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ABSTRACT 

The axial ligands of the iron porphyrin in 

Cytochrome ~, an electron transfer protein, are an 

imidazole group of a histidine residue and a methionine 

thioether. This ligand coordination sphere has been 

difficult to model and consequently the influence of 

these ligands on the properties of cytochrome ~ has 

been problematic. The electrochemical and spectroscopic 

study of a novel strapped por~hyrin has been addressed 

toward this problem. 

Spectroscopic studies have demonstrated the 

ability of this porphyrin to hold a thioether ligand 

near the central metal atom. The influence of the 

thioether is not seen in the UV/visible spectrum of the 

iron complex of this porphyrin. The coordination of N

methyl imidazole to the iron complexes of several 

porphyrins has been studied by UV/visible spectroscopy. 

These 'studies indicate a reduced affinity of the 

strapped porphyrin for this ligand. Also, the oxidation 

products of several porphyrins were monitored by thin

layer spectroelectrochemistry. 

ix 



Cyclic voltammetry has been used to demonstrate 

the influence of the thioether on the Fe+ 3 /Fe+ 2 elec

tron transfer reaction. It was found that the thioether 

stabilizes the lower oxidation state causing an anodic 

shift in the half-wave potential for the reaction. 

However, the stabilization seen with this model system 

is not sufficient to account for the large positive 

redox potential of Cytochrome ~. The oxidations of a 

selected group of free base and metallo- porphyrins 

were also studied. It was found that the oxidation of 

strapped porphyrins was similar in many respects to 

those of non-strapped porphyrins. The notable acception 

to this generalization was the instability of the 

cation radical of the strapped porphyrins used in 

this work. 

x 



INTRODUCTION 

The presence of metalloporphyrin containing 

proteins in virtually all living organisms is a com

pelling motivation for scientific attempts to elucidate 

and understand the structure and function of these . 

complex molecules. Metalloporphyrin containing proteins 

perform a variety of essential functions in living 

organisms. The functioning of metalloporphyrin con

taining proteins in biological systems is intimately 

related to the chemical and physical properties of the 

metalloporphyrin. These properties are moderated by the 

protein moiety and the interaction between protein and 

porphyrin is of great interest (Timkovich 1978). 

The importance of the properties of the metallo

porphyrin to the functioning of metalloporphyrin con

taining proteins has encouraged the study of isolated 

metalloporphyrins (see Figure l)(Falk 1964). These 

molecules may be prepared by extraction from the bio

logical system or by synthetic methods. Studies of 

synthetic metalloporphyrins have been quite successful 

in illustrating the relationship between specific 

structural features and the biological functions of 

metalloporphyrin containing proteins. Many metals have 

1 



2 

Figure 1. Generalized structure of free base 
porphyrins. The peripheral groups determine 
the identity of a specific porpbyrin (see 
Table 1). 



Table 1. Pe~iphe~al substituents of some common po~phy~ins. 

a2 R3 a7 a8 i12 a13 R17 R18 i5·, 10,15,20 

Tet~aphenylpo~phyrin H H H H H H H H Ph 

Octaethylpo~phy~in Et Et Et Et Et Et Et Et B 

Etioporphyrin I He Et He Et He Et He Et H 

Hesoporphyrin IX He Et He Et He P P He B 

Protoporphy~in IX He V He V He P P He H 

Copropo~phyrin I He P He P He P He P H 

Ph- phenyl, Et- ethyl, Me- methyl, P- propionic acid. v- vinyl 
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been incorporated into synthetic porphyrins (Buchler 

1975, Adler et a1. 1970). However, in biological 

systems iron porphyrins are predominant and have 

consequently been the most widely studied meta11o

porphyrins (Adar 1978) •. Their importance in oxygen 

transport and storage, electron transfer, and dioxygen 

activation has underlined the importance of structure

function relationships. Several unique properties of 

iron porphyrins, including mUltiple spin states and the 

variation in the number of axial ligands, make them 

particularly interesting and challenging. These proper

ties are also the essence of the suitability of iron 

for its roles in biological systems (Hill 1982). 

Propeities of Iron Porphyriu~ 

Iron porphyrins exhibit iron oxidation states 

of (I), (II), (III), (IV), and perhaps (V). The higher 

oxidation states, (IV) and (V), are of primary impor

t~nce to the functioning of iron porphyrin containing 

oxidases and peroxidases. Electron transfer proteins 

commonly contain iron in the (II) and (III) oxidation 

states. The (I) oxidation state has not been observed 

in a biological system. The appropriate oxidation state 

of iron is essential for the proper functioning ~f the 

biological molecule. Interaction with the protein is a 

major influence on this important property. The axial 
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ligands of the iron, which are often amino acid side 

chains of the protein, the polarity of the protein 

interior, and the porphyrin exposure to the surrounding 

medium are important parts of the protein-porphyrin 

interaction. 

The coordination of a porphyrin brings an iron 

atom in the (II) or (III) oxidation state clos~ to a 

spin triple point. The spin state can be altered by 

relatively small changes in the local environment of 

the iron porphyrin. It has been suggested that changes 

in spin state influence the rates of electron transfer 

of metal complexes (Kadish and Su 1983). 

In addition to the four planar nitrogen ligands 

supplied by the porphyrin the iron may have zero, one, 

or two "axial ligands" which occupy coordination sites 

on the axis perpendicular to the plane of the por

phyrin. These ligands may be supplied by amino acid 

side chains of the protein or small molecules and ions. 

The axial ligands are extremely important in deter

mining the energetics and kinetics of electron transfer 

(Bottomley et ale 1982). The binding constants of many 

axial ligands have been determined by electrochemical 

and spectrophotometric methods. (Walker et ale 1982, 

Falk 1960). 
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Porphyrin and Metalloporphyrin Oxidations 

Metalloporphyrin oxidations are of interest due 

to their importance in photosynthesis and enzymatic 

oxidations (Dolphin and Felton 1974). Oxidation of free 

base porphyrins proceeds in two one-electron steps 

yielding first a radical cation and subsequently a 

dication. A similar dication is generated under the 

ionization conditions of many mass spectrometers and 

gives rise to the doubly charged peaks in the mass 

spectrum. Many metalloporphyrins are o~idized in 

similar steps and yield similar radical cations and 

dications. The radical cations of a series of zinc and 

magnesium porphyrins have been characterized by visible 

absorption and ESR (Felton 1978). 

The reactivity of porphyrin radical cations is 

quite complex. Although the electrochemical oxidations 

of porphyrins have been characterized as reversible or 

quasi-reversible by cyclic voltammetric methods (Davis 

1978), the radical cations and dications of free base 

porphyrins react with a wide variety of compounds, 

including many common axial ligands (Hambright 1975). 

It is apparent that chemical reactions can follow the 

oxidation of porphyrins and metalloporphyrins. The 

reactions of radical cations and axial ligands were 



addressed by Kadish and Rhodes (1981), who concluded 

that the issue is complicated. 

7 

The oxidation of iron (III) porphyrins has been 

an especially controversial subject. Initial reports 

characterized the product as a Fe(III)porphyrin radical 

cation (Wolberg and Manassen 1970) meaning that the 

electron was lost from an orbital which was primarily 

centered on the macrocycle. The evidence for this 

assignment was a comparison of the cyclic voltammetric 

peak potentials with those of other met~lloporphyrin 

oxidations. A more extensive study (Felton et al. 1973) 

concluded that this oxidation product was more appro

priately formulated as an Fe(IV)porphyrin on the basis 

of NMR and other data. Recently, the porphyrin radical 

formulation has been demonstrated based on the combined 

evidence of proton NMR, Mossbauer, and IR spectro

scopies applied to both chemically and electrochemi

cally generated one electron oxidized iron porphyrins 

(Phillippi and Goff ~982, Scholz et ale 1982, Buisson 

et ale 1982). Although this evidence ·conclusively 

demonstrates the radical formulation, several fine 

points of the chemical behavior of this product are 

unresolved. For instance, the bindi~g of axial ligands 

to this product is relatively unexplored. Additionally, 

the important distinction was made between Fe(Cl04)2TPP 



and Fe(Cl)TPP(SbCl S). The former symmetrically 

substituted complex is characterized as an.independent 

S=S/2, S=1/2 spin system while the latter complex, 

which lacks symmetrical axial ligands, exhibits strong 

antiferromagnetic coupling resulting in an S=2 state. 

The differing magnetic properties of these two com

plexes demons~rate a limitation of the use of highly 

symmetrical synthetic porphyrins to model the proper

ties of metalloporphyrin containing proteins, which 

display relatively lower·symmetry. 

Cytochromes c 

Cytochromes c are small iron porphyrin con

taining proteins. They serve as electron shuttles in 

the mitochondrial electron transport system trans

ferring electrons from cytochrome reductase, a complex 

of cytochromes band cl' to cytochro~e oxidase, a 

complex of cytochromes a and a3. The iron porphyrin in 

cytochromes c is repetitively cycled between the Fe(II) 

and Fe(III) oxidation states in mitochondria. 

One of the most widely studied cytochromes c is 

that obtained from horse heart muscle (Earl 1981). The 

stTucture of this particular cytochrome c is typical of 

the entire clans. Horse heart cytochrome c (HHCytC) is 

a protein of 104 amino acids coiled and folded around 

an iron protoporphyrin IX which is covalently attached 

8 
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to twdcysteine amino acids (Cys-14 and Cys-17) of the 

protein. The porphyrin macrocycle is almost totally 

surrounded by the protein and only one edge is exposed 

to the surrounding medium. The axial ligands of the 

iron porphyrin in HUCytC are a thioether from meth~on

ine-80 and an imidazole from histidine-18.The redox 

potential of HHCytC has been determined by several 

methods (Earl 1981). The reported potential is +262 mV 

vs. NUE when dissolved in O.1M phosphate buffer at pH 7 

and 25 °C. 

