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RESUMEN 

El hierro es un elemento que está presente tanto en compuestos inorgánicos como en la 

naturaleza y en el interior de nuestro cuerpo, por ejemplo, en la hemoglobina y los 

sideróforos. Desde el punto de vista de la química inorgánica, el hierro es un elemento 

fascinante que se encuentra en estados variables de oxidación y espín dependiendo de la 

naturaleza de los ligantes, mostrando propiedades interesantes.1 Los ligantes que 

contienen nitrógeno son particularmente interesantes ya que son capaces de estabilizar 

incluso hierro (IV) o hierro (V) a través de diferentes geometrías. La afinidad de los 

ligantes no hémicos con el hierro ha mostrado ser específica por los átomos de nitrógeno, 

lo que implica una relación directa entre el número de enlaces en un complejo y el 

contenido de nitrógeno. La naturaleza del enlace, iónica o covalente, es un aspecto crítico 

que influye en las propiedades y la reactividad del hierro. En la búsqueda de 

entendimiento, la química teórica y computacional han sido particularmente eficientes. 2 

En este trabajo se desarrolló el estudio teórico de los factores energéticos que influyen 

sobre el efecto catalítico en la reacción de deshidrogenación oxidativa de un compuesto 

de hierro coordinado con un ligante nitrogenado. Este tipo de reacciones son interesantes 

por sus características exotérmicas y su presencia en reacciones fundamentales como la 

producción de alquenos a partir de alcanos o incluso la síntesis de aminoácidos. 3,4 En 

este trabajo, se demostró que el complejo promueve la oxidación del ligante coordinado, 

lo cual contribuye a formar una imina a partir de una amina a través de la influencia del 

metal de transición. El centro metálico de Fe3+ coordinado con los ligantes 1,9-bis(2'-

piridil)-2,5,8-triazanonano o 1,9-bis(3'-piridil)-2,5,8-triazanonano muestra un 

comportamiento muy diferente, no solo en la conformación sino también en la respuesta 

catalítica. Además, los resultados experimentales ilustrados en la literatura están 

respaldados por los resultados teóricos obtenidos. 5,6 A través de estudios DFT, se estudió 

el mecanismo de reacción para explicar las diferencias observadas entre ambos 

complejos. Además, los mecanismos se probaron bajo la acción de diferentes solventes 

para estimar qué condición favorecería la deshidrogenación oxidativa, mostrando mayor 

afinidad por el agua. Y finalmente, los estudios teóricos nos permitieron no solo explicar 

sino también diseñar modificaciones adicionales de este ligante, que serán probadas para 

predecir su actividad catalítica. 7 

Palabras Clave: complejos de hierro, ligandos nitrogenados, DFT, deshidrogenación 

oxidativa, mecanismos de reacción, catálisis.  
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ABSTRACT 

Iron is a ubiquitous element, present in organic and inorganic compounds, in nature and 

inside our bodies, for example, in hemoglobin and siderophores. From an inorganic 

chemistry standpoint, iron is a fascinating element found in variable oxidation and spin 

states depending on the nature of the binding ligands showing exciting properties.jajaja1 

N-containing ligands are particularly interesting as they can stabilize even iron (IV) or 

iron (V) through different geometries. The affinity of nonheme ligands with iron already 

showed a specific affinity for nitrogen atoms, which implies a direct relationship between 

the number of bonds in a complex and the nitrogen content. The binding nature, ionic or 

covalent, is one critical aspect influencing iron properties and reactivity. In this quest of 

understanding, theoretical and computational chemistry have been particularly efficient.2 

In this work, the theoretical study of the energetic factors that influence the catalytic effect 

in the oxidative dehydrogenation reaction of an iron compound coordinated with a 

nitrogenated ligand was developed. These reactions are very interesting because of their 

exothermic characteristics and their presence in fundamental reactions like alkene 

production from alkanes or amino acid synthesis.3,4 In this work, we demonstrate that the 

complex promotes the oxidation of the coordinated ligand, which contributes to form an 

imine from an amine through the influence of the transition metal. The metallic Fe3+ 

center coordinated with 1,9-bis(2’-pyridyl)-2,5,8-triazanonane or 1,9-bis(3’-pyridyl)-

2,5,8-triazanonane ligands show a highly different behavior, not only in conformation but 

also in catalytic response. Moreover, the experimental results illustrated in the literature 

are supported by the theoretical results obtained.5,6 Through DFT studies, the reaction 

mechanism was studied to explain the observed differences between both complexes. 

Furthermore, the mechanisms were probed under different solvents' actions to estimate 

which condition would favor oxidative dehydrogenation, showing a higher affinity for 

water. And finally, the theoretical studies allowed us not only to explain but also to design 

additional modifications of the ligands, which will be tested to predict its catalytic 

activity. 7 

Keywords: iron complexes, N-ligands, DFT, oxidative dehydrogenation, reaction 

mechanisms, catalysis. 
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CHAPTER I 

1. Introduction 

Nowadays and also before, catalysis can be initially defined as a kinetic process that 

changes the reaction rate by using a substance called “catalyst” that reduces the activation 

energy of the reaction and is not consumed during the process. The reaction where the 

catalyst is used should be repeatable, and the rate change should occur only in the 

presence of the catalyst. The catalytic effect is observed in different environments and 

under other characteristics depending on the nature of the catalyst.  

The catalysts could be an atom, a molecule, an enzyme, a biomolecule, or a 

macrostructure. However, catalysis, as science, takes into account the chemical nature 

and physicochemical characteristics of the catalyst as well as the reaction attributes to 

define the types of catalytic processes.8 

Homogeneous catalysis is based on the principle that both substrates and catalysts are 

present in the same phase, in most cases, the liquid phase.9 More recently, the concept of 

homogeneous catalysis has been updated to the organometallic approach 10–12; this new 

vision is based on the metallic complexes catalytic character produced by the ligands and 

the metallic center. The organometallic catalyst structure is based on a central metal atom 

surrounded by ligands that could be organic or inorganic. The properties of the catalyst 

are determined by the interaction between the ligand and the metallic center; the activity 

of the catalyst lies in the capability to modify the ligand environment.9 From this 

approach, the biochemical importance of organometallic catalysts and homogeneous 

catalysis is fundamental to understanding life mechanisms.  

For metal-containing compounds involved in catalysis, the aim is to integrate 

spectroscopic, thermodynamic, and kinetic studies. The Density Functional Theory 

(DFT) contributes to studying the effects of metal centers on the catalysis process from a 

theoretical approach. Also, molecular modeling allows a spatial study to obtain 

predictable states. The catalytic intermediates and rate-determining steps are fundamental 

data to the analysis of the catalyst activity. Furthermore, chemical characteristics as the 

activity, chemoselectivity, regioselectivity, and stereoselectivity give a guideline about 

the strength of the organometallic catalysts.13 
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This study aims to develop a theoretical study of an iron coordination compound with a 

nitrogenated ligand (N-ligand) in order to understand the catalytic effect achieved for the 

oxidative dehydrogenation reaction. This reaction yields oxidation that contributes to 

forming an imine from an amine through the transition metal intervention as a 

coordination center. The metallic iron center coordinated with the ligand 1,9-bis(2’-

pyridyl)-2,5,8-triazanonane and 1,9-bis(3’-pyridyl)-2,5,8-triazanonane, shows a highly 

different behavior not only in spatial conformation but also in catalytic response for both 

cases. The ligand substituted in position two of the pyridine rings is reported in the 

literature as picdien 5,6. Through theoretical studies, the nature of the bond between the 

ligand and the metallic iron center, the reaction mechanisms, and the catalytic behavior 

of both ligands can be analyzed. 

1.1. Problem Approach 

The interest in oxidative dehydrogenation arises from the capacity of the system to 

generate oxidized species from amines coordinated to metal centers, for example, nitriles, 

nitro species, and carbonyl groups through cleavage reactions. Furthermore, this reaction 

is widespread in biochemical systems (known as oxidative amine dehydrogenation), in 

reactions like lysyl oxidation in crosslinking collagen, and in the regulation of 

neurotransmitters such as dopamine and serotonin. 14 The most recent application for this 

group of reactions is based on the developing of electrocatalytic reactions, production of 

non-fossil-dependent batteries, alkanes treatment, nanotubes synthesis, and other 

homogeneous/heterogeneous catalytic reactions. 15–18 Many efforts have been made to 

propose a mechanism for this reaction; however, due to the energetic factors involved in 

the kinetics of the reaction, a most profound study or new mechanism possibilities are 

necessary. The theoretical background of this reaction in homogeneous catalysis is being 

studied with different complexes and macrocyclic compounds. In an effort to contribute 

to the understanding of the reaction mechanism for oxidative dehydrogenation in amine 

ligands, this study presents the theoretical analysis of an inorganic system experimentally 

studied previously.19 This study explains a possible reaction mechanism for reducing 

amine ligands and proposes possible modifications to obtain more selective and efficient 

catalytic reactions based on the solvent used.  
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1.2. Objectives 

 

1.2.1. General Objective 

• To understand the differences in the oxidative dehydrogenation reaction 

mechanisms of two iron complexes with two poly-nitrogenated ligands 

with a structural difference in the position of substitution in the pyridine 

rings of the ligands. 

1.2.2. Specific Objectives 

• To carry out a computational analysis of the ligand substituted in two 

different positions to compare the stability of both possibilities.  

• To perform modifications in the ligand based on the solvent used for the 

OD reaction and analyze its stability. 

• To compare the coordination of both ligands with the iron center, 

contrasting the energy of the possible multiplicities of the ligands and the 

stability of the formed complexes.  

• To study the possible reaction mechanism for the oxidative 

dehydrogenation reaction with modifications in the ligand and compare 

the catalytic impact in the energy of each stage.  

• To found the transition state for each hydrogen transfer involved in the 

mechanism evaluated. 

• To evaluate the reaction mechanism under the influence of different 

solvents and establish the thermodynamics of the reaction for each case.  
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CHAPTER II 

1. Background and Literature Review 

1.1. Chemical Fundamentals 

1.1.1. Chemoselectivity, Regioselectivity, and Stereoselectivity 

The term “selectivity” refers to the affinity that a reagent (A) shows for a different reagent 

(B) in presence of other reagents (C, D…). Also, selectivity can be interpreted as the 

discrimination of different reaction pathways between two reactants (A and B).  

Chemoselectivity refers to the preference to break or form a chemical bond. According 

to the International Union of Pure and Applied Chemistry (IUPAC), chemoselectivity is 

defined as “the preferential reaction of a chemical reagent with one of two or more 

different functional groups.” In this way, the functional groups could be extraordinarily 

reactive or completely inert; these characteristics are the chemoselectivity pillar.20,21  

According to the IUPAC, regioselectivity directs the reaction to forming or breaking a 

specific bond preferentially over all other possibilities. Depending on the capability of 

discriminating the bond formation or breaking, the reactions can be 100% regioselective 

or partially if a product predominates over another. 20 

Stereoselectivity refers to the control of the stereochemical interaction in the reaction. 22 

In this case, IUPAC defines stereoselectivity as “forming a stereoisomer over another in 

a chemical reaction”. Furthermore, the effect can be more specific if the stereoisomer is 

an enantiomer or a diastereoisomer; the stereoselectivity changes to enantioselectivity 

and diastereoselectivity, respectively. 20 

1.1.2. Homolytic and Heterolytic Bond Cleavage 

The simple bond formation implies two electrons that are part of two different atoms 

reaching a most stable state. The chemical properties of the elements allow the 

construction of double or triple bonds, just increasing the number of electrons interacting 

to four and six, respectively. Depending on the nature of the atoms involved in the bond 

formation, it can be identified as covalent, ionic, metallic, or coordinated. 23 Regarding 

this, the break-down of a bond is a process of fundamental importance for chemistry in 

all its branches.  

The bond break-down can be divided into two different pathways; the first is the 

homolytic bond cleavage, which is defined as the bond-breaking where each one of the 
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electrons forming the bond goes with each of the different atoms involved in the bond.24 

In Equation 1, the homolytic bond cleavage is represented, the elements that intervene 

are represented as X and Y, and the electrons are represented as dots.  

