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ABSTRACT 

The electrochemical reduction of various water soluble porphy

rins was studied by a variety of analytical techniques. Polarography 

and cyclic voltammetry were used to obtain the general reduction behav

ior of the various water soluble porphyrins. Thin-layer coulometry and 

spectrometry were used to obtain the number of electrons involved in 

each reduction and the spectrum of each reduced form. 

The reduction of (T^PyCH^P)!^ or 4-N-methyltetrapyridylporphin 

tetraiodide results in the total addition of six electrons and up to 

six protons. The reduction in acid solution (pH 0 to 2) results in 

three two-electron steps. As the pH is increased the reduction changes 

to a two-electron step, followed by a four-electron step (pH 2 to 6); 

then a four-electron step followed by a two-electron step (pH 7 to 9); 

and finally a single six-electron step (pH 9 to 14). In the lowest pH 

region the porphyrin exists as a diacid where two of the pyrrole nitro

gens are protonated. The two-electron reduction of the diacid P(0)H^ + 

results in the formation of P(-II)H,-+, the phlorin monocation P(-IV)H^+, 

The tetrahydroporphyrin monocation and P(-Vl)Hg, the porphyrinogen, are 

produced in further reduction steps. From pH 2 to 14 the reduction of 

the free base PtO)^ results in the formation of P(-II)H^, the phlorin, 

P(-IV)H^, the tetrahydroporphyrin, and P(-Vl)Hg, the porphyrinogen. 

The acid-base properties of each oxidation state were investi

gated and the pKa's of the diacid-free base equilibrium (pKfl = 4.01), 

the phlorin monocation-phlorin equilibrium (pK = 0.96), and the 
d 
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tetrahydroporphyrin monocation-tetrahydroporphyrin equilibrium (pK < 
d 

3.5) were investigated. 

Two other tetrapyridyl derivatives, the 2 (ortho) and 3 (meta) 

tetrapyridylporphyrins were investigated. Only the diacids of these 

two derivatives were studied. The meta derivative was reduced in two 

one-electron steps at a potential more negative than either the ortho 

or para derivatives. The first one-electron product of the meta deriv

ative disproportionates rapidly to the original diacid and the two-

electron phlorin monocation, resulting ultimately in the formation of 

the phlorin monocation. The second one-electron reduction also results 

in the formation of phlorin monocation. The ortho derivative was re

duced in two reversible one-electron steps at a potential more positive 

than either the meta or para derivatives. The first one-electron prod

uct results in the formation of P(-I)H^+*, a paramagnetic product whose 

ESR spectrum was obtained. The second one-electron step results in the 

formation of P(-II)H^?. The visible spectrum of neither the one- or 

two-electron product are similar to any that we have previously ob

served. Further investigation is necessary before their structures can 

be definitely determined. 

An iron derivative of (T^PyCH^P)l^ was synthesized and its re

daction mechanism was investigated. As a solid and in nonaqueous sol

vents the iron derivative exists as a yu-oxo-bis dimer. In aqueous 

solution the ̂ i-oxo-bis dimer reacts with water and forms a dihydroxo-

bridged dimer. This dimer, upon the addition of acid, reacts with one 



proton to form a postulated protonated dihydroxo-bridged dimer, and 

with the addition of another proton the monomer is formed. The di

hydroxo-bridged dimer is the most difficult to reduce and it is re

duced with the addition of one electron per mole dimer. The 

protonated dihydroxo dimer is the easiest to reduce and its reduction 

results ultimately in the formation of Fe(lll) monomer. The monomer 

reduction is a reversible one-electron step and results in the forma

tion of Fe(ll) monomer. 



INTRODUCTION 

Since the discovery of the necessity of porphyrins in many 

biological electron transport systems, the reduction of metal and 

metal-free porphyrins has been of great interest to the chemist. With 

the synthesis of chlorophyll (Woodward 1961), it was discovered that 

many of the reduced species of porphyrin systems are of great impor

tance in the biosynthesis of the stable porphyrin ring. There are also 

several different types of porphyrin disorders, such as acute porphyria 

in human beings, that are a function of not producing the proper re

duced porphyrin in the biosynthesis of various hemes. A better under

standing of the reduction mechanisms of a porphyrin system could help 

to develop understanding of porphyrin participation in biological elec

tron transport and heme and chlorophyll biosyntheses. 

Biological iron porphyrins are often used to transport oxygen 

so that animals can use this oxygen to produce energy. Other iron 

porphyrins including cytochromes and certain enzymes are involved in 

many different electron transport processes. In plants chlorophyll, a 

magnesium porphyrin, plays an important role in photosynthesis. The 

chlorophyll helps to convert light into energy. Most forms of life de

pend on some sort of porphyrin system in which oxidation or reduction of 

the porphyrin takes place. 

Since water is a major component of many biological systems, it 

would be of great interest to many workers to study porphyrin systems in 
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an aqueous medium. Unfortunately most naturally occurring porphyrins 

are not sufficiently soluble in water to carry out an uncomplicated in

vestigation of electron transport. Previous investigations of porphy

rins in aqueous solution have led to either precipitation or aggregation. 

With such complications it is very difficult to get a good understanding 

of the electron transport mechanism alone. 

Direct sulfonation of the porphyrin ring (Walter 1953, Neuberger 

and Scott 1952) has been tried. This was only partly successful because 

sulfonation alone was not sufficient to prevent aggregation. Acid base 

equilibria of the sulfonate derivatives interfered with a study of the 

porphyrin over the entire pH range (0 to 14). Fleischer et al. (1971) 

made a sulfonated derivative of a tetraphenylporphin, but this work was 

also hampered by not being able to vary the pH over a wide range. 

Fleischer's porphyrin "salts" out of solution in the low pH range be

cause of the sulfonate groups. Stein and Plane (1969) made a water 

soluble porphyrin by reaction of protoporphyrin IX dimethyl ester with 

ethylenediamine. This did increase the solubility of the porphyrin con

siderably but they were unable to definitely characterize the porphyrin 

that they had synthesized. 

Water and detergent mixtures have also been used to increase 

the solubility of porphyrins (Phillip 1963). Another mixture that has 

been used is aqueous pyridine (Kassner and Wang 1966). The trouble 

with studying porphyrins in such systems is not really knowing if the 

porphyrin is behaving in the same manner as it would in water alone. 
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Many workers have also used nonaqueous solvents to increase the 

solubility. Most porphyrins are more soluble in nonaqueous solvents 

than in water. Methanol (Baum and Plane 1966), dimethylformamide 

(Peychal-Heiling and Wilson 1971a), and benzonitrile (Wolberg and 

Manassen 1970) are but a few of the nonaqueous solvents used. 

Fleischer (1962) synthesized a water soluble porphyrin by in

corporating pyridine rings in the porphyrin ring. This meso-tetra-

pyridyl porphyrin, which will be designated as T^PyP, was only soluble 

in the pH region from 0 to 2. The solubility in this region is largely 

the result of the protonation of the pyridine rings, the pKa of the py

ridine nitrogen being approximately two. 

Recently, Hambright and Fleischer (1970) have described a meth

ylated derivative of T^PyP. The meso-tetra substituted porphyrins de

scribed in this work are designated in Figure 1. In this instance the 

meso or methine bridge substituent (positions 1, 2, 3, and 4) is a py

ridine ring designated ortho, para, or meta depending on the position 

of the pyridine nitrogen. The peripheral positions (5 to 12) are all 

bonded to hydrogen making the compound a porphin. 

To provide solubility, the pyridine nitrogens are caused to 

bear a positive charge either through protonation or N-methylation. In 

the latter case the nitrogen charge is pH independent, thus providing 

adequate solubility over the entire pH range. 

An example of the designation is ferric meso tetra(ortho 

N-methylpyridyl)porphin tetraiodide, shown as Fe(lIl)(T0CH3PyP)l^. 



II 12 

(TpP CH3P)I4 (Free base) 

xz 

T0(^ P (Diocid) 
R-H+ 

Figure 1. Structure of meso-tetrapyridyIporphin derivatives. 
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The pyrrole nitrogens of the porphin-free base PCO)!^ can also 

be protonated. This leads to the formation of the porphin diacid desig

nated P(0)H^+^. The numerals in parentheses in the previous designa

tions are used to denote the oxidation state of the porphyrin ring. 

All other oxidation states will be given with Roman numerals. 

Electrochemistry 

In order to better understand biological electron transport 

processes, studies which help to understand the mechanisms of the oxi

dation and reduction of metal and metal-free porphyrins are needed. 

One of the easiest ways to study electron transport is with the use of 

electrochemical techniques. Electrons can be added or removed from a 

porphyrin without adding extraneous reagents, making interpretation of 

results much simpler. 

The first electrochemical technique used to study the oxidation 

and reduction of metal porphyrins was potentiometry (Clark 1960, Falk 

1964, Harbury and Loach 1960). These potentiometric measurements were 

made while simultaneously taking spectrophotometry measurements. 

These spectrophotometry and potentiometric studies indicated the in

fluence and attendant complexity of 2-axis ligand interactions. 

These measurements indicated that metal and metal-free por

phyrins could possibly be investigated using other electrochemical 

techniques. Most of the earlier works were centered around the use of 

polarography. Bednarski and Jordan (196 7) worked in aqueous solution 

and studied the reduction of protoporphyrin IX. Their work indicated 

the presence of a dimeric iron compound and 2e reduction process. 
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Poor solubility of the porphyrin made it very difficult to interpret 

their results. 

Clack and Hush (1965) worked in nonaqueous dimethylformamide 

and studied the reduction of porphins and metalloporphins. They de

scribed successive reversible one-electron reductions of the porphyrin 

ring to form mono and difr anions of both metal and metal-free porphins. 

They were the first workers to indicate that a porphyrin ring could be 

oxidized and reduced instead of the metal to which it is bound. In 

such cases the lowest unoccupied porphyrin ring molecular orbitals are 

in a lower energy state than the metal orbitals. If, however, the per

tinent orbitals of the central metal atom are comparable in energy to 

those of the ring, then both the porphyrin ring and metal can undergo 

electron transfer (Wolberg and Manassen 1970). 

Oxidation of the metal porphyrins was also carried out in non

aqueous solvents (Stanienda and Biebl 1967). Oxidations can result in 

mono and It cation radicals, the oxidative analog of the mono and di 
anions mentioned previously (Fajer et al. 1970). 

With the success of polarography came the use of cyclic volt-

ammetry allowed the researcher not only to reduce the porphyrin at 

different electrode surfaces but to change the time scale of the elec

trochemical experiment. Polarography and cyclic voltammetry were car

ried out in aqueous solutions and mixed solvents. Davis and Martin 

(1966) used polarography and cyclic voltammetry to study the reduction 

of iron protoporphyrin IX in an ethanol-water mixture while Kadish 

and Jordan (1970) studied the same system with polarography and cyclic 
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voltammetry in aqueous solution. Davis and Martin (1966) described a 

one-electron, reversible reduction of monomeric iron protoporphyrin IX. 

Kadish and Jordan (1970) described both a two- and one-electron reduc

tion of a dimeric iron protoporphyrin IX. The one-electron reduction 

was followed by a disproportionation resulting in a two-electron prod

uct. This study was again hampered by precipitation and aggregation. 

