Transition Metal Complexes of
Heptadentate Bipyridine-Based
Ligands

Alka Rani

A thesis submitted to
Auckland University of Technology
in fulfilment of the requirements for the degree of

Master of Philosophy

2026

Department of Chemistry



Abstract

This thesis investigates the coordination behaviour of first-row transition metal ions with novel
heptadentate bipyridine-based ligands, focusing on the synthesis, characterization, and
complexation properties of two new ligands N-([2,2’-bipydridin]-6-ylmethyl-N’-(2-(([2,2’-
bipyridine]-6-ylmethyl)amino)ethyl)ethane-1,2-diamine (bmdet) and N-([2,2'-bipydridin]-6-
ylmethyl-N'-(3-(([2,2’-bipyridine]-6-ylmethyl)amino)propyl)propane-1,3-diamine (bmdpt).

The ligands were synthesized via reductive amination of 2,2’-bipyridine-6-carbaldehyde with
diethylenetriamine (bmdet) and dipropylenetriamine (bmdpt) respectively, and characterized by
NMR spectroscopy and high-resolution mass spectrometry, confirming their structures and purity.
Cobalt(IIT) complexes of these ligands were prepared using Na3[Co(CO3)3].3H20 as the precursor.
The X-ray crystal structure of [Co2(Hbmdet),Cl2](ClO4)s confirmed the dimeric nature of this
species, with two six-coordinate Co(Ill) centres bridged by the heptadentate ligands, with one
donor atom of the ligand remaining unbound and protonated. Two chloride ions are bound within

cavities formed by the aliphatic and bipyridine parts of the heptadentate ligands.

Mass spectrometric studies of complexes of bmdet and bmdpt with Cu?*, Mn?*, Fe*', Co**, Ni?**,
and Zn** demonstrated predominantly mononuclear species in solution. These analyses revealed
peaks consistent with 1:1 metal-to-ligand complexes, often showing doubly charged ions
corresponding to [M(bmdet)]*" or [M(bmdpt)]** species. Notably, the mass spectra also indicated
the presence of ligand-related species, including partially reduced or alternative ligand forms (e.g.,
L1), which influenced the observed complex distributions. For some metals, such as Mn and Cu,
additional peaks suggested equilibrium mixtures involving free ligand, protonated ligand, and

metal complexes with varying stoichiometries.

Job plot analyses for Cu** and Co*" with both ligands in acetonitrile revealed differing predominant
stoichiometries: Cu** complexes exhibited a metal-to-ligand ratio near 2:3, implying possible
multinuclear or helical assemblies, whereas Co** complexes favored a 1:1 stoichiometry consistent

with mononuclear species.

Overall, the combined crystallographic and mass spectrometric data indicate that while

heptadentate ligands like bmdet and bmdpt are capable of forming stable complexes with first-row
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transition metals, complete coordination of all seven donor atoms to a single metal centre is
generally precluded. Instead, coordination involves six donor atoms, with the seventh often
uncoordinated or facilitating the formation of multinuclear assemblies. These findings provide new
insights into the design and binding modes of high-denticity ligands with first-row transition
metals, expanding the understanding of coordination chemistry at the upper limits of ligand

denticity and highlighting the complex equilibria present in solution.
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1. Introduction

1.1 Coordination Chemistry:

Coordination chemistry as a distinct area of chemistry began with the work of both Jergensen and
Werner in the late 19"/early 20" centuries. Since the formulation of Werner’s coordination theory,
the field has undergone continuous evolution, and now encompasses advanced theoretical models
and technologically relevant applications.! Today, coordination chemistry underpins advances in
homogeneous catalysis, molecular electronics, photochemistry, supramolecular chemistry,
bioinorganic systems, and metal-based therapeutics. At its simplest, coordination chemistry
involves the interaction of a transition metal with one or more ligands. Transition metals have
partially filled d orbitals, which allow for variable oxidation states and different modes of bonding,
while their range of different sizes allows for diverse coordination numbers.? On the other hand,
ligands have a range of denticities, geometries, charges, and donor atom types, all of which lead

to unique chemical and physical characteristics of the resulting metal complexes.

Multidentate ligands have long been a subject of interest in coordination chemistry.® Such ligands
offer the possibilities of enhanced stability and greater structural control in the synthesis of
coordination complexes. However, they also raise fundamental questions regarding the limits of
metal coordination, especially when ligand denticity approaches or exceeds the typical
coordination number of the metal ion. Addressing these questions is essential for advancing both

theoretical understanding and practical ligand design strategies.

1.2 First-Row Transition Metals

The first-row transition metals (3d series) occupy a distinctive position in coordination chemistry
due to their relatively small ionic radii, moderate ligand field strengths, and, with the exceptions
of Co(IIT) and, to a lesser extent, Cr(III), rapid ligand exchange kinetics.* The first row transition
metals often exhibit coordination behaviour that is more flexible than that of their second- and
third-row counterparts.> One defining feature of first-row transition metals is their coordination
number. This is the number of ligand donor atoms directly bonded to the metal ion. In first-row
transition metals, the most common coordination numbers is six, and this is usually associated
with an octahedral geometry. This geometry provides optimal orbital overlap and ligand field

stabilization for many d-electron configurations.® Five-coordinate complexes, which display either
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trigonal bipyramidal or square pyramidal geometries, are also commonly observed and often
exhibit dynamic behaviour in solution. Four-coordinate complexes may be tetrahedral or square
planar, depending on electronic configuration and ligand type.” The small sizes of the first row
transition metal ions means that accommodation of seven or more donor atoms around a single
metal ion is rare, as this leads to significant steric crowding. Such high coordination numbers are

usually only achieved through careful multidentate ligand design .

1.3 Ligands

Ligands play an important role in shaping the structure and properties of coordination complexes.
The predominant classical interaction between a ligand and a transition metal is of the Lewis
acid/base type. The ligand acts as a Lewis base, donating electron density to the metal centre
through one or more donor atoms in a ¢ fashion, thus forming coordinate (or dative) covalent
bonds. Depending on the donor atom, the ligand can also act as either a n-Lewis acid or n-Lewis
base, accepting or donating m electron density from or to the metal ion. Such interactions are often
found in ligands containing aromatic donors.® While any atom possessing a lone pair of electrons
can potentially coordinate to a transition metal ion, ligands containing nitrogen-donor atoms are
probably the most extensively studied in coordination chemistry due to their versatile bonding

characteristics, tunable basicity, and compatibility with a wide range of metal ions.*°

1.3.1 Denticity of Ligands:

Ligands in so-called ‘classical’ coordination complexes require at least one donor atom having a
lone pair of electrons that can be donated to a transition metal to form a coordinate or dative bond.
The denticity of a ligand refers to the number of donor atoms that a ligand uses to bind to a
transition metal. Ligands such as water (H2O) and ammonia (NH3) only have a single atom bearing
a lone pair, and as a result, can only use one atom to bind to a transition metal. Such ligands are
called monodentate. The ethane-1,2-diamine ligand (figure 1), commonly known as
ethylenediamine (a non-IUPAC name) and abbreviated en, is an example of a ligand that generally

binds in a bidentate fashion, with both N atoms forming bonds to a single transition metal ion.

H,N NH,

figure 1: The structure of the ethylenediamine (en) ligand.



It should be noted, however, that en can bind in a monodentate fashion using only one of the two

11715 jt is thus technically incorrect to say that en is a

N atoms, and although this is extremely rare,
bidentate ligand. In addition, en can act as a bridging ligand between two transition metal ions,
and in this case, acts as a bis-monodentate ligand.'® As the number of donor atoms in a ligand
increases, so generally does the denticity of the ligand. Thus N-(2-aminoethyl)ethane-1,2-diamine
(commonly called diethylenetriamine, or dien, figure 2) can bind in a tridentate fashion through

all three N atoms,

HN NN

figure 2: The structure of the diethylenetriamine (dien) ligand

while N,N’-(ethane-1,2-diyl)di(ethance-1,2-diamine) (triethylenetetramine, trien, figure 3) can
utilise all four N atoms to bind to a single transition metal ion in a tetradentate fashion. Ligands
having more that one potential donor atom are generally termed polydentate or multidentate.

N N N N

H
> H H

Ho

figure 3: The structure of the triethylenetetramine (trien) ligand

As noted above for the en ligand, it is possible for a multidentate ligand to bind to a single transition
metal ion using less than the maximum number of donor atoms. Such binding is termed
hypodentate, and may arise from careful choice of reaction conditions, or steric factors of the

ligand. Thus, hypodentate complexes of both dien'’~%° and trien?! have been reported.

1.3.2 Chelate rings:

When a ligand coordinates to a single transition metald ion using at least two donor atoms, a chelate
ring is formed. The size of the chelate ring is determined by the number of atoms that separate the
donor atoms in the ligand. For example, when an en ligand binds in a bidentate fashion, a 5-
membered chelate ring is formed, containing the metal ion, the two donor N atoms, and the two C

atoms of the ligand (figure 4).



HoN NH
2N N2
M

figure 4: A 5-membered chelate ring formed on coordination of en to a metal ion.

As the ligand is aliphatic, the resulting chelate ring is non-planar. Because of the requirement to
accommodate a 90° (or at least close to 90°) bond angle about the metal ion, 5-membered chelate
rings are generally most stable as they have the least ring strain. 4- and 6-membered chelate rings

are also relatively common, but 7-membered and above are quite rare.

1.3.3 The chelate effect:
The stability of a transition metal complex can be determined by measurement of the equilibrium
constant for its formation from the transition metal and the ligand(s). The equilibrium constant

expression for the equilibrium
M(aq) + nL(aq) = MLn(aq)

is

and the value of K gives a measure of the stability of the complex — if K is large, the equilibrium

lies to the right and the complex is formed in large amounts, and vice versa.

Numerous studies have shown that complexes formed from multidentate ligands, which contain
chelate rings, generally exhibit significantly larger values of K than do complexes containing only
monodentate ligands. This has been termed The Chelate Effect.® For example, consider the
chemically similar complex cations [Ni(NH3)6]*" and [Ni(en)s]**. Both have a Ni*" ion coordinated
to 6 ligand N atoms, and display similar octahedral geometries. The equilibria for the formation of

these complexes are given below.
Ni**(aq) + 6NHs(aq) = [Ni(NH3)s]**(aq) log K = 8.61

Ni**(aq) + 3en(aq) = [Ni(en);]*"(aq) log K=18.28



Firstly, it should be noted that the equilibrium constants for the formation of both complexes are
massive, and that both equilibria lie very much towards products. However, it is obvious that the
en complex is some 10 orders of magnitude more thermodynamically stable than the NH3 complex.
This must therefore mean that the value of AG® for the formation of the en complex is significantly
more negative than that for the NH3 complex. This can be explained in terms of the following

equations.
AG®=-RT InK
AG® = AH"™- TAS”

As can be seen, there are both enthalpic and entropic contributions to the value of AG°.
Schwarzenbach, in 1952, showed that coordination of a multidentate ligand to a metal ion resulted
in a larger increase in entropy than the corresponding reaction with a monodentate ligand. This is
because coordination of a multidentate ligand releases 6 aqua ligands from a hydrated metal ion
but binds three or fewer ligands to the metal in the process; the same reaction with a monodentate
ligand would consume 6 monodentate ligands while the 6 aqua ligands are released, giving
essentially no increase in entropy. As can be seen in the equation above, a larger positive value of

AS® favours a larger negative value of AG® in situations where the values of AH® are comparable.

The enthalpic effects in these types of reactions are usually negligible, as has been shown from the

small values of enthalpy changes for reactions of the type
[M(NH3)¢]™* + 3en = [M(en)s]"" + 6NH;

One important factor in these reactions is that the polar N atoms in ethylenediamine are bound
together in relatively close proximity and therefore some of their mutual repulsions are overcome
before complexation, whereas in ammonia the individual molecules are separated, meaning that

formation of the monodentate complex will involve a larger energy barrier.

The size of the chelate ring formed in these reactions must also be considered. Initial coordination
of the chelating ligand to a metal ion will give a transient monodentate complex, and coordination
of a second donor atom to the same metal ion will be easier for small chain lengths between the

donor atoms. This is because the second donor atom is constrained to be in the vicinity of the metal



ion when the chain length, and hence chelate ring size, is small, thus increasing its probability of

coordination relative to a ligand having a long distance between its donor atoms.

It is well known that 5- and 6-membered rings are the most thermodynamically stable chelate rings
in chemistry. Molecular mechanics calculations on 5- and 6-membered chelate rings give the
optimum bond lengths and angles shown in figure 1.3. For 6-membered rings, the N-M-N bite
angle is larger, and the M-N bond lengths and distances between the two N atoms is smaller than
those in 5-membered chelate rings. This therefore suggests that the 6-membered ring will be
preferred for small metal ions such as Cu(Il) and Ni(II), while for larger metal ions , the presence

of a 5-membered ring would give complexes of lower energy.

109.5° 2 .
~M /1.54A 60 M o
N'('\'{'.,\'N /\‘V\/Z'SOA
2.51A
N="%%g54"N
A B

figure 5: The optimised geometries for (A) a 6-membered chelate ring, and (B) a 5-membered chelate

ring in a metal complex.?

The net result is that multidentate ligands which form 5- and/or 6-membered chelate rings on
coordination to a metal ion would be expected to show significant stability when compared to
lower-dentate congeners, and, from a purely thermodynamic standpoint, all available donor atoms
in the multidentate ligand would be expected to bind to the metal ion. However, this may not

always be the case if the ligand, or the metal-ligand complex, has unfavourable steric factors.