Redox Potentials 

Redox potential_, which are more appropriately 

called formal reduction potentials, indicate the ener

getics of an electron transfer process. These poten

tials are related to the electrode potentials measured 

in potentiometric titrations by the Nernst equation and 

can be related to the potentials measured by modern 

electroanalytical techniques (Bard and Faulkner 1981). 

For instance, the midpoint potentials from cyclic 

voltammograms of reversible systems approximate formal 

reduction potentials. Therefore, it should be obvious 

that redox potentials are of considerable importance to 

the study of electron transfer reactions of redox 

proteins and model systems. 
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The fundamental theory of redox chemistry in 

aqueous solution relates formal reduction potentials to 

thermodynamic potentials, EO, activity coefficients, f, 

and the fractions of the oxidized and reduced form of 

the redox couple which are not complexed by ligands, 

BOx and BRed' in the following equa t ion: 

EO' RT f RT B 
= EO + ln~ + In ~ ( 1) 

nF fRed nF BRed 

The redox potentials of reactions in aqueous solution 

can be directly compared using the Standard Hydrogen 

Electrode as the reference. However, the results of an 

analogous treatment for non-aqueous solutions yields 

results which are not simply related to the aqueous 

situation. Nevertheless the redox potentials of 

reactions in non-aqueous solution do contain informa-

tion about the relative stability of the oxidized and 

reduced form of the redox couple. The alternative 

treatment 'of non-aqueous formal potentials using the so 

called "square mechanism" can be used to describe the 

influence of local environment of the measured formal 

potential. 

An example of the "square mechanism" is 

depicted below. 
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OXo + ne .. Redo 
"" 

11 • 11 
OX aq + ne '4 Red aq 

The two horizontal sides of the square represent an 

electron transfer reaction under differing conditions. 

The vertical sides correspond to the transitions of the 

oxidized and reduced form of the redox couple between 

these conditions. The difference between the formal 

potentials for the two horizontal reactions must be 

equal to the difference in the stabilization of the 

oxidized and reduced form of the redox couple resulting 

from the transition between the sets of conditions. The 

relative stabilization of the oxidized and reduced 

forms of the redox couple is indicated by the dif-

ference in formal potentials. The two sets of condi-

tions in the "square mechanism" might be the absence 

and presence of a coordinated ligand. In this case: 

Ko and KR are formation constants of the complex of the 

ligand with the oxidized and reduced form respectively. 

On the other hand two 9ifferent solvents systems might 

correspond to the two states. If precautions are taken 

to remove the influence of the liquid junction 
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potential, then the difference in redox potential can 

be related to the differential stabilization by the 

solvents. 

Redox Potentials of Cytochromes c 

Cytochromes c have been extensively studied. In 

spite of this effort several issues of fundamental 
. 

importance to the functioning of this essential protein 

have not been resolved. Perhaps the most important of 

these issues is the redox potential or, more specifi-

cally, the structural determinants of the redox poten-

tial. Comparison of redox potentials of several 

Fe(II)/Fe(III) couples (Table 2) gives an indication of 

the source of the debate over this issue. The redox 

potential of HHCytC is much higher than that of 

analogous iron porphyrins in similar solutions. This 

discrepancy has been addressed by theoretical methods 

and by studies using native and modified cytochromes c 

and model iron porphyrins. 

Theoretical treatments of the redox potentials 

of iron porphyrin containing proteins have concentrated 

on the influence of axial ligands (Clark 1960), the 

polarity of the heme environment (Kassner 1972a, 

1972b), and the exposure of the iron porphyrin to 

solvent (Stellwagen 1978). Clark (960) treats cyto-

chromes c in the fashion of ordinary metal-ligand 
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Table 2. Redox potentials of some cytochromes c and related 
iron porphyrins. 

ledox Potential 

HHCytC 266 .V 

Tuna cytochrollle c 270 .V 

Bovine cytochrolle c 273 IIV 

Fe Protoporphyrin IX -235 III V 

Fe Protoporpbyrin IX -115 IIV 

Fe Protoporpbyrin IX 110 IIIV 

Fe Heaoporphyrin DHE -158 IIV 

Bil-hil lIIelobellle -220 .V 

Hono-hil-.eaohellle -210 .V 

Bil-.et-•• aobellle 20 IIV 

Hono-hil-lieloheme -4 IIIV 

Bil-met-lIIelobellle -74 mV 

Heme Peptide 14-21 -207 mV 

Heme Peptide 1-65 -108 IIIV 

Conditiona 

pH-LO, 25 0 C, 
O.lH Tria-cac buffer 

aalle aa HUCytC 

aa.e aa UUCytC 

pU-9.0, 2~oC, 
aqueoul buffer 

pH-7.0, extrapolation 
froll higher pU 

pU-7.0, 25 0 C, 
aqueoul buffer 
2.5H Pyridine 

pU-7.0, extrapolation 
frolll higher pU 

pU-7.0, 25 0 C, 
O.lH pboaphate buffer 
30% v/v dioxane-vater 

lalle al Bia-hie 
.elohellle 

...... Bie-hie 
lIIelohelie 

la.e al Bia-hie 
me.oheme 

I.llle al Bia-hil 
lIIeloheme 

pU-7.1, 25 0 C, 
O.lH pbolphate buffer 

lallle aa HP 14-21 

leference 

Barl 1981 

Earl 1981 

Earl 1981 

Shack and 
Clark 1947 

Shack and 
Clark 1947 

Shack and 
Clark 1947 

Covgill and 
Clark 1952 

Warllle and 
Bager 197-0 

Warme and 
Hager 1970 

Warlll. and 
Uager 1970 

Warme and 
Bager 1970 

Wihon 1974 

Wilgul, 
lanveiler, 
Willon, and 
Stell.agen 1978 

Wilgua 
et a1. 1978 
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complexes, ignoring the influence of the protein. He 

concludes that an iron porphyrin with axial.ligands 

similar to those of the iron porphyrin in cytochromes c 

will result in a redox potential close to that of 

cytochromes c. The importance of the influence of the 

protein in determining redox potentials of iron por

phyrins was shown by Harbury and Loach (1960a, 1960b). 

Their study of .several model porphyrins which presum

ably had the appropriate axial ligands, but lacked the 

surrounding protein of cytochrome c, found redox' 

po~entials for these models were 200-300 mV less than 

that of HHCytC. 

Kassner (1972a,1972b) has evaluated the non

polar protein interior as a potential source of the 

seemingly anomalous high redox potential of cytochrome 

c. Based on a simplified structural model he concluded 

that the elevated redox potential of cytochrome c 

results from the interaction of the iron porphyrin and 

the protein interior, particularly the destabilization 

of the oxidized form, Fe(III), due to the localization 

of the +1 ch~rge in an environment of predominantly 

non-polar amino acid side chains. Stellwagen (1978) has 

disputed this claim citing a correlation between sol

vent exposure as calculated from atomic coordinates and 

the measured redox potentials of six iron porphyrin 
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containing proteins. He concludes that exposure of the 

iron porphyrin to the solvent influences the redox 

potential and that the polarity of the local environ

ment, which is unrelated to solvent exposure in his 

formulation, does not affect the measured potentials. 

The question of the influence of the local environment 

on redox potential could be resolved if the polarity of 

the interior of a cytochrome c could be altered without 

upsetting the native conformation. This condition is 

not easily fulfilled and it is extremely difficult to 

verify that the conformation of a protein has not 

changed. Alternatively, the measurement of the redox 

potential of an appropriate model could be measured in 

a series ~f solvents. Several attempts along these 

lines are detailed below. 

Model Porphyrins 

Many model porphyrins have been prepared for 

the study of iron porphyrin containing proteins 

(Makinen and Churg 1983). These studies of iron por

phyrins have detailed some aspects of the interaction 

with the local environment. The influence of porphyrin 

basicity (Williams and Hambright 1978, Worthington et 

ale 1980, Kadish and Larson 1977), electron withdrawing 

substituents on the meta and para positions of tetra

phenylporphyrins (Kadish and Morrison 1976,1976a,1977, 
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1977a), axial ligands (Buchler 1978, Bottomley and 

Kadish 1981), and solvent (Bottomley and Kadish 1981) 

have been studied. The relevant conclusions of these 

studies are: 

1) Increased porphyrin basicity stabilizes the oxidized 

form of a redox couple making reduction more difficult. 

2) Electron withdrawing groups on the periphery of the 

porphyrin ring decrease porphyrin basicity. 

3) More strongly coordinating nitrogenous base axial 

ligands result in decreases in the redox potential 

indicating a relative stabilization of the Fe(III) form 

of the redox couple. 

4) Solvents of greater coordinating ability tend to 

increase the measured redox potentials. 

Model Porphyrins for Cytochromes c 

Several model porphyrins for the study of cyto

chrome c have been reported (Wilson 1974, Warme and 

Hager 1970, Castro 1974, Mashiko et. ale 1981). These 

studies have shown that model porphyrins for cytochrome 

c should have the following structural features: 

1. Octaalkyl substitution of the porphyrin as opposed 

to tetraphenyl substitution (see Figure 1). 