Other metal complexes such as manganese have also been studied in 

aqueous-ethanol mixture using polarography and cyclic voltammetry 

(Davis and Montalvo 1969). 

Polarographic and cyclic voltammetric reduction of metal-free 

porphyrins in aqueous solution was first demonstrated by Ricci, Pina-

monti, and Bellavita (1960). The first reduction step involved two 

electrons and resulted in the formation of an insoluble precipitate. 

Interpretation of this and further reduction steps was hampered by ad

sorption on the electrode surface. 

As more workers turned to electrochemical techniques to oxi

dize and reduce porphyrins, electrochemical experiments were combined 

with other instrumental techniques such as nuclear magnetic resonance, 

electron spin resonance, and visible spectrometry. Not only could a 

specific oxidation state be generated but each reduced or oxidized 

species produced could be identified. Inhoffen and Jager (1964) showed 

by controlled potential electrolysis and nuclear magnetic resonance 

that the reduction of mesoporphyrin IX dimethyl ester free base in a 

CH»0D-D_P0. mixture results in a two-electron reduction to form a 
3 3 4 

phlorin or dihydroporphyrin in which the meso or 1, 2, 3, or 4 position 
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is saturated. Dolphin et al. (1971) and Fajer et al. (1970) have used 

both controlled potential electrolysis and electron spin resonance to 

study the If cation radicals of several metal porphyrins. 

With the advent of a thin-layer, optically transparent, elec

trochemical cell (Heineman, Burnett, and Murray 1968), studies have 

been made where electrochemical reactions are made in the cell and 

followed with the use of visible and near-infrared spectrophotometry. 

With this method, only a thin layer, usually 25 to 100 microns thick, 

of porphyrin in solution can be converted to a specific oxidation 

state. The conversion usually takes place in a short period of time 

(4 to 30 seconds). In most cases mixtures do not result and electro

chemical oxidations or reductions can be carried out as the spectro

photometry measurements are being made. Therefore, it is unnecessary 

to transfer any solutions when using this method. 

Peychal-Heiling and Wilson (1971b) were the first to electro-

chemically generate a reduced porphyrin-free base in a thin-layer cell 

and identify the reduction products with a spectrophotometer. They 

took spectra of porphyrin IX derivatives, reduced at controlled poten

tials in dimethylformamide, in both the visible and near-infrared spec

tral regions. The same type of measurements were carried out on a zinc 

porphyrin in dimethylformamide (Lanese and Wilson 1972). 

Polarography, cyclic voltammetry, and controlled potential 

electrolysis in a thin-layer cell will be the electrochemical tech

niques used in the present study. The species produced by the electro

chemical reduction of a porphyrin will be followed with a visible and 

near-infrared spectrophotometer and by electron spin resonance. 



9 

Photochemical and Chemical Reduction 

It is also possible to reduce and oxidize porphyrins with the 

use of photochemical and chemical reduction and oxidation. One of the 

first to follow the photoreduction of a porphyrin was Mauzerall (1962). 

He reduced uroporphyrin III derivatives in the presence of a proton 

donor and obtained mixtures of several oxidation states but was able 

to identify each oxidation state spectrophotometrically. It was very 

difficult to resolve the mixture with spectral data alone. Whitten and 

Yau (1969) and Whitten, Yau, and Carroll(1971) have photochemically re

duced some tin porphyrins in the presence of stannous chloride. They 

also encountered mixtures but were still able to identify each oxida

tion state. 

Chemical reductions have also been carried out on metal-free 

porphyrins with diimide as the reducing agent (Whitlock et al. 1969). 

Several have also chemically reduced metal porphyrins (inhoffen, Buch-

ler, and Thomas 1969; Corwin and Collins 1962). Two of the serious 

problems in using chemical reductions is the relatively poor yields 

and the presence of mixtures that result. 

Solution Chemistry 

The acid base chemistry of the porphyrin ring (Neuberger and 

Scott 1952, Hambright and Fleischer 1970) has proven to be quite in

teresting. These studies usually involve the acid base chemistry of 

the formation of the porphyrin-free base from the diacid form. Ham-

bright and Fleischer (1970) also studied the formation of the porphyrin 
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monoanion from the free base. Mauzerall (1962) also studied the acid-

base properties of various reduced free base and diacid porphyrins. 

The following equilibria are those involving the porphyrin ring: 

P(0)H4+2 P(0)H2 + 2H+ (1) 

P(0)H4+2 v 
v P(0)H3+ + H+ (2) 

P(0)H3+ v N P(0)H2 + H+ (3) 

P(0)H2 s P(0)H~ + H+ (4) 

+2 

base, and P(0)H the monoanion 

P(0)H4+ is the diacid, P(0)H3+ the monoacid, P(0)H2 the free 

Several investigations have also been made on the rate of in

corporation of a metal into a porphyrin ring (Fleischer et al. 1964, 

Choi and Fleischer 1963). While others (Snellgrove and Plane 1968, Davis 

and Montalvo 1969) have studied the kinetics of the acid displacement of 

metals from the porphyrin ring. 

Crystallography 

Several studies have also been made on the structure of metal 

and metal-free porphyrins using X-ray crystallography (Stone and Flei

scher 1968, Hoard 1971, Fleischer and Srivastava 1969), One of the 

most important findings to come out of these studies is the extreme 

flexibility of the porphyrin ring system. Although metalloporphyrin 

complexes are often very stable, considerable distortion of the ring 

and out-of-plane displacement of the metal can result. 
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Theoretical Considerations 

Theoretical calculations have been made on several metal and 

metal-free porphyrins to determine the visible spectra, as well as 

their redox potentials (Gouterman 1959; Zerner, Gouterman, and Kobayashi 

1966). 

Corwin et al. (1968) have also used several visible spectra of 

metal and metal-free porphyrins to determine where transitions are 

likely to occur and what these transitions may be due to. 

These studies along with the crystallography and solution stud

ies have helped to develop a better understanding of porphyrin stereo

chemistry as well as porphyrin ring and metal interactions. 



METHODS 

Apparatus 

Polarographic and cyclic voltammetric measurements were made 

with a Heath EAU 19-2 polarograph and Heath EAU 19-4 stabilizer. A 

triangular wave generator as described by Weir and Enke (1964) was 

used to vary the scan rate in the cyclic voltammetric measurements. 

Current voltage curves were obtained using a Moseley 7001A X-Y recorder 

or a Tektronix 502 oscilloscope. 

Controlled potential electrolysis was performed using a Prince

ton Applied Research 173 potentiostat with Model 176 plug-in or the 

polarographic analyzer and a EUW-20A Heath recorder. 

O 
Measurements were carried out in an H-cell at 25 with a solu

tion volume of about five milliliters. The reference electrode used in 

all experiments was Ag/AgCl in saturated NaCl and had a formal poten

tial of +0.202V vs. the Standard Hydrogen Electrode in good agreement 

with previous results (Lingane 1958). The reference electrode was sep

arated from the test solution by a saturated NaCl polyacrylamide gel 

salt bridge (Neri and Wilson 1972). 

A thin-layer cell was used to obtain optical spectra in a Cary 

14R spectrophotometer and a rapid-scan spectrophotometer. The rapid-

scan spectrophotometer is commercially available from Harrick Scien

tific Corporation and is similar in design to that previously described 

(Strojek, Gruver, and Kuwana 1969). Two matched Hamamatsu R-374 

12 
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photomultiplier tubes were employed (S-20 response) and a tungsten 

quartz iodide Phillips 1269 sports car driving lamp (55 W) was used as 

the light source. 

The thin-layer cells (Figure 2) were constructed using the 

techniques described below. Two standard microscope slides were 

cleaned with acetone and dried. A piece of 1000 line per inch gold 

grid (Buckbee Mears Company) was cut to the width of the microscope 

slide and approximately 1 cm wide. For several measurements in the 

rapid scan spectrophotometer a 2000 line per inch grid (Buckbee Mears 

Company) was cut to the width of a microscope slide and a height of 

3 mm. A 2000 line per inch grid was used so that it was possible to 

observe sooner the reduced product diffusing from the electrode sur

face (Petek, Neal, and Murray 1971) and a smaller sized grid was used 

to decrease the overall distance from the grid to the reference elec

trode. The area of the gold grid did not affect its spectral proper

ties in any way. 

Care should be taken when cutting the gold grid. The grid is 

very delicate and will tear easily. It should be cut with a sharp, 

clean razor blade and straight edge (a glass slide will work). A very 

slight pressure is applied on the grid with the razor, which is moved 

slowly until the edge is completely cut. Cut past the desired length 

at all times to compensate for any cutting error. Since the grid is 

easily contaminated it should be handled with clean, metal forceps 

only. 
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Figure 2. Thin-layer cell (actual size). 
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Number 42 magnet wire, stripped of its covering with Strip-X 

solution (GC Electronics), is used to make electrical contact with the 

grid. The cleaned magnet wire (about 30 cm) is flattened by hammering 

from 5 to 10 cm from the end of the wire. The wire should be made as 

flat as possible without breaking it. 

Two pieces of 2-mil thick Teflon FEP film (E. I. du Pont), for 

use in heat sealing Teflon surfaces, are cut to the length of a glass 

slide, the width being approximately 0.5 cm. This film will be used 

as a spacer or separator between the two glass slides (Figure 2). 

Another spacer that was used is A-34 epoxy (Armstrong Products Company). 

In this case the epoxy was mixed and a very thin film was applied to 

the edge of one glass slide (approximately 0.5 cm wide). The epoxy 

layer was usually placed on the slide using a piece of tape to mask the 

placement. Both spacers were inert to the solvents used but the epoxy 

spacer has the advantage of allowing a greater range of variation of 

the cell thickness. 

With the slides, gold grid, magnet wire, and spacers prepared, 

the cell can be constructed. The gold grid is placed approximately 1 

mm from the bottom of one glass slide. The grid is laid down gently 

leaving as few wrinkles as possible. The contact wires are placed on 

each side of the gold grid (Figure 2). These wires should be placed so 

that nearly the whole edge of the grid is covered by the wire. A por

tion of the contact wire should protrude outside the slide so that it 

can be connected later. The glass slide with the FEP film or epoxy 
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placed on each long edge is then placed on the top of the slide holding 

the grid and wire. 

This cell or "sandwich" is placed between two pieces of asbes

tos, cut to the shape of the glass slide, the asbestos is held to the 

slide, and the slides are held tightly together with metal clamps. 

Five to six metal clamps are used and one of the clamps is placed di

rectly over the gold grid. The other clamps are placed at equal, al

ternate intervals up the glass slide . The clamps are tightened so 

that they are firm against the asbestos and finger-tight in the case 

where FEP film is used as the spacer. If the epoxy is used as a spacer 

the clamps are tightened very firmly but not firm enough to crack the 

glass. The cell is now checked with a VOM to make sure that there is a 

connection between the two contact wires. 

If FEP film is used as a spacer the cell is placed in a furnace 

O 
and heated at 390 for 8 min. If the epoxy is used as a spacer the 

O 
cell is heated in an oven at 110 for 15 min. After the cell is removed 

from the oven the resistance is again checked with a VOM and the cell 

is cooled and cleaned with acetone and dry nitrogen. A wire is sol

dered to the contact wire hanging out of the glass slide and this wire 

is then glued to the glass slide (Figure 2). 

