)(8)](PFs), with 1,3-dibromobenzene to give [(8)Ru(12)Ru(8)](PFs)4

After the Suzuki cross coupling reaction, the '"H NMR signal of the proton corresponding to the
boronic acid disappeared as expected. The most significant change is for the chemical shift of the protons
in the C’ ring. The H> peak was observed to shift upfield from 8.40 ppm to 8.21 ppm. While the
H was shifted upfield from 8.22 ppm to 8.12 ppm. The signals corresponding to ligand 8 are slightly
dependent on the other side of the terpyridine units coordinated to the Ru(Il) domain. But the phenyl ring
part in the ligand 8 is independent of the other side of the complex which was supported by the
observation that no significant changes in chemical shift were observed in comparison with the starting
material [Ru(6b)(8)](PFs).. Protons of the phenyl ring spacer (ring D) were assigned 8.30 ppm for H",

7.97 ppm for H** and 7.78 ppm for H™ with 2D NMR techniques (COSY, HSQC, NOESY).
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Figure 27 : NMR spectra of [Ru(6b)(8)](PF), and [(8)Ru(12)Ru(8)](PF¢)4

Increasing the distance between Ru(Il) centres was achieved by introduction of a phenyl ring with
alkyne spacers via Sonogashira cross coupling reactions: 1,3-dibromobenzene (1 equivalent), CH3;CN,
THF, Pd(PPhs)4 (0.1 equivalent ), Cul (0.1 equivalent) , [Ru(10)(8)](PFs). (1.5 equivalent) , 60°C, an

argon atmosphere and for 2 days. After anion exchange with KPF¢ salt and redissolving in acetonitrile,

8.6 8.4 8.2 8.0 7.8

7.0 6.8 6.6 6.4 6.2

the target complex [(8)Ru(13)Ru(8)](PFe)s was observed. TLC revealed a red spot which had a similar R¢

value using CH3CN: H,O: saturated aqueous KNO; 5: 1: 1 as the eluent. The reaction condition were

optimized using DMF and DME as a solvent mixture and [Ru(10)(8)](PF¢). (2.0 equivalent). The yield

was improved up to 27% using the same workup.
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[Ru(10)(8)1(PFe¢)2 [(8)Ru(13)Ru(8)I(PFg)s

Scheme 3: Sonogashira cross coupling of [Ru(10)(8)](PFs), with 1,3-dibromobenzene

Compared with the [Ru(10)(8)](PFs),, many peaks shifted upfield in the [(8)Ru(13)Ru(8)](PFe)s upon
coupling. None of the signals of the terpyridine domain in the dinuclear complex shifted, except H*® and
H®". The dinuclear complex exhibited the expected upfield H* shifted signals (8.30 ppm to 8.21 ppm,
see Figure 28). The H** peak also shifted upfield and overlapped with the multiple peaks of H** and
H™*. The signal of the alkyne proton disappeared as expected and the methyl group of the tolyl group
still remains the same chemical shift. Protons of phenyl ring were assigned at 7.90 ppm for H>?, 7.72
ppm for H>* and H™ 7.59 ppm which is quite different from the NMR environment of phenyl ring in

[(8)Ru(13)Ru(8)](PFe)4 as expected gave the alkyne linkers.

B3' B3

some impurities

CH3
f HC=C
B , C3 A4+A4 B

CH3

|
—

B3 B3

A4+A4'+C2' A6+A6'
C3' 3 C2+D5 A5+A5'

L D2 D

A3+A3’

9‘.6 9‘.4 5.2 9‘.0 8‘.8 é.G 8‘.4 8‘.2 8‘.0 7‘.8 7‘.6 7‘.4 7‘.2 7‘.0 3‘.6 2‘.4
Figure 28 : NMR spectra of [Ru(10)(8)](PF¢), and [(8)Ru(13)Ru(8)](PFs)4
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Synthesis of dinuclear expanded ligands with pendent pyridines at the ends followed optimized
conditions of synthesis of [(8)Ru(12)Ru(8)](PFs)4, 1,3-dibromobenzene (1 equivalent), DMF, CS,CO; (20
equivalent ), Pd(PPhs)s (10% equivalent ), [Ru(6b)(8)](PFs). (1.5 equivalent), 80°C and an argon
atmosphere for two days. The compound was purified by chromatography (SiO,, CH;CN: H,O: TEA:
saturated aqueous KNO;3 5: 1: 1: 0.01%). The triethylamine was used for deprotonation of the pendent
pyridine on the column. The analytical yield is higher than the isolated yield because some of the
complexes, even the pure ruthenium(II) complex, remain stuck on the Celite. Attempt to completely wash
off from the Celite by acidic CH3CN failed. Palladium catalyst was also responsible for the decreased

yield due to the coordination to the pendent pyridines.

The dinuclear ruthenium(Il) [(Y)Ru(X)Ru(Y)](PFe)s complexes are separated into two parts for
discussion: bridging ligand X = bis(tridentate) ligand 11 and 12; terminal ligand Y = mono(tridentate)

ligand, 3 and 4.

Bridaging ligand

Terminal Ligand

Figure 29 : Bridging ligand X and terminal ligand Y
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3.3.Mass Spectrometry characterization

Electrospray ionization mass spectrometry (ESI-MS) was used to identify charged ions for each dinuclear
complex. A small amount of each bimetallic complex was dissolved in acetonitrile and injected into ESI-
MS. In each case, signals with isotope patterns matching that for the calculated ions were observed.
Structural isomers of [(3)Ru(11)Ru(3)](PFe)s, [(4)Ru(11)Ru(4)](PFe)s, [(3)Ru(12)Ru(3)](PFs)s, and
[(4)Ru(12)Ru(4)](PFe)s each exhibited the expected peak and isotope pattern in the ESI-MS spectra
corresponding to sequential loss of PF4 counter ions. Specifically, [M—PFs] ", [M—2PF¢]*", [M—PF¢]’ and
[M—2PF,]* ions were observed (calc) at m/z: 1951.40 (1951.22); 903.26 (903.13); 553.84 (553.76);
379.20 (379.08). Similar behavior was found for tolyl derivatives [(8)Ru(12)Ru(8)](PFe)4
and[(8)Ru(13)Ru(8)](PF),. For [(8)Ru(12)Ru(8)](PFe)s. 916.25 (916.15), [M - 2PF¢]*"; 562.48 (562.44),
[M - 3PFq]>"; 385.50 (385.59), [M — 4PF4]*". For [(8)Ru(13)Ru(8)](PFs)s. 939.67 (940.14), [M - 2PF4]*";

578.25 (578.44), [M - 3PF¢]’"; 397.75 (397.59), [M — 4PF¢]*".

3.4.Nuclear Magnetic Resonance(NMR) characterization of dinuclear complex

with two terminal pendent pyridines.

NMR spectra of [(3)Ru(11)Ru(3)](PF¢)s, [(4)Ru(11)Ru(4)](PFe)s, [(3)Ru(12)Ru(3)](PFs)4,  and
[(4)Ru(12)Ru(4)](PFs)s were assigned using 'H NMR, C NMR, COSY, HSQC, HMBC and NOESY
techniques in CD;CN. The 'H NMR spectra of all complexes are shown in Figure 30.Similar to the mono
nuclear complex described in Chapter 2, each terpyridine unit is independent of the other terpyridine
coordinated to the ruthenium centre. More specifically, signals corresponding to H**, H®® and H*® peaks
in the terminal terpyridine were constant in the dinuclear complexes of [(4)Ru(11)Ru(4)](PF¢)s and
[(4)Ru(12)Ru(4)](PFe)4 (8.97 ppm, 8.15 ppm and 9.07 ppm). Signals corresponding to H%, H®, H** and
H® peaks in the terminal terpyridine were also constant in the dinuclear complexes of
[(3)Ru(11)Ru(3)](PFe)s and [(3)Ru(12)Ru(3)](PF¢)4 (9.41 ppm, 8.86 ppm, 8.56 ppm and 9.06 ppm).

These three signals were shifted slightly upfield in comparison with their parent mononuclear complexes.
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Figure 30 : '"H NMR spectra (400 MHz, CD;CN, 298K) for Ru(I) complexes synthesized in this study. Top to bottom:
[(4)Ru(11)Ru(4)](PFe)4; [(4)Ru(12)Ru(4)](PFe)4; [(3)Ru(11)Ru(3)](PFe)4; [(3)Ru(12)Ru(3)](PF¢)4; See Figure 26 for labelling
scheme adopted.

Replacement of terminal terpyridine (ligand 4) with another terminal terpyridine (Ligand 3) did not result
in changes in the signals corresponding to the bridging (ligand 11 and ligand 12). Taking
[(4)Ru(11)Ru(4)](PFe)s as an example where the ligand 4 is replaced by ligand 3, 'H peaks corresponding
to ligand 11 in the ring D’ had the same chemical shift at 8.42 ppm for H?, 8.05 ppm for H* and 7.82
ppm for H®. Similarly, the '"H NMR signals corresponding to H”* (8.31 ppm), H™*(8.05 ppm) and H™
(7.78 ppm) had the same chemical shift in the cases of ligand 12 in the [(4)Ru(12)Ru(4)](PFe)4
and[(3)Ru(12)Ru(3)](PF¢)s (See Figure 30). The signals of protons of C’ phenyl ring in
[(4)Ru(11)Ru(4)](PFe)s were slightly shifts upfield compared with the starting material[Ru(5b)(4)2](PFé)a.
In the case of [(4)Ru(12)Ru(4)](PFs)s compared with its starting material[Ru(6b)(4)](PFs)., the signal
corresponding to boronic acid at 6.41 ppm disappeared as expected. Phenyl H signal had a significant
upfield chemical shift from 8.41 ppm to 8.21 ppm. The signal of H“* was shifted upfield from 8.23 ppm
to 8.14 ppm (See Figure 31).
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[Ru(6b)(4)1(PF6)2

C3' C2'+C3

[(4)Ru(12)Ru(4)](PF6)4

| co A4+A4'+D4

94 92 90 88 86 84 82 80 78 7.6 74 72 70 68 66 64 62

Figure 31 : new signals appear in the [(4)Ru(12)(4)] (PFe)s and protons of ring C’ shift upfield after Suzuki cross coupling
reaction.

The H®®" and H™ signals of [(4)Ru(11)Ru(4)](PFe)s were distinguished by the appearance in the NOESY

B3’ > B3’ c4 . D2 .

spectrum of a cross peak between H™ and H* and H™> and H~" (See Figure 32). H™* peak was assigned
at 8.31 ppm as a singlet peak and integrated as one proton. The signal of H” which was identified as a
triplet peak had a chemical shift at 7.82 ppm. The central phenyl signals of H>*were assigned at 8.13 ppm

by the NOESY cross peak between H>* and H”.
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Figure 32 : NOESY spectrum of [(4)Ru(11)Ru(4)](PF¢)s

3.5.Stability of ruthenium(II) dinuclear complex

Dinuclear complexes were found to be more stable than the starting material (functionalized mononuclear
complex). During the workup, cation in the PF4 salt had no side effect on the compound. Purification by
column twice didn’t cause the decomposition which is significantly different from stability of boronic
acid in the column. Exposed to the air and stored at room temperature, the dinuclear complexes were not

observed to decompose.

