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Abstract 

           This thesis describes the electrochemical, spectroscopic and acid-base properties 

of pyridylporphyrins, tetramethylpyridyl porphyrins and corroles in nonaqueous media. 

Several corroles are also examined. Free-base and metal derivatives (Co
II
, Ni

II
, Cu

II
 and 

Zn
II
) of pyridylporphyrins possessing one, two or four pyridyl meso-substituents were 

examined before, during and after the addition of protons to solution in the form of 

trifluoroacetic acid (TFA). The free-base (metal-free) pyridylporphyrins undergo an 

initial protonation on the pyridyl substituents and this is followed by protonation of the 

central nitrogen atoms in a second step. The pyridylporphyrins with metal centers are 

only protonated at the meso-pyridyl groups. Both sites of protonation are associated with 

specific changes in the electrochemical and spectroscopic properties of the compounds. 

The utilized solvent was shown to have an effect on the protonation constants, which 

varied from 10
2
 to 10

4
,
 
depending upon the specific compound. The tetrapositively-

charged free-base tetra-N-methylpyridylporphyrins possess four Cl
-
, Br

-
, I

-
 or PhSO3

-
 

counteranions and the electrochemistry of these compounds was examined in DMF or 

DMSO, containing 0.1 M tetra-n-butylammonium hexafluorophosphate (TBAPF6) or 

tetra-n-butylammonium iodide (TBAI). These measurements were made in order to study 

the interaction of the counteranion, the solvent and the supporting electrolyte on the 

reductions. Finally, the electrochemical properties of iron ferrocenylcorroles with NO, 

C6H5 or Cl
-
 axial ligands were examined in PhCN containing 0.05 M tetrakis-

fluorophenylborate (TFAB).  
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Chapter One 

Introduction 

  



 

 

 

 2 

1.1 Outline of Research in This Thesis 

           The research in this thesis involves electrochemical, spectroelectrochemical, and 

spectroscopic studies of four types of compounds:  

(i) free-base porphyrins with different numbers of pyridyl substituents at the 

meso-positions of the macrocycle, 

(ii) metalloporphyrins with different numbers of pyridyl substituents at the 

macrocycle meso-positions and different metal centers,  

(iii) free-base tetra-N-methylpyridylporphyrins,  

(iv) ferrocenylcorrole complexes.  

           Chapter One provides a general introduction to the investigated compounds and 

techniques used in this thesis. Chapter Two discusses the experimental methods and 

chemicals used in the studies. In Chapter Three, the acid-base and electrochemical 

properties of free-base porphyrins with pyridyl substituents are discussed, while the   

acid-base and electrochemical properties of metallopyridylporphyrins are described in 

Chapter Four. Chapter Five reports the electrochemistry of tetra-N-

methypyridylporphyrins with different anions in nonaqueous media. Chapter Six focuses 

on the electrochemistry of iron ferrocenycorroles in PhCN.  

 

1.2 Porphyrins 

Porphyrins and porphyrinoids have unique physical and chemical properties, 

which allow for a wide range of applications in the fields of material science, medicine 

and biology.
1-5

 The basic structural feature of a porphyrin is the tetrapyrrole macrocyclic 

ring system. The parent porphyrin without substituents is known as porphine (shown in 
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Chart 1-1). The four nitrogens in the central cavity of porphyrins (and porphines) can 

bind with most transition and main group metal ions. The porphyrin ring structure is 

aromatic, with a total of 26 π electrons in the conjugated system. The four pyrrole rings 

are connected via single-carbon methine bridges. The pyrrole ring is structured with a 

basic four-fold symmetry, including four nitrogen atoms directed toward the center. 

There are 12 positions on the peripheral porphyrin ring (see labeling in Chart 1-1) 

which may contain different electron-withdrawing or electron-donating substituents. 

These 12 positions are generally divided into two groups: four meso positions (labeled as 

5, 10, 15 and 20 in Chart 1-1) and eight positions (labeled as 2, 3, 7, 8, 12, 13 and 17, 

18). The electron density at the meso and positions of the macrocycle are proportional 

to the atomic orbital (AO) coefficients of the porphyrin. According to Gouterman and 

coworkers,
6,7

 the electron density distribution on the porphyrin HOMO depends on the 

highest occupied molecular orbital, which has been classified as a1u or a2u. Substituents 

around the π-ring system will modify the HOMO and LUMO energy levels of the 

porphyrin π-ring system by electronic perturbation and steric effects. Interaction between 

substituents, or between the porphyrin ring and bulky substituents, will decrease the 

conjugation of the π-ring system.
8,9

 Therefore, the chemical and electrochemical 

properties of porphyrins can be influenced by structural, electronic and steric effects.
10-14
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Chart 1-1. Structure of porphyrin (porphine) and labeling system. 

           The free-base porphyrin ligand, H2TPP, has a charge of -2. The neutral free-base 

porphyrin contains two protons bound to the core nitrogens and can accept two more 

protons to give the diprotonated species [H4TPP]
2+

. Compounds possessing pyridyl 

groups on the meso-positions of the macrocycle makes the protonation process more 

complex since proton addition can occur at both the central nitrogen and at the periphery 

of the molecule. Elucidating the electrochemical and spectroscopic properties of these 

partially or fully protonated compounds is important for obtaining a clearer 

understanding of their potential biomedical applications. 
15-18

 

1.3 Pyridylporphyrins and Tetra-4-N-Methylpyridylporphyrins 

Acid-base properties of simple porphyrins are limited to the protonation or 

deprotonation of the central nitrogen atoms in the macrocycle. Both of these processes 

lead to an increase in symmetry from D2h to D4h, and only two Q band absorptions are 

observed. However, when the peripheral substituents are acidic or basic, it becomes 

important to determine the relative acidities and basicities of the different sites on the 

molecule. It is also important to understand the potential interactions which occur 
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between the sites.
19-22

 The protonation of free-base pyridylporphyrins in nonaqueous 

media was reported by Wang and Wamser,
23

 but it was unclear from this study whether 

the central nitrogen atoms and pyridyl substituents were protonated together or separately. 

As part of our research, we wished to investigate the sequence of protonation processes 

for several pyridylporphyrins and to also investigate the effect of protonation on the 

electrochemical properties of the compounds. 

Meso-tetrapyridylporphyrins are precursors in the synthesis of tetra-4-N-

methylpyridylporphyrins. Porphyrins of the type (TMPyP)M (shown in Chart 1-2) can be 

prepared by methylation of the meso-pyridyl groups on the tetrakis(4-

pyridyl)porphyrin
24,25

 and are generally called “water-soluble” porphyrins due to the 

positively charged N-CH3 pyridyl group at each meso position of the macrocycle. These 

porphyrins possess unique electrochemical
26-35

 and physicochemical
36-41

 properties as a 

result of their positive charges. 

Electrochemistry has been reported for metal derivatives of N-

methylpyridylporphyrins. However, there are only a few publications on free-base N-

methylpyridylporphyrins. This is addressed in the present thesis which reports the 

electrochemistry of positively-charged free-base N-methylpyridylporphyrins with 

different counteranions in nonaqueous solvents.  
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Chart 1-2. Structures of (a) a meso-tetrapyridylporphyrin and (b) a positively charged 

tetra-N-methylpyridylporphyrin (TMPyP) where the X
-
 counteranions are shown as 

dissociated. 

 

1.4 Corroles 

Corroles are aromatic organic molecules whose structure is similar to a corrin.
42

 

The ring consists of nineteen ring carbon atoms, with four nitrogen atoms in the core of 

the molecule (shown in Chart 1-3). From this perspective, the structure of the corrole is 

similar to a porphyrin (Chart 1-1), which is also an organic macrocycle but has twenty 

ring carbon atoms and is found in hemoglobin and chlorophyll. However, corroles and 

porphyrins differ in the charge of the deprotonated macrocycle, which is -3 for the 

corrole and -2 for the porphyrin. As a consequence, the corrole macrocycle can stabilize 

the central metal ion in a higher oxidation state than for the same corresponding metal ion 

in the porphyrin macrocycle.
43

 Corroles have attracted considerable interest because of 

their possible applications in the areas of catalysis,
44-55

  photochemistry
56-72

 and 

pharmacology.
73-82
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Chart 1-3. Structure and labeling system of a corrole. For comparison, see the core 

porphyrin structure and labeling system in Chart 1-1. 

