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Chapter 1 

Introduction 
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 Chapter 1 

1.1. Introduction 

New materials figure among the major driving factors in technological advancements that 

result in an improved standard of living and an overall benefit to mankind.1 Historically, 

scientific advancements have never occurred at such a fast pace since the industrial 

revolution.1 One of these major advancements was the invention of the transistor at  Bell 

laboratories2 in 1947, where even since its first inception, its usefulness seems to have 

made its way into our everyday lives. The first transistor was centimeters in size, and 

now commercially available transistors in Central Processing Units (CPU) have reached 

32 nanometers in size.3 Gordon E. Moore, a cofounder of Intel Inc. in 1965,  famously 

made the statement that is better known as “Moore’s law” which states that  “the 

complexity for minimum component costs has increased [and will be increased] at a rate 

of roughly a factor of two per year….” 4  This “law” has been debated and evoked on 

numerous occasions ever since it was first enunciated, resulting in the consensus that 

commercial manufacturers will someday face the daunting challenge of having to deal 

with molecular sized components.5 As can be shown in Figure 1.1 this limit is imminent, 

and practical approaches to molecular sized computing have been of great interest.5  The 

Nobel laureate Richard Feynman5, as far back as 1959, had predicted that the practical 

use of nanometer molecular components would be utterly challenging and accurately 

stated the enormous challenge “of controlling things on the small scale.” The original 

idea of “moletronics” 6 has been debated and further discussion can be found in numerous 

books and scientific publications.5, 7 In this dissertation, we will restrict our discourse to 
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the well accepted idea that molecular sized components will be a reality within the next 

couple decades, as one can readily argue that 32 nm sized transistors are already the size 

of some very large molecules, such as proteins.  

Figure 1.1. Transistor size over the years.4 

1.2. Thin Films  

 Arguably, thin films are a part of all commercial processes in the manufacture of 

electronic components,8 and are an integral part of the remaining issues which need to be 

addressed in order to be compatible with widely used processes. Our research group is 

actively involved in the understanding of how metal containing surfactants behave at the 

air-water interface, and how to control their physical properties.9 We are actively 

studying self-assembled monolayers and Langmuir-Blodgett thin film deposition 

techniques9d, 10 to study how metal-containing surfactants behave on a solid substrate. 
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However, it has become apparent9b, c, 10e  that fundamental studies to investigate the metal 

and ligand interactions are crucial for this approach to be successful.  

1.3. Molecular Requirements 

There are many complex requirements for molecular electronics, as previously 

summarized by Lindsey and Bocian11 such as (but not limited to): the ability to (i) be 

self-assembled, (ii) be addressed electrically, (iii) operate at ambient conditions, (iv) be 

cycled multiple times, (v) require no moving parts for writing/reading, (vi) be scalable to 

small dimensions, and (vii) have small footprints required for high charge density. All of 

these requirements are crucial for finding a successful route to further miniaturization. 

Numerous approaches have been devised12 using a panoply of molecules in combination 

with different modes of action, ranging from interlocked molecules13 to organic semi- 

conductors.14 However, molecules are not without limitations, since they have properties 

that can be challenging to control, such as (i) electron quantum tunneling, (ii) dimer 

formation, (iii) excited states, and (iv) impurities. All of these problems could yield  

devices with thermal stability issues as well as resulting in erroneous calculations or 

corruption of stored data. There are also numerous signal amplification5 issues to 

overcome for molecular compatibility with the “macroscopic” world. Nonetheless, 

molecular and nanometer sized components and products will inevitably be part of some 

logic functions in one form or another. There are numerous companies15 involved in 

bringing to market memory-type devices, and this is where molecular electronics are 

making their first “main-stream” appearances. 
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1.4. Bistability 

 It is well known that digital data is based on a binary system of “1’s” and “0’s”, 

and it is therefore crucial that molecular electronics be compatible with this “two states” 

mode of operation. Molecules that exhibit two reversible stable states are a logical 

starting point (see Figure 1.2) for molecular switching. Electrochemically-driven 

bistability is therefore a very attractive proposition, since electrons are involved, and 

could eventually be compatible with modern electronic circuitry, provided that signal 

amplification issues can be addressed. Many strides have been made regarding signal 

amplifications, and various techniques have been described in the scientific literature,16 

that are outside the scope of this dissertation.  

Figure 1.2. Bistability. 
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1.5. Metal-Radical Approach 

 Our research group is actively involved in the fundamental understanding of how 

metal-organic radical complexes behave.9, 17 We hypothesize that metal-radical 

complexes exhibit bistability and therefore fulfill some of the requirements necessary for 

molecular switches. This bistability is based on two states: (i) a resting metal-ligand state, 

and (ii) a metal-organic radical state. This approach involves the design and synthesis of 

transition metal complexes with electroactive or non-innocent ligands capable of 

stabilizing relatively long-lived organic radicals.9 The built-in ability of these complexes 

to generate and stabilize radicals fulfills two of the basic requirement for molecular 

switching, namely: (i) responding to an external stimulus, and (ii) displaying effective 

bistability.12b Their study is by no means trivial, since organic radicals tend to be 

extremely reactive and/or air unstable.18 Metal complexes containing organic radicals 

have complicated electronic behaviors and are challenging to study due to the difficulty 

in assigning proper physical oxidation states.19 Generating these radicals by 

electrochemical20 methods with readily available bench top electrochemical equipment is 

therefore our method of choice. 

Within this approach it is therefore preferable, as a starting point, to have only one 

metal center with multiple nearby redox moieties rather than multiple metal centers with 

one redox bridging ligand. There is an added prospect of multiple states if more than one 

radical can be stabilized in combination with more than one stable oxidation state of the 

metal ion, potentially increasing local charge density equivalence in resulting films.  
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Substituted phenols have been shown to coordinate to nearly all first row 

transition metal ions and possess the ability to generate extremely stable phenoxyl 

radicals.19b, 21 In some rare cases, crystal structures of phenoxyl radical-containing metal 

complexes were even isolated.22 Metal complexes capable of generating phenoxyl radical 

intermediates are commercially used as catalysts23 for a wide variety of oxidative 

processes, and we therefore settle our choice on them as a starting point. We hypothesize 

that because they can be used as efficient catalysts with high turnover rates, they should 

be chemically robust enough to withstand extensive redox cycling. This robustness is one 

of the other requirements for a molecular switch. 

1.6. Background on Phenoxyl Radicals 

The stability of phenoxyl radicals has been shown to be extremely dependent on 

the nature and position of substituents of the phenol ring.24 Electron-donating groups, 

such as methyl, methoxy, and t-butyl, are excellent at stabilizing phenoxyl radicals 

through electron-donation into the aromatic ring. The –ortho and –para positions of the 

ring are important due to resonance structure stabilization of these radicals, as shown in 

Scheme 1.1. The same trend can be observed from Table 1.1 which shows that the 

electron-donating groups can better stabilize the radical than electron-withdrawing 

groups. This stabilization is achieved by lowering the enthalpy of formation.25 
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Scheme 1.1. Phenoxyl radical resonance forms. 

Table 1.1. Calculated relative enthalpies of oxidation (B3LYP, 6-311+G(d)) 

R = Relative Energy Difference  for Oxidation  

(∆H, kcal/mol) 

-OCH3 -14.2 

-CH3 -8 

-C4H9 -5.3 

-H 0 

-F 9.7 

-Cl 17.8 

-Br 20.2 

-NO2 60.7 

 

When the data from Table 1.1 is arranged in terms of increasing enthalpy of 

oxidation, the following order is obtained: -OCH3 > -CH3 > -C4H9 > -H > -F > -Cl > -Br > 

-NO2.This trend relates the ease of formation of the phenoxyl radical to readily available 

substituents. Unfortunately this does not give any immediate useful information about the 

kinetic stability of the radicals or possible solvation effects which can be important 
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driving factors for radical stability.26 As Scheme 1.2 shows, phenoxyl radicals are 

extremely reactive and if they are not adequately protected will easily dimerize when the 

radical is generated.27 A more resilient approach is to have good electron-donating groups 

at both the –ortho and -para positions, such as t-butyl, groups which are bulky enough to 

act as kinetic protectors. As a testament to their stability and dimer formation resistance, 

Mayer et al.28 recently published a crystal structure of a radical-containing monomer 

(Figure 1.3). 

Scheme 1.2. Phenoxyl radical dimer formation. 

Figure 1.3. Crystal structure of a phenoxyl radical.28 

hydrogen, carbon, and oxygen atoms in white, gray, and red, respectively 
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Though the study of multiple redox centers is not without challenges, we have 

explored two series of such complexes and the results are described in Chapters 4 and 5 

of this dissertation. We discuss in detail their structures, electrochemistry, spectroscopy, 

and electronic structures. 
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Chapter 2 

Objectives 

The main focus of my research can be summarized in the following two statements: 

2.1. Research Statement #1 

Our main goal in this research project is concerned with the design and synthesis 

of novel metal complexes using asymmetric redox-active ligands capable of generating 

phenoxyl radicals. The limitations of this asymmetrical approach will be identified 

through the synthesis of discrete independent “modules” (see Figure 2.1) that can later be 

assembled onto surface substrates. This modular approach  which necessitates a complete 

understanding of each module separately in order to optimize and fine tune the desired 

properties before assembling the modules together. Being able to accurately describe the 

chemical behavior of each molecule is a necessity in order to make accurate predictions, 

especially in the redox part of the molecule, since it is the bistable component of our 

approach.  

 

 

 

 

 

 

 

Figure 2.1. Modular approach  
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This work involves synthetic, electrochemical, spectrometric, and spectroscopic 

techniques. Selected structures were analyzed with computational methods, with special 

emphasis on geometry optimization (of the neutral and oxidized complexes), Mulliken 

population, dipole moment directionality, and geometric isomer preferences, as well as 

molecular orbital analysis, and used to explain molecular behaviors. A detailed section 

concerning the electrochemical behavior observed through redox cycling is also 

presented. 

2.1.1. General Ligand Design 

To achieve these objectives, we use an [N2O3]-type ligand containing two amines 

and three phenolates (Scheme 2.1). The introduction of various substituents (in our case 

mainly the tertiary-butyl group) in the 4th- and 6th-positions of the phenol ring, leads to 

steric and electronic effects.  Upon deprotonation, the phenolato rings decrease the 

overall positive charge; in the case of trivalent ions the overall charge is zero, thereby 

eliminating couterions completely. The pentadentate nature of our ligand allows for the 

synthesis of asymmetric five coordinate complexes.  

Scheme 2.1. Generic ligand design. 
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2.1.2. Metal Preference  

In our research, we studied iron and cobalt quite extensively. We are using the 

trivalent form of iron, a d5 metal ion with spin of S = 5/2, which prefers to be high-spin 

with our donor type. On the other hand, the cobalt(III) cation is a d6 metal ion that prefers 

to be in a low-spin state with a spin of S = 0 with our donor set.  We are using both of the 

metals with the knowledge that they have similar affinity for our ligands, but that they 

will have markedly different magnetic coupling behaviors upon generating radicals due 

to their diamagnetic/paramagnetic natures.  

2.2. Research Statement #2 

It is a crucial requirement to control and tune desired properties of these new 

materials within highly ordered surface assemblies. The long-term group objectives are 

towards making metalo-organic films that can store information, using amphiphilic 

behavior to deposit and organize these “soft materials”. The understanding to predict 

binding modes of metal-containing soft materials is crucial in order to build-up organized 

supramolecular architectures based on transition metal complex scaffolds that will allow 

for surface deposition. This knowledge is especially critical since the nature of these 

metallosurfactants precludes full elucidation of molecular structures through X-ray 

diffraction. Accordingly the later part of this dissertation contains mainly physical-

inorganic assessments as well as Density Functional Theory (DFT) calculations. We 

focused extensively on geometrical isomeric preferences, oxidized/reduced states, 

Mulliken population, dipole moments, and frontier orbitals. We seek to gain insight for 
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the understanding how these metalosurfactants behave when compared to our 

archetypical complex systems. 

 

2.3. Research Goals 

Goal #1: To develop, synthesize and characterize molecules that can act as 

molecular switches through the use of multiple redox states. 

The results of Goal #1 are presented in Chapters 4-5, in which we address some 

Iron and Cobalt complexes. 

 

Goal #2: To use computational chemistry methods as a tool for a better 

understanding of the underlying discrete redox processes and electronic behaviors 

of metal-containing complexes. 

The results of Goal #2 and described in Objective #2 are presented in Chapter 4-5 

and in the Appendix.  
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Chapter 3 

 Review of Selected Techniques and Methods 

The work contained within this dissertation was achieved by means of synthetic 

development and redox/structural physical property investigations. All precursors, 

ligands, and metal complexes were characterized using standard techniques. These 

include: Infrared (IR), Nuclear Magnetic Resonance (NMR), Ultraviolet-visible (UV-vis) 

Spectroscopy, Mass Spectrometry (MS), Electron Paramagnetic Resonance (EPR), and 

Cyclic Voltammetry (CV). Single crystal X-ray Diffraction crystallography (XRD) 

studies were undertaken when suitable crystals could be grown. This section will 

elaborate on some of these techniques, but the reader is referred to other more 

authoritative references1 for further details and to previously published work from our 

group.2  

3.1. Materials 

Standard protocols1a, 3 were followed in the preparation and syntheses of organic 

ligands and metal complexations. Key intermediates and precursors were either 

synthesized according to literature procedures or directly purchased from commercial 

sources. Solvents and chemicals were used as received from commercial sources unless 

otherwise specified. For air or water sensitive reactions, methanol and dichloromethane 

were distilled over calcium hydride and Schlenk techniques3 using an argon blanketing 

were followed. The ligands were obtained from multistep syntheses, with characterization 

of each intermediate. Stringent safety precautions were undertaken whenever potentially 
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dangerous materials was present. Waste materials were disposed of in accordance with 

Wayne State University guidelines. 

   3.2. Infrared Spectroscopy (IR) 

Infrared spectroscopy is a widely used technique for identifying major functional 

groups present in target molecules. An infrared spectrum consists of plotting transmission 

(%) versus the inverse of the wavenumber (cm-1). The identification of functional groups 

is done by comparison with well established literature data.1b, 1e-h, 4 This can be achieved 

because each functional group absorbs infrared radiation at a unique wavelength. 

Multiple modes of vibration can be present within a molecule which can help 

differentiate closely related functional groups.  

In this work solid samples are prepared as pellets in a transparent hydraulically 

pressed potassium bromide solid suspension. Infrared spectra were measured from 4000 

to 400 cm-1 using KBr pellets on a Tensor 27 FTIR-Spectrophotometer from Bruker. Data 

collection, manipulation, and background corrections were made using Optics User 

Software (OPUS) version 5.0 supplied by the manufacturer.  

3.3. Nuclear Magnetic Resonance Spectroscopy (NMR)  

NMR spectroscopy is by far one of the most widely used techniques for chemical 

structure determinations. An NMR spectrum consists of a plot of signal intensity as a 

function of chemical shifts in ppm. A signal is obtained from the relaxation of the  

magnetic nuclei within the magnetic field of the instrument to a brief radio frequency 

pulse, recorded as the free induction decay (FID) and is converted to the equivalent 

chemical shift using a Fourier transform function. There are a wide variety of nuclei can 
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be observed by NMR. The main two NMR techniques used in this dissertation are 1H-

NMR and 13C-NMR. Both give valuable information concerning the structural backbone 

of a given molecule through the chemical shift, and J-coupling between nuclear spins, 

which contains information regarding dihedral angles between centers. Both 1H-NMR 

and 13C-NMR can identify different functional groups according to their chemical shifts 

through comparison with well established literature data.1b   

In this work, NMR spectra of the compounds were obtained by dissolving in 

deuterated solvents and measuring using the Varian 300 and/or 400 MHz instrument in 

the Wayne State University Central Instrument Facility (CIF). 

3.4 Mass Spectrometry (MS)  

Mass spectrometry is a routine technique used for the determination of exact 

molecular weight by means of the parent ion mass to charge ratio. A mass spectrometer 

records relative intensities as a function of m/z ratios. Compounds are charged/ionized by 

means of different ionization techniques, which will result in different fragmentation 

patterns of the initial parent ions.1b These charged ions are accelerated and passed 

through a series of electric and/or magnetic sectors which separates them according to 

their m/z ratio. Standard calibration techniques are followed to ensure the accuracy of the 

results obtained.  

In this dissertation, mainly electron ionization using electrospray ionization (ESI) 

in the positive mode was used. All experimental assignments were simulated based on 

peak positions and isotopic distributions. All compounds were dissolved in protic 

solvents, usually methanol, and resulted in positively charged ions. All spectra were 
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measured in a Micromass Quattro LC triple quadrupole mass spectrometer with an 

electrospray/APCI source and Waters Alliance 2695 LC autosampler and photodiode 

array UV detector.  

3.5. X-ray Single Crystal Analysis 

X-ray crystallography is one of the most powerful tools available to scientists for 

elucidating complex molecular structures. For inorganic chemists it provides invaluable 

insights into bond lengths, angles, coordination modes of ligands, chirality, and 

intermolecular interactions. These structural elucidations are based on Bragg’s Law of 

diffraction (Eq. 3.1).  

nλ  =  2d sin θ    (Eq. 3.1) 

in which ‘d’ is defined as the spacing of the parallel planes in the atomic lattice, ‘θ’ is the 

scattering angle, and ‘λ’ is the wavelength.5 In single crystal X-ray diffraction, a high 

quality crystal has to be collected and mounted on a goniometer head,6 and it is then 

subjected to an X-ray beam which will scatter according to Eq. 3.1. The diffraction 

patterns are recorded and the crystal is rotated until a complete diffraction pattern is 

obtained. This pattern is analyzed and fitted by an algorithm to an electron density map to 

finally obtain a three dimensional model of a unit cell.  

In this dissertation, Dr. Mary Jane Heeg from the Wayne State Central 

Instrumentation Facility performed all structural elucidations. All diffraction data were 

measured on a Bruker X8 APEX-II kappa geometry diffractometer with Mo radiation and 

a graphite monochromator. APEX-II7 and SHELX-978 software were used in the 

collection and refinement of the models.  
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3.6. Ultraviolet and Visible Spectroscopy (UV-vis.) 

The technique of UV-visible spectroscopy is based on the absorption of light by the 

compound of interest. The resulting electronic spectrum is an invaluable tool for 

inorganic chemists, because it provides insight into the electronic structure of a given 

molecule. An UV-visible spectrum consists of recording absorbance as a function of 

wavelength in nanometers (nm). All absorptions observed are the  result of the electronic 

transitions from a ground state to an excited state, as shown in Figure 3.1. 

Figure 3.1. Potential energy surface for absorption to an excited state (adapted from reference1i). 
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Absorption of light by molecular compounds can be described by the Beer-

Lambert1i law (Eq. 3.2) 

A = εbc = log Io/I  (Eq. 3.2) 

where ‘A’ is the absorbance, ‘b’ is the path length through the sample, ‘c’ is the 

concentration of the absorbing species, and ‘ε’ is the molar absorptivity constant, ‘Io’ is 

the intensity of the reference beam, and ‘I’ is the intensity of the sample beam. The Beer-

Lambert law states that the absorption of a compound is directly proportional to its 

concentration.  

There are many important types of transitions1i that can occur in the UV-visible 

region:  

(i) transition of π, σ, and n electrons  

(ii) transition of charge transfer electrons   

(iii)  transition of d-d and f-f electrons.  

Some of the possible allowed electronic transitions of π, σ, and n electrons 

include but not limited to: σ  σ*, n  σ*, n  π *, and π  π* transitions9.  Of critical 

importance to inorganic chemists are the charge transfer bands that occur between 

electron-donating and electron-accepting groups, since they can provide valuable insight 

into the interactions between the metal and the ligand. Transitions of d→d and f→f 

electrons take place within their corresponding d and f orbitals of the metal center.  

There are two main selection rules that govern an electronic spectrum10: 

(i) ∆ l = +/- 1, known as Laporte’s rule, implies that transitions such as s→s, 

p→p, d→d and f→f are forbidden in centrosymmetric compounds. 
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(ii) ∆ S = 0, implies that no change in spin multiplicity is allowed. 

These rules apply to all of our systems, though rule (i) is usually relaxed due to 

lowering of symmetry of the molecule and/or Jahn-Teller distortions, which are well 

known phenomena.10 The number of absorption bands, and their individual observable 

separation in a spectrum corresponds, to a first approximation, to the different 

chromophores present in the molecule. It is important to note that for charge transfer 

spectra, both the donors and the acceptors are important in determining the wavelength 

and the intensity of the transitions.11  

In this dissertation UV-visible spectra of sample solutions of known 

concentration, in a 1 x 1 cm quartz  cuvette were obtained using a Cary 50 spectrometer 

in the range of 250–1000 nm.12 λmax (lambda maxima) are reported. 

3.7. Electron Paramagnetic Resonance Spectroscopy (EPR) 

Electron Paramagnetic Resonance (EPR), also known as Electron Spin Resonance 

(ESR), is a technique used to detect paramagnetic species.1j An EPR spectrum is acquired 

by irradiating a sample in the microwave region and recording the signal as a function of 

the external magnetic field (G). Signal processing and electronics are all computer 

controlled. The data plotted is the first derivative of the absorbance due to the relatively 

broad absorbances.. The external magnetic field splits the energy of spin states, namely 

ms = -1/2 (lower in energy) and ms = +1/2 (higher in energy). This is known as the 

Zeemann effect.13 When subjected to microwave radiation, which behaves as an 

alternating magnetic field, transitions between those two states are observed.1j  
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In this dissertation first derivative X-Band EPR spectra of selected compounds 

were acquired with a Bruker ESP 300 spectrometer at temperatures ranging between 115-

125 K, using a liquid nitrogen cryostat. The result analysis and fitting of the data were 

performed in collaboration with Prof. Bruce R. McGarvey from the Department of 

Chemistry and Biochemistry at the University of Windsor, Canada. 

3.8. Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) or potential sweep chronoamperometry is a technique 

used to study the reduction/oxidation (redox) properties of compounds.14 This technique 

is used to study the transfer of electrons between electrode surfaces and molecules in the 

solution nearby. The typical CV experimental configuration consists of three electrodes: 

(i) a working electrode, (ii) an auxiliary or counter electrode, and (iii) a reference 

electrode.1c The electrodes are arranged within a closed vessel equipped with ports to 

allow purging of both the solution and the space above the solution with argon gas. A 

known concentration of the sample to be analyzed and an electrolyte salt such as TBAPF6 

or TBAClO4 are added. The electrolytes are present to increase the conductivity, which is 

especially important in organic solvents. A cyclic voltammogram consists of plotting 

current as a function of potential, as illustrated in Figure 3.2.  
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Figure 3.2. Cyclic voltammogram of ferrocene (in dichloromethane, 150 mV/s 
vs. Ag/AgCl, TBAPF6). 

 
The current-voltage curve of an electrochemically reversible process is shown in Eq. 3.3,  

 

in which the transfer of ‘n’ electrons from the oxidized species ‘O’ to the reduced form 

‘R’ has occured. A reversible process can be described with the Butler-Volmer and 

Cottrell equations15 combined in Eq. 3.4,  

�𝐸�� − 𝐸��� = �� ��
�

  (Eq.3.4) 
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where ‘Epc’ and ‘Epa’ are the reduction and oxidation potential, respectively; ‘n’ is the 

number of electrons involved from Eq. 3.3.  

The potential at which a reversible process is observed depends on the Nernst 

equation (Eq. 3.5), 

 

where ‘E’ is the electrode potential, ‘Eo’ is the standard electrode potential, ‘R’ is the 

universal gas constant, ‘T’ is the absolute temperature, ‘n’ is the number of electrons 

involved, ‘F’ is Faraday’s constant, and ‘[O]’ and ‘[R]’ refer to surface concentrations of 

the oxidized and reduced species, respectively, related to Eq. 3.3.  

The characteristics used to define a process as reversible include the following: (i) 

the cathodic and anodic peak potential separation; ΔE ( Epc - Epa) = 0.057 V at all scan 

rates at 25 oC, (ii) the peak current ratio; ipa/ipc = 1.0 at all scan rates, (iii) the 

polarographic half-wave potential, E1/2 calculated as (Epc + Epa)/2 which also gives the 

peak width of 0.029 V for all scan rates.16  

Solvation effects and poor conductivity of the organic solvents used can result in 

real systems deviating from theoretical parameters. To address this issue, it is usually 

strongly advised to run an internal standard and report experimental values against that 

standard, in our case we use the ferrocene/ferrocenium+ (Fc/Fc+ ) couple as reference.17 

In order to determine the overall number of electrons involved in Eq. 3.4, one can 

use a related technique known as controlled potential bulk coulometry. The basic set up is 

similar to CV, with the main notable difference being the use of a very large surface area 
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working electrode to allow more contact between the electrode and the solution. The 

electrode potential is fixed at a previously established value obtained by a CV 

experiment. Our typical set up is shown in Figure 3.3, for which the reference electrode 

is a standard Ag/AgCl electrode, the auxiliary electrode (a coiled platinum wire) is 

usually separated by a glass frit from the rest of the solution, and the working electrode is 

a very large porous electrode made of either platinum or glassy carbon. The potentiostat 

displays the amount of charge delivered to the cell, from which one can deduce the 

number of moles of electrons passing through the cell. This technique is also useful for 

preparing a limited amount of the oxidized or reduced species for further investigation. 

Carefully isolated aliquots can be characterized as required by using EPR and electronic 

spectroscopy to identify the newly formed species.   

In this dissertation, all electrochemical experiments were performed using a BAS 

50W potentiometer. A standard three-electrode cell was employed with a glassy-carbon 

working electrode, a Pt-wire auxiliary electrode, and a freshly prepared Ag/AgCl 

reference electrode, all under an inert atmosphere at ambient conditions. Potentials are all 

reported versus Fc/Fc+ 17 as an internal standard. Bulk electrolysis experiments were 

carried out at -77 oC in a dry ice/acetone bath. 
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Figure 3.3. Bulk electrolysis cell arrangement. 

3.9. Density Functional Theory (DFT) Calculations  

Density Functional Theory (DFT) is an accurate and cost effective method for 

calculating electronic structures.18 It is one of the dominant methods used in inorganic 

chemistry,19 and it is especially useful to study ground state electronic structures of metal 

complexes. It provides invaluable insight into experimentally observable properties, and 

is particularly adept for the study of bonding interactions within a molecule,18 without 

having to  rely on extensive experimental evidence. Density Functional Theory seeks to 

replace the many-body wave functions by an electronic density as the basic quantity. The 

many-body wave function is dependent upon ‘3N’ variables since each of the ‘N’ 
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electrons has three associated spatial variables.18 The one electron density is only a 

function of three variables making it both conceptually and practically simpler to 

compute. Density Functional Theory has been implemented in most software packages 

through the use of the Kohn-Sham method. 18  

Although there have been numerous improvements and refinements to DFT 

functionals, there are still some difficulties as predicting accurate intermolecular 

interactions and calculating band gaps in semiconductors.18 There are also problems 

associated with charge transfer excitations and transition states, but ground state 

electronic structures have been found to be reliable and very useful,18 especially to 

inorganic chemists, where higher level of theories are prohibitive due to their high 

computational costs. 

In the following work, DFT calculations were performed with the GAUSSIAN20 

series of programs in order to explain experimental observations for a wide variety of 

compounds synthesized by the Verani Group. The calculations were performed by the 

author with guidance from both Prof. H. Bernhard Schlegel at Wayne State University, 

Dr. Jason Sonnenberg, a past post-doctoral fellow in Prof. Schlegel’s lab, and Dr. Hrant 

Hratchian, a research scientist at Gaussian, Inc. The B3LYP/6-31G(d) level of theory21 

was employed throughout this work unless otherwise specified. Geometries were fully 

minimized, without symmetry constraints, using standard methods.2a, 22 Located 

stationary points were characterized by computing analytic vibrational frequencies. 

Reported energies always include zeropoint corrections unless otherwise specified. The 

Cartesian coordinates of the optimized structures are provided in the Appendix. Some 
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variations of these methods were explored and are discussed in more detail in the 

appropriate corresponding sections. 
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Chapter 4. 

Electronic and Redox Behavior of Low-Symmetry Iron(III)  

Complexes with [N2O3] Electroactive Ligands  
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4.1. Introduction  

Considerable effort has been directed toward the incorporation of bioinspired 

structure elements into developing responsive molecular materials with customized and 

controllable properties. Particularly, within the realm of molecular switching1 the 

response of a given molecule to external stimuli, such as redox potential or temperature 

variations, can lead to observable structural and electronic changes between two equally 

stable ground states. Thus, transition metal complexes containing electroactive ligands 

capable of supporting the generation and stabilization of organic radicals are of special 

interest.2 Such redox-responsive molecules that can act as bistable switches have received 

increasing attention due to their significant potential toward high-end applications such as 

information technology.3 Among well-characterized electroactive ligands, those 

containing phenolate moieties are particularly relevant due to their synthetic versatility. 

