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Abstract 

In this Dissertation, the redox and UV-visible spectroscopic properties of a series of 

dipyrrolylquinoxalines, porphyrins and pyrazinoporphyraines are characterized in 

nonaqueous solvents. Electron-transfer reduction mechanisms and acid-base properties 

of dipyrrolylquinoxaline and its nitro-substituted derivatives are studied in PhCN and 

MeCN have been examined by means of cyclic voltammetry, UV-visible, NMR and ESR 

spectroscopy. Disproportionation reactions are coupled with the electron transfer 

reduction processes of the dipyrrolylquinoxalines to give the π-anion radical. Tris- and 

tetrakis-quinoxalinoporphyrins and metal complexes, i.e. (PQ3)M and (PQ4)M, where M 

= H2
II, CuII, PdII, NiII, ZnII, or AuIIIPF6  were also investigated by cyclic voltammetry 

and thin-layer spectroelectrochemistry in CH2Cl2, PhCN and pyridine. Stable 

antiaromatic 16π, 17π-electron porphyrinoid CuII and ZnII complexes of 

tetraphenyltetrabenzoporphyrin (TPTBP) were also characterized in CH2Cl2 or PhCN. 

Finally, the electrochemical and spectroelectrochemical behavior of a new series of 

tetra-2,3-pyrazinoporphyrazines were investigated in DMSO, DMF and pyridine. These 

compounds are represented as [Th8TPyzPzM] where Th8TPyzPz = the 

tetrakis-2,3-[5,6-di-(2-thienyl)-pyrazino]porphyrazino anion and M = MgII(H2O), CoII, 

CuII, ZnII or H2
I. The related pentametallic species having the formula 

[(PtCl2)4Py8TPyzPzM], M = PdII, PtII, CdII, CuII, ZnII, MgII, were also investigated in 

DMSO, DMF and pyridine and described in this Dissertation. 
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Chapter One 

Introduction

 1



1.1 Outline of Research in This Dissertation 

 The starting point of this Dissertation, Chapter One, gives a general introduction to 

the compounds investigated and techniques utilized in this work. Chapter Two describes 

the Experimental Techniques in more detail. The research described in the following six 

chapters is divided into three parts. The first involves the electron-transfer reduction and 

acid/base properties of dipyrrolylquinoxaline and its nitro-substituted derivatives 

(Chapters Three and Four). This is then followed by a description of the electrochemical 

and spectroelectrochemical properties of substituted porphyrins and metalloporphyrins, 

including tris- and tetrakis-quinoxalinoporphyrins (Chapter Five) and 

tetraphenyltetrabenzoporphyrins (Chapter Six). The third part of this Dissertation 

focuses mainly on the electrochemical and spectroelectrochemical characterization of 

pyrazinoporphyrazines, which includes tetrakis-2,3-[5,6-di-(2-thienyl)-pyrazino]- 

porphyrazine and its metallated complexes (Chapter Seven) as well as metal derivatives 

of tetrakis-2,3-[5,6-di(2-pyridyl)pyrazino]porphyrazine with exocyclic (PtII) metal ion 

binding (Chapter Eight). 

 

1.2 Use of Electrochemistry and Spectroelectrochemistry to Study Model 

Compounds 

Electrochemical studies of model synthetic compounds can provide valuable 

information on potentials and electron transfer mechanisms under a variety of 

experimental conditions, while also UV-visible, ESR and/or FTIR 

spectroelectrochemistry can be utilized to characterize the spectral products of 

electrooxidation/reduction. The data obtained by electrochemistry and 
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spectroelectrochemistry are generally analyzed as a function of solution conditions, 

metal oxidation state in the metallomacrocycle, type and number of axial ligands and 

nature of the π-ring systems in order to ascertain the site of electron transfer and to 

monitor the degree of interaction, if any, between different redox active centers on the 

molecules. The data can also be analyzed in terms of available structural information in 

the solid state to better understand, predict and “tune” chemical reactivity of the 

investigated compounds. 

Spectroelectrochemistry is a technique which combines electrochemistry with in situ 

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

changes which occur as a function of time or applied potential during a given redox 

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

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

will lead to red or blue shifts in the most intense UV-visible band located between 350 

and 450 nm (called the Soret band), but with 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, broad visible or near-IR bands 

located between 600 - 900 nm. These types of spectral changes indicate the probable 

formation of a porphyrin π-anion or π-cation radical.1-3 

By using combined electrochemistry and spectroelectrochemistry techniques, we are 

able to better understand how the electron transfer sites will vary with the specific 

macrocycle substituents, central metal ion, coordinated axial ligands, properties of the 

solvent, type of the supporting electrolyte and temperature of the measurement. Many 
 3



examples are given in the present Dissertation. 

 

1.3 Dipyrrolylquinoxaline 

Dipyrrolylquinoxaline, represented as H2DPQ, and its nitro-substituted derivatives 

whose structures are shown in Figure 1-1, are synthetic receptors capable of recognizing, 

sensing, and transporting anions4, 5 and thus have importance not only in supramolecular 

systems but also in terms of their potential clinical applications.6 These types of 

compounds have also been shown to have applications in the synthesis of precursors for 

porphyrins and related macrocycles,7-9 where incorporating these fragments into a larger  

“expanded” macrocyclic framework will lead to novel porphyrinoids that could act as 

potential “molecular cages” for anionic, cationic, or neutral substrates.8 

Studies on the fate of the chemically and electrochemically reduced 

dipyrrolylquinoxalines in Figure 1-1 as well as their acid and base properties are 

described in Chapters Three and Four. A Communication10 on part of this work was 

published in 2011 and was based in large part on the data in Chapter Three.  

 

1.4 Porphyrins and Metalloporphyrins 

Porphyrins are a ubiquitous class of naturally occurring molecules involved in a 

wide variety of important biological processes ranging from oxygen transport to 

photosynthesis, from catalysis to pigmentation changes.11-13 

The porphyrin macrocycle (see Figure 1-2a) is an aromatic system containing 22 

π-electrons, 18 of which are delocalized according to Hückel’s rule of aromaticity (4n+2) 

delocalized π-electrons, where n = 4. The size of the macrocycle is perfect to bind  

 4



 

 

Figure 1-1. Strutures of dipyrrolylquinoxalines H2DPQ, H2DPQ(NO2) and 

H2DPQ(NO2)2.  

 5



 

Figure 1-2. Structures of (a) the free-base porphyrin macrocycle, (b) 

tetraphenylporphyrin (TPP) and (c) tetrabenzoporphyrins (TBP). 
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almost all metal ions, and indeed a number of metals (e.g. Zn, Cu, Ni, Fe, and Co) can 

be inserted in the center of the macrocycle forming metalloporphyrins.11-13 

The peripheral positions of a porphyrin macrocycle may be substituted by electron- 

donating or electron-withdrawing groups to form porphyrin derivatives with a larger 

range of basicities. There are two positions available for substitution on a porphyrin 

macrocycle as shown in Figure 1-2a, which are four meso positions numbered as 5, 10, 

15 and 20, and eight β-pyrrole positions as 2, 3, 7, 8, 12, 13, 17 and 18.11 Free-base 

tetraphenylporphyrin (TPP) has four phenyl groups at the meso-positions while 

tetrabenzoporphyrin (TBP) has four fused ring systems which occurs on β-pyrrole 

positions. The structures of these compounds are also shown in Figure 1-2.  

The porphyrin macrocycle possesses a highly conjugated π ring system, which can 

easily accommodate the addition or abstraction of electrons. In nonaqueous media, two 

stepwise ring-centered oxidations and two stepwise ring-centered reductions are 

generally observed over a potential range of -2.0 to +2.0 V vs SCE, leading to the 

formation of π-anion radicals and dianions upon reduction and π-cation radicals and 

dications upon oxidation.14, 15 The addition of electron-withdrawing or electron-donating 

substituents at the meso or β-pyrrole position of macrocycle will affect the electron 

density of the π-ring system, and all four of the above mentioned macrocycle-centered 

redox processes will not be seen in every case. Moreover, the electron transfer site may 

be in some cases located at the central metal ion (such as for Fe, Mn, Co compounds), at 

the axial ligands if they are redox active or at electroactive substituent on the 

macrocycle in some cases. The exact redox behavior of a given compound will also 
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depend on the properties of the utilized electrochemical solvent and supporting 

electrolyte as described in the several chapters of this Dissertation. 

 

1.4.1 Quinoxalinoporphyrins 

Quinoxalinoporphyrins, shown in Figure 1-3 and denoted as PQn (n = 1 - 4), are a 

class of laterally-extended porphyrins with aromatic rings fused to the β,β’-positions of 

a pyrrolic ring of the macrocycle. They are building blocks for coplanar 

laterally-extended oligoporphyrins with possible applications in molecular 

electronics.16-20 An expansion of the π-system of the porphyrin offers a means to 

modulate the redox and photophysical properties of these macrocycles.21 The work 

described in Chapter Five expands upon results from our past electrochemical and 

spectroelectrochemical studies of mono- and bis-quinoxaniloporphyrins (PQ)M,22-25 

(PQ2)M26 and (QPQ)M26 (see Figure 1-3) to examine how the fusion of three and four 

quinoxaline groups to give derivatives of (PQ3)M and (PQ4)M (see Figures 1-3d and 

1-3e) will affect the compound’s properties. 

 

1.4.2 Tetrabenzoporphyrins  

Tetrabenzoporphyrins (TBP) (see Figure 1-2c) are another intriguing class of 

extended porphyrins whose unique photophysical27-29 and physicochemical 

properties30-32 have found uses in many areas, two examples being as agents for 

photodynamic therapy33, 34 and optical limiters.35-37 Porphyrins typically exhibit 4n+2 

aromaticity and their structures and properties are usually primarily derived from the 

heteroaromatic nature of the ligand π-system. In recent years, there have been a number  
 8



 

 

Figure 1-3. Structures of investigated metalloporphyrins with 1 - 4 fused quinoxaline 

groups. 
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of reports of novel antiaromatic porphyrins and ring-expanded porphyrinoid analogs 

with 4n inner ring electron counts.38-43  

In a recent study, tetraphenyltetrabenzoporphyrins (TPTBP) were chosen by our 

collaborators in Japan as a suitable skeleton to synthesize further examples of stable 

antiaromatic 16π and 17π-electron porphyrinoid.44 The 16π porphyrins could be 

chemically generated from the 18π porphyrins (Figure 1-4) and were electronically 

stabilized by the presence of the four 6π benzo-rings around the porphyrin core. The 16π 

derivatives were also generated by electrochemical means as described in this 

Dissertation. The electrochemical and spectroelectrochemical interconversions between 

16π, 17π  and 18π electron forms of the tetraphenyltetrabenzoporphyrins were 

investigated. 

 

1.5 Porphyrazines and Phthalocyanines 

The electrochemistry and spectroelectrochemistry of porphyrazines (see Figure 1-5b 

for structures) are described in Chapters Seven and Eight. These compounds have a 

symmetrical 18π-electron aromatic cove and are structurally related to porphyrins.45, 46 

Both types of macrocycoles contain a central C8N8 ring surrounded by four pyrrole 

groups, but the porphyrazines differ from the porphyrins by having four meso-nitrogen 

atoms instead of four methane bridges in the central ring. 

 10

Phthalocyanine (Pc) (Figure 1-5c) is a classic ring substituted “porphyrazine”. It 

consists of four isoindole units, which are linked angularly by four meso-nitrogen 

bridges, leading to a macrocyclic aromatic molecule.47 Phthalocyanines and their 

derivatives have been widely employed as various advanced materials, such as dyes for 



 

 

Figure 1-4. Working hypothesis for the stabilizing effect of the peripheral benzo-rings in 

the benzofused 16π porphyrin.44 
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Figure 1-5. Structures of (a) porphyrin, (b) porphyrazine, (c) phthalocyanine, and (d) 

pyrazinoporphyrazine. 
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read-write optical media, photosensitizers for photodynamic therapy (PDT), 

photovoltaic devices, and so forth.12, 48-56 These sophisticated molecular functionalities 

are ascribed to the versatile electronic structures of phthalocyanines. As a consequence, 

phthalocyanines have today established themselves in a firm position as high-tech 

materials.47 

Porphyrazines and phthalocyanines have been characterized as electron-deficient 

macrocycles on the basis of their UV-visible spectral features and electrochemical 

behavior.19, 57-70 In Chapter Seven, a related series of pyrazinoporphyrazines (see Figure 

1-5d) carrying externally thienyl rings, [Th8TPyzPzM],71 will be discussed. The role 

played by exocyclic pendant vicinal thienyl rings in the electronic distribution within the 

entire molecular framework of molecules is one target of the present investigation, 

mainly conducted by UV-visible spectral and electrochemical measurements. The 

electrochemical and spectroelectrochemical properties of a series of heteropentametallic 

porphyrazine macrocycles, [(PtCl2)4Py8TPyzPzM],72 having four PtCl2 units coordinated 

to the pyridine N atoms of the external dipyridinopyrazine fragments were examined 

and the results of this study are described in Chapter Eight. 
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2.1 Electrochemistry 

2.1.1 Cyclic Voltammetry 

 Cyclic voltammetry is a powerful technique to rapidly measure redox potentials and 

determine the stability of the electroreduced and electrooxidized species in solution.1 In 

the cyclic voltammetric experiment, a potential is applied to a working electrode and 

linearly varied in a positive or negative direction between an initial and a pre-defined 

limiting value, after which the potential sweep is reversed, and scanned in the opposite 

direction1-3 as shown in Figure 2-1a for the case of a compound which undergoes two 

one-electron reductions over the investigated potential range. Current flowing at the 

working electrode is measured and plotted versus the applied voltage to give the cyclic 

voltammogram in Figure 2-1b. The peak current for reduction is given by ipc, while that 

for oxidation is given by ipa. At 25 , the magnitude of the peak current is defined by 

the Randles-Sevcik equation

Co

1 given in Equation 2-1, 

                                         (2-1) 2/12/12/35 )1069.2( vACDnip ×=

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

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

concentration of the species in mol/cm3, and v is the scan rate in V/s. For the example 

shown in Figure 2-1, the potential is scanned between 0.00 and -2.00 V in 20 sec on the 

forward scan and between -2.00 and 0.00 V in 20 sec on the reverse scan, and the scan 

rate is 0.1 V/s. 

 For a reversible electron transfer process, the half-wave potential, E1/2, is defined by 

the average values of the anodic and cathodic peak potentials (Equation 2-2). 
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Figure 2-1. (a) Cyclic voltammetry waveform showing reduction sweep between 0.00 to 

-2.00 V at a scan rate ( tE ΔΔ ) of 0.1 V/s and (b) resulting cyclic voltammograms for 

compound which undergoes two one-electron reductions at E1/2 = -0.71 and -1.15 V.  
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22/1

pcpa EE
E

+
=                             (2-2) 

For the specific example in Figure 2-1b, the measured E1/2 = -0.71 and -1.15 V vs 

SCE, ie, the average of )]68.0(74.0[
2
1

−+−  and )]18.1(12.1[
2
1

−+− , respectively. The 

cathodic and anodic peak currents for the process in Figure 2-1b are about equal, which 

indicates stable electrogenerated species in solution. 

 All cyclic voltammograms in this Dissertation were obtained with an EG&G 

Princeton Applied Research (PAR) 173 potentiostat. A homemade three-electrode cell 

(see Figure 2-2) was used and consisted of a platinum button or glassy carbon working 

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

reference electrode (SCE). The SCE was separated from the bulk of the solution by a 

fritted glass bridge of low porosity which contained the solvent/supporting electrolyte 

mixture. The saturated KCl solution in the SCE was changed periodically for 

maintaining the correct potential. Ferrocene was utilized to be an internal reference to 

check the potentials. 

 

2.2 UV-Visible Spectroelectrochemistry 

 UV-visible spectroelectrochemical experiments were performed with an optically 

transparent platinum thin-layer working electrode (Figure 2-3),4 which enabled 

electrochemical and the spectroscopic measurements to be carried out simultaneously. 

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  
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Figure 2-2. Schematic illustration of the electrochemical cell. WE, CE and RE are the 

working, counter and reference electrodes, respectively. 
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a

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

cell. a) platinum tipped bridge and b) platinum net. WE, CE and RE are the working, 

counter and reference electrodes, respectively. 
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diode array rapid-scanning spectrophotometer. 

 

2.3 Spectral Titration Methods for Determination of Equilibrium Constants5 

 Equilibrium constants for the binding of an axial ligand to the central metal ion of a 

metallomacrocycle or the loss/addition of protons to the dipyrrolylquinoxalines were 

determined using both spectral and electrochemical titration methods. Stock solutions 

were prepared for each specific ligand (and H+ or OH- in the case of acid or base 

titration) and measurements were made after each aliquot was quantitatively added to 

solutions containing the investigated compound. UV-visible absorbance changes and/or 

reduction potentials were then plotted vs free ligand, H+ or OH- concentration in 

solution.  

The spectral titration method described below, was used to obtain the logK or logβ 

values and the number of added or lost axial ligands during the electron transfer 

processes. For ligand binding reaction:  

M + pL = MLp

the relationship between the concentrations of M and MLp in solution and the 

equilibrium constant, log K, is given by Equation 2-3. 

log([MLp]/[M]) = log K + p log [L]                    (2-3) 

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

is the free-ligand concentration in solution. A wavelength is selected where M and MLp 

have different UV-visible spectra and the absorbance is then proportional to 

concentration as shown below, 

A0 = εMbCM
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Af = εMLpbCMLp

   Ai = εMb[M] + εMLpb[MLp] 

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

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

(λmax) for the species M and MLp, respectively, and Ai is the absorbance at λmax at a 

given point in the titration.  

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

write: 

Ai = εMb[M] + εMLpb[MLp] 

= εMb (CM - [MLp]) + εMLpb[MLp] 

= εMb CM - εMb[MLp] + εMLpb[MLp] 

= A0 + (εMLp - εM)b[MLp] 

[MLp] = (Ai- A0) / [(εMLp - εM)b] 

or Ai = εMb[M] + εMLpb[MLp] 

   = εMb[M] + εMLpb(CMLp - [M]) 

   = εMb[M] + εMLpbCMLp - εMLpb [M] 

 [M] = (Af – Ai) / [(εMLp - εM)b] 

Substituting the values of [M] and [MLp] into Equation 2-3 gives a relevant equation 

used to calculate logK and the number of ligand gained or lost (p): 

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

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

corresponds to the number of ligands (p) axially bound to the compound and intercept 
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gives formation constant (log K). Examples are given in Figure 4-12 in this Dissertation. 

 

2.4 Other Experimental Methods 

2.4.1 Degassing of the Solution 

 High purity nitrogen was used to deoxygenate the solutions for 5 -10 minutes before 

each electrochemical experiment and a positive nitrogen pressure was maintained above 

the solution throughout the experiment. 

 

2.4.2 Temperature Control 

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

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

temperatures that varied from 22 to -75 . 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. 

Co

Co

 

2.5 Chemicals and Investigated Compounds  

Benzonitrile (PhCN) obtained from Fluka Chemicals was distilled over 

phosphorous pentoxide (P2O5) under vacuum prior to use. Absolute dichloromethane 

(CH2Cl2) was purchased from EMD Chemicals. Pyridine (99.9+%), dimethyl sulfoxide 

(DMSO, 99.9+%),  N,N-dimethylformamide (DMF, 99.8+%) and acetonitrile (MeCN) 

were purchased from Sigma-Aldrich Co. and used without further purification. High 

purity N2 from Matheson-Trigas was used to deoxygenate the solution before each 

electrochemical experiment. Tetra-n-butylammonium perchlorate (TBAP) and 
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tetra-n-butylammonium hexafluoro-phosphate (TBAPF6) were purchased from Sigma 

Aldrich and used without further purification. Trifluoroacetic acid (TFA), 

tetra-n-butylammonium hydroxide (TBAOH), tetra-n-butylammonium fluoride (TBAF) 

and tetra-n-butylammonium acetate (TBAOAc) were also purchased from Sigma 

Aldrich and used without further purification. 

All compounds investigated as part of this dissertation were obtained from our 

collaborators in the U.S., Japan, Australia and Italy and their purity verified by spectral 

methods in our laboratory. The specific compounds provided to us and references as to 

their synthesis are given below.  

Compounds in the dipyrrolylquinoxoaline series were obtained from Prof. Jonathan 

L. Sessler at University of Texas in Austin and were synthesized in his laboratory 

according to published procedures.6, 7 The tris- and tetrkis-quinoxalinoporphyrins and 

their metal complexes were obtained from Prof. Maxwell J. Crossley at the University 

of Sydney in Australia and were synthesized in his lab according to published 

procedures.8 Tetraphenyltetrabenzoporphyrin copper and zinc complexes together with 

their oxidized forms were obtained from Prof. Yohsuke Yamamoto at Hiroshima 

University in Japan. Synthetic methods for preparation of these complexes have also 

been reported in the literature.9 Tetrkis-2,3-[5,6-di(2-thiophyl)pyrazino]porphyrazine 

and its metal complexes together with the 

tetrakis-2,3-[5,6-di(2-pyridyl)pyrazino]porphyrazine with exocyclic (PtII) metal ion 

binding were provided by Prof. Claudio Ercolani at Università degli Studi di Roma, Italy. 