The cell is then placed in a cell holder that was fabricated in 

the glass shop. The cell holder is made by blowing a hole that is 

slightly larger than a glass slide and placing this piece on a 10/18 

ground glass joint (Figure 2). The cell is then glued to the holder 

O 
with A-34 epoxy and the whole piece is placed in an oven at 110 for 15 



min. To hold the cell in the holder while heating, it may be benefi

cial to use a ring stand and clamps. After removal from the oven it 

is now ready for use. The reference and counter electrode, held in 

place by a standard taper,Teflon thermometer adapter, are placed in the 

filling hole. 

Another cell was constructed where the gold grid is placed 

higher up on the glass slide and a hole is drilled through one glass 

slide directly below the gold grid (Figure 2). The 1/8-inch hole was 

used to connect a reference cell to the thin layer cell. This allows 

the reference cell to be placed between the counter electrode and the 

indicating electrode, and closer to the grid. This decreases the re

sistances between the electrodes, allowing the potential to be estab

lished more rapidly and the reduction to occur more quickly. 

The reference cell used for this cell was made up of a 4-mm 

piece of 1/4-inch O.D. tygon tubing, a 1/2-inch piece of 5/32-inch O.D. 

glass tubing, and a 1/4-inch O.D. 2-inch elbow shaped piece of poly

ethylene tubing constructed as indicated in Figure 2. The reference 

cell was connected to the glass slide by gluing the piece of tygon tub

ing over the hole on the glass slide. The reference cell was held into 

place with a copper wire. All of the cell constructions mentioned were 

used in making all of the thin-layer visible and near-infrared spectra. 

A Perkin-Elmer 137 infrared spectrophotometer was used for tak

ing the infrared spectra. Varian 100 and 220 MHz nuclear magnetic res

onance instruments were used to obtain NMR spectra. The 220 MHz 
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spectra were run by Dr. W. B. Phillips (1972). All pH readings were 

taken on a Corning Model 110 digital pH meter. 

O 
Electron spin resonance spectra were taken at 25 in the cavity 

of a Varian E-3 EPR spectrometer. These spectra were taken in the same 

manner as the visible and near-infrared spectra in a cell similar to 

that described by Visco (1962). 

Materials 

All reagents employed were reagent grade and were made up in 

distilled water unless otherwise specified. Piperazine N,N-bis(2-

ethane sulfonic acid)(PIPES) was obtained from the Sigma Chemical Com

pany and cyclohexylaminopropane sulfonic acid (CAPS) was obtained from 

Calbiochem and both were used without further purification. All buffer 

pH's were adjusted with NaOH or HC1, 

Meso-tetra(4-N-methylpyridyl)porphyrin tetraiodide (free base) 

was prepared by a modification of the procedure of Adler et al. (1967). 

Freshly distilled 4-pyridine carboxaldehyde (40 irl) (Aldrich Chemical 

Company) and pyrrole (28 ml) are dissolved in 750 ml of propionic acid. 

This mixture was refluxed for 30 min. The solution was cooled for 

about 12 hr or until crystals became visible at the bottom of the re

action flask. The crystals were then filtered and washed thoroughly 

with methanol and hot water. The filtrate was then neutralized with 

potassium hydroxide arid after the precipitate had settled the super

natant was decanted. 

The precipitate was dissolved in 57« V/V methanol-chloroform 

and evaporated to dryness. The resulting crystals were washed with 



methanol until the wash was clear, then with hot water several times. 

The two batches of crystals were recombined and the methylated deriva

tive prepared according to the method of Hambright and Fleischer 

(1970). The product of this synthesis was purified by dissolution in 

water and elution from a silica gel column. 

The meso-tetra(3-pyridyl)porphyrin (T^PyP) and the meso-tetra-

(2-pyridyl)porphyrin (T^PyP) were synthesized by Adler (1972) with a 

method similar to the one above. 

The iron(lll) meso tetra(4-N-methylpyridyl)porphyrin tetra-

iodide was prepared by placing meso-tetra(4-pyridyl)porphyrin in gla-

-3 
cial acetic acid at approximately 1 x 10 M. This mixture was re-

fluxed in an excess of ferrous acetate for 30 min. The acetic acid was 

neutralized with KOH and the precipitate was extracted into chloroform. 

This solution was washed several times with water and the chloroform 

solution was dried over anhydrous sodium sulfate. 

The methylated derivative of this iron porphyrin was then pre

pared according to the method of Hambright and Fleischer (1970) and 

purified by filtering followed by elution from a silica gel column with 

distilled water. 

Procedures 

Because of the high concentration of chloride ion a gold elec

trode was used in place of mercury to observe processes in the region 

of zero applied potential. The area of the gold electrode was restricted 

using heat shrinkable Teflon (E. I. du Pont) tubing. A gold wire was 
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also used so that the cyclic voltammetry and the thin-layer electro

chemistry could be compared. 

The volume of the thin-layer cell was determined by electrolysis 

-3 
of a 1 x 10 M solution of the disodium salt of anthraquinone 2,6-

disulfonate in 0.1 M HC1. This volume was then used in the controlled 

potential coulometry calculations. The current time curves were cor

rected for cell edge diffusion. With this method the apparent number 

of electrons, "n ," for each of the electron transfer steps was ob-
' app 

tained with an accuracy of better than 5%. 

Usual controlled potential coulometry experiments can take an 

hour or more to complete. An accuracy and precision of better than 10% 

is good for such very reactive species. This method takes from 5 to 20 

sec and the accuracy is better than 57«. By decreasing the time it 

takes to exhaustively electrolyze the solution the possibility of side 

reactions taking place is greatly reduced. 

Visible and near-infrared spectra were either taken in a 1-cm 

cuvette or in the thin-layer cell. All titrations were carried out in 

a 1-cm cuvette in a cell compartment equipped with a magnetic stirrer 

and a constant temperature water jacket (Swartz and Wilson 1971) in a 

Cary 14R spectrophotometer. 

To study acid base chemistry of reduced products a titration 

was done where the pH was varied over a narrow pH range so that spec

tra could be taken in the thin-layer cell. The titrant was NaOH and 

it was added from a 0.25-ml capacity Gilmont microburet. Very concen

trated NaOH was used so that the solution used would not be diluted 
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appreciably with the addition of the titrant. The pH of the solution 

was taken with a Fisher microcombination glass electrode. Titrations 

were performed at constant ionic strength and the pH meter calibrated 

to read in hydrogen ion concentration. 

The rapid-scan spectrophotometer, or RSS, measurements were 

taken with the aid of a digital timing system. The device used to 

trigger the oscilloscope and potentiostat was a Heath Basic ADD module 

Model EU-801A. When enabled the module is triggered by the RSS. The 

RSS sends out a trigger at the beginning of each spectrum. From this 

pulse, the module is triggered and sends out a pulse to the oscillo

scope enabling it to take a spectrum of the unreduced porphin. A de

lay pulse from the module was then sent to the potentiostat to begin 

the reduction of the porphin. As the porphin was reduced the RSS con

tinued to send out pulses for each spectrum taken. These pulses again 

triggered the module and oscilloscope to take spectra of the porphin 

being reduced. Spectra were taken at the rate of 600 spectra a second 

to a minimum of one spectrum per second. It was also possible to scan 

rapidly but permit only a fraction of the spectra to appear on the os

cilloscope screen. 



RESULTS AND DISCUSSION 

Thin-layer Cell Design 

Before construction of the cells was attempted two major objec

tives were considered. The cell should be easy to construct and work 

with, and it should oxidize or reduce the species in solution as rapidly 

as possible. Simplicity of construction dictates a minimum number of 

parts which can be readily assembled with the various components cor

rectly oriented. Because of the thin-layer of solution used filling 

can be a problem if the solution layer does not "wet" all of the parts 

with which it comes in contact. The rapidity of reduction is a function 

of cell resistance and thickness. There are two types of resistance ef

fects in this thin-layer cell. The resistance between the working elec

trode and the reference electrode is the uncompensated resistance and 

it causes the potential at the working electrode to be different from 

the measured potential by a factor of iR where i is the current and R 

is the uncompensated resistance. The smaller the uncompensated resist

ance is, the smaller the iR drop. This lowered solution resistance 

causes the rate of reduction to increase. The second resistive effect 

is the solution resistance between the working electrode and the coun

ter electrode. This causes the iR drop to be different at different 

points on the working electrode, resulting in nonuniform current dis

tribution on the electrode surface. The cell thickness affects the re

duction time because the thicker the cell is, the longer it will take 

the species to diffuse to the electrode surface and be reduced. 
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Four types of cells were constructed and the different config

urations are shown in Figure 3. The four cells were constructed as 

follows: 

Cell 1: The counter and reference electrode were placed in the 

filling hole. The resistance between the working electrode and counter 

or reference electrodes is approximately equal so that the cell essen

tially functions as a two-electrode system. 

Cell 2: The reference electrode was inserted through the glass 

slide directly over the working electrode in order to overcompensate 

for the uncompensated resistance between the working and reference 

electrodes. 

Cell 3: The reference electrode was inserted through the glass 

slide just above the working electrode. In this case the uncompensated 

resistance would be relatively small and the current flows in a differ

ent direction from the current between the working and counter elec

trode. 

Cell 4: The reference electrode was inserted through the glass 

slide just below the working electrode. The uncompensated resistance 

is again small but in this case the current flows in the same direction 

as the current between the counter and working electrode. All cells 

were constructed so that the cell was as thin as possible, which was 

usually 25 to 50 microns. In cells 2 to 4 the size of the gold grid 

was reduced so that the condition of nonuniform current density could 

be improved. 
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Figure 3. Schematic representations of various thin-layer cell con 
figurations. 
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Polyacrylamide gel and "thirsty glass" (Corning Code 7930), a 

porous glass that can absorb electrolyte, were used as salt bridges be

tween both the reference and working electrodes. The "thirsty" glass 

proved to be ineffective because it adsorbed material from solution due 

to its active surface. 

Two mathematical models were used to examine the electrolytic 

process which occurs in the thin-layer cell. One of the mathematical 

models is the Cottrell equation. The Cottrell equation depends on semi-

infinite linear diffusion to the electrode surface of the species being 

reduced. If the Cottrell equation is upheld in a single potential re

versible reduction step at a potential significantly more negative than 

O 
E , the following equation describes the process. 

Abs = AbsmaX [l-k(7Tt)2] (5) 
o, t o 

Here Abs gives the absorbance at t = o for oxidized species. Abs 
o o, t 

the absorbance of the unreduced species at any time, t, and k is a con

stant whose value incorporates the diffusion coefficients and the elec

trode area. In this case a plot of absorbance versus the square root 

of time results in a straight line. If the Cottrell equation cannot be 

upheld the mechanism switches to controlled potential electrolysis. 

This condition occurs when the solution can no longer supply the needed 

amount of oxidized species to the electrode surface. 

log Abs = kt (6) 
o, t 

In this case a plot of log Abs versus time results in a straight line. 
Oft-
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To test the cells that were constructed the absorbance of the 

porphin diacid was followed as a single potential step was applied to 

the cell. In all cases a 2000 line per inch grid was used so that the 

time necessary for the reduced form to diffuse from the electrode sur

face and fill the grid holes, usually 10 msec (Petek, Neal, and Murray 

1971), was not long enough to obscure the kinetic complications asso

ciated with electron transfer. 

