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Resumen

De forma natural, en el metabolismo humano se forman especies reactivas de oxigeno como el
anion perdxido y el anion radical superoxido (O2+°), siendo estas de gran interés ya que el
desequilibrio de los niveles de especies reactivas de oxigeno se ha asociado a multiples
enfermedades. Uno de los mecanismos de defensa del organismo para contrarrestar el aumento
excesivo de especies reactivas de oxigeno son las metaloproteinas como la superdxido dismutasa.
Esta enzima es capaz de catalizar la dismutacion del anién superoxido a peroxido de hidrégeno y
oxigeno, sin embargo, a pesar de su potencial biol6gico el uso directo de la superdxido dismutasa
nativa en terapia se ha visto limitado debido a multiples inconvenientes. Por ello, se ha realizado
un importante esfuerzo cientifico para desarrollar biomiméticos de bajo peso molecular basados

en compuestos de coordinacion.

Por esta razdn, en este trabajo se pretende sintetizar y caracterizar nuevos complejos de cobre y
manganeso. La caracterizacion se realizara tanto de forma experimental como
computacionalmente para entender su reactividad como un primer paso para obtener nuevos
complejos biomiméticos de la superdxido dismutasa. Como parte del trabajo experimental,
presentaremos resultados de la sintesis y purificacion de los ligantes y los correspondientes
complejos de cobre y manganeso. Entre los ligantes, se evalud el efecto de pequefias diferencias
estructurales en sus propiedades fisicoquimicas. En este sentido, cuatro de los ligantes comparten
la misma estructura general, excepto por los sustituyentes en la posicion para (-H, -OH, -ClI, -
CHa). Un aspecto importante que se evalud en la sintesis de los complejos fue la influencia de la
estequiometria de las reacciones, asi, para el mismo ligante, se utilizaron diferentes proporciones
de la relacion metal:ligante como 1:1 y 1:2. La segunda parte de este proyecto se centro en la
caracterizacion fisicoquimica de los compuestos obtenidos mediante espectroscopia infrarroja con
transformada de Fourier, espectroscopia UV-Vis (s6lido y liquido) y susceptibilidad magnética.
En la siguiente etapa del proyecto, los resultados experimentales obtenidos se compararon con
simulaciones computacionales mediante teoria del funcional de la densidad y teoria del funcional
de la densidad tiempo-dependiente. Finalmente, las geometrias optimizadas de los ligantes y
complejos se utilizaron para calcular multiples parametros que permitieron determinar el mejor

candidato como mimético de la superdxido dismutasa.

Palabras claves: Complejos de cobre, complejos de manganeso, DFT, SOD, biomiméticos.






Abstract

Naturally, reactive oxygen species such as peroxide anion and superoxide radical anion (O ) are
formed in human metabolism, these being of great interest since the imbalance of reactive oxygen
species’ levels has been associated with multiple diseases. One of the body's defense mechanisms
to mitigate the excessive increase in reactive oxygen species are metalloproteins such as
superoxide dismutase. This enzyme is capable of catalyzing the dismutation of the superoxide
anion to hydrogen peroxide and oxygen, however, despite its biological potential against reactive
oxygen species, the direct use of native superoxide dismutase in therapy has been limited due to
multiple drawbacks. Therefore, an important scientific effort has been made to develop low

molecular weight biomimetics based on coordination compounds.

For this reason, this work aims to synthesize and characterize new complexes of copper and
manganese. The characterization will be carried out both experimentally and computationally to
understand its reactivity as a first step to obtain new biomimetic complexes of superoxide
dismutase. As part of the experimental work, we will present results of the synthesis and
purification of the ligands and the corresponding complexes of copper and manganese. Among the
ligands, the effect of small structural differences in their physicochemical properties was
evaluated. In this sense, four of the ligands share the same general structure, except for the
substituents at the para position (-H, -OH, -Cl, -CHs). An important aspect that was evaluated in
the synthesis of the complexes was the influence of the stoichiometry of the reactions, thus, for the
same ligand, different proportions of the metal:ligand ratio were used, for example 1: 1 and 1: 2.
The second part of this project focused on the physicochemical characterization of the compounds
obtained by Fourier-transform infrared spectroscopy, UV-Vis spectroscopy (solid and liquid) and
magnetic susceptibility. In the next stage of the project, the experimental results obtained were
compared with computational simulations using density functional theory and time dependent
functional theory. Finally, the optimized geometries of the ligands and complexes were used to
calculate multiple parameters that made it possible to determine the best candidate as a superoxide

dismutase mimetic.

Keywords: Copper Complexes, Manganese complexes, DFT, SOD, biomimetic.
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Chapter 1. Background

1.1 Copper
1.1.1 General considerations

Copper is a transition metal of group IB with atomic number 29 present in four main oxidation
states 1%, 2%,3", 4" the first two being the most common. Copper has broad and diverse chemical
properties since it can form multiple compounds such as hydride, halides, hydroxides, oxides,

sulfides, selenides, sulfates, nitrates, phosphates among many others®.

1.1.2 Coordination chemistry of copper
Many Cu?" complexes have been studied over the years, being its versatility in geometry an
outstanding feature. Copper usually adopts octahedral geometry with distortion in the axial
positions, moreover, Jahn-Teller effect is usually observed in octahedral d® complexes?. Other
standard geometries for copper complexes are shown in the Figure 13. In general, Cu?* is defined
as a borderline Lewis acid that interacts strongly with nitrogen and oxygen?. On the other hand,

Cu'* is usually observed in tetrahedral geometry* coordinating with phosphorus and sulfur?.

X X X X

*, | Y , | X | aWX
7 W 77 \ .
Cu*? 11, N X——Cu?? X1 Cyt!
> 4 ‘Cu*?
« | \X / ~ | \X \X
X X
X X X
octahedral square pyramidal Trigonal bipyramidal tetrahedral

Figure 1 Common coordination geometries for Cu?* and Cu*.

The redox potential of the metallic center would be tune depending on the nature of the ligands
and the geometry around the metal center. The reduction of Cu?* to Cu'* would be preferred when
the coordination environment of the complex in the oxidized state is similar or adapts without
major changes to a coordination mode preferred by the reduced state. Furthermore, regarding the

ligands, the easiness for redox processes follow these coordination modes 2N2S>2N20>4N>.

1.1.3 Copper in biology
In the past, the ancient atmosphere had a more reducing character favoring Fe?* and Mn?* rather
than Cu?* in biological systems. Nevertheless, the chemistry of the atmosphere drastically changed

when oxygen became part of it, which favor its availability for biological systems®. Since then,
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copper is an essential trace element for living organism present as cofactor in multiple proteins
that are usually involved in redox process’. Common biological ligands for copper are oxygens
from carboxylates, nitrogen of imidazole and thiolate of cysteine or methionine®. On the other
hand, copper has a dual behavior in nature as it also takes part in Fenton reactions that produce
free radicals that provoke oxidative damage to the cell. As wise as nature is, organisms have
evolved to have numerous mechanism for the correct homeostasis with copper, this topic will be

further discussed in following sections®.

Now, regarding humans, an adult requires about 2 mg of copper per day and possess in his/her
body ~100-150 mg®. Copper is initially absorbed in the intestine and then transported to the liver.
Next, it moves around the organism through transport/storage proteins and metallochaperones until
it is correctly delivered to proteins that require/use it for functioning®®. These processes are
essential and highly monitor to contribute in the prevention of copper toxicity because many
diseases have been associated with copper homeostasis alteration such as aceruloplasminemia,

Wilson’s disease, Menkes disease, Alzheimer’s disease among others'!.

1.1.4 Copper in proteins
In general, copper proteins divide in two main groups, in the first copper is a cofactor and the
second groups are joined copper transport proteins, the first category being the focus of this
section. The common coordination numbers in this proteins are four and five, this relatively high
coordination number prevents the loss of copper during biological processes!?. Copper
metalloproteins are classified depending on copper structural features in its active site. The classic

copper sites are the known blue/type I, type 1l and the binuclear type 111 among others®2,

Type | copper proteins are involved in electron transfer processes (plastocyanin in photosynthesis),
its characteristic spectroscopic feature is a strong absorption around 600 nm in ultraviolet-visible
(UV-Vis) spectroscopy. In the active site, copper possess a special geometry called pseudo-
tetrahedral that allows rapid electron transfer*1°, The type Il copper site can be found in nitrite
reductase, this geometry is characteristic for having one copper in square planar geometry or in
other cases in relatively distorted tetrahedral geometry?®, it presents a weak absorption at about
700 nm in UV-Vis and electron paramagnetic resonance (EPR) signal with an hyperfine splitting™®.
In the binuclear type 111 center, each copper is coordinated with three histidines. This center does

not possess EPR signal due to an antiferromagnetic coupling between the copper atoms® but



possess a strong absorption at 330 nm in UV-Vis!’. Some samples of proteins containing this site

are related to oxygen chemistry such as hemocyanin or tyrosinase®®.

Some proteins require more than one copper type site to perform its catalytic activity. For example,
nitrite reductase possess type | and 1 sites!®, meanwhile, the reduction of dioxygen to water is
catalyzed by multicopper oxidases that uses type I, I and 111 sites®. Other common encounter site
is the binuclear Cua one that has delocalized mixed valence?!. This type of site can be found in
copper containing nitrous oxide reductase , Cua site accepts an electron and transfers it to the

catalytic site??. The geometries of the copper sites are shown in Figure 2 %,
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Figure 2 Copper sites from left to right: type |, type I, type Ill and Cu, adapted from Solomon et al. 2014 23
1.2 Manganese

1.2.1 General manganese chemistry
Manganese is a transition metal found in the group VIIIB. Usually, it can be found in a wide range
of oxidation state as 2+,3+,4+,6+, 7+ usually the former found in aqueous solutions. Manganese
is used in diverse industries, for example in the steel industry for making alloys. It possess diverse

chemistry forming compounds such as oxides, carbonates, silicates, among many others 242°,

1.2.2 Coordination chemistry of manganese
Manganese is mainly found as Mn?*, a 3d° hard acid, that has a half full configuration in high spin

lacking ligand field stabilization energy?®.

x
‘
@D
«Q

a)

Figure 3 a) Common geometry for Mn?* and Cristal field for d° octahedral high spin. b) Common geometries for Min3*



Mn?* stabilizes a variety of geometries depending upon ligand nature, commonly six as shown in
Figure 3 but also higher numbers can be encounter due to its relatively big radii?’. Octahedral
compounds of high spin do not follow the rules of UV-Vis having no allow d-d transitions,
therefore, pale colors 28, Nevertheless, there are multiple mechanism that allow electronic d-d
transition despite UV-Vis rules. However, these transitions are of low intensity. To begin with, the
spin selection rule is relaxed through spin-orbit coupling. On the other hand, the Laporte rule can
vanish upon vibrations, vibronic coupling. For example, in octahedral complexes, some vibration
can provoke loss of symmetry allowing a transition®®. In the case that peaks are observed, most

likely the reason is the relaxation of a spin forbidden transition “T; > ¢A; .

Mn3* is consider as a strong oxidant3! that possess an interesting coordination chemistry, capable
of forming polynuclear complexes with oxygen bridges, as well as mononuclear complexes with
ligands and Schiff bases. The general coordination number is either five or six as shown in Figure
3. These complexes tend to present Jahn-Teller distortion and are much more colorful since their

transitions are allowed by spin selection rule?,

1.2.3 Manganese in biology
Throughout the history of the earth, manganese has played an essential role in biology as it can
change between multiple oxidation states, which allows it to perform hard tasks as multiple
electron transfer reactions to reduce water to oxygen®. Interestingly, one important area of study
IS manganese’s toxicity due to overexposure in some groups as miners or steel makers which has

catastrophic consequences®,

Mn?* in biological systems tends to coordinate with aspartate, glutamate, tyrosinase and in some
cases histidine®, under given circumstance, it is replaced by other metals that fulfill similar
characteristics (manganese is lost from the complex)®. Manganese is found in multiple enzymes
with diverse roles such as regulation of oxidative stress, functioning of mitochondria, autophagy,
and others. The levels of manganese must be precisely controlled because changes affect cognition,
antioxidant capacity and metabolic pathway®. Moreover, manganese has shown to be important
for oxygen metabolism. For example, catalase that has two manganese in its active site, helping to

protect the body from toxic hydrogen peroxide converting it into oxygen and water *.



1.3 Reactive oxygen species

Reactive oxygen species (ROS) are radical and non-radical chemical species derivate from oxygen,
some of the reactions that produce ROS can be seen in Figure 4 %, some examples of the radical
species are superoxide anion Oz *, hydroperoxyl radical HO," , hydroxyl radical *OH and
nonradical species as hydrogen peroxide®. ROS have short half-life due to theirs unpaired
electrons which make them highly reactive®, and they can be generated in the cell by diverse route
such as enzymatic or metabolic (in aerobic conditions)*. Interestingly, 1-2% of oxygen is
converted to superoxide anion mainly in the electron transport chain. Moreover, peroxide is
relatively stable when no metal is present, but in the presence of a metal, superoxide and peroxide

can form hydroxyl radical*?. Some of the usual reactions that form ROS are shown in Figure 4 .
2H" OH" H*

v b

0, —» 0, —» H,0, —» *OH — H,0O

(I t

c c c c

Figure 4 Diverse redox reaction that generate ROS adapted from Bowler, Barnes, and Crapo (2004) 32,

ROS play multiple roles in homeostasis and signaling in the cell as its levels can rise during diverse
stress processes. Oxidative stress is produced due to a disrupted balance between production and
removal of ROS*. Upon evolution, cells have developed diverse mechanism to maintain an
equilibrium between ROS generation and defense responses (enzymatic and non-enzymatic)*.
Some non-enzymatic regulators are vitamin A/C and flavonoids*’, and some enzymatic responses
are superoxide dismutase, catalase, ascorbate peroxidase, among others*. A rise in ROS causes
damage in proteins, nucleic acids, and other biomolecules, and it has been associated with diverse
diseases such as cancer, neurodegenerative disease, and diabetes not only due to molecular damage
but for its signaling role*>. For example, in cancer cells, ROS play an interesting role as signaling

agents for processes such as abnormal growth or metastasis*.
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Figure 5 ROS production and effect on biomolecules, taken from Schieber and Chandel (2014) %®.

Some of the signaling processes in which ROS are involved are growth factor, immune responses,
differentiation, among others. An interesting feature during signaling process is that despite being
very reactive, ROS tends to be very specific to the given target compounds during signaling
processes*’. The most important ROS for signaling are peroxide and superoxide*. For example,
peroxide is used for signaling because it can easily move through the membrane, it has shown to
be involved in epigenetic processes and in autophagy“®. A general diagram that shows the points
discussed through this section can be observed in Figure 5 °.

1.4 Superoxide dismutase

Superoxide dismutase (SOD) metalloproteins are a family of enzymes present in prokaryotic and
eukaryotic organisms, useful for preventing the rise of oxidative stress which is related to diverse
diseases as well as aging®®. The catalytic function of SOD is the dismutation of superoxide free
radical anions (O2°*°) to oxygen and hydrogen peroxide catalyzed by transition metals®°? as
observed in Figure 6°3. SOD produces peroxide during its mechanism, so it must work along with
other enzymes such as H.0O> consumers (catalase and glutathione peroxidase) to further transform
peroxide. This conjoint effort is important because otherwise it would end up involving in reactions
with metals to produce hydroxyl radical®.



20, + 2H* = O, + H,0,
M O + 0" > M™ + 0,

M @ + Oy + 2H* > M™ + H,0,

Figure 6 General mechanism of SOD metalloproteins adapted from Abreu and Cabelli (2010) .

There are in general three types of SOD, the first one is the cytosolic SOD1 (CuZn) which is a
dimer present in all mammals. The second is SOD2 with manganese as a cofactor and found in the
mitochondria as a tetramer, and finally the extracellular SOD3 (Cu,Zn) in tetrameric form>*.
Meanwhile, other isoforms may be found in bacteria and plant such as iron containing one®. Also,
nickel as a cofactor of SOD has been discussed. However, this type of metalloprotein has not been
as deeply studied as the other kinds of SOD previously discussed. SOD1 tends to be the most
abundant one and works at diffusion-controlled rates. It is very intriguing that despite their
differences in the type of cofactors and unrelated structure, they fulfill the same catalytic activity
which shows the natural strong necessity for protection against ROS %3,

1.4.1 CuZn superoxide dismutase (SOD1)
SOD1 was the first SOD ever identify®’, it is a highly conserved homodimer being one of the most
stable known proteins. As its name states, there are two metal ions per monomer, the copper ion
fulfills a catalytic purpose and zinc a structural one®*. General scheme of reaction of CuZn SOD
is presented in Figure 7, a more detailed reaction scheme, the active site and the protein structure

is shown in Figure 8 .

—zn*2 + 0, — —Zn*2  + O,
2+ 0, —» -zZn*2 + H20,

Figure 7 General simplify mechanism for CuZn SOD addapted from Quist et al. >8

Regarding geometry, zinc is in an almost tetrahedral geometry coordinated by an aspartate and
three histidine, one of them serves as a bridge ligand with the copper ion®’. During the redox
process, when copper is reduced, its geometry changes to almost trigonal planar which generates
instability overcame by the protonation of the bridging Histidine which is important for the
subsequent step of reduction of O2~ since these protons would be used for the formation of

hydrogen peroxide®’:°%60,



N N
a) b) c) N H*\jz . 5
Zno A U 0T = N NH \N
H,0 N“ON" | O _)=/
- /N 5
0, % o
NN 0
2 L5
n A u
WONT N
— H20, HO-,
§ t_/ o O\o
H,0 N
2 N N \l‘l
I
Zn, a7 NZONH O\
NN N - — N
>—/\_ T ¢

Figure 8 a) Active site SOD1 b) General structure SOD 1 (adapted from PDB 1HI5) c) Catalytic Mechanism of copper SOD
addapted from Quist et al >8

1.4.2 Mn superoxide dismutase
Similarly to CuzZn SOD, MnSOD metalloprotein participates in the disproportionation of
superoxide by shifting in cycles between Mn?* and Mn®" as observed in Figure 9. Regarding its
electrochemistry, it shows a midpoint potential for human MnSOD at +0.39 V%L, MnSOD is very
important to control superoxide anion that is normally produced in the mitochondrial matrix due
to metabolism of ATP production®?. Some residues near the active sites, in the outer sphere, help
to guide and carry the anion to the catalytic center due to their positively charge that attracts

a) 1egative charged anion®.  b) <)

N, |

Figure 9 a) Active site MnSOD without solvent (water) b) General structure (Adapted from PDB 5VF9) c) Mechanism MnSOD
adapted from Azadmanesh et al. 3



1.5 Uses of natural SOD

Diverse studies regarding the use of SOD have been performed through the years and continue
until now showing that SOD has a wide range of applications. In the review by Carillon et al. in
2013, over 30 years of studies using natural SOD are discussed and some of the benefits obtained

will be discussed in this section®.

Diverse in vivo studies have shown that animals exposed to ionization irradiation and upon SOD
administration present less side effects rising surviving rates. Moreover, regarding inflammatory
diseases, analysis in mice to which Cu/Zn SOD was applied in some joints showed significant
treatment improvements, similarly, attenuation of symptoms was observed for ischemia

reperfusion models®,

Continuing, SOD has shown potential regarding the prevention of the progression of tumors in
mice. Regarding acquired immunodeficiency syndrome, the use of Cu/Zn-SOD inhibit the process
of replication of HIV and did not allow viral transmission. Finally, regarding brain function, oral

administration of SOD showed to benefit memory and learning in models of mice®.

