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Abstract 

Multielectron redox chemistry is fundamental for the activation of small molecules (e.g. 

H2O, CO2, CO, N2). Although these processes are of great importance, they are not well 

understood. Unravelling the mechanisms of electron transfer and its principles is essential for the 

design and development of efficient catalysts. Our approach towards the understanding of 

multielectron redox chemistry includes theoretical study of mechanistic pathways in the hydrogen 

evolution reaction (HER) by metal-free porphyrinoids, the study of electronic communication in 

non-symmetric multimetallic two-state models (D–B–A) and the tuning of the electronic properties 

of bimetallic systems (Mo, and Au) by ligand control.  

In Chapter 2, the free-base meso-tetra(pentafluorophenyl)porphyrin was found to be 

electrocatalytically active for hydrogen gas generation in the presence of p-toluenesulfonic acid. 

The electrochemical potential of hydrogen evolution (–1.31 vs Fc/Fc+ in THF and –0.69 V vs 

Ag/Ag+ MeCN) is comparable to metal containing electrocatalysts such as metallated porphyrins 

or other metallated macrocycles. In combination of spectroscopic and spectroelectrochemical 

observations along with DFT computations, we proposed the most thermodynamically favorable 

hydrogen generation mechanism to be a (1) reduction, (2) protonation, (3) reduction, (4) 

protonation (E-P-E-P) pathway in THF, and a (1) protonation, (2) protonation, (3) reduction, (4) 

reduction (P-P-E-E) pathway in MeCN.  

In Chapter 3, the free-base 5, 10, 15-tris(pentafluorophenyl)corrole showed to be active 

towards hydrogen evolution in acetonitrile under acidic conditions. The electrochemical potential 

of HER using p-toluenesulfonic acid (–1.22 V vs Fc/Fc+ in acetonitrile) is comparable to other 

metalated and metal-free macrocycles. In combination of experimental observations and Density 

Functional Theory calculations a mechanistic pathway was obtained when a strong was used as 
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proton source (p-toluenesulfonic acid). The most favourable hydrogen gas generation mechanism 

is a (1) protonation, (2) reduction, (3) reduction, (4) protonation (PEEP) pathway when p-

toluenesulfonic acid is used. On the other hand, when a weaker acid (benzoic acid) was used, the 

metal-free corrole cannot catalyse the proton reduction reaction. 

Chapter 4 depicts the synthesis and characterization of three non-symmetric multimetallic 

systems of the D–B–A type for the study of Inner-Sphere electron transfer. In the first part of this 

chapter, two dimers-of-dimers ([Mo2(DAniF)3]2(C12O3NH7) and [Mo2(DAniF)3]2(C18O2N2H12)) 

were prepared and studied. Cyclic voltammetry on these compounds displayed multielectron redox 

processes with two one-electron and three one-electron oxidations for [Mo2(DAniF)3]2(C12O3NH7) 

and [Mo2(DAniF)3]2(C18O2N2H12), respectively. Calculation of their comproportionation 

constants based on the obtained data (Kc = 6.36 x 103 and Kc = 9.7 x 1010) regarded 

[Mo2(DAniF)3]2(C12O3NH7) and [Mo2(DAniF)3]2(C18O2N2H12) as Class II and Class III on the 

Robin–Day classification. The HOMO and HOMO-1 energy gap, which is directly related to the 

interaction between the Mo2 centers, suggests the electronic coupling of the dimolybdenum units 

in [Mo2(DAniF)3]2(C18O2N2H12) are stronger than that on [Mo2(DAniF)3]2(C12O3NH7). This result 

is consistent with the larger separation between the redox potentials waves.  

In the second part, the effect of a non-metallic redox active unit in the electronics of the 

D–B–A system, where a C60 fullerene cage was used as the second active site, was studied. We 

describe the synthesis and characterization of Mo2(DAniF)3(C69O2NH8). The UV-Vis spectra 

showed a strong band in the UV region corresponding to a MLCT transition from the interaction 

of the δ orbitals of the Mo2 core with the π* orbitals of the bridging ligand. This electronic 

transition was assigned based on the nature of the HOMO and LUMO and supported by TDDFT 

calculations. Electrochemical studies showed a one-electron oxidation at 0.543 V vs Ag/Ag+
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related to the Mo2
4+/5+ process, as well as reduction events associated to reductions of the fullerene 

cage. The change on the reduction events suggests the presence of communication between the 

donor and acceptor sites in the form of Mo2
5+ → C60 charge transfer. 

The last part of this chapter explores the study of charge transfer in a D–B–A system where 

both the donor and acceptor are organic units, while the bridging ligand is a dimolybdenum center. 

We synthesized and characterized Mo2(DAniF)3(C18O2N2H12) and trans-

Mo2(DAniF)3[C18O2N2H12]2 by means of 1H NMR, mass spectrometry and single crystal X-Ray 

diffraction. Cyclic voltammetry showed a one-electron oxidation at –0.03 and –0.017 V vs Fc/Fc+ 

for Mo2(DAniF)3(C18O2N2H12) and trans-Mo2(DAniF)3[C18O2N2H12]2 corresponding to the 

Mo2
4+/5+ process. The presence of a second redox event assigned to oxidation of the organic ligands 

was observed at 0.465 and 0.148 V vs Fc/Fc+ to the mono and trans complex, respectively. 

Integration of the redox waves showed a one-electron and two-electron oxidation for 

Mo2(DAniF)3(C18O2N2H12) and trans-Mo2(DAniF)3[C18O2N2H12]2. The presence of only one 

wave for the second event in the trans complex suggested the ligands are not considerably coupled.  

Chapter 5 reports the synthesis and characterization of a series of dimolybdenum 

paddlewheel complexes of the type Mo2(DAniF)4-n(hpp)n (n = 1 – 3) where DAniF is the anion of 

N,N’-di-p-anisyl-formamidine and hpp is the anion of 1,3,4,6,7,8-Hexahydro-2H-pyrimido[1,2-

a]pyrimidine. The effect on the electronic structure of these tetragonal paddlewheel dimolybdenum 

was studied upon systematic substitution of formamidinate ligands by the more basic guanidinates. 

Mo—Mo distances in the paddlewheel structures decreased upon guanidinate ligand substitution, 

and were found to be 2.0844(6), and 2.0784(6), for Mo2(DAniF)3(hpp) and trans-

Mo2(DAniF)2(hpp)2, respectively. Electrochemical studies show that the half wave potential of the 

Mo2
5+/Mo2

4+ couple shifts cathodically upon ancillary ligand substitution ranging from –0.286 V 
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for the tetraformamidinate complex to –1.795 V for the tetraguanidinate analogue, and with redox 

potentials of –0.75, –1.07 and –1.14 V for Mo2(DAniF)3(hpp), Mo2(DAniF)2(hpp)2, and 

Mo2(DAniF)(hpp)3, respectively. The presence of a second redox event assigned to the 

Mo2
6+/Mo2

5+ couple was not observed until two guanidinate ligands were introduced. Raman 

spectroscopy shows that the v(M-M) stretch gets systematically strengthen upon formamidinate 

ligand substitution by the guanidinate ligand hpp. The destabilization of the delta bond by the basic 

hpp ligand was measured using DFT calculations by tracking the energy of the frontier orbitals. 

The decrease in the HOMO-LUMO gap was supported by the red-shift in the UV-Vis spectra of 

the compounds, 412, 442, and 450 nm for Mo2(DAniF)3(hpp), Mo2(DAniF)2(hpp)2, and 

Mo2(DAniF)(hpp)3, respectively. 

In the first part of Chapter 6 we report the synthesis and characterization of a series of 

digold complexes of the type Au2(DippF)2Cln (n = 0, 2) were DippF is the anion of N,N’-di-

isopropyl-formamidine. The formation of the gold (I) and (II) species was studied under different 

solvents, namely THF and DCM. Au…Au distances in the structures decreased upon oxidative 

addition of Cl2, and were found to be 2.7385(7) and 2.5303(3) Å, for Au2(DippF)2 and 

Au2(DippF)2Cl2, respectively. Electrochemical studies show a one-electron reversible oxidation 

for Au2(DippF)2 at 0.843 V vs Fc/Fc+, and a non-reversible one-electron oxidation at 0.15 V vs 

Fc/Fc+ for Au2(DippF)2Cl2, assigned as oxidations of the Au2 center and ligand. The decrease in 

the HOMO-LUMO gap due to oxidative addition was supported by the red-shift in the UV-Vis 

spectra of the compounds, 350, and 470 nm for Au2(DippF)2 and Au2(DippF)2Cl2.In addition, the 

high energy bands observed were assigned to MLCT and LMCT electronic transitions as supported 

by TDDFT calculations. 
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Finally, we report the synthesis and characterization of a series of digold (I) complexes of 

the type Au2(ArNCHNAr’)2. The effect on the electronic structure of these open coordination 

digold compounds was studied upon variation of the substituents in the aryl groups of the 

formamidinate ligands (Ar = RC6H5, Ar = R’C6H5) Au2(mDippAF)2 (R = 2,6-CHMe2, R’ = m-

OMe), Au2(ClDippF)2 (R = 2,6-CHMe2, R’ = p-Cl), and Au2(m,pDAniF)2 (R = p-OMe, R’ = m-

OMe). The Au…Au distances in the dinuclear structures were found to be 2.7281(3) and 2.7431(11) 

Å, for Au2(mDippAF)2 and Au2(ClDippF)2 respectively. Electrochemical studies show that the half 

wave potential of the Au2
2+/3+ couple can be tuned due to inductive effects, displaying a one-

electron oxidation for Au2(mDippAF)2, Au2(ClDippF)2, and Au2(m,pDAniF)2 at 0.602, 0.806, and 

0.328 V vs Fc/Fc+ in DCM. The degree of electronic tuning was quantified by the linear correlation 

of the redox potential (E1/2) with the Hammett constant of their ligand substituents. An anodic-

shift in E1/2 was observed as the electron-withdrawing ability of the ligand increased. The 

stabilization of the * bond (HOMO) was measured using DFT calculations by tracking the energy 

of the frontier orbitals. The addition of electron-withdrawing substituents stabilized this metal-

based orbital.  
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Chapter 1: Introduction  

According to the U.S. Energy Information Administration (EIA) the global energy 

consumption in 2015 was 600 quadrillion Btu (~20 TW).1 The total energy consumption is 

projected to reach 30 TW by 2050, and 46 TW by the end of the century.2 In 2016, about 80% of 

the consumed energy was based upon non-renewable energy sources, namely oil, coal, and natural 

gas (Figure 1.1).2–4 Our dependence on fossil fuels, due to fast economic development, population 

growth, and expanding industrialization has created a rising concern on the use of these energy 

sources.5,6 These type of non-renewable fuels is characterized by their high energy densities, 

however their extraction and combustion have environmental, economic, and safety 

repercussions.7  

 

 

Figure 1.1. Reported and estimated global energy consumption by fuel source, from 1990 to 

2040, according to the U.S. Energy Information Administration (EIA). 

 

The increased energy demand can be associated with an increase on greenhouse gas 

emissions. According to the EIA, the United States alone was responsible for about 18% of CO2 

global emissions in 2017.8 The concentration of this compound in the atmosphere is naturally 
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regulated by processes involved in the carbon cycle.9 Although these processes can absorb some 

of the annually produced carbon dioxide, both the capacity of this cycle to process carbon and the 

amount of CO2 in the atmosphere has been perturbed by human activity. This imbalance has 

resulted in an increased concentration of atmospheric CO2, from pre-industrial levels of 280 ppm10 

by volume  to 410 ppm11 in 2019. In addition, an increase in the concentration of carbon dioxide 

and other greenhouse gases has been related to the rising average global temperature.9,12  

In order to decrease our dependence on fossil fuels, efforts have been made to increase the 

production of fuels from abundant, clean, and sustainable renewable sources. Among these 

sources, solar energy is the most abundant and reliable one providing enough power in one hour 

to fulfill a year’s consumption of energy.13,14 It is estimated that only 1.5% of the total amount of 

solar energy reaching earth’s surface is effectively used.15 Therefore, some of the major challenges 

solar energy faces reside on sunlight conversion and storage.  

 

Scheme 1.1. Overall water splitting reaction, hydrogen evolution reaction (HER) and oxygen 

evolution reaction (OER). 

 

One alternative is using solar energy to activate small molecules, thus storing energy into 

chemical bonds. For this purpose, the water splitting process provides an attractive model. Plants 

have been converting and storing light for millennia via photosynthesis.16 During this process 

water reacts with carbon dioxide to produce oxygen and carbohydrates, which requires the transfer 

of multiple electrons.17 Although simple, efficient generation of hydrogen and oxygen gas in this 

reaction is not well understood. Moreover, the effective production of hydrogen (and other small 
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molecules) is significant when we analyze and compare the energy density obtained from different 

types of batteries. Hydrogen has one of the highest energy density values per mass, between 120 

and 142 MJ/kg (33 and 39 KWh/kg).18 In contrast, lithium ion batteries (up to 1000 Wh/kg)19,20, 

solid state batteries (around 8 Wh/in)21, and flow batteries (330.5 Wh/L)22,23, have energy densities 

that are orders of magnitude smaller. 

 

Figure 1.2. Free energy required for splitting water, (red) catalyzed vs (black) uncatalyzed 

process. 

 

The splitting of water into hydrogen and oxygen is a four electron process which transforms 

external energy (solar, thermal, electrochemical, etc.) into chemical energy in the form of covalent 

bonds. The electrolysis of water consists of two half reaction: the hydrogen evolution reaction 



4 

(HER) and the oxygen evolution reaction (OER), as shown in Scheme 1.1. This process is 

thermodynamically and kinetically demanding, requiring a minimum Gibbs free energy change of 

+237 kJ mol−1 (+1.23 eV) to proceed.24,25 The water oxidation reaction involves large 

overpotentials due to the formation of highly energetic intermediates, as depicted in Figure 1.2.26–

28 This multielectron redox process is challenging since the chemical transformations are 

energetically demanding as well as mechanistically complex. The study of electron transfer from 

a donor to an acceptor site is a crucial concept in understanding the fundamental chemistry of 

energy conversion. Therefore, the study of multielectron redox chemistry represents a promising 

pathway to render water splitting and other multielectron redox reactions more feasible. 

Electrocatalysts have been implemented for water electrolysis to lower the kinetic barrier 

and overpotential associated to this process.29 The design of new and efficient catalyst for HER 

and OER has become an active field of research.30–32 Heterogeneous catalysts typically 

demonstrate better catalytic activity when compared to homogeneous catalysts.33,34 However, 

homogeneous catalysts give fundamental knowledge on the mechanism involved in the catalytic 

process,35,36 which has led to the study of these systems through both experimental and theoretical 

methods.37–43 Metallated porphyrinoids have shown to be catalytic towards hydrogen generation 

working as electron reservoirs stabilizing the electron rich metal in their core.44 Nonetheless, little 

work has been done on understanding electrocatalytic HER by metal-free porphyrinoids.45,46 In 

Chapter 2 and Chapter 3 of this dissertation, we evaluate the ability of a metal-free organic 

macrocycle such as porphyrins and corroles (Scheme 1.2) to generate hydrogen gas under acidic 

conditions. In addition, we employed theoretical calculations to assign the mechanistic pathway 

HER follows when free-base organic macrocycles are used as catalysts.  
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Scheme 1.2. General structure of metal-free porphyrins and corroles. 

 

As previously stated, the study of multielectron redox chemistry is of essential for the 

understanding of the chemistry behind energy conversion. Several important multielectron redox 

reactions (hydrogen generation47, nitrogen fixation48, carbon dioxide reduction49, etc.) require the 

use of heterogeneous catalysts containing transition metals. The catalytic activity in these systems 

can be enhanced by increasing the number of active sites, and as a result inducing cooperative 

behavior among the metal centers.50 Obtaining mechanistic information from heterogeneous 

catalysis is difficult, nevertheless their understanding is essential for the design of more efficient 

catalysts. Therefore, we can utilize molecular systems as platforms to study the basics of small 

molecule activation by reducing the catalytic process from metal surfaces to the molecular level.  

 

Scheme 1.3. D-B-A systems that will be explored for the understanding of Inner-Sphere electron 

transfer. 
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Depending on the nature of the connectivity between the donor and acceptor sites, electron 

transfer can occur via outer- or inner-sphere electron transfer. Chapter 4, will explore the study of 

electron transfer through inner-sphere configuration using mixed-valent systems where the donor 

and acceptor are connected by a bridging ligand (D–B–A) as depicted in Scheme 1.3. Finally, 

Chapter 5 and Chapter 6 present fundamental studies of ligand effect on the electronic properties 

and the reactivity of dinuclear gold and molybdenum systems (Scheme 1.4) used as platforms for 

the understanding of multielectron redox chemistry.  

 

Scheme 1.4. Dinuclear gold and molybdenum systems studied in Chapters 5 and 6. The ligand 

effect on the electronic properties of these complexes was analyzed. 
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Chapter 2: Hydrogen Gas Generation by a Metal-Free Fluorinated 

Porphyrin1 

2.1 INTRODUCTION 

In this chapter electrocatalytic generation of hydrogen gas from acidic organic solutions 

using a free-base perfluorinated porphyrin and the mechanistic studies through both spectroscopic 

and computational approaches are described. Metalloporphyrins have been well investigated for 

their ability to generate H2 both electrochemically and photochemically.35,37,51–54 In metallated 

HER electrocatalysts, the metal center is the active site in the hydrogen production process by 

participating in the formation of metal-hydrogen bonds and as the redox center in the multi-

electron reduction process.41,52,55,56 In comparison, free-base porphyrins are known to exhibit rich 

multi-electron redox chemistry.57,58 The two basic imine nitrogen atoms in the porphyrin core can 

produce a diprotonated porphyrin species.59,60 Thus, free-base porphyrins have the ability to form 

covalent nitrogen-hydrogen bonds and can also be electrochemically active. In addition, the four-

nitrogen porphyrin core is perfectly suited for bringing protons in close proximity to lower the 

activation energy of dihydrogen production by prearranging the transition state of hydrogen-

hydrogen bond formation. However, whether a molecular metal-free porphyrin has the ability to 

perform similar and comparable electrocatalytic HER activity to the existing well-studied 

metallated macrocyclic complexes has not yet been studied or reported. Organic-based hydrogen 

generation catalysts may provide superior synthetic flexibility, lower manufacturing costs, and 

greater chemical stability. 

In this work we show that free-base meso-tetra(pentafluorophenyl)porphyrin, 1, is a HER 

electrocatalyst in the presence of p-toluenesulfonic (tosic) acid as the proton source with THF as 

                                                 
1 This chapter is excerpted with permission from a published article: Yanyu Wu, Nancy Rodríguez-López, Dino 

Villagrán; Hydrogen Gas Generation by a Metal-Free Fluorinated Porphyrin. Chemical Science, 2018, 9, 4689-4695.   
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the solvent. The electrocatalytic activity of 1 was estimated by electrochemical studies and H2 gas 

analysis in acidic solutions. Spectroscopic measurements including UV-Vis spectra and 

spectroelectrochemical studies reveal the spectral signatures of the intermediates during the 

catalysis giving insight into the mechanism of hydrogen generation. In addition, density functional 

theory (DFT) calculations were performed to provide further support to the mechanistic HER 

behavior of 1. 

2.2 EXPERIMENTAL SECTION 

2.2.1 Materials.  

All reagents used for synthesis were purchased from Sigma Aldrich. Pyrrole was freshly 

distilled prior to use. Solvent used for electrochemical studies were dried and degassed through a 

Pure Process Technology solvent purification system. Tetrabutylammonium hexafluorophosphate 

(TBAPF6) and tosic acid were purchased from Acros Organic. Meso-

tetra(pentafluorophenyl)porphyrin and meso-tetraphenylporphyrin were synthesized according to 

Lindsey’s method.61 

2.2.2 Synthesis of meso-tetra(pentafluorophenyl)porphyrin, 1.  

Pentafluorobenzaldehyde (3.00 g, 0.0153 mol) was dissolved in 500 mL of DCM, followed 

by addition of pyrrole (1.04 g, 0.0153 mol) dropwise. The mixture was stirred and bubbled with 

N2 for 15 minutes. Next, 0.500 mL of BF3∙Et2O was added with a glass syringe without exposing 

to air. After 2 h, the resulting porphyrinogen was oxidized by adding 2,3-dichloro-5,6-

dicyanobenzoquinone (DDQ) (5.00 g, 0.0220 mol) and letting it react for 30 minutes. Compound 

1 (1.80 g, 24.3% yield) was obtained after recrystallization and column chromatography 

purification on silica gel eluted with a mixture of hexane and dichloromethane (2:1). 1H NMR 
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(C6D6): 8.71 ppm (s, 8H), –2.10 ppm (s, 2H); 19F NMR (C6D6): –161.3 ppm (t, 2F), –150.5 ppm 

(t, 1F), –137.2 ppm (d, 2F); ESI-MS: m/z: 975.5; UV-Vis (THF): λ max 408, 503, 543, 584, 634 

nm. 

2.2.3 Cyclic voltammetry.   

All electrochemical measurements were obtained by using a CHI760D potentiostat, with 

0.1 M TBAPF6 as supporting electrolyte. The electrolyte was recrystallized three times in ethanol 

prior to use. Tosic acid was placed under vacuum and oven dried prior to use. All cyclic 

voltammograms were obtained in a dry N2-filled glovebox, using a 4 mm diameter glassy carbon 

working electrode, Pt mesh auxiliary counter electrode and an Ag/Ag+ reference electrode. 

Ferrocene (Fc) was added after each measurement as an internal standard. 

2.2.4 Controlled-potential electrolysis and H2 detection.  

Controlled-potential electrolysis was done in a custom-built two-compartment gas-tight 

electrochemical cell under argon atmosphere. One part of the cell contains: (I) a carbon rod 

working electrode (3 mm diameter, 0.95 mm length); (II) Ag/Ag+ reference electrode; (III) gas 

inlet and gas outlet. The other part of the cell contains a Pt auxiliary wire counter electrode and 

gas outlet. The working and counter electrodes are separated through a glass frit. Electrolysis was 

carried out at –1.7 V vs Fc/Fc+ in THF, containing 0.1 M TBAPF6, 10 mM tosic acid with and 

without adding the catalyst. 

2.2.5 Spectroelectrochemistry.  

Spectroelectrochemistry was performed using an optical transparent 1 mm thin-layer 

spectroelectrochemical cell containing an Au gauze working electrode, non-aqueous Ag/Ag+ 

reference electrode and Pt wire counter electrode. The absorption spectra were recorded in a UV-
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Vis spectrophotometer while the bulk electrolysis was performed by the CHI760D potentiostat. 

Solutions of 1 containing 0.1 M TBAPF6 with and without acid were prepared and degassed with 

N2 before each measurement. The changes of the UV-Vis spectra were recorded at one second 

interval for 10 minutes at different applied potentials. 

2.2.6 Overpotential Calculation.  

The overpotential is calculated through ǀEH+ - Ecat/2ǀ, where EH+ is the equilibrium potential 

of H+/H2 of tosic acid in THF and Ecat/2 is the potential at icat/2. EH+ is equal to the open circuit 

potential of tosic acid in THF solution using a platinum electrode at 1 atm hydrogen gas 

atmosphere. 

2.2.7 Other physical methods.  

1H NMR and 19F NMR spectra were recorded on a JEOL 600 MHz NMR spectrometer. 

Proton NMR spectrum was referenced to the residual deuterated solvent signal as an internal 

calibration (C6D6 = 7.16 ppm). The UV-Vis spectra were recorded on a SEC2000 spectra system 

equipped with a VISUAL SPECTRA 2.1 software. 

2.3 COMPUTATION DETAILS 

The molecular geometries of the free base porphyrin and porphyrin derivatives (Figure 2.1) were 

optimized using density functional theory (DFT). The DFT method employed was Becke’s62 three 

parameter hybrid exchange functional, coupled with the Lee-Yang-Parr63 nonlocal correlational 

functional (B3LYP) for all calculations. The 6-31+G64,65 Pople basis set, as implemented in 

Gaussian 09, was used for all atoms.66 Zero point energies and thermodynamic data were 

calculated at 298.15 K and 1 atm by performing frequency calculations. Calculations were 
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performed on the optimized gas-phase geometries using the solvation model based on density 

(SMD) as implemented in the Gaussian 09 suite.67–69   

Figure 2.1. Porphyrin derivatives involved in the proposed mechanistic pathways for hydrogen 

generation. 
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In order to ease the computational expense a model in which the pentafluorophenyl groups 

are replaced with chlorine atoms was employed. This substitution is reasonable due to the similar 

electron-withdrawing ability of Cl compared to -C6F5 as supported by their Hammett substitution 

constants (Table 2.1). We followed several theoretical models35,36,38,54,70–75 for the determination 

of thermodynamic quantities such as reduction potentials and pKa’s so as to give insight on the 

hydrogen evolution mechanism. 

 

Table 2.1. Hammett constants for substituents.76 

 

Substituent σm σp 

C6F5 0.26 0.27 

Cl 0.37 0.23 

F 0.34 0.06 

 

2.3.1 Calculation of reduction free energies.  

From a Born-Haber thermodynamic cycle (Figure 2.2Figure ), we can associate the 

reaction free energies with the gas-phase and solvation energies using equation 2.7: 

ΔG°(sol) = ΔG°(g) + ΔG°solv(Red) – ΔG°solv(Ox) – ΔG°solv(e–)              Eq 2.7 

where ΔG°solv(Red) and ΔG°solv(Ox) represent the free energies upon solvation for both the 

reduced and oxidized species, ΔG°solv(e–) the contribution of the electron to the solvation free 

energy, and ΔG°(g) the free energy of the reaction in the gas phase. We can calculate the last value 

with the expression ΔG°(g) = ΔH°(g) – TΔS°(g). Calculation of ∆G°(sol), allows the determination of 

redox potentials using equation 2.8:  

 E° = (–ΔG°sol / nF) + E°ref                                                                  Eq 2.8 
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where E° is the standard reduction potential, F is the Faraday constant and n is the number of 

electrons involved is the redox reaction. In order to allow a direct comparison of calculated vs 

experimental data, the redox potentials are reported referenced to the Ferrocene/Ferrocenium 

(Fc/Fc+) couple.  

Figure 2.2. Born-Haber thermodynamic cycle for the calculation of the free energy of reduction. 

 

2.3.2 Calculation of proton dissociation free energies.  

The direct calculation of reaction free energies in solution cannot be performed because 

the free energy of the solvated proton is difficult to calculate with accuracy. In order to calculate 

the thermodynamic value, we need to consider a proton-exchange reaction between a reference 

compound (AH) and the free base porphyrin (1):  

A– + 1-H+   →   AH + 1         Eq 2.9 

Herein, we define the free energy change of reaction (2.9) as ΔG°(sol). To calculate ΔG°(sol), 

we must relate it to the free energy in the gas phase using the thermodynamic cycle depicted in 

Figure 2.3, obtaining the following equation:  

ΔG°(sol) = ΔG°(g) + ΔG°solv(AH) + ΔG°solv(1) – ΔG°solv(A–) – ΔG°solv(1-H+)             Eq 2.10 

where ΔG°solv(A–), ΔG°solv(1-H+), ΔG°solv(AH) and ΔG°solv(1) are the free energies upon solvation 

of the referenced conjugated base, the protonated porphyrin, the referenced acid and the porphyrin, 

respectively. We can calculate ΔG°(g) by the expression ΔG°(g) = ΔH°(g) – TΔS°(g). The pKa can be 

calculated from ΔG°(sol) by: 
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pKa = (ΔG°sol / 2.303 RT) + pKa(ref)                  Eq 2.11 

where R is the gas constant, T is the temperature (298.15 K), and pKa(ref) is the experimentally 

reported pKa of the reference reaction. Since the deprotonation of acetic acid has been studied in 

THF and the pKa value is available, we chose this reaction as our reference.77 

Figure 2.3. Born-Haber thermodynamic cycle for the calculation of the free energy of proton 

transfer. 

2.4 RESULTS AND DISCUSSIONS 

Cyclic voltammetry experiments were conducted in THF in order to assess the 

electrocatalytic activity of 1. In the absence of acid, 1 features two reversible one-electron 

reductions at E1/2 = –1.14 V and E1/2 = –1.54 V vs Fc/Fc+ that yield the porphyrin radical anion 

[1] ̇– and the dianion species [1]2–, respectively (Figure 2.4). Upon successive addition of tosic 

acid, the first reduction wave of 1 remains unchanged while a catalytic wave appears at a potential 

near –1.31 V vs Fc/Fc+, which occurs before the second reduction wave of 1 at –1.54 V. This 

indicates that protonation of this porphyrin is not possible under these conditions prior to the one-

electron reduction. The reduction potential of H+/H2 (EH+) with tosic acid in THF is –0.605 V vs 

Fc/Fc+, which corresponds to an overpotential of 1.02 V.77,78 Notably, addition of acid without the 

presence of 1 shows negligible current increase.  
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Figure 2.4. Cyclic voltammograms of 0.1 mM 1 in a solution containing 0.1 M TBAPF6 with 

and without tosic acid: (from bottom to top): 0 equiv acid, 4 equiv acid, 9 equiv acid, and 12 

equiv acid. Scan rate: 100 mV/s; glassy carbon working electrode. 

 

 

As a control, a second metal-free porphyrin, meso-tetraphenylporphyrin was also evaluated 

as HER electrocatalyst using tosic acid as the proton source. The electrocatalytic current achieved 

by this porphyrin was very low (Onset potential: –1.89 V vs. Fc/Fc+; Peak current: 18 µA. See 

Figure 2.5). Hydrogen gas production was confirmed by Gas Chromatography through the 

evaluation of the gas product obtained from controlled potential electrolysis. 
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Figure 2.5. Cyclic voltammograms of meso-tetraphenylporphyrin with 0.1 M TBAPF6 in THF 

and titrating with tosic acid: 100 mV/s; glassy carbon working electrode. 

 

 

In order to investigate whether there is a formation of a heterogeneous metal-free porphyrin 

thin film on the working electrode, which can be responsible for HER activity, cyclic 

voltammograms were obtained using a glassy carbon electrode after performing controlled-

potential electrolysis. Two glassy carbon electrodes were subjected to 1 h of electrolysis in the 

presence of 1 with and without tosic acid, respectively. After the experiment, the electrodes were 

rinsed with THF and dried in air.  Then they were exposed to fresh acidic solutions (1.5 mM) 

without the addition of 1. In neither case the working electrode shows any increase of catalytic 

current (Figures 2.6 and Figure 2.7), implying that 1 does not adsorb on the working electrode 

surface during our electrochemical studies.      
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Figure 2.6. Cyclic voltammograms recorded using the rinsed glassy carbon electrode after 

performing bulk electrolysis in the presence of 0.1 mM 1 at –1.7 V vs. Fc/Fc+ for an hour. Scan 

rate: 100 mV/s; glassy carbon working electrode. 

 

 

Figure 2.7. Cyclic voltammograms recorded using the rinsed glassy carbon electrode after 

performing bulk electrolysis in the presence of 0.1 mM 1 and 10 equiv tosic acid at –1.7 V vs. 

Fc/Fc+ for 1 h. Scan rate: 100 mV/s; glassy carbon working electrode. 
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         The HER mechanism of 1 was probed through spectroscopic techniques. When two protons 

and two electrons are involved, several different pathways can be followed in order to generate 

hydrogen. The following possible sequential mechanistic steps were considered: E-E-P-P, E-P-E-

P, E-P-P-E, P-E-E-P, P-E-P-E, and P-P-E-E, where E stands for reduction and P stands for 

protonation. In THF, 1 exhibits a narrow and intense absorbance in the typical Soret (375-425 nm) 

region and four small Q-bands between 470 and 650 nm. Upon titration of tosic acid, the electronic 

spectrum remains constant (Figure 2.8). This indicates that in THF, tosic acid is not strong enough 

to protonate 1, suggesting that the first step of hydrogen generation is a reduction. 

Figure 2.8. UV-Vis spectrum of 1 in THF containing 0.1 M TBAPF6 before and after titrating 

with tosic acid. 

 

The UV-vis spectrum of 1 upon controlled-potential bulk electrolysis at the potential of the 

first one-electron reduction of the porphyrin (–1.35 V vs Fc/Fc+), shows a decrease of the Soret 

(408 nm) and Q-bands (503, 530, 584, 634 nm); and the appearance of an absorption band at 436 

nm along with an isosbestic point at 428 nm. This new band can be attributed to the generation of 

the radical anion [1] ̇– (Figure 2.9a). Under the same controlled potential of –1.35 V vs Fc/Fc+ but 
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in the presence of tosic acid, the band at 436 nm corresponding to the radical anion [1] ̇– is also 

seen but the isosbestic point at 428 nm disappears as a function of time (Figure 2.9b). This implies 

that in addition to the generation of the radical anion [1] ̇–, other chemical species are also 

produced. Since the only condition changed between Figure 2.9a and Figure 2.9b is the addition 

of acid, the second step of the catalytic cycle should be assigned to a protonation after the one-

electron reduction. 

 

Figure 2.9. UV-Vis spectroelectrochemistry of 1 in the absence and in the presence of tosic acid 

containing 0.1 M TBAPF6 in THF: (a) 1 at –1.35 V; (b) 1 containing tosic acid at –1.35 V; (c) 1 

at –1.7 V; (d) 1 containing tosic acid at –1.7 V. (Potentials are referred vs Fc/Fc+ couple) 
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When performing bulk electrolysis at the potential above the second electron reduction 

wave (–1.7 V vs Fc/Fc+) without the presence of acid, the recorded spectrum (Figure 2.9c) shows 

an immediate decay of the Soret absorbance coupled to an increase of a broad absorbance at 454 

nm, a new band at 369 nm and another new band in the ultraviolet region (300 nm), along with an 

isosbestic point at 425 nm. This features the transformation from the free-base porphyrin [1] to the 

dianion species [1]2–. When bulk electrolysis was conducted at the same potential (–1.7 V vs 

Fc/Fc+) in the presence of tosic acid, the absorbance belonging to the dianion [1]2– is not observed 

and only a decrease of the Soret absorbance occurs (Figure 2.9d). However, the rate of decay of 

the Soret band in the presence of acid is slower compared to that without acid (Figure 2.10). This 

suggests that 1 is regenerated upon H2 production. Overall these spectroscopy studies show that 

the first and second events of the mechanism of hydrogen generation with 1 in the presence of 

tosic acid are reduction and protonation, respectively. 

Figure 2.10. Change of absorption of 1 at 408 nm over time during electrolysis containing 1 M 

TBAPF6 in THF. (From bottom to top) (▼)  –1.7 V without acid; (■) –1.35V without acid; (●) –

1.35 V with tosic acid); (▲) –1.7 V with tosic acid (Potentials referred to Fc/Fc+). 
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Thermodynamic theoretical calculations were also performed to provide further insight of 

the next steps of hydrogen generation. Scheme 2.1 shows the three different pathways for hydrogen 

generation in THF after the first reduction, and Figure 2.11 shows the calculated relative free 

energies corresponding to each of these pathways. The calculated relative free energies are plotted 

relative to the tosic acid/dihydrogen (TsOH/H2) couple. 

 

Scheme 2.1. Mechanistic pathways proposed for hydrogen generation in THF, with tosic acid as 

proton source. 

 

Figure 2.11. Free energy diagram of H2 evolution catalyzed by 1 in THF with tosic acid, as 

calculated by the Born-Haber cycles shown in Figure 2.2 and Figure 2.3. The free energies are 

plotted relative to the tosic acid/dihydrogen (TsOH/H2) couple. 
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The relative free energy difference from [1] to [1] ̇– is calculated to be 12.8 kcal/mol 

(+0.556 eV) which corresponds to a potential of –1.06 V vs Fc/Fc+. Upon the first reduction, [1] ̇– 

can follow two possible paths: it can be either further reduced to [1]2– or protonated at the N core 

by tosic acid to yield [1-H]. Protonation to generate [1-H] is thermodynamically favored with a 

relative free energy of +2.39 kcal/mol (+0.104 eV), compared to going uphill +36.3 kcal/mol 

(+1.57 eV) to form [1]2–. 

 

Scheme 2.2. Proposed catalytic cycle for H2 evolution, following an E-P-E-P mechanism, with 

THF as solvent. 
 

The calculated relative pKa for the deprotonation of [1-H] is 20.3. Since the pKa of tosic 

acid in THF is predicted to be 11.8, the reduced porphyrin is likely to get protonated. The first two 
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steps of the proposed mechanism (E-P) are in agreement with our experimental observations. The 

next step can either be electron transfer or protonation, to yield [1-H]– or [1-HH]+, respectively. 

While we cannot experimentally discern between these two pathways, [1-H]– is calculated to be 

thermodynamically favored by 8.91 kcal/mol when compared to generating [1-HH]+. The 

following step yields [1-HH], which putatively produces H2, and closes the cycle. The overall 

proposed mechanism is described by Scheme 2.2. Calculated relative pKa’s and redox potentials 

for all possible mechanistic pathways for H2 generation are presented in Table 2.2. Additional 

benchmarking was performed with B3P86 and M062X functionals to evaluate the mechanistic 

pathways of hydrogen evolution using [1] as electrocatalyst. In addition, geometry optimizations 

were done using 6-31G**, and 6-311G** basis sets were assessed with all functionals. Table 2.3 

and Table 2.4 display all thermodynamic parameters gather. 

 

Table 2.2. Calculated redox potentials and pKa’s in THF using 6-31+G as basis set, values in 

parentheses correspond to the experimental values obtained in this work.  
6-31+G 

  B3LYP B3P86 M062X B3LYP B3P86 M062X 

Reaction E° (V vs Fc/Fc
+
) pK

a
 

TsOH
 
+ AcO

–
 TsO

– 
+ AcOH     

 
11.8 10.8 11.2 

[1] + e
–
  [1]

· –
 –1.06 (–1.14)

a
 -0.95 -1.10       

[1]
· –

 + e
–
  [1]

2–
 –2.08 (–1.54)

a
 -1.99 -1.60       

[1-H]
– 
+ AcO

–
 [1]

2– 
+ AcOH       37.7 35.3 34.7 

[1-HH] + AcO
–
 [1-H]

– 
+ AcOH       22.1 21.6 21.0 

[1-H]
+ 

+ AcO
–
 [1] + AcOH       5.9 3.5 3.9 

[1-HH]
2+  

+ AcO
–
 [1-H]

+  
+ AcOH       –9.5 -11.1 -9.6 

[1-H]
+
 + e

–
  [1-H] –0.21 -0.08 -0.20       

[1-HH]
2+

 + e
–
  [1-HH]

+
 0.73 0.85 0.80       

[1-HH]
+
 + e

–
  [1-HH] –0.12 0.02 -0.05       

[1-H] + e
–
  [1-H]

–
 –1.05 -0.99 -1.00       

[1-H] + AcO
–
 [1]

· –
 + AcOH     

 
20.3 18.3 19.6 

[1-HH]
+
 + AcO

–
 [1-H] + AcOH     

 
6.3 4.6 5.2 

  a
Experimental value 
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Table 2.3. Calculated redox potentials and pKa’s in THF using 6-31G** as basis set, values in 

parentheses correspond to the experimental values obtained in this work.  
6-31G** 

  B3LYP B3P86 M062X B3LYP B3P86 M062X 

Reaction E° (V vs Fc/Fc
+
) pK

a
 

TsOH
 
+ AcO

–
 TsO

– 
+ AcOH     

 
13.5 13.9 13.6 

[1] + e
–
  [1]

· –
 -1.08 -0.78 -0.88       

[1]
· –

 + e
–
  [1]

2–
 -1.94 -1.85 -1.95       

[1-H]
– 
+ AcO

–
 [1]

2– 
+ AcOH       24.6 24.3 24.8 

[1-HH] + AcO
–
 [1-H]

– 
+ AcOH       11.5 11.1 11.3 

[1-H]
+ 

+ AcO
–
 [1] + AcOH       7.93 -9.2 7.2 

[1-HH]
2+  

+ AcO
–
 [1-H]

+  
+ AcOH       11.5 -23.5 13.5 

[1-H]
+
 + e

–
  [1-H] -0.15 0.13 -0.13       

[1-HH]
2+

 + e
–
  [1-HH]

+
 0.86 1.20 1.10       

[1-HH]
+
 + e

–
  [1-HH] 0.15 0.24 0.14       

[1-H] + e
–
  [1-H]

–
 -0.92 -0.83 -0.93       

[1-H] + AcO
–
 [1]

· –
 + AcOH     

 
16.3 17.1 16.1 

[1-HH]
+
 + AcO

–
 [1-H] + AcOH     

 
-6.63 -7.05 -6.05 

 

 

 

Table 2.4. Calculated redox potentials and pKa’s in THF using 6-311G** as basis set, values in 

parentheses correspond to the experimental values obtained in this work.  
6-311G** 

  B3LYP B3P86 M062X B3LYP B3P86 M062X 

Reaction E° (V vs Fc/Fc
+
) pK

a
 

TsOH
 
+ AcO

–
 TsO

– 
+ AcOH     

 
11.7 10.9 11.4 

[1] + e
–
  [1]

· –
 –1.04 -0.97 -1.15       

[1]
· –

 + e
–
  [1]

2–
 –2.06 -2.01 -1.65       

[1-H]
– 
+ AcO

–
 [1]

2– 
+ AcOH       37.6 35.4 34.9 

[1-HH] + AcO
–
 [1-H]

– 
+ AcOH       22.0 21.7 21.2 

[1-H]
+ 

+ AcO
–
 [1] + AcOH       5.8 3.6 4.1 

[1-HH]
2+  

+ AcO
–
 [1-H]

+  
+ AcOH       –9.4 -11.2 -9.8 

[1-H]
+
 + e

–
  [1-H] –0.19 -0.10 -0.25       

[1-HH]
2+

 + e
–
  [1-HH]

+
 0.71 0.87 0.85       

[1-HH]
+
 + e

–
  [1-HH] –0.11 0.04 -0.10       

[1-H] + e
–
  [1-H]

–
 –1.03 -1.01 -1.05       

[1-H] + AcO
–
 [1]

· –
 + AcOH     

 
20.2 18.2 19.8 

[1-HH]
+
 + AcO

–
 [1-H] + AcOH 

   
6.2 4.7 5.4 
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Hydrogen production by [P] in MeCN is mechanistically different from that in THF with 

tosic acid. Experimentally, under acidic media the dication species [P-HH]2+ is observed with a 

red shifted Soret band at 429 nm upon addition of tosic acid. Protonation of the porphyrin ring 

have been well studied. In acidic conditions, the macrocycle could exits as the free base [P], 

monocation [P-H]+ or dication [P-HH]2+ species.79–82 It is suggested that monoprotonation of the 

porphyrin ring requires the break of the planarity (Figure 2.12) of the macrocycle, once it takes 

place, the dication formation is readily accessible.83,84  

 

Figure 2.12. DFT optimized structures of the neutral species 1 (a) as well as the monoprotonated 

[1-H]+ (b) and diprotonated [1-HH]2+ (c) forms. 
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This simplifies the mechanism to yield one possible pathway, namely P-P-E-E which its 

individual steps are described in Figure 2.13 describes the free energy diagram corresponding to 

the pathway for hydrogen generation for [1] using tosic acid, and with respect to the TsOH/H2 

coupled in MeCN. The catalytic cycle, when MeCN is used as solvent, would start with the 

formation of the doubly protonated [1-HH]2+. This compound would then be thermodynamically 

favorable to get reduced by either one two-electrons to yield [1-HH] or two sequential one-electron 

reductions (yielding [1-HH]+ and [1-HH], respectively). The complete pathway is described by 

Scheme 2.3. 

 
Scheme 2.3. Mechanistic pathway proposed for hydrogen generation in MeCN, with tosic acid 

as proton source. 

 

Recent reports show that phlorins may be intermediates in HER processes when Ni 

porphyrin complexes are used.38 Tetra-pentafluorophenyl phlorin has a strong absorption band in 

the Q region (centered at 655 nm)85, which is absent in our samples even after long term 

electrolysis (more than 12 h). Thus, we cannot state that tetra-pentafluorophenyl phlorin is an 

intermediate species in our study. However, DFT treatment suggests we cannot rule it out. 
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Figure 2.13. Free energy diagram of H2 evolution catalyzed by [1] in acetonitrile with tosic acid 

as calculated by the Born-Haber cycles shown in Figure 2.2 and Figure 2.3. The free energies are 

plotted relative to the tosic acid/hydrogen (TsOH/H2) couple. 
 

 

Scheme 2.4. Proposed catalytic cycle of H2 evolution for tetra-pentafluorophenyl porphyrin and 

tosic acid, following a P-P-E-E mechanism and using MeCN as solvent. 
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In contrast, the UV-Vis spectrum signature of tetra-pentafluorophenyl chlorin (Soret band: 

408 nm; Q-bands: 504 nm, 584 nm, 652 nm) was observed after 12 hours long term bulk 

electrolysis, indicating the generation of chlorin in the electrocatalytic process, which according 

to DFT calculations is accessible. The release of hydrogen gas by either species is however not 

thermodynamically favorable, suggesting that [1] is not regenerated and leading to a 

decomposition pathway. 

2.5 CONCLUSION 

We have studied the electrocatalytic generation of H2 using a metal-free perfluorinated 

porphyrin. The catalytic activity was studied through cyclic voltammetry and controlled-potential 

electrolysis. Hydrogen is produced electrochemically at –1.31 V and –0.69 V vs Fc/Fc+ in THF 

and MeCN respectively using tosic acid at 90% Faradaic yield. Electronic spectra and 

spectroelectrochemical experiments combined with thermodynamic calculations using density 

functional theory computations suggest that the most favorable mechanistic process is an E-P-E-

P and a P-P-E-E sequence for HER under acidic conditions in THF and MeCN, respectively. This 

promising findings may contribute to open a new area for replacing noble metals by much more 

abundant organic compounds for the catalytic generation of hydrogen gas. It should be noted that 

this observed activity is limited to the meso-tetrapentafluorophenyl porphyrin with tosic acid and 

in THF and MeCN as solvents. We are currently working on the catalytic study of other 

substitution patterns (and other organic macrocycles) for the electrocatalytic production of 

hydrogen. 
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Chapter 3: Hydrogen Evolution Catalyzed by a Metal-Free Corrole: 

Experimental and Theoretical Mechanistic Study2 

3.1 INTRODUCTION 

Proton reduction by electrochemical methods represents an effective way to generate H2 

by converting electrical energy and storing it into chemical bonds.86,87 Metalated macrocycles such 

as porphyrins 88,89 and corroles 90,91 have been studied for their ability to perform two-electron 

reductions of protons to H2 by employing earth-abundant transition metals.92–94 Metal-catalyzed 

hydrogen evolution reactions (HERs) typically proceed via protonation of the metal center.87,95,96 

Just as their metalated counterparts, free-base macrocycles can generate hydrogen gas at 

comparable reduction potentials.45,46,97 We have previously demonstrated that free-base meso-

tetra(pentafluorophenyl) porphyrin generates molecular hydrogen electrocatalytically under acidic 

conditions.98 Spectroscopic and computational methods were employed in order to investigate the 

mechanistic pathway for hydrogen generation for this perfluorinated metal-free porphyrin in THF 

using p-toluenesulfonic acid (tosic acid) as proton source. We propose the most 

thermodynamically favorable pathway for hydrogen generation by calculating the relative free 

energy associated with the protonation and reduction steps. While metalloporphyrins have been 

reasonably well investigated for hydrogen generation, other metal-free analogues such as corroles 

remain an open area for exploration.  

Corroles are contracted organic macrocycles characterized by three methine bridges and 

one direct pyrrole-pyrrole linked by the -carbons similar to corrins.99 Unlike corrins, corroles 

preserve the aromaticity of porphyrins despite the lack of one meso carbon compared to 

                                                 
2 This chapter is excerpted with permission from a submitted manuscript: Nancy Rodríguez-López, Yanyu Wu, Dino 

Villagrán; Hydrogen Evolution Catalyzed by a Metal-Free Corrole: Experimental and Theoretical Mechanistic Study. 

2019. Submitted.   



30 

porphyrins. The extended conjugation in the structure allows it to perform multi-electron redox 

chemistry.100 In addition, these macrocycles have three NH protons in the core rather than two 

when compared to a free-base porphyrin having one basic nitrogen core that can act as proton 

acceptor.  

Density functional theory (DFT) has become a powerful tool to analyze the electronic 

structure of chemical systems.101,102 Several computational methods have been designed to study 

the catalytic mechanism of HER.89,92,103 Those theoretical models focus on the determination of 

thermodynamic quantities such as proton dissociation constants (pKas)104,105 and reduction 

potentials (E°)106,107 for the elucidation of free energy diagrams. Accurate calculations of these 

parameters play an important role in the elucidation of reaction mechanisms particularly when 

reaction intermediates are difficult to isolate. 

Herein we utilize computational and experimental methods to study the electrocatalytic 

activity for the hydrogen evolution reaction catalyzed by free-base 5, 10, 15-

tris(pentafluorophenyl)corrole, [C-3H]. We explore the different possible mechanistic pathways 

when [C-3H] is used as catalyst in the presence of both strong and weak acids (p-toluenesulfonic 

acid and benzoic acid) in acetonitrile (MeCN).   

3.2 EXPERIMENTAL SECTION 

3.2.1 Materials.  

The synthesis of the free-base corrole was performed with reagents purchased from Acros 

Organics. Distillation of corrole was required prior to use. The electrochemical studies were 

carried out with dried and degassed solvents from a Pure Process Technology solvent purification 

system. Tetrabutylammonium hexafluorophosphate (TBAPF6) and p-toluenesulfonic acid were 
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acquired from Acros Organics. 5,10,15-tris(pentafluorophenyl)corrole, [C-3H] was synthesized 

following modified Lindsey’s method108 according to previously reported procedures109.  

3.2.2 Synthesis of 5,10,15-tris(pentafluorophenyl)corrole, [C-3H].  

Trifluoroacetic acid (TFA), 5 mL, were added to 50 mL of DCM and placed in a round 

bottom flask containing pentafluorobenzaldehyde (1.96 g, 10.0 mmol). Pyrrole (1.40 mL, 20.0 

mmol) was added to the mixture and stirred vigorously at room temperature for 10 min. The 

reaction mixture was diluted in 120 mL of DCM and a solution of p-chloranile (DDQ) in toluene 

(10.0 mL) was added to the reaction mixture with stirring. The reaction was protected from light 

and stirred at room temperature for five more minutes. The solution was passed over a 

chromatography column (silica, hexanes:dichloromethane 3:2) and further purified by column 

chromatography (silica, hexanes:dichloromethane 4:1). Solvent evaporation afforded the pure 

corrole which was recrystallized from pentane to give dark crystals (0.814 g, 9.8% yield). 1H NMR 

(C6D6): 9.03(d, 2H), 8.85(d, 2H), 8.68(d, 2H), 8.52(s, 2H); UV–Vis (THF): max/nm 409,564, 605. 

3.2.3 Cyclic voltammetry.  

The cyclic voltammetry measurements were collected using a CHI760D potentiostat, and 

0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting electrolyte. 

Tetrabutylammonium hexafluorophosphate and p-toluenesulfonic acid were oven dried preceding 

its use. The cyclic voltammograms were carried out in a dry N2-filled glovebox, with a three 

electrode set-up (a) 2 mm diameter glassy carbon working electrode, (b) Pt mesh counter electrode 

and (c) Ag/Ag+(AgCl) reference electrode. We used ferrocene (Fc) as an internal standard by 

addition of 1 mM ferrocene to each measurement. 
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3.2.4 Other physical methods.  