Both cells 2 and 3 proved to be ineffective as possible cell 

configurations. In the case of cell 2, the cell could not be filled 

properly. The solution collected around the reference electrode hole 

leaving a bubble between the reference and working electrodes. In the 

case of cell 3 the high resistance raised the counter electrode to a 

very high potential in order to force current to the working electrode. 

Since the lower edge of the grid presents a low resistance path, a 

virtual short results between the working and counter electrode and a 

large current was dissipated at the edge of the glass slides. This 

dissipation of current resulted in a discharge at the edge of the 

slides and a boiling of the solution. This made the cell completely 

useless. 

Both cells 1 and 4 were quite effective. In both cases, the 

Cottrell equation applies for the first second (Figure 4). After the 

first second, assumption of semi-infinite linear diffusion employed in 

the Cottrell equation no longer applies as the diffusion layer ap

proaches the cell wall and the current or absorbance-time relationship 

switches to controlled potential electrolysis (Figure 5). This 
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relationship applies until the solution is exhaustively reduced. Cell 

-3 
1 exhaustively reduced a 2 x 10 M porphin solution in 8 sec while 

cell 4 exhaustively reduced the same solution in 4 sec. 

Cell 1 is easier to construct and work with than cell 4 because 

of the positioning of the reference cell. However, cell 4 can reduce 

a solution in half the time required for cell 1. Therefore, if it is 

not important to reduce the species of interest rapidly it would be 

better to use cell 1. If it is necessary to increase the rate of re

duction, it would be worth the time and effort to use cell 4. 

Reduction Mechanism of (TpPyCHjP)^ 

Structure of (TpPyCH3P)l4 

The structure of (T^PyCH^P)I^ was verified with infrared spec

troscopy and nuclear magnetic resonance (Figure 6). The infrared spec

tra show a large band at 6.16 u which is characteristic of most por

phyrins and may be due to the unsaturation of the porphyrin ring. In 

the NMR of the diacid form there is an Pattern ^or t*ie Pyridine 

protons and a singlet at 9.37 6 for the pyrrole protons. Preliminary 

results indicate that in the free base form the pyridine singlet shifts 

in between the two doublets of the pyridine protons. The area under 

the peaks corresponds to a 1:1:1 ratio in both the free base and diacid 

forms. The methyl protons give a singlet at 5.6 6 and from the area 

under the peak indicated that there are 4 methyl groups per porphyrin 

ring. The T^PyP derivative has similar spectral (Figure 6) and the 

same electrochemical properties as the methylated derivative. 
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Figure 6. Spectral properties of T^PyP and (T^PyCH^P)!^. 

IR-KBr pellet, NMR 1.0 x 10-2 M T^PyP. 
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Polarography and Cyclic Voltammetry 

The polarographic behavior of (T^PyCH^P)!^ is illustrated in 

Figure 7. Over the pH range from 0 to 6 the first wave limiting cur

rent is diffusion-controlled. It will subsequently be shown to involve 

a two-electron reduction. In the region of pH 3 to 6, the half wave 

potential of this wave varies 60 mv/pH suggesting that two protons are 

involved in this reduction (Table 1). Below pH 2, the first wave is 

partially obscured by anodic dissolution of mercury. Because the por-

phin studied exhibited poor solubility characteristics in nitric and 

perchloric acid media, the anodic limit for the mercury electrode could 

not be extended. 

In the pH range from 7 to 8 the first wave merges into the 

second wave (Table 1). The new wave formed from this merger is diffu

sion-controlled and will subsequently be shown to involve a four-

electron reduction. 

The second wave in the region of pH 0 to 2 gives a kinetically 

controlled limiting current. It will be shown subsequently that this 

wave results from the two-electron reduction of a product formed by a 

chemical reaction following the first two-electron step. In other 

words, the first two waves (A of Figure 7) define an ECE mechanism 

which will be described later. 

The complete reduction of a porphyrin involves the addition of 

six electrons and up to six protons. Porphyrin reduction at an elec

trode will consume a variable number of protons depending upon the rate 

at which they are supplied. Thus, the second waves (C and D) of Figure 
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Figure 7. Polarography of (T^PyCH^P)^ at varying pH. 

(For solution conditions see Table 1) 

A. 1 M HC1 C. pH = 4.0 
B. pH = 2.0 D. pH = 6.0 



Table 1. Summary of polarographic data. 
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Concentration of (T PyCH_P)l. = 5 x 10 ̂  M 
p 3 4 

Soln. cond. Wave current^ 
Eh vs' AS/ASC1 

1 M HC1 1 D -0.041 

2 K -0.240 

3 D-K -0.458 

0.01 M HC1 1 D -0.100 

0.1 M NaCl 2 D-K -0.378 

3 D-A -0.445 

0.1 M NaOAc/HOAc 1 D -0.180 

0.1 M NaCl 2 D-A -0.509 

pH 4.00 

0.1 M NaOAc/HOAc 1 D -0.238 

0.1 M NaCl 2 D-A -0.565 

pH 4.90 

0.1 M PIPES 1 D -0.303 

0.1 M NaCl 2 A -0.610 

pH 6.00 

0.1 M Phosphate 1 D -0.375 

0.1 M NaCl 2 A -0.610 

pH 7.5 

0.1 M CAPS 

0.1 M NaCl 1 A -0.825 

pH 10.00 

1 M KOH 1 A -0.825 

a. D = diffusion-controlled, K = kinetic-controlled, A <= adsorption-
controlled. 



7 involve the reduction of the two-electron product in a multiple elec

tron process to produce the -IV and -VI oxidation states. 

The single wave in the pH 9 to 12 region involves the addition 

of six electrons giving the -VI oxidation state. Reduction and lack of 

protons might result in the production of a negatively charged, spar

ingly soluble product which may increase the influence of adsorption on 

the electrode surface. 

Figure 8 illustrates the existence of the ECE mechanism below 

pH 2 which is associated with the first step. As the scan rate is de

creased (A of Figure 8), sufficient time is allowed for the chemical 

reaction to occur and a second step involving further reduction is ob

served. If the scan rate is increased so that it is faster than the 

chemical step, only the reversible reduction results as indicated by 

B of Figure 8. This sequence involving the reduction of the porphyrin 

2 + 
diacid P(0)H^ might be described as follows: 

E P(0)H,2+ + 2e~ ^ iso-P(-Il)H. (7) 
4 4 

H+ + 
C iso-P(-Il)H, " > P(-II)H5 (8) 

kf 

E P(-II)H5+ + 2e~ P(-IV)H?+ (9) 

The first electrochemical step is shown to be quasi-reversible by 

cyclic voltammetric standards. The pH independence (pH 0 to 1.5) of 

the peak potentials for the forward reaction of Equation 7 at rela

tively fast scan rates suggests that the first electron transfer step 

does not involve protons. 
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Figure 8. ECE mechanism demonstrated by cyclic voltammetry. 

1 M HC1, 1.0 x 10-3 M P(0)H42+, gold electrode. 

A. Scan rate, 0.0016v/s 
B. Scan rate, 0.1785 v/s 
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In 1 M HC1, the reaction shown in Reaction 8 would be expected 

to exhibit kinetics which are pseudo first-order in porphyrin. Figure 

9 shows a plot of k^a vs. 1/a where a = nFv/RT according to the treat

ment of Nicholson and Shain (1965). The psuedo first-order rate con

stant, k^ of 14.7 sec ^ is obtained from the slope of this plot. As 

shown in Table 2, the results clearly indicate that Reaction 8 is 

first-order in iso-P(-II)H^. It is not possible to clearly demonstrate 

the reaction order with respect to [H+] because of the high ionic 

strength, the large difference in concentration between the two react-

ants, and the fact that the pH range over which Reaction 8 predominates 

is restricted by at least two competing equilibria given below: 

P(0)H,2+ v N 2H+ + P(0)Ho PK <= 4.01 (10) 
4 I a 

P(-II)HC+ N H+ + P(-II)H. pK = 0.96 (11) 
3 H a 

Reaction 10 is an acid-base equilibrium between the porphyrin 

dication and the free base. The overall dissociation constant (K = 
a 

K^K^) was determined at an ionic strength of unity to be consistent 

with the conditions of the electrochemical measurements. The details 

of this determination will be described subsequently. Reaction 11 in

volves the dissociation of the phlorin monocation to form the neutral 

phlorin P(-II)H^. It should be noted that this species is isomeric 

with the product of Reaction 7. The dissociation constant for Reaction 

11 was measured electrochemically and a pK value of 0.96 was obtained. 
a 

Below a certain scan rate (0,0008 v/sec), the ratio of the two peak 

currents (^/I^) (A of Figure 8) remains constant as the scan rate is 
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Table 2. Summary of kinetic data for Reaction 8. 

Cone. (TpPyCH^P)!^ (molar) k^ (sec *) 

1.0 x 10"3 0.0150 

5.0 x 10-4 0.0084 

2.5 x 10~4 0.0043 

1.0 x 10"4 0.0016 

Cone. HC1 = 1.0 M 

kf - ̂  (TpPyCH3P)l4 

k^ = 14.7 sec * 

Std. dev. 0.5 by a linear least squares 
analysis of the rate data. 
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is decreased. At this point, Reaction 8 goes to completion and the 

peak current, 1^, is proportional to the concentration of P(-II)H,- + 

which is then reduced according to Reaction 9. Because the peak corre

sponding to this process does not shift with pH, it is assumed that 

electron transfer is followed by rapid protonation. The overall irre

versible reaction has been shown by thin-layer coulometry to involve 

two electrons; P(-II)H,- + and P(lV)H^+ have been characterized spec

trally. The basis for the electrochemical determination of the dis

sociation constant of Reaction 11 is the assumption that I^ is due only 

to Reaction 9. Below pH = 0, I_ reaches a maximum value (io ) as Re-
v ' 2 'max 

action 11 is driven quantitatively to the left. The peak current, I^, 

is then measured as a function of pH between 0 and 1.2 and normalized 

by the relationship: 

T° ^ corr 
1 

where I, is the Peak 1 current at Io , I, the peak current at any pH, 1 'max' 1 r j f •> 
and l£ the peak current at any pH in the range studied. The fraction 

•5' (a ) of the total phlorin present as P(-IV)H,-+ is then defined by: 

*2 
T
corr = a (13) 

2 
max 

A plot of logO-c^ /a? ) vs. pH gives a straight line of slope 1.00 and a 

y-intercept giving a pK of 0.96. 
d 
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As expected, the mechanism of porphyrin reduction must change 

at about pH 2 because both Reactions 10 and 11 will be shifted to the 

right. Thus, the first reduction step is quasi-reversible and gives: 

P(0)H2 + 2e~ + 2H+ * P(-II)H4 (14) 

The involvement of two electrons is confirmed by coulometry and the 60 

mv/pH variation noted above. Table 3 verifies proton involvement. 

