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Summary

The development of novel ligands for the complexation of transition metal ions in
inorganic chemistry is a rapidly developing field of study. The broad objective of this work is to
design novel tripodal transition metal based receptors of (TPA) frame work which can act as
hosts for small molecules (guests) e.g. fluoride and succinate. In addition, investigation into the
co-ordination chemistry of those receptors with first row transition metals were explored uéing
variety of characterizing tecimiques such as: Infrared Spectroscopy (IR), Electronic transitions
(UV-Vis), Mass Spectrometry (MS), Nuclear Magnetic Resonance (NMR), Cyclic voltammetry

(CV) and Single Crystal Diffractometer (X-Ray).

Mono, Bis and Tris thiourea tripodal ligands have been synthesised and their co-
ordination chemistry has been investigated (chapter 2, 3 and 4) as well as the binding studies of

the bisthiourea (chapter 3) to bind: fluoride and succinate using 'H NMR ftitration technique.

The co-ordination chemistry of TPPA with some first row transition metals has been
studied and it was expected to show high affinity for seven coordination sphere and indeed it has

shown strong preference for mono capped octahedral geometry (chapter 5).
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Chapter 1: Introduction and Background Theory

Introduction

While I am writing my thesis I am certainly breathing taking in dioxygen from the atmosphere
and using it for the essential process of respiration through its interaction with the iron atoms
present in haemoglobin. Co-ordination chemistry becomes an important field of inorganic
chemistry, especially its role in biological aspects. Sodium, potassium, magnesium, calcium,
vanadium, chromium, molybdenum, manganese, iron, cobalt, nickel, copper and zinc are
essential for plants, animals and are present in the human body. It has been said that life is
organic, life is inorganic too.

There is much interest in the design of host molecules for anionic species.'? Anion receptors
based on metal centres are a well established class of anion binding compound. The design of
new molecules that can specifically host a given guest remains a significant challenge and
numerous approaches have been undertaken. One possible application may be in analytical
applications by coupling to a sensing moietyH or via dye displacement.” Another potenﬁal
appiication is the chemical activation of guests upon binding leading to catalytic behaviour.® The
design of host molecules ranges from purely organic species with a well defined array of
hydrogen bond donors, to co-ordination compounds which not only contain hydrogen bond
donors but also have a metal centre which can enforce geometry and give the host a positive
charge. We are interested in developing the chemistry of tripodal tris pyridine ligands® and
investigating the co-ordination chemistry of the resulting ligands. One framework of interest is
the tris(2-pyridylmethyl)amine (TPA) framework.'® Typically the ligand has been shown to have
a strong preference for five co-ordinate trigohal bipyramidal geometries with the ﬁee pyridyl
donors taking equatorial positions and the axial donors being the bridge-head nitrogen donor and
one additional monodentate ligand. The 6-position of the three pyridine rings in TPA may be

systematically substituted with a variety of derivatives. Such derivatives have been extensively
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studied, with much attention being given to the tris (6-amino-2-pyridylmethyl) amine (TAPA),
its bis and mono functionalised analogues (BAPA and MAPA)“’ 12 and the alkylated derivatives
of these ligands13 as well as the analogous tertiary butyl amides (TPPA, BPPA and MPPA).l4 In
the trigonal bipyramidal metal complexes of these ligands, it was shown that strong H-bonding
can exist between the NH groups in the 6 position and a monodentate guest ligand co-ordinating
to the vacant axial position of the metal. In fact, even in octahedral Fe(III) complexes, similar
hydrogen bonding has still been observed.!® This hydrogen bonding has been found to greatly

modify the stability of the guest-host complex and also modify the reactivity of the guest. %1316

21 Also, it may modify the redox behaviour of the metal centre.?!"?

A co-ordination compound (complex) is the product of a Lewis acid-base reaction in which a
central atom surrounded by neutral molecules possessing lone pairs of electrons or anions
(ligands) forming co-ordination covalent bonds. Such compounds could be characterised using
different methods such as: Mass spectrometry, Infrared spectroscopy, Nuclear magnetic
resonance spectroscopy, UV-Vis spectroscopy, Elemental analysis and perhaps the most
important method “X-ray crystallography” where a solid state of the molecular structure is
provided.

In this first chapter, some of those physical techniques will be discussed as well as the topic of
shape mapping. In addition, the history of tris(2-pyridylmethyl)amine (TPA) is reviewed. The
idea of guest-host molecules will be highlighted as well, to give the reader an overview

regarding supramolecular chemistry; its definition, classifications, interactions methods and

some real examples of cation and anion binding into some common guests.
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Physical Techniques

Electronic transitions (UV-Vis)

Ultraviolet and visible radiation (UV= 200-400 nm, visible = 400-700 nm) interacts with matter
which causes electronic transitions (promotion of electrons from the ground state to higher
energy state).”* Those transitions are controlled by selection rules. For example, d-d transitions
are weak because of one or more of the following rules are not applied:

1- Spin rule: only one electron is involved in any transition; transitions are allowed when there is
no change in the spin multiplicity (i.e. AS=0) of the ground and excited states.

e.g. Ti’", d' octahedral, € ~ 10M'cm™ (spin allowed).

e.g. Mn**, d° high spin Oh, € [ 1Mcm™ (spin forbidden).

2- Laporte rule: in a centrosymmetric system allowed transitions are only between orbitals of
different symmetry, i.e. u—>g, g—>u.> Al= 1 rule: only transitions that involve a change in the
orbital angular momentum quantum number (1) of 1 are allowed, but transitions within the same
sub-level are forbidden, i.e. s—p, p—>d allowed; d—d, f—>f forbidden.

Fully allowed electronic transitions such as the 7—= transitions of aromatic organic compounds
have molar extinction coefficients of 10*-10° 1.cm™.mol™. At the other extreme, Laporte and spin
forbidden d-d transitions in centrosymmetric molecules, such as the crystal field spectra of
octahedral manganese (+2) species may have intensities of the order of 102-107 lL.cm™.mol™.

Molar extinction coefficients for various types of complexes are given in Table.1 26
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Table 1: Molar extinction coefficients for various types of complex”

Molar Extinction

Coefficients (Lcm™.mol™) Type of Transition Type of Complex Example
| Spin forbidden Many octahedral and tetrahedral complexes of d*
10°1 Laporte forbidden ions Mn(H;0)] "
Spin forbidden Tetrahedral complexes of d* ions with intensity 2
Laporte forbidden stealing [MnBr,J"
1-10
uigr"":;mﬁdm Tonic six coordinate molecules [Ni(H:0)]"
Spin forbidden . [FeBr.J
idd Certain of the more covalent transiti tal
porte forbi tetrahedral complexes of the d* ions 3rd row ition
complexes
10-10?
Spin allowed . . - . .
1 . Six coordinate molecules with intensity stealing "
forbidden complexes with organic ligands [PACL]
Spin allowed Tetrahedral complexes ,
Laporte forbidden certain six coordinate molecules of low [NiCL]Y?, (2-picoline),Co(NOs),
symmetry,
2.
10%10° many square complexes particularly with
Spin allowed organic ligands
Laporte allowed Some MLCT bands in molecules with -
unsaturated ligands,
some forbidden charge transfer bands
10%-10* hig:ea;m:ddm Asymmetric complexes with covalent ligands acac, soft ligands P, As
Spin allowed Many charge transfer absorptions.
10°-10° Laporte allowed Electronically allowed transitions -
in organic species

For co-ordination compounds there are three main types of electronic transition which can be

considered:

1. Ligand spectra: Transitions involving electrons between orbitals on the ligand (n—=", n—n").

Typical, unless a ligand has an extended 7 system, these transitions occur at high energy and are

more intense than other transitions observed for co-ordination compounds.
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2. Charge transfer transitions: Transitions involving movement of electrons from L to M, M
to L. Many inorganic species show charge-transfer absorption and are called charge-transfer
complexes. These involve a temporary movement of an e from M—L or L—>M. These
transitions are much more intense compared with the forbidden d-d transitions as they are spin
allowed and Laporte allowed; the molar extinction coefficient for charge-transfer absorptions are
large (10%-10* L mol” cm™). Examples include MnO;” (LMCT) and [Ru(bipy);)** (MLCT).?’
Typically, these transitions occur at intermediate energy, between those of the n—n ligand
transitions. In addition, they also are of an intermediate intensity. In general, their energy may be
related to the ease of oxidation/reduction of the metal centre.

3. d-d transitions: Transitions of electrons within the d orbitals, or within f orbitals (d-d, {f-f). In

order to discuss d-d transitions, a crystal field theory ' : H
should be clarified. A representation of the d orbitals oy oy s
is shown in (Fig.1). In the absence of any ligands

d de dy

around the metal, the energies of all five d-orbitals

y z
of a transition metal are degenerate. The presence of
ligands will result in an increase in the energy levels x
of all these orbitals. This will result in the removal

4.2 4z

of the degeneracy, because some ligands and )
Figure 1: The shape of the d-orbitals.

orbitals will interact more strongly than others. The most common geometry encountered in
transition metal chemistry is based on octahedral symmetry with the six ligands lying along the
X, ¥, and z axes. In this arrangement the greatest interaction will be between the ligands and the
metal d,‘z-,,2 and dz2 orbitals since these orbitals have their maximum electron density along the x,
y, and z axes. The dyy, dxz, and dy, orbitals have their electron density maxima lying between the

axes and so interaction between these orbitals and the ligands will be less. The presence of six

octahedrally coordinated ligands therefore results in two sets of orbitals, one triply degenerate tyg
6
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and the other doubly degenerate e,. The sets of orbitals are separated by an energy gap labelled
as A,. The ty, orbitals are stabilised by 2/5 A, and the e orbitals destabilised by 3/5 A,. This
splitting of the orbital energy levels is referred to as crystal field splitting. By multiplying the
number of electrons in each orbital and its relative energy, expressed as A,, the CFSE is
obtained. There are many factors affecting A, such as the nature of the ligand and the strength of
both ¢ and = bonding. Although the octahedral arrangement of six ligands around a metal centre
is the most prevalent for transition metal complexes, tetrahedral and square planar geometries are
also fairly common. The spliﬁng diagram and energy level for some common geometries are

shown in (Fig. 2).