2. Mixed coordination of a thioether and an imidazole. 

3. An invariant Fe-S distance upon oxidation or 

reduction. 
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Thioether coordination to iron porphyrins has 

been observed in a limited number of cases (Reed et. 

ale 1980, Mashiko et. a1. 1981, Momenteau, Rougee, and 

Loock 1976, Wilson 1974, Warme and Hager 1970, 

Buckingham and Rauchfuss 1978, Castro 1974, Wilgus, 

Ranweiler, Wilson, 'and Stellwagen 1978). Mixed ligand 

thioether-imidazole'complexes of ferric porphyrins are 

extremely rare (Reed et. ale 1980). In fact several 

publications include reports of the failure to prepare 

such a complex (Buckingham and Rauchfuss 1978, Castro 

1974). The difficulty appears to, be the poor binding 

ability of the thioether. Several observations indicate 

this as the source of the synthetic difficulty. 

Crystals of Fe(tetrahydrothiophene)2(TPP)Cl04 gradually 

lost the thioether from the solid phase and could not 

be prepared in solvents other than chlorinated hydro

carbons (Mashiko et. a1. 1981). Castro (974) concludes 

that there is no evidence of thioether coordination in 

his spectroscopic study of an "imidazole tailed" 

porphyrin in dimethylformamide and methanol. It is 

clear from these studies that it would be impossible to 

study the effects of the local environment on the 

previously studied model iron porphyrins containing 

thioether axial ligands. 
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The Sulfide Strap Porphyrin 

The logical solution to the problems uncovered 

in the previous studies of model porphyrins is to 

construct a model porphyrin which "enforces" the coor

dination of a thioether. Such a model compound has been 

prepared and is shown in Figure 2. The advantages of 

such a model deserve mention. 

First, the hydrocarbon "strap" which straddles 

the porphyrin macrocycle enforces thioether coordina

tion in much the same way as the protein ensures 

methionine coordination in cytochromes c. This seems 

inherently rea~onable in light of the recent X-ray 

structure determination of a similar strapped porphyrin 

(Cruse et a1. 1980). This study found that .in the solid 

state a strapped porphyrin with a longer strap than 

that used in these studies had a strap to porphyrin 

distance of 3-4 A. The strap to porphyrin distance is 

measured ~rom the mean plane of the porphyrin macro

cycle to the center of the strap. However, it must be 

demonstrated that ligands do not slip between the strap 

and the porphyrin. 

Secondly, this model porphyrin is of the octa

alkyl type as opposed to the TPP type of models used by 

others (Mashiko et. a1. 1981). These two types of 

porphyrins have differing electronic distributions in 
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Figure 2. Tbe free base sulfide strap porpbyrin. 
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the ground and excited states (Gouterman 1978). Proto

porphyrin IX which is found in Cytochromes c is of the 

octaalkyl variety. The expected analogy between the TTP 

models and cytochrome c is weakened by the difference 

in electronic distribution of the porphyrins. 

Because the strap of this porphyrin is attached 

on both sides of the macrocycle it precludes the forma

tion of the "nose-to-tail" dimers seen with "tailed" 

porphyrins (Reed et. a1. 1980). The addition of an 

imidazole as the axial ligand opposite the thioether 

makes this compound especially promising as a struc

turally analogous cytochrome c model. 

A variety o~ strapped porphyrins have appeared 

in the literature. Several of these are described in 

Table 3. Some of the more recent reports include straps 

containing functional groups which are likely to coor

dinate to the central metal atom. Sulfide containing 

straps have not been reported. Momenteau and coworkers 

(1979, 1982) have reported several strapped porphyrins 

including the "hanging base" porphyrin which incor

porates a pyridine ring in a strap of fifteen atoms. 

They conclude that the pyridine coordinates to the 

central metal in toluene based upon the visible and 

N.M.R. spectra of the ferric "hanging base" porphyrin. 

Battersby and Hamilton (1980) have also prepared a 



Table 3. Strappec Porphyrins 

Sulfide Strap 
Porphyrin 

C
ll 

Strap 

Porphyrin 

Sulfoxide Strap 
Porphyrin 

Basket Handle 
Porphyrin 

Strapped 
Porphyrin 

Hanging Base 
Porphyrin 

Pyridine Bridged 
Porphyrin 

a) See Figure 1 

Et 

Et 

Et 

H 

Me 

H 

Et 

Me H 

lie H 

Me 

Me 

H 

Me 

Me 

Me Et Me H Me I 
_--.----J 

R20 Reference 

H 

H 

H 

This work 

This work 

This work 

Momenteau 
et. al. 1979 

Baldwin, 
Klose and 
Peters 1976 

Momenteau 
and 
Lavalette 
1982 
Cruse 
e t. al. 
1980 

N 
I-' 
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strapped porphyrin containing a substituted pyridine. 

The X-ray structure (Cruse et ale 1980) demonstrates 

the coordination of the pyridine. Also the strap to 

porphyrin distance is 3.2 to 3.5 A. Earlier efforts by 

Diekmann, Chang, and Traylor (1971), Baldwin, Klose, 

and Peters (1976), and Battersby et a1. (1976) produced 

strapped porphyrins which did not contain bases which 

could coordinate as axial ligands. 

The sulfide strap porphyrin allows the measure

ment of redox potentials, UV-visible spectra, and NMR 

spectra of a series of iron porphyrins in which one 

axial ligand is a thioether supplied by the strap. 

These measurements can also be made in several sol

vents. This is precisely the information needed to 

demonstrate the influence of the local environment on 

the redox potential of cytochromes c. 

Proposed Research 

The electrochemical and spectroscopic proper

ties of a series of porphyrins and metalloporphyrins 

including a unique model porphyrin have provided new 

valuable insights into the functioning of cytochrome c. 

This model contains a sulfide "strap" which covalently 

holds an aliphatic sulfide close to the coordinated 

iron atom. The goals of these studies are the elucida

tion of the influence of the local environment, 
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solvation, and ~xial ligation of the iron porphyrin on 

the redox potential of iron porphyrin containing 

proteins, particularly cytochromes c. 

Studies of the free base and zinc sulfide 

strapped porphyrin are necessary to characterize the 

structure and electrochemistry of this model. The 

relative simplictty of such systems make their study an 

important step toward the understanding of the more 

complex strapped iron porphyrins. Additionally, studies 

of strapped porphyrins containing sulfoxides and only 

methylene functionalities provide important comparisons 

to the influence of aliphatic sulfides on the electro

chemical properties of iron porphyrins. 

The redox potential of the Fe+ 3 /Fe+ 2 process 

for an iron porphyrin can b~ measured as a function of 

the axial ligands and solvent to demonstrate the 

influence of thioether coordination and a hydrophobic 

environment on these redox potentials. This information 

is applicable toward an understanding of the factors 

con~ributing to the large positive redox potentials of 

cytochromes c. 



EXPERIMENTAL 

Materials 

Porphyrins 

The free base sulfide strap porphyrin (R 2SSP) 

was a generous gift of Prof. David Dolphin and was 

prepared by a novel synthetic method involving the 

formation of a strapped porphodimethine (Wijesekera, 

1980). This leaves the tetrapyrrole macrocycle somewhat 

folded and in the next step the ring is oxidized and 

returns to planarity (Wijesekera, et aI., 1983). This 

procedure allows shorter straps to be used than pre

viously published methods (see Table 3). The free base 

sulfide strap porphyrin prepared in this way contains 

som~ sulfoxide strap porphyrin. These two compounds can 

be separated .chromatographically on silica gel. 

The Cl1 strap porphvrin'(R 2C11 SP) was a eenerous 

gift of Prof. Dolphin and was prepared by a procedure 

similar to that employed to prepare the sulfide strap 

porphyrin. 

Tetraphenyl porphyrin (TPP) was prepared and 

purified by established procedures (Neri 1975). Octa

ethylporphyrin (OEP), Zn OEP, and Fe OEP Cl were 

24 
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purchased from Mid-Century Chemicals (Posen, Ill.) Meso 

porphyrin dimethyl ester was purchased from Pierce 

Chemical Company (Rockford, Ill.). 

Zinc and iron were inserted into the free base 

porphyrins using the method of Adler et a1. (1976). No 

problems were encountered with this method. Due to the 

small amounts of metalloporphyrin prepared ( <10 mg ) 

in some cases the procedure was modified to avoid 

precipitation of the metalloporphyrin from the reaction 

mixture. In these cases the entire contents of the 

reaction vessel were reduced to dryness and taken up in 

chloroform, and chromatographed on silica gel (75-150,.«.) 

(Ana1tech, Newark, Del.). The metalloporphyrin eluted 

rapidly with chloroform. 

Axial Ligands 

Imidazole and I-methyl imidazole were purchased 

from Aldrich Chemical Co. (St. Louis, Mo.) and used as 

received. 

Solvents 

Methylene chloride from Burdick and Jackson 

(Muskegon,Mich.) was found to be suitable for electro

chemical experiments as receiv~d. Alternatively, 

reagent grade methylene chloride was washed with dilute 

sulfuric acid and distilled from phosphorus pentoxide 



and stored under nitrogen. Analytical grade aceto

nitrile was distilled from phosphorus pentoxide and 

stored over molecular sieves (4 A). 

Supporting Electrolytes 
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Sodium perchlorate was recrystallized three 

times from,abso1ute ethanol and dried for over 12 hours 

under vacuum at 120 °C. Tetrabuty1ammonium tetraf1uoro

borate (Southwest Analytical Chemicals. Austin, Tex.) 

was recrystallized from absolute ethanol/pentane three 

times and dried at 110 °c for 4 hours. 

