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Abstract 

For decades, pyrrolic complexes have attracted enormous scientific attention in 

various fields because of the potential applications in medicine and energy storage. In 

this thesis, about 31 pyrrolic compounds are studied, focusing on their spectroscopic 

and electrochemical properties along with characterizations by various other methods. 

The general introduction for the investigated pentapyrolic, tetrapyrrolic and dipyrolic 

complexes (Chapter 1), as well as the used experimental methods (Chapter 2), are 

given prior to the data and discussions. 

Firstly, the spectral properties, protonation reactions, and electrochemistry of 

open-chain pentapyrroles and sapphyrins with various meso-tetraaryl substituents are 

discussed (Chapter 3 and 4) along with the protonation-initiated conversion of 

pentapyrroles to sapphyrins upon oxidation. The second part (Chapters 5, 6 and 7) is 

dedicated to a series of studies on electrochemistry and spectroelectrochemistry for the 

cobalt corroles axially ligated with bis(pyridine), mono(DMSO) and bis(ammonia). The 

last part (Chapter 8) presents the ligand noninnocence in cobalt dipyrrin-bisphenols as 

to their electrochemistry and spectroscopic properties in nonaqueous media. The 

potentials for each electrode reaction for all investigated pyrrolic complexes were 

measured by cyclic voltammetry and the electron-transfer mechanisms evaluated by 

analysis of the electrochemical data combined with UV−visible spectra of the neutral, 

electroreduced, and electroxidized forms of the investigated pyrrolic compounds.  
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1.1 Sapphyrin and Open-Chain Pentapyrrole 

1.1.1 Synthesis and Spectroscopic Characterizations 

The pyrrolic macrocycle, sapphyrin, was initially discovered by Woodward more 

than 50 years ago.[1] As one of the first known ‘expanded porphyrins’, the sapphyrins 

were named after their intense blue-green color.[2] As originally formulated by 

Woodward, this 22π-electron pentapyrrolic macrocycle contains a single direct link and 

four methine bridges between the pyrrolic subunits (Figure 1-1a). The synthesis strategy 

for these -pyrrole substituted sapphyrins (Figure 1-1c) in Woodward’s work involves a 

MacDonald-type “3+2” condensation between bipyrrolic and tripyrroane precursors,[3] 

which was developed by Grigg and Johnson,[4] as well as by Sessler.[5, 6]  

More efforts have contributed to sapphyrin synthesis. During the evaluation of 

the Rothethund synthesis by Latos-Grazynzki team,[7] they found tetraphenylsapphyrin 

as a minor byproduct during the synthesis of ‘N-confused’ porphyrin, which contains an 

inverted pyrrolic ring. In 2001, one meso-aryl sapphyrin was obtained with very high 

yield by oxidation of the corresponding open-chain pentapyrrole by iodine or oxygen.[8] 

Since then, the open-chain pentapyrroles (Figure 1-1b), first isolated as major side-

products in the synthesis of corrole,[9] have attracted great attention as synthetic 

precursors for the respective meso-aryl sapphyrins.[8-15]  
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Figure 1-1. Structures of (a) sapphyrin and (b) open-chain pentapyrrole with IUPAC 

numbering system with the conjugated 22π-system given in blue and bold, as well as 

structures of (c) -substituted sapphyrin and (d) meso-aryl substituted sapphyrin with 

inverted pyrrole ring. 
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As a typical porphyrinoid-type compound, sapphyrin shows an intense Soret 

band and a series of Q bands with lower intensity in their electronic spectrum, as well as 

for the mono- and diprotonated derivatives. For example, the electronic spectrum of 

tetraphenylsapphyrin displays split Soret bands at 439 and 518 nm, and four Q bands in 

the 640-790 nm spectral region.[7]   

The characteristic 1H-NMR signals for sapphyrin can come from meso-H on the 

methine and the -H and NH groups on the subunit pyrroles. In the case of 

(decamethyl)sapphyrin,[6]  for example, the signals assigned to the two sets of meso-H are 

well-resolved and appearing at 11.51 and 11.70 ppm, while the internal pyrrole NH 

groups exhibit broader signals at -5.46, -5.0 and -4.84 ppm in a 2:1:2 ratio.  

The 1H-NMR spectrum of the ‘inverted sapphyrin’, tetraphenylsapphyrin, differs 

from that of previously studied ‘normal sapphyrin’, in which signals of the exterior -

pyrrolic protons and the exterior NH proton appear at 9.0-10.2 and 12.2 ppm, while the 

-pyrrolic protons and NH protons inside the core have signals at -1.5 and -2.58 ppm 

respectively.[7] The inverted pyrrolic ring of the sapphyrin will flip back to a planar 

conformation in acidic solution, which is confirmed by change in the upfield NH 

resonance pattern in 1H-NMR. This conformational change upon protonation is 

considered as a property unique to meso-aryl substituted sapphyrins, which has also 

been reported by several following studies (Figure 1-1d).[12, 14] 

Because of the expanded aromatic structure in sapphyrin as compared to 

porphyrin, a significant 30 to 60 nm red-shift for the Soret band is observed, while the 1H 
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NMR spectra of sapphyrins sustain a large diamagnetic ring current with characteristic 

diatropic ring current effects. Both the optical and NMR data indicate that sapphyrins 

have a low-energy HOMO-LUMO gap, which will also be discussed in the latter section 

of electrochemistry.[2]  

Three meso-aryl substituted sapphyrins will be described in Chapter 3 and 4, 

which were synthesized from corresponding open-chain pentapyrroles according to the 

method discussed above. The spectroscopic properties were also characterized for both 

the newly synthesized meso-aryl sapphyrins and a series of open-chain pentapyrroles. 

Also, two crystal structures of open-chain pentapyrroles will be given and compared 

with previous reported analogues. The results in Chapter 3 and 4 have been published 

in 2017 and 2019.[15, 16] 

1.1.2 Acid-Base Properties and Related Reactions 

In the free-base form, both pentapyrrolic derivatives, sapphyrin and open-chain 

pentapyrrole, contain three pyrrolic NH groups and two ‘imine-type’ nitrogens. The 

possible addition and abstraction of protons can be observed for both pentapyrrolic 

derivatives. 

For the sapphyrin macrocycle, the two ‘imine-type’ nitrogens are more basic than 

the ones in porphyrin compounds, which can undergo step-wise protonations with two 

protons.[12, 15] The diprotonated derivatives are the most stable forms for sapphyrin 

complexes and imparts unusual anion binding properties via hydrogen bonding.[17, 18] 
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The deprotonation reaction is harder but also can occur on the pyrrole NH groups of 

sapphyrins, in which one proton will be abstracted from the sapphyrin.[13] 

In the case of open-chain pentapyrrole, one-step-two-proton processes will occur 

for both the protonation and deprotonation reactions. The diprotonated open-chain 

pentapyrroles can undergo facile ring closure reactions, which can yield corresponding 

sapphyrins under O2 or with certain oxidizing agent.[14-16] 

Chapter 3 and 4 will discuss the protonation reactions of newly-synthesized 

sapphyrins and pentapyrroles and report the calculated equilibrium constants for both 

series of pentapyrrolic compounds. Moreover, the protonation-initiated ring closure 

reactions from open-chain pentapyrrole to corresponding sapphyrins will also be 

studied. 

1.1.3 Electrochemistry 

Enormous numbers of electrochemical studies have been reported for 

porphyrioid complexes, such as porphyrins and corroles.[19, 20] However, only few 

electrochemical characterizations can be found for sapphyrins or open-chain 

pentapyrroles in earlier work.[21] Detailed studies on electrochemistry of meso-aryl 

substituted sapphyrins and open-chain pentapyrroles has been reported in 2013 by our 

group,[12, 13] which give an insight of the electron transfer mechanism, HOMO-LUMO 

gap, as well as the dependency of solvents, substituents on the redox reactions for these 

pentapyrrolic compounds.  
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In Chapters 3 and 4, electrochemical data will be given and analyzed for all 

investigated sapphyrins and pentapyrroles, as to their solvent and substituents 

dependency, as well as comparison with porphyrins and corroles.  

 

Scheme 1-1. Protonation and deprotonation reactions of (a) sapphyrin (SapH3) and (b) 

open-chain pentapyrrole (PPyH3).  
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1.2 Corroles 

1.2.1 General Information of Corroles 

Similar to ‘well-known’ porphyrins, corroles are also tetrapyrrolic macrocycle 

compounds containing four pyrrole subunits. The first corrole was reported in 1965,[22] 

which have been closely identified with porphyrins in recent decades. Because of the 

similarity to porphyrin and its unique properties, the number of publications on corrole 

chemistry has increased significantly over the last two decades. [20, 23-32] 

Unlike porphyrin, there are only 19 carbons in corrole ring because two of the 

pyrroles are connected by one direct bond at their α-carbon positions (Figure 1-2a). The 

lack of C-20 in corrole results in the smaller cavity, reduced symmetry and nonplanarity 

of the macrocycle as compared to porphyrin. This structural difference also causes the 

corrole macrocycle to be trivalent as compared to divalent in the case of porphyrins, 

with steric strain forcing the corrole molecule slightly out of plane of the four nitrogen.[33, 

34] In addition, corroles are structurally similar to corrins (Figure 1-2b), which include 

cobalamin, the major component of Vitamin B12 (Figure 1-2c).  

The synthesis of corrole derivatives have been developed by different groups 

with substituents on the -pyrrole positions, the meso-positions, or even on both 

positions in the cases of highly-substituted corroles (see Figure 2-1a).[30]  

1.2.2 Redox-Active Metallocorroles 

In a free-base corrole, three of the four pyrrole nitrogens have protons. The fully 

deprotonated corrole ligand has -3 charge, which can complex with numerous transition 
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and main-group metal ions with the oxidation states ranging from +1 to +6. The central 

metal ion is four-coordinate with the tetradentate corrole ligand, and it can be further 

ligated with one or two axial ligand(s) to form five- or six-coordinate complexes. 

The corrole macrocycle possesses a highly conjugated π-ring system, which is an 

ideal location for the addition and abstraction of electrons. Most neutral corrole 

macrocycles can be oxidized by two electrons and reduced by one. Moreover, many 

metal-centered redox processes have been reported for corroles with electroactive 

central metal ions, such as nickle, copper, iron, cobalt, manganese, silver, gold, platinum, 

chromium, and ruthenium, etc. Recently, a review of electrochemistry of corroles has 

been published by our group,[20] which gives insight to the redox reactions of corroles 

and a better understanding of these molecules for their potential applications in the field 

of medicine and material science.  
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Figure 1-2. Structures of (a) free-base corrole with IUPAC numbering system with the 

conjugated 18π-system given in blue and bold, (b) corrin and (c) Vitamin B12. 
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1.2.3 Cobalt Corroles 

Cobalt corrole is one of most studied groups in metallocorroles for its rich redox 

chemistry,[20, 35, 36] as well as its possible use as a catalyst in a variety of reactions, such as 

oxygen reduction[32] and water oxidation.[37] 

Multiple redox reactions can be observed for both -substituted and meso-

substituted cobalt corroles.[35, 36] The formal Co(III) in neutral cobalt corrole can undergo 

a facile reduction to generate Co(II) species, followed by a further reduction at more 

negative potential that may or may not generate Co(I) species.[36] Several oxidation 

processes also can be seen in various solvents. [35, 36] The dimerization behavior has been 

observed during the electrooxidations of the -substituted cobalt corroles with 

dependency on solvent and substituents.[38] The existence of the large substituent groups 

on the meso-positions will decrease the planarity of the corrole, which weakens the π-π 

interactions. Meanwhile, the axial ligated coordinating solvent molecules enlarge the 

distance between two corrole molecules, which will eliminate the dimerization as well.[35] 

The ligand noninnocence is an interesting property for corrole with various 

metal ions.[39] In the case of cobalt corrole, the ligand noninnocence also plays an 

important role for the studies on spectral properties and redox reactions.[40] Formally, the 

fully deprotonated corrole ligand (Cor) shows -3 charge and can be metallated with an 

M(III) ion to form a metallocorrole complex CorM. The corrole ligand can be innocent or 

noninnocent, depending upon the type and oxidation state of the central metal ion[29] 

and the axial ligand binding.[41-43]  
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In the case of cobalt corrole, the corrole ligand can be innocent as CoIIICor3- and 

also can be noninnocent which can be described as containing a CoII metal ion and a 

ligand radical, i.e., CoIICor•2-. An equilibrium might exist between the two forms of the 

compounds as shown in Equation 1-1. 

 

In Chapter 5 to 7, a series of cobalt corroles with one or two axial ligands 

including pyridine, DMSO, CO and NH3 will be synthesized and characterized as to 

their spectroscopic and electrochemical properties. The innocence and noninnocence of 

the cobalt corroles will be discussed as a function of axial coordination. The effects of 

meso-substituents for both redox potentials and spectroscopic properties will be 

discussed with each axial ligand. The binding constants of several ligands to the central 

cobalt ion will be reported. The mechanisms of the electrode reactions for the studied 

cobalt corrole complexes, which can vary upon axial ligation will also be discussed in 

detail. The results in Chapter 5 to 7 were published in 2018.[41-43] 
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Figure 1-3. Corrole structures and innocence and noninnocence of the metallocorroles.  
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1.3 Dipyrrin-Bisphenols 

1.3.1 Dipyrrins 

Dipyrrin (or dipyrromethene) can be considered as half porphyrin, which 

contains two pyrrole rings bridged via a methine group and has a planar molecule 

structure with a conjugated π-system. (Figure 1-4a). The deprotonated form of dipyrrin 

can act as a monovalent and bidentate ligand (dipyrrinato ligand) that can ligate various 

cations. The most famous dipyrrin is the boron complexes (Figure 1-4b), BODIPY (boron 

dipyrromethene, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene), which has been studied 

over the past two decades as a popular fluorophore with applications in labeling, 

imaging and sensors.[44-46] The dipyrrinato ligand also can bind metal cations, such as 

Zn2+, Cu2+, Ni2+, Fe2+, and Co2+, to form bis(dipyrrinato) and tri(pyrrinato) metal 

complexes (Figure 1-4c).[47] 

Normally, like other porphyrinoid compounds, the dipyrrin structure can be 

substituted on -positions of the two pyrrole rings or meso-position of the methine 

bridge. But, in this linear dipyrrin molecule, substituents can also be put on the α-

positions of the two pyrrole rings. The bis(phenolate)-dipyrrin (dipyrrin-bisphenol, or 

N2O2-type dipyrrin)[48] and bis(2-aminophenyl)-dipyrrin[49] ligands have been developed 

with interesting properties and functions. 
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Figure 1-4. Structures of (a) dipyrrin with IUPAC numbering system with the 

conjugated π-system given in blue and bold, (b) BODIPY, (c) pyrrinato metal complexes 

and (d) free-base and metallodipyrrin-bisphenols (DPPH3 and DPPM). 
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1.3.2 Cobalt Dipyrrin-Bisphenols 

The first dipyrrin-bisphenol ligand and its boron complexes was reported in 1999 

and is a fluorophore.[50] The free-base dipyrrin-bisphenol (DPPH3) has two phenoxy 

groups at the 1,9-positions of the dipyrrin core (Figure 1-4d). The fully deprotonated 

dipyrrin-bisphenol has been described as N2O2-type dipyrrin ligand, which can behave 

as a tridentate or tetradentate ligand for main-group-element or metal complexes 

(DPPM) including B, Al, Ni, Co, Mn, Si, Ge, Sn, etc.[48]  

Similar to corrole, the fully deprotonated DPP ligand shows -3 charge, as shown 

in Figure 1-5. Metallation of the dipyrrin-bisphenol ligand DPP3- with a M(III) ion leads 

to a DPPM complex where the ligand can be innocent or noninnocent, depending on the 

type and oxidation state of the central metal ion[51] and the axial ligand binding.[52] The 

formal oxidation state of the cobalt metal ion in the neutral bis(phenolate)dipyrrin 

complexes is +3, but the dipyrrin ligand can be noninnocent in the nonbonding CH2Cl2 

solvent with the investigated compounds in Chapter 8, then being described as 

containing a CoII metal ion and a ligand radical, i.e., CoIIL•2-. An equilibrium might exist 

between the two forms of the compounds as shown in Equation 1-2. 
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Figure 1-5. Dipyrrin-bisphenol structures and innocence and noninnocence of the 

metallodipyrrin-bisphenols. 
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Chapter 8 will present three newly-synthesized cobalt dipyrrin-bisphenol 

complexes (DPPCo) with different meso-aryl groups, and characterized as to their 

electrochemistry and spectroscopic properties, along with the axial ligation of DPPCo 

and noninnocence of this DPP ligand. The results in Chapter 8 have been published in 

2019.[52]  
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2 
Experimental Methods 
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2.1 Chemicals 

Dichloromethane (CH2Cl2, 99.8%) from EMD Chemicals Inc. was used for 

electrochemistry without further purification. Benzonitrile (PhCN) was purchased 

from Sigma-Aldrich Chemical Co. and distilled over P2O5 under vacuum prior to use. 

Dimethyl sulfoxide (DMSO), pyridine (Py, HPLC) and tetra-n-butylammonium 

perchlorate (TBAP), used as supporting electrolyte, were purchased from Sigma-

Aldrich Chemical Co.. High purity N2 or argon gas from Trigas was used to 

deoxygenate the solution before each electrochemical or spectroelectrochemical 

experiment. Trifluoroacetic acid (TFA) was obtained from Sigma-Aldrich Chemical Co. 

and used as received. 

2.2 Studied Compounds 

All compounds characterized in this dissertation were obtained from our 

collaborators, Dr. Claude P. Gros from Institut de Chimie Moléculaire de l’Université 

de Bourgogne (ICMUB), in Dijon, France. The UV-visible spectrum of each compound 

was measured before carrying out experiments in Houston and our spectral data were 

compared to that provided by our collaborator or published in the literature.  

2.3 Instrumentation 

2.3.1 UV-Visible Spectroscopy 

UV-visible spectra of investigated compounds under electrochemical 

conditions (at 10-3 M, with 0.1 M TBAP, in certain solvent) in this dissertation were 

measured in a pair of 0.1 mm round quartz cells. The volume of the solution for this 
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experiment is about 50 L. 

For other UV-visible spectral measurements, such as spectroscopically 

monitored titrations, the concentration of the each investigated compound in this 

dissertation is about 10-5 M in the specified solvent. The experiments were carried out 

in a 1.0 cm path length glass or quartz cell and the measurement of the neat solvent as 

the background is needed before measuring the investigated compounds. The volume 

of the solution for each measurement should be 2 to 3.5 mL. 

All UV-visible spectra were recorded with a Hewlett-Packard Model 8453 

diode array spectrophotometer. 

2.3.2 Electrochemistry 

Cyclic voltammetry was used for all electrochemical characterization in this 

dissertation and was carried out with an EG&G model 173 potentiostat/galvanostat at 

room temperature (22 ± 1 ℃ in most of the cases). A homemade three-electrode system 

with a special electrochemistry cell was used, consisting of glassy carbon working 

electrode (diameter = 3 mm), a platinum wire counter electrode, and a homemade 

saturated calomel reference electrode (SCE) (See Figure 2-1). The SCE was separated 

from the bulk of the solution by a fritted glass bridge of low porosity, which contained 

the solvent/supporting electrolyte mixture. All potentials measured by cyclic 

voltammetry are referenced to the SCE. High purity N2 from Trigas was used to 

deoxygenate the solution and was kept over the solution during each experiment. 
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Figure 2-1. Schematic illustration of the utilized electrochemical cell. WE, CE, and RE 

represent for the working electrode, counter electrode and reference electrodes. 
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Cyclic voltammetry (CV) is a useful and popular electrochemical technique for 

studying the reduction and oxidation processes of inorganic molecules.[1] The applied 

potential for the cyclic voltammetry measurement is ramped linearly versus time, and 

is measured against a reference electrode, which is SCE in this dissertation. Once it 

reached the end potential set in a CV experiment, the applied potential will go in the 

reverse direction to return the initial potential. This potential cycle can be repeated 

many times.   

For example, as shown in Figure 2-2, the potential is initially scanned in a 

negative value for a reduction reaction, from the start point A at 0.0 V to the end point 

C at -2.0 V, and then it will go back to the initial potential 0.0 V at point E in the figure. 

The scan rate E/t can range from 20 mV/s to 500 mV/s for the EG&G model 173 

potentiostat/galvanostat. All cyclic voltammograms reported in this dissertation were 

recorded at 100 mV/s unless otherwise noted.  
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Figure 2-2.  Schematic illustration of cyclic voltammetry excitation signal. 
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The curve shown in Figure 2-3 is cyclic voltammogram, which can be plotted 

from the current at the working electrode versus the applied potential. The compounds 

in this case undergoes a reversible one-electron reduction, which shows a ‘duck’ shape 

well-defined voltammogram as shown in the figure.[1] This redox process can be 

written as Equation 2-1. 

 

When the potential applied at point C (in Figure 2-2), the cathodic (reduction) 

peak current ipc has achieved, while the reoxidation peak current is given by ipa when 

applied potential is at point D. Correspondingly, the cathodic (reduction) peak 

potential is labeled as Epc while the anodic (oxidation) peak potential as Epa, as shown 

in the Figure 2-3.  

The factors which can affect the current in a voltammogram can be described 

by Ransdles-Sevcik equation,[2, 3] which is given in Equation 2-2:  

                                          ip = (2.69 105)n3/2ACD1/2v1/2                                                  (2-2) 

where ip is the peak current in A, n is the number of electrons transferred, A is the 

electrode area in cm2, D is the diffusion coefficient of the species in cm2/s and C is the 

bulk concentration of the species in mol/cm3. For the compounds described in this 

thesis, n was almost always 1, while the value of D was about 10-6 cm2/s. 
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Figure 2-3. Schematic illustration of cyclic voltammogram. 
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2.3.3 Spectroelectrochemistry 

Thin-layer UV-visible spectroelectrochemical experiments were carried out 

with the commercial Honeycomb spectrochemical cell purchased from Pine Research 

Instrumentation. In this three-electrode system, a platinum or gold working electrode 

and counter electrode are designed on a "honeycomb" electrode card and working 

together with a miniature Ag/AgCl reference electrode.  

The patterned "honeycomb" electrode card that mounts easily inside a thin 

layer quartz cuvette. The path length of the electrode/slot is 1.7 mm. The volume of the 

cell is 1.5 mL. A special cuvette cap securely holds the honeycomb electrode card and a 

separate reference electrode in the proper position within the cuvette. The working 

electrode is perforated with a honeycomb pattern of holes, which allow light to pass 

through the electrode. The active surface of the working electrode includes a metal 

coating along the inner walls of the holes.  

 Potentials were applied and monitored with an EG&G PAR Model 173 

Potentiostat. Time-resolved UV-visible spectra were recorded with a Hewlett-Packard 

Model 8453 diode array spectrophotometer. Argon gas from Trigas was used to 

deoxygenate the solution and was kept over the solution during each experiment. 
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2.4 Titration Techniques 

Equilibrium constants for the binding of axial ligands to compounds can be 

determined using both spectral and electrochemical titration methods. A set of titrants 

in a range of concentrations were prepared for the specific ligand, and were 

quantitatively added to the investigated compound solution. UV-visible absorbance 

changes or the half-wave potential changes by cyclic voltammetry were recorded as a 

function of the free ligand concentration in the solution using methods described in the 

following section to obtain equilibrium constants and the coordination number. 

Equilibrium constants for the loss or addition of protons to the investigated 

compounds were determined by monitoring the spectral changes in CH2Cl2 during 

titrations of the compounds with trifluoroacetic acid (TFA) in CH2Cl2. The acid titration 

reagents were prepared in CH2Cl2 with different concentrations of TFA. 10-100 

Microliters of the reagents was added gradually to a 4.0 mL stock solution (~10-5 M) of 

the investigated compounds in CH2Cl2 and changes in the UV-vis spectra during the 

titration were analyzed as a function of the concentration of added acid using the Hill 

equation[4] (K < 106) or the Molar Ratio method[5] (K ≥ 106) to calculate the equilibrium 

constants for proton addition.  

2.4.1 Spectral Titration[4] 

For the ligand binding reaction: M + pL = MLp, the relationship between the 

concentration of the species in solution and the equilibrium constant, log K, is given by 

equation (2-1). 
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log([MLp]/[M]) = logK + p log [L]                                            (2-3) 

Where [M] and [MLp] are the concentration of the unligated and ligated 

metalloporphyrin species and [L] is the free-ligand concentration in solution. If M and 

MLp have different spectra, then we have:  

A0 = M b CM 

Af = MLp b CMLp 

Ai = M b [M] + MLp b [MLp] 

Where CM and CMLp are the total concentration of M or MLp,  is the molar 

absorptivity and b is the path length, A0 and Af are the initial and final absorbance at a 

given wavelength (max) for the species M and MLp and Ai is the absorbance at max at 

any point during the titration as shown in Figure 2-6. 

According to the mass balance equation: CM = CMLp = [M] + [MLp], we have: 

Ai = M b [M] + MLp b [MLp] 

= M b (CM-[MLp]) +MLp b [MLp] 

= b CM - M b [MLp] +MLp b [MLp] 

= A0 + (MLp b –M b) [MLp] 

or     

Ai = M b [M] + MLp b [MLp] 

= M b [M] + MLp b (CMLp – [M]) 

= M b [M] + MLp b CMLp – MLp b [M] 

   [M] = (Af  - Ai)/(MLp b - M b) 
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Substituting the values of [M] and [MLp] into Equation 2-3 gives a useful result: 

log((Ai - A0)/(Af - Ai)) = logK + p log [L]                                             (2-4) 

A graph of log((Ai - A0)/(Af -Ai)) versus log [L] should be a straight line whose slope 

should be equal to the number of ligands (p) axially bound to the metalloporphyrin 

and the intercept will give the formation constant (logK). The multiple step 

coordination is defined as logn which related to logK as: logn = logK1∙logK2….logKn. 