𝑋 ∶ 𝑌 → 𝑋 ∙  +  ∙ 𝑌 (1) 

The second pathway is the heterolytic bond cleavage; in this case, both of the electrons 

that are part of the bond go with one of the atoms, then the other atom does not have any 

of the electrons of the bond. 24 This process depends on the electronegativity of the 

elements and produces an anion (negatively charged atom) and a cation (positively 

charged atom). Using the same nomenclature as in Equation 1: 

𝑋 ∶ 𝑌 →  𝑋 +∶ 𝑌     𝑜𝑟     𝑋 ∶ + 𝑌 (2) 

1.1.3. Multiplicity 

According to the IUPAC, the number of possible orientations of the spin angular moment 

that corresponds to a given total spin quantum number (spin multiplicity) is calculated as 

follows, where S is the total spin angular momentum, as shown in Equation 3 20: 

2𝑆 + 1 (3) 

The value of S is a non-negative integer or half-integer, considering that each electron 

has a value of S = 1/2.  

1.2. Catalysis 

The term “catalysis” was initially used by Jöns Jakob Berzelius in 1836 to appoint 

previous experiments based on ammonia decomposition by metals and modification of 

the decay rate of potassium chlorate, among others. Initially, the gross definition of 

catalysis was based on the inhibition break-down activity observed for some species. 25 

However, the term has been evolving, taking account of the new approaches established 

in chemistry and the novel observations that are developed currently. 

Catalysis was interpreted as an “affinity” force that guides the course of the chemical 

reaction. This understanding was adopted due to the ignorance of reaction mechanisms at 

the molecular level and the reaction rates. 26 The constant development of Chemistry has 

remodeled the catalysis description as the action of a substance that modifies the rate of 

a chemical reaction keeping itself unchanged during the process. 27 

Although catalysis intervenes directly in the increment of the rate of the reaction, its effect 

does not modify the thermodynamics of the reaction; the reaction will proceed without 
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the presence of the catalyst, some cases very fast (a catalyst is not necessary) and in other 

cases too slowly to be noted or valuable (a catalyst is necessary). 27 Also, the catalyst 

action does not alter the equilibrium composition of the reaction because the increment 

in the reaction rates is equal to the forward as the backward reactions. 27 The basic idea 

of catalysis is to provide an alternative and more accessible pathway than the original, 

reducing the activation energy and increasing the efficiency of the reaction in contrast 

with an uncatalyzed reaction.  

 

Figure 1. Catalytic process for the synthetic pathway of ammonia from hydrogen and nitrogen in gas-

phase iron-catalyzed. Taken from 28. 

As shown in Figure 1, the interaction of the reagents with a catalyst derives from the 

access to thermodynamically more favorable mechanisms than the mechanism without 

the inclusion of the catalyst species. Usually, these reactions are activated by heat. 29 

Furthermore, the new mechanism could be divided into sub-reactions that modify the 

initial energy required for the activation of the reaction in contrast with the one-step 

mechanism that needs high amounts of energy. It can be interpreted as a split of the 

necessary energy, taking small quantities of the thermal energy always present in the 

reaction environments, to achieve the same product.  
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1.2.1. Catalyst 

Catalyst is a substance that performs a catalytic effect in a chemical reaction, which 

means, it increases the reaction rate. 30 The reaction of the catalyst with the reactants is 

established by forming chemical bonds that allow the interaction among the reactants to 

create the products under the catalytic effect. The elementary idea of catalysis sets that 

catalyst is recovered after the reaction is catalyzed; however, it does not have an infinite 

useful life. 30 The physical-chemical state of the catalyst defines its characteristics on the 

reaction dynamics; this creates different branches to study catalysts’ effects and features. 

The most relevant characteristics of catalysts are activity and selectivity. Focusing on 

chemical activity, it is expressed in terms of turnover number (TON) which is the number 

of molecules of the product obtained per molecule of catalyst. 31 As can be inferred, the 

turn over frequency (TOF) has units of turnover number per unit time. The chemical 

selectivity can be analyzed through different perspectives, dividing it into 

chemoselectivity, regioselectivity, and stereoselectivity. Besides, it is essential to 

consider the catalyst life, the susceptibility to poisoning, the diffusion of the reactant, and 

the mechanistic understanding for performance control. 31 

1.2.2. Autocatalysis 

The autocatalytic effect is referred to the reaction where one of the products is the catalyst 

of the same reaction that produces it. In terms of kinetics, the autocatalytic reaction curve 

of the concentration of A reactant ([A]) vs time always shows an “inverted s” behavior, 

as is illustrated in Figure 2, where the [A] vary in time according Equation 4.32  

 

Figure 2. Autocatalytic reaction behavior, [A] vs. t.  Adapted from 32. 
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[A] =
[A]0 + [B]0

1 +
[A]0

[B]0
e−([A]0+[B]0)kt

 
(4) 

This behavior occurs due to the small quantity of catalyst at the beginning of the reaction, 

producing a prolonged degradation of an initial reagent A. In contrast, as the reaction goes 

forward, the amount of catalyst generated increases, and the rate of degradation of the 

reagent A also increases, decreasing its concentration. 32 At the final of the reaction, the 

rate goes slower than before because of the almost complete reagent A consumption.  

This catalytic process can be demonstrated through the exponential rate of the appearance 

of the product and the correlation of the initial product concentration and reaction rate. 

This type of catalysis describes complex behaviors of biological systems; however, 

extending the definition to the biologic field, the appropriate term is “autocatakinesis.” 33 

Furthermore, autocatalysis is a fundamental theory to understand the chemical evolution 

and the origin of life, the dissipative chemical systems, and information processing 

systems. 34 

1.2.3. Heterogeneous Catalysis 

Heterogeneous catalysis is based on the physical state of the catalyst. In difference to 

homogeneous catalysis and autocatalysis, in this case, the catalytic reaction takes place 

on the surface of a solid catalyst. Processes such as the adsorption and the reaction of the 

adsorbed reactant (called adsorbate) with the species in the gas or liquid phase, and the 

desorption process of the reaction products are crucial for the overall analysis of this type 

of catalysis 35. Heterogeneous catalysis has essential differences from homogeneous 

catalysis despite working under the same chemical principle. 

This type of catalysis is widely used in industry (almost 85% of all catalytic processes, 

according to Bhaduri et al. 31) due to the extent of its application and its higher thermal 

stability. Furthermore, in contrast with homogeneous catalysis, heterogeneous catalysis 

is involved in developing useful catalysts for cracking, reformation, ammonia synthesis, 

among other reactions with industrial interest that can be performed at high temperatures. 

Another critical advantage of heterogeneous catalysis is the easy recovery of the catalyst 

(filtration or decantation). 31 

1.2.4. Homogeneous Catalysis 

Homogeneous catalysis refers to the chemical system where both the catalyst and the 

substrates are in the same phase (liquid or gaseous). Organometallic compounds and 
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coordination complexes are the principal groups of catalysts used in homogeneous 

catalysis; they also encompass other important processes as acid and base catalysis, 

organic catalysis, enzymatic processes, among others. 36  

The oxidative addition, the reductive elimination, the insertion reactions, the β-hydride 

elimination, and the nucleophilic attack on a coordinated ligand are common reactions in 

a large number of homogeneous catalytic reactions. Oxidative addition and reductive 

elimination are widespread and essential in coordination compounds; the metal ion 

suffers formal oxidation or reduction, changing its oxidation state and coordination 

sphere. 31 In Figure 3, a few examples of this type of reaction in coordinated complexes 

can be observed.  

 

Figure 3. Examples of oxidative addition and reductive elimination reactions. Adapted from 31. 

Focusing on coordination compounds, the chemistry of homogeneous catalysis of 

transition metal centers is governed by the fundamental rules of coordination chemistry, 

emphasizing the formation, stability, and reactivity. 37 Homogeneous catalysis with 

coordination compounds is characterized by high activity, high specificity reacting with 

specific substrates, and high selectivity reacting in a particular position. 38 Nowadays, 

classical industrial processes are developed under homogeneous catalysis with 

coordination compounds viewpoint, for example, polymerization on the Ziegler catalysts, 

olefin oxidation by molecular oxygen to aldehydes, hydroformylation, among others. 38  

1.3. Coordination Compounds 

Coordination chemistry is based on the existence of coordination bonds. These bonds are 

a particular case of the covalent bond, regarding the principle of sharing electrons to 
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supply the lack of them in another atom. 39 In terms of shape, coordination compounds 

are formed by a central metallic atom (or ion) surrounded by electron-rich groups that can 

be atoms, ions, or molecules. The structure surrounding the metallic atom center is named 

the coordination sphere and it is occupied by a ligand. Usually, coordination compounds 

are called complexes because of their “complex” composition, charge, and structural 

properties.  

1.3.1. Ligands 

Ligands are atoms, ion or molecules that surround a metallic atom to form a coordination 

compound, the interaction (coordination) of the central metallic atom with its ligands 

establishes the inner coordination sphere of the compound.39 The ligands accomplish 

specific functions as modulation of the electron density at the central metal (affecting its 

reactivity), managing the multiplicity and symmetry through the coordination sites at the 

metal, and enhancing the environment to benefits a reaction.37 

1.3.2. Interpretation of Hard and Soft Acids and Bases Theory (HSAB) 

The coordination chemistry of the metals is subdivided into two categories depending on 

the kind of binding: covalently or ionic binding metal ion. According to the theory of hard 

and soft acids and bases (HSAB) and Lewis’s acid/base theory, the basic idea is that ions 

with small ionic radio and/or high oxidation states (Ca, Mg, Na, and K) are known as hard 

(class A) or ionic, while, ions with large ionic radii and more polarizable (Pt, Hg, Cd, and 

Pb) are known as soft (class B) or covalent. In this point, HSAB theory describes 

transition metals (Zn, Cu, Fe, and Co) that are placed in the frontier of class A and class 

B.40 

Considering the before-mentioned HSAB theory and applying it to ligands, hard species 

or ionic ligands possess an oxygen donor group (carboxylate, alcohol), while soft species 

covalent ligands have sulfur or phosphorus donor atoms (thioethers, thiolates, 

phosphanes). As in the metal centers, a group of ligands also possess an intermediate 

characteristic between hard and soft species; the ligands with this character are nitrogen-

donor ligands (imidazole). Furthermore, the ligand defines the coordination number, spin 

state, redox potential of the metal ion, and the coupling geometry among the ligand and 

metal center, a fundamental feature for catalysis. 40 
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1.3.3. Nitrogenated ligands 

The nitrogenated ligands (N-ligands) are particularly interesting in coordination 

compounds and homogeneous catalysis because of characteristics not observed in another 

type of ligands (as phosphorus-ligands). The capacity of N-donors to establish a π back-

bonding is negligible, generally are unsuited for stabilizing low oxidation states of 

transition metal centers. Furthermore, the trans effect of N-donors is insignificant too, so 

the rates of substitution reactions are usually high. Also, the reactivity of complexes of 

transition metals with N-donors is high. 37 In Figure 4, it can be observed the interaction 

of pyridine (py) with different metallic centers.  

 

Figure 4. Pyridine interaction with a metal center. Adapted from 41. 

1.3.4. Picdien ligand 

The poly-nitrogenated ligand 1,9-bis(2’-pyridyl)-2,5,8-triazanonane, or also called 

picdien, is a pentadentate ligand used to study oxidative dehydrogenation reaction when 

is coordinated with iron or copper metal centers. This N-ligand has secondary amine 

groups signaled as responsible for forming stable imine iron (II) complexes through 

oxidative dehydrogenation. 6 In most cases, octahedral compounds that contain this type 

of ligands present a high geometrical and conformational isomerism due to the nature of 

the ligand.   

This ligand has been studied in the interaction with a comprehensive list of metal centers, 

for example, Cr(III) 42, Co(III) 43, Ru(III) 44, Cu(II) 45, Ni(II) 45, Zn(II) 46, and Fe(III) 47 

trying to elucidate its characteristics to promote the oxidative formation of imines as well 

as its reactivity, kinetical and thermodynamic characteristics. The ligand and its analog 

in position 3’ are shown in Figure 5.  
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Figure 5. A) 1,9-bis(2’-pyridyl)-2,5,8-triazanonane (picdien) B) 1,9-bis(3’-pyridyl)-2,5,8-triazanonane 

Then, the picdien ligand can be modified with a well-studied diol formation reaction; this 

transformation depends on the solvent where the synthesis is carried. The solvent induces 

a nucleophilic attack to oxidate the ligand in the imine group yielding the diol that will 

increase the denticity of the ligand. 19 

The reaction could be initiated in water, methanol, or ethanol as solvent. In the case of 

water, the reaction shown in Figure 6 is achieved; the result of this modification is the 

formation of the hexadentate ligand 1,9-bis(2’-pyridyl)-5-[hydroxy-2’’-pyridyl)methyl]-

2,5,8-triazanonane. 

