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Abstract

In an attempt to synthesise mesoporous silicas doped with truly heterobimetallic
nanoparticles, the use of single-source precursors has been proposed. The method of
preparation of the silicas has employed true liquid crystal templating (TLCT), a
methodology used to synthesise mesoporous silicas, previously employed in one-pot
syntheses to prepare silicas containing heterobimetallic nanoparticles from separate
metal precursors. Using single source precursors was expected to lead to bimetallic
nanoparticles of uniform composition dispersed throughout the silica framework.

In this work several attempts were made to prepare heterobimetallic complexes that
possessed an equivalent metallic ratio (1 : 1), which were to be used as precursors in
the one-pot synthesis mentioned above. However, none of them produced complexes
of the desired stoichiometry. In these attempts, two different approaches were used
namely a polydentate ligand (TTHA, Triethylene tetraaminehexaacetic acid) and
usage of halogeno bridges. From these methods of preparation only one
stoichiometrically precise TTHA complex was isolated, that of Rh-Zn (1 : 1)
obtained as a single crystal. Apart from that two more heterobimetallic complexes
e.g. Cr-Rh (3 : 1) TTHA complex and one halobridged Pd-Pt (3 : 1) complex, were
isolated.

Despite the imperfect stoichiometry of the TTHA complexes, some (Rh-Ni, Cr-Pd,
Rh-Pd) were nonetheless used in the preparation of mesoporous silicas. The
combinations Cr/Pd and Rh/Pd evidently led to deposition of nanoparticles of the
different metals, although there was some evidence for the formation of
heterobimetallic nanoparticles with Rh/Ni.

In investigating the possible preparation of heterobimetallic complexes between gold

and platinum or palladium, the oxidation of the Group 10 metal by gold was
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observed and studied. One unexpected outcome of the reaction between Pt" and Au""
as their NBu," salts was the observation of the bimetallic complex [NBug]2[ClsPt{ -

(1% —trans-butadiene) }PtCls] and possible mechanisms of formation are discussed.
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DMF dimethylformamide
DMSO dimethylsulfoxide
D,O deuterium oxide
DOPA L-3,4-dihydroxyphenylalanine
dppm bis(diphenylphosphino)methane
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ethylenediamine

en
EDTA ethylenediamminetetraacetic acid
ESI Electronspray lonisation
ESR Electron Spin Resonance
EDX Energy-dispersive X-ray diffraction
Et,O diethylether
EtOH ethanol
fcc Face centered cubic
FSM Folded Sheet mesoporous Materials
FTIR Fourier transform infrared spectroscopy
FWHM Full width at half max
AG° Change in free energy
h Hours
AH® Change in enthalpy
H Hexagonal phase
H; Normal hexagonal phase
H; Normal hexagonal phase
HPLC High-performance liquid chromatography
HSAB Hard and soft (Lewis) acids and bases
Hz Hertz
| Micellar isotropic
Iy Normal micelles
I, Inverse micelles
IR Infra-red
L Isotropic micellar solution
L, Lamellar phase
LC Liquid-Crystalline
LCT Liquid Crystal Templating

LCQ

Liquid Chromatography Quadrupole
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MCM Mobil Composition of Matter
MHz Megahertz
MeOH methanol
MRI Magnetic Resonance Imaging
MS Mass spectrometry
m/z Mass to charge ratio
NMR Nuclear magnetic resonance
O1P Transmitter Frequency
PEG polyethylene glycol
POM Polarised Optical Microscopy
PPO polypropylene oxide
PPG polypropylene glycol
ppm Parts per million
S Singlet
AS° Change in entropy
salen 2,2’-ethylenebis(nitrilomethylidene)diphenol
SBA-15 Santa Barbara No. 15
SEM Scanning Electron Microscopy
t Triplet
TEM Transmission Electron Microscopy
TEOS tetraethoxysilane
THF tetrahydrofuran
TLCT True Liquid Crystal Templating
TTHA triethylenetetraamine-N, N’, N”, N""'-
hexaacetic acid
TMOS tetramethoxysilane
\% Bicontinuous cubic
XRD X-ray diffraction

15



Navpreet Sethi

Acknowledgements

I would like to express my heartfelt gratitude to my supervisor Professor Duncan
Bruce without whom it was nearly impossible to carry on with this project and to
complete this PhD thesis. His suggestions, understanding nature, guidance,
generosity and constantly encouraging attitude along with vast knowledge in

different areas has added gradually to my research experience.

| greatly acknowledge my IPMs Dr. Karen Wilson and Dr. Anne Duhme-Klair for

their guidance and useful suggestions in the Thesis Advisory Panel meetings.

I am grateful to Professor Wuzong Zhou at the University of St. Andrews for
carrying out significant TEM analysis. A very special thanks goes out to Dr. Nigel

Young at University of Hull for his assistance in carrying out IR measurements.

I am immensely thankful to all the people of the Department of Chemistry at The
University of York who have helped me during the crucial time of my research,
especially Heather Fish for her great assistance with NMR experiments, Dr. Adrian
Whitwood for his extraordinary help with the X-ray Crystallography and the X-ray
Diffractometer, Dr. Trevor Dransfeld, Ben Hodgson, and Karl Heaton for their
assistance with mass spectrometery, Dr. Phil Helliwell for CHNs as well as Atomic
Absorption spectroscopy, and Dr. Graeme McAllister for carrying out prompt CHNs
in the last year. 1 am extremely thankful to Helen and Alice in the Chemistry
Graduate Office for helping me all the way through assistance with different matters.

Thanks go to Nasir and Imam for support and assistance of all sorts.

| would also like to thank all the members of the group, former as well as new, who

have played a special role in helping me carrying out my lab work with a great ease.

16



Navpreet Sethi

| really appreciate our lunch and coffee time conversations and our precious timeouts
with my friends in the group. It is difficult to mention every name but | am glad that

you all were there, thanks a ton!

I am grateful to the Department’s Wild Fund without which it would not have been

possible to continue this research.

Finally, 1 would like to express my sincere gratitude and appreciation to Dr. Avtar
Matharu, University of York and Mrs. Sukhwinder Matharu for their backup support
and in making me feel like home. Above all, huge thank you to my parents, and my
brother Ruble for their patience, love, support and understanding which constantly

motivated me to carry on.

Not to forget my friends in the Department of Chemistry, in and around York, back
home, and around different parts of the world for their kindness, encouragement and

support which helped me out to have an optimistic attitude most of the times.

Lord | am grateful to what | am today although there is much more to say but words are enough.

17



Navpreet Sethi

Declaration

This thesis is available to the Library use on the understanding that is copyright
material and no quotation from this may be published without proper
acknowledgement. | certify that all the material in this thesis which is not my own
work has been identified and that no material has previously submitted and approved

for the award of a degree by this or any other university.

18



Chapter 1

Introduction



Navpreet Sethi

This chapter will introduce the various terminologies, methodologies,
applications and other information covering historic as well as recent
developments in the field of mesoporous solids and heterobimetallics. The
chapter will begin from the basic understanding of the surfactants and micelles
and then discuss the synthesis of well-known mesoporous silicas through
different methodologies. Finally, applications of the mesoporous network to
produce heterobimetallic catalysts via various different routes will be

discussed.
1.1 Micelles
Surfactants

The term surfactant originated from the term surface-active agent" i.e. from
their tendency to act upon the surface that is by reducing its surface tension by
being adsorbed onto the surface of water. Each surfactant molecule, or
monomer, is composed of two parts: polar head and non-polar tail regions,

which are hydrophilic and hydrophobic, respectively (Fig. 1.1).

Head (Hydrophilic)

Tail (Hydrophobic)

Fig. 1.1 Schematic representation of a surfactant monomer.
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The hydrophobic tail is usually hydrocarbon in nature however; the
hydrophilic head group can be cationic, anionic, zwitterionic or neutral, as

shown in Fig. 1.2.

Cationic R
Me—l}l—Me Cl
Me
Anionic 0SOzNa*
R
Zwitterionic Me
R—N-O
Me
Neutral R(OC,Hy),,OH

Fig. 1.2 Types of surfactant head groups.

To understand the concept of surface tension, it is important to consider the
role and properties of solvent molecules. In water, the molecules interact with
each other due to hydrogen bonding between the molecules. On average these
interactions are experienced equally by all molecules in all directions except at
the interface. At the air-water interface, water molecules experience an
imbalance of attractive forces due to non-formation of hydrogen bonds in all
directions (Fig. 1.3). This results in an inward pull at the interface due to
which a contracting force acts at the surface and is known as surface tension.
The surface tension of the pure water at 295 K is 72.4 mN m™, irrespective of

the size of the container.?
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@) O O Interface

“J/ ./

/ s / 1\ Bulk

Fig. 1.3 Diagrammatic representation of surface tension.

When the surfactant molecules are added to the water, they adsorb at the
surface with the polar head groups interacting with the water molecules at the
surface and, the non-polar chains pointing to the air. This results in a decrease
in surface tension, which thereby reduces the free energy of water. In addition,
isolated surfactant molecules present inside the water disrupt the three-
dimensional network formed by intermolecular hydrogen bonds, due to the
introduction of the hydrophobic chains. More significantly, these hydrophobic
chains are, in effect, frozen in the water as they cannot interact with the water
molecules, which in fact form an ordered 'skin' around them. All of these

effects act to increase the free energy of the system.

As the amount of surfactant increases, so does the free energy until the
increase in free energy is great enough to lead to another event, the formation
of micelles (Fig. 1.4). The concentration at which this event takes place is
known as the critical micelle concentration (cmc). However, micelles
represent a more ordered arrangement (decrease in entropy) so what is the
driving force for their formation? Consider the normal micelle in Fig. 1.4

where the headgroup is charged. Clearly the repulsion of like charges
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represents an increase in the enthalpy of the system, which on its own would
disfavour micelle formation. However, the interior of the micelle is a very
hydrophobic environment — so much so that the hydrophobic chains are now
free to move around (increase in entropy). Furthermore, in forming this
hydrophobic pocket, the ordered 'sheath’ of water from around the chains is
released resulting in disordered, free-moving water (another increase in
entropy).® In fact, the increase in entropy from these two effects is substantial
and, while there are other effects both enthalpic and entropic at play, they are
less significant and tend to cancel out, so that the positive change in AS
overcomes the enthalpic repulsion between the headgroups, driving the
formation of the micelle. The combination of these factors is known as the

Hydrophobic Effect.

A brief evaluation of the key factors then readily reveals that the cmc will be
lower for neutral surfactants (very much lower headgroup repulsion) and that it
will decrease as the length of the hydrophobic chain increases (great entropic

contribution).

The value of cmc for non-ionic surfactants lies within the range of 10°-10° M
at room temperature.®> The state of a micelle is never constant as there is an
equilibrium established between monomers and the aggregated monomers or
micelles. Hence, a continuous movement of monomers or surfactant molecules

from and into the micelles occurs.

Micellar size and shape are dependent on the nature of the surfactant, the
medium surrounding the surfactant, and the temperature as well as

concentration. The lowest temperature at which micelles are formed is known
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as Krafft temperature,* which is dependent on the solubility of the surfactant as
below this temperature the surfactant can crystallise. The presence of
electrolyte influences greatly the cmc of ionic surfactants but has little effect

on the cmc of non-ionic surfactants.

Micelles can be categorised as “normal” or “inverse”. Normal micelles consist
of a hydrophobic interior and hydrophilic exterior i.e. the head group or polar
part is on the outer side and the chain length is on the inner side (Fig. 1.4 A).
However, inverse micelles have a hydrophobic exterior and hydrophilic
interior i.e. the tail part is on the outer side while the head part is at the inner

side (Fig. 1.4 B).
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Hydrophilic
exterior

5 Hydrophobic
exterior

=",
=,

Qo
000

Fig. 1.4 Shapes of micelles. A is a normal micelle and, B is an inverse micelle.

Micelles can form different shapes e.g. spheres, discs, and cylindrical rods

(Fig. 1.5).
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Spherical Part of a disc micelle

Cylindrical

Fig. 1.5 Different shapes of micelles.

The shape of a micelle is influenced by the properties of the surfactants
namely, chain volume (v), area of the head group (a), and chain length (1).”
Israelachvilli® developed a method to interpret the shape of the micelle formed
in the medium, from the above parameters. According to his model, the
surfactant of a micelle acts like an ice cream cone inside the polar medium

(Fig. 1.6).” The approach involves calculation of the shape factor or packing

parameter (77) of the micelle by using following equation,

i @
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Fig. 1.6 Schematic representation of surfactant molecule as an ice cream cone.’

The packing parameter is considered as a true variable, which determines the
shape of micelle formed and so normally predicts well the nature of the first-
formed liquid crystal phase (see below). It is known that the hydrophobic chain
length (1) is always shorter than that of a fully extended surfactant (l).
Therefore, considering the chain length factor (I < I;), and by using the above
equation, the shape factor can be calculated for spherical, cylindrical and
bilayer shapes hence the estimation of the geometry of the micelles is possible
(Table L.1). From the values of a and v the number of molecules in a micelle is

easily calculated.

Table 1.1 Shape factor observed for different micellar shapes.?

Micelle Shape Shape factor ()
Spherical n<1/3
Cylindrical rod 113 7<1/2
Disc 1/2<np<1.
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1.2 Liquid-crystalline Phases

Pure organic substances, either on their own or in an aqueous solution which
can self organise in such a way that they exhibit properties intermediate
between a solid and liquid state, are known as liquid crystalline. A liquid-
crystalline substance can form different phases, which are governed by their
tendency to self-organise: such organised phases are termed mesophases.
Depending upon factors that are responsible for the mesophase formation of a
liquid-crystalline substance, they are divided into two categories, namely
Thermotropic and Lyotropic. Thermotropic liquid-crystalline materials are
formed due to variation in temperature only and are not discussed further here.’
However, the formation of lyotropic liquid-crystalline materials is governed by

concentration (and temperature).

At the cmc, the organisation of amphiphilic molecules begins and such
monomers, when associating in this way they are known as association
colloids. Such a micellar solution does not show any liquid-crystalline
behaviour and is, therefore, isotropic. If the amphiphile concentration increases
then all additional amphiphile goes into the formation of micelles and so the
micelle concentration increases until the micelles eventually order to form a
liquid crystal phase and the solution becomes anisotropic and more viscous
than the isotropic phase. No surfactant can show the formation of all the

possible liquid-crystalline phases as shown in Fig. 1.7.
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Temperature
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=L
I

Surfactant Concentration

Fig. 1.7 Phase diagram (hypothetical) of surfactant in water showing different possible liquid-
crystalline phases. Here H, V, |, and L, are hexagonal, bicontinuous cubic, micellar isotropic,
and lamellar, respectively. L represents isotropic micellar solution and 1 and 2 stand for
normal and inverse types.
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The binary phase diagram for a non-ionic surfactant, e.g. Ci2EO1g
(dodecaethylene monodecylether) showing different liquid-crystalline phases,

is given in Fig. 1.8.

md
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Fig. 1.8 Phase diagram of water/C1,EQ4q system as a function of surfactant concentration and
temperature.® Wy, is an aqueous micellar solution phase; H; and I, stands for hexagonal and
cubic liquid-crystalline phases, respectively; S is solid phase, Il indicates a two-phase region.

The hexagonal phase exists both in the normal (H,), Fig. 1.9. (A), as well as in
the reverse (H.) structures. In a hexagonal phase, the micelles are assembled in
the form of rods packed together forming a hexagonal structure, the viscosity
of the hexagonal phase is higher than that of a lamellar phase and is

anisotropic. The rods in the H; phase usually possess a diameter within range
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of 1.3 to 2.0 nm, while the separation of the two rods in the H; phase may vary

from 0.8 to 5 nm.*

A B

Fig. 1.9 Normal hexagonal H; phase (A) and lamellar L, phases (B).

The lamellar phase is considered as one of the most common of all the
lyotropic phases. Like any other mesophase (except the cubic phase), it is
anisotropic and can exist in the form of double layers commonly known as
bilayers (Fig. 1.9 B).*? The ordered bilayer structure is organised in such a way
that the polar head groups can interact with water or are water facing, while the
non-polar chains are in contact with one another so as to avoid any contact
with water.™* The structure is shown in Fig. 1.9 (B) depicting the bilayer, that
repeats to give a lamellar phase. The separation between bilayer is an area
where water is found. (Fig. 1.9 B). Bilayers can easily slip over one another
hence making the phase less viscous. The width of a double layer is
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approximately 3.0 to 4.0 nm. The width of the layer may vary depending upon

the chain folding, the tilting tendency of the bilayers and the water content.

The existence of cubic phases was first confirmed from X-ray diffraction
(XRD) by Luzzati and Husson,™ and by Luzzati et al.** In so-called discrete
cubic mesophases, the micelles are organised in a three-dimensional lattice in
the phase, which is characterised by its viscous and isotropic nature,
possessing no optical texture and being highly viscous. The discrete cubic
mesophases are formed either from either normal (I1) or inverse (1) micelles,
and two common forms are the body-centred cubic (bcc, Im3m), face-centered
cubic (fcc, Fm3m) modifications. Bicontinuous cubic phases (V3 and V,) (Fig.
1.10) are different and have a more complex structure that has been described

I** and in a model using infinite minimal periodic surfaces.'® In

in a rod mode
common with the micellar cubic (1) phases, these are also optically isotropic

and viscous.

Fig. 1.10 Schematic model of a bicontinuous cubic phase."’
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1.3 Mesophases as Templates®

As discussed above, the concentration of a surfactant in a solvent far above the
cme is known to be responsible for formation of a particular mesophase such
as hexagonal, cubic, and lamellar. This information is obtained from a phase
diagram of a particular surfactant. The mesophases formed then can be used as
templates for the preparation of a mesoporous network irrespective of the
nature of surfactant being used. Mesophases can be prepared from cationic and
non-ionic surfactants such as alkyltrimethylammonium and polyethylene
glycol (PEG), polypropylene oxide (PPO) or mixture of both, respectively.
Non-ionic surfactants are the most common. This is due to their low cost and

commercial availability.

By using the phase diagram, a particular wt% of the template with respect to
solvent is employed in different methods of preparations of which some of

them are discussed below in details.

1.4 Ordered Porous Solids
History

Mesoporous materials were well-known before the discovery of ordered
mesoporous materials.'® The term ordered porous materials/solids is used for
those materials (e.g. micro-, meso- or macro- porous) in which the atoms are
linked together by chemical bonds and the voids between the linked atoms are
arranged in an organised manner.’® They are named as micro-, meso-, or

macro- porous materials according to their pore size. The materials which
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possess pores of diameter less than 2 nm are categorised as microporous

materials e.g. zeolites?***

(general formula Mym[AlSi;xO2]-nH20, where M is
a cation and m is its valency). They possess application mainly in separation
technology, primarily for adsorption of harmful gases (e.g. in masks) as well as
in providing a sterilised environment (e.g. bandages). Other important roles are
in industrial and catalytic applications.?>** The materials with diameters higher
than 50 nm lie in the category of macroporous materials e.g. biological
molecules, polymers of titania and zirconia.?* The applications of macroporous
materials mostly similar to mesoporous solids described below. Materials

which contains pore diameters in the range of 2-50 nm (IUPAC

recommendation)? are recognised as mesoporous materials.

The first ordered mesoporous materials were discovered in late 1980s by
Mobil Oil Company, who reported MCM-41.%*" MCM-41 is silica with
characteristic hexagonal array of channels (honeycomb-like lattice, (Fig.
1.11)),%%" with well-organised pores of varying diameter from 2.0 up to 100

nm.?®
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Fig. 1.11 TEM image of ordered MCM-41 silica showing honeycomb-like structure.?
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Mesoporous materials are categorised into different type known as pillared
clays and others including amorphous silicas. MCM-41 belongs to the family
of molecular sieves known as M41S.3%?"3' MCM is also known in the
literature with a non-hexagonal pore structure under the name of MCM-48% or
MCM-50* based on templating on the cubic and lamellar phase, respectively.
Another type of ordered mesoporous silicate, Kanemite,>** (NaHSi,0s.H,0)
was discovered during the same time as that of MCM-41 but was commonly

known as a layered silica.***" (Fig. 1.12).

‘ silicon
‘ oxygen
@ sodium

hydrogen

Fig. 1.12 Structure of Kanemite as observed at low temperature showing bc plane.®
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The discovery of Kanemite provided an alternative pathway to synthesise
ordered mesoporous silicas (Fig. 1.13). However, this approach was less
versatile when compared to MCM-41 as it involved the intercalation of
surfactant molecules and optimisation of the reaction conditions somewhat
similar to the pillaring method (see section 1.5.1) as used for zeolites. Using
the same alternative approach materials that were obtained were known as
FSM-n (Folded Sheet mesoporous Materials-n), where n is the number of
carbon atoms in the surfactant (alkyl) chain length used as intercalate in the
synthesis. FSM-n materials were known to form both ordered mesoporous

silicas and aluminosilicates.3*4°

Na*
+
CoHaniNMe,
=
Kanemite Silicate-Organic Mesoporous

complex Material

Fig. 1.13 Folded silica sheets around intercalated surfactant molecules, a) ion exchange, b)
calcination.®

In the category of ordered mesoporous materials, one more type has been
included, namely SBA-15 (Santa Barbara No. 15). This was prepared using
mesophases formed from triblock copolymers as template (general formula
(PEO)x-(PPO)y-(PEO)y, where PEO (polyethylene oxide) and PPO is
(polypropylene oxide). Triblock copolymers are also known by the trade name
Pluronics.®* The method of preparation was different than that used for FSM,

and MCM-41, and is discussed below. The resulting mesoporous materials
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showed a two-dimensional hexagonal morphology and differed from MCM-41
and Kanemite by having greater hydrothermal stability, wall thickness and
pore size. SBA-15* has the distinguishable feature of also having micropores

not present in other ordered mesoporous materials.

In order to describe the methodologies involved in the preparation of such
mesoporous materials (i.e. MCM-41 and SBA-15), it is necessary to consider
their mechanism of formation. These mechanisms are not very well established
and are known in the literature under the headings: Silicate Layer Puckering,*
Charge Density Matching,** Folding Sheets,***° Silicatropic Liquid Crystals,**
and Silicate Rod Clusters.*® These mechanisms are not discussed in this

chapter but other well-known methodologies are described in details in the

section 1.5 of the Introduction.

Mesoporous materials, due to their specific pore size between micro- and
macro-porous materials, have attracted most attention in the past years and
possess numerous potential applications that are developing constantly.*®*’
The reason for this is their structural specificity (morphology), physical
properties and chemical composition. The pores in mesoporous materials show
long-range order and are distributed uniformly throughout the material. They
have extremely high surface areas (100 to 1500 m? g™), which are a unique
characteristic and make them useful as a catalyst support. The mesopores are
uniform in diameter and can be easily tuned within the range (2-50 nm) with
high chemical and thermal stability along with a tendency to be functionalised

easily. All these characteristics make them ideal materials to be used as

supports in adsorption, biotechnological devices and in catalysis.”® They have
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many other applications®® for example, electrochemistry,”® adsorption,
separation  technology,”® molecular engineering,®® drug  delivery,®

bioadsorption and biocatalysis>® as well as in medicinal chemistry.>2

1.5 Methodologies Involved in the Preparation of Mesoporous Solids

1.5.1 Pillared Clays*

The preparation, of pillared clays, is shown diagrammatically in Fig. 1.14.
The methodology requires guest species that are intercalated in the system to
generate a porous network. Thereafter, the pillars are introduced to the
framework to maintain the spacing laterally as well as throughout the system
(i.e. mesoporous network) as the pores collapse without them. The size and
regularity of the pores is maintained by the type of pillar being used. Most of

the examples of such systems include smectic clays.>*
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Fig. 1.14 Schematic diagram of prepared pillared clay minerals (adapted from Moore and
Reynolds).*®

— Pillar
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The moieties that have been used as pillars to keep the smectic clays from
collapsing at high temperatures (>200 °C) include tetraalkylammonium ions,
bicyclic amine cations, metal chelate complexes and polynuclear hydroxy
metal complexes.®®*” The polynuclear hydroxy metal complexes are much
more stable at high temperatures (i.e. > 200 'C) than the others.*®*” Thermally
stable clays have surface areas ranging from 200 to 500 m? g*. Charge
stability has always been a problem in the concept, because the number of
cationic precursors used and the number of pillars introduced is dependent on
the cation-exchange capacity of the clay as well as the charge of the precursor
used.®® So, depending on both these factors, a greater number of pillars
supporting the pores are employed, which is observed as an irregularity due to
the presence of the uneven number of pillars per layer. This non-uniformity,
present throughout the smectic layers, is overcome by the insertion of
polynuclear hydroxy metal pillars, where the ions filled in each interlayer
were of same population density. That is why a stable equivalent pore
structure can be obtained. Therefore, the method has been applied limitedly to
certain processes such as diesel production and cracking in petroleum
production.”® However, with the refinement of the above method then they
have been employed in other applications such as adsorption and

catalysis.?*®
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1.5.2 Liquid Crystal Templating (LCT)

This method came into being with the preparation of MCM-41.5%%* The LCT
method involves the synthesis of mesoporous materials by the interaction of a
silica precursor with an appropriate quaternary ammonium surfactant.
Thereafter, the template was subjected to calcination for specific period of

time resulting in the formation of a uniform array of channels (pores).

Hexagonal
Array

Surfactant Micellar
Micelle Rod

Silicate Calcination 4

Silicate

@

Fig. 1.15 Possible mechanistic pathways of formation of MCM-41: (1) liquid crystal phase
initiated, (2) silicate anion initiated.*

As shown in Fig. 1.15, two possible mechanisms have been proposed for the
formation of these mesoporous silicas. In the first mechanism (Fig. 1.15 (1)),
the formation of the liquid crystal phase is initiated by the formation of the
micellar rod. On addition of a silicon source, the liquid crystal phase results in
the arrangement of those micellar rods entrapped by silica. However, the
second mechanism (Fig. 1.15 (2)) provides a different explanation according
to which the silicate anion on addition to the solvent surfactant mixture, acts

as a phase initiator. Then, that phase results in the encapsulation of micellar
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rods with silica via sol-gel condensation,®® so that the surfactant organises
itself as a micellar rod and the anion forms a layer around it. The resulting
structure (i.e. micellar rod enclosed with the anionic layer) initiates the
formation of hexagonal array of pores throughout. The size of the pores was
influenced by two factors, the surfactant alkyl chain length and the use of an
organic auxiliary® (e.g. 1,3,5-trimethylbenzene)®® as shown in Fig. 1.16. On
addition of 1,3,5-trimethylbenzene (mesitylene) to the synthetic mixture, the
pore diameter widens and the increase in pore size can be observed in the
range of 3.0 nm to 10.0 nm. Apart from organic auxillaries (as mentioned
before), there are other additives known in the literature which can also be
used to manipulate the pore size and to keep it constant throughout the
mesoporous solids. The examples include PEG (polyethylene glycol),®” PPO
(polypropylene oxide),®® liquid paraffin® and PPG (polypropylene glycol).”
The organic auxiliaries or additives used for the modification of the pore size

are generally categorised as swelling agents.

Hydrophobic interior / /.

: J Me

NV I .ﬁ [j M
Me/@Me /@\

Organic auxiliary .jfﬁ” ““'
(mesitylene) f ;e &\\

Hydrophilic exterior ‘

Micelle .
Swollen Micelle

Fig.1.16 Pore size enhancement due to addition of organic auxiliary (mesitylene).
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1.5.3 True Liquid Crystal Templating (TLCT)

This methodology was introduced by Attard et al.,®® and involves the initial
preparation of the liquid-crystalline phase (confirmed by OPM) followed by
the addition of a silica precursor (TMOS, tetramethoxysilane) and a sol-gel
condensation. The liquid-crystalline phase was prepared by the addition of an
equimolar ratio (i.e. 1 : 1) of water (acidified to pH 2) and surfactant (e.g.
C12EO1p, Ci2H25(OCH,CH3)100H). The acid used for the adjustment of the
pH has no effect on the methodology and is used only to achieve the
isoelectric point of silica. On addition of the silica precursor (TMOS, 0.25
mol equivalent), MeOH (by-product) was released which was removed
instantaneously (under gentle, dynamic vacuum) to protect the hexagonal
phase (H;) from being disrupted. Thereafter, the mixture was condensed (for

12 h) followed by calcination so as to achieve the solid with aligned pores.

154 LCTand TLCT

With TLCT, no precursor inorganic framework is required as used in LCT
which has to initiate liquid crystal phase formation, rather, a pre-formed
liquid-crystalline phase is used. The phase formation is directly under the

influence of concentration at a particular temperature and pH.

Due to initial phase formation, the interaction between the silica and
surfactant ensure the encasing of the precursor without phase separation. The
interactions between the surfactant and the precursor may vary depending

upon the nature of surfactants being used.
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Unlike LCT, in TLCT a preformed liquid-crystalline phase was used with

which there was always a confirmation of the existence of phase.

Although, both LCT and TLCT can use ionic or neutral surfactants, the silica
source differs. There are certain differences which have marked effect in both
the processes. In TLCT an alcohol is formed as a by-product, which is
difficult to remove. However, the by-product in LCT is removed during the
working up of the porous solid formed. This difference is due to the different
silica precursors used. The by-product removal is a crucial step in TLCT,
whereas interaction between surfactant and silica is the most crucial step in
LCT. The concentration of surfactant in LCT is just above cmc but is far less
than required for liquid-crystalline phase formation. Hence, the certainty of
equivalent pore formation in LCT is difficult to achieve however, the reverse
is true for the TLCT due to the preformed LC phase, which confirms that the
pores formed will be uniform in nature. Due to this, the pores observed in
M41S are in the range of micro- and meso- porous materials with pore size
range of 1.7 to 2.5 nm. In TLCT, the surface area (> 1500 m? g™*) obtained is
much higher than that of LCT and or any other method.* the calcination
process of the templates (prepared by TLCT), the pore morphology is
influenced by temperature and atmospheric conditions of the furnace (i.e.
needs control)® but it is not so for LCT. The latter, shows some mechanistic

resemblance with methods involved in zeolite preparations.”

The two methodologies discussed have created a clear image of templating.
However, the mechanistic models that have been suggested in different

literature reviews have been discussed separately here. The mechanism is
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dependent upon the nature of the surfactant. The interactions between silica
and the surfactant are electrostatic.”® Zwitterionic and non-ionic surfactants
(such as Pluronics) have also been utilised for condensation but with no
explanation to the charged interactions rather relative rates of assembly of the
process is said to be as governing the phase formation.”>"* However, Tanev
and Pinnavaia’ proposed a new perspective in order to give an explanation
for the interactions involved in the non-ionic surfactants by making use of
some functional groups on the surfactant and the silicon source. Their concept
involved the formation of hydrogen bonding between the two (i.e. non-ionic
surfactant and the silicon source (e.g. TEOS)), which leads to formation of
mesoporous network. Although, the resulting materials was devoid of long-
range order of pores but the mesoporous material had thick walls that possess
high thermal stability. Huo et al.,”* presented a mechanism similar to Tanev
and Pinnavaia’ which presented a general point of view of the interactions
existing between the inorganic precursor and the surfactant head group.
However, they also proposed reaction pathways for differently charged
surfactant head groups and inorganic precursors. For instance, the oppositely
charged surfactant will be interacting by S*I" or S'I* pathway also known as
direct condensation. They also proposed mechanistic pathways for the same
charged surfactant head group and inorganic precursor. According to which,
if both the surfactant and silica are cationic, then the reaction is mediated by
counterions such as halides (X~ = CI, Br) for condensation (S*X1%) also
known as S™XI" pathway. If the surfactant as well as silicon source are
anionic, then the reaction is mediated by Group 1 metal ions (M* = Na*, K")

and forms (SM'I"), known as SM*I" pathway. For neutral surfactants and
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silica precursor, hydrogen bonding between surfactant head group and silica
precursor is involved. The interactions within the surfactant and silica are

shown with the examples in the table given below.

Table I.11 The interactions involved in the condensation of surfactant and silicate with

examples.”
(S) n Mediator Condensation complex Examples
Surfactant  Silica

(sH) ) _ ST MCM-48,
Cationic Anionic MCM-41S

(S) () _ ST Iron oxide, lead oxide
Anionic Cationic

(sH () X S Silica (pH < 2)
Cationic ~ Cationic Halide

(S) (N M* SMI Zinc oxide (pH>12.5)
Anionic Anionic Metal

(s% () _ [ Alkyl amine & hydroxylated TEOS

neutral neutral hydrogen bonding

1.6 Heterogeneous Catalysis and Heterobimetallic Nanoparticles

Catalyst technology plays a major role in almost every industry from polymers,
fuels and fertilisers to pharmaceuticals.”® Indeed industrial production, which
is approximately 20 to 30% of global economy is dependent on catalysis.’’
Catalysis is a vast and emerging field and has brought changes with time in
different forms, for instance from single-crystal catalysts, to activated
catalysts, and then to homo- and hetero-geneous catalysts (Fig. 1.17). The
target has always been to increase industrial efficiency which relies on a

catalyst’s recyclability, activity and selectivity.
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Fig. 1.17 Schematic drawings of: A a conventional porous catalyst; B a model of supported
catalyst with activated phase as thin layer of support like material, and C, a single crystal
model of supported phase.”

Porous solids have a great impact in the field of heterogeneous catalysis. The
discovery of MCM-41, an ordered mesoporous solid, brought a revolution in
the field of catalysis. It is known that catalytic performance is greatly
influenced by reduced particle size due to the greater surface area and charge
influencing electronic properties thus, influencing the activity of the catalyst.
Therefore, with a deeper understanding of structure-activity relationships,
mesoporous solids have been used as catalyst supports to enhance the activity
as well as the selectivity of a catalyst. Due to their unique pore morphology,
higher surface area (up to 1500 m* g™) and long-range order, mesoporous

solids are well suited to use as catalytic support materials. The wide and
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tuneable pores of mesoporous solids provide an advantage enabling them to
entrap the catalysts without becoming blocked completely and a significant
effort has been observed in the synthesis of such catalytic supports and

resulting catalysts.

The synthesis of the catalyst is usually carried out in two steps:
Step 1: Introduction of the metal precursor or complex to the porous solid or
solid support.
Step 2: Drying and calcination or reduction of the precatalytic precursor/

porous solid to remove organic matter and to obtain pores.

The step that involves introduction of metal particles or complexes into the
pores of silica, is carried out by involvement of different strategies, commonly
known as direct synthesis or post-synthetic modification. Some of the most
common methods used in such syntheses to prepare bimetallic nanoparticles

are now described.

Thomas, Johnson and co-workers have carried out work in the field of mixed-
metal clusters as well as in the preparation of bimetallic nanoparticles on
mesoporous supports i.e. MCM-41. They have also studied the catalytic
activity of the bimetallic nanoparticles prepared by this method. They
successfully synthesised bimetallic carbonyl clusters that included AgsRuso,”
CusRu.,® Pd-Ru,*> RugSn® units. The method of preparation and
encapsulation within the mesopores of silica was identical for the four of them,
which involved postsynthetic introduction of metal carbonyl precursors to

separately prepared MCM-41 support followed by thermal decarbonylation
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and then removal of organic content to give bimetallic nanoparticles. For
example, the preparation of bimetallic Pd-Ru nanoparticles involved use of
[NEts]"[PdsRus(CO)24] through insertion of the mixed metal cluster onto
MCM-41 support via adsorption, which on decarbonylation at high
temperature (170 °C) resulted an active hydrogenation catalyst. The TEM
analysis showed uniform particle distribution of discrete nanoparticles
(ca.17 A diameter) and the particles formed were confined within pores of
silica (ca.30 A diameter). The activity of the Pd-Ru catalyst was tested for
hydrogenation of linear alkenes as well as aromatic hydrocarbons and it was
found that in comparison to previously prepared catalysts (i.e. AgsRuio and
CusRuy,) it was highly active.®? In addition, it was easily recyclable by simple
filtration and it did not influence its activity or any segregation of the two

metals as components of the bimetallic catalyst.

Panpranot and co-workers®® demonstrated synthesis of bimetallic Ru-Co
catalysts through the wetness impregnation technique. The catalysts were
prepared using solutions of cobalt nitrate and ruthenium nitrosyl nitrate of
different concentrations impregnated into MCM-41 of different pore sizes (3
and 7 nm) and onto amorphous silica for comparison. The Co : Ru ratio was
varied i.e. CozRups/S, CosRugs/S, CogRUgs/S, and Coi4RuUgs/S (where S is
catalytic support used and the subscripted numbers refer to the wt% of each
metal). Due to higher loadings of Co i.e. > 5 wt%, the XRD pattern for the
bimetallic particles disappeared, probably due to blocked pores on account of
the presence of high metal loadings. The reason for this was that the excess of
metal present caused pore blockage. Further, to support this, the metal was

completely removed from the silica framework which produced well-defined
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silica pores. The reason for the pore blockage was considered as agglomerated
metal particles. The wide-angle XRD results showed presence of oxides of the
metals (Co304, RUO;) and not reduced cobalt and ruthenium. Therefore, a
temperature-controlled reduction was carried out to obtain reduced metal either
in a single step or in two steps for SiO, support and MCM-41 supports,
respectively. The reduction of the resulting catalyst was done under controlled
temperature conditions in order to avoid any demetallation. The low-angle
XRD results of the doped silicas did not show sharp peaks corresponding to
well-defined pore-structure. Therefore, no TEM was performed but SEM was
carried out instead. The EDX of the SEM images showed the presence of
exactly the same concentrations of metals in MCM-41 (7 nm) as used in the
preparation. Although the EDX results illustrated the formation of bimetallic
nanoparticles of varying concentration, without TEM analysis it was not
certain that they were present on the surface of the support or were embedded
into the pore walls. The bimetallic catalysts prepared with MCM-41 showed
high surface area even at higher loadings of Co. The results obtained showed
that the Co-Ru/MCM-41 appeared to be a better catalyst than Co-Ru/SiO..
Therefore, for catalytic activity analysis they were tested for Fischer-Tropsch
synthesis as well as for CO hydrogenation® and the results obtained were

found to complement the previous results.

The above methods of synthesis involved step-wise introduction of transition
metals to the support which does not necessarily result in metal particles
incorporated within the pores of silica. Therefore, another approach, called a

‘one-pot’ synthesis, was discovered, which showed the possibility of direct
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incorporation of transition metal precursor to the preformed liquid-crystalline

phase® i.e. before sol-gel condensation.

Dag and co-workers developed a method to produce liquid-crystalline phases
with aqueous solutions of transition metals and non-ionic surfactants. Later,
following this approach, they demonstrated the possibility of introducing noble
metal particles though chlorometallic acids of Pt"®®® and Au"' to produce
nanoparticle-doped mesoporous silicas though TLCT. Although, some success
was achieved in doping the metal nanoparticles onto the silica framework, the
inorganic framework produced had certain limitations such as low mechanical

stability, weak pore structure and absence of long-range order of the pores.

Bruce and co-workers used metallosurfactants in a one-pot synthesis to
produce metal nanoparticles, employing surfactants bipyridine complexes of

Ru"B"#8 (Fig. 1.18).

2+

CmH2m+1

2Cr

CnH2n+1

Fig. 1.18 Surfactant Ru" complexes investigated by Bruce (where, n, m >12 give hexagonal
phases, and n = m =12 give cubic phases).
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In their work, they wused an amphiphile derived from tris-(2,2'-
bipyridine)ruthenium(ll) in its hexagonal liquid-crystalline phase as a template
for a TLCT synthesis to prepare mesoporous silica with hexagonal pores. On
condensation of the metallosurfactant and the TMOS, a bright-orange coloured
monolith resulted with the retention of the texture of the hexagonal phase. The
glassy solid was then subjected to calcination, resulting in a black solid with
well-dispersed RuO; nanoparticles (2.4 nm diameter, Ru 6 wt%) present within
the mesoporous silica network. The doped silica so prepared was observed to
possess high activity when analysed for hydrogenation® and oxidation®

reactions.

The same research group used TLCT in a different way to demonstrate a ‘one-

! as well as bi-** metallic nanoparticles on a

pot’ synthesis of mono-°
mesoporous silica support. For monometallic nanoparticles, Group 1 metal
salts of the halometallate anions of Pt", Pd" and Au"', were used. However, for
mixed-metal silicas, an EDTA complex (as the sodium salt) of some first-row
transition metals (Co", Fe", Cr'"') was employed to get round the kinetic
lability of their chlorometallate anions in water. The methodology involved
using aqueous solutions of the EDTA complexes in water to produce the
mesophase before addition of silica precursor. The homogenisation of the
mixture was the key in producing uniformly distributed mono- or bi- metallic
nanoparticles. The nanoparticles produced from single metal salt showed
results very similar to those observed previously for [Ru(bipy)z(bipy’)]*
surfactants with respect to the silica framework such as wall thickness, pore

dimensions etc. except that the particles were sometimes observed to be

present outside the pores. Hence, efforts were made in the direction of
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synthesis of metal nanoparticles incorporated into the silica framework by
employment of different noble metals using readily available simple metal
salts as off-the shelf reagents. For bimetallic nanoparticles, two different metal
precursors were employed, for instance Pt-Co, K[PtCly], and
Naz[Co(EDTA)]; Pd-Au, K;[PdCl,], and K[AuCl,]; Pd-Ru, K;[PdCl,], and

Nas[Ru(EDTA)].

The coloured translucent monoliths formed after sol-gel condensation resulted
in a dark-coloured, porous solid after calcination and the method successfully
produced bimetallic nanoparticles. Low-angle XRD analysis showed the
presence of a well-defined hexagonal pattern of the porous solid. TEM and
EDX analysis showed that the nanoparticles were present within the pores but
were not always confined to a single pore (Pt-Co, Pd-Au). Also, the particles
formed were not truly bimetallic as a wide variation in the atomic ratio of a set
of bimetallic nanoparticles i.e. from 44 : 56 to 97 : 3 for Co : Pt were observed
even though the overall loading was 50 : 50. This variation was rationalised as
being due to incomplete mixing of the metal mixture at the beginning of sol-

gel condensation.

Origin of current project

Given that the routes to heterobimetallic particles described above did not lead
to particles with uniform composition, it was of interest to determine whether
better results could be obtained if single-phase, hetero-binuclear metal
complexes were used as the origin of the metals. The work described in this

thesis details efforts in this direction.
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1.7 Ditopic Ligands

The term ditopic ligands originated from the term ‘doubly connecting ligands’
with the same or different functional groups. In other words, a ditopic ligand is
a receptor which possesses two coordinating regions irrespective of the number

of coordination sites or atoms available for binding with the metal ion.%

The common donor atoms found in ditopic ligands are N, P, O and S, present
along with the organic part that is often a heterocyclic ring (Fig. 1.19 A, B),
salen (Fig. 1.19 C), a Schiff’s base (Fig. 1.19 D), a macrocycle (Fig. 1.19 E,
F), etc. However, other examples include miscellaneous mixed systems which
are formed as a result of joining of cryptands or crown ethers (Fig. 1.19 G, H)

with different heterocyclic rings and other ligands.
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Fig. 1.19 Structures of different ligands, heterocyclic rings A 2,2'-bipyridine, B Terpyridine, C
Salen, D Schiff’s base with aniline, where R; and R, organic moieties, E and F Macrocycles
with N, O donor and N, S donor atoms, G and H are crown ether and aza crown, respectively.

In addition to these examples, there are other examples of the ligands that have
been recently introduced and are reported to be new generation ditopics. %>
Fig 1.20. Nevertheless, the examples of the recently discovered ligands or the

new generation ligands (Fig. 1.20 A and B) and their applicability in the

formation of heterobimetallic complexes is yet to be detected or found.
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/ ~N N’N\
W, =1 ™
‘\N’N N‘N/r
WA
A

@ spacer,= 0-phenylene; M;, M, possible metals of coordination

R R.

S~ N N =S,
Lnl\/ll I ‘M'L'n LnM\ I /M'L'n
N8 N""s

R/ R

where M, M'=Pd, L = 773—allyl, R = ethyl, isopropyl, benzyl, isoamyl or 1-(S)-(1-

phenyl)ethyl and/or (R)-(1-phenyl)ethyl

Fig. 1.20 Showing examples of new generation ditopic ligands.
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Examples illustrating the use of ditopic ligands in heterodinuclear coordination

have been reported in the literature and are discussed below.

Ditopic ligands have been known since the 1980s, but the concept has evolved
with time with the need or requirement for homo-, hetero- or poly-metallic

complexes for applications such as involvement in developing coordination

98,99 100

chemistry,® catalysis,”” luminescence,”® magnetic materials,"® as building
blocks, 1% environmental science'® and hydrometallurgy'®. On the basis of
the nature of coordination sites which are the same or different, they have been
broadly classified as homo-ditopic and hetero-ditopic ligands, respectively.

(Fig. 1.21).

Fig. 1.21 Structures of A homo-ditopic ligand with N donor atoms,'* B hetero-ditopic ligand
with P and N donor atoms.*’

The presence of a different number of coordination sites in turn influences the

binding affinity of the ligand towards different metal ions when they are
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introduced into the system or to the ligand. This is discussed in the examples

given later in this section.

An underlying principle of the binding preferences is the HSAB concept'®®

according to which, a soft ligand (base) prefers to bind with a soft metal (acid),
while a hard ligand (base) prefers binding with a hard metal (acid). The general
trend of an increase in the softness of metals (or decrease in the hardness) in
the Periodic Table is from left to right across the period and from top to bottom
in a group. Typical examples of soft metals include heavier transition metal
ions in lower oxidation states (e.g. Pt", Ag', Au') as well as low-valence metal
ions (i.e. M(0)). However, examples of hard metals include smaller metal ions
(e.g. alkali, alkaline earth metals) as well as the metals with high charge (e.g.
Fe'" cr'). Some metals are termed 'intermediate’, such as Fe", Cu" and zn".
In ligands, the decrease in softness or increase in hardness is observed with an
increase in the electronegativity of the donor atom of the ligand as shown in

the figure below.'%

Electronegativity increases

v

Softness decreases

v

CN >SS >RS > | >Br >ClI >NH3z> OH>OH,>F_

Fig. 1.22 Effect of electronegativity of the ligand on hardness/softness of metals.

In order to meet the criteria of the HSAB principle, the focus has been
localised on the synthesis of the bifunctional ligands, in which, the presence of
at least two functional groups, which may be same (hard-hard or soft-soft) or

different (hard-soft), is essential. However, the number of coordination sites
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may vary depending upon the requirement or the nature of metal(s) being
targeted. The introduction of metals is usually carried out in a sequential
manner for heterobimetallic systems in order to avoid any side reaction or
competition between the two coordination sites. (e.g. see Fig. 1.30) However,
if the thermodynamic stability of the complex is greater then both hard as well
as soft metal cation can be introduced at the same time (e.g. see Fig. 1.31), if
sufficient reaction time is provided to allow equilibrium to be reached.
Nonetheless, an alternative way is to introduce one metal first to both sites i.e.
M; to the ligand, followed by a differential demetallation (i.e. removal of one
metal out of the homo-dinuclear complex and to obtain a mononuclear
complex with vacant coordination sites), shown in Fig. 1.23. While considered
as rather difficult, this approach has been reported as a good method for f-f
metal systems used as MRI contrast agents.'®® This approach was employed to
show an example where the chelates used in a ligand were thermodynamically
indistinguishable i.e. DOTA and DTPA (Fig. 1.23). Nevertheless, the DTPA
site was prone to Kinetic dissociation, and due to the difference in
complexation rates of the two sets of coordination sites, this method of

sequential addition was postulated.
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04[\0/’/
= PROBE
=0

selective
demetallation

Fig. 1.23 Schematic representation of the sequential, differential metallation of a
DOTA/DTPA bis-chelate with two different metal ions M; and M,.'%

Some examples of homo-ditopic ligands are also included in the discussion,

whereas polytopic ligands are excluded as a part of discussion for convenience

although, a couple of examples are shown where the heterobimetallic

complexes act as building blocks. Also, the bimetallic complex combinations

are indicated through the examples of d-d, d-f, and f-f block elements only.

Shaw, Pringle and co-workers showed a pathway to generate homo- as well as

hetero-dinuclear transition metal complexes (mainly alkynyl complexes)

containing two bridging dppm ligands such as Pt

PdII_PdII 112

Introduction

1 11 113,114,115,116
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1 1111,112,117,118,119
Pt"-Hg
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1 120,114,107,112,117,118,119 1 1 120
Ag Pt"-Cu’,

PtII_AuI,120,114,107,112,119 Rhl_

Pt“,107'121'112'118'122 |r|-Pt“,123'112'122, PdII-MO,112 Pd"-Hg',112‘118 PdII_AgI 107,118

Pd"-Ir' 12 pd"-Rh',"28 Rh'-Mo, Pt"-Mo,**? Ir'-M and Rh'-M (where M = Mo,

Co or Cr),** Pt"-W'?2, pt-Cd.'®. The generation of such hetero-dinuclear

complexes was to study their luminescent properties and the influence of

spacer length of alkynyl groups or the separation between the two metal atoms

on the luminescent property of the metal. A few examples are given in Fig.

1.24.

M = Pt" or Pd", M'= Rh' or It'

thP/\Pth
ZCR

Pt.

r
RC/// ‘ \‘H"/ ‘CI

thP\/ PPh,

123
3

R = p-tolyl or phenyl

R = Ph or p-tolyl

PhoP~  PPh,

X~ M——M'-X
thp\/ PPh2
4113

M= Pt', M'= Pd",

X =Cl, Br, | or SCN.**?

Fig. 1.24 Heterobimetallic dppm bridged complexes.
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The ligands used by them were homo-ditopic which involved the use of dppm

125,121,123,116

as a prime bridging ligand. However, in some cases acetylide or

hydride® is observed acting as a third bridge while in others a metal-metal

112,122

bond formation or interactions have also been reported.