1H NMR was obtained on a JEOL 600 MHz NMR spectrometer. The NMR spectrum was 

referenced to C6D6 residual solvent signal (7.16 ppm). The electronic absorption spectra were 

performed on a SEC2000 spectrometer with a VISUAL SPECTRA 2.1 software. 

3.3 COMPUTATIONAL DETAILS 

Theoretical data for all metal-free corrole derivatives were obtained from density 

functional theory (DFT) calculations. The molecular geometries were optimized in the gas phase 

with B3LYP (Becke’s 3-parameter hybrid functional, coupled with the Lee-Yang-Parr correlational 

functional).110,111 The 6-31+G, Pople basis set 112,113 was used for all atoms as implemented in 

Gaussian 09114. Vibrational frequencies were calculated at 298.15 K and 1 atm confirming the 

obtained geometries corresponded to a minima on the potential energy surface, and to find the 

zero-point and thermal energy contributions. The solvation model based on density (SMD) was 

used as executed by the Gaussian 09 suite to calculate the solvation free energies in acetonitrile 

using the gas phase geometry optimized species.115 To ease computational expense, the 

pentafluorophenyl groups in all corroles were replaced with chlorine atoms. This substitution was 

chosen based on the similar electron-withdrawing properties of –Cl as compared to –C6F5, 

determined by their Hammett constants (0.23 and 0.27, respectively).116 Additional benchmarking 

was performed using B3P86110,117 and M062X118  as functionals, with 6-31G*113,119,120 and 6-

31+G* as basis sets. We based our discussion on the results from the optimized solvated structures 

with B3LYP and 6-31+G. Cartesian coordinates for the optimized structures in the gas phase and 

all thermodynamic values are provided in the Supplementary Information. The computational 

methodology implemented is described below. 
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3.3.1 Reduction Free Energy Calculation. 

The Born-Haber thermodynamic cycle in Scheme 3.1 is used for the calculation of 

reduction potentials, according to the ΔG°(sol) for a one-electron reduction reaction as shown in 

equation 3.1: 

E° = – ΔG°(sol) / nF               Eq. 3.1 

where n refers to the number of transferred electrons, F is Faraday’s constant (96 485 C/mol), and 

ΔG°(sol)  is the free energy of reduction in solution. The thermodynamic cycle presented in Scheme 

1 is use to obtain the reaction free energy in solution for the reduction of a molecule. ΔG°(sol) is 

obtained with the reaction free energy in the gas phase, ΔG°(g), and the solvation energies of the 

oxidized and reduced macrocycles, ΔG°solv[C-3H], and ΔG°solv[C-3H] ̇– as shown in equation 3.2.  

ΔG°(sol) = ΔG°(g) + ΔG°solv[C-3H] ̇– – ΔG°solv[C-3H] – ΔG°solv(e–)        Eq. 3.2 

 

Scheme 3.1. Born-Haber thermodynamic cycle for the calculation of the free energy associated 

with the one-electron reduction. 

 

The solvation free energy of the electron cannot be directly obtained from calculations. In 

this case, according to both ionic and electron conventions, the free energy of formation for the 

free electron is considered to be zero.121  When the value for the reduction potential of the electron 

is obtained from the literature, the contribution to the ΔG°solv(e–) is –0.868 kcal/mol at 298.15 K, 



34 

which neglects the solvation free energy for the electron.122 The calculated reduction potentials 

were reported relative to the ferrocene/ferrocenium couple (Fc/Fc+). The standard hydrogen 

electrode (SHE) potential which has been determined to be 4.6 eV in acetonitrile123, is 0.40 V more 

negative than that for the Fc/Fc+ couple. Therefore, subtraction of 4.2 eV is necessary to make 

direct comparison to the cyclic voltammetry data collected.  

3.3.2 Proton Dissociation Free Energy Calculation. 

The proton dissociation constant, Ka, can be related to the free energy change for proton 

transfer according to equation 3.3: 

pKa = ΔG°(sol) / 2.303RT         Eq. 3.3 

where ΔG°(sol) is the change in free energy for the proton dissociation reaction, R is the ideal gas 

constant, and T is the temperature (in K). We used the Born-Haber cycle presented in Scheme 3.2 

to calculate the free energy change related to the proton dissociation of the macrocycle. It is 

difficult to calculate the free energy of the solvated proton with accuracy, hence a direct calculation 

of the free energy for the reaction cannot be performed. We considered the proton-exchange 

reaction of the acid (AH) and the free-base corrole (C) in order to obtain the reaction free energies 

of deprotonation, as shown in equation 3.4.   

A– + [C-4H]+  AH + [C-3H]        Eq. 3.4 

The free energy in solution for the proton dissociation reaction can be calculated with 

respect to the reaction free energy of deprotonation of the corrole in the gas phase, ΔG°(g), as well 

as the solvation free energies for the corrole, the acid, and its conjugated base, ΔG°solv([C-4H]+), 
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ΔG°solv(AH), ΔG°solv(A–), respectively as shown in equation 3.5. The contribution of the proton 

towards the reaction free energy in solution has been previously reported to be –6.28 kcal/mol. 122 

ΔG°(sol) = ΔG°(g) + ΔG°solv(AH) + ΔG°solv([C-3H]) – ΔG°solv(A–) – ΔG°solv([C-4H]
+)  Eq. 3.5 

 
 

Scheme 3.2. Born-Haber cycle for the calculation of the free energy change of proton transfer 

from the proton source to the metal-free specie. 

3.4 RESULTS AND DISCUSSION 

 

Figure 3.1. Absorption (Soret band 407 nm) and emission (643 nm) spectra of [C-3H] in MeCN 

at 22.8°C. The fluorescence spectrum was obtained by excitation at 400 nm. 
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Spectroscopy and Electronic Structure. In acetonitrile, [C-3H] exhibits a narrow and 

intense absorbance in the Soret region (409 nm) and two small Q-bands at 564 and 605 nm as 

shown in Figure 3.1. The Soret band for the free base corrole is not symmetric, which can be 

attributed to the lower symmetry of the macrocycle rings.124 Free-base meso-triarylcorroles present 

strong fluorescence, commonly mirroring the absorption spectra.125 Figure 3.1 displays the 

emission spectra of [C-3H] with an excitation at 400 nm, an intense band at 645 nm can be 

observed. These findings are in agreement with previously reported work on corrole 

monomers.126,127 

 

Figure 3.2. Contour plots of four frontier orbitals for [C-3H], [C-3H] ̇– and [C-3H]2–  with 0.03 

isosurface value calculated by DFT. 
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DFT calculations were performed on a model of the synthesized free-base corrole to 

elucidate the nature of the frontier molecular orbitals and the relative free energies of the reduction 

and protonation reactions. Fully optimized geometries of the neutral, [C-3H], mono reduced, [C-

3H] ̇–, and doubly reduced, [C-3H]2– free-base corrole are shown in Figure 1. The most stable form 

of [C-3H] consists of a bent structure with one of the pyrrolic rings slightly out-of-plane in 

accordance to x-ray crystallography data that shows that meso-substituted corroles exhibit tilting 

of one of the protonated pyrrole rings.99 The observed bent structure is in agreement with the 

conformational properties of corroles where the lack of the meso carbon causes steric strain in the 

macrocycle forcing the molecule out-of-plane.100 

The spectroscopic properties of corroles are understood in terms of Gouterman’s four 

orbital model characterized by the electronic transitions between the HOMO and LUMO 

orbitals.128,129 Removal of one meso-carbon alters both the symmetry (from D4h to C2v) and energy 

of the molecular orbitals. The degenerate HOMO and LUMO orbitals split into HOMO (b1) and 

HOMO–1 (a2), and LUMO (a2) and LUMO+1 (b1), respectively, as shown in Figure 1. The HOMO 

and LUMO energies, as well as the HOMO–LUMO energy gap (H–L) obtained from 

theoretical calculations for [C-3H], [C-3H] ̇– and [C-3H]2– are shown in Table 3.1. The 

calculated H–L for [C-3H] (2.60 eV) is comparable to the energy gap reported for similar meso 

substituted free-base corroles.130,131 

 

Table 3.1. HOMO and LUMO energies, and calculated HOMO–LUMO energy gap (H–L) for 

[C-3H], [C-3H] ̇– and [C-3H]2–, values are in eV. 

 
 [C-3H] [C-3H] · – [C-3H]2– Ref. 41 Ref. 42 

LUMO –2.993 0.633 3.847 –2.30 –2.595 
HOMO –5.592 –0.725 2.680 –4.76 –5.244 

H–L 2.599 1.358 1.167 2.46 2.649 
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The frontier molecular orbitals for [C-3H] (Figure 3.2) show symmetry along the axis 

passing through the pyrrole-pyrrole link and the meso-carbon opposed to it. The electron density 

in these orbitals is localized mainly on the corrole ring and not on the substituents, with the 

exception of the HOMO. In contrast, the frontier orbitals for [C-3H] ̇– and [C-3H]2– lose some of 

the symmetry observed in [C-3H]. In addition, the distribution of the electron density is irregular 

throughout the corrole, with LUMO+1 having most of the electron density on the substituents due 

to the electron withdrawing ability of the –C6F5 functional groups in the meso carbons.  

 

Figure 3.3. Cyclic voltammograms (scan rate: 100 mV/s) of [C-3H] in MeCN with no acid 

(black line) and with different concentrations of tosic acid. Glassy carbon as working electrode. 

 

Cyclic Voltammetry and H2 evolution. Cyclic voltammetry (CV) was performed in [C-

3H] using acetonitrile as solvent to evaluate its electrocatalytic behavior. When no proton source 

is added, [C-3H] displays two well defined one-electron reversible reductions with half-wave 
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potentials at E1/2 = –0.86 V and E1/2 = –1.22 V vs Fc/Fc+ corresponding to the reduction of [C-3H] 

to form [C-3H] –̇ and [C-3H]–2, respectively. Two different protons sources, p-toluenesulfonic acid 

and benzoic acid were introduced to evaluate the electrocatalytic properties of [C-3H] for proton 

reduction. 

 

Figure 3.4. Cyclic voltammograms of [C-3H] in MeCN with no acid (black line) and with 

different concentrations of benzoic acid. (Scan rate: 100 mV/s; Working electrode: Glassy 

carbon) 

 

Upon addition of p-toluenesulfonic acid (pKa = 8.45 in MeCN)132 both reduction potentials 

shift cathodically (Figure 3.3). At small acid concentrations, the first reduction potential shifts by 

~200 mV while the second wave shifts ~300 mV. No relevant increase in current for the first 

reduction peak is observed with the addition of acid. Furthermore, we observed suppression of the 

cathodic peak (oxidation of the reduced species [C-3H] ̇–) due to protonation of [C-3H] to form 

[C-4H]+. However, when higher concentrations of p-toluenesulfonic acid are introduced, an 

irreversible prewave at a potential near –1.51 V vs Fc/Fc+ appears along with a catalytic wave at 
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–1.83 V vs Fc/Fc+ which increases in current response as p-toluenesulfonic acid is added to the 

solution. As previously reported for other catalytic systems, the potential of the formed prewave 

can significantly change from that of the reversible E1/2 for the non- active species depending upon 

the rate constant of these two reactions.133 These features on the cyclic voltammograms indicate 

the formation of a new species (due to an irreversible chemical reaction) during catalysis followed 

by electron transfer. Moreover, the lack of oxidation features in the return sweep for the catalytic 

system suggests the generated species is chemically irreversible, and therefore react to form other 

intermediates for the hydrogen generation process.134  

On the other hand, in the presence of benzoic acid (pKa = 20.7 in MeCN)93 both of the 

reduction waves for [C-3H] remain constant, and an increase in current was only observed past 

the second reduction wave near –1.5 V vs Fc/Fc+ (Figure 3.4). The peak corresponds to reduction 

of benzoic acid and its height is dependent on the increasing concentration of acid. No catalysis is 

observed near the first and second reduction potentials for the corrole (E1/2 = –0.86 V and E1/2 = –

1.22 V vs Fc/Fc+). It has been previously stablished that thermodynamically is not possible to 

reduce an acid at a potential more positive than its standard reduction potential.135 The standard 

reduction potential in acetonitrile for benzoic acid is −1.36 V vs Fc/Fc+ which indicates this free-

base corrole cannot catalyze proton reduction under these conditions, and the observed current is 

likely due to the working electrode. Similar results were found when 

Fe2(benzenedithiolate)(CO)6  was used as catalysts in acetonitrile in the presence of weak acids.136 

The cyclic voltammograms obtained show that H2 evolution can be catalyzed by [C-3H] under 

acidic media, using a strong acid such as p-toluenesulfonic acid, and it suggests that the rate of 

proton reduction in this system strongly depends on the pKa of the proton source. 
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Scheme 3.3. Proposed mechanistic pathways for hydrogen generation in MeCN, where tosic acid 

or benzoic acid are employed as proton source. 

 

Hydrogen Evolution Mechanisms. Experimental studies have shown that 5,10,15-

tris(pentafluorophenyl)corrole, [C-3H], evolves hydrogen electrochemically at –1.22 V vs Fc/Fc+ 

in acetonitrile with p-toluenesulfonic acid as proton source (Figure 3.3). We have previously 

demonstrated that another metal-free macrocycle, tetrapentafluorophenyl porphyrin, evolves 

hydrogen gas under acidic media. The electron-withdrawing group was necessary to bring the 

reduction potentials into a more positive range.98 
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Spectroscopic techniques and DFT calculations can give insight into the mechanistic 

pathway the hydrogen evolution reaction follows. Three possible sequential pathways (depicted in 

Scheme 3.3) were considered for HER mechanism with [C-3H] as electrocatalyst: PEEP, EEPP, 

and EPEP, where P stands for proton transfer from the acid to the corrole, and E stands for electron 

transfer. We limit the scope of the discussion to sequential electron and proton transfer processes. 

Relevant species to the sequential E-P mechanisms are shown in Scheme 3.4. 

 

Scheme 3.4. Proposed metal-free corrole intermediates involved in the mechanistic pathways 

presented in Scheme 3.3. 

 

As shown in Figure 3.1, [C-3H] exhibits a narrow and intense band in the Soret region 

(409 nm), and two small Q-bands at 564 and 605 nm in acetonitrile. When performing titration 
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with p-toluenesulfonic acid in acetonitrile (Figure 3.5), the Soret band at 407 nm decreases while 

a new red-shifted band at 421 nm appears with an isosbestic point at 414 nm. These results 

combined with the cyclic voltammograms indicate that the first step of hydrogen generation in 

acetonitrile using p-toluenesulfonic acid as proton source is protonation of [C-3H] to yield [C-

4H]+. Meanwhile, when [C-3H] is titrated with benzoic acid the electronic spectra remains 

constant, indicating that in acetonitrile this proton source is not strong enough to protonate [C-3H] 

as supported by the cyclic voltammetry displayed in Figure 3.6.  

 

 
 

Figure 3.5. UV-Vis spectrum of [C-3H] in MeCN containing 0.1 M TBAPF6 before and after 

titrating with tosic acid. 
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Figure 3.6. UV-Vis spectrum of [C-3H] in MeCN containing 0.1 M TBAPF6 before and after 

titrating with benzoic acid. 

 

The mechanistic pathway for hydrogen evolution using [C-3H] as electrocatalyst can be 

deduced with the aid of DFT computations by calculating the relative free energies associated with 

the reduction and protonation of relevant intermediates involved in the catalytic cycle. These 

relative free energies are used to calculate reduction potentials and pKas. Figure 3.7 depicts the 

free energy diagram corresponding to the three proposed pathways for hydrogen generation by [C-

3H] with p-toluenesulfonic acid as proton source (strong acid). These values are calculated with 

respect to the TsOH/H2 coupled in acetonitrile. The calculated pKa for p-toluenesulfonic acid in 

acetonitrile is 8.45, while the pKa for [C-3H] is 10.2. The relative free energy obtained for the 

protonation step is +1.99 kcal/mol (+0.086 eV) opposed to +10.5 kcal/mol (+0.46 eV) for the 

reduction of [C-3H] to [C-3H] ̇–. Therefore, we establish that the first step in the catalytic cycle 

involves the protonation of [C-3H] to get species [C-4H]+ consistent with the experimental data.  



45 

 

Figure 3.7. Free energy diagram of H2 evolution catalyzed by [C-3H] in MeCN with tosic acid 

(pKa = 8.45), and applied potential of –1.65 V vs Fc/Fc+. As calculated by the Born-Haber cycles 

shown in Scheme 3.1 and Scheme 3.2. 

 

According to the proposed mechanistic pathways depicted in Scheme 3.3, and based on the 

availability of N-core protonation sites on the neutral corrole, the next two steps in the mechanism 

are one-electron reductions of the macrocycle to form [C-4H] and [C-4H]–. The reduction of the 

protonated corrole proceeds with a relative free energy of –3.46 kcal/mol (–0.15 eV) to yield [C-

4H]. Once the formation of [C-4H] takes place, a second reduction of the macrocyle occurs with 

a calculated relative free energy of +16.9 kcal/mol (+0.74 eV). Hydrogen gas is tentatively evolved 

from the intermediate [C-4H]– obtaining thus [C-2H]–. This species gets readily protonated (–11.0 

kcal/mol, –0.48 eV) to regenerate [C-3H], closing thus the catalytic cycle. 

Additional benchmarking was performed with B3P86 and M062X functionals to evaluate 

the mechanistic pathways using corrole. In addition, geometry optimizations were done using 6-

31G*, and 6-31+G* basis sets were assessed with all functionals. Table 3.2 display all 

thermodynamic parameters calculated (redox potentials and pKa’s) for the hydrogen evolution 

reaction in acetonitrile. The calculated reduction potentials and dissociation constants show 
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variation between the different basis sets and functionals. Nevertheless, the general mechanistic 

steps when using tosic and benzoic acid does not change. 

Table 3.2. Calculated redox potentials and pKa’s in MeCN using tosic acid as proton source. 

Values in parentheses correspond to experimental values obtained in this work. Redox potentials 

and dissociation constants calculated with benzoic acid as proton source are identical. 

 
 B3LYP B3LYP B3LYP 
 6-31+G 

[C-3H] + e–  [C-3H]· – –0.86 V (–0.96)a –0.75 V –0.92 V 
[C-3H]· – + e–  [C-3H]2– –1.60 V(–1.22)a –1.41 V –1.67 V 

[C-4H]– + TsO– 
 [C-3H]2– + TsOH 25.3 19.1 20.0 

[C-3H] + TsO– 
 [C-2H]– + TsOH 16.8 11.3 9.69 

[C-4H]+ + TsO– 
 [C-3H] + TsOH 10.2 10.5 8.78 

[C-4H]+ + e–  [C-4H] –0.25 V –0.16 V –0.37 V 
[C-4H] + e–  [C-4H]– –1.14 V –1.00 V –1.10 V 

[C-4H] + TsO– 
 [C-3H] · – + TsOH 17.5 12.2 10.3 

 6-31G* 
[C-3H] + e–  [C-3H]· – –1.00 V –0.85 V –0.90 V 

[C-3H]· – + e–  [C-3H]2– –1.73 V –1.60 V –1.65 V 
[C-4H]– + TsO– 

 [C-3H]2– + TsOH 24.8 23.1 21.7 
[C-3H] + TsO– 

 [C-2H]– + TsOH 13.1 12.2 11.0 
[C-4H]+ + TsO– 

 [C-3H] + TsOH 11.4 11.4 11.6 
[C-4H]+ + e–  [C-4H] –0.37 V –0.19 V –0.24 V 
[C-4H] + e–  [C-4H]– –1.19 V –1.10 V –1.12 V 

[C-4H] + TsO– 
 [C-3H] · – + TsOH 15.7 14.6 12.8 

 6-31+G* 
[C-3H] + e–  [C-3H]· – –1.12 V –0.97 V –1.04 V 

[C-3H]· – + e–  [C-3H]2– –1.74 V –1.63 V –1.69 V 
[C-4H]– + TsO– 

 [C-3H]2– + TsOH 19.6 19.2 15.9 
[C-3H] + TsO– 

 [C-2H]– + TsOH 10.3 9.5 7.9 
[C-4H]+ + TsO– 

 [C-3H] + TsOH 9.03 8.75 10.3 
[C-4H]+ + e–  [C-4H] –0.54 V –0.38 V –0.41 V 
[C-4H] + e–  [C-4H]– –1.27 V –1.19 V –1.30 V 

[C-4H] + TsO– 
 [C-3H] · – + TsOH 11.6 11.8 9.24 

 aExperimental value 

 

3.5 CONCLUSION 

In conclusion, we show that a metal-free perfluorinated corrole can electrocatalytically 

produce H2 gas from organic acidic conditions in MeCN. Cyclic voltammetry was used to study 
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its catalytic performance. Electrochemical production of hydrogen occurs at –1.22 V vs Fc/Fc+ in 

acetonitrile using p-toluenesulfonic acid as proton source. Electronic spectra, 

spectroelectrochemical experiments, and theoretical calculations of thermodynamic parameters 

using density functional theory suggest that the lowest energy mechanism is PEEP. In addition, 

we found that the free-base corrole does not catalyzed proton reduction when a weaker acid, 

benzoic acid, is used as proton source. It should be noted the observed activity is limited to this 

free-base corrole in acetonitrile as solvent under these conditions. 
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Chapter 4: Study of Multielectron Redox Chemistry through Quadruply 

Bonded Non-Symmetric Dimolybdenum Systems 

4.1 INTRODUCTION 

Multielectron redox chemistry occurs widely in nature with the help of mid-to-late first 

row transition metals (eg. Fe, Co, Mn).137–140 Based on the state and connectivity of the redox 

centers, there are two main mechanisms of electron transfer: Inner-sphere (ISET) and Outer-sphere 

(OSET) electron transfer (Scheme 4.1). This chapter will focus on the understanding of electron 

transfer by ISET. 

 

Scheme 4.1. Pictorial representation of inner-sphere and outer-sphere electron transfer. 

 

Mixed valent (MV) compounds have been synthesized and studied for the understanding 

of multielectron redox chemistry through ISET. The most studied compound of this type is the 

Creutz–Taube (CT) ion (Scheme 4.2) first synthesized by Carol Creutz in the late 1960s.141 The 

study of electron transfer using this complex gave Taube the Nobel Prize in 1983. This system is 

comprised by two ruthenium pentammine units connected by a pyrazine ligand thus completing 
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the octahedral coordination sphere for each metal.142 The CT ion is a symmetric system containing 

an odd number of electrons, the resulting unpaired electron may consequently be localized on one 

of the metal atoms (Ru2+–L–Ru3+), or delocalized over both metals (Ru2.5+–L–Ru2.5+) making both 

ruthenium centers equivalent.143  

 

Scheme 4.2. Creutz–Taube ion, mixed-valent compound for the understanding of electron 

transfer. 

 

Ever since the study of the CT ion, many mixed-valent systems have been prepared. They 

are categorized by the coupling of the metal centers and their ability to stabilize the MV species 

according to the Robin–Day classification.144 The stability of the MV system is measured by the 

equilibrium constant, Kc, arising from the equilibrium between the fully oxidized and fully reduced 

species. This equilibrium constant represents the rate at which two MV compounds form a product 

where both elements (metals) go from different to equal oxidation states, as shown in Scheme 

4.3.145 According to this scheme, compounds demonstrating a weak electronic communication, 

with Kc  < 102, belong to Class I. On the other hand, Class III comprises compounds with high 

electronic coupling and complete delocalization of the electron, such compounds have Kc  > 106. 
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Finally, Class II compounds demonstrate some interaction between the metal centers with 102 < 

Kc < 106, but the electron is predominantly localized on a single redox site.146  

 

Scheme 4.3. Mixed-valent equilibrium and Robin–Day classification. 

 

 

Figure 4.1. Potential energy curves according to Robin–Day classification, Class I (left), Class II 

(middle) and Class III (right).  

 

In addition, we can study the kinetics and thermodynamics of these systems by Marcus–

Hush theory (MHT). According to MHT we can represent both ends of the mixed-valent 
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equilibrium by two parabolic wells, as shown in Figure 4.1. In Class I, where the electron is fully 

localized on one redox center (valence trapped), there is no overlap between the parabolas, and 

the reorganization energy (λ) due to electron transfer is large. In Class II, there is some overlap 

corresponding to the electronically coupled redox centers. In this case, the electron transfer process 

is defined by the activation energy required for the process. For Class III, the electron is fully 

delocalized throughout the system, and the activation energy for the transfer of the electron 

between the donor and acceptor is zero. In this system only one parabolic well is observed.  

 

Figure 4.2. Molecular orbital diagram for D4h bimetallic complex. 

 

Of special interest are mixed-valent compounds presenting multiple metal-metal bonds. 

The first quadruple bonded compound, dirhenium (III) octachloride, was synthesized and 

characterized by Cotton et al. in the mid-1960s.147–149 The electronic nature of the quadruple metal-
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metal bond is assigned as such: σ-bond arising from the head-on overlap of the dz
2–dz

2 orbitals, 

two degenerate π-bonds from the interaction of the dxz–dxz and dyz–dyz orbitals, and a δ-bond from 

the dxy–dxy face-to-face interaction. The electronic structure of a metal–metal quadruple bonded 

bimetallic complex is presented in Figure 4.2. A library of symmetrical bimetallic compounds 

using an array of metals, such as Ni, Cu, Cr, Mo, W, Re, Ru, Rh, Pd and Pt have been synthesized, 

characterized, and studied as platforms for electron transfer due to their ease of functionalization 

as well as their interesting and well stablished electrochemical properties.150–153 These compounds 

so called dimers-of-dimers are of the type M2–L–M2, where M2 is the multiple bonded unit, and L 

the bridging ligand. The removal of one electron from their -orbital can be tracked by 

spectroscopic means such as electron paramagnetic resonance and crystallography since the formal 

bond order decreases from 4 to 3.5 increasing thus the M–M bond distance. Moreover, the 

oxidation of Mo2
4+ proceeds without large rearrangement of the ligands making this 

electrochemical process often reversible. 

 

Figure 4.3. Marcus–Hush potential energy surfaces applied for (left) symmetrical and (right) 

non-symmetric systems.  
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Moreover, homobimetallic dimers-of-dimers reported so far are characterized to be 

symmetrical systems. The study of electronic communication in non-symmetric analogues has not 

been fully explored with only few examples in the literature.154,155 According to Marcus theory, 

the main difference between symmetric and non-symmetric systems is the relative free energy of 

the parabolic wells, as depicted in Figure 4.3, considering that the donor and the acceptor are no 

longer equivalents. This could potentially decrease the activation energy required by increasing 

the electronic coupling and making the electron transfer process faster. 

 
Scheme 4.4. Non-symmetric D–B–A systems. 

 

We are interested in understanding the effect of non-symmetry on the electronic coupling 

of the donor and acceptor sites. In order to make non-symmetric complexes, either the metal unit 

or the bridging ligand can be asymmetrical (Scheme 4.4). In an attempt to obtain non-symmetric 

metal centers, a fullerene derivative and a non-symmetrical ligand were employed. The former 

would allow the study of the effect of a non-metallic redox active center in the electron transfer 

process. In contrast, the latter would allow the incorporation of a single metal as the second 

building unit by monodeprotonation of the ligand. By doing this, we could putatively tune the 
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electronics of the system according to the metal used. On the other hand, making the bridging 

ligand non-symmetric facilitates the synthesis of the complexes by using the same procedure for 

preparation of the symmetric analogues. 

4.2 EXPERIMENTAL SECTION 

4.2.1 Materials and Methods. 

All reactions and manipulations were conducted under a nitrogen atmosphere, using either 

a nitrogen drybox or standard Schlenk line techniques unless otherwise noted. Solvents used were 

purified under argon using a Pure Process Technology solvent purification system, or degassed 

under nitrogen. Commercially available chemicals methylithium (MeLi) and sodium methoxide 

(NaOCH3) were purchased form Sigma Aldrich and used as received. The starting materials: N,N-

dianisylformamidine (HDAniF)156, Mo2(DAniF)3(OAc)157, I, trans-Mo2(DAniF)2(O2CCH3)2
158, 

II, 2,5-dihydroxy-4-phenylimino-2,5-cyclohexadien-1-one159, III, and 2-hydroxy-5-phenylamino

-4-phenylimino-2,5-cyclohexadien-1-one159, IV,  were prepared following reported procedures. 

The carboxylic fullerene derivative, V, was synthesized by Catalina Suarez from the Echegoyen 

group according reported procedure.160 

4.2.2 Physical Measurements. 

1H NMR spectra were recorded on a Bruker 300 MHz and 400 MHz NMR spectrometer 

with chemical shifts (δ) referenced to the residual signal of CDCl3 or C6D6. The Infrared spectra 

were measured on an Agilent Cary 630 FTIR Spectrometer. UV–Vis spectra were obtained using 

a SEC2000 Spectra System equipped with the Visual Spectra 2.1 software. Raman spectra were 

recorded on a Thermo Scientific DXR SmartRaman spectrometer using a laser at 532 nm. Matrix–
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assisted laser desorption ionization (MALDI) mass spectra were collected using a Bruker 

Microflex LRF mass spectrometer. 

4.2.3 Electrochemical Studies. 

Electrochemical analyses by cyclic voltammetry (CV) and differential pulse voltammetry 

(DPV) were collected by using a CHI760D potentiostat with a Pt working and auxiliary electrodes, 

a Ag/AgCl reference electrode, 1mM solution of the compounds, and 0.10 M Bu4NPF6 (in THF 

or DCM) as electrolyte. Data was obtained with a scan rate of 100 mV/s. Ferrocene was added at 

the end of the run and used as internal standard. 

4.2.4 X–Ray Structure Determination. 

Crystals of 4 suitable for X–Ray diffraction analysis were prepared by diffusion of hexanes 

into a solution of 4 in THF. The crystal was mounted with a small amount of silicone grease and 

centered in the goniometer of a Bruker SMART APEX CCD system equipped with a graphite 

monochromator and a MoKα fine-focus tube (λ = 0.71073 Å). Data for the crystals was collected 

at 100 K. No crystal decay was observed during the collection. The frames were integrated with 

the Bruker SAINT Software package using a narrow-frame algorithm. Data were corrected for 

absorption effects using the multi-scan method (SADABS). The structure was solved and refined 

by direct methods using the Bruker SHELXTL Software Package. Crystallographic data for 4 is 

listed in Table 4.2, and relevant bond distances and angles for this compound are given in Table 

4.3. 

4.2.5 Synthesis of [Mo2(DAniF)3]2(C12O3NH7), 1. 

2,5-dihydroxy-4-phenylimino-2,5-cyclohexadien-1-one (16.0 mg, 0.074 mmol) and 

Mo2(DAniF)3(OAc) (151 mg, 0.150 mmol) were placed in a 50 mL Schlenk flask with 10 mL of 



56 

THF. NaOCH3 (0.45 mL) was then added to the flask slowly with stirring. The reaction mixture 

was then stirred for 5h at room temperature. The solvent was removed under reduced pressure and 

benzene was used to extract the compound. [Mo2(DAniF)3]2(C12O3NH7), 1, was washed with ether 

and hexanes. Yield: 171 mg, 54 %. 1H NMR (ẟ – C6D6): 8.68 (s, 4H), 8.51 (s, 2H), 7.03 (s, 1H), 

7.01 (s, 1H), 6.82-6.38 (53H), 3.22 (s, 24H), 3.18 (s, 12H). MALDI–TOF MS (m/z): Calcd. 

2129.35 [M+H+], Found 2129.35 [M+H+]. UV-Vis λmax: 490, 420 nm. 

4.2.6 Synthesis of [Mo2(DAniF)3]2(C18O2N2H12), 2. 

2-hydroxy-5-phenylamino-4-phenylimino-2,5-cyclohexadien-1-one (16.0 mg, 0.05 mmol) 

and Mo2(DAniF)3(OAc) (112 mg, 0.110 mmol) were placed in a 50 mL Schlenk flask and 

dissolved in 10 mL THF. NaOCH3 (0.4 mL) was then added to the reaction mixture slowly and 

with stirring. The mixture was stirred for 5h at room temperature. The solvent was removed under 

reduced pressure and benzene was used to extract the compound. [Mo2(DAniF)3]2(C18O2N2H12),  

2,  was washed with ether and hexanes. Yield: 141 mg, 58 %. 1H NMR (ẟ – C6D6): 8.68 (s, 4H), 

8.43 (s, 2H), 7.11 (s, 1H), 7.10 (s, 1H), 6.78–6.25 (58H), 3.24–3.10 (36H). MALDI–TOF MS 

(m/z): Calcd. 2205.4 [M+H+], Found 2205 [M+H+]. UV–Vis λmax: 704, 420 nm.  

4.2.7 Synthesis of Mo2(DAniF)3(C69O2NH8), 3. 

To a mixture of Mo2(DAniF)3(OAc) (8.60 mg, 0.008 mmol) and the fullerene derivative 

(7.5 mg, 0.008 mmol) in 2 mL THF, NaOCH3 (0.02 mL) was added slowly with stirring. The 

reaction mixture was stirred at room temperature for 2h. The solvent was then removed under 

reduced pressure and the residue was extracted with 5 mL DCM. Filtration and precipitation with 

hexanes yielded Mo2(DAniF)3(C69O2NH8), 3. Yield: 2.33 mg, 15 %. 1H NMR (ẟ – CDCl3): 8.38 

(s, 1H), 8.0 (s, 2H), 7.71 (d, 4H), 6.99 (d, 8H), 6.86 (d, 8H), 6.42 (d, 4H), 6.37 (d, 4H), 3.90 (s, 
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4H), 3.79 (s, 12H), 3.61 (s, 6H). MALDI–TOF MS (m/z): Calcd. 1842.2 [M+H+], Found 1841.56 

[M+H+]. UV-Vis λmax: 450 nm. 

4.2.8 Synthesis of Mo2(DAniF)3(C18O2N2H12), 4. 

2-hydroxy-5-phenylamino-4-phenylimino-2,5-cyclohexadien-1-one (29.8 mg, 0.103 

mmol) and Mo2(DAniF)3(OAc) (112 mg, 0.110 mmol) were placed in a 50 mL Schlenk flask and 

dissolved in 10 mL THF. NaOCH3 (0.21 mL) was then added to the reaction mixture slowly and 

with stirring. The mixture was stirred for 5h at room temperature. The solvent was removed under 

reduced pressure and benzene was used to extract the compound. Mo2(DAniF)3(C18O2N2H12), 4, 

was washed with ether and hexanes. Yield: 130 mg, 94 %. 1H NMR (ẟ – CDCl3): 8.70 (s, 1H), 

8.45 (s, 1H), 8.32 (s, 2H), 7.41 (t, 4H), 7.36 (s, 2H), 7.22 (d, 4H), 7.11 (t, 2H), 6.57 (d, 8H), 6.43 

(d, 8H), 6.21 (d, 4H), 6.18 (d, 4H), 3.72 (s, 12H), 3.66 (s, 6H). ESI MS (m/z): Calcd. 1247.25 

[M+H+], Found 1247.5 [M+H+ ]. UV–Vis λmax: 768 nm, 436 nm. 

4.2.9 Synthesis of trans-Mo2(DAniF)3[C18O2N2H12]2, 5. 

2-hydroxy-5-phenylamino-4-phenylimino-2,5-cyclohexadien-1-one (148 mg, 0.512 

mmol) and trans-Mo2(DAniF)2(O2CCH3)2 (200 mg, 0.244 mmol) were placed in a 50 mL Schlenk 

flask and dissolved in 10 mL THF. NaOCH3 (1.02 mL) was then added to the reaction mixture 

slowly and with stirring. The mixture was then stirred for 5h at room temperature. The solvent was 

removed under reduced pressure. DCM was added to extract the compound, followed by reduction 

of the solution (about 5 mL). Ethanol (50 mL) was added to precipitate the compound, which was 

later washed with ethanol and hexanes. Mo2(DAniF)3[(C18O2N2H12)]2, 5, was washed with ether 

and hexanes. Yield: 300 mg, 95 %.  1H NMR (ẟ – CDCl3): 8.32 (s, 2H), 8.20 (s, 2H), 7.36 (s, 4H), 

7.05 (d, 8H), 6.88 (t, 8H), 6.81 (d, 8H), 6.72 (d, 8H), 6.42 (t, 4H), 3.71 (s, 12H). UV–Vis λmax: 727 

nm, 394 nm. 
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4.3 COMPUTATIONAL DETAILS 

Density Functional Theory (DFT) calculations were performed with the hybrid Becke–3 

parameter exchange functional and the Lee-Yang-Parr nonlocal correlation functional (B3LYP) 

110,111 implemented in the Gaussian 09 (Revision C.01)114114 program suit. The Pople basis set, 6–

31G*,113,119,120 was used on non-metal atoms (carbon, nitrogen, oxygen, and hydrogen). An 

effective core potential (ECP) representing the 1s2s2p3s3p3d4p core was used for the molybdenum 

atoms, along with the associated double-ζ basis set (LANL2DZ).161–164 Geometry optimization 

calculations were found to be minima in the potential energy surface as evidenced by the absence 

of imaginary vibrations in the frequency calculations. Electronic transition energies were 

computed for the neutral compounds using Time–Dependent Density Functional Theory (TD–

DFT) method with the lowest 30 singlet excited states being considered.165–171 All calculations 

were performed in a 44-processor PowerWolf PSSC supercomputer cluster running Linux Red Hat 

4.1.2-54 located at the University of Texas at El Paso. Isosurface plots of frontier molecular orbitals 

were generated using the Avogadro software with isodensity values of 0.04. 

4.4 RESULTS AND DISCUSSION 

4.4.1 Non-symmetrical Mo2 Dimer-of-Dimers, Mo2–L–Mo2 system 

Molecular Design and Synthesis. As previously stated, an asymmetrical D–B–A system 

can be prepared by (1) connecting two identical redox centers to an asymmetric bridging ligand 

or (2) connecting different redox centers to a symmetrical bridging ligand. In the first section of 

this chapter, the study of electron transfer by a dimer-of-dimers will be done. Dianions of 

carboxylic acids, which led to low Kc values, are the commonly used ligands in this type of 

systems.172,173 The dioxolene group and its derivatives have shown strong electronic 

communication between Mo2 units.174 Amidinates on the other hand, are attractive due to their 
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stronger Lewis basicity when compared to their carboxylates analogues as well as their ability to 

modify the R substituent in the N atoms.152,175,176 

 

Scheme 4.5. Reaction conditions for synthesis of 1. 

 

 
Figure 4.4. 1H NMR for 1 in C6D6. 

 

Compounds 1 and 2 were prepared by assembling two [Mo2(DAniF)3]+ units with a non-

symmetrical ligand. The coordination of the ligand yields products with two six-membered rings. 

The successive introduction of N atoms yielded two asymmetrical complexes, 

[Mo2(DAniF)3]2(C12O3NH7), 1, and [Mo2(DAniF)3]2(C18O2N2H12), 2. This method gives the 
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advantage of performing the synthesis of the complexes in a one-pot reaction (Scheme 4.5 and 

Scheme 4.6) similar to the method developed for symmetric dimers-of-dimers.177 

       
Figure 4.5. MALDI–TOF mass spectrum of 1. (left) Average m/z calculated at 2129.35, and 

(right) detected m/z 2129.35. 

 

The structure of [Mo2(DAniF)3]2(C12O3NH7), 1, in solution was confirmed by 1H NMR 

spectroscopy, however the crystal structure for this compound was not obtained. The proton NMR 

is consistent with the structure of the molecule, with all signals having the expected chemical shifts 

(ppm) and relative intensities as presented in Figure 4.4. MALDI–TOF MS was performed for this 

complex, both the isotopic distribution and the predicted mass (m/z value calculated = 2129.35, 

experimental = 2129.35) were obtained and compared, as shown in Figure 4.5. 

 

 
 

Scheme 4.6. Reaction conditions for synthesis of 2. 

 

 

Experimental Calculated 
2129.35 2129.35 

1 + H+ 
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Figure 4.6. 1H NMR for 2 in C6D6. 
 

 
Figure 4.7. (Left) Calculated MS 2 with m/z value of 2205.4. (Right) MALDI–TOF mass 

spectra of 2 m/z found 2205. 

 

The 1H NMR of [Mo2(DAniF)3]2(C18O2N2H12), 2, (Figure 4.6) is consistent with the 

structure of the molecule. In addition, all the signals have the expected chemical shifts (ppm) and 
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relative intensities. MALDI-TOF mass spectroscopy was performed on 2, and is presented in 

Figure 4.7. Similar to what was observed for compound 1, both the expected isotopic distribution 

and the predicted m/z for 2 (m/z value calculated = 2205.4, experimental = 2205) were observed.  

Electrochemical Studies. The magnitude of the electronic communication in a Mo2–L–

Mo2 system is mainly determined by two factors: the distance between the two Mo2 units, and the 

nature of the linker.157 The 2,5-dihydroxy-1,4-benzoquinone (H2dhbq) ligand and its analogues 

have been reported to favor strong electronic communication in dimers-of-dimers because they 

present extended π* orbitals with energies similar to those of the transition metal orbitals.178 

Although several transition metal complexes with dhbq2- have been reported, only one non-

symmetric analogue has been used in Mo2–L–Mo2 systems.179 

 

Figure 4.8. The cyclic voltammogram of 1, with E1/2 (I) = –0.405 V and E1/2 (II) = –0.180 V. 

Data was obtained in THF solution with potentials referenced to Fc/Fc+. 
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Figure 4.9. Cyclic voltammogram of 2, with E1/2 (I) = –0.523 V, E1/2 (II) = 0.112 V and E1/2 (III) 

= 0.625 V. Data was obtained in THF solution with potentials referenced to Fc/Fc+. 

 

Cyclic voltammetry was performed on 1 in order to evaluate the degree of communication 

in the Mo2–L–Mo2 system. Figure 4.8 presents two one-electron oxidations of the dinuclear metal 

centers for 1, at E1/2 (I) = –0.405 V vs Fc/Fc+ corresponding to [Mo2
4+–L–Mo2

4+] → [Mo2
5+–L–

Mo2
4+] and E1/2 (II) = –0.180 V vs Fc/Fc+ for [Mo2

5+–L–Mo2
4+] → [Mo2

5+–L–Mo2
5+]. Cyclic 

voltammetry was performed on 2 in order to study the electronic interactions between the metal 

centers, and it is presented in Figure 4.9. Interestingly, three one-electron reversible oxidations 

with E1/2 (I) = –0.523 V, E1/2 (II) = 0.112 and E1/2 (III) = 0.625 V vs Fc/Fc+ are observed in the 

window provided by THF. Cyclic voltammetry of the ligand proves that the third oxidation event 

of 2 is ligand based, which exhibits an oxidation event at 0.625 V vs Fc/Fc+. Therefore, the first 

two oxidations in 2 are metal based corresponding to [Mo4+–Mo4+] → [Mo5+–Mo4+] and [Mo5+–

Mo4+] → [Mo5+–Mo5+]. The potential separations (ΔE1/2) between the Mo2 redox sites are within 
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the range of the symmetrical analogue.174 The CV of 2 shows the oxidation potentials for the two 

dimolybdenum units are separated by 635 mV. The internal potential difference between the 

bimetallic centers increases the potential separation and the electronic interaction. Replacing two 

O atoms by N atoms increases the ΔE1/2 value to 635 mV (2) from 225 mV in the monosubstituted 

version 1.  

The comproportionation constant (Kc) and the free energy changes (Go
c) are derived from 

the electrochemical data obtained, ΔE1/2 (Table 4.1). A Go
c larger than 103 for an asymmetrical 

complex indicates that the singly oxidized dimer-of-dimer is thermodynamically more stable in 

solution.180 Kc for the comproportionation equilibrium involving the species studied can be derived 

from the separation of the potentials between the two redox couples (ΔE1/2). The equilibrium 

constant is exponentially related to ΔE1/2 (Kc = eΔE1/2 / 25.69), and it measures the stability of the 

mixed-valent species [Mo5+–L–Mo4+]. Calculation of Kc using ΔE1/2 = 225 mV, gives a value of 

Kc = 6.36 x 103. According to the Robin–Day classification, this compound belongs to Class II 

meaning the Mo2 units present low electronic coupling. On the other hand, Kc for 2 is derived to 

be 5.4 x 1010. The magnitude of the equilibrium constant indicates that both bimetallic units, which 

are linked by the conjugated organic ligand, are strongly coupled, and according to the Robin–

Day scheme it belongs to a Class III complex. 

 

Table 4.1. Derived thermodynamic parameters for the comproportionation equilibriums from the 

electrochemical measurements of 1 and 2. 

 

 ∆E1/2 (mV) Kc ∆G°c (cm–1) 

1 225 6.36 x 103 –1814 

2 635 5.43 x 1010 –5116 
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Spectroscopic Properties. The asymmetric compounds show dark green color. The 

electronic spectra for the neutral complexes, 1 and 2, show a pronounced absorption in the visible 

region and a high energy absorption in the ultraviolet region. Figure 4.10 show the absorption 

spectra for 1 and its precursors. There is no low energy absorption observed for I, and the shoulder 

at 445 nm is known to be the →  transition arising from an electron excitation from HOMO 

to LUMO, while the ligand shows a →  transition at 498 nm.  

 

Figure 4.10. Absorption spectra for (Top left) Ligand, (Top right) I, and (Bottom) 1 in solvent. 

 

It has been found that for symmetric compounds of the M2–L–M2 type, a → transition 

corresponding to the metal-to-ligand charge transfer (MLCT) dominates the electronic spectra in 
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the visible region.151,154 This is a consequence of the interaction between the -orbital of the Mo2 

unit and the -orbital of the linker, where theorbital of the ligand is lower in energy than the 

orbital of the metal. The symmetrical dioxolene presents an absorption band at 1128 nm related 

to the HOMO → LUMO excitation. Similarly, compound 1 presents an absorption band at 490 

nm assigned to the MLCT. Figure 4.11 displays the absorption spectra of 2 and its precursors. In 

this case, the ligand shows a →  transition at 360 nm, while 2 has a MLCT band at 704 nm. 

The existence of the low energy MLCT band is critical for the electronic communication between 

the bimetallic units by facilitating an electron-hopping or hole-hopping pathway.181 These 

transitions in 1 and 2 are consistent with the strong electronic coupling in these compounds.  

 

Figure 4.11. Absorption spectra for (Top left) Ligand, (Top right) I, and (Bottom) 2 in solvent. 
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DFT Calculations. Theoretical calculations were done to gain insight in the electronics of 

the system. The geometry optimizations were carried out on model compounds where the aryl 

groups of the formamidinates were replaced by H atoms. The vibrational frequency analysis on 

the optimized models indicated that the geometries are minima on the potential energy surfaces 

due to the absence of imaginary frequencies. In Mo2–L–Mo2 the frontier orbitals are typically 

composed of the in-phase and out-of-phase Mo2 -orbitals interacting with the -orbitals of the 

ligand. The greater the interaction between the dimolybdenum unit and the ligand the larger the 

HOMO–HOMO-1 separation due to orbital stabilization, decreasing thus the HOMO–LUMO 

energy gap (H-L) and enhancing the Metal-to-Ligand charge transfer (MLCT). For both 

compounds, the HOMO presents large metal contribution while the LUMO has mainly ligand 

character with small metal contribution from the dimolybdenum units. Therefore, as stated above, 

the HOMO → LUMO transition corresponds to a metal-to-ligand charge transfer band. 

We can observe in Figure 4.12 that the HOMO-1 for 1 presents mixing of -orbital and the 

empty ligand -orbital. Molecular orbital analysis of the HOMO and HOMO-1 show that this 

orbitals are mainly metal based and their energy difference is 0.837 eV. The HOMO is formed by 

the in-phase combination of the -orbitals in the Mo2 units which interact with the occupied π*-

orbital of the linker. Meanwhile, the HOMO-1 and LUMO arise from the out-of-phase 

combination of the -orbitals of the Mo2 units with an empty π* orbital of the linker. On the other 

hand, the LUMO and HOMO-2 are mainly ligand based. Significant ligand character is also 

present in the HOMO, which allows for electron delocalization between the two dimolybdenum 

units as observed experimentally.  
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Figure 4.12. Contour plots and molecular orbital representation of four frontier orbitals for 1, 

with energy for all orbitals. 

 

Similarly to compound 1, molecular orbital analysis of 2 (Figure 4.13) indicate the HOMO 

is formed by the in-phase combination of the -orbitals in the Mo2 units, which interact with the 

occupied π* orbital of the linker. Again, the HOMO-1 and LUMO are formed by the out-of-phase 

combination of the -orbitals of the Mo2 units with an empty π*-orbital of the linker. In the same 

way, the LUMO and HOMO-2 have mainly ligand character. Moreover, ligand character is also 

observed in the HOMO which allows for the electron delocalization detected experimentally.  
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Figure 4.13. Contour plots and molecular orbital representation of four frontier orbitals for 2, 

with energy for all orbitals. 

 

The structure of the HOMO, as shown in Figure 4.12 and Figure 4.13, agree with a strong 

interaction between the dimolybdenum units and the linkers, with significant influence from the 

linker to both the HOMO and HOMO-1. The molecular orbitals show some asymmetrical 

character by presenting unbalanced electron density in the Mo2 units and the ligand. On the 

HOMO for 1 and 2, higher electron density is found on the Mo2 site with more O atoms; while on 

the HOMO-1 the charge is distributed in the opposite manner. 
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The energy gap between the HOMO and HOMO-1 (EH–H-1) is directly related to the 

interaction between the Mo2 centers.182–184 In the symmetric dioxolene analogue, the EH–H-1 is 

0.98 eV, the largest number obtained for dimers with Mo.174 The calculated values for EH–H-1 for 

1 and 2 are 0.837 and 0.915 eV, respectively; suggesting the electronic coupling of the 

dimolybdenum units in 2 may be stronger than that on 1. This result is consistent with the larger 

separation between the redox potentials waves in 2 than in 1. In both systems, the energies of the 

linkers’ -orbitals are far-below the HOMO-1, indicating hole-hopping does not have a large 

contribution to the electronic coupling.  

4.4.2 Electronic Communication between a Fullerene Derivative and a Dimolybdenum 

Unit, Mo2–L–C60 system  

Molecular Design and Synthesis. Dinuclear metallic systems, like the ones shown in the 

previous section, have been studied for the understanding of electronic communication in a D–B–

A system. Relative to symmetrical systems, less work is known for the study of electron transfer 

through asymmetrical systems, especially those with mixed metallic and organic redox sites.185–

187 Therefore, the nature of the charge transfer in these systems in not well understood.  

Fullerenes are well-known electron acceptors188 which possess good thermal stability 

resulting in their application in organic solar cells189 and superconductors190. These three-

dimensional materials exhibit small reorganization energies during electron transfer processes, 

achieving ultrafast charge transfer.191 In this section, we report the study of electron transfer 

through a non-symmetrical D–B–A system where a quadruple bonded dimolybdenum and a 

fullerene (C60) serve as electron donor an acceptor, respectively. In an attempt to incorporate the 

two different redox sites to a single molecule, the C60 cage needed to be functionalized with a 

chelating group that could bind to the dimolybdenum unit. The synthesis for this fullerene 
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derivative was carried out by the Echegoyen group at UTEP. The introduction of a pending 

carboxylate in the fullerene derivative allowed for the one-pot synthesis of the asymmetric 

complex using I as starting material (Scheme 4.7), similar to the preparation of 1 and 2 from the 

previous section. Compound 3 was obtained as an orange powder in 15% yield. The proposed 

structure of 3 was confirmed by spectroscopic analyses, 1H NMR and MS.  