Beyond the first step, the electrochemical reactions are com

plicated by a need for a large supply of protons. Further, the nature 

of the electrode surface also plays an important role in defining the 

characteristics of the current-voltage curves obtained. For example, 

the cyclic voltammetric results at a hanging mercury drop electrode are 

in excellent agreement with those of polarography. On the other hand, 

a comparison of Tables 1 and 3 reveals considerable discrepancy between 

gold and mercury electrodes. Qualitatively, the gold appears less sub

ject to adsorption effects. If adsorption facilitates reduction, then 

the consistently more positive potentials on mercury may support this 

conjecture. It can also be shown that the potentials of the second 

wave shift anodically as the concentration of buffer is increased while 

maintaining the ionic strength constant. This again suggests the im

portance of buffer dissociation kinetics and its influence on the over

all electrochemical process. Between pH 2 and 6, two steps are observed 

in both polarography and cyclic voltammetry. The first involves the 

reduction of the porphyrin free base to the phlorin free base. The 
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Table 3. Summary of cyclic voltammetric data. 

Concentration of (T PyCH_)l. = 5 x 10 ̂  M 
p 3 4 

Gold wire electrode 

„ Scan rate -E a -E .. ,. 
PH (v/sec) pcL Pc2 Medium 

0.05 0.008 0.06 

2.00 0.008 0.08 

0. 90b 

4.00 0.008 0.32 

5.00 0.0016 0.37 

6.00 0.0016 0.43 

6.40 0.0016 0.46 

7.5 0.0016 0.55 

10.0 0.0016 

12.0 0.0016 

0.24 HC1 

HC1 

0.64b 

0.63 0.1 M acetate buffer 

0.63 0.1 M acetate 

0.63 0.1 M PIPES 

0.63 0.1 M PIPES 

0.63 0.1 M phosphate 
buffer 

0.63 0.1 M CAPS 

0.63 0.01 M NaOH 

a. Potentials vs. Ag/AgCl electrode. 

b. Value obtained at high density pyrolytic graphite electrode. 
Buffers also contain 0.1 M NaCl. 
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second is a complicated four-electron process resulting ultimately in 

the formation of the porphyrinogen, P(-Vl)H^fk ̂  (Figure 10). 

Figure 11 shows cyclic voltammetric behavior from pH 7 to 14. 

As the two-electron wave moves toward the stationary four-electron wave 

with increasing pH, the first wave eventually becomes a four-electron 

reduction and is now followed by a two-electron reduction (A of Figure 

11). This occurs at a pH from 7 to 8. This four-electron reduction is 

actually a two-electron reduction to the phlorin followed by another 

two-electron reduction to the tetrahydroporphyrin P(-IV)H^. As the pH 

is increased, pH 9 to 14, the four-electron wave merges with the two-

electron wave and a single six-electron reduction results (B of Figure 

11). This wave is adsorption-controlled because of the porphyrins neg

ative charge and the decreasing supply of protons. This may also be the 

reason for its reversibility. 

Thin-layer Coulometry 

The thin-layer coulometric data obtained according to the pro

cedure already described are summarized in Table 4. Exact concentra-

-4 
tions in the range of 5 x 10 M were employed. The results are 

consistent with those of polarography and cyclic voltammetry. All of 

species shown except P(-VI)H^^^ have been characterized spectrally. 

The P(-Vl)H^k^ or porphyrinogen is characterized by the absence of a 

visible spectrum in the region from 350 to 1000 nm. Under the condi

tions of these experiments this means that there are no bands with 

molar absorptivities greater than 1000, It cannot be oxidized eloctro-

chemically within the anodic range of the gold electrode, but is 
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- 0 6  -04 00 - 0 2  

E vs Ag/AgCI 

Figure 10. Cyclic voltammetry from pH 2 to 6. 

(for solution conditions, see Table 3, gold electrode) 

A. pH = 2.0, scan rate 0,008 v/s 
B. pH = 4.0, scan rate 0,008 v/s 
C. pH = 6.0, scan rate 0.0016 v/s 
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2.5ua 

H 
2 
UJ 
a: cc D 
O 

-0.3 -0.4 -0.5 -06 -0.7 -0.8 
E vs Ag/Ag C£ 

Figure 11. Cyclic voltammetry from pH 7 to 14. 

(for solution conditions, see Table 3, gold electrode.) 

A. pH «» 7.5, scan rate 0.008 v/s 
B. pH » 12.0, scan rate 0.008 v/s 



Table 4. Thin-layer coulometry. 

-4 
5 X 10 M (TpPyCH3P)I4 

pH From To 
n 
app From To 

n 
app 

0.05 p(o)h42+ p(-ii)h5+ 2.01 p(-ii)h5+ p(o)h42+ 1.95a 

p(-ii)h5+ P(-IV)H7+ 2.06 P(-IV)H?+ p(o)h42+ b 
No rxn. 

2.00 p(o)h2 P(-II)H4 2.10 p(-ii)h4 p(o)h2 1.95 

4.00 p(o)h2 

P(-II)H4 

P(0)H2 

P(-II)H4 

PC-VDH^^ 

P(-VI)Ĥ r 

2.06 

4.08 

6.16 

p(-ii)h4 p(o)h2 

P(0)H2 

1.92 

No rxn. 

6.00 P(0)H2 P(-II)H4 2.00 P(-II)H4 P(0)H2 1.95 

P(-II)H4 4.10 P<-VI)H^r p(o)h2 No rxn. 

7.5 P(0)H2 

P(0)H2 

P(-IV)H6 

P(-VI)Ĥ ' 

4.03 

6.10 

P(-IV)H6 

pC-VDH*^ 

p(o)h2 

p(o)h2 

No rxn. 

No rxn. 

12 P(0)H2 PC-VI)*1̂ 0 6.16 pc-VD̂ -4'" P(0)H2 6.03 

a. Oxidation at +0.7 v in absence of I . 

b. Cnnnot be electrochemically oxidized. 
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readily air-oxidized as are all of the reduction products shown in 

Table 4. 

In the pH range from 0 to 9 the porphyrinogen formed probably 

has 8 protons (4 + b = 8) associated with it. In the pH range from 9 

to 14 tne porphyrinogen formed possibly has less than 8 protons associ

ated with. This lack of protons does not seem to influence its lack of 

spectrum but seems to make it possible to oxidize this negatively 

charged porphyrinogen back to the porphin. This reversibility was also 

observed in the cyclic voltammetry measurements (Figure 11). 

The tetrahydroporphins [P(-IV)H^+ and P(-IV)H^] can be identi

fied spectrally but they cannot be oxidized electrochemically; P(-IV)H^ 

| 
can only be generated in the pH range of 7 to 8 and P(-IV)H^ can only 

be generated in the pH range of 0 to 1. 

Thin-layer Spectrometry 

Figures 12 and 13 as well as Table 5 indicate the spectra of 

the species observed. The spectrum for P(0)H^ + and PCO)!^ is in fair 

agreement with those reported by Hambright and Fleischer (1970). Their 

molar absorptivity values are generally about 25% lower. Further, they 

report that the 582 nm band for Pto)!^ is lower in intensity than the 

band at 552; this is characteristic of most porphyrin free bases. Our 

results indicate that the 585 nm band is higher in intensity, being 

consistent with the values reported by Stone and Fleischer (1968) for 

TpPyP free base in HC1 (pH = 2.3). This apparent anomaly may be due to 

the difference in solvent conditions. 
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Figure 12. Spectra of (T^PyCH^P)l^ diacid and its reduction products. 

(1 M HC1, thin-layer cell, a#3 x 10~^ M porphyrin) 

P(0)H42+ ( ), P(-II)H5+ (-•—o—«—), P(-IV)H?+ (-»-*»-) 
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Figure 13. Spectra of (T PyCH^P)!^ free base and its reduction products. 

_4 
(^3.7 x 10 M porphyrin, thin-layer cell) 

P(O)H2 (- -), P(-II)H, (^-*-'-) pH = 6, P(-IV)H, (-0-C2-) pH = 7.5. 

oo 



Table 5. Spectral data for (T^PyCH^P)!^. 
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x 10"3 M 

Species X (nm) 
max 

€ x 10 3 

(l.M~lcm~^) 
Conditions 

P(0)H 
2 + 

443 

550(s) 

588 

640 

254 

4.2 

11 .0  

15.3 

1 M HC1 

P(0)HR 420 

518 

552 

582 

640 

206 

12.3 

5.3 

5.9 

2 . 2  

1 M NaCl 

P(-II)H5+ 430(s)a 

495 

787 

950 (b)b 

1 1 . 2  

31.4C 

22.4 

11.4 

1 M HC1 

P(-II)H, 490 

660 

6 2 . 1  

31.0 

0.1 M acetate, 
I = 0.1 

P(-IV)H?+ 

P(-IV)H, 

620 

590 

18.8  

32.0 

0. 5 M HC1 

0.1Mphosphate, 
I = 0.1 

a. s: shoulder. 

b. b: broad band. 

c. Corrected for 97» P(-II)H^. All measurements made in 
thin-layer cell. 



No data have been previously reported for the reduced species 

that are observed. The spectra, however, are qualitatively similar to 

those reported by Mauzerall (1962). Triebs and Seifert (1958) and 

Mauzerall and Granick (1958) assigned the structures of the reduced 

porphyrins by the comparison of the reduced porphyrin spectra to those 

of model compounds. The model compounds used were polypyrryl-poly-

methine dyes and dipyrrylmethenes. 

Since some electrochemical measurements were made in the pres

ence of high concentrations of Na+ (used to adjust the ionic strength), 

the possibility of a sitting-atop complex (Fleischer et al. 1964) for

mation existed. However, in accord with the findings of Hambright and 

Fleischer (1970) no evidence of the Na porphin complex was observed. 

The dissociation constant for Reaction 11 was independently 

verified spectrophotometrically. A series of HC1 solutions of con

stant ionic strength (1.0) was prepared between approximately pH 0.0 

and 1.5. After electrochemical generation, the ratio of phlorin to 

phlorin monocation was determined spectrophotometrically at 660 and 950 

nm, respectively. A plot of log [P(-1I)H^]/[P(-II)H^+] vs. pH gave a 

straight line of slope 1.00 and a pK^ of 0.96 which is in excellent 

agreement with the electrochemical determination described previously. 

An attempt was made to determine the pK^ of the acid base re

action of tetrahydroporphin free base to the tetrahydroporphin mono-

cation. 

P(-IV)H?+ P(-IV)H6 + H+ (14) 



This could not be done in the thin-layer cell because P(-IV)H, or 
b 

P(-IV)Hy+ cannot be generated in the cell from pH 2 to 6. The P(-IV)H^ 

tetrahydroporphin free base was generated at pH 7.5 in a 1-cm cuvette 

and titrated with HC1. It was not possible to determine exactly the 

pK because of the difficulty of excluding oxygen during the titration, 
d 

But it was possible to determine that P(-IV)H^+ could be formed from 

P(-IV)H,. It was also determined that the pK was less than 3.5. 
b a 

Because it was necessary to make electrochemical measurements 

at high ionic strength, a conditional dissociation constant for Re

action 10 was determined. This was accomplished by titration of the 

diacid with NaOH as described in the methods section. A plot of log 

[P(0)H2]/[P(0)H^+] vs. pH gave a straight 1 ine of slope 2.00: an 

overall pK of 4.01 was obtained from the y-intercept. As reported by 

Hambright and Fleischer (1970) who obtained an overall pK^ of 2.2, it 

was not possible to observe the monocation spectrally. The discrep

ancy in pK values is qualitatively attributable to differences in 

ionic strength. 