1.5.1 Disadvantages of using native SOD
Despite of the multiple advantages, SOD is not so easy to administrate due to its size and weight
that affects its permeability through the cell. Furthermore, the enzymes requires special conditions
of conservation and can quickly decomposes in the system®. Currently, scientist are working on
generating compounds of low molecular weight that mimic SOD activity, and one successful

alternative has been metal complexes that resemble the active site of the original enzyme®®.

1.6 SOD biomimetics

Significant part of the research regarding SOD mimetics have been focused on complexes because
metals are good to be involve in redox cycling processes. Nevertheless, one disadvantage is that
the metal could be liberate from its coordination sphere and participate in Fenton reactions®’. In
general, the SOD mimetic behavior depends on the nature of the ligands, geometry and how these
complexes interact in live organisms. A wide variety of complexes have been studied with different
types of ligands. As in nature, a very common approach is the development of binuclear complexes

usually with bridges through nitrogen base ligands .



Manganese is a common metal used in SOD mimetics because it has the advantage that if the ion
liberates from the complex, Mn?* can catalyze the reaction of superoxide anion to peroxide and
oxygen. The most common type of ligand used for manganese biomimetics are porphyrins, which
are common ligands in biology. Another common kind of ligand for manganese are cyclic
polyamines. Furthermore, manganese-salen like complexes have been studied not only in vitro but
also in vivo, already reaching the step of clinical trials®’. In this manner, some of the initial work
in the area of SOD biomimetics started back on late 1970 with the development and testing of
metalloporphyrin by Pasternack et al.®’. Later on, the focused of studies shift to manganese-salen
complexes being the simpler ones reported by Malfroy et al. back on 1993 and ever since,

modifications to salen complexes have been study®®.

Beside the coordination complexes alternative, other compounds also have been proposed. One of
the explored options has been fullerenes’ specially the water-soluble ones. Another, is the use of
nitroxides®’. Other development has been metal and metal oxides nanoparticles (NPs) promising

for its ability to cross diverse barriers as the ones in the brain®.

The usual requirements for efficient SOD mimetics have been established through the years of
testing. First, the metal must be able to participate in redox cycles of one electron. Second,
regarding thermodynamic factors, the redox potential of the metal is required to be in an adequate
range. The range is usually between the two catalyzed reactions E (O2/O27) = -0.16 V and E(O2~
/H202) = 0.94 V (vs NHE) at pH 7. The best potential is usually about 0.36 V that relates with the
ones of natural enzymes®. Although this is an important factor commonly observed in many
biomimetics, it is not essential in all the cases as some SOD mimetics do not fulfill this

requirement®®.

1.6.1 Measurements of SOD activity
There are different ways to determine SOD capacity, the most common one is by indirect method.
In this analysis, superoxide radicals are generated and there is an indicator capable of interacting
with superoxide radical to produce a specific spectroscopic response. Then, upon addition of the
SOD mimetic, the level of the radical would be reduce affecting the spectroscopic response which
can be quantified. There are many ways to set up the experiment, however, the most common
method is the one in which the radical is produced by xanthine/xanthine oxidase and nitro blue

tetrazolium used as indicator. The specific value obtained is 1Cs that represents the concentration
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of biomimetic that produces half the inhibition of the indicator. This is the most common reported
value. However, for this to be useful for comparison in literature, the setup of the experiment must
be equal, which is not always the case. Therefore, in the following section, the 1Cso are reported
but these should not be used for comparison between different research.

1.6.2 Examples of SOD mimetics
A small review regarding some previous work of SOD biomimetics with ligands similar to ours,
the ones present in this work, would be discussed. The complexes studied in different published
research will be analyzed in the following subsections. For each research work analyzed, the
structure of the complexes studied will be shown (if just one compound is shown, it is the one with
best SOD activity).

1.6.2.1 SOD mimetics with salicylic acid and its derivatives
In 2016 Puchoniova et al. % developed copper complexes with ligands derivate from salicylic acid
and nitrogen donor ligands. At the end, mononuclear and binuclear complexes were obtained. The
best SOD activity was found for the dimeric complexes, the best one with 1Cso = 2.24 pM®® show
in Figure 10 (1). In 2018 Savithri et al. "* proposed new cobalt and copper complexes with ligands
derivative from chlorophenol and fluorobenzothiazole condensation using or not 1,10-
phenanthroline as a coligand. The SOD activity test for the copper complexes showed 1Csq values
between 0.13—-1.02 uM.", the most promising SOD mimetic compounds of these research papers

can be found in Figure 10 (2).
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Figure 10 Best complexes from the papers of Puchoriovd et al., Savithri et al. and Patel et al. %7172

Later, in 2020, Siqueira et al. ® reported six new copper complexes (mononuclear and binuclear)
that use ligands derivate from salicylic acid or pyridoxal and hydrazides. Interestingly, some of

the ligands have different substituents in the para position. The SOD activity was tested with NBT,
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in vivo with nematode and in silico. The electrochemical analysis show that the reduction potentials
greatly depend upon the para substituent. The complexes that gave the best results possess para
substituents -NH2 and -OH. The NBT analysis show ICsq for these complexes between 0,11-
1.51uM, which is very promising.

In the in vivo analysis, worms were exposed to the different SOD biomimetics, in different
concentrations, before being exposed to a generator of superoxide. It was observed that the worms
protected by SOD biomimetics showed higher survival rate than control group. While in silico, the
analysis was through docking of the complexes with superoxide ion, showing relation between
SOD activity and the distance between the metal center and superoxide anion. The different tested
compounds in this research are observed in Figure 1173 (3). Finally, in 2020 Patel et al. * developed
complexes with ligand derivate from 2-hydrazinopyridine and salicylaldehyde. The resulting
complexes were binuclear with 1Cso= 3.9 and 8.6 uM, being the best compound the one shown in
Figure 10 "2 (4).

Figure 11 Proposed complexes by Siqueira et al. in 2019 73

1.6.2.2  SOD mimetics with vanillin and o-vanillin

As early as 2010, Gonzalez-Bar6 et al.” synthetized copper complexes with o-vanillin and
vanillin. It was observed that redox potential of vanillin was slightly more positive than for o-
vanillin 1,05V and 0,99V which relates with more antioxidant activity of o-vanillin. Regarding
SOD activity, it was very similar with ICso of 11 uM and 12 puM for complexes with o-vanillin
and vanillin, respectively. The good activity is related with the axial ligands and the easiness to
reach the metal due to the plane geometry of the ligands™, the studied complexes are shown in
Figure 12 (5).

12



Qi'ib ﬁ%\]@ﬁ

. on (7)
HO_ % \

O —
v( ©) @N P
Cu\o Cu~N/N \

’ Ly

Figure 12 complexes proposed by Gonzdlez-Bard et al. 2010, Tabassum et al. 2013 and Tabassum et al. 20157478,

In 2013, Tabassum et al. " developed copper complexes with ligands derivate from o-vanillin and
2-amino-2-methylpropane-1,3-diol. In general, the complexes present I1Cso values ranging between
0.58 and 11.40 uM. The best result was for the complex with 1-10phenanthroline, demonstrating
that there is a significant effect of coligands, the best SOD biomimetic compound is shown in
Figure 12'° (6). Continuing with the research, Tabassum et al. in 2015’ proposed mononuclear
copper and zinc complexes and hetero-binuclear compound of copper/zinc and tin with ligands
from L-valine and o-vanillin. The SOD activity was only measured for the binuclear complexes,

the one with copper was the best having an 1Cso= 0.082 UM ’® as observed in Figure 12 (7).

Similarly, in 2019 Afsan et al. ’” worked developing copper complexes. The ligands used are
enantiomeric allowing to discuss this special parameter formed by the condensation of o-vanillin
and L or D phenylalanine. Regarding SOD activity, it is interesting that the enantiomeric nature of
the ligand has some effect on the results being for ICso 0.160 and 0.198 uM (L and D)
respectively’” being the L conformer shown Figure 13 (8). Finally, in 2020, Dong et al.”® proposed
homobinuclear nickel complexes with one ligand derivate from L-alanine and o-vanillin and the
other being 1,10-phenanthroline, the best complex presented a ICso of 31.1 pM?® (9). The best

compounds of these research papers are shown in Figure 13.
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Figure 13 Complexes proposed Afsan et al. 2019 and Dong et al. 2020 7778
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1.6.2.3  SOD with salen like ligands
Salen ligands are formed through the condensation between salicylaldehyde and diamines. These
show diverse chemistry as there are many derivatives from salicylaldehyde as well as multiple
kinds of diamines’®. These types of ligands have been widely studied, the behavior of these ligands
is highly affected by the nature of the amine because it influences the geometry and characteristics
of the bridge®®. Salen complexes coordinated with manganese have been study for a long time as
antioxidants agents, some of them have proven to be interesting SOD biomimetics. As early as
2000 these shown interesting properties, as main examples are EUK-8, EUK-134, and the alkoxy
substituent EUK-189 which structures are shown in Figure 14. These tend to be planar but slightly
affected by axial substituent such as solvent molecules or chlorides that can be easily exchanged

to allow the biomimetic behavior®.

For example, EUK-8, EUK-189 and specially EUK-134 were promising in mice with deficient
SOD2 in oxidative neurodegenerative process, their lifespan was increased, and the usual
indicators of neuropathy were eliminated. Furthermore, EUK-189 showed easiness for entering
the brain barrier. Moreover, other study shown that SOD can help to prevent phenotypes of
neurodegenerative diseases in mouse used as models for Alzheimer’s disease. In further studies,
EUK-189 and EUK-207 seemed promising in approaching the treatment for memory deficit and

learning in mouse models.

Many other studies have been made for animals’ models with multiple inflammatory diseases such
as myopathies, acute pulmonary inflammation, radiation induce lung effect, and lung damage
showing promising results for treatment. Some special attention has been put in skin, for example,
for skin transplant in mice, EUK-8, EUK-143 and EUK-189 increased the days before rejection
and increase skin graft survival. Moreover, EUK-134 is currently sold commercially. At the end,
there is not a prefer salen candidate because each present benefits but all differ in their properties,

especially in biological ones’.

X Y
EUK-8 H Cl
EUK-134 OCHs Cl
EUK-189 OAc OEt

Figure 14 Discussed SOD mimetic with salen ligands Rouco et al. 7°
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1.6.2.4 SOD mimetics with aniline and its derivatives as ligands
In 2014, Joseph and Rani & developed complexes of iron, cobalt, nickel, copper and zinc, where
copper complexes showed the better results. Also, a significant solvatochromic effect was
observed for the d-d transitions in organic solvents 8 (10). Further studies of Pereira et al. in
20188 proposed copper complexes with ligands obtained from the reaction of pyridoxal with five
different halogenated anilines derivatives in ortho position. The I1Cso values obtained range from
0.4 to 48.3 uM being the best substitution iodine and the lowest fluor® (11). In this same year,
Sangeeta et al.%? worked in developing nickel complexes with Schiff bases made from 4-bromo-
2-chlorobenzenamine. The SOD activity was tested for ligands and complexes, the best complex
showed an 1Cso of 7.15 puM 8 (12). The compounds that showed best SOD mimetic activity from

each of the discussed research in this paragraph are shown in Figure 15.
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Figure 15 Joseph and Rani in 2014, Pereira et al. in 2018, Sangeeta2018 and Mohan et al. 2018 80-83

In 2018, Mohan et al.8 developed mononuclear copper and nickel complexes using ligands like
3-bromo-2-hydroxy-5-nitrobenzaldehyde and 4-bromo-2-chlorobenzenamine. The copper

complex showed in Figure 15 (13) presented the best SOD performed with 68 uM® .
1.7 Computational principles

1.7.1 Important programs for computational analysis
Nowadays, it is becoming very common to use computer programs to complement laboratory
studies in diverse fields such as in chemistry. One of them is Avogadro used for a broad range of
applications, one of them computational chemistry. Avogadro is a free software that allows to
construct molecules, visualize (molecules and orbitals), measure parameters among many other
operations. Also, it supports the creation of inputs for further theoretical calculations and the

analysis of the obtained results®.
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On the other hand, Orca is also a free software that has become one of the most widely used
guantum chemistry program around the world. It allows the use of diverse method such as Hartree-
Fock, semi-empirical, force field, density functional theory and many others. Orca performs
calculation regarding optimization of geometry, energy analysis, solvation, excited states among
others. The analysis to encounter the energy minima is the first and truly necessary step for any
further calculations®. Moreover, ORCA was designed thinking on the analysis of transition metals.
One of Orca’s strength is the spectroscopic analysis allowing calculations for UV-Vis, magnetic
circular dichroism, electron paramagnetic resonance, infrared, Raman, fluorescence and

others®:87,

1.7.2 Density functional theory
There are different methods available to make computational analysis, one of them density
functional theory (DFT) used to determine information relative to the structure and energy of
diverse molecules®. The biggest problem is that the ground state can be calculated with some level
of precision, but it is not completely accurately. Something similar is observed for the electron
density since the exchange-correlation function is unknown, but many different options has been
used to represent the functional each yielding different results. As the development of theory

improves, many more alternatives are propose as DFT hybrid methods®.

DFT improves the calculation time required referent to Hartree-Fock for many electron system
due to its concept of defining the potential as a functional of electron density®. Indeed, over the
past decades, DFT has grown to be one of the preferred methods for computational calculations.
Beside the reduce calculation time, DFT has become popular because it has a significant precision
compare with other methods. The improved precision is related with the exchange-correlation term
for the energy, the advantage of DFT over other methods is the correct inclusion of the correlation

energy from the beginning of the calculations .

1.7.3 Time dependent density functional theory
DFT is very useful for diverse analysis but in the ground state of molecules, however, molecules
can experiment diverse processes in excited states®?. Time dependent density functional theory
(TDDFT) can be used for the simulation of processes of electron excitation®®. TDDFT has been
found to be useful specially for spectroscopic simulation for its accuracy® allowing to obtain

information of transition intensities and energies as well as the strength of the oscillator even for
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large number of transitions in a UV-Vis analysis. It has been observed that for the study of UV-

Vis from metal complexes is more favorable using hybrid exchange-correlation functionals® .

1.7.4 Computational approach

For accurate results in quantum calculation, many parameters must be considered such as
dispersion, suitable density functional, a correct basis set, and so on*®. Regarding the latter, for
computational calculations, a basis set is a mathematical way that allows to describe the molecular
orbitals of the system that is going to be studied. As can be imagined, depending on the specific
of the mathematical analysis and equations, different kinds (families) of basis sets have been
developed such as: minimal, Pople, correlation consistent, plane wave, split valence among many
others basis sets. An extensive discussion of each type of basis set can be find in the book
Computational Chemistry and Molecular Modeling by Ramachandran et al.’. For this work,
special attention is given for the def2 family of basis sets created by Ahlrichs, its name stands for
second-generation default basis set. This family has become important in computational chemistry
due to its accuracy to represent the elements throughout the periodic table %, The def2 prefix is
used to not confused it with earlier versions, these basis sets are recommended to be used instead
of the previous def for the improvements made, the most common basis sets of this family are:
def2-SV, def2-TZV and def2-QZV*°.

Regarding the basis set def2-SVP, SV stands for split valence characterized for using a
mathematical function for internal orbitals (orbitals not located in the valence shell) and two
functions for the orbitals in the valence shell. Meanwhile, def2-TZVP is a triple-zeta (TZ) basis
set that has three mathematical functions for the valence orbitals. Finally, for both of them, the P
indicates that a polarization function is used® . In general, a better result is expected for larger
basis sets, but it also implies higher computational resources. For computational experiment, it is
common to use def2-SVP, but it may overestimate some non-covalent interactions. Therefore, it
is recommended to use a triple-zeta basis set such def2-TZVP%. Moreover, def2-TZVP has been

widely recommended for calculation that contain 3d transitions metals due to its accuracy*.

One of the most common functional used in theoretical chemistry is B3LYP!L, B3LYP is a hybrid
exchange functional. B3 stands for the combination of three Becke’s exchange-parameter
functional and LYP stands for the nonlocal correlation functional considered due to Lee, Yang,

and Parri®, Although this functional is widely used, it may not fully represent long chain system,

17



and is inaccurate for calculation using TDDFT and charge transfer processes. Meanwhile, CAM-
B3LYP is an exchange-correlation functional which takes into account long-range corrections that

improves the performance compare to B3LYP but at higher computational cost®*.

Indeed, one of the clear advantages of CAM-B3LYP is that it combines the hybrid qualities of
B3LYP previously discussed and it includes correlation at long ranges. The latter is included with
CAM that states for Coulomb-attenuated functional®® which has an o and p parameter which allow
the introduction of Hartree Fock exchange contribution and DFT of the same parameter

respectively®

. This correlation is important and representative in many systems. In general, the
functional behaves differently depending in whether it is used for short or long ranges. In the case
of short ranges, it presents 0.19 Hartree Fock and 0.81 Becke 1988 exchange interaction.
Meanwhile, at long distances, it presents 0.65 and 0.35 respectively'®®. It has been reported that
CAM-B3LYP has shown to performed better for electronic spectra simulation®®, Indeed, UV-Vis
simulation quality is better when compared with other functionals such as B3LYP or PBE®,
Moreover, besides its great performance, it has shown to be accurate specially when the excited

states shows to be deslocalized'®.

In general, DFT is not capable of correctly representing dispersion interactions which worsen at
larger distances. To improve the results, a correction of the unrepresented interaction can be made
using an additional term of attractive energy for the system such as the Becke-Johnson damping
(D3BJ) °. Finally, conductor-like polarizable continuum model (CPCM) helps to take into
consideration the diverse effects of the solvent by representing it as a dielectric polarizable

continuum?’,

1.7.5 Computational prediction of biological activity
It has been widely discussed that highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) orbitals are important for many properties of compounds,
as its capacity to receive or donate electrons. Moreover, the energy difference between them is
related to its reactivity, and their values are used to calculate multiple reactivity parameters®,
Molecules with small energy gap are considered as soft molecules, easy to polarize and offer
electrons. One of the biological activities to which frontier orbital theory has been related is SOD
mimetics, the selected parameter is electronic affinity that correlates to how easy a compound

would donate electrons which relates with one step of the SOD mechanism?%,
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Suksrichavalit et al. in 2009%° | found that HOMO and LUMO energies could be correlated with
the logarithm of 1Cso obtaining a regression coefficient of r = 0.97 and r = 0.99 respectively. The
reason for this correlation to exist, is the fact that SOD capacity is strongly correlated with electron
transfer processes which would be simpler depending on the frontier orbitals energy. Another
important parameter, is that SOD biomimetics are better when their axial bonds are longer*t°,
therefore, metals that allow effects as Jahn Teller as copper are good candidates for SOD
biomimetics. In 2008, Suksrichavalit et al.'!! relate that high HOMO values have been correlated
with low SOD activities''! .

The most recent research in this area has been in this year 2021, to the best of our knowledge, by
Silva et al.!'? A detailed analysis of the structures helped to put light onto the SOD mimetic activity
based on computational calculations. For example, geometry parameters are used to characterize
the coordination environment around the metal upon gain of one electron in the reduction step.
Moreover, electron affinity was calculated for compounds showing that the more negative the
better SOD activity. All this information in the future could be used to create and predict best
candidates for SOD mimetics. Finally, analysis of the orbitals helps to understand which part of
the compounds is truly involve in the redox processes, and the electrophilicity helps to determine

the attraction of the compound to electron rich species %2,

Additionally, computational calculations are important to understand the mechanism of catalysis
for the SOD biomimetics. For example, Lu et al.}*® analyzed computationally the plausible
mechanism for some copper SOD biomimetics. The redox process includes two half reactions,
oxidation and reduction. The geometries are calculated in these two oxidation states for the
complexes, complexes including the superoxide anion and the corresponding transition states. In
this sense, the analysis of changes on bond length, angles and energy values is essential. One
crucial part in the mechanism is to determine which atom would protonate and then give the proton
up for the formation of peroxide which is determine upon values of energy of the different

possibilities of protonation®® .