However, complexes exhibiting octahedral or pseudo-octahedral4 geometries fail to 

support multiple redox cycles required for molecular switching, implying that the 

bistability of the phenolate/phenoxyl couple needs to be improved in order to take 

advantage of this versatile group for switching purposes. 

Our group has been investigating the behavior of iron complexes confined to low-

symmetry five-coordinate [N2O3] environments. This design mimics the basic 

geometrical needs observed in tyrosine-rich enzymes such as the non-heme tyrosine 

hydroxylase 5 and intradiol dioxygenase6, which rely on radical-based mechanisms to 

form L-DOPA and cleave catechol-type rings, respectively.  These five-coordinate 

environments result in molecular orbitals with low degeneracy and several distinct 

energies, as compared to those in octahedral fields. We hypothesize that orbital 
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rearrangement will take place when phenoxyl radicals are formed via phenolate 

oxidation. Although advances have been made in understanding the electronic and redox 

behavior of these low-symmetry complexes, complications arise when multiple redox-

active sites are present within the same molecule. The proper assignment of classical 

physical oxidation states7  becomes rather challenging due to numerous contributions of 

ligand- and/or metal-centered orbitals toward the same redox process.  

In this dissertation we investigate the behavior of [FeIIIL1] (1) and [FeIIIL2] (2) 

(Figure 4.1), in which the ligands purposefully force asymmetry and contain three 

phenolato moieties denoted as A, A’, and B. Two of the phenolates (A and A’) are 

chemically equivalent, whereas B is dissimilar. Each of these moieties coordinates to the 

metal center and can undergo oxidation8 to produce four different ground states 

associated with [FeIII/IIL], [FeIIIL↑], [FeIIIL↑↑], and [FeIIIL↑↑↑]. Therefore, we aim to (i) 

determine the sequence by which the metal and the ligand are oxidized by probing 

experimentally the redox dependence on supporting electrolytes and the organic linker, 

(ii) describe the electronic differences between the parent and each of the oxidized forms 

by spectroscopic methods, and (iii) corroborate the observed redox and electronic 

properties by means of computational methods. This study constitutes the first 

comprehensive experimental and theoretical effort for describing such electronic changes 

associated with redox phenomena in low-symmetry five-coordinate iron species. This 

fundamental understanding will contribute significant insight into the step-wise, well-

defined multi-electron redox reactions.  
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Figure 4.1. Complexes with targeted variations. 

Experimental section 

4.2. Materials and methods 

Reagents and solvents were used as received from commercial sources, unless 

otherwise noted. Dichloromethane and methanol were distilled over CaH2. Infrared 

spectra were measured from 4000 to 400 cm-1 as KBr pellets on a Tensor 27 FTIR-

Spectrophotometer. 1H-NMR spectra were measured using Varian 300 and 400 MHz 

instruments. ESI (positive mode) spectra were measured in either a triple-quadrupole 

Micromass QuattroLC or in a single-quadrupole Waters ZQ2000 mass spectrometer with 

an electrospray/APCI or ESCi source. Experimental assignments were based on 

simulations of peak position and isotopic distributions. Elemental analyses were 

performed by Midwest Microlab, Indianapolis, IN. Cyclic voltammetry experiments were 

performed using a BAS 50W voltammetric analyzer. A standard three-electrode cell was 

employed with a reference Ag/AgCl electrode which was freshly prepared and calibrated 

internally versus ferrocene.9 A platinum wire was used as an auxiliary electrode and a 

vitreous carbon disk was used as a working electrode for the cyclic voltammetric 

experiments. The bulk electrolysis experiment was carried out using a vitreous carbon 

basket. Concentrations of the analytes were 1.0 x 10-3 M, and all supporting electrolytes 
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were 0.1 M, except where stated otherwise. The Fc/Fc+ couple in CH2Cl2 was found to be 

0.45 V (ΔEp 0.14). 8a, 9b First derivative X-band EPR spectra of 1.0 × 10-3 M in 

dichloromethane solutions were performed with a Bruker ESP 300 spectrometer at 125 K 

using liquid nitrogen as the coolant. Manipulations of EPR spectra were performed using 

the WINEPR suite from Bruker, and are shown in the Appendix. 

 

4.3. Electronic calculation methods 

 Spin unrestricted density functional theory (DFT) calculations were carried out 

with the B3LYP10 functional and the 6-31G(d)11 basis set in the development version of 

Gaussian.12 Solvation in dichloromethane was modeled with the integral equation 

formalism polarizable continuum model (IEF-PCM).13 Geometries were fully optimized 

without symmetry constraints, and stationary points were verified via frequency analysis. 

Molecular orbital analysis was facilitated by using the biorthogonal or corresponding 

orbital approach14; energies for these orbitals were obtained by a unitary transform of the 

unrestricted Fock matrices into the biorthogonal basis.  The averages of the energies of 

the alpha and beta biorthogonalized orbitals were used to approximate the energies of the 

restricted MO energies and these energies were used to build a classical restricted MO 

ladder diagram. Cartesian coordinates of all optimized structures are provided as 

Supporting Information in SI. 
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4.4. X-ray structural determinations 

Diffraction data was collected for the ligands H3L1’, H3L2 and complexes 1, 2. 

The structure for H3L1’ was collected on a Bruker P4/CCD diffractometer equipped with 

Mo radiation (λ = 0.71069 Å) and a graphite monochromator at 210 K. A sphere of data 

was measured at 10 sec/frames and 0.2 degree between frames.  The remaining structures 

for H3L2,1, 2, and 3 were measured on a Bruker APEX-II kappa geometry diffractometer 

with Mo radiation and a graphite monochromator at 100 K. Frames were collected as a 

series of sweeps with the detector at 40 mm and 0.2-0.3 degrees between each frame and 

10-60 sec/frames. The frame data was indexed and integrated with the manufacturer's 

SMART, SAINT and SADABS software.1 All structures were refined using Sheldrick's 

SHELX-97 software. A summary of the crystal structure parameters for all structures is 

contained in Table 4.1. 

The precursor ligand H3L1 [C51H74N2O3].CH3CN crystallized as colorless 

irregular fragments. A total of 26,665 reflections were measured, of which 11,153 were 

independent. The neutral ligand crystallized with one equivalent of acetonitrile solvent. 

On the ligand, the tert-butyl groups show typical disorder; some were modeled with 

partial occupancy positions. One of the pendant rings, labelled C15-C20, displays an 

approximate 2-fold disorder, with the hydroxyl substituent occupying alternate ortho 

positions in an 80/20 distribution. All non-hydrogen atoms, even those assigned with 

partial occupancies, were refined anisotropically. The more interesting disorder occurs 

around the protonated nitrogen N1. The single methylene linkage on N1 occupies two 

alternate positions in the model which refined to a 70/30 distribution and are labelled C7 

and C7'. This disorder propagates into the C1-C6 ring and could be a product of the ortho 
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hydroxyl group lying on either side of the methylene linkage. These kinds of disorders 

are difficult to model and refine because the equivalent alternative positions are very 

close. As a result there could be unreliable bond lengths and angles involving the partial 

atoms of the disordered region. The new ligand H3L2 [C52H76N2O3] crystallized as 

colorless irregular fragments. A total of 16,651 data were integrated resulting in 11,361 

unique reflections. One of the tert-butyl groups (C45-C47) was disordered and described 

with partial alternate atomic sites and kept isotropic. All hydrogen atoms were placed in 

calculated and observed positions. 

 [FeL1] (1) [Fe(C51H69N2O3)] crystallized as dark plates. A total of 29,085 

reflections were collected, of which 10,851 were independent. The asymmetric unit 

contains one neutral complex with no associated solvates. One of the tert-butyl groups 

was highly disordered requiring the methyl positions around C32 to be assigned partial 

occupancies and held isotropic. Complex [FeL2] (2) [Fe(C52H73N2O3)] appeared as 

minute red needles. A total of 49,239 data were harvested, of which 11,772 were unique. 

However, even at 60 s/frames, these small crystals diffracted poorly; out of 11,772 

reflections, only 4089 had I > 2σ(I).  
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Table 4.1.  Crystal Dataa 1 

 H3L1 H3L2 [FeL1] (1) FeL2] (2) 

Formula C53H77N3O3 C52H76N2O3 C52H73FeN2O3 C51H69FeN2O3 

M 804.18 777.15 815.95 813.93 

Space group P2(1)/n P(-1) P2(1)/c P(-1) 

a / Å 19.8422(18) 9.4303(14) 13.412(2) 12.9054(7) 

b/ Å 15.3453(16) 14.583(20 26.256(3) 13.7840(8) 

c/ Å 18.5425(15) 18.455(3) 14.9306(17) 14.5719(8) 

α/ o  99.770(6)  88.317(4) 

β/ o 114.391(3) 102.597(5) 115.293(7) 65.626(3) 

γ/ o  96.323(6)  88.499(4) 

V/ Å3 5142.0(8) 2412.2(6) 4753.6(1.1) 2359.8(2) 

Z 4 2 4 2 

T/ K 211(2) 100(2) 100(2) 100(2) 

λ/ Å 0.71073 0.71073 0.71073 0.71073 

Dcalc/ g cm-3 1.039 1.070 1.160 1.145 

µ/ mm-1 0.063 0.065 0.359 0.361 

R(F) (%) 6.36 6.83 9.46 6.67 

Rw(F) (%) 17.44 14.33 10.52 14.90 

a R(F) = ∑║Fo│-│Fc║ ∕ ∑│Fo│ for I > 2σ(I); Rw(F) = [∑w(Fo
2 – Fc

2)2 / ∑w(Fo
2)2]1/2 for 

I > 2σ(I). 
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4.5. Syntheses 

The ligands H3L1 and H3L2 (Scheme 4.1) were synthesized by modifications of 

our previously reported8b, 15 route,8b, 15 in which 10 mmol of the appropriate aromatic 

diamine (Scheme 4.2) (i.e. benzene-1,2-diamine for 1, N-methylbenzene-1,2-diamine for 

2,) were refluxed for 48 h in dichloromethane in the presence of 30 mmol 2,4-di-tert-

butyl-6-(chloromethyl)phenol and 30 mmol of triethylamine. The reaction solution was 

washed 3 times with water in a separatory funnel and dried over Na2SO4/activated 

charcoal. The solvent was then removed by rotary evaporation yielding yellowish viscous 

oils that were dissolved in acetonitrile and kept at 0 oC for 24 hours. Colorless crystalline 

precipitates were then recovered. 

 

Scheme 4.1. Ligand. 

Scheme 4.2. Ligand synthesis. 
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H3L1: (Yield: 85%). ESI (m/z+) = 763.41, 100% for [C51H74N2O3 + H+]+.  IR data 

(KBr, cm-1): 3330(b) (O-H); 2958(s), 2897(s), 2863(s), (C-H, alkane); 1601(s), (C=C 

aryl); 1289(s), (C-N); 1229(s), (C-O); 879(b), (C-H, phen). Mp = 133-136 oC. 1H-NMR 

[400 MHz, CDCl3] data δ (ppm): 1.17 – 1.43 [m, 54H (multiple t-butyl)]; 3.92 [s, 4H 

(CH2)]; 4.25 [s, 2H (CH2-N’)]; 6.80 – 7.34 [m, 10H (aryl)]. 

H3L2 (N,N,N'-tris-(3,5-di-tert-butyl-2-hydroxybenzyl)-N’-methyl-benzene-1,2-

diamine) (Yield: 85%). ESI (m/z+) = 778.2, 100%, for [C52H76N2O3 + H+]+. IR data (KBr, 

cm-1): 3370(s), (O-H); 2910(s), 2856(s), (C-H, alkane); 1594(s), (C=C aryl); 1289(s), (C-

N); 1224(s), (C-O); 876(b), (C-H, phen). Mp = 185-189 oC. 1H-NMR [400 MHz, CDCl3] 

data δ (ppm): 1.24 – 1.35 [m, 54H (multiple t-butyl)]; 2.80 [s, 3H (CH3)]; 3.69 [s, 4H 

(CH2)]; 4.22 [s, 2H (CH2-N’)]; 6.64 – 7.26 [m, 10H (aryl)]. 

Compounds  [FeL1] (1) and [FeL2] (2) were synthesized following a general 

procedure that involved dissolution of 1 equivalent of the appropriate ligand in dry 

dichloromethane and treatment with 1 equivalent of iron(III) chloride dissolved in warm 

anhydrous methanol in the presence of 3 equivalents of NaOCH3. The mixture was 

heated at 50 oC and stirred for 30 min. under an inert atmosphere then the solvent was 

removed by rotatory evaporation (Scheme 4.3). The resulting dark reddish-brown crude 

powders were recrystallized from MeOH/CH2Cl2 (1:2), yielding X-ray suitable single 

crystals.  

[FeL1] (1): H3L1 (0.38g, 0.5 mmol); FeCl3·6H2O (0.135g, 0.5 mmol); NaOCH3 

(0.081g, 1.5 mmol). (Yield: 0.25, 60 %). ESI (m/z+) = 814.4, (100%) for [C51H69N2O3Fe 

+ H+]+. Anal. Calcd for [C57H71N4O3Fe]: C, 75.07; H, 8.77; N, 3.43%. Found: C, 75.34; 



52 
 

H, 8.91; N, 3.45%. IR data (KBr, cm-1): 2956(s), 2870(s), (C-H, alkane); 1611(s), (C=N);  

1470(s), 1445(s), (C=C aryl); 1199(s), (C-O);  873(s), (C-H, phen). 

[FeL2] (2): H3L2 (0.10g, 0.13 mmol); FeCl3 (0.20g, 0.13 mmol); NaOCH3 (0.20g, 

40 mmol) (Yield: 0.1g  65 %). ESI (m/z+) (in MeOH) = 830.9 (100%) for [C52H73N2O3Fe 

+ H+]+.  Anal. Calcd: C, 75.23; H, 8.87; N, 3.38%. Found: C, 74.97; H, 8.80; N, 3.28%.  

IR data (KBr, cm-1): 2955(s), 2909(s), 2872(s), (C-H, alkane); 1274(s), (C-N); 1481(s), 

1445(s), 851(s), (C-H, phen). 

  

Scheme 4.3. Metal complex synthesis. 
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Results and discussion. 

4.6. Ligand design 

The use of [N2O3] pentadentate ligands allows for the development of five-

coordinate complexes with selected trivalent metal centers. The design of the ligand takes 

advantage of our recent observation8b, 15 that five-coordinate trivalent ions appear to 

enhance the formation and reversibility of phenolate/phenoxyl processes on the cyclic 

voltammetric timescale. Similar motifs are observed in certain non-heme iron enzymes5, 

responsible for the synthesis and high turnover rates of radical-containing substrates. 

Understanding the properties of these redox-active species may lead to knowledge on 

experimental and computational relationships that explain the electronic behavior 

associated with multiple spin carriers in the same molecule. We have previously 

published on the chemistry of the precursor ligand H3L1, where a phenylenediamine 

moiety bridges three methylene-phenol groups. Two of these groups are attached to a 

tertiary amine, whereas the third group is attached to a vicinal secondary amine. Ligand 

H3L1 can yield a complex [FeL1amine] when isolated anaerobically and was discussed 

previously.15 In this work we focus on the related imine version of H3L1 that upon 

coordination exhibits a C=N bond associated with the secondary nitrogen atom when 

crystallized under aerobic conditions. On the other hand, the new ligand H3L2 displays a 

methyl group appended to the mono-phenolated nitrogen atom that prevents such imine 

formation. Both ligands gave yields ranging between 50 and 90 % and were characterized 

by 1H-NMR, electron spray ionization (ESI), and infrared spectroscopy.  
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4.7. Synthesis and characterization of the complexes 

 The compounds (1) and (2) were obtained as dark reddish-brown powders upon 

treatment of their respective deprotonated ligands, dissolved in a minimum amount of 

dichloromethane, with iron(III) chloride in methanol. All complexes were recrystallized 

in air with (1:2) MeOH:CH2Cl2 to yield X-ray quality crystals. Upon complexation the 

ligand H3L1 was converted into the imine, as observed by the appearance of a new band 

in the IR around 1602-1611 cm-1 attributed to C=N. Similarly, the absence of this peak 

for (2) indicates that imine formation does not occur for the methylated ligand. The 

tertiary-butyl groups present in all ligands are seen as intense stretches between 2870 and 

2956 cm-1. The peak for the methyl group in (2) is observed in this same range at 2909 

cm-1. These attributions have been confirmed by DFT frequency calculations of the 

optimized structures. Electrospray ionization in the positive mode (ESI+) in methanol 

gave well defined peaks corresponding to m/z = [M + H+]+ at 814.4 (calc. 814.47) and m/z 

= [M + K+]+ at 852.4 (calc. 852.43) for (1) and m/z = [M + H+]+ at 830.9 (calc. 830.50) for 

(2).  

4.8. Molecular structures 

Crystals suitable for X-Ray diffraction were obtained for the ligands H3L1, H3L2, 

and complexes (1) and (2). The structures of the ligands are available in the Appendix 

A4. The ligand H3L1 shows clearly its initial amine nature with C22-N2 = 1.45 Å. Other 

pertinent bond lengths and angles will be discussed in conjunction with the complexes. 

All three complexes crystallize with five-coordinate iron(III) centers surrounded by fully 

deprotonated and pentadentate ligands and yield neutral, high-spin species. The observed 

bond lengths and angles are consistent with other examples in the literature.8b, 15-16 The 



55 
 

ORTEP plots for (1) and (2) are given in Figure 4.2 and selected bond lengths and angles 

are shown in Table 4.2. The structure for (1) shows a short bond (1.322(4) Å) between 

the mono-substituted nitrogen atom N1 and the methyl of the 2,4-di-tert-butyl-6-

methylphenol moiety C7. This is consistent with the formation of a C=N imine bond, as 

suggested by the IR results, and associated with ligand oxidation. Complex (2) is similar 

to (1) except for the fact that N1 displays a –CH3 group appended, thus forming a tertiary 

amine structure impervious to imine formation. This is indicated by the significantly 

longer C7-N1 bond of 1.512 Å. For both complexes, the iron(III) centers are penta-

coordinated to the nitrogen atoms N1 and N2 of the phenylene group and to the oxygen 

atoms O1, O2, and O3 of the phenolato groups. The Fe-N1 distances of ~ 2.07 Å and Fe-

O1 ≈ 1.91 Å in (1) indicate shorter Fe-N and longer Fe-O bonds associated with the 

mono-substituted phenolate arm. The Fe-N and Fe-O bonds for the tertiary amine and its 

associated phenolate groups reach, respectively, ~ 2.25 Å (ΔFe-N = 0.18 Å) and ~ 1.87 Å 

(ΔFe-O = 0.04 Å). The methyl-substituted amine complex 2 displays Fe-N1 ≈ 2.18, Fe-N2 

≈ 2.23, Fe-O1 ≈ 1.89, Fe-O2 ≈ 1.86, and Fe-O2 ≈ 1.87 Å, respectively.  

A convenient way to analyze five-coordinate complexes is to report a τ value,17 

given by τ = (β−α)/60, (α and β are the two largest angles in the coordination sphere) 

where τ = 0 indicates square pyramidal and τ = 1 indicates trigonal bipyramidal 

geometries. Hence, 1 and 2, have τ = 0.54, 0.66, respectively, suggesting distorted 

trigonal bipyramidal environments as for previously reported species.8b Finally, we 

observe a dihedral angle between C9-C8-N1-C7 is 13.4o for (1) and 65.4o for (2).  
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Figure 4.2. ORTEP of (1) (left): Fe-O ≈ 1.89 Å, Fe-N1 = 2.072(2) Å, Fe-N2 = 2.24(2) Å, 

C7-N1 = 1.32(3) Å. ORTEP of (2) (right): Fe-O ≈ 1.87 Å, Fe-N1 = 2.177(2) Å, Fe-N2 = 

2.234(2) Å, C7-N1= 1.512(3) Å. Hydrogens omitted for clarity. 

  

(1) (2)
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Table 4.2. Selected bond distances (Å) and angles (o) for (1) and (2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(1)  (2)  

Fe-O1               1.918(2) 

Fe-O2               1.868(2) 

Fe-O3               1. 869 (2) 

Fe-N1               2.072(3) 

Fe-N2               2.248(3) 

N1-C7              1.322 (4) 

N2-C21            1.494(4) 

N2-C14            1.514(4) 

 

 

O1-Fe-O2          95.81(10) 

O1-Fe-O3         101.71(9) 

O2-Fe-O3         112.92(10) 

O1-Fe-N2         163.97(10) 

O3-Fe-N2         89.56(9) 

O2-Fe-N2         90.12(10) 

O1-Fe-N1         87.23(11) 

O3-Fe-N1         113.59(10) 

O2-Fe-N1         131.64(10) 

N2-Fe-N1         77.75(11) 

 

Fe-O1          1.885(3) 

Fe-O2          1.863(3) 

Fe-O3          1.873(3) 

Fe-N1          2.177(4) 

Fe-N2          2.234(4) 

N1-C7         1.512(5) 

N1-C36       1.496(5) 

N2-C21       1.501(5) 

N2-C14       1.514(5) 

 

O1-Fe-O2    97.92(13) 

O1-Fe-O3    100.89(13) 

O2-Fe-O3    111.89(13) 

O1-Fe-N2    163.16(13) 

O3-Fe-N2    89.02(13) 

O2-Fe-N2    90.84(13) 

O1-Fe-N1    85.55(14) 

O3-Fe-N1    122.44(14) 

O2-Fe-N1    123.85(13) 

N2-Fe-N1    77.63(14) 
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4.9. Redox properties 

It is established8, 15 that iron phenolate species display complex electrochemical 

behavior attributed both to metal- and ligand-centered processes. The cyclic 

voltammograms (CV) of [FeL1] (1) and [FeL2] (2) were measured in dichloromethane 

using TBAPF6 and TBAClO4 (TBA = tetrabutylammonium) electrolytes. We aimed to 

evaluate the redox potentials for the metal- and ligand-centered processes, as well as to 

assess the intraligand oxidation sequence and the ability of the compound to withstand 

extensive redox cycling. Species (1) and (2) exhibit a wide range of processes that 

include the formation of the iron(II)/iron(III) couple and the successive formation of up 

to three phenolate/phenoxyl couples. The ligand-centered processes seem particularly 

dependent on the electrolyte choice and its associated anion. This phenomenon has been 

observed and explored by Geiger et al18 and is related to ion-pairing effects. However, to 

the best of our knowledge, this phenomenon has not been studied for electrogenerated 

cationic phenoxyl radical species of metal complexes.  

Ion-pairing effects occur when the anion of the electrolyte forms an ionic adduct 

with the cationic species, affecting the potential for the formation of consecutive cationic 

processes. Yet, one can select the appropriate electrolyte to modulate the potential of the 

anodic processes, either separating overlapped waves or merging separated ones. As a 

general rule the bulkier the electrolyte anion, the larger the gap between the oxidative 

peaks E1/2
ox1 and E1/2

ox2 (∆E1/2
ox). One can therefore, suggest that the presence of a larger 

counterion such as PF6
- from the supporting electrode would lead to the formation of a 

more geometrically distorted [1’]+-PF6 ion pair leading to two individual 1e- processes, 
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whereas a slightly smaller perchlorate ion would lead to less extensive distortion, 

enabling the two rings (A and A’) to be oxidized at near identical potentials.  

All the Fe(III)/Fe(II) couples are observed near -1.5 V vs. Fc+/Fc and are similar 

for complexes (1) and (2) (Table 4.3). This is expected considering that the three 

complexes have iron centers in similar ligand environments with N2O3 pentadentate 

donors. Furthermore, we consistently observe a small shift of potentials of ~ 0.06-0.1 V 

when TBAClO4 is used in place of TBAPF6. Species (1) shows the most pronounced 

effect while (2) has the most negative potential for the Fe(III)/Fe(II) couple, indicating 

resistance towards reduction. These values are consistent with our previously published 

results of -1.44 V.8b  

 

Table 4.3. Cyclic voltammetry values for (1) and (2) (vs. ferrocene in DCM) 

Compound  Electrolyte  a) E1/2 (red.)  b) (1st ox.)  c) (2nd ox.)  c) (3rd ox.)  

 (1)  TBAPF6   -1.48V (ΔE 0.10V)   0.55V (ΔE 0.15V)   0.73V (ΔE 0.16V)  NA  

(1)  TBAClO4   -1.37V (ΔE 0.13V)   0.63V (ΔE 0.16V)  NA  NA  

(2)  TBAPF6   -1.55V (ΔE 0.23V)   0.48V (ΔE 0.12V)  0.75V (ΔE 0.12V)  1.01V (ΔE 0.08V)  

(2)  TBAClO4   -1.49V (ΔE 0.23V)   0.52V (ΔE 0.13V)  NA  NA  

 

At first glance the anodic side of the voltammograms are similar to their 

previously published gallium counterparts,15  which can support phenoxyl radical 

generation, and for iron(III) complexes which have overlapping processes.8b, 19 For 

complex (1), it is evident that the identity of the electrolyte anion plays a more significant 

role in comparison to complex (2). We observe only one anodic wave for (1) centered at 

0.63 V (ΔEp = 0.16 V) when TBAClO4 is used. The amplitude of this wave suggests the 
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oxidation of two phenolates when compared internally to the Fe(III)/Fe(II) couple. On the 

other hand, 0.1 M TBAPF6 electrolyte fosters some degree of separation with the 

appearance of two closely separated anodic waves at 0.55 V (ΔEp = 0.15 V) and 0.73 V 

(ΔEp = 0.16 V) suggestive of sequential one-electron processes. Lower concentrations 

(0.05 M) of electrolyte led to higher peak separation, but dramatically affected the 

reversibility of the Fe(III)/Fe(II) couple.  

Bistability between reduced and oxidized forms must be achieved to withstand 

extensive redox cycling. Thirty CV cycles of (1) resulted in minimal decomposition at the 

surface of the electrode, as indicated by a nearly perfect superposition of the waves for 

cycling through both the first ligand-centered oxidation and the metal-centered reduction.  

For (2) we observed three one-electron anodic waves centered at 0.48 V (ΔEp 0.12 

V), 0.75 V (ΔEp = 0.12), and 1.01 V (ΔEp = 0.08) when TBAPF6 was used as the 

supporting electrolyte (Figure 4.3). These processes are consistent with all three of the 

phenolate groups being oxidized to phenoxyl radicals. A small process can be observed 

near 0.45 V, when the third oxidative process is carried out--possibly due to some 

decomposition. When TBAClO4 is used, only two oxidation processes at 0.6 V and 0.7 V 

were observed for (2). Interestingly, these oxidations correlate to a single reduction at 0.5 

V, rendering these processes irreversible. Redox cycling revealed a consistent behavior 

for the first ligand-centered process, while the metal-based process showed some minor 

decomposition.  In general, most processes appear to be reversible/quasi-reversible, with 

values of ΔE ranging from ~ 0.10 to 0.23 V, when compared to the standard Fc+/Fc 

couple (ΔEp = 0.14 V). All the anodic oxidation waves reported here are believed to be 

associated with phenoxyl radical formation.  
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Figure 4.3. Cyclic voltammograms for (1) (top) and (2) (bottom) (in 

dichloromethane vs. ferrocene). 
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4.10. Electronic properties 

The electronic properties of complexes (1) and (2) and their oxidized forms (1)+ 

and (2)+, were studied by UV-visible and EPR spectroscopies (Figure 4.4). The UV-

visible spectra in dichloromethane show several bands associated with multiple electronic 

processes, as expected for such low-symmetry environments. The transitions attributed to 

π*←π appear at about 285 nm with ε ~ 30,000 to 40,000 M-1cm-1 for (1), and somewhat 

less intense for the methyl-substituted (2) with 17,000 M-1cm-1. A weaker transition is 

observed between 310-340 nm (ε ~ 20,000 for (1) and 8,000 M-1cm-1 for (2) and was 

attributed to a (Fe←N) LMCT band. Finally, (1) shows the (Fedσ*←Opπ) LMCT 

processes at ~ 400 nm (ε ~ 11,000 M-1cm-1), whereas the complimentary (Fedπ*←Opπ) 

LMCT processes appear as slightly less prominent shoulders at 503 nm (6,600 M-1cm-1) 

for (1) and 440 nm (10,200 M-1cm-1) for (2). The methylated (2) shows the first 

(Fedσ*←Opπ) LMCT process at 479 nm (6,200 M-1cm-1) in a band with obvious non-

gaussian shape, as indicative of a prominent Fedπ*←Opπ component, but no maximum can 

be inferred. Also noteworthy is the fact that the transitions attributed to the (Fe←O) 

LMCT processes contain, in fact, multiple components associated with the distinctiveness 

of the three phenolates oriented in a low symmetry space.  
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Figure 4.4. UV-vis absorption of (1), (1)+, (2), and (2)+. (1) (black) 286 (13000); 
308 (12000); 378 (6000); 422 (6600); 503sh (4000); (1)+ (red) 335 (4300); 415 (3200); 
505sh (1800); 735 (2100); (2) (green) 285 (8000); 335 (4000); 479 (3800); (2)+ (blue) 

338 (4200); 470 (1900); 745 (2100). 
 

