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Abstract

The PhD thesis centres on designing, synthesising, and fine-tuning the novel symmetric and
asymmetric ligands derived from the ethylenediamine backbone to form molecular compounds.
Some of the novel asymmetric molecular compounds were investigated for their sensing
potentials using fluorescence spectroscopy, and results obtained show that they can selectively
sense for the presence of Cu?* and Fe® in an aqueous medium; the next chapter highlights the
novel synthesis of chiral molecular compounds and their corresponding zinc complexes for
sensing biologically important chiral amines, the mechanism of sensing was studied using *°F-
NMR spectroscopy, other novels symmetric and asymmetric molecular compounds were
synthesis. Their corresponding zinc and yttrium complexes were used to sense for the presence
of HMPs and Neurotransmitters, respectively, for the two other chapters and results presented

and discussed.

Chapter 1 This aims to showcase to the reader the motivation, drive, design and development
of the chemical concepts and literature discussed throughout the thesis; it further introduces
some key concepts and considerations in coordination chemistry related to multiple ligand
design and complex development. The second section introduces the reader to the ligand

scaffolds and relevant areas of the research in this thesis.

Chapter 2 showcases a novel synthetic methodology for the synthesis of novel fluorescent
asymmetric salan ligands. It investigates their sensing ability towards first-row transition
elements with fluorescence. Computational studies underscore the selective sensing

mechanism.

Chapter 3 presents the design, synthesis and characterisation of novel fluorine-based salan
ligands and corresponding zinc complexes. The latter were used for chiral amine sensing with
F-NMR. Computational and solution state studies are also presented, and their sensing

mechanism towards different analytes are discussed.

Chapter 4 presents the ligand design and synthesis of a new asymmetric water-soluble
inexpensive heptandentate Hioct®°“3salox ligand and the corresponding Yttrium complex
[YoctPO3salox] . The latter has been used for neurotransmitter sensing. The process has been
monitored using *F-NMR, Fluorescence and UV-Vis spectroscopy. DFT calculations were also

conducted providing useful insights regarding the interaction mechanism.

Chapter 5 presents the ligand design and the synthesis of a family of symmetric and asymmetric

fluorine-based novel salan ligands and their corresponding zinc complexes. The latter entities
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were used as molecular fluorine-based probes for detecting heavy metal ions in DMSO-H,0

solution.

Chapter 6 This shows the overall conclusion of this thesis and enlightens on the contributions
that the presented thesis has made to their relevant fields. Suggested potential future directions

in the relevant research areas are also discussed.

Chapter 7 contains the experimental designs and synthetic procedures. The bibliography of this

work is presented in Chapter 8.
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Chapter 1: General introduction
Salan ligands, hereto salans, are well-known organic scaffolds in coordination chemistry,

mainly comprising tetradentate donors set N;O,. They are obtained through a
condensation reaction between two equivalents of salicylaldehyde (Sal) and
ethylenediamine (en), followed by reduction amination, usually performed with NaBH4
(Figure 1.1).% Salans impose a flexible character compared to the corresponding salens,
due to the presence of six atoms with sp3 character. Salans form complexes with metal
ions by coordinating the nitrogen and oxygen donor atoms. Steric and electronic effects
around the metallic core can be fine-tuned through an appropriate selection of electron-
withdrawing or electron-donating substituents. The oxygen and nitrogen donor atoms
induce opposite electronic effects: the N atoms are soft donors and stabilize the lower
oxidation state, while the phenolate O atoms, as hard donors, stabilize the higher
oxidation state of the metal ion (Figure 1.1).? As such, salans can stabilize metals in
different oxidation states. Their complexes with transition elements, mainly 3d, have
applications in other areas, including sensing, pharmaceuticals, therapeutics,
luminescence, magnetism, zeolite matrices and catalysis.3%13-1>5-12 This thesis focuses on
the design of new salans and their corresponding complexes with 3d-transition elements.

It explores the use of these molecular entities as sensors for biological applications.

—N N— NH HN
NaBH,4
OH HO — OH HO
salen salan
T-ZHZO
— 0, +, 2+
—0 N N
H\M/H
/ \ /N
2 OH + H,N NH, ©) O
sal en M-salan

Figure 1.1. The typical synthetic procedure for salen and salan ligands and a metallo-salan

complex.

1.1. Ligand design

The design of a ligand is vital for developing its coordination chemistry. The ligand can

coordinate to metal centres differently; these include terminal, monodentate, chelating



to one metal centre or bridging bi- or tridentate to two metal centres (Figure 1.1.1).
Also, it can form infinite architectures ranging from one to three dimensions. Complexes
built from ligands with multiple heteroatoms are more stable than those built from a
monodentate ligand.’® The synthesis of a 3d complex necessitates the design of a

polyfunctional ligand, as illustrated in Figure 1.1.2.

M M
\X M /
X- X>
M X—/ —\—X
X X )l( M M/ M/ \__
)l( )l( M~ \X/\/ \X - X\
M M I M
M M
Monodentate Bidentate Tetradentate Hexadentate

Figure 1.1.1. Examples of coordinating modes of ligands X= donor atoms: M = metal

ions.

Most ligands are designed with preferences in geometry for specific pocket sizes
for certain metal ions with ionic radii, oxidation state and valencies.'” Sunadal'® et al.
reported a super silyl monodentate ligand (Figure 1.1.2, a) capable of stabilizing four-
coordinated Mn?* complexes for various applications, including catalysis*® and
biomedicine.? Hua?! et al. reported a series of monodentate phosphoramidite ligands
and demonstrated its high enantioselectivity in asymmetric catalytic transformations of
cyclo-alkenones. Ferhan?? et al. used bidentate ligands (Figure 1.1.2, b) to synthesise the
corresponding Cu?* complexes and investigated their antimicrobial activity towards E.
coli, B. cereus, B. subtilis and S. Aureus. The corresponding binary Ni?* complex from the
same bidentate ligand was prepared as a precursor in a catalytic-polymerization
reaction.?> Gao?* et al. demonstrated the catalytic applications of a Zn?* complex from
an asymmetric N, N, O-tridentate ligand in a Lactide polymerization reaction (Figure
1.1.2, c). Kuwabara? et al. reported Luminescent Ir3* complexes containing
benzothiazole-based tridentate ligands (Figure 1.1.2, d) These Ir3* complexes have
higher quantum yields and thermal stability than Ir>* complexes built from bidentate
ligands. They can be used as an efficient emissive dopant in organic light-emitting
diodes. Anwar?® et al. reported a family of Cu?* complexes with tridentate donor ligands
containing (N, O, S), (N, N, N), (N, N, S) or (S, S, S) heteroatoms. This study concluded
that the ligand framework's flexibility and stereo electronics could be tuned

systematically. Ratnam?’ et al. reported a new family of palladium complexes derived



from tridentate ligands, which were found to catalyse the Suzuki-Miyaura cross-coupling
reaction. Complexes synthesised with tridentate ligand have found applications as
catalysts,?® corrosion inhibitors,”® in quantum dots and in vivo imaging3® and

biomedicine.?0

<§ é}—Rz s
Ry R
O Fh NH, NH  0— ©:N/
2
O\ >— / R3
ase .
/ N
g Y- y N
4
" o WRW,
(@
(a) (b) (©
COOH N
| N=N < o)
/%,/\/N\/\N/\/'\/N\Q N_\_ >—\ O OH HO
N | NH S
N=N o\

(e)

Figure 1.1.2. Illustrations of different ligands

Polydentate ligands with less steric effects and a higher number of donor atoms
tend to form more stable complexes than monodentate ligands.3! Specifically,
tetradentate ligands bearing a pocket size suitable for transition metal ions tend to form
stable complexes. Wang et al. 32 reported a series of tetradentate ligands (Figure 1.1.2,
e) built using click chemistry and demonstrated the applicability of the corresponding
complexes in organometallic chemistry. Fourteau3? et al. reported a new class of N,S;
tetradentate ligands (Figure 1.1.2, f) and proposed their suitability for medicinal
applications. The Cu?* and Ni?* complexes of a different tetradentate ligand (Figure
1.1.2, g) can sense hydrazine with high selectivity and specificity.3* Pui et al reported a
tetradentate ligand and its corresponding Pd?* complex, which exhibited good
performance for photocatalysis and green phosphorescence.®> All the above studies
demonstrate the polydentate ligand's versatility and their corresponding complexes'
varied applications.

Several works report the design of salen ligands.3¢73° However, the stability of
these ligands and their corresponding complexes are trivial; they are susceptible to

hydrolysis or dehydrogenation depending on the nature of the solvents.?® Reductive
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amination of a salen ligand provides the corresponding salan ligands. The latter and their
corresponding complexes have better stability in aqueous media. Very few reports
support the stability of salan complexes over salen complexes in organic and non-
organic solvents; Arnd*! et al. investigated the higher stability of the salans complexes
of Co?*, Ni?* and Cu?* and their catalytic performance in different organic solvents. The
Cu?* and Ni%* complexes from corresponding salen and salan ligands were reported by
Isabel*? et al. These compounds were characterised by potentiometry, UV-Vis
spectroscopy and EPR and the Cu?* salan complex showed high stability of about 95%
even at varied pH 2 compared to the corresponding Cu?* salen complex. A similar

observation was noted for the Ni%* complex.

1.2. Complex design
1.2.1. Development of complex

Complexes are molecular entities possessing one or more metal centre (s) bound
to one ligand and/or co-ligands. It is a product of the Lewis acid-base reaction; the ligand
is the Lewis base with lone pairs of an electron, while the Lewis acid is the transition
metal.*® The ligands are usually neutral or anionic molecules that possess heteroatoms
with lone pairs of electrons to covalently bond to the metal(s). The ligands can be
monodentate or polydentate molecules, which means organic scaffolds possessing two
or more heteroatoms with lone pairs of electrons, as explicitly discussed in chapter 1.1.
The metal centre is an acceptor for the lone pairs of electrons; thus, covalent bond(s)
is(are) formed.*** The metal centre adopts different geometries; this notion is
governed by the number of heteroatoms present in the primary ligand and the presence,
if any, of other co-ligands. For sala(e)n 3d complexes, the most common coordinating
numbers are 4, 5 or 6 (Figure 1.2.1); however, different geometries can be achieved,
including pentagonal bipyramid, square antiprism and tricapped trigonal prism. In
assessing the bond strength between the ligand acting as the donor group and the metal
ion as the acceptor, it is essential to consider Pearson's acid-base concept (HSAB
theory),*® this concept is based on the premise that strong acids bind favourably and
strongly to a strong base. In contrast, soft acids bind favourably to soft bases.*’ A table
showing the selection of acid and bases classified using Pearson's HSAB principle are

shown below.



Table 0.1 Lewis acids and bases as classified with Pearson HSAB principle

Hard Acids Soft Acids Borderline

Li*, Ca®*, Na*, K*, Fe¥, Co®, | Cu*, Ag*, Au*, Pt**, Hg*, Cs*, | Fe?*, Co*, Ni*, Cu?*, Zn%,
As¥*, Mg, H, Mn¥, Cr*, | Hg¥, Br', Pd®*, Hg,>*, Cd?* Pb%*, SO,, NO*, B(CHs)s
Mg2+ A|3+ Sn2+

Hard Base Soft Base Borderline

NHs, CI, NOs, OH, F, SO4%, | RsS, C2Ha, Co, RNC, SCN, R3P, | CsHsNHz, CsHsN, BRY, N,
H-0, PO43_, ROH, RNH CN, I, RS NOy, 5032_

This binding leads to different metal complexes with varied applications depending
on their purpose; although the HSAB Pearson concept guides the design of coordination
compounds, beyond these, there are principles that metal centres and heteroatoms
obey; the following criteria should be considered.

e metal centre; its oxidation state and ionic radii,

e organic ligand; number and type of heteroatoms,

e coordination geometry: if the property of interest requires ligand/substrate
exchange, then the ligand should partially fulfil the coordination geometry
of the metal centre

e operational stability in coordinating/non-coordinating solvents, low or high

temperatures, physiological or different pH values, dissociation etc...

A < @@ @@

square octahedron trigonal

tetrahedron square trigonal . -
pyramidal antiprism

bipyramidal
4 5 6

Figure 1.2.1. The most common geometries for coordination are numbers 4, 5 and 6.

A milestone in the history of complexes was achieved with the discovery of cis-
platin in 1960 by Barnett Rosenberg.*® Cis-platin is a Pt chemotherapeutic compound
that is active against squamous cell carcinoma, carcinomatosis, and germinal cell

tumours in dogs.*® Notably its trans-isomer, trans-platin, is clinically ineffective against
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cancer.’® Ever since, the design of complexes has taken centre stage and found
applications, which include cancer therapy,*® sensing®! and detection, biological and

analytical applications,”? fluorescent cell imaging>3 and catalysis.!%>*

1.2.2. Complex stability constants

The stability of the complex is determined by the LogP value, which measures
the strength of interaction between metal-ligand in solution® and is given in the

equations.>®

Metal + Ligand = Metal — Ligand Ki=(ML)/(M)(L) (1)
Metal + Ligand, = Metal — Ligand> Ko =(ML,)/(M)(L) (2)
Metal + Ligands = Metal — Ligands Ks=(ML3)/(ML,)(L) (3)
Thus,

Metal + Ligandn.1 + L = Metal —Ligand.n  Kn=(ML,)/(ML,_,)(L) (4)

where K1, K, Ks......K, are all equilibrium constants and are known as overall stability

constants.

The stability constant, known as well as formation or binding constant, can be
determined using several methods, including potentiometry,>”>® jon exchange,>*°

distribution,®? solubility,®? polarography®3%* and electrometric techniques.®®

1.3. Geometric arrangements of ligand design and properties specific to its
application

Different geometrical designs, configurations and fine-tuning of ligands have
resulted in complexes with various purposes specific to intended applications. The shape
and final adopted conformation of the ligand impact its stereochemistry which in turn
restraints the geometry of the metal centre,6%7 affecting its electronic properties.®®

Steric effects can restrict bond rotation and decrease ligand's flexibility, thus affecting



its conformational preferences and potentially the geometry of the final complex.®®
Stereochemical factors in ligands significantly affect the geometric shape that donor
atoms can adopt and conform around a transition metal centre. Geometric constraints
of the metal centre must also be considered during ligand design and developments
specific to a specific application.”® Ligands with aliphatic backbones tend to favour a
variety of coordination geometries with different transition metals. In contrast, ligands
with rather a rigid backbone promote a limited and specific binding mode with transition
metal ions leading to limited coordination geometries.”? On the other hand, the
preferred geometry and configurations of transition metal ions when forming
complexes with ligands depend on the number of ligands bonded to metal centres,

ligand pocket sizes, transition metal charges and sizes.”%"3

1.4. Spectroscopic methods for monitoring complexes

1.4.1. Fluorescence

Fluorescence spectroscopy is an analytical method that has gained wide
acceptance owing to its high sensitivity,’* specificities,”> and selectivity.”® When a
molecule (typically fluorophore) absorbs energy in the form of light, an electron is
promoted to the excited state (this may be either a singlet state or triplet excited state);
the excited electrons can lose their energies in the following ways

(a) The molecule can dissipate its energy by direct collision with its neighbouring
absorbing species in a non-radioactive way through energy transfer.

(b) If the excited triplet state overlaps with the excited singlet state, the
molecule can cross over to the excited triplet state; this phenomenon is
known as inter-system crossing, and on returning to the ground state after
emitting light energy where (T1 — So) this process is known as
phosphorescence.

(c) The molecule can partially dissipate energy by undergoing conformational
changes and relaxing at the lowest vibrational excited energy level, this is
called vibrational relaxation, and on returning to the ground state, it emits
energy in the form of light (S1—So), and this process is called fluorescence.’

These processes are explained in the Jablonski diagram, as shown in Figure 1.4.1.
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Figure 1.4.1. (left) The quinine molecule. (right) The Jablonski diagram.

In p[inciple, polyaromatic-based compounds are excited from an energy source
at a particular wavelength and emit light during relaxation at a longer wavelength is
measured. The emitted energy of florescent photons in its ground state is always less
than that of the excited photons, this is because energy is usually lost through
vibrational relaxation and internal conversion, a typical fluorescence lifetime is in the
region of 10 ns since the emission rates of fluorescence are typically 108 s7*. A typical
example of a fluorophore is quinine (Figure 1.4.1.), initially observed by Sir John
Frederick William Herschel in 1845.77 This compound, which is always present in tonic
water, glows a faint blue colour by exposure to sunlight. Quinine is excited through ultra-
violet light (sun) and, upon returning to its ground state, emits a blue light in the form
of a photon with a wavelength in the region of 430-450nm. Naphthalene-based
fluorophores have been extensively and efficiently used in supramolecular chemistry,

organic optoelectronics, biochemistry, and biological and environmental studies.”®8,

1.4.2. F-NMR spectroscopy

The fluorine atom has a small size and single valency forms strong covalent bonds
and is electronegative. The presence of fluorine atoms in biological molecules is rare8%83
and only a few fluorinated biological compounds are known.®*8> The NMR principles for
the nucleus (*H,*3C, 3!P, °N) are the same for the *°F nuclei; however, no signal overlap
or interferences in background signals can be identified. This lack of background signals

identifies 1F-NMR spectroscopy as an ideal technique for monitoring purposes.®® For



example, the interaction of amino acids, glycols, and chiral amines with fluorinated
analytes will be visible when a shift from the original fingerprint peak region is observed.
For a nucleus to possess an overall spin, the number of neutrons plus the number of
protons must be odd; this will give the nucleus a half-integer spin (i.e. 1/2, 3/2, 5/2).%’
However, if the number of neutrons and protons are both odd, the nucleus has an

integer spin (i.e. 1, 2, 3).

A
—— m=-1/2
Energy No field //,/
7 Applied
—<Z\ mangetic
RN field
e m=+112

Figure 1.4.2. Energy Levels for a Nucleus with Spin Quantum Number

1.4.3. Circular Dichroism

Circular dichroism (CD) is a spectroscopic method used to differentiate specific
molecules interacting differently with right and left circularly polarized light.8 8 When
a beam of circularly polarized lights, of the same frequency and amplitude, passes
through an optically active medium that has an absorption peak in the ultraviolet region,
the left-handed and right-handed circular polarized light components contained in the
region would have different propagation speeds mainly due to different refractive
indexes and intensities, the light absorbed would be circularly polarized, secondary
absorbance components will arise from circular dichroism and are measured by
switching between right and left circularly polarized light, and the resulting difference is
calculated as absorbance. This analytical method illustrates the difference between
chiral molecules having non-superimposable mirror images of each other. It is widely
used to study changes in the conformations of molecules® as well as to elucidate more
on the configurations of chiral compounds,®! thus, it finds applications in conformational
studies of protein,®? glycosides,®® chiral amines,®* and nucleic acids. Other techniques
can be used to determine the enantiomeric purity of these chiral structures:
chemiluminescence,® high-performance liquid chromatography (HPLC),%® capillary

electrophoresis,®” electrochemical methods, etc. Although most of these techniques
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help determine enantiomeric purity, they are time-consuming, use expensive and
complex equipment, require trained personnel, and on some occasions, differentiation

between two enantiomers is challenging.®®

1.4.4. UV-Vis Spectroscopy

UV-Vis spectroscopy is an analytical technique used to characterise and evaluate
different types of substances and solvents.®® It is widely used since the cost of
equipment and its maintenance is low.1® It finds applications in biomedical studies like
cancer,'®characterization and catalytic studies monitoring 2 antimicrobials and
antioxidant monitoring,'®® heavy metals removal and monitoring,'°* nanoparticles
determination,%> and sensing.1% Its principles are based on the absorption of ultraviolet
or visible light by chemical compounds leading to the production of some distinct
spectra. It can give quantitative and qualitative information for a compound with a
wavelength range from 200nm-800 nm.'% Its principles are mainly based on the
interaction between light and matter. When matter absorbs light, it is excited, and its
relaxation to the ground state results in the production of the spectrum. The energy
difference between the excited and ground states equals the energy absorbed by the
absorbing species as defined by the Beer-Lambert Law. The absorbance of a solution is
directly proportional to the concentration of the absorbing species in the solution and

path length, as presented in the equation below.

A =¢€bc (5)

where A is absorbance (unitless, usually seen as arb. units or arbitrary units), € is the
molar absorptivity of the compound or molecule in solution (Mlcm™), b is the path
length of the cuvette or sample holder (usually 1 cm), and c is the concentration of the

solution (M).

1.5. Heavy metals pollutants (HMPs)

Water polluted with heavy metals is a growing global concern due to its adverse

effects on the environment and human health.1%® The overabundance of heavy metals
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pollutants (HMPs) originates from scientific and technological advances, resulting in
industrialization and unplanned urbanization.'% These contaminate and pose adverse
effects on our environment.!'° HMPs are released into the environment through natural
and anthropogenic activities.1%198112 Most HMPs like Hg?*, Ni%*, Cd?*, Pb?*, As*, Cr3+113
originate from less of a natural phenomenon but mostly from various anthropogenic
activities. The chief sources of natural HMPs in the environment are from rocks
(sedimentary, metamorphic, and igneous rocks); through leaching, erosion, weathering,
soil formation etc. HMPs are distributed into the environment through groundwater
(streams, springs, lakes, and rivers) for a considerable distance, and their composition
varies from location to location. Other features defining HMPs concentration are
chemical, biological and physical activities such as dilution and evaporation, redox
potential, pH, temperature and living organisms.’®® HMPs carried by water can be
absorbed by oxyhydroxides or aquatic organisms like algae which then introduce them
to the food chain. HMPs quickly accumulate in living organisms through various
processes like the food chains,'* various industrial activities'® like mining of metals,
leaching of metals from different sources such as landfills, applications of land

fertilizers,11®

incineration and internal combustion engines etc. World Health
Organization sets a certain HMPs threshold standard concentration; when they are in
excess cause severe adverse health defects like cancer, liver damage, renal failure,
oxidative stress, and brain damage.!’

HMPs detection with analytical methods has been used to alleviate
environmental issues, contribute to knowledge in biomedical studies,*'® tackle global
security concerns and make our environment green. Over the last few decades, different
types of conventional analytical methods were employed in the detection of HMPs. They
include Inductively coupled plasma mass spectroscopy (ICP-MS), atomic absorption
spectroscopy (AAS), capillary electrophoreses (CE), UV-Vis spectroscopy, anodic stripping
voltammetry (ASV), x-ray fluorescent spectroscopy (XFS), Inductively coupled plasma
optical emission spectroscopy(ICP-OES) etc.!'® These methods detect and sense HMPs
even at low concentrations, but have limitations like (a) expensive instrumentation,2°
(b) lack of trained and experienced personnel to operate the instruments, (c) ambiguous

sample preparations and clean up (d) not used for on-field detection and monitoring of

HMPs. To address these limitations, scientists develop less expensive, time-saving

121 122

techniques,4! portable and highly sensitive'?? sensors to quickly detect HMPs. These
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new techniques are chemical and optical sensors, biosensors, electrochemical sensors,

molecular sensors etc.

1.5.1. Copper

Copper (Cu) is a transition element belonging to group 1B with atomic number
29. It exists in +2, +1 and O (pure metal) oxidation states,?3'2% and is essential for living
organisms participating in many catalytic activities associated with physiologically
important enzymes.’?> It is disposed of as an industrial effluent into aqueous
environments and enters bioaccumulation from the food chain. Its median intake in the
united stateis 1.0 to 1.6 mg/day for adult men and women.'%8 Concentrations over this
dose can cause severe health problems, including neurodegenerative disorders leading
to Parkinson's or Alzheimer’s disease!?® and hypoglycaemia. 12> Copper toxicity can also
restrict the self-purification of seas, rivers and oceans by bacteria'?’, thereby reducing
the bacteria's biological functioning activities. Therefore, it is imperative to develop

techniques to monitor copper imbalance in the land, water, and air.

1.5.2. Lead

Lead (Pb) is a soft, silvery-white transition metal with atomic number 82 and
belongs to group 14 (IVa). It is known from ancient times with no known biological
importance.?® And yet very persistent in the environment,'?° non-biodegradable and

130 even at very low concentrations to both biological systems and

extremely toxic
humans.3! It exists in both +4 and +2 oxidation states and has a low melting point. It
was used in ancient times for building materials, pigments for glazing ceramics and
water pipes. However, recently it has been extensively used in forming alloys with Sn32
and batteries.'33134 These recent uses resulted in extensive disposal of Pb in aqueous

media; its excess can lead to severe health defects in the central nervous system,'3° the

reproductive system and functions of the brain cells.6:136

1.5.3. Cadmium

Cadmium (Cd), with atomic number 48, is a transition element which belongs

with Zinc and Mercury in Group lIb of the periodic table.*3” Cadmium usually exists in +2
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oxidation; however, a few reports indicate that Cadmium also exists in the +1 oxidation
state.’®® Friedrich Stromeyer discovered Cd in 1817 as a constituent of smithsonite
(ZnCOs) in zinc ore.’*® The main pathway Cadmium enters into the environment is via
industrial waste processes, including electroplating, textile operations and refining,
pigments, plastics, fertilizers, smelting, alloy manufacturing, cadmium-nickel batteries,
mining, pigments and dyes.'*® Cadmium contamination from these various sources has
become a serious threat to the environment and public health risk, including cancer,4!
skeletal systems,'#? renal, nervous and reproductive systems. Thus, the development of

methods to purify and detect Cd in contaminated water and effluents is a major area of

active research.143

1.6. Sensing principles

The definition and understanding of sensors are mostly field-dependent.'4* The
idea and motive behind creating sensors in materials, chemistry, biochemistry, and
physics, is to abandon expensive and complex instrumentation methods and replace
them with inexpensive systems that anyone can operate. A classic example of successful
sensors is the pregnancy test and glucose meter, which has touched many societies.
Research is limited to both biological and chemical sensors. Broadly, biological sensors,
often called molecular probes, tend to create future systems that identify important
biological compounds and health risks and detect the presence of both desirable and

undesirable compounds in a system.