124 —
114 %
1.0
09 - —
0.8

0.7_. —
d
0.6 2 —_—

0.5 - dp dp o | ___
0.4 -
0.3
0.2 -
0.1 e xy “xz yz

oo
-0.1
0.2 -
—0.3
s % il gl pa—
0.6 d d 7 xz ¥z dz dyz dzz

Energy/A

0.7
-1

Square Trigonal Square Octahedral | Pentagonal Square Tetrahedral
planar bipyramidal  pyramidal bipyramidal antiprismatic

Figure 2: Crystal field splitting diagram for some common fields; splitting are given with respect to Ao

Initially, one might think that the number of observed d-d transitions directly relates to the

splitting of the d-orbitals in the applied ligand field.
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Crystallography (X-Ray)

The main purpose of crystallography is to determine the atomic structure of crystalline solids
giving information about the location and type of atoms, bond distances, local environment and
absolute configuration. Although the crystal structure represents compounds in the solid state
and tell us little about compounds in solution.” Knowing the structure is extremely important
when trying to understand certain chemical and physical properties. X-rays are electromagnetic
radiation with wavelengths between about 0.02 A and 100 A. Because X-rays have wavelengths
similar to the size of atom in molecules they are useful to explore through diffraction patterns
within crystals. The geometry of a crystal is specified by 3 lengths and 3 angles which define the
unit cell. Another basic principle is called point group which is the collection of all symmetry
elements passing through a central point, describing the symmetry of an individual object. There
are 32 point groups. The collection of all symmetry operations for a crystal structure is known by
space group. It consists of a combination of letters and numbers, indicating the symmetry
pres;:nt. There are 230 space groups.3° A unique part of the structure which may have one
molecule or more or a fraction of a unit cell is called the asymmetric unit. Operation of
symmetry except for pure translation generates the unit cell, and then operation of translation
symmetry generates the complete crystal structure. Space groups and crystals are divided into 7

crystal systems according to their point groups (Table 2).29

Crystal system Unit cell edges Unit coll angles

Cubic a=b=c a=pB=y=90°
Hexagonal a=bszc a=p=90°1=120°
Rhombohedral a=b=c o=p=y=90or 120°
Tetragonal \ a=bzc¢c a=B=y=90°
Orthorhombic azb#c a=B=y=90°
Monoclinic azbzc o=y=90°p #90or 120°
Trichinic azb=zc a=B#y=90or 120°

Table 2: seven crystal systems
10
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Single Crystal X-ray Structure Analysis

The over-all process of structure analysis is outlined in the diagram below. The principal
operations are:

1- Crystal Growth, Selection and Mounting: For most analyses, only one crystal is used, so it is
important that it should be of excellent quality and representative of the whole sample. The
crystal is the primary source of information for the analysis, and all else is influenced by its
quality. This is the last chance that the analyst has to experimentally influence the analysié.
Crystals can be delicate, so should always be handled with care. Effort spent in choosing a

good crystal will almost certainly be repaid later.

Diagram of a Typical Crystal Structure Analysis
Pre and ; Coll ) P
[Em.,:::'&mjﬁ[ it Duta ]‘[ Do Dot ]
Deri d Valida d Refine Crystal Solve Crystal
[m;,:;:m]h{ Bl Jﬁ[ “fine e ]ﬁ-[ v Covet ]
o i e— e |

2- Crystal Characterisation and Data Collection: Modern instruments are supplied with
excellent software able to determine the unit cell and some measures of crystal quality from very
short experiments. Even so, the cautious analyst will look at the diffraction image carefully, and
verify that the proposed unit cell does indeed predict all the diffraction spots. However, even if

only low quality crystals, cracked, split, twinned, or otherwise flawed, are available, it may be

11
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possible to use them to obtain an indicative analysis, which although un-publishable, would be
adequate to settle some chemical issue. This also is largely automatic with modern machines.
The diffraction pattern is the first step in data collections
processes which tells us:

a) Geometry of diffraction pattern (positions of spots, directions

of diffracted beams) is related to unit cell (lattice) (Fig. 5).

b) Symmetry of diffraction pattern is related to symmetry of
crystal structure (space group). Figure 5: Example of a diffaction pattern

c¢) Intensities: of diffraction pattern are related to the nature and positions of atoms within the
asymmetric unit.

3- Space Group Determination: Again, modern software gets the best true answer more often
than not, but most analysts will come across marginal cases where insight and experience will
help resolve ambiguous or ill-determined situations.

4- Phasing the Diffraction Data: Because diffraction is an interference phenomenon the
emergent beams have both an amplitude and phase. The amplitude is quite easily measured. The
phase is effectively un-measurable except with considerable effort, if both the amplitude and
phase are known, the continuous electron density throughout the crystals could be computed. Be-
tween 1930 and 1960 phases could only be derived indirectly by proposing structural models, and
back calculating the structure factors. The Patterson method, particularly for structures with a
single "heavy" atom, was the most successful procedure. However, from the 1950's onwards,
techniques were developed for estimating the probable values for the phase angles diréctly from
the measured intensities Direct Methods. These techniques have matured into programs which

can usually yield recognisable solutions for structures containing up to several hundred atoms in

the unit cell. These programs are the key to modern structure analysis.

12
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5- Refinement: Direct Methods gives approximate phases, which can be used in a Fourier
synthesis to yield an approximate atomic structure. Further Fourier syntheses may improve the
model, but eventually the atomic coordinates are refined by the method of Least Squares. This is
an iterative process in which the atomic coordinates are adjusted to minimize the difference
between the observed-structure amplitudes and ones computed from the model. Refinement can
be éxtremely trivial and almost automatic, but in a large percentage of cases there are small (or
large) problems which will require careful attention and experience.*!

6- Validation, Evaluation, Publfcation and Archiving: Eventually the model is evaluated in order
to assess the probability that it is correct. Two kinds of validation are generally involved. One
simply looks at various mathematical properties of the model, and is suitable for detecting gross
problems. The other is more subjective, and involves assessing the chemical/physical features of
the model. A validated structure ought to be published, or failing that, at least archived in a
public place for the benefit of crystallographers. The International Union of Crystallography has
devised a file syntax to help with publication and archiving - the "cif" format.** For small
organic and organometallic materials, the most common archive is the Cambridge Structural
Database (CSD)*® which is well established together with good tools for accessing it. Access to

the CSD is by subscription. Recently a "public domain" archive has been formed, the

Crystallographic Open Database (COD).’ ‘

13
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Eventually the rate depends on the diffusion of reducible species — a slow process. This explains
why, for the forward scan, there is a peak with a maximum current. On the reverse scan, there is
a large amount of reduced species close to the electrode surface. This is then oxidised back to the
starting material, provided the reduction is reversible. For reversible redox processes, therefore,
the peaks are often a mirror of each other. A typical cyclic voltammogram is shown. E;, and Ej,c
are the pdtential values at the maxima. iy, and ipc are the peak heights, or the respective currents
for the oxidation and reduction processes. Reversibility is an important concept in CV. For a
reaction to be considered to be reversible, the redox system needs to be able to maintain
concentrations of the reduced and oxidised forms, and form an equilibrium at the electrode
surface®. For a truly reversible process, the difference between the peak potentials, AE, = E\c —
E;a, is equal to 59/n mV, where n is the number of electrons transferred per molecule. If a
process is reversible, it is said to be Nernstian. It therefore follows the Nernst equation:
E =E° - (RT/nF) In([R)/[O])

E° is the formal reduction potential; R is the gas constant; T is the temperature; F is the Faraday
constant; [R] is the concentration of the reduced form; and [O] is the concentration of the
oxidised form. For a reversible system, E° can be estimated as the average of the peak potentials,
and is then often referred to as Eip: Ein= (Epa + Eyo)/2
Peaks can shift further apart on increasing the scan rate of the potential sweep. This means that
the process is quasi reversible. Totally irreversible systems have peaks that do not overlap at all.
Some systems are chemically irreversible — these have no return peak at all, as the reduced
species cannot be oxidised back to its original state. For reversible systems, the scan raté can also
affect the peak heights. This is expressed by the Randles-Sevcik equa’cion:37

i, = (2.69 x 10*)n**AD,"*v"*C,
The current is given as amps; A is the electrode area (cm?); D, is the diffusion coefficient

(cm?/sec); v is the scan rate (V/sec); and C, is the bulk concentration (moles/cm®). It can be seen

15
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from the equation that the current is proportional to the square root of the scan rate. Quasi
reversible systems do not have this relationship. For a completely reversible system, the values

of ipc and iy, should be identical. It can therefore be written that: ipa/ipc = 1.

16
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Shape Mapping

For a coordination chemist, the geometry around a metal is important; donor atoms take different
positions around the metal to reduce electronic repulsion, if possible. By looking to any given
structure in 3 dimensions you cannot be certain of predicting the geometry of the structure! By
using the programme SHAPE vl.1b, it is easy to confidently calculate the most fitting
description of the geometry of a given crystal structure. This programme uses the concept of
continuous shape measures (CShM), which provide quantitative parameters and can be used to
calculate the deviation of geometries from the ideal shapes.*® First, a reference shape needs to be
found. The search requires optimization with respect to size, orientation in space and pairing of
vertices of the reference and example structures. A comparison is therefore made using the
formula:

SP(R) = (ZNk=1 qk2 )/N * 100

SP(R) is the shape measure, gk is the distances between the ideal and actual positions, and N is
the normalisation factor, making the results size independent.’* The equation gives a result

between 0 (no deviation) and 100, allowing a gauge of the structural distortion.