Exhaustive bulk electrolysis was carried out at -78 oC under a constant stream of 

solvent saturated inert nitrogen gas8b and were followed by cyclic voltammetry to ensure 

the completeness of the reaction. After single-electron oxidation of the solutions an 

aliquot was collected for each species and revealed considerable decreases in the 

intensities of the (Fe←O) LMCT processes. This phenomenon was expected and can be 

explained by the conversion of one phenolate arm to a phenoxyl radical. Due to the close 

proximity of the several oxidation potentials, it is also possible that, to some degree, 

either a second oxidation or complex disproportionation may also occur.20 A new band (≈ 

750 nm) appears for (1)+ and (2)+ which is associated with a phenoxyl/phenolate inter-
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ligand charge transfer (ILCT) band21 and is consistent with the decreasing intensities of 

the remaining phenolate (Fe←O) LMCT processes. 

EPR spectra were taken for (1) and (2) and for the electrolysis-generated 

monocationic species (1)+ and (2)+ allowing for the assessment of magnetic properties of 

the oxidized species and their relative stabilities. All monocationic species  were also 

obtained by treatment with tetrabutyl-ammonium cerium(IV) salt,22 to reproduce and 

verify the results from the bulk electrolysis experiment. Figure A.4.1 shows that before 

oxidation, three inflections were present for complexes (1) and  (2) , with g-values near 

8.2, 5.4, and 4.3 associated with an anisotropic iron(III) S = 5/2 center. The association 

with a high-spin ferric ion in low-symmetry has been previously reported.8b, 15, 23 Upon 

oxidation, an approximate 90 % decrease in signal intensity was observed. The signal at g 

= 4.3 remains visible, whereas the signals at 8.2 and 5.4 are greatly diminished. 

Additionally, a new sharp signal of small magnitude appears at g = 2.0 (~3300 gauss) 

associated with phenoxyl radical formation. An antiferromagnetic coupling16b, 24  between 

a high-spin iron(III) and a phenoxyl radical should lead to a silent S = 5/2 – 1/2 = 4/2 

EPR signal, as previously reported.8b The fact that such a signal is visible suggests an 

uncoupled total S = 5/2 + 1/2 spin system consisting of the S = 5/2 from the iron(III) 

center and an S = 1/2 attributed to a phenoxyl radical. These observed signals suggest that 

(i) the phenoxyl ring becomes a poor donor due to the rearrangement with localization of 

bonds into a quinoid-like ring, (ii) that the Fe-Ophenoxyl bond may break, and (iii) that the 

metal center may associate with adventitious solvents or electrolytes increasing its 

coordination number to a pseudo-octahedral geometry.  Interestingly, our results for a 

similar phenanthroline-containing system8b have shown almost complete phenoxyl 
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radical magnetic coupling to the iron center. Several of the proposed arguments in this 

and the previous sections are discussed further in the following section. 

4.11. Electronic structure calculations 

Electronic structure calculations were carried out on two series of two different 

models comparable to (1) and (2), and named respectively (1’) and (2’) (Figure 4.5). The 

six tert-butyl groups appended to the phenolate rings were replaced by hydrogen atoms (-

H) to make the calculations more practical.  

Figure 4.5. Computational models for (1) and (2).  

4.12. Calculated structural properties 

 We were interested in the comparison of the structural and electronic properties 

between the initial complexes (1) and (2) and the changes imposed by single and double 

oxidations, both in the gas phase and using a PCM solvation model. Throughout the 

discussion, the two phenolate rings appended to the same nitrogen atom will be referred 

to as A and A’, whereas the third phenolate is referred to as B. Upon inspection, the 

geometries of the optimized complexes are generally in good agreement with the X-ray 

structures. As can be seen in Table 4.4 for (1), the calculated bond lengths are usually 
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around 2% shorter than the X-ray diffraction data. The PCM solvation model used to 

study the electrochemistry and electronic absorption spectroscopy did not affect the 

geometries significantly. The calculations show that replacing the tert-butyl groups on the 

phenolates by hydrogen has very little effect on the Fe-O bond lengths. This is an 

important point, since it is well known8a, 25 that these substituents can have substantial 

effects on the phenolato/phenoxyl couple redox potential and can also affect radical 

stability/reversibility in solution. Models (1’) and (2’) show the same trends as the crystal 

structures, as indicated in Table 4.4.  For (1) and (1’) the Fe-O1 and Fe-O2 bond lengths 

associated with the “A” rings are shorter, while for the “B” ring Fe-O3 is a ~0.08 Å 

longer bond, suggesting that our models are accurate enough to allow for meaningful 

comparisons in bond lengths. 

Table 4.4. Selected comparison between experimental and calculated bond lengths (Å) (refer to Figure 4.2 
for numbering)  

 Fe-O1 Fe-O2 Fe-O3 Fe-N1 FeN2 C-O1 C-O2 C-O3 Method  

(-t-butyl) (1) 1.869(2) 1.868(2) 1.918(2) 2.072(3) 2.248(3) 1.352(4) 1.353(4) 1.319(4) Exp. 

(-t-butyl) (1) 1.86 1.84 1.92 2.09 2.30 1.34 1.34 1.31 Calc. (gas)a 

(-H) (1') 1.86 1.84 1.92 2.10 2.32 1.33 1.34 1.30 Calc. (gas)a 

(-H) (1') 1.86 1.87 1.93 2.10 2.30 1.34 1.34 1.31 Calc. (PCM)a  
aCalculated with B3LYP/6-31G(d)  

4.13. Calculated electronic redox behavior 

The identification of the sequential order in which the phenolate rings are 

oxidized into phenoxyl radicals is of pivotal interest in this work. The cyclic voltammetry 

data discussed earlier showed considerable differences between (1) and (2). Complex (2) 

exhibits three independent 1e- oxidative processes, whereas (1) shows a multi-electronic 

process. In our previous work8 it was demonstrated that the nature of the electronic 
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coupling between a five-coordinate iron(III) (S = 5/2) and the phenoxyl radical (S = 1/2) 

in an [N2O3] environment is predominantly antiferromagnetic, yielding a S = 4/2 ground 

state. The same spin-coupling was adopted here for (1) and (2), and used in the 

investigation of the electronic states for (1’) (S = 5/2), (1’)+ (S = 4/2), and (1’)2+ (assumed 

to be S = 3/2) in which a phenoxyl radical is magnetically-coupled with one of the 

unpaired electrons from the iron(III) center. Similarly, the series (2’), (2’)+, and (2’)2+ 

was also investigated with similar spins states. As pointed out by Wieghardt et al.24a,26 

the study of spin-coupled metal/organic radical systems is far from trivial. It is even more 

difficult to understand this behavior in low-symmetry environments, where the molecular 

orbital (MO) scheme deviates considerably from the ones usually invoked for the highly 

degenerate octahedral case. In unrestricted calculations, the canonical molecular orbitals 

for the α space can have different shapes and energies than for the β space. The orbital 

analysis can be simplified by using corresponding biorthogonal orbitals. These are 

obtained by a unitary transformation of the canonical α and β orbitals so that each α 

occupied orbital has maximum overlap with the corresponding β occupied orbital and 

vice versa. The average of the α and β orbital energies of the corresponding orbitals can 

be used to construct a classical MO ladder diagram.27  Some caution is needed to ensure 

that the calculations yield the correct coupling schemes in these metal/radical 

compounds. When the members of each series are compared, (1’)(1’)+(1’)2+ and 

(2’)(2’)+(2’)2+, respectively, the metal centers have similar Mulliken spin densities of 

~ 4.18 and charges of ~1.37, consistent with a high-spin Fe(III) ion (see Table 4.5). Thus, 

the oxidations are properly assigned as phenolate/phenoxyl radical-based rather than 

Fe(III)/Fe(IV) species, which is in agreement with literature.24a, 25, 28  
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Table 4.5. Mulliken charge and spin density analysis and selected bond lengths (Å) for 
(1’), (1’)+, (1’)2+, (2’), (2’)+, and (2’)2+. 

 

aB3LYP/6-31G(d) with IEF-PCM solvation in dichloromethane. R↑ denotes the phenoxyl location. 
  

 Mulliken 
Spin Density 

Mulliken Charge Fe-O C(ring)-O 

(1') (S = 5/2)     
Fe (III) 4.19 1.34   
Ring A 0.24 -0.42 1.86 1.34 
Ring A' 0.23 -0.43 1.87 1.34 
Ring B (C=N) 0.17 -0.30 1.93 1.31 
     
(1')+ (S = 4/2)     
Fe (III) 4.17 1.39   
Ring A 0.28 -0.30 1.83 1.34 
Ring A' (R↑) -0.88 0.20 1.98 1.28 
Ring B 0.23 -0.40 1.88 1.31 
 
(1')2+ (S = 3/2) 

    

Fe (III) 4.18 1.34   
Ring A (R↑) -0.87 0.33 1.93 1.28 
Ring A' (R↑) -0.90 0.29 1.97 1.28 
Ring B 0.34 -0.44 1.85 1.32 
     
(2') (S = 5/2)     
Fe (III) 4.18 1.30   
Ring A 0.21 -0.35 1.88 1.34 
Ring A' 0.22 -0.35 1.88 1.34 
Ring B  0.22 0.23 1.88 1.33 
     
(2')+ (S = 4/2)     
Fe (III) 4.16 1.34   
Ring A 0.28 -0.25 1.84 1.35 
Ring A' 0.27 -0.20 1.85 1.34 
Ring B (R↑) -0.92 0.13 2.01 1.28 
 
(2')2+ (S = 3/2)  

    

Fe (III) 4.12 1.39   
Ring A 0.45 -0.19 1.83 1.34 
Ring A' (R↑) -0.90 0.27 1.96 1.28 
Ring B (R↑) -0.91 0.27 1.97 1.28 
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The spin density plot demonstrates consistency, with (1’) conserving its excess α-

density predominantly localized on the high-spin iron(III) center (Figure 4.6). A very 

small amount of α-density can be found on the donors, but none is observed on the rings.   

This spin density does not change upon formation of (1’)+, nor (1’)2+. However, excess β-

density becomes apparent upon oxidation to (1’)+, which has a localized phenoxyl 

character on the A’ ring.  Upon closer inspection, we can quantify the amount of spin 

density and charges that are related to each phenolate/phenoxyl ring by summing the 

contributions of the ring atoms (Table 4.5). For (1’) the A, A’, and B rings display 

similar Mulliken spin densities, between 0.17 and 0.24. The oxidized (1’)+ was found to 

have a spin of -0.88 on A’, thus clearly indicating the location of the radical. 

Consistently, the Mulliken charges also support an oxidized ring A’ going from -0.43 to 

0.20. Close examination of the Fe-O bond length, indicates that A’ had an elongation of ~ 

0.11 Å. It is also clearly shown that this ring becomes quinoid-like in nature, with a 0.06 

Å shorter C=O bond length. Hence, the quinoid-like ring A’ becomes a less effective 

electron donor forcing the remaining phenolate rings to shorten their respective Fe-O 

bonds.  The rest of the geometry of (1’)+ is fairly similar to that of (1’), as seen by the 

superimposition of structures (Figure 4.6, top left). The absence of major geometric 

rearrangements fosters an overall bistability for fast redox cycling between these species.  

A very similar observation can be made for (1’)2+, in which a second phenolate-to-

phenoxyl conversion takes place on ring A, allowing for the identification of the second 

oxidative process from the cyclic voltammetric  experiment. As suggested in the 

electrochemical section, smaller electrolyte anions such as ClO4
- lead to a potentially less 
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distorted ion pair, enabling the two rings (A and A’) to be oxidized at nearly identical 

potentials.  

Compound (2’)+ behaves in quite a different mode than its counterpart (1’)+. Upon 

oxidation, radical formation is observed (Figure 4.6, bottom) on the B ring as opposed to 

rings A or A’, as noted previously for (1’).  Ring B relates to the N-appended CH3 group 

and shows Mulliken spin density and charge of -0.92 and 0.13, respectively. The Fe-O 

bond is elongated by 0.13 Å and the C=O bond is shortened to 1.28 Å, thus comparable 

to (1’)+ and consistent with a quinoid-like structure. The remaining parts of the 

geometries of (2’), (2’)+, and (2’)2+ are very similar.   Generally speaking, the results for 

(1’) and (2’) agree to previously published15 electronic structures for a similar amine-

containing complex. A word of caution is nonetheless needed for direct comparison, 

because a vertical oxidation was used in that study without further structural 

minimization of the oxidized species. Calculation in the gas phase instead of PCM 

solvation, results in the phenoxyl radical partially delocalized over both rings A and A’, 

where ring A’ has close to 50% more β spin density than ring A. This delocalization is 

not unusual, since rings A and A’ are chemically equivalent.21, 23, 29 
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Figure 4.6. Spin density plots of optimized geometries of (1’), (1’)+, and (1’)2+. The white and 
blue shades correspond to excess β and α electron spin densities, respectively. Superimposition of (1’), 

(1’)+, and (1’)2+ (top left).
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τ =0.47
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(1’)
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Figure 4.7. Spin density plots of optimized (2’), (2’)+,  and (2’)2+  The white and blue shades correspond to 
excess β and α electron spin densities, respectively. Superimposition of (2’), (2’)+ and (2’)2+ (top left). 
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4.14. Comparison of ligand fragments 

 In compounds 1-2, two equivalent rings A and A’ are appended to the same 

nitrogen atom, whereas the dissimilar ring B is appended to the C=N or (CH3)C-N 

nitrogen atom. The phenolate B is significantly different in terms of π-bonding 

delocalization than the other two, and likely points to the dramatically different redox 

behavior experimentally observed. Partial models (or fragments) of the ligands in (1) and 

(2) were used to evaluate this effect. This approach has been used previously by our 

group.2 

Figure 4.8. Computational models for ligand fragments. 
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 It is clear that (1”) is harder to oxidize than (2”) by ~3 kcal/mol. This trend is also 

consistent with the energy of the HOMOs, which according to Koopman’s theorem30 

should relate to the first ionization energy (the HOMO of 1” is about 0.4 eV (9 kcal/mol) 

lower than (2”). Upon inspection of the MOs, it is clear that (1”) has a larger electronic 

delocalization than (2”), thus affecting the outcome of the redox properties. The inset in 

Figure 4.8 shows that there are two different π-orbitals that can interact with the metal 

center, namely an “out-of-plane” and an “in-plane”, as previously described by Solomon 

et al. 31  The “out-of-plane” orbital is always higher in energy than the “in-plane” orbital. 

4.15. MO variations between parent and oxidized species 

After considering in detail the structural and electronic properties of complexes 

(1’) and (2’), we now compare the variations in the MO energies between these species 

and their singly- and doubly-oxidized counterparts. This analysis takes into account 

subtle changes in geometries, along with total charge and local spin variation, reflected 

by MO rearrangements associated with each oxidative step. Unlike high-symmetry 

pseudo-octahedral species, or low-symmetry low-spin species, the present analysis 

requires the use of corresponding orbitals26-27 in order to gain some information about 

radical generation and stabilization. The discussion is restricted here to singly occupied 

orbitals and spin-coupled pairs (corresponding orbital pairs with α/β overlap between 

0.12-0.30). Figures 4.9 and 4.10 show MO ladder diagrams (left) and the frontier orbitals 

(right) arranged vertically by the average energy of the matched α and β pairs. The five-

coordinate (1’) and (2’) are heavily distorted trigonal bipyramids that can be viewed as 

lying partway along a Berry pseudo-rotation pathway between idealized trigonal 

bipyramidal and square planar structures. As a consequence, the choice of a common 
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Cartesian axis system for both species becomes a more intricate task. The issue is further 

complicated by the presence of multiple σ−  and π−interactions. Figure 4.9 displays a 

comparative energy ladder diagram along with tentative labeling assignments for the d 

orbitals in (1’) and (2’). It becomes evident that even though the [N2O3] donor sets for 

both species are similar, they have a significant effect on the energies of the metal-based 

orbitals.  

The presence of a C=N fosters some delocalization between N1 and the phenolate 

B in (1’) leading to shorter N1-Fe and longer O1-Fe bonds. The most affected iron-based 

SOMO coincides with the N1-Fe-O1 plane and shows increased energy due to π anti-

bonding interactions.  

Figure 4.9. Averaged d orbital splitting for (1’) and (2’) and selected bond lengths for (1) and (2) (right). 

The elongation of this Fe-O1 bond prompts the lowering of the remaining four d 

orbitals. These SOMOs display predominant metal character (78 to 85 %) and are 

tentatively labeled as dx2-y2>>dz2
 > dxz >dyz > dxy. On the other hand, the doubly-occupied 

x y

z

(1') (2‘)
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HOMO-5 to HOMO-7 display, respectively, 79, 87, and 81 % ligand character, and are 

phenolate π-bonding MOs built on various combinations of the three phenolate groups.  

Figure 4.10 and 4.11 present a detailed description of the changes that 

accompany multiple oxidation processes in (1’) and (2’), along with the plot of the 

relevant singly- and doubly-occupied MOs (black and blue, respectively) and spin- 

coupled pairs (red). Starting with (1’), generation of (1’)+ and (1’)2+ leads to a typical 

decrease of the relative energies of all frontier orbitals, indicating an increased ionization 

potential related to a larger positive charge. The order of these orbitals does not appear to 

change and the lowest energy uncoupled dxy electron (α-orbital, 85 % iron) spin-pairs 

with the 89% phenoxyl-based β-orbital localized on ring A’. Both α and β orbitals have 

similar energies, with their respective orbital energies lying below the out-of-plane 

doubly-occupied combination of phenolate orbitals. 

 Upon the second oxidation, another spin-coupled orbital combination is formed 

between the dyz orbital (α, Fe-based) and the phenoxyl radical (β, ring A). These resulting 

sets of spin-coupled orbitals are relatively close in energy.  

Compound (2’) is depicted in Figure 4.10 and presents a different d orbital 

splitting pattern in the order: dxz  ≥ dxy > dx2-y2 > dyz > dz2. All SOMOs are closely packed 

in energy and the spin-coupled orbitals generated upon oxidation for both (2’)+ and (2’)2+ 

differ from those in (1’)+. These spin-coupled orbitals involve the out-of-plane 

phenoxyl β orbital on ring B (rather than A or A’) coupled with the dyz iron-centered 

orbital. Species (2’)2+ displays an additional spin-coupled orbital based on the iron dz2 

/phenoxyl from ring A’. Based on logical assumptions, it is possible to infer that a third 
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oxidation that leads to  (1’)3+ and (2’)3+ will be based, respectively, on phenoxyl 

formation of rings B and A, but may lead to the decomposition of the resulting species.  

Figure 4.10. Average orbital energy ladder (left) and selected frontier orbitals 
(right, α-SOMOs and spin coupled pairs with hydrogen atoms omitted for clarity) for 

(1’), (1’)+, and (1’)2+ (B3LYP/6-31G(d) IEF-PCM dichloromethane). 
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Figure 4.11. Average orbital energy ladder (left) and selected frontier orbitals (right, α-
SOMOs and spin coupled pairs with hydrogen atoms omitted for clarity) for (2’), 

(2’)+,and (2’)2+ (B3LYP/6-31G(d) IEF-PCM dichloromethane). 
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Figure 4.12. Frontier orbitals (right, α-SOMOs and spin coupled Pairs with hydrogen 
atoms omitted for clarity) for (1’), (1’)+, and (1’)2+ (B3LYP/6-31G(d) IEF-PCM 
dichloromethane). 

Figure 4.13. Frontier orbitals (right, α-SOMOs and spin coupled pairs with hydrogen 
atoms omitted for clarity) for (1’), (1’)+, and (1’)2+ (B3LYP/6-31G(d) IEF-PCM 

dichloromethane). 
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4.16. Overview and conclusions 

In this dissertation we have investigated two newly synthesized iron complexes 

(1) and (2) with pentadentate [N2O3] ligands, aiming at a deeper understanding of how 

low symmetries influence orbital distribution and consequently their resulting 

electrochemical properties. We have also pinpointed the origin of the spectroscopic 

changes associated with sequential oxidations and corroborated such observations with 

high-level computational calculations. These results allowed us to assign the individual 

molecular loci within each of these compounds and their associated oxidized species. 

The nature of the organic linker and the anion of the supporting electrolyte can 

lead to closely-spaced oxidative electrochemical potentials being used to stabilize multi-

electron redox processes. It was shown that these compounds are redox-cyclable with 

minimal decomposition over thirty cycles. We also demonstrated that the introduction of 

a methyl group to one of the nitrogen atoms of the organic linker leads to an improved 

reversible character of the oxidative processes. This enhanced behavior allows for the 

removal of up to three electrons on the timescale of the cyclic voltammetric experiment 

and prevents further imine formation by adventitious oxygen.  Finally, DFT calculations 

were used to elucidate the mechanism of oxidation, suggesting that slightly different 

topologies lead to preferred sequences and loci within each of the phenolate arms present. 

Therefore, the first phenoxyl radical to be generated in (1) coincides with phenolate A’, 

whereas for (2) this radical coincides with phenolate B. Figure 4.14 depicts these 

findings. 
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Figure 4.14. Proposed mechanism of oxidations. 

These results suggest that species (1) and (2) and their mono-cationic and di-

cationic counterparts, are good candidates for bistable switching systems needed for 

applications as diverse as films for information storage and catalysis. Ongoing studies in 

our labs involve the incorporation of this design into Langmuir-Blodgett and self- 

assembled films. 
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Chapter 5 

Redox Chemistry Of Selected 6 Coordinates Cobalt And Iron Complexes Using 

Pentadentate-N2O3 Electroactive.  
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5.1. Introduction 

Our group recently published1 a five-coordinate iron(III) complex that exhibited 

properties similar to those expected from molecular switches. We propose the use  of an 

electrochemical potential trigger as a switching mechanism, in which radical/metal spin 

pairing results in bistable systems that can be relevant for computer random access 

memory (RAM) elements. In this chapter, we discuss similar complex1b systems which 

contain six-coordinate iron(III) and cobalt(III) metal centers, in which we have an N2O3-

type of ligand and where the sixth coordination position is occupied by a labile solvent 

molecule. The following ligands were chosen to investigate variations in the resulting 

complexes; such as in their (i) structural geometry, (ii) radical formation stability and (iii) 

redox reversibility (see Figure 5.1).  

Figure 5.1. Ligand identity. 

We demonstrated redox chemical reversibility for pentadentate complexes 

including an iron(III) restricted to a five coordinates1b environment in Chapter 4 and here 

we survey the analogous behavior for magnetically inert low-spin cobalt(III) systems. 

The purposely built-in asymmetry within the ligands system is shown to have some 

effects on the central metal coordination mode, depending on both the ligand variations 
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and metal centers. In this chapter we are comparing three cobalt(III) six-coordinate 

complex (1), (2) and (3) with a related six-coordinate iron(III) complex (4), shown in 

Figure 5.2. The previous chapter demonstrated the challenges of using a high-spin 

iron(III) complex system , when combined with the fact that iron(III) is a relatively labile 

metal ion, studies with a more inert metal is therefore critical. Investigating an inert low-

spin cobalt(III) ions, which do not contain unpaired electrons capable of 

antiferromagnetic coupling to phenoxyl radicals, can provide insight in the ligand 

centered processes. 

Figure 5.2. Complex (1) [CoL1], (2) [CoL2], (3) [CoL4] and (4) [FeL4]. 

Experimental section 

5.2. Materials and methods 

Reagents and solvents were used as received from commercial sources, unless 

otherwise noted. Dichloromethane and methanol were distilled over CaH2. Infrared 

spectra were measured from 4000 to 400 cm-1 as KBr pellets on a Tensor 27 FTIR-

Spectrophotometer. 1H-NMR spectra were measured using Varian 300 and 400 MHz 

instruments. ESI (positive mode) spectra were measured in either a triple-quadrupole 
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Micromass QuattroLC or in a single-quadrupole Waters ZQ2000 mass spectrometer with 

an electrospray/APCI or ESCi source. Experimental assignments were simulated on the 

basis of peak position and isotopic distributions. Elemental analyses were performed by 

Midwest Microlab, Indianapolis, IN. Cyclic voltammetric experiments were performed 

using a BAS 50W voltammetric analyzer. A standard three electrode cell was employed 

with the reference Ag/AgCl electrode freshly prepared and calibrated versus ferrocene.2 

A platinum wire was used as an auxiliary electrode and a vitreous carbon disk was used 

as a working electrode for the cyclic voltammetry experiments. For the bulk electrolysis 

experiment a vitreous carbon basket was used. Concentrations of the analytes were 1.0 x 

10-3 M, and all supporting electrolytes were 0.1 M, except where otherwise stated. The 

Fc/Fc+ couple in CH2Cl2 was found to be 0.45 V (ΔE 0.14), which is in good agreement 

with literature.3  

5.3. X-ray structural determinations for complexes (1), (2), (3), and (4)  

Diffraction data were measured on a Bruker X8 APEX-II kappa geometry 

diffractometer with Mo radiation and a graphite monochromator.  Frames were collected 

as a series of sweeps with the detector at 40 mm and 0.3 degrees between each frame.  

Frames were recorded for 10 s. APEX-II and SHELX-97 software were used in the 

collection and refinement.  

Crystals of (1) [C52H73N2O4Co1] appeared as dark rhomboids, and a sample 

approximately 0.25 x 0.20 x 0.20 mm3 was used for data collection. A total of 3162 

frames were collected at 100 K, yielding 44204 reflections, of which 11752 were 

independent. Hydrogen positions were placed in observed positions. The asymmetric unit 
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consists of one neutral complex including one equivalent of coordinated methanol. 

Crystals of (2) [C57H79N2O5Co1] appeared as dark rods and the fragment used was 

approximately 0.14 x 0.14 x 0.12 mm3.  A total of 117784 reflections were recorded, of 

which 13041 were unique.  Hydrogen atoms were placed in observed positions.  The 

asymmetric unit contains one cobalt complex with one coordinated methanol and one 

methanol solvate. 

Crystals of (3) [C57H79N2O5Co1] appeared as dark rods and the fragment used was 

approximately 0.14 x 0.14 x 0.12 mm3. A total of 117784 reflections were recorded, of 

which 13041 were unique.  Hydrogen atoms were placed in observed positions.  The 

asymmetric unit contains one cobalt complex with coordinated methanol and one 

methanol solvate.  Crystals of (4) [C55H71N2O3Fe1] appeared as dark rods and the crystal 

selected was 0.32 x 0.16 x 0.06 mm3. A total of 92860 reflections were recorded, of 

which 24321 were unique.  Hydrogen atoms were placed in observed or calculated 

positions. One of the t-butyl groups was disordered over 3 positions and was therefore 

kept isotropic.  

5.4. Electronic structure methods 

Electronic structure calculations were carried out with the Gaussian 09 suite of 

programs4 using Density Functional Theory (DFT). The B3PW91/6-31G(d) level of 

theory5  was employed throughout. Geometries were fully optimized without symmetry 

constraints, and stationary points were verified via frequency analysis. Solvent effects in 

dichloromethane were estimated using the IEF-PCM polarizable continuum model.6 
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Molecular orbitals were plotted using GaussView.1b Cartesian coordinates of all 

optimized structures are provided as Supporting Information (SI) in the appendix.  

 

Table 5.1.  Crystal Dataa 7 

 (1) (2) (3) (4) 

Formula [C52H73N2O4Co1] [C57H79N2O5Co1] [C57H79N2O5Co1] [C55H71N2O3Fe1] 

M 849.05 931.15 809.34 793.82 

Space group P(-1) P21/c P(-1) P(-1) 

a / Å 12.5503(3) 13.4355(8) 15.4747(3) 10.8371(3 

b/ Å 14.0106(3) 20.8538(13) 15.7986(3) 14.0880(3) 

c/ Å 14.4339(4) 19.0011(12) 18.8968(4) 15.6499(4) 

α/ o 88.9690(10)  106.3500(10) 113.5840(10) 

β/ o 86.1680(10) 99.932(2) 90.7000(10) 90.7660(10) 

γ/ o 71.0990(10)  106.0900(10 101.5830(10) 

V/ Å3 2395.78(10) 5244.0(6) 4238.93(15) 2133.44(9 

Z 2 4 4 2 

T/ K 100(2) 100(2) 100(2) 100(2) 

λ/ Å 0.71073 0.71073 0.71073 0.71073 

Dcalc/ g cm-3 1.177 1.179 1.268 1.236 

µ/ mm-1 0.403 0.375 0.514 0.402 

R(F) (%) 3.98 4.73 5.10 6.14 

Rw(F) (%) 9.75 9.37 14.20 15.77 

a R(F) = ∑║Fo│-│Fc║ ∕ ∑│Fo│ for I > 2σ(I); Rw(F) = [∑w(Fo
2 – Fc

2)2 / ∑w(Fo
2)2]1/2 for I > 2σ(I). 
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5.5. Syntheses 

Preparation of the ligand H3L1 

The ligand H3L1 was synthesized as previously reported.1b 

Preparation of the ligand H3L3 

N,N,N'-tris-(3,5-di-tert-butyl-2-hydroxybenzyl)-naphtalene-1,2-diamine (H3L3) 2,3-

diaminonaphthalene (0.25 g, 1.6 mmol), 2,4-di-tert-butyl-6-(chloromethyl)phenol (1.2 g, 

4.7 mmol) and triethylamine (0.50 g, 4.7 mmol) in dichloromethane (80 mL) were 

refluxed at 40 °C for 48 hours.  After confirmation of reaction via TLC, the solution was 

extracted 3 times with 50 mL of 5% Na2CO3 solution. The solution was dried over 

MgSO4, filtered, and solvent was removed by rotatory evaporation to obtain the crude 

ligand. The ligand was recrystallized in acetonitrile to obtain a light brown crystalline 

powder. Yield = 0.66 g (51.4%). ESI (in CH2Cl2) (m/z+) = 813.8 for [C55H76N2O3 + H]+. 