Rapid-scan Spectrophotometry 

Figure 14 indicates the spectra of both the intermediate, iso-

P(-II)H^, and the final product, P(-II)H^+, as the porphin diacid, 

P(0)H^ + is reduced (Reactions 8 and 9). Curve 1 is the spectrum con

sisting mostly of iso-P(-II)H^. As time increases Curves 2 to 7, the 

formation of P(-II)HC+ from the reaction of iso-P(-Il)H. is noted. The 
5 4 

spectrum was only taken from 400 to 600 nm. In this region the inter

mediate seems to have a spectrum that has a wavelength maximum of 
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Figure 14. RSS measurement of Reaction 8. 

Original spectrum is not numbered and 1 to 7 are spectra as 
P(0)H^2+ is reduced, 1.0 second per spectrum, 7.0 x 10"^ M P(0)H^ . 

N> 



53 

-1.6 

-1.4 

-1.2 

-1.0 

-0.6 

-0.4 

-0.2 

0 2 4 6 8 10 
SEC. 

Figure 15. Determination of rate constant of Reaction 8 using 
RSS. 
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A/510 nm, a 15 ran shift toward the red from the final product. Prelim

inary results indicate that the molar absorptivity at ̂'510 nm is from 

1.0-2.0 x 105 1 -M-1. cm"1. 

A value for the chemical step (Reaction 8) was also obtained 

by observing the absorption change at *'560 nm. At this wavelength only 

the intermediate isophlorin absorbs. A plot of log absorbance vs. 

time gives a straight line in the time period where the electrochemical 

reduction is complete and only the chemical reaction is taking place 

(Figure 15). Thi.s again indicates a first-order reaction in porphin. 

From this plot a k^ of 16 ± 1 sec 1 was obtained in good agreement with 

the k„ obtained with electrochemical methods. The k.. value obtained 
f f 

with the RSS method is slightly larger than the k^ value measured by 

electrochemical methods. The increase in the rate constant could possi

bly be due to the slight heating of the thin-layer cell by the potentio-

stat during reduction. 

Proposed Mechanism 

Figure 16 summarizes the reactions related to the reduction of 

the porphyrin to the (-II) oxidation state. In strong acid solution, 

the diacid is reversibly reduced in a two-electron process to form what 

may be an isophlorin, a very reactive species postulated by Woodward 

(1961). The intermediate is then protonated to form a phlorin mono-

cation. The rate of this reaction has been measured and is found to 

be first-order in iso-P(-II)H^. Because of the influence of the asso

ciated acid-base reactions, the hydrogen ion concentration cannot be 

varied over a sufficiently wide range to ascertain its rate dependence. 
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pKg =401 -2H \ \ »2H 

P(0) Hp 

iso-p(-n)H4 
pK0 « 0 96 
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p(-ni H* 

/ 

P(-D)H4 

Figure 16. First mechanism of (T PyCH_P)I. reduction. 
P J 4 
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The resulting reaction, however, involves proton attack on a bridge 

position (1, 2, 3, or 4) and might be described as an enamine reaction. 

(Cook 1969). A pyrrole nitrogen donates electrons to the ring enabling 

the electrons from a bridge double bond to form the bridge C-H bond. 

Reaction 13 indicates how an enamine reaction may occur. From the 

structure given for P(-II)H^+ in Figure 16 it is possible to obtain 

an isomeric form in which the positive charge resides on one of the 

pyrrole nitrogens most remote from the saturated bridge position. If 

the asymmetry created by the bridge saturation is considered, then 

there would be a total of four isomers. The structure given represents 

one of the more likely choices (Woodward 1961). The relatively high 

molar absorptivity supports the idea that the intermediate has a struc

ture where the porphyrin is completely conjugated. The intermediate 

spectrum also indicates that the intermediate cannot be due to a dipyr-

rylmethine derivative because the wavelength maxima occurs at too 

short a wavelength and the molar absorptivity is too large (Mauzerall 

1962, Neri and Wilson 1972). 

From pK values alone it seems that P(-II)H,.+ is a stronger 
D 

acid than P(0)H^+. It must be remembered, however, that the P(-II)H^ + 



57 

has a total positive charge of 5 while P(0)H^+ has a total positive 

charge of 6. This difference in charge alone could account for the 

difference in the pK^ values at constant ionic strength. Because 

+ 2 + 
P(-Il)H^ has a lower pKQ than P(0)H^ at an ionic strength of 1.0, it 

is possible to measure both dissociation constants as well as to demon

strate that the phlorin, P(-Il)H^, can be formed either from the di-

cation or free base. 

Above pH 2 at an ionic strength of 0.1 the porphyrin free base, 

PCO)}^, can be reduced reversibly with two electrons and two protons 

to the phlorin P(-II)H^ (Figure 17). A previous study (Ricci, Pina-

monti, and Bellavita 1960) found this step to be irreversible, due no 

doubt to insolubility of the phlorin. As in the case of P(-Il)H,-+, 

there are four possible isomers. The isomer selected is the conjugate 

base of the P(-II)H^+ isomer mentioned previously. 

Further reduction to the (-IV) oxidation states is shown in 

Figure 17. In 1 M HC1, the phlorin monocation is reduced in a two-

electron step to the porphomethene (tetrahydroporphyrin) monocation. 

The P(-IV)H^+ structure presumes further electrophilic attack at the 

bridge positions. Since its acid-base properties and spectrum are simi

lar to those reported by Mauzerall (1962), we presume its structure to 

be similar also. The tetrahydroporphyrin P(-IV)H^ can also be gener

ated at pH 7 to 8. Thin-layer spectral evidence indicates that this 

tetrahydroporphyrin is formed from a two-electron reduction of phlorin 

P(-II)H^. The tetrahydroporphyrin monocation has a dissociation con

stant less than 3.5 and it is also possible to demonstrate the 



p(-n)H5+ 

F _H+ PKQ = 0.96 

R 
P(-DT)H7+ 

+ H _H+ pK0<3.5 
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Figure 17. Second mechanism of (TpPyCH3P)l4 reduction. 
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tetrahydroporphyrin monocation P(-IV)H^+ can be formed from either the 

dication or the free base porphyrin. 

The nonequivalence of the bridge position substituents creates 

at least 24 possible tautomers. If the orientation of the bridge sub

stituents has little effect on the chemistry of tetrahydroporphyrin, 

then the generalized structure given represents the only possibility. 

Both P(-IV)H6 and P(-IV)H7+ can undergo a two-electron reduction to 

form the porphyrinogen. 

Reduction Mechanism of TmPyP Diacid 

Structure of TmPyP 

Figure 18 gives the infrared spectrum for T^PyP free base and 

the NMR for T PyP diacid. The IR shows three large absorption bands 
m 

in the region of 6.5 to 7.2 microns. This is a very peculiar pattern 

and not indicative of most porphyrin free bases (Falk 1964). The NMR 

shows a singlet for the pyrrole protons at 9.7 6 and a pattern for the 

pyridine protons that is indicative of a meta-substituted pyridine. 

The proton in the two position of the pyridine ring is not coupled to 

any other protons and is observed as a singlet at 10,7 6. The proton 

in the four position is split by an adjacent proton and a resulting 

doublet is observed at 10.0 6. The proton in the five position is 

split by two adjacent protons, resulting in a triplet at 10.5 6. 

Finally, the proton in the six position is split by an adjacent proton 

and a resulting doublet is observed at 9.4 6. The chemical shifts for 

each proton on the pyridine ring are separated enough so that each 

proton can be identified from its pattern. The NMR was integrated and 
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Figure 18. Spectral properties of T PyP diacid. 
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gave a value of 1:1:1:2:1 which is what would be expected for a meta-

substituted pyridylporphin. 

Cyclic Voltammetry 

The cyclic voltammetric measurements of T PyP (diacid) are shown 
J m 

in Figure 19. It will be shown subsequently that the first wave repre

sents a one-electron reduction whose product disproportionates to 

P(0)H^ + and P(-IV)H^+. The following set of reactions demonstrates 

this sequence of events. 

P(0)H.2+ + le" > PC-DH*- (16) 
4 4 

2P(-I)H. +. » P(0)H,+2 + P(-II)H.+ (17) 
4 H

+ 4 5 

The first wave one-electron product P(-l)H^+«, if unreacted can 

be reduced irreversibly by another one-electron step to produce 

P(-II)H5+ . 

P(-I)H4+- + le" > P(-II)H5+ (18) 

If the scan rate is slow enough (C of Figure 19), the second 

reduction wave decreases in height while the first wave increases in 

height because most of the P(-I)H^+* have been removed by the dispro-

portionation reaction and there is a need for two electrons to form 

P(-II)H5+ . If the scan rate is increased (A of Figure 19), both the 

first and second waves are observed because there is not sufficient 

time for P(-l)H^+* to disproportionate. The product formed at the 

potential of the first wave as a result of reduction and subsequent 
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Figure 19. Cyclic voltammetry of T PyP diacid. 

(l M HC1, 5 x 10"^ M P(0)H^+, and gold electrode) 

A. Scan rate = 0.0176 v/s 
B. Scan rate = 0.0176 v/s 
C. Scan rate = 0.0016 v/s 



disproportionation is oxidized at the same potential as the product 

formed from the second wave reduction. This indicates that the same 

species can be produced from the first and second wave reductions 

(A and B of Figure 19). 

Thin-layer Coulometry 

A two-electron value was obtained for both reduction steps. 

The reason for the observed two-electron value for the first wave re

duction is the disproportionation reaction produces P(0)H^+ as well 

as P(-II)H,- + . Subsequently, P(0)H^ + is reduced again, ultimately 

leading to the formation of only P(-II)H^+ , the two-electron reduc

tion product of P(0)H^+. Therefore, it is possible to use up two 

electrons by carrying out the controlled potential coulometry at either 

the first or second reduction step. It was not possible to observe a 

four-electron product because this process is obscured by hydrogen ion 

discharge. 

Thin-layer Spectrometry 

Table 6 and Figure 20 indicate the spectral characteristics of 

the species observed. The P(0)H^+ gives a spectrum that is indicative 

of most diacids observed. One interesting observation is that the 

Soret band (the large absorption that all porphyrins exhibit fronrv400 

to 450 nm) has a larger molar absorptivity than that measured for T^PyP. 

This possibly may be attributed to the fact that the meta pyridine can

not withdraw electrons from the porphyrin ring, as in the case of the 
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Table 6. Spectral data for T PyP diacid. 
m 

1 x 10 ̂  M. T PyP (thin-layer cell) 
m 

_3 
0 .  X  e x  1 0  
Species max ,, .,-.1 _i* Conditions 
r vl.M lcm L) 

P(0)H.2+ 434 306 1 M HCl 
4 

585 10 

633 17.5 

P(-II)H5+ 465 4Q i M HCl 

745 12 
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para derivative. This increased electron density of the porphyrin ring 

may cause the molar absorptivity to be higher. 