 

 

 

Figure 6. Synthesis of 1,9-bis(2’-pyridyl)-5-[hydroxy-2’’-pyridyl)methyl]-2,5,8-triazanonane 

(nucleophilic attack of water) 
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In the case of methanol, the reaction shown in Figure 7 is achieved for the formation of 

the hexadentate ligand 1,9-bis(2’-pyridyl)-5-[methoxy-2’’-pyridyl)methyl]-2,5,8-

triazanonane. 

 

Figure 7. Synthesis of 1,9-bis(2’-pyridyl)-5-[methoxy-2’’-pyridyl)methyl]-2,5,8-triazanonane 

(nucleophilic attack of methanol) 

In this case, the use of ethanol as solvent led picdien to be transformed into a hexadentate 

ligand 1,9-bis(2’-pyridyl)-5-[ethoxy-2’’-pyridyl)methyl]-2,5,8-triazanonane as can be 

observed in Figure 8. 6  

 

 

Figure 8. Synthesis of 1,9-bis(2’-pyridyl)-5-[ethoxy-2’’-pyridyl)methyl]-2,5,8-triazanonane (nucleophilic 

attack of ethanol) 

1.4. Oxidative Dehydrogenation 

The interest in oxidative dehydrogenation (OD) was initiated with the study of such 

reactions in complexes with macrocyclic ligands. This reaction is interesting because the 

complexes oxidize their coordinated amines into nitriles, nitro species, and carbonyl 
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groups through cleavage reactions. 48 Furthermore, this reaction is widespread in 

biochemical systems (known as oxidative amine dehydrogenation) in reactions like lysyl 

oxidation in crosslinking collagen and the regulation of neurotransmitters such as 

dopamine or serotonin. 14 

In these reactions, the metal center is fundamental to define the oxidative characteristics 

of the ligand. The iron promotes the reaction because of its accessible potential redox 

value compared to other metal centers that show different electrochemical properties.  

Establishing a contrast between iron and copper, which are critical metals for live beings, 

the difference lies in the electrochemical properties. The reduction potentials of 

Fe(III)/Fe(II) and Fe(II) at neutral pH are relative low and accessible in biochemical 

environments [Fe2O3 (hematite)/Fe(II):-0.2V, Fe(II)/Fe(0):-0.44V], while, cupper shows 

reduction potentials more thermodynamically impeded (Cu(II)/Cu(0):+0.34V, 

Cu(II)/Cu2S:+0.2V). 49 The electrochemical characteristics of iron are the principal reason 

why iron is studied. It can be stabilized to uncommon multiplicities and improves the 

reaction in biochemical environments, for example, hydrogen transfers in OD. 

From this overview, it can be suggested that the metallic complexes that induce specific 

reactions, as OD, are categorized as a catalyst. 

The oxidative dehydrogenation is formed by a group of sub-reactions that involve proton 

and electron transfers. In the case of the amine to imine oxidation reaction with the 

presence of a transition metal, the mechanism begins with first oxidation followed by the 

deprotonation of the ligand, an electron transfer, and then final deprotonation reaction 

that allows the formation of the double bond of the imine group as can be observed in 

Figure 9. 

Figure 9. Oxidative dehydrogenation of an amine group to yield an imine group. Adapted from 50. 

1.4.1. Electron-Proton Transfer  

The presence of a catalyst that enhances a hydrogen transfer reaction tends to reduce 

multiple bonds to create a hydrogen donor. After that, the hydrogen is added to the 

hydrogen acceptor, which is characteristic of an unsaturated functional group that 

stabilizes the accepted atom. This process can be generalized when the hydrogen donor 
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(DH2) and the hydrogen acceptor (A) interact through a catalyst to achieve hydrogen 

transference. 51 Equation 5 shows the description of an electron-proton transfer. 

γDH2 + A ⇆ D + AH2 (5) 

Proton transfer is a fundamental step for a vast number of chemical reactions involved in 

all chemistry fields. This process is promoted by electron transfers that depend on the 

coupling strength and the transfer range. In this sense, three viewpoints will be 

discussed.52 

1.4.1.1. Hydrogen Atom Transfer (HAT) 

The first case is the hydrogen atom transfer (HAT), the simultaneous transference of the 

proton and the electron from the same donor to the same acceptor. 52 

1.4.1.2. Long Distance Transference 

The second case is a long-distance transference of the electron directly from the proton 

transference that moves only a short distance. 53 These procedures are present in 

combustions, halogenations, and oxidations; the phenomena can be more complicated 

considering thermodynamics and kinetics of the reaction. 

1.4.1.3. Hydrogen Transfer in Metal Complexes 

This case can be divided into two paths; the first is the “hydridic route,” and the second 

is the “direct hydrogen transfer.” As its name specifies, the hydridic route forms a metal 

hydride as an intermediate due to the interaction of the catalyst with the hydrogen donor 

and the transference of the hydride from the metal to the acceptor. In direct hydrogen 

transfer, both the donor and the acceptor are held together by the catalyst allowing the 

hydrogen transference. 51 

1.5. Computational Background 

Theoretical and computational chemistry is a powerful tool to understand the kinetics and 

thermodynamics of the reactions that are involved in a chemical reaction. For 

coordination compounds particularly, the computational study allows to propose and 

analyze reaction mechanisms, transition states, electron density localization, frequencies, 

solvent environments, among other important characteristics involved in the study of a 

reaction.  
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1.5.1. Hartree-Fock Approximation 

The Hartree-Fock approximation (HF) is considered one of the fundamentals of modern 

chemistry because it was the first step to obtaining the Schrodinger equation's possible 

solution for multi-electronic systems. The principle of the HF method is based on the 

replacement of one electron problem that considers electron-electron repulsion instead of 

trying to solve many-electron problems. 54 The HF method assumes that the many-body 

wave function has an anti-symmetrized form due to the one-electron orbitals; the bases 

for this assumption are the independent particle approximation and the Pauli exclusion 

principle. 55 It is important to emphasize that is not an accurate method for organometallic 

systems.  

HF present some difficulties in its application, first, a set of single particle wave functions 

is needed to calculate the single-electron nonlocal potential. Second, the inclusion of 

correlation corrections needed a complex process to be implemented. With this, complex 

many-electron systems become a too complicated calculation.56 

1.5.2. Density-Functional Theory (DFT) 

The Density-Functional Theory is based on understanding the physical-chemical 

phenomena of molecules and materials through the fundamental laws of quantum 

mechanics.57 The objective is to obtain an approximation to the solution of the 

Schrodinger equation of N-electrons moving in an electrostatic potential (typically 

generated by the atomic nuclei). The DFT demonstrates the equivalence of the poly-

electronic wave function and electron density; it identifies the ground state electronic 

structure and energy (E0) of any chemical system. 58 

This estimation presents severe limitations to be considered as the definitive solution; the 

first is that the problem is highly nontrivial, even for a small number of electrons in the 

system; another limitation is that the computational demand of the calculations increases 

with the number of atoms in the system, the resolution for high number electrons becomes 

exorbitant.59 For open-shell systems, DFT approximations allow a not perfectly accurate 

prediction of electron affinities and ionization energies from total energy difference 

calculation.57 For the use of DFT approximations, different functionals are available 

considering accuracy, computational costs, and the exchange-correlation energy. 60 
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1.5.3. ORCA – Quantum Chemistry Program  

ORCA is a software characterized by its procedural and strongly typed nature.61 The 

general purpose of the system is to include a wide range of theoretical and spectroscopic 

methods, be robust, effective and be mainly focused on transition metals. 62 ORCA is 

capable of working with closed-shell (RHF), spin-unrestricted (UHF), and restricted 

open-shell (ROHF) self-consistent field (SCF) calculations based on various methods of 

DFT or Hartree-Fock. 63 

ORCA uses Gaussian bases functions in conventional, semidirect, and direct integral 

handling models. ORCA is written in C++ language that is not based on any other previous 

electronic structure program package.  ORCA can treat local density approximation 

(LDA), generalized gradient approximation (GGA), meta-GGA, hybrid, double-hybrid, 

and range separated functionals.62 For this work, the input used for ORCA calculations is 

formed by a functional (B3LYP), a dispersion corrector (D3BJ), various optimization 

methods (OPT/OPTTS/FREQ) and basis set (def2-SVP/def2-TZVP) principally, but in 

some cases a solvation model is added (CPCM). 

1.5.3.1. Functional: B3LYP 

The B3LYP hybrid functional is formed by the combination of Becke’s three-parameter 

exchange functional and the nonlocal correlation functional of Lee, Yang, and Parr. 

Becke’s three-parameter exchange functional determines the relative weights of the exact, 

local, and gradient-corrected nonlocal contributions on the Hartree-Fock exchange-

correlation.64  

The B3LYP functional is one of the most popular density functional in the computational 

chemistry field due to its capacity of obtaining geometries, dipole moments, 

polarizabilities, and vibrational frequencies in fairly good agreement with experimental 

systems.64 In comparison with DFT functionals as LSDA and BLYP, B3LYP showed 

impressive agreement with the experiment; furthermore, force fields as MP2 and SCF 

showed slightly less or much less accuracy than the DFT/B3LYP forcefield. B3LYP also 

demonstrated that while increasing the size of the basis set, the calculation converges 

faster.65 

This functional was initially designed to study vibrational absorption and circular 

dichroism, achieving a moderate computational cost and accurate results; these 

characteristics led to B3LYP be considered as a standard method.66 DFT calculation does 
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not evaluate the dispersion interactions produced by the instantaneous deformation of the 

electronic density (van der Waals interactions); however, in systems with biologic ligands 

or large ligands, this influence could not be negligible. Instead, B3LYP approximates 

DFT focused on exchange and correlation functional; it is based on Hartree-Fock, local 

density approximation, and general gradient approximation.  

1.5.3.2. Dispersion Corrector: D3BJ 

The problem of dispersion interactions in the DFT functional was tried to solve by 

considering intermolecular interactions. The consideration of the interactions is 

significant for the solution of liquid media, crystals, polymer, and biomolecules. The D2, 

D3, and D3BJ (D3 with Becke-Johnson damping) methods were proposed by Grimme, et 

al. 67,68 In the short-term, D3BJ is an atom-pairwise dispersion correction to the DFT 

energy with Becke-Johnson damping. 69 

1.5.3.3. Optimization Methods: OPT/OPTTS/ FREQ 

The OPT command is used for geometry optimization of a structure; this means 

minimizing the total energy of the structure or atom for the input method. The 

optimization program automatically reassigns the coordinates of the atoms if become 

invalid, this assignation is evaluated through an algorithm that uses the variational 

principle.69 The transition state optimization method (OPTTS) is based on locating 

transition states through the eigenvector-following algorithm. The objective is to find an 

approximate minimum energy path that connects 2 minima, then the transition state is 

located by the eigen-vector following method. 69 

The command FREQ is used in vibrational frequencies calculation in HF, DFT, and MP2. 

This command is applied to identify the harmonic vibrational frequencies of a system. 

Apart, form the possibility to simulate an IR spectrum, FREQ must be used to verify if 

the optimized structures are minimal. 70 

1.5.3.4. Basis Sets: def2-SVP/def2-TZVP 

The second-generation default (def2) family of basis sets was developed by Ahlrichs and 

co-workers, the group is formed by def2-SVP, def2-TZVP, def2-TZVPP, def2-QZVP, 

and def2-QZVPP.71 The basis set def2 represents the electronic wave function and 

considers the polarization function in all atoms. The particular case of def2-SVP is called 

split valence polarization. It is defined as the valence double-zeta basis set with “new” 
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polarization functions.69 The def2-TZVP is called triple-zeta valence polarization. It is 

defined as the valence triple-zeta basis set with “new” polarization functions. 69  

The group of def2 basis sets showed a consistently increasing quality with the increasing 

of the basis set size in comparison with the predecessor def basis set group. For 

equilibrium geometries calculations (optimizations), def2 basis sets yield reasonable and 

qualitative correct results.72 Furthermore, this group of basis sets presented a consistent 

accuracy for almost all elements in the periodic table.73 Particularly, TZVP showed to be 

an excellent choice for general purposes applications of DFT in comparison with MG3S 

basis. Additionally, the SVP basis can be used when TZVP is unaffordable. 71 

1.5.3.5. CPCM 

The dielectric continuum theories are widely used to describe the hydration in unification 

with quantum mechanics calculations with a relatively low computational cost.74 The 

conductor-like polarizable continuum model is a method to implement the solvent effects 

in quantum chemical calculations in an implicit way. The solvent is represented as a 

dielectric polarizable continuum, and polarization charges that describe the solvent 

reaction field. 70  The solute molecule is embedded in a cavity surrounded by a dielectric 

continuum of permittivity ε that represents the solvent media. 74 

The accuracy of continuum solvation models depends on the proper boundary conditions 

on the surface of the cavity containing the solute, considering the cavity as spheres 

centered on atoms or atomic groups where inside the cavity the dielectric constant is the 

same as in vacuo and outside it takes the value of the desired solvent.74 The charge 

distribution of the solute polarizes the dielectric continuum creating an electrostatic field 

the polarizes the solute.75 
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CHAPTER III 

1. Methodology 

In this work, the theoretical study of OD reaction mechanism was performed. However, 

before performing the calculations of the mechanism, previous calculations were 

performed to understand the stability of the coordination complex system at all its stages. 