1.6.1. Zn?* complexes as sensing probes

Zinc is the second most abundant trace element in the human body,*
characterized by filled 3d*° orbital and classified as a hard to borderline electron pair
acceptor.1#® 7Zn2* complexes are less toxic compared to other transition metal

complexes. They have played an essential role in molecular recognition,'#” catalysis,'#

149 145 150

biological imaging applications,*® anticancer agents,'*> and therapeutic applications.
The most common geometries for Zn?* complexes are tetrahedral and octahedral with
tetradentate ligands, but pentagonal bipyramid geometries are also possible.**! Chiral

Zn-porphyrin dimers have been previously reported as potential sensors for amino acid
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derivatives;'>?, these complexes showed good sensing and discrimination ability
towards two enantiomers and their absolute configurations. Li et a/ demonstrated that
chiral Zn?* complexes could be selectively used as a fluorescent sensor to sense and
distinguish cysteine and histidine from other naturally occurring amino acids in an
aqueous solution. 1> To demonstrate the versatility of chiral Zn?* complexes, Sano*>* et
al had also reported the usefulness of Zn?* complexes as fluorescent probes for varieties

of medical studies.

1.6.2. Chiral amine sensing

Chiral compounds were first discovered by Louis Pasteur in 1848 when he
successfully separated by hand sodium ammonium tartrate into its isomers.'> Chiral
compounds, due to their dexterity has found applications in forensic studies, °°
pharmaceutical applications, *7 catalysis’®® and sensing applications.8%1> Two
enantiomers have the same physical properties but may possess different
pharmacological and biological activities.’®® Conventional high-performance liquid
chromatography (HPLC) can separate the enantiomers,'®! but this approach involves
costly chiral columns. Thus, developing new methods for enantiomeric discrimination is
highly interesting for industrial and biomedical applications and is subsequently vital for
future discoveries.'®?> For example, circular dichroism (CD) and fluorescence,63-170
monitor absorbance intensity change(s) whereas Nuclear Magnetic Resonance (NMR)
proceeds chemically shifted signals;'’*"1’4 these methods rely on host-guest
interaction(s), therefore thermodynamic, kinetic parameters and equipment’s response
time signify method applicability and limitation. In the latter case, methods
incorporating chiral templates and *H-NMR are popular,'”>718 however lately, emphasis is
given to developing hetero nuclear-based methods i.e. 3!p173.181 or 19 84182,18The |gtter
method has the following two advantages: lack of background interference;'8%183 thus
applies to large molecules, such as proteins,®18* and a broad detection window from -
200ppm to +200 ppm depending on the antenna, i.e -CFs, -OCFs, -F and so on.®2 Pioneer works

from Swager'8>186 gand Song®’

establish the principles in using new or modifying already
known chiral fluorine-based complexes for discriminating chiral amine based methods
(Figure 1.6.2.1). Both methods work in non-coordinating solvents and rely on the host-

guest interaction principle; thus, two different peaks appear in the °F NMR spectrum.
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In the latter case, the methods also apply coordinate solvents, and its operational
window is 0.21 ppm.

Swager 2015 Bian & Song 2019

o

NH ,\’,
Il
C
|

Figure 1.6.2.1. Known complexes used for amine sensing with 1°F NMR.

1.6.3. Novel Asymmetric salan fluorescent selective Cu?* sensors.

Recently, there has been a renewed interest in developing fast, sensitive and
selective probes for detecting HMPs, including Cu?*. Copper is essential to human
health,'88189 it functions as a necessary co-factor for enzymes due to its redox-active
Cu*/Cu?* conversions.'®® However, excess and unregulated copper is very toxic to the
human body as it can cause homeostasis, which will lead to severe neurodegenerative

diseases like Parkinson’s and Alzheimer's disease.!?
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Figure 1.6.3.1. Selected ligands used for sensing Cu?*
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Recent reports suggest that Cu?* is responsible for damaging an infant's liver.1%? Cu is
also reported to promote and generate reactive oxygen species (ROS)*3, which cause
damage to cell structures'® and interferes with cellular signalling, inducing
apoptosis.1®>1% Copper contamination and its toxic effects on humans continue to pose
severe global problems. Hence, its sensing and detection become imperative. They are

many reported methods for the detection and sensing of Cu?* ions, which include

197 198

inductively coupled plasma spectroscopy, atomic absorption spectroscopy,
inductively coupled plasma atomic emission spectroscopy (ICP-AES),'*° and

electrochemistry.?%

1.6.4. Heavy metals sensing

HMPs are present at higher than normal and unacceptable levels in aqueous
media,'*® due to a faster rate of industrialization and human's quest for a better life.
Various methods have been proposed to capture and remove HMPs from aqueous
media to overcome this obstacle.?’! These technologies include but are not limited to
using porous materials such as Metal-Organic Frameworks (MOFs),108202.203 7e0|jtes, 204~

205 or silica-based components as the

206 hydrogels??”:2%% sulphur-based nanosheets
absorbents.?1%21 And the detection methods include atomic absorption spectroscopy
(AAS), capillary electrophoreses (CE), UV-Vis spectroscopy, anodic stripping
voltammetry (ASV), X-ray fluorescent spectroscopy (XFS), inductively coupled plasma
optical emission spectroscopy (ICP-OES)''® etc. These conventional methods are often
characterized by many drawbacks like ambiguity, expensive instrumentation, unsuitable
for on-field detection, lack of trained and experienced personnel for operation, lack of

selectivity, and time-consuming lab procedures for its preparation.?!?

etc. Currently,
methods incorporating MOFs as absorbents dominate present-day studies; however,
developing an efficient, convenient, selective and practical capture technology in which

the capturing mechanism is well understood remains a big challenge.

1.6.5. Neurotransmitters

Studies of the complex functions and understanding of the brain are leading

challenges in biomedical research and are now gaining momentum. Neurotransmitters
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(NTs, Figure 1.6.5.) are essential chemical messengers that transmit information

between the nerve cells,?!3

muscles functions and behaviour,?'* organs, and other
tissues.?’ NTs are known according to their chemical structures and divided into several
groups, including amino acids,?'® biogenic amines, and soluble gaseous transmitters

such as nitric oxide, hydrogen sulphide, and peptides.?*>2/
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Figure 1.6.5.1. Some known neurotransmitters (NTs).

NTs, control and regulate various body functions, including heartbeat, breathing,
behaviour and conjunction, muscle control, digestion, neurological functions, and
sensory response.?'® NTs are classified as essential chemicals in human health due to
their vast functions; any imbalance in their activities can cause severe disease and
mental disorders like Alzheimer's disease, bipolar disorders,?*® schizophrenia,?*®
Parkinson's disease, etc. Several factors, such as stress, genetic factors, toxic chemicals,
and poor diet,?% can trigger these imbalances; as such, monitoring the level of NTs in
the human body is vital for clinical analysis and medical treatments.??? Several studies
reveal that a single neuron produces different types of NTs,2'8 and several methods exist
to detect them. The known analytical techniques that can detect NTs include liquid
chromatography (LC),??' microelectrodes, capillary electro-chromatography coupled
with UV detection, capillary electrophoresis (CE), electrochemical detection,???
microdialyses, fast-scan cyclic voltammeter(FSCV),?!®> mass spectrophotometer and

fluorescence detection.
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1.7. Aim of this thesis

The Niger Delta aqueous media region has witnessed contamination over the
years, significantly imminently affecting daily livelihood and sustenance,??3??* and
ultimately human security, recreation and fisheries, thus imposing water quality
regulations and monitoring methods.??®> Mercury, Lead, Arsenic, Cadmium and
Chromium are the contaminants according to the World Health Organization
standards.??® To overcome this obstacle, various methods have been proposed to
capture and remove pollutants from aqueous media.??! These technologies include but
are not limited to using porous materials such as Metal-Organic Frameworks
(MOFs),108,202.203 760|jtes, 294206 hydrogels??”2% sulphur-based nanosheets?® or silica-
based components as the absorbents.?'%2! However, developing an efficient,
convenient, selective and practical capture technology in which the capturing

mechanism is well understood remains a big challenge.
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Figure 1.7.1. The molecular entities used in this study.
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Salan ligands are easily accessible and modifiable and offer a specific pocket size
for coordination; thus, their complexes have inevitably found applications in catalysis,
sensing, and medicinal chemistry.42227,236-243,228-235 The Kostakis group has recently
reported a convenient protocol for asymmetric N0, salans.3® This method gives access
to numerous ligands and corresponding complexes with chemically modified
peripheries which can be used for structural activity relationship studies (SARS). On the
basis that these complexes hold the same formula- structure, then the presence of
different functional groups becomes a valuable tool and permits chemical mapping of
the interaction(s) between the complex and the environment (solvent, analyte,
substrates etc) with various techniques such as NMR, IR, UV-Vis, Fluorescence, thus
these SARS can extrapolate useful information and underpin mechanisms.

The research activity of this thesis divides into four parts. Salans are well-
established tetradentate ligands systems offering a particular pocket to host metals of
specific ionic radii, especially 3d transition elements; thus, the first part of the research
work focuses on and reports the synthesis of three novel fluorescent asymmetric salans
and investigates their sensing ability for 3d transition elements. The second research
part reports the synthesis and characterisation of six new chiral salan ligands and their
corresponding Zn-salan complexes. In terms of application, this chapter investigates the
ability of these molecular entities to sense chiral amines with 1°F NMR, the third part of
this thesis describes the synthesis of a novel asymmetric heptadentate ligand Hsoct(®-
OCF3)salox (Figure 1.7.1, chapter 4) which represents an ideal candidate to provide the
corresponding Y3* complex as a non-invasive multimodal sensor for GABA detection and
monitoring. The interaction of the Y3*-complex and NTs can be simultaneously
monitored with *H & °F NMR, fluorescence and UV-Vis spectroscopic methods, thus
providing detailed information to establish a reliable mechanistic pathway. The last part
reports synthesising and characterising a family of Zn-salan complexes composed of
symmetric and asymmetric ligands and investigates their sensing abilities for Cd?* and
Pb?* with 1°F NMR. We envisage that underpinning the interaction mechanism of these
economically viable molecular entities with HMPs will permit the development of

efficient technologies to be applied in the Niger Delta aqueous media region.
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2. Chapter 2: Asymmetric salan fluorescent selective Cu?* sensors

Abstract. We report on synthesising three novel fluorescent asymmetric salan ligands
and exploring their sensing ability towards first-row transition elements. Secondary
coordination sphere alterations impose significant changes in fluorescent sensing

responsiveness selectively towards Cu?* ions.
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D. A. Diamantis, S. D. Katsakos and A. G. Tzakos, performed the systematic fluorescent
evaluation. A. Galvacsi and C. Kallay performed solution studies. R. Gonzalez-Méndez

performed and evaluated MS studies. A. Vargas performed theoretical calculations.

2.1. Introduction

Sensors progressively dominate a series of technological applications, mainly
focused on the health section, thus, manufacturing smart systems/probes able to
simultaneously and/or selectively sense metals, anions, and cations is a research topic
that is gaining momentum.?*4-24¢ To develop new smart sensing systems, studying the
sensing aptitude of already known or new organic ligands is required. However,
establishing a new ligand system is time-consuming, requiring extensive structure
reactivity relationship studies to launch the sensing principles and guide future research.
Transition elements are essential components of biological systems. Living organisms
use them for various processes, including cell signalling, maintaining osmotic pressure,
and as cofactors in enzymes.?*”?%8 |n specific, Cu®* is known to affect the self-assembly
of amyloid proteins?*®20, generating reactive oxygen species (ROS), and leading to

oxidative neuronal damage.?>12%3
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Figure 2.1.1. The five-step synthesis of the chosen asymmetric ligands.

Sala(e)ns are well-established tetradentate (N;0), easy-to-synthesise ligand
systems offering a particular pocket to host metals of specific ionic radii, especially 3d
transition elements. 1492547260 Several works examine their naked eye or fluorescent
sensing abilities?6%:262 At the same time, in terms of stability, these systems are known
to be susceptible to hydrolysis (salens) or dehydrogenation (salans).*1263 We recently
established a convenient strategy to design and access asymmetric salans.3® In our first
effort, an asymmetric N3O salan prevented the redox potential of Cu?* ions which was
confirmed by three biological essays.?®* In this work, we hypothesised that retaining the
N,0; pocket but introducing into this core a naphtho fluorescent moiety could shape a
convenient method to access asymmetric salans (Figure 2.1.1.) that could operate as
suitable fluorescent responsive sensors for transition elements. Our choice to alter the
heteroatom X and the R= group will impact secondary effects i.e. H-bonding (O vs S),
increased lipophilicity (CFs vs CHz), binding (fulfilling or not, the coordination geometry

of adjacent moiety), thus allowing us to extrapolate valuable mechanistic evidence. We
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envisioned the two-step clockwise route as the more convenient path for precursor A in
bulk. However, none of our synthetic efforts was successful, as the reduction step could
not proceed. Therefore, we followed the anticlockwise route, synthesising three
different precursors B before accessing the aimed frameworks. All three ligands were
fully characterised with H, 13C, 1°F NMR, and HRMS, while the crystal structure of OH-
nap identifies a linear arrangement of the ligand with the hydroxyl groups pointing in
opposite directions.

With the ligands in hand and being aware of their poor aqueous solubility, it was
necessary to establish the optimum conditions to perform the fluorescent studies. The
best solvent for these ligands was a mixture of DMSO/CH3CN (1:119), and the transition
metals were dissolved in double distilled water. Based on the structure of the ligand, the
excitation wavelength was set either at 350 nm or 405 nm. Initial fluorescent studies
involved ligand incubation with a significant excess of analytes (first-row transition
elements Cr, Mn, Fe, Co, Ni, Cu and Zn). We incorporated the weakly binding chloride
salts in all studies to avoid the chelation effect (nitrate or acetate).?®> Since the
measurements were performed in the open air, we discarded FeCl; since it is easily
susceptible to redox reactions. Based on the literature,#9254-260 these ligands were
anticipated to perform well with transition elements. Indeed, as illustrated in Figure
2.1.2, the fluorescence of all ligands dramatically quenches in the presence of specific
transition elements, indicating the in situ complex formation. Cu?* and Fe3* samples

provide the most intense fluorescent quench.
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Figure 2.1.2. Normalised fluorescent intensity of the ligands SH-nap (A), OH-nap (B) and
OF-nap (C) in excess of different metal ions.

In the next step, we performed fluorescent titration and kinetic studies with Cu?*
and Fe3* for the three ligands with substantial structural similarity. The inner core of the

organic ligands consists of six atoms possessing sp? hybridisation (-CH2-NH-CH>-CH,-NH-
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CH,-), imposing significant flexibility and difficulty in controlling the metal-ligand
interaction (Figure 2.3.1. upper). To evaluate the reproducibility of our studies, we
recorded three different individual datasets for every ligand, and all showed similar
behaviour. As illustrated in Figure 2.1.3, SH-nap upon excitation at 405 nm exhibits a
broad fluorescence spectrum centered at 575 nm. A distinct decrease of the
fluorescence signal was monitored upon the gradual addition of Cu?* and Fe3* (98% and
97%, respectively), accompanied by a ~100 nm blueshift. To determine the interaction
between the ligand and these two transition metals, we attempted to apply the
Benesi-Hildebrand (B-H) equation (Figures S1-28 & S1-29). Efforts to rationalise a linear
behaviour proved ambiguous; however, given the numerous possible ligand
configurations and possible metal-ligand interactions, including coordination (Figure
2.3.1. upper), we applied the BH equation in selected data (Figures S1-28) and all data
(Figures S1-29) and discarded the use of another fitting model. For the first case, the
association constant K, was evaluated graphically and calculated at 0.384 x10% and 1.03
x10* M for Cu?* and Fe®*, respectively (Figures S1-28A &Figures S1-28B). Furthermore,
we performed kinetic studies using other equivalents to evaluate the response rate. As
illustrated in Figure 2.1.2 (C &D), the detection of Cu?* proceeds faster than Fe3* as a

more intense decrease of the fluorescent signal was noticed under the same conditions.
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Then we examined the fluorescent properties of OH-nap. As illustrated in Figure
2.1.4, upon excitation at 350 nm, OH-nap displays a broad fluorescence spectrum
centred at 485 nm. This notable blue shifting in the emission spectrum compared to SH-
nap could be attributed to the presence of the O-atom instead of the S-atom. Contrary
to SH-nap, the fluorescent behaviour of OH-nap progressively decreases upon the
gradual addition of the transition metals, leading to a rare motif until its eventual
quenching (83% and 92% decrease, respectively). Concerning the association constants,
Ka, the B-H equation extracted them to be equal to 0.278x10* and 3.28x10°> M,
respectively (Figures S1-28C & Figures S1-28D). Moreover, as illustrated in Figure 2.1.4
(C&D) the response rate of the ligand in the case of Cu?* is highly dependent on the

concentration of the metal ion.
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Figure 2.1.4. (A/B) Spectral properties of OH-nap (50 uM) in DMSO: ACN (1:119 v/v).
(C/D) Time-course alternation of the fluorescent signal at 495 nm of OH-nap (50 uM) in
DMSO:ACN (1:119 v/v) in the presence of different amounts of Cu?* and Fe3*

OF-nap displays a minor structural difference compared to OH-nap (OCHs vs
OCF3). However, this modification is vital to the fluorescence behaviour as an electron-
withdrawing group replaces an electron-donating group. As illustrated in Figure 2.1.5, it
is apparent that OF-nap’s fluorescent quenching was more readily achieved than OH-
nap, independently of the analyte choice. The association constants K; were calculated
to be equal to 0.4772x10° and 0.394x10° M for Cu?* and Fe3*, respectively (Figures S1-
28 E& Figures S1-28F). As for the kinetic studies, it is evident, Figure 2.1.5, that

fluorescence quenching relies on the concentration of the analyte.
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Figure 2.1.5. (A/B) Spectral properties of OF-nap (50 uM) in DMSO: ACN (1:119 v/v).
(C/D) Time-course alternation of the fluorescent signal at 495 nm of OF-nap (50 uM) in
DMSO:ACN (1:119 v/v) in the presence of different amounts of Cu?* and Fe3*.

Lastly, we calculated the limit of detection (LOD) values for both Cu?* and Fe3*
for the three ligands. These values are calculated based on the scattered fluorescent
intensity at a given wavelength. The results are shown in Table 2.1. and the
corresponding Figures can be found in the ESI (Figures S1-30-S1-35). Despite triplicate
recordings, values are ambiguous for the latter case (OF-nap), possibly due to the
increased flexible character of the organic ligands (different ligand configurations and/or
coordination) and/or the structural-electronic changes imposed by the lipophilic-
electron-withdrawing character of the CFs group. The LOD values for SH-nap and OH-

nap are comparable to already existing systems (see chart 1 in ES|2>6:258:260,266-272)

Table 2.1. LOD calculated values for all ligands and Cu?* and Fe3*

cu2+ Fe3+
SH-nap (570nm) 0.1757 uM 0.4638 uM
OH-nap (500nm) 0.4553 uM 0.3157 uM
OF-nap (470nm) 0.2855 uM* 0.0031 pM*

* LOD calculations incorporated only six points despite three repetitions; given the
flexible character of the system, we consider these values ambiguous.

2.2. Solution studies.
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Given the extraordinary selective sensing process of SH-nap, we performed
potentiometric studies in a mixed solvent DMSO-H,0 (1:1) system at a millimolar scale
(2mM); three orders of magnitude in

higher concentration compared to the titration studies (Figure S1-36). We incorporated
DMSO due to ligand insolubility; sadly, efforts to mimic the solvent system of the
titration process (DMSO-CH3CN-H,0) were impossible. From these studies, we identified
four deprotonation constants (Table S1-2); two for the phenolic hydroxyl groups and
two for the protonated NH groups. The smallest pK value belongs to the deprotonation
of one NH group, the second to one OH group, and the other two deprotonation
processes overlap. The interaction of SH-nap with Cu?* and Fe3* ions was studied at a
1:1 ligand ratio (Figure S1-37). The fitted titration data define the pH-dependent
formation of different species and that complexation proceeds faster for Fe3* at low pH
values. For example, at pH 4, only 20% of the Fe3* ions are free; three different species
can be identified, while for Cu?*, 30% of the metal remains intact, and only two species
can be identified; however, this observation may be irrelevant to the observed
difference in quenching for Cu?* over Fe3* (Figure 2.1.2, A), since by increasing the pH,
other species are formed. Given that the titration studies were performed in a mixed
solvent system without a pH buffer, we cannot suggest which species is dominant during

the quenching process.

2.3. Control experiments.

To validate the in-situ formation of the complex(es), we recorded ESI-MS data of the
titration experiments with Cu?* and Fe3* (Figures S1-38-S1-42). These studies illustrate
the formation of the corresponding {ML} specie. However, for the Cu trials, the
formation of the dehydrogenated {MLP} species (-2H) is evident (Figure 2.3.1, A, Figures
$1-39 & S1-42), thus perplexing the sensing mechanism. We cannot determine the {ML}/
{MLD} ratio from the ESI-MS studies, while IR studies to identify the C=N bond are
inconclusive. For OH-nap and OF-nap, the fluorescence of both ligands’ quenches in the
presence of Cu?* or Fe3* ions. It shows similar behaviour to the rest of the transition
elements. However, for SH-nap, a minor secondary coordination sphere change
significantly impacts the fluorescence behaviour. The fluorescence quenches completely

for the Cu?* sample but lags for the Fe3* sample. Based on the Hard Soft Acid Base
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principles,*® the formation of the Fe-S bond is favoured; thus, a cluster formation (Figure

2.3.1, B) scenario is doable. 273274

Titration procecure, 3d metal concentration increase
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Figure 2.3.1. (Upper, Left to right) Possible configurations the ligand may adopt while
metal titration starts, retaining intact the naphtho group for visualising purposes.
Possible interactions with metal ions are shown only in the first configuration. SXRD has
confirmed the configuration on the left. The last configuration has an ideal pocket for
3d transition elements. Other configurations are possible but not shown (Lower, A) A
possible metal-catalysed oxidative dehydrogenation product;*?%3 data observed in ESI-
MS studies. (B) A possible Fe-S cluster formation shall explain the Cu?*-Fe3*
discrimination observed with SH-nap.

2.4. Theory

To gain further insight into the specificity of the complexation and the probable
concomitance on fluorescence modulation, we performed computational studies within
the Kohn-Sham Density Functional Theory (DFT) at the OLYP-D3/def2-SVP level of theory
in the gas phase. We used the so-called ETS-NOCV?”> approach, as implemented in the
Multiwfn programme,?’® which allows quantifying the energy of interaction between
the metal centre and the ligand in terms of orbital interactions. Furthermore, the
methodology allows the visualisation of electron flow upon complexation at the
geometry of the most stable structural configuration. To probe the excitation profile, we
performed time-dependent DFT calculations on the synthesised SH-nap, OH-nap and
OF-nap species and for comparison purposes, we included the hypothetical SF-nap
species (that is, the organic ligand with the X=S and Ri = CFs3, Figure 2.1.1.). A

straightforward application of ligand-field theory and open-shell DFT formalisms can
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rationalise the observed calculated structures (Figure 2.4.1.). A closer inspection
indicates that : (a) the ligands are flexible enough to accommodate both the square
planar (sqp) and tetrahedral (td) geometries, (b) the Cu?* S =1/2 and Fe3*S=5/2 can be
found in either of the two geometries, (c) the observed configuration are functions of
both the metal centre and the selection of the X and R? groups and (d) there is a facile
rotation of the naphtho group. We argue that for the d° Cu?* complexes, the td geometry
is favoured over the Jahn-Teller distorted sqp geometry when the metal centre is subject
to a large charge induced by the naptho (left) and phenyl (right) groups. This leads to a
population of the singly occupied dx-y? orbital, originating as one of the e*; in the OH
field, hence the incentive to adopt a lower symmetry is removed. Any axial ligand in the
resulting higher symmetry OH would be weakly bound (e.g. solvent species) and, given
the oxygen atoms, are relatively large and highly negatively charged, rendering the

tetrahedral structure to be preferred.
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Figure 2.4.1. The calculated structures from top to bottom OH-nap, OF-nap, SH-nap,

and SF-nap (not synthesised) for Cu?* left and Fe3* right.

On the other hand, with an O-Ph-S frame on the right (SH-nap), less charge density flows
to the Cu centre. It becomes advantageous to go towards the lower symmetry Dan field,
given the benefit of having the dx, orbital (originating from the t%; group) doubly
occupied. Supposedly, this doubly occupied orbital loses one of its electrons (as in the
hypothetical case: O-Ph-SCF3 (SF-nap), the incentive is lost, and the td is preferred again.

The same reasoning can be applied in the case of Fe3*, e.g. the high-spin d° configuration
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would peremptorily favour the removal of degeneracy towards a lower symmetry field.
Our results are given and discussed below (a full and comprehensive study of the
interstate E-e coupling is beyond the scope of the current manuscript and will be
published elsewhere).

Some selected so-called NOCV pairs are shown in Figure 2.4.2 (upper). The
direction of charge flux upon complexation is depicted as going from blue to green iso-
surfaces. It can be noted that charge influx is both from the two groups flanking the
metal centre, showcasing the feature of the ligands. Moreover, the molecular
electrostatic potential (MEP) for selected complexes (Figure 2.4.2, lower) visually
concludes the considerable charge accumulation interaction between the oxygen atom
and the metal centre. Thisimpact increases in the presence of S at the other end, leading
to a td geometry (see above). It can be noted that the strongest orbital interactions
between a given metal and a series of ligands are those found in SH-nap for both Cu?*

and Fe3* metal centres, values are given in Table $1-3 in the ESI.

Cu(ll) OCH3 Fe(lll) OCH3

= 5&% 5:’5““\#85”{

Cu(ll) SCF3 Fe(lll) OCF3

Figure 2.4.2 (upper) Some NOCV pairs (lower) MEPs on OH-nap (left) and SH-nap (right)

Lastly, we investigated the excitation profile of two specific systems (Figure 2.4.3), and
argued that all d-d, MLCT and LMCT transitions mainly contribute to quenching
fluorescence. In Figure S1-43, the orbital levels exhibit a connection between the

polarisation of a and b electrons profile and the degree of ‘electron supply’ to the metal
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centre, dictating if rearrangements, including Jahn-Teller distortion, would likely take

place (see above discussion).
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Figure 2.4.3. Calculated excitation profile of Cu?*-OH-nap (left) and Fe3*-OH-nap (right)
and main contributions.