17
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Scatter plots have been constructed for shapes with the same number of vertices. These shape

maps, along with the results from the computer 1o

programme, give an indication of the distortion 8

pathway that the shape is most likely to o ©
]
L ]

undergo. The shape map for 5-coordinate

geometries is included in (Fig. 8). By using the 2

values given for trigonal bipyramidal and 0

s(TepY)

square planar geometry, the most likel
q P g Y Y Figure 8: Shape map for 5-coordinate geometries

distortion pathway the crystal structure follows

can be derived by where on the shape map the geometry lies. The Berry distortion can be seen as
the minimum distortion pathway — the route between ideal trigonal bipyramidal (TBPY) and
square planar (SPY) geometries. The dotted line shows the transition from trigonal bipyramidal
to vacant octahedral (VOC) geometries: the pseudo-Berry path. Umbrella and pyramidalization
pathways are also marked. These are

L“\
s
illustrated in (Fig. 9). Using the values of ;.* —>

SP(R) generated from the programme for

'-

trigonal bipyramidal and square planar, the

position of the tested geometry can be found

on the scatter plot. This gives an indication of
the distortion pathway followed.

Another, more shape simple, shape
determining method is the Reedijk

parameter.*® This considers the degree of

TBPY and SPY geometries in the complex

Figure 9: Distortion pathways 5-coordinate geometries

18
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and the two largest angles: ¢ and @. The parameter is then calculated via the equation:

7= (0 — ®)/60. A value of 1 denotes trigonal bipyramidal and 0 denotes square pyramidal. The
parameter therefore gauges roughly where the geometry is along the Berry distortion pathway.
Unfortunately, this approach does not consider the vacant octahedral geometry and the angle .
The approach therefore does not account for the Pseudo-Berry or Umbrella distortion pathways.

While useful, this method clearly has some limitations.

19
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Ligands classes

Monodentate ligand is a ligand which forms only one bond with the central atom. Bidentate
ligand has two points at which it can attach to the central atom. Bidentate ligands are often
referred to as chelating ligands. Hexadentate ligand has 6 lone pairs of electrons, all of which can
form co-ordinate bonds with the same metal ion. The best example is EDTA. Macrocyclic
ligands are polydentate ligands containing donor atoms either incorporated in or, less commonly,
attached to a cyclic backbone. As usually defined, macrocyclic ligands contain at least three
donor atoms and the macrocyclic rings typically consist of a minimum of nine atoms.*! Although
the number of possible complex ions and compounds formed in aqueous solution is very large,
there are two generalizations which allow the prediction of the most likely complexes to form a
complicated mixture of metal ions and ligands.

1. Chelate Effect: Chelate ligands form more stable complexes than analogous monodentate
ligands e.g. ethylene diamine and ammonia.

2. Macrocyclic Effect: Macrocyclic ligands form more stable complexes than chelate ligands.*
Stability follows the order Macrocyclic > Chelate > Monodentate because of the strength of the
interaction between such ligands and metals because of thermodynamic consideration, entropy
and enthalpy which are related to the stability constant and the change in free energy by this

equation: AG = -RT InK= AH-TAS".*?

20
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Tripodal Tetradentate Triamine ligands

Tripodal tetradentate triamine ligands contain a tertiary N atom bonded to three arms, each of
which contains an N-donor atom, via at least one methylene group on

each arm, and generally bind to a single transition metal or lanthanide X

ion using all four N-donor atoms. Tetradentate tripodal ligands have / \
the general structure depicted in (Fig. 10) and consist of a central vy v ‘

Y
donor atom X attached to three arms, each of which also contains at

Figure 10: General structure of
least one methylene group and a donor atom Y. A large number of 2 tetradentate tripodal ligand
such ligands contain identical sets or combinations of the donor atoms N, S, O and P. The
ligands can differ both in the lengths of the arms and in the nature of the N donor atoms on each
arm and there are at least 54 such ligands (not including their alkylated and substituted
derivatives) known, the majority of these ligands have been prepared only in the last 20 years
and much of their coordination chemistry remains to be explored in detail. As is the case with
many organic ligands, most tripodal tetraamine ligands are known by an abbreviation, usually of
three or four letters, nominally derived from the full name of the ligand. While this is convenient,

this is an unsatisfactory situation and ideally a systematic abbreviation system should be

developed.'
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Tris(2-pyridylmethyl)amine (TPA)

R SN TPA was first prepared by Anderegg and Wenk in 1967 from the

"" F reaction of 2-(aminomethyl) pyridine with two equivalents of 2-

AN N (chloromethyl) pyridine in aqueous solution.** Derivatives of TPA
N NG substituted on either the pyridine rings or at a methylene carbon

Ry

= can be prepared by adaptation of this method and use of the
appropriately substituted starting materials. Particular interest has centred on the synthesis of
TPA derivatives having substituents at the 6-positions of the pyridyl rings. TPA is one of the
most studied tripodal tetradentate amine ligands with complexes of all first row metals except Ti
having been reported, along with most second and third row metals, as well as the majority of
lanthanide ions.'® Tables 3 and 4 show the known 6-substituted TPA derivatives and structurally

characterized complexes.
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Table 3: Known 6-substituted TPA derivatives

Br
4-(benzo-18-crown-6)

CeHs

R1 R2 R3 References
F F F s
Br Br Br 46
NH, NH, NH, i
NH-CH,-CMe, NH-CH,-CMe; NH-CH,—CMe; 4
NH-C(0)-CMe; NH-C(0)-CMe; NH-C(O)-CMe; 1
COOH COOH COOH 9
C(O)Net, C(O)NEt, C(O)NEt, 49
CH,OH CH,OH CH,OH 50
(4-H,OCH,CH,0Me)C¢H, (4-H,0CH,CH,OMe)C¢H,  (4-H,OCH,CH,0Me)C¢H, %
CeHs CeHs CeHs 3t
Me Me Me 52
Br Br Cl 6
Me Me C¢H; 33
Me Me CH,0H 34
NH, NH, H 5
3,5-Me,C¢H; 3,5-Me,CsH; H 3
NH-CH,-CMe; NH-CH,-CMe; H 57
NH-C(0)~(2-CoHy) NH-C(0)2-CioHy) H %
CH,OH CH,OH H %
NH-C(0)-CMe; NH-C(0)-CMe; H >
Br Br H 46
CeHs CeHs H %
Me Me H 52
NH, H H el
CeHy(2-NH-SO-(4-MeC¢H,)) H H 62
2,5-(HO),C¢H; H H ﬁ 6
2,5-(0~(2-CsHy0))2C¢H; H H 6
2,5-(Me0),C¢H; H H 6
2-HOC¢H, H H 33
2-DC¢H, H H 33
3-(OMe)C¢H, H H 33
3-MeCgH, H H 33
3-CIC¢H, H H 3
3-F;CC¢H, H H 33
3-0,NC¢H, H H 33
4-OMeCgH, H H 64
NH-CH,CMe; H H 57
NH-C(0O)CMe; H H 57
CH,CI H H 0
CHO H H 0
CH,OH H H 50
(4-OCH,0CH,CH,0OMe)C¢H, H H 4
cl H H a6

H H

H H

H H

H H

Me
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Table 4: Structurally characterised [M(TPA)X]"* complexes

M X References
Cu2+ CN- 66
Cu2+ C]- 67
c®  Cr o8
012+ M CCN 69
Cu®  MeCN ‘9
Co®* Cr 0
Cu2+ F 71
Co®* Cr

Zn* Cr

Zn**  C6H5COO

Cu¥*  C6H5C(0)COO ™
Cu?* OH, 75
H gz+ cr 76
Co** MeCN

Q¥ ONO s
Zn*  (p-NO,C¢H,0), PO,

G CON 80
Fe**  2,4,6-Me;CgH,S 8
cu*  NOy ™
n* Cr 82
Zn2+ I 83
Cu** Br 82
cut Cr u
Fe** Cr 8
Ru?*  CI, DMSO, PF¢ %

24



Chapter 1: Introduction and Background Theory

Guest-Host Molecules

The field of supramolecular chemistry has been defined as ‘chemistry beyond the molecule’
investigating new molecular systems in which the most important feature is that the components
are held together by intermolecular forces not by covalent bonds.®’” In 1894 Emil Fischer
described guest-host molecules by the ‘lock and key’ principlé.88 In another words the size,
shape and position of the binding sites within the active site should be ideal for specific substrate
recognition. There are a number of interactions that hold molecules together to be
supramolecixlar compounds:

1- Electrostatics (ion-ion, ion-dipole and dipole-dipole): attraction between opposite charges.

2- Hydrogen bonding: directional nature and precision.

3- = -m stacking interactions: occur in aromatic rings (face-to-face or edge-to-face).

4- Dispersion forces (Van der Waals forces): dipoles in the electron clouds interact favourably.

5- Hydrophobic effects.

These forces can be used individually, but more often than not, all are used to maximize the
selectivity of the receptor and increase the strength of the complex formed.® The strengths of
many of the non-covalent interactions are éenerally much weaker ranging 2 kJmol ' for
dispersion forces, through to 20 kJmol™ for a hydrogen bond to 250 kJmol™ for an ion-ion

interaction, while the bond energy of a typical single covalent bond is around 340 kJmol™.
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Characterising supramolecular systems

The accurate characterization of supramolecular complexes involves the use of:

1- Crystallography: a crystal structure is the most convincing evidence of the guest-host
complex. It shows the binding sites, it also gives information about the interaction that hold the
guest in place, however as I have already said before it is only valid for the solid state and for
more about solution phase, alternative methods are used.