1.4 Amine ligands

Amine ligands occupy a seminal place in coordination chemistry. Transition metal complexes of
the simplest amine ligand, ammonia, NH3, formed much of the basis of the early work by
Jorgensen and Werner, and these complexes were crucial in the development of concepts such as

coordination number and oxidation state that underpin modern coordination chemistry. Similarly,



complexes containing the en ligand were originally studied in order to understand concepts such

as geometric and optical isomerism in coordination complexes.

1.4.1 Aliphatic amine ligands.

A large amount of work has been carried out on transition metal complexes of aliphatic polyamine
ligands. Of particular interest has been the series of polyamine ligands based on en. These ligands
contain two (en), three (dien), four (trien), five (tetraen), and six (pentaen) nitrogen donor atoms,
and form exclusively 5-membered chelate rings on coordination to a transition metal ion. The
ligands are very flexible and can bind in many different ways to a transition metal ion, as they are
relatively unconstrained. As the denticity of the ligand increases, so does the number of possible
isomers, owing to the different possible foldings of the ligand, the different possible conformations
of the chelate rings, and the different possible relative configurations of the secondary N-H

1** complex have been prepared and characterised,

pan

protons. Indeed, 7 isomers of the [Co(pentaen)

two of which are shown in figure 6.

N

)

figure 6: Two isomers of the [Co(pentaen)]®* ion. Left: the ffff isomer.2 Right: the mffm isomer.2*

The large number of possible isomers can be a hinderance in the characterisation of such
complexes, with extensive chromatographic separations often being required before crystallisation

can be successful.

1.4.2 Aromatic amine ligands
A large number of monodentate and multidentate amine ligands containing aromatic N donor
atoms are known. The majority of these are based on the pyridine molecule, a 6-membered

heterocyclic ring containing a single N donor atom, and many complexes containing this
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monodentate ligand, and its substituted derivatives, are known. Of importance to this thesis, and

to coordination chemistry in general, is the 2,2’-bipyridine ligand (figure 7).%°

figure 7: The structure of 2,2'-bipyridine

This was first prepared by Blau in 1888, from the dry distillation of Cu(Il) pyridine-2-carboxylate,
and since this time thousands of complexes containing 2,2’-bipyridine have been prepared and
characterised. The free ligand preferentially adopts a conformation in which the two N atoms are
mutually ¢rans to each other,?® but in metal complexes, both N atoms bind to a single metal ion in
a cis conformation to give a 5-membered chelate ring. Owing to the sp? hybridisation of all atoms
in the 2,2’-bipyridine ligand, the chelate ring is essentially planar, in contrast to the conformational
possibilities found in 5-membered aliphatic chelate rings, and this reduces the number of possible
isomers that can be formed. The ligand has a bite angle around 78—-82°, which is the range that fits
well with the coordination preferences of many first-row transition metals. It behaves
electronically as a strong c-donor, and a moderate m-acceptor, and as a result its metal complexes

generally display high thermodynamic stability.?’

The bipyridine unit is relatively rigid, in that only rotation about the interannular bond is permitted.
As a result, polypyridine ligands analogous to the multidentate aliphatic amine ligands discussed
above have little conformational freedom, and indeed, the 2,2:6'2":6",2":6".2"".6"" 2""-
sexipyridine ligand (figure 8) cannot bind all 6 N atoms to a single metal ion, and instead forms

double helical complexes containing two or three metal ions. 282°

figure 8: The 2,2":6',2":6",2"":6",2"":6"",2"""-sexipyridine ligand



1.4.3 Aliphatic-aromatic amine ligands.

Given the high thermodynamic stability of complexes containing bipyridine units, and the

flexibility of multidentate amine ligands, it was obvious that the synthesis of multidentate ligands

incorporating both features should be investigated. In 2007, the synthesis of the bmet (bmet =

N,N’-bis(2,2’-bipyridin-6-ylmethyl)ethane-1,2-diamine) ligand (figure 9) was reported. 3°
2= 2=

—N N /\ —N N
NH HN

figure 9: Structure of the bmet ligand

This was prepared by the reductive amination of ethylenediamine with 2,2’-bipyridine-6-
carboxaldehyde, using NaBH4 as the reductant. The bmet ligand is a hexadentate ligand
incorporating both aromatic and aliphatic N donor atoms, thus forming thermodynamically stable
complexes that have some ligand flexibility. Unlike the 2,2":6',2":6",2":.6"2"".6""2""-
sexipyridine ligand discussed above, bmet can bind all 6 donor atoms to a single transition metal
ion. This was demonstrated in the crystal structure of the complex [Co(bmet)](ClO4)3.H20, the
complex being prepared from reaction of the ligand hydrochloride salt with
Na3[Co(02C0)s].3H20 in aqueous solution. This also showed that the ligand, while flexible, could
only bind in a single configuration to the metal ion, such that the bipy N atoms and the

neighbouring aliphatic N atom lie mutually mer, figure 10

figure 10: X-ray Crystal structure of the [Co(bmet)]3* cation.



This lack of configurational flexibility thereby simplifies characterisation. 'H NMR was consistent
with the observed rigidity of the ligand in the complex; the observed geminal coupling of the
methylene protons showed that the 5-membered chelate rings associated with these were static.
The UV/vis spectrum of the complex was consistent with bmet being an extremely strong-field
ligand, and this could be explained by the presence of two particularly short Co-N bonds
(1.8653(19) A and 1.8636(19) A). In addition, to bmet, the syntheses and characterisation of two
other similar ligands, N,N’-bis(2,2’-bipyridin-6-ylmethyl)propane-1,3-diamine (bmpp) and N,N’-
bis(2,2’-bipyridin-6-ylmethyl)hexane-1,6-diamine (bmhx), were also reported. These, along with
other new ligands N,N’-bis(2,2’-bipyridin-6-ylmethyl)butane-1,4-diamine (bmbu), N,N’-bis(2,2’-
bipyridin-6-ylmethyl)pentane-1,5-diamine (bmpt), and N,N’-bis(2,2’-bipyridin-6-
ylmethyl)octane-1,8-diamine (bmot) were studied in a subsequent paper. 3!

2o )

—N N —N
NH HN

M

figure 11: Structures of the bmet (n = 2), bmpp (n = 3), bmbu (n = 4), bmpt (n =5), bmhx (n = 6), and
bmot (n = 8) ligands.

These were prepared by reductive amination reactions analogous to that used for the synthesis of
bmet, and X-ray crystal structures of [Mn(bmet)](ClO4)2, [Ni(bmet)](ClO4)2, [Fe(bmet)](ClO4)>,
[Mn(bmpp)](Cl04)2.2MeCN, and [Co(bmpp)](ClO4)3.H2O were reported. The crystal structures
of [Cu(bmet)](ClO4)2.H20, [Cu(bmet)]Br2.2MeCN, and [Zn(bmet)](ClO4):.H.O were also
reported in a subsequent paper,32 but no crystalline complexes of the bmbu, bmpt, bmhx and bmot
ligands could be obtained. It was found that only mononuclear complexes were formed for the
bmet, bmpp and bmbu ligands. However, electrospray ionization mass spectrometry (ESI-MS),
provided strong evidence for the formation of multinuclear complexes with the bmpt and bmot
ligands. The mass spectra showed mono-, di-, and trinuclear species, with dinuclear complexes
being the most common. For example, the observed ESI-MS spectrum of an equimolar solution of
Ni(ClO4)2.6H>0 and bmpt in acetonitrile is a composite of the calculated spectra of mononuclear
[Ni(bmpt)]ClO4", binuclear [Niz(bmpt)2](ClO4)2>", and trinuclear [Niz(bmpt)s;](ClO4)s:**. (figure
12). Fe(Il) and Mn(II) complexes of the bmot ligand showed similar patterns. These findings

10



indicate that the solution contains a mixture of species in equilibrium, and that longer alkyl chains

on the ligand increase the tendency to form multinuclear assemblies.

lme‘gi +MS, 0.50.7min #E0-44)
X104
. 596.1346 so7 1320
1 595.1344
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5066354
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figure 12: (a) Experimental ESI-MS of an equimolar solution of Ni(ClO4),.6H,0 and bmpt in acetonitrile. (b)
Calculated ESI-MS of [Ni(bmpt)]ClO4*. (c) Calculated ESI-MS of [Niz(bmpt).](ClO4),%*. (d) Calculated ESI-MS
of [Nis(bmpt)s](ClO4)s>*.

This is presumably because of the increasing size of the central chelate ring as the alkyl chain gets
longer — in the case of the octane ligand, an 11-membered central chelate ring would be formed,
for example. The strain present in such large chelate rings is significant and often precludes their
formation, and this would then encourage formation of multinuclear species. While crystals of the
di- and trinuclear complexes could not be obtained, it was assumed that these would be helical in
nature, by analogy with the sexipyridine complexes discussed above. Interestingly, the very similar
series of imine ligands shown in figure 13 were found to form only dimeric, trimeric and tetrameric
Ag" complexes, presumably owing to the lack of flexibility imparted by the C=N unit not allowing

formation of a mononuclear complex. The ligands themselves were not isolated.3
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figure 13: Structures of the imine ligands (n =0, 2, 3, 4).

1.5 Heptadentate N-donor ligands.
As stated above, it is very rare that first row transition metal ions can accommodate 7 donor atoms
in a mononuclear complex. Therefore, it is of interest to see what will occur when a heptadentate

ligand binds to a first row transition metal ion.
The simplest heptadentate aliphatic nitrogen donor ligand is hexaen (figure 14).

H H
HN S SN S N S NH2
H H H

figure 14: The structure of the hexaen ligand.

However, quite remarkably, it appears that no transition metal complexes of this ligand have been
structurally characterised, or even reported. A Scifinder search of this ligand gives 508 hits, 501
of which are patents; none of the remaining 7 journal articles, which date back to only 2006,
mention transition metal complexes of this ligand. It is also surprising is that the heptadentate
ligand 1, containing a central pyridine ring (figure 15), has not been reported, while there is only
a single report of the heptadentate bis(pyridyl) ligand 1,15-bis(2-pyridyl)-2,5,8,11,14-
pentaazapentadecane (pytetren) (figure 16). The latter reported protonation constants and
formation constants for the ligand with some transition metals (Co**; log Kmi = 22.67: Ni**; log

KmL = 26.25: Cu®*; log Kvr = 28.46: Zn**; log Ky = 19.90), but did not determine the nature of

X

H H

the ligand binding.3*

figure 15: The structure of ligand 1
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figure 16: The structure of ligand 1,15-bis(2-pyridyl)-2,5,8,11,14-pentaazapentadecane (pytetren).

A search of the Cambridge Structural Database shows that, surprisingly, there is only one example
of a mononuclear complex of a linear heptadentate ligand containing mixed amine and imine

donors (figure 17),%°

X

H2N\/\N/\/N\ N/ /N\/\N/\/NH2
H H

figure 17: The structure of a heptadentate ligand containing amine and imine donors

and no mononuclear complexes of any linear heptadentate amine ligand have been reported. With
this in mind, the main goal of this study is to determine the binding behaviour of first-row transition
metals with heptadentate bipyridine-based ligands. Can mononuclear coordination of such ligands
occur so that all ligand donor atoms are bound to the metal ion? And if not, what is the resulting
binding behaviour? Does the metal ion bind 6 of the 7 donors to give an octahedral complex? Or

are multinuclear complexes formed in which 6-coordination can be achieved at each metal ion?
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2. Experimental

2.1 Instrumentation

All NMR spectra were recorded using a Bruker Ascend 400 NMR spectrometer operating at 400
MHz for 'H nuclei and 101 MHz for '*C nuclei. Samples were dissolved (500 pL) in either
deuterated chloroform (CDCI3) or deuterated water (D20). The residual solvent peaks specific to
the deuterated solvents were used as internal references: CDCl3: 7.26 ppm ('"H NMR) and 77.36
ppm (3C NMR); D20: 4.79 ppm (‘H NMR). All 'H NMR spectra are reported as: chemical shift
d (ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, and m = multiplet).

High-resolution mass spectrometry (HRMS) analysis was recorded on a Thermo Orbitrap Exploris
120, and Low-resolution mass spectrometry (LRMS) analysis was conducted on an Agilent 1260
Infinity Quaternary LC Systems instrument. Both used electrospray ionisation (ESI) in positive
mode. Post-run analyses for HRMS were done using Freestyle 1.8 SP2 QF1 software. Samples for
HRMS and LCMS were prepared in methanol (MeOH) or acetonitrile (CH3CN) at a concentration
of less than 1 mg/mL. HRMS and LCMS data reported as: molecular formula, calculated parent
ion (m/z) and observed parent ion (m/z).

UV-Vis absorption spectra were measured using an Agilent Cary 60 spectrophotometer. Samples
were dissolved in acetonitrile (CH3CN) and methanol (MeOH) and analysed in quartz cuvettes

with a 1 cm path length.

Thin-layer chromatography (TLC) analyses were carried out on aluminium-backed plates coated
with Merck Silica Gel 60 F2s4 (0.25 mm) or Macherey—Nagel aluminium oxide N (0.2 mm) with
a UVs4 fluorescent indicator. Appropriate solvent systems were used for development, and spots
were visualised under ultraviolet light at 254 nm. Column chromatography was performed using
either silica gel 60 (Aldrich) or basic activated aluminium oxide as the stationary phase, with

suitable eluents selected for separation.

All chemicals used were of laboratory reagent (LR) or analytical reagent (AR) grade and utilised

as provided. Syntheses were conducted under aerobic conditions unless specified otherwise.
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2.2 Ligand Preparation
2.2.1 6-methyl-2,2’-bipyridine

figure 18: The chemical structure of 6-methyl-2,2’-bipydridine.