2.5. Conclusions.

We report three novel structurally similar asymmetric salans and investigate their ability
to operate as fluorescent sensors for first-row transition elements. These flexible and
difficult-to-control ligands bear selectivity towards Cu?* and Fe3*. Secondary
coordination sphere alterations prove vital; SH-nap is solely selective towards Cu?".
Control experiments and solution studies are controversial; however, computational
studies fully rationalise the observed geometries and explicitly explaining the unique
and exploitable features of the present systems, despite the ligand flexibility, charge
redirection and the presence of modulation and characteristic excitations. Structural
arrangements are necessary to improve the performance and solubility of these species,

and this work is under investigation in our laboratory.
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3 Chapter 3: Fluorine-based Zn complexes for amine sensing

Abstract We synthesised and characterised the racemic and chiral versions of two Zn?*
salan fluorine-based complexes from commercially available materials. The complexes
are susceptible to absorbing H,0O from the atmosphere. In solution (DMSO-H;0) and at
the millimolar level, experimental and theoretical studies identify that these complexes
exist in a dimeric-monomeric equilibrium. We also investigated the ability of these
complexes to sense chiral amines via *F NMR. In CDCls or d®-DMSO, strongly
coordinating molecules (H20O or DMSO) are the limiting factor in using these easy-to-
make complexes as chemosensory platforms since their exchange with analytes requires
a high excess of the latter.

External Contributions: G.E. Kostakis, G. J. Tizzard and S. J. Coles performed and
evaluated the crystallographic data. A. Galvacsi and C. Kallay performed solution studies.
Y. Al-Hilaly performed and helped with the evaluation of circular dichroism studies. R.
Gonzalez-Méndez performed and evaluated MS studies. G. R. Akien performed diffusion
F NMR studies. Maria Besora performed theoretical calculations. All other authors

contributed to the success and preparation of the articles.

3.1. Introduction

A compound is considered chiral when it exists in two or more asymmetric forms
with non-superimposable mirror images without changing its bond orders, atom-atom
connections, and atomic compositions and these forms are called enantiomers.?”’
Nature is full of chiral components such as amino acids, saccharides, peptides, enzymes,
and proteins,® while many chiral compounds in the pharmaceutical industry and
material sciences possess biological activity.?’®?7° The enantiomeric synthesis of
asymmetric compounds has rapidly increased over the years?®%, and more complicated
and sophisticated systems have been developed.'® For example, enzymes are used as
catalysts to promote organic transformations,?®! chiral compounds are used in different
stages of drug discovery 8% 28 and amino acids are used as building blocks for larger
molecules i.e. protein, nucleic acid, and components of food and beverages.?8*

Two enantiomers have the same physical properties but may possess different

pharmacological and biological activities.’®® Conventional high-performance liquid
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chromatography (HPLC) can separate the enantiomers,'®? but this approach involves
costly chiral columns. Thus, developing new methods for enantiomeric discrimination is
highly interesting for industrial and biomedical applications and is subsequently vital for
future discoveries.'®? For example, circular dichroism (CD) and fluorescence,63-170
monitor absorbance intensity change(s) whereas Nuclear Magnetic Resonance (NMR)
proceeds chemically shifted signals;'’*1’* these methods rely on host-guest
interaction(s); therefore thermodynamic and kinetic parameters and equipment’s
response time signify method applicability and limitation. In the latter case, methods
incorporating chiral templates and *H-NMR are popular,1’>18 however lately, emphasis is
given to developing hetero nuclear-based methods i.e. 3!p173181 or 19 84182,18The |gtter
method has the following two advantages: lack of background interference;'8%183 thus
applies to large molecules, such as proteins,+18* and a broad detection window from -
200ppm to +200 ppm depending the antenna, i.e -CFs, -OCFs, -F and so on.®? Pioneer works
from Swager!8>186 gand Song*®’ establish the principles in using new or modifying already
known chiral fluorine-based complexes for discriminating chiral amine based methods.
Both methods work in non-coordinating solvents and rely on the host-guest interaction
principle; thus, two different peaks appear in the °F NMR spectrum. In the latter case,
the methods also apply coordinate solvents, and its operational window is 0.21 ppm.
The condensation reaction of salicylic aldehyde and ethylenediamine yields the
well-known versatile salen framework (Figure 3.1.1 upper), which has been extensively
used to produce complexes with applications in catalysis, and sensing.?27:228237-241,229-236
From the synthetic perspective, the corresponding Zn** complexes crystallise as dimers;
however, in solution, they either form monomers in coordinating solvents or the
presence of a base, or aggregates, non-coordinating solvents. The former process is well
discussed and recently reviewed by Di Bella.?*3 In this review, the coordination number
that the metal centre adopts depends on the solvent system and the presence (absence)
of substrates, varying from four to six. Notably, the reduced version of salen, which
means salan ligands (Figure 3.1.1, upper right) and their corresponding Zn** complexes,
have been less investigated.?®>2°2 These compounds are susceptible to oxidative
dehydrogenation, depending on the solvent medium.3¢*! Only 31 crystal structures have
been deposited in the CSD.?>® The sp> carbon atoms of the salan framework impose
flexibility and, consequently, possible alterations in the geometry of the metal centre,

deviating from the dominant square planar and/or square pyramidal conformation.
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Figure 3.1.1. (Upper) The differentiation of salen and salan framework (middle) possible

structures in solid and solution (lower) possible sensing processes.

Previous studies identify the ability of Zn?* complexes to sense biologically

153 296,137 and

important small molecules'®® such as amino acids,?®* 2°> amines, saccharides
ribonucleosides?®’ using fluorescent spectroscopy. Recently Zhao suggested that Zn?*
salen complexes, ideal models for catalysis, are inappropriate for sensing purposes
because the structural changes (dimer-monomer, solvent monomerization, Figure 3.1.1,
above) interfere chronically with the sensing process, thereby averaging the °F NMR
signals of the interconverting species.?®®

With all these in mind, we embarked on a project examining the sensing ability
of chiral Zn salan complexes with °F NMR. We detail our ligand-complex design criteria
for this purpose (Figure 3.1.2). The use of salan frameworks will increase the flexibility
of the organic framework and consequently affect the coordination geometry of the
metal centre. However, incorporating the rigid cyclohexane backbone instead of the en

moiety will impede the flexible character. Next, we wanted to investigate the impact of

the different antennae (F vs OCF3) but also varying its position, adjacent or away from
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the sensing point (metal centre). Thirdly, we investigated if altering the chirality of the
host will impact the sensing process. Lastly, we envisaged these complexes existing as
dimers in the solid state and possibly in the solution state; therefore, we wondered if
highly saturated analyte solutions will favour the sole {Figure 3.1.1 lower} formation,

thus advancing a new sensing process.

) F
Zn-(p-OCF3),-racemic (Zn-1-rac) Zn-(0-F),-racemic (Zn-2-rac)
Zn-(p-OCF3)>-RR (Zn-1-RR) Zn-(0-F),-RR (Zn-2-RR)
Zn-(p-OCF3),-SS (Zn-1-S8) Zn-(0-F),-SS (Zn-2-SS)

Figure 3.1.2. The selected two frameworks for this study.

3.2. Results
3.2.1. Synthesis of the ligands.

All ligands can be synthesised using commercially available chemicals in two high-
yielding steps, avoiding column chromatography (Figure 3.2.1.1). The ligands have been
characterised by NMR (*H, 13C, *°F), IR, UV-Vis, and HR-MS (with ESI as an ion source).
The chirality of each species has been determined by Circular Dichroism (CD) (Figure
3.2.1.2), observing the opposite enantiomer. The total yield for the ligands varies

between 78 — 98%.

OCF4
NH HN
| F5CO OH HO OCF3
1-rac (91%)
1-RR (94%)
1. MeOH, reflux, 1-SS (98%)

3 hr, 80°C
2. NaBH,, rt, 2hr

Racemic
RR

ss NH  HN
F
Ol I OH HO

F 2.rac (78%) ©
2-RR (88%)
2-SS (89%)

Figure 3.2.1.1. A simplified version of the synthetic routes to yield all ligands.
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Figure 3.2.1.2. The Circular Dichroism spectra for the ligands (solvent, MeOH,
concentration 1x103 M, temperature 298K)

3.2.2. Complex synthesis.

With the ligands in hand and bulk, we performed several reactions for synthesising the
corresponding Zn?* complexes. We screened several parameters such as metal salt
(Zn(NO3)2 6(H20), ZnClz, Zn(OTf)2, Zn(BF4)2, Zn(ClO4)2, solvent (MeOH, CH,Cl,, EtOH,
CH3CN), metal : ligand ratio (3:1 to 1:3), temperature (25°C, 50°C, 75°C), base (EtsN,
Na,COs, K2CO3) and identified the optimum conditions as : Zn(NOs), 6(H20) : Ligand :
Na>COs in a molar ratio 1:1:1, on a mixture of solvents MeOH/H,0 (10/2mL). The metal
salt and ligand were dissolved in methanol, and the solution turned milky upon adding
an aqueous NayCOs solution. After 1 hr of reflux, the solution was filtered, and the
filtrate was kept for slow evaporation. Shiny block-shaped colourless crystals were

collected in good to moderate yields between four to fourteen days.

n(NO3), xH,0 ; 2
NH HN Na,CO; NN
MeOH / H,0 AN
FsCO OH HO OCF;————— F4CO o o OCF,4
60'C 1Hr
1-rac
1-RR Zn-1-rac (51%)
1-SS Zn-1-RR (56%)
Zn-1-SS (61%)
n(NO3); xH,0 Q
NH HN Na,COj N N
_MeOH/H,0 H 2 H
OH HO /TN
Teoctnr o 0
2-rac F F
2-RR Zn-2-rac (47%)
2-SS Zn-2-RR (49%)

Zn-2-SS (59%)
Figure 3.2.2.1 The synthetic procedure for the synthesis of Zn-1 and Zn-2 families.
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3.2.3. Characterisation in the solid state.

Single crystal X-Ray diffraction studies (Table S2-1) for Zn-1 and Zn-2 families identified
the formation of dimers for all cases; however, minor differentiations could be identified
in the crystallised lattice molecules for Zn-1-RR and Zn-1-SS. No lattice molecules could
be determined for compound Zn-1-rac, however the actual formula for Zn-1-RR is [ZnL
1(CH30H) 0.375(H;0)] and for Zn-1-SS is [ZnL 2(CHs30OH)]. For the Zn-2 family, all
compounds crystallise as [ZnL 2(H20)]. All lattice molecules form hydrogen bonding
interactions with the metalloligand (ZnL) moieties. Zn-1-rac and Zn-2-rac crystallise in
achiral space groups (P21/n and P-1), while the remaining four complexes crystallise in
chiral space groups. The Zn centre inclines to adopt a trigonal bipyramidal geometry
(Figure S2-49 & Table 3.2.3.1.). Notably, for the chiral species, two different indexes
could be determined; however, their average is close to the index calculated for the non-
chiral species (Table 3.2.3.1.). In all species, the C—N bond is within the range of single
bond values, discarding the occurrence of oxidative dehydrogenation,*2%3 while the
phenoxide C—0 bond is within the range of a single bond value. The Flack parameter
value (Table S2-1) for all four compounds is close to zero, thus determining enantiomeric
purity. The compounds were further characterised by Thermogravimetric (TG) and
elemental (CHN) analysis, which slightly deviated from the expected calculated values.

They are consistent with additional lattice solvent molecules. (Figure S2-50).

Table 3.2.3.1. Selected Bond distances for all complexes and trigonality index

Zn-01 Zn-02 Zn-03 Zn-N1 Zn-N2 Trigonality

index (1)**°
Zn-1-rac 2.057(3) 2.068(3) 1.963(3) 2.110(4) 2.141(3) 0.68
Zn-1-RR 2.079(7) 1.987(7) 1.990(8) 2.132(8) 2.186(8) 0.61
1.985(8) 2.108(7) 1.987(7) 2.101(8) 2.189(8) 0.65
Zn-1-SS 2.088(5) 2.002(5) 1.981(6) 2.132(7) 2.190(6) 0.61
1.995(5) 2.086(5) 1.966(6) 2.194(7) 2.126(8) 0.60
Zn-2-rac 1.959(4) 2.049(4) 2.101(4) 2.141(5) 2.093(5) 0.61
Zn-2-RR 1.959(4) 2.095(5) 2.040(4) 2.149(5) 2.109(5) 0.74
2.051(4) 2.099(5) 1.950(4) 2.115(5) 2.133(5) 0.50
Zn-2-SS 1.954(5) 2.099(6) 2.051(5) 2.133(7) 2.111(6) 0.50
2.046(5) 2.097(6) 1.959(5) 2.111(6) 2.152(7) 0.74

Trigonality index indicates the geometry of the coordination center.?®® When t = 0 the
geometry corresponds to square pyramidal, when t= 1 corresponds to trigonal
bipyramidal.
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Figure 3.2.3.1. Crystallographic representation of Zn-1 (left)and Zn-2 (right) families.
Lattice solvent molecules have been omitted for clarity. Colour code; Zn (light blue), O
(red), N (blue), C (grey), H(white), F (green).

3.2.4. Characterisation in solution state.

With the complexes in hand, we attempted to elucidate if they retain their structure in
solution; therefore, we recorded H and °F NMR, CD and ESI-MS. The ESI-MS data for
Zn-1-RR (Fig S2-51) validate the formation of monomeric and dimeric species; a
characteristic peak with corresponding isotropic distribution can be identified for both
species. CD studies of selected samples in DMSO validate the retention of the

enantiomeric form (Figure 3.2.4.1. A). Then, we recorded *H and °F NMR data using a

cescee

veccee

cescee

coordinating solvent (d®-DMSO) and compared them with the free ligands (Figure 3.2.4.1.

B&C and ESI). From these data, complexation is evident; characteristic peaks in the
aromatic and cyclohexane backbone regions shift at different values in *H NMR. In °F
NMR the sole peak shifts by 0.1 ppm (Fig 3.2.4.1.C), whereas for the Zn-2 family, the

peak shifts almost by 1 ppm (0.87ppm, Figure S2-53). Minor peaks can be observed in
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the *H NMR of Zn-1-SS; however, this may be attributed to different species formed in
solution (see Figure 3.1.1), rather than impurities since the °F NMR data suggests the
presence of only one species. To validate the existence of a monomeric or a dimeric
species, we performed °F NMR diffusion studies (Figure 3.2.4.1. D). However, the data
was inconclusive as the apparent molecular weight was intermediate between the
putative monomeric and dimeric species.3®

A B

Zn-1-RRin 10°M in OISO ! “

30k —— Zn-2-SS Chirality
Zn-1- RR Chirality
“ —— Zn-1-SS Chirality
10F -
/ /\\ ¥_
0 \

201 AN

CD (mden)

p ' i i i i i i i i
220 230 240 250 260 270 260 280 300 310 320
wavelenght (nm)

201N 10°M in d-DMSO

1-RR i 10°M i P-OMSO

Flgure 3.24.1. (A) The Clrcular chhr0|sm spectra for selected complexes Zn 1- RR Zn-1-
SS and Zn-2-SS. (concentration 1x10-3 M) (B&C) *H and °F NMR comparison of 1-RR and
Zn-1-RR in d®-DMSO. (D) °F NMR diffusion studies

We performed potentiometric studies for 2-rac and its corresponding Zn-2-rac
complex at a millimolar level in two concentrations (0.2 and 1.2 mM). Four
deprotonation constants can be calculated for the two phenolic OH and two NH groups.
The lowest pK value belongs to the deprotonation of one NH group, while the other
deprotonation processes overlap. The lowest pK values in all measurements agree with
each other; however, the basic pH range values slightly differ in the samples with
different ligand concentrations. The solution at 1.2 mM concentration becomes turbid

above pH 9, prohibiting further evaluation. The higher pK values were set from the
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0.2mM measurements. The interaction of the ligand with Zn?* was studied at a 1:2
metal-to-ligand ratio in 0.2 and 1.2 mM (for the ligand) solutions; the data were
evaluated considering the monomeric and dimeric species (Figure 3.2.4.2). From the
distribution curves (Table 3.2.4.1), we note that (a) the higher ligand concentration shifts
the complex formation to lower pH, and (b) the formation of the deprotonated dimeric
complexinthe 1.2 mM solution is favoured. Notably, upon ligand concentration increase,
the data fitting improves with the dimeric model, and at a concentration of 1.2 mM, the

formation of the dimeric complex is more favourable.

Table 3.2.4.1. Protonation constants (logB) and pK values of 2-rac in solutions of
different concentrations (I = 0.2 M, T = 298 K, standard deviations are in parentheses)

Ligand 2-rac
c[mM] 0.2 1.2
logP pK logf pK
HL 10.99(4) | 10.99(4) | 10.99 10.99"
HaL 20.49(6) | 9.50(6) 20.49" 9.50%*
HsL 27.83(8) | 7.34(8) | 27.89(2) | 7.40(2)
Hal 32.1(9) 4.27(9) | 31.94(3) | 4.05(3)
* originates from the pK calculation of the 0.2 M solution
Ligand 2-rac
c[mM] 0.2 1.2
ZnLH 19.20(12) Fitting: 19.47 (12) Fitting:
ZnL 14.00(2) | 5.33E-04 | 13.49(11) | 1.96E-03
Zn,L,H; - L 41.97 (18) e
ZnLH | 38.18(5) ;g;';_%;l 36.9(3) ;g;':_%;
Zn,l, 31.96(6) 27.96(11)
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Figure 3.2.4.2. Species distribution for the Zn-2-rac system at different concentrations

(0.2mM, A, B; 1.2mM, C,D) with monomeric (A,C) and dimeric (B,D) models.

3.2.5. Sensing studies.

With the complexes in hand, we attempted to identify the best solvent system for the
sensing process, with CDCl3 being our first choice. The data presented herein are the
outcome of mixing the analyte and the complex within the NMR tube, avoiding stirring
or sonication for prolonged periods; the reason for this choice is our aim to develop an
efficient, convenient and rapid sensing system. Our first trial for Zn-1RR (Figure S2-54),
identifies that this non-coordinating solvent system levies monomeric-dimeric
competition,?33 therefore, we discarded its use. Then we used a binary solvent system
(CDCI3-DMSO) in different ratios. However, the same behaviour was observed again
(results are not presented). Thus, we concluded that DMSO would be the ideal system
to perform the sensing process. The °F NMR data of the complexes (Figure 3.2.5.1)
identify a single broad peak, indicating an equilibrium (monomer vs dimer) is favoured,
or different types of interactions occur.'® Titrations of Zn-1RR and Zn-1SS at millimolar
scale with phenylglycinol in ratios (1:5 to 1:50) show minimal differences, thus

prohibiting us to further continue with this study. Given that we incorporated a strongly
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coordinating solvent (DMSO) which may occupy the coordinating site on the Zn centre,
we tried experiments with 1:100 and 1:150 ratio to favour the DMSO-analyte exchange.
The latter experiment (1:150) possibly suggests that a ligand (1-RR vs analyte) exchange
process starts taking place (Figure 3.1.1, lower).

Zn-1-RR

Zn-1-RR : R-Phenyl gycinol (1:5)

Zn-1-RR - SPhenyl giycinol (1:5)
Zn-1-RR : R-Phenyl dycinel (1:25)

Zo-1-RR : RePhenyl glycinol (1:50)

Zn-1-RR : R-Phenyl glydnol {1:100)

Zn-1-RR ; R-Phenyl glyeinel (1:150)

2Zn-1-55 in DMSO (1x10°M) £ Zn-1-5S in DMSO (1x10°M

Zn-1-55 : R-Phenyl glycinol (1:5) A 2n-1-55 : S-Phenyl glydnol (1:5)

20155 : R-Phenyl glyeino! (1:150) 5 Zn-1-58 - S-Phenyl glycinol (1:150

103 M, temperature 303K.

Then we studied the sensing ability of Zn-1RR with other analytes and Zn-2RR
with phenylglycinol (Figure 3.2.5.1). Our first choice was to incorporate a diamine as the
analyte at different ratios (1:20, 1:50 and 1:100). The data from the first trial shows the
main peak, slightly shifted, and two minor peaks, which could be indicative of the
formation of the complex+analyte species, however, given that none of the two peaks
is of the same intensity or integral with the main peak, we discarded this set of
experiments from future studies. We also tried a different diamine as an analyte.
However, we noted a slight shift in the principal peak and the appearance of a minor
peak. The same observation was noted when an amino acid was incorporated as an
analyte. Last, we used Zn-2RR and phenyl glycinol at high complex analyte ratios (1:100

and 1:150), but again, one single peak could be observed.
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Figure 3.2.5.2. 9F NMR data of Zn-1RR with various anélytes and Zn-2RR with

phenylglycinol. Concentration 10-3M, temperature 308K.

3.3. DFT studies.

We performed a DFT study to investigate the species of Zn-1-RR formed in solution, to
support the interpretation of the observed experimental signals. Calculations were
carried out to model the system in a non-coordinating solvent (chloroform) and a
coordinating one (DMSO). To find the most relevant species, we screened the
conformational space using CREST,3%? and re-optimised in Gaussian3%? the lowest and
most representative minima at the B3LYP303-305.D3306/6-31g(d,p)3°7-3%8 & SDD3%° level.
The solvent (chloroform or DMSO) was modelled as a continuum media using PCM310:311,
in some calculations, up to two DMSO explicit molecules were included (see
Computational Details in ESI). Results in chloroform show that without an analyte or
coordinating solvent, the Zn-1-RR optimised structure resembles that (Dimer) defined
by single X-Ray diffraction. The Dimer is thermodynamically stable compared to two
molecules of the corresponding Monomer by 20.5 kcal.mol™?, suggesting the absence of
the Monomer species in these conditions. However, two distinctive signals can be
observed in the °F NMR experimentally. For this reason, we decided to reinvestigate

the system, considering the possible presence of some water molecules. Different
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conformers of the Monomer and Dimer were optimised with the presence of one, two
or three coordinating water molecules. When one water molecule coordinates with the
Dimer, it produces an intermediate species Dimer(H20) which is 7.8 kcal.mol* more
stable; hence water coordination is favoured. For the Monomer, the Monomer(H0) is
favoured by 13.8 kcal.moll. However, the significant instability of the Monomer
compared to the Dimer, makes Monomer(H20) less stable than Dimer(H20) by 14.5
kcal.mol ¥ hence this species could neither be experimentally observed. Calculations
accounting for two coordinating water molecules result in Dimer(H20) and
Monomer(H20). with relative energies of -16.0 and -8.6 kcal.mol ™" respectively from the
Dimer. The coordination of this second water molecule reduces the difference between
monomeric and dimeric species. However, the dimer is still preferred by 7.4 kcal.mol™.
The most stable isomer of Monomer(H20): presents a geometry with a water molecule
coordinated to Zn and the other, forming a bridge between the oxygen of the ligand and
the coordinated water. The geometry of this species suggests that a strong interaction
with a third water molecule could be favoured. Calculations including a third water
molecule yield Dimer(H20); and Monomer(H.0)s with relative energies of -24.2 and -

21.9 kcal.mol?, respectively respect to Dimer, see Figure 3.3.1.

+ 3 H,0
Dimer(H,0); 2=~ 2 Monomer(H,0);
-24.2 -21.9
J
+3 H,0 +6 H201
y
*+3H0 0.0 Dimer 2 Monomer 20.5 -6 H,0
- 2 analyte ‘ +4 analyte
+ 2 analyte ' +4 analyteﬂ
-28.7 + 2 analyte -29.5 in CHCl3
Dimer(analyte), 2 Monomer(analyte), kcal.mol’

Figure 3.3.1. Schematic representation of a simplified reaction network of the most

relevant species and their relative free energies in chloroform and kcal.mol.

The difference between monomeric and dimeric species is small (2.3 kcal.mol?), and
depending on the water’s concentration, both species could be observed. Please note
that computational free energies reported corresponding to the 1 M Standard State. If
we have concentrations significantly different from 1 M the energies alone cannot
predict the formed species, and concentrations must be considered.3'> The overall

equilibrium between these two species is governed by the chemical equation
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Dimer(H20)3 + 3 HO = 2 Monomer(H20);, this means that Keq =
[Monomer(H20)s]?/([Dimer(H20)s:][H20]3) = 8.3. Hence at concentrations of water
above [H20] = ((Monomer(H20)s]?/([Dimer(H20)3]Keq) /3, the monomer will be observed
while below the dimer will be observed assuming there is enough water to form
Dimer(H20);s. We checked the monomer to total ratio as m/t =
[Monomer(H20);]/[Dimer]ox100 at different concentrations of water, where [Dimer]o

is the initial concentration of dimer.

ODimer(ana!yte)

Analyte
N h 538

@)
N | /N y
Zn N y

O/IL\O/ILAnaIyte 48 5

Analyte |Analyteg
NN
0

Figure 3.3.2.: Ball stick representation of the calculated structures of the Dimer(H20)s,

Dimer(analyte), Monomer(H:0); and Monomer(analyte), in chloroform.

For initial concentrations of water [H,0]o= 0.01, 0.1, 0.25 and 0.5 M, the predicted m/t
ratio is 0.3%, 14 %, 50% and 110%, suggesting that indeed in the reaction media
Dimer(H20)3 and Monomer(H20)s could be present at the same time. Please note that
as small errors in computational free energies will impact the equilibrium constants, we
can only provide a qualitative explanation. The monomer-dimer equilibrium observed
for initial water concentrations between 0.1 and 0.5 M could be at concentrations lower
or higher.3'3 The geometries of Dimer(H20)s and Monomer(H,0); are presented in
Figure 3.2.5.2. The most stable dimeric species presents a water molecule strongly
coordinated to one of the Zn and another weakly coordinated to the other Zn, forming

hydrogen bonds with the ligand (Zn-O distances 2.21 and 2.60 A). The third water
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molecule bridges the strongly coordinated water molecule and one of the ligand’s
oxygens ((OH--O distances are 1.61 and 1.74 A). In the monomer, the structure presents
one water molecule coordinated to the Zn and the other two bridges between the
coordinated water and two oxygens of the ligand (OH--O(lig) distances are 1.69 and 1.65
A and ZnO(H)H--O 1.71 and 1.72 A ). Adding more water molecules has not been
considered as more strong interactions seem unlikely, and conformational complexity
increases.