2- NMR titration: where the NMR spectrum of a solution of the host in deuterated solvent is
measured and then the guest is added to this solution in small aliquots. The NMR resonances of
the host are monitored, and if binding occurs, the guest perturbs their electronic environments.
Protons which form specific hydrogen bonds to the guest, or are located in parts of the receptor
with close guest contact are more strongly affected. Structural information about the super
molecule can therefore be obtained. This technique is not limited to 'H NMR, and titration
experiments may be performed by monitoring any nmr active nucleus in the host or the guest
provided that the electronic environment of the nucleus is perturbed on binding. Complexation is
a dynamic exchange between the bound and unbound forms of the host, and the nmr response
therefore provides an insight into the binding kinetics. If the binding is kinetically fast compared
to the frequency separation of free and complexed’host NMR resonances (i.e. complex lifetime <
102-10"%s), then the host's NMR resonances are observed as an average peak. On the addition of
increasing quantities of guest, this time averaged peak shifts continuously until the receptor is
saturated. A titration curve having a distinctive shape can then be extracted. Initially, the
host is strongly perturbed by the addition of small amounts of guest, but at higher
concentrations, it becomes saturated by the guest, and is not further perturbed. If however,
binding is kinetically slow compared to the nmr timescale, then a time averaged nmr peak is not
observed on guest addition. Instead, the resonances for free host gradually diminish in intensity,

whilst resonances for the host-guest complex (at different chemical shifts) grow. Quantitative
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information can also be obtained. For any exchange process, such as complexation, the kinetics
can be varied by changing the temperature. If a solution exhibiting slow exchange is heated, the
two individual peaks gradually broaden and merge. Eventually, a point intermediate between fast
and slow exchange is reached at which a single broad peak is observed. This is referred to as
coalescence. Other techniques for investigating host-guest interactions operate on different
timescales. In UV-Vis spectroscopy, for example the lifetime is typically 10755, and as this rate
is faster than a diffusion-controlled process, all recognition events investigated by this methoci
exhibit slow exchange.

3- UV-Vis spectroscopy: it can be used to monitor the other receptor properties in order to study
the effect of guest molecules. It is especially effective for investigating n-electron systems or
transition metals as their spectra can be strongly perturbed on complex formation.

4- Mass spectrometry: it is being used to ascertain the mass of host-guest complexes, but the
ionization method must be mild, otherwise the complex will be broken into its constituent pieces.
5- Electrochemistry: it is used with redox active groups such as: ferrocene and cobaltocenium

which allow the detection of anions and cations as we shall see later.
Thermodynamic Information

Titration experiments can provide thermodynamic‘data. NMR experiments will be taken as an
example. If the binding is kinetically slow, the relative concentrations of host and complex can
be obtained from integration of the proton resonances. For a 1:1 complex, this allows direct
calculation of the binding constant K, as all three concentrations (host, guest and complex) are
known. If the binding is kinetically fast, the titration curve contains all the necessary
information. The 'sharpness’ of curve reflects the affinity of the host for the guest. Computer
programs such as: HypNMR®® and WinEQNMR®! are routinely used to find the binding constant
from this data. Performing titration experiments at different temperatures yields different binding

constants, and this data can be used to yield values for AH and AS.
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Solvent effects

In supramolecular chemistry there are competing interactions from potential guests and
surrounding solvent molecules. Solvent molecules greatly outnumber the amounts of the host
and guest present and therefore can have a very pronounced effect upon the dynamics and
energetics of association. When in solution, host and guest species are surrounded by solvent
molecules which interact with them. In order for binding to occur, many of these interactions
must be broken, which has both enthalpic and entropic consequences. This desolvation process is
shown in a simplified way in (Fig. 11). Enthalpically, energy must be expended to break the
solvent-host and solvent—guest bonds. The removal of solvent molecules from the host and the
guest leads to the solvent molecules having more freedom in the solution, which increases the
entropy and also leads to the formation of solvent-solvent bonds. The choice of solvent can have

significant consequences on the binding of a guest.

Figure 11: Host-guest binding equilibrium showing the desolvation of both species required prior to the binding
occurring. The final complex is still solvated but over all there are more free solvent molecules present, hence
increasing the entropy of the system.

Solvent effects can be understood by the way in which the individual molecules can interact with
the host and the guest. Polar solvents are able to interact with host molecules via electrostatic
interactions. Such solvents are particularly able to inhibit binding of charged speciés, as the
solvent dipole can interact strongly with a charged centre, thus making the solvent-host or
solvent-guest interactions harder to break. Other solvents are able to disrupt the binding by
means of electron-pair or hydrogen bond donation and acceptance. Many solvents display both

of these properties, for example, dimethylsulfoxide (DMSO) acts as both an electron-pair donor
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and hydrogen bond acceptor by virtue of oxygen and sulfur lone pairs. The vast majority of
supramolecular interactions are electrostatic in nature, meaning that polar solvents often act to
reduce the observed binding. For this reason it is usual for any studies to be carried out in the
least polar solvent possible to reduce the competition for the host. The conditions used can help
to moderate the binding process, for example, if the binding is too strong to be conveniently
measured, more polar solvents can be employed to reduce the binding constant.”? This makes
comparisons of different systems very difficult.

Cation binding

Cations play an essential role in biological processes, large quantities of sodium, potassium,
magnesium and calcium ions in particular are all critical to life and exist in body. Complexes of
platinum have been shown to coordinate to DNA and hindering the growth of tumor cells.”®
Cations also play important roles in the environment where build-up of toxic heavy metals, such
as lead, mercury and cadmium which could be separated. It is of critical importance to be able to
isolate these ions from the environment.}”* The discovery of dibenzo[18]crown-6 (Fig. 12), by
Charles J. Pedersen was a key step in the development of the discipline of supramolecular
chemistry.”® Aﬁer that Lehn and co-workers prepared a range of bicyclic systems named

cryptands (Fig. 13).
o™
aC O
(o] O
(ot
Figure 12: The first crown ether was made in 1960.
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Figure 13: cryptands contain four, five and six oxygen atoms, respectively.
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~ There is an optimal spatial fit between crown ethers and particular cations. It is true that
[18]crown-6 is selective for K*, whereas the larger [21]crown-7 has a higher affinity for Rb*

and Cs* than K*°® The cavity size of the [2.2.2] cryptand is similar to the cavity size of
[18]crown-6 and is also a good host for K*. Due to the three-dimensional nature of the host, the
cryptand encapsulates the metal ion and shields it from the outside environment. The binding
constant of the [2.2.2]cryptand for K* is 10* times larger than [18]crown-6. The smaller
[2.2.1]cryptand, is selective for Na'. Due to their lower flexibility and greater degree éf
preorganisation, cryptands display peak selectivity, in which binding constants are at a maximum
for a particular metal ion. This is in contrast to the crown ethers, since they often bind a number
of metal ions equally well. Spherands are the most preorganised of the macrocyclic ligands and
are very rigid (Fig. 14), the fact that inter-oxygen repulsions present in the free host are

ameliorated when the metal ion is inserted into the spherand cavity.

Figure 14: spherand-6 is one of the best-knownexamples.

To date, there have been many derivatives of spherands prepared and these include hybrids of
spherands with crown ethers, podands and cryptands, form hemispherands, and cryptaspherands

(Fig. 15).
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Figure 15: Examples of spherands’s derivatives.

Another kind of cation receptors.is the Calixarenes (Fig. 16).

Figure 16: p-t-butylcalix[4]arene.

The calixarene framework is very versatile and many derivatives have been prepared by
functionalizing the groups on the ‘upper’ and ‘lower’ rims (the upper, or wide rim is where the t-
butyl substituents are located, while the hydroxyl groups are on the lower or narrow rim). By
selectively changing the framework, chemists have been able to design hosts capable of binding

cations, anions, neutral species or simultaneously combining different guests.’’
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Anion binding

Anions play essential roles in many processes:

- Chemically: anions act as catalysts and bases. The use of a receptor to bind an anion can alter
its reactivity. Anion receptors may also assist in the separation of complex chemical mixtures.

- Environmentally: anions can pose severe pollution problems. Pertechnetate anions are a toxic
radioactive by-product of the nuclear power industry. Selective binding, extraction and sensing
of such anions are, therefore, important goals.

- Biologically: 70% of all enzyme substrates are negatively charged (PO, and SO,?).

- Medically: anions play key roles in many diseases (cystic fibrosis).

Anion binding was relatively slow to develop, even though one of the earliest anion receptors

can be traced back to the work of Simmons and Park in 1968 on the katapinands (Fig. 17).

Figure 17: katapinands; n=1 or 2.

The design of cation and anion hosts uses the same criteria, arising from the preorganised
placement of complementary binding sites. However, there are some properties of anions that
make the task a little more challenging, as follows:

1- Anions come in many shapes and sizes. Anions are generally larger than cations and ‘therefore
larger hosts are required to bind them. The smallest anion, F has a radius approximately
comparable to the radius of K*. Generally, cations are spherical (except for molecular cations,

such as ammonium ions), but anions are found in various shapes, for example, spherical
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(halides), linear SCN’, planar NOs’, tetrahedral ClOy", HPOB‘ and octahedral PFg". Biologically
important anions, such as nucleotides and many proteins, have much more complex shapes.

2- Anions have high free energies of solvation compared to cations of similar size and hence
hosts for anions experience more competition from the surrounding medium.

3- Generally, most anions exist in a narrow pH window. This can be problematic for hosts that
contain, for example, polyammonium functionalities within the receptor, as the host may not be
fully protonated in the pH range where the anion is deprotonated.

4- Many anions are generally co-ordinatively saturated and they only bind via weak interactions,
such as hydrogen bonding and Van der Waals interactions.*®

Most anions are Lewis-basic. The Lewis acid-base interaction is both strong and directional. The

Lewis-basic nature also means that they are good hydrogen bond acceptors. Anions are also

polarisable and therefore Van der Waals interactions play a significant role in binding,

particularly when the anion has been encapsulated within the cavity of a host system and exhibits

a high degree of surface-area contact. As with cations, the solvent medium drastically influences |
the host—guest affinity. Markedly higher binding affinity in charged systems is observed in non-

99,100

polar solvents e.g. chloroform, than in highly polar solvents, such as dimethylsulfoxide or

water, in which a lot of competition between the anion and the solvent is observed.
Unfortunately, however, the chemist is controlled by the solubility of his designed receptor.m"wz
The most obvious way to bind anions is to design a host that contains a positive electrostatic
charge as electrostatic interactions are often the first interactions between the substrate and the
host. Early work showed that electrostatic interactions to a tetrahedral tertiary ammonium

cryptand (Fig. 18) resulted in a very effective host for iodide.'?
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s

Figure 18: ammonium cryptand effective host for iodide

However, the most common class of anion binding host is a combination of electrostatic
interactions and hydrogen bonding (Fig. 19).

