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Abstract 

This dissertation presents the electrochemistry, spectroelectrochemistry and acid-

base properties of porphyrins, corroles and related molecules in non-aqueous media. The 

acid-base properties monitored by electrochemical methods and spectroscopy were 

examined as to four types of free-base porphyrins (with meso-substituents, with β-

substituents, with negatively charged substituents and with positively charged 

substituents). Both neutral and protonated porphyrins involve multiple redox reactions 

depending upon the selected solvent, supporting electrolyte and the specific porphyrin 

structure. Electrochemical and thin-layer spectroelectrochemical characterization of 

porphyrins, corroles and hemiporphycenes were then discussed in different solvents. 

Each macrocycle not only exhibits well-defined ring-centered oxidations and ring-

centered reductions, some of which has a metal-centered electron transfer but also has the 

electroactive peripheral substituents (N-alkylpyridyl groups in the case of porphyrin, 

pyrazine groups in the case of hemiporphycene and ferrocene groups in the case of 

corrole) who are able to add or abstract electrons on themselves. These electroactive 

substituents show strong (sometimes little) interaction between the two redox centers, the 

magnitude of which is rely on the factors of the central metal ions, the nature of the 

macrocycle and the used solvent. 
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1.1 Overview of Chapter Content 

 This thesis examines the electrochemistry, spectroelectrochemistry and acid-base 

properties for a variety of porphyrins, corroles and related molecules in nonaqueous 

media. The results are described in five chapters. In Chapter Three, free-base porphyrins 

are examined with respect to their acid-base chemistry and redox reactivity in four 

different solvents containing different types of supporting electrolytes. This chapter is 

then followed by a chapter devoted to investigating the electrochemical and 

spectroelectrochemical properties of N-alkylpyridylporphyrins which are positively 

charged and undergo anion association/dissociation reactions. Similar compounds are 

examined in Chapter Five which focuses on amphiphilic inner salt porphyrins.  

The next two chapters report the electrochemistry of other porphyrinoids. Chapter 

Six describes the hemiporphcenes and Chapter Seven describes corroles, the latter of 

which contain linked redox active ferrocene groups.  

 

1.2 Electrochemistry and Spectroelectrochemistry 

1.2.1 Electrochemistry 

The electrochemistry of porphyrins, corroles and related molecules has been 

studied in detail over many years and is characterized by both metal-centered reactions 

and reactions at the conjugated macrocycle, leading to the formation of π-anion radicals 

and dianions upon reduction and π-cation radicals and dications upon oxidation. A typical 

porphyrin macrocycle electron transfer processes usually demonstrates two reversible 

reductions and two reversible oxidations, as shown in the reaction below: Equations 1-1 

to 1-4.  
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Reductions:  

 

 Oxidations:  

 

The potentials for these redox reactions will depend upon the type of central metal 

ion, the presence or absence of bound axial ligands and/or the properties of the solvent 

and supporting electrolyte.
1
 It will also depend upon the macrocycle, porphyrin, corrole 

and hemiporphcene and the type and number of electron-donating or electron-

withdrawing substituents on the macrocycle. In some cases, the presence of other 

electroactive redox centers attached to the porphyrin macrocyle would also have a great 

impact on the electrochemistry of porphyrin derivatives.  

1.2.2 Spectroelectrochemistry 

Spectroelectrochemistry is a technique which combines electrochemistry with in 

situ spectroscopic measurements such as UV-visible, FTIR and ESR. Studies of the 

spectral changes have often been used to distinguish metal-centered reactions from ring-

centered ones in metalloporphyrins. Generally, a metal-centered oxidation or reduction of 

a porphyrin will lead to red or blue shifts in the most intense UV-visible band located 

between 400-500 nm (called the Soret band), but with a little loss of molar absorptivity of 

this band. In contrast, when an electron transfer process occurs at the conjugated π-ring 

system of a porphyrin or porphyrin-like molecule, there is often a significant decrease in 

intensity of the Soret band along with the appearance of new weak, broad visible or near 
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IR bands located between 600-900 nm. These types of spectral changes indicate 

formation of a porphyrin π-anion or π-cation radical.
2-4

 

 

1.3 Porphyrins 

Porphyrins are aromatic molecules that contain four pyrrole rings linked via 

methine bridges (see core structure with labeling in Figure 1-1a). The macrocycle of a 

porphyrin contains 22 π electrons in total, but only 18 of them are involved in the 

delocalization pathway. Since they obey the Hückel's rule of possessing (4n+2) π 

electrons where n ≥ 2, they have a highly conjugated π-ring system and aromatic 

properties.
5-7

 Consequently, they typically have very intense absorption bands in the 

visible region and may be deeply colored.  

All twelve peripheral positions of a porphyrin can be substituted by the same or 

different electron-donating or electron-withdrawing groups to form various porphyrin 

derivatives. Two of the most commonly examined synthetic porphyrins are shown in 

Figure 1-1b. The first porphyrin is 5,10,15,20-tetraphenylporphyrin (H2TPP) with four 

phenyl groups substituted in the meso position and the second is 2,3,7,8,12,13,17,18-

octaethylporphyrin (H2OEP) with a substitution pattern on the β-pyrrole position.
5-8 

Porphyrins and related macrocycles are a family of compounds widely distributed 

in biological systems, where they perform functions essential for life.
8
 It is admirable 

how Nature is able to finely tune the reactions of these species by simple modifications in 

the molecular skeleton. For example, iron porphyrins are involved in oxygen activation 

and transport in animals, while magnesium chlorins are utilized in the photosynthetic 

processes of plants. These features have long attracted the interest of researchers, with 

http://en.wikipedia.org/wiki/H%C3%BCckel%27s_rule
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one goal being the ability to use synthetic models that can imitate the chemistry of the 

natural systems, while also allowing for the possibility to use these compounds in the 

development of new catalysts, electronic devices, drugs and sensors.
9-14

 Following the 

biological paradigm, a tuning of the metallomacrocycle properties can be carried out in 

different ways, starting from a variation of the coordinated central metal ion to a variation 

of the peripheral substituents and, finally, to changes in the molecular skeleton of the 

conjugated π-ring system. 

The unmetallated porphyrin ligand contains a charge of -2, while the unmetallated 

corrole ligand contains a charge of -3. Thus, the neutral free-base porphyrins would 

contain two protons bound to the core nitrogens and the neutral free-base corroles would 

contain three protons, i.e. H2TPP and H3TPC. Additional protons can be added to the 

central nitrogens of the free-base corroles and the resulting compounds are then 

represented as [H3TPP]
+
, [H4TPP]

2+
 and [H4TPC]

+
.  

The acid-base behavior of porphyrins has been widely studied since the beginning 

of last century.
15

 The four nitrogen atoms of the porphyrin ring system can participate in 

a series of acid-base equilibrium, which includes the successive addition of two protons 

by central nitrogen atoms leading to a monoacid (pKa1) and a diacid (pKa2),
16

 and the 

successive loss of two protons from pyrrole nitrogens leading to a monoanion (pKb1) and 

a dianion (pKb2).
16

 These acid-base equilibrium are illustrated for free-base porphyrin 

H2(Por) in Scheme 1-1.  

 



 6 

 

Figure 1-1. (a) Core structure of free-base porphyrin macrocycle with labeling and (b) 

two commonly studied synthetic porphyrins, H2TPP and H2OEP.  
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Scheme 1-1. Acid-base equilibrium of free-base porphyrin. 
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1.4 Positively Charged N-alkylpyridylporphyrins 

More than three dozen different metal ions have been incorporated into the 

macrocyclic core of water-soluble tetra-N-methylpyridylporphyrins and many of these 

complexes have been studied with respect to their physicochemical
17-25

 and 

electrochemical
26-38

 properties in both aqueous and nonaqueous media. These compounds 

are easily reducible in both water and nonaqueous solvents and a number of the 

complexes have been used in nuclear medicine.
37, 39-42 

 

Although electrochemistry has been reported for numerous metal derivatives of 

N-methylpyridylporphyrins, far less is known about the free-base complexes in 

nonaqueous media. This is addressed in the current dissertation (Chapter Five and 

Chapter Six), where we present the electrochemistry for a series of free-base mono- and 

bis-N-alkyl-4-pyridylporphyrins in two nonaqueous solvents (pyridine and CH2Cl2), 

along with tetra-substituted N-methoxyethyl-4-pyridylporphyrin in DMSO containing 

different tetrabutylammonium salts as supporting electrolyte. We also examine the 

electrochemistry of three “simple” N-methylpyridyl complexes and four structurally 

related mono-, di- and tetra-pyridylporphyrins under the same solution conditions.  

The UV-visible spectrum of each newly investigated porphyrin was measured 

before and after electroreduction and, based on this data, the site of electron transfer is 

proposed.  
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1.5 Corroles 

Corroles are synthetic tetrapyrrole macrocycles which are structurally similar to 

porphyrins, but bear a direct pyrrole-pyrrole link (see Figure 1-2). In recent years, 

corroles and other porphyrin analogs have emerged as important compounds
43-45

 in the 

porphyrinoid arena, since these derivatives show a particular behavior, making them 

different from the corresponding porphyrins which are often taken as reference 

macrocycles.
46,47 

In some cases, corroles have reactions like porphyrins, but in other 

cases they have an unpredictable reactivity, completely different from that of the 

corresponding porphyrins.
48-51

 

In contrast to porphyrins, corroles are not found in the nature, but have been 

studied due to their particular coordination and photophysical behavior and possess 

promising applications in the areas of catalysis and chemical sensors.
52,53

 Corroles act as 

trianionic ligands, which are characterized by a low oxidation potential and the ability to 

induce a facile ligand-to-metal electron transfer. These features lead the corrole to 

generally behave as a noninnocent ligand.
54-56
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Figure 1-2. Structures of metal corrole core with labeling of the carbon positions. 
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1.6 Hemiporphycene 

 Hemiporphycene is one kind of porphyrin isomer and it combines the structural 

elements of porphyrins (Figure1-1), corroles (Figure1-2), and acenes with 0, 1 and 2 

bridges between the pyrrole rings
57 

(structures shown in Figure 1-3). Hemiporphycene, 

like porphyrin and other porphyrin isomers constitutes an aromatic molecule. The UV-

visible spectrum is also typical of what would expected for a free-base porphyrin. But a 

rather stronger absorption of Soret band and much weaker Q bands are observed in this 

class of porphyrin isomers.
58

 

 In porphyrin and its isomers, hemiporphycenes, together with isoporphycenes are 

both easier to reduce (first reduction) than porphyrins and other isomers, and they also 

exhibit about 2 eV HOMO−LUMO energy gap smaller than those of porphyrins and 

other isomers.
59

  

 The derivatives of hemiporphycene discussed in this dissertation also have a 

similar redox behavior. As will be shown in Chapter Six, different central metal ions 

inserted into the macrocycle have an impact on the value of HOMO−LUMO gap. It is 

worth noting that those hemiporphycene derivatives have a rich electrochemical property, 

with electron transfer reaction occurring on both hemiporphycene macrocycles and 

highly electroactive pyrazine substituent. 
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Figure 1-3. Core structure of hemiporphycene. 
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2.1 Electrochemical Methods 

Electrochemistry is a branch of chemistry concerned with the study of electron 

transfer and associated chemical reactions occurring at the surface of an electrode before, 

after or during oxidation or reduction of a given compound. Reactions where electrons 

are transferred directly between a molecule of interest and an electrode can be examined 

in solution using several electrochemical techniques, one of which is cyclic voltammetry, 

the basics of which are described below.  

2.1.1 Cyclic Voltammetry 

Cyclic voltammetry is a very powerful technique in which the potential of a redox 

couple can be rapidly determined from the current-voltage curve.
1
 A variety of potential 

sweep rates can be used for measurements at different temperatures and this makes cyclic 

voltammetry a very useful technique for analyzing electrochemical properties of a given 

compound under different solution conditions.  

In this dissertation, cyclic voltammetry was carried out with an EG&G model 173 

potentiostat/galvanostat. A homemade three-electrode electrochemistry cell was used, 

consisting of a glassy carbon working electrode, a platinum wire counter electrode and a 

saturated calomel reference electrode (SCE). The SCE was separated from the bulk of the 

solution by a fritted-glass bridge of low porosity that contained the solvent/supporting 

electrolyte mixture.  

During a cyclic voltammetry experiment, the working electrode potential is 

ramped linearly versus time and is measured against a reference electrode which was, in 

this case, a saturated calomel electrode (SCE). After the desired potential is reached in a 
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A+ + e A

CV experiment, the working electrode’s potential is ramped in the opposite direction to 

return to the initial value, which accounts for the use of the word “cyclic”. The cycles of 

potential scan can be repeated as many times as one desires. The current at the working 

electrode is plotted versus the applied voltage to give a current voltage curve and this is 

called a cyclic voltammogram. Figure 2-1 illustrates a typical reduction procedure where 

the potential is scanned from a positive potential towards a more negative value. The 

slope of the excitation signal, ΔE/Δt, is called the scan rate in V/s. 

Figure 2-2 shows a well-defined CV for the case of a compound that undergoes a 

single one-electron transfer reduction and a one-electron reoxidation, as shown in 

Equation 2-1.  

(2-1)                                                                                            

The reduction (cathodic) peak current is given by ipc while the reoxidation peak 

current is given by ipa. The cathodic (reduction) peak potential is labeled as Epc and the 

anodic (oxidation) peak potential as Epa, as shown in the figure. At 25 
o
C, the magnitude 

of the peak current can be described by the Randles-Sevcik equation
1,2

 which is given in 

Equation 2-2,  

ip = (2.69×10
5
)n

3/2
ACD

1/2
v

1/2 
                                      (2-2) 

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

electrode area in cm
2
, D the diffusion coefficient of the species in cm

2
/s, C is the bulk 

concentration of the species in mol/cm
3
, and v is the scan rate in V/s.  
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Figure 2-1. Cyclic voltammetry waveform showing reduction scan between 0.8 to -0.2 V. 
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Figure 2-2. Schematic illustration of a cyclic voltammogram. 
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E1/2 =
Epc + Epa

2

The absolute difference in potential between Epc and Epa, often symbolized by 

ΔEp, is a useful diagnostic criterion to access reversibility. For a reversible fast electron 

transfer process, |Epa-Epc| should be close to 59/n mV, according to the Nernst Equation, 

where n is the number of electrons transferred at 25 
o
C.

1
 Also the average value of Epc 

and Epa gives the half-wave potential E1/2, as shown in Equation 2-3.  

 

(2-3) 

 

2.2 UV-visible Spectroelectrochemistry Methods 

UV-visible spectroelectrochemical experiments were performed with a home-built 

thin-layer cell
3,4 that has a light transparent platinum net working electrode. 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. The combination of electrochemistry and spectroscopy in 

spectroelectrochemistry allows for a more thorough study of the single and multiple 

electron transfer processes in general.
5
 

 

2.3 Spectral Titration Methods for Determination of Equilibrium Constants
6
 

 Equilibrium constants were determined using spectral methods. Stock solutions 

were prepared for the specific ligand and were quantitatively added to the porphyrin 

solution. UV-visible absorbance changes were monitored as a function of the free ligand 

concentration, as described below.  

 



 23 

 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 2-4.  

              log([MLp]/[M]) = log K + p log [L]                                (2-4) 

where [M] and [MLp] are the concentration of the unligated and ligated species and [L] is 

the free-ligand concentration in solution. If M and MLp have different absorption spectra, 

then we have:  

 A0 = εMbCM 

 Af = εMLpbCMLp 

 Ai = εMb[M] + εMLpb[MLp] 

where CM and CMLp are the total concentration of M or MLp, ε is the molar absorptivity 

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

wavelength (λmax) for the species M and MLp and Ai is the absorbance at λmax at any point 

during the titration as shown in Figure 2-3.  

 According to the mass balance equation: CM = CMLp = [M] + [MLp], one then can 

write:  

 Ai = εMb[M] + εMLpb[MLp] 

 Ai = εMb(CM − [MLp]) + εMLpb[MLp] 

 Ai = εMbCM − εMb[MLp] + εMLpb[MLp] 

 Ai = A0 + (εMLp − εM)b[MLp]  

 or 

 Ai = εMb[M] + εMLpb[MLp] 

 Ai = εMb[M] + εMLpb(CMLp − [M]) 
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 Ai = εMb[M] + εMLpbCMLp − εMLpb[M] 

 [M] = (Af − Ai)/(εMLpb − εMb) 

Substituting the values of [M] and [MLp] into Equation 2-4 gives a relevant result: 

log((Ai – A0)/(Af – Ai)) = log K + p log [L]                                  (2-5) 

A plot of log((Ai – A0)/(Af – Ai)) versus log[L] should give a straight line whose slope 

corresponds to the number of ligands (p) bound to the compound and the intercept will 

give the formation constant (log K). Multiple step coordination is defined as log βn which 

related to log K as: log βn = log K1 + log K2 + log Kn.  

 

2.4 Other Experimental Methods 

2.4.1 Degassing the Solution 

High purity nitrogen from Trigas was used to deoxygenate the solution for five to 

ten minutes before each electrochemical experiment and a positive pressure was 

maintained above the solution throughout the experiment.  

2.4.2 Temperature Control 

 All electrochemical experiments were performed at room temperature (22 ± 1 
o
C) 

unless otherwise noted. A dry ice/acetone mixture was used to obtain variable 

temperatures that varied from 22 to -75 
o
C. The exact temperature was monitored using a 

mercury thermometer and the cell was centered in a slush bath containing the dry ice and 

acetone mixture.  
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Figure 2-3. An example of UV-visible spectra changes during titration, where A0 is the 

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

final.  
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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), dimethyl sulfoxide (DMSO) and pyridine 

(py) were purchased from Sigma-Aldrich Chemical Co.. High purity N2 from Matheson-

Trigas was used to deoxygenate the solution 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, recrystallized from ethyl alcohol and dried under a vacuum at 40 °C for at least 

one week prior to use. The acidic titrants TFA (Trifluoroacetic acid) > 99% was 

purchased from Sigma-Aldrich Chemical Co.. 

 

2.5.2 Investigated Compounds 

 Most of the compounds reported in this dissertation were obtained from our 

collaborators in France and Italy. Both amphiphilic zwitterionic free-base porphyrins and 

pyridyl-, as well as N-alkyl-4 pyridyl free-base porphyrins, were synthesized and 

obtained from Dr. Claude P. Gros at the University of Bourgogne in Dijon.
7-9 

The 

hemiporphycene series
10,11 

and triferrocenyl corroles
12,13

 described in Chapter Six and 

Chapter Seven were synthesized and provided by Dr. Roberto Paolesse at the University 

of Roma in Italy. All of the investigated complexes were stored in the dark and, in some 
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cases, under vacuum. The UV-visible spectrum of each compound was measured in 

Houston before carrying out experiments and our spectral data were scrutinized and 

compared to those provided by our collaborators or published in the literature. If this was 

the case, which happened in a few instances, we identified the reason for the difference or 

we were informed of the problem by a collaborator so that we could resynthesize the 

compound if needed. In this way, we could be assured that the examined compound was 

in the same form as provided by our collaborators who had characterized the same 

compounds by a number of standard methods prior to sending samples to Houston.   
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Chapter Three 

Effect of Solvent, Supporting Electrolyte and Structure on the 

Electroreduction of Free-Base Porphyrins in Their Neutral and 

Electroreduced Forms 
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3.1 Introduction 

Studies of porphyrins and porphyrin analogues have long attracted the attention of 

chemists, biochemists and material scientists due to their biological relevance and their 

use as materials in a number of applications.
1,2

 All porphyrins can be oxidized or reduced 

in a number of steps,
3
 with the overall electrochemical behavior and redox potentials 

depending upon a number of factors, the most important of which are the type and 

oxidation state of the central metal ion, the solution conditions, the type, location and 

number of substituents on the macrocycle and the type and number of axial ligands (in 

the case of derivatives) with metal ions able to bind axial ligands.
4
  

The electrochemistry of “simple” synthetic porphyrins with octaethylporphyrin 

(OEP)
5-15

 or tetraphenylporphyrin (TPP)
16-23

 macrocycles has been reported many times 

over the last five decades. Numerous studies of solvent
24-30

 and substituent
31-41

 effects on 

metalloporphyrin redox reactions have also appeared in the literature since the early 

1970s and the most important factors which affect the redox potentials, site of electron 

transfer and spectroscopic properties of the electrooxidized or electroreduced species are 

now very well known. However, despite the large database of knowledge on 

metalloporphyrin electrochemistry in nonaqueous media, far less is known about free-

base (metal free) porphyrins which are predicted to undergo the two reversible and well-

defined one-electron transfer reductions, as shown in Equations 3-1 and 3-2 (where P = a 

general porphyrin macrocycle), but rarely do so under the actual experimental conditions.  

   H2(P)       +   e
-    

 =   [H2(P)]
-  

     (3-1) 

                                      [H2(P)]
-   

  +   e
-
    =   [H2(P)]

2-
                  (3-2) 
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One key difference between the electrochemistry of free-base porphyrins and the 

related metalloporphyrins containing +2, +3 or +4 central metal ions is the presence of 

homogenous chemical reactions that follow or proceed electron transfers of the free-base 

derivatives and lead to irreversible redox processes on the cyclic voltammetry timescale. 

These chemical reactions are related in part to the planarity of the porphyrin macrocycle
42

 

and in part to the solution conditions, and often involve the loss or gain of protons 

leading to derivatives of [H(P)]
-
, [H3(P)]

+
 or [H4(P)]

2+
, which are themselves 

electroactive and subject to coupled protonation/deprotonation reactions at the four core 

nitrogens, as well as proton addition to the π ring system of the macrocycle
28,43-45

 

following electroreduction.  

This behavior is investigated in the current chapter, where the reduction potentials, 

electroreduction mechanisms and acid-base chemistry are examined for four related 

series of free-base tetraphenylporphyrins whose structures are shown in Charts 3-1 to 3-4. 

The first group of compounds (Chart 3-1) is represented by four β-pyrrole substituted 

TPP derivatives, three of which are planar and two of which are nonplanar in their initial 

non-protonated form.
46-49

 The second group of compounds (Chart 3-2) is comprised of 

porphyrins with 0-4 meso-phenyl groups on the macrocycle. The third group (Chart 3-3) 

comprises negatively charged tetrasulfonated TPP derivatives and the fourth group (Chart 

3-4) contains mono-, di- and tetra meso-pyridyl substituted porphyrins.  

Equilibrium constants for the conversion of each free-base derivative (represented 

by H2(P)) to its diprotic [H4(P)]
2+

 form are determined in the present paper by 

spectroscopic methods and the electrochemistry of [H4(P)]
2+

 is elucidated as a function of 

the following four parameters: (i) type of nonaqueous solvent, (ii) type of supporting 
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electrolyte, (iii) substituents on the porphyrin macrocycle and (iv) concentration of 

trifluoroacetic acid (TFA) added to solution. Special emphasis is placed on [H4TPP]
2+

 

whose electrochemistry was recently reported in acidic CH2Cl2 containing 0.1 M tetra-n-

butylammonium perchlorate (TBAClO4)
42

 and shown to deviate from that of other 

structurally related porphyrins under the same solution conditions. Ground and excited 

state properties of the ion-paired diacid H4TPP(X)2 have been spectroscopically and 

theoretically examined
50,51

 for derivatives containing the anions F
-
, Cl

-
, Br

-
, I

-
 and PF6

-
, 

but the effect of the anion type and concentration on the prevailing electrochemistry of 

[H4TPP]
2+

 in nonaqueous solvents has, to our knowledge, never been elucidated.  

The electrochemistry of tetrasulfonated metalloporphyrins is known to be quite 

similar to that of the structurally related metalloporphyins not possessing the negatively 

charged SO3
-
 group,

52-54 
but the effect of the associated cation and, specifically H

+
, on the 

electrochemistry of free-base tetrasulfonated porphyrins has not been addressed in 

previous studies and is also elucidated in this chapter.  

Finally, in order to complete the series of examined compounds, we have 

elucidated the electrochemistry of free-base pyridyl porphyrins containing 1, 2 or 4 meso-

pyridyl groups (Chart 3-4). The spectroscopic properties of protonated tetrapyridyl 

porphyrins in acidic nonaqueous media has been examined by several research groups,
55-

57
 but the electrochemistry in acidic solutions of these compounds has not been examined 

in previous studies and is also addressed in the current chapter which presents the effect 

of solvent, supporting electrolyte and structure on the electroreduction of free-base 

porphyrins in their neutral and electroreduced forms. 
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Chart 3-1. Structures of investigated free-base tetraphenylporphyrin and β-pyrrole 

substituted tetraphenylporphyrin derivatives. 
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Chart 3-2. Structures of free-base meso-phenyl substituted derivatives. 
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Chart 3-3. Structures of free-base TPPS derivatives. 
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Chart 3-4. Structures of free-base pyridyl derivatives. 
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3.2 Chemicals 

5,10,15,20-tetraphenylporphyrin, 5,10,15,20-tetra(4-pyridyl)porphyrin, 5,15-

diphenylporphyrin and 5,10,15-triphenylporphyrin were purchased from PorphyChem in 

Dijon, France. The β-pyrrole substituted free-base porphyrins in Chart 3-1
46,58-60

 and the 

free-base porphine in Chart 3-2
61-63

 were synthesized by our collaborators in France (Dr. 