We also searched the structures related to analyte sensing. In this case, we
considered the coordination of one and two analyte molecules, (R) 2-Phenylglycinol, to
the monomer and the dimer. We found that Dimer(analyte), Monomer(analyte) are
located at -13.3 and -6.7 kcal.mol! and Dimer(analyte),, and Monomer(analyte), at -
28.7 and -29.5 kcal.mol, respectively; see Figures 3.3.1 and Figure 3.2.5.2. In this case,
there is no space for the coordination of a third analyte molecule. Formation of
Monomer(analyte), species is primarily favoured. The practical difficulties for sensing
analytes at low concentrations seem to be due to the need for water—analyte exchange.
The main chemical equations of the equilibria, in this case, are Dimer(H20); + 4 analyte
= 2 Monomer(analyte), + 3 H,O and Monomer(H20);s + 2 analyte = 2
Monomer(analyte), + 3 H;0. The energy difference between the aqua and analyte
species is significant, 5.3 kcal.mol™* and 3.8 kcal.mol%, respectively. In both cases, the
expressions depend upon the concentration of water and analyte. The two equilibriums
are related, as well as to the previously mentioned species. Hence, a system of 12
equations needs to be solved to find the concentration of all species at equilibrium (see
SlI). Using the concentration of water 0.5 M (an approximate value according to the
results above), we tested the a/t ratio = [Monomer(analyte)]/([Dimer]o)x100 at the
[analyte]o = [Dimer]o, 10x[Dimer]oand 100x[Dimer]o; the respective a/t ratios are 0.5 %,
29 % and 178 % (please note the relation between dimer and monomeris 1 to 2). These
results show that the relationship between water/analyte concentrations impacts the

sensing ability of the complexes.
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Figure 3.3.3. Schematic representation of a simplified reaction network of the most

relevant species and their relative free energies in DMSO and in kcal.mol 2.

Following experimental results, we explored the equilibria in DMSO. The above-
presented minima were computationally reoptimised using DMSO as the solvent, and
the results are presented in Figure 3.3.3. The different conformers for the dimeric and
monomeric species with one and two DMSO molecules coordinated were also searched.
We found that coordination of a DMSO molecule to form Dimer(DMSO) is favoured by
-5.7 kcal.mol? and the inclusion of a second DMSO molecule slightly stabilises the
resulting Dimer(DMSO); to -8.0 kcal.mol respect to Dimer. The most stable conformer
for Dimer(DMSO); is presented in Figure 3.3.4, DMSO coordinates through the oxygen.
Each Monomer is also stabilised by the coordination of DMSO molecules, the first DMSO
stabilises the monomer in 7.6 kcal.mol™ and the second 5.4 kcal.mol* more (see, Figures
3.3.3 and Figure 3.3.4). Hence, two Monomer(DMSO), molecules have similar energy as
one Dimer(DMSO); (two monomers are 0.7 kcal.mol! more stable). However, both are
significantly less stable than the complexes with water or analyte molecules coordinated.
Indeed, the most stable minimum is that of the Monomer(analyte),, however the
concentration of DMSO is several orders of magnitude larger than that of the analyte.
The chemical equations, corresponding equilibrium constants, and mass balances were
written to predict the concentration of all species at equilibria. Concentrations were
obtained by solving a system of 19 equations and 19 unknown variables considering
initial concentrations 14.06 M DMSO, 0.50 M water, 1 103 M Dimer, no concentration
of the rest of species except for the analyte for which we considered 0, 1 103, 1 102 and
0.1 M. At none or low concentration of analyte, the most abundant species is

Mono(DMSO),. Although this complex is less stable than the complexes with analyte
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and water, the large concentration of DMSO concerning the rest of the coordinating
molecules ( < 0.5 M) makes the equilibria shift towards its formation. It is also interesting
to note that although the stability of Mono(DMSO). and Dimer(DMSO); is similar the
chemical equation Dimer(DMSO); + 2 DMSO = 2 Monomer(DMSO); is also displaced
towards the formation of Monomer(DMSO); for the same reason. At an increasing
analyte concentration, the most abundant species becomes Monomer(analyte).. The
computational a/t ratio = [Monomer(analyte);]/([Dimer]o)x100 and d/t ratio =
[Monomer(DMSO).]/([Dimer]o)x100 at different initial concentrations of the analyte
[analyte]o = 0.0, 1 103, 1 102 and 0.1 M are a/t =0%, 2 %, 87 % and 198 % and d/t =
192 %, 190 %, 108 %, 2 % explaining the difficulties associated to analyte sensing. Please
note that in DMSO the concentration of water has an effect; decreasing the water
concentration does not have a significant impact ( i.e. [H20]o = 0.05 M results in a/t =
0%, 2 %, 89 % and 198 % and d/t = 200 %, 198 %, 110 %, 2 % respectively for [analyte]o
= 0.0, 1 103, 1 102 and 0.1 M), but if the concentration of water is higher
Monomer(H;0); would be formed instead of Monomer(DMSO),. For instance,
considering [H20]o = 5 M and [analyte]o = 1 102 M Monomer(H20)s is formed and is
more difficult to sense the analyte as the a/t, d/t, and m/t ratios are 7 %, 6 % and 186%.
Increasing the concentration of analyte and considering [H20]o = 5 M and [analyte]o =
0.1 M Monomer(analyte). species is formed. These ratios change to a/t, d/t, and m/t
154 %, 1 % and 45 %, respectively.

Dimer(DMSO), | Monomer(DMSO),

Figure 3.3.4: Ball stick representation of the calculated structures of the Dimer(DMSO).
and Monomer(DMSO),, in DMSO.
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3.4. Conclusions.

We examined for the first time the ability of fluorine-based Zn?**-salan complexes to
sense chiral amines with °F NMR. These compounds are isolated as dimers and exist in
a dimer-monomer equilibrium in solution at a millimolar level favouring the former
when coordinating solvents are used, in contrast to known Zn%*-salen complexes as
monomers.?33 These coordinating solvents occupy vacant positions in the Zn?
coordination sphere, thus, their exchange with analytes requires an excess of the latter
for a second peak to appear in the 1°F NMR spectrum. This procedure proves challenging
and possibly suitable for limited and specific analytes. Theoretical calculations support
this notion, indicating that the presence of strongly coordinating molecules is the critical
parameter that prohibits the development of a new sensing process at low
concentrations. Future synthetic efforts will focus on altering the organic framework
and having the antenna close to the metal centre to ease the sensing process in non-

coordinating solvents.



49

4 Chapter 4: Multimodal molecular y-aminobutyric acid (GABA)

sensor
Abstract We successfully synthesized a novel water-soluble ligand(HsoctP9F3)salox.)

and characterised including the molecular entity [YoctP°%3)salox]" that can be used for
multimodal monitoring purposes of GABA NT. And In vitro monitoring with UV-Vis, 1°F
NMR and fluorescence and DFT calculations allow mapping complex/NT interaction and
rationalising a possible selective sensing mechanism at a specific concentration.

External Contributions: Harry Carpenter has a critical input in ligand synthesis. Y. Al-
Hilaly performed and helped with the evaluation of fluorescent studies. A. Galvacsi and
C. Kallay performed solution studies. J. Lai-Morrice and C. Pubill Ulldemolins performed

theoretical calculations. All other authors contributed to the preparation of the article.

4.1 Introduction

Neurotransmitters (NTs) are small organic molecules serving as chemical messengers
and transmitting signals between nerve and target cells throughout the body via the
nervous system.3'431> This action proceeds in the synapses. A neuron releases an NT,
which then passes the synapses and triggers the receiving neuron, causing impulses
throughout the nervous system.31637 The human body has several NTs with different
functions, separated into excitatory and inhibitory NTs, neuromodulators and
neurohormones. y-aminobutyric acid (GABA) is the main inhibitory NT of the brain.
GABA binds to receptors on the receiving cell and prevents triggering information. By
doing this, GABA subsequently controls various physiological processes, i.e. heart rate
and psychological activity. Its imbalance has been linked with pathological damages such
as epilepsy, hypersomnia and Alzheimer's. Aiming to shed light on its impact on these
pathological conditions, detecting levels of GABA within the body and developing
methods to monitor it in vivo and in vitro become vital.

Various methods of sensing GABA have been developed.?%>315:318319 Fgr example,
the real-time detection levels of GABA with electrochemical processes are doable with
excellent sensitivity levels (36+2.5 pAuM~—tcm2).32 Looger et al developed a genetically
encoded fluorescent glutamate receptor iGluSnFR sensor for in vivo imaging of GABA.3?!
Johnson et al developed GABA-Snifit, a semisynthetic fusion protein containing the

GABAGg receptor, SNAP- and CLIP-tag, a synthetic fluorophore and a fluorescent GABAg
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receptor antagonist.3?2 Moreover, a method of acquiring *H-NMR for GABA detection in
the human brain has been successful.32> However, coordination chemistry has been the
driving force in developing a vast library of Gd*>* complexes as Magnetic Resonance
Imaging (MRI) contrast agents;1’%3247326 and repurposing their use to sense GABA and
other NTs with NMR has been successful.3277331 |n most of these studies, the use of a) a
polydentate cyclic ligand that confines the coordination geometry around the Gd centre,
thus eliminating its interaction with the environment, b) an adjacent cyclic framework
to act as a template to the neighbouring NT and the Gd moieties to allow their
interaction (Figure 4.1.1, A) and c¢) *H NMR, mainly, and **F NMR3?7 as detection method
are preferred however developing ligand systems, and their subsequent complexes, for
improved imaging purposes remains a significant challenge.

Angelovski and Téth set the principles for developing °F NMR probes; the
absence of background signal in most tissues facilitates the observation of exogenous
19F probes in vivo; however, relatively high concentrations are required compared to
classical relaxation agents.332 The '°F chemical shifts and the relaxation rates are
susceptible to changes in the microenvironment which can be exploited for the sensing
of various biomarkers, such as pO,, metal ions or pH.33? In principle, °F probes are
excellent candidates to produce NT-dependent signal changes in vitro, though in vivo
translation seems complicated due to sensitivity limits.33?

Yttrium is a transition element, but when it adopts the oxidation state, Il has
ionic radii and possesses properties similar to Ho3* and Dy3*; thus, it can be considered
pseudo-lanthanide. Yttrium salts prove to be toxic,33® however, diamagnetic Y3*
complexes, built from multidentate ligands to exhibit high thermodynamic stability and
be kinetically inert,33* can provide a route to multimodal imaging; i.e. the same ligands
can be coordinated to 8¢ and used for PET, °°Y and radiotherapy, and Y and HP-MRI,
with #Y chemical shifts extremely sensitive to the molecular environment.33433> |n a
nutshell, Y3* complexes are ideal candidates for NMR and MRI applications. However,
their design should be carefully evaluated after considering the denticity, type/number
of heteroatoms of several known polydentate ligands.33* Pioneer work by Orvig has set
the ground for developing this type of polydentate ligand. For example, the octadentate
ligands Hioctapa33® (Figure 4.1.1, B) and Hioctox®?*’ (Figure 4.1.1, C), have proven
suitable to form the corresponding Y complexes with significantly increased stabilities in

aqueous media.
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Having all these in mind, we considered that the asymmetric heptadentate ligand
HioctP-OF)sglox (Figure 4.1.1, D) represents an ideal candidate to providing the
corresponding Y3* complex as a non-invasive multimodal sensor for GABA detection and
monitoring, for the following reasons : i) given that Y3* has a slightly lower ionic radii
compared to Gd**, the heptadentate ligand, upon complexation, will partially fulfil the
geometry of the Y3* thus facilitating ligand exchange (H,O vs GABA) and allowing a
variety of binding(s) modes: monodentate (N or O), bidentate (O/0) and chelate (N/O);
ii) the antenna °F probe group (p-OCFs) is not directly adjacent to the Y3* centre; thus,
the observed °F chemical shifts will be subjected to changes to the microenvironment
of the whole complex with the NT, iii) the presence of the quinoline group ensures the
ability to monitor interactions with fluorescence at lower concentrations, iv)
interactions of the Y3*-complex and NTs can be simultaneously monitored with 'H & °F
NMR, fluorescence and UV-Vis spectroscopic methods thus providing detailed
information to establish a reliable mechanistic pathway 332338 and v) the calculated
pharmacokinetic properties and druglike nature of the ligand identify a proper

framework allowing usage for in vivo monitoring.33°

OH H

R oY

(0] OH

S~ I R

HO N N 0] HO N N 6] HO N N O
7 74
/ N N N 4 \ / N N N \ /O OH N \
— — F3sC
OH HO OH HO HO
(0] )
Hjoctapa H4octox H,octPoCF3salox
B Cc D

Previous works This work

Figure 4.1.1. (Upper) Known framework for NT sensing with NMR (lower) Known
frameworks for Y complexes and our work
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4.2. Results and Discussion.

4.2.1. Ligand synthesis.
The asymmetric heptandatate ligand 2-((2-((carboxymethyl)((8-hydroxyquinolin-2-yl)

methyl) amino) ethyl) (2-hydroxy-5-(trifluoromethoxy)benzyl) amino) acetic acid,
HioctPOF)sglox can be synthesised via different synthetic paths, as shown and

highlighted in Figure 4.2.1.1.

/ \ o é H
NH HN
—<O (a)

o_ _N
%/ \n/ \/\NH2
0 OH 89% yield 0
/ b yie

96% yield NN/

y N)‘ — H,N ~ HO
NH N= NH HN \_\

HN
OdOH NN e /OdOH NNy i —
F.C (2)  FyC -~ NG
HO HO

HO
A 91% yield

TS FEp

0 N N o}
(e)
O Y | e D
FaC FC

OH OH

58% yield

Figure 4.2.1.1. The three interlinked, synthetic pathways to afford Hqoct®°F3)salox. (a)
2-hydroxy-5-trifluoromethoxy benzaldehyde (1eq), MeOH, reflux (24hr), NaBHa4 (3eq), 2
hr (89%); (b) 4NHCI in Dioxane/CH:Cly, 24 hr, (96%); (c) 8-Hydroxyquinoline-2-
carbaldehyde (1eq), EtsN (2eq), MeOH, reflux, 0.1gr molecular sieves, 2hr, NaBH4 (4eq)
2hr (91%); (d) CHsCN, Tert-butyl bromoacetate(3eq), N,N’-Diisopropylamine (2.2eq) RT,
under N3, overnight, (58%); (e) Hexane 6:2 TFA, overnight, rt, DCM/HCI(6N). (27%); (i) 8-
Hydroxyquinoline-2-carbaldehyde (1eq), MeOH, reflux (24hr) (75%), (ii) (b) 4NHCI in
Dioxane/CHCly, 24 hr, 38%); 2-hydroxy-5-trifluoromethoxy benzaldehyde (1eq), EtsN
(2eqg), MeOH, reflux, 0.1gr molecular sieves, 2hr, NaBH4 (4eq) 2hr (31%); (1) 8-
Hydroxyquinoline-2-carbaldehyde (leq), EtsN (2eq), MeOH, 0.1gr molecular sieves,
reflux, 24hr (88%); (2) NaBHa4 (4eq), 2hr, (27%);
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The anticlockwise synthetic part can be exhaustive; however, the shorter path proves to
be convenient. We also attempted to synthesise the ligand by following the red path,
however, the reactions yield was low, and the precursor became unstable; therefore,
we abandoned this pathway. It is worth noting that the final step, deprotection of the
tert-butyl groups, affords the acidic version of [HsoctPO%3)salox 3TFA]; however, '°F
NMR data (Figures S3-1); therefore, an additional step to replace TFA with HCl is
required. The reasons for this additional step are a) to ensure the interaction of the
ligand with the Y3* salts is not impacted by the presence of other anions, b) to certify the
formation of the sole [YoctP9F3)salox]- complex and c) to allow better evaluation of the
1F NMR data (see below). The purity of the ligand has been confirmed via LC-MS (96%)
and has been characterised via 'H, 13C, 1F NMR, IR, UV-Vis and ESI-MS (Figures S3-2-S3-
17). Following the short path, despite the very good to excellent yields in the first steps,
the cumulative yield of the ligand is ~ 28%. The last two steps, deprotection, prove
complicated losing the material on column chromatography; however, the ligand can be
obtained in almost a gram scale. The synthetic tunability of this framework and the low
synthetic cost of the starting materials imply the significance of these asymmetric

Hsoctsalox derivatives.

4.2.2. Ligand characterisation.

pH-dependent UV-Vis studies suggest stepwise deprotonation of the ligand evidenced
by the different spectra at pH 4.0 and 8.0 (Figure 4.2.2.1. A). The ESI MS of the ligand
provides the accurate mass (Figure S3-17). In the *H-NMR data, there are two distinct
regions. The first one ranges between 3.00 — 4.70 ppm in which the six methylenic
groups can be found, while the aromatic protons span between 6.35 — 8.73 ppm. The
1F NMR of the ligand in D20 at 25°C identifies two peaks within the range of an OCF;
group;182340341 the major at -58.56 ppm and the minor at -58.49 ppm and their
appearance may be attributed to the existence of different protonated ligand species
(Figure 4.2.2.1. B). For this reason, we performed solution studies to determine the pKa
values of the ligand. pH-dependent UV-Vis studies assisted in determining the
protonation constants (Figure 4.2.2.1. C); calculated by using the SuperQuad3*? program
and are summarised in Table 4.2.3.1. pH-dependent UV-Vis studies suggest stepwise

deprotonation of the ligand evidenced by the change of the spectra around pH 3.5 and
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8.0. At physiological pH values, the ligand is fully deprotonated, however at pH 5.0, two

different species exist, therefore this can explain the appearance of the two peaks at '°F

NMR. Finally, as anticipated, the ligand is fluorescent (Figure 4.2.2.1. D) at 320nm.
(A)
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Base equivalents
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Figure 4.2.2.1. Ligand characterisation, (A) pH-dependent UV-Vis studies, (B) 1°F NMR
data in D;0, (C) determine pKa values, and (D) fluorescent data.

4.2.3. Complexation

With the ligand in hand, we directly mixed the ligand and YCl; 6H,0 in a (1:1) ratio and
adjusted the pH to 7.4 with NaOH. It is worth noting that we excluded the use of
phosphate buffer to avoid complexation competition (phosphate vs ligand). The
complexation is confirmed by comparing the H (Figure 4.2.3.1. A), ®F NMR (Figure
4.2.2.1. B), UV-Vis, maximum at 263nm (Figure 4.2.3.1. B) and ESI-MS (Figure 4.2.3.1. C),
suggesting the presence of only one species, thus validating the findings of solution
studies. From the *H NMR data, two fingerprint areas can be distinguished that show
significant changes; the doublet peak at 6.39ppm, shifts at 6.57ppm, while the peak at

8.73ppm, shifts at a lower value at 8.18ppm. Notably, given the asymmetric character
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of the ligand, different isomeric forms of the anionic species would be expected to
appear; however, the 1°F data clearly identify the presence of only one isomer. Then the
complexation of the ligand and YCls, provides a spectrum with only one single peak at -
58.41ppm, significantly shifted compared to the free ligand, while when we adjusted the
pH to 7.4, the peak further shifted toat -58.26ppm (0.30 ppm difference compared to
the free ligand). Notably, a second minor peak appears at -58.36 ppm; however, this
peak may correspond to a differently deprotonated YL complex species (see solution
studies species distribution below) or to a different isomer of the targeted [Yoct
OCR)salox]- complex. Efforts to crystallise the major specie with vapour diffusion of an
aqueous solution with acetone produced after four months of a weakly diffracting
crystalline material, sensitive to solvent loss; therefore, we were unable to obtain
evidence via single crystal X-Ray diffraction.
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[Yoct® salox] @ pH 7.4
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(B)

pH titration of YCI3 and H,L in 1:1 ratio monitored by UV-Vis
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Figure 4.2.3.1. (A) 'H NMR data comparison of the ligands and the [YoctP93)salox]
complex at pH 7.4. (B) pH-dependent UV-Vis studies of the HsoctP°F3)salox and YCl3
DFT calculations for structure determination. All calculations were performed using the
Gaussian 16 package (Revision C.01).3%2 Full geometry optimisations were carried out
using the B3LYP hybrid functional39>343344 in aqueous solution using the polarisable
continuum model (PCM).3*> Geometry optimisations were carried out using the Ahlrichs
and co-workers basis set of triple-{ quality with polarisation functions (Def2TZVP) on all
atoms along with corresponding ECP for Yttrium.34¢=34° No constraints on symmetry
were imposed during the geometry optimisation. The resulting geometries showed no
imaginary frequencies and thus were confirmed to be minima on the potential energy
surfaces. The same functional, basis set, ECP, and solvent effects were employed for the
subsequent NMR calculation using the GIAO method.3*° Calculated °F absolute
shielding constants were converted into °F NMR chemical shifts scale referenced to
CeHsF (6, ppm) using the equation (1), as recommended by the International Union of
Pure and Applied Chemistry (IUPAC).3>! From these calculations (Tables 4.2.3.1.-4.2.3.3)
it is evident that the axial structure has additional intramolecular hydrogen bonding
interactions which could be stabilising the structure more than the equatorial
conformation (Figure 4.2.3.2.).

8 = ((ocensr — 113.15) — 0) /(1 — 107°(g¢epsr — 113.15)) (1)
Where ocgysr equals to the absolute shielding constant and -113.15 ppm is the

reference value for C¢HsF. For CFCls it would be 0, therefore the equation would be § =

((ocrciz — 0) — 0)/(1 = 107%(0¢reiz — 0)).
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Screening of DFT methods
Table 4.2.3.1. Screening of basis set?

Average

Functional Basis Set Solvent %Error®
B3LYP SDD None 82.0%
B3LYP SDD D20 76.0%
B3LYP 6-311+G(d,p)//LANL2DZ D,0 11.0%
B3LYP Def2TZVP (3710) 2.0%
B3LYP Def2TZVP-D D20 2.2%

a) NMR reference, CeHsF, was calculated using the same method in each case. 6-
311+G(d,p)//LANL2DZ: The 6-311+G(d,p) basis set was used on first- and second-row
elements and the Los Alamos effect core potential (ECP) and valence basis set of
double-T quality (LANL2DZ) on the Yttrium atom. b) Average %Error is across 8
compounds. The axial and equatorial structures of HzoctP03)salox, [YoctP-OF3)salox]-
with H20, [YoctP-OF3)salox]- with GABA amine coordinated, and [Yoct(P-CCF3)salox]-
with GABA carboxylate coordinated

Table 4.2.3.2. Screening of functionals®

Functional Basis Set Solvent Average %Error®
B3LYP Def2TZVP D,0 1.97%

BP86 Def2TZVP D,0 6.02%

MO06 Def2TZVP D,0 14.64%
MO062X Def2TZVP D,0 2.04%
TPSSh Def2TZVP D,0 11.53%

wB97XD Def2TZVP D0 1.61%

a) NMR reference, CgHsF, was calculated using the same method in each case. b)
Average %Error is for the 3 fluorine atoms in the axial structure of [YoctP-OF3)salox]
with H;O0.
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Table 4.2.3.3. The computed relative stability of axial and equatorial complexes.

Difference
(eq-ax,
Structure Axial/Equatorial Analyte® Energy (kJ.mol')*  kJ.mol?)
HaoctP-OF)sglox ax None -5041447.7 457
HaoctP-OF)sglox eq None -5041442.0
[Y(octP-OCF3)salox)] ax H,0 -5337765.9 75
[Y(octP-OCF3)salox)] eq H,0 -5337773.2 '
[Y(oct(P-OCF3salox)]- ax GABA-O -6090624.4 33
[Y(oct(P-OF3)salox)] eq GABA-O -6090628.2 '
[Y(oct(P-OCF3salox)]- ax GABA-N -6090626.7 89
[Y(octP-OCF3)salox)] eq GABA-N -6090634.9 '

a) GABA-O: GABA coordinated at the carboxylate. GABA-N: GABA coordinated the
amine. b) B3LYP/Def2TZVP theory level was used for optimisation, frequency and NMR
calculations.

125
&
Af e

9

Hsoct(POCF3)s3lox , axial Haoct(P9F3)salox, equatorial

Figure 4.2.3.2. Ball stick representation of the two computationally optimised structures
at the B3LYP/Def2TZVP theory level for the Haoct!P-03)salox; axial (left) and equatorial
(right).
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Table 4.2.3.4. Calculated bond distances for both possible conformations of Hsoct(P-
0CP)salox. The ligand is shown and numbered.

0] 0
N N
of

02 o?
oSy
F1C
o4

Distance (ax) | Distance (eq)
O1H-N1 1.8679 1.9316
02H-04 1.9757 -
O3H-N3 1.0688 -
04H-03 1.6338 2.2462
0O2H-N2 - 1.8084

Then we performed DFT studies to elucidate a possible structure for the complex (Figure
4.2.3.3, Table 4.2.3.5). These studies suggest that the equatorial conformation is more
stable but also provide evidence that in both structures, the coordination sphere of the
Yttrium centre is totally fulfilled by the ligand (coordination number 7), since one lattice

water molecule forms hydrogen bonds with oxygen atoms of the ligand.