The synthetic methods for these compounds are reported in the literature.10, 11 
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3.1 Introduction 

Disproportionation of one-electron reduced species plays an important role in 

converting one-electron processes to two-electron processes in a variety of chemical and 

biological redox reactions.1-6 Notable examples are the disproportionation (dismutation) 

of superoxide anion and the disproportionation of semiquinone radical anions in 

photosynthesis.7-12 In both cases, external protons are required for the disproportionation 

to occur.13-16 Furthermore, to the best of our knowledge there are no examples in the 

literature, chemical or biological, where disproportionation of radical anions is mediated 

by internal protons, i.e., those present within the compounds that are reduced. 

We report herein the first example of such a transformation. Specifically, we 

describe the chemical fate of dipyrrolylquinoxaline-derived radical anions, and show that 

the internal pyrrole protons are involved in the disproportionation of these radical anions. 

The electron-transfer reduction of the dipyrrolylquinoxalines of this study is compared 

with that of the same quinoxaline units without pyrrole moieties, and detailed below 

dramatic differences are seen. In particular, the radical anions of simple quinoxalines 

lacking appended pyrrole subunits are stable, with disproportionation only occurring in 

the presence of external protons.   

 In this study, the redox properties of the three dipyrrolylquinoxaline derivatives 

shown in Chart 3-1, namely, 2,3-dipyrrol-2’-yl-6,7-dinitroquinoxaline (1H2), 

2,3-dipyrrol-2’-yl-6-nitroquinoxaline (2H2) and 2,3-dipyrrol-2’-ylquinoxaline (3H2),17-19 

were examined. Also studied were the corresponding quinoxalines bearing the same 

number of electron-withdrawing nitro groups but without the two hydrogen-containing 

pyrrole substituents (compounds 4-6).  
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Chart 3-1. Structures of Investigated Dipyrrolylquinoxalines. 
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3.2 Results and Discussion 

Figure 3-1 shows cyclic voltammograms of 1H2-3H2 and 4-6 in acetonitrile 

(CH3CN). In the case of 1H2 and 2H2, the first reduction is reversible when the negative 

potential scan is reversed just after the first cathodic peak (broken line in Figure 3-1). 

After the second and third cathodic peaks are observed, however, the corresponding 

anodic peak of the first reduction disappears (solid line in Figure 3-1).  

In the case of 4 and 5, which have the same quinoxaline units as 1H2 and 2H2 but 

lack the pyrrole moieties, the first and second reductions are both reversible and lead 

stepwise to formation of the corresponding radical anion and dianion. The differential 

pulse voltammetry (DPV) current of the first reduction of 1H2 is twice as large as the 

current for the second and third reductions, as shown in Figure 3-2.  

The data from the DPV analysis of 1H2 are self-consistent with the results from 

cyclic voltammetry results and lead us to suggest that the first reduction is followed by a 

disproportionation of 1H2
•– to produce 1H– and 1H3

– (Scheme 3-1). The generated 1H3
- 

is already reduced by two electron, but the anion 1H- has an unreduced π ring system, 

and further undergoes two stepwise one-electron reductions at Epc = -1.06 and E1/2 = 

-1.27 V (Figure 3-1). Because the concentration of 1H2
•– is half that of the initial 

compound, the DPV current for the first reduction of 1H2 is twice that measured for the 

reduction of 1H– and 1H•2– because 1H3
– is not reduced (Figure 3-2). Similar results are 

seen for 2H2 and 3H2. 

The three reductions of 1H2 and 2H2 occur at more positive potentials than that of 

3H2, which lacks the electron-withdrawing NO2 groups (Figure 3-1). In addition, the 

single reduction observed for 3H2 (within the solvent negative potential range) is  

35



 

Figure 3-1. Cyclic voltammograms of 1H2-3H2 and 4-6 in deaerated CH3CN containing 

TBAP (0.10 M) at 298 K.  
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Figure 3-2. Cyclic voltammogram and differential pulse voltammogram of 1H2 in 

CH3CN containing TBAP (0.10 M) at 298 K; scan rate: 0.1 V s–1. Dashed lines are the 

initial first and second reductions.20 
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Scheme 3-1. First steps in reduction of 1H2 in CH3CN. 
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irreversible and remains irreversible at all scan rates and temperatures. Such a finding is 

consistent with the disproportionation of 3H2
•– being significantly faster than that of 

either 1H2
•– or 2H2

•–. 

In order to identify the processes that occur following the first reduction of 1H2, a 

chemical reduction of 1H2 by cobaltocene (CoCp2) to 1H2 was examined in Osaka.20 The 

UV-vis spectral changes that occur during this reaction are shown in Figure 3-3a and 

gave similar results as observed for the electrochemical reduction carried out in Houston. 

The absorption changes at 325 and 553 nm were both found obey second-order kinetics, 

as illustrated in Figure 3-3b (for the second-order plot, cf. Figure 3-4). This leads us to 

suggest that rapid electron transfer takes place from CoCp2 to 1H2 to afford the radical 

anion (1H2
•–, λmax = 325 nm) and CoCp2

+ (λmax = 260 nm), a process that is followed by 

the disproportionation of 1H2
•– via a hydrogen-atom transfer or a concerted 

proton-coupled electron-transfer (not stepwise) process, as shown in Scheme 3-1. The 

products of the disproportionation were examined in Osaka by 1H NMR spectroscopy 

and confirmed to be 1H– and 1H3
– (see Figures 3-5 and 3-6). 

The same mono-deprotonated product (1H–) could also be obtained by the reaction 

of 1H2 with tetra-n-butylammonium hydroxide (TBAOH) as described in the literature;21 

this species is characterized by an absorption band at λmax = 553 nm as seen in Figure 

3-3. The titration of 1H2 with TBAOH indicate that 1H- and 12- are formed respectively 

by the reaction of 1H2 with 1 and 2 equiv. of TBAOH, the exact product being 

dependent upon the concentrations (dissociation) of 1H2 in solution. Additional details 

for this reaction are discussed in Chapter Four.  

Our assignment of a strong N-H-N hydrogen bond in the mono-deprotonated product  
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Figure 3-3. (a) Absorption spectral changes observed upon electron transfer from CoCp2 

(5.0×10–5 M) to 1H2 (5.0×10–5 M) in CH3CN at 303 K. (b) Time courses at 325 and 

553 nm.20   
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Figure 3-4. Second-order plots for disproportionation of 1H2
•– produced in electron 

transfer from CoCp2 (2.5 × 10–5 M) to 1H2 (2.5 × 10–5 M) in CH3CN at various 

temperatures (273-333 K).20 
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Figure 3-5. 1H NMR spectra of (a) 1H2, (b) 1H– and 1H3
– produced by electron-transfer 

reduction of 1H2 (5.0 mM) with CoCp2 (5.0 mM) and (c) 1H– produced by deprotonation 

of 1H2 (5.0 mM) with Bu4NOH (5.0 mM) in deaerated CD3CN.20  
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Figure 3-6. 1H NMR spectra of (a) 1H2, (b) 1H– and 1H3
– produced by electron-transfer 

reduction of 1H2 (5.0 mM) with CoCp2 (5.0 mM) and (c) 1H– produced by deprotonation 

of 1H2 (5.0 mM) with Bu4NOH (5.0 mM) in deaerated DMSO-d6.20  
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from 1H2
•– (Scheme 3-1) is based on the observation that the 1H NMR spectral features 

are analogous to what was previously for the same compound under similar experimental 

conditions.21 The anion 1H3
- was also estimated from DFT calculations performed by our 

collaborators in Osaka (Figure 3-7a). The result of these calculations indicate that 

protonation at the quinoxaline unit is more favorable rather than that at the nitro group 

based on a comparison of the energies of the 1H3
- isomers. 

The disproportionation equilibrium of 1H2
•– was examined by measuring the EPR 

spectrum of 1H2
•– produced by electron transfer from CoCp2 to 1H2 at various 

temperatures (Figure 3-8a). The simulated hyperfine coupling constants of 1H2
•– agree  

well with the values estimated by DFT calculations (Figure 3-8b), providing support for 

spin delocalization on the quinoxaline moiety. 

The disproportionation equilibrium constant (K) for 1H2
•– was determined using the 

observed concentration of 1H2
•–, a value that was determined by comparing the value of 

the double integration of the EPR signal with that of diphenylpicryl-hydrazyl (DPPH), a 

stable radical reference, and plotted against temperature to give a Van’t Hoff plot, shown 

in Figure 3-9. From the linear plot, ΔH and ΔS values were obtained from slope and 

intercept, as 18 kcal mol–1 and 68 cal mol–1 K–1, respectively. The positive ΔH value 

obtained in this way indicates that the disproportionation of 1H2
•– is endothermic. 

The activation enthalpy (ΔH‡) and entropy (ΔS‡) were calculated to be 33 kcal mol–1 

and -20 cal mol–1 K–1, respectively, from the Eyring plot of the disproportionation rate 

constants determined from the second-order decay of 1H2
•– at various temperatures (see 

Figure 3-10). 

The disproportionation of 1H2
•–, 2H2

•– and 3H2
•– to produce the three mono-  
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Figure 3-7. Optimized structures of 1H3
– isomers as determined via DFT calculations 

carried out at the B3LYP/6-31G(d) level. Relative energies are given in parentheses.20 
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Figure 3-8.  (a) EPR spectra of 1H2
•– produced via electron transfer from CoCp2 (1.0 × 

10–3 M) to 1H2 (1.0 × 10–3 M) in CH3CN at various temperatures. (b) Simulated 

spectrum of 1H2
•– using hyperfine coupling constants and those predicted by DFT 

calculations. (c) DFT optimized structure of 1H2
•– with hfc values together with the 

calculated values given in parentheses.20 
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Figure 3-9. Van’t Hoff plot of the disproportionation equilibrium constant (K) of 1H2
•– 

in CH3CN.20 
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Figure 3-10. Eyring plot of the disproportionation of 1H2
•– in CH3CN.20 
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deprotonated dipyrrolylquinoxaline anions (1H–, 2H– and 3H–) and three 

mono-hydrodipyrrolylquinoxaline anions (1H3
–, 2H3

– and 3H3
–) was confirmed by 

spectroelectrochemical measurements of the type shown in Figure 3-11. The visible 

absorption spectra of the disproportionation products match those of mono-deprotonated 

dipyrrolylquinoxaline anions (1H-, 2H- and 3H-), because the 

monohydrodipyrrolylquinoxaline anions (1H3
-, 2H3

-, and 3H3
-) absorb only minimally in 

the visible region. The absorption spectra of mono-deprotonated dipyrrolylquinoxalines 

(2H– and 3H–) produced by the reactions of 2H2 and 3H2 with TBAOH are shown in 

Figure 3-12 for comparison. More details will be discussed in Chapter Four. 

 

3.3 Conclusion 

  In summary, the disproportionation of dipyrrolylquinoxaline radical anions 

produced by electron-transfer reduction of dipyrrolylquinoxaline occurs via hydrogen 

atom transfer from the pyrrole moiety to the quinoxaline moiety to produce mono- 

deprotonated dipyrrolylquinoxalines and mono-protonated dihydrodipyrrolylquinoxaline. 

In contrast, the same quinoxaline radical anions without the pyrrole moieties are stable in 

aprotic solvents. The present study furthers our understanding of disproportionation 

processes and provides a unique way to convert a one-electron reduction to a 

two-electron process without the need for external protons.  
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Figure 3-11. UV-vis absorption spectral changes in electrolysis of (a) 1H2 (3.3 × 10–4 M), 

(b) 2H2 (3.1 × 10–4 M) and (c) 3H2 (9.2 × 10–4 M) in the presence of TBAP (0.20 M) in 

CH3CN at applied potentials of -0.80 V (vs SCE) for 347 s, -0.96 V for 310 s and -1.70 V 

for 180 s, respectively. 
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Figure 3-12. UV-vis absorption spectral change of (a) 1H2 (1.8 × 10–5 M) (b) 2H2 (1.7 × 

10–5 M) and (c) 3H2 (2.0 × 10–5 M) in CH3CN titrated with TBAOH (1.0 × 10–2 M). 
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Chapter Four 
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4.1 Introduction 

Over the past decades, considerable effort has been devoted to exploring receptors 

capable of recognizing neutral and anionic species.1,2 This effort has been stimulated by 

the fact that these types of receptors are capable of recognizing, sensing, and 

transporting anions not only in supramolecular compounds but also in systems which 

may have potential clinical applications.3 One such receptor is 

2,3-dipyrrol-2’-ylquinoxaline H2DPQ, which has the advantage of possessing a built-in 

chromophore and is also readily synthesized in two steps from commercially available 

materials,2, 3 as first reported by Oddo in 19114 and later refined by Behr et al. in 1973.5 

The DPQ entity was not considered as a possible colorimetric anion sensor until three 

decades later when Sessler and coworkers reported the synthesis and anion binding 

properties of two related compounds, 2,3-dipyrrol-2’-yl-6-nitroquinoxaline, 

H2DPQ(NO2)3 and 2,3-dipyrrol-2’-yl-6,7-dinitroquinoxaline, H2DPQ(NO2)2.2  

In a recent Communication we examined the fate of chemically and 

electrochemically generated dipyrrolylquinoxaline-derived radical anions and showed 

that the internal pyrrole protons of the molecule were involved in a disproportionation of 

the product generated after a one-electron reduction in acetonitrile (CH3CN).6 The 

relevant electrochemical and chemical reactions are shown in Scheme 4-1 for the case of 

H2DPQ(NO2)2.  

The initial one-electron reduction of these neutral compounds and following 

disproportionation reaction leads to an unreduced mono-deprotonated species having a 

single proton shared by the two pyrrole groups,7 [HDPQ(NO2)2]- (labeled as 1H- in 

Scheme 4-1) and a doubly reduced tri-protonated species having one protons on each  
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Scheme 4-1 Published Mechanism for the First Reduction of H2DPQ(NO2)2 in 

Nonaqueous Media6 
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pyrrole and a third proton bound to one of the two quinoxaline nitrogens, 

[H3DPQ(NO2)2]- (1H3
-). 

This work described in the present Chapter expands upon our initial 

Communication6 (covered in Chapter Three) and focuses on elucidating the complete 

electrochemistry, spectroelectrochemistry and acid-base properties of H2DPQ, 

H2DPQ(NO2) and H2DPQ(NO2)2 in benzonitrile (PhCN) before and after the addition of 

acid or base in the form of trifluoroacetic acid (TFA), tetrabutylammonium hydroxide 

(TBAOH), tetrabutylammonium fluoride (TBAF) or tetrabutylammonium acetate 

(TBAOAc). The structures of the neutral dipyrrolylquinoxalines are shown in Chart 4-1 

along with their abbreviated notations, given as 1H2, 2H2 and 3H2. The totally 

protonated and totally deprotonated forms of 1H2, 2H2 and 3H2, formulated as 

[H4DPQ(NO2)n]2+ and [DPQ(NO2)n]2-, respectively, where n = 0, 1 or 2, are also shown 

in Chart 4-1 along with the abbreviated notations of 1H4
2+, 2H4

2+ and 3H4
2+ for the three 

dications in acidic media and 12-, 22- and 32- for the three dianions in basic media. 

Cyclic voltammetry was used to measure redox potentials of each electrode reaction, 

while thin-layer spectroelectrochemistry was employed to record the UV-visible spectra 

of each electrogenerated product. Equilibrium constants for deprotonation of the two 

pyrrole protons or protonation of the two quinoxaline nitrogens were monitored by 

UV-visible spectroscopy during a titration with acid or base and comparisons are made 

between the redox behavior of H2DPQ(NO2)n and their totally prontonated or totally 

deprotonated analogues, i.e., [H4DPQ(NO2)n]2+ and [DPQ(NO2)n]2- where n = 0, 1 or 2.  

Comparisons are also made between the redox behavior of H2DPQ(NO2)n and 

quinoxalines which lack the linked pyrrole units. One group of comparison quinoxaline 
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Chart 4-1. Structures of investigated dipyrrolylquinoxalines in neutral, acidic and basic 

forms. 
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compounds is represented as Q(NO2)n where n = 0, 1 or 2 and the other as R2Q where R 

is a methyl, thienyl or furyl group. 

 

4.2 Results and Discussion 

4.2.1 Electroreduction of Q(NO2)n where n = 0, 1 or 2 

In order to better understand the chemical reactions following electron addition to 

H2DPQ(NO2)n, measurements were first carried out under the same solution conditions 

on two groups of quinoxalines lacking a pyrrole unit. One group of comparison 

molecules is represented as Q(NO2)n where n = 2, 1 or 0 (compounds 4-6) and the others 

as R2Q (compounds 7-9) whose structures are shown in Chart 4-2. The first group of 

compounds were previously examined by cyclic voltammetry in CH2Cl2,8 and the 

second were electrochemically characterized in CH3CN.9 

The quinoxaline moiety without the electron-withdrawing nitro groups undergoes a 

single one-electron addition at E1/2 = -1.67 V in PhCN, 0.1 M TBAP, as compared to an 

irreversible one-electron reduction in CH2Cl2 which is located at Epc = -1.63 V for a scan 

rate of 0.1 V/s.8 The reversible reduction of Q 6 in PhCN generates the quinoxaline 

anion radical, Q•-, which is stable on the electrochemical and spectroelectrochemical 

timescales. A stable anion radical is also generated upon the reversible one-electron 

addition to Q(NO2) 5 (E1/2 = -0.90 V) and Q(NO2)2 4 (E1/2 = -0.64 V). Cyclic 

voltammograms of 4-6 in PhCN, 0.1 M TBAP are shown in Figure 4-1a and UV-visible 

spectral changes during the formation of [Q(NO2)n]•- under the same solution conditions 

are shown in Figure 4-2. 

As seen in Figure 4-1a, the half-wave potential values for conversion of Q(NO2)n to  
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Chart 4-2. Structures of different substituted quinoxalines. 
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Figure 4-1. Cyclic voltammograms of (a) Q(NO2)n (4-6) and (b) H2DPQ(NO2)n 

(1H2-3H2) where n = 2, 1 or 0 in PhCN, 0.1 M TBAP. Scan rate = 0.1 V/s.  
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Figure 4-2. UV-visible spectral changes of singly reduced Q(NO2)n in PhCN, 0.2 M 

TBAP at the indicated applied potentials (see cyclic voltammograms of compounds in 

Figure 4-1). 
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Q(NO2)n•
- are shifted positively with each added electron-withdrawing NO2 substituent. 

The addition of one NO2 group to Q leads to a 770 mV positive shift in E1/2 for the first 

reversible one-electron reduction (-1.67 V to -0.90 V), but a smaller substituent effect is 

seen upon addition of the second nitro group where E1/2 shifts from -0.90 V for 

reduction of Q(NO2) to -0.64 V for reduction of Q(NO2)2 (Figure 4-1a).  

Q(NO2) (5) and Q(NO2)2 (6) are both reversibly reduced in a second one-electron 

transfer step, with E1/2 values located at -1.54 and -1.20, respectively in PhCN, 0.1 M 

TBAP. The absolute difference in E1/2 values between formation of the anion radical and 

dianion in these two compounds amounts to 640 and 560 mV, respectively.  

Reversible one-electron reductions were earlier reported for the structurally related 

comparison compounds, dimethylquinoxaline (7), dithienylquinoxaline (8) and 

difurylquinoxaline (9), with E1/2 values ranging between -1.94 and -2.28 V vs Fc/Fc+ in 

CH3CN.9 (E1/2 values, when corrected vs SCE, would range from about -1.54 to -1.78 V 

for a Fc/Fc+ couple located at 0.40 V vs SCE in this solvent).  

One key point which emerges from the data involving reduction of the six 

comparison compounds, 4-9 in PhCN and also CH3CN is that the in-situ generated 

radical anion is in all cases stable. This is clearly due to the lack of disproportionation 

reaction which requires the pyrrole protons on the molecule in the case of H2DPQ(NO2)2, 

H2DPQ(NO2) and H2DPQ (1H2-3H2).6 Another key point is that the mono- and 

dinitro-substituted quinoxaline moieties, 5 and 4, are both more easily reducible than the 

related compounds 7-9 due to the electron-withdrawing effect of the nitro groups and a 

second reversible one-electron reduction can then be accessed for 5 and 4 at -1.54 V or 

-1.20 V, respectively. Additional reductions beyond the monoanion radical are also seen 
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for the nitro-substituted dipyrrolylquinoxalines, 2H2 and 3H2, whose electrochemistry is 

described in more detail on the following pages. 