Claude Gros) using literature procedures. The negatively charged tetrasulfonated TPP 

derivatives in Chart 3-3
64

 and the free-base pyridyl porphyrins in Chart 3-4
65,

 were also 

synthesized by our collaborators in France according to literature procedures and sent to 

us along with copies of the relevant data used to verify purity and composition.  

 

3.3 Determination of Formation Constants 

 The changes in UV-visible spectra for each investigated free-base porphyrin in 

CH2Cl2 were monitored during a titration with trifluoroacetic acid (TFA) and the 

resulting spectral data then used to calculate the formation constants for proton addition 

by using the Hill equation
66,67

 (Equation. 3-3)  

    log[(A0-Ai)/(Ai-Af)] = logK + nlog [H
+
]                                    (3-3) 

where A0 = the initial absorbance in which [H
+
] = 0.0, Af = the final absorbance of the 

fully protonated porphyrin and Ai = the absorbance at a given proton concentration 

during the titration. The slope of the log[(A0-Ai)/(Ai-Af)] versus log[H
+
] plot gives n, the 

number of protons added to the core nitrogen atoms (or the pyridyl groups in the case of 

the pyridylporphyrins). The value of logK (or logβ2 in most cases) was then calculated 

from the intercept of the line at log[(A0-Ai)/(Ai-Af)] = 0.0. In the present study, the logK 
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and logβ2 values were evaluated by using a minimum of two wavelengths, and an average 

value of n and log of the formation constant is reported. 

 

3.4 Results and Discussion 

3.4.1 Effects of Solvent and Supporting Electrolyte on the Reductions of H2TPP 

 The electroreduction of H2TPP was investigated in four commonly used 

nonaqueous solvents containing different tetra-n-butylammonium (TBA
+
) salts as 

supporting electrolyte. The utilized solvents were dichloromethane (CH2Cl2), benzonitrile 

(PhCN), N,N’-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO), whose 

physical properties are given in Table 3-1. The supporting electrolytes were TBAX, 

where X = ClO4
-
, I

-
, Br

-
 or Cl

-
. Previously published studies of H2TPP in nonaqueous 

media
68

 had shown the presence of two stepwise one-electron transfers in solvents 

containing TBAClO4 and this was also observed in the present study, as illustrated by the 

cyclic voltammograms in Figure 3-1.  

As  seen  in  the  Figure,  the  ease  of  H2TPP  reduction follows the order CH2Cl2  

(-1.72 V) < PhCN (-1.67 V) < DMF (-1.57 V) < DMSO (-1.48 V), which suggests an 

increasing stabilization of the singly-reduced product with increasing polarity of the 

solvent. This is indeed the case, as shown in Figure 3-2, which plots the first reduction 

potential (versus the Fc/Fc
+
 couple) against two commonly used solvent parameters,

26,69-

71
 the dielectric constant, εr, and the Dimroth-Reichardt parameter, ET. Both plots in 

Figure 3-2 show a linear correlation with DMSO, DMF and PhCN, but CH2Cl2 doesn’t fit 

the dielectric constant plot and fits perfectly the plot of E1/2 versus ET, with a correlation 

coefficient of R
2
 = 0.995. 
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Table 3-1. Physical properties and abbreviations of electrochemical solvents used in this 

study.
 

Solvent Abbrev. εr
a 

AN
a
 DN

a
 

ET
a
 

(30 
o
C) 

Dimethylsulfoxide DMSO 46.68 18.8 29.8 0.444 

N,N'-Dimethyformamide DMF 36.71 16.0 26.6 0.404 

Benzonitrile PhCN 25.20 15.5 11.9 0.333 

Dichloromethane CH2Cl2  8.93 20.4   0.0 0.309 

a
 εr = dielectric constant taken from Ref. 70, AN = Acceptor number, DN = donor number, ET = Dimroth-

Reichardt parameter at 30 
o
C. The later three solvent parameters are given in Ref. 71 
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Figure 3-1. Effect of solvent on cyclic voltammograms of H2TPP in (a) CH2Cl2, (b) 

PhCN, (c) DMF and (d) DMSO containing 0.1 M TBAClO4. Scan rate = 0.1 V/s. 
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Figure 3-2. Plot of ET (Dimorth-Reichardt parameter) or εr (dielectric constants) vs. the 

half wave potential (V vs Fc/Fc
+
) for the first reduction of H2TPP in CH2Cl2, PhCN, 

DMF and DMSO. 
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The 240 mV difference in E1/2 between the first reduction of H2TPP  in  CH2Cl2  

(-1.72 V vs Fc/Fc
+
) and DMSO (-1.48 V vs Fc/Fc

+
) is consistent with a strong interaction 

between the solvent and the electrogenerated porphyrin π-anion radical formed after the 

addition of one electron, but the solvent can also interact with the porphyrin in its neutral 

unreduced form and this can often be detected by changes in the position of absorption 

bands for the neutral compound prior to electroreduction. In order to examine this 

possibility, the spectrum of H2TPP was measured in the four solvents with and without 

0.1 M TBAClO4, which was used as supporting electrolyte in CH2Cl2 containing 0.1 M 

TBAX, where X = Cl
-
, Br

-
, I

-
 or ClO4

-
. An example of the UV-visible spectra of H2TPP 

in CH2Cl2 and PhCN without supporting electrolyte is represented in Figure 3-3 and a 

summary of the data is given in Table 3-2.  

As seen in Table 3-2 and Figure 3-3, the shape of the UV-visible spectrum for 

H2TPP is similar in each solvent, consisting of a sharp Soret band at 418-423 nm and four 

less intense Q bands from 515-649 nm. Several correlations were examined between the 

band energy (in cm
-1

) and different solvent parameters and the best fit was found to exist 

between the acceptor number of the solvent (AN) and the measured wavelength of the 

porphyrin Soret band in CH2Cl2, DMSO and PhCN (but not DMF). (see Figure 3-4) 
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Figure 3-3. UV-visible spectra of H2TPP in CH2Cl2 and PhCN.  
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Table 3-2. UV-visible spectral data (max, nm) for neutral H2TPP in different solvents 

without supporting electrolyte and in CH2Cl2 containing different 0.1 M TBAX salts.  

a
AN = Gutmann solvent acceptor number taken from Ref. 71 

 

  

Solvent AN
a
 

Anion λ /nm (logε) 

(0.1 M) Soret band Q bands 

PhCN 15.5 none 423 (5.47) 516 (4.13) 552 (3.83) 593 (3.08) 649 (3.06) 

DMSO 18.8 none 420 (5.42)  515 (3.97) 549 (3.45) 591 (3.23) 646 (3.08) 

DMF 16.0 none 418 (5.41) 515 (4.07) 549 (3.69) 591 (3.51) 646 (3.40) 

CH2Cl2 20.4 none 418 (5.41) 515 (4.15) 549 (3.92) 591 (3.86) 647 (3.86) 

  

      

CH2Cl2 20.4 TBACl 418 (5.41) 515 (4.07) 549 (3.77) 591 (3.66) 647 (3.62) 

  TBABr 418 (5.40) 515 (4.34) 549 (4.19) 591 (4.12) 647 (4.06) 

  TBAI 418 (5.41) 515 (4.04) 549 (3.69) 591 (3.57) 647 (3.49) 

  TBAClO4 418 (5.40) 515 (4.03) 549 (3.66) 591 (3.54) 647 (3.45) 
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Figure 3-4. Plot of wavenumber of the Soret band (in cm
-1

) vs. solvent acceptor number 

(AN)
71

 in four commonly used solvents.  
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Anions are known to bind to the central protons of expanded free-base porphyrins 

and related macrocycles in their neutral form
72-79

 and one of our interests in the present 

study was to investigate how changes in the supporting electrolyte anion would affect 

both the measured reduction potentials and the stability of the first and/or second 

reduction product on the electrochemical or spectroelectrochemical timescale. Examples 

of the electrochemical data are given in Figures 3-5 and 3-6 which illustrate cyclic 

voltammograms of H2TPP in the four solvents containing TBAX, where X = Cl
-
, Br

-
, I

-
 

and ClO4
-
.  

As seen in Figure 3-5, the first one-electron reduction in CH2Cl2 containing 

TBACl (-1.11 V vs SCE) or TBABr (-1.12 V) is easier by 80-100 mV than the first one-

electron reduction of the porphyrin in the same solvent containing TBAI (-1.19 V) or 

TBAClO4  (-1.21 V). A similar trend in E1/2, with change of supporting electrolyte, is 

seen in DMSO (Figure 3-6) and, although the difference in half-wave potentials between 

the solution conditions is not large, the most difficult reduction in DMSO again seems to 

occur when using the TBAClO4 salt as supporting electrolyte (E1/2 = -1.03 V vs. SCE). 

More importantly, the difference in reduction half-wave potentials when measured vs. 

SCE might seem to suggest an interaction of Cl
-
 and Br

-
 with the singly reduced 

porphyrin in the non-bonding solvent CH2Cl2, but when the reduction potentials are 

measured vs. the Fc/Fc
+
 couple used as an internal standard, no meaningful differences of 

E1/2 are observed with changes in the anion of the supporting electrolyte in any of the 

four solvents. These reduction potentials of H2TPP vs. Fc/Fc
+
 are listed in the last two 

columns of Table 3-3 and are identical to each other in all four solvents within the 

experimental error of the measurements (±10 mV). This lack of an anion effect on the 
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thermodynamic E1/2 for reduction can be interpreted in terms of the four anions acting to 

produce an equal stabilization of the neutral and singly reduced forms of the porphyrin 

(according to the Nernst equation). However, an alternate interpretation is that there is no 

interaction at all between the supporting electrolyte anions and the neutral or singly 

reduced forms of the compounds which are electrogenerated, as described in Equation 3-

1 and characterized as a porphyrin π-anion radical after the addition of one electron to the 

conjugated macrocycle. 

This latter condition seems to be the case, as indicated by UV-visible spectra of 

the neutral porphyrin in CH2Cl2 containing the four TBAX salts. The absorption bands in 

CH2Cl2 containing 0.1 M of each TBAX salt are given in Table 3-2 and are identical to 

each other, independent of the anion. The lack of an anion effect on both the UV-visible 

spectrum of H2TPP in CH2Cl2 and the reduction potentials of the porphyrin in CH2Cl2, 

containing 0.1 M TBAX when measured vs. Fc/Fc
+
 is not what occurs for the 

diprotonated porphyrins [H4TPP]
2+

 in the acidic solvents as described in the following 

sections of this chapter.  
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Figure 3-5. Effect of supporting electrolyte type on cyclic voltammograms of H2TPP in 

CH2Cl2 containing 0.1 M TBAX where X = (a) Cl
-
, (b) Br

-
, (c) I

-
 and (d) ClO4

-
. Also 

included in the figure is the CV of ferrocene under the same solution conditions. Scan 

rate = 0.1 V/s. 
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Figure 3-6. Effect of supporting electrolyte type on cyclic voltammograms of H2TPP in 

DMSO containing 0.1 M TBAX where X = (a) Cl
-
, (b) Br

-
, (c) I

-
 and (d) ClO4

-
. Also 

included in the figure is the CV of ferrocene under the same solution conditions. Scan 

rate = 0.1 V/s. 
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Table 3-3. Half-wave potentials (V vs SCE) for reduction of H2TPP in different solvents 

containing 0.1 M different supporting electrolyte.  

Solvent 

Dielectric 

Constant (εr) 

ET
a
 DN

b
 Electrolyte 

E1/2 

(V vs SCE) 

ΔE 

Fc/Fc
+
 

E1/2 

 (V vs Fc/Fc
+
) 

1st 2nd (V) 1st 2nd 

CH2Cl2 8.93 41.1 0.0 TBACl -1.11 -1.43 0.32 0.62 -1.73 -2.05 

  

 

 

TBABr -1.12 -1.45 0.33 0.57 -1.69 -2.02 

  

 

 

TBAI -1.19 -1.51 0.32 NA NA NA 

  

 

 

TBAClO4 -1.21 -1.53 0.32 0.51 -1.72 -2.04 

  

 

     

   

PhCN 25.20 42.0 11.9 TBACl -1.08 -1.48 0.40 0.60 -1.68 -2.08 

    TBABr -1.09 -1.49 0.40 0.58 -1.67 -2.07 

    TBAI -1.14 -1.54 0.40 NA NA NA 

    TBAClO4 -1.16 -1.56 0.40 0.58 -1.67 -2.07 

  

 

     

   

DMF 36.71 43.8 26.6 TBACl -1.06 -1.50 0.44 0.51 -1.57 -2.01 

    TBABr -1.06 -1.50 0.44 0.51 -1.57 -2.01 

    TBAI -1.07 -1.51 0.44 NA NA NA 

    TBAClO4 -1.07 -1.51 0.44 0.50 -1.57 -2.01 

           

DMSO 46.68 45.0 29.8 TBACl -0.99 -1.41 0.42 0.48 -1.47 -1.89 

    TBABr -1.00 -1.42 0.42 0.48 -1.48 -1.90 

    TBAI -1.00 -1.42 0.42 NA NA NA 

    TBAClO4 -1.03 -1.43 0.40 0.45 -1.48 -1.88 

a
ET: Dimroth-Reichardt parameter, 

b
DN = Gutmann solvent donor number taken from Ref. 71 
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3.4.2 Effects of Solvent and Supporting Electrolyte on the Protonation Constants of 

H2TPP and UV-visible Spectra of [H4TPP]
2+

 

The conversion of H2TPP to its diprotonated [H4TPP]
2+

 form can be monitored by 

UV-visible spectroscopy and proceeds in a single step, as written in Equation 3-4.
42,51,80,81

 

       H2TPP     +   2H
+          

=   [H4TPP]
2+  

  (3-4) 

A logβ2 = 9.96 was earlier reported for H2TPP in CH2Cl2
42

 and a smaller value of 

9.10 was measured for the same reaction in the current study under the electrochemical 

conditions of CH2Cl2 containing 0.1 M TBAClO4 as supporting electrolyte, where the 

product of the titration in solution is more correctly represented as H4TPP(ClO4)2. 

Measurements of logβ2 were also carried out for H2TPP in CH2Cl2 containing the TBAI, 

TBABr and TBACl salts and here the final product of the titration would be represented 

as H4TPP(X)2, where X = I
-
, Br

-
 or Cl

-
. Examples of spectral changes monitored during 

these titrations are illustrated in Figure 3-7 and a summary of the formation constants for 

proton addition, logβ2 and UV-visible spectral data for the final ion-paired diprotic 

porphyrin product is given in Table 3-4.  

The diprotonated free-base tetraphenylporphyrin is characterized by two major 

absorptions, whose exact position will depend upon both the utilized solvent and the 

presence or absence of added TBAX. In the absence of supporting electrolyte, the Soret 

band maxima ranges from 441-445 nm while the Q band is located at λmax = 656-663 nm. 

There is clearly a solvent effect on the [H4TPP]
2+

 absorption spectra and there is also an 

effect of anion, as shown by the data in CH2Cl2 containing TBAX where the Soret band 

maxmium ranges from 443-453 nm and the Q band from 659-679 nm. Despite the large 

difference in the position of the peak maxima under the different solution conditions, 
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there is no obvious trend in the position of λmax with change in the TBAX anion of the 

salt in solution. For example, the Soret band maximum of [H4TPP]
2+

 follows the order: 

Br
-
 (453 nm) > Cl

-
 (449 nm) > I

-
 (447 nm) > ClO4

-
 (441 nm), but this is not the relative 

order of the Q band position which ranges from 659-679 nm and follows the order: I
-
 

(679 nm) > Br
-
 (671 nm) > Cl

-
 (666 nm) > ClO4

-
 (659 nm). As seen in Figure 3-7, the Q 

band of H4TPP(I)2 in solutions with TBAI is not only the most red-shifted of the 

examined porphyrin diacids but it is also the broadest Q band with the lowest intensity. 

This suggests a different interaction between the I
-
 anions and the diprotonated form of 

the porphyrin, as compared to the case of [H4TPP]
2+

 in solutions with Cl
-
, Br

-
, or ClO4

-
. 

The spectrum of H4TPP(I)2 has been discussed in the literature by the groups of Rosa, 

Ricciardi, Baerends and Scolaro
50,51

 who examined the effects of structure and 

counterions on the optical properties of H4TPP(X)2, where X = F
-
, Cl

-
, Br

-
 or I

-
.  

The logβ2 values for protonation of H2TPP in CH2Cl2 containing 0.1 M TBAX 

ranges from 9.10 to 9.96 and roughly correlates with the position of the Q band under the 

same solution conditions. This correlation is shown in Figure 3-8.  

 More significant variations in the measured logβ2 values for protonation of H2TPP, 

are seen upon changing the solvent from CH2Cl2 to PhCN and then to DMSO or DMF. 

The relevant spectral changes during the titrations with TFA are illustrated in Figure 3-9 

and the absorption maxima and measured formation constants are summarized in Table 

3-4.  

 

 

 



 53 

Table 3-4. UV-visible spectral data (λmax, nm) for [H4TPP]
2+

 and [H4TPP](X)2 in CH2Cl2, 

containing different 0.1 M TBAX salts and in PhCN and DMSO without added salts. 

 

 

 

 

 

 

 

 

 

 

 

Solvent 

 Anion, X 

 

λ /nm  

logβ2 

 (0.1 M) 

 

Soret band  Q band  

CH2Cl2  Cl
-
 

 

449 

 
666  9.46 

  Br
-
 

 

453 

 
671  9.89 

  I
-
 

 

447 

 
679  9.91 

  ClO4
-
 

 

443 

 
659  9.10 

  

     

  

CH2Cl2  none 

 

441 

 
656  9.96 

PhCN  none 

 

444 

 
664  5.86 

DMSO  none 

 

445 

 
663  1.14 

DMF  none 

 

443 

 
661  0.39 
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Figure 3-7. Effect of supporting electrolyte type on UV-visible spectra changes of 

H2TPP in CH2Cl2 during titration with TFA containing (a) no added salt and 0.1 M 

TBAX where X is (b) Cl
-
, (c) Br

-
, (d) I

-
 and (e) ClO4

-
.   
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 As seen in the figure and table, the spectrum of the final diprotonated porphyrin 

product is almost the same in the different solvents, but the value of logβ2 decreases 

substantially in DMSO and DMF where large quantities of acid are needed to accomplish 

the protonation. A good correlation is seen between the logβ2 values in CH2Cl2, PhCN 

and DMSO and two solvent parameters, the dielectric constant εr and donor number (DN) 

(see Figure 3-10). The smallest value of logβ2 = 0.39 is obtained in DMF. This value is 

included in Figure 3-10 but does not fit the good correlation observed for other three 

solvents. 

3.4.3 Effects of Solvent and Supporting Electrolyte on the Electrochemistry of 

[H4TPP]
2+ 

The conversion of H2TPP to its diprotonated form was electrochemically 

monitored during a TFA titration of the porphyrin in three different solvents (CH2Cl2, 

DMF and DMSO) containing 0.1 M TBAClO4, as well as in CH2Cl2 containing 0.1 M of 

the different TBAX supporting electrolytes. Examples of the cyclic voltammograms 

obtained at various points of the titration in CH2Cl2 containing 0.1 M TBAClO4 are 

shown in Figure 3-11. In the absence of TFA, the initial free-base porphyrin undergoes 

two reversible one-electron reductions at -1.21 and -1.53 V to give a porphyrin π-anion 

radical and dianion as described in Equations 3-1 and 3-2, respectively. Two reduction 

peaks are also seen in acidic CH2Cl2 solutions but, under these conditions, the first 

process involves an overall two electron addition to the conjugated macrocycle and the 

second process is assigned to reduction of a product generated at the electrode surface via 

a chemical reaction involving the doubly reduced porphyrin, as described on the 

following pages.  
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Figure 3-8. Plot of Q band energy (in cm
-1

) of [H4TPP]
2+

 in CH2Cl2 containing 0.1 M 

TBAX vs. the measured diprotonation formation constant logβ2. 



 

5
8
 

 

 

 

 

 Figure 3-9. Effect of solvent on UV-visible spectral changes during titration with TFA and magnitude of protonation constants 

for H2TPP in CH2Cl2, PhCN, DMSO and DMF. 
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Figure 3-10. Plot of εr (dielectric constants) or DN (donor number) vs. protonation 

constant logβ2 in different solvents. 
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The conversion of H2TPP to [H4TPP]
2+

 proceeds as shown in Equation 3-4 and 

this diprotonated porphyrin species in CH2Cl2, 0.1 M TBAClO4 is then reduced in two 

overlapping one-electron transfer steps at Ep ≈ -0.49 V (for a scan rate of 0.1 V/s) to give 

a transient and highly reactive doubly reduced porphyrin at the electrode surface. The 

reactant in Equation 3-5 is represented as [H4TPP]
2+

, but mostly likely exists as 

H4TPP(ClO4)2. 

                                             

Evidence for the addition of two overlapping one-electron transfers in the first 

reduction of [H4TPP]
2+

 is given by comparing the peak current for the  process at  Ep   ≈  

-0.49 V to the peak current for reduction of the initial compound at E1/2 = 1.21 V in the 

absence of acid. This ratio of peak currents is given by i/i0 and, when plotted vs. the 

[TFA]/[H2TPP] ratio (Figure 3-12), clearly shows a doubling of the current for reduction 

of [H4TPP]
2+

, as compared to the current for reduction of H2TPP. This is consistent with 

two overlapping one electron transfers at the same potential (an electrochemical EE 

mechanism), as opposed to a single step, two electron transfer where the current for 

reduction of [H4TPP]
2+

 would be proportional to n
3/2

 and would thus be 2.83 times higher 

for [H4TPP]
2+

 than for H2TPP.
82
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Figure 3-11. Cyclic voltammograms of H2TPP (~ 10
-4

 M) in CH2Cl2 containing 0.1 M 

TBAClO4 during titration with TFA.  



 62 

 

Figure 3-12. (a) Cyclic voltammograms of H2TPP
 
in CH2Cl2 containing 0.1 M TBAP 

before and after addition of 4 eq TFA (scan rate = 0.1 V/s) and (b) ratio current height for 

the first reduction of [H4TPP]
2+

, i, to the first reduction of H2TPP that of the in the 

absence of acid, i0. 
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There is no change in the number of protons on the central nitrogens of [H4TPP]
2+

 

during the timescale of the first overall two electron reduction of this compound in 

CH2Cl2, 0.1 M TBAClO4, as evidenced by the fact that the peak potential remained 

invariant as the acid concentration in solution was increased from 1 to 20 equivalents 

TFA (see Figure 3-11). This would not be the case if a gain or loss of protons were to 

occur on the electrochemical timescale where the peak potential might then be expected 

to shift by 60 or 120 mV for each tenfold change in [H
+
].

82
 

As indicated above, the first reduction of [H4TPP]
2+

, at ≈ -0.49 V in the acidic 

CH2Cl2 solution, corresponds to an overall two-electron reduction of the conjugated 

macrocycle and the second process at ≈ -0.83 V in Figure 3-11 corresponds to the 

electroreduction of a phlorin anion which is generated at the electrode surface after a 

reaction of the electrogenerated porphyrin dianion with protons in the solution. The 

current-voltage curves for reduction of [H4TPP]
2+

 in the acidic CH2Cl2 solutions of 

Figure 3-11 are similar to CV data described by Wilson and coworkers for the reduction 

of H2TPP in DMF containing 0.1 M TEAP
43

 and the proposed mechanism is given in 

Scheme 3-1, where the second reversible reduction at E1/2 = -0.83 V and first irreversible 

reoxidation at Ep = 0.40 V (for a scan rate of 0.1 V/s) are attributed to reduction and 

reoxidation of a protonated phlorin anion which is generated at the electrode surface after 

formation of the doubly reduced [H4TPP]
0
 dianion.  
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The effect of the TBAX supporting electrolyte on the electrochemistry of 

H4TPP(X)2 is shown in Figure 3-13 which compares cyclic voltammograms of 10
-4

 M 

H2TPP in CH2Cl2 solutions containing 4.0 equivalents of TFA and 0.1 M TBAX. The 

voltammograms, recorded with TBACl, TBAI or TBABr as supporting electrolyte, are 

similar to those recorded in solutions with TBAClO4, in that each diprotic porphyrin 

undergoes an initial two-electron reduction followed by formation of an electroactive 

phlorin anion at the surface of the electrode. The homogenously generated phlorin anion 

can then be reversibly reduced by one electron at an E1/2 value of -0.76 to -0.83 V (see 

dashed line in Figure 3-13) or it can be irreversibly reoxidized at a peak potential of 0.26 

to 0.40 V (for a scan rate of 0.1 V/s) to give back the initial compound.  

The most significant difference in redox behavior of the four H4TPP(X)2 

complexes in CH2Cl2 is that half-wave potentials for the first two one-electron additions 

are overlapped in potential when using TBAClO4 as the supporting electrolyte, but 

separated by 120-130 mV in the CH2Cl2 solutions containing 0.1 M TBACl or TBABr. 