[Y(oct(P-OF3)salox)]-, equatorial, H,0 [Y(oct(P-OF3)salox)], axial, H.0
Figure 4.2.3.3. Ball stick representation of optimised structures at the B3LYP/Def2TZVP
theory level for the two [Y(octPO3)salox)]-, H,0, axial (right) and equatorial (left)
complexes.
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Table 4.2.3.5. Calculated bond distances for both possible conformations of the [Y(oct®-
0CF)salox)]” complex. The ligand is shown and numbered to help understand the

complexation process and explain the geometry (coordination number 7)

Bond Distance (ax) Distance (eq)

Y-N1 2.6218 2.6579
Y-N2 2.6545 2.6976
Y-N3 2.5100 2.5147
Y-01 2.2296 2.2382
Y-02 2.2869 2.2662
Y-03 2.2934 2.2548
Y-O4 2.3036 2.3088
Y....OH; 3.8278 3.9308

4.2.4. Solution studies.

To identify the stability of the (YoctP03)salox)- complex, we conducted solution studies
at different pH values and determined the stability of the monoanionic complex (Table
4.2.4.1). The solution studies were performed by mixing the ligand and YCl; 6H,0 in an
equimolar ratio. At physiological pH values the monoanionic (Y octP3)salox)" specie is
dominant (Figure 4.2.4.1.). UV-Vis, pH-dependant studies of the ligand and the complex
confirm the structural changes due to deprotonation but also determine that only one
species is formed at physiological pH values. Notably the *°F NMR data (Figure 4.2.2.1B) at

pH 5.5. and 7.4 signify a significant difference, possibly due to the existence of complexes with

different deprotonated ligands.
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Table 4.2.4.1. Protonation constants (logB) and logK values of the ligand Haoct
OCF)salox (1=0.2 M, T=298 K, cL=1 mM, standard deviations are in parentheses) and
H4Octox33” for comparison

HaoctP-OF)sglox H4Octox33’

IgB logkK IgB logkK
HL 10.84(2) 10.84(2) 10.65(1) 10.65
Hal 20.53(3) 9.69(3) 20.67(1) 10.02
Hal 28.95(4) 8.42(4) 29.60(1) 9.03
Hal 33.48(4) 4.53(4) 34.78(1) 5.15
HsL 36.80(3) 3.32(3) 37.83(1) 3.05
Hel 38.86(4) 2.06(4) 39.86(2) 2.03
H,L n/a n/a 39.55(8) -0.31
HsL n/a n/a 38.88(7) -0.67

Table 4.2.4.2. Stability constants of the complexes formed in the Y3*-HsoctP-0cF3)salox
and Y3*-HsOctox systems (1=0.2 M, T=298 K, cL=1 mM, standard deviations are in

parentheses)

Y3*(%)

HaoctP-OF3)salox | HaOctox33?
YH.L 30.05(1) 32.98
YHL 26.70(1) 29.27
YL 20.58(3) 23.78
YHL 13.17

YCI, 1 H, L (1:1) in H,0
. , .

5% @ pH 7.44

8

—[YH,L]"
[YHL]
—mr

95% @pH 7.44

10

Figure 4.2.4.1. Distribution curves for Y3*- HjoctP9F3)salox complex, [Y3*] = [Hioct!P-

OCR3)salox] = = 1 x 1073M.

To identify the bimodal sensing character of the (Yoct(P°c)salox)’, we attempted to

elucidate its fluorescence response in agueous media at different concentrations.

Different fluorescent mechanisms (photoinduced proton or electron transfer) are well
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established for the hydroxyquinoline group,%3>3; however, the chelation-enhanced

fluorescence (CHEF) of the corresponding Y3*complex has been observed in Orvig's

pioneer work.33” Notably, from our data, a CHEF fluorescent mechanism is in place,

providing a clearly impacted spectrum with a peak maximum of 550nm. (Figure 4.2.4.2.).

Bearing in mind that monitoring should occur at lower concentrations, we recorded the

fluorescent data up to three orders of magnitude less concentrated solutions.
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Figure 4.2.4.2. (up) Excitation and emission spectra of (Yoct(P°%3)salox)  complex at pH

= 7.4 (Aexc = 320 nm, at 1.6039 x 102 M). (down) Emision spectra of Hzoct®°3)salox and

(YoctP-OCF3lsalox)- complex at pH = 7.4 (Aexc = 320 nm, at 1.6039 x 1073 M).

4.2.5.. In vitro GABA sensing
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After completing the characterisation of the (YoctP°Fsalox)” complex and evaluated
its toxicity, we started titration experiments with GABA varying the ratio from 1:1 to
1:500. A stock solution of (Yoct®93)salox)” with a known concentration (1.63069 x10-
3M) was used to prepare the corresponding samples and the plausible (YoctP03)salox)
/GaBA interaction(s) was monitored with 'H (Fig 4.2.5.1 A) and '°F NMR (Fig 4.2.5.1. B),
UV-Vis (Fig 4.2.5.1. C) and fluorescence (Fig 4.2.5.1. D). As anticipated, the *H NMR data
(Fig 4.2.5.1. A) are inconclusive without noticing a significant shift, however, they
validate the stability of the complex during these titrations. By varying the temperature
of the experiment no further modifications are observed. The °F NMR data were
recorded at 37°C (Fig 4.2.5.1. B). These data show that the complex retains its stability
during titrations, and interaction occurs between the complex and GABA, as the unique
fluorine peak broadens. This peak broadening has been seen in other biological-related
examples!® and has been suggested that different types of interactions occur. The
excess of GABA (1:500) results, possibly in forming a Y-GABA complex, as the peak shifts
to -58.40 ppm. The UV-Vis studies identify the disappearance of the second peak at
263nm upon GABA addition; however, these data cannot provide further mechanistic
evidence. Last, titration studies to monitor the impact of GABA with fluorescence
identify, to our delight, a partial (42%) quench of the prominent peak (max 550nm) at a
ratio of 1:1. Upon GABA increase (1:150) the quenching decreases by (30%).
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Figure 4.2.5.1. (YoctP9%3)salox)  / GABA interaction monitoring with (A) *H NMR data in
D,0, (B) °F NMR data in D20, (C) UV-Vis (D) fluorescent data (Aexc = 320 nm). All
measurements were performed at a specific concentration of 1.6039 x 10~ M.
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4.2.6. Other NT sensing

We performed additional studies with other NTs of similar (acetylcholine, AC) or
completely different (serotonin, SER) frameworks to understand the nature of the
(Yoct(P-OF3)salox)” / GABA interaction (Figure 4.2.6.). Different behaviour is observed
from these data; for AC and SER, the °F NMR peak remains sharp, while a second minor
peak appears at -58.40ppm. The fluorescence data identify different types of
interaction(s); for SER, the spectrum is oversaturated (320-400nm), thus, a different
excitation wavelength or less concentrated solutions are required, while for AC, an
enhanced quenching is observed. At less concentrated solutions, though, the
oversaturated behaviour for the SER sample remains. In contrast, a similar quenching is
observed for the GABA and AC data, indicating that at these low concentration levels

(Yoct(P-OF3)salox) is not selective towards GABA.
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4.2.7. DFT studies for 1°F NMR data

To explain the exciting findings in the °F NMR titration studies, we performed DFT
calculations to identify the favourable complex-GABA conformation. We accounted for
two different ways that (YoctP°3)salox)  could interact with GABA. The first considers
the covalent bonding of the complex with the oxygen atoms of the carboxylate group,
and the second covalent bonding with the N atom of the NHs group. For both scenarios,
we performed calculations for both conformations (axial and equatorial). The data
suggest that the equatorial structures are more stable (Table 4.2.3.3.). For the first
scenario, in the axial structure (Figure 4.2.7.1. A), NH3 of GABA forms one H-bond, which
forces the complexinto a twisted structure where the two aromatic rings do not lie along
the same plane. The same finding could be observed in the equatorial structure (Figure
4.2.7.1. B). However, deviation from flatness is to a lesser degree. The GABA analyte
curls back on itself and is more stable according to calculations than the GABA analyte
extended away from the complex. For the second scenario, the NHs from GABA does
not form a covalent bond but forms two hydrogen bonds instead. According to this data
(Table 4.2.3.3), the structure in which the analyte (NH3) forms hydrogen bonding
interactions with the complex (Figure 4.2.7.1. D) is the most stable. However, when we
account for the calculations for the observed °F NMR data (Table 4.2.3.5.), then the
interaction of the complex with GABA via covalent bonding (Y-O, formation) is closer to
the observed data -58.27ppm (-57.28ppm calculated). The calculated shifts for the
remaining three interactions are near (-57.14 and -57.11ppm). Calculations at
B3LYP/wB97XD level, which account for intramolecular interactions, may improve the
accuracy of the present data; however, given that the average error is small, we may
propose that the observed difference in the 1°F NMR data is due to the H-bonding
interaction of the NH3 group with the complex (Figure 4.2.7.1, lower right). This indicates
that the interaction of the complex and GABA at physiological conditions (pH 7.4) in
aqueous media is via hydrogen bonding and not covalent bonding (Figure 4.2.7.1, lower

left).
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Figure 4.2.7.1. Ball stick representation of optimized structures at the B3LYP/Def2TZVP
theory level for [Y(octPOF)salox)]  , axial, GABA-O (A) and [Y(oct(P-O3)salox)] ,
equatorial, GABA-O (B) [Y(oct!P-F3)salox)]-, axial, GABA-N (C) and [Y(oct(P-°3)salox)]",
equatorial, GABA-N (D). (Lower) Chemical drawing explaining the interaction of the
complex with GABA



69

Table 4.2.7.1. Calculated bond distances for both possible conformations of Y(oct(®
0CF)salox)], axial, GABA-O and [Y(oct(P-93)salox)]-, equatorial, GABA-O. The ligand is
shown and numbered

\F\,—\r{

N' N2 OF
d v N
FaC

GABA-O GABA-N
Bond Distance (ax) | Distance (eq) | Distance (ax) | Distance (eq)
Y-N1 2.7654 2.8394 2.5851 2.6477
Y-N2 2.8245 2.7321 2.6248 2.6718
Y-N3 2.6483 2.5203 2.4925 2.5075
Y-01 2.2596 2.2003 2.2392 2.2689
Y-02 2.3463 2.3586 2.2854 2.2560
Y-03 2.3364 2.3077 2.2929 2.2501
Y-O4 2.4408 2.3265 2.3212 2.3288
Y-Analyte-X 2.2757 2.5101 3.7707 3.9232

Table 4.2.7.2. Computed °F NMR chemical shifts.

Aver
age
Experimen Average %
Axial/Equato tal Shift Calculated Error Erro
Structure rial Analyte® (ppm) Shift (ppm)® (ppm) r
2.4
HaoctP-OF)szlox ax None -58.56 5715 1.41 o
= . (o)
(p-OCF3) 2.3
Haoct'P salox eq None -58.56 1.36
-57.20 %
[Y(oct!P 2.0
-58.26 1.15
OCF)salox)] ax 20 > -57.11 %
[Y(oct!P 1.8
-58.26 1.06
OCF3)salox)]- €q H20 -57.20 %
[Y(octP- GABA- 1.7
-58.2 .
OCF3)5310x)] ax 0 >8.27 57.28 099
[Y(octP- GABA- 1.9
-58.2 1.1
OCF3)5310x)] €d 0 >8.27 57.14 3 %
[Y(octP- GABA- 2.0
-58.27 1.16
0CF3)salox)] ax N > -57.11 %
[Y(oct!P GABA- 1.9
-58.27 1.1
OCF3)sa]ox)] ed N >8 -57.14 3y
2.0
Average: 1.18 %

a) GABA-O: GABA coordinated at the carboxylate. GABA-N: GABA coordinated the amine.
b) B3LYP/Def2TZVP theory level used for optimisation, frequency and NMR calculations.
NMR reference, CeHsF, was calculated using the same method.
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Lastly, to identify the limitations of each spectroscopic technique for monitoring, we
recorded °F NMR data of further diluted samples (1.6039 x 10™* M and 1.6039 x 10™> M)
and, as anticipated, at deficient concentrations, no signal can be observed (Figure

4.2.7.2).
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Figure 4.2.7.2. F NMR data of (YoctP©3)salox) / GABA in ratio 1:1 at different
concentrations.

4.3. Conclusions

The facile and inexpensive heptandentate HgoctP°3)salox ligand provides access to a
molecular entity [YoctP-OF3)salox]- that can be used for multimodal monitoring purposes
of GABA NT. In vitro monitoring with UV-Vis, °F NMR and fluorescence and DFT
calculations allow for mapping complex/NT interaction and rationalising a possible
selective sensing mechanism at a specific concentration. This work opens new research
directions in coordination and bioinorganic chemistry by introducing a molecular sensor

with immediate application in neuroscience.
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5 Chapter 5: Molecular fluorine-based probes for heavy metals
ion detection

Abstract. We report an array of novel symmetric and asymmetric ligands with their
fluorine-based Zn-salan complexes to sense HMIs with °F NMR. Investigations shows
that Cd?* and Pb?* ions can be sensed and detected using DMSO-H,0 media.

External Contributions: A. Galvécsi and C. Kallay performed solution studies and *° F
NMR titration measurements with HMIs.G E. Kostakis performed and evaluated the
crystallographic data. Maria Besora performed theoretical calculations. All authors

contributed to the preparation of the article.

5.1. Introduction

The Niger Delta aqueous media region has witnessed contamination over the years,
significantly imminently affecting daily livelihood and sustenance,??322* and ultimately
human security, recreation and fisheries, thus imposing water quality regulations and
monitoring methods.??> Mercury, Lead, Arsenic, Cadmium and Chromium are the
predominant heavy metal ions (HMIs) contaminants according to the World Health
Organization (WHO) standards.??® To overcome this obstacle, various methods have
been proposed to capture and remove HMIS from aqueous media.?%? These
technologies include but are not limited to using porous materials such as Metal-Organic
Frameworks (MOFs),108202203 7e0]jtes,?0429¢ piological matter like sorghum and maize

waste,3>4:3%> hydrogels??72% sulphur-based nanosheets?®

or silica-based components as
the absorbents.?1%211 Currently, methods incorporating MOFs as absorbents dominate
these studies; however, developing an efficient, convenient, selective and practical
capture technology in which the capturing mechanism is well understood remains a big
challenge.

Salan ligands are the reduced version of the organic framework produced by the
condensation reaction between salicylaldehyde and ethylenediamine (Figure 5.1.1, left).
These ligands are easily accessible and modifiable and offer a specific pocket size for
coordination; thus, their complexes have inevitably found applications in catalysis,
sensing, and medicinal chemistry.%227:236-243,228-235 q3|an-based MOFs have found

application in catalysis,3*¢73°%; however, they have never been used to sense or remove

HMlIs. The majority of these scaffolds impose a tetradentate N,O pocket, and only a few



72

paradigms of asymmetric N;O> ligands and their corresponding complexes are
known 363597361 \We recently reported a convenient protocol for asymmetric N0,
salans.3® This method gives access to numerous ligands and corresponding complexes
with chemically modified peripheries which can be used for structural activity
relationship studies (SARS). On the basis that these complexes hold the same formula-
structure, then the presence of different functional groups becomes a valuable tool and
permits chemical mapping of the interaction(s) between the complex and the
environment (solvent, analyte, substrates etc.) with various techniques such as NMR, IR,
UV-Vis, Fluorescence, thus these SARS can extrapolate useful information and underpin

mechanisms.

= e Q 55 =l S

: ‘ NH O NH O YO NH e

R R H H NH O NH O NH O NH O
; N [ \Zn [ /Zn [ \Zn [ /Zn [ LN [ S0 [ VN 4
: : / / ]

; of Yo AR NS NS NS i\ A 4\ NG

H : NH NH O NH O
F
0, O, 0,
;30/0 FaC™ M FaC7 m FaC” M

. E D) aggrregation antenna aggregation -  transmetallation
antenna - antenna
L J

Figure 5.1.1. (left) The salan framework, (middle) the targeted A- E complexes, (right)
possible HMIs-complex interactions.

Nuclear Magnetic Resonance (NMR) is a spectroscopic technique that observes local
magnetic fields around atomic nuclei. *H and °F NMR are the most common techniques
used for kinetic studies; however, in the latter case, the environment (solvent, ligands,
substrates etc.) is silent unless it contains F atoms. Therefore, its use to monitor
interaction(s) between complexes and the environment becomes convenient. Taking all
these into account, we envisaged that salan-based molecules would be an economically
viable and convenient method to remove HMIs. However, given the currently limited
information and before attempting to anchor the metallo-salan frame within a MOF
entity, we hypothesised that SARS monitored by °F NMR of a family of symmetric and
asymmetric Zn-salan complexes (A to E, Figure 5.1.1. middle) and HMPs would underpin
their interaction(s). We detailed herein our selection criteria for these sets on the basis
that these compounds will exist as monomers in aqueous media. Set A is designed to be
sensing and monitoring from both sides. Set B will permit monitoring from one side,

whereas the S heteroatom imposes the removal of H-bonding interactions. Set C
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provides the same frame as A, but only one side can be used for monitoring. Set D
incorporates bulky groups imposing steric effects; thus, possible interactions can be
excluded. Last, set E consists of a different antenna, position, and group (F vs OCF3), and
a different monitoring process is subsequently anticipated. The interaction between the
complex and HMPs may occur via the following, but not limited to, methods:
coordination (aggregation, antenna, aggregation—antenna) and transmetallation (Figure
5.1.1, right). These complexes are envisaged to crystallize as dimers and adopt different
structures in solution, especially those built from the asymmetric salan ligands (Figure
5.1.2), as Di Bella has explicitly described in this process.?3? These different forms and
their equilibrium may interfere chronically with the sensing process. This work aims to

validate or discard this notion, and the results of this SARS are presented herein.
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Figure 5.1.2. Possible structures and orientations for asymmetric Zn-salan complexes.

5.2. Results and Discussion

The symmetric ligands (A and E) can be synthesised in one step, with yields of 96% and
82%, respectively, that involves the condensation reaction of ethylenediamine and the
corresponding salicylic aldehyde, followed by reduction with NaBHa4. In contrast, the
asymmetric ligands can be synthesised via a three-step synthesis. The latter involves the
synthesis of the OCFs; precursor in a multigram scale followed by condensation and
reductive amination. The OCF3/OCF3 ligand (A) can be obtained with both methods;
however, method (g) is convenient. All ligands can be obtained in high yields. The total
yield for ligand B (SCH3/OCFs) is 53%, for C (OCFs/OCHs3) is 54% and for D (OCFs/BisBut)
is 40%.
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Figure 5.2.1. A general procedure for the synthesis of the asymmetric and symmetric
N,O> ligands. (a) 2-hydroxy-5-trifluoromethoxy benzaldehyde (1eq), MeOH and adding
tertiary butyl carbamate (1leq) reflux (24hr), NaBHa4 (3eq), 2 hr (89%); (b) 4NHCI in
Dioxane/CH2Cl, 24 hr, (96%); (c) (b) (1eq), MeOH, 2-hydroxy-5-trifluoromethoxy
benzaldehyde (1eq), reflux(2hrs),0.1g molecular sieves, NaBH4(3eq) 2hr (96%); (d) 4-
methyl thiol phenol(leq), paraformaldehyde(6.75eq), anhydrous magnesium
chloride(1.5eq) and EtsN (3.75eq), CH3CN, reflux,(24hrs), column chromatography(Hex
8: Ethyl acetate 2), Combine with (b)(1eq), MeOH,0.1g molecular sieves, 2hr, NaBH4 (3eq)
2hr (78%); (e) (b) (1eq), MeOH, 3,5-Di-Tertiary Butyl-2-hydroxybenzaldehyde(leq),
reflux(2hrs),0.1g molecular sieves, NaBHa(3eq) 2hr (59%); (f) (b) (1eq), 2-hydroxy,5-
methoxybenzaldehyde(leq), ), reflux(2hrs),0.1g molecular sieves, NaBHi(3eq) 2hr
(89%); (g) 2-hydroxy-5-trifluoro methoxy benzaldehyde (2eq),
MeOH, ethylenediamine(leq), reflux (2hrs), NaBHa (3eq), 2 hr (96%); (h) 6-Fluro,2-
hydroxybenzaldehyde(2eq), MeOH, ethylenediamine(leq), reflux (2hrs), NaBH4 (3eq), 2
hr (82%);

With the ligands in hand and bulk, we performed several reactions for
synthesising the corresponding Zn?* complexes. We screened several parameters such
as metal salts Zn(NOs)2 6(H20), ZnClz, Zn(OTf)2, Zn(BF4)2, Zn(ClO4),, solvents (MeOH,
CH,Cl,, EtOH, CH3CN), metal : ligand ratio (2:1 to 1:2), temperature (25°C & 75°C), base
(EtsN, NaxCOs, K,CO3) and identified the optimum conditions as : Zn(NOs), 6(H20) :
Ligand : Na2COs in a molar ratio 1:1:1 on a mixture of solvents MeOH/H,0 (10/2mL). The
metal salt and ligand were dissolved in methanol, and the solution turned milky upon

adding an aqueous Na;COs solution. After 1 hr of reflux, the solution was filtered, and
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the filtrate was kept for slow evaporation; shiny block-shaped colourless crystals were
obtained between two and five days. The yield of the complexation reaction varies

between 39 to 53%.
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Ry = OCHg, R, = H (OCF3/OCH3) Zn-(OCF3/OCHs) Set C (39%)
R4 = tBu, R, =tBu (OCF3/bistBu) Zn-(OCF3/bistBu) Set D (49%)
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Figure 5.2.2. A general approach for the synthesis of the Zn-salan complexes.

5.3. Characterisation in the solid state.

Single crystal X-Ray diffraction studies (Table 5.3.1) reveal a general dimeric formula
[(Zn2L2) x(solvent)], where x is 4(CH30H) for sets A and D and 2(CH3OH) for set B (Figure
5.3.1.). Preliminary crystallographic data for set C suggest that this compound
crystallises as a one-dimensional coordination polymer (Figure 5.1.2, right); however,
the crystals are weakly diffracting even in a Synchrotron source; therefore, we were
unable to elucidate its structure. Set E that incorporates a symmetric ligand crystallises
without lattice molecules. Notably, for set B, the asymmetric Zn-salan complex
crystallises with the OCF3/SCH3 groups pointing in the same direction (Figure 5.1.2). It is
worth noting that complexation reactions for all five sets were simultaneously
performed and left for crystallisation under the same conditions; therefore, this
crystallographic evidence pinpoints the formulation complexity (dimensionality and
ligand orientation) on the present SARS. Specifically for the asymmetric complexes,
three different species are formed; dimer-same orientation (set B), 1D coordination
polymer (set C) and dimer—opposite orientation (set D). In all cases, except set C, large
block crystals were formed, which were then used for crystallographic studies, and no
other type(s) of crystals were found. In all cases, the lattice solvent molecules interact
via H-bonds with the complexes. The coordination number around the Zn centre is five.

The geometry of the Zn centre can be described as square pyramidal for sets A, B and E
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and trigonal bipyramidal for set D (Table 5.3.1). As anticipated, the tert-butyl bulky
groups impose steric hindrance, and the geometry of the metal centre significantly
deviates. Thermogravimetric (TG) and elemental (CHN) analysis further characterised
the compounds in the solid state. Results for both studies differ from the expected
calculated values from the crystallographic analysis (Tables 5.3.2. & 5.3.3). They are
consistent with additional lattice solvent molecules, indicating that these complexes are
susceptible to absorbing moisture upon storing (Figure S4-36.). This notion suggests that
the morphology of these molecular species may change, thus, we didn’t perform PXRD

studies.

Table 5.3.1. Selected Bond distances for all complexes and originality index

Zn-01 Zn-02 Zn-03 Zn-N1 Zn-N2 Trigonality index (7)*°
SetA | 2.057(3) | 2.068(3) | 1.963(3) | 2.110(4) | 2.141(3) 0.17
SetB | 2.079(7) | 1.987(7) | 1.990(8) | 2.132(8) | 2.186(8) 0.29
SetC | 1.985(8) | 2.108(7) | 1.987(7) | 2.101(8) | 2.189(8)
SetD | 2.088(5) | 2.002(5) | 1.981(6) | 2.132(7) | 2.190(6) 0.64
SetE | 1.995(5) | 2.086(5) | 1.966(6) | 2.194(7) | 2.126(8) 0.33

The Trigonality index indicates the geometry of the coordination center.?®® When t = 0 the
geometry corresponds to square pyramidal, when t=1 corresponds to trigonal bipyramidal.

s h
{ >34 e
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coccoe
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Figure 5.3.1. Crystallographic representation of all compounds. Lattice solvent
molecules have been omitted for clarity. Colour code; Zn (light blue), O (red), N (blue),
C (grey), H(white), F (green), S (yellow).

Elemental analysis results for all complexes were recorded at London Metropolitan
University. The samples, upon crystallisation, were filtered, dried and collected (Table
5.3.2.). The samples were stored in Eppendorf. There is a deviation in the data; we
assume this deviation is caused by losing their crystallinity and absorbing moisture from
the atmosphere, therefore, we provide an estimated formula that matches the
experimental values. Our assumption is further supported by thermogravimetric
analysis, see below. The expected lattice solvent molecule loss (up to 130°C) is higher

than expected, thus an estimated formula is given in (Table 5.3.3.)

Table 5.3.2. Elemental analysis results explanation. Underneath the formula, the corresponding

formula that matches the CHN analysis is given for immediate comparison.

Com Formula Calculated(%) Found(%) Corresponding(%)
pou
nd
C H N C H N C H N
Set | CsoHasF12N4012Zn; 42.31 4.26 4.94 42.44 3.17 5.42 42.16 3.34 5.
A Cs6H32F12N408Zn,(H20), 47
Set | CigHasFsN40sS,Zn; 45.84 4.66 5.63 38.36 5.48 5.33 38.89 526 | 5.
B C3sH38FsN40652Zn2(H20)10 04
Set | C3gH3sFsN4OsZn; 48.07 4.26 6.23 47.30 4.02 5.98 47.13 439 | 6.
C | CsgH3sFgN4OsZna(H,0) 11
Set | CssHsaFsN4O10Zn; 54.41 6.93 4.70 48.61 7.15 4.36 48.54 7.39 4.
D | CssHs2FsN4O10Zna(H20)s 19
Set | C3;H3:FaN404Zn; 51.70 4.34 7.54 51.64 4.06 7.35 51.64 4.06 7.
E 35
Table 5.3.3. Thermogravimetric analysis results explanation
Compound | Lattice Solvent Calculated Solvent Observed Solvent Theoretical final Found Final
molecule loss (%) loss (%) Residue (%) Residue (%)
SetA 4 (CHsOH) 11.23 7.13 14.33 25.95
Set B 2 (CH30H) 6.44 4.53 16.34 NA
Set C NA NA 6.74 18.09 31.07
Set D 4 (CHsOH) 10.75 NA 13.65 NA
SetE none 0 2.47 21.90 41.41
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5.4. Characterisation in solution state.