 

1.5 Electrochemistry and Spectroelectrochemistry 

1.5.1 UV-Vis Spectroscopic Characterization of Porphyrins 

            The highly conjugated porphyrin macrocycle exhibits an intense absorption 

(extinction coefficient > 200,000) at around 400 nm (the "Soret" band).
6
 There are also 

several weaker absorptions (Q bands) at longer wavelengths (450 to 700 nm).  

            

1.5.2 Electrochemistry 

            The electrochemistry of porphyrins, corroles and related molecules has been 

studied for many years by the Kadish research group.
83-100

 Cyclic voltammetry has often 

been utilized to study electrochemical processes and to characterize electron transfer 

mechanisms and redox potentials, as well as to identify the presence of intermediates in 

redox reactions. Cyclic voltammetry also can be used as an identification tool for 

identifying homogenous chemical reactions coupled to the electron transfer and for 

confirming coordination at the central metal. It is also used to evaluate the number of 
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electrons added in each redox process and to measure the electrochemical standard 

potential, called a half wave potential (E1/2).  

           The current-voltage curve in Figure 1-1 illustrates the shape of a cyclic 

voltammogram. When the potential is scanned negatively from point “a” to point “c”, a 

reduction occurs at the half wave potential of the compound. The resulting current upon 

reduction is called the cathodic current (ipc). The corresponding peak potential is called 

the cathodic peak potential (Epc). At point "c" the potential scan is reversed and an 

oxidation of the reduced species will occur on the back scan. The reverse anodic peak 

potential is called the anodic peak potential, Epc. The half-wave potential E1/2 is 

determined by the average of Epa and Epc, as shown in Eq 1.1. 

                                                                                                 

           The use of electrochemical techniques has made it possible to control redox 

reactions, to generate new species in high or low oxidation states and to obtain detailed 

information about the entire electron transfer process, including the reaction mechanisms 

and the rates of electron transfer.
83

 In an electrochemical experiment, the LUMO 

represents the orbital to which an electron is added (reduction) and the HOMO represents 

the orbital to which an electron is abstracted (oxidation). Therefore, the difference 

between the first oxidation and the first reduction potential, |E1/2(ox)-E1/2(red)|, can be 

related to the HOMO-LUMO gap which is also called the "electrochemical gap."
101

 This 

piece of data provides a significant link between electrochemical, spectroscopic and 

structural properties of the molecule. In particular, it provides electrochemical evidence 

for the degree of π-conjugation in systems such as porphyrins. It may also provide 
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information about the location of the added or abstracted electron in the singly reduced or 

singly oxidized species. 

 

 

Figure 1-1. Example of cyclic voltammogram showing an initial reduction and 

reoxidation on the reverse scan. 

 

1.5.3 Spectroelectrochemistrry 

            Spectroelectrochemistry is a method which combines both electrochemical and 

spectroscopic monitoring techniques. Under potential control, spectroscopic information 

about in situ electrogenerated species may be obtained. The wavelengths and molar 

absorptivities of the oxidized or reduced products can then be utilized to study electron 
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transfer mechanisms of a given redox reaction, to identify the products of the redox 

reaction and, in some cases, to elucidate the site of the electron transfer reaction. 

           Changes in UV-visible spectra upon oxidation or reduction can provide important 

information for assigning the site of electron transfer in porphyrins and also for 

investigating the electronic structure of the oxidized or reduced species. The electronic 

absorption spectra of metalloporphyrins are dominated by π- π* transitions.
6
 Therefore, 

the addition or removal of electrons from the π-ring system of the porphyrin macrocycle 

will usually lead to major spectral changes. The formation of a porphyrin π-cation radical 

involves the removal of an electron from the HOMO and transitions from lower lying 

orbitals to the newly established 'hole' are possible. The UV-visible spectrum of a 

porphyrin π-radical cation generally consists of broad overlapping bands in the visible 

region of the spectrum and a broadened and decreased intensity "Soret band" in the 

spectral region from 380 to 420 nm. 

           The addition of an electron to the porphyrin LUMO results in the formation of a π-

radical anion. The resulting UV-visible spectra are characterized by a collapse of the 

Soret band to about half of its original intensity and the appearance of visible bands at 

600-900 nm.
6,102,103
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2.1 Cyclic Voltammetry 

           Cyclic voltammetry was carried out at 298 K using an EG&G Princeton Applied 

Research (PAR) 173 potentiostat/galvanostat. A home-built three-electrode cell was used 

for cyclic voltammetric measurements which consists of a glassy carbon working 

electrode (WE), a platinum counter electrode (CE) and a homemade saturated calomel 

reference electrode (SCE). 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. The working and counter electrodes were made from platinum mesh. Both the 

working and reference electrodes were placed in one compartment, while the counter 

electrode was in another compartment. 

           The potential is applied between the working electrode and the reference electrode. 

Measurements were conducted using a three-electrode cell (Figure 2-1). In cyclic 

voltammetry, the potential of the working electrode is ramped linearly versus time, as 

shown in Figure 2-2. In the 1st cycle (solid line), the potential scans negatively, starting 

from +0.8 V to -0.2 V and then the scan reverses and returns to the initial potential  of 

+0.8 V. The half wave potential for the investigated reaction should be located between 

+0.8 and -0.2 V for the example given.  
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Figure 2-1. Schematic illustration of the home-built electrochemical cell with the 

working counter and reference electrodes. 
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Figure 2-2. Cyclic voltammetry waveform showing a scan between 0.8 to -0.2 V. 
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2.2 UV-Visible Spectroelectrochemistry Methods 

           Spectroelectrochemical experiments were performed using a home-built thin-layer 

cell, which has a platinum net working electrode (Figure 2-3).
1,2

 Potentials were applied 

and monitored with an EG&G PAR Model 173 potentiostat. High-purity N2 from Trigas 

was used to deoxygenate the solution and was kept over the solution during each 

electrochemical and spectroelectrochemical experiment. Time-resolved UV-visible 

spectra were recorded with a Hewlett-Packard Model 8453 diode array 

spectrophotometer. The combination of electrochemistry and spectroscopy allows for a 

determination of the spectrum of the species formed in solution during the time of the 

electron transfer. The use of spectroelectrochemistry may help to determine the specific 

site of electron transfer. 

 

2.3 Spectral Titration Methods For Determination of Equilibrium Constants 

Changes in the UV-visible spectra of the pyridylporphyrins in CH2Cl2 were 

monitored during a titration with TFA and the resulting spectral data was then used to 

calculate the formation constants for proton addition using the Hill equation
3
 

                                 log [(Ai-A0)/(A0-Af)] = logK + n log [H
+
]                              

where Ai is the absorbance in solutions with a specific concentration of added protons 

[H
+
], A0 is the initial absorbance when [H

+
] = 0.0 and Af is the final absorbance of the 

fully protonated porphyrin. The slope of the log [(Ai-A0)/(A0-Af)] vs log[H
+
] plot gives n, 

the number of protons added to the core nitrogen atoms. The value of logK is evaluated 
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from the intercept of the line at log[(Ai-A0)/(A0-Af)] = 0.0.  An example of UV-visible 

spectra changes during a titration is shown in Figure 2-4. This method has been utilized 

in publications of our group to study protonation/deprotonation or equilibrium 

constants.
4-9

 

 

 

Figure 2-3 Schematic illustration of the thin-layer UV-visible spectroelectrochemical 

cell.
1
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Figure 2-4 An example of UV-visible spectra changes during titration, where A0 is the 

initial absorbance, Ai is the absorbance at a given point in the titration and Af is the 

absorbance in the final step. 
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2.4 Other Experimental Methods 

2.4.1 Degassing the Solution 

           High-purity nitrogen (99.99%, Ultra High Purity, Matheson-Trigas) was used to 

deoxygenate the solutions for 5-10 minutes before each electrochemical experiment and a 

positive nitrogen pressure was maintained above the solution throughout the experiment. 

 

2.5 Chemicals and Investigated Compounds 

2.5.1 Chemicals 

           Benzonitrile (PhCN) was purchased from Sigma-Aldrich Chemical Co. and 

distilled over P2O5 under vacuum prior to use. Absolute dichloromethane (CH2Cl2, 99.8%) 

from EMD Chemicals Inc. was used for electrochemistry without further purification. 