 

4.2.2 Electroreduction of H2DPQ(NO2)n where n = 0, 1 or 2 

As seen in Figure 4-1b, dipyrrolylquinoxaline, H2DPQ (3H2), exhibits a single 

irreversible reduction at Epc = -1.70 V which is coupled with an irreversible oxidation 

peak at Ep = -0.80 V for a scan rate of 0.1 V/s. The return oxidation peak is present if the 

scan is terminated before the first reduction and the overall shape of the current-voltage 

curve in Figure 4-1b is consistent with a chemical reaction following electron transfer 

(an ED mechanism where D is the disproportionation step).10  

It should be noted that the peak potential for the irreversible one-electron reduction 

of H2DPQ (3H2) is almost identical to that for the reversible one-electron reduction of Q 

at E1/2 = -1.67 V (Figure 4-1a). In addition, the effect of NO2 substituents on the redox 

reactions of compounds 1H2-3H2 is quite similar to that of compounds 4-6. For example, 

the difference in E1/2 between reduction of Q and Q(NO2) is 770 mV, and almost the 

same difference in potential (~700 mV) is seen for the related dipyrrolequinoxalines 

where H2DPQ is reduced at Epc = -1.70 V as compared to Epc = -1.00 V for H2DPQ(NO2) 

at a scan rate of 0.1 V/s (Figure 4-1b). Like in the case of Q(NO2) and Q(NO2)2, a 

smaller substituent effect is seen upon addition of the second nitro group to the 

dipyrrolylquinoxaline compounds where E1/2 shifts from -0.97 V for the first reduction 

of H2DPQ(NO2) to -0.73 V for the first reduction of H2DPQ(NO2)2. This similarity in 

reduction potentials and substituent effect for compounds in the series of 1H2-3H2 and 

4-6 implies a similar site of electron transfer in all cases.  
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As indicated above, the potentials for the reversible first one-electron reduction of 

H2DPQ(NO2) (2H2) and H2DPQ(NO2)2 (1H2) are both positively shifted with respect to 

potentials for the irreversible one-electron reduction of H2DPQ (3H2). The potentials for 

reduction of H2DPQ(NO2) and H2DPQ(NO2)2 are also slightly more difficult than 2/1E  

values of the one-electron reduction of the comparison nitroquinoxalines Q(NO2) (5) and 

Q(NO2)2 (4), and this is consistent with a small electron-donating effect from the two 

pyrrole groups in the dipyrrolylquinoxalines. 

Similar electrochemical behavior is exhibited by H2DPQ(NO2) and H2DPQ(NO2)2 

in PhCN. As seen in Figure 4-1b, an initial reversible one-electron transfer is seen for 

both neutral compounds, at E1/2 = -0.97 V (2H2) or -0.73 V (1H2), and this is followed at 

more negative potentials by a second irreversible one-electron addition at Ep = -1.23 V 

(2H2) or -1.07 V (1H2) for a scan rate of 0.1 V/s. 

It should be noted that the first one-electron reduction of H2DPQ(NO2) 2H2 and 

H2DPQ(NO2)2 1H2 are reversible at all scan rates when the negative sweep is reversed at 

a potential prior to the second reduction (Figure 4-1). In contrast, the first reduction 

becomes irreversible only when the scan is extended to potentials beyond the second 

reduction, i.e., to values greater than -1.23 V in the case of 2H2 and -1.07 V in the case 

of 1H2, at which point the initial reduction and reoxidation peaks then totally disappear 

on a second sweep and on all subsequent potential sweeps. This is illustrated by the 

dashed line in Figure 4-3 and is consistent with the formation of a new electroactive 

species in solution which is reduced in two steps, the first of which is reversible and 

located at E1/2 = -1.13 V (2H2) or -0.90 V (1H2). 

This second reduction peak of H2DPQ(NO2) and H2DPQ(NO2)2 are both coupled to  
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Figure 4-3. Cyclic voltammograms of (a) H2DPQ(NO2) 2H2 and (b) H2DPQ(NO2)2 

1H2 in PhCN, 0.1 M TBAP. First scan (solid line); second scan (dotted line). The same 

current-voltage curves were obtained for the 2nd, 3rd and 4th potential sweeps. Scan 

rate = 0.1 V/s. 



 67

well-defined reoxidation peaks which appears at Epa = -1.11 V (2H2) or -0.88 V (1H2) on 

the first and all subsequent sweeps for a scan rate of 0.1 V/s (see Figure 4-3). However, 

as will be demonstrated, the second cathodic (reduction) and first anodic (reoxidation) 

peaks are not associated with the same electrochemical process and are actually two 

separate redox couples separated by one or more intervening chemical reactions. The 

product of the chemical reactions is also electroactive and a third reduction is observed 

at Epc = -1.94 V for 2H2 and E1/2 = -1.36 V for 1H2. 

The product generated after the first reduction and disproportionation of the mono- 

and dinitro DPQ derivatives was earlier assigned6 as [HDPQ(NO2)]- and 

[HDPQ(NO2)2]- on the basis of 1H NMR.7 These in-situ generated monoanions have a 

single proton shared between two pyrrole groups and undergo two one-electron 

additions as drawn in Scheme 4-2. 

Additional evidence for the conversion of H2DPQ(NO2)n to [HDPQ(NO2)n]- prior to 

the redox reactions shown in Scheme 4-2 is given by thin-layer electrochemistry and 

spectroelectrochemistry, examples of which are shown in Figures 4-4 and 4-5 for the 

case of H2DPQ(NO2) (2H2). The two reduction of H2DPQ(NO2) in the thin-layer cell 

upon scanning from 0.00 to -1.50 V (Figure 4-4) resembles what is observed in the first 

two steps by routine cyclic voltammetry at a scan rate of 0.1 V/s (Figure 4-1). The initial 

reversible reduction in the thin-layer cell at E1/2 = -0.96 V (dashed line in Figure 4-4a) is 

followed by a second irreversible reduction at Epc = -1.22 V, but only one return anodic 

peak is seen on the reverse scan. This process is located at Epa = -1.09 V for a scan rate 

of 10 mV/s (Figure 4-4a). 

The peak current for the reduction at Epc = -1.22 V is less than that of the first 
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Scheme 4-2 
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Figure 4-4. Thin-layer cyclic voltammograms of H2(NO2)DPQ 2H2 in PhCN, 0.2 M 

TBAP. Scan rate = 10 mV/s. Dashed line is the initial reversible reduction. 
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reduction at E1/2 = -0.96 V, as is also observed by “regular” CV for the same compounds 

in Figures 4-3. Furthermore, the reduction peak at Ep = -1.22 V totally disappears in the 

thin-layer cyclic voltammogram when the potential is scanned from 0.00 to -1.05 V and 

then held for three minutes before continuing to -1.40 V and being reversed (Figure 

4-4b). Under these conditions, the disproportionation shown in Scheme 4-1 has 

proceeded to completion and a new cathodic peak is seen at Epc = -1.15 V (Figure 4-4b). 

This new reduction process at Epc = -1.15 V is coupled to the original anodic peak at Epa 

= -1.09 V to give E1/2 = -1.12 V in the thin-layer cell (Figure 4-4b). This half wave 

potential is virtually identical to the E1/2 = -1.13 V measured from the “regular” cyclic 

voltammogram in Figure 4-3a.  

Finally, it should also be noted that the current for reoxidation of H2DPQ(NO2) in 

Figure 4-4b (23 μA) is about half of that observed for reduction (41 μA), consistent with 

the mechanism shown in Scheme 4-1 for H2DPQ(NO2)2. 

 

4.2.3 Spectroelectrochemistry of H2DPQ(NO2)n where n = 0, 1 or 2 

The conversion of H2DPQ(NO2)n to [HDPQ(NO2)n]- proceeds in two steps, both 

of which could be followed as a function of time by measuring changes in the 

UV-visible spectra during controlled potential reduction in the thin-layer cell. These 

spectral changes are shown in Figures 4-5 and 4-6 for H2DPQ(NO2) (2H2) and in Figure 

4-7 for H2DPQ(NO2)2 (1H2). For both compounds, only small differences in the overall 

morphology of the UV-visible spectra are observed after the initial application of an 

applied potential (up to 94 s in the case of 2H2 and up to 45 s in the case of 1H2), but 

quite substantial changes then occur at longer times of up to 173 s for 1H2 and 335 s for  
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Figure 4-5. UV-vis spectral changes observed during the course of controlled potential 

reduction of H2DPQ(NO2) (2H2) in PhCN, 0.2 M TBAP at -1.05 V and -1.35 V. See 

Figure 4-4 for the corresponding cyclic voltammogram. 
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Figure 4-6. Absorbance-time curves for controlled potential reductions of H2DPQ(NO2) 

in PhCN at -1.05 V. 
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Figure 4-7. UV-vis spectral changes observed during the course of controlled 

potential reduction of H2DPQ(NO2)2 (1H2) in PhCN, 0.2 M TBAP at -0.90 V and 

-1.20 V. See Figure 4-1 for the corresponding cyclic voltammogram.   
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2H2. 

The spectral pattern after controlled potential reduction of 2H2 at -1.35 V (Figure 

4-5c) or 1H2 at -1.20 V (Figure 4-7c) are similar between 300 and 700 nm to the spectra 

of the related unreduced compounds. The neutral compound 2H2 has bands at 328 and 

458 nm (Figure 4-5a) and the anion radical generated after reduction at -1.35 V (2H-) 

has bands at 320 and 461 nm in addition to a broad IR band between 700 and 1000 nm 

(Figure 4-5c). Likewise, the neutral 1H2 has bands at 351 and 469 nm (Figure 4-7a) and 

the anion radical generated after reduction at -1.20 V (1H-) has bands at 342 and 466 nm 

in addition to a broad IR band between 700 and 1000 nm (Figure 4-7c).  

The first reduction product of H2DPQ(NO2) in PhCN, 0.1 M TBAP when subjected 

to an applied potential of -1.05 V for 335 s is characterized by absorption bands at 350, 

430 and 566 nm (Figure 4-5b) and the same set of absorbance bands are seen upon 

addition of TBAOH to neutral solution of H2DPQ(NO2). The ratio of the 566 nm band 

of the reduction product over the 458 nm band of the initial compound, A566 

(final)/A458(initial) is 0.80 under the electrochemical conditions shown in Figure 4-5, and a 

similar ratio of 0.72 is obtained for a 10-3 M solution of H2DPQ(NO2) in PhCN 

containing 1 equiv. TBAOH (see Figure 4-8). This result suggests that the same 

mono-deprotonated form of the compound is in solution after the addition of 1.0 equiv. 

TBAOH as after the first reduction at an applied potential of -1.05 V.  

Further evidence for the assignment of one proton being lost in the electroreduction 

is obtained from cyclic voltammograms measured in PhCN during a titration with 

TBAOH (Figure 4-9a). The peak current for the first reduction at E1/2 = -0.97 V linearly 

decreases as TBAOH is added to solution. A plot of the maximum peak current vs the 
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Figure 4-8. UV-vis spectral changes of H2DPQ(NO2) at concentration of 10-3 M titrated 

by 0 to 5 equiv. TBAOH in PhCN.  
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Figure 4-9. (a) Cyclic voltammograms of H2DPQ(NO2) (2×10-3 M) in PhCN, 0.1 M 

TBAP with added TBAOH and (b) peak current for the first reduction as a function of 

the [TBAOH]/[H2DPQ(NO2)] ratio. 
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[TBAOH]/[H2DPQ(NO2)] ratio is presented in Figure 4-9b and consists of two straight 

line segments with an intersection at 1.0, thus indicating that the addition of 1.0 equiv. 

TBAOH to solutions of H2DPQ(NO2) is sufficient for the first reduction process to 

totally disappear.  

 Under both solution conditions, the UV-visible spectra of the neutral and reduced 

derivatives are also investigated in PhCN containing between 2.0 and 5.0 equiv. 

TBAOH. At 2 equiv. TBAOH, the ratio increases to 1.01 and at 5.0 equiv., it increases 

slightly to 1.07 as seen in Figure 4-8. The UV-visible spectra obtained during the second 

reduction of H2DPQ(NO2) in PhCN, 0.2 M TBAP at Eapp = -1.35 V (Figures 4-5c) are 

characterized by two visible bands at 320 and 461 nm and a broad absorption feature at 

950 nm. Virtually the same spectrum is obtained when the reduction is carried out in 

PhCN containing 1.2, 5 equiv. TBAOH (Figure 4-10) suggesting that the same reduction 

product in each case.   

In summary, the overall electrochemistry and spectroelectrochemistry of H2DPQ 

derivative at higher concentrations (10-3 M) is consistent with the conclusion that a 

mono-deprotonated anion is obtained after disapproportionation of a 

dipyrrolylquinoxaline radical anion which is formed as the initial reduction product. 

Again, this is in accordance with the mechanism proposed in our initial publication.6 

The overall mechanism for the reduction of H2DPQ(NO2) is present in Scheme 4-3. 

 

4.2.4 Deprotonation at Lower Concentrations and Effects of Protonation 

UV-visible spectral changes obtained from the spectroscopic titration of 

H2DPQ(NO2) (10-5-10-6 M) with TBAOH, TBAF and TBAOAc in PhCN are shown in  
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Figure 4-10. UV-vis spectral changes during controlled potential reduction of 0.71×

10-3 M H2DPQ(NO2) (a) in PhCN, 0.2 M TBAP at -1.35 V and the same solvent after 

addition of (b) 1.2 equiv. TBAOH and (c) 5.0 equiv. TBAOH. The potential applied is 

shown by arrow in the figure insert. 
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Scheme 4-3. 
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Figure 4-11. Corresponding Hill-plots indicate that two protons are removed from the core 

at the same time or that an anion binds to the compound. This differs from the result 

shown in Figure 4-9 which involves one proton is because the lower molar concentration 

leads to a larger dissociation constant in this case,11 so that two protons can be easily 

removed or bound.  

Figure 4-12 illustrates the UV-vis spectral changes of H2DPQ(NO2)n (n = 0 - 2) (10-5- 

10-6 M) observed upon titration with trifluoracetic (TFA) in PhCN. The Hill-plot curve 

indicates that two protons are added to the two nitrogen atoms of quinoxaline group, 

leading to the formation of [H4DPQ(NO2)n]2+ (n = 0-2) in PhCN. 

Figure 4-13 shows the cyclic voltammograms of H2DPQ(NO2) at concentration of 10-3 

M observed upon titrating with trifluoracetic acid (TFA) in PhCN, 0.1 M TBAP, where two 

peaks appear upon addition of acid to the solution. These two peaks can be attributed to 

the reductions of the acid protons, and can be compared to the cyclic votammogram of 

pure TFA in PhCN, 0.1 M TBAP (see Figure 4-14). The equivalence-current curve in 

Figure 4-13b also indicates that the acid titrations of H2DPQ(NO2)n (n = 0 - 2) at higher 

concentration also involve the addition of two protons to the quinoxaline moiety.  

Table 4-1 shows the equilibrium constants for the reaction of both bases and acid with 

H2DPQ(NO2)n, where n = 0, 1 or 2 in PhCN. Because of the presence of the electron 

withdrawing group, the acidity of the pyrrole NH prorton increases as n goes from 0 to 2. 

Consistent with this proposition, logβ2 for deprotonation of the two pyrrole protons on the 

compounds ranged from 7.1 to 8.8 in PhCN, while logβ2 for addition of two protons to the 

two quinoxaline nitrogen atoms ranged from 0.7 to 4.6 in PhCN, the exact value varying as 

a function of the number of NO2 substituents. 
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Figure 4-11. UV-vis spectral changes of H2DPQ(NO2) (10-5-10-6 M) titrating with TBAOH, 

TBAF and TBAOAc in PhCN.  
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Figure 4-12. UV-vis spectral changes of H2DPQ(NO2)n (n= 0-2) (10-5-10-6 M) titrating 

with TBAOH, TBAF and TBAOAc in PhCN. 



 83

 

Figure 4-13. Cyclic voltammograms of H2DPQ(NO2) titrated by TFA at certain equivalent 

in PhCN, 0.1 M TBAP. 
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Figure 4-14. Pure TFA in PhCN, 0.1 M TBAP. Scan rate = 0.1 V/s. 
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Table 4-1. Equilibrium Constants for the Reactions of Bases and Acid with H2DPQ(NO2)n 

where n = 0, 1 or 2 in PhCN. 

  Deprotonation-log β2
a Protonation-log β2

b 

Cpd OH- F- OAc- TFA 

H2DPQ 7.1 7.0 5.3 4.6 

H2DPQ(NO2) 8.3 8.1 6.4 2.2 

H2DPQ(NO2)2 8.8 8.7 6.9 0.7 
a H2DPQ(NO2)n + 2A- [DPQ(NO2)n]2- + 2HA where n = 0, 1 or 2. 
b H2DPQ(NO2)n + 2H+ [H4DPQ(NO2)x]2+ where n = 0, 1 or 2. 
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  As might be expected, the formation constants vary for each H2DPQ(NO2)n derivative 

when subject to titration with different basic anions in the same solvents. Without 

exception, the trend TBAOH>TBAF>TBAOAc was maintained. However, in all cases, 

two protons on the pyrrole rings were involved, as inferred from the spectral changes (see 

Figure 4-15). These changes were similar for all three H2DPQ(NO2)n derivatives studied. 

Generally, a decrease in the band at 414-469 nm and the growth of a new band at 479-576 

nm is seen in Figure 4-15. 

 

4.3 Conclusions 

The overall electrochemistry and spectroelectrochemistry data at a relatively high 

concentration (10-3 M) of the DPQ derivatives investigated supports for the conclusion that 

a monodeprotonated anion is obtained after disproportionation of an initially formed 

dipyrrolylquinoxaline radical anion. This is in accord with the mechanism put forward in 

our recent publication.6 

Electrochemical titrations of H2DPQ(NO2) at concentration of 10-3 M in the presence 

of base also gave rise to the mono-deprotonated anion, as inferred from the observed 

spectral changes. Moreover, titrations of H2DPQ, H2DPQ(NO2) and H2DPQ(NO2)2 with 

base at concentration of 10-5-10-6 M indicate that two protons are removed from the core or 

that an anion binds to the compound. 

On the other hand, the spectroscopic titration of H2DPQ, H2DPQ(NO2) and 

H2DPQ(NO2)2 with acid lead to the formation of the protonated forms, [H4DPQ(NO2)n]2+ 

(n = 0 - 2), in a manner that was straightforward and independent of DPQ concentration. 

As the result of the present investigation, it has become possible to control and 
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Figure 4-15. UV-vis spectral changes of H2DPQ, H2DPQ(NO2), H2DPQ(NO2)2 (10-5-10-6 

M) upon titrating with TBAOH in PhCN.
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identify the species obtained, as well as their relative ease of formation, when a congeneric 

series of DPQ derivatives, H2DPQ(NO2)n (n = 0 - 2), is analyzed under well-defined 

chemical and electrochemical conditions. This knowledge is expected to allow for a more 

detailed analysis of these kinds of quinoxaline derivatives as they are applied, e.g., in the 

design of new colorimetric anion or cation sensors. 
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5.1 Introduction 

Porphyrinoid macrocycles appear in many naturally occurring redox systems and 

have many functional properties that make them attractive for use in emerging 

technologies.1,2 Quinoxalinoporphyrins are a class of laterally-extended porphyrins 

with aromatic ring systems fused to the β,β’-positions of a pyrrolic ring of the 

macrocycle. These compounds may be considered as building blocks for coplanar 

laterally-extended oligoporphyrins with applications in molecular electronics.3-8 Up to 

four quinoxaline groups have been fused to a porphyrin macrocycle and this 

expansion of the π-system offers a means to modulate the redox potentials and 

photophysical properties of the compounds.8  

Previous work from our laboratory on the mono- and bis-quinoxalinoporphyrins 

1, 2, 3 in Chart 5-1 have focused on the electrochemistry and 

spectroelectrochemistry of derivatives containing MII, MIII or MIV central metal ions 

as well as the free-base derivatives.9-15 The work described in the present Chapter 

expands upon our past electrochemical and spectroelectrochemical studies of 

quinoxalinoporphyrins9-15 to examine how the fusion of three and four quinoxaline 

groups will further affect the compound’s redox properties and UV-visible spectra of 

the neutral, electroreduced and electrooxidized species. The investigated tris- and 

tetrakis-quinoxalinoporphyrins are given the notation (PQ3)M 4 and (PQ4)M 5 and 

have the structures shown in Chart 5-1.  

Quinoxaline (Q) itself is an electroactive aromatic compound which is 

reversibly reduced at E1/2 = -1.62 V in CH3CN16 or -1.80 V in DMF17 giving a 

π-anion radical.4 The first reduction of the fused Q unit in the quinoxalinoporphyrins  
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Chart 5-1. Structures of investigated metalloporphyrins with 1-4 fused quinoxaline 

groups. 
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1-3, however, is more difficult by almost 600 mV as compared to Q itself in the 

absence of the porphyrin and this electrode reaction cannot be observed in most 

electrochemical solvents having a negative potential window less than -2.0 V vs SCE. 

The one exception is in THF which has a wider potential range up to -3.0 V vs SCE 

where electron addition to this fused electroactive group can be monitored. 

 A summary of redox behavior for the previously investigated derivatives of 1 to 

3 is briefly described on the following pages while discussing the behavior of the 

newly investigated compounds in the series of (PQ3)M 4 and (PQ4)M 5. 