2.4.2 Electrochemical Titration[6, 7] 

For a reversible n electron transfer reaction which is coupled with a ligand 

binding reaction such as M + p L ⇌ (MLp)n-, the half-wave potentials will shift with 

changes of the free-ligand concentration according to Equation 2-5.  

(E1/2)c = (E1/2)s + RT/nF (logK + p log[L])                                            (2-5) 

Where (E1/2)c and (E1/2)s are the half-wave potentials for the electron transfer reaction 

of the axial ligated and unligated  metal complexes, respectively. The term RT/F is 

equal to 59 mV at 25 ℃. The number of electrons transferred in the reaction is given 

by n. The meaning of K and pare the same as described in Equation 2-4. A plot of 

(E1/2)c vs. log[L] should give a straight line and both p and K can then be calculated 

from the slope and intercept of this straight line. 

If both the oxidized and reduced forms of the complex can bind ligands, the 

calculation of stability constants will become more complicated and the relevant 

electrochemical equation (at 25 ℃) is expressed in Equation 2-6, where KMLP = ligand 
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binding constant of oxidized form and K(MLP)- = ligand binding constant of reduced 

form. 

(E1/2)c = (E1/2)s + 0.059 log(KMLP/K(MLP)-) + (p-q) 0.059 log[L]                        (2-6) 

In this case p and q represent the number of ligands bound to the oxidation 

form (M) and the reduction form (M)-, respectively. When the ligand concentration 

equals to 1.0 M or in the case of p = q, the half-wave potential changes thus are only 

related with the ratio of the stability constants of the two oxidation states. 

2.5 Other Experimental Methods 

2.5.1 Gassing the solution 

High purity N2 gas was used to deoxygenate the solutions for about 3 minutes 

before each electrochemical experiment and a positive nitrogen pressure was 

maintained above the solution throughout the experiment.  

CO gas and NH3 gas were used as source of the axial ligated molecules for 

cobalt corrole complexes. Each gas was bubbled for about 3 minutes before related 

experiments and was maintained above the solution throughout the experiment. 

2.5.2 Temperature control 

All experiments are performed at room temperature (22±1 ℃) unless otherwise 

noted. A dry ice and acetone mixture was used to obtain low temperature that varied 

from 22 to -75 ℃. The exact temperature was monitored using a mercury thermometer 

and the cell was centered in a slush bath of the dry ice and acetone. 
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3 
Electrochemistry, Spectroscopic 

Characterization and Protonation Reactions of 

Open-Chain Pentapyrroles and Sapphyrins 

with Highly Electron-Withdrawing Meso-

Tetraaryl Substituents 
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3.1 Introduction 

Sapphyrins are 22-π aromatic pentapyrrolic macrocycles containing one direct link 

and four bridging methine groups between five pyrrole subunits.[1] This macrocycle is an 

early member of the group of “expanded porphyrins”[2-11] and was first discovered in the 

early 1960s as a byproduct in the synthesis of corroles.[12] Since then, sapphyrins have 

remained a topic of high interest,[13-16] in part because of their potential applications in the 

area of photodynamic therapy and their structural similarity to the well-known porphyrin 

and corrole macrocycles,[10, 11, 17-21] and in part because of their unique properties as a 

receptor of neutral and anionic substrates.[22-28]  

A large number of studies have characterized different sapphyrin derivatives, 

including β-alkylated sapphyrins,[29-32] core-modified sapphyrins with heteroatoms (O, S 

or Se),[33-49] N-fused/N-confused sapphyrins,[50-53] and meso-tetraaryl substituted 

sapphyrins.[54-60] Sapphyrins containing four meso-aryl substituents can serve as favorable 

building blocks for the further design of molecules which are similar to meso-aryl 

substituted porphyrins, whose redox properties and chemical reactions can be finely 

tuned.[54] Although meso-tetraaryl sapphyrins can be isolated as side-products of the 

Rothemund reaction[54], or synthesized from the self-coupling reaction of 

dipyrromethane,[55] they can also be easily prepared from the respective open-chain 

pentapyrroles by acid catalyzed oxidative coupling.[15, 56, 57, 59, 60]  

Open-chain pentapyrroles (or pentapyrrotetramethene) with meso-tetraaryl 

substituents were first isolated as the major side-products in corrole synthesis with a high 
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yield (11%, the same as the target product),[61] and later attracted greater attention as 

synthetic precursors for the respective sapphyrins.[56-61]  

Our own interest in sapphyrins and open-chain pentapyrroles has involved in 

large part the characterization of their electrochemistry and acid-base properties in 

nonaqueous solvents.[58-60] The pentapyrroles previously examined in our laboratory were 

shown to undergo two reversible one-electron reductions and two reversible one-electron 

oxidations,[59] with an average HOMO-LUMO gap of 1.34 ± 0.04 V in CH2Cl2. However, as 

described in the current manuscript, the reversibility is dependent upon the solvent and 

type of substituent on the meso-aryl groups. The structurally related sapphyrins were also 

shown to exhibit two or sometimes three reversible one-electron oxidations,[59] but this is 

not the case for reduction where deprotonation follows the first one-electron addition 

leading to an overall irreversible redox process, similar to what has been reported in the 

case of corroles.[62, 63] 

Corroles are easily protonated and deprotonated in nonaqueous media[62-65] and 

this is also the case for sapphyrins which can lose one pyrrole nitrogen proton or gain two 

pyrrole protons in nonaqueous media under the same solution conditions. Open-chain 

pentapyrroles can also gain or lose protons from the pyrrole nitrogen atoms,[58, 59] with the 

extent of these reactions being related to both the properties of the nonaqueous solvent 

and the type of meso-substituents on the compounds. The stability of the electrooxidized 

and electroreduced forms of pentapyrroles and the related sapphyrins, as well as the 

known conversion of pentapyrroles to sapphyrins upon oxidation,[57, 60] should also 
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depend upon the type of electron-withdrawing substituents on the meso-positions of the 

macrocycle. 

This is investigated in the present paper where a series of newly synthesized open-

chain pentapyrroles and sapphyrins containing meso-phenyl groups with highly electron-

withdrawing substituents are characterized together with their spectral and 

electrochemical properties in CH2Cl2, benzonitrile (PhCN) and/or pyridine (Py), as well as 

their protonation reaction. The investigated compounds are shown in Chart 3-1 and are 

represented as (Ar)4PPyH3 and (Ar)4SapH3 where PPy and Sap = the trianion of the open 

chain pentapyrrole and sapphyrin, respectively, and Ar = PhCN, PhCF3 or PhCO2Me. 
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Chart 3-1. Structures of investigated compounds. 
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3.2 Synthesis and Characterization 

The open-chain pentapyrroles 1-3 were isolated from synthesis of the 

corresponding corroles as shown in Scheme 3-1 and tested as starting materials for 

conversion to the corresponding sapphyrins 4-6.  

The data obtained from 1H NMR, mass spectrometry (MS MALDI-TOF) and high-

resolution mass spectrometry (HR-MS MALDI-TOF) are given in supporting information 

in the reference,[66] which confirm structures of the newly synthesized open-chain 

pentapyrroles and sapphyrins. The newly synthesized sapphyrins were fully 

characterized and showed C2 symmetry by 1H NMR spectroscopy. 

The structure of open-chain pentapyrrole (p-CF3Ph)4PPyH3 2 was determined by 

single crystal X-ray diffraction analysis, as given in the reference.[66]  This compound, 

which crystallizes in a centrosymmetric C2/c symmetry, has an original right or left helix 

shape. The conformation of this compound is imposed by intramolecular hydrogen bonds 

between nitrogen atoms from the pyrrole groups. The stacking of the crystal is also 

imposed by some π-π stacking interactions. 
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Scheme 3-1. Synthesis of investigated pentapyrroles and sapphyrins. 
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3.3 UV-Visible Spectra 

UV−visible spectra of the open-chain pentapyrroles 1-3 and sapphyrins 4-6 were 

measured in CH2Cl2, PhCN and pyridine (Py) containing 0.1 M TBAP. The spectra in 

CH2Cl2 are shown in Figure 3-1 and the data for each investigated compound are 

summarized in Tables 3-1 and 3-2.   

The pentapyrroles are characterized by two intense absorption bands at 378-388 

and 503-509 nm and two to three moderate intensity Q bands between 695 and 894 nm. 

These spectra differ from that of the structurally related sapphyrins (Figure 3-1b) which 

are characterized by an intense split Soret band at 494-525 nm and four Q bands between 

635 and 806 nm. Solvent independent spectral patterns are seen for each compound in the 

two series, a feature unlike corroles with similar substituents which are known to 

deprotonate in basic solvents such as pyridine.[62, 63]  
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Figure 3-1. UV-vis spectra of open-chain pentapyrroles and corresponding sapphyrins in 

CH2Cl2 containing 0.1 M TBAP. 
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Table 3-1. UV-vis spectral data of open-chain pentapyrroles 1-3 in CH2Cl2, PhCN and Py 

containing 0.1 M TBAP. 

 

 

  

solvent compound λmax, nm (ε ×10-4 M-1 cm-1) 

  Soret region  visible region 

CH2Cl2 (p-CNPh)4PPyH3 1 388 (4.1) 453 (2.8) 509 (4.0)  702 (0.7) 823 (0.8) 890 (0.9) 

 (p-CF3Ph)4PPyH3 2 378 (5.4) 447 (2.9) 503 (5.5)  - 812 (1.1) 884 (1.3) 

 (p-CO2MePh)4PPyH3 3 387 (3.5) 454 (2.5) 507 (3.6)  695 (0.4) 821 (0.6) 894 (0.7) 

PhCN (p-CNPh)4PPyH3 1 390 (5.6) 458 (4.2) 512 (5.8)  707 (0.9) 834 (1.1) 900 (1.2) 

 (p-CF3Ph)4PPyH3 2 383 (3.9) 453 (2.0) 507 (4.2)  - 825 (0.7) 898 (0.9) 

 (p-CO2MePh)4PPyH3 3 389 (3.9) 456 (2.9) 510 (4.3)  718 (0.4) 837 (0.6) 907 (0.8) 

Py (p-CNPh)4PPyH3 1 392 (3.0) 458 (2.2) 513 (3.2)  720 (0.5) 829 (0.6) 893 (0.6) 

 (p-CF3Ph)4PPyH3 2 385 (5.3) 450 (2.8) 507 (5.4)  - 815 (1.1) 888 (1.2) 

 (p-CO2MePh)4PPyH3 3 392 (4.0) 456 (3.0) 511 (4.4)  727 (0.4) 831 (0.5) 895 (0.6) 
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Table 3-2. UV-vis spectral data of sapphyrins 4-6 in CH2Cl2, PhCN and Py containing 0.1 

M TBAP. 

solvent compound λmax, nm (ε ×10-4 M-1 cm-1) 

  Soret region             visible region 

CH2Cl2 (p-CNPh)4SapH3 4 494 (15.2) 516 (10.0)  638 (0.9) 697 (1.7) 717 (1.8) 797 (0.7) 

 (p-CF3Ph)4SapH3 5 494 (12.1) 517 (8.3)  635 (1.6) 696 (2.2) 723 (2.1) 797 (1.5) 

 (p-CO2MePh)4SapH3 6 502 (19.2) 525 (14.5)  649 (1.2) 710 (2.6) 727 (2.4) 806 (1.1) 

PhCN (p-CNPh)4SapH3 4 498 (16.5) 522 (11.3)  646 (0.8) 706 (1.9) 718 (1.9) 797 (0.8) 

 (p-CF3Ph)4SapH3 5 498 (10.5) 523 (7.8)  661 (1.8) 699 (2.3) 726 (2.5) 797 (1.8) 

 (p-CO2MePh)4SapH3 6 506 (16.0) 530 (12.6)  656 (1.0) - 727 (2.6)[a] 806 (1.2) 

Py (p-CNPh)4SapH3 4 496 (16.2) 519 (10.5)  647 (0.5) - 712 (1.8)[a] 795 (0.7) 

 (p-CF3Ph)4SapH3 5 496 (17.0) 521 (11.1)  649 (0.5) - 716 (1.9)[a] 797 (0.7) 

 (p-CO2MePh)4SapH3 6 504 (9.6) 527 (7.2)  656 (0.4) - 725 (1.4)[a] 805 (0.5) 

[a]Overlapped absorption peaks. 
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3.4 Protonation 

The known protonation reactions of corroles, sapphyrins and pentapyrroles are 

schematically shown in Scheme 3-2. Two protons can be added stepwise to the neutral 

sapphyrins to give [(Ar)4SapH4]+ and [(Ar)4SapH5]2+, respectively, while the open-chain 

pentapyrroles can add two protons in a single step to give [(Ar)4PPyH5]2+  as shown in 

Scheme 3-2. 

These protonation reactions are given by Equations 3-1 to 3-3 and the measured 

equilibrium constants are summarized in Table 3-3. 

 

The spectral changes recorded during the protonation of compounds 1-3 with TFA 

in CH2Cl2 are given in Figure 3-2. The neutral pentapyrroles are characterized by two 

major bands at 376-388 nm and 502-509 nm in CH2Cl2, while the doubly protonated 

pentapyrrole products also have two bands at 405-413 nm and 532-539 nm, in addition to 

a broad band located between 800-1000 nm (Table 3-3).   

As shown in Figure 3-2, multiple isosbestic points are obtained during the titration 

with TFA, indicating both the lack of a spectrally detectable mono-protonated 

pentapyrrole intermediate and the absence of a spectrally detectable protonated 

sapphyrin product on the timescale of the pentapyrrole protonation. This latter point is 
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important because ring closure of the pentapyrrole will occur with formation of the 

sapphyrin on longer timescales as described on the following pages. 

The spectral changes which occur during the stepwise two proton addition to the 

related sapphyrin derivatives with TFA in CH2Cl2 are given in Figure 3-3. The initial 

spectrum is characterized by two bands in the Soret region and four bands in the visible 

region, and this converts to a spectrum with a single intense Soret band and two visible 

bands after the addition of 1.0 equivalent TFA (Figure 3-3a). Much higher concentrations 

of acid are needed to generate the doubly protonated sapphyrins [(Ar)4SapH5]2+ which 

have a split Soret band and three visible bands as shown in Table 3-4 and Figure 3-3b. 
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Scheme 3-2. Protonation reactions of meso-aryl corroles, sapphyrins and pentapyrroles in 

nonaqueous media. 
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Figure 3-2. UV-visible spectral changes during the protonation of open-chain 

pentapyrrole 1-3 in CH2Cl2 with TFA. 
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Table 3-3. UV-vis spectral data of the protonated open-chain pentapyrroles, 

[(Ar)4PPyH5]2+, and the protonation constants in CH2Cl2 with TFA.  

Ar 4a wavelength: max, nm ( × 10-4 M-1cm-1) protonation constantb 

  Soret region visible region  

p-CNPh 1 2.64 413 (3.9) 539 (4.1) 943 (2.3) log8.2 

p-CF3Ph 2 2.16 405 (4.6) 532 (6.4) 931 (3.4) log8.5 

p-CO2MePh 3 1.80 409 (3.2) 536 (3.9) 928 (2.0) log9.1 

aValues of  for the p-CN, CF3 and CO2Me groups were taken from reference [69].  

bEquilibrium constants for proton addition according to Equation 3-1 were calculated 

from the Hill equation (see text). 
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Figure 3-3. UV-visible spectral changes during a) the first and b) the second proton 

addition to the sapphyrins 4-6 in CH2Cl2 with TFA. Plots for calculating the equilibrium 

constants are shown as inserts. 
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Table 3-4. UV-vis spectral data of the protonated sapphyrins, [(Ar)4SapH4]+ and 

[(Ar)4SapH5]2+, and calculated protonation constants in CH2Cl2 with TFA. 

protonated form Ar 4a wavelength: max, nm ( × 10-4 M-1cm-1) logKb 

   Soret region visible region  

[(Ar)4SapH4]+ p-CNPh 4 2.64 483 (26.3) - 654 (0.7) 739 (1.4) - logK1 = 7.1 

 p-CF3Ph 5 2.16 481 (31.2) - 653 (1.0) 739 (1.8) - logK1 = 7.3 

 p-CO2MePh 6 1.80 487 (35.4) - 663 (1.4) 743 (2.6) - logK1 = 7.6 

[(Ar)4SapH5]2+ p-CNPh 4 2.64 487 (17.3) 501 (13.3) 664 (2.0) 734 (0.7) 776 (1.9)  logK2 = 1.5 

 p-CF3Ph 5 2.16 487 (19.6) 499 (16.4) 664 (0.7) 734 (1.0) 777 (2.7) logK2 = 2.0 

 p-CO2MePh 6 1.80 494 (22.8) 507 (19.8) 669 (0.8) 739 (1.4) 784 (3.4) logK2 = 2.3 

aValues of  were taken from reference [69]. bEquilibrium constants for proton addition 

were calculated according to Equations 3-2 and 3-3 using the Hill equation and the Molar 

Ratio method (see text).  
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3.5 Conversion of [(Ar)4PPyH5]2+ to [(Ar)4SapH4]+ 

The oxidative conversion of pentapyrroles to sapphyrins in a nonaqueous solvent 

containing I2 and TFA has been reported and was proposed to proceed via a bis-

protonated pentapyrrole intermediate [(Ar)4PPyH5]2+ as shown in Scheme 3-3 for 

derivatives with sterically hindered meso-aryl substituents.[60] We wished to know if a 

pentapyrrole to sapphyrin conversion would also occur for the newly synthesized 

pentapyrroles after protonation in CH2Cl2 and if so, we wished to elucidate the 

mechanism and possibly evaluate the kinetics of this conversion. 

The protonation of (Ar)4PPyH3 to [(Ar)4PPyH5]2+ is shown in Figure 3-2 for the CF3 

derivative. The doubly protonated pentapyrrole is relatively unstable in CH2Cl2 and a 

conversion to the sapphyrin is observed when spectroscopically monitoring the solution 

as a function of time. An example of the resulting spectral changes for compound 2 in 

CH2Cl2 containing 23 eq. TFA over a period of 48 hours is given in Figure 3-4. Almost no 

spectral changes are seen between 4 and 48 hours and the spectra at this point are 

characterized by a species with an intense Soret band at 483 nm and two Q bands at 655 

and 738 nm. The broad band associated with [(Ar)4PPyH5]2+ at ~900 nm is no longer 

present, and the final spectrum is virtually identical to that of singly protonated [(p-

CF3Ph)4SapH4]+, which is characterized by bands at 482, 652 and 739 nm (Figure 3-3a). The 

spectral changes monitored in Figure 3-4 were taken in CH2Cl2 containing 23 eq. of TFA, 

an acid concentration not large enough to completely generate the doubly protonated 

sapphyrin which has a logK2 of 2.0 and requires a large (105) excess of TFA. Thus, under 
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the examined solution conditions, only the mono-protonated sapphyrin can be observed 

as a final product of the ring closure reaction under these conditions.  The reactants and 

products in the ring closure reaction are shown in Scheme 3-3 and involve a conversion 

of [(Ar)4PPyH5]2+ to [(Ar)4SapH4]+ . 

A similar conversion from the fully protonated pentapyrrole to the mono-

protonated sapphyrin also occurred for compounds 1 and 3, and the progress of this 

reaction was examined by plotting the measured absorbance changes (% conversion) vs. 

time at wavelengths corresponding to the peak of maximum absorbance for the formation 

of each [(Ar)4SapH4]+  derivative. These plots are shown in Figure 3-5 for compounds 1, 2 

and 3 in CH2Cl2 containing 25 eq. TFA. 
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Scheme 3-3. Proposed mechanism for the conversion of open-chain pentapyrrole to the 

corresponding sapphyrin.  
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Figure 3-4. UV-visible spectral changes monitored during the conversion of protonated 

pentapyrrole 2 [(p-CF3Ph)4PPyH5]2+  to mono-protonated sapphyrin 5 [(p-CF3Ph)4SapH4]+ 

in CH2Cl2 containing 23 eq. TFA. 
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Figure 3-5. Relationship between percentage conversion of the doubly protonated 

pentapyrrole to the mono-protonated sapphyrin ([[SapH4]+]/[[PPyH5]2+] %) and reaction 

time (min) a) with different substituents containing 25 eq. TFA and b) the pentapyrroles 3 

(Ar = p-CF3Ph) containing different equivalence TFA in CH2Cl2 (see text and Figure 3-4). 
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3.6 Electrochemistry and Substituent Effects on Redox Properties of Open-Chain 

Pentapyrroles  

The electrochemistry of the three newly-synthesized pentapyrroles was 

characterized by cyclic voltammetry in CH2Cl2, PhCN and Py. Examples of the cyclic 

voltammograms in CH2Cl2 are given in Figure 3-6 and a summary of the measured half-

wave potentials for reduction and oxidation in the three solvents is given in Table 3-5.  

Earlier examined (Ar)4PPyH3 derivatives with p-FPh, p-ClPh and p-Cl2Ph meso-

substituents were characterized by two reversible reductions, two reversible oxidations 

and an average HOMO/LUMO gap of 1.34 ± 0.04 V.[59] A similar HOMO-LUMO gap is 

seen for the currently studied open-chain pentapyrroles, i.e., 1.32 ± 0.03 V in CH2Cl2, 1.23 

± 0.02 V in PhCN and 1.07 ± 0.01 V in pyridine. 

The effect of phenyl ring substituents on the open-chain pentapyrroles can be 

related to the measured E1/2 values by plots of the type shown in Figure 3-7 using the 

relationship in Equation 3-4[67] where  is the slope of the line correlating the measured 

half-wave potentials and the values of  are taken from the literature.[68] 

                                                      (3-4) 

There are four meso-aryl groups on open-chain pentapyrrole  (Ar)4PPyH3 and 4 

is used in the plots which includes both data on compounds 1-3 from the current study 

and data from the literature on derivatives of (p-FPh)4PPyH3 and (p-ClPh)4PPyH3.[59] 

As shown in Figure 3-7 and Table 3-5, the average HOMO-LUMO gap of 

(Ar)4PPyH3 is 1.32 ± 0.03 V while the potential difference between the first and second 
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redox processes ranges from 0.18 to 0.22 V for oxidation of compounds 1-3 and 0.21 to 0.25 

V for reduction of the same species in CH2Cl2. Larger separations between E1/2 values for 

the stepwise reductions or oxidations of 1-3 are observed in PhCN and pyridine as seen 

by the data in Table 3-5. 
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Figure 3-6. Cyclic voltammogram of open-chain pentapyrroles 1-3 in CH2Cl2 containing 

0.1 M TBAP. 
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Table 3-5. Half-wave potentials (E1/2, V vs SCE) of open-chain pentapyrroles 1-3 in CH2Cl2, 

PhCN and pyridine containing 0.1 M TBAP. 

solvent compound 4a  oxidation  reduction   

    1st ox 2nd ox Eob  1st red 2nd red Erb  H-Lc 

CH2Cl2 (p-CNPh)4PPyH3 1 2.64  0.56 0.74 0.18  -0.76 -1.01 0.25  1.32 

 (p-CF3Ph)4PPyH3 2 2.16  0.51 0.72 0.21  -0.84 -1.09 0.25  1.35 

 (p-CO2MePh)4PPyH3 3 1.80  0.46 0.68 0.22  -0.83 -1.04 0.21  1.29 

PhCN (p-CNPh)4PPyH3 1 2.64  0.51 0.70 0.19  -0.71 -0.99 0.28  1.22 

 (p-CF3Ph)4PPyH3 2 2.16  0.48 0.70 0.22  -0.77 -1.07 0.30  1.25 

 (p-CO2MePh)4PPyH3 3 1.80  0.43 0.68 0.25  -0.80 -1.06 0.26  1.23 

Py (p-CNPh)4PPyH3 1 2.64  0.41d 0.73 0.32  -0.66 -0.93 0.27  1.07 

 (p-CF3Ph)4PPyH3 2 2.16  0.37d 0.71 0.34  -0.71 -1.02 0.31  1.08 

 (p-CO2MePh)4PPyH3 3 1.80  0.33d 0.66 0.33  -0.74 -1.01 0.27  1.07 

aValues of were taken from reference [69]. bEo = Potential difference between 1st 

oxidation and 2nd oxidation, Er = Potential difference between 1st reduction and 2nd 

reduction. cH-L = HOMO-LUMO gap (the potential difference E1/2 between 1st oxidation 

and 1st reduction). dSecond scan potential. 
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Figure 3-7. Plots of half-wave potentials vs. Hammett substituents constants (4) for the 

two reversible oxidations and two reversible reductions of (Ar)4PPyH3 in CH2Cl2 

containing 0.1 M TBAP. Values of E1/2 for (p-ClPh)4PPyH3 and (p-FPh)4PPyH3 are taken 

from reference [60] and the values of  for the para-phenyl substituents are taken from 

reference [69].  
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3.7 Electrochemistry and Substituent Effects on Redox Properties of Sapphyrins  

Earlier studies of meso-tetraaryl sapphyrins showed the compounds to exhibit an 

irreversible reduction in all solvents due to the loss of a pyrrole proton following electron 

addition.[58, 59] This is also the case for the currently investigated compounds whose 

reduction was not investigated in further detail. The first oxidation of sapphyrins is also 

irreversible in pyridine,[58] but this is not the case in CH2Cl2 or PhCN where two or three 

reversible oxidations are obtained as shown by the cyclic voltammograms in Figure 3-8 

for compounds 4, 5 and 6 where the processes were monitored in PhCN containing 0.1 M 

TBAP. 

The first one-electron oxidation of the sapphyrins 4-6 is harder than the first one-

electron oxidation of the related pentapyrroles 1-3 by an average of 120 mV (E1/2 (avg.) = 

0.47 V for (Ar)4PPyH3 and 0.59 V for (Ar)4SapH3 in PhCN) as seen in Table 3-5 and Figure 

3-8, while the second oxidation of (Ar)4SapH3 is more difficult than the corresponding 

oxidation of (Ar)4PPyH3 by an average of 310 mV (E1/2 (avg.) = 0.69 V for (Ar)4PPyH3 and 

1.00 V for (Ar)4SapH3 in PhCN). 

The potential separation (E1/2) between the first and second oxidation of the 

sapphyrins 4-6 ranges from 0.40 to 0.42 V in PhCN (Figure 3-8a) and is larger than the 

potential separation between the two reversible oxidations of the corresponding 

(Ar)4PPyH3 derivatives 1-3 which ranges from 0.19 to 0.25 V in the same solvent (Table 3-

5). Compound 1, with CN substituents, has the smallest E1/2 among the three 

pentapyrroles (Table 3-5) while the related compound 4 also has the smallest E1/2 among 
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the three investigated sapphyrins (Figure 3-8a). This is as expected on the basis of the 

slopes of the E1/2 vs. 4 plots in Figures 3-7 and 3-8. 