With the complexes in hand, we attempted to elucidate if they retain their structure in
solution; therefore, we recorded 'H and °F NMR and ESI-MS. The ESI-MS data for sets
A, B, D and E (Figures S4-36-S4-42,) validate the formation of monomeric and dimeric
species; a characteristic peak with corresponding isotropic distribution can be identified.
Then we recorded the H NMR in de-DMSO-H,0 media (Figure 5.4.1.). The symmetric
sets (A and E) show distinct peaks; however, the asymmetric sets (B, C and D) show
broad and different peaks a possible outcome of the existence of other species (Figure
5.1.2). To avoid the interpretation of these complicated patterns, we recorded the *°F
NMR data. For sets A, B and C a single peak in the -58.65 ppm area can be found, with a
minor peak for C at -58.76ppm, whereas set D shows two peaks; one broad with a
shoulder centred at -58.68 ppm and one at -58.74ppm. The single peak shifts at -121.59
ppm for set E and exhibits a shoulder. Given that we performed solution and theoretical
studies for similar systems in another chapter (chapter 3), we consider that these species
exist in an equilibrium of monomer-dimer in aqueous media; thus the broad peak
observed in the °F NMR can be an average signal of both species. Notably, as it is
depicted in Figure 5.1.2, for the asymmetric salan complexes, two different

conformations may appear, therefore, the number of potential species increases.
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Figure 5.4.1. (Upper) 'H NMR data for sets A—E, (lower) °F NMR data for sets A - D (left)
and E (right)

5.5. Theoretical calculations

We investigated the species present in the DMSO-water solution of the asymmetric set
B and symmetric set E, see Figure 5.1.1. To find the most relevant species present in the
solution, we screened the conformation space using CREST, after re-optimising the
lowest and most representative minima at the B3LYP -D3 /6-31g(d,p) &SDD level
treating the solvent (DMSQ) as a continuum media with PCM in Gaussian. We aimed to
find the relative energies of monomeric and dimeric species without coordinated
species, water coordinated, and DMSO coordinated, based on data obtained in the chiral

amine sensing. For sets B and E searched the conformers and optimised the geometries



80

only of the species to be most relevant in the previous study: these are the BDimer,

BMonomer, BDimer(H20)s,

BMonomer(DMSO);, and EDimer,

BMonomer(H;0)s, BDimer(DMSO), and

EMonomer, EDimer(H20)3, EMonomer(H;0)s,

EDimer(DMSO); and EMonomer(DMSO); for sets B and E, respectively. The results are

summarised in Figure 5.5.1

B
DMSO . + 3 H,O
BDimer(H,0); 2 2 BMonomer(H;0);
-13.8 -14.2
y A
+3 H,0 *6HO
i
*3H0 0.0 BDimer 2 BMonomer 20.4 -6 H,0
-2DMSO +4 DMSO
A A
+2 DMSO +4 DMSO
i
-13.4 + 2 DMSO -9.6
BDimer(DMSO), ~<~———= 2 BMonomer(DMSO), keal.mol™!
E
DMSO . + 3 H,0
EDimer(H,0); ‘——2‘ 2 EMonomer(H,0);
-12.6 -15.3
A
+3 H,0 +6 H0 1
i
+ 3 H,O 0.0 . .
.0 EDimer 2 EMonomer 19.5 6 H,O
-2DMSO +4 DMSO
A
+ 2 DMSO +4 DMSO ﬂ
i
-12.8 + 2 DMSO -8.8
_— kcal.mol”

EDimer(DMSO), —~——— 2 EMonomer(DMSO),

Figure 5.5.1. Schematic representation of the reaction network of the most relevant
species for set B (top) and set E (bottom) in DMSO. Relative energies correspond to free
energies in DMSO and in kcal.mol™.

The calculations for the two sets B and E, show exciting differences and similarities. The
relative stability of BDimer and BMonomer and EDimer and EMonomer (without any
molecule coordinated) is close to 20 kcal.mol™. In both cases, the existence of the dimer
is favoured. The differences appear when water is coordinated; for sets B and E, the
BMonomer(H20); and EMonomer(H20)s species are favoured over BDimer(H20)z and
EDimer(H20)s. Both species have close energies, and the equilibrium could be observed
depending on the water concentration. Coordination of DMSO instead of water forms
BDimer(DMSO); and EDimer(DMSO), with similar energy to the dimer water complexes.

At the same time, monomers BMonomer(DMSO), and EMonomer(DMSO); are slightly
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less stable, 4.6 kcal.mol* above BDimer(H,0) and 6.5 kcal.mol* above EDimer(H,0)s.
These species coordinate the DMSO through the oxygen, and coordination by the sulfur
is disfavored. Using the equilibrium constants of the above-mentioned chemical
equations and the mass balances, we can find the preferred species in solution according
to computational energies. Finally, considering the parameters for the sensing studies,
these are complex (BDimer or EDimer) 1 10 M, DMSO 14.06 M and 0.1 M water, only
one species would be formed in significant amounts of the BMonomer(DMSO); or
EMonomer(DMSO),. However, if the concentration of water increases then the species

BMonomer(H20)s or EMonomer(H20)3 become abundant.

5.6. Sensing studies.

To understand the behaviour of the ligand and the corresponding complex, we
performed titration studies for one system (Set A). The results are shown in Figures 5.6.1
and 5.6.2. It is evident that the addition of the Cd(NOs3); into the ligand or complex
system imposes a different impact; the peak in the former case shifts to the right and

above one equivalent shift to the left, while for the latter case, the peak shifts to the left.
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Figure 5.6.1: The effect of Cd?* ions on the °F NMR spectra of ligand for set A
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Figure 5.6.2.: The effect of Cd?* ions on the °F NMR spectra for set A.

Then we performed the same studies with Pb?* (Figure 5.6.3 &5.6.4). Adding Pb?* causes
a continuous shift in the °F NMR spectra. After adding four equivalent Pb?* the peak
flattens (Fig. 5.6.3). This shift is only partly due to the increasing amount of water in the
solution. The composition of the solution changes continuously. For the complex
titrations, the peak is broad compared to the ligand, indicating the presence of several
species. Adding 0.33 equivalent Pb?* causes a significant up-field shift, then a little
reversal. Later, an up-field shift is observed again. (Fig. 5.6.4). The addition of three
equivalents of Pb?* ions causes double peaks (a shoulder also can be seen at two
equivalents), where the excess of Pb%* ions may displace zinc?* ions. The solution

becomes opalescent when four equivalents Pb?* ions are added to the solution.
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Figure 5.6.4: The effect of Pb?* ions on the °F NMR spectra for set A.

tppm]

Then we investigated the behaviour of system E, with different equivalents of Cd?*. As

seen in Figure 5.6.5, adding one equivalent of Cd?* imposes the appeara

other peaks. In contrast, adding more Cd?* equivalents favours the peak at

nce of three

-120.5 ppm.
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Figure 5.6.5. (Upper) °F NMR data for set E with different equivalents of Cd (0.6 ml
DMSO + 0.1 ml D20 (c =10 mM)

5.7. Conclusions

We examined for the first time the ability of fluorine-based Zn-salan complexes to sense
HMIs with °F NMR. The symmetric sets (A and E) crystallise as anticipated in a dimeric
form. However, different speciations are isolated for the asymmetric sets (B, C and D),
and all compounds are susceptible to moisture upon storage. This finding suggests that
fine-tuning the periphery of these systems significantly impacts the nature of the final
specie. In solution, the compounds are in an equilibrium of dimeric-monomeric form.
However, for the asymmetric sets, additional speciation’s can be identified (Figure 5.1.2).
19F NMR studies prove challenging since several species can be identified, especially for
the asymmetric system. Preliminary studies of set A with Cd?* and Pb?* ions suggest a
different type of interaction. In contrast, for set E, it is evident that three different
species can be identified when titration with Cd%* takes place. More titrations and
theoretical studies are needed to elucidate these molecular systems' interaction
(aggregation-antenna, transmetallation, Figure 5.1.1.) mechanism. The work from this
PhD has established the basis to underpin the mechanism, and future work is necessary

to underpin the mechanism.
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6. Chapter 6: Conclusions and future directions

6.1.1. Concluding summary
Despite the many environmental legislations and regulations, the Niger Delta

region has continued to witness devastating ecological damage owing to the activities
of International Oil companies and their subsidiaries; these leads to massive pollution of
the area with both toxic organic and inorganic compounds and hence my motivation to
be In the University of Sussex to develop a mechanism for detecting and sensing
purposes. Therefore, this thesis is aimed at designing, developing, and synthesizing
economically viable ligands using easy synthetic steps and readily available precursors,
fine-tuning their scaffolds to suit their application, and incorporating both the Naptho
and F-atom for Fluorescence and °F-NMR spectroscopy respectively was very helpful to
monitor and detect the presence of compounds in an aqueous medium. This project
successfully synthesized a library of symmetric and asymmetric molecular ligands, and
their corresponding complexes were used as probes for sensing studies. The novel
synthesized SH-nap, OH-nap, and OF-nap asymmetric salans could selectively sense and
detect Cu?* and Fe3* in the presence of other metal ions and monitored using
fluorescence spectroscopy, as described in chapter 2. Another library of both symmetric
and asymmetric salans was Successfully synthesized, and their corresponding zinc
complexes were used as sensing probes for selected HMPs; the sensing mechanism and
signal changes were monitored and studied using °>F-NMR spectroscopy, and from the
results obtained, these zinc complexes probes are excellent scaffolds in detecting and
sensing of theses selected HMPs as described in chapter 5. To further improve on my
research and sensing techniques, A novel water-soluble asymmetric fine-tune ligand
(HsoctP-OCF3)salox) was synthesized after several steps and successfully characterised
with their toxicity evaluated, salox ligand was found to readily complex with yttrium to
form a non-toxic molecular entity [Yoct(PP¢F3)salox] and is demonstrated that it can be
used for multimodal monitoring purposes of GABA NT. In vitro monitoring with UV-Vis,
BF NMR, and fluorescence and DFT calculations allow mapping complex/NT interaction
and rationalising the selective sensing mechanism. This work opens new research
directions in coordination and bioinorganic chemistry by introducing a non-toxic
molecular sensor with immediate (in vivo potential) application in neuroscience, as
described in chapter 4. We had, for the first time, examined the sensing potentials of

fluorine-based chiral zinc complexes as probes derived from a library of symmetric chiral
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salan ligands, these probes sense and detect some selected chiral amines, and the Zn?*
complexes were successfully isolated as dimers, and changes to monomeric form when
coordinating solvents are used, these coordinating solvents occupy the vacant position
in the coordinating spheres and as such makes exchanging with the analyte very difficult
and hence in excess amount indicating that the presence of coordinating solid solvents

is a critical parameter to look into when designing scaffolds for sensing studies.

6.2.1. Future studies

Future studies will mainly focus on the design and development of molecular scaffolds
that incorporate the F-atom close to the metal centre, thus making the molecular
scaffolds to be more sensitive and selective to any changes in their local environments
during sensing studies using °F-NMR spectroscopy, the choice of solvents for sensing
studies and investigations will also be considered as important due to coordinating
solvents might hinder sensing studies of HMPs because they tend to occupy the vacant

coordination spheres and thus affect sensing/detecting studies.

The design and development of this scaffold will also centre on introducing less toxic
water-soluble compounds that can be encapsulated onto a solid substrate for sensing
studies in bioinorganic chemistry with possible applications in neurosciences, drug
discoveries and cancer research. However, this would be analysed, and their potential
evaluated before using it on natural live aqueous environments like rivers, running

waters, lakes, and seas.

Changing the position of the Fluorine-based atom linker in the scaffold closer to the
metal centre, as illustrated in figures 6.2.1 and 6.2.2 below, will hopefully increase the
sensitivity and selectivity potentials of fluorinated-zinc-based sensors towards any

changes in their local environments.

Zn(NO3), xH,0

NH HN Na,COs ANy
MeOH / H,0 AN
OH HO _— o ©
60'C 1Hr
OCF; CF30 OCF; CF30
Zn-1-rac
1-rac Zn-1-RR
1-RR Zn-1-SS
188 n-1-

Figure 6.2.1. Future works showing changes in the position of Fluorine-based linkers as
attached.
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Figure 6.2.2. Future works showing changes in the position of Fluorine-based linkers are
attached.

Other future works include developing and designing asymmetric salan ligands with
linkers to increase their hydrophilicity, stability and less of toxicity; this can be achieved

by incorporating into the scaffold carboxylic group to promote its hydrophilicity.

— —0

HO

S

Proposed future ligand
Proposed future complex and vacant coordination site (X)

Figure 6.2.3. Future works showing changes in the position of Fluorine-based linkers
are attached.

Other future studies will involve a structural and conformational changes in the possible
structure of the Naphtho salan ligand by improving on its hydrophilicity and improved
sensing by changing the position of the F-atom linker for both Fluorescence and 19F-
NMR spectroscopic studies towards selective sensing and detecting mechanism of Cu?*

and Fe3* as illustrated in the figure 6.2.4. below.
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Figure 6.2.4. Future works showing changes in the position of Fluorine-based linkers
and improved hydrophilicity for the Naphtho asymmetric salan ligand.
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7 Chapter 7: Experimental design and synthetic procedures

7.1 Materials
All reagents used were bought from Fluorochem, Apollo Scientific, Sigma Aldrich, Acro

organics, and Tokyo Chemical industries and were used without any further purification.
All experiments were performed under Nitrogen or Argon and or aerobic conditions.
7.2. General Scientific methods and instrumentation

NMR spectra obtained were recorded with Varian VNMRS 600 and 400 at 25 °C, at either
600 MHz, 376 MHz, or 151 MHz in Chloroform-d or DMSO-ds. Or D20. NMR chemical
shift signals were recorded in parts per million(ppm). HRMS data were obtained with a
Bruker Daltonics Fourier Transform (FTMS) Apex |l spectrometer with electrospray
ionization (ESI) using Dichloromethane, methanol, and water as solvent. HR-MS data
were obtained on a VG Autospec Fissions instrument (El at 70 eV), It is a destructive
method that reports the fragments of molecular ions as mass/charge (m/z) ratios. The
FT-IR spectra were recorded over the range of 4000—-650 cm™ on a PerkinElmer
Spectrum fitted with a UATR polarisation accessory. The Thermogravimetric analysis
(TGA) was carried out using a Thermogravimetric analyzer model number Q-50 V20.13
with a platinum pan, in a nitrogen atmosphere from 25 — 820 °C, at a scan rate of
5 °C/min, UV-Vis measurements (280-750 nm) were performed at room temperature
(15-20°C) using a Thermo Scientific Evolution 300 UV-Vis spectrophotometer equipped
with 5mm path length quartz cells, and the collected data were processed using the
Vision Pro software. The LCMS investigations of the water-soluble compound in Chapter
1 were carried out using Shimadzu LC-MS 2020, on a Gemini 5 m C18110 A. Purification
of the novel compounds was done using normal-phase silica flash column
chromatography and conducted on a Teledyne Isco Combiflash with UV detection at all
wavelengths.

pH-metric titrations (Chapters 2 & 4) were carried out in Hungary using MOLSPIN by one
of our collaborators using a pH-meter equipped with a 6.0234.100 combined glass
electrode (Metrohm) used for pH measurements (in the pH range 2.9-11.5), while the
dosing of the titrant was made with a MOL-ACS micro burette controlled by a computer.
During the measurement, argon was bubbled through the samples to ensure the
absence of oxygen and carbon dioxide. All pH-potentiometric measurements were
carried out at a constant ionic strength of 0.2 M KCl and a constant temperature (298 K).

The LCMS investigations of the HsoctPOF)salox ligand were carried out using Shimadzu
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LC-MS 2020, on a Gemini 5 m C18110 A. Purification of HsoctP3)salox was done using
normal-phase silica flash column chromatography and conducted on a Teledyne Isco
Combiflash with UV detection at all wavelengths

The fluorescent excitation studies conducted in Chapter two and four were carried out
at the University of Sussex at sapells lab.

Toxicity and circular dichroism studies of the novel water-soluble and chiral compounds
in chapter 2 and chapter 4 were carried out in Sapell’s lab, Biochemistry department,
School of life science.

The X-ray diffraction (XRD) measurements of crystals were carried out at the University
of Sussex and the National Crystallography Service, University of Southampton, In both
cases, suitable colourless block-shaped Zinc crystals were selected and mounted on a
MITIGEN holder in perfluoro ether oil on a Rigaku FRE+ equipped with VHF Varimax
confocal mirrors and an AFC12 goniometer and HyPix 6000HE detector and data were
collected at T = 100(2)K. The data were processed with CrysAlisPro and solved by
intrinsic phasing methods with SHELXT.

7.3. Chapter 2: Synthetic procedure

7.3.1.1 Synthesis of Half unit for non-Symmetric salan ligand

2-((2-aminoethyl) amino)-4-methoxyphenol

o 1: MeOH, 76 °C, 24 h |

H - |
| \ ) o N._ 4MHClin dioxane/CH,CI
Boo. ~__NH, O  2:NaBH, RT, 2h NS Negod 2Cl o NS NH:
N + H _—— H
H o (85%) OH RT OH «2HCI

(91%) 24 h
(7.3.1.1) (7.3.1.2)

Scheme 7.3.1.1. Synthetic route for the half unit of non-asymmetric salan ligand.

The compound (7.3.1.2) was synthesized using a modified protocol earlier described
above by loving,3%? (0.488mL, 4mmol, 1eq) of 2-hydroxy, 5-methoxy benzaldehyde was
dissolved in 15mL of methanol inside a 100mL RBF, and (0.633mL, 4mmol, 1eq) of
tertiary butyl carbamate was added and the mixture stirred at reflux for 24 hours, the
reaction mixture was cooled to room temperature before adding stepwise NaBH, (0.454
g, 12 mmol, 3eq) in small portions over 20 minutes. The reaction was further stirred at
room temperature for 2 hours before quenching with saturated sodium carbonate
(65mL) and extract with dichloromethane (3 x 50 mL). The combined organic phases
were washed with saturated brine (40 mL) and dried over MgSQ4. The solvent was

evaporated in vacuo to give (1.000g, 3.376mmol, 84%) of (7.3.1.1) as a brownish solid
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which was used without further purification, To synthesized compound (7.6.1.2),
(0.557g, 1.880mmol) of (7.3.1.1.) were dissolved in (9mL) of dichloromethane to obtain
a clear solution before adding (3mL) of 4N HCL in dioxane solvent ratio and stirred
overnight at room temperature, visible formation of white solid was observed, which
was filtered, washed with pet ether and dried to obtain the desired white solid.(0.464g,
1.712mmol, 91% vyield)

'H NMR (600 MHz, DMSO) 6 6.82 (t, J = 5.8, 5.8 Hz, 1H), 6.70 (d, J = 2.9 Hz, 1H), 6.67 —
6.59 (m, 2H), 3.73 (s, 2H), 3.64 (s, 3H), 3.03 (g, / = 6.3, 6.3, 6.3 Hz, 2H), 2.52 (t, J = 6.5,
6.5 Hz, 2H), 1.36 (s, 9H).

13C NMR (151 MHz, DMSO) & 155.66, 151.83, 150.72, 125.22, 115.65, 114.21, 112.73,
77.56, 55.29, 49.99, 48.02, 28.27.

(HRMS + TOF MS ES+) calculated CisH24N204: 296.17, observed: 297.1832.

'H NMR (600 MHz, DMSO) 6 9.78 (s, 1H), 9.59 (s, 2H), 8.43 (s, 3H), 7.13 (d, J = 3.0 Hg,
1H), 6.89 (d, /= 8.9 Hz, 1H), 6.84 — 6.79 (m, 1H), 4.09 (s, 2H), 3.69 (s, 2H), 3.23 —3.17 (m,
3H).

13C NMR (151 MHz, DMSO) & 151.93, 149.70, 118.11, 116.50, 116.24, 116.00, 55.50,
44.98, 43.60, 35.22.

(HRMS + TOF MS ES+) calculated CioH1sN202: 196.25, observed: 197.1278.

7.3.2.1. Synthesis of non-Symmetric salan ligand

3-(((2-((2-hydroxy-5-methoxybenzyl) amino) ethyl) amino) methyl) naphthalen-2-ol

| 1. Dry MeOH, 76 C NN
o NH, - Dry MeOH, 7
NN o” 2.0.100 Molecular sieve \
H O OH HO
+ 3.94%, 2hrs
OH HO

2HCI
(7.3.2.1)

(7.3.1.2)

Scheme 7.3.2.1. Synthetic route for the synthesis of non-Symmetric salen Ligand.

The above named Non-symmetric salan ligand was synthesized using the modified
protocol of Loving?®? and Thiele3®® with one step, (0.898g, 3.3mmol, 1eq) of (7.3.1.2.)
was placed in a 100ml RBF containing 0.100g activated molecular sieve and 20mL of dry
methanol under stirring at room temperature, (0.919mL, 6.6mmol, 2eq) of
triethylamine was added stepwise and stirred for 15 minutes before adding (0.568g,
3.3mmol, leq) of 2-hydroxy-napthalene carbaldehyde and refluxed for two hours at
76°C. Upon reaction completion, the solution was allowed to cool to room temperature

before adding slowly and stepwise (0.499g, 13.2mmol, 4eq) of sodium borohydride and
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stirring continued at room temperature for 2hrs, the reduction process was quenched
using 75ml of ice/cold water and 3ml of methanol added and the RBF was left overnight
in a Fume hood for the desired compound to crystalize out to obtain a yellowish solid
(7.3.2.1).(1.098g, 3.115mmol, 94% yield).

'H NMR (600 MHz, DMSO) 6 7.87 (d, J = 8.5 Hz, 1H), 7.76 (d, J = 8.1 Hz, 1H), 7.67 (d, J =
8.8 Hz, 1H), 7.44 —7.38 (m, 1H), 7.28 = 7.22 (m, 1H), 7.01 (d, J = 8.8 Hz, 1H), 6.72 (s, 1H),
6.68 — 6.60 (m, 2H), 4.27 (s, 2H), 3.75 (s, 2H), 3.64 (s, 3H), 2.72 (t, J = 6.1, 6.1 Hz, 2H),
2.66 (t,/=6.1, 6.1 Hz, 2H).

13C NMR (151 MHz, DMSO) & 156.09, 152.00, 150.77, 132.85, 128.53, 127.94, 126.32,
122.25, 121.96, 119.12, 115.79, 114.39, 113.86, 112.88, 55.44, 50.16, 48.01, 47.63,
45.79.

(HRMS + TOF MS ES+) calculated C»1H24N203: 352.430, observed: 353.1866.

7.3.3.1. Synthesis of the half unit for non-Symmetric salan ligand

2-((2-aminoethyl) amino)-4- (methyl thio) phenol

1: MeOH, 76 °C, 24 h ‘

o | H - ‘
| . S N._ 4MHCIin dioxane/CH,CI
Boc. ~_NH, s 2: NaBH4, RT, 2 h \©\/\N/\/ Boo S\©\/\N/\/NH2
N + H _— H
H o (65%) OH RT OH «2HCI

(83%) 24 h
(7.6.3.1) (7.3.3.1) (7.3.3.2)

Scheme 7.3.3.1. Synthetic route for the synthesis of the half unit of non-Symmetric

Salan Ligand.

4 NMR (600 MHz, DMSO) & 7.21 (d, J = 2.4 Hz, 1H), 7.19 — 7.14 (m, 1H), 6.98 — 6.93 (m,
1H), 6.80 (d, J = 8.3 Hz, 1H), 5.61 (s, 2H), 3.88 (s, 2H), 3.16 (d, J = 6.2 Hz, 2H), 2.65 (s, 1H),
2.50 (s, 3H), 1.49 (s, 9H).

13C NMR (151 MHz, DMSO) & 156.11, 156.09, 129.32, 128.50, 125.94, 125.84, 116.53,
78.00, 50.12, 48.41, 40.47, 40.03, 28.69, 28.55, 17.63.

(HRMS + TOF MS ES+) calculated Ci15H24N203S: 312.430, observed: 312.1655.

14 NMR (600 MHz, DMSO) & 7.47 (d, J = 2.4 Hz, 1H), 7.21 —7.17 (m, 1H), 6.96 (d, J = 8.4
Hz, 1H), 4.09 (s, 2H), 3.38 (s, 3H), 3.18 (s, 1H), 2.42 (s, 3H).

13C NMR (151 MHz, DMSO) & 154.33, 131.14, 130.16, 126.53, 118.75, 116.26, 44.77,
43.73, 35.24, 16.80.

(HRMS + TOF MS ES+) calculated CioH16N20S: 212.310, observed: 213.1066.
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The name half-unit of (7.3.3.2.) was synthesized following a similar protocol to obtained
(0.300g, 0.960mmol, 65%) of (7.6.3.1) and (0.212g, 0.737mmol, 83%) of (7.6.3.2.) white
solid.

7.3.4.1. Synthesis of non-Symmetric salan ligand

3-(((2-((2-hydroxy-5-(methyl thio) benzyl) amino) ethyl) amino) methyl) naphthalen-2-ol

| 1. Dry MeOH, 76 C NN
S NH - Dry MeOH,
NN o~ 2.0.100 Molecular sieve \ O
H S OH HO
+ 3. 84%, 2hrs

OH .2HCI HO
(7.3.4.1)

(7.3.3.2)

Scheme 7.3.4.1. Synthetic route for the synthesis of non-symmetric salan Ligand.