N,N'-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) were purchased from 

Sigma-Aldrich Chemical Co. High purity N2 from Matheson-Trigas was used to 

deoxygenate the solutions for 5-10 minutes before each electrochemical experiment. 

Tetra-n-butylammonium perchlorate (TBAP), tetra-n-butylammonium chloride > 97% 

(TBACl), tetra-n-butylammonium bromide > 98% (TBABr) and tetra-n-butylammonium 

iodide > 99% (TBAI), used as supporting electrolyte, were purchased from Sigma-

Aldrich. 

 

2.5.2 Investigated Compounds 

           All compounds investigated in this thesis were synthesized in the laboratories of 

our collaborators. The free-base and metallopyridylporphyrins (Co, Ni, Cu and Zn) with 
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one, two or four pyridyl substituents were prepared by Dr. Claude Gros's group at the 

Université de Bourgogne in Dijon, France. Iron ferrocenylcorroles with NO, C6H5 or Cl
-
 

as axial ligands were prepared by the group of Dr. Roberto Paolesse at the Università di 

Roma Tor Vergata in Italy. Free-base tetra-N-methylpyridylporphyrins with Cl
-
, Br

-
, I

-
 or 

PhSO3
-
 as counter anion were prepared by PorphyChem in Dijon, France. All of the 

investigated compounds were stored in the dark and, in some cases, under vacuum. The 

UV-visible spectrum of each compound was measured in Houston before carrying out the 

experiments and the resulting spectral data was compared to the spectrum provided to us 

by our collaborators or published in the literature.  
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Chapter Three 

Electrochemistry and Acid-Base Properties of Free-base 

Pyridylporphyrins in Nonaqueous Media   
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3.1 Introduction 

Equilibrium constants for the conversion of each neutral porphyrin to its diprotic 

[H4P]
2+

 form were determined and the electrochemistry was elucidated as a function of: (i) 

type of nonaqueous solvent, (ii) anion of the supporting electrolyte, (iii) porphyrin ring 

substituents and (iv) concentration of acid added to solution. Spectroelectrochemistry was 

used to characterize absorption spectra of each electroreduced species and, when 

combined with results of the former studies, significantly improves the ability to tune the 

redox reactivity of these types of compounds. 
1-3

 

The protonation properties of two mono-pyridylcorroles, (2, 4, 6-tri-

MePh)2PyCorH3 and (2, 6-di-ClPh)2PyCorH3, and one di-pyridylcorrole, represented as 

(2, 6-di-F-Ph)Py2CorH3, were investigated in 2007 by Kadish and coworkers.
4
  For the 

mono-pyridylcorroles, the first proton addition occurs at the nitrogen of the meso-pyridyl 

substituents, while the second proton is added to the central nitrogens of the macrocycle. 

The corrole with two meso-pyridyl groups can accept three protons in total, one at the 

nitrogen of each pyridyl group and one at the unprotonated nitrogen of the macrocycle. 

The reported pyridyl group protonation constants ranged from 3.25 to 4.34, while the 

core nitrogen protonation constants ranged from 0.80 to 2.38 in benzonitrile (PhCN), 

with trifluoroacetic acid (TFA).
4
 

Meso-tetrapyridylporphyrins are precursors in the synthesis of tetra-N-

methylpyridylporphyrins and many of these compounds have been examined as to their 

electrochemistry in both water
9, 12

 and nonaqueous solvents.
5-12

 
 
Recently, the protonation 
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of free-base pyridylporphyrins with zero, one, two (cis and trans), three or four meso-

pyridyl groups was reported by Wang and Wamser using UV-vis
13

 and NMR
14

 

spectroscopy to monitor the reactions.  

The free-base porphyrin with a meso-aminophenyl group interacts with the 

protonated pyridyl groups of the protonated porphyrins, but no such interaction was 

observed for the compounds with unsubstituted phenyl substituents.  

The role of counteranions in acid-induced aggregation of three different types of 

isomeric tetrapyridylporphyrins were studied by Scolaro and coworkers
10

 in organic 

solvents represented, where the investigated compounds are represented as H2Py4Por, 

H2Py3Por and H2Py2Por. The UV-vis spectral data confirmed that H2Py4Por was first 

protonated on the four pyridyl groups and then on the porphyrin central nitrogen. The 

spectroscopic features of the protonated and aggregated porphyrins were strongly 

influenced by the nature of the acid counterion, which was Cl
-
, Br

-
, I

-
 or CF3COO

-
. 

In order to better understand how changes in the meso-substituents and the overall 

charge of a porphyrin might affect protonation of the central and pyridyl nitrogens, we 

examined the UV-vis spectra and electrochemistry of several free-base and metallo-

pyridylporphyrins in neutral and acidic media; the structures of the investigated 

pyridylporphyrins are shown in Chart 3-1.  
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Chart 3-1. Structures of investigated pyridylporphyrins. 
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3.2 Results and Discussion 

3.2.1 Spectroscopic Characterization 

Electronic absorption spectra of H2Py(PhMe)3Por 1H2, H2Py2(PhMe)2Por 2H2 

and H2Py4Por 4H2 in CH2Cl2 and pyridine are illustrated in Figure 3-1 and a summary of 

the spectral data in the five utilized nonaqueous solvents is given in Table 3-1. Each free-

base pyridylporphyrin is characterized by a Soret band at 417 to 423 nm and four Q 

bands located between 511 and 650 nm. As seen in the table, similar spectral features are 

present for each neutral compound, independent of the solvent and number of meso-

pyridyl groups on the compound. Similar UV-visible spectra are also seen for the fully 

protonated free-base porphyrins in acid media. This spectral data is shown in Table 3-1, 

where the protonated compounds in DMF are represented in Table 3-2 as H4TPP
2+

, 1H5
3+

 

and 2H6
4+

. 
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Figure 3-1. UV-vis spectra of investigated free-base pyridylporphyrins in CH2Cl2 and 

pyridine. Values of log  are given in Table 3-1. 
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Table 3-1. UV/vis spectra data λmax (log ), nm for H2TPP, 1H2, 2H2 and 4H2 in different 

solvents. 

Solvent  cmpd  Soret band  Q bands 

CH2Cl2  H2TPP  418 (5.41)  515 (4.15) 549 (3.92) 593 (3.08) 649 (3.06) 

 

 1H2  418 (4.71)  515 (3.64) 551 (3.32) 590 (3.11) 647 (3.04) 

 

 2H2  420 (4.88)  517 (3.60) 554 (3.29) 593 (3.19) 650 (3.38) 

 

 4H2  415  511 548 588 648 

 

 

 

 

 

 

    

PhCN  H2TPP  423 (5.47)  516 (4.13) 552 (3.83) 593 (3.08) 649 (3.06) 

 

 1H2  423 (4.73)  518 (3.48) 553 (3.20) 593 (2.95) 647 (2.90) 

 

 2H2  423 (4.81)  518 (3.26) 555 (3.28) 593 (3.09) 649 (3.08) 

 

 

 

 

 

 

    

DMSO  H2TPP  420 (5.42)  515 (3.97) 549 (3.45) 591 (3.23) 646 (3.08) 

 

 1H2  419 (4.79)  515 (3.83) 550 (3.52) 591 (3.32) 647 (3.28) 

 

 2H2  418 (4.70)  515 (3.33) 550 (2.96) 591 (2.85) 647 (2.80) 

 

 

 

 

 

 

    

DMF  H2TPP  418 (5.41)  515 (4.07) 549 (3.69) 591 (3.51) 646 (3.40) 

 

 1H2  418 (4.81)  515 (3.87) 550 (3.57)  593 (3.32) 646 (3.30) 

 

 2H2  417 (5.05)  515 (3.67) 550 (3.25) 595 (3.09) 647 (3.16) 

          

Py  H2TPP  420 (5.25)  517 (3.96) 550 (3.69) 595 (3.52) 649 (3.54) 

  1H2  422 (5.30)  516 (4.18) 553 (3.70) 593 (3.68) 647 (3.60) 

  2H2  421 (5.37)  516 (4.19) 549 (3.83) 591 (3.68) 649 (3.54) 

  4H2  420  514 545 590 645 
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Table 3-2. UV-vis spectra data λmax, nm for H4TPP
2+

, 1H5
3+

 and 2H6
4+

 in DMF. 

 cmpd  Soret band  Q band 

 H4TPP2+  443   660 

 1H5
3+  448  669 

 2H6
4+  446   670 

 

 

3.2.2 UV-Vis Spectral Monitoring of Free-Base Pyridylporphyrin Protonation 

Protonation constants of the pyridylporphyrins were determined by monitoring 

changes in the UV-visible spectra as H
+
 was added to solution in the form of 

trifluoroacetic acid (TFA). An example of the data is shown in Figure 3-2 for the case of 

H2Py(PhMe)3Por 1H2 in PhCN and DMF. Also included in this figure is data for the 

reference porphyrin, H2TPP, in the same solvents. 