This separation in potential leads to a reversible first reduction in the solutions with Cl
-
 or 

Br
-
, since the chemical reaction leading to formation of the phlorin anion is only observed 

after the addition of a second electron to the porphyrin conjugated π-ring system. The two 

reductions of H2TPP in CH2Cl2 containing TBAI are also separated in potential by about 

100 mV and a quasi-reversible first reduction is observed at E1/2 = -0.44 V. However, 

formation of the phlorin anion is rapid after the second electron addition in the TBAI 

solution and a totally reversible initial reduction of the porphyrin cannot be observed 

under these solution conditions.  
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Scheme 3-1. Proposed mechanism for electron transfer of [H4TPP]
2+

 in CH2Cl2 

containing 0.1 M TBAClO4. 
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 A splitting of the two overlapping redox reactions of H2TPP(X)2 into two well 

resolved one-electron transfer processes occurs not only in solutions of CH2Cl2 

containing Cl
-
, Br

-
, and in part I

-
 , but also in DMF containing high acid concentrations 

and 0.1 M ClO4
-
 from the TBAClO4 supporting electrolyte. This is illustrated in Figure 3-

14, where the first two one-electron reductions of 10
-4

 M H2TPP in DMF, 0.1 M 

TBAClO4, are overlapped in potential in solutions containing up to 20 eq TFA but begin 

to separate from each other as the acid concentration is increased from 100 to 1000 eq 

TFA (corresponding to 0.01 to 0.1 M TFA concentration). 

  The first one electron reduction occurs at progressively more positive potentials 

with an increase in the acid concentration while the second electron addition occurs at an 

E1/2 value, which is independent of the acid concentration after 20 eq TFA have been 

added to the solution.  

 Two points should be noted with respect to the electrochemical data in Figure 3-

14. The first is that the facile redox process at low TFA concentrations occurs under the 

application of an applied reducing potential which converts the unprotonated H2TPP 

species in the bulk of the DMF solution to its more easily reducible diprotic form, 

[H4TPP]
2+

. The bulk conversion of H2TPP (which is reduced at -1.07 V) to [H4TPP]
2+

 

(which is reduced at -0.40 V) requires large quantities of TFA, as indicated by the 

measured logβ2 value of 0.39 in the DMF solvent (Figure 3-9). However, the rate of 

conversion of H2TPP to [H4TPP]
2+

 is extremely rapid and this facilitates a facile shifting 

of the equilibrium towards the more easily reducible species, as shown in Scheme 3-2. 
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Another key point of importance in Figure 3-14 is not only the separate one 

electron transfers, but also the absence of a reoxidation peak at Ep = 0.51 V when 

reversing the potential scan after the first one-electron reduction in DMF containing 10
-1

 

M (1000 eq) TFA. This is shown by the voltammogram at the bottom of Figure 3-14 and 

provides further evidence for the high stability of the singly reduced porphyrin diacid 

which is generated at E1/2 = -0.25 V, a positive 820 mV shift in half-wave potential as 

compared to E1/2 = -1.07 V for the first reduction of the porphyrin in the absence of added 

acid (top voltammogram in Figure 3-14).  

 The second one-electron reduction of H4TPP(ClO4)2 in DMF containing 1000 eq 

TFA (0.1 M) is located at E1/2 = -0.38 V (see Figure 3-14) and this redox reaction is 

followed by formation of the phlorin anion, as evidenced by both the appearance of a 

reversible one-electron reduction at E1/2 = -0.67 V and an irreversible reoxidation of the 

doubly reduced porphyrin at Ep = 0.51 V on the return sweep. The absolute potential 

difference between these two redox processes involving the phlorin anion is 1.18 V, 

which is similar to the 1.23 V difference in potentials between the same two redox 

reactions of the phlorin anion formed from [H4TPP]
0
 in CH2Cl2, 0.1 M TBAClO4 (see 

Figure 3-13). 
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Scheme 3-2. Equilibrium between H2TPP and more easily reducible [H4TPP]
2+

 in the 

presence of an applied reducing potential. 
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Figure 3-13. Cyclic voltammograms of H2TPP (~10
-4

 M) in CH2Cl2 containing 4 eq TFA 

and 0.1 M TBACl, TBABr, TBAI and TBAClO4 different supporting electrolytes. 
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Figure 3-14. Cyclic voltammograms of H2TPP (~ 10
-4

 M) in DMF containing 0.1 M 

TBAClO4 during a titration with TFA.  
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3.4.4 Effect of Macrocycle Structure on Reduction of Free-base β-Pyrrole Porphyrin 

Diacids 

 A recent publication from our laboratory described the electrochemistry for a 

series of planar and non-planar β-pyrrole substituted free-base porphyrins in CH2Cl2 

containing 0.1 M TBAClO4 and added acid in the form of TFA.
42

 Four of the porphyrins 

from this earlier investigation are now further characterized in the present study when 

dissolved in acidic CH2Cl2 solutions containing TBACl, TBABr or TBAI as supporting 

electrolyte, instead of TBAClO4.  

The structures of the investigated β-pyrrole substituted porphyrins are shown in 

Chart 3-1, where the planar porphyrins are represented by H2TPPBr4 and H2TPP(Ph)4 and 

the non-planar porphyrins by H2TPPBr8 and H2TPPCl8. The planar porphyrins were 

earlier shown to exhibit two well-defined one-electron reductions in CH2Cl2 containing 

0.1 M TBAClO4, while the nonplanar porphyrins exhibited complex redox behavior and 

coupled chemical reactions under the same solution conditions.
42

 In each case, however, 

when acid in the form of TFA was added to the CH2Cl2 solution, the porphyrin 

electrochemistry was then characterized by a reversible and facile two-electron reduction 

at low TFA concentrations and an irreversible or quasi-irreversible facile two-electron 

reduction at higher concentrations of TFA.  

Examples of this behavior for two of the porphyrins, H2TPP(Ph)4, which is planar, 

and H2TPPCl8, which is nonplanar, are shown by the cyclic voltammograms in Figure 3-

15. Both compounds exhibit a reversible two-electron transfer in CH2Cl2 containing 0.1 

M TBAClO4 and 1.5-2.0 equivalents TFA and both porphyrins have been characterized 

in the solid state as being nonplanar in their diacid form,
50

 i.e., H4TPPX2. 
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 We now understand that the crossover between a reversible two-electron 

reduction in CH2Cl2 containing low acid concentration to an irreversible two-electron 

reduction at higher concentrations of acid (such as that illustrated in Figure 3-15a) is 

related to reaction of the doubly reduced porphyrin and formation of a protonated phlorin 

anion, but it was not clear if changing the solvent or the supporting electrolye anion from 

the weakly coordinating ClO4
-
 to the more strongly coordinating Cl

-
, Br

-
 or I

-
 would lead 

to a stabilization of the singly reduced β-pyrrole substituted porphyrin. It was also not 

clear if changes in the solvent or supporting electrolyte anion would lead to a separation 

of the two overlapping one-electron transfer steps into two separate one-electron transfer 

redox processes, as this also occurs for H2TPP and is described in earlier sections of this 

manuscript. 

 The answer to this question is clear cut and shown by the cyclic voltammograms 

in Figure 3-16 for H4TPPCl8 in CH2Cl2 before and after the addition of 2 eq TFA to 

solutions containing the four TBAX supporting electrolytes, where X = Cl
-
, Br

-
, I

-
 or 

ClO4
-
. Under all four solution conditions, there is a minimum amount of phlorin anion 

formation after the addition of acid, as evidenced by the reversible redox processes and 

the lack of a major reduction peak following formation of the doubly reduced species. 

The two one-electron reductions of the porphyrin π-ring system are overlapped in 

potential and located at E1/2 = -0.01 V in the CH2Cl2 solutions containing 0.1 M 

TBAClO4 and 2.0 eq TFA, but two well-separated one-electron transfers are seen in the 

CH2Cl2/TFA solutions containing TBACl, TBABr or TBAI as supporting electrolyte. The 

first one-electron reduction of H4TPPCl8 is located at E1/2 = 0.00 to 0.02 V under all four 

solution conditions, while the half-wave potential for the second one-electron addition 
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varies with the strength of the anion and is located at E1/2 values of -0.18, -0.13 or -0.12 

V in CH2Cl2 solutions containing, respectively, TBACl, TBABr and TBAI (Figure 3-16b). 

The electrode reactions under these conditions are proposed to occur, as shown in 

Equations 3-6 and 3-7, where all three forms of the diacid are written as being ion paired 

with the anion of the supporting electrolyte on the electrochemical timescale.  

              H4P(X)2   +  e    =  [H4P(X)2]
-
                            (3-6) 

   [H4P(X)2]
-
   +  e    =  [H4P(X)2]

2-
                                 (3-7) 

The difference in potential between the first and second one-electron reductions 

of H4TPPCl8(X)2 increases with the increasing strength of the supporting electrolyte 

anion and in CH2Cl2 containing 2.0 eq TFA and follows the order: ClO4
-
 (0 mV) < I

-
 (130 

mV) < Br
-
 (150 mV) < Cl

-
 (180 mV). A similar trend of ΔE1/2, with change in the anion 

of the supporting electrolyte, is also seen for the octabromoporphyrin H4TPPBr8(X)2 in 

CH2Cl2 containing 2.0 eq TFA and the same four 0.1 M TBAX supporting electrolytes. 

Also, like in the case of H4TPPCl8(X)2 (Figure 3-16), the potential separation between the 

two one-electron reductions at the porphyrin macrocycle is equal to zero when using 

TBAClO4 as supporting electrolyte and this process is then characterized by two 

overlapping one electron transfers at the same potential of -0.02 V vs SCE.  

A summary of the measured values of E1/2 and ΔE1/2 value is given in Table 3-5 

for the four examined β-pyrrole substituted porphyrins in CH2Cl2 solutions containing 0.1 

M TBAX, where X = Cl
-
, Br

-
, I

-
 and ClO4

-
. 
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Figure 3-15. Comparison of cyclic voltammograms for (a) planar H2TPP(Ph)4 and (b) 

nonplanar H2TPPCl8 in CH2Cl2 containing 0.1 M TBAClO4 and different concentrations 

of added TFA.   
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Figure 3-16. Cyclic voltammograms of H2TPPCl8 in (a) CH2Cl2 containing different 0.1 

M TBAX supporting electrolytes where X= Cl
-
, Br

-
, I

-
 and ClO4

-
 and (b) after adding 2.0 

eq TFA to the solution.  

 



76 
 

Table 3-5. Reduction potentials (V vs SCE) of free-base TPP and β-pyrrole substituted 

TPP in CH2Cl2 with added TFA and different supporting electrolytes.  

a
irreversible reduction potential of a scan rate of 0.1 V/s. 

 

 

 

 

 

 

 

Compound 
 Supporting 

electrolyte 
 

E1/2 (V vs SCE) 
 

E1/2 (1) - E1/2 (2) 

 
 

1st 2nd 
 

(V vs SCE)  

[H4TPP]
2+

  TBACl 
 

-0.48 -0.61 
 

0.13 

 
 TBABr 

 
-0.43 -0.55 

 
0.12 

 
 TBAI 

 
-0.46

a
 -0.56

a
 

 
0.10 

 
 TBAClO4  

-0.49
a
 -0.49

a
 

 
0.00 

 
 

      

[H4TPP(Ph)4]
2+

  TBACl 
 

-0.35 -0.35 
 

0.00 

 
 TBABr 

 
-0.35 -0.35 

 
0.00 

 
 TBAI 

 
- - 

 
- 

 
 TBAClO4  

-0.30 -0.30 
 

0.00 

 
 

      

[H4TPPBr4]
2+

  TBACl 
 

-0.10 -0.18 
 

0.08 

 
 TBABr 

 
-0.08 -0.15 

 
0.07 

 
 TBAI 

 
-0.11 -0.11 

 
0.00 

 
 TBAClO4  

-0.11
a
 -0.11

a
 

 
0.00 

 
 

      

[H4TPPCl8]
2+

  TBACl 
 

0.00 -0.18 
 

0.18 

 
 TBABr 

 
0.02 -0.13 

 
0.15 

 
 TBAI 

 
0.01 -0.12 

 
0.13 

 
 TBAClO4  

-0.01 -0.01 
 

0.00 

 
 

      
[H4TPPBr8]

2+
  TBACl 

 
-0.01 -0.15 

 
0.14 

 
 TBABr 

 
-0.02 -0.15 

 
0.13 

 
 TBAI 

 
-0.05 -0.12 

 
0.07 

 
 TBAClO4  

-0.02 -0.02 
 

0.00 
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3.4.5 Thin-layer UV-visible Spectroelectrochemistry 

As previously described in the literature,
42

 a spectroelectrochemical monitoring of 

the reduction of [H4TPP]
2+

, [H4TPP(Ph)4]
2+

 or [H4TPP(Br)4]
2+

 in CH2Cl2 solutions 

containing 2.0 equivalents TFA led to a UV-visible spectrum with absorption bands 

which were exactly the same as that for the neutral unreduced and unprotonated 

porphyrins in CH2Cl2. However, as shown in the present study, different UV-visible 

spectra are obtained after reduction of the same diprotic porphyrins in CH2Cl2 containing 

0.1 M TBAP and higher concentrations of TFA (10 to 20 equivalents). Examples of the 

spectral changes obtained under these conditions are shown in Figures 3-17 (a)-(c) for 

[H4TPP]
2+

, [H4TPP(Ph)4]
2+

 and [H4TPP(Br)4]
2+

, respectively.  

The initial UV-visible spectrum of the diprotonated compound is characterized by 

a Soret band at 441-464 nm and a broad Q band at 656-704 nm. As the reduction 

proceeds, the Soret band absorption decreases significantly in intensity and a new intense 

Q band appears at 770-800 nm. Isosbestic points are observed for all three sets of spectral 

changes and the final spectrum of the reduced product, with bands at 770-800 nm, is 

again assigned to a phlorin anion. These spectra are similar to UV-visible spectra 

reported in the literature for the phlorin anions of related porphyrins.
28,43-45

 

A different type of spectral change is seen upon reduction of the diprotonated 

octabromo- and octachloroporphyrins in CH2Cl2 solutions with excess TFA (in this case 

20 equivalents). Examples of these spectral changes are shown in Figure 3-18. The initial 

UV-visible spectrum of the unreduced porphyrins under these conditions is characterized 

by a Soret band at 484 or 494 nm and a Q band at 730 or 745 nm, all of which are red 
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shifted, as compared with bands for unreduced [H4TPP]
2+

, [H4TPP(Ph)4]
2+

 and 

[H4TPP(Br)4]
2+

, whose spectra are shown in Figure 3-17.  

The bleaching of the Soret band and the formation of a strong near-IR band at 

770-800 nm upon the two electron reduction of the diprotic porphyrins in Figure 3-17 is 

consistent with generation of a phlorin anion in solution but these types of spectral 

changes are not seen in Figure 3-18, where the product of the two-electron reduction has 

a decreased intensity Soret band and very a broad near-IR band from 800-1000 nm. This 

is strong evidence for the lack of a phlorin anion being generated upon reduction of 

[H4TPP(Cl)8]
2+

 or [H4TPP(Br)8]
2+

 on the thin-layer spectroelectrochemical timescale.  

3.4.6 Effect of Meso-Substitution on the UV-visible Spectra of Neutral and 

Protonated Porphyrins  

In this section, we describe the electrochemistry, spectra and acid-base properties 

of porphyrins with zero, two, three and four meso-phenyl substituents on the macrocycle. 

Structures of these series of compounds are given in Chart 3-2 and their UV-visible 

spectra in CH2Cl2 are given by Table 3-6. As seen from Table 3-6, the Soret band of each 

compound is systematically red shifted from 392 to 418 nm when increasing the number 

of meso-phenyl substituents from 0 to 4, and a similar red shift is seen in the four Q 

bands which are located at 488, 519, 562 and 612 nm for the free-base porphine, and 515, 

549, 591 and 647 nm for H2TPP in CH2Cl2. A plot of the Soret band wavelength vs. the 

number of meso-phenyl groups on the porphyrin is given by Figure 3-19 and shows a 

linear relationship with a correlation coefficient of 0.997.  
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Figure 3-17. Thin-layer UV-visible spectra changes of (a) [H4TPP]
2+

, (b) [H4TPP(Ph)4]
2+

 

and (c) [H4TPP(Br)4]
2+

 during the first controlled reduction potential in CH2Cl2 with 10-

20 eq TFA, containing 0.1 M TBAClO4. 
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Figure 3-18. Thin-layer UV-visible spectra changes of (a) [H4TPP(Cl)8]
2+

 and (b) 

[H4TPP(Br)8]
2+

 during the first controlled reduction potential in CH2Cl2, containing 0.1 

M TBAClO4 and 20 eq TFA 
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Table 3-6. UV-visible spectral data for investigated meso-phenyl substituted porphyrins 

in CH2Cl2.  

Number of 

meso-phenyl 
Compound  

λ/nm 

 
Soret 

 
Q bands 

0 H2Porphine 
 

392 
 

488 519 562 612 

2 H2DiPP 
 

406 
 

502 534 576 632 

3 H2TriPP 
 

411 
 

508 541 583 638 

4 H2TPP 
 

418 
 

515 549 591 647 

 
        

0 H2OEP 
 

398 
 

499 531 666 619 

1 H2OEP(Ph) 
 

404 
 

503 537 572 625 
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Figure 3-19. Plot of Soret band wavelength of the investigated porphyrins vs. number of 

meso-phenyl groups. 
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 The four compounds in Table 3-6 were also spectrally monitored during 

conversion to their diprotic form during a titration with TFA in CH2Cl2. Examples of the 

resulting spectral changes upon conversion of the neutral porphyrin to its diprotic form 

are given in Figures 3-20 and 3-21 for H2TriPP, H2DiPP and H2Porphine, and a summary 

of the spectral data for the final diprotic porphyrin product is given in Table 3-7 which 

also includes the measured logβ2 values in CH2Cl2. 

 As in the case of the neutral porphyrins of Chart 3-2, there is a systematic red 

shift in the position of both the Soret band and the most intense Q band in the spectrum of 

the diprotic porphyrins upon increasing the number of meso-phenyl groups from 0 to 4, 

and a plot of λmax vs the number of phenyl groups on the compound is again linear, as 

shown in Figure 3-23.  

A plot of logβ2 vs. the number of phenyl groups on the porphyrin is also linear for 

the meso-substituted compounds with 2, 3 or 4 phenyl groups, but H2Porphine (the 

compound with zero meso-phenyl group) does not fit this plot and proton addition to the 

central nitrogen atoms of the macrocycle occurs in two separate steps, with measured 

formation constants of logK1 = 4.21 and logK2 = 1.87.  

A similar stepwise protonation with formation of [H3OEP]
+
 has earlier been 

reported for H2OEP
83

  and this was confirmed in the present study, as shown in Figure 3-

22, where logK1 = 5.18 and logK2 = 2.93.   
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Figure 3-20. UV-visible spectral changes during the protonation of H2DiPP and H2TriPP 

with TFA in CH2Cl2. The figure inset shows the Hill plot used to analyze the data.  
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Figure 3-21. UV-visible spectral changes during the first and second protonations of 

H2Porphine with TFA in CH2Cl2. The figure inset shows the Hill plot used to analyze the 

data.  
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Figure 3-22. UV-visible spectral changes during the first and second protonations of 

H2OEP with TFA in CH2Cl2. The figure inset shows the Hill plot used to analyze the data.  
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Table 3-7. UV-visible spectral data of diprotonated porphyrins and protonation constants 

for the investigated meso-phenyl substituted porphyrins in CH2Cl2.  

Number of 

meso-phenyl 
Compound  

λ/nm  

n logβ2 

 
Soret  Q 

 

0 [H4Porphine]
2+ a

 
 

396  544 
 

2.07   6.08 

2 [H4DiPP]
2+

 
 

420  613 
 

2.02   6.98 

3 [H4TriPP]
2+

 
 

430  633 
 

2.01   8.07 

4 [H4TPP]
2+

 
 

441  656 
 

2.03   9.96 

 
   

 
    

0 [H4OEP]
2+ b

 
 

403  547 
 

2.01   8.11 

1 [H4OEP(Ph)]
2+

 
 

422  572 
 

2.02 10.39 

a
H2Porphine can be protonated by two steps with logK1 = 4.21 (n = 1.08) and logK2 = 1.87 (n = 

0.99). Thus logβ2 = 6.08. 
b
The protonation of H2OEP occurs in two steps with logK1 = 5.18. (n = 

1.00) and logK2 = 2.93 (n = 1.01). Thus logβ2 = 8.11.  
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Figure 3-23. Correlation of a) λmax (nm) of UV-visible spectrum, b) wavelength Q band 

(nm) and c) the diacid formation constant logβ2 of meso-phenyl substituted porphyrins vs. 

the number of meso-phenyl substituents on macrocycle. The data were obtained in 

CH2Cl2 containing excess TFA. 
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The stepwise conversion of neutral H2Porphine and H2OEP to their monoprotic 

and diprotic forms (Figures 3-21 and 3-22) differs from that of the other investigated 

meso-phenyl substituted compounds examined in this study, where a simultaneous 

addition of two protons to the neutral porphyrin was observed in all cases. It was of 

interest to know what would occur for a porphyrin containing a single meso-phenyl 

substituent and only protons at the other meso- and β-pyrrole positions of the macrocycle. 

Unfortunately, this porphyrin was not available for study and the closest comparison 

compound is given by H2OEP(Ph), whose structure is shown in Chart 3-2.  

Surprisingly, the conversion of H2OEP(Ph) to [H4OEP(Ph)]
2+

 was extremely 

facile and occurred in a single two-proton addition step with a logβ2 = 10.39. These 

spectral changes are shown in Figure 3-24, where the spectrum of the diprotonated 

porphyrin is characterized by an intense Soret band at 422 nm and a single Q band at 572 

nm. These values are listed in Table 3-7. Neither the Soret band wavelength nor the 

calculated logβ2 value for H2OEP(Ph) fit correlations between this parameter and the 

number of meso-phenyl groups on the macrocycle shown in Figure 3-24, but the 

wavelength of the Q band does fit a correlation vs. number of meso-phenyl groups, and 

this data point is included in Figure 3-24 for the correlation involving the Q band position.  
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Figure 3-24. UV-visible spectral changes during the protonation of H2OEP(Ph) with 

TFA in CH2Cl2. The figure inset shows the Hill plot used to analyze the data.  
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3.4.7 Tetra(sulfonatophenyl)porphyrins Protonation 

3.4.7.1 Electrochemistry 

 The three water soluble tetrasulfonatoporphyrins shown in Chart 3-3 were 

examined as to their electrochemistry and acid-base properties in DMSO. The 

H2TPPS(H)4 and H2TPPS(Na)4 derivatives are structurally similar to each other and differ 

only in the type of counterion on the four para-SO3
-
 phenyl groups, while 

H2TPPS(PEG)(H)4 differs from the other two porphyrins in that it contains four electron-

donating PEG chains and has a different placement of the SO3
-
 groups on the meso-

phenyl rings of the macrocycle.  

 The electrochemistry of water soluble tetrasulfonato metalloporphyrins in 

nonaqueous media has been shown to differ little from that of uncharged 

tetraphenylporphyrin derivatives with the same central metal ions,
52-54

 suggesting similar 

substituent effects for the four meso-phenyl groups on TPP and the four meso-C6H4SO3
-
 

substituents on the water soluble TPPS compounds. A similarity in redox properties 

between the free-base porphyrins H2TPP and H2TPPS(Na)4 might also be expected, but it 

was unclear if this would also be the case for H2TPPS(H)4 or H2TPPS(PEG)(H)4 due to 

the fact that the latter two porphyrins each contain four protons which are able to 

dissociate and thus enable central nitrogen protonation to occur in the absence of acid 

being added to solution.  

The possible transfer of one or two protons from the external SO3
-
 groups to the 

central nitrogens of a free-base water soluble porphyrin will depend in large part on the 

nature of the solvent (in this case DMSO) and on the magnitude of the core nitrogen 

protonation constants under the given solution conditions. It will also depend upon the 
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application of an applied potential as earlier demonstrated for H2TPP, where protonation 

does not readily occur in DMF solutions except under the electrochemical conditions, 

where a transient diprotonated species can be formed and is easily reduced at the 

electrode surface. (see Scheme 3-2 and Figure 3-14) 

 Cyclic voltammograms illustrating the reduction of H2TPP and the three H2TPPS 

derivatives in DMSO, 0.1 M TBAP are shown in Figure 3-25. As seen in the figure, quite 

similar current-voltage curves are obtained for H2TPP and H2TPP(Na)4 under these 

solution conditions, with the first one-electron addition occurring at an almost identical 

potential of E1/2 = -1.03 and -1.04 V, respectively. The first one-electron reduction of 

H2TPPS(PEG)(H)4 is located at E1/2 = -1.12 V in DMSO, 0.1 M TBAP, and this process 

is more difficult than H2TPP or H2TPP(Na)4 due to the presence of the four electron-

donating PEG groups which leads to a negative shift in E1/2 of 80-90 mV as compared to 

the related porphyrins not having PEG substituents on the four meso-phenyl groups of the 

compound.  

Of most importance, however, is what occurs for H2TPPS(H)4 in DMSO, 0.1 M 

TBAP where the cyclic voltammogram indicates that a transfer of protons has occurred 

from the SO3H substituents on the meso-phenyl rings to the central core nitrogens under 

the application of a controlled reducing potential, thus giving extremely facile reductions.  
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Figure 3-25. Cyclic voltammograms of free-base TPP and TPPS (~10
-4

 M) derivatives in 

DMSO containing 0.1 M TBAP (a) before and (b) after addition of 500 eq TFA. 
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The first two redox processes of H2TPPS(H)4 at  -0.30 and  -0.47 V in DMSO 

(Figure 3-25a) are assigned to a stepwise one electron reduction of the macrocycle and 

the third reversible process at -0.73 V is assigned to reduction of the phlorin anion 

generated in solution as described in earlier sections of this chapter. Surprisingly, a 

similar transfer of protons from the SO3H groups to the central nitrogens  of 

H2TPP(PEG)(H)4 does not occur under the application of a controlled reducing potential 

and this indicates a slower conversion of H2TPPS(PEG)(H)4 to [H4TPPS(PEG)(H)4]
2+

, 

according to the equilibrium shown in Scheme 3-2.  