3.6.Example of protonation of dinuclear complex

[(4)Ru(11)Ru(4)](PFe)s was used for protonation analysis as 'H NMR peak shifts of the signals
corresponding to the pendant pyridyl rings were found to have differ from sample to sample. The top
spectrum in the Figure 33showed the deprotonated [(4)Ru(11)(4)](PF¢)s complex by K,COs. Protonation
was apparent from peaks of the pendent pyridine ring as shown in Figure 33. Addition of 5 uL. TFA by

micro syringe into the NMR tube showed the H*shifteddownfield from 8.97 ppm to 9.10 ppm and
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H%shiftedfrom 8.14 ppm to 8.62 ppm. Addition of another 5 uL TFA fully protonated the pyridine ring
supported by the downfield shifted H*® peak to 8.76 ppm. While the H** peak had a signal at 9.07 ppm.
Further addition of 5 pLL TFA didn’t result in any further changes in chemical shifts of all peaks. The

results agree with the protonation analysis of mononuclear complex.

[(4)(Ru)(11)Ru(4)](PF6)4+K2C0O3

AUJMAMM ST

Not fully protonated
TF

c2 [(4)Ru(11)Ru(4)](PF6)4

| N T

Fully protonated TFA

[(4)Ru(11)Ru(4)](PF6)4
by adding TFA

B T W TEY

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 3.0

Figure 33 : 'H NMR (CD;CN, 400 MHz) of (top to bottom): non-protonated [(4)Ru(11)Ru(4)](PFs); complex; Not fully
protonated [(4)Ru(11)Ru(4)](PFs)4 complex; Fully protonated[(4)Ru(11)Ru(4)](PF¢)4 complex.

3.7.Attempts to build large molecular cages

The spherical cage has been well studied by Fujita and co-workers.[*”! The bent bidentate ligand with two
pendent pyridyl sites (two equivalents) was treated with PA(NOs3), or Pd(MeCN)4(BF4), or Pd(TfO); (one
equivalent) at 70~80°C in DMSO for six hours. All of these employed counter anion have a very weak
coordinating bond to the naked palladium(II). Addition or slow diffusion by diethyl ether resulted in

7,78

precipitation of the cage ™. DMSO-d¢was used for tracking the reaction progress.
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In this study, the ruthenium(II) terpyridine ligands were introduced instead of traditional organic spacers,
following the literature procedure described above. The reaction was first tried using
[(4)Ru(12)Ru(4)](PFe)s (two equivalents) and Pd(NOs), (one equivalent) to build Mj;L,4 sphere in
DMSO-ds at 80°C for 6 h. The mixture was cooled to room temperature and analysed by 'H NMR
(Figure 34). From the NMR spectra, it was obvious that the pendent pyridyl coordination sites bind to the
palladium(II) ions. Both of H** and H®’ signals shifted only slightly downfield and became broader than
that in the free ligand. Using Pd(CH3CN)4(BF4), instead of Pd(NOs), gave similar spectra. However,

much larger upfield shifts would be expected upon cage formation, due to the highly shielding

. cq . 79
environment within a molecular cage.””!
Free ligand treated with
Pd(NO3)2/Pd(CH3CN)2(BF4)2 after 6h
Cc3
Cc2
..-A.._‘ﬁ
Cc3
Cc2 Free ligand

A N

16.0 9‘.8 9‘.6 9‘.4 9‘.2 '5.0 8‘.8 8:.6 8‘.4 8‘.2 é.O 7‘.8 7‘.6 7‘.4 7‘.2 7‘.0 6';.8 é.G 6‘.4 6.2
Figure 34 : Top, [(4)Ru(12)Ru(4)](PFs), in DMSO-d6 after treated with Pd(NO3),/Pd(CH3;CN)4(BF,), at80°C for 6 h.

Bottom, free ligand in DMSO-ds, [(4)Ru(12)Ru(4)](PF¢)a;

Deuterated acetonitrile was employed although literature showed the acetonitrile can compete effectively
with t pyridine for Pd(II) centres to contributes to the disassembly the cage at low concentrations.!””! The

reaction conditions was the same as stated above: [(4)Ru(12)Ru(4)](PFe)s (two equivalents) and
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Pd(CH3;CN)4(BF4), (one equivalent), CD3CN at 80°C for 6 h. The NMR spectra showed significant
chemical shift for most of signals (Figure 35). The NMR shifts which were observed were strongly
indicative of the formation of a supramolecular structure, such as a Pd,Ls dimer, analogous to that
reported by Clever "®and shown in Figure 25. Although ESI-MS was unable to provide evidence to
support this assignment, the high molecular weight potentially over 50000 is perhaps a contributing factor
as the ESI-MS instrument is less sensitive as m/z over 2000 m/z and highly charged ions may be unstable

and fragment.

Free ligand

JM MM

Large structure

L U o

0.2 100 98 96 94 9.2 90 88 86 84 82 80 78 76 74 72 70 68 66 64

Figure 35 : Top, free ligand in CD;CN, [(4)Ru(12)Ru(4)](PFs)4. Bottom, free ligand, [(4)Ru(12)Ru(4)](PFs)sin CD;CN after
treatment with PA(NO3),/Pd(CH3CN),(BF,), at80°C for 6 h.

2D COSY, NOESY and HSQC spectra were shown in Figure 36 to Figure 38 and confirmed the presence
of a single species in solution, consistent with a Pd,[(4)Ru(12)Ru(4)] structure. The presence of signals
(H*® and H*") shifted strongly upfield, to 6.4 and 6.8 ppm from 7.20 ppm in the free ligand, is consistent
with these groups being inside a molecular cavity, as observed for related cages.””! ESI-MS did not show
peaks corresponding to [(4)Ru(12)Ru(4)]*", with some evidence for Pd(II) containing species. However,
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no ions to confirm the structure of the cage could be detected. This is potentially due to the fact that the
cage likely has a very high molecular weight. For example the relatively small tetramer (i.e.
{[(4)Ru(12)Ru(4)]Pds}4(PFs)32) would have a neutral molecular weight of 14718 mass units. In order to
be observed in the range commonly available on ESI-MS instruments (100-4000 m/z) the ions would
require very high charge, which would be potentially unstable. Therefore, the fact that these peaks were
not observed does not eliminate the possibility of large cage formation but prevents unambiguous
assignment of its structure. Ultimately a single crystal X-ray structure will be required to determine the

exact structure of this assembly.
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Figure 36 : COSY Spectrum of the supramolecular structure
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Figure 37 : NOESY Spectrum of the supramolecular structure
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Figure 38 : 'H-">C HSQC (600 MHz, CD5CN) spectrum of the supramolecular structure.

3.8.Chapter summary and conclusion

Conditions for Pd(0) crossing coupling reactions have been optimized using toly group capped ligand,
with the choice of solvent, base and reaction time examined. The optimized conditions for synthesizing
the first expanded ligand with two ruthenium(II) core and two pendent pyridyl sites was successful. These
dinuclear complexes were found to be more stable than the boronic acid functionalized mononuclear
complexes at room temperature. Protonation of dinuclear complexes resulted in signals shifting to the
downfield around pyridine rings. The first metallosupramolecular cage containing dinuclear Ru(II)
complexes has been prepared, and future work to unambiguously identify the structure of this molecule is

ongoing.

3.9.Experimental Section

3.9.1. Ligand 8: 4'-(4-methylphenyl)-2,2':6' 2"-terpyridine

Following general procedure outlined in Chapter 2. The NMR data agrees with literature.[*

Yield: 35%. 'H NMR (300 MHz, CDCl3) & 8.86 (s, 2H), 8.83 — 8.75 (m, 4H), 8.00 (td, J = 7.7, 1.8 Hz,
2H), 7.91 (d, J = 7.9 Hz, 2H), 7.46 (dd, J = 7.5, 5.0 Hz, 2H), 7.35 (d, J = 7.9 Hz, 2H), 2.46 (s, 3H).

3.9.2. [Ru(2)(8)](PF¢):
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The Ru(2)Cl; (0.3 g, 0.50 mmol) was suspended in ethanol (10mL). 4-methyl phenyl terpyridine (0.16 g,
0.50 mmol) was added to the suspension and the mixture was refluxing for 12h. The saturated aqueous
KPFs solution was poured into the solution after filtration. The red precipitate was collected on the Celite,
followed by washing with H,O (5 mL), EtOH (2 mL) and ether (5 mL). The red solid was redissolved in
acetonitrile. After removal of the solvent, the red precipitate [Ru(2)(8)](PFs). (0.44 g, 0.40 mmol, 80%)
was used for the Sonogashira reaction without further purification. "H NMR (300 MHz, CD;CN) 5 9.03 (s,
2H), 9.02 (s, 2H), 8.69 — 8.64 (m, 4H), 8.19 — 8.11 (m, 4H), 8.02 — 7.93 (m, 6H), 7.61 (d, J = 8.0 Hz, 2H),

7.51 —7.39 (m, 4H), 7.27 — 7.14 (m, 4H), 2.57 (s, 3H).

57]

The NMR data agrees with literature.!

3.9.3. [Ru(9)(8)](PF¢):

The [Ru(2)(8)](PFe)> complex (0.44 g, 0.40 mmol) was dissolved in CH3CN (10 mL), THF (5 mL) and
diisopropylamine (5 mL). After the mixture solution was degassed via three freezing-pump-thaw cycles,
Pd(PPhs3)s (51 mg, 0.040 mmol) and Cul (7.6 mg, 0.040 mmol) were quickly added under an argon
atmosphere. Trimethylsilylacetylene (1.12 mL, 8.0 mmol) was added through a syringe. The resulting
mixture was stirred at 60°C for 18hr. The mixture solution was cooled to the room temperature. The
solvent mixture was reduced to 3 mL and the product was purified (SiO,, CH3CN: H,0O: saturated
aqueous KNO; 10: 1: 0.1). Addition of excess aqueous saturated KPF solution and removal of CH;CN
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under reduced pressure gave a red precipitate which was collected on Celite, washed with HO (5 mL),
EtOH (2 mL), Et;0 (5 mL) and dissolved in CH3CN. Removal of solvent gave product as a red solid
(0.33 g, 0.29 mmol, 73%). 'H NMR (300 MHz, CD;CN) & 9.03 (s, 2H), 9.02 (s, 2H), 8.72 — 8.53 (m, 4H),
8.23 (d, J=8.1 Hz, 2H), 8.14 (d, J = 7.9 Hz, 2H), 8.04 — 7.91 (m, 4H), 7.84 (d, J = 8.1 Hz, 2H), 7.61 (d, J

= 8.1 Hz, 2H), 7.51 — 7.40 (m, 4H), 7.27 — 7.14 (m, 4H), 2.57 (s, 3H), 0.34 (s, 9H)

3.94. [Ru(10)(8)](PFs);

[Ru(9)(8)](PFs)2(0.33 g, 0.29 mmol) was dissolved in acetonitrile (10 mL).The KF was dissolved in the
methanol (3mL) and added into the solution. The solution was stirred for 3hr at room temperature. The
saturated aqueous KPFs solution was poured into the solution. The red precipitate was collected on the
Celite, followed by washing with H,O (5 mL), EtOH (2 mL) and ether (5 mL). The red solid was
redissolved in the acetonitrile. Removal of solvent gave the product as a red solid (0.29 g, 0.28 mmol,
95%). "H NMR (300 MHz, CD3CN) § 9.03 (s, 2H), 9.02 (s, 2H), 8.69 — 8.63 (m, 4H), 8.27 — 8.21 (m, 4H),
8.14 (d, J = 8.2 Hz, 2H), 8.04 — 7.87 (m, 6H), 7.61 (d, J = 7.9 Hz, 2H), 7.49 — 7.42 (m, 4H), 7.27 - 7.14