Method A

This was synthesized using a modified method of Liao et al.3¢

A mixture of NiCl,-6H,0 (1.21 g, 5.00x 10 mol) in dimethylformamide (200 mL) in a 500 mL
round-bottom flask was heated at 40°C, yielding a turquoise solution. To the above solution, 2-
bromo-6-methylpyridine (1.14 mL, 10.0 x 10 mol), 2-bromopyridine (2.26 mL, 25.0 x 10~ mol),
anhydrous LiCl (4.41 g, 0.105 mol), and zinc dust (8.15 g, 0.126 mol) were added. Once the
temperature reached 50°C, a few grains of iodine crystals and 10 drops of glacial acetic acid were
added to initiate the reaction. A mixture of 2-bromo-6-methylpyridine (2.28 mL, 20.0 x 10~ mol)
and 2-bromopyridine (4.53 mL, 50.0 x 10 mol) in dimethylformamide (50 mL) was added
dropwise to the reaction mixture at 60°C over a period of 3 hours. The reaction mixture was then

stirred overnight at 60°C.

The reaction mixture (grey-black colour) was cooled to room temperature. With constant stirring,
1 M HCl(aq) (150 mL) was added slowly to consume the zinc dust, thereby forming a milky
solution. The solution was made alkaline by adding aqueous ammonia solution (100 mL, 28 %),
and the solution turned clear black. This was extracted with methylene chloride (3 x 100 mL). The
combined organic layers were dried over Na,COs, filtered, and reduced to low volume (rotavap).
Toluene (50 mL) was added, and the solution was reduced to a low volume (rotavap, 60°C) to
remove the remaining dimethylformamide; this was repeated three times. The product was purified
by column chromatography on silica gel (60) and was initially eluted with chloroform, then with
a chloroform/methanol (98:2) mixture, and finally with a chloroform/methanol (95:5) mixture.
This purification method was attempted several times; however, the desired product was not

obtained. Therefore, method B was employed for the synthesis of 6-methyl-2,2’-bipyridine.
Method B
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Caution: MeLi is potentially pyrophoric when exposed to air.
This was synthesized using a modified method of Schmalzl and Summers.3’

2,2’-bipyridine (18.42 g, 0.1180 mol) was dissolved in dry ethyl ether (225 mL) under N». To this
stirred solution was added a solution of methyl lithium in dimethoxymethane (3.1 M, 100 mL, 0.31
mol) via cannula over a period of 10-15 minutes. The solution turned deep red instantly and was
stirred continuously at room temperature under a N> atmosphere for 3 hours. This solution was
then poured slowly onto 300 g of finely crushed ice with constant stirring, resulting in a bright
yellow solution. This solution was then extracted with diethyl ether (3 x 150 mL), and the
combined organic layers were dried over anhydrous Na;SOs, filtered, and the filtrates were
reduced to dryness (rotavap) to yield dihydro-6-methyl-2,2’-bipyridine as a dark brown oil. This
was then heated for 2 h at 90°C under vacuum to convert dihydro-6-methyl-2,2’-bipyridine to 6-
methyl-2,2’-bipyridine. The crude product was purified by chromatography on an alumina column
packed with a solvent mix of dichloromethane/toluene (50:50). The column was initially eluted
with dichloromethane/toluene (50:50), then with dichloromethane (100%). The eluate was
monitored by TLC, and the second band was found to contain the desired product. This was
collected and reduced to dryness (rotavap), yielding a light-yellow oil (8.65 g, 43.08% based on
2,2’-bipyridine). '"H NMR (400 MHz, CDCI3): § 8.57 (ddd, 1H, H-6"), 8.31 (dt,1H, H-5"), 8.07 (d,
1H, H-3), 7.79 — 7.62 (m, 1H, H-3"), 7.62 — 7.51 (m, 1H, H-4), 7.20 — 7.10 (m, 1H, H-4"), 7.05 (d,
1H, H-5), 2.53 (s, 3H, H-7); '*C NMR (101 MHz, CDCls) & 157.9 (C2), 156.5(C2’), 155.6(C6),
149.1(C6’), 137.1(C4), 136.8(C3’), 123.5(C4’), 123.3(C5), 121.2(C5’), 118.1(C3), 24.7(C7).
HRESI-MS: Calculated (m/z) for CiiHiN2" [M+H]" (m/z) = 171.0920; found (m/z) = 171.0916

2.2.2 6,6’-dimethyl-2,2’-bipyridine

figure 19: The chemical structure of 6,6’-dimethyl-2,2’-bipydridine.
This was synthesized using a modified method of Liao et al.3

A mixture of NiCl,-6H,0 (1.21 g, 5.21 x 107 mol) and dimethylformamide (200 mL) in a 500 mL

round-bottom flask was heated at 40°C, yielding a turquoise solution. To the above solution, 2-
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bromo-6-methylpyridine (1.14 mL, 0.0100 mol), anhydrous LiCl (4.43 g, 0.105 mol), and zinc
dust (7.82 g, 0.120 mol) were added. Once the temperature reached 50°C, a few grains of iodine
crystals and 10 drops of glacial acetic acid were added to initiate the reaction. 2-bromo-6-
methylpyridine (10.24 mL, 9.000 x 10> mol) was added dropwise to the reaction mixture at 60°C

over 3 hours. The reaction mixture was then stirred overnight at 60°C.

The reaction mixture (grey-black colour) was cooled to room temperature. With constant stirring,
1 M HCl(aq) (150 mL) was added slowly to consume the zinc dust, thereby forming a milky
solution. The solution was made alkaline by adding aqueous ammonia solution (100 mL, 28 %),
and it turned clear black. This was extracted with methylene chloride (3 x 100 mL). The combined
organic layers were dried over NayCOs, filtered, and reduced to low volume (rotavap). 50 mL of
toluene was added, and the solution was reduced to a low volume (rotavap, 60°C) to remove the
remaining dimethylformamide; this was repeated four times. The product obtained was a light
orange crystalline solid (6.83g, 74.16% based on 2-bromo-6-methylpyridine). '"H NMR (400 MHz,
CDCl): 6 8.17 (d, J=17.8, Hz, 2H), 7.68 (t,J = 7.7 Hz, 2H), 7.16 (t, J= 8.5 Hz, 2H), 2.63 (s, 6H);
3C NMR (101 MHz, CDCls): § 157.9, 156.0, 137.0, 123.0, 118.2, 24.7. LRESI-MS: Calculated
(m/z) for C1oHi3N2" [M+H]" (m/z) = 185.1070; found (m/z) = 185.1

2.2.3 2,2’-bipyridine-6-carbaldehyde

figure 20: The chemical structure of 2,2’-bipyridine-6-carbaldehyde.
This was synthesized using a modified method of Heirtzler et al.3®

A mixture of 6-methyl-2,2’-bipyridine (11.73 g, 6.890 x10 mol) and selenium dioxide (12.22 g,
1.101 x10! mol) was refluxed in a solution of dioxane (325 mL) and deionised water (2.0 mL)
under N> gas for 3 h to give a dark orange solution. The reaction mixture was then cooled to room
temperature to give a cloudy mixture. To this was then added further deionised water (2.0 mL) and
selenium dioxide (12.22 g), resulting in a slight colour change. Refluxing was then continued for

a further 26 hours.

17



The reaction mixture was filtered through celite to remove metallic selenium, and the filter pad
was washed with warm dioxane (50°C, 3 x 20 mL) and warm ethyl acetate (50°C, 3 x 20 mL),
causing the filtrate to turn a milky cream colour. On cooling of the reaction mixture, an oily residue
was formed, which was dissolved in methanol and reduced to dryness (rotavap) to give a dark

yellow oil, which turned to a pale orange solid overnight.

The crude product was purified by column chromatography on silica gel (Silica gel 60). The crude
product was dissolved in a small amount of dichloromethane, 7 g of silica gel was added, and the
solid was dry-loaded on the column. Initial, elution with ethyl acetate/dichloromethane (15:85)
and then with ethyl acetate/dichloromethane (50:50) removed the product. The product was
obtained as a yellow oil on drying (rotavap), which solidified to a yellow powder over time (3.22
g, 25.37% based on 6-methyl-2,2’-bipyridine). 'H NMR (400 MHz, CDCls): § 10.18 (d, 1H), 8.72
(ddd, 1H), 8.69 — 8.62 (m, 1H), 8.56 (dt, 1H), 8.03 —7.95 (m, 2H), 7.88 (td,1H), 7.37 (ddd, 1H).!*C
NMR (101 MHz, CDCI3) & 194.1, 157.0, 155.3, 152.7, 149.7, 138.3, 137.5, 125.5, 124.7, 121.8,
121.6. HRESI-MS: Calculated (m/z) for CiiHoN>O" [M+H]" (m/z) = 185.0710; found (m/z) =
185.0709.

224 N-(]2,2’-bipydridin]-6-ylmethyl-N’-(2-((|2,2’-bipyridine]-6-
ylmethyl)amino)ethyl)ethane-1,2-diamine (bmdet)

figure 21: The chemical structure of bmdet.

A solution of 2,2’-bipyridine-6-carbaldehyde (1.96 g, 1.06 x 102 mol) and diethylenetriamine
(0.52 mL, 5.3 x 10 mol) in methanol (78 mL) was heated under reflux for 2 h with constant
stirring. The reaction mixture was cooled to room temperature, and NaBH4 (0.49 g, 1.3 x 102 mol)
was added slowly, causing the solution to bubble. The mixture was stirred for a further 2 h, the
resulting solution was filtered through celite, the filter pad was washed with methanol (30 mL),
and the combined filtrates were reduced to dryness (rotavap), yielding a yellow residue. This was
dissolved in deionised water (20 mL) and was extracted with chloroform (3 % 20 mL). The
combined organic layers were dried over anhydrous Na>SO4, the mixture was filtered and the

filtrate was reduced to dryness (rotavap). The product was obtained as a dark yellow oil (2.86 g,
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61.51% based on 2,2’-bipyridine-6-carbaldehyde). 'H NMR (400 MHz, CDCls) & 8.67 (dq, 2H,
H13), 8.43 (dt, 2H, H10 ), 8.26 (dd, 2H, H7), 7.78 (td, 2H,H12), 7.75 (t, 2H, H6 ), 7.27 (m, 6H,
H5 /H11), 3.99 (s, 4H, H3), 2.83 (m, 8H, H1/H2); '3C NMR (101 MHz, CDCls) § 159.3(C8),
156.2(C9), 155.5(C4), 149.1(C13), 137.3 (C6), 136.8 (C12), 123.6 (C11), 122.2(C5), 121.1(C10),
119.2(C7), 55.1(C3), 49.6 and 49.2(C1/2). HRESI-MS: Calculated (m/z) for C26H3oN7" [M+H]"
(m/z) = 440.2560, found (m/z) = 440.2556; calculated (m/z) for CasH31N7*" [M+2H]*" (m/z)
=220.6310, found (m/z) =220.6215.

2.2.5 Preparation of bmdet.3HCI

1 g of bmdet was dissolved in 1 M HCI (50 mL) and reduced to dryness (rotavap) to give a pale-
yellow solid. To this was dissolved in 20 mL of ethanol and reduced to dryness (rotavap). This
was repeated three times, yielding bmdet.3HCI as a pale-yellow solid (1.42 g).

2.2.6 N-(]2,2’-bipydridin]-6-ylmethyl-N’-(3-((|2,2’-bipyridine]-6-
ylmethyl)amino)propyl)propane-1,3-diamine (bmdpt)

figure 22: The chemical structure of bmdpt.

A solution of 2,2’-bipyridine-6-carbaldehyde (1.10 g, 5.97 x 103 mol) and bis(3-
aminopropyl)amine (0.40 mL, 2.9 x 10~ mol) in methanol (78 mL) was refluxed for two hours
with constant stirring. The reaction mixture was cooled to room temperature, and NaBH4 (0.32 g,
8.5 x 10 mol) was added slowly to the reaction mixture, which caused effervescence. After
stirring for a further 2 h the mixture was filtered through celite, the filter pad was washed with
methanol (30 mL), and the combined filtrates were reduced to dryness (rotavap), yielding a yellow
residue. Deionised water (20 mL) was added, and the mixture was extracted with chloroform (3 x
20 mL). The combined organic layers were dried over anhydrous Na>SO4, the mixture was filtered,
and the filtrate was reduced to dryness (rotavap). The product was obtained as dark yellow oil
(2.28 g, 81.72% based on 2,2’-bipyridine-6-carbaldehyde). 'H NMR (400 MHz, CDCls): § 8.64
(dq, 2H, H14), 8.40 (dt,2H, H11), 8.23 (dd, 2H, H8), 7.77 (m, 4H, H13/H7), 7.26 (t, 6H, H6H12),
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3.95 (s, 4H, H4), 2.69 (tt, 8H, H1/H3), 1.73 (m, 4H, H2); 3C NMR (101 MHz, CDCl3): 5 159.4
(C9), 156.4 (C10), 155.6 (C5), 149.2 (C14), 137.3 (C7), 136.9 (C13), 123.7 (C12), 122.3 (C6),
1212 (C11), 119.3 (C8), 5.3 (C4), 48.6 and 48.1(C1/3), 30.6 (C2). HRESI-MS: Calculated (m/z)
for C2sH34N7" [M+H]" (m/z) = 468.2870, found (m/z) for 468.2871; calculated (m/z) for C2sH3sN7**
[MA2H]?* (m/z) =234.6470; found (m/z) for 234.6472.