The spectrum of the meta derivative attributed to P(-Il)H,- + is 

similar to the spectrum for the phlorin monocation of T^PyP. The molar 

absorptivities of the two spectra are also very similar. The P(-II)H,.+ 

spectrum was therefore attributed to the phlorin monocation of T^PyP. 

If the current is turned off during the reduction of P(0)H^ + 

at the first wave potential, it is possible to observe an increase in 

the Soret band due to P(0)H^+. This indicates that it is possible to 

2 +  +  
form P(0)H^ from the one-electron product P(-I)H^ • , thus indicating 

that P(0)H^+ is formed by a disproportionation reaction. 

It was not possible to determine the spectrum of P(-I)H^+" be

cause of the high rate of the disproportionation reaction. An attempt 

was made to observe P(-I)H^+* with the rapid-scan spectrophotometer but 

preliminary results indicated that it could not be observed. If the 

concentration of the diacid is increased and the rate of the reduction 

is increased, it may be possible to observe the intermediate. Since it 

was not possible to observe the intermediate, the absorption of the di

acid at 434 nm (the Soret band) was followed as the diacid was reduced 

at the potentials of the first and second reduction steps. At the po

tential of the second wave the absorption decreased as would be pre

dicted for a simple first-order reaction, indicating that no dispropor

tionation occurs at this potential. At the potential of the first 

wave the absorption does not decrease in a simple first-order manner. 
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An experimental curve was obtained by following the absorbance of the 

diacid porphyrin as it was reduced at the first wave potential (Figure 

21) .  

Since absorbance is directly proportional to concentration, an 

analog computer was used to simulate a first-order reaction followed by 

disproportionation. The following set of reactions was used. 

k 
A —B (19) 

kf 
2B —¥ A + C (20) 

The first reaction was used for the electrochemical reduction while the 

second reaction was used to represent the disproportionation reaction. 

The appropriate differentials were configured on the analog 

computer and the concentration of A was followed with time. By adjust

ing the k and k,. values the theoretical curve could be made to match 
6 I 

exactly that of the experimental curve, indicating again that what is 

observed experimentally is a one-electron reduction followed by a dis

proportionation reaction. Several other possible reaction mechanisms, 

including a reduction followed by a reversible disproportionation and a 

reduction followed by a simple chemical reaction, were configured on 

the analog computer, but none of these could be made to match the ex

perimental curve. A digital simulation program is now being developed 

where both the kg and k^ values for the experimental and theoretical 

curves can be determined. Preliminary results from the analog simula

tion indicate that the disproportionation is a very fast reaction, 

maybe as fast as the electrochemical reduction. 
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Proposed Mechanism 

The T PyP diacid is reduced in two one-electron steps. The 

first one-electron reduction results in a product that has yet not been 

identified. This one-electron product disproportionates to produce the 

original T PyP diacid and the phlorin monocation P(~II)H,- + . The T^PyP 

diacid continues to be reduced to the one-electron product which again 

disproportionates. This cycle continues and eventually results in the 

complete conversion of the diacid to the phlorin monocation. The 

phlorin monocation can also be produced from the direct reduction of 

the one-electron product by another electron. Therefore, it is possi

ble to produce the two-electron phlorin monocation by either reducing 

the T^PyP diacid at the potential of the first or second one-electron 

steps. 

Reduction Mechanism of T0PyP Diacid 

Structure of TQPyP 

The IR spectrum of T PyP for this compound was obtained (Fig

ure 22) and is indicative of most porphin ring systems. The NMR spec

trum could not be obtained using presently available instrumentation 

and this could possibly be due to the solubility of this porphyrin in 

aqueous solution. The previous porphyrins were just soluble enough to 

obtain a spectrum on the Varian HA-100. 

The free base form of this porphyrin in CHCl^ solution gives a 

visible spectrum that is not indicative of most free base porphyrins. 

The spectrum obtained is more similar to that obtained for a chlorin 

[saturation of one pyrrole ring at the peripheral position (7 to 12, 
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Figure 1)], indicating that the nitrogen of the ortho-substituted pyri

dine ring may be interacting with the peripheral positions. A study to 

determine the interaction of the pyridine ring with the porphyrin ring 

is now underway. 

Cyclic Voltammetry 

Cyclic voltammetry indicates a completely reversible system 

(Figure 23). The 60 mv separation between the cathodic and anodic 

peaks for both the first and second waves indicates that both reduc

tions are one-electron reversible processes. The following reactions 

indicate the process that may occur from each reduction: 

P(0)H42+ + le" v P(-I)H4+. (21) 

P(-I)H4+- + le" .. P(-II)H4? (22) 

It will subsequently be shown that both these reductions pro

duce spectra that are not indicative of any one-electron or two-

electron products that we have previously observed. Some type of 

structure determination other than visible spectrophotometry is neces

sary before a definite structure assignment can be made for the prod

ucts of these reductions. 

Thin-layer Coulometry 

Thin-layer coulometry measurements are summarized in Table 7. 

Exact concentrations of T^PyP were used. The results are consistent 

with those of cyclic voltammetry. A four-electron reduction product 

was not observed for the potential range of gold in a 1 M HC1 solution. 
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Figure 23. Cyclic voltammetry of T^PyP diacid. 

(1 M HCl, 1 x 10 ̂  M T PyP, scan rate = 0.09 v/s, and gold 
electrode) 
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Table 7. Thin-layer coulometry of T^PyP. 

1 x 10~3 M TQPyP, 1 M HC1 

Reduction n Oxidation n 

From To aPP From To aPP 

P(0)H42+ P(-I)H4+. 1.01 P(-I)H4+- P(0)H42+ 0.98 

P(0)H42+ P(-II)H4? 2.10 P(-II)H4? P(0)H42+ 2.03 

P(-I)H4+. P(-II)H4? 1.05 P(-II)H4? P(-I)H4+- 1.00 
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Thin-layer Spectrometry 

Figure 24 as well as Table 8 indicate the spectral characteris

tics of the species observed. The spectrum for P(0)H^+ is similar to 

those of other diacid porphyrins. The Soret band for this porphyrin, 

however, has a lower molar absorptivity than either T^PyP or T^PyP. 

The lower molar absorptivity may be due to the electron-withdrawing 

ability of the pyridine ring resulting in decreased electron density of 

the porphin ring. This lower molar absorptivity may also be due to the 

direct interaction of the positively charged pyridine nitrogen and the 

porphyrin ring peripheral positions (7 to 12). 

A stable one-electron reduction product of a porphyrin in aque

ous solution has never been observed to our knowledge. The spectrum 

attributed to P(-l)H^+* is assigned on the basis of the thin-layer 

coulometry results. The spectrum of the two-electron product is not 

similar to any of the other two-electron products already observed (the 

phlorin monocation of T^PyP and T^PyP and the isophlorin of T^PyP). 

Preliminary results also indicate that there are not any protons in

volved in the reductions of either the one- or two-electron processes. 

Therefore, the only possible explanation is that the ortho-substituted 

pyridine ring can somehow stabilize the negative charge produced by the 

addition of either one or two electrons to the porphyrin ring so that 

protonation of the charge cannot take place. 

There are several possible ways in which the negative charge on 

the porphyrin ring can be stabilized by the ortho-substi.tuted pyridine 

ring. The first possibility is the same type of stabilization that was 
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Figure 24. Spectra of T^PyP diacid and its reduction products in 1 M HCl. 

(1 x 10 ̂  M T^PyP, thin-layer cell) 
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Table 8. Spectral data for TQPyP diacid. 

Species max 

1 x 10"3 M T PyP 
° :3 

e x 10 
(1.M~^cm~^) 

Conditions 

P(0)H, 2 + 
439 

585 

640 

186 

10 

7.4 

1 M HCl 

P(-I)H4+. 435 

480(9) 

770 

1000 

100 

24 

5 

4 

1 M HCl 

P(-II)H4? 400(s) 

440 

472 

755 

36 

47 

45 

12 

1 M HCl 
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suggested with the formation of isophlorin P(-II)H^. Since the spec

trum attributed to iso-P(-Il)H^ is in no way similar to the spectrum 

observed for P(-II)H^?, this possibility can be tentatively ruled out. 

Also an electron-contributing effect as produced by the positively 

charged pyrrole ring nitrogen in iso-P(-Il)H^ has not as yet been use

ful in stabilizing a one-electron reduction. Other possibilities can 

best be explained by the following resonance stabilizations of the 

negative charge by both the pyrrole and pyridine rings. 

(24) 
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If the electron is added to the other half of the porphyrin 

ring, the following resonance may also help to stabilize the negative 

In this case the proximity of the negative charge to the posi

tive charge on the nitrogen of pyridine may decrease the strength of 

the negative charge sufficiently to hinder protonation. 

The second electron can be added and stabilized in the same 

manner as previously shown for the addition of one electron. It, 

therefore, is very possible that the ortho derivative could stabilize 

the negative charge resulting from the addition of electrons either 

through resonance stabilization or proximity of positive and negative 

charges. 

The stabilization of the one- and two-electron products may 

also be due to solvation effects. If the ortho derivative is less 

solvated than either the meta or para forms, a large positive charge 

around the porphyrin ring and a subsequent lower electron density in 

the porphyrin ring would result. This lower electron density could 

help to stabilize either the one- or two-electron products. 

charge. 

(25) 
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Thin-layer Electron Spin Resonance 

It was possible to obtain the ESR spectrum for the one-electron 

product (Figure 25). The spectrum has a line width of 15 gauss but 

shows no fine structure, making it nearly impossible to predict where 

the radical is located. In order to take an ESR spectrum of a reduced 

species, it takes from 30 min to 1 hr, and in this time the radical did 

not seem to react. This indicates the great stability of the anion 

radical in an aqueous solution of 1 M HC1. To our knowledge this was 

the first stable anion radical of a porphyrin ring in aqueous acid solu

tion ever observed. 

Proposed Mechanism 

The TQPyP diacid is simply reduced in two one-electron reversi

ble steps with no interfering chemical steps. When considering the 

proposed mechanism of the addition of one and two electrons to the por

phyrin ring, one must remember that the ortho-substituted pyridine ring 

should have the greatest electron withdrawing ability of the three de

rivatives (T^PyP, TQPyP, and T^PyP). It is, therefore, the most likely 

derivative to stabilize the anions produced by either the one- or two-

electron reduction. By stabilizing the negative charge, the chance 

of protonation is decreased and the chance for reversible electrochemi

cal reduction is increased. 
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Figure 25. ESR spectrum of one-electron product of TQPyP diacid reduction. 

(Microwave power - 1.5 mW, modulation frequency - 3370 Hz, and microwave 
frequency - 9.43 GHz. 
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Reduction Mechanism of Fe(lll)(TpPyCH3P)l4 

Structure of Fe(lll) Monomer and Dimer 

Figure 26 indicates the IR and NMR spectra of Fe(lIl)T^PyP. 