0@0
X

NH N
HaC \{; H:\l\,L.CH3
HsC{ H )\ CH3
\—N HN‘)
X
o) | 0]
=

X=CHorN
Figure 19: High affinity compound for binding anions

The anions might be bound by using neutral receptors too, which has been suggested that they
could potentially exhibit greater selectivity as a class of receptors.104 Typically, neutral anion
receptors incorporate strong multiple hydrogen bond-donor groups such as ureas. For example,
the urea group in (Fig. 20) acts as both a binding site and also as the backbone of thé dipodal
system. The receptor also utilizes two amide functionalities that are also excellent hydrogen
bond donors. The four hydrogen bond-donor NH groups can interact with oxo- anions, such as
benzoate, as shown below. This receptor was designed such that all of the hydrogen bonding

sites are pointing into the molecular cleft, and are complementary to benzoate.
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Figure 20: Binding of benzoate by neutral anion receptor

Metals play an important role in anion binding. Anion receptors based on metal centre can be
classified into two broad categories: 1- those in which the metal plays a structural role (Fig. 21)
which shows two thiourea derived terpyridyl ligands are held together in a well-defined way by a

relatively inert (low-spin d®) ruthenium(+2) centre. The host binds long dicarboxylates,

particularly pimelate. - 19% 1%
n-Bu “NH 2PFg HN
s

Figure 21: Use of an inert Ru** centre to organize an anion chelate ligand.

Labile coordination compounds are not true anion hosts in the conventional sense. Instead, they
fall into the category of self-assembly and are frequently templated by anions, cations or both. A

good example of this is shown in Fig. 22.
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Figure 22: Use Self-assembly of a labile nitrate-binding Ag(I) complex
and its evolution in the presence of excess nitrate.

In the presence of the labile Ag" cation and nitrate anion, the complex self-assembles. The labile
nature of the complex may be demonstrated by addition of excess nitrate which results initially
in conversion to a dinitrate complex, in which each urea group binds a single anion and,
ultimately, binding of nitrate at the Ag" centre itself.'"’

2-Anion receptors containing redox-active groups, such as ferrocene or cobaltocenium, that
allow the detection of anions and cations via electrochemical means, are a popular area of
research.'® Ferrocene and cationic cobaltocenium moieties have been incorporated into many
acyclic, macrocyclic and calix[4]arene frameworks. These receptors contain either amide or
amine functionalities that are able to form hydrogen bonds to the anions, or typical cation-
binding groups such as bipyridine. Three interesting examples are the cyclophane organometallic
receptor, tripodal receptor and the molecular cleft (Fig. 23) respectively. Receptor 1 binds
bromide in acetonitrile via electrostatic interactions only, whereas the receptors 2 and 3 utilise
amide functionalities attached to the cyclopentadienyl rings on the cobaltocenium bind

dihydrogen phosphate over chloride in acetonitrile.'®
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G g g;“ é &, oA

PFg

©Y°Y© cm < ©\"/ \5

Figure 23: The cyclophane organometallic receptor, tripodal receptor and the molecular cleft

Aim of this work

The aim of this project is to synthesise novel host molecules based upon tripodal metal
complexes bearing additional H-bonding moieties designed to bind anions such as halides and
amino acids (Fig. 24). The character of the host may be modified by:

e The nature of the metal centre.

e The coordination number/geometry of the metal centre.

e The nature of the H-bonding units (e.g. amides and thioureas).

e The number of H-bonding units and their geometrical arrangements.

Figure 24: The general structure of the achieved Guest-Host molecule

Additionally, studying the binding of guests into the prepared host was of interest. Such studies
were carried out by 'H-NMR titration. Origin programme and HypNMR software were used to

calculate the stability constant.”®
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Introduction

There has been much interest over the last 20 years in investegating the co-ordination chemistry
of tetradentate tripodal TPA ligands. These ligands contain a tertiary N atom bonded to three
arms, each arm contains an N-donor atom connected via at least one methylene group, and
generally bind to a single transition metal or lanthanide ion using all four N-donor atoms.'
Tris(2-pyridylmethyl)amine (TPA) frame work, was prepared by Andregg and Wenk in 1967
and is pcrhapé the second most well studied tripodal tetraamine ligands frame work after tris(2-
aminoethyl)amine (TREN).2 Many TPA derivatives having substituents at the 6-positions of the
pyridyl rings have been synthesised and extensively studied with respect to their transition metal
complexes.>?

Tripodal tetradentate amine ligands and their metal complexes provide interesting topics in the
field of coordination chemistry as a result of the increasing need to model the active sites in the
biologically important molecules.'®*® A variety of tripodal amines were synthesized with a
tertiary amine nitrogen that is connected via methylene groups to three aliphatic or aromatic
arms including heterocyclic rings (pyridyl, quinoline, imidazolyl, benzimidazolyl, pyrazolyl)
(Fig, 1).10-13.17.22:24,29.30, 3745

The main method for the synthesis of tripyridyl tripodal ligands is alkylation of either ammonia
or a primary (2-pyridyl)alkylamine with an appropriate pyridine precursor. For example, TPA
was prepared by the reaction of 2-(aminomethyl)pyridine with two equivalents of 2-
(chloromethyl) pyridine.z’ 46 Similarly tris(2-quinolylmethyl)amine (TMQA) was prepared via
the alkylation of the primary amine with 3-chloromethylisoquinoline hydrochloride*' while the
synthesis of Uis[Z-(l-pyrazolyl)ethyl]arﬁine (TRPYN) involved the reaction of tris(2-
chloroethyl)amine hydrochloride with four equivalents of pyrazole in distilled DMF.* Likewise,

the compound tris(3,5-dimethyl -pyrazolyl- methyl)amine (MeTPyA) was obtained by reacting
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tris(chloromethyl) amine with 3,5-dimethylpyrazolate refluxing in anhydrous THF.* In addition,
tris(2-benzimidazylmethy1)amine (NTB) was synthesised by reacting either nitrilotriacetonitrile

or nitrilotriacetic acid with o-phenylenediamine at 190-210°C.**

N Xy HsC Ne_ GHs CHs
N/
\
H,C
(NTB) (MeTPyA)
— N | X
\ / N
Z SN
N | (TPA)

Figure 1: Some examples of known tripodal amines

These ligands, including TPA, were originally employed to enforce a non-planar coordination
around the metal centres. There is a need to investigate novel complexes of tripodal ligands that
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have the ability firstly, to bind transition metals and secondly, to get in ditopic binding (lock and
key principle) explained in the previous chapter. Additionally, it is of a great interest from a
structural point of view to synthesise such ligands as they work as hosts for various guests such
as transition metals and may also be able to bind another guest e.g. anions, cations or neutral
molecules. One arm functionalised species with a TPA frame work have been synthesised and
studied during the last 20 years. For example, Rivas and co-workers have investigated the mono
amide t-butyl_ substituent of TPA which provides a good ligand platform for mimicking several
key active site features of peptidases and amidases including co-ordination of the amide carbonyl
group. They have also explored the validity of the covalent attachment of a pivaloylamido group
adjacent to a metal ligating pyridine nitrogen as a useful strategy to induce hydrogen bonding to

another metal-bound ligand (Fig. 2)."’

2 AgPF¢, NCCH,
[Zn(NCCH,;),](PF¢), ZnCl,

Figure 2: A one arm species (from a free ligand to guest-host molecule supported by hydrogen bonding).
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A search of the Cambridge Crystallographic Database Centre (CCDC) revealed there were 25

examples of those one arm TPA based ligands (Fig. 3) in 2011 4850

\N/ >
—N N HN— &—=>
\ /— J\ °

Figure 3: Some of one arm TPA based ligands.

Those ligands have been used to investigate the co-ordination chemistry of transition metals. It
also offers the possibility of investigating the effect of hydrogen bonding environments.>*>

In this chapter, we will illustrate the preparation and characterization of a novel monothiourea
tripodal ligand which is designed to be able to co-ordinate transition metals and to explore the
ability of this ligand to bind the counter ion through hydrogen bond. Copper, zinc and cgdmium

complexes have been fully characterised.

46



Chapter 2: A novel Monothiourea Tripodal Ligand; Structural, Spectroscopic and
Electrochemical properties of Copper (1), Zinc (II) and Cadmium (II) Complexes

Experimental

General

NMR spectra were measured on Va Bruker AM-400 or Bruker Av-500 or Bruker AC-250 Plus
FT-NMR spectrometer. For infrared spectra, each compound was pressed into a disk with an
excess of dried KBr and measured on a Jasco FT-IR spectrophotometer. Electrospray ionisation
mass spectrometry (ESMS) wére measured on' a Waters LCT Premier XE (0a-TOF) mass
spectrometer. UV-VIS absorption spectra were run in HPLC grade acetonitrile (Fisher) and
measured on a Jasco V-570 spectrophotometer from 230 to 1,100 nm (optical path length 1.0
cm). Elemental analyses were carried out by the Warwick Analytical Service, University of

Warwick.