 

Scheme 4.7. Reaction conditions for synthesis of 3. 

 

For Mo2(DAniF)3(C69O2NH8), 3, the room-temperature 1H NMR is consistent with the 

structure of the molecule, with all signals having the expected chemical shifts (ppm) and relative 

intensities (2:1 ratio for the protons in the formamidinate ligands). Using 1H NMR (Figure 4.14) 

we were able to identify different resonances corresponding to the carboxylate fullerene derivative 

and the bimetallic unit. There are two singlets at 8.38 ppm and 8.0 ppm that correspond to the 

protons of the formamidinate ligand. Additionally, there are two singlets at 3.79 ppm and 3.61ppm 

corresponding to the protons on methoxy group of the formamidinate ligands. On the other hand, 

the signal at 3.90 ppm is related to the protons from the pyrrolidine of the fullerene derivative. 

Moreover, the characteristic isotopic distribution for a complex presenting a dimolybdenum unit 

was observed in the mass spectra of 3. The MALDI–MS in Figure 4.15 shows the calculated 
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average mass of 1842.2, and the obtained m/z value of 1841.56 for 3. Compound 3 is soluble in 

common polar solvents which facilitates the spectroscopic and electrochemical analysis. Although 

red crystals were obtained for 3, the diffraction of the crystal was too weak to resolve the structure.  

 

Figure 4.14. 1H NMR for 3 in CDCl3. 

 

        

Figure 4.15. MALDI–TOF MS of 3 with m/z (left) calculated at 1842.2, and (right) detected at 

1841.56.  

Experimental Calculated 1842.2 
1841.56 

3 + H+ 
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Figure 4.16. Cyclic voltammogram of (Top left) C60 derivative, (Top right) I, and (Bottom) 3, 

with E1/2 = –0.543 V. Data was obtained in THF solution with potentials referenced to Ag/Ag+. 

 

Electrochemical Studies. Figure 4.16 displays the cyclic voltammograms (CV) for I, V, 

and 3 in THF. C60 fullerenes can be reduced by up to six electrons due to the presence of triply 

degenerate lowest unoccupied molecular orbitals.192,193 The CV scan in the cathodic direction for 

V is dominated by four quasireversible reduction waves in the range of −0.5 to −2 V vs Ag/AgCl. 

Compound 3 show an amphoteric redox behavior with waves at both oxidation and reduction 

sides. This compound exhibits one reversible oxidation at E1/2 = –0.543 V vs Ag/AgCl, while the 
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reduction events are dominated by C60 reduction waves. Quadruple-bonded dimolybdenum 

centers typically present a one-electron reversible event at 0.4–0.7 V vs Ag/AgCl.185 This suggests 

the oxidation process found for 3 in Figure 4.16 corresponds to oxidation of the Mo2 center due to 

the Mo2
4+ → Mo2

5+ process. Upon assembly of the fullerene derivative with the Mo2 unit, the 

reduction processes of the fullerene cage differ from those observed for V. Two quasireversible 

reductions are observed in the CV for 3. The integration of these waves, when compared to the 

one-electron oxidation of Mo2, suggest that the reduction around –1.0 V and –1.5 V vs Ag/AgCl 

correspond to one- and three-electron transfer processes, respectively. Presumably, significant 

Mo2
5+ → C60 charge transfer occurs in the electrochemically generated radical species, and thus, 

the change in the reduction waves for the fullerene derivative could be attributed to electronic 

interaction between the donor and acceptor. Therefore, in the monocation radicals the organic 

redox center serves as electron acceptor, while the Mo2 center is the electron donor.  

Spectroscopic Properties. UV–Vis spectroscopy was done for 3 and its precursors, and 

their electronic spectra is presented in Figure 4.17. The carboxylic fullerene derivative (Top left) 

presents a strong band in the UV region, as well as two weak signals around 355 nm and 430 nm 

which are characteristic of fullerene mono-adducts.194 Mo2(DAniF)3(OAc), I, (Top right) shows a 

strong band in the UV region that corresponds to a metal-to-ligand charge transfer (MLCT) 

transition, as well as a weak band at 445 nm assigned to the δ → δ* transition. The MLCT 

transition comes from the interaction between the δ orbital of the Mo2 center and the π* orbital of 

the linker. The electronic spectrum of 3 (Bottom) presents a strong band in the UV region as well 

as a pronounced broad absorption band in the visible region. This band is likely due to the δ(Mo2) 

to π*(ligand) transitions (MLCT). This MLCT transition has been observed in other studies for 
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dimolybdenum systems.154,195–197 An additional absorption band around 350 nm is observed for 3, 

which could be assigned to transitions within the ligand and C60, similarly to that observed for V. 

 

Figure 4.17. UV–Vis spectra of (Top left) C60 derivative, V, (Top right) I, and (Bottom) 3. 

 

DFT Calculations. Density Functional Theory (DFT) calculations were performed to gain 

insight into the ground state geometry, electronic structure, and nature of the frontier orbitals of 3. 

Figure 4.18 shows that the HOMO for this compound is based mainly on the δ bonding orbital of 

the Mo2 center, while the LUMO is dominated by the π*-orbital of the fullerene cage. The HOMO-

12, HOMO-13 and HOMO-15 correspond to the metal d-orbitals forming the quadruple bond, one 

- and two -orbitals, respectively. The composition of the HOMO and LUMO confirms that the 



76 

oxidation wave at 0.543 V in the electrochemical measurement correspond to the Mo2
5+/4+ redox 

process, while the observed reduction waves are associated to the fullerene. Time–Dependent 

Density Functional Theory (TD–DFT) calculations corroborates that this band comes from the 

HOMO → LUMO transition, and as a result shows MLCT character.  

 

Figure 4.18. Contour plots of the frontier and d-orbitals of 3, with isosurface value of 0.4. 

 

4.4.3 Electron Transfer through a Dimolybdenum Unit, L–Mo2–L system 

Molecular Design and Synthesis. Mixed valent compounds, as shown in the previous 

sections, are comprised of two redox centers separated by a bridge, where the redox centers are 

typically metal centers and the bridge is an organic linker. The Robin–Day classification for mixed 
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valent compounds equally applies to systems where the redox centers are either inorganic or 

organic in nature. While in M2–L–M2 complexes the organic linker bridge serves to couple the 

redox active metal centers, in L–M2–L systems the M2 -orbital tentatively couples the ligands 

forming a ligand-based mixed valent complex. Previously reported work has shown evidence of 

such ligand-based mixed valent systems for trans M2(TiPB)2L2 compounds where M = Mo or W 

and L = an azulene carboxylate198,199 or thienyl carboxylate200. These compounds have shown that 

the charge in the MV system is either localized over both ligands or localized on one, and can be 

described in terms of the Robin–Day scheme.201–203  

We synthesized and studied two compounds wherein the double-substituted quinone, IV, 

is attached to a Mo2
4+ center. In compound 4 one quinone is attached, while in compound 5 there 

are two quinones in trans-position. As previously observed, this quinone present one-electron 

oxidation in Mo2–L–Mo2 systems. In addition, data obtained from the cyclic voltammetry 

indicates that this ligand allowed for delocalization of the charge in the MV system. Therefore, 

this ligand is suitable to further study the influence of M2 δ-ligand π-conjugation. We expect to 

observe a localized charge for 4, and either localized charge on one ligand or delocalized charge 

over two ligands for the trans compound 5.  

The monosubstituted complex, 4, was prepared from the reaction between 

Mo2(DAniF)3(OAc), I, where DAniF = N,N′-di-(p-anisyl)formamidinate, and 1.5 equivalents of 

the ligand, IV, in THF (Scheme 4.8). The lability of the acetate ligand allowed the replacement 

by IV, moreover we propose the obtained connectivity of the ligand to the dimolybdenum is 

favored by steric factors. Compound 4 was isolated by precipitation upon addition of hexanes to 

a benzene concentrated solution yielding a green compound in 94% yield. 4 is air-sensitive and 

soluble in most organic solvents. The mass spectra for monosubstituted complex, M2–L, showed 
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the expected isotopic distribution and predicted mass (m/z value calculated = 1247.25, 

experimental = 1247.5) as shown in Figure 4.19. 

 

 

Scheme 4.8. Reaction conditions for synthesis of 4.  

 

 

Figure 4.19. MS spectra of 4 with m/z (Left) calculated at 1247.25, and (Right) detected at 

1247.5.  

 

 On the other hand, complex 5 was prepared from the reaction between trans-

Mo2(DAniF)2(OAc)2, II, and two equivalents of the organic linker IV in THF (Scheme 4.9). This 

compound was isolated by precipitation upon addition of ethanol to a concentrated solution of 5 

in DCM. The dark green compound was obtained in 95% yield. We were able to identify the 

compound by mean of 1H NMR. Figure 4.20 show a singlet at 8.20 ppm corresponding to the 

protons of the formamidinate ligand. There is a signal at 3.71 ppm assigned to the methoxy group 
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protons of the ancillary ligand. In addition, the signals between 6.42 and 7.36 ppm correspond to 

those for the aromatic protons in the quinone and formamidinate. Compound 5 is soluble in most 

organic solvents and does not react with chlorinated ones. This compound is air-sensitive but 

stable as a solid under inert atmosphere at room temperature. 

 

 
Scheme 4.9. Reaction conditions for synthesis of 5. 

 

 

Figure 4.20. 1H NMR for 5 in CDCl3. 
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Figure 4.21. Crystal structures for 4 with ellipsoids drawn at 50% probability level. All 

hydrogen atoms have been omitted for clarity. 
 

Structural Determinations. Single crystals of 4 suitable for X–Ray analysis were 

obtained by slow diffusion of hexanes into a THF solution of 4 at room temperature. The structure 

of 4 provided in Figure 4.21 shows a paddlewheel structure with three formamidinate ligands and 

one substituted quinone ligand. IV is connected to the Mo2 center through its O-end potentially 

due to steric hindrance. Crystallographic information pertinent to this compound is given in Table 

4.2, while selected bond distances and angles are given in Table 4.3. This compound crystallizes 

in the triclinic space group P1̅ with Z = 2. The integration of the data using a triclinic unit cell 

yielded a total of 31404 reflections to a maximum θ angle of 28.37° (0.75Å resolution), of which 

14410 were independent (average redundancy 2.179, completeness = 97.2%, Rint = 12.86%, Rsig 

= 26.29%) and 6213 (43.12%) were greater than 2σ(F2). The final cell dimensions of a = 

13.7542(19) Å, b = 13.9223(19) Å, c = 16.798(2) Å, α = 111.969(2)°, β = 90.539(2)°, γ = 
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96.427(2)°, volume = 2959.7(7) Å3, are based upon the refinement of the XYZ-centroids of 2796 

reflections above 20 σ(I).  

 

Table 4.2. X–ray crystallographic data for 4. 

 
 4 

Formula C67H67Mo2N8O9 

FW, g.mol–1 1320.16 

Crystal system Triclinic 

Space group P1̅ 

a (Å) 13.7542(19) 

b (Å) 13.9223(19) 

c (Å) 16.798(2) 

α (deg) 111.969(2) 

β (deg) 90.539(2) 

 (deg) 96.427(2) 

V (Å3) 2959.7(7) 

Z 2 

dcalc (g.cm–3) 1.481 

μ (mm–1) 0.491 

2θ (deg) 1.31–28.37 

λ, Å 0.71073 

T, K 100(2) 

GOF 0.955 

R1,a wR2(I > 2(I))b 0.0970, 0.1724 
aR1 = ∑||Fo| - |Fc||/∑|Fo|. 

bwR2 = [∑[w(Fo
2- Fc

2)2]/∑w(F0
2)2]1/2, w = 1/[σ2(Fo

2) + (aP)2 + 

bP], where P = [max(Fo
2 or 0) + 2(Fc

2)]/3. 
 

 

Table 4.3. Selected bond lengths (Å) and bond angles (°) for 4. 

 
 4 

Mo(1) – Mo(2) 2.1077(10) 

Mo(1) – N(1) 2.162(6) 

Mo(1) – N(3) 2.121(6) 

Mo(1) – O(7) 2.060(5) 

Mo(2) – O(8) 2.079(5) 

N(1)–C(1)–N(2) 119.9(8) 

N(3)–C(16)–N(4) 119.8(7) 

O(7)–Mo(1)–Mo(2) 99.33(16) 

O(7)–Mo(1)–N(3) 166.5(2) 
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The Mo–Mo bond distance of 4, 2.1077(10) Å, falls within the range of 2.06–2.17 Å, which 

corresponds to that of a typical Mo2 quadruple bonded compound.204,205 This Mo–Mo bond 

distance is comparable to that of the previously reported dimer-of-dimers (2.1051(4) Å) where the 

symmetrical non-innocent ligand 2,5-dihydroxy-1,4-benzoquinone was used as the bridging 

linker.174 The Mo–O bond distances, 2.060(5) and 2.079(5) Å, are shorter than those in compounds 

with other O-donor linkers, 2.114(3) Å in Mo2(DAniF)3(CH3N(O)CC(O)NCH3)Mo2(DAniF)3 for 

example.182 However, the average Mo–N bond distance in 4, 2.149(6) Å, is within the usual range. 

The organic linker is essentially planar with the phenyl ring of the –NPh groups out-of-plane.  

The six-membered ring on the substituted quinone ligand shows variation in the C–C 

distances similar to those found in the symmetric benzoquinone series of dimer-of-dimers.174 The 

average C–C bonds in the ring, 1.404 Å, is similar to the distance found in a phenyl ring. On the 

other hand, the C–C distance on the N-end, 1.512 Å, closely resembles a single bond in an oxalate 

group, 1.51(1) Å.173 These differences suggest that the electron density is not fully delocalized in 

the ring. However, the C–O distances of 1.278 and 1.274 Å are shorter than a typical single bond 

but longer that a double bond, which indicates some degree of electron delocalization. Moreover, 

the short Mo–O distance, Å, shows a strong interaction between the Mo2 unit and the ligand.  

Electrochemical Studies. Compound 4 and 5 show redox activity in DCM. The cyclic 

voltammogram for 4 and 5 are shown in Figure 4.22 and Figure 4.23, respectively. The first 

oxidation of 4 occurs at E1/2 (I) = –0.03 V vs Fc/Fc+. Quadruple-bonded dimolybdenum units 

usually present a one-electron reversible event between 0.4–0.7 V vs Ag/AgCl.185 This process is 

then assigned to oxidation of the Mo2 center due to the Mo2
4+ → Mo2

5+ process. This first oxidation 

occurs 0.13 V lower than that for 5, this is consistent with the expected relative energies of the 

Mo2 -orbitals, similar to the observed energies for the mono and trans Mo2 complexes with 9,10-
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anthraquinone carboxylate ligands.206 Moreover, a second redox wave at E1/2 (II) = 0.465 V was 

assigned to an oxidation of the organic linker. The integration of the second reduction wave (when 

compared to the one-electron oxidation of Mo5+) corresponds to a one-electron transfer process. 

 

Figure 4.22. Cyclic voltammogram of 4, with E1/2 (I) = –0.03 V and E1/2 (II) = 0.465 V. Data 

was obtained in a DCM solution of 4 with potentials referenced to Fc/Fc+. 

 

As shown in Figure 4.22, two redox events are observed for 4 suggesting the ligands in the 

trans compound 5 could be electronically coupled through M2(δ)–ligand π-conjugation. In 

contrast, the CV of 5 (Figure 4.23) shows two redox events at E1/2 (I) = –0.017 V and E1/2 (II) = 

0.148 V. Similarly to the first event for 4, the first oxidation of 5 is assigned to oxidation of the 

Mo2 center due to the Mo2
4+ → Mo2

5+ process. If the ligands were to be electronically coupled 

through the dimolybdenum center, a separation of each one-electron ligand oxidation is expected. 

The second oxidation event at 0.148 V corresponds to a two-electron oxidation associated to 
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oxidation of the ligands, this wave shows slight splitting. The appearance of a single event 

indicates that the ligands are not considerably coupled through the Mo2 unit. 

 

Figure 4.23. Cyclic voltammogram of 5, with E1/2 (I) = –0.017 V and E1/2 (II) = 0.148 V. Data 

was obtained in a DCM solution of 5 with potentials referenced to Fc/Fc+. 

 

Spectroscopic Properties. The room temperature electronic absorption spectra of 4 and 5 

in THF are shown in Figure 4.24 and Figure 4.25, respectively. These compounds are highly 

colored and show two absorption bands in the visible region assigned to the M2 δ to π*-ligand 

MLCT transitions. Compound 4 has a low MLCT transition at 768 nm and a higher energy MLCT 

transition at 436 nm. The absorption bands in compound 5 are blue-shifted to 394 and 727 nm. 

The lowest energy absorptions are assigned to the transition involving the fully allowed HOMO 

to LUMO transition similar to previously reported M2–L and L–M2–L compounds.199,201,203 This 

is consistent with the -orbital in 4 having higher in energy due to the interaction with 

formamidinate ligands.  
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Figure 4.24. Absorption spectra of compound 4 measured at room temperature in THF.  

 

 

 
Figure 4.25. Absorption spectra of compound 5 measured at room temperature in THF. 

 

Electronic Structure Calculations. Density Functional Theory (DFT) calculations were 

performed to gain insight into the ground state geometry, electronic structure, and nature of the 

frontier orbitals of 4 and 5. The geometry optimizations were carried out on model compounds 
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where the aryl groups of the formamidinates were replaced by H atoms. The absence of imaginary 

frequencies on the vibrational frequency analysis of the optimized models indicate the geometries 

are on a minima on the potential energy surface. The frontier molecular orbitals on model 

compounds for 4 and 5 are depicted in Figure 4.26 and Figure 4.27, respectively.  

 

 

Scheme 4.10. Frontier molecular orbitals for a L−M2−L system. 

 

As shown for dimers-of-dimers at the beginning of the chapter, the bridging ligand can 

potentially couple the redox centers suggesting that in a L−M2−L system, where L is a conjugated 

-ligand, the M2 δ-orbital could couple the ligands. Therefore, the anion of the complex can be 

considered a mixed valent system. It has been previously stablished that the electronic coupling 

on these organic-systems (L−M2−L) originates from the interaction of the M2 δ-orbital π-orbitals 
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of the ligands in trans position, as depicted in Scheme 4.10.203 The interaction of the molecular 

orbitals for the bimetallic unit and the empty orbitals of the ligands in A show that the LUMO and 

LUMO+1 are the in-phase combination of the ligands, and the out-of-phase combination of the 

* orbitals with the M2 δ-orbital, respectively. The out-of-phase combination matches the 

symmetry of the metal center creating a metal-to-ligand backbonding interaction. Meanwhile, the 

interaction observed in B corresponds to that of the filled -orbitals of the ligands with the M2 δ-

orbital. In this case, the HOMO-1 is the in-phase combination of the ligand orbitals, while the 

HOMO-2 is formed by the out-of-phase combination of the L -orbitals and the M2 δ-orbital. 

As expected, the HOMO for both compounds is the Mo2 δ orbital with some ligand mixing. 

The δ-orbital in model compound 4 is higher in energy than the same orbital for 5 by about 0.1 

eV. This has been previously reported on similar systems206 where the difference in energy has 

been attributed to the presence of formamidinate ligands raising the δ and δ* orbitals as a reflection 

of the relative electronegativities of N versus O atom. The LUMO for 4 is the ligand based π* 

with some Mo2 δ contribution, while the LUMO for 5 is ligand based involving the in-phase 

combination of the substituted quinone ligand*-orbitals. The obtained molecular orbitals support 

the assignment of the lowest energy bands observed for 4 and 5 as MLCT transitions from HOMO 

to LUMO. Moreover, for 4 the LUMO+1 and LUMO+2 are the metal based *- and *-orbitals. 

Meanwhile, the LUMO+1 and LUMO+2 orbitals for 5 are the combination of the out-of-phase * 

of the ligand in trans position with the Mo2 δ, and the Mo2 δ*-orbital respectively.  
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Figure 4.26. Contour plots and molecular orbital representation of four frontier orbitals for 4, 

with energy for all orbitals. 
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Figure 4.27. Contour plots and molecular orbital representation of four frontier orbitals for 5, 

with energy for all orbitals and isosurface value of 0.45. 
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Time dependent DFT calculations were performed for both models which predicted two 

transition in the visible region. The lower energy refers the HOMO to LUMO transition associated 

with the MLCT. Compound 4 presents a high energy absorption from HOMO to LUMO due to 

the allowed MLCT. On the other hand, the higher energy absorption band is due to electronic 

transitions form the HOMO-1 to the LUMO. For 5 the higher energy absorption band is due to the 

excitation from the HOMO to the LUMO+2 which refers to Mo2 δ → δ* transition. Molecular 

orbital calculation on the anion of these compounds places the single electron in the LUMO of the 

neutral complexes and have delocalized charge over the complex for 4 and the trans ligands for 5. 

4.4 CONCLUSION 

Multimetallic building blocks have been of interest for the study of multielectron redox 

chemistry due to their interesting and well-studied electrochemical properties. We have created 

three types of non-symmetric systems utilizing metal-metal quadruple bonded dimolybdenum 

units in an attempt to better understand multielectron redox processes. Additionally, a family of 

non-symmetric ligands (2,5-dihydroxy-4-phenylimino-2,5-cyclohexadien-1-one, and 2-hydroxy-

5-phenylamino-4-phenylimino-2,5-cyclohexadien-1-one) was synthesized and characterized for 

the preparation of dimers-of-dimers using dimolybdenum units as redox centers. Electrochemical 

studies on [Mo2(DAniF)3]2(C12O3NH7), 1, and [Mo2(DAniF)3]2(C18O2N2H12), 2, displayed two 

one-electron and three one-electron oxidations, respectively. Calculation of their 

comproportionation constants (Kc = 6.36 x 103 and Kc = 9.7 x 1010) categorized 1 as Class II, and 

2 as Class III on the Robin–Day classification. Oxidized species (by one and two electrons) for 

both compounds need to be synthesized in order to study the electronic communication in a mixed 

valent system analogue to the Creutz–Taube ion.  
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We studied the effect of a non-metallic redox active unit in the electronics of a M2−L−C60 

system, where a C60 cage is used as the second active site. For that purpose, 

Mo2(DAniF)3(C69O2NH8), 3, was synthesized and characterized by 1H NMR and MALDI-TOF 

mass spectrometry. In addition, the electronic spectrum of this compound presents a strong band 

in the UV region corresponding to a metal-to-ligand charge transfer transition from the interaction 

of the δ orbitals of the [Mo2] core with the π* orbitals of the bridging ligand. Compound 3 also 

presented a δ → δ* transition at 470 nm, which is within the range (400−500 nm) for a quadruple 

bonded dimolybdenum. Cyclic voltammetry on 3 showed a one-electron oxidation of the 

dimolybdenum unit, as well as reduction events typically not observed in these systems and that 

have been assigned to reductions of the fullerene cage. More characterizations are still needed for 

this compound, such as IR, Raman and single crystal XRD. 

Finally, we presented the study of charge transfer in a system where the donor and acceptor 

were non-symmetric organic units, and the bridging ligand in charge of the coupling was a 

dimolybdenum center. The synthesized compounds, 4 and 5, were characterized by means of 1H 

NMR, mass spectrometry or single crystal X-Ray diffraction. One-electron oxidation of the Mo2
4+ 

unit was observed for both compounds at –0.03 V for 4 and –0.017 V for 5. In addition, a second 

a one-electron oxidation event was observed for 4 while a two-electron oxidation wave was 

observed for 5 as expected. The appearance of only one wave for the oxidation of the ligands in 5 

suggest the ligands are not significantly coupled. The absorption spectra for the compounds show 

two intense bands in the visible region related to MLCT electronic transitions which were 

supported by theoretical calculations. One-electron reduced species for 4 and 5 need to be studied 

in order to further understand the electronic communication in a mixed valent system analogue to 

the Creutz–Taube ion. 
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Chapter 5: Redox Potential Tuning of Dimolybdenum Systems through 

Systematic Substitution by Guanidinate Ligands3 

5.1 INTRODUCTION 

The chemistry of metal-metal bonded bimetallic complexes has been enhanced by the use 

of bidentate ligands like carboxylates, amidinates and guanidinates.207 The nature of such 

supporting ligands has a strong effect on the oxidation states, redox potentials, and electronic 

properties of the compound.208 The increased attention to guanidinate ligands is a result of their 

capability to stabilize higher oxidation states in bimetallic complexes.209–215 This ability is a result 

of the delocalization of the charge across the guanidinate backbone.216,217  

 

Scheme 5.1. Structure of common structural ligands used in multiple bonded bimetallic 

complexes: carboxylate, formamidinate and guanidinate ligands. 

 

Of special interest is the bicyclic hpp ligand (hpp is the anion of 1,3,4,6,7,8-hexahydro-

2H-pyrimido[1,2-a]pyrimidine) due its high Brönsted basicity (Scheme 5.1),218,219 which allows it 

to stabilize the most easily ionizable family of complexes. W2(hpp)4, W2(TMhpp)4, W2(TEhpp)4 

present onset ionization energies (3.51, 3.45, and 3.40 eV respectively) lower than the ionization 

energy for the cesium atom (3.89 eV).207,220,221 The low ionization energies for compounds 

                                                 
3 This chapter is excerpted with permission from a submitted manuscript: Nancy Rodríguez-López, Nathalie Metta, 

Alejandro Metta, Dino Villagrán; Redox Potential Tuning of Dimolybdenum Systems through Systematic 

Substitution by Guanidinate Ligands. 2019. Submitted.   
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containing hpp have been associated with the strong antibonding interaction between the  orbitals 

of the ligand and the  orbitals of the M2
4+ unit,220 therefore destabilizing the M2

4+ core and 

favoring the oxidation to yield M2
5+ and M2

6+ species.218,222,223 Consequently, large cathodic shifts 

in the redox potentials of bimetallic compounds of the M2L4 type are observed when the hpp ligand 

is introduced in the system.207 

Research on bicyclic guanidinate ligands has centered on enhancing the solubility of 

complexes in a variety of organic solvents221,223 as well as fine-tuning their electronic and 

electrochemical properties.224,225 The individual effect of the ligands on the electronic properties 

of the system has been explored in similar bimetallic complexes by systematic replacement of the 

ancillary ligands.158,226 Prior work with carboxylate and formamidinate ligands in dimolybdenum 

complexes has revealed that when carboxylates are systematically replaced by formamidinate 

ligands there is an increase in the stability of the oxidized species as well as a shift in the reduction 

potentials.150 Previous results showed a remarkable capacity of hpp for fine-tuning the redox 

potential of Mo2
4+ unit in M2L4 complexes. When bicyclic guanidinates are introduced in 

dimolybdenum paddlewheel complexes the most stable specie is the triple bonded Mo2
6+.213 

Nonetheless, a study where formamidinates have been systematically replaced by guanidinate 

ligands has not been reported. Thus, the effect of the substitution on the electronic structure and 

reduction potentials of the dimolybdenum center has not been explored.  

Herein we report the synthesis, characterization, and study of a series of compounds of the 

form Mo2(DAniF)n(hpp)4-n. We have synthesized and characterized dimolybdenum paddlewheel 

units with different proportions of formamidinate and guanidinate ligands in an attempt to fine-

tune the electronic structure of these compounds, and to gain a better understanding of the electron 

donor properties of basic ligands such as acetates, formamidinates, and guanidinates when attached 
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to a bimetallic system. The degree of tuning was quantified by exploring their electrochemical 

properties and comparing their prospective redox potentials, Raman shifts, and electronic 

absorption. Density Functional Theory (DFT) studies were performed to compare the respective 

energies of the compounds and to understand their electronic structure. The effect of the 

substitution on the electronic structures of the dimetal core was investigated using x-ray 

diffraction, electrochemistry, Raman, and UV-vis spectroscopies, which were correlated with the 

results from DFT calculations. 

5.2 EXPERIMENTAL SECTION 

5.2.1 General Procedures.  

All synthetic procedures and materials handling were conducted under N2 atmosphere 

using a drybox or standard Schlenk techniques unless otherwise noted. All the used solvents were 

dried and degassed using a Pure Process Technology solvent purification system. The materials 

used for the study HDAniF,156 Mo2(O2CCH3)4 (I),227 Mo2(DAniF)3(O2CCH3)157 (II), Mo2(DAniF)4 

(III),228 trans-Mo2(DAniF)2(O2CCH3)2,158 [Mo2(DAniF)(MeCN)6](BF4)3,226 were prepared 

following literature procedures. 1,3,4,6,7,8-Hexahydro-2H-pyrimido[1,2-a]pyrimidine (Hhpp) 

and other commercially available chemicals were used as received.   

5.2.2 Physical Measurements.  

Elemental analyses were performed by Midwestern Mircrolab, LLC., Indianapolis, 

Indiana, and Galbraith Laboratories, Inc., Knoxville, Tennessee.  UV-Vis spectra were collected 

on a SEC2000 Spectra System with the Visual Spectra 2.1 software from 300 to 800 nm. Infrared 

spectra were recorded on an Agilent Cary 630 FTIR Spectrometer. Raman spectra were obtained 

on a Thermo Scientific DXR SmartRaman spectrometer using a 532 nm laser. 1H NMR spectra 
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were recorded on a Bruker 300 MHz and 400 MHz NMR spectrometer with chemical shifts 

referenced to the residual protic signal of C6D6. Electrochemical analyses by cyclic voltammetry 

were performed in THF using a CHI760D Potentiostat with a Pt working electrode, Pt mesh 

auxiliary electrode, Ag/Ag+ reference electrode, a scan rate of 100 mV/s, and 0.1 M TBAPF6 as 

electrolyte. Ferrocene was added at the end of the run as internal standard.   

5.2.3 X-Ray Structure Determination.  

Suitable crystals for x-ray diffraction were prepared by diffusion of hexanes into THF 

solutions of 1 and 2. Each crystal was mounted with a small amount of silicone grease and centered 

in the goniometer of a Bruker SMART APEX CCD system equipped with a graphite 

monochromator and a MoKα fine-focus tube (λ = 0.71073 Å). Data for all crystals were collected 

at 100 K with no crystal decay observed during the collection. The frames were integrated with 

Bruker SAINT Software package using a narrow-frame algorithm. Data were corrected for 

absorption effects via multi-scan method (SADABS). All structures were solved and refined by 

direct methods using the Bruker SHELXTL Software Package. Crystallographic data for 1 and 2 

are listed in Table 5.3, while the Mo-Mo distances for these compounds are given in Table 5.1. 

5.2.4 Synthesis of Mo2(DAniF)3(hpp), 1.  

A mixture of yellow Mo2(DAniF)3(O2CCH3) (1.02 g, 1.00 mmol) and Hhpp (0.139 g, 1.00 

mmol) was dissolved in 40 mL of THF. While stirring, 2.00 mL of a 0.5 M solution of NaOCH3 

in methanol was slowly added. The color turned first to red then to brown. The reaction was stirred 

for 5 h at room temperature producing white crystalline sodium acetate. After removal of the 

solvent under reduced pressure, the residue was extracted with 20 mL of dichloromethane; 

filtration removed NaO2CCH3. The volume of the filtrate was reduced to about 5 mL with vacuum 

evaporation. Ethanol (10 mL) was added to the residue with vigorous stirring. A bright yellow 
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solid and a dark brown supernatant solution were obtained. After decanting, the solid was washed 

with ethanol (2 x 10 mL), followed by 10 mL of hexanes, and dried under vacuum. Yield: 901 mg, 

82%. 1H NMR (δ in C6D6): 1.74 (q, 4H, -2CH2), 2.87 (t, 4H, -2CH2), 3.21 (s, 6H, -OCH3) 3.22 (s, 

12H, -OCH3), 3.45 (t, 4H, 2CH2), 6.56 (d, 4H, aromatic C-H) 6.59 (d, 4H, aromatic C-H), 6.65 (d, 

8H, aromatic C-H), 6.68 (d, 8H, aromatic C-H), 8.55 (s, 2H, -NCHN-), 8.58 (s, 1H, -NCHN-). 

UV-Vis max: 412 nm. Raman (cm−1): ν = 487. Anal. Calcd for Mo2C52N9O6H57: C, 56.99; N, 11.5; 

H, 5.24. Found: C, 56.79; N, 11.27; H, 5.35. 

5.2.5 Synthesis of trans-Mo2(DAniF)2(hpp)2, 2.  

A mixture of yellow trans-Mo2(DAniF)2(O2CCH3)2 (0.500 g, 0.610 mmol) and Hhpp 

(0.160 g, 1.15 mmol) was dissolved in 40 mL of THF. While stirring 2.30 mL of a 0.5 M solution 

of NaOCH3 in methanol was added slowly. The color turned orange, upon further stirring the 

solution turned a brighter shade of orange. The reaction was stirred for 5 h.  After 5 h, the stirring 

was stopped and solution was allowed to settle. An orange solid and a dark brown supernatant 

solution were obtained. After decanting, the solid was washed with diethyl ether (2 x 10 mL) and 

dried under vacuum. Yield: 495 mg, 83 %. 1H NMR (δ in C6D6): 1.79 (q, 8H,-2CH2), 2.91 (t, 8H, 

-2CH2), 3.28 (s, 12H, -OCH3), 3.59 (t, 8H, -2CH2), 6.65 (d, 8H, aromatic C-H), 6.75 (d, 8H, 

aromatic C-H), 8.41 (s, 2H, -NCHN-). UV-Vis max: 442 nm. Raman (cm−1): ν = 494. Anal. Calcd 

for Mo2C44N10O4H54: C, 53.99; N, 14.31; H, 5.56. Found: C, 53.81; N, 14.07; H, 5.47. ESI–MS: 

m/z: 982.40. 

5.2.6 Synthesis of Mo2(DAniF)(hpp)3, 3.  

To a mixture of purple [Mo2(DAniF)(CH3CN)6](BF4)3 (0.600 g, 0.650 mmol) and Hhpp 

(0.270 g, 1.95 mmol) in THF, NaOMe (3.90 mL) 0.5M in MeOH was added dropwise. The color 
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turned bright orange upon addition of the sodium salt. The reaction was stirred for 5 h. After 5 h, 

the stirring was stopped and the solution was allowed to settle. An orange solid could be seen at 

the bottom and the supernatant was decanted. Solid was washed with diethyl ether (2 x 10 mL) 

and dried under vacuum. Yield: 395 mg, 73%. 1H NMR (δ in C6D6): 1.26 (q, 8H, -2CH2), 1.41 (q, 

4H-2CH2), 2.34 (t, 8H, -2CH2), 2.87 (t, 8H, -2CH2), 3.33(s, 6H, -OCH3), 3.45, (t, 4H, 2CH2), 3.58 

(t, 4H, 2CH2), 6.62 (d, 4H, aromatic C-H), 8.68 (s, 1H, -NCHN-). UV-Vis max: 450 nm. Raman 

(cm−1): ν = 505. 

5.3 COMPUTATIONAL DETAILS 

Density Functional Theory (DFT) calculations were performed with the hybrid Becke-3 

parameter exchange functional and the Lee-Yang-Parr nonlocal correlation functional 

(B3LYP)110,111 as implemented by Gaussian 09114 (Revision C.01) program suit. Double-ζ-quality 

basis set (cc-pvdz)229–233 was used on nonmetal atoms (carbon, nitrogen, oxygen, and hydrogen). 

An effective core potential (ECP) representing the 1s2s2p3s3p3d4p core was employed for the 

molybdenum atoms, along with the associated double-ζ basis set (LANL2DZ).161–164 The absence 

of imaginary vibrations in the frequency calculations for all compounds indicated the gas phase 

geometry optimizations were a minima in the potential energy surface. Polarizability derivatives 

(Raman intensities) were computed using the keyword Freq=Raman in the Gaussian 09 package. 

Time-Dependent Density Functional Theory (TD-DFT) was used to calculate the electronic 

transition energies for the lowest 15 singlet excited states of all neutral compounds.165–171 All 

calculations were performed in a 44-processor PowerWolf PSSC supercomputer cluster running 

Linux Red Hat 4.1.2-54 located at the University of Texas at El Paso. Isosurface plots of frontier 

molecular orbitals were generated using the Avogadro software with isodensity values of 0.04. 
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5.4 RESULTS AND DISCUSSION 

Molecular Design and Syntheses. Redox tuning can be studied through ligand 

substitution by taking advantage of the well-defined redox properties of quadruply bonded Mo2 

complexes. An overview of the synthetic routes followed for the synthesis of all involved 

compounds is shown in Scheme 5.2 where 1 – 3 are placed in bold line boxes. Other species 

compared in the study are written off as I – IV and can be found in dashed line boxes. The depicted 

reactions are listed with the italicized lower case letters a – h. The letters O and N are used to 

depict the oxygen and nitrogen atoms found in the ancillary ligands (acetates, formamidinates and 

guanidinates), while L refers to an acetonitrile molecule in an equatorial position. A brief 

description of the reactions for the synthesis of each species can be found on the caption for 

Scheme 5.2. The use of carboxylates and formamidinate ligands allows compounds bearing 

different patterns of ancillary ligands; one carboxylate and three formamidinates as well as two 

carboxylates and two formamidinates in either cis or trans configuration. The remaining 

carboxylates in such precursors could be replaced by the more basic guanidinates to afford the 

anticipated compounds. 

As reported227, the starting material Mo2(OAc)4, I, can be used to synthesize 

Mo2(DAniF)3(OAc), II. The stoichiometric addition of the more basic formamidinate ligand 

(HDAniF) compared to acetate allows their substitution to afford II (Scheme 5.2, route a). 

Compound 1 was synthesized by replacing the acetate ligand in II with the bicyclic guanidinate 

hpp (Scheme 5.2, following conditions in b). Mo2(DAniF)3(hpp), 1, was obtained with 82% yield 

as a yellow powder. Compound 1 is considerably stable as a solid under inert atmosphere. It does 

not react with chlorinated solvents, and it is soluble in donor solvents like THF, as well as aromatic 

solvents such as benzene.  
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Scheme 5.2. Reaction conditions for obtaining compounds 1–3 are as follow: (a) mixing I with 3 

equiv of HDAniF and NaOCH3 in THF; (b) reaction of II with 1 equiv of Hhpp and NaOCH3 in 

THF; (c) addition of 2 equiv of HDAniF and NaOCH3 to I in THF; (d) addition of 2 equiv of 

Hhpp and NaOCH3 in THF to trans-Mo2(DAniF)2(OAc)2; (e) reaction of II with one equiv of 

HDAniF and NaOCH3 in THF; (f) reaction of trans-Mo2(DAniF)2(OAc)2 with 2 equiv of 

HDAniF and NaOCH3 in THF; (g) mixing III with 3 equiv of HBF4 in CH3CN; (h) addition of 3 

equiv of Hhpp and NaOCH3 to [Mo2(MeCN)6](BF4)3 in THF. 

 

The synthesis of the trans isomer Mo2(DAniF)2(hpp)2, 2, was performed similarly to 1. 

Precise control of the stoichiometry for the synthesis of precursor trans-Mo2(DAniF)2(OAc)2 was 

fundamental (Scheme 5.2, conditions in c), excess formamidinate would otherwise react to yield 

III. Once the precursor was successfully obtained, the replacement of the acetate ligands by hpp 

was completed (Scheme 5.2, following reaction conditions in d). Trans-Mo2(DAniF)2(OAc)2, 2, 

was obtained as an orange powder with 83% yield. Compound 2 is stable in the solid state under 
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inert atmosphere. It reacts with chlorinated solvents, and is only partially soluble in other solvents. 

While we were not able to isolate the cis isomer, no interconversion from the trans to cis 

configuration was detected.  

In contrast to the direct synthetic pathway of 1 and 2, Mo2(DAniF)(hpp)3, 3, was prepared 

through an indirect route (Scheme 5.2). In order to afford 3, precursor Mo2(DAniF)2(CH3CN)6
3+ 

was first obtained by reacting tetrafluoroboric acid, HBF4, and Mo2(DAniF)4, III (Scheme 5.2, 

reaction conditions in g)228. The removal of formamidinates is more difficult compared to the 

displacement of acetate groups in I due to their increased basicity which requires stronger reactants 

(HBF4) than NaOMe used in the displacement of acetates in I. Compounds with the formula 

Mo2(DAniF)4-n(CH3CNeq)2n, are useful since acetonitrile molecules can be easily displaced in 

substitution reactions.158 Presumably, in the substitution of –DAniF by CH3CN, HBF4 protonates 

the formamidinate ligand to a monodentate intermediate, while a neutral acetonitrile occupies the 

open coordination site.226 Finally, the MeCN ligands are substituted by hpp to obtain 

Mo2(hpp)3(DAniF), 3, as an orange powder in 73% yield (Scheme 5.2, reaction h). This compound 

is partially soluble in most donor and aromatic solvents.  

Structural Determinations. Single crystals suitable for crystallography were obtained by 

diffusion of hexanes into a THF solution of the compounds. The structures of 1 and 2 provided in 

Figure 5.1 show a paddlewheel structure with formamidinate and guanidinate structural ligands. 

Figure 5.1a shows the molecular structure of Mo2(DAniF)3(hpp), 1, with selected bond distances 

and angles given in Table S1. Compound 1 crystallizes in the monoclinic space group P21/c with 

Z = 8. The M–M dimolybdenum bond distance 2.0844(6) Å falls within the range of 2.06–2.17 Å, 

which corresponds to that of a typical Mo2 quadruple bonded compound.204,205  
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Figure 5.1. Crystal structures for 1 and 2 with ellipsoids drawn at 50% probability level. All 

hydrogen atoms have been omitted for clarity.  

 

The replacement of the acetate ligand in the starting material Mo2(DAniF)3(O2CCH3), II, 

by the guanidinate ligand to form 1, showed to affect the metal–metal bond distance. Compared to 

the reported Mo–Mo bond on II, of 2.0892(8) Å, the metal–metal distance was shortened by 0.048 

Å. The Mo–Nhpp bond distance in 1 is in average 2.131 Å, while the bond lengths for the 

formamidinate nitrogen atoms Mo–Ntrans and Mo–Ncis are 2.165 Å and 2.153 Å, respectively. The 

bond distances found trans to guanidinate nitrogen atoms are slightly longer than those cis to them. 
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This lengthening trend of trans groups is similar to the trans influence of both guanidinate and 

formamidinate groups relative to carboxylates.158,234,235 Meanwhile, the average N–C bond lengths 

were 1.357 Å for –hpp and 1.331 Å for –DAniF, which are consistent with the delocalized charge 

in these bonds. 

 

 Table 5.1. Selected Mo-Mo bond lengths (Å) for compounds I–III and 1–3. 

 

 Experimental Calculated 

I 2.0934(8) 236 – 

II 2.0892(8) 157 – 

III 2.0964(5) 228 – 

1 2.0844(6) 2.12328 

2 2.0784(6) 2.11451 

3  2.10730 

IV 2.067(1) 
207 – 

 

 

Table 5.2. Selected bond lengths (Å) and angles for compounds 1 and 2. 

 

 1 2 

Mo–Mo 2.0844(6) 2.0784(6) 

Mo–Mo–Nhpp 92.80 92.84 

Mo–Mo–NDAniF 92.96 92.89 

Mo–Nhpp 2.131(4) 2.138(3) 

Mo–Ntrans 2.165(4)  

Mo–Ncis 2.153(4) 2.158(3) 

 

Compound 2, where two guanidinates in trans configuration have been introduced in the 

system, crystallizes in the triclinic space group 𝑃1̅. The molecule occupies a special position (Z = 

1) having the center of the M–M bond sit on an inversion point. Therefore, the two Mo2 units are 

crystallographically equivalent. Figure 5.1b shows the molecular structure for trans-

Mo2(DAniF)2(hpp)2, 2, with selected bond distances and angles given in Table 5.2. The Mo–Mo 

distance of 2.0784(6) Å is shorter than that in 1 by 0.006 Å as expected from the addition of a second 
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hpp unit. The Mo–Nhpp bond distance in 2 is in average 2.138(3) Å, whereas that for Mo–NDAniF is 

2.158(3) Å. Single crystals grown of 3 were too small for adequate data collection.  

 

Table 5.3. X-ray crystallographic data for 1 and 2. 

 
 Mo2(DAniF)3(hpp), 1 trans-Mo2(DAniF)2(hpp)2, 2 

Formula C52H58Mo2N9O6 C44H52Mo2N10O4 

FW, g.mol–1 1096.95 976.83 

Crystal system Monoclinic Triclinic 

Space group P21/c P-1 

a (Å) 36.375(4) 9.7483(7) 

b (Å) 12.0680(14) 10.6331(7) 

c (Å) 23.043(3) 11.4180(8) 

α (deg) 90 65.7350(10) 

β (deg) 106.056(2) 86.1570(10) 

 (deg) 90 74.3210(10) 

V (Å3) 9720.6(19) 1037.51(12) 

Z 8 1 

dcalc (g.cm–3) 1.499 1.563 

μ (mm–1) 0.577 0.662 

2θ (deg) 1.17 – 25.00 1.96 – 27.43 

λ, Å 0.71073 0.71073 

T, K 100(2) 100(2) 

GOF 0.951 1.036 

R1,a wR2(I > 2(I))b 0.0553, 0.1416 0.0483, 0.1072 
aR1 = ∑||Fo| - |Fc||/∑|Fo|. 

bwR2 = [∑[w(Fo
2- Fc

2)2]/∑w(F0
2)2]1/2, w = 1/[σ2(Fo

2) + (aP)2 + 

bP], where P = [max(Fo
2 or 0) + 2(Fc

2)]/3. 
 

The C–N and C–C bond distances observed in the guanidinate ligands for all complexes 

are comparable. In addition, a distance of ∼1.45 and ∼1.51 Å was observed for the C–N and C–C 

bonds in the formamidinate ligands, respectively. On the other hand, the two equivalent C–N bonds 

of the CN3 unit are shorter, with bond length of ∼1.34 Å. This observation is in agreement with 

the atoms in the hpp core being sp2 hybridized causing the guanidine core to demonstrate planarity 

(~178.9º). In addition, the shorter Mo–Nhpp distance for the hpp ligand when compared to the Mo–

N distance for the formamidinate ligand is a reflection of the stronger binding of hpp due to the 

higher basicity of the ligand. 
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Electrochemical Studies. Dimolybdenum paddlewheel structures typically show a one-

electron oxidation that leads to the formation of a Mo2
5+ unit.237 However, when hpp is used as 

ligand in Mo2(hpp)4, IV, two one-electron oxidations are observed.213 Thus, to understand the 

ability of hpp to stabilize higher oxidation states the electrochemical properties of I, II and III, 

and 1, 2 and 3 were studied. Cyclic voltammograms (CV) for the studied compounds and their 

precursors are depicted in Figure 5.2 and Figure 5.3, respectively. Electrochemical data for the 

compounds presented in this work as well as precursors I, II, III and IV are given in Table 3, all 

redox potentials have been referenced versus the ferrocene/ferrocenium couple (Fc/Fc+). 

Compound I shows a one-electron reversible event with half-wave potential (E1/2) at –0.120 V, 

which corresponds to the reversible oxidation of Mo2
4+ to Mo2

5+. Similarly, II and III display a 

one-electron oxidation with an E1/2 = –0.286 V and E1/2 = –0.381 V, respectively. Replacement of 

one formamidinate by a guanidinate ligand in 1 shifts the Mo2
4+ to Mo2

5+ oxidation potential half 

a volt in the negative direction (E1/2 = –0.754 V vs Fc/Fc+) when compared to II and III. The lower 

oxidation potential of 1 is expected due to the increase on the electron density on the metal center 

as a result of the increase basicity of hpp.219 

 

Table 5.4. Redox potentials in volts (vs Fc/Fc+) for Mo2L4 compounds I – IV and 1 – 3. 

 

 𝑬𝟏/𝟐
𝟐  (Mo2

6+/Mo2
5+)          𝑬𝟏/𝟐

𝟏  (Mo2
5+/Mo2

4+) 

I – –0.120 

II – –0.286 

III – –0.381228 

1 – –0.754 

2 –0.693 –0.988 

3 –0.763 –1.136 

IV –0.968213 –1.795213 
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Figure 5.2. Cyclic voltammograms for 1, 2, and 3 in THF with potentials referenced to Fc/Fc+. 

 

 

Figure 5.3. Cyclic voltammograms for I, II and III in THF with potentials referenced to Fc/Fc+. 
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The bicyclic guanidinate, hpp, has shown the ability to stabilize higher oxidation states in 

bimetallic complexes due to its -donor nature and increased basicity.221,238 The CV for Mo2(hpp)4, 

IV, shows two reversible one-electron redox events at E1/2
2 = –0.968 V and E1/2

1 = –1.795 V 

corresponding to the reduction of Mo2
6+ to Mo2

5+ and Mo2
5+ to Mo2

4+, respectively.213 The charge 

stabilization ability of hpp can be observed when a second guanidinate is introduced in 2. Two 

one-electron reversible redox processes are obtained at E1/2 (1) = –0.988 V and E1/2 (2) = –0.693 V, 

analogous to those for IV. The half-wave potentials, E1/2 (2) and E1/2 (1) were assigned to the 

reduction of Mo2
6+ to Mo2

5+ and Mo2
5+ to Mo2

4+, respectively. Therefore, the major specie at the 

resting point must be the doubly oxidized Mo2
6+ species. The reduction potential at –0.693 V 

(Figure 5.2) indicates that the oxidation of 2+ is easier than that of I and III. The measured half-

wave potential for the [Mo2]4+/5+ pair in 2 is significantly more negative than that of 1 by 0.234 V. 

Moreover, the poorer solubility of 2 compared to that of I, II and 1 in THF causes a considerable 

decrease of the current in the cyclic voltammogram.  

Replacement of a third formamidinate by hpp in 3 shows a similar voltammogram to that 

of 2 with two one-electron reversible redox events at E1/2 = –0.763 V and E1/2 = –1.136 V. 

Analogous to 2, these processes correspond to the reduction of Mo2
6+ to Mo2

5+ and Mo2
5+ to Mo2

4+, 

respectively. The redox potential for the [Mo2]5+/4+ pair in 3 is 0.148 V more negative than in 2. 

This trend continues when the final formamidinate is replaced to get IV where the E1/2 for the 

reduction of Mo2
5+ to Mo2

4+ occurs at –1.795 V vs Fc/Fc+.  

The systematic substitution of formamidinates by guanidinates allows to probe the ability 

of hpp to destabilize the quadruple bond. The measured E1/2 for the Mo2
4+ to Mo2

5+ oxidation shifts 

cathodically as guanidinates are added to the Mo2
4+ unit. It is evident the guanidinate ligand, hpp, 

tunes the redox potentials of these bimetallic molybdenum systems due to the high basicity of the 



107 

anion along with its ability to strongly interact with the Mo2
n+

 core via its delocalized  electrons 

in the central C(N)3 unit.238 Therefore, the  bonding orbital gets destabilized upon increasing the 

electron-donating ability of the ancillary ligand. The redox properties of these series of compounds 

show the increase in basicity from –OAc < –DAniF < –hpp, with the guanidinate being the most 

basic. Consequently, the guanidinate ligands are the most difficult to substitute while acetates are 

the most easily ones due to their increased lability. Moreover, a trans influence is noticed 

proportional to the basicity of the ligand, such influence is also manifested in the Mo–N bond 

distance (Table 5.2). 