The work follows the order presented in Figure 10. 

 

Figure 10. Graphical description of the methodology used for the development of the present work. 

1.1. Ligand Studies 

Following a sequence line, the first step was to analyze the stability of the ligand picdien 

and the 3’ substituted derivative (Figure 5). A comparison of 1,9-bis(2’-pyridyl)-2,5,8-

triazanonane (L2) ligand versus 1,9-bis(3’-pyridyl)-2,5,8-triazanonane (L3) that is the 
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same ligand substituted at position 3 pretends to explain the importance of the correct 

synthesis of the ligand and the repercussions of the hindrance effect in the formation of 

the complex, as well as the influence of the slightly structural difference in the OD 

reaction. The comparison of both ligands was established before the OD and after it.  

In previous studies, the synthesis and stabilization of complexes with picdien and iron 

were experimentally demonstrated; also, it was demonstrated that the OD reaction is 

achieved.47 However, the spatial conformation of the complex at the different stages of 

the mechanism as well as the reaction mechanism is not demonstrated theoretically so far.  

In the first part of this work, the ligand L2 was studied through computational 

calculations. This process was performed to analyze its structure and stability before and 

after the oxidative step but without the presence of the metallic center. The input used 

was B3LYP D3BJ OPT def2-SVP. The same study was then performed for L3.  

The objective of these calculations was to compare the optimization energy after achieved 

the optimization of the ligands. On the one hand, the comparison established was based 

on the energy of both ligands before the OD reaction, and, on the other hand, the same 

analysis was applied for the ligands once the OD was achieved. The initial and the final 

conformations of one ligand cannot be compared among them because the presence of 

the unsaturation caused by the OD reaction modifies the number of electrons in the ligand. 

However, this comparison could give an idea about the stability of the system. 

Besides, the analysis of molecular orbitals (MOs) was performed. The MOs aims to 

understand the spatial characteristics and distribution of electrons on the structure. The 

MOs allow not only to analyze the electronic characteristics of the structures but also to 

justify the reactivity of the structure during the different modifications or mechanism 

steps. For obtaining MOs from ORCA calculations, the command that may be added to 

the ORCA input is the following: 

%output 

Print[ P_Basis ] 2 

Print[ P_MOs ] 1 

end 

1.2. Study of L2 with diol reaction in different solvents  

It is well known that L2 interacts with the solvent when the iron complex synthesis is 

realized. This is the reason why different solvents were tested for this part. At this point, 



22 
 

as was shown before, the ligand reacts with water, methanol, and ethanol forming a diol 

that increases the denticity of the ligand. A similar analysis as in the last section was 

performed again, which means studying the stability before the OD and after it. This 

calculation aims to define which of the solvents produce higher stability of the ligand, 

moreover, understand if the diol insertion in the ligand distorts the geometry or the 

stability of the ligand. The same input as before was used, B3LYP D3BJ OPT def2-SVP.  

The L2 ligand reacts with the solvent to form the L4 ligand increasing the denticity from 

a pentadentate configuration to a hexadentate configuration. Three solvents were probed, 

each one was tested before and after the OD. Depending on the solvent used for the 

synthesis, the L4 ligand could be 1,9-bis(2’-pyridyl)-5-[hydroxy-2’’-pyridyl)methyl]-

2,5,8-triazanonane for water, 1,9-bis(2’-pyridyl)-5-[methoxy-2’’-pyridyl)methyl]-2,5,8-

triazanonane for methanol, and 1,9-bis(2’-pyridyl)-5-[ethoxy-2’’-pyridyl)methyl]-2,5,8-

triazanonane for ethanol. The increment in the number of carbons in the solvent-formed 

extra ring changes the total number of atoms in the ligand and impedes a rigorous 

comparative analysis.  This intermediate reaction allows the formation of the octahedral 

complex and, in consequence, the presence of OD. In this part, the MOs were also studied. 

1.3. Studies on iron coordination complexes 

For the third part of this work, after studying the ligand and its possible variations, the 

optimization of the iron complex formed was performed. The contrast was established 

among the two conformations of the ligand with the metallic iron center, which means 

[Fe(L2)(DMSO)]3+ and [Fe(L3)(DMSO)]3+. These complexes are formed before the 

catalytic reactions happen. An energetic barrier was identified by comparing the two 

ligands; this barrier impossibilities OD.  

The literature does not suggest a favored spin state produced by the coordination of L2 

ligand to iron, but studies with other metal centers suggest a low spin ligand.47 In this 

work, both low spin and high spin variants were proved to elucidate the nature of the 

complex formed by L2 and L3 with iron. The nitrogen atoms forming the ligand could be 

a hint of a low spin character.   

To calculate the optimization energy of the complexes, different field splitting caused for 

the coordination of the ligand were considered. For both complexes, [Fe(L2)(DMSO)]3+ 

and [Fe(L3)(DMSO)]3+, the oxidation state was always Fe(III). Both possible complexes 
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were optimized in ORCA with the input B3LYP D3BJ OPT def2-SVP in all the possible 

multiplicities.  

The possible multiplicities were calculated considering that the ligand could be high spin, 

low spin, or present the Jahn-Teller effect. Then, the multiplicities were 2 (Low Spin), 6 

(High Spin), and 4 (Jahn-Teller Effect High Spin). For Jahn-Teller Effect with Low Spin, 

the number of unpaired electrons is the same as Low Spin ligands, as shown in the Figures 

11-15. The representation of the fields is presented considering an octahedral geometry. 

 

Figure 11. Low Spin Field for 3d5 metal. 

 

Figure 12. High Spin Field for 3d5 metal. 

 

Figure 13. Jahn-Teller Effect for Low Spin 3d5 metal. 
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Figure 14. Jahn-Teller Effect for High Spin 3d5 metal. 

1.4. Reaction Mechanism 

Next, for the study of the reaction mechanism, a tentative mechanism was taken from a 

previous paper published by Saucedo et al 76. The experimental results in the mentioned 

work suggest that L2 reacts in the presence of ethanol to produce L4; however, the same 

principle can be used for solvents such water and methanol, as was demonstrated before.  

At this point, OD is the foremost step to be understood. To calculate the reaction 

mechanism of this complex, it was necessary to identify a set of stages that describes the 

flux of electrons and atoms through the mechanism. Four significative stages were 

identified; in each of them, optimization was performed to obtain the most stable 

tridimensional conformation. For this, the same optimization step in ORCA was 

accomplished through the input B3LYP D3BJ OPT def2-SVP. Furthermore, to obtain 

accurate results, another basis set was used to calculate the exact mechanism; the input 

was B3LYP D3BJ OPT def2-TZVP. This implementation allowed to establish a critical 

comparison of both computational methods and, at the same time, to corroborate the 

results of each stage.  

The reaction mechanism calculation was not restrained to optimizing the complex 

structures; other molecules should also be included in the entire mechanism. To achieve 

the OD of this complex, a solvent molecule and an oxygen molecule needed to be 

presented to justify the electrons flux.  

In this case, the analysis of molecular orbitals was performed only for the water 

mechanism with the basis set def2-SVP. The reason is that the different mechanisms with 

both basis sets probably could show a highly similar behavior. Furthermore, the analysis 

of all orbitals for each structure would result too extensive for this work.  
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1.5. Transition States 

After obtaining the optimization for all the proposed mechanism stages, it was necessary 

to find the transition states. The transition states were found through a previous 

optimization of the complex with the molecule of solvent where the hydrogen is 

transferred. After that, the hydrogen bond distance was changed to an intermediate 

distance from the nitrogen of the complex to the oxygen of the solvent molecule. The 

input used for this calculation was B3LYP D3BJ OPTTS def2-SVP. The distances to 

found the transition state were varied to reach the optimal distance, from an upper limit 

to a lower limit and decreasing the interval of the measure until the optimal distance is to 

be as close as possible. Each attempt for a distance was performed in a separate 

calculation file.  

After found both transition states, a calculation of the frequencies was performed. This 

calculation allowed to confirm that the result obtained is a transition state and not a local 

optimization minimum or a higher-order critical point (with more than one negative 

frequency). From the frequency list, one should be negative; this means that the transition 

state was achieved. The input to perform frequency calculation was B3LYP def2-SVP 

FREQ.  

1.6. Mechanism and Solvent Stability 

As the last step for analyzing the reaction energies, the optimized mechanism with 

different solvents depending on the L4 formation was studied. It means that the final 

complex structure that depends on the solvent was tested in the corresponding solvent to 

understand the stabilization energies. This new calculation was performed by adding the 

command CPCM in the ORCA input. The input in this case was B3LYP D3BJ 

CPCM(solvent) OPT def2-SVP, where the corresponding solvent in each case replaces 

the word “solvent”.  
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CHAPTER IV 

Results and Discussion 

1. Ligand Studies 

As was explained in the methodology section, the first part of this work is to study the 

optimization of the ligand during the OD reaction.  

 

Figure 15. A) L2 before OD B) L2 after OD 

 

Figure 16. Molecular Orbitals for L2 Ligand A) HOMO before OD B) LUMO before OD C) HOMO after 

OD D) LUMO after OD 
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The ligand stabilization in both cases was achieved fast. In the case of L2 ligand is easy 

to observe that the spatial conformation describes a pentadentate ligand considering the 

position of the nitrogen atoms. In Figure 15, the L2 ligand is shown before and after 

achieved the OD reaction. The molecular orbital analysis is presented in Figure 16 where 

the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) before and after the OD can be observed.   

In the case of L3, shown in Figure 17, the optimization is also achieved with slight 

differences in optimization energy as is indicated in Table 1. However, the spatial 

response at the optimization of the ligand is different from L2, especially in the pyridine 

rings orientation.  The orbital analysis for L3 is presented in Figure 18 where the orbitals 

HOMO and LUMO before and after the OD can be observed.   

 

Figure 17. A) L3 before OD B) L3 after OD 
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Figure 18. Molecular Orbitals for L3 Ligand A) HOMO before OD B) LUMO before OD C) HOMO after 

OD D) LUMO after OD 

1.1. Discussion 

Table 1 shows the results of the computational calculations to compare L2 vs. L3 before 

and after the OD reaction. In this table, it can be observed that the L2 ligand is more stable 

than L3 before OD, L3 is near to the energy of L2, with just a 7.4 kJ/mol difference. 

During the OD reaction, the results show that L3 ligand is more stable than L2 after OD, 

L3 is near to the energy of L2, with just a -8.6 kJ/mol difference. 

Table 1. Optimization energy comparison between L2 vs. L3 

Before OD Electrons Charge Spin Final Energy (Hartree) Energy Difference (kJ/mol) 

L2 154 0 1 -896.155760 0.0 

L3 154 0 1 -896.152924 7.4 
     

 

After OD Electrons Charge Spin Final Energy (Hartree) Energy Difference (kJ/mol) 

L2 152 0 1 -894.940179 0.0 

L3 152 0 1 -894.943468 -8.6 

For the MOs analysis of L2 and L3, the HOMO and LUMO were considered and shown 

in Figure 16 and Figure 18. Considering the ligands before OD, the localization of the 
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HOMOs is highly similar, it means, in the middle of the ligand between the pyridine rings. 

The remarkable difference among both conformations is the sign of the orbitals that are 

inverse and that for L3, the HOMO orbital slightly deviates to a pyridine ring. The 

LUMOs before OD for both conformations are very similar, located at one pyridine ring; 

however, for L2, a minor deviation of the orbital to the next carbon is observed.  