2.2.7 Preparation of bmdpt.3HCI
0.500 g of bmdet was dissolved in 1 M HCI (50 mL) and reduced to dryness (rotavap) to give a
pale-yellow solid. To this was dissolved in 20 mL of ethanol and reduced to dryness (rotavap).

This was repeated three times, yielding bmdet.3HCI as a pale-pink solid (0.506 g).

2.3 Complex precursor synthesis

2.3.1 Sodium tris-carbonatocobaltate(III) trihydrate, (Na3[Co(COz3)3).3H20)

This was synthesized using a modified method of Bauer and Drinkard.>®

To a solution of cobalt nitrate hexahydrate (Co(NO3)2.6H20, 29.1 g, 0.10 mol) in deionised water
(50 mL) was added 30% H>O> (10 ml, excess). The resulting solution was then added to an ice-
cold slurry of sodium bicarbonate (42.0 g, 0.50 mol) in deionised water (50 mL) with constant
stirring, resulting in a deep green solution. After addition was complete, the reaction mixture was
stirred at 0°C for 1 h. The olive-green solution was filtered and washed with cold deionised water
(3 x 10 mL), then washed with absolute alcohol. The product was obtained as a fine olive-green

powder (34.56 g, 95.48% based on Co(NO3)2.6H20).

2.4 Preparation of bmdet complexes
Caution: Perchlorate salts are potentially explosive. Care was taken to use a low temperature while
reducing volumes by rotary evaporator, and solutions were never taken to absolute dryness in this

case.

2.4.1 [Coz(bmdet)2Cl](ClO4)s

To a solution of bmdet.3HCI (1.42 g, 2.59 x 107 mol) in deionised water (10 mL) was added
Na3[Co(COs)3).3H20 (0.92 g, 2.5 x 10~ mol), resulting in a green solution. The reaction mixture
was heated at 65°C for 5 min, during which CO; evolved, and the solution turned dark red. The
reaction mixture was filtered through celite, and the filter pad was washed with deionised water (3

x 10 mL). The combined filtrates were diluted to 400 mL with deionised water and loaded onto a
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Dowex S0W-X2 cation exchange column. A minor light pink band eluted with 3 M HCI and was
discarded, while a dark orange band was obtained on elution with 5 M HCI. This was reduced to

dryness (rotavap), yielding an orange, sticky solid.

The dried complex was dissolved in the minimum volume (3-4 mL) of deionised water and
addition of a small amount of solid sodium perchlorate gave an orange precipitate. The mixture
was cooled in an ice bath, the orange solid was removed by filtration and washed with iso-
propanol. Attempts to obtain X-ray quality crystals from slow cooling of a hot, concentrated
aqueous solution of the product were unsuccessful. HRESI-MS: Calculated (m/z) for

CoCasHaoN72" [MP?* (m/z) =249.0900; found (m/z) = 249.0903

2.4.2 [Cu(bmdet)](ClO4):

Copper(II) perchlorate hexahydrate (0.17 g, 4.5 x 10 mol) was added to a solution of bmdet (0.20
g, 4.5 x 10 mol) in deionised water (2 mL), resulting in a blue solution that gave a green, sticky
solid on standing. The reaction mixture was warmed to dissolve the solid, and the mixture was
then filtered through cotton wool. On standing of the filtrate overnight, polycrystalline material

was obtained that was unsuitable for X-ray structural characterisation. HRESI-MS: Calculated

(m/z) for CuCa6H20N7*" [M]*" (m/z) =251.0880; found (m/z) = 251.0885.

2.4.3 [Mn(bmdet)](Cl04)2

Manganese(II) perchlorate hexahydrate (0.16 g, 4.5 x 10 mol) was added to a solution of bmdet
(0.20 g, 4.5 x 10** mol) in deionised water (2 mL), which instantly turned into yellow precipitates.
Attempts to obtain X-ray quality crystals from slow cooling of a hot, concentrated aqueous solution
of the product were unsuccessful. HRESI-MS: Calculated (m/z) for MnC26H20N7C104" [M]* (m/z)
= 593.1340, found (m/z) = 593.1343; Calculated (m/z) for MnC26H29N7*" [M]** (m/z) =247.0930,
found (m/z) = 247.0927.

2.4.4 [Fe(bmdet)](Cl04)2

Iron (II) perchlorate hydrate (0.16 g, 4.5 x 10™* mol) was added to a solution of bmdet (0.20 g, 4.5
x 10* mol) in methanol. The mixture turned deep purple and a sticky solid was formed. The
reaction mixture was warmed to dissolve the solid, and the mixture was then filtered through cotton
wool. Slow cooling of the warm filtrate overnight failed to give X-ray quality crystals. HRESI-
MS: Calculated (m/z) for FeCa6H20N7>" [M]** (m/z) =246.5830; found (m/z) = 246.5833.
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2.4.5 [Cu(bmdet)|(CH3COO)2

Copper (II) acetate monohydrate (0.090 g, 4.5 x 10 mol) was added to a solution of bmdet (0.20
g, 4.5 x 10"* mol) in methanol (5 mL). The reaction mixture was heated for 10 min. and turned
dark green. Slow cooling of the reaction mixture failed to give X-ray quality crystals. Calculated
(m/z) for CuCasH2sN7" [M]" (m/z) = 501.1700, found (m/z) = 501.1695; Calculated (m/z) for
CuCa6H2oN7" [M]** (m/z) =251.0880, found (m/z) = 251.0884.

2.4.6 |[Zn(bmdet)](ClO4)2

Zinc (II) perchlorate hexahydrate (0.088 g, 4.5 x 10** mol) was added to a solution of bmdet (0.20
g, 4.5 x 10 mol) in deionised water (2 mL). A white precipitate was formed, which was filtered
and washed with ice-cold deionised water. The obtained precipitate was dissolved in the minimum
volume of deionised water, heated, and then slowly cooled to attempt crystallisation, which was
unsuccessful. HRESI-MS: Calculated (m/z) for ZnCasHaoN7" [M]*" (m/z) =251.5880; found (m/z)
=251.5882.

2.4.6 [Rh(bmdet)](Cl)3

Rhodium(III) chloride hydrate (0.050 g, 1.6 x 10 mol) was added to a solution of bmdet (0.070
g, 1.6 x 10 mol) in hot deionised water (5 mL) and the solution was stirred for 1 h. The resulting
light brown solution was reduced to low volume (rotavap) and a small amount of sodium

perchlorate was added, which gave a beige-coloured precipitate.

2.4.7 [Ru(bmdet)]Cl2

[Ru(DMSO0)4Cl>] (0.050 g, 1.0 x 10 mol) was added to a solution of bmdet (0.045 g, 1.0 x 10
mol) in deionised water (5 mL) the dark red solution was stirred for 1 h. The solution was reduced
to dryness (rotavap). Dissolved the complex in a minimum volume of deionised water (2 mL) and
added sodium hexafluorophosphate. Light red colour precipitates are obtained, filtered and washed
with ice cold water. HRESI-MS: Calculated (m/z) for RuC26H20N7*" [M]** (m/z) =270.5763; found
(m/z) =270.5759.

2.5 Preparation of bmdpt complexes

2.5.1 [Coz2(bmdpt)2C1](C1O4)s
To a solution of bmdpt.3HCI (0.506 g, 2.59 x 10~ mol) in deionised water (10 mL) was added
Na3[Co(CO0s3)3).3H20 (0.330 g, 2.5 x 10~ mol), resulting in a green solution. The reaction mixture
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was heated at 65°C for 5 min, during which CO> evolved, and the solution turned dark red. The
reaction mixture was filtered through celite, and the filter pad was washed with deionised water (3
x 10 mL). The combined filtrates were diluted to 200 mL with deionised water and loaded onto a
Dowex 50W-X2 cation exchange column. A minor light pink band eluted with 3 M HCI and was
discarded, while a dark orange band was obtained on elution with 5 M HCI. This was reduced to

dryness (rotavap), yielding an orange, sticky solid.

The dried complex was dissolved in the minimum volume (3-4 mL) of deionised water and
addition of a small amount of solid sodium perchlorate gave a pale orange precipitate. Heated the
precipitates to dissolve. Attempts to obtain X-ray quality crystals from slow cooling of a hot,

concentrated aqueous solution of the product were unsuccessful.

2.6 Solution Studies

2.6.1 Job’s plots
Reaction of bmdet and bmdpt with [Cu(OH2)6](C104)2

Stock solutions were prepared as follows

Solution A - 0.012 M [Cu(OH2)s](ClO4)2 in CH3CN
Solution B - 0.012 M bmdet in CH3CN

Solution C — 0.012 M bmdpt in CH3CN

All solutions were freshly prepared.

Using an automatic pipette, 0, 0.50, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50, 4.00, 4.50, and 5.00 mL of
the ligand solution was added to separate 5 mL volumetric flasks. Then, 5.00, 4.50, 4.00, 3.50,
3.00, 2.50, 2.00, 1.50, 1.00, 0.50, and 0 mL of the metal solution was added to each flask, to give
11 solutions having varying concentrations of both metal ion and ligand. Each flask was mixed
well, and the UV/vis spectrum of each solution was then recorded (800nm to 600nm) after a few

minutes, using CH3CN as the baseline.

A graph of specific absorbance versus mole fraction of the metal was plotted using the collected

data.

Reaction of bmdet and bmdpt with [Co(OH2)s](Cl104)2
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Stock solutions were prepared as follows.

Solution A - 0.0030 M [Co(OH2)s](C104)2 in CH3CN

Solution B - 0.0030 M bmdet in CH3CN

Solution C - 0.0030 M bmdpt in CH;CN

All solutions were freshly prepared.

Solutions were prepared and UV/Vis spectra obtained as described in Section 1.6.1 above.

A graph of specific absorbance versus mole fraction of the metal was plotted from the collected

data.

2.6.2 Mass spectroscopy
Solution A - 0.0114M [M(OH2)](C10O4)2 in CH3CN and MeOH; M = Co, Cu, Ni, Zn, Mn, and Fe].

Solution B - 0.0114M bmdet in CH3CN and MeOH.
Solution C - 0.0114M bmdpt in CH3CN and MeOH.

The mass spectrometry samples were prepared by mixing the ligand solution with 1, 2, or 3
equivalents of the metal ion solutions. Specifically, 1, 2, and 3 equivalents of solution A were
added to 50 puL of solutions B and C, respectively. The resulting metal-ligand mixtures were
thoroughly mixed and allowed to stand at room temperature. For mass spectrometric analysis, 2
pL of each equilibrated solution was diluted with 1.0 mL of a CHsCN or MeOH, and each sample

was then directly injected into the mass spectrometer.

The observed spectrum was compared with the calculated spectrum which was obtained from

Molecular Mass Calculator.4°
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3. Results and discussion

3.1 Ligand synthesis
Method A

5 mol % NiCl,-6H,0

AN

/(j\ , @ Zn (126 mol%)
— P

Br N~ "CHj N Br

LiCI (105 mol%)
DMF, 60°C

Method B

SeOz, Hzo,

1. MeLi, Etz0 Dioxane, Reflux,30h

Y

2. Heat 90°C
Under Vacuum

bmdet
Scheme 1: The synthetic route for the preparation of bmdet.

Scheme 1 shows the synthetic route followed for the synthesis of the new ligand, bmdet. This

involves reaction of 2,2’-bipyridine-6-carbaldehyde with diethylenetriamine and reduction of the
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resulting diimine with NaBHa4. 2,2’-bipyridine-6-carbaldehyde was prepared by SeO» oxidation of
6-methyl-2,2’-bipyridine, which was itself prepared from 2,2’-bipyridine by reaction with MeLi.

Synthesis of the ligand precursor, 6-methyl-2,2’-bipyridine (1), was first attempted using method
A, a modified version of the method reported by Liao et al.3® This involves Ni-catalysed reductive
coupling of heteroaryl bromides, in which Zn-LiCl acts as a reducing agent. 2-bromo-6-
methylbipyridine and 2-bromopyridine were reacted in the presence of NiClo.6H>0, excess lithium
chloride and zinc dust in hot dimethylformamide, as described in Chapter 2. This method of
synthesis of 6-methyl-2,2’-bipyridine was attempted at least 4 times. Purification of the crude
product via column chromatography on both silica gel and alumina, with different solvent
combinations as mobile phases, was attempted, but the pure product could not be obtained.
Analysis by mass spectrometry gave a product ion peak at m/z = 171.0916, consistent with the
calculated value for 6-methyl-2,2’-bipyridine (calculated for Ci;HiiN2" [M+H]" (m/z) = 171.0920;
found m/z = 171.0916). However, the presence of several other peaks suggested the presence of
additional compounds. Further analysis of the compound by 'H NMR spectroscopy revealed a
noisy spectrum, consistent with the presence of multiple compounds. At this point, it was decided
not to continue with the reported procedure. Thus, Method B was utlised to synthesise 6-methyl-

2,2’-bipyridine.