As seen in Figure 3-2, the protonation of 1H2 occurs in two steps, the first of 

which involves the addition of one H
+
 and the second two H

+
, as indicated by the slopes 

of the log-log plot. Only a slight red shift in the Soret band position is observed during 

the first protonation step; the shift in λmax is 4 nm in PhCN and 3 nm in DMF. The 

measured first step protonation constant was logK = 3.79 in PhCN and 2.05 in DMF.  

Significant spectral changes are observed during the second step protonation, 

where the Soret band shifts from 427 to 453 nm in PhCN and 421 to 448 nm in DMF. 

The free-base pyridylporphyrin accepts two protons in the second step and the measured 

protonation constants were logβ2 = 3.00 in PhCN and 0.30 in DMF. The observed 
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spectral changes and the magnitude of the protonation constant in the second step are 

similar for 1H2 and H2TPP, as shown in Figure 3-2. These results indicate that the first 

proton is added on the pyridyl group, followed by a two proton addition to the porphyrin 

central nitrogen atoms, as demonstrated for related compounds in a previous publication.
4
 

Even though similar spectral changes are observed for 1H2 and H2TPP in PhCN and 

THF, the protonation constant in DMF is much smaller than in PhCN. This is because 

DMF is a more basic solvent than PhCN. A summary of the measured protonation 

constants is given in Table 3-3. 
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Figure 3-2. UV-vis spectral changes during titration of free-base porphyrins 1H2 and H2TPP in (a) PhCN and (b) DMF with TFA 

and analysis of data for calculation of proton addition. 
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Table 3-3. Protonation constants for mono- and di-pyridyl free-base porphyrins in 

different solvents.  

Solvent 
1H2 

 
2H2 

n logK1 
 

n logK1 

PhCN 1.0 3.79 

 

1.0 4.31 

DMSO 1.0 3.06 

 

1.0 3.06 

DMF 1.0 2.05 

 

1.0 1.91 
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Figure 3-3. UV-vis spectral changes during titration of (a) H2TPP, (b) 1H2 and (c) 2H2 

with TFA and diagnostic log-log plots for calculation of proton constants. 
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As seen in Figure 3-3, protonation of the mono- and di-pyridylporphyrins 1H2 and 

2H2 occurs in two steps. The first proton addition involves the meso-pyridyl group(s), 

giving 1H3
+
 and 2H4

2+
, while the second involves the central nitrogen atoms, giving 

1H5
3+

 and 2H6
4+

. UV-vis spectra of the protonated pyridyl compounds 1H3
+
 and 2H4

2+
 

are virtually identical to each other. These spectra are characterized by a Soret band at 

421 or 422 nm and a Q band at 523 nm. The logK values are also similar for the two free-

base porphyrins, i.e., logK = 2.05 and 1.91, respectively.  The similar logK values for 

pyridyl group(s) protonation and similar spectra for the products of the protonation are 

consistent with the lack of an interaction between the neutral or protonated pyridyl 

groups of 2H2 and 2H4
2+

 across the molecule. Further evidence for this lack of interaction 

is given by the slope of 1.0 in the log-log plot of the pyridyl group protonation (see 

Figure 3-3c), which indicates that one proton is added to each of the two pyridyl nitrogen 

atoms of 2H2 at the same time, with no interaction between those two meso-substituents 

across the porphyrin macrocycle.  

Protonation of the central nitrogen atoms of H2(TPP), 1H2 and 2H2 occurs via a 

simultaneous two proton addition, as shown in Scheme 3-1. The final spectrum of 

[H4(TPP)]
2+

 in DMF is characterized by a Soret band at 443 nm and a Q band at 660 nm 

(Figure 3-3a). This spectrum can be compared to the spectrum of 1H5
3+

 in the same 

solvent which has bands at 448 and 669 nm (Figure 3-3b), and 2H6
4+

 which has bands at 

446 nm and 670 nm (Figure 3-3c). 
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The assignment for protonation on the pyridyl groups in the first step is also 

confirmed by the same type of spectral changes for the mono-pyridyl metalloporphyrins 

described in Chapter 4. These compounds are represented as 1M, where M = Cu, Ni and 

Zn and have the structures shown in Figure 4-1.  

Scheme 3-1. Proposed protonation mechanism for free-base pyridylporphyrins. 
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3.2.3 Protonated Pyridylporphyrins 

The spectroscopic properties of protonated tetrapyridylporphyrins in acidic 

nonaqueous media has been examined by several research groups,
15-17

 but the 

electrochemistry of these compounds has not been examined in previous studies and is 

therefore addressed in the current thesis.  

Cyclic voltammograms of the mono- and di-pyridylporphyrins are shown in 

Figure 3-4 before and after the addition of acid to the DMF solution. The neutral 

pyridylporphyrins are each reduced in two steps, located at E1/2 = -0.99 and -1.44 V for 

H2Py(PhMe)3P 1H2, and E1/2 = -0.95 and -1.36 V for H2Py2(PhMe)2P 2H2. The stepwise 

shift in potential towards an easier reduction (as compared to H2TPP) is expected, due to 

the larger electron-withdrawing properties of the pyridyl groups (as compared to a phenyl 

substituent). 

Adding 5.0 eq TFA to the DMF solution containing H2Py(PhMe)3P 1H2 or 

H2Py2(PhMe)2P 2H2 results in a shift towards more positive potentials, such that 

H2Py(PhMe)3P 1H2 undergoes reductions at Ep = -0.57 and Ep = -0.79 V and 

H2Py2(PhMe)2P 2H2 exhibits reductions at Ep = -0.38 and Ep = -0.60 V, as shown in 

Figure 3-4b. All of the reductions are irreversible and a single reoxidation is seen at Ep = 

-0.18 and -0.04 V for the mono and dipyridylporphyrin, respectively. 

The more facile reductions of H2Py(PhMe)3P 1H2 and H2Py2(PhMe)2P 2H2 in 

DMF containing 5.0 eq TFA are consistent with the addition of protons to the pyridyl 

groups of the porphyrins, giving [H2PyH(PhMe)3P]
+
 and [H2(PyH)2(PhMe)2P]

2+
 as the 
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redox active species in solution. The peak potentials for the second reduction of the two 

porphyrins at -0.79 and -0.60 V are quite similar to E1/2 values for the first reduction of 

the singly and doubly charged N-methylpyridyl porphyrins.
18

 

The first reduction of the two compounds in Figure  3-4 at  Ep  =  -0.57  and  Ep = 

-0.38 V is associated with an irreversible electron addition to the fully protonated 

pyridylporphyrins having protonated core nitrogen atoms. The  oxidations  at  -0.18   and 

-0.04 V are also assigned to processes involving compounds with protonated central 

nitrogens and this would then suggest a reduction and reoxidition mechanism such as the 

one shown in the third row (step iii) of Scheme 3-2, where the reduction involves electron 

addition to [H4PyH(PhMe)3P]
3+

 and [H4(PyH)2(PhMe)2P]
4+

, and the reoxidation involves 

electron abstraction from the same species. 