Although the analysis of mechanism is important, another common approach for SOD mimetics
is to initially just analyze the structural changes of the complexes in the two redox states involve
in the SOD activity without addition of any extra atom. For example, for copper, the geometries
for Cu?* and Cu®*. This allows to determine whether a bond is broken during the redox process, as
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well as possible changes in the angles and geometry 2114 This can initially give some insight to

begin to figure out the plausible mechanism of the biomimetics.

Chapter 2. Problem statement

2.1 General problem statement

Oxidative stress has shown to be involved in multiple diseases such as inflammatory diseases,
Alzheimer’s diseases, diabetes and so on. Although the body tends to manage the unbalance of
ROS, in many of the cases, external agents are required to reduce harmful effects. For that reason,
there is a need to continue searching for better proposal of SOD biomimetics as these can be
beneficial for a wide range of clinical affections. As discussed in the previous chapter, there has
been a significant amount of research about coordination complexes that could serve as SOD
biomimetics. Coordination complexes are preferred for this purpose due to the metal’s redox
capability for electron transfer. The main metals used in SOD biomimetics are copper, manganese,
iron, and cobalt. Most of them are the cofactors found in nature in SOD metalloproteins. Many
SOD biomimetics have showed to be promising in vivo, in vitro, at clinical trials and some even

are currently sold solving some of the problems faced in the use of native SOD.

Nevertheless, in many cases, the SOD mimetic capacity is not as promising as initially expected
and the reason for its failure is not always clearly understood. Moreover, most of the research does
not count with computational approach even thought, it has become a common tool for research.
In the recent years, computational approach has entered the research area of SOD mimetics in
which parameters from orbital energies, docking and reactivity have been used. It is imperative to
start using computational approaches to propose rational synthesis of the best candidates for SOD
mimetics, to understand the effects of small changes in structure and to get an insight of their

mechanism.

2.2 Objectives
2.2.1 General objectives

e Synthesize copper and manganese complexes with Schiff base ligands and perform a
theoretical study on the spectroscopic and structural properties of the complexes as an

initial step towards the development of a new set of SOD biomimetics.
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2.2.2 Specific objectives

e Synthesize copper and manganese complexes with Schiff base ligands derivate from

vanillin and amines (ethylenediamine, aniline and its derivatives)

e Characterize the complexes using Fourier transformed infrared spectroscopy, UV-Vis and

Magnetic balance

e Use DFT for geometry optimization and Fourier transformed infrared spectroscopy

simulation
e Use TDDFT for UV-Vis simulation

e Predict the best SOD biomimetic based on computational parameters

Chapter 3. Methodology

Geometry
Optimization

Ox/Red

states
Electron Reactivity
Affinity Parameters

Figure 16 General Methodology carried out during the research project.
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In this section, the general methodology for the project would be described. This chapter is divided
in two subsections in which one focuses on laboratory part and the other in the computational

analysis. The general methodology is shown in Figure 16.

Initially, the ligands and complexes are synthetized and characterized. Then, a geometry
optimization is proposed for the neutral compound from which IR and UV-Vis simulation are
obtained. This step is repeated until the theoretical and experimental results are consistent. Next,
using the coordinates from the optimized structure, the geometry of the ligands/complexes in it
oxidize or reduced state is determined. Finally, using the UV-Vis results, the energies of HOMO

and LUMO are used to determine reactivity parameters.

3.1 Laboratory section

3.1.1 Reagents and equipment

3.1.1.1 Reagents
All the reagents used for this project are summarized in Table 1.

Table 1 Reagents used for the synthesis of compounds

Reagents

Aniline (ACS reagent > 99.5%, SIGMA- | 4-aminophenol (for synthesis, Merck KGaA)
ALDRICH)

Ethylenediamine (puriss. p.a. absolute, > 99.5% | p-Toluidine (99%, ALDRICH)
(GC), SIGMA-ALDRICH)

Vanillin  (Laboratory School of Chemical | Copper sulfate (Laboratory School of Chemical

Science and Engineering, not specify) Science and Engineering, not specify)

4-Chloroaniline (98%, ALDRICH) Manganese chloride (Laboratory School of Chemical
Science and Engineering, not specify)

Ethanol (99%, Distribuidora M&M-Ibarra) Acetonitrile (HPLC grade, SIGMA-ALDRICH)

3.1.1.2 Equipment
e Melting point

Melting point was measured using melting point apparatus of Electrothermal from Fisher scientific
from the School of Chemical Science and Engineering of Yachay Tech. Initially, melting point
capillaries needed to be sealed, and then fill a height about 2 mm with the compound. The range

of temperature used was from 50 °C to a maximum of 300 °C using a changing of 10 °C/min.
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e Fourier transformed infrared spectroscopy
All Fourier transformed infrared spectroscopy (FTIR) measurements were made in solid state by
attenuated total reflectance (ATR) using spectrophotometer Agilent Cary 630 FTIR in a range of
4000-400 cm™ with 32 sample scans and 32 background scans. The equipment belongs to the

School of Biological Science and Engineering of Yachay Tech University.

e UV-Vis Spectroscopy
The measurements were made using Perkin ElImer LAMBDA 950 UV/Vis/NIR in the laboratory
of the School of Chemical Science and Engineering at Yachay Tech University. The measurements
were obtained in solid and liquid state. For the solid measurement, the praying mantis accessory
was used. Meanwhile for liquid measurements, a solution of 1x10°3M in ethanol for most of the
compounds, but some of them in acetonitrile in case of solubility problems (would be specified on
the results). In case that the signal is saturated, the solution was diluted (500 pL of the mother
solution were diluted in 2 mL of pure solvent either ethanol or acetonitrile). This process was
repeated until the measurement of charge transfer part was not saturated. The wavelength range of

the measurement was 175 to 800 nm, but on some occasions up to 1200 nm.

e Magnetic balance

Initially, the compounds were pulverized using an agate mortar. Then, the empty test tubes of the
machine were weighted. Following, these were filled 2 cm of height with the compounds, it must
be tightly packed to avoid any bubbles of oxygen. Later, the tube was placed on the magnetic
balance to obtain the magnetic measurement. In this sense, the balance measures the magnetic
response of the material to an external fixed magnetic field (whether it is diamagnetic or
paramagnetic). Using this measurement, it is possible to calculate magnetic susceptibility of the
compound. Finally, the filled tube is weight once again. The measurements were made using
Sherwood Scientific magnetic susceptibility balance in the laboratory of the School of Chemical
Science and Engineering at Yachay Tech University.

3.1.2 Synthesis of ligands and complexes
In this section, the synthetic routes for the different ligands and complexes are described. The

general laboratory set up for the synthesis can be observed in Figure 17.
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Figure 17 Experimental set up for the synthesis of ligands and complexes

3.1.2.1  Synthesis of 4,4'-((1E,1'E)-(ethane-1,2-
diylbis(azanylylidene))bis(methanylylidene))bis(2-methoxyphenol) [L1]
The synthesis of L1 was carried out according to the procedure previously reported by
Dineshkumar, Muthusamy and Chandrasekaran in 2016 *** with slight change in solvent. First, 4
mmol of vanillin were dissolved in 30 mL of ethanol. Then, 2 mmol ethylenediamine were added
to the solution dropwise while vigorously stirring. The reaction was kept for 1 hour under stirring
and reflux. Then, the yellow solid was vacuum filtered. Once completely dry, the resulting product
is dissolved in acetonitrile while slowly increasing the heat but avoiding boiling. Then, as it starts

to deposit, it was filtered while still hot and allowed to dry at room temperature.

3.1.2.2 Synthesis of ligands derivate from vanillin with aniline and its derivatives.
In total, four ligands were synthetized. The IUPAC names of the ligands are 2-methoxy-4-
((phenylimino)methylphenol  [L21], 4-(((4-hydroxyphenyl)imino)methyl)-2-methoxyphenol
[L22], 4-(((4-chlorophenyl)imino)methyl)-2-methoxyphenol [L23] and 2-methoxy-4-((p-
tolylimino)methyl)phenol [L24]. The synthesis of the series of the ligands L21 to L24 is similar
since their general structure is almost the same. The synthesis of L21 was previously reported

and used with small changes for all the ligands.
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The general procedure was to completely dissolve 0.02 mol of vanillin on 30 mL of ethanol. Then,
0.02 mol of the amine (aniline, 4-chloroaniline, 4-aminophenol or toluidine) were added slowly to
the previous solution while stirring a change of color to yellow was observed. Finally, few drops
of glacial acetic acid were added. This mixture was stirred and refluxed for about 4-7 hours
depending on the amine. The reaction was followed using thin layer chromatography (TLC) (35%
acetate: 65% hexane) to monitor the consumption of the amine reagent. Later, the solution was
transferred to a beaker to allow solvent evaporation for about three days, time in which crystal
were formed. Finally, the obtained crystals were vacuum filtered and recrystallized in ethanol and

acetonitrile. It is recommended to maintain the compounds in a desiccator.

3.1.2.3 Synthesis of complex di(aqua)4,4'-((1E,1'E)-(ethane-1,2-diylbis(azanylylidene))
bis(methanylylidene))bis(2-methoxyphenol)-k-N,N-copper(ll) sulfate [CulA]
In a round flask, 2 mmol of L1 were completely dissolved in 30 mL ethanol. Then, 2 mmol of
copper sulfate were added. The reaction was maintained under refluxed for seven hours. Initially,
the color of the complex was dark blue, but as time passes by it change to light blue. No

recrystallization was made.

3.1.2.4 Synthesis of complex trans-di(aqua)bis(4,4'-((1E,1'E)-(ethane-1,2-
diylbis(azanylylidene))bis(methanylylidene))bis(2-methoxyphenol))-k-N,N-
copper(ll) sulfate [CulB]

Similar to the previous one, but 4 mmol of L1 were used instead, the obtained complex was purple.

3.1.2.5 Synthesis copper complexes with ligands L2X
In total, three complexes were synthetized with copper. The complexes are: Trans-di(aqua)di(2-
methoxy-4-((phenylimino)methyl)phenol)-k-N-copper(ll) sulfate [Cu2l], Trans-di(aqua)di(4-
(((4-chlorophenyl)imino)methyl)-2-methoxyphenol)-k-N-copper(ll) sulfate [Cu23] and Trans-
di(aqua)di(2-methoxy-4-((p-tolylimino)methyl)phenol)-2-methoxyphenol)-k-N-copper(Il) sulfate
[Cu24]. The synthesis for Cu21 was previously reported by Tufa et al., in 2018 7. The synthesis
was similar for all these complexes, 2.5 mmol of copper sulfate were dilute in ethanol while stirring
until completely dissolved. Then, 5 mmol of the specific L2X ligand was added to the round flask.
The reaction was maintained under reflux with continuous stirring for 3 hours. Then, the resulting

solid was filter in vacuum. Finally, it was recrystallized from ethanol.
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3.1.2.6  Synthesis of manganese complexes with L2X
In total four complexes were synthetized using L2X. The complexes are: Trans-di(aqua)-di(2-
methoxy-4-((phenylimino)methyl)phenolato)-k-O,0-manganese(ll)  [Mn21], Trans-di(aqua)-
di(4-(((4-hydroxyphenyl)imino)methyl)-2-methoxyphenolato)-k-O,0-manganese(ll)  [Mn22],
Trans-di(aqua)-di(4-(((4-chlorophenyl)imino)methyl)-2-methoxyphenolato)-«-O,0-
manganese(ll) [Mn23], and Trans-di(aqua)-di(2-methoxy-4-((p-tolylimino)methyl)phenolato)-«-
0,0-manganese(ll) [Mn24]. Similar procedure as explained in 3.1.2.5 but instead of copper

sulfate, manganese chloride was used.

3.2 Computational approach

3.2.1 Geometry optimization
Initially, Avogadro was used to draw the initial structures of ligands and complexes. Then the tool
from Avogadro to generate Orca inputs was used. All the compounds were optimized with the
method CAM-B3LYP, basis set Def2-TZVP and including D3BJ. In all the cases, ethanol was
used for CPCM model since all compounds were synthetized in this solvent. Initially, the ligand
was optimized in its singlet state and the optimized structure was used to calculate the doublet
state. Something similar was done for the complexes, in the case of copper initially was calculated
for Cu?* then for Cu'*, and for manganese initially Mn?* then Mn**. The input used for the

geometry optimization for this work is specify in Figure 18.

# avogadro generated ORCA input file
# Basic Mode

¥
! CAM-B3LYP OPT D3BJ defZ2-TZVP CPCM(ethanol) PAL4

Figure 18 Input for Geometry optimization

3.2.2 Infrared spectroscopy calculation
The coordinates from the previous geometry optimization were used to calculate infrared (IR)
frequencies using ORCA. The results showed no imaginary transitions, indicating that minima
were obtained and the scaling factor of 0.951 was used!!8. The method and basis used were the
same as for geometry optimization, however, CPCM was not used as it is not supported for
frequency calculations in Orca. The input used for the calculation of IR spectrum is shown in

Figure 19.

26



# avogadro generated ORCA input file
# Basic Mode

#

'CAM-B3LYP FREQ D3BJ def2-TEVP PAL4

* wyz 0 ©
Figure 19 Input for IR calculation using ORCA

3.2.3 Time dependent density functional theory calculations
The coordinates of the optimized structures of section 3.2.1 were used as input for the UV-Vis
calculation. The solvent in CPCM would be ethanol unless specify otherwise in the results.
Initially, nroots (number of calculated transition states) is set to 50. In cases that these transitions
do not cover the whole spectrum experimentally measured, the number was increased. For this
part of the analysis, new parameters for calculation are added. The input was made based on
RIJCOSX TDDFT calculation input as suggested by ORCA input library. The input for ORCA

used for this work in shown in Figure 20.

# avogadro generated ORCA input file
# Bazic Mode
#
! CAM-B3LYP D3BJ def2-TZVP def2/J RIJCOSX Grid5 FinalGridé TightSCF CPCM(ethanol) PAL4
$maxcore 1000
$tddft
maxdim 5
nroots 50
end
foutput
Print[ P Basis ] 2
Print[ P_MOs ] 1
end

Figure 20 Input for TDDFT calculations

3.2.3.1 Reactivity Parameters
With the values obtained for HOMO and LUMO from the TDDFT analysis, different parameters
are calculated to discuss about the reactivity of the ligands and the complexes. The definition of

each equation is shown in below 12 .

—Egomo—(—ELumo) (1)
2

Chemical Hardness () =

—Enomo—ELumo (2)

Chemical Potential (n) = — 5

Electrophilicity (o) = 5 @3)
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Furthermore, for the prediction of SOD activity, electron affinity is calculated using the energy of

the optimized structures from 3.2.1 with the equation (4) show below 2,
EA = Total Energyrequcea — Total Energypeutrar (4)

3.2.3.2 Geometry parameters
Most of the complexes that would be encountered on this project possess tetrahedral or square
planar geometry. Therefore, the geometry index for complexes coordinated with four ligands
would be used (t), which is given in equation (5). The values of t ranges from 1-0, a value of 1 is
a perfect tetrahedral and a value of 0 a perfect square plane. The angles a and P represent the
biggest angles found in the structure formed between the ligands and the metal''2, the general

formula is shown in equation (5).

_ 360°—(at B) (5)
141°

Chapter 4. Experimental and theoretical results and discussion

This section will focus on the discussion of the results obtained in the laboratory and how these
relate with the computational simulations. Moreover, how using the theoretical results, the
biological SOD activity can be predicted. This chapter has six sections, five sections would present
the different ligand (L1 and L2X) and the coordination complexes synthetized with them. In each
section, the geometry optimization, FTIR, UV-Vis (liquid and solid), magnetic balance and
biological activity would be discussed. The final section focused on a summary of the obtained

results.

4.1 L1 and its complexes
4.1.1 Analysis for L1

The reaction scheme for L1 is shown in Figure 21, this ligand is inspired on salen like ones which
have been widely used for biomimetic complexes of SOD. The color of the compound is light
yellow with a yield of 83.15 %. This ligand is soluble in many organic solvents such as ethanol,

acetonitrile, and methanol.
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Figure 21 Reaction scheme for Ligand 1

4.1.1.1 Geometry optimization
The main focused for the geometry optimization part would be on the different conformers that
can arise upon orientation changes of the bonds C=N-CH>-CH,-N=C observed in the orange box
of the previous picture. This can be better visualized in a Newman projection in which the
conformation of the carbons (-CH2-CHa-) is maintained, and the two carbons are the main axis for

the visualization as seen in Figure 22.
«‘;& N.R e N-R
N-R N-R
1 2 3 4
Synperiplanar Gauche Eclipsed Antiperiplanar

Figure 22 Conformers analyzed for the geometry optimization of L1

Furthermore, another important aspect is whether both aromatic rings have the same orientation,
in other words, whether -OCHz of both rings point in the same direction since this can
facilitate/complicate the possibility of  interaction. Other conformations were assessed but all end
up converging to one of the previously described ones. The compounds are name for its starting
geometry. Conformers were named using a letter (A or B), A when the substituents of the aromatic
rings are in opposite direction and B if they are in the same direction. Also, a number was used to
describe the Newman conformation, as seen in Figure 22, (for example conformer L11A’s starting
conformation was synperiplanar with rings in same orientation). The result of the optimization for

the proposed eight different conformers can be observed in Figure 23 .
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Figure 23 Conformers of L1: a) L12A b) L12B c) L14A d) L14Be) L11Af) L11B g) L13A h) L13B

In general, two conformers are found at the end of convergence in all the cases, gauche and
antiperiplanar. It is important to analyze that the only ones that are in antiperiplanar conformation
are the ones that started in it. Meanwhile, synplanar and eclipsed shift to gauche conformation
although eclipse was equally distant to shift to gauche or antiperiplanar. Usually, it is expected
that the antiperiplanar conformation is the most stable one, nevertheless, that is not the case for
this ligand. The reason must be related with «...7 interaction between aromatic rings. The final
energy of the different conformations can be observed in Table 2. In general, the energy difference
between the conformers is not so significant, being in most cases around 5 kJ/mol from the most

stable one. The most stable conformation would be used for the further calculations.
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Table 2 Energy of the conformers for L1

Energy (En) Energy (kJ/mol) Difference (kJ/mol) Energy (En)  Energy (kJ/mol) Difference (kJ/mol)
L11A -1108.267 -2909755.860 0.000 L12B -1108.265 -2909750.624 5.237
L13A -1108.267 -2909755.815 0.045 L13B -1108.265 -2909750.572 5.289
L11B -1108.265 -2909750.959 4.902 L14A -1108.265 -2909749.889 5.971
L14B -1108.265 -2909750.644 5.216 L12A -1108.263 -2909745.369 10.491
412 IRoflLl

As a general description for, in all this work, the assignation of the bands was made in two ways.
First, the result from theoretical calculation was observed using the program Gabedit, based on the
movement of the molecule for a specific corresponding computational predicted band, the
assignation was made. Second, the assignation was check regarding bibliography when available
to assure that the assignation was correct, in other words, that the band is between the expected

range for the given assignation.