Apparatus 

The electrochemical cell used for cyclic 

voltammetry (see Figure 3) was designed to use small 

volumes and allow direct insertion into the cell holder 

of a Cary 219 spectrophotometer. This cell is similar 

in design to that described by Stankovich (1980) for 

use in potentiometric titrations. The reference com

partment of the cell could accommodate either a Ag/Ag+ 

reference electrode ( E- 337mV vs. SCE) for work in 

acetonitrile or a commercial saturated calomel elec

trode for work in methylene chloride or THF. The 

ferricinium/ferrocene redox couple was used as a 

standard for comparison of the potential scales in the 

different solvents. The working and counter electrodes 
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Figure 3. Electrochemical cell for cyclic voltammetry. 
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were platinum flags. They were regularly cleaned by 

heating to incandescence in a flame. Cyclic voltam-

metric data were obtained a Princeton Applied Research 

model 173 potentiostat and a triangle wave generator of 

local design and construction (Coleman 1981). Two 

methods of data display and storage systems were used. 

For date at slow scan rates an X-Y recorder could be 

used. Several models we"re employed including a Hewlett

Packard Model 7442B and a Houston Instruments Model 

2000. Alternatively, a digital data acquisistion system 

was used. This system was described previously (Wilson 

and Ramaley 1970). The details of the current state of 

this system and the software needed to obtain, store, 

analyze, display) and plot cyclic voltammetric and 

spectrophotometric data are contained in the ~ystem manual. 

A Vacuum Atmospheres (Hawthorne, Ca.) Model HE-

113-210 dry box equipped with a Dry Train (Model No. 

HE-693) was used to maintain a dry oxygen-free atmos

phere in which the cyclic voltammetric experiments were 

conducted. 

NMR measurements of ZnSSP and FeSSPCl were 

performed on the Brucker WM 250 instrument. NMR spectra 

of H2SSP were kindly provided by Dr. Dolphin. 

Thin-layer spectroelectrochemistry was per

formed in cells of a"design similar to that reported 
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previously (see Figure 4)(Neri 1972). The thickness of 

the thin layer was 0.1 mm and was maintained by two 

adhesive Teflon strips (Dilectrix Corp., Lockport, 

N.Y.) on each side of the glass microscope slides which 

formed the channel. An important novel addition to this 

design was the use of vacuum deposited minigrids of 

platinum and gold on one of the slides as opposed to 

the deposited gold film electrodes (Langhus 1978) or 

free standing gold minigrids (Rhodes and Kadish 1981) 

used previously. The advantage of this type of working 

electrode is the combination of spectral properties 

similar to those of traditional minigrids and the 

superior electrochemical properties which result from 

the strict planarity of the working electrode as is 

seen with the thin gold film electrodes. The spectral 

properties of these electrodes are determined by the 

size and spacing of the holes in the grid. The prepara

tion of these electrodes is identical to the prepara

tion of the previously reported gold film electrodes 

(Langhus 1978) with the additional step of a chemical 

etch through a photoresist to generate the grid. 

The etch solution for formation of the gold grid 

consisted of 120 gm of potassium iodide and 50 grams of 

iodine disolved in 500 ml of distilled water. The 

platinum etch was concentrated sulfuric acid and ten 
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(ONE LOCATION ONLY) 

Figure 4 Thin layer electrochemical cell. 
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per cent hydrogen peroxide mixed in a 1:1 ratio. The 

developed photoresist was removed by boiling in concen

trated sulfuric acid. Attempts at formation of these 

grids by electrolysis of the exposed metal failed as 

the developed photoresist peeled off the electrode 

under the influence of the applied potential. The 

assistance of Mr. Len Raymond of the Electrical 

Engineering Department of the University of Arizona 

was instrumental in the success of this process. 



RESULTS AND DISCUSSION 

The application of a variety of analytical 

techniques to the study of a series of free base and 

meta110- porphyrins has been directed toward the char

acterization of t.he influence of local environment on 

the redox potentials of iron porphyrins. A n~mber of 

issues concerning free base porphyrins have also been 

addressed by this work. The study of free base porphy

rins is of substantial interest in addition to being a 

necessary developmental prerequisite to the study of 

iron porphyrins. 

Characterization of Free Base Porphyrins 

The free base sulfide strap porphyrin (H 2SSP) 

is a unique molecule containing an unusual combination 

of functiona1ities, namely an aliphatic sulfide and a 

porphyrin macrocyc1e. The characterization of this 

molecule consisted of UV/vis spectrophotometry, mass 

spectrometry, and high field proton nuclear magnetic 

resonance. These techniques have yielded the following 

conclusions: 

1) H2SSP has the structure shown in Figure 2 and the 

formula C3SH4SN4S is consistent with a molecular weight 

of 592, 
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2) The electronic distribution of the porphyrin macro

cycle is not substantially altered by the presence of 

the strs.p, 

3) The sulfur atom of the strap is close (3-4 A) to the 

plane of the macrocycle. 

The development of the~e conclusions follow~. 

Mass spectrometry of H2SSP indicates the 

molecular weight of 592 and agreement with the general 

principles of porphyrin mass spectral fragmentation 

(Budzikiewicz 1978) (m/e 592 (b), 577(-Me'), 

563(-Et·». 

The UV/vis spectra of free base porphyrins have 

been rationalized with great success by the molecular 

~r~ital approach of Goutermann (1978). This approach 

has shown the optical spectra of porphyrins to be most 

dependent on the distribution of the 18 pi electrons in 

the macrocyclic ring system. The comparison of optical 

spectra of porphyrins can easily yield qualitative 

information on the electronic structure of porphyrins. 

Additionally a great deal of quantitative information 

can be obtained from the more rigorous molecular orbi

tal treatments which are beyond the scope of the work. 

The UV/visible spectra of several free base 

porphyrins are tabulated in Table 4. The spectra all 

exhibit similar features demonstrating that no large 



Table 4. UV/visib1e spectra of free base porphyrins. 

Soret Q-Bands E soret 
E 1'V500 

H2SSP 400 nm 504 539 571 624 13 

H2C11SP 402 507 540 572 625 14 

H20EP 396 496 530 564 618 13 

H2mesoP DNE 400 498 532 566 620 12 

H2protoP DHE 407 505 541 575 630 12 

H2TPP 416 514 548 590 646 "27 

a) This work 

b) Dolphin 1983 

c) Gouterman 1978 

d) Fa1k 1960 

Solvent 

CH 2C1 2 

CHC1
3 

CH
2

C1
2 

CHC1 3 

CHC1 3 

CH 2C1 2 

Ref. 

a 

b 

c 

d 

d 

c 

w 
.p-
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changes in the important electronic energy levels are 

caused by the variation of peripheral substituents on 

free base porphyrins. On closer inspection the pre

viously documented (Gouterman 1959) correspondence of 

lower energy electronic transitions and the conjugation 

of pi electrons of the substituents with those of the 

macrocycle is evident. Tetraphenylporphyrin contains 

four phenyl groups with pi electrons which can interact 

to a minor extent with those of the macrocycle. Proto

porphyrin IX has two vinyl groups conjugated with the 

macrocycle. Both of these porphyrins exhibit lower 

energy transitions which are expected to result from 

additional delocalization of the pi electrons. 

The spectra of the strapped porphyrins, H2SSP 

and H2C11 SP, also show slightly lower energy transi

tions, although the general features of the spectra 

indicate no major alteration of the electronic energy 

levels. Severe doming, ruffling, or other distortion 

would result in larger changes in the wavelength and 

intensity of the UV/visible absorption bands. There

fore, the presence of a strap has not resulted in major 

changes in the structure of the porphyrin ring system. 

Th~ slightly lower energy of the electronic transitions 

of the strapped porphyrins may be indicative of some 

strain on the macrocycle caused by the strap. The 
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influence of such strain cannot be easily predicted and 

consequently the UV/visible results are not sufficient 

to conclusively demonstrate strain of the macrocycle. 

These results do indicate the absence of gross altera

tion of the structure of the macrocycle in strapped 

porphyrins and suggest small differences between the 

structures of strapped and unstrapped porphyrins which 

may be due to strain on the ring caused by the 

tightness of the strap. 

The PMR spectrum of H2SSP is quite complicated 

and exhibits features which are uncommon in the spectra 

of non-porphyrinic materials. The structural assign

ments are shown in Table 5. These resonances are not 

where one would expect to find them for simila~ groups 

in non-porphyrinic compounds, for instance, the methyl 

groups at 3.6 ppm. This is due to the large ring 

current of the porphyrin ring. The comparison of the 

chemical shifts of protons in H2SSP with those in 

similar non-strapped porphyrins supports the previous 

assertion of minimal change in the structure and elec

tronic ground state due to the presence of the strap. 

It was expected that NMR measurements would be less 

sensitive to strain of the porphyrin ring and no 

evidence of strain was seen in these results. 



Table 5. PMR chemical shifts of free base ?orphyrins 1 . 
-CH 3 

-CH
2

CH
3 -CH 2 -

CH 3 methine N-H Ref. 