There is no evidence for phlorin formation in DMF solutions with low TFA 

concentrations, but in the presence of excess TFA, the current-voltage curves resemble 

those described for H2TPP and other related porphyrins. This is shown by the cyclic 

voltammograms in Figure 3-4c, where three redox processes are observed for each 

compound. The first corresponds to a two electron reduction of the fully protonated 

porphyrin at E1/2 = -0.44 V (for [H4TPP]
2+

), Epc = -0.22 V (for [H4PyH(PhMe)3P]
3+

) and 

Epc = -0.09 V (for [H4(PyH)2(PhMe)2P]
4+

). The electrogenerated dianion then reacts with 

excess acid in solution to give a phlorin anion which is reversibly reduced at E1/2 = -0.67, 

-0.60 or -0.51 V and irreversibly reoxidized at E1/2 = 0.51, 0.56 and 0.68 V, for the three 

compounds as shown in Figure 3-4c.  
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In each case, the shift of potential in a positive direction with an increase in the 

number of meso-pyridyl groups on the porphyrin is consistent with the known electron-

withdrawing properties of the substituent. A summary of the above described mechanism 

is given in Scheme 3-2 for the 1H2 and a similar mechanism is proposed for 2H2. The 

only difference is in the potential values for the indicated redox processes 1 to 7.  

 

Figure 3-4. Cyclic voltammograms of H2TPP, H2Py(PhMe)3P and H2Py2(PhMe)2P (~10
-4

 

M) in (a) DMF containing 0.1 M TBAP, (b) DMF containing 0.1 M TBAP and 5.0 eq 

TFA and (c) DMF containing excess TFA. The reactions occur for the processes labeled 

1 to 7 are described in Scheme 3-2. 
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Scheme 3-2. Proposed reduction mechanism for H2Py(PhMe)3P before and after 

protonation in DMF. A similar mechanism is proposed for H2Py2(PhMe)2P but with all 

potentials shifted positively, as shown by the cyclic voltammograms in Figure 3-4. 
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3.3 Conclusions 

Acid-base and electrochemical properties of three free-base porphyrins with one, 

two or four meso-pyridyl substituent(s) were characterized in nonaqueous media. The 

protonation reactions of porphyrins in this series occurs in two steps: the first step 

involves the pyridyl substituent(s) and results in a systematic red shift in the position of 

the Soret band, as well as in the formation of a new Q band; the second protonation step 

involves the two core central nitrogen atoms of the porphyrin macrocycle. Protonation 

leads to a shift in the position of the Soret band and a new Q band. Protonation also has 

an effect on the electrochemical properties of this series of porphyrins which are easier to 

reduce as compared to the unprotonated parent compounds. 
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Chapter Four 

Electrochemistry and Acid-Base Properties of 

Metallopyridylporphyrins in Nonaqueous Media 
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4.1 Introduction 

Porphyrins and their analogues have attracted considerable attention for use in a 

broad range of applications.
1-17

 Our own interest in porphyrins has been primarily in 

elucidating their solution redox properties as a function of changes in structures and 

solvent and, in this regard, our group recently reported the electrochemical reactions of 

free-base porphyrins in nonaqueous solvents.
5,7-9

  

In this chapter, we report how changes in the meso-substituents and overall charge 

of the porphyrin will affect the protonation, UV-vis spectra and electrochemistry of 

meso-pyridyl nitrogens for derivatives with different central metals. The structures of the 

investigated pyridylporphyrins are shown in Chart 4-1.  

During the course of our studies we observed that changes in the UV-vis spectra 

during protonation of the cobalt pyridylporphyrins closely resembled spectral changes 

obtained upon electroxidation of the compound in nonaqueous media.
18-24

 This suggested 

to us that protonation of the porphyrin may result in a change of the initial Co(II) 

oxidation state of the compound, giving a Co(III) porphyrin product.  

Co(II) porphyrins can exist as four, five or six-coordinate species while Co(III) 

porphyrins usually exist as five and six-coordinate species. The products of the pyridyl 

porphyrin protonation may aggregate due to a change in oxidation states of cobalt. The 

aggregation of porphyrin complexes in nonaqueous solvents is a well-known 

phenomenon
2
 that affects both spectroscopic and electrochemical properties of these type 

complexes. To our knowledge, there have been no publications that reported similarities 
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between the products of protonation and the oxidation of the same metalloporphyrin in 

solution. 

 

Chart 4-1. Structures of investigated metallopyridylporphyrins. 
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4.2 Results and Discussion 

4.2.1 UV-vis Spectral Monitoring of Metallopyridylporphyrin Protonation 

The UV-visible spectra of neutral NiPy(PhMe)3Por, CuPy(PhMe)3Por and 

ZnPy(PhMe)3Por are virtually identical to each other in PhCN, each porphyrin being 

characterized by a sharp Soret band between 419 and 428 nm and a single Q band 

between 530 and 559 nm. 

The spectral changes which occur upon titration with TFA for the mono-pyridyl 

metalloporphyrins 1M where M = Cu, Ni and Zn are similar to the initial spectral 

changes observed for the free base porphyrins. These changes are described in Chapter 3 

and are associated with protonation of the porphyrin pyridyl groups in the first step. The 

metallopyridylporphyrins can only be protonated on the meso-pyridyl group and when 

this occurs, the Soret band shifts by 3 nm in PhCN. The pyridyl protonation constant for 

1Ni and 1Cu are 4.16 and 4.17, while logK = 4.50 for 1Zn under the same solution 

conditions. For comparison, the measured pyridyl protonation constant of 1H2 is logK = 

3.79. Analysis of the spectral changes for the compounds in Chapter 3 confirmed that the 

initial protonation of the free-base pyridylporphyrins occurred at the pyridyl substituent(s) 

prior to protonation the central nitrogen atoms of the macrocycle. 

The final UV-visible spectra of the fully protonated pyridylporphyrins are also 

similar to spectra of the mono-pyridyl metalloporphyrins 1M, each spectrum being 

characterized by a decreased intensity Soret band located between 422 and 431 nm, as 

graphically shown in Figure 4.1. 
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Figure 4-1. UV-visible spectral changes of 1Ni, 1Cu and 1Zn in PhCN during titration 

with TFA. The figure insets show the Hill plots used for analysis. 
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4.2.2 Electrochemistry and Spectroelectrochemistry of Metallopyridylporphyrins  

           The electrochemistry of each metallopyridylporphyrins was characterized in PhCN, 

DMSO, DMF and CH2Cl2 containing 0.1 M TBAP. A summary of half-wave potentials 

for each reduction in these solvents is given in Table 4-1. Due to poor solubility, data 

could not be obtained for all of the compounds in each solvent.  

Examples of cyclic voltammograms in PhCN containing 0.1 M TBAP are 

illustrated in Figure 4-2 for CuPy(PhMe)3Por 1Cu,  NiPy(PhMe)3Por 1Ni and 

ZnPy(PhMe)3Por 1Zn. The electrochemical behavior of 1Cu, 1Ni and 1Zn are similar to 

each other. In each case, there are two one-electron reductions located at half-wave 

potentials which are dependent upon the central metal in the macrocycle. 1Cu has a first 

reversible reduction at E1/2 = -1.32 V and a second reversible reduction at E1/2 = -1.69 V. 

1Ni has a first reversible reduction at -1.23 V and a second reversible reduction at -1.62 

V. 1Zn has two reversible reductions at E1/2  = -1.35 and -1.74 V. 

           Electrochemical measurements of 1Co and 2Co could not be carried out in PhCN, 

CH2Cl2 or DMF due to low solubility, but well-defined current voltage curves were 

obtained in pyridine, as shown by the cyclic voltammogram in Figure 4-3 for 1Co.  

     The two sets of non-coupled reduction and oxidation peaks in Figure 4-3 are 

related to changes in the degree of pyridine coordination by the porphyrin in its Co(II) 

and Co(III) oxidation states. This has been observed numerous times in the literature for a 

variety of related compounds where the initial Co(III) porphyrin in pyridine is 6-

coordinate, the Co(II) porphyrin is 5-coordinate and the Co(I) porphyrin is 4-coordinate. 
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The “split” redox reactions at Epc = -0.42 and Epc = 0.00 V in Figure 4-3 and the 

associated oxidation/reduction mechanisms are associated in each case with an 

electrochemical EC mechanism, where the electron transfer step (E) is reversible and the 

chemical reaction following oxidation or reduction (C) involves the gain or loss of an 

axial ligand.
1,22,23,25,26

 

 

Figure 4-2. Cyclic voltammograms of CuPy(PhMe)3Por (1Cu),  NiPy(PhMe)3Por (1Ni) 

and ZnPy(PhMe)3Por (1Zn) in PhCN containing 0.1 M TBAP. 
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The first reduction of CoPy(PhMe)3Por (1Co) in pyridine (abbreviated as pyrd) at Epc 

= -1.20 V is coupled with a re-oxidation at Epa = -0.89 V. The first oxidation of 1Co in 

pyridine at Epa = 0.00 V is coupled to a re-reduction at Epc = -0.42 V. These reductions 

and oxidations all correspond to metal-centered reactions and the proposed mechanism 

for the Co
II
/Co

III
 and Co

II
/Co

I
 processes is given in Scheme 4-1. Only the metal center 

(Co
III

, Co
II
 or Co

I
) and the bound pyridine (pyrd) axial ligand are shown in the Scheme.  