The experimental IR spectrum and computational signals for L1 are indicated in Table 3. In the
experimental IR is observed a defined peak for -OH stretching at 3449.6 cm™ | the range of this
band is between 3800 and 3000 cm™ 1%°, Furthermore, many peaks are observed in the range of
3000-2800 cm™ due to C-H stretching of aliphatic carbons as expected *2°. A peak is observed at
1653 cm* assigned to the stretching of C=N which confirms the condensation of the Schiff Base.
The usual range of 1690-1640 cm™ 2%, Then, the C=C stretching peaks that usual present as a pair
of bands one near 1600 cm™ and the other 1475 cm™ 2 in our case these bands were observed
at 1589.7 and 1507.7 cm .

Table 3 Summary results for FTIR of L1

IR bands for L1

Assignation Experimental wavenumber [cm™] Theoretical wavenumber [cm™]
-OH 3449.6 -
-C=N 1653 1637.09
-C=C 1589.7, 1507.7 1589.65, 1582.30, 1491.45,1490.46
-CHs bending 1459.2 1455.48, 1455.05
C-C stretching of bridge 864.74 852.92
Bending CH» 1194.6 1199.12
Bending C-H of the bridge 959.78, 916.92 953.60, 892.3
C-N 1019.4 1028.99
C-0 bending 1421.9 1414.52
Out of plane 864.74, 828.65, 823.74 865.82
-OH of H out of plane 495.73 487.89
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The peak at 1326.9 cm™ was computationally confirmed to be the bending of the hydrogens of -
CH2-CHa2- bridge between the aromatic rings. The bending of C-O for -OCHs and -OH is observed
at 1421.9 cm™. However, a peak cannot be assigned to C-N, computational calculations show a

peak for this stretching, but its intensity is very low which confirms why it is not easily observed

experimentally. Finally, the out of plane bending of aromatic hydrogens are observed around ~800

cm* consisted with literature *2°. There is significant agreement between the experimental and

simulated spectra as can be observed in Figure 24.
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Figure 24 IR for L1, red for simulation and black for experimental result

4.1.3 UV-Visof L1

The UV-Vis of this ligand was measured in acetonitrile solvent; therefore, acetonitrile was used

for the CPCM parameter for calculations with TDDFT. The experimental and computational

results can be observed in Figure 25 and Table 4. The obtained experimental spectrum is consistent
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with the previously reported one with small shift due to the difference in solvent used for the
measurements confirming correct synthesis*®. For this ligand, four main peaks are observed with

transitions Tt = 7 and n = « as observed in Figure 25.

To begin with, two peaks very close in energy are observed near ~ 400 nm, these have been related
with transitions involving azomethine (-CH=N-) group as has been previously reported for many
other different Schiff Bases'?11??, each peak relate to one of the azomethine group in the ligand.
Indeed, based on the study of Gonciarz et al. with Salicylaldimines, these peaks should be related
toan - n transition of the free electron of nitrogen in the C=N bond to an excited state 1%,
Moreover, in this work it is discussed that the n = =" transition shows hypochromic effect
depending on the polarity of the solvent, showing the highest molar extinction in ethanol and a

much lower one for acetonitrile'?.
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Figure 25 UV-Vis results for L1
In this sense, although CPCM was used to account for solvent effect, it is possible that it has not
been enough to emulate the experimental conditions for this transition. An explicit approach may
be required to truly represent this transition but implies much more computational time. Moreover,

based on the same work discussed previously, the peak at 299 nm is most likely to be due to the &
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- 7" transition that involves azomethine group of L1 2%, Other possible contribution to this
observed peak is due to the presence of residual vanillin, that present a transition at 306 nm, being
an - m transition involving orbital HOMO that is found around the aldehyde group to LUMO
that is distribute in the whole vanillin.

Actually, it has been discussed that CAM-B3LYP tends to give results with shorter wavelengths
for Schiff bases compare with other methods and experimental results. Moreover, when observe,
these transitions tend to have small oscillator strength'?*. For example, as study by Vitnik et al.,
the calculated (CAM-B3LYP) and experimental Amax Of aryl dyes differ by about 50 nm 2° which

could affect our obtained result and explain the no occurrence of a peak at 299 nm in the calculated

spectrum.
Table 4 UV-Vis data for L1
Experimental [nm]  Theoretical [nm] Contribution Assignment

404 i Azomethine (-CH=N-) n>n"

389
299 306 (vanillin) HOMO-2 - LUMO 90.87% n>mn"
268 262.2 (1) HOMO > LUMO 51.77% >t
HOMO-1->LUMO+1 24.22% >
255.9(2) HOMO-4 > LUMO 21.44 % n>n
HOMO-1->LUMO 25.82% n>n"
225 240.3 (5) HOMO-3 - LUMO+1 19.40% >
HOMO-2->LUMO 31.22% n>n
232.2 (6) HOMO-3 > LUMO 22.12% >
HOMO-1->LUMO 22.30% >
214 1995 (10) HOMO-2 > LUMO 38.28% >
HOMO > LUMO+2 26.42% non

The rest of the peaks are well represented by theoretical simulations. The peak at 268 nm has two
theoretical contribution. The contribution of 262.2 nm due to transition between orbitals located
on the rings and C=N to orbitals distributed over the whole molecule. Meanwhile, the transition at
255.9 nm corresponds to the transfer of lonely pair electron from the nitrogen of C=N to orbitals
distributed in the whole ligand. The rest of transitions are = = =" in which the transition involves

HOMOs orbital mainly located in vanillin ring and azomethine C=N that transfer to =" orbitals.
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4.1.4 Biological activity of L1

4.1.4.1 Geometry changes upon reduction of L1
There are some important expected changes upon the reduction of the ligand during the SOD redox
process that are exemplify in Figure 26. To begin with, the dihedral angles of N-CH2-CH2-N in the
singlet state is 68.3 ° and upon reduction it decreases to 51.4 ° making the rings face each other
closer and in an almost perfect parallel manner. In fact, the rings are as close to each other as
possible based on van der Waals radius of the carbons, the distance between centroids is 3.91 A
which join with the angle between the rings being ~ 16 A can be consider as a n-n interaction?.
The C1=N; bond increases in size upon reduction (shown with red arrow) from 1.26 A to 1.33 A,

meanwhile, the other C=N bond is mostly unchanged.

L1
(Singlet)

L1-
(Doublet)

A S \

Figure 26 Geometry changes upon reduction of L1
Moreover, the bond distance between the groups -CH in the bridge increases upon reduction from
1.529 A to 1.552 A. Finally, upon reduction, the orientation of -OH shifts slightly no longer in

plane with -OCHs. The rest of bonds and angles are maintained almost unchanged.

4.1.4.2  Electron Affinity for L1
Using the energy of the neutral and reduced ligand, the electron affinity was calculated, and its
results can be observed in Table 5. The comparison with the rest of ligands would be done at the

end of the chapter.

Table 5 Electron Affinity for L1

Energy Singlet L1 [En] Energy Doublet L1 [En] EA[En] EA [kJ/mol]
L1 -1108.267 -1108.328 -0.061 -159.345
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4.1.4.3  Orbitals analysis for L1

Analysis of frontier molecular orbitals is important to understand the reactivity of the molecule,
the respective obtained values for the frontier orbitals’ energies and reactive parameters are shown
in Table 6. As expected from the significant changes in geometry upon reduction observed mainly
in one side of the ligand, the SOMO of the doublet state, where the extra electron is located upon
reduction, is more distributed in just one of the rings (the one connected to the C=N group that
changed bond size). As well, the only oxygen that contributes to the electronic density corresponds
to the -OH in this same ring. On the other hand, the LUMO of the singlet is located over the whole
molecule excluding the -OCHs. The calculated orbitals and its changes upon reduction are
observed in Figure 27.

Table 6 Reactivity parameters for L1

Doublet L1° Singlet L1
SOMO LUMO Bandgap ] n 0} HOMO LUMO Bandgap n R o
[eV] [eV] [eV] [evl [ev] [ev] [eV] [eV] [eV] [evl  [evl  [eV]
-7.344 -0.143 7.201 3.601 -3.744 1,946 | -3.322 0.342 3.664 1.832 -1.490 0.606

Looking at these facts, it can be concluded that although initially the LUMO of singlet ligand
indicates that the whole molecule is likely to distribute the extra charge density, upon the addition
of the electron one side of the molecule is preferred for the redistribution of this extra electronic
density as observed in Figure 27. Maybe, this is caused due to there is not complete resonance
among the rings due to -CH»-CH.- bridge. Moreover, it is probable that the molecule changes the
orientation of the rings to allow the transfer of a small portion of this density through = stacking

to the other ring.

SOMO (L17)
LUMO (L1)

Figure 27 Orbitals involve in the reduction of L1

36



4.2 Complexes with L1

Two different complexes of copper were obtained using L1, which just differ in their ratio of
metal:ligand used during the synthesis for CulA, the ratio was 1:1 and for CulB 1:2.

4.2.1 General description of the complexes

4.2.1.1 General description for Complex CulA
The resulting complex obtained experimentally is observed in Figure 28 which had a yield of 66.97
% being insoluble in ethanol and slightly soluble in acetonitrile. Regarding the magnetic

properties, it has a perf =1.92 BM which suggest that copper is in a 2+ state.

Figure 28 Obtained Complex C1A

4.2.1.2  General description Complex CulB
The complex obtained experimentally showed purple color as seen in Figure 29 which had a yield
of 67.71%. This complex is soluble in ethanol and methanol, and slightly soluble in acetonitrile.

The magnetic measurements showed that this compound has pess = 1.94 BM indicating that copper
is found in a 2+ state.

Figure 29 Complex C1B
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4.2.2 Geometry optimization of complexes with L1

4.2.2.1 Geometry optimization CulA
Based on the previous studies of L1, it seems clear that the orientation of -OH and -OCHs is
important, so different orientations were tested. Each conformer was tested for coordination
through the nitrogen and through oxygens. The optimized different conformers are shown in Figure

30 and their corresponding energies are summarized in Table 7.

As seen in Table 7, in all the cases, the coordination is preferred through nitrogen, this result is
expected based on hard-soft acid-base theory (HSAB). In general, there would be a preferential
interaction between acids-bases with the same character'?’, some cannot be strictly classified as

neither but rather as borderlines between both behavior and characteristic!?®,

a) b)

c) d)

e) g) h)
¢
¢ L ¥
Figure 30 Initial conformers analyzed to determine geometry of CulA a) CLIN1 b) CL101 ¢) CLIN2 d) CL102 e) CLIN3 f) CL103
g) CLIN4 h) CL104
Table 7 Energy of conformers of complex CulA
Energy Energy Difference Energy Energy Difference

Conformer v (kJ/mol) (kiimoly | Conformer e 5 (kJmol)  (kJ/mol)
CLIN1 -2748.567 -7216362.107 0.000 CL102 -2748.525  -7216251.263 110.844
CL1N3 -2748.565 -7216356.777 5.330 CL103 -2748.524  -7216250.412 111.695
CL1IN4 -2748.559 -7216341.498 20.609 CL101 -2748.524  -7216249.721 112.386
CLIN2 -2748.556  -7216334.452 27.654 CL104 -2748.514  -7216224.106  138.000
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It is known that Cu?* is a borderline acid, ROH/R-O-R are hard base, and R=N-R an intermediate
base?®1%, Therefore, a coordination through oxygens (R-O-R and R-OH) is not as favored for
copper. In general, the orientation/geometry of the ligand is maintained whether the copper
coordinates through nitrogen or oxygen. Among the conformer coordinated through nitrogen, the
orientation of -OH and -OCHjs significantly affects the energy probably because the orientation of
this substituents influences the geometry aspects of the bridge directly affecting the coordination

sphere and metal geometry. The most stable conformer would be used for the further calculations.

Finally, the coordination sphere was completed with water molecules, different approaches were
taken. For the first proposal (CulAl), the copper coordinates with two waters generating a
distorted tetrahedral geometry. Later, the optimization was tried with four water, but one of them
was pushed away from the coordination sphere due to not enough available space (CulA2).
Finally, the optimization was made with just three waters (CulA3). The optimized structures of
these three conformations are shown in Figure 31. For both cases, a geometry of square base
pyramid for the copper was obtained, the square base is formed by the three waters and one of the
nitrogens. No energy comparation can be made in this case since the number of atoms is not equal.
For the rest of calculations, CulAl would be used as it showed a better result for the theoretical

UV-Vis which would be discussed later.

Figure 31 Conformers of CulA, from left to right: CulA1, CulA2 and CulA3.

4.2.2.2 Geometry optimization for CulB
For the optimization of this complex, there are not many possible conformers, in total six
conformers were proposed as can be observed in Figure 32. Moreover, water molecules were added
for each of the possible conformer but in most of the cases there was not enough space ending up
out of the coordination sphere. The energies for the different conformers are shown in Table 8. The
difference in energy observed can be caused by many factors such as x...n interaction between the

aromatic rings, different levels of torsion on the bridge, and orientation of the rings and its
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substituents within the aromatic ring important effect as observed in ligand the (especially for
CulB3w and CulB3).

a)

Figure 32 Different tested geometries for complex a) CulB1w b) CulB1 c) CulB2w d) CulB2 e) CulBCulB3w f) CulB3

Table 8 Energy of conformers for CuB1

Conformer Energy [En] [ngr;%)ll] D[:g%qegﬁe Conformer Energy [En] [Eg/er:]%)ll] D[:Ij‘]%(]aglc]:e
CulBlw -4006.987 -10520343.851 0.000 CulB1 -3854.260 -10119359.028 0.000
CulB2w -4006.972 -10520305.127 38.724 CulB2 -3854.255 -10119345.544 13.484
CulB3w -4006.949 -10520244.168 99.684 CulB3 -3854.230 -10119279.771 79.256

4.2.3 IR analysis for complexes with L1

4231 IRCulA
To continue with the characterization of the complex, the IR analysis was performed, the
experimental and computational results and assignation are shown in Table 9 and its spectrum is
depicted in Figure 33. A broad band is observed expanded around 3000 cm™ related with -OH
stretching in the aromatic ring. The peaks observed above 3000 cm™ are related with stretching
of aromatic C-H or C-O, the possibility of being N-H peaks is unlikely since the position
(wavenumber) are not consistent with the ones obtained IR for the reactive ethylenediamine. The
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peaks for stretching of C-H from -CH_ are overlapping by the -OH band. The small peak observed
at 1664.2 cm™ could be assigned to the C=N which usually presents in the range 1690-1640 cm™
120 more likely antisymmetric, stretching which intensity was affected by the coordination through
nitrogen. As can be seen, this band possesses a small shoulder suggested than each C=N bond has
a stretching slightly different. Meanwhile, the symmetric stretching C=N seem to have been greatly
shifted to lower wavenumber and is fused with the stretching of C=C bond, so the peak at 1582.2
cmt has been assigned to both stretching. The loss of intensity of C=N bands upon coordination
or that the peak is covered by others is not uncommon result an have been appreciated in other
studies'®!. Multiple peaks are assigned to bending and stretching of C-O from -OH and -OCH3
summarize in Table 9. Finally, the coordination is confirmed with the appearance of new peaks at
594.51 cm™ and 421.18 cm™ for Cu-O bonds, and for Cu-N bond at 437.96 cm™ consistent with
expected IR values 1%°,

Table 9 IR results for CulA

IR bands for CulA

Experimental Experimental

Assignation wavenumbers [cm™] Assignation wavenumbers [cm™?]
C=N 1664.2 C-N stretching 1058.5
Cc=C 1582.2, 1507.7 Bending of H of HC=N 957.92
C-O stretching 1278.4 M-O 594.51, 421.18
Bending C-H of bridge Bending H of -OH out of
HC=N-CH2-CH2-N=CH 1321.3 plane 534.87
C-O bending 1387.4 ,1179.7 M-N 437.96
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Figure 33 IR for CulA in red DFT simulation and in black experimental result.

41



The simulated spectrum shows a strong band ~1250 cm that is shifted in respect to experimental
results. The relative orientation of -OCHz and -OH plays an essential role in stability as discussed
previously, it is plausible the shift in the peak observed is due to some different orientation of the
aromatic substituents different from the ones proposed here. Nevertheless, in general the structure
should be similar as the one proposed here because the rest of the experimental peaks can be relate

with experimental results, and the UV-Vis is consistent.

4.2.3.2 IR forCulB
First, the IR spectrum of CulB is very different with respect to the previous one although the
ligand and metal used are equal just the ratio changes as can be clearly observed in Figure 34.

These changes are related with significant change in orientation of the ligands and coordination
mode.
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Figure 34 Experimental IR result for CulB

The peaks between 3200 cm™ and 3000 cm™ are due to stretching of aromatic C-H and C-O, and
the ones between 3000 and 2800 cm™ are due to the stretching -CH of -CHa. Here, the peaks of
C=N and C=C are very close to each other with just 17 cm™ of shift, which suggest that our
previous assumption of fused peaks is plausible. Moreover, the more prominent peaks are observed

around ~1000 cm™ due to C-N stretching mode, probably one peak for each ligand, this further
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suggests a coordination through nitrogen. Finally, the coordination is confirmed by the appearance
of strong peaks at 602 and 537 cm™ for Cu-N and 472 cm* for Cu-O.

4.2.4 UV-Vis for copper complexes with L1
4.2.4.1 UV-Vis for CulA
The measurement of this UV-Vis was made using acetonitrile, this was used as solvent parameter
for CPCM. The comparison between experimental and computational simulations are shown in
Figure 35. The theoretical assignation was made based in the transitions calculated and using
Avogadro which is summarized in Table 10. The three computational peaks of lower energy are
related with d-d transitions. Experimentally, these are not easily observed as the solution was very
diluted. These d-d transitions are from copper orbitals d? and dy; orbitals to dx; orbital of the metal.
Regarding the peak at 500 nm, the best transition computationally observed is slightly far from the
experimental observed peak. However, a transition at 502 nm exhibits a weak oscillator strength.
Both peaks have similar transition (orbitals involves and energies), the oscillator strength is very
sensible even to small changes which may have cause a decrease in strength for the peak at 502
nm. Finally, the rest of the peaks are assigned as charge transfer in which o and B orbitals are

involved. The orbitals involved are mainly located in the rings, bridge connecting the rings and
ligand waters.
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Figure 35 UV-Vis measurement for CulA a) whole spectrum b) zoom in the d-d transfer area
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Table 10 UV-Vis analysis for CulA

Experimental A [nm] Theoretical ). [nm] Contribution Assignation
692 698.7 HOMO-20 (B) > HOMO (B) 19.96% d-d
HOMO-1 (B) > HOMO (B) 21.02% d-d
654.2 HOMO-7 (B) > HOMO (B) 26.33% d-d
HOMO-22 (B) > HOMO (B) 28.76% d-d
500 502 HOMO-26 (B) > HOMO (B) 27.42% d-d
HOMO-22 (B) > HOMO (B) 17.24% d-d
4735 HOMO-1 (B) > HOMO (B) 68.23% d-d
304 290.8 HOMO-1 (B) > LUMO (B) 29.25% LMCT
HOMO (a) 2> LUMO () 27.64% LMCT
273 282.2 HOMO-2 (B) > LUMO (B) 25.74% LMCT
HOMO-1 (0) > LUMO () 25.25% LMCT
229 214.1 HOMO-1 (B) > LUMO +3 (B) 12.51% ILCT
HOMO (a) > LUMO+3 (o) 12.18% ILCT
206 192 HOMO-1 (B) > LUMO +5 (B) 10.71% ILCT
HOMO (o) > LUMO+5 (o) 10.68% ILCT
4242 UV-Vis CulB

The experimental procedure allowed in this case to measure the UV-Vis in the range 175 - 1200

nm and the obtained experimental and theoretical result is observed in Figure 36, the peak

maximums and its corresponding assignation is observed in Table 11. The transitions observed

between 500 and 1200 nm are assigned to d-d transitions from different HOMO-X () to HOMO
(B) orbitals. The HOMO orbital is just located in the dx?- y? and the lone pairs of electrons in
nitrogen. Meanwhile, the HOMO-X (B) orbitals include different d orbitals of metals, specified in

Table 11. The transitions observed below 500 are assigned to LMCT/MLCT/ILCT in which a and

B orbitals participate.