H2SSP 3.61,3.34 4.07· 1.84 9.90,9.78 -3.41 This work 

H20EP 4.14 1.95 10.18 -3.74 Janson and 
Katz 1978 

H
2
etio 3.62 4.11 1.87 10.08 -3.78 Janson and 

Katz 1978 

H2C11 SP 3.6,3.3 4.1 1.9 9.9,9.8 -4.1 Dolphin 1978 

1) All chemical shifts as PPM from Tetramethy1si1ane in CDC1
3

. 
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The protons of the methylene groups of the 

strap of H2SSP are tabulated below (see Table 6). The 

diastereotopic protons of the methylene groups in the 

strap exhibit chemical shifts which indicate the posi

tion of each group with respect to the porphyrin macro

cycle. In order to extract this information the shifts 

oft he pro. ton sat a met h y 1 e neg r 0 ups are a v era g e dan d 

compared to the chemical shift of an appropriate 

reference compound. The difference between the shift of 

the reference compound and the methylene resonances of 

the strap indicates the portion of the shift which is 

due to the ring current of the porphyrin. This is also 

called the isotropic shift. These values of isotropic 

shift can be used with the known effect of ring current 

to determine the position of the strap with respect to 

the ring. The ring currents of tetrapyrrole macrocycles 

have been measured and calculated (Scheer and Katz 

1975). Contours of constant chemical shift can be drawn 

to indicate the relationship between isotropic shift 

and position relative to the center of the porphyrin. 

These contours are somewhat approximate (+ 0.5 ppm) due 

to the variation in the magnitude of the ring current 

with peripheral substituents. The magnitude of the 

chemical shift of the protons in the strap due to the 

ring current is highly dependent on the position of the 



Table 6. Chemical shifts of protons in the strap of 
1 H2 SSP . 

II of bonds 
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away from bave b~eference Ring Current 
sulfur Shift 

1 -2.0,-1.6 -1.8 2.5 a -4.3 

2 -1.9,-1.5 -1.7 1.5 a -3.2 

3 -0.1, 0.1 0.0 1.5 a -1.5 

4 +1. 4 +1. 4 1.5 a -0.1 

5 +4.0, 3.6 +3.8 2.5 b +1.3 

1) All chemical shifts in ppm from TMS. 

2) 

3)' 

CH -CH -CH -CH -CH -CH -S-CH 3222223 
0.93 1.5 1.5 1.5 1.5 2.53 

Sad tIer Index 

Silverstein, Bassler, and 
Morrill 1974. 



protons with respect to the pi cloud. The values of 

isotropic shift were then be mapped onto the contour 

plot using reasonable bond lengths (C-C 1.54 A~ C-S 

1.81 A) to indicate the approximate position of the 

strap with respect to the porphyrin macrocycle (see 

Figure 5). 

40 

The results of this novel approach to the 

determination of the structure of H2SSP are reasonable 

and in agreement with the indications of other measur~

ments. The strap is seen to be located symmetrically 

across t~e r~ng system. Using this treatment the sulfur 

atom is found to be 3-4 A away from the plane of the 

ring. This is in agreement with the previous conclusion 

of little or no distortion of the porphyrin macrocycle 

which would increase the distance from the strap to the 

porphyrin. Although this descriptive approach is suffi

cient for the purposes of this work a more rigorous 

mathematical approach is necessary for a precise 

description of the structure of H2SSP. This ~ork is in 

progress in the laboratory of Dr. Dolphin. 

Electrochemistry of Free Base Porphyrins 

Cyclic voltammetry of H2SSP at anodic poten

tials in CH 3CN with 0.1 M NaCl04 supporting electrolyte 

exhibits thiee irreversible waves (see Figure 6). All 

three waves remain irreversible at the highest scan 
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Figure 5. Map of strap position on a contour plot of 
chemical shift due to porphyrin ring current. 
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rates employed (10 v/sec). Similar results were 

obtained in methylene chloride with O.2M TBA-TFB as the 

supporting electrolyte. The first oxidation occurs with 

a peak potential of 0.84V vs. SCE, which is what would 

be expected for the one electron oxidation of a free 

base porphyrin to a pi-radical cation (Davis 1978). For 

comparison, oxidations of octaethylporphyrin (OEP) and 

etio porphyrin occur with half wave potentials of 

+0.81V and +0.78V vs. SCE, respectively (see Table 7). 

The products of the first oxidation of free base 

porphyrins have been characterized by spectroscopic 

methods as pi cation radicals (Fuhrhop 1975). In 

contrast to the irreversible oxidation of B 2SSP (see 

Figure 7) the first one electron oxidation of B 20EP and 

B2etio porphyrins are quasi reversible processes (Davis 

1978). Because of this apparent difference in stability 

the nature of the oxidation of B2SSP was explored. 

Analysis of the cyclic voltammetric data 

indicates a following chemical reaction. The data which 

were used for this analysis are displayed in Figure 7. 

The theory of the cyclic voltammetric response ,of 

quasi-reversible and irreversible systems has been 

summarized (Bard and Faulkner 1980). This theory 

predicts that the peak currents of a series of cyclic 

voltammograms will vary linearly with the square root 



Table 7. Potentials for porphyrin oxidations l • 

First Second 
Oxidation Oxidation 

Meso porphyrin 
2 

0.78V 1.3SV 

etio porphyrin 
a 

0.78V 1. 34V 

Octaethylporphyrin 3 
0.81V 1.30V 

Cll-Strap. porphyrin 
3 

0.79V 1. 31 V 

S-Strap porphyrin 
2 

0.82V 1. 34V 

1) All potentials reported vs. SCE. Values for 
meso, etio, and octaathylporphyrins are 
peak potentials. Values for the strapped 
porphyrins are anodic peak potentials. 

2) )}= 100 mV/sec; O.l~ NaC10
4 

in CH 3 CN; 
-4 lxlO M porphyrin; platinum flag indicating 

electrode. 

3) V= 100 mV/sec; O.lM TBA·TFB in CH 2 C1
2

; 
-4 lxlO M porphyrin; platinum flag indicating 

electrode. 

a) Davis 1978 
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of scan rate and will be relatively insensitive to the 

mechanism of a following chemical reaction. Figure 8 

demonstrates that the peak current for the first ox ida-

tion of H2SSP is in agreement with this prediction 

indicating a mass transfer limited reaction. The slope 

oft his 1 in e i s pre d i c ted to b e' (2 .11 xl 0 - 4 ) n ( n a ) 1/ 2 (A 

secl/2V-1/2) for the concentration and electrode used 

in these experiments. In this treatment n is the number 

of electrons transferred overall and na is the number 

of electrons transferred in the rate limiting step. The 

experimental value is 1.83 x 10-4 which indicates that 

both the overall number of electrons transferred and 

the number of electrons transfered in the rate limiting 

step are one. 

The variation of peak potential with scan rate 

is a more sensitive indicator of the mechanism respon-

sible for irreversible or quasi-reversible cyclic 

vo1tammetric waves. It is predicted that for a rever-

sible electron transfer followed by a fast chemical 

reaction the slope of a plot of Ep VS. log scan rate 

will be 30/n mV/decade. This is what is found for H2 SSP 

at slow scan rates (see Figure 9). However, at more 

rapid scan rates the slope is much greater indicating 

an alteration in the mechanism. Theory predicts that at 

rapid scan rates the electrochemical reaction will 
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become rate limiting and that the slope of the Ep vs. 

log scan rate plot will increase. However, theory does 

not predict a slope as large as that seen in Figure 9 

(see Figure 10). 

Digital simulation techniques have been 

successfully applied to a variety of electrochemical 

systems to elucidate mechanistic details (Langhus 

1978). It was found that a reasonable fit of the 

experimental data could be obtained using an EC 

mechanism (see Figure 11). The parameters used to 

generate this simulation are listed in Table 8. A 

series of simulations at varlous scan rates were done 

and the plot of peak potential vs. log scan rate of 

these simulated data exhibits slopes of 30 mV/decade at. 

slow scan rates «300 mV/sec) and 59 mV/decade at more 

rapid scan rates (>500 mV/sec). This is in eccord with 

the theoretical predictions. 

Although the large slope of the Ep vs. log scan 

rate at large scan rates is unexplained it seems likely 

that the first oxidation involves a following chemical 

reaction. Consideration of the previous studies of the 

reactivity of porphyrin radical cations (Fuhrhop 1978) 

suggests that the following chemical reaction is a 

nucleophilic attack on the periphery of the ring system 

by residual water. Additionally, it seems reasonable 
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Table 8. Parameters for EC 

Initial Concentrations 
Initial Molar Cone of A 
Initial Molar Cone of B 
Initial Molar Cone of C 
Initial Molar Cone of D 
Initial Ho1ar Cone of E 
Initial Molar Cone of F 

Diffusion Coefficients 
Diff. Coeff. of A, . CH 
Diff. Coeff. of B, DM 
Diff. Coeff. of C, CH 
Diff. Coeff. of D, CM 
Diff. Coeff. of E, CM 
Diff. Coeff. of F, CM 

First Electron Transfer 
Number of Electrons 
E-Zero, Volts 

2/sec 
2/sec 
2/sec 
2/sec 
2/sec 
2/sec 

simulation 

Heterogeneous Rate Constant, CM/sec 
Alpha 

Second Electron Transfer 
Number of Electrons 
E-Zero, Volts 
Heterogeneous Rate Constant, CM/sec 
Alpha 

First Homogeneous Reaction 
Forward Rate, l/sec 
Reverse Rate, l/sec 

Second Homogeneous Reaction 
Forward Rate, l/sec 
Reverse Rate, l/sec 

Third Homogeneous Reaction 
Forward Rate, l/sec 
Reverse Rate, l/sec 

Experiment Parameters 
Initial Potential. Volts 
First Switch Potential, Volts 
Second Switch Potential, Volts 
Sweep Rate, Volts/sec 
Maximum Simulation Time 
Electrode Area, CM 2 
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.000 E+OO 

.000 E+OO 
1.000 E-03 

.000 E+OO 

.000 E+OO 

.000 E+OO 

1.000 E-05 
1. 000 E-05 
1. 000 E-05 
1. 000 E-05 
1.000 E-05 
1.000 E-05 

.100 E+01 

.342 E+OO 
1.000 E-03 

.SOO E+OO 

.000 E+OO 
-.100 E+01 
1.000 E-01 

.SOO E+OO 

.100 E-08 

.500 E+OO 

1.000 E-05 
1.000 E'-05 

.100 E-05 

.100 E-05 

.000 E+OO 

.800 E+OO 
-1. 00 E-01 
1.000 E-01 

400 
.950 E+OO 
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that this type of reaction would be accelerated by the 

presence of the strap because quaternization of one of 

the peripheral carbon atoms would relieve the strain on 

the porphyrin ring. This would account for the dif

ferent electrochemical response of the strapped and 

unstrapped porphyrins. 