After OD, the changes are more significant. The HOMO for L2 is strictly located in the 

linear zone of the ligand, while for L3, the HOMO is located nearest to one of the pyridine 

rings. In LUMOs, the similarity is again high; however, in L2, a minor deviation to the 

side carbon is observed again. With this in mind, it is important to emphasize that not 

only the spatial conformation could affect the coordination of the ligand, also the 

electronic distribution could be a remarkable factor.  

2. Study of L2 with diol reaction in different solvents 

At this point, the same study was performed for the hexadentate form of the ligand. The 

hexadentate ligand is reached when the L2 ligand reacts with the solvent, in which the 

synthesis is carried out. With this in mind, the study for the complex may be performed 

for the variation with water, methanol, and ethanol and considering the different possible 

multiplicities. The results for the ligands are shown as L4 in water (Figure 19, 20 and 

Table 2), methanol (Figure 21, 22 and Table 3), or ethanol (Figure 23, 24 and Table 4). 

The computational methods described in the Methodology section are exactly equal for 

all L4 possibilities.  

2.1. L4 in water 

Table 2. Optimization energies for L4 in water 

L4 in Water Electrons Charge Spin Final Energy (Hartree) Energy Difference (kJ/mol) 

Initial 210 0 1 -1,257.326079 0 

After OD 208 0 1 -1,256.123973 3,156.1 
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Figure 19. A) L4 in water before OD B) L4 in water after OD 

 

Figure 20. Molecular Orbitals for L4 ligand in water A) HOMO before OD B) LUMO before OD C) 

HOMO after OD D) LUMO after OD 
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2.2. L4 in methanol 

Table 3. Optimization energies for L4 in methanol 

L4 in Methanol Electrons Charge Spin Final Energy (Hartree) Energy Difference (kJ/mol) 

Initial 218 0 1 -1,296.587103 0 

After OD 216 0 1 -1,295.374797 3,182.9 

 

 

Figure 21. A) L4 in methanol before OD B) L4 in methanol after OD 

 

Figure 22. Molecular Orbitals for L4 ligand in methanol A) HOMO before OD B) LUMO before OD C) 

HOMO after OD D) LUMO after OD 
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2.3. L4 in ethanol 

Table 4. Optimization energies for L4 in ethanol 

L4 in Ethanol Electrons Charge Spin Final Energy (Hartree) Energy Difference (kJ/mol) 

Initial 226 0 1 -1,335.837609 0 

After OD 224 0 1 -1,334.639860 3,144.7 

 

         

Figure 23. A) L4 in ethanol before OD B) L4 in ethanol after OD 

 

Figure 24. Molecular Orbitals for L4 ligand in ethanol A) HOMO before OD B) LUMO before OD C) 

HOMO after OD D) LUMO after OD                           
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2.4. Discussion 

The results for the optimization of the L4 ligand show that the behavior of the ligand, in 

terms of spatial conformation and geometry, is highly similar. This conclusion means that 

the ligand maintains a tendency to form an octahedral geometry and preserve the 

orientation of the rings despite the solvent used. The evident change is based on the final 

energies. As is shown in Figure 25, the first point to be analyzed is that the optimization 

energy before OD is always more negative. This difference between the optimization 

energy before and after OD is minimal; however, it represents enough to conclude that 

the ligands are more stable before than after OD. If the evaluation approach is focused on 

the structures before and after OD, it can be observed that a small difference of 

stabilization energy is identified between the structures. In all cases before OD the 

structures are more stable, however, the presence of the solvent and the other molecules 

in the system will contribute to stabilizing OD structures. 

The second conclusion is that a significant difference in the optimization energies can be 

identified depending on the solvent used for the reaction. In Figure 25, it can be observed 

that in both cases, before and after OD, the ligand in ethanol is more stable than in water 

or methanol. The difference of energy between the ligands is almost 40 Hartree or more, 

which is a too high difference of stability. From this, the mechanism in ethanol is favored 

over the reaction in water or methanol.  

Figure 25. Summary of L4 studies in different solvents A) Before OD and B) After OD 

The MOs were obtained for L4 in water, methanol, and ethanol; the HOMO and LUMO 

were considered and shown in Figure 20, Figure 22, and Figure 24, respectively. For the 

HOMOs before and after OD, no major differences can be observed. Also, LUMOs are 
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highly similar, and no shows relevant differences. This characteristic supports that the 

reactivity of the ligands is similar; furthermore, the successful OD in all cases can be 

supported for this similarity. Additionally, the Mulliken charges of the oxygen that is part 

of the solvent-implemented diol, before and after OD, show values of -0.27 for water to 

-0.38 for methanol and ethanol. Mulliken charges values support the similar reactivity of 

the mechanism in different solvents and the energy changes according to the modification 

in the solvent (carbon number and polarity). 

3. Studies on iron coordination complexes 

After the first analysis of the free ligands, the complexes derived from such ligands 

coordinated with the iron center were carefully studied. For the case of 

[Fe(L2)(DMSO)]3+, the optimization calculations in all the possible multiplicities shown 

very similar results among them despite being calculated taking the same structure as a 

base; the input for the calculations was B3LYP D3BJ OPT def2-SVP. From a spatial 

conformational view, all the possibilities show similar behavior (see Figure 26); it means 

a hexacoordinated iron center forming an octahedral geometry and a pentadentate ligand. 

However, from an energetical point of view, it can be observed sharp differences in the 

final optimization energy as shown in Table 5.  

Table 5. Optimization energy of the possible multiplicities for [Fe(L2)(DMSO)]3+ 

[Fe(L2)(DMSO)]3+ Electrons Charge Spin Final Energy (Hartree) Energy Difference (kJ/mol) 

Weak Field (High Spin) 219 3 6 -2,711.732990 0.0 

Strong Field (Low Spin) 219 3 2 -2,711.730136 7.5 

Jahn-Teller Effect  

(Intermediate Spin) 

219 3 4 -2,711.716077 44.4 
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Figure 26. A) [Fe(L2)(DMSO)]3+ Low Spin B) [Fe(L2)(DMSO)]3+ High Spin  C) Fe(L2)(DMSO)]3+ 

Jahn-Teller 

For the [Fe(L3)(DMSO)]3+ complex, the observed geometries are entirely different 

depending on the multiplicity; in all cases, the input used was B3LYP D3BJ OPT def2-

SVP. The first attempt was the complex with multiplicity 2, which means a low spin 

character. In this case, it can be observed that the optimization of the complex implies a 

coordination sphere change (see Figure 27). The pyridine rings substituted at position 3 

cannot maintain the coordination of the nitrogen atom with the metallic center because of 

the effect produced by the intermediate carbon at position 2. The geometry of the 

coordination center obtained by the calculation to reach stability is tetrahedral.  

 

Figure 27. [Fe(L3)(DMSO)]3+ Low Spin 

After, the multiplicity of the complex was changed to 6. However, in this case, despite 

the octahedral geometry of the Fe3+ center is obtained, the coordination with the pyridine 

rings is changed (see Figure 28). As is shown, the pyridine ring coordinates to the metal 

center with the position 2 carbon instead with the nitrogen, and this is not shown in 

experimental trials.  
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Figure 28. [Fe(L3)(DMSO)]3+ High Spin 

Finally, the calculation was performed with multiplicity 4 that corresponds to a Jahn-

Teller effect with an intermediate spin character. In this case, neither a tetrahedral 

geometry of the coordination sphere nor the coordination of the nitrogen atoms of 

pyridine rings are achieved (see Figure 29). The geometry of this complex reaches a 

distorted tetrahedral shape. 

 

Figure 29. [Fe(L3)(DMSO)]3+ Jahn-Teller High Spin 

Table 6 shows a comparison among the structures of the ligand and the tested field 

characters. According to the results, the most stable geometry structure is reached with 

the Jahn-Teller Effect with an intermediate spin character. 
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Table 6. Optimization energy of the possible multiplicities for [Fe(L3)(DMSO)]3+ 

[Fe(L3)(DMSO)]3+ Electrons  Charge Spin Final Energy (Hartree) Energy Difference (kJ/mol) 

Weak Field (High Spin) 219 3 6 -2,711.608052 0.0 

Strong Field (Low Spin) 219 3 2 -2,711.595003 34.3 

Jahn-Teller Effect  

(Intermediate Spin) 

219 3 4 -2,711.626181 -47.6 

3.1. Discussion 

As was discussed previously in this section, the case of [Fe(L2)(DMSO)]3+ shows similar 

spatial conformations in all the variations of spin possible for the compound-complex. 

The difference between the three possible spins is focused on the optimization energy. As 

can be observed in Table 5, the [Fe(L2)(DMSO)]3+ compound with low spin character is 

the most stable due to higher negative optimization energy, in contrast with the same 

compound with high spin character or Jahn-Teller Effect. Furthermore, after performed 

the spatial analysis for [Fe(L3)(DMSO)]3+, it can be observed that the octahedral 

conformation of the metallic center is never achieved. The hindrance effect occurred by 

the substitution in position three instead of position two results in an extreme barrier for 

the compound formation. Figure 30 summarizes the results obtained in this section.  

Figure 30. Summary of coordination complex studies A) For L2 complex and B) For L3 complex. 

As Figure 30 shows, in the case of [Fe(L2)(DMSO)]3+, the low spin character of the ligand 

shows higher stability than the other possibilities, the energy difference barrier between 

the three conformations is very marked. Furthermore, the octahedral metallic center is 

achieved. With this in mind, the low spin character of the ligand can be considered the 

best way to continue with the next steps of the study.  
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In fact, for [Fe(L3)(DMSO)]3+, the Jahn-Teller distortion spin achieves a negative energy 

difference, which means a more stable conformation, even more stable than low spin 

[Fe(L2)(DMSO)]3+. However, Jahn-Teller [Fe(L3)(DMSO)]3+ does not achieve the 

octahedral metallic center that is demonstrated in the literature 19; this geometry allows 

the OD reaction in further steps. Considering this argument, the mechanism cannot be 

used as a solution due to the divergent characteristics in comparison with the interest 

system. 

4. Reaction Mechanism 

The reaction mechanism is a four-stage mechanism with 3 kinetics steps proposed by 

Saucedo-Vázquez et al. 76 that explains the iron-promoted OD reaction. As shown before, 

in the mechanism (see Figure 31), the final structure of ligand L4 depends on the solvent 

used for the synthesis; consequently, R should be replaced with the molecule that 

corresponds to the three possible solvents used in this work.  

 

Figure 31. Proposed 4-stage reaction mechanism for OD reaction. 

4.1. Mechanism with water-synthesized ligand 

The first stage proposed for the water-synthesized ligand mechanism was optimized 

considering that the initial oxidation state of the metallic center of iron is 3+, which 

corresponds to [Ar]3d5 electronic configuration. From the performed studies of the 
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ligand, a tendency to be a low spin ligand was identified, and, with this in mind, the 

assumption of a strong field complex is established.76 Besides, considering the electronic 

distribution of the metallic center and the strong field complex, the multiplicity of the 

compound is 2 (see Figure 32). In this case, the molecular orbitals were also obtained (see 

Figure 33). 

 

Figure 32. Stage 1 with water-synthesized ligand (def2-SVP) 
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Figure 33. Molecular Orbitals for Stage 1 in water A) HOMO alpha B) SOMO alpha C) LUMO alpha    

D) HOMO beta E) SOMO beta F) LUMO beta 

For the first stage, it can be observed in Figure 33 that the HOMO alpha and beta 

(depending on the spin of the electron, alpha for spin up and beta for spin down) has an 

almost equal distribution over the two initial pyridine rings of the ligand. Then, 

considering the single occupied molecular orbital (SOMO) which is associated to a 

radical for example, it can be observed that the SOMO alpha has a distribution over the 

initial pyridine rings of the ligand, while the SOMO beta is located surrounding the metal 

center. This distribution could be due to the oxidation state of the iron center and its 

electronic distribution, the shape of the orbital matches with a d molecular orbital.  

Finally, the LUMO alpha and beta are distributed over the iron center and the bonds 

established with the multiple nitrogen atoms of the ligand. 