The general methodology used to generate most of the above-mentioned
complexes mainly involved the coordination of the two dppm ligands in a
monohapto manner to the first metal atom (mononuclear complex, generated in
situ) followed by the use of the two free phosphorus atoms to coordinate with

the second metal atom (Fig. 1.25).

/\

PPh, "PPh; PPhy PPh,

. L M'LsLa] ‘
[MLlLZ]X + dppm —_— /M ' [— /M/Ll /M"L3

1 L

1 3 l

PPh, PPy PPh, PPz
monometallic hapto dppm .
co%plef PP heterobinuclear complex

(in situ)

P
\M/P
P Dp

mononuclear complex

Fig. 1.25 General method of synthesis adopted for the formation dppm bridged complexes.
where Li=L, or Li#L,, Ls=L,4 or Ls#L,.

In this method of preparation the role of associated ligands (i.e. ligands other
than dppm) is of considerable importance for charged as well as neutral metal
ions. The associated ligands are selected for their strong binding ability to the

metal atom, which assists to prevent the cyclisation of metal atom to dppm
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which would have resulted into a four-membered chelate ring, (a mononuclear
complex). The associated ligands should also be able to provide stability to the
monometallic hepto dppm complex formed initially before the coordination of
the free phosphorus atoms of dppm to the second metal. Hence, ligands such as
halogens were neglected in most of the cases as they can easily be replaced and
can promote cyclisation. However, good examples of associated ligands

include C=CR, CNR, CN, aryl, alkyl etc.

Yam and co-workers prepared different heterobimetallic alkynyl complexes of
Fe'-Re'™% and Au'-Re',*?™) to study the luminescent properties of bimetallic
systems. The method of preparation involved the combination of two different
mono-metallic  organic  moieties  ([(CsMes)(dppe)Fe(C=C-R)] and
[Re(diimine)(CO)3(C=C-R)]), or the tethering of two different metal centres
through alkynyl and pyridine groups, respectively. This resulted in two active

metal centres held together with a coordinated system as shown in Fig. 1.26.

O@ >§

Ph2P PPh,

OoC cCoO

7N\
N N =bpy or 'Bu,bpy
R= C6H5 or C6H5Me-4

Fig. 1.26 Heterobimetallic alkynyl Fe"-Re'™?%) and Au'-Re'™"! complexes.
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Apart from the above-listed examples, the use of N-rich heterocyclic rings to
prepare bimetallic complexes is very common and many examples can be
found in which various bipyridine, terpyridine, and azole rings are involved in
the coordination of metal ions. Other examples include S- and P-containing
rings, thiophene and phosphine. However, O-containing ditopic ligands
involve examples of salen complexes. Mixture of all the ligands such as N-
with S-, P- and/or O- containing moieties have proved to be far more
successful in their ability to coordinate with different metal ions (discussed
below). This again relates to the HSAB principle as the ligand containing N
and O donor atoms is considered as a hard ligand (due to greater basic strength
of the ligand) in comparison to P- and S-containing donor atoms, which are

considered as softer donor sites.

The strategies that have been reported to be commonly used in most
heterocyclic metal binding systems (i.e. bipyridines and terpyridines) are:
synthesis of a free ligand with desirable coordination sites, which is done by
the selection of coordination sites based on the HSAB principle and other
factors e.g. flexibility, metal size etc. The second, and most commonly used
method in the generation of new multinuclear ligands is reaction of
electrophilic and nucleophilic components of two or more metals (that may be
the same or different), resulting in homo- or hetero-metallic complexes. One of
the examples of homo-dinuclear complex formed as a result of the second

strategy is shown in Fig. 1.27.
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2+

[Ru(tpy)Cl3]

4+

Fig. 1.27 Synthesis of homo-dinuclear Ru complexes containing bipyridine and terpyridine
ligands.'?®

1,10-Phenanthroline derivatives have also been reported to be used as ditopic
ligands so as to synthesise homo- as well as hetero-bimetallic complexes. The
strategy to synthesise such ligands involves functionalisation of the
1,10-phenanthroline nucleus to form respective derivatives by substituting
various functional groups or organic moieties with desirable coordination sites
at 2,9-position of the phenyl ring. The latter have been reported to be the most
favourable positions as many examples of homo-dinuclear complexes with 2,9-

substituents of 1,10-phenanthroline derivatives are known in the literature.
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Other, less common, functionalised positions are 3,8-, 4,7- and 5,6-.
Nevertheless, the examples of functionalised phenanthrolene derivatives that
have been reported to be heterobimetallic contains 1,10-phenanthroline
derivatives functionalised other than 2,9-position. For instance, the example
shown in Fig. 1.28 of Ru"-Cu" complex has been synthesised by

functionalisation of 5,6-phen position of 1,10-phenanthroline nucleus.

HoN NH, OH OH HO
=0 _
/7 \ \ =~N_N
VAR
7 N\ A
N =

1,0-Phelanthroline derivative

[Ru(bipy)2](NOs),

N
| N__~__N OH
N, O Cu(OAc), -
Cu
N o \ NooH
| Z

; : gl
Heterobimetallic Ru'-Cu' complex Mononuclear Ru' complex

Fig. 1.28 Heterobimetallic Ru"-Cu" complex coordinated by heteroaromatic ring with
phenanthroline derivative.*°

Macrocyclic ligands have also been used over the past few years to form
homo- as well as hetero-binuclear metal complexes for a wide range of metals

such as s-f, d-d, f-f and d-f -block metals. The reason for their versatility is their

Introduction

66



Navpreet Sethi

flexible cavity in a cage-like structure which can adjust according to the
coordinating metal size, hence making the system more stable. Most common
examples include Schiff bases (cyclic or acyclic), however others include
pendant-arm macrocyclic or acyclic ligands which possess polyaza or polyoxa

130,131

donor sets. (Fig. 1.29). Further examples include cyclic lactams,

phosphorus macrocycles etc.

Ho\fO
TN /7 \
B N N
L J o
(@]

N
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N
g’ OH Hooc—"\__/"\—cooH

132 133
A B

Fig. 1.29 Pendant arm structures of macrocyclic ligands used for heterobimetallic complexes
of A Gd"-Rh', B Gd"-Fe" or Gd""-Ni".

The strategy used in the preparation of macrocyclic systems involves self-
condensation of keto-, formyl, or primary amine-like precursors, which are
initially designed with respect to steric and electronic factors targeting the
synthesis of the final product (or desired ligand). The conditions are selected in
such a way that the formation of by-product/s (separation difficulties) or side
reaction/s (e.g. metathesis, exchange reactions) can be minimised.™®* The
condensation is usually achieved by a single step reaction for acyclic ligands.
However, in others multiple steps may be required. For instance, the
generation of the heterobimetallic Cu''-Nji"t*%19% o Nj"-zn"1381%lcomplex
(Fig. 1.30) was carried out in a step-wise fashion. In this synthesis, a

mononuclear complex was generated by a [1+1] condensation of a 4,5-
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dialkoxy-1,2-diamine derivative with a substituted monoamine ligand (4,5-
dialkoxy-1,2-diamine derivative) in the presence of the first metal i.e. M. In the
next step, the mononuclear complex was again treated with the same
substituted monoamine ligand, along with the presence of second metal salt,
M’ (two equivalents) resulting the respective heterobimetallic complex. The

percentage yield for each of the hetero-binuclear complexes was 91%.

R'O OR' R'O OR'
R
+ W on
HO C§:OH [1+1] condensation Cgio’ ‘o
R R
R'O OR'
R =CHO

M

o =N NH,
R'= 0Cq,Hzs [1+2] condensation
pM=cu', M =N OH

2) M =Ni", M' = zn!
RQ OR

=N_ _N=
M O o 0
ol Y om
_N’ ‘N_

R'O OR'

Fig. 1.30 Schematic representation of formation of Cu"-zn"t*%1%1 ang Nj"-zn"11%61031
complex.

Another example is of a heterodinuclear Cu"-zZn" complex (Fig. 1.31)
resulting from the sequential condensation of an aromatic dicarbonyl derivative
(i.e. 2,6-diformyl-4-methylphenol) with two different primary amines (i.e. (2-
aminoethyl)bis(2-pyridylmethyl)amine and thiosemicarbazide), followed by

reduction. In this case, the preformed ligand formed was exposed to two
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different metal salts in equimolar ratios with respect to the ligand resulting in

heterodinuclear Cu""-zn" complex.*®

S
X |/
O OH O | N
| | N
N L3
+ HZN/\/ 2SN
N/| \l

NS
X
.NH
H,N™ N7 2
H
o)
B — \\N =
z ..-0-._N's__N |
NS g g . S
,’/\N o N cu" and zn" -NH
; | | ’\1 OHIN
Z>N U ? Y
| Z "N
NS “~ |

heterobimetallic complex ligand

Fig. 1.31 Synthesis of heterobimetallic Cu"-Zn" complex.**’

Mixed-ligands are also widely used and there are innumerable examples with
various coordinating metals. In these systems, two entirely different ligands are
combined e.g. heterocyclic rings with acyclic ligands (d-d, d-f, f-f),
polyaminocarboxylates with crown ether (for s-f block metals, d-f block
metals). The applications of such mixed ligands are as building blocks.*****
For instance, the trinuclear Gd"'-Fe"-Gd"' complex shown in Fig. 1.32 below

indicates a recent example of a mixed-ligand heteronuclear complex which is

formed as a result of a self-assembly process. In this method, the ligand was
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synthesised prior to exposing it to the metal ions, resulting in a coordinated

self-assembled trinuclear complex.

N/_\N _—COOH
L)

HooC—" \__/ “—COOH

Fe'

2+

HOOC— /_\N/—COOH
o

N
HooC—" \___J

/ \ _~—COOH
C)

HooC—" \__/ “—COOH

Gdll

Fig. 1.32 Synthesis of heterotrinuclear metal Gd"'-Fe'-Gd"' complex with terpyridine
substituted aminopolycarboxylate.**

Another example, of a mixed ligand forming a heteronuclear Pt,-Fe, complex
is shown in Fig. 1.31, which also resulted from self-assembly. In this case a
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mononuclear metal complex with uncoordinated terpyridine linked through a —
CH,0 unit to acetylene (used to bind to Pt") was exposed to the second metal

ion (Fe"), resulting in a heterometallic mixed-ligand complex (Fig. 1.33).

|
— Plt —
PEts

P Et3 O

1) FeCly4H,0
2) aq. [NH4][PFg]

(PFe)4

— /Pt\ —
EtsP PEty

Fig. 1.33 Synthesis of heterometallic Fe'-Pt" complex with terpyridine and alkyne ligands
with a short-spacer.'**

The coordination of the two metal systems can also be carried out by using
bifunctional ligands separated by extended spacers. The spacer may or may not

be involved in the properties of the two metals but is acting to keep the inter-
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metal distances fixed. There are various mixed-metal systems reported to be
formed in this way. For example, heterobimetallic Rh-Os**? and Pd-Pt,**
complexes are prepared using in which two different ligands acts as spacers i.e.
an alkyne spacer (i.e. a cumulene bridge) and phosphine ligands (i.e.
diphosphine Ph,P—C=C—PPh;), respectively. The spacers participating in both
the complexes participate in an electron transfer and luminescence,

respectively.

ar
\ 7
— /M<C|

4&» M = Ru or Os

Ph, Ph,
P—=—P_
(dppm)Pd Pt(dppm)
~ v

pP——P
Ph, Ph,

Fig. 1.34 Heterobimetallic complexes formed through conjugated molecules (acting as
spacer).143’144

There are also examples of some spacer-linked polyaminocarboxylates in the
literature where two different binding groups i.e. DTPA and DOPA have been
joined to form f-f block bimetallic complexes.’® This has already been

described in Fig. 1.23 and is given below in Fig. 1.35.
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Fig. 1.35. A heterobimetallic lanthanide complex, where M; and M are two different metals
(lanthanides).

Early-late  heterobimetallic complexes are involved in chemical
transformations as catalysts in different reactions.'*>**14"14" The synthetic
strategies of early-late heterobimetallic complex preparations involves use of
bridges, which are helpful to bring two different metal atoms together. Such
methods used to form early-late heterobimetallic complexes have been
reported to possess problems when close proximity is desired. Some of the
problems include metal-metal bridging interactions i.e. communication of two
different metals which are of different coordination chemistry.**® Such
metal-metal interactions can affect the reactivity of a bimetallic system when
involved in a chemical transformation. In order to avoid this problem, it is
important to use a ligand that minimises the possibility of metal-metal
interactions or ensures that there are no interactions between the two metals.
This can be exemplified with the help of a few heterobimetallic complexes

shown below.
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For example, the dithiolate bridged heterobimetallic Pt"-Ir' complexes (Fig.

1.36)'* show intermetallic distances that preclude metal-metal interactions.

Fig. 1.36 Heterobimetallic Pt"-Ir' dithiolate-bridged complex.**°

On the other hand, in the Nb-Rh heterobimetallic complex (Fig. 1.37) with
phosphido- and imide-bridge,*° then the interaction between the two metal
centres is very prominent as the metals are forced to be close by the bridging
ligands. The latter showed less reactivity in hydrosilylation reactions when

tested for catalytic activity.

Fig. 1.37 Heterobimetallic Nb-Rh complex showing interactions between the two metal
atoms.**

In another example, an aminophosphine ligand was used to overcome the
intermetallic interactions between Ti and Pt. In this ligand, a rigid spacer i.e.

aryl group was used which acted effectively to separate the two metals.
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CITiN g P

| Ph//
SiMe; Ph
3

Fig. 1.38 An aminophosphine ligand forming a Pt’-Ti", early-late heterobimetallic complex.™

The method of preparation of an aminophosphine ligand involves two steps i.e.
proton abstraction, and lithiation (Fig. 1.39). In step 1, a proton is abstracted
from the primary aminophosphine ligand which is then followed by lithiation
and then it is reacted with addition of first metal complex (i.e. TiCl4(THF),).
The latter results in a mononuclear complex which is then exposed to the
second metal salt resulting into the desirable heterobimetallic complex (Fig.

1.38 and 1.39).

Me3Si
HoN PPh, 3 N PPh,

i) nBuLi
ii) TiCl,(THF),

CITi Pt
N b Pt(norbornene); I
N
N PPh,

|
SiMe3 Ph 3 PhMe

|
SiMe3

Fig.1.39 Synthesis of heterobimetallic Ti"V-Pt° complex.**

All the examples discussed above involve use of mostly bulky organic

substituents, containing coordinating heteroatoms that are eligible for binding

Introduction 75



Navpreet Sethi

with different metal ions. They also exemplify that a wide range of
heterobimetallic complexes are possible. Due to the presence of bulky
substituents in these complexes they are not water soluble. Consequently, it is
impossible to use them to prepare metal nanoparticles via TLCT techniques.
Nevertheless, if a recent example of a heteronuclear bimetallic MRI
contrasting agent is considered in which a heterotrinuclear complex (Fig. 1.32)
and heterobimetallic complexes (Fig. 1.23 and Fig. 1.35) have been prepared,
then there is a possibility that by using the same method of preparation a
heterobimetallic complex might result. Then also, there will be prospective
issues such as water solubility, hydrolysis, or stability of the complex at the
step of introduction of the silica precursor. (i.e. at the stage of hydrolysis and
methanol evolution). The stability of a complex in a lyotropic liquid-crystalline
phase is an extremely important aspect as sometimes a perfectly stable
complex has been seen to precipitate resulting from the bulky complexes.
These are the issues which are expected to arise in experimental work and will

require to be addressed.
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2.1. Introduction

In Chapter 1 (section 1.7), the methodologies of the formation of different
types of bimetallic complexes (i.e. homo as well as hetero bimetallic
complexes) using ditopic ligands were discussed. However, this chapter will
focus only on the formation of heterobimetallic complexes of transition metals

using halogens as bridging groups.

As described earlier, (Chapter 1), the aim of the project was to synthesise
heterobimetallic complexes that could be used further as precursors to prepare
mesoporous silicas containing heterobimetallic nanoparticles. This is because
mononuclear chloridometallate complexes (e.g. Ky[PdCls]) had been used
successfully in the preparation of such silicas containing monometallic
nanoparticles,’ one thought was that if related heterobimetallic complexes
could be prepared, for example K;[Cl,Pt(x-Cl),PdCl;], then these may be the
suitable precursors for heterobimetallic nanoparticles. Hence, halo-bridged
complexes were selected as one of the main methods to attempt the preparation
of such heterobimetallic systems. In addition, the possibility of including a
second metal through direct ligation was also explored through complexes

containing the SnCl; anion bound to Pt.

In the literature, various examples of halo-bridged, homo and hetero bimetallic
complexes of the general formula [Ma(u-X)2Lal?, [Ma(u-X)2XoLn]® [MM'(u-
X)2Ln]* and [MM'(-X)2X2Ln]>® type have been reported,” where M, M’ are
metals, X is a halogen, L is a z-acceptor ligand. However, these complexes

possessed bulky organic ligands, which make them at best sparingly soluble in

polar solvents. However, from the description given in the Introduction
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(Chapter 1), the use of polar solvents, in particular water, is necessary for the
preparation of porous silicas via TLCT. Hence, it was decided to choose
potentially simpler systems and so [X,M(u-X):M'X,]" complexes were
selected instead. However, as heterobimetallic [X,M(u-X),M'X,]™ complexes
are, to the best of our knowledge, completely unknown in the literature, it was
decided to use the reported methods of preparation of the selected types i.e.
[M2Xg]" and try to utilise them to synthesise [MM'X¢]"" - type heterobimetallic

transition metal complexes.

Goodfellow and Venanzi® reported a method of preparation of bimetallic
complexes of Pt i.e. [LXM(u-X),MXL] type (where L = MesP, EtsP, PhsP,
MesAs and EtzAs; X = Cl; M = Pt") by using its mononuclear metal complex
(i.e. [PtCl;L,]). The method of preparation involved heating a finely ground
mixture of [PtCl,L] and [PtCl;] (0.5 equivalent excess) in a boiling tube in the
presence of a hydrocarbon (i.e. xylene or naphthalene or a mixture of the two)
which was then heated (140° to 160 °C, depending on stability of [PtCl,L;])
for some time until a uniform slurry was obtained. On cooling, the slurry was
filtered and washed in a Soxhlet thimble using petroleum ether (40° — 60 °C).
The product obtained was extracted and crystallised from CH,Cl,. The method
of preparation was not suitable for heterodinuclear complexes and had some
serious limitations, such as decomposition of mononuclear metal complexes
before melting, non-formation of a uniform slurry and difficulties in product
separations via extraction from high-boiling solvents. Also, the
characterisation of the product was done via elemental analysis only, and no
additional supportive analytical information was reported in the literature apart
from the colour of the complexes.
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Goggin et al.” reported a method for the synthesis of trimethylamine
complexes of Pt" and Pd", of the type [LXM(u-X).MXL]. Later, Goggin'®
used the same method to prepare [M,Xg]> complexes of Pt" and Pd". The
method involved preparation of bimetallic complex by the exchange of small
cations i.e. Na* or K* ion in Group 1 metal salts of Pt" and Pd" with relatively
large cations such as (BusN)" or (n-PryN)*. The method of preparation
involved stirring of Ko[MX,] or Naz[MX4] (where M = Pt" or Pd") (or Group 1
metal salts of Pt" or Pd") and (R4N)CI (where R = Bu or n-Pr) as their aqueous
solutions at room temperature. The bimetallic complex of Pd" was successfully
prepared and was formed instantaneously from the above method. However,
the bimetallic complex of Pt" required heating of the appropriate mixture under
reflux for about 6 h. Alternatively, stirring [PtBr;] and (n-PrsN)Br in DMF for
6 h resulted in a pure, homodinuclear complex of Pt" obtained after
precipitation with Et,O followed by work up and extractions with hot water

and acetone.

Harris and Gray™ reported another method of synthesis, which also involved
exchange of counter ion while they were trying to synthesise neutral
z-cyclopropenium complexes. They obtained homodinuclear complexes of Pt"
and Pd" with a cyclopropenium cation and hence studied their M-X cleavage
reactions. The method of preparation involved stirring [MCl,]* (as a Group 1
metal salt) with R3C3" (R = MezN or n-C3H7, Fig. 2.1) in water under N; as
well as under an air atmosphere. The aim behind the synthesis was to exchange
the smaller cation with a relatively large, symmetrical ion which it was hoped

would enhance the stability of the resulting dinuclear system via
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crystallisation. The method proved to be successful as [M,Cls]*> was obtained

as a product with cyclopropenium as the cation.

R

=

R 12

Cl. ¢ LGl
M

c’ Cl g M = Pt or Pd", 1) R = (CH3),N; 2) n-C3Hy

Fig. 2.1 Structure of homodinuclear complexes of Pt" and Pd" with different counter ions.

Usén et al."® have reported a different method of preparation of neutral

bimetallic x-chloro-bridged Au"

complexes of type [M2X,L,] system, where
n =4, L = CgHs, X = Cl, via chloride abstraction using AgCIO4. Another
relatively recent example of chloride abstraction used to prepare
homodinuclear complexes of Pt'" i.e. [MaXg] reported the use of AICI5."

Dell’Amico et al. have also shown the formation of hexanuclear g-chloro-

bridged Pd" complex by the same method of preparation.*®

In 1950, Chatt'* synthesised a u-chloro-bridged Pt" complex of the type
[LXM(u-X)]2 i.e. [{(C3H7)sP}CIPt(x-Cl)],, obtained by heating the two
components, [(CsH7)sP], and [PtCl,], at 160 °C for 15 min in the absence of
solvent. On crystallisation, this resulted in a nearly pure homodinuclear
complex of the type [MyXsL,]. The complex characterisation was not
supported by any XRD data but by other analytical techniques e.g. elemental
analysis, ebullioscopic constant and melting point. The structural assignment
was based on comparison of the su-chloro-bridged Pt" complex with
mononuclear cis- and trans-[{(CsH;)3P},PtCl,] on the basis of their stability at
high temperature (or thermal decomposition), redox potentials, isomerisation

and physical properties.
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Masters and Visser' reported formation of a heterodinuclear complex via a
disproportionation reaction, obtained by mixing two homodinuclear
complexes. The reaction was carried out in an NMR tube in CDClI3 by addition
of [Pt,Cly(PBus),] and [Pd,Cls(PBus),]. Interpretation by **Pt NMR and *!P
NMR spectroscopy showed the presence of three peaks i.e. two of the
homodinuclear starting materials and one of a new heterodinuclear complex.
As the experiment was to study the kinetics of the reaction, no attempts were
made to separate the heterodinuclear complex (i.e. [(Cl)(BusP)Pt(u-

Cl),Pt(PBus3)(Cl)]) claimed to have been observed for the first time.

Kiffen et al.,'® then tried to explain comproportionation by mixing two
homodinuclear metal complexes of Pt" and Pd" (i.e. [Pt,Cli(PBus),] and
[Pd.Cl4(PBus3),] according to the method employed previously by Masters and
Visser and co-workers.'®> However, in their work they not only tried to interpret
the presence of the heterodinuclear complex using P NMR spectroscopy but
also attempted to isolate the heterodinuclear complex which was thought to
have formed. The results of *'P NMR spectroscopy confirmed the presence of
a new complex (i.e. [(BusP)CIPt(x-Cl),PdCI(PBus)]), as observed previously
but crystallisation yielded only a 1 : 1 mixture of the homodinuclear complexes

of Pt and Pd used as starting materials.

Clark et al.’’ reported the single crystal structure of a symmetric, chloro-
bridged heterodinuclear complex of Pt-Pd i.e. [(PEts)CIPd(u-Cl),PtCI(PELt3)]
prepared from trans-[PtCl,(PEts),] with palladium(ll) chloride, or from trans-
[PACI,(PEts),] with platinum(Il) chloride via heating the appropriate mixture

under reflux in xylene in an inert atmosphere. The results obtained confirmed
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that the product obtained had a particular 1 : 1 ratio of Pt to Pd, but there was
no evidence to distinguish between a mixture of two homo dinuclear
complexes of Pt" and Pd" or the expected heterodinuclear complex, or a

mixture of all three.

Steinborn and co-workers'®*®

reported methods of preparation of dinuclear
complexes of Pt" and Pd" of the type [M2Xg]> from their Group 1 metal salts.
The method of preparation involved use of K;[MCls] (where M = Pt or Pd)
with excess of crown ether (i.e. [18-crown-6]) in water via stirring the mixture
at room temperature for two days. This resulted in homodinuclear complexes
of Pt" and Pd" i.e. [K(18-crown-6)]2[Pt,Cls] and [K(18-crown-6)]2[Pd2Clg],
respectively. Synthesis of mononuclear complex, i.e. [K(18-crown-6)],[MCl4],
was carried out by stirring K;[MCl,] and [18-crown-6] in CH,CI, for 3 h at
room temperature. The reason for the use of a crown ether was not discussed in
their work but it could be to allow the formation of an organic-soluble
reagent/product. In addition, it is known that stable anions such as [MCl]*
have a stronger tendency to form ion pairs with complex cation i.e. [crown

ether (alkali metal ion)]*.%°
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2.2 Heterobimetallic Complexes

2.2.1 Synthesis

Our approach to the synthesis of a heterobimetallic complex involved two
different metal centres, brought together to form a complex via halogeno
bridges. The metals chosen for the synthesis involved Group 1 metal salts of
noble metals i.e. K,[MCl4], where M is Pt", Pd" (x = 2) and Au" (x = 1). The
reason for the selection of noble metals has a correlation to the work carried
out previously by King within the Bruce research group.’ The concept of the
work involved preparations of silicas®* doped with mixed-metal nanoparticles
derived from separate metal precursors. King used Group 1 metal salts of
noble metals (Pt and Au), and mononuclear metal complexes of EDTA (i.e.
Na[M(EDTA)], where M = Cr"" or Co", prepared separately) to prepare
heterobimetallic nanoparticles doped into porous silicas via TLCT. The
mesoporous solids produced from the above approach successfully produced
silicas doped with heterobimetallic nanoparticles such as Pt-Co, Pd-Au, and
Pd-Ru. For example, it was hoped that using K;[PtCls] and Na,[Co(EDTA)]
as separate metal precursors would lead to heterobimetallic Pt-Co
nanoparticles with an equimolar ratio of the two metals. This was indeed the
case but, nonetheless, the doped silicas possessed certain limitations. For
example, many of the metal particles were large as observed by TEM.
Further, while the overall stoichiometry across the preparation showed a 1 : 1
ratio of metals, different ratios were observed by EDX between different
particles, varying between 9 : 1 and 1 : 1 (Pt-Co).?* As Pt-Co is
ferromagnetic, clearly its properties depend critically on composition

requiring a narrow monodispersity in composition. Hence, the concept of
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preparation of single, mixed-metal precursor originated, forming the basis of
the current project. Therefore, it was decided to synthesise heterobimetallic
complexes with a stoichiometric ratio of metals involved ie. M: M'=1:1
hoping that they could be used as precursors in TLCT to produce
heterobimetallic nanoparticles with an equivalent metallic ratio, expected to

be constant throughout the mesoporous support.

In this section of the current chapter, the synthesis of a heterobimetallic Pt-Sn
complex uses a literature procedure? with a slightly modified method of
preparation in order to make the complex water soluble, necessary for further
use in TLCT. The methods of preparation given subsequently also involve
various attempts to obtain heterobimetallic Pt-Pd, Pt-Au and Pd-Au
complexes. The attempted preparations of heterobimetallic complexes have
been carried out by various methods such as halogen abstraction, counter-ion

exchange, counter-ion entrapment, and mechanochemical reaction.

2.2.1.1 Heterobimetallic Pt-Sn Complexes

It is well known that SnCl, can insert into Pt-Cl bonds to give Pt-SnCls;
units, and as such this represents a way into single-source Pt-Sn
precursors.”? The method of preparation involved the stirring of a solution of
[PtCL,]* and [SnCl,] (1 eqg. for [PtCls(SnCls)]* and 2 eq. for
[PtCl,(SnCls),]%) in CH,Cl, at room temperature for 2 h, necessitating the
use of an organic-soluble derivative of [PtCls]*, such as the BusN or PPh,
salt. The solution was then evaporated to remove excess solvent so as to

obtain an orange-yellow, crystalline product. The ***Pt NMR spectrum (Fig.
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2.2) shows 13110sn105p= 27.75 kHz and 2J117sp.105p = 26.52 kHz, which are

consistent with data for this isomer reported previously.?

—4054, 855
—4050, 572
—41824.442
—430%8, 251
—4314.00%8

T T T T T T
-4050 -4100 -4150 -4200 -4250 -4300 (2o

Fig. 2.2 1¥°pt spectrum of [PtCl,(SnCls),]* showing coupling to **°Sn and **'Sn, coupling
constants “J119gn-195pt = 27.75 kHz; 1J1175p.1950=26.52 kHz.

For (BusN)2[PtCl3(SnCls3)], the product was not isolated and the mixture was
treated directly with (NH4)PFg, to exchange counter cations to try to obtain
(NHy)2[PtCl3(SnCl3)], a water-soluble complex, which it was hoped could be
used in the TLCT synthesis of silica. The reaction produced a crystalline
yellow precipitate for which analysis via '*>Pt NMR spectroscopy was

attempted. Unfortunately, the complex decomposed in D,O within a few
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minutes, and as a black powder settled at the bottom of the NMR tube.
Attempts to prepare (NH4)2[PtCl3(SnCl3)] from (PPhy)2[PtCl2(SnCls)2] and
(NH4)PFg via stirring in water, led to decomposition of the yellow
suspension of the complex to a black powder almost instantaneously. In both
cases, decomposition is attributed to the hydrolysis of the Pt-Sn bond and
then further hydrolysis of the Sn".?* In Fig. 2.3, possible forms of hydrolysis
products of Sn' have been shown with respect to different pH range e.g.
[Sn(OH).]° exists at pH 4-10 but [Sn(OH)]** and [Sn(OH)3]* species occurs

at pH < 4 and pH > 10, respectively, at a low concentration of tin.?*

!

Sn(OH);

o

;

Sn(OH)}

%

| Sn(OH)’

Fig. 2.3 Distribution of hydrolysed species of Sn" as a function of pH.?

Owing to hydrolytic instability of the Pt-Sn link, this approach was not

pursued further.
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2.2.1.2 Attempted Preparation of Heterobimetallic Pt, Pd and Au Complexes

Attempted preparation of K[MCl,(u-Cl).M'Cl;] by halogen abstraction

In this method, pairs of Group 1 metal salts of Pt", Pd" or Au"" were added
to water, followed by stirring for 30 min to ensure complete dissolution.
Two molar equivalents of AgNOs; were then added to abstract two chloride
ligands as AgCI, which was expected to promote the formation of the

binuclear complex, as proposed in the following equation.
[MCLI™ + [MCII™ &+ 2 Ag—2A9C1 _ 1cl M(u—Cl),M Tl

The same concept of chloride abstraction by use of AgClO, and AICI; to
obtain homodinuclear metal complexes has been reported previously.'?*?
AgCIO, has been used to abstract chlorides from 2 equivalents of
(BusgN)[Au(CgHs)2Cl,] by stirring in a CH,Cl,/Et,O mixture to obtain the
homodinuclear complex i.e. [(CsHs)Au(u-Cl)2Au(CeHs),]. However, almost
2 equivalents of AICl;, were used to prepare the homodinuclear Pt'"
complex from (BusN)2[PtClg] by simple stirring of the contents in CH,Cl, at
room temperature until solid AICI; totally disappeared from the solution
resulting a clear red-coloured solution, from which the product,

(BugN)[CI3Pt(1-Cl3)PtCls], was crystallised at low temperature (-30 °C) as

red crystals.™®

In the preparations in this work involving Pt" and Pd", Pd" and Au", the
AgCl formed was removed by centrifugation and the resulting filtrate was
then evaporated to obtain the precipitate, for which crystallisation was

attempted from H,O/EtOH and MeOH/H,0, but signs of decomposition
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were observed in these solvents. Prior to crystallisation, the solution of
precipitate was analysed by mass spectrometry, but no peaks attributable to a

mixed-metal product were observed.

In a further attempt to prepare a heterobimetallic Pt-Au complex this way,
the mononuclear complexes (BusN)2[PtCls] and (BusN)[AuCl,s] were added
to CH,CI, followed by addition of AgOTf with continuous stirring of the
contents at room temperature for 18 h. The mixture was filtered to remove
the AgCI precipitate. After removal of the solvent, the residue obtained was
redissolved in acetone after which Et,O was added, resulting in an orange
precipitate. Unfortunately, mass spectrometric analysis of this reaction did

not indicate the presence of any heterodinuclear species.

Attempted synthesis of (BusN)x[Cl.M(z-Cl).M'Cl;] complexes

Initial attempts involved stirring (BusN),[MCls] (where M = Pt", n =2 or
Au", n =1) and [M'Cl;] (M’ = Pd or Pt) in CH,Cl, at room temperature for
24 h or 48 h. The resulting mixture was then analysed via mass spectrometry
but no dinuclear species were observed in either case. The reactions were
also tried under more vigorous conditions (i.e. under reflux) or in different
solvents (e.g. 1,4-dioxane) but the results obtained were no different. The
reason to the unsuccessful reactions could be poor solubility of [MCI;] in

solvents such as CH,Cls.

Further attempts in higher-boiling solvents (e.g. benzonitrile, 1,4-dioxane)
were used along with a different Pd source i.e. [PACI,(NCPh),]. The mixture
of K[AuCl,] and [PdCI,(NCPh),] was heated under reflux for 48 h (under

N2, 1,4-dioxane) and then filtered. The filtrate obtained was dried and
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triturated with petroleum ether and Et,O. The results of mass spectrometry
confirmed the formation of homodinuclear species such as [Pd,Cls]*, as
well as mononuclear species such as [AuCly]. The existence of
homodinuclear species was also supported by UV-visible data in which a
band corresponding to [Pd2Cls]* was observed at Ama. = 329 nm (in 1,4-
dioxane), and 332 nm (in benzonitrile) as compared to K[Pd.Cls] (324.5,
430 nm, H;0) and [K(18-crown-6)],[Pd.Cls] (339.5 nm, CH.Cl;). No
evidence was obtained for the formation of a heterodinuclear species, neither

was it possible to obtain single crystals of the resulting solid.

In the next attempts, a method of synthesis reported by Chatt was adopted.**
Here, (BusN)[AuCl,] and [PdCI,(NCPh),] or (BusN)2[PtCl,] and [PdCI;], or
(BugN)[PtCl,s] and (BusN)[AuCls], were heated in the absence of solvent
for 15 min. On cooling, acetone was added along with a pinch of charcoal
(adsorbent) followed by boiling for a few minutes. The mixture was filtered,
evaporated to dryness and attempts were made to crystallise the solid from
acetone but nothing was obtained for Pt-Pd or Pt-Au (an oily mass was
observed), although a pinkish-brown solid was obtained from Pd-Au. Again,
analysis of the solution by mass spectrometry showed no evidence of any

dinuclear species.
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Attempted mechanochemical preparation of K;[CloM(w-Cl).M'CL] in the
absence of solvent

As none of the attempts with Group 1 metal salts of Pt", Pd" and Au"
chloridometallate in solution had so far led to a heterodinuclear complex, it
was decided to try to synthesise such metal complexes with a completely
different approach i.e. by a mechanochemical reaction.”* There are several
examples reported in the literature that have used this method of synthesis,
including the preparation of metal clusters,?® metal organic frameworks,?
mononuclear metal complexes,?’ coordination polymers,®® coordination
cages,? and paramagnetic species.® In the last of these, Group 1 metal salts
of Pt" were used to synthesise paramagnetic species generated during the
homolytic cleavage of the M-X bond via a mechanochemical reaction.
Therefore, using this method, a Group 1 metal salt of Pt" was selected along
with PdCl; as the source of second metal. The reactants were added to the
reactor and were milled for a total of 2 hours. Each milling cycle was of 15
min accompanied by cooling of 15 min and the mixture was analysed by
powder X-ray diffraction at each stage (Fig. 2.4). The reaction was non-
continuous as a continuous mechanochemical reaction could result into
heating up of the reactor to a very high temperature which in turn could

cause decomposition.**
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Fig. 2.4 Comparison of mixture obtained from mechanochemical reaction using powder X-
ray diffraction pattern with respect to K,[Pd,Clg].

In order to try to identify the complex being formed in the mechanochemical
reaction, an analogous complex was prepared i.e. K,[Pd,Clg], obtained from
[K(18-crown-6)]2[Pd2Clg]*® (unfortunately K[Pt,Cls] could not be prepared
the same way). However, a comparison was still made as it could be
expected that [Pd2Cls]*", [Pt2Clg]* and [PtPdCls]> would be isostructural
and, more importantly, isomorphous. Comparison did reveal a number of
coincidences, but unfortunately the comparison was not precise, precluding

identification in this way.

The powder was also analysed by '**Pt NMR spectroscopy, from which

presence of two signals at ¢-1608 and -1170 were observed. The latter was
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postulated as due to [Pt;Cls]* by comparison with separately prepared
Lis[Pt2Clg], while the former was [PtCls]*. There was no evidence for any

other species that might have inferred reaction of palladium with platinum.

2.2.1.3 Synthesis of Heterobimetallic M-M'" Complexes
[K(18-crown-6)]x[Cl,M(1-Cl),M'CL;] complexes

a) Synthesis of [K(18-crown-6)]2[CloPt(u-Cl),PdCl,]*

In the next approach, Steinborn’s*® method of preparation was adopted in
which he synthesised homodinuclear complexes of Pt" and Pd". Hence, by
following the same method of preparation a heterobimetallic Pt-Pd
halobridged complex of type [MM'Clg] was sought. The method involved
stirring of K3[PtCl,] and K,[PdCls] with [18-crown-6] (1 mol eq. per K*) in
water for 2 days at room temperature. This resulted in a precipitate which
was collected and then washed with water, EtOH and Et,O to obtain the

final solid. The complex formed was identified by **>Pt NMR spectroscopy

and by single crystal X-ray diffraction.

The results of the structure determination (X-ray crystallography) showed
the expected planar di-z-chlorido dimer and at each end the two chlorido
ligands were bound to a potassium atom, itself complexed by an 18-crown-6
ligand (Fig. 2.5). At one end of the complex the 18-crown-6 was disordered.
The disorder was modelled in two positions of relative occupancy 72 : 28
(determined independently of the Pd/Pt ratio; see below). For the minor

component, the C-O bond lengths were restrained to be 1.423 A and the
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C—C bonds were restrained to 1.49 A, these being the average of the values
observed for the ordered crown ether. The anisotropic displacement
parameters (adp) of the minor form were restrained to be approximately
isotropic. The structure is shown in Fig. 2.5 with this disorder removed

(unmodified cif file is in Appendix A).

oxygen
chlorine

carbon

palladium or platinum

potassium

Fig. 2.5 Crystal structure of [K(18-crown-6)],[Pd; 4,Pto s5Cle].*

The structure contained a mixture of Pd and Pt, the ratio of which refined to
71.5 : 28.5 (which effectively corresponds to the ratio of ordered to
disordered crown ethers) with the two metal atoms disordered over the two
sites. The ratio of Pd/Pt at each site was allowed to refine independently but
proved to be the same. Selected bond lengths are collected in Table I1.1, in

which they are compared with data for Ko[MCl;] (M = Pd or Pt),3%
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[K(18-crown-6)]2[PtCls],* [K(18-crown-6)]2[PtoCls]*® and [K(18-crown-
6)]2[Pd2Cls].*® The lower symmetry of the unit cell in the structure of the
mixed-metal complex leads to four terminal M—CI distances, but these are
all comparable to those from the homodinuclear equivalents; interestingly,
these are consistently shorter (by about 0.3 A) than those found in the
mononuclear complexes. The terminal Pt—CI bond length does not appear to

be affected by complexation of the potassium cation by the crown ether.

Table 11.1 Selected bond lengths and angles for Pd; 4,-Pdgss and related structures.

Structure d(}\’/l&gglt) d(K/KCIt) d(l\//l’gglb) d(k/(A—O) /0;
Ka[PtClg* 2.3094  3.239
Ko[PdCl,)%% 22931  3.233
[K(18-C-6)]2[PtCl4] ! 2.311(1) 3.161(1) 2.806-2.944  84.89

[K(18-c-6)[Pd-Clg]*®  2.270(1) 3.260(2) 2.327(1) 2.815-2.956 114.57
2.271(1) 3.340(2) 2.330(1)

[K(18-c-6)][Pt.Clg]*®  2.270(3) 3.259(4) 2.322(2) 2.788-2.961 112.83
2.274(2) 3.348(4) 2.328(3)

[K(18-c-6)o[PtPdCIg)®? 2.273(1) 3.191(1) 2.330(1) 2.805-2.955 113.89
2.265(1) 3.347(1) 2.329(1) 2.779-2.991 115.01
2.262(1) 3.222(1) 2.325(1)
2.271(1) 3.279(1) 2.332(1)

$ Terminal M—CI distances; * M = Pt or Pd as appropriate; © Angle between planes defined
by MClI, unit and triangle of K plus 2 x CI.

To check the reproducibility of this reaction, it was repeated on two further
occasions, and single crystals were grown on each occasion. The Pd/Pt ratio
was found to be 71 : 29 on one occasion and 64.5 : 35.5 on the other (see
data in cif files on CD and on CCDC).* In both cases, the CHN data are
given in the experimental section, and it should be noted that they are well
within acceptable limits (not quite the case for complex Pdj42-Pdossg).
Nonetheless, the fact that the analytical data predicted from the
compositions found in the single-crystal structure determinations and those

found from bulk crystallisations match well suggests that fractional
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crystallisation would be unlikely to separate out the components and that

obtaining mixtures is likely the best that can be achieved in this approach.

The X-ray data (described above) were able to provide a Pd/Pt ratio but they
could not distinguish between a simple mixture of [Pd2Clg]*” and [PtoCls]*,
and a mixture of [Pd2Cls]*", [Pt.Cls]* and [PdPtCls]*". Therefore, to address
this issue, the **>Pt NMR spectrum was acquired and is reproduced as Fig.
2.6. The spectrum (recorded in CD,Cl,) shows two signals at 6 = -1216 and
—1278 ppm. By comparison with authentic samples prepared separately (all
as the potassium crown ether salt and all data recorded in CD,Cl,), it was
possible to ascertain that the resonance at 6 = —1216 ppm corresponded to
[Pt,Cls]*", whereas the resonance for [PtCl;]*>" was found at 6 = —1528 ppm.
Given that the X-ray data clearly indicate that the only species possible are
[Pd,Cls]*, [Pt.Cls]* and [PdPtCls]> and that one of the peaks in the **°Pt
NMR spectrum is identified as [Pt.Cls]*", then it seems inescapable that the
resonance at 6 = —1278 ppm corresponds to [PdPtCls]*". Indeed, given the
well-known sensitivity of '**Pt chemical shifts to small changes (e.g.,
solvent, temperature, counterion),®’ then a difference of 62 ppm between

[Pt,Clg]* and [PdPtCls]* is quite reasonable.
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Fig. 2.6 "**Pt NMR spectrum of [K(18-crown-6)],[Cl,Pt(x-Cl),PdCl,] complex in CD,Cl,
showing the presence of [Pt,Cls]* and [PtPdCls]* at § = -1216.44 and -1277.57,
respectively.

This being the case, it is then possible to determine the relative quantities of
[Pd,Cls]*, [PtoCls]* and [PdPtCls]* present in the mixture if it is assumed
that the integrations from NMR spectroscopy are reasonably accurate (that
the two anions are, in effect, exactly the same size gives confidence in this
assumption). This is done by determining the ratio of [Pt,Clg]> and
[PdPtCls]* from the NMR spectrum from which a Pd/Pt ratio can be
calculated. Knowing the overall ratio of the metals from the crystal structure
then allows the amount of [Pd,Clg]* to be determined. The result was found

to be:

[Cl,Pd(-Cl),PdCl,]%:  [CloPd(u-Cl),PtClo]%" :  [CloPt(u-Cl)oPtCl,]%

12
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The reason for the observed ratio of metals can only then be the inertness of
Pt with respect to Pd.®** It has also been shown that [PdCl4]* is more active
than [PtCl,]* in various biological systems.”>*#*** |n a recent study to
compare dielectric constants of K;[PtCls;] and K;[PdCl,], it was observed
that Pd" showed noticeable changes in aqueous solution in comparison to
Pt" due to presence of greater number of H* and CI" ions.** Also, it is known
that [PdCI,]* in solution forms the anion [PdCI3(OH2)]*™*! due to more
favourable hydrolysis, which destabilises or disturbs hydrogen bonding in
solution. However, the same effect is observed to be less pronounced in Pt"
due to difficulty in removal of the first CI" ion from the first coordination
sphere by solvent molecules.** Hence, the result obtained justifies the greater
lability of Pd-CI bonds when compared to Pt—CI bonds, which would predict

a greater preponderance of the homodinuclear palladium dimer.

b) Attempts to Synthesise Heterobimetallic Pd-Au Complexes

Attempts were then made to synthesise heterobimetallic Pd-Au complexes
using Steinborn’s method of preparation.® The reaction mixture did not
show any signs of decomposition, but reduction was observed in the reaction
as Au' i.e. [K(18-crown-6)][AuCl,],*® was recovered on crystallisation of the
final reaction mixtures implying that a redox reaction had taken place,
presumably with the formation of Pd'. However, metallic gold (Au®) was
not recovered from most of the reactions (except one during bulk
crystallisation). Also, the oxidised product i.e. Pd"Y was never recovered

from any of the mixtures, but the homodinuclear hexachlorodipalladate(Il)
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complex was observed every time instead being isolated by crystallisation of
one of the two polymorphs. One of these was the same as that reported
previously by Steinborn et al., while the other showed small differences in
the lattice parameters.’® Nevertheless, formation of Pd" in the final
precipitate was supported by IR spectroscopy as a band identified at
340 cm™ (compared with [K(18-crown-6)]2[PdCls], 340, 320 (w) cm™), but
none of the crystallisation attempts resulted in isolation of the oxidised
species. In general, the precipitates obtained from all of the attempted
preparations of Pd-Au crown ether complexes in water showed the presence
of a mixture of more than one products, and so the CHN data were

unhelpful.

The attempted preparations of Pd-Au complexes was also carried out in

CH,Cl, by stirring at room temperature in the dark (Au""

is photosensitive)
using [K(18-crown-6)],[PdCls] and [K(18-crown-6)][AuCl,;] as starting
materials. The results obtained again indicated presence of an oxidised
species i.e. [PdCls]* (vea-c1 340 cm™), a reduced species i.e. [AUCL]Y (vauci
350 cm™) and the homodinuclear Pd" complex, [Pd,Cls]*. Moreover, Pd'" is

known to be kinetically inert but thermally unstable, so that [PdCls]* is

easily reduced to Pd" by H, and by H,0,.*"*®

It is also reported that the salts of the [PdCls]* anion are not easy to
crystallise.*® It has also been recently discovered that [PdClg]* in solution is
unstable, and can undergo disproportionation very easily to form [Pd,Cls]*
and [PdCl,]?, although this is reported to be photochemically induced.*® In

the current experiments, the reactions were carried out in the dark, but the
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crystallisation was not under completely dark conditions, so that formation
of [Pd:Clg]* could occur photochemically. Moreover, in a separate
preparation of a mononuclear complex of Pd'" i.e. [PdCls]*” using Kz[PdCle]
and [18-crown-6], the same homodinuclear complex [Pd.Cls]*, was
obtained during crystallisation of [K(18-crown-6)],[PdClg]. The latter was
confirmed by CHN and IR spectroscopy analysis, where vpg.ci 340 cm™

corresponded to [PdClg]*.

These observations support the proposition that although Pd" is formed, it is
unstable and undergoes conversion to the homodinuclear complex very

easily.

[PACI,]% + [AuCly] [PACIg]> + [AuCl,]

[PdClg]> 0.5 [Pd,Clg]> + 3Cr

In a variation of the above method, the reaction was attempted using
preformed mononuclear metal complexes of Pd" and Au"' with [K(18-
crown-6)]" as the cation. The method of preparation involved stirring of the
two complexes in CH,Cl, at room temperature for 48 h in the dark and the
resulting solution was then treated with hexane in excess. The filtrate and
precipitate obtained were analysed separately, but the results obtained were

no different to the previous in situ preparations.

In the course of this part of the work, several single crystal structures were
determined. Those that are directly relevant to the discussion are described
below, while data for the others, i.e. [K(18-crown-6)],[PdCls]-4CH,Cl,,

(PPh4)[AUC|4], (BU4N)2[PtC|6]'3CH2C|2, (BU4N)2[PtC|5],
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(PPh4)2[PtC|4]'H20, (PPh4)2[PtC|6]'2CH2C|2 and [K(l8-CfOWﬂ-6)]2[C|2Pd(IIJ-

Cl),PdCl;], are collected in the Appendix of the thesis.

c) Attempts to Synthesise Heterobimetallic Pt-Au Complexes

After the successful preparation of a heterobimetallic Pt-Pd complex and
attempted Pd-Au complex preparations, the same approach was tried in an
attempt to prepare a heterobimetallic Pt-Au complex. The reaction was again
carried out in the dark and the amount of crown ether used was just greater
than 1 crown/K" calculated from the total number of K" ions in the precursor
salts, K,[PtCl,] and K[AuUCl,]. The mixture of K;[PtCly], K[AuCl,] and
[18-crown-6] was stirred in water for 48 hours in the dark, which resulted in
the formation of a gold mirror (metallic gold) as a result of reduction of Au""
to Au® accompanied by the formation of a yellow precipitate, which was
observed as a mixture with the gold mirror in several cases. The reaction

was also carried out under the same conditions but in the absence of crown

ether, this time resulting in an instantaneous reduction.