The second and third oxidative waves are 

irreversible and overlapping. The peak potentials are 

estimated to be +1.30V and +1.75V vs. SCE. The half

wave potentials for the oxidation of porphyrin pi 

radical cations t~ di~ations are very close to the 

value observed for the second oxidation of H2 SSP (see 

Table 7). 

The electrochemistry of the Cll-strap porphyrin 

is similar to that of H2 SSP with the exception of the 

third oxidation which is notably absent. This oxidation 

has not been observed for other porphyrins and it seems 

extremely likely that this wave corresponds to the 

oxidation of the sulfide of the strap. Aliphatic 

sulfide oxidations have been extensively studied 

(Coleman 1981, Mann and Barnes 1975). The peak poten

tials for the irreversible oxidations of thioethers are 

compared with the value observed for the third oxida

tive wave of H2 SSP and the zinc and iron derivatives of 

H2 SSP in Table 9. 
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Table 9. Peak potentials for the oxidation of sulfides l . 

Peak 
Name Potential Reference 

Dimethylsulfide 1. 75V Hann and Barnes 
1970 

Di-n-butylsulfide 1.79V Mann and Barnes 
1970 

S-Strap porphyrin 
2 

1. 51V This work 

Zn S-Strap porphyrin 2 1.86V This work 

Fe S-Strap porphyrin-Cl 3 2.72V This ~l7ork 

1) All potentials reported vs. SCE. 

2) V 100 mV/sec; 0.1M NaC10 4 in CH 3 CN. 

3) V = 100 mV/sec; O.2M TBA'TFB in CH 4CC1 2 . 
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Thioether oxidation can be facilitated by the 

presence of an electron pair capable of interacting 

with the sulfur based radical. This type of facilita

tion is not seen in the electrochemistry of H2SSP. The 

centric position of the sulfur atom in H2 SSP and the 

distance from the sulfur to the porphyrin ring prevent 

any direct interaction of the electrons localfzed on 

sulfur and those of the porphyrin ring. A porphyrin 

with one or more thioethers located nearer to the 

periphery of the ring would be more likely to show 

facilitated thioether oxidation. The porphyrin system 

recently reported by Clezy et ale (1981) in which a 

thioether is directly appended to a meso position is a 

good candidate for facilitated thioether oxidation and 

the unusual elect~onic absorption spectrum of this 

compound may be an indication of interaction between 

the sulfur lone pairs and the porphyrin pi electrons. 

Characterization of the Zinc Sulfide Strap Porphyrin 

The zinc complex of H2SSP was prepared with the 

goal in mind of studying a metallo-sulfide strapped 

porphyrin in which the metal did not directly partici

pate in oxidation and reduction. The incorporation of a 

metal ion was expected to add·rigidity to the porphyrin 

macrocycle and simplify the electrochemistry. It will 

be shown below that these expectations were correct. 
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The UV/vis spectral data of ZnSSP and several 

analogous zinc porphyrins are tabulated in ~able 10. 

There are no significant differences between these 

spectra suggesting that the electronic distribution in 

ZnSSP is normal. The PHR spectrum of ZnSSP showed no 

anomalies and was quite similar to that of H2 SSP. The 

chemical shifts for the protons of ZnSSP are listed in 

Table 11. These results demonstrate that the structure 

of ZnSSP is not substantially altered by the metal 

insertion reaction. Also, the position of the strap is 

not affected by the presence of the zinc atom. 

Electrochemistry of ZnSSP 

C~clic voltammetry of ZnSSP in CH 3CN with 0.1 M 

NaCI0 4 supp~rting electrolyte at anodic potentials 

shows three waves. The first of these is quasi rever

sible ( Ep=80 mV; )) =100 mV/sec)(see Figure 12). The 

greater stability of the product of this oxidation with 

respect to the product of the analogous oxidation of 

the free base is most likely due to the added rigidity 

imparted to the ring by the presence of the metal ion. 

Also, the electron density and polarizability of the 

metal ion are expected to stabilize the radical cation. 

This stabilization is displayed in the cathodic shift 

in the potential of the first oxidation of zinc porphy

rins with respect to analogous free base porphyrins. 
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Table 10. UV/visible data of Zn Porphyrins. 

Soret S DC Solvent Reference 

ZnSSP 412 nm 542 578 CH 2Cl 2 

ZnOEP 407 536 578 Dioxane a 

Zn etio I 402 532 568 Benzene a 

Zn Meso DME 400 532 578 CH 2Cl 2 b 

ZnTTP 425 550 589 Benzene a 

Zn Proto IX 411 541 579 CH 2Cl 2 b 

a) Gouterman 1978 

b) Falk 1960 



Table 11. Chemical Shift of Protons in Zinc SSP. 

Methine 

-CH
3 

-CH 2 CH 3 

-CH
2

CH
3 

Chemical Shift (ppm) 

9.9, 9.8 

3.6, 3.5 

4.0 

1.8 

58 



l.xlO-'M Zn S-Strap Porphyrin 
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figure 12. Cyclic voltammetry of Zn SSP. Solvent - CH 3CN; Supporting 

electrolyte - O.lM NaC10
4

; Indicating Electrode - platinum 

flag. V = 50 mV/sec. 
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The half-wave potentials for the first one 

electron oxidation of ZnOEP and Zn etio porphyrin are 

0.63V and 0~51V vs. seE respectively in agreement with 

the value of 0.57V for ZnSSP (Table 12). The one elec

tron oxidation product of ZnOEP has been characterized 

as a pi-radical cation (Fuhrhop 1975). Thin layer 

spectroelectrochemistry at a gold minigrid was used to 

record the spectrum (650-350nm) of the oxidation 

product of ZnSSP. This spectrum (see Figure 13) 

exhibits the reduced intensity of the Q-bands and the 

reduced intensity, blue shifted Soret band which are 

typical of pi-radical cations (Fuhrhop 1975). 

The second oxidation of ZnSSP is also quasi

reversible. However. this wave exhibits much smaller 

currents for the cathodic peak than the anodic peak. 

The peak potential for this oxidation i8 1.08V V8. seE. 

This value is reasonable compared to the value of 1.02V 

V8. seE for ZnOEP (Felton 1979). This oxidation most 

probablY'produces the di-cation in a manner analogous 

to ZnOEP. The third oxidation is totally irreversible 

with no cathodic peak. The anodic peak potential is 

+1.86V vs. seE and the peak current indicates that thi~ 

is a multielectron process. A third oxidation is not 

reported for other zinc porphyrins and the reasonable 

conclusion was drawn that this wave was due to the 
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Table 12. Averaged peak potentials of zinc porphyrins 1 • 

Zn 

Zn 

Zn 

Zn 

First Second 
Oxidation Oxidation Reference 

SSP 0.S7V 1.08 2 a 

OEP 0.63V 1. 02 b 

etio O.SlV c 

Heso O.SOV 0.97 a 

1) (Ep,a + Ep ,c)/2 VS. seE. 

2) -; = 100 mY/sec; O.l!! NaCl0
4 

in CH 3CN; platinum 
flag indicating electrode. 

a) This work. 

b) Bottomley and Kadish 1981. 

c) Felton 1978. 
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oxidation of the sulfide. The anodic shift of the peak 

potential of the sulfide oxidation of ZnSSP with 

respect to H2 SSP may be dueto coordination of the 

sulfide to the metal which would make the sulfide 

oxidation more difficult. 

Cyclic voltammetric experiments were also done 

on Zn meso porphyrin, ZnOEP, and ZnTPP. These porphy-

rins exhibited only two well defined quasi reversible 

oxidations at potentials in agreement with the values 

found in the literature (Felton 1979). 

UV-visible and NMR Studies of the 
Iron Sulfide Strap Porphyrin 

UV-visible spectroscopy has long been used to 

characterize iron porphyrins (Falk 1960). Recent 

efforts have been directed at calculation of optical 

spectra of iron porphyrins by several molecular orbital 

methods (Loew 1983). The spectroscopic properties of 

several ferric porphyrins including the iron thioether 

strap porphyrin and Horse Heart cytochrome care sum-

marized in Table 13. 

The UV/visible spectrum of FeSSPCl is not sig-

nificantly different from that of other ferric octa-

alkyl porphyrin chlorides. This is consistent with the 

results obtained for ZnSSP and the indication is that 

the porphyrin ring is not distorted by the presence of 



Table 13. UV/visib1e data for iron porphyrins. 