This scheme is based in part on analysis of the current-voltage curves, in part on 

absorption spectra obtained during controlled potential electrolysis at 0.30 and -1.40 V in 

a thin layer spectroelectrochemical cell (Figure 4-3b) and in part on similar mechanisms 

proposed for a variety of structurally related cobalt porphyrins in pyridine.
12 
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Table 4-1. Half-wave potentials (V vs SCE) of investigated mono- and di-

pyridylporphyrins in different solvents containing 0.1 M TBAP. Scan rate = 0.1 V/s. 

Solvent M 
Mono 

 
Di 

1
st
 red 2

nd
 red 

 
1

st
 red 2

nd
 red 

PhCN 2H -1.12 -1.51 
 

-1.06 -1.45 

  Cu -1.24 -1.69 
 

-1.20 -1.64 

  Ni -1.23 -1.62 
 

-1.18 -1.53 

  Zn -1.35 -1.74 
 

a a 

  
  

 
  

 

DMSO 2H -1.00 -1.42 
 

-0.95
b
 -1.36

 b
 

  Cu -1.15 -1.63 
 

-1.09
 b
 -1.53

b
 

  Zn -1.29
c
 -1.69 

 
-1.20

 b
 -1.64

 b
 

  
  

 
  

 

DMF 2H -0.99 -1.44 
 

-1.00 -1.44 

  
  

 
  

 

CH2Cl2 2H -1.18 -1.51 
 

-1.14 -1.46 

  Ni -1.25 -1.58 
 

-1.23 -1.53 

a 
Data could not be obtained due to the poor solubility of 2Zn; 

b
Second scan; 

c
 An extra irreversible reduction was seen at Ep = -0.84 V 
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4.2.3 Aggregation of Zinc Pyridylporphyrin Before Addition of Acid 

           The UV-visible spectral changes recorded for 2Zn in PhCN during titration with 

TFA are shown in Figure 4-4. The initial porphyrin has a Soret band at 428 nm and a Q 

band at 554 nm but as TFA is added to solution, the intensity of both bands decrease and 

the Soret band shifts to 431 nm. However, as more TFA is added to solution, the intensity 

of the band at 431, 560 and 619 nm all increase. This change can be accounted for by 

aggregation of the initial porphyrin and by a breaking up of the aggregate in the presence 

of higher acid concentrations, giving protonated 2Zn in its monomeric form as a final 

product of the proton addition reaction. 

  

  

 

Figure 4-3. (a) Cyclic voltammograms and (b) UV-vis spectral changes for oxidation and 

reduction of CoPy(PhMe)3Por 1Co in pyridine. 
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Figure 4-4. UV-visible spectra changes of 2Zn in PhCN during titration with TFA. The 

figure inset shows the Hill plot used for analysis. 
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Scheme 4-1. Proposed mechanism for oxidation and reduction of Co
II
Py(PhMe)3Por 1Co 

or Co
II
Py2(PhMe)2Por 2Co in pyridine, where P represents Py(PhMe)3Por or 

Py2(PhMe)2Por and pyrd = pyridine. Only the central metal ion (Co
III

, Co
II
 or Co

I
) and 

axial ligand (pyrd) are shown). The initial 5-coordinate porphyrin in solutions of pyridine 

is shown in the red box. 
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4.2.4 Aggregation of Cobalt Pyridylporphyrin After Addition of Acid 

     Three types of UV-visible spectra are observed for CoPy(PhMe)3Por (1Co) and 

CoPy2(PhMe)2Por (2Co) in pyridine. The first is for the Co(II) porphyrin which has 

bands at 414 and 533 nm and is 5-coordinate, as shown in Figure 4-4b and Scheme 4-1. 

The second is for the 6-coordinate Co(III) porphyrin which is characterized in pyridine 

by bands at 436-438 and 553-555 nm. Co(I) porphyrins do not bind axial ligands and the 

singly reduced 4-coordinate species is characterized by bands at 365, 428 and 520 nm, as 

shown by the spectroelectrochemical data in Figure 4-4b. 

     As discussed earlier in this thesis and shown in Figure 4-5, the one electron 

oxidation of 1Co in pyridine leads to a species whose absorption spectrum is almost 

identical to that obtained upon addition of TFA to the same porphyrin in CH2Cl2. One 

equivalent of protons is needed to generate the Co(III) spectrum shown in Figure 4-5b 

and this can be accounted for by the initial formation of a mono-protonated 

pyridylporphyrin followed by a rapid internal transfer of an electron and oxidation of the 

Co(II) center, as illustrated in Scheme 4-2. 

      The chemically generated Co(III) porphyrin formed in Step 1 of Scheme 4-2 will 

then rapidly self-associate via axial coordination of a pyridyl group from one molecule to 

the central cobalt ion of another. The identity of the final product in this reaction is 

unknown but it must involve a higher aggregated form of the Co(III) porphyrin, an 

example of which is shown in the Scheme 4-2. 
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Figure 4-5. Spectral changes of CoPy2(PhMe)2Por 2Co (a) upon a one electron oxidation 

at 0.30V in pyridine and (b) during the first protonation step of the neutral porphyrin in 

CH2Cl2. 
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Scheme 4-2. Proposed protonation and aggregation of oxidized CoPy2(PhMe)2Por 1Co.
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4.3 Conclusions 

 In this chapter we report the electrochemistry and acid-base properties of 

metallopyridylporphyrins of the form MPyx(PhMe)4-xP, where  M= Co(II), Ni(II), Cu(II) 

or Zn(II). This series of complexes is easily protonated on the meso-pyridyl substituents. 

The Cu(II), Ni(II) and Zn(II) pyridylporphyrins exhibit similar reduction behavior; each 

porphyrin undergoes two reversible reductions. The UV-vis data suggest that 2Zn is 

aggregated before the addition of protons but that monomers are formed after the addition 

of protons to solution; in contrast, the Co(II) pyridylporphyrins are converted to their 

Co(III) form after protonation and aggregation then occurs. 
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Chapter Five 

Electrochemical Studies of  

Free-base Tetra-N-methylpyridylporphyrins 
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5.1 Introduction 

In the early 1970s, the first examples of synthetic water-soluble porphyrins were 

reported.
1
 These compounds contained four negatively charged meso-substituents (i.e. 

tetra-4-sulfonatophenylporphyrin TPPS) or four positively charged substituents at the 

meso positions of the macrocycle (i.e., tetra-4-N-methylpyridinium porphyrin TMPyP)
2
. 

A few years later, the therapeutic potential of Fe
III

TMPyP was mentioned by Pasternack 

and Halliwell, who showed that compound catalyzed the conversion of superoxide to 

give H2O2 and O2.
3
 Due to their great stability, biocompatibility and ability to generate 

reactive oxygen species as well as the possibility to modify their structure and properties, 

water-soluble porphyrins were rapidly found to be promising candidates for many 

biological and medical applications.
4
 From then on, numerous other charged

5
 or neutral

6
 

water-soluble porphyrins have been synthesized. Despite the synthesis of many related 

important derivatives, the interest in TMPyP has remained high over the years.  

In 1972, Pasternack showed that, unlike anionic porphyrins such as TPPS, the 

cationic TMPyP tends to aggregate less than anionic TPPS in water at concentration of 

>10
-4

 M.
7
 Pasternack explained this result by a delocalization of the positive charges of 

the pyridinium groups onto the porphyrin ring that leads to a Coulombic repulsion 

between the molecules. The monomeric character of TMPyP at concentrations below 

<10
-3

 M was later confirmed by Kano,
8
 who compared its NMR spectrum with that of 

dimers formed by cis- and trans- 4-N-methylpyridiniumporphyrins.  