As seen in Figure 3-8b, the slope () of the E1/2 vs. 4 plot (Equation 3-4) is equal to 

71 mV for the first oxidation of the sapphyrins and 54 mV for the second in PhCN.  These 

slopes are not significantly different than slopes for the same oxidations of the related 

pentapyrroles in CH2Cl2, 79 mV and 47 mV respectively (Figure 3-7). However, it must be 

noted that the electrochemical values ofare solvent-dependent[70] and they also depend 

upon the specific site of electron transfer. In this regard, it should be pointed out that the 

second oxidation of the pentapyrroles and sapphyrins are both less sensitive to the 

substituents than the first oxidation when measured in PhCN or CH2Cl2. 
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Figure 3-8. a) Cyclic voltammograms showing the first two oxidations of sapphyrins 4-6 

in PhCN containing 0.1 M TBAP and b) plots of half-wave potentials vs. the sum of 

Hammett substituent constants of electron-withdrawing groups on the meso-phenyl rings. 

Also included in the figure are E1/2 values of (p-ClPh)4SapH3 taken from reference [60]. 

Values of for the para-phenyl substituents are taken from reference [69]. 
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3.8 Comparison of Substituent Effects with Related Macrocycles 

Reversible oxidations are seen for most free-base meso-substituted 

tetraarylporphyrins[71] and the effect of meso-substituents on these electrode reactions can 

be compared to that of the sapphyrins and pentapyrroles. Such a comparison is given in 

Figure 3-9 which plots E1/2 for the first one-electron oxidation of the related meso-aryl 

sapphyrins, pentapyrroles and porphyrins vs. the sum of the Hammett substituent 

constants on the meso-phenyl groups. Also included in this plot are values of the measured 

peak potentials (Ep) for the first irreversible oxidation of related triaryl-corroles having the 

same type of electron-withdrawing substituents on the meso-phenyl rings. 

As seen by the structures in Scheme 3-2, the corroles have three meso-aryl groups 

as compared to four meso-aryl groups for the sapphyrins, pentapyrroles and porphyrins 

(not shown in scheme).  

Thus, the data in Figure 3-9 provides a good indication of how the meso-

substituents will affect the E1/2 values for oxidation of three free-base macrocycles and a 

related free-base open-chain pentapyrrole. As seen in this figure, there is not a significant 

difference in the magnitude of the substituent effect for the first one electron oxidation of 

the porphyrins, sapphyrins or open-chain pentapyrroles as measured by the slope of the 

E1/2/ plots which are defined in Equation 3-4 and given in mV. The values of the 

slopes () in Figure 3-9 range from 50 mV for the open-chain pentapyrroles to 67 mV for 

the porphyrins and 71 mV for the sapphyrins. This suggests a very similar inductive effect 

of the four meso-aryl groups on the HOMO of the sapphyrin and porphyrin macrocycles, 
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but a smaller effect on the  system of the open-chain pentapyrroles. A larger substituent 

effect is seen for the corroles ( = 115 mV) but because these electrode reactions are 

irreversible and involve coupled chemical reactions,[62, 63] care must be taken when 

comparing the non-thermodynamic values of peak potentials with the more meaningful 

thermodynamic E1/2 values. 

The first one-electron oxidations of the free-base porphyrins, sapphyrins and 

pentapyrroles are reversible, and thus thermodynamically meaningful comparisons can 

be made between redox potentials for these three types of compounds having the same 

set of meso-substituents. For example, the measured E1/2 values are 1.22 V for (p-

CNPh)4PorH2[71] and 0.56 V for (p-CNPh)4PPyH3 in CH2Cl2, and 0.61 V for (p-CNPh)4SapH3 

in PhCN. Despite the difference in solvents, it is clear that the larger  system of 

compounds 1-6 which have five linked pyrroles is easier to oxidize than that of the 

corresponding porphyrins with four linked pyrroles. 

The first one-electron reductions of the pentapyrroles and related free-base 

porphyrins are also reversible and comparisons can be made between E1/2 values for these 

processes. For example, the reduction of (p-CNPh)4PorH2 occurs at E1/2 = -1.00 V in 

CH2Cl2[71], and this value can be compared to an E1/2 = -0.76 V for (p-CNPh)4PPyH3 under 

the same solution conditions (See Figure 3-6). Thus, a shift of 240 mV towards an easier 

reduction is seen for the open-chain pentapyrroles with five ring systems. Combining the 

easier 240 mV reduction of (Ar)4PPyH3 with the easier 680 mV oxidation of the same 

compound leads to a decrease in the HOMO-LUMO gap of 920 mV, as graphically shown 
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in Figure 3-7 where the average E1/2 = 1.32 V. This as compare to an average 2.2 V HOMO-

LUMO gap for the related porphyrin derivative having CN groups, i.e. (p-CNPh)4PorH2. 

The potentials for oxidations of the sapphyrins and open-chain pentapyrroles can 

also be related to the protonation constants and such a comparison is given in Figure 3-

10. In the case of sapphyrins, there is a significant dependence of logK1 for proton 

additions on the para substituents and the same dependence is seen on the half-wave 

potential as shown in Figure 3-9. Thus, the plot of logK1 vs E1/2 is linear, with the values of 

logK1 for (Ar)4SapH3 ranging from 7.1 for Ar = p-CNPh to 9.8 for Ar = p-FPh. A much 

smaller effect is seen for the second proton addition to the same sapphyrins where the 

logK2 values ranges from 1.5 for Ar = p-CNPh to 2.7 for Ar = p-ClPh.  

The slope of the log2/E1/2 plot for the sapphyrins in Figure 3-10 indicates a 

decrease of 2.3 log2 units for every 100 mV change in potential towards a harder 

oxidation as compared to a much smaller decrease of 1.2 log2 units for every 100 mV 

change in potential for oxidation of the open-chain pentapyrroles 1-3. Thus, the stronger 

the electron-withdrawing groups on the four meso-positions of the investigated 

compounds, the more positive is the charge on the π-system and pyrrole nitrogens which 

leads to smaller values of logK or log2 for proton addition.  

An increased positive charge on the π-system and pyrrole nitrogens of the 

pentapyrroles also leads to an enhanced conversion to the related sapphyrins as shown in 

Figure 3-5, where the most rapid pentapyrrole to sapphyrin conversion was obtained for 

the CN derivative (compound 1) and the slowest for the CO2Me species (compound 3). 
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This might at first suggest that open-chain pentapyrroles with electron-withdrawing 

groups on both the meso- and β-pyrrole positions would exhibit a further enhanced 

conversion to the related sapphyrins but one must also consider the expected decreased 

magnitude of protonation constants which might have an opposite effect and lead to more 

stable pentapyrroles under mild acid condition. Further studies are needed to verify if this 

is the case. 
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Figure 3-9. Plots of first oxidation potential of porphyrins (in CH2Cl2), corroles, sapphyrins 

and pentapyrroles vs.  in PhCN containing 0.1 M TBAP. The data in part a) are for 

porphyrins[71] and corroles[62, 63] while those in part b) are for sapphyrins and 

pentapyrroles.[59] Potentials used in the plots are given in SI in reference.[66]   
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Figure 3-10. Plots of log (protonation constants) vs. the first oxidation potentials of a) 

sapphyrins 4-6, (p-ClPh)4SapH3 and (p-FPh)4SapH3 and b) open-chain pentapyrroles 1-3, 

(p-ClPh)4PPyH3 and (p-FPh)4PPyH3 in CH2Cl2. The data used in the plots are given in SI of 

the reference.[66] 
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4  
Electrochemistry and Protonation Reactions of 

Meso-aryl Substituted Open-chain 

Pentapyrroles 
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4.1 Introduction 

Open-chain pentapyrroles (or pentapyrrotetramethene) with meso-tetraaryl 

substituents were first isolated as a major side-product in the synthesis of corroles, being 

obtained in high yield (11%, the same as the target product),[1] and these molecules have 

since attracted great attention as synthetic precursors for the related sapphyrin 

macrocycles.[1-8] 

Our own interest in open-chain pentapyrroles has involved a characterization of 

their electrochemistry, spectroelectrochemistry and acid-base properties in nonaqueous 

media, as well as a study of their conversion to the corresponding sapphyrins [5-8]. The 

open-chain pentapyrroles were shown to undergo two reversible one-electron 

reductions in CH2Cl2, PhCN or pyridine, with the E1/2 values for these processes varying 

only slightly with the utilized electrochemical solvent.[5, 6] However, in contrast to the 

well-defined reductions of open-chain pentapyrroles, the oxidation behavior of these 

compounds was shown to vary as a function of the selected solvent. Cations and 

dications of the pentapyrroles could be generated and characterized prior to sapphyrin 

formation in CH2Cl2 or PhCN[5] but this was not the case in pyridine where 

deprotonation was proposed to occur after the abstraction of one electron in the basic 

solvent.[6] Additional oxidation processes were also observed in the cyclic 

voltammograms of pentapyrroles with sterically hindered or highly electron-

withdrawing groups, and it was suggested[5, 8] that this might be related to the products 

formed in a proton-induced conversion to the corresponding sapphyrins.  
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The acid-base properties of several open-chain pentapyrroles were previously 

examined in our laboratory and the equilibrium constants for proton addition to these 

compounds were determined utilizing spectroscopic monitoring of the reaction. Two 

protons could be easily added to the open-chain pentapyrroles with the measured log2 

for this reaction ranging from 8.1 to 11.0.[5, 8] Two protons could also be abstracted with 

log2 values ranging from 5.1 to 6.4.[6] Detailed studies of the proton-induced conversion 

of pentapyrroles to the corresponding sapphyrins are described in the literature.[7, 8] 

In the present paper, a new series of open-chain pentapyrroles containing 

different meso-aryl groups were synthesized and characterized as to their spectral and 

electrochemical properties in CH2Cl2, PhCN and pyridine (Py). Their protonation 

reactions were also investigated. A single crystal analysis of one compound is given in 

the present study and comparisons are made with an earlier reported open-chain 

pentapyrrole structure. The five newly investigated compounds are shown in Chart 4-1 

and are represented as (Ar)4PPyH3 where Ar = m,m-F2Ph 1, p-BrPh 2, Ph 3, m,m,p-

(OMe)3Ph 4 or p-MePh 5. 
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Chart 4-1.  Structures of investigated compounds 1-5. 
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4.2 Synthesis and Characterization 

The five open-chain pentapyrroles in Chart 4-1 were isolated as side-products in 

the synthesis of structurally related triarylcorroles according to methods described in the 

literature.[5, 8] The newly synthesized compounds were then fully characterized by 1H 

NMR spectroscopy, mass spectrometry (MS MALDI/TOF) and high-resolution mass 

spectrometry (HRMS MALDI/TOF).[9] The molecular weights of the compounds were 

determined by mass spectrometry and show, in each case,  a perfect match with the 

calculated molar mass. Characteristic chemical shift data in the 1H NMR spectra also 

confirmed the target compounds 1-5 to have the structures shown in Chart 4-1.  

A plate-shaped crystal of compound 2 (p-BrPh)4PPyH3 was obtained and a single 

crystal X-ray diffraction experiment was carried out as given in the reference.[9] A 

comparison between the X-ray structure of compound 2 and the structures for three 

earlier reported pentapyrroles[8, 10, 11] are also given in this manuscript.  

Absorption spectra of the compounds 1-5 were measured at a concentration of 

10-3 M in CH2Cl2, PhCN and pyridine containing 0.1 M TBAP (Figure 4-1 and Table 4-1). 

Two or three intense bands ( = ~104 cm-1M-1) were present in the Soret region of the 

spectrum while one or two broad bands of lower intensity ( = ~103 cm-1M-1) are seen in 

the visible region.  

The above spectroscopic properties are all consistent with previously reported 

spectral data for the similar compounds.[5, 7, 8] Additional detailed information on the 

synthesis and characterization are given in SI of reference.[9] 
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Figure 4-1. UV-visible spectra of compounds 1-5 in a) CH2Cl2, b) PhCN and c) pyridine 

containing 0.1 M TBAP. 
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Table 4-1.  UV-visible spectral data  of (Ar)4PPyH3 1-5 (~10-3 M) in CH2Cl2, PhCN and 

pyridine containing 0.1 M TBAP. 

Solvent X (Ar = XPh) wavelength: nm (×10-4 cm-1M-1) 

  Soret region visible region 

CH2Cl2 m,m-F2 1 373 (4.4) 443 (2.2) 503 (4.6) 808 (0.9) 880 (1.0) 

 p-Br 2 384 (4.7) 439 (4.2) 500 (3.8) 808 (0.6) 895 (0.7) 

 H 3 380 (1.1) 440 498 (1.3) 816 (0.2) 880 (0.2) 

 m,p,m-(OMe)3 4 352 (4.3), 391 (4.2) 458 (2.7) 504 (5.5) 831 (0.8) 905 (1.0) 

 p-Me 5 351 (3.5), 382 (3.5) 428 (3.4) 494 (3.0) 814 (0.4) 895 (0.4) 

PhCN m,m-F2 1 378 (3.4) 448 (1.6) 505 (3.7) 820 (0.6) 888 (0.7) 

 p-Br 2 383 (4.4) 446 (3.7) 503 (4.0) 822 (0.8) 909 (0.9) 

 H 3 381 (2.2) 441 (1.4) 500 (2.5) 826 (0.2) 903 (0.2) 

 m,p,m-(OMe)3 4 356 (3.7), 396 (3.6) 460 (2.5) 506 (4.3) 839 (0.8) 917 (1.0) 

 p-Me 5 356 (2.1), 385 (2.1) 438 (2.1) 496 (2.0) 820 (0.1) 907 (0.1) 

pyridine m,m-F2 1 383 (2.8) 448 (1.1) 506 (3.3) 815 (0.5) 883 (0.6) 

 p-Br 2 387 (2.6) 445 (2.3) 503 (2.4) 822 (0.4) 896 (0.4) 

 H 3 383 (1.4) 439 (1.1) 501 (1.3) 826 (0.2) 901 (0.2) 

 m,p,m-(OMe)3 4 355 (4.4), 395 (4.5) 461 (2.9) 506 (5.7) 822 (0.9) 909 (1.1) 

 p-Me 5 382 (1.6) 432 (1.7) 495 (1.4) 822 (0.2) 897 (0.2) 
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4.3 Electrochemistry 

The electrochemistry of compounds 1-5 was characterized by cyclic voltammetry 

in CH2Cl2, PhCN or pyridine containing 0.1 M TBAP. Examples of cyclic 

voltammograms for compound 4 in those three solvents containing 0.1 M TBAP are 

given in Figure 4-2 and a summary of the measured half-wave potentials for reductions 

and oxidations in each solvent are given in Table 4-2.  

As shown in Figure 4-2, two reversible reductions occur in each solvent. Two 

reversible oxidations are also seen in CH2Cl2 and PhCN, but this is not the case in 

pyridine which reacts with the singly oxidized pentapyrrole as described previously [6]. 

Regardless of the solvent, two electrons can be abstracted from the conjugated π-system 

of the pentapyrrole under the given solution conditions.  

The separation in E1/2 between the two one-electron oxidations in CH2Cl2 or 

PhCN (0.22 V) are smaller than the separation in pyridine (0.30 V) as seen in Figure 4-2. 

Moreover, the electrochemical HOMO-LUMO gap (the potential difference between the 

first oxidation and first reduction) decreases upon going from CH2Cl2 to PhCN and then 

to pyridine. For example, in the case of compound 4 (Figure 4-2), the electrochemically 

measured HOMO-LUMO gap is 1.32 eV in CH2Cl2, 1.25 eV in PhCN and 1.13 eV in 

pyridine.  

Cyclic voltammograms for all five pentapyrroles in each solvent containing 0.1 M 

TBAP are given in Figures 4-3 (in DCM), 4-4 (in PhCN) and 4-5 (in pyridine). As shown 

in Figure 4-3, the redox potentials are negatively shifted upon going from compound 1 
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(which has two electron-withdrawing F atoms on the meso-phenyl rings) to compound 5, 

which possesses p-Me electron-donating groups on the meso-phenyl rings. The HOMO-

LUMO gap in CH2Cl2 averages 1.32 ± 0.04 V while the average gap in the other two 

solvents, PhCN and pyridine is 1.24 and 1.09 V, respectively.  
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Figure 4-2. Cyclic voltammograms of (m,p,m-(OMe)3Ph)4PPyH3 4 in CH2Cl2, PhCN and 

pyridine containing 0.1 M TBAP. All current-voltage curves were obtained on the first 

potential scan except for the oxidation in pyridine which shows the first (solid line) and 

second (dashed line) potential scans.  
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Table 4-2.  Half-wave potentials (E1/2, V vs SCE)  of (Ar)4PPyH3 derivatives 1-5 in CH2Cl2, 

PhCN and pyridine containing 0.1 M TBAP.  

Solvent X (Ar = XPh) a E1/2 (V vs SCE) H-L(eV)b 

   Ox2 Ox1 Eox  Red1 Red2 Ered  

CH2Cl2 m,m-F2 1 2.72 0.77 0.57 0.20  -0.79 -1.05 0.26 1.36 

 p-Br 2 0.92 0.72 0.46 0.16  -0.88 -1.12 0.24 1.34 

 H 3 0.0 0.58 0.33 0.25  -0.98 -1.16 0.18 1.31 

 m,p,m-(OMe)3 4 -0.12 0.57 0.35 0.22  -0.97 -1.21 0.24 1.32 

 p-Me 5 -0.68 0.49 0.31 0.18  -0.99 -1.20 0.21 1.30 

PhCN m,m-F2 1 2.72 0.77 0.56 0.21  -0.69 -0.99 0.30 1.25 

 p-Br 2 0.92 0.60 0.42 0.18  -0.83 -1.12 0.29 1.25 

 H 3 0.0 0.60 0.35 0.25  -0.89 -1.19 0.30 1.24 

 m,p,m-(OMe)3 4 -0.12 0.55 0.33 0.22  -0.92 -1.22 0.30 1.25 

 p-Me 5 -0.68 0.51 0.29 0.22  -0.94 -1.21 0.27 1.23 

pyridine m,m-F2 1 2.72 0.73 0.42 0.31  -0.70 -1.00 0.30 1.12 

 p-Br 2 0.92 0.65 0.30 0.35  -0.78 -1.07 0.29 1.08 

 H 3 0.0 0.60 0.24 0.36  -0.85 -1.12 0.27 1.09 

 m,p,m-(OMe)3 4 -0.12 0.55 0.25 0.30  -0.88 -1.18 0.30 1.13 

 p-Me 5 -0.68 0.56 0.21c 0.35  -0.90 -1.13 0.23 1.11 

aValues of  were taken from reference [11]. bThe HOMO-LUMO gap (potential 

difference between the first oxidation and first reduction). cHalf-wave potentials for the 

first oxidation were obtained from the second scan. 
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Figure 4-3. Cyclic voltammograms of open-chain pentapyrroles 1-5 in CH2Cl2 containing 

0.1 M TBAP. 
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Figure 4-4. Cyclic voltammograms of open-chain pentapyrroles 1-5 in PhCN containing 

0.1 M TBAP. 
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Figure 4-5. Cyclic voltammograms of open-chain pentapyrroles 1-5 in pyridine 

containing 0.1 M TBAP. 
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The measured E1/2 values for each redox reaction of the open-chain pentapyrroles 

can be related to the specific electron-donating or electron-withdrawing substituent on 

the four phenyl rings of the compounds by linear free energy relationships.[5, 8] The 

relevant correlation is given in Equation 4-1, where  is the slope of E1/2 vs.  plot[12] and 

the values of are taken from the literature.[13] The larger the value of  (given in volts), 

the larger is the effect of the electron-donating or electron-withdrawing substituents on 

the measured half wave potentials for a given electron transfer reaction, in this case the 

two one-electron reductions and two one-electron oxidations of the pentapyrroles. 

                                                               (4-1)

Examples of linear free energy relationships for the pentapyrroles in the three 

electrochemical solvents are given in Figures 4-6, 4-7 and 4-8 where the redox potentials 

in the plots are listed in Table 4-2 for the newly investigated compounds and in Table 4-

3 for previously characterized pentapyrroles with different meso-phenyl substituents.[5, 6, 8] 

The values of  which were calculated in each solvent from E1/2  vs 4 plots of the type 

shown in Figure 4-6 are summarized in Table 4-4, which also includes data for 

structurally related free-base porphyrins possessing four substituted meso-phenyl 

groups.[14]  

As shown in the table, the calculated  values for the two oxidations of the 

pentapyrrole are larger in CH2Cl2 (76 and 67 mV) than in PhCN (61 and 57 mV) or 

pyridine (57 and 50 mV) and an opposite trend is seen in pyridine, namely smaller 

effects of the substituents for oxidation than for reduction. However, the range of  
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values in Table 4-5 are similar to values observed for numerous porphyrins and corrole 

redox reactions of tetraaryl derivatives.[14, 15] and this strongly suggests that there is not a 

significant difference in substituent effects between the electron-donating or electron-

withdrawing groups on the four meso-phenyl rings of the open chain pentapyrroles and 

those on the four meso-phenyl rings of free-base tetraphenylporphyrin.  
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Figure 4-6. Plots of half-wave potentials vs. the sum of Hammett substituent constants 

() for open-chain pentapyrroles (XPh)4PPyH3 in CH2Cl2 containing 0.1 M TBAP. 
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Figure 4-7. Plots of half-wave potentials vs. the sum of Hammett substituent constants 

() for open-chain pentapyrroles (XPh)4PPyH3 in PhCN containing 0.1 M TBAP. All 

values are given in Tables 4-1 and 4-2. 
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Figure 4-8. Plots of half-wave potentials vs. the sum of Hammett substituents constants 

() for open-chain pentapyrroles (XPh)4PPyH3 in pyridine containing 0.1 M TBAP. All 

values are given in Tables 4-1 and 4-2. 
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Table 4-3.  Half-wave potentials (E1/2, V vs SCE) of related open-chain pentapyrroles 

(XPh)4PPyH3 in CH2Cl2, PhCN and pyridine containing 0.1 M TBAP.  

Solvent X a E1/2 (V vs SCE) H-L(eV)b ref. 

   1st Oxc 2nd Ox Eox  1st Red 2nd Red Ered   

CH2Cl2 p-CN 2.64 0.56 0.74 0.18  -0.76 -1.01 0.25 1.32 [8] 

 p-CF3 2.16 0.51 0.72 0.21  -0.84 -1.09 0.25 1.35 [8] 

 p-CO2Me 1.80 0.46 0.68 0.22  -0.83 -1.04 0.21 1.29 [8] 

 p-Cl 0.92 0.40 0.63 0.23  -0.91 -1.14 0.23 1.31 [5] 

 p-F 0.24 0.37 0.64 0.27  -0.95 -1.19 0.24 1.32 [5] 

PhCN p-CN 2.64 0.51 0.70 0.19  -0.71 -0.99 0.28 1.22 [8] 

 p-CF3 2.16 0.48 0.70 0.22  -0.77 -1.07 0.30 1.25 [8] 

 p-CO2Me 1.80 0.43 0.68 0.25  -0.80 -1.06 0.26 1.23 [8] 

 p-Cl 0.92 0.41 0.68 0.27  -0.83 -1.13 0.30 1.24 [5] 

 p-F 0.24 0.39 0.58 0.19  -0.88 -1.17 0.29 1.27 [5] 

pyridine p-CN 2.64 0.41 0.73 0.32  -0.66 -0.93 0.27 1.07 [8] 

 p-CF3 2.16 0.37 0.71 0.34  -0.71 -1.02 0.31 1.08 [8] 

 p-CO2Me 1.80 0.33 0.66 0.33  -0.74 -1.01 0.27 1.07 [8] 

 p-Cl 0.92 0.32 0.65 0.33  -0.80 -1.10 0.30 1.12 [6] 

 p-F 0.24 - 0.65 -  -0.83 -1.13 0.30 - [6] 

aValues of  were taken from reference [13]. bThe HOMO-LUMO gap (whose value 

equals to the potential difference between the first oxidation and first reduction). cThe 

half-wave potentials of first oxidation were obtained from the second scans. 
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Table 4-4. Average potential differences between the first two oxidations (Eox), the first 

two reductions (Ered) and the HOMO-LUMO gaps of compounds 1-5 in various 

solvents. 

Solvent Ave. Eox (V)  Ave. Ered (V) Ave. HOMO-LUMO gap (V) 

CH2Cl2 0.21 ± 0.04 0.23 ± 0.05 1.32 ± 0.04 

PhCN 0.22 ± 0.03 0.29 ± 0.03 1.24 ± 0.03 

pyridine 0.33 ± 0.03 0.28 ± 0.03 1.09 ± 0.04 
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Table 4-5. Plots of E1/2 vs. 4 for the reversible redox reactions of open-chain 

pentapyrroles of the type (Ar)4PPyH3 and related free-base meso-aryl porphyrins 

(Ar)4PorH2 having similar meso-phenyl substituents. 

Compound Solvent (mV) 

Ox1 Ox2 Red1 Red2 

(Ar)4PorH2a CH2Cl2 65 -- 73 64 

(Ar)4PPyH3 CH2Cl2 76 67 67 55 

 PhCN 61 57 65 67 

 Pyridine 57 50 70 74b 

aData for porphyrins were taken from reference [14]. bThe  value was calculated 

without (p-MePh)4PPyH3 5.  
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4.4 Protonation Reaction 

The open-chain pentapyrroles can add two protons in a single step as written in 

Equation 4-2.  