 Further evidence for assigning the first two reductions of H2TPPS(H)4 to the 

diprotonated form of the porphyrin is given by the cyclic voltammogram of the 

compound in DMSO containing 500 eq TFA (Figure 3-25b). The porphyrin under these 

conditions is characterized by three reductions at -0.30, -0.47 and -0.73 V, values 

identical to what is observed in DMSO containing no added acid.  

Redox processes assigned to the diprotic porphyrins are also observed for the 

other three porphyrins in DMSO containing 0.1 M TBAP + 500 eq TFA and the spectral 

changes which were monitored during a titration with TFA are described on the 

following pages.   

3.4.7.2 Spectroscopic Monitoring of Binding Constants 

The three water-soluble porphyrins in Chart 3-3 were titrated with TFA and the 

spectral changes in DMSO were analyzed as described earlier in the chapter. DMSO was 

selected as the solvent for carrying out the titration since H2TPPS(PEG)(H)4 was not 

soluble in CH2Cl2. Examples of spectral changes during the titration are illustrated in 



95 
 

Figure 3-26, which contains both expected and unexpected results, some of which cannot 

(yet) be explained. 

 As expected, the UV-visible spectra of neutral H2TPP, H2TPPS(Na)4 and 

H2TPPS(H)4 are virtually identical in DMSO, each compound being characterized by a 

sharp Soret band at 420 nm and four visible (Q) bands between 515 and 646 nm. The 

Soret and Q bands are all red-shifted in the case of H2TPPS(PEG)(H)4 (see Table 3-8) 

and this can be explained on the basis of the electron-donating PEG substituents. 

 The UV-visible spectra of the final diprotic porphyrins are also similar for 

[H4TPP]
2+

,  [H4TPPS(Na)4]
4+

 and [H4TPPS(H)4]
4+

, each being characterized by a 

decreased intensity Soret band at 445 to 448 nm and a moderately intense Q band at 663 

to 667 nm. The wavelengths for each compound are summarized in Table 3-9. Again, 

bands of the protonated PEG compounds are red shifted for the [H4TPPS]
2+

 derivatives 

and are located at 460 and 702 nm as shown in Figure 3-26 and Table 3-9. 

 The above described spectroscopic properties of the initial compounds and the 

spectra for the products of proton addition are as expected but what is unexpected is the 

slope of the plots analyzing the changes of spectra as increasing concentrations of TFA 

are added to solution. The slope of the diagnostic log-log plot is 2.01 for the conversion 

of H2TPP to [H4TPP]
2+

, consistent with two protons being added, but for other two 

porphyrins the slope is 1.02 and 1.01, respectively, suggesting that only a single proton 

has been added to the core nitrogens of the porphyrin. This result is inconsistent with the 

final UV-visible spectrum which shows the product of the titration to a diprotonated 

porphyrin in both cases. The same slope of 1.0 was obtained by analyzing the spectral 

changes for the H2TPPS compounds at three different wavelengths, at 420, 448 and 667 
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nm, so it appears that the data analysis is correct, with the explanation being perhaps 

related to the form of the water-soluble porphyrins in solution. 

 Another surprising aspect of the data in Figure 3-26 is the relatively large 

magnitude of logβ2 for the formation of [H4TPPS(PEG)(H)4]
2+

 in this solvent. The 

calculated logβ2 of 8.38 is substantially larger than what is seen for H2TPP, H2TPPS(Na)4 

or H2TPPS(H)4 and this suggests an almost negligible effect of the DMSO solvent in 

“hindering” the core nitrogen protonation process as compared to the related porphyrins 

not having a PEG substituent. 

3.4.8 Electrochemical Monitoring of Pyridylporphyrins Protonation 

Virtually all free-base tetrapyrrolic complexes can be protonated at the central 

nitrogens as shown by Equation 3-4 and described in earlier sections of this chapter. Each  

pyridyl group on the porphyrins of Chart 3-4 can also be protonated and, when this 

occurs, the global addition of three protons would be observed for H2Py(PhMe)2P, four 

protons for H2Py2(PhMe)2P and six protons for H2Py4P, the exact number depending 

upon the properties of the solvent and the amount of acid added to solution.   

Earlier studies of protonation by corroles containing one or two meso-pyridyl 

substituents showed that the initial protonation occurred at the pyridyl groups and this 

was then followed by protonation of the core nitrogens.
84

 If the same occurred for the 

investigated porphyrins in Chart 3-4, proton addition to the central nitrogens would 

involve positively charged porphyrins represented as [H2(PyH)(PhMe)2P]
+
, 

[H2(PyH)2(PhMe)2P]
2+

 and [H2(PyH)4P]
4+

, whose structures are shown in Chart 3-5. 



 

9
7
 

 

 

 

 
 

 

 

 

 
 

Figure 3-26. UV-visible spectral changes during the protonation of free-base TPP and TPPS derivatives with TFA in DMSO. The 

figure inset shows the Hill plot used to analyze the data.  
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Table 3-8. UV-visible spectral data λmax, (log ε) nm of examined neutral free-base TPP 

and TPPS derivatives in DMSO. 

 

Compound 
 

Soret band  
 

Q band 

H2TPP 
 

420 (5.42) 
 

515 (3.97) 549 (3.45) 591 (3.23) 646 (3.08) 

H2TPPS(Na)4 
 

420 (5.46) 
 

516 (4.13) 551 (3.90) 591 (3.72) 646 (3.69) 

H2TPPS(H)4 
 

420 (5.50) 
 

516 (4.06) 551 (3.39) 591 (3.57) 646 (3.60) 

H2TPPS(PEG)(H)4 
 

425 (5.27) 
 

520 (3.95) 559 (3.88) 597 (3.63) 653 (3.69) 
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Table 3-9. UV-visible spectral data λmax, (log ε) nm of examined diprotonated TPP and 

TPPS derivatives in DMSO. 

 

Compound   Soret band   Q band 

[H4TPP]
2+

 
 

445 (5.26) 

 

663 (4.38) 

[H4TPPS(Na)4]
2+

 
 

448 (5.42) 

 

667 (4.58) 

[H4TPPS(H)4]
2+

 
 

448 (5.44) 

 

667 (4.53) 

[H4TPPS(PEG)(H)4]
2+ 

   460 (5.10)   702 (4.48) 
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Chart 3-5. Structure of partially protonated (protons were added on the pyridyl groups) 

pyridyl derivatives. 
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The same order of protonation is seen for H2Py(PhMe)3P and H2Py2(PhMe)2P as 

for the pyridyl corroles and this was verified by titrations in DMF with TFA. The 

resulting spectral data is illustrated in Figures 3-27 and 3-28 and a summary of the 

measured protonation constant and spectral data is given in Table 3-10 which also 

includes the data for H2TPP under the same solution conditions. 

Although a fully protonated tetrapyridylporphyrin was identified as existing in 

acidic solutions of CH2Cl2,
55,56

 we suspected that when the same reaction was carried out 

in DMF the free-base tetrapyridylporphyrin would not accept four protons on the pyridyl 

groups prior to protons being added at the core nitrogens. What we found experimentally 

is that the protonation reaction seems to be complicated in all solvents and was not 

investigated further as part of this current study. 

Detailed studies of the free-base pyridyl porphyrins in Charts 3-4 and 3-5 are 

currently being carried out by a coworker in the Kadish lab who is investigating this 

series of compounds with different central metal ions where dyads and arrays can be 

formed in which the pyridyl group from one porphyrin molecule binds to the central 

metal ion of another porphyrin in solution.
85-87

 However, in order to better understand 

how changes in the meso-substituents and overall charge of a porphyrin might affect 

protonation of its central nitrogens (the topic of this chapter) we examined the UV-visible 

spectra and electrochemistry for two of the pyridyl porphyrins when dissolved in DMF. 

The electrochemical behavior of these compounds is also described in Chapter Four 

where comparisons are made to structurally similar compounds with positively charged 

N-CH3 pyridyl substituents. 
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Figure 3-27. UV-visible spectral changes during the protonation of H2Py(PhMe)3P with 

TFA in DMF. The figure inset shows the Hill plot used to analyze the data.  
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Figure 3-28. UV-visible spectral changes during the protonation of H2Py2(PhMe)2P with 

TFA in DMF. The figure inset shows the Hill plot used to analyze the data.  
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Table 3-10. Measured protonation constants and spectral data λ (nm) for the pyridyl 

porphyrins in DMF. 

Compound 

# of  

pyridyl 
 

λ (nm)  logK1 

pyridyl site 

logβ2 

core 

nitrogens  

Pyridyl 

protonated Por 

Fully protonated 

Por 

 

H2TPP 0 
 

- 443 660  -  0.39 

H2Py(PhMe)3P 1 
 

421 448 665  2.05  0.30 

H2Py2(PhMe)2P 2 
 

422 446 670  1.91     -0.83 
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Cyclic voltammograms of the mono- and di-pyridylporphyrins are shown in 

Figure 3-29 before and after the addition of acid to the DMF solution. The neutral pyridyl 

porphyrins are each reduced in two steps occurring at E1/2 = -0.99 and -1.44 V for 

H2Py(PhMe)3P together with -0.95 and -1.36 V for H2Py2(PhMe)2P. 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 group as compared to a phenyl substituent.  

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

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

H2Py(PhMe)3P undergoes reductions at -0.57 and -0.79 V and H2Py2(PhMe)2P exhibits 

reductions at -0.38 and -0.60 V as shown in Figure 3-29b. All of the reductions are 

irreversible and a single reoxidation is seen at Ep = -0.18 and -0.04 V for the mono and 

dipyridyl porphyrin, respectively.  

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

containing 5.0 eq TFA are consisted 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 redox active 

species in solution. The peak potential 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 

whose electrochemistry is discussed in the following chapter.  

The reductions at -0.57 and -0.38 V for the two compounds in Figure 3-29b are 

associated with an irreversible electron addition to the fully protonated pyridylporphyrins 

with protonated core nitrogens. The oxidations at -0.18 and -0.04 V are also assigned to a 

process involving the protonated central nitrogens and this would then suggest a 

reduction and reoxidation mechanism such as that shown in the third row of Scheme 3-3 
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where the reduction involves electron addition to [H4PyH(PhMe)3P]
3+

 and 

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

 and the reoxidation involve electron abstraction from the same 

species.  

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

concentration but in the presence of excess TFA the current-voltage curve resemble those 

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

voltammograms in Figure 3-29c where three redox processes are observed for each 

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

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

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

) and -0.09 V (for 

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

). The electrogenerated dianion then reacts with excess acid in 

solution to give a phlorin which is reversibly reduced at -0.67 V, -0.60 and -0.51 V and 

irreversibly reoxidized at 0.51, 0.56 and 0.68 V as shown in Figure 3-29c. In each case, 

the shift of potential in a positive direction with increase in the number of meso-pyridyl 

groups on the compound is consistent with the known electron withdrawing property of 

the substituent. A summary of the above described mechanism is given in Scheme 3-3 for 

the monopyridylporphyrin, H2Py(PhMe)3P, and a similar mechanism can be deduced for 

H2Py2(PhMe)2P, with the only difference being in the values of potential for the indicated 

redox processes ○1  to○7 . 

 

 



 
 

1
0
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Figure 3-29. 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 occurring for the 

processes labeled ○1  to ○7  are described in Scheme 3-3.  
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Scheme 3-3. 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 

potential shifted positively as shown by the cyclic voltammograms in Figure 3-29. 
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3.5 Conclusions 

The acid-base properties of free-base porphyrins examined by electrochemistry 

and spectroscopy were elucidated as a function of four parameters: (i) the effect of 

solvent, (ii) the effect of anion from supporting electrolyte, (iii) the nature of porphyrin 

macrocycle (involving four series of porphyrin derivatives) and (iv) the amount of acid 

added to solution. First, H2TPP was used as a model compound and was 

electrochemically investigated in various solvents and supporting electrolytes, suggesting 

an increasing stabilization of singly-reduced product with increasing polarity of the 

solvent and a lack of an anion effect in its non-protonated form. After TFA titration, the 

protonated form of H2TPP, combined with the β-substituted porphyrins involves two 

overlapping one-electron transfers at more positive potential compared to their neutral 

forms. The irreversibility of this process is due to a chemical reaction which generates a 

phlorin anion on the electrode surface. A splitting redox reactions during this process are 

observed when changing the supporting electrolytes and solvents which lead to a 

stabilization of the singly-reduced porphyrins.   

Second, the free-base meso-phenyl substituted porphyrins show a systematic red 

shift in the position of the Soret and Q bands before and after protonation upon increasing 

the number of meso-phenyl groups, which also affects the protonation constants as well 

as number of protonation steps. Moreover, the cyclic voltammograms of meso-

sulfonatophenylporphyrin, H2TPPS(H)4, indicate a transfer of protons from substituents 

to the central core nitrogens, giving extremely facile reductions. Finally, the 

electroreduction mechanism of meso-pyridyl porphyrins in DMF is proposed, with 

respect to the order and number of proton additions. 
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Chapter Four 

Electrochemical and Spectroelectrochemical Properties of Pyridyl- and 

N-Alkyl-4-Pyridyl- Free-Base Porphyrins in Nonaqueous Media 
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4.1 Introduction 

More than three dozen different metal ions have been incorporated into the 

macrocyclic core of water soluble tetra-N-methylpyridylporphyrins and many of these 

complexes have been studied with respect to their physicochemical
1-9

 and 

electrochemical
10-22

 properties in both aqueous and nonaqueous media. These compounds 

are easily reducible in both water and nonaqueous solvents and a number of the 

complexes have been used in nuclear medicine,
21,23-26

 examples being given by tetra-N-

methylpyridylporphyrins having the formula [M(TMPyP)]
n+

(X
-
)n where TMPyP 

represents the porphyrin macrocycle with four meso-substituted N-methylpyridyl groups, 

n = 4 or 5, X
-
 = an anion and M = In

II
, Mn

III
, Fe

III
 or Gd

III
. 

The electrochemistry of [M(TMPyP)]
n+

(X
-
)n in nonaqueous media has been 

characterized almost exclusively with respect to the reductions which can occur at the 

conjugated π-ring system of the macrocycle, the electroactive N-methylpyridyl 

substituents and in some cases at the central metal ions. Early electrochemical studies of 

these compounds were carried out mainly in DMF, DMSO and acetonitrile,
1,3,27

 all of 

which possess a large negative potential window where multiple reductions might be 

observed, although only the initial electron-transfer reactions were examined in most 

cases. 

More detailed electrochemical studies of tetra-N-methylpyridylporphyrins in 

nonaqueous media were carried out by Kadish and coworkers.
17-19,21,22

 The 

electroreduction of [M(TMPyP)]
4+

 in DMF, where M = Cu
II
, Zn

II
 or VO

IV
 was shown to 

occur in three two-electron transfer steps and involve a total of six-electrons added to the 

complexes. In contrast, [Co
II
(TMPyP)]

4+
 in DMF is reduced by six electrons in four steps 
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and generates [Co
II
(TMPyP)]

2- 
as a final electroreduction product. [Ni

II
(TMPyP)]

4+
 was 

characterized as existing in a monomer-dimer equilibrium in DMF and undergoes four 

two-electron reductions, while monomeric [Mn
III

Cl(TMPyP)]
4+

 in DMF is reduced in 

multiple steps, with a total of seven electrons being added, the exact potentials of which 

were shown to depend upon solution conditions.
17

 

Although electrochemistry has been reported for numerous metal derivatives of 

N-methylpyridylporphyrins, far less is known about the free-base complexes in 

nonaqueous media. This is addressed in the current chapter, where we present the 

electrochemistry for a series of free-base mono- and bis-N-alkyl-4-pyridylporphyrins in 

two nonaqueous solvents (pyridine and CH2Cl2), along with tetra-substituted N-

methoxyethyl-4-pyridylporphyrin in DMSO containing different tetrabutylammonium 

salts as supporting electrolyte. We also examine the electrochemistry of three “simple” 

N-methylpyridyl complexes and four structurally related mono-, di- and tetra-

pyridylporphyrins under the same solution conditions. The structures of the twelve 

examined porphyrin derivatives are shown in Chart 4-1 and broken into three related 

groups of compounds each containing one or more meso-pyridyl and meso-N-

methylpyridyl substituent.  

The UV-visible spectrum of each newly investigated porphyrin was measured 

before and after electroreduction and, based on this data, the site of electron transfer is 

proposed. As will be demonstrated, an interaction occurs between the meso-pyridyl or 

meso-N-alkyl-4-pyridyl substituents and the porphyrin π-ring system, the magnitude of 

which depends upon the number of linked pyridyl or N-alkyl-4-pyridyl groups on the 

compound, the solvent, the supporting electrolyte and/or other anions added to solution. 
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4.2 Chemicals 

All of the examined porphyrins were commercially available or synthesized and 

sent to us by our collaborator (Dr. Claude Gros at the Universite de Bourgogne, France) 

5-Pyridyl-10,15,20-tris(4-dodecyloxyphenyl)-21H,23H-porphyrin (1), 5,15-dipyridyl-

10,20-bis(4-dodecyloxyphenyl)-21H,23H-porphyrin (2), 5,15-dipyridyl-10,20-bis(3,4,5-

tris(dodecyloxy)phenyl)-21H,23H-porphyrin (3), 5-(N-methylpyridinium-4-yl)-10,15,20-

tri-(4-dodecyloxyphenyl)-21H,23H-porphyrin iodide (5a), 5-(N-methylpyridinium-4-yl)-

10,15,20-tris(4-dodecyloxyphenyl)-21H,23H-porphyrintetrakis(pentafluorophenyl)borate 

(5b), 5,15-di(N-methylpyridinium-4-yl)-10,20-bis(4-dodecyloxyphenyl)-21H,23H-

porphyrin diiodide (6), 5,15-di(N-methylpyridinium-4-yl)-10,20-bis(3,4,5-

tris(dodecyloxy)phenyl)-21H,23H-porphyrin diiodide (7a),  5,15-di(N-

methylpyridinium4-yl)-10,20-bis(3,4,5-tris(dodecyloxy)phenyl)-21H,23H-porphyrin di-

[tetrakis(pentafluorophenyl)borate] (7b), 5,15-di-(4-N-dodecanoylpyridinium-4-yl)-

10,20-bis(3,4,5-tris(dodecyloxy)phenyl)-21H,23H-porphyrin dibromide (7c) and 5,15-

bis(4-N-dodecanoylpyridinium-4-yl)-10,20-bis(3,4,5-tris(dodecyloxy)phenyl)-21H,23H-

porphyrin di-[tetrakis(pentafluorophenyl)borate] (7d)  were prepared according to 

literature methods.
28

 5,10,15,20-tetrapyridyl-21H,23H-porphyrin (4) is commercially 

available. (5,10,15,20-tetrakis-[N-(2-(2-(2-methoxyethoxy)-ethoxy)-ethyl-4-pyridyl]-

21H,23H-porphyrin tetrabromide (8) was prepared as recently.
29

 N-methyl-4-cyano-

pyridium iodide (10) was prepared as described by McCormick et al.
30
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Chart 4-1. Structures of investigated porphyrins with 1, 2 or 4 meso pyridyl and N-alkyl- 

or N-methoxyethylpyridyl meso substituents.  
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4.3 Results and Discussion 

4.3.1 Electrochemistry of N-methylpyridinium Comparison Compounds 

The electroreduction of three N-methylpyridinium derivatives was examined by 

cyclic voltammetry in three nonaqueous solvents containing different TBAX salts as 

supporting electrolyte. Examples of cyclic voltammograms in pyridine containing 0.1 M 

TBAP are illustrated in Figure 4-1 for N-methylpyridinium iodide (compound 9), N-

methyl-4-cyano-pyridinium iodide (compound 10) and methylviologen (compound 11). 

Compound 9 is irreversibly reduced at Epc = -1.26 V for a scan rate of 0.1 V/s while 

compounds 10 and 11 both exhibit an initial reversible reduction at -0.55 V and -0.36 V, 

respectively.  

 

Compound 9 is also irreversibly reduced in DMSO, DMF and THF containing 0.1 

M TBAP and this process remains irreversible in the presence of different TBAX 

supporting electrolyte salts, where X = Cl
-
, Br

-
, I

-
. It is also irreversible at all potential 

scan rates and at all temperatures from 23 to -70 
o
C. The shape of the current-voltage 

curve for reduction of 9 is consistent with a fast chemical reaction following a reversible 

one electron transfer (an electrochemical EC mechanism)
31

 and has been characterized in 

the literature as involving a radical coupling reaction of the one electron reduced 

product
32-36

 as illustrated in the top of Scheme 4-1.  The  product  of  the  coupling  

reaction of 9 in pyridine is reoxidized at  Epa = -0.08 V on the return scan and this is 
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consistent with the results reported by Raghavan and coworkers
37

 for 1-methylpyridinium 

perchlorate in acetonitrile containing 0.1 M TEAP as supporting electrolyte. 

In contrast to what is seen for 9, compound 10, which bears an electron-

withdrawing CN group on the highly reactive para position of the ring, is characterized 

by a reversible reduction at E1/2 = -0.55 V under the same solution conditions. The 

presence of the CN group not only leads to an easier reduction of the compound but also 

blocks the site for dimerization, thus leading to a reversible electron transfer process for 

the first reduction as seen in Figure 4-1. A second irreversible reduction of 10 is also seen 

at Ep = -1.61 V and has not been reported in the past.  

Another example of hindering the radical coupling reaction of the singly reduced 

N-methylpyridyl group occurs for methylviologen, compound 11, which exhibits two 

reversible reductions at E1/2 = -0.36 V and -0.79 V in pyridine containing 0.1 M TBAP as 

supporting electrolyte. Two reversible reductions are also observed for this compound in 

DMF and are located at E1/2 = -0.44 V and -0.83 V. One electron is added to each of the 

identical N-methylpyridyl groups of the compound and the separation of 430 mV 

between the two reversible redox processes can be explained by the presence of two 

equivalent and highly interacting redox centers on the molecule.
38-42

 The linked N-

methyl-4-pyridyl groups of methylviologen also block the site for coupling of the 

electrogenerated radical anion and the extended π system of compound 11 leads to a more 

facile reduction of the molecule as compared with N-methylpyridinium iodide, 9.  
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Figure 4-1. Cyclic voltammograms of 9, 10 and 11 in pyridine containing 0.1 M TBAP. 

Scan rate = 0.1 V/s. 
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Scheme 4-1. Reduction mechanisms of compounds 9, 10 and 11 in pyridine, containing 

0.1 M TBAP. 
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4.3.2 Electrochemistry of Pyridylporphyrins 

           Half-wave potentials for reduction of the meso-pyridylporphyrins 1-4, were 

measured in pyridine and CH2Cl2 containing 0.1 M TBAP. Each compound undergoes 

two well-defined one electron reductions in both solvents, forming a porphyrin π anion 

radical in the first step and a porphyrin dianion in the second. The pyridyl groups are 

highly electron withdrawing and the E1/2 values progressively shift in a positive direction 

with increase in the number of meso-pyridyl substituents, from one in the case of 1, 

which is reduced at E1/2 = -1.13 and -1.52 V in pyridine, to four in the case of 4, which is 

reduced at -0.93 V and -1.22 V, under the same solution conditions.  

 The electrochemical behavior for the currently investigated compounds is 

similar to that for related pyridylporphyrins which has been reported in the literature for 

derivatives having 1, 2, 3 or 4 meso pyridyl substituents.
43-49

 In each case, there are two 

one-electron reductions, with the half wave potentials being dependent upon the number 

of meso-pyridyl groups and the specific electron-donating or electron-withdrawing 

substituents on the phenyl groups at the other meso positions of the macrocycle. 

In the present study, we wished to quantitate the shift of potentials and change in 

UV-visible spectra for the neutral and electroreduced compounds upon going along the 

series of compounds 1, 2 and 4 shown on the left side of Chart 4-1 and also quantitate the 

shift in E1/2 upon going from the pyridyl to the N-alkylpyridylporphyrins (left to right) for 

the related compounds in Groups I, II and III of this Chart. This was best accomplished in 

the first case by examining the correlation between E1/2 values for reduction of 

compounds 1, 2 and 4 and the number of pyridyl groups on the macrocycle.  

Unfortunately,  a  porphyrin  with  zero   meso-pyridyl   groups   and   electron-donating  
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-OC12H25 substituents on all four meso-phenyl rings was not available for study, but a 

reasonable substituted TPP replacement for this compound is the para-methoxy 

derivative 12 which is reduced in pyridine at E1/2 = -1.19 and -1.57 V vs. SCE. These 

potentials are almost exactly the same as values predicted from a correlation between the 

number of pyridyl groups on compounds 1, 2 and 4 and E1/2 values for the two reductions 

in pyridine. In fact, using the potentials for reduction of compound 12 in the above 

described correlation with compounds 1, 2 and 4 gives the plots shown in Figure 4-2, 

where the correlation coefficients of the two lines are 0.99 and 0.98, respectively.  