For the second stage of the proposed mechanism, the optimization was performed 

considering the proton removal from the nitrogen where OD occurs. It is also important 

to emphasize that the electrons that form part of the bond between the nitrogen and 

hydrogen stay in the nitrogen atom. With this, the oxidation state of the metallic center 

changed to 2+ because of the intermolecular electron transfer process; one of the electrons 

of the nitrogen-hydrogen bond changes the metallic center oxidation state, and the other 
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electron stays in the nitrogen. The electronic distribution of the metallic center changes 

to [Ar]3d6; however, the free radical generated in the mentioned nitrogen produces the 

multiplicity of the complex to be still 2 (Figure 34). The molecular orbitals were also 

obtained (see Figure 35). 

 

Figure 34. Stage 2 with water-synthesized ligand (def2-SVP) 
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Figure 35. Molecular Orbitals for Stage 2 in water A) HOMO alpha B) SOMO alpha C) LUMO alpha    

D) HOMO beta E) SOMO beta F) LUMO beta  

For the second stage, it can be observed in Figure 35 that the HOMO (alpha and beta) 

presents a change in shape and localization in comparison with the first stage. In this case, 

they are distributed over the iron center and in the nitrogen, where the OD is achieved. 

Then considering the SOMO, it can be observed that the SOMO alpha and beta have 

similar behavior as the HOMO, changing its location to the nitrogen where the first proton 

is removed and over the region where the electron rearrangement is happening. It may be 

considered that in this stage, the iron center changes its oxidation state to 2+; this is the 

reason why SOMOs are located in the metal center region.  Finally, the LUMO alpha and 

beta are distributed over the pyridine ring produced by the diol formation; this could 

support that its inclusion in the molecule is fundamental to achieve the OD reaction. 

For the third stage, a dioxygen molecule induces an intermolecular electron transfer from 

the metallic center produces a change in the oxidation state of iron center 2+ to 3+. This 

transference can be interpreted as a long-distance electron transference. Nevertheless, the 

free radical located in the nitrogen is not altered in this electron interchange. This change 

in the electronic profile inside the complex could be responsible for the second proton 
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extraction derived from the double bond formation that finalizes the OD reaction (see 

Figure 36). The molecular orbitals were also obtained (see Figure 37). 

 

Figure 36. Stage 3 with water-synthesized ligand (def2-SVP) 

 

Figure 37. Molecular Orbitals for Stage 3 in water A) HOMO alpha B) SOMO alpha C) LUMO alpha     

D) HOMO beta E) SOMO beta F) LUMO beta  

It can be observed in Figure 37 that the HOMO alpha is again distributed on the initial 

pyridine rings of the ligand as in the first stage; however, the HOMO beta is located over 
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the nitrogen where the OD is happening, as in the second stage. This distribution is 

happening due to the free-electron located in the nitrogen that is not part of the metal 

center. Then considering the SOMO, it can be observed that the SOMO alpha is also 

located over the initial pyridine rings of the ligand, while SOMO beta is located around 

the metal center. This can be explained by the change of oxidation state of the iron center 

to 3+ and the loss of one electron in contrast with the last stage. Finally, the LUMO alpha 

and beta are distributed over the iron center again, as in the first stage, and the bond 

established with the multiple nitrogen atoms of the ligand is recovered to stabilize the 

octahedral center. 

The last stage of the mechanism shows the complex with the presence of the unsaturation 

provoked by OD. To reach this structure, the proton adjacent to the nitrogen with the free 

electron was removed. The electrons of the released hydrogen establish the double bond 

with the nitrogen atom, and, in a quick step, the bond formation pushes the free electron 

to the metallic center changing one more time its oxidation state from 3+ to 2+. This 

multiplicity of the complex in the final state (the product) is 1 since the charge of the 

metallic center is 2+ with an electronic distribution [Ar]3d6; also, considering the strong 

field character induced by the low spin ligand are no free charges in the metal nor the 

atoms involved in the double bond (see Figure 38). The molecular orbitals were also 

obtained (see Figure 39). 

 

Figure 38. Stage 4 with water-synthesized ligand (def2-SVP) 
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Figure 39. Molecular Orbitals Stage 4 in water A) HOMO B) LUMO 

In this last stage, the presence of HOMO is observed instead of SOMO. The reason is that 

the oxidation state of the iron center is [Ar]3d6, and not free-electrons are located at any 

point of the structure, so a single occupied orbital is not possible. Considering this, the 

HOMO is located at the iron center, and the nitrogen where the OD is achieved, while 

LUMO is located over the nitrogen where OD is achieved and the side pyridine ring; the 

unsaturation provoked by OD could support this.  

In following tables 7 and 8, the computational results of each stage with def2-SVP basis 

set are shown. Considering the presence of other molecules in the mechanism, such as 

dioxygen, oxide, water, and hydroxide, the corresponding results for the calculations for 

the def2-SVP basis set are shown in Annexes section A. The results obtained from the 

optimizations of each stage of the mechanism are shown in Table 7. Also, in Table 8 are 

shown the final energies of the system for each stage expressed in Hartree and 

transformed to kJ/mol to be compared. Finally, in Figure 40, an energy diagram to 

compare and resume the final energies for the mechanism is shown.  

Table 7. Calculations of the mechanism with water-synthesized ligand (def2-SVP) 

def2-SVP Electrons Charge Spin Energy (Hartree) 

Stage A 233 3+ 2 -2,520.066994 

Stage B 233 2+ 2 -2,519.874555 

Stage C 232 3+ 3 -2,519.405382 

Stage D 232 2+ 1 -2,519.282844 
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Table 8. Final energies of mechanism with water-synthesized ligand (def2-SVP) 

 Total Electrons Final Energy (Hartree) Energy Difference (Hartree) Energy Difference (kJ/mol) 

Stage A  269 -2,821.399338 0 0 

Stage B  269 -2,821.903477 -0.504138 -1,323.6 

Stage C  269 -2,821.470889 -0.071551 -187.9 

Stage D  269 -2,822.044929 -0.645590 -1,695.0 

 

 

Figure 40. Energy diagram for the mechanism with water-synthesized ligand (def2-SVP) 

For obtaining accurate and supported results, the exact mechanism calculations were 

performed using a different basis set (see Figure 41). In this case, a more significant basis 

set was used, then the input of ORCA optimization was B3LYP D3BJ OPT def2-TZVP.  
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Figure 41. Reaction mechanism (def-TZVP) with water-synthesized ligand A) Stage 1 B) Stage 2 C) Stage 

3 D) Stage 4 

In Table 9 and 10, the computational results of each stage with def2-TZVP basis set are 

shown. The results obtained from the optimizations of each stage of the mechanism are 

shown in Table 9. Also, Table 10 shows the final energies of the system for each stage 

expressed in Hartree and transformed to kJ/mol to be compared. Finally, in Figure 42, an 

energy diagram to compare and resume the final energies for the mechanism is shown.  

Table 9. Calculations of the mechanism with water-synthesized ligand (def2-TZVP) 

def2-TZVP Electrons Charge Spin Energy (Hartree) 

Stage A 233 3+ 2 -2,521.591503 

Stage B 233 2+ 2 -2,521.399204 

Stage C 232 3+ 3 -2,520.930068 

Stage D 232 2+ 1 -2,520.807169 
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Table 10. Final energies of mechanism with water-synthesized ligand (def2-TZVP) 

 Total Electrons Final Energy (Hartree) Energy Difference (Hartree) Energy Difference (kJ/mol) 

Stage A  269 -2,823.408597 0 0 

Stage B  269 -2,823.868415 -0.459819 -1207.3 

Stage C  269 -2,823.465046 -0.056449 -148.2 

Stage D  269 -2,823.994265 -0.585668 -1537.7 

 

 

Figure 42. Energy diagram for the mechanism with water-synthesized ligand (def2-TZVP) 
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4.2. Reaction mechanism in methanol 

In this case, the first stage proposed for the methanol-synthesized ligand mechanism was 

optimized considering that the mechanism of water presented before is precisely equal in 

the conditions of calculation. The difference is based on the diol formation with the 

solvent that is methanol, so the structure change, however the oxidation states and the 

multiplicities along all the mechanisms were the same. The optimization results for each 

mechanism stage are shown in Figure 43. 

 

Figure 43. Reaction mechanism (def2-SVP) with methanol-synthesized ligand A) Stage 1 and B) Stage 2 

C) Stage 3 D) Stage 4 

In Table 11 and Table 12, the computational results of each stage with def2-SVP basis 

set are shown. The results obtained from the optimizations of each stage of the mechanism 

are shown in Table 11. Also, in Table 12, are shown the final energies of all the system 

for each stage expressed in Hartree and transformed to kJ/mol to be compared. Finally, 

in Figure 44, an energy diagram to compare and resume the final energies for the 

mechanism is shown.  
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Table 11. Calculations of the mechanism with methanol-synthesized ligand (def2-SVP) 

def2-SVP Electrons Charge Spin Energy (Hartree) 

Stage A 241 3 2 -2,559.322500 

Stage B 241 2 2 -2,559.127615 

Stage C 240 3 3 -2,558.661074 

Stage D 240 2 1 -2,558.535729 

 

Table 12. Final Energies of Mechanism with methanol-synthesized ligand (def2-SVP) 

 Electrons Final Energy (Hartree) Energy Difference (Hartree) Energy Difference (kJ/mol) 

Stage A  293 -2,939.259477 0 0 

Stage B  293 -2,939.705803 -0.446326 -1171.8 

Stage C  293 -2,939.275848 -0.016372 -43.0 

Stage D  293 -2,939.791713 -0.532236 -1,397.4 

 

 

Figure 44. Energy diagram for the mechanism with methanol-synthesized ligand (def2-SVP) 

Similarly, for obtaining accurate and supported results, the same mechanism calculations 

were performed using the def2-TZVP basis set (see Figure 45). The results have minor 

variations presented in Hartree, but they could have considerable importance in kJ/mol.  
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Figure 45. Reaction mechanism (def2-TZVP) with methanol-synthesized ligand A) Stage 1 B) Stage 2 C) 

Stage 3 D) Stage 4 

In Table 13 and Table 14, the computational results of each stage with def2-TZVP basis 

set are shown. The results obtained from the optimizations of each stage of the mechanism 

are shown in Table 13. Also, in Table 14, are shown the final energies of all the system 

for each stage expressed in Hartree and transformed to kJ/mol to be compared. Finally, 

in Figure 46, an energy diagram to compare and resume the final energies for the 

mechanism is shown.  

Table 13. Calculations of the mechanism with methanol-synthesized ligand (def2-TZVP) 

def2-TZVP Electrons Charge Spin Energy (Hartree) 

Stage A 241 3 2 -2,560.888533 

Stage B 241 2 2 -2,560.693595 

Stage C 240 3 3 -2,560.227347 

Stage D 240 2 1 -2,560.101415 
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Table 14. Final energies of mechanism with methanol-synthesized ligand (def2-TZVP) 

 Total Electrons Final Energy (Hartree) Energy Difference (Hartree) Energy Difference (kJ/mol) 

Stage A  293 -2,941.329667 0 0 

Stage B  293 -2,941.760849 -0.431182 -1,132.1 

Stage C  293 -2,941.360367 -0.030700 -80.6 

Stage D  293 -2,941.860555 -0.530888 -1,393.8 

 

 

Figure 46. Energy diagram for the mechanism with methanol-synthesized ligand (def2-TZVP) 
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4.3. Reaction mechanism in ethanol 

The same analysis is carried out for ethanol-synthesized ligand mechanism, as before, the 

difference is based on the diol formation with the solvent that is ethanol. The optimization 

results for each mechanism stage are shown in Figure 47. 