 

An example of the spectral changes which occur during protonation of 

compound 3 is shown in Figure 4-9 and the Hill plot used for calculating the equilibrium 

constant is given as an inset in the figure.  The slope of the diagnostic plot is 2.0 which 

confirms a two-proton addition to the pyrrole nitrogens of this compound and the 

presence of well-defined isosbestic points in Figure 4-9  is consistent with the absence of 

intermediates during the conversion of (Ph)4PPyH3 to [(Ph)4PPyH5]2+.   

The same types of spectral changes and slopes of 2.0 were seen for all five newly 

synthesized pentapyrroles and a summary of the calculated equilibrium constants for 

these and previously characterized pentapyrroles is given in Table 4-6 where the 

measured log2 ranges  from 11.0 to 8.2, the exact value depending upon substituents on 

the phenyl rings which influences the basicity of the pyrrole nitrogens. Pentapyrroles 

with larger values have smaller log2 values for the two-proton addition reaction. 

That is to say, the electron-withdrawing groups on the meso-phenyl rings make this 

protonation more difficult, a result which can be explained by the fact that the electron-

withdrawing groups on the meso-phenyl rings pull electron density from the pyrrole 

nitrogens, thus making them less basic. 
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Figure 4-9. UV-vis spectral changes of (Ph)4PPyH3 3 during the protonation in CH2Cl2 

with TFA. The Hill plot for the calculation of equilibrium constant was shown as inset. 
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We anticipated a linear relationship would exist between the measured log2 and 

the  for all of the pentapyrroles in Table 4-6 but this was not the case for all 

compounds (see Figure 4-10), indicating that the basicity of the pyrrole nitrogens (and 

the measured log2 values for protonation) were affected not only by the electron-

donating or withdrawing properties of the meso-phenyl substituents but also by steric 

hindrance of these groups when it occurred.[5] 

The known proton-induced oxidation reaction to generate the close-ring species 

[8] was also studied for compounds 1-5. Compounds 1-3 were partially converted to the 

closed-ring sapphyrin derivatives, but this was not the case for compounds 4 and 5 

where no such conversion occurred. The proposed overall mechanism of this proton-

induced reaction and side reaction is given in Scheme 4-1. 
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Scheme 4-1. Proposed overall mechanism of proton-induced oxidation reactions of 

open-chain pentapyrroles. 
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Table 4-6. UV-vis spectral data of [(Ar)4PPyH5]2+ and equilibrium constants (log2) for 

protonation reactions of open-chain pentapyrroles containing  different meso-

substituents. 

X (Ar = XPh) a /nm of [(Ar)4PPyH5]2+  log2b reference 

m,m-F2 1 2.72 404 529 899 8.5 t.w. 

p-CN 2.64 411 534 918 8.2 [8] 

p-CF3 2.16 404 530 919 8.5 [8] 

p-CO2Me 1.80 411 536 935 9.1 [8] 

p-Br 2 0.92 407 505 894 9.0 t.w. 

o,p-(Cl)2 1.72 403 514 876 8.1 [5] 

p-Cl 0.92 404 526 914 9.1 [5] 

p-F 0.24 400 524 915 11.0 [5] 

H 3 0.0 401 526 930 9.6 t.w. 

m,p,m-(OMe)3 4 -0.12 391 535 944 9.8 t.w. 

p-Me 5 -0.68 403 488, 524 926 9.9 t.w. 

aValues of  were taken from reference [13]. bValues were calculated from the Hill plots. 

t.w. = this work. 
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Figure 4-10. Plots of measured log2 vs. the sum of Hammett substituent constants () 

for protonation reactions of open-chain pentapyrroles. The data are given in Table 4-6. 
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4.5 Conclusion 

The aryl substituents on the four meso-positions of the open-chain pentapyrroles 

can affect the electron transfer behavior of these pentapyrrolic species. At the same time, 

it will also change the basicity of the central pyrrole nitrogen. This may result from both 

the electronic structure (substituent effects) and the molecular configuration (steric 

effects), the latter of which requires further studies in the future. 
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5  

Electrochemistry of Bis(pyridine)cobalt 

(Nitrophenyl)corroles in Nonaqueous Media 
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5.1 Introduction 

Metallocorroles are now an often-studied group of macrocycles because of their 

unique spectral and electrochemical properties, as well as their potential applications as 

catalysts for a variety of reactions.[1-11] A rich redox reactivity can be observed for 

transition-metal corroles, where both metal- and ring-centered reactions have been 

characterized under a variety of solution conditions. The most-often-studied derivatives 

have contained cobalt,[3, 11-29] iron,[30-42] or manganese[19, 32, 37, 43-56] central metal ions, which 

have been characterized in both high and low oxidation states. A conversion between the 

different oxidation states of the corrole is easy to achieve using electrochemical techniques 

and has been best demonstrated in the case of cobalt derivatives, where the potentials for 

reduction or oxidation will systematically vary with changes in the number and types of 

electron-donating or electron-withdrawing substituents on the macrocycle.[7, 11, 12, 21, 24, 26, 57, 

58] 

As part of our continuing studies into elucidating the electrochemistry of 

metallocorroles,[2, 3, 11] a new series of cobalt (nitrophenyl)corroles containing two pyridine 

ligands were synthesized and electrochemically characterized in dichloromethane, 

benzonitrile, and pyridine. The structures of these compounds are shown in Chart 5-1 

along with a structurally related four-coordinate triarylcorrole, as a reference compound. 

These cobalt (nitrophenyl)corroles possess not only a redox-active metal center and a 

redox-active π-ring system but also redox-active nitrophenyl groups, a fact that has not 

been previously recognized in a number of publications containing electrochemical 
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studies on meso-nitrophenyl-substituted macrocycles. The currently studied compounds 

differ from our previously investigated cobalt triarylcorroles in that the meso-nitrophenyl 

substituents on the macrocycle carry electron-donating (OCH3) or electron-withdrawing 

(F) groups and the central cobalt ion has two axially ligated pyridine molecules, which 

can remain coordinated or dissociate depending on the concentration of the corrole and 

the solution conditions. Thus, the aim of this study is not only to examine the 

electrochemistry of the redox-active meso-nitrophenyl groups themselves compared to the 

previously characterized (nitrophenyl)corroles[24] but also to see how changes in the 

number of nitrophenyl groups on the macrocycle, the position of the NO2 group on the 

meso-phenyl rings, or the presence of other electron-donating or electron-withdrawing 

substituents on this ring might affect redox reactions of the nitrophenyl groups 

themselves, the cobalt central metal ion, and the corrole macrocycle. The third point is to 

see how changes in the solvent, oxidation state, or axial coordination of the central metal 

ion might influence both the redox potentials and the site of electron transfer in these 

newly synthesized compounds. 

Thus, the focus of our current study is to evaluate not only the prevailing redox 

reactions but also any electronic communication that might occur between the three 

redoxactive sites on the corrole, i.e., the cobalt metal ion, the corrole π-ring system, and 

the meso-nitrophenyl groups. To accomplish this, the electrochemical behavior of each 

corrole shown in Chart 5-1 is examined by cyclic voltammetry in several solvents, and in 

each solvent, the UV-visible spectra of the neutral, electroreduced, and electrooxidized 
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forms of the corroles are obtained. Each redox reaction is then discussed in terms of the 

oxidation state of the central cobalt ion, the degree of axial ligand coordination, the 

properties of the solvent, and the number and types of meso-nitrophenyl substituents on 

the corrole macrocycle. 
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Chart 5-1. Structures of the investigated six-coordinate bis(pyridine)cobalt nitrophenyl 

corroles 1Py-4Py and structurally four-coordinate triarylcorrole, Mes3CorCo.  
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5.2 UV-Visible Spectra of Bis(pyridine) Complexes 1Py-4Py 

In order to correctly analyze the prevailing redox reactions of cobalt 

(nitrophenyl)corroles 1Py-4Py under different solution conditions, it was first necessary 

to evaluate the exact form of the corrole (i.e., four-, five-, or sixcoordinate) in the utilized 

electrochemical solvents. As will be discussed below, this is illustrated first by comparing 

the UV-visible spectra of Mes3CorCo and 1Py-4Py in binding and nonbinding solvents, 

followed by a comparison of the UV-visible spectra of each corrole at different 

concentrations and third by titration of Mes3CorCo and 1Py-4Py in CH2Cl2 with pyridine. 

The UV-visible spectra of Mes3CorCo and 1Py-4Py in CH2Cl2, PhCN and pyridine 

are given in Figure 5-1. The spectra in CH2Cl2 are presented at high and low concentrations 

of the corrole (10-3 and 10-5 M), while the spectra in PhCN and pyridine are given only at 

a low concentration of 10-5 M. The higher concentration (10-3 M) corresponds to conditions 

of the electrochemical and electron paramagnetic resonance (EPR) measurements.  

Similar spectral envelopes are seen for each of the five corroles in CH2Cl2 or PhCN 

at a concentration of 10-5 M, but there are slight differences in the wavelengths of the 

absorption bands between the two solvents. For example, Mes3CorCo at 10-5 M in CH2Cl2 

is characterized by bands at 388 and 543 nm (Figure 5-1a) but by bands at 386 and 554 nm 

in PhCN (Figure 5-1d). Likewise, compound 3Py is characterized in CH2Cl2 by bands at 

380, 432, 565, and 643 nm (Figure 5-1), but these bands are at 382, 429, 570, and 644 nm in 

PhCN (Figure 5-1d).  
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However, more significant changes in the number and positions of the absorption 

bands occur for 1Py-4Py when the concentration of the corrole in CH2Cl2 is increased from 

10−5 M (Figure 5-1a) to 10-3 M (Figure 5-1b). New absorption bands are seen in the 10-3 M 

solutions, which can be associated with the bis(pyridine) adduct, a form of the corrole that 

is predominant in neat pyridine. For example, compound 1Py at a concentration of 10-3 M 

in CH2Cl2 has new bands at 433, 451, and 619 nm (Figure 5-1b) that are not seen at a 

concentration of 10-5 M in CH2Cl2 (Figure 5-1a) but are observed in pyridine at a corrole 

concentration of 10-5 M (Figure 5-1c). Moreover, these bands are more intense in pyridine. 

This suggests an equilibrium between different axially coordinated forms of the corrole 

1Py-4Py at a concentration of 10-3 M in CH2Cl2. The bands of compound 1Py at 433, 451, 

and 619 nm are assigned to the six-coordinate bis(pyridine) derivative, while those at 380, 

424, and 550 nm are assigned to the five-coordinate mono(pyridine) adduct. Bands 

associated with the bis(pyridine) adduct are also seen for compounds 2Py-4Py in CH2Cl2 

at a concentration of 10−3 M. The UV-visible spectra of the five- and six-coordinate species 

of 1Py-4Py are also similar to the spectra of the mono- and bis(pyridine) adducts of other 

(Ar)3CorCo derivatives reported in the literature,[59] where the bis(pyridine) adduct has 

split Soret bands that are separated by about 15 nm and have equal intensity absorptions.  
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As will be shown in the following pages, the dissociation of one pyridine ligand 

from the cobalt center in 1Py-4Py occurs upon dissolution in CH2Cl2. This reaction is given 

by Equation 5-1, where (Ar)3Cor represents the corrole macrocycle of 1Py-4Py. 

                      (5-1) 

A dissociation of pyridine does not occur for 1Py-4Py in pure pyridine where the 

bis(pyridine) adduct is present at different concentrations (10-5 M for spectroscopic 

condition and 10-3 M for electrochemical condition). Moreover, the equilibrium in 

Equation 5-1 is shifted to the left at high concentrations of the corrole in CH2Cl2, and the 

spectra of 1Py-4Py under these conditions are then characterized by bands associated 

with a mixture of (Ar)3CorCo(Py) and (Ar)3CorCo(Py)2 in solution. As expected, a 

concentration-dependent equilibrium does not occur for Mes3CorCo, which lacks an axial 

pyridine ligand in its synthesized form, and the UV-visible spectra in CH2Cl2 are virtually 

identical at all concentrations between 10-3 and 10-5 M. 

Additional evidence for the concentration dependence of the UV-visible spectra of 

the (nitrophenyl)corroles is shown in Figure 5-2 for compounds 1Py and 3Py, with a 

comparison made with Mes3CorCo, where the cell path length (b) times the concentration 

(c) was kept constant for corrole concentrations of 10-5 M (b = 1.0 cm), 10-4 M (b = 0.1 cm), 

and 10-3 M (b = 0.01 cm). A clear transition between the two different ligated forms of the 

corrole is observed in CH2Cl2, with a larger amount of the bis(pyridine) adduct being 
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obtained at a concentration of 10-3 M of the corrole for 3Py compared to 1Py. Evidence for 

formation of the bis(pyridine) adduct is given by the decrease in the intensity of the 

original Soret band at 380 nm with increasing concentration and the concomitant gain in 

the intensity of the Q band at 618 or 650 nm. This latter absorption band has also been 

well-characterized in the literature,[18, 22] and is diagnostic of the bis(pyridine) adduct of 

(Ar)3CorCo(Py)2. A similar study on related cobalt corroles with coordinated pyridine 

ligands also showed a concentration dependence of the spectra that was interpreted in 

terms of the association and dissociation of pyridine.[60] 
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Figure 5-1. UV-visible spectra of Mes3CorCo and 1Py-4Py at (a) 10-5 M, (b) 10-3 M in CH2Cl2, (c) 10-5 M in pyridine and (d) 10-5 M in 

PhCN.
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Figure 5-2. UV-visible spectral changes in CH2Cl2 upon an increase in the concentration 

of the corrole for Mes3CorCo, 1Py and 3Py. 
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Table 5-1. UV-visible spectral data of investigated cobalt corroles 1Py-4Py in CH2Cl2, 

PhCN and pyridine at a concentration of 10-5 M. 

solvent cpd Wavelength: max, nm ( x 10-4 M-1 cm-1) 

  Soret region visible region 

CH2Cl2 Mes3CorCo 388 (6.1)     543 (0.7)   

1Py 380 (6.4)     550 (0.7)   616 (0.3) 

2Py 385 (7.2)     551 (0.8)   614 (0.3) 

3Py 380 (5.9)  432 (3.4)    565 (1.0)   643 (0.4) 

4Py 380 (6.6)  432 (3.7)    567 (1.1)   645 (0.4) 

PhCN Mes3CorCo 386 (5.3)     554 (0.7)   

1Py 387 (5.5)     552 (0.6)   617 (0.2) 

2Py 389 (6.1)     553 (0.6)   620 (0.3) 

3Py 382 (5.9)  429 (3.4)    570 (1.1)   644 (0.5) 

4Py 384 (6.2)  429 (3.7)    573 (1.1)   650 (0.4) 

pyridine Mes3CorCo  437 (5.5)  455 (5.5)   543 (0.7)  585 (1.1)  623 (3.2) 

1Py 402 (2.1)  439 (5.2)  455 (5.4)  542 (0.6)  584 (1.0)  620 (2.3) 

2Py 403 (2.5)  439 (5.9)  455 (6.3)   542 (1.0)  584 (1.2)  621 (3.3) 

3Py 414 (5.1)  439 (5.6)  454 (5.8)     654 (3.9) 

4Py 414 (5.1)  435 (5.4)  453 (5.5)    656 (4.1) 
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The equilibrium given by Equation 5-1 is further examined by monitoring the 

spectral changes during titration of 1Py-4Py with pyridine in CH2Cl2. A similar titration 

was also carried out for the structurally related four-coordinate Mes3CorCo reference 

compound. 

The titration of Mes3CorCo with pyridine involves a two-step process. The first 

step is assigned as a conversion of Mes3CorCo to Mes3CorCo(Py) by adding one axial 

pyridine molecule to the cobalt center. The second step results in the formation of 

Mes3CorCo(Py)2 at a higher pyridine concentration. The pyridine addition of each step is 

confirmed by the diagnostic log-log plot in the figure inset, with the corresponding 

calculated binding constant logK1 = 6.5 or logK2 = 2.6, respectively. The reactions of two 

steps discussed above are given in Equation 5-2 and 5-3, where Ar = Mesityl in the case of 

reference compound Mes3CorCo. 

                                    (4-2) 

                                (4-3) 

The spectral pattern of the mono(pyridine) adduct Mes3CorCo(Py) is similar to the 

initial four-coordinate Mes3CorCo in CH2Cl2, but possesses a slightly blue-shifted and 

decreased intensity Soret band with a shoulder at 416 nm, and a weak Q band, which has 

shifted from 543 nm for Mes3CorCo to 551 nm for Mes3CorCo(Py) (Figure 5-3a). As will 

be discussed later in the manuscript, a shoulder is also observed at 432 and 429 nm for 
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compounds 3Py and 4Py at a concentration of 10−5 M in CH2Cl2 and PhCN (Figures 5-1), 

which is associated with the five-coordinate mono(pyridine) adduct of each corrole.  

The UV-visible spectrum of bis(pyridine) adduct Mes3CorCo(Py)2, formed after 

the second ligand addition of pyridine titration, is significantly different (Figure 5-3b). The 

spectrum is characterized by split Soret bands at 434 and 453 nm, in addition to an intense 

Q band at 621 nm and multiple weaker Q bands at 543-585 nm. Virtually the same UV-

visible spectrum is obtained for Mes3CorCo at 10-5 M in pyridine (Figure 5-1c) or 10-3 M in 

pyridine containing 0.1 M TBAP (spectrum not shown). These results, when combined 

with the similar spectra of Mes3CorCo(Py) and 1Py-4Py in CH2Cl2 or PhCN at a 

concentration of 10-5 M (Figure 5-1), strongly suggest the dissociation of one pyridine 

ligand from the cobalt center of 1Py-4Py when they are dissociated in these two solvents 

(see Equation 5-1). 
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Figure 5-3. UV-visible spectral changes during the (a) first and (b) second pyridine ligand 

binding to Mes3CorCo at a concentration of 10-5 M in CH2Cl2. The inset shows the Hill plot 

analysis of the data for determining the binding constants. 
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The spectral changes that occur during the titration of 1Py-4Py with pyridine in 

CH2Cl2 are also given in Figure 5-4. Unlike the four-coordinate reference compound 

Mes3CorCo (shown in Figure 5-3), only a single pyridine molecule can be added to 

1Py−4Py, because these cobalt corrole complexes are initially five-coordinate when 

dissolved in CH2Cl2. The addition of one pyridine ligand to each of the corroles are 

confirmed by the slope of 1.0 from the Hill plots in the figure insets. Moreover, the final 

spectrum for each titration is characterized by an intense Q band at 619−656 nm, 

suggesting the formation of a bis(pyridine) adduct. The observation of isosbestic points in 

the spectral changes rules out the existence of the intermediate during each titration, and 

the prevailing ligand binding reaction can be characterized as a conversion of 

(Ar)3CorCo(Py) to (Ar)3CorCo(Py)2, as shown in Equation 5-3 (the reverse of Equation 5-

1).  

Thus, the data in Figures 5-3 and 5-4 are consistent with the spectroscopic data in 

Figure 5-1, which show that the initial synthesized six-coordinate bis(pyridine)cobalt 

(nitrophenyl)corroles are converted to their five-coordinate forms when dissolved in 

CH2Cl2 or PhCN at a concentration of 10-5 M. 
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Figure 5-4. UV-visible spectral changes during the second pyridine ligand binding to compounds (a) 1Py, (b) 2Py, (c) 3Py, (d) 4Py at a 

concentration of 10-5 M in CH2Cl2. The inset shows the Hill plot analysis of the data for determining the binding constants. 
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Table 5-2. Pyridine binding constants of cobalt corrole Mes3CorCo and 1Py-4Py in 

CH2Cl2 at a concentration of 10-5 M. 

 binding constants 

compound logK1 logK2 

Mes3CorCo 6.5 2.6 

1Py  3.3 

2Py  3.0 

3Py  3.9 

4Py  3.8 

  



133 

The measured formation constants for the addition of a second pyridine molecule 

to the five-coordinate mono(pyridine) derivatives of 1Py-4Py range from logK2 = 3.0 to 3.9 

in CH2Cl2. These logK2 values are summarized in Table 5-2, along with the logK1 and logK2 

values for Mes3CorCo under the same solution conditions. Of the five corroles in Table 5-

2, compounds 3Py and 4Py have the largest logK2 values and Mes3CorCo has the smallest, 

while the logK2 values for compounds 1Py and 2Py are in between. This is consistent with 

the presence of the electron-withdrawing nitrophenyl groups on the molecule, which 

leads to an enhanced positive charge on the central metal ion and thus an increased 

pyridine binding ability. 

Finally, it should be pointed out that two different envelopes of UV-visible spectra 

are seen for the bis(pyridine) adducts of compounds 1Py-4Py as shown in Figures 5-1 and 

5-3. One type is for corroles 1Py and 2Py, which possess one meso-nitrophenyl group on 

the macrocycle, and is characterized by a well-defined split Soret band and a sharp Q 

band. The other is for the bis(pyridine) complexes 3Py and 4Py, which possess three meso-

nitrophenyl groups and have spectra with substantially broadened Soret and Q bands. 
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5.3 Electrochemistry of Bis(pyridine) Complexes 1Py-4Py 

Cyclic voltammograms for 1Py-4Py are illustrated in Figures 5-5 (CH2Cl2), 5-6 

(pyridine), and 5-7 (PhCN), and a summary of the measured redox potentials under 

different solution conditions is given in Table 5-3. Each investigated corrole contains 

multiple redox-active sites on the molecule, and this is reflected by the large number of 

oxidation or reduction processes shown by the cyclic voltammograms in the three 

different solvents.  

Two or three one-electron oxidations and three to four reductions are seen for 

complexes 1Py-4Py. These processes can involve the conjugated macrocycle or the metal 

center as well as the redox-active meso-nitrophenyl substituents. Earlier electrochemical 

studies of cobalt corroles have often assigned the oxidation states and sites of electron 

transfer based on what was known for the related cobalt porphyrins, namely, 

cobalt(III)/cobalt(II), cobalt(II)/cobalt(I), or cobalt(III)/cobalt(IV) in the case of the metal-

centered reactions and π-cation or π-anion radicals when the electrode reaction involves 

the conjugated macrocycle.[16] However, the site of electron transfer is not so clear in the 

case of transition-metal corroles, which have been characterized as possessing a 

noninnocent macrocycle, the most-often-cited examples of which have been given for 

corrole derivatives containing copper or iron ions.[6, 7, 30, 35, 36, 61-68] Five-coordinate cobalt 

triarylcorroles were also proposed as containing a noninnocent macrocycle.[7, 59, 69] Thus, 

the possible noninnocent character of the corrole macrocycle should be considered during 

analysis of the redox reactions of the currently investigated cobalt corroles. The presence 
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of the highly electron-withdrawing and redox-active meso-nitrophenyl groups on the 

macrocycles of 1Py-4Py, as well as the utilized solvents that may strongly bind to the 

central cobalt ion, should also be taken into account when elucidating neutral, oxidized 

or reduced state of the investigated cobalt corroles. 

To address the above points, our description of the redox reactions for 1Py-4Py is 

divided into three sections. The first is that of the redox-active nitrophenyl groups, 

followed by the electrochemical behavior of Mes3CorCo under different solution 

conditions and then the metal- or ring-centered redox reactions of 1Py-4Py. The 

reductions of 1Py-4Py at potentials more negative than -1.5 V are irreversible and involve 

coupled chemical reactions of either the electroreduced NO2Ph groups, the corrole 

macrocycle, or a combination of both. These processes are shown by dashed lines in 

Figures 5-5 to 5-7 and were not investigated in further detail.  
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Figure 5-5. Cyclic voltammograms of 1Py-4Py in CH2Cl2 containing 0.1 M TBAP. *The 

anodic peaks indicated by asterisks are reactions of products formed from the irreversible 

reduction of nitrophenyl groups located at Ep = -1.73 to -1.82 V. *For each cyclic 

voltammogram in this thesis, the current (A) is plotted versus potential (V) with the 

potential values given in the figure (see Chapter 2 for details). 
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Figure 5-6. Cyclic voltammograms of 1Py-4Py in pyridine containing 0.1 M TBAP. *The 

anodic peaks indicated by asterisks are reactions of products formed from the irreversible 

reduction of nitrophenyl groups located at Ep = -1.81 to -1.86 V.  
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Figure 5-7. Cyclic voltammograms of 1Py-4Py in PhCN containing 0.1 M TBAP. *The 

anodic peaks indicated by asterisks are reactions of products formed from the irreversible 

reduction of nitrophenyl groups located at Ep = -1.74 to -1.80 V. 
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Table 5-3. Half-wave or peak potentials (E1/2 or Ep, V vs SEC) for reductions and the first 

two oxidations of cobalt corroles in CH2Cl2, PhCN, or pyridine (Py) containing 0.1 M 

TBAP. 

solvent compound oxidation  reduction 

  Ox 2 Ox 1  Red 1 Red of NO2Ph (#e) further Red 

     Epc Epa   

CH2Cl2 Mes3CorCo + 2 eq. Py 0.98 0.15  -0.70 -0.24  -1.78 

 1Py 1.02 0.27  -0.48 -0.18 -1.10 (1) -1.76 

 2Py 1.00 0.27  -0.48 -0.20 -1.25 (1) -1.73 

 3Py 1.07 0.43  -0.28 -0.14 -1.12 (3) -1.77 

 4Py 1.05 0.41  -0.27 -0.13 -1.12 (2), -1.29 (1) -1/82 

PhCN 1Py 1.01 0.35  -0.41 -0.15 -1.12 (1) -1.73, -1.78 

 2Py 0.98 0.33  -0.45 -0.17 -1.30 (1) -1.75, -1.84 

 3Py 1.05 0.47  -0.26 -0.04 -1.13 (3) -1.80 

 4Py 1.02 0.44  -0.25 -0.05 -1.14 (2), -1.30 (1) -1.79 

pyridine Mes3CorCo   0.26  -1.16 -0.70  -1.80 

 1Py 0.90 0.34  -1.20 -0.42 -1.14 (1) -1.81 

 2Py 0.88 0.31  -1.18 -0.56 -1.31 (1) -1.82 

 3Py 0.91 0.49  -0.94 -0.42 -1.12 (3) -1.82 

 4Py 0.87 0.46  -0.98 -0.42 -1.14 (2), -1.31 (1) -1.86 
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5.4 Reductions of the Meso-Nitrophenyl Group(s) in 1Py-4Py 

Nitrobenzene can be reversibly reduced by one electron at E1/2 = -1.08 V in 

CH2Cl2[40]  or in PhCN[70] and -1.12 V in pyridine[70], which produces a relatively stable 

anion radical that can be further reduced at Ep = -2.00 V via an irreversible process in all 

solvents.[40, 70]  A reversible one-electron reduction was also earlier reported for the NO2Ph 

groups on the meso-positions of porphyrins or corroles containing various central metal 

ions. The reported redox potentials of the NO2Ph groups range from -1.05 to -1.12 V,[24, 33, 

40, 43, 44, 51, 71-94] which are independent of either the central metal ion, the number of meso-

nitrophenyl groups, or the presence of other electron-donating or electron-withdrawing 

substituents on the macrocycle. The meso-nitrophenyl groups of 1Py-4Py also exhibit 

similar electrochemical reduction behavior; i.e., they undergo an initial reversible one-

electron reduction process located at E1/2 = −1.10 to −1.14 V or −1.25 to −1.31 V, depending 

on another substituent on the nitrophenyl ring, followed by a second irreversible 

reduction step at Ep = -1.73 to -1.86 V, as shown in Figures 5-5 to 5-7 and Table 5-3. 