The aggregation properties of a given positively or negatively charged molecule 

are also strongly affected by the nature of any associated counterions, since changes in 
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the counterion can lead to significant changes in solubility. Charged compounds with 

small counterions tend to be less soluble than compounds with large counterions. This is 

because small ions bond more closely together than large ions, and they are harder to 

break apart, making them less soluble. Recently, the role of counteranions in the acid-

induced aggregation of tetrapyridylporphyrins in organic solvents was reported by De 

Luca et. al.
9
 The protonated species and resulting aggregates exhibit UV-visible spectra, 

which are significantly influenced by the nature of the counteranions.
9
 Moreover, 

depending on the type of anions, the porphyrin chromophores adopt different spatial 

arrangements that lead to a large variety of aggregates.  

Hurley and coworkers discovered a key property of the cationic TMPyP: this 

derivative is able to selectively stack as G-tetrads that stabilize quadruplex DNA, 

resulting in the inhibition of the telomerase.
10

 In 2014, Jiang and coworkers studied the 

influence of two counterions, chloride and tosylate, on the binding properties of the 

TMPyP with G-quadruplex.
11

 Based on UV-melting measurements, molecular modeling 

and mass spectrometry experiments, they concluded that tosylate contributes to the 

stabilizing effect of TMPyP tetratosylate on the DNA G-quadruplex.
11

 Furthermore, due 

to its photophysical properties, together with its monomeric character in aqueous media, 

TMPyP acts as an efficient photosensitizer to produce singlet oxygen. With this in mind, 

the derivative was further explored as a therapeutic, anti-angiogenic and antimicrobial 

drug.
4
 Despite the obvious interest of this porphyrin, few investigations have focused on 

the role of anions in the electrochemistry of these compounds and the literature lacks data 

about the influence on the physicochemical properties of these molecules. Nevertheless, 
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several strategies were developed to easily change the nature of the counteranions.
12,13

 

This adjustability is advantageous for fine-tuning the physical and chemical properties of 

the molecule.  

In the current chapter, we describe spectroscopic and electrochemical 

measurements carried out on a series tetra-N-methylpyridylporphyrins (shown in Chart 5-

1) with different counteranions in DMF and DMSO containing TBAPF6 or TBAI as 

supporting electrolyte. The examined compounds were synthesized in Dijon, France by 

our collaborator Dr. Roger Guilard, in collaboration with PorphyChem. 
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Chart 5-1. Molecular structures of the investigated porphyrins. 
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5.2 Results and Discussion 

5.2.1 Electrochemistry  

Figures 5-1 and 5-2 illustrate cyclic voltammograms of the metal-free 

[H2TMPyP]
4+

(X
-
)4 where X = Cl

-
, Br

-
, I

-
 or PhSO3

-
 in DMSO or DMF, containing 0.1 M 

TBAPF6 or TBAI. UV-vis data in of the compounds under these solution conditions are 

summarized in Table 5-1. 

As shown in Figure 5-1, this series of compounds all exhibit six reversible 

reductions in DMSO, containing 0.1 M TBAPF6 or TBAI, with half-wave potentials 

ranging from -0.47 to -1.11 V. However, when the solvent was changed to DMF, several 

of the reductions became overlapped, as shown in Figure 5-2. Half-wave potentials for 

reductions in both solvents with different electrolytes are summarized in Table 5-1.  

In contrast to the free-base derivatives, the metalated tetra-N-

methylpyridylporphyrins [TMPyPM]
4+

, where M = Cu(II), Zn(II) or VO(II), exhibit three 

two-electron reductions in DMF.
14,15

 The first reduction was assigned as involving 

electron addition to the porphyrin macrocycle, while the later two were assigned as 

involving reductions of the four external pyridiniums.  

The number of redox processes and potentials for reduction of  [H2TMPyP]
4+

(X
-
)4  

in DMSO and DMF vary greatly with change of the solvent, counteranion on the 

compound and type of utilized supporting electrolyte. This can be seen by the cyclic 

voltammograms in Figures 5-1 and 5-2. The use of DMSO as a solvent, 0.1 M TBAI as 

supporting electrolyte and PhSO3
-
 as the counteranion gives the best defined processes 

among the different investigated conditions.  
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Figure 5-1. Cyclic voltammograms of [H2TMPyP]
4+

(X
-
)4 in DMSO containing 0.1 M (a) 

TBAPF6 and (b) TBAI.  Scan rate = 0.1V/s. 
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Figure 5-2. Cyclic voltammograms of [H2TMPyP]
4+

(X
-
)4 in DMF containing 0.1 M (a) 

TBAPF6 or (b) TBAI. Scan rate = 0.1V/s. 
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5.2.2 UV-Vis Spectroscopy 

Spectroscopic data for the tetra-N-methylpyridylporphyrins with different 

counteranions are summarized in Table 5-2. As seen in the table, the UV-vis spectra of 

the initial compounds are similar to each other, which means that neither the solvent, 

counteranion or supporting electrolyte has an effect on UV-vis spectroscopic properties 

of the initial compound in the two investigated solvents.  
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Table 5-1. Half-wave reduction potentials of TMPyPX4 in DMSO or DMF containing 0.1M TBAI or 0.1M TBAPF6. 

solvent electrolyte anion 1
st
 red 2

nd
 red 3

rd
 red 4

th
 red 5

th
 red 6

th
 red 

DMF TBAPF6 Cl
-
 -0.53 -0.87

a 
-0.96

a
    

  Br
-
 -0.45 -0.55 -0.63 -0.84

a
 -0.89

a
 -1.42

a
 

  I
-
 -0.54 -0.61 -0.88

a
 -0.95

a
   

  PhSO4
-
 -0.54 -0.63 -0.86

a
 -0.94

a
   

 TBAI Cl
-
 -0.54 -0.66 -0.83

a
 -0.93

a
 -1.90

a
  

  Br
-
 -0.47 -0.53 -0.63 -0.84 -1.40

a
  

  I
-
 -0.52 -0.64 -0.88

a
 -0.94

a
   

  PhSO4
-
 -0.45 -0.53 -0.62 -0.83

a
 -0.92

a
 -1.44

a
 

         

DMSO TBAPF6 Cl
-
 -0.52 -0.55 -0.66 -0.84 -0.93 -1.08 

  Br
-
 -0.51 -0.56 -0.66 -0.84 -0.88 -1.07 

  I
-
 -0.53 -0.55 -0.65 -0.84 -0.92 -1.08 

  PhSO4
-
 -0.50 -0.55 -0.64 -0.87 -0.91 -1.08 

 TBAI Cl
-
 -0.51 -0.55 -0.65 -0.84 -0.91 -1.09 

  Br
-
 -0.51 -0.55 -0.65 -0.83 -0.90 -1.05 

  I
-
 -0.50 -0.53 -0.65 -0.84 -0.93 -1.11 

  PhSO4
-
 -0.47 -0.55 -0.64 -0.82 -0.90 -1.07 

a 
irreversible reduction  
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Table 5-2. UV-vis data of [H2TMPyP]
4+

(X
-
)4 in DMSO or DMF containing 0.1M TBAI or 0.1M TBAPF6. 

solvent electrolyte compound 

λmax (nm) 

electrolyte Por 

λmax 

Soret Q bands Soret Q bands 

DMSO TBAI H2TMPyPCl4 425 517 551 588 644 TBAPF6 H2TMPyPCl4 424 516 554 590 643 

  H2TMPyPBr4 425 516 553 586 644  H2TMPyPBr4 424 516 553 589 644 

  H2TMPyPI4 425 516 555 588 643  H2TMPyPI4 424 517 554 588 642 

  H2TMPyP(PhSO3)4 424 518 553 589 644  H2TMPyP(PhSO3)4 424 517 551 591 643 

               

DMF TBAI H2TMPyPCl4 425 520 558 592 646 TBAPF6 H2TMPyPCl4 425 517 556 590 650 

  H2TMPyPBr4 424 518 554 592 648  H2TMPyPBr4 424 516 555 590 651 

  H2TMPyPI4 425 517 553 593 651  H2TMPyPI4 425 518 552 591 647 

  H2TMPyP(PhSO3)4 424 516 553 592 651  H2TMPyP(PhSO3)4 424 516 552 591 650 
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5.3 Conclusions 