Reduction of Au"

Reduction of gold complexes in the presence of light (photosensitivity) is an
observation that has been known since the 18" century.®**? Chemical
reduction of Au"" (or Au" acting as an oxidant) is also well known.>® In
those reported examples, Au"' as Na[AuCl,] or HAUCI, has been employed

in an attempt to synthesise mononuclear Au™ organometallic complexes, but

due to reduction, mononuclear or polymeric Au' complexes have, on

54,55,56,57
d.

occasion, been formed instea In some reported examples,
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11 56,58

reduction of Au’ has also been observed due to thermal decomposition,

resulting in metallic gold as the final product.

The reduction observed in our work in attempting to prepare a
heterobimetallic Pt-Au complex was accompanied by the oxidation of Pt'.
Oxidation by Au" in the presence of other metals has been reported

5960 and includes metals such as Co'" and Pt" which have resulted

previously,
in the formation of the oxidised species Co"' and Pt'"V, respectively. In the
latter case, the Pt'V complex was formed as a result of an attempted
preparation of the heterobimetallic Pt"'-Au"" complex expected from Pt" as

per the following equation,®

-e

Pt”, AU”I Pt”l, AU”I

The basis of the above synthesis originated from previously reported work
by Micklitz et al.®* which involved synthesis of the homodinuclear Pt"
complex cis-[(HsN)2Pt(u-1-MeT),PtCl,] (Fig. 2.7 A) obtained by reacting
together cis-[Pt(I-MeT)2(NHs),] (where 1-MeT is 1-methylthymine anion)

and [PtCl,]*.[°H
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O o)
\NKN/‘\ M~ [AUCl4] - H,0

Fig. 2.7 A Structure of Pt" binuclear complex, and B mononuclear Pt" complex with
[AuCl4] as counter anion.

Therefore, in an attempt to prepare a heterobimetallic Pt"'-Au'"' complex (i.e.
cis-(NHs)2Pt(1-MeT),AuCl,), cis-(NH3).Pt(I-MeT), and [AuCls]” were
reacted following the same method of preparation, where [AuCls]” was
proposed to cause incomplete oxidation of Pt" to Pt"".1% Unfortunately, no
such heterobimetallic complex was obtained, rather, cis-[(NH3).Pt(l-
MeT)2(OH)(H20)][AuCl,]-H,O (Fig. 2.7 B) was formed instead, where
oxidisation of Pt" to Pt'" was observed. The structure elucidation was
carried out by X-ray diffraction, but there was no evidence of a reduced gold

species.

On the other hand, in our attempted preparation of a heterodinuclear Pt-Au
complex, Au® was formed. Then, to study the redox chemistry of the
reaction in more detail, the reaction was repeated several times and was

analysed carefully in order to achieve the following aims:
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1. To identify possible platinum species i.e. Pt", Pt" and Pt" via Pt
NMR spectroscopy.

2. To obtain crystal structures of the products that could be isolated.

3. To study the stoichiometry of the reaction from the percentage yield of
the reduced gold as well as by carrying out the same reaction with

different ratios of the two metals.

The platinum species that might be expected from the reaction included,
heterodinuclear species e.g. Pt"-Au""; Pt""-Au"', Pt'"V-Au' and homodinuclear
species i.e. Pt'"V-Pt"; Pt"-Pt"' and Pt"-Pt". In order to identify the above-
mentioned species, the reaction was repeated several times in water, and in
different aqueous solutions, which were analysed by *®Pt NMR

spectroscopy.
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Products isolated in reactions between Pt" and Au""

Various reactions were carried out with the potassium, [K(18-crown-6)]" or
NBu," salts of the halometallate anions of Pt" and Au", which are now
represented schematically. All reactions were at room temperature and were
conducted in the dark with stirring for 48 h. The products obtained either
from precipitates or from the filtrate were analysed mainly by **°Pt NMR
spectroscopy complemented by single crystal X-ray diffraction. Each
reaction is described individually and then a broader discussion follows in

discussion section.

K5[PtCly] + K[AuCly] + [18-cr-6]

H,O

Reaction solution

N

Precipitate Filtrate

195pt NMR - [PtCls(dmso)]", [PtClz(dmso)]” CHN (crystals) - [K(18-cr-6)],[Pt,Clg]

Scheme I1.1 Reaction carried out in water in the presence of 18-crown-6.

The reaction of potassium salts of Pt" and Au' in the presence of crown
ether resulted in the formation of a gold mirror, a pinkish-yellow precipitate
and a yellow-filtrate. The precipitate and filtrate were analysed separately.
The precipitate formed was found to contain a mixture of [PtCl3(dmso)] and
[PtCls(dmso)]’, which was confirmed via **>Pt NMR spectroscopy. In both
cases, the solvent used to record the NMR spectrum was dmso and it is
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assumed that the observed complex is formed by solvolysis of the related
homoleptic chlorometallate anion, for which precedent exists.®”®® The
presence of the [AuCl;] anion is inferred from the stoichiometry of the
reaction (Pt" + Au"" ---> Pt"Y + Au"), but the observation of both elemental
gold and Pt" salts in the product is evidence that this reaction is not totally
selective. No signal was observed in the NMR spectrum of the filtrate (it is
assumed that the concentration was low) but tiny crystals were obtained on

standing which were confirmed to be [K(18-crown-6)],[Pt.Cls].

The above reaction was then repeated with a 3 : 2 ratio of potassium salts of
Pt" : Au", as such a ratio ought to ensure more complete reduction of the
gold to gold metal, according to: 3 Pt" + 2 Au" ---> 3 Pt'"Y + 2 AuC. On the
analysis of the resulting filtrate as well as precipitate (mixed with gold
metal) again Pt" and Pt species were observed as [PtCls(dmso)]” and
[K(18-crown-6)]2[PtCls] were confirmed by ***Pt NMR spectroscopy and by

single crystal XRD, respectively.

The 1: 1 Pt: Au reaction was also repeated in order to analyse the filtrate of
the reaction completely. However, this time the filtrate (i.e. filtrate 1)
obtained was treated with (BusN)CI as in reaction Il, from which the
precipitate 11 as well as filtrate 11 were analysed separately by *>Pt NMR
spectroscopy. This analysis showed the formation of [PtCls]> (precipitate

I1), [PtCls(OH,)T, cis-[PtCls(OH2)]* and trans-[PtCl,(OH,)]* (filtrate I1).
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K,[PtCly] + K[AuCl,] + [18-cr-6]

CH3COOH(aq.)

Reaction solution

7

Precipitate Filtrate
195pt NMR - [PtCl5(dmso)] 195pt NMR - [PtCls(OH,)]", [PtCla]%
Single Crystal - [K(18-cr-6)],[PtClg].2DMSO Single Crystal - [K(18-cr-6)][PtCl5(OH>)]
Scheme I1.11 Reaction carried out in aqueous acetic acid in the presence of 18-crown-6.

It is known that oxidation of Pt" can also give Pt"

and that normally such
complexes are dinuclear in nature with bridging ligands such as sulfate or
acetate. Therefore, the reaction was repeated in the presence of acetate in

order to determine if Pt"!

products could be isolated. The reaction resulted in
a gold mirror, a yellow precipitate and a filtrate. The precipitate and filtrate
were both analysed by ***Pt NMR spectroscopy and by single crystal X-ray
diffraction. The precipitate showed the presence of [PtCls(dmso)],
[PtCIs(OH,)], and [PtCL]* while the filtrate gave [K(18-crown-
6)]2[PtClg]-2DMSO and [K(18-crown-6)][PtCls(dmso)]. There was no

evidence for Pt"".

The 1 : 1 Pt : Au reaction was also repeated to analyse the products that
might have formed in the filtrate which would previously have remained
unanalysed. Hence, the filtrate resulting from the above reaction (i.e.
reaction I) was then treated further with (BusN)CI and was again analysed

separately as filtrate 11 and precipitate I1. On analysis of the products formed
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by **Pt NMR spectroscopy, [PtCls(dmso)]™ (precipitate I1), [PtCls(OH,)]

and [PtCl,]* (filtrate 11) were the species observed.

The above reaction was repeated with a 3 : 2 ratio of Pt" to Au'"'. The
analysis confirmed the existence of Pt" [K(18-crown-6)]o[PtClg],
[PtCls(dmso)]’, as well as Pt" [PtCls(dmso)],, (***Pt NMR spectroscopy).

Single crystals analysis showed [K(18-crown-6)]2[PtCls]-2AcOH.

The reactions given in Schemes Il.1 and IL.Il were also carried out in
aqueous HCI as well as in aqueous CH3COONa but the results obtained
were not very useful. Experimental data is in the Appendix section B of the

thesis.
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[K(18-cr-6)],[PtCls] + [K(18-cr-6)][AuCly]

CH,Cl,

Reaction solution

PN

Precipitate Filtrate

195pt NMR -[PtCl5(dmso)] Single Crystal - [K(18-cr-6)][AUCly],
[K(18-cr-6)][AuCl5]

Scheme 11111 Reaction carried out in dichloromethane using [K(18-crown-6)]" salts.

In this attempted preparation, mononuclear crown ether complexes of
[PtCl,]*> and [AuCl,]” were reacted in CH,Cl,. This time no gold mirror
formed: products isolated from the precipitate and the filtrate were
[PtCls(dmso)]” (from precipitate) and [K(18-crown-6)][AuCl;] and

[K(18-crown-6)][AuCl,] (from the filtrate).
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Ko[PtCly] + K[AUCI,]

H,0

/Reaction solution (1)\

Gold mirror Filtrate
Single Crystal - K5[PtClg]

195pt NMR - [PtCls(OH,)], cis-/trans-[PtCl,(OH,)]%, [PtClg]>
(BugN)CI

Reaction solution (2)

7 ™

Precipitate Filtrate
Single Crystal - (BugN)[AUCI,] Single Crystal - (BugN)2[PtCls(77-CHy=CH-CH=CH,-77)PtCls]

Scheme 1.1V Reaction carried out in water in the absence of crown ether.

This reaction led to the formation of a gold mirror, which was separated
from the filtrate. This filtrate was analysed by ***Pt NMR spectroscopy and
showed the presence of [PtCls]*, [PtCls(OH2)]* and cis- and trans-
[PtCI4(OH),]*, the aquo complexes arising from hydrolysis of [PtClg]*".
While the solution was awaiting analysis by NMR spectroscopy, crystals of
K,[PtCls] precipitated (identity confirmed by obtaining the unit cell of the
single crystals). (BusN)CI was added to the filtrate resulting in a precipitate
and filtrate, which were analysed separately. From the solid, single crystals

of (BusN)[AuCls] were recovered, while crystals of (BusN),[PtCls(7-

CH,=CH-CH=CH,- n7)PtCls] were recovered from the filtrate.
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The above reaction was repeated in aqueous acetic acid. The filtrate resulted
in step | contained [PtCls(OH.)] analysed by Pt NMR spectroscopy.
However, the precipitate formed in step Il resulted in the formation of
[PtCls(dmso)]” and [PtCls]> (**Pt NMR spectroscopy), while from the
filtrate single crystals of ((BusN),[PtCls(7-CH,=CH-CH=CH,-)PtCl;]) and

of Au"" as (BusN)[AuCl,] were recovered.

(BugN),o[PtCly] + (BuygN)[AuCly]

CH3COCH;

Reaction solution

PN

Precipitate Filtrate
195t NMR - (BugN)[PtClg], 1H NMR, 195Pt NMR - (BuzN),[PtCla(77-CH,=CH-CH=CH,-
(BugN),[PtCl,] 7)PtCl3], (BusN),[PtClg]
Single Crystal - (BuszN),[PtClg] Single Crystal - (BugN),[PtClz(77-CH,=CH-CH=CH,-7;)PtCl3]

Scheme 11.V Reaction of NBu," salts of Pt" and Au"" in acetone.

In the above preparation (Scheme 11.V), tetrabutylammonium salts of Pt"
and Au'" were used. This resulted in a precipitate and a filtrate which were
analysed separately. The precipitate showed the presence of (BusN),[PtCle]
and (BusN)2[PtCl;] when analysed by **Pt NMR spectroscopy, while the
single crystal XRD results showed the presence of (BusN),[PtCls). The
filtrate, analysed by '*°Pt NMR spectroscopy, showed the presence of

((BusN)[PtClg]) but also a new species i.e. ((BusN)2[PtCls(7-CH,=CH-
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CH=CH,-n)PtCl;]. Two different crystal forms of (BusN),[PtCls(7-
CH,=CH-CH=CH,-)PtCl;]) (major) and ((BusN)2[PtCls]) (minor) were
isolated, which were confirmed via single crystal X-ray analysis. The details

of this reaction are discussed in section 2.2.1.5.

Discussion
195
Pt NMR spectroscopy

The **Pt NMR spectra of filtrates obtained from the reactions were analysed
as obtained, while freshly prepared solutions in DMSO (dry) or CD,Cl, (or
(CH3),CO if the counter ion was not [K(18-crown-6)]"), were prepared from
precipitates. Each analysis required a set of nine experiments covering range
0 +2000 to -6000 in order to cover the complete chemical shift range of

platinum.®2®® Chemical shifts for some of the species that might be expected

are shown in Fig. 2.8.54%5
[Pt”CIX(OHz)y](x-Z)-
—
[PLYCl(OH) 4" [PtoXel>
I
[PCle]*” [PCI4>
+2000 +1000 0 -1000 -2000 -3000

Fig. 2.8 1**Pt chemical shifts for some Pt complexes in water.

The shifts of the signals obtained from each set of experiments were
reconfirmed by changing the transmitter frequency (O1P) so as to avoid the
drift in the chemical shift that usually occurs in an overnight run. Each
experimental required 16 or 18 h to collect a full set of data and so
solvolysis was observed in dmso to give [PtCls(dmso)]™" (observed in
Schemes 111, ILII, 1L or [PtCls(dmso)]™® species (observed in
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Scheme 11.1) with chemical shifts of 6 = -823 and -2953, respectively

(Fig. 2.9).%° It is known in the literature that dmso can replace chlorido

groups® rapidly to form such solvolysed species.®”"

[PtCls(dmso)]t
. |
[PtCl3(dmso)]t
[PtClg]* —
+2000 +1000 0 -1000 -2000 -3000

Fig. 2.9 Range of solvolysed species in dmso except [PtCls]* (used as a reference in D,0).

19pt NMR resonances can be heavily dependent upon the cation as has been
observed in mononuclear, homodinuclear complexes mentioned in
Table 11.11. Thus, a significant change in chemical shift was observed when

comparing tetrabutylammonium salts (A6 = 61 ppm) and

tetraphenylphosphonium salts (A5 = 82 ppm) of [PtCls]*" in CD,Cl,.

(PPhy)* > (BugN)* > [K(18-cr-6)]"

-1446 > -1467 > -1528
Thus, the stronger the ion pair interaction, the greater the masking (or
screening) of the anionic complex and hence there is a decrease in chemical
shift observed from left to right. It is known that the ion-pair effect increases
due to cations like (BusN)" in the presence of organic solvents as reported by
Pesek and Mason.”* This ion-pair effect in turn contributes to the screening
of the anionic complex also shown above. For instance, with [K(18-crown-
6)]" the cation K™ is surrounded by a crown ether, [18-crown-6], which acts
as a shell around it which effectively reduces its interaction with the counter

anion. Hence, the interaction between [K(18-crown-6)]" and the anionic

Halo-bridged Complexes 113



Navpreet Sethi

metal complex is expected to decrease, thereby providing higher screening
of the anion. However, for the (BusN)™ cation, the interaction between cation
and the anionic complex is expected to be higher than for PPhs*, where the
presence of Ph groups, play a key steric role in the reduction of ion-pair

interaction between the cation and anion.

The effect of counter-cation is large for Pt" complexes, but for Pt' the
influence is smaller, which is most likely due to the accessibility of the Pt
centre in square-planar complexes allowing approach/interaction of the
cation in a way that is simply not possible in coordinatively saturated,

octahedral Pt'.(Fig. 2.10).

L
~htS ~PIS - i
| /A L = solvent or cation
L
octahedral square planar
A B

Fig. 2.10 Possible interactions of solvent or cation molecules (L) with different platinum
nucleus A Pt" and B Pt" having different geometry.

This is illustrated by comparing the **°Pt chemical shifts for the same salts
of the [PtCls]*" anion.

(PPhy)* ~ (BugN)* > [K(18-cr-6)]*

+430 ~ +429 > +425
For homodinuclear complexes i.e. [Pt,Cl]*, prominent ion-pair effects were
never observed Table I1.11. It should also be noted that the solvent, acidity

or basicity of the medium and temperature have a marked effect on different
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metal complexes.” The effect of solvent that has been observed for Pt'

complexes i.e. (BusN);[PtCls], for all mononuclear Pt" complexes and for
homodinuclear Pt" complexes is shown in the table below. Unless otherwise
mentioned the values given in the table i.e. Table II.1l, were obtained

experimentally.

Table I1.11 **Pt NMR chemical shifts for various platinum complexes in different solvents.

Complex Pt NMR chemical Solvent (T/K)

shifts (&)
Pt"

K2[PtCly] -1620 H.O (300 K)

Ko[PtCly] -1613 D0 (300 K)*
(BusN)2[PtCl4] -1418 (CD3).CO (300 K)
(BuaN)z[PtCly] -1467 CD,Cl; (295 K)

[K(18-crown-6)]2[PtCls] -1528 CD.Cl; (295 K)
(PPh4)2[PtCly] -1446 CD.Cl; (295 K)
pt"

Ko[PtClg] 0 D0 (300 K)"*
(BuaN)2[PtClg] +222 CD.Cl, (295 K)
(BusN)2[PtCle] +375 (CD3),CO (300 K)"*
(BusaN)2[PtClg] +429 DMSO (dry) (300 K)

[K(18-crown-6)]2[PtClg] +425 DMSO (dry) (300 K)
(PPhy)[PtCle] +430 DMSO (dry) (300 K)
Dinuclear Pt"

Liz[Pt2Cle] -1171 H,0 (300 K)

(K[18-crown-6])2[Pt2Clg] -1217 CD-Cl; (295 K)
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%*Pt NMR shifts in different Pt-Au reactions

The chemical shifts obtained for Pt species from different reactions carried
out in different solvents such as H,O (Schemes II.1), CH;COOH/H,0O
(Schemes 11.11), CH3COONa/H,0, and dil. HCI. are given in Table I1.111.
The precipitates obtained from 1 : 1 reactions carried out in H,O
(Scheme 11.1) and CH3COOH/H,O (Scheme I1.11), showed solvolysis to
[PtCls(dmso)]* and [PtClz(dmso)]", when analysed in DMSO. However, the
filtrate indicated a hydrolysed product of Pt" ([PtCls(OH,)]) and some
unreacted Pt", which appeared as the mononuclear as well as the
homodinuclear species, [PtCls]* and [Pt,Clg]*, respectively. The ***Pt NMR
spectroscopy results obtained for 3 : 2 Pt-Au reactions in H,O and
CH3COOH/H,0 were no different from those observed for 1 : 1 reactions.
The results for the 3 h reaction (reaction conditions similar to Scheme 11.1)
indicated that the oxidation observed was fast but it did not appear that it
was as complete as observed in a 48 h reaction. This was illustrated by the
intensity of signals observed for Pt" species relative to Pt' species, which
was higher and was approximately 3 : 1 (Pt" : Pt") in a 3 h reaction in
comparison to a 48 h reaction when analysed for the same duration was
approximately 1 : 3 (Pt" : Pt'"). The idea of using CH3COOH/H,O as

solvent was to try to trap dinuclear Pt"

species. As, it is known that the
combination of DMSO/H* can oxidise Pt" to Pt"".”*™* However, work in the
group, has shown that in the presence of acetate, the oxidation stopped at

Pt"" and metal-metal bonded, dinuclear complexes were formed that

contained bridging acetate ligands (Fig 2.11)."
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CI
b /—\
/Pt\ /\ = a 2-phenylpyridine

Fig. 2.11 Structure of dinuclear Pt"' complex.”

The approach was further varied by carrying out the reaction under acidic
and basic conditions using HCI (dil.) (pH 2) and CH3COONa/H,0 (pH 8),
respectively. No new species were isolated from the former apart from
mononuclear Pt'"Y. However, in the latter, no Pt species were observed as
peaks when analysed in the mixture as well as the filtrate at various different
concentrations by **°Pt NMR spectroscopy (Table I1.111), which suggests

the formation of insoluble oxide/hydroxide species.

Table I1.111 Data from ***Pt NMR spectra obtained from different reactions.
Pt : Duration Solvent used in & Peak/s observed from & Peak/s
Au reaction precipitate observed from filtrate
1:1 48 h H,0 -823 [PtCls(dmso)] ;" -

-2953 ([PtCls(dmso)]*®)
1:1 48 h CH3COOH/H,0 -823 [PtCls(dmso)]*1°" +533.92 [PtCIs(OHzg]l',*
-1512.138 [PtCl4]",
-2412.56 (Pt species)
1:1 48 h CH3;COONa/H.0 No peak was observed No peak was observed
1:1 48 h HCI (dil.) +424 [K(18-crown-6)]2[PtCle] -2.6 [PtCle]”
1:1 3h H.0O +815 close to [PtCls(dmso)] °" -1602 close to [PtzClg]”,
-2360 close to [PtClz(OH,)4* "

3:2 48 h H.0O -2953 [PtCl3(dmso)]"® No peak was observed
3:2 48 h CH3COOH/H0 -424 [K(18-crown-6)]5[PtClg]; -1588 [PtCla]*

-823 [PtCls(dmso)]*;*"

-2952.19 [PtCls(dmso)]*®.

*Values given are fairly close to complex (H,0)[PtCls(OH,)]-2[18-crown-6].6H,0 (5832)"’
but the shift observed is due to the influence of counter cation i.e. [K(18-crown-6)]° Values
given are fairly close to reported values observed in 1 : 1 mixture of DMSO : H,O for
[PtCl5(dmso)]*.[5®!
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Single crystal X-Ray diffraction

The list of crystal structures obtained from different Pt-Au reactions is given
in Table I1.1V. The crystals obtained indicated the presence of completely
oxidised species i.e. Pt' either as solvolysed ([K(18-crown-6)][PtCls(OH2)]
observed”® in Scheme IL.Il or as an unsolvolysed form ([K(18-crown-
6)][PtCls]-:2DMSO (Scheme I1.11); [K(18-crown-6)][PtCls]-2AcOH. Also,
crystals of reduced product i.e. ([K(18-crown-6)][AuCl,]**®! and unreacted
Au"" ([K(18-crown-6)][AuCly]) observed in Scheme I1.111 or [K(18-crown-
6)][Pt.Cls]™ (Scheme 11.1) were recovered as side products. Unfortunately,
no crystals corresponding to the expected heterobimetallic complex or any
other homodinuclear complex were obtained. The details of crystal
structures are given in the appendix section. Crystals unsuitable for XRD
were analysed via CHN. The structures that have not been reported
previously and require a description are described below in detail, while

others are in the appendix.

Table 1.1V Single crystal X-ray diffraction results

Pt : Au reaction (solvent) X-ray Diffraction Solvent used for

crystallisation

Reactions with [18-crown-6]

1:1 (H0) Crystals obtained were not H2O (filtrate on standing)
suitable for XRD
1:1 (CH3COOH/H20) [K(18-crown-6)],[PtCls]-2DMSO; DMSO (dry);

[K(18-crown-6)][PtClsOH;] CH3;COOH/H-0 (filtrate)

1:1 (CH3COONa/H20) [K(18-crown-6)][AuCly] (CH3).CO
1:1 (HCI. dil.) Crystals obtained unsuitable for HCI. dil.
XRD

3 : 2 (CHsCOOH/H,0) [K(18-crown-6),[PtCls]2AcOH  CHsCOOH/H,O (filtrate)
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[K(18-crown-6)]2[PtCle/-2DMSO and [K(18-crown-6)]2[PtCle/-24cOH

Hexachloroplatinate(1V) with a [K(18-crown-6)]" cation was isolated from a
reaction between Pt-Au in both a 1 : 1 and 3 : 2 ratio carried out in
CH3COOH/H,0. The crystals were obtained as yellow coloured plates on
standing. The two structures were very similar and even the crystallographic

parameters were close to one another as shown in the appendix section.

In each case, both solvent molecules were found close to the crown ether on
opposite sides of the anion (Fig. 2.12). The origin of [K(18-crown-
6)]2[PtCls]-2AcOH was from the reaction mixture obtained during NMR
spectroscopic analysis. However, [K(18-crown-6)]2[PtCls]:2DMSO was
obtained from the solubilisation of the precipitate of the Pt-Au reaction

mixture when DMSO was used.
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oxygen
chlorine
carbon

platinum

potassium

sulphur

A B

Fig. 2.12 Structures of Pt" crown ether complexes with different solvents of crystallisation
A DMSO, and B CH;COOH.

[K(18-crown-6)][AuCl,]

The mononuclear Au

crown ether complex ([K(18-crown-6)][AuCl,]) was
isolated from the preparation of the mononuclear crown ether complex of
Au", carried out in H,O from [18-crown-6] and K[AuCl,] by stirring; it was
crystallised from CH,Cl, (under N, 5 °C, dark). The crystal structure has
not been reported before but, previous attempts to isolate it from a mixture

of K[AuCl,] and [18-crown-6] in MeOH followed by crystallisation from a

MeOH/Et,0 mixture, led to colourless crystals of [K(18-crown-
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6)][AuCl,].“® No description was given in the paper which explains this

reduction of Au". However, it was observed in this work that if the

crystallisation is not carried out at low temperature and under inert
atmosphere then a mixture of crystals of complex of Au' (minor) and Au""'
(major) will be obtained. If the crystallisation is carried out in the presence

of light then Au' will be the only product.

The final structure of the Au'"

complex was difficult to obtain as it showed
variation in data sets i.e. the data set collected at the beginning was
significantly different from the data set obtained at the end. In fact due to the
exposure to the X-ray beam a change in the molecular arrangement and
hence the unit cell of the structure of [K(18-crown-6)][AuCl4] was observed.
The change is due to change in chloride positions in the X-ray beam and the
resulting tetrachloroaurate(l1l) positions are randomised through the crystal
(Fig. 2.13). This then leads to an increase in symmetry i.e. from P-1 to C2/c
hence the change in the unit cell is observed. Thus, two different

polymorphs are observed which is also indicated in the final structure in the

cif file as well as in the appendix.
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Fig. 2.13 Structure of [K(18-crown-6)][AuCl,] showing different arrangement of [AuCl,]*
and [K(18-crown-6)] in X-ray beam during structure analysis. A: Initial structure, B: Middle
structure and C: Final structure, hydrogens are removed for clarity.
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Stoichiometry of metals in Pt-Au reactions

Initially, reaction between Pt" and Au" had used a 1 : 1 ratio of starting
complexes as the objective was to prepare a heterobimetallic complex of
1 : 1 stoichiometry. However, it is clear that the reaction occurring is a redox
reaction as Pt", Au® and Au' are all formed but characterisation of the
reaction products was hampered to some degree as there is also unreacted
Pt'" and Au". These arise as the starting stoichiometry was chosen, on the

basis of the redox reaction. There were two competing possibilities:

Pt o+ Al PV o+ Ad

3P+ 2A" 3PtV + 2AU

Therefore, the reaction was repeated using a Pt : Au ratio of 3 : 2, better to
reflect the nature of the redox reaction and when the reactions were carried
out in water as well as in CH3COOH/H,0, the results showed the presence
of mononuclear oxidised Pt'" species as the major product; no unreacted
Au" or Au' was recovered in any of the reaction mixtures rather Au® was the
only reduced product found. On the other hand, some unreacted Pt" was
produced as a side product i.e. [K(18-crown-6)],[Pt.Cls] in CH3COOH/H,0
mixture. In other words, the attempts were successful to eliminate the
presence of different species of gold which were thought to be interfering in
the product formation, but the results obtained did not show any other
difference in product formation. The presence of unreacted Pt" is likely due
to incomplete oxidation, although it is not clear why this is the case with no

Au"" or Au' being recovered.

Halo-bridged Complexes 123



Navpreet Sethi

Attempted preparation of [K(18-crown-6)][Cl,Pt(x-Cl),AuCl,]

All attempts above to prepare heterobimetallic Pt-Au crown ether complexes
were unsuccessful. Therefore, another attempt was made to synthesise the
same complex using mononuclear Pt" and Au'"' complexes starting from the
[K(18-crown-6)] salts. The method involved stirring the two mononuclear
metal complexes (i.e. [K(18-crown-6)][AuCl,] and [K(18-crown-6)],[PtCl4])
in CH,Cl, at room temperature for 48 h in the dark. No reduced gold was
formed as gold mirrors as observed in the previous attempted preparations.
Instead, a clear orange-yellow solution resulted, to which was then added
hexane. The precipitate obtained was insoluble in all organic solvents except
dmso hence it was once again analysed by Pt NMR spectroscopy in it, and
[PtCls(dmso)]*” was observed. The results obtained were no different from
the previous preparations, although use of the potassium-crown ether salts
appears to have modified the reaction in that no Au® was formed as product.
The precipitate obtained from all the above Pt : Au reactions (either 1 : 1 or
3 : 2 ratios) carried out in the presence of crown ether showed solubility only
in dmso. The latter, as discussed above, can result in solvolysis very easily.
Therefore, if any of desirable homo or hetero binuclear oxidised species
would have formed in any of the reaction mixtures, even at a very low
concentration, they could have undergone solvolysis through the cleavage of
the chloro-bridges (below). The evidence for this has been indicated by
formation of [PtCls(dmso)]” observed from [Pt,Cls]*> when analysed by *°*Pt

NMR spectroscopy in DMSO as NMR solvent (6 -2952).
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X_
Cl. .Cl__.Cl
M’

dmso -
MCl3(dmso)]Y
oMo Mg [MCl3( )]

M=pPt, M =Pt x=2,y=1

To avoid this problem, it was decided to attempt to use (BusN)CI as a
precipitant for the filtrate recovered from the above crown ether reactions.
This will be an aid to recover any other species present in the solution e.g.
(BusN)[CLPt(1-Cl)2,AuCly], which are otherwise difficult to observe in the
NMR spectroscopy of the mixture. Another idea was to synthesise
(BusN)[CI,Pt(1-Cl)2,AuCly], the product of which in both the cases would be

expected to be soluble in solvents other than DMSO.
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2.2.1.4 Attempts to Synthesise Hetero-binuclear Pt-Au Complexes with a

(BuzN)" Cation

The reaction was carried out between a 1 : 1 ratio of Pt" and Au" as
potassium-18-crown-6 salts and after collection of the precipitate, excess of
(BusN)CI was added to precipitate anionic species remaining in the aqueous
solution (Scheme 11.V). The resulting precipitate was then analysed by '*°Pt
NMR spectroscopy using a solvent other than DMSO, in this case acetone.
This time, the precipitate, filtrate as well as precipitate from filtrate i.e.
obtained after treatment with (BusN)CI were analysed separately to as to
confirm the presence of platinum anionic species present in any part of the
reaction mixture by ***Pt NMR spectroscopy. It should be noted that the
19pt NMR spectroscopy results of the first formed precipitate i.e. soluble in
DMSO only, showed results (Table 11.V), which were similar to those
observed previously (Table I1.111). However, this time the filtrate formed
was analysed as before but the duration of analysis was for a longer period
of time due to which, presence of additional peaks in an extremely small
ratio which remained unanalysed in the previous experiments (Scheme I11.1)
were confirmed. In Table 11.V, possible cis- or trans- isomers of Pt'"
hydrolysed species (+1083 small peak, value close to cis-[PtCls(OH.)]%;
trans-[PtCly(OH,)]*)"® along with hydrolysed species of Pt' as main ratio

(+521 [PtCls(OH,)]M)% observed has been clearly represented.

In other attempts to prepare a Pt-Au hetero-binuclear complex, in absence of
crown ether, K[AuCl,] and K,[PtCl,] (at ratios 1 : 1 and 3 : 2 for Pt : Au),

were stirred in water (Scheme I1.1V) or dilute acetic acid at room
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temperature for 48 h and 3 h in the dark. This resulted in the formation of
metallic gold as precipitate which was filtered followed by the treatment of
the yellow filtrate with (BusN)CI in excess to precipitate the final product.
The resulting product was analysed by **Pt NMR spectroscopy in acetone.

The *°Pt NMR spectra obtained from a reaction using a Pt : Au (1 : 1) ratio
showed signals that corresponded to Pt" species such as [PtClg]*. Apart
from that, an unidentified peak was found at 6 +94. From our knowledge of
%pt NMR spectroscopy, this comes within the range of Pt' species (see
Fig. 2.8 and Fig. 2.9 for Pt' species existence). Hence, it is certain to
possess Pt (completely oxidised species). However, the reactions done
with 3 : 2 ratio of Pt : Au, did not result in any peak other than [PtCls]?.
Crystallisation of the mixtures (obtained both from H,O as well as
CH3COOH/H20) of 1 : 1 or 3 : 2, Pt : Au reactions resulted in a new
homodinuclear Pt" butadiene complex, which is discussed separately in
section 2.2.1.5. The complex formed was obtained as a mixture with

(BU4N)2[PtC|6].

None of the above results indicated any new species which could contribute
towards the existence of any new chloro-bridged hetero or homo dinuclear

complexes.
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Table 11.V ***Pt NMR peaks obtained in attempted preparations of (Bu,N)* salts of hetero-

binuclear complexes.

Pt : Reaction Solvent d Peak/s observed from & Peak/s observed from filtrate
Au duration used in precipitate with (BusN)*
reaction
1:1 48 h H,0O +370 [PtClg] ", +521 (main peak) [PtCls(OH)]"
+94 (unidentified)* %6l +1083 (small peak) (value
close to cis-[PtCls(OH.)]* ;
trans-[PtCls(OH.)*"®; +8 (close
to [PtCle]%).
1:1 48 h H.0: +94 (unidentified)*, +537 [PtCls(OH)] 1
CHsCOOH (1 -823 [PtCls(dmso)]*%;
1 1) +428 (observed initially)
[PtCle]*®
3:2 48h H.O +374 (BusN),[PtClg])* -
3:2 3h H.O +374 (BusN)2[PtClg])* -
¥in dmso, " in acetone
Single crystal XRD

Data for the X-ray structure of single crystals obtained from the rest of the

Pt-Au reactions are given in Table I1.VI. The reactions carried out with

1: 1, Pt: Au ratio showed the presence of unreacted Au

, recuperated as

side product of the reaction during crystallisation. In reactions with water a

homodinuclear complex of Pt" was isolated in small amounts either as side

product in 1 : 1 and 3 : 2 reactions. Details are discussed separately in

§2.21.5.
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Table 11.VI Results of single crystals X-ray diffraction from the attempted Pt-Au reactions
with (BusN)* cation.

Pt : Au reaction (solvent) X-ray Diffraction Solvent used for

crystallisation

(1:1) (CH3COONa/H20) [K(18-crown-6)][AuCly] (CH3).CO

1:1 (HCI. dil.) Crystals obtained unsuitable for XRD HCI. dil.
3 : 2 (CH3COOH/H20) [K(18-crown-6)]2[PtCls]-2AcOH CH3COOH/H0 (filtrate)
Reactions without [18-crown-6]
1:1 (H0O)* K2[PtClg]; H.O (filtrate);
(BusN)[AuCla); (CHs3).CO;
(CH3),CO/hexane
1:1 (CH3COOH/H0)* (BusN)[AuCla); CDCl3;
(CHs3),CO/Et,0

Pt" butadiene complex was segregared as single crystals as *minor side product; major
product with low yields in 3 : 2 reactions not mentioned in above case.

Elemental Analysis

The elemental analysis of the mixtures for most of the precipitates obtained
from attempted preparations of heterobimetallic Pt-Au complexes did not
correlate to any of the expected/target complexes. The reason for this was
that the precipitate obtained was a mixture of more than one species as
shown by NMR spectroscopy and single crystal XRD. Hence, the
identification of the precipitate prior to crystallisation of the sample was
based primarily on ***Pt NMR and IR spectroscopy and CHN (in a few
cases). Then, final identification of the product mixtures was based on the
combination of all the results along with data from single crystal X-ray
diffraction. However, in a few cases, it was certain that the mixture
contained two components, the ratio of M; : M, was calculated inferred from

CHN data obtained.
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Homodinuclear Pt" complex in Pt-Au reactions with crown ether

In the above attempted Pt-Au reactions with [18-crown-6], evidence of
formation of a Pt" homodinuclear complex i.e. [Pt.Cls]* has been recorded
in the most of them as a side product. The latter was isolated as single
crystals and was analysed by X-ray diffraction. Species arising from
solvolysis, i.e. [PtCls(dmso)]” and [PtCly(OH,),]*, were also found on
occasions. As the reaction was carried under the conditions analogous to the
Pd-Au complex synthesis, another possibility that may arise and would have
resulted in the formation of such a homodinuclear complex would be the
formation of [Pt,Cls]* from [PtCls]* in the presence of light (see equations
below) as discussed was previously in the attempted preparations of Pd-Au

reactions.

[PtCI4]% + [AuCly] [PtClg]> + [AuCly]

[PIClel*  ————— 0.5 [Pt,ClgJ?

Although, this has been reported in the literature for Pd" species,®® no
evidence exists for analogous chemistry with Pt species. However, the
possibility exists as the crystallisation of the mixtures was not done in
perfectly dark conditions. Moreover, it has been reported by Shilov and
co-workers® that the [PtCls]* can be converted to [Pt,Cls]* in the presence
of light. The same argument has been presented below to support the section

2.2.15.
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2.2.1.5 Synthesis of a Dinuclear Zeise’s Salt Analogue

While conducting reactions between [PtCl,]* and [AuCl,] and precipitating
with (BusN)CI, greenish-yellow-coloured crystals were isolated along with
yellow crystals of (BusN),[PtClg], the latter being the major product. On one
occasion, a sufficient quantity of these greenish yellow crystals was isolated
for analysis by single crystal X-ray diffraction. The structure obtained was
remarkable, a dinuclear analogue of Zeise’s salt, containing 1,3-butadiene.

The structure is now described.

Crystal structure

The structure of this homodinuclear complex (BusN)2[PtCls(7-CH,=CH-
CH=CH,-5)PtCl;] contains an anion possessing a u-(#°, 7*-butadiene)
moiety coordinated to two Pt" nuclei. The coordination of trans-butadiene is
orthogonal with respect to each PtCl; group as shown in Fig. 2.14 (b) and its
coordination pattern resembles that of Zeise’s salt i.e. K[ClsPt(7*-CaHa)].

The counter ion, (BusN)®, has been removed from Fig. 2.14 (a) for clarity.

(b)
Fig. 2.14 [Pt,Cls(C4Hs)]* anion showing coordination of butadiene with PtCl; groups.
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Attempts were made in the past to prepare such butadiene bridged
complexes using metals such as Pt" and Pd".”% However, the complexes
formed were either unstable at room temperature’® or it proved impossible to
distinguish cis or trans conformation of the synthesised complex.?’ The
existence of those complexes was based on IR spectroscopy through
models® that were proposed for its structural elucidation. The explanation of
the infrared spectrum obtained for K[Pt,Cls(C4He)]** was based on a
comparison with spectra of the butadiene in [Fe(CO)s(#*-butadiene)]** and

the ethene in K[ClsPt(7°C,H4)]-H20 (Zeise’s salt).®*

The homodinuclear Pt" butadiene complex resulting from Pt-Au complex
preparations was also analysed by IR spectroscopy (Table I1.VII). An
attempt was even made to distinguish the two isomers of Pt" butadiene
complex by IR spectroscopy results with the previously reported cis- and
trans- butadiene complexes i.e. Ky[Pt,Cls(C4He)],%? and [(CO)sFe(CsHs)],%
respectively, but it was unsuccessful. However, the presence of a metal
coordinated to 1,3-butadiene was confirmed. Other supporting evidence for
the complex was IR spectroscopy below 400 cm™ which indicated the
presence of three stretching vibrations for we.ci observed at 308, 315 and
330, respectively. The values correspond to Zeise’s salt and dinuclear
Zeise’s salt reported in the literature, Table I1.VII and is consistent with the

local C,, symmetry.
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Table 11.VII Comparison of IR frequencies observed (below 400 cm™) for
K [Pt,Cls(C4Hs)1* [K(PtC2H,)Cls]H,0% with Dinuclear Zeise’s salt.

Stretching/Assignment  Ky[Pt2Cls(CaHg)]™  [K(Pt(C2H4)Cls]H20™"  (BuaN)z[Pt2Cle(CsHe)]

Pt-Cl) 308 (s) 310 308 (vw)
Y Pt-Cl) 332 (vs) 331 (vs) 315 (w)
UPt-Cl) 339 (vs) 339 (vs) 330 (s)

A crystal structure containing a [ClsPtu-(r, r/*-butadiene)PtCls]* dianion
has been reported with (EtMesN)" as cation.®® Crystal data and selected bond
lengths were given, but no coordinates. However as shown in Table 11.VIII
there is quite good agreement between those bond lengths and those found

here. The method of preparation in this work was not clear.

c @)

c_ @ ¢

Cl-Pt=—c—c—pt—cl
c @ ¢
(inCl!

Fig. 2.15 [Pt,Clg(C4Hs)]* structure used to compare bond lengths in the Table 11 \VI11.

Table I1.VI11 Comparison of the two differently obtained Pt" butadiene complexes.

Description (EtMezN),[Pt2Cls(C2He)] ™ (BuaN)2[Pt2Cle(CaHe)]

Pt-Cl cis to diene 2.32(1), 2.29(1) A 2.2999(11) A
2.3179(11) A

Pt-Cl trans to diene 2.29(1) A 2.3021(11) A
C(1)-C(2) 1.51(3) A 1.419(6) A
C(2)-C(2) 1.36(3) A 1.471(8) A

Pt-C(1) 2.20(3) A 2.110(4) A
Pt-C(2) 2.18(2) A 2.180(4) A
c-c-c 118(2)° 120.5(5)°
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Other relatively recently reported structures of metal-butadiene complexes
include trans-[Cp,Ta(r-butadiene)]*, ! [(Cp2Zr)(u-CHs) (-
butadiene)(ZrCpo)]" . [Cp.Zr(7*-1,3-butadiene)],®® and [Cp,Hf(7*-1,3-

butadiene)].®

Preparations

The observation of a butadiene complex was unexpected and so work was
undertaken to try to investigate it further. The first sample obtained was
from an aqueous phase reaction between [PtCl,]* and [AuCl,]". The solution
that resulted had been treated with (BusN)CI and the butadiene complex was
recovered after the resulting precipitate had been allowed to remain in
acetone solution for some time. This implicated BusN" as the source of the
diene ligand and so further reactions were carried out starting with NBus"

salts of the complexes.

Thus, (BugN)2[PtCl,] and (BusN)[AuUCl,], were stirred in acetone for 48 h in
the dark. No metallic gold was observed as in previous reactions between
Pt" and Au" and a clear solution resulting in a precipitate on addition of
Et,O. This resulted in a mixture of the dinuclear Pt" butadiene complex and
(BugN)[PtCls]. The two complexes were separated by crystallisation and the
yield thus obtained was about 8%. Repeating the reaction with wet (5 cm®
with 1 drop of H,0) and rigorously dry acetone, changed the yields isolated

yields from 1% to 15%, respectively.
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Isomers of Pt" butadiene complex
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Fig. 2.16 500 MHz *H NMR spectrum of Pt" butadiene complex in CH,Cl,, where ¥ and

+indicates multiplet and doublets due to cis-conformer, respectively. The arrows in red
and blue indicates regions for Jp.p.

The *H NMR spectrum of the Pt" butadiene complex is shown in Fig. 2.16.
and indicates the presence of two similar sets of signals (two doublets and a
multiplet) in the ratio 8 : 1. It is assumed that these correspond to transoid
and cisoid conformers as shown in Fig. 2.17 and that the major conformer is

the transoid form (Fig. 2.17A).

Looking at the structure, it is apparent that there are three different hydrogen
environments, H, Hy, and Hc, giving rise to the three resonances, but it is
clear also that while the two halves of the butadiene ligand are equivalent

chemically, the two sets of three hydrogens are inequivalent magnetically.
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Hc Hc'
Pt. N <Pt

7 N

Ho—< ) Hy
Ha Ha‘ B

Fig. 2.17 A cis- and B trans- Isomers of Pt" butadiene complex, chlorines are omitted for
clarity.

3J(Hb, He) would be expected to be the largest coupling followed by
3J(Ha, Ho), and for the major conformer, Hy, is identified as the resonance at
5 4.80 (CJ(Hp, He) = 12.0 Hz) and H, as the resonance at d 4.45 ((J(Ha, Ho) =
6.0 Hz). That these appear as simple doublets means that 2J(H,, Hy) = 0,
although the small peaks to either side of the main resonance suggest some
coupling (unassigned) to Hz, Hy or He. Coupling to **°Pt is not well resolved
but the broad shoulders would give a value of 2J(Pt-H) of ca 66 Hz, which is
quite close to the value of 64.0 Hz obtained for [Pt,Cly(PPrs)2(1-C2Hs)] by
Briggs et al.2°. However, the second coupling constant J(Pt-H) indicated by
red-arrows is not well-resolved as for 2J(Pt-H) and is difficult to assign its
value from the spectrum. The remaining resonance at ¢ 5.55 is assigned to
H. and is a multiplet with coupling to H, and Hy as well as to some or all of

the magnetically inequivalent hydrogens H,, Hy and He.
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The other set of signals, assumed to the cisoid conformer (Fig. 2.17B), can
be analysed analogously, so that the resonance at ¢ 4.13 is assigned as H,
while that at ¢ 4.33 is assigned as Hp. The coupling constants are *J(Ha, Ho)
=13.5 Hz and *J(Hp, Hc) = 7.0 Hz. The resonance at  5.79 is assigned as H.
and appears to have a simpler coupling pattern when compared with the
equivalent hydrogen in the major isomer, which may well be consistent with

the proposal that this is the cisoid form.

As noted above, a somewhat similar range of coupling constants was
reported for [Pt,Cls(PPrs).(-CoHe)]®® in CDCl; at 100 MHz and give
confidence in the assignments made. This paper®® also reported the synthesis

and CHN data for [NBug][Pt.Cls(2-C2He)], but did not contain any NMR

data.
Molecule Jbe (H2) Jac (H2) Jab (H2)
1,3-butadiene™ 17.05 10.17 1.74
[Pt2Cls(PPr4)2(1-CoHe) ¥ 13.2 6.6 ~0
[ClsPtu-(1%, 7*-butadiene)PtCls]* 12 6 ~0

19°pt NMR spectra of the mixture solutions (acetone/Et,0) obtained from the
precipitate, and of the filtrate prior to crystallisation showed the existence of
the complex at 6 = -2723 with an unidentified peak at 6 = -2527 being
observed in acetone/Et,O mixtures, attributed to the minor cisoid conformer.
However, a peak of [PtCls]> was also observed at § +375 only in acetone. A
repetition of **Pt NMR spectroscopy experiment in CD,Cl, revealed the

presence of two peaks at 0 -2546 and ¢ -2543. The peaks were expected to
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be the transoid- or cisoids- conformers. However, without the separation of

the conformeric mixture it is not possible to distinguish between the two.

From the reactions carried out with Pt" and Au"', it is evident that in these
reactions, oxidation of Pt" to Pt'Y appears to take place rapidly. Also, if the
tetrabutylammonium ion is present in the reaction mixture in any form (i.e.
as a precipitant or as a counter cation) then the formation of the Pt
butadiene complex is found to occur i.e. observed as a single crystal. From
these two observations, it appears that the formation of the homodinuclear
Pt" butadiene complex is somehow linked with the formation of Pt" (i.e.
oxidised product) and the presence of tetrabuylammonium cation. It is
important to mention here that the concept of C-H activation by the
involvement of higher oxidation state metals do exist and it has been
reported by Shilov and co-workers in the past.* Interestingly, such C-H

activation reactions of alkanes can also involve Pt"/Pt'Y mixtures.

In the light of above observations and the possibility of the involvement of a
Pt" and Pt" mixture in C-H activation in our reaction, the reaction was
repeated under similar conditions but with Pt" and Pt' tetrabutylammonium
salts. The reaction was successful, resulting in an overall yield of pure Pt"

butadiene complex i.e. 18%.

Mechanistic possibilities and other experimental evidences

From the success of the reaction between tetrabutylammonium salts of Pt"
and Pt", it is clear that the possibility of C-H activation similar to Shilov’s
chemistry exists. However, the introduction of a C, fragment i.e. butadiene

into the system can be possible either by (BusN)" and also by acetone
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(solvent). The latter is less likely (i.e. forming a C, fragment from a C;
fragment) but this doubt can be cleared up if the reaction is repeated in ds-

acetone.

Another concept that also exists in the literature is the Hoffmann
elimination. Tetrabutylammonium fluoride has been reported to be prone to
decompose when vigorous attempts are employed to dry it.** This
decomposition occurs due to a Hoffmann elimination as shown by the

mechanism below, which results into 1-butene and tributylamine.

(N-C4Ho)4sN"F.3H,0 (-C4HoUN'F + 3H,0 (1)

(n-C4H9)4N+FHF' + (n-C4H9)3N + CH30H2CH:CH2 (2)
adduct olefin

2 (n-C4H9)4N+F-

Hence, if the origin of C4 fragment is the (BusN)* cation, then a mechanism
analogous to Hoffmann elimination reaction is possible and the above
equations might hold. Nevertheless, this elimination requires an extremely
basic anion, whereas (BusN)* cation relies on the presence of stronger
affinity of counter anion i.e. F. However, in this case, the counter anion is
CI', which is rather less effective. Then also, to prove that the C, fragment
originated from of (BusN)* cation through its activation with a different
source, attempted preparations with mononuclear complexes of Pt", Au'
and Pt", Pt" (with (PPh,)" cation) were carried out in (CHs),CO via stirring
at room temperature in the dark. The precipitates as well as filtrates obtained
from these reactions were analysed as well as crystallised separately. No
homodinuclear complex was isolated from any of the two reactions.