 

5.2 Results and Discussion 

5.2.1 Electrochemistry of (PQ3)M and (PQ4)M  

Cyclic voltammograms showing the reduction of (PQ3)M (M = 2H, Cu, Pd, Ni 

and Zn) in pyridine are illustrated in Figure 5-1 while Figure 5-2 shows both 

reductions and oxidations of the same series of compounds in PhCN. No oxidations 

of (PQ3)M can be observed in pyridine because of the limited anodic potential range 

of this solvent. The electrochemical data of (PQ3)M 4 and (PQ4)M 5 together with 

that of 1-3 are summarized in Tables 5-1, 5-2 and 5-3 in CH2Cl2, PhCN, and THF, 

respectively, .      

The first two reversible reductions of (PQ3)M are localized on the conjugated 

π-ring system of the macrocycle and generate the porphyrin π-anion radical and 

dianion, respectively. The potential difference between the first and second 

one-electron reductions of the metalated complexes (PQ3)M amounts 0.36 to 0.41 V 

in pyridine (Figure 5-1) and this value is comparable with the 2/1EΔ = 0.42 ± 0.05 V  
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Figure 5-1. Cyclic voltammograms of (PQ3)M (M = 2H, Cu, Pd, Ni, Zn) in pyridine, 

0.1 M TBAP. Scan rate = 0.1 V/s. 
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Figure 5-2. Cyclic voltammograms of (PQ3)M (M = 2H, Cu, Pd, Ni, Zn) in PhCN, 

0.1 M TBAP. Scan rate = 0.1 V/s. 
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Table 5-1. Half-wave Potentials (V vs SCE) of (PQn)M in CH2Cl2 Containing 
0.1 M TBAP 
   

oxidation 
 

reduction 
M Macro

-cycle 2nd 1st 1st 2nd 

HOMO- 
LUMO 
gap(V) 

ref

2H P -- 0.95 -1.22 -1.55 2.17 11 
 PQ 0.99b 0.99b -1.13 -1.33 2.12 11 
 PQ2 1.00a,b 1.00 -0.97 -1.23 1.97 15
 QPQ 1.23 0.94 -1.03 -1.32a 1.97 15

 PQ3 -- 0.97a -1.01 -- -- tw
 PQ4 -- 0.83a -0.77a -- -- tw

        
Zn P 1.06 0.72 -1.42 -- 2.14 11

 PQ 1.10a 0.72 -1.31 -1.75a 2.03 11
 PQ2 1.08a 0.77 -1.29 -- 2.06 15
 QPQ 0.93 0.76 -1.14 -1.42 1.90 15
 PQ3 0.80 0.67 -1.12 -1.37 1.79 tw
 PQ4 0.67b 0.67b -1.16a -1.37 -- tw

        
Cu P 1.28a 0.92 -1.36 -1.92a 2.28 11

 PQ 1.30a 0.97 -1.19 -1.72a 2.16 11
 PQ2 1.03 0.92 -1.13 -1.41 2.05 15
 QPQ 1.04 0.91 -0.99 -1.40 1.90 15
 PQ3 0.95 0.85 -0.95 -1.41 1.80 tw
 PQ4 0.93 0.76 -0.86 -1.38 1.62 tw

        
Ni P 0.93b 0.93b -1.31 -- 2.24 11

 PQ 0.95b 0.95b -1.12 -1.59a 2.07 11
 PQ2 0.93b 0.93b -1.07 -- 2.00 15
 QPQ 0.92b 0.92b -1.00 -1.40 1.92 15
 PQ3 0.89b 0.89b -0.97 -1.56a 1.86 tw
 PQ4 0.81b 0.81b -0.89 -1.38 1.70 tw

        
Pd P 1.52a 1.05 -1.32 -1.95a 2.37 11

 PQ 1.46a 1.06 -1.16 -1.62a 2.22 11
 PQ2 1.38 0.99 -1.14 -- 2.13 15
 QPQ 1.41 1.01 -1.00 -1.43 2.01 15
 PQ3 1.38 0.95 -1.06 -1.56a 2.01 tw
 PQ4 1.29 0.89 -1.05 -1.50a 1.94 tw

a Peak potentials at a scan rate of 0.1 V/s. 
b Overlapping two one-electron processes. 
tw = this work. 
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Table 5-2. Half-wave Potentials (V vs SCE) of (PQn)M in PhCN Containing 
0.1 M TBAP 

   
oxidation   

reduction 
M Macro

cycle 2nd 1st  1st 2nd 

HOMO- 
LUMO 
gap(V) 

ref

2H P 1.25 0.99  -1.19 -1.56 2.18 11
 PQ 1.06b 1.06b  -1.08 -1.31 2.14 11
 PQ2 -- 1.04a  -0.95 -1.26 -- 15
 PQ3 -- 0.93a  -0.93 -1.03 -- tw
         

Zn P 1.09 0.77  -1.34 -1.73 2.11 11
 PQ 1.04 0.84  -1.19 -1.58a 2.03 11
 PQ2 0.94 0.82  -1.21 -1.62a 2.03 15
 PQ3 0.82b 0.82b  -1.10 -1.47a 1.92 tw
         

Cu P 1.26 0.96  -1.28 -1.75 2.24 11
 PQ 1.14 0.98  -1.09 -1.55 2.07 11
 PQ2 1.06 0.95  -1.06 -1.59 2.01 15
 PQ3 0.95 0.87  -0.91 -1.41 1.78 tw
 PQ4 0.76b 0.76b  -0.83 -1.44 1.59 tw
         

Ni P 1.08b 1.08b  -1.26 -1.81 2.34 11
 PQ 1.03b 1.03b  -1.08 -1.56 2.11 11
 PQ2 0.97b 0.97b  -1.01 -1.59 1.98 15
 PQ3 0.90b 0.90b  -0.90 -1.41 1.80 tw
         

Pd P 1.46 1.12  -1.25 -1.75 2.37 11
 PQ -- 1.11  -1.09 -1.56 2.20 11
 PQ2 -- 1.07  -1.09 -1.53 2.16 15
 PQ3 1.32 0.98  -1.00 -1.42 1.98 tw
 PQ4 1.27 0.89  -1.03 -1.43 1.92 tw

a Peak potentials at a scan rate of 0.1 V/s. 
b Overlapping two one-electron processes. 
tw = this work. 

 

 

 

 



 98

Table 5-3. Half-wave Potentials (V vs Ag/AgCl) of (PQ3)M in THF Containing 
0.1 M TBAP* 

  ox  red 

macro M P1  P1 P2 Q1a Q2a Q3a 

PQ 2H 1.26a  -1.03 -1.25 -2.24   
 Pd 1.38  -1.04 -1.45 -2.14   
 Cu 1.20  -1.07 -1.46 -2.15   
 Ni 1.10  -1.04 -1.44 -2.18   
 Zn 1.02  -1.18 -1.55 -2.27   
         
QPQ 2H 1.17  -0.91 -1.14 -1.97 -2.18  
 Pd 1.29  -0.90 -1.32 -2.08 -2.25  
 Cu 1.16b

  -0.89 -1.27 -2.06 -2.26  
 Ni 1.04  -0.88 -1.27 -2.06 -2.28  
 Zn 1.07  -1.02 -1.43 -2.10 -2.27  
         
PQ2 2H 1.31a  -0.89 -1.17 -2.07 -2.22  
 Pd 1.29  -1.05 -1.46 -2.00 -2.25  
 Cu 1.12  -1.01 -1.46 -1.98 -2.28  
 Ni 1.03  -0.93 -1.48 -2.00 -2.26  
 Zn 1.03  -1.17 -1.65a -1.86 -2.29  
         
PQ3 2H 1.27a       
 Pd 1.24  -0.91 -1.28 -1.92 -2.04 -2.25 
 Cu 1.09  -0.81 -1.27 -1.85 -2.00 -2.23 
 Ni 0.97  -0.81 -1.31 -1.91 -2.05 -2.27 
 Zn 1.01  -1.04 -1.45 -1.90 -2.09 -2.28 
* data collected by our Australian collaborator. 
a Peak potentials at a scan rate of 0.1 V/sec. 
b peak distorted due to absorption. 
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given by Fuhrhop et al.18 as one diagnostic criterion for ring-centered reduction of 

metalloporphyrins. A smaller separation in half-wave potentials between formation 

of the free-base porphyrin π-anion radical and the dianion is seen for (PQ3)H2 where 

2/1EΔ  = 90 mV. Smaller values of 2/1EΔ  have previously been observed for a 

number of related free-base porphyrins with TPP-like structures.19 

 Two additional reductions of doubly reduced (PQ3)M and (PQ3)H2 are seen at 

2/1E  values are close to the negative potential limit of the solvent as shown in 

Figures 5-1 and 5-2 and these reactions can be assigned to electron additions 

involving the fused quinoxaline groups, as discussed in more detail below. 

The reductive behavior for (PQ3)M in PhCN is quite similar to that which is 

seen in pyridine. The main difference between the two solvents is that PhCN has a 

longer positive potential limit so two oxidations at the π-ring system of the 

macrocycle can be detected in PhCN to give a π-cation radical and dication. These 

processes, which give the porphyrin π-cation radical and dication, are well-separated 

from each other for the Pd and Cu derivatives, but are overlapped in the case of 

(PQ3)Ni and (PQ3)Zn, to give a single two-electron transfer process with the double 

peak current as shown in Figure 5-2. 

Cyclic voltammograms for (PQ4)M complexes (M = Cu, Pd, Ni and Zn) in 

CH2Cl2 are shown in Figure 5-3. Two well-separated one-electron reversible 

reductions are observed only for (PQ4)Cu, (PQ4)Ni, while (PQ4)Pd and (PQ4)Zn both 

exhibit a second reduction which is overlapped with a following process. Similarly 

to the case of (PQ3)M, there are two oxidations to stepwise give a π-cation radical  
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Figure 5-3. Cyclic voltammograms of (PQ4)M (M = Cu, Ni, Pd, Zn) in CH2Cl2, 0.1 

M TBAP. 
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and dication. The 2/1EΔ  between these electrode reactions vary with the metal ion 

as shown in Figure 5-3. Again, the two oxidations of (PQ4)Ni and (PQ4)Zn are 

overlapped to give a single two-electron transfer process.  

 

5.2.2 (PQ3)M vs (PQ2)M and (QPQ)M 

Table 5-3 illustrates the shifts in E1/2 (V vs SCE) upon going from (PQ2)M to 

(PQ3)M, (QPQ)M to (PQ3)M and (PQ3)M to (PQ4)M in nonaqueous solvents 

containing 0.1 M TBAP. In all cases, the (PQ3)M compounds are easier to reduce 

and oxidize than the (PQ2)M and (QPQ)M. As seen in Table 5-4, half-wave 

potentials for the first reductions of (PQ3)M are all positively shifted from E1/2 for 

the same reactions of corner (PQ2)M by 80-170 mV in CH2Cl2, 70-130 mV in 

pyridine, 90-150 mV in PhCN, 130-200 mV in THF. Half-wave potentials for the 

second reductions of (PQ3)M are also positively shifted from the corner (PQ2)M 

potentials by 140-270 mV in pyridine, 110-230 mV in PhCN, and 170-190 mV in 

THF. In contrast, E1/2 for the Pd, Cu, Ni, Zn derivatives of (PQ3)M shift only slightly 

with respect to the half-wave potential of their (QPQ)M counterparts, which 

indicates that the fusion of the third quinoxaline group at the pyrrolic group to the 

linear (QPQ)M has little effect on the first two one-electron reductions of these 

porphyrins. 

As for oxidation, the same (PQ3)M derivatives are slightly easier to oxidize 

compared to (PQ2)M and (QPQ)M. The differences in half-wave potentials in this 

case amount to 40-100 mV in CH2Cl2 and 20-60 mV in THF from (PQ3)M to 

(PQ2)M. This observation indicates that the fusion of the third quinoxaline group to
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Table 5-4.  Shifts in E1/2 (V vs SCE) upon Going from (PQ2)M to (PQ3)M, (QPQ)M to 

(PQ3)M and (PQ3)M to (PQ4)M Macrocycle in Nonaqueous Solvents Containing 0.1 M TBAP. 

  (PQ2)M to (PQ3)M  
M 1st reduction 2nd reduction 1st oxidation 
 CH2Cl2 py PhCN THF CH2Cl2 py PhCN THF CH2Cl2 py PhCN THF
2H -40 20 20 -- -- 220 230 -- -- -- -- -- 
Pd 80 130 90 140 -- 160 110 180 40 -- 90 50 
Cu 80 120 150 200 -- 160 180 190 70 -- 80 30 
Ni 100 70 110 120 -- 140 180 170 40 -- 70 60 
Zn 170 130 110 130 -- 270 150 -- 100 -- 0 20 

 
(QPQ)M to (PQ3)M 

2H 20 30 -- -- -- -- -- -- -- -- -- -- 
Pd -60 80 -- -10 -- 20 -- 40 60 -- -- 50 
Cu 40 0 -- 80 -10 -30 -- 0 60 -- -- 30 
Ni 30 20 -- 70 -- -10 -- -40 30 -- -- 60 
Zn 20 -20 -- -20 50 40 -- -20 90 -- -- 20 

 
(PQ3)M to (PQ4)M 

2H -- 0 -- -- -- -190 -- -- -- -- -- -- 
Pd 10 10 -30 -- -- 40 -10 -- 60 -- 90 -- 
Cu 90 80 80 -- 30 -10 -30 -- 90 -- 90 -- 
Ni 80 -- -- -- -- -10 -- -- 80 -- -- -- 
Zn -- 10 -- -- 0 70 -- -- -- -- -- -- 
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the porphyrin macrocycle has an equal effect on the oxidations (the HOMO orbitals). 

 

5.2.3 (PQ4)M vs (PQ3)M  

The 2/1E  for the first reduction shifts by 10-90 mV upon going from (PQ4)M to 

(PQ3)M in CH2Cl2, and by 10-80 mV is seen in pyridine. The only exception is 

(PQ4)Pd where the first reduction is harder by 30 mV in PhCN as compared to 

(PQ3)Pd. As for the oxidation, the difference in potential between 2/1E  for the 

oxidation of the (PQ4)M and (PQ3)M is 60-90 mV in CH2Cl2, 90 mV in PhCN as 

shown in Table 5-4. 

 

5.2.4 (PQn)M (n = 0 – 4) 

Cyclic voltammograms of (PQn)Cu (n = 0 - 4) in PhCN are illustrated in Figure 

5-4. The HOMO-LUMO gaps range from 2.24 to 1.69 V depending on the solvent 

and number of Q groups as seen in Tables 5-1 and 5-2. The HOMO-LUMO gap 

decreases in the following order: (P)M > (PQ)M > (PQ2)M > (PQ3)M > (PQ4)M for 

compounds with the same central metal ion, and this is graphically shown in Figure 

5-4 for the case of the five Cu(II) complexes.  

 

5.2.5 Metalation for (PQ3)M and (PQ4)M 

A linear relationship (correlation coefficient = 0.99) can be seen between the 

first reduction potentials of the (PQ3)M and (PQ4)M complexes in CH2Cl2 (Figure 

5-5). The slope of the plot in this Figure is 1.09 which indicates that metalation has 

almost the same effect on the E1/2 for the first reduction of the (PQ3)M and (PQ4)M 
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Figure 5-4. Cyclic voltammograms of (PQn)CuII (n = 1- 4) in PhCN, 0.1 M TBAP. 
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Figure 5-5. Plot of half-wave potentials of (PQ3)M vs half-wave potentials of 

(PQ4)M upon the first reduction in CH2Cl2 (above) and pyridine (below), 0.1 M 

TBAP. 
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complexes in CH2Cl2, 0.1 M TBAP. A similar result is obtained in PhCN (slope 

=1.08, correlation coefficient =1.00). 

 

5.2.6 Gold Complexes 

Cyclic voltammograms of (PQ3)AuPF6 and (PQ4)AuFP6 in pyridine are shown in 

Figure 5-6. Table 5-5 lists half-wave potentials for reduction of the different Au(III) 

in four solvents, PhCN, CH2Cl2, pyridine and THF.  

Three reversible one-electron reductions for these two compounds are seen in a 

variety of nonaqueous solvents. The first electrode reaction involves the central 

metal ion and the next two, the conjugated π-ring system as reported in the case of 

(PQ)AuIIIPF6.9 Evidence for assignment of a Au(III)/Au(II) process in the first 

reduction is given in this chapter on the basis of electrochemistry coupled with 

UV-visible spectroscopy. 

Cyclic voltammograms of (PQ4)AuIIIPF6 and (PQ4)CuII and (PQ4)NiII in CH2Cl2 

are illustrated in Figure 5-7. Two one-electron reductions are expected and observed 

for (PQ4)CuII and (PQ4)NiII, consistent with the stepwise formation of a porphyrin 

π-anion radical and dianion. This constrast with (PQ4)AuIIIPF6 where one of three 

processes involves the central ion. As described in a later section, this reaction 

occurs prior to formation of a Au(II) prophyrin π-anion radical and dianion at more 

positive potentials. 

 

5.2.7 Intramolecular Communication 

(PQ3)Cu undergoes five reductions at -0.81, -1.27, -1.85, -2.00 and -2.23 V vs   



 107

 

Figure 5-6. Cyclic voltammograms of (PQn)AuPF6 (n = 3 - 4) in pyridine, 0.1 M 

TBAP. 
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Table 5-5. Half-wave Potentials (V vs SCE) of Gold Derivatives in Different 
Solvents Containing 0.1 M TBAP 

  ox red 

macrocycle solvent P1 AuIII/II P1 P2 Q1a Q2a Q3a 

P PhCN 1.66 -0.56 -1.09 -1.81    
PQ  1.63 -0.39 -0.88 -1.81    
PQ2  1.53 -0.29 -1.00 -1.53 -1.98a   
PQ3  1.42 -0.13 -0.84 -1.46b -1.90a -1.98a  
         
P CH2Cl2 1.59 -0.64 -1.15     
PQ  1.54 -0.47 -0.97 -1.80    
QPQ  1.48 -0.28 -0.82 -1.66    
PQ2  1.48 -0.31 -0.15 -1.55    
PQ3  1.36 -0.16 -0.89 -1.47 -1.68a   
PQ4  1.24 -0.07 -0.94 -1.38 -1.55a -1.70a -1.98a

         
P pyridine  -0.52 -1.08 -1.76    
PQ   -0.35 -0.87 -1.69    
QPQ   -0.17 -0.71 -1.56    
PQ2   -0.24 -0.97 -1.48 -1.85a   
PQ3   -0.11 -0.82 -1.44 -1.68a -1.97a  
PQ4   -0.01 -0.86 -1.32  -1.76a  
         
P THFb  -0.40 -1.10 -1.77    
PQ   -0.20 -0.88 -1.65 -2.22a   
QPQ   -0.02 -0.70 -1.53 -2.04a -2.22a  
PQ2  1.53 -0.07 -0.95 -1.45 -1.97a -2.26a  
PQ3  1.45 0.09 -0.76 -1.37 -1.85a -2.05a -2.25a

a Peak potentials at a scan rate of 0.1 V/s.  

b data collected by our Australian collaborator. Potential was references against 
Ag/AgCl. 

This work in bold print. 
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Figure 5-7. Cyclic voltammograms of (a) (PQ4)Cu, (b) (PQ4)Ni and (c) (PQ4)AuPF6 

in CH2Cl2 containing 0.1 M TBAP. 
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Ag/AgCl in THF (see Table 5-3). The first two reductions are reversible and are 

ring-centered reactions yielding π-anion radical and dianion. The last three 

reductions are irreversible and are assigned as quinoxaline-centered reactions.2,8,9 

Each quinoxaline group gains one electron at different anodic peak potential which 

means that the fused quinoxaline already has received some electron density from 

the previous reductions making a harder reduction for itself. 

 

5.2.8 UV-visible Spectroelectrochemistry 

The UV-visible spectra of each neutral trisquinoxalinoporyphyrin derivatives 

(PQ3)M with different central metal ion in PhCN and pyridine are listed in Table 5-6. 

The neutral spectra of trisquinoxalinoporphyrins (PQ3)M and 

tetrakisquinoxalinoporphyrins (PQ4)M in CH2Cl2 are summarized in Table 5-7. The 

spectroelectrochemistry of tris- and tetrakis-quinoxalinporphyrins was carried in a 

thin-layer cell to demonstrate the site of electron transfer. 

5.2.8.1 Oxidation 

The first oxidation of (PQ3)M and (PQ4)M leads to dramatic changes in both the 

Soret and visible bands. An example of the thin-layer spectral changes during the 

oxidation of (PQ3)Cu at a controlled potential of 1.20 V in PhCN is shown in Figure 

5-8. Two sets of UV-visible spectral changes were observed as a function of time 

based on different sets of isosbestic points as shown in Figures 5-8a and 5-8b. The 

first process generates the porphyrins π cation radical and the second give the 

dication. 