Soret beta alpha extra Solvent 

Fe(III)HHCytC 4l0nm 530 570 695 Phosphate Buffer 
pH=7.0 

Fe (IllS-Strap Cl 378 498 530 636 CH 2C1 2 

Fe(III)S-Strap(N-Melm) + 394 486 530 616 CH 2.C1 2 

Fe(III)OEP Cl 378 506 536 636 CH
2

C1
2 

Fe(III)OEP(1-Melm)2 + 402 523 552 CH 2C1 2 

Fe(III)Mesoporphyrin DME Cl 378 506 534 636 CH
2

C1 2 

Fe(III)Mesoporphyrin DME (Tm) 2 + 402 528 554 CH
2

C1
2 

Fe(III)TPP Cl 378,414 514 580 696 CH 2C1 2 
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the strap. Also, the interaction of the iron ion and 

the porphyrin appears to be unaltered by the strap. The 

spin state of the iron in ferric porphyrins is general

ly·indicated by the UV/visible spectrum and the strong 

similarity of the spectra of FeOEPCI and FeSSPCI indi

cates the strong likelihood that the iron in FeSSPCI is 

high spin (S"5/2). 

The electronic spec~rum of the iron (III) 

complex of the thioether strap porphyrin in the 

presence of O.IM N-methyl imidazole is unusual in the 

following respect. When compared to the spectra of 

other ferric octa-alkyl porphyrin complexes with 

imidazole derivatives, the electronic transitions occur 

at slightly higher energies. Several reasons for this 

difference will be considered. First, the presence of 

the strap may cause an alteration of the electronic 

energy levels of the porphyrin by deformati~n of the 

ring system. The gross similarity of the UV/vis spectra 

of the free base strapped porphyrins and non-strapped 

porphyrins indicates that no major deformation of the 

ring system has occurred. The previously detailed simi

larity of the UV/vis spectra of strapped and unstrapped 

zinc porphyrins demonstrates that metal insertion can 

increase the similarity in the electronic energy levels 

of these species. For these reasons it seems unlikely 
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that deformation of the ring system is responsible for 

the unusual spectrum of the N-methyl imidazole complex. 

Additionally, the doming which is evident in most 

ferric porphyrins would decrease the strain on the ring 

by de£reasing the distance between the two attachment 

points of the strap. 

A more attractive explanation involves the 

position of the iron atom. In many complexes of nitro

genous bases with ferric porphyrins the iron atom is 

centered in the plane of the porphyrin <Scheidt and 

Gouterman 1982). Penta-coo~din~te ferric porphyrins 

exhibit an out-of-plane displacement of the iron atom 

of about 0.5 A. The spectra of ferric porphyrins are 

influenced by the interaction of the metal and the 

porphyrin (Gouterman 1978) which in turn is highly 

dependent on the position of the iron atom. The iron 

atom in the N-methyl imidazole complex of FeSSP+ is 

expected to exhibit a smaller out of plane displacement 

than that of FeSSPCl and FeOEPCI due to the coordina

tion of the imidazole nitrogen which would tend to pull 

the iron back into the porphyrin ring. However, the 

iron is expected to be slightly ou~ of the plane due to 

the nonequivalence of the axial ligands. The expected 

effect of this type of geometr_y is a electronic 

spectrum which is intermediate between those of ferric 
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porphyrin chlorides and ferric porphyrin bis(imidazole) 

complexes. 

The coordination of the sulfide is also likely 

to involve donation of some electron density from the 

sulfur to the iron and this interaction could account 

for the slightly higher energies of the absorbances in 

the electronic spectrum. The combination of changes in 

the position and electron density of the iron are the 

expected results of sulfide coordination. It seems 

l~kely that the electronic spectrum of the N-methyl 

imidazole complex of FeSSP+ is indicative of 

coordination of the sulfide. However, there is no 

evidence of sulfide coordination in the UV/visible 

spectrum of FeSSPC1. These conclusions are of great 

importance to the electrochemical studies which will 

discussed later. 

The general issue addressed by the above dis

cussion of the electronic spectrum of FeSSPCl is the 

interpretation of the spectra of iron porphyrins with 

non-identical axial ligand~. The best theoretical 

methods are not yet capable of being used as predictive 

tools in this area.'However, the differences in the 

spectra of strapped and non-strapped ferric porphyrins 

reported ~ere seem to indicate definite shifts in the 

energetics of the electronic transistions can be 
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expected in the spectra of ferric porphyrins with two 

dissimilar axial ligands. In a general way the spectrum 

of such a complex can be expected to be intermediate 

between that of a high-spin and low-spin complex of a 

ferric porphyrin. Dissimilar axial ligands should 

result in a displacement of the iron atom out of the 

porphyrin ~lane toward the stronger ligand. Neverthe

less, the crystal structure of a ferrous porphyrin 

containing an imidazole and a thioether as axial 

ligands (Mashiko et al. 1981) shows that the iron atom 

is slightly displaced toward the thioether. This is in 

sharp contrast to the suggestion that thioethers are 

very weak ligands. However, displacement of the iron 

atom toward either side of the porphyrin would reason

ably lead to an electronic spectrum which contains some 

features of both high and low spin states. 

The persistence of an absorption band at longer 

wavelengths (616 nm) in the presumably low spin system 

of FeSSP(N-MeIm)+ is encouraging because one might 

expect a model porphyrin for cytochrome c to display 

some property analogous to the highly touted "695 band" 

of Fe(III)HHCytC. However, this band cannot be directly 

assigned to a iron-sulfur charge trans~er process 

(Makinen and Churg 1983). This is not to say that this 

band is not diagnostic of the native configuration in 
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cytochromes c. Rather, a more complicated process 

involving the molecular orbitals of the porphyrin 

should be credited for this absorbance. Such a 

molecular process will be dependent on heme exposure 

and the hydrophobicity of the heme environment. 

Furthermore, absorbances in this region (600-650 nm) 

are generally an indication of a high-spin iron and in 

light of the previous discussion of the effect of 

dissimilar axial ligation this band is most likely 

another feature of porphyrins containing disimilar 

axial ligands. The expectation of an absorbance at 695 

nm in the spectrum of model ferric porphyrins with one 

thioether axial and one nitrogenous base as axial 

ligands is mistaken '(Mashiko et ale 1981). 

The binding of N-methyl imidazole to ferric 

porphyrins is an area of long standing interest (Clark 

1960). Previous studies have indicated that in di

chloromethane two imidazo1es bind to ferric tetra

phenylporphyrin with formation constants such that the 

monoimidazole complex is not a major component at any 

ligand concentration (Coyle, Rafson, and Abbott 1973). 

In other words formation constant for the binding of 

the second imidazole is much greater than the constant 

for the coordination of the first axial ligand. How

ever, in aromatic solvents the situation is complicated 
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and unresolved. The binding of imidazole to ferric 

octaalkyl porphyrins was assumed to be similar. The 

spectra obtained during the titration of FeOEPCI with 

N-methyl imidazole in CH 2Cl 2 are shown in Figure 14. 

The spectra appear on first inspection to indicate the 

presence of two and only two interconvertab1e species. 

This would be in agreement with the previous studies on 

FeTTPCI. However, the titration curve (see Figure 15) 

does not indicate the simple coordination of two 

ligands. Instead it appears that the monoimidazole 

complex is formed initially and that the bis(imidazole) 

complex does not predominate until the concentration of 

uncomplexed N-methyl imidazole is larger than 2.x10- 3• 

Figure 16 shows that the disappearance of the absor

bance of FeOEPCI is not matched by the appearance of 

the bis (imidazole) complex in the spectrum. This 

discrepancy allows a spectrum of a third species to be 

extracted from the titration. This spectrum is dis

played in Figure 17. Due to small amount of this 

species which is present in the solution and 'the uncer

tainty of the sequential binding constants this 

spectrum is somewhat approximate. 

The binding of N-methyl imidazole ~o FeSSPCI 

is less clear than the binding to non-strapped porphy

rins. The spectra obtained during the titration are 
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displayed in Figure ·18. The titration curve from these 

data (see Figure 19) could not be modeled by the 

sequential binding of two imidazoles or a thioether and an 

imidazole. This type of behavior has been observed in 

previous studies (Baldwin, Klose, and Peters 1976, Traylor 

1981, Coyle, Rafson, and Abbott, 1973). These studies did 

not result in a complete explanation of the complexity 

which results in these atypical titration curves. 

Unfortunately, no further conclusions can be supported by 

this study and further research into this aspect of iron 

porphyrin coordination chemistry is indicated. 

NMR of Iron Porphyrins 

NMR of iron porphyrins is an experimentally 

demanding technique which can deliver a tremendous 

amount of information (La Mar and Walker 1978). NMR can 

provide spectral fingerprinting of iron porphyrin spin, 

oxidation, and ligation states (Goff 1983). With this 

in mind the limited results are presented. 