(m, 4H), 3.68 (s, 1H), 2.57 (s, 3H).
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3.9.5. [Ru(9)(4)](PFs):

[Ru(1)(5)][PF¢]2(0.12 g, 0.11 mmol), trimethylsiilylacetylene (0.30 mL, 2.2 mmol), diisopropylamine
(0.80 mL), acetonitrile (5.0 mL) and THF (2.0 mL) were placed in a dry Schlenk flask. The solution was
degassed via three freeze-pump-thaw cycles, following which Pd(PPhs)s (19 mg, 17 umol) and Cul (2.9
mg, 15 umol) were added. The reaction was stirred under an argon atmosphere at 50°C for 20 h. The deep
red solution was poured into aqueous NH4PFs (20 mL). A red precipitate formed and was collected on
Celite, washed with H,O, EtOH, Et;O, and redissolved in CH3CN. The product was purified by
chromatography (SiO,, CH3CN: H,O: saturated aqueous KNOs 14: 1: 0.5). Addition of aqueous NH4PFg
and removal of CH3CN gave a red precipitate which was collected on Celite, washed with H,O, EtOH
and Et;,O and redissolved in CH3CN. Recrystallization from CH3CN/toluene gave the pure product as a
red solid (95 mg, 86 pumol, 78%). 'H NMR (600 MHz, CD;CN) & 9.06 (s, 2H, H?®), 9.01 (s, 2H, H>),
8.96 (d, J= 5.1 Hz, 2H, H*?), 8.65 (d, J = 8.1 Hz, 4H, H*™?), 8.25 — 8.10 (m, 4H, H"%"), 8.00 — 7.90
(m, 4H, H**"), 7.82 (d, J = 8.2 Hz, 2H, H?), 7.42 (dd, J = 11.6, 5.5 Hz, 4H, HA®™®) 7.24 — 7.12 (m,
4H, HA*%),0.30 (s, 9H, Si(CH3)3). °C NMR (151 MHz, CD;CN) & 159.04 (“*¥A%), 158.91 (C*¥A%),
156.82 (CBB%), 156.41 (CB¥B¥), 153.49 (C*™A%), 152.10 (C%), 148.31 (C™), 146.29 (C™*), 145.06
(CBY), 139.17 (4444, 137.81(CP*), 135.76 (C),133.82 (C?), 128.94 (C), 128.62 (C**™*%), 128.50
(CEMA3Y 112567 (CH™)), 125.63 (CMA), 122.89 (CS), 122.77 (CP3), 122.54 (C**), 104.27 (CT),
97.59(C<), -0.13 (C™%). LR-ESI-MS (in CH3;CN): m/z 962.08 [M - PF¢]" requires 962.16; m/z 408.75
M - 2PF6]2+ requires 408.60. Anal. Calc. for CssHs7F12N7P,RuSi-3.5H,0: C, 47.27; H, 3.79; N, 8.39.

Found: C, 47.02; H, 3.42; N, 8.20%.
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3.9.6. [Ru(10)(4)](PFs);

[Ru(9)(4)](PF¢)2 (76 mg, 69 pmol) was dissolved in the CH3CN (10 mL). Potassium fluoride (0.10 g, 1.7
mmol) was dissolved in the methanol (2 mL) and added to the acetonitrile solution. The mixture solution
was stirred at room temperature for 3h. The solution was poured in to saturated aqueous KPF¢ solution.
The red precipitate was collected on Celite, washed with H,O (2 x 3mL), EtOH (2 mL) and Et,O (4 mL)
and redissolved in CH;CN. Removal of solvent gave the product as a red solid (71 mg, 68 umol, 99%). 'H
NMR (400 MHz, CD;CN) & 9.05 (s, 2H, H??), 9.01 (s, 2H, H?"), 8.97 (d, J = 5.4 Hz, 2H, H*?), 8.69 —
8.61 (m, 4H, "4¥3) 822 (d, J = 7.9 Hz, 2H. H®), 8.13 (d, J = 5.0 Hz, 2H, H®), 8.01 — 7.91 (m, 4H,
HAYAY 7.88 (d,J=7.9 Hz, 2H, H*?), 7.47 — 7.38 (m, 4H, H*°™%), 7.24 — 7.14 (m, 4H, H*™), 3.66 (s,
1H, H“C). ®C NMR (151 MHz, CDi;CN) & 159.04 (““¥A?), 158.92 (C**%), 156.82 (CB¥B%),
156.41(CP¥B%), 153.50 (CA9Y), 153.47(CA9A%), 152.12 (C?), 148.36 (C), 146.32(C™), 145.05 (CBY,
139.17 (444, 138.10(CP*), 134.13(C*%), 128.95 94 (C), 128.63 (CM'**), 128.51 (CTA), 125.67
(CM'A3), 125,63 (CM'™), 122.88 (C), 122.78 (CP?), 122.64 (CP*), 83.52 (C*°), 81.41 (C), (CI”
peak missing). LR-ESI-MS (in CH3CN): m/z 890.06 [M - PF4]" requires 890.12; m/z 372.69 [M - 2PF¢]**

requires 372.58.
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3.9.7. [Ru(6b)(9)](PFy);

The Ru(6a)Cl; (0.30 g, 0.48 mmol) was suspended in ethanol (10mL). 4-methyl phenyl terpyridine (0.16
g, 0.48 mmol) was added to the suspension and the mixture was refluxing for 12h. The saturated aqueous
KPFs solution was poured into the solution after filtration. The red precipitate was collected on the Celite,
followed by washing with H,O (5 mL), EtOH (2 mL) and ether (5 mL). The red solid was redissolved in
the acetonitrile. Removal of the solvent gave the red precipitate [Ru(6b)(8)](PF¢)2(0.37 g, 0.35 mmol,
72%) ."H NMR (300 MHz, CD;CN) & 9.03 (s, 2H), 8.99 (s, 2H), 8.68 — 8.61 (m, 4H), 8.23 — 8.09 (m, 6H),
7.94 (m, 4H), 7.61 — 7.56 (m, 2H), 7.46 — 7.41 (m, 4H), 7.24 — 7.12 (m, 4H), 6.26 (s, 2H), 2.54 (s, 3H).

The NMR data agrees with literature.””
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3.9.8. [(8)Ru(12)Ru(8)](PFs),

[Ru(6b)(8)](PFs)2(0.05 g, 47 umol), Cs,COs (0.36 g, 1.1 mmol), DMF (5.5 mL), 1,3-dibromobenzene
(2.8 mg, 12 pumol) were placed in a dry Schlenk flask. The solution was degassed via argon for 10 min,
following which Pd(PPhs)s (3.0 mg, 2.6 umol) were added. The reaction was stirred under Ar at 80°C for
2 days. The deep red solution was poured into aqueous NH4PF¢ (10 mL). A red precipitate formed and
was collected on Celite, washed with H,O (2 x 5mL), EtOH (3 mL), Et,O (5 mL), and redissolved in
CH3CN. The product was purified by chromatography (SiO,, CH3CN: H,O: saturated aqueous KNO310:
1: 0.5). Addition of aqueous KPF¢ and removal of CH3CN gave a red precipitate which was collected on
Celite, washed with H,O (2 x 5SmL), EtOH (3 mL) and Et,O (5 mL) and redissolved in CH;CN. Removal
of solvent gave the product as a red solid (6.9 mg, 3.2 pmol, 27%). 'H NMR (300 MHz, CD;CN) & 9.11
(s, 4H, H®), 9.02 (s, 4H, H?), 8.73 — 8.63 (m, 8H, H*™?), 8.40 (d, J = 8.1 Hz, 4H, H**), 8.30 (t, J =
1.8 Hz, 1H,H™), 8.22 (d, J = 8.2 Hz, 4H,H**), 8.12 (d, J = 7.8 Hz, 2H, H®), 8.03 — 7.90 (m, 3H,
HAYAYDY 7 78 (t, J= 7.7 Hz, 1H, H™), 7.59 (d, J= 7.9 Hz, H?), 7.46 (d, J = 5.6 Hz, 8H, H "%, 7.25
— 7.14 (m, 8H, H¥™), 2.5 (s,3H, H*""). LR-ESI-MS (in CH;CN): m/z 916.25 [M - 2PF¢]" requires
916.15; m/z 562.48 [M - 3PF4]’" requires 562.44; m/z 385.50 [M — 4PF¢]*" requires 385.59. Anal. Calc.
for Co;HeeF24N12P4Ru,- 1H,0-0.4CH3CN: C, 50.07; H, 3.63; N, 8.52. Found: C, 49.71; H, 3.63; N, 8.97%.

[M - 1PFs]" missed.
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3.9.9. [(8)Ru(13)(8)] (PFy).

[Ru(10)(8)](PFs)2 (23 mg, 24 pmol) was dissolved in CH3CN (10 mL), THF (5 mL) and
diisopropylamine (5 mL). After the mixture solution was degassed via argon for 10 min, 1,3-
dibromobenzene (2.8 mg, 12 umol) (2.8 mg, 5.5 umol), Pd(PPhs)4 (2.8 mg, 2.4 umol) and Cul (0.46 mg,
2.4 umol) were quickly added under an argon atmosphere. The resulting mixture was stirred at 60°C for 2
days. The mixture was cooled to the room temperature. Saturated KPF¢ aqueous solution was poured into
the slurry. The precipitate was collected on Celite, following by washing with H,O (5 mL), EtOH (2 mL)
and ether (5 mL). The product was purified by chromatography (SiO,, CH3;CN: H,O: saturated aqueous
KNOs10: 1: 0.5). A second anion exchange with KPF¢ gave the product as a red solid (6.5 mg, 3 pmol,
25%). '"H NMR (300 MHz, CD3CN) & 9.05 (s, 4H, H?®), 9.01 (s, 4H, H®**), 8.66 (m, 8H, H**"), 8.29 (d,
J=8.5Hz, 4H, H®), 8.12 (d, J= 8.2 Hz, 4H, H®), 8.02 — 7.91 (m, 12H, 8H**"**%) 7.90 (s, 1H, H™®),
7.73 (d, J=7.9 Hz, 2H, H>*), 7.59 (d, J = 7.9 Hz, 4H, H?), 7.50 — 7.39 (m, 8H,H**"*%), 7.26 — 7.13 (m,
3H, H¥™), 2.5 (s, 3H, H*™). LR-ESI-MS (in CH3;CN): m/z 939.67 [M - 2PF¢]*" requires 940.14; m/z
578.25 [M - 3PF¢]’" requires 578.44; m/z 397.75 [M — 4PF4]*" requires 397.59. Anal. Calc. for
CosHesF24N12P4Ru,-3.5H,0-2CH3CN: C, 41.91; H, 5.20; N, 9.40. Found: C, 42.38; H, 5.67; N,

9.84%.m/z of [M - 1PF4]" over 2000, so missed
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3.9.10. [(4)Ru(12)Ru(4)] (PFs),