4.3.3 Spectroelectrochemistry of Pyridylporphyrins 

The UV-visible spectra of the neutral compounds 1-4 are similar to each other and 

this is also the case for the electroreduced porphyrins whose spectra are almost identical, 

independent of the number of meso-pyridyl substituents on the macrocycle. For example, 

the spectrum of the unreduced porphyrins 1 and 2 are both characterized in pyridine by a 

sharp Soret band at 425 nm and four Q bands between 519 and 653 nm (Figure 4-3). The 

positions of the absorption bands for 1 and 2 are shifted slightly from the bands of 

H2(TPP) which are located at 517, 551, 592 and 648 nm under the same solution 

conditions but they more closely compare with the absorption bands of compound 12 

which is used in the correlation of Figure 4-2 and characterized by peaks at 425, 520, 

558, 596 and 655 nm.  
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Figure 4-2. Correlation between the number of pyridyl groups on the porphyrin 

macrocycle and E1/2 for the two macrocycle-centered reductions in pyridine containing 

0.1 M TBAP. The structures of the numbered compounds 1, 2 and 4 are shown in Chart 

4-1. Compound 12 is free-base para-methoxy tetraphenylporphyrin.  
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Table 4-1. Half-wave potential (V vs SCE) of investigated porphyrins and reference 

small molecules in pyridine containing 0.1 M TBAP. 

a
measured in DMSO containing 0.1 M TBAP,  

b
irreversible reduction peak at a scan rate of 0.1 

V/s.  

 
 

 

 

 

 

 

 

 

 

 

 

 

Type of cpds 
Cpd 

(#) 

Reduction (V vs SCE) 

Macrocycle Por N-alkyl(or methoxyethyl)-4-pyridyl 

1st 2nd 1st 2nd 3rd 4th 

Small molecule 9 
  

-1.26
a
 (e) 

  
 

 10 
 

 -0.55 (e) -1.61 (e)
b 

 
 

 11 
  

-0.36 (e) -0.79 (e) 
 

 

 
      

 

Tetraphenyl Por 12 -1.19 (e) -1.57 (e) 
   

 

 
      

 

Pyridyl Por 1 -1.13 (e) -1.52 (e) 
   

 

 2 -1.04 (e) -1.42 (e) 
   

 

 3 -1.02 (e) -1.44 (e) 
   

 

 4 -0.93 (e) -1.22 (e) 
   

 

 
      

 

N-alkyl-4-pyridyl Por 5a -0.80 (2e) -1.73 (e) 
  

 

 5b -0.80 (2e) -1.73 (e) 
  

 

 
      

 

 6 -0.54 (2e) -1.50 (e) -1.66 (e) 
 

 

 7a -0.53 (2e) -1.49 (e) -1.63 (e) 
 

 

 7b -0.53 (2e) -1.49 (e) -1.63 (e) 
 

 

 7c -0.50 (2e) -1.50 (e) -1.63 (e) 
 

 

 7d -0.50 (2e) -1.49 (e) -1.63 (e) 
 

 

 
      

 

 8
a
 -0.51 (2e) -0.66 (e) -0.83 (e) -0.95 (e) -1.12 (e) 
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Table 4-2. Half-wave potential (V vs SCE) of investigated porphyrins and reference 

small molecules in CH2Cl2 containing 0.1 M TBAP. 

Type of cpds 
Cpd 

(#) 

Reduction (V vs SCE) 

Macrocycle Por N-alkyl(or methoxyethyl)-4-pyridyl 

1st 2nd 1st 2nd 

Tetraphenyl Por 12 -1.25 (e) -1.59 (e) 
  

      
Pyridyl Por 1 -1.21 (e) -1.55 (e) 

  
 

2 -1.19 (e) -1.52 (e) 
  

 
3 -1.15 (e) -1.48 (e) 

  
      

N-alkyl-4-pyridyl Por 5a -0.86 (2e) -1.92 (e) 
 

 
5b -0.86 (2e) -1.92 (e) 

 
      
 

6 -0.59 (2e) -1.59 (e) -1.79 (e) 

 
7a -0.59 (2e) -1.54 (e) -1.76 (e) 

 
7b -0.59 (2e) -1.54 (e) -1.76 (e) 

 
7c -0.54 (2e) -1.58 (e) -1.84 (e) 

 
7d -0.54 (2e) -1.58 (e) -1.84 (e) 
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The addition of one electron to compounds 1 or 2 is accompanied by a loss of 

intensity of the 425 nm Soret band along with the appearance of a new band at 451 nm 

and a broad band from 600-900 nm which is typical of a porphyrin π-anion radical. There 

are no significant spectral differences between 1 and 2 which can be related to the 

number of meso-pyridyl substituents on the porphyrin macrocycle. 

Further controlled potential reduction of 1 and 2 in the thin-layer cell leads to the 

doubly reduced porphyrin whose UV-visible spectra are shown in Figure 4-3. The band at 

425 nm is no longer present after the addition of two electrons while the band at 451 nm 

has increased in intensity. Well defined isosbestic points are observed for set of spectral 

changes and the final UV-visible spectrum of the doubly reduced compound is assigned 

as that of a porphyrin dianion, suggesting that the second electron has been added to the 

conjugated porphyrin macrocycle.  

4.3.4 Electrochemistry and Spectroelectrochemistry of N-Alkyl-4-Pyridylporphyrins 

and N-Methoxyethyl-4-Pyridylporphyrin 

 The investigated N-alkyl-4-pyridylporphryins in Chart 4-1 are divided into three 

groups according to the number of meso N-alkylpyridyl substituents on the macrocycle. 

Group I is represented by compounds 5a and 5b which bear one meso N-methylpyridyl 

substituent, Group II by compounds 6, 7a, 7b, 7c and 7d which have two N-alkylpyridyl 

substituents at trans meso positions of the macrocycle and Group III by compound 8 

which has four N-methoxyethyl-4-pyridyl substituents. The electrochemical behavior of 

these eight positively charged porphyrins is described below and will be shown to depend 

upon both the nature of the solvent and the anion of the supporting electrolyte.  
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Figure 4-3. Thin-layer UV-visible spectral changes of compound (a) 1, (b) 2 in pyridine 

with 0.1 M TBAP during the first and second reductions at controlled potentials. 
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4.3.4.1 Mono-N-Alkyl-4-Pyridylporphyrins 

 Similar current-voltage curves are obtained for reduction of compounds 5a and 5b 

by cyclic voltammetry in pyridine or CH2Cl2 containing 0.1 M TBAP. Both mono N-

methypyridylporphyrins are reduced in two steps under these solution conditions, the first 

of which involves a reversible two-electron transfer at E1/2 = -0.86 V (CH2Cl2) or -0.80 V 

(pyridine), and the second a reversible one-electron transfer at E1/2 = -1.92 or -1.73 V in 

CH2Cl2 or pyridine, respectively. Examples of these cyclic voltammograms are shown in 

Figure 4-4 and the proposed overall electron transfer mechanism is shown in Scheme 4-2, 

where the first reduction is localized on the porphyrin π-ring system and the second on 

the N-methylpyridyl substituent.  

The current height for the first reduction of 5a or 5b is approximately 2.8 times 

higher than that of the second, and this is consistent with cyclic voltammetric theory 

where the peak current height is proportional to n
3/2

, thus giving a theoretical ratio of 2.83 

to 1.00 for a two- and one-electron transfer process, respectively.
50

 The first two-electron 

reduction of compounds 5a and 5b is proposed to occur at the conjugated π-ring system 

of the macrocycle, forming a porphyrin dianion. The second at E1/2 = -1.92 V in CH2Cl2 

or -1.73 V in pyridine is assigned to a one-electron reduction of the N-methylpyridyl 

group, with the difference in potentials between the two solvents being related to a 

stronger ion pairing between the positively charged N-methylpyridyl substituent and the 

I
-
 or B(C6F5)4

-
 counterion in CH2Cl2 as compared to pyridine.  
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Scheme 4-2. Reduction mechanism of mono-N-methylpyridyl compounds 5a and 5b, 

where X
-
 = I

-
 or B(C6F5)4

-
. 
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 Although the potentials and reversibility for the two reductions of compounds 5a 

and 5b in CH2Cl2 or pyridine containing 0.1 M TBAP are unaffected by a change of the 

counteranion from I
-
 to B(C6F5)4

-
, this is not the case for the same two compounds in 

pyridine or CH2Cl2 containing other TBAX salts as supporting electrolyte, namely TBAX 

where X = I
-
, Br

-
 or Cl

-
 (see Figures 4-5 and 4-6). Under these solution conditions, the 

first two-electron reduction is followed by a rapid chemical reaction to give a product 

which is reoxidized at Ep = -0.36 to -0.38 V (in pyridine) on the return sweep for a scan 

rate of 0.1 V/s. The electrogenerated product is also reversibly reduced via a new redox 

process at E1/2 = -1.37 V when sweeping towards more negative potentials on the initial 

scan.  

The electrochemical behavior of 5a or 5b under the different solution conditions 

can be accounted for by the proposed mechanism shown in Scheme 4-3, which is 

summarized as follows: In each solvent/supporting electrolyte system, the first reduction 

proceeds via a reversible two-electron transfer at about E1/2 = -0.80 V to -0.86 V to give 

an electrogenerated product that can be further reduced in one of three separate and 

reversible one-electron transfer steps: the first at about E1/2 = -1.37 V, the second at about 

E1/2 = -1.73 V and the third at about E1/2 = -1.92 V. The product of the first 2e
-
 reduction 

can also be reversibly reoxidized at a peak potential of about -0.76 V or the reoxidation 

can proceed via a new process at a peak potential of about -0.36 V for a scan rate of 0.1 

V/s. 
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Figure 4-4. Cyclic voltammgrams of compound 5a in (a) CH2Cl2, (b) pyridine, 

containing 0.1 M TBAP. 
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Figure 4-5. Cyclic voltammograms of compound 5b in pyridine, containing 0.1 M 

TBAX, X = ClO4
-
, I

-
, Br

-
 and Cl

-
. 
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Figure. Cyclic voltammograms of compound 5b in CH2Cl2, containing 0.1 M TBAX, X 

= ClO4
-
, I

-
, Br

-
 and Cl

-
. 
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Scheme 4-3. Proposed reduction mechanism of mono-N-methylpyridyl compounds 5a 

and 5b, where X
-
 = I

-
 or B(C6F5)4

-
. The listed potentials are measured values for 5b in 

CH2Cl2 or pyridine (see Figures 4-5 and 4-6). 
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In summary, three different forms of the doubly reduced porphyrins are proposed 

as the product of the initial reduction. The first, represented as [5]
2-

 (i), is only observed 

in CH2Cl2 and is characterized as having an ion-pairing between the I
-
 or B(C6F5)4

-
 

counterion X
-
 and the positively charged N-methylpyridyl group on the porphyrin. The 

second, represented as [5]
2-

 (ii), is generated in pyridine containing 0.1 M TBAP and is 

characterized as having a non-ion paired N-methylpyridyl group. This species is in 

equilibrium with a third form of the doubly reduced porphyrin represented as [5]
2-

 (iii). 

This form of the porphyrin is proposed to have undergone a rearrangement of the double 

bond structure, resulting in a transfer of positive charge from the N-methylpyridyl group 

to the porphyrin π ring system, thus effectively giving a porphyrin π anion radical with a 

reduced N-methylpyridyl substituent at one meso position of the macrocycle. This form 

of the doubly reduced porphyrin can then be reduced at E1/2 = -1.37 V to give the triply 

reduced porphyrin which is represented as a porphyrin dianion with a singly reduced N-

methylpyridyl substituent. The same doubly reduced porphyrin [5]
2-

 (iii) can also be 

reoxidized at Ep = -0.38 V to give a transient neutral species, which is rapidly converted 

back to the starting material. A similar rearrangement of double bond structure for other 

N-alkylpyridylporphyrins has previously been proposed in the literature,
19,51,52

 and is 

consistent with what is proposed in the current study. 

Additional evidence for the conversion of [5]
2-

 (ii) to [5]
2-

 (iii) is given by a 

comparison of potentials for reduction and reoxidation of the doubly reduced porphyrin 

5b in pyridine containing 0.1 M TBAI, TBABr or TBACl (Figure 4-5) or in CH2Cl2 

containing TBABr or TBACl (Figure 4-6). For example, as seen in Figure 4-5, the 360 

mV difference in potential between the reversible reduction of [5]
2-

 (ii) at E1/2 = -1.73 V 



 

 139 

and [5]
2-

 (iii) at E1/2 = -1.37 V in pyridine containing TBABr or TBACl is similar in 

magnitude to the 360-410 mV difference in potential between Ep values for reoxidation 

of these two species under the same solution conditions. This is consistent with the 

proposed transfer of positive charge from the N-methylpyridyl group to the porphyrin 

macrocycle with change of the double bond structure. At the same time, the conversion of 

[5]
2-

 (ii) to [5]
2-

 (iii) is accompanied by a change in the site of reduction, from the N-

methylpyridyl group in the first case to the porphyrin π ring system in the second. This 

latter reduction occurs at -1.37 V in pyridine and can be compared to an E1/2 of -1.57 V 

for the second reduction of the structurally related compound 1 having a single meso-

pyridyl group (see Table 4-1). 

Indirect evidence for the conversion of [5]
2-

 (ii) to [5]
2-

 (iii) is also given by 

comparison of the UV-visible spectrum obtained after the controlled potential two-

electron reduction of compound 5b and the one-electron reduction of the structural 

related monopyridyl compound 1 under the same solution conditions. The spectra of the 

singly and doubly reduced compound 1 is shown in Figure 4-3, while the spectral 

changes obtained during reduction of compound 5a are illustrated in Figure 4-7.  

The two-electron reduction of compound 5a occurs at E1/2 = -0.80 V in pyridine 

and gives a product with a significant decreased in intensity Soret band which has shifted 

to 425 nm as a new band at 471 nm grows in (Figure 4-7). This spectrum resembles quite 

closely the porphyrin π anion radical spectra for the singly reduced compounds 1 and 2 

(Figure 4-3), consistent with the proposed product of reduction [5]
2-

 (iii) in Scheme 4-3 

being a porphyrin π anion radical with a reduced N-methylpyridyl group. 
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The spectral changes during the second reduction of compound 5a at -1.80 V are 

also shown in Figure 4-7 and are almost identical to the spectral changes obtained during 

the second reduction of compounds 1 and 2 (Figure 4-3). This final UV-visible spectrum 

of the triply reduced 5a is almost identical to the spectrum of doubly reduced 1 or 2, 

giving further evidence for the conversion from [5]
2-

 (iii), which is assigned as porphyrin 

π anion radical, to [5]
3-

 (ii), which is assigned as porphyrin dianion with a neutral N-

methylpyridyl substituent (see Scheme 4-3). 

4.3.4.2 Bis-Alkyl-4-Pyridylporphyrins 

 As described above and also graphically shown in Figure 4-8, the difference in 

redox behavior between the Group I compound 1, which bears one meso-pyridyl 

substituent and the Group I compound 5b, which has one meso-N-methyl-4-pyridyl 

substituent, is a positive shift in reduction potentials of the positively charged porphyrin 

and a change of the prevailing electron transfer mechanism from two well-separated one-

electron transfers (at -1.13 and -1.52 V) in the case of 1, to an overlapping two-electron 

transfer process (at -0.80 V) in the case of 5b (and also 5a which is reduced at the same 

potential).  
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Figure 4-7. Thin-layer UV-visible spectral changes of compound 5a in pyridine 

containing 0.1 M TBAP during the first and second reductions at controlled potentials. 
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A positive shift in reduction potentials and change from two well-separated one-

electron transfers to an overlapping two-electron transfer reduction is also seen upon 

going from the Group II compounds 2 or 3, which contain two meso-pyridyl substituents, 

to the Group II compounds 6 or 7, which contain two N-alkyl-4-pyridyl substituents (see 

Chart 4-1). The magnitude of the positive shift in potential between the reversible first 

reduction of 2 (E1/2 = -1.04 V) and the reversible first reduction of 6 (E1/2 = -0.54 V) 

amounts to 500 mV. A similar difference in potentials is seen between the first reversible 

reduction of 3 at E1/2 = -1.02 V in pyridine and the first reversible reduction of compounds 

7a to 7c at E1/2 = -0.50 to -0.54 V under the same solution conditions (see Table 4-1 and 

Figure 4-9).  

 Compounds 6 and 7a-7d in Group II of Chart 4-1 each contain two meso-N-

alkylpyridyl groups which are trans to each other on the macrocycle and should be 

reduced by one electron each, either at the same half wave potential if they are equivalent 

and non-interacting, or at separate half wave potentials if they are equivalent and 

interacting.
38-42

 The latter is the case, as demonstrated by the fact that two separate one-

electron transfers of the bis-N-alkylpyridyl groups are observed for each of the five 

examined porphyrins in pyridine or CH2Cl2 containing 0.1 M TBAP.  

 The first one-electron reduction of the N-methylpyridyl group on 6 occurs at E1/2 

= -1.50 V in pyridine and the second is located at E1/2 = -1.66 V as shown in Figure 4-8, 

which compares redox behavior of the structurally related compounds 1, 5b and 6. The 

two N-methylpyridyl groups on 6 are both easier to reduce than the single N-

methylpyridyl group on 5b. In addition, the measured ΔE1/2 value between the two 

reversible one-electron transfer reductions of 6 is 160 mV, which suggests a moderate 
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interaction between these two equivalent and interacting redox centers on the molecule. 

Similar split redox processes are seen for reductions of the two equivalent N-alkylpyridyl  

groups  on  compounds  7a, 7 b,  7c  and  7d  and  a  summary  of  the measured 

reduction potentials is given in Table 4-1 (pyridine) and Table 4-2 (CH2Cl2). As seen 

from the data, only small differences in E1/2 are observed with changes of the anion from 

I
-
 to B(C6F5)4

-
 to Br

-
 in changes in the alkyl groups from R = CH3 to R = C12H25. 

4.3.4.3 Tetra-Methoxyethyl-4-Pyridylporphyrins 

 Compound 8 is insoluble in CH2Cl2 and only slightly soluble in pyridine and was 

therefore characterized in DMSO containing 0.1 M TBAP, where it is highly soluble. 

Examples of the cyclic voltammograms obtained in this solvent are shown in Figure 4-10, 

where five separate redox processes are observed. The first involves an overall two-

electron transfer reduction at E1/2 = -0.51 V and this is followed by successive one-

electron reductions of each N-methoxyethyl-4-pyridyl groups, as shown by Equations 4-1 

to 4-5, where R = N-(2-(2-(2-methoxyethoxy)-ethoxy)-ethyl. 
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Figure 4-8. Cyclic voltammograms of compound 1, 5b and 6 in pyridine, containing 0.1 

M TBAP, scan rate = 0.1 V/s.  
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Figure 4-9. Cyclic voltammograms of compound 7a, 7b, 7c and 7d in pyridine, 

containing 0.1 M TBAP. 
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 Earlier published studies of M
II
(TMPyP) derivatives containing different central 

metal ions also showed an overall transfer of six-electrons (or seven in the case of M
III

 

complexes where M = Mn
17

, Fe
18

 and Co
22

) but, to our knowledge, compound 8 is the 

only tetra N-alkylpyridylporphyrin where each of the four N-methoxyethylpyridyl groups 

is reduced in a separate one-electron transfer step. The ΔE1/2 between the first and second 

reductions of the N- methoxyethylpyridyl substituent at E1/2 = -0.66 V and the second at 

E1/2 = -0.83 V is 170 mV and the same separation in E1/2 is observed between the third 

and fourth reductions of compound 8 as illustrated in Figure 4-10. Similar ΔE1/2 values of 

140-160 mV are seen between potentials for reduction of the two N-methylpyridyl groups 

on compounds 6 and 7 (see Figure 4-8 and Table 4-1), thus suggesting the same degree of 

interaction between the two equivalent and interacting electroactive N-alkylpyridyl 

groups in the doubly reduced compounds 6 and 7 and two of the four electroactive N-

methoxyethylpyridyl groups in the doubly reduced compound 8.  

As shown in Figure 4-8, the difference in redox reactivity between compounds 5b 

and 6 is a progressive positive shift in E1/2 for the first reduction with stepwise increase in 

the number of N-alkylpyridyl groups on the porphyrin. A linear relationship is observed 

between E1/2 and the number of N-alkylpyridyl groups for the porphyrin compounds 12, 5 

and 6 which have with 0, 1 and 2 N-methylpyridyl groups, (Figure 4-11) but this 

relationship does not extend to compound 8, which has four N-methoxyethylpyridyl meso 

substituents but an almost identical E1/2 value as for the first reduction of compound 7 

which has only two N-alkylpyridyl groups (see Table 4-1). This suggests that two of the 

four meso-substituents on 8 interact with the π-ring system of the porphyrin macrocycle 
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in its doubly reduced form while two of the positively charged N-alkylpyridyl 

substituents do not. 

Thin-layer spectroelectrochemistry was used to monitor the spectral changes 

which occur during the reduction of compounds 6 and 8 in pyridine, containing 0.1 M 

TBAP.  

The similar spectral patterns of electroreduced compounds 1 and 2 (Figure 4-3) 

contrasts with what is observed for the electroreduced compounds 5a, 6 and 8, whose 

UV-visible changes under the application of an applied reducing potential are illustrated 

in Figures 4-7 and 4-12. The three neutral porphyrins all have a similar spectral pattern 

before reduction, being characteristic in each case of a free-base porphyrin with a sharp 

Soret band at 431 nm (5a), 435 nm (6) or 426 nm (8). However, unlike the meso-pyridyl 

derivatives, three different spectral patterns are observed after the two electron reduction 

of these three related N-alkylpyridylporphyrins.  

In contrast to compound 5a, the doubly reduced compound 6, which has two N-

methylpyridyl substituents, is characterized by a reduced intensity Soret band along with 

an intense near-IR band at 722 nm. This spectrum, shown in Figure 4-12, is qualitatively 

similar to that of doubly reduced 8 which also has a single reduced intensity Soret band 

and a near-IR band at 778 nm. The final spectrum obtained after the two-electron 

reduction of 6 and 8 both resemble spectra for a number of doubly reduced M(TMPyP) 

derivatives in DMF which were shown to possess a strong near IR absorption band 

located at 742 to 852 nm.
18
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Figure 4-10. Cyclic voltammograms of compound 8 in DMSO, containing 0.1 M TBAP 

shown in stepwise.  
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Figure 4-11. Correlation between the number of pyridyl groups on the porphyrin 

macrocycle and E1/2 for the first reduction of compound 12, 5, 6 and 8 in pyridine, 0.1 M 

TBAP. 
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Figure 4-12. Thin-layer UV-visible spectra changes of compound (a) 6 in pyridine and 

(b) 8 in DMSO containing 0.1 M TBAP during the first reduction at controlled potential. 
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4.4 Conclusions 

Free-base pyridyl and N-alkylpyridyl porphyrins with one, two or four meso-

pyridyl substituents were examined as to their electrochemistry and spectroscopic 

properties before and after reduction. The examined series of pyridylporphyrins exhibit 

an electroreduction behavior similar to that of the tetraphenyl TPP complexes in that two 

well-defined one-electron reductions are obtained. The only difference between the meso-

pyridylporphyrin and meso-phenylporphyrin is an increase positive shift in potential with 

each increase in the number of pyridyl groups.  

The electroactive N-alkylpyridyl groups in each N-alkylpyridyl complex can be 

reduced sequentially after a simultaneous two-electron addition to the porphyrin 

macrocycle, with up to four additional redox processes being observed in the case of 

tetra-N-alkylpyridylporphyrin. The redox behavior of the N-alkylpyridylporphyrins also 

varies with the solvent properties, which determines in part the dissociation/association of 

the positive counteranions on the positively charged N-alkylpyridyl groups. Finally, a 

detailed mechanism regarding the electron transfer processes of mono-N-methylpyridyl 

porphyrin is proposed which involves a rearrangement of the double bonded structure for 

the doubly reduced compound. 
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Chapter Five 

Electrochemical and Spectroelectrochemical Properties of Amphiphilic 

Inner Salt Porphyrinic Systems 
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5.1 Introduction 

Molecular engineering studies of porphyrin molecules have revealed that 

increasing the electron-donating or withdrawing power of side groups and increasing the 

length of the conjugated system were very efficient for increasing the second order 

nonlinear polarizability of such molecules.
1-6

 For example, the pyridinium moiety 

exhibits excellent electron withdrawing power, but by introducing a positive charge in the 

molecule it induces the necessity of having a counter anion in the final material, which 

cannot be applied to ionic systems due to the migration of ions and the electrolysis that 

occur upon application of an electric field in a conducting solution.  

An alternate molecular paradigm has been to counterbalance the cationic 

pyridinium charge by linking an anionic group to the same molecule in order to obtain a 

globally neutral molecule. Pyridinium alkane sulfonates have been perfect candidates for 

such zwitterionic molecules. Indeed, a series of pyridinium alkane sulfonates that showed 

membrane potential sensing properties and could be used for cell membrane studies were 

described by Loew and coworkers
.7,8 

 

 In the present chapter, we describe the characterization of these zwitterionic inner 

salt analogs of such molecules bearing a sulfonato alkylpyridinium group by the method 

of electrochemistry and spectroelectrochemistry. The investigated zwitterionic 

porphryinic compounds shown in Chart 5-1 were synthesized by our collaborator, Dr. 

Claude Gros in Dijon, France.
9
 The effect of solvent (with high or low dielectric 

constant) upon electrochemical behavior is discussed in the chapter and an overall 

reduction mechanism is then proposed for all the three zwitterionic compounds 1, 2 and 

3.  
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Chart 5-1. Structures of investigated zwitterionic porphyrins. 
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5.2 Results and Discussion 

5.2.1 Electrochemistry 

The electroreduction of compounds 1, 2 and 3 was examined in CH2Cl2, pyridine 

and DMF containing 0.1 M TBAP as supporting electrolyte and the data compared to that 

of the reference compound 4 (structure shown in Chart 5-2), whose cyclic 

voltammograms in the three solvents are illustrated in Figure 5-1a. 