The invariant values of E1/2 for the reversible one-electron reduction of meso-

nitrophenyl groups on earlier studied metallomacrocycles in CH2Cl2, PhCN, or pyridine 

suggest the lack of an interaction between these redox-active units on the meso-positions 

of the different compounds, be it a porphyrin, a corrole, or another related conjugated 

system. An electronic interaction between the three nitrophenyl groups across the 

macrocycle is also not electrochemically observed in the currently studied compounds 

3Py and 4Py, which both contain three nitrophenyl groups. As shown in Table 5-3 and 
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Figure 5-5 to 5-7, The meso-(4-F-3-NO2)Ph group on compound 1Py is reversibly reduced 

by one electron at -1.10 to -1.13 V in three solvents, and essentially the same value of E1/2 

is seen in the cyclic voltammogram of compound 3Py with a single (4-F-3-NO2)Ph group 

at the 10 position of corrole macrocycle and two p-NO2Ph groups at the 5 and 15 positions 

(see Chart 5-1). The reductions for these two different types of nitrophenyl groups are 

overlapped because the sum values of substituent constants () for two types of 

nitrophenyl rings are similar, i.e.,  = 0.772 for (4-F-3-NO2)Ph (σ(p-F) = 0.062, σ(m-NO2) = 

0.71) and  = 0.778 for p-NO2Ph (σ(p-NO2) = 0.778).[95] Each phenyl ring of these two types 

of meso-nitrophenyl groups experiences an overall almost identical substituent effect, and 

therefore the same reduction potential of these two groups is observed. However, this is 

not the case for compound 4Py, where separate reduction potentials are observed for the 

two different nitrophenyl groups on the molecule. The easier reduction (e.g. E1/2 = -1.12 V 

in CH2Cl2) occurs for the two p-NO2Ph groups, while the harder reduction (e.g. E1/2 = -1.29 

V in CH2Cl2) occurs for the 5-OMe-3-NO2)Ph group. This is because the electron-donating 

OMe substituent shifts the reduction of this nitrophenyl group in a negative direction. 

Similar reduction potential (E1/2 = -1.25 V in CH2Cl2) is also observed for the (4-OMe-3-

NO2)Ph group in compound 2Py.  

In summary, the E1/2 values of the reversible one-electron reductions for the 

easiest-to-reduce nitrophenyl groups, (4-F-3-NO2)Ph and p-NO2Ph, in compounds 1Py, 

3Py and 4Py range from −1.10 to −1.13 V in the three solvents, while E1/2 values for the 

hardest-to-reduce (4-OMe-3-NO2)Ph ranges from -1.25 to -1.31 V for compounds 2Py and 
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4Py (Table 5-3). It can be concluded that varying the total electronic effect on the 

nitrophenyl ring, e.g., by adding a second electron-donating or electron-withdrawing 

substituent, will affect the reduction of this redox-active nitrophenyl group. 

As mentioned above, although the half-wave potentials for reduction of the 

nitrophenyl groups on different metallomacrocycles do not depend upon the specific 

macrocycle or the specific central metal ion, these substituents do exert a moderate-to-

strong electron-withdrawing effect on other redox reactions of the compounds, shifting 

their potentials in a positive direction by 45-90 mV per NO2Ph group in the case of 

porphyrins[71] and by 35-100 mV in the case of corroles.[24, 40, 72] The first oxidation of the 

currently investigated compounds 1Py-4Py exhibits a 76 mV potential shift per NO2Ph 

group in pyridine and a 80 mV shift per NO2Ph group in CH2Cl2, as shown in Figure 5-8.  
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Figure 5-8. Plots of the half-wave potentials for the first oxidation versus number of meso-

NO2Ph groups for Mes3CorCo, 1Py and 3Py in pyridine and CH2Cl2. The measured E1/2 

values are given in Table 5-3. 
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5.5 Electrochemistry of Mes3CorCo  

In order to better understand the electrochemical behavior of the currently 

investigated bis(pyridine) cobalt corrole complexes in different solution conditions and 

the effect of ligand binding on the redox reactions, the electrochemical reactions of the 

four-coordinate Mes3CorCo were monitored in different solution conditions (Figure 5-9).  

As shown in Figure 5-9a, the four-coordinate corrole in CH2Cl2 undergoes an 

initial reversible one-electron reduction located at E1/2 = -0.19 V, consistent with an earlier 

reported potential of E1/2 = −0.18 V in CH2Cl2.[21] Surprisingly, an identical E1/2 value of −0.19 

V was also observed for the reversible one-electron reduction of (TPC)Cu under the same 

solution conditions.[96] This might be perceived as a coincidence were it not for the fact 

that similar reduction potentials have also been reported for the one-electron reduction of 

cobalt and copper corroles with other types of macrocycles. Best examples are given for 

the octaethylcorroles (OEC)Cu (E1/2 = -0.34 V) and (OEC)Co (E1/2 = -0.30 V) in PhCN,[53] the 

pentafluorophenylcorroles (TPFPC)Cu[66] (E1/2 = 0.21 V) and (TPFPC)Co[21] (E1/2 = 0.24 V) in 

CH2Cl2, and the triferrocenylcorroles (TFcC)Cu (E1/2 = -0.33 V) and (TFcC)Co (E1/2 = -0.30 

V) in CH2Cl2.[97] 

Copper invariably engenders a noninnocent M(II)-corrole•2− electronic structure, a 

fact that has been described by a number of laboratories.[6, 7, 35, 53, 61, 62, 64-67, 88, 98-107] This 

electronic configuration of a metal(II) ion and a corrole cation radical is also assigned to 

the currently investigated four-coordinate Mes3CorCo in neat CH2Cl2. Studies on 

(TPFPC)Co and other four-coordinate cobalt corroles indicate that these derivatives are 



145 

paramagnetic.[108] Moreover, theoretical calculations of the electronic structure carried out 

specifically for (TPC)Co and (TPC)Co(Py) strongly suggest a cobalt(II) radical ground 

state.[7] A noninnocent corrole ligand was also assigned for related five-coordinate 

(Ar)3CorCo(Py) derivatives in a recent study by Ghosh and co-workers.[59] 

Thus, in the current study, the five-coordinate mono-(pyridine) adduct of 

Mes3CorCo(Py) formed in a mixture of CH2Cl2/Py and (Ar)3CorCo(Py) of 1Py-4Py when 

they were dissolved in a CH2Cl2 solution is assigned as containing a Co(II)Cor• electronic 

structure. This assignment is also rationalized by our EPR data[70] and gives clear evidence 

for paramagnetic character of the examined compounds in nonbonding solvents where 

the five-coordinate mono(pyridine) adduct is largely present. 

However, the bis(pyridine) adduct of compounds 1Py-4Py in neat pyridine is 

assigned as a cobalt(III) corrole, as suggested by Ghosh based on EPR, NMR, etc.[7] This 

assignment is also supported by the single-crystal data in the current study for compound 

1Py, which exhibits a short equatorial Co-N distance of ∼1.89 Å, indicating an optimum 

fit with the corrole ligand. It also exhibits Co-Npy distances of ∼1.99 Å. These geometry 

parameters are all indicative of a classic low-spin cobalt(III) description for these 

complexes.  

Although the one-electron reduction of most neutral cobalt corroles has almost 

always been proposed as involving a cobalt(III) to cobalt(II) process, the fact that identical 

reduction potentials are observed in CH2Cl2 for a number of structurally related copper 

and cobalt triarylcorroles is totally inconsistent with a metal(III)/metal(II) transition. 
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Moreover, the reported half-wave potentials for the copper(II)/copper(III) and 

cobalt(II)/cobalt(III) processes of several structurally related porphyrins have been shown 

to differ by up to 1.5 V in potential.[109] However, this does not occur for the cobalt and 

copper triarylcorroles, thus strongly suggesting the same site of electron transfer for these 

two compounds. This site is proposed as the noninnocent corrole macrocyclic ligand. A 

cobalt(II) central metal ion is therefore present in the neutral species, and the redox 

reaction would occur as shown in Equation 5-4. 

                               (5-4) 

Mes3CorCo also undergoes three reversible one-electron oxidations at E1/2 = 0.54, 

0.89, and 1.48 V in CH2Cl2 containing 0.1 M TBAP. The first oxidation is assigned as a one-

electron abstraction from the cobalt center, leading to formation of the cobalt(III) π-cation 

radical (see Equation 5-5), as supported by EPR and theoretical analysis of the singly 

oxidized species of a structurally similar compound, (F5Ph)Mes2CorCo, which is 

unambiguously assigned as forming a [(F5Ph)Mes2Cor•CoIII]+ cation radical after the one-

electron abstraction.[21] The UV−visible spectrum of electrogenerated [Mes3Cor•Co]+ is 

characterized in CH2Cl2 by a decrease in the intensity of Soret and Q bands at 383 and 545 

nm along with a broad near-IR band at around 670 nm (see a later section). This π-cation-

radical-type spectrum of singly oxidized Mes3CorCo in CH2Cl2 also resembles UV-visible 

spectra obtained for [(F5Ph)Mes2Cor•CoIII]+ and [Me4Ph5Cor•CoIII]+, which were both 

assigned as cobalt(III) corrole cation radicals.[15, 21]  

                         (5-5) 
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The second and third oxidations of Mes3CorCo at 0.89 and 1.48 V in CH2Cl2 are 

both proposed to involve one-electron abstraction from the corrole macrocycle, based on 

spectroelectrochemical data obtained during these two oxidation processes (see Figure 5-

11). 

In the solution of CH2Cl2 containing 2 eq. of pyridine (Figure 5-9b), the redox-

active species is assigned as Mes3Cor•CoII(Py), as described earlier in this paper. In 

contrast with the four-coordinate complex that is reversibly reduced by one electron at -

0.19 V in CH2Cl2, the five-coordinate Mes3Cor•CoII(Py) undergoes an irreversible 

reduction at Epc = -0.70 V, owing to dissociation of the Py ligand. 

This irreversible reduction is coupled with an oxidation process at Epa = -0.24 V, 

which corresponds to oxidation of the one-electron-reduced species [Mes3CorCoII]-. The 

reduction behavior of the mono(pyridine) adduct of the neutral corrole can be explained 

via a classical electrochemical EC mechanism (Electron transfer followed by a Chemical 

reaction), as shown in the top right of Scheme 5-1. This chemical reaction is a dissociation 

of one pyridine ligand from [Mes3CorCo(Py)]- in the CH2Cl2/Py mixture and occurs on the 

forward negative potential scan. A re-association of one pyridine ligand then occurs on 

the reverse positive scan, giving back the original corrole via another EC mechanism upon 

oxidation. The re-oxidation peak potential of −0.24 V corresponds to the conversion of 

four-coordinate [Mes3CorCo]- to [Mes3CorCo], as confirmed by the reversible reduction 

potential of −0.19 V for Mes3CorCo in CH2Cl2 shown in Figure 5-9a. By way of comparison, 

the five-coordinate Ph3CorCo(PPh3) has been shown to undergo an irreversible reduction 
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and reoxidation at Epc = -0.73 V and Epa = -0.10 V under the same solution conditions,[24] 

and this was explained by an “electrochemical EC box mechanism” similar to that 

described above. As seen in Figure 5-9b, only two oxidations (E1/2 = 0.15 and 0.98 V) can 

be observed for Mes3CorCo in CH2Cl2 containing 2 eq. of pyridine. As will be further 

described later in the manuscript, the redox-active species under these solution 

conditions, Mes3Cor•CoII(Py), is first oxidized to [Mes3Cor•CoIII(Py)]+ and then coordinates 

one free pyridine ligand in the solution, forming a bis(pyridine)cobalt(III) cation radical, 

[Mes3Cor•CoIII(Py)2]+, as shown in the middle left of Scheme 5-1. 

The redox-active form of this corrole in neat pyridine is assigned as 

Mes3CorCoIII(Py)2 based on analysis of the pyridine titration data (Figure 5-3) and an 

earlier assignment of the cobalt oxidation state. As shown in Figure 5-9c, the first 

irreversible reduction of Mes3CorCo(Py)2 occurs at -1.16 V, a value negatively shifted by 

460 mV compared to reduction of the five-coordinate Mes3CorCoIII(Py). Reoxidation of the 

reduction product is located at -0.70 V, a value consistent with the reduction potential of 

the five-coordinate mono-(pyridine)cobalt corrole in Figure 5-9b. Thus, reduction of the 

six-coordinate bis(pyridine)cobalt corrole is explained by another box mechanism shown 

at the bottom of Scheme 5-1. 

The starting (Ar)3CorCoIII(Py)2 undergoes an initial one-electron reduction, 

followed by dissociation of one pyridine ligand to form [(Ar)3CorCoII(Py)]−. This five-

coordinate species is first reoxidized to (Ar)3CorCoIII(Py) and then reassociated with a Py 

ligand, yielding six-coordinate (Ar)3CorCoIII(Py)2. The first one-electron oxidation of 
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Mes3CorCoIII(Py)2 is also reversible and located at E1/2 = 0.26 V in pyridine containing 0.1 

M TBAP. This singly oxidized corrole is assigned as the bis(pyridine) adduct 

[Mes3Cor•CoIII(Py)2]+. This is because the one-electron-oxidized species of 

[TPFPC]CoIII(Py)2, structurally similar to Mes3CorCoIII(Py)2, is unambiguously assigned as 

[(TPFP)Cor•CoIII(Py)2]+ with corrole cationradical character, as supported by the electron 

paramagnetic resonance (EPR) data.[28] A second oxidation, which is not shown in the 

figure, is quasi-reversible and located close to the positive potential limit of the solvent. 
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Figure 5-9. Cyclic voltammograms of Mes3CorCo (a) in CH2Cl2, (b) in CH2Cl2 with 2 eq. of 

pyridine, and (c) in pyridine containing 0.1 M TBAP.   
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Scheme 5-1. Reaction Mechanism of Mes3CorCo (a) in CH2Cl2, (b) in CH2Cl2 with 2 eq. of 

pyridine, and (c) in pyridine containing 0.1 M TBAP. *The listed potentials are given for 

Mes3CorCo and were taken from Figure 5-9.  
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5.6 Metal- and Ring-Centered Redox Reactions of 1Py-4Py 

The redox behavior of compounds 1Py-4Py in CH2Cl2 resembles in part that of 

Mes3CorCo in a CH2Cl2/pyridine mixture because the redox-active species for each of 

these corroles is the mono(pyridine) adduct, based on the UV-visible data described 

earlier in the manuscript. However, large differences do exist, as can be seen in the cyclic 

voltammograms in Figures 5-6 and 5-9b, where the potential separation between Epa and 

Epc for the first reduction varies with the number of meso-nitrophenyl groups on the 

corrole, with the separation being 460 mV for Mes3CorCo(Py), 280-300 mV for compounds 

1Py and 2Py, and 140 mV for compounds 3Py and 4Py. The cyclic voltammetric data for 

1Py and 2Py suggest that these two [(Ar)3Cor•CoII(Py)] derivatives are reduced to 

[(Ar)3CorCoII(Py)]- and then lose one pyridine axial ligand to give the four-coordinate 

complex on the forward sweep (see Scheme 5-1b for Mes3CorCo(Py)). The reverse 

potential sweep then involves re-oxidation of [(Ar)3CorCoII]- to (Ar)3Cor•CoII, followed by 

re-association of one pyridine ligand to yield the starting compound (again, as shown in 

Scheme 5-1b). This seems to be not the case for 3Py and 4Py, which contain three meso-

nitrophenyl substituents.  

As seen in Figure 5-9, the first one-electron addition of these two corroles is almost 

reversible, with a peak-to-peak potential separation of 140 mV, strongly suggesting that 

the one-electron reduction product, [(Ar)3CorCoII(Py)]−, does not lose its pyridine ligand 

in CH2Cl2 on the cyclic voltammetric time scale. Thus, the reactants and products in the 
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first reductions of 3Py and 4Py would be (Ar)3Cor•CoII(Py) and [(Ar)3CorCoII(Py)]- on the 

time scale of the cyclic voltammetric measurement, as shown in Equation 5-6. 

                           (5-6) 

Evidence for the above oxidation state and coordination number assignments in 

both Mes3CorCo and compounds 1Py-4Py is given in part by UV-visible spectra for the 

singly oxidized and singly reduced corroles, which were generated in a thin-layer cell 

under the application of a controlled reducing or oxidizing potential. Examples of these 

spectra are shown in Figure 5-10 for compound 1Py in CH2Cl2, PhCN, and pyridine 

containing 0.1 M TBAP. In all three solvents, the first one-electron reduction generates an 

anionic cobalt(II) corrole that possesses a Soret band at 420 nm in CH2Cl2, 427 nm in PhCN, 

and 423 nm in pyridine. Singly reduced Mes3CorCo in CH2Cl2 also has a Soret band at 420 

nm along with two Q bands at 572 and 620 nm, and similar Q-band absorptions are seen 

for compound 1Py in CH2Cl2 (562 and 622 nm) or PhCN (578 and 620 nm). Furthermore, 

almost the same UV−visible spectrum is obtained for compound 1Py in pyridine, where 

the singly reduced corrole has a Soret band at 423 nm and Q bands at 579 and 621 nm. 

The singly oxidized form of compound 1Py has the same UV−visible spectra in all 

three solvents. As seen in Table 5-4, this singly oxidized corrole has a split Soret band at 

409 and 431 nm in CH2Cl2, 410 and 433 nm in PhCN, and 412 and 434 nm in pyridine. All 

three spectra suggest the oxidation of compound 1Py to [(Cor)CoIII(Py)2]+. As shown in 

Scheme 5-1, in the case of a CH2Cl2 solution, a second pyridine ligand is added to the 
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cobalt center of the singly oxidized mono(pyridine) adduct [CorCoIII(Py)]+, while in 

pyridine, two pyridine ligands are coordinated before and after electro-oxidation. 

The singly reduced form of compound 3 also exhibits similar spectra in these three 

solvents, which suggests that the same species is generated after the initial one-electron 

addition on the spectroelectrochemical time scale. This is also the case for the singly 

oxidized species. A summary of the wavelengths and molar absorptivities of neutral, 

electro-oxidized, and electro-reduced forms of the corrole derivatives having zero, one, 

and three meso-nitrophenyl groups is given in Table 5-4. 
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Figure 5-10. UV-visible spectral changes during the first reduction and first oxidation of 

compound 1Py in CH2Cl2, PhCN, and pyridine containing 0.1 M TBAP. 
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Table 5-4. UV-visible spectral data of neutral, electrooxidized, and electroreduced forms 

of Mes3CorCo, 1, and 3 different solvents containing 0.1 M TBAP. 

compound solvent max, nm ( x 10-4, M-1 cm-1) 

  neutral singly reduced singly oxidized 

Mes3CorCo CH2Cl2 388 (6.1), 543 (0.7) 420 (4.4), 572 (1.1), 

620 (0.7) 

383 (4.3)， 662 (0.6) 

 PhCN 386 (5.3), 560 (0.2) 425 (5.0), 578 (0.8), 

622 (0.4) 

409 (4.8), 419 (4.8), 

704 (0.05) 

1 CH2Cl2 383 (6.4), 435 (2.6), 546 (0.9), 

616 (0.7) 

420 (4.4), 562 (0.9), 

621 (0.6) 

409 (5.5), 431 (4.5), 

643 (0.2), 691 (0.7) 

 PhCN 387 (5.5), 429 (1.9), 546 (0.6), 

618 (0.3) 

426 (5.3), 576 (0.9), 

621 (0.6) 

410 (4.8), 433 (4.5), 

643 (0.2), 695 (0.4) 

 Py 400 (2.1), 440 (5.2), 454 (5.4), 

542 (0.6), 578 (0.9), 620 (2.2) 

423 (5.6), 579 (1.1), 

620 (0.8) 

412 (4.6), 434 (4.6), 

638 (0.4), 694 (0.4) 

3 CH2Cl2 383 (6.4), 424 (5.7), 568 (0.1), 

652 (0.2) 

412 (6.8), 634 (2.6) 437 (8.6), 660 (0.7), 

708 (0.6) 

 PhCN 382 (5.9),438 (4.0), 570 (1.4), 

650 (1.1) 

414 (5.2), 605 (2.1) 438 (7.2), 650 (0.8), 

713 (0.9) 

 Py 414 (5.1), 452 (5.5), 654 (4.0) 414 (6.9), 654 (2.8) 443 (7.0), 654 (2.6) 
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5.7 Conclusions 

A new series of bis(pyridine)cobalt (nitrophenyl)corroles have been synthesized 

and characterized by spectroscopic and electrochemical methods in three nonaqueous 

solvents. One of the corroles (compound 1Py) was also structurally characterized. The 

bis(pyridine)cobalt (nitrophenyl)corroles are stable when dissolved in pyridine, but one 

axial ligand dissociates in CH2Cl2 or PhCN, giving the five-coordinate corrole, 

independent of the number of nitrophenyl groups on the macrocycle and the substitution 

pattern of each nitrophenyl group. This dissociation depends on the concentration and is 

only complete in a dilute solution of 10-5 M corrole. The electronic configuration of the 

neutral bis(pyridine)cobalt (nitrophenyl)corroles in solution, i.e., (Ar)3CorCoIII(Py)2 or 

(Ar)3Cor•CoII(Py), depends on the number of pyridines axially coordinated to the cobalt 

center but not on the number of the NO2Ph substituents on the macrocycle.  

Compounds 1Py-4Py can be reduced in three to five electron transfer steps. The 

first reduction of the investigated compounds gives the singly reduced four-coordinate 

corrole [CorCoII]- for compounds 1Py and 2Py, which possess one nitrophenyl group in 

CH2Cl2 and PhCN, and the five-coordinate [CorCoII(Py)]- for 3Py and 4Py, which have 

three nitrophenyl groups in each investigated solvent. For all four corroles, the first 

reduction at the macrocycle is followed by a reversible one-electron addition at the meso-

nitrophenyl substituents, with this process being located at E1/2 = -1.10 to -1.14 V or -1.25 

to -1.31 V, depending on the type of second substituent on the nitrophenyl ring. 

Irreversible processes beyond -1.5 V are also observed for all four corroles but were not 
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investigated in this study. Each derivative also undergoes several oxidation processes 

within the anodic potential limit of the solvent, and for each compound, the first electron 

abstraction is proposed to yield a π-cation radical and a cobalt(III) metal center with two 

axially bound pyridine ligands. 

The redox-active meso-nitrophenyl groups show no evidence of interaction with 

each other through the conjugated macrocycle, which is probably because the NO2Ph ring 

is perpendicular to the corrole macrocycle and thus not in direct conjugation with the 

corrole π-ring system. However, the electron-withdrawing NO2Ph groups affect the UV-

visible spectra as well as the metal- and ring-centered redox reactions, shifting the 

potential by ∼80 mV in a positive direction per each NO2Ph group for the first oxidation 

in pyridine and CH2Cl2. 
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6  
Mono-DMSO Ligated Cobalt 

(Nitrophenyl)corroles: Electrochemical and 

Spectral Characterization   
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6.1 Introduction 

Numerous cobalt corroles have been characterized with respect to their spectral, 

electrochemical and catalytic properties.[1-32] The cobalt central metal ion of structurally 

related porphyrins has been shown to exist in multiple oxidation states,[33, 34] but this may 

not be the case for the corroles which may contain a non-innocent macrocyclic ligand 

and a Co(II) rather than Co(III) central metal ion in the air stable form of the 

compound.[30-32] Whatever the oxidation state of the central metal ion, cobalt corroles still 

exhibit a rich redox reactivity which can be systematically tuned by changes in the 

peripheral and/or axial substituents on the molecule.  

Cobalt corroles containing two pyridine axial ligands and one or three 

nitrophenyl (NO2Ph) substituents on the meso-positions of the macrocycle were recently 

synthesized and characterized by electrochemical studies in CH2Cl2, PhCN and pyridine, 

[35] and the same series of compounds with a single bound DMSO axial ligand are now 

synthesized and electrochemically investigated in CH2Cl2 and DMSO. The structures of 

these compounds are shown in Chart 6-1. 