IR data (KBr, cm-1): 3638(b), (O-H); 3477(s), (N-H); 2960(s), (C-H, alkane); 1595(s), 

(C=C aryl); 1286(s), (C-N); 1200(s), (C-O); 879(b), (C-H, phen).  Mp = 178-181 °C. 1H-

NMR [400 MHz, CDCl3] data δ (ppm): 1.24 – 1.35 [m, 54H (multiple t-butyl)]; 3.94 – 

4.47 [m, 6H (CH2)]; 7.03 – 7.65 [m, 12H (aryl)].   

Preparation of the ligand H3L4 

(N,N-di-(3,5-di-tert-butyl-2-hydroxybenzyl)-N’-(3-methoxy-2-hydroxybenzyl)-benzene-

1-amine-2-imine) (E)-2-((2-aminophenylimino)methyl)-6-methoxyphenol (2.7 g, 8 

mmol) was added to 2,4-di-tert-butyl-6-(chloromethyl)phenol (2.2 g, 9 mmol) and 

triethylamine (2.4 g, 24 mmol) were refluxed for 48 hours in dichloromethane. The 

reaction solution was extracted three times with water using a separatory funnel, dried 
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over Na2SO4 and the solvent removed by rotatory evaporation. The purple residue was 

recrystallized with acetonitrile and kept at 0 oC for 24 hours, forming an orange 

crystalline precipitate. MS data (ESI+ in MeOH): m/z = 677.5 [C44H58N2O4 + H+]. IR 

data (KBr, cm-1): 3600 (b) (O-H), 2958 (s) (C-H, alkane), 1615 (s) (C=N imine). NMR: 

1H-NMR [400 MHz, CDCl3] data δ (ppm): 1.21 – 1.42 [m, 36H (multiple t-butyl)]; 4.25 

[s, 4H (CH2)]; 4.68 [s, 3H (O-CH3)]; 6.89– 7.29 [m, 11H (aryl)]. 8.87 [s, 1H (H-C=N)]. 

Mp: 87-90 oC.  

Preparation [CoIIIL1(MeOH)] (1). 

 H3L1 (1.0 g, 1.3 mmol) was dissolved in anhydrous methanol and treated with 

NaOCH3 (0.2 g, 3.93 mmol) under argon. To the resulting solution was added Co(ClO4)2 

(0.47 g, 1.31 mmol) and the mixture was heated at 50 oC and stirred for 30 min. The 

solvent was removed by rotatory evaporation and the product was crystallized in a 

MeOH/CH2Cl2 1:2 solvent, forming X-ray suitable single crystals. Yield: m = 0.66 g (60 

%). Other suitable X-ray crystals were obtained by crashing the complex with water 

instead of evaporating it. The powder was then recrystallized in a mixture of 

MeOH/ether. Yield = 75%. MS data (ESI in MeOH): m/z = 817.6 ([C51H69N2O3Co + H+]. 

IR data (KBr, cm-1): 2949-2865 (C-H tert-butyl); 1599-1475 (C=C ring stretch); 1270 (C-

O stretch); 880-749 (C-H bend out of plane). Elemental analysis data: found = 73.61% C, 

8.71% H, 3.28 %N; calculated = 73.56% C, 8.67% H, 3.30% N.   

Preparation of [CoIII(L3)(MeOH)] (2). 

A Schlenk flask was flushed with nitrogen gas for five minutes, then H3L3 (0.20 

g, 0.25 mmol) and sodium methoxide (0.040 g, 0.74 mmol) were dissolved in dry CH2Cl2 
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(80 mL). Dry MeOH (30 mL) was added via a cannulation. [CoII(ClO4)2]6(H2O) (0.073 

g, 0.20 mmol) was added to a small round-bottom flask, and purged with nitrogen.  

Approximately 10 mL amount of dry MeOH was added to dissolve the metal salt, and the 

solution was purged again.  The methanolic cobalt perchlorate solution was transferred 

slowly with a cannula to the ligand solution.  The ligand solution turned from a milky 

color to a deep brown color as the cobalt perchlorate solution was added.  The mixture 

was stirred under nitrogen for two hours, then under oxygen for 24 h. The reddish 

solution was concentrated into a brown solid by rotatory evaporation.  The crude complex 

was washed with water, and recrystallized via slow evaporation in a 1:1 mixture of 

methanol:ether at room temperature to give small crystals. Yield = 0.21 g (99%).  MS 

data: (ESI+ in MeOH): m/z = 867.7 for [CoIIIL1 H]+.  Elemental analysis data: found = 

73.05% C, 8.66% H, 3.12% N; calculated = 73.42% C, 8.36% H, 3.06% N.  IR data 

(KBr, cm-1): 2955 (s) (C-H, alkane); 1604 (s) (C=N); 1586 (s) (C=C, aryl); 1262 (s) (C-

N); 1202 (s) (C-O); 865 (b) (C-H, phen). 

Preparation of [CoIIIL4 (MeOH)] (3). 

 H3L4 (1.30 g, 1.9 mmol) was dissolved in methanol (300 mL) in a 500 mL round 

bottom flask and Co(ClO4)2∙6H2O (0.80 g, 1.7 mmol) was in the presence of 

triethylamine.  A brown solution immediately formed and was refluxed for 60 minutes.  

The solution was then cooled in an ice bath and methanol was removed by rotary 

evaporation. After drying, the product was recrystallized in methanol: dichloromethane 

(1:1) and yielded X-ray suitable crystals.  Yield: 70% MS data (ESI in MeOH): m/z = 

735.5 (C44H55CoN2O4 + H+). IR data (KBr, cm-1): 2957-2866 (C-H tert-butyl); 1611-1470 
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(C=C ring stretch); 1246 (C-O stretch); 890-739 (C-H bend out of plane) Mp: 282-286 

oC. % Elemental analysis data: Found = 67.37% C, 7.42% H, 3.44% N; Calculated = 

70.48% C, 7.75% H, 3.65% N.   

Preparation of [FeIIIL4(MeOH)] (4). 

 H3L4 (1.7 g, 2.5 mmol) was dissolved in methanol (300 mL) in a 500 mL round 

bottom flask. Sodium methoxide (0.32 g, 7.5 mmol) was added and the solution was 

purged with argon gas.  In a separate flask Fe(ClO4)3∙6H2O (1.2 grams, 2.5 mmol) was 

dissolved in dry methanol and purged with argon gas.  The iron containing solution was 

then transferred via a cannula into the first flask and the mixture was stirred for 1 hour.  

The solvent was removed using rotary evaporation and the solid product was washed 

three times with water using a separatory funnel.  After drying, the product was 

recrystallized in methanol:dichloromethane  (1:1) and yielded X-ray suitable crystals.  

MS data (ESI in MeOH): m/z = 732.4 C44H55FeN2O4. IR data (KBr, cm-1): 2946 (m) 

(CH3, alkane), 1606 (s) (N=C, imine), 1388 (b) (C(CH3)3, tert-butyl), 1191 (b) (C(CH3)3, 

tert-butyl). Mp: 168-173oC. %Yield: 75%. Elemental analysis data: Found = 69.66% C, 

7.73% H, 3.70% N; Calculated = 70.67% C, 7.91% H, 3.66% N.   

5.6. Results and discussion.  

Synthetic approach. 

 The ligands H3L1 and H3L3 were synthesized by treatment of their respective 

diamino precursors with 2,4-di-tert-butyl-6-(chloro-methyl)phenol under basic conditions 

as previously reported.1  The ligands were obtained, and characterized by 1H NMR, 

electrospray ionization (ESI) mass spectrometry (MS), and infrared (IR), with an overall 
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yield of 40-50%. It is worth mentioning that the ligand moiety gets oxidized upon 

complexation with the metal center, thus resulting in a C=N bond on the mono-

substituted amine for (1) and (2). Compounds (3) and (4) incorporated the Schiff base 

C=N bond in the ligand by design.  The ligand H3L4 was synthesized in two steps to 

allow for the introduction of different substituted phenolate groups, according to Figure 

5.3.  

Figure 5.3. H3L4 synthesis. 

All complexes were obtained as a dark brown powder upon treatment of the 

ligand H3L2 with hexahydrated cobalt(II) perchlorate dissolved in dry dichloromethane 

and dry methanol respectively.  The complexes were characterized by elemental analysis, 

IR, CV, UV-vis, and ESI-MS. The iron (III) complex (4) was obtained by a similar 

method. There were no perchlorate anions present in the Infrared spectra, and a clear 

C=N (≈1600cm-1) bond for all complexes. The synthesis of compound (1) is shown in 

Figure 5.4. 
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Figure 5.4. Synthesis of [CoIIIL1(MeOH)] (1). 

5.7. Molecular Structure. 

All four complexes (1), (2), (3) and (4) were crystallized as six-coordinate metal 

complexes, each with a -N2O3 tri-anionic-pentadentate ligand and a solvent molecule at 

the sixth position. ORTEP diagrams showing a perspective view of the complex along 

with the selected atom numbering are shown in Figures 5.5, 5.6, 5.7 and 5.8 for (1), (2), 

(3), and (4) respectively. Selected bond lengths and bond angles are listed in Table 5.2. 

All four compounds consist of discrete mononuclear neutral units.  
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Figure 5.5. ORTEP diagram of (1) [CoIIIL1(MeOH)]. 
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Figure 5.6. ORTEP diagram of (2) [CoIIIL3(MeOH)]. 
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Figure 5.7. ORTEP diagram of (3) [CoIIIL4(MeOH)]. 
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Figure 5.8. ORTEP diagram of (4) [FeIIIL4(MeOH)]. 
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Table 5.2. Selected  bond lengths (Å) and angles. 

(1) [CoIIIL1(MeOH)] (2) [CoIIIL3(MeOH)] (3) [CoL4(MeOH)] (4)[FeIIIL4(MeOH)] 

Co(1)-O(1)   1.883(2) Co(1)-O(1)   1.888(1) Co(1)-O(1)   1.8741(15) Fe(1)-O(1)   1.971(2) 

Co(1)-O(2)   1.932(2) Co(1)-O(2)    1.950(1) Co(1)-O(2)   1.9181(15) Fe(1)-O(2)   1.9181(18)  

Co(1)-O(3)   1.905(0) Co(1)-O(3)    1.892(1) Co(1)-O(3)   1.9057(15) Fe(1)-O(3)   1.9317(18)  

Co(1)-O(4)   1.994(1)  Co(1)-O(4)    2.010(1) Co(1)-O(5)   1.9833(15) Fe(1)-O(5)   2.0507(19) 

Co(1)-N(1)   1.864(7) Co(1)-N(1)    1.868(2) Co(1)-N(1)   1.8799(18) Fe(1)-N(1)   2.144(2)  

Co(1)-N(2)   1.980(6) Co(1)-N(2)    1.974(2) Co(1)-N(2)   1.9722(18) Fe(1)-N(2)   2.240(2)  

N(2)-C(14)  1.5025(19) N(2)-C(17)   1.471(3) N(2)-C(14) 1.516(3) N(2)-C(14) 1.491(3)  
 

N(1)-C(7)   1.309(2) N(1)-C(7)   1.302(2) C(7)-N(1)   1.305(3)  
 

C(7)-N(1)   1.295(4)  
 

N(1)-C(8)     1.421(4) N(1)-C(8)     1.428(2) N(1)-C(8)   1.409(3)  
 

N(1)-C(8)   1.419(4)  
 

N(2)-C(13)   1.468(2) N(2)-C(18)   1.511(2) N(2)-C(21) 1.493(3) N(2)-C(21) 1.507(3) 

    

O(1)-Co(1)-O(3)  86.35(4) O(1)-Co(1)-O(3)  86.32(6) O(1)-Co(1)-O(5)   86.96(7)  O(1)-Fe(1)-O(5)   98.96(8)  

O(2)-Co(1)-O(1)  86.19(5) O(2)-Co(1)-O(1)  86.28(6) O(1)-Co(1)-O(2)  87.73(7)  O(2)-Fe(1)-O(1)   93.51(8)  

O(4)-Co(1)-O(3)  89.08(5) O(4)-Co(1)-O(3)  88.34(6) O(3)-Co(1)-O(2)  170.36(7)  O(2)-Fe(1)-O(3)   169.32(8)  

O(2)-Co(1)-O(4)  82.13(5) O(2)-Co(1)-O(4) 88.15(6) O(2)-Co(1)-O(5)   84.83(6)  O(2)-Fe(1)-O(5)   88.02(8)  

O(1)-Co(1)-O(4)  86.55(5) O(1)-Co(1)-O(4)  87.36(6) O(3)-Co(1)-O(5)   90.28(7)  O(3)-Fe(1)-O(5)   83.49(8)  

N(1)-Co(1)-O(1) 95.29(5) N(1)-Co(1)-O(1) 95.91(7) N(1)-Co(1)-O(2)  93.25(7)  O(2)-Fe(1)-N(1)   95.37(8) 

N(2)-Co(1)-O(4)  91.72(5) N(2)-Co(1)-O(4)  89.85(6) N(1)-Co(1)-O(5)   176.36(7)  O(5)-Fe(1)-N(1)   173.51(9) 

N(1)-Co(1)-O(3) 93.65(5) N(1)-Co(1)-O(3) 92.44(7) O(2)-Co(1)-N(2)   93.68(7)  O(2)-Fe(1)-N(2)   86.76(8) 

N(1)-Co(1)-N(2)  86.43(5) N(1)-Co(1)-N(2)  86.88(7) N(1)-Co(1)-N(2)   85.98(8)  N(1)-Fe(1)-N(2)   77.24(8) 

O(3)-Co(1)-N(2)   93.52(5) O(3)-Co(1)-N(2)   94.02(6) O(1)-Co(1)-N(2)  177.45(7) O(1)-Fe(1)-N(2)   87.74(8) 

O(2)-Co(1)-N(1)  95.35(5) O(2)-Co(1)-N(1)  91.47(7) O(3)-Co(1)-N(2)   94.71(7)  O(3)-Fe(1)-N(2)   164.71(8)  

O(2)-Co(1)-N(2)   93.68(5) O(2)-Co(1)-N(2)   93.22(6) N(2)-Co(1)-O(5)   91.05(7)  O(5)-Fe(1)-N(2)   96.32(8) 
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For the following discussion we will be using the nomenclature from Scheme 5.1, 

namely, when we refer to phenolato A and A’ , we are referring to chemically identical 

phenolato moieties appended through the tertiary nitrogen -N2. Phenolate B refers to the 

phenolato moiety connected to nitrogen -N1 through the Schiff base moiety. 

Scheme 5.1. Phenolate identification. 

Compound (4) is different from the compounds previously mentioned. It has a 

coordination number of six, instead of five as for our previously reported system with a 

similar ligand.  Figure 5.8 shows the ORTEP diagram obtained from XRD data. It shows 

a six-coordinated iron complex with a methanol solvent molecule, and a N2O3-type 

pentadentate ligand. The bond lengths are consistent with a analogous high-spin iron(III) 

metal center, from our previous work.1 The immediate environment around the iron 

center can be considered pseudo-octahedral, with a basal plane consisting of a central 

iron with N1, N2, O1, and O5 (angles between vary from 88o to 98o) and the two axial 

positions are occupied by O3 and O2. The Fe-O(phenolate) bond lengths are similar to 

our previous work, with the Fe-O1 bond length slightly longer by about 0.04 Å, 
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compared to Fe-O3 and Fe-O2 which correspond to the phenolates A and A’. The Fe-O5 

(methanol) bond length is the longest at 2.05 Å, consistent with the fact that the methanol 

is protonated, therefore making O5 a poorer σ− donor to the iron center. The Fe-

N1(Schiff) bond is shorter by about 0.1 Å when compared to Fe-N2, also consistent with 

our previous work. It is noteworthy that all bond lengths to the iron center are all slightly 

longer than for the five coordinate iron systems, the most notable elongation of the Fe-

O(phenolate) bonds which are all about 5-10% longer, the effect is less on the nitrogen 

donors.  The phenylene ring, with phenolate B, has a dihedral angle of 0.02o, making 

those rings essentially planar to each other, allowing for π−delocalization. 

For the remaining three compounds, namely (1), (2), and (3) they all have a 

structure consistent with low-spin cobalt(III) ions with their respective complex in a six-

coordinate environment of three phenolato oxygen atoms, two amine nitrogen atoms, and 

a molecule of methanol solvent at the sixth position, very similar to (4).  

The ORTEP diagram for (1) is shown in Figure 5.5, it can be considered pseudo-

octahedral, where the twelve angles related to the Co(III) center to the adjacent donor 

atoms range from 82.13(5) o to 93.68(5) o as compared to 90 o required for a perfect 

octahedron. The longest cobalt(III) bond is between Co-O(4)  at 1.994 Å , similar to (4) 

for a protonated methanol. The shortest bonded atom to Co(III) is between Co-N(1) 1.864 

Å, which is the Schiff base nitrogen (C=N, N(1)-C(7)) 1.309 Å). The phenolates attached 

to the N(2) are trans to one another (O3 and O2), where the Co-O(2) is 1.932 Å. The 

bond length between Co-O(3) is slightly shorter at 1.905Å. The dihedral angle between 
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the Schiff base phenolate B and the phenylene moiety (C(8)-N(1)-C(7)-C(6)) is 1.4o 

which indicates extensive π−conjugation.  

5.9. Redox properties. 

It is widely established1, 3 that phenolate moieties can undergo oxidation to 

phenoxyl radicals and most of the redox properties are attributed to ligand centered 

processes. The cyclic voltammograms (CV) of (1), (2), (3), and (4), were measured in 

dichloromethane using TBAPF6 and TBAClO4 (TBA = tetrabutylammonium) 

electrolytes. We evaluate the redox potentials of the ligand centered processes to assess 

the intra-ligand oxidation sequence and the prowess to withstand extensive redox cycling.  

The cathodic waves observed near -0.65 V vs. Fc+/Fc and are similar for 

complexes (1), (2), and (3) (Table 5.3 and Figures 5.9, 5.10, 5.11, and 5.12) are assigned 

to Co(III)/Co(II) couples based on literature values8 for the related salophen type 

complexes. This is expected considering that the three complexes have low-spin cobalt 

centers have similar ligand environments with N2O3 pentadentate donors along with a 

solvent molecule, though the processes appear to be quasi-reversible.  

At first glance the anodic side of the voltammograms are similar to their gallium 

and iron counterparts we have previously published,1b  which can support generation of 

up to three phenoxyl radicals. For (4), it appears that the complex behaves in a very 

similar fashion as the related compounds previously reported in Chapter 4 and we will 

therefore not go into further details for (4).  

We observe three anodic waves for (1), (2), and (3) all centered at ≈ 0.20 V (ΔE = 

0.13 V), 0.60 V (ΔE = 0.15 V), and 1.0 V (ΔE = 0.16 V). The amplitudes of these waves 
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suggest that they are successive one-electron oxidations of all three phenolates. 

Bistability between reduced and oxidized forms must be achieved to withstand extensive 

redox-cycling. Thirty CV cycles for (1), (2), (3), and (4) resulted in minimal 

decomposition at the surface of the electrode, as indicated by a nearly perfect 

superimposition of the waves for cycling through both the first ligand-centered oxidation 

and the metal centered reduction.  

In general, most processes appear to be reversible/quasi reversible, with values of 

ΔE ranging from ~ 0.12 to 0.23 V, when compared to the standard Fc/Fc+ couple (ΔE = 

0.12 V). All the anodic oxidation waves reported here are believed to be associated with 

phenoxyl-radical formation. 

Table 5.3. Cyclic Voltammetry data for (1), (2), (3), and (4).a  

  Process (vs Fc+/Fc)       

Compound a)  (E1/2)V (ΔE V) b) c) d) 

[CoIII(L1)MeOH] (1)  -0.65V (ΔE 0.16V)  0.23V (ΔE 0.14V)  0.63V (ΔE 0.16V)  1.0V (ΔE 0.15V) 

[CoIII(L3)MeOH] (2)  -0.67V (ΔE 0.12V)  0.17V (ΔE 0.12V)  0.57V (ΔE 0.11V) 0.92V (ΔE 0.14V) 

[CoIII(L4)MeOH] (3)  -0.63V (ΔE 0.13V)  0.21V (ΔE 0.12V)  0.65V (ΔE 0.14V) 0.98V (ΔE 0.20V) 

[FeIII(L4)MeOH] (4)  -1.32V (ΔE 0.18V)  0.61V (ΔE 0.25V) NA NA 

aAll in DCM, 1x10-3M, (4) uses 0.1M TBAClO4 as electrolyte and (1), (2) and (3) use 0.1M TBAPF6. 
(Fc+/Fc E½=0.47V ∆E=0.12V) 

 



113 
 

 

Figure 5.9. Cyclic Voltammograms of (1) in CH2Cl2. 
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Figure 5.10. Cyclic Voltammograms of (2) in CH2Cl2.   
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Figure 5.11. Cyclic Voltammograms of (3) in CH2Cl2. 

  

1500 1000 500 0 -500 -1000 -1500

(3) [CoL4]  in DCM

 (3)

 30 Cycles (2 processes)

 30 Cycles (4 processes)

 Square Wave



116 
 

Figure 5.12: Cyclic Voltammograms of (4) in CH2Cl2 
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5.10. Electronic spectroscopy. 

The visible absorption spectra of cobalt(III) phenolato-type complexes are 

theoretically expected to consist of singlet-to-singlet transitions (Figure 5.13). Although 

the exact details of the transitions, complicated by the various combination of the three 

phenolato π- orbital types (i.e. in-plane and out-of-plane), makes it hard to deconvolute 

into their proper formal assignments. Most of the low-energy bands around ≈ 750 (≈ 

1000 L. Mol-1. cm-1) nm are attributed to ligand metal-to-charge-transfer pπphenolate (out-of- 

plane)  dσ*cobalt(III) transitions. Whereas the higher energy more intense bands around ≈ 

500nm(≈ 9000 L. Mol-1. cm-1) are attributed to pπphenolate (in- plane)  dσ*cobalt(III) transitions. 

Compound (4) shows the typical (Fedσ*←Opπ) LMCT bands reported in Chapter 4. 

Figure 5.13. UV-vis spectra of (1), (2), (3), and (4) in dichloromethane (1x10-4M). 
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5.10. Electronic structure discussion.  

We were interested in the comparison of the structural and electronic properties 

between (i) the six-coordinate iron complex vs. our previously reported five-coordinate 

complex (Chapter 4) and (ii) the redox reaction undergone by complexes (1), (2), and (4) 

to study the electronic structure and loci of oxidations. We used models comparable to 

(1), (2), and (4) namely (1’), (2’), and (4’) (shown in Figure 5.14, below). The six 

tertiary-butyl groups appended to the phenolate rings were replaced by hydrogen atoms (-

H) to make the calculations more practical in the same manner as Chapter 4. All 

geometries are in good agreement with the experimentally deduced structures. All the 

discussions will refer to the nomenclature introduced earlier. All calculations in this 

chapter were done using the B3PW91/6-31G(d) level of theory5 and included solvent 

effects (dichloromethane) using the IEF-PCM polarizable continuum model.6 

Figure 5.14. Models used for the electronic structure calculations. 
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5.11. Calculated electronic behavior 

The identification of the sequential order in which the phenolate rings get 

oxidized into phenoxyl radicals is of pivotal interest to this work. The cyclic voltammetry 

data discussed earlier, showed considerable similarity between all the cobalt(III) 

complexes (1), (2), and (3). All three complexes exhibited three independent, well define, 

reversible, 1e- oxidative processes and a 1e- reductive process. For the low-spin cobalt(III) 

processes we expect that any phenoxyl-radical generated will not magnetically couple to 

the cobalt(III) metal center, since there are no unpaired electrons from the cobalt(III) 

center to pair with. We investigated the following series of calculations 

(1’)→(1’)+→(1’)2+→(1’)3+ and (2’)→(2’)+→(2’)2+→(2’)3+ to get a better understanding 

of the redox properties, and to explore the differences, if any, between the complexes.  

The Parent Compounds Molecular Orbitals Ladders. 

Here we discuss the differences between (1’) and (2’) parent compounds and the 

orbitals descriptions. Both have low-spin cobalt(III) metal centers with Mulliken charges 

of ~1.05, consistent with a low-spin cobalt(III) ion. The MO ladder is shown in Figure 

5.15 below, and orbital contributions in Figure 5.16, 5.17, 5.18, 5.19, and Tables 5.4 and 

5.5. 
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 Figure 5.15. Comparitive by side MO ladder for (1’) and (2’) DFT models.  

  

(1’) (2’)
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5.12. Orbital contribution discussion 

 Frontier orbitals are well-known to be responsible for much of the reactivity of 

metal complexes1, 9 and they can be useful to predict and help differentiates in behaviors 

in complex molecules. For compounds (1’) and (2’) we expect that the occupied orbitals 

will relate to the oxidative redox chemistry, namely HOMO, HOMO-1, and HOMO-2,  

and similarly we expect the first unoccupied orbital to relate to the reductive processes. 

The energies of orbitals are very similar for (1’) and (2’) as indicated in Figure 5.15, 

where all the occupied and some of unoccupied orbitals are very similar and comparable 

in energy. The HOMOs have essentially the same energy, whereas the LUMOs for (2’) is 

0.2 eV lower then for (1’) resulting in a HOMO-LUMO gap of 3.1 eV for (1’) and the 

slightly smaller 2.9 eV for (2’), consistent with electrochemical gap, for which we 

observe a smaller gap for (2). 

 For (1’) (Table 5.4 and Figure 5.18) the HOMO is 77% based on phenol A’, the 

HOMO-1 is 74% on phenol B, and HOMO-2 is 78% on phenol A. For (2’) (Table 5.5 

and Figure 5.19) the HOMO is 78% on A’, HOMO-1 is 67% on B and HOMO-2 is 78% 

on A. The LUMO for (1’) is 61% based on the phenylene bridge moiety, and similarly 

the LUMO of (2’) is 68% on the naphthalene bridge. It is noteworthy that the usually 

expected LUMO would be composed of the remaining two empty eg* type orbital of the 

low-spin cobalt(III) ion, but in both (1’) and (2’) those cobalt(III) d orbitals are LUMO+1 

and LUMO+2, and we found that it seemingly was not basis set dependant (B3PW91 

with SDD on cobalt, aug-cc-pVQZ on C,O and 6-311++g(d,p) on H. Thus we attempt to 
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assign the reductive electrochemical waves observed as an aromatic diamine type radical 

formation10.  

5.13. Redox calculations 

We have modeled the following compounds (1’)→(1’)+→(1’)2+→(1’)3+ and 

(2’)→(2’)+→(2’)2+→(2’)3+  to gain an understanding of the redox properties. We also 

have modeled (4’)→(4’)+ using a similar spin-coupled radical metal as discussed in 

Chapter 4. The results are shown in Table 5.7 and Figure 5.20. 

Table 5.7. Mulliken charge and Mulliken spin analysis.a  

 Mulliken Spins Mulliken Charge Co-O C(ring)-O 
(1’) (S = 0)     
Co (III) -- 1.05   
Ring A -- -0.43 1.89 1.33 
 Ring A' -- -0.45 1.88 1.32 
Ring B (C=N) -- -0.28 1.87 1.29 
     
(11')+ (S = 1/2)     
Co (III) 0.04 1.08   
Ring A 0.10 -0.29 1.85 1.33 
Ring A' 0.88 0.16 1.89 1.28 
Ring B 0.00 -0.22 1.86 1.30 
 
(1')2+ (S = 2/2) 

    

Co (III) 0.04 1.11   
Ring A 1.01 0.33 1.88 1.28 
Ring A' 0.99 0.31 1.88 1.28 
Ring B 0.01 -0.15 1.85 1.30 
     
(1')3+ (S = 3/2)     
Co (III) 0.03 1.15   
Ring A 1.01 0.37 1.88 1.28 
 Ring A' 1.01 0.36 1.87 1.28 
Ring B 0.93 0.43 1.88 1.27 
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a  B3PW91/6-31G(d) IEF-PCM (dichloromethane). 