Preparations

Mono(6-amino-2-pyridylmethyl)(2-pyridylmethyl)amine (MAPA) was prepared as reported by

Rivas et al.>* and Yamaguchi et. al.*®

Synthesis of L'

MAPA (0.955g, 3.131mmol) was dissolved in EtOH 50 mL and benzoylisothiocyanate (0.421
mL, 3.131 mmol) was added dropwise. The mixture was heated up to 40°C with stirring for 40
min then allowed to cool to RT. The solvent was removed under reduced pressure td yield a
brown oil which then treated with mixture of ether and acetone to produce a white solid of Ll,
(0.447g, 0.955mmol) 30%. '"H NMR 8H (250 MHz; CDCl3): 3.84 (2H, s); 3.89 (4H, s); 7.14 (2H,
t, Ar, J= 49Hz); 7.42 (1H, d, Ar, J=7.5Hz); 7.50-7.76 (8H, m, Ar); 7.90 (2H, d, Ar, J =7.5Hz),

8.52 (2H, d, Ar, J= 4.1Hz); 8.67 (1H, d, Ar, J= 8.1Hz); 9.06 (1H, s, NH); 13.05 (1H, s, NH). *C
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8¢ (62.5 MHz; CDCl): 59.3, 60.1, 114.0, 120.5, 121.9, 122.9, 127.4, 129.1, 131.6, 133.6, 136.4,
138.0, 149.0, 150.4, 158.6, 159.2, 166.3, 176.7. Accurate ESMS (m/z): 491.1625 (30) [L' +
Na]*, 469.1805 (10) [L' + HJ". [calculated 469.58]. Co6H24NsO;S;. IR KBr/em™: v = 3431br,
1671s, 1540s, 1455s, 1330s, 1085s, 624s. UV/Vis [Amax, nm (eM, Mem™)] in CH;CN: 268

(62,300), 310 (33,500).
General Procedure for the Synthesis of Metal Complexes

Ligand L' (1 equivalent, typically 0.-42 mmol) was dissolved in hot acetonitrile (typically 3
mL). To this stirring solution, the metal perchlorate salt (1 equivalent) dissolved in acetonitrile
(ca. 2 mL) was added dropwise. Recrystallisation of the compounds typically involved the
diffusion of diethyl ether into acetonitrile in the case of copper and cadmium. Slow evaporation
of a solution was used in the case of zinc. All solutions of complexes were filtered through celite

before setting up a recrystalisation.

WARNING: Perchlorate salts of metal complexes are potentially explosive. Care should be

taken while handling such complexes.

[Cu"(LY)][C104);.CH;CN.H,0 (2.1): green plate crystals (45% yield). Found: C, 42,33; H,
3.51; N, 1226 %. CuCysH24Ns0;S;(ClO4)(CH3CN)YH,0) requires C, 42.63; H, 3.70; N,
12.43%; ESMS m/z (%): 530.0974 (100) [Cu(L') - HJ', [calculated 530.0950]. IR (KBr
pellet/em™): 3416(br), 1609(s), 1539(s), 1433(s), 1261(s), 1088(s), 625(s). UV/Vis [Amax, Nm
(eM, M''em™)] in CH3CN: 255 (13100), 268 (10960), 326 (8690), 353 (5460), 631 (95), 822

(140), 950 (115).
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[Zn"(@LY][Cl1O4]; (2-2): colourless solid (10% yield). ESMS m/z (%): 515.1200 (50), [Zn(L") -
HJ", [calculated 515.1174]; 531.0948 (100) [Zn(L") - H]*, [calculated 531.0945]. "H NMR (250
MHz; CD;CN): 4.32 (2H, s); 4.33 (4H, s); 7.40 (1H, d, Ar, J= 7.8Hz); 7.55 (1H, d, Ar, J=
7.3Hz); 7.62-8.23 (12H, m, Ar); 8.72 (2H, d, Ar, J= 4.7Hz). IR (KBr pellet/cm™) for solid:

3446(br), 1616(s), 1550(s), 1262(s), 1090(s), 621(s).

[Zn"(@L")][C104}2.H20 (2.2.1): L'= CHuNgO,. colourless needle crystals. ESMS m/z (%):
515.1200 (50), [Zn(L") - HJ", [calculated 515.1174]; 531.0948 (100) [Zn(L") - HJ", [calculated
515.0945]. IR (KBr pellet/cm'l) for solid: 3502(br), 1612(s), 1558(s), 1441(s), 1267(s), 1088(s),

622(s).

[CA"(@L)(C104)(CH;CN)][CIO,] (2.3): white needle crystals (30% yield). Found: C, 40.56; H,
3.12; N, 11.68%. CdC;sH24N¢0,S:(ClO4),(CH3CN) requires C, 40.92; H, 3.31; N, 11.93%;
ESMS m/z (%): 577.0677 (100), [CA(L") - H]*, [calculated 577.0884]. 'H NMR (250 MHz;
DMSO): 3.99 (2H, s); 4.06 (4H, s); 6.52 (1H, d, Ar, J= 6.9Hz); 7.46-8.71 (15H, m, Ar)."*C &8¢
(62.5 MHz; DMSO): 56.5, 66.4, 119.3, 124.3, 124.4, 126.9, 128.5, 128.8, 133.3, 136.9, 139.7,
149.0, 154.1, 168.9, 171.3, 183.4, 191.7, 222.6. IR (KBr pellet/cm™): 3436(br), 1605(s), 1527(s),
1438(s), 1261(s), 1094(s), 622(s). UV/Vis [Amax, nm (M, M'cm™)] in CH;CN: 260 (18,190),

289 (17,570).
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Results and Discussion

Ligand Synthesis LhH

The precursor compounds mono(6-pivaloylamino)(2-pyridylmethyl)amine (MPPA) and mono(6-
amino-2-pyridylmethyl)(2-pyridylmethyl)amine (MAPA) were synthesised as described by

13* and Yamaguchi er. al.> respectively. L' was prepared in reasonable yield by the

Rivas ef a
reaction of a primary amine with isothiocyanate as described by Sukeri ef. al’® This synthesis
involved the reaction of MAPA in EtOH with one equivalent of benzoyl isothiocyanate to yield
an oily crude in 40 min which was difficult to transform into solid by using any solvent
(chlorform, water, dichloromethane, acetone, acetonitrile, ether, dimethylsulfoxide,
dimethylformamide). However, washing with 50% ether/acetone led to a white solid, stable in
air and not hygroscopic, of L' (30%). The ligand may be anticipated as having a steric preference
for trigonal bipyramidal complexes as the pyridyl nitrogens may take equatorial positions with

the central nitrogen acting as an axial donor. The fifth co-ordination site may be occupied by the

sulphur atom or a solvent donor. The synthetic route to L' is shown in scheme 1.1.
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Scheme 1.1: Synthetic route to L.
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A comparision between L' and the tripodal monoamide ligand (MPPA), shows that while they

are similar in many respects, L' may potentially be pentadentate and in addition, the spatial

positioning of the different hydrogen bond donors is very different (Fig. 4).>*>>%7

Ny Ny
=
M N\—x \_\ [ N~x (
=N N / =N N/
N—n H/N °
s \
o)
N/ (MPPA)
H/
ah

Figure 4: The thiourea derivative L' (left) has a longer arm than the MPPA ligand (right). In the case of MPPA, the
'Bu group makes it more soluble in organic solvents than L' and this is the reason behind warming up L' in
acetonitrile in order to have it fully dissolved.

Synthesis of Complexes

The ligand was dissolved in the minimum amount (typically 3 mL) of hot acetonitrile. The
dropwise addition of an aqueous solution containing the relevant metal perchlorate salt yielded a
clear green solution in the case of Cu" and a clear colourless solution in the case of Zn" and cad”,
Copper and cadmium compounds were recrystallised via the diffusion of diethyl ether into
acetonitrile solutions resulting in crystals suitable for single-crystal X-ray diffraction. The yields
from these reactions were 45 and 30% respectively. The crystalline samples of Cu" and cd"
were subsequently used for all spectroscopic measurements. A zinc crystal was grown using the

slow evaporation method. However, only few crystals of Zn" complex were grown which was

52



Chapter 2: A novel Monothiourea Tripodal Ligand, Structural, Spectroscopic and
Electrochemical properties of Copper (1), Zinc (1) and Cadmium (1) Complexes

just enough to get the crystallographic data, where IR, MS and "H NMR were taken for solid
materials. >*C NMR could not be obtained due to the compounds poor solubility and there were
no enough sample for UV-Vis. Zn" complex of L! is also insoluble in CHCI;, CH3COCH3, H,O,
CHCIl, and DMSO and shows an interesting behaviour in solution, when left standing for a long
time (approximately a month) open to air. Oxidation of thiourea to urea is observed which is
confirmed by ESMS and the crysfcal structure determination. To eliminate the possibility that the
urea ligand was not originally present when the thiourea compound was made, the IR spectrum
of the isothiocyanate was obtained and it did not show any trace of the isocyanate analogue. In
addition, close inspection of IR and MS data did not suggest the presence of any urea species in
the thiourea ligand or the initial zinc thiourea complex. Curently, it would appear that the urea
species is slowly formed on standing in air. The mechanizm of this conversion from sulfur to
oxygen has been investigated by Rao et.al.. The oxidation of thioureas to the corresponding ureas
took place by the use of singlet oxygen (the diamagnetic form of molecular oxygen). Singlet
oxygen is less stable and chemically different than the normal triplet oxygen. Thioureas (1) can
be oxidized by singlet oxygen to produce the corresponding ureas (5) as shown in Scheme 1.2.%8
It is believed that either zwitterionic (2) or diradical peroxide (3) was formed as an intermediate.
Intermediate 2 was formed via nucleophilic attack of the C=S bond at the oxygen, while, 3 was
formed via radicals formation due to the homolytic fission of both C=S and O=0 double bonds.
Cyclization of either 2 or 3 would give 1,2,3-dioxathietane (4) but no solid evidence for the
formation of 4 yet. Ring opening of 4 would give ureas 5 with elimination of sulfur mbnoxide
(Scheme 1.2). Two moles of sulfur monoxide should gave a mole of sulfur dioxide and one mole

of sulfur.
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Scheme 1.2: Oxidation of thioureas (1) to the corresponding ureas (5) using singlet oxygen.