[Ru(6b)(4)](PF¢)2 (50 mg, 47 pumol), Cs,COs (0.31 g, 0.95 mmol), DMF (5.0 mL), 1,3-dibromobenzene
(2.8 mg, 12 pmol) were placed in a dry Schlenk flask. The solution was degassed via three freeze-pump-
thaw cycles, following which Pd(PPhs)s (11 mg, 9.4 pmol) was added. The reaction was stirred under Ar
at 80°C for 2 days. The deep red solution was poured into aqueous NH4PF¢ (10 mL). A red precipitate
formed and was collected on Celite, washed with H,O (2 x 5 mL), EtOH (3 mL), Et,0 (5 mL), and
redissolved in CH3CN. The product was purified by chromatography (SiO,, CH3CN: H,O: saturated
aqueous KNOs3: TEA 7: 1: 0.5: 0.01%). Addition of aqueous NH4PF¢ and removal of CH;CN gave a red
precipitate which was collected on Celite, washed with H,O (2 x 5mL), EtOH (3 mL), and Et,O (5 mL)
and redissolved in CH3CN. Removal of solvent gave the product as a red solid (8.2 mg, 4.6 pmol, 38%).
"H NMR (400 MHz, CD;CN) & 9.12 (s, 4H, H?®), 9.07 (s, 4H, H?), 8.97 (d, J = 5.0 Hz, 4H, H?), 8.75 —
8.65 (m, 8H, H¥™%), 8.41 (d, J = 8.0 Hz, 4H, H®), 8.31 (s, 1H, H™®), 8.23 (d, J = 7.9 Hz, 4H, H*®),
8.15 (d, J = 5.5 Hz, 4H, H®), 8.03 — 7.93 (m, 10H, 8H**"**+2H"*), 7.78 (t, J=7.6 Hz, 1H, H®), 7.53 —
7.40 (m, 8H, H %), 7.27 — 7.16 (m, 8H, H*"**).3C NMR (151 MHz, CDsCN) & 159.15 (C*¥A),
158.98 (C**A%), 156.86 (CB¥B?), 156.36 (CP¥P%), 153.53 (CA9A%), 153.42 (CAA9), 152.12 (C),
149.38 (C™"), 146.29 (C®%), 145.07 (C*%), 143.20 (CB*), 142.16 (CPY), 139.14 (C**™%), 138.64 (C,
131.34 (CP%), 128.63 (C&7?), 128.47 (C7%), 128.13 (CM™%), 127.67 (CPY), 127.30 (C?), 125.70
(CMA, 125.66 (C*¥™), 122.98 (C), 122.89 (CP%), 122.81 (CP*). LR-ESI-MS (in CH;CN): m/z

1951.40 [M - PFe]" requires 1951.22; m/z 903.26 [M - 2PF]*" requires 903.13; m/z 553.84 [M -
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3PFs]’ requires  553.76; m/z 37920 [M — 4PF¢]*" requires 379.08. Anal. Calc. for

C88H60F24N14P4RU.2‘2.3H20'0.7CH3CN2 C, 45.65; H, 3.47; N, 9.47. Found: C, 45.24; H, 3.12; N, 9.49%.

3.9.11. [(3)Ru(12)Ru(3)](PF¢),

The preparation of cross-coupling reaction of [Ru(6b)(3)](PF¢), with 1,3-dibromobenzene was as for this
ruthenium complexes, starting with [Ru(6b)(3)](PFe). (50 mg, 47 umol) and 1,3-dibromobenzene (2.8 mg,
12 pmol). The product was isolated as a red solid (9.7 mg, 5.4 pmol, 45%). '"H NMR (400 MHz, CD;CN)
§9.41 (d, J=2.4 Hz, 2H, H?), 9.13 (s, 4H, H?), 9.07 (s, 4H, H?), 8.86 (d, J = 4.8 Hz, 2H, H°), 8.76 —
8.64 (m, 8H, H¥™), 8.56 (dt, J = 8.0, 2.0 Hz, 2H, H*), 8.41 (d, J = 8.0 Hz, 4H, H*), 8.31 (s, 1H, H"?),
8.22 (d, J = 8.3 Hz, 4H, H*®), 8.03 — 7.93 (m, 10H, 8H****+2H"*), 7.82 — 7.72 (m, 3H, 2H>+1H"),
7.52 — 7.42 (m, 8H, H "), 7.26 — 7.18 (m, 8H, H¥™). ’C NMR (151 MHz, CD;CN) & 159.20
(CA%), 159.09 (CM2%) | 156.70(CB¥B%), 156.46 (CB¥®?), 153.51 (CA9A%), 153.46 (CA9A%), 152.17
(C), 149.70 (C™), 148.79 (C™*), 146.30 (CBY, 143.61 (CB*), 141.62 (C""), 139.16 (C***), 139.13
(CAYAYY, 137.01(CTY), 136.24 (C™), 130.99 (CP%), 129.42 (C7%), 129.36 (C7%), 128.59 (C™),
128.51 (C*%), 126.91 (CPY), 125.64 (C™), 125.63 (CM*), 125.34 (CP?), 122.83 (C), 122.54
(C®). LR-ESI-MS (in CH3CN): m/z 1951.28 [M - PF4]" requires 1951.22; m/z 903.25 [M - 2PF4]*"
requires 903.13; m/z 553.58 [M - 3PF4]’" requires 553.76; m/z 379.25 [M — 4PF4]*" requires 379.08. Anal.

Calc. for CggHgoF24N14P4sRu,-0.5H,0: C, 47.58; H, 3.36; N, 8.83. Found: C, 47.47; H, 3.24; N, 8.97%.
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3.9.12. [(4)Ru(11)Ru(4)](PFs),

The preparation of cross-coupling reaction of [Ru(Sb)(4)](PF¢), with 1,3-dibromobenzene was as for this
ruthenium complexes, starting with [Ru(5b)(4)](PFe). (50 mg, 47 umol) and 1,3-dibromobenzene (2.8 mg,
12 pmol). The product was isolated as a red solid (8.7 mg, 4.8 umol, 40%). 'H NMR (400 MHz, CD;CN)
8 9.15 (s, 4H, H?), 9.06 (s, 4H, H?"), 8.97 (d, J = 5.0 Hz, 4H, H*), 8.75 — 8.63 (m, 8H, H*™?*), 8.63 (s,
2H, H), 8.41 (s, 1H, H"?), 8.26 (d, J= 2.8 Hz, 2H, H*), 8.16 — 8.12 (m, 6H, 4H“*+2H*), 8.05 (dd, J =
7.7, 1.8 Hz, 2H, H®), 8.00 — 7.88 (m, 10H, 8H**"**+2H®), 7.82 (t, J = 7.7 Hz, 1H, H™), 7.50 — 7.39
(m, 8H, HA®"*%), 7.23 — 7.12 (m, 8H, H****).3C NMR (151 MHz, CD;CN) & 159.15(C*¥4?), 158.99
(CAA%), 156.88(CBYBY), 156.37 (CB¥BY), 153.54 (CA9A%)), 153.45 (CA9A%), 152.11 (C™?), 148.93 (C),
146.26 (CP*), 145.09 (C™*), 143.64 (CP"), 141.61(C>*), 139.17 (C**™*), 136.99 (C*"), 130.98 (C**),
129.42 (C*'*%), 129.37 (C*'*), 128.66 (CPY), 128.50 (CPYY), 128.09 (C%), 126.93 (CP?), 125.71
(CMA, 125.64 (CH™), 122,91 (CB), 122.79 (C®), 122.56 (C®*). LR-ESI-MS (in CH;CN): m/z
1951.24 [M - PF4]" requires 1951.22; m/z 903.33 [M - 2PF¢]*" requires 903.13; m/z 554.25 [M - 3PF4]>"
requires  553.76; m/z 37925 [M — 4PF¢]""  requires 379.08. Anal. Calc. for

CgsHeoF24N14PsRu,-0.2H,0- 0.4CH;CN: C, 49.12; H, 3.32; N, 8.23. Found: C, 49.17; H, 3.02; N, 8.59%.
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3.9.13. [(3)Ru(11)Ru(3)](PF¢),

The preparation of cross-coupling reaction of [Ru(5b)(3)](PF¢). with 1,3-dibromobenzene was as for this
ruthenium complexes, starting with [Ru(5b)(4)](PFe). (50 mg, 47 umol) and 1,3-dibromobenzene (2.8 mg,
12 pmol). The product was isolated as a red solid (9.5 mg, 5.3 umol, 44%). "H NMR (400 MHz, CD;CN)
8§ 9.43 (dd, J = 2.5, 0.9 Hz, 2H, H%), 9.19 (s, 4H, H®), 9.08 (s, 4H, H®*), 8.89 (dd, J = 4.8, 1.6 Hz, 2H,
H®), 8.77 — 8.65 (m, 10H, 8H"*"*+2H%). 8.58 (ddd, J = 8.0, 2.5, 1.6 Hz, 2H, H*), 8.45 (t, /= 1.8 Hz,
1H, H?), 8.30 (ddd, J = 7.8, 2.0, 1.0 Hz, 1H), 8.17 (ddd, J= 7.8, 1.8, 1.0 Hz, 1H), 8.07 (dd, J= 7.8, 1.8
Hz, 1H), 8.02 — 7.91 (m, 10H, 8H**™*+2H*), 7.85 (t, J= 7.7 Hz, 1H, H), 7.77 (ddd, J = 8.0, 4.8, 0.9
Hz, 2H, H®), 7.55 — 7.43 (m, 8H, “°™%), 7.27 — 7.15 (m, 8H, H*™*).">*C NMR (151 MHz, CD;CN) &
159.20(C**%), 159.07(C*1%), 156.68 (CB¥B?), 156.44 (CB¥BY), 153.48 (CA9A%), 153.43 (CA9A%),
152.19 (C®), 149.72 (C®%), 149.26 (C*), 146.33 (C®*), 143.20 (CPY), 142.17 (CP*), 139.12 (CA¥AH),
139.06 (CA*%), 138.67 (C"), 136.20 (C™), 133.72 (C), 131.33 (C*), 130.95 (CP), 130.26 (C**),
128.57 (C'*%), 128.47 (C*¥5), 128.13 (CP*), 127.68 (C™%), 127.31(C™?), 125.63 (CM*), 125.30
(C%), 122.96 (C*), 122.83 (C®*). LR-ESI-MS (in CH3CN): m/z 1951.26 [M - PF¢]" requires 1951.22;
m/z 903.25 [M - 2PF4]*" requires 903.13; m/z 553.92 [M - 3PF¢]’" requires 553.76; m/z 379.25 [M —
4PF6]4+ requires 379.08. Anal. Calc. for CgsHeoF24N14P4sRuy-4H,0: C, 48.36; H, 3.17; N, 8.97. Found: C,

48.36; H, 3.17; N, 8.97%.
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4. Chapter four
The formation of supramolecular assemblies with planar, tetra-
functionalised cores

4.1.Introduction

Pyrene or pyrene derivatives have attracted much attention due to their planarity, symmetry and
interesting chromophore properties. This m-conjugated system can act as a linker working as a typical
fluorescent probe and has been used in many applications due to its photostability and absorption and
emission in the UV-visible region.®™ In order to meet the requirements of these applications, the pyrene
can be functionalized at 1-, 3-, 6-, 8- positions."*! Some substituents such as trimethylsilylethynyl™®* or 3-
hydroxy-1-propynyl™®* can expand the conjugated system. Other substituents such as trimethylsilyl group

may result in tuning of luminescence properties.'™!