 

Figure 5.4. UV-Vis Spectra of compounds 1–3. 

 

Spectroscopic Properties. The UV-Vis spectra of compounds 1 – 3 show two absorption 

peaks: one near the UV region (~300 nm) and one in the visible region (~450 nm). The low energy 

transition in the region of 400–600 nm, assigned to Mo2 δ → Mo2 δ*, has been well established in 

the literature for quadruply bonded paddlewheel dimolybdenum compounds.226,239,240 The energy 
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of this transition relies on the nature of the ancillary ligands.241 The absorption spectra of 1 – 3 are 

shown in Figure 5.4. Compound 1 shows a band at 412 nm, arising from the δ → δ* transition. 

Similarly, compounds 2 and 3 presented a band at 442 nm and 450 nm, respectively. A detailed 

electronic transition analysis was performed using time-dependent density functional theory (TD–

DFT) calculations (vide supra). 

 

Figure 5.5. Raman spectra of compounds 1 (bottom), 2 (middle) and 3 (top). 

 

Raman spectroscopy was used to further probe the electronic structure of the strength of 

the metal–metal bond in 1 – 3. The spectra were obtained with a laser excitation of 532 nm and it 

is found in Figure 5.5. For non-axially substituted carboxylate dimolybdenum complexes such as 

I, the band associated with the symmetric ν(Mo–Mo) vibration appears at 404 cm–l (Figure 5.6), 

while for the halide species is 342±8 cm–l.242 The strongest Raman signal was assigned to the Mo–

Mo stretching mode as supported by DFT calculations. The ν(Mo–Mo) of 1 shows a Raman shift 

at 487 cm–1. The trans isomer, 2, gives the Mo–Mo shift at 494 cm–1. Finally, compound 3, has a 
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Mo–Mo vibration at 505 cm–1. This complex shows strong fluorescence, which accounts for the 

high intensity detected. The sequential addition of guanidinate ligands shifts the ν(Mo–Mo) Raman 

signal, this observation is consistent with the destabilization of the Mo–Mo bond due to the high 

basicity and electron donating abilities of guanidinate ligands.243 

 

 

Figure 5.6. Raman spectra of compounds I (top) and III (bottom). 

 

DFT Calculations. Density Functional Theory (DFT) calculation were performed on all 

precursors I – IV and all synthesized compounds, 1 – 3, to gain insight into the electronic structure 

of their Mo2 cores, their ground state geometries, and the nature of their frontier orbitals. The gas 

phase geometry optimizations were performed using the crystal structure parameters as the starting 

point for the calculations. The calculated gas-phase Mo–Mo bond distance for 1 is 2.12328 Å, 

which is analogous to the experimentally obtained 2.0844(6) Å. For 2, the DFT obtained metal–

metal bond is 2.11451 Å while the experimental one is 2.0784(6) Å. Meanwhile, the calculated 
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Mo–Mo bond for 3 is 2.10730 Å. The shortening of the M–M bond distance is consistent with the 

greater overlap of the  bond due to the addition of guanidinates as ancillary ligands. This effect 

is described by the linear relationship of the M–M bond distance with the number of guanidinate 

ligands surrounding the bimetallic center (Figure 5.7). The fitting of the data gives a correlation 

coefficient of (R2) 0.947. Another correlation is also observed between the energy of the δ → δ* 

transition and the metal–metal bond distance. As the metal–metal bond length increases the energy 

of the  → * transition increases as well. There is a consistent overestimation of the Mo–Mo bond 

by about 0.04 Å, which has been well established in the literature when B3LYP and other 

functionals are employed.221,244   

 

Figure 5.7. Plot of the dependence of the Mo–Mo bond distance on the number of guanidinates 

in III, 1, 2, 3, and IV. The squares are the measured values, and the solid line are the least square 

fit for the data. 
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Figure 5.8. Illustration of the HOMO and LUMO for compound 1 – 3 with 0.04 contour 

calculated by DFT. 

 

Figure 5.8 depicts the HOMO and LUMO orbitals for compounds 1 – 3. The highest 

occupied molecular orbital (HOMO) for all the compounds was established as a metal based δ 

orbital with some degree of mixing with the ligands. The composition of the HOMO attributes the 

lower redox potential wave in the cyclic voltammograms for 1 – 3 to the Mo2
5+/4+ process. On the 

other hand, the lowest unoccupied molecular orbital (LUMO) is a metal based δ* orbital, except 

in Mo2(hpp)4 where the LUMO is a metal based σ* while  the LUMO+1 is the δ*.245 A molecular 

orbital diagram for the frontier molecular orbitals of the Mo2(DAniF)4-n(hpp)n (n = 0, 1, 2, 3, 4) 

molecules is given in Figure 5.9 which allows a comparison of relative energies for III, 1, 2, 3 and 

IV. The highest HOMO energy observed was at –2.813 eV for Mo2(hpp)4 (IV),  with 64% metal 
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character, while the lowest and most stable orbital is that for Mo2(DAniF)4 (III) with an onset 

HOMO δ energy of –4.32 eV and 75% metal character.  

 

 
 

Figure 5.9. Diagram shows the respective relative energies of the metal orbitals of III, 1, 2, 3 

and IV. The metal based character of the delta HOMO Orbital is displayed. 

 

The electronic structure of 1 shows that the HOMO (–3.929 eV) is metal based (66%) with 

δ character. Contrary to typical paddlewheel complexes, the  orbital is found to be less stable than 

the  orbitals, at –5.932 eV (HOMO–8). The HOMO–9 and HOMO–10 (at –5.997 eV and –6.156 

eV, respectively) are the  orbitals showing strong ligand interaction between the guanidinate N 

atoms and the metal center. The LUMO of 1 is the metal based * found at –0.790 eV. Compound 

2, has an onset LUMO energy of –0.505 eV, 0.285 eV higher in energy than that for 1. The Mo2 

unit makes the largest contribution to the HOMO with 65% at –3.520 eV. Similar to 1, the  orbital 
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(HOMO–4) is less stable than the  orbitals at –5.515 eV. Finally, the HOMO–9 and HOMO–11 

are found at –5.921 and –6.027 eV, respectively. On the other hand, 3 has a HOMO energy of –

3.198 eV. Interestingly, the metal character of the compound decreases again with respect to 1 and 

2, to 64%. Once again the  orbital is found before the  orbitals at –5.290 eV (HOMO–4), while 

HOMO–5 and HOMO–8 are found at –5.516 and –5.655 eV, respectively.   

The reduction potentials for this series are also linearly correlated to the number of 

guanidinates in the complexes and the onset energy of the HOMOs with R2 of 0.9228 (Figure 

5.10a) and 0.9258 (Figure 5.10b), respectively. Comparison between the energy levels of the metal 

based frontier orbitals for III, 1, 2, 3 and IV show that the relative energy of such orbitals increases 

from that of the tetraformamidinate paddlewheel compound, III, to that of the tetraguanidinate 

one, IV. The large energy range of the HOMO (~1.5 eV) show that substitution of –DAniF for –

hpp results in a large change in the electronic structure of the paddlewheel compounds. This trend 

correlates with the ligand electronic donor ability that increases gradually as formamidinates get 

replaced by the cyclic guanidinate hpp. Furthermore, the systematic addition of electron donating 

hpp ligands results in a smaller HOMO–LUMO energy gap decreasing the metal character of the 

δ orbitals (HOMO) due to a greater mixing of metal- and ligand-based orbitals.241 The magnitude 

of the half-wave potential for the synthesized compounds follows the order 1 < 2 < 3 based on 

their HOMO energies as the number of guanidinates are introduced in the system. This observation 

is in agreement with the obtained electrochemical data, where the destabilization of the Mo2
4+ core 

is reflected in the negative shift of the redox potentials, favoring the formation of the M2
5+ and 

M2
6+ species. 
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Figure 5.10. Plot of the dependence of (a) half-wave potentials (E1/2) on the number of 

guanidinates around the Mo2 core with zero being the tetra-formamidinate III; (b) potential 

separation (E1/2) on the calculated energy of the highest occupied molecular orbitals for III, 1, 2, 

3, and IV; (c) the Raman shifts for the ν(Mo–Mo) stretch on the guanidinate ligands for 1, 2, and 

3; (d) the lowest energy absorption band associated to the δ → δ* electronic transition on the 

calculated HOMO–LUMO energy gap for 1, 2, 3, and IV. The squares are the measured values, 

and the solid line are the least square fit for the data. 

 

 

Table 5.5. Experimental and calculated Raman shifts for ν(Mo–Mo). 

 

 Experimental (cm–1) Calculated (cm–1) 

I 404 – 

III 404 407 

1 487 489 

2 494 492 

3 505 510 

IV – 501 
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Density functional theory was used to help assign the ν(Mo–Mo) vibrational modes. Table 

5.5 presents the experimental and calculated Raman shifts of the ν(Mo–Mo). We can observe that 

the frequencies for the dimolybdenum stretch in compounds 1 – 3 are between 487 and 505 cm–1. 

Compared to the vibration of the tetraacetate moiety, the higher frequency of the vibration for 1 – 

3 can be attributed to a smaller Mo–Mo bond and the increase in the metal–metal bond strength.246 

The calculated Raman shifts obtained by DFT show an increase in the frequency for the 

dimolybdenum stretch as a function of the number of guanidinates being substituted with a 

correlation coefficient (R2) of 0.9676 (Figure 5.10c) consistent with the reduction of the HOMO–

LUMO gap. Nonetheless, the difference in the calculated frequencies between compounds 1 and 

3 is 21 cm–1 (0.06 kcal/mol). 

 

Table 5.6. UV–Vis max for I, III, 1, 2, 3 and IV.  

  

 Experimental  (nm)  Calculated (nm) 

I 303247  

III 430228  

1 412 520 

2 442 542 

3 450 572 

IV 460248  

 

Time-dependent density functional theory calculations were performed on the geometry 

optimized compounds 1 – 3 to help assign the lowest energy transition observed in the UV-Vis 

spectra for each compound. Absorption spectra of 1 shows a band at 412 nm arising from the δ → 

δ* transition. Similarly, 2 presented a band at 442 nm while the same signal appeared at 450 nm 

for 3. These bands corresponds to the HOMO → LUMO transition calculated to be 520, 542 and 

572 nm for 1, 2 and 3, respectively. A bathochromic shift is present in the electronic absorption 

spectra for these molecules as guanidinates are substituted in the Mo–Mo center, from the 
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tetraformamidinate III (430 nm) to the tetraguanidinate complex IV (460 nm) as depicted in Figure 

5.10d with a correlation coefficient (R2) of 0.8993. This feature is attributed to the delocalization 

of the uncoordinated nitrogen lone pair into the ligand  system which narrows the HOMO–LUMO 

energy gap as observed in the calculated relative energies in Figure 5.9.249 Meanwhile, the higher 

energy transition observed at 290, 295, and 330 nm for 1, 2, and 3 respectively were calculated at 

375, 362, and 358 nm. These high energy transitions correspond to δ → πM* transition for 1, πM 

→ δ* in the case of 2, and δ → πL for 3. Experimental and calculated wavelengths for the δ to δ* 

transition of I, III, 1, 2, 3 and IV are displayed in Table 5.6. 

5.5 CONCLUSION 

A series of quadruple bonded dimolybdenum compounds was successfully synthesized and 

characterized. Compounds 1 and 2 were structurally characterized by single crystal x-ray 

crystallography presenting a Mo–Mo distance of 2.0844(6) and 2.0784(6) Å, respectively. Data 

obtained from Raman Spectroscopy shows an increase in Raman Shift with the addition of 

guanidinate ligands, 487, 494, and 505 cm–1 for 1, 2 and 3, respectively. Electrochemical studies 

showed that Mo2
4+/5+ redox process can be tuned over a range of nearly 0.4V due to the increased 

ligand basicity. In addition, we have shown the ability of hpp to stabilize higher oxidation states 

for the Mo2 unit. The addition of two and three guanidinate ligands shows the ability for these 

complexes to perform multi-electron redox chemistry. DFT calculations depict strong influence in 

the guanidinate ligand in the difference in energy levels between the compounds. These 

observations show greater metal−ligand mixing as formamidinates were replaced by guanidinates, 

thus reducing the metal character of the HOMO. Moreover, the decrease in energy for the  → * 

transition (as guanidinates are introduced to the Mo2 core) is in agreement with an increase in the 

d orbitals overlap and bond strength, hence shortening the Mo–Mo bond distances. 
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Chapter 6: Chemistry of Digold (I) and Digold (II) Formamidinate Complexes 

6.1 INTRODUCTION 

Since the discovery of the Re–Re quadruple bond in ReCl8
2– the chemistry of bimetallic 

compounds with metal-metal bonds has evolved into an important field of chemistry.150 The nature 

of their metal-metal interactions and their dependence on coordinating ligands have been explored 

by studying their spectroscopic, electronic, and magnetic properties. Gold chemistry has been the 

subject of study over the past years due to the interesting potential applications. 250–254 Moreover, 

the chemistry of gold bimetallic complexes is of especial interest due to their compelling structural 

and optical properties.255 These complexes have led to dinuclear oxidative addition and the 

formation of metal-mental gold(II) bonds.256 

Oxidative addition is an important reaction describing the exchange of one or two electrons 

between a metal center and the molecule being added.257 This process leads to increased oxidation 

states and coordination numbers of the metallic unit. The oxidative addition in dinuclear systems 

can be influenced by the distance between the metal centers.258 Bridging ligands have been 

employed to hold the metal atoms in close proximity while stabilizing an intermediate or final 

product. Oxidative addition reactions of dinuclear gold(I) have been studied using ylides, thiolates, 

formamidinates, and guanidinates.256,259 It has been found that in these systems the close proximity 

of the gold centers is essential to stabilize the d9 system upon oxidation to form Au(II)-Au(II).256 

For this reason, factors that modify the electronic structure of the gold atoms or the nature of the 

ligands are considered.260,261  

Fackler and coworkers have explored oxidative addition in digold systems containing C–

P–C, C–P–S and N–C–N bridging monoanionic ligands.256,258 Although work has been done using 

these ligands, digold-nitrogen compounds, Au(II)–N, are less common. The formation of dinuclear 
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gold (II) products substantially depends on the type of ligands used. Electron delocalization 

through the -system of the ligands has been associated to the stabilization of Au(II) complexes. 

Amidinates have shown to be promising ligands to bring metal center to close proximity, and 

stabilizing digold (II) compounds through delocalization of the electron density.262 The use of 

sterically bulky groups in the ligand is necessary to isolate the dinuclear species.263 

Ligand control over transition metal complexes is crucial in homogeneous catalysis257,264 

and electron transfer reactions265. This control can be determined by the nature of the coordinating 

atoms, steric factors, and substituent effects in the periphery. In a classical two-state model (D–B–

A), the electron-donating ability of the donor, the electron-withdrawing ability of the acceptor, and 

the electron-transfer ability of the bridge are major factors controlling the electron transfer process 

and its mechanism. The bridging-ligand mediated electronic coupling and electron transfer has 

been explored by modification of its length, conjugation and conformation.157,266–268 To probe 

donor and acceptor properties, a variety of metals have been employed as redox centers in D–B–

A systems.157,172,269–271 Nonetheless, variation of the peripheral ligands on the metal unit can 

potentially modify the energy of the orbitals, modulating thus redox potentials and photophysical 

properties of the unit.272,273 Therefore, the electron transfer process can be influenced through 

inductive effects on the ancillary ligands (away from the first coordination sphere) with minimum 

change in the coordination geometry.  

Dinuclear compounds have been successfully used as antitumor agents274, platforms for 

supramolecular structures275, and catalysts276,277. The electronic structure of the dinuclear center 

plays an important role in these applications, thus the ability to fine-tune the electronics of these 

systems may lead to new developments in the above mentioned areas. Ren’s work has shown that 

the redox potentials on Mo2L4 and Ni2L4 formamidinate complexes is sensitive to variations on 
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the substituents on the periphery.208,278 Although important, systematic studies of substituent 

effects on the electronic and photophysical properties of bimetallic centers are scarce.  

6.2 EXPERIMENTAL SECTION 

6.2.1 Materials and Methods.  

All manipulations were carried under normal atmosphere at room temperature unless 

otherwise stated. All glassware was oven dried prior to use. The materials used CDCl3, 

tetrahydrothiophene(THT), hydrogen tetracholoaurate(III) (H[AuCl4]•4H2O), acetic acid, m-

anisidine, p-anisidine, triethylorthoformate, 4-chloroaniline, and 2,6-diisopropylaniline were 

purchased from Sigma-Aldrich. Au(THT)Cl35, and HDippF43 were prepared according to literature 

procedures. Triphenylguanidine, HCl, THF, DCM, ethanol, hexanes, ethyl acetate, and diethyl 

ether were purchased from Fischer Scientific and used as received. 

6.2.2 Physical Measurements.   

1H NMR spectra were recorded on a Bruker 400 MHz NMR spectrometer, and on a JEOL 

600 MHz NMR spectrometer. UV-Vis spectra was recorded on a SEC2000 Spectra System with 

the Visual Spectra 2.1 software. The proton chemical shifts (δ) of all gold complexes were 

referenced to the residual protic signal of CDCl3 solvent. Infrared spectra were recorded on an 

Agilent Cary 630 FTIR Spectrometer. Mass Spectra were collected using a JEOL AccuTOF JMS-

T100LC under ESI+ mode spectrometer.   

6.2.3 Electrochemical Studies. 

Electrochemical analyses by cyclic voltammetry (CV) and differential pulse voltammetry 

(DPV) were collected using a CHI760D potentiostat with a Pt working and auxiliary electrodes, a 

Ag/AgCl reference electrode, 1mM solution of the compounds, and 0.10 M Bu4NPF6 (in DCM) 
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as electrolyte. Data was obtained with a scan rate of 100 mV/s, and ferrocene was added at the end 

of the run as internal standard. 

6.2.4 X-Ray Structure Determination.  

Crystals of II, III, 1, 2, 3, 4, and 5 suitable for X-Ray diffraction analysis were prepared 

by slow evaporation of solutions of 1 – 5. The crystals were mounted and centered in the 

goniometer of either a Bruker SMART APEX CCD or a Bruker D8 Venture system equipped with 

a graphite monochromator and a MoKα fine-focus tube (λ = 0.71073 Å). Data for III, IV, 1, 2, 3, 

and 4 were collected at 100 K, while the data for II and 5 were collected at 296 and 300.27 K, 

respectively. No crystal decay was observed during the collection. The frames were integrated 

with Bruker SAINT software package using a narrow-frame algorithm. Data were corrected for 

absorption effects using the multi-scan method (SADABS). All structures were solved and refined 

using the Bruker SHELXTL Software Package. Crystallographic data for 1 – 3 are listed in Table 

6.1, while the crystallographic data for 4, and 5 are listed in Table 6.3. Relevant bond distances for 

compounds 1 – 3 are given in Table 6.2, while those for 4 and 5 are given in Table 6.4. 

Crystallographic data for II, III, and IV are listed in Table 6.5.  

6.2.5 Synthesis of Ethyl (N-2,6-diisopropylphenyl) formimidate (DippFm), I.  

2,6-diisopropylaniline (0.159 mol) was mixed with triethylorthoformate (2 mol equiv.) in 

a 50 mL round-bottom flask. The reaction was heated for 3 h at 140oC while distilling ethanol. A 

brown oil was obtained at the end of the reaction. The excess triethylorthoformate was then 

distilled off, leaving a dark orange oil. Yield = 30.34 g, 82%. Rf = 0.95 1H NMR δ (ppm in CDCl3): 

7.13 (t, 2H, aromatic C-H), 7.08 (d, 1H, aromatic C-H), 4.42 (q, 2H, C-H), 3.04 (sept., 2H, C-H), 

1.44, t, 3H, C-H), 1.19 (d, 12H, C-H). ESI-MS (m/z): Calcd. 233.17 [L], Found 233.35 [L] 
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6.2.6 Synthesis of N-3-methoxyphenyl, N’-2,6-diisopropylphenyl-formamidine 

(HmDippAF), II. 

DippFm, I, (0.1025 mol), 1 equiv. of m-anisidine, and catalytic amounts of HCl (0.05 

equiv. –approx. 1-2 drops-) were mixed in a 50 mL round-bottom flask. The reaction mixture was 

heated at 140oC until theoretical amounts of ethanol were collected. A dark orange oil was obtained 

as a product. Silica column chromatography was run with ethyl acetate: hexanes (1:5). Clear 

crystals were grown from the collected fractions. The crystals were washed with hexanes (3 x 20 

mL). Yield = 12.72 g, 40%. Rf = 0.95 1H NMR δ (ppm in CDCl3): 9.98 (s, 1H, N-H), 7.93 (s, 1H, 

NCHN-), 7.18 (d, 2H, aromatic C-H), 7.14 (t, 1H, aromatic C-H), 7.08 (t, 1H, aromatic C-H), 6.49 

(d, 1H, aromatic C-H), 6.43 (d, 1H, aromatic C-H), 6.26 (s, 1H, aromatic C-H), 3.41 (s, 1H, -

OCH3), 3.27 (sept., 2H, C-H), 1.20 (d, 12H, C-H). ESI-MS (m/z): Calcd. 310.20 [L], Found 311.16 

[LH+]. 

6.2.7 Synthesis of N-2,6-diisopropyphenyl, N’-4-chloro-formamidine (ClHDippF), III.  

In a 50mL round bottom flask, DippFm (18.2 mmol) and 1 eq. of 4-chloroaniline, along 

with catalytic amounts of HCl (1 drop). The reaction mixture was heated at 140oC for 1.5 h while 

distilling ethanol. The red brown product mixture was run in a 5:1 hexanes: ethyl acetate 

chromatography column. Clear crystals were grown from the corresponding elutions. The crystals 

were washed with hexanes (3x20mL). Yield: 2.4 g, 42%. Rf = 0.58 1H NMR δ (ppm in CDCl3): 

8.75 (s, 1H, N-H), 7.77 (s, 1H, NCHN-), 7.27 (d, 2H, aromatic C-H), 7.18 (t, 1H, aromatic C-H), 

6.83 (d, 1H, aromatic C-H), 3.21 (sept., 2H, C-H), 1.20 (d, 12H, C-H). ESI-MS (m/z): Calcd. 

314.15 [L], Found 315.20 [LH+].  

6.2.8 Synthesis of N-3-methoxyphenyl, N’-4-methoxyphenyl-formamidine (m,pHDAniF), 

IV.  

Triethylorthoformate (81.2 mmol), p-anisidine (1 mol equiv.) and m-anisidine (1 mol 

equiv.) were mixed in a 100mL round-bottom flask. The reaction mixture was heated at 140ºC 
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while distilling ethanol until the theoretical amount of ethyl alcohol was collected. Diethyl ether 

was added to the brown oily product mixture to precipitate a white solid. Sonication helped to 

separate better the precipitate from the liquor. The white powder was washed with ether (3x30 

mL) and hexanes (2x30 mL). Yield = 9.334 g, 45%. Rf = 0.22. 1H NMR δ (ppm in CDCl3): 9.74 

(s, 1H, N-H), 8.18 (s, 1H, NCHN-), 7.18 (t, 1H, aromatic C-H), 7.01 (d, 2H, aromatic C-H), 6.86, 

(d, 2H, aromatic C-H), 6.61 (d, 2H, aromatic C-H), 6.53 (s, 1H, aromatic C-H), 3.80 (s, 3H, -

OCH3), 3.67 (s, 3H, -OCH3). ESI-MS (m/z): Calcd. 256.12 [L], Found 257.87 [LH+].  

6.2.9 Synthesis of Au2H(DippF)2Cl, 1.  

HDippF (500 mg, 1.37 mmol) and NaOH (55 mg, 1.37 mmol) were placed in a 50 mL flask 

with 20 mL of THF. The reaction mixture was stirred at room temperature for 24 h. Au(THT)Cl 

(440 mg, 1.37 mmol) was added to the solution and stirred for 12 h. The purple suspension was 

filtered, and a yellow filtrate was collected. Slow evaporation of the solution yielded yellow 

crystals suitable for X-Ray Diffraction. Yield: 476 mg, 30%. ESI-MS (m/z): Calcd. 1157.47 

[MH+], Found 1157.48 [MH+]. 

6.2.10 Synthesis of Au2(DippF)2, 2.  

In a 50 mL flask a solution of HDippF (0.180 g, 0.493 mmol), and NaOH (0.0190 g, 0.493 

mmol), were stirred THF (10 mL) at room temperature for 2 hours to create the sodium salt. 

Au(THT)Cl (0.160 g, 0.499 mmol) was then added to the solution and stirred for an additional 12 

hours. After completion, solution had turned a grayish color and black residue could be seen 

against wall. Reaction was left to settle and the supernatant was decanted off. Solid was washed 

with a minimal amount of hexanes. Crystals suitable for X-Ray Diffraction were grown from a 

saturated solution of diethyl ether. Yield: 436 mg, 74%. 1H NMR (δ in CDCl3): 1.18 (d, 24H, 

CH(CH3)2), 1.35 (d, 24H, CH(CH3)2), 3.75 (sept, 8H, CH(CH3)2), 7.02 (m, 12H, C6H3), 7.46 (s, 
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2H, NCHN). ESI-MS (m/z): Calcd. 1121.50 [MH+], Found 1121.53 [MH+]. UV-Vis max: 343 nm. 

IR 3350 (w), 3062 (s), 2960 (m), 1634 (s), 1596 (d), 1437 (d), 1382 (s), 1346 (d), 1246 (s), 1181 

(d), 1056 (m), 964 (s), 879 (s), 801 (s) 754 (s), 690 (m). Anal. Calcd. for Au2C50N4H70Cl2: C, 50.38; 

H, 5.92; N, 4.70. Found: C, 51.13; H, 6.33; N, 4.25.  

6.2.11 Synthesis of Au2(DippF)2(Cl)2, 3.  

Compound 1 (g, mmol) was dissolved in 30 mL of a DCM:Hex (5:1) mixture and let to 

evaporate. Yellow crystals were obtained within 72h. Yield: 98.1 mg, 20%. 1H NMR (δ in CDCl3): 

7.99 (s, 2H, -NCHN-), 7.13 (t, 4H, -CH-), 7.03 (d, 8H, -CH-), 3.59 (sept, 8H, -CH), 1.47 (d, 24H, 

-CH3), 1.30 (d, 24H, -CH3). ESI-MS (m/z): Calcd. 1157.47 [M – Cl– + H+], Found 1157.53 [M – 

Cl– + H+]. UV-Vis max: 470, 350, 243 nm. 

6.2.12 General procedure for the synthesis for Au2L2 compounds. Synthesis of 

Au2(mDippAF)2, 4.  

HDippAF (110 mg, 0.322 mmol) and NaOH (12.9 mg, 0.322 mmol) were placed in a flask 

with 10 mL DCM. The reaction mixture was stirred at room temperature for 24 h. Au(THT)Cl (g, 

mmol) was added to the solution and stirred for 12 h. The dark suspension was filtered and the 

yellow filtrate collected. Slow evaporation of the solution yielded crystals suitable for X-Ray 

Diffraction. Yield: 424 mg, 26%. 1H NMR (δ in CDCl3): 8.15 (s, 2H, -NCHN-), 7.14 (t, 2H, -CH), 

7.12 (d, 2H, -CH), 7.09 (s, 2H, -CH), 7.07 (d, 2H, -CH), 6.87 (t, 2H, -CH), 6.81 (d, 2H, -CH), 6.60 

(d, 2H, -CH), 3.78 (s, 6H, -OCH3), 3.62 (sept, 4H, C-H), 1.26 (d, 12H, -CH3), 1.22 (d, 12H, -CH3). 

ESI-MS (m/z): Calcd. 981.3 [M – OCH3], Found 981.14 [M – OCH3]. UV-Vis max: 360, 303 nm. 
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6.2.13 Synthesis of Au2(ClDippF)2, 5.  

Colorless crystals. Yield: 1.17 g, 72%. 1H NMR (δ in CDCl3): 8.06 (s, 2H, -NCHN-), 7.21 

(d, 4H, -CH-), 7.14 (d, 4H, -CH-), 7.09 (d, 4H, -CH-), 6.82 (t, 2H, -CH-), 3.59 (sept, 4H, -CH), 

1.26 (d, 12H, -CH3), 1.22 (d, 12H, -CH3). ESI-MS (m/z): Calcd. 1021.24 [MH+], Found 1021.25 

[MH+]. UV-Vis max: 374 nm. 

6.2.14 Synthesis of Au2(m,pDAniF)2, 6.  

155 mg of light yellow powder were collected. Yield: 37%. 1H NMR (δ in CDCl3): 8.28 

(s, 2H, -NCHN-), 7.04 (d, 2H, -CH), 7.00 (d, 2H, -CH), 6.96 (s, 2H, -CH), 6.73 (d, 4H, -CH), 6.58 

(d, 4H, -CH), 6.47 (t, 2H, -CH), 3.69 (s, 6H, -CH), 3.63 (s, 6H, -OCH3). ESI-MS (m/z): Calcd. 

905.16 [MH+], Found 905.2 [MH+]. UV-Vis max: 384 nm. 

6.3 COMPUTATIONAL DETAILS 

Density Functional Theory (DFT) calculations were performed with the hybrid Becke-3 

parameter exchange functional and the Lee-Yang-Parr nonlocal correlation functional 

(B3LYP)110,111 implemented in the Gaussian 09 (Revision C.01)114 program suit. The Pople basis 

set, 6-31G*,119,279–281 was used on non-metal atoms (carbon, nitrogen, oxygen, chlorine, and 

hydrogen), while the associated double-ζ basis set (LANL2DZ)161–164 was used for the gold atoms. 

Geometry optimization calculations were found to be minima in the potential energy surface as 

evidenced by the lack of imaginary vibrations in the frequency calculations. Electronic transition 

energies were computed on the optimized geometries for the neutral compounds using Time-

Dependent Density Functional Theory (TD-DFT) method with the lowest 30 singlet excited states 

being considered.165–171 All calculations were performed in a 44-processor PowerWolf PSSC 

supercomputer cluster running Linux Red Hat 4.1.2-54 located at the University of Texas at El 
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Paso. Isosurface plots of frontier molecular orbitals were generated using Avogadro software with 

isodensity values of 0.045. 

6.4 RESULTS AND DISCUSSION 

6.4.1 Oxidative Addition in a Dinuclear Au(I) Formamidinate Complex, Au2(DippF)2  

Molecular Design and Synthesis. The dinuclear compounds 1 and 2 were synthesized by 

the reaction of Au(THT)Cl with the sodium salt of diisopropyl formamidine in a 1:1 ratio using 

THF, and in the presence of air in 30% and 74% yield. On the other hand, compound 3 was 

synthesized by dissolving 1 in DCM:Hex (5:1) solution and letting evaporate over a period of 72 

hours in 20% yield. 3 can be also synthesized by metathesis of Au(THT)Cl with sodium 

formamidinate in a 1:1 ratio, and using DCM as solvent. A scheme of the reactions for the synthesis 

of 1 and 3 are presented in Scheme 6.1. Compounds 1 – 3 decompose to elemental gold in the 

presence of light but are otherwise stable to air and moisture in the solid state.  

 
Scheme 6.1. Reaction conditions for the synthesis of 1 – 3. 
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The structure of 1 – 3 in solution was confirmed by 1H NMR spectroscopy and single 

crystal X-Ray crystallography. The proton NMR is consistent with the structure of the molecule 

with all signals having the expected chemical shifts (ppm) and relative intensities. 1H NMR for 3 

(Figure 6.1) show a singlet at 7.99 ppm and 7.46 ppm respectively for the methine protons 

suggesting the formamidinate ligands are related by symmetry. ESI-MS was performed on 1 and 

3, and are presented in Figure 6.2, Figure 6.3, and Figure 6.4. The compounds show the expected 

isotopic distribution and the predicted m/z. The calculated m/z for 1 + H+ is 1157.47 (experimental 

m/z = 1157.48), while the ESI-MS for 2 and 3 m/z value was calculated 1121.50 and 1157.47, and 

experimental 1121.53 and 1157.53. The mass spectrum of 3 shows that the dichloride species 

easily loses a chlorine atom (m/z = 1157.53).   

 
Figure 6.1. 1H NMR for 3 in CDCl3. 

 

The mechanism of the reaction has not been carefully studied, but the presence of air and 

the use of chlorinated solvent are required to oxidize Au(I) to Au(II) yielding the dichloride 

compound 3. This type of reactions has been previously observed by Fackler et al, in a similar 
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digold (II) compound, Au2(hpp)2Cl2.262 The oxidation of Au(I) occurs spontaneously in the 

synthesis when DCM is used as solvent, similarly to the reported Au(II) hpp complex.263 In THF 

on the other hand, 1 is initially formed which later undergoes a self-redox reaction to form Au(0) 

and the Au(II) product. 

 
 

Figure 6.2. ESI-MS of 1, (left) average m/z calculated at 1157.47, and (right) detected m/z 

1157.48 corresponding to 1 + H+. 

 

 
Figure 6.3. ESI-MS of 2, (left) average m/z calculated at 1121.50, and (right) detected m/z 

1121.53 corresponding to 2 + H+. 
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Figure 6.4. ESI-MS of 3, (left) average m/z calculated at 1157.47, and (right) detected m/z 

1157.53 corresponding to [3 – Cl–] + H+. 

 

Structural Determinations. Single crystals suitable for crystallography were obtained by 

slow evaporation of the concentrated solutions of 1 – 3. The structures of 1 – 3 are provided in 

Figure 6.5, while selected bond lengths and angles are presented in Table 6.1 and Table 6.2. 

Compound 1 crystallizes in the monoclinic space group C 2/c with Z = 8. The Au…Au distance of 

2.9714(5) Å is similar to the only other reported structure of this type, [Au3(2,6-Me2-

form)2(THT)Cl], where the Au…Au distance is ~3.01 Å.263 Opposite to 1, [Au3(2,6-Me2-

form)2(THT)Cl] has a trinuclear gold center, nonetheless the geometry and Au…Au distance was 

found to be comparable. The formation of the dinuclear compound was possible due to steric 

hindrance of the bulky diisopropyl groups in the ortho position of the formamidinate ligand.  

On the other hand, compound 2 crystallizes in the orthorhombic P b c n space group with 

Z = 4. The Au…Au distance of 2.7464(7) Å is analogous to that of [Au2(2,6-Me2-form)2], 2.711(3) 

Å.263 The Au–N bond distances are 2.036(5) and 2.043(5) Å, which are considered normal when 
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compared to the reported 2.035(7) Å, and 2.0675 and 2.015 Å for [Au2(2,6-Me2-form)2] 263 and 

Au2[(Me3SiN)2C(Ph)]2.282  

Complete chlorination of 2, significantly decreases the Au–Au distance to 2.5303(3) Å for 

3. The dinuclear Au(II) complex 3, Au2(DippF)2(Cl)2, crystallizes in the tetragonal P42/n space 

group with Z = 4. The Au–Au bond distance is within the range of previously reported Au(II)–

Au(II) complexes, between 2.48 and 2.57 Å.256 The decrease in the gold–gold distance from ~3.01 

Å for Au(I) complexes results from the formation of two Au–Cl bond and a single Au–Au bond, 

forming a stable d9–d9.283 The Au–Cl bond is 2.3660(11) Å comparable to the distance found in 

other Au(II) structures.263,284       

 

Table 6.1. X–ray crystallographic data for 1, 2 and 3. 
 1 2 3·THF 

Empirical formula C50H71Au2ClN4 C50H70Au2N4 C58H86Au2Cl2N4O2 

Formula weight (g.mol–1) 1157.49 1121.03 1336.14 

Crystal system Monoclinic Orthorhombic Tetragonal 

Space group C 2/c P b c n P42/n 

a (Å) 37.7736(16) 18.530(6) 21.3553(10) 

b (Å) 10.8675(4) 15.238(5) 21.3553(10) 

c (Å) 27.7954(11) 17.038(6) 12.8298(6) 

α (deg) 90 90 90 

β (deg) 94.5320(10) 90 90 

ϒ (deg) 90 90 90 

V (Å3) 11374.5(8) 4811.0(3) 5851.0(6) 

Z 8 4 4 

dcal (g
.cm–3) 1.352 1.548 1.517 

μ (mm–1) 5.231 6.128 5.142 

2θ (deg) 1.08 – 25.00 1.73 – 30.00 1.35 – 28.31 

λ (Å) 0.71073 0.71073 0.71073 

T (K) 100(2) 296(2) 100(2) 

GOF 1.020 1.031 1.063 

R1,a wR2(I > 2(I))b 0.0466, 0.1000 0.0392, 0.0876 0.0349, 0.0875 
aR1 = ∑||Fo| - |Fc||/∑|Fo|. bwR2 = [∑[w(Fo

2- Fc
2)2]/∑w(F0

2)2]1/2, w = 1/[σ2(Fo
2) + (aP)2 + bP], where P = 

[max(Fo
2 or 0) + 2(Fc

2)]/3. 
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Table 6.2. Selected bond lengths (Å) and bond angles (°) for 1, 2 and 3. 
 1 2 3·THF 

Au(1) – Au(2) 2.9714(5)   

Au(1) – Au(1A)  2.7464(7) 2.5303(3) 

Au(1) – Cl(1) 2.265(2)  2.3660(11) 

Au(1) – N(1) 2.024(7) 2.036(5) 2.014(4) 

Au(1) – N(2)  2.043(5) 2.030(4) 

Au(2) – N(2) 2.005(6)   

Au(2) – N(3) 2.013(6)   

Au(1)–Au(1A)–N(1)  85.24(14) 86.24(10) 

Au(1)–Au(2)–N(1) 80.8(2)   

Au(1)–Au(1A)–N(2)  83.97(13) 88.33(11) 

Au(1)–Au(2)–N(2) 81.6(2)   

Au(1)–Au(2)–N(3) 104.53(18)   

N(1)–Au(1)–N(2A)  169.20(19) 174.57(15) 

N(1)–C(1)–N(2) 125.9(8) 126.3(5) 125.7(4) 

N(1)–Au(1)–Cl(1) 178.1(2)  93.71(11) 

Cl(1)–Au(1)–Au(1A)   179.78(3) 

Au(1)–Au(2)–Cl(1) 101.06(6)   

  

 

Figure 6.5. Crystal structures for 1, 2 and 3 with ellipsoids drawn at 35% probability level. All 

hydrogen atoms have been omitted for clarity. 

 

                       (1)                                                  (2)                                                (3) 
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Electrochemical Studies.  Compound 2 and 3 show redox activity in DCM. The cyclic 

voltammogram for 2 and 3 are shown in Figure 6.6 and Figure 6.7 respectively. The CV of 2 

reveals a non-reversible one-electron oxidation at E1/2 = 0.15 V vs Fc/Fc+. On the other hand, a 

one-electron redox event occurs for 3 at E1/2 = 0.843 V vs Fc/Fc+. 

 
Figure 6.6. Cyclic voltammogram of 2, with E1/2 = 0.15V. Data was obtained in a DCM solution 

of 2 with potentials referenced to Fc/Fc+. 
 

 
Figure 6.7. Cyclic voltammogram of 3, with E1/2 = 0.843 V. Data was obtained in a DCM 

solution of 3 with potentials referenced to Fc/Fc+. 



132 

Spectroscopic Properties. The electronic spectrum of 2 is depicted in Figure 6.8. One 

absorption band that tails into the blue is observed peaking at 343 nm which provides the yellow 

color to 2. The electronic spectrum of 3 is shown in Figure 6.9. Three absorption bands at 243, 

350 and 470 nm are observed for 3. The low energy absorption bands suggest an electronic 

transition from the HOMO to LUMO.  

 
Figure 6.8. Absorption spectra for 2 in DCM. 

 

 
Figure 6.9. Absorption spectra for 3 in DCM. 
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DFT Calculations. Density Functional Theory (DFT) calculations were performed on 

compounds 2 and 3 to gain insight into the electronic structure of their Au2 cores, the ground state 

geometries, and the nature of their frontier orbitals. Geometry optimizations were done using the 

crystal structure parameters as the starting point for the calculations. The absence of imaginary 

frequencies on the vibrational frequency analysis of the optimized models indicate the geometries 

are on a minima on the potential energy surface. The calculated gas-phase Au–Au bond distance 

for 3 is 2.59708 Å, which is comparable to the experimentally observed 2.5303(3) Å. Meanwhile, 

the calculated Au…Au distance for 2 is 2.82902 Å with and experimental value of 2.7385(7) Å. 

The shortening of the M–M distance (2 → 3) is consistent with the oxidative addition of Cl– to the 

molecule. There is a consistent overestimation of the Au…Au distance of ~0.07 Å, which has been 

well established in the literature when B3LYP and other functionals are employed.221,244 

The ground state for the dinuclear gold (I) species, 2, is calculated to be a HOMO (–5.523 

eV) with δ metal−metal antibonding, and a LUMO (–0.746 eV) with mainly ligand character. This 

suggests that oxidation of the dinuclear complex is due to the [Au(I)–Au(I)]+ redox process, and 

that the electronic transition observed for 2 in Figure 6.8 corresponds to the MLCT. These 

electronic structures and frontier orbitals are similar to previously studied Au(I) and Au(II) 

complexes with the guanidinate hpp ligand.262  

Figure 6.10 shows that the HOMO (–6.264 eV) for 3 corresponds to the *-orbital of the 

formamidinate ligand, while the LUMO (–3.919 eV) is dominated by the *-orbital (dx
2

-y
2) of the 

metal center with some ligand character. The composition of the HOMO confirms that the 

oxidation wave shown in Figure 6.7 at E1/2 = 0.843 V corresponds to the ligand redox process. 

Based on the HOMO energy, the magnitude of the half-wave potential would be expected to 

follow the order 2 < 3. This observation is in agreement with the obtained electrochemical data, 
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where the stabilization of the HOMO is reflected in the positive shift of the redox potential. 

Moreover, the HOMO and LUMO energy gap (ΔEH–L) matches the energy of the absorption band 

(LMCT) in the spectrum of Figure 6.9 which is calculated to be 2.638 eV vs 2.345 eV obtained 

from theoretical calculations.  

 

Figure 6.10. Contour plots and molecular orbital representation of four frontier orbitals for 2 and 

3, with energy for all orbitals. 
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6.4.2 Electronic Tuning of Digold Compounds via Remote Substituent Effect  

Molecular Design and Synthesis. Compounds 4 – 6 (numbered according to the aryl 

substituents R and R’:  4 (R = 2,6-CHMe2, R’ = m-OMe), 5 (R = 2,6-CHMe2, R’ = p-Cl), and 6 (R 

= p-OMe, R’ = m-OMe) were prepared using the ligands depicted in Scheme 6.2 as outlined in 

Scheme 6.3. The substituents were chosen based on their electron-withdrawing and donating 

abilities as well as their steric hindrance which would potentially allow the formation of a 

coordinately unsaturated Au(I) complex. Hammett constants for these asymmetric formamidinates 

were calculated assuming that the additivity of Hammett constants holds (values are shown in 

Table 6.6).285–287  

 

Scheme 6.2. Asymmetric ligands used in this study. 

 

The bidentate formamidinate ligand is an excellent candidate for this study since the 

asymmetric derivatives can be readily prepared. The proposed formamidinates could potentially 

probe different electronic environments for the metal centers. If connected properly, the ligands 

may favor a more electron-rich environment for one Au atom. In addition, the capability of 

formamidines to support bimetallic compounds has been well documented in this work and 
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previously published studies.235,288,289 The dinuclear compounds 4 – 6 were synthesized by 

metathesis of the sodium salt of the asymmetric formamidinate ligands with Au(THT)Cl in a 1:1 

ratio using DCM, and in the presence of air in 26%, 72%, and 37% yield. These compounds 

decompose to elemental gold in the presence of light but are otherwise stable to air and moisture 

in the solid state.  

 

Scheme 6.3. General reaction scheme for the synthesis of 4 – 6.  

 

 

 
Figure 6.11. 1H NMR for 4 in CDCl3. 
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The structure of 4 – 6 was confirmed by 1H NMR spectroscopy and single crystal X-Ray 

crystallography (4 and 5). The proton NMR is consistent with the structure of the molecule with 

all signals having the expected chemical shifts (ppm) and relative intensities. 1H NMR for 4 

(Figure 6.11), 5 (Figure 6.12), and 6 (Figure 6.13) show a singlet at 8.15 ppm, 8.06 ppm, and 8.28 

ppm respectively for the methine protons on the formamidinate. This observation suggests the 

formamidinate ligands are related by symmetry in the complex.  

 

Figure 6.12. 1H NMR for 5 in CDCl3. 

 

Figure 6.13. 1H NMR for 6 in CDCl3. 
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ESI-MS was performed on 4 – 6, and are presented in Figure 6.14, Figure 6.15 and Figure 

6.16. All compounds show the expected isotopic distribution and the predicted m/z. The calculated 

m/z for 4 – OCH3  is 981.3 and experimental m/z = 981.14, while for 5 + H+ m/z value was 

calculated = 1021.24 and experimental = 1021.25, and for 6 m/z value was calculated = 905.16 

and experimental = 905.20.  

 

Figure 6.14. MS spectra of 4 with m/z (Left) calculated at 981.3, and (Right) detected at 981.14.  

 

 

 
Figure 6.15. MS spectra of 5 with m/z (Left) calculated at 1021.24, and (Right) detected at 

1021.25. 
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Figure 6.16. MS spectra of 6 with m/z (Left) calculated at 905.16, and (Right) detected at 

905.20.  

 

Structural Determinations. Single crystals suitable for X-Ray crystallography were 

obtained by slow evaporation of a DCM solution of the compounds. The structures of 4 and 5 

show a dinuclear gold(I) structure with formamidinate structural ligand, and open coordination on 

the gold axial position. Figure 6.17 and Figure 6.18 show the molecular structure of 

Au2(mDippAF)2, 4, and Au2(ClDippF)2, 5, with selected bond distances and angles given in Table 

6.3 and Table 6.4. In addition, crystallographic data for the synthesized ligands are presented in 

Table 6.5. The dinuclear complex 4 crystallizes in the orthorhombic P b c a space group with Z = 

4. The Au···Au distance is 2.7281(3) Å while the N−Au−N angle is 170.12(11)°.  

On the other hand, compound 5 crystallized in the monoclinic P 21/c group with Z = 2. The 

Au···Au distance in 5 is 2.7431(11) Å, and the N−Au−N angle is 169.6(5)°. The obtained Au···Au 

distances (~2.7 Å) and Au−N bond distances (~2.04 Å) for 4 and 5 are consistent with those found 

for the only other dinuclear gold (I) compound reported with formamidinate ligands.284 The similar 

distances indicate the Au – N covalent bond is unperturbed by the inductive effect of the remote 

substituents. To our knowledge compounds 4 − 6 are the first examples of asymmetrically bridged 

dinuclear gold(I) nitrogen complexes. 
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Figure 6.17. Crystal structures for 4 with ellipsoids drawn at 50% probability level. All 

hydrogen atoms have been omitted for clarity. 

 

 

Figure 6.18. Crystal structures for 5 with ellipsoids drawn at 50% probability level. All 

hydrogen atoms have been omitted for clarity. 
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Table 6.3. X–ray crystallographic data for 4 and 5. 
 4 5 

Empirical formula C40H50Au2N4O2 C38H44Au2Cl2N4 

Formula weight (g.mol–1) 1012.77 1021.60 

Crystal system Orthorhombic Monoclinic 

Space group P b c a P 21/c 

a (Å) 15.2373(5) 12.4586(6) 

b (Å) 11.4164(4) 6.4504(3) 

c (Å) 21.2037(7) 23.6655(12) 

α (deg) 90 90 

β (deg) 90 103.829(2) 

ϒ (deg) 90 90 

V (Å3) 3688.5(2) 1846.70(16) 

Z 4 2 

dcal (g
.cm–3) 1.824 1.837 

μ (mm–1) 7.985 8.112 

2θ (deg) 1.92 – 27.50 2.13 – 25.00 

λ (Å) 0.71073 0.71073 

T (K) 100(2) 100(2) 

GOF 1.074 1.082 

R1,a wR2(I > 2(I))b 0.0216, 0.0541 0.0856, 0.2135 
aR1 = ∑||Fo| - |Fc||/∑|Fo|. bwR2 = [∑[w(Fo

2- Fc
2)2]/∑w(F0

2)2]1/2, w = 1/[σ2(Fo
2) + (aP)2 + bP], 

where P = [max(Fo
2 or 0) + 2(Fc

2)]/3. 

 

 

 

 

Table 6.4. Selected bond lengths (Å) and bond angles (°) for 4. 
 4 5 

Au(1) – Au(1A) 2.7281(3) 2.7431(11) 

Au(1) – N(1) 2.038(3) 2.041(12) 

Au(1) – N(2) 2.024(3) 2.024(13) 

Au(1)–Au(1A)–N(1) 84.50(8) 84.2(4) 

Au(1)–Au(1A)–N(2) 85.74(8) 85.5(4) 

N(1)–Au(1)–N(2A) 170.12(11) 169.6(5) 

N(1)–C(1)–N(2) 127.4(3) 129.9(13) 
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Table 6.5. X–ray crystallographic data for II, III and IV. 
 II III IV 

Empirical formula C20H26N2O C19H23ClN2 C15H16N2O2 

Formula weight (g.mol–1) 310.43 314.84 256.30 

Crystal system Orthorhombic Monoclinic Monoclinic 

Space group P c c n P 21/n P 21/c 

a (Å) 22.979(9) 10.4967(15) 7.2915(9) 

b (Å) 23.219(8) 8.6681(8) 5.7809(7) 

c (Å) 14.790(6) 19.6010(18) 30.593(4) 

α (deg) 90 90 90 

β (deg) 90  97.012(2) 95.398(2) 

ϒ (deg) 90 90 90 

V (Å3) 7891.(5) 1770.1(3) 1283.8(3) 

Z 16 4 4 

dcal (g
.cm–3) 1.045 1.181 1.326 

μ (mm–1) 0.064 0.215 0.089 

2θ (deg) 4.988 – 42.23 4.655 – 43.86 5.35 – 58.02 

λ (Å) 0.71073 0.71073 0.71073 

T (K) 296(2) 100(2) 100(2) 

GOF 1.020 1.019 1.028 

R1,a wR2(I > 2(I))b 0.0589, 0.2178 0.0464, 0.1316 0.0484, 0.1468 
aR1 = ∑||Fo| - |Fc||/∑|Fo|. bwR2 = [∑[w(Fo

2- Fc
2)2]/∑w(F0

2)2]1/2, w = 1/[σ2(Fo
2) + (aP)2 + bP], where P = 

[max(Fo
2 or 0) + 2(Fc

2)]/3. 