The above-named non-symmetric salen ligand was synthesized following similar
protocol to obtained (0.718g, 1.948mmol, 84%) of (7.3.3.1) which was yellowish solid.
'H NMR (600 MHz, DMSO) 6 7.88 (d, J = 8.6 Hz, 1H), 7.76 (d, J = 8.1 Hz, 1H), 7.67 (d, J =
8.8 Hz, 1H), 7.44 — 7.38 (m, 1H), 7.28 = 7.22 (m, 1H), 7.17 (t, J = 4.9, 4.9 Hz, 1H), 7.07 -
6.99 (m, 2H), 6.72 — 6.66 (m, 1H), 4.27 (s, 2H), 3.77 (d, J = 6.1 Hz, 2H), 2.75 - 2.70 (m,
2H), 2.69 —2.64 (m, 2H), 2.36 (d, J = 14.8 Hz, 3H).

13C NMR (151 MHz, DMSO) 6 156.32, 156.03, 155.32, 133.14, 129.36, 128.80, 128.48,
128.22, 126.59, 122.53, 122.25, 119.39, 116.51, 116.35, 114.16, 50.14, 48.22, 47.88,
46.02,17.62, 17.53.

(HRMS + TOF MS ES+) calculated C21H24N20,S: 368.50, observed: 367.1634.

7.3.5.1. Synthesis of non-Symmetric salan ligand
3-(((2-((2-hydroxy-5-(trifluoromethoxy) benzyl) amino) ethyl) amino) methyl)
naphthalen-2-ol

(I:FS 1. Dry MeOH, 76 C NHRN

0. NH . Dry MeOH,

NN o 2.0.100 Molecular sieve CFs O

H O OH HO

+ 3.96%, 2hrs

OH .2HCI HO
(7.3.5.1)
(7.5.1.2.)

Scheme 7.3.5.1. Synthetic route for the synthesis of non-Symmetric salen Ligand.
The above-named non-symmetric salen ligand was synthesized following similar
protocol to obtained (0.906g, 2.229mmol, 96%) of (7.6.5.1) which was light yellowish

solid.
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H NMR (600 MHz, DMSO) 6 7.94 (d, J = 8.6 Hz, 1H), 7.79 (d, J = 8.1 Hz, 1H), 7.74 (d, J =
8.8 Hz, 1H), 7.45(t, J = 7.7, 7.7 Hz, 1H), 7.28 (t, /= 7.5, 7.5 Hz, 1H), 7.23 - 7.18 (m, 1H),
7.12 (s, 1H), 7.07 (dd, J = 8.7, 2.9 Hz, 1H), 6.82 (d, J = 8.7 Hz, 1H), 4.35 (s, 3H), 3.79 (s,
2H), 2.87 (d, J =12.4 Hz, 2H), 2.76 (t, / = 6.2, 6.2 Hz, 2H).

13C NMR (151 MHz, DMSO) & 156.34, 156.24, 133.04, 128.68, 128.10, 126.86, 126.46,
122.40, 122.12, 121.68, 120.77, 119.76, 119.30, 116.26, 114.07, 49.39, 48.11, 47.84,
45.88, 40.34.

1F NMR (376 MHz, DMSO) 6 -57.20.

(HRMS + TOF MS ES+) calculated C21H21N20;F3: 406.41 observed: 407.1569.

7.4. Chapter 3: Synthetic procedure
7.4.1.2. Synthesis of 1R,2R Chiral ligand with cyclo-backbone
2,2'-(((1R,2R)-cyclohexane-1,2-diylbis(azanediyl)) bis (methylene)) bis (4-

(trifluoromethoxy)phenol)

O‘ ~N N= NH HN
NH, O\CF 1: MeOH, reflux, 3 h NaBH, RT 2h
O: + 3 280C 0 OH HO O —— ™ 0 OH HO Q
NH,  HO 98% CFy CFy  (94%) CFy CFy

(7.41.1) (7.41.2)

Scheme 7.4.1.2. Synthetic route for the synthesis of the 1R,2R (7.4.1.2) Chiral ligand.

The above-named compounds were synthesized as a novel chiral ligand by modifying
the procedure described by Loving.(1.00g , 8.75mmol, 1leq) of (R,R)-(-)-1,2-
diaminocyclohexane was dissolved in a 15mL of MeOH in a 100 ml RBF and stirred at
RT for 10mins before adding slowly (2.45ml, 17.51mmol ,2eq) of 2-hydroxy-5-
triflouromethoxybenzaldehyde and refluxed for 2 hours at 80°C. Upon reaction
completion, the solution was allowed to cool to RT before filtering to obtain a yellowish
solid and washing with cold MeOH to obtained (4.209g, 8.68mmol, 98% vyield) (7.4.1.1.)
TO synthesized (7.4.1.2.), the unreduced version (7.4.1.1.) (2.00g, 4.078mmol, 1eq) was
dissolved in a 10mL of MeOH in a 100mL RBF and stirred for 15 minutes to obtain a clear
solution, NaBH4 (0.463g, 12.23mmol, 3eq) was added stepwise. The stirring continued

under room temperature for 2 hours, before quenching the reaction with icy cold water
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and 5mL of MeOH to obtain a white crystalline solid through suction filtration, dried,
and weighed (1.892g, 4.03mmol, 94% yield).

'H NMR (600 MHz, DMSO) &6 13.41 (s, 2H), 8.53 (s, 2H), 7.43 (d, J = 3.0 Hz, 2H), 7.28 (dd,
J=9.0, 3.0 Hz, 2H), 6.90 (d, J = 9.0 Hz, 2H), 3.47 —3.41 (m, 2H), 1.91 - 1.86 (m, 2H), 1.82
—1.76 (m, 2H), 1.65 - 1.59 (m, 2H), 1.50 — 1.41 (m, 2H).

13C NMR (151 MHz, DMSO) & 164.06, 159.39, 139.77, 139.76, 125.60, 123.69, 122.71,
121.02,119.32,118.71, 117.98, 117.63, 71.08, 40.06, 32.25, 23.64.

1F NMR (376 MHz, DMSO) & -57.62.

(HRMS + TOF MS ES+) calculated C22H20N204Fs: 490.40, observed: 491.1416.

'H NMR (600 MHz, DMSO) &6 7.14 (d, J = 3.1 Hz, 2H), 7.01 (dd, J = 8.8, 2.9 Hz, 2H), 6.75
(d, J=8.8 Hz, 2H), 3.82 (d, J = 14.6 Hz, 2H), 3.71 (d, J = 14.5 Hz, 2H), 2.29 (d, / = 8.8 Hz,
2H), 2.02 - 1.97 (m, 2H), 1.65 - 1.60 (m, 2H), 1.16 (t, / = 10.1, 10.1 Hz, 2H), 1.07 (d, J =
10.8 Hz, 2H).

13C NMR (151 MHz, DMSO) 6 155.86, 140.14, 127.61, 121.18 (d, J = 12.9 Hz), 120.28,
115.89, 59.87, 46.07, 30.17, 24.20.

1F NMR (376 MHz, DMSO) 6 -57.29.

(HRMS + TOF MS ES+) calculated C22H24N204Fs: 494.43. observed: 495.1721.

7.4.2.2. Synthesis of 1S,2S Chiral ligand with cyclo-backbone
2,2'-(((1S,2S)-cyclohexane-1,2-diylbis(azanediyl)) bis (methylene)) bis (4-

(trifluoromethoxy)phenol)

O\ 1: MeOH, reflux, 3 h N = N
WNHy o\CF zlsoec » reflux, NaBH, RT 2h RT 2h
_ * : o OH HO 0 OH HO
NH,  HO 94% CF, (98%)

CFs (7.424) (742.2)

Scheme 7.4.2.2. Synthetic route for the synthesis of the 1S,2S (7.4.2.2) Chiral ligand.

The above-named compound was synthesized according to the general known procedure in
7.4.1.2. above, yellowish solid (4.017g, 8.191mmol, 94% yield) (74.2.1.) and whitish solid
(1.980g, 4.006mmol, 98% yield) (7.4.2.2).
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1H NMR (600 MHz, DMSO) 6 13.35 (s, 2H), 8.53 (s, 2H), 7.43 (d, J = 3.0 Hz, 2H), 7.27 (dd,
J=9.0, 3.0 Hz, 2H), 6.90 (d, / = 9.0 Hz, 2H), 3.47 —3.39 (m, 2H), 1.90 — 1.85 (m, 2H), 1.78
(dd, J=7.2,3.8 Hz, 2H), 1.62 (d, J = 13.2 Hz, 2H), 1.49 — 1.40 (m, 2H).
13C NMR (151 MHz, DMSO) & 164.27, 159.63, 139.99, 125.82, 123.90, 122.93, 121.24,
119.54, 118.91, 118.20, 117.85, 71.29, 40.20, 32.46, 23.84.
1F NMR (376 MHz, DMSO) & -57.63.

(HRMS + TOF MS ES+) calculated C22H20N204Fs: 490.43. observed: 491.1390.

'H NMR (600 MHz, DMSO) & 7.21 (d, J = 3.1 Hz, 2H), 7.09 — 7.04 (m, 2H), 6.81 (d, J = 8.8
Hz, 2H), 3.94 - 3.66 (m, 4H), 2.39 (d, J = 6.9 Hz, 2H), 2.04 (d, /= 11.2 Hz, 2H), 1.67 - 1.63
(m, 2H), 1.15 (p, J = 11.6, 11.6, 11.4, 11.4 Hz, 4H).

13C NMR (151 MHz, DMSO) & 156.33, 140.29, 127.95, 121.50, 121.42, 120.54, 116.20,
60.15, 46.35, 30.47, 24.50.

19F NMR (376 MHz, DMSO) 6 -57.31.

(HRMS + TOF MS ES+) calculated C22H24N204Fs: 494.43, observed: 495.1727.

7.4.3.2. Synthesis of 1S,2R Chiral ligand with cyclo-backbone
2,2'-(((1S,2R)-cyclohexane-1,2-diylbis(azanediyl)) bis (methylene)) bis (4-

(trifluoromethoxy)phenol)

=N  N=

i 1: MeOH, reflux, 3 h NH BN
NH, o\CF3 I aoec » retiux, NaBH, RT 2h
+ o OH HO Q — ——> 0 OH HO
NH, HO 74% CF,4 CF, 91% CF,4

(7.4.3.1) (7.4.3.2)

O
2 > \
CF3

Scheme 7.4.3.2. Synthetic route for the synthesis of the 1S,2R (7.4.3.2) Chiral ligand.

The named compound was synthesized following a similar protocol as stated above in
7.4.1.2. yellowish solid (3.174g, 6.472mmol, 74% yield) (74.3.1.) and whitish solid
(1.460g, 2.952mmol, 91% vyield) (7.4.3.2).

14 NMR (600 MHz, DMSO) & 13.41 (s, 2H), 8.53 (s, 2H), 7.43 (d, J = 3.0 Hz, 2H), 7.30 -
7.25 (m, 2H), 6.90 (d, J = 9.0 Hz, 2H), 3.46 — 3.41 (m, 2H), 1.91 — 1.85 (m, 2H), 1.81 —
1.76 (m, 2H), 1.65 — 1.58 (m, 2H), 1.49 — 1.41 (m, 2H).

13C NMR (151 MHz, DMSO) & 164.32, 159.65, 140.02, 125.86, 123.95, 122.96, 121.27,
119.58, 118.97, 118.23, 117.89, 71.34, 32.50, 23.89.

1F NMR (376 MHz, DMSO) 6 -57.63.

(HRMS + TOF MS ES+) calculated C22H20N204Fs: 490.40. observed: 491.1416.
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1H NMR (600 MHz, DMSO) & 7.16 (d, J = 3.0 Hz, 2H), 7.05 — 7.00 (m, 2H), 6.76 (d, J = 8.7
Hz, 2H), 3.83 (d, J = 14.6 Hz, 2H), 3.72 (d, J = 14.6 Hz, 2H), 2.33 —2.28 (m, 2H), 2.03 - 1.97
(m, 2H), 1.65 — 1.60 (m, 2H), 1.16 (t, J = 10.3, 10.3 Hz, 2H), 1.07 (d, J = 10.7 Hz, 2H).

13C NMR (151 MHz, DMSO) & 155.72, 140.20, 127.59, 122.81, 121.23, 121.13, 120.30,
119.44, 117.75, 115.87, 59.85, 46.04, 30.15, 24.19.

13F NMR (376 MHz, DMSO) 6 -57.30.

(HRMS + TOF MS ES+) calculated Ca2H24N204F6: 494.43. observed: 495.1727.

7.4.4.2. Synthesis of 1R,2R Chiral ligand with cyclo-backbone
6,6"-(((1R,2R)-cyclohexane-1,2-diylbis(azanediyl)) bis (methylene)) bis (2-methylphenol)

O\ 1: MeOH, reflux, 3 h N N= NH HN
e 2'soec T NaBH, RT 2h RT 2h
+ OH HO OH HO
NH, HO (89%) (88%)
F F F

(7.4.4.1) (7 44. 2)

Scheme 7.4.4.2. Synthetic route for the synthesis of the 1S,2R (7.4.4.2.) Chiral ligand.

The above name compound was synthesized using the same protocol as described
above, (0.5000g, 4.374mmol, 1eq) of (1R,2R)-(+)-1,2-diphenylethelenediamine was
placed in a 100ml RB flask containing 15ml of MeOH and stirred for 15 mins to obtained
a clear dissolved solution before slowly adding (1.226g, 8.750mmol, 2eq) of 2-hydroxy-
3-flourobenzaldehyde and refluxed for two hours at 80°C. Upon reaction completion,
the solution was allowed to cool to RT and suction filtered to have desired vyield
yellowish solid (1.391g, 1.743mmol, 89% vyield) (7.4.4.1)

To synthesized (7.4.4.2.), aminative reduction of (7.4.4.1) was carried out, (0.794g,
2.216mmol, 1leq) of (7.4.4.1) was dissolved in a 100ml RBF containing 10mL of MeOH
and stirred to obtained a clear solution before adding stepwise (0.252g, 6.65mmol, 3eq)
of sodium borohydride and stirring continues under RT for 2hrs, the reaction was
guenched with icy cold water and 5mL of MeOH to obtain a whitish crystalline flakes

under suction filtration, dried, and weighed (0.707g, 1.950mmol, 88% yield).
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H NMR (600 MHz, DMSO) 6 13.90 (s, 2H), 8.57 (s, 2H), 7.27 — 7.20 (m, 2H), 7.20 — 7.16
(m, 2H), 6.78 = 6.72 (m, 2H), 3.55 — 3.48 (m, 2H), 1.95 - 1.90 (m, 2H), 1.80 (tq, / = 7.7,
7.7,5.0,4.0,4.0 Hz, 2H), 1.68 — 1.60 (m, 2H), 1.50 — 1.42 (m, 2H).

13C NMR (151 MHz, DMSO) & 165.32, 165.30, 151.50, 150.48, 150.39, 149.89, 127.12,
127.10, 119.91, 119.88, 118.63, 118.51, 117.42, 117.38, 70.19, 32.25, 23.62.

19F NMR (376 MHz, DMSO) 6 -138.27.

(HRMS + TOF MS ES+) calculated C20H20N20;F2: 358.15. observed: 359.1588.

'H NMR (600 MHz, DMSO) 6 7.03 — 6.96 (m, 2H), 6.91 (d, J = 7.6 Hz, 2H), 6.65 (td, /= 7.8,
7.8, 4.9 Hz, 2H), 3.91 (d, J = 13.9 Hz, 2H), 3.82 (d, J = 13.9 Hz, 2H), 2.40 (s, 2H), 2.01 (s,
2H), 1.63 (s, 2H), 1.17 (s, 4H).

13C NMR (151 MHz, DMSO) & 152.38, 150.80, 146.01, 145.93, 128.10, 128.08, 124.17,
124.15, 117.62,117.58, 114.58, 114.46, 59.19, 47.00, 46.98, 29.57, 24.08.

1F NMR (376 MHz, DMSO) 6 -137.83.

(HRMS + TOF MS ES+) calculated CaoH2aN20;F2: 362.41. observed: 363.1912.

7.4.5.2. Synthesis of 1S,2S Chiral ligand with cyclo-backbone
6,6"-(((1S,2S)-cyclohexane-1,2-diylbis(azanediyl)) bis (methylene)) bis (2-methylphenol)

0 = = NH HN
\NH, 1: MeOH, reflux, 3 h NaBH, RT 2h
O- + 280¢ OH HO —_—— OH HO
‘NH,  HO (80%) o
F F F

(7.45.1) (7 4.5. 2)

Scheme 7.4.5.2. Synthetic route for the synthesis of the 1S,2S (7.4.5.2.) Chiral ligand.

The named compound was synthesized following the similar protocol as stated above.
yellowish solid (1.249g, 3.485mmol, 80% vyield) (74.5.1.) and whitish solid (0.904g,
2.494mmol, 89% vyield) (7.4.5.2).

H NMR (600 MHz, DMSO) & 13.90 (s, 2H), 8.57 (s, 2H), 7.26 — 7.20 (m, 2H), 7.18 (d, J =
7.8 Hz, 2H), 6.78 — 6.72 (m, 2H), 3.53 —3.47 (m, 2H), 1.94 — 1.88 (m, 2H), 1.81—1.76 (m,
2H), 1.67 — 1.59 (m, 2H), 1.49 — 1.40 (m, 2H).

13C NMR (151 MHz, DMSO) & 165.44, 165.42, 151.63, 150.59, 150.51, 150.02, 127.25,
127.23, 120.06, 120.03, 118.75, 118.64, 117.56, 117.52, 70.35, 32.38, 23.74.

19F NMR (376 MHz, DMSO) & -138.40.
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(HRMS + TOF MS ES+) calculated CaoH20N20;F»2: 358.15. observed: 359.1588.

1H NMR (600 MHz, DMSO) & 7.01 — 6.96 (m, 2H), 6.90 (d, J = 7.6 Hz, 2H), 6.67 — 6.61 (m,
2H), 3.91 (d, J = 13.9 Hz, 2H), 3.82 (d, J = 13.9 Hz, 2H), 2.43 — 2.37 (m, 2H), 2.00 (d, J =
10.3 Hz, 2H), 1.63 (d, J = 8.9 Hz, 2H), 1.21 — 1.11 (m, 4H).

13C NMR (151 MHz, DMSO) & 152.24, 150.65, 145.86, 145.78, 127.97, 127.95, 124.03,
124.01, 117.48, 117.44,114.44,114.32, 59.05, 46.85, 29.44, 23.93.

1F NMR (376 MHz, DMSO) 6 -137.82.

(HRMS + TOF MS ES+) calculated C20H24N202F2: 362.41. observed: 363.1873.

7.4.6.2. Synthesis of 1R,2S Chiral ligand with cyclo-backbone

6,6 ’-(((1R,ZS)-cyclohexane-l,2-diylbis(azanediyl)) bis (methylene)) bis (2-methy/pheno/)

? 1: MeOH, reflux, 3 h N" NH HN
WNH;, 2. 3oec , reflux, NaBH4 RT 2h
+ OH HO " OH HO
NH, HO (73%) (7:;/o
F

u4sn u4sm

Scheme 7.4.6.2. Synthetic route for the synthesis of the 1S,2R (7.4.6.2.) Chiral ligand.

The name compound was synthesized following similar protocol to obtained yellowish
solid (0.571g, 1.594mmol, 73% vyield) (74.6.1.) and whitish solid (0.391g, 1.078mmol,
78% vield) (7.4.6.2).

1H NMR (600 MHz, DMSO) & 13.83 (s, 2H), 8.57 (s, 2H), 7.26 — 7.20 (m, 2H), 7.18 (d, J =
7.8 Hz, 2H), 6.78 = 6.72 (m, 2H), 3.55 —3.47 (m, 2H), 1.95 — 1.89 (m, 2H), 1.82 — 1.77 (m,
2H), 1.66 —1.61 (m, 2H), 1.50 —1.41 (m, 2H).

13C NMR (151 MHz, DMSO) & 165.34, 165.32, 151.50, 150.51, 150.42, 149.89, 127.14,
127.12,119.91, 119.88, 118.64, 118.53,117.42,117.38, 70.17, 32.25, 23.63.

1F NMR (376 MHz, DMSO) 6 -138.25.

(HRMS + TOF MS ES+) calculated CaoH20N20;F;: 358.15. observed: 359.1588.

4 NMR (600 MHz, DMSO) & 7.02 — 6.96 (m, 2H), 6.90 (d, J = 7.5 Hz, 2H), 6.68 — 6.61 (m,
2H), 3.91 (d, J = 13.9 Hz, 2H), 3.82 (d, J = 13.9 Hz, 2H), 2.42 — 2.38 (m, 2H), 2.00 (d, J =
10.5 Hz, 2H), 1.66 — 1.61 (m, 2H), 1.21 — 1.13 (m, 4H).

13C NMR (151 MHz, DMSO) & 152.26, 150.67, 145.89, 145.82, 127.96, 124.05, 124.03,
117.48,117.44,114.46, 114.34, 59.05, 46.85, 29.44, 23.95.

°F NMR (376 MHz, DMSO) 6 -137.84.

(HRMS + TOF MS ES+) calculated C20H24N20;F2: 362.42. observed: 363.1873.
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7.4.7.1. Synthesis of symmetric Zn?* complexes. [ZnOCF3(1R.2R)]

NH HN 1: MeOH, reflux, 1 h
2 76 C, Na,CO
3.2Zn(NO3) 6H,0, 51%

(7.4.1.2)

Scheme 7.4.7.1. Synthetic route for the synthesis of the Zinc complex [Zn-1-RR)].

Ligand (50 mg, 0.10mmol, 1eq) of (7.4.1.2) was dissolved in MeOH (5 mL) and stirred at
room temperature for 10 minutes to obtain a clear solution before adding zinc nitrate
hexahydrate. (60mg, 0.20mmol, 2eq) and seconded with sodium carbonate (11mg,
0.10mmol, 1eq) and the reaction mixture was heated at reflux for 1 hours at 76°C. The
mixture was cooled to room temperature and filtered, kept in a vial covered with thin
film to allow for slow evaporation and growth of crystals, crystals obtained were whitish

and suitable for XRD measurements with 56% yield.

7.4.8.1. Synthesis of symmetric Zn?* complexes. [ZnOCF3(1S.ZS)]

NH HN 1: MeOH, reflux, 1 h
2 76 C, Na,CO,4
0 OH HO 0, .
CF, CF, 3.Zn(NO;) 6H,0, 47%

(7.4.2.2)

Scheme 7.4.8.1. Synthetic route for the synthesis of the Zinc complex [Zn-1-SS)].

The name Zinc complex of [ZnOCF3(1S.2S)] was synthesized following similar protocol
to obtained bright whitish coloured needle-like crystals suitable for XRD measurements

with 61% vyield.

7.4.9.1. Synthesis of symmetric Zn?* complexes. [ZnOCF3(1S.2R)]

Q H\ Q /H
NH HN 1: MeOH, reflux, 1 h N‘z/N
2 76 C, Na,CO AN
pdw HO 0 —— pdo 0 0
CF3 CF3 3. Zn(N03) GHZO, 49% CF3 CF3

(7.4.3.2)

Scheme 7.4.9.1. Synthetic route for the synthesis of the Zinc complex [Zn-1-rac)].
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The name Zinc complex of [ZnOCF3(1S.2R)] was synthesized following similar protocol
to obtained bright whitish coloured needle-like crystals suitable for XRD measurements
with 51% vyield.

7.4.10.1. Synthesis of symmetric Zn?* complexes. [Zn-F (1R.2R)]

NH HN 1: MeOH, reflux, 1 h N__N
2 76 C, Na,CO, VAN
OH HO o 0
3.Zn(NOg)6H,0 49%
F

u44m

Scheme 7.4.10.1. Synthetic route for the synthesis of the Zinc complex [Zn-2-RR)].

The name Zinc complex of [Zn-F (1R.2R)] was synthesized following similar protocol to
obtained bright whitish coloured needle-like crystals suitable for XRD measurements
with 49% vyield.

7.4.11.1. Synthesis of symmetric Zn?* complexes. [Zn-F (1S.2S)]

H <:>H
NH HN 1: MeOH, reflux, 1 h N N
2 76 C, Na,CO;, AN
OH HO o 0
3.Zn(NO3)6H,0 49%
F F

a45m

Scheme 7.4.11.1. Synthetic route for the synthesis of the Zinc complex [Zn-2-SS)].

The name Zinc complex of [Zn-F (15.2S)] was synthesized following similar protocol to
obtained bright whitish coloured needle-like crystals suitable for XRD measurements
with 59% vyield.

7.4.12.1. Synthesis of symmetric ZnZ* complexes. [Zn-F (1S.2R)]

NH HN 1: MeOH, reflux, 1 h N N
2 76 C, Na,CO, FAN
OH HO o 0
3. Zn(NO4)6H,0 49%
F F

a4sn

Scheme 7.4.12.1. Synthetic route for the synthesis of the Zinc complex [Zn-2-rac].
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The name Zinc complex of [Zn-F (1S.2R)] was synthesized following similar protocol to
obtained bright whitish coloured needle-like crystals suitable for XRD measurements

with 47% vyield.

7.5. Chapter 4: Synthetic procedure

7.5.1.2. Synthesis of Half unit for HzoctP-°F3)salox

2-(((2-aminoethyl) amino) methyl)-4-(trifluoromethoxy)phenol

o CF, 1:MeOH,76°C,24h  CF3 H - GFs
‘ (5 3 > NaBH. RT 2h é ~UN 4M HClI in Dioxane/CH,CI (‘) A~ NH,
. 4, ) ~
N ij \@fu Boo \@\”u
H o (89%) OH RT OH -2HCI

(96%) 24 h
(7.5.1.1.) (7.5.1.2)

Scheme 7.5.1.2. Synthetic route for the half unit of HsoctP0F3)salox

The above-named compound was synthesized using a modified procedure as described
by Loving et al*®? (1.1mL, 8mmol, 1eq) of 2-hydroxy, 5-trifluoromethoxy benzaldehyde
in 15mL of methanol was placed inside a 100mL round bottom flask, and (1.26mL,
8mmol, 1eq ) of tertiary butyl carbamate was added and the mixture stirred at reflux for
24 hours, the reaction mixture was cooled to room temperature before adding stepwise
NaBH4 (0.908 g, 24 mmol, 3eq) in small portions over 20 minutes. The reaction was
further stirred at room temperature for 2 hours before quenching with saturated
sodium carbonate (65mL) and extracted with dichloromethane (3 x 50 mL). The
combined organic phases were washed with saturated brine (40 mL) and dried over
MgSQ4. The solvent was evaporated in vacuo to obtained (1.983g, 5.66mmol, 71%) of
(7.5.1.1) as a brownish solid which was used without further purification, (1.632g,
4.659mmol,) of (7.5.1.1) were dissolved in (9mL) of dichloromethane to obtain a clear
solution before adding (3mL) of 4N HCL in dioxane solvent ratio and stirred overnight at
room temperature, visible formation of white solid was observed, which was filtered,
washed with pet ether and dried to obtain the desired white solid.(1.474g, 4.532mmol,
97% vyield)

14 NMR (600 MHz, DMSO) & 7.13 (d, J = 3.0 Hz, 1H), 7.07 — 7.02 (m, 1H), 6.85 — 6.80 (m,
1H), 6.77 (d, J = 8.7 Hz, 1H), 3.77 (s, 2H), 3.07 — 3.00 (m, 2H), 2.57 — 2.48 (m, 3H), 1.37 (s,
9H).
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13C NMR (151 MHz, DMSO) & 155.95, 155.68, 140.25, 126.43, 121.30, 120.46, 119.45,
115.95, 77.57, 48.98, 48.08, 28.24.