Nevertheless, oxidation of Pt" to Pt'"Y was observed in the Pt-Au reaction as
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observed previously for reaction carried out with [18-crown-6] and

tetrabutylammonium.

With relevance to the Hoffmann elimination, if the C, fragment did originate
from (BusN)* then the nitrogen containing product should be (NBus) or
possibly (NHBus)", but the identification of such species would be difficult
by 'H NMR spectroscopy due to presence of excess of (BusN)*. Hence,
“N NMR spectroscopy was chosen as a tool to try to identify the species
formed. N being quadrupolar with | = 1, possesses a signal line width
which is strongly dependent on the symmetry of the environment.
Consequently, it is known that the line width of the resonance in the **N
NMR spectrum of NMes and NMe," are ~100 Hz and ~1 Hz, respectively.*?
This is because in a low symmetry environment (NMes), the **N nucleus
relaxes quickly leading to broad lines, whereas this is slowed in a high-
symmetry environment (NMes)". Therefore, N NMR spectra were
recorded for NBus, NBu,s" and NBusH®, showing chemical shifts of & = 0,
+22, and +12, respectively. As predicted, the spectrum of NBus showed the
greatest line width (1020 Hz), while those for HNBus® and BusN were

narrower at 347 Hz and 11 Hz, respectively.

The reaction was carried out as described above and the **N NMR spectrum
of the resulting solution was recorded, but unfortunately there was evidence

only for (NBuy)*. Therefore, no definite conclusion could be drawn.

In an alternative approach, it was decided to repeat the above Pt", pt"
reaction in the absence of (BusN)™ but in the presence of a different cation,

(PPhs)*. An alkene (hex-1-ene) was added externally and it was hoped that it
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would produce a different homodinuclear Pt" olefinic complex possessing
olefin which would be long chained i.e. Cs fragment. A mononuclear Pt"
hexadiene complex® (PtCly(1,5-hexadiene)) has been recently reported in
the literature. The latter was synthesised in an attempt to prepare a dichloro-
bridged homodinuclear Pt" zallyl complex from K,[PtCly] and allyl
chlorides via reduction using NaOAc in EtOH under reflux. The complex
was analysed further after XRD with *H NMR, ***Pt NMR and **C NMR.
The results from the mononuclear Pt" hexadiene complex would have been
used to compare with the peaks obtained from the expected homodinuclear
Pt" hexadiene complex. Unfortunately, the attempt did not prove successful

and no such homodinuclear complex was analysed.

From the above E2 elimination mechanism (given in the above two
equations (1) and (2)), a mechanism for the formation of but-1-ene was clear
but the formation of second double bond was still unclear. Hence, it was
thought that presence of Pt' (as formed in excess) might be involved in the
activation of the C-H bond for H'elimination of the alkene formed. It has
been reported that activation of an olefinic C-H bond due to z~complexation
by different metals is possible, and C-H activation by Pt" was reported by
Shilov and co-workers, although this was and H/D exchange process.*®
However, only a few examples are known in the literature which have
reported C-H activation with metals with higher oxidation states. Olefins are
known to be more reactive than alkanes, due to weakening of C-H bond
present in allylic position to double bond.*® Hence, it is expected to undergo

dehydrogenation reactions easily. It has also been reported that alkanes can
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undergo dehydrogenation reactions in the presence of Pt' to form more

stable alkenes.”’

Possible mechanism:

The formation of the bridging butadiene complex was an unexpected
outcome of these reactions and requires further discussion. The product was
isolated from reactions in acetone between [BusN];[PtCl;] and
[BusN][AuCl,], and also between [BusN],[PtCls] and [BusN][PtCls]. No
reaction was found simply by stirring/heating [BusN]2[PtCls] or
[BusN]2[PtClg] under reflux in acetone. It should be stated at the outset that
the notion that the butadiene originates from the solvent, acetone, is
discounted as it is more difficult (although admittedly not impossible) to

understand the origin of a C4 fragment from a C; fragment.

As mentioned above, there is precedent for extrusion of 1-butene from
rigorously anhydrous samples of Bu;NF via a Hoffmann mechanism® in
which F~ acts as a base.*® The present system does not contain fluoride, and
neither is there another recognisable strong base present so it seems that a

mechanism of this type has to be discounted.

An alternative view is then needed and, given the presence of both Pt" and
Pt'" then the conditions are correct for Shilov chemistry, which allows for
C—H activation of saturated alkanes. Typical Shilov chemistry relates to H/D
exchange in saturated alkanes, although catalytic synthesis of methanol has
been reported. A Shilov mechanism would almost certainly require C—H
activation in the BusN™ cation probably leading to initial formation of

[PtCls(7*-1-butene)]” and then a second activation to give the diene. With
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low vyields (typically <20%), there is still much to learn of this intriguing
reaction, but one way forward would be to use regiospecifically deuteriated
Bu;N*, whose preparation has been reported previously.” Used in cross-
labelling studies with acetone-d®, this would first allow demonstration that
the source of the butadiene was indeed BusN" and secondly, it may allow
(depending on any scrambling processes that occur) some greater
comprehension of the mechanism by following deuterium incorporation by
NMR spectroscopy. This study would then be complemented by employing
PruN* and Et;N* which ought to lead to [PtCls(7*-1-propene)]” and
[PtCls(7*-1-ethene)] ", respectively and then MesN*, which ought to give no

reaction at all.
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2.2.2  Future Work

The experiments performed for the preparation of Pt" butadiene complex
gave low yields of the product. However, the experiment using [PtCls]* and
[PtCI,]* provided evidence that the product could be formed according to
Shilov’s mechanism. Hence, repetition of the same reaction in dry acetone is
essential. Another suggestion would be heating [PtCls]> under reflux in dry
acetone, which was incomplete in this work. However, it did give evidence of
the formation of a Pt'" butadiene complex along with other unidentified
products observed within the same range of the **Pt NMR spectroscopy
experiment, which remained unidentified at this stage. Moreover, a product
could not be crystallised from the mixture of components. Also, repeating
these reactions in ds-acetone will give another advantage in being able to
provide additional evidence for the involvement or otherwise of acetone in

the formation of this dinuclear analogue of Zeise’s salt.

2.2.3 Conclusion

In this Chapter, attempts to prepare halo-bridged heterobimetallic complexes
were mostly unsuccessful. In spite of that, a new heterobimetallic Pd-Pt
complex was obtained successfully and analysed. Immense efforts were made
to understand Pd-Au and Pt-Au chemistry via different techniques, during
which different crystal structures were obtained. However, in attempts to
prepare heterobimetallic Pt-Au complex, a dinuclear Pt" butadiene complex
(i.e. Zeise’s type analogue) was isolated. The complex was analysed by single

crystal X-ray diffraction and by NMR spectroscopic techniques. Nevertheless,
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the possible mechanistic details suggest that the origin of the C, fragment is
none other than tetrabutylammonium cation, which requires further evidence

through possible repetition of reactions under best conditions.
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2.3 Experimental
2.3.1 Instrumentation

19°pt NMR Spectroscopy

The Pt NMR spectra were recorded on a JEOL 500 MHz spectrometer.
Experiments were done at 300 K or 313 K in DMSO. However, for samples
in CH,Cl, and ds-acetone or acetone/diethyl ether 295 K and 298 K were
used, respectively. Standards used involved K3[PtCly] in DO, K3[PtClg] in
ds-DMSO and in D,O. However, for samples in acetone (BusN),[PtCl;] was

used as the standard.

'H and **C NMR Spectroscopy
'H and »3C spectra were recorded using Jeol ECX400 (*H, 400 MHz; *C 100
MHz), running Delta software or on a Jeol ECX500 (*H 500 MHz; **C 100

MH2z) also running Delta software.

Single crystal X-ray diffraction

The X-ray data for the single crystal were collected with a Bruker SMART
Apex CCD type X-ray diffractometer system, while for others an Oxford
Diffraction SuperNova diffractometer was used. The diffractometers were
fitted with monochromated graphite MoK, radiation (1 = 0.71073 A) with the
radiation source of a fine focused sealed tube. The diffractometers were
connected to an Oxford cryostream cooling system for cooling crystals down
to 115 K. Structure solution used SHELTX-97 running Olex2.'®® The

structures were solved with the XS

structure solution program using direct
or Patterson method (details in cif files) followed by refinement with the
XL refinement package using least squares minimisation.
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Powder X-ray diffraction

Powder X-ray diffraction patterns (low angle) were recorded by using a
Bruker D8 diffractometer (Bruker D8) equipped with a CuK, source of
radiation (1 = 1.54 A) with dynamic scintillation detector. The parameters

40 A, V = 40 V; slit width: 1.00 mm; angles 30 and 60°. A

used were |

PTFE sample holder was used for the samples of mechanochemical reaction.

Mechanochemical reaction

The mechanochemical reactions were done by using Specac miniature ball
mill with an operating frequency of 50 MHz and amplitude of 5.5 mm. In a
mechanochemical reaction, the metal salts were enclosed in an agate reactor
with stainless steel balls and were milled for 15 min followed by 15 min

cooling cycle.

Atomic Absorption Spectroscopy (AAS)

The atomic absorption spectroscopy (AAS) used a Z-5000 series polarised
Zeeman atomic absorption spectrophotometer (Hitachi). The source of
radiation was a hollow cathode lamp and the flame was an acetylene/air mix.
The solutions prepared for analysis were not acidified. The solutions for
standards were prepared as per the sensitivity of the instrument towards the

metal ion.

Elemental Analyser

Elemental analysis for carbon, hydrogen and nitrogen was done on Exeter
Analytical Inc., CE-440 Elemental Analyser. The analyser was calibrated by
running standards of acetanilide which was further checked by S-benzyl-

thiouronium chloride (an internal standard). The samples to be analysed were
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weighed into disposable tin capsules via Sartorius SE2 analytical balance,
with weighing accurately up to four decimal places on a milligram. The
combustion and carrier gases i.e. O, and He (CP-grade) were from BOC.
Some of the data were obtained from Newcastle University on a Carlo Erba
1108 Elemental Analyser controlled with CE Eager 200 software, and
weighed using a certified Mettler MX5 Microbalance. The analyser was

calibrated with Acetanilide Organic Analytical Standard.

IR Spectroscopy

Infrared spectral data for solid samples below 400 cm™ were obtained at the
University of Hull. Csl discs were used for data collection and the spectra
were recorded on a Bruker IFS66 FTIR instrument with a 6 micron mylar
beamsplitter and DTGS detector. For the range above 400 cm™, spectra were
recorded on a Mattson research series FTIR spectrometer fitted with a Csl
beam splitter linked to a PC. The sample chamber was purged with dry, CO»-

free air.

UV-visible spectroscopy
Absorbance measurement was carried out by using Shimadzu UV-visible-

2400 PC series spectrophotometer using quartz cells with 10 mm path length.

ESI Mass Spectrometric Analysis
Bruker micrOTOF with electrospray was used for negative ion mass spectral
analysis with automated high throughput sample delivery and an LCQ ion

trap with ESI source.
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2.3.2 Materials

All precious metal salts (i.e. K3[PtCls], K;[PdCls] and K[AuCls]) were
obtained as loans from Johnson Matthey. [18-crown-6], (BusN)CI and Atomic
Absorption Spectroscopic grade standards (Pt, Pd, Au) were ordered from
Sigma Aldrich. Other basic solvents were from Fisher Scientific and were of
HPLC grade. DMSO (dry) used for ***Pt NMR spectroscopy was dried over
CaSO, followed by distillation over CaH,; acetone was dried over drierite.
Dried solvents were stored under nitrogen over activated 4 A molecular
sieves. All deuterated solvents used for nuclear magnetic resonance

spectroscopy were obtained from Sigma Aldrich.

2.3.3 Synthesis

The experimental data from this chapter are collected partly here and partly in
Appendix B. The chapter outlines that the attempts to prepare mixed-metal,
chloro-bridged complexes did not lead to the target products. However, on
many occasions valuable NMR data and/or single crystals were obtained
demonstrating the products obtained from these reactions. On occasions
where single crystals were obtained (some being identified by structure
solution and some simply from their unit cell dimensions), the experimental is
given here in almost every case. Similarly, the experimental detail is reported
here in cases where the ***Pt NMRs were crucial. In all other cases, the

experimental details are retained for consultation in the Appendix.
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2.3.3.1 Synthesis of heterobimetallic Pt-Sn complexes®

2.3.3.1.1 Preparation of (NH.)[PtCI5(SnCl3)], ammonium

(trichloro(trichlorostannyl)platinate(11)%(1)

Ko[PtCl,] (1.046 mmol, 0.4343 g) was dissolved in water (10 cm®) via
stirring. To this another solution of (BusN)Br (2.09 mmol, 0.6745 g) in
water (10 cm®) was added and the mixture was stirred at room temperature
for 2 h. This resulted in a pasty solid left at the bottom of the flask which
was then dissolved in CH.Cl, (30 cm®). The halogenated layer was
collected and dried over Na,SO, followed by crystallisation in the freezer
(-5 °C). The brown crystals obtained were filtered and dried under vacuum
for 24 h. The product, (BusN),[PtCls] (Yield: 30% (0.31 mmol, 0.255 g))
was then dissolved in CH,Cl, (10 cm®), SnCl, (anhydrous, 0.31 mmol,
0.0588 g) was added and the mixture was stirred at room temperature for
24 h. To the resulting solution was added (NH;)[PFs] (0.09 mmol,
0.01474 g) and the mixture was stirred further for 3 h. Excess of solvent
was removed under vacuum, during evacuation a yellow solid began to
crystallise as (NH4)2[PtCls(SnCls)] (Yield: 18% (0.0547 mmol, 0.0308 g).
The characterization of the complex formed was attempted by ***Pt NMR,
107.5 MHz, D,0: No peak was obtained as the sample was decomposed
after a few minutes, observed as black solid at the bottom of NMR tube As

the product decomposed so a CHN was not performed.
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2.3.3.1.2 Preparation of cis-(PPhy)2[PtCly(SnCls)2], cis-

tetraphenylphosphonium(dichlorobis(trichlorostannyl)platinat

e(ll) (2)

K2[PtCls] (1.2 mmol, 0.5 g) was dissolved in water (50 cm?), after which a
solution of (Ph4P)CI (2.4 mmol, 0.9 g) in water (10 cm®) was added. The
mixture was stirred at room temperature for 2 h. A peach-coloured
precipitate resulted, which was recovered by filtration and dried under
vacuum in a desiccator (overnight). The solid was crystallised from CH,Cl,
at low temperature (-5 °C) and the light orange-solid product was filtered
off and dried under vacuum. The product, (Ph4P),[PtCls] (Yield: 37.6%
(4.56 mmol, 0.4631 g)), was then dissolved in CH,Cl, (20 cm®) and SnCl,
(anhydrous, 8.91 mmol, 1.69 g) was added followed by stirring of the
mixture at room temperature for 24 h. Excess of solvent was removed
under vacuum, during this process a yellow solid began to crystallise: cis-

(PPh4)2[PtCIo(SnCls)s], Yield: 30% (0.383 mmol, 0.432 g).

Analysis: Elemental analysis, found (expected): C 41.33, H 3.35 % (C
40.43, H 2.84 %). Pt NMR, 107.5 MHz, CD,Cl,: & +4184 (*Jpt.sn-110 =
27.75 kHz; *Jp.sn117 = 26.52 kHz). MS[ESI'], found (expected), m/z: 785.2

[ClloPtSnz] (m/z: 784.46. [ClloPtSng]).
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2.3.3.2 Synthesis of heterobimetallic Pt-Pd complexes

(BusaN),[PtCl4] (4)

To an aqueous solution (10 cm®) of Ka[PtCl,] (0.964 mmol, 0.400 g) was
added another solution of (BusN)CI (1.928 mmol, 0.536 g) in water (10
cm®). The contents were then left to stir for 2 h. To this solution was added
CH,Cl, (30 cm®) and the halogenated layer was separated and dried over
Mg,SO, and was concentrated to dryness. The resulted sticky pasty solid
was triturated with Et,O (10 cm®) which resulted in a pink solid which was
filtered off and dried under vacuum for 10 h. Yield: 87.6% (0.844 mmol,

0.6937 g).

Analysis: Elemental analysis, found (expected): C 46.94, H 8.81, N 3.27 %
(C 46.77, H 8.83, N 3.41 %). *®Pt NMR, 107.5 MHz, (CD3),CO: & -1418
(s). *H NMR, 400 MHz, (CD3),CO: §0.98 (t, -CHs, 24 H), 1.45-1.54 (m, -
CH,-, 16 H), 1.85-1.93 (m, -CH,-, 16 H), 3.67-3.71 (m, -NCH,-, 16 H). IR

(vprcr): 310 cm™,

2.3.3.2.1 Attempted mechanochemical preparation of K;[ClPt(u-

CI),PdCl,]

K;[PtCl,] (0.506 mmol, 0.210 g) and [PdCI,] (0.506 mmol, 0.0897 g) were
added together as solids to the milling reactor and were milled for 15
minutes accompanied by cooling. After each cycle the powder X-ray
diffraction pattern was recorded. The milling was carried out for a total of

2 h (excluding time of cooling cycles). The brown solid obtained was

analysed by '**Pt NMR spectroscopy. The solid obtained was not stable
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and showed signs of decomposition owing to the presence of a black solid

in the mixture. The identity of the black solid remained unknown.

Analysis: Pt NMR, 107.49 MHz, H,O: &-1608 corresponds to [PtCl,]%; -
1171 corresponds to [Pt;Cls]*. No peak attributable to [PtPdCls]*> was

observed.

An attempt was made to crystallise the sample used for '**Pt NMR
spectroscopy by adding EtOH to it but this resulted in the sample
decomposition, observed after 24 h, indicated as a shiny black powder and
colourless solution. Attempts were also made to crystallise the sample from
a H,O/MeOD solution (deuterated methanol was used so that the sample
could be analysed further by NMR spectroscopy) black powder was
obtained (decomposed part) along with a yellow solution, which was then

analysed via ***Pt NMR spectroscopy and by UV-visible spectroscopy.

Analysis: **Pt NMR, 107.49 MHz, H,0/MeOD: No peak corresponding to
any of the possible species i.e. [PtCly]* or [Pt,Clg]* or [PtPdCls]* was
observed. Amax: 260 and 204 corresponds to [PtClg]*, could not be
identified further by '**Pt NMR spectroscopy as sample was prone to

decomposition.
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2.3.3.2.2 Preparation of [K(18-crown-6)][Cl2Pto 58(z-Cl)2Pd1 42Cl5]

K2[PtCl,] (0.25 mmol, 0.104 g) was stirred to dissolve in water (6 cm®). To
this solution, solid [18-crown-6] (1.085 mmol, 0.287 g) was added, and the
mixture was stirred for one hour. To the resulting mixture, was added solid
Kz[PdCl,] (0.25 mmol, 0.0816 g) followed by stirring at room temperature
for 48 h. This resulted in a brown precipitate which was filtered, washed
with water (2 cm®), EtOH (4 cm®) and Et,O (4 cm®). The precipitate was

dried under vacuum for 16 h. Yield: 78% (0.196 mmol, 0.2126 g).

Analysis: Elemental analysis, found (expected): C 26.15, H 4.31 % (C
25.71, H 4.32 %, with respect to Pt : Pd ratio 1 : 1). Pt NMR, 107.5
MHz, CD,Cl,: 6-1277 and -1216 (observed as 3 : 1 corresponds to [K(18-
crown-6)],[PtPdCls]) and [K(18-crown-6)],[Pt,Cls] complex respectively).
'H NMR, 400 MHz, CDCls: §3.80 (s). IR: 340 cm™ (wpa.cieer); 315 cm™
(vercirer)- Crystals suitable for X-ray diffraction were obtained from CH,Cl,
at room temperature. Yield (crystals): 52% (0.1307 mmol, 0.1417 g). AAS
metal concentration (ppm), found: Pd 19, Pt 6.9. This reaction could be

repeated to give a mixture with very similar composition.

The repeated preparations gave a similar ratio of metals (i.e. 3 : 1) in the
X-ray diffraction analysis. For (K[18-crown-6]),[Pto71Pd129Cls] (CCDC
reference no. 905394), Analysis: Elemental analysis, found (expected): C
26.2, H 4.4 % (C 26.3, H 4.4 %). For (K[18-crown-6])2[PtossPd1.42Cle]
(CCDC reference no. 905393), Analysis: C 26.2, H 4.3 % (C 26.6, H 4.5

%).
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2.3.3.3 Attempted synthesis of heterobimetallic Au-Pd complexes
2.3.3.3.1 Attempted preparation of [K(18-crown-6)][Cl.Pd(z-Cl),AuCl;]

Kz[PdCl,] (0.25 mmol, 0.0816 g) and [18-crown-6] (0.814 mmol, 0.2152 g)
were stirred in water (6 cm®) at room temperature for an hour. To this
brown solution was added solid K[AuCl4] (0.25 mmol, 0.0945 g), and the
mixture was stirred at room temperature for 48 h in the dark. This resulted
in a brownish-yellow precipitate, which was filtered, washed with water (2
cm®), EtOH (4 cm®) and Et,0 (4 cm®) followed by drying under vacuum for
18 h. The filtrate was placed in a freezer (-5 °C) under inert atmosphere

which resulted in yellow crystals which were analysed via XRD.

XRD (single crystals), CH,Cl,: yellow crystals corresponds to [K(18-
crown-6)],[Pd.Cle] (details in the appendix section). MS[ESI] (crystals),
found (expected): m/z: 226.9814 (CgH260s), m/z: 282.1910 (CgH26019),
m/z: 303.1211[K(18-crown-6)]", no identifiable peaks were observed in the

negative region.

The solid obtained was redissolved in CH,Cl, for crystallisation in bulk,
resulting in a clear brown solution and a greyish solid (i.e. Au®), which was
removed by filtration. Yield: 41% (0.102 mmol, 0.020 g) of Au® with

" used initially. From the solution that resulted, the solvent

respect to Au
was removed under vacuum which produced a sticky brown solid, which
was triturated with acetone (8 cm®) resulting into a light brown solid which

was dried under vacuum for a few days.
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0.165 g of a brown solid was obtained. *H NMR, 400 MHz, CDCls: &3.69
(s). IR shown for structure from structure vibration 320 and 330 cm™ (vpq.
c1) corresponds to [PdCl4]%; 340 cm™ (vpa.c) corresponds to [PdClg]*, 350
cm? (vawcy) corresponds to [AuCl]". *H NMR shows the crown ether.

CHN is consistent with [PdCIe]Z', but we don’t know if this is consistent

with the IR data in the absence of a reference.

2.3.3.3.2 Attempted preparation of [K(18-crown-6)][Cl.Pd(-Cl),AuCl;]

To an aqueous solution of [18-crown-6] (0.814 mmol, 0.2152 g) was added
K;[PdCl4] (0.25 mmol, 0.0816 g) and the contents were stirred for 1 h at
RT. To this mixture was then added solid K[AuCl4] (0.25 mmol, 0.0945 g),
which was then left to stir at RT in the dark for 3 h. The brown precipitate
that resulted was then filtered and washed with water, EtOH and Et,O

followed by drying under vacuum for 48 h. Yield: 0.1354 g.

Analysis, (precipitate): Elemental analysis, found (expected): C 24.39, H
3.98 (does not correspond to the expected product/s C 27.92, H 4.69 [K(18-
crown-6)]o[Pd2Cls], or C 25.23, H 4.23 [K(18-crown-6)][AuCL]). *H
NMR, 400 MHz, CDCl;: 3.72 (s). The precipitate was crystallised from
CH,Cl,. Analysis (crystals from precipitate): XRD (single crystals),
CH,Cl,: yellow, corresponds to [K(18-crown-6)],[Pd.Cls] (different
polymorph from previously reported [K(18-crown-6)]2[Pd.Cls].*.Yellow
and colourless single crystals corresponding to [K(18-crown-6)],[Pd.Cls]
and [K(18-crown-6)][AuCl,], respectively were isolated from the NMR

solution in CDCls.
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2.3.3.3.3 Attempted preparation of [K(18-crown-6)][Cl.Pd(x-Cl),AuCl;]

from mono-nuclear metal complexes of Pd" and Au""

[K(18-crown-6)][AuCly4] (6)

To a solution of [18-crown-6] (0.50 mmol, 0.132 g) in water (2 cm®) was
added another solution of K[AuCl,] (0.25 mmol, 0.0945 g) in water (2 cm®)
followed by stirring of the contents for 24 h in the dark. A yellow-coloured
precipitate was observed which was filtered off, washed with water (4
cm®), EtOH (2 cm®) and Et,0 (2 cm®) and then dried under vacuum for 18
h. Yield: 84% (0.2099 mmol, 0.1348 g). The above reaction was also
carried out in CH3COOH : H,O ie. 1 : 1 (v/v %) to obtain the final

structure of the complex i.e. [K(18-crown-6)][AuCly].

Analysis: Elemental analysis, found (expected): C 22.25, H 3.69 % (C
22.44, H 3.77 %). *H NMR, 400 MHz, CDCls: & 3.66 (s). XRD (single
crystals) from CH,Cl,: yellow crystals correspond to [K(18-crown-
6)][AuCl;] (major) and some colourless crystals were also obtained
corresponding to [K(18-crown-6)][AuCl;] (minor) determined by analysis

of the unit cell.

[K(18-crown-6)],[PdCl4] (7)

To CH,Cl, (3 cm®) was added [18-crown-6] (0.6675 mmol, 0.1764 g), and
K,[PdCl,] (0.25 mmol, 0.0816 g) and the suspension was left to stir for 3 h
until a brown coloured solution was formed. To this solution was added
hexane in excess which resulted in a light-brown precipitate, which was

filtered off and dried under vacuum for 18 h. Yield: gquantitative. Single
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crystals were obtained from CDCI; or CH,Cl, at room temperature after
one week.

Analysis: Elemental analysis, found (expected): C 33.48, H 5.50 % (C
33.71, H 5.66 %). 'H NMR, 400 MHz, CDCls: §3.73 (s). IR (wac1): 320
(s) and 330 cm™ (w), two signals seen attributed to lowering of the Dap

symmetry as K binds to two ClI ligands.

[K(18-crown-6)][Cl,Pd(«-Cl),AuCl;]

To a brown solution of [K(18-crown-6)],[PdCl4] (7) (0.15 mmol, 0.1283 g)
in CH,Cl, (2 cm®) was added a yellow solution of [K(18-crown-6)][AuCls]
(6) (0.15 mmol, 0.0963 g) in CH.Cl, (2 cm®). This mixture was then left to
stir at room temperature for 48 h in the dark. No precipitate was observed.
Hexane (12 cm® was then added which resulted in a dark yellow

precipitate. The precipitate was then dried under vacuum. Yield: 0.1066 g.

Analysis, (precipitate): Elemental analysis, found: C 26.18, H 4.33 %. ‘H
NMR, 400 MHz, CDCls: 6 3.72 (s). MS[ESI], found (expected): No peak

attributable to the product i.e. [PdAuCls]" was observed.

The precipitate obtained was crystallised from CH,Cl,/hexane to give
colourless crystals and a yellow oil. The crystals were analysed via XRD as

[K(18-crown-6)][AuCl,].

The filtrate obtained also yielded a brown precipitate on standing, Yield:
0.0268 g Analysis: Elemental analysis, found (expected): C 33.07, H 5.52

% (C 33.71, H 5.66 %) corresponds to [K(18-crown-6)],[PdCls]. *H NMR,
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400 MHz, CDCl3: §3.73 (s). IR (vpact): 320 and 330 cm™ corresponds to

[PACI,]%. A1 286.9,%% 1,: 471.5 nm corresponds to [PdCl4]?.

On crystallisation from CDClIs, two different coloured crystals i.e. yellow
and colourless crystals were obtained. XRD (single crystals), CDCls:
colourless crystals [K(18-crown-6)][AuCl;] and yellow crystals [K(18-
crown-6)],[Pd,Clg]. Also, crystals obtained from the same precipitate after
dissolving in CH,Cl, produced yellow crystals of different type. XRD
(single crystals), CH.Cl,: [K(18-crown-6)],[PdCls] (details in appendix

section).

2.3.3.4 Attempted synthesis of heterobimetallic Au-Pt complexes

2.3.3.4.1 Attempted preparation of [K(18-crown-6)][Cl,Pt(z-Cl),AuCl;]

in acetic acid: water (1 : 1 v/v) with Pt: Au (3 : 2)

To a mixture of CH3COOH : H,0 ((1 : 1), 6 cm®) was added [18-crown-6]
(0.814 mmol, 0.215 g), with stirring followed by K,[PtCls] (0.25 mmol,
0.104 g), and the mixture was left to stir for 1 h. To the resulting red-
coloured solution was added solid K[AuCl,] (0.167 mmol, 0.063 g), and
the contents were then left to stir at room temperature for 48 h in the dark.
The precipitate contained gold which could not be separated. Thereafter,
the precipitate was filtered off, washed with H,O (2 cm®), EtOH (4 cm®),
Et,O (4 cm®) followed by drying it under vacuum for a few days. After
washing, golden-coloured precipitate could not be distinguished from that

of reduced gold. Yield: 0.070 g.
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Analysis (precipitate): *°Pt NMR, 107.5 MHz, DMSO: & -424 corresponds
to [K(18-crown-6)]2[PtCls]; -823 corresponds to [PtCls(dmso)]*; -2952.19
corresponds to [PtCls(dmso)]*. IR (M-X str.): (vercr) 325 cm™ corresponds

to [PtCls]?.

Analysis (filtrate): Pt NMR, 107.5 MHz, CH3COOH/H,O: § -1588
[PtCl,]>. XRD (crystals from filtrate), CHsCOOH : H,O (1 : 1): pale
yellow plates corresponds to [K(18-crown-6)],[PtCls]:2AcOH, were
obtained in an overnight NMR experiment in an NMR tube, this is why no
Pt'" peak could be observed in the experiment. Then, it was placed in the

fridge which resulted in pale yellow coloured crystals after a few days.

2.3.3.4.2 Attempted preparations of (BusN)[CI,Pt(z-Cl),AuCl;]
(BusN)[AUCI4] (5)

H[AuCl4] (1.47 mmol, 0.500 g) was dissolved in water (25 cm®) and solid
(BugN)CI (1.47 mmol, 0.4085 g) was added followed by stirring at room
temperature for 3 h in the dark. A yellow precipitate was collected, washed

with water (10 cm®) and dried under vacuum for 48 h. Yield: quantitative.

Analysis: Elemental analysis, found (expected): C 32.98, H 6.14, N 2.19 %
(C 33.06, H 6.24, N 2.41 %). 'H NMR, 400 MHz, (CD;),CO: & 0.98
(t, -CHs, 12 H), 1.39-1.48 (m, -CH,-, 8 H), 1.79-1.88 (m, -CH,-, 8 H),

3.42-3.49 (M, -NCHo-, 8 H).
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General Preparation

Different ratios of K,[PtCl,] and K[AuCl,] were added to a solvent (6 cm®)
and the mixture was left to stir at room temperature in the dark. This
resulted in gold (Au®) observed as gold mirrors along with a yellow
solution obtained via filtration. To the filtrate was added (BusN)CI
(0.75 mmol, 0.208 g), and the mixture was stirred for 2 h at room
temperature. This resulted in a yellowish precipitate which was filtered,
washed with water, and dried under vacuum for 48 h. Both the filtrate as

well as the precipitate were analysed.
a) Inwater, Pt:Au(1:1)

K[AuCl4] (0.25 mmol, 0.0945 g) and K;[PtCl4] (0.25 mmol, 0.104 g).
Au® was obtained as a gold mirror which was filtered and dried under
vacuum for a few hours. Yield: 81% (0.203 mmol, 0.040 g) of Au® with

" used initially. The yellow filtrate was analysed, %Pt

respect to Au
NMR, 1075 MHz, H,O: 6 +521 (main peak) corresponds to
[PtCIs(OH2)]*1®® and +1083 (small peak) (value close to cis-
[PtCl4(OH2)]* and trans-[PtCly(OH2)]*"®); +8 (close to [PtCle]*). Yellow

crystals separating from the NMR solution were shown to be K;[PtClg] by

XRD.

To the yellow filtrate was added (BusN)CI (0.75 mmol, 0.208 g), and the
mixture stirred for 2 h. This resulted in a dark yellow precipitate. Analysis
(precipitate): Elemental analysis, found: C 34.60, H 6.51, N 2.36 %.

Crystals suitable for X-ray diffraction were obtained from (CH3),CO at
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room temperature. XRD (single crystals), (CHs3).CO: yellow crystals

correspond to (BusN)[AuCl.].

Again, to the yellow filtrate obtained from above was added (BusN)CI
(0.75 mmol, 0.208 g), and the mixture was stirred at room temperature for
48 h. This resulted in a yellow precipitate, which was filtered and dried
under vacuum for 48 h. Analysis (precipitate): Elemental analysis, found
(expected): C 37.33, H 6.99, N 2.59 % (C 37.87, H 6.89, N 2.45 %,
corresponds to (BusN),[PtCls(77-CH,=CH-CH=CH,- ))PtCl5]). **°Pt NMR,
107.5 MHz, (CD3),CO: § +94. *H NMR, 400 MHz, CDCls: & 0.99 (t,
-CHs, 24 H), 1.43-1.52 (m, -CHy-, 16 H), 1.59-1.70 (m, -CH.-, 16 H),
3.33-3.37 (m, -NCH,-, 16 H), no peak corresponding to olefinic complex
was observed, hence it was reanalysed in dichloromethane. *H NMR,
500 MHz, CD,Cl,: 61.03 (t, -CH3, 24 H, J = 7.5 Hz), 1.43-1.50 (m, -CH.-
, 16 H, J =7, 14,5 Hz), 1.62-1.68 (m, -CH,-, 16 H, J = 8, 15.5 Hz), 3.18-
3.22 (m, -NCH.-, 16 H), 4.45 (d, =CH,, 2 H, HaHc, J = 6.0 Hz ), 4.80 (d,
=CHjy, 2 H, HyH,, J = 12.0 Hz), 5.55 (m, =CH, 2 H, H., H/', J difficult to
interpret); 2J(Pt-H) of ca 66 Hz. Crystals for X-ray diffraction were
obtained for the precipitate from (CH3),CO/hexane mixture. XRD (single
crystals), (CHz),CO/hexane: Pale yellow crystals, corresponds to
(BusN)[PtCls(7-H,C=CH-CH-CH-)PtCl;]. IR (cm™): 308, 315, 330
(vprc1) and 382 (veroletin); 738 (sharp), 877 (sharp), 992 (sharp), 1173
(small, sharp), 1239, 1345, 1379 (sharp), 1459, 1483, 2855 (w), 2873 (s),

2924 (s), 2964 (3).
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b) InH,O : CH3COOH (1:1v/v)Pt:Au(1:1)

K[AuCl4] (0.25 mmol, 0.0945 g), K,[PtCl4] (0.25 mmol, 0.104 g).

AU’ was obtained as tiny balls which were filtered off, dried under
vacuum for 48 h. Yield: 29% (0.059 mmol, 0.0117 g) of Au® with respect
to Au'"" used initially. The yellow filtrate obtained on filtering off Au® was
analysed. Analysis (filtrate): *°Pt NMR, 107.49, (H,O : CH3;COOH)

(1:1): 5+537 correspond with [PtCls(OH,)]*"

To the yellow filtrate was added (BusN)CI (0.75 mmol, 0.208 g), and the
mixture was stirred for 2 h. This resulted in a yellow precipitate. Yield:
0.0790 g. Analysis (precipitate): Elemental analysis, found: C 40.38,
H 759, N 275 %Pt NMR, 107.49 MHz, (CD;),CO: & +94
(unidentified peak). Pt NMR, 107.49 MHz, DMSO (dry): & -823
corresponds to [PtCls(dmso)]*; +428 (observed initially) corresponds to
[PtClg]*. The peak at +428 was observed only in an instantaneously
prepared sample, which disappeared after an hour or so and a peak at -823
appeared instead. 'H NMR, 400 MHz, CDCls: & 1.04 (t, -CHs, 24 H),
1.46-1.53 (M, -CHy-, 16 H), 1.61-1.71 (m, -CH,-, 16 H), 3.21-3.31 (m,
-NCH»-, 16 H). MS[ESI] m/z: 338.84 [H,AuClL]*, m/z: 382.78

([H12AuCls]**, m/z: 426.73 [HAuCls(H20)]1Y, m/z: 468.25 [HsAu,Cl,]*",
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m/z: 608.79 [HsAu,Cls] (unidentified). IR: 325 cm™ (vpr.ci) corresponds to

[PtCls]*.

Crystals suitable for X-ray diffraction were obtained from a
(CH3),CO/Et,0 mixture obtained from filtrate were shown by XRD to
correspond to  (BusN)[PtCls(7-H,C=CH-CH-CH,-)PtCl3].  Single
crystals were also obtained from the solution used for ‘H NMR
spectroscopy. XRD (single crystals), CDClIs: yellow crystals corresponds

to (BusN)[AUCl4].

Single crystals for X-ray diffraction were obtained from a (CH3),CO/Et,0O
mixture (mentioned before). However, samples analysed for NMR
spectroscopy produced colourless crystals in DMSO (dry) and yellow
crystals in CDCIs which were not suitable for X-ray diffraction. Analysis
(crystals): Elemental analysis, found (expected): C 36.63, H 6.51, N 2.12
% (C 37.87, H 6.89, N 2.45 % correspond to (BusN),[PtCls(7-H,C=CH-
CH-CH,-)PtCl3]). XRD (single crystals), (CH3),CO/Et,0: pale yellow
also correspond to  (BusN),[PtCls(7-H,C=CH-CH-CH,-1)PtCls]. *H
NMR, 400 MHz, CD,Cl,: same as observed previously for

(BU4N)2[PtC|3( U-HQC:CH-CH-CHQ- ﬂ)PtC|3]

Hp H

e %C\}Pt "
HaPt‘: T

H. Hy

Cc
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c) InHyO,Pt:Au(3:2)

Kz[PtCl4] (0.25 mmol, 0.104 g) and K[AuCl,] (0.167 mmol, 0.063 g).

The resulting gold metal was filtered off and was dried under vacuum for
a few hours. Yield: 46% of Au® (0.113 mmol, 0.0223 g) with respect to
Au"" used initially. Orange-yellow precipitate obtained after filtering off
gold. Yield: 0.0124 g. Analysis (precipitate): Elemental analysis, found
(expected): C 41.85, H 7.78, 2.41 % (C, 43.05, H 8.13, N 3.14 %
correspond to (BusN)[PtCls]). **Pt NMR, 107.5 MHz, (CDs),CO: &

+374 corresponds to [PtCls]*. IR (vbeci): 325 cm™ correspond to [PtClg]?.

Single crystals were obtained from the orange-yellow precipitate above by
recrystallisation from a mixture of (CH3),CO/Et,O. Analysis (crystals):
XRD (single crystals), (CH3),CO/Et,O: corresponds to (BusN)2[PtCls(7-
H,C=CH-CH-CH,-7)PtCl;]. *H NMR, 400 MHz, CD.Cl,; same as

observed previously for (BusN),[PtCls(7-H,C=CH-CH-CHy,-;7)PtCls].

2-
Hb' Ha

J\\ \H@\:‘Pt Hp
Hth‘: T

H, Hy

a

d) Inwater, Pt: Au(3:2)

K[AuCl4] (0.167 mmol, 0.063 g), and K,[PtCl,] (0.25 mmol, 0.104 g).

The resulting gold metal was filtered off and dried under vacuum. Yield:
86% of Au® (0.143 mmol, 0.0282 g) with respect to Au'" used initially. To
the filtrate obtained was added (BusN)CI (0.828 mmol, 0.230 g), stirred

for 2 h. The resulting precipitate was then filtered off and was washed
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with water (excess) followed by drying under vacuum. (BusN)[PtClg],
Yield: 5.6% (0.0138 mmol, 0.0124 g). Analysis (precipitate): Elemental
analysis, found (expected): C 42.46, H 7.81, N 2.69 % (C 43.05, H 8.13,
N 3.14 % corresponds (BusN),[PtCls]). '*°Pt NMR, 107.5 MHz,
(CD3),CO: & +374 (corresponds to (BusN),[PtCls]). *H NMR, 400 MHz,
(CD3),CO: 50.98 (t, -CHg3, 24 H), 1.41-1.50 (m, -CHy-, 16 H), 1.76-1.85
(M, -CHy-, 16 H), 3.45-3.49 (m, -NCH,-, 16 H). *°C NMR, 100 MHz,
(CD3),CO: 514.03 (-CHs), 20.45 (-CH,-), 24.76 (-CH,-), 59.54 (-NCH,-).

IR (vbecr): 325 cm™ corresponds to [PtClg]*.

Crystals suitable for XRD of the precipitate (above) were obtained from
an acetone/Et,O solution. XRD (single crystals), (CD3),CO/Et,O: pale
yellow crystals correspond to (BusN),[PtCls(7-H,C=CH-CH-CH,-

n)PtCls]. (minor), orange-yellow crystals corresponds to (BusN),[PtClg].
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2.3.35 Synthesis of (BU4N)2[P1'C|3(U-HzC:CH-CH:CHg- ﬂ)PtC|3]

In attempts to prepare Pt-Au heterobimetallic complexes, mononuclear
metal complexes of tetrabutylammonium salts of Pt" and Au'"' were also
employed. However, in these preparations, the expected complex could not
be synthesised but a Pt" butadiene complex was obtained as a product in a

mixture of Pt'"Y mononuclear complex in low yields.

Preparation of [K(18-crown-6)],[PtCl4] (8)

To CH,Cl, (3 cm®) was added [18-crown-6] (0.6675 mmol, 0.1764 g) and
K;[PtCls] (0.25 mmol, 0.104 g). This suspension was left to stir at room
temperature for 3 h and to the resulting red solution was added hexane in
excess, resulting in a light pink precipitate, which was then filtered off and

dried under vacuum for 18 h. Yield: quantitative.

Elemental analysis, found (expected): C 30.86, H 5.08 % (C 30.54, H 5.13
%). '"H NMR, 5400 MHz, CDCls: 3.74 (s). Pt NMR, 107.5 MHz, CD,Cly:
5-1528. Pt NMR, 107.5 MHz, DMSO (dry): 5-2952 (peak corresponds to
[PtCls(dmso)]* ™). %Pt NMR, 107.5 MHz, CD,Cl: & -1528 (peak
corresponds to [PtCl,]%). MS[ESI], found (expected): m/z: 889.21 ([K(18-
crown-6)],[PtCl,(OH,)]), m/z: 965.25 ([K(18-crown-6)]s[PtCls(OHz)sHs]).

IR (M-X) cm™: (vpr.c1) 320 and 335 (short).

[K(18-crown-6)][Cl,Pt(x-Cl),AuCl;] (attempted)
To a solution of [K(18-crown-6)],[PtCls] (8) (0.15 mmol, 0.142 g) in
CH,Cl, (2 cm®) was added a solution of [K(18-crown-6)][AuCls] (6) (0.15

mmol, 0.0963 g) in CH,Cl, (2 cm®) and the contents were stirred at room
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temperature for 48 h in the dark. This resulted in a light-yellow coloured
precipitate which was filtered off and dried under vacuum. Yield: 0.067 g.
Analysis (precipitate): Elemental analysis, found: C 24.57, H 4.10 %
corresponds to calculated overall concentration of Pt" and Au' as 6.61 and
2.65 ppm, respectively. MS[ESI] found (expected): m/z: 641.21 ([K(18-
crown-6)1.Cl)*, m/z: 719.22 ([K(18-crown-6)[K.CI)**, miz: ([K(18-
crown-6)][AuzHs(OH2)]). *H NMR, 400 MHz, ds-DMSO: & 3.54 (s). *°Pt
NMR, 107.5 MHz, DMSO (dry): &-823 corresponds to [PtCls(dmso)]*. IR

(vercr): 325 cm™ corresponds to [PtClg]%

The filtrate (CH,Cl,) resulted in two different types of crystals, yellow and
colourless, at low temperature (-5 °C), (inert atmosphere) after a few days
which were analysed via XRD. Analysis (filtrate): XRD (single crystals),
filtrate (CH.Cl,): vyellow corresponds to [K(18-crown-6)][AuCls] and
colourless corresponds to [K(18-crown-6)][AuCl;]. Unfortunately, the

precipitate obtained did not result in crystals suitable for analysis by XRD.

In attempting to prepare heterobimetallic Pt-Au species, it was found that a
homodinuclear platinum complex of 1,4-butadiene with PtCl; #-bound to
each ethylenic bond was obtained in a low vyield. The following

experimental details its preparation.

General Preparation

(BugN)[PtCls] (4) (0.122 mmol, 0.100 g), was dissolved in acetone (2.5
cm®). To this was added a solution of (BusN)[AuCl,] (5) (0.122 mmol, 0.070
g) in acetone (2.5 cm®) followed by stirring at room temperature for 48 h in

the dark resulting a clear orange solution. To this solution was added Et,0 in
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excess which resulted in a yellowish-orange precipitate and a yellow filtrate.
The filtrate as well as precipitate were analysed separately by **°Pt NMR
spectroscopy for product identification. Crystals suitable for X-ray
diffraction were obtained both from filtrate as well as precipitate by separate
crystallisations from a (CH3),CO/Et,O mixture at room temperature. Both
the crystallising mixture of the solutions of filtrate and precipitate produced
a mixture of crystals of (BusN),[PtClsg] (orange-yellow) and
(BugN)[PtCl3(7-H,C=CH-CH=CH,-)PtCl3] (pale-yellow), separated by
their differing solubility in solvents i.e. acetone and CH,Cl, respectively.
The mixture of crystals was filtered, washed with acetone to dissolve the
orange-yellow crystals of (BusN),[PtCls] and to separate the pale-yellow
crystals of (BusN),[PtCls3(7-H,C=CH-CH=CH,-)PtCl3] which were
insoluble in acetone. The crystals of (BusN),[PtClg] were crystallised again
from the solution. The same solution was re-crystallised many times to

obtain the final yield of both the products.

2.3.3.5.1 (BusN),[PtCls(n-H,C=CH-CH=CH,-n)PtCIs] preparation in

acetone

Pale yellow crystals, (BusN)[PtCls(7-H,C=CH-CH=CH,-)PtCl;], Yield:
7.9% (0.0097 mmol, 0.011 g) and orange crystals, (BusN)2[PtCls], Yield:
17.5% (0.022 mmol, 0.019 g).

Analysis (filtrate): ***Pt NMR, 107.5 MHz, (CH3),CO/Et,0: &-2723 (main
peak) and -2527 and +345 (a weak peak is observed) corresponds to
(BugN)2[PtCls]. XRD (crystals from filtrate): (CH3),CO/Et,O corresponds

to (BusN),[PtCl3( n-H,C=CH-CH=CHj,- U)PtC|3]
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Analysis (precipitate), Elemental analysis, found (expected): C 41.00, H
7.56, N 2.72 % (C 43.05, H 8.13, N 3.14 % corresponds to (BusN)2[PtCls]).
'H NMR, 400 MHz, (CD5),CO: 50.98 (t, -CHs, 24 H), 1.41-1.50 (m, -CH,-
, 16 H), 1.78-1.86 (m, -CH,-, 16 H), 3.47-3.51 (m, -NCH,-, 16 H). ***Pt
NMR, 107.49 MHz, (CD3),CO: 6 +368 corresponds to (BusN)[PtCls]; +92

(unidentified peak); -1424 corresponds to (BusN)2[PtCl,].

Analysis (pale yellow crystals), Elemental analysis, found (expected): C
37.82, H6.74, N 2.38 % (C 37.87, H 6.89, N 2.45 %). 'H NMR, 400 MHz,
CD,Cl,: as observed previously for (BusN);[PtCls(7-H,C=CH-CH=CH,-
n)PtCls]. *°Pt NMR, 107.5 MHz, CD,Cl,: & -2546 (s) (main peak) and
-2543  (9). MS[ESI],  found  (expected): m/z:  839.4871

((BusN)o[PICIs(CaHe)])* (miz: 838.49 (BusN)o[PLCls(CaHe)])?), miz:

855.50 ((BusN)2[PtCl3(C4He)(OH2)])* (m/z: 856.50
(BusN)2[PtCls(C4Hs)(OH2)1)Y, m/z: 929.3878
((BugN)2[PtCls(C4Hs)(OH)H,])* (m/z: 928.45

(BU4N)2[PtC|5(C4H6)(OH2) Hz])+)

2-
Hp H

e %C\}Pt "
HaPt‘: T

H. Hy

Cc

The preparation was then repeated using rigorously dried acetone, which
yielded the butadiene complex with 24% yield (0.0289 mmol, 0.033 g),
with 0.0136 g of (BusN),[PtCls] being recovered (12.5% with respect to
starting Pt). Repeating the preparation in wet acetone (5.0 cm® with 1 drop
of water) lowered the yield to 15%.

Halo-bridged Complexes 170



Navpreet Sethi

An attempt was made to increase yield by using a base (i.e. 1,6-lutidine) in
the above preparation involving acetone. Unfortunately, no difference in

results could be observed.