The neutral compound has three Soret bands at 348, 442, 501 nm and two
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Table 5-6. UV-visible Spectral Data of (PQ3)M in PhCN and Pyridine Containing 0.1 M TBAP 

λ(nm, ε×10-4 M-1 cm-1)  
 
Solvent 

M 
Soret bands visible bands 

2H 346(1.0) 420(1.7) 470(1.7)sh  495(2.1) 579(0.7)  610(0.8) 642(0.7)  690(0.5) 

Pd 350(3.1) 433(3.3) 487(3.5) 569(0.6)sh  605(1.0) 614(1.1)  648(2.2) 

Cu 348(2.1) 442(3.0) 501(3.0) 630(0.8) 675(1.1) 

Ni 361(7.4) 448(6.6) 502(6.6) 641(1.5) 678(2.3) 

PhCN 

Zn 347(3.6) 410(5.7)  431(6.2) 491(5.3)sh  512(6.5) 621(1.7)sh  634(2.0) 678(2.5) 
 

       
2H 346(2.6) 420(4.7) 469(4.4)  493(5.7) 577(1.2)  608(1.3) 633(1.0) 690(0.4) 

Pd 350(3.2) 432(3.5) 487(3.6) 567(0.7)sh  605(1.2) 615(1.2) 647(2.4) 

Cu 350(7.4) 408(6.6)sh 443(8.7) 507(9.3) 632(2.2) 678(2.9) 

Ni 351(6.4) 416(8.5)sh 433(9.0) 491(7.3)sh 512(8.3) 628(2.9) 668(2.7) 
pyridine 

Zn 348(3.3) 410(4.7)  432(5.5) 490(4.6)sh 513(6.2) 621(1.7)sh  635(2.0) 676(1.8) 

sh = shoulder peak. 
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Table 5-7. UV-visible Spectral Data of (PQn)M (n = 3 and 4) in CH2Cl2 Containing 0.1 M TBAP 

  λ(nm, ε×10-4 M-1 cm-1) 

 M Soret bands visible bands 

2H 344(3.2) 419(5.9) 466(5.4) 491(6.8) 576(1.3)  607(1.3) 636(1.0)  688(0.3)

Pd 348(7.1) 430(7.4) 483(7.6) 604(1.9) 646(4.5)

Cu 346(6.4) 436(9.0) 496(8.6) 627(2.1) 672(3.0)

Ni 358(7.3)  445(6.1) 501(6.0) 633(1.1) 677(2.4)

(PQ3) 

Zn 346(4.2) 433(6.3) 501(7.0) 629(1.7) 673(2.7)

      

2H 349(1.8) 425(3.7)  469(5.4) 523 (4.4) 589 (0.7)  626(1.1) 647(1.7)  699(0.5)

Pd 350(10.0) 428(9.6) 496(10.6) 618(1.9) 669(9.5)

Cu 349(6.0) 436(8.5) 510(7.0) 647(1.3) 698(4.4)

Ni 358(4.0) 444(3.4) 516(3.7) 648(0.6) 702(2.1)

(PQ4) 

Zn 348(5.5) 435(9.6) 522(10.2) 649(1.2) 696(5.1)

sh = shoulder peak. 
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Figure 5-9. Two-step UV-visible spectral changes during oxidation of (PQ3)Cu in 

PhCN, 0.2 M TBAP. 
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visible bands at 630 and 675 nm in PhCN (see Table 5-6). Most of those bands 

decrease in intensity during the first step at an applied potential of 1.20 V except for 

the 348 nm band. At the same time, a broad visible band appears at the region 

between 700 and 900 nm (Figure 5-8a) which indicates that the first one-electron 

was abstracted from the porphyrin macrocycle giving a π-cation radical, [(•PQ3)Cu]+. 

The 348 nm band continued increasing in intensity instead of decreasing when the 

potential was kept held at 1.20 V, the characteristic radical band disappeared at the 

same time as seen in Figure 5-8b which indicates the porphyrin macrocycle loses a 

second electron yielding a dianion, [(PQ3)Cu]2+, respectively.  

 

5.2.8.2 Reduction 

Thin-layer UV-visible spectra taken during the first electroreduction of 

(PQ3)AuPF6 and (PQ4)AuPF6 in PhCN are shown in Figures 5-9a and 5-9b, 

respectively. For comparison, the spectra of unreduced (PQ3)Cu and (PQ4)Cu in the 

same solvent are also shown in this figure. A metal-centered reduction is proposed 

for both (PQ3)AuPF6 and (PQ4)AuPF6, leading to formation of an Au(II) porphyrin 

with an uncharged macrocyclic ring. This mechanism was proposed by our group for 

(P)AuPF6
9

 and (PQ)AuPF6.11  

(PQ3)AuPF6, for example, has bands at 341, 425, 473, 617 and 658 nm in PhCN 

(see Figure 5-9a). All three Soret bands increase in intensity during the first 

reduction at an applied potential of -0.40 V, and the 658 nm band disappears along 

with appearing two new visible bands at 601 and 642 nm. The first electron addition 

product of (PQ3)AuPF6 has bands at 343, 430, 484, 601 and 642 nm in PhCN, which 
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Figure 5-9. Thin-layer UV-visible spectral changes for the first reduction of (a) 

(PQ3)AuIIIPF6 and (b) (PQ4)AuIIIPF6, and UV-vis spectra of the neutral porphyrins, (c) 

(PQ3)CuII and (d) (PQ4)CuII in PhCN containing 0.2 M TBAP. 
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are similar to (PQ3)Cu which has bands at 348, 442, 501, 630 and 675 nm band in 

PhCN as shown in Figure 5-9c, which indicates that the singly reduced Au(III) 

species shows some M(II) character. This is the same case is as for (PQ4)AuPF6, as 

shown in Figure 5-9b and 5-9d. Identical spectroelectrochemical changes are also 

seen upon the second reduction of (PQ3)AuPF6 and the first reduction of (PQ3)CuII to 

its porphyrin π-anion radical form (see Figure 5-10). These observations indicate that 

singly reduced (PQ3)AuPF6 and (PQ4)AuPF6 are characteristic of neutral (PQ3)MII 

rather than a porphyrin π-anion radical and first one-electron reaction for (PQn)M 

occurred on the metal center giving a Au(II) form of the compound.  

When a potential of -1.00 V was applied after the complete electrolysis at -0.40 

V, the split 430, 484 nm Soret band and 601, 642 nm visible bands assigned to a 

Au(II) form decreases in intensity as shown in Figure 5-10a. The final product of the 

second reduction has two Soret bands at 339, 440 nm and a diagnostic radical visible 

band around 950 nm in PhCN which may indicate that this second electron was 

added to the porphyrin macrocycle instead of the metal center.  

 

5.3 Conclusions 

(PQ3)M and (PQ4)M where M = 2H, Pd, Cu or Ni both could form π-anion 

radicals and dianions by reduction and π-cation radicals and dications by oxidation. 

The (PQn)M compounds are easier to reduce or oxidize upon increasing the number 

of quinoxaline groups. (PQ3)AuPF6 and (PQ4)AuPF6 both undergoes a metal 

centered reduction prior to two ring-centered reactions in all solvents, as verified by 

electrochemical and spectroelectrochemical methods.  
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Figure 5-10. Thin-layer UV-visible spectral changes for the second reduction of (a) 

(PQ3)AuIIIPF6 and (b) (PQ4)AuIIIPF6 in PhCN containing 0.2 M TBAP, and first 

reductions of (c) (PQ3)CuII and (d) (PQ4)CuII in PhCN for comparison. 
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The fusion of a third and fourth electroactive quinoxaline group to the porphyrin 

macrocycle results in (1) an easier reduction (2) an easier oxidation. (3) a smaller  

HOMO-LUMO gap (mainly due to the effect on the LUMOs). 



 119

5.4 References 

1. Kadish, K. M.; Smith, K. M.; Gilliland, R. Handbook of Porphyrin Science; World 

Scientific: Singapore, 2010; Vol. 1-20. 

2. Kadish, K. M.; Smith, K. M.; Guilard, R. The Porphyrin Handbook; Academic 

Press: San Diego, 2000; Vol. 1-20. 

3. Kim, D.; Osuka, A. Acc. Chem. Res. 2004, 37, 735. 

4. Holten, D.; Bocian, D. F.; Lindsey, J. S. Acc. Chem. Res. 2002, 35, 57. 

5. Jiao, J.; Anariba, F.; Tiznado, H.; Schmidt, I.; Lindsey, J. S.; Zaera, F.; Bocian, D. 

F. J. Am. Chem. Soc. 2006, 128, 6965. 

6. Kelley, R. F.; Shin, W. S.; Rybtchinski, B.; Sinks, L. E.; Wasielewski, M. R. J. Am. 

Chem. Soc. 2007, 129, 3173. 

7. Reimers, J. R.; Hush, N. S.; Crossley, M. J. Journal of Porphyrins and 

Phthalocyanines 2002, 6, 795. 

8. Khoury, T.; Crossley, M. J. New J. Chem. 2009, 33, 1076. 

9. Kadish, K. M.; Wenbo, E.; Ou, Z. P.; Shao, J. G.; Sintic, P. J.; Ohkubo, K.; 

Fukuzumi, S.; Crossley, M. J. Chem. Commun. 2002, 356. 

10. Fukuzumi, S.; Ohkubo, K.; E, W. B.; Ou, Z. P.; Shao, J. G.; Kadish, K. M.; 

Hutchison, J. A.; Ghiggino, K. P.; Sintic, P. J.; Crossley, M. J. J. Am. Chem. Soc. 

2003, 125, 14984. 

11. Ou, Z.; Kadish, K. M.; E, W.; Shao, J.; Sintic, P. J.; Ohkubo, K.; Fukuzumi, S.; 

Crossley, M. J. Inorg. Chem. 2004, 43, 2078. 

12. Ou, Z.; E, W.; Shao, J.; Burn, P. L.; Sheehan, C. S.; Walton, R.; Kadish, K. M.; 

Crossley, M. J. Journal of Porphyrins and Phthalocyanines 2005, 9, 142. 



 120

13. Kadish, K. M.; Wenbo, E.; Sintic, P. J.; Ou, Z. P.; Shao, J. G.; Ohkubo, K.; 

Fukuzumi, S.; Govenlock, L. J.; McDonald, J. A.; Try, A. C.; Cai, Z. L.; Reimers, 

J. R.; Crossley, M. J. J. Phys. Chem. B 2007, 111, 8762. 

14. Ou, Z.; E, W.; Zhu, W.; Thordarson, P.; Sintic, P. J.; Crossley, M. J.; Kadish, K. 

M. Inorg. Chem. 2007, 46, 10840. 

15. E, W.; Kadish, K. M.; Sintic, P. J.; Khoury, T.; Govenlock, L. J.; Ou, Z.; Shao, J.; 

Ohkubo, K.; Reimers, J. R.; Fukuzumi, S.; Crossley, M. J. J. Phys. Chem. B  

2008, 112, 556. 

16. Barqawi, K. R. A., M. A. Electrochim. Acta 1987, 32, 597. 

17. Ames, J. R.; Houghtaling, M. A.; Terrian, D. L. Electrochim. Acta 1992, 37, 

1433. 

18. Fuhrhop, J.-H.; Kadish, K. M.; Davis, D. G. J. Am. Chem. Soc. 1973, 95, 5140. 

19. Kadish, K. M.; Van Caemelbecke, E.; Royal, G. In The Porphyrin Handbook; 

Kadish, K. M., Smith, K. M., Guilard, R., Eds.; Academic Press: New York, 2000; 

Vol. 8, p 1. 

 

 



121

 

 

 

 

 

 

Chapter Six 

Electrochemistry and Electrosythesis of Antiaromatic 

Benzofused Metalloporphyrin Species 
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6.1 Introduction 

Porphyrins typically exhibit Hückel rule 4n+2 aromaticity and their structures and 

properties are usually primarily derived from the heteroaromatic nature of the ligand 

π-system. In recent years there have been a number of reports of novel antiaromatic 

porphyrins and ring-expanded porphyrinoid analogs with 4n inner ring electron counts. 

Osuka and coworkers have carried out intensive studies on ring-expanded porphyrinoids 

and have successfuly isolated strongly antiaromatic compounds, such as gold(III) 

hexaphyrins.1-4 Conventional tetrapyrrole porphyrins with 4n π-electron systems, 

including both 16π- and 20π-electron porphyrins, are rare, however. Since the late 1980s, 

there have been several examples reported of doubly reduced 20 π-electron species. 

Vogel et al. initially reported the structural characterization of a metal-free N-alkylated 

reduced porphyrin,5 while Setsune et al.6 subsequently carried out spectroscopic 

descriptions of their analogs and Chen and coworkers recently reported a metal-free 

non-N-alkylated species.7, 8 Vaid et al.9, 10 and Brothers et al.11 have also recently 

reported the synthesis and isolation of reduced metalloporphyrins. Until recently there 

were no examples of oxidized 16-electron porphyrins. Our Japanese collaborators 

Yamamoto and coworkers at Hiroshima University reported the first example in 

200512-14 and further work was subsequently reported by Cissell and Vaid15 .  

In a recent study, Yamamoto and coworkers developed amd synthesized further 

examples of stable antiaromatic 16π-electron porphyrinoid π-systems.16 The 

two-electron oxidation of the CuII (1) and ZnII (4) complexes of 

tetraphenyltetrabenzoporphyrin (TPTBP) (structures see Chart 6-1) results in the 

formation of stable antiaromatic porphyrins [(TPTBP)CuII(H2O)]2+•2[SbF6]– (3) and
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Chart 6-1. Structures of the investigated porphyrins. 
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[(TPTBP)ZnII(H2O)2]2+•2[SbF6]– (5) species with 16π-electrons on the inner ligand 

perimeter. X-ray structures of the parent TPTBP complexes, the dications and a singly 

oxidized [(TPTBP)CuII]•+[SbF6]– (2) species, reveal that the use of a TPTBP macrocycle 

rather than a simple porphyrin ligand such as TPP reduces the degree of non-planarity in 

the 16 π-electron species relative to the parent 18π complex.16 Significant high field 

shifts of the 1H NMR signals of the outer ring protons and large positive values in 

nucleus-independent chemical shifts (NICS) calculations in the central cavity of the 

porphyrin ring provide unambiguous evidence for the antiaromatic character of the 16π 

ZnII species.16  

In this chapter, half-wave potentials of the stepwise electrochemical conversions 

between 16π CuII 3 or 16π ZnII 5, and their 18π forms, CuII 1 and ZnII 4, were measured 

in CH2Cl2 and PhCN utilizing cyclic voltammetry at a glassy carbon electrode. The 

reversibility and progress of the reactions upon reducing the 16π MII derivatives to their 

18π forms or upon oxidizing the 18π MII species to their 16π forms was monitored by 

UV-visible spectroscopy in a thin-layer cell and resulting spectra for the electrogenerated 

16, 17 and 18π compounds are compared to UV-vis spectra for the same species 

obtained by chemical oxidation/reduction methods. 

 

6.2 Results and Discussion 

6.2.1 Solution UV-visible Spectra  

The electronic absorption spectrum of 3 in CH2Cl2 contains bands at 328, 410 and 

540 nm (Figure 6-1), which are shifted to the blue relative to the corresponding bands in 
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Figure 6-1. The UV-vis spectra of TPTBP copper(II) and zinc(II) complexes: a) 

copper(II) complexes 1 (c = 11.0 μM; dotted line), 3 (c = 16.7 μM; solid line) and 2 (c 

= 82.8 μM; broken line) in CH2Cl2. b) zinc(II) complexes 4 (c = 8.40 μΜ; dotted line) 

and 5 (c = 43.3 μΜ; solid line) in CH2Cl2. Data are taken from Ref. 16. 
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the spectrum of 1 whose bands lie at 447, 457 and 646 nm. Similar absorption bands are 

obtained in CH2Cl2 containing 0.1 M TBAP as the supporting electrolyte (See spectra in 

Figures 6-2 and 6-3). The peak in the Q band region at 540 nm is characteristic of the 

16π [(TPTBP)CuII(H2O)]2+•2[SbF6]– (3). Complex 3 slowly decomposes in solution to 

another species in a nearly quantitative manner, with the 17π species being the obvious 

candidate, despite the relatively high stability of this product in the solid state.16  

The electronic absorption spectrum of 2 contains bands slightly blue-shifted to 437 

and 517 nm relative to those of 1 (Figure 6-1a), which correspond closely with those of 

the decomposition product of the copper(II) 16π porphyrin complex (The 

electrogenerated 17π species has bands at 438 and 517 nm; see later discussion). The 

electronic absorption spectrum of 5 contains bands at 316, 407 and 510 nm (Figure 6-1b), 

which are blue-shifted relative to bands in the spectrum of the parent 18π complex 4 at 

454, 604 and 650 nm (Figure 6-1b). Although the 16π zinc(II) complex (5) gradually 

decomposes in solution in a manner similar to the 16π copper(II) complex (3), different 

final products are obtained. While the copper(II) species decomposes to form a 17π 

radical cation, the decomposition product of the zinc(II) species has a characteristic 

absorption band at 493 nm, which was not observed in the spectrum of the 17π 

[(TPTBP)CuII]•+ radical species generated by electrochemical oxidation.17 

 

6.2.2 Electrochemistry and Electrosynthesis 

Redox properties of the 16π, 17π and 18π electron forms of (TPTBP)CuII and the 

16π and 18π electron forms of (TPTBP)ZnII were examined in CH2Cl2 and PhCN 
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Figure 6-2. Cyclic voltammograms and corresponding UV-vis spectral changes for 1-3 

in CH2Cl2, 0.2 M TBAP during (a) the 16π/17π electron conversions and (b) the 

17 π/18 π electron conversions at the indicated potentials where ③ gives a 16π electron 

species, ② gives a 17π electron species and ① gives an 18π electron species. 
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Figure 6-3. Cyclic voltammograms and corresponding UV-vis spectral changes during 

controlled potential reduction and oxidation of Zn(II) compounds 4 and 5 in CH2Cl2, 0.2 

M TBAP at the indicated potentials where ③ gives a 16π electron species, ② gives a 

17π  electron species and ① gives an 18π  electron species. The peak marked with an 

asterisk in the CV of 5 is due to a surface reaction involving oxidation of H2O from the 

compound. 
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containing 0.1 M TBAP with the goal of characterizing the electrochemistry and 

electrosynthesis of these species in nonaqueous media. UV-visible spectra of the 

products formed in each stepwise one-electron addition or abstraction were also 

elucidated as a function of applied potential in a thin-layer spectroelectrochemical cell. 

Examples of cyclic voltammograms for the three related Cu(II) derivatives in CH2Cl2, 

0.1 M TBAP are illustrated in Figure 6-2 which also shows the spectral changes 

obtained under the application of a fixed oxidizing or reducing potential to give the 

desired species.  

(TPTBP)CuII (1) in CH2Cl2, 0.1 M TBAP undergoes two reversible one-electron 

oxidations at E1/2 = 0.56 and 0.86 V and two reversible one-electron reductions at E1/2 = 

-1.18 and -1.78 V, leading to a π-cation radical (17π), dication (16π), π-anion radical 

(19π) and dianion (20π), respectively. The two oxidations at positive potentials generate 

the 17π and 16π electron forms of the porphyrin, transitions which are reversible and 

rapid under the electrochemical conditions as judged by the well-defined cyclic 

voltammogram illustrated in the lower part of Figure 6-2.  

The doubly oxidized 16π electron [(TPTBP)CuII(H2O)]2+•2[SbF6]- (3) exhibits 

three reversible one-electron reductions in CH2Cl2, the first two of which are located at 

E1/2 = 0.87 and 0.58 to give the 17π and 18 π electron forms of the compound (see CV 

at top of Figure 6-2) while the singly oxidized 17π electron [(TPTBP)CuII]+•[SbF6]- (2) 

undergoes a reversible one-electron oxidation at E1/2 = 0.86 V and a reversible 

one-electron reduction at E1/2 = 0.56 V. The fact that potentials for the three related 

Cu(II) porphyrins are identical within experimental error suggests the absence of 
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coupled chemical reactions in the stepwise electrochemical conversion between 

(TPTBP)CuII (1), [(TPTBP)CuII]+•[SbF6]- (2) and [(TPTBP)CuII(H2O)]2+•2[SbF6]- (3) 

under the given solution conditions. This is also suggested by the thin-layer 

spectroelectrochemical data described below. 

A CH2Cl2 solution of chemically generated [(TPTBP)CuII]+•[SbF6]- (2) exhibits 

absorptions at 438, 517 and 614 nm (see Figure 6-1a) and virtually the same spectral 

pattern is observed under conditions of the electrochemical experiments, i.e., in solutions 

containing 0.1 or 0.2 M TBAP (Figure 6-2, center). The same UV-visible spectrum is 

also seen after the one-electron controlled potential reduction of 

[(TPTBP)CuII(H2O)]2+•2[SbF6]- (3) at 0.75 V (③ to ② in Figure 6-2, top left) or after 

the one-electron controlled potential oxidation of (TPTBP)CuII (1) at 0.70 V in the 

thin-layer cell (① to ② in Figure 6-2, bottom right).  17π/18π electron conversions at 

the indicated potentials where ③ gives a 16π-electron species, ② gives a 17π-electron 

species and ① gives an 18π-electron species. 