(bpy),Ru(pyr)**

Figure 39 : (bpy),Ru(Pyr)*" ruthenium complex

[Ru(bpy)g]2+ and [Ru(bpy)z(phen)]2+ (bpy = 2.2'-bipyridine; phen = 1,10-phenanthroline) exhibit red
luminescence with excited state lifetimes about 600 ns to 1 ps.** When pyrene substituted Ru(II)
complexes are irradiated, photoinduced electron/energy transfer occurs where by the ruthenium centre is
excited from the ground state to the long-lived *"MLCT state via intersystem crossing, promoted by spin-
orbital coupling of the heavy ruthenium atom. The appended pyrene allows intramolecular energy transfer

from the excited "MLCT excited state to a pyrene-based *(n - n*) state of linked pyrene which has a

2+ [85

significantly longer excited lifetime than *MLCT excited state of [Ru(bpy)s] I The excited intraligand

triplet state is reported to have a lower energy or equal energy to the "MLCT state.!™!
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visible light
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Figure 40 : Diagrams of [bpy),Ru (pyr)]*" (MLCT = metal to ligand charge transfer, ISC = intersystem crossing, , GS =

ground state, bpy = 2,2’-bipyridine,pyr = pyrene)

Tetraphenylethene (14) is known as a fluorescent chromophore. This compound has a weak emission in

the solid or concentrated solution due to aggregation-induced quenching'®” but has a strong emission in

dilute solution.”®”) However, restriction of intermolecular rotation in some tetraphenylethene derivatives is

responsible for the high fluorescence caused by the aggregation-induced emission which is opposite to the

aggregation-caused quenching effect. ®* This phenomenon was observed by Tang and co-workers one

decade ago.™ Since then, tetraphenylethene derivatives have attracted much interest and applied in

87.90 . . .
sensor work,*”*" such as derivative 15 which acts as a fluorescent probe.

[90a]

+
>,f,/\/\/o O\/\/T\
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15

Figure 41 : Tetraphenylethene and an example of tetraphenylethene derivative as a fluorescent probe
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In this chapter, our endeavour was to design a conjugated, planar core with appended metal ion binding
groups such that the unit can act as a molecular ‘panel’ for self-assembly of molecular cage structures.
The [Ru(tpy),]*" complexes have been discussed in Chapter 1 which have weak luminescence due to the
effective energy transfer from the excited MLCT to the MC state. Introduction of the pyrene or
tetraphenylethene unit aims to allow transfer of energy to the °LC state which may act as an energy
reservoir to increase the excited state lifetime and improve the luminescent properties of [Ru(tpy)a]*"

complexes.

Importantly, these types of rigid, planar metalloligands also have potential to act as molecular panels to
form self-assembled structures such as molecular cages. In this chapter studies into the formation of large

polynuclear assemblies are reported using either pyrene or TPE-based ligands.!”!

4.2.Synthesis of pyrene derivatives

4.2.1. Synthesis and hydrogenation of pyrene derivatives

1,3,6,8-Tetrabromopyrene was prepared following the previously reported procedure.”" This product has
poor solubility in common organic solvents and was used in subsequent reactions after being triturated

with chloroform, filtered and washed withH,O.

O ) O oz on
—*Og‘
‘ Br Br

16 17

Scheme 4 : bromolyation of pyrene and Sonogashira cross coupling reaction of tetrabromopyrene with propargyl alcohol

1,3,6,8-Tetrakis(3-hydroxy-1-propynyl)pyrene was prepared following a reported procedure.™"

Tetrabromopyrene was reacted under standard conditions for Sonogashira coupling reaction to attach

propargyl alcohol (THF, 5% Pd(PPhs)4, 5% Cul, diisopropylamine, an argon atmosphere, and 70°C for 42
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h). The product was isolated by triturating with CHCl; and filtration."H NMR spectroscopy confirmed the

identity of the product (Figure 42), in agreement with literature.*'"’
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Figure 42 : "H NMR (DMSO-ds, 300MH;) spectrum of 1,3,6,8-tetrakis(3-hydroxy-1-propynyl)pyrene

OH
\\ // OH
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Ho. F A
18 OH 19

Scheme 5 : Hydrogenation of 1,3,6,8-Tetrakis(3-hydroxy-1-propynyl)pyrene

Hydrogenation of this compound should give the more flexible alkyl chain and OH functionalized groups
may have potential uses. The hydrogenation of 1,3,6,8-tetrakis(3-hydroxy-1-propynyl)pyrene was
attempted using Pd/C as a catalyst in THF under a H, atmosphere for 42 hr at room temperature. After
removal of the catalyst by filtration, solvent was removed to give a pale yellow solid. Analysis by 'H
NMR spectroscopy (Figure 43) showed the formation of new unidentified peaks but also a substantial

proportion of starting material remained. However, when the reaction was catalysed by PtO,, a light
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yellow powder was obtained which displayed a '"H NMR spectrum with significant differences to the
starting material. The singlet signals corresponding to protons of the pyrene core were shifted
significantly upfield from 8.66 ppm to 8.26 ppm; 8.22 ppm to7.77 ppm). New peaks also appeared at
4.35(t) ppm and 3.54 (m) ppm which were assigned as the alcohol and protons in the alkyl chain. Other
new signals in the aromatic region were not assigned. Possibly, the hydrogenation catalysed by PtO,

could also hydrogenate the pyrene core (Figure 43).
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Figure 43 : "H NMR (DMSO-ds, 300MHz) Comparison of starting materials, hydrogenation catalyzed by Pd/C and by PtO,

4.2.2. Suzuki or Sonogashiracross coupling reactions between tetrabromopyrene or

tetraborylpyrene and functionalized ruthenium(Ill) complexes
The first attempt to synthesize the tetranuclear complex was based on Suzuki cross coupling reaction
between 1,3,6,8-tetrabromopyrene and [Ru(6b)(8)](PFe),. This ruthenium(I) complex was shown to be
readily coupled to aryl bromides to give dinuclear complexes (see Chapter 3) and therefore the optimised

reaction conditions were also used for the coupling to tetrabromopyrene. The conditions of the Suzuki

coupling reaction were tetrabromopyrene (1 eq.), [Ru(6b)(8)](PFs). (6 eq.), DMF, Cs,COs (10 eq.), 20%
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Pd(PPhs),, under an argon atmosphere at 80°C for two days. After the anion exchange with PF¢, the crude
product was dissolved in acetonitrile. The eluent of CH3CN: KNOs: H,O (5: 1: 1) was used for TLC
analysis using mononuclear and dinuclear complexes from Chapter 2 as references. Five separate
products were apparent under the UV including two complexes which were more polar than the dinuclear
complexes. We propose these two species are the tri- and tetra-substituted pyrene products. However, the
ESI-MS analysis did not show the expected (highly charged) ions, and lower charge ions would have

mass/charge outside of the standard range (e.g. [20(PFs);]" = 4136 m/z).

Br O Br [Ru(6b)(8)](PF6)2

.‘ DMF, CSzCO3,

Br O Br 20% Pd(PPh3)4,
Ar, 80°C,two days

(PF6)7

Scheme 6 : Attempted Suzuki cross coupling of tetrabromopyrene with [Ru(6b)(8)](PFg),.
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Figure 44 : 'H NMR recorded spectra on 300MHz in CD;CN, top, [Ru(6b)(8)](PFs),; bottom, crude product of Suzuki cross
coupling reaction between 1,3,6,8-tetrabromopyrene and [Ru(6b)(8)](PFs),

Br

Br

Br

Br
17

RU-... P~ CHsCN, THF,
‘ 10%Pd(PPh3)y, X
10%Cul
,diisopropylamine
trimethylsilylacetylene,
Ar,60°C for 18hr

CH3CN and THF
or

DMF and DME,
60%Pd(PPh3)s,
60%Cul
,diisopropylamine,
Ar,60°C for 18hr

[Ru(2)(8)1(PFs)2 [Ru(9)(8)1(PFe)2 [Ru(10)(8)](PF).

Scheme 7 : Sonogashira cross coupling of tetrabromopyrene and its alkyne ruthenium(Il) complex

As Suzuki coupling had proven difficult, an alternative approach was taken. The acetylene functionalised
[Ru(10)(8)](PFe)2 complex was synthesized from the [Ru(2)(8)](PF¢), over 2 steps. The first step was to
synthesize the TMS protected [Ru(9)(8)](PFe). via Sonogashira coupling (CH3CN, THF, 60%Pd(PPhs)a,

60%Cul, trimethylsilylacetylene, diisopropylamine, under an argon atmosphere at 60°C for two
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days)before deprotection with KF. The deprotected alkyne is not stable for extended periods of time and
must be reacted in the following step immediately after deprotection. The reaction conditions of the
Sonogashira reactions onto pyrene were tetrabromopyrene (1 eq.), [Ru(10)(8)](PFs) (8 eq.), DMF, DME,
diisopropylamine, 60% Pd(PPhs)s 40% Cul under an argon atmosphere at 60°C for two days. The workup
was exactly the same as for the Suzuki coupling reaction mentioned above. After anion exchange with
KPFg, a black crude product precipitated as sticky lumps. Analysis of the ESI-MS did not show the
expected peaks. Analysis by TLC (CH3;CN: KNOs: H,O, 5: 1: 1) showed only two nonpolar red spots,

assumed to be from the decomposed alkyne-functionalised ruthenium(Il) complex.

AJJMUUU B )

LJW S U
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9.5 9.0 8.5 8.0 7.5 7.0 4.0 3.5 3.0 2.5 2.0 1.5 1.0

Figure 45 : '"H NMR recorded spectra on 300MHz in CD;CN, top, [Ru(10)(8)](PF),; bottom, crude product of Sonogashira
cross coupling reaction between 1,3,6,8-tetrabromopyrene and [Ru(10)(8)](PF),

A potential cause of these poor coupling reactions could be the low solubility of 1,3,6,8-tetrabromopyrene.
Borylation of this molecule was used to improve solubility before the Suzuki reaction. Therefore the
neopentyl glycolato substituted pyrene (22) was prepared using a modification of a procedure of related
compounds.”"!  Additionally, the 3-bromophenyl terpyridine derivative (rather than 4-

bromophenylterpyridine) could also lead to different solubility.
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25

Scheme 8 : Three attempts of Suzuki coupling reaction to build the pyrene tetramer

The synthesis of a pyrene-(2,2’-bipyridine) conjugates have been reported”' using Suzuki coupling
between 5,5’-dibromo-2,2’-bipyridine and pinacolato functionalised pyrene. A similar method was
attempted here to prepare pyrene-terpyridine derivatives (Scheme 8, Route A). Although ligand 1 has a
good solubility in toluene, in the 20% water/toluene mixture which was reported”'! a viscous slurry was
formed. To overcome this, DMF was added (approximately 50% of total volume) in order to make the
slurry less viscous before the freeze-pump-thaw cycles. The reaction was set under an argon atmosphere
at 80°C with Cs,CO; for 3 days, catalysed by 60% Pd(PPh;s)sper pyrene. The colour changed from bright
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yellow-orange to brown. After dilution with DCM, followed by washing with H,O, the organic layer was
dried over Na,SOs. The colour changes from brown to bright yellow. Removing the solvent under the
vacuum gave orange oil. ESI-MS analysis did not reveal the expected highly charged ions. TLC analysis
(toluene: ethyl acetate, 1: 1) indicated all of the tetraborylpyrene was consumed and an intensely

fluorescent yellow spot which remained on the baseline.