Different from the earlier studied bis-py cobalt nitrophenylcorroles,[36]  the 

currently investigated compounds have only one DMSO ligand on the cobalt ion in the 

solid state. However, under conditions of the electrochemical measurements, the 

synthesized mono-DMSO five-coordinate derivatives will form tetra- or hexa-

coordinated complexes in solution, depending upon the concentration of the corrole, the 

specific solution conditions and the application of an applied oxidizing or reducing 
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potential. This is investigated in the current study where the neutral, singly-reduced and 

singly-oxidized corroles are spectroscopically characterized and the data utilized to 

assign both the degree of axial coordination and the site of electron transfer. 
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Chart 6-1. Structures of mono-DMSO ligated cobalt (nitrophenyl)corroles 1-4. 
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6.2 UV-visible Characterization 

The air-stable cobalt corroles 1-4 contain one DMSO axial ligand in their 

synthesized form. However, to correctly analyze the prevailing redox reactions under 

different solution conditions, it was necessary to first examine any changes, which might 

occur in axial coordination when the synthesized five-coordinate compounds were 

dissolved in the utilized electrochemical solvents. For example, the bound DMSO axial 

ligand might dissociate from the cobalt center of 1-4  when dissolved in CH2Cl2 

solutions, while in DMSO a second DMSO solvent molecule might bind to the cobalt 

center, giving the six-coordinate bis-DMSO complex in this solvent.  

The above possibilities were examined by first recording the UV-visible spectra 

of the four-coordinate reference corrole Mes3CorCo in CH2Cl2 or DMSO and then 

comparing the resulting spectral data to that of the nitrophenyl corroles 1-4 under the 

same solution conditions. Examples of the measured spectra are illustrated in Figure 6-1 

and a summary of the data is given in Table 6-1. 
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Figure 6-1. UV-visible spectra of Mes3CorCo and 1-4 in CH2Cl2 and DMSO with 

proposed coordination. 
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Table 6-1. UV-visible spectra (λmax, ε × 10-4 M-1 cm-1) of Mes3CorCo and 1-4 in CH2Cl2 and DMSO. 

compound λmax, nm (ε × 10-4 M-1 cm-1) 

 in CH2Cl2 (10-5 M)  in CH2Cl2 (10-3 M)  in DMSO (10-3 M) 

 Soret  band visible band  Soret band visible band  Soret band visible band 

Mes3CorCo 388 (6.1) 543 (0.7)  388 (6.1) 543 (0.7)  381 (6.1) 563 (1.3) 

1 388 (7.6) 543 (0.9)  381 (7.4) 563 (1.2)  381 (6.5) 563 (1.4) 

2 388 (7.8) 543 (0.9)  383 (7.2) 563 (1.2)  383 (6.3) 563 (1.3) 

3 395 (4.8) 562 (0.9)  377 (3.9), 412s 574 (0.8)  377 (4.0), 412s 574 (1.2), 647 (0.7) 

4 395 (5.5) 562 (1.0)  383 (5.5), 415s 574 (1.1)  383 (5.0), 415s 574 (1.4), 647 (0.7) 

sShoulder bands.  
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Different absorption bands are observed for Mes3CorCo[19] in CH2Cl2 and DMSO. 

The spectrum of 10-5 or 10-3 M corrole in CH2Cl2 is characterized by a sharp Soret band at 

388 nm and a single Q band at 543 nm, while a 10-3 M solution of the corrole in DMSO 

has a broadened and blue-shifted Soret band at 381 nm and red-shifted Q band at 563 

nm. The spectrum of Mes3CorCo in both CH2Cl2 solutions is assigned to the original 

synthesized four-coordinate derivative while a five-coordinate DMSO adduct is 

proposed to exist in DMSO solutions. This assignment was confirmed by an 

electrochemically monitored titration of Mes3CorCo in CH2Cl2 with DMSO as described 

on the following pages. 

The UV-visible spectra for a 10-5 M concentration of corroles 1 and 2 are identical 

to each other in CH2Cl2, and they are also identical to the spectrum of four-coordinate 

Mes3CorCo (Figure 6-1a) under the same solution conditions. This similarity can only be 

accounted for by a loss of the single axially bound DMSO solvent molecule from 1 and 2 

in dilute solutions of CH2Cl2. This ligand dissociation, shown in Equation 6-1, does not 

occur for 1 and 2 in CH2Cl2 at a higher corrole concentration of 10-3 M. Under these 

conditions, the UV-visible spectra are characterized by bands at 381-383 nm and 563 nm. 

These wavelengths are identical to those obtained for the same compounds in neat 

DMSO, where the five-coordinate corroles are present in the bulk of solution. 

                                        (6-1) 

In contrast to the two mono-nitrophenyl corroles (1 and 2), three distinct spectral 

patterns are seen for compounds 3 and 4 under the different solution conditions of 
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Figure 6-1. The first is in CH2Cl2 for a 10-5 M concentration of these corroles, both of 

which have bands at 395 and 562 nm and are assigned as characteristic of the four-

coordinate corrole, which has lost one DMSO ligand. The second spectral pattern is for 

compounds 3 and 4 at a 10-3 M concentration in CH2Cl2 where there is a blue shift of the 

Soret band absorption and a red shift of the Q band upon increasing the concentration 

from 10-5 to 10-3 M.  This change in position of the absorption bands with change in 

concentration is similar to what occurs for compounds 1 and 2 and is assigned as a 

conversion of the four- to the five-coordinate form of corrole as labelled in Figure 6-1. 

The third spectral pattern for compounds 3 and 4 is obtained in DMSO, where 

the spectra can be described as a composite overlapping of two absorbing species, one 

with bands identical to that for the five-coordinate corroles in Figure 6-1b (max = 377 or 

383 and 574 nm) and the other which has red-shifted Soret and Q bands located at 412-

415 and 647 nm. These latter red-shifted bands are assigned to the six-coordinate 

corroles 3 and 4, which are generated by the binding of a second axial DMSO ligand as 

shown in Equation 6-2. 

                   (6-2) 

A more detailed concentration dependence study of the UV-visible spectra for 1-

4 in CH2Cl2 is given in Figure 6-2 for corrole concentrations between 10-3 and 10-6 M and 

parallels the concentration dependence shown in Figure 6-1. No such concentration 

dependence is observed in DMSO where the same UV-visible spectrum is obtained for 

each corrole over the above concentration range (Figure 6-3).  



181 

 

Figure 6-2. Changes in absorbance (A) of compounds 1-4 at concentrations ranging from 

10-6 M to 10-3 M in CH2Cl2 while cell path length (b) times concentration (c) constant. 
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Figure 6-3. Changes in absorbance (A) of compounds 2 and 4 at concentrations ranging 

from 10-6 M to 10-3 M in DMSO while cell path length (b) times concentration (c) 

constant. 
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6.3 Electrochemistry 

The redox reactions of 1-4 and Mes3CorCo were investigated in CH2Cl2, DMSO 

and DMSO/CH2Cl2 mixtures containing 0.1 M TBAP. Examples of cyclic 

voltammograms under the first two solution conditions are shown in Figures 6-4 and 6-

5, and a summary of the measured potentials is given in Table 6-2. 

The reference compound Mes3CorCo exhibits two one-electron reductions and 

three reversible one-electron oxidations in CH2Cl2. The first reversible reduction at E1/2 = -

0.19 V was previously assigned as a one-electron addition to the corrole macrocycle of 

Mes3Cor•CoII forming a Co(II) corrole with an intact macrocycle. The first oxidation at 

E1/2 = 0.54 V in this solvent was assigned as a one-electron abstraction from the Co(II) 

center to give a Co(III) -cation radical.[35] Compounds 1-4 also exhibit three reversible 

one-electron oxidations in CH2Cl2 in addition to three or four reductions as shown in 

Figure 6-4. The reductions of these corroles at potentials more negative than -1.0 V all 

involve the electroactive meso-NO2Ph substituents on the corrole macrocycle and were 

described in a previous publication.[35] These reactions are not discussed in further detail 

in the present study.  
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Figure 6-4. Cyclic voltammograms of Mes3CorCo and 1-4 (~10-3 M) in CH2Cl2 containing 

0.1 M TBAP. Reversible reductions are shown by solid line. 
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Figure 6-5. Cyclic voltammograms of Mes3CorCo and 1-4 (~10-3 M) in DMSO containing 

0.1 M TBAP. Reversible reductions are shown by solid line. 
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Table 6-2. Half-wave or peak potentials (E1/2 or Ep, V vs. SCE) of Mes3CorCo and 1-4 in 

CH2Cl2 and DMSO, containing 0.1 M TBAP.   

Solvent Compound Oxidation  Reduction 

  3rd 2nd 1st  1st NO2Ph (# of e-) 3rd 

CH2Cl2 Mes3CorCo 1.48 0.89 0.54  -0.19 - -1.78a 

 1 1.52 0.85 0.63  -0.17 -1.12 (1) -1.83a 

 2 1.52 0.85 0.63  -0.21 -1.29 (1) -1.88a 

 3 1.58 0.92 0.73  -0.01 -1.12 (3) -1.94a 

 4 1.54 0.87 0.72  0.01 -1.12 (2), -1.29 (1) -1.90a 

         

DMSO Mes3CorCo  0.81 0.39  -0.39 - -1.69a 

 1  0.85 0.41  -0.31 -1.05 (1) -1.74a 

 2  0.83 0.40  -0.33 -1.23 (1) -1.72a 

 3  0.90 0.47  -0.18 -1.04 (3) -1.86a 

 4  0.90 0.45  -0.19 -1.05 (2), -1.26 (1) -1.83a 

aIrreversible peak potential at a scan rate of 0.1 V/s.   
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When changing the solvent from CH2Cl2 to DMSO, the first reversible reduction 

and first reversible oxidation of each corrole are shifted negatively in potential by 120 to 

270 mV, but much smaller changes in E1/2 are seen for the other redox reactions as seen 

in Figure 6-5 and Table 6-2. For example, the first reduction of Mes3CorCo shifts from 

E1/2 = -0.19 V in CH2Cl2 to -0.39 V in DMSO while the first oxidation shifts from E1/2 = 

+0.54 V to +0.39 V with the change of solvent. A third reduction cannot be seen in DMSO 

due to the positive potential limit of the solvent. 

The easier oxidation and harder reduction for all the corroles in DMSO as 

compared to CH2Cl2 can be accounted for by a change in the number of axially 

coordinated ligands either before or after electron transfer. This was investigated in the 

current study by electrochemically monitoring the shifts of potential in a CH2Cl2 solvent 

as DMSO was progressively added to the solution. This data was then analyzed using 

equations described in the literature for calculating binding constants of related iron 

porphyrins,[37] and enabled us to elucidate the number of DMSO molecules bound to the 

neutral, singly-oxidized and singly-reduced forms of the corrole. 

An example of how the cyclic voltammograms changed for Mes3CorCo in CH2Cl2 

containing different amounts of added DMSO is given in Figure 6-6. As seen in this 

figure, the first reduction and first oxidation both shift in a negative direction with 

increasing additions of DMSO to the solvent, going from -0.19 and +0.54 V in CH2Cl2 

prior to the addition of DMSO to -0.48 and +0.45 V in a CH2Cl2 solution containing 400 

eq. of added DMSO. 
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The loss or gain of bound DMSO molecules during the electron transfer was 

determined from plots of the measured E1/2 values vs. log[DMSO], an example of which 

is given in Figure 6-7. As seen in the figure, both redox reactions show a linear 

correlation between the measured E1/2 values and log [DMSO] with slopes of -55 and -57 

mV for first reduction and first oxidation respectively. These slopes are close to the 

theoretical Nernstian value of -59 mV, consistent with a dissociation or association of 

one DMSO axial ligand during the reduction and oxidation, respectively. These 

electrode reactions are shown in Equations 6-3 and 6-4 where one DMSO molecule is 

bound to the central metal ion of the neutral corrole. 

                  (6-3) 

           (6-4) 

The binding constant for adding one DMSO molecule to the cobalt center of 

neutral Mes3CorCo was calculated as logK = 5.6 using E1/2 values for the first reduction 

of the unligated corrole in CH2Cl2 (-0.19 V) and that of the mono-ligated corrole in the 

CH2Cl2/DMSO mixtures (see Figures 6-6 and 6-7). Similar electrochemically monitored 

titrations with DMSO were also carried out for compounds 1 and 3 in CH2Cl2 and plots 

of E1/2 vs. log [DMSO] for the first oxidation and the first reduction are given in Figure 6-

8. In each case, the slope of the E1/2 vs. log[DMSO] plots varied between -55 to -59 mV for 

each ten-fold increase in the DMSO concentration, thus providing conclusive evidence 

for the loss of one DMSO axial ligand from the pentacoordinate species during reduction 

and the addition of one DMSO ligand upon oxidation as shown in Eqs. 3 and 4. 
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Although the UV-visible spectra for 3 and 4 in Figure 6-1c suggest the presence of an 

equilibrium between the five- and six-coordinate corroles in neat DMSO, no evidence for 

a six-coordinate DMSO adduct was seen for these neutral corroles in the electrochemical 

titration experiments which examined the redox reactions in CH2Cl2 containing 10-3 to 

10-5 M DMSO. 

As described earlier in the manuscript and also in an earlier publication,[35] the 

measured values of E1/2 will depend upon a number of factors, the most important of 

which are the number of electron-withdrawing meso-nitrophenyl substituents on the 

corrole macrocycle, and the number of axially bound solvent molecules on the cobalt 

center before and after electron transfer. The values of E1/2 should also systematically 

vary with the magnitude of the solvent binding constants for a series of structurally 

related corroles.  

Unfortunately, these linear free energy relationships become more complex 

because of competing effects, which shift E1/2 in opposite directions. Specifically, an 

increase in number of electron-withdrawing NO2Ph groups leads on one hand to a 

positive shift of all redox potentials due to electronic effects, and on the other hand to a 

negative shift of redox potentials with increase in the solvent binding constants as the 

cobalt center upon going from 0 to 3 NO2Ph groups on the corrole. 

Nonetheless, additional information can be obtained from plots of E1/2 vs. the 

number of NO2Ph groups on the corroles. Such a correlation is shown in Figure 6-9 

where the slope of E1/2 vs. the number of NO2Ph groups is 27 mV for the first oxidation in 
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DMSO as compared to 70 mV for the first reduction in this solvent and 61-63 mV for the 

same two redox redox reactions in CH2Cl2. The substituent effect of the meso-nitrophenyl 

groups on E1/2 for first oxidation in DMSO is diminished as compared to the other 

electron transfer reactions because the potentials are strongly influenced by the binding 

of a second DMSO molecule to the electrogenerated corroles in this solvent. 
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Figure 6-6. Cyclic voltammograms of Mes3CorCo in CH2Cl2 containing 0.1 M TBAP and 

up to 400 eq. of DMSO. 
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Figure 6-7. Plot of E1/2 vs. log[DMSO] for (a) the first oxidation and (b) the first reduction 

of Mes3CorCo (7.9 x 10-4 M) in CH2Cl2. 
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Figure 6-8. Plot of E1/2 vs. log[DMSO] for the first oxidation and the first reduction of (a) 

compound 1 and (b) compound 3 in CH2Cl2.  
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Figure 6-9. Plots of half-wave potentials E1/2 for the first oxidation and the first reduction 

vs. number of meso-NO2Ph groups for Mes3CorCo, compounds 1 and 3 in (a) CH2Cl2 and 

(b) DMSO containing 0.1 M TBAP. The measured E1/2 are given in Table 6-2. 
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6.4 Spectroscopic Characterization of Oxidation and Reduction Products 

In summary, four different forms of the neutral, singly-oxidized and singly-

reduced corroles can be definitely identified in CH2Cl2 solutions under conditions of the 

electrochemical experiments, but a fifth form, [(Ar)3Cor•CoIII(DMSO)]+, is also possible in 

this solvent for the singly-oxidized derivatives 1-4 which possess one DMSO axial ligand 

in their neutral form when added to solution. Three different DMSO-complexed forms 

of the corrole in different oxidation states can be identified in DMSO or in 

CH2Cl2/DMSO mixtures and the electrochemical conversion between each of these is 

shown in Scheme 6-1 where the neutral corrole is represented as (Ar)3Cor•CoII or 

(Ar)3Cor•CoII(DMSO), the singly-reduced corrole as [(Ar)3CorCoII]- and the singly-

oxidized corrole as [(Ar)3Cor•CoIII]+, [(Ar)3Cor•CoIII(DMSO)2]+  and possibly 

[(Ar)3Cor•CoIII(DMSO)].  
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Scheme 6-1. Electron-transfer mechanism for the first reduction and the first oxidation 

of Mes3CorCo and 1-4 in CH2Cl2, DMSO or CH2Cl2/DMSO mixtures containing 0.1 M 

TBAP. The potentials are given for Mes3CorCo or compound 1. 
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Each of the above singly-oxidized and singly-reduced species in Scheme 6-1 was 

spectroscopically characterized using thin-layer UV-visible spectroelectrochemistry, 

examples of which are given in Figures 6-10 and 6-11. 

The plots in Figure 6-7 indicate formation of a singly-reduced four-coordinate 

cobalt corrole [(Ar)3CorCoII]-   and, as seen in Figure 6-10, almost identical spectra are 

obtained after the controlled potential addition of one electron in the thin-layer cell, 

independent of the solvent. For example, the major Soret band of [(Ar)3CorCoII]- is 

located as 419-420 nm for Mes3CorCo, at 417-421 nm for compound 1 and at 409-412 nm 

for compound 3, the small differences between the max values being assigned as due to 

solvent effects, and not to differences in axial coordination. 

Each of the singly reduced corroles in Figure 6-10 also has similar Q band 

absorptions in the two solvents. These bands are well-defined in the case of 

[Mes3CorCo]- and [1]- but broad and overlapping in the case of [3]-. This broadening 

might be attributed to an aggregation of the singly reduced corrole 3. 

Unlike the reduction, three different DMSO-coordinated forms of the corrole are 

possible upon oxidation and these are formulated as [(Ar)3Cor•CoIII(DMSO)x]+ where x = 

0, 1 or 2. The corrole with x = 0 is obtained after oxidation of Mes3CorCo in CH2Cl2 while 

the bis-DMSO adduct (x = 2) is obtained after oxidation of 1-4 in both DMSO and 

CH2Cl2/DMSO mixtures. A singly-oxidized Co(III) corrole with one bound DMSO axial 

ligand (x = 1) is also probable for compounds 1-4 in CH2Cl2 since the initial synthesized 

corroles contain a single DMSO axial ligand when added to solution.  
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The spectral pattern after oxidation of compound 1 in CH2Cl2 is similar to that of 

[Mes3CorCo]+ (Figure 6-10a) but sufficient differences exist between the positions of the 

spectral bands to suggest that [1]+, with absorption at 387 and 647 nm, contains a single 

axially coordinated DMSO molecule; while [Mes3CorCo]+, which lacks a DMSO axial 

ligand, has bands at 383 and 670 nm. 

The spectra of the electrogenerated [(Ar)3Cor•CoIII(DMSO)2]+ derivatives in 

DMSO are characterized in Figure 6-10b by a broad Soret band at 409 to 429 nm and a 

NIR band close to 700 nm. Almost the same spectral pattern was earlier reported for the 

related bis-pyridine  derivative [(Ar)3Cor•CoIII(py)2]+, which possesses a split Soret band 

at 409 to 443 nm and a Q band at 691 to 713 nm in CH2Cl2, PhCN or pyridine, the exact 

value depending upon the electrochemical solvent and the number of meso-nitrophenyl 

substituents on the macrocycle.[35] 

Overall, quite different absorption spectra are seen for the singly-oxidized 

corroles in CH2Cl2 as compared to DMSO, the most notable difference being an 18-26 nm 

blue shift of the Soret band in CH2Cl2 and a 30-55 nm blue shift in max for the less 

intense absorption in the Q band region of the spectrum. 
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Figure 6-10. UV-visible spectral changes of the first reduction for Mes3CorCo, 

compounds 1 and 3 (a) in CH2Cl2 and (b) in DMSO containing 0.1 M TBAP.  
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Figure 6-11. UV-visible spectral changes of the first oxidation for Mes3CorCo, 

compounds 1 and 3 (a) in CH2Cl2 and (b) in DMSO containing 0.1 M TBAP. 
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5.5 Reactions under a CO Atmosphere 

The binding of carbon monoxide was previously examined for a number of four-

coordinate corroles in CH2Cl2 where a single CO molecule was able to complex to the 

cobalt center of the neutral compound.[38] We wished to know if mono-CO adducts 

would also be obtained for the currently investigated corroles containing nitrophenyl 

substituents, where the redox active species in solution is assigned as 

(Ar)3Cor•CoII(DMSO) or (Ar)3Cor•CoII, depending upon the specific meso-substituents 

and the compound concentration in solution. We anticipated that if CO binds to 

compounds 1-4 in CH2Cl2, it would first displace the ligated DMSO, and then dissociate 

upon a one electron addition or one electron abstraction as reported for other cobalt 

corroles in this non-complexing solvent.[38]  This possibility was examined by first 

examining the UV-visible spectra of 1-4 under CO and then recording the 

electrochemistry under these conditions. 

The UV-visible spectral data for compounds 1-4 at a concentration of 10-3 M in 

CH2Cl2 under a CO atmosphere are shown in Figure 6-12 and Table 6-3.  In each case, the 

shape of the spectrum is comparable to the corresponding spectra for the same corroles 

under N2 (Figure 6-1b) and is assigned to a five-coordinate derivative under the 

electrochemical conditions. 

Examples of the resulting cyclic voltammograms under a CO and N2 atmosphere 

are given in Figure 6-13 (Mes3CorCo) and Figure 6-14 (compounds 1-4). In the case of 

Mes3CorCo, the E1/2 for the first reduction under CO is shifted negatively by 240 mV as 
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compared to the same reduction under N2 while a similar E1/2 of 230 mV is seen for the 

first oxidation under N2 or CO but the shift is in a positive direction as seen in the figure. 

For each corrole, the difference between E1/2 of the first reduction under N2 and 

that under CO is identical in magnitude but opposite in sign to what is seen for the first 

oxidation. This result would be expected when CO were lost from both the singly-

reduced and singly-oxidized forms of the corrole as shown in Scheme 6-2. Moreover, the 

magnitude of the E1/2 would be proportional to the magnitude of the CO binding 

constant and, as seen in Figure 11, this value decreases systematically with increase in 

the electron-withdrawing substituents on the meso-positions of the macrocycle, namely: 

Mes3CorCo (240 mV) > 2 (170 mV) > 1 (150 mV) > 4 (120 mV) > 3 (100 mV) in the case of 

reduction. A similar trend with almost the same values of E1/2 is seen for oxidation. 

In summary, a similar behavior is seen for compounds 1-4 under N2 or CO and 

the overall mechanism for reduction is given in Scheme 6-3 where the displacement of 

DMSO by CO is shown to occur prior to reduction. 

Finally, it should be pointed out that the E1/2 for the first reduction of Mes3CorCo 

under CO (-0.43 V) is about 70 mV less negative than the half wave potential for the first 

reduction of the same compound in CH2Cl2 containing 1.0 M of added DMSO (-0.50 V) 

and this would suggest one order of magnitude smaller binding constant for CO to the 

cobalt center of Mes3CorCo.  This latter value was measured as logK = 5.6 from the data 

in Figures 6-6 and 6-7, suggesting an approximate  CO binding constant of logK = 4.6. 
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Figure 6-12. UV-visible spectra of compounds 1-4 (~10-3 M) in CH2Cl2 under CO. 
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Table 6-3. UV-visible spectra (λmax, ε×10-4 M-1 cm-1) of compounds 1-4 under CO in 

CH2Cl2 containing 0.1 M TBAP. 

cpd λmax, nm (ε ×10-4 M-1 cm-1) 

1 374 (5.1) 547 (1.0) 

2 378 (5.2) 547 (1.1) 

3 382 (4.6) 558 (1.1) 

4 387 (5.1) 559 (1.2) 
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Figure 6-13. Cyclic voltammograms of Mes3CorCo in CH2Cl2 under N2 and CO. 
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Figure 6-14. Cyclic voltammograms of compounds 1-4 in CH2Cl2 under N2 and CO. 
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Scheme 6-2. Proposed mechanism for the first reduction and first oxidation of 

Mes3CorCo in CH2Cl2 under CO.  
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Scheme 6-3. Proposed mechanism for the first reduction and first oxidation of 

compounds 1-4 in CH2Cl2 under CO. 
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6.6 Conclusions 

In summary, we have characterized the electrochemistry and spectroscopic 

properties of mono-DMSO ligated nitrophenylcorroles in CH2Cl2,   DMSO and 

CH2Cl2/DMSO mixtures. The first one-electron reduction generates a four-coordinate 

Co(II) corrole under all solution conditions while the first one-electron oxidation 

generates a four-, five- or six-coordinate Co(III) corrole π-cation radical as determined 

by a monitoring of the reactions using UV-visible spectroelectrochemistry. Further 

studies of the UV-visible spectra after oxidation of different corroles in different solvents 

and with different axial ligands may be needed but the current spectral data obtained in 

DMSO,  CH2Cl2 and pyridine prior to that[35] seems to provide diagnostic information 

which is sufficient for assigning the coordination number of the singly-oxidized  and 

singly-reduced species. 