Electrochemical generation of the 16π electron porphyrin from its 17π or 18π 

electron form, [(TPTBP)CuII]+•[SbF6]- (2)  and (TPTBP)CuII (1),  in CH2Cl2, 0.2 M 

TBAP (② to ③ or ① to ② to ③ in Figure 6-2)  also gives virtually the same 

UV-visible spectrum as the chemically generated [(TPTBP)CuII(H2O)]2+•2[SbF6]- (3) in 

CH2Cl2 without TBAP although the doubly oxidized compound under the 

electrochemical conditions would contain one or two associated ClO4
- counterions rather 

than just SbF6
-. Thus, the potential driven conversion between the three forms of the 

Cu(II) porphyrins is rapid and easily accomplished on the electrochemical timescale in 
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CH2Cl2 and there is no obvious effect of supporting electrolyte on UV-visible spectra of 

the electrogenerated species in a given oxidation state.  

An electrochemical conversion between 16π and 18π Zn(II) porphyrins was also 

examined. Cyclic voltammetric measurements of (TPTBP)ZnII  (4) and 

16π [(TPTBP)ZnII(H2O)2]2+•2[SbF6]- (5) show no obvious effect of solvent or compound 

oxidation state on the measured half wave potentials. For example, in CH2Cl2 containing 

0.1 Μ TBAP, [(TPTBP)ZnII(H2O)2]2+•2[SbF6]- (5) is reduced stepwise at E1/2 = 0.63 and 

0.45 V to give (TPTBP)ZnII (4) as a final product while 4 is stepwise oxidized at E1/2 = 

0.46 and 0.63 V as shown in Figure 6-3 to give [(TPTBP)ZnII]2+ which contains one or 

two associated ClO4
- counterions and no H2O. Both sets of half wave potentials are 

shifted positively by about 100 mV upon changing the solvent from CH2Cl2 to PhCN, 

but again there is no difference between the measured E1/2 values for reduction of the 

16π electron porphyrin (E1/2 = 0.73 and 0.52 V) or oxidation of the 18π electron 

porphyrin (E1/2 = 0.52 and 0.73 V) in this solvent (see CV in Figure 6-4, inset).  

Although identical redox potentials are obtained in both solvents starting from the 

oxidized or reduced forms of the Zn(II) porphyrins, this is not the case for the 

UV-visible spectra. As described earlier in the chapter, [(TPTBP)ZnII(H2O)2]2+•2[SbF6]- 

(5) reacts with the CH2Cl2 solvent to give a side product, possibly the singly reduced 

17π-electron form of the porphyrin, having an absorption band at 489-491 nm. A 

spontaneous reduction of 5 also occurs in PhCN, 0.2 Μ TBAP but in this solvent the 

electrochemically examined species in solutions to which 

[(TPTBP)ZnII(H2O)2]2+•2[SbF6]- (5) has been added is actually a mixture of the single 



132

 

Figure 6-4. Cyclic voltammgrams and corresponding UV-vis spectral changes for 4 and 

5 in PhCN, 0.2 M TBAP where ③ gives a 16π-electron species, ② gives a 

17π-electron species and ① gives an 18π-electron species.  
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and doubly reduced forms of the compound which would formally be the 17 and 18π 

electron porphyrins. The lack of stability of 5 in PhCN is illustrated in the top of Figure 

6-4 where UV-vis bands for the species added to solution are seen at 468, 495 and 656 

nm. The 468 and 656 nm absorptions are characteristic of the unoxidized 16 π-electron 

Zn(II) porphyrin while the 495 nm band is associated with the singly oxidized 17 

π-electron porphyrin.  

Despite the fact that a rapid reduction of the 16 π-electron porphyrin occurs in the 

PhCN solutions, the desired [(TPTBP)ZnII(H2O)2]2+•2[SbF6]- (5) could be quantitatively 

regenerated in situ by applying a fixed oxidizing potential of 1.40 V to the thin-layer cell 

after which conversion to the porphyrin’s 17π and 18 π electron forms could be studied 

under the application of a fixed reducing potential. The spectral changes associated with 

the quantitative in situ generation of  [(TPTBP)ZnII(H2O)2]2+•2[SbF6]- in solution are 

shown in the top illustration of Figure 6-4 where the 468, 495 and 656 nm bands 

disappear and a new band at 406 nm characteristic of 5 is formed under the application 

of the fixed oxidizing potential. Having quantitatively generated the 16π-electron 

porphyrin, the applied potential was first switched to 0.60 V and then to 0.00 V to 

stepwise generate the 17π and 18π electron compounds respectively. These spectral 

changes are also shown in Figure 6-4.  

A similar sequence of reactions involving a potential-driven interconversion 

between 4 and 5 is observed in CH2Cl2 containing 0.1 or 0.2 M TBAP and examples of 

the thin-layer spectral changes at specific oxidizing or reducing potentials are shown in 

Figure 6-3. The UV-visible spectrum of 5 is characterized by a band at 315 and 405 nm 

but there is also a band at 491 nm associated with some reductions to the 17π-electron 
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form of the porphyrin.  

 

6.3 Conclusions 

The combined electrochemical and spectroelectrochemical data of the five 

benzofused metalloporphyrin species are self-consistent and indicate that reversible 

potential driven interconversions between the 16π, 17π and 18π electron forms of the 

porphyrins may be accomplished in solutions of CH2Cl2 or PhCN without any apparent 

interference from the supporting electrolyte. Thin-layer spectroelectrochemistry can also 

be used as an electrosynthetic tool to quantitatively generate the porphyrin in a 

specifically desired oxidation state prior to in situ spectroscopic characterization which 

might not be otherwise possible in the absence of an applied potential.  
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Chapter Seven 

Tetra-2,3-pyrazinoporphyrazines with Externally Appended 

Thienyl Rings: UV-visible and Electrochemical Behaviors 
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7.1 Introduction 

Porphyrazines, apart from the phthalocyanine family (tetrabenzoporphyrazines), 

have received increasing attention over the last decade.1-3 Our own group has 

concentrated in part on the synthesis and characterization of (thia/seleno) 

diazoloporphyrazines,4-7 diazepinoporphyrazines8-10 and pyrazinoporphyrazines,11-14 the 

latter of which is represented by [Py8TPyzPzM] where Py8TPyzPz = the 

tetrakis-2,3-[5,6-di-(2-pyridyl)-pyrazino]porphyrazino anion and M = MgII(H2O), MnII, 

CoII, CuII, ZnII, PdII or 2H1. All of the studied porphyrazines can be characterized as 

electron-deficient macrocycles on the basis of their UV-visible spectral features and 

electrochemical behavior and in the case of pyrazinoporphyrazines (Chart 7-1A), the 

exocyclic pendant vicinal pyridine rings will strongly influence the electronic structure 

of the macrocycle, so much so that the compounds become remarkably easier to reduce 

than their related phthalocyanine analogues,11-16 In nonaqueous media, the 

electrochemical processes occur via stepwise one-electron additions to give stable 

species with charges of -1, -2, -3 and -4.  

The present chapter have extended our studies to include a related series of 

pyrazinoporphyrazines. These compounds have the formula [Th8TPyzPzM] where 

Th8TPyzPz = the tetrakis-2,3-[5,6-di-(2-thienyl)-pyrazino]porphyrazino anion and M = 

(MgII(H2O), CoII, CuII, ZnII or H2
I (Chart 7-1B). The role played by the external thienyl 

rings in the electronic distribution within the entire molecular framework of the present 

macrocycles is the target of the present investigation, mainly conducted by UV-visible 

spectral and electrochemical investigation.  
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Chart 7-1. Schematic representation of the macrocycles [Py8TPyzPzM] (A) and 

[Th8TPyzPzM] (B) (M = MgII(H2O), ZnII, CuII, CoII, 2HI). 
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7.2 Results and Discussion 

7.2.1 Solution UV-visible Spectra.  

The examined octathienyl macrocycles are intense dark-blue/green colored 

amorphous materials which are completely insoluble in water and very poorly soluble 

in the nonaqueous non-polar solvents CH2Cl2, CHCl3 and the low-polar benzonitrile, in 

which, based on UV-visible spectra (broad featureless absorptions of low intensity 

throughout the explored region), they manifest strong aggregation independent of 

concentration. Better solubility is obtained in the polar solvents dimethylformamide 

(DMF), dimethyl sulfoxide (DMSO) and pyridine, in which, especially at the highest 

possible concentrations (ca. 10-4 M) aggregation is also present. This problematic 

aspect has been successfully overcome for the electrochemical studies, as described in 

the next section and will be further illustrated below. Nevertheless, for many of the 

compounds, the monomeric form becomes largely prevalent at concentrations of ca. 

10-5 M immediately after dissolution of the compounds or after some time so that, as 

specified in more detail below for each single species, quantitative UV-visible spectra 

and measurements of quantum yields of singlet oxygen production were made 

possible.17  

The UV-visible spectral evolution of the MgII and ZnII complexes in solutions of 

DMF, DMSO and pyridine as a function of time systematically showed the complete 

formation of monomers. In these cases, the spectra of monomeric [Th8TPyzPzMg(H2O)] 

and [Th8TPyzPzZn] display absorptions in the Soret (300-450 nm) and Q-band 

(600-700 nm) regions attributable to intra-ligand HOMO-LUMO π-π* transitions, 

which is in line with the normally observed behavior for phthalocyanines and 
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porphyrazines.18-20 The UV-visible spectra of the MgII and ZnII complexes are quite 

similar to each other in terms of the number of absorptions, their wavelength maxima 

and the relative intensity of the bands (quantitative spectral data are given in Table 7-1). 

In addition, [Th8TPyzPzMg(H2O)] in DMF often exhibited a broad peak of weak 

intensity in the lower energy region of the spectrum which can be attributed to 

aggregation. This band is seen at 700-900 nm in Figure 7-1 (dotted line) and 

disappeared upon heating of the solution to 70 °C for 30 min.  

Unlike the MgII and ZnII complexes, [Th8TPyzPzCu] and [Th8TPyzPzCo] remain 

aggregated in DMF and DMSO solutions after standing, and only qualitative spectra 

could be obtained (Table 7-1). In addition, [Th8TPyzPzCo], although it exhibits limited 

aggregation, tends to undergo a spontaneous one-electron reduction to its 

corresponding CoI form which has a completely different UV-visible spectrum from 

that of the neutral species (see further information on this point in the electrochemical 

section below).  

As to the free-base macrocycle, the initially obtained UV-visible spectrum of 

[Th8TPyzPzH2] in pyridine, DMSO or DMF is characterized by a narrow unsplit Q 

band (Figure 7-1), indicative for the presence of the species in its deprotonated 

[Th8TPyzPz]-2 dianionic form (D4h symmetry). The octapyridinated analogue 

[Py8TPyzPzH2] behaves differently in that in the same solvents it is initially aggregated. 

However, it shows a clean spectral evolution with the presence of isosbestic points that 

can be interpreted in terms of a dimer → monomer (dianionic) conversion.12  

From the spectral data in Table 7-1, it can be seen that peak maxima of the 

investigated compounds are practically independent of solvent. The species 
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Table 7-1. UV-visible Solution Spectra in Pyridine, DMSO and DMF of the Thienyl Compounds [Th8TPyzPzM]⋅xH2O  

(M = MgII(H2O), ZnII, CuII, CoII, 2HI) and Related Octapyridino Analogues [Py8TPyzPzM]. 

 
Compound 

 
Solvent 

Soret region  
λ [nm] (log ε) 

 
           

Q-band region 
λ [nm] (log ε) 

 
Ref. 

 py 387 (4.90)   609 (4.30) 674 (5.04) tw 
[Th8TPyzPzMg(H2O)]⋅5H2O  DMSO 394 (4.90)   611 (4.50) 672( 4.90) tw 
 DMF 386 (4.90)   608 (4.30) 672 (5.04) tw 
        
 py 393 (5.10)   608 (4.60) 674 (5.40) tw 
[Th8TPyzPzZn]⋅4H2O DMSO 390 (5.03)   609 (4.41) 672 (5.30) tw 
 DMF 395 (5.09)   609 (4.50) 672 (5.40) tw 
        
[Th8TPyzPzCu]⋅3H2O pya 380    672 tw 
        
[Th8TPyzPzCo]⋅2H2O DMSOb 373 428 sh   656 tw 
        
 py 391 (4.80)   614 (4.20) 679 (4.90) tw 
[Th8TPyzPz]2- DMSO 393 (4.86)   614 (4.30) 679 (4.98) tw 
 DMF 389 (4.80)   612 (4.30) 677 (4.90) tw 
        
[Py8TPyzPzMg(H2O)] py 375 (5.23)  596 (4.65) 631(4.64)sh 658 (5.54) 15 
 DMSO 374 (5.08) 566 (3.96)sh 594 (4.36) 629(4.55)sh 653 (5.34) 15 
        
[Py8TPyzPzZn] py 378 (4.90) 598 (4.31)  630(4.35)sh 658 (5.18) 15 
 DMSO 372 (5.10) 565 (4.54) 592 (4.54) 629(4.61)sh 655 (5.36) 15 
        
        

 142 
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Table 7-1 continued 
 

Compound 
 
Solvent 

Soret region  
λ [nm] (log ε) 

 
           

Q-band region 
λ [nm] (log ε) 

 
Ref. 

        
[Py8TPyzPzCu] py 379 (4.64)  591 (4.18)  653 (4.93) 15 
 DMSO 365 (4.91)  590 (4.44)  648 (5.18) 15 
        
[Py8TPyzPzCo] py 364 (5.01) 441 (4.40) 575 (4.38)sh  635 (4.94) 15 
 DMSO 355 (5.23) 450 (4.65)sh 586 (4.71)sh  634 (5.24) 15 
        
[Py8TPyzPz]2- py 362 (4.83) 402 sh 605 (4.39) 643 sh 667 (5.06) 12 
 DMSO 362 402 sh 607 635 sh 664 12 

 
a Qualitative spectrum obtained with a sample showing low presence of aggregation.  

b Peak positions of the unreduced compound taken from the spectroelectrochemical data illustrated in Figure 7-7.
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Figure 7-1. UV-visible solution spectra in DMF of [Th8PyzPzH2] (solid line) and 

[Th8PyzPzMg(H2O)] (dashed line). 
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[Th8TPyzPzM] (M = MgII(H2O), ZnII, CuII) and [Th8TPyzPz]-2 have Soret and Q bands 

which vary over a narrow range of 380-395 and 672-679 nm, respectively. The 

spectrum of the CoII complex [Th8TPyzPzCo] is distinct from the other porphyrazines 

in that it exhibits Soret and Q-bands whose peaks are shifted to lower wavelengths by 

an average of 15-20 and 25 nm, respectively. A comparison between UV-visible spectra 

of the octathienyl and octapyridinated compounds shows that the Soret and Q-band 

positions of the thienyl compounds are shifted bathochromically by about 20-25 nm for 

the metal complexes (the CoII derivative included) and by 10-12 nm in the case of the 

free-base compound. These shifts are in the same direction as observed for the 

octapyridino species upon quaternization of the external pyridine N atoms to give the 

cationic species [(2-Mepy)8TPyzPzM]8+ 15 and [(2-Mepy)8TPyzPz]6+.16 The resulting 

shifts in λmax are also in the same direction as upon formation of the homo- and 

heteropentametallic derivatives [(PdCl2)4Py8TPyzPzPd]13 and [(PdCl2)4Py8TPyzPzM]21 

where the average range of bathochromic shifts is 5-15 nm. These spectral shifts have 

been considered in direct relationship to the increased electron-withdrawing properties 

consequent to charge location or coordination of PdCl2 on the external pyridine rings. In 

light of these data, the parallel bathochromic spectral shifts observed for the thienyl 

compounds with respect to those observed for the series of the octapyridinated 

analogues can be taken as being directly related to the presence of the external thienyl 

rings, which evidently behave as strong electron-attracting fragments. 

 

7.2.2 Pretreatment of Sample 

Because the investigated [Th8TPyzPzM] complexes are highly aggregated in 
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nonaqueous media, no meaningful electrochemistry and spectroelectrochemistry could 

be carried out on the neutral compounds without first “solubilizing” the material as 

described earlier for the case of “thiadiazolporphyrazines” [TTDPzM] (M = ZnII, 

MgII(H2O), CuII, 2HI.6 In the present chapter we first generated the triply reduced 

[Th8TPyzPzM]3- derivatives which were not aggregated in solution and then examined 

properties of the trianionic species as well as the singly and doubly reduced species in 

their monomeric forms. This was accomplished by first scanning to negative potentials 

to generate the more soluble trianion of each compound and then reversing the potential 

to 0.0 V to regenerate the neutral compound in its unaggregated form, after which the 

electrochemistry and UV-visible spectra could be measured. The electrogenerated 

monomers were moderately stable and the UV-visible properties of each reduced form 

of the compounds could then be measured in a thin-layer cell in the absence of 

aggregation (see below).  

 

7.2.3 Electrochemical Measurements  

Electrochemical and spectroelectrochemical measurements were carried out in 

pyridine, DMSO and DMF. Examples of thin-layer cyclic voltammograms are shown in 

Figures 7-2 and 7-3 which illustrate data for [Th8TPyzPzZn] in DMSO, DMF and 

pyridine. Aggregation, which dominates the UV-visible spectra at concentrations of ca 

10-5 M (see the earlier discussion), is even more evident at the concentrations used for 

electrochemical measurements (≥ 10-4 M), and for this reason, a meaningful 

electrochemical response could not be obtained on the initial potential scan of the 

aggregated species (see the dashed line in Figure 7-2). 



147

 

Figure 7-2. First scan (---) and second scan (___) thin-layer cyclic voltammograms of 

[Th8TPyzPzZn] in DMSO and DMF, 0.2 M TBAP. 
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Figure 7-3. Second scan thin-layer cyclic voltammograms of [Th8TPyzPzZn] in pyridine, 

0.2 M TBAP. 
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In contrast to the first negative potential scan from 0.00 to -2.00 V, useful 

electrochemical data were obtained in all cases on the second potential sweep (solid line 

in Figures 7-2 and 7-3). Under these experimental conditions, three of the four expected 

reductions are observed over the investigated potential range, the first of which occurs at 

E1/2  = -0.32 to -0.41 V, the second at E1/2 = -0.68 to -0.76 V and the third at E1/2 = -1.34 

to -1.42 V, all vs SCE. Half-wave potentials of the Fc/Fc+ couple were measured as 0.47, 

0.50 and 0.53 V in DMSO, DMF and pyridine, respectively, and the thermodynamic 

values of E1/2 vs Fc/Fc+ for the first reduction of [Th8TPyzPzZn] are then given as -0.79 

V (DMSO), -0.91 V (DMF) and -0.90 V(pyridine), respectively. These potentials are 

also listed in Table 7-2 which summarizes half-wave potentials for each metalated 

porphyrazine in the three solvents. 

Several trends can be seen from the data in Table 7-2, the most evident of which is 

that the first reduction of the CoII complex [Th8TPyzPzCo] is substantially easier than 

for reduction of the ZnII, MgII and CuII derivatives under the same solution conditions. 

At the same time, the second reduction of the cobalt porphyrazine is harder (occurs at a 

more negative potential) than the other metalated compounds, thus leading to a much 

larger difference in E1/2 (ΔEavg = 650 mV) between the two processes as compared to the 

other three compounds where an average ΔE1/2 = 340 mV is obtained in the three 

solvents. As described later in the manuscript, this difference in redox behavior is due to 

a different site of electron transfer for the two series of compounds.  

There is also a marked solvent dependence of the measured E1/2 values for all four 

compounds. The most facile first reduction occurs in DMSO for the M = ZnII, MgII and 

CoII derivatives (see E1/2 vs. Fc/Fc+ values listed in Table 7-2) but not for the CuII  
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Table 7-2. Half-wave Potentials (E1/2, V vs SCE and vs Fc/Fc+) for Reduction of 

[Th8TPyzPzM] (M = ZnII, MgII(H2O) , CuII, CoII) in DMSO, DMF and Pyridine, 0.2 M 

TBAP. 

 1st red 2nd red   3rd red 
Metal ion Solvent 

vs SCE vs Fc/Fc+ vs SCE vs Fc/Fc+ vs SCE vs Fc/Fc+ 

        
ZnII DMSO -0.32 -0.79 -0.68 -1.15 -1.34 -1.81 
 DMF -0.41 -0.91 -0.75 -1.25 -1.42 -1.92 
 pyridine -0.37 -0.90 -0.76 -1.29 -1.39 -1.92 
        
MgII(H2O)a DMSO -0.37 -0.84 -0.68 -1.15 -1.40 -1.87 
 DMF -0.43 -0.93 -0.77 -1.27 -1.41 -1.91 
 pyridine -0.46 -0.99 -0.79 -1.32 -1.49 -2.02 
        
CuII DMSO -0.30 -0.77 -0.67 -1.14 -1.34 -1.81 
 DMF -0.26 -0.76 -0.60 -1.10 -1.24 -1.77 
 pyridine -0.35 -0.88 -0.67 -1.20 -1.36 -1.79 
        
CoII DMSOb -0.12 -0.59 -0.78 -1.25 -1.36 -1.83 
 DMF -0.13 -0.63 -0.82 -1.32 -1.36 -1.86 
 pyridine -0.25 -0.78 -0.85 -1.38 -1.35 -1.88 
        
a Unknown impurity or side reaction seen for MgII complex at E1/2 = -0.98 to -1.04 V vs 

SCE in all solvents. b The oxidization of [Th8TPyzPzCoII] to [Th8TPyzPzCoIII]+ occurs 

at E1/2 = 0.57 V in DMSO. 
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complex where almost identical E1/2 values of -0.77 and -0.76 V are obtained in DMSO 

and DMF. In contrast to the easier first reductions in DMSO, a more difficult first 

reduction is seen in pyridine for three of the four compounds (M = MgII, CuII and CoII) 

but not for the ZnII porphyrazine where virtually identical E1/2 values of -0.90 and -0.91 

V are measured in pyridine and in DMF, respectively.     