Method B for the synthesis of 6-methyl-2,2’-bipyridine uses a modified method of Schmalzl and
Summers®’ which involves a nucleophilic addition-aromatisation sequence. This method contrasts
with the previously attempted reductive dimerization by utilizing the pre-formed bipyridine
backbone for functionalization. The route starts from the commercially available 2,2’-bipyridine,
which was C-methylated by MeLi. In this reaction, methyl lithium acts as a strong nucleophile and
base. When added to the solution of 2,2’-bipyridine, it attacks the electron-deficient pyridine ring,
specifically at the position ortho to the nitrogen (the 6-position). This results in the formation of a
dihydropyridine intermediate, indicated by the deep red coloration of the reaction mixture.
Quenching the reaction mixture with crushed ice protonates this intermediate, yielding a reduced,
non-aromatic species, as indicated by the observed yellow colour. Subsequent heating at 90 °C
under reduced pressure restores aromaticity through dehydrogenation, yielding the desired 6-
methyl-2,2'-bipyridine. Purification by column chromatography on alumina (initial elution with

dichloromethane/toluene (50:50), then with dichloromethane (100%)), afforded the product as a
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light-yellow oil. The product was characterised by High-Resolution Electrospray Ionization Mass
Spectrometry and Nuclear Magnetic Resonance spectroscopy. The observed molecular ion peak
at m/z = 171.0916 ([M+H]") (figure 26) closely matches the calculated value for Ci1HiiN2" (m/z
= 171.0920), confirming the expected molecular formula. Further structural confirmation was
obtained from NMR spectroscopy. The 'H (figure 24) and *C (figure 25) spectra of the product
are consistent with its formulation. The molecule lacks symmetry owing to the methyl functional
group, and therefore, all protons and carbon atoms have different chemical environments. The 'H
NMR spectrum shows a singlet at 6 2.53 ppm integrating for three protons, which is assigned to a
methyl group attached to an aromatic carbon. This chemical shift is consistent with a methyl group
deshielded by the adjacent aromatic system. The remaining one proton signals between 6 7.05 and
8.57 ppm correspond to seven aromatic protons of the bipyridine framework. The most downfield
resonance (6 8.57 ppm) arises from the proton (H-6") adjacent to a nitrogen atom, reflecting its
deshielded environment. The multiplets in the regions 6 7.79 — 7.62 ppm, 6 7.62 — 7.51 ppm, and
0 7.20 — 7.10 ppm correspond to the remaining aromatic protons on both rings, showing complex
coupling patterns typical of a bipyridine system. The doublet at 6 7.05 ppm can be assigned to the
proton at the 5-position. The *C NMR spectrum displays eleven carbon signals, ten in the aromatic
region and one in the aliphatic region), consistent with the proposed structure. The low intensity
signals in the range 6 155.6 — 157.9 ppm are assigned to the three quaternary carbons adjacent to
nitrogen atoms present in the molecule, while resonances between 6 118.1 and 149.1 ppm
correspond to the remaining aromatic carbons. A single aliphatic carbon signal at & 24.66 ppm

confirms the presence of the methyl substituent.

figure 23: The chemical structure and atom numbering scheme of 6-methyl-2,2'-bipyridine.
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figure 26: The Mass Spectrum of 6-methyl-2,2'-bipyridine in CDCls.

2,2’-bipyridine-6-carbaldehyde was synthesized using a modified method of Heirtzler et al. by the
oxidation of 6-methyl-2,2’-bipyridine. This is a modified Riley oxidation, a method for oxidizing
methyl groups adjacent to aromatic systems to aldehydes or carboxylic acids, which typically
employs selenium dioxide as the oxidizing agent. The initial step involves refluxing 6-methyl-
2,2’-bipyridine with selenium dioxide in a dioxane/water mixture under an N> atmosphere.
Selenium dioxide is known to selectively oxidize allylic and benzylic positions. In this case, the
methyl group is benzylic to the pyridine ring, forming an aldehyde while selenium dioxide is
reduced to elemental selenium, which was observed experimentally which was removed by
filtration through celite. The long reflux time (26 h) and staged addition of selenium dioxide and
water were employed to ensure complete oxidation while limiting over-oxidation to the
corresponding carboxylic acid. The product was obtained as a dark yellow oil that solidified to
give a pale orange solid on standing overnight. The formed product was identified by High-
Resolution Electrospray lonization Mass Spectrometry and Nuclear Magnetic Resonance
spectroscopy. The observed molecular ion peak at m/z 185.0709 ([M+H]") matches very closely
with the calculated value of m/z 185.0710 for C;1HoN>O". This excellent agreement confirms the
molecular formula of the aldehyde and supports successful oxidation of the methyl group to a
formyl group without further oxidation. The '"H NMR spectrum further supports the formation of

the aldehyde. The molecule lacks symmetry owing to the aldehyde functional group, and therefore,
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all protons and carbon atoms have different chemical environments. The signal at 6 10.18 ppm
(1H, H-7) is characteristic of an aldehydic proton; it is strongly deshielded due to the adjacent
carbonyl group. The remaining signals between ¢ 8.7 and 7.3 ppm correspond to the aromatic
protons of the 2,2'-bipyridine framework. Protons located close to the nitrogen atoms appear at
higher chemical shifts (6 8.6—8.7 ppm) due to the electron-withdrawing effect of the pyridine
nitrogen atoms, while protons further away resonate at slightly lower chemical shifts (from J 8.56
to 7.33 ppm). The *C NMR spectrum was consistent with the proposed structure. The total number
and chemical shift distribution of carbon signals are fully consistent with a mono-aldehyde-
substituted 2,2'-bipyridine system. The resonance at 6 194.1 ppm is assigned to the aldehyde
carbonyl carbon. The three low intensity signals between 6 157.0 and 152.7 ppm correspond to
quaternary carbons directly bonded to nitrogen in the pyridine rings, which are deshielded by the
electronegative nitrogen atoms. The remaining aromatic carbon signals observed between 6 149.7

and 121.6 ppm are assigned to the substituted and unsubstituted carbons of the bipyridine rings.

figure 27: The chemical structure and atom numbering scheme of 2,2'-bipyridine-6-carbaldehyde.
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figure 30: The Mass Spectrum of 2,2'-bipyridine-6-carbaldehyde.

The bmdet (the abbreviation comes from bipyridylmethyldiethylenetriamine) ligand was prepared
from the reductive amination of 2,2'-bipyridine-6-carbaldehyde with diethylenetriamine in
methanol. In the first step, 2,2’-bipyridine-6-carbaldehyde was reacted with diethylenetriamine in
refluxing methanol for two hours. This involves a condensation reaction between the aldehyde
functional group of the bipyridine derivative and the primary amine groups of diethylenetriamine,
resulting in the formation of a diimine intermediate containing two C=N double bonds and
elimination of water. After cooling the reaction mixture to room temperature, sodium borohydride
(NaBH4) was added gradually to reduce the imines to secondary amines (C—NH) via hydride
transfer. After an aqueous workup to remove inorganic impurities, and extraction into chloroform,

the bmdet ligand was isolated as a dark yellow oil in moderate yield.

The new ligand was characterised by High-Resolution Electrospray lonization Mass Spectrometry
and Nuclear Magnetic Resonance spectroscopy. HRESI-MS confirms the molecular composition
of the bmdet ligand. The observed molecular ion peak at m/z = 440.2556 corresponds to the
calculated value for [C26H30N7]" (m/z = 440.2560), the singly protonated ligand, confirming the
expected molecular weight. In addition, a peak corresponding to the doubly charged ion at m/z =
220.6215 is also observed (calculated [C26H31N7]*" (m/z = 220.6310)) (figure 34). The presence of
both singly and doubly protonated species is typical for polyamine ligands and further supports

the successful formation of the desired ligand.
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The bmdet molecule is symmetrical about the central N atom, and as a result exhibits relatively
simple NMR spectra. The '"H NMR spectrum of bmdet (figure 32) exhibits signals in both the
aromatic and aliphatic regions, the former corresponding to the pyridine protons, and the latter the
methylene protons in the molecule. The peak at 6 8.67 (dq, 2H) is assigned to H13, while that at 6
8.43 (dt, 2H) corresponds to H10. The doublet at & 8.26 (2H) is attributed to H7, while the peaks
at 6 7.78 (2H, td) and & 7.75 (2H, t) overlap somewhat; the former is due to H12 and the latter to
H6. The multiplet centred at 6 7.27 (nominally 6H, but effectively 4H due to chloroform solvent
overlap) is assigned to H5 and H11. In the aliphatic region, the singlet at 6 3.99 (4H) corresponds
to the isolated H3 methylene protons that are directly adjacent to nitrogen atoms in the
diethylenetriamine backbone, with the chemical shift reflecting their deshielded environment due
to the electronegativity of nitrogen. The broad multiplet at 6 2.83 (8H) is assigned to the H1 and
H2 methylene protons.

The bmdet molecule exhibits thirteen peaks in the *C NMR (figure 33), ten of which lie in the
aromatic region (0 159.3 - 119.2) and three in the aliphatic (5 55.1 - 49.2). The three aromatic
peaks at lowest field are of significantly lower intensity than the others, suggesting that these
signals are due to carbon atoms C4, C8 and C9 of the bipyridine moieties that do not bear a
hydrogen atom. The peak at & = 55.1 corresponds to C3, while the remaining aliphatic peaks at &
=49.6 and & = 49.2 arise from C1 and C2. Thus the full assignments are 6 = 159.3, C8; 6 = 156.3,
C9; 06 =155.5,C4;6=149.3, C13; 6 =137.3, C6; 6 = 136.8, C12; 6 =123.6, C11; 6 = 122.2, C5;
0=121.1,C10; 6 =119.2, C7; 6 =55.1, C3; 8 = 49.6, 49.2; C1/2.

The above assignments are made on the basis of analysis of the 2D NMR spectra (COSY, HSQC,
and HMBC). The COSY spectrum reveals coupling patterns that distinguish overlapping aromatic
protons. The HSQC spectrum correlates proton signals to their directly attached carbons,
confirming assignments of all the protonated carbon atoms. HMBC correlations help assign the
three quaternary carbons by their long-range couplings to protons in the aromatic rings. For
example, the 1*C peaks at § = 156.3 and 155.5 must be due to carbons C4 and C9 as no correlation
to the H3 protons is observed for these signals. This means the *C peak at § = 159.3 can be
assigned to C8. Similar reasoning requires the peak at 6 = 122.2 to be due to C5. The HSQC
spectrum is then used to assign HS, and the COSY spectrum then shows HS coupling to H6, thus
assigning both H6 and C6. H7 and C7 are assigned similarly. H13 is always at lowest field in 2-
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substituted pyridines, and knowing this allows assignment of all the protons and carbons in this

ring. Hence, the 'H and '*C NMR peaks for the bmdet molecule can be assigned, with the exception

of C/H1 and C/H2, which cannot be uniquely determined.

figure 31: The chemical structure and atom numbering scheme of bmdet
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figure 32: The 'H NMR spectrum of bmdet in CDCls
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Scheme 2: The synthetic route for the preparation of bmdpt

Scheme 2 shows the synthetic route followed for the synthesis of the new ligand, bmdpt. This
ligand is synthesised in the same manner as bmdet. The ligand was prepared from the reductive
amination of 2,2’-bipyridine-6-carbaldehyde with bis(3-aminopropyl)amine in methanol as
solvent. NaBH4 was used as the reducing agent. The bmdpt ligand was isolated as an oil and was
characterised by High-Resolution Electrospray Ionization Mass Spectrometry and Nuclear

Magnetic Resonance spectroscopy.

The formed product was identified by High-Resolution Electrospray Ionization Mass
Spectrometry and Nuclear Magnetic Resonance spectroscopy. HRESI-MS confirms the molecular
composition of the bmdpt ligand. The observed molecular ion peak at m/z = 468.2871 corresponds
to the calculated value for monoprotonated [C2sH3aN7]" (m/z = 468.2870), confirming the expected
molecular weight. In addition, the doubly charged ion at m/z = 234.6472 matches well with the
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calculated [CasH34N7)*" (m/z = 234.6470) (figure 38). The presence of both singly and doubly
protonated species is typical for polyamine ligands and further supports the successful formation

of the desired ligand.

This ligand contains a mirror plane that makes the bipyridine carbon atoms equivalent to their

corresponding counterparts.

The "H NMR spectrum (figure 36) of the bmdpt ligand appears extremely similar to that of bmdet.
This is to be expected, as the two molecules differ only by two -CH»- groups. Hence, the chemical
shifts and coupling of the peaks are essentially identical between the two spectra, except for the
appearance of a new four-proton quintet at 6 = 1.73 ppm, which is assigned to the H2 protons; the
relatively low chemical shift is consistent with the positioning of these protons as far as possible

from the electronegative N atoms.

The '*C NMR spectrum (figure 37) is also very similar to that of bmdet, exhibiting fourteen distinct
carbon resonances consistent with a symmetrical molecule, with 10 signals in the aromatic region
and four in the aliphatic. The peak assignments are the same as for bmdet, with the exception of

the new peak at & = 30.6, which is assigned to C2.

The NMR data are consistent with the proposed structure given in figure 14.

figure 35: The chemical structure and atom numbering scheme of bmdpt.
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figure 37: The 3C NMR spectrum of bmdpt in CDCl;
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figure 38: The Mass spectrum of bmdpt.

The bmdet ligand was converted to the hydrochloride salt by treatment with 1 M hydrochloric
acid, and removal of this under reduced pressure gave a pale-yellow solid. The residue was then
dissolved in ethanol and evaporated to dryness, and this process was repeated several times to
ensure complete removal of residual HCI. The final product, bmdet-xHCI, was obtained as a pale-

yellow solid, confirming successful conversion to the corresponding salt form.
In a similar manner, bmdpt was converted to bmdpt.xHCI, giving a pale-pink solid.

As we did not have access to microanalysis, the number x is unknown in both cases. However, it

is assumed to be 3 for synthetic purposes.

3.2 Complex synthesis

Having prepared the two new ligands as the hydrochloride salts, it then made sense to utilise

transition metal carbonates as the starting materials to prepare metal complexes of these.