The binding constant of DMSO to four-coordinate Mes3CorCo was calculated as 

logK = 5.6 in CH2Cl2, and this value was about one order of magnitude larger than the 

binding constant for carbon monoxide to the same corrole in this solvent. Carbon 

monoxide was also show to coordinate to the nitrophenylcorroles 1-4 in CH2Cl2, 

resulting in a shift of potentials towards a harder first reduction and a harder first 

oxidation, the magnitude of shift depending upon the CO binding constant. Exact values 

of logK were not determined for this reaction, but the relative values for each examined 

corrole could be obtained and these decreased with increase in the overall electron-

withdrawing properties of meso-substituents on the macrocycle.  
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7  
Cobalt Corroles with Bis-Ammonia or Mono-

DMSO Axial Ligands. Electrochemical, 

Spectroscopic Characterizations and Ligand 

Binding Properties 
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7.1 Introduction 

Metallocorroles are now an often-studied group of macrocycles because of their 

unique spectral and electrochemical properties and their potential applications as 

catalysts for a variety of reactions. Although corroles show many similarities with 

porphyrins, their distinctive structural, spectroscopic and photophysical properties as 

well as their specific coordination chemistry and particular chemical reactivity places 

these macrocycles in a distinctive position among members of the porphyrinoid family.[1-

7] Particularly, cobalt corroles exhibit a rich redox chemistry which depends on both the 

type of macrocycle and axial coordination at the cobalt metal center.[2] We have shown 

that solvents such as DMSO or pyridine as well as diatomic molecules such as CO will 

strongly coordinate to the cobalt center of the neutral corrole, leading not only to changes 

in electron density at the metal ion, but also in some cases to a change of metal and ligand 

oxidation state.[8] Electron-withdrawing groups anchored at the periphery of the 

macrocyclic core will also change electron density at the cobalt central metal ion, thus 

directly affecting the magnitude and degree of axial coordination.[9]  

Recently, we reported the synthesis and electrochemical characterization of 

nitrophenyl-substituted cobalt corroles axially ligated DMSO or pyridine molecules in 

their air stable form.[8, 9] The current manuscript is an expansion of these studies and 

characterizes in greater detail the properties of cobalt corroles with a single DMSO axial 

ligand or two NH3 axial ligands in their air stable form. A schematic representation of the 

investigated compounds is given in Chart 7-1. It is worthy to note that the hexa-
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coordinated bis-ammonia cobalt corrole could easily give access to the tetra-coordinated 

cobalt corrole e.g. without any axial ligand (Scheme 7-1). The removal of the two 

coordinated ammonia molecules can be done under vacuum at 80 °C or by dissolving the 

complex in dichloromethane and bubbling N2 gas. Since now many years, we have been 

interested in the selective CO binding for detection of CO traces at the sub-ppm level in 

the atmosphere by using SAW sensors functionalized by cobalt corroles. This new 

pathway allows us the smooth and easy access to the active species (e.g. the tetra-

coordinated form of various A3- and A2B-cobalt corroles) for further CO binding. 
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Scheme 7-1. From pentacoordinate to hexacoordinate cobalt corroles; easy access to the 

tetra-coordinated species. 
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Chart 7-1. Structures of the investigated bis-ammonia and mono-DMSO meso-aryl cobalt 

corroles. 
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7.2 Synthesis of Cobalt Corrole Complexes 

The eight cobalt corroles 1DMSO-4DMSO and 1NH3-4NH3 were prepared 

according to the synthetic procedure shown in Scheme 7-2. The A3- and A2B- free-base 

corroles 1H-4H were synthesized according to published procedures described by Gryko 

and co-workers,[10, 11] and metallated with Co(OAc)2 in DMSO to give the cobalt complexes 

1DMSO-4DMSO, each with a single DMSO molecule as axial ligand. These mono-DMSO 

adducts were then treated with an aqueous ammonia solution to give the bis-ammonia 

derivatives 1NH3-4NH3 in 79-94% yield.  
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Scheme 7-2. Synthesis of mono-DMSO and bis-NH3 cobalt corroles. 
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7.3 UV−Visible Spectroscopic Characterization 

The axial coordination of the cobalt corrole can be easily monitored by UV-vis 

spectroscopy (Figure 7-1). The penta-coordinated cobalt corroles are both characterized 

by an moderate absorption at 553 and 570 nm in the visible region for 1CO and 1DMSO, 

respectively. . 

The six coordinate bis-NH3 cobalt corrole 1-NH3 is characterized by an intense 

absorption band at 616 nm and a split Soret band at 438 and 452 nm, showing a strong 

red-shift in comparison with the tetra-coordinated cobalt corroles, which display a Soret 

band at 390 nm.   
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Figure 7-1. UV-visible spectra (in CH2Cl2) of cobalt corrole 1 as function of the axial 

coordination (DMSO, NH3, CO or nothing). 
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UV-visible spectra of 1DMSO-4DMSO were measured at a concentration of 10-3 

M in both CH2Cl2 and DMSO containing 0.1 M TBAP (Figure 7-2). In CH2Cl2 the spectra 

of the four corroles are characterized by a Soret band at 379-387 nm and a single less 

intense band at 562-566 nm. There is also a shoulder on the Soret band at about 414-417 

nm. These spectra are similar to previously reported spectra for a related series of mono-

DMSO ligated cobalt nitrophenylcorroles under the same solution conditions.[9]  

Similar spectral patterns are seen for 2DMSO, 3DMSO and 4DMSO in the two 

solvents but this is not the case for 1DMSO as seen in Figure 7-2. The spectrum in CH2Cl2 

(Figure 7-2a) is assigned to the mono-DMSO adduct while in the DMSO solvent a mixture 

of the five- and six-coordinated derivatives are proposed to exist, the hexa-coordinate 

DMSO adduct having bands at 417, 442, 453 and 618 nm as described on the following 

pages. It should be noted that 1DMSO is the only cobalt corrole among the currently 

investigated compounds which possesses electron-withdrawing substituents on the meso-

phenyl rings and this seems to facilitate the binding of a second DMSO molecule to the 

cobalt center of the neutral compound. Stronger pyridine binding constants were also 

earlier reported for cobalt corroles with electron-withdrawing substituents on the meso-

phenyl rings.[9] 
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Figure 7-2. UV-visible spectra of 1DMSO-4DMSO at 10-3 M concentration in (a) CH2Cl2 

and (b) DMSO containing 0.1 M TBAP. 
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UV-visible spectra of the bis-ammonia complexes 1NH3-4NH3 were also measured 

at a concentration of 1 x 10-3 M under two solution conditions, one being CH2Cl2 

containing 0.1 M TBAP and the other CH2Cl2 containing 0.1 M TBAP and 1% (v/v) NH4OH 

which produces NH3 in solution. Examples of the corrole spectra in the two solvents are 

shown in Figure 7-3 and a summary of the spectral data for 1NH3–4NH3 in CH2Cl2 

containing 1% NH4OH is given in Table 7-1.  

As seen in Figure 7-3b, the UV-visible spectrum of each bis-NH3 derivative is 

characterized by a split Soret band and two or three visible bands, the most intense of 

which is located at 615-628 nm. The band at 615-629 nm is considered as a marker band 

for the hexa-coordinated Co(III) corrole and the overall spectral patterns of the 1NH3 to 

4NH3 derivatives are similar to spectral patterns earlier reported for structurally related 

cobalt corroles containing two axially bound pyridine ligands.[9] 

The same UV-vis spectrum is obtained for 1NH3 in CH2Cl2 with and without 1% 

NH4OH, both spectra being consistent with spectra of the initial synthesized bis-NH3 

adduct in toluene (see Experimental).  In contrast, different spectra are seen for 2NH3 to 

4NH3 corroles in CH2Cl2 with and without 1% NH4OH. The largest variation between the 

two solution conditions is observed in the Soret region of the spectrum, where bands 

assigned to a five-coordinate corrole are observed for the synthesized bis-NH3 derivatives 

2, 3 and 4 but not for compound 1. The fact that identical spectra are obtained for 1NH3 in 

the CH2Cl2 with and without added NH3 suggests that this corrole has a stronger affinity 

for NH3 than the other investigated derivatives and that dissociation of the bound NH3 
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axial ligand does not readily occur in CH2Cl2.  This observation is consistent with the 

poorest electron density of 1NH3 due to the electron-withdrawing effect of the halogen 

atoms located at the periphery of the corrole, that is corroborated with magnitude of the 

pyridine binding constant to the corroles 1DMSO to 4DMSO, as described on the 

following pages. 
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Figure 7-3. UV-visible spectra of 1NH3-4NH3 at 10-3 M concentration in (a) CH2Cl2 and 

(b) CH2Cl2 with 1% (v/v) NH4OH containing 0.1 M TBAP. 
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Table 7-1. UV-visible spectral data of investigated cobalt corroles under different solution 

conditions. 

solution 

condition 
cpd Wavelength: max, nm ( × 10-4 M-1 cm-1) 

  Soret region  visible region 

CH2Cl2 

 

1DMSO 379 (7.2) 416 (4.1)s    566 (1.3)   

2DMSO 385 (6.4)     562 (1.3)   

3DMSO 387 (7.1) 414 (3.6 )s    563 (1.3)   

4DMSO 382 (7.2)     563 (1.6)   

          

CH2Cl2 

(1% NH4OH) 

 

1NH3  417 (5.0) 438 (8.3) 451 (7.6)   586 (1.9) 615 (3.2) 

2NH3  407 (2.3) 436 (4.1) 457 (3.9)  541 (0.6) 581 (0.7) 621 (1.7) 

3NH3  420 (3.9) 434 (4.9) 453 (4.2)  526 (1.1) 584 (1.1) 628 (2.1) 

4NH3  400 (4.2) 433 (5.6) 452 (5.2)   581 (1.4) 623 (2.4) 

sShoulder peaks. 
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7.4 Pyridine Binding Ability 

The relative intensity of the diagnostic six-coordinate absorption band at 615-623 

nm for compounds 1NH3 to 4NH3 in Figure 7-3a follows the order 1NH3 > 2NH3 > 3NH3 > 

4NH3 and provides an approximate measure of the extent of NH3 dissociation from the 

bis-NH3 adducts in CH2Cl2 at a corrole concentration of 10-3 M. The band intensity follows 

the order 1 > 2 > 3 > 4 and this would also be the relative order of the NH3 binding strength 

for the examined bis-NH3 derivatives in the CH2Cl2 solvent.  

We could not evaluate the magnitude of the NH3 binding constants to the four-

coordinate corroles in the current study but we could measure binding constants for the 

stepwise addition of two pyridine molecules to the mono-DMSO adducts in CH2Cl2. This 

was done by monitoring changes in the UV-visible spectra during a titration of each 

corrole with pyridine, giving results of the type shown in Figure 7-4 for the stepwise 

conversion of 1DMSO-4DMSO to their respective six-coordinate, bis-pyridine form. 

Equilibrium constants for addition of a single pyridine axial ligand to the mono-

DMSO adducts could not be easily measured given the small differences in spectra 

between the initial corrole reactant and the mono-pyridine adduct but much larger 

spectral changes are associated with formation of the bis-pyridine derivatives and well-

defined log-log plots could be obtained as shown by the insets in Figure 7-4b.  

The binding constant for addition of a second pyridine molecule to 1DMSO was 

measured as logK2 = 3.6 and this logK2 value systematically decreased to 2.1, 1.5 and 1.1 

for 2DMSO, 3DMSO and 4DMSO, respectively (remark: define to which equilibrium K2 
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corresponds). These values are given in Table 7-2 along with logK2 = 2.6 for addition of a 

second pyridine molecule to Mes3CorCo(py), as reported in an earlier study.[9] 
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Figure 7-4. UV-visible spectral changes of 1DMSO-4DMSO (at ~10-5 M) in CH2Cl2 upon 

addition of pyridine to solution.  
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Table 7-2. Pyridine binding constants, logK, for cobalt corroles in CH2Cl2. 

Compound logK1 logK2 ref 

(o,o-Cl2Ph)3CorCo 1 - 3.6 tw 

(p-COOMePh)Mes2CorCo 2 - 2.1 tw 

(Ph)3CorCo 3 - 1.5 tw 

(o,o,p-(OMe)3Ph)Mes2CorCo 4 - 1.1 tw 

(m-NO2-p-FPh)(p-NO2Ph)2CorCo - 3.9 [12] 

(m-NO2-p-OMePh)(p-NO2Ph)2CorCo - 3.8 [12] 

(m-NO2-p-FPh)Mes2CorCo - 3.3 [12] 

(m-NO2-p-OMePh)Mes2CorCo - 3.0 [12] 

Mes3CorCo 6.5 2.6 [12] 

tw = this work 

  



234 

7.5 Electrochemistry 

Redox properties of the synthesized corroles were investigated by cyclic 

voltammetry under different solution conditions. As previously demonstrated for a 

related series of derivative,[9] the synthesized mono-ligated DMSO cobalt corroles are 

invariably characterized by facile and reversible one-electron reductions in CH2Cl2 or 

DMSO (Figure 7-9 and 7-10). This contrasts with what is seen for the hexa-coordinated 

bis-pyridine derivatives where the first reduction in pyridine is irreversible and occurs at 

much more negative potentials.[12] The difference in redox behavior between what is seen 

in CH2Cl2 , DMSO or pyridine was explained as being due to a different site of electron 

transfer and a different electronic configuration of the redox active form of the molecule 

in solution, the mono-DMSO adducts being assigned as containing a Co(II) center and a 

non-innocent easily reduced macrocyclic ligand in CH2Cl2 or DMSO as compared to a 

Co(III) center and a hard to reduce innocent macrocyclic ligand in pyridine where the first 

reduction involves a metal-centered Co(III)/(II) process followed by a loss of one or both 

axial ligands after electron transfer. In other word, the reversibility of the first reduction 

process and the small electronic effect of the ligand on the potential values are in 

accordance with a Co(II) center and a non-innocent macrocycle. 
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Figure 7-5. Cyclic voltammograms of cobalt corrole complexes 1DMSO-4DMSO (~10-3 

M) in DMSO containing 0.1 M TBAP.   
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Figure 7-6. Cyclic voltammograms of cobalt corrole complexes 1DMSO-4DMSO (~10-3 

M) in CH2Cl2 containing 0.1 M TBAP. 
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The difference in axial coordination and ligand innocence or non-innocence also 

manifests itself in a difference of half wave potentials for the first one-electron oxidation, 

this process being easiest (more negative potential) for oxidation of the cobalt bis-pyridine 

derivatives in pyridine  and harder (more positive potential) for oxidation of the four- or 

five-coordinate cobalt corroles in CH2Cl2 or DMSO.[9] 

We anticipated observing facile one electron reductions for the newly synthesized 

mono-DMSO derivatives in the current study and this is indeed the case as shown by the 

cyclic voltammograms measured in DMSO (Figure  7-5)  or CH2Cl2 (Figure 7-6). 

1DMSO-4DMSO in DMSO (Figure 7-5) undergo two reductions and two 

oxidations within the negative and positive potential limits of the solvent.   The first one-

electron reduction is located at E1/2 = -0.26 to -0.42 V and the second at -1.56 to -1.70 V. The 

first one-electron oxidation ranges from E1/2 = 0.37 to 0.47 V depending upon the meso-

substituent and the absolute difference in potential between the first reversible reduction 

and first reversible oxidation of each compound (the HOMO-LUMO gap) varies from 0.72 

to 0.79 V in DMSO, a range of values slightly smaller than the measured HOMO-LUMO 

gaps in CH2Cl2 where the potential separation ranges from 0.75 to 0.87 V  (See examples 

of cyclic voltammograms in Figure 7-11 and summary of half wave potentials in Table 7-

3).  

The binding of NH3 to the neutral and singly oxidized cobalt corroles 1 to 4 is 

stronger than the binding of DMSO to the same series of compounds in CH2Cl2 and this 

is reflected in large negative shifts of potential for the first one electron abstraction, the 
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measured E1/2 values ranging from 0.30 V for 1NH3 to 0.05 V for 4NH3 as seen in Figure 8. 

Like potentials for electron abstraction from the mono-DMSO adducts, the measured half 

wave potentials for oxidation of the bis-NH3 derivatives shift negatively with increasing 

electron-donating character of substituents on the three meso-phenyl rings of the 

macrocycle. However, it should be noted that the substituent effect of the meso-phenyl 

groups is larger for the bis-NH3 ligated Co(III) corroles than for the five-coordinate 

derivatives (perhaps containing a Co(II) center and a non-innocent ligand), resulting in an 

increasing difference in E1/2 values between the first reduction oxidation of the same 

corrole with different axial ligands, from 170 mV in the case of compound 1 (0.47 V in 

DMSO and 0.30 V in CH2Cl2) to 320 mV for compound 4 (0.37 vs 0.05 V). 

The oxidation of  (Cor)Co(NH3)2 to [(Cor)Co(NH3)2]+  occurs in the absence of 

coupled chemical reactions but this is not the case for the reduction where a dissociation 

of one or both NH3 axial ligands is proposed to occur prior to electron transfer, thus 

leading to several competing reduction pathways, one for the six-coordinate complex 

which is the most difficult to reduce and located at E1/2 values more negative than -1.0 V 

vs SCE and the others for the five- and/or four-coordinate species which generate the 

Co(II) corrole at potentials as positive as -0.07 to -0.26 V as seen in Figure 7-7.   

Evidence for dissociation of the NH3 ligand(s) prior to electron transfer is given in 

part by the shape of the current voltage curves which is consistent with a coupled 

chemical reaction prior to electron transfer (an electrochemical CE mechanism), in part by 

the fact that the first (ill-defined) reduction potentials of the bis-NH3 complexes in Figure 
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7-7 are almost identical to the well-defined E1/2 values for the same cobalt corroles bearing 

a single DMSO axial ligand in their synthesized air stable form (Figure 7-7), namely, -

0.19/-0.20 V for 2NH3 and 2DMSO, -0.11 V for 3NH3 and 3DMSO and -0.26/-0.27 V for 

4NH3 and 4DMSO (see Figure 7-7 and Table 7-3), and in part by the current voltage curves 

for 1NH3 to 4NH3 obtained in CH2Cl2 containing excess NH3 added in the form of NH4OH. 

Examples of cyclic voltammograms under these later solution conditions are given 

in Figure 7-8 for 2NH3, 3NH3 and 4NH3.  For all three corroles, the half wave potentials of 

the two oxidations are the same as in the CH2Cl2 solvent without added NH3 (Figure 7-7), 

consistent with proposed [(Cor)Co(NH3)2]0/+   redox process.  However, when NH3 is 

added to solution, a diminished current intensity is seen in the first reduction peak as the 

equilibrium is shifted towards the harder to reduce bis-ligated form of the corrole in 

solution. 
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Figure 7-7. Cyclic voltammograms of cobalt corrole complexes 1NH3-4NH3 (~10-3 M) in 

CH2Cl2 containing 0.1 M TBAP. 
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Figure 7-8. Cyclic voltammograms of cobalt corrole complexes 1NH3-4NH3 (~10-3 M) in 

CH2Cl2 with 1% (v/v) NH4OH containing 0.1 M TBAP. 
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Table 7-3. Half-Wave or Peak Potentials (E1/2 or Ep, V vs. SCE) for Reductions and the 

first two oxidations of cobalt corroles in different solution conditions containing 0.1 M 

TBAP (sweep rate: 100 mV/s). 

solution condition cpd  Wavelength (max, nm) 

   oxidation  reduction 

CH2Cl2 

 

1NH3  1.74 0.92 0.30  -0.07 -1.08 -1.62a 

2NH3  1.49 0.74 0.14  -0.19 -1.29 -1.68a 

3NH3  1.44 0.68 0.11  -0.14b -1.21 -1.62a 

4NH3  1.45 0.68 0.05  -0.26 -1.40 -1.78a 

          

CH2Cl2 

(v/v 1% NH4OH) 

 

1NH3   - -  - - - 

2NH3   0.74 0.14  -0.19  -1.66a 

3NH3   0.64 0.10  -0.23b -1.21 -1.64a 

4NH3   0.69 0.05  -0.26  -1.78a 
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As mentioned above, the average HOMO-LUMO gap of the four mono-DMSO 

adducts 1DMSO to 4DMSO decreases from 825 mV in CH2Cl2 (Figure 7-5) to 705 mV in 

DMSO (Figure 7-6) and the gap decreases even further for the bis-NH3 adducts where the 

separation between the first oxidation and first reduction is 330 mV for 2NH3 in CH2Cl2 

and 310 mV for 4NH3 under the same solution conditions (see Figure 7-7). In each case, 

the decrease in the measured gap is attributed for the most part to a shift of the HOMO 

towards an easier oxidation, the measured E1/2 value for the one electron abstraction 

varying from a reversible potential of 0.59 V to 0.37 V and then to 0.19 V for 4DMSO in 

CH2Cl2, DMSO and pyridine, respectively, and then to 0.05 V for 4NH3 in CH2Cl2 as shown 

graphically in Figure 7-9. 
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Figure 7-9. Cyclic voltammograms of cobalt corrole 4 with different ligands in different 

solvent conditions containing 0.1 M TBAP.  
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7.6 Spectroelectrochemistry 

The singly oxidized and singly reduced forms of mono-DMSO and bis-ammonia 

corroles were characterized by thin-layer UV-visible spectroelectrochemistry and 

examples of the resulting spectral changes are illustrated in Figure 7-10 for compounds 

4DMSO and 4NH3 under different solution conditions.    

The spectral changes obtained during reduction of 4DMSO are essentially 

independent of solvent as shown in Figure 7-10b where the Soret band of the neutral 

corrole shifts from 379/381 to 420/421 nm and the single visible band at 561/563 nm of the 

unreduced compound is replaced by two visible bands located between 570 and 618 nm 

after the addition of one electron. The spectrum of [4DMSO]-  is assigned as containing 

an unligated Co(II) central metal ion and virtually the same UV-visible spectrum is 

obtained after the reduction of 4NH3 in CH2Cl2 under an N2 or NH3 atmosphere, thus 

suggesting a similar unligated square planar Co(II) electroreduction product. However, 

as mentioned earlier in the manuscript, a partial dissociation of one or both NH3 ligands 

occurs for 4NH3 when dissolved  in CH2Cl2 under N2  but the original bis-NH3 adduct can 

be easily regenerated under an NH3  atmosphere or  when  NH4OH is added to solution.  

This is shown by the spectral data in Figure 10 where the initial spectrum of 4NH3 under 

N2 is identical to that of four- or five-coordinate 4DMSO species but converts to that of 

the original bis-NH3 adduct when NH3 gas is bubbled through the solution. Under these 

conditions, the neutral six-coordinate complex is characterized by a split Soret band at 432 

and 452 nm and an intense six-coordinate marker band at 624 nm as shown in Figure 7-
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10. This spectrum is assigned to the Co(III) corrole which is then converted to its Co(II) 

form after controlled potential reduction at -1.00 V in the thin layer cell. 

The same spectral product is obtained after the one electron oxidation of 4NH3 

under N2 or NH3 and this species, with a split Soret band between 403 and 419 nm and a 

broad Q band between 600 and 725 nm is assigned as a six-coordinate Co(III) cation 

radical. Singly oxidized 4DMSO has a similar spectrum in DMSO which is assigned to 

the bis-DMSO Co(III)  cation radical but this spectrum differs substantially from the 

spectrum of singly oxidized 4DMSO in CH2Cl2.  
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Figure 7-10. UV-visible spectral changes during (a) the first oxidations and (b) the first 

reductions for 4DMSO under controlled potentials in different solution condition 

containing 0.1 M TBAP. 
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7.7 Conclusion 

In summary, we have characterized the electrochemistry and spectroscopic 

properties of mono-DMSO and bis-ammoniac cobalt corroles in CH2Cl2, DMSO and 

CH2Cl2/NH4OH mixtures. Interestingly, the ligated DMSO axial ligand can be replaced by 

two ammonia molecules, shifting from a penta-ccordinated cobalt corrole to a hexa-

coordinated one. The two ammonia molecules can be further removed to smoothly access 

to the tetra-coordinated cobalt corrole, an active form able to selectively bind carbon 

monoxide. A DFT computational study[13] has further confirmed the formation of penta-

coordinated cobalt corroles in the case of DMSO and CO derivatives and the formation of 

hexa-coordinated cobalt corroles in the case of ammonia and pyridine cobalt corroles, in 

agreement with the electrochemical studies and the spectroscopic data. 

 

 

 

  



249 

7.8 References  

[1] J. F. B. Barata, M. G. P. M. S. Neves, M. A. F. Faustino, A. C. Tomé, J. A. S. Cavaleiro, 

Strategies for Corrole Functionalization, Chemical Reviews 2017, 117, 3192-3253. 

[2] Y. Fang, Z. Ou, K. M. Kadish, Electrochemistry of Corroles in Nonaqueous Media, 

Chemical Reviews 2017, 117, 3377-3419. 

[3] A. Ghosh, Electronic Structure of Corrole Derivatives: Insights from Molecular 

Structures, Spectroscopy, Electrochemistry, and Quantum Chemical Calculations, 

Chemical Reviews 2017, 117, 3798-3881. 

[4] R. Orłowski, D. Gryko, D. T. Gryko, Synthesis of Corroles and Their 

Heteroanalogs, Chemical Reviews 2017, 117, 3102-3137. 

[5] R. Paolesse, S. Nardis, D. Monti, M. Stefanelli, C. Di Natale, Porphyrinoids for 

Chemical Sensor Applications, Chemical Reviews 2017, 117, 2517-2583. 

[6] R. D. Teo, J. Y. Hwang, J. Termini, Z. Gross, H. B. Gray, Fighting Cancer with 

Corroles, Chemical Reviews 2017, 117, 2711-2729. 

[7] W. Zhang, W. Lai, R. Cao, Energy-Related Small Molecule Activation Reactions: 

Oxygen Reduction and Hydrogen and Oxygen Evolution Reactions Catalyzed by 

Porphyrin- and Corrole-Based Systems, Chemical Reviews 2017, 117, 3717-3797. 

[8] X. Jiang, W. Shan, N. Desbois, V. Quesneau, S. Brandès, E. Van Caemelbecke, W. 

R. Osterloh, V. Blondeau-Patissier, C. P. Gros, K. M. Kadish, Mono-DMSO Ligated Cobalt 

Nitrophenylcorroles: Electrochemical and Spectral Characterization New J. Chem. 2018, 42, 

8220-8229. 

[9] X. Jiang, M. Naitana, N. Desbois, V. Quesneau, S. Brandès, Y. Rousselin, W. Shan, 

W. R. Osterloh, V. Blondeau-Patissier, C. P. Gros, K. M. Kadish, Electrochemistry of Cobalt 

Nitrophenylcorroles in Nonaqueous Media, Inorg. Chem. 2018, 57, 1226-1241. 

[10] D. T. Gryko, B. Koszarna, Org. Biomol. Chem. 2003, 1, 350. 

[11] B. Koszarna, D. T. Gryko, Efficient Synthesis of meso-Substituted Corroles in a 

H2O−MeOH Mixture, J. Org. Chem. 2006, 71, 3707-3717. 



250 

[12] X. Jiang, M. L. Naitana, N. Desbois, V. Quesneau, S. Brandes, Y. Rousselin, W. 