The second reduction of the ZnII complex ranged from E1/2 = -1.15 to -1.29 V vs 

Fc/Fc+ in the three solvents, with a difference of 40 mV between the measured half-wave 

potentials in DMF and those in pyridine, the easier reduction being in DMF. A 50 mV 

difference between E1/2 in these two solvents is also seen for the MgII analogue, where an 

easier reduction again occurs in DMF. The same trend in ease of reduction is seen for the 

CuII complex in the same two solvents, but here a larger ΔE1/2 of 100 mV is observed 

between the two electron transfer processes which occur at E1/2 = -1.10 and -1.20 V in 

DMF and pyridine, respectively (see Table 7-2). These differences in solvent effects on 

redox potentials of the ZnII, MgII and CuII derivatives can be related to different 

interactions between the solvent and the three porphyrazines in their neutral, singly 

reduced and doubly reduced forms. 

Additional examples for thin-layer cyclic voltammograms of the four metalated 

compounds in pyridine shown in Figures 7-4, while voltammograms for the metalated 

compounds under “regular” CV conditions are illustrated in Figures 7-5. The measured 

E1/2 values in pyridine, DMSO and DMF are summarized in Table 7-3 and arranged 

according to solvent to better see how the potentials are shifted with changes in metal ion 

under each solution condition. As earlier indicated, the half-wave potentials were 

recorded on the second potential sweep after reductive break up of the aggregates. 



152

 

Figure 7-4. Thin-layer cyclic voltammograms obtained on second scan for reduction of 

[Th8TPyzPzM] (M = MgII(H2O), ZnII, CuII
, CoII) in pyridine containing 0.2 M TBAP. 

Peaks for reduction of unknown trace impurity in the MgII sample is indicated by an 

asterisk (*). 
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Figure 7-5. Thin-layer cyclic voltammograms of [Th8TPyzPzCo] in DMSO and pyridine, 

0.2 M TBAP. 
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Table 7-3. Half-wave Potentials Measured by Regular Cyclic Voltammetry (E1/2, V vs 

SCE) for Reductions of [Th8TPyzPzM] (M = MgII, ZnII, CuII, CoII, 2HI) and Analogues 

in Pyridine, DMSO and DMF, 0.1 M TBAP (Scan Rate = 0.1 V/s). 

 
Compound 

 
Solvent 

 
Reduction 

   

  first second third fourth Δ1-2 Δ2-3 Δ3-4 

         

[Th8TPyzPzMg(H2O)]a py -0.49 -0.75 -1.37 -1.65 0.26 0.62 0.28 
[Th8TPyzPzZn]  -0.40 -0.70 -1.35 --- 0.30 0.65 0.32 
[Th8TPyzPzCu]  -0.35 -0.68 -1.28 -1.64 0.32 0.61 0.36 
[Th8TPyzPzCo]  -0.27 -0.85 -1.34 --- 0.58 0.49 --- 
[Th8TPyzPzH2]b  -0.23 -0.47 -0.98 -1.65 0.24 0.51 0.45 
         
[Th8TPyzPzMg(H2O)]a DMSO -0.37 -0.67 -1.38 --- 0.30 0.71 0.29 
[Th8TPyzPzZn]  -0.30 -0.64 -1.29 -1.67 0.34 0.65 0.38 
[Th8TPyzPzCu]  -0.31 -0.62 -1.17 -1.54 0.31 0.55 0.37 
[Th8TPyzPzCo]  -0.13 -0.76 -1.25 -1.72 0.63 0.49 0.47 
[Th8TPyzPzH2]b  -0.16 -0.37 -0.93 -1.79 0.21 0.56 0.63 
         
[Th8TPyzPzMg(H2O)]a DMF -0.43 -0.74 -1.40 --- 0.31 0.66 --- 
[Th8TPyzPzZn]  -0.39 -0.69 -1.40 -1.64 0.30 0.71 0.24 
[Th8TPyzPzCu]  -0.33 -0.60 -1.27 --- 0.27 0.67 --- 
[Th8TPyzPzCo]  -0.14 -0.81 -1.35 -1.81 0.67 0.54 0.46 
[Th8TPyzPzH2]b  -0.16 -0.39 -0.95 -1.64 0.23 0.56 0.39 
         
[Py8TPyzPzMg(H2O)]c py -0.40 -0.79 -1.43 -1.70 0.39 0.64 0.27 
[Py8TPyzPzZn]c  -0.34 -0.72 -1.38 -1.66 0.38 0.66 0.28 
[Py8TPyzPzCu]c  -0.30 -0.68 -1.28 -1.61 0.38 0.61 0.33 
         
a Unknown impurity or side reaction for the MgII complex at E1/2 = -0.94 to -1.04 V vs SCE  

in all solvents. b Additional reductions seen for free base compounds at -1.43 V (pyridine), 

-1.56 V (DMSO) or -1.34 V(DMF). (0.2 M TBAP in thin-layer experiments and 0.1 M in  

regular CV). c Data from Ref 11. 
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No exchange of electrons is observed in the positive range of potentials for these 

compounds, with the exception of the CoII complex which undergoes three one-electron 

reductions and a single one-electron oxidation which generates [Th8TPyzPzCoIII]+ in 

DMSO containing 0.1 M TBAP (see Figure 7-5 which also illustrates cyclic 

voltammograms of the compound in DMSO and pyridine). The observation of a 

CoII/CoIII process in DMSO but not in pyridine was also reported for [Py8TPyzPzCo]15 

and can be accounted for by a strong binding of one or two py molecules to the CoII form 

of the compound which shifts E1/2 for the metal-centered oxidation in pyridine to a value 

that is more positive of the solvent potential cutoff limit (about 0.7 to 0.8 V vs SCE).      

It should be pointed out that [Py8TPyzPzCo] undergoes a CoII → CoI in DMSO, 

followed by a slow reverse CoI → CoII process, and this reoxidation leads to isolation of 

the bis-DMSO adduct [Py8TPyzPzCo(DMSO)2], whose structure was elucidated by 

single-crystal X-ray work.14 In the same study,14 the CoI and CoIII species, 

Na[Py8TPyzPzCoI] and [Py8TPyzPzCoIII](SbCl6), respectively, were isolated and 

characterized as solid materials via chemical pathways.  

It should also be noted that current-voltage curves for the reduction and oxidation of 

[Th8TPyzPzCo] are much better defined than for the other metalated compounds. This 

was true in all three solvents and can be accounted for by a lack of adsorption which 

seems to be associated with the aggregated π-anion radical in the case of the ZnII, 

MgIIand CuII derivatives. The degree of adsorption varies in strength as a function of the 

specific metal ion, but is maximum for M = CuII and minimum for M = ZnII as seen in 

Table 7-2. As described below, a CoII porphyrazine π-anion radical is not generated in 

first reduction of [Th8TPyzPzCoII] but rather the first one-electron addition occurs at the 
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metal center to give a CoI porphyrazine with an unreduced π-ring system. The second 

reduction of [Th8TPyzPzCoII] generates a CoII porphyrazine dianion as the final product, 

and thus no aggregation or adsorption is seen for the cobalt porphyrazine radical form 

simply because this form of the compound does not exist on any appreciable time scale. 

This was also the case for the previously examined [Py8TPyzPzCo] (see Figure 4 in Ref. 

15). 

As seen in Figures 7-3 to 7-4 and Table 7-3, the half-wave potential for the initial 

one-electron reduction of the [Th8TPyzPzM] compounds moves progressively towards 

more positive values in the order MgII → ZnII → CuII → CoII, irrespective of the solvent 

used. The same order in ease of reduction is essentially maintained for the second, third 

and fourth electron additions, with the exception of the CoII complex which has a 

different electron transfer mechanism as described below. The E1/2
 values in the 

“regular” and thin-layer cyclic voltammograms are almost identical for all of the 

examined porphyrazines, despite the different concentrations of supporting electrolyte 

In summary, up to four stepwise one-electron reductions can be seen for each 

metalated porphyrazine in the three solvents. Because the MgII, ZnII and CuII metal ions 

are redox inactive, the stepwise reductions must be considered as ring-centered and 

occur as shown by Eqs. 7-1 to 7-4.  

→←                       [Th8TPyzPzM]    +  e-       [Th8TPyzPzM]-                                             
                       

                       [Th8TPyzPzM]-   +  e-       [Th8TPyzPzM]2-                                           
                       

                       [Th8TPyzPzM]2-  +  e-       [Th8TPyzPzM]3-                                           
                       

                       [Th8TPyzPzM]3-  +  e-       [Th8TPyzPzM]4-

→←

→←

→←

(7-1)

(7-2)

(7-3)

(7-4)  
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The proposed sequence of reduction steps for the CoII complex is different from that 

of the other metalated derivatives in that the first one-electron addition occurs at the CoII 

center to give a CoI porphyrazine (Eq. 7-5) while the second one-electron reduction 

occurs at the macrocycle (Eq. 7-6a) and is followed by an internal electron transfer from 

the metal to the macrocycle (Eq. 7-6b) to give as a final product a CoII porphyrazine with 

a doubly reduced macrocycle, ie. [Th8TPyzPzCoII]2-. The next two one-electron 

reductions of [Th8TPyzPzCoII]2- then proceed as shown in Eqs. 7-3 and 7-4. 

   [Th8TPyzPzCoII]  +  e-      [Th8TPyzPzCoI]-                                          
   

   [Th8TPyzPzCoI]-  +  e-      [Th8TPyzPzCoI]2-                                       
                

           [Th8TPyzPzCoI]2-      [Th8TPyzPzCoII]2-

→←

→←

→

(7-5)

(7-6a)

(7-6b) 

A electrochemical reduction mechanism similar to those shown in Eqs. 7-5 and 7-6 

was earlier proposed for the CoII octapyridino analogue [Py8TPyzPzCo]15 as well as the 

diazepino compound, [Ph8DzPzCo].9 Evidence for the sequence of steps given by Eqs. 

7-5 and 7-6 followed by Eqs. 7-3 and 7-4 in the current study is given in part by the 

similar spectrum of doubly reduced [Th8TPyzPzCoII]2- with the other three doubly 

reduced [Th8TPyzPzM]2- compounds (see following Spectroelectrochemistry section) 

as well as by the fact that the third reduction potential of [Th8TPyzPzCo]2- is quite close 

to E1/2 values for the third reduction of [Th8TPyzPzM]2- where M = MgII or ZnII, 

independent of solvent (see Tables 7-2 and 7-3).  

The absolute potential separations between each stepwise reduction of the metalated 

complexes is also given in Tables 7-3 and listed as 21−Δ , 32−Δ  and 43−Δ . These 

separations vary little with changes in the central metal ion upon going from the 
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porphyrazine with M = MgII(H2O) to ZnII to CuII and the average ΔE1/2 values are 0.29, 

0.63 and 0.32 V, respectively, in pyridine. Comparable average values of ΔE1/2 are seen 

for the same compounds in the other two solvents. 

From the measured E1/2
 values in Table 7-2 and 7-3, it is clear that the stepwise 

addition of electrons to the series of [Th8TPyzPzM] compounds takes place at much 

more positive E1/2
 values than for the related phthalocyanine analogues,1 a fact which is 

attributed to the presence of the strongly electron-withdrawing dithienylpyrazino 

fragments which replace the benzene rings of the phthalocyanine macrocycle (see Chart 

1B). This shift in E1/2 towards more positive potentials is a feature shared by the related 

diazepino-9 and thiadiazolporphyrazine6 macrocycles, with parallel results also being 

obtained for related compounds having peripheral dipyridinopyrazine fragments (Chart 

7-1A)11, 12,13 as well as for the octacationic15,13 and the homo-13 and heteropentametallic21 

derivatives.  

Finally, it should be mentioned that the observed trend of reduction potentials as a 

function of solvent, metal ion and structure approaches what was earlier reported for 

related electron-deficient macrocycles,  each one of which shares the feature of 

possessing a five-,4-7 six-,11-16, 21 or seven-membered8, 10, 22 heterocycle annulated to the 

four pyrrole rings of the  porphyrazine core. A further common feature connecting 

these related compounds is that the electron deficiency of the macrocycle is associated 

with a facile redistribution and stabilization of the excess negative charge within the 

entire framework of the π-conjugated system.  

 

 



159

7.2.4 Spectroelectrochemistry 

UV-visible spectra for each reduced species were obtained by thin-layer 

spectroelectrochemistry as described in the Experimental Section and are discussed 

below in the order M = MgII and ZnII, followed by CoII and then 2H1. Although the 

cyclic voltammograms of CuII complex enable E1/2 values to be determined (see Figures 

7-4 to 7-6), aggregation and adsorption of the neutral and singly reduced complex was 

too extensive for obtaining meaningful measurements of UV-visible spectral changes 

after each stepwise one-electron reduction. 

M = MgII and ZnII.  Figure 7-6 depicts the thin-layer UV-visible spectral 

changes which occur during the first two reductions of the MgII and ZnII complexes in 

DMSO. An example of the thin-layer cyclic voltammogram for [Th8TPyzPzZn] obtained 

under the same solution conditions as the thin-layer spectroelectrochemistry 

measurements is shown in Figure 7-2. Similar thin-layer voltammograms were obtained  

for [Th8TPyzPzMg(H2O] whose half-wave potentials for reduction are listed in Table 

7-2.  

Each redox process of [Th8TPyzPzZn] and [Th8TPyzPzMg(H2O)] is spectrally 

reversible but, as noted in previous section (7.2.2), it was necessary to first reduce the 

aggregated compounds to generate the trianion of the MII species in its monomeric form.  

The applied potential was then set to 0.00 V to obtain the spectrum of the neutral 

compound in its monomeric form after which the applied potential was shifted to more 

negative values where the monomeric monoanion and dianion could be electrogenerated 

and their spectra recorded. 

As seen in Figure 7-6, similar spectral changes occur during the first two reductions 
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Figure 7-6. UV-visible spectral changes during first and second one-electron reductions 

of (a) [Th8TPyzPzZn] and (b) [Th8TPyzPzMg(H2O)] in DMSO containing 0.2 M TBAP. 
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of monomeric [Th8TPyzPzZn] and [Th8TPyzPzMg(H2O)] in DMSO. The multiple 

isosbestic points in the Figure 7-6 indicate the absence of any spectrally detectable 

intermediates in solution during the first two one electron additions. A similarity in 

spectra before and after electroreduction was earlier reported for the MgII and ZnII 

octapyridino analogues15 as well as for the tetrakis(thiadiazole)porphyrazine macrocycles 

[TTDPzM] (M = MgII(H2O) and ZnII)6 having central the same two metal ions.  

In the case of the ZnII and MgII thienyl porphyrazines, there is a disappearance of 

the Q band at 671 to 673 nm and the appearance of new absorption bands at ca. 576-579 

nm and 706-716 nm as the monoanion is electrogenerated (see top two spectra in Figures 

7-6a and 7-6b). The 576-579 nm band further increases in intensity during the second 

reduction while the 706-716 nm band decreases in intensity (see lower two spectra in 

Figures 7-6a and 7-6b). An interpretation of these spectral features along with DFT and 

TDDFT theoretical calculations has been published6 for the redox processes [TTDPzZn] 

→ [TTDPzZn]1- and [TTDPzZn]1- → [TTDPzZn]2-. The ZnII complex was selected in the 

earlier theoretical study as a representative compound describing the ground and 

excited-state electronic structures of the entire series of neutral [TTDPzM]5 and 

negatively charged [TTDPzM]n- derivatives (n = 1-4; M = ZnII, MgII(H2O), CuII, 2H1).6  

M = CoII. As indicated in Eqs 7-3 to 7-5, a metal-centered CoII/CoI process is 

assigned for the first reduction of [Th8TPyzPzCo] which gives a stable CoI complex. 

[Th8TPyzPzCoI]- is then further reduced in the second step to a transient 

[Th8TPyzPzCoI]2- species (Eq. 7-8a) which undergoes a rapid conversion of CoI to CoII 

to give as a final product the CoII porphyrazine dianion, [Th8TPyzPzCoII]2- (Eq. 7-6b).  

The spectroelectrochemical data confirms the proposed mechanisms for the 
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sequence of steps in the first two reductions (Equations 7-5 and 7-6). As seen in Figure 

7-7a, the first reduction of [Th8TPyzPzCo] leads to a spectrum of the -1 charged species 

which exhibits an intense broad peak centered at 581 nm. At the same time the initial Q 

band at 656 nm is red-shifted to 709 nm and decreases in intensity. The Soret band at 

373 nm also decreases in intensity and shifts to 338 nm during this process. The final 

spectrum after the addition of one electron to give [Th8TPyzPzCoI]- is quite different 

from that of singly reduced [Th8TPyzPzZnII]- (Figure 7-7b) where a π anion radical is 

generated, but the spectra generated upon the second one-electron reduction of the CoII 

and ZnII porphyrazines are quite similar to each other, both dinegative species having 

bands at 576-579 nm and 363-364 nm (see lower two spectra in Figure 7-7).  

Similar spectral changes occur during reduction of the cobalt porphyrazine in 

pyridine as in DMSO but in pyridine all three one-electron reductions of [Th8TPyzPzCoII] 

could be characterized in the thin-layer cell (Figure 7-8). The spectral evolutions in 

pyridine are similar to what was reported for the reduction of octapyridino analogue.15 

The broad peak at 584 nm for [Th8TPyzPzCoI]- can be considered as a metal-to-ligand 

charge-transfer band. A similar assignment was made for a bound peak in the spectra of 

the singly reduced phthalocyanine CoII complex, [PcCo], in different solvents.23,24,25  

In addition to three reversible reductions, the [Th8TPyzPzCoII] complex also 

undergoes a reversible one-electron oxidation at E1/2 = 0.57 V in DMSO, a potential 

close to that measured for the CoII/CoIII process of the octapyridino analogue in the same 

solvent (0.67 V).15 A comparison of the spectral changes for the two compounds is 

shown in Figure 7-9. The spectrum of [Th8TPyzPzCoIII]+ and [Py8TPyzPzCoIII]+ are 

quite similar to each other in shape, the main difference between the two being a batho- 
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Figure 7-7. UV-visible spectral changes obtained during first and second reductions of 

(a) [Th8TPyzPzCo] (b) [Th8TPyzPzZn] in DMSO containing 0.2 M TBAP. 
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Figure 7-8. UV-visible spectral changes obtained during stepwise reductions of 

[Th8TPyzPzCoII] in pyridine containing 0.2 M TBAP. 
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Figure 7-9. UV-visible spectral changes obtained during metal centered CoII → CoIII 

oxidation of (a) [Th8TPyzPzCo] and (b) [Py8TPyzPzCo] in DMSO containing 0.2 M 

TBAP.  
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chromic shift of Q bands for the neutral and singly oxidized compounds in the case of 

CoII complex. 

M = 2HI. The free-base porphyrazine [Th8TPyzPzH2] undergoes five ill-defined 

reductions in pyridine, DMSO and DMF as seen in Figure 7-10. The third process at Ep 

= -1.02 to -1.07 V for a scan rate of 0.1 V/s, is actually due to a reduction of dianionic 

[Th8TPyzPz]2- which is in equilibrium with the neutral form of [Th8TPyzPzH2] as shown 

in Equation 7-7: 

[Th8TPyzPzH2]                 [Th8TPyzPz]2-  + 2H+                                   (7-7)→←  

In order to further investigate the equilibrium shown in Equation 7-7, cyclic 

voltammograms were taken of [Th8TPyzPzH2] in pyridine containing 0.1 M TBAP and 

0.12 M OH- in the form of TBAOH. Under these experimental conditions, the 

equilibrium in Equation 7-7 is completely shifted to the right, and the first reduction 

occurs as shown in Equation 7-8. 

[Th8TPyzPz]2- + e-           [Th8TPyzPz]3-                                               (7-8)→←  

The fact that two reductions at -0.23 and -0.47 V are no longer seen after adding 

TBA(OH) to the pyridine solvent containing [Th8TPyzPzH2] (Figure 7-11) strengthens 

the conclusion that these processes are assigned as the first and second reductions of the 

free-base neutral macrocycle [Th8TPyzPzH2]. Figure 7-12 shows the UV-visible spectral 

changes which occur upon the first and second one-electron reductions of [Th8TPyzPzH2] 

in pyridine, 0.1 M TBAP, to give [Th8TPyzPzH2]- in the first step and then 

[Th8TPyzPzH2]2- in the second. A similar series of reductions was earlier reported for 

[Py8TPyzPzH2]12 and these reactions were not further examined as part of current work. 
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Figure 7-10. Cyclic voltammograms of [Th8TPyzPzH2] in pyridine, DMSO and DMF, 

all containing 0.1 M TBAP. Scan rate = 0.1 V/s. 
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Figure 7-11. Cyclic voltammograms of [Th8TPyzPz]2- in pyridine, 0.1 M TBAP and  

0.12 M TBAOH. 
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Figure 7-12. UV-vis spectral changes of [Th8TPyzPzH2] in pyridine containing 0.2 M 

TBAP during controlled-potential electrolysis. 
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7.3 Conclusions 

UV-visible spectral solution studies carried out in DMF, DMSO and pyridine on a 

series of pyrazinoporphyrazine macrocycles having the formula [Th8TPyzPzM] (M = 

MgII(H2O), ZnII, CoII, CuII, 2H1) (Chart 7-1B) indicate that all of the compounds behave 

as highly electron-deficient macrocycles due to the presence of the external 

electron-withdrawing 2-thienyl rings.  