 

Electrochemical Studies. The redox behavior of the digold compounds 4 – 6 has been 

examined by cyclic voltammetry (Figure 6.19), and relevant experimental parameters are listed in 

Table 6.6. The half-wave potentials have been referenced versus the ferrocene/ferrocenium couple 

(Fc/Fc+). Compound 4 shows a one-electron reversible event with E1/2 = 0.602 V, which 

corresponds to the reversible oxidation of [Au(I)…Au(I)] to [Au(I)…Au(I)]+. Similarly, 5 and 6 

display a one-electron oxidation with an E1/2 = 0.806 V and E1/2 = 0.328 V, respectively. This 

oxidation can be attributed to the removal of an electron from the Au…Au  antibonding orbital, 

and its half-wave potential provides a reliable measure of the HOMO energy.  
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Table 6.6. Experimental results for 4 – 6. 
 4 5 6 

Au….Au  

(experimental / Å ) 
2.7281(3) 2.7431(11) ~2.70 

Au….Au  

(calculated / Å ) 
2.829 2.828 2.823 

 –0.03 0.08 –0.15 

 (ppm) 8.15 8.06 8.28 

E1/2 (mV) 602 806 328 

max (nm) 360 374 384 

 
 

 

Figure 6.19. Cyclic voltammogram of 4, 5, and 6, with E1/2 = 0.602 V, E1/2 = 0.806 V, and E1/2 = 

0.328 V. Data was obtained in DCM solutions of 4 – 6 with potentials referenced to Fc/Fc+. 

 

The degree of tuning in bimetallic complexes has been previously quantified by the 

correlation of the redox potential (E1/2) of the synthesized compounds with the Hammett constant 

of their ligand substituents.278,290 A gradual anodic-shift in E1/2 is observed as the electron-

withdrawing ability of the ligand increases (increasing σ), this trend is similar to those obtained 

for a dimolybdenum and dinickel series.208,278,290,291 There is good correlation between E1/2 and the 
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Hammett parameter σ as shown in Figure 6.20. The substituent constants () for the series of 

asymmetric formamidinate ligands were calculated based on the Hammett constants for the 

corresponding substituents according to values reported in the literature.116 According to previous 

reports, an increase in the electron-withdrawing ability of the substituents in symmetrical 

formamidinate ligands result in less electron density on the bimetallic core and therefore a more 

positive potential for the oxidation couple, Au2
3+/2+. The trend in the E1/2 is as expected, shifting 

towards positive potentials for the Au2
3+/2+ couple when moving from electron-donating to 

electron-withdrawing groups. This suggests the -bonding orbital gets destabilized upon 

increasing the electron-donating ability of the ancillary ligand. Therefore, the substitution of the 

ancillary formamidinate ligands allowed the tuning of the redox properties of the Au2 center.  

 

 

Figure 6.20. Plot of half-wave potentials (E1/2) versus the Hammett substituent parameter () for 

4 – 6. The squares are the measured values, and the solid line is the least-squares fit. All E1/2 are 

referenced to Fc/Fc+. Linear fit of the data gives a correlation coefficient (R2) of 0.99299. 
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Spectroscopic Properties. The UV-Vis spectra of compounds 4, 5, and 6 show an 

absorption peak in the visible region at 360, 374, and 384 nm respectively. This low energy band 

can be assigned to the HOMO to LUMO electronic transition. The absorption spectra of 4, 5, and 

6 are shown in Figure 6.21, Figure 6.22, and Figure 6.23. The stronger electron-donating ability 

of the methoxy groups in the asymmetric formamidinate m,pHDAniF renders 6 the lowest 

electronic transition energy (384 nm). In contrast, compound 5 displays a higher-energy 

absorption band (374 nm) due to the presence of an electron-withdrawing substituent (–Cl). The 

influence of aryl substituents on the charge transfer energy is similar to that observed in other 

metal complexes.172 

 
Figure 6.21. Absorption spectra of compound 4 measured at room temperature in THF. 

 



146 

 
Figure 6.22. Absorption spectra of compound 5 measured at room temperature in THF. 

 

 

 
Figure 6.23. Absorption spectra of compound 6 measured at room temperature in THF. 

 

Electronic Structure Calculations. Density Functional Theory (DFT) calculation were 

performed on compounds 4 – 6 to gain insight into the electronic structure of their Au2 cores, the 

ground state geometries, and the nature of their frontier orbitals. Geometry optimizations were 
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done using the crystal structure parameters as the starting point for the calculations for compounds 

4 and 5. The calculated gas-phase Au…Au distance for 4 is 2.82941 Å which is comparable to the 

experimentally observed 2.7281(3) Å. For 5, the DFT obtained metal–metal distance is 2.82765 

Å while the experimental one is 2.7431(11) Å. Meanwhile, the calculated Au…Au distance for 6 

is 2.82339 Å. There is a consistent overestimation of the Au…Au distance by ~0.1 Å, which has 

been established when B3LYP and other functionals are employed.221,244  

Figure 6.24 depicts the HOMO and LUMO orbitals for compounds 4 – 6. The highest 

occupied molecular orbital (HOMO) for all the compounds was found to be a metal based δ*-

orbital with some degree of ligand mixing. The asymmetric nature of the ligand can be observed 

in the uneven charge distribution on the HOMO due to the electron withdrawing nature of the 

substituents and/or their position in the ring. The HOMO for compounds 4 and 5 show no charge 

delocalization over the diisopropyl phenyl substituent. The composition of the HOMO confirms 

that the redox event in the cyclic voltammograms for 4 – 6 is attributed to the Au2
2+/3+ process. 

The excellent linear correlation observed between the E1/2 and the σ indicates the HOMO energy 

is affected by the remote substituents in the series. On the other hand, the lowest unoccupied 

molecular orbital (LUMO) is a ligand based *-orbital. In these orbitals, uneven distribution of 

the charge is also present. The highest HOMO energy observed was at –4.976 eV for 6, while the 

lowest and most stable occupied orbital is that for 5 with an onset HOMO δ* energy of –5.592 

eV. The addition of electron withdrawing ancillary ligands stabilizes the HOMO ground state. The 

electronic structure of 4 shows that the HOMO (–5.523 eV) is metal based with δ* character. The 

LUMO of 4 is the ligand based * found at –0.743 eV. Compound 5, has an onset LUMO energy 

of –1.090 eV, 0.347 eV higher in energy than that for 4. The Au…Au unit makes largest 
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contribution to the HOMO at –5.592 eV. In addition, 6 has a HOMO and LUMO energies of –

4.976 eV and –0.717 eV, respectively.  

  

Figure 6.24. Contour plots and molecular orbital representation of four frontier orbitals for 4 – 6, 

with energy for all orbitals and isosurface value of 0.45. 

 

Time-dependent density functional theory calculations were performed on the geometry 

optimized 4 – 6 to help assign the lowest energy transition observed in the UV-Vis spectra for 

each compound. Absorption spectra of 4 shows a band at 360 nm arising from a metal to ligand 

charge transfer (MLCT) transitions from the occupied Au-based antibonding orbitals to the empty 

π-antibonding orbitals of the formamidinates with some metal mixing (δ* → δ*+L*) transition. 

Similarly, 5 presented a band at 374 nm while the same signal appeared at 384 nm for 6. These 
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bands corresponds to the HOMO → LUMO+1 transition calculated to be 289, 305 and 314 nm 

for 4, 5 and 6, respectively. 

6.5 CONCLUSION 

In the first part of this chapter, we were able to obtain a gold(I) complex by using bulky 

groups (diisopropyl groups) as aryl substituents in the 2 and 6 position of the ring. The steric effects 

of these groups promoted the formation of the digold unit with axial open coordination sites. In 

addition, oxidative addition of Cl2 to 2 yielded the digold(II) complex 3. Compounds 1 – 3 were 

synthesized and characterized by 1H NMR, ESI-MS, and single crystal X-Ray diffraction 

presenting Au – Au distances of 2.9714(5), 2.7385(7), and 2.5303(3) Å consistent with digold (I) 

and digold(II) species for 2 and 3 respectively. Electrochemical studies showed a non-reversible 

one-electron oxidation at E1/2 = 0.15 V vs Fc/Fc+ for 2, and a one-electron reversible oxidation for 

3 at E1/2 = 0.843 V vs Fc/Fc+. According to the nature of the HOMO, these events were assigned 

as oxidations of the Au2 center and ligand for 2 and 3 respectively. In addition, the calculated ΔEH–

L were comparable to the lowest energy transition observed by UV-Vis, and were assigned as 

MLCT and LMCT for 2 and 3.  

In the second part of this chapter, a series of three Au(I)…Au(I) complexes with different 

formamidinate ligands (ArNCHNAr’) was synthesized and characterized. These complexes share 

a common molecular skeleton, but vary the substituents in the aryl groups (Ar = p-XC6H5) 4 (R = 

2,6-CHMe2, R’ = m-OMe), 5 (R = 2,6-CHMe2, R’ = p-Cl), and 6 (R = p-OMe, R’ = m-OMe). 

Compounds 4 and 5 were structurally characterized by single crystal X-ray crystallography 

presenting Au…Au distances of 2.7281(3) and 2.7431(11) Å, respectively.  The proposed ligands 

were selected (1) to present steric hindrance in the structure allowing the formation of the digold 

complex instead of a tetramer, and (2) to vary the electron-donating and withdrawing ability 
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changing accordingly the Hammett constant (). Electrochemical studies showed that Au2
2+/3+ 

redox process can be tuned due to inductive effects. To our knowledge, this is the first systematic 

study of remote substitution effects on digold(I) compounds with formamidinate ligands. The one-

electron oxidation observed for 4, 5, and 6 at 0.602, 0.806, and 0.328 V corresponded to removal 

of an electron form the metal-based HOMO, and presented excellent linear correlation with the 

calculated Hammett constant. It was observed that the addition of electron-withdrawing 

substituents stabilized the metal-based * HOMO. We have successfully utilized remote 

substituents to control the redox potential of a series of digold(I) complexes. 
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Chapter 7: Conclusion 

The study of electron transfer in multielectron redox processes is crucial for the 

understanding of the chemistry behind energy conversion. For this purpose in Chapter 2 the 

electrocatalytic generation of hydrogen gas from acidic organic solutions using free-base meso-

tetra(pentafluorophenyl)porphyrin was described. The electrocatalytic activity of the porphyrin 

was evaluated in THF and MeCN solutions and using p-toluenesulfonic acid as proton source. 

Hydrogen gas was produced at –1.31 vs Fc/Fc+ in THF, and –0.69 V vs Ag/Ag+ MeCN using p-

toluenesulfonic acid at 90% Faradaic yield. We demonstrated by UV–Vis, spectroelectrochemical 

measurements and DFT calculations the ability of this porphyrin as electrocatalyst for 

homogeneous proton reduction. The data obtained from the spectroscopic and 

spectroelectrochemical measurements along with DFT provided the necessary information to build 

a mechanistic pathway for hydrogen generation. The most thermodynamically favorable pathway 

was found to be E-P-E-P and a P-P-E-E sequence (where E is a reduction process, and P 

protonation of the macrocycle) for HER under acidic conditions in THF and MeCN, respectively. 

Although porphyrins have been well investigated as electrocatalysts for hydrogen 

generation, much less work is known for other analogues such as corroles. In Chapter 3, we utilized 

spectroscopic and theoretical calculation by DFT to evaluate the ability of 5, 10, 15-

tris(pentafluorophenyl)corrole to generate hydrogen has under acidic organic media. The 

electrocatalytic ability of this corrole was assessed through cyclic voltammetry, where hydrogen 

gas was produced at –0.82 V vs Fc/Fc+ in MeCN using tosic acid as proton source. The mechanism 

for HER was obtained with aid of spectroscopic data and DFT calculations. Out results suggested 

that the most favorable mechanistic pathway was a P-E-E-P sequence for tosic acid when 

performed in MeCN. 
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Numerous multielectron redox processes require the use of heterogeneous catalysts 

containing transition metals. It is difficult to obtain mechanistic information when heterogeneous 

catalysts are employed. Nonetheless, molecular systems can be used as platforms to study the 

basics of small molecule activation by reducing the catalytic process to the molecular level. 

Electron transfer via ISET in two-state models (D–B–A) is presented in Chapter 4, where three 

different non-symmetric systems utilizing metal-metal quadruple bonded dimolybdenum units 

were assessed. In the first part, a family of non-symmetric ligands (2,5-dihydroxy-4-phenylimino-

2,5-cyclohexadien-1-one, and 2-hydroxy-5-phenylamino-4-phenylimino-2,5-cyclohexadien-1-

one) was synthesized and characterized for the preparation of dimers-of-dimers. Electrochemical 

studies on [Mo2(DAniF)3]2(C12O3NH7) and [Mo2(DAniF)3]2(C18O2N2H12) displayed multielectron 

redox processes with two one-electron and three one-electron oxidations, respectively. Calculation 

of their comproportionation constants based on the data obtained by cyclic voltammetry (Kc = 6.36 

x 103 and Kc = 9.7 x 1010) regarded [Mo2(DAniF)3]2(C12O3NH7) and [Mo2(DAniF)3]2(C18O2N2H12) 

as Class II and Class III on the Robin–Day classification.  

We studied the effect of a non-metallic redox active unit in the electronics of the D–B–A 

system, where a C60 fullerene cage was used as the second active site. Mo2(DAniF)3(C69O2NH8) 

was synthesized and characterized by 1H NMR and MALDI-TOF mass spectrometry. The 

electronic spectrum gave information on the electronic communication in the two-state model, 

showing a strong band in the UV region that corresponded to a MLCT transition from the 

interaction of the δ orbitals of the Mo2 core with the π* orbitals of the bridging ligand, this 

transition was assigned based on the nature of the HOMO and LUMO and supported by TDDFT 

calculations. Cyclic voltammetry on this complex showed a one-electron oxidation of the 

dimolybdenum unit at 0.543 V vs Ag/Ag+, as well as reduction events associated to reductions of 
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the fullerene cage. The loss of symmetry on the reduction events for this complex suggests 

communication between the donor and acceptor sites in the form of Mo2
5+ → C60 charge transfer. 

Moreover a study of charge transfer in a D–B–A system where both the donor and acceptor 

were non-symmetric organic units while the bridging ligand in charge of the coupling was a 

dimolybdenum center is presented. We synthesized and characterized Mo2(DAniF)3(C18O2N2H12) 

and trans-Mo2(DAniF)3[C18O2N2H12]2 by means of 1H NMR, mass spectrometry and single crystal 

X-Ray diffraction. One-electron oxidation of the Mo2
4+ unit was observed for both compounds at 

–0.03 and –0.017 V vs Fc/Fc+ for Mo2(DAniF)3(C18O2N2H12) and trans-

Mo2(DAniF)3[C18O2N2H12]2 respectively. In addition, a second oxidation event was observed for 

the mono and trans complexes at 0.465 and 0.148 V vs Fc/Fc+ respectively. Integration of these 

redox waves showed a one-electron and two-electron oxidation for Mo2(DAniF)3(C18O2N2H12) 

and trans-Mo2(DAniF)3[C18O2N2H12]2. The presence of only one wave for the oxidation of the 

ligands in the trans complex suggested the ligands are not considerably coupled. In addition, UV-

Vis spectra for the compounds showed two intense bands in the visible region related to MLCT 

electronic transitions as supported by DFT calculations. 

Moreover, Chapter 5 and Chapter 6 present fundamental studies of ligand effects on the 

electronic properties of bimetallic systems used as platforms for the understanding of multielectron 

redox processes. Chapter 5 reported the synthesis and characterization of a series of compounds 

of the form Mo2(DAniF)n(hpp)4-n by 1H NMR and X-Ray diffraction. In an attempt to fine-tune 

the electronic structure of Mo2(DAniF)3(hpp), trans-Mo2(DAniF)2(hpp)2 and Mo2(DAniF)(hpp)3, 

and to gain a better understanding on the electron donor properties of basic ligands 

(formamidinates and guanidinates) when attached to bimetallic systems different proportions of 

formamidinate and guanidinate ligands were employed. The degree of tuning was quantified by 
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exploring their electrochemical properties and comparing their redox potentials. Cyclic 

voltammetry showed that the Mo2
4+/5+ redox process can be tuned over a range of nearly 0.4 V due 

to the increased ligand basicity with E1/2 of –0.754, –0.988, and –1.136 V vs Fc/Fc+ in THF for 

Mo2(DAniF)3(hpp), trans-Mo2(DAniF)2(hpp)2, and Mo2(DAniF)(hpp)3. In addition, trans-

Mo2(DAniF)2(hpp)2 and Mo2(DAniF)(hpp)3 displayed multielectron redox chemistry due to 

stabilization of higher oxidation states in the Mo2 unit by hpp. Data obtained from Raman 

Spectroscopy presented an increase in Raman Shift with the addition of hpp at 487, 494, and 505 

cm–1 for Mo2(DAniF)3(hpp), trans-Mo2(DAniF)2(hpp)2 and Mo2(DAniF)(hpp)3, respectively. 

DFT studies depicted strong influence of hpp in the energy levels of the orbitals between the 

compounds, showing greater metal−ligand mixing as formamidinates were replaced by 

guanidinates, and therefore a decrease in metal character on the HOMOs. Moreover, the reduction 

of the HOMO – LUMO energy gap ( → * transition) as guanidinates are introduced to the Mo2 

core is in agreement with an increase in the bond strength and shortening the Mo–Mo bond 

distances. 

Chapter 6 explored the reactivity and ligand influence in the electronic properties of digold 

systems. It has been found that digold (II) complexes stabilize the d9 system upon oxidative 

addition, unlike mononuclear gold complexes that tend to disproportionate to Au(I) and Au(III). 

Ligand control over these complexes is crucial to enable the formation of digold systems, and tune 

their electronic properties and reactivity. This control can be determined by the nature of the 

coordinating atoms, steric factors, and substituent effects in the periphery. In the first part of this 

chapter, we explored oxidative addition in a digold (I) compound, Au2(DippF)2. Compounds 

Au2(DippF)2 and Au2(DippF)2Cl2 were successfully synthesized and characterized by 1H NMR, 

ESI-MS, and X-Ray diffraction, presenting Au…Au distances of 2.7385(7) and 2.5303(3) Å 
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consistent with digold (I) and digold(II) species. The cyclic voltammograms showed a one-electron 

reversible oxidation for Au2(DippF)2 at E1/2 = 0.843 V vs Fc/Fc+, and a non-reversible one-electron 

oxidation at E1/2 = 0.15 V vs Fc/Fc+ for Au2(DippF)2Cl2, assigned as oxidations of the Au2 center 

and ligand, respectively. In addition, UV-Vis spectra for the compounds showed a high energy 

bands assigned to MLCT and LMCT electronic transitions as supported by TDDFT calculations. 

Variation of the peripheral ligands on the metal unit can potentially modify the energy of 

the orbitals, modulating thus redox potentials and photophysical properties of the unit without 

large geometry rearrangement. Although important, systematic studies of substituent effects on the 

electronic and photophysical properties of bimetallic gold complexes are scarce. A series of three 

Au(I)-Au(I) complexes with different formamidinate ligands (ArNCHNAr’) was synthesized and 

characterized. These complexes share a common molecular skeleton, but vary the substituents in 

the aryl groups (Ar = RC6H5, Ar = R’C6H5) Au2(mDippAF)2 (R = 2,6-CHMe2, R’ = m-

OMe), Au2(ClDippF)2 (R = 2,6-CHMe2, R’ = p-Cl), and Au2(m,pDAniF)2 (R = p-OMe, R’ = m-

OMe). Compounds Au2(mDippAF)2, Au2(ClDippF)2, and Au2(m,pDAniF)2 were synthesized and 

structurally characterized by 1H NMR, ESI-MS, and single crystal X-Ray diffraction presenting 

Au…Au distances of 2.7281(3) and 2.7431(11) Å, for Au2(mDippAF)2 and Au2(ClDippF)2 

respectively. Cyclic voltammetry showed that the Au2
2+/3+ redox process can be tuned due to 

inductive effects, displaying a one-electron oxidation for Au2(mDippAF)2, Au2(ClDippF)2, 

and Au2(m,pDAniF)2 at 0.602, 0.806, and 0.328 V vs Fc/Fc+ in DCM. An excellent linear 

correlation was found between the reduction potentials and the calculated Hammett constants. 

Furthermore, the addition of electron-withdrawing substituents stabilized the metal-based * 

HOMO.  
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Appendix 

Chapter 2: Hydrogen Gas Generation by a Metal-Free Fluorinated Porphyrin 

Cartesian coordinates of the DFT optimized structure [1] in the gas phase 

 C                 -1.13619700   -2.90862300   -0.00003100 

 C                 -0.68764800   -4.27446000   -0.00009500 

 C                  0.68806400   -4.27439300   -0.00009400 

 C                  1.13648100   -2.90851300   -0.00007700 

 N                  0.00010300   -2.11362300   -0.00010300 

 C                 -2.44483100   -2.42335300    0.00002600 

 C                  2.44506800   -2.42311800   -0.00004800 

 C                  2.89692700   -1.10017600    0.00009500 

 C                  4.29711900   -0.68020700    0.00022600 

 C                  4.29701700    0.68070800    0.00016700 

 C                  2.89688100    1.10049500    0.00006900 

 N                  2.05569100    0.00011900    0.00028500 
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 H                  5.15046600    1.33966300    0.00016700 

 H                  1.33795400    5.13351000   -0.00022000 
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Cartesian coordinates of the DFT optimized structure [1] ̇ – in the gas phase 

 C                 -1.13915300    2.94027700   -0.00001300 

 C                 -0.69876900    4.28974800   -0.00002600 

 C                  0.69938800    4.28964900   -0.00001800 

 C                  1.13957900    2.94011400   -0.00001100 

 N                  0.00015600    2.14336500   -0.00005500 

 C                 -2.45560200    2.42261600   -0.00000300 

 C                  2.45595300    2.42226300    0.00000100 

 C                  2.89928800    1.10799900    0.00000300 

 C                  4.30274200    0.67934500    0.00000900 
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 C                 -1.13958200   -2.94010500    0.00000300 

 N                 -0.00015600   -2.14336900    0.00003100 

 C                 -2.45594100   -2.42221000    0.00000200 

 C                 -2.89932700   -1.10800400    0.00001100 

 C                 -4.30275500   -0.67930900    0.00000900 

 C                 -4.30264300    0.67996500    0.00001700 

 C                 -2.89912700    1.10841600    0.00000400 

 N                 -2.05640900    0.00016600    0.00002900 

 H                 -1.34687300    5.15072700   -0.00002700 

 H                  1.34761400    5.15053500   -0.00001300 

 H                  0.00008300    1.12814000   -0.00008500 

 H                  5.15713000    1.33847100    0.00000800 

 H                  5.15696500   -1.33916100    0.00000600 

 H                  1.34688000   -5.15070500   -0.00000200 

 H                 -1.34762100   -5.15051400   -0.00000500 

 H                 -0.00008400   -1.12814200    0.00004900 

 H                 -5.15716000   -1.33841700    0.00000400 

 H                 -5.15693600    1.33921500    0.00001600 

 Cl                -3.76745000   -3.73385800   -0.00001300 

 Cl                -3.76687300    3.73435000    0.00000600 

 Cl                 3.76741400    3.73380800    0.00001700 

 Cl                 3.76690900   -3.73440000   -0.00001600 

  

 

Cartesian coordinates of the DFT optimized structure [1]2– in the gas phase 

 C                  1.12980800   -2.98360400   -0.00000200 

 C                  0.69071800   -4.31902900    0.00000700 

 C                 -0.73053400   -4.31252500    0.00001300 

 C                 -1.15737000   -2.97311400    0.00000700 

 N                 -0.01012200   -2.18058000   -0.00001500 

 C                  2.45450700   -2.43649000   -0.00001000 

 C                 -2.47697400   -2.41383200    0.00000500 

 C                 -2.90472900   -1.10274200   -0.00001300 

 C                 -4.30909400   -0.65969900   -0.00002900 

 C                 -4.30278900    0.69942100   -0.00004500 

 C                 -2.89437600    1.12941400   -0.00001400 

 N                 -2.05529100    0.00942300   -0.00003200 

 C                 -2.45450700    2.43649000   -0.00000400 

 C                 -1.12980800    2.98360400    0.00002000 

 C                 -0.69071800    4.31902900    0.00003000 

 C                  0.73053400    4.31252500    0.00002900 

 C                  1.15737000    2.97311400    0.00003300 

 N                  0.01012200    2.18058000    0.00011200 

 C                  2.47697400    2.41383200    0.00001700 

 C                  2.90472900    1.10274200   -0.00000100 

 C                  4.30909400    0.65969900   -0.00004500 

 C                  4.30278900   -0.69942100   -0.00003000 

 C                  2.89437600   -1.12941400   -0.00001900 

 N                  2.05529100   -0.00942300   -0.00002600 
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 H                  1.33385200   -5.18500800    0.00000900 

 H                 -1.38155000   -5.17259900    0.00002000 

 H                 -0.00543400   -1.16387000   -0.00002000 

 H                 -5.16856900   -1.31443600   -0.00003200 

 H                 -5.15614700    1.36211000   -0.00005800 

 H                 -1.33385200    5.18500800    0.00001700 

 H                  1.38155000    5.17260000    0.00001400 

 H                  0.00543400    1.16387000    0.00017800 

 H                  5.16856900    1.31443600   -0.00006000 

 H                  5.15614700   -1.36211000   -0.00003700 

 Cl                -3.78215000    3.76762500   -0.00002900 

 Cl                 3.81681600    3.73269200   -0.00000500 

 Cl                 3.78215000   -3.76762500    0.00000300 

 Cl                -3.81681600   -3.73269200    0.00003000 

 

  

Cartesian coordinates of the DFT optimized structure [1-H] in the gas phase 

 C                 -1.14343900   -2.93229300    0.10314600 

 C                 -0.69813400   -4.18076000    0.57538800 

 C                  0.70640000   -4.17940200    0.57513500 

 C                  1.14914300   -2.93010900    0.10267800 

 N                  0.00206200   -2.16512500   -0.17434600 

 C                 -2.46855900   -2.44420400   -0.05409700 

 C                  2.47329700   -2.43952800   -0.05499100 

 C                  2.92263100   -1.13489100   -0.13702400 

 C                  4.28158900   -0.66788400   -0.32260500 

 C                  4.28682600    0.70186000   -0.28124900 

 C                  2.93454800    1.16058100   -0.08038200 

 N                  2.13505200    0.01529900   -0.01372600 

 C                  2.44125100    2.44610100    0.03609500 

 C                  1.10142900    2.88945200    0.14720000 

 C                  0.68180800    4.26932600    0.24928900 

 C                 -0.69005800    4.26805200    0.24883400 

 C                 -1.10704000    2.88736700    0.14668400 

 N                 -0.00203400    2.04144700    0.10645800 

 C                 -2.44599900    2.44148000    0.03519100 

 C                 -2.93676300    1.15496900   -0.08098300 

 C                 -4.28816100    0.69354900   -0.28154700 

 C                 -4.28030700   -0.67620300   -0.32201000 

 C                 -2.92039500   -1.14046300   -0.13647100 

 N                 -2.13497000    0.01127200   -0.01408200 

 H                 -1.34179700   -4.97852900    0.90866700 

 H                  1.35173100   -4.97591800    0.90819700 

 H                  0.00115800   -1.41200800   -0.84949000 

 H                  5.12885400   -1.31796500   -0.46686300 

 H                  5.14060700    1.35132900   -0.38649100 

 H                  1.15579100    0.09045800    0.22503800 

 H                  1.33568900    5.12482400    0.30283800 

 H                 -1.34557100    5.12232500    0.30193500 

 H                 -5.14320800    1.34130700   -0.38705800 

 H                 -5.12632900   -1.32802200   -0.46573100 

 H                 -1.15588200    0.08865200    0.22484400 

 Cl                -3.72557800    3.75556800    0.00743000 

 Cl                 3.71834400    3.76271900    0.00937500 

 Cl                 3.76090800   -3.74231200   -0.08158300 

 Cl                -3.75380500   -3.74942800   -0.07967500  
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Cartesian coordinates of the DFT optimized structure [1-H]– in the gas phase 

 C                 -1.14869700   -2.93888700    0.18089800 

 C                 -0.71182200   -4.09399200    0.82900500 

 C                  0.71170000   -4.09401400    0.82900200 

 C                  1.14860700   -2.93892200    0.18089400 

 N                 -0.00003500   -2.23402100   -0.21232500 

 C                 -2.47889100   -2.44234200   -0.06257000 

 C                  2.47881500   -2.44241700   -0.06257700 

 C                  2.92592900   -1.15102000   -0.14937200 

 C                  4.28715100   -0.67158600   -0.37042300 

 C                  4.29242700    0.69425900   -0.31982700 

 C                  2.94350300    1.16463400   -0.08576800 

 N                  2.14223600    0.00561500   -0.00740900 

 C                  2.45294300    2.43550300    0.04150400 

 C                  1.10752900    2.90699200    0.17938700 

 C                  0.69578100    4.26558700    0.32538600 

 C                 -0.69565200    4.26560800    0.32538100 

 C                 -1.10744100    2.90702600    0.17938400 

 N                  0.00003200    2.06111700    0.10823400 

 C                 -2.45286800    2.43557800    0.04149800 

 C                 -2.94346700    1.16472300   -0.08577200 

 C                 -4.29240500    0.69438900   -0.31983100 

 C                 -4.28717100   -0.67145700   -0.37042100 

 C                 -2.92596500   -1.15093200   -0.14936800 

 N                 -2.14223500    0.00567900   -0.00741000 

 H                 -1.35775100   -4.83946100    1.26577300 

 H                  1.35760800   -4.83950200    1.26576900 

 H                 -0.00002500   -1.51173500   -0.91822300 

 H                  5.13135800   -1.32239300   -0.53219800 

 H                  5.14554800    1.34384800   -0.43692500 

 H                  1.16209100    0.07950400    0.22383500 

 H                  1.34697800    5.12271500    0.40239100 

 H                 -1.34682300    5.12275700    0.40238300 

 H                 -5.14550500    1.34400400   -0.43693400 

 H                 -5.13139900   -1.32223800   -0.53219500 

 H                 -1.16209000    0.07953800    0.22383900 

 Cl                 3.76520900   -3.77421100   -0.18564800 

 Cl                 3.74311600    3.76944600   -0.01769500 

 Cl                -3.74300000    3.76956000   -0.01770700 

 Cl                -3.76532600   -3.77409800   -0.18563300 

 

 

Cartesian coordinates of the DFT optimized structure [1-HH] in the gas phase 

 C                  1.14592600   -2.89175600    0.31828900 

 C                  0.70926400   -4.05293300    0.96210100 

 C                 -0.70758500   -4.05322200    0.96210200 

 C                 -1.14472300   -2.89222900    0.31828200 

 N                  0.00045400   -2.17490600   -0.05213800 

 C                  2.47454300   -2.43808800   -0.00426700 

 C                 -2.47352500   -2.43911000   -0.00428000 

 C                 -2.90774100   -1.16326600   -0.21176500 

 C                 -4.20156200   -0.68259800   -0.66773100 

 C                 -4.20184400    0.68085000   -0.66771500 

 C                 -2.90822900    1.16204400   -0.21172500 

 N                 -2.11079700   -0.00044600    0.00543200 

 C                 -2.47454400    2.43807300   -0.00423100 
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 C                 -1.14592900    2.89177400    0.31824500 

 C                 -0.70926200    4.05310400    0.96178300 

 C                  0.70758300    4.05339700    0.96177700 

 C                  1.14472600    2.89224700    0.31824000 

 N                 -0.00045400    2.17481300   -0.05198800 

 C                  2.47352700    2.43909500   -0.00424200 

 C                  2.90774300    1.16324600   -0.21173300 

 C                  4.20156300    0.68259000   -0.66770600 

 C                  4.20184200   -0.68085700   -0.66774100 

 C                  2.90822800   -1.16206300   -0.21175700 

 N                  2.11079600    0.00042500    0.00542900 

 H                  1.35365400   -4.80940300    1.38099400 

 H                 -1.35166700   -4.80995600    1.38099400 

 H                  0.00030100   -1.42129900   -0.72412600 

 H                 -5.01010500   -1.33144600   -0.96560500 

 H                 -5.01065900    1.32936700   -0.96557000 

 H                 -1.35364900    4.80966900    1.38050700 

 H                  1.35166100    4.81023000    1.38049400 

 H                 -0.00029900    1.42113700   -0.72390000 

 H                  5.01010900    1.33144500   -0.96555700 

 H                  5.01065300   -1.32936800   -0.96562100 

 H                  1.40101700    0.00026700    0.72633900 

 H                 -1.40101700   -0.00031200    0.72634100 

 Cl                 3.71807000    3.77826200   -0.15477500 

 Cl                 3.71961200   -3.77676100   -0.15487000 

 Cl                -3.71803700   -3.77830100   -0.15488700 

 Cl                -3.71964500    3.77672200   -0.15476100 

 

 

Cartesian coordinates of the DFT optimized structure [1-HH]+ in the gas phase 

 C                 -1.15064300    2.89253900    0.26301600 

 C                 -0.70836500    4.12396800    0.79370700 

 C                  0.69083700    4.12691000    0.79379000 

 C                  1.13833200    2.89737000    0.26309400 

 N                 -0.00454900    2.13368300   -0.02481300 

 C                 -2.47195300    2.44157700   -0.00380600 

 C                  2.46152100    2.45207600   -0.00380900 

 C                  2.90073700    1.15909100   -0.21432700 

 C                  4.19113100    0.69458800   -0.66041100 

 C                  4.19406600   -0.67675900   -0.66038300 

 C                  2.90565600   -1.14676600   -0.21431000 

 N                  2.11447200    0.00448200    0.00963600 

 C                  2.47195300   -2.44161000   -0.00379200 

 C                  1.15065900   -2.89253200    0.26306200 

 C                  0.70836500   -4.12396900    0.79372000 

 C                 -0.69083700   -4.12691600    0.79372800 

 C                 -1.13832000   -2.89738200    0.26300700 

 N                  0.00455300   -2.13371300   -0.02489800 

 C                 -2.46153000   -2.45204000   -0.00382800 

 C                 -2.90071900   -1.15907100   -0.21433500 

 C                 -4.19117300   -0.69456800   -0.66038400 

 C                 -4.19408500    0.67674900   -0.66041400 

 C                 -2.90563000    1.14675000   -0.21432200 

 N                 -2.11452000   -0.00448100    0.00961600 

 H                 -1.35418800    4.91088900    1.14913100 

 H                  1.33331200    4.91653900    1.14928100 
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 H                 -0.00285100    1.38354200   -0.70252700 

 H                  4.99798700    1.34363900   -0.96188100 

 H                  5.00370100   -1.32234900   -0.96182500 

 H                  1.35417000   -4.91087500    1.14920900 

 H                 -1.33332900   -4.91654600    1.14918100 

 H                  0.00306500   -1.38360200   -0.70264800 

 H                 -4.99802200   -1.34363500   -0.96184100 

 H                 -5.00369600    1.32235800   -0.96188100 

 H                 -1.37238100   -0.00291400    0.69698000 

 H                  1.37263200    0.00291500    0.69735700 

 Cl                 3.73265700   -3.74415300   -0.07057900 

 Cl                 3.71663600    3.75999400   -0.07072400 

 Cl                -3.73265000    3.74411900   -0.07057500 

 Cl                -3.71664800   -3.75994800   -0.07067100 

 

 

Cartesian coordinates of the DFT optimized structure [1-HH]2+ in the gas phase 

 C                  1.15715600    2.88728300   -0.23505800 

 C                  0.70942800    4.15468000   -0.72322200 

 C                 -0.67288500    4.16071900   -0.72329500 

 C                 -1.13171100    2.89735700   -0.23495200 

 N                  0.00932500    2.11744700    0.02125700 

 C                  2.46851600    2.44682900   -0.00010600 

 C                 -2.44688600    2.46854600    0.00012500 

 C                 -2.88728900    1.15717300    0.23513800 

 C                 -4.15470300    0.70945400    0.72324300 

 C                 -4.16079800   -0.67287000    0.72319500 

 C                 -2.89736800   -1.13171300    0.23508500 

 N                 -2.11744700    0.00932300   -0.02111000 

 C                 -2.46852900   -2.44690300    0.00003000 

 C                 -1.15717200   -2.88727700   -0.23501100 

 C                 -0.70946900   -4.15462200   -0.72335000 

 C                  0.67284400   -4.16077500   -0.72317600 

 C                  1.13169500   -2.89736200   -0.23500600 

 N                 -0.00932200   -2.11744600    0.02125000 

 C                  2.44687300   -2.46847100   -0.00001200 

 C                  2.88729100   -1.15715200    0.23501000 

 C                  4.15471200   -0.70943800    0.72317500 

 C                  4.16081000    0.67285300    0.72312100 

 C                  2.89737100    1.13169100    0.23495400 

 N                  2.11743200   -0.00932300   -0.02115300 

 H                  1.35793900    4.94972400   -1.05750800 

 H                 -1.31437900    4.96139400   -1.05768500 

 H                  0.00604100    1.37387600    0.70766900 

 H                 -4.94976400    1.35793700    1.05754100 

 H                 -4.96155000   -1.31433600    1.05744900 

 H                 -1.35797800   -4.94960600   -1.05778500 

 H                  1.31433800   -4.96151000   -1.05741500 

 H                 -0.00607700   -1.37387100    0.70765900 

 H                  4.94976200   -1.35795000    1.05745200 

 H                  4.96155200    1.31434800    1.05735100 

 H                  1.37362400   -0.00605800   -0.70729100 

 H                 -1.37380600    0.00605800   -0.70744300 

 Cl                 3.71191400   -3.74472000    0.00012000 

 Cl                -3.74471400   -3.71190300   -0.00014700 

 Cl                -3.71188300    3.74473400    0.00002400 
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 Cl                 3.74474600    3.71188800   -0.00005900 

 

 

Cartesian coordinates of the DFT optimized structure of p-toluenesulfonic acid (TsOH) in the gas phase 

 C                 -2.70639100    0.00323200    0.01153100 

 C                 -1.98945400    1.21451900   -0.01436600 

 C                 -0.59055900    1.22731600   -0.06625800 

 C                  0.06356100    0.00104800   -0.08928500 

 C                 -0.59327000   -1.22559600   -0.06585800 

 C                 -1.99039300   -1.21080700   -0.01450300 

 H                 -2.52700300    2.15740900    0.00561000 

 H                 -0.03167000    2.15588800   -0.09389400 

 H                 -0.03504600   -2.15457100   -0.09319800 

 H                 -2.52953400   -2.15317200    0.00517100 

 C                 -4.21766700   -0.00153700    0.04661300 

 H                 -4.61491800    0.98190600    0.31519000 

 H                 -4.63149400   -0.27061900   -0.93432300 

 H                 -4.59733000   -0.73077500    0.77115400 

 S                  1.92056700   -0.00065400   -0.14691400 

 O                  2.49143300    1.40635000   -0.72948000 

 O                  2.48835300   -1.40934400   -0.72839600 

 O                  2.17480600   -0.00007200    1.66747600 

 H                  3.14622500   -0.00013000    1.85086500 

 

 

Cartesian coordinates of the DFT optimized structure of tosylate (TsO–) in the gas phase 

 C                 -2.68689900   -0.00053100   -0.00000200 

 C                 -1.96233400   -1.21002400   -0.00000300 

 C                 -0.56315200   -1.21004900    0.00000900 

 C                  0.11218400    0.00904500   -0.00000800 

 C                 -0.56754900    1.22035200   -0.00001500 

 C                 -1.97172600    1.20918700    0.00001300 

 H                 -2.49915400   -2.15672900    0.00001100 

 H                  0.00065100   -2.13690300    0.00002500 

 H                  0.00748700    2.14082400   -0.00000400 

 H                 -2.51521200    2.15177400    0.00002000 

 C                 -4.20256300   -0.01183700   -0.00000500 

 H                 -4.60078100   -0.52821000   -0.88413600 

 H                 -4.60079200   -0.52840700    0.88400500 

 H                 -4.60518800    1.00743700    0.00011100 

 S                  2.00583100    0.00433500   -0.00001100 

 O                  2.41758300   -0.81555100   -1.39042200 

 O                  2.41756900   -0.81561400    1.39039900 

 O                  2.38633900    1.62416400    0.00004900 

 

 

Cartesian coordinates of the DFT optimized structure of acetic acid (AcOH) in the gas phase 

 C                 -0.07469800    0.13141800   -0.00007000 

 O                 -0.61797500    1.23976300    0.00001000 

 C                  1.39726400   -0.14320700   -0.00001000 

 H                  1.66955000   -0.73161100    0.88256100 

 H                  1.66944800   -0.73284900   -0.88174500 

 H                  1.94500000    0.79925600   -0.00055300 

 O                 -0.81248000   -1.04153700   -0.00000400 

 H                 -1.77575100   -0.84987200    0.00016800 
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Cartesian coordinates of the DFT optimized structure of acetate (AcO–) in the gas phase 

 C                  0.19443700    0.00071300   -0.00002400 

 O                  0.80637500   -1.13131900   -0.00000800 

 C                 -1.35903900   -0.04379300    0.00003300 

 H                 -1.74257600    0.48128500    0.88575800 

 H                 -1.74272700    0.48243400   -0.88493600 

 H                 -1.72137600   -1.07753900   -0.00057200 

 O                  0.71791200    1.17785700   -0.00003000 

  

 

Cartesian coordinates of the solvated DFT optimized structure [1] in THF 

 C                 -1.13633000    2.91143200   -0.00019300 

 C                 -0.68783000    4.27783000   -0.00038400 

 C                  0.68781100    4.27783300   -0.00035100 

 C                  1.13631700    2.91143700   -0.00019000 

 N                 -0.00000500    2.11601900   -0.00031100 

 C                 -2.44407200    2.42444700   -0.00008400 

 C                  2.44406100    2.42445800   -0.00008300 

 C                  2.89675000    1.10114800    0.00017400 

 C                  4.29631900    0.68093900    0.00048600 

 C                  4.29632100   -0.68092900    0.00043100 

 C                  2.89673900   -1.10112800    0.00020700 

 N                  2.05481800    0.00000500    0.00074800 

 C                  2.44406900   -2.42443600   -0.00002200 

 C                  1.13632300   -2.91142700   -0.00012300 

 C                  0.68782900   -4.27783800   -0.00031500 

 C                 -0.68781000   -4.27784100   -0.00026100 

 C                 -1.13631000   -2.91143200   -0.00009700 

 N                  0.00000500   -2.11602700   -0.00030300 

 C                 -2.44405800   -2.42444700    0.00002600 

 C                 -2.89673400   -1.10114100    0.00023200 

 C                 -4.29631800   -0.68094800    0.00046700 

 C                 -4.29632300    0.68092000    0.00046900 

 C                 -2.89675500    1.10113600    0.00017600 

 N                 -2.05481800   -0.00000400    0.00071100 

 H                 -1.33498700    5.13925500   -0.00046100 

 H                  1.33496400    5.13926100   -0.00040400 

 H                 -0.00000200    1.10188000   -0.00040900 

 H                  5.15215800    1.33697500    0.00050300 

 H                  5.15216300   -1.33696200    0.00041300 

 H                  1.33500800   -5.13924500   -0.00039400 

 H                 -1.33498500   -5.13925100   -0.00029900 

 H                  0.00000200   -1.10188700   -0.00045000 

 H                 -5.15215700   -1.33698500    0.00047900 

 H                 -5.15216500    1.33695200    0.00047300 

 Cl                 3.74161100   -3.72156600   -0.00014000 

 Cl                -3.74159400   -3.72158300   -0.00002600 

 Cl                -3.74161000    3.72156500   -0.00018900 

 Cl                 3.74159400    3.72158100   -0.00015900 

 

 

Cartesian coordinates of the solvated DFT optimized structure [1] ̇ – in THF 

 C                 -1.13944200   -2.94259700    0.00002800 

 C                 -0.69833900   -4.29179500    0.00005900 

 C                  0.70005400   -4.29151900    0.00004300 

 C                  1.14062300   -2.94214500    0.00002800 
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 N                  0.00043200   -2.14443400    0.00013500 

 C                 -2.45636100   -2.42474700   -0.00000100 

 C                  2.45733500   -2.42377000   -0.00000100 

 C                  2.89912200   -1.10898500   -0.00000900 

 C                  4.30163500   -0.67888200   -0.00004700 

 C                  4.30136500    0.68059200   -0.00003100 

 C                  2.89868600    1.11014200   -0.00001200 

 N                  2.05324700    0.00040500   -0.00004200 

 C                  2.45636100    2.42474100    0.00000900 

 C                  1.13944300    2.94260000    0.00000500 

 C                  0.69834000    4.29179400    0.00000400 

 C                 -0.70005500    4.29151800    0.00002000 

 C                 -1.14062400    2.94214800    0.00000400 

 N                 -0.00043200    2.14443700   -0.00005100 

 C                 -2.45733400    2.42376500    0.00000700 

 C                 -2.89913200    1.10898800   -0.00002200 

 C                 -4.30163800    0.67887300   -0.00002700 

 C                 -4.30136200   -0.68060100   -0.00007200 

 C                 -2.89867600   -1.11013900   -0.00001700 

 N                 -2.05324800   -0.00040900   -0.00006800 

 H                 -1.34244300   -5.15592100    0.00005700 

 H                  1.34450000   -5.15539000    0.00002900 

 H                  0.00023100   -1.12974000    0.00021500 

 H                  5.15885300   -1.33424300   -0.00006100 

 H                  5.15832100    1.33629500   -0.00003300 

 H                  1.34244300    5.15592000    0.00001200 

 H                 -1.34450000    5.15538900    0.00003800 

 H                 -0.00023100    1.12974300   -0.00009200 

 H                 -5.15885800    1.33423100   -0.00001400 

 H                 -5.15831500   -1.33630700   -0.00009200 

 Cl                -3.76665700    3.73222600    0.00005500 

 Cl                -3.76516200   -3.73371800   -0.00003200 

 Cl                 3.76665500   -3.73222100   -0.00004200 

 Cl                 3.76516400    3.73372100    0.00003700 

 

 

Cartesian coordinates of the solvated DFT optimized structure [1]2– in THF 

 C                  1.19229600   -2.95723900    0.00002200 

 C                  0.78042500   -4.30035300    0.00001700 

 C                 -0.64066900   -4.32326600    0.00002100 

 C                 -1.09563600   -2.99421400    0.00002700 

 N                  0.03540000   -2.17599000    0.00005800 

 C                  2.50755400   -2.38651600    0.00000500 

 C                 -2.42863900   -2.46624400    0.00001300 

 C                 -2.87992900   -1.16455700    0.00000200 

 C                 -4.29160000   -0.74891400   -0.00002400 

 C                 -4.31378300    0.60940200   -0.00005600 

 C                 -2.91639100    1.07087000    0.00000800 

 N                 -2.04856000   -0.03302300    0.00000200 

 C                 -2.50755400    2.38651600    0.00001100 

 C                 -1.19229600    2.95723900    0.00005400 

 C                 -0.78042500    4.30035300    0.00006200 

 C                  0.64066900    4.32326600    0.00004500 

 C                  1.09563600    2.99421400    0.00005700 

 N                 -0.03540000    2.17599000    0.00020900 

 C                  2.42863900    2.46624400    0.00001900 
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 C                  2.87992900    1.16455700    0.00002100 

 C                  4.29160000    0.74891400   -0.00005500 

 C                  4.31378300   -0.60940200   -0.00001000 

 C                  2.91639100   -1.07087000    0.00000600 

 N                  2.04856000    0.03302300    0.00002100 

 H                  1.43690200   -5.15607800    0.00000100 

 H                 -1.26921700   -5.19966300    0.00000800 

 H                  0.01909500   -1.16024900    0.00008600 

 H                 -5.13977000   -1.41748200   -0.00003600 

 H                 -5.18340000    1.24979900   -0.00009100 

 H                 -1.43690200    5.15607800    0.00003200 

 H                  1.26921700    5.19966300    0.00000300 

 H                 -0.01909500    1.16024900    0.00033100 

 H                  5.13977000    1.41748200   -0.00009800 

 H                  5.18340000   -1.24979900   -0.00002400 

 Cl                -3.85181300    3.68494100   -0.00008400 

 Cl                 3.73079900    3.80686600   -0.00009300 

 Cl                 3.85181300   -3.68494100   -0.00003500 

 Cl                -3.73079900   -3.80686600   -0.00000800 

 

 

Cartesian coordinates of the solvated DFT optimized structure [1-H] in THF 

 C                 -1.14242700   -2.93112800    0.10564600 

 C                 -0.69930200   -4.16214900    0.62716400 

 C                  0.70501200   -4.16124000    0.62693800 

 C                  1.14636700   -2.92959200    0.10543500 

 N                  0.00142200   -2.17810300   -0.20441300 

 C                 -2.46676900   -2.44313600   -0.06194800 

 C                  2.47003800   -2.43981900   -0.06248800 

 C                  2.92176800   -1.13676000   -0.14909600 

 C                  4.28189300   -0.67028500   -0.33630800 

 C                  4.28810700    0.69876700   -0.28977700 

 C                  2.93419400    1.15737200   -0.08438300 

 N                  2.13591600    0.01280500   -0.01952100 

 C                  2.44202000    2.44281300    0.03631800 

 C                  1.10329300    2.89283900    0.14960900 

 C                  0.68437600    4.27128700    0.26439300 

 C                 -0.69014700    4.27039900    0.26409100 

 C                 -1.10722700    2.89140600    0.14921800 

 N                 -0.00141300    2.04691600    0.10015300 

 C                 -2.44528100    2.43960800    0.03560000 

 C                 -2.93570700    1.15346700   -0.08489900 

 C                 -4.28903600    0.69299800   -0.28988200 

 C                 -4.28101500   -0.67607400   -0.33571400 

 C                 -2.92021900   -1.14066300   -0.14888800 

 N                 -2.13585200    0.01000700   -0.01999000 

 H                 -1.34117400   -4.94532600    0.99719800 

 H                  1.34802000   -4.94360100    0.99674000 

 H                  0.00088800   -1.46136100   -0.91893800 

 H                  5.13064500   -1.31748600   -0.48537400 

 H                  5.14410000    1.34539100   -0.39490100 

 H                  1.15359900    0.08014400    0.20759100 

 H                  1.33604900    5.12828500    0.32718000 

 H                 -1.34296700    5.12654100    0.32661000 

 H                 -5.14594700    1.33842700   -0.39489300 

 H                 -5.12897000   -1.32445200   -0.48414900 
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 H                 -1.15344600    0.07890200    0.20633800 

 Cl                -3.72816400    3.75608600    0.01204800 

 Cl                 3.72314700    3.76100100    0.01336600 

 Cl                 3.75835300   -3.74627900   -0.08698400 

 Cl                -3.75339300   -3.75124900   -0.08567500 

 

 