2.3.3.6 Synthesis of (BusN)z][PtCls(5-H,C=CH-CH=CH,-)PtCls] from

tetrabutylammonium complexes of Pt" and Pt"

(BusN)2[PtCls](12)

To acetone (10 cm®) was added solid (Bu;N)CI (4.12 mmol, 1.143 g) and
Kz[PtClg] (2.058 mmol, 1.00 g) and the mixture was stirred overnight. This
resulted in a clear orange solution along with white precipitate of KCI. The
precipitate was the filtered followed by removal of solvent under vacuum,
which resulted in an orange crystalline solid, which was dried under

vacuum. Yield: quantitative.

Analysis: Elemental analysis, found (expected): C 43.37, H 8.24, N 3.04 %
(C, 43.05; H, 8.13, N 3.14 %). *Pt NMR, 107.5 MHz, (CD3),CO: & +374
(s). *H NMR, 400 MHz, (CD3),CO: 5 0.98 (t, -CHs, 24 H, J = 14.8 Hz),
1.42-1.50 (m, -CH,-, 16 H, J = 7.2, 14.4 Hz), 1.77-1.85 (m, -CH,-, 16 H, J =
8.4 Hz, 7.6 Hz), 3.45-3.51 (m, -NCH,-, 16 H, J = 5.6, 10.8 Hz). IR (vpi.c)):

325 cm™.

General Preparation
To acetone (5 cm®) was added solid (BusN),[PtCls] (4) (0.122 mmol, 0.100
g), and (BusN)2[PtCls] (12) (0.122 mmol, 0.109 g), and the mixture was

stirred at room temperature in (CH3)>CO (5 cm®) for 48 h in the dark. To the
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resulting orange solution was added Et,O in excess (~12 cm?) which resulted
in an orange precipitate. Then, the filtrate and the precipitate were separately
crystallised from an acetone/Et,O mixture. This resulted in a mixture of
(BusN)[PtCls] and (BusN),[PtCls(7-H,C=CH-CH=CH,-7)PtCls] observed
as orange and yellow crystals, respectively. The crystals of (BusN);[PtClg]
were washed off or were dissolved in acetone to obtain pale yellow crystals
of the (BusN),[PtCls(7-H,C=CH-CH=CH,-)PtCls]. Yield: 17.6% (0.0214
mmol, 0.0244 g). Analysis (crystals): Elemental analysis, found (expected):
C 37.48, H 6.76, N 2.29 % (C 37.87, H 6.89, N 2.45 %).°Pt NMR, 107.5
MHz, CD,Cl,: 6-2546 (s) corresponds to (BusN),[PtCl3(C4Hs)PtCls]; -2615
(unidentified peak). *H NMR, 107.5 MHz, CD,Cl,: data same as observed
previously. **C NMR, 100 MHz, CD,Cl,: & 13.94 (-CHj3), 20.21 (-CH,),

24.63 (-CHy), 59.43 (-NCH}), 63.78 (=CH,), 86.2 (=CH).

2-
Hp H

e %C\}Pt "
HaPt‘: T

H. Hy

Cc

The reaction was repeated in rigorously dried acetone and in wet acetone (5
cm® with a drop of water), which resulted in a yield of Pt" butadiene

complex 17.6 % to 1 %, respectively.

2.3.3.7 Attempted preparation of Pt" butadiene type complex

Another attempt was made to synthesise Pt" butadiene complexes with a
different counter cation i.e. PPh,". The reactions were carried out with
mononuclear metal complexes of Pt", Pt" and Au" as previously for
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tetrabutylammonium complexes. Unfortunately, they were all unsuccessful,

hence their experimental details are in the Appendix section B.
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3.1 Introduction

The attempts to prepare heterobimetallic halo-bridged complexes as described
in Chapter 2 were largely unsuccessful and so another approach was sought for
the preparation of heterobimetallic complexes. The methodology chosen used a
chelate ligand with multiple coordination sites, which has the propensity to
coordinate with metals of high coordination number. The details of this

approach are described in this Chapter.

3.1.1 The Chelate Effect

Metal ions, when coordinated by more than one coordination site or donor
atom of the same ligand, form cyclic structures or rings known as chelate
rings, hence the phenomenon is termed chelation. The molecules that
participate in chelation are usually organic with multiple coordination sites.
They are therefore known as multidentate or polydentate ligands and are said
to be chelating agents. The chelate effect is a phenomenon where metal ions
favour the formation of complexes with polydentate ligands in comparison to
the monodentate ligands. The factors contributing towards the stability of

such complexes involve entropy as well as enthalpy:

AG® = - RTIn K = AH°- TAS® (1)

where K is the equilibrium constant, AG® is the change in free energy, AH® is
the change in enthalpy, and AS° is the change in entropy. K increases when
AG°® is more negative and AG®° can only be more negative when the balance

of AH® and TAS® is negative.
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A variety of models’? have been proposed to describe the chelate effect
through structural characteristics such as the number of rings involved in the
complex, the stability of the chelate and the size of the chelate rings, CFSE,
metal ion charge, and last and most importantly, the entropic contributions to
the effect. The chelate effect is usually a result of more than one of the
contributing factors listed above. However, the major factors driving the

effect are described in this chapter with the help of selected examples given

below.
[N(OH2)g]** + 6NHz =——— [N(NHg)g]2* + 6H,0 (2)
[Ni(NHg)g]** + 3en —=——= [Ni(en)g]?* +  6NHz (3)

Enthalpic as well as entropic contributions to the chelate effect can be
explained with the complex formation of Ni" with ammonia (monodentate

ligand) and ethylene diamine (bidentate ligand).® (Fig. 3. 1).

For equation (2),’ For equation (3),’
AG® =-12.39 ki mol™ AG® =-12.70 kJ mol™
AH° = -24 kI mol™* AH° = -4 kJ mol™
AS° =-39 J mol*K™ AS° = +29 J mol*K™
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The chelate effect is observed as an entropy-driven process and to some
extent it is also dependent on enthalpy. In equation (2) the size of the two
ligands i.e. H,O and NHs is almost the same. As the total number of free, as
well as coordinated ligands, is the same on both the sides of the equilibrium,
the entropic contribution towards the stability of the complex is very little.
Therefore, the driving force of the reaction is dependent on the nature of
coordination bonds of the resulting complex. In this case, ammonia binds
more strongly with Ni?* as compared H,O and so, AG® is negative largely due
to the favourable enthalpic contribution of a stronger bond formation between

nickel and nitrogen.

In equation (3), two ammine ligands are replaced by one en and this reduces
the entropy of the en ligand as its freedom to rotate is reduced because both
ends are now tethered.® However, counting of the number of free species
formed along with the associated complex increases the entropy of the overall
system. As in equation (3), the total number of species on the right-hand side
of the equilibrium is seven, but in comparison, the number of species on the
left side is four. This creates a positive contribution to the entropy hence, AS

IS positive.

Another contribution is the basicity of the donor atom® also termed intrinsic
basicity i.e. of the nitrogen of amine in ethylenediamine ligand. It is due to
the +I effect of ethylene group of the en ligand which intensifies the electron
density on the nitrogen. It is observed to bond with the metal strongly in
comparison to NHs;, which leads to a negative enthalpy change further

contributing to the final value of AG®.
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3.1.2 Aminopolycarboxylates

Aminopolycarboxylates are known to form stable complexes with a range of
metal cations due to their strong binding affinity towards them. Therefore,
such ligands possess a wide range of applications in catalysis,® therapeutics’

(e.g. treatment of anaemia,® contrast agents in MRI,° radiopharmaceuticals'?),

1112 “industrial masking agents,*

water treatment,’’ sequestering agents,
molecular magnets** and paper chromatography.'® The smallest, simplest and
most extensively used aminopolycarboxylic acid is EDTA, but its higher
analogues do exist, including H;DTPA (diethylenetriamine-N, N’, N'-
pentaacetic acid)® and HgTTHA (triethylenetetraamine-N, N’, N”, N"’-

hexaacetic acid)*® with eight and ten coordination sites, respectively (Fig.

3.1).
0 0 o9
C. Cs _C
H\O/CW o OH O HO o
N\/C\O HO\C/\N/\/N\/\N/\C/OH HO\CAN/\/N\/\N/\/N\/C\OH
e g A ey
(6] -O HO. O o -0 HO(
WOe N N o ¢ "
0 KC/O OH 0 OH 0
1
O
HgEDTA HsDTPA HgTTHA

Fig. 3.1 Structures of the common aminopolycarboxylic acids with donor atoms indicated in
bold.

Ligands that possess multiple coordination sites can complex with metals that
have low as well as high coordination numbers. For example, TTHA®, a
symmetrical decadentate ligand, is known to form 1 : 1 complexes with rare-
earth metals to form eight-, nine- and ten-coordinate complexes.'’*® There are
also some examples in the literature that show the existence of homo- as well

as hetero- dinuclear metal complexes of TTHA® and a few of those reported
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examples include Co-Co," Ni-Ni,?*?* Cu-Cu?*% and Zn-Zn.?* However, only
one example of heterobimetallic complex has been reported as a crystal
structure in the literature in which TTHA® is coordinated to Co-Ni,?* which is

discussed below.

Apart from these examples, there are reported examples of homodinuclear as
well as heterodinuclear transition metal complexes in solution form but their
isolation has never been reported. Rather, their existence was inferred by
various other methods which mainly include potentiometry and EPR

measurements.

For example, Grimes et al.,?® were the first to study the interactions between
alkaline earth metals and HeTTHA, and other aminopolycaboxylates via
potentiometric titrations, where they calculated chelate stability constants
from the data obtained. From these data they even tried to describe the

structure of the complex formed.

Soon after, Bohigian and Martell*” also studied metal-ligand interactions via
potentiometric titrations, in which mononuclear as well as homodinuclear
metal complexes were described but in a relatively improved manner in
comparison to previously studied complexes by Grimes et al.?® The aim of the
study i.e. metal-ligand interactions was achieved by varying metal-to-ligand
ratios via metal complexations. Metals studied include rare-earth metals
(Ln"', Th'Y), transition metals (Co", Ni", Cu'") as well as alkaline earth metals
(Ca", Mg"). It was observed from the M : HsTTHA ratio, via potentiometric

titrations, that a 2 : 1 ratio of M : HgTTHA is required to obtain a peak that
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corresponds to a homodinuclear complex e.g. (Cu"); and (Ni"),. However, for
Co" a homodinuclear complex was suggested from the potentiometric curve
withal:laswellas2:1, M: HgTTHA ratio. From the results obtained, the
existence of a homodinuclear complex was very well formulated but no
attempt was made at any step to try to isolate any of these complexes from the
mixture. However, the results obtained gave a general idea according to
which, formation of a homodinuclear complex requires a M : HgTTHA ratio

of 2:1.

Concurrently, Schrader® also discovered the existence of homodinuclear iron
(Fe" and Fe"") TTHA complexes in aqueous solutions by controlled addition
of NaOH i.e. by pH titration. The species formed were identified by redox
potential measurement, polarography and spectrophotometric titrations. The
possible structure of the final homodinuclear complex of ferric and ferrous
ion as [Fe'"'>;(TTHA)(OH),]* and [Fe",(TTHA)]* were confirmed from the
titration data. The aim of the experiment was to confirm the formation of
different forms of iron TTHA complexes i.e. mononuclear non-protic forms
([Fe"(TTHA)]®, [Fe"'(OH)(TTHA)]*, [Fe"(OH),(TTHA)]™, [Fe'(TTHA)]*
[Fe"(OH)(TTHA)]*, [Fe"(OH),(TTHA)]*), mononuclear protic forms
([Fe"(HTTHA)T, [Fe"'(H,TTHA)]Y, [Fe'(HTTHA)®, [Fe'(H.TTHA)I%,
[Fe'"(HsTTHA)]Y), and homodinuclear forms ([Fe",(TTHA)(OH),]* and
[Fe';(TTHA)T?). Nonetheless, no attempt was made to isolate any of the
homodinuclear species observed. Similarly, homodinuclear and other
mononuclear complexes of Hg" were also analysed and identified by

Schrader®® as done for the previously reported Fe' and Fe""' complexes. Thus,
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various homodinuclear species were identified such as [Hg"2(TTHA)]?,
[Hg"2(OH)(TTHA)]* and [Hg";(OH)(TTHA)]*. However, no possible

structural formulation was described and no isolation was attempted.

Bohigian and Martell® reported the existence of homodinuclear Fe"' and Cu"
complexes but with mixed-ligand chelates identified via potentiometric
titrations. The ratio of 2 : 1 : 2 for M : HeTTHA : L (where L = 3,5-
pyrocatecholdisulfonic acid (Tiron) (Fig. 3.2. A) or 8-hydroxyquinoline-5-

sulfonic acid (Fig. 3.2. B)) was used.
SO3°

SO3- SOz’ A
HO N

OH OH

\

A B
Fig. 3.2 A. Tiron, B. 8-hydroxyquinoline-5-sulfonic acid (deprotonated).

The two homodinuclear complexes formed were compared with the
potentiometric curve of M : H¢TTHA (1 : 1), where differences in the
inflection points were observed for the both of the dinuclear complexes and
so existence of the complexes were confirmed. Again, no attempt was made

to try to separate the complexes.

Harju and Ringbom®! described the existence of the homodinuclear metal
complexes of Cu" (i.e. Cu : HsTTHA in the ratio 2 : 1) by complexometric
titration. The method reported was only to test the validity of the previously
described theory of formation of 1 : 1 and 2 : 1, M : L complexes via

complexometric titrations.** Hence, various different transition metals such as
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co", cd", Hg", cu", Mn", zn", Ni" and Fe'' were used in the experiment.
The different metals showed a different behaviour in the formation of 1 : 1
and 2 : 1, M : HeTTHA complex formation as shown by the curves obtained.
The use of different metal combinations gave different titration curves, which
illustrated that their propensity to form either 1 : 1 or 2 : 1 M : HgTTHA
complexes was a function of pH. Nonetheless, the only evidence for the

formation of the complex was from the titration curves.

Smith and Martell®® also reported the existence of mononuclear as well as
homodinuclear Cu'-TTHA metal complexes observed via EPR
measurements. It is known that EPR measurements are capable of
determining the distance between two Cu?* ions in dimeric or polynuclear
species. The dipole-dipole interactions between the two copper ions of the
complex in the solution form were used to calculate the distance between the
two copper ions. The spin Hamiltonian (%) given in the equation below was

used in the calculation:
H = g”,BHZSZ + g9, (H,S, + HySy) + AS,I, + B(S,I, + Syly) 4)

where £ is the Bohr magneton; H is the dc magnetic field; S = 1/2 is effective
electronic spin; 1 =3/2 is nuclear spin; g, and g, are electronic g factors
parallel and perpendicular to the z-axis, respectively; A and B are hyperfine
interaction parameters parallel and perpendicular to the z-axis. The above
equation is for uncoupled Cu" complexes described by a spin Hamiltonian

assuming axial symmetry along the z-axis.*
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However, when pairs of Cu'"' centres come into proximity, then dipole-dipole
coupling occurs and is the main factor to be considered in EPR

measurements. Therefore, the following equation is used.**
H=H,+ H,+ Hoe + Hy (5)

where, #: and 7 are the Hamiltonians for the two copper ions and are
calculated as equation (4), respectively. While #&x and Ay are exchange and

dipolar terms, respectively. The term F#j is calculated as follows:

Ha = Ti3 [uapty — 3(ur®) (u,r?)] (6)

where u; and u, are magnetic dipole moments for ions 1 and 2, respectively; r
is the distance between the two ions or the dipoles; r° is the unit vector along

the line joining the dipoles.

From equation (6), by evaluation of all the above factors, the distance was
calculated. The calculations were based on relative orientations of the
principal axis of the g tensor with dipoles (assumed to have the same
principle axis). All three axes were calculated on the basis of the same

principle.

Hence, EPR spectroscopy was used as a tool to identify as well as to elucidate
the structure of the possible homodinuclear species formed in the mixture of
Cu" and TTHA®. The EPR measurements were obtained for Cu : HeTTHA
ratios of 1 : 1 as well as 2 : 1 over a wide pH range to obtain well-resolved
spectra for both mononuclear and homodinuclear complexes. In the EPR

measurement, in the region of g = 2, the presence of a single species indicated
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one of the most probable forms of a homodinuclear Cu" species, which was

observed when the spectrum was analysed at a low field i.e. ~ 1500 G at room
temperature. The existence of the single species has been accounted for by the
dipolar coupling of the homodinuclear chelate. On the basis of the results
obtained, two structures were proposed for homodinuclear [Cu",(TTHA)]

complex described as closed (Fig. 3.3 a)) and open (Fig. 3.3 b)) structural

formes.

H,0
H,O
b)

a)

Fig. 3.3 Structures proposed for [Cu,(TTHA)] complexes a) closed form, b) open form.

The closed form (Fig. 3.3 a)) was found to possess a more rigid framework
and a shorter distance between the two Cu atoms, and the value of distance
obtained was comparable with the distance value obtained experimentally
from (4) to (6). However, in the open form (Fig. 3.3 b)), free rotation was

possible around the ethylene group of the two encapsulated Cu' centres i.e.

the overall framework was less rigid in comparison to the structure

184
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represented by a closed form (Fig. 3.3 a)), the distance of separation between
the two Cu atoms was found to be higher than its experimental value. The
EPR spectrum obtained for a homodinuclear species was confirmed by
observation of a single species at room temperature. However, in the
previously reported investigations, it was noted that the signal found due to
the existence of homodinuclear species usually disappeared at room
temperature or was replaced by a rather broader signal at g ~ 2, which was
reported as a definite confirmation of the formation of a dinuclear

343536873839 Sometimes, the disappearance of the mononuclear

complex.
complex and the instantaneous appearance of another broad signal was also
an indication of the appearance of a homodinuclear complex, which did not
persisted for long at room temperature before disappearing. Nevertheless, the
EPR data obtained by Smith and Martell in this report contradicted the earlier
reported investigations,®® as their reported complex proved that the
homodinuclear complex formed was stable at room temperature in the
solution form. Also, in the earlier reported investigations, the authors did not
give a reason for the disappearance of the peak which might have occurred
due to conversion of paramagnetic species to some diamagnetic copper
species which could not possibly be identified in EPR measurement.
Although, it has been proved previously that due to rapid electron transfer
between two different oxidation states of copper i.e. Cu' and Cu", the
disappearance of EPR signal can be seen.*® Also, to justify these results in

support of the formation of a stable homodinuclear complex, no attempt was

made either to analyse it any further or to try to isolate the complex (e.g. by
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precipitation). Hence, the existence of a stable homodinuclear complex

remains to be confirmed.

1.° proposed the existence of a stable heterodinuclear Fe"-Cu"

Zhang et a
TTHA (1) complex (Fig. 3.4 A 1)) in solution using data from EPR and UV-
visible spectroscopy. The complex formed (Fig. 3.4 A 1) was found to
undergo oxidation and disproportionation to form the final species as
homodinuclear complexes i.e. [Cu'>,(TTHA)(OH,),]* and [Fe''>,(O-TTHA)]?.
This conversion of the analysed heterodinuclear species to the two
homodinuclear complexes was reported to have occurred by autooxidation of
complex (1) via cross metal exchange to an intermediate oxidised complex
[Fe"'Cu(TTHA)IY (2) (Fig. 34 A) and an isomeric complex

[Fe"'cu"(TTHA)]" (3) (Fig. 3.4 B) detected in the two different methods of

preparations described in their work.
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Fig. 3.4 Structure of [CuFe(TTHA)]” complexes as A 1) Cu", Fe" and 2) Cu", Fe'; B
[Fe"'Cu(TTHA)]* complex isomer.

The UV-visible as well as EPR spectra obtained from those reaction solutions

(taken at different time intervals) were compared with solutions of the

homodinuclear complex of Cu" i.e. [Cu, TTHAJ*, a mixture of solutions of

Fe'" and Cu" i.e. [Fe,TTHA]* and [Cu,TTHA]* and the final mixture

solution of the product. In the UV-vis spectrum of the reaction mixture an

absorption band was observed which corresponded to the [Cu,TTHA]*

complex. This observation raised doubts about the existence of the

heterobimetallic complex as no band corresponding to the expected

heterobimetallic complex was obtained. However, a slight variation in the

TTHA Metal Complexes
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EPR spectrum was observed in the nature of peak width along with a peak
drift with respect to [Cu,TTHAJ]*. Nonetheless, two possible mechanisms
were described with respect to the formation of the two intermediates hence,
the formation of the two homodinuclear complexes as products. The
formation of final products or the stability of the heterodinuclear complex
was demonstrated by carrying out the reaction in the presence of oxidising
agents such as O, and H,0,. No strong supporting evidence for the existence
of the heterodinuclear complex apart from the presence of an EPR peak has

been discovered.

Xu et al.?®

reported the crystal structure of a proposed heterodinuclear
complex of Co"-Ni" TTHA, which is hydrogen bonded to a
hexaaquamanganese(l1) cation (Fig. 3.5). There is, however, some doubt over
the identity of this complex. In this reported heterodinuclear complex of
TTHAY, the ligand is described to bind with both Co as well as Ni. However,

the experimental conditions simply report adding Co, Ni and Mn salts (there

is a separate Mn'"" cation) to the ligand.

R\NII’O _____ 8 M0
O O/I\II \O""’,o o
)\/ \O'/

Fig. 3.5 Structure of [Mn(OH,)e][NiCo(TTHA)(H,0),], where M = Ni or Co. Water
molecules are removed to show the coordination pattern.?
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Elemental analysis and X-ray diffraction (single crystal) methods cannot
separate the possibilities (Niz, Coz, NiCo). However, by metal analysis (AAS)
the distinction between the two metals is definitely possible as two different
lamp sources would have been used for the identification in the latter case.
Nevertheless, this was not carried out at this stage due to in availability of the
same single crystal. The structure elucidation by single crystal X-ray
diffraction technique is based on the number of diffracted electrons, but it is
impossible to distinguish between two similar metal atoms that differ by only
one electron difference. In addition, elemental analysis is a bulk analysis
which would not readily separate possibilities differing by only by one mass
unit. There is also a reference to there being low-spin Co", which is not
expected to be the case as it is shown that the analogous EDTA complex of
Co" is high spin.** Electronic spectroscopy would identify the composition

better, but the data were not provided.
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3.2 Heterobimetallic Chelate Complexes

3.2.1 Ligand Selection

Chapter 2 describes the attempted synthesis of heterobinuclear halo-bridged
complexes involving platinum group metals. However, this chapter
introduces an alternative route to the synthesis of heterobinuclear metal
complexes that involves the polydentate ligand, TTHA®* selected due to its
structural resemblance to EDTA used earlier by King in this research group.
Thus, as described in Chapter 1, King prepared mononuclear, anionic EDTA
complexes of some metal salts which were then employed as metal precursors
in the preparation of nanoparticle-doped, mesoporous silicas using a TLCT

approach.*?

TTHA® possesses properties similar to those of EDTA but also has a

relatively high binding affinity towards a wide range of different metal ions

26,27,31 43,44

including alkaline earth metals and rare-earth metals as well as

19,20,21,22,

transition metals. 2324 A few examples of post-transition metals

complexing to higher analogues have also been reported in the past years.*“°
Thus, as well as binding to single metal centres, TTHA had the attraction that,
as a ligand that possesses two interconnected, five-coordinate binding sites, it
represented a possible approach to the target heterobinuclear complexes that

might lead to porous silicas doped with well-defined bimetallic nanoparticles.

(Fig. 3.6).
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cavity

Fig. 3.6 [TTHA]® showing two cavities with five coordination sites each (atoms in bold).

Using this approach, a wide range of metals with +2 as well as +3 oxidation
states have been employed to synthesise the heterobimetallic complexes,

discussed in the following sections.

3.2.2 Metal-Ligand Complexation, a stepwise approach

From the reported examples of dinuclear complexes, discussed above, it was
clear that such complexes were, in spite of their thermodynamic stability,
Kinetically rather labile. Therefore, a strategy was sought to prepare the
heterodinuclear complexes in a stepwise fashion (Scheme I11.1). The concept
involved was to try first to form a 1 : 1 complex with TTHA® and a more
inert metal (e.g. Rh"', Cr'', 1r'"") and then react it with a more labile second
metal (e.g. Ni", Co", Pd", cu") to form the desired heterobinuclear complex
selectively. For comparison, the reverse was also tried. Thus, a 1 : 1 ratio of
HsTTHA and the desired metal salt was reacted via heating under reflux in
water, after which the solution was treated with six molar equivalents of base

(NaOH) to neutralise acid produced and leave the sodium salt of the complex.
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One molar equivalent of the second metal was then added and the reaction
continued, being monitored at each step by negative-ion mass spectrometry.
Ethanol was then added to precipitate the product which, after drying was
analysed by atomic absorption spectroscopy, infrared spectroscopy and CHN
analysis. The precipitate was then crystallised from either water or a

water/ethanol mixture.

M(NO3)n.XH20
or + HgTTHA [M(TTHA)]"
MClp.xH,0 water mononuclear
complex
NaOH (6 eq.)
reflux | M(NO2)n.xH20

or stir or
M'Cl,.xH>,0

reflux

[MM'(TTHA)(L)"

expected

Scheme I11.1 Typical preparation of heterobimetallic complex, where, L = coordinated H,O
and CI, n = number of ligands (H,O/Cl).

On addition of metal salts such as those containing Pd", which were prone to
decomposition at higher temperatures, the contents were stirred at a lower

temperature.

Therefore, the preparation of various heterobimetallic complex was tried with
the following combinations: Rh-Ni, Rh-Zn, Rh-Pd, Rh-Cu, Rh-Co, Rh-Cr,
Cr-Pd, Cr-Co, Ni-Pd, Cr-Ni, Ni-Co, Ir-Pd and Ir-Rh. In these metal mixtures,
a Na" ion (from the base i.e., NaOH) was expected to act as the counter ion

where the complexes were anionic. Hence, no other counter ion or external
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precipitant was added. All the complexes prepared were crystallised from
either water or from a water/ethanol mixture. The crystals obtained were
analysed along with the precipitate for quantitative estimation of the metallic
ratio in a complex by X-ray diffraction as well as by AA spectroscopy (details
below). However, in a few cases where precipitates were not obtained, PPh,"

was added as a large counter cation to precipitate the complex.

Using these approaches, several crystal structures were obtained,*” which are

now described.

3.3 Heterodinuclear Complexes

3.3.1 Na[RhZnCI(TTHA)(H20)4]-xH0 (1)

This was the only heterobimetallic complex prepared successfully by using
the step-wise approach. Single crystals of the complex were obtained from an
extended crystallisation period, although, the ratio of metals observed in bulk
(see Table I11.11) was different from that of the single crystal. In the crystal
structure, the position of the two metals is not disordered. Supporting

evidence was provided by negative ion mass spectrometry

The yellow crystals of this heterodinuclear complex contain a great deal of
disordered lattice water, which means that the R-factor is rather high.
However, the formula given through the solution of the structure does not
give a balanced charge as the dimeric TTHA unit is dianionic and the given
formula shows only a single sodium. This is probably explained by the large
amount of disordered solvent/ions which was modelled using the SQUEEZE

algorithm.*® The latter predicts a volume of 1084 A® of disordered material
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with an electron count of 574 within the unit cell. This means around 110
atoms (including hydrogens) so there may well be sodium ions included in
this. These channels of water are found in the ac plane as indicated in Fig.

3.7.

water channels water channels

Fig. 3.7 Structure of complex 1 showing the water channels.

The probability that sodium ions in the unit cell balancing the charge is higher
than that of protons (oxonium ions) as the solution used for the complex
preparation was alkaline, but confirmation of this proposal is not possible due
to the poor structural data indicated by the R-factor (wR, = 0.1340). Another
possibility would be the presence of a protonated carboxylate oxygen, and
attempts were made to model this before ‘squeezing’ the crystallographic
model, but no evidence could be found supporting its existence. From the
literature, the C-O and C=0 bond lengths of a neutral carboxylic acid i.e. in
formic acid are reported to be 1.26(3) and 1.23(3) A, respectively.*® The bond
lengths of an uncoordinated neutral carboxylic acid may vary between 1.31
and 1.21 A for C-O and C=0 on average, depending upon the coordinating
groups.® On the other hand, for monodentate coordinated anionic

carboxylates, the values of d(C-O) and d(C=0) are reduced to 1.277(17) A
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(M-O-C) and 1.234(15) A (M-O=C), respectively.®® In the current case (Rh-
Zn), most of the values of the bond lengths of the metal-coordinated
carboxylate oxygens (M-O-C) correspond closely to the anionic case i.e.
1.269(8), 1.254(8) and 1.244(7) A, for, Zn-O(1), Zn-O(5), Zn-O(3),
respectively (Fig. 3.8). Similarly, the Zn-O=C i.e. Zn-O(2) (1.236(8)) and
Zn-0(6) (1.234(9)), also have close correspondence to the values of the two
bond lengths were reported for a protonated carboxylate. However, one of the
bond lengths showed consistent difference from the rest of the reported metal
coordinated C=0 bond lengths i.e. Zn-O(4) (1.275(7)). From this difference
in bond length, a doubt was raised about the possibility of the existence of a
protonated carboxylate oxygen around Zn-O(4). So, to eliminate this doubt,
the crystallographic model was closely looked at using an electron density
map, which showed no indication whatsoever of the presence of hydrogen

around that carboxylate oxygen (i.e. O(4)).

. oxygen

(OPN
2 C4/\N/\Cgo4. nitrogen
A I

carbon

N /_C 85\\ zine

sodium

Fig. 3.8 Showing a part of crystal structure of the Rh-Zn complex, where the probability of
protonated carboxylate was examined and the groups discussed are highlighted in bold.
(located hydrogens are removed for clarity).

Despite of the disordered lattice water, data relating to the positions of atoms
in the complex are good (note that the ADP of C10 was restrained to be

approximately isotropic)>* and so it is realistic to offer a description of the
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structure. Thus, each TTHA® is bound at one end to a Rh"' centre with its
sixth coordination site occupied by a chlorido ligand, while at the other end it
is bound to zZn" whose sixth coordination site is occupied by coordinated
water. This gives each dinuclear complex a 2- charge and the basic structure

is shown as Fig. 3.9.

. oxygen

. nitrogen

. chlorine
carbon
hydrogen
zinc

. rhodium

Fig. 3.9 Structure of the heterobimetallic [Rh(CI)Zn(TTHA)]* anion.

These complexes are then linked in one of two ways to give a non-covalently
linked polymeric arrangement, which is now described. The ‘zinc ends’ of
two dinuclear complexes are linked via a pair of sodium atoms in a staggered
arrangement that are themselves linked by an oxygen that sits on a 2-fold
axis, although it is difficult to know if this bears one or more hydrogen atoms.
Each sodium is five coordinate, being bound by one precisely located water
molecule, the aforementioned bridging oxygen and an exogenous «*
interaction with one of the carboxylate groups that binds 7" to zinc. The fifth

site is occupied by an oxygen atom that is the carbonyl oxygen of a
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carboxylate group bound to the Rh""' centre of a neighbouring complex. In
addition, the representation shows two other water molecules ‘associated’
with each sodium, although the Na---O separation is >2.6 A (ZvdW radii =
2.32 A). The overall picture and that localised around the two sodium ions are

shown in Fig. 3.10 A-C.
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@ oxygen
@ nitrogen
@ chlorine

carbon

hydrogen
. zinc
. rhodium

sodium

Loosely-"bound’ water

Coordinated Water

Oxygens of carboxylate
from TTHA complexing Rh C

B

Fig. 3.10 Different views of the structure of Na,[Rh(Cl)Zn(TTHA)] emphasising the
arrangement of the sodium cations in the structure.

If for the sake of this description, the fragment shown in Fig. 3.10 A is taken

as a notional repeat unit, then one of its ‘rhodium ends’ is bound to the
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bridging sodium unit of another repeat unit via the carbonyl oxygen of an 7'-
carboxylate group bound to the rhodium and, in turn, the ‘rhodium end’ of
this second fragment binds to the bridging sodium unit of the first. This is
shown in Fig. 3.11 with part of the structure and also schematically. This
arrangement persists to form the polymer and different polymer units are

linked together through hydrogen-bonding arrangements (not illustrated).

TTHA Metal Complexes 199



Navpreet Sethi

(@)
Cl.., H“h'”‘“
07 | e (ZN D—Na 0
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0.
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- | “Cl
(b)

Fig. 3.11 Illustration of the linking together of fragments via the Rh-end of the TTHA
heterodimer (a) from the structure with hydrogens and selected other atoms removed to give
a clear picture and (b) a schematic of the same showing how the polymer extends.
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3.3.2 [Crl_s()Rho.5o(TTHA)(OH2)2] . GHzo (2)

"_Rh" complex (2), which was obtained by the sequential

The binuclear Cr
addition of metals as described in section 3.2.2, was analysed to possess a Cr :
Rh ratio of 3 : 1 from single crystal X-ray diffraction and by atomic
absorption studies. In this case, the crystal structure of the complex reflects
the composition of the product (metals) in bulk i.e. 3 : 1 (Cr : Rh) as shown in
Table I11.11. However, the structure obtained cannot differentiate between a
mixture of two homodinuclear complexes of Cr, and Rhy, and a mixture of
the two homodinuclear and heterodinuclear complexes i.e. Cr,, Rh, and Cr-
Rh, respectively. Nevertheless, unlike the other attempted preparations of
heterodinuclear complexes, the yield of this complex was relatively high
(52%). The complex was crystallised several times to verify the ratio of the
two metals and atomic absorption analyses of the precipitated product as well
as the crystallised product were carried out separately to determine the final
ratio i.e. 3 : 1, Cr-Rh. Thus, with two rather inert metal centres, while it is not

possible precisely to identify the species contributing to the observed ratio of

metals, it is at least a well-behaved system with defined composition.

The asymmetric unit consists of half the complex, with the metal centre being
modelled as disordered Cr : Rh in 0.75 : 0.25 ratio (Rh/Cr disorder appears
random as an ordered solution could not be obtained in the P1 space group).
Combined with the observation of an inversion centre at the mid-point of the
C-C bond joining the two halves of the TTHA, then there is no

discrimination in bond lengths.
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To test the crystallographic model, the effect on the R-factor of varying the
metal ratio was studied and results are shown in Table I11.1. In the first case,
I. the percentage of each metal as determined by analysing was entered into
the program, for which, the data are shown. The ratio determined by refining
occupancy factors is shown as entry 11, which gives the best fit with lowest R-
factor and residual electron density. Other possibilities (entries 111 to V) were
also tried but resulted in a significantly higher value for the R-factor along
with ADP values for non-metal atoms that were too small, especially when
compared to that of the metal (which is large). Thus, in modelling a
homodinuclear Cr, complex (i.e. 111), the presence of high residual density
adjacent to Cr was indicated while modelling and the ADP for the Cr was
very small, while for the other atoms it was too large. This is the
characteristic of a model with too light a metal. Conversely, modelling a
homodinuclear Rh, complex (i.e. 1V), gave a residual density near the
oxygens, with the deepest hole near the Rh atom, characteristic of a model
with too heavy a metal. The ADP on the non-metal atoms was too small.
Another possibility was of a 50 : 50 mixture of Cr : Rh (i.e. V), whose
modelling gave an ADP of non-metal atoms too small in comparison to metal
(which is somewhat large), as well as, high residual density near the oxygens,
with a deepest hole near the metal. Thus, the disordered model witha 3 : 1
Cr : Rh ratio is clearly the best solution to the data. Nonetheless, further

discrimination is not possible with the data in hand.
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Table I11.1 Possible structures of homo- and hetero- dinuclear complexes with main
(collected) crystallographic data.

Sr. %Cr %Rh R1 (all) wR2 GooF Residual
No. density
75 25 2.70 6.85 1.034 0.6/-0.54

Il 75.95 24.05 2.69 6.75 1.035 0.58/-0.54

1l 100 0 5.04 15.087 1.085 1.79/-0.64

v 0 100 8.45 27.90 1.085 3.38/-2.73

\Y 50 50 4.33 14.30 1.100 0.99/-0.90

The coordination around each metal is as expected for TTHA, with the sixth
site taken up by a water ligand so that the dinuclear complex is neutral (Fig.
3.12). There are six lattice water molecules in the structure, three associated
with each half, and these appear to play a partly structural role as in the
following description, which refers to one half of the dinuclear complex only.

The waters are numbered to aid the description (Fig. 3.13).

. oxygen
. nitrogen

carbon

hydrogen

. chromium or rhodium

Fig. 3.12 Structure of the dinuclear unit of [Cry50Rhg50(TTHA)(OH,),] showing a
heterobimetallic dimer (metals indistinguishable).
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Fig. 3.13 Arrangement of water molecules around the [Cry 50Rhos0(TTHA)(OH),] dinuclear
complex.

Thus, two water molecules (2 and 3) are hydrogen bonded to the coordinated
aqua ligand. Each of these is then bound to a further lattice water (1 and 4,
with 4 coming from a different asymmetric unit) through one hydrogen, with
the other being hydrogen-bonded to the oxygen of a bound carboxylate from
another TTHA dimer in the lattice (indicated C). The two hydrogens of
molecule 1 and one hydrogen of molecule 4 are also hydrogen bonded to such
carbonyl oxygen atoms, while the remaining hydrogen of 4 is bound to a
carbonyl oxygen of the dimer in the description. Thus, the overall
arrangement of dinuclear complex in the lattice is moderated by the

arrangement of the lattice water molecules.
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3.4 Homodinuclear Complexes

3.4.1 Nay[Rh,Cly(TTHA)]-8 H,0 (3)

The homobimetallic complex 3 was obtained as yellow block crystals from
attempted preparations of Rh-Co, Rh-Ni and Rh-Cu through a step-wise

approach.

@ oxygen

@ nitrogen
chlorine
carbon
hydrogen

. rhodium

Fig. 3.14 Organisation of one half of TTHA around the Rh—CI unit (the other half is related
through an inversion centre halfway along the central C—C bond in TTHA.

The organisation of the ligand around each rhodium is shown as Fig. 3.14
(the two halves are related by an inversion centre). Thus, one half of the
TTHA occupies five coordination sites with a mer arrangement of the three
oxygen atoms, cis nitrogens and the chloride ligand trans to the nitrogen atom
bearing two —CH,CO," groups. The three oxygens and the rhodium can be
considered as sitting in a plane and the nitrogen trans to the oxygen sits about
0.36 A below that plane. When half of the TTHA functions as a pentadentate
ligand it places certain strains on the coordination, so that none of the angles
is 90°, although metal-ligand bond distances are not abnormal. The presence
of two chloride ligands creates a dianionic complex and the charge is

balanced by two sodium cations. Thus, at each end of the complex, a sodium
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ion is bound (2.445 A) to the hydroxylate oxygen of a carboxylate group that

is attached directly to the rhodium (Fig. 3.15 A).

@ oxygen
@ nitrogen

carbon
hydrogen
. rhodium

sodium

A . chlorine

Fig. 3.15 A Sodium bridging unit between two Rh,(TTHA) units and B four, parallel
‘polymeric chains'.

This sodium is then part of a Na, unit that is held together by two u-OH;
groups with the second sodium being symmetry-equivalent and so bound to
the next Rh(TTHA)CI, unit. In this way, a polymeric chain is created that
propagates in the ab plane. For each sodium, two other coordination sites are

taken up by terminal OH, ligands, with the sixth site being bound to a TTHA
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oxygen in the next ‘polymer chain’. Four of these chains are shown in Fig.

3.15 B.

3.4.2 [PPhs]2[Rh:Cl(TTHA)]-11H,0 (4)

This complex was obtained by the addition of an aqueous solution of PPh,Cl
to a solution prepared as for 3; the complex crystallised as fine yellow
needles. The asymmetric unit contained eleven waters of crystallisation (not
shown below), four of which were disordered and modelled over two sites.
The hydrogen atoms for these waters could not be located owing to disorder.
The organisation around rhodium is similar to that found in 3 and all metal—-

atom distances around the metal are statistically identical except Rh-ClI

distances which are 2.3609(13) and 2.3656(13) (Fig. 3.16).

@ oxygen
@ nitrogen

carbon

hydrogen

. rhodium
‘ chlorine

phosphorus

Fig. 3.16 Structure of [PPh,],[Rh,Cl,(TTHA)] without water of crystallisation.

However, in the present case there is no inversion centre between the two
halves of the complex. The tetraphenylphosphonium cations are disposed at
each ‘end’ of the dinuclear complex and ipso-C—P—ipso-C angles are all close

to the expected value. There are no short interactions between cation and
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anion. Interestingly, when viewed down the b-axis, it is apparent that the
dirhodate(l11) anions and the phosphonium cations are arranged in alternating

layers (Fig. 3.17).

Fig. 3.17 View of complex 4 along the b-axis, showing the organisation into alternating
cation-anion layers.
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3.4.3 [Cry(TTHA)(OH,);]-6H,0 (5)

The complex crystallised as purple plates from a reaction that had used Cr""

and then Ni" in a stepwise fashion. A similar complex was also obtained from

an attempted heterobimetallic Cr-Co complex in which Cr was added first.

@ oxygen
@ nitrogen

carbon
hydrogen
‘ chromium

Fig. 3.18 Structure of one half of the [Cr,(TTHA)(OHy),] dimer showing the three water
molecules of crystallisation associated with that half, one of which is disordered.

Once more, the TTHA provides an N,O3; donor set, but this time the sixth
position is taken up by coordinated water, resulting in a neutral dinuclear
complex, the two halves being related by an inversion centre. Each half of the
dinuclear complex is associated with three water molecules of crystallisation,
and the oxygen of one of these is modelled as disordered over two sites,
although the hydrogen positions are not disordered (Fig. 3.18). Thus, each
hydrogen of the coordinated water is hydrogen bonded to a water molecule in

the lattice (O---O separation of 2.616 A to the non-disordered oxygen), while
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the third lattice water is hydrogen-bonded through one of its hydrogens to the

carbonyl oxygen of one of the carboxylates.
3.4.4 ClgH34KN4NaNi2021_27 (6)

This complex was prepared by using nickel(I1) (Ni(NOs),-6H,0) followed by
palladium(ll) (K,PdCl;). The colour of the crystals was bluish-green.
However, the precipitate of the complex was olive-green. The mixture did not
correspond well when analysed for its metallic ratio via AA spectroscopic

analysis as Table I11.11.

The crystal contained substantial disorder. In the asymmetric unit, the sodium
was disordered over two sites and the associated complexing waters were also
disordered. The relative occupancy was refined to 58 : 42. O9 was also
disordered and modelled over two sites with equal occupancy. In addition
there is another disordered water this was only partially modelled; the other
sites could not be identified. As such, the level of detail of the description is

moderated to account for the most significant features.

‘ oxygen
‘ nitrogen

carbon
hydrogen

. nickel

Fig. 3.19 Structure of the dinuclear [Nio(TTHA)]* unit.
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Thus, the dinuclear M TTHA unit (Fig. 3.19) is arranged as expected and as
found above, with the sixth coordination site taken up by a bound water
molecule. These dinuclear complexes forms non-covalently bound ribbons
through the structure which are linked at each side to channels containing the
sodium and potassium counter cations. Disorder precludes a very detailed
description of the channels, but a schematic is given in Fig. 3.20 A, which
shows fairly well-behaved, six-coordinate sodium ions that bridge facially to
potassium on one side through three oxygen atoms and edge bridge on the
other via two oxygen atoms. The sixth oxygen appears hydrogen bonded into
disordered water. These interactions in turn describe five oxygens bound to
potassium and a further two coordination sites are taken up bridging to nickel
via a coordinated oxygen, with what is believed to be an adventitious contact
to the carboxylate carbon. A further oxygen from a neighbouring oxygen
bound to Ni completes the coordination sphere. Viewed down the a-axis, the

ion channels are mutually disposed as a parallelogram (Fig. 3.20 B).
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@ oxygen
@ nitrogen

carbon
hydrogen

. nickel

sodium

@ notassium

Fig. 3.20 Arrangement of the sodium and potassium cations in the structure of complex 6.

3.4.5 Na[M(TTHA)(OH,),]-6H,0 (7) (where M = Ni, or Co, or Ni-Co)

This complex was prepared by using nickel(Il) followed by cobalt(ll). The
analysis of the bulk sample (Table I11.11) shows the two metals in a ratio of
about 1.25 : 1, but crystallographically it has not been possible to distinguish

between Co and Ni in the final structure.

The complex was obtained as faint grey to colourless fine needles. The metal

was reported to be either nickel or cobalt by us in the current work. The poor
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quality of data meant that it was not possible to distinguish between the two
(no difference was observed in the quality for either metal). The metal was

therefore arbitrarily assigned as nickel.

Two ordered water molecules were observed although it was not possible to
locate the hydrogen atoms on either of these water molecules. The crystals
contained a large amount of disordered water in large channels running
through the crystals parallel to the z-axis. A suitable model for this water
could not be obtained so the SQUEEZE*® algorithm was again used to take
account of these waters. There is the equivalent of three voids per unit cell
each with a volume of about 1397 A3 each containing 768 electrons

equivalent to about 43 water molecules.

The large amount of disorder meant that the crystals diffracted poorly and
hence the crystallographic quality is poor. The arrangement of the TTHA
around the two metal centres is as expected with the sixth position again
taken up with an aqua ligand (Fig. 3.21 A). Beyond this, it is not intended to
give much further description of the structure owing to the level of disorder,
except to observe that six dinuclear complexes arrange themselves
hexagonally around a water channel, giving an indication of the extent of the

disorder (Fig. 3.21 B — cations removed for clarity).
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@ oxygen
@ nitrogen
carbon

hydrogen

. nickel

Fig. 3.21 Structure of Na,[Ni,(TTHA)(OH,),] showing the homodinuclear dianion (A) and
the water channel (B).
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3.5 Composition of the Bimetallic Complexes

The crystals isolated here (details shown above) represent the least soluble
components of the preparation, so that their composition is not necessarily
representative of the bulk solution. To this end, for some preparations atomic
absorption measurements were undertaken in order to determine the ratio of
metals in the bulk sample and so to make a comparison with the composition
of the single crystal (Table I11.11). Thus, it seems that only in the case of
complex 2 did the crystal obtained reflect the composition of the bulk.
However, in viewing these complexes as possible precursors for the
preparation of nanoparticle-doped silicas, it is also instructive to note that only
in one case mentioned in Table IIl.11 did the preparation lead to a bulk

material with the same metal ratio as used in the experiment.

Table I111.11 Results obtained from atomic absorption measurements for the solid obtained at
the end of reactions compared with metal ratios found in the isolated single crystals.

Complex Metals used in Ratio from AA Ratio from Crystal
preparation’ Structure

1 Rh/Zn 1:3 1:1

2 Cr/Rh 3:1 3:1

2 Cr/Rh 3:1.2 3:1

5 Cr/Co 3:5 Cr only

5 Cr/Ni 1:1 Cr only

6 Ni/Co 1.25:1 Ni&Co indistinguishable
7 Ni/Pd 12:1 Ni only

" The order in which they are written corresponds to the order in which they were used in the reaction
and in each case 1 : 1 ratios were used.

“ X-ray data are from separate preparations from which single crystals were also obtained. Structures
are not described here as the data sets are less good than those reported although structures have been
deposited at CCDC.
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3.6 Discussion and Conclusions

The attempts to prepare heterobimetallic complexes employing TTHA
described in this chapter using a two-stage, one-pot synthesis were mostly
unsuccessful except in one case where a Rh-Zn (1 : 1) complex was isolated as
a single crystal. The mixtures for the rest of them led to the isolation of homo-
as well as hetero-bimetallic complexes recovered as single crystals. The
precipitates obtained from each of these syntheses were analysed by CHN (for
overall stoichiometry) and AAS (for determination of the metallic ratio). The
results of the metallic composition obtained from the above were then
compared with the ratio obtained from single crystal X-ray diffraction analysis.
The results obtained by atomic absorption were straightforward, but the CHN
analyses were not very helpful as the method could not distinguish mixtures. In
addition, the number of random water molecules found in the solids was
extremely high, which also raises the chances of error in the calculations of
CHN data. For these reasons, from these two methods, only AAS results were
used as a standard for comparison Therefore, the data obtained from AAS were
used as a representative of the bulk sample, and these ratios were used to
describe final sample composition throughout Chapter 4. In contrast, the single
crystal X-ray diffraction results corresponded to the bulk only in the case of the
Cr-Rh complex. Moreover, one is aware of the fact that crystallisations result
from a particular solvent mixture that has more than one complex present leads
to precipitation of the least soluble component and is not essentially

representative of the bulk sample.
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From the above explanation, it is then clear that this method of synthesis is
much less selective than we had anticipated and the successful synthesis would
require a robust route to a pure, monometallic complex of TTHA with an inert

metal, which could then be functionalised selectively with a second metal.
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3.7 Experimental

3.7.1 Instrumentation
Single crystal X-ray diffraction

The X-ray data were collected with a Bruker SMART Apex CCD type X-ray
diffractometer system using monochromated graphite MoK, radiation (1 =
0.71073 A) with the radiation source of a fine focused sealed tube. The single
crystal structure elucidation was done by direct methods using SHELXS-97.

Structures were refined by using SHELXL-97.%
Atomic Absorption Spectroscopy (AAS)

The atomic absorption spectrophotometric analysis was carried out using a Z-
5000 series polarised Zeeman atomic absorption spectrophotometer (Hitachi).
The source of radiation was a hollow cathode lamp. The flame used was

acetylene/air.

The standards were prepared directly from the metal solution obtained by
diluting them to a particular concentration considering the detection limits
(sensitivity) of metal. The solutions of the complexes (to be analysed) were
not prepared in acidified water. However, the standards were in acidic

solution (%w/w).
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Elemental Analysis

Elemental analysis for carbon, hydrogen and nitrogen was performed on an
Exeter Analytical Inc., CE-440 Elemental Analyser. The description is the

same as that in Chapter 2.

IR spectrophotometry

The IR spectra were obtained by using a Shimadzu IR spectrophotometer.