Direct reactions between ligand hydrochloride salts and simple metal salts such as [M(OHz)¢]*"
are often unsuccessful because the metal ions must compete with protons for binding to the donor
atoms of the ligand. In contrast, using metal carbonates provides a more effective approach. When

carbonates react with protonated ligands, carbon dioxide and water are released, which generates
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the neutral (free base) ligand directly in the reaction mixture. This allows the ligand to coordinate

readily to the metal ion. This also overcomes any ligand solubility problems in water.

To access cobalt in the +3 oxidation state, the complex Naz[Co(0O2CO)3].3H>0 was also used as a
starting material. This compound is an uncommon example of a Co(IIl) complex coordinated
exclusively by oxygen donor atoms. It is thermally unstable at room temperature and therefore
must be stored at low temperatures. Upon reaction with ligand hydrochloride salts, one or more
carbonate ligands are displaced depending on the extent of ligand protonation. This complex has
been widely used as a precursor in the synthesis of Co(IIl) carbonate-based coordination

compounds.

We are interested in cobalt complexes of the two newly developed ligands for several practical
reasons. Cobalt commonly exists in two oxidation states, Co** and Co*", and these differ
significantly in their chemical behaviour and ease of characterisation. Complexes containing Co*
have a d’ electronic configuration and are always paramagnetic. As a result, they contain unpaired
electrons, which cause severe signal broadening in NMR spectra. This makes NMR analysis
unreliable and difficult to interpret. In addition, Co®>" complexes are substitutionally labile,
meaning that ligands can exchange rapidly in solution. This further complicates characterisation,
particularly in solution studies. In contrast, Co*" complexes usually have a low-spin d® electronic
configuration and are therefore diamagnetic. This allows them to give sharp and well-defined
NMR signals, making NMR spectroscopy a useful tool for confirming product formation.
Although Co** complexes are often difficult to prepare directly due to their substitutional inertness,
once formed they are generally very stable and resistant to ligand exchange. These properties make
Co** complexes more suitable for reliable synthesis and characterisation. Complexes with other
metal centres were also synthesised and analysed to compare the differences between various metal

centres.
[Co2(Hbmdet)>Cl2](Cl04)s

The cobalt complex of bmdet was synthesised by reacting the protonated ligand (assumed to be
bmdet-3HCI) with the cobalt(IIl) carbonate precursor (Na3;[Co(CO3)3).3H20) in aqueous solution.
Upon mixing, a colour change from green to red/orange was observed, indicating coordination of
the bmdet ligand; Co(III) complexes having 6 N atoms coordinated to the metal ion are generally

orange in colour. Gentle heating promoted the reaction, during which carbon dioxide was released
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and the solution darkened, consistent with coordination of the ligand to the cobalt centre. After
completion, the reaction mixture was filtered to remove insoluble material, and the filtrate was
purified using cation-exchange (Dowex 50W-X2 ) chromatography. An initial minor impurity
band was discarded, while the desired cobalt complex was eluted with 5 M HCI. Removal of
solvent gave the complex as an orange solid. The dimeric nature of this complex was confirmed

by X-ray crystallography (see below).

The mass spectrum of this complex shows a base peak at m/z = 249.0903 consistent with the
formula CoCa6H20N7** (calculated m/z =249.0900) and thus the formulation [Co(bmdet)]*, a
mononuclear species containing one Co(Il) ion and one bmdet ligand. This is at odds with the
crystal structure of this complex and the m/z value is obviously much lower than the value expected
for a dimeric [Co2(Hbmdet),CL2]"" cation.. However, this observation can be rationalised by
proposing that the dimeric complex breaks apart under the mass spectrometry conditions, and that
the initial Co(III) ions reduce to Co(II). This is commonly observed in the mass spectra of Co(III)

complexes that do not contain ionisable protons, loss of which helps to lower the charge on the
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figure 39: The mass spectrum of [Cox(Hbmdet),Cl,](ClO4)s.
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Close examination of the mass spectrum in figure 39 shows a small peak at m/z = 496.1652. This
is consistent with a complex having the formula [CoC26H27N7]" - in other words, the mononuclear
complex [Co(bmdet-2H)]". The peak spacing of m/z ~ 1 confirms this as having a 1+ charge. A
small peak at m/z = 533.1497 is consistent with the formula [CoC26H29N7Cl]" and corresponds to
the mononuclear complex [Co(bmdet)Cl1]"; the isotope pattern is also consistent with the presence
of Cl, and the peak spacing of m/z ~ 1 confirms the 1+ charge on the ion. These results show that
formation of a mononuclear complex is possible, but unfortunately provide no information as to

the mode of bonding of the heptadentate bmdet ligand.

The crystal structure of the complex (see below) shows that two Co(III) centres are coordinated
by two bmdet ligands, leading to the formation of a dimeric complex. The complex cation
possesses a mirror plane that passes through the two central nitrogen atoms, as well as a twofold
rotational axis along the line connecting the two Co(III) metal centres. This molecular symmetry
explains the presence of thirteen distinct signals in the '*C NMR spectrum. Unfortunately, both
the 'H and '*C NMR spectra of the complex were not optimal. The 'H spectrum was extremely
difficult to interpret. However, the observation of 13 peaks, 10 aromatic and 3 aliphatic, in the *C
NMR spectrum is consistent with the presence of high symmetry in the dimeric cation. Due to time
constraints, further purification of the complex using column chromatography could not be carried

out, which could have led to better quality NMR data.
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figure 40: The chemical structure of [Co,(Hbmdet),Cl>](ClO4)s.

Figure 40 shows the structure of the complex cation, while crystal data, and bond lengths and
angles are given in Table 1. The structure of the cation comprises two bmdet ligands, two Co(III)
ions, and two encapsulated Cl™ ions. While the cation is well ordered, there is disorder in the anions

and solvent molecules which makes the exact formulation of the overall complex uncertain. This
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is reflected in the rather high value of R (6.81 %) and that fact that some atoms could not be
sensibly assigned. As each bmdet ligand contains a protonable N atom, and the complex was
isolated from strongly acidic solution on a cation exchange resin, it is assumed that both N atoms
in the complex are protonated. Thus the cation can be formulated as [Co2(Hbmdet).Cl>]%*, and

views of its structure are shown in figure 41 and 42.

figure 41: The X-ray structure of [Coz(Hbmdet),Cl;](ClO4)s.
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figure 42: The X-ray structure of [Coz(Hbmdet),Cl;](ClO4)e.

Table 1. Crystal data and structure refinement for [Co(Hbmdet),Cl2](ClOa4)s.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient
F(000)

Crystal size

shelx

C15.5 H18 Cl12 Co0.50 N3.50 06

449.54

1002) K

0.71073 A

Triclinic

P-1

a=11.2229(6) A o= 74.763(3)°.
b=12.6196(7) A B=69.938(3)°.
¢ = 15.4699(8) A v =76.780(3)°.
1962.35(19) A3

4

1.347 Mg/m3

0.702 mm!

814

0.1 x 0.05 x 0.02 mm?
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Theta range for data collection 1.692 to 29.806°.

Index ranges -14<=h<=14, -13<=k<=16, -19<=1<=20
Reflections collected 35673

Independent reflections 9259 [R(int) = 0.0767]
Completeness to theta = 25.242° 95.9 %

Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 9259/0/525

Goodness-of-fit on F? 1.063

Final R indices [[>2sigma(I)] R1=10.0681, wR2 =0.1872

R indices (all data) R1=0.1192, wR2 =0.2275
Extinction coefficient n/a

Largest diff. peak and hole 1.408 and -1.163 e.A3
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Table 2: Bond lengths [A] about the Co(lll) ions for [Co2(Hbmdet),Cl2](ClO4)s.

Co(1)-N(21) 1.873(3)
Co(1)-N(8) 1.878(3)
Co(1)-N(15) 1.941(4)
Co(1)-N(17) 1.950(4)
Co(1)-N(13) 2.011(4)
Co(1)-N(20) 2.031(4)

Table 3: Bond angles [°] about the Co(lll) ions for [Coz(Hbmdet),Cl;](ClO4)s.

N(21)-Co(1)-N(8) 178.67(18)
N(21)-Co(1)-N(15) 96.49(15)
N(8)-Co(1)-N(15) 82.28(16)
N(21)-Co(1)-N(17) 82.32(15)
N(8)-Co(1)-N(17) 98.25(14)
N(15)-Co(1)-N(17) 93.57(15)
N(21)-Co(1)-N(13) 82.47(14)
N(8)-Co(1)-N(13) 97.02(14)
N(15)-Co(1)-N(13) 91.27(15)
N(17)-Co(1)-N(13) 164.47(14)
N(21)-Co(1)-N(20) 98.95(15)
N(8)-Co(1)-N(20) 82.26(15)
N(15)-Co(1)-N(20) 164.50(14)
N(17)-Co(1)-N(20) 89.73(15)
N(13)-Co(1)-N(20) 89.51(15)
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Each bmdet ligand in the complex cation binds to both Co(III) ions through two bipyridine N and
one aliphatic N atoms in a meridional arrangement, making each Co(III) ion six-coordinate. One
N aliphatic N atom, the central N atom of the trien residue, remains unbound in both ligands, and
acts as part of the -CH,CH2NCH>CH»- bridge between the two Co(IIl) ions. The bipyridine
moieties of each bmdet ligand are cis to each other in the complex cation, and as a result, each
bmdet ligand, and hence the entire cation, is not helical. The Co-N bond lengths span an unusually
large range from 1.873 A to 2.031 A, the former being extremely short and the latter being rather
long for Co(III). The two shortest Co-N bonds, 1.873 A and 1.878 A, involve the non-terminal
bipyridine N atom, and this has been seen previously in both the [Co(bmet)]** and [Co(bmpp)]**
cations, where the analogous non-terminal Co-N bonds (1.8653 A and 1.8636 A in the former, and
1.8592 A and 1.8621 A in the latter) were ~ 0.08 A shorter than any of the other Co-N bonds. The
Co-N bonds involving the terminal bipyridine N atom are 1.941 A and 1.950 A, which are
considered normal for Co(III)-N species. The longest Co-N bonds, 2.011 A and 2.031 A, involve
the terminal N atom of the trien moiety, and are more comparable to the lengths of Co(II)-N bonds.

Indeed, the mononuclear Co(II) complex of the ligand L shown in figure 43.

7N 7N
=N N SR
NH HN

figure 43: The structure of ligand L.

has Co-N bond lengths of 1.985 A, 1.989 A, 2.095 A, 2.117 A, 2.188 A, and 2.199 A, with the
shortest pair of bonds being those to the non-terminal bipyridine N atoms, and the longest pair to
the aliphatic N atoms, similar to the trends found in the dimeric cation above.** Cis N-Co-N angles
about the Co(II) ions in the [Co2(Hbmdet)>Cl>]%" cation range from 82.26° to 98.95°, while the
corresponding frans angles range from 164.47° to 178.67°, giving an approximately octahedral
geometry about both Co ions. The bmdet ligands bind to the two Co(IIl) ions in such a way so as
to form a 16-membered metallocyclic ring, which contains two Co(III) ions, six N atoms and eight

C atoms. The approximate dimensions of this ring can be obtained from the Co-Co distance (8.281
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A) and the N-N distance between the central trien N atoms (5.300 A). Given that these N atoms
are protonated, and that each Co ion has a 3+ charge, such a sized ring should show high affinity
for binding monoatomic anionic species. Indeed, the complex crystallises with a CI” ion bound in
each of the two cavities formed by the 16-membered ring and the non-terminal pyridine rings of a
bmdet ligand (the centroid-centroid distance of these pyridine rings is 8.148 A and the angle
between the pyridine ring planes is 73.59°). The Cl...Cl distance is 3.441 A, which, for
comparison, is within the range of the cis-Cl...Cl distances found in a number of Co(II) and Co(I1I)
tetraamine complexes.**™* Similar situations are found in the solid state structures of the

protonated free ligand [18]aneNs, which comprises an 18-membered ring with 6 N atoms (figure

44).

N
[NH H HN]
NH H HN
figure 44: The structure of the [18]Ng ligand

The crystal structure of hexaprotonated (He[ 18]aneN¢)Cls.4H>O shows one Cl™ ion bound on each
side of the ring, with a Cl...Cl distance of 4.427 A (figure 45).4¢ Such binding of two CI" ions on
either side of the ring is also observed in hexaprotonated (Hs[18]aneNeg)(HSO4)2Cls.2H,0%
(CL...CI = 4.209 A), hexaprotonated (Hes[18]aneNq)(NO3)4sClL.2H20% (Cl...Cl = 4.257 A), and
tetraprotonated (Ha[18]aneNg)(NO3).Cl2.2H20% (Cl...Cl =3.742 A),. It is interesting to note that
the Cl...Cl distance in the [Co2(Hbmdet),Cl>]*" cation is significantly less than the distances in
these protonated ligands, given than all but one have the same 6+ charge. This suggests the
important role of the pyridyl rings in forming a cooperative binding cleft above and below the 16-

membered aliphatic ring.
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figure 45: The crystal structure of Hg[18]aneNg)Cls.4H,0 Complex.