 

Figure 47. Reaction mechanism (def2-SVP) with ethanol-synthesized ligand A) Stage 1 B) Stage 2 C) 

Stage 3 D) Stage 4 

In Table 15 and Table 16, the computational results of each stage with def2-SVP basis 

set are shown. The results obtained from the optimizations of each stage of the mechanism 

are shown in Table 15. Also, in Table 16, are shown the final energies of all the system 

for each stage expressed in Hartree and transformed to kJ/mol to be compared. Finally, 

in Figure 48, an energy diagram to compare and resume the final energies for the 

mechanism is shown.  
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Table 15. Calculations of the mechanism with ethanol-synthesized ligand (def2-SVP) 

def2-SVP Electrons Charge Spin Energy (Hartree) 

Stage A 249 3 2 -2,598.592406 

Stage B 249 2 2 -2,598.395208 

Stage C 248 3 3 -2,597.931644 

Stage D 248 2 1 -2,597.803186 

 

Table 16. Calculations of the mechanism with ethanol-synthesized ligand (def2-SVP) 

 Total Electrons Final Energy (Hartree) Energy Difference (Hartree) Energy Difference (kJ/mol) 

Stage A  317 -3,057.074263 0 0 

Stage B  317 -3,057.512078 -0.437815 -1,149.5 

Stage C  317 -3,057.085100 -0.010837 -28.45 

Stage D  317 -3,057.591656 -0.517393 -1,358.4 

 

 

Figure 48. Energy diagram for the mechanism with ethanol-synthesized ligand (def2-SVP) 

Following the same methodology, the same mechanism calculations were performed 

using the def2-TZVP basis set for obtaining accurate and supported results (see Figure 

49). The results have minor variations presented in Hartree, but they could have 

considerable importance in kJ/mol.  
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Figure 49. Reaction mechanism (def2-TZVP) with ethanol-synthesized ligand A) Stage 1 B) Stage 2 C) 

Stage 3 D) Stage 4 

In Table 17 and Table 18, the computational results of each stage with def2-TZVP basis 

set are shown. The results obtained from the optimizations of each stage of the mechanism 

are shown in Table 17. Also, Table 18 are shown the final energies of all the systems for 

each stage in Hartree and transformed to kJ/mol to be compared. Finally, in Figure 50, an 

energy diagram to compare and resume the final energies for the mechanism is shown.  

Table 17. Calculations of the mechanism with ethanol-synthesized ligand (def2-TZVP) 

def2-TZVP Electrons Charge Spin Energy (Hartree) 

Stage A 249 3 2 -2,600.200669 

Stage B 249 2 2 -2,600.003333 

Stage C 248 3 3 -2,599.540709 

Stage D 248 2 1 -2,599.411043 
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Table 18. Calculations of the mechanism with ethanol-synthesized ligand (def2-TZVP) 

 Total Electrons Final Energy (Hartree) Energy Difference (Hartree) Energy Difference (kJ/mol) 

Stage A  317 -3,059.271375 0 0 

Stage B  317 -3,059.693953 -0.422578 -1,109.5 

Stage C  317 -3,059.297095 -0.025720 -67.5 

Stage D  317 -3,059.787343 -0.515968 -1,354.7 

 

 

Figure 50. Energy diagram for the mechanism with ethanol-synthesized ligand (def2-TZVP) 

4.4. Discussion  

From the results exposed in the last section, in all cases, the energy diagram for the 

different solvent possibilities and the two different basis set shows a thermodynamically 

benefit mechanism. It can be observed that the difference of energy between the stages of 

the mechanism supports the hypothesis that OD is achieved through a 3-step mechanism, 

and that sustains the catalytic behavior of the system. Furthermore, if the final energy of 

the system in each stage is comparable, it can be observed that the thermodynamics of the 

mechanism favors the OD reaction. For both basis sets, it can be observed that the energy 

difference between the first and the last stage is negative. That means that, in terms of 

stability, the final stage of the system is most stable than the first, favoring the reaction.  

To compare the energies of the mechanism in different solvents and optimized with two 

different basis set, the Figure 51 and Figure 52 show the energy differences between each 

stage in the mechanism. In Figure 51, the reaction mechanism with different modified 

ligands was calculated with a def2-SVP basis set; the water-modified reaction mechanism 

is more stable than the mechanism modified with methanol and ethanol. Furthermore, the 

methanol and ethanol modifications seem to be close in the final energy stage in the 
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proposed mechanism; however, the energy differences slightly favor methanol-modified 

reaction mechanism than ethanol-modified. The reaction with ethanol-modified 

mechanism seems to have very similar behavior, reducing the energy from the first stage 

compared to the last stage; this behavior is still thermodynamically favored. However, 

the energy of each stage is higher than in the cases of water and methanol modifications, 

which means this is not the preferred solvent in the possible options. This tendency can 

be extrapolated to other linear alcohols to show similar behavior as methanol and ethanol.  

Notably, in Figure 52, the mechanisms calculated with def2-TZVP show the same 

behavior as the calculated with def2-SVP, not only in the energy of each stage for the 

mechanisms, both also in the preference of the modification of the ligand. As in the case 

of the mechanisms calculated with def2-SVP for the ligand synthesized in methanol and 

ethanol, the calculations of def2-TZVP still have very similar behavior with a minor 

preference for methanol.  

 

Figure 51. Comparison of the mechanism with ligand synthesized in water, methanol, and ethanol (def2-

SVP) 
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Figure 52. Comparison of the mechanism with ligand synthesized in water, methanol, and ethanol (def2-

TZVP) 

The MOs considered for the analysis were the HOMO (if the case), the SOMO (if the 

case), and LUMO. The Figures for each stage can be observed in Figures 33 – 35 – 37 – 

39, respectively. The spatial analysis of the MOs support the events proposed by the 

reaction mechanism, supporting the electrons' location, the oxidation state changes, and 

the charges rearrangements.  

5. Transition States  

The proposed mechanism showed the existence of two transition states. Each transition 

state corresponds to the transference of the protons from the coordination complex to the 

solvent molecule to establish the OD unsaturation. The first transition state is located 

between stage 1 and stage 2 of the reaction mechanism, where the first proton is 

transferred. In Figure 53, it can be observed the transition state for the first proton 

remotion.  
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Figure 53. First transition state. 

It can also be observed that the bond distance in the transition state from the hydrogen to 

the carbon in the pyridine ring is 1.32 Å and from the hydrogen to the oxygen of the 

solvent is 1.11 Å. Furthermore, the frequency that corresponds to the transition state is -

1416.73 cm-1. This value supports the existence of the transition state and rejects the 

possibility of obtaining a local minimum. Besides, the optimization energy obtained for 

the transition state was 22.45 kJ/mol compared to the first stage of the mechanism.  

Similarly, the second transition state is located between stage 3 and stage 4 of the reaction 

mechanism, where the second proton is transferred, and the OD unsaturation is formed. 

In Figure 54, it can be observed the transition state for the second proton remotion. 
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Figure 54. Second transition state. 

As before, it can also be observed that the bond distance in the transition state from the 

hydrogen to the carbon in the pyridine ring is 1.33 Å and from the hydrogen to the oxygen 

of the solvent is 1.21 Å. Furthermore, the frequency that corresponds to the transition 

state is -1746.22 cm-1. This value supports the existence of the transition state and rejects 

the possibility of obtaining a local minimum. Besides, the optimization energy obtained 

for the transition state was 39.36 kJ/mol compared to the third stage of the mechanism.  

5.1. Discussion 

The transition states corresponding to the proposed mechanism showed that the proton 

remotion and the electronic rearrangements are possible. The transition state 

corresponding to the first proton remotion showed a slight endothermic character 

compared to the first stage of the mechanism; then, the second transition state showed an 

endothermic character following the energy tendency of the proposed mechanism. With 

these conclusions, it can be inferred that both transition states are fast; this makes sense 

due to the small endothermic energy of both transition states.  

The energy shown by the transition states allows a relatively easy way to achieve the 

reaction, and due to the value of the negative frequency for both transition states, the 

potential energy surface near the transition states is not plane. Furthermore, considering 

the hydrogen position in both transition states, it is not the case of an early or late 

transition state. 
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6. Mechanism Solvent Stability 

The Continuum Solvation Model was applied for the three mechanisms calculated with 

the def2-SVP basis set in the final study. The model used for the calculations was the 

Conductor-like Polarizable Continuum model (CPCM) principally by its efficiency 

simulating solvents in quantum chemical calculations.  

6.1. Reaction mechanism in water as solvent 

At this point, for the implementation of the solvent in the calculation of the mechanism, 

the optimized structures for the mechanism presented in section 4.1 of the Results and 

Discussion section were considered. These calculations used a similar input for the 

calculation, B3LYP D3BJ CPCM(Water) OPT def2-SV. For the implementation of water 

into the mechanism, the dielectric constant (ε) implemented in ORCA was 80.4, and the 

refractive index 1.33 in this case. The results of the calculations with the def2-SVP basis 

set are shown in Table 19 and Table 20. As before, other molecules in the mechanism, 

such as dioxygen, oxide, water, and hydroxide, the corresponding results for the 

calculations for the def2-SVP basis set are shown in the Annexes section. In Figure 55, 

an energy diagram to compare and resume the final energies for the mechanism is shown. 

Table 19. Calculations of the mechanism in water (def2-SVP) 

def2-SVP Electrons Charge Spin Energy (Hartree) 

Stage A 233 3 2 -2,520.558855 

Stage B 233 2 2 -2,520.098914 

Stage C 232 3 3 -2,519.894578 

Stage D 232 2 1 -2,519.505714 

 

Table 20. Calculations of the mechanism in water (def2-SVP) 

Total Electrons Final Energy (Hartree) Energy Difference (Hartree) Energy Difference (kJ/mol) 

 269 -2822.196296 0 0 

 269 -2822.291629 -0.095332 -250.3 

 269 -2822.251750 -0.055454 -145.6 

 269 -2822.418160 -0.221864 -582.5 
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Figure 55. Energy diagram for the mechanism in water (def2-SVP) 

6.2.Reaction mechanism in methanol as solvent 

These calculations used a similar input for the calculation, B3LYP D3BJ 

CPCM(Methanol) OPT def2-SVP. For the implementation of methanol into the 

mechanism, the dielectric constant (ε) implemented in ORCA was 32.63, and the 

refractive index 1.329 in this case. The results of the calculations with the def2-SVP basis 

set are shown in Table 21 and Table 22. As before, other molecules in the mechanism, 

such as dioxygen, oxide, water, and hydroxide, the corresponding results for the 

calculations for the def2-SVP basis set are shown in the Annexes section. In Figure 56, 

an energy diagram to compare and resume the final energies for the mechanism is shown. 

Table 21. Calculations of the mechanism in methanol (def2-SVP) 

def2-SVP Electrons Charge Spin Energy (Hartree) 

Stage A 241 3 2 -2,559.795150 

Stage B 241 2 2 -2,559.340054 

Stage C 240 3 3 -2,559.130618 

Stage D 240 2 1 -2,558.746953 

 

Table 22. Calculations of the mechanism in methanol (def2-SVP) 

Total Electrons Final Energy (Hartree) Energy Difference (Hartree) Energy Difference (kJ/mol) 

 293 -2,939.963120 0 0 

 293 -2,940.041740 -0.078620 -206.4 

 293 -2,939.994403 -0.031283 -82.1 

 277 -2,940.144454 -0.181333 -476.1 
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Figure 56. Energy diagram for the mechanism in methanol (def2-SVP) 

6.3.Reaction mechanism in ethanol as solvent 

For the implementation of the solvent in the calculation of the mechanism, the optimized 

structures for the mechanism presented in section 4.3 of the Results and Discussion were 

considered. These calculations used a similar input for the calculation, B3LYP D3BJ 

CPCM(Ethanol) OPT def2-SVP. For the implementation of ethanol into the mechanism, 

the dielectric constant (ε) implemented in ORCA was 24.3, and the refractive index 1.361 

in this case. The results of the calculations are shown in Table 23 and Table 24. As before, 

other molecules in the mechanism, such as dioxygen, oxide, water, and hydroxide, the 

corresponding results for the calculations for the def2-SVP basis set are shown in the 

Annexes section. In Figure 57, an energy diagram to compare and resume the final 

energies for the mechanism is shown. 

Table 23. Calculations of the mechanism in ethanol (def2-SVP) 

def2-SVP Electrons Charge Spin Energy (Hartree) 

Stage A 249 3 2 -2,599.051675 

Stage B 249 2 2 -2,598.603192 

Stage C 248 3 3 -2,598.392071 

Stage D 248 2 1 -2,598.010148 
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Table 24. Calculations of the mechanism in ethanol (def2-SVP) 

Total Electrons Final Energy (Hartree) Energy Difference (Hartree) Energy Difference (kJ/mol) 

 317 -3,057.751910 0 0 

 317 -3,057.836970 -0.085060 -223.3 

 317 -3,057.786587 -0.034677 -91.0 

 317 -3,057.938207 -0.186297 -489.1 

 

 

Figure 57. Energy diagram for the mechanism in ethanol (def2-SVP) 

6.4. Discussion 

This section shows the behavior of the mechanisms in the solvents that correspond to the 

variation of the ligand, which means the water-synthesized ligand was calculated in water, 

and so respectively. With the implementation of the solvents, the mechanism in different 

solvents is still showing the same catalytic behavior. However, the particular case of the 

energy diagram for the mechanism calculated with def2-SVP basis set shown in Figure 

58 exposes preference for ethanol than methanol, in contrast with the calculations without 

solvent. Comparing the three possible solvents for the reaction, the water mechanism is 

still the higher favored mechanism. Furthermore, according to Christian et al. 14, the 

potential energy profile detailed shows highly similar behavior to the mechanism shown 

in this work. It should be considered that in both studies, the calculations were performed 

with the inclusion of the solvent in the system.   
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Figure 58. Comparison of the mechanism in water, methanol, and ethanol (def2-SVP). 