 The best defined current-voltage curve for 4 is obtained in pyridine and the 

current height of the first reduction in the solvent is about 2.83 times higher than that of 

the second reduction, consistent with two electrons being added in the first step and one 

in the second.
10 

As will be described below, the initial two-electron reduction of this 

compound occurs at the conjugated π-ring system of the macrocycle to give a porphyrin 

dianion with a positively charged N-methylpyridyl group, while the triply-reduced 

product can be described as a porphyrin π dianion with a singly-reduced N-methylpyridyl 

substituent.  

 Although the first reduction of compound 4 occurs at similar E1/2 values in all 

three solvents, this is not the case for the second reduction, which is negatively shifted by 

190 mV in CH2Cl2 (E1/2 = -1.92 V), as compared to the measured half-wave potential in 

DMF or pyridine (E1/2 = -1.73 V). This difference in E1/2 can be accounted for by a 

stronger ion pairing interaction between the B(C6F5)4
-
 anion on 4 and the positively 

charged N-methylpyridyl group when dissolved in the non-polar, low dielectric constant 

solvent CH2Cl2, as compared to the more polar solvents, pyridine and DMF. The same 

porphyrin product is proposed for triply-reduced 4 in all three solvents and the difference 

in half-wave potentials between CH2Cl2 and pyridine (or DMF) can be accounted for by 
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an anion association constant greater than 10
3 

in CH2Cl2 (assuming a 60 mV negative 

shift in E1/2 for each ten-fold increase in the formation constant).
11 

 Similar solvent-dependent electrochemical behavior is exhibited for the three 

zwitterionic compounds 1, 2 and 3 in CH2Cl2, pyridine and DMF, and examples of cyclic 

voltammograms for compound 1 in CH2Cl2, pyridine and DMF are shown in Figure 5-1b. 

The shape of the current-voltage curves and potentials for half-wave reductions are 

almost identical for compounds 1 and 4 in CH2Cl2 and this might be expected since the 

porphyrins are structurally similar to each other, with the only difference being in the 

nature of the N-alkylpyridyl substituent at one meso position of the macrocycle. 

Compound 4 possesses a B(C6F5)4
-
 counterion to balance the positive charge on the N-

methylpyridyl group while compound 1 has a C4 carbon chain with an SO3
-
 group at the 

end which will ion-pair with the positive part of the molecule, as described in earlier 

sections of the manuscript. The folding of the carbon chain and self-binding between the 

anionic and cationic parts of the molecule of 1 helps to stabilize the doubly-reduced 

species, thus giving a reversible two-electron reduction in CH2Cl2, but this stabilization is 

not observed in DMF or pyridine, where a rapid chemical reaction follows the initial two-

electron transfer.  
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Chart 5-2. Structure of reference N-methylpyridylporphyrin. 
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Figure 5-1. Cyclic voltammograms of compound 4 and 1 in CH2Cl2, pyridine and DMF, containing 0.1 M TBAP. Scan rate = 0.1 

V/s. 
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It is proposed that the chemical reaction following the first reduction of 1 involves 

an unfolding of the carbon chain in the more polar organic solvents and when this occurs, 

the product of the initial two-electron reduction is then more easily reduced in a second 

step as well as being more difficult to oxidize on the return sweep after the two-electron 

reduction. The product of the chemical reaction following the first two-electron reduction 

exhibits a new reduction at E1/2 = -1.41 V (pyridine) or -1.32 V (DMF), as well as new 

oxidation peaks at Ep = -0.36 V (pyridine) or -0.42 V (DMF) for a scan rate of 0.1 V/s 

(see voltammograms in Figure 5-1b). The electrochemical data in Figure 5-1 is self-

consistent with spectroelectrochemical data described on the following pages and the 

proposed mechanism of electron transfer for 1, 2 and 3 is given in Scheme 5-1, where the 

potentials are those for compound 1 under the indicated solution conditions. 



 

  

1
6
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Scheme 5-1. Proposed mechanism of reductions for compound 1-3 in CH2Cl2, pyridine and DMF, containing 0.1 M TBAP. The 

potentials in the scheme are given of in compound 1. 
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As described in Scheme 5-1, the doubly reduced zwitterionic porphyrins can exist 

in three different forms depending upon the solvent. One form, represented as [1]
2-

, is the 

initial product of electron transfer under all solution conditions and is described as 

possessing a folded carbon chain with ion-pairing between the negatively charged SO3
-
 

and the positively charged N-alkylpyridyl group of the porphyrin. The second form of the 

two-electron reduction product has an open C4 chain with no ion pairing of the SO3
-
 

group and is characterized as a porphyrin dianion with an unreduced meso N-alkylpyridyl 

substituent. This species is represented as [1]
2- 

(i) in Scheme 5-1 and is the initial 

porphyrin product formed in the chemical reaction following the reversible two-electron 

addition in pyridine or DMF. The third and final form of the doubly reduced porphyrin is 

represented as [1]
2- 

(ii) and is proposed to have undergone a rearrangement of the double 

bonds and transfer of positive charge from the N-alkylpyridyl substituent to the doubly 

reduced porphyrin macrocycle, giving effectively a porphyrin π anion radical with a 

reduced N-alkylpyridyl substituent. This type of double bond rearrangement and transfer 

of charge has been described in the literature for other N-alkylpyridyl porphyrins.
12-14

 

 As mentioned above, all three examined zwitterionic porphyrins appear to follow 

the same electron transfer mechanism. Compound 3 is not soluble in DMF but it is 

soluble in the other two solvents and its reduction and reoxidation potentials are listed in 

Table 5-1, along with the potentials for the redox reactions of compounds 1, 2 and 4 

under the same solution conditions. 
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Table 5-1. Half-wave potential (V vs SCE) for reduction of zwitterionic porphyrinic 

derivatives and reference compound in different solvents containing 0.1 M TBAP. 

Solvent Compound 
1st Red

a  2nd Red
c 

  Process I Process II Process III 

DCM 4 -0.86  -1.92   

 
1 -0.84  -1.89   

 
2 -0.80  -1.81   

 
3 -0.90

b  -1.80   

  
     

Pyridine 4 -0.80  -1.73   

 
1 -0.83

b 
(-0.36)   -1.76 -1.41 

 
2 -0.77 (-0.37)   -1.70

b -1.40 

 
3 -0.84

b
 (-0.22)   -1.70 -1.56

b 

  
     

DMF 4 -0.79  -1.74   

 
1 -0.82

b
 (-0.42)   -1.79 -1.32 

 
2 -0.79 (-0.39)   -1.76 -1.36 

 
3 Not soluble     

a
irreversible reoxidation potential shown in parentheses. 

b
irreversible peak potential of a scan rate 

of 0.1 V/s. 
c
reduction processes I-III shown in Scheme 5-1. 
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5.2.2 Spectroelectrochemistry  

The first two-electron reduction of 1 and 2 were examined by thin-layer UV-

visible spectroelectrochemistry in pyridine containing 0.1 M TBAP and examples of 

these spectra are shown in Figure 5-2 along with spectral changes for the doubly reduced 

reference compound 4. All three spectra of the neutral compounds are characterized by a 

sharp Soret band at 428-431 nm and four visible bands between 523 and 657 nm. After 

the addition of two electrons, the Soret bands decrease in intensity and shift to 428 nm, as 

a new band grows in at 471-476 nm along with a broad band from 700 - 900 nm. The 

final spectrum of all three doubly-reduced porphyrins are similar to each other and these 

spectra closely resemble the spectrum of a free-base porphyrin π-anion radical. The fact 

that the final spectrum of the doubly-reduced compound 4 is almost identical to that of 

doubly reduced compounds 1 and 2 is consistent with a structure similar to that of [1]
2- 

(ii) on the slower spectroelectrochemical timescale but not on the faster cyclic 

voltammetric timescale as evidenced by the reversible cyclic voltammograms in Figure 

5-1a.  

Preliminary measurements on compound 4 under other solution conditions 

suggest that the rate of the chemical reaction following the two-electron transfer is 

dependent not only upon the solvent type but also upon the concentration of supporting 

electrolyte as well as the type of anion associated with the positively charged N-

alkylpyridyl group. However, detailed studies with this compound and others are needed 

to clarify this point.  
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Figure 5-2. Thin-layer UV-visible spectral changes during the first reduction of 

compounds 4, 1 and 2 in pyridine containing 0.1 M TBAP during the first reduction at the 

controlled potentials. 
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5.3 Conclusions 

In summary, the electrochemical and spectroelectrochemical properties of three   

free-base amphiphilic inner salt porphyrins (Chart 5-1) were examined in CH2Cl2, 

pyridine and DMF, containing 0.1 M TBAP, respectively. Each porphyrin undergoes an 

initial two-electron reduction on the site of zwitterionic porphyrin macrocycle in all 

solvents, whose electrochemical behavior is identical to its structurally similar model 

compound 4. Spectroscopic support of this assignment forming dianion after the first 

reduction is also given in the spectroelectrochemistry section in this manuscript.  

A different electrochemical behavior is observed after the first reduction in 

pyridine and DMF which possess a high dielectric constant, facilitating the dissociation 

of a folded carbon chain form with no ion-pairing between the positive charge of 

pyridinium and the negative charge SO3
-
 as well as a rearrangement of the double bond 

and the transfer of positive charge from pyridium to the porphyrin macrocycle. As a 

result, this doubly reduced species can reoxidized at a more positive potential, making the 

first reduction an irreversible process. With the equilibrium in more polar solvents before 

and after a rearrangement, there are two reduction peaks at a sweep of more negative 

potentials, exhibiting a third electron addition of these two doubly reduced products.  
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Chapter Six 

Electrochemistry and Spectroelectrochemistry of Hemiporphycene  

in Nonaqueous Media 
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6.1 Introduction 

The macrocycle whose electrochemistry is described in this chapter is a 

functionalized hemiporphycene shown in Chart 6-1. These macrocyclic compounds were 

prepared by our collaborators at the University of Roma and were synthesized as 

described in the literature.
1-3

 

Hemiporphycenes, along with other porphyrin isomers are quite new
 

on the 

chemical scene. In fact, the mystique of this class of porphyrin analogues was only 

realized in the mid 1990s.
4-8 

Little is known about redox properties of hemiporphycenes. 

In this chapter, the electrochemistry and spectoelectrochemistry of 5-hemiporphycene 

derivatives (Chart 6-1) are described.  

The electron transfer reductions and oxidations of 5-hemiporphycene can involve 

the hemiporphycene conjugated π system of the macrocycle or the pyrazine substituents, 

all of which are redox active. The site of electron transfer, whether at the macrocycle or 

the pyrazine substituent, is an important factor to know and control since the electron 

transfer reactivity of these hemiporphycene derivatives are directly associated with their 

possible applications in photovoltaics and molecular electronics.
9-11 
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Chart 6-1. Structures of the investigated 5-hemiporphycene derivatives. 
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6.2 Results and Discussion 

6.2.1 Electrochemistry and Spectroelectrochemistry 

To further investigate the isolated products, the 5-hemiporphycene derivatives 

were examined by cyclic voltammetry and thin-layer spectroelectrochemistry in 

dichloromethane (CH2Cl2) and benzonitrile (PhCN) containing 0.1 M tetra-n 

butylammonium perchlorate (TBAP) as supporting electrolyte. Examples of the cyclic 

voltammograms in CH2Cl2 are illustrated in Figure 6-1 and a summary of the half-wave 

or peak potentials in CH2Cl2 and PhCN is given in Table 6-1, which also indicates the 

proposed site of each electron transfer. The investigated compounds possess two 

electroactive redox centers; one is the conjugated π-ring system of the hemiporphycene 

macrocycle and the other is the linked pyrazine group, which shows rich redox activity 

upon reduction. As described on the following pages, the hemiporphycene complex 

undergoes two macrocycle-centered oxidations and one or two macrocycle-centered 

reductions; the remaining redox processes are then assigned to reductions at the pyrazine 

substituent. Evidence for electron addition to the pyrazine substituent on these complexes 

is given by data in the literature for a variety of substituted pyrazines with electron 

withdrawing groups
12

 and by an examination in the present study of the pyrazines 5 and 6 

in PhCN (see Chart 6-2). 
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Figure 6-1. Cyclic voltammograms of complexes 3 (M = Ni), 2 (M = Cu) and 4 (M = Zn) 

in CH2Cl2 containing 0.1 M TBAP. 
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Table 6-1. Half-wave potentials (V vs SCE) of hemiporphycenes and related small 

molecules in CH2Cl2 or PhCN containing 0.1 M TBAP. 

a
irreversible potential of a scan rate of 0.1 V/s. 

 

 

 

 

 

  

Solvent 
Cpd/ 

pyrazine
a
 

Hemiporphycene Macrocycle 

 

Pyrazine Group 

Oxidation 
 

Reduction 
 

Reduction 

2nd 1st 

 

1st 2nd 

 

1st 2nd 3rd 

CH2Cl2 1 1.39 1.18
a
 

 

-1.18 -1.51
a
 

 

-0.68
a
 -0.82 -1.59 

 
7 1.27 1.08 

 

-1.18
a
 

   

-0.81 -1.77 

 

3 1.23 1.06 

 

-1.14
a
 -1.35 

 

-0.67
a
 -0.83 -1.87 

 

2 1.23 1.10 

 

-1.14 -1.33 

 

-0.68
a
 -0.86 -1.71 

 

4 1.07 0.87 

 

-1.19 -1.32 

 

-0.55
a
 -0.96

a
 -1.71 

 

5 

      

-0.56
a
 

  

           
PhCN 1 1.36 1.16

a
 

 

-1.20 -1.47 

 

-0.66
a
 -0.82 -1.47 

 

7 1.27 1.12 

 

-1.14
a
 

   

-0.85 -1.69 

 

3 1.25 1.12 

 

-1.18
a
 -1.37 

 

-0.67
a
 -0.83 -1.68 

 

2 1.29 1.13 

 

-1.18 -1.36 

 

-0.68
a
 -0.85 -1.70 

 

4 1.13 0.95 

 

-1.19 -1.28 

 

-0.60
a
 -1.00

a
 -1.74 

 

5 

      

-0.55
a
 -1.13 -1.70 

 
6 

       

-0.93 -1.82
a
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Chart 6-2. Structures of related small molecules. 
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Pyrazine and substituted pyrazines have been shown to undergo up to two one-

electron reductions in nonaqueous solvents such as CH2Cl2, PhCN and pyridine.
1
 The 

potentials and reversibility of these reactions will depend upon the specific pyrazine 

substituents. One example related to the current study is 6, which is reversibly reduced in 

PhCN at E1/2 = -0.93 V in the first step and irreversibly reduced at Ep = -1.82 V in the 

second (see Table 6-1). The potential separation between the two reductions of 6 in 

PhCN amounts to 890 mV, and this value can be compared to a separation of 750 - 1040 

mV between the second and fifth reductions of the four investigated hemiporphycene 

complexes in the same solvent. A similar separation is seen in CH2Cl2, and these 

processes are labeled in Figure 6-1 as occurring at the pyrazine group for complexes 2, 3 

and 4. 

The first one-electron reduction of 1 and the complexes 2, 3 and 4 in Figure 6-1 at 

Ep  = -0.55 to -0.68 V is also proposed to occur at the pyrazine group, but this electron 

transfer is irreversible and accompanied by a loss of Br
-
, with the conversion to the 

debrominated species in solution. Evidence for this assignment is given in part by the 

cyclic voltammograms in Figure 6-2 for the reduction of 5 in PhCN. The first one-

electron addition to this compound at Ep = -0.55 V is irreversible and coupled to an 

oxidation peak at Ep = 0.76 V, which is not seen upon an initial positive scan (Figure 6-

2a). A similar oxidation peak is observed at Ep = 0.76 V for a PhCN solution of tetra-n-

butylammonium bromide (TBABr) (Figure 6-2b). In both cases, this peak is assigned to 

the oxidation of Br
-
, either from TBABr or from bromide, which is in situ generated after 

the first one-electron reduction of 5. 
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Figure 6-2. Cyclic voltammograms of (a) 5 (c = 1.1 x 10
-4

 M) and (b)  TBABr (c = 1.0 x 

10
-4

 M)  in PhCN, 0.1 M TBAP. 
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Like in the case of 5, the first one-electron reduction of 1, 2, 3 and 4 is irreversible 

and coupled with a new oxidation peak at 0.78 V, which is not seen on initial positive 

scans of the compounds (see Figure 6-1). The hemiporphycene product of the chemical 

reaction following the first reduction is the unreduced hemiporphycene, which has lost a 

Br substituent from the pyrazine group and added in its place hydrogen atom from the 

solution. This debrominated pyrazine substituent is then the site of the second one-

electron reduction in the cyclic voltammograms of these compounds. This pyrazine-based 

reduction is reversible for three of the four hemiporphycene derivatives and is located at a 

similar half-wave potential of -0.81 to -0.86 V, independent of the solvent or central 

metal ion. A comparable reversible reduction is also seen in PhCN at E1/2 = -0.82 V for 1 

and at E1/2 = -0.96 V for 5 (see Table 6-1). 

Additional electrochemical evidence for pyrazine as the site of the second 

reduction is given by a comparison of the cyclic voltammograms for the reduction of the 

Ni complexes 3 and 7. As described above, the first reduction of 7 is proposed to generate 

a neutral hemiporphycene with a debrominated pyrazine group. The debrominated Ni 

complex (7, Chart 6-1) was chemically synthesized and exhibits redox behavior almost 

identical to that of 3, after the first irreversible reduction of this compound. This is most 

clearly seen on the second potential scan in the cyclic voltammogram of 3, where the 

process at Ep = -0.67 V is no longer present (dashed line in Figure 6-3a). The third (and 

last) reduction of 7 (Figure 6-3b) at E1/2 = -1.69 V is assigned to the second reduction of 

the pyrazine group and a similar redox process is seen for 10 in Figure 6-3c. 
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Figure 6-3. Cyclic voltammograms of (a) 3, (b) 7 and (c) 6 in PhCN, 0.1 M TBAP. 
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The electrochemistry of 2 is quite similar to that of 3, both in the number of 

observed electrochemical reactions and in the measured redox potentials. For both 

compounds, the first, second and fifth reductions are assigned to the pyrazine group, 

while the third and fourth reductions are assigned as electron addition to the conjugated 

macrocycle of the hemiporphycene. 

This assignment of electron transfer site in the first four reductions was further 

verified for 2 by monitoring the UV-visible spectral changes during controlled potential 

reduction in a thin-layer cell. These results are illustrated in Figure 6-4. As seen in the 

figure, the first two one-electron reductions at controlled potentials of -0.80 and -1.00 V 

exhibit negligible spectral changes, consistent with electron addition to the pyrazine 

group which does not interact substantially with the π-ring system of the hemiporphycene 

macrocycle. In contrast, a controlled potential reduction at -1.60 V directly affects the π-

ring system of the hemiporphycene. The spectral changes and the final UV-visible 

spectrum are characteristic of electron addition to the conjugated macrocycle and 

formation of a hemiporphycene π-anion radical in the first step. These spectral changes 

are illustrated at the bottom of Figure 6-4. 
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Figure 6-4. UV-visible spectral change during controlled potential reduction of 2 (M = 

Cu) at the indicated potentials in PhCN, 0.1 M TBAP. 
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6.2.2 Hemiporphycene Oxidations and HOMO−LUMO Gap 

Each investigated metal hemiporphycene complex undergoes two well-defined 

ring centered one-electron oxidations. The first is located at E1/2 = 0.87 to 1.10 V, and the 

second at E1/2 values between 1.07 to 1.39 V in CH2Cl2 containing 0.1 M TBAP (see 

Table 6-1 and Figure 6-1). The first oxidation of 1 is irreversible in both solvents, 

probably due to a protonation reaction of the free-base hemiporphycene.
13

 

No differences in the first oxidation potentials are see between 3 and 7 in PhCN, 

indicating the lack of a substituent effect for the Br group on the pyrazine. A similar lack 

of substituent effect is seen for the second oxidation which differs by 0 - 20 mV between 

the two compounds in PhCN or CH2Cl2. No pyrazine-centered oxidations are observed, 

either for the investigated hemiporphycenes or for the two substituted dicyanopyrazine 

molecules examined in the current study. 

Spectroscopic support for assignment of the two reversible oxidations of the 

complexes as involving the hemiporphycene π-ring system is given by the thin-layer 

spectroelectrochemistry data shown in Figure 6-5a for the case of 2. Controlled potential 

oxidation at 1.20 V leads to a spectrum with decreased intensity of the Soret and Q bands, 

as a new broad band grows between 700 and 900 nm for the singly oxidized compound. 

This type of spectral change indicates a one-electron abstraction from the 

hemiporphycene macrocycle and produces a typical π-cation radical type spectrum as the 

final electrooxidation product. Similar spectral changes are observed for complexes 3 and 

4 during the first oxidation. The second oxidation of 2 at 1.70 V leads to a complete loss 

of intensity for all bands, consistent with formation of a hemiporphycene dication (Figure 

6-5a). 
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Figure 6-5. UV-visible spectral change during the controlled potential oxidations of 2 (M 

= Cu) and 1 (M = 2H) in PhCN, 0.1 M TBAP. 
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A different type of spectral change is observed upon oxidation of the free-base 

hemiporphycene 1 (Figure 6-5b) in PhCN. The first oxidation is irreversible by cyclic 

voltammogram and applying a controlled oxidation potential of 1.30 V to 1 in a thin-

layer cell results in a decrease of the original Soret band peak at 423 nm, with the 

appearance of a new Soret band at 452 nm. A new relatively intense Q-band also forms at 

696 nm for the singly oxidized species. These types of spectral changes can be 

interpreted in terms of a fast protonation reaction at the central nitrogen to give the 

diprotonated neutral hemiporphycene, [1]
3+

 (see Figure 6-5b).
13

 

  The electrochemically measured HOMO - LUMO gap (the difference in E1/2 of 

the first ring-centered oxidation and reduction) for complexes 1, 2, 3 and 4 also support 

our assignments for oxidation and reduction at the π-ring system of the hemiporphycene 

macrocycle. The potential for the first oxidation and first reduction of 2, 3, 4 and the 

corresponding tetraphenylporphyrin complexes (TPP)M
14

 are graphically shown in 

Figure 6-6. As seen in the figure, the first oxidation of hemiporphycene complexes 

(TPHpBr)M is systematically harder than the first oxidation of the corresponding 

(TPP)M compounds by 50-70 mV. At the same time, the difference in E1/2 values 

between reduction of (TPHpBr)M and (TPP)M ranges from 140 to 180 mV, with the 

most facile reduction occurring for the hemiporphycene macrocycle. The easier reduction 

of the hemiporphycenes results in a smaller HOMO - LUMO gap for these compounds as 

compared to the (TPP)M derivatives by 80-110 mV, and the values of the gap that ranges 

from 2.06 to 2.24 V for (TPHpBr)M are shown in Figure 6-6. 
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Figure 6-6. Comparison of redox potentials for first oxidation and first reduction of 

(TPHpBr)M and (TPP)M where M = Ni, Cu or Zn. 

 

 

 

 

 

 

 

 

 



 188 

6.3 Conclusions 

The formation of the 5-hemiporphycene 1 represents a further example of corrole 

ring “breathing” and demonstrates that this transformation is not unusual, but it can be of 

synthetic value for the preparation of functionalized species of this porphyrin analogue, 

considering the significant developments recently achieved by the synthetic chemistry of 

corrole.  

Different metal and free-base complexes of 5-hemiporphycene have been 

electrochemically and spectroelectrochemically characterized in CH2Cl2 and PhCN, 

containing 0.1 M TBAP and have been revealed the reactivity of the peripheral pyrazine 

group with respect to their electroreductions. The examined compounds globally possess 

two oxidations whose redox centers are both related with hemiporphycene macrocycle 

and possess five reductions where electron additions can occur on the site electroactive 

pyrazine group and conjugated π-ring system of the macrocycle. The singly reduced 

products undergo the loss of a Br substituent from the pyrazino group, which parallels the 

formation of compound 7 by Ni insertion in DMF. The hemiporphycenes have a smaller 

HOMO-LUMO gap and they are always easier to reduce than the corresponding 

porphyrin complexes. These features make the compounds of interest in applications, 

such as sensing layers in chemical sensors, for example.  
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Chapter Seven 

Electrochemical and Spectroelectrochemical studies of 

Ferrocenylcorrole Complexes 
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7.1 Introduction 

Looking at different approaches in the wide arena of the different porphyrinoid 

structures, particular attention has been focused on ferrocene as a peripheral substituent 

on the porphyrin ring.
1 

One impetus for these synthetic studies has been the fact that 

ferrocene-containing porphyrins have shown, in the past, a specific redox activitity with 

the possibility of obtaining compounds in mixed valence states that can be exploited for 

opto-electronic applications.  