In addition, the orientation of the N-H protons appears to influence the strength of the CI” binding,
owing to the different number of possible Cl...H hydrogen bonding interactions. In the
[Cox(Hbmdet)>C1>]* cation, all N-H protons are oriented such that they point to the interior of the
aliphatic ring, making all Cl...N distances less than 4 A (3.116 A, 3.128 A, 3.194 A, 3.252 A,
3.627 A and 3.975 A). In contrast, only 2 N-H protons in (He[18]aneNe)(NO3)+Cl>.2H,0 point
inside the aliphatic ring owing to its greater flexibility, and the Cl...N distances involving these
(3.086 A and 3.244 A) are much less than the others (4.577 A, 3.953 A, 4.720 A and 4.735 A).47
The same arrangement of N-H protons is also observed in (Hs[18]aneNg)Cls.4H,O% and
(He[18]aneNe)(HSO4)2Cl14.2H,0,% giving 2 short and 4 long CI...N distances, while
tetraprotonated (Ha[ 18]aneNes)(NO3)>Cl>.2H20 has four N-H bonds pointing to the interior of the
ring, resulting in all Cl...N distances being less than 4 A (3.061 A, 3.280 A, 3.313 A, 3.325 A,
3.873 A, and 3.962 A) and a correspondingly short Cl...Cl distance of 3.742 A.

[Co2(bmdpt)2CI](C104)s
This cobalt complex of bmdet was synthesised by reacting the protonated ligand (assumed to be

bmdet-3HCI) with the cobalt(Ill) carbonate precursor Naz[Co(COs3)3).3H20 in aqueous solution,
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resulting in a change of colour and gas evolution on mild heating. After removing insoluble
material by filtration, the solution was purified using a cation-exchange column (Dowex 50W-
X2). The desired product was collected on elution with 5 M HCIl, and isolated as an orange solid
after solvent removal. The large number of peaks in the mass spectrum suggest that the complex

may not be pure.

The mass spectrum shows an intense peak at m/z = 262.0981 that is consistent with the doubly
charged species [CoCasH31N7]** (calculated m/z = 262.0980, with the isotopomeric peak spacing
being ~1/2). At first, this appears difficult to assign with confidence, as it apparently corresponds
to the formula [Co(bmdpt-2H)]** in which two protons have been lost from the ligand. This would
then result in a 1+ charge on the overall complex, and appearance of a peak at twice the observed
m/z value. Such a peak, while of relatively low intensity, is indeed seen at m/z = 524.1965,
consistent with the singly charged species [CoC2sH31N7]'* (calculated m/z = 524.1970), implying
the formula [Co(bmdpt-2H)]". However, it is most likely that in fact the peak arises from the

presence of the half-reduced monoimine ligand pictured in figure 46.

figure 46: The half-reduced monoimine ligand.

The Co complex of this would have a formula of CoC23H31N7 and a charge of 3+. Monoreduction
of the Co centre would result in the [CoC2sH31N7]** species and this is chemically reasonable;
there are many examples of Co(IIl) complexes undergoing reduction under mass spectrometry
conditions. Hence the singly charged [CoC2sH31N7]'" species at m/z = 524.1965 could be either
[Co(bmdpt-2H)]" or the direduced monoimine complex. The moderately intense signal at m/z =
262.6021 is however, consistent with the doubly charged species [CoC2sH32N7]*" and the formula
[Co(bmdpt-H)]**, in which only one proton has been lost from the ligand, and the resulting 2+
charge makes chemical sense. The remaining intense peaks in the spectrum cannot be assigned to
any obvious species containing the bmdpt ligand, and it may be that they derive from residues of

samples previously analysed in the mass spectrometer.
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The NMR spectrum was also not obvious and didn’t justify the formation of a pure complex.

Further purification of the complex was required, which was not possible due to time constraints.
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figure 47: The Mass spectrum of [Coz(Hbmdpt),Cl2](ClO4)s.

3.3 Mass spectral studies of transition metal complexes of bmdet and bmdpt

Despite numerous attempts at crystallising transition metal complexes of the bmdet and bmdpt
ligands, no X-ray quality crystals were obtained using a variety of solvents and counterions.
Therefore, it was decided to investigate these reactions by mass spectrometry, in the hope of seeing
evidence for the formation of multinuclear species of the types seen for the bmot and bmpt ligands
discussed in Chapter 1. Perchlorate and acetate salts of the transition metals were reacted with
varying amounts of the heptadentate ligand in either acetonitrile or methanol. This section gives

the results of these investigations.
Cu*" + bmdet

Reaction of [Cu(OH2)s](ClO4), with bmdet in MeOH at the mole ratio 0.5:1 gave a base peak at
m/z=1251.0886, which corresponds to the formula [Cu(bmdet)]** (calculated m/z = 251.0880). The
presence of Cu was confirmed by the appearance of an isotopomeric signal at 252.0876
approximately one-third the intensity of the base peak, due to the **Cu isotope. Another relatively
intense peak (60 %) appeared at m/z = 334.1151. The isotope pattern associated with this peak is

consistent with the presence of Cu, and the peak spacing is consistent with a 2+ species. A formula
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that fits this is [CuCs7H3sNoJ*>" (calculated m/z = 334.1150), and this can be rationalised by
proposing the peak to derive from a Cu®" complex of the ligand C37H35No (L1) shown in figure 48.

N/\/N\/\N/ |\
N~

N N=
O e
A

figure 48: The Structure of the L; ligand

It is plausible that this could be formed during the synthesis of bmdet through overreaction of one
of the primary amines of diethylenetriamine with 2,2'-bipyridine-6-carbaldehyde, and then
incomplete reduction of the imine. Indeed, the mass spectrum of bmdet does show a low intensity
(~8 %) peak at m/z = 606.3085, corresponding to the formula [C37H36No]", and thus this appears

to be a chemically reasonable assignment of the m/z =334.1151 peak.

A similar spectrum is observed at a mole ratio of 1:1, but at 2:1 and 3:1, the peak due to

[Cu(bmdet)]** all but disappears and the m/z = 334.1151 [CuL;]*' peak becomes the base peak.

Similar behaviour is observed when Cu(OAc)2.H2O is used as the starting material at the 0.5:1
mole ratio, but at 1:1 and 2:1 mole ratios, a peak at m/z = 330.6175 becomes the base peak. This
looks to be due to a 2+ ion, and the isotope pattern is consistent with the absence of Cu. The 3:1

mole ratio gives the m/z = 334.1151 [CuL;]** peak again as the base peak.
Mn*" + bmdet

Reaction of [Mn(OH2)s](ClO4), with bmdet in MeOH at the mole ratio 0.5:1 gave a base peak at
m/z = 220.6315, and a slightly less intense (80 %) peak at m/z = 330.1192. Neither of these
correspond to the expected [Mn(bmdet)]*" ion (calculated m/z = 247.0930), which appears as a
low intensity (10 %) peak at m/z =247.0927. The peak spacing of 0.5 associated with this confirms
it being a 2+ ion. As Mn has only a single stable isotope (*>Mn), the isotope patterns are of little
use in confirming assignments. The base peak at m/z = 220.6315 corresponds to the diprotonated
free ligand [C26H31N7]*" (calculated m/z = 220.6310), suggesting that Mn?" has little affinity for

the free ligand, while a tiny (< 5 %) peak corresponding to the monoprotonated free ligand is
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observed at m/z = 440.2555 (calculated m/z = 440.2560). The peak at m/z = 330.1192 is due to a
2+ ion, and the species giving rise to this does not contain chlorine. This looks to be due to the
complex [MnL1]*" (calculated m/z = 330.1190). As the metal to ligand ratio increases, the spectra
look quite different. At the 1:1 ratio a peak at m/z = 331.6179 becomes the base peak, to the near
exclusion of any other peaks, while at 2:1 and 3:1 ratios, the peaks at m/z = 220.6315 and m/z =
330.1192 again predominate.

When Mn(OACc)>.4H>0 is used as the starting material, no peak due to the free ligand is observed,
and the [Mn(bmdet)]** peak at m/z = 247.0927 is the base peak at all metal to ligand ratios. A low
intensity (~10-20%) peak at 553.1995 is observed at all mole ratios; this is consistent with the
formula [MnC,sH32N70:]" and the formulation [Mn(bmdet)(OAc)]".
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figure 49: The Mass spectrum of [Mn(bmdet)](ClOa)..

Fe?* + bmdet

Reaction of [Fe(OH2)s](ClO4)2 with bmdet in MeOH at the mole ratio 0.5:1 gave a base peak at
m/z =247.5910, and a much less intense (20 %) peak at m/z = 330.6177. The former corresponds
to a formula of [FeC26H20N7]*" and hence the complex [Fe(bmdet)]** (calculated m/z = 246.5911).
The isotope pattern for Fe can be somewhat indistinct, with peaks deriving from the most abundant
(°*°Fe, ~92 %) and second-most abundant (**Fe, ~ 6%) isotopes being most obvious in the spectra

of Fe complexes. In this case, the appropriate isotope pattern was observed. The peak at m/z =
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330.6177 is consistent with the formula [FeC37H35No], and hence the complex [FeL]*" (calculated
m/z =330.6180). At metal to ligand ratios of 1:1, 2:1 and 3:1, the relative abundances of the m/z =
247.5910 and m/z = 330.6177 peaks remains the same, and a small peak due to the diprotonated

free ligand is also observed.

WorkSpace 20: Fe_liquid ACN
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figure 50: The Mass spectrum of [Fe(bmdet)](ClO,),.
Co*" + bmdet

Reaction of [Co(OH2)s](ClO4), with bmdet in MeOH at the mole ratio 0.5:1 gave a base peak at
m/z =249.0903, and a much less intense (10 %) peak at m/z = 332.1169. The former is consistent
with the formula [CoCa6H29N7]*" and hence the complex [Co(bmdet)]* (calculated m/z =
249.0900). The latter is consistent with the formula [CoC37H3sNo]*" and is likely the complex
[CoL1]*" (calculated m/z = 332.1170). The relative intensities of these peaks remain similar as the
metal to ligand ratio increases from 0.5:1 to 1:1, 2:1 and 3:1. In addition, a small (~10 %) peak at
m/z =1597.1297 is observed in all spectra. This is consistent with the formula [CoC26H29N7C104]"
and hence the complex [Co(bmdet)C104]" (calculated m/z = 597.1300).

Similar spectra are observed when [Co(OAc)2].4H>O was used as a starting material, except that

the peak at 597.1297 disappears (there is no perchlorate in the reaction mixture) and instead a peak
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at m/z = 497.1735 (~20-30%) is observed. This corresponds to the formula [Co(bmdet-H)]"
(calculated m/z = 497.1730).

Ni** + bmdet

Reaction of [Ni(OH2)s](ClO4)2 with bmdet in MeOH at the mole ratio 0.5:1 gave a base peak at
m/z = 248.5914, and a much less intense (15 %) peak at m/z =331.6179. The former is consistent
with the formula [NiCa6H20N7]** and hence the complex [Ni(bmdet)]** (calculated m/z =
249.0900), while the latter is most likely due to [NiL1]*" (calculated m/z = 331.6180). The spectra
remain mostly unchanged as the mole ratio is increased, but a peak at m/z = 334.6149 appears at
mole ratios of 1:1 and 1:2. The isotope pattern for this peak looks very much like that expected for
a species containing Zn, and it is therefore suspected that this arises from the Zn + bmdet
experiment which was run prior. A very low intensity (~8 %) peak at m/z = 596.1315 is observed
in all spectra, consistent with the formula [NiCacH2oN7]**

[Ni(bmdet)ClO4]" (calculated m/z = 596.1320).

and therefore the complex

Zn*" + bmdet

Reaction of [Zn(OH2)s](Cl104)2 with bmdet in MeOH at the mole ratio 0.5:1 gave a base peak at
m/z =251.5883, and a less intense (80 %) peak at m/z = 334.6149. The peak at m/z =251.5883 is
consistent with a complex cation having the formula ZnC26H20N7*" (calculated m/z = 251.5880)
and displays an isotope pattern consistent with the presence of a zinc atom. The peak at m/z =
334.6149 derives from a 2+ species and also contains a Zn atom. This is consistent with the formula
[ZnC37H35N9]*" and hence the complex [ZnL;]** (calculated m/z = 334.6150). The spectra remain

essentially unchanged as the metal to ligand mole ratio increases from 0.5:1 to 1:1, 2:1, and 3:1.