Cartesian coordinates of the solvated DFT optimized structure [1-H]– in THF 

 C                 -1.14897800   -2.92242200    0.20970200 

 C                 -0.71454900   -4.01568900    0.96128300 

 C                  0.70852200   -4.01681000    0.96116500 

 C                  1.14455000   -2.92412300    0.20966300 

 N                 -0.00173200   -2.25953300   -0.24750400 

 C                 -2.47943700   -2.44125800   -0.07005300 

 C                  2.47572200   -2.44494600   -0.07012800 

 C                  2.92727700   -1.15752500   -0.17094500 

 C                  4.28612000   -0.67802300   -0.41184900 

 C                  4.29348500    0.68662800   -0.35445600 

 C                  2.94515200    1.15731700   -0.09740400 

 N                  2.14621700   -0.00113000   -0.01115900 

 C                  2.45805200    2.42774700    0.04178900 

 C                  1.11176500    2.90106500    0.19580300 

 C                  0.70098700    4.25387700    0.37925300 

 C                 -0.69460300    4.25488400    0.37934400 

 C                 -1.10736000    2.90270700    0.19566400 

 N                  0.00158500    2.05863500    0.10074700 

 C                 -2.45434300    2.43139500    0.04154900 

 C                 -2.94334600    1.16170600   -0.09773700 

 C                 -4.29240300    0.69305700   -0.35472100 

 C                 -4.28713500   -0.67161000   -0.41194000 

 C                 -2.92901200   -1.15316000   -0.17107400 

 N                 -2.14611700    0.00206300   -0.01178800 

 H                 -1.35840000   -4.71697800    1.46959400 

 H                  1.35134800   -4.71909800    1.46939200 

 H                 -0.00128000   -1.60737500   -1.01927700 

 H                  5.13054000   -1.32471300   -0.58938800 

 H                  5.14819800    1.33243600   -0.48094500 

 H                  1.16229200    0.06281800    0.20432300 

 H                  1.34959200    5.11091400    0.48101500 

 H                 -1.34195700    5.11286000    0.48116500 

 H                 -5.14615100    1.34015400   -0.48114500 

 H                 -5.13256400   -1.31703300   -0.58928700 

 H                 -1.16200100    0.06454600    0.20325300 

 Cl                 3.74855200   -3.78761500   -0.21510500 

 Cl                 3.74430300    3.76415200   -0.02484900 

 Cl                -3.73862000    3.76970900   -0.02486900 

 Cl                -3.75435600   -3.78199100   -0.21460200 

 

 

Cartesian coordinates of the solvated DFT optimized structure [1-HH] in THF 

 C                  1.05567700   -2.91327900    0.31949700 

 C                  0.59419200   -3.99217500    1.08148300 

 C                 -0.82282300   -3.94759500    1.09761900 

 C                 -1.23199700   -2.84109600    0.34555400 

 N                 -0.07227500   -2.21044600   -0.11634700 

 C                  2.39473800   -2.51024200   -0.03330000 
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 C                 -2.54803400   -2.35668600    0.01111100 

 C                 -2.94976600   -1.07055600   -0.20203700 

 C                 -4.22599400   -0.55615200   -0.68092500 

 C                 -4.18254600    0.80627100   -0.69745200 

 C                 -2.87650600    1.24911400   -0.22754900 

 N                 -2.13588300    0.06758400    0.02224200 

 C                 -2.39474900    2.51011500   -0.03242400 

 C                 -1.05568800    2.91327100    0.32007200 

 C                 -0.59413200    3.99331500    1.08041600 

 C                  0.82285700    3.94871600    1.09659600 

 C                  1.23201300    2.84106600    0.34619100 

 N                  0.07224400    2.20964300   -0.11459500 

 C                  2.54804900    2.35654300    0.01206400 

 C                  2.94981200    1.07045400   -0.20139600 

 C                  4.22600500    0.55625400   -0.68058100 

 C                  4.18252300   -0.80615900   -0.69780300 

 C                  2.87651000   -1.24920200   -0.22798600 

 N                  2.13594700   -0.06776300    0.02247100 

 H                  1.22059000   -4.71814200    1.57627700 

 H                 -1.48204900   -4.63396700    1.60599800 

 H                 -0.06298000   -1.53025500   -0.86307700 

 H                 -5.05180600   -1.18079300   -0.98329100 

 H                 -4.96748500    1.47454800   -1.01493800 

 H                 -1.22048200    4.72011600    1.57403400 

 H                  1.48210300    4.63590900    1.60382700 

 H                  0.06291000    1.52826100   -0.86022000 

 H                  5.05180300    1.18102200   -0.98272300 

 H                  4.96741100   -1.47430200   -1.01569500 

 H                  1.36544300   -0.05435800    0.67470200 

 H                 -1.36530100    0.05384700    0.67437300 

 Cl                 3.82947200    3.67114000   -0.14825300 

 Cl                 3.58676800   -3.90166000   -0.23008500 

 Cl                -3.82936700   -3.67134000   -0.14972500 

 Cl                -3.58694600    3.90145600   -0.22844100 

 

 

Cartesian coordinates of the solvated DFT optimized structure [1-HH]+ in THF 

 C                 -1.38202500    2.78763000    0.26507300 

 C                 -1.03866000    4.04566900    0.81125900 

 C                  0.35406600    4.16484000    0.79444300 

 C                  0.89339600    2.98209700    0.23822700 

 N                 -0.18405000    2.13915400   -0.05834700 

 C                 -2.66257200    2.22517800    0.01892100 

 C                  2.24691400    2.64202300   -0.02707900 

 C                  2.79797500    1.39010000   -0.21437200 

 C                  4.12237700    1.03212700   -0.66558600 

 C                  4.24017700   -0.33284100   -0.64802800 

 C                  2.99496100   -0.90097000   -0.18740900 

 N                  2.12132900    0.18073200    0.03915000 

 C                  2.66257200   -2.22517800    0.01892800 

 C                  1.38202400   -2.78763100    0.26507300 

 C                  1.03865600   -4.04567100    0.81125400 

 C                 -0.35407100   -4.16484100    0.79442800 

 C                 -0.89339700   -2.98209800    0.23821000 

 N                  0.18405000   -2.13915400   -0.05835400 

 C                 -2.24691400   -2.64202300   -0.02710300 
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 C                 -2.79797400   -1.39009900   -0.21439400 

 C                 -4.12237300   -1.03212400   -0.66561400 

 C                 -4.24017400    0.33284300   -0.64805000 

 C                 -2.99495900    0.90097100   -0.18742200 

 N                 -2.12133100   -0.18073300    0.03913800 

 H                 -1.74237600    4.76770700    1.19282400 

 H                  0.93387900    4.99634400    1.16128200 

 H                 -0.13021200    1.38725200   -0.73308100 

 H                  4.86788700    1.74164600   -0.98678100 

 H                  5.09660700   -0.91234800   -0.95314100 

 H                  1.74236800   -4.76770900    1.19282300 

 H                 -0.93388600   -4.99634600    1.16126300 

 H                  0.13022000   -1.38725500   -0.73309300 

 H                 -4.86788100   -1.74164300   -0.98681700 

 H                 -5.09660200    0.91235200   -0.95316500 

 H                 -1.36614400   -0.12571100    0.70995900 

 H                  1.36615200    0.12570900    0.70998400 

 Cl                 4.03377300   -3.42410700   -0.03178400 

 Cl                 3.39220900    4.05629000   -0.11930400 

 Cl                -4.03377300    3.42410600   -0.03179200 

 Cl                -3.39220800   -4.05629000   -0.11933900 

 

 

Cartesian coordinates of the solvated DFT optimized structure [1-HH]2+ in THF 

 C                 -0.81453200   -2.99612000   -0.23096500 

 C                 -0.22667200   -4.19820700   -0.74162100 

 C                  1.14418200   -4.04753000   -0.73525600 

 C                  1.45173400   -2.74649800   -0.22122400 

 N                  0.23416000   -2.11592000    0.05447900 

 C                 -2.16570200   -2.70460400   -0.00915600 

 C                  2.70465700   -2.16576300    0.00959500 

 C                  2.99603600   -0.81458900    0.23164600 

 C                  4.19859800   -0.22661400    0.74110500 

 C                  4.04787300    1.14421200    0.73467300 

 C                  2.74634300    1.45165600    0.22176400 

 N                  2.11550200    0.23403300   -0.05294100 

 C                  2.16572000    2.70460000   -0.00929900 

 C                  0.81455300    2.99613900   -0.23106800 

 C                  0.22663300    4.19829400   -0.74149300 

 C                 -1.14422200    4.04761000   -0.73499300 

 C                 -1.45172000    2.74650700   -0.22109400 

 N                 -0.23410800    2.11589100    0.05437200 

 C                 -2.70463400    2.16574400    0.00975800 

 C                 -2.99601400    0.81457400    0.23177900 

 C                 -4.19871100    0.22658300    0.74094900 

 C                 -4.04800200   -1.14423900    0.73452500 

 C                 -2.74634200   -1.45167500    0.22193000 

 N                 -2.11543400   -0.23404900   -0.05256100 

 H                 -0.78257500   -5.04980400   -1.09885600 

 H                  1.87481300   -4.75797600   -1.08664900 

 H                  0.14920900   -1.37241900    0.73618900 

 H                  5.05060500   -0.78244600    1.09746600 

 H                  4.75867800    1.87493500    1.08513800 

 H                  0.78249000    5.04995500   -1.09864300 

 H                 -1.87489500    4.75811000   -1.08618800 

 H                 -0.14901600    1.37236400    0.73604500 
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 H                 -5.05082100    0.78241000    1.09706600 

 H                 -4.75891700   -1.87497200    1.08474600 

 H                 -1.37010100   -0.14897200   -0.73221200 

 H                  1.37057500    0.14890500   -0.73306500 

 Cl                -4.11379600    3.29528900    0.02052200 

 Cl                 3.29554100    4.11352600   -0.02140200 

 Cl                 4.11381300   -3.29530900    0.02033600 

 Cl                -3.29553200   -4.11352000   -0.02144600 

 

 

Cartesian coordinates of the solvated DFT optimized structure of p-toluenesulfonic acid (TsOH) in THF 

 C                 -2.71175200    0.00000200   -0.01491500 

 C                 -1.99502100   -1.21358300    0.00809400 

 C                 -0.59717200   -1.22893300    0.05809300 

 C                  0.05631800    0.00001200    0.08211600 

 C                 -0.59717600    1.22894900    0.05808200 

 C                 -1.99502900    1.21358700    0.00808400 

 H                 -2.53181500   -2.15637900   -0.01249900 

 H                 -0.04590200   -2.16153600    0.08129600 

 H                 -0.04590800    2.16155300    0.08127600 

 H                 -2.53182600    2.15638100   -0.01251700 

 C                 -4.22166100   -0.00001200   -0.03747800 

 H                 -4.61351900   -0.88776400   -0.54331300 

 H                 -4.62281300   -0.00021900    0.98502900 

 H                 -4.61354500    0.88792300   -0.54297100 

 S                  1.91247200   -0.00001000    0.14078600 

 O                  2.49950100   -1.39848900    0.74115100 

 O                  2.49949500    1.39837400    0.74138100 

 O                  2.20107400    0.00009200   -1.65993000 

 H                  3.17418600    0.00023600   -1.84215400 

 

 

Cartesian coordinates of the solvated DFT optimized structure of tosylate (TsO–) in THF 

 C                 -2.69346900    0.00223700    0.01069000 

 C                 -1.97195900   -1.20857800    0.00066600 

 C                 -0.57244500   -1.21562400   -0.02082300 

 C                  0.09836800    0.00554500   -0.03773600 

 C                 -0.57342200    1.22375300   -0.02103000 

 C                 -1.97538500    1.21257200    0.00113700 

 H                 -2.50797100   -2.15345100    0.01046600 

 H                 -0.01795500   -2.14698600   -0.03550900 

 H                 -0.02088100    2.15625800   -0.03475800 

 H                 -2.51359100    2.15590000    0.01158600 

 C                 -4.20623400   -0.00522100    0.01432900 

 H                 -4.60076700   -0.28292500   -0.97224900 

 H                 -4.59955900   -0.73014900    0.73624400 

 H                 -4.60905500    0.98044500    0.26712800 

 S                  1.97633500    0.00020700   -0.00058300 

 O                  2.44518600   -1.34834000   -0.86105700 

 O                  2.43240300   -0.09602100    1.60551300 

 O                  2.44937100    1.43554700   -0.70157700 
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Cartesian coordinates of the DFT optimized structure of acetic acid (AcOH) in THF 

  C                 -0.07469800    0.13141800   -0.00007000 

 O                 -0.61797500    1.23976300    0.00001000 

 C                  1.39726400   -0.14320700   -0.00001000 

 H                  1.66955000   -0.73161100    0.88256100 

 H                  1.66944800   -0.73284900   -0.88174500 

 H                  1.94500000    0.79925600   -0.00055300 

 O                 -0.81248000   -1.04153700   -0.00000400 

 H                 -1.77575100   -0.84987200    0.00016800 

  

 

Cartesian coordinates of the DFT optimized structure of acetate (AcO–) in THF 

 C                  0.19443700    0.00071300   -0.00002400 

 O                  0.80637500   -1.13131900   -0.00000800 

 C                 -1.35903900   -0.04379300    0.00003300 

 H                 -1.74257600    0.48128500    0.88575800 

 H                 -1.74272700    0.48243400   -0.88493600 

 H                 -1.72137600   -1.07753900   -0.00057200 

 O                  0.71791200    1.17785700   -0.00003000 
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Chapter 3: Hydrogen Evolution Catalyzed by a Metal-Free Corrole: Experimental and Theoretical 

Mechanistic Study 

 
 

Cartesian coordinates of the DFT optimized structure [C-3H] in the gas phase 

 C                  2.95972800   -3.15766500    0.35083100 

 C                  1.75009100   -3.86811300    0.29325600 

 C                  0.72629800   -2.96761500   -0.11275100 

 N                  1.35320300   -1.76218300   -0.33720000 

 C                  2.69961100   -1.80427700   -0.02092200 

 C                  2.51429300    2.93516000   -0.25269800 

 C                  3.49107200    1.95618900   -0.27216000 

 C                  2.88299800    0.68413700   -0.03014900 

 N                  1.49678900    0.94651500    0.13753500 

 C                  1.24228400    2.32319100    0.00475000 

 C                  3.43150900   -0.60024800   -0.00249500 

 C                 -3.57312900    1.94079300    0.14067100 

 C                 -2.59830300    2.92425600    0.18948400 

 C                 -1.30635600    2.29831300    0.08891400 

 N                 -1.55117200    0.93816800   -0.01232700 

 C                 -2.92153000    0.67425200    0.01265800 

 C                 -0.03007400    2.89780800    0.06243200 

 C                 -1.75058500   -3.90117600   -0.04918800 

 C                 -2.94626900   -3.20685600   -0.05494300 

 C                 -2.61393200   -1.79568100   -0.13967400 

 N                 -1.23749100   -1.66003600   -0.21540800 

 C                 -0.69718900   -2.91508500   -0.14527900 

 C                 -3.40672100   -0.64183300   -0.05699900 

 Cl                 5.24731900   -0.73568500    0.06674700 

 Cl                -0.04296500    4.73503800    0.05213400 

 Cl                -5.21381200   -0.85187000    0.01917500 

 H                  3.91671800   -3.53968100    0.67134500 

 H                  1.60577200   -4.90184800    0.56912300 

 H                  0.87345300   -0.99431000   -0.77662200 

 H                  2.65575900    3.98758600   -0.43843200 

 H                  4.54036400    2.09829200   -0.47895400 

 H                  0.91600900    0.34585300    0.70776900 

 H                 -4.64085500    2.08530200    0.19348800 

 H                 -2.75698100    3.98560800    0.28886400 

 H                 -0.93747800    0.12684900   -0.14890900 

 H                 -1.62173700   -4.97256900    0.01143700 

 H                 -3.94233000   -3.61880700    0.01130400 

 

 

Cartesian coordinates of the DFT optimized structure [C-3H] ̇ – in the gas phase 

 C                  2.97542300   -3.14618600    0.42697500 

 C                  1.74844000   -3.87301100    0.37350900 

 C                  0.74025500   -2.99706500   -0.06711100 

 N                  1.36886800   -1.79266300   -0.32017900 

 C                  2.71512600   -1.81909900    0.01427800 

 C                  2.50447100    2.94992700   -0.27138000 

 C                  3.49725900    1.96545800   -0.30983100 

 C                  2.89971300    0.69634300   -0.04881100 

 N                  1.51695000    0.95874300    0.14519900 

 C                  1.25360900    2.34217500    0.01088500 
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 C                  3.44226400   -0.59461300   -0.01125800 

 C                 -3.58238900    1.94530800    0.13052000 

 C                 -2.60917800    2.92526900    0.19080900 

 C                 -1.30723200    2.30456400    0.09728800 

 N                 -1.55721700    0.93508800   -0.00751200 

 C                 -2.93404400    0.66719500    0.00714300 

 C                 -0.04246500    2.89736900    0.08169500 

 C                 -1.74578300   -3.91866200   -0.06014300 

 C                 -2.96004400   -3.21027800   -0.07024600 

 C                 -2.62412100   -1.81928500   -0.13544500 

 N                 -1.24363100   -1.68327800   -0.18474800 

 C                 -0.70440900   -2.94724900   -0.12517100 

 C                 -3.41249400   -0.63586900   -0.07067800 

 Cl                 5.28057400   -0.72670700   -0.01585700 

 Cl                -0.05629900    4.75524900    0.10289400 

 Cl                -5.24271300   -0.84766400   -0.03480100 

 H                  3.93047800   -3.51735000    0.76724700 

 H                  1.60316800   -4.89703500    0.68576600 

 H                  0.88014800   -1.02745100   -0.75401800 

 H                  2.64036600    4.00233900   -0.46516400 

 H                  4.54192400    2.11157100   -0.53620700 

 H                  0.93940300    0.35030800    0.70871600 

 H                 -4.65110100    2.09025300    0.17329700 

 H                 -2.76831900    3.98733800    0.29008400 

 H                 -0.94228100    0.12326700   -0.12900400 

 H                 -1.62410900   -4.99301900   -0.01438400 

 H                 -3.95742200   -3.62411500   -0.02185600 

 

 

Cartesian coordinates of the DFT optimized structure [C-3H]2– in the gas phase 

C                  2.95470700   -3.12644800    0.63618500 

 C                  1.71974900   -3.87073600    0.53669900 

 C                  0.74805100   -3.02532700   -0.00644600 

 N                  1.39897900   -1.83697300   -0.29263900 

 C                  2.72339900   -1.83402500    0.13776300 

 C                  2.49750100    2.94290800   -0.33232600 

 C                  3.50110000    1.95988100   -0.35934600 

 C                  2.91863900    0.69301000   -0.01594900 

 N                  1.54016600    0.96693500    0.21090600 

 C                  1.26279400    2.35728000    0.02519700 

 C                  3.45281900   -0.59128900    0.07607700 

 C                 -3.58642500    1.95186300    0.14984100 

 C                 -2.60927200    2.92796700    0.24715100 

 C                 -1.30678400    2.31929900    0.11870800 

 N                 -1.56099200    0.94232700   -0.04086200 

 C                 -2.94133400    0.66749900   -0.02113700 

 C                 -0.04102100    2.89650200    0.10415000 

 C                 -1.74554100   -3.93822700   -0.11090500 

 C                 -2.97656900   -3.21567900   -0.14477800 

 C                 -2.63441500   -1.83843900   -0.17772800 

 N                 -1.24964900   -1.70503800   -0.18129200 

 C                 -0.71130400   -2.97726100   -0.12610000 

 C                 -3.41460600   -0.62635700   -0.12251700 

 Cl                 5.31030800   -0.73211800   -0.21857300 

 Cl                -0.05673000    4.78922900    0.15921600 

 Cl                -5.27070700   -0.83516800   -0.09444900 
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 H                  3.88895500   -3.47942600    1.05061800 

 H                  1.55170800   -4.87511300    0.90231100 

 H                  0.91760000   -1.06292200   -0.72075800 

 H                  2.62290600    3.98680000   -0.58154200 

 H                  4.53894900    2.10060600   -0.61953800 

 H                  0.97113900    0.37466100    0.79840300 

 H                 -4.65566400    2.09725400    0.20040500 

 H                 -2.76930100    3.98714600    0.38373500 

 H                 -0.93603700    0.13926900   -0.14740700 

 H                 -1.63094200   -5.01617300   -0.08073500 

 H                 -3.97657400   -3.63041500   -0.13081800 

 

 

Cartesian coordinates of the DFT optimized structure [C-4H]– in the gas phase 

 C                  3.09935800   -3.12689000    0.10948800 

 C                  1.89173400   -3.90072200   -0.02061100 

 C                  0.82406300   -3.01540700   -0.16552800 

 N                  1.37720400   -1.74015200   -0.15005900 

 C                  2.75165500   -1.77194200    0.03000800 

 C                  2.44908600    3.00255100   -0.14893600 

 C                  3.45858400    2.04868800   -0.18372100 

 C                  2.89399200    0.75498900    0.08986900 

 N                  1.47587800    0.97660800    0.34469400 

 C                  1.20161700    2.39388500    0.15302600 

 C                  3.44852100   -0.50832700    0.06480700 

 C                 -3.60848000    1.87466400   -0.08602000 

 C                 -2.66648800    2.88571100    0.05806900 

 C                 -1.35840900    2.31832400    0.10792700 

 N                 -1.56294400    0.91817800   -0.00115300 

 C                 -2.92855500    0.60129900   -0.10973400 

 C                 -0.09471300    2.91805400    0.14385300 

 C                 -1.57610000   -3.85823000    0.49661800 

 C                 -2.82893300   -3.15069600    0.52646000 

 C                 -2.64155300   -1.90826700   -0.08620700 

 N                 -1.30761700   -1.88914400   -0.53053900 

 C                 -0.63433900   -3.06721700   -0.14669500 

 C                 -3.41500400   -0.69984000   -0.18447900 

 Cl                 5.28390700   -0.61527600   -0.10949900 

 Cl                -0.14575800    4.78183200    0.10876900 

 Cl                -5.25368100   -0.91201100   -0.15639600 

 H                  4.09998800   -3.51333800    0.22817900 

 H                  1.82161300   -4.97853300    0.00789200 

 H                  0.88272000   -0.86776100   -0.25807000 

 H                  2.56571800    4.05056300   -0.38272700 

 H                  4.49280300    2.21567800   -0.44179700 

 H                  1.14450900    0.58693500    1.22637700 

 H                 -4.67823300    1.99128300   -0.15843400 

 H                 -2.86951900    3.94464700    0.10397900 

 H                 -0.84250700    0.23179700    0.12512100 

 H                 -1.36998200   -4.79593600    0.99343000 

 H                 -3.73710700   -3.47686400    1.01020500 

 H                 -1.01984000   -1.31794300   -1.31277400 
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Cartesian coordinates of the DFT optimized structure [C-4H] in the gas phase 

 C                  3.04226200   -3.13859700    0.16717400 

 C                  1.83825200   -3.88700200    0.05762400 

 C                  0.78522900   -2.98811700   -0.18458000 

 N                  1.36142400   -1.72942400   -0.24450800 

 C                  2.72624700   -1.77642500   -0.00747700 

 C                  2.48123100    2.97703700   -0.15917500 

 C                  3.47242600    2.01212100   -0.19478600 

 C                  2.89341900    0.72815400    0.06939100 

 N                  1.48288600    0.96160700    0.29950000 

 C                  1.22252800    2.36458100    0.12998800 

 C                  3.44646800   -0.54108100    0.03837300 

 C                 -3.58038800    1.90033700   -0.09184600 

 C                 -2.62687400    2.90307200    0.02964200 

 C                 -1.33020000    2.30923900    0.10639900 

 N                 -1.54770900    0.92481400    0.03559800 

 C                 -2.91686000    0.63029100   -0.08323500 

 C                 -0.05812400    2.91652000    0.14035600 

 C                 -1.62445900   -3.85940100    0.37124200 

 C                 -2.86361300   -3.15734300    0.40890300 

 C                 -2.65744600   -1.87199100   -0.11936300 

 N                 -1.31104000   -1.82252600   -0.52584900 

 C                 -0.65758300   -3.02560400   -0.19358100 

 C                 -3.42609700   -0.67316400   -0.13316700 

 Cl                 5.26490200   -0.66769500   -0.03467100 

 Cl                -0.09677900    4.75537400    0.09872800 

 Cl                -5.23886000   -0.86729900   -0.05438400 

 H                  4.02718600   -3.53269600    0.36283500 

 H                  1.74398600   -4.95745500    0.16000500 

 H                  0.88903800   -0.86011100   -0.43275900 

 H                  2.60782200    4.02578500   -0.37789000 

 H                  4.51004900    2.16817400   -0.44606100 

 H                  1.09529300    0.51998500    1.13062700 

 H                 -4.64691900    2.03094000   -0.18235700 

 H                 -2.81293700    3.96479300    0.04514500 

 H                 -0.85019200    0.21809700    0.18000900 

 H                 -1.43882000   -4.83218000    0.80217800 

 H                 -3.78321600   -3.50811100    0.85110700 

 H                 -1.03618800   -1.26073100   -1.32174300 

 

 

Cartesian coordinates of the DFT optimized structure [C-4H]+ in the gas phase 

 C                 -2.99729200   -3.14196900   -0.20895800 

 C                 -1.80393100   -3.86330000   -0.11205000 

 C                 -0.75613600   -2.95321000    0.21361100 

 N                 -1.35505700   -1.71151300    0.32949000 

 C                 -2.70977000   -1.76494700    0.03902800 

 C                 -2.48634000    2.95737200    0.23316000 

 C                 -3.47481200    1.98454100    0.26038400 

 C                 -2.89160600    0.71969400   -0.03268000 

 N                 -1.49527000    0.96254400   -0.25518400 

 C                 -1.23582800    2.34561200   -0.08418500 

 C                 -3.44622200   -0.56579800   -0.03309200 

 C                  3.56497800    1.90987300    0.06874600 

 C                  2.61185300    2.90403300   -0.03505000 

 C                  1.30911900    2.29686200   -0.09885800 
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 N                  1.53140900    0.92345500   -0.03090100 

 C                  2.90442300    0.63723600    0.07010800 

 C                  0.04594800    2.91505600   -0.12804500 

 C                  1.64960300   -3.85408400   -0.27298700 

 C                  2.87158200   -3.16391400   -0.31603900 

 C                  2.66131200   -1.84493700    0.16201800 

 N                  1.31131100   -1.77748500    0.55577500 

 C                  0.66156000   -2.98626000    0.24642100 

 C                  3.42520100   -0.66291500    0.10462600 

 Cl                -5.24475400   -0.70255900   -0.09058700 

 Cl                 0.07632600    4.73607500   -0.11338300 

 Cl                 5.21432700   -0.85080100   -0.05413300 

 H                 -3.96787400   -3.53653200   -0.46657800 

 H                 -1.68593700   -4.92418300   -0.27226700 

 H                 -0.90852500   -0.85645400    0.61546200 

 H                 -2.61295400    4.00205600    0.46864400 

 H                 -4.51075200    2.13302800    0.52425800 

 H                 -1.05310000    0.47004800   -1.02598100 

 H                  4.63199300    2.04600300    0.14956800 

 H                  2.79085300    3.96671200   -0.05264500 

 H                  0.84641500    0.20431700   -0.17613600 

 H                  1.47113700   -4.84615500   -0.66025800 

 H                  3.79625700   -3.53043600   -0.73507800 

 H                  1.05359400   -1.22724200    1.36755000 

 

 

Cartesian coordinates of the DFT optimized structure [C-2H]– in the gas phase 

 C                  2.97556600   -3.20886700   -0.00005400 

 C                  1.77307800   -3.90818100    0.00011900 

 C                  0.71878200   -2.92117400    0.00013000 

 N                  1.26383800   -1.66881900    0.00023600 

 C                  2.63590800   -1.79968000   -0.00005900 

 C                  2.57587300    2.95145000    0.00011100 

 C                  3.55133900    1.96866000   -0.00008300 

 C                  2.90239800    0.68741800   -0.00017100 

 N                  1.53163100    0.95418800   -0.00047400 

 C                  1.27984600    2.31452700   -0.00001600 

 C                  3.40331500   -0.61967400   -0.00014900 

 C                 -3.53618900    1.96440000   -0.00021100 

 C                 -2.57285400    2.94210200    0.00005500 

 C                 -1.27609900    2.27091800    0.00001300 

 N                 -1.46404300    0.90445200    0.00026900 

 C                 -2.84834500    0.68374000   -0.00004200 

 C                 -0.00346900    2.87749600    0.00003900 

 C                 -1.76815700   -3.91293300    0.00029700 

 C                 -2.98802300   -3.21432000    0.00012900 

 C                 -2.68789300   -1.81447300    0.00012500 

 N                 -1.31545600   -1.72740800    0.00005900 

 C                 -0.70904200   -2.95463500    0.00025800 

 C                 -3.40569700   -0.60417300   -0.00006900 

 Cl                 5.23740500   -0.79962000   -0.00011200 

 Cl                -0.01096700    4.73886000    0.00025300 

 Cl                -5.24195600   -0.75270600   -0.00028100 

 H                  3.97356500   -3.62438200   -0.00015200 

 H                  1.65065900   -4.98356400    0.00017700 

 H                  2.73233900    4.01836600    0.00028300 
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 H                  4.62049200    2.11686000   -0.00003900 

 H                  0.86371000    0.18395600   -0.00088500 

 H                 -4.60792600    2.10071200   -0.00037900 

 H                 -2.72598700    4.01066300    0.00006800 

 H                 -1.64767000   -4.98686900    0.00036800 

 H                 -3.97934500   -3.64227800    0.00007800 

 H                 -0.84984500   -0.81701900   -0.00030900 

 

 

Cartesian coordinates of the DFT optimized structure of p-toluenesulfonic acid (TsOH) in the gas phase 

 C                  0.06356100    0.00104800   -0.08928500 

 C                 -0.59055900    1.22731600   -0.06625800 

 C                 -0.59327000   -1.22559600   -0.06585800 

 C                 -1.98945400    1.21451900   -0.01436600 

 H                 -0.03167000    2.15588800   -0.09389400 

 S                  1.92056700   -0.00065400   -0.14691400 

 C                 -1.99039300   -1.21080700   -0.01450300 

 H                 -0.03504600   -2.15457100   -0.09319800 

 C                 -2.70639100    0.00323200    0.01153100 

 H                 -2.52700300    2.15740900    0.00561000 

 O                  2.49143300    1.40635000   -0.72948000 

 O                  2.48835300   -1.40934400   -0.72839600 

 H                 -2.52953400   -2.15317200    0.00517100 

 C                 -4.21766700   -0.00153700    0.04661300 

 H                 -4.59733000   -0.73077500    0.77115400 

 H                 -4.63149400   -0.27061900   -0.93432300 

 H                 -4.61491800    0.98190600    0.31519000 

 O                  2.17480600   -0.00007200    1.66747600 

 H                  3.14622500   -0.00013000    1.85086500 

 

 

Cartesian coordinates of the DFT optimized structure of tosylate (TsO–) in the gas phase 

 C                 -2.68689900   -0.00053100   -0.00000200 

 C                 -1.96233400   -1.21002400   -0.00000300 

 C                 -0.56315200   -1.21004900    0.00000900 

 C                  0.11218400    0.00904500   -0.00000800 

 C                 -0.56754900    1.22035200   -0.00001500 

 C                 -1.97172600    1.20918700    0.00001300 

 H                 -2.49915400   -2.15672900    0.00001100 

 H                  0.00065100   -2.13690300    0.00002500 

 H                  0.00748700    2.14082400   -0.00000400 

 H                 -2.51521200    2.15177400    0.00002000 

 C                 -4.20256300   -0.01183700   -0.00000500 

 H                 -4.60078100   -0.52821000   -0.88413600 

 H                 -4.60079200   -0.52840700    0.88400500 

 H                 -4.60518800    1.00743700    0.00011100 

 S                  2.00583100    0.00433500   -0.00001100 

 O                  2.41758300   -0.81555100   -1.39042200 

 O                  2.41756900   -0.81561400    1.39039900 

 O                  2.38633900    1.62416400    0.00004900 

 

 

Cartesian coordinates of the DFT optimized structure of benzoic acid (HBza) in the gas phase 

 C                  1.91840800    1.18571100    0.00020900 

 C                  0.52221900    1.23209600    0.00020100 

 C                  0.44264400   -1.20375800   -0.00013000 
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 C                  1.84045100   -1.24395100   -0.00022300 

 C                  2.57929500   -0.05196300   -0.00003200 

 H                  2.48996600    2.10824400    0.00040700 

 H                 -0.00720900    2.17850400    0.00030300 

 H                 -0.13806200   -2.11804000   -0.00019400 

 H                  2.35229500   -2.20099600   -0.00043900 

 H                  3.66450800   -0.08699200   -0.00008600 

 C                 -0.22101000    0.03713500    0.00003600 

 H                 -3.29482600   -0.98931700    0.00021700 

 C                 -1.69364200    0.12962600   -0.00003000 

 O                 -2.35336200    1.17948000   -0.00047500 

 O                 -2.32124600   -1.10457800    0.00042600 

 

 

Cartesian coordinates of the DFT optimized structure of benzoate (Bza–) in the gas phase 

 C                  1.21256700   -1.83910900    0.00000000 

 C                  1.20966500   -0.43706400    0.00000000 

 C                 -1.20967000   -0.43704300    0.00000000 

 C                 -1.21259600   -1.83909300    0.00000000 

 C                 -0.00002200   -2.54719600    0.00000000 

 H                  2.15679400   -2.38073800    0.00000000 

 H                  2.13042200    0.13740100    0.00000000 

 H                 -2.13042500    0.13742600    0.00000000 

 H                 -2.15683600   -2.38070000    0.00000000 

 H                 -0.00002600   -3.63537900    0.00000000 

 C                  0.00000000    0.27882500    0.00000000 

 C                  0.00001400    1.81723200    0.00000000 

 O                  1.15396700    2.38390700    0.00000000 

 O                 -1.15392600    2.38392800    0.00000000 

 

 

Cartesian coordinates of the DFT optimized structure [C-3H] in MeCN 

 C                  2.95972800   -3.15766500    0.35083100 

 C                  1.75009100   -3.86811300    0.29325600 

 C                  0.72629800   -2.96761500   -0.11275100 

 N                  1.35320300   -1.76218300   -0.33720000 

 C                  2.69961100   -1.80427700   -0.02092200 

 C                  2.51429300    2.93516000   -0.25269800 

 C                  3.49107200    1.95618900   -0.27216000 

 C                  2.88299800    0.68413700   -0.03014900 

 N                  1.49678900    0.94651500    0.13753500 

 C                  1.24228400    2.32319100    0.00475000 

 C                  3.43150900   -0.60024800   -0.00249500 

 C                 -3.57312900    1.94079300    0.14067100 

 C                 -2.59830300    2.92425600    0.18948400 

 C                 -1.30635600    2.29831300    0.08891400 

 N                 -1.55117200    0.93816800   -0.01232700 

 C                 -2.92153000    0.67425200    0.01265800 

 C                 -0.03007400    2.89780800    0.06243200 

 C                 -1.75058500   -3.90117600   -0.04918800 

 C                 -2.94626900   -3.20685600   -0.05494300 

 C                 -2.61393200   -1.79568100   -0.13967400 

 N                 -1.23749100   -1.66003600   -0.21540800 

 C                 -0.69718900   -2.91508500   -0.14527900 

 C                 -3.40672100   -0.64183300   -0.05699900 

 Cl                 5.24731900   -0.73568500    0.06674700 
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 Cl                -0.04296500    4.73503800    0.05213400 

 Cl                -5.21381200   -0.85187000    0.01917500 

 H                  3.91671800   -3.53968100    0.67134500 

 H                  1.60577200   -4.90184800    0.56912300 

 H                  0.87345300   -0.99431000   -0.77662200 

 H                  2.65575900    3.98758600   -0.43843200 

 H                  4.54036400    2.09829200   -0.47895400 

 H                  0.91600900    0.34585300    0.70776900 

 H                 -4.64085500    2.08530200    0.19348800 

 H                 -2.75698100    3.98560800    0.28886400 

 H                 -0.93747800    0.12684900   -0.14890900 

 H                 -1.62173700   -4.97256900    0.01143700 

 H                 -3.94233000   -3.61880700    0.01130400 

 

 

Cartesian coordinates of the DFT optimized structure [C-3H] ̇ – in MeCN 

 C                  2.97542300   -3.14618600    0.42697500 

 C                  1.74844000   -3.87301100    0.37350900 

 C                  0.74025500   -2.99706500   -0.06711100 

 N                  1.36886800   -1.79266300   -0.32017900 

 C                  2.71512600   -1.81909900    0.01427800 

 C                  2.50447100    2.94992700   -0.27138000 

 C                  3.49725900    1.96545800   -0.30983100 

 C                  2.89971300    0.69634300   -0.04881100 

 N                  1.51695000    0.95874300    0.14519900 

 C                  1.25360900    2.34217500    0.01088500 

 C                  3.44226400   -0.59461300   -0.01125800 

 C                 -3.58238900    1.94530800    0.13052000 

 C                 -2.60917800    2.92526900    0.19080900 

 C                 -1.30723200    2.30456400    0.09728800 

 N                 -1.55721700    0.93508800   -0.00751200 

 C                 -2.93404400    0.66719500    0.00714300 

 C                 -0.04246500    2.89736900    0.08169500 

 C                 -1.74578300   -3.91866200   -0.06014300 

 C                 -2.96004400   -3.21027800   -0.07024600 

 C                 -2.62412100   -1.81928500   -0.13544500 

 N                 -1.24363100   -1.68327800   -0.18474800 

 C                 -0.70440900   -2.94724900   -0.12517100 

 C                 -3.41249400   -0.63586900   -0.07067800 

 Cl                 5.28057400   -0.72670700   -0.01585700 

 Cl                -0.05629900    4.75524900    0.10289400 

 Cl                -5.24271300   -0.84766400   -0.03480100 

 H                  3.93047800   -3.51735000    0.76724700 

 H                  1.60316800   -4.89703500    0.68576600 

 H                  0.88014800   -1.02745100   -0.75401800 

 H                  2.64036600    4.00233900   -0.46516400 

 H                  4.54192400    2.11157100   -0.53620700 

 H                  0.93940300    0.35030800    0.70871600 

 H                 -4.65110100    2.09025300    0.17329700 

 H                 -2.76831900    3.98733800    0.29008400 

 H                 -0.94228100    0.12326700   -0.12900400 

 H                 -1.62410900   -4.99301900   -0.01438400 

 H                 -3.95742200   -3.62411500   -0.02185600 
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Cartesian coordinates of the DFT optimized structure [C-3H]2– in MeCN 

 C                  2.96872300   -3.12719900    0.53734900 

 C                  1.73053500   -3.86490000    0.47165800 

 C                  0.74428200   -3.00790900   -0.01074500 

 N                  1.38084200   -1.81327000   -0.28236300 

 C                  2.71665700   -1.82607400    0.08401900 

 C                  2.49677000    2.94633600   -0.27845400 

 C                  3.49844400    1.96650300   -0.32478400 

 C                  2.90808300    0.69379800   -0.04238400 

 N                  1.53164700    0.95738700    0.16796400 

 C                  1.26021600    2.34550100    0.02847500 

 C                  3.44282700   -0.58866800    0.01124700 

 C                 -3.57709600    1.95121400    0.13044600 

 C                 -2.59704100    2.92189300    0.20870100 

 C                 -1.30264300    2.30199900    0.11029000 

 N                 -1.55979600    0.92897000   -0.01148200 

 C                 -2.93600800    0.66650100   -0.00305400 

 C                 -0.04105600    2.88371900    0.09752400 

 C                 -1.74019000   -3.91871000   -0.09737500 

 C                 -2.96914400   -3.19987800   -0.12024600 

 C                 -2.62911800   -1.82703900   -0.14512800 

 N                 -1.24931600   -1.68998500   -0.15051200 

 C                 -0.71131200   -2.95869600   -0.10865000 

 C                 -3.41356700   -0.62325400   -0.09416000 

 Cl                 5.28203800   -0.72313700   -0.15011200 

 Cl                -0.05799600    4.74627700    0.13499000 

 Cl                -5.24739900   -0.83085600   -0.08450100 

 H                  3.91877200   -3.48934900    0.90367200 

 H                  1.57544900   -4.87849800    0.81513400 

 H                  0.89112300   -1.04212600   -0.70697800 

 H                  2.62384500    3.99885000   -0.48613300 

 H                  4.54106800    2.11397500   -0.56106000 

 H                  0.96420700    0.35292800    0.74478300 

 H                 -4.64611900    2.10104000    0.16764800 

 H                 -2.74961000    3.98540300    0.31671700 

 H                 -0.95007400    0.10633400   -0.10938700 

 H                 -1.62224800   -4.99588500   -0.07724100 

 H                 -3.96914100   -3.61402800   -0.10718500 

 

 

Cartesian coordinates of the DFT optimized structure [C-4H]– in MeCN 

 C                  3.09935800   -3.12689000    0.10948800 

 C                  1.89173400   -3.90072200   -0.02061100 

 C                  0.82406300   -3.01540700   -0.16552800 

 N                  1.37720400   -1.74015200   -0.15005900 

 C                  2.75165500   -1.77194200    0.03000800 

 C                  2.44908600    3.00255100   -0.14893600 

 C                  3.45858400    2.04868800   -0.18372100 

 C                  2.89399200    0.75498900    0.08986900 

 N                  1.47587800    0.97660800    0.34469400 

 C                  1.20161700    2.39388500    0.15302600 

 C                  3.44852100   -0.50832700    0.06480700 

 C                 -3.60848000    1.87466400   -0.08602000 

 C                 -2.66648800    2.88571100    0.05806900 

 C                 -1.35840900    2.31832400    0.10792700 

 N                 -1.56294400    0.91817800   -0.00115300 
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 C                 -2.92855500    0.60129900   -0.10973400 

 C                 -0.09471300    2.91805400    0.14385300 

 C                 -1.57610000   -3.85823000    0.49661800 

 C                 -2.82893300   -3.15069600    0.52646000 

 C                 -2.64155300   -1.90826700   -0.08620700 

 N                 -1.30761700   -1.88914400   -0.53053900 

 C                 -0.63433900   -3.06721700   -0.14669500 

 C                 -3.41500400   -0.69984000   -0.18447900 

 Cl                 5.28390700   -0.61527600   -0.10949900 

 Cl                -0.14575800    4.78183200    0.10876900 

 Cl                -5.25368100   -0.91201100   -0.15639600 

 H                  4.09998800   -3.51333800    0.22817900 

 H                  1.82161300   -4.97853300    0.00789200 

 H                  0.88272000   -0.86776100   -0.25807000 

 H                  2.56571800    4.05056300   -0.38272700 

 H                  4.49280300    2.21567800   -0.44179700 

 H                  1.14450900    0.58693500    1.22637700 

 H                 -4.67823300    1.99128300   -0.15843400 

 H                 -2.86951900    3.94464700    0.10397900 

 H                 -0.84250700    0.23179700    0.12512100 

 H                 -1.36998200   -4.79593600    0.99343000 

 H                 -3.73710700   -3.47686400    1.01020500 

 H                 -1.01984000   -1.31794300   -1.31277400 

 

 

Cartesian coordinates of the DFT optimized structure [C-4H] in MeCN 

 C                  3.04226200   -3.13859700    0.16717400 

 C                  1.83825200   -3.88700200    0.05762400 

 C                  0.78522900   -2.98811700   -0.18458000 

 N                  1.36142400   -1.72942400   -0.24450800 

 C                  2.72624700   -1.77642500   -0.00747700 

 C                  2.48123100    2.97703700   -0.15917500 

 C                  3.47242600    2.01212100   -0.19478600 

 C                  2.89341900    0.72815400    0.06939100 

 N                  1.48288600    0.96160700    0.29950000 

 C                  1.22252800    2.36458100    0.12998800 

 C                  3.44646800   -0.54108100    0.03837300 

 C                 -3.58038800    1.90033700   -0.09184600 

 C                 -2.62687400    2.90307200    0.02964200 

 C                 -1.33020000    2.30923900    0.10639900 

 N                 -1.54770900    0.92481400    0.03559800 

 C                 -2.91686000    0.63029100   -0.08323500 

 C                 -0.05812400    2.91652000    0.14035600 

 C                 -1.62445900   -3.85940100    0.37124200 

 C                 -2.86361300   -3.15734300    0.40890300 

 C                 -2.65744600   -1.87199100   -0.11936300 

 N                 -1.31104000   -1.82252600   -0.52584900 

 C                 -0.65758300   -3.02560400   -0.19358100 

 C                 -3.42609700   -0.67316400   -0.13316700 

 Cl                 5.26490200   -0.66769500   -0.03467100 

 Cl                -0.09677900    4.75537400    0.09872800 

 Cl                -5.23886000   -0.86729900   -0.05438400 

 H                  4.02718600   -3.53269600    0.36283500 

 H                  1.74398600   -4.95745500    0.16000500 

 H                  0.88903800   -0.86011100   -0.43275900 

 H                  2.60782200    4.02578500   -0.37789000 
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 H                  4.51004900    2.16817400   -0.44606100 

 H                  1.09529300    0.51998500    1.13062700 

 H                 -4.64691900    2.03094000   -0.18235700 

 H                 -2.81293700    3.96479300    0.04514500 

 H                 -0.85019200    0.21809700    0.18000900 

 H                 -1.43882000   -4.83218000    0.80217800 

 H                 -3.78321600   -3.50811100    0.85110700 

 H                 -1.03618800   -1.26073100   -1.32174300 

 

 

Cartesian coordinates of the DFT optimized structure [C-4H]+ in MeCN 

 C                 -2.99729200   -3.14196900   -0.20895800 

 C                 -1.80393100   -3.86330000   -0.11205000 

 C                 -0.75613600   -2.95321000    0.21361100 

 N                 -1.35505700   -1.71151300    0.32949000 

 C                 -2.70977000   -1.76494700    0.03902800 

 C                 -2.48634000    2.95737200    0.23316000 

 C                 -3.47481200    1.98454100    0.26038400 

 C                 -2.89160600    0.71969400   -0.03268000 

 N                 -1.49527000    0.96254400   -0.25518400 

 C                 -1.23582800    2.34561200   -0.08418500 

 C                 -3.44622200   -0.56579800   -0.03309200 

 C                  3.56497800    1.90987300    0.06874600 

 C                  2.61185300    2.90403300   -0.03505000 

 C                  1.30911900    2.29686200   -0.09885800 

 N                  1.53140900    0.92345500   -0.03090100 

 C                  2.90442300    0.63723600    0.07010800 

 C                  0.04594800    2.91505600   -0.12804500 

 C                  1.64960300   -3.85408400   -0.27298700 

 C                  2.87158200   -3.16391400   -0.31603900 

 C                  2.66131200   -1.84493700    0.16201800 

 N                  1.31131100   -1.77748500    0.55577500 

 C                  0.66156000   -2.98626000    0.24642100 

 C                  3.42520100   -0.66291500    0.10462600 

 Cl                -5.24475400   -0.70255900   -0.09058700 

 Cl                 0.07632600    4.73607500   -0.11338300 

 Cl                 5.21432700   -0.85080100   -0.05413300 

 H                 -3.96787400   -3.53653200   -0.46657800 

 H                 -1.68593700   -4.92418300   -0.27226700 

 H                 -0.90852500   -0.85645400    0.61546200 

 H                 -2.61295400    4.00205600    0.46864400 

 H                 -4.51075200    2.13302800    0.52425800 

 H                 -1.05310000    0.47004800   -1.02598100 

 H                  4.63199300    2.04600300    0.14956800 

 H                  2.79085300    3.96671200   -0.05264500 

 H                  0.84641500    0.20431700   -0.17613600 

 H                  1.47113700   -4.84615500   -0.66025800 

 H                  3.79625700   -3.53043600   -0.73507800 

 H                  1.05359400   -1.22724200    1.36755000 

 

 

Cartesian coordinates of the DFT optimized structure [C-2H]– in MeCN 

 C                  2.97556600   -3.20886700   -0.00005400 

 C                  1.77307800   -3.90818100    0.00011900 

 C                  0.71878200   -2.92117400    0.00013000 

 N                  1.26383800   -1.66881900    0.00023600 
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 C                  2.63590800   -1.79968000   -0.00005900 

 C                  2.57587300    2.95145000    0.00011100 

 C                  3.55133900    1.96866000   -0.00008300 

 C                  2.90239800    0.68741800   -0.00017100 

 N                  1.53163100    0.95418800   -0.00047400 

 C                  1.27984600    2.31452700   -0.00001600 

 C                  3.40331500   -0.61967400   -0.00014900 

 C                 -3.53618900    1.96440000   -0.00021100 

 C                 -2.57285400    2.94210200    0.00005500 

 C                 -1.27609900    2.27091800    0.00001300 

 N                 -1.46404300    0.90445200    0.00026900 

 C                 -2.84834500    0.68374000   -0.00004200 

 C                 -0.00346900    2.87749600    0.00003900 

 C                 -1.76815700   -3.91293300    0.00029700 

 C                 -2.98802300   -3.21432000    0.00012900 

 C                 -2.68789300   -1.81447300    0.00012500 

 N                 -1.31545600   -1.72740800    0.00005900 

 C                 -0.70904200   -2.95463500    0.00025800 

 C                 -3.40569700   -0.60417300   -0.00006900 

 Cl                 5.23740500   -0.79962000   -0.00011200 

 Cl                -0.01096700    4.73886000    0.00025300 

 Cl                -5.24195600   -0.75270600   -0.00028100 

 H                  3.97356500   -3.62438200   -0.00015200 

 H                  1.65065900   -4.98356400    0.00017700 

 H                  2.73233900    4.01836600    0.00028300 

 H                  4.62049200    2.11686000   -0.00003900 

 H                  0.86371000    0.18395600   -0.00088500 

 H                 -4.60792600    2.10071200   -0.00037900 

 H                 -2.72598700    4.01066300    0.00006800 

 H                 -1.64767000   -4.98686900    0.00036800 

 H                 -3.97934500   -3.64227800    0.00007800 

 H                 -0.84984500   -0.81701900   -0.00030900 

 

 

Cartesian coordinates of the DFT optimized structure of p-toluenesulfonic acid (TsOH) in MeCN 

 C                 -2.70639100    0.00323200    0.01153100 

 C                 -1.98945400    1.21451900   -0.01436600 

 C                 -0.59055900    1.22731600   -0.06625800 

 C                  0.06356100    0.00104800   -0.08928500 

 C                 -0.59327000   -1.22559600   -0.06585800 

 C                 -1.99039300   -1.21080700   -0.01450300 

 H                 -2.52700300    2.15740900    0.00561000 

 H                 -0.03167000    2.15588800   -0.09389400 

 H                 -0.03504600   -2.15457100   -0.09319800 

 H                 -2.52953400   -2.15317200    0.00517100 

 C                 -4.21766700   -0.00153700    0.04661300 

 H                 -4.61491800    0.98190600    0.31519000 

 H                 -4.63149400   -0.27061900   -0.93432300 

 H                 -4.59733000   -0.73077500    0.77115400 

 S                  1.92056700   -0.00065400   -0.14691400 

 O                  2.49143300    1.40635000   -0.72948000 

 O                  2.48835300   -1.40934400   -0.72839600 

 O                  2.17480600   -0.00007200    1.66747600 

 H                  3.14622500   -0.00013000    1.85086500 
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Cartesian coordinates of the DFT optimized structure of tosylate (TsO–) in MeCN 

 C                 -2.68689900   -0.00053100   -0.00000200 

 C                 -1.96233400   -1.21002400   -0.00000300 

 C                 -0.56315200   -1.21004900    0.00000900 

 C                  0.11218400    0.00904500   -0.00000800 

 C                 -0.56754900    1.22035200   -0.00001500 

 C                 -1.97172600    1.20918700    0.00001300 

 H                 -2.49915400   -2.15672900    0.00001100 

 H                  0.00065100   -2.13690300    0.00002500 

 H                  0.00748700    2.14082400   -0.00000400 

 H                 -2.51521200    2.15177400    0.00002000 

 C                 -4.20256300   -0.01183700   -0.00000500 

 H                 -4.60078100   -0.52821000   -0.88413600 

 H                 -4.60079200   -0.52840700    0.88400500 

 H                 -4.60518800    1.00743700    0.00011100 

 S                  2.00583100    0.00433500   -0.00001100 

 O                  2.41758300   -0.81555100   -1.39042200 

 O                  2.41756900   -0.81561400    1.39039900 

 O                  2.38633900    1.62416400    0.00004900 

 