Adding ferrocene as an electron-donor group at one or more meso-positions of 

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

oxidation process and one of the main features of ferrocene-based compounds is the 

formation of “mixed-valence state” derivatives.
2,3

 A copper complex of 5,10,15-

triferrocenylcorrole was reported by our collaborator in Rome.
4
  

We wish to investigate how the number and positions of the meso-ferocene 

groups on the corrole macrocycle will influence the physicochemical properties of the 

compounds and report in the present chapter a full electrochemical characterization of the 

previously synthesized 5,10,15-triferrocenylcorrolatocopper(III) derivative, TFcCorrCu, 

together with the characterization of the corresponding mono- and bis-substituted 

ferrocenyl analogs, 5,15-diphenyl-10-ferrocenylcorrolatocopper(III) (FcDPhCorrCu) and 

5,15-diferrocenyl-10-phenylcorrolatocopper(III) (DFcPhCorrCu), whose structures are 

shown in Chart 7-1.  
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Chart 7-1. Molecular structures of Cu corroles bearing one, two or three of Fc groups. 

  



 193 

Our collaborator in Rome wished to explore the scope of the synthetic pathway 

leading to the ferrocenylcorrole complexes and examined the same procedures in an 

attempted synthesis of the cobalt and nickel triferrocenylcorrole derivatives. He was 

successful in preparation and characterization of the corresponding 

triphenylphosphinecobalt(III) complex (TFcCorrCoPPh3), but a non-oxidative ring 

opening of the TFcCorrH3 macrocycle was observed during metallation with nickel 

acetate, giving as an isolated final product the linear diferrocene tetrapyrrole derivative, 

DFcLTPNi, whose structure is shown in Chart 7-2. Both compounds are now 

characterized in this chapter as to their spectroscopic and electrochemical properties. 

 

7.2 Results and Discussion 

7.2.1 Spectroscopic Characterization 

Spectroscopic characterization of TFcCorrCu indicated some interesting optical 

properties of this complex. Copper 5,10,15-triarylcorrolates exhibit UV-vis spectra that 

are strongly influenced by substituents at the meso-phenyl rings of the corrole and less 

affected by changes in substituents at the β-pyrrolic positions on the macrocycle.
5-9

 

Electron-donating groups induce significant red shifts in the Soret band and this effect 

has been attributed to a phenyl-to-metal charge transfer character of the main absorbance 

band. This feature provides further evidence for the difficultly in characterizing electronic 

structures of such non-innocent ligands. This phenyl-to-metal charge transfer also 

induces a saddle-like distortion of the tetrapyrrole ring,
10

 even in the absence of 

peripheral substituent crowding, a unique case among all the metallocorrolates. 
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Chart 7-2. Molecular structures of the Co and Ni derivatives.  
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On the other hand, the observed spectrum of TFcCorrCu (solid line in Figure 7-1) 

is quite different from spectra of triarylcorrole copper complexes (see for example 

TPCorrCu spectrum in Figure 7-1) and closely resembles that of the corresponding 

tetraferrocenylporphyrin copper complex.
11

 For this latter corrole, it has been reported 

that the UV-visible spectroscopic pattern of the metallated macrocycle is predominantly 

influenced by ferrocene-based orbitals lying in energy between the occupied and 

unoccupied porphyrin-based orbitals.
11

 For the corrole complexes, the situation is even 

more complicated, since it has been reported in the literature that substituents at the 5 and 

15 meso-positions of the macrocycle contribute more to variations of the corrole UV-

visible spectra than do substituents at the 10 meso-position.
12

 To verify if this feature is 

observed in the case of ferrocene-substituted corroles, copper derivatives were prepared 

with corroles bearing one, two or three meso-substituted Fc groups (see structures in 

Chart 7-1). FcDPhCorrCu and DFcPhCorrCu were prepared following a method reported 

for the synthesis of trans A2B corroles, starting from the appropriate dipyrromethane and 

aldehyde.
13

 As was done for TFcCorrCu, the free-base TFcCorrH3 was not isolated and 

copper insertion was performed immediately after the oxidative step in order to limit 

decomposition of the macrocycle. The UV-visible spectrum of DFcPhCorrCu (dotted line 

in Figure 7-1) is very similar to that of TFcCorrCu (solid line in Figure 7-1), both in the 

Soret and Q band region. On the other hand, the spectrum of FcDPhCorrCu (dashed line, 

Figure 7-1) is quite different, strongly resembling the published UV-visible spectrum of 

TPCorrCu,
5-9

 although the Soret band of FcDPhCorrCu is slightly blue-shifted with 

respect to the bands of TFcCorrCu, while the Q band is significantly less intense in the 

triferrocenylcorrole and positioned around 650 nm. It is also interesting to note that by 
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increasing the number of Fc substituents on the macrocycle, the intensity of Soret band 

decreases while the Q band becomes more intense. This trend is seen in Figure 7-1 and 

also in Table 7-1 which summarizes data for the three Fc-functionalized Cu-corroles with 

that of the simple copper triphenylcorrole. The similarity in the spectroscopic data for 

TPCorrCu and FcDPhCorrCu as compared to DFcPhCorrCu and TFcCorrCu confirms 

that substituents at the 5 and 15 positions of the macrocycle have a stronger effect on the 

UV-visible spectrum than does the substituent at the meso-10 position.  

Copper corroles have been studied in detail from a theoretical point of view,
10, 14-

16
 due to their particular electronic configuration and geometric distortion of the core 

induced by the metal and to discuss the question of the non innocence of the ligand. 

Different approaches have been used, including DFT calculations,
17-19

 giving good results 

in terms of geometric shape and the extent of electronic interaction that occurs between 

the macrocycle and the coordinated central metal ion. 

In fact, the HOMO is characterized by a strong interaction between the core, the 

ferrocenyl units and the metal. On the other hand, the unoccupied orbitals (LUMO, 

LUMO +1 and LUMO +2) are mainly centered on the macrocyle core.  

  



 197 

Table 7-1. Molar absorption
 
coefficients (max) of copper corrole complexes in CH2Cl2. 

Compound Soret band (max) Q Band (max) 

TPCorrCu 5.09 (410) 3.89 (538) 

FcDPhCorrCu 5.01 (415) 3.90 (634) 

DFcPhCorrCu 4.83 (420) 4.11 (667) 

TFcCorrCu 4.75 (422) 4.14 (674) 
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Figure 7-1. UV-visible spectra (10
-5

 M in CH2Cl2) of TFcCorrCu (solid line), 

DFcPhCorrCu (dotted line), FcDPhCorrCu (dashed line) and TPCorrCu (dotted and 

dashed line).   

  

Wavelength (nm) 
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In particular, the electronic properties are strongly influenced by substituents at 

the positions 5 and 15 and this can be clearly observed by analyzing the orbital 

contribution to the UV-visible spectra. In fact, the HOMO-1 contributes significantly to 

the Soret band absorption
17,18

 and a strong contribution from the ferrocenyl unit at the 

meso-positions 5 and 15 is seen. This indicates that the Fc groups at these two positions 

mostly influence the electronic spectra, as compared to the Fc group at position 10, which 

has smaller effect. This is in agreement with the similar absorption spectra of 5,15-

DiFcPhCorr and TFcCorrCu, whereas the 10 mono-substituted corrole FcDPhCorrCu has 

a UV-visible spectrum similar to that of other corrole derivatives with aromatic 

subtituents. This behavior is in agreement with published results that underline the strong 

contribution of groups at the corrole meso-positions 5 and 15 to the electronic spectrum 

as compared to the smaller contribution from groups at the position 10 of the 

macrocycle.
12,20

  

Quite surprisingly, as to the Co derivative, the most stable atropoisomer has all of 

three ferrocenyl groups on the same side of the molecule as the phosphine axial ligand, 

despite the steric hindrance potentially connected to this geometrical shape. While this 

feature suggests some interaction among the axial ligand and the ferrocenyl groups, a 

strong interaction between the meso-ferrocenes, the central cobalt ion and the corrole 

macrocyle can be observed. Like in the case of TFcCorrCu, theoretical calculations of the 

orbital distribution for TFcCorrCo(PPh3) fit well the experimental results, and an 

interaction between the different ferrocenes and the macrocyle is clearly visible. 

Attempts to obtain the Ni derivative of TFcCorrH3 gave different and quite 

unexpected results. In an initial synthetic attempt to obtain the target molecule, the 
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reaction mixture containing the free base corrole and excess Ni(AcO)2 was reacted at 80 

°C in DMF, since ferrocenyl derivatives are not stable at temperature higher than 90-100 

°C. This procedure yielded mainly a green fraction, whose UV-vis spectrum is shown in 

Figure 7-2 and characterized by a broad Soret-like band between 350 and 500 nm and 

four relatively intense absorbances in the Q band region of the spectrum.  

The UV-visible spectrum of the Ni product is not characteristic of a 

metalloporphyrin or a metallocorrole and formation of the desired TFcCorrNi was 

definitely ruled out by the 
1
H NMR spectrum, which revealed the presence of a 

diamagnetic Ni(II) species, instead of a paramagnetic species Ni(III) complex, expected 

for TFcCorrNi. A definitive structure of the Ni-derivative was then confirmed by NMR 

analysis as the open-chain complex DFcLTPNi illustrated in Chart 7-2. 

 

7.2.2 Electrochemistry and Spectroelectrochemistry 

7.2.2.1 Electrochemistry of Copper Complexes  

The electrochemistry of each copper ferrocenylcorrole was examined in PhCN 

containing 0.1 M TBAP as supporting electrolyte. Examples of cyclic voltammograms in 

this solvent are illustrated in Figure 7-3 and a summary of E1/2 values for each redox 

reaction under these solution conditions is given in Table 7-3. For comparison purposes, 

potentials for oxidation and reduction of the related non-ferrocenyl derivative, 5,10,15-

triphenylcorrole (TPCorr), is also given in the figure and table. 

 

  



 201 

 

Figure 7-2. UV-visible spectrum of DFcLTPNi in CH2Cl2. 
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The reversible redox reactions in Figure 7-3 can be assigned to three sites of 

electron addition or electron abstraction, as indicated in the figure. One site of electron 

transfer involves the macrocycle which is reversibly oxidized at E1/2 values between 0.77 

and 1.11 V, the second is oxidation of the Fc groups which occurs at E1/2 values between 

0.45 V to 0.67 V and the third site of the electron transfer involves reduction of the 

Cu(III) central metal ion to its Cu(II) form at E1/2 = -0.19 V to -0.33 V.  

The neutral corrole formally contains Cu
III

 and the first reduction process can then 

be described as electron addition to the central metal ion, forming TFcCorrCu
II
 as a final 

reduction product. The alternate assignment of the neutral compound as a Cu(II) corrole 

π-cation radical
10, 12-15

 cannot be ruled out, although the exact nature of the assignment 

has no bearing on the product of the one-electron reduction which unambiguously 

contains Cu(II) in each compound.  

A second reduction of TFcCorrCu is also observed at E1/2 = -2.03 V in PhCN and 

-1.97 V in DMF (see Figure 7-4). This process involves electron addition to the 

conjugated macrocycle, forming a Cu(II) corrole π anion radical. This reduction behavior 

is similar to that of other previously investigated copper corrole derivatives.
21-24

 

Ferrocene is a strong electron-donating group and thus the stepwise replacement of each 

meso-phenyl group in TPCorrCu by a ferrocenyl substituent results in a systematic 

negative shift in potential for the first reduction whose E1/2 value is directly proportional 

to the number of Fc groups on the compound. This is graphically shown in Figure 7-5 

where the reversible first reduction potential shifts from -0.19 V for the Cu(III)/(II) 

reaction of TPCorrCu  to -0.33 V for the same electrode reaction of TFcCorrCu.  
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Figure 7-3. Cyclic voltammograms of (Fc)x(Ph)3-xCorrCu where x= 0-3 in PhCN, 

containing 0.1 M TBAP at a scan rate of 0.1 V/s.  
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Table 7-2. Half-wave potentials (vs. SCE) for copper ferrocenylcorroles in PhCN, 

containing 0.1 M TBAP. 

Compound #Fc
a  

ox 

(macrocycle) 
 

ox (Fc) 

 

red 

(Cu
III

/Cu
II
) 

 

1st 

 

3rd 2nd 1st 

 

1st 

TPCorrCu 0 

 

0.77 

     

-0.19 

FcDPhCorrCu 1 

 

0.92 

   

0.58 

 

-0.22 

DFcPhCorrCu 2 

 

1.02 

  

0.66 0.50 

 

-0.27 

TFcCorrCu 3 

 

1.11 

 

0.67 0.67 0.45 

 

-0.33 

             a
 Number of ferrocene groups on the macrocycle. 
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A systematic negative shift in E1/2 is also seen for the first one-electron oxidation 

of each ferrocenylcorrole as the number of Fc groups on the macrocycle is increased from 

one in the case of FcDPhCorrCu to three in the case of TFcCorrCu. The potential of 0.58 

V for the reversible conversion of Fc to Fc
+
 on FcDPhCorrCu (x = 1) is more difficult by 

100 mV than the measured E1/2 value for oxidation of free Fc under the same solution 

conditions (E1/2 = 0.48 V). The reversible oxidation of one Fc group on DFcPhCorrCu (x 

= 2) is located at E1/2 = 0.50 V and this potential is also more positive than the E1/2 value 

of unlinked ferrocene in this solvent. Only in the case of the triferrocenyl compound, is 

the Fc/Fc
+
 process easier than that of free ferrocene. This first oxidation of TFcCorrCu 

occurs at E1/2 = 0.45 V in PhCN and a plot of the half-wave potential for the first Fc-

centered oxidation vs the number of Fc groups on the compound is again linear as shown 

in Figure 7-5.  

DFcPhCorrCu (x = 2) undergoes three one-electron oxidations, the first two of 

which are ascribed to oxidation of ferrocene substituents at the 5 and 15 positions of the 

macrocycles. The second Fc group on DFcPhCorrCu (x = 2) is harder to oxidize than the 

first by 160 mV, and the separation in potential between the two Fc/Fc
+
 processes is 

consistent with an interaction between the two equivalent meso-Fc groups of the 

complex.
25-27

  

Three reversible oxidations of TFcCorrCu
III

 can be observed within the positive 

potential window of PhCN. These occur at E1/2 = 0.45, 0.67 and 1.11 V, respectively. The 

current height for second oxidation of TFcCorrCu at E1/2 = 0.67 V is twice that of the 

other processes (see Figure 7-3), indicating two overlapping one-electron oxidations at 

the same potential. As indicated above, the unlinked ferrocene molecule exhibits a 
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reversible one-electron oxidation at E1/2 = 0.48 V in PhCN and this potential can be 

compared to the E1/2 = 0.45 V for the first one-electron oxidation of TFcCorrCu where 

the process is proposed to involve electron abstraction from the ferrocene located at the 

10 meso-position of the macrocycle. 

The process at E1/2 = 0.67 for TFcCorrCu (x = 3) involves two overlapping one-

electron oxidations and is assigned to the abstraction of one electron from the equivalent 

ferrocene groups at the 5 and 15 meso-positions of the macrocycle. The fact that the half-

wave potential for the first oxidation of TFcCorrCu
III

 (0.45 V) is very close to the E1/2 of 

ferrocene itself in PhCN (0.48 V) is consistent with the spectroscopic and theoretical data 

which indicates little communication between this ferrocene group at the 10-meso on the 

macrocycle position and the conjugated π ring system of the corrole. On the other hand, 

the potentials for oxidation of the other two ferrocene groups at the 5 and 15 meso-

positions are positively shifted by 220 mV from the E1/2 value for oxidation of free 

ferrocene and this is consistent with a strong interaction occurring between the two 

unoxidized meso-Fc substituents and the positively charged Fc
+
 group generated in the 

redox process at 0.45 V.  

 

 



 207 

 

Figure 7-4. Cyclic voltammograms of TFcCorrCu in DMF, 0.1 M TBAP at a scan rate of 

0.1 V/s.  
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Figure 7-5. Relationship between indicated redox potentials of copper corroles and 

number of ferrocenyl groups on the molecule. 
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The first macrocycle-centered oxidation of the triphenylcorrole TPCorrCu is 

observed at E1/2 = 0.77 V in PhCN, and this potential can be compared to a similar 

macrocycle-centered oxidation of the triferrocenylcorrole complex, TFcCorrCu, at E1/2 = 

1.11 V. The presence of the three electron donating meso-ferrocene groups might be 

expected to lead to easier oxidations of TFcCorrCu as compared to TPCorrCu, but the 

effect of the electron donating substituents is counterbalanced by the positive charges on 

the ferrocenium groups of the singly, doubly and triply oxidized complexes, thus 

resulting in much harder ring-centered oxidations of the three ferrocenylcorrole 

derivatives, as compared to the same electrode reaction of TPCorrCu which is uncharged 

when converted to a corrole π-radical cation at 0.77 V. Each added positive charge shifts 

E1/2 for oxidation of the macrocycle towards more positive potential and a plot of E1/2 for 

this process vs the number of Fc groups is linear as shown in Figure 7-5. The difference 

in potential between the macrocycle-centered oxidation of TPCorrCu and the same redox 

reaction of TFcCorrCu amounts to 340 mV and, as described later in the manuscript, the 

same positive shift of potential is observed for the two structurally related cobalt 

complexes 

7.2.2.2 Spectra of Electroreduced and Electroxidized Copper Corroles 

UV-visible spectra were monitored during the first reduction and first oxidation of 

each copper corrole in order to further elucidate the site of electron transfer and also 

evaluate the effect of the meso-ferrocene substituents on UV-visible spectra of the 

compounds in their neutral, singly reduced and singly oxidized forms. Examples of the 

relevant cyclic voltammograms for the four copper complexes are given in Figure 7-3 

and the relevant spectral changes obtained in the thin-layer cell during the first one-
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electron addition and first one-electron abstraction are shown in Figures 7-6 and Figure 

7-7, respectively.   

 The spectral changes in Figure 7-6 are in each case consistent with a 

Cu(III)/Cu(II) process. The formal conversion of the Cu(III) corrole to its Cu(II) form is 

accompanied by a 22 nm red-shift in the Soret band position for TPCorrCu (Figure 7-6a) 

and a 18-23 nm red shift is also seen for the three ferrocenyl derivatives (Figure 7-6b, c 

and d), with the main difference between the four sets of spectral changes being the 

generation of a Cu(II) corrole bearing a less intense and broadened Soret band with 

increasing number of Fc groups on the compounds. All four electrogenerated Cu(II) 

corroles possess two moderately intense Q bands, as seen in the figure with the most 

intense band shifting more and more towards the red with each added Fc group. The 

exact wavelengths of the Soret and Q bands for the neutral and electroreduced copper 

corroles are summarized in Table 7-4.  
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Figure 7-6. UV-visible spectral changes during controlled potential reduction of (a) 

TPCorrCu, (b) FcDPhCorrCu, (c) DFcPhCorrCu and (d) TFcCorrCu to their singly 

reduced forms in PhCN, 0.1 M TBAP. The applied reducing potential was -0.60 V in 

each case. 



 212 

 

 

 

 

 
 

Figure 7-7. UV-visible spectral changes during the first one-electron controlled potential 

oxidation of (a) TPCorrCu, (b) FcDPhCorrCu, (c) DFcPhCorrCu and (d) TFcCorrCu in 

PhCN, 0.1 M TBAP. The site of electron transfer is the macrocycle for TPCorrCu (#Fc = 

0) and a meso-Fc substituent for the other compounds. 
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 Of most significance are the spectral changes seen upon the first one-electron 

oxidation of the same series of corroles in PhCN. The first oxidation of each compound 

involves a reversible one-electron abstraction, (as seen by cyclic voltammograms in 

Figure 7-3), but the site of electron transfer is different in the two series of compounds, 

being ring-centered in the case of TPCorrCu and ferrocene-centered in the case of 

FcDPhCorrCu, DFcPhCorrCu and TFcCorrCu. As such, one might anticipate a radical 

type UV-visible spectrum in the case of singly oxidized TPCorrCu and very little spectral 

changes to occur for the other singly oxidized compounds where the reaction involves a 

meso-Fc substituent on the molecule. However, this is not what was experimentally 

observed, as seen in Figure 7-7 where a significant loss of Soret band intensity is 

observed upon each one-electron oxidation, along with a loss of the Q band in the case of 

DFcPhCorrCu and TFcCorrCu (Figure 7-7c and 7-7d). The large decrease of Soret band 

intensity after oxidation of a single Fc substituent indicates a significant transfer of 

positive charge from the singly-oxidized ferrocenium group to the π-ring system of the 

corrole. The spectral changes accompanying the oxidation of unlinked ferrocene are 

given in Figure 7-8 and are characterized by the presence of a new absorption at about 

600 nm. This band is not observed in the spectrum of singly oxidized FcDPhCorrCu, 

DFcPhCorrCu or TFcCorrCu, again indicating a significant coupling between the 

positive charge on Fc
+
 and the π-ring system of the macrocycle. 

 



 

2
1
4
 

Table 7-3. UV-visible spectral data (λmax, nm and log ε) of neutral, singly oxidized and singly reduced CorrCu
III

 in PhCN 

containing 0.1 M TBAP. 

 

 

 

 

 

 

 

 

a 
In the absence of Fc substituents (#Fc = 0), the first oxidation occurs on the macrocycle while in all other cases (#Fc = 1,2 or 3)  a 

Fc substituent is the site of electron abstraction.  

  

  

Compound     #Fc 

 λmax, nm (log ε) 

 [CorrCu
III

]
+a 

 
CorrCu

III 
 

[CorrCu
II
]

- 

 Soret 
 

Soret Q band 
 

Soret Q bands 

TPCorrCu          0  426 (4.89)
  

 
414 (5.15) 624 (3.86) 

 
436 (5.23) 579 (4.29) 610 (4.47) 

FcDPhCorrCu   1  418 (4.51) 
 

421 (4.91) 634 (4.05) 
 

444 (4.98) 586 (4.00) 626 (4.22) 

DFcPhCorrCu   2  425 (4.59) 
 

425 (4.87) 671 (4.09) 
 

443 (4.80) 600 (4.02) 654 (4.35) 

TFcCorrCu        3  428 (4.67) 
 

428 (4.80) 680 (4.19) 
 

451 (4.73) 610 (3.97) 671 (4.32) 
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7.2.2.3 Electrochemistry of Cobalt Complexes 

The mechanism for reduction of TFcCorrCo(PPh3) is similar to that of previously 

investigated cobalt corroles containing a bound PPh3 axial ligand.
28-32

 The first reduction 

is quasi-reversible and involves the conversion of TFcCorrCo
III

(PPh3) to 

[TFcCorrCo
II
(PPh3)]

-
, followed by rapid dissociation of the axially bound PPh3 ligand to 

generate the anionic four-coordinate Co(II) corrole, [TFcCorrCo
II
]

-
 (an electrochemical 

EC mechanism). The four coordinate Co(II) corrole can be further reduced to its Co(I) 

form at -1.71 V, as shown by the cyclic voltammogram in Figure 7-9. The unligated 

Co(II) corrole can also be irreversibely reoxidized via an electrochemical EC mechanism 

to give first a transient four coordinate TFcCorrCo
III

 species, followed by reformation of 

the neutral five-coordinate Co(III) corrole with a coordinated triphenylphosphine axial 

ligand, as shown in Scheme 7-1.  

Although the mechanism shown in Scheme 7-1 for TFcCorrCo
III

(PPh3) is the 

same as previously reported for TPCorrCo
III

(PPh3),
28-32

 there is not a large effect of the 

three Fc groups on the peak potential for conversion of Co(III) to Co(II). As seen in 

Figure 7-9, the first reduction peak potential has been shifted from Ep = -0.75 V for the 

TPCorr complex in PhCN to -0.78 V for the TFcCorr derivative in the same solvent. The 

second metal-centered reduction of the cobalt corrole is also insensitive to the electron 

donating Fc substituents as indicated by the fact that TFcCorrCo
II
 and TPCorrCo

II
  are 

both reversible reduced to their Co(I) form at identical potentials of E1/2 = -1.71 V. In 

contrast, the expected substituent effect is seen in the peak potential for reoxidation of the 

singly reduced corrole. This potential shifts from Epc = -0.10 V for TPCorr to -0.26 V for 

TFcCorr.  
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Figure 7-8. UV-visible spectral changes upon oxidation of Free Fc (6.4 ×10
-3

 M) in 

PhCN with 0.1 M TBAP. 
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Figure 7-9. Cyclic voltammograms of TPCorrCo
III

(PPh3) and TFcCorrCo
III

(PPh3) in 

PhCN, 0.1 M TBAP at a scan rate of 0.1 V/s.  
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Scheme 7-1. Proposed mechanism for reduction of TFcCorrCo
III

(PPh3) in PhCN, 0.1 M 

TBAP. 
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It is important to note that potentials for the three Fc-centered oxidations of 

TFcCorrCo(PPh3) are almost identical to E1/2 values for the three Fc oxidations of 

TFcCorrCu. The first electron abstraction from TFcCorrCo(PPh3) is proposed to involve 

the Fc group at position 10 and occurs at E1/2 = 0.42 V; the following two electron 

abstractions are then proposed to occur at the ferrocenes located at positions 5 and 15 and 

this redox process occurs at E1/2 = 0.62 V. The separation between the E1/2 values for the 

two sets of Fc-centered oxidations is 200 mV, which is very similar to the ΔE1/2 = 220 

mV for the same two Fc-centered redox processes of TFcCorrCu. However, as seen in 

Figure 7-9 the first and second oxidations of TFcCorrCo(PPh3) have similar current 

heights, thus suggesting that the first oxidation process actually involves two overlapping 

one-electron transfers. We propose that one electron in the first step is abstracted from 

the Fc group (at the 10 position) and the other from the metal center of the cobalt corrole 

(a Co(III)/(II) processes) at the same potential of 0.42 V. Two additional overlapping 

one-electron transfers, both involving the unoxidized ferrocene groups, are then observed 

at E1/2 = 0.62 V and this is followed by the stepwise one electron transfers of the 

conjugated macrocycle at 0.92 and 1.28 V, respectively. It should be noted that the 330-

360 mV shift in E1/2 between the two macrocycle-centered oxidations of TPCorrCo(PPh3) 

and TFcCorrCo(PPh3) are similar to the earlier described 340 mV separation between the 

related redox reactions of TPCorrCu and TFcCorrCu.  
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7.2.2.4 Spectra of Electroreduced and Electroxidized Cobalt Corroles 

 A comparison of the spectral changes which occur upon the conversion of Co(III) 

to Co(II) in the triferrocenyl and triphenylcorrole derivatives is shown in Figure 7-10. 