Cyclic voltammetry and spectroelectrochemical measurements show generally 

clean reversible or quasi-reversible stepwise one-electron reductions leading to the 

formation of -1, -2, -3, -4 charged species at half-wave potential value markedly less 

negative than those of the parent phthalocyanine compounds, the behaviour approaching 

that of the parallel series of octapyridinated analogues.  

The uptake of electrons by these compounds induces spectral changes which 

closely resemble those of the parent octapyridinated analogues. The CoII complex 

deserves special mention because of its distinct behaviour in the first and second 

one-electron reductions both metal-centered, implying the sequence CoII → CoI 

followed by the reverse process CoI → CoII with formation of the species 

[Th8TPyzPzCoI]- and [Th8TPyzPzCoII]2-, respectively. Moreover, the CoII complex is 

the only one among the examined porphyrazines which undergoes one-electron 

oxidation in the range of potentials explored (0.00 to 1.6 V vs SCE) leading to 

formation of the species [Th8TPyzPzCoIII]+. 
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Chapter Eight 

Electrochemistry and Spectroelectrochemistry of  

Metal Complexes of 

Tetrakis-2,3-[5,6-di(2-pyridyl)pyrazino]porphyrazine 

with Exocyclic (PtII) Metal Ion Binding 
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8.1 Introduction 

The synthesis and characterization of tetrakis-2,3-[5,6-di(2-pyridyl)pyrazino] 

porphyrazine,1 [Py8TPyzPzH2] and its metallated derivatives,2 [Py8TPyzPzM]⋅xH2O, 

where M = MgII(H2O), MnII, CoII, CuII or ZnII has been reported (see structure in Chart 

8-1a). The four external dipyridinopyrazine fragments on [Py8TPyzPzM] significantly 

enhance the overall electron-deficiency of the macrocycle, leading to facile multistep 

one-electron reductions and also making these compounds easier to reduce than the 

related phthalocyanine analogues (PcM), whose structure is shown in Figure 1-5d.  

Heteropentametallic porphyrazine macrocycles with different central metal ions 

have also been investigated.3,4 The four electroactive PdCl2 units of 

[(PdCl2)4Py8TPyzPzZn] (see Chart 8-1c) are coordinated at the pyridine N atoms of the 

external dipyridinopyrazine fragments (“py-py” coordination) and displaced out the 

plane of the central pyrazinoporphyrazine macrocycle, as verified by 1H and 13C NMR 

data.4 Each complex can be stepwise reduced via two reversible or quasi-reversible 

one-electron transfer processes prior to an irreversible electroreduction of the four bound 

PdCl2 groups at more negative potentials. The first two one-electron reductions of 

[(PdCl2)4Py8TPyzPzM] are easier (occur at more positive potentials) than the first two 

one-electron reductions of the monometallic [Py8TPyzPzM] derivatives with the same 

central metal ion.3,4 Thus the ease of reduction follows the order [(PdCl2)4Py8TPyzPzM] 

> [Py8TPyzPzM] > PcM for compounds with the same central metal ion.  

The pyrazinoporphyrazine complexes in Figure 8-1c have also been shown to act as 

photosensitizers for the production of singlet oxygen,5 and are promising materials for 

use in photodynamic therapy (PDT), a widely expanding anticancer therapeutic 
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Chart 8-1. Structures of (a) [Py8TPyzPzM], (b) dipyridinopyrazine, (c) 

[(PdCl2)4Py8TPyzPzM] and (d) [(PtCl2)4Py8TPyzPzM]. 
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modality.6-11  

The work described in the present Chapter reports the spectroscopic and 

electrochemical behavior of [(PtCl2)4Py8TPyzPzM] (see Chart 8-1d), where M = PdII, 

PtII, CdII, CuII, ZnII, MgII. Like in the case of [(PdCl2)4Py8TPyzPzM], the PtCl2 units in 

[(PtCl2)4Py8TPyzPzM] are coordinated at the pyridine N atoms of the external 

dipyridinopyrazine fragments (“py-py” coordination) and are displaced out of the plane 

of the central pyrazinoporphyrazine macrocycle as confirmed by 1H/13C NMR spectra.12  

 

8.2 Results and Discussion 

8.2.1 Electrochemistry 

Cyclic voltammetry and spectroelectrochemistry of [(PtCl2)4Py8TPyzPzM] were 

carried out in DMSO, DMF and pyridine containing 0.1 or 0.2 M TBAP. At the 

concentrations used for the electrochemical experiments (ca. 5×10-4 M or higher), the 

PdII, ZnII and MgII pentametallic porphyrazines are soluble and exist as monomers. 

Aggregation is not observed for these three metallomacrocycles in DMSO, DMF and 

pyridine but extensive aggregation is seen for the PtII, CdII and CuII derivatives, and 

meaningful measurements could not be made on these compounds without a prior 

“electrochemical solubilization” of the material. This was accomplished by first 

scanning to negative potentials to generate the more soluble trianion of each compound 

and then reversing the potential to 0.2 V to regenerate the neutral porphyrazine which 

was soluble in its unaggregated form for a sufficient period of time to measure the redox 

potentials and UV-visible spectra. This technique of measuring spectra and redox 

potentials for almost totally insoluble porphyrazine compounds has been described in 
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the literature.13  

Examples of results on the aggregated Pt, Cd and Cu derivatives in DMSO are 

shown in Figure 8-1. No reversible reductions are seen on the first negative sweep 

(dashed line) by four well-defined processes are obtained on the second scan after 

generation of the monomers. The measured half-wave potentials for these compounds 

(E1/2, V vs SCE) as well as for the other compounds are listed in Table 8-1. This table 

includes published data on the related [Py8TPyzPzM]14,15 and [(PdCl2)Py8TPyzPzM].3,4  

No oxidations were observed for any of the examined tetraplatinated porphyrazines 

within the positive potential limit of DMSO (~ 1.3 V vs SCE).  

Figure 8-2 compares the electrochemistry of PtCl2, [Py8TPyzPzM] and 

[(PtCl2)4Py8TPyzPzM] in DMSO, 0.1 M TBAP. The reduction of PtCl2 occurs in two 

steps at, Ep = -1.20 and -1.58 V, for a scan rate of 0.1 V/s as described in literature.3 The 

first two reductions of [Py8TPyzPzM] and [(PtCl2)4Py8TPyzPzM] involve the 

porphyrazine macrocycle to give a π-anion radical and dianion, respectively. As 

indicated earlier, the pentametallic compound is easier to reduce than the monometallic 

derivative with the same Zn(II) central metal ion and E1/2 values for the first two 

reductions are shifted positively by 160 and 220 mV, respectively, as shown in Figure 

8-2. Similar positive shifts in E1/2 are also seen for the other investigated compounds 

upon going from [Py8TPyzPzM] to [(PtCl2)4Py8TPyzPzM] whose 2/1EΔ  values range 

from 160 mV for M = Zn(II) to 410 mV for M = Cd(II) (see Table 8-1). 

The first two one-electron additions to [(PtCl2)4Py8TPyzPzM] are given by 

Equations 8-1 to 8-2 and are followed by a two step reduction of the four bound PtCl2 

units at more negative potentials. 
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Figure 8-1. Thin-layer cyclic voltammograms of [Py8TPyzPzM] where M = Pt, Cd and 

Cu in DMSO, 0.2 M TBAP. Scan rate = 20 mV/s. 
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Table 8-1. Half-wave Potential (E1/2, V vs SCE) of the LM, [(PtCl2)4LM] and 

[(PdCl2)4LM] (L = Py8TPyzPz; M = ZnII, MgII, CuII, CdII, PdII, PtII) and Analogues in 

DMSO, 0.1 M TBAP. 

 macrocycle      
Compound 1st 2nd 3rd 4th PtCl2* Δ1

b Δ2
c Ref.d

  PtCl2     -1.20 -1.58   3 
          
[LZn] -0.26 -0.67 -1.38 -1.64     15 
[(PtCl2)4LZn] -0.10 -0.45 -1.10*  -1.36 -1.74 0.16 0.22 tw 
[(PdCl2)4LZn] -0.13 -0.54 -1.39 -1.63   0.13 0.13 4 
          
[LMg] -0.33 -0.70 -1.39 -1.70     15 
[(PtCl2)4LMg] -0.15 -0.49 -1.12 -1.33 -- -1.78 0.18 0.21 tw 
[(PdCl2)4LMg] -0.15 a a a   0.18  4 
          
[LCu] -0.22 -0.58 -1.22 -1.58     15 
[(PtCl2)4LCu] -0.04 -0.41 -0.97 -1.25  -1.65 0.18 0.17 tw 
[(PdCl2)4LCu] -0.03 -0.41 -1.24 -1.60   0.19 0.17 4 
          
[LCd] -0.41 -0.77 -1.39 --     15 
[(PtCl2)4LCd] -0.05 -0.43 -0.97  -1.36 -1.69 0.41 0.36 tw 
[(PdCl2)4LCd] -0.22 a a a  a 0.24  4 
          
[LPd] -0.26 -0.60 -1.26 -1.61     3 
[(PtCl2)4LPd] 0.00 -0.35 -0.97  -1.30 -1.78 0.26 0.25 tw 
[(PdCl2)4LPd] 0.00 -0.37 -1.24 -1.59   0.26 0.23 3 
          
[LPt]  -0.25 -0.61 -- --     tw 
[(PtCl2)4LPt] -0.03 -0.39 -0.95  -1.31 -1.78 0.22 0.22 tw 

aComplicated current-volatage curves due to overlapping peaks assigned to the 

pentapalladated complex present as a transmetalation contaminant. b Δ1 = difference in 

E1/2 between first reduction of [LM] and [(PtCl2)4LM] or [(PdCl2)4LM]. c Δ2 = difference 

in E1/2 between second reduction of [LM] and [(PtCl2)4LM] or [(PdCl2)4LM]. d tw = This 

Work. *irreversible peak. 
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Figure 8-2. Cyclic voltammograms of PtCl2 (reproduced from ref 3), [LZn] (reproduced 

from ref 15) and [(PtCl2)4LZn] (L = Py8TPyzPz) in DMSO, 0.1 M TBAP. The peak marked 

by an asterisk is associated with reduction of bound PtCl2. Scan rate = 0.1 V/s. 
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[(PtCl2)4Py8TPyzPzM] + e             [(PtCl2)4Py8TPyzPzM]-                                (8-1)

[(PtCl2)4Py8TPyzPzM]- + e             [(PtCl2)4Py8TPyzPzM]2-                                             (8-2) 

The electrochemical data in Table 8-1 indicates that the first and second 

ring-centered reductions of [(PtCl2)4Py8TPyzPzM] are systematically easier by 160 to 

260 mV than the first and second ring-centered reductions of [Py8TPyzPzM] with the 

same central metal ion. A similar trend was earlier reported for [(PdCl2)4Py8TPyzPzM]] 

and [Py8TPyzPzM] which demonstrates that external coordination of PtCl2 or PdCl2 

units both induces an easier acceptance of excess negative charge within the 

macrocyclic framework, independent of the central metal atom.  

The negative shift in potential for the reduction of PtCl2, from Ep = -1.20 and -1.58 

V in the absence of the macrocycle to Ep = -1.36 and -1.70 V when contained within 

[(PtCl2)4Py8TPyzPzM], is accompanied by a positive shift in E1/2 values for the first two 

reductions of the porphyrazine-centered reductions of the same compound. This is 

consistent with a redistribution of negative charge density toward the PtCl2 group and 

away from the porphyrazine π-ring system. 

In the case of [(PdCl2)4Py8TPyzPzM], a loss of the four PdCl2 groups occurs after 

reduction to generate Pd0 and 2/1E  values for the following reductions were virtually at 

the same potentials as those for reduction of [Py8TPyzPzM] (see Figure 5 in Ref. 4). This 

contrasts with what occurs with [(PtCl2)Py8TPyzPzM] where dissociation does not occur 

prior to fourth reduction of the macrocycle. The third and fourth reductions are both 

easier by 250-370 mV than the corresponding reductions of [Py8TPyzPzM] as described 

in Equations 8-3 and 8-4. This is illustrated in Figure 8-3. 
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Figure 8-3. Thin-layer cyclic voltammograms of [(PtCl2)4LPt] and [LPt] (L = 

Py8TPyzPz) in DMSO, 0.2 M TBAP.  
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[(PtCl2)4Py8TPyzPzM]2- + e             [(PtCl2)4Py8TPyzPzM]3-                               (8-3)

[(PtCl2)4Py8TPyzPzM]3- + e             [(PtCl2)4Py8TPyzPzM]4-                                             (8-4) 

Despite the narrow range of total potential variation in E1/2 for the first reductions of 

total potential in DMSO (150 mV), there is a systematic shift of the E1/2 values toward 

less negative potentials over the whole series of [(PtCl2)4Py8TPyzPzM] compounds with 

a more facile reduction occurring in the sequence: MgII (-0.19 V)→ZnII (-0.13 V)→CdII 

(-0.05 V)→CuII (-0.04 V)→PtII (-0.03 V) →PdII (0.00 V) in thin-layer cell. The 

corresponding cyclic voltammograms of first two reductions are shown in Figure 8-4. 

The same trend holds in regular cell, DMSO: MgII (-0.15 V)→ZnII (-0.10 V)→CdII 

(-0.05 V)→CuII (-0.04 V)→PtII (-0.03 V) →PdII (0.00 V), in DMF: MgII (-0.17 V)→

ZnII (-0.15 V)→CdII(-0.05 V)→CuII (-0.03 V)→PtII (-0.02 V) →PdII (0.04 V), and in 

pyridine: MgII (-0.20 V)→ZnII (-0.18 V) →CdII (-0.07 V)→CuII (-0.06 V)→PtII (-0.05 

V)→PdII (-0.02 V). 

 

8.2.2 Spectroelectrochemistry.  

 UV-visible spectral data for each investigated complexes are summarized in 

Table 8-2. The neutral [(PtCl2)4Py8TPyzPzM] (M = ZnII, MgII and PdII) compounds are 

characterized by a Soret band at 348-392 nm and two visible bands at 567-600 nm and 

639-664 nm in DMSO without aggregation. UV-visible spectral changes during first 

reduction of [Py8TPyzPzPd], [(PdCl2)4Py8TPyzPzPd] (reproduced from ref 3) and 

[(PtCl2)4Py8TPyzPzPd] in DMSO containing 0.2 M TBAP are illustrated in Figure 8-5, 

which shows that the spectroelectrochemical features of pentaplatinated species are  
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Figure 8-4. Thin-layer cyclic voltammograms with added E1/2 values (V vs SCE) of 

[(PtCl2)4Py8TPyzPzM] in DMSO containing 0.2 M TBAP. Scan rate = 20 mV/s. 
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Table 8-2. UV-visible Solution Spectra of the [(PtCl2)LM] (L = Py8TPyzPz; M = ZnII, 

MgII, CdII , PdII, PtII) in DMSO, DMF and Py (0.2 M TBAP). 

            λ(nm) (logε) 

Compound Solvent Soret region Q-band region 

[(PtCl2)4LZn].15H2O DMSO 392 (4.75) 600 (4.30) 664 (5.11)

 DMF 394 (4.61) 599 (4.33) 663 (4.94)

 py 395 (4.67) 605 (4.37) 671 (4.93)

     

[(PtCl2)4LMg].13H2O DMSO 387 (4.74) 597 (4.30) 659 (5.04)

 DMF 385 (4.64) 599 (4.20) 663 (5.00)

 py 385 (4.67) 601 (4.23) 667 (5.03)

     

[(PtCl2)4LCd]. 5 H2O DMSO 323(4.94)  367(4.96) 568 (4.49) 628 (5.05)

 DMF 321(4.88)  367(4.86) 569(4.51) 625 (5.08)

 py 324(4.91)  367(4.92) 573 (4.44) 634 (5.01)

     

[(PtCl2)4LPd].10H2O DMSO 348 (4.92) 581 (4.41) 639 (5.03)

 DMF 347 (4.70) 574 (4.33) 636 (4.85)

 py 353 (4.75) 582 (4.36) 642 (4.95)

     

[(PtCl2)4LPt].10H2O DMSO 323 (4.73) 366 (4.80) 567 (4.31) 625 (4.87)

 py 325 (4.81) 365 (4.84) 572 (4.45) 631 (4.98)
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Figure 8-5. UV-visible spectral changes during first reduction of [LPd], [(PdCl2)4LPd] 

(reproduced from ref 3) and [(PtCl2)4LPd] (L = Py8TPyzPz) in DMSO containing 0.2 M 

TBAP.



 187

common to those of the corresponding species [(PdCl2)4Py8TPyzPzM] and also in 

general for other [Py8TPyzPzM] species, which are ligand-centered reductions. 

The neutral [(PtCl2)4Py8TPyzPzM] (M = CdII, PtII and CuII) compounds obtained by 

pretreating the compounds after an initial reduction at -1.40 V followed by reoxidation 

at 0.2 V are characterized by two Soret band at 323 and 366-367 nm and two visible 

bands at 567-568 nm and 625-628 nm in the case of Cd and Pt complexes and one Soret 

band at 374 nm and two visible bands at 591 and 651 nm in the case of Cu derivative in 

DMSO.  

Figure 8-6a shows the UV-visible spectral changes in DMSO during first two  

one-electron reductions of [(PtCl2)4Py8TPyzPzZn] and similar changes are obtained for 

[(PtCl2)4Py8TPyzPzMg] (Figure 8-6b). Figure 8-7 illustrates the case for 

[(PdCl2)4Py8TPyzPzPt] and [(PdCl2)4Py8TPyzPzCd] in DMSO containing 0.2 M TBAP. 

The isosbestic points in the spectra in DMSO indicate the lack of detectable 

intermediates upon going from the neutral form of the complexes 

[(PtCl2)4Py8TPyzPzZn], [(PtCl2)4Py8TPyzPzMg], [(PtCl2)4Py8TPyzPzPt] and 

[(PtCl2)4Py8TPyzPzCd] to the corresponding -1 charged species. There is also a common 

evolution of the spectra expressed by the disappearance of the Q band and the 

appearance of new bands at about 545-573 nm in addition to a broad absorption in the 

region 670-730 nm. 

The spectral changes of third and fourth reductions of [(PtCl2)4Py8TPyzPzM] could 

also been observed in thin-layer cell due to the more negative reduction of PtCl2 than 

that of PdCl2. The example spectral changes of the third and fourth reductions for 

[(PtCl2)Py8TPyzPzZn] as illustrated in Figure 8-8. The Q band at 574 nm decreases in 
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Figure 8-6. UV-visible spectral changes obtained during the first and second reductions 

of (a) [(PtCl2)4LZn] and (b) [(PtCl2)4LMg] (L = Py8TPyzPz) in DMSO containing 0.2 M 

TBAP. 
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Figure 8-7. UV-visible spectral changes obtained during the first and second reductions 

of (a) [(PtCl2)4LZn] and (b) [(PtCl2)4LMg] (L = Py8TPyzPz) in DMSO containing 0.2 M 

TBAP. 
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Figure 8-8. UV-visible spectral changes obtained during the first to fourth reductions 

[(PtCl2)4Py8TPyzPzZn] in DMSO containing 0.2 M TBAP. 
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intensity while a new broad band at 760 nm appears when potential is applied at -1.20 V 

and then the broad band decrease in intensity when potential is applied at -1.60 V.  

 

8.3 Conclusions 

UV-visible spectral and electrochemical data provide unequivocal evidence that 

external platination influences the HOMO-LUMO energy gap and makes the 

macrocycles more easily reduced. This is a direct effect of the enhanced electron 

withdrawing properties of the peripheral fragments due to platination, in line with 

similar effects seen for the [Py8TPyzPzM] species when changed to platination. The 

spectra of [(PtCl2)4Py8TPyzPzCu], [(PtCl2)4Py8TPyzPzPd] and [(PtCl2)4Py8TPyzPzPt] 

were recorded after an initial reduction at -1.40 V followed by reoxidation at 0.2 V to 

generate the monomeric species in solution. Because PtII convert to Pt0 at more negative 

potential (-1.58 V) compared to PdII→Pd0 (-0.86 V), the third and fourth reductions of 

[(PtCl2)4Py8TPyzPzM] could be obtained in thin-layer cell. The redistribution of 

negative charge density is towards the PdCl2 groups and away from the porphyrazine 

π-ring system.  
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