Table 11 UV-Vis data for CulB

Experimental A [nm]

Theoretical A [nm]

Contribution

Assignation

1068

692

558

371

309

279

230

1071.7 (1)

7259 (2)

708.6 (3)
588.4
409.7 (7)
391.9 (11)
290.2 (23)
2735 (28)
242.2 (53)

224 (66)

HOMO-11 () > HOMO (P) 56.43%
HOMO-9 (B) > HOMO () 19.12%
HOMO-36 () > HOMO () 51.91%
HOMO-12 () > HOMO (p) 18.93%

HOMO-35 () > HOMO (p) 51.35%
HOMO-10 () > HOMO () 22.11%
HOMO-42 () > HOMO (P) 22.55%
HOMO-39 () > HOMO (P) 59.52%
HOMO-1 (B) > HOMO (B) 19.57%
HOMO-1 () = HOMO (P) 62.41%
HOMO-1 () > LUMO (B) 20.77%
HOMO («) & LUMO () 18.03%
HOMO-12 () > HOMO (P) 27.52%
HOMO-14 () > HOMO (p) 14.01%
HOMO-13 () > HOMO (p) 16.50%

HOMO-7 (o)) > LUMO+2 (a:) 15.74%
HOMO-4 () = LUMO () 18.59%

02 >d 22
422 > d -2
dyz > d 22
dyz 9 d ><2-y2

dxz > d ><2'y2
dxz 9 d )(2'y2
Oy > 02 2
d2 > d -2
LMCT
LMCT
ILCT
ILCT
LMCT
LMCT
LMCT

ILCT
ILCT
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Figure 36 UV-Vis results for complex CulB left side complete spectrum and right zoom for d-d transitions of lower energy

Relative to the complex CulA, the d-d transitions are red shifted to higher wavelengths. As can

be observed in this geometry, there is the addition of two new nitrogen donors in the coordination

sphere, which provokes a change in geometry similar to an octahedral one. Although octahedral,

the equatorial bonds form a tetrahedral perturbated square planar geometry as the oxygen in axial

positions are further away causing Jahn Teller effect. The position of d-d transitions is consisted

with UV-Vis analysis for previous discussions for copper complexes for this geometry®2,
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4.2.5 Diffuse reflectance for complexes with L1

4.2.5.1 Diffuse reflectance for CulA
As can be seen in Figure 37, there is almost no shift between the peaks observed in the solid and
liquid state, so there is no exchange of water/ethanol by acetonitrile. However, it is important to
point out that in a same band, two peaks are observed. One at 498 nm and another at 469 nm, the
second being like a shoulder that can be distinguished in solid state but not in the liquid one. It is
interesting to notice that there are 29 nm of distance between the two peaks of this band as observed
with purple arrows in Figure 37. Interesting, almost the same difference (28.5 nm) is observed
between the two calculated transitions assigned to this band at about 500 nm in liquid state (502
and 473.5 nm). This suggest that the calculations are valid, but the oscillator strength is very
sensible to slight changes in geometry. The shift observed between solid and liquid state are due

to some slight changes on the geometry of the complex upon dissolution.
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Figure 37 Diffuse Reflectance for CulA

4.2.5.2 Diffuse reflectance for CulB
The effect of solvent is more important for this complex, showing significant shift between the
peaks in UV-Vis spectra in solid (Figure 38) and liquid state. The first peak is observed at 708 nm
in liquid state whereas in solid state it is shifted to smaller wavelength, blue shifted, by ~16 nm.
This transition involving orbitals with a z-component (d?). The other d-d transitions are not easily
identified in solid state. The peak at 447 nm has a red shifted of ~70 nm, and the peak at 318 nm
is red shifted by ~28 nm. In general, d-d transitions have associated a blue shift, meanwhile, the

charge transfers involve a red shifted. Moreover, the shift is higher in transitions involving the
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lonely pairs of electrons as its stabilization is highly dependent on solvent polarity (transition at

447 nm involves nitrogen and oxygen lonely pairs).

It is possible that in solution, the solvent molecules disrupt the 7. interaction system affecting
the orientation of the ligands, therefore changing the geometry around the copper atom. Moreover,
the orientation of the waters/solvent in the axial position in solid state could be different than in
the liquid one causing changes in Jahn Teller effect. In this sense, Roy, Mitra & Patra in 2011 133
reported solid and liquid UV-Vis results for the copper complexes studied, upon the result
obtained, it is stated that a reduction in the strength of bond in the axial position, the d-d bands

cause by transitions involving orbital with a z-component will tend to shift to greatest energies*3.
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Figure 38 Diffuse Reflectance for CulB
4.2.6 Biological Activity of complexes with L1
4.2.6.1 Biological analysis CulA

4.2.6.1.1 Geometry changes upon redox process for CulA
The geometrical changes observed upon reduction of CulA are observed in Figure 39. As described
in the introduction chapter, the T parameter would be used to better describe the optimized
geometry obtained in Orca for copper complexes. Due to the nature of the ligand, the two nitrogens
have low freedom to move due to the bridge that joins them, therefore, the geometry of the complex
would be mainly determined by the orientation of the water molecules. For the doublet state (Cu?"),
the parameter T = 0.44 suggests a tetrahedral distorted square planar geometry in which the ligands
donor atoms form a dihedral angle of 38.6°. It is complicated to determine the nature as the value

7 is almost in between the values of the two coordination types. Moreover, the angles N-Cu-N and
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0O-Cu-O are equal to ~87 °, and the N-Cu-O/O-Cu-N angles are of two different kinds, ones ~100°
and others ~148°. These values were obtained regarding the calculated optimized geometry of the

complex.

After the reduction, there are some significant changes in the geometry of the complexes with
Cul*. To begin with, the rings become more parallel to each other which makes the waters move
to perpendicular positions in respect to the nitrogens. This provokes that the T parameter changes
to 0.79, suggesting a tetrahedral geometry. There are no major changes in the N-Cu-N and O-Cu-
O angles, but the O-Cu-N ones all become ~ 120°. Furthermore, the N-Cu and O-Cu bonds slightly
increase by ~0.1 A and ~0.15 A respectively, but C=N reduced by ~0.06 A. It does not seem as
neither of the bond would break upon reduction just slight elongation suggesting a weaker

coordination.

¢ &

CulA

Figure 39 Geometry changes upon redox process in CulA

4.2.6.1.2 Electron affinity for CulA
The electron affinity for the complex as shown in Table 12 is about three times more negative that
one for the ligand which suggest an improvement in SOD capacity upon coordination with the

metal.

Table 12 Electronic Affinity for complex CulA

Energy Singlet [eV] Energy Doublet [eV] EA[eV] EA [kJ/mol]
CulA -2901.73 -2901.54 -0.188 -494.32

4.2.6.1.3 Molecular Orbital involve in redox process of CulA
The results obtained using TDDFT were used to calculate reactivity parameters summarized in

Table 13.Comparing with the ligands, the band gap in neutral state for CulA is smaller, meaning a
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higher reactivity than the ligands. Moreover, ® is higher which implies that the complex is more

attracted to electron rich entities such as superoxide anion.

Table 13 Reactivity parameters for CulA

HOMO LUMO Bandgap 1 n [0 HOMO LUMO Bandgap ] n o
[eV] [eV] [eV] [ev] [ev] [eV] [eV] [eV] [eV] [eV]  [eV] [eV]
Doublet Singlet
-7.965 -1.318 6.647 3.324 -4.642 3.241 | -7.184  -0.634 6.550 3.275 -3.909 2.333

The representation of the molecular orbitals SOMO CulA and HOMO CulA" are represent in
Figure 40. Regarding the orbitals, the SOMO of Cu?* would be the electron accepting orbital upon
reduction and HOMO is the orbital in which the accepted electron would be place in the Cu®*
molecule. As observed in Figure 40, both are similar in electron distribution involving mainly C=N
and Cu orbitals, the main difference is whether the water molecules are involved or not. In the
doublet state, there is a contribution to the electronic density from the water molecules probably
because their orbitals are aligned with the dy, orbitals of copper, but in the singlet state the
orientation of water molecules is not as favorable to interact with the dx. orbital of copper.

SOMO (Cu?") CulA HOMO (Cu'*) CulA

.

Figure 40 Orbitals involve in the reduction of CulA

4.2.6.2 Biological analysis for CulB
4.2.6.2.1 Geometry changes upon redox process of CulB
There are some significant changes between the geometry of the complex in its neutral and reduced
state. To begin with, in its Cu?* state, copper is in a distorted octahedral geometry. The bonds in
axial position O-Cu are ~ 2.3 A long, and the Cu-N bonds in the equatorial position are of ~2.1 A.
Based on these results, the complex shows Jahn-Teller effect. Regarding the angles, between
ligands in the equatorial positions, two of them are 98.7° and the others 83.6°. Meanwhile, the
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angles O-Cu-N, between axial and equatorial ligands, show values of ~ 98° or ~82°. Finally, the

angle between the axial oxygens is 179.6°.

Upon reduction, two bonds separate considerably from the copper which suggest that they broke
(dotted lines in Figure 41). For example, the Cu-O bond passes from 2.38 A to 4.7 A, and the C-N
changes from 2.09 A to 3.16 A clearly indicating that there is a break in these bonds. Therefore,
the geometry passes from distorted octahedral to distorted tetrahedral (1=0.645). Also, there is a
significant change in the orientation of the rings (purple arrow). All these changes imply significant
amount of energy required for the reduction.

CulB

Figure 41 Geometry changes in reduction of CulB

4.2.6.2.2 Electron affinity CulB

The electron affinity of the CulB is much more negative than the one of the ligands as can be
observed in Table 14. Nevertheless, it is not as negative as that by CulA, which suggest that CulA
would be a better SOD mimetic than CulB. This can be related with the many changes that CulB
must undergo during its redox cycling which requires significant amount of energy. Moreover,
while looking at the structure with van der Waals spheres, we can observe that there is no available
space for the superoxide anion to coordinate for doing the electron transfer, even after two bonds
break.

Table 14 Electron affinity for CulB

Complex  Energy Singlet [En] Energy Doublet [E] EA[En] EA [kd/mol]
CulB -4007.16 -4006.99 -0.17619 -462.587
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4.2.6.2.3 Molecular Orbitals of CulB
The reactivity parameters for CulB are summarize in Table 15. The band gap is the smallest
relative to ligands and CulA suggesting that is a more reactive specie. However, the
electrophilicity, in singlet and doublet state, parameters are smaller compare with the ones obtained
for CulA. This suggest that this complex is less attracted to electron rich compounds as superoxide
anion in accordance with the less SOD activity predicted previously. Also, according to da Silva
et al.}2, the lower the HOMO energy of the reduced species, the better the stabilization of the extra

electron which also suggest that CulA would have better SOD mimetic effect %2,

Table 15 Reactivity parameters for CulB

HOMO LUMO Band gap ] n o HOMO LUMO Band gap ] n o
[eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV]
Doublet Singlet
-7.565 -0.993 6.572 3.286 -4.279 2786 | -6.818 -0.546 6.272 3.136 -3.682 2.162

Besides these parameters, the orbitals involved in the redox process are shown in Figure 42. As can
be seen, the SOMO in the neutral state is mainly located in the dy?_y? of the metal and the px and
py orbitals (two of each) of nitrogens. Upon reduction, the HOMO orbital of the reduced specie no
longer has just the contribution of the metal and nitrogens but also from part of the ligands and
water. Moreover, the metal’s orbital involved in HOMO orbital of Cu* is d,? that strongly fusses
with the electron density from nitrogen. This indicated that there is a change in the order of the
orbitals, HOMO is fill with electrons and in tetrahedral geometry d.? is expected to be filled which
confirms the geometry shift (inversion of orbitals in octahedral and tetrahedral crystal fields

diagrams). All these significant electronic changes may reduce the efficiency of redox cycle.

o
SOMO Cu1B ) HOMO Cu1B'
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Figure 42 Orbitals involve in the reduction of CulB

4.3 Set of ligands derivate from vanillin with aniline and its derivatives (L2X)
In total, four ligands were obtained, the difference between them rely on the para position. In this
sense, as observed in Figure 43, the name regarding the para position would be for -H (L21), -OH
(L22), -CI (L23) and -CH3 (L24). Regarding physical aspect, all of them present yellow color and
tend to be crystalized. The yield of the reactions were: L21 80.94%, L22 95.87%, L23 91,08%
and L24 84.83%. All of them were highly soluble in ethanol, acetonitrile, chloroform, hexane, but

insoluble in water.

The melting point slightly differ between each other due to the substituents in para position, the
order from lowest to highest was for L24 (117 - 119 °C), L23 (129 - 131 °C), L21 (147 — 155 °C)
and L22 (203 - 206 °C). These results are consistent with the type of interactions observed for the
ligands, for example, -OH para substitution facilitate hydrogen bond interactions which further
stabilized the compound. The range of melting is very narrow which suggest the purity of the
ligands. The reaction scheme and experimental pictures are shown in Figure 43, the nomenclature

of the ligands for further discussion would be L2X.

(o]
/
Ethanol X
X =
4-7 hours oH %
Heat
+ _— IH
2.0H
N 3.Cl
o HoN X O/ 4. Methyl
OH

Figure 43 Reaction scheme for set of Ligand 2 and experimental pictures of the L2X

4.3.1 Geometry optimization L2X
Regarding geometry optimization, different starting orientation of the aromatic rings respective to
each other were tried, but all end up converging to a non-planar structure regardless of the para
substituent, but with slightly different dihedral angle of C7-N-Cg-C10 (as seen in Figure 44 a). In
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this sense, the dihedral angles obtained are respectively -41.3° for L21, -35.6° L22, -41.7° L23
and -39.5° L24. A clear tendency is observed, ligands with para electron donor substituents have
a smaller dihedral angle (C7-N-Cy-C10) compare with L21 specially if the donation effect is due to
resonance rather than induction effect. Meanwhile, when the substitution is an electron
withdrawing group, the angle is bigger. This indicates that there is more delocalization of the
electronic density around the ligand when there are electron donating groups. Moreover,
previously in 2018 Hijas et al.*® made a computational analysis for L21, and although the basis
set and method used are different, the geometric parameters are almost equal which confirm the

success of our analysis. The final structures for the ligand and its protonated version (L2XH) can

be seen in Figure 44 .

[

Figure 44 Final geometry optimization for a) L21 b) L21-H c) L23 d) L23-H e) L22 f) L22-H g) L24 and h) L24-H

Due to results regarding UV-Vis and FTIR, for all the ligands, the protonated form of the ligand
was as well optimized. These structures provide information which would help to better explained
experimental results discussed in the following sections. The main difference between the ligand
and its protonated counterpart is regarding the planarity, in the protonated ligand the dihedral angle

between the rings is of about ~1°, so the electrons are more delocalized.
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4.3.2 IR results for L2X
IR spectra as measured for each of the ligands. As can be expected the results are similar due to
the nature of the general structure. Nevertheless, in general, depending on the chemical entity in
the para position the peaks are slightly shifted. The spectrum of L21 would be initially discussed
in detailed then, the difference observed between L21 and the others L2X ligands would be
indicated specially regarding bands for the substituents in para position: C-O (-OCHzs), C-Cl and -
CH3 bending that confirmed the uniqueness of each ligand.

The IR results for ligand L21 are shown in Figure 45. The broad signal around 3000 cm™ has been
associated with stretching of the aromatic -OH. This peak hides the peaks of stretching of -CH for
aromatic and non-aromatic carbons. A new peak is observed al 1621.3 cm™ which does not have
the characteristic shape (width and strong intensity) for a C=N stretching, but it was
computationally confirmed. The condensation is confirmed as the shape and intensity of this band
is consistent with the results obtained in previous analysis!®. For C=C stretching, two peaks are
observed since each ring vibrates at different wavenumbers. The peak for the stretching of C-N is
at ~1203.9 cm that are within the expected range *?°. However, for computational calculation
indicate that this is not just purely C-N but also stretching of O-C from -OCHz. The bending of C-
O is observed at 1280.3 cm™ for aromatic -OH and at 1157.3 cm™ for a joined bending of -OH and
-OCHs. Another very sharp peak is due to bending of -CH3 at 1426 cm™. As would be expected,

many out of plane (oop) bending of aromatics H are observed at 969.1, 768, and 693 cm™.
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Figure 45 FTIR results for L21. a) Theoretical simulations for protonated and non-protonated ligand b) Experimental result.
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Regarding computational results, in general, the comparison with the experimental results is
acceptable, although bigger shifts are observed at higher wavenumber. This is not an uncommon
result and other approaches such as dual scaling are used to improve the results. Dual scaling
consists on using two different scaling factors depending upon the region of the spectrum (one
between 4000-1000 cm™ another <1000 cm™)*34 . However, this approach was not taken because
IR peak scaling values were not found for our specific set up of method and basis set. Moreover,
it seems like the spectrum is much more alike to the result for the ligand without protonation.
Nevertheless, in the area around ~1200 cm™ is better expressed by the protonated species, so it is

likely that the result comes from contributions of both species.

Now, the experimental IR results for the other ligands of L2X set, a small discussion would be
made in the following paragraphs. Experimental IR for L22 presents a defined peak between 3520-
3110 cm* is observed for the stretching of the aromatics -OH. The peak for C=N is shifted in
respect to the experimental peak for the same stretching in L21. Many more peaks are observed in
the experimental spectrum around 1300-1000 cm™ since there are more band regarding C-O due
to the contribution corresponding to aminophenol part. The distinctive peak for the IR spectrum
of L22 isa C-O bending at 1241.2 cm™ for -OH of aminophenol ring consistent within the expected
range for this band 1300-1000 cm™ 120,

On the other hand, in the experimental IR spectrum of L23, the peak for C=N is observed at the
same position as for L21. However, in this spectrum, there are three peaks instead of two for C=C
with values shifted in respect to L21. Something important is that in the IR spectrum, the C-O
bending peaks are at lower wavenumber as effect of the whole resonance of the molecule. The
characteristic experimental IR peaks for this compound are two bands of C-Cl stretching at 680.23
and 406. 27 cm, bands regarding C-Cl are expected to show up in the range 900-400 cm™ 3%,
Finally, the experimental IR spectrum for L24 shows that the peak for C=N is shifted in respect to
the observed one for L21 to upper wavenumber by 2 cm™. An important peak in the experimental
spectrum is observed at 1425.7 cm™ for stretching of -CHj of toluidine which is distinctive from

the -CHs of vanillin.

The previous description was made based on the experimental spectrum. Finally, all the theoretical

and experimental values are summarized in Table 16. Just based on experimental IR results, a clear
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Absorbance (A.U)

0

0

tendency to conclude that electron donor or electron withdrawing groups shift in a special way the

bands cannot be made.