 
 
 
 
 
 
(2') (S =0 /2)     
Co (III) -- 1.05   
Ring A -- -0.43 1.89 1.33 
Ring A' -- -0.45 1.88 1.32 
Ring B  -- -0.28 1.87 1.29 
     
(2')+ (S = 1/2)     
Co (III) 0.04 1.09   
Ring A 0.08 -0.30 1.85 1.33 
Ring A' 0.90 0.18 1.90 1.28 
Ring B  0.0 -0.22 1.86 1.30 
 
(2')2+ (S = 2/2)  

    

Co (III) 0.05 1.12   
Ring A 0.06 -0.26 1.84 1.34 
Ring A' 0.96 0.24 1.90 1.28 
Ring B  0.78 0.29 1.88 1.27 
 
(2')3+ (S = 3/2)  

    

Co (III) 0.03 1.15   
Ring A 1.01 0.37 1.88 1.28 
Ring A' 1.01 0.36 1.87 1.28 
Ring B  0.76 0.33 1.88 1.27 
 
(4’) (S = 5/2)  

    

Fe (III) 4.26 1.44   
Ring A 0.22 -0.47 1.88 1.32 
Ring A' 0.15 -0.51 1.95 1.33 
Ring B  0.17 -0.36 1.93 1.30 
 
(4’)+1 (S = 4/2)  

    

Fe (III) 4.20 1.47   
Ring A 0.31 -0.36 1.84 1.33 
Ring A' -0.92 0.16 2.10 1.27 
Ring B  0.18 -0.29 1.89 1.31 
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We observe that for the (1’) series of oxidations that the ligand is oxidized, and 

not the metal centers, as is clearly indicated by the Mulliken spin densities (≈0) and the 

constant Mulliken charge (≈ 1.10) across all four oxidation states. The spin density plots 

(Figure 5.20 top) clearly show that the first oxidation (1’+) is located on phenolate ring 

A,  (1’)2+ is on A’ and (1’)3+ is on B. Whereas, for the (2’) series, (Figure 5.20 bottom) 

(2’)+ is located on phenolate ring A, (2’)2+ is on B, and (1’)3+ is on A’. The oxidation of 

(2’) is consistent with the frontier orbital description. However the (1’) series deviates 

slightly from the frontier orbital model, where we would expect the second oxidation of 

phenolate B rather than A’.  This might not be too unusual, since the geometry is re-

optimized in our calculation affecting the potential for the next oxidation, thereby 

deviating slightly from the frontier orbital picture of the parent compound. Investigation 

of this issue is beyond the scope of the present study.  For the six-coordinate (4’) iron 

(III) system we observe a very similar pattern to the one presented in Chapter 4, for 

which (4’)+ shows  -β spin density phenoxyl radical on phenolate A’ (see Figure 5.21). 
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Figure 5.21. Spin density plot for (4’) (left) and (4’)+ (right) (α spin density in blue, β in 
green) 

 
5.14. Conclusion 

 We synthesized and characterized a series of four metal complexes, all of them 

six coordinate with an N2O3 type pentadentate ligand. The sixth position was occupied by 

a solvent molecule of methanol. Cyclic voltammetry data indicates that there are three 

accessible oxidations associated with the formation of the phenoxyl radicals, and one 

reduction, associated with an aromatic diamine-type radical formation, whereas the 

Co(III)/Co(II) reductions were irreversible and not observed in the cyclic voltammetry 

solvent window. Compound (4) exhibited what appears to be two closely packed 

successive 1e- oxidative process and a 1e- process associated with the Fe(II)/Fe(III) 

couple. Computational studies have helped to elucidate the location of these oxidations 

for (1) and (2) and the inferred electrochemical reactions are shown in Figure 5.22. The 

redox behavior of compound (3) has been shown to be comparable to (1). 

 

 

(4’), S = 5/2 (4’)+1 , S = 4/2

-1e-

+1e
-
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APPENDIX A 

Supplementary for Electronic and Redox Behavior of Low-Symmetry Iron(III)  

Complexes with [N2O3] Electroactive Ligands (Chapter 4) 

A.4.1.Simulation of EPR Spectra. 

In figure S1 are given labels for the features found in all of the spectra that will be 

discussed. All spectra contain A, B, C, and D while the free radical is found only after 

oxidation or electrolysis. The main change seems to be in the position of B. It was found 

impossible to get a satisfactory simulation mostly due to the fact that there are five 

different parameters to adjust. A good assignment of these five parameters would require 

a high field spectrometer with variable frequencies.  

 

Figure A.4.1. EPR spectra of (2)+ in dichloromethane. 
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In simulating the spectra it was assumed that the spin Hamiltonian for S = 5/2 to be 

4
4

4
4

2
4

2
4

0
4

0
4

22
3
12 ˆˆˆ}ˆˆ{)}1(ˆ{ˆ OBOBOBSSESSSDBgSH yxze +++−++−+⋅⋅= β       (1) 

The mO4
ˆ  spin operators are given in several references. The g value is taken as 2.0023 in 

Equation (1) but this still leaves five adjustable parameters; D, E, 0
4B , 2

4B  and 4
4B . By 

convention, |E|  has values between zero and |D|/3. For |D| values greater than 5000 gauss 

the A, B, C portion of the spectrum is generally seen in different forms. When |E| = |D|/3 

the C peak is predominate as can be seen in Figure A.4.2 below. 

Figure A.4.2. Compound (2) (black) was simulated with D = 6000 gauss, E = 2000 gauss 
and 0

4B , 2
4B , 4

4B  = 0. red was simulated with D = 6000 gauss, E = 2000 gauss and 0
4B = 12 

gauss, 2
4B  = 0, 4

4B  = 6 gauss. 
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When E is less than D/3, the C peak splits into three parts but changing the mB4

parameters can change the appearance as can be seen in red in the Figure (2). The 

apparent B feature is not in the field region seen in the experimental spectra. Please note 

that a weak A feature can be seen also. I can find no set of parameters that give the D part 

of the experimental spectrum when E is close to D/3. If we take smaller values of E we 

can get all four features (A, B, C, D) but the fit is bad. Particularly the A feature becomes 

too intense. This can be seen below in Figure A.4.3. 

Figure A.4.3. Compound (2) (black) was simulated with D = 5500 gauss, E = 230 gauss 
and 0

4B = 10 gauss, 2
4B = -10 gauss, 4

4B  = 5 gauss. Red was simulated with D = 15,000 
gauss, E = 1000 gauss and 0

4B = 10 gauss, 2
4B  = -10 gauss, 4

4B  = 5 gauss. 
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This summarized the problems encountered for simulating these EPR spectra. 

There may be a mixture of different compounds in sample, but the only way to do this 

analysis is to go to a high magnetic field system that can detect the higher field portion of 

the spectrum and determining the affect of changing the frequency of the spectrometer on 

these transitions. 
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A.4.5. MASS SIMULATION 

Figure A.4.4.Mass Spectrometry simulation with spectra for (1) [C57H71N4O3Fe] = M/z = 814.4, Cone 20. 

Figure A.4.5.Mass Spectrometry simulation with spectra for (1) [C57H71N4O3Fe] + K = M/z = 852.4, Cone 
20. 
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Table A.4.3. Mulliken charge and spin analysis for Gas Phase (1’), (1’)+, (2’), (2’)+ and 
(2’)2+ 

 Mulliken Spins Mulliken Charge Fe-O C(ring)-O 
(1') (S = 5/2)     

Fe (III) 4.18 1.24   
Ring A 0.25 -0.37 1.84 1.34 
Ring A' 0.24 -0.38 1.86 1.33 
Ring B  0.17 -0.24 1.92 1.30 

     
(1')+ (S = 4/2)     

Fe (III) 4.14 1.38   
Ring A -0.17 -0.08 1.86 1.32 
Ring A' -0.40 0.02 1.90 1.30 
Ring B 0.24 -0.13 1.87 1.31 

     
(2') (S = 5/2)     

Fe (III) 4.17 1.30   
Ring A 0.23 -0.39 1.86 1.33 
Ring A' 0.23 -0.40 1.86 1.33 

Ring B (CH3) 0.24 -0.40 1.87 1.33 
     

(2')+ (S = 4/2)     
Fe (III) 4.06 1.19   
Ring A 0.26 -0.25 1.82 1.34 
Ring A' 0.20 -0.20 1.84 1.33 
Ring B  -0.69 0.13 1.95 1.28 

 
(2')2+ (S = 3/2) 

(DCM) 
    

Fe (III) 4.12 1.39   
Ring A -0.90 0.27 1.96 1.28 
Ring A' 0.45 -0.19 1.82 1.34 
Ring B  -0.49 0.27 1.97 1.28 
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A.4.6. CARTESIAN COORDINATES 
(1’) (DCM):  E = -2640.019060 a.u. 
 H                  1.10416600    6.27678300    0.44848900 
 C                  1.12278600    5.27869900    0.01783700 
 C                  0.21894500    4.31995000    0.47046400 
 C                  2.05043300    4.96450600   -0.98040800 
 C                  1.99370400   -2.00408900    3.01026900 
 H                  3.35110600   -3.47641700    3.78719900 
 O                  0.61476400   -0.32456900    2.05266000 
 C                  3.18571400   -2.72491300    3.01920400 
 C                  1.75786500   -1.02493800    2.02861600 
 H                  2.46224600    1.29153100    0.54416700 
 C                  0.22433500    3.02169100   -0.07184300 
 O                 -0.66122200    2.11373300    0.35295200 
 C                  4.16398400   -2.48629100    2.04951500 
 C                  2.74507600   -0.77810800    1.04503400 
 C                  2.06108000    3.67710100   -1.51965500 
 O                 -2.24567700    0.03114800    1.48125500 
 C                  3.93187700   -1.51783300    1.07148100 
 C                  2.53701500    0.32283700    0.03941700 
 C                  1.15808000    2.70084000   -1.08585000 
 C                 -4.59885700    0.12322400    1.61235200 
 H                  3.40103300    0.39079200   -0.63385700 
 H                  2.77717500    3.42283900   -2.29844000 
 H                  4.69105300   -1.32152500    0.31710700 
 H                 -6.73575600    0.15444300    1.59525700 
 C                 -3.40539000   -0.19564100    0.91875700 
 C                 -5.83834200   -0.11029300    1.04180700 
 N                  1.27297800    0.18881200   -0.75563800 
 C                  1.12250500    1.33776200   -1.72473500 
 H                  1.91262600    1.26036500   -2.48297400 
 H                  0.16458800    1.17458100   -2.23223900 
 C                 -3.52368900   -0.79164300   -0.38251900 
 N                 -1.13298100   -1.04893200   -0.80318900 
 C                  1.16769000   -1.06333000   -1.49048100 
 C                 -5.95787400   -0.68553900   -0.24048100 
 H                  3.21110500   -1.15446400   -2.16822200 
 C                 -2.38776500   -1.23249900   -1.12773100 
 C                  2.23823600   -1.63350800   -2.18083100 
 C                 -4.81175000   -1.02331000   -0.93097500 
 C                 -0.09823600   -1.67781800   -1.53285100 
 H                 -2.60775700   -1.77942300   -2.04774200 
 H                 -4.88065600   -1.47965900   -1.91583800 
 C                 -0.25645600   -2.88770000   -2.22621100 
 C                  2.06750800   -2.82363200   -2.88866000 
 H                 -1.20971100   -3.40529000   -2.20407900 
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 C                  0.82039700   -3.45155000   -2.90520300 
 H                  0.68823400   -4.39160700   -3.43234100 
 H                  2.90996900   -3.26350300   -3.41343400 
 Fe                -0.50546600    0.27757800    0.69547200 
 H                 -0.50645100    4.55240700    1.24495300 
 H                  2.75726300    5.71031600   -1.33195900 
 H                 -4.50804300    0.56352700    2.60051700 
 H                 -6.93701300   -0.86424400   -0.67282700 
 H                  5.09388400   -3.04734900    2.05294500 
 H                  1.22690800   -2.17666000    3.75996300 
 
(1’) + (DCM):  E= -2639.818265  a.u. 
 H                 -1.72886200    6.29356400   -0.41661000 
 C                 -1.62778500    5.28537500   -0.02933600 
 C                 -0.75461800    4.39949100   -0.61075700 
 C                 -2.40447900    4.87645400    1.07814000 
 C                 -1.68294300   -2.29328100   -2.93864600 
 H                 -2.92421900   -3.87494100   -3.69070200 
 O                 -0.44764900   -0.49177200   -2.01581300 
 C                 -2.83530800   -3.07250400   -2.96362000 
 C                 -1.55627600   -1.24850000   -2.00683400 
 H                 -2.47437400    1.10882600   -0.67432100 
 C                 -0.62867600    3.05872400   -0.09383300 
 O                  0.18493800    2.25618100   -0.66563700 
 C                 -3.87446200   -2.82711800   -2.05916200 
 C                 -2.60153500   -0.99453200   -1.08654800 
 C                 -2.29622900    3.57085900    1.60070000 
 O                  2.29061900    0.46416800   -1.29041800 
 C                 -3.74727800   -1.79586300   -1.12855200 
 C                 -2.49957900    0.15962500   -0.12721700 
 C                 -1.42566600    2.65023700    1.05099100 
 C                  4.64060600    0.61497900   -1.41365700 
 H                 -3.38490500    0.19643500    0.51758900 
 H                 -2.90564700    3.29258800    2.45513500 
 H                 -4.55433700   -1.60209300   -0.42639900 
 H                  6.77774900    0.67863500   -1.39146200 
 C                  3.46391300    0.15815300   -0.78159800 
 C                  5.88711100    0.31074200   -0.88935800 
 N                 -1.25195000    0.13780400    0.71854500 
 C                 -1.23625500    1.29263000    1.67927200 
 H                 -2.01118500    1.14235200    2.43955700 
 H                 -0.26910800    1.25930600    2.19593900 
 C                  3.58996100   -0.63995800    0.40129200 
 N                  1.20242300   -1.02335200    0.77256300 
 C                 -1.09324500   -1.10676000    1.47251100 
 C                  6.01946100   -0.46464100    0.27982700 



149 
 

 H                 -3.12514200   -1.22917700    2.18617600 
 C                  2.46431300   -1.18770700    1.08637800 
 C                 -2.14382800   -1.69136200    2.18053900 
 C                  4.88261800   -0.93146000    0.90869900 
 C                  0.18401400   -1.69391000    1.49289900 
 H                  2.69860600   -1.79853200    1.95987700 
 H                  4.96318100   -1.53771900    1.80759000 
 C                  0.37340500   -2.90416600    2.17726400 
 C                 -1.94011600   -2.87846900    2.88281100 
 H                  1.33456100   -3.40540100    2.14363700 
 C                 -0.68302700   -3.48703800    2.87089000 
 H                 -0.52616400   -4.42599800    3.39248400 
 H                 -2.76437700   -3.33205800    3.42369900 
 Fe                 0.51976700    0.29976600   -0.67323400 
 H                  4.53820200    1.21203200   -2.31407100 
 H                 -0.14295100    4.66163900   -1.46724000 
 H                 -3.09821000    5.57443100    1.53519900 
 H                  7.00268300   -0.69406100    0.67683500 
 H                 -0.86750700   -2.46754600   -3.63386700 
 H                 -4.77312100   -3.43598900   -2.07634800 
 
(1’) 2+ (DCM):  E=   -2639.562428 a.u. 
 H                 -1.65641800    6.32527700   -0.53117500 
 C                 -1.57638300    5.32038000   -0.13150500 
 C                 -0.70386600    4.41606000   -0.68502100 
 C                 -2.38067500    4.93269400    0.96405800 
 C                 -1.66485700   -2.49098700   -2.86962100 
 H                 -2.97982500   -3.99113300   -3.64209500 
 O                 -0.39059100   -0.77426200   -1.92219300 
 C                 -2.85425200   -3.17234800   -2.94229200 
 C                 -1.51101400   -1.40041800   -1.93803400 
 H                 -2.48460700    1.08153700   -0.74483600 
 C                 -0.61005100    3.07931500   -0.14800500 
 O                  0.19616200    2.25482600   -0.70268700 
 C                 -3.92138500   -2.80069300   -2.09330200 
 C                 -2.61121300   -1.02836200   -1.06279400 
 C                 -2.30039400    3.62818200    1.50730200 
 O                  2.25803300    0.40393300   -1.28368700 
 C                 -3.78714700   -1.73956500   -1.16715400 
 C                 -2.49829800    0.16386200   -0.14645100 
 C                 -1.43063500    2.69367400    0.98770800 
 C                  4.60623400    0.51016100   -1.49633600 
 H                 -3.38999600    0.22560900    0.48550900 
 H                 -2.92922400    3.37184300    2.35417500 
 H                 -4.63336000   -1.48434100   -0.53718400 
 H                  6.74588500    0.54140400   -1.53044500 
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 C                  3.45055100    0.11458500   -0.79747800 
 C                  5.86394200    0.22236400   -0.98290400 
 N                 -1.25914900    0.16646300    0.69880900 
 C                 -1.25938400    1.34520000    1.64006300 
 H                 -2.04661200    1.20368200    2.38775400 
 H                 -0.30078700    1.31324100    2.17108700 
 C                  3.59036500   -0.60624900    0.43183900 
 N                  1.20546400   -0.95350100    0.84712600 
 C                 -1.10670200   -1.06264900    1.48652000 
 C                  6.01443800   -0.47284700    0.23204900 
 H                 -3.16111800   -1.21075500    2.14122100 
 C                  2.47074900   -1.11242900    1.15756300 
 C                 -2.16988100   -1.65004700    2.17353500 
 C                  4.88960800   -0.88285200    0.92476700 
 C                  0.18255100   -1.62029100    1.56377100 
 H                  2.70857800   -1.69260300    2.04950100 
 H                  4.98943000   -1.43028700    1.85813900 
 C                  0.37599600   -2.80741900    2.28592400 
 C                 -1.96210700   -2.81454800    2.91214200 
 H                  1.34757000   -3.28861900    2.29885100 
 C                 -0.69156000   -3.39404600    2.95925300 
 H                 -0.53224100   -4.31382900    3.51262800 
 H                 -2.79324700   -3.27222500    3.43819200 
 Fe                 0.53409900    0.31703200   -0.62581000 
 H                  4.48623300    1.04726300   -2.43111400 
 H                 -0.07258100    4.65831000   -1.53295000 
 H                 -3.07407800    5.64401500    1.40020700 
 H                  7.00468500   -0.68899100    0.61810100 
 H                 -0.81313100   -2.73541100   -3.49480400 
 H                 -4.86252500   -3.33788100   -2.14629700 
 
(2’) (DCM): E =   -2680.461138 a.u. 
 H                  0.76410600    4.17069400   -3.61805000 
 C                  0.31366700    3.41140800   -2.98615800 
 H                 -1.64663700    4.31682100   -2.98743200 
 H                  2.13030300    2.28987300   -2.81428600 
 C                 -1.03483900    3.49209700   -2.63484600 
 C                  1.08611300    2.34900000   -2.52592200 
 H                  2.35706200   -0.14166100   -3.08367000 
 H                  0.76769000   -0.92813900   -2.91518500 
 C                  1.68259700   -0.65306300   -2.38707800 
 C                 -1.60033600    2.50526500   -1.83307600 
 C                  0.52796800    1.36103300   -1.70387700 
 H                 -1.52939600   -0.92263100   -2.20984400 
 H                 -2.65147200    2.56737900   -1.57293500 
 H                  2.16784300   -1.55543600   -2.01516500 
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 H                 -2.96083400    0.09022300   -2.01337400 
 C                 -0.82840100    1.43650400   -1.35974700 
 H                  3.09233100    1.43675600   -1.14555900 
 N                  1.32904200    0.22846700   -1.23495100 
 C                 -2.23386500   -0.52583800   -1.46915900 
 H                  5.24065800    0.74519200   -0.81421300 
 H                 -4.87140900   -1.16285400   -1.59288500 
 C                  2.56632500    0.71461700   -0.51281300 
 N                 -1.42107100    0.37090400   -0.56206800 
 C                  4.91115600   -0.16958700   -0.32544000 
 C                 -2.94973000   -1.64694200   -0.76421700 
 C                 -4.31903900   -1.85551300   -0.96115000 
 C                  3.54121900   -0.36883000   -0.11925100 
 H                  2.20107200    1.26001700    0.36425300 
 C                  5.85673400   -1.10825500    0.08877700 
 H                 -3.18863700    1.34153800    0.16208400 
 O                 -0.91575200   -2.36679500    0.27103500 
 C                 -2.22330300   -2.53746600    0.06137600 
 Fe                 0.21858200   -0.87293900    0.36855400 
 C                 -4.97954900   -2.93468200   -0.37248300 
 C                  3.10337100   -1.56348700    0.50419700 
 C                 -2.27702400    0.88317600    0.56493900 
 O                  1.80978100   -1.82033900    0.68448000 
 C                  5.42147200   -2.28275000    0.71098200 
 H                 -3.05557500    3.38745100    1.28821800 
 C                  4.06342000   -2.51192200    0.91124600 
 H                 -2.59750200   -0.00642500    1.11704200 
 H                  6.14382300   -3.02747300    1.03617600 
 C                 -2.89518000   -3.62243100    0.65558000 
 C                 -4.25688800   -3.81719900    0.43700100 
 C                 -1.57168600    1.84695700    1.47881500 
 C                 -2.12573100    3.09707900    1.77302000 
 H                 -4.75834500   -4.66086900    0.90470900 
 O                  0.20757400    0.27772900    1.85171400 
 C                 -0.36227600    1.46162600    2.10428500 
 C                 -1.51785400    3.96676400    2.67966100 
 C                  0.24756400    2.34292500    3.01731600 
 C                 -0.32618400    3.58000700    3.30056400 
 H                  0.16011100    4.24570800    4.00935900 
 H                  6.91487200   -0.92839100   -0.07669100 
 H                  3.71164300   -3.42449900    1.38412300 
 H                  1.17148500    2.02992500    3.49537100 
 H                 -1.96631500    4.93184400    2.89638200 
 H                 -2.32462500   -4.29937300    1.28508800 
 H                 -6.04232600   -3.08258300   -0.53987300 
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(2’)+ (DCM): E =   -2680.261785 a.u. 
 H                 -4.90988100   -4.46491800    1.01611100 
 C                 -4.41954900   -3.61410300    0.55075100 
 C                 -3.02907600   -3.52591100    0.57577100 
 C                 -5.18232300   -2.61559700   -0.06238700 
 C                  0.69002000    2.12815000    2.98995900 
 H                  0.85333700    3.97002400    4.08274300 
 O                  0.36401600    0.15361900    1.71098400 
 C                  0.25054200    3.38820400    3.39075400 
 C                 -0.07865200    1.36404100    2.09698000 
 H                 -2.53770200    0.14583000    1.26036200 
 C                 -2.38289200   -2.43199200   -0.02098900 
 O                 -1.04228800   -2.34816500   -0.00640300 
 C                 -0.95597900    3.90252800    2.90771600 
 C                 -1.30187200    1.87317400    1.60830400 
 C                 -4.53978700   -1.52644100   -0.65378000 
 O                  1.75170100   -2.02515200    0.43064300 
 C                 -1.71904100    3.14274700    2.01967900 
 C                 -2.16773100    1.02369400    0.71974700 
 C                 -3.14511000   -1.42256400   -0.65003900 
 C                  3.94809500   -2.71751800    0.84379100 
 H                 -3.05182600    1.58929500    0.40450600 
 H                 -5.12694500   -0.74717700   -1.13412100 
 H                 -2.66064700    3.53589500    1.64374900 
 H                  6.01491200   -3.20934900    1.09471600 
 C                  2.99503800   -1.74720500    0.35837100 
 C                  5.29586300   -2.48096300    0.73563700 
 N                 -1.46165800    0.47851200   -0.49841300 
 C                 -2.44682600   -0.29282000   -1.35956700 
 H                 -3.18784700    0.41277000   -1.75160100 
 H                 -1.87093800   -0.66675200   -2.21344800 
 C                  3.46879500   -0.50664100   -0.23467500 
 N                  1.26188700    0.17594900   -1.33575400 
 C                 -0.83409100    1.51905600   -1.30986700 
 C                  5.74601900   -1.27938000    0.14471300 
 H                 -2.59154100    2.76450500   -1.39891300 
 C                  2.52858900    0.60161600   -0.64527700 
 C                 -1.56186100    2.64344900   -1.71773400 
 C                  4.83264000   -0.31606700   -0.33372500 
 C                  0.49298800    1.36688500   -1.73501500 
 H                  3.08544700    1.28746200   -1.29011400 
 H                  5.21714700    0.59661600   -0.77902600 
 C                  1.06505000    2.33525300   -2.56981700 
 C                 -0.98220900    3.60923000   -2.53449700 
 H                  2.08483200    2.22146500   -2.92202400 
 C                  0.33564900    3.45259700   -2.96541100 
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 H                  0.79619000    4.19444000   -3.60994600 
 H                 -1.56093000    4.47605700   -2.83739000 
 Fe                 0.09459500   -0.90829300    0.22774800 
 H                  3.54946700   -3.62846900    1.27689700 
 H                 -2.42399400   -4.29212700    1.05119500 
 H                 -6.26587800   -2.68218100   -0.07725100 
 H                  6.81055100   -1.08989200    0.05375900 
 H                  1.62357900    1.71393100    3.35898600 
 H                 -1.29905400    4.88510400    3.21688300 
 H                  2.22585100    1.16767200    0.24195300 
 C                  1.55256000   -0.66569000   -2.53989100 
 H                  2.23043600   -0.14920700   -3.22720800 
 H                  2.00419200   -1.60833700   -2.22851600 
 H                  0.61363300   -0.87708900   -3.05336200 
 
 
(2’)2+ (DCM): E =  -2680.041694  a.u. 
 C                  3.74702500   -4.34555000   -0.45401700 
 H                  4.14580100   -5.26456000   -0.86923600 
 C                  2.47945800   -3.92674700   -0.77368700 
 C                  4.54066800   -3.56548500    0.41735700 
 C                  1.96206500   -2.69917900   -0.22130100 
 H                  1.83528300   -4.48058500   -1.44768400 
 C                  4.04945800   -2.36279900    0.97434900 
 H                  5.54471100   -3.89201500    0.66734100 
 O                  0.78347700   -2.32576100   -0.55739500 
 C                  2.77778100   -1.91295600    0.68899400 
 H                  4.68393700   -1.79735100    1.64983800 
 Fe                -0.26209500   -0.66537400   -0.45457600 
 C                  2.21232500   -0.71185700    1.40474200 
 O                 -0.35192000    0.78529500   -1.55624500 
 O                 -1.94233600   -1.57545600   -0.92033400 
 N                  1.45230200    0.26386500    0.54518000 
 N                 -1.31280900    0.22330100    1.24612600 
 H                  3.02643000   -0.18034900    1.90895400 
 H                  1.52512100   -1.05229400    2.18752800 
 C                  0.45536900    1.79807500   -1.90227300 
 C                 -3.17495900   -1.34465000   -0.66933800 
 C                  2.35809900    0.77785800   -0.55282400 
 C                  0.91190700    1.32460300    1.40248100 
 C                 -2.59132900    0.78821500    0.67958000 
 C                 -0.44628300    1.30141500    1.75478000 
 C                 -1.60545900   -0.75304100    2.34494400 
 C                 -0.03925000    2.79547100   -2.76093500 
 C                  1.77510100    1.87892700   -1.39816300 
 C                 -4.16875600   -2.23326200   -1.22207300 
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 C                 -3.58216300   -0.23549700    0.17825100 
 H                  2.59256600   -0.09568800   -1.17435400 
 H                  3.30729600    1.10681100   -0.11662700 
 C                  1.74430200    2.32439100    1.91385300 
 H                 -3.09508900    1.39220600    1.43771600 
 H                 -2.30213100    1.45757800   -0.13642600 
 C                 -0.94470000    2.27270800    2.62934100 
 H                 -2.21058000   -0.28081700    3.12541400 
 H                 -2.14392800   -1.61231100    1.94224500 
 H                 -0.66801800   -1.09255900    2.78435400 
 C                  0.77235600    3.86449100   -3.12353900 
 H                 -1.05578800    2.70454800   -3.13008100 
 C                  2.56548700    2.96986200   -1.76861400 
 C                 -5.49804800   -2.04194600   -0.93956500 
 H                 -3.81687200   -3.04643400   -1.84730900 
 C                 -4.92629800   -0.08980800    0.44830500 
 H                  2.79581700    2.34407000    1.64958100 
 C                  1.23454300    3.30235000    2.76362700 
 H                 -1.98425200    2.25507200    2.93737900 
 C                 -0.11186600    3.27326200    3.12491700 
 H                  0.38764000    4.62910200   -3.79169100 
 C                  2.07788000    3.95590600   -2.62852300 
 H                  3.58001700    3.04307200   -1.38575000 
 H                 -6.25061700   -2.70769200   -1.34749400 
 C                 -5.88466500   -0.97230700   -0.10081300 
 H                 -5.26434800    0.72154000    1.08538200 
 H                  1.89032500    4.07790800    3.14532900 
 H                 -0.51749500    4.02404100    3.79510700 
 H                  2.71221100    4.79120500   -2.90741300 
 H                 -6.93407300   -0.82224600    0.13036900 
 
 

(1’) (gas): E= -2640.003642 a.u. 
 