UV-visible spectrophotometer

UV-Vis spectra were measured with a Schimidzu (UV-2401PC)

spectrophotometer using quartz cells with 10 mm path length.

ESI Mass Spectroscopic analysis

Bruker microTOF with electrospray with an LCQ ion trap was used for

negative ion ESI analysis.

3.7.2 Materials

The reagents N, N, N", N - triethylenetetramminehexaacetic acid
(HeTTHA), zinc(ll) chloride (anhydrous), cobalt(ll) nitrate hexahydrate,
chromium(l11) nitrate nonahydrate, copper(ll) nitrate hydrate, nickel(ll)
nitrate hexahydrate and iron(l1l) nitrate nonahydrate were purchased from
Sigma Aldrich. Potassium tetrachloroplatinate(ll), potassium

tetrachloropalladate(Il), iridium(l11) chloride trihydrate and rhodium(lll)
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chloride trihydrate were gifts from Johnson Matthey Chemicals. However,
other chemicals including tetraphenylphosphonium chloride and sodium
hydroxide were from Fisher Scientific. The AAS standards (Pt, Pd, Cu, Co,

Cr, Ni, Rh and Zn) were purchased from Sigma Aldrich.

3.7.3 Synthesis of Nay[MM'(TTHA)] complexes

General

An aqueous solution of HsTTHA (0.5 mmol, 0.247 g, 15 cm®) was prepared
to which was added an agueous solution of MCl,-xH,0O or M(NQO3),-xH,0O
(0.5 mmol, 5 cm®) and the mixture was heated under reflux for 20 h. NaOH
solution (3 cm®, 1 mol dm™3) was added and the solution was stirred for 30
min. A solution of a second metal — MCI','xH,0O or M'(NOg3),xH,O (0.5
mmol, 5 cm®) — was added and the mixture was again heated under reflux for
20 h. Addition of ethanol (ca 250 cm®) led to precipitation of a solid and
single crystals were obtained either from ethanol/water mixture or from water

in the fridge (5 °C).

It should be noted that the CHN data given in the following sections,
wherever obtained, have been used in conjunction with the ratio of metals
obtained from AAS and those calculated values are based on the expected
structure, ignoring the possibility of adventitious solvent molecules. This is
important as it should also be noted that several precipitates obtained
contained excess of solvent of crystallisation (i.e. as random water

molecules), which was difficult to remove.
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The AAS values are given in a concentration (ppm) format to avoid any
confusion if regeneration of the data are required. The values given have been
worked out of the graphs and equations using MS excel. The values have also
been corrected for their percentage error with respect to the graphs of
standards used for each metal. The ratios given in the Table IL.11 earlier in

discussion section were calculated straightway from these ppm values.

3.7.3.1 Attempted preparation of sodium triethytetraamine-N,N’, N" N

hexaacetatonickel (I1)rhodium(l11), Nay[RhyNi,(TTHA)]

HsTTHA (0.5 mmol, 0.247 g), RhCl3.3H,0 (0.5 mmol, 0.1317 g), NaOH (3

cm®, 1 mol dm™) and Ni(NOs),.6H,0 (0.5 mmol, 0.1454 g) were used.

To the green-coloured solution was added ethanol (ca 200 cm®) to
precipitate a light green solid, which was filtered and dried under vacuum.
Yellow-coloured crystals of (PPh,),[Rh,TTHA]-11H,O suitable for X-ray
analysis were then obtained from an ethanol/water mixture after addition of
PPh,Cl used to crystallise the light-green precipitate. The details of the

crystal structure are given in appendix A.

Analysis: AAS metal concentration (ppm), found: Rh 1.63, Ni 6.3.
Elemental: found, C 25.94, H 3.96, N 7.46 %. MS[ESI], found (expected),
mixture: m/z: 649.0 [C18H24N4Ni012Rh] (m/z: 64898) [C18H24N4Ni012Rh]

i.e. [RANI(TTHA)Y). IR (v cm™): 1636 (C=0 str.).
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3.7.3.2 Preparation of sodium triethylenetetraamine-N, N’ N",N""

hexaacetatorhodium(l11)zinc(I1), Na[ZnRh(TTHA)]

HsTTHA (0.5 mmol, 0.247 g), RhCl3.3H,0 (0.5 mmol, 0.1317 g), NaOH (3

cm®, 1 mol dm™®) and ZnCl; (0.5 mmol, 0.0682 g) were used.

The yellow solution was filtered while hot and ethanol was added in excess
(ca 200 cm®). A light-yellow-coloured precipitate was obtained which was
filtered and dried under vacuum. The single crystal for this complex suitable
for X-ray analysis was obtained from ethanol/water. The details of the X-ray
analysis are given in the appendix A, but the crystal obtained was ofal:1

complex with no disorder in the metal positions.

Analysis: AAS metal concentration (ppm), found: Zn 0.38, Rh 1.26.
Elemental: found, C 26.15, H 4.07, N 6.70 % would correspond to a
calculated overall ratio of Rh : Zn of 13 : 1 if only Rh-Cl, Zn and TTHA
were present. MS[ESIT], found (expected), crystal: m/z: 654.97
[C1sH24N4O1,RNZN] (M/z: 654.97 [C1gH2sN4O1RhZN] i.e. [RhZN(TTHA)™

). A1: 336 nm, A2: 307 nm. IR (v cm™): 1744 (C=0 str.).

3.7.3.3 Attempted preparation of sodium triethyltetraamine-N,N',N" N"'"-

hexaacetatopalladium(l)rhodium(111) Na,[PdyRh,(TTHA)]

He¢TTHA (0.5 mmol, 0.2472 g), RhCl3.3H,0 (0.5 mmol, 0.13171 g), NaOH

(3 cm®, 1 mol dm™) and K,[PdCl,] (0.5 mmol, 0.1633 g) were used.
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Ethanol (ca 200 cm®) was added to the solution, and a deep yellow
precipitate resulted which was isolated by filtration and dried under vacuum.

Attempts to crystallise from an ethanol/water mixture were unsuccessful.

Analysis: AAS metal concentration (ppm), found: Pd 8.06, Rh 1.67.
Elemental, found: C 25.70, H 3.65, N 6.63 % which also corresponds to a
calculated overall ratio of Rh : Pd of 1 : 4, which is in approximate
agreement. MS[ESI'], found (expected): m/z: (699.0) [CisH26N4O12RNPd]
(m/z: 698.96 [C1gH26N4O1:RNPd] i.e. [RhPA(TTHA)]Y). IR (v cm™): 1690

(C=0O str.).

3.7.3.4 Attempted preparation of sodium triethylenetetraamine-N, N’ N",N"""-

hexaacetatocopper(I1)rhodium(l11), Nax[RhyCu,(TTHA)]

HeTTHA (0.5 mmol, 0.2472 g), RhCl3.3H,0O (0.5 mmol, 0.1317 g), NaOH

(3 cm®, 1 mol dm™) and Cu(NO3).2.5H,0 (0.5 mmol, 0.1163 g) were used.

To the resulting green solution was added ethanol (ca 200 cm®) to form a
dark green precipitate. The crystal suitable for X-ray structure analysis was
obtained from aqueous solution of the complex after several weeks at room
temperature. The unit cell analysis of the crystals corresponded to the data of
the crystals of [RhoClo(TTHA)]* complex (with Na* cation) obtained from

X-ray analysis are given in the Appendix A.

Analysis: AAS metal concentration (ppm), found 2.7 : 12.8, Rh : Cu.

MS[ESI'], found (expected), (mixture): m/z: 672.0 [C1gH26N4O12,RhCuUCl]
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(m/z: 671.99 [C18H26N4012,RhCUCI]; (crystal): m/z: 764.9
[C18H25C|2N4012Rh2](m/Z: 763.8 [C18H25C|2N4012Rh2]); m/z: 381.9
[C9H12C|N206Rh] (m/z: 381.9 [C9H12C|N206Rh]). lmaxi 353 nm. IR (V cm'l):

1636 (C=0 str.).

3.7.3.5 Attempted preparation of sodium triethylenetetraamine-N,N',N" N"'"-

hexaacetatocobalt(I1)rhodium(l11), Nay[RhyCo,(TTHA)]

HsTTHA (0.5 mmol, 0.247 g), RhCl3.3H,0 (0.5 mmol, 0.1317 g), NaOH (3

cm®, 1 mol dm™) and Co(NO3),.6H,0 (0.5 mmol, 0.1455 g) were used.

To the resulting purple-coloured solution was added ethanol (ca 200 cm®) to
form in a deep purple precipitate. The crystal suitable for X-ray structure
analysis was obtained from ethanol/water of the complex after several weeks
at low temperature (5 °C). The data obtained for [RhoCl(TTHA)]* (with

Na* cation) X-ray analysis are given in Appendix A.

Analysis: AAS metal concentration (ppm), found: Rh 2.16, Co 6.9.
Elemental, found: C 23.76, H 4.28, N 6.37 % would correspond to a
calculated overall ratio of Rh : Co of 2.15 : 1, if only Rh-Cl, Zn and TTHA
were present. MS[ESI], found (expected): m/z: 668.0 [C1gH26N4013RhCo]*"
(m/z: 667.99 [C1sH26N4O13RhCO]M); crystal, m/z: 746.9
[C18H27N4O1,RhCOCI,] (M/z: 745.93 [C1sH27N4O1,RNhCOCL]). Amax: 357 nm.

IR (v cm™): 1636 cm™ (C=0 str.).
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3.7.3.6 Preparation of triethyltetraamine-N, N, N",N'""-

hexaacetatochromium(l11)rhodium(ll), [RhCry(TTHA)]

HeTTHA (0.5 mmol, 0.247 g), Cr(NO3)3.9H,O (0.5 mmol, 0.200 g) and

RhCl3.3H,0 (0.5 mmol, 0.1317 g) were used.

To the resulting purple solution was added ethanol (ca 200 cm?®) to form a
purple-coloured precipitate. The precipitate was filtered and dried under
vacuum. Yield: 52.2% (0.261 mmol, 0.1678 g). On repetition of the reaction
in order to confirm the crystallisation the yield of complex crystals found to
be 0.1497 g (0.208 mmol, 42%). Crystals suitable for X-ray structure
analysis were obtained from an aqueous solution of the complex after 3
weeks at room temperature. The data obtained from X-ray analysis of

[Cr150Rh50(TTHA)] are given in the Appendix A.

Analysis: AAS metal concentration (ppm), found: Cr 10.93, Rh 2.92.
Elemental, found: C 28.14, H 4.46, N 7.26 % would correspond to a
calculated overall ratio of Rh : Cr of 1 : 7.3. MS[ESI], found (expected):
m/z; 649.0 [C1sH24N4O1,RNCr] (M/z: 642.99 [C1sH24N4O1,RNCr]). A1: 371
nm, 42: 301 nm. IR (v cm™): 1636 (C=0 str.). XRD (single crystal) metal

ratio, found (expected): 3: 1, Cr: Rh (1:1 Cr: Rh).
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3.7.3.7 Attempted preparation of sodium triethyltetraamine-N,N',N" N"'-

hexaacetatochromium(l11)palladium(l1)

HeTTHA (0.5 mmol, 0.2473 g), Cr(NOs3)3.9H,O (0.5 mmol, 0.200 g),

K2[PdCl,] (0.5 mmol, 0.1633 g), NaOH (3 cm®, 1 mol dm®) were used.

Addition of ethanol (ca 200 cm®) to the purple-coloured solution gave a
violet-coloured precipitate, which was filtered and dried under vacuum.
Attempts to crystallise the solid from an ethanol/water mixture were

unsuccessful.

Analysis: AAS metal concentration (ppm), found: Cr 6.29, Pd 15.25.
Elemental, found: C 26.49, H 3.81, N 7.02 % corresponds to a calculated
overall ratio of Cr : Pd of 1 : 2.5, which is in good agreement. MS[ESI],
found (expected): m/z: 645.99 [CigH24N4O12PdCr] (m/z: 645.98

[C18H24N401,PdCr]). IR (v cm™): 1636 (C=0 str.).

3.7.3.8 Attempted preparation of sodium triethyltetraamine-N, N’ N",N"""-

hexaacetatochromium(l11)cobalt(l1)

HsTTHA (0.5 mmol, 0.247 g), Cr(NOs)s.9H,0 (0.5 mmol, 0.200 g), NaOH

(3 cm®, 1 mol dm™) , Co(NO3)2.6H,0 (0.5 mmol, 0.1455 g) were used.

Ethanol (ca 200 cm®) was added to the solution, resulting in a purple
precipitate, which was retrieved by filtration, and then dried under vacuum.
The product was crystallised from the aqueous solution at low temperature

(5 °C) after three months in the form of purple-coloured needles as
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[Cro(TTHA)(OH2)2]. The details of the crystal structure are given in

appendix A.

Analysis: AAS metal concentration (ppm), found (expected): Co 18.6, Cr
11.45. Elemental, found: C 29.21, H 4.38, N 7.76 % corresponds to a
calculated overall ratio of Cr : Co of ~ 1 : 2, which is in good agreement.
MS[ESI], found (expected) (crystal): m/z: 601.03 [C1gH27N4012CrCo] (m/z:

599.01 [C1gH24N4012CrCo]). IR (v cm™): 1589 (C=0 str.).

3.7.3.9 Attempted preparation of sodium triethyltetraamine-N,N' N",N""-

hexaacetatonickel(ll)palladium(ll)

HeTTHA (1.0 mmol, 0.495 g) in 30 cm®, Ni(NO3),.6H,0 (1.0 mmol, 0.229
g) in 2 cm®, NaOH (6 cm®, 2 mol dm™) in 4 cm® and K3[PdCl,] (1.0 mmol,

0.3264 g) in 2 cm® were used.

To the prepared solution was added ethanol (ca 200 cm®), and a deep yellow
precipitate resulted which was isolated by filtration and dried under vacuum.
The precipitate was crystallised from ethanol/water mixture. The details of

crystal structure of the [Ni, TTHA]* complex are given in the Appendix A.

Analysis: AAS metal concentration (ppm), found: Pd 34.32, Ni 12.46.
Elemental, found: C 24.61, H 3.90, N 6.59 % corresponds to a calculated
overall ratio of Ni : Pd of 1 : 3.4. MS[ESI], found (expected), (mixture):
miz; (655.0) [CisH2sNsONiPd] (m/z: 653.99 [CisH26N4O1NiPd]);

(crystal): m/z: 627.0 [C1gH30N2NizO13]. IR (v cm™): 1589 (C=0 str.).
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3.7.3.10 Attempted preparation of sodium triethylenetetraamine-

N,N',N",N'""-hexaacetatochromium(l11)nickel(Il)

HsTTHA (0.5 mmol, 0.247 g), Cr(NO3)3.9H,0 (0.5 mmol, 0.200 g), NaOH
(3 cm®, 1 mol dm® and Ni(NO3);.6H,O (0.5 mmol, 0.145 g) were

employed.

To the resulted violet solution ethanol (ca 200 cm®) was added which
resulted in a violet precipitate. Crystals suitable for single crystal X-ray
analysis was obtained from the aqueous solution of the mixture at reduced
temperature (-5 °C). The detailed data of the crystals of [Cr,(TTHA)(OH2)2]

are given in the Appendix A.

Analysis: AAS metal concentration (ppm), found: Cr 11.29, Ni 11.54.
Elemental, found: C 28.63, H 4.50, N 7.43 % corresponds to a calculated
overall ratio of Cr : Ni of 1 : 2.1. MS[ESI], found (expected), (mixture):
m/z: 638.0 [C1gH31CrN4O14Ni] (m/z: 637.06 [C1sH31CrN4O14Ni]); (crystal):

m/z: 627 [C1gH2sN4014Cr2]. IR (v cm™): 1589 (C=0 str.).

3.7.3.11 Attempted preparation of sodium triethylenetetraamine-

N,N''N",N'""-hexaacetatocobalt(Il)nickel(I1)

HsTTHA (0.5 mmol, 0.247 g), Ni(NO3),.6H,0 (0.5 mmol, 0.145 g), NaOH

(3 cm®, 1 mol dm™) and Co(NO3),.6H,0 (0.5 mmol, 0.145 g) were used.

To the mixture was added ethanol (ca 200 cm®). The grey-coloured

precipitate was filtered and dried under vacuum. The precipitate was re-
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dissolved in water and colourless, needle-shaped crystals were obtained by
diffusion of ethanol into the water. The data of the single crystal X-ray

diffraction analysis for [Ni, TTHA]* are given in the Appendix A.

Analysis: AAS metal concentration (ppm), found: Co 12.02, Ni 15.1.
Elemental, found: C 24.82, H 4.59, N 6.33 % corresponds to a calculated
overall ratio of Co : Ni of 1 : 1.25. MS[ESI'], found (expected), (mixture):
m/z: 607.0 [C18H26N4012NiCo] (m/z: 607.02 [C1sH26N4012NICo0]); (crystal):

m/z: 606.0181[C1sH25CoNsNiO1] . IR (v em™) 1585 (C=O str.).

3.7.4 Synthesis of (PPhs),[MM'(TTHA)] complexes
General

The method of preparation is similar to the general method of preparation
mentioned earlier in section 3.7.3. However, in these preparations an
additional step of adding an aqueous solution of (PPh4)CI (3.0 mmol,'x’ g)
after the NaOH addition and stirring was completed. The amount of (PPh,)Cl
is equal to that of NaOH (i.e. 3.0 mmol) added to the contents of the mixture
initially. The contents were again stirred for 30 min. The rest of the procedure
is mentioned in section 3.7.3. The crystallisation details are mentioned in each
complex preparation given in the subheadings below. The yields given in

each section correspond to the respective complex in the subheadings.
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3.7.4.1 Preparation ~ of  tetraphenylphosphonium triethytetraamine-

N,N',N",N'""-hexaacetatorhodium(l11), (PPhy)2[Rho(TTHA)]

HsTTHA (0.5 mmol, 0.247 g), RhCl3.3H,0 (0.5 mmol, 0.1317 g), NaOH (3

cm®, 1 mol dm™) and (PPh4)CI (3.0 mmol, 1.123 g) were used.

To the yellow solution was added ethanol (ca 200 cm®) resulting a light-
yellow precipitate. The precipitate was crystallised from water as light
yellow-coloured needles. The data of the single crystal X-ray analysis for

(PPh4)2[Rh2(TTHA)CI,]-9H,0 are given in the appendix. Yield: 0.82 %.

Analysis: Elemental, found (expected) (crystals): C 48.31, H 4.27, N 2.53 %
(C 48.27, H 5.28, N 3.41 %). MS[ESI], found (expected): (mixture) m/z:
593.1[C1gH26N4O1,RN]  (m/z: 593.06 [CisH26N4O12RN]); (crystal): m/z:

785.2 [C15H29 ClNO13Rh;].

3.7.4.2 Preparation ~ of  tetraphenylphosphonium  triethytetraamine-

N,N',N",N""-hexaacetatoplatinum(l1), (PPhs),[Pt2(TTHA)]

Ko[PtCls] (0.415 g, 1.0 mmol), H¢TTHA (0.2472 g, 0.5 mmol), NaOH (3

cm®, 1 mol dm™®) PPh,CI (1.123 g, 3.0 mmol) were used.

A solution of HeTTHA (0.2472 g, 0.5 mmol) was prepared by dissolving in
water (15 cm®, 100 °C). To this solution was added K,[PtCl,] (0.415 g, 1.0
mmol, 2 mol. eq.), in water (6 cm®). Then, the contents were stirred at room
temperature overnight (16 h). To the resulting solution was added another

solution of NaOH in water (3.0 cm®), stirred for 30 min. Thereafter, a
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solution of PPh,Cl (1.123 g, 3.0 mmol) in water (6 cm®) was added,
resulting in a light-yellow precipitate, which was filtered and dried under
vacuum. Yield: 0.69 g. The precipitate was crystallised from CH,ClI, after
drying the halogenated layer over Na,SO, at room temperature. After one
week, yellow needles of the complex ((PPhs)2[PtCls]) resulted. The single

crystal data are given in the appendix.

Analysis: Elemental, found (expected): C 55.63, H 3.93 % (C 55.76, H 3.97
%). MS[ESI], found (expected): m/z: 879.1 [C1gsH25N4012Pt2] (m/z: 879.08

[C18H25N4012P12]).
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4.1 Introduction

4.1.1 True Liquid Crystal Templating and Nanoparticle Functionalised

Mesopores

The TLCT technique was introduced by Attard et al.,* who described the
formation of lyotropic liquid-crystalline phases at the high concentrations of
surfactants, that are used as templates in the synthesis of mesoporous silicas
(Chapter 1, section 1.5.3). They also demonstrated a methodology to
introduce metal particles e.g. Sn? and Pt,® to the mesoporous domains by the
reduction (either by a chemical® route or by electrodeposition?) of metal salts
dissolved in an aqueous liquid-crystalline phase (Hi, hexagonal) of
oligoethylene oxide surfactants such as Ci(EO)s. Later, this group also
demonstrated the use of the same methodology by employing a different non-
ionic surfactant C15(EQ)10, highlighting the possibility to incorporate alloyed
Pt-Ru nanoparticles into an inorganic framework.* In the above examples, the
liquid-crystalline phase of the oligoethylene oxide surfactants was attained
from a 50% w/w mixture of water and surfactant, and the concentration of the
metal precursor was usually kept low in order to maintain the liquid-
crystalline behaviour of the system. They also demonstrated the applicability
of such materials in electrochemical sensor devices and used the same non-
ionic surfactants with hexachloroplatinic acid to prepare mesoporous thin

films® via electroplating.

Stupp and co-workers used a similar approach in the preparation of different
nanoscale semiconducting superlattices such as CdS,® CdSe,® ZnS,° and

CaPO,.” Their work used an organic precursor acting as a template, which
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was usually an oligoethylene oxide, which then assisted the synthesis of a
periodically nanostructured inorganic framework that replicated the symmetry
as well as the dimensionality of the template used. Their methodology was

also known as a direct approach.

Dag and co-workers, introduced metal particles (e.g. Li)® through a ‘one-pot
synthesis’ of the silica framework using TLCT. Later, they used transition
metal aqua complexes [M(OH,),]X2 (where M is a transition metal (first- or
second- row); X is NOgs’, CI', or ClO4’) and a non-ionic surfactant (C12EO1y,
C12H25(CH2CH20)100H). 2™ From this technique, they successfully
illustrated the direct formation of liquid-crystalline phases of nitrate metal
salts in the presence as well as absence of water. The hypothesis behind the

formation of such liquid-crystalline phases is explained below.

The formation of liquid crystalline phases as per the results obtained can be
explained on the basis of interactions involved in the salt-surfactant system.
In a salt-surfactant system, ligand exchange reactions are observed between
coordinated water molecules and the counter anions. This ligand exchange
reaction in turn influences the ionic strength of the liquid-crystalline medium
as well as affecting the solubility of the surfactant and the counter ion. To
explain this, the Hofmeister series'? for anions influencing surfactants is of

considerable importance.*®**

S0,% > HPO,* > CrO, > CO3% > ClI'>Br > NO3 > 1">ClO, > SCN’

(Hydrotropic) (Lyotropic)
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The anions to the left make the surfactant hydrophobic, hence a reduction in
the solubility of the salts is observed in the salt-surfactant medium. This
reduced solubility is due to the weak interaction of the surfactants and the
anions observed hence, anions on the left are also termed ‘hydrotropic’.
However, an opposite behaviour, i.e. stronger interactions, is observed for the
anions on the right or lyotropic part. In other words, when the interactions
between the anion and the metal part increase, then the ionic strength of the
medium decreases. This decrease in ionic strength in turn reduces the number
of ions in the system. On the other hand, if the ionic strength is increased
along with the charge density, then the salt-surfactant system experiences
phase separation as crystallisation. This explains the solubility of nitrate salts
in metal aqueous complexes in non-ionic surfactants. However, chlorides and
sulfates were observed as insoluble. An exception to the solubility of nitrates
was AgNOs, which was also observed by Dag and co-workers, in an attempt
to prepare a LC phase in the absence of water or less water with non-ionic
surfactant.® This unexpected behaviour was explained by of loss of
coordinated water molecule (to the silver ion) on evaporation of the mixture
of silver-containing LC phase, giving rise to free silver ions, which
crystallised out as the complex [Ag(C12EO10)x]J(NO3). The latter was formed

due to interactions between the free Ag™ ion and EO head groups.

From the above results Dag proved that the presence of coordinate water
molecules is important for the process of self assembly. Also, the interactions
between ions and the surfactant play a lead role and hence affect liquid

crystalline-phase formation.
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Later, Dag used the TLCT approach to synthesise mesoporous silicas
containing noble metal particles®® i.e. Ag, Au and Pt from AgNOs, H[AUCI,]
and H;[PtClg], respectively. In the preparation, C;,EO;o and TMOS were used
as non-ionic surfactant and silica precursor, respectively. Their preparation
successfully produced silicas doped with well-dispersed nanoparticles over
the inorganic framework. The effect of the anion was not considered in this
work. The low-angle X-ray diffraction data showed the absence of well-
defined, long-range pore order, expected due to the presence of high acidity in
the medium. Thus, it is known that acidic conditions are essential for a
particular mesophase formation'” but extremely high acidic conditions result
in rapid condensation of silica. This also affects the mesophase as the silica
formation occurs earlier than the reformation of mesophase by methanol
removal via evacuation, causing deformities such as mechanical instability,
ill-defined pore structure, and thicker walls. Nonetheless, the resulting
mesoporous silicas successfully led to nanoparticles of Pt (2-3 nm) and Ag
(up to 6 nm), observed by TEM. However, the Au nanoparticles formed grew

bigger in size (20 nm) during the process of reduction.

Thereafter, King in this research group modified Dag’s approach and used
chloridometallate anions or anionic EDTA complexes of Group 1 metal salts
of different metals to prepare metal-containing silicas. The methodology used
C12EQg as template, TMOS as silicate precursor and aqueous acid (pH 2) to
dissolve the metal precursors to make the mesophase. Their approach
successfully produced metal-doped silicas of Pd, Pt, Rh, Re, Ru, Ir, and
Au,’®* from A,[MCI,], M = transition metal and A = K" or Na* (for Ir)

exhibiting uniform silica pores. For first-row metals, where chloridometallate
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anions readily hydrolyse, mononuclear metal complexes of EDTA

(Na;[MEDTA], where M is transition metal) were used instead.

Using the same approach, silicas doped with bimetallic nanoparticles were
prepared starting from mixture of chloridometallate and/or EDTA anions. The
methodology proved successful and well-dispered bimetallic nanoparticles of
Pd-Au, Pt-Co, and Pd-Ru, were observed within well-defined mesopores.?
Nevertheless, in several cases the particles obtained were large in size and not

present within the mesopores.

Furthermore, when one of the silicas (Pt-Co) was analysed previously by
King® through EDX analysis, it was found that the selected molar ratio used
in the starting preparation was reproducible. However, on averaging over the
whole sample of the selected silica (Pt-Co), a very wide range of
compositions was found, when the individual nanoparticles were being
analysed. This was expected to have occurred due to the use of two different
metal precursors as the metal source. Hence, to try to overcome this, it was
decided to target the use of single-source, bimetallic precursors which would

hopefully lead to greater homogeneity in particle composition.

Therefore, the focus of this chapter will be the generation of mesoporous
silicas doped with mixed-metal nanoparticles by the use of heterobimetallic

complexes of the TTHA ligand discussed in Chapter 3.

Unfortunately, the preparation of these heterobimetallic complexes was not as
successful as had been hoped. However, despite the fact that the complexes
turned out not to have well-defined compositions, it was nonetheless decided

to work with them as sources of metals in order to evaluate the possibility of

Mixed-Metal Complexes 237



Navpreet Sethi

using such complexes. In each case, four preparations were carried out, first
used the solution of the two metals with TTHA resulting from the attempted
preparation of the heterobimetallic complex. Then, the preparation was
repeated using two discrete precursor complexes together. Finally, two

preparations were carried out- one each using the separate metal precursor.

4.1.2 Methods of Characterisation Used in the Study

4.1.2.1 Polarised Optical Microscopy

The technique most commonly used to identify liquid-crystalline phases is
Polarised Optical Microscopy (POM); it is the most convenient and easy
way to identify phases. Generally, all liquid-crystalline mesophases are
birefringent except the cubic phase. Hence, their first identification is based
on the presence of birefringence under the optical microscope. The
birefringence originates from the difference between the different
components of the refractive index of anisotropic substances. When passed
through an anisotropic substance and after interacting with it, polarised light
gives rise to two different refractive indices i.e. perpendicular (nL) and

parallel (n;), to the direction. The birefringence, An, is given by

An =ny—n; (1)

To analyse this birefringence, a small amount of sample is placed on a cover
slip or slide under the objective lens of the microscope and then covered by
another cover slip. The polariser and the analysers are adjusted orthogonal to

each other as shown in Fig. 4.1.

Mixed-Metal Complexes 238



Navpreet Sethi

RECOMBIMED RAYS
AFTER INTERFERENCE

- ANALYZER
5= ORDINARY RAY
EXTRAORDINARY RAY 7
—— BIREFRINGENT
PLANE ﬁ SPECIMEN
POLARISED LIGHT =< |
' — POLARIZER

LIGHT
FROM SOURCE —

Fig.4.1 Configuration of a working polarised optical microscope®

The plane polarised light interacts with the sample in the mesophase
producing birefringence. Thus, the two rays interfere, plane polarization is
lost, and an interference pattern is seen through the analyser. That
recombined resultant pattern is then observed through the eye piece
(binoculars) giving an optical texture. Fig. 4.2. shows the texture of the
normal hexagonal phase (H;) observed for C1,EO;o and water (1 : 1) mixture

as seen under the optical microscope.
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Fig. 4.2 Fan like texture of the normal hexagonal (H,) lyotropic liquid crystalline phase of
C12EOy in A after removal of MeOH; B in monolith after completion of sol-gel
condensation.

4.1.2.2 Brunauer, Emmett, and Teller (BET)?** Adsorption Measurement

The BET method is based on physical adsorption of gases on the internal
and external surfaces of a porous solid. The material to be analysed is
surrounded by, and is in equilibrium with, a gas (N2/ Kr/ O,/ He/ methane),
which has a relative vapour pressure (p/po). The material adsorbs a certain
amount of gas, which is proportional to the internal as well as the external
surface of the porous solid but is also dependent on p/po. The measurement
is carried out with varying pressures at low temperature and by the
application of vacuum. The nature of the adsorption-desorption curve
produced is dependent on the interactions between adsorbate and adsorbent.
The adsorption isotherms have been divided into six types by IUPAC Types
I-VI (Fig. 4.3),%* and the first five correspond with the classification of
Brunauer.® The BET method can be used for the surface area identification
of isotherm types, Il (e.g. non-porous materials), IV (e.g. mesoporous
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materials) and VI (e.g. uniform solids). However, the method is not suitable
for solids displaying type | (e.g. microporous adsorbents such as zeolites and
carbon), type Il (e.g. graphitised carbon) and type V (e.g. macroporous
solids, mesoporous solids with interconnected pores) isotherms due to the

comparatively weak interactions between adsorbate and adsorbent.

Specific amount adsarbed n

Relstive pressure pip®

Fig. 4.3 Adsorption isotherms (I-V1) as per IUPAC classification®*

The equation (2) governing the BET process is:

p 1 c—1p (2)
= + —_
V(po —P)  VmC VmC Do

where v is the volume of gas adsorbed; c is the BET constant, dependent on
isotherm shape; p is the pressure of adsorbate at equilibrium; po is the
pressure of adsorbate at saturation; v, is the volume of monolayer gas

adsorbed.

From the BET equation, a linear relationship is obtained from the plot of

p/ v(po-p) against p/po i.e. the BET plot. From this plot, w, can be obtained
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which is then used in the next step as the surface area can be calculated from

equation (3):%

S = Npmono Vm N (3)

where S is the surface area (m? g™), n is monolayer capacity (mol g™), v
volume of monolayer gas adsorbed and N is Avogadro’s number (molecules
per mol). The area occupied by N, = 0.162 nm%molecule.

This surface area measurement technique can also be used for determining
pore size and pore volume quantitatively. The sample required for the
surface area determination by BET is approximately 100 mg or more. If the
amount of the sample is less than this, then precise results cannot be
expected due to the limitation of the instrument. The samples have to be
degassed before introducing them to the measurement ports for a minimum
of 6 h under an inert atmosphere (N) at a set temperature (e.g. 150 °C for
doped SiO,). The degassing removes gases adsorbed at the surface of the
material or within the pores at room temperature. The temperature used for
degassing the porous solids may vary depending upon the stability of
sample.

The BET isotherm for a mesoporous solid is shown in Fig. 4.4. In this
figure, A is a rounded part, which illustrates monolayer formation, C is the
hysteresis region which depicts capillary condensation in the mesopores and
B is the saturation point used for calculation of the total pore volume. The
adsorption part of the isotherm corresponds to multilayer formation

however, desorption relates with meniscus formation.
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Fig. 4.4 Adsorption (black) - desorption (red) isotherm for a mesoporous solid prepared from Cy,EO;,/H,O/TMOS with pore diameter obtained via BJH
adsorption.

Mixed-Metal Complexes 243



Navpreet Sethi

The nature of the porosity of the material can be identified from the capillary
condensation at a medium relative pressure (p/p®).2° However, the presence
or absence of hysteresis identifies the nature of pores in the porous solid. If
the N adsorption/desorption curves show no hysteresis (as shown Fig. 4.4)
it indicates that the pores formed are highly uniform in size during
desorption.

The N, adsorption data are used further to obtain the size distribution of the
mesopores by employing computational procedures which involve the
Barret-Joyner-Halenda (BJH) method (Fig. 4.4). The basis of this procedure
involves conceptual emptying of mesopores by stepwise reduction of p/p°,
thereby thinning of the multilayer in the pores which have been already
vacated by the condensate. It has been assumed that the pore morphology
controls the meniscus curvature, the pores are rigid within the mesopore
range and the pore blocking effects are completely absent. Moreover, the
pore size distribution is dependent on the branch of adsorption-desorption
hysteresis loop used for computation. The BJH method uses the Kelvin
equation®” (equation 4) for the calculations.

in P 2yYVm (4)
pPo  YRT

where y is the surface tension; R is the universal gas constant; Vi, p and po
are the same parameters found in the BET equation.

The surface area of an undoped silica prepared via TLCT from TMOS and
C12EO10 (template) is typically around 1000 m? g™ with an average pore

volume and pore diameter of 0.72 cm® g™ and 2.87 nm, respectively.
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4.1.2.3 X-ray Diffraction (XRD)

This is a widely used technique for the quantitative estimation of porous
solids. The instrument consists of an X-ray generator with radiation sources
mostly Mo or Cuk,, a slit (range 0.01 to 2 mm), a sample holder, a detector

and an analyser, connected to the computer.

The X-ray beams of suitable wavelength (Cuk, = 0.154 nm) with a definite
intensity are used for the characterisation of the mesoporous solids by
diffraction. The mesoporous silicas are amorphous and they do not tend to
show peaks corresponding to the silica. However, the peaks seen reflect the
organised array of pores with a specific diameter in a particular nanometer
range. In other words, the difference in the electron density of the pore walls
and the vacant pores produce such reflections.”® Hence, the data collected
are used to identify and confirm the pore distribution and the crystalline
nature of the inorganic framework. Fig. 4.5 illustrates the formation of a
silica template on the H; hexagonal phase obtained by the use ofa1:1:2
ratio of surfactant (C12EO1o), water (pH 2) and silicate precursor (TMOS),

respectively.

Mixed-Metal Complexes 245



Navpreet Sethi

25000 A+
20000 4
le
w
"E 15000
-
o
)
10000 -
d11
5000 -+
/ d,g
0 T T
5 10
20

Fig. 4.5 Small-angle X-ray diffraction pattern showing diffraction lines observed for a silica
with hexagonal pore distribution.

The diffraction peaks are assigned on the basis of Miller indices which are
different for different unit cells. In the current silica framework, the Miller
indices correspond to the parameters of a 2D hexagonal unit cell (Fig. 4.6).
The parameters involved are hkO (as its two dimensional) and the resulting
diffraction pattern (Fig. 4.5), represents well-resolved diffraction lines that
can be indexed to dio, di1, and d,o, of 2D hexagonal lattices (Fig. 4.6). On
analysing the samples containing metal nanoparticles at high-angle, sharp
and well-defined peaks are produced, which correspond to crystalline

nanoparticles incorporated within the silica framework.
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Fig. 4.6 Characteristic packing of hexagonal array of pores in a mesporous solid.
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From the X-ray diffraction data, the d value corresponding to the periodicity
can be calculated from peak positions at the respective angle, 26 by using

Bragg’s Law of Diffraction:

nld = 2dsinf (5)

where, n is the integer, A is the wavelength (nm), d is the distance between
the lattice planes, @ is the diffraction angle (Bragg’s angle). The lattice
parameter (ao) that is distance between the two mesopores (Fig. 4.6) can be
calculated by using equation (6).

2d,4, (6)

V3

The relative peak positions of a hexagonal unit cell can be calculated from

a():

equation (7). However, relative peak positions of different peaks for a 2D

hexagonal phase are given in Table IV.1.

1 4 ©)
—_ 2 2
I =3 (W + ki
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Table V.1 relative peak positions of reflections of the 2D hexagonal lattice

Relative values of 1/d hkl
1 10
V3 11
\4 20
\7 21
V9 22

From the lattice parameter calculated from equation (6), the wall thickness

(t) can be obtained from equation (8).
t = D - ao (8)
where D is the pore diameter (BET data), and ay is the lattice parameter.

The size of the crystallite or the crystalline nanoparticles can be calculated

29,30

from a high-angle XRD via the Scherrer formula®" (equation (9)).

. Kx2 (9)
" Bcos6y
where, t = thickness of the particle; K = Scherrer constant, dependent on
crystallite shape, 0.89; 4 = X-ray wavelength; B = integral breadth or full

width at half max (FWHM); 0g = Bragg’s angle (equation (5)).

However, B can be calculated as the difference in the angles at half
maximum as shown below in equation (10). The values of B can be obtained

from high-angle X-ray diffraction of the sample as shown in Fig. 4.7. The
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width of the peak may vary from broad to fine lines as it is dependent on the
size of the particle. It has been observed that the broader the peak the smaller
will be the size of the particle. It should be noted that the Scherrer equation
can only give an average size of the particles present. However, it cannot be

used to calculate size of the particles if they are amorphous or are too small.

B = 2th,gh — 2050w (10)

The peaks of the crystallite obtained from the high angle X-ray diffraction
method were identified via peak matching. Peak matching is carried out by
using the raw data in a software (i.e. EVA or Match 2), which then compares
them with the peaks of metals or metal mixtures or its different forms such
as oxides or hydroxides etc. that have been reported in the literature, which
may or may not be in a particular shape e.g. cubic, hexagonal etc. The same
technique has been used throughout the data sets reported in the current

work for comparison details in the discussion section of this chapter.
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Fig. 4.7 High-angle X-ray diffraction pattern of Pd-doped mesoporous solid.
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4.1.2.4 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy is a well-known technique used for the
atomic-level resolution of the solids via imaging. The principle of this
technique involves an accelerated electron beam (under high potential, range
100 to 1000 kV) (anode), which is passed through different condenser lenses
(I'and 1) and strikes the sample. The transmitted electrons are detected by
the detectors mounted behind the sample through a thin section (< 100 nm),
resulting in the formation of an image commonly known as an electron
micrograph (Fig. 4.9). The components of the instrument are shown in Fig.

4.8.

ANODE
> CONDENSOR LENS |

1 CONDENSOR LENS Il WITH
DIAPHRAGM

CRYSTALLINE (11 THITH 2l AMORPHOUS SAMPLE
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2 BN OBJECTIVE LENS

J OBJECTIVE DIAPHRAGM

SELECTED AREA DIAPHRAGM

INTERMEDIATE LENS

>> PROJECTIVE LENS

FINAL IMAGE SCREEN

Fig. 4.8 Working of transmission electron microscope (TEM) in light mode.*

Mixed-Metal Complexes 251



Navpreet Sethi

The aim of the objective diaphragm is to assist the selection of the
transmitted beam, the intermediate lens helps to avoid lens aberration and
the projective lens projects the final image produced on the screen. The
objective diaphragm also helps to obtain a well contrasted image. This
technique can be used at different angles i.e. horizontally as well vertically
and therefore it alleviates the identification of the size and the shape of the
pores from different angles.*”. The micrographs can display the presence of
various metal particles of different sizes. The technique in conjugation with
EDX can also identify the comparative ratios of the metals involved in such
materials.*® The results obtained from the TEM can be used to substantiate

and complement the results obtained from BET and SAXS analysis.

Fig. 4.9 TEM image showing wide, parallel pores with incorporated metal particle
highlighted with an arrow.
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4.2 Mixed-Metal Silica Synthesis and Characterisation

4.2.1 Using Bimetallic Metal Precursors

Mesophases were prepared by making a 50% w/v mixture of surfactant and
acidified stock solution of the mixed-metal complex (Rh-Ni, Rh-Pd or Cr-
Pd), according to the method described in the experimental section (§ 3.7.3).
The metal ratios present in these solutions were determined by atomic
absorption measurements and issues regarding these and also the precise
composition in terms of metal/ligand ratios are discussed in Chapter 3. To this
end and to simplify presentation, only the metal ratio will be given in regard
of each preparation described. In the preparation, the mixture was heated
gently, resulting in the formation of a hexagonal H; phase, characterised by
optical microscopy. To the resulting phase was added the silica precursor,
TMOS, and the whole sample was mixed again by gentle heating of the
contents resulting in an alcohol by-product i.e. MeOH due to hydrolysis of
the TMOS. The by-product was removed instantaneously by the application
of gentle, dynamic vacuum so as to reform the viscous, birefringent H; phase
(re-analysed by optical microscopy). The evolution of methanol was observed
as bubbles and usually ended when the alcohol was removed completely from
the mixture, resulting in a viscous gel. The gel was left at room temperature
for 2 days to allow the sol-gel condensation to proceed, resulting in a
coloured, translucent monolith. This was then calcined at 400 °C, (1 h under
N, followed by air for 5 h) to remove the organic part of the template so as to
obtain a solid silica with well-defined pores and crystalline nanoparticles. The

resulting dark-coloured solid was characterised by BET surface area analysis,
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XRD (low- and high- angle), and TEM for characteristics of mesopores and

metal particles.

The mesophases prepared from the bimetallic stock solutions of Rh-Ni, Cr-Pd
and Rh-Pd did not show any signs of metal leeching, as large crystalline
metal particles were not observed during phase formation or on completion.
Also, none of them showed any signs of decomposition or change in
colouration of the solidifying viscous layer during and after sol-gel
condensation or before subjecting them to calcination. A significantly
different colour change was observed for each of them after calcinations as

noted below.

To obtain the mixed-metal doped silicas, a bimetallic mixture of Rh-Ni that
had ratio 1 : 4, was selected for use. Higher loadings of the stock solution led
to precipitation of the metal precursor as observed by POM during the
mesophase formation. It is important to mention that the preparation of the
mixed-metal silicas described in the current chapter illustrates an attempt to
synthesise mixed-metal silicas from the bimetallic mixtures. However, we
were aware of the fact that it is unlikely that uniform and truly bimetallic
nanoparticles would result from such bimetallic mixtures as they are likely a

mixture of homo- and hetero- dinuclear complexes.
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4.2.1.1 Cr-Pd

Borgna et al.*®

were the first to report a Cr-Pd catalyst on a SiO, support,
chosen for its unique selectivity towards hydrogenation of symmetric
alkenes. For instance, 1,3-butadienes were analysed for partial
hydrogenation to form alkenes on a Cr-Pd/SiO; catalyst and, in spite of
showing excellent selectivity, their activity was found to be extremely low.
Later, a Cr-Pd catalyst on HY-Al,05** was investigated thoroughly for its
ability of being resistant to sulfur poisoning in the hydrogenation of
aromatic hydrocarbons i.e. in the petroleum refining process. Soon after, the
same bimetallic catalyst was also studied on different supports e.g. Al,Os
and (Ce,Zr)O,/Al,05 (mixed support)®, for its influence on CO and NO
elimination from Cr-Pd catalyst in different reactions. All the reported
examples exhibited a catalytic role of Cr-Pd bimetallic nanoparticles in
different chemical reactions. However, the methods of preparation involved
in almost each of them were post-synthetic impregnation, which used salts
of the two metals to dope ‘off-the-shelf’ support materials. Conversely, in
the current work, a completely different methodology has been used in an
attempt to synthesise Cr-Pd bimetallic nanoparticles in situ which are of
truly bimetallic nature. The particles formed were then compared with Cr-Pd

particles synthesised by following King’s method of preparation using

separate metal precursors.?’

In this work, the silica was synthesised from a stock solution of bimetallic
mixture, that had a metallic ratio of 2.33 : 1 of Pd : Cr. The appearance of

liquid-crystalline phase was a homogenous brownish purple, while the
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colour of silica after calcination was fawn. The data obtained by BET
surface area analysis are given in Table IV.11. The characterisation showed
the presence of well-defined diffraction peaks corresponding to dso, di; and
dyo reflections, which indicate well-defined pores (Fig. 4.10), which were

further characterised by TEM (Fig. 4.12 A and B).
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Fig. 4.10 Low-angle X-ray diffraction pattern of the hexagonal silica prepared by TLCT
using a Cr-Pd precursor.

Mixed-Metal Complexes 256



Navpreet Sethi

High-angle X-ray diffraction data showed the presence of Pd, PdO and
Cr,03 by peak matching (Fig. 4.11 A and B) with particles described in
literature  possessing trigonal,®® tetragonal®’ and cubic symmetry,®
respectively. The particle sizes calculated from wide angle X-ray diffraction
data by applying the Scherrer equation were 10.3, 17.8 (Pd) and 10.2 nm,
(PdO). Cr,03 and PdO reflections were observed together as shown in Fig.
411 A and B, Therefore, the size of Cr,O3 particles could not be

determined.
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Fig. 4.11 High-angle X-ray diffraction showing peaks of carbon (+),67 and Cr,03 (®), PdO
(=), and Pd () particles under A low magnification and B high magnification.
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Fig. 4.12 TEM micrograph showing nanoparticles indicated by arrows. A: long-range order
and uniform distribution of nanoparticles; B: different sized nanoparticles.
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The TEM data (Fig. 4.12) indicated the presence of large as well as small
particles and no evidence was obtained which could show that the particles
had been incorporated into the inorganic framework. The presence of
different sized particles as shown in the TEM micrographs was in agreement
with the results of high-angle XRD. Also, the presence of large sized
particles illustrates the presence of metal oxides i.e. Cr,O; and PdO.
Besides, the oxides of chromium and palladium have been reported in the
literature as large sized particles.*® Consequently, we can conclude that the

probability to observe bimetallic Cr-Pd here is negligible.
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Table IV.11 BET N, adsorption data of Cr-Pd bimetallic and Cr, Pd monometallic nanoparticles.

Precursor Loading Surface area Pore volume Pore Wall Lattice Pore diameter  d-spacing
(Wt%) (m*g™ (cm®g™ thickness (nm) parameter (nm) (nm) (nm)
Cr1Pd; 33 Cr 0.48; Pd 817 0.60 1.89 4.84 2.95 4.19
1.00
Na[Cr(EDTA)]; Cr 0.48 1.00 997 0.62 2.15 4.65 2.50 4.03
Ko[PdCl,] Pd
Na[Cr(EDTA)] Cr0.48 812 0.61 1.57 4.56 2.99 3.95
K,[PdCly] Pd 1.00 873 0.62 1.97 4.82 2.85 4.18
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The data obtained from the above silica were then compared with a silica
prepared by using separate metal precursors (i.e. K3[PdCl,] and
Na[Cr(EDTA)]). This material on being analysed by porosimetry, showed a
significant difference in surface area, close to that of an undoped silica i.e.
1001 m? g™ (Table IV.11), suggesting that the nanoparticles formed are not
incorporated within the pores. However, for the nanoparticles prepared from
the bimetallic precursor solution some decrease in the surface area was
observed, suggesting that in this case the nanoparticles have been
incorporated into the pores. However, the TEM micrographs of silicas
prepared from individual metal precursors showed that there were
nanoparticles present on the surface of silica, which were all rather large.
The average size of the nanoparticles calculated from the Scherrer equation
was 22.2 nm. The high-angle X-ray diffraction analysis also showed that the
particles formed from separate metal precursors were the same as observed
for the TTHA metal precursor i.e. Cr,O3 and PdO except they did not show

presence of metallic palladium.

The results obtained from these two different preparations were then
compared further with separate Cr- and Pd- doped silicas prepared by using
Na[Cr(EDTA)] and K,[PdCl,], From the high-angle XRD data of the Cr
sample, no peak was obtained which was an indication that either the
particles are very small, amorphous in nature or that the Cr has been
incorporated into the silica framework. When the material was analysed by
TEM, particles could hardly be seen. In the Pd sample, the particles formed

were observed in the TEM micrographs but they were quite large, their size
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was calculated from the Scherrer equation as 21.7 nm, and the presence of

PdO and not reduced palladium was shown.*

Fig. 4.13 Silica doped with Cr-Pd nanoparticles
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4.2.1.2 Rh-Pd

Bimetallic Rh-Pd nanoparticles have been reported as catalysts in various
chemical reactions such as oxidation of CO with O,,* hydrogenation of

424344 a5 well as aliphatic** alkenes, and hydrogenation of arenes.*

aromatic
All the reported examples include nanoparticles prepared from different
forms of separate metal precursors i.e. having different sources of Rh and Pd

4647 and co-

through known techniques such as sequential impregnation
impregnation.***® The synergistic effects of these nanoparticles have been
studied by carrying out different experiments to analyse them by techniques
such as X-ray photoelectron spectroscopy.”® Thus, Renzas et al.** have
recently reported examples of Rh-Pd nanoparticles doped on silicon wafers
of up to five different composition of Rh to Pd as shown by XPS and TEM.
The particles observed were bimetallic in nature, but again an overall
uniform distribution of particles was not observed. No attempt has been

reported in the literature to prepare nanoparticles by use of a single precursor

of Rh-Pd.