The IR indicates that this Fe(lll) porphyrin exists as an oxygen-

bridged dimer (/u-oxo-bis dimer). This is confirmed by the large ab

sorption band afv860 cm ^ (Cohen 1969; Schugar, Rossman, and Gray 

1969; Schugar et al. 1967). This band also does not occur in the IR 

spectra of the other metal-free porphyrins. The NMR also indicates 

that the Fe(lll) porphin exists as a u-oxo-bis dimer. The chemical 

shifts and the shape of the peaks agree quite well with those of Fel-

ton et al. (1971). They reported peaks at 13.6 ppm and 7.6 ppm with 

peak widths of ̂ 50 Hz for the former and ^20 Hz for the latter for the 

Ai-oxo-bis dimer of Fe(lll) tetraphenylporphin [Fe(ill^PP^O . The 

peak at 13.6 ppm was assigned to the pyrrole protons, while the peak at 

7.6 ppm was assigned to the phenyl protons. The NMR spectrum for 

[Fe(lIl)T PyP]_0 (Figure 26) shows a peak at 13.5 ppm with a width of 
P 

*•50 Hz and a peak at 9.0 ppm with a width of •v20 Hz. The peaks were 

integrated and gave a ratio of 1:2, indicating that the pyrrole protons 

are at 13.5 ppm and the pyridine protons are at 9.0 ppm. Therefore, it 

seems that the synthesis used to incorporate an iron into the porphyrin 

also results in the formation of the /u-oxo-bis dimer, a diamagnetic low 

spin (s = 3/2) species. This has recently been confirmed by Cohen 

(1969). 

The IR spectrum of the pyridine N-methylated derivative of 

Fe(lIl)T PyP (Figure 27) was also taken. In this case, it is also 
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possible to observe a large absorption band at^860 cm \ indicating 

that it also exists as a yu-oxo-bis dimer. The FeClIlKT^PyCH^P)!^ was 

now dissolved in water and an attempt was made to take an NMR spectrum 

of it on the 220 MHz instrument at E. I. du Pont. The NMR was run at 

high sensitivity, but it was not possible to observe any peaks. This 

led us to believe that the dimer when dissolved in water may exist as a 

paramagnetic high spin (s = 5/2) species since the absence of a spec

trum is characteristic of paramagnetic line broadening. A paramagnetic 

s = 5/2 dihydroxo dimer of Fe(lII) in water has been postulated by 

Schugar et al. (1967) and Wendt (1969). The dihydroxo dimer can be 

formed for the ̂u-oxo-bis dimer simply by the addition of one water mole

cule. Figure 28 gives the spectrum of the ji-oxo-bis dimer in CHCl^, the 

H 

i i  I A '  
Fe-O-Fe + H_0 > Fe Fe (26) 

i  '  2  I \ / i  
I 
H 

(The lines intersecting the iron indicate the porphyrin ring) 

dihydroxo dimer in water. It is obvious that the spectral properties 

of the two species vary considerably indicating that perhaps they ex

ist as two separate dimers. Therefore, as a solid and in nonaqueous 

solution the compound exists as the /l-oxo-bis dimer but when placed in 

water it exists as the dihydroxo dimer. Caughey (1972) has studied the 

yu-oxo-bis dimer of protoporphyrin IX derivatives. He also is unable to 

obtain an NMR spectrum of this compound in aqueous solution. But with 
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the addition of pyridine to the solution, an NMR signal for the com

pound is obtained. The pyridine does not complex with the iron but 

seems to exclude water from the oxo bridge, thus allowing the /u-oxo-bis 

dimer to form in place of the dihydroxo bridge. Similar results were 

observed from our aqueous and nonaqueous measurements. 

Titration of the dimer with nitric acid produces the spectral 

changes in Figure 29. It is possible to observe two distinct steps in 

the course of the titration, each consuming one mole of protons per 

mole of dimer. During addition of the first proton, the bands in the 

region of 520 and 670 nm are observed to increase while those at about 

580 nm decrease. Isosbestic points shift during the addition of the 

second proton to 652, 544, and 512 nm, respectively. The final product 

has a spectrum that is similar to an iron(lll) monomer (Fleischer et 

al. 1971). The midpoint pH values for the two steps are estimated at 

6.0 and 4.9, respectively. There was no evidence for the addition of 

protons to the monomer. Such reactions might involve metal displace

ment or ligand protonation. If the monomer is titrated with base 

(Figure 30), a direct conversion to the dimer results with no evidence 

of an intermediate. A single set of isosbestic points is observed at 

499, 552, and 648 nm. 

H 
I 

i 0 I 

2 Fe(lll)" + 20H » Fe Fe + 2H.0 (27) 

i V i 
I 
H 
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Figure 29. Titration of Fe(lll) dimer with nitric acid. 



0.5 -

0 .4 -

o 0.3 -

or 
o in 
2 0.2-

0.1 -

450 500 600 650 550 700 
WAVELENGTH (NM) 

Figure 30. Titration of Fe(lII) monomer with NaOH. 

oo 
oo 



89 

Reaction 27 indicates reaction resulting in dimer formation. 

The absence of an intermediate is consistent with the behavior of an 

Fe(lll) tetraphenylporphin by Fleischer et al. (1971). There was no 

evidence under the conditions of our experiment for either polymer for

mation, as suggested by Fleischer et al. (1971), or displacement of the 

iron to form the porphyrin diacid. The results of the titration indi

cate, therefore, that there are at least three species present: the 

monomer, dimer, and intermediate. The latter form slowly converts to 

the monomer on standing. 

H 
I H H 

+ I I 
Fe Fe + H N Fe . ^ Fe (28) 

i  \ / i  i i  
I 
H H 

H 

l 1 
+ 

1 

Fe, i. Fe + H > 2 Fe(lll) (29) i^I 1 
i 
H2 

Reactions 28 and 29 indicate the proposed reactions. 

Cyclic Voltammetry 

In cyclic voltammetry under conditions where the monomer exists 

alone, a single cathodic peak and anodic peak are observed at -0.07 V 

and 0.00 V. This is indicative of a reversible one-electron process 

identified as the reduction of Fe(lll) monomer to Fe(ll) monomer. At 
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higher pH the position of the monomer reduction peak remains the same 

but a second cathodic peak about 40 mv more positive than the first 

becomes progressively higher as the pH is increased (Figure 31). There 

is no corresponding anodic peak, indicating that the reduction of the 

intermediate results in the formation of the Fe(ll) monomer. On all 

potential scans after the first scan, the more positive reduction peak 

is not observed, suggesting that the reaction of the Fe(lll) monomer to 

form the intermediate is slow. The absence of the intermediate on ti

tration of the monomer with base is consistent with this conclusion. 

Schugar, Hubbard, Anson, and Gray (1969) observed a fast reaction be

tween the iron dimer and monomer, resulting in two waves with each 

cathodic sweep. 

Since the intermediate is more easily reduced than either the 

monomer or dimer, there is a strong possibility that the structure sug

gested previously (Reaction 28) is the most likely. At pH 8.3 the 

dimer can be reduced in an irreversible one-electron step (A of Figure 

31). 

Thin-layer Coulometry 

The reduction of Fe(lll) monomer was found to be a reversible 

one-electron step. The intermediate as well as the Fe(lll) monomer re

quired one electron per mole monomer for reduction. This is consistent 

with previous results since the reduction of the intermediate results 

ultimately in the formation of the monomer. If the dimer is reduced, 

an equivalent of one electron per mole dimer is needed. Felton et al. 
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Figure 31. Cyclic voltammetry of Fe(lll) dimer and monomer at vary 
ing pH in thin-layer cell. 

A. pH = 8.3, scan rate 0.0033 v/s, 5 x 10 ' M dimer 
B. 0.01 M HNO3, 0.1 M NaN03, scan rate 0.0083 v/s, 

1 x 10"^ M monomer 
C. 0.001 M HN03, 0.1 M NaN03, scan rate 0.0083 v/s, 

1 x 10"^ M monomer 
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(1971) observed a one-electron oxidation of Fe(lll) tetraphenylporphin 

u-oxo-bis dimer. 

Thin-layer Spectrometry 

Figures 32 and 33 as well as Table 9 indicate the spectral 

characteristics of the species observed. Figure 32 sho s the Fe(lll) 

monomer to Fe(ll) monomer reduction. The reduction of the intermediate 

to monomer is not shown because it results in the same product as shown 

in Figure 32. Figure 33 indicates the reduction of dimer at pH 8.3. 

On the basis of this spectral evidence, the reduced form does not seem 

to be monomeric. It has been suggested by Kadish and Jordan (1971) 

that this one-electron product might be a Fe(ll)-Fe(lll) dimer, where 

only one of the two irons in the dimer has been reduced. This is 

definitely a possibility, but further study is necessary before this 

can be verified. Since Kadish and Jordan (1971) do not show any spec

tra for their dimer or reduction product, it is not clear whether we 

are observing the same reduction. 

Proposed Mechanism 

All three species, the monomer, dimer, and intermediate, are 

reduced in a one-electron step. The one-electron reduction of the 

Fe(lll) monomer results in the production of the Fe(ll) monomer, which 

is also what is produced by the reduction of the intermediate. In this 

case the reduction of the intermediate results in the formation of 

Fe(ll) monomer which is oxidized at this potential to the Fe(lll) mono

mer. This monomer is then reduced as described previously to the 
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Table 9. Spectral properties of Fe(lll) derivatives and their reduc
tion products. 

Concentration of monomer and dimer, ̂ 5 x 10"^ M 

o -  A e  x  1 0  ̂  o  j.. . .  Species max w_i iNa Conditions r (l.M % 1 

Fe(lII) monomer 398 

528 

650 

120 

13 

4 

0.01 M HC1 

Fe(ll) monomer 440 

555 

152 

16 

0.01 M HC1 

Fe(lll) dimer 421 

600 

638 

104 

8 

5 

0.1 H car
bonate 
buffer 
pH = 8.3 

Fe(lll) dimer 430 
+ le~ 

94 

Fe(lII) dimer 420 

565 

606 

110 

12 

2.7 

CHC1, 

a. All molar absorptivities based on molecular weight of dimer. 
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Fe(ll) monomer. The one-electron reduction product of the dimer as yet 

has not been identified, but there is a definite possibility that it 

may be a ferri-ferro dimer mixture. It is interesting to note that in 

all three cases the electron orbitals of the metal ion are filled be

fore those of the porphyrin ring. 



CONCLUSIONS AND SUMMARY 

Several interesting conclusions can be made from the reductions 

of the three metal-free porphyrins. The ortho derivative seems to have 

the lowest electron density in its ring, because it is the easiest to 

reduce and has the smallest band Soret band of the three derivatives. 

The meta derivative, however, is the most difficult to reduce and has 

the highest Soret band. The para derivative lies between the two. If 

one considers the electron-withdrawing ability of the three different 

pyridine rings, one would predict the previous conclusions. Therefore, 

it is quite obvious that the electron-withdrawing ability of the sub-

stituents in the bridge position and resulting electron density x>f the 

porphyrin have a considerable influence on the reduction potentials and 

spectral properties of the porphyrin ring. What is not so obvious is 

why the reduction mechanisms are completely different for each of the 

three derivatives. Before it will be possible to make any conclusions 

in this area, it will be necessary to obtain a better understanding of 

the structure of the reduction products, as well as the intermediates. 

The introduction of an iron into the porphyrin ring has a 

definite influence on the electrochemistry and the solution chemistry 

of the porphyrin system. There were three different species observed 

from the interactions of water and protons on the iron porphyrin. Such 

an observation could be of definite importance when one considers the 

chemistry of iron porphyrins in biological systems. 
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