 

Cartesian coordinates of the DFT optimized structure of benzoic acid (HBza) in MeCN 

 C                  1.91840800    1.18571100    0.00020900 

 C                  0.52221900    1.23209600    0.00020100 

 C                  0.44264400   -1.20375800   -0.00013000 

 C                  1.84045100   -1.24395100   -0.00022300 

 C                  2.57929500   -0.05196300   -0.00003200 

 H                  2.48996600    2.10824400    0.00040700 

 H                 -0.00720900    2.17850400    0.00030300 

 H                 -0.13806200   -2.11804000   -0.00019400 

 H                  2.35229500   -2.20099600   -0.00043900 

 H                  3.66450800   -0.08699200   -0.00008600 

 C                 -0.22101000    0.03713500    0.00003600 

 H                 -3.29482600   -0.98931700    0.00021700 

 C                 -1.69364200    0.12962600   -0.00003000 

 O                 -2.35336200    1.17948000   -0.00047500 

 O                 -2.32124600   -1.10457800    0.00042600 

 

 

Cartesian coordinates of the DFT optimized structure of benzoate (Bza–) in MeCN 

 C                  1.21256700   -1.83910900    0.00000000 

 C                  1.20966500   -0.43706400    0.00000000 

 C                 -1.20967000   -0.43704300    0.00000000 

 C                 -1.21259600   -1.83909300    0.00000000 

 C                 -0.00002200   -2.54719600    0.00000000 

 H                  2.15679400   -2.38073800    0.00000000 

 H                  2.13042200    0.13740100    0.00000000 

 H                 -2.13042500    0.13742600    0.00000000 

 H                 -2.15683600   -2.38070000    0.00000000 

 H                 -0.00002600   -3.63537900    0.00000000 

 C                  0.00000000    0.27882500    0.00000000 

 C                  0.00001400    1.81723200    0.00000000 

 O                  1.15396700    2.38390700    0.00000000 

 O                 -1.15392600    2.38392800    0.00000000 
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Chapter 4: Study of Multielectron Redox Chemistry through Quadruply Bonded Non–Symmetric 

Dimolybdenum Systems 

 

Cartesian coordinates of the DFT optimized of model structure for 1 

 N                 -4.55000300    0.97209400    2.15758200 

 C                 -4.52553300   -0.17620700    2.82058500 

 Mo                -4.72523600   -1.23375300   -0.00121500 

 Mo                -4.63290900    0.90319100    0.00133800 

 N                 -4.64616400   -1.31170300   -2.15773800 

 N                 -4.54952500    0.97722300   -2.15478000 

 C                 -4.52519300   -0.16951400   -2.82047600 

 N                 -6.86652400   -1.21742800   -0.00151200 

 N                 -6.76832400    1.07032100    0.00101800 

 C                 -7.48788100   -0.04489300   -0.00041500 

 N                 -4.64624000   -1.31682800    2.15511000 

 Mo                 4.29713700    0.38720100    0.00120700 

 Mo                 4.04496400   -1.73713700   -0.00178800 

 N                  6.16925100   -2.06191600   -0.00272900 

 N                  6.44749900    0.21292500    0.00054900 

 C                  6.97138600   -1.00480000   -0.00166100 

 N                  4.29262700    0.46254500   -2.16464900 

 N                  3.99409000   -1.80817900   -2.15955200 

 N                  3.99464400   -1.81456600    2.15584200 

 N                  4.29318100    0.45613600    2.16739300 

 C                  4.11609700   -0.67918500    2.82899500 

 C                  4.11514000   -0.67081900   -2.82947400 

 H                 -4.39881900   -0.18275200    3.90928500 

 H                 -4.39817800   -0.17350400   -3.90915200 

 H                 -8.58226500    0.00200600   -0.00048100 

 H                  8.05894500   -1.13916000   -0.00233400 

 H                  4.06428600   -0.67827300    3.92381900 

 H                  4.06280200   -0.66669500   -3.92426600 

 C                 -1.47737000    0.45132700    0.00109400 

 C                 -1.54205400   -1.03714800   -0.00041900 

 C                 -0.33308400   -1.74586000   -0.00098300 

 C                  0.92609200   -1.13400700   -0.00035500 

 C                  1.00053800    0.35637400    0.00119500 

 C                 -0.22238900    1.06460700    0.00204000 

 H                 -0.37017900   -2.83049900   -0.00213500 

 H                 -0.21695800    2.14768600    0.00366300 

 N                  2.20192500    0.96316700    0.00196100 

 O                  1.98413300   -1.87353100   -0.00138400 

 O                 -2.55428300    1.16716500    0.00205400 

 O                 -2.66755700   -1.66317100   -0.00137600 

 C                  2.22547200    2.39252400    0.00160400 

 C                  2.27296100    3.10423900    1.21156700 

 C                  2.37376100    4.49629800    1.20772500 

 C                  2.42444700    5.19749800    0.00040300 

 C                  2.36541900    4.49580300   -1.20633300 

 C                  2.26462500    3.10382000   -1.20897500 

 H                  2.22231900    2.54951500    2.14329500 

 H                  2.40758400    5.03484300    2.15156900 

 H                  2.50277900    6.28125100   -0.00007500 

 H                  2.39279500    5.03401000   -2.15058000 

 H                  2.20780900    2.54871300   -2.14013400 
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 H                 -4.41408300    1.78998400    2.74272700 

 H                 -4.58083700   -2.14440000    2.73876700 

 H                 -7.49195300   -2.01685000   -0.00242000 

 H                 -7.32317500    1.92024100    0.00203600 

 H                 -4.41321200    1.79644200   -2.73797600 

 H                 -4.58092400   -2.13784400   -2.74345000 

 H                  4.38427700    1.28083100   -2.75740100 

 H                  3.82194300   -2.61860400   -2.74543600 

 H                  6.65745300   -2.95155000   -0.00424100 

 H                  7.13546200    0.95893900    0.00169000 

 H                  4.38541200    1.27261600    2.76253900 

 H                  3.82254500   -2.62664400    2.73944100  

 

 

Cartesian coordinates of the DFT optimized of model structure for 2 

 Mo                -4.05693900    1.06930500   -0.00002300 

 Mo                -4.05700200   -1.06934900   -0.00051300 

 N                 -4.08370700    1.14423100    2.16665600 

 N                 -4.08391400   -1.14511400    2.16613500 

 N                 -1.94443400   -1.43955700   -0.00041600 

 N                 -6.22181800   -1.14685800   -0.00042500 

 N                 -4.08409200   -1.14409700   -2.16721800 

 N                 -4.08377200    1.14523400   -2.16655500 

 N                 -1.94440000    1.43956600    0.00000100 

 N                 -6.22173200    1.14696400    0.00003900 

 C                 -4.10177400   -0.00060000    2.83401900 

 C                 -0.78812900   -0.74495200   -0.00022300 

 C                 -1.86369700   -2.86856200    0.00015200 

 C                 -6.88675100    0.00007600   -0.00014100 

 C                 -4.10192900    0.00076400   -2.83453700 

 C                 -0.78812000    0.74494400   -0.00014900 

 C                 -1.86364500    2.86856300    0.00042100 

 H                 -4.12679000   -0.00084200    3.92992400 

 C                  0.46579300   -1.39536100   -0.00016900 

 C                 -1.85340300   -3.58115700    1.21077300 

 C                 -1.85592200   -3.58228300   -1.20980100 

 H                 -7.98317400    0.00011900   -0.00007000 

 H                 -4.12695500    0.00109300   -3.93043700 

 C                  0.46579900    1.39535700   -0.00023200 

 C                 -1.85377200    3.58130200    1.21095500 

 C                 -1.85543500    3.58211800   -1.20961400 

 C                  1.70021400   -0.74168100   -0.00017500 

 H                  0.50254200   -2.47725700   -0.00022500 

 C                 -1.85342400   -4.97678100    1.20824900 

 H                 -1.83665300   -3.02329700    2.14183700 

 C                 -1.85594800   -4.97793100   -1.20596400 

 H                 -1.84103100   -3.02531500   -2.14142700 

 C                  1.70021900    0.74167600   -0.00031000 

 H                  0.50254600    2.47725400   -0.00032600 

 C                 -1.85375200    4.97693100    1.20826400 

 H                 -1.83737200    3.02354300    2.14208800 

 C                 -1.85541500    4.97776400   -1.20595300 

 H                 -1.84028400    3.02503000   -2.14116800 

 O                  2.79860900   -1.42139400   -0.00014100 

 C                 -1.85894200   -5.68089800    0.00146700 

 H                 -1.84322700   -5.51560100    2.15249200 
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 H                 -1.84769100   -5.51763100   -2.14972400 

 O                  2.79862000    1.42137900   -0.00056600 

 C                 -1.85881000    5.68089200    0.00139000 

 H                 -1.84387800    5.51585600    2.15245000 

 H                 -1.84681600    5.51733900   -2.14978200 

 Mo                 4.87239600   -1.06910800    0.00001400 

 H                 -1.85830700   -6.76748600    0.00198000 

 Mo                 4.87242800    1.06908500   -0.00030800 

 H                 -1.85812800    6.76748000    0.00174800 

 N                  4.78820300   -1.14516400    2.15660400 

 N                  4.78866700   -1.14573000   -2.15659300 

 N                  7.01279200   -1.14474900    0.00022900 

 N                  7.01283000    1.14467400   -0.00011300 

 N                  4.78869800    1.14513900   -2.15692900 

 N                  4.78823600    1.14571300    2.15628400 

 C                  4.71446800    0.00037400    2.82071300 

 C                  4.71509400   -0.00039800   -2.82104700 

 C                  7.68448500   -0.00005000    0.00010600 

 H                  4.58598800    0.00052400    3.90940300 

 H                  4.58692800   -0.00055500   -3.90977300 

 H                  8.77995700   -0.00006900    0.00018600 

 H                  4.68579600   -1.96845300    2.74101000 

 H                  4.68603000    1.96918100    2.74047300 

 H                  7.60348600    1.97015600   -0.00025300 

 H                  7.60341300   -1.97025500    0.00044400 

 H                  4.68653900   -1.96920800   -2.74078000 

 H                  4.68654000    1.96842900   -2.74137600 

 H                 -4.10615400    1.97068100   -2.75593700 

 H                 -6.81607100    1.96929700    0.00026400 

 H                 -6.81622200   -1.96914600   -0.00054100 

 H                 -4.10642800    1.96929600    2.75655700 

 H                 -4.10659300   -1.97048700    2.75560300 

 H                 -4.10708900   -1.96913300   -2.75714900 

 

 

Cartesian coordinates of the DFT optimized 3 

 N                  4.21660100    1.21170300   -1.97293000 

 C                  3.94686500    0.08590100   -2.62614700 

 C                  3.79415100   -2.27021100   -2.76505700 

 C                  4.04062800    2.44883300   -2.64599500 

 C                  4.57735300    2.68361500   -3.92520700 

 C                  3.34156700    3.48832000   -2.01996700 

 C                  3.17485200    4.72799200   -2.64325000 

 C                  4.40625500    3.90898200   -4.55616500 

 C                  3.70540800    4.94363900   -3.92012700 

 C                  3.03782200   -3.28343700   -2.16000700 

 C                  2.74253700   -4.47055700   -2.83594300 

 C                  3.19834900   -4.66093900   -4.14548600 

 C                  4.25622800   -2.48148000   -4.07863700 

 O                  3.59849300    6.11176300   -4.62435100 

 O                  2.96665200   -5.77829400   -4.90005200 

 Mo                 4.78490800   -1.08941700    0.03676100 

 Mo                 4.84227200    1.03524200    0.10042400 

 N                  5.25245500   -1.27323400    2.15271000 

 N                  5.29307900    1.03896100    2.23278100 

 C                  5.37116400   -0.14186800    2.84154600 
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 C                  5.15032900   -2.49312600    2.87387300 

 C                  5.49116300    2.21039200    3.00716700 

 C                  6.58176600    2.35098300    3.88662700 

 C                  4.60165100    3.28564900    2.87960000 

 C                  6.76218200    3.51849700    4.61806200 

 C                  4.78255300    4.46697700    3.60405000 

 C                  5.86539800    4.58816900    4.48274500 

 C                  4.30958100   -2.62252500    3.99615300 

 C                  5.86630500   -3.61973300    2.45098000 

 C                  5.76415900   -4.83877600    3.12654500 

 C                  4.93781700   -4.94803800    4.25061300 

 C                  4.21127400   -3.82797900    4.67927400 

 O                  4.76745000   -6.08770000    4.98831700 

 O                  6.13694500    5.69359100    5.24153900 

 N                  6.86397600   -1.21439400   -0.55338000 

 N                  6.91686500    1.09926300   -0.47816900 

 C                  7.52106400   -0.06507000   -0.69841600 

 C                  7.60540100   -2.42034900   -0.67111900 

 C                  7.62217600    2.29138900   -0.79857900 

 C                  7.59876900    3.37855500    0.08306900 

 C                  8.33274800    2.42994700   -2.00589100 

 C                  9.01051500    3.60489800   -2.30449700 

 C                  8.98430000    4.68584500   -1.41198800 

 C                  8.26851000    4.56793000   -0.21537800 

 O                  9.67966800    5.79769100   -1.80104300 

 C                  5.47556000   -7.24882300    4.59334600 

 C                  2.19556900   -6.82033200   -4.32884900 

 C                  2.91350600    7.19377300   -4.02031100 

 C                  5.25650700    6.79916100    5.14848700 

 C                  9.67019000    6.92365600   -0.94210600 

 C                  7.08818400   -3.49485100   -1.40574900 

 C                  7.78594000   -4.70053600   -1.51721200 

 C                  9.02946200   -4.84964400   -0.89261700 

 C                  9.55496900   -3.78281500   -0.14948300 

 O                  9.79778900   -5.98033300   -0.93929100 

 C                  8.85054900   -2.59077600   -0.03450400 

 C                  9.31519400   -7.08367900   -1.68530300 

 C                  3.95695900   -3.65436600   -4.76063200 

 N                  4.10611600   -1.09585000   -2.03470400 

 H                  3.54503000    0.13372700   -3.64278800 

 H                  5.15330600    1.90267700   -4.41352300 

 H                  2.89529000    3.30967100   -1.04563700 

 H                  2.62023300    5.50547900   -2.12990200 

 H                  4.82378600    4.09480000   -5.54097300 

 H                  2.65130500   -3.12342500   -1.15743800 

 H                  2.14764500   -5.22622800   -2.33534000 

 H                  4.87496500   -1.72651100   -4.55535500 

 H                  5.51902600   -0.18192600    3.92511300 

 H                  7.30314500    1.54362900    3.97484600 

 H                  3.73995900    3.17919800    2.22653100 

 H                  7.60424600    3.63016100    5.29428600 

 H                  4.06707900    5.27279300    3.48427100 

 H                  3.71169000   -1.77411800    4.31631400 

 H                  6.53173700   -3.53712300    1.59756900 

 H                  6.34338600   -5.68405400    2.77247500 

 H                  3.56159900   -3.93000100    5.54321400 
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 H                  8.57040400   -0.07851400   -1.00511400 

 H                  7.07237700    3.28706800    1.02796600 

 H                  8.33101800    1.61463400   -2.72357200 

 H                  9.55594000    3.71474400   -3.23679800 

 H                  8.23297300    5.38262100    0.49898400 

 H                  5.19650700   -8.02856200    5.30497700 

 H                  6.56258100   -7.09498800    4.63380100 

 H                  5.19781600   -7.56836500    3.57944200 

 H                  2.13167300   -7.59994900   -5.09056800 

 H                  1.18252300   -6.48161900   -4.07252500 

 H                  2.67276100   -7.23230000   -3.42892500 

 H                  2.95405200    8.01498100   -4.73878400 

 H                  3.39617700    7.50776100   -3.08452300 

 H                  1.86302200    6.94577000   -3.81478600 

 H                  5.65238700    7.55741700    5.82702100 

 H                  4.23694100    6.53320200    5.45926000 

 H                  5.22412200    7.20784900    4.12902400 

 H                 10.26916100    7.68819200   -1.44107900 

 H                 10.11865400    6.69367700    0.03412300 

 H                  8.65211100    7.30615400   -0.78629100 

 H                  6.13825700   -3.38100700   -1.91830300 

 H                  7.35342100   -5.50325800   -2.10365700 

 H                 10.51325200   -3.91548500    0.34337300 

 H                  9.25290700   -1.78696400    0.57518600 

 H                 10.07327800   -7.86403600   -1.59325800 

 H                  9.18419800   -6.83006600   -2.74602700 

 H                  8.36160000   -7.45709800   -1.28722300 

 H                  4.31500300   -3.81984500   -5.77221500 

 O                  2.74910900    1.13790800    0.64978600 

 O                  2.70140400   -1.09962500    0.62198700 

 C                  2.12697400    0.02897700    0.79412600 

 C                 -1.33854000    1.29743300    1.64925100 

 C                  0.00905500    1.27137400    1.31018700 

 C                  0.69093800    0.05318500    1.17142800 

 C                 -0.00857700   -1.14310400    1.39042300 

 C                 -1.35575200   -1.12643000    1.73298400 

 C                 -2.03048500    0.09603600    1.85912800 

 H                 -1.85958100    2.24406100    1.75575500 

 H                  0.54893000    2.19702500    1.14372300 

 H                  0.51862800   -2.08533000    1.28863100 

 H                 -1.88877800   -2.05631000    1.90611200 

 N                 -3.37688400    0.12376300    2.29885000 

 C                -10.73558500   -0.71674500   -1.62413100 

 C                -10.89481200   -1.38146400   -0.34128200 

 C                -11.03286600   -0.62469400    0.82421900 

 C                -11.02297800    0.82842800    0.75302700 

 C                -10.87538900    1.46582600   -0.48073900 

 C                -10.72616000    0.67698500   -1.69245900 

 C                 -9.79424800   -1.49050100   -2.41675800 

 C                 -9.37420700   -2.63405100   -1.62562100 

 C                -10.05476300   -2.56654100   -0.34205700 

 C                 -9.38727000   -2.94863200    0.82343200 

 C                -10.33494500   -1.01956200    2.03409600 

 C                -10.31906400    1.33009700    1.91905400 

 C                 -9.49758700    2.45263000    1.81040500 

 C                 -9.34607300    3.11859700    0.52628100 
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 C                -10.01946700    2.63368900   -0.59674600 

 C                 -9.33890500    2.56631600   -1.88035600 

 C                 -9.77498500    1.35677400   -2.55640800 

 C                 -8.86707300    0.61470900   -3.31476900 

 C                 -8.87696600   -0.83848300   -3.24354100 

 C                 -8.05278600   -3.08054900   -1.69298500 

 C                 -7.09705000   -2.39967800   -2.55199600 

 C                 -7.50256200   -1.30051100   -3.30991300 

 C                 -6.64091000   -0.13379200   -3.41603000 

 C                 -7.48659000    1.04934500   -3.42515600 

 C                 -7.06570800    2.21159000   -2.77773500 

 C                 -8.01155400    2.98609100   -1.99008800 

 C                 -7.31246700    3.48844500   -0.82052600 

 C                 -7.96540100    3.55352000    0.40986300 

 C                 -9.88675900    0.18810100    2.70880800 

 C                 -5.50060300    1.60385200    2.38094600 

 C                 -6.40960600    0.92741400    3.18155900 

 C                 -6.41948000   -0.54852500    3.25378100 

 C                 -5.52007700   -1.31215100    2.52375200 

 C                 -4.41660900   -0.69497100    1.72846600 

 C                 -4.39179700    1.48465800    0.27662200 

 C                 -5.27141100    2.62819000    0.27429200 

 C                 -5.95230500    2.69703000    1.55686400 

 C                 -7.27050600    3.15412400    1.62238900 

 C                 -8.21079300    2.47754100    2.48498900 

 C                 -7.78803900    1.37682400    3.23847700 

 C                 -7.80385100   -0.97145000    3.35350400 

 C                 -8.24197700   -2.13457600    2.71073700 

 C                 -7.31151400   -2.90491400    1.91908800 

 C                 -5.98717300   -2.47448500    1.81021100 

 C                 -5.30651900   -2.54033600    0.52733000 

 C                 -4.41163000   -1.41406600    0.41837600 

 C                 -4.27753900   -0.75963700   -0.79719600 

 C                 -4.26750300    0.71288300   -0.86919500 

 C                 -5.93761900    3.02050200   -0.88958400 

 C                 -5.78414000    2.23652200   -2.09331000 

 C                 -4.97181600    1.09786300   -2.07706300 

 C                 -5.41334200   -0.10958800   -2.75316200 

 C                 -4.98778100   -1.25115200   -1.96210900 

 C                 -5.81555900   -2.37479200   -1.86749000 

 C                 -5.97883100   -3.03526800   -0.59304600 

 C                 -7.35980100   -3.47571300   -0.47948700 

 C                 -8.01267200   -3.41141600    0.75097200 

 C                 -8.64699300    0.21106100    3.34898900 

 C                 -9.52890200   -2.15842100    2.03626700 

 C                 -4.40633800    0.89700800    1.65070300 

 

 

Cartesian coordinates of the DFT optimized of model structure for 4 

 N                  3.95637773   -1.25448639   -0.07369877 

 N                  3.93364567    1.30577568    0.12511266 

 C                  2.71287631   -0.71112654   -0.02905731 

 C                  4.39691481   -2.58558828   -0.07546806 

 C                  2.72611372    0.78741425    0.08032214 

 C                  4.21064694    2.67063435    0.09212064 

 C                  1.51619626   -1.39121118   -0.12827901 
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 C                  3.69572363   -3.63464863    0.54236440 

 C                  5.63740059   -2.85845055   -0.67986856 

 C                  1.46812009    1.44297014    0.16900109 

 C                  5.25618970    3.14634727    0.91052075 

 C                  3.58464987    3.58495760   -0.78272070 

 C                  0.27141742   -0.71202715   -0.07248888 

 H                  1.47842906   -2.46222737   -0.27880558 

 C                  4.21879452   -4.92767259    0.52421715 

 H                  2.76871569   -3.43461223    1.06555503 

 C                  6.15323961   -4.15094628   -0.68318754 

 H                  6.18436698   -2.04774258   -1.15468808 

 C                  0.25618735    0.76959736    0.11188608 

 H                  1.43786905    2.51707769    0.30683242 

 C                  5.63135633    4.48635332    0.88758071 

 H                  5.75471987    2.43887521    1.56698776 

 C                  3.98086931    4.92093254   -0.81491726 

 H                  2.80958576    3.23141443   -1.45514601 

 O                 -0.80833954   -1.38563035   -0.17721371 

 C                  5.44312650   -5.19775993   -0.08893995 

 H                  3.66520593   -5.72762743    1.00895558 

 H                  7.11186414   -4.34140572   -1.15834608 

 O                 -0.87337114    1.40072668    0.21573908 

 C                  4.99638972    5.38498352    0.02473905 

 H                  6.43064676    4.83047456    1.53960605 

 H                  3.49182817    5.60469564   -1.50491293 

 Mo                -2.89426838   -1.10004097   -0.15637133 

 H                  5.84263807   -6.20769724   -0.09796669 

 Mo                -2.91548140    1.01824308    0.15705407 

 H                  5.29646724    6.42901292   -0.00045409 

 N                 -2.80105339   -0.86363278   -2.30058062 

 N                 -2.82958849   -1.49235021    1.96728129 

 N                 -5.03006720   -1.19415556   -0.18329031 

 N                 -5.05597403    1.07092083    0.15289904 

 N                 -2.85612444    0.77470912    2.29761587 

 N                 -2.83588395    1.40238142   -1.96371062 

 C                 -2.74807437    0.36811465   -2.78904911 

 C                 -2.78005761   -0.45417763    2.79067024 

 C                 -5.71312358   -0.06900966   -0.02031694 

 H                 -2.62485046    0.52993788   -3.86558772 

 H                 -2.66918041   -0.60991310    3.86944041 

 H                 -6.80804242   -0.08078856   -0.02858298 

 H                 -2.70134885   -1.59072701   -3.00146112 

 H                 -2.74870568    2.30482476   -2.41974918 

 H                 -5.65533134    1.88158569    0.26990507 

 H                 -5.61037074   -2.01725201   -0.30949282 

 H                 -2.74075833   -2.39111459    2.43007257 

 H                 -2.77186015    1.50701427    2.99520283 

 H                  4.66222177   -0.51131905   -0.08041576 

 

 

Cartesian coordinates of the DFT optimized of model structure for 4– 

N                  3.94569988   -1.25514925   -0.30608139 

 N                  3.93778398    1.28336645    0.18844607 

 C                  2.67938082   -0.69323413   -0.15889583 

 C                  4.41167121   -2.54741468   -0.18305350 

 C                  2.70447207    0.74849753    0.09153758 
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 C                  4.22872403    2.62336336    0.14017979 

 C                  1.47034293   -1.35303877   -0.31668460 

 C                  3.64722230   -3.64143844    0.28262387 

 C                  5.76582159   -2.79225108   -0.52127375 

 C                  1.44776320    1.38069309    0.26763494 

 C                  5.42846575    3.05502628    0.76986777 

 C                  3.49647336    3.61776335   -0.56674086 

 C                  0.22210660   -0.70095715   -0.16542873 

 H                  1.43035945   -2.39793413   -0.60031478 

 C                  4.21607886   -4.91053889    0.37958682 

 H                  2.62521577   -3.48560732    0.60163016 

 C                  6.31795126   -4.06199068   -0.41397899 

 H                  6.37132128   -1.96135558   -0.87718107 

 C                  0.21828931    0.72060763    0.16934560 

 H                  1.41212741    2.43277198    0.52785155 

 C                  5.84902190    4.37836390    0.72396715 

 H                  6.01015108    2.30398780    1.29877232 

 C                  3.93407664    4.93918696   -0.61699666 

 H                  2.59805961    3.32921607   -1.10160014 

 O                 -0.87003886   -1.40916295   -0.33631005 

 C                  5.54808547   -5.14372325    0.03080239 

 H                  3.60110399   -5.73030946    0.74666329 

 H                  7.36164755   -4.21034943   -0.68504828 

 O                 -0.89514998    1.39444418    0.38379531 

 C                  5.10538903    5.34308152    0.03184397 

 H                  6.77026250    4.66385554    1.23069926 

 H                  3.34877542    5.66728915   -1.17775491 

 Mo                -2.92546838   -1.07481259   -0.26134534 

 H                  5.97792176   -6.13919339    0.10590677 

 Mo                -2.94059600    0.99801738    0.27805082 

 H                  5.43426706    6.37911235   -0.00590907 

 N                 -2.82683025   -0.60278415   -2.37752464 

 N                 -2.84710713   -1.69388566    1.81819566 

 N                 -5.08479576   -1.16081163   -0.29308470 

 N                 -5.10465115    1.05872010    0.28521869 

 N                 -2.85287451    0.52554424    2.39540604 

 N                 -2.83876872    1.61670100   -1.80135902 

 C                 -2.72730588    0.67339276   -2.72477220 

 C                 -2.74980143   -0.74857558    2.74338844 

 C                 -5.76357258   -0.05507674   -0.00820491 

 H                 -2.54448979    0.94596276   -3.77248627 

 H                 -2.57614115   -1.02127910    3.79266085 

 H                 -6.86139153   -0.06330710   -0.01583024 

 H                 -2.66452499   -1.24910989   -3.14272587 

 H                 -2.67219654    2.55473233   -2.15055838 

 H                 -5.70892948    1.84887163    0.48795043 

 H                 -5.67573054   -1.95888592   -0.50406763 

 H                 -2.69279906   -2.63169992    2.17360649 

 H                 -2.68891699    1.17406399    3.15837946 

 H                  4.63698906   -0.50001274   -0.26516302 

 

 

Cartesian coordinates of the DFT optimized of model structure for 5 

 N                  7.07492127   -1.04728920    0.05630894 

 N                  6.87039517    1.51961497    0.08831159 

 C                  5.80007703   -0.58693595    0.07815831 
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 C                  7.59795922   -2.34883108    0.12043798 

 C                  5.70680028    0.91030692    0.10323638 

 C                  7.04101694    2.89555971   -0.04926579 

 C                  4.65127528   -1.35446172    0.01756642 

 C                  6.97459922   -3.39496741    0.82010898 

 C                  8.83766520   -2.58316092   -0.49946461 

 C                  4.40341517    1.47804774    0.18670312 

 C                  8.07293052    3.50460574    0.69420050 

 C                  6.31944206    3.69288979   -0.96412199 

 C                  3.36701183   -0.76128950    0.03565118 

 H                  4.69066727   -2.43114563   -0.08470592 

 C                  7.57348641   -4.65371801    0.86680949 

 H                  6.04909371   -3.21619841    1.35401721 

 C                  9.43014062   -3.84118795   -0.43747289 

 H                  9.32342324   -1.77303405   -1.03752020 

 C                  3.24866352    0.71537370    0.17447352 

 H                  4.29712321    2.55172528    0.28406709 

 C                  8.34210626    4.86362995    0.56310263 

 H                  8.64512363    2.88617225    1.37967137 

 C                  6.61105667    5.04825240   -1.10588530 

 H                  5.55577479    3.23350222   -1.58343129 

 O                  2.33383452   -1.51513236   -0.06158508 

 C                  8.79774327   -4.88795470    0.23848372 

 H                  7.08111688   -5.45318790    1.41398927 

 H                 10.38716116   -4.00485545   -0.92539500 

 O                  2.07423364    1.27297015    0.28947560 

 C                  7.61323477    5.64612524   -0.33791489 

 H                  9.13233988    5.31367281    1.15892158 

 H                  6.05140924    5.64104636   -1.82548162 

 Mo                 0.26040717   -1.34674041   -0.17696231 

 H                  9.25729857   -5.87109452    0.28075928 

 Mo                 0.10023735    0.77374410    0.12357140 

 H                  7.83190123    6.70463812   -0.44843599 

 N                  0.42535502   -1.10222510   -2.30369255 

 N                  0.14352450   -1.72491506    1.93585179 

 N                 -0.04458049    0.53280651    2.25339442 

 N                  0.20955495    1.15361437   -1.99117244 

 C                  0.35908264    0.12171572   -2.80935662 

 C                  0.01215262   -0.69242918    2.75685294 

 H                  0.42605347    0.27756923   -3.89106474 

 H                 -0.04912416   -0.84939223    3.83876356 

 H                  0.52460277   -1.83803653   -2.99561301 

 H                  0.17936287    2.05614579   -2.45424293 

 H                  0.16882547   -2.62856174    2.39709240 

 H                 -0.13465089    1.26790271    2.94733439 

 H                  7.73276210   -0.26435398   -0.00396238 

 C                 -4.03904507   -2.00719728   -0.47866522 

 C                 -2.88024565   -1.27991782   -0.32320505 

 C                 -2.99961109    0.17891769   -0.09378717 

 C                 -4.28934540    0.76606332   -0.04198254 

 C                 -5.45032717    0.02903038   -0.17467331 

 C                 -5.36154578   -1.46205422   -0.37653675 

 H                 -3.96972586   -3.07636388   -0.64462611 

 H                 -4.32030982    1.84399621    0.05206467 

 O                 -1.97505721    0.93732620    0.03394247 

 O                 -1.70187505   -1.84944879   -0.38159683 
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 N                 -6.69305099    0.59366571   -0.20584938 

 H                 -7.44561221   -0.02734110   -0.47762228 

 N                 -6.36353099   -2.29037865   -0.50918703 

 C                 -7.09791350    1.91543908    0.07820188 

 C                 -8.18824549    2.43276898   -0.64012090 

 C                 -6.51193838    2.69233003    1.09008759 

 C                 -8.67174289    3.70901707   -0.36306293 

 H                 -8.64715244    1.82874640   -1.41861020 

 C                 -6.99710311    3.97346999    1.35043614 

 H                 -5.70489455    2.28558428    1.68817039 

 C                 -8.07325088    4.49144323    0.62729683 

 H                 -9.51541758    4.09423759   -0.92905474 

 H                 -6.53577840    4.56412883    2.13731251 

 H                 -8.44537388    5.48981406    0.83774834 

 C                 -7.71592733   -2.10419610   -0.25653135 

 C                 -8.65019098   -2.26511393   -1.30409407 

 C                 -8.21379284   -1.90092271    1.05249919 

 C                -10.01999751   -2.19385847   -1.05412377 

 H                 -8.27619723   -2.44997321   -2.30683870 

 C                 -9.58517309   -1.84896287    1.29027153 

 H                 -7.50710330   -1.80421157    1.87184218 

 C                -10.49940818   -1.98779883    0.24187735 

 H                -10.71756621   -2.31245943   -1.87973406 

 H                 -9.94217178   -1.69858554    2.30629951 

 H                -11.56756780   -1.94438685    0.43391385 

 

 

Cartesian coordinates of the DFT optimized of model structure for 5– 

N                  7.04924327   -1.09724740    0.06985820 

 N                  6.87997666    1.47087674    0.23365715 

 C                  5.75929212   -0.60879533    0.08460738 

 C                  7.57418604   -2.36913062    0.24914389 

 C                  5.69166930    0.86279146    0.16326050 

 C                  7.08437804    2.82753109    0.08012889 

 C                  4.60009604   -1.35584925   -0.04622049 

 C                  6.86986726   -3.44912273    0.81916177 

 C                  8.92043259   -2.57703246   -0.12484903 

 C                  4.39627271    1.43827684    0.21384095 

 C                  8.17548258    3.40741511    0.77367813 

 C                  6.35884566    3.67264996   -0.79782274 

 C                  3.32006706   -0.75385026   -0.03995734 

 H                  4.62924514   -2.42702484   -0.20083521 

 C                  7.49178674   -4.68691372    0.98071955 

 H                  5.85552174   -3.30858675    1.16943622 

 C                  9.52914084   -3.81436046    0.04914437 

 H                  9.47537506   -1.75053664   -0.56289475 

 C                  3.22395514    0.69064529    0.12996992 

 H                  4.29068652    2.50907500    0.34409346 

 C                  8.50004466    4.75151245    0.62778197 

 H                  8.75121441    2.76339090    1.43314843 

 C                  6.70089218    5.01478309   -0.94900621 

 H                  5.54634019    3.25478993   -1.38292033 

 O                  2.26950411   -1.51914604   -0.19104214 

 C                  8.81859439   -4.88790494    0.59654093 

 H                  6.92646801   -5.50227729    1.42659229 

 H                 10.56653929   -3.94295517   -0.25162456 
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 O                  2.05249591    1.29709458    0.20491791 

 C                  7.76443246    5.57303443   -0.23415698 

 H                  9.33827566    5.16334331    1.18698542 

 H                  6.12865673    5.63242198   -1.63904948 

 Mo                 0.24067195   -1.30999947   -0.33444354 

 H                  9.29173526   -5.85766326    0.72416259 

 Mo                 0.09369251    0.81708190   -0.01009403 

 H                  8.02036866    6.62303999   -0.35219827 

 N                  0.43956959   -1.03689006   -2.46410750 

 N                  0.06291439   -1.71105803    1.77941997 

 N                 -0.09512606    0.54676636    2.12163887 

 N                  0.26024769    1.21971109   -2.12525654 

 C                  0.40654783    0.19470483   -2.95000761 

 C                 -0.07436499   -0.68559905    2.60571211 

 H                  0.49978460    0.36382562   -4.02912769 

 H                 -0.17048993   -0.85564786    3.68444773 

 H                  0.54258016   -1.76413252   -3.16355181 

 H                  0.25269000    2.12772894   -2.57703810 

 H                  0.05557759   -2.61993766    2.22952898 

 H                 -0.19777017    1.27342013    2.82176414 

 H                  7.70314172   -0.30917213    0.05292733 

 C                 -4.05275821   -1.90019377   -0.69356409 

 C                 -2.88109245   -1.17746282   -0.52600493 

 C                 -2.98251249    0.25451513   -0.29198551 

 C                 -4.26653839    0.84276800   -0.27044104 

 C                 -5.43522413    0.10438616   -0.40166912 

 C                 -5.36214714   -1.34977077   -0.58981310 

 H                 -3.98137199   -2.97002649   -0.86068678 

 H                 -4.29912520    1.92371147   -0.20090446 

 O                 -1.93790954    1.03100571   -0.13580512 

 O                 -1.70739779   -1.79510576   -0.57790967 

 N                 -6.68892833    0.70399335   -0.50229979 

 H                 -7.40162843    0.10163044   -0.89148971 

 N                 -6.39983758   -2.17747119   -0.77685624 

 C                 -7.16535423    1.90488041    0.01406659 

 C                 -8.39297379    2.39428456   -0.48160237 

 C                 -6.52061975    2.63532384    1.03221345 

 C                 -8.94452090    3.57126597    0.01160823 

 H                 -8.90611401    1.83545280   -1.26101845 

 C                 -7.08170485    3.81859484    1.51043489 

 H                 -5.60105341    2.26141686    1.46521958 

 C                 -8.29061186    4.30338731    1.00756479 

 H                 -9.89251622    3.92161891   -0.39037377 

 H                 -6.56473805    4.36155113    2.29855129 

 H                 -8.71728870    5.22841239    1.38546333 

 C                 -7.65477063   -2.08015323   -0.23280390 

 C                 -8.75395973   -2.60243609   -0.96703905 

 C                 -7.93165088   -1.60479520    1.08039908 

 C                -10.04014456   -2.61841451   -0.43794883 

 H                 -8.55465041   -2.99205704   -1.96178339 

 C                 -9.22075904   -1.63846076    1.60209271 

 H                 -7.10859139   -1.23120010    1.68310190 

 C                -10.29200388   -2.13687006    0.85195587 

 H                -10.85685291   -3.01862120   -1.03648840 

 H                 -9.39221940   -1.27071285    2.61231356 

 H                -11.29668811   -2.15710280    1.26635856 
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Cartesian coordinates of the DFT optimized structure III 

 Mo                 1.05396100    0.04099000    0.08067800 

 Mo                -1.06502200    0.16863800   -0.10435800 

 C                  2.00711800   -2.24434300    2.14587200 

 C                 -2.66192200   -1.90143200    1.80684500 

 C                  2.25185000    1.98787900    2.37994500 

 O                 -6.08730100    3.85991800    3.21054700 

 O                  6.34874500    3.95709500   -2.70271400 

 O                 -5.06781000    3.96810800   -4.69152600 

 N                  1.16204700   -1.53358600   -1.46047600 

 N                 -1.16206300   -1.49358900   -1.53982100 

 C                  2.01978600   -3.64849300    2.17022600 

 N                  0.90907600   -1.51074700    1.62034300 

 N                 -1.40245300   -1.34322600    1.44548100 

 N                  1.10863400    1.59664200    1.62864800 

 N                 -1.19828400    1.76299000    1.39778000 

 N                  1.41898100    1.55813900   -1.45983500 

 N                 -0.88872200    1.64947200   -1.73287600 

 C                  0.00837700   -1.98194400   -1.95036500 

 C                  3.11907700   -4.36308600    2.66138200 

 C                  4.24798300   -3.67640900    3.12606500 

 C                  3.15208800   -1.56952300    2.61512400 

 C                  4.25328000   -2.27251900    3.09224700 

 O                  5.37954200   -4.26699900    3.61790700 

 C                  5.41871600   -5.68140200    3.68316100 

 C                 -2.34300400   -2.19669500   -1.89315300 

 C                 -2.37040400   -3.57779800   -2.15431300 

 C                 -3.57293600   -1.50842200   -1.94130500 

 C                 -4.76183900   -3.52980700   -2.56195100 

 C                 -4.75691700   -2.15704600   -2.26866600 

 C                 -3.55635800   -4.23805600   -2.49741500 

 C                 -0.31575600   -1.90030400    1.97503100 

 C                 -2.87441000   -3.29563100    1.82831600 

 C                 -3.74435900   -1.07031300    2.12326400 

 C                 -4.10983300   -3.82884400    2.17791300 

 C                 -5.18455100   -2.98547700    2.49984200 

 C                 -4.99506500   -1.59838400    2.46358000 

 O                 -6.35824900   -3.61051800    2.82318700 

 C                 -7.48092400   -2.80092800    3.12320000 

 C                  2.35144800   -2.00489900   -2.07904000 

 C                  2.49193300   -2.06360000   -3.47455600 

 C                  3.67487500   -2.51544400   -4.07258100 

 C                  4.75710000   -2.90487100   -3.27371000 

 C                  4.63360800   -2.83465300   -1.87593500 

 C                  3.45145700   -2.39606400   -1.28907300 
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 O                  5.96028100   -3.35401000   -3.74588100 

 C                  6.12676800   -3.46034700   -5.14853400 

 C                 -0.05682800    2.13973900    1.97436700 

 C                 -2.40416100    2.31654400    1.90208000 

 C                 -3.45575800    2.63085000    1.01758600 

 C                 -4.66397200    3.13691800    1.48451500 

 C                 -4.86605300    3.35454200    2.85692100 

 C                 -3.83555200    3.04017800    3.75210900 

 C                 -2.62738300    2.51869300    3.27472600 

 C                 -6.33428200    4.10340900    4.58405900 

 C                  2.22017500    2.06880500    3.78898500 

 C                  3.35025800    2.43073800    4.51433200 

 C                  4.56012400    2.70877000    3.85836600 

 C                  4.61338800    2.61151200    2.46190200 

 C                  3.46847800    2.25797900    1.73818100 

 O                  5.61129100    3.05135600    4.66319700 

 C                  6.85697200    3.33070600    4.04846000 

 C                  0.33606600    2.05660500   -2.05421800 

 C                 -1.94833100    2.26587600   -2.47112000 

 C                 -2.67585400    1.53691400   -3.42977800 

 C                 -2.28189300    3.61174400   -2.27040300 

 C                 -3.31518200    4.22336000   -2.99215800 

 C                 -4.03920100    3.48145000   -3.93475300 

 C                 -3.70804100    2.13281000   -4.14749400 

 C                 -5.43869800    5.32522200   -4.52152400 

 C                  2.66788900    2.14830600   -1.79832000 

 C                  3.79364200    1.34745900   -2.03703600 

 C                  5.04014900    1.90964300   -2.33736300 

 C                  5.18309100    3.30120200   -2.41360200 

 C                  4.06485400    4.11489300   -2.17202500 

 C                  2.83284000    3.54877200   -1.86144400 

 C                  7.50405300    3.17835400   -2.95817400 

 O                 -5.97783300   -4.07088000   -2.87978900 

 C                 -6.03600800   -5.45852200   -3.15482200 

 H                  1.16735200   -4.20077700    1.77028400 

 H                  0.02938700   -2.78048700   -2.70663800 

 H                  3.08492100   -5.45240700    2.65532700 

 H                  3.16656200   -0.47936500    2.62194200 

 H                  5.13508800   -1.74626300    3.46203300 

 H                  6.39592300   -5.93925800    4.11292100 

 H                  5.33184300   -6.14243100    2.68218200 

 H                  4.62035500   -6.08498900    4.33243500 

 H                 -1.45906800   -4.16994500   -2.05940600 

 H                 -3.59893900   -0.43910000   -1.72550600 

 H                 -5.70221200   -1.61278200   -2.30501100 

 H                 -3.52319400   -5.31076000   -2.68752800 

 H                 -0.42926600   -2.68280300    2.74043300 

 H                 -2.06546600   -3.96794000    1.53694400 

 H                 -3.60744900    0.01072100    2.12376100 
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 H                 -4.27494400   -4.90786300    2.18778900 

 H                 -5.80523000   -0.91109400    2.70602800 

 H                 -7.30432500   -2.16478900    4.00991300 

 H                 -8.30684200   -3.49264800    3.33708800 

 H                 -7.76089400   -2.15470100    2.27139200 

 H                  1.67449100   -1.72014500   -4.11141400 

 H                  3.73980700   -2.53768800   -5.16030100 

 H                  5.48122700   -3.14495100   -1.26215600 

 H                  3.36662900   -2.37175800   -0.20169400 

 H                  7.14110800   -3.85072700   -5.30615900 

 H                  5.39657900   -4.15847200   -5.59715300 

 H                  6.03554000   -2.47917400   -5.64967300 

 H                 -0.07290500    2.93744300    2.73157200 

 H                 -3.31173100    2.49276900   -0.05458900 

 H                 -5.47154500    3.38447400    0.79309900 

 H                 -3.96225000    3.17418500    4.82626300 

 H                 -1.85907500    2.23315300    3.99522800 

 H                 -7.35244900    4.51074400    4.64290000 

 H                 -5.62519900    4.83956000    5.00486400 

 H                 -6.28126700    3.17531800    5.18229800 

 H                  1.30286600    1.81290500    4.32255500 

 H                  3.32520800    2.48677300    5.60424500 

 H                  5.53292000    2.81930100    1.91557500 

 H                  3.52361500    2.21136100    0.65078800 

 H                  7.55014100    3.57629800    4.86407300 

 H                  7.24606400    2.45758200    3.49349700 

 H                  6.79081200    4.19143800    3.35831600 

 H                  0.45567700    2.80660200   -2.85141400 

 H                 -2.40920400    0.49682700   -3.61872800 

 H                 -1.72927700    4.19039300   -1.52742300 

 H                 -3.54352300    5.27213800   -2.80347200 

 H                 -4.27203300    1.57111800   -4.89444700 

 H                 -6.26957800    5.50244300   -5.21728200 

 H                 -4.60822600    6.01184800   -4.76729800 

 H                 -5.77983700    5.53176500   -3.49072900 

 H                  3.69595800    0.26235200   -2.00713400 

 H                  5.88324000    1.24403600   -2.52112200 

 H                  4.19103100    5.19839400   -2.21540200 

 H                  1.98712500    4.20073500   -1.63476200 

 H                  8.31246900    3.89214500   -3.16593500 

 H                  7.36985300    2.51894800   -3.83500800 

 H                  7.78384200    2.55828500   -2.08677000 

 H                 -7.08717900   -5.68044600   -3.38289900 

 H                 -5.71961700   -6.06343800   -2.28533200 

 H                 -5.41201700   -5.73217700   -4.02555000 

 

 

Cartesian coordinates of the DFT optimized structure IV 

 Mo                -0.02906371   -0.03723467    1.04910133 
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 Mo                 0.02900991    0.03768154   -1.04912307 

 N                 -3.28554943   -2.75194901   -0.19068106 

 C                 -3.62734833   -3.38138938   -1.45533712 

 C                  2.05207749    1.83994357    2.56443289 

 C                  3.48209307    2.37169425    2.58409806 

 N                  1.40453235   -1.68230619    1.13481973 

 N                  1.44761728   -1.62277714   -1.16629376 

 N                  2.81368319   -3.21821078   -0.03052719 

 N                 -1.67740253   -1.46901241    1.04470766 

 N                 -1.61974306   -1.38475877   -1.24804901 

 N                 -1.44780690    1.62306283    1.16637628 

 N                 -1.40473536    1.68264092   -1.13473935 

 N                  1.61970899    1.38508168    1.24795729 

 N                  1.67733263    1.46935552   -1.04481031 

 C                  1.88580780   -2.17171526   -0.02096348 

 C                  1.89676130   -2.21971345   -2.41494517 

 C                  3.37917205   -2.58152263   -2.34416003 

 C                  3.56786131   -3.58989250   -1.21850196 

 C                  3.12412458   -4.00786872    1.15169589 

 C                  2.16913405   -3.70644420    2.29914345 

 C                  1.97295281   -2.19319126    2.37218884 

 C                 -2.17550879   -1.88532367   -0.13197884 

 C                 -3.48161463   -2.37245756   -2.58420101 

 C                 -2.05201684   -1.83957551   -2.56457347 

 C                 -3.58050669   -2.57723274    2.21700404 

 C                 -3.67601689   -3.48637000    1.00129004 

 C                  3.62861957    3.38057680    1.45527362 

 N                  3.28594025    2.75167569    0.19060605 

 C                  2.15524901    2.03930326   -2.29784153 

 C                  3.58121763    2.57602750   -2.21705329 

 C                 -2.15517466   -2.03879873    2.29787037 

 C                  3.67781840    3.48518887   -1.00143510 

 C                 -1.88617368    2.17188664    0.02104186 

 C                  2.17564021    1.88548184    0.13188669 

 C                 -1.89716603    2.21975852    2.41507850 

 C                 -1.97344250    2.19327322   -2.37207689 

 C                 -3.37961411    2.58138787    2.34424822 

 C                 -2.16992345    3.70649941   -2.29910511 

 C                 -3.12485774    4.00784215   -1.15157838 

 C                 -3.56837146    3.58979787    1.21865108 

 N                 -2.81454954    3.21792876    0.03052413 

 H                 -2.99117664   -4.27216656   -1.65892894 

 H                 -4.66643609   -3.74478508   -1.38069508 

 H                  1.37109360    2.63428660    2.93678232 

 H                  1.95716805    1.00078769    3.27671359 

 H                  3.70883682    2.84238591    3.55490508 

 H                  4.19741257    1.54658760    2.42745932 

 H                  1.71593276   -1.50437490   -3.23443081 

 H                  1.31362128   -3.13321966   -2.66415711 
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 H                  3.96153758   -1.66697403   -2.14185549 

 H                  3.74044760   -3.01315017   -3.29208955 

 H                  3.25167624   -4.59817654   -1.56043662 

 H                  4.63908178   -3.67796171   -0.94905977 

 H                  4.16906278   -3.80616300    1.46964532 

 H                  3.08630455   -5.08279211    0.88484558 

 H                  2.58005679   -4.11155448    3.23853747 

 H                  1.19166750   -4.18538563    2.12087958 

 H                  1.29712903   -1.93531939    3.20469219 

 H                  2.94907707   -1.71139985    2.60073065 

 H                 -3.70797314   -2.84334446   -3.55500304 

 H                 -4.19760768   -1.54793085   -2.42758619 

 H                 -1.37044405   -2.63324759   -2.93726663 

 H                 -1.95791058   -1.00013713   -3.27663664 

 H                 -3.84057770   -3.13047510    3.13451397 

 H                 -4.29586006   -1.74509654    2.10385017 

 H                 -4.70965971   -3.84290931    0.85384824 

 H                 -3.04498600   -4.39081603    1.15425938 

 H                  4.66806712    3.74292131    1.38048958 

 H                  2.99342291    4.27199094    1.65909414 

 H                  1.48231355    2.86102087   -2.62524154 

 H                  2.09330633    1.26578707   -3.08452431 

 H                  3.84197565    3.12891106   -3.13458488 

 H                  4.29552566    1.74299775   -2.10386146 

 H                 -1.48136611   -2.85952984    2.62593814 

 H                 -2.09440336   -1.26478332    3.08416459 

 H                  3.04826084    4.39060081   -1.15474676 

 H                  4.71198538    3.84017176   -0.85384410 

 H                 -1.31416135    3.13329728    2.66447597 

 H                 -1.71630022    1.50433778    3.23448973 

 H                 -1.29768505    1.93548768   -3.20465848 

 H                 -2.94950013    1.71125622   -2.60042195 

 H                 -3.96187850    1.66679483    2.14185192 

 H                 -3.74097386    3.01291375    3.29219224 

 H                 -1.19251773    4.18561116   -2.12097344 

 H                 -2.58100336    4.11149900   -3.23847818 

 H                 -3.08687123    5.08272832   -0.88457391 

 H                 -4.16983314    3.80633349   -1.46949890 

 H                 -4.63961986    3.67808255    0.94941771 

 H                 -3.25191438    4.59801838    1.56054391 

 