 H                  1.18793900    6.25602500    0.45425300 
 C                  1.19000100    5.25976800    0.01882800 
 C                  0.27809200    4.31197700    0.47446300 
 C                  2.10605400    4.94027300   -0.98816900 
 C                  1.98467900   -2.01940500    2.99553200 
 H                  3.33884100   -3.49118800    3.77577300 
 O                  0.61001000   -0.34657900    2.02547400 
 C                  3.17587200   -2.73920400    3.00759600 
 C                  1.75325100   -1.04069600    2.01312000 
 H                  2.46192300    1.27873900    0.53860000 
 C                  0.26387400    3.01661400   -0.07332000 
 O                 -0.62367400    2.11598400    0.35266400 
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 C                  4.15842500   -2.50128700    2.04240600 
 C                  2.74540700   -0.79268100    1.03526900 
 C                  2.09707800    3.65659500   -1.53344400 
 O                 -2.26252900    0.06250500    1.47472000 
 C                  3.93138500   -1.53225800    1.06535900 
 C                  2.53824400    0.31051100    0.03320100 
 C                  1.18576900    2.69025000   -1.09627600 
 C                 -4.61144400    0.16111800    1.60884700 
 H                  3.40479400    0.38086000   -0.63934300 
 H                  2.80419900    3.39774000   -2.31958100 
 H                  4.69431600   -1.33474900    0.31427800 
 H                 -6.74569200    0.19952100    1.58866200 
 C                 -3.41529000   -0.16259200    0.91635800 
 C                 -5.84765700   -0.06955600    1.03773000 
 N                  1.27598200    0.18052500   -0.76332100 
 C                  1.12784700    1.32766300   -1.73239400 
 H                  1.90934300    1.24020000   -2.50059200 
 H                  0.16234100    1.17377000   -2.22913400 
 C                 -3.53699200   -0.76409000   -0.38503800 
 N                 -1.14524800   -1.03599300   -0.79427100 
 C                  1.15510100   -1.07330700   -1.48613900 
 C                 -5.97003700   -0.64813700   -0.24536200 
 H                  3.19648700   -1.19537200   -2.15501500 
 C                 -2.40259200   -1.20879600   -1.12225400 
 C                  2.21817100   -1.66363000   -2.17054300 
 C                 -4.82727600   -0.99102100   -0.93363400 
 C                 -0.11756900   -1.67639700   -1.52028000 
 H                 -2.62092700   -1.75131400   -2.04705800 
 H                 -4.89803100   -1.44876500   -1.91844500 
 C                 -0.28526700   -2.89141300   -2.20292200 
 C                  2.03699000   -2.85758500   -2.86817600 
 H                 -1.24213400   -3.40241800   -2.16888300 
 C                  0.78419500   -3.47238000   -2.87842300 
 H                  0.64280200   -4.41744500   -3.39479900 
 H                  2.87563800   -3.31253400   -3.38670500 
 Fe                -0.51505200    0.29168000    0.71046900 
 H                 -0.43903400    4.54560600    1.25547200 
 H                  2.81896000    5.67963400   -1.34113500 
 H                 -4.51425300    0.60417800    2.59464200 
 H                 -6.95037900   -0.82311000   -0.67689200 
 H                  5.08796400   -3.06301200    2.04994600 
 H                  1.21278700   -2.18903600    3.74002600 
 
(1’)+ (gas): E=-2639.732565 
 H                 -1.22984000    6.33539100   -0.50121500 
 C                 -1.22087900    5.33924300   -0.06980500 
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 C                 -0.33767100    4.38890400   -0.54284100 
 C                 -2.11202700    5.02008900    0.97309700 
 C                 -1.84018500   -2.05339800   -2.91518800 
 H                 -3.11380900   -3.60941400   -3.65559500 
 O                 -0.61964100   -0.24163500   -2.00288600 
 C                 -2.98937600   -2.82421500   -2.91609800 
 C                 -1.68662700   -1.01648800   -1.96137100 
 H                 -2.48126000    1.29780600   -0.53447400 
 C                 -0.32601500    3.07941500    0.02177300 
 O                  0.52560700    2.19985200   -0.42060800 
 C                 -3.99887300   -2.59429700   -1.96350800 
 C                 -2.70487900   -0.78760500   -0.98533700 
 C                 -2.11175800    3.73642100    1.53736700 
 O                  2.23492000    0.17848500   -1.40377300 
 C                 -3.84660000   -1.58537100   -1.00751700 
 C                 -2.53495500    0.33697400   -0.00687700 
 C                 -1.23736700    2.75541000    1.08431100 
 C                  4.58032100    0.15130900   -1.65183600 
 H                 -3.40427500    0.39486400    0.66016100 
 H                 -2.80071400    3.50786600    2.34634100 
 H                 -4.63211700   -1.41670800   -0.27551000 
 H                  6.71458700    0.06257500   -1.71605200 
 C                  3.40916400   -0.15174700   -0.92448700 
 C                  5.82422800   -0.18742500   -1.14583700 
 N                 -1.26957900    0.24195200    0.79507100 
 C                 -1.15974600    1.40421300    1.74302400 
 H                 -1.94476400    1.32089900    2.50585500 
 H                 -0.19727700    1.28884900    2.25690600 
 C                  3.53462200   -0.83932100    0.32950000 
 N                  1.13651000   -1.02385200    0.79411000 
 C                 -1.14895000   -1.00592600    1.54689500 
 C                  5.95952900   -0.85095000    0.09311500 
 H                 -3.16716300   -1.04874500    2.30432000 
 C                  2.40146500   -1.25912000    1.07728400 
 C                 -2.20423600   -1.54849600    2.28118700 
 C                  4.82867300   -1.17383000    0.81246100 
 C                  0.10630900   -1.64218600    1.54396000 
 H                  2.61686900   -1.84124300    1.97574000 
 H                  4.91373700   -1.69625300    1.76225800 
 C                  0.26058900   -2.85764400    2.22978800 
 C                 -2.03273500   -2.73893400    2.98729300 
 H                  1.19779600   -3.40098800    2.17194000 
 C                 -0.80090300   -3.39584900    2.95152700 
 H                 -0.66945500   -4.33812300    3.47422500 
 H                 -2.86133000   -3.15778200    3.54933200 
 Fe                 0.52639400    0.31435800   -0.65081700 
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 H                  4.47269400    0.65958200   -2.60404600 
 H                  0.36434800    4.60065600   -1.34243200 
 H                 -2.80448100    5.76964900    1.34288200 
 H                  6.94389900   -1.10808400    0.46933000 
 H                 -1.04816200   -2.20165900   -3.64177600 
 H                 -4.89664200   -3.20428200   -1.96630400 
 
(2’)(gas): E = -2680.443578 
 
 H                    -0.57376   3.5716    5.25539  
 C                    -0.13278   2.97814   4.45992  
 H                     1.81071   3.90767   4.59985  
 H                    -1.93815   1.88397   4.08887  
 C                     1.20123   3.16406   4.09471  
 C                    -0.90253   2.02697   3.79748  
 H                    -2.18575  -0.53588   3.77028  
 H                    -0.59879  -1.26174   3.41047  
 C                    -1.51443  -0.86545   2.96694  
 C                     1.7561    2.38563   3.08401  
 C                    -0.35694   1.25505   2.76342  
 H                     1.6203   -1.05509   2.76797  
 H                     2.79772   2.52294   2.81476  
 H                    -2.00639  -1.65085   2.39376  
 H                     3.08392  -0.06395   2.78419  
 C                     0.98839   1.4259    2.41112  
 H                    -2.87967   1.52344   2.22871  
 N                    -1.1612    0.2595    2.05764  
 C                     2.34504  -0.54105   2.12591  
 H                    -5.0094    0.90726   1.96392  
 H                     4.97245  -1.09211   2.00839  
 C                    -2.3944    0.9091    1.46287  
 N                     1.56857   0.54517   1.41334  
 C                    -4.76094   0.12119   1.25694  
 C                     3.03455  -1.51784   1.21477  
 C                     4.41789  -1.70266   1.30207  
 C                    -3.41719  -0.04547   0.90495  
 H                    -2.02216   1.59594   0.69316  
 C                    -5.76225  -0.6804    0.71243  
 H                     3.34716   1.63626   0.93603  
 O                     0.93456  -2.05835   0.27053  
 C                     2.25781  -2.27549   0.31379  
 Fe                   -0.08518  -0.48745   0.22404  
 C                     5.07237  -2.64845   0.51458  
 C                    -3.02978  -1.05485  -0.00209  
 C                     2.45297   1.25118   0.42676  
 O                    -1.73615  -1.21664  -0.28221  
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 C                    -5.35231  -1.66966  -0.19976  
 H                     3.14702   3.85405   0.31241  
 C                    -4.0278   -1.8943   -0.58034  
 H                     2.79989   0.47019  -0.2566  
 H                    -6.11819  -2.30262  -0.63124  
 C                     2.88897  -3.26362  -0.49479  
 C                     4.27333  -3.40372  -0.36246  
 C                     1.77812   2.3519   -0.34265  
 C                     2.29492   3.64535  -0.33115  
 H                     4.76754  -4.1466   -0.97665  
 O                     0.17943   0.78154  -1.12336  
 C                     0.67224   2.02861  -1.16273  
 C                     1.75803   4.65731  -1.1338  
 C                     0.1289    3.01594  -2.02737  
 C                     0.69013   4.30022  -1.96865  
 H                     0.27353   5.06103  -2.61353  
 H                    -6.79131  -0.55      0.97499  
 H                    -3.77179  -2.66472  -1.27733  
 H                    -0.67528   2.78943  -2.69587  
 H                     2.14363   5.65517  -1.1116  
 H                     2.32821  -3.87176  -1.17348  
 H                     6.1309   -2.7928    0.57439  
  
 
(2’)+ (gas): E= -2680.64525526      
 H                 -4.92435600   -4.33332600    1.10081200 
 C                 -4.43410600   -3.48932600    0.62375200 
 C                 -3.04684900   -3.43721700    0.58084200 
 C                 -5.20085300   -2.46469100    0.06220100 
 C                  0.86820600    1.98401600    2.98520400 
 H                  1.09978200    3.76890100    4.15344000 
 O                  0.45757100    0.08142100    1.63200400 
 C                  0.46630000    3.23019800    3.45403500 
 C                  0.05579500    1.27765000    2.08883100 
 H                 -2.44140500    0.12600200    1.31566100 
 C                 -2.40944400   -2.35102700   -0.04048900 
 O                 -1.08102300   -2.29481200   -0.11282700 
 C                 -0.74304500    3.78582000    3.03573800 
 C                 -1.17231100    1.82620500    1.66705400 
 C                 -4.56829200   -1.38047900   -0.54847200 
 O                  1.63877000   -2.10012600    0.16120700 
 C                 -1.55115300    3.08089000    2.14612300 
 C                 -2.08320500    1.02044700    0.79052300 
 C                 -3.17837200   -1.31267000   -0.61326900 
 C                  3.79011300   -2.75614200    0.80254200 
 H                 -2.97811300    1.60283900    0.53605500 
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 H                 -5.16533300   -0.58446700   -0.98867900 
 H                 -2.50147000    3.50573400    1.82919500 
 H                  5.83009100   -3.24842400    1.22274000 
 C                  2.88643000   -1.80160600    0.23305600 
 C                  5.14454400   -2.51841800    0.80341800 
 N                 -1.44163100    0.51524600   -0.47004300 
 C                 -2.46798600   -0.19655600   -1.31932700 
 H                 -3.19473100    0.54332900   -1.67819900 
 H                 -1.92762100   -0.57230600   -2.19710100 
 C                  3.39867500   -0.56682700   -0.30799500 
 N                  1.20685600    0.16549300   -1.41136200 
 C                 -0.82543600    1.56543400   -1.26395000 
 C                  5.64131400   -1.32398000    0.25037900 
 H                 -2.52744600    2.88403900   -1.20316500 
 C                  2.49944900    0.55253500   -0.76912800 
 C                 -1.52628500    2.72874100   -1.59282400 
 C                  4.76869600   -0.36885400   -0.29578300 
 C                  0.46511800    1.37608700   -1.76834900 
 H                  3.07294800    1.18189600   -1.46060300 
 H                  5.18261000    0.54953900   -0.70546000 
 C                  1.02446700    2.33728500   -2.61531000 
 C                 -0.95686500    3.69125900   -2.41720800 
 H                  2.01658100    2.18929300   -3.03189300 
 C                  0.31997300    3.49096500   -2.93815900 
 H                  0.76825400    4.23097800   -3.59413500 
 H                 -1.51280000    4.59208100   -2.65892800 
 Fe                 0.09480500   -0.90962500    0.14942800 
 H                  3.35972700   -3.66926100    1.20131700 
 H                 -2.43396300   -4.22336400    1.01086000 
 H                 -6.28495000   -2.50775400    0.10183100 
 H                  6.71030400   -1.13289100    0.24581400 
 H                  1.80036800    1.53162600    3.31094900 
 H                 -1.05730300    4.75819600    3.40240600 
 H                  2.23844600    1.18090000    0.09107400 
 C                  1.42228300   -0.68945800   -2.60715700 
 H                  2.09233900   -0.20360700   -3.32655500 
 H                  1.85008300   -1.64570300   -2.30250600 
 H                  0.46094900   -0.87271100   -3.09095000 
 
 
  



160 
 

A.4.7. Related compounds structure and synthesis 

Figure A.4.6. Compound (3) 
[FeL3] (3): H3L3’ (0.20 g, 0.25 mmol) FeCl3 (0.032 g, 0.20 mmol) NaOCH3 

(0.040 g, 0.74 mmol) Yield = 0.179 g (82.6%). ESI (m/z+) (in MeOH) = 864.7 for 

[C55H71N2O3Fe + H+]+. Anal. Calcd for [C55H71N2O3Fe]: C, 75.04; H, 8.44; N, 3.13%. 

Found: C, 75.06; H, 8.44; N, 3.13%. IR data (KBr, cm-1): 2953(s) (C-H, alkane), 1602(s), 

(C=N); 1581(s), (C=C, aryl); 1252(s), (C-N); 1201(s), (C-O); 873(b), (C-H, phen). 

  [FeL3] (3) [Fe(C55H71N2O3)] appeared as dark rods. A total of 92,860 reflections 

were recorded, of which 24,321 were unique. The asymmetric unit contains two 

independent iron complexes without counterions or solvents. One of tert-butyl groups 

was disordered over 3 positions and kept isotropic. Hydrogen positions were placed in 

observed and calculated positions for 1 and 3 and were calculated for 2. 
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Table A.4.4.  Crystal Dataa 1 
 [FeL3] (3) 

Formula C55H71FeN2O3 
M 863.99 
Space group P(-1) 
a / Å 15.8704(5) 
b/ Å 16.2473(4) 
c/ Å 21.0057(6) 
α/ o 84.049(1) 
β/ o 71.559(1) 
γ/ o 75.613(1) 
V/ Å3 4975.2(2) 
Z 4 
T/ K 100(2) 
λ/ Å 0.71073 
Dcalc/ g cm-3 1.153 
µ/ mm-1 0.346 
R(F) (%) 4.93 
Rw(F) (%) 10.08 

  

 
(3) [FeL3] 

Fe-O1               1. 9107 (14) 
Fe-O2               1. 8611 (14) 
Fe-O3               1. 8664 (14) 
Fe-N1               2.0746(17) 
Fe-N2               2.2591(16) 
N1-C7              1.309(3) 
N2-C25            1.503(3) 
N2-C18            1.493 (3) 
 
 
O1-Fe-O2          102.56(6) 
O1-Fe-O3          96.73(6) 
O2-Fe-O3          115.66(6) 
O1-Fe-N2          163.06(6) 
O3-Fe-N2          88.77(6) 
O2-Fe-N2          89.30(6) 
O1-Fe-N1          86.81(6) 
O3-Fe-N1          119.95(7) 
O2-Fe-N1          121. 88 (7) 
N2-Fe-N1          76.60(6) 
 

 

Table A.4.5. Selected Bond Lengths(Å)  
and Angles for (3). 

a R(F) = ∑║Fo│-│Fc║ ∕ ∑│Fo│for I > 

2σ(I); Rw(F) = [∑w(Fo
2 – Fc

2)2 / 

∑w(Fo
2)2]1/2 for I > 2σ(I). 
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Figure A.4.7: ORTEP (3) [FeL3], Fe-O ≈ 1.88 Å, Fe-N1= 2.07Å, Fe-N2= 2.26Å, C7-

N1= 1.309(3)Å. 
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Table A.4.6. Cyclic voltammetry values for ) [FeL3]. 

      Process (vs. Fc+/Fc)           

Compound  Electrolyte  a) E1/2 (red.)  b) (1st Ox.)  c) (2nd Ox.)  c) (3  Ox.)  

[FeIII(Lox3)] (3)  TBAPF6   -1.47V (ΔE 0.18V)   0.54V (ΔE 0.12V)   0.67V (ΔE 0.12V)  NA  

[FeIII(Lox3)] (3)  TBAClO4   -1.41V (ΔE 0.14V)   0.56V (ΔE 0.18V)  NA  NA  
 

Figure A.4.8. Cyclic Voltamettry for [FeL3]. 
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Figure A.4.9. EPR for (3) (Dichloromethane solution)   

 Figure A.4.10.ORTEP of H3L1. 
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Figure A.4.11. ORTEP of H3L2. 
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 Spin unrestricted density functional theory (DFT) calculations were carried out 

with the B3LYP3-5 functional and the 6-31G(d)6-15 basis set in the development version of 

Gaussian16. Solvation in dichloromethane was modeled with the integral equation 

formalism polarizable continuum model (IEF-PCM)17-19. Geometries were fully 

optimized without symmetry constraints, and stationary points were verified via 

frequency analysis. Vertical electronic excitation energies and intensities were calculated 

by time-dependent density functional theory (TD-DFT).20,21  Molecular orbitals were 

plotted with GaussView.22   

 (1) Hess, C. R.; Weyhermüller, T.; Bill, E.; Wieghardt, K. Inorganic Chemistry 2010, 49, 5686-5700. 
(2) Imbert, C.; Hratchian, H. P.; Lanznaster, M.; Heeg, M. J.; Hryhorczuk, L. M.; McGarvey, B. R.; 

Schlegel, H. B.; Verani, C. N. Inorganic Chemistry 2005, 44, 7414-7422. 
 (3) Becke, A. D. The Journal of Chemical Physics 1993, 98, 5648-5652. 
 (4) Lee, C.; Yang, W.; Parr, R. G. Physical Review B 1988, 37, 785. 
 (5) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H. Chemical Physics Letters 1989, 157, 200-206. 
 (6) Binning Jr., R. C.; Curtiss, L. A. J. Comp. Chem. 1990, 11, 1206-1216. 

(7) Blaudeau, J.-P.; McGrath, M. P.; Curtiss, L. A.; Radom, L. Journal of Chemical Physics 1997, 107, 
5016-5021. 

 (8) Ditchfield, R.; Hehre, W. J.; Pople, J. A. Journal of Chemical Physics 1971, 54, 724. 
(9) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; DeFrees, D. J.; Pople, J. A.; Gordon, M. 

S. Journal of Chemical Physics 1982, 77, 3654-3665. 
 (10) Gordon, M. S. Chemical Physics Letters 1980, 76, 163-168. 
 (11) Hariharan, P. C.; Pople, J. A. Theoretical Chemistry Accounts 1973, 28, 213-222. 
 (12) Hariharan, P. C.; Pople, J. A. Mol. Phys. 1974, 27, 209-214. 
 (13) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Journal of Chemical Physics 1972, 56, 2257. 

(14) Rassolov, V. A.; Pople, J. A.; Ratner, M. A.; Windus, T. L. Journal of Chemical Physics 1998, 109, 
1223-1229. 

(15) Rassolov, V. A.; Ratner, M. A.; Pople, J. A.; Redfern, P. C.; Curtiss, L. A. J. Comp. Chem. 2001, 
22, 976-984. 

(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; 
Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; 
Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; 
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; 
Vreven, T.; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, 
E.; Kudin, K. N.; Staroverov, V.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; 
Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; 
Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; 
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V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Parandekar, P. V.; Mayhall, N. J.; 
Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J.; Revision H.04 
ed.; Gaussian, Inc.: Wallingford, CT, 2009. 

 (17) Miertus, S.; Scrocco, E.; Tomasi, J. Chem. Phys. 1981, 55, 117-129. 
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2004; pp 153. 

 (22) Gaussian Inc. 



167 
 

Figure A.Z. Experimental versus TD-DFT Absorption spectra (1) in dichloromethane. 
(B3LYP/6-31G(d) IEF-PCM) 
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Figure A.Z. Experimental versus TD-DFT Absorption spectra (2) in dichloromethane. 
(B3LYP/6-31G(d) IEF-PCM) 
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Figure A.Z. Absorption spectra (1)+ (black) in dichloromethane compared to 
experimental versus TD-DFT for (1’)+ (yellow) and (1’)2+ (green). (B3LYP/6-31G(d) 
IEF-PCM) 
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Figure A.Z. Absorption spectra (2)+ (black) in dichloromethane compared to 
experimental versus TD-DFT for (2’)+ (orange) and (2’)2+ (purple). (B3LYP/6-31G(d) 
IEF-PCM) 
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Table A.4.X. TD-DFT calculated Oscillator strength and assignments for (1’). 
(B3LYP/6-31G(d) IEF-PCM) 

# nm 1000 cm-1 (f) Assignment 

1 613.6 16.3 0.0022 121->122B(.898) 119->122B(.253) 120->122B(-.202) 124->127A(.169) 

2 602.9 16.6 0.0042 120->122B(.847) 121->123B(.272) 121->122B(.252) 119->122B(-.196) 

3 571.1 17.5 0.0013 121->123B(.71) 119->122B(-.379) 120->123B(.368) 120->122B(-.321) 

4 564.6 17.7 0.0046 120->123B(.702) 121->123B(-.559) 119->123B(-.273) 119->122B(-.239) 

5 560.2 17.9 0.0089 119->122B(.71) 120->123B(.418) 121->123B(.278) 121->122B(-.236) 

6 514.3 19.4 0.0108 119->123B(.885) 120->123B(.388) 

7 487.9 20.5 0.0114 124->127A(.576) 119->122B(-.372) 121->124B(.354) 126->127A(-.29) 

8 470.3 21.3 0.0547 121->124B(.818) 121->125B(.321) 119->124B(-.26) 121->126B(-.197) 

9 464.9 21.5 0.0307 120->124B(.635) 121->125B(-.51) 121->126B(-.271) 119->124B(-.243) 

10 457.1 21.9 0.0068 120->125B(.627) 120->126B(.436) 120->124B(-.298) 121->125B(-.264) 

11 449.1 22.3 0.0035 118->122B(.568) 120->125B(-.362) 123->127A(-.354) 117->122B(-.224) 

12 442.2 22.6 0.0598 121->125B(.523) 120->124B(.434) 121->126B(.313) 120->125B(.308) 

13 425.7 23.5 0.0089 119->124B(.728) 126->127A(.548) 120->124B(.25) 121->124B(.175) 

14 422.6 23.7 0.0058 126->127A(.742) 119->124B(-.426) 124->127A(.297) 119->125B(-.283) 

15 406.8 24.6 0.0233 125->127A(.611) 119->125B(.507) 119->126B(.266) 120->125B(.228) 

16 404.8 24.7 0.0146 121->126B(.676) 119->125B(.318) 118->122B(.243) 125->127A(-.24) 

17 402.7 24.8 0.0195 125->127A(.712) 124->127A(-.344) 121->126B(.304) 121->125B(-.224) 

18 393.5 25.4 0.0029 120->126B(.686) 119->125B(.347) 120->127B(.309) 120->125B(-.25) 

19 385.5 25.9 0.0225 115->122B(.448) 114->122B(.432) 118->122B(.345) 123->127A(.258) 

20 382.1 26.2 0.0051 118->123B(.853) 117->123B(-.259) 119->125B(.191) 

21 379.4 26.4 0.0025 117->122B(.828) 118->122B(.404) 114->122B(-.178) 119->126B(.176) 

22 377.4 26.5 0.0443 119->126B(.712) 124->127A(-.284) 117->122B(-.259) 120->126B(.243) 

23 371.9 26.9 0.0235 114->122B(.568) 117->122B(.353) 118->122B(-.322) 123->127A(-.291) 

24 360.3 27.8 0.0017 116->122B(.751) 117->123B(-.361) 121->127B(.282) 114->123B(.248) 

25 360.1 27.8 0.006 121->127B(.571) 116->122B(-.491) 114->123B(.387) 115->123B(.248) 

26 359.5 27.8 0.002 117->123B(.849) 116->122B(.345) 118->123B(.312) 121->127B(.161) 

27 355.5 28.1 0.028 121->127B(.486) 122->127A(-.354) 114->123B(-.301) 121->127A(-.293) 

28 352.7 28.4 0.0281 114->123B(.428) 122->127A(-.36) 115->123B(.322) 121->127A(-.315) 

29 350 28.6 0.0083 120->127B(.767) 121->127B(.277) 120->126B(-.238) 119->127B(-.234) 

30 344.1 29.1 0.0042 119->127B(.365) 122->127A(-.336) 121->127A(-.318) 116->127A(-.285) 
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Table A.4.X. TD-DFT calculated Oscillator strength and assignments for (1’)+. 
(B3LYP/6-31G(d) IEF-PCM) 

# nm 1000 cm-1 (f) Assignment 

1 2630.4 3.8 0.0126 125->126A(.997) 

2 1913.2 5.2 0.0081 124->126A(.994) 

3 994.8 10.1 0.0019 121->126A(.914) 123->126A(.25) 116->126A(.22) 

4 952.6 10.5 0.0004 123->126A(.958) 121->126A(-.249) 

5 881.4 11.3 0.0039 122->126A(.975) 117->126A(.175) 

6 765.1 13.1 0.0012 121->122B(.918) 120->122B(.249) 121->124B(.171) 

7 744.8 13.4 0.0033 117->126A(.8) 120->126A(-.489) 119->126A(.22) 122->126A(-.198) 

8 695 14.4 0.0085 121->123B(.912) 120->122B(.312) 

9 680.3 14.7 0.0117 120->122B(.886) 121->123B(-.313) 121->122B(-.25) 

10 656.8 15.2 0.0012 120->126A(.749) 119->126A(.42) 117->126A(.342) 116->126A(.223) 

11 640.9 15.6 0.0276 120->123B(.824) 121->124B(.361) 116->126A(-.239) 120->124B(.185) 

12 628.5 15.9 0.0027 116->126A(.674) 118->126A(-.349) 120->123B(.338) 120->126A(-.269) 

13 595.3 16.8 0.0112 119->126A(.811) 117->126A(-.389) 120->126A(-.287) 118->126A(-.236) 

14 589 17 0.0673 121->124B(.828) 120->123B(-.336) 121->125B(-.202) 

15 553.5 18.1 0.0095 120->124B(.894) 121->125B(-.318) 120->123B(-.19) 

16 521 19.2 0.0001 118->126A(.853) 116->126A(.401) 119->126A(.265) 

17 513.3 19.5 0.0258 121->125B(.776) 120->125B(.361) 120->124B(.317) 119->122B(-.19) 

18 499.8 20 0.0063 119->122B(.565) 124->127A(-.446) 125->127A(-.405) 120->126B(-.287) 

19 480.4 20.8 0.0087 119->122B(.591) 120->125B(.497) 124->127A(.37) 125->127A(.286) 

20 449.5 22.2 0.0464 120->125B(.642) 119->123B(-.506) 121->125B(-.25) 119->122B(-.237) 

21 444 22.5 0.0224 119->123B(.808) 119->122B(-.314) 120->125B(.299) 121->126B(.172) 

22 428.5 23.3 0.0003 118->122B(.982) 

23 415.2 24.1 0.019 115->126A(.639) 119->124B(.372) 114->126A(-.338) 121->127B(.296) 

24 414.4 24.1 0.0088 119->124B(.697) 115->126A(-.407) 121->127B(.26) 114->126A(.235) 

25 409.3 24.4 0.0086 121->127B(.614) 121->126B(-.508) 119->124B(-.464) 

26 403.3 24.8 0.0006 118->123B(.962) 

27 401.7 24.9 0.0033 123->127A(.528) 119->126B(-.417) 119->124B(-.34) 117->122B(.242) 

28 398.8 25.1 0.0199 125->127A(.713) 120->126B(-.481) 124->127A(-.284) 120->127B(.251) 

29 394.2 25.4 0.0018 117->122B(.755) 118->124B(-.339) 120->127B(.25) 124->127A(.235) 

30 392.6 25.5 0.0079 118->124B(.835) 120->127B(.275) 124->127A(.251) 120->126B(-.228) 
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Table A.4.X. TD-DFT calculated Oscillator strength and assignments for (1’)2+. 
(B3LYP/6-31G(d) IEF-PCM) 