55



~Chromatogram 1 Zn(ClO4)2bmdet_ MeOH
NL: 462E9
100 0.29 TIC M
Zn(ClO4)2bmde
0.13 0.64 0.79 0.83 0.89 0.97 1.07 113 121 129 1.37 143 MeOH
0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 15
Time (min)
~Spectrum 1 15 - Zn(ClO4)2bmdet_ MeOH - C1T1 v
Zn(CI04)2bmdet_MeOH #15 RT: 0.29 AV: 1 NL: 7.21E8
T: FTMS + p ESI Full ms [100.0000-1000.0000]
2 2515882
c
S 100 CasHagN764Zn
E 334.6147
=
< .
o 50 187.0865 2625866 | 3356132 467.5248 561.0801 640.1679 804.0344 906.1946
B 253.5861 1
E 149.9528 {220?314 336.6126  406.1139 543_1_734’ 602.1252 l 704.0784 768.1779 867.9447 967.9013
T T T T T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000
miz
Elemental Composition Results - Spectrum 1
Displa 0 a RDB Delta [p,
> 2515882 (CpeHaoN7o%zn  39.36 16.0C -0.08 251.58825 1 94.08 16 2 97.12 9651

figure 51: The Mass spectrum of [Zn(bmdet)](ClO,)..
Co** + bmdpt

Reaction of [Co(OH2)s](ClO4)2 with bmdpt in CH3CN at the mole ratio 1:1 gave a base peak at
m/z =171.0917, and a less intense (40 %) peak at m/z = 262.0981. The former is consistent with
the formula [C11H11N2]"", which corresponds to protonated 6-methyl-2,2’-bipyridine (calculated
m/z=171.0920), presumably formed by fragmentation of the bmdpt ligand. The latter is consistent
with the formula [CoC2sH31N7]*" and is likely the complex [Co(bmdpt-2H)]*" (calculated m/z =
262.0980). The relative intensities of these peaks remain similar as the metal to ligand ratio
increases from 1:1 to 2:1 and 3:1. In addition, a small (~10 %) peak at m/z = 336.0623 (a +1

species) is observed in all spectra, which cannot be sensibly assigned.
Cu?* + bmdpt

Reaction of [Cu(OH2)s](ClO4)2 with bmdet in CH3CN at the mole ratio 1:1 gave a base peak at
m/z = 171.0917, which again corresponds to protonated 6-methyl-2,2’-bipyridine (calculated m/z
= 171.0920). A less intense (40 %) peak at m/z = 265.1042 is consistent with the formula
[CuCasH33N7)*" and is likely the complex [Cu(bmdpt)]** (calculated m/z = 265.1040). The
presence of Cu was confirmed by the appearance of an isotopomeric signal at m/z = 255.6058
approximately one-third the intensity of the main peak, due to the ®*Cu isotope, and the peak
spacing is consistent with a 2+ species. At the mole ratio of 2:1, a 1+ peak at m/z = 233.0135 that

contains copper becomes the base peak; this corresponds to the formula [CuCi1HoN2]" and is
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consistent with the Cu(I) complex [Cu(6-methyl-2,2'bipyridine)]". A moderate (25%) intensity 1+
peak at m/z = 403.0977 that contains copper is also observed; this corresponds to the formula
[CuC22H20N4]", and is most likely the Cu(I) complex [Cu(6-methyl-2,2'bipyridine):]". At the 3:1
mole ratio, a copper-containing 1+ peak at m/z = 144.9821 becomes the base peak. This
corresponds to the formula [CuCsHeN2]" (calculated m/z = 144.9821) 1t is difficult to propose a
chemically reasonable structure for this species; the formula C4HsN> corresponds to 2-methyl and
4-methylimidazole, 3-methyl and 4-methylpyrazole, and a number of isomeric
dihydropyrimidines, but it is hard to see how any of these molecules can be formed from the

decomposition of bmdpt.

When Cu(OAc)2.H>O is used as the starting material at the 1:1 mole ratio, the peak at m/z =
171.0917 corresponding to protonated 6-methyl-2,2'-bipyridine becomes the base peak. A further
intense (75%) peak at m/z = 185.0710 is consistent with the formula [Ci2H13N2]" and appears to
correspond, surprisingly, to protonated 6,6'-dimethyl-2,2'-bipyridine. It is difficult to determine
the source of this; the clean NMR spectra of the ligand argue against it being a ligand impurity,
and it is hard to envisage a decomposition pathway of the bmdpt ligand that would lead to this
compound. The 2:1 and 3:1 mole ratio spectra are dominated by the m/z = 185.0709 peak and a 1+
copper-containing peak at m/z = 431.0562; the latter was thought to be [Cu(6,6'-dimethyl-2,2'-
bipyridine).]” by analogy with the discussion above, but the very poor fit (calculated m/z =
431.1290) argues against this.
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WorkSpace 4: Ligand2_Cu_perch ACN_1_1_50x
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figure 52: The Mass spectrum of [Cu(bmdpt)](ClO4)..

Fe?* + bmdpt

Reaction of [Fe(OH2)s](ClO4)2 with bmdet in CH3CN at the mole ratio 1:1 gives a base peak at
m/z = 171.0917, again corresponding to protonated 6-methyl-2,2’-bipyridine (calculated m/z =
171.0920). A much less intense (20 %) peak at m/z = 261.6068 corresponds to a formula of
[FeCasH33N7]*" and hence the complex [Fe(bmdpt)]** (calculated m/z = 261.6070). At the metal to
ligand ratio of 2:1 the base peak remains same, but a 2+ peak with relative abundance ~80% is
observed at m/z = 265.6039, which does not exhibit the isotope patterns for Fe. It appears that this
is in fact due to [Zn(bmdpt)]**, which may have contaminated the sample from a prior run. At a
3:1 ratio, m/z=171.0917 again becomes the base peak, to the near complete exclusion of all others.
Little difference is observed when [Fe(OAc)..4H>0] is used as the starting material; the base peak

in all cases is due to 6-methyl-2,2’-bipyridine and contamination by Zn** again appears to have

occurred.
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figure 53: The Mass spectrum of [Fe(bmdpt)](ClO,)..
2+
Mn“" + bmdpt

Reaction of [Mn(OH2)6](C104)2 with bmdet in MeOH at the mole ratio 1:1 gave a base peak at m/z
=260.1005, and a less intense (50 %) peak at m/z = 265.1041. The former is consistent with the
formula [MnCasH31N7]** (calculated m/z = 260.1010) and at first glance this corresponds to
[Mn(bmdpt-2H]**, with the peak spacing of 0.5 confirms it being a 2+ ion. However, chemically
this doesn't make sense, as loss of two protons from [Mn(bmdpt)]*" will result in the neutral
[Mn(bmdpt-2H)] complex. This could be reconciled by proposing oxidation of Mn(II) to Mn(IV)
but this would be extremely unlikely. The peak at m/z = 265.1041 appears due to [Cu(bmdpt)]**,
a contaminant from a previous injection. As the metal to ligand ratio increases, the intensity of the
contaminant peak increases to the point where it becomes the base peak, to the near exclusion of

all others.

When Mn(OAc)2.4H>0O is used as the starting material the peak at m/z = 260.1005 predominates

at all three mole ratios, and the Cu impurity peak is also observed.
Ni?* + bmdpt

Reaction of [Ni(OH2)s](Cl04), with bmdet in MeOH at a 1:1 mole ratio gave a base peak at m/z =
360.3236, which does not contain nickel. It is consistent with the formula [C22H4oN4]" (calculated

m/z = 360.3248) but a chemically reasonable assignment as either a derivative or fragment of the
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bmdpt ligand cannot be made. A moderately intense peak (~50%) at m/z = 261.5992 is consistent
with the formula [NiC.sH31N7]*" and the formulation [Ni(bmdpt-2H]** (calculated m/z =
261.5990). However, as seen above, loss of two protons from [Ni(bmdpt]** will result in a neutral
molecule, which is chemically unreasonable. As the mole ratio increases from 1:1 to 2:1 and 3:1,

the m/z = 360.3236 continues to predominate.

Interestingly, the situation is very different when MeCN is used as the solvent. Here, at the 1:1
mole ratio, the base peak at m/z=171.9017 is protonated 6-methyl-2,2’-bipyridine (calculated m/z
= 171.0920), while an intense (~90%) peak at m/z = 262.6070 is consistent with the formula
[NiC2sH33N7]**, and corresponds to the complex [Ni(bmdpt)]*>*, in which the bmdpt ligand is
formally neutral. At higher mole ratios, the spectra were very noisy, precluding assignment of any

peaks.
Zn*" + bmdpt

The reaction of [Zn(OH2)s](ClO4)> with bmdet in MeOH at a 1:1 mole ratio gave a base peak at
m/z = 265.6039, consistent with a complex cation of formula [ZnC,sH33N7]*" (calculated m/z =
265.6040) and displaying an isotope pattern consistent with the presence of a zinc atom. This peak
predominates at the higher metal-to-ligand mole ratios, to the near total exclusion of all others.
Very similar spectra are observed in MeCN as solvent, with the appearance of a moderate intensity

(40%) peak due to protonated 6-methyl-2,2'-bipyridine.
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WorkSpace 8: Ligand2_Zn_perch_MeOH_1_1_50x
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figure 54: The Mass spectrum of [Zn(bmdpt)](ClO4),.

3.4 Job Plots

A Job plot, also known as the method of continuous variation or Job’s method, is an analytical
technique that can be used to determine the stoichiometry of a reaction between a transition metal
ion and a ligand. It is named after Paul Job who first reported the method in 1928.#° By preparing
solutions in which the mole fraction of metal and ligand vary while maintaining a constant total
concentration and measuring the maximum absorbance of these, the composition of the
predominant species in solution can be inferred from the maximum of the Job’s plot.>° This method
has become widely used in many areas of chemistry, especially for determining the composition

of complexes in solution.>->3

Job’s method is based on the binding potential of one species (A) to another species (B) when
those two species are present in a solution and is used to determine the ratio in which A and B

bind.

To obtain a Job plot, aliquots of two equimolar stock solutions of metal and ligand are mixed in
varying volumes such that the sum of the molar concentrations of the resulting solutions remain
constant, while the metal-ligand ratio varies in each solution. UV/vis absorbance measurements of

the prepared solutions are obtained and plotted against the mole fractions of the two species. The
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stoichiometry of the reaction is determined from the maximum of the curve, which corresponds to
the maximal formation of the complex. The peak of the plot correlates to the mole fraction of the

ligands bound to a metal ion.

There are two main conditions that must be met to obtain a successful Job plot. Firstly, the system
must conform to Beer’s law, and secondly, there can only be one predominant complex species in
solution under the experimental conditions. For instance, in the example above, the 1:1 complex
predominates and there are not significant amounts of other species having different

stoichiometries present.>*

The stability of the complex formed is related to the curvature of the plotted lines. Complexes
having higher formation constants afford straighter lateral segments of the curve allowing for
easier determination of the position of the maximum. Two straight lines can easily be fitted, one
with a positive slope due to the increase in the proportion of the complex, and the other with a
negative slope due to its decreasing concentration as the stoichiometric point is exceeded.
Complexes having relatively small formation constants result in more rounded plotted curves, and
this can lead to more unreliable results. In this case, straight lines are plotted using the data points
that are most distant from the maximum and the point at which these intersect determines the

stoichiometry.>0->2>>

The Job plots obtained from the reaction of Cu?* with the ligands bmdet and bmdpt in CH3CN are
shown in figures 55 and 56. In both cases, the absorbance maximum lies at a mole fraction of ~
0.4, suggesting a metal to ligand ratio of 2:3 for the predominant species in solution. This could
be a dinuclear complex in which three ligands are wrapped around the two copper ions in a helical

fashion.
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figure 55: The Job plot for the reaction between Cu? ions and the bmdet ligand.
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figure 56: The Job plot for the reaction between Cu? ions and the bmdpt ligand.

Figures 57 and 58 show the Job plots obtained for solutions of Co?" with the ligands bmdet and

bmdpt, in CH3CN respectively. The two plots show a maximum absorbance at a mole fraction of
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0.5, indicating that Co®" has a binding stoichiometry of 1:1 with both ligands in solution, and the

predominant complex formed in solution is [M(L)]"" in each case.
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figure 57: The Job plot for the reaction between Co?* and the bmdet ligand.
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figure 58: The Job plot for the reaction between Co?* and the bmdpt ligand.
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4. Conclusions and Future Work

The aim of this thesis was to investigate the coordination of heptadentate N7 ligands to first row
transition metal ions. It was thought that these metal ions would be too small to be able to
accommodate seven donor atoms and that they would then have to adopt some type of alternative
binding geometry. Two novel heptadentate bipyridine-based ligands, bmdet and bmdpt, were
prepared and characterised, and their reactions with a variety of first row transition metals were
studied. The X-ray crystal structure of the complex [Co(Hbmdet),CL2](ClO4)s showed that
formation of a dimeric complex was preferred over monodentate coordination, with the two 6-
coordinate Co(III) ions being bridged by two bmdet ligands, and one secondary N atom from each
ligand being protonated and remaining uncoordinated. Interestingly, the complex geometry
resulted in formation of two binding pockets which were occupied by two chloride anions, a

process undoubtedly aided by the high charge (8+) on the cation.

Mass spectrometric studies of complexes formed with various first-row transition metals (Cu, Mn,
Fe, Co, Ni, Zn) showed predominantly mononuclear species in solution. The absence of clear
multinuclear species such as dimers or trimers in the mass spectra contrasts with the isolated solid-
state dimeric cobalt complex. Job plot analyses further supported differing stoichiometries
depending on the metal and ligand, with Cu(Il) complexes suggesting possible multinuclear

assemblies, while Co(II) favoured mononuclear 1:1 complexes.

The discrepancy between the solid-state crystallographic evidence of dimer formation and the
mass spectrometric data lacking multinuclear species may be attributed to the fragmentation or
dissociation of multinuclear complexes under the ionization conditions of mass spectrometry. Such
processes are well-known and can lead to the predominance of mononuclear ions in the gas phase,
masking the presence of multinuclear species in solution. Additionally, the dynamic equilibria of
these complexes in solution may favour mononuclear species or rapid interconversion, further

complicating detection of multinuclear assemblies by mass spectrometry.

In addition to the time constraints which are always present, challenges encountered during this
work include difficulties in obtaining X-ray quality crystals for many complexes and complexities
in interpreting NMR spectra due to paramagnetism or sample purity. If repeating this study,

alternative synthetic strategies or crystallization conditions could be explored to improve crystal
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growth, and complementary techniques such as EPR or advanced spectroscopies could be
employed to better characterize solution species. In addition, the successful synthesis of the
heptadentate ligands through reductive amination of 2,2'-bipyridine-6-carbaldehyde with triamine
ligands provides a method for the preparation of many other new 2,2'-bipyridine-appended

polyamine ligands.

In summary, this research detailed in this thesis provides a sound basis for further investigations
into the coordination chemistry of heptadentate ligands with small transition metal ions. The
reported findings contribute to the broader understanding of coordination chemistry at the upper

limits of ligand denticity.
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