Fe(III)Mesoporphyrin DME Cl 

Fe(III)S-Strap porphyrin Cl 

pyrrole 
subatituents 

40-50 ppm 

45,48 ppm 

This paucity of results still allows certain 

guarded conclusions to be dr~wn. High spin ferric 

meso protons 

-55 ppm 
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porphyrins exhibit resonances greater than 40 ppm from 

TMS. No other spin state exhibits such large contact 

shifts. Therefore, FeSSPCl is high spin as is Fe Meso-

porphyrin Cl. This confirms the conclusion drawn from 

the electronic absorpton spectrum. The ferric imidazole 

tailed porphyrin (Mashiko et ale 1981) and ferric 

hanging base porphyrin (Momenteau and Lavalette 1982) 

also are high spin at room temperature when isolated as 

their chloride salts. These complexes contain two axial 

ligands one of which is an strong field ligand and 

consequently it is not surprising that FeSSPCl is also . . 

high spin. The number of axial ligands can not be 

predicted from these results (Goff 1983). The NMR 

characteristics of ferric porphyrins with unsymmetrical 

axial ligands have not been widely studied and it is 

likely that the difference in isotropic shifts between 

penta-coordinated ferric porphyrins and those with two 

dissimilar axial ligands is relatively small. 

Electrochemistry of Iron Porphyrins 

Cyclic voltammetry of the iron thioether strap 

porphyrin and a series of other iron porphyrins has 

been done in order to obtain an indication of the 

influence of sulfide coordination on the Fe+ 3 /Fe+ 2 

redox process in addition to the study of the oxida

tions of the porphyrin macrocycle and sulfide. Three 
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oxidative waves are seen in the cyclic voltammogram of 

FeSSPCl in CH 2Cl 2 with 0.2 M TBA-TFB as supporting 

electrolyte. The half wave potentials for the first two 

oxidations and the Fe+3/~e+2 reduction of a series of 

ferric porphyrin chlorides are in Table 14. 

The first one electron oxidation of FeSSPCl 

appears to be quasi-reversible (see Figure 20). Assuming 

the absence of a following chemical reaction and an alpha 

value of 0.5, the heterogeneous rate constant for this 

oxidation was estimated from the variation in peak 

potential with scan rate using the following equation: 

J 

ko .. t [D1i V (:i)]2 

Tabulated values of t were used (Nicholson 1965) and 

the value of 10-3 sec- 1 cm- 2 was determined. This value 

is somewhat smaller than values reported for other 

ferric octaalkyl porphyrin chlorides (Kadish and 

Larson 1977). 

The product of the first oxidation of ferric 

octaethylporphyrin has been recently characterized as a 

pi-radical (Scholz et a1. 1982, Buisson et ale 1982, 

Phillippi, Shimomura, and Goff 1981). In order to 

verify the product of the analogous oxidation of 

FeSSPCl thin layer spectroelectrochemical observation 

of the product was done. The spectra of the starting 



Table 14. Potentials for ferric porphyrins 1 

Fe+3 /Fe+ 2 First Oxidation Second Oxidation 

Ferric Meso Porphyrin (Cl) -O.32V 1. 07 

Ferric Octaethylporphyrin (Cl) -0.34V 0.92 

Ferric Cll 
Strap Porphyrin (Cl) -0.29V 1.05 

Ferric S-Strap Porphyrin (Cl) -0.20V 0.96 

1) (Ep,a + ~ ,c) /2 for Fe+ 3 /Fe+ 2 and first oxidation. Anodic 
pea k pot en t 1. 11 for sec 0 n d 0 x ida t ion v s. S'C E • 

1.29 

1.38 

1.39 

co 
o 



Figure 20. 
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Indicating electroue - platinum flag. 
500 mV/sec. 

)J= 50, 100, 200, 300, 400, 

CD 
t-' 



82 

material and the oxidation product are shown in Figure 

21. The spectrum of the oxidation product confirms the 

analogy between FeSSPCl and FeOEPCl. This analogy 

supports the results of the UV/visible spectroscopy by 

again demonstrating that the electronic energy levels 

associated with the macrocycle are not altere~ by the 

presence of the strap. 

The second oxidation of ferric porphyrin 

chlorides has not been characterized. It is likely that 

this oxidation involves the removal of a second elec

tron from the porphyrin ring as occurs with other 

metalloporphyrins, for instance zinc porphyrins. How

ever, this is rather speculative. The analogy between 

the strapped and non-strapped porphyrins is maintained 

with respect to this uncharacterized oxidation. 

The third oxidation occurs at a potential of 

2.72V vs. SeE. It is tempting to characterize this as 

the oxidation of the sulfide, but since this potential 

is near the solvent breakdown, spectral confirmation is 

impossible and no definite assignment can be made. It 

is noteworthy that the oxidation of the sulfide strap 

is not seen in the normal potential window for alipha

tic sulfide oxidations. The oxidation of the sulfide is 

made much more difficult by the presence of the iron 

atom. This is consistent with coordination of the 
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Figure 21. Thin layer spectroelectrochemistry. 
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sulfur atom and substantial electron donation to the 

metal which would make removal of an electron from the 

sulfur atom more difficult. 

The Fe+3 /Fe+ 2 redox process is of primary 

importance to the functioning of Cytochrome c. Previous 

studies have indicated that the coordination of an 

aliphatic sulfide to an i~on porphyrin or the replace

ment of an imidazole by a methionine results in an 

anodic shift in the redox potential for this process 

(Wilson 1974, Mashiko et ale 1981). The magnitude of 

this shift in both cases was 100-150 mV. Unfortunately, 

the coordination of the thioethers in these studies is 

not well characterized under the conditions of the 

electrochemical measurements. In fact, the model com

pound used by Mashiko et al.(1981) slowly egressed the 

thioether ligand from the solid state and it seems 

extremely unlikely that it was coordinated under the 

conditions used in the electrochemical studies. 

Although the electronic spectrum of FeSSPCl does not 

show conclusive evidence of thioether coordination the 

likelihood of such coordination is much greater in this 

case than in previous studies. The shift of 100 mV in 

the half-wave potential f~r reduction of FeSSPCl com

pared to the analogous reduction of FeC 11 SPCl indicat~s 

that the thioether must be coordinated in at least one 
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of the oxidation states. Treatment of the half-wave 

potentials for the reduction of ferric porphyrins with 

the square mechanism where the two states correspond to 

FeSSPCI and FeCIISPCI indicates that coordination of 

the thioether is stronger in the ferrous oxidation 

state by 2.3 kcal/mole. Alternatively, the ratio of 

bindi~g constants for the thioether to the ferrous and 

ferric oxidation states is 50. 

However, the magnitude of the shift in the 

redox potential is not sufficient to explain the large 

positive redox potential of Cytochrome c. This is not 

partieularly alarming since several featuies of the 

structure of Cytochrome c which have been predicted to 

account for the large positive redox potential are not 

incorporated into this model. For instance FeSSPCI is 

fully exposed to the solvent and is not found in a 

small island of low dielectric solvent in an aqueous 

solution. Both of these conditions have been suggested 

as structural sources of the observed redox potential 

of Cytochrome c. 



CONCLUSIONS 

It has been demonstrated that the electro

chemical properties of free base and metallo

porphyrins can reveal some of the details of the 

alteration of the chemical properties of the porphyrin 

by interaction with the protein moiety. Although these 

interactions have been a major part of the explanat~on 

of th~ unusual chemical properties of a wide variety of 

porphyrin containing proteins, few examples of the 

alteration of porphyrin reactivity by systematic struc

tural variation have addressed the type of structural 

variations which are likely to be found in protein 

systems. Such variations have been used in this study 

to demonstrate the influence of thioether coordination 

on iron porphyrin redox potentials. This issue is of 

direct importance to an understanding of structural 

featu~es on the redox potential of cytochrome c. 

The specific conclusions of this study are: 

1) strain on the 'porphyrin macrocycle destabilizes the 

cation radical ofa free base porphyrin with respect to 

a following chemical reaction, 

2) the presence of a metal ion in the porphyrin 
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stabilizes strapped porphyrins with respect to this 

following reaction, 

3) thioether coordination stabilizes the lower oxida

tion state of the Fe+ 2 /Fe+ 3 redox couple in iron 

porphyrins, 
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4) the donation of electron density from the'sulfur to 

the central metal occurs in the metallo-thioether 

strapped porphyrins as indicated by the anodic shift in 

the peak potential for thioether oxidation, 

5) an iron porphyrin complex with one imidazole 

axial ligand can be observed by electronic spectroscopy 

with the appropriate use of spectral subtraction 

techniques, 

6) this mouoimidazole complex is more prevalent with 

the strapped porphyrins in which one side of the 

porphyrin is hindered. These conclusions support the 

general assertation that the mixed thioether-imidazole 

coordination seen in cytochrome c is not the sole 

structural feature responsible for the large, positive 

redox potential. 



FUTURE DIRECTIONS 

Several areas of further study are strongly 

suggested by the work reported here. First, the 

electrochemistry of iron porphyrins with axial ligands 

which model cytochrome c in solvents of low dielectric 

constant has been suggested to be the key to unraveling 

the behavior of the porphyrin in cytochrome c. The 

dielectric constant in the interior of cytochrome c has 

been estimated to be 7-8 • Electrochemical measure

ments in solvents of this dielectric constant will be 

challenging due to potential problems with solution 

resistance and liquid junction potentials. 

Model porphyrins for other porphyrin containing 

proteins are also interesting areas for further study 

in the same vein as this work. Much work has been done 

on systems modeling myoglobin, cytochrome oxidase, and 

cytochrome P-450. Nevertheless there are many contribu

tions to this work that could be made by detailed 

electrochemical studies. 

The characterization of the products of the 

oxidations of iron porphyrins has been an active 

research area for several years and this is very likely 
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to continue. The use of thin layer spectroelectro

chemistry using the vapor deposited platinum electrode 

described here is an area that should be explored, 

particularly with respect to the observation of tran

sient spe~ies which are formed during the course of the 

more complicated oxidative processes. 
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