Table 1 : Attempts to couple functionalised pyrene units with Ru(Il) complexes via

Route Pyrene Starting Ligand 1, Reaction Conditions Successful
Material [Ru(5a)(4)](PFs), or
[Ru(1)(4)] (PFe)
A 1,3,6,8- 6 eq. Argon,80°C,3days, NO
tetrabromopyrene DMF,30%Pd(PPh3)4,Cs,COs3,
A 1,3,6,8- 12 eq. Argon,80°C,3days, YES
tetrabromopyrene DMF,60%Pd(PPh3)4,Cs,COs3,
B 1,3,6,8- 12 eq. Argon,80°C,3days, NO
tetraborylmopyrene DMF,60%Pd(PPh;3)4,Cs,CO;3,
C 1,3,6,8- 12 eq. Argon,80°C,3days, NO
tetraborylpyrene DMF/toluene/H,0,60%Pd(PPh3)s,
CS2C03,

Our next approach was to perform the coupling reaction directly upon the Ru(Il) complex, which would
ensure good solubility in polar solvents (Scheme 8, Route B). The Suzuki reaction of [Ru(1)(4)](PFe)2
with tetraborylpyrene in was performed in DMF with Cs,CO3, 60% Pd(PPh;)4 per pyrene, under an argon
atmosphere at 80°C for 3 days. The colour changed from pale red to deep red to brown. After the reaction
was finished, the mixture was poured into saturated KPF¢ solution. The precipitate was collected on
Celite, and then washed with H,O, ethanol and ether. The precipitate was redissolved in acetonitrile for
ESI-MS. No peak corresponds to the expected ions. Analysis by TLC (CH3;CN: KNOs: HyO, 5: 1: 1)
showed only two red spots, one of which corresponds to the [Ru(1)(4)](PFs), starting material and the

other could not be identified.

Having had little success with these routes, another approach was needed. We returned to our first method
of coupling tetrabromopyrene with boronic acid functionalised terpyridine, but this time using the 3-

boronic acid derivative in place of the 4-boronic acid (Scheme 8, Route C). This Suzuki reaction between
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[Ru(5b)(4)](PF¢), and the insoluble tetrabromopyrene was conducted in DMF with Cs;COs 60%
Pd(PPh;)4 per pyrene, under an argon atmosphere at 80°C for 3 days. No colour change was observed.
After the reaction was finished, the red slurry was poured into saturated KPFs solution. The precipitate
was collected on Celite, and then washed with H,O, ethanol and ether. The precipitate was redissolved in
acetonitrile for ESI-MS. Peaks corresponding to the desired complex 25 were observed with sequential
loss of PFg” counter anions: [M—2PF]*", [M—3PF¢]>", [M—4PF¢]*", [M—5PF4]’", [M—6PF4]®", [M—7PF¢]"".
The attempt to purified the compound by chromatography (SiO,, CH3CN: H,O: saturated aqueous KNOj:
TEA 5: 1: 1: 0.01) resulted in the most polar red band remaining on the SiO, even if the polarity of eluent
was increased to CH3CN: H,O: saturated aqueous KNOs: TEA, 1: 1: 1: 0.01. Attempts to recover the red

coloured band from the column using polar solvent mixtures were also unsuccessful.

4.2.3. M;Ls cage synthesis via metal-template imine bond formation

The Nitschke group has reported many examples of self-assembled structures where aryl amines and 2-
pyridylcarboxaldehyde are reacted to form pyridyl-imine ligands which form stable complexes with
iron(Il) salts including FeSO4 "% ** Fe(NTF),,"* **1 Fe(OTf),">**. Other ions such as Co(SO4) and

(10294 1n one example,26 (Figure 46) is

Ni(OAc), are also suitable for synthesis of self-assembled cages.
reacted with 2-pyridylcarboxaldehyde and Fe(Il) salts in DMF at 70°C overnight to give MsL¢ cages

where the porphyrin groups act as faces of the cube.”™ Related metal template structures have been also

prepared in DMF, DMSO and CH;CN.P* %
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Figure 46 : Self-assembled MgL¢ cubic cage by Jonathan Nitschke’s group

Following the synthetic difficulties faced with pyrene derivatives, we looked for an alternative planar core

to prepare molecular cages. Tetraphenylethene (14) has attractive photoproperties and can be readily

functionalized to form tetra-substituted ligands. A potential complication is that this molecule possesses

two-fold symmetry, compared with the four-fold symmetry of tetraphenylporphyrin derivatives. This

could lead to the formation of isomers should a MgL¢ cage be synthesized.

Following a reported procedure,”” the tetraamine functionalized ligand (27) was prepared.

14 27 28

Figure 47 : Left, tetrakis(4-aminophenyl)ethene; Right, TPE imine ligand.

The reaction of 27 with 2-pyridinecarboxaldehydeand Fe(II) salts was examined in detail.
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Table 2: Summary of reaction conditions to synthesize the cage

Entry | Tetramine | 2-pyridylaldehyde Fe(BF4)- T (°C) | Solvent | Time | Successful?
(equiv.) (equiv.) 6H,O(equiv.) (hr)
1 6 24 8 70 DMF 24 No
2 6 24 8 70 DMF 48 YES?
3 6 24 8 25 DMF 48 YES
4 6 24 8 70 DMSO 24 NO
5 6 24 8 70 DMSO 36 NO
6 6 24 8 25 CD;CN 24 NO
7 6 24 8 70 CD;CN 24 NO

The reaction was attempted using conditions reported by Nitschke for the porphyrin-containing cage

shown in Figure 46.° Specifically, 6 equivalents of 27, 24 equivalents of 2-pyridinecarboxaldehyde and

8 equivalents of Fe(BF4),:6H,O were reacted in DMF at 70 °C for 2 days. The aqueous saturated KPFg

solution was added to the solvent mixture. The precipitate was collected on Celite, and then washed with

H,0O, DCM and ether. The precipitate was redissolved in acetonitrile. TLC analysis showed a large brown

spot and a purple spot using eluent of CH3CN: H,O: saturated aqueous KNOs, 5: 1: 1.

Figure 48 :

2-Pyridinecarboxzaldehyde

-y

Tetrakis(4-aminophenyl)ethene

2-Pyridinecarboxyaldehyde
FeBF4 and tetrakis(4-
aminophenyl)ethene at 70°C

for 2 days
. o N

T T
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'H NMR (CDs;CN, 300 MHz) spectra of (top): tetrakis(4-aminophenyl)ethene; (middle): 2-pyridine

carboxaldehyde; (bottom): mixture of 2-pyridinecarboxaldehyde, FeBF,6H,0O and tetrakis(4-aminophenyl) ethene (24:8:6) at
70°C in DMF for two days, followed by workup and dissolution in CD;CN.
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From the stacked "H NMR spectra (Figure 48) peaks corresponding to the aromatic rings from tetrakis(4-
aminophenyl)ethene and signals corresponding to pyridine rings from 2-pyridine carboxaldehyde

disappeared with the appearance of new peaks in the aromatic region.

Compared with starting materials, signals corresponding to the pyridine rings in the product were
assigned as H®® at 8.42 ppm, H” at 8.31 ppm, H?* at 7.65 ppm and H®* at 7.21 ppm. The signal at 8.71
ppm was assigned as protons of imines (H®"). The identity of this structure was discussed later in this

chapter.

This reaction was repeated in other solvents to investigate the tolerance of the self-assembly process to

solvent changes. Reactions in acetonitrile or DMSO were performed.

The reaction of FeBF46H,O (8 equivalents), tetrakis(4-aminophenyl)ethene (6 equivalents) and 2-
pyridinecarboxaldehyde (24 equivalents) is performed in 1:1 CD;CN/DMF at room temperature for 24
hours, followed by heating at 70°Cfor 24h. The reaction was monitored by 'H NMR as the colour changed
from brown to purple. 'H NMR indicated the presence of 2-pyridinecarboxaldehyde, and the expected
coupling pattern for the pyridine rings with the disappearance of signals corresponding to aromatic rings
of TPE. The proton spectrum after further heating at 70 °C for another 24 hours was the same as that at

room temperature.
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2-Pyridinecarboxaldehyde

Tetrakis(4-aminophenyl)ethene

| A

2-Pyridinecaboxaldehyde
FeBF46H20 and tetrakis(4-
aminophenyl)ethene at room
temperature for 24 hours

. J
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Figure 49 : 'H NMR spectra recorded on 300MHz, top, tetrakis(4-aminophenyl)ethene in CD;CN; middle, 2-
pyridinecarboxaldehyde; bottom, mixture of 2-pyridinecarboxaldehyde(prepared the stock solution in DMF), FeBF,6H,0 and
tetrakis(4-aminophenyl)ethene at room temperature for 24 hours.

Attempts to synthesize the cage in CD;CN/DMF at room temperature resulted in a colour change from
brown to intense purple, suggestive of the formation of a low-spin Fe(L); complex. However 'H NMR
(See Figure 49) confirmed no significant changes in the signals around the pyridine rings with the
disappearance of signals corresponding to aromatic rings of TPE. DCM probably washed the starting

material, 27, away during the work up.

The reaction was also attempted in DMSO-dg as related self-assembled Fe(diimine) structures have been
successfully prepared in this solvent.”™ The reaction was attempted using a 24:6:8 ratio of 2-
pyridinecarboxaldehyde: TPE: FeBF4,6H,0, which corresponds to the stoichiometry of the MsLs cage,
and stirring at 70°C for 24 hours. The 'H NMR spectrum contained only broad poorly resolved signals,

suggesting the formation of polymeric products.

89



The imine ligand (28) was prepared by reaction of 27 and 2-pyridinecarboxaldehyde in ethanol at 80°C
for 16h. This ligand was charactered by '"H NMR in CDCl; (See Scheme 9), and found to readily
hydrolyse in wet solvent. This pre-formed imine (28) ligand was used in the self-assembly with Fe(II)

ions to ensure the ratio of amine : aldehyde was ideal for the self-assembly reaction.

A2+A3

B7

B3
B6 B4
B5
Caay B R g
o < N N [0} ~N
IS ™ () N ~
< < < < -
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0

Scheme 9 : 'H NMR (CDCls, 400MHz) of 28. Peaks corresponding to 2-pyridinecarboxaldehyde are indicated *; those
corresponding to 27 are marked with **

This imine ligand (6 equiv.) was reacted with Fe(BF4),6H,O (8 equiv.) in DMSO-d¢ at 70°C, with

periodic monitoring by '"H NMR. After 36 hours no further 'H NMR spectral changes were observed and

the reaction was assumed to have reached completion.
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Figure 50 : The proposed self-assembly of a MgL¢ cubic cage based on tetraanilineethene .

Excess aqueous saturated KPFs was added to the reaction mixture. The precipitate was collected on Celite,
and washed with H,O, DCM and ether. The precipitate was redissolved in acetonitrile for ESI-MS,
although no signals corresponding to the (highly charged) expected ions were observed. The hydrolysis of
the imine was observed by "H NMR due to presence of H,O in the DMSO-dg (Figure 51, top spectrum).
The appearance of new signals at 5.20 ppm indicates the formation of a significantly deshielded

environment.

J | T
J MNM

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

Figure 51 : 'H NMR spectra (300 MHz, DMSO-dg) top to bottom: imine ligand 28, mixture of TPE imine ligand and
FeBF46H,0 after heating at 70°C for 24 hours (middle) and 36h (bottom).
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Based on the attempts to synthesize the cage in different reaction conditions, the reaction in pure DMF
appeared to give the most promising results. Therefore, further work was done to investigate formation of
the cage in different ratio of 27, 2-pyridinecarboxaldehyde and Fe(BF.)-6H,O (see Table 3). The ideal
ratio to form the MsL¢ cage analogous to the porphyrin containing example of Nitschke would be 3: 12: 4

of tetraamine: aldehyde: Fe(II).