In our attempt to produce uniformly distributed Rh-Pd bimetallic
nanoparticles, a stock solution containing a ratio of 1 : 4 of Rh : Pd with
TTHA was prepared as described before in section 4.1.1, its detailed
description is in 8 4.3.3. The details of the complex preparation are in
Chapter 3 § 3.7.3. The liquid-crystalline phase formed was a homogenous

orange/yellow colour, but after calcination it appeared black.

The low-angle X-ray scattering pattern (Fig. 4.14) showed the presence of

three strong reflections indicating a persistent and well-correlated hexagonal
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pore arrangement. The results of surface area analysis, including calculated
parameters such as lattice parameters, d-spacing, surface area pore diameter

as well as wall thickness are given in Table IV.111.
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Fig. 4.14 Low-angle X-ray diffraction pattern of Rh-Pd doped silica
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Fig. 4.15 A Wide-angle X-ray diffraction of doped Rh-Pd nanoparticles silica showing

carbon (+),% Palladium (e ) PdO(=), Rhodium (@ ) and Rh,O; () peak positions. B
Magnified area showing small peaks which are otherwise difficult to observe.
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Wide-angle X-ray diffraction data are shown in Fig. 4.15, from which the
average size of the nanoparticles formed was calculated by using the
Scherrer equation. The particles of Rh and Pd were identified by phase
matching with the pattern of particles reported in the literature that possesses
cubic symmetry.®®*' Rh,0; and PdO showed matching with particles

possessing trigonal and tetragonal symmetry,***’

respectively. The average
particle sizes calculated from the Scherrer equation using the high-angle
XRD data for Rh, Rh,O3, Pd and PdO were 11.4, 15.4, 22.13 and 7.3 nm,

respectively.

The TEM images of Rh-Pd doped (Fig. 4.17) mesoporous silica prepared
from the TTHA precursor (single source precursor) exhibit large as well as
small nanoparticles present outside as well as incorporated within the silica

pores as shown in Fig. 4.16. A and B.
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Fig. 4.16 A Rh-Pd nanoparticles and B inserted and surface metal particles shown by
arrows in white and red.
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Again, to compare with the above data, a silica doped with Rh-Pd
nanoparticles was prepared by using separate metal precursors, namely
Ko[PdCly] and Nas[RhClg]-12 H,O. The results obtained showed the
presence of large particles that were occupying multiple pores as shown in

the TEM micrographs (Fig. 4.17).
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A B

Fig. 4.17 TEM micrographs of a mesoporous silica doped with Rh-Pd nanoparticles prepared using separate metal precursors.
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The average size of the particles calculated for Rh, Pd and PdO using the
Scherrer formula and high-angle XRD data was 15.47, 10.6 and 9.3 nm,
respectively. The palladium and rhodium particles observed were identified
by phase matching with particles reported to possess a cubic symmetry.*®=°
The palladium oxide particles matched those that were reported to have
tetragonal symmetry> as observed previously in the Rh-Pd bimetallic
nanoparticles prepared from a single source precursor. The materials were

characterised by BET-N; surface area and X-ray diffraction techniques with

the data given in Table IV.II1I.

Mixed-Metal Complexes 271



Navpreet Sethi

Table IV.111 Data showing differences observed in silica doped with Rh-Pd nanoparticles prepared by single as well as separate metal precursors.

Precursor Loading Surface area  Pore volume Pore Wall Lattice Pore d-spacing
(Wt%) (m*g™) (cm®g™ thickness (nm) parameter (hm) diameter (nm) (nm)
Rh;Pd, Rh 0.96 Pd 830 0.54 2.10 4.71 2.61 4.08
1.00
Naz[RhClg].12H,0 Rh 0.94 Pd 714 0.51 1.80 4.65 2.85 4.03
Ko[PdCly] 1.00
Naz[RhClg].12H,0 Rh 0.94 936 0.67 2.01 4.88 2.87 4.23
Ko[PdCly] Pd 1.00 873 0.62 1.97 4.82 2.85 4.18
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A B

Fig. 4.18 Silica doped with Rh showing nanoparticles A end on pores, and B parallel pores.
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Fig.4.19 TEM micrograph of Pd-doped mesoporous silica
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All the micrographs of Rh, Rh-Pd (1 : 4) (prepared by different and the same
metal precursor) and Pd silica showed long, well-defined pores with a
hexagonal pattern. The particles obtained were not present within the pores
for the most of them but the lower surface area than the original undoped
silica which indicates that the particles are either too small and are
amorphous or are present onto the surface of pores occupying more than one
pores. Moreover a mixture of oxidised and reduced particles was observed

indicating that the particles formed are not truly bimetallic in nature.

4.2.1.3 Rh-Ni

Bimetallic Rh-Ni catalysts are well known in the dry reforming of

methane.’**®

CO, + CHy 2CO + 2H,

The interest in this bimetallic catalyst began with the discovery of less
expensive nickel-based catalysts, which have been studied on various
catalytic supports e.g. Ce0,°%°" Lay03°® Zr0,>° AlL03,°°" and SiO,.>*
Bimetallic Rh-Ni catalysts have been known to participate in reactions such
as propane steam reforming,®® oxidative steam reforming of ethanol®® and

CO, reforming of methane.®

Jozwiak et al. were the first to use commercial SiO.>* as the catalytic
support for the preparation of bimetallic Rh-Ni catalysts and to study their
catalytic behaviour. They used the incipient impregnation method to

synthesise their catalyst, and the nature of nanoparticles formed in the doped
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silica were analysed using high-angle X-ray diffraction analysis. This

analysis showed the presence of a mixture of Rh, Ni and Rh-Ni alloy (shown

in Fig. 4.20) in the sample.
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Fig. 4.20 XRD patterns of Rh-Ni/SiO, catalysts after calcination at 500 °C (3 h), followed
by reduction at 600 °C (1 h).**

The composition of metals in the material was thoroughly studied and was

also analysed for the catalytic process. However, the effect of metal

precursors on the nature of inorganic framework was never discussed or

investigated with low-angle X-ray diffraction. The size of the particles

formed was observed to vary according to the wt% of metals being used (i.e.

30.1 nm for Rh : Ni (1.25 : 3.75) and 20.8 nm for Rh : Ni (2.5 : 2.5)) and to

Mixed-Metal Co

mplexes

276



Navpreet Sethi

some extent with the nature of metal precursor (i.e. for RhCl; precursor, the
particle size is 16.5 nm for Rh : Ni (2.5 : 2.5 wt%). The size of the
nanoparticles was calculated from an assumption based on the
stoichiometric coefficient of hydrogen chemisorption. It was not then

compared by any other appropriate analysis such as TEM.

In the current work, the bimetallic Rh-Ni nanoparticles were prepared from
the stock solution of mixed-metal precursor possessing a ratio of Rh: Ni of
1 : 4 using the strategy described in section 4.3.3. Details of the metal
complex preparations are given in § 3.7.3 (Chapter 3). The appearance of the
liquid-crystalline phase was a homogenous green, which after calcination
turned black. The data obtained from the BET-surface area analyser are
given in Table IV.I1V. For comparison, Rh-Ni silica was also prepared by
the use of separate metal precursors of Rh and Ni, but the results obtained
(Table 1V.1V), did not show any noticeable variation in the parameters other
than surface area from those for Cr-Pd and Rh-Ni bimetallic mixtures of
TTHA. The small difference in surface areas shown can be accounted for by
the presence of more nanoparticles within the pores of silica than on the
surface of the inorganic framework. Other minor variations observed are
largely within the bounds of the accuracy of the techniques used or some

experimental error.
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Table V.1V Data obtained from BET-N, surface area analyser for Rh-Ni and Rh and Ni nanoparticles

Precursor Loading Surface area  Pore volume Pore Wall Lattice Pore d-spacing
(Wt%) (m*g™) (cm®g™ thickness (nm) parameter (nm) diameter (nm) (nm)
Rh;Nig4 0.94 Rh 872 0.57 2.04 4.63 2.59 4.01
0.54 Ni
Naz[RhClg].12H,0 0.94 Rh 952 0.57 2.27 4.68 241 4.05
Nay[Ni(EDTA)] 0.54 Ni
Naz[RhClg].12H,0 0.94 Rh 936 0.67 2.01 4.88 2.87 4.23
Nay[Ni(EDTA)] 0.54 Ni 934 0.67 1.78 4.65 2.87 4.03
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The low-angle X-ray diffraction data of the silica doped with Rh-Ni (4 : 1)
nanoparticles showed three reflections corresponding to dig, di; and dy
observed at 4.01, 2.32 and 1.97 nm, respectively. All three are characteristic
of the hexagonal pore structure of the silica (Fig. 4.21).

40000

35000

30000 W—-n-—ﬁ\__

25000 dm 5

Counts

20000

15000

10000 dﬂ

5000 J/

Angle/®

Fig. 4.21 Low-angle X-ray diffraction pattern of silica doped with Rh-Ni bimetallic
nanoparticles prepared from bimetallic precursor.

The high-angle X-ray data (Fig. 4.22) were used further to determine the
size of the nanoparticles using the Scherrer equation. Peak matching was
again used as a tool to indentify the type of the particles obtained from the
high-angle X-ray diffraction data present in the bulk of sample. The average

size of the nanoparticles calculated from the Scherrer equation was 13.1 nm
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but that observed with the TEM micrographs 5.28 nm. The peak matching
depicts the presence nickel and rhodium nanoparticles with hexagonal®>®
and cubic symmetry,*® respectively. The size of the nanoparticles obtained
by using separate precursors, observed from TEM images is 10.45 nm.
Unfortunately, few peaks were observed in the high-angle XRD which
indicated most of the particles formed were very small in size or were poorly
crystalline. Hence, the data could not be used any further in the Scherrer
equation for average particle size calculation. Only a single peak
corresponding to Ni nanoparticles was observed which matches with

particles with hexagonal symmetry,®® for which, the average size was

calculated as 21.3 nm by employing the Scherrer formula.

To confirm the existence of the bimetallic Rh-Ni nanoparticles if formed in
the current metal mixture prepared from a bimetallic precursor mixture
containing Rh : Ni ratio 1 : 4 it was compared with the Rh-Ni alloy formed
in the previously reported preparation shown in Fig. 4.20. The presence of
the peak of Rh-Ni alloy at approximately 26 = 43° supports the bimetallic
nature of nanoparticles in the current sample. Nevertheless, the exact nature
of particles formed still requires further confirmation. Oxides of Rh and Ni
were not observed in the high-angle X-ray diffraction data indicating that the
particles have been completely reduced even in the air atmosphere and in the

absence of H,.
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Fig. 4.22 High-angle X-ray diffraction of Rh-Ni doped silica showing peaks of rhodium (@)
and nickel (#). Peak shown by (+) is carbon. !

The TEM images show long, straight pores but the size of nanoparticles as
shown in Fig. 4.23 A and B, (Rh-Ni prepared from single source precursor),
clearly indicate the presence of particles on the surface and incorporated
within the pores of the silica. The latter can be clearly seen having a
diameter equivalent to single silica pore in Fig. 4.23 A. On the other hand,
some of the nanoparticles were also observed as dark patches shown with a
square in Fig. 4.23 B. It was not easy to determine the size of those tiny
particles as the pore walls of silica appeared to have destroyed with the

electron beam.
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Fig. 4.23 TEM micrographs of Rh-Ni doped silica hanoparticles A incorporated into mesopores shown by arrows on the left and B by a square, where particles
appear to be forming a dark patch.
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For Rh-Ni doped silica prepared using separate metal precursors, the
presence of large as well as small nanoparticles was found; the particle size

is clearly shown in Fig. 4.24 B, highlighted in red.

Fig. 4.24 TEM micrographs of silica doped with Rh/Ni prepared by separate metal
precursors.
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If the above TEM data for Rh-Ni nanoparticles prepared by single and
separate metal precursors are compared with TEM images of Rh and Ni,
respectively, then, it is found that Rh produces large-sized particles but Ni
gives rise to extremely small particles which are almost invisible in the
electron micrograph. However, as a bimetallic particle the size was in
between the Rh and Ni nanoparticles. The absence of any metal oxides or
complete reduction of the metal mixtures indicates that the possibility of

formation of bimetallic particles is higher in the above two cases.
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Fig. 4.25 TEM micrographs obtained from Na,[Ni(EDTA)] precursor.
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4.2.2 Application of Polyethylene Oxides in a Template-Mechanism

In the self-assembly process, electrostatic interactions between the head group
of the non-ionic surfactant e.g. C,EO, and the water molecules dissolving
metal ions from the metal ligand complex play a lead role in the formation of
the mesophase. The electrostatic interactions assist in the organisation of the
sol-gel mixture to form a mesophase. In oligoethylene oxide surfactants, the
EO head groups organise themselves in such a way so that they can interact

with cations in a manner analogous to crown ether (Fig. 4.26).
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Fig. 4.26 Structure of C1,EO, showing interaction of EO head group to the counter ion (A").

Therefore, when a complex metal anion is introduced into such system then it
should reside close to the interacting cation in the hydrophilic part. On
interaction with TMOS with the surfactant, hydrolysis will take place
resulting in the formation of methanol (by-product). The latter could be
removed under gentle, dynamic vacuum, and the mesophase reformed. The
sol-gel condensation should begin with the silica formed outside the
mesophase acquiring its shape. On complete drying, the monolith formed

with solidified silica around the surfactant and the metal ligand complex
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could then be subjected to -calcination. This should remove all the
hydrocarbon content i.e. the ligand of the complex, surfactant and counter
anions if present leaving behind the reduced metal nanoparticles incorporated
within the pores of silica (Fig. 4.27). However, the final observation showing
large surface adhering nanoparticles in Fig. 4.28, which is detected for the

most of them.
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Fig. 4.27 Schematic representation of metal incorporation i.e. M; and M,, to the mesophase
of non-ionic surfactant (C,,EO0) resulting doped bimetallic silica
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The results obtained for the Cr-Pd, Rh-Pd silicas, did not show any strong
evidence to suggest that the particles formed were always present within the
silica framework. This had been expected due to particle aggregation
occurring before completion of sol-gel condensation or before solidification
of silica walls was complete. The same behaviour of particle aggregation has
also been observed previously by King.!® Particle aggregation is very
common in nanoparticles due to their extremely high surface area. The
control of aggregation is known to be achieved by temperature, pH, solubility
of metal particles in solvent, dispersity of particles, time required for the
solidification of silica walls as well as surface stabilisation.®® Well-dispersed
and well-solubilised metal particles make the intermolecular interactions less
probable in comparison to the interaction with the other functional groups
such as PEO and zwitterionic silica, and as a consequence, the formation of
particle aggregates is reduced to minimum. However, due to prolonged
duration of silica walls formation or sol-gel condensation can promote cluster

formation.

Fig. 4.28 Schematic representation of mesoporous silicate doped with large sized bimetallic
nanoparticles.
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4.2.3 Conclusion

The sections above describe the attempts made to synthesise uniformly
distributed bimetallic nanoparticles using single metal precursors as a source
of the two metals. The experiments used a strategy that involved the use of
single-source precursor stock solutions containing bimetallic complex
mixtures (Cr-Pd, Rh-Pd and Rh-Ni) and TTHA. The attempts successfully
produced doped silicas with well-defined pores that possess long-range order,
but reduced nanoparticles were not found in all cases. For instance, the Cr-Pd
and Rh-Pd systems showed signs of incomplete reduction and formation of
metal oxides observed as large particles present outside the silica framework,
which was expected to have occurred due to particle aggregation and
oxidation during calcination. However, for Rh-Ni the particles formed were
relatively small and were even observed as small black patches indicating

them to be present within the pores.

The general conclusion is that the aim to produce two different metals in
reduced form present close to one another as a bimetallic nanoparticle or at a
certain distance was not accomplished. However, the method has established
a potential new route of using single metal precursors which has shown a
possibility of obtaining bimetallic nanoparticles provided the ratio of metals

in the precursor employed is the same.
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4.3 Experimental

4.3.1 Instrumentation
Polarised Optical Microscopy

Polarised Optical Microscopy for liquid-crystalline phase identification was
carried out with an Olympus BX50 microscope at magnifications x100 and
x200 on a Linkam Scientific LTS 350 heating stage. All samples were

analysed on borosilicate glass microscope cover slips (thickness no. 1).

Calcination

Calcination was carried out using a Carbolite tube furnace (made by
Eurotherm) with a temperature controller 3216. The samples prepared were
roughly crushed and then degassed with N for 20 min. The degassed samples
were then heated at 3 K min™ to 673 K, where they were held isothermally for
an hour under N and then a further 5 h in air, after which they were allowed

to cool to room temperature.

BET surface area measurement

Surface areas, average pore volumes and average diameters were determined
for the prepared silica samples by using BET adsorption desorption
measurements via a Micromeritics Tri-Star 3000 surface area and porosimetry
analyser. The measurement was carried out at 77 K (liquid nitrogen), using

nitrogen as the adsorbing gas.
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Powder X-ray Diffraction

A Bruker D8 diffractometer equipped with a Cuk, source of radiation (1 =
0.154 nm) with dynamic scintillation detector was used for the powder XRD.
Low- and high- angle XRD measurements were carried out using slit widths

of 0.6 and 1.00 mm, respectively.

Transmission Electron Microscopy (TEM)

The TEM micrographs were obtained from high-resolution Transmission
Electron Microscope (JEM 2010 TEM) with installed ISIS system analysed

by Professor Wuzong Zhou at the University of St. Andrews.

4.3.2 Materials

The reagents, chromium(lll) nitrate nonahydrate, nickel(Il) nitrate
hexahydrate,  decaethylene  glycol = monodecyl ether (C12EOq),
tetramethylorthosilicate (TMOS), were purchased from Sigma Aldrich, while
sodium hexachlororhodate(l1l) dodecahydrate, sodium hexachloroiridate(l11)
hydrate were purchased from Alfa Aesar. Potassium tetrachloropalladate(l1),
was obtained as gift from Johnson Matthey Chemicals. Basic reagents e.g.

hydrochloric acid etc. were from Fisher Scientific.
4.3.3 Preparation of Doped Mesoporous Silicas

General method of preparation using MM'TTHA as precursors

A stock solution (5 cm®, 8 mmol%) of Na[M'(MTTHA)] was prepared using
the methodology as given in § 3.7.3. An aliquot (1 g) of solution was taken

and its pH adjusted to 2 by addition of HCI (conc., typically 1 drop). Then,
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C12EO10 (1.0 g) was added to the solution, which was warmed gently and
mixed well until a viscous gel formed. The homogeneity of the gel was then
characterised by polarised optical microscope and found to show a hexagonal
H; phase. To this mixture was added TMOS (2.0 g) and the contents were
mixed via gentle heating which resulted to the evolution of MeOH which was
removed by applying a partial dynamic vacuum in order to avoid the
disruption of phase being formed. After the MeOH had been removed
completely from the mixture, it was again examined under the polarising
microscope for the presence of hexagonal H; phase. The gel was left in the
same flask undisturbed for 48 h at room temperature for completion of the
sol-gel condensation. After condensation, the gel was dried to give a
coloured, translucent monolith, which was calcined. After calcination, a
coloured silica (i.e. black (Rh-Ni and Rh-Pd), and fawn (Cr-Pd)) resulted. All
the silicas of Rh-Pd, Rh-Ni and Cr-Pd were prepared in the similar way. The

quantities used in their synthesis and the amounts of silicas are given below.
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Metals  Metal precursor Quantities of Mass of dried Mass of
metals (Wt%) monolith (g) calcined silica
(9)
Cr-Pd  Na(Pd,(Cr,TTHA)] Cr 0.48% 2.039 0.825
Pd 1.00%
Rh-Pd  Na,[Pd,(Rh,TTHA)] Rh 0.96% 1.788 0.749
Pd 1.00%
Rh-Ni  Na,[Ni,(Rh,TTHA)] Rh 0.94% 1.713 0.759
Ni 0.54%

General method of preparation using Na,[MEDTA] and K,[MCI,] as

separate metal precursors

A stock solution (5 cm®) of Na[M(EDTA)] was prepared by using the

method of preparation described by King®® and according to the details below.
Preparation of Na,[MEDTA] stock solution

[Na;H,EDTA].2H,0 (0.40 mmol, 0.151 g) was dissolved in water (35 cm®).
To it an aqueous solution (15 cm®) of M(NO3),-xH,O (0.40 mmol, 0.040
mol%) was added and the contents of the flask were heated under reflux for
20 h. The resulting solution was concentrated to 4 cm® by evaporating the
solvent under vacuum at (40 °C). The volume of this solution was then made
up to 5 cm® in a volumetric flask. This stock solution was used to carry out

the preparations of separate metal precursors.
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Preparation of mixed-metal silica from separate metal precursors

A quantity (1 cm® 0.08 mmol, 0.008 mol%) of the stock solution of the
complex was transferred to a round-bottomed flask followed by the addition
of the second metal salt i.e., solid Nam[M™ Cli1.)]™xH,0O (0.08 mmol, 0.08
mol%) and the contents were mixed by stirring at room temperature. This
resulted in a different coloured solution to which a drop of HCI (conc.) was
added with stirring. The surfactant i.e. C12EO1 (1.0 g) was added to the
mixture, which was then mixed and heated gently until it was homogenous.
The rest of the methodology is same as given in section 4.3.3. (mixed-metal

precursors). The following mixtures were prepared in an analogous manner.

Metals Metal precursor Quantities of Mass of dried Mass of
metals (wt%) monolith (g) calcined silica
@)
Cr-Pd Na[Cr(EDTA)] Cr 0.48% 1.550 0.641
K,[PdCl,] Pd 1.00%
Rh-Pd  Nas[RhClg].12H,0 Rh 0.94 % 1.941 0.834
Ko[PdCl,] Pd 1.00 %
Rh-Ni  Nas[RhClg].12H,0 Rh 0.94% 1.762 0.781
Na,[Ni(EDTA)] Ni 0.54%
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General method of preparation of silicas from monometallic precursor

A stock solution (1 cm® 0.08 mmol, 0.008 mol%) of the complex
Nax[M(EDTA)] (where M = Cr or Ni) was transferred to a round-bottomed
flask, to which a drop of HCI (conc.) was added to acidify the solution to pH
2. For salts of Rh and Pd, (0.08 mmol, 0.008 mol%) was dissolved in
acidified water (1 cm®, pH 2) resulting in a coloured solution. Then, to either
of the coloured solution was added Ci,EO; (1.0 g) followed by gentle
heating until a homogenous, viscous layer was obtained. The rest of the
methodology then follows section 4.3.3. (mixed-metal precursors). The

details of the relevant materials are tabulated below.

Metals Metal precursor Quantities of Mass of dried Mass of
metals (wt%) monolith (g) calcined silica
@)
Cr Na[Cr(EDTA)] Cr 0.48% 1.723 0.697
Ni Nay[Ni(EDTA)] Ni 0.54% 1.364 0.552
Pd K,[PdCl] Pd 1.00% 1.931 0.788
Rh Naz[RhClg].12H,0 Rh 0.94% 1.610 0.666
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The aim of the project had been to prepare well-defined, water-soluble,
heterodinuclear metal complex anions that could be used in the true liquid
crystal templating of mesoporous silicas. These metal complexes would act as
metal sources which, when decomposed during calcination would generate
well-defined bimetallic nanoparticles of homogeneous composition. Such
complexes were sought as earlier work within the group had shown that the
use of two different, single-source metal complexes led to bimetallic

nanoparticles with a very heterogeneous composition.
Heterobinuclear chlorometallate anions

In defining the true liquid crystal templating approach that had led to this
project, a common source of metal had been the various inert chlorometallate
anions formed by the second- and third-row transition elements of
Groups 7-11. Therefore, the first approach that was tried was to prepare
heterobimetallic analogues. Thus, for example, the homobinuclear complex
anion [CI,M(u-Cl);,MCL,]*>" (M = Pd, Pt) is known and so possible routes to
heterobimetallic analogues [Cl,M(u-Cl);M'CL,]>" (M, M' = Pd, Pt, Au) were
sought. It turned out that this was not straightforward, but during the course of

this work, the following observations were made:

i) It did prove possible to prepare the complex [Cl,Pd(u-Cl),PtCL]* with
[K(18-crown-6)]" as the counter-cation, but the heterobinuclear complex
was not isolated pure and formed part of a mixture with the two
homodinuclear analogues i.e. [CLLPt(1-Cl),PtCl]* and

[CLPd(1-Cl),PdCl,]*". The mixture was characterised by a combination of
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i)

i)

single crystal X-ray crystallography and ***Pt NMR spectroscopy and the
ratio of the three components was found to be:
Pd, PtPd Pty
12 3.9 1
A pure heterodinuclear complex was not obtained from this method and this
was consistent with related studies that have attempted to prepare mixed-

metal Pd/Pt complexes with other ligand sets. This work has been published.*

In attempting to prepare similar mixed-metal complexes containing gold
by reacting [AuCl,]~ with [PdCL,]* or [PtCl]%, it was found that Au"
acted as an oxidising agent leading to the formation of [PtCls]*" (detected
directly via ***Pt NMR spectroscopy and single crystal X-ray diffraction)
or [PdClg]* (inferred from subsequent reactions). The reduced product
was mainly [AuCl,] , although Au® was often found and, indeed,
changing the stoichiometry of the reaction could lead to Au® as the
preferred gold product. This reaction was studied in most detail for
combination of platinum and gold under a variety of conditions, in
different solvents and with different counter-cations. One result of this
work was numerous single crystal structures of complexes of gold and
platinum with these different cations.

Another interesting result was the formation of a butadiene dimer that was
formed while reacting [AuCl,]” and [PtCl,]*, in the presence of
tetrabutylammonium  counter-cation, which was obtained during
crystallisation of the solid obtained from these reactions. This dinuclear
Pt"-butadiene complex was found to contain a trans-1,3-butadiene unit in

which each alkene was bound 77 to a PtCls™ unit, like a dimeric version of
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Zeise's salt. Further investigation showed that the same complex could

also be obtained from a reaction using [PtCls]* and [PtCls]*".
In order to explore this further, the reactions with [AuCl,]” and [PtCl,]*" were
repeated under different sets of conditions and the results obtained showed
that the percentage yield of the dimer tended to increase if vigorously dry
conditions were employed. In the course of this study, the mechanism of the
reaction could not be elucidated, however the results obtained showed that the
complex is formed because of C-H bond activation by Pt" as reported by

Shilov and co-workers.?

The discovery of an interesting dimeric Zeise-type analogue has given a new
direction to the synthesis of such a unique complex. Hence, to determine the
interesting chemistry involved in these preparations it will be useful to repeat
the reactions under completely dry conditions in order to attain good yields
and to understand the mechanistic details of the reactions. To repeat the
reactions with selectively deuteriated alkene would be another advantage as it
will assist in the direct analysis of the reaction mixture by 'H NMR
spectroscopy. Evidence was also found for what was believed to be the
related cis-conformer and it would be of interest to isolate this and prove its

identity by a mixture of NMR spectroscopy and single-crystal X-ray methods.
Dinuclear TTHA complexes

As the above approach did not lead to a route which could generate a true
heterodinuclear complex, another different approach was sought. In this
approach, a homologue of EDTA i.e. TTHA was used to coordinate with two

different metal ions. TTHA is formally a decadentate ligand, but with
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complexes with lower coordination number requirements, it is known to form
dinuclear complexes, encapsulating each metal in a five-coordinate N;Os;
pocket. The method attempted was by trying to first to make a mononuclear
complex and then to add the second metal. The chemistry of TTHA did not
lend itself to such a simple approach, but during the course of this work, it
was found that:

i)  Due to the lack of selectivity in TTHA, true heterobimetallic complexes
could not be generated in bulk.

i)  Nonetheless, a new heterobimetallic Rh-Zn complex was obtained as
single crystal. Other preparations led either to disordered, non-
stoichiometric complexes, e.g. a Cr-Rh TTHA complex that had a Cr and
a Rhin a3 : 1 ratio disordered over the two coordination sites and which
was obtained in good vyield, or to homobimetallic complexes containing
only one of the metals used in the preparation.

iii)  In the course of this work, many (mainly) homodinuclear TTHA
complexes were obtained as single crystals and had their structure
confirmed by single crystal X-ray diffraction. However, analysis by
atomic absorption methods of the bulk material from which the crystals
were obtained showed the presence of the two different metals in non-
stoichiometric ratios that did not match the stoichiometry in the crystal.
This indicated that there is always a possibility to obtain a mixture of
homodinuclear complexes (i.e. [M,TTHA] and [M',TTHA]) and/or
homo- and hetero-dinuclear metal complexes (i.e. [M,TTHA],

[M',TTHA] and [MM'TTHAY), if a heterobimetallic complex is formed.
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Hence, a true heterodinuclear complex is difficult to obtain in bulk by this

method of preparation. The results of this work have been published.?

Despite this, from the discovery ofal: 1 Rh:Zncomplexanda3:1Cr:Rh
complex, the possibility of the formation of a true heterobimetallic complex
clearly exists. This would be possible only if efforts can be made focusing on
initial synthesis of inert, mononuclear TTHA complexes as there is strong
possibility that the empty coordination sites of the ligand will tend to bind
with the incoming ligand in the second metal coordination step. Nevertheless,
the synthesis of mononuclear complex will require a more rigorous approach,
for which careful selection of pH and separation of the mononuclear complex

are the two main tasks that will be necessary.
Metal-TTHA complexes in true liquid crystal templating

The idea of using such aminopolycarboxylates metal complexes as a mixed-
metal precursor suggested a possibility of a new route to synthesise
heterobimetallic nanoparticles doped into a mesoporous support (silica).
Therefore, despite the fact that the precursor complexes were of uncertain
composition, they were evaluated as the metal source in true liquid crystal
templating of silica using a neutral ethylene oxide surfactant and Si(OMe), as
the silica source. The silicas were characterised by a combination of low- and
wide-angle X-ray diffraction, TEM and BET surface area analysis. The
results of the analysis showed that hexagonal MCM-41 analogues were
indeed formed, often with rather high surface areas (950 m® g*). Previous
results from the group have inferred that such high surface areas often suggest

that metal nanoparticles are not contained within the pores, for when they are,
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they cause partial pore blocking that reduces the measured surface area.
Results from TEM analysis were consistent with this view and often showed
particles present on the surface or significantly larger than the pore diameter
(and, by inference, not contained within them). Further, in some cases there
was no evidence for nanoparticle formation in the pore structure at all,
suggesting either that all the metal is on the surface or that some is contained
within the silica framework. The metal particles were found either as a
mixture of oxidised nanoparticles or as a mixture of reduced as well as
oxidised particles and only on one occasion i.e. for Rh-Ni, were reduced
nanoparticles observed. Thus, the final targets of well-dispersed, bimetallic
nanoparticles remained unachieved. This major limitation of the particles
being not always present within the pores can only be eliminated by the an
alternative route which is yet to be discovered, by which, insertion of metal
particles into the apolar region of the micelles in the mesophase would be
possible. Such an approach has been demonstrated for monometallic

precursors,* but remains to be deployed for bimetallic systems.
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Chapter 2

Datafor X-ray Crystal Structure Deter minations

A.1[K(18-crown-6)] [ Cl,Pt(-Cl),PdCl]

Fig. A.1 Structure of [K(18-crown-6)],[ Cl,Pt(u-Cl),PdCl,] showing disorder of one of the [18-

Table A.l Crystal data and structure refinement for [K(18-crown-6)],[ Cl,Pt(u-Cl),PdCl].

crown-6)] units.

I dentification code dwb1018m
Empirical formula Cy4HClgK 501,Pd; 45Pto 58
Formula weight 1083.76
Temperature/K 110(2)
Crystal system Monoclinic
Space group P2(1)/n
alA 21.9297(11)
b/A 8.1463(4)
c/A 22.1713(11)
a/° 90
pre 98.4070(10)
y/° 90
Volume/A® 3918.3(3)
z 4
PeacMg/mm® 1.837
m/mm’™* 3.393
F(000) 2153.6
Crystal size/mm® 0.16 x 0.15 x 0.08
20 range for data collection/° 1.22 to0 28.30
Index ranges -29<=h<=29, -10<=k<=10, -29<=1<=29
Reflections collected 39203
Independent reflections 9718 [R(int) = 0.0389]
Data/restraints/parameters 9718/ 108/ 580
Goodness-of-fit on F* 1.130

Final R indexes [[>=2c (I)]

R1=10.0380, wR2 = 0.0763

Final R indexes[all data]

R1 = 0.0526, wR2 = 0.0809

Largest diff. peak/hole/ e A

1.495 and -0.999

Appendix

328



Navpreet Sethi

A.2[K(18-crown-6)] [ Cl,Pd(u-Cl),PdCl]

Fig. A.2 Structure of [K(18-crown-6)],[ Cl,Pd(u-Cl),PdCl,] showing disorder of one of the
[18-crown-6] units.

Table A.ll Crystal data and structure refinement for [K(18-crown-6)],[ Cl.Pd(u-Cl),PdCl,].

Identification code dwb1137
Emplrlcal formula Cz4H480|6K2012Pd2
Formula weight 1032.32
Temperature/K 109.9(2)
Crystal system Monoclinic
Space group P2,/c
alA 22.0526(13)
b/A 8.1185(2)
c/A 28.8572(17)
o/° 90.00
B/° 130.685(10)
v/° 90.00
Volume/A® 3917.7(7)
Z 4
Peacmg/mm® 1.750
m/mm’™* 1.591
F(000) 2080
Crystal size/mm® 0.1993 x 0.1447 x 0.1088
20 range for data collection/° 5.76 to 58.2
Index ranges -27<=h<=27, -10<=k<=10, -34<=1<=38
Reflections collected 15443
Independent reflections 8914[R(int) = 0.0234]
Datalrestraints/parameters 8914/3/488
Goodness-of-fit on F* 1.083
Final R indexes [[>=20 (I)] R1=0.0326, wR2 = 0.0568
Final R indexes[all data) R1 = 0.0473, wR2 = 0.0645
Largest diff. peak/hole/ e A 0.540 and -0.458
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A.3[K(18-crown-6)] 5[ PtClg/-2DMSO

Table A.lll Crystal data and structure refinement for [K (18-crown-6)],[ PtCls]-2DMSO.

Appendix

Fig. A.3 Structure of [K(18-crown-6)],[PtCls]-2DMSO.

Identification code dwb1146
Emplrlcal formula ngHsocleKzoMptSZ
Formula weight 1170.87
Temperature/K 110.00(10)
Crystal system Triclinic
Space group P-1
alA 8.6843(5)
b/A 8.8100(7)
c/A 15.7083(11)
a/° 77.221(7)
B/° 82.663(6)
v/° 73.980(6)
Volume/A® 1123.68(14)
z 1
PeacMg/mm® 1.7390
m/mm’™* 3.813
F(000) 590
Crystal size/mm® 0.1129 x 0.0779 x 0.0207
20 range for data collection/® 5.98 to 57.32
Index ranges -11<=h<=11, -10<=k<=10, -21<=I<=16
Reflections collected 7163
Independent reflections 4827[R(int)=0.0310]
Datalrestraints/parameters 4827/0/243
Goodness-of-fit on F* 1.063

Final R indexes [[>=2c (I)]

R1=0.0367, wR2 = 0.0828

Final R indexes [all data)

R1 = 0.0410, wR2 = 0.0853

Largest diff. peak/hole/ e A

2.122 and -2.235
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A.4 [K(18-crown-6)] o[ PtCle/-2CH3COOH

Table A.IV Crystal data and structure refinement for [K(18-crown-6)],[PtCls]-2CH3;COOH.

Appendix

Fig. A.4 Structure of [K(18-crown-6)],[ PtClg]-2CH;COOH.

Identification code dwb1145
Empirical formula CygHs6ClgK ,046Pt
Formula weight 1134.72
Temperature/K 110.00(10)
Crystal system triclinic
Space group P-1
alA 8.6176(5)
b/A 8.7513(4)
c/A 15.4487(9)
a/° 74.809(4)
/e 83.397(4)
y/° 74.351(4)
Volume/A® 1081.45(11)
z 1
PeacMg/mm® 1.742
m/mm’™* 3.869
F(000) 570.0
Crystal size/mm® 0.3296 x 0.0951 x 0.0464
20 range for data collection/° 5.74 t0 65.08
Index ranges -12<h<10,-13<k<12,-22<1<13
Reflections collected 11778
Independent reflections 7071]R(int) = 0.0254]
Data/restraints/parameters 7071/0/246
Goodness-of-fit on F* 1.062

Final R indexes [[>=2c (I)]

R, = 0.0265, WR, = 0.0535

Final R indexes[all data]

R, = 0.0282, WR, = 0.0544

Largest diff. peak/hole/ e A

1.31 and -0.80
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A.5[K(18-crown-6)] [ AuCl] (start)

Fig. A.5 Crystal Structure of [K(18-crown-6)][AuCl,] as present at the beginning of data set
collection.

Appendix

Table A.V Crystal data and structure refinement for [K(18-crown-6)][AuCl,].

Identification code

dwb1109 Start

Empirical formula CoH24AUCI K Og
Formula weight 642.18
Temperature/K 110.0
Crystal system triclinic

Space group P-1
alA 9.0592(5)
b/A 14.7606(8)
c/A 24.6225(15)
a/° 98.815(5)
pre 94.425(5)
y/° 96.293(5)
Volume/A® 3219.2(3)
z 6
PeacMg/mm® 1.988
m/mm’™* 7.569
F(000) 1860.0
Crystal size/mm® 0.1682 x 0.1157 x 0.0525
20 range for data collection/® 6.06to 61.2
Index ranges -5<h<12,-9<k<19,-32<1<10
Reflections collected 6798
Independent reflections 6628[R(int) = 0.0101]
Data/restraints/parameters 6628/84/652
Goodness-of-fit on F* 1.215

Final R indexes [[>=2c (I)]

R, = 0.0598, WR, = 0.1291

Final R indexes[all data]

R, = 0.0679, WR, = 0.1345

Largest diff. peak/hole/ e A

1.91and -1.28
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A.6[K(18-crown-6)] [ AuCl 4] (middle)

Fig. A.6 The arrangement of [AuCl,]* and [K (18-crown-6)] after exposure to X-ray radiation.

Appendix

Table A.VI Crystal data and structure refinement for [K(18-crown-6)][AuCl].

Identification code dwb1112
Empirical formula Ci2H24AUCI K Og
Formula weight 642.18
Temperature/K 110.00(10)
Crystal system triclinic
Space group P-1
alA 9.0720(14)
b/A 14.7628(14)
c/A 24.597(4)
0/° 98.807(12)
B/° 94.557(14)
v/° 96.294(11)
Volume/A® 3220.2(8)
z 6
PeacMg/mm® 1.987
m/mm’™* 7.567
F(000) 1860.0
Crystal size/mm® 0.1354 x 0.0828 x 0.059
20 range for data collection/® 6.06 to 55.7
Index ranges -11<h<10,-15<k<19,-24<1<29
Reflections collected 17338
Independent reflections 12417[R(int) = 0.0464]
Datalrestraints/parameters 12417/108/652
Goodness-of-fit on F* 1.072

Final R indexes [[>=2c (I)]

R, =0.0671, wR, = 0.1291

Final R indexes [all data)

R; = 0.0951, wR; = 0.1527

Largest diff. peak/hole/ e A

4.02 and -2.46
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A.7 [K(18-crown-6)] [ AuCl,] (end)

Fig. A.7 Showing disorder presence in the original structure of [K(18-crown-6)][AuCl,].

Table A.VII Crystal data and structure refinement for [K(18-crown-6)][AuCl,] (final structure).

I dentification code dwb1109 end
Empirical formula C1oH24AUCISK Og
Formula weight 606.73
Temperature/K 109.95(10)
Crystal system monoclinic
Space group C2/c
alA 13.8702(18)
b/A 11.5709(12)
c/A 14.427(2)
a/° 90.00
pre 109.396(18)
v/° 90.00
Volume/A® 2184.1(5)
Z 4
Peacmg/mm?® 1.845
m/mm’* 7.313
F(000) 1172.0
Crystal size/mm® 0.1682 x 0.1157 x 0.0525
20 range for data collection/° 6.22 10 60.76
Index ranges -18<h<4,-14<k<8,-17<1< 14
Reflections collected 2424
Independent reflections 1821[R(int) = 0.0266]
Data/restraints/parameters 1821/85/142
Goodness-of-fit on F? 1.102
Final R indexes [I>=20 (I)] R; =0.1054, wR, = 0.2842
Final R indexes[al data) R, =0.1275, wR, = 0.3063
Largest diff. peak/hole/ e A 2.25and -0.78
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A.8(BusN);[ PtCl3(n-CHy=CH-CH=CH,-1)PtCl5]

Table A.VIII Crystal data and structure refinement for (BuyN),[ PtCls(n-CH,=CH-CH=CH,-1)PtCl;].

Appendix

Fig. A.8 Structure of Pt" butadiene complex showing two possibilities of C, fraction.

Identification code dwb1140
Empirical formula Cs6H75ClgN,Pty
Formula weight 1141.88
Temperature/K 110.00(10)
Crystal system monoclinic
Space group P2,/n
alA 13.2066(16)
b/A 12.9014(10)
c/A 13.3730(11)
a/° 90.00
p/e 98.265(11)
v/° 90.00
Volume/A® 2254.9(4)
Z 2
Peacmg/mm?® 1.682
m/mm’* 6.579
F(000) 1132
Crystal size/mm® 0.3169 x 0.1184 x 0.0508
20 range for data collection/° 5.64t064.4
Index ranges -19<h<16,-19<k<11,-19<1<19
Reflections collected 12705
Independent reflections 71159[R(int) = 0.0317]
Data/restraints/parameters 7115/0/216
Goodness-of-fit on F? 1.050

Final R indexes [[>=2c (I)]

R; =0.0358, wR; = 0.0726

Final R indexes [al data)

R, = 0.0454, WR, = 0.0785

Largest diff. peak/hole/ e A

3.338and -3.124
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Table A.IX Crystal data and structure refinement for [K(18-crown-6)],[PdCl]-4CHCls.

Appendix

A.9 [K(18-crown-6)] o[ PdCl4] .4CH.Cl,

Fig. A.9 Structure of [K(18-crown-6)],[PdCl4]-4CHCls.

| dentification code dwb1122
Empirical formula C3oH54Cl 50K 045Pd
Formula weight 1571.23
Temperature/K 110.0
Crystal system triclinic
Space group P-1
alA 10.5273(7)
b/A 12.6415(10)
c/A 13.4511(7)
a/° 63.530(7)
p/e 73.779(5)
v/° 83.375(6)
Volume/A3 1538.6(2)
z 1
Peacmg/mm® 1.696
m/mm’* 1.439
F(000) 788
Crystal size/mm® 0.274 x 0.1249 x 0.0555
20 range for data collection/® 6.12 to 64.48
Index ranges -15<h<15,-18<k<14,-19<1< 11
Reflections collected 14783
Independent reflections 9629[R(int) = 0.0223]
Datalrestraints/parameters 9629/0/304
Goodness-of-fit on F 1.047

Final R indexes [I>=2c (I)]

R, = 0.0324, WR; = 0.0582

Final R indexes[al data)

R; =0.0421, wR; = 0.0631

Largest diff. peak/hole/ e A

0.518 and -0.648
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Appendix

(PPhg)[AuCl,]

Fig. A.10 Structure of (PPhy)[AuCl,].

Table A.X Crystal data and structure refinement for (PPh,)[AuCly].

Identification code dwb1169
Empirical formula CyyHyAUuClP
Formula weight 678.14
Temperature/K 110.00(10)
Crystal system tetragonal
Space group P4/n
alA 12.3162(2)
b/A 12.3162(2)
c/A 7.84469(19)
a/° 90.00
pBre 90.00
v/° 90.00
Volume/A® 1189.96(4)
z 2
Peacmg/mm® 1.893
m/mm™* 6.708
F(000) 652.0
Crystal size/mm® 0.2073 x 0.0327 x 0.0231
20 range for data collection/° 6.16 to 58.92
Index ranges -16 <h<15,-9<k<16,-10<1<10
Reflections collected 5288
Independent reflections 1471[R(int) = 0.0340]
Data/restraints/parameters 1471/0/69
Goodness-of-fit on F? 1.311

Final R indexes [I>=2c (I)]

R; =0.0450, wR; = 0.1133

Final R indexes[all data

R; = 0.0490, wR; = 0.1151

Largest diff. peak/hole/ e A

4.03/-2.37
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All

Table A.XI Crystal data and structure refinement for (BusN),[PtClg]-3CH,Cl>.

Appendix

(BU4N)2[ PtCl 6] 3CH2C| 2

Fig. A.11 Structure of (BusN),[PtClg]-3CH,Cl..

Identification code dwb1211
Empirical formula CasH5Cl1oNLPE
Formula weight 1147.48
Temperature/K 109.95(10)
Crystal system orthorhombic
Space group Pbca
alA 16.2280(4)
b/A 19.5294(4)
c/A 32.5682(6)
a/° 90.00
p/e 90.00
v/° 90.00
Volume/A3 10321.6(4)
z 8
pcalcmg/mm3 1.477
m/mm-1 3.366
F(000) 4672.0
Crystal size/mm3 0.2334 x 0.2041 x 0.1255
20 range for data collection/® 5.58t057.64
Index ranges -20<h<19,-26<k<25,-44<1<38
Reflections collected 45718
Independent reflections 12069[R(int) = 0.0483]
Datalrestraints/parameters 12069/36/511
Goodness-of-fit on F2 1.136

Final R indexes [[>=2c (I)]

R1=10.0770, wR2 = 0.1486

Final R indexes[all data

R1=0.1064, wR2 = 0.1611

Largest diff. peak/hole/ e A-3

4.56/-1.92
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Al12 (BU4N)2[ PtCl 6]

?
o

Fig. A.12 Structure of (BusN),[PtClg], unchanged asin cif file.

Table A.XI1 Crystal data and structure refinement for (BusN),[PtClg].

I dentification code dwb1141 twinl hkif4
Empirical formula C4H7,ClgN,PE
Formula weight 678.14
Temperature/K 892.71
Crystal system monoclinic
Space group C2/c
alA 13.9750(5)
b/A 18.0818(5)
c/A 16.9978(5)
a/° 90.00
p/e 113.536(4)
v/° 90.00
Volume/A3 3937.9(2)
z 4
pcalecmg/mm3 1.506
m/mm-1 3.994
F(000) 1832.0
Crystal size/mm3 0.2275 x 0.1841 x 0.0804
20 range for data collection/° 6.36 to 64.52
Index ranges -20<h<20,-26<k<26,-24<1<25
Reflections collected 8554
Independent reflections 8554[R(int) = 0.0000]
Data/restraints/parameters 8554/0/192
Goodness-of -fit on F2 1.042
Final R indexes [I>=2c (I)] R; =0.0555, wR, = 0.1574
Final R indexes[all data R; =0.0692, wR, = 0.1648
Largest diff. peak/hole/ e A-3 3.14/-4.54
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Appendix

(PPhy);[ PtCl 4] .H,O

Fig. A.13 Structure of (PPhy),[PtCl4]-H,O.

Table A.XI1I Crystal data and structure refinement for (PPhy),[ PtCl4]-H,O.

| dentification code dwb1167
Empirical formula CugH4,Cl,OP,Pt
Formula weight 1033.65
Temperature/K 110.00(10)
Crystal system monoclinic
Space group P2,/n
alA 10.3066(2)
b/A 15.8633(3)
c/A 12.9397(2)
a/° 90.00
p/e 95.3512(18)
v/° 90.00
Volume/A3 2106.39(7)
z 2
Peacmg/mm® 1.630
m/mm’* 3.698
F(000) 1028.0
Crystal size/mm® 0.2969 x 0.1869 x 0.125
20 range for data collection/® 5.9 t0 58.46
Index ranges -13<h<12,-21<k<10,-17<1<17
Reflections collected 9445
Independent reflections 4942[R(int) = 0.0251]
Datalrestraints/parameters 4942/6/274
Goodness-of-fit on F 1.051

Final R indexes [I>=2c ()]

R, = 0.0288, WR; = 0.0592

Final R indexes[al data)

R; = 0.0388, wR; = 0.0655

Largest diff. peak/hole/ e A

0.80/-0.67
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Al4  (PPhy)[PtClg/-2CHyCl»

|.

Fig. A.14 Structure of (PPhy),[PtClg].

Table A.X1V Crystal data and structure refinement for(PPh,),[ PtCle]-2 CH,Cl..

Identification code dwb1168
Empirical formula CsgHu4Cl PPt
Formula weight 1256.38
Temperature/K 110.0
Crystal system triclinic
Space group P-1
alA 10.0801(6)
b/A 11.0657(5)
c/A 12.3409(6)
a/° 70.608(4)
p/e 80.132(4)
v/° 80.085(4)
Volume/A® 1269.36(11)
Z 1
Peacmg/mm?® 1.644
m/mm’* 3.388
F(000) 622.0
Crystal sizefmm® 0.297 x 0.1795 x 0.1526
20 range for data collection/° 5.76 t0 58.84
Index ranges -13<h<13,-14<k<13,-1551<17
Reflections collected 9469
Independent reflections 5917[R(int) = 0.0276]
Data/restraints/parameters 5917/0/286
Goodness-of-fit on F* 1.019
Final R indexes [I>=20 (I)] R; =0.0322, wR; = 0.0640
Final R indexes[al data) R; = 0.0344, wR, = 0.0655
Largest diff. peak/hole/ e A 1.59/-0.59
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Chapter 3

Datafor X-ray Crystal Structure Deter minations

A15  Na[RhZnCI(TTHA)(H;0)4 xH:0

Fig. A.15 Structure of Na[RhZnCI(TTHA)(H,0)4] -xH,0.