Shan, W. R. Osterloh, V. Blondeau-Patissier, C. P. Gros, K. M. Kadish, Electrochemistry of 

Bis(pyridine)cobalt (Nitrophenyl)corroles in Nonaqueous Media, Inorg. Chem. 2018, 57, 

1226-1241. 

[13] V. Quesneau, W. Shan, N. Desbois, S. Brandes, Y. Rousselin, M. Vanotti, V. 

Blondeau-Patissier, M. Naitana, P. Fleurat-Lessard, E. Van Caemelbecke, K. M. Kadish, C. 

P. Gros, Cobalt Corroles with Bis-Ammonia or Mono-DMSO Axial Ligands. 

Electrochemical, Spectroscopic Characterizations and Ligand Binding Properties, Eur. J. 

Inorg. Chem. 2018, 2018, 4265-4277. 

 



251 

8  
Ligand Noninnocence in Cobalt Dipyrrin-

Bisphenols: Spectroscopic, Electrochemical and 

Theoretical Insights Indicating an Emerging 

Analogy with Corroles 
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8.1 Introduction 

The free-base dipyrrin-bisphenols (DPPH3, Chart 8-1), an emerging class of hybrid 

pyrrole-based ligands, are of interest for a variety of reasons,[1-9] perhaps most notably for 

the fact that several DPPM derivatives (M = Co,[1, 2] Ni,[1] Cu[3] or Pt[4]) have been found to 

exist as metal-radical assemblies, i.e., as (DPP•2–)MII, as opposed to (DPP3–)MIII. Both in 

terms of their formally trianionic character and their propensity to yield noninnocent 

metal-radical assemblies, DPPH3 ligands resemble free-base corroles (CorH3, Chart 8-1), a 

class of tetrapyrrole ligands whose chemistry has grown dramatically over the last two 

decades.[10-13] Herein we report a detailed electrochemical, spectroscopic, and quantum 

chemical study of cobalt DPP complexes that provides strong support for a DPP-corrole 

analogy, indeed a simple case of an isolobal analogy,[14] which in time may prove to be a 

significant driver of new discoveries in the DPP field. 

Until now, there have been two major studies of four-coordinate (abbr. as 4c) 

DPPCo derivatives.[1, 2] The authors of one paper,[1] Thomas and coworkers, formulated 

the neutral cobalt dipyrrin-bisphenols as (DPP•2–)CoII and the corresponding singly 

oxidized complex as (DPP–)CoII (both reasonable formulations, in our view), while in 

another paper,[2] the authors mainly focused on the catalytical reactivity of the DPPCo 

complexes. These authors, however, did not characterize the anionic states of the 

compounds after oxidation or reduction, nor did they explore the axial ligation chemistry 

of the complexes. As part of this work, we have synthesized three DPPCo derivatives 1-3 

as four-coordinate complexes in the solid state and investigated their electrochemical and 
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spectroscopic properties in four different nonaquaous solvents, one of which is 

noncoordinating (CH2Cl2), and three of which are coordinating (PhCN, DMSO and 

pyridine). The three compounds are depicted in Chart 8-2 and referred to hereafter as 

(F5Ph)DPPCo 1, (Ph)DPPCo 2, and (Mes)DPPCo 3, where F5Ph, Ph, and Mes refer to 

pentafluorophenyl, phenyl, and mesityl groups at the meso-position of the DPP ligand, 

respectively. By examining three different DPPCo derivatives under different solution 

conditions, we are able to document the rich coordination chemistry of the DPPCo 

complexes, which have previously been examined only in one noncoordinating solvent, 

CH2Cl2.[1]  
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Chart 8-1. Structures of free-base dipyrrin-bisphenol and corrole ligands. 
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Like cobalt porphyrins[15, 16] and corroles,[12, 17, 18] the DPPCo complexes examined 

are expected to undergo several reduction and oxidation processes involving the cobalt 

center, the DPP π-system or a combination of the two. Here we have used a 

comprehensive set of UV-visible spectroelectrochemical measurements to characterize the 

neutral, cationic, and anionic states of the complexes. The measurements underscore the 

importance of axial ligands, which greatly influences whether a given redox process 

occurs in a metal- or ligand-centered manner. Density functional theory calculations (DFT) 

with three different exchange-correlation functionals on (Ph)DPPCo 2 (Chart 8-2) were 

also carried out and provide additional detail on the nature of the low-energy states of the 

complex for the various charge and coordination states. 

Our results indicate extensive parallels between the low-energy states of DPPCo 

and CorCo complexes.[19, 20] These similarities may foreshadow important applications of 

the DPP derivatives in areas where metallocorroles already play a significant role, 

examples been in catalytic group transfer chemistry[21] (such as epoxidations,[22, 23] 

aziridinations[24, 25] and cyclopropanations[26]) and chemical sensing of small molecules 

such as carbon monoxide[27-29] or nitrite[30]. 
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Chart 8-2. Structures of the investigated DPPCo complexes 1-3. 

  



257 

8.2 Synthesis and Characterization 

The DPP complexes 1-3 were synthesized via modification of a previously 

reported protocol.[2] The synthetic route is shown in Scheme 8-1. Acid-catalyzed 

condensation of 2-(2-methoxyphenyl)-pyrrole and aldehyde in methylene chloride, 

followed by subsequent oxidation with DDQ afforded the dipyrrin precursor.[31] 

Deprotection of the phenol moieties with BBr3 then quantitatively afforded the free base 

dipyrrin-bisphenol precursors (DPPH3).[6] The target DPPCo complexes 1-3 were prepared 

by reaction of DPPH3 with Co(OAc)2·4H2O.  

H1 NMR spectra and MS measurements were carried out to confirm the structures 

reported in Chart 8-1. A perfect match was observed between the experimental HR-MS 

spectra of compounds 1-3 and the simulated ionic patterns. ESI mass spectra have been 

also registered in the presence of pyridine or in the presence of NH3·H2O. In both cases, 

the molecular peaks corresponding to the hexacoordinated species (e.g. bis-py and bis-

NH3 species) are clearly observed proving that DPPCo complexes 1-3 can also lead to 

hexacoordinated species in the presence of NH3 or pyridine as previously reported in the 

case of cobalt corrole complexes.[32] 
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Scheme 8-1. Synthetic route to obtain DPPCo 1-3. 
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8.3 UV-Visible Spectroscopy  

Before carrying out the redox reactions, the UV-visible spectrum of each neutral 

compound 1-3 was measured in one noncoordinating solvent (CH2Cl2) and three 

coordinating solvents (PhCN, DMSO and pyridine). Examples of the obtained spectra are 

given in Figure 1 for a 10-3 M solution of compounds 1-3 in four solvents containing 0.1 M 

TBAP, and a summary of the spectral data under these conditions is given in Table 8-1.  

Each spectrum is characterized by an intense band at 311 to 329 nm, two to three 

intense overlapping bands at 554 to 693 nm and one less intense band at wavelengths 

between these two major absorption peaks. For example, all three investigated 

compounds have bands at 414 to 473 nm in PhCN, DMSO or pyridine, but this band is not 

seen in the noncoordinating CH2Cl2 solvent. In addition, the major visible bands of 

compounds 1-3 in the three coordinating solvents are red-shifted as compared to the 

corresponding bands in CH2Cl2. The magnitude of the wavelength shift as compared to 

CH2Cl2 is 4 to 9 nm in PhCN, 13 to 49 nm in DMSO and 39 to 69 nm in pyridine. The first 

intense band is at similar wavelengths in CH2Cl2, PhCN and DMSO (around 316 nm, 320 

nm and 312 nm for compounds 1-3, respectively), but this band is red-shifted by 5 to 13 

nm in pyridine as compared to the other solvents. Considering the known solvent binding 

ability of the cobalt metal center in similar compounds,[17, 18, 33] those red shift and the 

appearance of the additional band might correspond to axial coordination of a solvent 

molecule at the cobalt center in the DPPCo complex. 
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Moreover, as seen in Figure 8-1, the UV-visible spectra of compounds 2 and 3, 

which have meso-phenyl and mesityl groups, are almost identical to each other in the same 

solvent. These spectra differ from that of (F5Ph)DPPCo 1 which has a  highly electron-

withdrawing meso-F5Ph group and is characterized by visible bands which are 21 to 43 nm 

red-shifted as compared to compounds 2 and 3, the exact value depending upon the 

specific solvent.  
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Figure 8-1. UV-visible spectra of 1-3 (~10-3 M) in four solvents containing 0.1 M TBAP. 
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Table 8-1. UV-vis spectral data for 1-3 (~10-3 M) in CH2Cl2, PhCN, DMSO or pyridine 

containing 0.1 M TBAP. 

solvent meso-substituent cpd λmax, nm (ε ×10-4 M-1 cm-1) 

   Soret region  visible region 

CH2Cl2 F5Ph  1 316 (1.6) -  596 (1.2) 624 (1.2) 

 Ph  2 320 (1.8) -  574 (1.1) 603 (1.2) 

 Mes  3 311 (1.8) -  572 (1.4) 602 (1.6) 

        

PhCN F5Ph 1 316 (1.5) 434 (0.5)  602 (1.1) 633 (1.4) 

 Ph 2 319 (1.4) 414 (0.5)  580 (0.9) 607 (1.3) 

 Mes 3 312 (1.5) 414 (0.5)  580 (1.2) 607 (1.7) 

        

DMSO F5Ph 1 315 (1.5) 471 (0.5)  645 (1.1) 670 (1.1) 

 Ph 2 321 (1.6) 445 (0.5)  587 (0.7) 627 (1.1) 

 Mes 3 313 (1.5) 443 (0.5)  587 (0.8) 627 (1.3) 

        

Py F5Ph 1 329 (1.4) 473 (0.7)  649 (0.9) 693(1.2) 

 Ph 2 325 (1.5) 461 (0.7)  613 (0.8) 658 (1.2) 

 Mes 3 323 (1.4) 461 (0.6)  613 (0.7) 658 (1.2) 
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8.4 UV-visible Spectroscopic Monitored Titration 

In order to investigate the possible binding of the solvent molecules to DPPCo, the 

UV-visible spectral changes of (Mes)DPPCo 3 in CH2Cl2 were measured during the 

titration with DMSO and pyridine. The binding constants were calculated as logK1 = 1.51 

and 6.55, respectively, for the addition of a single solvent molecule using non-linear curve 

fitting.[32] A second set of spectral changes were not observed under the experimental 

conditions on the timescale of both titrations. The major absorption bands of the DPP 

derivatives in the neat solvents (627 nm in DMSO, 658 nm in pyridine) are red-shifted 

compared to those of the last spectra during the titration (18 nm shift from 609 nm in the 

DMSO titration, 54 nm shift from 604 nm in the pyridine titration). This contracts with 

what is seen in neat PhCN (at 607 nm), where the major absorption band at the end of the 

titration is the same as in the neat PhCN. This indicates that five-coordinate (abbr. as 5c) 

species are the major derivatives of DPPCo compounds in PhCN and in the solution 

mixture at the end of both titration experiments, while six-coordinate (abbr. as 6c) species 

can exist in neat DMSO and neat pyridine. 

Interestingly, when measuring the UV-visible spectrum of compounds 1-3 in 

pyridine, a slow transformation was observed to occur between two different forms of the 

DPPCo complexes. To study the kinetics of this transformation, the UV-visible spectral 

changes of compounds 1-3 in pyridine were recorded as a function of time and kinetic 

plots were constructed in order to determine the reaction order of the transformation. 

Examples of the spectral changes and corresponded plots are given in Figure 8-2.  



264 

As seen in Figure 8-2a, the initial spectrum of (Mes)DPPCo 3  when dissolved in 

pyridine has two major bands at 580 and 607 nm, but after 90 min the most intense band 

has shifted from 607 to 658 nm while the less intense band has disappeared. The initial 

spectrum is assigned as a five-coordinate (abbr. as 5c) form of DPPCo and the final 

spectrum as a six-coordinate (abbr. as 6c) form. Well-defined isosbestic points can be seen 

at 506 and 624 nm in Figure 8-2, which indicate the absence of a spectrally detectable 

intermediate between the 5c and 6c forms on the timescale of the measurement. The 

changes in absorbance at 607 nm for state 5c and at 658 nm for state 6c are plotted vs. time 

in Figure 8-2b while Figure 8-2c shows a plot of ln[5c] vs. time, which was calculated from 

the absorbance band at 607 nm. As shown in Figure 8-2c, there is a linear relationship 

between the natural logarithm of the calculated concentration of 5c reactant vs. time, with 

a slope of -0.07. The linearity of the slope indicates that this transformation process 

involves a first order chemical reaction.  
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Figure 8-2. (a) UV-visible spectral changes of (Mes)DPPCo 3 (~10-5 M) in pyridine, from t 

= 0 (assigned as five-coordinate, abbr. as 5c) to 90 min (assigned as six-coordinate, abbr. 

as 6c) after dissolving the compound in solution, (b) plot of the absorbance at 607 nm and 

658 nm versus time (min) and (c) correlation between the natural logarithm of 

concentration of the initial five-coordinate (5c) compound 3 versus time (min). 
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Similar transformations also can be seen for compounds 1 and 2, and a summary 

of the spectral data under different solution conditions are given in Table 8-2, along with 

the calculated rate constants for the conversion between two states of compounds 1-3.  

As shown in Table 8-2 and Figure 8-2, the major visible bands of 1-3 are red shifted 

by 50 to 61 nm during the transformation from 5c to 6c. Red shifts are also seen for the 

other bands. The reaction rate constant for compound 3 which has an electron-donating 

(mesityl) group on the meso-position is 0.07, which is much smaller than the 0.24 for 

compound 2 (Ph) and 0.18 for compound 1 (F5Ph). The electron-donating group decreases 

the rate of the transformation processes. 
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Table 8-2. Spectral data for compounds 1-3 (~10-5 M) in pyridine and CH2Cl2/pyridine 

mixture and slopes of the kinetic plots. 

compound solution condition CNa λmax, nm (ε ×10-4 M-1 cm-1)  slope = -kb 

   Soret region  visible region   

(F5Ph)DPPCo 1 CH2Cl2/2000 eq. Py. 5c 316 464  600 627   

 neat Py (initial) 5c 316 464  604 632   

 neat Py (final) 6c 329 473  649 693  -0.18 

(Ph)DPPCo 2 CH2Cl2/2000 eq. Py 5c 320 435  575 604   

 neat Py (initial) 5c 320 435  583 608   

 neat Py (final) 6c 325 461  613 658  -0.24 

(Mes)DPPCo 3 CH2Cl2/2000 eq. Py 5c 312 430  575 604   

 neat Py (initial) 5c 312 430  580 607   

 neat Py (final) 6c 323 461  613 658  -0.07 

aCN = coordination number, five-coordinate is abbr. as 5c and six-coordinate as 6c. 

bConversions between two forms only occurs in neat pyridine. 
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Considering the possible equilibrium between (DPP•2-)CoII and (DPP3-)CoIII, the 

slow conversion from 5c to 6c can be proposed to involve a change of the electronic 

configurations as shown in Scheme 8-2. The 5c form can be assigned to the five-coordinate 

complex (DPP•2-)CoII(Py) while 6c form would correspond to six-coordinate complex 

(DPP3-)CoIII(Py)2. All the data suggests the following reactions in Scheme 8-2. 

To confirm the axial ligation of two pyridine molecule on the DPPCo complexes, 

TGA analysis and H1 NMR spectroscopy were measured for the chemically synthesized 

bis-pyridine ligated (F5Ph)DPPCo(Py)2 1(Py)2, which are given in the publication.[32]  

According to the TGA analysis, the measured weight loss (m) of the bis-ligated 

compounds is 21.0% as compared to a calculated value 22.3% for two pyridine molecules. 

More evidence is given in the DFT calculations section in the same paper.[32] 

Notably, 6c species can also partially exist in neat DMSO as mentioned above. 

However, the complete transformation from 5c (with one axial DMSO molecule) to 6c 

species (with two axial DMSO molecules) was not observed, either in neat DMSO, or 

during titration of DMSO in CH2Cl2. A transformation from 5c to 6c was also not observed 

on the experimental timescale during the titration with pyridine.  
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Scheme 8-2. Transformations among 4c, 5c and 6c forms of compounds 1-3. 
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8.5 Electrochemistry 

8.5.1 General Redox Reactions 

The first step in characterizing electrochemistry of compounds 1-3 was to obtain 

cyclic voltammograms in the coordinating and noncoordinating solvents, and then to 

relate changes in the observed redox potentials to changes in the spectroscopic properties 

of the neutral, electroreduced and electrooxidized forms of the compounds. As described 

on the following pages, two major reductions and two major oxidations can be observed 

for DPP derivatives as schematically shown in Scheme 8-3. 

The DPPCo complex with t-butyl groups was earlier reported to undergo two 

reversible oxidations and one reversible reduction in CH2Cl2 containing 0.1 M TBAP, all 

three of which were assigned to electron transfers at the DPP ligand.[1] However, the 

currently examined DPPCo complexes 1-3 show three or four oxidations and several 

reductions, the exact number depending upon the specific electrochemical solvent. An 

example of the cyclic voltammograms for compound 1 in the four utilized solvents is 

given in Figure 8-3 and a summary of measured potentials for the major redox reactions 

of these three complexes is given in Table 8-3.  
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Scheme 8-3. Major redox reactions of DPPCo complexes. 

 

  



272 

 

Figure 8-3. Cyclic voltammograms of compound 1 for the redox reactions in (a) CH2Cl2, 

(b) PhCN, (c) DMSO and (d) pyridine containing 0.1 M TBAP. 
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Table 8-3. Half-wave or peak potentials (E1/2 or Ep, V vs. SCE) of DPPCo complexes 1-3 in 

four solvents containing 0.1 M TBAP. 

solvent meso-substituent cpd Potential (V vs SCE) 

   Ox 2 Ox 1  Red 1 Red 2 

CH2Cl2 F5Ph 1 1.10 0.65  0.13 -1.40a 

 Ph 2 1.00 0.57  0.08 -1.46a 

 Mes 3 1.04 0.56  0.07 -1.52a 

        

PhCN F5Ph 1 1.03 0.56b  0.05 -1.37 

 Ph 2 1.01 0.51b  0.04 -1.51 

 Mes 3 1.02 0.51b  0.02 -1.55 

        

DMSO F5Ph 1 0.91 0.46  -0.10 -1.30 

 Ph 2 0.85 0.44  -0.13 -1.43 

 Mes 3 0.83 0.41  -0.13 -1.46 

        

Py F5Ph 1  0.54  -1.02a -1.40 

 Ph 2  0.48  -1.12a -1.52 

 Mes 3  0.49  -1.16a -1.55 

aPeak potentials (Epc) for irreversible redox processes; bPotentials were taken from multiple 

scans at a scan rate of 500 mV/s. 
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8.5.2 Solvent Effect on Redox Potentials 

As shown in Figure 8-3, the first reduction of compound 1, labeled as Red 1,  shifts 

from E1/2 = 0.13 V in CH2Cl2, to 0.05 V in PhCN and then to -0.10 V in DMSO. Similar 

positive shifts of potentials are also seen for two major oxidations of compound 1 as well 

as for the related redox reactions of compounds 2 and 3. As seen in Figure 8-3, the cyclic 

voltammogram of compound 1 in pyridine is quite different from the cyclic 

voltammograms in the other three solvents, namely, there is one reversible oxidation at 

E1/2 = 0.54 V, one irreversible reduction at Ep = -1.02 V and one reversible reduction at E1/2 

= -1.40 V. The earlier described spectroscopic data of compounds 1-3 in pyridine suggests 

the binding of two Py axial ligands and a proposed electron configuration of 

(DPP3-)CoIII(Py)2. This is consistent with the electrochemical behavior of the three 

compounds in this solvent. 

8.4.3 Effect of Meso-Substituents 

In all four solvents, compound 1 is easier to reduce and harder to oxidize than 

compounds 2 and 3 due to the highly electron-withdrawing F5Ph- group on the meso-

position of the dipyrrin ligand. For example, in CH2Cl2, the E1/2 for the first reduction is 

shifted positively by 50 mV as compared with the same electrode reactions of compound 

2, while an 80 mV positive shift is seen for the first oxidation of compound 1. The 

substituent effect is even larger for the second reduction in all four solvents. The difference 

in E1/2 between the second reductions of compounds 1 and 2 ranges from 60 to 130 mV 

depending upon the solvent. 
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8.5.4 “Extra” Reductions in CH2Cl2.  

Unlike in other solvents, the second reduction of compounds 1-3 in CH2Cl2 is 

irreversible and an additional irreversible reduction is observed at more negative 

potential. A similar irreversibility is also seen upon reduction of Co(II) porphyrins[15, 34] 

and electrogenerated Co(II) corroles[35] in CH2Cl2, and this was explained by a chemical 

reaction between the low oxidation state electon-reduction product and the CH2Cl2 

solvent.  

Cyclic voltammograms illustrating the reduction of compound 1 under different 

solution conditions are given in Figure 8-4.  As seen in the figure, an extra reduction is not 

observed at -60 ℃ in CH2Cl2 as compared to what is seen at room temperature and it is 

also not observed in PhCN where the doubly reduced dipyrrin complexes are stable. The 

cyclic voltammogram at -60 ℃ in CH2Cl2 is quite similar to the one in PhCN, providing 

evidence for a reaction of the doubly reduced species with the CH2Cl2 solvent.  
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Figure 8-4. Cyclic voltammograms of compound 1 (~10-3 M) under different solution 

conditions: (a) at room temperature (r.t.), (b) at -60 ℃ in CH2Cl2, (c) at r.t. in PhCN 

containing 100 eq. of added CH3I and (d) in PhCN without CH3I. 
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8.6 Spectroelectrochemical Studies  

The spectral changes that occurred during each redox reaction were monitored by 

UV-visible spectroelectrochemistry in the different solvents. Examples of the time-

resolved spectral changes for compound 1 are given in Figure 8-5 and the proposed 

mechanism for all major redox reactions of this compound is given in Scheme 8-4.  

Although spectra of the neutral compounds vary with change of solvent, the 

spectra of the one-electron reduced species (Figure 8-5b) are almost independent of 

solvent and are characterized by bands at 626-639 nm and 362-374 nm. The similarity in 

UV-visible spectra after the first electron addition of each compound under different 

solution conditions indicates that the electrophilic properties (binding properties) of the 

four investigated solvents has little to no effect on the one-electron reduced species. 

According to the previous study on a related cobalt dipyrrin complex,[1] the reactant in the 

first reduction can be assigned as (DPP•2-)CoII, which would then be reduced to (DPP3-)CoII 

as shown in Scheme 8-4. 

The spectra of the two-electron reduced species (Figure 8-7c) are also identical to 

each other in PhCN, DMSO and pyridine but not in CH2Cl2 where, as indicated by the CV 

curves, a chemical reaction occurs between the doubly reduced DPP derivatives and the 

solvent. During the second reduction, the intense visible bands of the one-electron 

reduced species at 626 to 639 nm decrease in intensity while new bands grow in at 511 to 

515 nm. The decrease in intensity of the major absorption bands indicates a loss of 

conjugation in the DPP ligand upon the second electron addition. At the same time, new 
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bands at 803 to 809 nm are seen in the spectra when measured in PhCN, DMSO or pyridine, 

and those bands can be considered as diagnostic criteria for a redox reaction involving the 

ligand.  
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Figure 8-5. UV-vis spectral changes of compound 1 during (a) the first oxidation, (b) the 

first reduction and (c) the second reduction in four different solvents.  
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Scheme 8-4. Proposed mechanism for redox reactions of DPPCo complexes 1-3 in 

different solvents. (S = PhCN or DMSO for 5c complexes, S = pyridine for 6c complexes) 
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8.7 Conclusions 

In summary, three cobalt dipyrrin-bisphenol complexes with different meso-aryl 

substituents have been synthesized, and their spectroscopic and electrochemical 

properties characterized in both noncoordinating and coordinating solvents. The various 

charge, spin, and axial ligation states have also been examined by means of DFT 

calculations, as given in the reference.[32] The experimental and computational studies, 

together, afford detailed insights into the question of ligand noninnocence in the DPPCo 

complexes. 

The facile reduction potentials (E1/2 ~ 0.0 V vs. SCE) of the complexes in 

noncoordinating (CH2Cl2) and weakly coordinating solvents (PhCN and DMSO) are 

suggestive of a (DPP•2–)CoII formulation for the neutral complexes, a conclusion which is 

consistent with the DFT calculations.[32] This contrasts with what is seen in pyridine where 

the complexes are reduced at significantly more negative potentials (E1/2 ~ -1.0 V), thus 

indicating a 6c low-spin Co(III) center that is quite resistant to reduction. The fact that the 

one-electron reduced state exhibits similar optical spectra in all four solvents appears to 

indicate a common 4c or 5c (DPP3–)CoII state throughout, again consistent with the DFT 

calculations.[32] Our spectral studies do not allow a definitive assignment of the cationic 

states. DFT calculations,[32] however, indicate a (DPP–)CoII state, with a doubly oxidized 

DPP ligand, for the 5c complexes and a (DPP•2–)CoIII state, with a low-spin Co(III) center 

for the 6c complexes. A ferromagnetically coupled, S = 1 (DPP•2–)CoII description for the 
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5c monopyridine complex also provides an explanation for the observed slow binding of 

a second pyridine ligand leading to the 6c low-spin Co(III) bispyridine complex. 

The (DPP•2–)CoII, (DPP3–)CoII, and (DPP–)CoII formulations of the neutral, anionic, 

and cationic states of the 5c complexes exactly parallel the (DPP•2–)CoII, (DPP3–)CoII, and 

CoIIDPP– formulations proposed for the analogous charged states of 5c CorCo 

monopyridine adducts.[19] The ground-state (DPP•2–)CoII description is analogous to that 

proposed for CorCo, CorCo(PPh3) and CorCo(CO), as well as  to that of MnCl, FeCl, FeNO, 

Fe2(-O), Cu and Pt corrole derivatives.[11] These extensive parallels between DPP and 

corrole potentially presage a bright future for transition metal DPP complexes in areas 

such as catalytic transformations and small molecule sensing, where metallocorroles are 

already playing a significant role. 
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