Table 3 : Six attempts to optimize the reaction conditions for synthesizing the Fe,L; cage

Entry | Tetramine | Pyridylaldehyde | Fe(BF4): T | Solvent | Time | Successful?
(equiv.) (equiv.) 6H,0(equiv.) | (°C) (hr)
1 3 6 1.5 25 DMF 48 YES
2 3 6 3 25 DMF 48 YES
3 3 6 6 25 DMF 48 YES
4 3 12 1.5 25 | DMF 48 YES
5 3 12 3 25 | DMF 48 YES
6 3 12 6 25 | DMF 48 NO

The general procedure for the workup was as follows: after the reaction was finished, the red slurry was
poured into saturated KPFs solution. The dark brown precipitate was collected on Celite, and then washed
with H,O, DCM and ether. The precipitate was redissolved in acetonitrile and analysed by NMR (Figure
52). Entries 1-3, which have an excess of amine and/or Fe(Il) with respect to the tetraamine, each showed
the formation of a single, highly symmetric product, which we propose to be the dimeric structure shown
in Figure 53. When the ratio of Fe(Il) and/or aldehyde added are changed from 3:6 to 3:12, the '"H NMR
spectra are very broad which is presumably caused by the formation of paramagnetic Fe(Il) complexes as
well as polymeric products. In the case of entry 6, which is close to the “ideal” stoichiometry for the
reaction, the reaction mixture formed an insoluble brown solid, consistent with the formation of

polymeric products.
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Figure 52 : '"H NMR (CD;CN, 300MHz) spectra the reaction mixtures (in DMF) from different ratios (See Table 3)of 27, 2-
pyridinecarboxaldehyde and Fe(BF,)-6H20, after workup.

[Fep(29)5**

Figure 53 : The structure of the Fe,(29);cage formed by reaction of TPE with 2-pyridinecarboxyaldehyde and Fe(BF,),.6H,0.
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Figure 54 : 'H NMR (CDsCN, 300MHz), top, 27; middle, Fe,L; cage; bottom, 2-pyridinecarboxaldehyde.

The NMR of the isolated product from entry 1 was shown in Figure 54, which showed a comparison with
the tetraamine and aldehyde starting materials. Very significant peak shifts were observed, with the
signals from the tetraamine shifting upfield by up to 1.55 ppm. More significantly, the signals of the
tetraamine were split into three non-equivalent para-substituted aromatic rings, in a 1:1:2 ratio, and the
formation of a sharp imine peak at 8.75 ppm was also in keeping with the formation of a metal complex
with this ligand. The identity of this product was established using 2D NMR techniques. Specifically 'H
NMR, “C NMR, COSY, HSQC, HMBC and NOESY techniques in CD3;CN were used for structural
assignment. The COSY spectrum was shown in Figure 55. This is consistent with the formation of a
Fe(L); type structure where the rotation of the aniline ring is restricted, as reported in the porphyrin-

containing cage.””

94



Cc2

B2 B6 c3 B3 B5
AN MM
]
r5.0
B5
B3 i |
r5.5
[
6.0
c3
6.5
c2
B6
B2 7.0
7.5
8.0
A
. gD
8.5
ﬂ .

88 86 84 82 8.0 7.8 7.6 7.4 72 7.0 68 6.6 64 62 60 58 56 54 52 50
Figure 55 : COSY spectrum (400 MHz, CD;CN) of the Fe,L; Cage

The signal at 8.00 ppm was assigned as a NH, peak and this assignment was supported by the HSQC

spectrum, which showed this signal was not attached to a carbon atom (Figure 56).
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Figure 56 : 'H-"C HSQC (600 MHz, CD;CN) spectrum of the cage shows there is no cross peak of the peak in '"H NMR
spectrum at 8.00 ppm.
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The 'H NMR signals corresponding to pyridyl ring H*®, H** and H*® were shifted upfield from 8.77 ppm
to 8.42 ppm, 7.93 ppm to 7.65 ppm and 7.92 ppm to 7.20 ppm. While the signal of H*’had a chemical
shift at 8.30 ppm (shifted downfield from 7.59 ppm in Figure 54, bottom). Signals corresponding to
tetraamine core were split into three sets. Signals at 6.61 ppm and 6.31 ppm were integrated as 12 protons,
respectively, which represented the H** and H®® protons. Signals at 6.79 ppm and 5.16 ppm were
assigned H?® and H® both of which were strongly shielded upon coordination. The rest of the signals
correspond to H®* and H*. A 'H-'H NOESY (Figure 57) spectrum confirmed the H"*/H®® and
H™/H were close in space (or in exchange), consistent with their assignment as belonging to the same

aromatic ring.
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Figure 57 : NOESY spectrum of the Fe,L; cage

Finally, ESI-MS was used to provide further information regarding the identity of this species. Charged
ions with m/z at 1056.17, 663.26 and 455.91 were observed, corresponding to [M—2PF]*", [M—3PFs]*",
[M—4PF4]* formed by the sequential loss of PFs counter anions from the dimeric structure. This

structure is also in complete agreement with the NMR assignments discussed above.
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This new dimeric helical cage may find applications in guest binding as well as being a useful building

block for the formation of larger, extended structures.

4.3.Summary and conclusion

Although the hydrogenation of 1,3,6,8-tetrakis(3-hydroxy-1-propynyl)pyrene appears to proceed, some
evidence of the reduction of pyrene core were also observed by 'H NMR, suggesting this was not a good
route for developing pyrene-containing building blocks. Further purification needed to be done in the
future. Attempts to perform Suzuki coupling reactions between either tetraborylpyrene or
tetrabromopyrene and either a4-bromophenyl-functionalized Ru(Il) complex or a 4-boronic acid

functionalised Ru(Il) complex were unsuccessful.

Suzuki coupling reaction between a 3-(boronic acid)phenyl functionalized mononuclear Ru(Il) complex
and tetrabromopyrene did form the desired tetrasubstituted product. However, purification of this highly
polar species remained a significant challenge to be overcome. Sonogashira coupling reactions between
alkyne functionalized mononuclear Ru(Il) complexes and tetrabromopyrene was found to proceed slowly,

with the formation of a complex mixture of reaction by-products.

The synthesis of a new type of molecular cage featuring planar, conjugated TPE units was successful
using metal-template imine bond formation with Fe(II) ions. The reaction conditions have been optimized
by using the ratio of 27 (3 equivalents), 2-pyridinecarboxaldehyde (6 equivalents) and Fe(BF4)-6H,O (3
equivalents) to synthesize exclusively the Fe,L; cage as the sole product (by NMR). This new type of
self-assembled structure could be useful for guest binding, as well as forming Ru(II) complexes in future.
The presence of amine groups in direct conjugation with the metal centre may also allow, for example,

pH to be used to modulate electrochemical properties of the resulting complexes.

The work presented in this thesis has demonstrated a ready synthetic route to prepare large, discrete
metallosupramolecular structures which contain Ru(tpy), units. Future work will allow new types of

cages to be prepared and their use for small molecule catalysis will be explored.
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4.4.Experimental

4.4.1. 1,3,6,8-tetrabromopyrene

Prepared following a literature procedure!™

Pyrene (1.0 g, 4.9 mmol) was dissolved in nitrobenzene (20 mL). Bromine (3.5 g, 22 mmol) was added
dropwisely to the solution. The mixture was stirred vigorously at 120°C for 4h. After being cooled to
room temperature, the slurry was filtered. The pale-green precipitate was collected on a glass frit, and
washed with ethanol (20 mL). Drying under vacuum in the desiccator gave the pale-green solid in 85%
yield (2.15 g, 4.2 mmol). Due to the poor solubility in all organic solvents, it was used for next reaction

without further purification.

4.4.2. 1,3,6,8-tetrakis(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)pyrene

Prepared following a literature procedure!"

/if\ ? Oﬁ\
8 B
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Borylation of pyrene was performed using the same procedure as that for the related compound. 1,3,6,8-
tetrabromopyrene (0.30 g, 0.50 mmol) was reacted with bis(neopentyl glycolato)diboron (0.68 g, 3 mmol)

with Pd(dppf)Cl, (27 mg, 30 pmol) and potassium acetate (0.58 g, 5.8 mmol) in toluene (7 mL) at 80°C

for 24 hr under an argon atmosphere. The solution was diluted with CH,Cl, (30 mL), washed with H,O (4
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% 30 mL), and organic phase was dried over Na,SO4 The solvent was removed by rotary evaporation. The
crude product was purified by column chromatography on silica using DCM/hexane 1:1 as eluent. A
yellow product was obtained (0.23 g, 0.35 mmol, 70%). "H NMR (300 MHz, CDCls) & 9.12 (s, 4H), 8.98

(s, 2H), 3.99 (s, 16H), 1.17 (s, 24H).

4.4.3. 1,3,6,8-Tetrakis(3-hydroxy-1-propynyl)pyrene
Prepared following a literature procedure!®'™

OH OH

OH OH

1,3,6,8-tetrabromopyrene (0.50 g, 0.97 mmol), propargyl alcohol (0.33 g, 5.8 mmol) was dissolved in
THF (10 mL) and diisopropylamine (10 mL). After the mixture solution was degassed via three freeze-
pump-thaw cycles, Pd(PPhs)s (55 mg, 0.048 mmol) and Cul (9.0 mg, 0.048 mmol) were quickly added
under an argon atmosphere. The resulting mixture was stirred at 70°C for 42 h. The mixture was cooled to
the room temperature, triturated with CHCl; (13 mL) and filtered. Washing with water and drying under
the vacuum gave the 1,3,6,8-Tetrakis(3-hydroxy-1-propynyl)pyrene as an orange solid (0.12 g, 0.29
mmol, 29%). 'H NMR (300 MHz, DMSO-ds) & 8.67 (s, 4H), 8.23 (s, 2H), 5.59 (t, J = 6.0 Hz, 4H), 4.57 (d,

J=5.9 Hz, 8H).
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4.4.4. Attempted hydrogenation of 1,3,6,8-Tetrakis(3-hydroxy-1-propynyl)pyrene

HO O OH
HO O OH

1,3,6,8-Tetrakis(3-hydroxy-1-propynyl)pyrene (50 mg, 0.12mmol) was dissolved in THF (3 mL) and
CH;0H (3 mL). The solution was degassed under argon for 20 min. The catalyst, palladium on charcoal
(0.60 mg) or PtO, (4.5 mg, 20 ummol), was quickly added. The suspension was stirred at room
temperature under a H, atmosphere. The mixture was filtered followed by evaporation of the solvent to
yield a yellow solid. Recrystallization from hexane and DCM gave the starting material or the compound

with impurities which are the reduced pyrene core compound.

4.4.5. Suzuki cross coupling reaction between 1,3,6,8-tetrabromopyrene and

[Ru(6b)(8)] (PFs);

1,3,6,8-tetrabromopyrene (2.8 mg, 5.5 pmol), Cs,CO; (18 mg, 55 pmol), DMF (5 mL) and
[Ru(6b)(8)](PF¢)2 (35 mg, 33 umol) were placed in a dry Schlenk tube. The solution was degassed via

three freeze-pump-thaw cycles, followed by addition of Pd(PPhs)4 (3.8 mg, 3.3 umol). The reaction was
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stirred under an argon atmosphere at 80°C for 2 days, cooled to room temperature and evaporated to give
a red residue. An aqueous solution of saturated KPF¢ was poured into the residue. The precipitate was
collected on Celite, washed withH,O (5 mL), EtOH (2 mL) and ether (5 mL). The cake was redissolved in
acetonitrile. Removal of the solvent yielded a bright red product. Attempts to characterise by 'H-NMR

and ESI-MS revealed a mixture of unidentified products.