# nm 1000 cm-1 (f) Assignment 

1 1953 5.1 0.0057 124->125A(.989) 

2 1591.5 6.3 0.0023 124->126A(.993) 

3 1069.1 9.4 0.0115 121->122B(.947) 121->123B(.208) 

4 1047.6 9.5 0.0008 123->125A(.982) 

5 929.6 10.8 0.0038 121->123B(.866) 121->124B(-.421) 

6 919.5 10.9 0.0001 123->126A(.983) 

7 891.2 11.2 0.001 122->125A(.914) 121->125A(-.243) 117->125A(.164) 

8 838.3 11.9 0.0046 122->126A(.592) 121->125A(-.419) 118->125A(-.34) 119->125A(.316) 

9 823.6 12.1 0.0005 122->126A(.578) 121->126A(-.413) 119->125A(-.41) 118->126A(-.264) 

10 800.2 12.5 0.017 121->124B(.867) 121->123B(.379) 121->125B(-.171) 

11 791.3 12.6 0.0062 119->126A(.606) 119->125A(.413) 118->126A(.348) 118->125A(.329) 

12 698.1 14.3 0.0009 121->125A(.768) 118->125A(-.372) 119->126A(-.293) 121->126A(-.224) 

13 666.2 15 0.0091 121->125B(.795) 120->122B(.531) 

14 644.9 15.5 0.0005 121->126A(.802) 122->126A(.416) 119->125A(-.172) 121->125A(.165) 

15 617.6 16.2 0.0835 120->122B(.761) 121->125B(-.455) 117->125A(-.183) 

16 606.2 16.5 0.0133 117->125A(.57) 116->125A(.407) 116->126A(-.321) 120->125A(.263) 

17 581.7 17.2 0.0019 120->125A(.445) 116->125A(-.438) 117->126A(.413) 120->126A(.321) 

18 554.4 18 0.0016 120->125A(.665) 120->126A(-.364) 119->125A(-.318) 117->125A(-.293) 

19 545.9 18.3 0.0003 120->123B(.979) 

20 525.9 19 0.0002 120->124B(.98) 

21 516.2 19.4 0.0011 120->126A(.792) 116->125A(.28) 117->126A(-.256) 120->125A(.245) 

22 514 19.5 0.0012 118->125A(.672) 119->126A(-.486) 119->125A(.421) 118->126A(-.243) 

23 496.1 20.2 0.0027 118->122B(.781) 118->126A(-.41) 119->126A(.232) 117->122B(.186) 

24 494.4 20.2 0.0032 118->126A(.68) 118->122B(.448) 119->126A(-.3) 119->125A(-.287) 

25 491.5 20.3 0.0083 119->122B(.854) 124->127A(-.272) 117->122B(.214) 121->126B(.189) 

26 482.3 20.7 0.0045 124->127A(.655) 121->126B(-.48) 119->122B(.296) 120->125B(.249) 

27 458.5 21.8 0.0013 117->122B(.729) 121->126B(.33) 120->125B(.292) 113->122B(-.252) 

28 457.9 21.8 0.0056 120->125B(.777) 117->122B(-.43) 121->126B(.259) 118->122B(.161) 

29 454.5 22 0.0111 117->125A(.537) 116->126A(.508) 120->125B(.326) 121->127B(-.304) 

30 453.7 22 0.0046 121->127B(.55) 117->125A(.347) 121->126B(.334) 116->126A(.291) 
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Table A.4.X. TD-DFT calculated Oscillator strength and assignments for (2’). 
(B3LYP/6-31G(d) IEF-PCM) 

# nm 1000 cm-1 (f) Assignment 

1 2751.6 3.6 0.0004 130->131A(.91) 129->131A(.41) 

2 2353.9 4.2 0.0052 129->131A(.908) 130->131A(-.41) 

3 942.3 10.6 0.0071 126->131A(.878) 123->131A(-.304) 120->131A(.255) 

4 885.9 11.3 0.0003 128->131A(.98) 

5 780.7 12.8 0.0001 127->131A(.989) 

6 747.8 13.4 0.003 121->131A(.784) 123->131A(.368) 125->131A(-.359) 126->127B(-.226) 

7 744.9 13.4 0.0011 126->127B(.909) 125->127B(.29) 121->131A(.196) 

8 742.8 13.5 0.0002 125->127B(.761) 126->128B(-.55) 126->127B(-.21) 126->129B(.192) 

9 687.6 14.5 0.0036 126->128B(.696) 125->127B(.482) 125->128B(-.427) 126->127B(-.219) 

10 675 14.8 0.0147 125->128B(.821) 126->128B(.396) 125->127B(.213) 

11 665.1 15 0.0049 123->131A(.544) 121->131A(-.498) 126->131A(.38) 125->131A(-.358) 

12 613.1 16.3 0.0051 126->129B(.908) 125->129B(-.286) 

13 608.9 16.4 0.001 124->131A(.684) 125->131A(.619) 123->131A(.321) 

14 601.2 16.6 0.0012 124->131A(.698) 125->131A(-.544) 123->131A(-.421) 

15 591.7 16.9 0.0456 125->129B(.836) 126->130B(-.381) 126->129B(.276) 

16 551.3 18.1 0.0074 122->131A(.97) 

17 522.7 19.1 0.0177 125->130B(.919) 126->130B(.302) 125->129B(.165) 

18 499.5 20 0.0631 126->130B(.809) 125->130B(-.304) 125->129B(.3) 119->127B(-.172) 

19 480.1 20.8 0.0012 120->131A(.811) 123->131A(.381) 117->131A(.207) 119->131A(-.171) 

20 430.1 23.3 0.0001 124->127B(.995) 

21 418.6 23.9 0.0024 126->131B(.969) 

22 416.3 24 0.0013 124->128B(.985) 

23 411.2 24.3 0.0141 125->131B(.946) 

24 404.6 24.7 0.0008 123->127B(.984) 

25 397.1 25.2 0.0353 122->127B(.773) 119->127B(.456) 119->128B(-.266) 

26 393.6 25.4 0.0008 123->128B(.887) 124->129B(.389) 

27 390 25.6 0.0171 119->128B(.618) 122->128B(.487) 122->127B(.426) 117->128B(-.233) 

28 385.7 25.9 0.0022 124->129B(.896) 123->128B(-.406) 

29 383.1 26.1 0.0266 119->131A(.755) 119->127B(-.4) 116->131A(-.26) 122->128B(-.21) 

30 377.8 26.5 0.0014 119->127B(.607) 119->131A(.552) 122->127B(-.321) 122->128B(.223) 
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Table A.4.X. TD-DFT calculated Oscillator strength and assignments for (2’)+. 
(B3LYP/6-31G(d) IEF-PCM) 

# nm 1000 cm-1 (f) Assignment 

1 2751.6 3.6 0.0004 130->131A(.91) 129->131A(.41) 

2 2353.9 4.2 0.0052 129->131A(.908) 130->131A(-.41) 

3 942.3 10.6 0.0071 126->131A(.878) 123->131A(-.304) 120->131A(.255) 

4 885.9 11.3 0.0003 128->131A(.98) 

5 780.7 12.8 0.0001 127->131A(.989) 

6 747.8 13.4 0.003 
121->131A(.784) 123->131A(.368) 125->131A(-.359) 126->127B(-
.226) 

7 744.9 13.4 0.0011 126->127B(.909) 125->127B(.29) 121->131A(.196) 

8 742.8 13.5 0.0002 125->127B(.761) 126->128B(-.55) 126->127B(-.21) 126->129B(.192) 

9 687.6 14.5 0.0036 126->128B(.696) 125->127B(.482) 125->128B(-.427) 126->127B(-.219) 

10 675 14.8 0.0147 125->128B(.821) 126->128B(.396) 125->127B(.213) 

11 665.1 15 0.0049 123->131A(.544) 121->131A(-.498) 126->131A(.38) 125->131A(-.358) 

12 613.1 16.3 0.0051 126->129B(.908) 125->129B(-.286) 

13 608.9 16.4 0.001 124->131A(.684) 125->131A(.619) 123->131A(.321) 

14 601.2 16.6 0.0012 124->131A(.698) 125->131A(-.544) 123->131A(-.421) 

15 591.7 16.9 0.0456 125->129B(.836) 126->130B(-.381) 126->129B(.276) 

16 551.3 18.1 0.0074 122->131A(.97) 

17 522.7 19.1 0.0177 125->130B(.919) 126->130B(.302) 125->129B(.165) 

18 499.5 20 0.0631 126->130B(.809) 125->130B(-.304) 125->129B(.3) 119->127B(-.172) 

19 480.1 20.8 0.0012 120->131A(.811) 123->131A(.381) 117->131A(.207) 119->131A(-.171) 

20 430.1 23.3 0.0001 124->127B(.995) 

21 418.6 23.9 0.0024 126->131B(.969) 

22 416.3 24 0.0013 124->128B(.985) 

23 411.2 24.3 0.0141 125->131B(.946) 

24 404.6 24.7 0.0008 123->127B(.984) 

25 397.1 25.2 0.0353 122->127B(.773) 119->127B(.456) 119->128B(-.266) 

26 393.6 25.4 0.0008 123->128B(.887) 124->129B(.389) 

27 390 25.6 0.0171 119->128B(.618) 122->128B(.487) 122->127B(.426) 117->128B(-.233) 

28 385.7 25.9 0.0022 124->129B(.896) 123->128B(-.406) 

29 383.1 26.1 0.0266 119->131A(.755) 119->127B(-.4) 116->131A(-.26) 122->128B(-.21) 

30 377.8 26.5 0.0014 119->127B(.607) 119->131A(.552) 122->127B(-.321) 122->128B(.223) 
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Table A.4.X. TD-DFT calculated Oscillator strength and assignments for 
(2’)2+.(B3LYP/6-31G(d) IEF-PCM) 

# nm 1000 cm-1 (f) Assignment 

1 1776.5 5.6 0.0019 129->130A(.996) 

2 1536.4 6.5 0.0004 129->131A(.998) 

3 1132.7 8.8 0.0005 126->128B(.96) 

4 1045.8 9.6 0.0099 126->129B(.834) 126->127B(.512) 

5 879.1 11.4 0.0015 127->130A(.714) 128->130A(.448) 125->130A(-.389) 121->130A(.222) 

6 858.9 11.6 0.0019 128->130A(.734) 125->130A(.368) 123->130A(-.323) 127->130A(-.303) 

7 834.2 12 0.0028 127->131A(.673) 125->131A(-.432) 126->131A(.327) 124->131A(.269) 

8 795 12.6 0.1035 126->127B(.686) 126->129B(-.428) 126->130B(-.303) 123->130A(-.284) 

9 779.8 12.8 0.0019 124->131A(.627) 128->131A(-.492) 127->131A(-.261) 123->130A(-.25) 

10 773.5 12.9 0.007 123->130A(.481) 124->131A(.459) 128->130A(.395) 128->131A(.324) 

11 761.4 13.1 0.004 128->131A(.798) 123->130A(-.394) 124->131A(.204) 125->130A(.19) 

12 712.2 14 0.0202 126->130B(.915) 126->127B(.267) 126->129B(-.171) 

13 668.2 15 0.0005 126->130A(.951) 

14 641.9 15.6 0.0015 126->131A(.749) 127->131A(-.392) 127->130A(-.251) 125->130A(-.232) 

15 638.5 15.7 0.0033 125->130A(.608) 127->130A(.44) 123->130A(.414) 126->131A(.297) 

16 606.5 16.5 0.0007 125->131A(.76) 127->131A(.46) 126->131A(.36) 

17 549.2 18.2 0.006 122->131A(.673) 122->130A(.442) 125->131A(-.379) 124->131A(-.209) 

18 539.4 18.5 0.0064 121->130A(.599) 122->130A(.464) 125->130A(.355) 122->131A(-.323) 

19 532.4 18.8 0.0035 125->127B(.99) 

20 518.8 19.3 0.0236 124->130A(.531) 121->130A(.498) 122->130A(-.474) 122->131A(.266) 

21 507 19.7 0.0071 126->131B(.964) 

22 501 20 0.0044 124->130A(.736) 122->130A(.528) 124->131A(-.252) 122->131A(-.206) 

23 479.4 20.9 0.0004 123->131A(.915) 123->130A(.26) 120->131A(.21) 

24 466.8 21.4 0.0028 124->127B(.933) 118->127B(-.208) 123->127B(.171) 

25 458.3 21.8 0.0011 125->128B(.969) 

26 450.8 22.2 0.0006 120->131A(.595) 124->128B(.464) 122->131A(-.315) 121->131A(.302) 

27 449.8 22.2 0.0004 123->127B(.91) 124->127B(-.226) 118->127B(-.168) 

28 441 22.7 0.0057 124->128B(.842) 120->131A(-.36) 121->131A(-.206) 

29 436 22.9 0.0001 125->129B(.974) 

30 426.3 23.5 0.0001 122->127B(.785) 121->127B(.526) 123->128B(-.215) 
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Figure A.4.Z. Canonical Orbitals for (1’). (B3LYP/6-31G(d) IEF-PCM) 
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APPENDIX B 

Supplementary for Redox chemistry of selected 6 coordinates cobalt and Iron complexes 

using pentadentate-N2O3 electro-active.  

(relates to Chapter 5) 

Cartersian Coordinates: 

(1’)  [CoL1]  E = Co-2874.091259 a.u. 
 H                 -2.05374000    1.97790500    4.38105400 
 H                 -0.16963500    0.56241000    3.70348400 
 H                  3.58634800   -0.94596300    3.22969000 
 C                 -1.89584800    1.77113300    3.32647900 
 C                 -0.82239900    0.97675300    2.94259900 
 H                 -3.61352500    2.90622400    2.67839300 
 H                  1.54822600   -0.01179100    2.78768600 
 C                  3.63177100   -1.43173500    2.25689300 
 C                 -2.77387700    2.28927500    2.37284300 
 C                  4.69424700   -2.24667400    1.93953100 
 C                  1.48993100   -0.38932200    1.76709700 
 C                 -0.61124500    0.70133500    1.58452100 
 H                 -4.40706400   -3.99811300    1.38493000 
 C                  2.57193800   -1.20362700    1.34185700 
 H                  3.45178200    4.70772300    0.05181300 
 C                 -2.58276200    1.99691100    1.02545600 
 N                  0.44696400   -0.06320000    1.05605900 
 C                  4.71475000   -2.87171600    0.67434400 
 C                 -4.01997400   -3.14079700    0.83779600 
 H                  5.54654500   -3.52181600    0.41207700 
 C                 -4.89040800   -2.13306800    0.41285000 
 C                  2.55229200    4.17797400   -0.25470300 
 C                  1.33596600    4.86071000   -0.33577400 
 C                 -1.51161800    1.19806200    0.63822900 
 H                 -3.27608000    2.38427900    0.28524500 
 C                 -2.65712500   -3.05820100    0.57851200 
 C                  2.62739600    2.82039700   -0.55267000 
 C                  2.59699100   -1.82758700    0.05053000 
 C                 -4.36636300   -1.04402400   -0.28076500 
 C                  0.19317400    4.16625000   -0.73133100 
 H                 -0.76040300    4.68632500   -0.80683100 
 H                 -5.02893200   -0.24811200   -0.61819000 
 C                  3.70165100   -2.67534800   -0.24015800 
 C                  1.47920700    2.11239100   -0.95385200 
 C                 -2.11531400   -1.96500600   -0.13325200 
 C                  0.25580500    2.81001900   -1.05175500 
 C                 -3.00345700   -0.95315500   -0.56826900 
 N                 -1.25643000    0.83308400   -0.75363100 
 Co                 0.26117000   -0.45201300   -0.75970100 
 O                  1.55664900    0.82603500   -1.27764000 
 O                  1.67679300   -1.67687000   -0.84512300 
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 O                 -0.82215300   -1.94648600   -0.40037400 
 C                 -0.92650000    2.05549100   -1.56756300 
 H                 -1.81231200    2.70079500   -1.59684000 
 C                 -2.45992200    0.18236400   -1.37560100 
 H                 -3.23436600    0.94490700   -1.52344300 
 H                 -0.74879900    1.68750300   -2.58455800 
 H                 -2.12927600   -0.14057300   -2.36811600 
 O                  0.13167900   -0.66939300   -2.73099800 
 H                  0.95677100   -0.19234100   -2.94740300 
 H                  0.95958000   -2.56561700   -3.00259700 
 C                  0.12035400   -1.96508800   -3.35641500 
 H                 -0.81849100   -2.43768400   -3.07365700 
 H                  0.16314600   -1.83081100   -4.44042700 
 H                 -1.97692900   -3.83868300    0.91080800 
 H                 -5.95454000   -2.19147800    0.62396300 
 H                  5.49932000   -2.41185600    2.64876700 
 H                  3.72256700   -3.15811000   -1.21307900 
 H                  3.57014800    2.28324000   -0.48616000 
 H                  1.27860700    5.91821700   -0.09318700 
 
(1’)+  [CoL1]+  E = -2873.900202 a.u. 
 H                 -1.95900100    2.13277000    4.35438600 
 H                 -0.12696500    0.64206600    3.69120100 
 H                  3.65502300   -0.89193100    3.16646100 
 C                 -1.81463400    1.90267400    3.30305600 
 C                 -0.77070500    1.06625300    2.92829200 
 H                 -3.49586800    3.08577200    2.64592800 
 H                  1.60051700    0.05356100    2.75574500 
 C                  3.65157300   -1.42303600    2.21721600 
 C                 -2.68062300    2.43498700    2.34586700 
 C                  4.68144100   -2.27564800    1.89528900 
 C                  1.51113700   -0.36462300    1.75380500 
 C                 -0.57696100    0.76363400    1.57387800 
 H                 -4.56640000   -3.86457900    1.42917100 
 C                  2.56217600   -1.21487600    1.33109100 
 H                  3.65046100    4.50602700   -0.02238700 
 C                 -2.50963100    2.11564800    1.00208800 
 N                  0.45430200   -0.04353600    1.05677000 
 C                  4.63916700   -2.95819500    0.66107100 
 C                 -4.13018700   -3.03257100    0.88544700 
 H                  5.44671700   -3.63706700    0.39771900 
 C                 -4.95570600   -1.99183000    0.41638600 
 C                  2.72699300    4.01756900   -0.32320600 
 C                  1.54910100    4.76330200   -0.43640200 
 C                 -1.46798800    1.27351500    0.62463400 
 H                 -3.19391600    2.51868100    0.26182800 
 C                 -2.77540300   -2.98812700    0.65711500 
 C                  2.72846200    2.65203300   -0.58141200 
 C                  2.52606400   -1.89937500    0.07333700 
 C                 -4.41162600   -0.90459400   -0.28671200 
 C                  0.36955100    4.12897000   -0.82270600 
 H                 -0.54966900    4.70229400   -0.92158200 
 H                 -5.07028900   -0.11889300   -0.64585300 
 C                  3.59551300   -2.78230400   -0.22409400 
 C                  1.54198900    2.00736700   -0.97524500 
 C                 -2.20111500   -1.88393700   -0.05555300 
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 C                  0.35774100    2.76364600   -1.10614100 
 C                 -3.05491500   -0.82866700   -0.53719000 
 N                 -1.23423400    0.87124200   -0.76577600 
 Co                 0.23782600   -0.47597700   -0.74786400 
 O                  1.55942400    0.70907600   -1.26912300 
 O                  1.56297000   -1.77832900   -0.78968000 
 O                 -0.93569100   -1.88591100   -0.26482200 
 C                 -0.85842600    2.06109500   -1.61165900 
 H                 -1.71344500    2.74483200   -1.64798700 
 C                 -2.46500100    0.26770400   -1.36615300 
 H                 -3.21310000    1.05201700   -1.52369600 
 H                 -0.70291200    1.66597400   -2.62214700 
 H                 -2.17323700   -0.10277300   -2.35488100 
 O                  0.06210900   -0.76615800   -2.70032600 
 H                  0.88828600   -0.32854200   -2.98280600 
 H                  0.79438700   -2.71340500   -2.89549800 
 C                 -0.00834500   -2.08616800   -3.28432500 
 H                 -0.97769300   -2.50044900   -3.01183800 
 H                  0.05967800   -1.98609500   -4.36952000 
 H                 -2.10374400   -3.76544100    1.00691300 
 H                 -6.02517000   -2.02716400    0.59894100 
 H                  5.51119300   -2.42640000    2.57832900 
 H                  3.56858000   -3.30930100   -1.17310800 
 H                  3.63524300    2.06088200   -0.49024800 
 H                  1.55120800    5.82851600   -0.22474700 
 
 
(1’)2+ [CoL1]2+ E = -2873.676782 
 
 H                 -2.02068600    1.70084500    4.57025700 
 H                 -0.20009700    0.26483600    3.79758800 
 H                  3.34895100   -1.64180900    3.26680900 
 C                 -1.86641900    1.57029600    3.50367800 
 C                 -0.82852500    0.75872800    3.06505300 
 H                 -3.52057400    2.83959800    2.94421500 
 H                  1.40546800   -0.50057700    2.87228000 
 C                  3.43252600   -1.94941700    2.22743600 
 C                 -2.71085600    2.20843800    2.59287100 
 C                  4.47268500   -2.74997500    1.82136600 
 C                  1.38868000   -0.70514500    1.80360000 
 C                 -0.61952600    0.58218200    1.68995600 
 H                 -4.32561600   -4.24864800    0.83635600 
 C                  2.44367600   -1.50502100    1.30793300 
 H                  3.59126100    4.87885100   -0.00819500 
 C                 -2.52133200    2.02426400    1.22738300 
 N                  0.40722600   -0.18940800    1.10826300 
 C                  4.54799900   -3.13655100    0.46623100 
 C                 -3.93174300   -3.32125600    0.43391700 
 H                  5.36634900   -3.77144400    0.13644600 
 C                 -4.80696000   -2.25649400    0.13748300 
 C                  2.68911300    4.32530100   -0.24646800 
 C                  1.45217700    4.99844500   -0.32293200 
 C                 -1.48378300    1.20812000    0.78641400 
 H                 -3.18753600    2.51259200    0.52273300 
 C                 -2.58437800   -3.17517000    0.21733200 
 C                  2.74215200    2.97164600   -0.46597900 
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 C                  2.52805900   -1.89507200   -0.06623100 
 C                 -4.32165900   -1.04014600   -0.38778200 
 C                  0.26315800    4.30577700   -0.64173500 
 H                 -0.66596000    4.86102100   -0.72831900 
 H                 -5.02515000   -0.24695900   -0.62241400 
 C                  3.60594900   -2.72599900   -0.45489300 
 C                  1.53336400    2.24605800   -0.75306900 
 C                 -2.07145700   -1.93625800   -0.30414000 
 C                  0.27840700    2.94879900   -0.86648700 
 C                 -2.97679600   -0.85791400   -0.61903400 
 N                 -1.23535600    0.94917600   -0.63773400 
 Co                 0.28208900   -0.33630900   -0.75306100 
 O                  1.61806000    0.97902400   -0.91163000 
 O                  1.66403900   -1.54130900   -0.97515000 
 O                 -0.80925000   -1.84620300   -0.48961800 
 C                 -0.92115800    2.21492800   -1.37566300 
 H                 -1.79526300    2.87156400   -1.34112600 
 C                 -2.45126500    0.36877500   -1.29587200 
 H                 -3.23620300    1.13062600   -1.33153400 
 H                 -0.76708500    1.93376900   -2.42340200 
 H                 -2.17246300    0.15102000   -2.33257800 
 O                  0.16695400   -0.37843100   -2.72578400 
 H                  1.02397200   -0.02865700   -3.02762400 
 H                  0.65596300   -2.38266900   -3.08408500 
 C                 -0.05312700   -1.63088300   -3.43126900 
 H                 -1.07525900   -1.94007700   -3.22309400 
 H                  0.06307300   -1.43886400   -4.49890100 
 H                 -1.86990800   -3.96102300    0.43881900 
 H                 -5.87215900   -2.36984200    0.31149000 
 H                  5.22392700   -3.08348200    2.52955300 
 H                  3.66803200   -3.02629600   -1.49614200 
 H                  3.66570600    2.40605600   -0.40219700 
 H                  1.40956900    6.06816300   -0.14512600 
 
(1’)3+ [CoL1]3+  E =  -2873.431989 a.u. 
 H                 -2.10089900    1.65787200    4.57054900 
 H                 -0.25828600    0.23498000    3.81702800 
 H                  3.36972100   -1.61935200    3.27419600 
 C                 -1.92153300    1.53998800    3.50706800 
 C                 -0.87144100    0.74084100    3.08002300 
 H                 -3.56789300    2.80635000    2.92482000 
 H                  1.41054000   -0.43487700    2.90228200 
 C                  3.41808200   -1.91716500    2.23145600 
 C                 -2.74925700    2.18196400    2.58269300 
 C                  4.46171300   -2.75569100    1.80339300 
 C                  1.38113000   -0.65365300    1.83743100 
 C                 -0.64150200    0.58711700    1.70532100 
 H                 -4.28341600   -4.30986300    0.75594100 
 C                  2.44769400   -1.47225900    1.34292200 
 H                  3.57755700    4.90637200   -0.02619700 
 C                 -2.54206300    2.01192500    1.21580500 
 N                  0.40329200   -0.16795400    1.13369300 
 C                  4.54675300   -3.17583400    0.45814100 
 C                 -3.89692600   -3.37154800    0.37263900 
 H                  5.35828400   -3.82553000    0.14791600 
 C                 -4.78203200   -2.30932000    0.09272900 



182 
 

 C                  2.67686400    4.34787500   -0.25762200 
 C                  1.43710700    5.01734000   -0.33655600 
 C                 -1.49495200    1.20680000    0.78603400 
 H                 -3.20410600    2.50307300    0.51014200 
 C                 -2.55075300   -3.20789900    0.16615200 
 C                  2.73379900    2.99306400   -0.46537000 
 C                  2.53349400   -1.89247200   -0.04641000 
 C                 -4.30812600   -1.07612600   -0.41093900 
 C                  0.24683400    4.31914500   -0.64904300 
 H                 -0.68261500    4.87284200   -0.73953400 
 H                 -5.02071200   -0.28879900   -0.63635900 
 C                  3.60758200   -2.76218100   -0.45340200 
 C                  1.52515200    2.26599600   -0.74652700 
 C                 -2.05279000   -1.95188500   -0.32808400 
 C                  0.26844000    2.96236000   -0.86549500 
 C                 -2.96602500   -0.87874600   -0.63518400 
 N                 -1.23288600    0.94636900   -0.63604200 
 Co                 0.27241200   -0.31489800   -0.73939800 
 O                  1.60814500    0.99508700   -0.89937000 
 O                  1.69886800   -1.52997600   -0.92911300 
 O                 -0.78682500   -1.83793800   -0.49119800 
 C                 -0.92370600    2.21813800   -1.37547100 
 H                 -1.80560300    2.86256400   -1.33837400 
 C                 -2.44607900    0.35420100   -1.30299800 
 H                 -3.23152000    1.11421500   -1.33817600 
 H                 -0.77294300    1.93897200   -2.42371200 
 H                 -2.15858700    0.14232300   -2.33810800 
 O                  0.15027400   -0.37355400   -2.69131500 
 H                  0.90270700    0.12681400   -3.05534300 
 H                  0.93286200   -2.25345700   -3.20337200 
 C                  0.06747700   -1.63061200   -3.42860000 
 H                 -0.85170000   -2.12327200   -3.12360300 
 H                  0.02383600   -1.38292400   -4.48949500 
 H                 -1.82873100   -3.98937300    0.37793000 
 H                 -5.84657400   -2.43667700    0.26006000 
 H                  5.20568600   -3.08482500    2.52099500 
 H                  3.63970000   -3.06069800   -1.49558800 
 H                  3.65946000    2.43135300   -0.39960400 
 H                  1.39194000    6.08814000   -0.16689100 
 