Spectroscopic Properties of Complexes
Vibrational Spectroscopy

According to the literature, the amide carbonyl stretch comes at ~(1620-1670) cm’™.
Similarly, a carbonyl stretch of L' is observed at 1671 cm™ (Table 1). Even though the
carbonyl is not directly coordiﬂating to any metal, it appears to be at lower energy when the
ligand co-ordinates to a metal perhaps due to the formation of a stronger intramolecular
hydrogen bond within the thiourea arm. A strong peak at 1331 cm’, assigned to the v(C=S) also
shifted to lower energy between 1261 cm™ upon co-ordination of sulfur atom to the metal which
reduces the bond order and thus weakens the C=S bond. It is worth noting that the ESMS of Zn"
complex 2.2 and 2.2.1 have confirmed the presence of mixture of thiourea and urea species.
However, the IR spectra of 2.2 and 2.2.1 seems to be identical. By leaving a ZnL' (2.2)
acetonitrile solution to evaporate slowly over a month open to air, the IR spectra did not
change and the C=S stretch is still present, indicating that if the complex does oxidise on
standing, it does so very slowly, with the bulk of the sample remaining as the thiourea. The

shift of the pyridine ring vibration at around 1600 cm™ and 1450 cm’! in all complexes indicates
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co-ordination from the pyridine ring nitrogens. All compounds reveal two characteristic unsplit
infrared active bands at ~1,100 em”! and ~622 cm™ indicative of ionic perchlorate (Td
symmetry).>®® All of these features are consitent with the X-ray diffraction data for all

complexes.

Table 1: IR Stretching Frequencies of L' and complexes. IR spectra measured as KBr discs

Compound v(C=0) v(C=S) v(O-H) w(C=N), v(C=C) v(CI-0)
L' 1671(s) 1330(s) 3431(br) 1540(s), 1455(s) -
21 1609(s) 1261(s) 3416(br) 1539(s), 1433(s)  1088(s), 625(s)
2.2 1616(s) 1262(s) 3446(br) 1558(s), 1450(s)  1090(s), 621(s)
2.2.1 1612(s) 1267(s) 3502 (br) 1558(s),1441(s)  1088(s), 622(s)
2.3 1605(s) 1261(s) 3436(br) 1527(s), 1438(s)  1094(s), 622(s)

'H and “C NMR of L', Zn and Cd Complexes

Despite considerable effort to obtain the >C NMR spectrum for ZnL' complex, all attempts
failed due to the poor solubility of the sample, as the complex precipitate out from CD;CN and is
insoluble in acetone-d6, CDCl;, DO and DMSO. Similarly, the cadmium complex of L!is
insoluble in acetone-d®, CDCl; and D,0O. However, it shows partial solubility in DMSO-d¢
solutions. As a result of this, the '"H and C NMR data are of poor quality for CdL' in
comparison to the free ligand spectra which is highly soluble in deuterated chloroform. The 'H
NMR of CdL'in CD;CN is even worse which consists of broad unexplainable peaks.
Additionaly, it is clear from the 'H NMR spectra for the ZnL complex that the NH proton easily

exchanges with the deuterated solvent which cause the NH protons signals to disappear.
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Electronic Absorption Spectra

The electronic spectra of L' and the complexes 1.1 and 1.3 have been measured and the data are
presented in Table 2. Unfortunately, the sample is not enough to run UV-Vis for Zn complex.
The electronic absorption spectra for L' and both Cu" and Cd" complexes possess two strong

peaks between ~260 nm and ~28 + nm characteristic of intra-ligand pyridyl n-n* transitions.

Table 2: Electronic spectral assignments for L', 2.1 and 2.3

Compound® m-n* transitions / A (nm) MLCT/ A (nm) d-d transitions /A (nm) A (cm™)® B(cm™)® B

1
L 268(62,300), 310(33,500) . ) ] ] ]

21 955(13,100), 280 (8,500) 326 (8,700), 353(5,460) 631(95), 822 (140), 950 (115) 10,530 - -

23 260(18,200), 289(17,570) - - - - -

*Performed in CH3CN solution at room temperature; Numbers in parentheses indicate molar absorption coefficients
g (M'cm™). ® values calculated by assuming an octahedral geometry.

The copper compound, 2.1, features an N;S; chromophore surrounding the Cu" centre and
exhibits D3, symmetry in the solid state forming a trigonal bipyramidal geometry. According to
crystal field theory (CFT), the trigonal bipyramidal geometry is not Jahn-Teller active as the odd
electron is in a non degenerate orbital (Fig. 5). There are two transitions that would occur in such

geometry: d,‘z,dyz—»dz2 at higher energy and d,y, dx2.y2——>d 22.

A /
J/ d;?
/
/
4
l/
Energy S/
—_—— e — __4\:\
N Ul
\ —
2 2
RN dx’-y
A Y
A
de dy{

Trigonal bipyramidal

Figure 5: Crystal field splitting of Trigonal bipyramidal geometry.
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Thus two peaks observed for 2.1 (15,850 and 12,160 cm™) (Fig. 6) and these transitions may be
labelled as (dxz, dy;—d,) and (dxy, dy’,>—d ;) respectively. Additionally, the slight shoulder at
1000 nm suggest that perhaps in solution the compound has a different structure to that in the

solid state.
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Figure 6: The electronic spectrum of Cu" compound, 1.1.

However, this spectral pattern is typical of a five co-ordinate copper (II) complex with a trigonal
bipyramidal based geometry.“’ 62 While the bands of 15,850 and 12,160 cm™ are tentatively
assigned to 2A,'—’E" and the symmetry allowed °A,'—’E' transitions respectively in Dy
symmetry,> the little shoulder at ~1000 nm does suggest a lower symmetry. In (Fig. 7) are the
qualitative energy diagrams for Cu®* ion in ligand fields of D, (TBP), C4y (SP) and intermediate
C,y symmetry bearing in mind the only difference between Djp and Cs, is the energy difference
change, depending on nature of axial ligand. However, it is difficult to suggest the natufe of the

species in solution, as additional ligands may be binding to the metal centre.
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Figure 7: Term diagrams for copper (II) ion in the ligand fields of D3, (TBP), C4y (SP) and intermediate C,,

symmetry.®

58



Chapter 2: A novel Monothiourea Tripodal Ligand; Structural, Spectroscopic and
Electrochemical properties of Copper (II), Zinc (II) and Cadmium (II) Complexes

Electrochemical Studies

The cyclic voltammetry experiments were carried out with an PARSTAT 2273 (Advanced
Electrochemical System from Princeton Applied Research) in conjunction with General Purpose
Electrochemical System software (GPES version 4.7 for Windows) in a specially designed three-
electrode glass cell with a Teflon-coated cell cap. A Bioanalytical platinum working electrode
(model no. MF2013) with a 1.6 mm disk was used for all experiments. The counter electrode
was a platinum wire and the reference electrode a non-aqueous Ag/AgNO; electrode. To regain
electrochemical sensitivity and reproducibility the working electrode was polished, with 600 grid
emery paper, to a mirror surface and then ultrasonicated. Prior to each experiment, the electrode
was washed with high performance liquid chromatography (HPLC) grade CH3;CN and dried in
air for about 15 min. A 0.1 M [BwN][PF¢] solution in CH3CN was used as supporting
electrolyte. In all cases, ferrocene was used as an internal reference. Solutions were degassed
with nitrogen and a nitrogen atmosphere was maintained over the solution during the
experiment.

The voltammogram of Cu" compound, 2.1 (Fig. 8), reveals a reversible Cu"' redox couple

centred at -0.40V.

Table 3: Electrochemical parameters for the redox process exhibited by complex 2.1 in acetonitrile solution
(supporting electrolyte: [Bu,N][PF¢] (0.1 mol dm™); T = 20 °C). Measured at 0.1 Vs™.

Compound E/V (AE, mV)“**
2.1 -0.66(95), -0.40(73)

“The potential at which reversible process occur is calculated as the average of the oxidative and reductive peak
potentials (E,;™ + Ep"’d)/2. ®For irreversible processes, the anodic or cathodic peak potentials are given. Potentials
are given in volts versus Ferrocenium/Ferrocene.

In the Cu" complex, 2.1, there are two processs one of which could be ascribed as a ligand

based process and the second might be reduction of the metal centre observed. No oxidation

1

of either Cu" to Cu' or the ligand was apparent. Reversal of the potential scan, results in a
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Chapter 2: A novel Monothiourea Tripodal Ligand; Structural, Spectroscopic and
Electrochemical properties of Copper (II), Zinc (1I) and Cadmium (II) Complexes

Crystallographic Studies

All single crystal X-ray data was collected at 150 K on a Bruker/Nonius Kappa CCD
diffractometer using graphite monochromated Mo-Ka radiation (A = 0.71073 A), equipped with |
an Oxford Cryostream cooling apparatus. Crystal parameters and details of the data collection,
solution and refinement are presented in Table 4. The data was corrected for Lorentz and
polarization effects and for absorption using SORTAV.® Structure solution was achieved by
direct methods (Sir-92 program sys’(em)67 and refined by full-matrix least-squares on F2
(SHELXL-97)68 with all non hydrogen atoms assigned anisotropic displacement parameters.
Hydrogen atoms attached to carbon atoms were placed in idealised positions and allowed to ride
on the relevant carbon atom. In the final cycles of refinement, a weighting scheme that gave a
relatively flat analysis of variance was introduced and refinement continued until convergence
was reached. Molecular structures in the figures were drawn with ORTEP-3.0 for Windows
(version 2.02).69 Continuous Shape Mapping (CShM) was used to calculate the deviation from

the idealised polyhedron.”®"¢
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Chapter 2: A novel Monothiourea Tripodal Ligand; Structural, Spectroscopic and
Electrochemical properties of Copper (11), Zinc (II) and Cadmium (II) Complexes

Table 4: Crystal Structure Data for 2.1,2.2.1 and 2.3

Chemical formula CUC23H29N7010C128 ZnCstzstol 1C]2 Cdc23H27N709Clzs

Colour/shape green/ plate colourless/needle white/ needle
Geometry Trigonal bipyramid bf:yizx all d -Capped trigonal prism
Mw, (g/mol) 790.08 734.8 820.93
Crystal system Triclinic Monoclinic Monoclinic
Space group P-1 P2y C2/c
T(K) 150(2) 150(2) 150(2)
a(A) 10.0397(9) 18.9883(10) 32.3620(5)
b (A) 12.7362(9) 9.7711(6) 13.3540(2)
c(A) 13.7012(10) 18.2005(11) 15.8960(3)
a(A) 96.995(5) 90 90
B(A) 90.820(4) 118.765(3) 113.2920(10)
v (A) 110.356(4) 90 90
V (A)3 1627.3(2) 2960.2(3) 6309.78(18)
VA 2 4 8
Observed Reflections 7349 6166 7212
Unique Reflections 4686 3996 5135
_refine_Is _goodness_of_fit ref 1.068 1.030 1.040
Rin 0.0469 0.0398 0.035
R, [I>206(1)] 0.0879 0.0684 0.0482
wR; (all data) 0.23 0.1632 0.1228