4.4.6. Sonogashira cross coupling reaction between 1,3,6,8-tetrabromopyrene and

[Ru(10)(8)] (PF),

[Ru(10)(8)](PFe)2(46 mg, 44 umol) was dissolved in CH3CN (10 mL), THF (5 mL) and diisopropylamine
(5 mL). After the solution was degassed via three freeze-pump-thaw cycles, 1,3,6,8-tetrabromopyrene
(2.8 mg, 5.5 umol), Pd(PPhs)4 (3.8 mg, 3.3 pmol) and Cul(0.62 mg, 3.3 umol) were quickly added under
an argon atmosphere. The resulting mixture was stirred at 60°C for 3 days. The solution was cooled to the
room temperature. An aqueous solution of saturated KPFs was poured into the slurry. The precipitate was
collected on Celite, washed with H,O (5 mL), EtOH (2 mL) and ether (5 mL). The cake was redissolved
in acetonitrile. Removal of the solvent yields a black product. Attempts to characterise by 'H-NMR and

ESI-MS revealed a mixture of unidentified products.
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4.4.7. Suzuki cross coupling reaction between 1,3,6,8-tetrabromopyrene and

[Ru(5b)(4)] (PF);

Route A: 1,3,6,8-tetrabromopyrene (2.8 mg, 5.5 pumol), Cs,COs (18 mg, 55 umol), DMF (5 mL) and
[Ru(5b)(4)](PF¢)2 (69 mg, 66 umol) were placed in a dry Schlenk tube. The solution was degassed via
three freeze-pump-thaw cycles, following which Pd(PPhs)4 (3.8 mg, 3.3 umol) was added. The reaction
was stirred under an argon atmosphere at 80°C for 3 days, cooled to room temperature and evaporated to
give a red residue. An aqueous solution of saturated KPF¢ was poured into the residue. The precipitate
was collected on Celite, washed by H,O (5 mL), EtOH (2 mL) and ether (5 mL). The cake was
redissolved in acetonitrile. Removal of the solvent yields a bright red product. LR-ESI-MS (in CH3CN):
m/z 1974.71 [M - 2PF4]*" requires 1974.72; m/z 1268.30 [M - 3PF4]’" requires 1268.16; m/z 914.57 [M —
4PF¢]*" requires 914.88; m/z 702.83 [M - 5PF]5" requires 702.91; m/z 561.50 [M - 6PF¢]6" requires

561.60; m/z 460.53 [M - 7PFs]”" requires 460.66; [M — 8PF]*" lost
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4.4.8. Suzuki cross coupling reaction between 1,3,6,8-tetrakis(5,5-dimethyl-1,3,2-
dioxaborinan-2-yl)pyrene and Ru[1][4](PFj),

Route B: 1,3,6,8-tetraborylpyrene (3.5 mg, 5.5 pumol), Cs,CO; (18 mg, 55 pumol), DMF (5 mL) and
[Ru(1)(4)](PF¢)2 (72 mg, 66 umol) were placed in a dry Schlenk tube. The solution was degassed via
three freeze-pump-thaw cycles, following which Pd(PPhs)4 (3.8 mg, 3.3 umol) was added. The reaction
was stirred under an argon atmosphere at 80°C for 3 days, cooled to room temperature and evaporated to
give a red residue. An aqueous solution of saturated KPF¢ was poured into the residue. The precipitate
was collected on Celite, washed by H,O (5 mL), EtOH (2 mL) and ether (5 mL). The cake was
redissolved in acetonitrile. Removal of the solvent yields a deep brown product. Attempts to characterise

by "H-NMR and ESI-MS revealed a mixture of unidentified products.
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4.4.9. Suzuki cross coupling reaction between 1,3,6,8-tetrakis(5,5-dimethyl-1,3,2-
dioxaborinan-2-yl)pyrene and Ligand 1

Route C: 1,3,6,8-tetraborylpyrene (0.10 g, 0.15 mmol), Cs,CO; (1.0 g, 3.1 mmol), DMF (5 mL), toluene
(5§ mL), H,O (3 mL) and ligand 1 (0.59 g, 1.5 mmol) were placed in a dry Schlenk tube. The solution was
degassed via three freeze-pump-thaw cycles, following which Pd(PPhs)4 (3.8 mg, 3.3 umol) were added.
The reaction was stirred under an argon atmosphere at 105°C for 48h, cooled to room temperature. The
slurry was diluted with CH,Cl, (50 mL) and washed with H,O (4 x 50 mL). The organic layer was dried
over Na;SO4. Removal of the solvent gave the orange oil. The oil was used for ESI-MS analysis. No peak

was found matching the expected peak.
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4.4.10. Tetrakis(4-nitrophenyl)ethene

Prepared following a literature procedure!”

Nitric acid (6.5 mL) was added into a round bottom flask and cooled in an iced bath. Tetraphenylethene
(2.50 g, 7.8 mmol), acetic anhydride (3 mL) and glacial anhydride (4 mL) were added dropwisely under
vigorous stirring. The mixture was stirred overnight, and then was diluted with glacial acetic acid (8 mL).
The crude product was collected by filtration, followed by washing with H,O (4 x 20 mL) to afford the
yellow solid (1.5 g, 3.0 mmol, 38%). "H NMR (300 MHz, CD;Cl) & 8.07 (d, J = 8.6 Hz, 4H), 7.19 (d, J =

8.7 Hz, 4H).

4.4.11. Tetrakis(4-aminophenyl)ethene

]

Prepared following a literature procedure®’

Tetrakis(4-nitrophenyl)ethene(0.25 g, 0.50 mmol) was dissolved in THF (5.0 mL). Raney nickel (1.5 g)
and hydrazine monohydrate (0.34 g, 6.7 mmol) were added. The reaction mixture was refluxed for 2 h.
The mixture solution was cooled to room temperature, followed by filtration. The filtrate was evaporated
under the vacuum to afford a white solid. (0.16 g, 0.41 mmol, 81%). "H NMR (300 MHz, CDs;CN) & 6.69

(d, J= 8.3 Hz, 8H), 6.36 (d, J = 8.4 Hz, 8H), 4.00 (s, SH).
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4.4.12. TPE imine ligand (28)

Tetrakis(4-nitrophenyl)ethene (0.13 g, 0.33 mmol) and 2-pyridinecarboxaldehyde (0.20 g, 1.9 mmol)
were added to EtOH (10 mL). The solution was refluxed for 2h. The solution was cooled to room
temperature. The precipitate was collected by filtration, followed by washing with EtOH (2 x 5 mL) to
give the yellow solid (0.23 g, 0.31 mmol, 95%). "H NMR (400 MHz, CDCls) ¢ 8.69 (dt, J = 4.6, 1.4 Hz,
4H, H®®), 8.60 (s, 4H, H®"), 8.18 (dt, J = 7.9, 1.1 Hz, 4H, H®), 7.79 (td, J = 7.7, 1.7 Hz, 4H, H?), 7.35
(ddd, J = 7.6, 4.9, 1.2 Hz, 4H, H), 7.13 (m, 16H, H**™*)."*C NMR (101 MHz, CDCl;) & 160.24 (C®"),
154.79 (CP%), 149.75 (C®%), 149.26 (C*"), 142.50 (C**), 140.53 (C°), 136.78 (C®%), 132.59 (C*?),

125.16 (C*), 121.95 (C™%), 120.98 (C**). LR-ESI-MS (in CHCl;): m/z 749.10 [M +H]" requires 749.31.
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4.4.13. Self-assembled M>L; cage

Tetraamine (27) (20 mg, 51 umol), 2-pyridinecarboxaldehyde (9.5 pL, 0.10 mmol) and Fe(BF4)-6H,0 (17
mg, 51 pmol) was dissolved in 20 mL DMF. The reaction mixture was stirred at room temperature for
two days. An aqueous solution of saturated KPFs was poured into the residue. The precipitate was
collected on Celite, washed with H,O (10 mL), DCM (10 mL) and ether (20 mL). The cake was
redissolved in acetonitrile. Removal of the solvent yielded a brown solid (89 mg, 37 umol,73%). '"H NMR
(600 MHz, CDsCN) & 8.71 (s, 6H, H*"), 8.42 (d, J= 7.7 Hz, 6H, H"®), 8.30 (t, J = 7.8 Hz, 6H, H*), 7.94
(s, 6H, H"Y), 7.66 (t, J = 6.9 Hz, 6H, H**), 7.21 (d, J = 5.6 Hz, 6H, H*®), 7.01 (d, J = 8.3 Hz, 6H, H®?),
6.78 (d, J= 8.4 Hz, 6H, H™®), 6.61 (d, J = 8.1 Hz, 12H, H?), 6.31 (s, 12H, H), 5.30 (d, J = 8.3 Hz, 6H,
H®), 5.16 (d, J = 8.3 Hz, 6H, H?®). >C NMR (151 MHz, CD;CN) § 159.11 (C*%), 156.65 (C*%), 149.57
(C?), 148.07 (C*Y), 146.46 (CP), 145.96 (CP*), 140.52 (C™), 134.32 (CB?%), 133.50 (C?), 132.97 (C®9),
132.23 (C*%), 130.57 (C*), 121.40 (C™), 120.91 (C®), 114.64 (C*). LR-ESI-MS (in CH3;CN): m/z
1056.17 [M-2PF4]*" requires 1056.78; 655.26 [M-3PF¢]’" requires 656.20. 455.91 [M-4PF4]*" requires

455.91.
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5. Conclusions and Future Work

The work described in this thesis was focussed on new ruthenium(Il) containing metalloligands for

supramolecular chemistry.

In chapter 2, eight new bromo functionalized and boronic acid functionalised ruthenium(II) heteroleptic
complexes with a pendent pyridyl site were reported and characterised. All of complexes are suitable for
Suzuki cross coupling reactions and Sonogashira coupling reactions. In chapter 3, the first expanded
ligand,[Ru(6b)(4)](PF¢),, with two ruthenium(Il) cores and two pendent pyridyl sites were reported via
Suzuki cross coupling reaction. Its structural isomers have been prepared using the same reaction
conditions. The first use of dinuclear Ru(II) complexes as expanded ligands was reported, with the clean
assembly of a Pd(II)-templated supramolecular assembly, although its unambiguous identification

remains future work.

In chapter 4, cages based on panels formed from conjugated and planar cores were attempted to be
prepared via Pd(0) cross coupling reactions using the mononuclear complexes described in Chapter 2.
Attempts to synthesize and characterize the pyrene based tetranuclear ruthenium(II) complexes were
challenging, in part due to purification difficulties of the higher polar products. Pleasingly, the use of a
tetraphenylethene core instead of pyrene allowed the construction of a Fe;L; cage, which was
characterised in detail by 2D NMR and ESI-MS. Optimization of conditions for synthesizing the cage has

been reported, opening the door for future exploration in this class of assemblies.

Future work will involve the solid state structure determination of these new supramolecular assemblies,

and investigations of their guest potential binding properties.
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