 
(2’)  [CoL3]  E =  -3027.630490 a.u. 
 H                 -2.48154400    0.58059100   -2.53615600 
 H                 -0.16577000   -0.19017700   -3.31123100 
 O                 -1.90583200    1.33865400   -2.31500500 
 H                  1.50751200   -0.71776000   -3.06719700 
 C                  0.52088900   -0.65349800   -2.59360500 
 H                  0.33244700    1.97316400   -2.66646900 
 H                  1.75409800   -3.08785000   -2.90999100 
 C                  0.04306500   -2.00979700   -2.18629000 
 C                  0.77465000   -3.16968900   -2.44162600 
 O                 -1.93781800   -0.99266300   -1.34143400 
 C                  0.25872300   -4.42476500   -2.11993000 
 C                 -1.22474200   -2.09001400   -1.57087600 
 H                  2.01226700    1.44013200   -2.57598500 
 C                 -1.00387800   -4.50959500   -1.52745300 
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 C                 -1.73796900   -3.36020200   -1.24955100 
 C                  1.11112600    1.62626600   -1.97932800 
 H                 -1.41843400   -5.48253600   -1.27217300 
 N                  0.60762400    0.31447100   -1.44397400 
 Co                -1.18552900    0.58799200   -0.62224900 
 O                 -2.89640000    0.87851200    0.08483700 
 H                  3.30150400   -0.17448300   -1.55298000 
 O                 -0.76194900    2.28109300    0.07634700 
 C                  1.40233400    2.62754800   -0.90653700 
 H                  3.36531700    3.09675600   -1.63367200 
 C                 -4.77512800    0.45998200    1.41094600 
 C                 -3.39709200    0.27312200    1.11153000 
 C                  1.49515500   -0.20356000   -0.40366100 
 C                  2.61257300    3.32298200   -0.87960200 
 C                  0.41086300    2.88792000    0.06801700 
 C                  2.83898500   -0.39556400   -0.59505800 
 H                 -6.42379000   -0.00189800    2.68125300 
 N                 -0.50575600   -0.29513200    0.87599200 
 C                 -5.36534000   -0.16392000    2.48965200 
 H                  5.50216300   -0.87631000   -0.67158100 
 C                  0.88716800   -0.49691900    0.84260100 
 C                  0.68357000    3.87432700    1.04150300 
 C                  2.86578900    4.30127000    0.07999300 
 C                 -2.64443000   -0.57275100    1.99243100 
 C                  3.65723300   -0.87006900    0.45965600 
 C                 -1.24966700   -0.77742400    1.83272100 
 C                  1.88602900    4.57076400    1.03972300 
 C                  5.05096500   -1.07597200    0.29746100 
 C                 -4.62600300   -1.00738700    3.34639800 
 H                  2.06476400    5.32744200    1.80108500 
 C                  1.66816200   -0.92735800    1.89838800 
 C                 -3.28685000   -1.19663500    3.09304000 
 H                 -0.76531300   -1.39508100    2.58899900 
 C                  3.05717600   -1.13092500    1.73215300 
 C                  5.81999700   -1.52021500    1.34799900 
 H                  6.88691300   -1.67606200    1.21370100 
 H                  1.23746100   -1.10146200    2.87967500 
 H                 -2.69108800   -1.83294800    3.74457100 
 C                  3.88030000   -1.58333000    2.79790700 
 C                  5.22865200   -1.77487100    2.60882800 
 H                  3.42541300   -1.77879500    3.76599300 
 H                  5.84784300   -2.12369800    3.43088200 
 C                 -2.65816200    2.56527800   -2.34211100 
 H                 -1.96231200    3.36097400   -2.08308600 
 H                 -3.04474000    2.71611400   -3.35338600 
 H                 -3.46901000    2.53006600   -1.61325200 
 H                  0.83356200   -5.32322400   -2.32674300 
 H                 -2.71845600   -3.42017400   -0.78403900 
 H                 -5.34944000    1.10695000    0.75401100 
 H                 -5.10563700   -1.49133700    4.19148700 
 H                 -0.07914300    4.07834300    1.78901900 
 H                  3.81075600    4.83733800    0.08398100 
 
(2’)+ [CoL3]+  E =  a.u. -3027.439069 
 H                 -2.41434100    0.85908500   -2.50640300 
 H                 -0.17622600   -0.02824400   -3.31555000 
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 O                 -1.83592500    1.57963200   -2.18788000 
 H                  1.47000200   -0.64506400   -3.10016200 
 C                  0.48992200   -0.55193500   -2.62018100 
 H                  0.41415300    2.08449500   -2.58148600 
 H                  1.58738400   -3.04322100   -3.03730100 
 C                 -0.05292500   -1.89405700   -2.25659600 
 C                  0.60924200   -3.08288900   -2.56247500 
 O                 -1.96960900   -0.80430100   -1.35184300 
 C                  0.01935500   -4.31424600   -2.28152500 
 C                 -1.31597000   -1.93236100   -1.63063500 
 H                  2.06646200    1.47639500   -2.52636000 
 C                 -1.24210900   -4.35235400   -1.67919800 
 C                 -1.90570800   -3.17629900   -1.34804500 
 C                  1.17607900    1.66292300   -1.91711900 
 H                 -1.70776600   -5.30957300   -1.45813700 
 N                  0.62663900    0.36034300   -1.42660300 
 Co                -1.15342100    0.66099300   -0.56781700 
 O                 -2.80440800    1.02043500    0.20512700 
 H                  3.31657000   -0.18309800   -1.55392200 
 O                 -0.56454800    2.24701700    0.28891100 
 C                  1.51394200    2.62198000   -0.81927200 
 H                  3.42495700    3.17702700   -1.60505500 
 C                 -4.73118700    0.53111500    1.43462000 
 C                 -3.36300200    0.30756200    1.13733000 
 C                  1.50201300   -0.23731400   -0.41279600 
 C                  2.69045900    3.34595900   -0.82248500 
 C                  0.55400500    2.86795000    0.22778700 
 C                  2.84259100   -0.44654400   -0.61248200 
 H                 -6.42420900   -0.00062800    2.61649500 
 N                 -0.50733100   -0.36244100    0.85544600 
 C                 -5.37179700   -0.19142000    2.42066500 
 H                  5.49326300   -0.97985700   -0.70870600 
 C                  0.88043600   -0.59502300    0.81006500 
 C                  0.83493100    3.85774800    1.22860200 
 C                  2.94876700    4.30936000    0.16737500 
 C                 -2.66830900   -0.67569100    1.91329800 
 C                  3.64313900   -1.00390300    0.41476100 
 C                 -1.28157800   -0.91556900    1.74998600 
 C                  2.01478300    4.56056600    1.19217600 
 C                  5.03256000   -1.22924600    0.24391600 
 C                 -4.69253700   -1.17163000    3.17435700 
 H                  2.23206700    5.30590500    1.95065900 
 C                  1.64488600   -1.10795200    1.84016200 
 C                 -3.35997300   -1.39873500    2.91992900 
 H                 -0.82539900   -1.62499800    2.43957000 
 C                  3.03005800   -1.33183800    1.66584100 
 C                  5.78460900   -1.75698900    1.26748400 
 H                  6.84806600   -1.92925500    1.12791200 
 H                  1.20312600   -1.33286100    2.80619000 
 H                 -2.80987000   -2.14066300    3.49447800 
 C                  3.83640000   -1.86893100    2.70423300 
 C                  5.18096200   -2.07783400    2.50714800 
 H                  3.37274300   -2.11618100    3.65580900 
 H                  5.78803300   -2.49283300    3.30686300 
 C                 -2.58624500    2.81370100   -2.13524100 
 H                 -1.88665100    3.59789600   -1.85009100 
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 H                 -2.98267300    3.01704000   -3.13221100 
 H                 -3.38823600    2.73636300   -1.40061000 
 H                  0.53775100   -5.23600400   -2.52889000 
 H                 -2.88179000   -3.19340800   -0.87161900 
 H                 -5.25954800    1.28298500    0.85611500 
 H                 -5.21327900   -1.73133700    3.94467100 
 H                  0.09053700    4.01458200    2.00257500 
 H                  3.88120600    4.86442900    0.13968700 
 
 
(2’)2+ [CoL3]2+  E = -3027.216603 a.u. 
 H                 -2.36554200    0.91677800   -2.52086100 
 H                 -0.17275700    0.01678000   -3.31792600 
 O                 -1.81262200    1.62178600   -2.12894000 
 H                  1.47243900   -0.59877700   -3.10168900 
 C                  0.48986700   -0.51666400   -2.62743700 
 H                  0.40734400    2.12171000   -2.55859100 
 H                  1.59417100   -3.00872000   -3.05922600 
 C                 -0.05007700   -1.86296800   -2.27794500 
 C                  0.61583000   -3.04921600   -2.58566000 
 O                 -1.96303800   -0.77332300   -1.36927300 
 C                  0.02511300   -4.28082600   -2.30722200 
 C                 -1.31036500   -1.90847500   -1.65211800 
 H                  2.05913500    1.51821200   -2.50462400 
 C                 -1.23538900   -4.32321600   -1.70460000 
 C                 -1.90041300   -3.14886400   -1.36714300 
 C                  1.16911500    1.70010700   -1.89509100 
 H                 -1.69994600   -5.28153100   -1.48783500 
 N                  0.62494100    0.38578400   -1.41806300 
 Co                -1.13263300    0.65957200   -0.55721700 
 O                 -2.80198100    0.99477900    0.24161900 
 H                  3.32919500   -0.12024400   -1.53543100 
 O                 -0.55089700    2.22535500    0.34386900 
 C                  1.50255400    2.65378200   -0.79072500 
 H                  3.39214100    3.25614100   -1.59220100 
 C                 -4.74109600    0.55355100    1.44408400 
 C                 -3.36259700    0.29045200    1.13607600 
 C                  1.50548000   -0.22148100   -0.41434000 
 C                  2.66216000    3.40020900   -0.80092400 
 C                  0.55121500    2.87251800    0.27249400 
 C                  2.84643500   -0.41318300   -0.60797700 
 H                 -6.43919600   -0.00050800    2.60633100 
 N                 -0.49748400   -0.41086900    0.84216700 
 C                 -5.39306300   -0.19217100    2.39025700 
 H                  5.50132000   -0.91845200   -0.69202800 
 C                  0.88229100   -0.63248800    0.79186800 
 C                  0.82144100    3.85904300    1.28170600 
 C                  2.91034700    4.36272100    0.19653500 
 C                 -2.66374900   -0.75180200    1.87686000 
 C                  3.64354300   -0.99941500    0.41106000 
 C                 -1.27087800   -0.99728300    1.71440100 
 C                  1.98389300    4.58701700    1.23598600 
 C                  5.03060800   -1.20471200    0.24439000 
 C                 -4.71280600   -1.21929800    3.09231400 
 H                  2.19522400    5.33122200    1.99681600 
 C                  1.64201100   -1.18340000    1.81603800 
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 C                 -3.36926000   -1.48050600    2.84079300 
 H                 -0.82944100   -1.73249600    2.38314500 
 C                  3.02574800   -1.38021400    1.64727400 
 C                  5.77908500   -1.76368000    1.26045300 
 H                  6.84489600   -1.91914100    1.12206100 
 H                  1.19233700   -1.44547400    2.76870300 
 H                 -2.85610100   -2.25445000    3.40387000 
 C                  3.82596100   -1.94577400    2.67688300 
 C                  5.17429100   -2.13473300    2.48298500 
 H                  3.35591300   -2.23030000    3.61409100 
 H                  5.78078400   -2.57108000    3.27074000 
 C                 -2.56763100    2.85764200   -2.07024800 
 H                 -1.89537600    3.62394300   -1.68952900 
 H                 -2.88000400    3.10661000   -3.08591700 
 H                 -3.42967700    2.74708400   -1.41175200 
 H                  0.54390200   -5.20132800   -2.55726800 
 H                 -2.87723600   -3.16886300   -0.89266200 
 H                 -5.23553400    1.34141300    0.88607500 
 H                 -5.24170700   -1.80057000    3.84023800 
 H                  0.08284900    3.99253600    2.06535600 
 H                  3.83007500    4.93783300    0.16190300 
 
 
 
(2’)3+ [CoL3]3+  E = -3026.974198 a.u. 
 H                 -2.48170600   -0.47232000   -2.64195900 
 H                  0.03785200   -0.91589200   -3.20347000 
 O                 -1.94271100    0.32600800   -2.49424100 
 H                  1.74428500   -1.13130000   -2.82293600 
 C                  0.74031700   -1.12942900   -2.39085000 
 H                  0.21130500    1.32282300   -3.02691900 
 H                  2.16890300   -3.45579100   -2.58649300 
 C                  0.44701100   -2.46819900   -1.79352600 
 C                  1.23975100   -3.56439000   -2.03556900 
 O                 -1.55932600   -1.67748800   -0.78197700 
 C                  0.84401100   -4.85094400   -1.60078600 
 C                 -0.78715700   -2.65861900   -1.07344100 
 H                  1.93002600    1.11470800   -2.71399000 
 C                 -0.37858900   -5.04901700   -0.92479200 
 C                 -1.19382200   -3.97682400   -0.66540300 
 C                  0.96032100    1.25970400   -2.23003700 
 H                 -0.66482700   -6.04619500   -0.60761100 
 N                  0.63427900    0.02515200   -1.43333500 
 Co                -1.18713700    0.15927000   -0.69976100 
 O                 -2.96157700    0.30778500   -0.10804900 
 H                  3.36978900   -0.17534000   -1.44743000 
 O                 -1.10305600    2.00535600   -0.39073900 
 C                  0.98149800    2.51994000   -1.42510500 
 H                  2.84234200    3.24682500   -2.18652600 
 C                 -4.82339200    0.25702000    1.27778600 
 C                 -3.40755600    0.14442800    1.07108500 
 C                  1.55844600   -0.12857700   -0.30122900 
 C                  1.98419800    3.45175800   -1.55381100 
 C                 -0.14413600    2.83332900   -0.58047600 
 C                  2.91566300   -0.20797300   -0.46138900 
 H                 -6.42480100    0.15545500    2.67856300 
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 N                 -0.42974300   -0.10446700    1.00471500 
 C                 -5.35328800    0.07431100    2.52733800 
 H                  5.61720900   -0.38687400   -0.44625600 
 C                  0.96675900   -0.17708200    0.98772000 
 C                 -0.22599600    4.11284600    0.07179500 
 C                  1.90291500    4.69605100   -0.88733300 
 C                 -2.54734100   -0.14922500    2.20826600 
 C                  3.76619700   -0.32791400    0.66906600 
 C                 -1.13440400   -0.24202100    2.09848700 
 C                  0.79088600    5.02080100   -0.08249500 
 C                  5.16808300   -0.40784000    0.54228400 
 C                 -4.51361800   -0.22298800    3.63169400 
 H                  0.74654100    5.98375200    0.41494800 
 C                  1.78353600   -0.27929200    2.11215700 
 C                 -3.13654100   -0.32852500    3.46676400 
 H                 -0.60409100   -0.44904800    3.02428600 
 C                  3.17974000   -0.35590300    1.97729400 
 C                  5.96368200   -0.50915700    1.66868800 
 H                  7.04239000   -0.56963400    1.56124800 
 H                  1.36844100   -0.28796600    3.11388300 
 H                 -2.50766700   -0.54956900    4.32368200 
 C                  4.02615400   -0.45725500    3.11592100 
 C                  5.39085300   -0.53294800    2.95959100 
 H                  3.58037000   -0.47563800    4.10613000 
 H                  6.03396000   -0.61086000    3.83049200 
 C                 -2.74359700    1.47825800   -2.89046500 
 H                 -2.07830500    2.33796900   -2.90412200 
 H                 -3.12090500    1.28474900   -3.89481300 
 H                 -3.55945800    1.62851700   -2.18359200 
 H                  1.49076900   -5.69857300   -1.80306800 
 H                 -2.13603000   -4.07484200   -0.13678400 
 H                 -5.43959900    0.48216600    0.41425200 
 H                 -4.94917900   -0.36513500    4.61490200 
 H                 -1.09570600    4.31094500    0.68915100 
 H                  2.70891900    5.41277400   -1.00700400 
 
(4’) [FeL4]   E = -2755.074746 a.u. 
 
 H                  5.17713800   -3.18178300    1.75496400 
 C                  4.65581600   -2.44719000    1.14511300 
 H                 -5.81140200   -1.54748500    2.71292600 
 C                  5.33408300   -1.31893300    0.67803400 
 H                 -3.93338700    0.04742700    2.97979500 
 C                  3.31294200   -2.64103600    0.83978000 
 C                 -4.90706600   -1.65807400    2.12251700 
 C                 -3.86033200   -0.77089300    2.26595300 
 H                  1.72513000    2.77433400    4.18964700 
 H                 -1.82653500    0.76254400    2.56327200 
 C                  4.64642300   -0.38865200   -0.10010300 
 H                 -0.02620600    1.14157600    3.62183900 
 H                  5.16507600    0.49349100   -0.47202700 
 C                  1.63225200    2.42222500    3.16611100 
 H                 -5.59573200   -3.42302400    1.08113000 
 C                 -4.77986800   -2.71382000    1.20107500 
 C                  2.61303000   -1.70624600    0.05327700 
 C                  0.63340600    1.51172300    2.84291300 
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 C                 -2.67368600   -0.89326300    1.50385600 
 C                 -1.62681800    0.04847900    1.75932200 
 H                  3.30574600    3.57431800    2.43726700 
 C                  2.52188300    2.86529800    2.18724900 
 C                  3.30078700   -0.56737400   -0.42523100 
 C                  0.49985800    1.03966900    1.52846100 
 O                  1.33430100   -1.90195000   -0.23155200 
 C                 -3.63316800   -2.86851900    0.44403900 
 N                 -0.49120900    0.12484500    1.12653900 
 C                 -2.54978900   -1.96408600    0.55843200 
 C                  2.41686400    2.37634700    0.88800400 
 C                  1.42293900    1.45783600    0.55349300 
 H                  3.12030700    2.70966000    0.13060500 
 O                 -1.47991100   -2.14703500   -0.16408100 
 C                  2.58683600    0.39054800   -1.33007800 
 H                  3.25207900    1.22758300   -1.58472800 
 H                  0.91537900   -3.36805500   -2.60802400 
 N                  1.29594700    0.91883600   -0.78734100 
 H                  2.32257400   -0.10081200   -2.27549200 
 C                  0.06560700   -2.93671200   -3.13606600 
 H                  0.21748400   -3.02341400   -4.21598100 
 O                  0.01661600   -1.55495800   -2.75778600 
 C                  0.79300400    1.94949200   -1.74954300 
 H                  1.51846100    2.77361600   -1.80226300 
 H                 -0.85036700   -3.45660400   -2.84022700 
 O                 -1.42734000    0.27142400   -1.65806400 
 H                 -0.75080800   -1.11149800   -3.15888600 
 H                  0.78588000    1.45492700   -2.72936800 
 C                 -0.57282700    2.47707400   -1.43842200 
 C                 -0.81020700    3.83412900   -1.21772300 
 C                 -1.65287300    1.56464400   -1.45567000 
 C                 -2.10536700    4.31602900   -1.02857800 
 H                  0.03299500    4.52294300   -1.20533800 
 C                 -2.95737200    2.05944700   -1.27323900 
 C                 -3.17513700    3.41847900   -1.06311800 
 H                 -4.19143700    3.78031000   -0.92145000 
 Fe                -0.15698500   -0.85394200   -0.70607600 
 H                 -2.27783100    5.37551000   -0.86007900 
 H                 -3.78638500    1.35669300   -1.29570700 
 H                 -3.53450500   -3.68617900   -0.26440700 
 H                  2.77577200   -3.51441100    1.20054800 
 H                  6.38236000   -1.16450300    0.91828100 
 
 
(4’)+ [FeL4]+ E =  -2754.877858 a.u. 
 H                  5.25602600   -3.07733900    1.76598800 
 C                  4.71090700   -2.35757300    1.16061200 
 H                 -5.80470800   -1.83381300    2.62225900 
 C                  5.35692100   -1.21703300    0.67807900 
 H                 -3.96598600   -0.21510100    2.99199000 
 C                  3.36857800   -2.57964600    0.87543800 
 C                 -4.90406000   -1.87778200    2.01817900 
 C                 -3.87941900   -0.97647300    2.21969300 
 H                  1.58883200    2.71757800    4.23952500 
 H                 -1.88470800    0.59757800    2.58509200 
 C                  4.64425600   -0.30128300   -0.09416500 
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 H                 -0.12460200    1.06328700    3.63277200 
 H                  5.14308800    0.58750600   -0.47505200 
 C                  1.51412800    2.37806400    3.21064400 
 H                 -5.56199100   -3.57734900    0.85670600 
 C                 -4.76194600   -2.85989700    1.02133700 
 C                  2.64875100   -1.65862300    0.09617400 
 C                  0.53577100    1.45426600    2.86526400 
 C                 -2.69731300   -1.01689000    1.44129600 
 C                 -1.67322700   -0.06715400    1.74407000 
 H                  3.17477400    3.57059100    2.51862300 
 C                  2.40718100    2.85165500    2.24898000 
 C                  3.29806200   -0.50754800   -0.40044300 
 C                  0.42716200    0.99821600    1.54334600 
 O                  1.36229800   -1.88113700   -0.16469400 
 C                 -3.61923500   -2.93209700    0.24431800 
 N                 -0.54301100    0.07399600    1.10829700 
 C                 -2.56088200   -2.01532500    0.42412200 
 C                  2.32790900    2.38056600    0.94176400 
 C                  1.35359900    1.44959000    0.58713500 
 H                  3.03561900    2.73677700    0.19917400 
 O                 -1.48795000   -2.11783000   -0.31881900 
 C                  2.56144400    0.43203300   -1.30740600 
 H                  3.20241100    1.28980900   -1.54715000 
 H                  1.44812200   -2.96708900   -2.60410800 
 N                  1.24738300    0.92519300   -0.76820300 
 H                  2.31795300   -0.05666000   -2.25878200 
 C                  0.57073300   -2.70778100   -3.19361400 
 H                  0.83394800   -2.65023300   -4.25231700 
 O                  0.14111800   -1.40962700   -2.73559000 
 C                  0.75568600    1.97300700   -1.71449300 
 H                  1.47724500    2.79884000   -1.75072900 
 H                 -0.21603100   -3.44972300   -3.03459300 
 O                 -1.52567500    0.35056500   -1.61963800 
 H                 -0.62459200   -1.11714200   -3.25563900 
 H                  0.73500700    1.51041500   -2.70853900 
 C                 -0.60412200    2.50989400   -1.38967400 
 C                 -0.84438100    3.84606600   -1.15728200 
 C                 -1.72327100    1.59137600   -1.41015600 
 C                 -2.15866800    4.31436600   -0.95478900 
 H                 -0.01904600    4.55223000   -1.14050800 
 C                 -3.05658300    2.09213600   -1.20584800 
 C                 -3.25936000    3.43357200   -0.98650600 
 H                 -4.26168200    3.82020200   -0.83161800 
 Fe                -0.09930500   -0.89093900   -0.68790800 
 H                 -2.32302700    5.37213700   -0.77401200 
 H                 -3.87320900    1.37770700   -1.22778500 
 H                 -3.50789800   -3.69329400   -0.52209800 
 H                  2.85088800   -3.45972200    1.24633600 
 H                  6.40484900   -1.04109000    0.90286700 
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Appendix C 

The Trivalent Cobalt Case 

R. Shakya, C. Imbert, H. P. Hratchian, M. Lanznaster, M. J. Heeg, B. R. McGarvey,  

M. Allard, H. B. Schlegel, C. N. Verani 

“Structural, spectroscopic, and electrochemical behavior of trans-phenolato cobalt(III) 

complexes of asymmetric NN'O ligands as archetypes for metallomesogens.” 

 

Published in Dalton Transactions 2006, (21), 2517-2525. 

Reproduced with permission from Royal Society of Chemistry. 

www.rsc.org/dalton 

 

My contribution to this work consisted of the electronic structure calculations in joint 

collaboration with Dr. Hrant Hratchian from Professor Schlegel laboratory. 
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Appendix D 

The Divalent Cobalt case 

R. Shakya, S. S. Hindo, L. Wu, M. M. Allard, M. J. Heeg, H. P. Hratchian, B. R. McGarvey, S. 

R. P. da Rocha, C. N. Verani, 

“Archetypical Modeling and Amphiphilic Behavior of Cobalt(II)-Containing Soft-Materials with 

Asymmetric Tridentate Ligands” 

Published in Inorganic Chemistry 2007, 46, (23), 9808-9818. 

Reproduced with permission from the American Chemical Society. 

 

 

My contribution to this work consisted of the electronic structure calculations in joint collaboration with 
Dr. Hrant Hratchian from Professor Schlegel’s laboratory. 
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Appendix E 

The Cu4-carboxylato Cluster 

 

Rajendra Shakya, Sarmad Sahiel Hindo, Libo Wu, Suolong Ni, Marco M. Allard, Mary Jane Heeg,  

Sandro R. P. da Rocha, Gordon T. Yee, Hrant P. Hratchian, Cláudio N. Verani. 

“Amphiphilic and Magnetic Properties of a New Class of Cluster-Bearing [L2Cu4(µ4-O)( µ2-

carboxylato)4] Soft Materials” 

 

Published in Chem. Eur. J. 2007, 13, 9948 – 9956. 

Reproduced with permission from the John Wiley & Sons, Inc. 

(http://www3.interscience.wiley.com) 

 

 

My contribution to this work consisted of assisting Dr. Hrant Hratchian with the electronic structure 

calculations as a joint collaboration.  
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Appendix F 

The Divalent Copper Surfactant 

 

Jeffery A. Driscoll, Marco M. Allard, L. Wu, Mary J. Heeg, S. R  P da Rocha, Cláudio N. Verani 

“Interfacial Behavior and Film Patterning of Redox-Active Cationic Copper(II)-Containing 

Surfactants” 

Published in Chemistry - A European Journal 2008, 14, 9665-9674. 

Reproduced with permission from the John Wiley & Sons, Inc. 

(http://www3.interscience.wiley.com) 

 

My contribution to this work consisted of the electronic structure calculations in joint 

collaboration with Prof. Schlegel’s laboratory, and performing cyclic voltammetry experiments. 
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Appendix G 

Cu Salycilaldimine Soft Material 

Sarmad Sahiel Hindo, Rajendra Shakya, N. S. Rannulu, Marco M. Allard, Mary Jane Heeg, M. 

T. Rodgers, Sandro R. P. da Rocha and Claudio N. Verani 

“Synthesis, Redox, and Amphiphilic Properties of Responsive Salycilaldimine-Copper(II) Soft 

Materials.” 

 

Published in Inorg. Chem., 2008, 47 (8), pp 3119–3127 

Reproduced with permission from the American Chemical Society. 

  

 

My contribution to this work consisted of the electronic structure calculations. 
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Appendix H 

Nickel and Zinc Proteasome Inhibitors 

Michael Frezza, Sarmad Sahiel Hindo, Dajena Tomco, Marco M. Allard, Qiuzhi Cindy Cui, 

Mary Jane Heeg, Di Chen, Claudio N. Verani, Q. Ping Dou 

“Comparative Activities of Nickel(II) and Zinc(II) Complexes of Asymmetric [NN’O] Ligands 

as 26S Proteasome Inhibitors” 

Published in Inorg. Chem., 2009, 48, 5928-5937 

Reproduced with permission from the American Chemical Society. 

 

 

My contribution to this work consisted of the electronic structure calculations.  
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Appendix I 

Copper, Nickel and Zinc Amphiphiles 

 

Frank D. Lesh, Sarmad Sahiel Hindo, Mary Jane Heeg, Marco M. Allard, Prateek Jain, Bo Peng, 

Lew Hryhorczuk, Cláudio N. Verani  

 “On the Effect of Coordination and Protonation Preferences in the Amphiphilic Behavior of  

Metallosurfactants with Asymmetric Headgroups” 

Published in Eur. J. Inorg. Chem. 2009, 345–356. 

Reproduced with permission from the John Wiley & Sons, Inc. 

(http://www3.interscience.wiley.com) 

 

 

My contribution to this work consisted of the electronic structure calculations.  
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Appendix J 

Iron Discoids 
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 “A Modular Approach to Redox-Active Multimetallic Hydrophobes 

of Discoid Topology” 

 

Published in Inorg. Chem., 2010, 49, 7226-7228. 

Reproduced with permission from the American Chemical Society. 
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ABSTRACT 

EXPERIMENTAL AND THEORETICAL ANALYSIS OF THE 
ELECTRONIC BEHAVIOR IN FIVE-COORDINATE IRON(III) AND 

SIX-COORDINATE COBALT(III) COMPLEXES WITH 
ELECTROACTIVE PHENOL-RICH LIGANDS 

by 

MARCO MATHIEU ALLARD 

December 2010 

Advisor: Dr. Cláudio N. Verani 

Major: Chemistry (Inorganic) 

Degree: Doctor of Philosophy 

 
Three five-coordinate high-spin Iron(III)  complexes containing pentadentate 

N2O3 ligands were synthesized and characterized, namely, (1) [FeIII(L1)] and (2) 

[FeIII(L2)].  Structural differences in ligand design,N,N,N'-tris(3,5-di-tert-butyl-2-

hydroxybenzyl)benzene-1,2-diamine for (1) and N,N,N'-tris-(3,5-di-tert-butyl-2-

hydroxybenzyl)-N’-methyl-benzene-1,2-diamine for (2), result in complexes that due to 

their forced geometry, asymmetry, and different electronic structures are able to foster 

phenoxyl radicals although  show a  sensitive dependence to both the solvent and the 

electrolyte system in the cyclic voltammetry. In the presence of TBAClO4, (1) exhibits a 

two-electron oxidation, whereas in the presence of TBAPF6, (2) exhibits three distinct 

phenolato/phenoxyl radical couples. Both (1) and (2) were redox-cycled 30 times without 

major decomposition at the surface of the electrode, indicating that the oxidized species 

are substitutionally inert.  Three six coordinates low-spin cobalt(III) complexes were 

synthesized and their electrochemical reactions were investigated in details. 
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