Crystal Structure of [Cu"(L")][C104]..H,0.CH;CN (2.1)

The copper compound crystallises in the triclinic space group P-1 and contains a single complex
within the asu (Fig. 9). A closer look at the co-ordination sphere of Cu" shows a trigonal
bipyramidal geometry (as S(TP) = 1.47) (Fig. 10; Table 5) which consists of N1, N2 ,N5 ;N6
and S1. The four nitrogen bonds range between 2.006(5) A and 2.086(5) A and the sulfur bond is
significantly  longer at 22612(17) A (Table 6). A related compound
[Cu“(TPA)zsz] [C104),[Et,0], also exhibits a trigonal bipyramidal co-ordination environment and
contains very similar bond lengths and angles which likewise range between 2.048(6) A and
2.096(2) A likewise, Cu"-S is also similar at 2.280(2).”7 An intramolecular hydrogen bond is
observed between the hydrogen of the amide and the oxygen of the carbonyl (O,...Hs,) at 1.815

A (Table 7). According to structures on the CCDC, there are 57 crystal structures of Cu®! with
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Chapter 2: A novel Monothiourea Tripodal Ligand; Structural, Spectroscopic and
Electrochemical properties of Copper (1I), Zinc (1) and Cadmium (II) Complexes

Crystal Structure of [Zn"(L.")][C104):.H;0 (2.2.1)

In an attempt to grow crystals of [ZnL'][C104]; using slow evaporation recrystalization
method, suprisingly, a urea containing structure was obtained rather than thiourea. It appears
that by using the slow evaporation method for the thiourea metal complexes an oxidized
species is produced. The oxidized crystals species were grown over a month. High resolution
mass spectra (ESMS) were run not for the crystalline sample but from the bulk sample and A
has confirmed the presence of both complexes: Zn"L' and Zn"L". MnL? has shown similar
behaviour (chapter 3; page: 113). Both results has led us to use oxone in attempt to convert

thiourea into urea species (Appendix 1; page: 232).

The zinc compound crystallises in the monoclinic space group P2,/c and contains one
complex within the asu. The Zn" cation lies at the centre of a slightly distorted trigonal
bipyramid geometry as confirmed by shape mapping analysis (Table 5) similar to the
analagous Cu"‘ complex. There are three equatorial nitrogen donors (N2, N5 and N6) which
are located on the pyridyl groups with the bridge-head nitrogen N1, and an oxygen donor
occupying axial position (Fig. 12, 13). The co-ordinative bond lengths of the equatorial
nitrogen donors are almost identical and vary from 2.014(4) A to 2.070(4) A whereas the
bridge-head nitrogen is longer at 2.181(4) A while the bond length of the oxygen donor O1 is
quite short at 2.013(3) A in comparision to other Zn"-N (TPA) species but longer in
comparison to the oxygen donor in given examples.’** 8! Among 20 Zn"(TPA) framework
structures on the CCDC, there are 17 five coordinate structures whereas the rest are
octahedral. A similar compound, [Zn"(TPA)phosphate di-nitrobenzene], reported by Ito et al,
which has an identical donor set environment has bond lengths ranging from 2.059(4) A to
2.075(3) A for the pyridyl nitrogens bond length, the bridge-head nitrogen of this example is

2.201(4) A, and the axial oxygen bond length is short at 1.962(3) A.*' It is worth noting that
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Chapter 2: A novel Monothiourea Tripodal Ligand; Structural, Spectroscopic and
Electrochemical properties of Copper (I1), Zinc (1) and Cadmium (II) Complexes

Table 8: Relevant Bond lengths (A°) and Angles (°) for [Zn"(L")].2[C10,][H,0]

Zn(1)-N(1) 2.181(4) O(1)-Zn(1)'N(2) 87.87(14)
Zn(1) -N(2) 2.070(4) N(6)-Zn(1)-N(2) 111.34(16)
Zn(1) -N(5) 2.043(4) N(5)-Zn(1)-N(2) 116.69(16)
Zn(1) -N(6) 2.014(4) O(1)-Zn(1)-N(1) 168.86(15)
Zo(1)-0(1) 2.013(3) N(6)-Zn(1)-N(1) 81.69(16)
O(1)-Zn(1)-N(6) 105.15(15) N(5)-Zn(1)-N(1) 80.66(15)
0(1)-Zn(1)-N(5) 101.77(15) N(2)-Zn(1)-N(1) 81.39(15)
N(6)-Zn(1)-N(5) 125.05(17)

Table 9: H-bonding geometry (A, °) for 2.2.1

D-H...A D-H H..A D..A D-H...A
N3-H3A ...02 0.88 1.882 2.606 138.45

Crystal Structure of [Cdu(Ll)(ClO4)(CH3CN)] [C104] (2.3)

The cadmium compound crystallises in the monoclinic space group C2/c and contains one
complex within the asu. The cadmium ion is surrounded by seven donor atoms (five N atoms, a
S atom and an O atom from a perchlorate counter ion) and lies at the centre of a slightly distorted
capped trigonal prismatic co-ordination geometry (Fig. 14, 15; Table 10). Four of the nitrogen
donor atoms originate from the three pyridyl groups (N2, N5 and N6) and the bridging N1, the
last nitrogen, N7, comes from acetonitrile. This is the first example of a complex where Cd is
surounded by this particular donor set. It is not surprising to have Cd** surrounded by seven
donors since the atomic radious for cadmium is large in comparison to other transition metals.
According to CCDC there are 687 hits for cadmium being co-ordinated by seven donor atoms.
However, there are only three examples of a cadmium TPA based complex, one of them is the
compound [Cd(TPA)(H,O0)(NO3)]NO;3 which has the cadmium surrounded by seven atoms (N4
and O3) with similar geometry of capped trigonal prism, while the other two are surrounded by 6
and 8 co-ordination sphere.” ¥ In addition, the bond lengths of the related octahedral compound
[Cd"(4’-(2-Pyridyl)-2,2’:6’,2”-terpyridin) (SCN)4] reported by Gou et al, range between

2.326(4) A and 2.484(5) A, the Cd"-S bond length is almost identical at 2.5877(16). In both
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Chapter 2: A novel Monothiourea Tripodal Ligand; Structural, Spectroscopic and
Electrochemical properties of Copper (1I), Zinc (II) and Cadmium (II) Complexes

Table 10: Continuous Symmetry Mapping Results for 2.3

Structure (HP) (HPY) (PBPY) (OCF) (TPRS) (JPBP) (JETPY)

23 36.549 19.089 7.225 2.804 1.352 13.043 20.564

HP: Heptagon (D7h), HPY: Hexagonal pyramid (C6v), PBPY: Pentagonal bipyramid (D5h), OCF: Capped
octahedron (C3v), TPRS: Capped trigonal prism (C2v), JPBP: Johnson pentagonal bipyramid J13 (D5h), JETPY:
Johnson elongated triangular pyramid J7 (C3v).

Table 11: Relevant Bond lengths (A°) and Angles (°) for [Cd"(L")].2C10,.CH;CN

N(1)-Cd(1) - 2.431(3) N(5)-Cd(1)-N(1) 71.93(12)
N(2)-Cd(1) 2.499(3) N(5)-Cd(1)-N(2) 110.30(11)
N(5)-Cd(1) 2293(3) N(5)-Cd(1)-N(6) 114.79(12)
N(6)-Cd(1) 2.357(3) N(5)-Cd(1)-N(7) 82.57(12)
N(7)-Cd(1) 2.483(4) N(5)-Cd(1)-S(1) 145.18(9)
S(1)-Cd(1) 2.5962(10) N(6)-Cd(1)-N(1) 69.80(11)
0(10)-Cd(1) 3.097(3) N(6)-Cd(1)-NQ) 102.71(11)
N(1)-Cd(1)-N(2) 69.28(11) N(6)-Cd(1)-N(7) 78.09(12)
N(1)-Cd(1)-N(7) 124.24(12) N(6)-Cd(1)-S(1) 95.29(9)
N(1)-Cd(1)-S(1) 138.66(9) N(7)-Cd(1)-NQ) 164.68(11)
N(2)-Cd(1)-5(1) 77.44(8) N(7)-Cd(1)-S(1) 87.24(9)

Table 1Y: H-bonding geometry (4, °) for 2.3

D-H...A D-H H...A D.. A D-H...A

N3-H3A .0l 0.88 T 1.887 2616 139.13




Chapter 2: A novel Monothiourea Tripodal Ligand; Structural, Spectroscopic and
Electrochemical properties of Copper (11), Zinc (1I) and Cadmium (1I) Complexes

Conclusion

Cu" and Cd" complexes with mono thiourea tripodal ligand have been synthesised and fully
characterised. The redox-behaviour of copper species has also been probed via cyclic
voltammetry and shows two redox processes. Air may act as an oxidising agent which causes the
conversion of the thiourea in ZnL' into a urea group ZnL’. The structure of the oxidized épecies |
ZnL' has been obtained as well as the accurate mass. Continuous shape mapping results have
confirmed a strong preference for trigonal bipyramidal for Cu and Zn complexes since the ligand
is set up to bind through four nitrogens and one sulfur, whereas in Cd complex and since the
cadmium is larger metal, it chose to be seven co-ordinate and favoure a capped trigonal prism.
All complexes of L! has shown a strong short hydrogen bond between the C=0 and N-H to form
six member ring in the co-ordinated arm. The co-ordination geometry is typical for all complexes

since metals are surrounded by five donor atoms and this is typical of TPA complexes.
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