 

Cartesian coordinates of the DFT optimized structure 1 

 Mo                 1.08191736    0.04935317   -0.34792880 

 Mo                -1.03803214   -0.06570934   -0.37783849 

 O                  6.28204034   -4.65160340   -0.95572567 

 O                 -5.45766786   -5.54355958    0.80409149 

 O                  5.76659228   -0.15098970    5.03519261 

 O                 -5.91107466    0.97345879    4.71493210 
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 O                  5.48411344    5.66084669    0.08769733 

 O                 -6.10102045    4.55129667   -2.05600209 

 N                  1.20547620   -0.09945965   -2.50561392 

 N                 -1.09262865   -0.18881017   -2.54135981 

 N                  0.09801096   -0.29753689   -4.60770822 

 N                  1.31399516   -2.12620546   -0.24985795 

 N                 -1.00365251   -2.27217794   -0.22184513 

 N                  1.14518670    0.17320896    1.85252230 

 N                 -1.17822256    0.09074024    1.81452388 

 N                  1.04547614    2.25859048   -0.47794785 

 N                 -1.26937255    2.10104440   -0.56517620 

 C                  0.06936088   -0.19665970   -3.21957313 

 C                 -2.33001848   -0.32059423   -3.30375606 

 H                 -3.16166802    0.06563309   -2.69344629 

 H                 -2.55458083   -1.38752396   -3.51558104 

 C                 -2.24922304    0.43975800   -4.62468115 

 H                 -2.08713971    1.50987309   -4.41655192 

 H                 -3.18505850    0.34529324   -5.19832789 

 C                 -1.09231851   -0.13130547   -5.43078608 

 H                 -1.38270671   -1.10798898   -5.87138118 

 H                 -0.84190203    0.53138363   -6.28128066 

 C                  1.30888975   -0.63088389   -5.34774071 

 H                  1.62208469    0.24100447   -5.95838765 

 H                  1.07355194   -1.44302595   -6.06260197 

 C                  2.43728092   -1.04714923   -4.41496191 

 H                  3.39311920   -1.04311489   -4.96297640 

 H                  2.27094090   -2.06785895   -4.03362389 

 C                  2.46686592   -0.07580413   -3.23825016 

 H                  3.28088565   -0.34405256   -2.54644601 

 H                  2.68881111    0.94468472   -3.61621426 

 C                  0.19774835   -2.84947361   -0.20343631 

 H                  0.26975906   -3.94698497   -0.14851434 

 C                 -2.12584982   -3.10507303    0.01699138 

 C                 -2.12704936   -4.09435339    1.02470404 

 H                 -1.24519493   -4.21859087    1.65583307 

 C                 -3.24554901   -4.88911121    1.25274098 

 H                 -3.24393851   -5.65008608    2.03553895 

 C                 -4.41389036   -4.71382896    0.49482945 

 C                 -4.43843130   -3.72289627   -0.49547859 

 H                 -5.32683085   -3.55762930   -1.10479370 

 C                 -3.30382906   -2.93569819   -0.72590427 

 H                 -3.32967378   -2.18228719   -1.51374169 

 C                 -6.65615485   -5.41115509    0.06206636 

 H                 -7.34850290   -6.16265319    0.46463420 

 H                 -6.49726276   -5.60624295   -1.01435671 

 H                 -7.10484418   -4.40743071    0.17922407 

 C                  2.54184644   -2.80691495   -0.44856305 

 C                  3.69802966   -2.38450534    0.24015502 

 H                  3.62365803   -1.56661515    0.95856027 
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 C                  4.92072234   -3.01619434    0.04447521 

 H                  5.81033270   -2.69394422    0.58877271 

 C                  5.03455358   -4.09923762   -0.84302219 

 C                  3.89874807   -4.52849271   -1.53972826 

 H                  3.95112231   -5.35581140   -2.24747576 

 C                  2.67243600   -3.87831793   -1.34763627 

 H                  1.80628717   -4.20220816   -1.92818540 

 C                  6.44259325   -5.75950385   -1.82250136 

 H                  7.49922850   -6.05085773   -1.75269343 

 H                  6.20860525   -5.49921558   -2.87133014 

 H                  5.81088780   -6.61433201   -1.51870911 

 C                 -0.02848857    0.17916828    2.48281049 

 H                 -0.04956822    0.26221768    3.58053181 

 C                 -2.37365488    0.29106115    2.55548710 

 C                 -2.50907833    1.34895031    3.47994482 

 H                 -1.67932008    2.04322505    3.62527306 

 C                 -3.69347098    1.54218572    4.18354942 

 H                 -3.79756611    2.36343490    4.89529909 

 C                 -4.79268944    0.69424338    3.97618354 

 C                 -4.68110728   -0.34945066    3.04814437 

 H                 -5.51042805   -1.03196001    2.86392641 

 C                 -3.48185815   -0.54436762    2.35226599 

 H                 -3.40199692   -1.37750345    1.65309844 

 C                 -7.04285514    0.13913859    4.54911296 

 H                 -7.81223764    0.53067153    5.22814336 

 H                 -6.82366972   -0.91044791    4.81781947 

 H                 -7.42760294    0.16743531    3.51281031 

 C                  2.31258349    0.10888258    2.65988026 

 C                  3.42040460    0.91655124    2.36416224 

 H                  3.36075153    1.62241666    1.53510278 

 C                  4.59261261    0.85812664    3.12697025 

 H                  5.42220616    1.51367458    2.86293107 

 C                  4.67669465   -0.01631518    4.21846419 

 C                  3.57785563   -0.83582143    4.52059662 

 H                  3.66093924   -1.52634249    5.36209888 

 C                  2.42052912   -0.78034212    3.75051295 

 H                  1.59223329   -1.45367452    3.97942057 

 C                  6.89786730    0.65949152    4.77270538 

 H                  7.64307777    0.39866846    5.53615268 

 H                  6.66009108    1.73604050    4.85236662 

 H                  7.32249309    0.46198887    3.77124305 

 C                 -0.15501026    2.82834795   -0.58500567 

 H                 -0.22701512    3.92138625   -0.69819745 

 C                 -2.48809006    2.73449430   -0.91844543 

 C                 -2.57596340    3.64891697   -1.99030389 

 H                 -1.68289931    3.87982197   -2.57441083 

 C                 -3.78840565    4.23934297   -2.33448378 

 H                 -3.85495860    4.94497417   -3.16496786 

 C                 -4.96123946    3.92244127   -1.63200104 
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 C                 -4.89401204    3.00334221   -0.57617121 

 H                 -5.78140760    2.73761688   -0.00218747 

 C                 -3.66917704    2.42327700   -0.22754606 

 H                 -3.62772797    1.73312662    0.61646056 

 C                 -7.31055766    4.26323159   -1.37809835 

 H                 -8.08680486    4.86321631   -1.87179449 

 H                 -7.26092882    4.54441199   -0.31031973 

 H                 -7.57903590    3.19326841   -1.45210820 

 C                  2.16373078    3.12063833   -0.34968107 

 C                  3.36191976    2.82304401   -1.01592017 

 H                  3.40585716    1.94262324   -1.65740822 

 C                  4.49357773    3.63786670   -0.89586599 

 H                  5.39819437    3.36592995   -1.43950838 

 C                  4.44553743    4.78929770   -0.09892273 

 C                  3.25697001    5.09510431    0.58236965 

 H                  3.23681602    5.98249348    1.21798016 

 C                  2.14123012    4.27243533    0.46695763 

 H                  1.24275908    4.50812872    1.04020356 

 C                  6.70310282    5.39673792   -0.58282848 

 H                  7.38758862    6.20825552   -0.30173638 

 H                  6.57662782    5.39501354   -1.68104716 

 H                  7.14232136    4.43032212   -0.27386081 

 

 

Cartesian coordinates of the DFT optimized structure 2 

 Mo                -1.07408857    0.07064748   -0.03879188 

 Mo                 1.03995792   -0.02438682   -0.00624189 

 O                 -6.21818267   -4.69825781    0.56358315 

 O                  5.59871699   -5.33937802   -1.20677866 

 O                 -5.60407322    5.46963388   -0.99148304 

 O                  6.05242393    4.75430969    1.37472084 

 N                 -1.19986055    0.00938205    2.13203227 

 N                  1.10025358   -0.07362290    2.16933570 

 N                 -0.08860701   -0.10229546    4.24015756 

 N                 -1.26602779   -2.12217556   -0.06747090 

 N                  1.05113368   -2.22908866   -0.09345342 

 N                 -1.13202829    0.18622154   -2.21352139 

 N                  1.16333842   -0.01297048   -2.17793396 

 N                 -1.08125827    2.27859185   -0.01254714 

 N                  1.23291776    2.16522406    0.09054877 

 C                 -0.06206480   -0.05617932    2.84689098 

 C                  2.33363543   -0.19116044    2.93880152 

 C                  2.26112941    0.62927294    4.22427096 

 C                  1.09951557    0.10592139    5.05577166 

 C                 -1.29939659   -0.39586233    4.99518005 

 C                 -2.43248406   -0.84429324    4.08337228 

 C                 -2.45800606    0.07625911    2.86599334 

 C                 -0.13778019   -2.82937071   -0.09947843 

 C                  2.19407632   -3.02138940   -0.35652627 
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 C                  2.19769309   -4.04756929   -1.32734017 

 C                  3.34085772   -4.80006237   -1.57715555 

 C                  4.53215227   -4.54437833   -0.88084569 

 C                  4.55417682   -3.51612964    0.07066458 

 C                  3.39592365   -2.77237356    0.32419611 

 C                  6.82233444   -5.12040598   -0.52957839 

 C                 -2.48366623   -2.81696010    0.11831128 

 C                 -3.63802144   -2.40042778   -0.57763143 

 C                 -4.85886299   -3.04197798   -0.40459977 

 C                 -4.97364301   -4.13458496    0.47072954 

 C                 -3.84170417   -4.55977623    1.17623278 

 C                 -2.61818632   -3.89865722    1.00539379 

 C                 -6.38117683   -5.80980124    1.42522136 

 C                  0.02942892    0.12136827   -2.88959060 

 C                  0.10653083    2.87589934    0.06622746 

 C                  2.44117024    2.83405371    0.39358997 

 C                  2.52487929    3.85253826    1.36902016 

 C                  3.73570096    4.47315331    1.66102719 

 C                  4.91487267    4.08713987    1.00531825 

 C                  4.85510248    3.06615487    0.04732040 

 C                  3.63076090    2.45689836   -0.24956876 

 C                  7.26942910    4.38760005    0.75138154 

 C                 -2.21778540    3.08896178   -0.24618163 

 C                 -3.44324931    2.77007525    0.35927554 

 C                 -4.59613765    3.53130219    0.13665445 

 C                 -4.54535961    4.64915783   -0.70648644 

 C                 -3.33077828    4.97474803   -1.32950973 

 C                 -2.19257602    4.20468568   -1.11216129 

 C                 -6.85077211    5.17979559   -0.38630205 

 C                 -2.33195314    0.49856089   -2.98112330 

 C                  2.39225337   -0.24288002   -2.92741897 

 C                 -2.36054159   -0.29753822   -4.28360862 

 C                  2.47279381    0.70158276   -4.12427566 

 C                  1.28739596    0.41134287   -5.03616292 

 C                 -1.13906103    0.09531657   -5.10374536 

 N                  0.06027198    0.18723545   -4.28115825 

 H                  3.17200768    0.15726464    2.31463480 

 H                  2.54535616   -1.25102416    3.19649780 

 H                  2.10663720    1.68964088    3.96555341 

 H                  3.19602367    0.55457396    4.80272831 

 H                  1.38624850   -0.84660150    5.54903270 

 H                  0.85013670    0.81383837    5.86988059 

 H                 -1.60723196    0.50345810    5.56830761 

 H                 -1.06893439   -1.17766518    5.74508207 

 H                 -3.38688389   -0.81235312    4.63332220 

 H                 -2.27121455   -1.88098902    3.74473641 

 H                 -3.27605586   -0.21713238    2.18879411 

 H                 -2.67392517    1.11414758    3.19817310 

 H                 -0.19090390   -3.92894464   -0.13658484 
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 H                  1.29562634   -4.23689477   -1.91221624 

 H                  3.33966870   -5.59084103   -2.33003996 

 H                  5.46003678   -3.28816473    0.63225592 

 H                  3.41980721   -1.99180119    1.08579597 

 H                  7.53089643   -5.85555110   -0.93435358 

 H                  6.72317483   -5.27672677    0.56037850 

 H                  7.21633019   -4.10291070   -0.70846438 

 H                 -3.55755710   -1.57109004   -1.28201468 

 H                 -5.74666283   -2.72060582   -0.95271363 

 H                 -3.89589994   -5.39330885    1.87658079 

 H                 -1.75741631   -4.22023111    1.59492769 

 H                 -7.43490976   -6.10818625    1.34220874 

 H                 -6.16116155   -5.55092366    2.47736806 

 H                 -5.74008934   -6.65946565    1.12645678 

 H                  0.15978861    3.97501083    0.11249760 

 H                  1.62948977    4.14095830    1.92292937 

 H                  3.79654970    5.25761994    2.41805530 

 H                  5.74874763    2.74045791   -0.48501108 

 H                  3.59235219    1.68042481   -1.01540804 

 H                  8.04313461    5.03225756    1.18962914 

 H                  7.23871174    4.55251325   -0.34134701 

 H                  7.52843110    3.33009967    0.94413898 

 H                 -3.49106510    1.91745212    1.03790941 

 H                 -5.52099128    3.24497267    0.63724643 

 H                 -3.30674819    5.83530547   -2.00108894 

 H                 -1.27160200    4.45385585   -1.64251369 

 H                 -7.54833753    5.95060293   -0.74061072 

 H                 -6.79291510    5.22468183    0.71682212 

 H                 -7.23136771    4.18480334   -0.68217414 

 H                 -2.39001616    1.58304837   -3.20847970 

 H                 -3.21768400    0.27212868   -2.36659187 

 H                  3.25277357   -0.09595186   -2.25552185 

 H                  2.45626100   -1.29349367   -3.27856521 

 H                 -2.33912050   -1.37482073   -4.04882771 

 H                 -3.27503292   -0.09491514   -4.86432389 

 H                  2.43690955    1.74245986   -3.76193554 

 H                  3.41142919    0.56968360   -4.68665629 

 H                  1.12381764    1.24787254   -5.74377728 

 H                  1.50077596   -0.48286463   -5.65714006 

 H                 -0.95868930   -0.63615789   -5.91547159 

 H                 -1.31887178    1.07149656   -5.60028119 

 

 

Cartesian coordinates of the DFT optimized structure 3 

 Mo                -0.31117946   -1.17336038    0.02167841 

 Mo                 1.12117988    0.36941779   -0.07264297 

 O                 -7.26591934   -1.37628744    1.24395306 

 O                  0.66170495    7.43744150    0.48263922 

 N                  3.31531315   -3.18912797   -1.46185022 
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 C                  2.90150508   -4.51482798   -1.89406112 

 N                 -0.97420998   -0.81309910   -2.02636413 

 N                  0.57542563    0.88811911   -2.11868409 

 N                 -0.77504723    0.45149311   -4.03946395 

 N                 -1.90115978    0.20402262    0.69907680 

 N                 -0.32522934    1.90451599    0.59183878 

 N                  0.26341050   -1.71810428    2.05230298 

 N                  1.82543688   -0.03602102    1.95318638 

 N                  1.09831044   -2.65578291   -0.72072529 

 N                  2.65479119   -0.97321319   -0.82799635 

 C                 -0.39090359    0.17686045   -2.72563419 

 C                  1.13896236    2.02547794   -2.83466918 

 C                  1.33268130    1.69852644   -4.31361597 

 C                 -0.02588553    1.35033380   -4.90571459 

 C                 -1.98978711   -0.08873840   -4.63536403 

 C                 -2.85657128   -0.80272666   -3.60636013 

 C                 -1.94700078   -1.64792455   -2.71755523 

 C                 -1.57740290    1.49343477    0.79011377 

 C                 -0.08400445    3.29935239    0.59509369 

 C                 -0.90934571    4.20690520   -0.10500372 

 C                 -0.63780111    5.57120776   -0.11459717 

 C                  0.48022809    6.08172654    0.56325489 

 C                  1.31755957    5.19656800    1.25430857 

 C                  1.02857042    3.82653816    1.26780061 

 C                  1.78347299    7.99687086    1.13952881 

 C                 -3.26783798   -0.14118278    0.82457592 

 C                 -3.64913340   -1.23656304    1.62650832 

 C                 -4.98060432   -1.62106859    1.74104273 

 C                 -5.98794025   -0.91770532    1.06088227 

 C                 -5.63123149    0.17385341    0.25975549 

 C                 -4.28564819    0.54542676    0.14125350 

 C                 -8.31638301   -0.69588660    0.58302307 

 C                  1.25957051   -1.03880556    2.64947024 

 C                  2.34817411   -2.26771035   -1.02474887 

 C                  1.79622569   -5.03327170   -0.98665614 

 C                  0.65673486   -4.01926572   -0.99564545 

 C                  4.56559672   -2.70843407   -2.02855472 

 C                  5.05194099   -1.49013018   -1.25846433 

 C                  3.94082146   -0.44522882   -1.26801661 

 C                 -0.24237230   -2.93729117    2.67153688 

 C                  3.03151313    0.60277967    2.46552110 

 C                 -0.22637954   -2.87701180    4.19464909 

 C                  3.06756782    0.66858433    3.98820553 

 C                  2.85858229   -0.73922512    4.52361876 

 C                  1.18652402   -2.52902373    4.63519635 

 N                  1.64230488   -1.31611800    3.97308666 

 H                  3.78626683   -5.17271401   -1.85444432 

 H                  2.55403897   -4.51103979   -2.95124873 

 H                  2.10292984    2.29083384   -2.37044232 
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 H                  0.49256596    2.92293320   -2.73920230 

 H                  2.02165224    0.84193432   -4.40769804 

 H                  1.76948038    2.54818476   -4.86333180 

 H                 -0.61023061    2.27909983   -5.07683790 

 H                  0.09022863    0.87114540   -5.89746321 

 H                 -1.71984690   -0.78927219   -5.45317176 

 H                 -2.55192653    0.73885974   -5.11133875 

 H                 -3.60923763   -1.42135971   -4.12181809 

 H                 -3.39236035   -0.07348004   -2.97670421 

 H                 -2.54245314   -2.19049698   -1.96578206 

 H                 -1.44616371   -2.41922130   -3.34236016 

 H                 -2.35100390    2.22655199    1.06895353 

 H                 -1.76195499    3.82562414   -0.67038565 

 H                 -1.27585896    6.26872910   -0.66108493 

 H                  2.19084235    5.55722563    1.79813552 

 H                  1.66789076    3.14910244    1.83540694 

 H                  1.74449731    9.07706276    0.94418472 

 H                  2.73471569    7.59273524    0.74649820 

 H                  1.74935859    7.82654178    2.23142547 

 H                 -2.87881624   -1.77003270    2.18457670 

 H                 -5.27187788   -2.46463448    2.37011087 

 H                 -6.38444630    0.73718070   -0.29134098 

 H                 -4.02030645    1.37670365   -0.51502079 

 H                 -9.24188745   -1.21606434    0.86467053 

 H                 -8.20269414   -0.73135850   -0.51624696 

 H                 -8.38589906    0.36134402    0.89899800 

 H                  1.44324786   -6.01767260   -1.33492020 

 H                  2.19106867   -5.15367274    0.03637410 

 H                  0.14559902   -4.06426135   -1.97999433 

 H                 -0.10258033   -4.30234336   -0.24581976 

 H                  5.29913234   -3.53052218   -1.97060718 

 H                  4.45555527   -2.45568654   -3.10674954 

 H                  5.28808772   -1.78317397   -0.22148866 

 H                  5.96957970   -1.08752786   -1.71777535 

 H                  3.85173924   -0.02669459   -2.29322796 

 H                  4.21692392    0.40244434   -0.61663987 

 H                  0.35686120   -3.81215186    2.33993692 

 H                 -1.26816537   -3.12130734    2.30987035 

 H                  3.93271507    0.05996271    2.10788975 

 H                  3.10416315    1.61807411    2.03975763 

 H                 -0.92719674   -2.10208067    4.54801815 

 H                 -0.53310736   -3.84196291    4.63036233 

 H                  4.03126248    1.07058905    4.34172409 

 H                  2.26391476    1.32828908    4.35632979 

 H                  3.74650912   -1.36798198    4.28969455 

 H                  2.75979199   -0.73189410    5.62273820 

 H                  1.22766536   -2.35386425    5.72413279 

 H                  1.86801182   -3.38365959    4.42620803 
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Cartesian coordinates of the DFT optimized 2 

Au                 0.00009691    1.41450940    0.00027047 

 N                  2.07970730    1.19731186    0.02930224 

 C                  2.93601560   -2.34932741   -0.14287821 

 N                  2.07950758   -1.19762929   -0.02928139 

 C                  2.65555919   -0.00020979    0.00002465 

 C                  2.93641711    2.34885846    0.14292859 

 C                  4.31113425   -3.82596034   -1.47583448 

 C                  3.16936296    3.15281931   -0.99858514 

 C                  3.49486095    2.68952486    1.39781100 

 C                  3.98129020    4.28449401   -0.86144120 

 C                  3.49461253   -2.69000092   -1.39769187 

 C                  4.55624551   -4.62056610   -0.36084330 

 C                  4.55706148    4.61978141    0.36097356 

 C                  3.16858037   -3.15345423    0.99859484 

 C                  3.98030106   -4.28528331    0.86149031 

 Au                -0.00015616   -1.41451294   -0.00032015 

 N                 -2.07956689    1.19763990   -0.02881974 

 C                 -2.65562268    0.00020895   -0.00002848 

 C                 -2.93646119   -2.34894321    0.14181580 

 C                 -3.98021992    4.28493451    0.86350538 

 C                 -3.16939339   -3.15234718   -1.00008599 

 C                 -3.49483535   -2.69028579    1.39655033 

 C                 -3.98122103   -4.28416048   -0.86347763 

 C                 -4.31145753   -3.82620384    1.47420460 

 C                 -4.55601608    4.62095131   -0.35869444 

 C                 -4.55690058   -4.62012157    0.35879258 

 C                 -3.49452964    2.69082097   -1.39649663 

 C                 -4.31090757    3.82691952   -1.47409643 

 H                 -4.75633317    4.09582799   -2.42826352 

 H                 -4.16856739   -4.91073875   -1.73127110 

 H                 -5.19081564   -5.49909361    0.44165029 

 H                 -4.16727823    4.91161793    1.73128437 

 H                 -5.18974525    5.50006147   -0.44150781 

 H                  4.16737640   -4.91239971    1.72895273 

 H                  5.19008434   -5.49955690   -0.44408481 

 H                  4.75666925   -4.09430547   -2.43010885 

 H                 -3.75006637    0.00030116   -0.00001265 

 H                  3.75000394   -0.00029928    0.00004491 

 H                  4.16865985    4.91149203   -1.72892548 

 H                  5.19106640    5.49865010    0.44424398 

 N                 -2.07977013   -1.19732480    0.02875018 

 C                 -3.16862333    3.15294808    1.00006158 

 C                 -2.93604947    2.34941837   -0.14182624 

 C                  4.31159432    3.82532918    1.47599659 

 H                  4.75703441    4.09366134    2.43031801 
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 H                 -4.75681977   -4.09506053    2.42841544 

 C                  2.54347674    2.83981110   -2.35455059 

 C                  3.59066960    2.75760328   -3.48129124 

 C                  1.44473633    3.86506101   -2.70019138 

 H                  2.06346417    1.85971838   -2.28246608 

 H                  4.37063199    2.02417921   -3.24986929 

 H                  3.11163819    2.45956928   -4.42181354 

 H                  4.08100321    3.72252249   -3.65562195 

 H                  0.66652384    3.88344330   -1.92812609 

 H                  1.85813490    4.87741794   -2.78521133 

 H                  0.97043104    3.61384194   -3.65685369 

 C                  3.23262019    1.87517486    2.66239705 

 C                  2.61704512    2.73594698    3.78298059 

 C                  4.51319514    1.17255501    3.15535237 

 H                  2.49937059    1.10129792    2.41830812 

 H                  1.69277280    3.21877373    3.44818745 

 H                  2.37994494    2.11168725    4.65305206 

 H                  3.30343134    3.52232030    4.11862211 

 H                  4.93375793    0.51623374    2.38464665 

 H                  5.28739609    1.90082207    3.42522889 

 H                  4.30310230    0.56332014    4.04244074 

 C                  3.23268153   -1.87557158   -2.66229112 

 C                  2.61713421   -2.73625385   -3.78296149 

 C                  4.51342011   -1.17313402   -3.15507202 

 H                  2.49951065   -1.10158881   -2.41830074 

 H                  1.69275097   -3.21895399   -3.44829039 

 H                  2.38024226   -2.11196533   -4.65306852 

 H                  3.30346395   -3.52272310   -4.11849497 

 H                  4.93394634   -0.51683455   -2.38432706 

 H                  5.28757416   -1.90150439   -3.42480476 

 H                  4.30353931   -0.56391062   -4.04221828 

 C                  2.54251657   -2.84048081    2.35448773 

 C                  3.58954346   -2.75854813    3.48140365 

 C                  1.44356291   -3.86560120    2.69983979 

 H                  2.06266681   -1.86030433    2.28243704 

 H                  4.36964504   -2.02520830    3.25018608 

 H                  3.11040519   -2.46054749    4.42188268 

 H                  4.07971401   -3.72355575    3.65570123 

 H                  0.66547100   -3.88376931    1.92764432 

 H                  1.85679347   -4.87803056    2.78480163 

 H                  0.96914882   -3.61442944    3.65645947 

 C                 -3.23259178   -1.87657635    2.66154684 

 C                 -2.61685245   -2.73788370    3.78162531 

 C                 -4.51321462   -1.17436400    3.15495918 

 H                 -2.49944245   -1.10248929    2.41781796 

 H                 -1.69256217   -3.22044814    3.44650133 

 H                 -2.37974233   -2.11406179    4.65200775 

 H                 -3.30314394   -3.52449431    4.11690453 

 H                 -4.93391128   -0.51769528    2.38462356 
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 H                 -5.28730928   -1.90286434    3.42451252 

 H                 -4.30313311   -0.56556126    4.04234689 

 C                 -2.54361749   -2.83862074   -2.35593251 

 C                 -3.59088222   -2.75611331   -3.48257980 

 C                 -1.44471797   -3.86353273   -2.70206947 

 H                 -2.06377292   -1.85847250   -2.28343464 

 H                 -4.37094596   -2.02291211   -3.25079869 

 H                 -3.11194534   -2.45759774   -4.42299710 

 H                 -4.08107514   -3.72103500   -3.65730012 

 H                 -0.66645523   -3.88208739   -1.93005979 

 H                 -1.85794495   -4.87592707   -2.78747369 

 H                 -0.97051891   -3.61184308   -3.65866113 

 C                 -3.23260790    1.87702927   -2.66150512 

 C                 -2.61676279    2.73818530   -3.78164260 

 C                 -4.51344257    1.17512661   -3.15479980 

 H                 -2.49961850    1.10276801   -2.41784749 

 H                 -1.69230025    3.22048769   -3.44661514 

 H                 -2.37992561    2.11431626   -4.65206572 

 H                 -3.30287653    3.52499267   -4.11682382 

 H                 -4.93422217    0.51854372   -2.38443662 

 H                 -5.28739010    1.90381572   -3.42426751 

 H                 -4.30359147    0.56629285   -4.04222055 

 C                 -2.54266412    2.83921512    2.35582671 

 C                 -3.58975588    2.75689675    3.48265331 

 C                 -1.44356495    3.86399725    2.70171267 

 H                 -2.06295711    1.85900159    2.28331350 

 H                 -4.36996552    2.02380319    3.25102124 

 H                 -3.11071718    2.45834043    4.42300597 

 H                 -4.07977903    3.72189608    3.65741248 

 H                 -0.66543320    3.88238778    1.92956260 

 H                 -1.85663387    4.87645501    2.78712143 

 H                 -0.96924450    3.61230394    3.65824153 

 

 

Cartesian coordinates of the DFT optimized 3 

Au                -0.00000128   -1.29852635    0.00001183 

 N                  2.06570057   -1.15495032    0.25226666 

 C                  2.89084227    2.25880388   -0.66847984 

 N                  2.06572771    1.15498353   -0.25201300 

 C                  2.66080093    0.00000977    0.00013963 

 C                  2.89078830   -2.25885661    0.66855273 

 C                  4.41268039    4.05390993   -0.14925785 

 C                  2.98972586   -2.54983004    2.04876868 

 C                  3.58146705   -3.02136209   -0.30084172 

 C                  3.82426857   -3.60173201    2.44082599 

 C                  3.58155920    3.02143954    0.30078842 

 C                  4.53697285    4.34472753   -1.50424693 

 C                  4.53682443   -4.34500238    1.50396969 
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 C                  2.98979392    2.54953986   -2.04876300 

 C                  3.82439964    3.60132491   -2.44098221 

 Au                 0.00003318    1.29855161    0.00024771 

 N                 -2.06569112   -1.15497483   -0.25220149 

 C                 -2.66075957    0.00000092   -0.00000223 

 C                 -2.89087020    2.25883751    0.66848120 

 C                 -3.82434340   -3.60135248   -2.44113709 

 C                 -2.99011366    2.54978151    2.04868265 

 C                 -3.58130877    3.02139636   -0.30103701 

 C                 -3.82473541    3.60167915    2.44058877 

 C                 -4.41244902    4.05399603    0.14867680 

 C                 -4.53679975   -4.34485101   -1.50439374 

 C                 -4.53704200    4.34501281    1.50359822 

 C                 -3.58139064   -3.02155238    0.30064138 

 C                 -4.41245209   -4.05406757   -0.14939893 

 H                 -4.96281495   -4.64699116    0.57574659 

 H                 -3.91795555    3.84289632    3.49580106 

 H                 -5.18344725    5.15585110    1.82903433 

 H                 -3.91738742   -3.84240114   -3.49640478 

 H                 -5.18314392   -5.15563820   -1.83008021 

 H                  3.91741099    3.84242957   -3.49624257 

 H                  5.18338470    5.15545529   -1.82994889 

 H                  4.96317261    4.64672679    0.57587464 

 H                 -3.75361417    0.00003807   -0.00014405 

 H                  3.75365474   -0.00000941    0.00014600 

 H                  3.91723808   -3.84300976    3.49604744 

 H                  5.18318653   -5.15582600    1.82952862 

 N                 -2.06568263    1.15494155    0.25235665 

 C                 -2.98979685   -2.54951768   -2.04890718 

 C                 -2.89080136   -2.25881383   -0.66863501 

 C                  4.41255201   -4.05393755    0.14903028 

 H                  4.96299287   -4.64666907   -0.57621307 

 H                 -4.96268185    4.64678893   -0.57667316 

 Cl                 0.00005657    3.76731884    0.00058994 

 Cl                -0.00006252   -3.76728711   -0.00008695 

 C                  2.20670174   -1.77939406    3.10745041 

 C                  3.13160959   -1.12486869    4.15142418 

 C                  1.15809814   -2.68303219    3.78717468 

 H                  1.66331887   -0.97314836    2.60482971 

 H                  3.86685602   -0.46409057    3.67926752 

 H                  2.54343641   -0.52892622    4.85951257 

 H                  3.68198812   -1.87570626    4.73044874 

 H                  0.48740330   -3.13263825    3.04812411 

 H                  1.63633520   -3.49748759    4.34434075 

 H                  0.55742332   -2.10158857    4.49775394 

 C                  3.45706603   -2.76135787   -1.79857942 

 C                  2.98327358   -4.01602432   -2.55790498 

 C                  4.77760214   -2.22695580   -2.38880563 

 H                  2.69189216   -1.99321538   -1.94462572 
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 H                  2.04286504   -4.38861831   -2.14147715 

 H                  2.82605312   -3.77773156   -3.61690645 

 H                  3.72359759   -4.82323841   -2.50874544 

 H                  5.10140677   -1.30435744   -1.89227663 

 H                  5.58630604   -2.95952274   -2.28062026 

 H                  4.66186097   -2.01405072   -3.45811723 

 C                  3.45716972    2.76163288    1.79855643 

 C                  2.98366757    4.01644985    2.55779293 

 C                  4.77766512    2.22708903    2.38875360 

 H                  2.69185390    1.99364825    1.94470185 

 H                  2.04323792    4.38911730    2.14147398 

 H                  2.82656824    3.77829609    3.61684329 

 H                  3.72408221    4.82357040    2.50845596 

 H                  5.10139497    1.30447663    1.89220606 

 H                  5.58641859    2.95960093    2.28053965 

 H                  4.66192535    2.01418502    3.45806195 

 C                  2.20677975    1.77891063   -3.10731281 

 C                  3.13167108    1.12430827   -4.15123928 

 C                  1.15812066    2.68241030   -3.78713665 

 H                  1.66347226    0.97270706   -2.60455670 

 H                  3.86669315    0.46326352   -3.67910079 

 H                  2.54346654    0.52863076   -4.85952407 

 H                  3.68234348    1.87509478   -4.73005305 

 H                  0.48751277    3.13221750   -3.04813211 

 H                  1.63633085    3.49670977   -4.34455969 

 H                  0.55736229    2.10081063   -4.49751595 

 C                 -3.45653015    2.76149467   -1.79876136 

 C                 -2.98212044    4.01610050   -2.55781187 

 C                 -4.77703366    2.22756502   -2.38946820 

 H                 -2.69153752    1.99313379   -1.94463868 

 H                 -2.04176012    4.38841536   -2.14102328 

 H                 -2.82459605    3.77786711   -3.61677894 

 H                 -3.72225156    4.82350107   -2.50882176 

 H                 -5.10128386    1.30500847   -1.89315502 

 H                 -5.58555111    2.96036555   -2.28146469 

 H                 -4.66100235    2.01475425   -3.45876623 

 C                 -2.20739660    1.77926720    3.10754611 

 C                 -3.13261328    1.12454970    4.15112428 

 C                 -1.15910578    2.68290620    3.78772818 

 H                 -1.66382391    0.97309762    2.60500774 

 H                 -3.86750071    0.46360410    3.67864397 

 H                 -2.54458953    0.52874449    4.85945376 

 H                 -3.68342182    1.87524494    4.72992674 

 H                 -0.48819720    3.13265950    3.04896319 

 H                 -1.63762763    3.49726067    4.34480263 

 H                 -0.55863633    2.10145805    4.49847195 

 C                 -3.45691640   -2.76186458    1.79841705 

 C                 -2.98318363   -4.01669213    2.55749844 

 C                 -4.77743160   -2.22754227    2.38877067 



234 

 H                 -2.69168857   -1.99380050    1.94459415 

 H                 -2.04276276   -4.38923502    2.14104422 

 H                 -2.82600178   -3.77860640    3.61655244 

 H                 -3.72352182   -4.82388189    2.50815253 

 H                 -5.10129566   -1.30489568    1.89236898 

 H                 -5.58611236   -2.96012577    2.28051854 

 H                 -4.66166113   -2.01476497    3.45810318 

 C                 -2.20692867   -1.77875870   -3.10747626 

 C                 -3.13203226   -1.12408416   -4.15118978 

 C                 -1.15832014   -2.68209948   -3.78754852 

 H                 -1.66359129   -0.97258813   -2.60469052 

 H                 -3.86706444   -0.46320183   -3.67884041 

 H                 -2.54398106   -0.52822668   -4.85945170 

 H                 -3.68268109   -1.87485017   -4.73005038 

 H                 -0.48751862   -3.13187508   -3.04869887 

 H                 -1.63653210   -3.49642148   -4.34493665 

 H                 -0.55776087   -2.10039007   -4.49800654 

 

 

Cartesian coordinates of the DFT optimized 4 

Au                 1.40529193    0.14223245    0.07956652 

 N                  0.95726249    2.17882602    0.02859378 

 C                 -2.62730182    2.67107573   -0.34060748 

 N                 -1.41741921    1.94736350   -0.15475558 

 C                 -0.28204796    2.63871576   -0.06680352 

 C                  2.01132906    3.15246523    0.15566997 

 C                 -4.98998148    2.92952997    0.16947257 

 C                  2.41239849    3.57972315    1.44169903 

 C                  2.65007194    3.63286407   -1.01037187 

 C                  3.44927514    4.51662104    1.53393784 

 C                 -3.77780092    2.24759870    0.32884071 

 C                 -5.06244091    4.05254168   -0.66532852 

 C                  4.07809080    5.01388852    0.39586589 

 C                 -2.70190714    3.78635288   -1.19719390 

 C                 -3.90984881    4.46271234   -1.34012228 

 Au                -1.40528699   -0.14224825   -0.07947208 

 N                  1.41742875   -1.94737301    0.15477780 

 C                  0.28206004   -2.63872941    0.06678679 

 C                 -2.01131398   -3.15248041   -0.15572590 

 C                  4.98997557   -2.92958493   -0.16950469 

 C                 -2.65015872   -3.63283079    1.01028266 

 C                 -2.41231107   -3.57974474   -1.44177371 

 C                 -3.67985664   -4.57025782    0.86220746 

 C                 -3.44921304   -4.51661014   -1.53406470 

 C                  5.06243642   -4.05257977    0.66531775 

 C                 -4.07811231   -5.01384716   -0.39602618 

 C                  2.70192033   -3.78635076    1.19723172 

 C                  3.90985607   -4.46272210    1.34014999 

 H                  3.96465289   -5.31945354    2.00680093 
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 H                 -4.17747902   -4.95911237    1.74696338 

 H                 -4.87871763   -5.74307242   -0.48934026 

 H                  5.99119696   -4.59262873    0.80583361 

 H                 -3.96463584    5.31945994   -2.00675327 

 H                 -5.99120717    4.59257653   -0.80585903 

 H                  0.38342503   -3.72689269    0.05644794 

 H                 -0.38340166    3.72688084   -0.05653355 

 H                  3.76762131    4.86164258    2.51432431 

 H                  4.87868533    5.74313100    0.48913696 

 N                 -0.95725391   -2.17884409   -0.02858671 

 C                  3.77779888   -2.24764042   -0.32886200 

 C                  2.62731215   -2.67109629    0.34061457 

 C                  3.67975980    4.57031192   -0.86234705 

 H                  4.17733077    4.95917486   -1.74712871 

 H                 -3.76752197   -4.86162803   -2.51446473 

 H                 -3.74236540    1.38578908    0.98770229 

 H                 -1.83399029    4.09309006   -1.77217240 

 H                  3.74236232   -1.38583900   -0.98773437 

 H                  1.83400835   -4.09305066    1.77223635 

 O                 -6.04114082    2.42232662    0.87786062 

 O                  6.04112113   -2.42241916   -0.87793832 

 C                  2.24997591    3.16032436   -2.40501165 

 C                  3.43067196    2.50501299   -3.14672934 

 C                  1.64085695    4.30504426   -3.23848407 

 H                  1.47904947    2.39363128   -2.28780429 

 H                  3.84180727    1.66844973   -2.57075289 

 H                  3.10246079    2.11971843   -4.11957598 

 H                  4.24337866    3.21808900   -3.32914930 

 H                  0.77182036    4.74664767   -2.73644366 

 H                  2.36693369    5.10939334   -3.40765721 

 H                  1.31567100    3.93664514   -4.21886845 

 C                  1.76442953    3.04394702    2.71522196 

 C                  1.08027130    4.16312338    3.52396371 

 C                  2.78204302    2.27573522    3.58120933 

 H                  0.98940514    2.33016343    2.42322573 

 H                  0.32465503    4.68402596    2.92483265 

 H                  0.58368207    3.74732330    4.40884552 

 H                  1.80405845    4.91138651    3.86884636 

 H                  3.24107359    1.45714247    3.01539373 

 H                  3.58651998    2.93059254    3.93722655 

 H                  2.28774830    1.84615114    4.46091783 

 C                 -2.25012273   -3.16028439    2.40493886 

 C                 -1.64109045   -4.30501215    3.23846065 

 C                 -3.43081954   -2.50490259    3.14659547 

 H                 -1.47915581   -2.39362769    2.28775645 

 H                 -0.77204978   -4.74666337    2.73646943 

 H                 -1.31593582   -3.93660846    4.21885407 

 H                 -2.36721094   -5.10932697    3.40761362 

 H                 -3.84190770   -1.66834192    2.57058212 
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 H                 -4.24356180   -3.21793486    3.32902695 

 H                 -3.10261977   -2.11958676    4.11943813 

 C                 -1.76427779   -3.04395742   -2.71525786 

 C                 -2.78181848   -2.27561746   -3.58121869 

 C                 -1.08017221   -4.16312715   -3.52404911 

 H                 -0.98920622   -2.33024722   -2.42320724 

 H                 -3.24079231   -1.45702028   -3.01536452 

 H                 -2.28747684   -1.84602323   -4.46089607 

 H                 -3.58633798   -2.93039510   -3.93728432 

 H                 -0.32462471   -4.68413267   -2.92492053 

 H                 -1.80399156   -4.91131203   -3.86903484 

 H                 -0.58350637   -3.74729602   -4.40887436 

 C                  7.29624056   -3.07332950   -0.77571693 

 H                  7.24164931   -4.11423340   -1.12185798 

 H                  7.67874659   -3.05655498    0.25362460 

 C                 -7.29622532    3.07332169    0.77575105 

 H                 -7.67881131    3.05660073   -0.25356215 

 H                 -7.24153755    4.11421259    1.12191527 

 H                  7.97671868   -2.51457521   -1.42104831 

 H                 -7.97669196    2.51459404    1.42111760 

 

 

Cartesian coordinates of the DFT optimized 5 

Au                -0.85536500   -1.12572000   -0.01610800 

 N                  0.93864500   -2.18626200   -0.06801300 

 C                  3.74686300    0.09824800    0.23622100 

 N                  2.39349800   -0.29057000    0.05936000 

 C                  2.12144300   -1.59486100   -0.01066400 

 C                  0.92332500   -3.61975600   -0.22088600 

 C                  5.94746100   -0.20228500    1.23536800 

 C                  0.76840200   -4.42954100    0.92736900 

 C                  1.01993600   -4.18494300   -1.51276900 

 C                  0.72961100   -5.81843000    0.75640800 

 C                  4.61842800   -0.59962100    1.08918700 

 C                  6.41066600    0.91351600    0.54197500 

 C                  0.83703200   -6.39460900   -0.50659600 

 C                  4.23446700    1.22886500   -0.43889600 

 C                  5.55657800    1.63809200   -0.29069800 

 Au                 0.85537600    1.12571900   -0.01611600 

 N                 -2.39348700    0.29056900    0.05937300 

 C                 -2.12143000    1.59485900   -0.01068100 

 C                 -0.92331500    3.61975700   -0.22088400 

 C                 -5.55657000   -1.63810500   -0.29058700 

 C                 -0.76833400    4.42954500    0.92736300 

 C                 -1.01998100    4.18493900   -1.51276100 

 C                 -0.72954500    5.81843300    0.75639200 

 C                 -0.97924400    5.58057000   -1.62663700 

 C                 -6.41065000   -0.91350900    0.54207600 

 C                 -0.83704100    6.39460900   -0.50660800 
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 C                 -4.61840700    0.59964700    1.08922500 

 C                 -5.94743800    0.20231300    1.23543200 

 H                 -6.61129700    0.74517800    1.89993600 

 H                 -0.61510200    6.45814300    1.62761700 

 H                 -0.80803700    7.47535000   -0.61767900 

 H                 -5.92405000   -2.50974000   -0.82165500 

 H                  5.92405400    2.50971300   -0.82179200 

 H                  6.61132700   -0.74513500    1.89987800 

 H                 -2.98526300    2.26412000   -0.04110300 

 H                  2.98527700   -2.26412200   -0.04104400 

 H                  0.61522700   -6.45813600    1.62764300 

 H                  0.80801700   -7.47535100   -0.61766300 

 N                 -0.93863200    2.18626200   -0.06802300 

 C                 -4.23446100   -1.22888000   -0.43881200 

 C                 -3.74685000   -0.09824300    0.23626600 

 C                  0.97917600   -5.58057400   -1.62663600 

 H                  1.05759600   -6.03563200   -2.61045000 

 H                 -1.05773300    6.03562500   -2.61044700 

 C                  0.63737800   -3.83665500    2.32723200 

 C                  1.78627200   -4.28839100    3.24976600 

 C                 -0.73487600   -4.16120500    2.94940500 

 H                  0.70004300   -2.74860500    2.23692800 

 H                  2.76391100   -4.02774600    2.82723800 

 H                  1.70119500   -3.80698300    4.23126000 

 H                  1.77473100   -5.37311300    3.40947200 

 H                 -1.55039400   -3.79711500    2.31410500 

 H                 -0.87210100   -5.24055500    3.08554300 

 H                 -0.83167900   -3.68537800    3.93263100 

 C                  1.14709000   -3.33133400   -2.77209200 

 C                 -0.05856000   -3.53223700   -3.71133700 

 C                  2.47361500   -3.59432500   -3.51123300 

 H                  1.14360900   -2.28043500   -2.47032400 

 H                 -0.99930500   -3.30298100   -3.19802900 

 H                  0.02315600   -2.87245000   -4.58338200 

 H                 -0.11966500   -4.56373400   -4.07805300 

 H                  3.33717600   -3.41143200   -2.86154800 

 H                  2.53914600   -4.62993300   -3.86553900 

 H                  2.56157500   -2.93748800   -4.38482600 

 C                 -1.14725200    3.33130800   -2.77205600 

 C                  0.05821900    3.53229700   -3.71151200 

 C                 -2.47392600    3.59417400   -3.51097700 

 H                 -1.14363200    2.28041500   -2.47026400 

 H                  0.99907700    3.30316800   -3.19835500 

 H                 -0.02357500    2.87245900   -4.58351100 

 H                  0.11915400    4.56378100   -4.07829400 

 H                 -3.33736300    3.41120200   -2.86114800 

 H                 -2.53960600    4.62978000   -3.86526400 

 H                 -2.56197500    2.93733100   -4.38455600 

 C                 -0.63720500    3.83667500    2.32722300 



238 

 C                 -1.78606000    4.28838000    3.24982100 

 C                  0.73507400    4.16127700    2.94931200 

 H                 -0.69983700    2.74862200    2.23693600 

 H                 -2.76371500    4.02770300    2.82734800 

 H                 -1.70091100    3.80697800    4.23131200 

 H                 -1.77454500    5.37310300    3.40952200 

 H                  1.55056600    3.79721000    2.31396400 

 H                  0.87227200    5.24063200    3.08543700 

 H                  0.83195100    3.68545800    3.93253400 

 H                 -4.25120300    1.44085700    1.66934400 

 H                 -3.56539900   -1.78288300   -1.09120900 

 H                  3.56539500    1.78285200   -1.09129500 

 H                  4.25122800   -1.44081800    1.66932900 

 Cl                -8.08196100   -1.42594800    0.73271400 

 Cl                 8.08198200    1.42595800    0.73257700 

 

Cartesian coordinates of the DFT optimized 6 

Au                -1.18380961   -0.56002759   -0.20395305 

 N                 -1.96985006    1.36366181   -0.13648492 

 C                  0.78479594    3.61242546    0.51720087 

 N                  0.14811685    2.36575888    0.20320522 

 C                 -1.17120036    2.38837123    0.11616070 

 C                 -3.37318199    1.63865027   -0.17985918 

 C                  2.06650369    5.53559588   -0.19000977 

 C                 -4.06259492    1.58775013   -1.40079530 

 C                 -4.06493440    1.98759091    0.98092946 

 C                 -5.41121965    1.89968115   -1.45544464 

 C                  1.47487909    4.29879979   -0.47718326 

 C                  1.95751337    6.08179115    1.09607144 

 C                 -6.10373444    2.26120825   -0.28708057 

 C                  0.67485632    4.14625985    1.80889576 

 C                  1.26136449    5.37836362    2.08272517 

 Au                 1.17419803    0.56245155    0.05385963 

 N                 -0.16124463   -2.36984704   -0.26200365 

 C                  1.16044108   -2.38667019   -0.26377617 

 C                  3.37456828   -1.61402637   -0.18245105 

 C                 -1.98094168   -5.50090778    0.61795588 

 C                  4.13807972   -1.34547433   -1.32803258 

 C                  3.99386946   -2.17228112    0.93615812 

 C                  5.49074795   -1.64577574   -1.35336385 

 C                  5.35548607   -2.48290137    0.91909063 

 C                 -2.02019036   -6.15084984   -0.62288908 

 C                  6.11086495   -2.21703909   -0.22924516 

 C                 -0.85408577   -4.27818316   -1.64023176 

 C                 -1.45434248   -5.52989341   -1.73990275 

 H                 -1.49101861   -6.03399645   -2.70170480 

 H                  6.09547991   -1.44296479   -2.23131390 

 H                 -2.48788678   -7.12248939   -0.73003611 

 H                  1.18404235    5.80158545    3.08046529 
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 H                  2.41050565    7.03611057    1.33805376 

 H                  1.63693476   -3.36557172   -0.35026893 

 H                 -1.65167755    3.36191692    0.23395755 

 H                 -5.95852704    1.86510929   -2.39182403 

 N                  1.96875023   -1.34364434   -0.17265922 

 C                 -1.37238732   -4.24409278    0.73023577 

 C                 -0.81512201   -3.64072787   -0.39273669 

 C                 -5.42423376    2.30631834    0.93592139 

 H                 -5.93613316    2.57516317    1.85248083 

 H                  5.81041324   -2.91772323    1.80135655 

 H                  1.57681577    3.87977919   -1.47175924 

 H                  0.15209407    3.58897388    2.57979319 

 H                 -1.36115147   -3.74325964    1.69185470 

 H                 -0.43211547   -3.78525799   -2.51020855 

 O                  2.71685000    6.12896043   -1.23090098 

 O                 -2.49574741   -6.00728236    1.77480078 

 C                 -3.15494723   -7.26168131    1.72532273 

 H                 -2.47522658   -8.06441150    1.40862951 

 H                 -4.02132523   -7.23587445    1.05139116 

 C                  3.36485660    7.36899687   -1.00029092 

 H                  4.14210682    7.28073513   -0.22991589 

 H                  2.65115789    8.15014875   -0.70517463 

 H                 -3.49609082   -7.46044447    2.74297119 

 H                  3.82789981    7.64524888   -1.94932272 

 H                  3.40873441   -2.35708499    1.83237717 

 H                  3.66085393   -0.89224272   -2.19133901 

 H                 -3.53011735    1.29460601   -2.29977438 

 H                 -3.53959358    1.99933553    1.93179065 

 O                 -7.42573219    2.54681870   -0.45072547 

 O                  7.44292463   -2.47320012   -0.35800316 

 C                 -8.19098239    2.87676173    0.69739837 

 H                 -7.82102145    3.79125872    1.18005854 

 H                 -8.19285023    2.05794875    1.42869289 

 C                  8.13722391   -3.00727208    0.75789232 

 H                  7.74611139   -3.99313996    1.04309260 

 H                  8.08563670   -2.33422177    1.62365709 

 H                 -9.20870116    3.04475334    0.34055795 

 H                  9.17688951   -3.11053141    0.44199046 
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