Table A.XV Crystal data and structure refinement for Naf RhZnCI(TTHA)(H,0)4] -xH,0.

| dentification code dwb0912m
Empirical formula C1gH3,CINsNaO,;sRhZn
Formula weight 787.20
Temperature/K 110(2)
Crystal system Monaclinic
Space group P2/n
alA 11.459(3)
b/A 14.181(4)
c/A 22.384(6)
a/° 90
p/e 93.923(6)
v/° 90
Volume/A3 3629.0(17)
z 4
Peacmg/mm® 1.441
m/mm’* 1.264
F(000) 1596
Crystal size/mm® 0.09 x 0.08 x 0.02
20 range for data collection/® 1.44t0 25.05
Index ranges -13<=h<=13, -16<=k<=16, -26<=I1<=26
Reflections collected 28594
Independent reflections 6422 [R(int) = 0.0981]
Datalrestraints/parameters 6422/ 17/ 409
Goodness-of-fit on F 0.914
Final R indexes [I>=2c ()] R1=10.0557, wR2 =0.1340
Final R indexes[al data) R1=0.0910, wR2 = 0.1454
Largest diff. peak/hole/ e A 1.200 and -0.921
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Al16  [Cris0Rhgs0(TTHA)(OH,)] -3H.0

Fig. A.16 Structure of [Cry 5oRhg50(TTHA)(OH,),] -6H,0.

Table A.XVI Crystal data and structure refinement for [Cry 50Rhgso( TTHA)(OH,),] -6H,0.

| dentification code dwb0901m
Empirical formula Ca6HgoCrsNgO4Rh
Formula weight 762.00
Temperature/K 110(2)
Crystal system Monaclinic
Space group P2(1)/c
alA 8.6080(4)
b/A 12.5555(6)
c/A 13.7444(6)
a/° 90
p/e 99.3640(10)
v/° 90
Volume/A3 1465.67(12)
Z 2
Peacmg/mm® 1.727
m/mm’* 0.931
F(000) 789
Crystal sizefmm® 0.33 x 0.06 x 0.06
20 range for data collection/® 2.21to0 30.00
Index ranges -12<=h<=12, -17<=k<=17, -18<=1<=18
Reflections collected 16350
Independent reflections 4228 [R(int) = 0.0199]
Datalrestraints/parameters 4228 /0/ 225
Goodness-of-fit on F* 1.034
Final R indexes [I>=2c ()] R1=10.0270, wR2 = 0.0662
Fina R indexes[all data] R1 =0.0309, wR2 = 0.0685
Largest diff. peak/hole/ e A 0.599 and -0.536
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Al7

Table A.XVII Crystal data and structure refinement for [ PPh,],[Rh,Cl,(TTHA)]-11H,0.

Appendix

[PPh4] o[ RnClo(TTHA)] -11H,0

Fig. A.17 Structure of [PPhy],[Rh,Cl5(TTHA)]-11H,0

| dentification code dwb0905m
Empirical formula CgsHgaCloN,O45P,RN,
Formula weight 1619.87
Temperature/K 110(2)
Crystal system Monaclinic
Space group C2/c
alA 35.403(4)
b/A 13.1045(14)
c/A 31.727(3)
a/° 90
p/e 106.180(2)
v/° 90
Volume/A3 14136(3)
z 8
Peacmg/mm® 1.522
m/mm’* 0.667
F(000) 6608
Crystal size/mm® 0.34 x 0.04 x 0.02
20 range for data collection/® 1.20t0 25.04
Index ranges -42<=h<=42, -15<=k<=15, -37<=1<=37
Reflections collected 53307
Independent reflections 12465 [R(int) = 0.0897]
Datalrestraints/parameters 12465/0/932
Goodness-of-fit on F 1.024

Final R indexes [I>=2c ()]

R1=10.0456, wR2 =0.1093

Final R indexes [al data)

R1 = 0.0978, wR2 = 0.1302

0.869 and -0.898

Largest diff. peak/hole/ e A
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A.18

Table A.XVIII Crystal data and structure refinement for Nay[ Rh,Cl,(TTHA)]-8H,0.

Appendix

Naz[ Rh,Cl z(WHA)] -8H,0

Fig. A.18 Structure of Nay[Rh,Cl,(TTHA)]-8H,0.

Identification code dwb0933m
Empirical formula CigH40Cl,N4Na,O,0Rh,
Formula weight 955.24
Temperature/K 110(2)
Crystal system Monaoclinic
Space group P2(1)/n
alA 6.5140(6)
b/A 13.6039(13)
c/A 18.5105(17)
a/° 90
p/e 94.777(2)
v/° 90
Volume/A3 1634.6(3)
z 2
Peacmg/mm® 1.941
m/mm’* 1.288
F(000) 964
Crystal size/mm® 0.08 x 0.08 x 0.08
20 range for data collection 1.86t0 28.31
Index ranges -8<=h<=8, -18<=k<=18, -24<=|<=24
Reflections collected 16696
Independent reflections 4073 [R(int) = 0.0404]
Datalrestraints/parameters 4073/12/ 241
Goodness-of-fit on F? 1.046

Final R indexes [[>=2c (I)]

R1 = 0.0346, wR2 = 0.0833

Final R indexes[all data

R1 = 0.0454, wR2 = 0.0882

Largest diff. peak/hole/ e A3

1.043 and -1.081
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A19  [Cry(TTHA)(OHy),] -6H.0O

Fig. A.19 Structure of [Cr(TTHA)(OH,),] -6H,0.

Table A.X1X Crystal data and structure refinement for [Cro(TTHA)(OH,),] -6H,0.

Identification code dwb0926a
Empirical formula C1gH40CraN4Oo
Formula weight 736.54
Temperature/K 110(2)
Crystal system Monoclinic
Space group P2(1)/c
alA 8.5913(9)
b/A 12.5518(13)
c/A 13.7513(15)
a/° 90
pBre 99.425(2)
v/° 90
Volume/A® 1462.9(3)
z 2
Peacmg/mm® 1.672
m/mm’™* 0.837
F(000) 768
Crystal size/mm® 0.25 x 0.04 x 0.02
20 range for data collection 2.21t028.37
Index ranges -11<=h<=11, -16<=k<=16, -18<=1<=18
Reflections collected 14718
Independent reflections 3651 [R(int) = 0.0427]
Data/restraints/parameters 3651/0/ 235
Goodness-of-fit on F 1.026
Final R indexes [I>=20 (I)] R1=0.0372, wR2 = 0.0838
Final R indexes[al data) R1=0.0537, wR2 = 0.0912
Largest diff. peak/hole/ e A 0.573 and -0.269
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A.20

Table A.XX Crystal data and structure refinement for CygHz4KN4NaNio Oy 57.

Appendix

Ci18H34KN4NaNi 2021 27

Fig. A.20 Structure of C;gH3KN4NaNizO; 27.

| dentification code ssi1068
Empirical formula CgH15N>NaNi O
Formula weight 405.89
Temperature/K 120(2)
Crystal system Rhombohedral
Space group R-3
alA 43.027(17)
b/A 43.027(17)
c/A 7.024(6)
a/° 90
pre 90
v/° 120
Volume/A® 11262(11)
Z 18
Peacmg/mm® 1.077
m/mm’* 0.549
F(000) 3912
Crystal size/mm® 0.10 x 0.01 x 0.01
20 range for data collection/° 0.921t021.26
Index ranges -45<=h<=45, -45<=k<=45, -7<=I<=7
Reflections collected 21743
Independent reflections 3071 [R(int) = 0.1368]
Data/restraints/parameters 3071/0/ 217
Goodness-of-fit on F* 0.986

Final R indexes [[>=2c (I)]

R1=0.0955, wR2 =0.2461

Final R indexes[al data)

R1 = 0.1350, wR2 = 0.2656

Largest diff. peak/hole/ e A

0.702 and -0.790
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A2l

Table A.XXI Crystal data and structure refinement for Nao[Ni»(TTHA)(OH,),] -6H,0.

Appendix

Naz[ Ni 2(-|THA) (OH 2)2] -6H,0

Fig. A.21 Structure of Nag[Ni,(TTHA)(OH,),]-6H,0.

Identification code dwb0935m
Empirical formula CigHauKN4NaNi» O, o7
Formula weight 826.25
Temperature/K 110(2)
Crystal system Triclinic
Space group P-1
alA 6.9372(3)
b/A 13.0782(7)
c/A 18.3534(9)
a/° 105.4540(10)
p/e 96.5660(10)
v/° 99.4420(10)
Volume/A® 1561.15(13)
Z 2
Peacmg/mm® 1.758
m/mm’* 1.448
F(000) 852
Crystal size/mm® 0.45 x 0.07 x 0.03
20 range for data collection/° 1.17t029.99
Index ranges -9<=h<=9, -18<=k<=18, -25<=I<=25
Reflections collected 23671
Independent reflections 8927 [R(int) = 0.0267]
Data/restraints/parameters 8927 /21485
Goodness-of-fit on F* 1.042

Final R indexes [[>=2c (I)]

R1=0.0472, wR2 =0.1229

Final R indexes[al data)

R1 = 0.0544, wR2 = 0.1281

Largest diff. peak/hole/ e A

1.308 and -1.140
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Chapter 2
Experimental
Attempted preparations of heterobimetallic Pt-Pd complexes

B.1Attempted preparation of (BusN),[ CloPt(1-Cl),PdCl;] in the presence of

solvent

(BusN)o[PtCly] (4) (0.304 mmol, 0.250 g) was dissolved in CH,Cl, (30 cm®) to
which solid [PdCl;] (0.304 mmol, 0.0539 g) was added. The mixture was then
left to stir at room temperature for 24 h. No change was observed by UV-

visible spectroscopy or by mass spectrometry.
Repeating the reaction under reflux (24 h) also showed no change.

Analysis: MS[ESI], found (expected): m/z: 300.9 [PtCl,(OH,),], m/z: 177.8
[H.PdCl,] (m/z: 513.68 [PtPdCle]?). No peak attributable to the product was

obtained.

B.2 Attempted preparation of (BusN),[ Cl,Pt(u-Cl),PdCl;] in absence of solvent

(BusN),[PtCl4] (4) (0.122 mmol, 0.100 g) and [PdCl;] (0.128 mmol 0.023 g,
5% excess) were added to aflask, and were heated in the absence of solvent at
140 °C for 15 min. The paste that resulted was cooled to room temperature and
acetone was added to it along with a pinch of charcoal. The mixture was boiled
for a few minutes and was then filtered. The solvent was removed under
vacuum from the resulted filtrate. Attempts of crystallisation in acetone at

-5 °C were unsuccessful.
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MS[ESI], found (expected): m/z: 2659 [HPtCl]*, m/zz  300.9
[PtClo(OH2)(OH)H]Y, miz: 3289 unidentified (m/z: 510.68 [PtPdClg]*

remained unassigned).
B.3 Attempted preparation of K[ Cl,Pt(u-Cl),PdCl;] in water using silver salts

A solution of K,[PtCl4] (0.24 mmol, 0.100 g) was prepared by stirring in water
(30 cm®) at room temperature. To the resulting red solution was added solid
Ko[PdCl4] (0.24 mmol, 0.0786 g) followed by stirring of the contents for 30
min. Then, solid AgNOs; (0.48 mmol, 0.0819 g) was added to the orange
solution and the contents were stirred again at room temperature, overnight in
the dark. The precipitate of AgCl was centrifuged to separate a brown filtrate,
which was concentrated to recuperate a dark brown precipitate which was
dried under vacuum. Attempts to crystallise the precipitate from EtOH/H,0
and MeOH/H,O mixtures were unsuccessful and the coloured solutions
showed signs of decomposition after a few days, observed as a black solid

settled at the bottom of the flasks.
The same reaction was carried out with AgOTf showed similar results.

Analysis: MSESI]: only a pesk of [PtCls]" (m/z: 300.9) was observed;
[PtPdCle] (m/z: 425.62): unassigned. No signal attributable the target product

was observed.
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Attempted preparation of heterobimetallic Au-Pd complexes
B.4 Attempted preparations of (BusN);[ CloPd(u-Cl),AuCl ]

To asolution of (BusN)[AuCl4] (5) (0.430 mmol, 0.250 g) in CH,Cl (30 cm®)
was added solid [PdCI;] (0.430 mmol, 0.0763 g) and the mixture was stirred at
room temperature for 24 h. The progress of the reaction was monitored by UV-
visible spectroscopy. The reaction was continued up to 48 h but the results

obtained were no different from that of 24 h reaction.

MS[ESI], found (expected): m/z: 242.3 (BusN)", m/z: 266.9 [AuCl,], m/z:
388.8 [H.AuCl*. m/zz 7515 ((BusN)[AuCl,))*, 8234 has close
correspondence to (BusN)[AuUxCls]) Amax: 327.09 nm (closely to correspond to

[AUCl4]", Amax 323 Nm).

The above reaction was also carried out in 1,4-dioxane and was analysed in by
mass spectrometry. MS[ESI], found (expected): m/z: 242.3 (BusN)*, m/z:
266.9 [AuCl,]*, m/z: 338.8 [H.AUCl,™, m/z: 312.9 [(BusN)CI(OH.)(OH)]*;
no peaks attributable to the product was observed. Amax: 327.69 nm (closely to

correspond to [AUCly4]", Amax 323 nm).

B.5Attempted preparation of (BusN)[ CloPd(u-Cl),AuCl;] in 1,4-dioxane

(BusN)[AUCl4] (5) (0.344 mmol, 0.200 g) was dissolved in 1,4-dioxane (60
cm®) and to this solution, solid [PdCI,(NCPh),] (0.344 mmol, 0.1319 g) was
added. The mixture was heated under reflux for 18 h, under N, atmosphere.
The reaction was monitored by UV-visible spectroscopy and was analysed

after completion, indicating Amax : 329 nm [Pd,Cle]?. The resulted mixture was
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analysed by mass spectrometry. The mixture was filtered to remove unreacted
solid, and the solution was then analysed by mass spectrometry. MS[ESI],
found (expected): m/z: 242.3 (BusN)*, m/z: 266.9 [AuCl,], m/z: 338.38
[HoAUCL)™ (m/z: 512.7 [AuPdCle]"). No peak attributable to the product was

observed.

The solution obtained was then evaporated to dryness which resulted into an
oily mass, which could not be solidified with any solvent. However, the
solution obtained after filtration was dried to obtain an oily mass which was
triturated with petroleum ether (40 - 60 °C) and Et,O to remove excess of
benzonitrile and give a solid. This was then redissolved in CH,Cl,, and
precipitated with Et,O resulting in a solid which was filtered and analysed by
mass spectrometry. Analysis: *H NMR, CDCls: § 1.12 (t, -CHs, 24 H, J 7.6
Hz), 1.6-1.7 (m, -CH»-, 16 H J 12.4 and 7.2 Hz), 1.82-1.93 (m, -CH,-, 16 H, J
16 and 8.4 Hz), 3.51-3.56 (m, -NCH,-, 16 H, J 8.4 and 5.6 Hz). MS[ESI],
found expected: m/z: 266.9 [AuCl,)Y, m/iz: [AuCI(OH)]Y, m/z; 426.6
[Pd,Cle]?, m/z: 318.7 [H,Pd,Cls]*, miz: 646.9 ((BusN)[Pd,Cls(OH,)]). The
filtrate resulted from after filtration of the solid from CH,Cl,, formed yellow

crystals and brown crystalline solid which were inseparable.
B.6 Attempted preparation of (BusN),[ Cl.Pd(x-Cl),AuCl;] in CH.Cl,

A solution of (BusN)[AuCly] (5) (0.345 mmol, 0.200 g) was prepared in
CH,Cl, (60 cm®) to which was added solid [PdCI,[(NCPh),] (0.345 mmol,
0.132 g) and the mixture was heated under reflux, under N, atmosphere for
48 h. The progress of the reaction was monitored by UV-visible spectroscopy.

The resulted mixture was analysed by mass spectrometry. MS[ESI], found
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(expected): m/z: 242.3 (BusN)", m/z: 266.9 [AuCl,]", m/z: 338.8 [AuCl4]*.
After reflux, the mixture was filtered to obtain a deep-pink coloured

precipitate.

'H NMR, 400 MHz, CDCl3: § 1.01 (t, -CHs, 12 H), 1.56 (q, -CH.-, 8 H), 2.12
(m, -CHy-, 8 H), 3.53 (m, -NCH,-, 8 H). MSESI], found (expected): m/z:
312.2 [BusN(CI)(OH2)(OH)] [MT]. [CisHssAUCIeNPd] (miz: 754.97) was

unassigned.

B.7 Attempted preparation of K[ Cl,Pd(u-Cl),AuCl,] in water using Ag

An agueous solution (30 cm®) of K[AuCls (0.265 mmol, 0.100 g) was
prepared and to that solution was added K,[PdCl4] (0.265 mmol, 0.0864 g) and
the mixture was stirred for 30 min. Thereafter, solid AgNO; (0.530 mmoal,
0.899 g) was added and the mixture was stirred at room temperature overnight
(16 h) in the dark. The off-white precipitate of AgCl was then centrifuged to
separate the brown coloured filtrate. This clear brown solution was
concentrated to recuperate a brown coloured precipitate, which was dried

under vacuum and was analysed as it was not possible to grow suitable crystal.

MS[ESI]: peaks of m/z: 318.9 [AuClsHO]* [M], m/z: 338.8 [AuCl4Y, m/z:
266.9 [AuCl,]** and 300.9 [AuCl,(OH);]* were observed; m/z: 512.68

[AuPdClg]: unassigned. No signal attributable the target product was observed.
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B.8 Attempted preparation of K[ Cl,Pd(u-Cl),AuCl;] in benzonitrile

K[AuCl4] (0.794 mmoal, 0.300 g), [PdCI,(NCPh),] (0.794 mmol, 0.303 g) were
added to benzonitrile (50 cm®), and heated under reflux overnight. The
progress of the reaction was monitored by UV-visible spectroscopy. The
reaction mixture was then analysed by mass spectrometry. MSESI], found
(expected): m/z: 282.9 [H.PdCls]®, m/z: 268.8 (K[PACl3(OH3))". Amac 332 nm
closely corresponds to K,[Pd,Clg] (324.5, 430 nm, H,0), and [K(18-crown-

6)]-[PdClg] (339.5 nm, CH.Cl>).

Attempted preparation of heterobimetallic Au-Pt complexes
B.9 Attempted preparation of (BusN)[ Cl2Pt(u-Cl).AuCly)

(BugN)2[PtCl4] (4) (0.054 mmol, 0.044 g) and (BusN)[AuCl,] (5) (0.054 mmol,
0.031 g) were dissolved in CH,Cl, (10 cm®), with stirring. To this solution was
added solid AgOTf and the mixture was stirred for 18 h. From the resulting
mixture, the solvent was removed under vacuum. The yellow precipitate
formed was re-dissolved in acetone, filtered, washed with Et,O and dried under

vacuum for afew hours.

MS[ESI], found (expected): m/z: 320.9 (unidentified) m/z: 406.8

[AUCI5(OH,)(OH)]*, m/z: 540.2 [(BusN),(OH2)(ClH,)].
B.10  Attempted preparation of (BusN)[ ClPt(u-Cl),AuCl;]

To a solution of (BusN)[AuCl4] (5) (0.430 mmoal, 0.250 g) in CH.Cl, (30 cm?)

was added [PtCl;] (0.430 mmol, 0.114 g) followed by stirring a room
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temperature for 22 h. The mixture solution was filtered to remove unreacted
[PtCl,] followed by analysis by mass spectrometry. MS[ESIT], found
(expected): m/z: 242.3 (BusN)*, m/z: 751.5 ((BusN)j[AuCl,])**, m/z: 823.4
((BusN)[PtCl4(OH)3])%). The yellow solution was then crystallised at low
temperature (-5 °C) which resulted into yellow-coloured crystals of

(BU4N)[AUC|4]

Analysis (crystals): Elemental, found (expected): C 33.41, H 6.69, N 2.46 % (C
33.06, H 6.24, N 2.41 % corresponds to (BusN)[AuCl4]). *H NMR, 400 MHz,
CDCl3: 6 1.04 (t, -CHg, 12 H), 1.41-1.53 (m, -CH,, 8 H), 1.61-1.73 (m, -CHp,
8 H), 3.14-3.29 (m, -NCH,, 8 H). MS[ESI], found (expected), crystals. 266.9
[AuCl;] (m/zz 266.90 [AuCl;]"); m/z: 338.8 [H,AuUCly® (m/z: 338.86

[H2AUCI] ™).
B.11  Attempted preparation of (BusN)[ ClPt(u-Cl),AuCl,

(BusN)[AUCl4] (5) (0.128 mmol, 0.074 g, 5% excess) and (BusN),[PtCl,] (4)
(0.122 mmol, 0.100 g) were added to a flask and the mixture was heated at
140 °C in the absence of solvent. This resulted into a paste which was cooled
to room temperature. To this paste, acetone (12 cm®) and a pinch of charcoa
were added, and the mixture was boiled for a few minutes. This mixture was

then filtered off and the solution obtained was anal ysed.

MS[ESI], found (expected): m/z: 266.9 [AuCl;]*, m/z: 300.9 [H.PtCl,0,]%,

m/z: 335.8 [PtCl3(OHy),]Y (m/z: 601.7 [PtAuClg]* was unassigned).
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An attempt was made to crystallise the mixture in acetone (-5 °C) and in
acetone/Et,0 but no crystals were obtained, rather an oily mass resulted which

could not be solidified.

The above reaction was also carried out with a1 : 1 ratio of Pt : Au, but the

results obtained were no different to the above.

B.12  Attempted preparation of [K(18-crown-6)][Cl.Pt(x-Cl),AuCly] in

water

K,[PtCl4] (0.25 mmol, 0.1037 g) was dissolved in water (6 cm®) via stirring for
a few minutes until a red solution was obtained. To this solution was added
solid [18-crown-6] (0.814 mmol, 0.2152 g) followed by stirring the contents
for 1 h a room temperature. Then, to this red solution was added solid
K[AuCl4] (0.25 mmol, 0.0945 g), and the mixture was left to stir for 48 hiin the
dark. This resulted in a dight pink-coloured precipitate with accompanying

gold mirror which was difficult to separate. Yield: 0.1612 g.

Analysis (precipitate mixed with Au®): *°*Pt NMR, 107.5 MHz, DMSO: §-823
(corresponds to [PtCls(dmso)] "), -2953 ([PtCls(dmso)]*). *H NMR, 400 MHz,
CDCl3: 63.66 (s). MS[ESIT] found (expected), m/z: 203.88 (unidentified), m/z:
248.97 [AUCI(OH)]Y*, m/z: 300.97 [PtCl,(OH,)s], m/z: 338.84 [H,AuCl,*,
m/z: 372.80 [H3PtCls], m/z: 430.76 [HgPtClg(OH.)]*, m/z: 897.57 ([K (18-
crown-6)] [ AuCl,(OH2)Hg])®, m/z: 908.5 ([K (18-crown-6)],[AuClo(OH,),])*,
m/z: 916 ([K (18-crown-6)] ] AuCI(OH.)sHg]). IR (vec): 325 cm™ corresponds

to [PtClg)*. AAS metal ratio, found (expected): 1 : 2.13 (Au : Pt). The filtrate
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resulted into pale yellow crystals on standing. Yield: 2 mg. The crystals were

not suitable for X-ray diffraction yet they were analysed.

Analysis (crystals from filtrate): Elemental, found (expected): C 23.75, H 3.99

% (C 23.83, H 4.00 % corresponds to [K(18-crown-6)],[ PtoClg]).

B.13  Attempted preparation of [K(18-crown-6)][Cl.Pt(u-Cl),AuCl;] in

acetic acid : water (1: 1v/iv)withPt: Au(1: 1)

Ko[PtCl4] (0.25 mmol, 0.1038 g) was dissolved in water with stirring. To this
red solution was added [18-crown-6] (0.78 mmol, 0.208 g) with continuous
stirring and the mixture was left to stir at room temperature for an hour. Then,
to this mixture was added solid K[AuCl,] (0.25 mmol, 0.0945 g) and the
contents of the flask were stirred at room temperature for 48 h in the dark. This
resulted in a beige-coloured precipitate, which was filtered, washed with water
(2 cm®), EtOH (4 cm?), Et,O (4 cm®) and then dried under vacuum for 48 h.
Yield: 0.2652 g. Analysis (precipitate): Elemental, found: C 23.77, H 4.02 %,
overall calculated concentration value is 4.19 ppm for Pt"Y and 6.55 ppm for
Au. Pt NMR, 10749 MHz, DMSO (dry): & -823 corresponds to
[PtCls(dmso)]*. *H NMR, 400 MHz, CDCls: & 3.72 (), *H NMR, 400 MHz,
ds-DMSO: & 3.54 (s). MS[ESI], found (expected): m/z: 568.79 [Au,Cls]*,
m/iz. 64121 ([K(18-crown-6),CI)"", m/zz 719.22  ([K(18-crown-
6)].Cl(OH2)4He). IR (vmx str.): 325 cm™ correspond to [PtClg]®; 350 cm™
correspond to [AuCl,]*. AAS metal ratio, found (expected): 3.4 : 6.6 (Au : Pt)
(2 : 1 (Au : Pt) with respect to ratio used).Crystals suitable for X-ray

diffraction were obtained from concentrated solution of the precipitate in
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DMSO (dry) in an NMR tube by slow cooling process. They corresponded to

[K(18-crown-6)]-[PtCls]-2DMSO (yellow crystals).

Analysis (filtrate): **Pt NMR, 107.49 MHz, CHsCOOH : H,O(1 : 1): +533.92
[PtCls(OH,)]", -1512.138 [PtCl,)* and -2412.56 (Pt" species). The filtrate
obtained resulted into orange-coloured plates which were also analysed by X-

ray diffraction as [K(18-crown-6)][PtCls(OH,)].

B.14  Attempted preparation of [K(18-crown-6)][PtAuClg] in

H,0:CH3;COONa (1 : 3) withPt: Au (1: 1)

The salt CH3COONa (solid, 0.0524 mol, 4.30 g) was dissolved in water (9
cm®), until a clear solution was obtained (pH 9). Then, [18-crown-6] (0.814
mmol, 0.2152 g), was added and the mixture was heated until a clear solution
was obtained. The mixture was then cooled and K;[PtCl4] (0.25 mmol, 0.104
g) was added, and the contents were left to stir until the salt was completely
dissolved. The colour of solution was yellowish red after dissolution was
complete. To this solution was added K[AuCl,] (0.25 mmol, 0.0945 g),
contents were stirred under same conditions for 48 h in the dark. The colour of
final mixture was yellowish grey. From the mixture, a pinkish grey precipitate
was filtered off, washed with water, EtOH and Et,O followed by drying under
vacuum for 24 h. Yield: 0.082 g. Analysis (precipitate): Elemental, found
(expected): C 24.70, H 4.03 % (C, 25.23; H, 4.23 % corresponds to [K(18-
crown-6)][AuCl.], expected product). *H NMR, 400 MHz, (CD3),CO: & 3.66
(s). Colourless crystals were obtained from sample used for 'H NMR
spectroscopy. XRD (single crystals), (CHz),CO: colourless crystals correspond

with [K (18-crown-6)][AuCl]. IR: 350 cm™ (vau.ci) corresponds to [AuCl]".
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To the yellow solution obtained after filtration was added (BusN)CI (3 eqg.,
0.748 mmol 0.208 g) followed by stirring for 3 h a room temperature but no
precipitate resulted. Analysis (filtrate): Pt NMR, 107.49 MHz, CHsCOONa::

H20 (1 : 3): no peak was observed.

The above filtrate was then placed in the fridge for a few days which resulted
into needle-shaped colourless crystals. Yield: 0.395 g. Analysis (crystals from
filtrate): Elemental, found (expected): C 24.77, H 4.05 % (C 25.23, H 4.23 %
corresponds to [K(18-crown-6)][AuCl;]). MSESI], found (expected): m/z:
446.9 [AUCI(OH,)]", rest of the peaks were unidentifiable. XRD (single
crystals), CH3COONa : H,O (1 : 3): colourless crystals, [K(18-crown-

6)][AuCl,).

B.15  Attempted preparation of [K(18-crown-6)][Cl.Pt(x-Cl),AuCly] in

HCI (dil.) with Pt: Au (1: 1)

To a solution of HCI (conc., 1.62 cm®) in water (3 cm®) was added K[PtCl]
(0.25 mmol, 0.104 g), and [18-crown-6] (0.814 mmol, 0.2152 g); the contents
were left to stir for 1 h until dissolved to form a red-coloured solution. Solid
K[AuCl4] (0.25 mmol, 0.0945 g) was added and after a few minutes of stirring
the mixture solidified, therefore, water (3 cm®) was added to it, followed by
stirring the contents for 48 h at room temperature in the dark. Thisresulted in a
peach-coloured precipitate, which was filtered followed by washing with H,O
(2 cm®), EtOH (4 cm®), and Et,O (4 cm®). It was then dried under vacuum for a
few days. Yield: 0.1978 g. Analysis (precipitate): Elemental, found: C 24.93,

H 4.08 %. ***Pt NMR, 107.49, DMSO (dry): & +424 corresponds to [K (18-
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crown-6)][PtClg]. *H NMR, 400 MHz, de-DMSO: & 3.54 (3). IR (v-x): 325

cm (veea) [PEClel?, 350 cm™ (vawc)[AUClo]*.

The filtrate obtained was analysed. Analysis (filtrate): Pt NMR, 107.49
MHz, HCI (dil): §-2.6 corresponds to [PtClg)*. The filtrate resulted into very
fine creamy yellow coloured crystals in the fridge after a few days. Analysis
(crystals fromfiltrate): Elemental (crystals), found (expected): C 22.86, H 3.42

% (C 22.44, H 3.77 % corresponds to [K(18-crown-6)][AuCl,]).

B.16  Attempted preparation of [K(18-crown-6)][Cl.Pt(u-Cl),AuCly] in

water with Pt : Au (1: 1) 3 hreaction appendix

Ko[PtCls] (0.25 mmol, 0.104 g) was dissolved in water with stirring. To this
red solution was added [18-crown-6] (0.78 mmol, 0.208 g) with continuous
stirring and the mixture was left to stir at room temperature for an hour. Then,
to this mixture was added solid K[AuCl,] (0.25 mmol, 0.0945 g) and the
contents of the flask were stirred at room temperature for 3 h in the dark. This
resulted in a pale yellow precipitate, which was filtered followed by washing
with H,O, EtOH and Et,0. The precipitate was then dried under vacuum for 18

h. Yield: 0.1723 g.

Analysis (precipitate): Elemental found: C 22.91, H 3.87 %. **Pt NMR, &
107.49, DM SO (dry): +815. closely corresponds to [K(18-crown-6)],[PtClg].

IR (vmx): 350 cm™ (vaw.c) [AUCl5]Y, 370 cm™ (verar) [PECle]?.

Analysis (filtrate): **Pt NMR, & 107.49, H,0: -1602 close to [Pt,Clg]*; -2360

close to [PtCl,(OH2)4)* .

The approximate ratio of peaksof Pt" : Pt'"V was3: 1.
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B.17  Attempted preparation of [K(18-crown-6)][Cl.Pt(x-Cl),AuCly] in

water with Pt : Au (3: 2)

K,[PtCls (0.25 mmol, 0.104 g) was dissolved in water (6 cm®). To this
solution [18-crown-6] (0.814 mmol, 0.215 g) was added and it was stirred for
an hour. To this red solution was added solid K[AuCl4] (0.167 mmol, 0.063 g),
and the contents were stirred at room temperature for 48 h in the dark. A beige-
coloured precipitate resulted along with gold meta which was carefully
filtered, washed with water (2 cm®), EtOH (4 cm®) and Et,O (4 cm®). The
precipitate was then dried under vacuum for a few days. Yield: 0.1461 g.
Analysis (precipitate): Elemental, found: C 26.93, H 4.45 %, calculated overall
ratio of Pt" : Pt is 2.3 : 1. Pt NMR, 107.5 MHz, DMSO (dry): & -2953
corresponds to [PtCls(dmso)]* was the only peak obtained as the sample
produced crystals on standing in NMR tube of [K(18-crown-6)],[PtCl¢]. *H
NMR, 400 MHz, dg-dmso: & 3.54 (). IR (M-X str.): 325 cm™ corresponds to
(vera) [PtClg]?. Analysis (crystals from precipitate): Elemental (crystals),
found (expected): C 28.25, H 4.77 % (C 28.41, H 4.77 % corresponds to

[K(18-crown-6)],[PtClg]).

To the light yellow filtrate was then added (BusN)Cl which was stirred for 2 h.
This could not result into any precipitate. **Pt NMR, 107.5 MHz, H,O: no

peak was observed.
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B.18  Attempted preparation of Pt' butadiene type complex from PPh,*

complexes

General Preparation of (PPhg)[MCly] x = 4 or 6 mononuclear metal

complexes of Pt", Au"' and PtV

Ko[MCl,] (0.482 mmol, 'a’ g) was stirred to dissolve in water (5 cm®). To
this coloured solution was added another solution of (PPh,)Cl (0.964 mmol,
'b’ g, amount equivalent to K* ion concentration) in water (5 cm?®) followed
by stirring the contents for 10 min. This resulted into a precipitate which was
filtered and washed with water in excess followed by drying it under
vacuum for 48 h (for Pt"Y). In Pt" and Au"' complexes, the resulted solid was
pasty hence it was redissolved in CH,Cl,, dried over Mg,SO, followed
removal of solvent and then drying the resulted crystalline solid under

vacuum for 18 h (Pt" and Au'™).
(PPhy)o[PtCl4] (9)

Yield: 92% (0.442 mmol, 0.449 g). Analysis: Elemental, found (expected): C
56.51, H 3.97 % (C 56.76, H 3.97 %). *H NMR, 400 MHz, CD,Cl: § 7.63-
7.68 (m, 8 H), 7.79-7.84 (m, 8 H), 7.93-7.97 (m, 4 H). *C NMR, 100 MHz,
CD.Cly: 6 131.04 (d, Phimeta), 134.84 (d, Phorno), 136.05 (d, Phpaa). ‘Pt

NMR, 107.5 MHz, CD,Cl,: 5-1446 (3).
(PPhy)[AuCl4] (10)

Yield: 94% (0.497 mmol, 0.3372 g). Analysis: Elemental, found (expected):
C 42.24, H 3.02 % (C 42.51, H 2.97 %). *H NMR, 400 MHz, CD,Cl,: §

7.59-7.65 (m, =CH, 8 H), 7.74-7.78 (m, =CH, 8 H), 7.91-7.95 (m, =CH,
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4 H). °C NMR, 400 MHz, CD,Cl,: & 131.1 (d, Phmaa) 134.8 (d, Phortho),

136.2 (d, Phowa).
(PPhs)2[ PtClg] (11)

Yied: 65% (0.1445 mmol, 0.1571 g). Analysis. Elemental, found
(expected): C 52.94, H 3.74 % (C 53.06, H 3.71 %). *H NMR, 400 MHz, ds-
dmso: § 7.72-7.77 (m, =CH, 16 H), 7.79-7.84 (m, =CH, 16 H), 7.95-7.98
(m, =CH, 8 H). °C NMR, 100 MHz, dg-dmso: & 130.45 (d, Phnes), 134.54

(d, Phortno), 135.34 (Phpara). “°Pt NMR, 400 MHz, DMSO (dry): & +430 (9).

a. By using mono-nuclear metal complexes of tetraphenylphosphonium

cation i.e. Pt'" and Au'"

To (PPhu),[PtCl4] (9) (0.098 mmol, 0.100 g) in CH,Cl (2.5 cm®) was added
(PPh4)[AuCl,] (10) (0.098 mmol, 0.067 g) in CH.Cl, (2.5 cm®) mixture was
stirred at room temperature for 48 h in the dark. This resulted into an
orange-yellow coloured precipitate which was dried under vacuum for afew
days. Yidld: 7.5% (0.0074 mmol, 0.008 g). Analysis (precipitate),
Elemental, found (expected): C 47.02, H 3.40 % (C 53.06, H 3.71 %
corresponds to (PPhy)o[PtCle]). ***Pt NMR, 107.5 MHz, DMSO (dry): &
+430 (s) corresponds to (PPhu),[PtCle]. *H NMR, 400 MHz, ds-DMSO: &
7.72-7.76 (m, =CH, 8 H), 7.79-7.84 (m, =CH, 8 H), 7.92-7.98 (m, 4 H). **C
NMR, 100 MHz, ds-DMSO: 6 130.44 (d, Phines), 134.58 (d, Phorne), 135.36

(d, Phpara).

The orange filtrate was then recuperated and was analysed via Pt NMR.

The filtrate produced orange-yellow coloured crystals which were analysed
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via XRD hence corresponds to (PPhy),[PtCls]-2CH.Cl,. Yield: 6.9% (0.016
mmol, 0.014 g). Also, from the mixture of CH,Cl,/hexane two different
types of crystas were produced as yellow and pae yellow crystas i.e.
(PPh)o[PtCls] and (PPhs)[AuCls] respectively. Analysis (filtrate), *Pt
NMR, 107.5 MHz, CH.Cl,: 6 -1445 (s) correspond with (PPhy)o[PtCly].
XRD (single crystals), CH,Cl,/hexane: pae yellow crystals and yellow
crystals correspond with (PPhy)[AuCly and (PPhy),[PtCls] respectively.
XRD (single crystals), CH,Cl,: orange-yellow crystals correspond with

(PPhy4),[ PtClg]-2CHCl>.

b. By using mono-nuclear metal complexes of
tetraphenylphosphonium cation i.e. Pt'' and Au'" with hex-1-ene

To the solution of (PPhy),[PtCl4] (9) (0.0985 mmol, 0.100 g) in CH.Cl, (2.5
cm®) was added another solution of (PPhs)[AuCl,] (10) (0.0985 mmol, 0.067
g), in CH.Cl, (2.5 cm®) followed by stirring at RT in the dark for 48 h after
the addition of hex-1-ene (0.0986 mmol, 0.0083 g or 0.0123 ml). This
resulted into a yellow precipitate which was filtered off, dried under vacuum
for 18 h. (PPhy),[PtClg], Yield: 1.9% (0.0018 mmol, 2 mg). Analysis
(precipitate), Elemental, found (expected): C 48.395, H 3.283 % did not
corresponds to the expected product (C 53.06, H 3.71 % corresponds to
(PPh,)2[PtClg]). *°Pt NMR, 107.5 MHz, (CD3),CO: & +374 (s) corresponds
to [PtClg]*; +97 (s) (unidentified peak). *H NMR, 400 MHz, CD.Cls: &
7.61-7.66 (m, 16 H), 7.75-7.80 (m, 16 H), 7.91-7.95 (m, 8 H). *C NMR,
400 MHz, CD,Cl5: §131.1 (d, Phmea), 134.9 (d, Phortho), 136.15 (d, Phpara).
To the resulted yellowish-orange filtrate was added hexane is excess which

produced an orange coloured precipitate which was recuperated by filtrate
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and was dried under vacuum for 18 h. Yield: 0.034 g. Analysis (precipitate
from filtrate), Pt NMR, 107.5 MHz, CH,Cl,: no peak was observed. The
resulted filtrate was also placed at room temperature for crystallisation. The
precipitate obtained was recrystallised from CH,Cl,. XRD (single crystal),
CHCl,: yellow crystas, correspond with (PPhy),[PtClg]-2CH,Cl».

C. By using mono-nuclear metal complexes of
tetraphenylphosphonium cation i.e. Pt'' and Pt'Y with hex-1-ene

To the solution of (PPhy)o[PtCl4] (9) (0.0985 mmoal, 0.100 g), in CH,Cl, (2.5
cm®) was added another solution of (PPh,),[PtCl¢] (11) (0.0985 mmoal, 0.107
g) in CH,Cl, (2.5 cm®) which resulted into a suspension to which hex-1-ene
(0.0986 mmol, 0.0083 g or 0.0123 ml) was added and was stirred at room
temperature for 48 h in the dark. From the resulted mixture unreacted
(PPhy)o[PtClg] which was removed via filtration. Elemental, found
(expected): C 52.16, H 3.64 % (C 53.06, H 3.71 % corresponds to
(PPhy)o[PtClg]). To the resulted filtrate was added hexane in excess this
resulted into precipitate which was then filtered off and was dried under
vacuum for afew days. Yield: 0.0661 g. Analysis (precipitate from filtrate),
Elemental, found (expected): *H NMR, 400 MHz, CD,Cl,: §7.63-7.69 (m, 8
H), 7.78-7.83 (m, 16 H), 7.93-7.97 (m, 16 H), 1.7913 (s, broad, 24H), ©°C
NMR, 400 MHz, CD,Cl;: 6 131.07 (d, Phmea), 134.9 (d, Phortng), 136.11 (d,
Phoara), 117.5 (s, unidentified), 118.4 (s, unidentified). XRD (single crystal),
CD.Cl,: yelow coloured and colourless crystals corresponds to
(PPhy),[PtCl,4]) and (PPhy)CI-2CH.CI, respectively. XRD (single crystal),

CH2C| 2/hexane: (Pph4)2[ PtCl 4] .
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Chapter 3
Experimental

B.19  Attempted preparation of sodium triethyltetraamine-N,N',N",N""'-

hexaacetatoiridate(l11)palladate(l1)

HsTTHA (0.5 mmol, 0.2473 g), IrCl3.3H,0O (0.5 mmol, 0.158 g), K;[PdCl,]

(0.5 mmol, 0.1633 g) and NaOH (3 cm®, 1 mol dm™) were used.

To the brownish solution was added ethanol (ca 200 cm®), leading to a
brownish-yellow coloured precipitate, which was filtered and dried under
vacuum. A portion was dissolved in an ethanol/water mixture but no single

crystals were obtained.

Analysis: Elementa: found, C 20.61, H 3.11, N 5.15% corresponds to a
calculated overal ratio of Ir : Pd as2.08 : 1. MS[ESI'], found (expected): m/z:
787.0 [CigH2sIrN4OPd]; miz; 822.98 [CigH2ClIrN4OPd] (m/z: 788.01
[Ci1sH24rN4O1,Pd]; m/z: 822.98 C1gH24ClIrN4O1Pd). IR (v = cm™) 1744 (C=0

str.).

B.20  Attempted preparation of tetraphenyl phosphonium triethytetraamine-

N,N',N",N""-hexaacetatocobaltate(Il)rhodate(Ill) (PPha)y] Co,RN(TTHA)]

HeTTHA (0.5 mmol, 0.2472 g), RhCl3.3H,0 (0.5 mmol, 0.1318 g,), NaOH (3
cm®, 1 mol dm™), (PPhy)Cl (3.0 mmol, 1.123 g,) and Co(NOs),.6H,O (0.5

mmol, 0.1455 g).

The dark pink solution was precipitated with ethanol (ca 200 cm®). This

resulted into a deep pink coloured precipitate which was filtered and dried
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under vacuum. Yield: 0.29 g). The precipitate was re-dissolved in water to

crystallise the product but no crystals were obtained.

Analysiss AAS metal concentration (ppm), found: Rh 195 Co 5.56.
Elemental: found, C 26.13, H 4.62, N 6.84 % corresponds to a calculated
overdl ratio of Rh: Coof 1.9 : 1. MS[ESIT], found (expected), (mixture): m/z:
668.0 [C1gH26N4013RhCo] Y (m/z: 667.99 [CisH26N4O13RhCA]M). IR (v em™):

1636 (C=O str.).

B.21  Attempted preparation of tetraphenyl phosphonium
triethylenetetraamine-N,N',N",N""-heaxacetatonickelate(Il)rhodate(Ill),

(PPha),{ Ni,RNATTHA)]

HeTTHA (0.5 mmol, 0.247 g), RhCl5.3H,0 (0.5 mmol, 0.1317 g), NaOH (3
cm®, 1 mol dm?®), (PPh,)Cl (3.0 mmol, 1.123 g,) and Ni(NOs),.6H,O (0.5
mmol, 0.1454 g) were used. The solution obtained was precipitated with
ethanol (ca 200 cm®). Yield: 0.32 g. The precipitate was re-dissolved with

water but no crystals were obtained.

Analysis: AAS metal concentration (ppm), found: Rh 2.01, Ni 4.67. MSESI],
found (expected): m/zz. 667.0 [CigHsN4NiOsRh] (m/z:  666.99

[C18H25N4Ni013Rh]). IR (V Cm-l): 1636 (C=O Str.).
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B.22  Attempted preparation of tetraphenyl phosphonium triethytetraamine-

N,N',N",N""-hexaacetatochromate(Ill)nickelate(Il), (PPha)] NiyCr(TTHA)]

HeTTHA (0.5 mmol, 0.247 g), Cr(NO3)3.9H,0 (0.5 mmol, 0.200 g), NaOH (3
cm®, 1 mol dm™), (PPh,)Cl (3.0 mmol, 1.123 g) and Ni(NOs),.6H,O (0.5

mmol, 0.1454 g) were used.

The solution obtained was precipitated with ethanol (ca 200 cm®) resulting
violet-coloured precipitate. The precipitate was re-dissolved with water but no

crystals were obtai ned.

Analysis. AAS metal concentration (ppm), found: Ni 2.0, Cr 1.2. MSESI],
found (expected): m/z: 616.0 [CigHxsCrN4NiOs3] (m/z:  616.03

[C18H25CI'N4NiO]_3]). IR (V Cm-l): 1636 (C=O Str.).

B.23  Attempted preparation of tetraphenyl phosphonium triethytetraamine-
N,N',N"N'"-hexaacetatochromate(Ill)cobaltate(Il),

(Pph4)x[ CoyCrz(TrHA)]

HsTTHA (0.5 mmol, 0.247 g), Cr(NOs3)3.9H,0 (0.5 mmoal, 0.200 g), NaOH (3
cm®, 1 mol dm™), (PPhs)Cl (3.0 mmol, 1.123 g) and Co(NOs),.6H.O (0.5

mmol, 0.1455 g) were used.

The violet solution was precipitated by ethanol (ca 200 cm®). Yield: 0.36 g.

The precipitate was re-dissolved with water but no crystals were obtained.

Analysis: AAS metal ratio (ppm), found: Cr 1.2 and Co 2.2. MS[ESI'], found

(expected) m/z: 599.0 [C]_sH24N40lzchO]_l (m/z: 599.01 [C13H24N4O]_2CI’CO]_
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1), m/z; 617.0 [ClgH26N4013CrC0]'1 (m/z: 617.02 [C13H26N4O]_3CI'CO]_1). IR (V

cmh): 1636 (C=0 str.).

B.24  Attempted preparation of tetraphenyl phosphonium triethytetraamine-

N,N',N",N""-hexaacetatocuprate(Il)rhodate(Il), (PPha)] CuyRh(TTHA)]

HeTTHA (0.5 mmol, 0.2472 @), RhCl3.3H,0 (0.5 mmol, 0.13175 g),
Cu(NOs),.2.5H,0 (0.5 mmol, 0.1163 g) and NaOH (3 cm®, 1 mol dm™) were

used.

The green solution obtained was concentrated to 15 cm® followed by
precipitation with ethanol (ca. 200 cm®) and was placed at low temperature (5
°C) for crystalisation. This resulted into yellow-coloured, needle-shaped
crystals which corresponds to (PPhy)[Rho(TTHA)(CI)] via unit cell X-ray

anaysis.

Analysis: AAS metal concentration (ppm), found: Rh 2.7, Cu 12.8. MS [ESI ],
found (expected): m/zz 6720 [CigH2eN4O13RNhCU] (m/z:  671.99

[C18H25N4013RhCU]). IR (V cm'l): 1636 C=0 (Qr).

B.25  Attempted preparation of tetraphenyl phosphonium triethytetraamine-

N,N'.N",N'""-hexaacetatoferrate(Ill)platinate(Il), (PPhs)[ FEPt(TTHA)]

K,[PtCl4] (0.125 mmol, 0.051875 @), HeTTHA (0.125 mmol, 0.0618 @),
Fe(NO3)3.9H,0 (0.125 mmol, 0.05048 g), NaOH (0.75 cm®, 0.25 mol dm™),

PPh,Cl (0.75 mmol, 0.28086 g) were used.

HeTTHA (0.125 mmol, 0.0618 g) was dissolved in water (3 cm®) at 100 °C via

stirring. To it was added another solution of K;[PtCl,] (0.125 mmol, 0.0519 g)
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in water (1 cm®), followed by heating the contents of the flask a 60 °C
(reduced from 100 °C) to avoid decomposition of Pt salt. The reaction was
carried out under N, atmosphere. After 4 h of stirring at 60 °C, NaOH (0.75
mmol, 0.030 g) solution in water (1 cm®) was added. The contents were again
stirred for 10 min. Then, to these contents was added Fe(NO3)3.9H,0 (0.125
mmol, 0.0505 g) in water (1 cm®), and the mixture was refluxed for 1 h. To the
resulting solution was added an agueous solution (1 cm®) of PPh,Cl (0.75
mmol, 0.281 g) and the contents were stirred for 10 min. An orange-coloured
precipitate resulted which was filtered and dried under vacuum. The precipitate
was re-dissolved in water and was placed a room temperature for
crystallisation. The crystals obtained were feathery and were not suitable for

single crystal X-ray diffraction.

Analysis: MS[ESI], found (expected): m/z: 776.0 [CigH2sN4O12FePtCl] (m/z:

776.0 [ClgH25N4012FePtCI ] ) .
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