  



66 
 

CHAPTER V 

Summary and Conclusions 

• The optimization for L2 and L3 ligands showed an emphatic preference for L2 

conformation over L3 before OD. In terms of energy, the stabilization of L2 is 

preferred by the system before. However, after OD, L3 conformation is preferred 

by the system.  

• The difference in the stabilization of both ligands without an iron center is 

observed in the spatial conformation. For L3, the pyridine rings cannot adopt the 

octahedral center shape, while L2 shows a tendency to an octahedral center shape.  

• The MOs for both ligands support the hindrance effect as the crucial factor for 

selecting the ligands. Significantly after OD, the HOMO of L3 changes its 

position to one of the pyridine rings instead of the linear section of the ligand, 

which could derive an impediment to achieving the coordination with the metallic 

center.  

• According to the optimization energies, the hindrance effect, and the MOs 

analysis, it was demonstrated that L2 is thermodynamically favored before OD 

while, L3 is favored after OD. 

 

• The modification of L2 with a solvent is a fundamental step to consider in the OD 

system, even inducing thermodynamic differences in the reaction.  

• In terms of orientation and geometry, L4 in water, methanol, and ethanol show 

high similarity, both before and after OD. The difference was found in the energy 

optimization calculations that shows a preference (in stability) for L4 in ethanol 

over the other two possibilities.  

• The analysis of MOs reveals no significant differences in HOMO and LUMO for 

the possible ligand modifications, nor before nor after OD. This result shows that 

all the possible ligand modifications show a similar reactivity to achieve 

coordination with the metal center with an octahedral center geometry. Any case 

presents an endothermic character, so it is demonstrated that all the possible 

modifications can accomplish the coordination.  

 

• The spin of the ligands was probed to support the low spin character of the ligand. 

As expected, for [Fe(L2)(DMSO)]3+, the low spin character was the 
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thermodynamically favored configuration. It is necessary to emphasize that with 

high spin and Jahn-Teller character, L2 still achieves the octahedral coordination, 

only differentiated by the stabilization energy.  

• These last results are in concordance with the behavior of L3, which only achieves 

the coordination with the metal center in the calculation with low spin character. 

However, the geometry adopted by [Fe(L3)(DMSO)]3+ was tetrahedral instead of 

octahedral. This result could be interesting as a selective reaction to obtain 

different geometries in this coordination compound.  

• For high spin and Jahn-Teller effect, the geometry, the atoms coordinated, and the 

optimization energies are not possible or present endothermic character.  

 

• As can be inferred from the previous results, the reaction mechanism with the 

different ligand modifications showed very similar behavior, even if the 

calculation is performed with different basis sets. These results also support the 

similar reactivity of the L4 possible changes.  

• The proposed 3-step mechanism successfully explains all the events that should 

happen to reach the OD reaction. For all the ligand modifications, the OD reaction 

is achieved.  

• The MOs orbital analysis of L4 in water mechanism showed a concordance with 

the oxidation states, and electron localization demonstrated that the study of the 

reaction is accomplished. The MOs analysis was performed only for L4 in water 

because the behavior in the rest of the cases was highly similar. 

• Establishing a comparison among the possible modification of L4 in terms of 

optimization energy for each step, the L4 in methanol mechanism shows higher 

stability over the other possibilities. This result is supported by calculations with 

def2-SVP basis set and def2-TZVP. With this, methanol is initially proposed as 

the best environment for the catalytic reaction.  

 

• With the proposed mechanism, the transition states for both hydrogen 

transferences can be obtained. The presence of the transition states supports the 

reaction kinetics and is in concordance with the energies obtained for the 

mechanism. 
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• The distances of the bonds in transition states enhance the solvent molecule's 

presence to achieve the proton transference; in both cases, the distances are 

similar. However, the spatial position of the solvent molecule is very different in 

each case. 

 

• The calculation of the reaction mechanism in the presence of solvent was a 

fundamental supporting detail to probe the veracity of the obtained results. As 

expected, in the presence of a solvent, the mechanism in water was preferred over 

the methanol and ethanol possibility. Regarding the mechanism without the 

presence of the solvents, the results were the same.  

• With this final result, it was demonstrated that water could improve the efficiency 

of the catalytic reaction considering that this reaction is not reported with water 

as an environment solvent.  

 

Perspectives and Recommendations 

• After finishing this work, it can be concluded that the OD reaction for this 

complex is efficient, especially in water. However, other solvents with less 

polarity (as methanol and methanol) showed to allow the reaction. An increasing 

number of carbons in the solvent and polarity changes can produce differences in 

the thermodynamics of the reaction. 

• The 4-position substitution at the pyridine ring for the ligand could be proved. 

However, according to the results of this work, the kinetics of the reaction will 

not allow the OD reaction. 

• Electrochemical studies may be performed to understand the chemical character 

of the electron transferences inside the complex. Furthermore, these studies will 

allow obtaining detailed information about the complex and the iron metal.  
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Results of the calculations for the extra molecules intervening 

in the mechanisms of Section 4 
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Stage 

A 
OH-       OH-       O2       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
10 -1 1 -75.92537055 10 -1 1 -75.92537055 16 0 1 -150.2698208 

Stage 

B 
OH-       O2       H2O       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
10 -1 1 -75.92537055 16 0 1 -150.2698208 10 0 1 -76.43834815 

Stage 

C 
OH-       O2-       H2O       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
10 -1 1 -75.92537055 17 -1 2 -150.459955 10 0 1 -76.43834815 

Stage 

D 
O2-       H2O       H2O       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
17 -1 2 -150.459955 10 0 1 -76.43834815 10 0 1 -76.43834815 

Stage 

A 
OH-       OH-       O2       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
10 -1 1 -75.774370 10 -1 1 -75.774370 16 0 1 -150.268354 

Stage 

B 
OH-       O2       H2O       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
10 -1 1 -75.774370 16 0 1 -150.268354 10 0 1 -76.426488 

Stage 

C 
OH-       O2-       H2O       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
10 -1 1 -75.774370 17 -1 2 -150.334120 10 0 1 -76.426488 

Stage 

D 
O2-       H2O       H2O       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
17 -1 2 -150.334120 10 0 1 -76.426488 10 0 1 -76.426488 

Table 26. Additional molecules for the mechanism with ligand synthesized in water (def2-TZVP) 

Stage 

A 
CH3O-       CH3O-       O2       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
18 -1 1 -114.927474 18 -1 1 -114.927474 16 0 1 -150.082029 

Stage B CH3O-       O2       CH3OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
18 -1 1 -114.927474 16 0 1 -150.082029 18 0 1 -115.5686846 

Stage 

C 
CH3O-       O2-       CH3OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
18 -1 1 -114.927474 17 -1 2 -150.118615 18 0 1 -115.5686846 

Stage 

D 
O2-       CH3OH       CH3OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
17 -1 2 -150.118615 18 0 1 -115.5686846 18 0 1 -115.5686846 

Table 27. Additional molecules for the mechanism with ligand synthesized in methanol (def2-SVP) 

Table 25. Additional molecules for the mechanism with ligand synthesized in water, methanol (def2-SVP) 
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Stage 

A 
CH3O-       CH3O-       O2       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
18 -1 1 -115.0863899 18 -1 1 -115.0863899 16 0 1 -150.268354 

Stage 

B 
CH3O-       O2       CH3OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
18 -1 1 -115.0863899 16 0 1 -150.268354 18 0 1 -115.7125098 

Stage 

C 
CH3O-       O2-       CH3OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
18 -1 1 -115.0863899 17 -1 2 -150.334120 18 0 1 -115.7125098 

Stage 

D 
O2-       CH3OH       CH3OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
17 -1 2 -150.334120 18 0 1 -115.7125098 18 0 1 -115.7125098 

Table 28. Additional molecules for the mechanism with ligand synthesized in methanol (def2-TZVP) 

Stage 

A 
CH3CH2O-       CH3CH2O-       O2       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
26 -1 1 -154.1999138 26 -1 1 -154.1999138 16 0 1 -150.0820292 

Stage 

B 
CH3CH2O-       O2       CH3CH2OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
26 -1 1 -154.1999138 16 0 1 -150.0820292 26 0 1 -154.834927 

Stage 

C 
CH3CH2O-       O2-       CH3CH2OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
26 -1 1 -154.1999138 17 -1 2 -150.1186153 26 0 1 -154.834927 

Stage 

D 
O2-       CH3CH2OH       CH3CH2OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
17 -1 2 -150.1186153 26 0 1 -154.834927 26 0 1 -154.834927 

 Table 29. Additional molecules for the mechanism with ligand synthesized in ethanol (def2-SVP) 

Stage 

A 
CH3CH2O-       CH3CH2O-       O2       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
26 -1 1 -154.4011756 26 -1 1 -154.4011756 16 0 1 -150.268354 

Stage 

B 
CH3CH2O-       O2       CH3CH2OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
26 -1 1 -154.4011756 16 0 1 -150.268354 26 0 1 -155.0210899 

Stage 

C 
CH3CH2O-       O2-       CH3CH2OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
26 -1 1 -154.4011756 17 -1 2 -150.334120 26 0 1 -155.0210899 

Stage 

D 
O2-       CH3CH2OH       CH3CH2OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
17 -1 2 -150.334120 26 0 1 -155.0210899 26 0 1 -155.0210899 

Table 30. Additional molecules for the mechanism with ligand synthesized in ethanol (def2-TZVP) 
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Stage 

A 
OH-       OH-       O2       

 Electrons Charge Spin Energy (Hartree) Electrons Charge spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
10 -1 1 -75.776957 10 -1 1 -75.776957 16 0 1 -150.083527 

Stage 

B 
OH-       O2       H2O       

 Electrons Charge Spin Energy (Hartree) Electrons Charge spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
10 -1 1 -75.776957 16 0 1 -150.083527 10 0 1 -76.3322311 

Stage 

C 
OH-       O2-       H2O       

 Electrons Charge Spin Energy (Hartree) Electrons Charge spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
10 -1 1 -75.776957 17 -1 2 -150.2479838 10 0 1 -76.332231 

Stage 

D 
O2-       H2O       Electrons       

 
Electrons Charge Spin Energy (Hartree) Electrons Charge spin Energy (Hartree) 

n of 

electrons 
Charge Spin Energy (Hartree) 

 
17 -1 2 -150.247984 10 0 1 -76.332231 10 0 1 -76.332231 

Table 31. Additional molecules for the mechanism in water as solvent (def2-SVP) 

Stage 

A 
CH3O-       CH3O-       O2       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
18 -1 1 -115.042235 18 -1 1 -115.042235 16 0 1 -150.083499 

Stage 

B 
CH3O-       O2       CH3OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
18 -1 1 -115.042235 16 0 1 -150.083499 18 0 1 -115.575952 

Stage 

C 
CH3O-       O2-       CH3OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
18 -1 1 -115.042235 17 -1 2 -150.245597 18 0 1 -115.575952 

Stage 

D 
O2-       CH3OH       CH3OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
17 -1 2 -150.245597 18 0 1 -115.575952 18 0 1 -115.575952 

Table 32. Additional molecules for the mechanism in methanol as solvent (def2-SVP) 

Stage 

A 
CH3CH2O-       CH3CH2O-       O2       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
26 -1 1 -154.3083758 26 -1 1 -154.3083758 16 0 1 -150.083483 

Stage 

B 
CH3CH2O-       O2       CH3CH2OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
26 -1 1 -154.3083758 16 0 1 -150.083483 26 0 1 -154.8419190 

Stage 

C 
CH3CH2O-       O2-       CH3CH2OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 
26 -1 1 -154.3083758 17 -1 2 -150.244221 26 0 1 -154.8419190 

Stage 

D 
O2-       CH3CH2OH       CH3CH2OH       

 Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) Electrons Charge Spin Energy (Hartree) 

 17 -1 2 -150.244221 26 0 1 -154.8419190 26 0 1 -154.8419190 

Table 33. Additional molecules for the mechanism in ethanol as solvent (def2-SVP) 