The Soret band shifts to the red by 35-36 nm for both compounds upon reduction and 

both Co(II) corrole products possess a Q band which is also red-shifted by 23-24 nm as 

compared to the initial compounds in their Co(III) form. These spectral changes are as 

expected for a metal-centered electron transfer in this case Co(III) to Co(II).  

Similar types of spectral changes are seen during the global two-electron 

oxidation of TFcCorrCo(Ph3) at E1/2 = 0.42 V and the one-electron oxidation of 

TPCorrCo(Ph3) at 0.56 V. A metal-centered Co(III)/Co(IV) process has been suggested 

in the case of the triphenylcorrole
29 

and the spectral changes shown in Figure 7-11 are 

consistent with this assignment. The fact that similar spectral changes are observed upon 

the two-electron oxidation of TFcCorrCo(PPh3) and the one-electron oxidation of 

TPCorrCo(PPh3) can be interpreted in terms of one electron being abstracted from the 

central cobalt ion and the other from one of the three ferrocene groups on the 

triferrocenyl compound. A band close to 600 nm, which can be assigned to Fc
+
, is not 

detected in the spectrum of the electrooxidized cobalt corrole but the loss of the intense Q 

band in the electrooxidized product provides further evidence for the conversion of one 

Fc group to its Fc
+
 form.  

In summary, the proposed overall mechanism for oxidation TFcCorrCo(PPh3)   

and TFcCorrCu is given in Scheme 7-2. 

  



 221 

 

 

 

Figure 7-10. UV-visible spectral changes during controlled potential reduction of (a) 

TPCorrCo
III

(PPh3) and (b) TFcCorrCo
III

(PPh3) in PhCN, 0.1 M TBAP. 
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Figure 7-11. UV-visible spectral changes during controlled potential oxidation of (a) 

TPCorrCo
III

(PPh3) and (b) TFcCorrCo
III

(PPh3) in PhCN, 0.1 M TBAP. 

 



 

2
2
3
 

 

Scheme 7-2. Proposed mechanism for oxidation of the TFcCorrCu and TFcCorrCo(PPh3) in PhCN, 0.1 M TBAP.
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7.2.2.5 Electrochemistry of Nickle Complexes 

 Cyclic voltammograms of DFcLTPNi
II
 in DMF and PhCN containing 0.1 M 

TBAP are illustrated in Figure 7-12, along with the cyclic voltammogram of a related 

open chain nickel biliverdin (see structure shown in Chart 7-3),
33

 which was 

electrochemically examined in PhCN containing 0.1 M TBAP.   

DFcLTPNi
II
 is characterized by two reversible one-electron reductions located at 

E1/2 = -0.71 and -1.23 V (PhCN) or -0.63 and -1.17 V (DMF). These potentials are quite 

similar to half-wave potentials for the two reductions of the structurally similar 

biliverdinNi
II
, which is reduced at -0.79 and -1.30 V.

33
 The difference in E1/2 between the 

first reduction of DFcLTPNi
II 

and the first reduction of TPPNi
II
 in PhCN amounts to 470 

mV, consistent with the open chain nature of the DFcLTPNi
II
 structure. 

 BiliverdinNi
II
 also undergoes two reversible to quasi-reversible one electron 

oxidations in PhCN, both of which occur at the conjugated π-ring system of the 

compound and the measured HOMO-LUMO gap is equal to 1.59 V in PhCN. As seen in 

Figure 7-12, the first oxidation of DFcLTPNi
II
 is located at Ep = 0.60 V in PhCN and 

0.58 V in DMF and is, in both solvents, assigned to electron abstraction from a Fc group 

on the compound.  
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Chart 7-3. Structure of referenced open chain derivative BiliverdinNi
II
. 
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Additional assignments as to the site of electron transfer in DFcLTPNi
II
 are 

difficult due to the irreversible nature of the electrode reactions and the presence of one 

or more coupled chemical reactions following electron transfer.  DFcLTPNi
II
 exhibits 

three oxidations in PhCN which are located at Ep = 0.60, 0.76 and 0.95 V. All three have 

the same current height as the current height of the two reductions, indicating a single 

electron transfer in each process. Based on comparison with the earlier described Cu and 

Co corroles, the first two oxidations are assigned as electron abstractions from the two 

ferrocenyl groups and the 160 mV separation between these two processes is consistent 

with a non equivalence of the two ferrocenyl groups on the linear tetrapyrrole. The third 

oxidation of DFcLPNi in PhCN is provisionally assigned to a reaction at the π-ring 

system of the compound. 

Different electrochemical behavior is observed for DFcLPNi
II
 in DMF. The 

current height for the first oxidation at Ep = 0.58 V is twice as high as the peak current for 

the reductions, indicating two overlapping one-electron transfers at the same potential. 

This could suggests that both Fc groups are oxidized at the same potential but the reason 

for this possible solvent effect on the Fc redox potentials is not clear, nor is it evident 

why both non-equivalent Fc groups would be oxidized at the same potential. Nonetheless, 

the potentials for these processes are shifted positively with respect to E1/2 for the 

oxidation of unlinked ferrocene and the Ep of 0.58 V is not so different than the E1/2 of 

0.62-0.67 V for oxidation of two ferrocene groups on the copper and cobalt 

ferrocenylcorroles under the same solution conditions. 
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Figure 7-12. Cyclic voltammograms of (a) DFcLTPNi in PhCN and DMF, containing 

0.1 M TBAP and (b) biliverdinNi in PhCN. The data on biliverdinNi
II
 is taken from the 

literature.
33

 Scan rate = 0.1 V/s in all three cases. 
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7.2.2.6 Electrochemistry of Iron Complexes 

After completion of the above described studies on Cu(III) and Co(III) 

triferrocenylcorroles and submission of a manuscript on this topic,
34

 we began to examine 

a new series of Fe(III) and Fe(IV) triferrocenyl corroles whose structures are shown in 

Chart 7-4. The nitrosyl derivative, TFcCorrFe
III

(NO), formally contains Fe(III) in its 

neutral air stable form while the σ-bonded phenyl corrole, TFcCorrFe
IV

(C6H5), and the 

ionic chloride derivative, TFcCorrFe
IV

(Cl), both contain an Fe(IV) central metal ion. 

Preliminary electrochemical and spectroelectrochemical results of the these three 

compounds are described on the following pages with comparisons made to two related 

meso-substituted corroles, T(p-OMePh)CorrFe
III

(NO) and T(p-NO2Ph)CorrFe
III

(NO), 

whose structures are shown in Chart 7-5.  

Cyclic voltammograms of TFcCorrFe
III

(NO), TFcCorrFe
IV

(C6H5) and 

TFcCorrFe
IV

(Cl) in PhCN, containing 0.1 M TBAP are shown in Figure 7-13. Each 

ferrocenylcorrole undergoes one or two metal-centered reductions followed by a probable 

ring centered reduction at E1/2 values of -1.70 to -1.91 V. The three corroles also undergo 

a global three electron oxidation of the Fc groups at 0.50 to 0.77 V and this is followed 

by a ring-centered oxidation at E1/2 = 1.02 and 1.06 V for TFcCorrFe
III

(NO) and 

TFcCorrFe
IV

(C6H5), respectively.  
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Chart 7-4. Molecular structure of Fe triferrocenyl corroles. 
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Chart 7-5. Molecular structure of related Fe(NO) meso-substituted corroles. 
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Figure 7-13. 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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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 neutral NO, NO
+
 or NO

-
.
35-37 

The assignments of electron transfer site 

is sometimes straightforward but in other case is not due to reported non-innocence of the 

corrole ligand, which in the case of iron complexes have been described as [Fe
IV

(Corr
3-

)]
38

 or  [Fe
III

(Corr●
2-

)]
39

 by different research groups.  

As seen in Figure 7-13, the cyclic voltammograms of TFcCorrFe
III

(NO) and 

TFcCorrFe
IV

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

identical potentials of -0.39 and -1.81 V (for the iron-nitrosyl corrole) and -0.42 and -1.70 

V (for the iron-phenyl derivative). Despite the similar reduction potentials, the prevailing 

redox processes in the first one electron addition are quite different, being 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 having phenyl and nitrosyl 

axial ligands
40-42

 and in part by the spectroelectrochemical data described on the 

following pages.  

The second one electron reduction of TFcCorrFe
III

(NO) and TFcCorrFe
IV

(C6H5) 

also occurs at similar potentials of -1.81 and -1.70 V, and the probable site of electron  

transfer is the macrocycle although this assignment has not been comfirmed by 

spectroscopic data.  

The reversible first reduction of TFcCorrFe
VI

(Cl) generates [TFcCorrFe
III

(Cl)]
-
 at 

E1/2 = -0.11 V and this process is followed by an irreversible Fe(III)/Fe(II) second 

reduction at Epc = -1.34 V which is coupled to a reoxidation of Fe(II) to Fe(III) at Ep =     
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-0.52 V for a scan rate of 0.1 V/s. The reactive species in the Fe(III) reduction contains 

bound Cl
-
 ion while the reoxidation of Fe(II) to Fe(III) involving a chloride-free corrole 

in both oxidation states. A third reduction is located at E1/2 = -1.91 V and is assigned as 

formation of an Fe(II) corrole π-anion radical. Similar redox behavior has been reported 

for other Fe(IV) corroles
40,41,43,44

 and the proposed mechanism, based on data in the 

literature for related compounds, is given in Scheme 7-3.  

In contrast to the well-separated redox processes described earlier for the 

ferrocene-centered oxidations of TFcCorrCu
III

 and TFcCorrCo
III

(PPh3), the potentials for 

oxidation of the three ferrocene groups on the TFcCorrFe derivatives are close to each 

other and totally overlapped in the case of 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 only a single oxidation process is observed for the global three electron 

conversion of TFcCorrFe(NO) to [TFcCorrFe(NO)]
3+

 is consistent with a lack of 

communication between the three meso-Fc groups in their neutral or electrogenerated Fc
+
 

forms. 

The reason for the lack of interaction between the three Fc groups of 

TFcCorrFe
III

(NO) may be related to the presence of the NO axial ligand or it may relate 

to the Fe(III) oxidation state of the central iron, since different potentials are seen for the 

Fc oxidations of the other two corroles, both of which contain an Fe(IV) central metal 

ion.  

Two Fc oxidation processes are seen for the Fe(IV) corroles, with the potentials 

being separated from each other by about 100 mV in the case of TFcCorrFe(C6H5) and by 

160 mV in the case of TFcCorrFe(Cl). Unfortunately, the number of Fc groups being 
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oxidized in each process could not be determined due to the closeness of the potentials to 

each other but what is clear is that more difficult Fc oxidations (more positive potential) 

are seen for the chloride containing compound where E1/2 for the second process is 

located at 0.77 V.  

Comparisons can also be made between potentials for the ring-centered oxidations 

of TFcCorrFe
III

(NO) at 1.02 V or TFcCorrFe
III

(C6H5) at 1.06 V and the ring-centered 

oxidation of an Fe(III) nitrosyl corrole not possessing the three meso-Fc groups. One such 

comparison compound is T(p-OMePh)CorrFe
III

(NO) whose structure is shown in Chart 

7-5 and cyclic voltammogram illustrated in Figure 7-14. The reversible ring-centered 

oxidation of this corrole is located at E1/2 = 0.86 V in PhCN, 0.1 M TBAP and the 

positive shift in potential upon changing to the meso-Fc substituents amounts to 160 mV, 

a shift only half as large as that reported for the related triferrocenyl corroles having 

cobalt or copper central metal ions (see Figures 7-3 and 7-8). 

The possible effect of the Fe(NO) on the lack of an interaction between the three 

electroactive ferrocene groups upon oxidation parallels what is observed for an Fe(NO) 

corrole containing three electroactive nitrophenyl groups
42

 which are also non-interacting 

upon reduction. The cyclic voltammogram of this compound is shown in Figure 7-14 and 

is characterized by three one electron reductions of the electroactive C6H4NO2 group, all 

at the same E1/2 value of -1.08 V.  

In summary, the three redox active meso Fc substitutents of TFcCorrFe
III

(NO) are 

all oxidized at the same potential and the three redox active meso C6H4NO2 substituents 

of T(p-NO2Ph)CorrFe
III

(NO) are all reduced at the same potential. 
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7.2.2.7 Spectroelectrochemistry of Iron Complexes 

 The oxidations and reductions of TFcCorrFe
III

(NO), TFcCorrFe
IV

(C6H5) and 

TFcCorrFe
IV

(Cl) were monitored by UV-visible spectroelectrochemistry in PhCN, 

containing 0.1 M TBAP. The resulting UV-visible spectral changes for the three corroles 

during these processes are shown in Figures 7-15 to 7-17.  

 Figure 7-15 compares spectral changes during the global three-electron oxidation 

of each corrole where the three Fc groups are converted to their Fc
+
 form and the redox 

reactions are described as given in Equations 7-1 to 7-3.  

           TFcCorrFe(NO)       +  3e    =     [TFcCorrFe(NO)]
3+

  (7-1) 

           TFcCorrFe(C6H5)     +  3e    =     [TFcCorrFe(C6H5)]
3+ 

(7-2) 

           TFcCorrFe(Cl)         +  3e    =     [TFcCorrFe(Cl)]
3+

  (7-3) 

 The largest spectral changes are seen for oxidation of TFcCorrFe(NO) (Equation 

7-1) and the smallest for TFcCorrFe(Cl) (Equation 7-3), as seen in the figure. The triply-

oxidized [TFcCorrFe(NO)]
3+

 and [TFcCorrFe(Cl)]
3+

 both have a broad Soret band at 350-

450 nm but the nitrosyl derivative shows no other spectral detail from 450 and 900 nm 

and the chloride-containing compound has a broad absorption covering the region of 700-

900 nm. This contrasts with the spectrum of triply oxidized [TFcCorrFe(C6H5)]
3+

 which 

has a well-defined Soret band at 384 nm, in addition to a strong absorption at 493 nm and 

a shoulder at 606 nm.  
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Scheme 7-3. Reduction mechanism of TFcCorrFe
IV

(Cl) in PhCN, containing 0.1 M 

TBAP. 
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Figure 7-14. Cyclic voltammograms of TFcCorrFe
III

(NO), T(p-OMePh)CorrFe
III

(NO) 

and T(p-NO2Ph)CorrFe
III

(NO)
42

 in PhCN, containing 0.1 M TBAP at a scan rate of 0.1 

V/s.  
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 The spectral changes recorded during oxidation of the nitrosyl corrole (Figure 7-

15a) are similar to what is expected upon electron abstraction from the corrole 

macrocycle
37,42

 and this indicates a large interaction between the three positively charged 

Fc
+
 substituents and the conjugated π-ring system. This contrasts with the lack of an 

interaction of the three Fc groups with each other, as determined on the basis of their 

similar oxidation potentials. Thus all three Fc groups independently interact with the 

corrole macocycle but do not interact with themselves across the π-ring system. 

 The spectral changes obtained during the first one-electron addition to 

TFcCorrFe(NO) and TFcCorrFe(C6H5) are shown in Figure 7-16. Before reduction, 

TFcCorrFe(NO) is characterized by an unsplit Soret band at 413, a Q band at 632 nm and 

a broad radical type absorption between 700-900 nm. TFcCorrFe(C6H5) has a Soret band 

at 398 nm, a shoulder at 415 nm and a single Q band at 629 nm. There is no significant 

absorption in the near-IR region of the spectrum.  

 The one-electron reduction of TFcCorrFe(NO) leads to a formal Fe(II) complex 

which posses a split Soret band at 411 and 479 nm, two Q bands at 610 and 667 nm and a 

decreased absorption between 700 and 900 nm, indicating loss of the radical-like 

character in the spectrum. (Figure 7-16a) The one-electron reduction of TFcCorrFe(C6H5) 

leads to a formal Fe(III) corrole complex which posses a well-defined Soret band at 456 

nm and Q bands at 611 and 646 nm. (Figure 7-16b) The final UV-visible spectra of the 

two singly-reduced corroles are similar to each other, with the midpoint of the 441 and 

479 nm bands for the reduced phenyl corrole being almost identical to the 456 nm 

absorption of the reduced nitrosyl derivative. Only small changes are observed during the 

reduction of TFcCorrFe
IV

(Cl) by one electron and these changes are shown in Figure 7-
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16c. The singly reduced species is formulated as [TFcCorrFe
III

(Cl)]
-
 as shown in Scheme 

7-3.  

Finally, the spectral changes which occurred during a second electron addition to 

the three iron corroles are shown in Figure 7-17. The second reduction of iron-chloride 

corrole is assigned as Fe(III)/(II) and this may also be the process upon reduction of iron-

phenyl species. The Soret band positions of the final spectra presented in Figure 7-17b 

and 7-17c are almost identical, 433 and 463 nm for iron-phenyl corrole and 433 and 466 

nm for iron-chloride corrole. 

7.2.2.8 Factors Affecting Fc Oxidation Potentials 

 Table 7-4 summarizes potentials for oxidation of the three Fc groups on the five 

investigated triferrocenyl compounds in PhCN containing 0.1 M TBAP. Also included in 

the table is E1/2 for the Fc/Fc
+
 process of unlinked ferrocene under the same solution 

conditions. As seen in the table, the Fc/Fc
+
 reactions of the Cu(II) and Co(III) corroles 

both proceed reversibly, the first involving a one-electron abstraction of one Fc 

substituent at E1/2 = 0.42-0.45 V. This is then followed by a second redox process, where 

the remaining two meso-Fc substituents are oxidized by overlapping electron transfers at 

E1/2 = 0.67 V (Cu) or 0.62 V (Co). The first Fc-centered oxidation on the Cu and Co 

corroles is thus easier than that of free ferrocene under the same solution conditions (E1/2 

= 0.48 V) and the next two oxidations are both harder.  
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Figure 7-15. UV-visible spectral changes during the global 3e oxidation of 

(a)TFcCorrFe
III

(NO),  (b) TFcCorrFe
IV

(C6H5) and (c) TFcCorrFe
IV

(Cl) in PhCN, 0.1 M 

TBAP. 
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Figure 7-16. UV-visible spectral changes during the controlled potential one-electron 

reduction of TFcCorrFe
III

(NO), TFcCorrFe
IV

(C6H5) and TFcCorrFe
IV

(Cl) in PhCN, 0.1 

M TBAP. Cyclic voltammograms of the three compounds are shown in Figure 7-13.  
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Figure 7-17. UV-visible spectral changes during controlled potential the reduction of 

TFcCorrFe
III

(NO), TFcCorrFe
IV

(C6H5) and TFcCorrFe
IV

(Cl) in PhCN, 0.1 M TBAP. 

Cyclic voltammograms of the three compounds are shown in Figure 7-13.  
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 Separate redox processes are also seen for the Fc-centered oxidations of the 

Fe(IV) corroles with C6H5 or Cl axial ligands, these processes occurring at E1/2 = 0.50 

and 0.60 V for the σ-bonded Fe(C6H5) corrole and at E1/2 = 0.61 and 0.77 V for the ionic 

Fe(Cl) derivative. Only in the case of Fe(III) nitrosyl complex are all three meso-Fc 

groups oxidized at the same half-wave potential of 0.61 V and this process occurs via 

three overlapping one-electron transfers. 

The reasons for the differences in Fc oxidation potentials remains unclear and 

might be related to the differences in central metal oxidation state +2, +3 or +4; it could 

also be related to the degree of axial coordination, the in or out of plane distance of the 

corrole metal ion and/or the possible innocence or non-innocence of the corrole ligand in 

the neutral compound. All of these factors are in need of further investigation.  

7.2.2.9 Effects of Electron-Withdrawing or Electron-Donating Meso-Substituents on 

Formal M(III)/(II) Reaction of Copper and Iron Corroles 

 Numerous electrochemical studies of corroles have elucidated the effect of 

electron-donating or electron-withdrawing substituents on the potentials for oxidation or 

reduction of the compounds.
45-48

 The relevant linear-free energy relationship is given by 

Equation 7-4, where σ relates to the electron-donating or electron-withdrawing property 

of the substituent and ρ tells the degree of interaction of the specific substituent on a 

given redox reaction.
49

 The larger the value of ρ, the larger the interaction and the closer 

the substituent is to the site of electron transfer. 

ΔE1/2 = 3σρ     (7-4) 
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Table 7-4. Half-wave potentials (V vs SCE) for oxidation of Fe groups on TFcCorrM 

complexes in PhCN, containing 0.1 M TBAP. The number of electrons transferred is 

given in parenthesis.  

 

 

 

 

 

 

  

Central Metal Ion  E1/2 (1) E1/2 (2) 

        none (Fc/Fc
+
)  0.48 (e) - 

        Cu
II
  0.45 (e) 0.67 (2e) 

        Co
III

(PPh3)  0.42 (e) 0.62 (2e) 

        Fe
IV

(Ph)  0.50 0.60 

        Fe
IV

(Cl)  0.61 0.77 

        Fe
III

(NO)  0.61 (3e) - 
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 Linear-plots of E1/2 vs Σσ indicate that the same electron transfer mechanism is 

occurring throughout the series of investigated compounds.  

Plots of E1/2 for the formal M(III)/(II) reactions of TFcCorrCu and 

TFcCorrFe(NO) are shown in Figure 7-18 where E1/2 values of the triferrocenyl 

compounds were measured in this study and potentials of the other compounds are taken 

from the literature and summarized in Table 7-5. 

 As can be seen from the plots in Figure 7-18, a linear correlation is observed for 

the formal M(III)/(II) process of both compounds, with the slope of the line (ρ) being 

0.24 V in the case of Cu and 0.19 V in the case of Fe(NO). There are not many data 

points in the plots but the correlation coefficients of 0.961 (Cu) and 0.997 (Fe) lends 

credence to the validity of the analysis. In addition, the relatively large value of ρ 

indicates in both cases a large interaction between the three meso-substituents and the site 

of electron transfer which should be largest for macrocycle-centered redox processes and 

smallest for reactions involving the central metal ions.
49

 This being the case, one might 

reasonably postulate that the first reduction processes of TFcCorrCu and 

TFCCorrFe(NO) actually concern the conjugated macrocycle which would be in the form 

Cu
II
Corr

2-.
 and Fe

II
Corr

2.
, as opposed to Cu

III
Cor

3-
 and Fe

III
Cor

3-
.  
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Figure 7-18. Hammett plots for the first reduction of the Cu and Fe(NO) derivatives of 

TFcCorrM and related meso-substituented corroles in PhCN, containing 0.1 M TBAP. 

The values of E1/2 and 3σ are given in Table 7-5.  
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Table 7-5. Half wave potentials (V vs. SCE) and substituent constants (3σ) used for the 

correlations in Figure 7-17.  

 

Compound  meso-Substituent, X  3
a
  E1/2  ref 

TXCorrCu
III

  Fc  -0.54  -0.33  tw 

  Ph(OMe)  -0.24  -0.24  50 

  Ph(Me)  -0.09  -0.23  50 

  Ph  -0.03  -0.20  50 

      

 

  

TXCorrFe
III

(NO)  Fc  -0.54  -0.39  tw 

  Ph(OMe)  -0.24  -0.32  42 

  Ph(NO2)  0.78  -0.14  42 

a 
values of σ taken from Ref. 51  
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7.3 Conclusions 

 We report herein the electrochemical characterization of metal derivatives of 

TFcCorr, together the first detailed study regarding interaction of corroles and meso-

ferrocenyl groups. Theoretical, spectroscopic and electrochemical characterization of the 

copper and cobalt ferrocenyl derivatives demonstrate that the ferrocene groups at the 5 

and 15 positions of the macrocycle interact more strongly with the corrole π-ring system 

than does the Fc the substituent present at the 10 position. Calculations also indicated the 

up-down-up conformer as the most stable atropoisomer of TFcCorrCu, although free 

rotation of the ferrocenyl groups around the meso-carbons was observed by NMR. On the 

other hand, calculations of TFcCorrCo(PPh3) indicate that the most stable conformer has 

all three ferrocenyl groups on the same side of the macrocyclic plane as the PPh3 ligand, 

while NMR characterization shows that steric hindrance due to the PPh3 group hampers 

rotation of the ferrocenyl units at the 5 and 15 positions of the macrocycle. Attempts to 

prepare the Ni complex of TFcCorr following a synthetic pathway gave a different result, 

showing an opening of the corrole ring, with a loss of a methine bridge to give a 

diferrocenyl substituted linear tetrapyrrole Ni complex. 

The global one overlapping three-electron transfer Fc-centered oxidation as to the 

Fe(NO) triferrocenylcorrole shows no communication between each meso-substituents, 

while spectroelectrochemical data demonstrates a considerable interaction between the Fc 

and conjugated corrole macrocycle.  
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