%F NMR (376 MHz, DMSO) 6 -57.69.

(HRMS + TOF MS ES+) calculated Ci1sH21N204F3: 350.34, observed: 351.1538.

14 NMR (600 MHz, DMSO) & 10.79 (s, 1H), 9.60 (s, 2H), 8.39 (s, 3H), 7.52 (d, J = 3.0 Hz,
1H), 7.28 — 7.23 (m, 1H), 7.07 (d, J = 8.9 Hz, 1H), 4.14 (s, 2H), 3.37 (s, 2H).

13C NMR (151 MHz, DMSO) & 155.25, 140.10, 124.46, 123.46, 119.38, 119.23, 116.38,
44.55, 43.89, 35.22.

1F NMR (376 MHz, DMSO) 6 -57.22.

(HRMS + TOF MS ES+) calculated C10H13N20;F3: 250.22, observed: 251.0995.

7.5.2.1. Synthesis of the precursor

2-(((2-((2-hydroxy-5-(trifluoromethoxy)benzyl)amino)ethyl)amino)methyl)quinolin-8-ol

GFs NH HN
| Dry MeOH 76'C
o N/\/NH2 X 0.100g Molecular sieves CFs 7N\
H + _ o ©1%) (0] OH N
=
OH .2HCI voan

N
HO
(7.5.2.1)

(7.5.1.2.) OH

Scheme 7.5.2.1. Synthetic route for the precursor HzoctP-0Flsglox

The above named precursor for water-soluble ligand was synthesized using the
modified procedures of Loving3®? and Thiele3** with one step, (1.000g, 3.093mmol, 1eq)
of 2-hydroxy-5-triflouromethoxybenzaldehyde was placed in a 100ml RB flask
containing 0.100g activated molecular sieve and dry methanol under stirring at 72°C,
(0.862ml, 6.187mmol, 2eq) of triethylamine was added stepwise and stirred for 15
minutes before adding (0.535g, 3.093mmol, 1eq) of 8-Hydroxyquinoline-2-carbaldehyde
and refluxed for two hours at 72°C. Upon reaction completion, the solution was allowed
to cool to room temperature before adding slowly and stepwise (0.468g, 12.37mmol,
4eq) of sodium borohydride and stirring continuously at room temperature for 2hrs, the
reduction process was quenched using 75ml of ice/cold water and 3ml of methanol
added and the RBF was left overnight in a Fume hood for the desired compound to
crystalize out to obtain a yellowish solid (7.5.2.1).(1.143g, 2.80mmol, 91% yield).

H NMR (600 MHz, DMSO) 6 8.26 — 8.22 (m, 1H), 7.55 — 7.52 (m, 1H), 7.40 — 7.32 (m,
2H), 7.14 - 7.02 (m, 3H), 6.75 (s, 1H), 3.99 (s, 2H), 3.82 (s, 2H), 2.74 — 2.60 (m, 4H).
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13C NMR (151 MHz, DMSO) & 158.70, 156.56, 152.88, 137.47, 136.21, 127.61, 126.81,
126.10,121.30, 120.97, 120.53, 117.45, 116.10, 111.02, 54.61, 49.55, 48.29, 47.97.

F NMR (376 MHz, DMSO) 6 -57.23.

(HRMS + TOF MS ES+) calculated Ca0H20N303F3: 407.39. observed: 407.491.1550.

7.5.3.1. Synthesis of water-soluble ligand

&V —~ o
% NH  NH, I\
A( NaBH; (3 eq), NH HN‘< 4N HCI Dioxane, RT 24 hours . N
S e B Al o
i T OH
%/ Y ~ g Y 0 RT2hours . om o, o
Reflux 68 °C, 3 hours g\ cF, 67% yield
- 3 Compound A
o OH
= MeOH, -H,0 oF.
3
) 4N HCI Dioxane, 98% yield EN@ea) | oH, H,0
HO o, 76%yield _ RT24hous Reflux 68 °C 2 hours | MeOH: -1z
CF,
NaBH, (4 e q

- (721)
27% yield Harry's synthetic route in black

oH oH > / RT 2 hou

I~ /% NaBH, 4 ),

o N N o AN HCI Q ° NH HN RT 2 ho

Dioxane, RT }—\/—\/—< N disopropytryiamin (2.2 ).
720\ 36 hours J N N o tertbutyl bromoacetate (3 eq
o OH N -— CFs
CF/ Hexane 3 ‘ itrile.
s on 0 oH NN RT 24 n s N
CF{
o 91% yield
yie
(7.2.3) (7.2.2) Compound B

Nsikak's synthetic route in blue

Scheme 7.5.3.1. Synthetic route for the synthesis of HzoctP°3)salox

2-((2-((carboxymethyl)((8-hydroxyquinolin-2-yl) methyl) amino) ethyl) (2-hydroxy-5-
(trifluoromethoxy)benzyl) amino) acetic acid.

To synthesize (7.5.3.1.), (2.00g, 4.91mmol, 1leq) of (7.5.2.1.) was dissolved in a 250mL
RB flask containing 25mL of dry acetonitrile under stirring for 5 minutes to obtain a clear
solution before adding stepwise (1.85mL, 10.8mmol, 2.2eq) of N, N-
Diisopropylethylamine as a base under stirred for 10 minutes, then(2.17mL, 14.7mmol,
3eq) of Tert-butyl bromoacetate in 10mL of dry acetonitrile was added slowly to the
reaction flask under stirring, the mixture was stirred at room temperature under
nitrogen overnight to obtained crude sample, crude sample Purification using CH,Cl; 8:2
MeOH and standard reverse face chromatography using water and acetonitrile both
containing 0.1% formic acid, the column started with 95% water and 5% acetonitrile and
ends at 5% water, 95% acetonitrile to obtained crude of (1.800g, 2.83mmol, 58%) and
it was deprotected using Hexane 6:2 TFA and stirred overnight, filtered to obtained
bright yellowish oily water-soluble compound. To displaced the TFA to HCI, the water
soluble compound (7.5.3.1) was dissolved in distilled water and CH,Cl, was added and
concentrated through rotary evaporator (x3), finally, three drops of 6M HCl and CHCl,

was added and concentrated to obtained the pure water soluble
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compound(7.2.3)(0.400g, 0.764mmol, 27%) with TFA displaced to HCl and with over 96%
purity.

14 NMR (600 MHz, D;0) & 8.73 (d, J = 8.6 Hz, 1H), 7.75 (d, J = 8.6 Hz, 1H), 7.53 (d, J= 7.3
Hz, 2H), 7.20 (d, J = 6.8 Hz, 1H), 7.04 (s, 1H), 6.93 — 6.83 (m, 1H), 6.39 (d, J = 8.9 Hz, 1H),
4.31-4.23 (m, 4H), 3.58 (s, 2H), 3.44 (s, 2H), 3.30 (t, J = 5.6, 5.6 Hz, 2H), 3.21 (d, J = 5.8
Hz, 2H).

13C NMR (151 MHz, D,0) 6 168.56, 147.34, 130.50, 128.78, 124.99, 124.88, 66.45, 54.73,
54.49.

1F NMR (376 MHz, D,0) & -58.55.

(HRMS + TOF MS ES+) calculated C24H24N307F3: 523.47, observed: 524.1661.

7.6. Chapter 5: Synthetic procedure
7.6.1.1. Synthesis of Symmetric Salen ligands
2,2'-((1E,1'E)-(ethane-1,2-diylbis(azanylylidene))bis(methanylylidene))bis(4-

(trifluoromethoxy)phenol)

O J— J—
| o 1:EtOH, reflux, 2h N N
~ 2:76 C, 79% 3
NNz U CFs o OH HO 0,
HO CFs

(7.6.1.1.)

Scheme 7.6.1.1. Synthetic route for the synthesis OCF3 /OCFs (Unreduced)

The above-named compound was synthesized using Davenport3® procedure with little
modifications, ethylenediamine (0.52mL, 8mmol, 1eq) was dissolved in a 100mL RBF
containing 20ml of ethanol under stirring, (2.2ml, 16mmol , 2eq) of 2-hydroxy-5-
trifluoro methoxy benzaldehyde was added slowly and there was an immediate
formation of yellowish solid which re-dissolves shortly on continuous reflux for 2hrs at
76°C, the mixture was placed in an ice bath for 20 minutes and the desired compound
was washed with cold ethanol and dried under vacuum to obtained (2.769g, 6.346mmaol,
79% vyield).

'H NMR (600 MHz, DMSO) & 13.49 (s, 2H), 8.63 (s, 2H), 7.51 (d, J = 3.0 Hz, 2H), 7.35 —
7.30 (m, 2H), 6.95 (d, = 9.0 Hz, 2H), 3.94 (s, 4H).

13C NMR (151 MHz, DMSO) & 165.84, 159.76, 139.72, 125.76, 123.79, 122.78, 121.09,
119.40, 118.74, 118.17, 117.70, 58.49.
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F NMR (376 MHz, DMSO) 6 -57.57.
(HRMS + TOF MS ES+) calculated CisH1aN204Fs: 436.31. observed: 437.0948.

7.6.2.1. Synthesis of Symmetric Salan ligands
2,2'-((ethane-1,2-diylbis(azanediyl)) bis (methylene)) bis (4-(trifluoromethoxy)phenol)

_ /N /\
N N 1: MeOH, RT, 2h NH HN
CF,4 2: 88% CF3
o} OH HO o} 0 OH HO o}
(7.6.1.1) CFs (7.6.2.1) CFs

Scheme 7.6.2.1. Synthetic route for the synthesis OCF3 /OCF3

Compound (7.6.2.1.) was synthesis by dissolving ( 1.127g, 2.58mmol, 1eq) of (7.5.1.2) in
a 100mL RBF containing 15ml of methanol under stirring at RT to obtained a clear
solution before adding sodium borohydride ( 0.195g, 5.167mmol, 2eq) stepwise and
the reaction mixture was stirred for 2hrs at room temperature, the reduction process
was quenched using 5ml of ice/cold water and the desired product obtained through

suction filtration to have a whitish solid (0.998g, 2.266mmol, 88% vyield).

1H NMR (600 MHz, DMSO) & 7.14 (d, J = 3.0 Hz, 2H), 7.05 (dd, J = 8.7, 3.0 Hz, 2H), 6.76
(d, J = 8.7 Hz, 2H), 3.78 (s, 4H), 2.63 (s, 4H).

13C NMR (151 MHz, DMSO) & 156.00, 140.21, 126.46, 122.82, 121.32, 121.13, 120.48,
119.45, 115.94, 49.12, 47.62.

1F NMR (376 MHz, DMSOQ) 6 -57.22.

(HRMS + TOF MS ES+) Calculated C1gH1gsN204Fs : 440.34, observed: 441.1256.

7.6.3.1. Synthesis of Half-unit
2-hydroxy-5-(methylthio)benzaldehyde

S« Z° CHiCN, NEt;, MgCl, o7 S
> /j©/
HO 1: Reflux, 24 h HO

2;100 C, 48%

(7.6.3.1)

Scheme 7.6.3.1. Synthetic route for the Half-unit
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The procedure for the synthesis of (7.6.3.1.) was achieve using Duff reaction method
following Piel3®* protocol with minor modifications,(4.206g, 30mmol, 1 eq) of 4-methyl
thiol phenol , (6.075g, 202.5mmol, 6.75eq) of paraformaldehyde, (4.285g, 45mmaol,
1.5% eq)) of anhydrous magnesium chloride and (15.6mL, 112.5mmol, 3.75% eq) of
triethylamine were dissolved in 100mL of acetonitrile and reflux overnight at 100°C,
the reaction mixture was cool at room temperature, 5mL of with 1M aqueous HCL
was added and the organic phase was extracted using Ethyl acetate (3x 15mL), the
combine organic phase was washed with brine and dried over MgS0Os, the crude was
concentrated using rotary evaporator, the crude was purified with column
chromatography(Hex 8: Ethyl acetate 2) to have obtained vyellowish crystalline
solid(2.397g, 14.425mmol, 48%).

'H NMR (600 MHz, cdcl3)  10.67 (s, 1H), 9.62 (d, J= 0.7 Hz, 1H), 7.28 = 7.24 (m, 2H), 6.73
—6.69 (m, 1H), 2.23 (s, 3H).

13C NMR (151 MHz, cdcls) & 196.36, 160.20, 137.99, 133.56, 128.71, 121.05, 118.68,
18.11.

7.6.4.1. Synthesis of Non-Symmetric Salan ligands
2-(((2-((2-hydroxy-5-(methylthio) benzyl) amino) ethyl) amino) methyl) -4-

(trifluoromethoxy)phenol
1, Dry MeOH, 76 C

GFs NH HN
o NN o N 2.0.100g Molecular sieve CFs
H O
+ 3.78%, 2hrs ot o S\
OH  .2HCI HO

(7.6.4.1)

(7.5.1.2.) (7.6.3.1.)

Scheme 7.6.4.1. Synthetic route for the non-Symmetric salen ligand (OCF3/SCH3)

The named compound (7.6.4.1.) was synthesized following similar protocol as described
in (7.3.2.1.) to obtained light brown solid (0.631g,1.567mmol, 78%).

'H NMR (600 MHz, DMS0) & 7.14 (d, J = 3.0 Hz, 1H), 7.09 (d, J = 2.4 Hz, 1H), 7.07 — 7.02
(m, 2H), 6.76 (d, J = 8.7 Hz, 1H), 6.67 (d, J = 8.3 Hz, 1H), 3.77 (d, J = 9.7 Hz, 4H), 2.62 (s,
4H), 2.37 (s, 3H).

13C NMR (151 MHz, DMSO) & 156.07, 155.72, 140.19, 128.91, 128.08, 126.44, 125.50,
121.33,120.48, 119.44, 116.10, 49.81, 49.18, 47.62, 17.20.

19F NMR (376 MHz, DMSO) & -57.63.

(HRMS + TOF MS ES+) calculated Ci1gH21N203F3S1: 402.430, observed: 403.1308.
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7.6.5.1. Synthesis of Non-Symmetric Salen ligands
2-(((2-((2-hydroxy-5-(trifluoromethoxy) benzyl) amino) ethyl) amino) methyl)-4-

methoxyphenol
/ N\
§Fs NH  HN
o NH o 1. Dry MeOH, 76 C
N o~ ~ 2.0.100 Molecular sieve CF?
H o OH HO o)
+ 3.89%, 2hrs \
OH .2HCI HO
(7.6.5.1)
(7.5.1.2)

Scheme 7.6.5..1. Synthetic route for the non-Symmetric salen ligand (OCF3/OCHjs)

The name compound (7.6.5.1.) was synthesized following similar protocol as described
in (7.3.2.1.) to

obtained brownish solid (1.051g, 2.721mmol, 89%).

'H NMR (600 MHz, DMSO) & 7.11 (d, J = 3.0 Hz, 1H), 7.07 - 6.99 (m, 1H), 6.74 (d, J = 8.7
Hz, 1H), 6.68 (d, J=2.8 Hz, 1H), 6.66 —6.56 (m, 2H), 3.76 (s, 2H), 3.72 (s, 2H), 3.62 (s, 3H),
2.59 (s, 4H).

13C NMR (151 MHz, DMSO) & 156.09, 151.84, 150.71, 140.20, 126.42, 125.30, 121.34,
120.50, 115.97, 115.65, 114.20, 112.73, 55.28, 50.09, 49.23, 47.68, 47.59.

1F NMR (376 MHz, DMSO) 6 -57.23.

(HRMS + TOF MS ES+) calculated C1gH21N204F3: 386.150, observed: 387.1533.

7.6.6.1. Synthesis of Non-Symmetric Salan ligands
2-(((2-((2-hydroxybenzyl) amino) ethyl) amino) methyl)-4-(trifluoromethoxy)phenol
CF,

! 1. Dry MeOH, 76 C N RN
O. NH - Dry MeOH,
N2 o~ 2.0.100 Molecular sieve CF?
H (0] OH HO
+ 3.87%, 2hrs
OH .2HCI HO

(7.6.6.1)

(7.5.1.2.)

Scheme 7.6.6.1. Synthetic route for the non-Symmetric salen ligand (OCF3/-)

The name compound (7.6.6.1.) was synthesized following similar protocol as described
in (7.3.2.1.) to obtained light yellowish solid (2.239g, 6.283mmol, 87%).

'H NMR (600 MHz, DMSO) 6 7.14 (d, J = 3.0 Hz, 1H), 7.07 (s, 1H), 6.79 — 6.67 (m, 2H),
3.79 (d, /= 6.4 Hz, 4H), 2.63 (s, 4H).
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13C NMR (151 MHz, DMSO) & 157.30, 156.04, 140.22, 128.62, 127.84, 126.47, 124.33,
121.37,120.52,118.47, 115.96, 115.35, 50.28, 49.18, 47.63, 47.55.

%F NMR (376 MHz, DMSO) 6 -57.35.

(HRMS + TOF MS ES+) calculated C17H19N203F3: 356.350, observed: 357.1433.

7.6.7.1. Synthesis of Non-Symmetric Salan ligands
2,4-di-tert-butyl-6-(((2-((2-hydroxy-5-(trifluoromethoxy)benzyl) amino) ethyl) amino)

methyl) phenol
/ N\

GFs NH HN
N NH 1. Dry MeOH, 76 C

N o” 2.0.100 Molecular sieve CF\S

H (6] OH HO

+ 3.82%, 2hrs
OH .2HCI HO
(7.6.7.1)
(7.5.1.2.)

Scheme 7.6.7.1. Synthetic route for the non-Symmetric salen ligand (OCF3/bis tertiary)

The name compound (7.6.7.1.) was synthesized following similar protocol as described
in (7.3.2.1.) to obtained light yellowish solid (0.831g, 1.774mmol, 82%).

14 NMR (600 MHz, DMSO0) & 7.18 (d, J = 2.8 Hz, 1H), 7.07 (g, J = 5.0, 4.4, 4.4 Hz, 2H), 6.88
(d, J = 2.2 Hz, 1H), 6.82 — 6.77 (m, 1H), 3.85 (s, 2H), 3.81 (s, 2H), 2.70 (d, J = 3.6 Hz, 4H),
1.34 (s, 9H), 1.22 (s, 9H).

13C NMR (151 MHz, DMSO) 6 155.98, 155.86, 154.66, 140.28, 139.81, 139.35, 134.53,
126.63, 126.50, 123.08, 122.51, 77.64, 48.98, 48.12, 47.36, 45.74, 34.45, 33.80, 31.86,
31.65, 31.60, 31.57, 29.54, 29.43, 28.29, 11.70.

1F NMR (376 MHz, DMSO) 6 -57.32.

(HRMS + TOF MS ES+) calculated C5H3sN2OsF3: 468.260, observed: 469.2684.

7.6.8.1. Synthesis of Symmetric Salen ligands
2,2'-((1E,1'E) -(ethane-1,2-diylbis(azanylylidene))bis(methanylylidene))bis(3-
fluorophenol)

O F =
R N N= F
NH | 1: MeOH, reflux, 2 h
/—/ : + 280C OH HO
HoN HO 3.83%

(7.6.8.1)

Scheme 7.6.8.1. Synthetic route for the non-Symmetric salen ligand (F/F) Unreduced
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The name compound (7.6.8.1.) was synthesized following similar protocol as described
in (7.3.2.1.) to obtained a light yellowish solid (1.105g, 3.630mmol, 83%).

IH NMR (600 MHz, DMSO) 6 8.80 (s, 2H), 7.33 (td, J = 8.3, 8.3, 6.7 Hz, 2H), 6.69 (d, /= 8.5
Hz, 2H), 6.67 — 6.61 (m, 2H), 3.98 (s, 4H).

13C NMR (151 MHz, DMSO) & 163.45, 163.42, 162.58, 160.91, 160.73, 160.68, 133.99,
133.91, 113.53, 113.51, 107.02, 106.94, 104.05, 103.91, 57.91, 39.88.

1F NMR (376 MHz, DMSO) 6 -121.52.

(HRMS + TOF MS ES+) calculated C16H14N202F2: 304.290, observed: 305.1112.

7.6.9.1. Synthesis of Symmetric Salan ligands
2,2'-((ethane-1,2-diylbis(azanediyl)) bis (methylene))bis(3-fluorophenol)

/\
E =N N= F NHHN
Crone ) pimemn (o
282%
(7.6.8.1) (7.6.9.1)

Scheme 7.6.9.1. Synthetic route for the non-Symmetric salen ligand (F/F)

The name compound (7.6.9.1.) was synthesized following similar protocol as described
in (7.3.2.1.) to obtained light yellowish solid (0.583g, 1.890mmol, 82%).

'H NMR (600 MHz, DMSO) 6 7.07 (g, /= 7.8, 7.8, 7.8 Hz, 2H), 6.55 (t, J = 8.8, 8.8 Hz, 4H),
3.84 (s, 4H), 2.63 (s, 4H).

13C NMR (151 MHz, DMSO) & 161.65, 160.05, 159.36, 159.31, 128.60, 128.52, 111.69,
111.68, 111.52,111.40, 105.19, 105.04, 47.30, 42.44, 42 .41.

19F NMR (376 MHz, DMSO) & -118.98.

(HRMS + TOF MS ES+) calculated CigH1sN202F2: 308.370, observed: 309.1424.

7.6.10.1. Synthesis of symmetric Zn?* complexes. [Zn-(OCF3/OCFs)]

H /\H
NH HN 1: MeOH, reflux, 1 h N, /N
CFs 2 76 C, Na,CO;, CFs AN
OH HO 0 - 0 o o 0
CF,  3.Zn(NOg)6H,0 51% oF,

(7.6.2.1)

Scheme 7.6.10.1. Synthetic route for the synthesis of the Zinc complex [Zn-
(OCF3/OCFs3)].
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Zinc complex for the new novel salen ligand was synthesized using (50 mg, 0.113mmol,
leq) of (7.5.2.1) was dissolved in MeOH (5 mL) and stirred at room temperature for 10
minutes to obtain a clear solution, Zinc nitrate hexahydrate. (34mg, 0.113mmol, 1eq)
and seconded with sodium carbonate (12mg, 0.113mmol, 1eq) and the reaction mixture
was reflux for 1 hours at 76°C. The mixture was cooled to room temperature and filtered,
kept in a vial covered with perforated thin film to allow for slow evaporation and growth
of crystals, crystals obtained were whitish and suitable for XRD measurements.

7.6.11.1. Synthesis of Non-Symmetric Zn?* complexes. [Zn-(OCF3/SCH3)]

4o H /\ M
NH HN 1: MeOH, reflux, 1 h N, N
CF3 2 76 C, Na,CO, CFs AN
0o OH HO S, 0 0O © S
\ 3.Zn(NOg)6H,0 42% \

(7.6.4.1)
Scheme 7.6.11.1. Synthetic route for the synthesis of the Zinc complex [Zn-
(OCF3/SCH3)].

The name Zinc complex of [Zn-(OCF3/SCHs)] was synthesized following similar protocol

to obtained bright whitish coloured needle-like crystals suitable for XRD measurements.

7.6.12.1. Synthesis of Non-Symmetric Zn?* complexes. [Zn-(OCF3/OCHj3)]

4o H /\H
NH HN 1: MeOH, reflux, 1 h N, N
CF; 2 76 C, Na,CO, CFs AN
¢ OH HO 0 0 0O © 0
\ 3.Zn(NOg)6H,0 44% \

(7.6.5.1)
Scheme 7.6.12.1. Synthetic route for the synthesis of the Zinc complex [Zn-
(OCF3/OCH3)].

The name Zinc complex of [Zn-(OCF3/0CH3)] was synthesized following similar protocol

to obtained bright whitish coloured needle-like crystals suitable for XRD measurements.

7.6.14.1. Synthesis of Non-Symmetric Zn?* complexes. [Zn-(bis-tert-OCFs)]

/7 H /\H
NH HN 1: MeOH, reflux, 1 h N, N
CFs 2 76 C, Na,CO, CFs AN
0 OH HO 0 Jd o
3.Zn(NO;)6H,0 49%

(7.6.7.1)
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Scheme 7.6.14.1. Synthetic route for the synthesis of the Zinc complex [Zn-(bis-tert-
OCF3)]

The name Zinc complex of [Zn-(bis-tert-OCF3)] was synthesized following a similar
protocol to obtained bright whitish coloured needle-like crystals suitable for XRD

measurements.

7.6.15.1. Synthesis of Non-Symmetric Zn?* complexes. [Zn-(F/F)]

H /\H
F NH HN F 1: MeOH, reflux, 1 h R N__N F
2 76 C, Na,CO Zn
oy AEET AT
3.Zn(NO5)BH,0 47%
(7.6.9.1)

Scheme 7.6.15.1. Synthetic route for the synthesis of the Zinc complex [Zn-(F/F)]

The name Zinc complex of [Zn-(F/F)] was synthesized following similar protocol to

obtained bright whitish coloured needle-like crystals suitable for XRD measurements.
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