Table 16 IR results for L2X. The theoretical values were taken from the non-protonated L2X calculation

IR bands for L2X

Compound  C=N[cm?] C-N[ecm] C=C [ecm?] Special [cm™] C=C oop Cc-0
Exp 1621,3 1203.9 1578.6 - 768, 693 1280.3, 1157

L21 15114 969.1 1026.8

Theo 1643.9 1201.78 1585.4, 1496.0 - 759.96, 687.73, 1258.7, 1152.0,
973.21 1021.3

Exp 1621.3 1209.5 1597.1, 1507.7 C-Cl 933.69, 862.87 1274.1, 1155.4,
406.27, 680.23 827.47 1024.93

L23

Theo 1643.9 1203.6 1588.9, 1496.0 398.8 849.39, 828.75 1258.7, 1154 .55,
667.09 1017.9

Exp 1623.2 1205.7 1587.8 C-O aminophenol 836.78, 861,01 1280.3, 1263.5
L22 1507.7 1241.2 1028.7

Theo 1643.9 1196.7 1595.7, 1492.5 12415 832.19 1296.5, 1255.2,
1021.3

Exp 1623.2 1209.5 1585.9 v CH3 Toluidine 820.01, 864.74 1274.7, 1155 .4,
Loa 1507.7 1425.7 935.56 1030.6

Theo 1633.6 1203.6 1575.1, 1499.4 1434.1 811.55, 839.07, 1310.2, 1165.8,
952.57 1017.9

4.4 UV-Vis for set of Ligands L2X

First, the decision of theoretical set up would be discussed, and later, a general description for L22

would be made. To begin with, three different set up (methods that are shown in Figure 46) were
tested for the UV-Vis: B3LYP/6-311G** (method a), PBEO/TZVP (method b) and CAM-
B3LYP/TZVP (method c) which results are shown in Figure 46.
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Figure 46 Different TDDFT calculations for L22 from left to right: methods a, b and c.

It is important to clarify that two different molecules were considered, protonated (L22-H, pink)
and non-protonated (L22, blue) ligands, to perform the calculations. The possibility of having
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protonated species is plausible to some extent, since acid was used during the synthesis. Moreover,
that three different computational methods were used to simulate the spectrum as defined by Figure

46.

To begin with, the peak of lowest energy is observed 339 nm. The Method a allows to calculate a
transition of the unprotonated specie shifted about 10 nm in respect to the experimental currently
discussed peak. Meanwhile, method b involves the prediction of a transition with less than 1 nm
of shift with respect of the study peak for the ligand with no protonation. Moreover, method c
gives a similar result than the previous one for the protonated ligand. Regarding the peak at 284
nm, method a and b show similar results having three peaks in the zone and the closest one being
from the protonated species. On the other hand, method c simulates only one strong peak shifted

17 nm to longer wavelengths.

Then, the peak at 235 nm is not well represented by neither of the systems. In the case of methods
a and b, there are transitions near the correct position, but the oscillator strength is small.
Meanwhile, in method c, there is a calculated strong transition at 248.1 nm, that although shifted
12 nm from experimental result represent better the system that the other methods. Next, the peak
at 208 nm is in general well represented by all methods. Finally, regarding the stronger transition

around 200 nm, these are better represented by method c.

In general, method a is the less capable of representing the system, so it will not be further
discussed. Between method b and c, the decision is much more complex. Method b would require
the protonated molecule to correctly represent the transition around 175 nm, but this implies a peak
at about 380 nm which is not observed experimentally. Finally, method ¢ would be used for the
rest of calculations since the results for the protonated and no protonated species complement each
other and agree with experimental results. The UV-Vis analysis with different method was made
to justify that the use of protonated species is not just a result due to the method or basis set. The
assignation of the peak using computational simulations are shown in Table 17, and the

corresponding experimental result for the other ligands are shown in the annexes section.

In general, all the ligands show the same peaks but slightly shifted one in respect to the others. The
general discussion will be made for L22, the experimental, theoretical and assignation results are
shown in Table 17. The first two peaks at 339 and 284 nm, are due to HOMO->LUMO transition

of protonated and non-protonated species respectively. The HOMOs are distributed around the
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whole molecules meanwhile the LUMOs exclude -OCHj, the shift is due to the planarity of the
molecule. For the peak at 229 nm, two contributions would be considered. One from the from the
non-protonated species in a transition from electrons on the lonely pairs of nitrogen and oxygen of
-OCHs to nr” of the molecule. The other from the protonated specie, from & distribute around the
molecule to «” located only in the ring of aminophenol. The peak at 208 nm involves the transition
from = located in the ring of aminophenol to «” located in the whole molecule. Finally, transition

at 182 nm due to transition of electron from the nitrogen and oxygen lonely pairs to the n" of

aminophenol.
Table 17 UV-Vis experimental and theoretical results for L22
Exp  Theoretical Contribution Assighment Exp  Theoretical Contribution Assignment
[nm] [nm] [nm] [nm]
339 338.5 (H) HOMO - LUMO 94.88% non 208 208.5 (7) HOMO-3 >LUMO 64.37% >
HOMO >LUMO+1 17.23% >
284 300.9 HOMO->LUMO 79.02% > 182 182.9 (14) HOMO-4->LUMO+1 66.35% n>mx
HOMO-1 >LUMO+1 n->n
11.37%
229 2229 HOMO-4->LUMO 35.72% non 176 171.9 (16) HOMO-5->LUMO 20.49% >
HOMO-1 >LUMO 32.50% n>m HOMO ->LUMO+7 30.87% n>n
226.4 (H) HOMO -3 > LUMO 41.22% n>n
HOMO > LUMO+1 38.87% o

4.4.1 Biological analysis of L2X

4.4.1.1 Geometry changes upon redox process of L2X
The general structural changes observed upon reduction for L21 is shown in Figure 47. A general
description for L21 would be made in the following paragraph, for the other ligand a little
description of specific bonds will be made. The changes of structure during redox cycle is
important in order to understand where the electron received would be upon reduction. In general,
all L2X share the same structure, the para position sustituent does not affect greatly the bonds or

angles in the structure in singlet or doublet state.

In the singlet state, the length of the C-C bonds in the rings is similar being ~ 1.38-1.39 A, but
there are two C-C bonds out of this range. First, C1-Cs is shorter 1.374 A and C4-C; that is longer
1.406 A. Moreover, the dihedral Cs-C1-01-Cg es -1° showing that -OCHj is in plane with the ring
of vanillin, something similar happens with —OH substitution. Although there is significant
resonance in the molecule, it is not completely flat, the dihedral between C7-N-Cgy-Cyg is -41.3 °,
which is the only parameter with significant different between the ligands: L23 is -41.7, L24 -39.5
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and -35.6° for L22, which relates with whether the substituent is electron donor/withdrawing, in

case of donating groups, the angle is smaller due to resonance.

Figure 47 Geometry changes upon redox cycle from L21 to L21".

Upon reduction, the main difference observed is regarding the dihedral C7-N-Co-C1o that for L21
is reduce to -7.8 °. Moreover, the length of the bond for C-N and C-O bonds increase which suggest
a more single bond character, and the bonds Cs-C2, Co-Ci0, and Cz-C> increase in length. As in
singlet, the main change among the ligands is the dihedral C7-N-Co-Cjy, that is for L22" -8.3°, L23"
-5.6° and for L24" -8°. Different to the behavior observed for the neutral ligand, in the reduced
ligand, the dihedral angle is larger for the ligands with electron donor substituent and smaller for
electron withdrawing strongly related with the fact that the free lonely pairs of electrons are now

in a bond with a proton. Therefore, better electronic delocalization is expected in L23".

4.4.1.2  Electronic Affinity for L2X
As discussed previously, the electronic affinity is an important parameter for SOD mimetics. The
values calculated for this set of ligands are shown in Table 18. The most negative value obtained
for the set of ligand L2X was for L23 which suggest this would be the best biomimetic from L2X
set, L23 is the only ligand of this set with electron withdrawing substituent in para position. L22
is the worse SOD mimetic because through resonance -OH donates extra electronic density to the
ligand and therefore to the metal. Upon reduction, for this ligand it would be more difficult to
accommodate an extra electron. Meanwhile, for L23, chlorine is an electron withdrawing group
that upon reduction, due to its electronegativity is capable of attracting electrons to itself helping

to delocalize the extra electronic density over the whole molecule.
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Table 18 Electron affinity for set of ligands 2

L2X | Energy Singlet [En] Energy Doublet [En] EA [En] EA [kJ/mol] EA (Relative) [kJ/mol]
L23 -1206.074 -1206.158 -0.084 -219.894 0.000
L21 -746.443 -746.524 -0.081 -213.060 6.834
L24 -785.751 -785.831 -0.079 -208.219 11.675
L22 -821.685 -821.762 -0.077 -203.093 16.802

4.4.1.3  Frontier orbital analysis for L2X

Regarding SOD mimetics, in the reduction step, the orbital LUMO of the neutral molecule is

important as the electron would be receive here. As can be seen in Table 19 , the molecule with

the lowest energy of LUMO is the one with electro withdrawing group, these results are consistent
with the ones for EA suggesting that L.23 is the best SOD candidate.

Table 19 Reactivity parameters for L2X

LoX HOMO LUMO Band gap n n () LoX- SOMO LUMO Band gap n n o
[eV] [eV] [eV] [eVI [ev] [eV] [eV] [eV] [eV] [eV] [ev] [eV]
Singlet L2X Doublet L2X
L23 | -7.289 -0.604 6.685 3.343 -3.947 2330 | L23 | -3.893 1.146 5.039 2520 -1.374 0.374
L21 | -7.286 -0.531 6.755 3.378 -3.909 2.261 | L21" | -3.833 1.351 5.184 2502 -1.241 0.297
L24 | -7.186 -0.498 6.688 3.344 -3.842 2207 | L24 | -3.766 1.308 5.074 2.537 -1.229 0.298
L22 | -7.029 -0.470 6.559 3.280 -3.750 2.143 | L22° | -3.699 1.194 4.893 2.447 -1.253 0.321

Moreover, it is widely discussed that the smaller the band gap the more reactive a molecule tends

to be. In this case, the most reactive one is L22 followed by L23, but this does not necessarily

imply a better SOD mimetic behavior. Finally, it is known that superoxide anion is an electron rich

specie, therefore, compound with good electrophilicity as L23 are expected to better interact with

the substrate.

L21

——>

L21

¢

Figure 48 Orbitals involve in redox process from L21 to L21.
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Regarding the orbitals which can be observed in Figure 48, LUMOs of L2X are almost identical to
the SOMO of L2X showing that there will be no significant changes during redox cycling. In all
the cases, the para substituent is part of the orbital which remark its importance in the redox
process. Finally, in neither of the orbitals is included -OCHps, so the lonely pairs are not expected
to participate in the process of electron transfer. Finally, the accepted electron distributes around

the whole molecule.

4.5 Complexes with ligands L2X
Using the ligands L2X previously discussed, a set of complexes were synthetize using copper and
manganese metals. A total of three complexes were synthetized using ligands L21, L23 and L24,
which will be called Cu21, Cu23 and Cu24 respectively for copper and Mn21, Mn22, Mn23 and

Mn24 in a similar manner.

4.5.1 General characteristics of complexes of Cu2X
In total, three different complexes were obtained with copper which are shown in Figure 49. The
para position has effect on the nature of the coordination showed firsthand by the color. The
complexes mainly Cu21 show a kind of metallic shine that is not completely expressed in the
picture. The yield for these complexes was for Cu21 70.97%, Cu23 79,90% and C24 76,07%. The
complexes are moderately soluble in ethanol, methanol but not in water, hexane, or acetonitrile.
These decompose at ~250 °C which is higher than for the corresponding ligands. For the magnetic
properties, the pesf for the complexes are: C21 1.92 BM, C23 2.03 BM, and C24 2.08 BM. These

results suggest that copper is found in 2+ state.

Figure 49 Copper complexes with L2X from left to right: Cu21, Cu24 and Cu23.

4.5.2 General characteristic of complexes of Mn2X
In total four complexes with manganese were obtained, all of them of orange color as observed in

Figure 50. Their decomposition point is similar to the ones observed for copper complexes at ~
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220°C. The complexes are soluble in ethanol, methanol, acetonitrile, slightly in water but not in
hexane. The yield for the complexes is less that the ones obtained for the copper complexes, Mn21
50.38%, Mn22 60.58 %, Mn23 57.25% and Mn24 54,02%. The magnetic measurements show
Mn?* being a d° specie, the values obtained were higher than the ones expected for Mn?* probably

because there are still residues of ligand, Mn23 was 6.23, Mn24 6.27, Mn22 6.25 and Mn21 6.16
BM.

Figure 50 Manganese complexes from left to right Mn21, Min23 and Mn24.

4.5.3 Geometry optimization

453.1 Complexes of copper Cu2X
Initially, it was unclear which would be the coordination mode for the copper complexes.
Therefore, two different alternatives were taken. The first alternative, the coordination of copper

with two nitrogens (from two ligands) and two waters, which forms a square planar geometry.

@ Copper ® Oxygen Chloro ® Nitrogen @ Carbon Hydrogen

Figure 51 Optimized structure Cu21, C23 and C24

Additionally, the possibility of four water molecule was tried but it was prohibited by steric
hindrance due to little available space between the ligands. The second alternative mode, in which

copper coordinates through the oxygens of the vanillin aromatic rings and two waters in the axial
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position to obtain an octahedral geometry. The optimized structures for the first approach are

shown in Figure 51 .

Energy values are summarized in Table 20. As can be seen, in all the cases, the complexes

coordinated through nitrogen are much more stable for more than ~100 KJ/mol than the ones

through oxygen. This is similar to the behavior observed for CulA and CulB, as explained earlier,

this is due to the preference of copper to coordinate through nitrogen. Therefore, these geometry

optimizations would be used for the following calculations.

Table 20 Energy for complexes with ligands 2 with copper

Cu2X | Coordination Nitrogen | Coordination Oxygen Difference

Energy (Eh) Energy (Eh) Energy (KJ/mol)
Cu2l -3284.107 -3284.065 -110.341
Cu23 -4203.048 -4203.007 -107.604
Cu24 -3362.643 -3362.598 -118.051
4.5.3.2 Complexes with manganese Mn2X

Initially, using the previous calculated complexes, the copper was changed by manganese and use

as starting conformation. Upon the optimization process, the coordination mode was favored

through nitrogen. Nevertheless, looking at the experimental IR result, the coordination should be

through oxygens because C=N band does not move to lower wavenumbers.

Figure 52 Optimized geometries for Mn2X: a) Min21 b) Mn22 c) Mn23 and d) Mn24
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The possibility of loss of a proton from -OH upon coordination was considered, and in these
conditions, the calculations prefer the coordination through oxygen, the optimized structure for
Mn2X is shown in Figure 52. Moreover, due to the orange color observed for the compounds, its
coordination is more likely octahedral rather than tetrahedral®. It is not possible to determine
whether in the axial position water or chlorine is located because the peaks of Cu-Cl appear below
400 cm* that is below the range of the equipment used for FTIR36:137,

4.5.4  FTIR analysis for complexes Cu2X and Mn2X

45.4.1 FTIR complexes Cu2X
An extended discussion would be made for Cu23 and the changes observed upon the substitutions
in para position would be later discussed. The IR spectrum results obtained for Cu23 are shown
in Figure 53. To begin with, the bands observed between 3000 cm™ and 3260 cm™ correspond with
aromatic O-H and C-H stretching. Then, the peaks observed between 3000-2750 cm™ are
accordingly to the C-H stretching of -CHs. Regarding other important peaks, the C=N is observed
at 1584.1 cm™ which is ~ 40 cm™ shifted to lower wavenumber relative to the ligand, and C-N
stretching at 1161 cm™ shifted by 40 cm™ to lower wavenumber as well. This suggests that the
coordination is through the nitrogen, as it donates electrons which affects the bond distance C=N.
Then, C=C stretching is observed at 1490.9 cm™ which is shifted by 90 cm™ in respect to the ligand

due to changes in resonance, orientation, and 7 interaction upon coordination.

32334 <
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Figure 53 FTIR results for Cu23, red for simulation and black experimental result.
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Regarding C-O bands, peaks are at 1161 and at 1017.5 cm™ both of which are slightly shifted from
the ligand by about 5 cm™. Finally, a special peak for this complex is observed at 1093.9 cm™
assigned to C-ClI stretching. The coordination at the same time through N and O is unlikely
accordingly to calculations with DFT. The out of plane peaks for hydrogens C-H of aromatic rings
are observed at 833.06 and 810.69 cm™. The coordination was confirmed with the appearance of
new bands regarding Cu-N and Cu-O bonds. The peaks of Cu-N have been assigned at 646.69 cm-

L and 583.32 cm™ and for Cu-O the peak at 445.41 cm™ consistent with expected ranges **°.

In general, the IR simulation agrees with the experimental results, but there is a peak that show
higher intensity that the experimental measurement. Computationally, there is a strong peak
observed at 1262.3 cm™ that experimentally is not as strong, instead, a weak peak is observed at
1235.6 cm™. Computationally, this peak show to correspond to the bending of hydrogens in the
vanillin ring, O-H aromatic stretching and bending of H in HC=N bond. Due to the closeness of
the hydrogen to the copper, while bending C-H, for the simulation is difficult to correctly assign
the electronic charge to hydrogen. The visualization program Gabedit displays a formation of bond
between copper and hydrogen, showing that there could be electronic interaction between them,

which affects the correct calculation of intensity.

IR simulation is very sensible to conformation, in which even small changes could provoke a shift
in the observed peaks of the spectrum. Usually, it is recommended to start geometry optimization
and further computational analysis using the XRD determined structure. However, in our case, this
experimental technique is not available in the laboratory and the solution of the structure through
XRPD was not as simple for the coordination compounds. As the UV-Vis results are in relative
concordance, the structures would be accepted as the changes in respect to the real structure should
not be as significant. Moreover, the simulation is made in implicit solvation while many other
factors may influence the complex in solid state (FTIR was measure in solid). Table 21 shows a

summary of the peaks of the different copper complexes.

Table 21 FTIR summarized results for complexes with Cu and Mn

IR peaks for Cu2X

Cu2X | C=N[cm?] C-N[cm'] C=C[cm?’] M-N[cm?'] M-O[cm?] OutofplaneC-H [cm?] C-O[cm?]
Cu23 1584.1 1161 1490.9 583.32 445.41 810.69, 833.06 1093.9, 1017.5
Cu2l 1591.5 1162.9 1492.7 648.5, 585.19 423.05 689.55 1103.29, 1008.20
Cu24 1591.5 1162.9 1515.1 650.42, 585.19 484.55 956.06, 818.15 1105.10, 1021.20
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4.5.4.2 IR result for set of complexes Mn2X
The experimental and theoretical IR results are observed in Figure 54 and a summary of the most
important bands for Mn2X is shown in Table 22. For Mn21, the peaks for C-H stretching of
aromatic and non-aromatic have not a strong intensity and get lost with background noise so its
assignation is complicated. The classic broad peak of -OH is not observed which support that the
proton is lost upon coordination, the observed peak around 3000 cm™ must be some remaining
ligand (however the peak observed is less broad and much smaller than ones observed in ligand
and complex). For this case, the C=N stretching peak is observed at 1647.4 cm™ which is ~20 cm’
L at higher wavenumber than ligand which relates to less resonance since the oxygens are donating

their electrons to the metal and are no longer in resonance with the C=N bond.