Four tetra-N-methylpyridylporphyrins with different counteranions were 

characterized by UV-vis spectroscopy and electrochemistry in DMSO and DMF, 

containing 0.1 M TBAPF6 or TBAI. The exact number of reductions and their 

reversibility are influenced by the type of solvent, the supporting electrolyte and/or the 

counteranion on the compound. Each porphyrin undergoes between three and six 

reductions at potentials between -0.45 to -1.11 V vs. SCE. 
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Chapter Six 

Electrochemical Studies of Ferrocenylcorrole Complexes 
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6.1 Introduction  

Porphyrins
1-10

 and porphyrinoids, such as phthalocyanines,
11,12

 

tetraazaporphyrins
13-15

 and corroles
16-19

  with linked ferrocene substituents are of interest 

due to their importance in the development of molecular-based electronic devices
20-23

 and 

molecular electrogenic sensors.
24

 These types of compounds can accept and/or release 

multiple electrons and are important in the area of multielectron redox catalysis
25

 and 

information storage at the molecular level.
26,27

  

Iron corroles containing ferrocene groups at the three meso-positions of the 

corrole macrocycle have been shown to undergo oxidations at the Fc units and have been 

studied as “mixed-valence state” derivatives.
28,29

 Corroles act as trianionic ligands, which 

are characterized by facile oxidations and the ability to induce facile ligand-to-metal 

electron transfers. Adding electron-donor ferrocenyl substituents at the meso-positions of 

the corrole macrocycle will enhance the tendency of these compounds to undergo an 

oxidation process.  

A series of iron 5,10,15-triferrocenylcorroles ligands were prepared by our 

collaborators in Rome and sent to us for investigation of their electrochemical properties. 

The structures of these compounds are shown in Chart 6-1. As shown in the chart, the 

difference in this series of compounds is both in the type of axial ligand bound to the 

central metal ion and the formal oxidation state of the iron in the initial form of the 

corrole. We wished to investigate how the different axial ligands on the central iron   

would influence the electrochemical properties of these compounds and we also wished 

to investigate the redox properties of the three linked Fc units. 
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Chart 6-1. Molecular structures of investigated Fe corroles. 

  



 

 

 

 

80 

 

6.2 Results and Discussion 

6.2.1 Electrochemistry of Iron Ferrocenycorrole 

Cyclic voltammograms of the investigated corroles in PhCN containing 0.05 M 

tetrakis-fluorophenyl borate(TFAB) as supporting electrolyte are shown in Figure 6-1. 

This series of corroles exhibits three reversible one-electron oxidations of the linked 

ferrocene groups at E1/2 values ranging from 0.50 to 0.79 V. Each ferrocenylcorrole also 

undergoes one or two reductions at E1/2 values of -1.76 to -1.95 V.  

As seen in Figure 6-1, the formal Fe
III

/Fe
II
 reaction of TFcCorrFe

III
(NO) and the 

formal Fe
IV

/Fe
III

 reaction of TFcCorrFe
IV

(C6H5) are located at identical half wave 

potentials of -0.43 V vs SCE.  A  second  reduction  of  the  two compounds is located at 

-1.83 and -1.76 V, respectively. 

Reduction of the iron corroles can occur at the iron center, at the conjugated π-

ring system of the macrocycle or, in the case of TFcCorrFe
III

(NO), at the NO axial ligand 

which can exist as a neutral NO, NO
+
 or NO

-
.
30-32

 The assignments of the electron 

transfer site is sometimes straightforward but, in other cases, it is not as clear, due to the 

reported non-innocence of the corrole ligand, which, in the case of iron complexes, have 

been described as [Fe
IV

(Corr
3-

)]
33

 or  [Fe
III

(Corr●
2-

)]
34

 by different research groups.  

The cyclic voltammogram for TFcCorrFe
IV

(Cl) is different than that of 

TFcCorrFe
III

(NO) or TFcCorrFe
IV

(C6H5). The product of first irreversible reduction at        

-1.42 V is proposed to be the [TFcCorrFe
III

(Cl)]
- 
anion. After the second reduction, the 

bound chloride ligand dissociates and the irreversible Fe(III)/Fe(II) process at Epc = -1.42 

V is coupled to an Fe(II)/Fe(III) reoxidation at Epa = -0.58 V for a scan rate of 0.1 V/s. 
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Similar redox behavior has been reported for other Fe(IV) corroles
35-38

 and the proposed 

mechanism, based on data in the literature for related compounds, is given in Scheme 6-

1.  

The data on the iron corroles described in this chapter should be compared with 

earlier results for the same series of compounds when the measurements were carried out 

in PhCN containing 0.1 M TBAP as supporting electrolyte (see CVs in Figure 6-2). 

When using TBAP as supporting electrolyte, the oxidation of TFcCorrFe
III

(NO) involved 

a global three electron oxidation of the three Fc groups at the same potential of 0.61 V 

and the oxidation peak current of 9 μA was three times that of the one electron reduction 

steps (3 μA).
39

  The two Fe(IV) corroles also undergo a global three electron oxidation of 

the Fc groups at 0.50 to 0.77 V. 

As seen in Figure 6-1, the cyclic voltammograms of TFcCorrFe
III

(NO) and 

TFcCorrFe
IV

(C6H5) are characterized by reversible one-electron reductions at almost 

identical potentials of E1/2 = -0.43 and -1.83  V  (for the iron-nitrosyl corrole)  and  E1/2 = 

-0.43 and -1.76 V (for the iron-phenyl derivative). Despite the similar reduction 

potentials, the prevailing redox processes in the first one-electron addition are quite 

different, formally Fe(IV)/(III) for the first reduction of TFcCorrFe
IV

(C6H5) and 

Fe(III)/(II) for the first reduction of TFcCorrFe
III

(NO). The basis of these assignments is 

given in part by comparison with data in the literature for other iron corroles containing 

phenyl and nitrosyl axial ligands.
36,40,41

 

The potentials for oxidation of the three ferrocene groups on the TFcCorrFe 

derivatives are close to each other and completely overlapped in the case of 
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TFcCorrFe
III

(NO) (E1/2 = 0.61 V), where the oxidation peak current of 9 μA is three times 

that of the one-electron reduction steps (3 μA). The fact that a single oxidation process is 

observed for the global three electron conversion of TFcCorrFe(NO) to 

[TFcCorrFe(NO)]
3+

 is consistent with the lack of communication between the three 

meso-Fc groups in their neutral or electrogenerated Fc
+
 forms.  

Compared with Figure 6-1, TFcCorrFe
IV

(C6H5) in solutions of TBAP is 

characterized by two reversible oxidations at 0.50 and 0.60 V while TFcCorrFe
IV

(Cl) 

exhibits two reversible oxidation at E1/2 = 0.61 and 0.77 V. This means that changing the 

supporting electrolyte from TBAP to TFAB leads to a separation of the oxidation 

potentials for the three Fc substituents. The lower ion-pairing interaction of the 

[B(C6F5)4]
-
 anion

42
 with the singly oxidized ferrocenyl groups leads to a larger separation 

of the oxidation waves.  
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Figure 6-1. Cyclic voltammograms of TFcCorrFe
III

(NO), TFcCorrFe
IV

(C6H5) and 

TFcCorrFe
IV

(Cl) in PhCN, containing 0.05 M TFAB at a scan rate of 0.1V/s. 
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Figure 6-2. Cyclic voltammograms of TFcCorrFe
III

(NO), TFcCorrFe
III

(C6H5) and 

TFcCorrFe
IV

(Cl) in PhCN, containing 0.1 M TBAP at a scan rate of 0.1 V/s.  
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Scheme 6-1. Reduction mechanism of TFcCorrFe
IV

(Cl) in PhCN, containing 0.05 M 

TFAB. 
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6.3 Conclusions 

 In this chapter we have reported the electrochemical characterization of iron 

ferrocenycorroles with different axial ligands in PhCN, containing 0.05 M TFAB. Under 

the given experimental conditions, both TFcCorrFe
III

(NO) and TFcCorrFe
IV

(C6H5) 

undergo two reductions while three reductions are seen for TFcCorrFe
IV

(Cl). Noteworthy 

is a comparison of the data with TFAB as supporting electrolyte and that which is 

observed for the same corroles, using 0.1 M TBAP as supporting electrolyte. Utilizing 

0.05 M TFAB as electrolyte can clearly separate the three reversible oxidations of the Fc 

substituents.  
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