Then C=C stretching are observed at 1587.8 and 1503.9 cm, and its values are similar to the ones
in the ligand. A C-O stretching for -OCHj is observed at 1011.9 cm™ and the corresponding
bending at 1138.7 cm™. The C-N stretching is observed at 1209.5 cm™ at longer wavenumber than
the ligand, once again oxygen coordination is suggested. A bending for the C-H of HC=N bond is
observed at 1315.7 and its corresponding out of plane peak at 795.78 cm™. Finally, the Mn-O
peaks for the oxygen of the rings are observed at 622.46, 590.37 and 521.82 cm™®. Meanwhile the
Mn-O with the water are the ones observed near 400 cm™. As specific peak for this complex is at
1138.7 cm due to C-O bending of the -OH in the aminophenol ring.
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Figure 54 IR for Min22, red for simulation and black for laboratory results
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In all the manganese complexes, there is the appearance of peaks around ~1300 cm™ which were
not observed in the copper complexes. This peak has been related with C-H bending of HC=N that
probably was not observed in copper because the coordination through nitrogen changes the
characteristic of C=N bond and the freedom to vibrate of the C-H bond (steric hindrance). This
further support that the coordination mode for manganese is different than for copper. A summary
of the results for the Mn2X complexes for IR bands are shown in Table 22. Similarly as explained
for previous complexes, bases on hard soft acid base theory, Mn?* is consider as a hard acid and

RO" and R-O-R as a hard bases which supports the preference of coordination through oxygens®,

Table 22 IR results for Mn2X complexes

Mn2X | C=N C-N C=C [cm] C-H (HC=N) M-O [cm™] Oop [cm?] C-O [cm™]

[cm?]  [cm™] [em]

Mn24 1645.6  1134.9 1584.1, 1500 1310 59451, 475.23 831,19 1010.10

Mn21 16474 1136.8 1597.1, 1584.1 1334.3 503.19, 421.18 875.92, 827.47 1010.10
1505.8 1313.8

Mn23 1641.8 1131.2 1502.01, 1597.1 13325 574.01, 510.64 831.19, 870.33 1077.20

410.00 1011.90

Mn22 1647.4  1138.7 1587.8, 1503.9 1315.7 590.37, 477.09 795.78 1011.90

4.5.5 UV-Vis Complexes with ligands L2X
The results regarding UV-Vis would be discussed. For all the calculations, copper was considered

as 2+ and spin 2 due to measurements in magnetic balance, and manganese as 2+ and spin 6.

4.5.5.1 UV-Vis for copper complexes with L2X
Table 23 shows the results obtained theoretically and experimentally for the UV-Vis of Cu21, the
information about the rest of the complexes can be found in annexes section. In general, all the
complexes present similar bands just slightly shifted in respect to each other, the main differences
are observed for the d-d transitions which are observed at longer wavelength when in the para
position is located an electron withdrawing group as observed previously in other complexes 3.
Also, despite the type of Cu2X, the orbitals involve in the transitions tend to be similar. Before
starting to discuss the results, it is important to consider that due to the doublet spin of Cu?*, the
HOMO orbital is truly a SOMO. Moreover, the orbitals oo of SOMO is fill with an electron
meanwhile the B is truly empty so many transitions would be observed here. The names that would

be used for the analysis are shown in Figure 55.
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L SOMO SOMO _T_ HOMO l HOMO
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Figure 55 Electronic structure of Cu2X complexes

The experimental UV-Vis spectrum and theoretical transition calculated for Cu21 are shown in
Figure 56. To begin with, the d-d theoretical transitions are not clearly observed in the experimental
spectrum due to their low extinction coefficient compared to the charge transfer of strong
absorbance at around ~450 nm for Cu21. d-d transitions in theoretical calculation are observed at
672.4 nm, involving the transition HOMO-29/HOMO-1 () to SOMO (B). The orbital SOMO (p)
is formed by the orbital dy?. y? of copper and electronic density on water and nitrogen. Meanwhile,
HOMO-29 (B) has electronic density distributed on the whole molecule including ligands, water

and d* of copper, and HOMO-1 has almost all its electronic in the vanillin rings and metal dy;

orbital.
Table 23 Summary results UV-Vis complexes for C21
UV-Vis Cu2l

Exp. Theo. Contribution Assignment Exp. Theo. Contribution Assighment
[nm] [nm] [nm]  [nm]

6724  HOMO-29 (B) > SOMO (B)21.23% d->d 411 4215 HOMO-3 (B) > SOMO (B) 26.52% LMCT

Q) HOMO-1 (B) > SOMO () 21.16% d->d 9) HOMO (a) 2 LUMO +1 (o) 13.28%

530.5 HOMO-2 (B) > SOMO () 84.38% LMCT 285 300.6 HOMO (a) > LUMO (a) 15.64% ILCT

(5) (20) HOMO-1 (B) > LUMO (B) 16.76% ILCT
411 434.7 HOMO-3 (B) > SOMO () 34.33% LMCT 273 2678 HOMO-9 (B) > SOMO (B) 16.76% LMCT

()] HOMO-1 (a) > LUMO (a) 13.98% (26)

424.3 HOMO-3 (B) > SOMO () 24.35% LMCT

(8) HOMO (a) > LUMO +1 (0) 12.03% MLCT

Then, other simulated transition is observed at ~530.5 nm corresponding to a LMCT from vanillin
rings to dy% ,2 orbital of copper. Experimentally, a clear peak that extends between 400-475 nm
is observed. This is a transition HOMO-3 (B) - SOMO (), the HOMO-3 (B) is conformed totally
by electronic density located on the ligands, so this transition is LMCT. At higher energies, the
transitions start to involve a and/or B orbital being classify as ILCT/LMCT involving mainly
passing electronic density from vanillin rings to be redistributed in just one of the ligands. There

is some shift in the calculated for peaks below 300 nm, that are charge transfer transition. Theseis
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not uncommon as theses tend to be not always be correctly represented by TDDFT in general being
one of its main drawback of this approach, however, our main focused is in d-d transitions that do

not tend to present this problem*.
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Figure 56 Result of the UV-Vis for Cu21.

4.5.5.2  UV-Vis for Mn2X complexes
As discussed in the introduction, Mn?* is a d° specie, in our case, it is coordinated with oxygen
donors that are weak field ligands, so the electrons are not paired. Therefore, d-d transitions are
forbidden for these complexes, the expected transitions are LMCT/MLCT/ILCT. For the following

discussions about manganese complexes, the orbitals a and B would be named as shown in Figure

57.
o Mn +2 B o Mn +3 B
—_ LUMO LUMO —  LUMO+l — LUMO+2
_T_ SOMO N SOMO N LUMO ___ LUMO+I
_T_ SOMO-1  ____ SOMO-1 i SOMO ___ LUMO
_T_ SOMO-2  ____ SOMO-2 _T_ SOMO-1  ____ soMoO
_T_ somo-3 SOMO-3 _T_ somo-2 o
_T_ somMo-4 SOMO-4 _T_ SOMO-3 ____  SOMO-2
_T_ HOMO _L HOMO _T_ HOMO J_ HOMO
—T— HOMO-1 J_ HOMO-1 L HOMO-1 J_ HOMO-1

Figure 57 Electronic configuration for Mn2X complexes
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The results for UV-Vis analysis for Mn24 are shown in the Table 24 and Figure 58 , for the other
manganese complexes the information can be found in annexes. In general, there are no major
difference between the manganese complexes, just small shifts in the peaks, especially the ones
near ~450 nm. To begin with, the transition at 429 nm has two theoretical components that differ
by 0.01nm. The transitions in both states are almost equivalents with the orbitals involve having
small energy differences. For this transition, the o contribution are from orbitals located just in one
ligand and d,y metal orbital that is transfer to an orbital locate in the corresponding opposite ligand.
Meanwhile, the B component mainly relate with electron transfer from orbitals located in the

ligands to orbitals mainly found on the vanillin rings.

The peak observe at 280 nm are due to charge transfer between metal and ligand in which o and
orbitals participate. The MLCT involves a transition from orbitals located in the ligands and dy;
orbital of the metal to the =" of C=N bond of imines. Meanwhile, the LMCT involves the transition
from orbitals located in the whole ligand to orbitals that involve just the vanillin aromatic ring and
dy; orbital. Finally, the peak at 234 nm has many contributions, the two main show a dual behavior
being determine as LMCT and ILCT. The LMCT relates to a similar transition as the one described
for 280 nm. The peak of lowest energy, at 210 nm, has contribution from alpha and beta orbitals
transitions. In both cases, the electron density is located in the vanillin ring that either transfer to
the metal or to the ligands. As explained previously, charge transfer perdition is usually
complicated which makes that the predictions of UV-Vis for Mn2X have some shifts respect

experimental results.

Table 24 Experimental and simulation UV-Vis results for Mn24

UV-Vis Mn24
Exp. Theo. Contribution Assignment | Exp.  Theo. Contribution Assignment
[nm] [nm] [nm] [nm]
429 444 .4 SOMO (a)>LUMO (a) 20.12% MLCT 234 216.8 HOMO-9(B)>SOMO-4 (B) 8.21% LMCT
HOMO-1 (B)>SOMO-4 (B) 21.49% ILCT HOMO-2(B)->SOMO-3 (B) 6.90% ILCT
444.3 SOMO(a))=> LUMO+1(a) 22.31% MLCT
HOMO (B)>SOMO-3 (B) 26.67% ILCT
309 309.7 SOMO(a)~> LUMO+5(a) 11.98% MLCT 210 2125 HOMO (a)>LUMO+1 (a) 7.37%
HOMO-4(B)->SOMO-3 (B) 6.91% ILCT
305.6 SOMO (a)>LUMO (a) 19.56% LMCT
HOMO ()->SOMO-4(B) 16.88% MLCT
280 265.6 SOMO-3 (a)>LUMO(0) 11.53% MLCT
254.7 HOMO (B)->LUMO (B) 6.82% LMCT
HOMO (B)>LUMO+1(B) 6.92% LMCT
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The peaks observed are very similar to the ones of L24 as can be observed in Figure 59, the peaks

of lower energy present more shift. More shifts are observed in these peaks as these are due to

LMCT/MLCT sensible to the nature of the metal and its coordination. Although no d-d can be

detected, this suggest that there was a correct coordination of manganese and the ligand which was

maintained even in solution. Other technique as EPR would be required to further confirm the

coordination in liquid state.
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Figure 59 Comparison between L24 and Mn24
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Reflectance (% R)

4.5.6 Diffuse reflectance of complexes with ligands L2X

4.5.6.1 Diffuse reflectance UV-Vis of Cu2X complexes

In some cases, there could be some structural change of the complexes in its solid or liquid state.
For that reason, measurements of diffuse reflectance UV-Vis were made to identify possible shift
in bands. For the transition of lower energy, an exact maximum for the peak is not observed but
rather a broad band between 650-800 nm, it seems like the peak of d-d transitions moves to lower
energies. For the second transition of lower energy, a shift of about 20 nm to lower energy is
observed, this is due to LMCT. Also, there is a new peak at about ~ 350 nm that were not encounter
in liquid state. It is important to point out that the maximum of this peak is not clear as there is a
systematic error of the machine provoking a jump in the signal observed at around ~370nm.
Therefore, there is an imprecision in the real value of the maximum of this transition. Nevertheless,
this peak does not have an equivalent in the liquid state as there are no peaks observed around
~300 nm and should be a new LMCT. The result for all the Cu2X is shown in Table 25 and Figure

60.

Table 25 Diffuse Reflectance for Cu2X complexes

Cu21 ) [nm] Cu23 . [nm] Cu24 ). [nm]

757 295 755 302 778 239

557 234 581 243 571 183

340 182 464 183 346 178
180 354 179 300
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Figure 60 Diffuse reflectance: a) Cu24 b) Cu23 and c) C421

Some plausible explanation is that in solid state, ethanol are the ligands rather than water.

Moreover, as the space between the ligands is small, even small change such the replacement of
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Reflectance (% R)

water by ethanol would affect the geometry around the metal and the orientation of rings affecting

7 interactions changing the transitions.

4.5.6.2 Diffuse reflectance UV-Vis for Mn2X complexes
This test was especially important for the manganese complexes, these complexes were orange in
solid state, but when dissolved changed to yellow color. In solid state, peaks that were not observed
in liquid appear above 500 nm, in general, all the complexes show these peaks, and the best spectra
is observed for Mn21.

For Mn21, two peaks appear around 570 and 520 nm, which is unusual considering magnetic
balance analysis confirmed that the oxidation state for the Mn is 2+. As explained in the
introduction, these peaks must be due to relaxation of the UV-Vis rules mainly due to distortion
of the symmetry of octahedral conformation. This distortion could be related either to the presence
of chloride in the axial positions instead of water or because in solid state the structure is much
more distorted than the calculated one due to m interactions of the ligands. A summary of the peaks
observed through diffuse reflectance for Mn2X are shown in Table 26 and the experimental

spectrum in Figure 61.

Table 26 Diffuse reflectance of complexes Mn2X

Mn21 A [nm] Mn24 A [nm] Mn23 A [nm] Mn22 A [nm]
567 561 578 563
523 517 523 461
462 460 462 295
301 287 264 178
183 182 178
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Figure 61 Diffuse reflectance Mn21, Mn23, Min24 and Mn22
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4.5.7 Biological activity of complexes with L2X
The biological activity of the copper and manganese complexes (Cu2X and Mn2X) will be

discussed in this section.

4.5.7.1 Geometry changes upon redox process for complexes with L2X
To begin the discussion, the changes of geometry on the complexes would be analyzed starting

with the copper complexes followed by the manganese ones.

45.7.1.1 Geometrychanges upon redox process for Cu2X
To begin with, in the doublet state for Cu21, copper is coordinated to two ligands and two waters.
For this complex, the tetrahedral parameter is 7= 0.35 that suggest a slightly distorted square planar
geometry, as observed in Figure 62, which is a relatively normal coordination mode for copper in
this oxidation state'** . In our case, due to the closeness between the aromatic rings there is no

extra space for other ligands.

Figure 62 Geometry changes upon redox of Cu21

Upon reduction, there is a significant change in the bond Cu-O4 from ~2 A to ~3 A, which suggests
that this bond breaks upon reduction showing a similar behavior to the native CuZn-SOD. The
length of Cu-O1 changes from ~2 A to 2.3 A, meanwhile, the Cu-N length bonds are maintained.
Finally, the distance between centroids changes upon reduction. In doublet state, the centroids of
rings B are 5.483 A apart and in rings A 4.722 A. Upon reduction, the centroids for B become
further away to 5.964 A, meanwhile for A, the ring get closer at 4.145 A. Moreover, this structure
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present non-conventional hydrogen bonds of the type C-H...xn that are show with green dotted
lines in the graphic for His and Hag that fall within the expected parameters'®2. In the double state
the H..centroid (rr) of the ring was for C-Has...m 2.587 A and for C-Hs...n 3.08 A, upon reduction
these become 2.648 A and 3.593 A respectively. These changes would influence the 7 interactions

on the system Cu2X. Similar behavior is observed for all Cu2X complexes.

45.7.1.2 Geometry changes upon redox process for Mn2X
The analysis of the manganese complexes is different than the one made for copper complexes.
To begin with, neither of the literature reviewed of computational analysis for SOD mimetics has
been done with manganese complexes to best of our knowledge. Moreover, the complexes are
found with manganese in its Mn?* (reduce state according to MnSOD) rather than in the oxidize
state as in copper complexes. Also, there are not break of bond during the redox process, no change

in geometry and just small changes in bond lengths and angles as observed in Figure 63.

For Mn21, regarding the water molecules coordinated in axial position, the bond length is reduced
by 0.2 A, and the angle between them expands from 159.1° to 178.2° (almost planar). Also, there
are changes about the coordination in equatorial position. The bonds M-O (-OCHz3) reduce by 0.01
A and M-O (-O) by 0.2 A. In both cases, the angles O-M-O involving O in opposite position
(between CH30-M-O CHjs or "O-M-0") in Mn 2* are about 160 ° and upon oxidation it expands to
~179°,

Mn21 ——> Mn21*

Figure 63 Geometry changes upon redox process of Mn21 to Min21*

Finally, the dihedral angle between the donor oxygen atoms from the ligands in the equatorial
position changes from 2° to 0.1° upon oxidation. In general, upon oxidation, the complex has less
distortion from the expected perfect parameter of an ideal octahedral geometry. As can be seen in

Figure 63, there is not enough space for the superoxide anion to directly coordinates with the
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manganese as neither of the bonds move out of the coordination sphere. However, it is possible
that the superoxide anion displaces the water molecules in the axial positions, but this cannot be

confirmed from these calculations.

4.5.7.2  Electronic affinity and ionization potential for complexes with L2X
4.5.7.2.1 Electronic affinity for complexes Cu2X
An improvement in electron affinity is observed upon coordination with copper metal as compared
with ligands L2X. The electron affinity is about three times lower for the copper complexes.
Furthermore, EA decreases in copper complexes in similar manner as in the ligands being the
complex with electron withdrawing groups the one with best result as it helps to delocalize the
electronic density. The difference of EA, EA relative, increases as well upon coordination making
the changes based on para substituent stronger than in ligands. The energy and electron affinity

values for Cu2X complexes are shown in Table 27.

Table 27 Electronic affinity for Cu2X

Cu2X Sirl?;é:g[éh] Erlie?‘gyt/)lféh] [IIEE?] EA [KJ/mol] EA relative [KJ/mol]
Cu23 -4205.039 -4205.239 -0.200 -524.312 0.000
Cu21l -3286.165 -3286.362 -0.197 -516.833 7.478
Cu24 -3364.789 -3364.982 -0.193 -506.671 17.641

4.5.7.2.2 lonization potential for complexes Mn2X
A different approach should be made to analyze these complexes. Although during the literature
review, no computational approach was found for manganese complexes, an analogy with the
treatment for copper complexes would be made. In this case, based on the natural manganese SOD,
the redox process is expected to happen between Mn?* and Mn®*. Therefore, the ionization
potential (IP) would be analyzed instead of the electronic affinity, assuming that if it is easier to
remove the electron the SOD mimetic would be better. However, computational approach of SOD
mimetic activity for manganese complexes have not been encountered. As can be seen in Table 28,
Mn21 is the compound from which is more difficult to remove an electron, therefore, all the
substitutions seem to help to improve the ionization potential. Something particular and
unexpected is that Mn23 has lower ionization potential than the rest of the complexes. Moreover,

the energetic difference was not expected to be as significant because the substituent Cl is further
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away from the coordination site (small difference is observe among the other manganese

complexes).

Table 28 Electronic affinity for Mn2X

Mn2X | Energy Mn?* [En] Energy Mn®*" [En] IP [En] EA [KJ/mol] EA relative [KJ/mol]
Mn23 -3715.04 -3714.88 0.1543 -405.238 0

Mn22 -2946.29 -2946.1 0.1829 -480.255 -75.017

Mn24 -2874.42 -2874.24 0.1832 -480.993 -75.755

Mn21 -2795.8 -2795.62 0.1835 -481.804 -76.566

In general, to analyze the effect of a substituent in an aromatic system (in our cases, the effect of
the substituent in para position of our ligand), inductive and mesomeric effects have shown to
have a significant impact in changing the properties of the aromatic system. Mesomeric effect is
related with resonance mechanism and how the w-electrons interact between the substituent and
the aromatic system. On the other hand, inductive effect relates with ¢ electrons in the molecule
and its electronegativity. In general, it is discussed that inductive effect become less effective at
long distances, which also affects mesomeric effect but in less amount'*3. Based on this, the para
substituent -OH in Mn22 has mesomeric effect and would donate electronic density which upon
resonance would concentrate near manganese which would make easier the removal of electronic

density as shown in Figure 64.

n
O,

HO - WTIN o O

oy — G0

N\/@o/ N 0\
Figure 64 Resonance of L22 ligand

Something similar is expected for Mn24, but because -CHz is a donor through inductive effect
(effect decrease with distance), the overall effect is weaker to improve IP. Finally, for Mn23, it is
known that Cl is an electron withdrawing group that attract electrons base in inductive effect, and
the resonance effect for it is weak because the not good overlap between carbon and chlorine.
Upon resonance effect, Cl would tend to donate electrons to the system, usually, the inductive
effect is stronger than the resonance one for Cl. However, due to the distant location of the Cl, the

stronger effect is difficult to determine for our aromatic system.
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4.5.7.3  Molecular Orbitals analysis upon reduction of complexes with L2X
4.5.7.3.1 Molecular Orbitals analysis upon reduction of Cu2X
To begin with, the reactivity parameters calculated for Cu2X are shown in Table 29. The band gap
in the complexes Cu2X is smaller than the one observed for the ligands which indicates as
expected that the complexes are much more reactive than the ligands. Furthermore, their

electrophilicity in neutral state is higher than the one for the corresponding ligands, so it is much
more attracted to superoxide anion.

Table 29 Reactivity parameters for Cu2X

Cu2X HOMO LUMO Bandgap 1 n o | SOMO LUMO Bandgap 1 m o
[eV] [eV] [eV] [eV] [evl [eV]| [eV] [eV] [eV] [eV] [eV] [eV]
Singlet Doublet
Cu23 -7.45 -0.99 6.46 3.23 -4.22 276 -7.96 -1.63 6.33 3.16 -4.79 3.63
Cu21 -7.42 -0.89 6.53 326 -4.16 265| -7.91 -1.55 6.36 3.18 -4.73 352
Cu24 -7.35 -0.76 6.58 329 -405 250 | -7.84 -1.56 6.28 3.14 -4.70 3.52

Regarding the shape of the orbitals, observed in Figure 65, in the SOMO orbital of Cu?* there are
contribution originating from the orbital d«>- 2 and the electron density of ligands (waters and
nitrogen). Meanwhile, the HOMO of Cu®* specie is located over the whole molecule and the d?
orbital of the metal excluding the water that is further away. This indicates that upon reduction,
not only the geometry changes, but that the extra electron is distributed along the whole molecule.
For that reason, the complex with electron withdrawing donor helps to stabilize the incoming

electron. Moreover, in this way the participation of metal in the redox process is assured as well.

SOMO HOMO
(Cu™) (Cu’)

Figure 65 Orbitals involve redox process Cu21
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4.5.7.3.2 Molecular Orbitals analysis for redox process in Mn2X complexes
Similar as in copper complexes, the band gap of the Mn2X complexes is smaller than the band
gap of the ligands and the copper complexes suggesting more reactivity. However, regarding
electrophilicity, summarized for Mn2X in Table 30. In Mn?* state, M2X complexes show less
electrophilicity than Cu2X complexes (Cu?*) and ligands in its singlet state. This suggest that the
manganese complexes in its normal oxidation state are less likely to interact with superoxide anion.
Moreover, in its Mn®* state, the electrophilicity is much higher as a cation is formed which would
attract more easily species with high electronic density. Interestingly, the difference of
electrophilicity between the two oxidation states is about 2.6 eV, which is higher than the
differences observe for copper and ligands that show a difference of about 1 eV. Therefore, based
on this information and as the complex is in Mn?* state under normal conditions, the beginning of

the redox cycle for MnSOD mimetic would be complicated.

As explained previously, the approach of analysis SOD activity using IP to the best of our
knowledge has not been applied previously. However, it is important to point that it has been stated
that the higher the energy of the HOMO orbital, the obtained SOD activity is lower!2, In this
sense, the energy of HOMO of the Mn2X complexes has the order Mn23<Mn22<Mn24<Mn21.
This turns out to be the same order as obtained using IP as principle to predict the activity, which
suggest that using this parameter maybe useful to predict SOD activity, but this should be tested

experimentally.

Table 30 Reactivity parameters for Mn2X

HOMO LUMO Band gap n n 0} SOMO LUMO Band gap n n ®

Mn2X | [eV] [eV] [eV] [eV]  [ev] [eV] [eV] [eV] [eV] [eVl [eV] [eV]
Mn2+ Mn3+

Mn21 | -6.617 -0.332 6.285 3.143 -3475 1921 | -7.396  -2.303 5.093 2547 -4.850 4.618
Mn22 | -6.506 -0.258 6.248 3.124 -3382 1831 | -7.119 -2.284 4.835 2.418 -4.702 4.572
Mn23 | -6.474 -0.435 6.039 3.020 -3455 1976 | -7.393  -2.318 5.075 2.538 -4.856 4.645
Mn24 -6.57 -0.296 6.274 3.137 -3433 1878 | -7.281 -2.291 4.990 2.495 -4.786 4.590

SOMO Mn** LUMO Mn?**

Mn21 Mn21
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Figure 66 Molecular Orbitals changes in redox process in Mn21

As discussed previously, mesomeric and inductive effect have shown to extremely affect both the
molecular orbitals and the reactivity of the compounds*. It was found that there are two different
behaviors observed regarding molecular orbitals involve in the redox process for manganese
complexes. Firstly, Mn21/Mn22/Mn24 show a similar behavior regarding their frontier orbitals,
describe for Mn21 in Figure 66. The SOMO orbital of the Mn?* in these complexes is distributed
over metals and ligands. Upon oxidation, the LUMO in the Mn** locates on the d,? of the metal

and the oxygens in the coordination sphere.

Meanwhile, the frontier molecular orbitals for Mn23 observed in Figure 67 shows a different kind
of electronic distribution for the SOMO of the Mn?*species. Instead of a distribution along the
whole molecule, the SOMO is located just in one ligand and in a orbital of the metal. This seems
to account for the significant difference in behavior observed for Mn23, as the electronic density
is less stabilized along the whole molecule, it is more likely that the removal of an electron is
easier. Moreover, as the electronic distribution of the orbital changes, it will affect reactivity along
the way. However, further studies with other halogens should be made to determine whether these

present the same behavior.

SOMO Mn?** LUMO Mn3*

Mn23

M*‘e’

Figure 67 Molecular Orbitals changes in redox process in Mn23

Mn23
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4.6 Final discussion of SOD activity for complexes

Many different complexes have been discussed during this work, therefore, a final discussion of

the obtained results divided regarding the metal would be made.

4.6.1 Final discussion of SOD activity for copper complexes

In total during this work, five copper complexes were analyzed, two with L1 (CulA and CulB)
and three with the different ligands of the set L2X (Cu21, Cu23, Cu24). Although the ligands
have oxygen and nitrogen coordination sites, copper complexes prefer to coordinate through
nitrogen. Moreover, almost all the complexes, except CulB that is octahedral but with elongation
in axial positions, are coordinate to four ligands having either distorted tetrahedral or square plane
geometries. In general, it is observed that upon reduction of Cu?* = Cu'* one or more of the bonds
of the complexes tend to break facilitating the access for superoxide anion except for complex
CulA that just show a significant shift in geometry. Regarding the prediction of SOD activity of
the complexes, the Cu2X complexes are expected to have better SOD performance than the copper
complexes with L1 (CulA and C1B)

4.6.2 Final discussion SOD activity for manganese complexes
Manganese complexes were only synthetized with ligands of the set L2X obtaining in total four
complexes (Mn21, Mn22, Mn23, Mn24), all of them present a slightly distorted octahedral
geometry. Contrary to copper complexes, manganese prefers the coordination through oxygens of
the vanillin part of the ligand. Upon oxidation Mn?* = Mn®* there is not break of bonds, rather,
just the octahedral geometry becomes more symmetrical (angles and bonds near the ideal values).
Finally, regarding SOD activity, IP was used as a parameter use to predict the biological activity
of the complexes. In general, the activity is improved in complexes with ligands that have a
substituent in the para position regardless of its nature as electron donor or acceptor. It is important
to point out that a direct comparison between the activity of copper and manganese complexes

cannot be made because different properties are being analyzed (IP and EA).
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Chapter 5. Conclusions

The laboratory synthesis of five ligands Schiff Bases using vanillin was successfully made through
condensation reactions with different amines (ethylenediamine, aniline and its derivatives). The
obtained ligands were used to synthetize copper and manganese complexes. For L1, only copper
complexes with two different L:M ratios, 1:1 and 1:2, were recorded. Using the set of ligands L2X,
three copper complexes (Cu2X) and fours manganese complexes (Mn2X) were obtained. The
successful synthesis of the compounds was determined upon characterization using FTIR, UV-Vis
and in addition for complexes, magnetic susceptibility. The results were used to propose initial

geometry structure, charges, and spins for computational calculations.

Experimental IR results proved to be very useful to determine the coordination mode of the
complexes, especially for complexes with ligands L2X. In this case, the shift of C=N stretching
band define whether complexes coordinated through nitrogen or through oxygen (~ 30 cm™ to
lower wavenumber for coordination through nitrogen). Moreover, the coordination is confirmed

upon the appearance of new peaks in the far-infrared spectrum due to M-O and M-N bands.

Measurements of UV-Vis in solid and liquid state help to better determine whether there were
changes in the coordination sphere upon dissolution, which was especially useful for Mn2X
complexes. As the liquid and solid-state UV-Vis of the complexes significantly differ, labile

ligands (chloride) are more likely to be observed in solid state while water/solvent in liquid one.

Finally, magnetic measurements were useful to know the correct charge of metals in the
complexes. Copper was found in a 2+ charge (Uets = ~1,9-2 BM) as well as manganese (Mett=~ 6
-6.2 MB) with spins 2 and 6 respectively. This was particularly important for Cu2X complexes as
its d-d transitions were weak to be easily identify due to its small absorptivity coefficient. Without
the magnetic measurements, a confirmation of its 2+ charge was difficult because there is the

possibility of having Cu'* since no d-d transitions are observed in this type of species.

The geometries observed for most copper complexes in this work were either distorted tetrahedral
or square planar. The complexes adopt these geometries because the orientation and & interactions
between the Schiff base ligands limited the space for more ligands. Nevertheless, these geometries
are very useful in our case as this helps to resemble the natural coordination mode of copper in
CuZn SOD.
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Despite small discrepancies, simulation using DFT and TDDFT were able to predict IR
frequencies and UV-Vis results with certain level of accuracy. This suggest that the obtained
geometry must be close to the real one, nevertheless, effect of counter ions, solvent molecules
instead of water molecules as ligands, or -OCH3 and -OH orientation can bring some differences
in the real structure. Moreover, computational calculations were useful for more than just
predicting geometry. In this work, different parameters were analyzed to predict SOD activity:
geometry changes during redox process, electronic affinity, ionization potential, frontier molecular

orbitals and reactivity parameters.

Regarding geometry changes during redox process, in most of the cases, copper complexes show
that one or two bonds tend to break upon reduction which is the natural mechanism of Cu-Zn SOD.
Meanwhile, in manganese complexes, just slight change in bond and angles is observed as well as
for ligands. The breaking of bonds is beneficial as it opens space for the superoxide anion to
directly interact with the metal. However, in some complexes, although bonds were broken, there
was still not enough space for the anion to interact directly with the metal.

The analysis of frontier orbital molecules was extremely insightful to understand which part of the
compounds will be involved during the redox process. For complexes, the metals plays an essential
role being the ones through which the electron is donated or received. However, the extra
electronic density is easily delocalized along the ligands, at the end this end up being an important
factor for the SOD activity. Electron withdrawing groups show to improve the SOD activity for

copper and manganese complexes.

Electron affinity and electrophilicity showed to be an important parameter to predict SOD activity
in copper complexes, as previously reported in literature. The order of predicted SOD activity was
determined, for ligands L23>L21>L24>L.22>L.1 showing that substitution in the aromatic ring
help to improve the SOD activity. Meanwhile for copper complexes, the order is

Cu23>Cu21>Cu24> CulA> CulB base on the capacity to stabilized extra electronic density.

For manganese complexes, although not previously reported, ionization potential seems to be a
useful tool to try to determine SOD activity (similar results as analyzing HOMO energy values).
The general SOD activity is different compared with the equivalent copper complexes. The SOD
activity is expected to be Mn23>Mn22>Mn24>Mn21 being all substitution efficient to improve
biological activity.
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Chapter 6. Recommendations and future work

Due to the current pandemic, the laboratory accessible hours were limited. For that reason, further
characterization of the complexes and ligands using techniques such as EPR, cyclic voltammetry
and NMR are recommended to complement the obtained information. Moreover, Job method
analysis is recommended for Cu2X and Mn2X complexes as it may coordinates in other modes.
Furthermore, as all the complexes were solid, attempts to obtain crystals are suggested to verify
the proposed geometries. Finally, it is expected that SOD activity is measured to confirm the
prediction. Regarding computational approach, the docking of the complexes with superoxide
anion is recommended to complement the discussion made here. Furthermore, the analysis with
positions such as ortho or meta should be study as these may not follow the same behavior as the

ones of para. Finally, the chase of Mn23 should be further analyzed.
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Table 31 UV-Vis results for L2X
Exp. Theo. [nm] Contribution assignment | Exp.  Theo. Contribution assignment
[nm] [nm]  [nm]
L24 L23
326 327.4(1) HOMO- LUMO 94.12 % (H) > 331 327.1(1) HOMO > LUMO 71.23% (H)
285 294.3 (1) HOMO->LUMO 71.35% > 286 290.8 (1) HOMO->LUMO 70.10% >
229 248.4 (3) HOMO->LUMO+2 15.14% > 234 249.9 (3) HOMO->LUMO+2 13.49% >
HOMO-2 - LUMO 53.07% n->nr HOMO-2 - LUMO 54.04% n->nr
206 206.2 (7) HOMO->LUMO+1 15.82% > 208 206.7 (6) HOMO-> LUMO+2 50.67% n>n
HOMO-3 > LUMO 44.23% > HOMO-2 - LUMO 20.93% n>n
211.8(6) (H) HOMO > LUMO+2 37.84% (H)
212.0 (6)(H) HOMO - LUMO+2 51.15% (H) HOMO > LUMO+3 16.27% (H)
182 188.5 (9) HOMO-2->LUMO+2 19.11% n->nr 182 180.6 (13) HOMO-1->LUMO+2 46.99% n->nr
HOMO-1 > LUMO+3 19.40% n>n HOMO - LUMO+3 13.52% >
178 174.0 (14) HOMO-4->LUMO+3 16.14% n>n 174.2 (16) HOMO-6->LUMO 15.71% n>n
HOMO-2 >LUMO+3 12.47% n>n HOMO-1 >LUMO+2 36.30% n->n
L21
321  3222(1)(H) HOMO->LUMO 92.72% (H) o 209  209.8 (6) (H) HOMO > LUMO +227.72% (H) n->n
HOMO > LUMO +21591% (H) m®>m
203.8(7) HOMO-3->LUMO 46.77% T
HOMO >LUMO+1 24.38% n>n
284 288.6 (1) HOMO->LUMO 64.77% > 176 180.6 (12) HOMO-1->LUMO+2 55.68% n->nr
HOMO > LUMO+3 14.29% n>n
234 248.6(3) HOMO->LUMO+2 16.33% n>n
HOMO-2 >LUMO 53.62% n>n
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Figure 71 UV-Vis results for Cu23
Table 19 Summary results UV-Vis complexes for C21 and C23
Cu24 Cu23
Exp. Theo. Contribution Assignment| Exp. Theo. Contribution Assignment
[nm] [nm] [nm] [nm]
658.8 HOMO-31 () > HOMO (B) 17.00% d->d - 677.3 HOMO-1(B) >HOMO (B) 21.51% d—->d
Q) HOMO-1 (B) > HOMO (B) 31.10% d->d 1)
541.8 HOMO-2 (B) > HOMO (B) 86.91% LMCT - 535.5 HOMO-2(B) >HOMO (B) 78/51% LMCT
() ®)
416 429.1 HOMO-3 (B) > HOMO (p) 61.88% LMCT 454 4418 HOMO-3 (B) > HOMO (B) 45.65% LMCT
9) @) HOMO-1 (a) > LUMO (o) 12.16% LMCT
438.2 HOMO-3 (B) > HOMO (B) 25.20% LMCT
()] HOMO () 2 LUMO (a) 19.03% MLCT




288 302.6 HOMO-1 () > LUMO (B) 24.94% MLCT 296 302.2 HOMO-1 (B) > LUMO (B) 16.73% MLCT
(20) HOMO (o) =2 LUMO (o) 24.81% MLCT (20) HOMO (o) = LUMO (o) 14.92% LMCT
LMCT
LMCT
236 270.3 HOMO-3 (B) > LUMO+1 (B) 22.58% ILCT 245 2708 HOMO-3 (B) > LUMO+1 (B) 11.67% LMCT
(29) HOMO-2 (o) > LUMO+1 (o) 18.68% MLCT (29)
219.3 HOMO (a) > LUMO+2 (a) 18.88% ILCT 240 HOMO-3(B) >LUMO+1(B) 9.86%
(53) HOMO-1 (B) > LUMO+2 (B) 15.09% (44) LMCT
215.2 2204 HOMO-2 (a) > LUMO+1 (o)) 9.41%
(57) HOMO-4 () > LUMO (a) 10.76% (54) LMCT
203 201.4 HOMO-7 (o) 2 LUMO +1 () 14.03% LMCT 203 2052 HOMO-6 (o) > LUMO+1 (o) 19.18% LMCT
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Table 32 UV-Vis results for Mn2X complexes

Mn21 Mn23
Exp. Theo. Contribution Assignment| Exp. | Theo. Contribution Assignment
[hm] | [nm] [hm] | [nm]
434 442.8 SOMO (a) = LUMO (o) 20.93% MLCT -
1) HOMO-1(B)>SOMO-4 (B) 19.29% ILCT
309 303.4 SOMO (a) > LUMO (o) 20.47% MLCT 308 | 307.8( | SOMO-1 (o) > LUMO +4 (o) 7.92% MLCT
(7) HOMO(B)->SOMO-4 (B) 17.36% LMCT 5) SOMO(B)>LUMO +6 (B) 9.03% MLCT

306 HOMO-1 (o) > SOMO -4 (o) 14.25% | ILCT/LMCT

7) HOMO(B)>SOMO -3 (B) 14.80% LMCT
280 | 265.1 | SOMO-3 (a) > LUMO () 11.45% MLCT 280 | 266.9( | SOMO-3 () > LUMO +1 (o) 21.57% MLCT
(17) | HOMO-3(B)>SOMO-4 (B) 11.80% LMCT 16) HOMO-2()>SOMO -3 (B) 22.43% LMCT
254.7 | HOMO (o) > LUMO+1 () 6.63% MLCT
(22) HOMO(B)>LUMO+1 (B) 8.85% LMCT
232 2159 | HOMO(B)>LUMO+5 (B) 10.42% LMCT 233 | 2555 | HOMO-5 (a) > SOMO -4 () 14.86% LMCT
(45) (24) HOMO-1(B)>LUMO (B) 13.91% ILCT/MLCT
207 | 2107 | SOMO () > LUMO+8 (o) 4.81% MLCT 207 215 | SOMO-1 (o) > LUMO +4 (o) 11.93% MLCT
(48) HOMO(B)>LUMO+2 (B) 7.37% LMCT (50) HOMO-1(B)>LUMO (B) 14.23% ILCT/MLCT
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Figure 77 UV-Vis Cu24



